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For most atom interferometers, the vibration isolation unit is applied to reduce vibration noise. In our experi-
ment, instead of isolation, the vibration signals are monitored, and combining with the sensitive function, the
compensation phase shift for the atom interferometer is obtained. We focus on the correction over a wide spec-
trum rather than on “monochromatic” frequencies. The sensitivity of the atom gravimeter can be upgraded by a
factor of more than two. Furthermore, we demonstrate that the atom interferometer can still produce a good
measurement result without passive vibration isolation in extremely noisy environments by using vibration

compensation.
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The cold atom interferometer has been implemented since
1991Y and developed rapidly in the last 20 years. It is very
useful in both fundamental physics®? and technical
applicationst. The gravimeter based on atom interfer-
ence is an effective instrument to measure the small
changes of the gravity field22¥. According to the equiv-
alence principle, it is impossible to distinguish the accel-
eration of gravity from accelerations of the reference
frame of measurement. Therefore, an atom interferometer
is very sensitive to the vibration of the instrument. Many
experimental results have shown that for an atom inter-
ferometer, precision measurement of gravity cannot be
performed without any suppression of vibration noise®2,
To reduce the noise of vibration, most of the experimental
groups used passive22 or active vibration isolation
units222 Passive isolation alone reduces the acceler-
ation error signal by a factor of 30 above 10 Hz2 and the
acceleration error signal is reduced by an additional factor
of up to more than 500 from 0.1 to 10 Hz with active
isolation®. Vibration compensation is also a commonly
used method to restrain vibration noise. There are two
kinds of vibration compensation: the first one is post-
correction, and the second one is real time compensation.
Based on the passive vibration isolation platform, the
LNE-SYRTE experimental group used vibration compen-
sation and obtained good results22J. Most of the results
are obtained by exciting the experiment at a well-defined
frequency. In this Letter, we present a method that
monitors the vibration signals to correct the measurement
results. We focused on the correction over a wide spectrum
rather than on “monochromatic” frequencies.

The principle of the atom gravimeter has been well-
described®. The apparatus of our atom gravimeter has
been previously described in detail in another Letter2.
But in this Letter, under the retro-reflection mirror, we
do not place an isolation platform as in Ref. [21], instead
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we replaced it with a seismometer, as seen in Fig. 1. The
stimulated Raman transitions manipulate the atom popu-
lation of the two ground hyperfine sublevels °S, o F=1
and °S, /20 F =2 of the cooled ®"Rb atoms. The Raman
beam is composed of two beams with wave vectors ky
and k. The stimulated Raman transition of the atom gra-
vimeter is the combination of 7/2 — 7 — z/2 Raman pulses
with the duration ¢ — 2t — 7, where 7 is the action time of a
/2 Raman pulse. The three pulses are separated by an
interval time T.

Assuming all of the 8"Rb atoms are in the initial state of
F =2, the interference fringes can be observed, and the
atom probability in the F' = 1 state can be written as™®

Pry =5 {1—cosl(kur g —@) T2+ Mg}, (1)

where ko = k| — k4 is the effective wave vector of Raman
beams, «a is the chirp rate of the effective Raman laser fre-
quency used to compensate the Doppler shift due to grav-
ity g, and A¢ can be considered as a measurement error.

In our experiment, the Raman beams consist of two
extended cavity diode lasers; the frequency difference of

12Raman beams

Photodetectors

eismometer

Fig. 1. Schematic diagram of our atom gravimeter.
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the lasers is phase locked onto a microwave reference
source?y, There are many factors affecting A¢, such as
the noise of the reference source and the vibration of
the retro-reflection mirror®. According to the equivalence
principle, the accelerations of the reference frame of the
Raman laser field will result in phase shifts that are indis-
tinguishable from the gravity value. The phase noise of
Raman beams caused by the reference source can be
calculated?. If T'= 50 ms and 7 = 8 ps, the contribution
of the Raman phase noise relative to the atom interferom-
eter can be calculated to be about 41 mrad.

