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Sensitive quantum tiltmeter with nanoradian resolution
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Precision tilt measurements are becoming more and more important in fundamental research and crustal
deformation observations. A quantum tiltmeter based on atom interferometry could be among the most stable
tiltmeters in theory but is currently constrained by the low resolution. Here, we demonstrate an extremely
sensitive quantum tiltmeter with the configuration of a Mach-Zehnder-type atom interferometer for precisely
measuring the crustal deformation. The scheme of two pairs of Raman beams sharing one retroreflection mirror

effectively increases the scale factor, making this quantum tiltmeter achieve a sensitivity of 40 nrad/Hz

172 and a

resolution of 1.8 nrad within an integration time of 640 s for tilt measurements, which represents an improvement
on the sensitivity by a factor of 32 comparing to previous work. The Earth tilt tide lasting for 63 h has been
observed with high signal-to-noise ratio by our quantum tiltmeter, which paves the way to study the crustal

deformation with a quantum sensor.
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I. INTRODUCTION

Developing high-precision quantum sensor and exploring
new applications are engaging lots of attention both in modern
science and in fundamental research. Atom interferometers
(Als) have been demonstrated to be powerful sensors for
high-precision measurements, such as measuring the gravity
[1-6], the gravity gradient [7-10], the Newtonian gravitational
constant G [11,12], the rotation [13,14], the magnetic-field
gradient [15], as well as the test of fundamental physics
[16-20]. In recent years, quantum tiltmeters based on atom
interferometry have been constructed [21-24]. Since the tilt
angle we extracted is referred to the direction of gravity, we
can obtain the absolute tilt angle between the Raman beams
and the horizontal plane. Moreover, the measurement of the
tilt angle is linked to the atomic transition line of 87Rb; it
will have a good long-term stability in theory. Based on the
advantages of this type of tiltmeter, the sensitive quantum
tiltmeters can be employed to observe the crustal deformation,
which is of great interest in the Earth tide studies [25,26], vol-
canology [27,28], seismology [29], and geophysics [30,31]. In
addition, the quantum tiltmeters can be used in the tilt angle
measurements and corrections of scientific facilities for fun-
damental research. For example, the quantum tiltmeters can
be integrated into quantum sensors, such as atom gyroscopes
[13,14,32] and atom gravimeters [3,6,17], to realize the in situ
measurements of the tilt angle and multiaxis measurements,
especially in the large-area atom interferometer gyroscopes,
this tiltmeter can be employed for the self-alignment of the
separated Raman beams. In the large ring laser gyroscope
[33,34] and the advanced Laser Interferometer Gravitational
Wave Observatory [35,36], the long-term slow tilt fluctuations
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need to be monitored and corrected. Generally speaking, a
sensitive and stable quantum tiltmeter will excite common
interest in geoscience and in atomic, molecular, and optical
physics. However, the sensitivities and resolutions of current
quantum tiltmeters (10~%-rad/Hz!/? level) cannot meet the
requirements of these applications, and it is lower than the
traditional tiltmeters, such as the long-baseline water-tube tilt-
meters [37,38], various forms of pendulum tiltmeters [39—42],
bubble tiltmeters [43], and laser tiltmeters [44]. Thus, im-
proving the sensitivity and resolution are the priority in the
development of quantum tiltmeters.

In this paper, we report an enhanced quantum tiltmeter
with a large-scale 8’Rb atom interferometer. This tiltmeter is
constructed with two Raman beams sharing one retroreflect-
ing mirror, which promises a substantial improvement for the
scale factor. The intersection angle between the two Raman
beams is 2.54(7) prad on the y-z plane measured by the inter-
ferometer itself, and the fringe contrast is about 28% with an
interrogation time of 27 = 299.2 ms. Then, we analyze the
effect of air density inhomogeneity on the tilt measurements
in detail and suppress it with a heat insulation cover. The
sensitivity of tilt measurements is 40 nrad/Hz!/? after the
vibration correction and the resolution down to 1.8 nrad within
an integration time of 640 s. Finally, a 63-h continuous tilt tide
in the east-west direction has been observed clearly, which
shows that this quantum tiltmeter has a great capability in
monitoring the crustal deformation.

