arXiv:2404.18668v1 [quant-ph] 29 Apr 2024

An entanglement-enhanced atomic gravimeter

Christophe Cassens',* Bernd Meyer-Hoppe', Ernst Rasel', and Carsten Klempt!?
! Leibniz Universitit Hannover, Institut fir Quantenoptik, Welfengarten 1, D-30167 Hannover, Germany
2Deutsches Zentrum fiir Luft- und Raumfahrt e.V. (DLR),
Institut fiir Satellitengeoddsie und Inertialsensorik, Callinstrafie 30b, D-30167 Hannover, Germany
(Dated: April 30, 2024)

Interferometers based on ultra-cold atoms enable an absolute measurement of inertial forces with
unprecedented precision. However, their resolution is fundamentally restricted by quantum fluc-
tuations. Improved resolutions with entangled or squeezed atoms were demonstrated in internal-
state measurements for thermal and quantum-degenerate atoms and, recently, for momentum-state
interferometers with laser-cooled atoms. Here, we present a gravimeter based on Bose-Einstein
condensates with a sensitivity of *1-7t8é dB beyond the standard quantum limit. Interferometry
with Bose-Einstein condensates combined with delta-kick collimation minimizes atom loss in and
improves scalability of the interferometer to very-long baseline atom interferometers.

Atom interferometers, in particular light-pulse inter-
ferometers, are employed for sensing gravitational fields,
with applications for gravimetry [1], gradiometry [2-5],
tests of general relativity [6-8] and the detection of grav-
itational waves [9-17]. The resolution of the gravity sig-
nal is ideally bounded by the standard quantum limit
(SQL) that scales with the square root of the atom num-
ber. Increasing the flux of ultracold atoms is a challenge
and moreover, quantum density fluctuations eventually
limit the achievable resolution [18]. These limits can be
overcome by operating the interferometers with squeezed
atomic input states, where entanglement between the
atoms enables a suppression of these fundamental signal
fluctuations.

Squeezing-enhanced sensitivities were demonstrated in
a wide variety of systems [19], but mainly in internal de-
grees of freedom that do not couple to inertial forces.
Entanglement of momentum modes was generated with
colliding atoms [20-22] and in our previous work using
atomic Bose-Einstein condensates (BEC) [23]. Proof-of-
principle demonstrations of spin-squeezed Mach-Zehnder
interferometers are so far based on laser-cooled atoms
[24, 25]. The retrieval of a gravitational signal was not
yet reported and the squeezing concepts with optical cav-
ities and use of non-condensed atoms prevent a straight-
forward application for high-precision atom interferome-
try with longer free-fall times and large momentum trans-
fer. An operation with Bose-Einstein condensates is de-
sirable [26, 27], as they fulfill the stringent requirements
on expansion velocities and spatial-mode control that are
set by many high-precision applications.

Here we report the application of squeezed states in ru-
bidium Bose-Einstein condensates to measure the gravi-
tational acceleration with a sensitivity beyond the SQL.
Two-mode squeezing is generated by spin-changing colli-
sions, and transferred to single-mode squeezing on the
magnetic-field-insensitive clock transition. Microwave
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and Raman-laser pulses are combined to form a gravity-
sensitive atom interferometer. The input state with
—5.4J_r8:§ dB spin squeezing enables an interferome-

ter operation with a sensitivity of —3.970% dB below
the experimentally recorded coherent-state reference and
71.7J_r8:‘51 dB below the theoretical SQL. An alternating
operation of two interferometer sequences with different
interrogation times yields an absolute measurement of
the gravitational acceleration. Our concept can be im-
plemented in existing large-scale BEC-based atom inter-
ferometers with small integration efforts.

