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We report here a portable and robust home-built atom gravimeter (USTC-AG11) continuously
working in a seismic station in Zhaotong, Yunnan for over 5 months. Based on the principle of
matter-wave interference, the atom gravimeter is very sensitive to the local gravity and reaches
the precision of micro-Gal (1 × 10−8m/s2) level. With the technique of vibrational compensation,

the sensitivity of the atom gravimeter reaches 38 µGal/
√
Hz, overall noise level suppressed by

80% compared to no vibration compensation method, and 95% of the vibration noise is effectively
suppressed. The design of the atom gravimeter in the electronics and laser optics, especially the
laser frequency and phase auto-relock technology, guarantees the long-term continuous running. The
long-term precision of the atom gravimeters is better than 2 µGal, which is comparable to the best
classical gravimeter FG-5(X). Our work provides a novel application for the high-precision atomic
gravimeter based on modern quantum sensing technology in the field of geophysics and geodesy
survey.

Keywords: quantum enhanced measurement, atom interferometry, atom gravimeter, long-term gravity mea-
surement, vibration noise correction

I. INTRODUCTION

Since the pioneering work started by Mark Kase-
vich and Steve Chu in 1991[1], atom interferometry has
accessed to long-term development and grown into a
successful tool for precision measurements. Nowadays,
atoms interferometer has been extensively used in the
fields such as measurements of gravity acceleration[2–
7], gradiometry[8–10],rotation[11–14], and tests of fun-
damental physical laws[15–22]. Atom gravimeter (AG),
one of the most significant embranchments of atoms in-
terferometer, has attracted much attention as a result
of its existing performance and potential[23] since the
precise gravity measurement is valuable in broad areas
such as geophysics, geodesy and aided inertial naviga-
tion based on the gravity reference map. At present,
the research interests of atom gravimeters are not only
limited to scientific research but also include more and
more application fields. Portable atom gravimeters are
developed towards field applications, which has become
a research priority[24, 25].

Through the developments over two decades, the sen-
sitivity and accuracy of atom gravimeters have reached
the level of several µGal (1µGal = 10−8m/s2), which
is comparable with a high-precision commercial classical
gravimeter such as FG-5(X) and A10. In ICAG-2017,

∗ lkchen@ustc.edu.cn
† shuai@ustc.edu.cn

six atom gravimeters took part in the comparison, and
four of their results are recorded in the official report[26].
Recently, a commercial atom gravimeter AQG-B from
µQuants company is successfully installed on Etna Vol-
cano and used to observe the variation of the grav-
ity caused by the underground dynamics[27]. Not only
for static gravity measurements, the atom gravimeters
are also applied in different moving platforms. Müller’s
group from the University of California performed a field
gravity survey along a route of about 7.6 kilometers
in Berkeley Hills using a mobile atom gravimeter[28];
Huazhong University of Science and Technology (HUST)
reported a car-based portable atom gravimeter that re-
vealed the density distribution of a hill located in HUST
campus[29]; Zhejiang University of Technology (ZJUT)
also performed a gravity survey with their atom gravime-
ter around the Xianlin reservoir in Hangzhou City[30].
The French aerospace laboratory ONERA developed a
marine atom gravimeter and implemented it in real sea
conditions with a measurement accuracy better than 1
mGal[31], besides, they also loaded it on an airplane to
perform the gravity survey in Iceland[32]; ZJUT and In-
novation Academy for precision measurement science and
technology, Chinese Academy of Science, also reported
their ship-borne atom gravimeter[33, 34].