II. PRINCIPLE AND SCHEME

A. Principle

The principle of the quantum tiltmeter is illustrated in
Fig. 1(a). We utilize the MZ-type interferometer based on two-
photon-stimulated Raman transitions with a 7 /2 — 7 — 7 /2

©2022 American Physical Society
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FIG. 1. Principle of the quantum tiltmeter. (a) The space-time di-
agram of the Mach-Zehnder (MZ)-type interferometer. (b) Schematic
of the Raman beams’ configuration. Two pairs of Raman beams with
two reflecting mirrors, and the vertical distance is 110 mm. The
intersection angle of two Raman beams on the y-z plane is Aj,, and
Ay is the displacement difference of two Raman mirrors in the y-axis
direction. (c) Two pairs of Raman beams sharing one large-scale
reflecting mirror.

Raman pulses sequence to coherently split, reflect, and finally
combine the atomic wave packet [1,45]. After the sequence,
the mean transition probability P of the atoms can be deter-
mined as P = (1 — C cos A¢)/2, where C is the contrast of
the interferometry fringe and A¢ is the total phase shift of the
atom interferometer. In a uniform gravity field, the phase shift
A¢ is given by

Ap = (kegr - § — a)T?, (1)

where l_éeff is the effective wave vector of the Raman lasers, g
is the local gravitational acceleration, T is the separation time
between two adjacent Raman pulses, and « is the frequency
chirp rate of the Raman beams. In our experiment, the Raman
beams propagate in the quasihorizontal direction, and the an-
gle between the wave-vector l_éeff and the horizontal plane is 8,
which is the tilt signal that needs to be measured. The formula
Kegr - 872 can be written as ke g2 sin B, which shows that the
tilt angle is extracted by measuring the projection of the grav-
ity in the direction of the Raman beams. As the Raman beams

are tilted in a tiny range (tens of microradians), considering
the first-order approximation, Eq. (1) can be simplified as
A¢ = (kergB — a)T?. When the atom interferometer works
at the central fringe, the tilt signal can be written as

B = a/(ketg). 2

Theoretically, the frequency chirp rate «, the wave-vector
ketr, and the gravity g can be determined accurately, thus, the
absolute tilt angle 8 can be measured precisely.

B. Configuration scheme of the Raman beams

According to Eq. (1), the scale factor of the tiltmeter is
proportional to 72, and a large-scale quantum tiltmeter needs
two Raman beams to increase the interrogation time. The
vertical distance of two Raman beams is about 110 mm when
the time of two adjacent Raman pulses is 150 ms. As shown in
Fig. 1(b), supposing that we adopt two retroreflection mirrors
to obtain two counterpropagating Raman beams, respectively,
the displacement difference Ay of two Raman mirrors in the
y-axis direction will introduce an extra phase ¢, = 2k Ay.
The tiltmeter with a resolution of 107® rad requires that the
fluctuation of Ay should be smaller than 1 nm. Moreover, Ay
is in the state of dynamic change because of the difference
of temperature and temperature gradient between the two
separated Raman mirrors with two mounts. To decrease the
long-term instability caused by Ay, one large-scale rectangu-
lar reflecting mirror is used here instead of two independent
mirrors [shown in Fig. 1(c)]. For a single mirror with one
mount, the effects of temperature are greatly suppressed.

