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The first Asia-Pacific Comparison of Absolute Gravimeters (APMP.M.G-K1) was organized by the National
Institute of Metrology (NIM) of China from December 21, 2015 to March 25, 2016 in Changping, Beijing. Our
compact cold atom gravimeter (CCAG) was transported from Hangzhou to Beijing with a long distance of about
1200 km to participate in this comparison. The CCAG is the only one, to the best of our knowledge, that is based
on the principle of atom interferometry among all the instruments. Absolute gravity in the indicated three test
sites has been measured as requested by the organizer. The sensitivity of our CCAG is estimated to be
90 pGal/v/Hz, even when the measurements are carried out without any vibration isolation. Besides, the ac-
curacy of this gravimeter has been evaluated to be about 19 pGal by considering the significant system errors.
Our results show a good agreement with the given reference value.

OCIS codes: 120.3180, 120.3940.
doi: 10.3788/COL201917.011204.

High-precision measurement of absolute gravity has a
wide application in geophysics, geology, hydrology, vol-
canology, etc. Accurate gravity measurement of a several
micro-gal (pGal)-level could reveal subtle changes in geo-
logical activities. For example, gravity values increasing
by 4 pGal can indicate 1 m elevation rising of volcanic lava
levelY: scientists make this conclusion after long-time
precise gravity monitoring around the Kilauea Volcano.
Besides, volcanic activities may be predicted by continu-
ous absolute gravity measurements. Scientists found that
quick gravity decreasing and recovering of about 10 pGal
occurred before most volcanic eruption events?. On
the other hand, accurate absolute gravity measurements
also play an important role in hydrological observations.
Recent reports indicate that the changes of local water
storage are strongly correlated to local gravity variance.
When the water storage level rises by 100 mm, the gravity
value will increase about 4 uGal®.

The accuracy of an absolute gravimeter (AG) is hardly to
be verified by itself, because the local absolute gravity value
is always changing with time and position. The only way to
verify its accuracy is to make comparisons with other high-
precision AGs, such as bilateral comparison®?, regional
comparison®?, and international comparison®X. Since a
free-falling corner cube (FFCC)-type AG is based on differ-
ent working principles compared with atom interferometry
(AD)-type AG, bilateral comparison between them will be
beneficial for both instruments. For example, the research
group from the National Institute of Metrology (NIM)
of China demonstrated their cold atom AG (CAAG),
showing an agreement of —0.2(6.3) pGal compared with
an FG5X%. The International Comparison of Absolute
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Gravimeters (ICAG) is the most authoritative and
convincing gravimeter comparison. The eighth ICAG
was held in 2009, which was the first ICAG organized as
a key comparison’y. Most of the participating AGs are
the FG5 type, a state-of-the-art commercial FFCC-type
AGEY The FG5-type AG could reach the highest accu-
racy of about 2 pGal, which has been widely applied on
many occasions of accurate absolute gravity measurements.
A CAAG from LNE-SYRTE (France, type CAG-01)% had
participated in this comparison. It was the first successful
application of the CAAG in the field of gravity metrology.
The final measured results of CAG-01 were —1.6(3.6) pGal
compared with the key comparison reference values. The
results indicate that the CAAG has reached the corre-
sponding accuracy compared with FG5. CAG-01 also par-
ticipated in regional or international comparisons, such as
the European Comparison of Absolute Gravimeters
(ECAG) 2011 and ICAG2013%. In 2017, the 10th ICAG
was held by NIM of China in Beijing, and six CAAGs
participated in the comparison. The related reports will
be issued by the organizer.

