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Abstract: The coincidence between the atom trajectory and the Raman pulse sequence is very
important for an intersection type atom interferometer. Here we present a feedback control
technique for the atom trajectories in our horizontal gravity gradiometer, which improves the
stabilities of the trajectories by about 2 orders of magnitude. Through the further study of the
dependence of the interferometer contrasts on the atom trajectories, we lock the trajectories at
optimal positions. And by this technique, the sensitivity of the gravity gradiometer is improved
from 982 E/Hz!/? to 763 E/Hz'/?, while the long-term stability is enhanced more significantly
and reaches 8.9 E after an integration time of 6000 s. This work may provide hints to other
experiments based on intersection type atom interferometers.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As a new type of sensor based on quantum technology, atom interferometry using stimulated
Raman transitions has very broad application prospects in precision measurement. According
to the spatial configuration between the Raman laser beams and the atom trajectory, the atom
interferometers (Als) can be divided into two types, the full coverage type and the intersection
type. In the former type of Als, the entire atom trajectory is covered by Raman laser beams,
atoms can see the light whenever the Raman laser is pulsed on. The full coverage Als can serve
as gravimeters [1-9] and vertical gravity gradiometers [10-14]. In the later type of Als, the
Raman laser beams intersect the atom trajectory at angles, and the photons can only interact with
atoms at specific time-space points. Thereby, atom gyroscopes [15-20] and horizontal gravity
gradiometers [21] belong to the intersection type Als.

In principle, due to the Gaussian distribution of the transverse light intensity, the atoms’
effective Rabi frequency varies with their position relative to the Raman laser beam. Therefore,
to an intersection type Al, the coincidence between the atom trajectory and the time sequence
of Raman laser pulses yields the highest contrast of interferometer signal. However, the initial
position of the atom cloud is susceptible to the deterioration of the intensity balance of trapping
lasers and the drift of the magnetic field, resulting in the fluctuation of the atom trajectory. The
mismatch between the trajectory and the Raman pulse sequence reduces the fringe contrast and
amplifies amplitude noise. Additionally, when the intensity ratio of the different components in the
Raman laser is not completely optimized, the trajectory fluctuations will produce corresponding
phase fluctuations to the interferometer signals via ac-Stark shift. Especially to the horizontal
gravity gradiometers and gyroscopes, where two Als share a common series of Raman laser
pulses, asynchronous drifts of the two atom trajectories will decrease the grade of common mode
noise rejection and produce measurement errors. Static calibration of atomic trajectories has
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been implemented in an atom gyroscope [ 18], however, to our knowledge, the real-time feedback
of atom trajectories has not been reported yet, which is very important in unquiet environment,
especially for dynamic application scenarios.

Here, we present our new results on atom trajectory control in a horizontal atom gravity
gradiometer. Firstly, we investigate the vertical trajectory drifts of the two atom fountains in our
horizontal gravity gradiometer by the time of flight (TOF) signals, and demonstrate a new method
of feed-back control of the trajectories by the manipulation of the environmental magnetic fields.
Then we further study the relationships between the trajectory deviations and the interferometer
contrasts, and lock the trajectories at optimal positions. This technique significantly improves the
stabilities of the trajectories, thus both the sensitivity and the long-term stability of the gravity
gradiometer are enhanced remarkably.

2. Atom gravity gradiometer

Our gravity gradiometer consists of two horizontally separated Als. Two clouds of cold #Rb
atoms are simultaneously trapped and launched upward on two parabolic trajectories. Two Raman
laser beams propagate in the horizontal direction in the plane defined by the two atom trajectories,
and the upper beam is coaxial with the line connecting the two apogees. Three Raman pulses
characterized as Q. T7=m/2, t and 71/2 respectively ((e¢ is the Rabi frequency and 7 is the pulse
duration), are applied on the two atom clouds and drive coherent Rabi oscillations between the
F =2 and F =3 hyperfine ground states. The first Raman pulse is turned on when the atoms
ascend to the position of the lower beam. For atoms initially populated in F'= 3 state, this 7t/2
pulse leaves atoms in an equal superposition of F=2 and F = 3 states, analogous to an optical
beam splitter. When the atoms arrive the apex of the trajectories, the second Raman 7 pulse is
turned on and transfer atoms in F =2 entirely to F'=3 and vice versa, corresponding to a mirror.
Finally, the gravitational force pulls the atoms back to the position of the lower Raman beam, and
the last mt/2 pulse redistributes the atomic populations in the two ground states thus completes
Mach-Zehnder style atom interferometers. As the output of one Al, the population probability in
the original hyperfine state F'=3 is given by P = (1-cos(¢o+¢,))/2, where ¢ = keg-gT? is the
phase shift caused by local gravitational acceleration g, for 7 is the time intervals between the
laser pulses and ke is the effective wave vector. And similarly, in the other Al, ¢, ’=keff-g’T2.
Given the horizontal distance of the two Als L, we can get the horizontal gravity gradient

