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The exquisite precision of atom interferometers has sparked the interest of a
large community for uses ranging from fundamental physics to geodesy and
inertial navigation. However, their implementation for onboard applications is

still limited, not least because rotation and acceleration are intertwined in

a single phase shift, which makes the extraction of a useful signal more
challenging. Moreover, the spatial separation of the wave packets due to
rotations leads to a loss of signal. We present an atom interferometer oper-
ating over a large range of random angles, rotation rates and accelerations.
A model of the expected phase shift allows us to untangle the rotation and
acceleration signals. We also implement a real-time compensation system
using fiber-optic gyroscopes and a rotating reference mirror to maintain the
full contrast of the interferometer. We demonstrate a single-shot sensitivity to
acceleration of 24 ug for rotation rates reaching 14°s™.

Atom interferometers rely on the coherent splitting and recombina-
tion of the wave packets associated with an ensemble of laser-cooled
atoms. When the atoms are in free-fall and manipulated by the field of a
retroreflected laser beam, the interferometer becomes highly sensitive
to accelerations and rotations' . This led to the development of novel
inertial sensors with field’ and onboard implementations'*, but fur-
ther development is required to reach the full potential of atom
interferometers and their applications in areas including fundamental
physics®'*, geodesy®™ and navigation'.

Rotations and accelerations both contribute to the phase shift of
atom interferometers, and instruments are usually designed in a way
that the sensitivity to one or the other is canceled out. For example,
gravimeters are operated with a vertical laser beam such that there is
no physical area leading to a rotation sensitivity”, and gyroscopes,
using two counter-propagating atomic clouds, have been used to
separate rotations from accelerations*'*?°, When the sole configura-
tion of the experiment is no longer sufficient to separate the effect of
rotations and accelerations, these techniques are sometimes extended.
This is, for example, the case in long-baseline atom interferometers,

where the rotation of the Earth can result in spurious phase shifts and
contrast losses. This effect can be mitigated by applying a rotation to
the reference mirror, which retroreflects the laser beam**. However,
this separation of acceleration and rotation cannot be implemented in
the case of strap-down onboard applications because it relies on a
static operation of the inertial sensor, where the geometry of the
matter-wave interferometer is known and constant in time. Even in the
architectures where rotations are compensated, this is done using a
priori knowledge of the rotation rate”?*. In the case of a moving carrier,
this is no longer possible, and both accelerations and rotations will play
a significant part in the measurement.

Here, we present a new method to independently measure ran-
dom rotation and acceleration at high rotation rates while preserving
the full contrast of the atom interferometer. This is achieved by
hybridizing with classical inertial sensors, enabling the separate
extraction of rotation and acceleration information that are simulta-
neously present during the inertial measurement. We report on the
operation of an atom interferometer over a large angle range [0, 30]°
and for high rotations rates up to 250 mrad s™ (14°s™).
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First, we implement a double hybridization of our single-axis atom
interferometer with a classical accelerometer and two fiber-optic
gyroscopes (FOG) and demonstrate a quantitative understanding of
the atomic phase shift due to rotations while the phase shift due to
acceleration is canceled out thanks to a real-time closed-loop servo-
lock. This method is validated over an intermediate range of rotation
rates where the contrast is not fully canceled by the spatial separation
of the wave packets. Then, for higher rotation rates, we apply a real-
time compensation of the orientation of the reference mirror, using
the FOGs’ signals to maintain the effective wavevector of the laser
along a constant direction and thus ensure the overlap of the wave
packets at the output of the atom interferometer. We extend our
model of the expected phase shift to fully reconstruct the atomic
fringes of our hybrid quantum sensor.

Results

Our experiments are performed on a three-axis hybrid atom inter-
ferometer setup, installed on a manual three-axis rotation platform
and capable of measuring accelerations along three orthogonal
directions as described in ref. 25.

An ensemble of rubidium 87 atoms is trapped and cooled down to
atemperature of approximately 4 pK. The atoms are then released and
prepared in the magnetically insensitive |[F =1, m; = 0) sub-level of the
5%Sy/» ground state. Following a time of flight Trof, a sequence of three
counter-propagating Raman pulses (17/2 - m — 11/2), each separated by
the interrogation time T, is carried out to coherently split, reflect, and
recombine atomic wave packets and perform a Mach-Zehnder inter-
ferometer. A state-sensitive fluorescence detection allows us to mea-
sure the atom number in the hyperfine level |F =2, m; =0) as well as
the total atom number, respectively denoted as N, and N, The
interferometer’s output signal is the population ratio R = N»/N,,, at the
end of the sequence.

Here, we perform interferometry along a single-axis z and define
the reference angle 6=0° when this axis is vertical, i.e. aligned with
gravity. Classical accelerometers attached to the back of the retro-
reflection mirrors (Fig. 1) on each axis provide the signals necessary to
calculate the laser phase and frequency shifts required to compensate
for the tilt-dependent Doppler effect and the noise due to vibrations of
the reference mirror®. For all the data presented in this paper, the
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phase shift due to acceleration is canceled out in a closed-loop mode
as demonstrated in ref. 25 and described in the Methods. The present
study focuses on the phase shift due to rotation.