In addition to the phase noise of Raman beams, the
vibration of the mirror reflecting the Raman beams can
also affect A¢p and become another major noise source.
In order to evaluate the vibration of the retro-reflection
mirror, we fixed the mirror at the top of the seismometer,
which was used to collect the vibration signals of the mir-
ror. The sensitive seismometer (Guralp CMG-3ESP) pro-
vides us with hardware to measure the displacement of the
mirror. In order to simulate the different vibration condi-
tions, we also use a high-power speaker to produce a single
frequency vibration. It would be a useful tool to measure
the frequency response of the seismometer.

The interferometer phase shift induced by the vibration
of the mirror can be written as2

Ay = hu / " gt(nat, )

where v(t) is the velocity of the mirror, and ¢(¢) is the sen-
sitivity function of the interferometer. If we choose the
center of the sequence of three Raman laser pulses as
the original time, g(¢) can be written as

0, fort < —T —21
—sin[Qp(t+ T +27)], for —T—2r<t<—-T—1
—1, for —T—7<t< —71
g(t) = 3 sin[Qp(t+ T + 27)], for —z<t<z ,
1, fort<t< T+7
—sin[Qp(t—T—27)], forT+7<t<T+27

0, forT+2r <t

3)

where Q5 is the Raman Rabi frequency. Then, if we ac-
quire the mirror velocity, we can calculate the vibration
correction phase A¢, by using Eq. (2).

After obtaining the vibration correction phase of the
mirror, we would like to learn the variance of the vibration
phase 6% » which is an intuitive standard for evaluating
phase stability. It can be written as

o= [ S w)do. @

where S, () is the power spectral density of the vibration
phase, and H(w) is the phase noise weighting function. The
weighting function is given by H(w) = o G(w), where G ()
is the Fourier transform of the sensitivity function g(t).
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Fig. 2. Below 500 Hz, the weighting function for the vibration
phase noise as a function of frequency.

The weighting function |H(w)|? versus the frequency f
is shown in Fig. 2, while 7'= 10 ms and 7 = 6 ps. The
weighting function can also be used to evaluate the deg-
radation caused by the vibration of the mirror2.

According to Eq. (2), we can calculate the phase shift
A¢, due to the mirror vibration. If the mirror and seis-
mometer are absolutely rigid connections, the vibration
of the mirror and seismometer should be the same. In
our experiment, the retro-reflection mirror is only fixed
above the seismometer by a machine screw. So, there
would be some difference between the seismometer mea-
surements v,(t) and the actual vibration v(t) of the mirror.
Suppose vy, (t) is the original vibration of the seismometer,
Vout(t) is the output of the seismometer. Vi, (s) and
Vout (8) are Laplacian variations of vy, (¢) and v, (). The
transfer function of the seismometer is X(s) = V. (s)/
Vin(s). If the amplitude and phase transfer between the
signal recorded by the seismometer and the real vibration
of the seismometer are A(f) and ¢(f), then the relation-
ship between these parameters can be written as A(f) =
| X (27jf)| and @(f) = Arg[X (2zjf)], where j = /—1. Sup-
pose there is a single frequency vibration, the vibration of
the mirror is given by

v(t) = Bsin(2zft + C), (5)

where B is the amplitude, and C'is the initial phase. Then,
the seismometer measurement’s vibration can be written as

v,(t) = A(f)Bsin[2zft + C + ¢(f)]. (6)

The interferometer phase shift Ag, in Eq. (2) should be
modified as

A¢v = keff /;i g(t)’l)(t)dt

= :E;f) [ TT g()A(f)Bsin(2zft + C)dt

kg [TAT
‘A(f)/_T_ATg““T)A“)B

x sin[2zf(t+ AT) + C]dt. (7)
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When 2zfAT = ¢(f), Eq. (7) can be written as 10 A ST bt veecy T
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2% 1E3
ket T=aT g F 1E-5
Ap, =— t+AT)A(f)B =l =
& A(f) /;T—AT g( + ) (f) % E 1E7 ;E
- 2
x sin[2zf(t+ AT) + C]dt 28 "
0 (f) 3 %’15-11
ket [T—27 @ * Ceasl
=_° t (t)dt. 8
A(f) [T,Mg + 2nf vs(?) ) 1EA15 I

2uf

In this case, the interferometer phase shift A¢,(f)
depends on the transfer function A(f), ¢(f), and sensor
measurements v(t).