The experimental sequence is depicted in Fig. 1. It
consists of an initial squeezing in the spin degree of free-
dom (a, b) followed by three microwave (mw) pulses that
form a spin-echo sequence (c). During the sequence,
four Raman-laser pulses form a Mach-Zehnder interfer-
ometer sensitive to gravity. We initially create spin-
squeezed ensembles of 6 - 103 87Rb atoms in a crossed-
beam optical dipole trap by spin-changing collisions from
|F,m) =|1,0) to |1, £1) [28, 29]. The homogeneous mag-
netic field of 90nT is actively stabilized within +7nT
and oriented in parallel to the Earth’s gravitational field.
Spin-changing collisions are activated for 50 ms by dress-
ing the clock transition (|1,0) « ]2,0)) with a blue-
detuned mw field, thus populating the levels |1, +1) with
a two-mode squeezed vacuum state (Fig. 1 (a) left). Di-
rectly after the dipole trap is turned off, all density-
dependent interactions cease. After 1ms of free fall,
the dipole trap is turned on again for 350 ps in order
to slow down the expansion of the cloud [23, 30]. Up to
this point, the spin-squeezed state is magnetic-field sen-
sitive to first order. To transfer the squeezed vacuum
in |1,£1) to a magnetically-insensitive clock state, the
large amount of atoms in |1,0) is transferred to |2,0) by
a mw 7-pulse. Atoms in |1,+1) are transferred to |1,0)
by a o~ -polarized radio-frequency (rf) m-pulse (Fig. 1(a)
right) that leaves the atoms in F=2 unaffected [31]. This
process creates a single-mode squeezed [32] vacuum state
in level |1,0) from the two-mode-squeezed vacuum state
in levels |1, £1) [33], containing approximately 1.1 atoms.
The few remaining atoms in the levels |1, +1) do not con-
tribute to the interferometer sequence. For the determi-
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Fig. 1. The entanglement-enhanced gravimeter. (a) Generation of two-mode squeezing by spin-changing collisions (green)

via microwave (mw) dressing, followed by a transfer to clock states via mw (light gray) and radio-frequency (rf) (dark gray)
pulses. (b) Spin-noise tomography of the interferometer input state. The upper graph shows the normalized population in
|2,0) depending on the scanned mw phase ¢ with blue dots as individual measurements. In the bottom graph, the variance
of these data points is compared to the SQL yielding a spin-squeezing parameter £2. Error bars are smaller than the marker
size. The inset shows a detailed measurement around the minimum that represents the optimal squeezing angle popt (dashed
line). The solid blue line presents a sinusoidal fit to the data, the dashed black line and gray area the experimental coherent
state with 0.5f8'§ dB and the hatched area the spin-squeezed regime with sub-SQL fluctuations. (c) Interferometric sequence
in a space-time diagram (top) and in Bloch-sphere representation (bottom). Dashed lines indicate the hyperfine level |1,0) and
solid lines |2,0). Hyperfine levels are changed by microwave (mw) and Raman pulses (R). Raman pulses also induce a state-
dependent change in momentum mode. For the Bloch spheres, blue arrows indicate rotations and gray arrows the respective
rotation axes. The north pole corresponds to |2,0) and the south pole to |1,0). The squeezed input state is rotated into the
phase-squeezed direction (i) and senses a phase ¢sie (ii-iv) that is finally mapped onto a population imbalance for readout (v).

nation of atom number distributions, we separate Zee-
man levels with different m by a strong magnetic-field
gradient and employ absorption detection.

We characterize the resulting spin-squeezed state in a
spin-noise-tomography measurement [19]. The popula-
tion imbalance

1
)

is recorded after the spin-echo sequence with the mw
pulses only. Fig. 1(b) shows fluctuations of J, as a func-
tion of the global phase of the mw pulses. From the
variance of the measured data at each phase, we obtain
a spin squeezing parameter [19] of
2= gYl) . g yr0agp 2)
N
at a mw phase of ¢gpt = 1.27. The corresponding anti-
squeezing amounts to 9.91’8:@ dB at @opt + 5. This spin-
squeezed state is insensitive to magnetic field fluctuations
to first order and subsequently employed to decrease the
quantum noise in an inertially sensitive interferometer
sequence.
The interferometric measurement (Fig. 1 (¢)) starts by
a mw 5-pulse with a phase @opt + 5. In this orientation,

