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Quantum tiltmeter with atom interferometry
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Matter-wave sensors with cold atoms have progressed tremendously over recent decades. We report a sensitive
tilt sensor based on quantum technology employing cold atoms. This quantum tiltmeter is constructed with
the configuration of a Ramsey-Bordé atom interferometer, achieving an improvement of nearly three orders of
magnitude for tilt measurements with a short-term sensitivity of 1.3 μrad/Hz1/2, with resolution down to 55 nrad
at an integration time of 1000 s. The deformation of the Earth’s surface has been monitored in a continuous run
of 31 h, showing that a quantum tiltmeter can be applied to record tilt tides and can be an valuable sensor in
geophysics and various scientific facilities.
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I. INTRODUCTION

Atom interferometers have proven to be powerful tools
in fundamental research, such as measurement of the fine-
structure constant [1,2] and the Newtonian gravitational
constant [3,4], as well as test of the weak equivalence principle
[5–9] and the Lorentz invariance [10]. Atom interferometers
are also exploited to detect gravitational waves [11–13]. More-
over, many precision sensors based on atom interferometry
(AI) are developing rapidly and applied in the precision
measurement of local gravity g [14–18], the gravity gradient
[19–24], and rotation [25–28]. A double Bragg diffraction
atom interferometer has been invented to perform tilt mea-
surement in Ref. [29] with a sensitivity of 0.8 mrad/Hz1/2,
and potential application for tilt measurement is also possible
with Raman type atom interferometers [22,25,27,28,30–32].

High precision tiltmeters are crucial sensors in scientific
facilities for fundamental research. The tiltmeters are used
in the advanced Laser Interferometer Gravitational Wave
Observatory (advanced LIGO) to correct the tilt coupling of
the inertial sensor in the seismic isolation system [33,34].
The local tilts are carefully measured and corrected in the
Large Ring Laser Gyroscope [35,36] to cancel the tilt effect
in the extremely sensitive and stable rotation measurement.
Sensitive tiltmeters are used in absolute atom gravimeters
[37,38] and atom gyroscopy [25–27] to precisely align
the laser beams. Moreover, tiltmeters play unique roles in
measuring the crustal deformation and are widely used in the
field of volcanology [39,40], Earth tide studies [41,42], and
seismology [43]. There are mainly two kinds of tiltmeters,
namely long-baseline tiltmeters and short-baseline tiltmeters
[44]. The long-baseline water-tube tiltmeters [45,46] with a
resolution of nrad are based on the principle of communicating
vessels and monitor the float positions on both sides of the
instrument to measure the tilt variations. To observe the tilt
variations with higher sensitivity and stability, the water-tube
tiltmeters always have large dimensions of dozens of meters
and were installed in some mines or caves with good thermal
stability. The short-baseline tiltmeters use various forms of
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pendulums [44,47,48] to define the plumb line and measure
the displacements between the frame and the pendulum to
get the tilt variations. Thanks to the development of the
microdisplacement measurement technique, the short-baseline
tiltmeters can be designed compactly and portably. However,
the drawback is that the short-baseline tiltmeters are sensitive
to local perturbations. Recently, the laser interferometric
designs [49] are used in measuring small tilt angle between
two mirrors, reaching ultrahigh sensitivity.

In this paper, we report a quantum tiltmeter based on AI. The
tilt signal is imprinted to the phase of atomic wave packet and
measured with AI. The main features of this quantum tilt sensor
are as follows: (i) The method of matter wave interferometry
with well-prepared cold atoms can promise a high potential
sensitivity and stability. Moreover, the employment of the atom
fountain doubles the interrogation time and reduces the size
of this tiltmeter, making it compact and portable for practical
applications. (ii) What we measured is the tilt angle referred
to the direction of freefall. The scale factor can be accurately
determined, which makes the quantum type tiltmeter possible
to determine the absolute direction of Earth horizontal plane.
A prototype demonstration is presented below based on a
symmetric Ramsey-Bordé (RB) interferometer using only one
pair of Raman beams. As a precision tiltmeter, a resolution of
55 nrad is achieved at an integration time of 1000 s, and a 31-h
continuous measurement shows that this quantum tiltmeter has
the capability to monitor the Earth tilt tides.