I = (g - &)L = Ay (kerLT?). (1

The differential phase shift caused by the gravity gradient Apg = (¢q-¢¢ ") is extracted by the
method of ellipse fitting [22]. For two cosine signals with definite phase difference Py =(1-
cos(¢))/2, P = (1-cos(¢+Agp))/2, the relation between the two signals can be expressed by ellipse
equation

AP} + BP1P, + CP3 + DP; + EP, + F = 0. 2)

The parameters A, B, C, D, E, F can be obtained by the least squares fitting, and the differential
phase is
Ay = cos™' (~B/2VAC). (3)

By this method, the differential phase can be directly extracted, while the common mode phase
noise in the two signals is significantly rejected.

The detailed scheme is shown in Fig. 1 and Fig. 2. ®Rb atoms are pre-cooled in two-
dimensional magneto-optical traps (2D-MOTs) and loaded to three-dimensional magneto-optical
traps (3D-MOTSs). After polarization-gradient cooling (PGC), about 5x10% atoms in F = 3 states
with the temperature around 4.5 pK are prepared in each Al Then the atoms are launched upward
by (0, 0, 1) type moving molasses, the initial velocities are 2.05 m/s, correspond to the fountain
heights of about 22 cm above the 3D-MOTs. After 37.5 ms, atoms ascend to the position about
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7 cm above 3D-MOTs, horizontal bias magnetic fields are switched on to eliminate the degeneracy
of the magnetic sublevels and defines the quantization axis, then a microwave s pulse and a
succeeding resonant laser pulse is applied to transfer the atoms in |F =3, mg =0 > state to |F =2,
mp =0 > state and remove the residual atoms in |F =3, mp#0 > states. The magneto-insensitive
atoms keep moving upward to the Raman interaction regions, where the vacuum chambers of the
two interferometers are connected as one by a vacuum tube of rectangular cross-section with
internal dimensions of 3 cmx18 cmx94.5 cm, three Raman pulses with the time intervals 114 ms
and durations 6 ps (51/2), 12 ps () and 6 ps (71/2), respectively, are turned on successively when
the atoms arrive at the intersections. 20.7 ms after the interference stage, atoms fall back through
the detection region. The populations in ' =3 and F =2 states are detected by two successive
detection beams and the fluorescence in two Als are fed into four photodiodes (PDs) respectively.
Finally, we get the normalized population in two Als

B S1,P=3 B $2, F=3
- ) 2 = £
S1,r=3 + @151, F=2 82, p=3 + @252, F=2

P “

where S; r - ; denotes the fluorescence signal amplitudes of F = state in ith AL «; is the correction
coefficient in ith Al due to different detection efficiencies between F =3 and F =2 states.
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Fig. 1. Schematic diagram of the horizontal atom gravity gradiometer. The setup consists
of two identical Als with a horizontal separation. Two groups of 85Rb atoms are trapped,
launched, coherently manipulated, and finally detected synchronously. The gravity gradient
is evaluated from the differential interferometer phase of the two Als.

Here is an interesting phenomenon worth mentioning. To eliminate the effect of laser beam
steering between the two Als due to imperfect shapes of glass windows and the phase delay
fluctuation caused by air density variation [23], the vacuum chamber for two Als is designed as
an integrated configuration with internal connection at the Raman interaction regions. Since in
exception of the optical windows and the commercial valves, the vacuum chamber is entirely
made of titanium, this inter-connection configuration makes it serve as a big waveguide at the
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Fig. 2. Measurement sequence of the gravity gradiometer. Iy, is the current of the bias
coils depicted in Sec. 4 for atom trajectory manipulation.

stage of initial-state preparation when the microwave = pulse is applied. As a result, only one
microwave unit is needed to realize the initial-state preparation in both Als, atoms in two sides
can execute synchronous Rabi oscillations when the position and orientation of the antenna
are carefully adjusted. The signals of two Als’ synchronous Rabi oscillations driven by a 1 W
microwave are shown in Fig. 3.
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Fig. 3. Synchronous Rabi oscillations in dual Als driven by only one microwave unit.