Jy (Np—2 — Np—1) (1)

the state features a minimal uncertainty of the phase be-
tween the two clock states (i). After 1.9ms, a Raman
m-pulse driving the transition |1,0;p = 0) — [2,0;p =
Rkegr) with 98.1(7) % efficiency [32] renders the interfer-
ometer sensitive to acceleration (ii). The Raman pulse
transfers two-photon momenta hk.g and leads to a spa-
tial delocalization of the two momentum modes. The
TR = 60ps long Raman pulse is Blackman-shaped [34]
to suppress the unwanted transition |2,0;p = Ohk) to
|1,0;p = —hkes), which is only 27 x 30kHz detuned.
The two clouds separate for Ty, = 77 ps, before a second
Raman 7-pulse decelerates the upper arm of the inter-
ferometer by driving the same transition. While the two
clouds fall in the same momentum mode for a time T,
the internal states are inverted by a resonant mw m-pulse
to echo the spin evolution and suppress common noise
like differential AC-Stark shifts, mw and Raman phase
noise, and systematic mw frequency offsets (iii). After
the inverting echo pulse, the two arms acquire an addi-
tional gravitational phase shift, now with opposite sign
(iv), such that it is not canceled by the echo sequence.
The clouds are reunited by performing the identical Ra-
man processes on the lower arm of the interferometer.
1.9 ms after the mw m-pulse, the imprinted inertial phase
with squeezed quantum noise is mapped onto the popu-



lation imbalance J, by a microwave Z-pulse with phase
@opt (V). The time between the final Raman and the
closing mw pulse allows additional parasitic interferom-
eter paths, that arise from incomplete Raman transfers,
to detach from the main paths.

The frequency difference of the Raman laser beams
is switched between the pulses according to a fre-
quency chirp-rate which is varied around the value a =
9.8126 m/s? X keg . This frequency chirp counteracts the
gravitational phase g X kg perceived by the freely falling
atoms, yielding a recorded phase signal of

«
Psig = (g Tk ) S(T, TSepaTR)' (3)
eff

Here, g is the gravitational acceleration of the atoms
and S is a scale factor depending on the interferometer
geometry and the Raman pulse duration and shape [35].

If the chirp rate is set to exactly cancel the gravita-
tional shift, the imprinted inertial phase vanishes accord-
ing to Eq. 3 for all scaling factors. By choosing a phase
difference of 7 between the opening and closing mw 3-
pulses, the accumulated phase maps to a measurement
of J, = 0 (mid-fringe position). Fig. 2(a) shows the nor-
malized population in F' = 2 for three different durations
T. From the interception of the curves, an approximate
value for the compensating chirp rate and a correspond-
ing working range can be extracted.

The determination of the gravitational acceleration
and the entanglement-enhanced sensitivity is performed
by an alternating measurement of the normalized popu-
lation in F' = 2 for two different durations 77 = 455 s
and T, = 155 ps at the previously determined chirp-rate.
This alternating operation suppresses the influence of
drifts of the Raman pulse efficiencies that are slow with
respect to the cycle time of 52s. Since the scale factors
and the corresponding slopes at this point differ, an ex-
perimental value for the gravitational acceleration gexp
can be obtained from the difference

Nrp=2(T1)  Nr=2(T3) (@)
N(Ty) N(T3)

op =p(T1) — p(T2) =

of the normalized populations of |F' = 2) (see Fig. 2 (a)
inset) according to
2 op Q@
exp = A G o T 5
Jop = GG — S(Ta) ket (5)
with contrast C' = 98.0(1.4) % obtained from the full
fringes in Fig. 2(a) and respective scale factors S(T3) =

—1.42(1) 55 and S(Tp) = —0.767(3) 5. The mea-
sured value of geyxp = 9.8118(16) 3 agrees with the local

gravitational acceleration of 9.812637 196 (88) m/s? [36]
within the bounds of one standard error. Note that
the error of the scale factors contributes much less to
the uncertainty in gexp than the statistical uncertainty.
Furthermore, the scale factors inferred from the fringe
measurements are reproduced by the theoretical calcula-
tion [32].
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06 -04 -02 00 02 04 06

~ 1.0 oo -0.001 0 0.001

9 .

= o 0.477 “Top

o, 0.81 0.476

£ o 0.475

£ 061 4

= o) ®

!

