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Abstract

:

After more than 30 years of development, the measurement performance of atom gravimeters in the laboratory has reached a high level. More and more compact, small, portable instruments begin to appear, and field measurements have been conducted gradually. At present, the field measurements of atom gravimeters are mostly static or “stop-and-go” quasi-dynamic experiments, and the research on dynamic measurement is still in its infancy. High-precision absolute gravity dynamic surveying in the field has shown attractive prospects in many aspects, and many researchers have carried out research on it. This paper first reviews the main research work of the atom gravimeter, especially its dynamic measurement technology. Then it introduces the reported principle, scheme, and equipment of atom gravimeter dynamic measurement. The generation mechanism and suppression methods of the main error sources of dynamic measurement, such as vibration noise, accelerometer drift, and carrier dynamic effect, are analyzed. Finally, the application prospects of atom gravimeter dynamic measurement technology in gravity field mapping, navigation, and underwater target detection are discussed.
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1. Introduction


With the advent of laser cooling technology in the 1980s, scientists were able to capture and manipulate originally “active” atoms. In 1991, the Steven Chu research team at Stanford University realized an atom interferometer for the first time by using the method of stimulated Raman transition [1]. For more than 30 years, atom interference technologies have developed rapidly. At present, more than 50 research groups in the world have devoted themselves to the research of atom interferometers. It is widely used in the fields of navigation [2,3], metrology [4,5], gravitational wave detection [6], and general relativity verification [7,8].



Among them is the most in-depth and representative research on the use of atom interference technology for gravity measurement, i.e., the atom gravimeter. The atom gravimeter measures the absolute gravity value. Compared with the relative gravimeter with a straight-pull or zero-length spring, there is no mechanical wear, no drift, and no need for periodic correction. Compared with the optical interference absolute gravimeter, its wavelength is much shorter, so it has higher potential sensitivity and accuracy according to the relationship between the wavelength of matter waves and particle momentum [9]. Atomic gravimeters are expected to surpass relative gravimeters and optical interference gravimeters to become the next generation of high-precision absolute gravity sensors [10,11,12].



In the early days of the development of atom gravimeters, various research teams devoted themselves to improving the sensitivity, accuracy, and stability of the system in the laboratory environment. For example, when Steven Chu’s team demonstrated the atom interferometer for the first time, it was used to measure gravity. The Raman light interval time T was 10 ms, and the measurement resolution was 3 mGal (1000 s) [1]. In 2001, the team developed the second-generation instrument, and its performance greatly improved. Under the condition of T being 160 ms, the fountain-type atom gravimeter was realized by using a cesium atom cloud with a sensitivity of 20 μGal/Hz1/2 and a resolution of 0.1 μGal (48 h). The system error and noise source were analyzed in detail, and the comprehensive uncertainty was 3.4 μGal [13]. In 2008, cesium atoms were continued to be used under the condition of a longer Raman interval time (400 ms), and the measurement sensitivity was 8 μGal/Hz1/2 [14]. Huazhong University of Science and Technology has been conducting research on atom gravimeters in cave laboratories since 2006, with the goal of achieving a sensitivity of 1 μGal/Hz1/2 [15]. In 2013, the team used a two-dimensional magneto-optical trap to increase the number of atoms, improve the signal-to-noise ratio, use a better optical phase-locked loop to reduce the phase noise of Raman light, and combine it with an active vibration isolation system to obtain a sensitivity of 4.2 μGal/Hz1/2 [16]. In addition, there are many research teams dedicated to the study of atom gravimeters. Table 1 lists some of the reported static measurement results of high-precision atom gravimeters.