Two fiber-optic gyroscopes measure the rotation rates around the
x and y axes. These FOGs, adapted from a rotational seismometer
(Exail — formerly iXblue — BlueSeis 3A), are capable of measuring
angular velocities up to 667 mrads™ (-38°s™) with a noise below
100 nrad s *Hz™¥2. The device rotates around the x axis, orthogonal to
the measurement axis z. On the z axis, the reference mirror is mounted
on a two-axis piezoelectric tip-tilt platform (Physik Instrumente
S$-335.2SHM2) in order to dynamically control its orientation. We
neglect Earth’s rotation which is three to four orders of magnitude
below the rotation rate of the device.

Contrast loss and phase shift of a rotating atom interferometer
In this section, the orientation of the mirror remains fixed with
respect to the vacuum chamber (rigid mode in Fig. 1). The rotation of
the device impacts both the contrast and the phase of the Mach-
Zehnder atom interferometer, leading to the measured population
ratio:

R=Ry — 3 C(2) cos(,(2)) @

where Ry is the offset of the interference fringes, ¢,(Q) the phase shift
due to the rotation of the experiment and C(Q) the contrast measured
for a rotation rate Q.

The rotation of the atom interferometer changes the direction of
the laser beam, and therefore, the direction of the momentum trans-
ferred to the atoms between two consecutive pulses. This angle leads
to a separation in position and momentum of the wave packets asso-
ciated with the two arms of the interferometer and, as a consequence,
to a loss of contrast of the interference fringes®:

2
2kgT
P keffT20> @

C)=Cyexp| — <

where Cy is the static contrast of the interferometer, i.e., when there is
no rotation, 7 the temperature of the atomic cloud, kg, the Boltzmann

Tip-tilt platform
Accelerometer (z)

Fig. 1| Schematic representation of the rotating atom interferometer. Three
orthogonal laser beams are used to trap and cool an ensemble of ¥Rb atoms in a
retroreflected configuration. Mechanical accelerometers are attached to the back of
the three mirrors and two fiber-optic gyroscopes (FOG) measure the rotations of the
device along the x and y axes. The atom interferometer is performed on the z axis,
where the reference mirror is mounted on a piezoelectric tip-tilt platform.

FOG (y)
Accelerometer (y) 9
Mirror (z) ; ; ;
0 T 2T
g Inertial pointing

The experiment rotates with a rotation axis x and a rotation rate Q. The tilt angle of
the experiment is 6 = 0° when the axis z is vertical, i.e. aligned with gravity. Inset: the
two modes of operation of the tip-tilt mirror represented by a spatio-temporal
diagram. In the rigid mode, the tip-tilt behaves like a fixed mirror and follows the
rotation of the device. In the inertial pointing mode, the mirror keeps a constant
orientation in the frame of the laboratory for the duration of the interferometer (27).
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Fig. 2 | Rotating atom interferometer in the rigid mode. Population ratio No/No,
as a function of the rotation rate of the device. Left: 1600 measurements with

6 €[0,30]°,27 =12 ms. The dashed red line is an envelop defined by R = Ry + C(Q)/2.
Right: Output of the atom interferometer for a tilt angle 6 € [11, 13]° (blue) and
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6 € [27, 30]° (red). The solid lines are the theoretical curves calculated using
equations (1), (2) and (3). The shaded regions correspond to the model values
for the extrema of the angle ranges.

constant, m, the mass of the atom and k., the effective wavevector of
the Raman transition.

The phase term ¢, in equation (1) is impacted by the complex
trajectory of the free-falling atoms in the reference frame of the
rotating laser beam. This leads to phase shifts which are not com-
pensated for by the hybridization with the classical accelerometer.
Using the mid-point theorem”, we have carried out a derivation of the
rotation-induced phase term ¢£igid in the rigid mode (see Methods and
ref. 28). Here, we assume the rotation rate Q and the angle 6 between
the laser beam and the vertical defined by gravity to be constant during
the atom interferometer. We also assume that the atoms have no initial
velocity when they are released from the optical molasses.

Neglecting the duration of the Raman pulses, we find:

O Q.0) =ken T* (262 — 208 sinONT +Trop) (3

where g is the free-fall acceleration of the atoms under the effect of
gravity (g~-9.806 ms?), zOCA denotes the distance between the
atomic wave packet and the classical accelerometer at the beginning of
the interferometer, Ttof the time of flight before the first interferom-
eter pulse. We find ng =204 mm for 8=0° and T1or=20ms (see
Methods). The first term in this expression corresponds to a
differential centrifugal acceleration between the classical acceler-
ometer and the atom interferometer due to the different positions of
their respective test masses. The second term of equation (3) is akin to
a Coriolis acceleration and depends on the velocity component of the
atoms perpendicular to the direction of propagation of the laser. For
significant tilts (62 3°), this term is the dominant one with the typical
parameters of our experiment. Both terms are factored by the scale
factor of the atom interferometer k7> For numerical applications,
the average values of 8 and Q during the interferometer are used. Note
that this model does not take into account terms associated with a
tangential acceleration of the atoms which depends on the angular
acceleration of the device (see Methods).

