PHYSICAL REVIEW APPLIED 20, 014067 (2023)

Editors’ Suggestion

Ultrahigh-Sensitivity Bragg Atom Gravimeter and its Application in Testing
Lorentz Violation

Tao Zhang®, Le-Le Chen®, Yu-Biao Shu®, Wen-Jie Xu®, Yuan Cheng, Qin Luo®, Zhong-Kun Hu,”
and Min-Kang Zhou® "
MOE Key Laboratory of Fundamental Physical Quantities Measurement, Hubei Key Laboratory of Gravitation
and Quantum Physics, PGMF, and School of Physics, Huazhong University of Science and Technology, Wuhan
430074, China

® (Received 26 February 2023; revised 23 May 2023; accepted 16 June 2023; published 31 July 2023)

We have demonstrated a precision atom-interferometry gravimeter based on matter-wave Bragg diffrac-
tion. By decreasing the atom temperature and increasing the atom number with Raman sideband cooling, it
is shown that our Bragg atom gravimeter can achieve a short-term sensitivity of 2.2 pGal/Hz!/? (1 Gal =
1 cm/s?), improved by nearly a factor of 2 compared to that of a state-of-the-art atom gravimeter. The res-
olution of our atom gravimeter has reached 0.08 pwGal after an integration time of 2000 s, comparable to
a cryogenic superconducting gravimeter. Based on extremely sensitive and stable gravity measurements,
a test of local Lorentz invariance in the gravity sector was performed, where the accuracy of the upper
bound on the space-space component was improved by a factor of 4.

DOI: 10.1103/PhysRevApplied.20.014067

I. INTRODUCTION

The cold-atom-based interferometer is a promising
quantum technology for inertial sensing, precision mea-
surements, and testing of fundamental physics. The atom
interferometer is widely used for high-precision measure-
ments, such as the measurement of gravity [1-5] and
its gradients [6], measuring rotation [7], determining the
physical constants [8,9], probing magnetic fields [10],
detecting gravitational waves [11,12], and testing the weak
equivalence principle.

The equivalence principle is one of the cornerstones
of Einstein’s general theory of relativity, which mainly
includes the universality of free fall, local position invari-
ance, and local Lorentz invariance (LLI) [13,14]. The
failure of general relativity to unify with the standard
model suggests that one of its fundamental assumptions
may be violated to some degree of accuracy [15]. Various
experiments have been implemented to test the equiva-
lence principle, such as tests of local position invariance
by redshift measurements with atom interferometers and
clocks [16,17], and tests of the universality of free fall with
different matter [18—27]. Tests for LLI might exhibit the
violations in the matter sector itself, or in the gravity sector
as far as their coupling [28,29].

The violation of the LLI in the gravity sector mani-
fests itself as a deviation in the direction of the force on
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the connecting line between the two bodies. Many exper-
iments have been performed in the gravity sector to test
the LLI, such as gravimetry [30—32], lunar laser ranging
[33-35], and astrophysical observations [36,37]. When
gravity is anisotropic, the local acceleration of a free-
falling body on a rotating Earth should exhibit a modula-
tion related to the Earth’s rotation, which means that highly
sensitive instruments such as cryogenic superconducting
gravimeters, atom interferometers, etc. could hopefully test
the LLI by detecting gravity violation.

With the development of quantum measurement tech-
niques, the short-term sensitivity of atom-interferometry
gravimeters has reached the state-of-the-art level
[3-5,30]. The sensitivity of the atom-interferometry grav-
ity gradiometer has reached the level that is limited by
quantum projection noise [38]. The Raman-type atom-
interferometry gravimeter has achieved 4.2 pwGal/Hz!/?,
which is mainly limited by detection noise [4]. The
Bragg atom interferometer has reached a sensitivity of
19 wGal/Hz!/? for gravity measurements, which is limited
by phase noise and detection noise [39].