For MZ-type interferometers, the separated two Raman
beams should be precisely aligned for combining two inter-
ferometric paths to construct a closed interferometric loop
[14,32,46]. In other words, the nonparallelism of two Raman
beams has a large influence on the fringe contrast. However,
as shown in Fig. 1(c), the alignments of two Raman beams
cannot be adjusted arbitrarily since only one reflecting mirror
is applied here. The intersection angles of two Raman beams
are determined by the surface quality of the reflecting mirror,
the window of the vacuum chamber, and the A /4 wave plate.
Considering the y-z plane here, the fringe contrast can be
written as [32,46]

2
(2keiros, T A1) (2keio, A12)?
C= AQT exXp| — —2 exp | — —2 ,

3)

where Aqgr is the maximum contrast of the quantum tiltmeter,
A\, is the intersection angle of two Raman beams on the y-z
plane, o, and o, are the standard deviations of normal distri-
butions of atomic cloud for initial position and velocity in the
z-axis direction, respectively. By substituting the typical pa-
rameters in our experiment (o, = 2.4 mm, o, = 3.8 mm/s,
and T = 150 ms), it can be theoretically calculated that the
value of A, corresponding to the full width at half maximum
of the contrast is 14.8 prad. Thus, we need to improve the sur-
face quality of the reflecting mirror to reduce the intersection
angles of two Raman beams. In the experiment, we measure
the intersection angle between the two Raman beams on the
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FIG. 2. Experimental setup of the quantum tiltmeter. A heat
insulation cover is fixed between the quartz window and the retrore-
flection mirror. The tilt angle between the Raman mirror and the
plumb line is B, which is the tilt signal that needs to be measured.

y-z plane with the Al tiltmeter itself, the method and result are
described in Sec. A of Sec. IV.

III. EXPERIMENTAL SETUP

This quantum tiltmeter is based on an atom interferome-
ter, which is realized in a ultra-high-vacuum chamber, and
the structure of the atom interferometer is shown in Fig. 2.
About 10° 8’Rb atoms are trapped by the three-dimensional
magneto-optical trap (3D-MOT) within 433 ms. Then, the
atomic cloud is launched along a parabolic trajectory with an
initial velocity of 4.27 m/s at the angle of 69.3° with respect
to the horizontal plane. The temperature of atomic cloud is
2.5 uK after the moving molasses.

In the state-preparation stage, the repumping beam of
the 3D-MOT is turned off with a time delay of 10 ms af-
ter the moving molasses stage to keep ®’Rb atoms in the
1528, 2, F = 2) state. Then, the microwave pulse is switched
on to stimulate the cold atoms in the magnetic-insensitive
hyperfine state |52Sl 12, F =1, mp = 0). After that, a narrow
velocity distribution of atoms is obtained through two -
Raman pulses with a Doppler-sensitive configuration [47] in
the y and z directions successively. Finally, about 1.2 x 10*
cold atoms in state |52S1/2, F =1, mp = 0) are prepared.

In the interference zone, the Raman beams are com-
posed of two phased-locked lasers [3] with a total power of
90 mW, and the 1/¢* diameters are about 26 mm. The 7 /2
and w-Raman beams are reflected by a single large-size
retroreflection mirror to realize the counterpropagating con-
figuration. The size of the rectangular reflecting mirror is
50 x 30 x 150 mm? (L x W x H). The peak-to-valley and
rms value of the reflecting mirror surface quality are 183.5
and 30.9 nm, respectively. The reflecting mirror is fixed on
the marble platform (0.5 x 0.4 x 1.51 m*®) which is firmly
connected with the ground. A temperature sensor is placed
on the marble platform to monitor the room temperature. In
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FIG. 3. Schematic of the Al tiltmeter realized by each Raman
beam, respectively. (a) The RB-type interferometer is constructed by
four /2 pulses, which is realized by the lower Raman beam. B,/
represents the tilt angle between the effective wave vector of the /2
Raman beam and the horizontal plane. (b) The MZ-type interferom-
eter is constructed by a sequence of 7 /2 — & — 7 /2 pulses, which
is realized by the upper Raman beam. B, is the tilt angle between
the effective wave vector of the-w-Raman beam and the horizontal
plane.

addition, a seismometer (CMG-3SEP) next to the mirror is
employed to monitor and correct the vibration noise during the
experiment [48,49]. The whole interrogation time is restricted
by the parabolic trajectory of the atoms and the size of vacuum
chamber window. Considering the Raman transition efficiency
and the contrast of fringe, the interrogation time is 27 =
299.2 ms. After the Raman pulses sequence, the transition
probability P and fringes are obtained through a normalized
fluorescence detection method. Besides, we reverse the wave
vectors [2] to reduce some systematic effects, such as the
ac-Stark effect and the Zeeman effect [50]. Finally, the phase
shift can be extracted from the fringes, and the overall time
for one measurement is 1.25 s.