The data presented in Fig. 2 (left) show the population ratio R
measured at the output of the rotating atom interferometer, as a
function of the angular velocity. The result includes ~1600 measure-
ment cycles with an interrogation time 27 =12 ms, angular velocities
up to 150 mrad s (8. 6° s™) and tilts of the device between 0° (vertical)
and +30°. A constant 77/2 phase offset of the laser is applied on the last
pulse of the interferometer, whichis why R = 0.5 for Q = 0. The rotation
rate of the device is directly given by the measurement of the gyro-
scope, while the angle 6 is calculated from the accelerometer’s signal.
The gyroscopes are sampled at 1kHz and the accelerometers at

2.5 kHz, allowing us to average out the inertial signals over the duration
of the interferometer and reduce the influence of electronic noise. The
distribution of the data points highlights the loss of contrast for
increasing angular velocities. The points are contained in an envelope
(dashed red line) defined by Ry + C(Q)/2 (Eq. (2)). For a given rotation
rate, different tilt angles, which determine the initial transverse velo-
city of the atoms, lead to different rotation-induced phase shifts, hence
the variation in the measured population ratio.

We can further analyze the data for a given tilt 6 of the experiment.
Selecting data points corresponding to a small range of tilt angles cen-
tered around 6, the interference pattern becomes clearly visible and the
data show a very good agreement with our model, with no adjustable
parameter (Fig. 2, right). The periodicity of the fringes is determined by
the initial transverse velocity and, therefore, in the present case, by the
tilt angle, as expected for an atomic gyroscope. This shows that our
model is an accurate description of the atom interferometer in the
presence of rotations, both for contrast loss and the phase terms, within
the parameters of our experiment. Moreover, the direct correlation of
the atomic signal with the output of the fiber-optic gyroscope proves we
are able to extract the rotation signal from a single atomic measurement
while retrieving the acceleration signal of the hybrid accelerometer
working in a closed-loop mode (see ref. 25 and Methods).

In this rigid mode and for our atomic temperature and inter-
rogation time, the operation of the atom interferometer is limited to
rotation rates up to 85mrads™ (5°s™) approximately because of the
contrast loss. To extend the range of accessible rotation rates and
increase the interrogation time, we implement a real-time compensa-
tion consisting in maintaining the pointing direction of the reference
mirror constant to preserve the overlap of the wave packets and
therefore the contrast of the interferometer.

Extension of the dynamic range to higher rotation rates
In order to perform atom interferometry at higher rotation rates, the
orientation of the reference mirror in the laboratory frame is kept
constant for the duration of the interferometer to maintain the con-
trast. To that end, we use the signals from the FOGs to control a pie-
zoelectric tip-tilt platform on which the reference mirror is mounted
and perform a rotation of the mirror of equal amplitude and opposite
direction to the rotation of the device (inertial pointing mode in Fig. 1).
This real-time, active compensation of the rotation consists of
applying two angle steps to the tip-tilt platform after the first and
second Raman pulses, respectively, in order to keep the orientation of
the mirror constant in the inertial frame. After the first pulse, a mea-
surement of the rotation rate is performed by the gyroscopes and sent
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Fig. 3 | Rotating atom interferometer in the inertial pointing mode. Top: nor-
malized contrast C(Q)/Cy (Co is the contrast for a static interferometer) of inter-
ference fringes as a function of the rotation rate during the interferometer. The red
lines give the contrast calculated with equation (2) for a temperature of 4 pK. The
black dots represent experimental measurements of the contrast with a constant
rotation of the reference mirror for T=5 and 10 ms and a static device. The blue
points show the measured contrast when the rotation compensation is active for
2T =20 ms. Because we apply random rotation rates with our manual rotation
platform, we group individual interferometers into intervals of rotation rates (30 to

50 mrad s wide) and take the average value on each interval. Each interval contains
the result of 600 to 1000 interferometers, and the contrast is determined from the
histogram of the measured population ratios. The large horizontal error bars
represent the standard deviation of the rotation rate on these intervals. Bottom:
Population ratio R as a function of the rotation phase, calculated with equation (4)
from the experimental parameters with 6 € [0, 30]°, Q € [-250, 250] mrad s* and a
correction factor £ =-0.013 on the rotation rate of the mirror (see text). The blue
curve is a sinusoidal fit to the data points.

to a field-programmable gate array (FPGA) that calculates the angle
step the mirror should make before the second pulse to cancel this
rotation. The calculated setpoint is then sent to the tip-tilt platform to
adjust its position. The same procedure is repeated after the second
Raman pulse to adjust the position of the mirror before the third and
last Raman pulse such that the orientation of the mirror in the
laboratory frame remains the same when the laser pulses are applied.
This method of compensation is based on the assumption that the
rotation rate of the device is constant between two pulses of the
interferometers. Figure 3 (top) shows that it is very effective to main-
tain the fringes’ contrast for an interrogation time 27=20ms and
angular velocities up to, at least, 250 mrad s™ (14°s™).