In this paper, we present absolute gravity measurements
with a Bragg atom interferometer. First, we introduce the
principle of gravity measurement with atom interferome-
ters. We then introduce the principle of testing LLI with
gravity data. Then we introduce our experimental system
and show how to enhance the time-of-flight (TOF) signal
of the experiment with Raman sideband cooling (RSC) and
optical pumping. Then we state the experimental results of
the gravity measurements and their noise limits. Finally,
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we give experimental constraints on the LLI violation in  where g is the local gravitational acceleration due to the
the minimal standard model extension of the pure-gravity ~ Earth, « is the frequency chirp rate of the Bragg laser to

sector. compensate the Doppler effect, and T is the time interval
between the Bragg 7 and 7/2 pulses. We can see that all
IL PRINCIPLES the terms in Eq. (1) are known except for gravity g and
phase A¢. If we know the value of the phase, we can

A. Gravity measurement calculate the gravity from Eq. (1).
The principle of the Mach-Zehnder atom gravimeter has We can obtain the phase A¢ by fitting the interference
been described in detail [40]. In this atom interferome-  fringes, where the fringe contrast of an interferometer is

ter, the wave packet is split, reflected, and overlapped by ~ an important factor limiting the resolution of the result.
a sequence of 7 /2--7/2 Bragg pulses to form interfer-  The more efficient the Bragg pulse, the higher the fringe
ence, as shown in Fig. 1(a). Atoms with momentum state  contrast. It is therefore necessary to suppress the thermal
|po) interact with the Bragg 7 /2 pulse at point A and are ~ e€xpansion of the atomic cloud in the transverse direc-
divided into two beams. The momentum of one side isnot  tion, and prevent the Bragg pulse efficiency decreasing due
changed, but the other side has increased its momentum by  to atom diffusion. To achieve a high-contrast interference
nhkes, where ke = k| — ky is the effective wave vector of ~ fringe, we use the RSC to cool the atoms in the transverse
the Bragg pulse, and n is the Bragg diffraction order. After  direction.

time 7, the atom interacts with the Bragg m pulse. The

atomic momentum of the upper path decreases by nhks, B. Testing Lorentz violation

and that of the lower path increases by nhk.y. After time T As mentioned above, the violation of LLI in the grav-
again, a Bragg 77/2 pulse is added, and atoms from the dif- ity sector suggests that the gravity between two bodies
ferent paths interfere with each other. After going through  depends on the orientation and motion of their separa-
these processes, the probability of an atom remaining in  tjon, Within the post-Newtonian treatment, the Lagrangian
the momentum state |po) is (1 4- Ccos(Ap))/2, where C for the gravitational interaction of a two-body system in

is the contrast of the fringe, and A¢ is the phase differ-  the minimal standard model extension of the pure-gravity
ence accumulated by the two interference arms. When the  gector can be written as [41]

atom is free-falling in a uniform gravity field, A¢ can be
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FIG. 1. (a) The space-time diagram of the Mach-Zehnder type atom interferometer. (b) Schematic experimental setup of our atom
interferometer. (c) Schematic setup of our laser system. The laser 1 is locked to the |F = 1) — |F’ = 2) transition of *’Rb D, lines.
The laser 2 is locked to the |F = 2) — |F’" = 3) transition of Rb D, lines with a red detuning of 242 MHz. The 1560-nm laser was
amplified after injection of an Er-doped fiber amplifier (EDFA). Then the output laser from the EDFA is frequency-doubled through a
periodically poled magnesium-oxide-doped lithium niobate (PPLN) crystal. We then split it in two to act as Bragg beams. The Raman
beams are generated by an electro-optic modulator (EOM) driven by a dielectric resonator oscillator (DRO) operating at 6.8 GHz. (d)
Top view of the experimental setup for the RSC at the detection region.
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where j, k denote the space coordinates, v is the relative
velocity, 7 =7/r, and s*” are the fields contributing to
Lorentz violation. The reference frame chosen here is the
laboratory frame (¢, ¥ = x,y,z).