IV. EXPERIMENTAL RESULTS

A. Measuring the intersection angle between the two Raman
beams on the y-z plane

To obtain the intersection angle of two Raman beams on
the y-z plane, we use each Raman beam to realize a Al
tiltmeter, respectively [21]. To make it easier to understand,
the w-Raman beam is called upper Raman beam, the (7 /2)-
Raman beam is called lower Raman beam. Specifically, as
shown in Fig. 3(a), we utilize the lower Raman beam to
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build a Ramsey-Bordé- (RB-) type interferometer which is
constructed by a sequence of 7 /2 — 7w /2 — /2 — 7w /2 pulses
where all four /2 pulses are realized by the lower Raman
beam. In a uniform gravity field, the phase-shift ¢rp of the
RB-type interferometer can be written as

orB = (Keft, 7 28Br2 — arp)T1(Th + 12), 4

where ket - is the effective wave vector of the lower Raman
beam, g is the local gravitational acceleration, 7; is the sep-
aration time between the first two pulses as well as the last
two pulses, T is the separation time between the second and
third Raman pulses, and agg is the frequency chirp rate of
the Raman beam. We change the separated time 7; and keep
T) + T, as a constant to find the central fringes, and the tilt
angle B, between the Eeﬁ,ﬂ 2 and the horizontal plane can
be determined as

Bryo = arp/(Kett 7 /28)- &)

Similarly, for the 7-Raman beam as shown in Fig. 3(b), we
use the upper Raman beam to build a MZ-type interferometer
which is constructed by a sequence of 7 /2 — m — 7 /2 pulses,
where the 7 /2 and 7 pulses are realized by the upper Raman
beam. According to Eq. (2), the tilt angle B, between the %eff’”
and the horizontal plane can be written as

Br = aMZ/(keff,ﬂg)’ (6)

where kegr  is the effective wave vector of the upper Raman
beam, and ayyz is the frequency chirp rate of the Raman beam
when the atom interferometer works at the central fringe.

A continuous B, measurement and 8, measurement are
carried out for 1800 s, and the average is the value of tilt angle
Bz,2 and B, respectively. Besides, the B;,, measurements
and B, measurements are repeated three times alternately to
confirm the stability of the Al tiltmeter. Finally, the results are
shown as blue and red points in Fig. 4, and each data point
represents an average of 1800 s. The mean value of tilt angle
Bz 2 18 19.48(3) urad, and the mean value of tilt angle B is
22.02(6) prad. Thus, the intersection angle between the two
Raman beams is B;-Br/» = 2.54(7) prad on the y-z plane,
only corresponding to a lose rate of 2% for the fringe contrast
referring to Eq. (3).

B. Interference fringe

As shown in Fig. 5(a), we obtain the interference fringe of
the Al tiltmeter with a pulse separation time of 149.6 ms, one
fringe comprises ten continuous shots in 12.5 s, and the fringe
contrast is about 28%. However, the phase noise is terrible, the
mean value of phase uncertainty fitted by the fringes is about
181 mrad, and the sensitivity of tilt measurements is only
520 nrad/Hz!/? (shown as blue line in Fig. 7). To suppress
the phase noise and improve the sensitivity of the tiltmeter,
the effect of air density inhomogeneity is analyzed in detail as
follows:

C. The effect of air density inhomogeneity

In the interference region, the Raman beams propagate
through the vacuum chamber and the air to the retroreflection
mirror. The length of air passed through by the Raman beams
is about 1.5 m. The extra laser phase @eya caused by the air
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FIG. 4. The results of 8, measurements and B, measurements.
Blue square points represent the tilt angle §,, and the mean value is
22.02(6) prad (blue line). Red circle points are the tilt angle B,
and the mean value is 19.48(3) urad (red line). The intersection
angle of two Raman beams is 2.54(7) urad on the y-z plane. The
Bx» measurement and B, measurement are repeated three times
alternately, and each data point represents an average of 1800 s

should be considered carefully [32]. The laser phase for the
ith Raman pulse ¢, ; introduced by the air refractive index
can be expressed as