The rotation of the reference mirror effectively addresses the
drop in the visibility of the atomic fringes but also strongly reduces the
phase shift associated with the Coriolis acceleration. However, it also
leads to additional phase shifts related to the angular velocity of the
mirror in the rotating frame of the device, denoted as Q,,,.

With the same assumptions as for the rigid mode, the phase shift
due to the rotations, which depends on the rotation rates Q and Q,,
and the tilt 6, is:

@il (0,0,,,0) = ke T2 [-28 SINO)T + T1op)(Q + Q) — gsiNO)Q,,, T
hk
) )

“)

+zCA R (2,7.'(1)VIA +d,, +3T<g co8(0) Tror —

~3g cos(O)Tror T2+ Oy’

where we have introduced z(l)V'A, the distance between the atomic
cloud and the reference mirror at the beginning of the interferometer
and d,,, the distance between the mirror’s center of rotation and the
surface of the mirror. Note that the first term in this expression, which
corresponds to the Coriolis acceleration due to the residual rotation of
the mirror in the inertial frame, is close to zero as Q,,=—-Q. The term

—gsin(0)Q,, T accounts for the changes in orientation and norm of the
effective wavevector; the latter being a consequence of an overlap
mismatch between the incident and reflected beams. The two terms in
Q*and an of equation (4) correspond to the centrifugal accelerations
linked to the rotations of the device and of the mirror. The last term
arises from the successive changes of frame of reference.

To assess the validity of our rotation phase model in inertial
pointing mode, 1400 shots were performed for an interrogation time
2T =20 ms, rotation rates up to 250 mrad s™ (-14°s™) and tilts between
0° and 30°. The atomic interference pattern is reconstructed by plot-
ting the population ratio as a function of the rotation-induced phase
ginertial calculated from equation (4) (Fig. 3, bottom).

Ideally, the angular velocity of the mirror should perfectly
compensate the rotation of the device: Q,,=-Q. However, because
we have no direct measurement of the mirror’s effective angular
velocity Q,, we introduce a correction factor in our model to take
into account a possible discrepancy between the desired and effec-
tive rotation rates, and make the substitution Q,~>(1+¢)Q,, in
equation (4) (see Methods). An optimal reconstruction is found for
£=-0.013. The signal-to-noise ratio (SNR) of the reconstructed frin-
ges, defined as the ratio of the fringes’ contrast over the standard
deviation of the fit residuals, is 5.3, which corresponds to an accel-
eration sensitivity 2/(SNR - ke %) = 2.34 - 10™* m s (=24 pg) per shot.
For comparison, the signal-to-noise ratio in static conditions is
between 20 and 30 over the full angle range [0, 30]°, for the same
interrogation time. We believe that this drop in SNR is due to a
degradation of the vibration correction, coming from the excitation
of vibration modes of the platform when the device is rotating. This
effect can be reproduced by exciting the vibration modes in a non-
rotating operation (see Methods).

Discussion
We have demonstrated the operation of an atom interferometer over a
large range of angles ([0, 301°) and rotation rates up to 14°s™, in a
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regime compliant with operational utilization aboard many platforms
(undersea, sea, air, and space). The hybridization of the atom inter-
ferometer with mechanical accelerometers and optical gyroscopes
combined with an accurate model of the expected phase shift allows us
to untangle the acceleration and rotation contributions. For high
rotation rates, we implemented a real-time compensation of the
reference mirror’s orientation using a tip-tilt platform and the signal
provided by the gyroscopes, thus expanding the range where the
contrast of the atom interferometer is maintained. A sensitivity to
acceleration of 24 pg can be extracted from the reconstructed fringes,
for a total interrogation time of 27 =20 ms, with a technical limitation
arising from the vibrations compensation but not from the rotations of
the instrument themselves.

The manual operation of our rotation platform limits the
accessible range of rotation rates, and the increased vibrations at
higher velocities make the fringe reconstruction more difficult.
Nevertheless, we have not noticed any significant drop in the inter-
ferometer’s contrast, even for rates higher than 14°s™, which sug-
gests the technique we have implemented should only be limited, in
this regard, by the maximum angle achievable by the tip-tilt platform.

These results and our ability to reconstruct the full acceleration
vector for arbitrary orientations in a quasi-static configuration®, show
we have the tools necessary to operate quantum inertial sensors based
on cold atoms in highly dynamic environments and pave the way for
high-performance onboard measurements.