After appropriate transformation into the Sun-centered
frame, we can obtain the time dependence of the g modu-
lations [41]:

Z_g = Z Cn cos(wpt + ¢p) + Dy sin(wpt + ¢p).  (3)
0

The coefficients C and D are functions of s*”, correspond-
ing to the six frequencies w, 2w, w + 2, and 2w +£ Q,
where w and 2 are the angular frequency of the Earth’s
rotation and of the Earth’s orbit, w = 27/23.93 h and
Q =2m/1 yr. The phase ¢ = w(# — t.) is the difference
between celestial time 7. and laboratory time #; [42]. The
functional relations of coefficients C,, and D,, with s*" are
given in Refs. [31,32,41]; we can solve the coefficients s*"
from these components.

L. EXPERIMENTS
A. Transverse cooling with the RSC

The configuration of the experimental setup is schemat-
ically shown in Fig. 1(b). We use a two-dimensional
magneto-optical trap (2D-MOT) to load atoms, and a
three-dimensional magneto-optical trap (3D-MOT) to trap
and cool atoms, with a total number of 10° atoms in 200
ms loading time. Then atoms are launched by increasing
the frequency of upward lasers. Below the 3D-MOT is an
active vibration isolation system to reduce the impact of
ground vibration on the experiment [4,43].

The laser system used in the experiment is modified
from the optics used in our previous work [39], as shown
in Fig. 1(c). The laser 1 is locked on the |5 2Sj, F =
1) — |5 P32, F' = 2) transition of ’Rb by modulation-
transfer stabilization, and it is used as the repump beam.
Then, using an acoustic optical modulator (AOM), we shift
its frequency to the |5 2S12, F = 1) — |52P3p, F' = 0)
transition for the RSC pumping beam. The laser 2 is locked
to the |5 2S1/2, F=2)—15 2P3/2, F’ = 3) transition lines
with a red detuning of 242 MHz using the laser 1 as
a reference. Then it is amplified by a Toptica BoosTA
(TA), and we shift its frequency to work as the detection
beam, push beam, and MOT cooling beam. The laser 2
is also used as the reference laser to lock the frequency
of the distributed feedback (DFB) laser at 1560 nm. The
DFB laser is stabilized with a red detuning of 3.1 GHz to
the |5 251/2, F=2)—15 2P3/2, F’ = 3) transition after
frequency doubling.

In addition, we isolate a portion of the laser from TAI
and amplify it with TA2, and then shift its frequency to
form a lattice laser for the RSC. The lattice laser and RSC
pumping laser come in through a diagonal window in the

detection region, as shown in Fig. 1(d). The lattice is com-
posed of a standing wave and a traveling wave. Using p
light beams, one can form an optical lattice of » dimensions
(p > n) [44,45]. The frequency of the lattice laser for the
RSC used in the experiment is red-detuned by 121 MHz
from the |F =2) — |F’ = 3) transition in the ¥’Rb D,
line. This laser not only acts as a lattice light to trap the
atom which is in the |F' = 1) state, but also pumps the atom
from |FF =2) to |FF = 1).

When the atoms reach the detection region, we pump the
atoms from |5 23Sy, F = 2) to |5 2512, F = 1) using the
lattice laser, as shown in Fig. 2(a). Then we use the RSC
to reduce the temperature of the atoms in the transverse
direction while they are moving into the detection region.
The RSC can be done in a few milliseconds, although the
temperature obtained after the RSC is not as low as that of
evaporative cooling [46—48], but the RSC does not take so
much cooling time and can keep a large number of atoms.
We only need to turn on the lattice light, pump light, and
magnetic field at the appropriate times to cool the atoms.

The RSC of cold atoms has been described in Ref. [49].
The principle of the RSC can be shown as in Fig. 2(b).
Atoms in the lower hyperfine state |FF = 1) are adia-
batically loaded into a lattice site and occupy a set of
vibrational states according to its initial momentum. If
the Zeeman splitting grupB between the magnetic sub-
levels of ®’Rb is equal to the vibrational splitting Ay,
the different vibrational state and magnetic sublevels are
then pairwise degenerate, i.e., [v =0, F =1, mp = —1)
and |[v =1, F =1, mr = 0) have the same energy. Once
these levels are degenerate, two-photon degenerate Raman
transitions allow coupling between these levels. The lattice
laser can provide photons for the transition if the frequency