Since the advent of Al in 1990s, applications based on
the cold atom have made tremendous progressi®, Al
has wide applications in both the fields of fundamental
physics and applied physics, such as the measurement
of fundamental physics constants?2, the tests of the gen-
eral relativity2d, the equivalence principle, and the ex-
ploration for gravitational waves®?. The test of the
equivalence principle at 1078 level has been accomplished
by the Wuhan Institute of Physics and Mathematics with
the method of dual-species double-diffraction Raman

p)

atom interference. Al-type AGs have great advantages,
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such as excellent stability, high repetition rate, and high
accuracy and sensitivity, for example, a sensitivity of
4.2 pGal/y/Hz in the Huazhong University of Science
and Technology (HUST)Z. Compared with other accu-
rate AGs, the free-fall test mass of CAAG is the cold atom
rather than macroscopic objects, such as a corner cube. It
makes the CAAG more suitable for continuous absolute
gravity monitoring and has better immunity with respect
to changes of vibration noise®. Since the development of
integrated electronic technology and integrated optical
devices, mobile CAAG has made a great progress2:J.
In recent years, the CAAG has already achieved field
applications?!. For example, in 2013, the compact gravi-
metric atom interferometer (GAIN) from Heidelberg Uni-
versity achieved mobile measurement of absolute gravity
with a sensitivity of 30 pGal/vHz%. Another gravity
measurement in an elevator has been reported with a sen-
sitivity of 42 pGal/v/Hz2. Tt is promising for CAAG to
surpass the other state-of-the-art AGs.

Recently, we accomplished a compact CAAG and trans-
ported by an air-cushioned and air-conditioned truck to the
Changping campus of NIM, China to participate in the first
Asia-Pacific Comparison of Absolute Gravimeters (APMP.
M.G-K1). In this comparison, the absolute gravity of three
sites at different locations was measured as requested by the
organizer, with a measuring time of 12 h for each site. The
most significant system errors were evaluated so that the
total instrument uncertainty is estimated to be 19 pGal.

The principle of the atomic gravimeter has been dis-
cussed in great detail in Ref. [34]. Our inertial sensor is a
Mach—Zehnder-type interferometer. The separation and re-
flection of the atomic matter waves are realized by inducing
a two-photon Raman transition. The transitions mainly oc-
curred within two ground states of hyperfine levels of 5"Rb,
that is 5°S;/5, F =2 and 5°S;/5, FF'=1. Two counter-
propagating Raman laser beams with a wave vector of

?1 and ?2, respectively act on the atoms with a pulse
sequence of /2 —zx — x/2. Suppose all the atoms are in
the initial state of 52S; /5, F' =2, and the first 7/2 pulse
separates the atoms into two states; about one-half is in
the state of 5%S; 5, F' = 2 and another half is in the state
of 528, /2, F/'= 1. Then, the atoms fall freely in the gravita-
tional field during the interrogation time 7', and a & pulse is
applied, which acts as a mirror, realizing the complete tran-
sition from the state of 5281/2, F = 2 to the state of 5281/2,
F =1, and vice versa. After another flight time T, the sec-
ond 7z/2 pulse recombines the atomic wave packet, and
then the atoms in two states interfere with each other.
The transition probability P can be described as

P=[1%cos(kos- g —a)T?/2. (1)

— — —

Here, k.4 = ki — ko is the effective wave vector of
Raman pulses, T is the time interval of two sequential
Raman pulses, a is the frequency chirp rate of Raman la-
sers for compensating the Doppler shift due to gravita-
tional field, and ¢ is the acceleration of gravity.

The experimental apparatus mainly consists of two
parts: a mobile sensor system and a compact control sys-
tem. The sensor system contains a two-dimensional (2D)
and three-dimensional (3D) magneto-optical trap (MOT)
with their accessory optics units and magnetic field coils.
The control system includes an electronic control module
and a compact laser system, which manipulates optical,
electronic, and magnetic signals to the sensor system.

The schematic diagram of the sensor system is shown in
Fig. 1. Its main parts include a 2D-MOT and a 3D-MOT
vacuum chamber made by titanium alloy, which is non-
magnetic and with high-strength. The detection region
is under the 3D-MOT chamber by about 20 cm, and a fluo-
rescence collecting system is also located there. Several
collimators and magnetic field coils adhere to the chamber
in appropriate places to provide laser beams and a mag-
netic field for the experiment. A magnetic shield, consist-
ing of two layers of permalloy, covers the 3D-MOT
chamber and detection region.