In our condition of almost no horizontal Doppler shift, the two-photon Raman transitions
can only be excited by two lasers with the frequency difference equal to the hyperfine splitting
between the two ground states, here for Rb atoms it is 3.035733 GHz. And to perform gravity
measurement, the Doppler-free transitions must be avoided. In our gravity gradiometer, as
depicted in Fig. 4, the two lasers are generated by two optical paths from a same source, and each
path contains an electro-optic modulator (EOM) in series with a double-passed acousto-optic
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modulator (AOM). A microwave source with the frequency of 3.033733 GHz, 2 MHz lower than
the hyperfine splitting, is employed to alternatively drive one of the two EOMs, and two RF
signals with the frequencies 80 MHz and 79 MHz, respectively, are employed also to alternatively
drive the two AOMs. Since the switches are controlled by same series of TTLs, the 2 MHz
detuning of the microwave frequency can be compensated by the frequency difference 2x(80-79)
MHz all the time. That makes the frequency difference between the two lasers (the +1 order
sideband from EOM and the other non-EO-modulation carrier) matches the hyperfine splitting
between the two ground states, while the Doppler-free transitions are avoided. A PLX corner
cube reflector is utilized to guarantee the parallelism of the two beam levels to within 5 prad,
which is essential for good interferometer contrast, and the above switching scheme can keep the
direction of the wave vector unchanged between /2 and  Raman pulses.
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Fig. 4. The Raman laser system for the horizontal gravity gradiometer. (HWP: half-wave
plate, PBS: polarization beam splitter, PD: photo detector, EOM: electro-optic modulator,
TA: tapered amplifier, QWP: quarter-wave plate, AOM: acousto-optic modulator.)

3. Vertical trajectory drifts

As is mentioned above, to intersection type Als, the mismatch between the trajectories and the
time sequence of Raman laser pulses will probably reduce the contrast, brings amplitude noise
and measurement errors into the interferometer signals. Here we present a measurement of the
vertical drifts of the atom trajectories in our gravity gradiometer by the time of flight (TOF)
signals. Without state preparation and Raman interaction, the atoms in fountains are directly
excited by a detection laser pulse 134.7 ms after reaching the apexes. The pulse duration is set to
31.5 ms, so that the entire TOF fluorescence signal could be recorded by the PDs. A typical TOF
signal pair is shown in Fig. 5, each trace contains data of 30 ms, we fitted the traces with Gaussian
function and obtained the arrival times #; and #, corresponding to the maximum fluorescence
intensities. A long-term measurement for about 20 hours was performed, the time domain data
and corresponding Allan deviation for #; and #, are shown in Fig. 6. The P-V fluctuations of ¢
and #, are 1.4 ms and 1.7 ms respectively, while the Allan deviations start to warp up from the
averaging time 20 s and ascend to the magnitude of 0.1 ms after 10* s of integration. Since the
fluctuations are mainly caused by the vertical drifts of initial position of atom clouds, given the
vertical velocity ~1.35 m/s at the detection region, the fluctuations of #; and #, correspond to the
vertical position drifts of 1.9 mm and 2.3 mm respectively.
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Fig. 6. Long-term measurements of the atoms’ arrival times in two Als (a, b) and the
corresponding Allan deviations (c, d). The measurement time is about 20 hours with the

sampling rate of 1 Hz.
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4. Feedback control of the atom trajectories

The degradations of the intensity balance of trapping lasers and the drifts of the magnetic fields
are the main reasons for the fluctuations of the initial vertical positions of the atom clouds. This
can be alleviated by improving the stabilities of light intensities and internal magnetic fields.
However, under the scene of drastic changes of the environmental parameters during mobile
exploration in the field, this problem will again become serious. Therefore, we developed a
technique to implement a feedback control of the vertical trajectory of atoms by additional
modulation of bias magnetic field during the laser trapping phase.

As is shown in Fig. 1, in each Al, a pair of additional bias field coils is wound on the outside
of the 3D-MOT anti-Helmbholtz coils and is switched on during the stage of laser trapping and
moving molasses. We scanned the driving currents of the two coil pairs, and recorded the arrival
times #; and #,. From the result shown in Fig. 7, we can see a very good linear relationship. By
simple fitting, the slope coefficients are determined as 0.18 ms/mA and 0.19 ms/mA for the two
Als respectively.