(a) (b)

Lattice
laser

5281, F=2

- 5%, F=1

FIG. 2. (a) The atomic transition line from |[F = 2) to |F’ = 2)
and then spontaneous emission to the dark state |F = 1). (b)
Schematic of Raman sideband cooling, o, and 7 is the pump-
ing laser. The Zeeman splitting is equal to the vibrational splitting
of the lattice to form the degenerate Raman transition. Because
the energy of vibrational level splitting is much greater than
that of photon recoil, spontaneous emission will not change the
vibrational state of the atom in the lattice.
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is appropriate. The atoms then transition to the excited
state |[F’ = 0) through the light which has ot polarization.
If it undergoes spontaneous emission to the |[v =0, F =
1, mp = 1) state, the atoms are cooled because the energy
absorbed is less than that emitted.

B. Evaluating the effect of the RSC

The RSC is performed in the transverse direction and the
signal obtained by our detection system reflects the longi-
tudinal distribution of atoms. Thus we can indirectly infer
the effect of transverse cooling by measuring the number of
atoms returning to the detection region. After the atoms are
launched, we use microwave pulses to select the atoms to
|5 2S1/2, F =1, mp = 0), and then blow away the remain-
ing atoms in |5 28, 12, I = 2). After this, the TOF signal
with and without the RSC is shown in Fig. 3(a).

It can be seen from Fig. 3(a) that the TOF signal
becomes 2.75 times larger after adding the RSC. When
an atomic cloud with horizontal temperature 7, passes
through a probe laser of width / in the detection region,
we can calculate the amplitude of the TOF signal from the

formula
4 12 2
—/ exp |:—2 <L> dx,
wr, J-12 wr,

where A is the scaling factor, x is the horizontal position
coordinate of the atom (where the origin of the coordinate
system is in the center of the probe laser), and wr, is the
width of the atomic cloud in the horizontal direction. In
our experiment, without the RSC, the atom temperature
is 12.5 wK. Ignoring the initial size of the atomic cloud,
we calculated the relative amplitude A/A41, 5 wk of the TOF
signals of atoms at different horizontal temperatures using
the TOF signal amplitude 4,5 ,x of atoms at a horizon-
tal temperature of 12.5 wK as a reference, and the results
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FIG. 3. (a) The amplitude of the TOF signal with or without

the RSC. (b) The relative amplitude of TOF signals of atoms at
different temperatures along the horizontal plane, using the TOF
signal of atoms at a temperature of 12.5 uK as a reference. The
enlarged inset is close to our experimental results.

are shown in Fig. 3(b). It is found that, when the TOF sig-
nal is 2.75 times stronger, the atoms’ temperature in the
horizontal direction is 0.85 pK.

C. Atomic state preparation

After we pump the atoms to |5 25,5, F = 1) and use
the RSC, most of the atoms are in the magnetically sensi-
tive state |5 251/2, F =1, mp = 1). In order to perform the
interferometric experiment, we need to prepare the atoms
in the magnetically insensitive state |5 25| 2, F=1,mp=
0). We use a linearly polarized laser with frequency
resonant with the |5 251, F =1) — |5 2P3p,F' = 0)
transition.

As shown in Fig. 4(a), the direction of laser propagation
is nearly parallel to the magnetic field, so the & transition
has a considerably lower probability than the o* transi-
tion, and the atom in the |5 2S1/2, F =1, mp = %1) state
will be driven to the excited state |5 %P3 52, F/'=0) and
then spontaneously radiate to the dark state |5 25 2, F =
1, mp = 0). We then use a microwave pulse to select it to
|5 251/2, F =2, mr =0), and blow away the remaining
atoms in |5 25,5, F = 1). After these steps, we apply a
Doppler-sensitive Raman pulse with a duration of 300 ps
to transform the atoms to the state |5 %S| 2, F =1, mp=
0) with a narrow velocity distribution.