Compared to the classical gravimeter, the atom
gravimeter uses the laser-cooled atoms as the test mass.
It does not have any mechanical movement, therefore me-
chanical wear has been avoided completely, this unique
attribute brings AG excellent long-term uninterrupted
output performance. In this paper, aiming towards the

mailto:lkchen@ustc.edu.cn
mailto:shuai@ustc.edu.cn
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precision gravity measurements for seismic stations, we
report a portable and compact atom gravimeter named
USTC-AG11 based on matter wave interferometry. We
transport the AG over 2200 km from Shanghai to Zhao-
tong, Yunnan Province, deploy the AG in a local seis-
mic station, and carried out a long-term g survey over
five months. The sensitivity, the long-term stability and
the overall accuracy of USTC-AG11 respectively are 38
µGal/

√
Hz, better than 1 µGal and about 2 µGal, which

is the same level as the best classical gravimeter FG-
5(X). Our result implies that the atom gravimeter is an
ideal instrument for long-term precise measurements of
gravity acceleration g in the near future.

II. SETUP OF THE ATOM GRAVIMETER

The assembly of the USTC-AG11 atom gravimeter
consists of three parts, it contains a miniaturized sensor
head, a compact laser package, and an electrical control
system.

The miniaturized sensor head has a dimension of only
30cm × 30cm × 65cm. The vacuum chamber was made
of non-magnetic metal titanium with a 10−9mbar level
vacuum degree. Meanwhile, strong remanence leads to
high-order Zeeman effect in the process of atomic mat-
ter wave interference, which causes systematic error. We
added a double-sheet µ-metal magnetic shield shell to the
sensor head to avoid a spray magnetic field with a resid-
ual magnetic field below 1 mGauss. There are three re-
gions in the sensor head: the atoms preparation region,
the matter wave interferometry region, and the quan-
tum state detection region, as shown in Fig.1(a). In the
atoms preparation region, a pair of anti-Helmholtz coils
are wound on the outer wall of the vacuum chamber to
supply magnetic field gradient (10 Gauss/cm) for atoms
trapping; In the matter waves interferometry region, a
pair of Helmholtz coils are wrapped around the outer
wall of the vacuum chamber to generate a quantum axis
with a uniform magnetic field (∼ 330mGauss) for atoms
interferometry; In the quantum state detection region, a
pair of photoelectric diodes are symmetrically mounted
on both sides of the vacuum chamber for detecting the
atomic quantum state population and improving the de-
tection efficiency (∼ 12.7%).
A compact laser package has been designed for provid-

ing all laser beams to manipulate the quantum states
of 87Rb atom. All laser beams are supplied via two
diode lasers (TOPTICA DL-Pro) and a tapered am-
plifiers (TA). One of the Diode Lasers is locked with
a magnetic-enhanced modulated-transfer spectral(ME-
MTS)[35], which supplies the Repumper beam and Ra-
man Master beam. The other one is phase-locked using
an optical-phase lock loop (OPLL) and amplified by TA,
which generates the cooling beams, probe beams, Ra-
man slave beam, and blow-away beam. A laser frequency
auto-relocked scheme is designed to ensure that the AG
can work without long time intervals. The lasers and op-
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FIG. 1. (a) The Schematic of the sensor head, presents the
basic structure of the sensor head. (b) The location of USTC-
AG11 on a satellite map, insert picture is the real field gravity
measurement of USTC-AG11 in TSS.

tics are all integrated into a 46cm × 42cm × 15cm solid
module to achieve mechanical stability and compactness.
The electrical control system chassis for the laser con-

troller, time or clock controller, as well as data acquisi-
tion modules (includes atomic fluorescence and ground
3D vibrational signal) are all integrated into three stan-
dard 3U 19 inches electronic boxes and mounted together
with the optics module in a 56cm × 68cm × 72cm rack.
The total power consumption is less than 250 Watts.
The working sequence and the main operating param-

eters of this AG sensor are described as follows: 87Rb
atoms as test mass are loaded directly from the back-
ground vapor by the 3D MOT in 120 ms with about 108