8. 0.4-

e \ g 9

Q

N

Té 0.21 —— T =455 ps

5 T =305 us ]

Z 001 T=155 us L0

-10.0 -75 5.0 -25 00 25 50 7.5
Chirp rate difference g xk —oa [MHz/s]

(b)
~0.02 8 + \L
% 0- ¥ ‘::o‘f.::‘\ "“"a :::0“::..:0"( o o S
'c)n'.o “... .,..o g\ . .o o™ .d’.. .:.A. ®e
ol * o e . 3° ¢ o
0.02477° o +o; e .«
EM=_1-7—0:5 dB .. ‘
0 50 100 150
Experimental realization
Fig. 2. Contrast and mid-fringe measurement. (a) Inter-

ferometer fringes for three different times 7" of the squeezed
gravimeter depicted in Fig. 1(c) over chirp rate . From the
sinusoidal fits, we infer a contrast of 98.0(1.4) %. All interfer-
ometer fringes intercept for the chirp rate which compensates
the gravitational acceleration of the atoms in accordance with
Eq. 3. The standard deviation of the measurements is smaller
than the markers. The inset zooms into the crossing region
from which the local gravitation gexp is obtained by a mea-
surement of the difference signal dp. (b) Gravimetry signal
dp as interferometer output. The gravimeter signal of the
squeezing-enhanced operation (orange) has reduced fluctua-
tions compared to the operation with a coherent state (blue).
Experimentally, we achieve a metrologically relevant reduc-
tion of the variance of —3.970:% dB compared to the experi-
mentally recorded coherent input state and &% = —1.7f8'§ dB
compared to the theoretical SQL. Shaded areas indicate 42
standard deviations of the respective data, grey lines +2 stan-
dard deviations corresponding to the SQL.

We evaluate the metrological improvement by compar-
ing the recorded measurement fluctuations with the opti-
mal result from an ideal unentangled coherent state. We
obtain a metrological squeezing factor

s 4 Var(J(Th) — J(Ty))
M™ 02 N(T)+N(Th)

¢ = 1.7703dB, (6)
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Fig. 3.  Allan deviation of the gravimeter sequence using

coherent states (blue) and squeezed states (orange). The
squeezing-enhanced sequence reaches any instability 1.5-times
faster than the theoretical optimum at the SQL (gray line)
and 2.6-times faster than the experimentally recorded equiv-
alent with coherent states. The technical noise sources for
both sequences were the same.

where (N(Tz) + N(11))/4 is the SQL of the difference
of two independent measurements with their respective
atom numbers N(T3) and N(Tj). This improvement
proves the entanglement-enhanced measurement of the
gravitational acceleration and constitutes the main re-
sult of our work. The corresponding data is shown in
Fig. 2(b) in comparison to a coherent state realization.

We further analyze the temporal behavior throughout
the measurement runs by calculating the Allan deviations
[37] of dp for a coherent and a squeezed input state shown
in Fig. 3. The coherent-state case is realized by omitting
the squeezing generation section in the original experi-
mental sequence. The squeezed-state results outperform
the coherent-state equivalent over the whole range of av-
eraging times. From a fit to the first 800s of averaging
time, we conclude that the squeezed-state signal averages
down 2.6-times faster than the coherent-state signal and
1.7-times faster than the SQL for the same number of
employed atoms.

In summary, we have presented a concept for enhanc-
ing atomic gravimeters beyond the SQL. Our demon-
stration involves all components for a large-scale imple-
mentation aiming for highest sensitivities. The squeez-
ing method can be implemented in existing BEC-based
atomic sources and can be scaled to large atom numbers
due to the utilization of vacuum squeezing. The mea-
sured anti-squeezing is lower compared to other squeezing
protocols like cavity-QND and helps to maintain a large
contrast and dynamical range in the interferometry sig-
nal. The implementation with Bose-Einstein condensates
provides low expansion velocities and exquisite control
of the spatial mode to suppress systematic effects due
to laser wavefront curvature and distortion or Coriolis
force [38]. We have shown that the squeezing is compat-
ible with a further delta-kick reduction of the expansion

velocity as required for long interrogation times. The
squeezing angle can be freely adjusted and enables the
anticipation and suppression of density-dependent quan-
tum fluctuations [18].

The observed reduction of the squeezing due to the in-
terferometer sequence stems solely from technical noise
of the Raman laser system which constitutes an indepen-
dent task for reaching highest sensitivities. Compared
to conventional Mach-Zehnder interferometers, our con-
cept features equal spin states during separation and re-
combination, suppressing the sensitivity to light shifts,
microwave shifts and magnetic field noise.