Now, we would like to study the transfer function,
which must be calibrated before the experiment. The most
direct way to calibrate the transfer function is to fix the
seismometer, mirror, and vibration source to a large iso-
lation platform. When the vibration source generates a
single frequency vibration, the signal of the seismometer
is recorded, and the vibration of the mirror is measured
by other reference measurements2. In our experiment, we
can use the atom interferometer itself to calibrate the
transfer function between the seismometer and the mirror.

In order to measure the transfer function for different
frequencies, we must add a frequency-variable vibration
to the system. To produce single frequency vibration,
we use a high-power speaker, which is placed 0.3 m away
from the center of the atom interferometer. It is very dif-
ficult to produce a single frequency vibration because of
the frequency multiplier effect, especially for low fre-
quency. In our experiment, we drive a 50 Hz sine wave
source to the speaker, and the output vibration signal
of the mirror is collected by the seismometer, as shown
in Fig. 3. We can find that the collected signal is a de-
formed sine wave with 100 Hz frequency.

Fortunately, we can choose a proper T to reduce the
contribution of the multiplier frequency to the gravimeter.
For example, with f = 50 Hz, we can set the interval time
T =10 ms; then, we will have H(50 Hz) =16 while
H(100 Hz) = 0. Figure 4 shows the influence of different
frequency vibrations on the atom interferometer. The
power spectral density of vibration velocity is shown as
the red line, with a frequency of 50 Hz. The weighting
function |H(2zf)|* with the interval time 7' = 10 ms is
shown as the grey dash. Under the influence of the
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Fig. 3. 50 Hz vibration signal collected by the seismometer.
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Fig. 4. Influence of different frequency vibrations on the atom
interferometer.

weighting function, 100 Hz vibration does not affect the
interferometer fringe, which is shown as the dark
dot curve.

Finally, we focus on the measurement of the transfer
function. We use a high-power speaker to generate a single
frequency vibration, using the seismometer to record the
vibration signal at the same time. We measure the atom
probability in the F = 1 state repeatedly, and the chirp
rate of the effective Raman laser frequency is fixed at
ap. In the absence of noise, the atom probability would
be a constant value. In our experiment, although the fre-
quency and amplitude of the vibration were constant, the
initial phase C'is randomly distributed. For each measure-
ment, the vibration phase shift A¢,(f) calculated accord-
ing to Eq. (7) is random. Due to the effects of vibration,
the probability will oscillate, satisfying the relationship of
Eq. (2). Based on Eq. (8), if we calibrate correctly the
transfer function ¢(f) and A(f), we can calculate the
vibration phase shift A¢,(f) and get a sinusoidal curve
for the atom probability, which is shown as Fig. 5. If
the transfer function ¢(f) is not correctly measured, the
vibration phase A¢,(f) cannot be calculated correctly,
and the relation between the atom population P,_,; and
the vibration phase A¢,(f) will not become sinusoidal.
We can set ¢(f) to a different value by scanning AT,
and the value at which the sine fitting residual is
the smallest reflects the true phase transfer function.

T T
= Transfer Probability

o = Sine fit
0.50 -

£ 0.454

Transfer Probability(arl
o o
w W
.O o

5 0 5
Vibration correction phase(rad)
Fig. 5. After calibration of the transfer functions 4(50 Hz) and
@(50 Hz), a sinusoidal curve is obtained. The black dot is the
relationship between transfer probability and vibration
correction phase; we use the seismometer to record the vibration
and calculate the correction phase, and the transfer probability is
measured by the atom interferometer. The red line is the sine fit.
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The amplitude response of the transfer function A(f) is
related to the frequency of the sinusoidal curve.