atoms; After 2 ms of a far detuned optical molasses, the
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temperature of atoms are further cooled down to 3 µK,
then we turn off the repumper laser to depump atoms to
|F = 1⟩ state within 1ms. At the moment, the remaining
atomic number is about 107; The initial state is prepared
through Raman π pulses with a pulse time of about 20 µs
interacted with atoms two times, and about 106 atoms
are selected with a temperature of 200 nK in the ver-
tical direction and populated in the magnetic-insensitive
state |F = 1,mF = 0⟩. To avoid the disturb of the atoms
populated in the magnetic-sensitive state, the repumper
beam as the blowing laser beam is applied to remove the
atoms populated in |F = 1⟩ after the first Raman π pulse
and a blowing laser beam was introduced to remove the
atoms populated in |F = 2⟩ after the second Raman π
pulse. All the above processes are finished in the atom
preparation region of the sensor head. Mach–Zehnder
type matter wave interferometry is realized by deploy-
ing a π

2 − π− π
2 Raman pulses sequence with interaction

time T = 82 ms. To prevent the incoherent single photon
scattering, the Raman lasers have a large red detuning
∆ ≃ 650 MHz between |F = 1⟩ → |F ′ = 1⟩ transition
line. Meanwhile, during the initial state preparation and
the interferometry, a uniform magnetic field vertically
directed(∼ 330mGauss) determines the quantized axis
for the atoms located on the interference region. The
Doppler frequency shift caused by free falling is com-
pensated by chirping the slave Raman laser frequency at
the rate of α ≃ 25.103 MHz/s in the interference region.
The atoms free-falling into the detection region, two-layer
probe beams are introduced to detect the atoms popu-
lated in |F = 2⟩ and |F = 1⟩ quantum states respectively.
The whole working process lasts approximately 0.31 sec-
onds, which induces a 3.2 Hz repetition rate.

III. PERFORMANCE OF AG IN A FIELD
SEISMIC STATION

The analysis of long-term gravity anomaly provides an
efficient method to help identify an incoming earthquake.
Since AG can perform a continuous drift-free absolute
gravity measurement, it may pave a new way to reveal
a continuous record of gravity anomaly. To verify this,
we move USTC-AG11 to the Tianhetai seismic station
(TSS) located at Ludian, Zhaotong, Yunnan Province.
The geography of TSS is 27.25◦ North, 103.55◦ East,
1969 meters above sea level; A 66 meters deep tunnel is
dug into the mountain, among which we choose a sep-
arate room to carry out the long-term gravity survey.
Fig.1(b) shows the location of our AG on a satellite map.
The inset of Fig.1(b) shows the real field gravity mea-
surement, the left (right) part of which is the compact
laser package and the electronics carbine (the miniatur-
ized sensor head and the highly sensitive seismometer
Güralp 3ESPC).

In fact, except for the phase of the gravimeter, var-
ious noise is always accompanied by the measurement,
especially the vibration phase noise ϕvib, hence a vibra-

tion noise suppression method is necessary. During the
measurement of gravitational acceleration g, we utilize
a highly sensitive seismometer Güralp-3ESPC to record
the vibration data and calculate the phase shift ϕvib

caused by the fluctuation of the Raman reflector. This
phase shift is given by[36–38]:

ϕvib = keff(zg(0)− 2zg(T ) + zg(2T ))

= keff

∫ 2T

0

gs(t)vg(t)dt

= keffKs

∫ 2T

0

gs(t)Us(t)dt

(1)

where T , keff , zg (vg), Us(t) and Ks(t) = 2000v/m/s are
respectively interaction time between each raman pulse,
effective Raman wave vector, the position (velocity) of
Raman reflector of sensor head, the output voltage of the
seismometer and the conversion factor of this seismome-
ter, as well as the sensitive function gs(t) can expressed
as

gs(t) =

{
−1 0 < t < T,

1 T < t < 2T.
(2)

During this measurement, we only chirp 3 different α
points, and the atoms drop 3 times in one direction for