¢air,i = kefflair,i(nair,i - 1)’ (7)

where n,; ; represents the refractive index of air at the po-
sition of the ith Raman pulse, [, ; is the length of air
passed through by the m/2- or w-Raman beam. The ex-
tra laser phase ¢exya after the interference sequence can be
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FIG. 5. Fringe pattern of the quantum tiltmeter. (a) The inter-
ference fringes before controlling the air density noise. The red
solid line is the sinusoidal fit of the ratio of atoms in the F =2
state. (b) The interference fringes after restraining the air density
noise with a heat insulation cover. The gray diamond points and
black circle points represent the fringes without and with vibration
correction, respectively.
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written as

¢extra == ¢air,1 - 2¢air,2 + ¢air,3
= Ketrlair, 1 (Mair, 1 + Mair,3 — 2) — 2Kefplair 2 (Mair2 — 1).
®)

We consider I, is approximately equal to [, when
the intersection angle between the quartz window and the
retroreflection mirror reaches the milliradian level. Besides,
in the same position, the refractive indexes of air 7,1 and
N,ir 3 are approximately invariant within a short interval time
(about 0.3 s). Thus, Eq. (8) can be simplified as

QPextra 2kefflair(nair,1 - ”air,2) = 2kefi Lyir Angir, 9)

where An,; represents the difference of air refractive index
between the position of (7 /2)- and w-Raman beams. From
Eq. (9), the extra Raman laser phase shift derives from the
optical path [ and the difference of air refractive indices
Analir-

Different air refractive indices are due to the inhomo-
geneous air density and distinct temperatures at different
positions. Besides, the length of air /,;; and Ang; will change
with the fluctuation of temperature and air density, respec-
tively. To estimate the value of An,;, two air density sensors
(National Institute of Metrology, China, ADMS1306) with the
resolution of 1 x 10~ kg/m?> are applied to monitor the air
density at the position of the (7 /2)- and w-Raman beams
respectively. The relationship between the refractive index and
the air density can be written as [51,52]

3R

(ngir — 1) = TPair- (10)
where p,;; represents the air density and R’ called the specific
refraction or the refractional invariant. R’ can be treated as a
constant in our experiment [51,52]. The value of Ang, can
be calculated from the different air density by Eq. (10), and
the mean value of Any;, is about 1 x 10~7, which is shown as
the black line in Fig. 6. The sampling period of the air density
measurement devices is 15 s. Therefore, the extra Raman laser
phase noise d¢exira caused by the variation of Ang; can be
calculated by Eq. (7) and gives the limitation of 120 nrad at
15 s for tilt measurements.

To decrease the variation of An,;;, the method in Ref. [32]
that fixing a heat insulation cover between the quartz win-
dow and the retroreflection mirror (the air pressure inside the
cover is still atmospheric) is adopted. The temperature and air
density can be evenly distributed in the cylinder cover after a
period of stability. Moreover, it can prevent the air convection
and reduce the air density fluctuation. With this method help,
the mean value of Any, is decreased to 1 x 1073 (shown as
the red line in Fig. 6), which is about one order of magnitude
smaller than before.

D. Sensitivity of the quantum tiltmeter

After restraining the air density noise, the interference
fringe of the tiltmeter is shown as gray diamond points in
Fig. 5(b). The sensitivity of tilt measurements is displayed
by the Allan deviation, and the short-term sensitivity is
103 nrad/Hz'!/?, which is shown as the magenta line in Fig. 5.
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FIG. 6. The difference of air refractive index An,;, between the
position of the two Raman beams. The black line represents the
value of An,, before controlling the air density noise, the red line
is the value of An,; after restraining the air density noise by a heat
insulation cover.