II. PRINCIPLE

The principle of the experiment is sketched in Fig. 1(a). Our
quantum tiltmeter is constructed by the RB atom interferome-
ter [50] with four π /2 Raman pulses. The beam splitters of the
interferometer are driven by the two-photon Raman stimulated
transitions [1]. The Hamiltonian for the atom and laser field
system in constant gravity can be written as [51]

H = H0 + �p2

2M
− M �g · �r + V (�r,t), (1)

where H0 is the Hamiltonian of atomic internal states, �p
is the atomic momentum, M is the atomic mass, �g is
the local gravitational acceleration, V (�r,t) is the atom-laser
interaction Hamiltonian, and �r is the position of the atom.
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FIG. 1. (a) The space-time diagram of the RB interferometer.
Only the lower interferometer is shown since the atoms in F = 2 are
cleaned after the second Raman pulse. (b) Schematic diagram of the
quantum tiltmeter based on AI. A single pair of Raman beams is used
here to simplify the modulation experiment, a commercial bubble
tiltmeter is fixed on the mount of the mirror (not shown in the figure)
to monitor the tilt variations.

The cold atoms are illuminated successively by one pair
of quasihorizontal counterpropagating Raman beams. The
symmetric RB interferometer is constructed by a sequence
of π/2 − π/2 − π/2 − π/2 pulses to coherently split, reflect,
and finally combine the atomic wave packet. The total phase
shift of the atom interferometer is contributed by the wave
packets’ free evolution φe, the final separation of the wave
packets φs , and the phase due to the Raman beams φL. In an
uniform gravity field, the phase shift φe and φs are calculated
to be zero. During the interferometric sequence, the frequency
difference between the two Raman lasers is linearly swept to
compensate the projection of the Doppler shift induced by the
free-falling atoms, and the φL can be expressed as:

φL = φ1 − φ2 − φ3 + φ4, (2)

where φi = �keff · �ri − 1
2αti

2 + φ0,(i = 1,2,3,4) is the laser
phase in the current experimental setup and �keff = �k1 − �k2

is the effective wave vector of the Raman beams, α is the
frequency chirp rate of the Raman beam, and �ri is the atom
position at the moment of ti when the ith Raman pulse is
switched on. The first term �keff · �ri is the phase induced by
the local gravity, and the second term − 1

2αti
2 is the phase of

laser due to the linearly sweeping of the frequency difference
between the Raman beams. Thus, the phase shift of RB
interferometer can be determined as:

φ = �keff · �gT1(T1 + T )−αT1(T1 + T ), (3)

where T1 is the time between the first two pulses as well as the
last two pulses and T is the time between the second and third
Raman pulses. We can conclude from the interferometric phase
�keff · �gT1(T1 + T ) that the tilt angle is extracted by measuring
the projection of the gravity in the direction of Raman beams.

In our experiment, the Raman beam propagates quasihori-
zontally, and the angle with respect to the horizontal plane is β.
The phase shift induced by the local gravity can be expanded as
keffgβT1(T1 + T ) + keffgβ3T1(T1 + T )/6 +O(β5). The high-
order term keffgβ3T1(T1 + T )/6 +O(β5) is about 7 orders of
magnitude smaller than the first-order term when β < 1 mrad,
which can be neglected. Finally, the interferometric phase shift
can be written as

φ = βkeffgT1(T1 + T ) − αT1(T1 + T ). (4)

III. OVERVIEW OF THE EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1(b). The quantum
tiltmeter is based on a ultra-high vacuum chamber including
three parts for the three-dimensional magneto-optical trap
(3D-MOT), the matter-wave interference, and detection. About
100 million 87Rb atoms are first loaded into the 3D-MOT.
We then launch atoms along a parabolic trajectory using
the moving molasses technique with an atomic temperature
of 2.5 μK. The initial velocity of the atom cloud is about
4.27 m/s at an angle of 20.7◦ with respect to the vertical
direction, the parabolic trajectory is used to obtain a horizontal
Doppler shift for distinguishing the ±keff configurations. After
a state preparation and a velocity selection, about 5×104

