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Momentum Entanglement for Atom Interferometry
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Compared to light interferometers, the flux in cold-atom interferometers is low and the associated shot
noise is large. Sensitivities beyond these limitations require the preparation of entangled atoms in different
momentum modes. Here, we demonstrate a source of entangled atoms that is compatible with state-of-the-
art interferometers. Entanglement is transferred from the spin degree of freedom of a Bose-Einstein
condensate to well-separated momentum modes, witnessed by a squeezing parameter of —3.1(8) dB.
Entanglement-enhanced atom interferometers promise unprecedented sensitivities for quantum gradio-

meters or gravitational wave detectors.
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Atom-interferometric measurements are fundamentally
restricted by the standard quantum limit (SQL), which can
only be overcome by employing entangled atomic ensem-
bles. Surpassing the SQL with measurements based on
internal degrees of freedom has been demonstrated in many
different systems [1] at room temperature [2], in ultra-
cold ensembles [3-6], and in Bose-Einstein condensates
(BECs) [7-14]. However, momentum-entangled sources as
required for atom interferometers present a long-standing
challenge.

Controlled atomic collisions were shown to enable the
generation of entanglement between spatial modes [15—
19], as well as correlated and entangled atomic pairs in
momentum space [20-22]. However, the demonstrations
involve specific momentum or spatial modes, which can-
not be chosen freely. The efficient integration of these
modes in state-of-the-art atom interferometers typically
operating with Raman or Bragg transitions implies a
considerable challenge. Alternative approaches working
with well-suited momentum modes have so far only been
proposed theoretically [23-28].

In this Letter, we report on a source for momentum-
entangled atoms featuring the excellent mode quality of a
Bose-Einstein condensate. We achieve this by the transfer
of entangled twin-Fock states in the spin degree of freedom
of a BEC to momentum space (Fig. 1). The twin-Fock
states are created in a trap and released into free space,
where one of the twin modes is coherently transferred to a
well-separated momentum mode. Between the two
momentum modes, we record number and phase fluctua-
tions and obtain a spin squeezing parameter [29] of
—3.1(8) dB, which proves entanglement in momentum
space. The demonstrated entanglement is directly
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FIG. 1. Entanglement in momentum space. (al) In a trap, spin-
changing collisions create entangled atomic ensembles in two
spin levels. (a2) The entanglement is maintained during free fall
and (a3) transferred to two distinct momentum modes. (b) Mea-
sured number squeezing 4(AJ,)?/N (blue squares) and squeez-
ing parameter [29] (green dots) after free fall, in momentum
space, and conditionally (see text). Values are well below the
classical limit of 0 dB, which is experimentally verified with a
coherent spin state (gray dashed line, uncertainty as dark gray
area). (c¢) Measured atom number differences before (blue) and
after (orange) z/2 coupling. Before the coupling, the two modes
A and B are equally populated and yield ultralow fluctuations in
the number difference. After the coupling, the fluctuations are
large, with a characteristic cumulation at extreme values. Each set
of data points in (b) is derived from such data.
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FIG.2. Schematic overview of the experimental sequence. (a) The transfer of atoms between the various involved spin states. The type
of coupling is indicated by different arrows (legend). We measure J, and J | in two alternating measurement cycles. Operations enclosed
by the dashed rectangle only take place in the second cycle to measure J, . (b) The time-momentum diagram shows the effect on the
momentum mode of the atomic cloud in the free-falling reference frame (axes not to scale). (c) Typical absorption images taken at the

end of both cycles.

applicable in existing atom interferometers to enable
sensitivities beyond the SQL [27,30]. Such a quantum-
enhanced resolution is of vital interest for future large-scale
atom interferometers that measure relative observables, for
Earth observation gradiometry [31], for tests of the Einstein
Equivalence Principle [32-35], and for the proposed
terrestric [36-39] and space-borne [40-44] gravitational
wave detectors. Momentum-entangled atoms further con-
stitute a promising probe for tests of fundamental
decoherence [45] and tests of Bell nonlocality with massive
particles [46,47].