Our method recommends itself for differential mea-
surements, as performed in gradiometry, tests of the uni-
versality of free fall, or gravitational wave detection. In
such configurations, technical noise, e.g. induced by vi-
brations, is common mode and cancels, enabling the ex-
ploitation of entanglement enhancement. We envision
the application of entanglement-enhanced interferometry
at much increased interrogation times, either in large-
scale fountains like the Very-Long Baseline Atom Inter-
ferometer [39] or in microgravity environments like the
Einstein Elevator [40]. The latter is currently pioneered
by the INTENTAS project which aims at demonstrat-
ing an entanglement enhancement for future space-borne
high-precision atom interferometers. Further applica-
tions include measurements of fundamental constants
[41-43] as well as tests of classicalization [44].

DATA AVAILABILITY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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SUPPLEMENTARY MATERIAL
Experimental setup

The momentum mode of the BEC is changed via Ra-
man transitions of two counter-propagating laser beams.
The laser beams are generated by two external-cavity
diode lasers. The primary laser is frequency-locked onto
the cooling laser of our magneto-optical trap with an off-
set of —2GHz. The secondary laser is phase-locked to
the primary at a dynamically changeable frequency dif-
ference of about 6.83 GHz. The spatial modes of each
laser is cleaned by one meter of single-mode optical fibre.
The intensities are individually stabilized using a photo-
diode after the fibre and an acousto-optical modulator
(AOM) before the fibre. After the fibre, the two linearly
polarized beams are coupled on a polarizing beam split-
ter. One output port leads to a high-bandwidth pho-
todiode to generate the signal for the phase lock. The
other port is coupled into a switching AOM which is
controlled by a direct digital synthesizer of our mw sys-
tem [34]. The detuning with respect to the cooling laser
transition is reduced to —1.72 GHz due to the added fre-
quency from the AOMs. The beams are changed into
counter-rotating circular polarization before entering the
experimental chamber. After leaving the experimental
chamber, the beams are again converted to perpendicu-
lar linear polarizations, such that the first laser can be
extracted by a polarizing beam splitter. The second laser
is retroreflected towards the incoming beam, changing its
circular polarization handedness at the position of the
atoms [23]. This leads to only one combination of beams
driving Raman transitions since all other are suppressed
by choice of polarization.

Characterization of the Raman coupling

The presence of light fields shifts atomic energy levels
inversely proportional to the detuning from the respec-
tive transition (AC Stark shift). In our setup the states
|FF = 2,mp =0) and |F = 1,mp = 0) are shifted pro-
portional to the intensity of the primary and secondary
laser, respectively. Due to the employed interferometer
sequence, common light shifts do not contribute to the in-
terferometer’s phase. Moreover, the differential AC Stark
shift component can be suppressed by adjusting the rela-
tive intensity between primary and secondary laser. The
optimal intensity ratio is experimentally determined by
reducing the light-shift-induced phase accumulation dur-
ing a mw Ramsey sequence due to a Raman pulse with
1 MHz detuning. To avoid being on the wrong fringe we
start with short pulse duration which is only increased
once the mid-fringe point is reached.

The noise contribution to the gravimeter signal by the
AC Stark shift is estimated from the increased variance
of a mw Mach-Zehnder interferometer. To this end, a
271 x 1 MHz detuned and 60 ps Blackman-shaped Raman
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Fig. 4. Raman m-pulse efficency. Transfer efficiency from

|[FF=1,mp = 0;p = 0) to |[FF = 2,;mp = 0;p = hk) of a
64.8 ps Blackman-shaped Raman pulse. The mean transfer
efficiency of 510 consecutive measurements is 98.1(7) %. Also
shown is a fitted model of the transfer efficiency corresponding
to an AC-Stark-shift induced detuning of 27 x 2.5 kHz with
fluctuations of 27 x 0.5 kHz.

pulse is applied before and after the mw m-pulse in the
mw interferometer sequence and the resulting noise level
is compared to a sequence without Raman pulses. With
light shift, the noise level is 1.37) dB and without light
shifts the interferometer signal features noise 0.57)2 dB
above the SQL. Considering the technical noise level due
to intensity fluctuations from these measurements, one
would expect a degradation of the spin squeezing due to
light shifts to —2.6715 dB. The AC Stark shift is thus the
main noise source giving rise to the apparent reduction
of the squeezing in the interferometer sequence.