atoms with a y direction temperature of 90 nK in the state
|5 2S1/2,F = 1,mF = 0〉 are prepared. When atoms move to
the interference chamber, a Raman pulses sequence in the
form of π /2- π /2- π/2- π/2 is applied to manipulate the
atomic wave packet. The Raman beams are composed of two
phase-locked lasers [18] with a total power of 35 mW, and
the 1/e2 diameter is about 20 mm. The retro-reflection mirror
of the Raman beams is used to realize the counterpropagating
configuration, and the tilt of the mirror is monitored by a
commercial bubble tiltmeter (JEWELL 775) with a resolution
of 0.1 μrad. Finally, the transition probability P determined by
the phase accumulated between the two arms of the interferom-
eter is measured through a normalized fluorescence detection
method. The whole time used for a single measurement
is 1.1 s.

We use only one pair of counterpropagating Raman beams
with one mirror to simplify the Raman system, and all four
π/2 pulses are realized by the single pair of Raman beams.
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FIG. 2. Rabi oscillation at different positions. The black squares
refer to the Rabi oscillation of the atom cloud located in the mid
of the Raman beam, the Rabi oscillations in the position of the first
π/2 pulse (the red circles), the second π/2 pulse (the green upper
triangles), the third π/2 pulse (the blue lower triangles), and the
fourth π/2 pulse (the cyan diamonds) are also shown in the figure
when T1 = 8.6 ms. The insert is the relative position of the atom
cloud and the Raman beam when the ith Raman pulse is switched on.

However, the inhomogeneity of the Rabi frequency due to the
Gauss distribution of the Raman beam intensity will cause a
reduction of the Raman transition efficiency, which decreases
the contrast of the fringe patterns. The spatial dependent
contrast caused by the inhomogeneity of the Rabi frequency
has been analyzed in Ref. [52] in detail. We have measured the
coupling of the Raman beam when atoms locate in different
positions as shown by the insert of Fig. 2. Both of the coupling
and the Rabi frequency are decreased when atoms cloud locate
in the edge of the Raman beam (Fig. 2). Unfortunately, we have
to set the Raman transition in the edge of the Gaussian profile,
because we must maximize the interrogation time of the atom
interferometer to get high sensitivity. Our RB interferometer
is constructed symmetrically in the experiment, T + T1 is set
to constant and equals 217 ms, and we set T1 as large as
possible. Finally, the contrast of the fringe patterns is just 7%
during the continuous tilt measurements, which limits the total
interrogation time of the quantum tiltmeter. The drop of the
fringe contrast are also observed [shown in Figs. 3(a) and 3(b)]
when increasing T1.

The tilt angle β of the Raman beams is measured by
changing the value of α around the central fringes [53] under
different T1; consequently, when the chirp rate compensates
the projection of the Doppler shift exactly, the interference
patterns locate the minimum independently of T1, and the tilt
β is determined by β = α/(keffg). The k-reversal scheme [54]
is used here to eliminate some systematic effects. The fringes
of the atom interferometer both in ±keff are shown in Figs. 3(a)
and 3(b) with T1 values of 4.6 ms, 6.6 ms, and 8.6 ms.

To verify the feasibility of this quantum tiltmeter, we
modulate the orientation of keff by tilting the retro-reflection
mirror step by step and record the tilt angles with two manners,
one is from the commercial bubble tiltmeter mounted on the

FIG. 3. [(a) and b)] Identifying the central fringe by modulate the
chirp rate α with different T1 for ±keff . The data points corresponding
to the gray circles, red squares, and blue diamonds are for 4.6 ms,
6.6 ms, and 8.6 ms. The royal blue arrows head to the central fringe.
(c) Modulating the tilt angle of the Raman beam. The relative angle
βRe of the mirror is monitored by the commercial tiltmeter. The tilt
in the direction of Raman beams β is measured by our quantum
tiltmeter.

mirror and another one is the result of the quantum tiltmeter as
described above. As shown in Fig. 3(c), we find good agree-
ment of the tilt angles β extracted from the quantum tiltmeter
and the relative tilt angles βRe monitored by the commercial
tiltmeter, and β/βRe = 0.98(2), the statistical uncertainty is
most probably originated from the wave-front aberration and
the temperature fluctuation during the modulation experiment.
There is a bias of 70 μrad for the tilt measured by single +keff

or −keff , which is mostly caused by the light-shift due to the
intensity inhomogeneity of the Raman beams. With the help
of microwave [55], we adjust the light-shift nearly to zero
as possible as we can to minimize the AC-Stark effect, and
the k-reversal scheme is used here to eliminate the residual
AC-Stark effect. Another possible contribution to the bias is
the inhomogeneity of the magnetic field, which can be canceled
by the k-reversal scheme as well.
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FIG. 4. Allan deviation of the quantum tiltmeter. It gives a
short-term sensitivity of 1.3 μrad/Hz1/2 for tilt measurements; the
detection noise limitation (gray dash-dot line) is shown in the
figure.