The compact laser system has been illustrated in detail
in our previous paper?. Two distributed feedback (DFB)
laser diodes of 1560 nm provide all of the laser beams. One
of them, namely the reference laser, is locked to a rubidium
transition. Another one is the master laser, which is locked
to the reference laser by the beat signal, power amplified
by an erbium-doped fiber amplifier (EDFA), and fre-
quency doubled in a periodically poled lithium niobate
(PPLN) crystal. The master laser provides about 1 W
laser output with the wavelength of 780 nm for the main
optical path. The frequencies of repumping and Raman
lasers are modulated by an electro-optic modulator
(EOM) and controlled by a compact radio frequency
(RF) box. The DFB lasers and frequency-locking module
are integrated in a standard 19 in. cabinet. The remaining
optical paths are integrated in an optical platform with
dimensions of 900 mm x 520 mm x 130 mm, where the
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Fig. 1. Schematic diagram of the gravity sensor.
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laser beams are coupled into the single-mode and
polarization-stabilized fibers and sent to the sensor system.

The electronic control modules are well-organized in a
self-designed aluminum shelf with a size of 113 c¢m X
78 cm x 150 cm. Most of the modules are homemade, in-
cluding a digital frequency hopping locking (DFHL) mod-
ule, a direct digital synthesizer (DDS) module, three
acousto-optic modulator (AOM) drivers, and a compact
RF box. In addition, some commercial modules, such as
the laser control and several power sources, are also ap-
plied. The picture of the CCAG in the test field is shown
in Fig. 2.

Detailed experimental procedures will be described in
this section. First of all, Rb atoms are pre-cooled in a
2D-MOT and then pushed to a 3D-MOT via a differential
tube by a push beam. In the 3D-MOT, about 10° atoms
are loaded within 400 ms. In order to further lower the
temperature of atoms, polarization gradient cooling
(PGC) is carried out. Finally, the temperature of the cold
atoms molasses is 5 pK. After that, all of the optical and
magnetic fields are turned off in order to let the atoms fall
freely in the gravitational field. Then, two microwave =
pulses resonating with two ground states of |F = 2, mp =
0> and |F =1, mp =0 > of the Rb atom act on the
atoms in order to pick out the atoms in the state of | F' = 2,
mp =0 >, which is insensitive to the magnetic field.
Next, a Raman z pulse acts on the atoms in order to obtain
a narrow vertical velocity distribution in the state of
|F =1, mp=0>. Then, about 1 x 10° atoms (in the
state of |F =2, mp =0 >) with a temperature of 2 pK
of vertical velocity distribution are selected for the inter-
ference process. In the following, a sequence of Raman
pulses (z/2 — 7 — x/2) induces the interference of the
atoms in the two ground states. The duration of the
Raman z pulse is 20 ps.

Finally, a pair of counter-propagating detecting laser
beams illuminates on the falling atoms. The fluorescence
is collected by the fluorescence collecting system. We
adopt a method of time of flight (TOF) to evaluate the
number and the temperature of atoms. In order to reduce
the influence brought by the fluctuation of the atom
number, the normalized detection method was utilized.

Fig. 2. Picture of the CCAG in the test field.

The flight time of atoms from 3D-MOT to the detection
region is about 200 ms. With the loading time of 400 ms
and a buffer time of 100 ms, the whole time of one exper-
imental cycle was 700 ms; in other words, the repetitive
rate was 1.4 Hz. With the sweep of the frequency chirp
rate a, the fringe of atomic interference can be obtained,
which is shown in Fig. 3.

After the comparison, we take a long-term gravity mea-
surement in one comparison field. The continuous 36 h
gravity data is shown in Fig. 4. The experimental data
is consistent with the theoretical tidal model. The resid-
uals of the experimental data and tidal model are within
20 pGal.

Figure 5 shows the Allan standard deviation of the re-
siduals signals. The equivalent sensitivity at 1 sis 90 pGal.
A resolution of 6.5 pGal is obtained after an integration
time of 200 s, and 4 pGal is achieved within 1000 s inte-
gration time.