To reach our long-term goal of a full quantum strapdown three-axis
accelerometer, our rotation compensation system can be extended to a
triad including three tip-tilt mirrors and three gyroscopes. The high
bandwidth and continuity of the measurement are ensured by the
hybridization of the classical sensors and will be pushed forward. Future
studies will look into the long-term stability of the three-axis sensor, as
well as the systematic errors and effects related to the rotation of the
instrument, including transverse motion of the atoms in the laser beams
and inhomogenities in the detection. The full validation of this strap-
down strategy can lead to practical applications such as the improve-
ment of gravity maps, in situ calibration of inertial navigation systems,
geodesy as well as space-borne applications. Indeed, the dynamic range
being defined by the combination of the interrogation time and angular
velocity, the same models could be applied in a regime of significantly
longer interrogation times and slower rotations®.

Additionally, our experiment paves the way toward the first
onboard atomic gyroscope, working from any angle. The correlation
of the phase shift due to rotation with a fiber-optic gyroscope is a first
step towards a high dynamic, continuous hybrid quantum gyroscope.
This is a true alternative to thermal atomic beams***° and point source
interferometers®.

Methods

Here, we detail the real-time compensation of the acceleration in the
closed-loop mode and the limits of the fringe reconstruction due to
mechanical modes excitation when the device is rotating. We also
present the derivation of the rotation-induced phase shift, both for the
rigid and inertial pointing modes. We then explain our method to
determine the lever arms, and finally, we discuss the correction ¢ of the
phase shift in the inertial pointing mode.

Closed-loop mode: real-time compensation of vibrations and
Doppler effect

General principle. We have developed a closed-loop operation of our
hybrid atom interferometer, using the classical accelerometers to
extend the dynamic range and bandwidth of the quantum sensor,
while benefiting from the latter’s intrinsic high long-term stability. We
recall the main ideas for the understanding of the present article.
Details can be found in ref. 25.

To keep the Raman laser on resonance as the atoms fall, it is
necessary to compensate for the Doppler frequency shift caused by
the acceleration of the atoms relative to the reference mirror. This shift
depends on the orientation of the laser beam with respect to the ver-
tical direction. We use the classical accelerometers installed on the
device to determine its orientation by measuring the projections of the
gravity vector and applying an appropriate correction on the laser
phase and frequency for any orientation of the device, thanks to an
FPGA-based, real-time feedback system.

We also use the signal of the classical accelerometer installed
along the z axis to record the vibrations of the reference mirror, and
apply a corresponding correction to the laser phase before the final
Raman pulse of the interferometer.

Combining these two techniques, we operate the hybrid accel-
erometer in a closed-loop configuration where the comparison of the
classical and quantum acceleration measurements allows us to isolate
and correct for the intrinsic bias of the classical device.

Owing to this real-time phase compensation technique, the
vibrations and change in orientation do not produce any phase shift on
the interference fringes, and the results presented in this paper include
only rotation-induced phase shifts.

Limits of the fringe reconstruction due to strong vibrations. The
efficiency of the real-time vibration compensation scheme is limited by
the performances of the classical accelerometer (Thales MICAL)
attached to the back of the reference mirror, and in particular, its
bandwidth and self-noise, for which we do not have precise char-
acterizations. Our real-time compensation technique also has a limited
signal processing capability, meaning that we are not able to com-
pensate for variations in the response function of the accelerometer
over the frequency spectrum of interest®>. We simply assume that the
amplitude response is constant, and we apply a global delay of 610 ps
to the acceleration to compensate for the mean phase of the system.
This method has proven to be efficient when the vibration spectrum is
either close to white noise or centered around a narrow frequency
band because the delay corresponds to a perfect phase compensation
for a single given frequency®. Furthermore, in our current setup, the
friction generated by the motion of the device and counterweight on
the rotation axis of the rotation platform produces high amplitude
resonances, especially in the 10-100 Hz range, as can be seen on the
red curve in Supplementary Fig. 1. Because there are several distinct
resonances, our compensation method leads to an imperfect rejection
of vibrations over this frequency range and a significant reduction in
the signal-to-noise ratio of the interference fringes and acceleration
sensitivity.

In order to estimate the effect of these rotation-induced vibra-
tions, we attempted to reproduce the acceleration noise spectrum
obtained in the presence of rotations with a static device. We gently
tap the rotation platform to excite its resonance modes while
recording atom interference fringes. Under these experimental con-
ditions, represented by the blue curve in Supplementary Fig. 1, the
signal-to-noise ratio of the atomic fringes dropped to 6.2 with a fitted
contrast of 27%. In comparison, the reconstruction of the interference
pattern obtained under strong rotations in an inertial pointing con-
figuration yielded a signal-to-noise ratio of 5.3 and a contrast of 32%.
The similarity of these results suggests that our performances are
strongly limited by the vibration noise, even when the instrument is
rotating.