We initiate our experiments by the preparation of
entangled states in spin space. A BEC of 10* 3’Rb atoms
is produced in a crossed-beam optical dipole trap with trap-
ping frequencies of 2z x (150, 160,220) Hz. The atoms
are prepared in the hyperfine level |F,mg) = |1,0) at an
actively stabilized, homogeneous magnetic field of 0.73 G
oriented parallel to the gravitational acceleration. We
employ spin-changing collisions [30,48,49] to generate
entangled twin-Fock states [Ny = N/2) ® [Ny = N/2) in
the two levels my = £1. Following earlier work [50-52],
we generate these states by a quasiadiabatic crossing of a
quantum phase transition. In our realization, we apply an
intensity-stabilized homogeneous microwave (MW) field,
which is blue detuned by 400 kHz from the transition
1,0) <> |2,0), and linearly ramp the field intensity.
Without MW dressing, an atom pair in |1,41) has a
relative energy of ¢ = h x 38.5 Hz/atom compared to a
pair in |1,0) due to the quadratic Zeeman shift. For the

initial spin orientation, the BEC in |1,0) is thus in the
many-body ground state of the system. We then apply a
1020 ms linear intensity ramp to the dressing field, which
lowers the energy of the |1, =1) levels to —h x 5 Hz each
(see Supplemental Material [53]). The atoms follow the
ground state of the system toward a twin-Fock state at the
end of the ramp. Despite experimental noise and finite
ramping speed, 93(5)% of the atoms are transferred to the
levels |1, £1). Slower ramps allow for even higher transfer
efficiencies. However, the fraction of leftover atoms is
sufficiently small to be removed without disturbing the
ensemble. To reduce decoherence, we prefer moderate
holding times to maximum transfer efficiency. The overall
preparation yields a total of (N) = 9300 atoms with only
10% relative fluctuations, which are prepared in an
entangled twin-Fock state in the spin degree of freedom.

The transfer to momentum space requires a release to
free space without destruction of the entanglement (the full
sequence is displayed in Fig. 2). The trapping laser fields
are switched off instantaneously to initiate a free expansion,
which is dominated by mean-field interaction [58]. This
accelerated expansion turns quickly into a ballistic expan-
sion after the density has dropped. Because of the initial
high density, necessary to generate entanglement via spin-
changing collisions, the out-coupled cloud has a broad
velocity distribution of 1.8 mms' (rate of change of the
standard deviation of a Gaussian fit). However, a narrow
velocity distribution is favorable for the acceleration by a
stimulated Raman transition to avoid Doppler shifts (along
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FIG. 3. Effect of the collimation on cloud size (orange, left

scale) and detection noise (blue, right scale). (a) At a fixed free-
fall time of 13 ms after the collimation, the size of the atomic
cloud is measured as a function of the collimation pulse time. The
cloud size determines the minimal number of relevant pixels on
the CCD camera. This corresponds to a minimal detection noise,
which we compare to shot noise (gray area). (b) Extrapolation to
longer free-fall times based on expansion rates measured for the
two settings marked by vertical lines in (a). Shaded areas
represent the uncertainty of the extrapolation. The maximal
free-fall time allowing for sub-shot-noise detection is increased
by a factor of 3.7 to about 50 ms.

the Raman-beam direction) and the sensing of phase
and intensity gradients (along transverse directions).
Furthermore, a broad velocity distribution would be con-
verted into an extended spatial distribution. We therefore
apply a three-dimensional collimation pulse [59]. After
1 ms of free fall, we flash the dipole trapping field with its
original strength for an adjustable duration. Figure 3 shows
the effect of this collimation. For an increasing collimation
pulse length, the detected cloud size is first reduced,
reaches a minimum, and increases again. In our experi-
ments, we choose a pulse length of 350 us to obtain
collimated clouds, as they are desirable for long inter-
rogation times in the future. The reduction of the cloud size
is also essential for its detection with sub-shot-noise
sensitivity [60]. Extended clouds require more pixels on
the final absorption images and thereby sample more noise.
Without collimation, the detection noise would remain at
suitably low values only for a few milliseconds of free-fall
time. From Fig. 3(b), we extract that the collimation
reduces the detection noise from 0.5 to —6.7 dB at our
typical free-fall time of 15 ms, and it therefore actually
enables a transfer of entanglement to momentum space and
its subsequent detection [61].

After the collimation, the clouds slowly expand for
another 2.5 ms to be sufficiently dilute to remove the
remaining atoms from the level |1, 0) by a MW transfer and
a resonant light pulse. We detect no leftover atoms and,
after another MW transfer (Fig. 2), a clean, free-falling
twin-Fock state in the levels |1, 1) and |2,0) remains.