In recent years, research teams have paid more attention to the integration and miniaturization of devices. For example, in 2010, Q. Bodart et al. proposed a miniaturization scheme using a pyramid mirror to achieve atomic capture, state selection, interference, detection, and other functions with a single laser beam. This scheme greatly reduced the complexity and volume of the system. The sensitivity of the system was 170 μGal/Hz1/2 [27]. Inspired by this, some teams have adopted a similar structure to design atom gravimeters [22,28]. In 2014, B. Wu et al. improved the magnetic shielding coil of the atom gravimeter to replace the traditional metal shield and adopted a relatively small portable vibration isolation platform, which provided a new realization method for field measurement. The sensitivity was 100μGal/Hz1/2, and the integral resolution of 1000 s was 5.7 μGal [29]. 2016. Q. Y. Wang et al. improved the laser system with a modular design and applied it to an atom gravimeter for gravity measurement. The integral resolution of 200 s was 10 μGal [30]. More and more portable atom gravimeters are gradually coming out of the laboratory to carry out measurements in the field. For example, in 2019, X. J. Wu et al. used a pickup truck to carry an atom gravimeter to measure the absolute gravity values at six different elevations in the Berkeley Mountains and obtain the relationship between gravity anomalies and height. The sensitivity was 500 μGal/Hz1/2, and the uncertainty was 40 μGal [22]. In 2020, B. Wu et al. integrated a set of vehicle-mounted absolute gravity measurement systems using a miniaturized atom gravimeter developed by themselves and carried out surveying and mapping work in the field. They conducted repeated line measurements on flat roads and obtained an internal coincidence accuracy of 30 μGal. They measured gravity values at different altitudes on mountain roads with large inclination angles and obtained vertical gravity gradient values [31]. In 2021, J. Y. Zhang et al. used a vehicle-mounted mobile gravimeter to measure the gravity values of 29 points on the mountain. Based on this, the density distribution of the mountain was inverted, which was consistent with the actual geological exploration results [32].



Although the atom gravimeter has achieved high performance in the field under static or “stop-and-go” quasi-dynamic conditions, there are few reports on dynamic measurement, i.e., gravity measurement during carrier motion. The research team first carried out dynamic experiments under very low-speed conditions. In 2009, a Stanford University team performed gravity gradient measurements on a low-speed truck at 1 cm/s [33]. In 2022, Zhejiang University of Technology (ZJUT) carried out a low-speed traction test in the laboratory. At the maximum traction speed of 5.5 cm/s and the maximum vibration amplitude of 0.1 m/s2, the measurement results were in good agreement with the values under static conditions, with an accuracy of (−1.22 ± 2.42) mGal [34]. ONERA is a pioneer in the study of the dynamic measurement of atom gravimeters. In 2013, they first carried out gravity measurements on a moving elevator, and the results were consistent with the static measurements, which verified the feasibility of the atom gravimeter’s dynamic measurement [17]. Since then, they have carried out dynamic measurement experiments under ship-borne and air-borne conditions, respectively, and obtained good measurement results. In the ship-borne test, compared with the gravity-calibrated route, the accuracies of forward and backward were respectively (−0.2 ± 0.5) mGal and (−0.6 ± 0.3) mGal [35]. In the air-borne test, compared with the upward continuation of ground gravity data, the accuracies of repeated and cross lines were (−1.9 ± 3.3) mGal and (−0.7 ± 6.2) mGal, respectively. The accuracy was (−0.8 ± 3.3) mGal when the laser misalignment area was removed from the cross-measurement line [36]. In the later air-borne test, the measurement accuracy was further improved to 0.6~1.3 mGal [37]. ZJUT team also carried out dynamic tests. In addition to low-speed traction in the laboratory, they also carried out a sea navigation test. Compared with the XGM2019 earth gravity model, the measurement accuracy of (2.6 ± 13.6) mGal, (3.4 ± 15.3) mGal, and (−0.3 ± 8.1) mGal were obtained at average speeds of 22.6 km/h, 14.3 km/h and 2.1 km/h, respectively [38].



The author’s team has gradually carried out research on the atom gravimeter, especially its dynamic measurement technology. We developed a dynamic measurement test system for an atom gravimeter, which has a measurement sensitivity of 447 μGal/Hz1/2 and a long-term stability of 2.7 μGal under static conditions in the laboratory. We first used the self-developed test system to carry out experiments on the laboratory swing table, simulating the pitch and roll of the ship during navigation, and verified the feasibility of applying the equipment and method to the dynamic conditions of navigation. Then, we carried out an experiment in a certain lake area, as shown in Figure 1. Under the condition of the highest speed of 8.6 km/h, the external coincidence accuracies of the four voyages were 2.331 mGal, 1.837 mGal, 3.988 mGal, and 2.589 mGal, respectively. In addition, to meet the real-time requirements of dynamic measurement, the Kalman filter method was used for data processing, and the gravity value was obtained in real time. The measurement accuracy was (2.03 ± 7.12) mGal [39,40]. Compared with the current gravimeters, especially ONERA’s [35], our system still has some room for optimization. In the follow-up, we will continue to improve the system structure, optimize the measurement algorithm, and carry out sea navigation measurement experiments with severe sea conditions to further improve the accuracy and verify the stability and environmental adaptability of the system.