Theoretical model of the rotation-induced phase shifts

In the case of a potential at most quadratic in position and
momentum, the phase shift accumulated between the two arms of
the atomic interferometer A and B can be described by the mid-point
theorem?**. In a Mach-Zehnder geometry, this phase shift simplifies
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the expression

3
Puz= Y _(Kg; — Ky )
i=1

with i the index of the atom-light interaction, k4 ; (respectively kg ;) the
wavevector of the laser along the arm A (respectively B) of the
interferometer and

LUVRRYY

3 (6)

Fiz

the position of the center of mass of the two wave packets at the
i laser pulse. The full phase shift of the atom interferometer
undergoing random accelerations and rotations is estimated by cal-
culating the position of the atoms with respect to the reference
mirror at the instant of the laser pulses while taking into account the
time evolution of the effective wavevector’'s norm and orientation.
To this end, we carry out calculations in the mobile frame of the
device.

In our calculations, we neglect Earth’s rotation and assume that
the atoms only fall under the action of gravity, leading to the Lagran-
gian of a free-falling atom in the laboratory frame:

mv3(t)+mg.ro(t) (7)

N[ —

£0=

with vg and rg the velocity and position of the atom in the laboratory
frame. We then operate a velocity transformation to write the
Lagrangian in the mobile frame:

1
Vo=V ¥ (€)X By (€) = Ly = Sm(Vpy(0) + (D) X Ty (D)* + ma(e).xo(0)
®)

with Q,,(f) the rotation rate of the device (simply written Q(¢) below
to simplify notations) and a(¢) the linear acceleration of the atoms
relative to the device which can be decomposed as a(t) =g — ay(t).
The term ap(t) includes both the DC component of the sensor’s
acceleration ag(f) and vibrations a,p(f). va(£) and ry(t) are the velo-
city and position of the atoms in the mobile frame. Taking the
origin of this frame at the mobile’s center of rotation, which belongs
to both inertial frames, all velocities and positions are defined
with respect to this point, and we can write r(¢) := ro(t) =ty (t). We
have:

—

L= 5 mED+()x r(t))> + ma(e).x(t) 9

= %m () + 28000 xre) + (O <r©)] +ma@).x@)  (10)

Calculating the derivatives of the Lagrangian with respect to the atom’s
position and velocity and using the Euler-Lagrange equation leads to
the equation of motion:

F(6)+2((6) X 1(D)) + (&) (&) X ¥() +1(t) x ¥(£) =a(0) 1)
where we recognize on the left-hand side in order of appearance, the
relative, Coriolis, centrifugal and tangential accelerations, the latter
two forming what is called the driving acceleration. To solve this
equation and calculate the atomic trajectories we use a polynomial
decomposition of the atoms’ position (r(t) = 3, 5¢; x ), considering, at
first, constant accelerations and rotation rates and truncating to third-
order terms. Ultimately, we will consider in the following only rotations

with axes in the plane transverse to the effective wavevector of the
laser =(0,,0,,0)".

All the inertial components, namely acceleration, velocity and
position of the atomic wave packet relative to the reference mirror are
defined with respect to their values at the instant of the first laser pulse
(taken as initial conditions). Acceleration is considered constant, and
velocity can be computed from the moment the atoms are released
from the optical molasses, since the atoms are trapped and have no
relative velocity in the frame of the experimental chamber prior to
this point.

Then, as mentioned above, calculating the phase delay accumu-
lated between the two arms A and B of the interferometer can be
achieved by using the mid-point theorem written as

A (T)+rB(T
¢at = keff(o)- (rat(o) - rm(O)) - 2keff(T)' (M B

<rgt(z T)+rg(2T)
2

r,,m)

+Keg(2T). r,..<zr>)

12)

with Ker(f), rae(t) and r,(¢t) the effective wavevector of the laser, the
position of the atoms and the position of the mirror at the instant ¢
respectively. The superscripts A, B on the atomic cloud’s position
vectors denote the interferometer’s path they follow.

Phase shift in rigid mode. Assuming the reference mirror is immobile
in the device’s reference frame such that the effective wavevector’s
norm and orientation remain constant in that frame and, setting
k(t) = kegr. Uz S0 that only rotations on the x and y axes will appear, the
phase shift at the output of the interferometer calculated using the
mid-point theorem is:

Pae = ke T [az +20, +a, 10, - 2(v, +a, 1O,
13)
+ (zo — 30, T +2x00, T — 2)p0 T) !)2]

with 0*=Q2 + 0’ and under the assumption of infinitely short laser
pulses. Here, we recognize the relative acceleration, two Coriolis
terms, and a last term corresponding to the centrifugal acceleration.