each α point. Simultaneously, we flip the sign of k⃗eff to

reduce the independent systematic errors of k⃗eff . Thus to-
tal of 18 drops are finished within 6 seconds. Meanwhile,
we take an efficient post-correction method of vibration
noise to improve the sensitivity of AG, to demonstrate
the validity of this vibrational post-correction method,
we picked out a solid tide match from a whole day Sept.
25. 2020 to calculate the sensitivity before and after vi-
bration noise post-correction. As shown in Fig.2, the
black dot is the measured g data by USTC-AG11, the
red line is the Earth solid tide model, which is calculated
by Tsoft software, a commercial tool to calculate the
Earth tide model. Fig.2 (a) shows the solid tide match
and the residuals obtained by subtracting the tide model
from mesured g values. During this day, we can clearly
see the difference before and after vibration correction,
especially at the working time such as from 9 a.m. to
12 a.m. and 2 p.m. to 6 p.m. in daytime, there was
a noticeable increase in noise, which was caused by the
construction of an expressway a few kilometers away from
TSS at the time, it is the major source of the vibration
noise.

To further explain the vibration correction method of
our AG during this gravity measurement, we calculate
the correlation factor between the phase shift caused by
vibration noise and the population probability of atoms,
as shown in Fig.2 (b). Different types of noise will cause
atomic population fluctuation, the square of correlation
factor represents the contribution of vibration noise to
the overall noise. Correlation factor is obtained by cal-
culating the covariance of the vibration phase shift ϕvib
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FIG. 2. (a) The experimental data of the gravitational constant g (the black dot) measured by USTC-AG11

from 0 a.m. to 12 p.m., on Sept. 25. 2020. The red curve is calculated by Tsoft software based on the Earth solid tide
model. The original data (left) measured directly by USTC-AG11 is processed by an efficient vibration noise correction

(right). (b) The correlation factor between the phase shift caused by vibration noise and the population probability of atoms
in |F = 1⟩, 0.92 correlation factor. (c) The standard Allan deviation with vibration correction. The sensitivity has been

improved significantly from 84 µGal/
√
Hz to 38 µGal/

√
Hz, which suppressed the overall noise by approximately 80%, and

95% of the vibration noise is effectively suppressed .

and the population P|F=1⟩ of the atoms. In our case, the

0.922 means the vibration noise proportion to the overall
noise, due to the different noises are independent of each
other, hence

√
0.922 + C2

other noise = 1.
To evaluate the noise level of our AG, the sensitivity of

our AG is calculated by using standard Allan deviation,
which is shown in Fig.2 (c). With vibration correction,
the sensitivity has been improved significantly from 84
µGal/

√
Hz to 38 µGal/

√
Hz. The contribution of the re-

maining noise is (38 µGal/
√
Hz)2/(84 µGal/

√
Hz)2 ≃

0.2, it is means that 80% of overall noise has been sup-
pressed, the suppressed 80% noise is almost from the
vibration noise, so 0.8/0.922 ≃ 0.95 suppressed on vi-
bration noise. At the same time, the stability can reach

1 µGal@1200 seconds with vibration correction. Thus,
this method of suppressing vibration noise is very ef-
ficient for stability and long-term measurements of our
atom gravimeter.

To verify the long-term stable working ability of our
AG, after a short setup time in TSS, the atom gravime-
ter USTC-AG11 performs a continuous running from Jul.
1st to Dec. 9. 2020 under an unattended mode. Fig.3
shows the continuous solid tide observation of the TSS
site over five months. The black points are the gravity
values measured by USTC-AG11, each black point is av-
eraged by half hour; The red solid curve is the solid tide
model calculated by Tsoft. During the measurement of
g, there exists an interrupt caused by atomic clock off-
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FIG. 3. Continuous stable unattended gravity measurement carried out by USTC-AG11 lasting for more than five months in
TSS. The black points are the gravity values measured by USTC-AG11, and each black point is averaged by half-hour; The red
solid line is the solid tide model calculated by Tsoft. There exist one time atomic clock off-lock(ACOL), one time vibration
coorrection method test(VCMT), four prolonged power outages(PO) during the measurement, marked in the Figure, and the
other intervals were caused by laser auto-relock.
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FIG. 4. The normal distribution of the sum of the 48-hour
residual data for two consecutive periods in each month. The
red solid curve is the Gaussian fitting result of the residual
data, 1.6 µGal standard deviation with a 0.9907 goodness of
fit.