IV. SENSITIVITY AND NOISE TRACKING

In order to reach the maximum sensitivity of the quantum
tiltmeter, we set T1 = 8.6 ms during the continuous tilt
measurements. The Allan deviation of the tilt measurements
is shown in Fig. 4. The short-term sensitivity of the quantum
tiltmeter given by the Allan deviation is 1.3 μrad/Hz1/2, which

represents an improvement of nearly three orders of magnitude
for tilt measurements to previous quantum tiltmeter [29].
The stability of the tilt measurement improves as τ 1/2 and
reaches 55 nrad after an integration time of 1000 s. The
long-term resolution mainly limited by the fluctuation of the
temperature and the tilt tides. A short-term sensitivity of
5 μrad/Hz1/2 has been recently reported in Ref. [56] for tilt
measurements.

The detection noise usually gives limit to the sensitivity of
atom interferometer [18] and should be carefully considered.
The detection noise σP is represented by the function of the
transition probability P . The transition probability is always
influenced by the quantum projection noise, the electric noise,
and the power or frequency noise of the detection beams [57].
The detection noise σP is measured by modulating the number
of the atoms by the means used in Ref. [57]. Finally, the
detection noise is evaluated to 1.1%, limited by the frequency
noise of the detection beams. The phase noise of the quantum
tiltmeter due to the detection noise and the low contrast is
2σP/CkeffgT1(T1 + T ) = 1.03 μrad/Hz1/2, which is close to
the short-term sensitivity of 1.3 μrad/Hz1/2 of our quantum
tiltmeter.

We carefully considered the vibration noise of the reflection
mirror and its effect on the sensitivity limitation of the
quantum tiltmeter. The power spectrum density of the vibration
noise is shown in Fig. 5(a). The effect of the vibration is
evaluated by the means of the sensitivity function [58], for the
symmetric RB interferometer, the sensitivity function g(t) is
given by

g(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 t < −T − T1

sin(�(T + T1 + t)) −T − T1 � t < −T − T1 + τ

1 −T − T1 + τ � t < −T

cos(�(T + t)) −T � t < −T + τ

0 −T + τ � t < T − τ

− cos(�(T − t)) T − τ � t < T

−1 T � t < T + T1 − τ

− sin(�(T + T1 − t)) T + T1 − τ � t < T + T1

0 T + T1 � t

(5)

where � is the Rabi frequency and τ is the duration of the π/2
pulses. From the sensitivity function, the transfer function can
be determined as

Ha
2(ω) =

[
keff

i

2ω

∫ ∞

−∞
g(t)dω

]2

= 16k2
eff{cos (ωT ) − cos [ω(T + T1)]}2

ω4
. (6)

With the transfer function and the vibration noise spectroscopy
shown in Fig. 5, the limitation of the vibration noise is about
0.13 μrad/Hz1/2, which is one order of magnitude lower than
the short-term sensitivity. The same method can also be used
in analyzing the effect of the Raman beam phase noise and
gives a sensitivity limitation of 0.03 μrad/Hz1/2.

As a summary, the sensitivity limitations set by the main
noise sources of the tiltmeter are presented in Table I.

V. EARTH TILT TIDES

An uninterrupted continuous tilt measurement for 31 h is
performed to monitor the Earth tilt tides in our laboratory

TABLE I. Main noise sources to the tilt measurements.