We evaluate the quality of the twin-Fock state of spin
levels after 15 ms free fall subsequent to the collimation.
Analogous to prior work [9,60], we detect the number of
atoms N 4 in the two modes |04k; 1, 1) and |07k; 2, 0) and
observe strongly reduced fluctuations. Figure 1(b) shows
the obtained number squeezing 4(AJ,)?/N of 5.4(6) dB
below shot noise (limited by detection noise). A detection
of entanglement requires the measurement of a conjugate
observable such as the relative phase. Here, the phase can
be observed after performing a symmetric 7/2 MW cou-
pling pulse between the two modes. The two measure-
ments are combined in a squeezing parameter [29] 2=
(AJ.)2/ 2072/ (N=1))=((N/2)/(N=1))], where (AJ.)?
represents the variance of the number difference J, =
1(Ny = Ng) and (J2) is the second moment of the same
number difference after the z/2 rotation [Fig. 1(c)]. The
squeezing parameter proves entanglement if & < 1. From
our measurements in free fall, we obtain a squeezing
parameter of —3.9(7) dB with respect to the classical
bound £ = 1. The number squeezing after free fall
deteriorates only by 0.6 dB compared to quasiadiabatically
produced twin-Fock states measured directly after release
from the trap. The reduced fluctuations after rotation [69%
of the ideal twin-Fock value of (J3) = N/2(N/2 + 1)] can
be explained by decoherence due to longer holding times in
the trap and asymmetries of the collimation procedure,
which may lead to nonidentical spatial phase patterns for
the two modes. We obtain a clear signal of entanglement in
free-falling BECs, which presents a central result of this
publication. In a complementary Letter, squeezed samples
of thermal atoms were successfully released to a free fall of
8 ms [62].

The central development for achieving momentum
entanglement is a high-efficiency momentum transfer.
This is achieved with resonant Raman laser pulses that
couple the levels |2, 0) and |1, 0) by a two-photon transition
with 1.1 GHz red detuning from the 5P3,, manifold. The
pulses are temporally shaped with sin? edges to reduce the
frequency selectivity in Fourier space. Two separate diode
lasers are used where the phase of the laser that couples to

1,0) (laser 1) is stabilized to the |2, 0) laser (laser 2) [63].
The phase-stabilized beams are superposed with crossed
linear polarizations and mode cleaned by an optical fiber.
After the first fiber, the beam is switched by a single
acousto-optical modulator and delivered to the experimen-
tal chamber via a second optical fiber. The intensity ratio is
adjusted to a value of I,/I; = 0.93 (in front of the atoms),
where the AC stark shift (Autler-Townes effect) induced by
both frequencies compensate, such that the Raman cou-
pling is insensitive to fluctuations of the total power
(< 1 mW per beam and a 1/e? width of 1.5 mm). After
out-coupling along the vertical direction, the Raman beams
are given opposite circular polarizations and pass the falling
cloud [Fig. 4(a)]. Below the cloud, laser beam 1 is removed,
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FIG. 4. Design and characterization of the Raman coupling
scheme. (a) Schematic of the optical setup for realizing Raman
transitions. Two oppositely circular-polarized phase-locked
Raman beams (lasers 1 and 2) pass the atomic cloud from above.
Because of selection by a polarizing beam splitter (PBS), only
laser 2 is retroreflected. Thereby, only one pair of beams enables a
momentum transfer of 24k and unwanted transfers are sup-
pressed. The setup is chosen to ensure high relative phase stability
of both laser beams and to allow for future measurements of
gravity by alignment with the gravitational acceleration g¢.
(b) Raman spectroscopy of the clock transition. The experimental
data of the spectroscopy (orange data points and fit) are compared
to the distributions of Doppler shifts due to the velocity spread
before and after collimation (blue dashed and solid line).
(c) Transfer efficiencies for two consecutive Raman pulses from
[2,0) to |1,0) (blue circles) and back (green dots).

and laser beam 2 is reflected back to the atoms. The
combination of laser 1 from above and laser 2 from below
enables an upward acceleration by two-photon recoil
quanta (11.8 mms™') that is associated with a spin transfer
from [1,0) to |2,0). The obtained change of velocity is a
factor of 29(3) larger than the velocity distribution of the
cloud with a rms width of 0.41(4) mms~', enabling a clean
preparation of distinct momentum modes. The Raman
pulses are applied after 7.7 ms free fall of the collimated
ensembles, because the gravitational acceleration to
76 mms~! provides a sufficient Doppler shift to suppress
unwanted transitions due to imperfect polarization and
reflection.