16.5 T T T T T T T T T T T
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e Al2

16.04 Linear fits

15.5
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1 3 '5 T I L) I L} I T I L} I ]
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Modulation current of bias coils (mA)

Fig. 7. Relations between the arrival times and the currents of the bias coils. All the
datapoints come from ten scans of bias current and each scan takes about 6 s.

Based on the linear relationship above, we programmed a feedback control operation. The
arrival times are recorded from shot to shot, and according to the average values, the feedback
currents are refreshed every 20 s. This refresh rate is determined by the drift period of the
trajectories, which induce upwarps in the Allan deviations, shown in Fig. 6, from the averaging
time of around 20 s. To test the program, both locking points of #; and ¢, are set to 14 ms and
another long-term measurement for about 6 hours are performed. The closed-loop results of time
domain arrival times, corresponding Allan deviations and the feedback currents are shown in
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Fig. 8. In these figures, no visible drift of arrival times is observed, the Allan deviations start to

decrease from 20 s according to 1/t'/? function and reach the level of about 2 ps after 4000 s

integration, which corresponds to a trajectory stability of 2.7 uym. In comparison with the results
in Fig. 6, long-term stabilities of the trajectories in both Als are improved by about 2 orders of
magnitude.
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Fig. 8. Closed-looped arrival times in two Als (a, b) and the corresponding Allan deviations
(c, d). The long-term stabilities could reach the levels of 2 ps, corresponds to a trajectory
stability of 2.7 um. The drifts of the arrival times in Fig. 6 transfer to the feedback current
of the bias coils (e, f).

5. Dependence of interferometer contrasts on atom trajectories

In an ideal Mach-Zehnder Al with all the atoms manipulated by a uniform and constant Raman
light field, if the effective Rabi frequency Q.g and the nt/2 pulse duration 7 satisfy

2QefT = 1, 5)
the probability of finding the atoms in the excited state is,

Pigeal = [1 — cos(e1 — 2¢2 + ¢3)]/2, (6)

where ¢j is the phase of ith Raman laser pulse. In this case, the contrast of the interferometer
fringes is 100%.

In an AI where atoms manipulated by three Raman laser pulses with varying intensities while
the pulse durations are kept at 7, 27 and 7. Given that £ is the reference Rabi frequency satisfies
2Qy7=m, and the Rabi frequencies of three pulses are Q1 =r1Q, 2,=rQ and Q3 =r3Qy,
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respectively, then the probability of finding the atoms in the excited state is,

(r1 +2r)m r3m .
T COS (T) + sin

(r +2m)r| . (7w
T sin (7) cos(¢1 —2¢2 + ¢3) 1 .

@)

1
Ppractical = B {1 — COS

Thus, the interferometer contrast becomes,

_|sin[(ry + 2r2)m /2] sin(r37/2)]
"1 —cos[(r] +2r)m/2] cos(r3m/2)

®)

In most Als, the transverse intensity distributions of Raman laser beams are Gaussian, expressed

as
2

,
|E| = Egexp |—— | - ©)
w

0

Therefore, in our intersection type Als, as depicted in Fig. 9, when the Raman lasers are pulsed on
with referenced sequences, the drift of the vertical trajectory of the atoms will result in position
deviations Az from the center of the laser beams, and consequently lead to equivalent laser
intensity decreases. Given that the size of our Raman laser beams wg = 7.5 mm, we simulated
the relationship between the contrast and the transverse position deviation according to Egs. (8)
and (9). As shown in Fig. 9 (c), referring to a completely optimized time-space configuration, a
vertical trajectory deviation of 2 mm corresponds to a theoretical reduction of interferometer
contrast to about 70.8%. Especially for Als originally with imperfect time-space configuration,
an additional deviation with same value (i.e., from 1 mm to 3 mm) will result in an even drastic
degradation.
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Fig. 9. Theoretical dependence of the interferometer contrast on the deviation of vertical
atom trajectory. (a) and (b) depict the vertical deviation of atom trajectory, which results in
a decrease of the light intensity interacting with the atoms. The solid line in (c) illustrates
the theoretical degradation of interferometer contrast due to the deviation Az, the contours
of the Gaussian light field intensity and Rabi frequency are also shown as reference.