After calibration of the transfer functions A(f) and
@(f), the transfer function can be written as

X(f) = A(f)erV). 9)

Although we only measured the transfer function for a
few specific frequencies, we can obtain a continuous trans-
fer function of the whole spectrum using quadratic spline
interpolation. The inverse fast Fourier transformation is
performed on 1/X(f) to obtain the time domain function
z(t). Then, we can get the vibration of the mirror,

v(t) = x(t) * vy(t), (10)

where “x” indicates convolution.

The inversion algorithms have some limitations. Since
X(0 Hz) =0, 1/X(f) is infinite, f ~ 0 Hz. Before we per-
form the inverse fast Fourier transform, the magnitude of
1/X(f) is directly regarded as zero when f < f,/200. f, is
the sampling frequency of the vibration data acquisition,
and f, =1 kHz in our system. If f <5 Hz, 1/X(f) =0,
and we cannot get to the corrected vibration signal. When
f > 200 Hz, due to our measurement repetition time limi-
tation, there will be less than five experiment data points
in each vibration period; then, we cannot have high accu-
racy of the integral, which will affect the integral calcula-
tion of A¢,. We can only study the transfer function for
the frequency between 5 and 200 Hz in this Letter. More-
over, v,(t) must be a signal that is close to infinitely long in
the time domain. In our experiments, the vibration signal
at each point of the interference fringes was continuously
acquired for 40 s.

Without considering the influence of the transfer func-
tion between the mirror and the seismometer, we could
not get a good compensation result. Figure 6 shows the
original fringes without vibration compensation, the com-
pensation fringes without frequency response calibration,
and the compensation fringes considering frequency re-
sponse calibration. In Fig. 6(b), we can get an excellent
interference fringe, shown as sinusoidal distribution, while
the vibration frequency is 50 Hz. However, if we use the
same amplitude and phase delay to compensate the fringe
while the vibration frequency is 80 Hz, the fringe would
not be distributed as a sinusoidal curve, as shown in
Fig. 6(d). After the transfer function calibration, the
results have clearly improved, as shown in Fig. 6(e).

The original data of atom interference is obtained and
displayed as the dark square points in Fig. 7. There is no
additional vibration. The interval time of the Raman
pulses is T =60 ms, and the chirp rate is Aa = a+
25.10344 MHz. As shown in Fig. 7, the sinusoidal shape
of the interference fringe is not significant. After the vibra-
tion compensation, the original data is modified as the
green triangle points in Fig. 7, and the sinusoidal curve
can be obtained and fitted as the red line.
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Fig. 6. Interference fringes in different vibration compensations.
(a) The original fringe without vibration compensation while the
vibration frequency is 50 Hz. (b) The fringe after vibration com-
pensation while the vibration frequency is 50 Hz, A(50 Hz) =
—1.299 dB, and ¢(50 Hz) = —64 deg. (c¢) The original fringe
without vibration compensation while the vibration frequency
is 80 Hz. (d) The fringe after vibration compensation while
the vibration frequency is 80 Hz, A(80 Hz) = —1.299 dB, and
(80 Hz) = —64 deg. (e) The fringe after vibration compensa-
tion while the vibration frequency is 80 Hz, A(80 Hz) =
—4.895 dB, and ¢(80 Hz) = —143.2 deg.
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Fig. 7. Atom interference fringe can be optimized by using vibra-
tion compensation.

Using vibration compensation, the atom interferometer
can still produce a good measurement result without any
passive vibration isolation in some extremely noisy envi-
ronments, as shown in Fig. 8. We use the speaker to gen-
erate a vibration with a frequency of 50 Hz. The interval
time of the Raman pulses is set as 10 ms. The black dots
are the original experimental data. The scan range is only
0.02 MHz/s, which is converted to the phase of less than
x rad. After vibration compensation, the original data is
modified as the green points in Fig. 8. We find that the
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Fig. 8. Atom interference fringe in an extremely noisy environ-
ment. The black dot is the data before vibration compensation,
the green dot is the data after vibration compensation, and the
red line is the sine fit of the green dot.

vibration compensation method can compensate the
phase caused by vibration noise greater than 4z rad.