This paper focuses on the research progress of the atom gravimeter in dynamic measurement. Firstly, the principle, scheme, and device of atom gravimeter dynamic measurement are described. Secondly, the main error sources and suppression methods of atom gravimeter dynamic measurement are analyzed. Finally, the possible application direction of atom gravimeter dynamic measurement technology is discussed.




2. Dynamic Measuring Principle and Device of Atom Gravimeter


2.1. Basic Principles of Atom Gravimeter


To measure the gravitational acceleration, the atoms are cooled and trapped by a three-dimensional magneto-optical trap in a vacuum environment. The atoms are further cooled to the order of μK by polarization gradient cooling, and then the light field is turned off so that the atoms fall freely under the action of gravity. As shown in Figure 2, the π/2-π-π/2 laser pulses formed by the reflecting mirror are used to split, reflect, and combine the falling cold atoms, and the M-Z interference is realized. The acceleration information of the atoms relative to the mirror is transferred to the interference fringes. The phase difference of the atom interference between the two paths is   Δ ϕ =  k  eff   ⋅ g  T 2   , where    k  eff   ≃ 4 π / λ   is the effective wave vector of two backpropagating Raman beams,  λ  is the wavelength of the laser, and  T  is the time interval between the two Raman beams.



In order to compensate for the Doppler shift during the free-fall of the atoms, a linear chirp sweep must be performed on the frequency difference between the two Raman beams. At this time, the interference phase difference can be expressed as


  Δ ϕ =    k  eff   ⋅ g − 2 π α    T 2  .  



(1)




When the chirp rate   α =  k  eff   ⋅ g / 2 π  , the Raman optical phase shift is exactly the same as the gravitational phase shift.



In the process of interference, the internal state of the atom changes. At the initial moment, the atoms are in the    g    state, and after the action of the first π/2 Raman light, some of the atoms transition to the    e    state. The atoms in    g    transition to    e    and the atoms in    e    transition to    g    when the second π Raman beam actions. After the third Raman beam, the atomic wave packets combine and interfere. The population of atoms in    e    state after interference is measured by fluorescence signal, and its relationship with gravity phase shift is


  P =  P 0  −  C 2  cos Δ ϕ ,  



(2)




where    P 0    is fringe offset and  C  is contrast. Under static conditions, because the gravity value is basically unchanged, a number of interference fringes can be fitted by changing the chirp rate  α  and Raman light interval time  T , and the corresponding gravity value at the center of the fringe is the local gravity value [1,13,40,41], as shown in Figure 3.




2.2. Dynamic Measurement Principle of Atom Gravimeter


In a dynamic environment, the gravity value varies with the movement of the carrier position. If the gravity value is calculated by changing  T  to obtain the center of the fringe as in the static state, the data rate will inevitably be greatly reduced. For example, ZJUT takes the results of fringe fitting as a comparison item in the dynamic experiment, and the data rate is only 1/59 Hz [38]. In addition, the atom gravimeter measures the acceleration of atoms relative to the mirror; the carrier movement causes the mirror itself to generate vibration acceleration    a  vib    . And    a  vib     is often greater than the dynamic range corresponding to a fringe period, which leads to the gravity information being submerged in vibration noise, and it is almost impossible to obtain the gravity value through fringe fitting. Most research teams use an accelerometer (or seismometer) and an atom gravimeter for combined measurement and adopt different schemes to take advantage of the two to solve the above problems. At present, there are the following data processing schemes.



2.2.1. Coarse-Fine Combination


The scheme of ONERA is the Coarse-fine combination, and the specific process is as follows. Within a measurement period, the atom gravimeter obtains the population   P ( t )  , and the possible gravity value is obtained by reverse solving Equation (2):


   g  at   ( t , s , n ) =   s × arccos   2    P 0  − P ( t )  C    + 2 π × n    k  eff    T 2    +   2 π α    k  eff     .  