Based on the technique demonstrated in sect. 4, we experimentally investigated the dependence
of interferometer contrasts on vertical atom trajectories in our horizontal gravity gradiometer.
The arrival times #; and #, are locked and scanned from 13.50ms to 16.17 ms with a step of
0.33 ms, the contrasts of both interferometers corresponding to each arrival time are measured
and shown in Fig. 10. Within 2.67-ms scanning span, corresponds to 3.6-mm modulation range of
atom trajectory, the contrasts vary up to 5%~6%. By Gaussian fitting, we obtained the maximum
contrasts of the two interferometers as 27.1% and 22.7%, and the corresponding #,° and ,° are
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14.1 ms and 15.7 ms respectively. The 1.6 ms difference between #;° and #,° is mainly caused by
the TOF fitting error of the second interferometer, as shown in Fig. 5, a slight asymmetry of the
signal results in a positive offset between the fitted profile center and the #, corresponds to the
actual peak.

30—7——7——7—+—7—+—025

E e Al-l -
0294{ " Al2 - - 0.24
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Contrast in AI-1
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Fig. 10. Experimental dependence of interferometer contrasts on arrival times of atoms.
Considering the Gaussian spatial distribution of atoms, these data are also fitted by Gaussian
functions.

6. Application of the feedback control to the gravity gradiometer

In atom interferometers, the amplitude noise and detection noise will convert to phase noises
in phase extraction. For certain amounts of amplitude and detection noises, the amplitude of
converted phase noise is inversely proportional to the interferometer contrast. The feedback
control of the atom trajectories will help to optimize the contrast and improve the stability, thereby
reduce the phase noise. To test the effect of this technique, we compared the performances of our
horizontal gravity gradiometer with and without the feedback loop.

In our gradiometer, the distance between the two Als L = 1.0 m, and the time intervals between
the laser pulses 7= 114 ms, according to Eq. (1), the relationship between the deviation of gravity
gradient and that of differential phase is

or =0.00478 - o, (10)

where 1 mrad corresponds to 4.78 E. One measurement process takes 580 ms, including 155 ms for
laser cooling, 95 ms for state preparation, 228 ms for Raman interaction and 85 ms for detection.
The differential phase is extracted by ellipse fitting every 40 measurements, and in trajectories
closed-loop mode, one feedback operation is performed every 15 measurements. Since the drift
of the trajectory is a slow process, these intermittent feedbacks could produce almost the same
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effect as continuous feedbacks. Due to the high sensitivity to accelerations and the absence
of vibration isolation devices, the fringes of single Al are completely submerged in the noise,
whereas the differential ellipse between the two Als maintains a high signal-to-noise ratio thanks
to the mechanism of common mode rejection.

From the Allan deviations of the gravity gradiometer shown in Fig. 11, the sensitivity of the
gradiometer is improved from 982 E/Hz!/? to 763 E/Hz'/? with the feedback loops. At the same
time, due to the rejection of unsynchronized drifts of the two atom trajectories, the long-term
stability is also improved, the measurement resolution reaches 8.9 E after 6000 s integration. In
additional test of gravity field modulation, 850 kg lead bricks reciprocate in the center and side of
the gradiometer, three sets of measurements are performed in each position and each set takes 10
min. As shown in Fig. 12, the variation of horizontal gravity gradient is measured to be 188 + 11
E, which is in accordance with theoretical prediction 205 + 9 E.
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Fig. 11. (a) Comparison between the Allan deviations with and without the feedback
loops. (b) Interferometer signals of the two Als in differential mode, the ellipse contains
approximately 60000 data of measurements.
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Fig. 12. The experiment of gravity field modulation. (a) is the top view of the arrangement
schematic diagram. (b) shows the measured ellipse phase variation between the cases when
the mass is at position A and position B. The averaged phase difference is 36.9 + 2.1 mrad,
corresponds to a gravity gradient variation 188 + 11 E.

7. Conclusions

We have developed a horizontal gravity gradiometer based on dual Als and realized a feedback
control of the atom trajectories by the manipulation of the environmental magnetic fields.
The drifts of the trajectories were initially observed to be up to 2 mm, and is suppressed by
about 2 orders of magnitude through this technique. Subsequently, we studied the dependence
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of interferometer contrasts on the vertical trajectories and locked the trajectories at optimal
positions. Thus, the sensitivity of the gravity gradiometer was improved from 982 E/Hz!/? to
763 E/Hz!/2, while the long-term stability was enhanced more significantly and reaches 8.9 E
after an integration time of 6000 s. This work may provide hints to other experiments based on
intersection type atom interferometers.
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