For a 7 pulse, the transfer efficiency is measured to be
98.1(7) % (Fig. 4). In particular due to the chosen inter-
ferometer geometry, where parasitic paths are detached
from the main path, this efficiency does not deteriorate
the retrieved signal.

From weighted out-of-loop phase noise measurements
we estimate a phase noise of 04 = 1.2mrad for 7, =
25ps, T = 455ps and Ty, = 50ps. For the employed
atom number of N = 6000, this corresponds to a noise
contribution in J, of AJ, = 4 or —20dB below the SQL.
Phase noise is therefore a negligible noise contribution in
our experiments.

Single-mode squeezing

The Hamiltonian describing spin-changing collisions is
given by [45]

N N . Q N 1 - o
H:q (N+1+N_1> 7N |:<N02> <N+1 +N—1)
+ (AL(];CALE[)&le&fl + &11&11&0@0] (7)

with quadratic Zeeman energy ¢, spin interaction

strength  and the bosonic annihilation (creation) op-
M

erators a,'’ for level |1,4). Number operators are defined

as N; = dg&i. In the undepleted pump approximation,
Ng ~ N > 1, this results in

H=(g-) (N1 +N) -0 (apa +alyal,).
(8)
When the quadratic Zeeman energy is now tuned to g =
Q by microwave dressing, we are left with the two-mode
squeezing Hamiltonian

I=_0 (aﬂa,l + &L&il) 9)

that generates entangled pairs of atoms in the +1 and
—1 levels. Introducing the symmetric and antisymmetric
operators

as = % (Gy1+a-1) (10)

and

1. .
= "7 (G41 — 1), (11)

we can rewrite the Hamiltonian as
H == (asas +alal) + = (aeaq +alal)  (12)
=H,—H,. (13)

This presents a combination of two single-mode squeez-
ing operators for the symmetric (Hy) and the antisym-
metric (fla) superposition. By applying an rf pulse after
the squeezing generation that only transfers the symmet-
ric superposition from |1,+1), we obtain a single-mode

squeezed state in |1,0) (Fig. 1 a and b).

Theoretical determination of the scale factor

In order to derive the local acceleration from the
recorded normalized population in |2,0), the scale fac-
tor S(T) (Eq. (3)) has to be determined.

The Blackman pulse shape [34] has to be taken into
account [35],

1 ~ -
Qbm (t,t0) = Qo (0.42 - 5008(27#) + O.OScos(47rt)> ,



where 2y is the Rabi frequency corresponding to the
maximal intensity and £ = t — ¢y is the time passing
since the beginning of the pulse tg.

For the Blackman pulse shape, the sensitivity function

gbm(t) is given by

t

gbm (t) = sin ( Qbm(t’,to)dt’> :

to

gbm(t7t0), to <t < Tom,
1, Tom <t <7om+ TR,

1 — gom(t, to + Tom + TR),
9o )= gt + 2 + T + ),
-1,
—1+ gom(t, to + 37om + 2TR),
0, otherwise.

The scale factor S(T') for given Blackman pulse du-
ration T,;, = 60ps and delocalization time Ty = 77 ps
evaluates to

ATy +2Tr+T
S(T) = keff/ Gerav (to, t)dt.

to

1.4290 =5

—> and

From this we get S(T" = 455us) =

The sensitivity function of the whole gravimeter se-
quence ggray(t) is then given by

Tom + IR < t < 2Tpm + IR,

0, 2Tom+ TR <t<2mpm+Tr+ 1T,

2Tom + IR+ T <t < 3mom +Tr + T,
3Tom + IR+ 1T <t < 31pm +2Tr + T,

3Tom + 2T + T < t < 41y + 21Ir + T,

(

S(T = 155 us) = 0.7707 =, which differs from the scale

m?2

factors measured in Fig. 2(a) by only 0.7 % and 0.5 %.

For a small phase range around the mid-fringe posi-
tion, the respective scale factors thus approximate the
measured slopes 0z/0g very well and the measured devi-
ation remains small in comparison to the statistical fluc-
tuations.
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