To suppress the vibration noise, a postcorrection method
[48,49] is used here, leading an improvement of the mean
value of phase uncertainty from 98 to 28 mrad [shown as
black circle points in Fig. 5(b)], corresponding to a resolution
of 8 nrad in 12.5 s for tilt measurements. To reach a higher
sample rate and higher sensitivity, we adopt the fringe lock
technique [49] and use the linear vibration correction to sup-
press the vibration noise. The sensitivity of tilt measurements
is displayed as the red line in Fig. 7, corresponding to a
short-term sensitivity of 40 nrad/Hz'/?, which represents an
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FIG. 7. Allan deviations of the tilt measurements. The blue line
gives a short-term sensitivity of 520 nrad/Hz!/? before controlling
the air density noise. After restraining the air density noise, the
Allan deviation is displayed as the magenta line, corresponding to
a sensitivity of 103 nrad/Hz!/?. The red line gives a short-term
sensitivity of 40 nrad /Hz'/?, which represents the Allan deviation by
fringe lock with vibration correction after restraining the air density
noise. The black line is the limitation of quantum projection noise,
corresponding to a noise level of 10 nrad/Hz'/%.
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improvement of 32 times than previous work in 2017 [21].
The resolution improves as 7'/? and achieves 1.8 nrad at an
integration time of 640 s.

E. Noise tracking

From Eq. (9), the extra Raman laser phase noise §@exira 1S
related to the fluctuation of Any,; and ly;.. For Any;,, since lim-
ited by the resolution of the air density sensors, the fluctuation
of An,; cannot be measured accurately after restraining the
air density noise. The variation of § An,;; can be written as

SAny = 8nair,l - 8”air,2 = Nair,1 Y1 — Mair,2)2, (11)

where y; and y, are the relative refractive index variation
coefficients at the position of (7 /2)- and (;r)-Raman beams,
respectively. In a small enclosed area (about 0.13 m?), we
consider y; = y», Eq. (11) can be simplified as

S Angr = Angicyr. (12)

After using a heat insulation cover, the mean value of
Any;; is decreased by an order of magnitude, the value of y;
may also decrease because of preventing the air convection,
according to Eq. (12), the variation of §An,; is decreased
by, at least, one order of magnitude than before. Thus, it
can be approximately estimated that the contribution of air
density noise to the tilt measurements is below 12 nrad/Hz'/2.
Besides, the noise of extra Raman laser phase caused by the
variation of air length [;; is below 2 mrad, and the sensitivity
limitation is below 0.5 nrad/Hz'/?, far smaller than the cur-
rent sensitivity of tilt measurements, which can be ignored.

The quantum projection noise (QPN) gives a fundamental
limit of the atom interferometer [53], which is related to
the total number of atoms that involved in interference. For
1.2 x 10* atoms and the fringe contrast of 28%, the QPN con-
tributes a noise level of 10 nrad/Hz!/? to tilt measurements,
which is shown as the black line in Fig. 7.

The detection noise is usually a dominant noise source
in atom interferometers by affecting the fluorescence sig-
nals, which is related to the detection system. For example,
the electronic noise introduced by photodiode dark current
and amplifier noise, the laser noise caused by the power or
frequency fluctuations of the detection beams [54,55]. The
detection noise is evaluated by the method of modulating the
number of atoms shown in Ref. [55], and contributing an
equivalent noise level of 20 nrad/Hz'/? to tilt measurements.

In addition, the Raman laser phase noise is estimated by
the transfer function and the Raman laser phase noise spec-
troscopy, contributing a noise level of 14 nrad/Hz!/?. The tilt
noise can be evaluated by a high sampling rate commercial
bubble tiltmeter JEWELL 755) fixed on the mount of the
mirror and gives a sensitivity limitation of 6 nrad/Hz!/>. As
a summary, the sensitivity limitations set by the main noise
sources of the tiltmeter are presented in Table I. The total
noise is about 39 nrad/Hz'/?, which is consistent with the
sensitivity of quantum tiltmeter.