Main noise source Value (μrad/Hz1/2)

Detection noise 1.03
Vibration noise 0.13
Raman laser phase noise 0.03

063606-4



QUANTUM TILTMETER WITH ATOM INTERFEROMETRY PHYSICAL REVIEW A 96, 063606 (2017)

FIG. 5. The vibration noise spectroscopy (black line) and the
transfer function (red line) of the symmetric RB interferometer.

located in a cave. The red circles in Fig. 6(a) show the raw
tilt data measured by the atom interferometer, with the room
temperature [blue line in Fig. 6(a)] recorded simultaneously.
Even though the fluctuation of the room temperature is
extremely small, with a peak-to-peak level of 10 mK, we
still see a strong correlation between the tilt and temperature.
Since the components of the experiment setup have different
thermal expansion coefficient, the fluctuation of the temper-
ature and the temperature gradient introduce the deformation
of experiment setup, and as a consequence, the tilt of the
Raman mirror is changed. Moreover, we have observed a
2-h time delay between the temperature changes and the tilt
variation, the reason of the slow response is the complex and
massive experiment setup has a long thermal time constant.
The correlation between the tilt and delayed temperature is
shown in the insert of Fig. 6(a), which gives a coefficient
of −103 nrad/mK. In addition to the temperature influence,
a linear drift of −740 nrad/day is also observed, probably
caused by the drift of the quartz oscillator which is used as
the reference of the Raman beams’ frequency chain. After
being corrected from the sudden temperature change and the
linear drift, the final results of the tilt measurements are shown
in Fig. 6(b). Both the phase and the amplitude of the tilt
measurements are consistent with the theoretical model of the
Earth tilt tide, and the Pearson’s correlation coefficient between
the experiment and tilt tide model is 0.79, which clearly shows
that this quantum tiltmeter has the capability of measuring the
Earth deformation.

VI. DICUSSION

In addition to recording the tilt variation, our quantum
tiltmeter can also be used to precisely measure the absolute
value of the tilt angle between the �keff and the horizontal
plane. The tilt angle is defined by the plumb line and can
be determined by β = α/(keffg). The frequency chirp rate
α is determined by a high performance oscillator, and the

FIG. 6. A continuous tilt measurement is carried out for 31 h. (a)
Red circles: Continuous tilt measurements of 31 h operated by the
quantum tiltmeter between 22 and 24 January 2017. Each data point
represents an average of 1760 s. The royal blue line is the monitored
temperature near the reflection mirror, and the dash-dot line is the
temperature shifted with a 2-h delay. The linear correlation of the tilt
and temperature from 11 h to 15 h is shown in the inset. (b) The
experiment tilt tide (blue squares) after temperature compensation,
the black line is the theory model of the Earth tilt tide.

effective wave vector �keff is determined by the Raman beams’
frequency, which is linked to the atomic transition line of
87Rb. The frequency chirp rate α and the effective wave
vector �keff can be measured with high accuracy since that
we can measure the frequency precisely. The absolute value of
local gravity g can also be determined through an absolute
gravimeter. Therefore, the tilt angle between the �keff and
the horizontal plane can be accurately extracted through the
quantum tiltmeter. A great challenge of this absolute quantum
tiltmeter is the effect of wave-front aberrations. The phase
shift induced by wave-front aberrations mainly depends on
the optical elements in the Raman system [59], namely the
window of the vacuum chamber, the λ/4 wave plate, and the
reflection mirror. The surface qualities of the λ/4 wave plate
and the reflection mirror in the Raman system are about λ/20,
but the surface quality of the glass window mounted to the
vacuum chamber is unknown, which will induce a systematic
error for the tilt measurements. As an estimate, the surface
quality of the optical elements in the Raman system is about
λ/5 in Ref. [59], corresponding to a systematic error of about
9 μrad in our quantum tiltmeter.

In conclusion, a quantum tiltmeter based on an RB
atom interferometer has been realized with a parabolic atom
fountain. The sensitivity reached by our quantum tiltmeter
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allows us to monitor the deformation of Earth surface, and
the quantum tiltmeter has potential important applications in
geophysics. Moreover, this tiltmeter can also be integrated
into quantum sensors such as atom gyroscopes and atom
gravimeters to provide a more accurate calibration. Assuming
a Mach-Zehnder-type interferometer with T = 200 ms, the
quantum projection noise limitation is below 1 nrad/Hz1/2

with 106 atoms and a 20% contrast. The high potential

sensitivity and the feature of absolute tilt measurement make
the quantum tiltmeter attractive among the various tiltmeters.
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