After the state preparation and velocity selection by
Raman beams, the TOF signal is as shown in Fig. 4(b). The
black line is the TOF signal obtained by the microwave
pulse selection and velocity selection with the Raman
pulse. In fact, if no RSC is performed, by pumping the
atoms of the |F = 2) state to the |FF = 1) state and then
using optical pumping to pump them all to the magnet-
ically insensitive state, such a state selection yields five
times more atoms compared to the microwave pulse state
selection. (The |F' = 2) state has five magnetic energy lev-
els, and the microwave pulse can select only 1/5 of the
atoms.) The TOF signal thus obtained is shown as the blue
dashed line in Fig. 4(b). If the RSC is added to this, it is the-
oretically able to increase the number of atoms returning
to the detection region by a factor of 5 x 2.75. However,
the optical pumping could also heat the atoms, which may

(b)

3.0F —— without RSC & optical pumping
S
=25
E
=
en
5 2.0
3
@]
=150

1.0

60 70 80
Time (ms)

FIG. 4. (a) Preparing the atoms in the magnetically insensitive
state by optical pumping. (b) The TOF signal after the initial state
preparation.
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reduce the effectiveness of the RSC, so the number of
atoms returning to the detection region increases by only
a factor of 10, as shown by the red line in Fig. 4(b).

D. Atom interference and detection

When the atoms are prepared to the |F =1, mp = 0)
state and enter the interferometry region, we construct a
Mach-Zehnder interferometer by applying a 7 /2-7w-7/2
Bragg pulse sequence as described in Sec. I A. In our
experiment, we chose the first-order Bragg diffraction n =
1. After the atoms fall back into the detection region, we
use the Raman spectroscopy detection method to detect
atoms in different momentum states [39]. This method
uses Raman pulses to select atoms with different momen-
tum states and detect them separately, which can avoid
the problem that atoms with different momenta overlap in
space due to insufficient separation time.

IV. EXPERIMENTAL RESULTS

A. Results of gravity measurements

We modulate the free evolution time 7 to find the cen-
tral fringe, as shown in Fig. 5. The frequency chirp rate
o at the central fringe satisfies the equation o = ket - g.
Figure 5 shows that the interference fringes have about
56% contrastat 7 = 110 ms, 45% at 7' = 210 ms, and 28%
at 7 = 320 ms.

After determining the position of the central fringe, we
can determine the experimental parameters for monitoring
the gravitational acceleration. Our typical gravity measure-
ment results by this Bragg atom interferometer are shown
in Fig. 6. We apply the fringe lock method [50] to mea-
sure the gravity with a sample rate of 1 Hz. A continuous
gravitational acceleration measurements for 30 h is shown
in Fig. 6(a). The experimental data are consistent with
the Earth tide model (red curve). The residual acceleration
shown in Fig. 6(b) proves that our atom gravimeter works,
with good stability.

The Allan deviation of the residual acceleration is illus-
trated in Fig. 6(c), which shows that the atom gravimeter

o
N

o
o)

Probability
(=)
Wi

0.4
0.3
0.2 , , , , i
20 40 60 80 100
(a—25.1 MHz/s) (Hz/s)
FIG. 5. Interference fringes at different free evolution time 7.
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FIG. 6. (a) A continuous gravity monitor of more than 30 h

on December 23 and 24, 2021. The red curve is the Earth’s
tide model; the black and blue lines represent the Bragg atom
gravimeter results and the cryogenic gravimeter results, respec-
tively. The offset between the last two was manually added for
better visualization of the data. (b) The residual error of the
experimental data. (c) Allan deviation of the g measurement.
Black dots: the Allan deviation of the Bragg atom gravimeter.
Blue squares: the Allan deviation of the cryogenic gravimeter.

has achieved a sensitivity of 2.2 wGal/Hz!/2. After an inte-

gration time of 2000 s, the resolution can reach 0.08 wGal.
Comparing our gravity measurements with those of a
neighboring laboratory’s iGrav40 (a cryogenic supercon-
ducting relative gravimeter that boasts high sensitivity and
excellent long-term stability [51]), it can be seen that, after
an integration time of 500 s, the resolution of our gravime-
ter is comparable to that of the cryogenic gravimeter.
Although the superconducting gravimeter boasts excellent
sensitivity, it operates as a relative gravimeter, with its out-
put voltage signal being directly proportional to changes in
gravity. Therefore, it requires calibration using an absolute
gravimeter.