lock, one time interrupt caused by vibration correction
method test, and four interrupts caused by prolonged
power outage, marked in Fig.3. After the first power
outage, we went to the TSS to restore the measurement
of g. Meanwhile, we added the vibration noise correction
method mentioned above. For the remaining three power

outages, while the electricity is restored, g-measurements
start after frequency auto-relock. Fig.3 not only exhibits
that a good match between the measured data and the
tide model, but also illustrates the robustness, long-term
stability, and drift-free working ability of USTC-AG11.

To characterize the stability of our AG, we randomly
pick out two consecutive 48-hour periods in each month
during the whole measurement(See Appendix A Fig.A1),
the red dots are the residual data obtained by subtracting
the theoretical solid tide data from the measured grav-
ity data, each dot is averaged by half-hour, the error
bar represents the uncertainty of the half-hour measured
gravity data, about 1µGal. Meanwhile, we also calculate
the uncertainty between each half-hour measured gravity
data, the standard deviation of each consecutive 48-hour
is marked in this figure, and the long-term stability of
USTC-AG11 is only about 1.3 µGal to 2.2 µGal. At
the same time, we put the red dots into a statistical
histogram, and fit it by a Gaussian curve, as is shown
in Fig.4, a 1.6 µGal standard deviation obtaied with a
0.9907 goodness of fit. This performance is comparable
to the best commercial gravimeter FG-5(X). Actually,
considering the other environmental variations, such as
the atmospheric pressure, polar motion, and groundwa-
ter subsidence, the performance of our AG would even
be better. Even more surprising, after several prolonged
power outages caused by local infrastructure, we are still
able to restart the measurement of g via remotely ac-
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cessing the host computer when the electric supply is
restored.

IV. CONCLUSION AND PROSPECT

In this paper, we report the performance of a continu-
ous running of a compact atom gravimeter USTC-AG11.
It is transported over 2200 kilometers from Shanghai to
Yunnan province, and deployed in a seismic station with
unattended mode. We realized the continuous gravity
measurement over five months from Jul. 1st to Dec. 9th,
2020. The robustness and stability of our atom gravime-
ter are well verified. We established a compact optical
package and laser frequency auto-relock module, and the
tight fit between them in control timing offers the pos-
sibility of long-term gravity measurement. By using the
efficient vibration correction method, we obtained a good
sensitivity of 38 µGal/

√
Hz, about 1 µGal for 1200 sec-

onds. We present an excellent performance of this atom
gravimeter in a field application, the measured g values
and the tide model data show a good match during the
whole measurement, with the uncertainty for only about
2 µGal. This performance is comparable to or even bet-
ter than the best commercial gravimeter FG-5(X). Atom
gravimeters are expected to become the priority for long-
term precision absolute gravity measurements, they are
likely to play important roles in geophysics, geodesy, or
geological disaster observation in the near future.
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Appendix A: Residual plot

The appendix presents the residual data for the six
months, shows in Fig.A1. Each red point is obtained
by a half-hour average, and error bars represent the un-
certainty (about 1 µGal) during the half measured grav-
ity data. We also calculate the standard deviations of
the residals data, and the uncertainty is 1.3 µGal to 2.2
µGal.

FIG. A1. Typical residual data of two consecutive 48-hour
periods from July to December.
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A. Clairon, A. Landragin, and F. Pereira Dos Santos,
Limits to the sensitivity of a low noise compact atomic
gravimeter, Applied Physics B 92, 133 (2008).

[37] B. Barrett, L. Antoni-Micollier, L. Chichet, B. Battelier,
P.-A. Gominet, A. Bertoldi, P. Bouyer, and A. Landragin,
Correlative methods for dual-species quantum tests of the
weak equivalence principle, New Journal of Physics 17,
085010 (2015).
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