We transport our CCAG by an air-cushioned truck
to participate in the APMP.M.G-K1, which is held in
Beijing, as shown in Fig. 6. The truck is equipped with
a vibration isolation and air-conditioner system. The
CCAG was still in a good operating status after being
transported about 1200 km from Hangzhou to Beijing.
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Fig. 3. Atomic interference fringe for 7'= 70 ms.
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Fig. 4. Tidal data measured by our CCAG. (a) is the experimen-
tal data and tidal model, where black scatters represent mea-
sured gravity value and the red line represents tidal model.
(b) shows the residual between them.
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Fig. 5. Allan deviation of the residual.

Fig. 6. Truck for the transportation of our CCAG.

In Beijing, the absolute gravity value at three test sites
was measured, and each site took about 12 h to continu-
ously measure the data. Figure 7 shows the test field in
Beijing.

Before carrying out the gravity measurement, the tilt
adjustment of the vacuum chamber should be done such
that the big gravity offset caused by misalignment can

Fig. 7. Atom gravimeter runs normally in the test site. The test
sites are well-isolated from vibration, and the temperature and
humidity in the test room are well controlled.

be avoided. A tilt meter is fixed solidly to monitor the
tilt drift of the Raman retro-reflector mirror. The tilt
meter could record the tilt of the vacuum chamber in
two dimensions, named as tilt = and tilt y, respectively.
The experimental data could be fitted by a parabolic
function so that the tilt point insensitive to gravity
could be obtained, and the results are shown in Fig. 8.
After, the values are stored by an acquisition card and
are corrected to the measured gravity value. We record
the real-time tilt values of the sensor and then com-
pensate the deviation caused by them when dealing
with the gravity data, which makes it possible to recover
measurements after moving from one site to another
quickly.

With respect to the instrument corrections and
uncertainties, we acquired an instrument correction of
—157.5 pGal and an uncertainty of 19.0 pGal in this com-
parison, as shown in Table 1, which includes the frequency
reference, two-photon light shift, laser frequency band-
width, and so on. Some corrections, such as wavefront
aberrations of Raman beams and the Coriolis effect, were
not evaluated in this comparison, but we evaluate these
deviations in our laboratory after that.

The final corrected gravities of each site are displayed in
Fig. 9. The red scatters are the reference values given by
the NIM. It can be seen that our measured values are of
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Fig. 8. The adjustment of the tilt before carrying out the abso-
lute gravity measurement.
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Table 1. The Budget for the Evaluation of Measurement
Uncertainty

Corrections/ Uncertainties/

Influence Parameters pGal pGal
Frequency reference —82.0 2.0

Two-photon light shift —64.0 10.0
Laser frequency 0.0 15.0
reproducibility

Laser frequency 0.0 6.0

bandwidth

Direction of two reversed 0.0 1.0

Raman lasers

Measurement height —11.5 0.1

corrections

Total uncertainty —157.5 19.0

I ¢ I L I
B CCAG Measured Value
@ Reference Value

980121540
980121520
980121500
980121480
980121460
980121440
980121420
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Fig. 9. The comparison between our results and the given refer-
ence value.

good consistence with the reference values. The reference
value is the weighted average value of several participat-
ing high-precision AGs, such as FG5 and FG5X. It is given
by the NIM.

In conclusion, we have already accomplished a CCAG
with a portable and stable laser system. The laser system
is based on two DFB laser diodes with the wavelength of
1560 nm. The gravity sensitivity of 90 pGal/v/Hz has
been achieved. Moreover, a continuous gravity monitoring
of 36 h is carried out.

Then, a CCAG was transported about 1200 km to
Beijing to participate in the APMP.M.G-K1 comparison.
The gravity values of three sites were measured as re-
quested by the organizer. The accuracy budget is formu-
lated by considering the significant terms, such as Raman
laser frequency uncertainty, two-photon light shift, and
more, with the total instrument uncertainty of 19 pGal.

The successful participation in the international gravity
measurement campaign has proven the mobility and
robustness of our system. The sensitivity of our cold atom
gravimeter is comparable with the commercial FG5. The
accuracy of the instrument needs more study and further
improvement.

This work was supported by the National Key
Research and Development Program of China
(Nos. 2017YFC0601602 and 2016YFF0200206) and the
National Natural Science Foundation of China
(Nos. 61727821, 61475139, 11604296, and 11174249).
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