B. Noise tracking of gravity measurement

In order to determine the main noise limits for our
experiments, we evaluated the noise of each module of
the system. There are three dominant noise sources in our
Bragg interferometer: vibration noise, detection noise, and
the phase noise of Bragg beams.
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FIG. 7. (a) The vibration noise spectrum of the reflector mirror
in our experiment. (b) The population fluctuation of the atoms in
one of the momentum states. (c) The phase noise of the Bragg
beam in our experiment.

Since the phase acquired by the interaction of the atoms
with the Bragg beam varies with the position of the atoms
relative to the reflector, the reflector vibrations at the
bottom of the instrument will directly contribute to the
measurement result. We place the reflector on a vibra-
tion isolation platform and use a feedback technique to
suppress platform vibrations, as shown in Fig. 1(b). The
vibration noise spectrum after vibration isolation is shown
in Fig. 7(a). When T = 320 ms, the contribution of the

TABLE 1.
gravimeter.

The main noise sources in our Bragg atom

Noise source o, (1WGal/Hz'/?)

Vibration noise 0.7
Detection noise 1.1
Phase noise of the Bragg beams 1.9
Total 2.3

vibration noise is about 0.7 wGal/Hz!/? for a common
condition.

The detection methods in our experiment have been
described in detail in Ref. [39]. The total contribution
of the detection noise to the interference phase can be
expressed as oy = 20,/C, where C is the interferometer
contrast and o, is the fluctuation of transition probability.
The contrast is about 28% for the case of 7 = 320 ms in
our experiment. The detection noise o, can be character-
ized by the population fluctuation of the atoms in one of the
momentum states, as shown in Fig. 7(b), so the uncertainty
of the transition probability o, contributes 1.1 LGal/Hz'/2
to the sensitivity of the gravity measurement.

Another noise source that contributes considerably to
the interference phase is the phase noise of the Bragg
beam, which mainly comes from the variations in optical
path length of the two Bragg beams. The spectrum of the
phase noise of our Bragg beam is shown in Fig. 7(c). We
can calculate its contribution to the sensitivity of gravity
measurement by the method mentioned in Refs. [52,53].
The corresponding noise contribution is 1.9 wGal/Hz!/2.
The main noise limits to the Bragg atom gravimeter are
listed in Table I.

C. Result of testing Lorentz violation

We use gravity data that span approximately 170 days to
bound the Lorentz violation, shown in Fig. 8. The Fourier
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FIG. 8.

Tide data from July, 2021 to December, 2021. Each point of the gravity data recorded by the atom gravimeter is the average

of 600 s data. The black dots represent experimental data, while the red line represents the tide model.
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FIG. 9. (a) The amplitude spectrum of the gravity residual on
September 16, 2021. The spectrum becomes larger at 2w when
the initial time delay of 60 s is added. (b) The frequency spectrum
on November 10, 2021. The spectrum becomes smaller at 2w
when the initial time delay of 50 s is added.

fit using the residual data and Eq. (3). We can then solve
for the coefficients s**¥ from these Fourier components.

For our experiment, there are two main errors in the cal-
culation of the coefficients: one is the fitting error from the
least-squares fitting, and the other is the error caused by
the misalignment of the experimental time. Once the grav-
ity data have been obtained, it is critical to determine the
exact Coordinated Universal Time (UTC) at the start of
the experiment for accurate tide correction. Because of the
offline operation of our equipment and lack of time cali-
bration (our laboratory is located in a cave without Internet
and with no Global Positioning System signals), we were
unable to determine the exact UTC at the start of the exper-
iment. As a result, the residual gravity data obtained after
subtracting tide signals is not entirely precise, potentially
affecting the accuracy of the final evaluation results. We
vary the initial time of the gravity data and get different
spectra of residuals, as shown in Fig. 9, which indicates
that the error in the starting time of the experiment has a
significant effect on the results.