We also evaluate the feasibility of the vibration com-
pensation method by Allan standard deviation for long
term stability. When T = 60 ms, a resolution of 32 pGal
is obtained after an integration time of 25.6 s, as Fig. 9
shows. As a comparison, we used the passive isolation
platform and the vibration compensation method to mea-
sure the gravity. Firstly, we simulate one lower vibration
surrounding without the speaker. Figure 9 shows the com-
parison of Allan standard deviation for the passive vibra-
tion isolation and the vibration compensation. When the
speaker is not working, only the environment vibration
exists, and the passive vibration isolation method obtains
the best result. The Allan standard deviation of the vibra-
tion compensation is approximately 1.5 times the result of
the passive vibration isolation, but there is still an obvious
improvement compared to no vibration suppression.

We also simulate one strong vibration surrounding. As
we know, when the environment vibration is large, the
passive vibration isolation cannot get good resultsZ
However, the vibration compensation can compensate
the vibration phase greater than 4z rad, as shown in Fig. 8.
Therefore, the vibration compensation will have more ad-
vantages when the environmental vibration is large. We
set the speaker’s vibration frequency as 50 Hz, the interval
time of Raman pulses 7' = 50 ms, and the sampling time is
25.6 s. We measure the gravity for different vibration
amplitudes, as shown in Fig. 10. From Fig. 10, we can
see that when the peak-to-peak vibration amplitude is

T T
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Time (s)

80 100 120140

Fig. 9. Allan standard deviation of three different situations.
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Fig. 10. Gravity measurement versus the different vibration
amplitudes.

greater than 0.15 mm/s, the results of the vibration com-
pensation are better than the passive vibration isolation.

Furthermore, we compare the performance of the
vibration compensation method at different frequencies.
Figure 11 is a comparison of gravity measurements before
and after vibration compensation at different vibration
frequencies, while T =50 ms, and the peak-to-peak
vibration amplitude is 0.20 mm/s. As shown in Fig. 11,
the vibration compensation can obtain good results for
the frequency between 50 and 170 Hz. Due to the limita-
tion of the power speaker, we cannot produce a vibration
with f < 50 Hz. We have to say that we can only correctly
invert the real vibration signal within a certain fre-
quency range.

In conclusion, we have introduced our vibration com-
pensation method. At different vibration frequencies
and vibration amplitudes, our vibration compensation
method can get good results in some special conditions.
The vibration compensation method can compensate
the phase caused by vibration noise greater than 4z rad.
Since a seismometer collected vibration signal does not re-
flect the true vibration of a Raman mirror, we measured
the transfer function between the seismometer and the
mirror to invert the real vibration signal. For our exper-
imental setup, we can compensate for the vibration phase
with the vibration frequency from 50 to 170 Hz. For vibra-
tion below 50 Hz, the passive or active vibration isolation
can be used to restrain the vibration noise of the atom in-
terference gravimeter. Due to the space limitation in our
laboratory, we cannot use the passive vibration isolation
platform and the seismometer at the same time. In the

T T
== After Correction
=@~ Before Correction J

300

250
i1\ /\
g o / — \./
o

1004

— ——
504 \-/' 4

T T T T T T
40 60 80 100 120 140 160 180
Vibration frequency (Hz)

Fig. 11. Gravity measurement result at different vibration
frequencies.
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future, our laboratory can be re-planned, and it would
have enough space to accommodate both the passive
vibration isolation platform and the vibration compensa-
tion devices. The passive vibration isolation platform can
be used to restrain the vibration of most frequencies, and
the vibration compensation method can be used to com-
pensate large-amplitude vibrations of a specific frequencys;
then, the vibration noise of the atom interference gravim-
eter will be further restrained.

This work was supported by the National Key
Research and Development Program of China (No.
2017YFC0601602) and the Fundamental Research Funds
for the Central Universities, China (No. 2018FZA3005).
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