Due to our hybridization scheme (see Methods and ref. 25), the
measurement of the classical accelerometer attached to the reference
mirror is subtracted in real-time from the atomic acceleration. To
account for this, one can define an equivalent phase shift from the
classical acceleration using the formalism of the sensitivity function®.
This method yields a phase shift equal to

¢cl = keffT2 {az + (Zf)l + Ugl T)'Oz]
14)
= keffTZ {az +Z(C)[.02]

considering that the classical sensor, fixed in the experimental cham-
ber’s frame, has no relative velocity v. The subtraction of the two
expressions in equations (13) and (14) finally gives us the inertial phase
shift remaining to be compensated for:

prieid = . T [zwx +a,T)0, — 2v,+a, 10,
15)
+ (26 = 30T+ 2000, T - 2900, T) 2]

where zOCA denotes the initial distance between the atomic wave
packet and the classical accelerometer along the z axis.

Phase shift in inertial pointing mode. Here we calculate the phase
shift for the inertial pointing mode, where we apply a rotation to the
mirror in order to keep the orientation of the Raman wavevector
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constant in the frame of the laboratory. The contributions to the
atomic phase shift are summarized in Supplementary Table 1 where we
have introduced 0}, =05, +Q. the squared norm of the mirror's
rotation rate and dcor the distance between the center of rotation of
the chamber and of the mirror, respectively. The total phase shift is the
sum of all these contributions. Note that the rotation of the mirror
cancels out the Coriolis effect almost entirely (Q;~-Q,,;) and is at the
origin of additional terms in the centrifugal acceleration.

Since the mechanical accelerometer is not sensitive to the rota-
tion of the mirror, the terms subtracted from the previous expression
are the same as in equation (14). To simplify notations, we will write:

. zOCA =z, — z¢& the distance between the classical sensor and the
atomic wave packet at the instant of the first pulse,
z(l,vlA =2y — dcor — d, the distance between the atomic cloud
and the reference mirror’s surface at the same time,
60;=0;+ Qpy; (i=x, y) the residual rotation rate on a given axis
arising from an imperfect compensation.

The expression of the phase shift in the closed-loop mode with the
classical sensor becomes:

Pirertial = k o T2 | 2(0, + @, T)6Q, — 20 + @, T)EQ, + (A, Dy — Ay Q)T
+ @A + 2000, T — 200, NP - 30, T(EQ2 +6Q2)
— zMA £ d,, 3T, + Uyee + XoQumy — Yo R,
+3T 0000, — Yoy — )0y
(16)

Tangential acceleration. The derivations of the phase in the rigid
(Eq. (15)) and inertial (Eq. (16)) modes were made with the assumption
that the angular velocity of the device is constant. If we now consider
that the angular velocity varies at most linearly with time, a tangential
acceleration of the atoms, related to the angular acceleration 0, will
result in an additional phase shift:

(ptang:kefsz (_-Ox (yO +UyT) +-Qy(x0 +UXT)> 17)
The instantaneous angular acceleration can be estimated by calculat-
ing the gradient between two successive measurements of the fiber-
optic gyroscopes. An average value over the duration of the
interferometer can then be used to calculate the phase term associated
with the tangential acceleration. For the data set in inertial pointing
mode, the measured angular accelerations follow a Gaussian distribu-
tion centered on zero with a standard deviation of 72 mrad s We find
that, in our experiments, this term has a small influence on the overall
rotation-induced phase shift — the phase shift associated with the
angular acceleration is one or two orders of magnitude below the total
phase shift — and produces no significant difference in the analysis of
the data.

For more general cases, with a significant time dependence of the
rotation rate during the atom interferometer, it is possible to use a
temporal response function to model the expected phase shift**. Our
goal is to develop a method which can be implemented in real-time,
with our FPGA for instance. The simple approach of our article is easier
to implement than the temporal response function which is conse-
quently beyond the scope of this work.

Determination of the lever arms
The centrifugal accelerations in the phase shifts of equations (15) and
(16) require evaluating different lever arms on the apparatus, namely
the distances d,,, zéVl and ng.

The distance d,,, between the surface of the mirror and its center
of rotation is a property of the tip-tilt device and is given by its data-
sheet (d,,, =7 mm).

To determine the position of the cloud with respect to the mirror at
the beginning of the interferometer (z(')vIA ), we apply a frequency jump
Af to the laser at the i pulse of a Mach-Zehnder interferometer (without
rotations), which introduces an additional phase shift equal to*:

Ap= S"Td" Af (18)

with d, the distance between the atomic cloud and the reference
mirror at the instant of the m pulse and c the speed of light. The dis-
tance d is extracted from the measured phase shift as a function of the
applied frequency shift. The position z}'°T of the atomic cloud when
released from the MOT is obtained by adding d;, to the distance tra-
veled by the atoms up to the second pulse of the interferometer. This
operation is repeated for different frequency jumps and times of flight
to find a reference position: z)°T =128(4) mm.