In our experiment, the time interval for each shot in
the experiment is referenced to the rubidium clock, while
the UTC at the beginning of the experiment was inferred
from the computer clock. When there is a gap of several
days between experiments, the time misalignment error in
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FIG. 10. The variation of the space-space component coeffi-
cients s*V with initial time #4 and #s. The coefficients vary linearly
with time.

the computer will be different compared to the previous
observation. The experimental data used for the LLI test
consist of six sets of independent gravity observations at
different times, corresponding to #; (¢1,...,%), as shown
in Fig. 8. By adding the time delay 8¢ to the initial time
of the laboratory measurement data, and then calculating
the tidal signal, the different residuals were obtained. Then
we can calculate the coefficients si". The proportion of
the time error transferred to the coefficient was calculated,
s0 as to obtain the contribution of the time error to the
calculation result. For example, Fig. 10 shows the varia-
tion of the coefficients s''" after varying the initial time #
and #5s. We can see from the figure that s!"" varies linearly
with §¢;, so the error introduced by the time misalignment
is 8s!"Y = 81, 95! /3t;, and the total error caused by the

time misalignment is \/ > .(85; 9st" /01,)?. In our experi-
ments, since the computer time has not been calibrated
by the Internet, the start time of the experiment has about
one-minute uncertainty relative to UTC.

TABLEII. The components of Lorentz violation (8, /g) from our experimental result (20).
Coefficient This work By atom gravimeter in 2009 [31] By pulsar analysis in 2014 [36]
5% (34+£79) x107° (=3.1£5.1) x 1073 (=52+£53) x 107
s (7.8+£12.1) x 107° (0.1 £5.4) x 107 (=7.5+85) x 107°
577 (=72+£9.8) x 107 (1.44+6.6) x 107 (=5.9+58) x 10~°
X T (1.8£2.1) x 107° 44£11) x 107° (=9.74£10.1) x 107!
547 (1.1 £1.0) x 107° (0.2£3.9) x107° (—3.543.6) x 101!
542 (5.9£55) x 10710 (—2.6+4.4) x 107° (—2.0£2.0) x 10~
572 (12£1.1) x107° (—0.3+4.5) x 107° (—3.34£3.3) x 1071
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The limits and corresponding errors for Lorentz viola-
tion given by the calculation are listed in Table II. The
errors presented here include the time misalignment error
and the least-squares fitting error. The errors in the table
are a combination of these two errors. The space-space
components are improved by about four times compared
to previous measurements with atom interferometers [31].
We compared our results with those obtained from pulsar
analysis [36], which is currently the most effective method
for testing LLI in the gravity sector. The results obtained
from pulsar analysis are several orders of magnitude more
precise than those from the gravity data analysis, as the LLI
violations in the latter arise from the rotation and revolu-
tion of the Earth, while the pulsars are not subject to this
limitation.

V. CONCLUSION AND OUTLOOK

In conclusion, we have demonstrated a precision Bragg
atom gravimeter with a sensitivity of 2.2 uGal/Hz'/?. With
an integration time of 2000 s, a resolution of 0.08 pwGal
can be achieved, which is comparable to the resolution
of a cryogenic superconducting gravimeter. This work
improves upon our previously constructed interferome-
ter [4] and sets a new record on the sensitivity for an
atom-interferometry absolute gravimeter.

We also evaluate the limit of Lorentz violation with
gravity data measured by this atom gravimeter. The preci-
sion of the LLI test by the gravity data is further improved.
The test precision is limited by the mismatch between the
experimental time and UTC. However, this effect is not
intrinsic to the method but can be mitigated by periodically
calibrating the time manually.

So far, the phase noise of the Bragg beam is the most
significant limitation to the sensitivity. In the future, the
phase noise of the Bragg beam can be suppressed by
using an optical phase-locked loop. The scale factor can be
increased by increasing the momentum difference between
the interference paths. The state preparation method men-
tioned in this work effectively improves the signal-to-noise
ratio of the interferometer and can be applied to different
types of atom interferometers. The Bragg atom gravimeter
shows great potential for high-precision experiments.
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