V. EARTH TILT TIDES OBSERVATION

Earth tides are a subject that holds a key position in re-
lation to geophysics, geodesy, and astronomy since it is a

TABLE 1. Main noise sources to the tilt measurements.

Main noise source Value (nrad/Hz'/%)

Vibration noise 25
Detection noise 20
Raman laser phase noise 14
Air density noise <12
Tilt noise 6
Quantum projection noise 10
Total <39

phenomenon that consists of an elastic-viscous deformation
of the terrestrial globe, which is caused by the gravitational
action of the moon and the sun [25,41]. As one of the Earth
tides, Earth tilt tides are quite weak, and the amplitude is
only about 10~7 rad. It is expected that the Earth tilt tides can
be observed by our quantum tiltmeter with the resolution of
1.8 nrad.

In our experiment, the tilt angle 8 measured by the Al
tiltmeter is the angle between the effective wave vector of
the Raman beams and the horizontal plane, as well as the
angle between the Raman mirror and the plumb line. The
tilt of marble platform and Raman mirror will change with
the deformation of Earth surface. The Earth tilt tides in the
east-west direction can be measured by monitoring the tilt
variation of the Raman mirror. A continuous tilt measurement
in the east-west direction for 63 h from December 29, 2020
to January 1, 2021 is performed to monitor the Earth tilt tide
in the laboratory located in a cave. The black solid line in
Fig. 8(a) shows the raw tilt variation of the Raman mirror
measured by the quantum tiltmeter, and the violet solid line
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FIG. 8. A continuous tilt measurement in the east-west direction
is carried out for 63 h from December 29, 2020 to January 1, 2021.
(a) The black line is the tilt variation of Raman mirror measured by
the quantum tiltmeter. The purple line is the monitored temperature
of room. (b) The red spheres are the experimental tilt tide after
correcting the linear drift by temperature. Each data point represents
an average of 100 s. The blue line is the theory model of the Earth
tilt tide in the east-west direction.
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is the room temperature recorded synchronously. Since the
thermal expansion effects of the marble platform and mirror
mount, the temperature change introduces the drift of tilt.
Moreover, we observe that the tilt variation has a delay of 4.5 h
compared with the temperature change, possibly due to that
the massive marble platform has a long thermal time constant.
Through the linear fitting of the tilt and the temperature,
we obtain a coefficient of —33.03 nrad/mK. In addition, the
sudden tilt change at 38 h is caused by a gathering of people
around the laboratory, resulting in a tilt deformation of the
ground. After correcting the linear drift of tilt induced by room
temperature, the final results of the tilt measurements are the
red spheres shown in Fig. 8(b). Each data point represents
an average of 100 s. The final experimental data depict the
Earth tilt tide with high signal-to-noise ratio and are consistent
with the theory model [shown as the blue line in Fig. 8(b)],
which shows that this quantum tiltmeter has a great ability in
measuring the crustal deformation.

VI. CONCLUSION

In conclusion, we have realized a sensitive quantum
tiltmeter with a large scale of MZ-type interferometer. A sen-
sitivity of 40 nrad/Hz'/? for tilt measurements is achieved in
our tiltmeter by suppressing the vibration noise and decreas-
ing the effect of air density inhomogeneity. The long-term

resolution attains 1.8 nrad within an integration time of 640 s,
which is limited by the tilt variation of the retroreflection
mirror caused by the fluctuation of room temperature. A
continuous Earth tilt tide for 63 h has been observed with
high signal-to-noise ratio, which paves the way for measuring
the crustal deformation with quantum sensor. In addition,
the phase shift of atom interferometer can be written as
A¢p = (kera — )T?, where a = aj + g sin B, q| is the hor-
izontal acceleration of Raman mirror, which shows that this
type of atom interferometer can be used not only as a tilt-
meter, but also as a horizontal accelerometer [24,56-59].
According to the Allan deviation of tilt measurements, a
sensitivity of 3.9 x 10~7 m/s?>/Hz'/? for horizontal accel-
eration measurements is obtained. Thus, we can use this
type of interferometer to measure tilt angle and horizontal
acceleration simultaneously.
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