We validate the efficiency of the Raman coupling
by applying it to a free-falling BEC in the level |2,0).
Figure 4(b) shows a spectroscopy of the Raman transition
(orange) and compares it to the Doppler shifts due to the
residual velocity spread (blue). The collimation reduces the
ballistic expansion by 77% corresponding to a Doppler
spread of 0.52(5) kHz (less than 1% of the Fourier width of
the Raman pulse), equivalent to an effective temperature of

1.7(3) nK. The residual expansion rate is sufficiently small
enough not to reduce the efficiency of the Raman coupling.
Figure 4(c) shows the transfer efficiency for a transition
from |07k;2,0) to [27k; 1,0) (upward acceleration, blue)
and a subsequent transition back to |0%k; 2, 0) (downward
acceleration, green). The transfer pulses yield an efficiency
of 97.2(6)% and 98.5(6)%, respectively. We attribute the
efficiency limitation to two main effects: (i) Because of
finite temperature, there will be a small fraction of atoms
with larger velocities that are not transferred due to the
Doppler shift. Characteristically, this effect is strongly
reduced for the second pulse, where the fast atoms have
already been removed. (ii) Relative drifts of the Raman-
beam intensities, as observed in our experiment, drive the
system away from the ideal AC-Stark suppression.
Therefore, depending on the elapsed time since the last
calibration, the intensity fluctuations start to couple more to
the resonance frequency, eventually reducing the efficiency.
This effect is relevant for many hours of measurements and
could be circumvented by an improved intensity stabiliza-
tion in the future. However, the recorded efficiencies
belong to the best reported Raman transfers [64—-66] and
constitute the main technical achievement to successfully
transfer entangled states to different momentum modes
[67]. Note that we take all atoms of the prepared state into
account, without any velocity selection before the momen-
tum transfer.

The described concepts can now be combined to prove
entanglement in momentum space. We apply the Raman
transfer to our twin-Fock state by coupling atoms in
|07k;2,0) to a finite momentum state |27k;1,0). After
an additional free-fall time of 7.6 ms, we detect two clouds
clearly separated by 80(1) um (center of mass). A strong
magnetic field gradient in horizontal direction enables an
independent detection of the unaffected atoms in |07k; 1, 1)
and the small amount of leftover atoms in |0k;2,0) that
stems from the imperfect Raman transfer. For the two
macroscopically occupied clouds that drift apart, we record
—3.9(6) dB number squeezing (limited by fluctuations of
the Raman transfer). If the measurement of the leftover
atoms is exploited to predict the measurement outcome,
thereby creating a conditional Dicke state, we obtain a
number squeezing of —5.2(7) dB [70]. In order to record
the phase difference as a conjugate observable, we reverse
the momentum transfer before the clouds separate sub-
stantially. Within 40 us after the first Raman transfer,
another cleaning procedure removes the leftover atoms
in |0%k; 2, 0) and a second Raman coupling decelerates the
atoms back to |07k; 2, 0). Now, it is possible to couple the
two twin-Fock modes by a MW z/2 pulse. Again, after a
total free fall of 15 ms subsequent to the collimation, we
obtain large fluctuations in the number difference, with a
corresponding second moment of (J3) = 0.63(5) x
N/2(N/2—1) and calculate a squeezing parameter of
—1.9(7) dB. For the conditional case, we obtain a
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squeezing parameter of —3.1(8) dB [Fig. 1(b) middle and
right set of data points]. This proof of entanglement
between two atomic modes, well separated in momentum
space, presents our main result.

The observed entangled states are fully applicable for
inertially sensitive atom interferometry beyond the SQL.
For the desired quantum-enhanced phase sensitivity, the
twin-Fock state must be rotated into the maximally phase-
sensitive direction by an initial z/2 pulse. It is a character-
istic advantage of the presented approach that these
coupling pulses can be performed in the well-controlled
spin space. Magnetic field insensitivity can be obtained by
utilizing specific MW pulses to transfer both twin-Fock
modes into the insensitive m; = 0 states. In this case, a
short Raman pulse can accelerate the modes in opposite
directions with 474k momentum separation [66].
Alternatively, a long, velocity-selective Raman pulse could
drive only one transition [63]. The presented scheme is not
limited to twin-Fock states, but also applies to other
entangled states in spin space, for example, spin-squeezed
states [13,49]. The demonstrated source of entangled,
Bose-condensed atoms in momentum space opens the path
to operate future atom interferometers with quantum-
enhanced sensitivities. This is specifically desirable for
relative measurements with multiple atom interferometers,
where some dominant technical noise sources like vibra-
tional noise are suppressed by common-noise rejection.
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