(3)







However, for a measured population, there are multiple possible gravity values corresponding to it, where   s = ± 1  , and  n  is an integer, which represents the multi-valued property of the measurement. In the case of little fluctuation in environmental factors such as temperature, the changes in parameters    P 0    and  C  are relatively small [42,43]. Generally, these parameters are either obtained by fringe fitting in static measurement, set as fixed values in dynamic measurement, or estimated by the average value and standard deviation of the output signal of the atom gravimeter [6]. The chirp rate  α  is determined by


  α = ± 1    k  eff   ×  g  prev   +   rnd ( 2 π )    T 2      ,  



(4)




where    g  prev     is the result of the previous measurement period, and the sign of  α  is changed alternately with the measurement period to eliminate some systematic errors [35,36].



While the sampling rate of the accelerometer is usually higher, the gravity sequence    g  acc   ( t ′ )   can be obtained with the same period, which is convolved with the sensitivity function of the atom gravimeter   h ( t ′ )   to obtain a rough estimate of gravity within the measurement period:


   g  acc   ( t ) =    ∫  − T  T    g  acc   (  t π  + t ′ ) h ( t ′ ) d t ′    ,  



(5)






  h ( t ′ ) =         T + t ′    T 2    , − T ≤ t ′ ≤ 0         T − t ′    T 2    , 0 ≤ t ′ ≤ T       ,  



(6)




where    t π    represents the time corresponding to the π pulse. Find the closest    g  at   ( t , s , n )   to the value, and  n  and  s  in Equation (3) can be determined. Then the multi-value of the atom gravimeter output can be eliminated and a definite value    g  at   ( t )   can be obtained. The data processing flow of the coarse–fine combination is shown in Figure 4.



The dynamic range corresponding to one fringe period of the atom gravimeter can be calculated by Equation (2) as   2 π /  k  eff    T 2   , and for a gravimeter  T  = 15 ms, it is only about 170 mGal. However, the general accelerometer is above 1  g , and some can even reach hundreds of  g . Therefore, when the accuracy of the accelerometer is better than   2 π /  k  eff    T 2   , the coarse-fine combination has a good effect. While solving the multi-valued problem, this scheme can improve the dynamic range of the atom gravimeter to be comparable to that of the accelerometer [11,22,44,45,46,47,48].



In this scheme, the vibration noise is mainly filtered by offline low-pass filtering of the output data, so it is more suitable for scenarios such as gravity map mapping and resource exploration that do not require high real-time performance.




2.2.2. Kalman Filter


When the measured gravity data is used for navigation, detection, and other scenarios, real-time performance is more emphasized. Therefore, teams such as French iXBlue and ZJUT have adopted another scheme, i.e., using data fusion algorithms such as the Kalman filter to estimate the gravity value in real-time. The effect of vibration acceleration    a  vib     on the reflecting mirror of an atom gravimeter is equivalent to the introduction of an additional phase shift in gravity phase shift


  Δ ϕ =    k  eff   ⋅ g − 2 π α    T 2  +  ϕ  vib   .  



(7)







The accelerometer can be firmly connected to the mirror to measure the vibration, and the vibration can be converted into the corresponding phase shift to correct the gravity phase shift:


   ϕ  vib   =  k  eff      ∫  − T  T    a  acc   (  t π  + t ′ ) h ( t ′ ) d t    ′ .  



(8)







The fringe parameters    P 0   ,  C  and the gravity value  g  are taken as state vector, i.e.,    X  =          P 0     C   g       T   . The evolution of the state vector over time is


    X  k  =  F  ⋅   X   k − 1   +  w  ,  



(9)




where,     X  k    and     X   k − 1     are the states at  k  and   k − 1   moment respectively, and   F   is the state evolution matrix:


   F  =      1   0   0     0   1   0     0   0   1      .  



(10)




  w   is the process noise of the state vector   X  , and its covariance matrix can be represented by a diagonal matrix:


   Q  =        σ   P 0   2     0   0     0     σ C 2     0     0   0     σ g 2        ,  



(11)




where    σ   P 0     ,    σ C    and    σ g    are a priori statistics of the standard deviation of    P 0   ,  C  and  g , respectively.