The distance z}™ is then calculated for each data point by
summing z}OT and the distance traveled before the first inter-
ferometer pulse, taking into account the time of flight of the atoms
before the interferometer and the tilt angle of the device
z)A = ZMOT + 1gT2 o cos 6.

Finally, the distance between the atoms and the proof mass of the
classical accelerometer is calculated by adding z}" to the distance
between the accelerometer and the mirror which is known from the
mechanical drawings of the experiment and the datasheet of the
accelerometer: z§* = zMA +96(1) mm.

Correction of the phase shift in the inertial pointing mode

The calculation of the rotation phase in the inertial pointing mode
reveals an anomaly in the reconstructed interference pattern. Sup-
plementary Fig. 2 shows the population ratio measured at the output
of the interferometer as a function of the rotation phase calculated
with equation (4) when no correction is performed. This interferogram
clearly exhibits a sinusoidal pattern but not with the expected 2m-
periodicity. This shows that the evaluation of the phase shift is not
perfect, even if the periodicity of the reconstructed fringes indicates a
strong correlation between the true and estimated phase shifts. We
therefore look at the potential systematic errors in the determination
of the experimental parameters: the tilt angle 0, the device’s rotation
rate Q, and the mirror’s rotation rate Q,,.

For each of them, we evaluate the error that would explain our
signal, and rule out the ones which are incompatible with independent
estimations. We find that all the suspected effects can be rejected,
except for a calibration error of the tip-tilt mirror.

Tilt angle. The tilt 0 of the experiment with respect to gravity deter-
mines the transverse velocity of the atoms and intervenes in several
terms of the phase shift. This angle is calculated from the measure-
ments of the classical accelerometers of the device. To evaluate the
effect of an error in the measurement of the tilt angle, we make the
substitution 8> (1+ €)@ in the expression of the phase shift. For each
value of ¢, the corrected data is fitted with a sinusoidal function for
which the contrast and offset are fixed, while the period and phase are
the fitting parameters. We keep the value ¢ leading to a 2m-periodic
signal and find £=-0.103.

We can reject this error on the tilt angle for two reasons. First, the
measurement of the angle from the accelerometers is consistent with
the goniometer of our rotation platform, whereas such a large error
(10% corresponds to 3° at 30°) would be clearly visible. Second, this
error disagrees with the analysis done in the rigid mode. Introducing a
10% error on the tilt angle for the rigid mode leads to a severely
degraded reconstruction of the interference pattern.

Scale factor of the gyroscopes. The rotation rate of the device is
directly measured by the fiber-optic gyroscopes. An error in the scale
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factor of the gyroscopes will lead to a systematic error in the calcula-
tion of the rotation-induced phase shift, which could explain our
observations on the interferogram. Now performing the substitution
Q- (1+€)Q, we find that a correction £=0.016 allows us to retrieve a
2m-periodicity. Nevertheless, the scale factors of the gyroscopes have
been characterized with a107° relative precision, which is much smaller
than the discrepancy we find. We, therefore, exclude this from the list
of possible sources of error.

Mismatch of tip-tilt and device axes. The tip-tilt mirror rotates
around two axes which are determined by the position of its piezo-
electric actuators. These axes are at an angle y = 45° with respect to the
measurement axes of the fiber-optic gyroscopes on the device. An
error on the angle y leads to an imperfect compensation of the device’s
rotation. This, in turn, produces a non-zero Coriolis phase shift
as the motion of the mirror in the inertial frame of reference is
not a pure translation. In the general expression of the rotation-
induced phase (Eq. (16)), this corresponds to the term 2(v,+a,T)
60y - 2(vy + a,T)60,.

We thus assume an error on the angle y and calculate the corre-
sponding values of 6Q, and 60, to reconstruct the interference pat-
tern. We also allow for a non-zero initial velocity along the x direction
(vy). Using the same criterion of 2m-periodicity as above, we find an
optimum for an error of 8y =9° which is too large a value to be cred-
ible. From design and independent measurements we estimate 8y =
+2° at most.

Scale factor of the tip-tilt mirror. If the scale factor of the tip-tilt
mirror (angular displacement versus set voltage) is not perfectly cali-
brated, there could be a discrepancy between the desired and effective
rotation rate of the mirror that would lead to errors in the calculated
phase shift (Eq. (16)).

Making the substitution Q,, > (1+¢€)Q,, in the expression of the
phase shift, we find an optimal correction of the fringes’ periodicity
for £=-0.013.

We have carried out an optical characterization of the mirror by
shining a laser on the mirror and measuring the displacement of the
reflected beam on a position sensitive photodiode. These measure-
ments are compatible with the expected value of the correction factor
&, with a precision at the 1% level. A more accurate measurement is
required to confirm the calibration error of the tip-tilt mirror. It is,
however, our favored hypothesis to explain the observed anomaly in
the reconstructed fringes in the inertial pointing mode.

Data availability
The raw data generated in this study have been deposited in the
Zenodo database with the reference 11543715.
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