The population of the atom gravimeter   P ( k )   is observed, and the observation noise  v  can be expressed by the diagonal matrix   R  . The dimension of   R   is 1, and the value is    σ P 2   , i.e., the prior variance of the population  P . The observation matrix   H   is the Jacobian matrix of the state vector with respect to the observation equation:


   H  =        1      −  1 2  cos      k  eff   ⋅ g − 2 π α    T 2  +  ϕ  vib             C ⋅  k  eff   ⋅  T 2   2  sin      k  eff   ⋅ g − 2 π α    T 2  +  ϕ  vib            T  .  



(12)







Under the framework of extended Kalman filter, the gravity value can be estimated in real-time by iterative recursion [38,42,49].





2.3. Dynamic Measurement Device of Atom Gravimeter


Although the combination algorithms of different research teams vary, the dynamic measurement device of the atom gravimeter is roughly the same. The dynamic measurement device mainly includes three parts: an atom gravimeter, an accelerometer, and a dual-axis stabilized platform. The atom gravimeter mainly includes a vacuum system, an optical system, and a control system. The vacuum system is the site for atomic trapping, falling, and detection, and the vacuum environment is helpful to reduce the influence of air resistance. The optical system provides lasers with different polarizations, powers, and frequencies needed in the working process of the atom gravimeter. The control system realizes the functions of sequential control, signal acquisition, and algorithm operation. The accelerometer is fixed on the mirror to measure the vibrational acceleration or gravitational acceleration near the vacuum sensor. The vacuum sensor and the accelerometer are placed on the dual-axis stabilized platform so that the direction of the Raman light wave vector coincides with the gravity direction during the motion. This reduces the influence of the inclination angle [50] and ensures that the atom gravimeter and accelerometer measure the acceleration in the vertical direction. The inertial measurement unit in the stabilized platform can not only provide the attitude reference for the platform but also output navigation information such as the velocity and position of the carrier, which is used for subsequent Eötvös correction and accuracy assessment for the gravity output from the test system. In order to improve the accuracy of navigation and attitude, a navigation solution scheme combining inertial navigation and the global navigation satellite system is usually adopted. Figure 5 shows the schematic diagram of the dynamic measurement device of the atom gravimeter of the author’s team [40].





3. Main Error Sources and Suppression Methods of Dynamic Measurement


The atom gravimeter has excellent performance in laboratories where environmental factors are well controlled, and its sensitivity and accuracy can exceed those of a classical gravimeter, but its volume is usually large. The atom gravimeter hat can be used for field measurement and requires high stability and reliability, as well as small size, easy movement, low power consumption, and so on. Under dynamic conditions, the atom gravimeter not only needs to have the above characteristics but also needs to overcome the additional vibration noise introduced in the dynamic environment and the influence of system effects. The main error sources and suppression methods of atom gravimeter dynamic measurement are listed below.



3.1. Vibration Noise


As shown in Figure 6, because two beams of Raman light propagating in the opposite direction are needed to increase the effective wave vector and improve the sensitivity, one beam of light needs to be reflected by the mirror. However, the ground vibration will lead to the displacement of the position of the mirror   δ z   and the phase shift of the reflected Raman light, which is coupled to the gravity phase and results in an inaccurate gravity measurement. Because of the high sensitivity of the atom gravimeter, even low-level vibration may exceed its measuring range of gravity, resulting in blurred interference fringes. Under dynamic conditions, the level of vibration noise is higher, which is the main source of error and limits the accuracy of atom gravimeters.



There are mainly three methods for suppressing vibration noise: passive vibration isolation based on super springs [51], active vibration isolation with feedback control [52,53,54], and using a motion sensor such as a seismometer or accelerometer to measure vibration noise and compensate [46,48]. In practical application, in the case of obvious external vibration and large interference, the vibration compensation method has a better effect than the active and passive vibration isolation methods. Moreover, the vibration isolation device is often complex and not easy to carry, and it is not suitable for the field dynamic measurement scene. Therefore, the vibration compensation method is generally used to suppress the vibration noise in the dynamic measurement scene. This method was first proposed in 2009 by S. Merlet et al., who compared it with fringe fitting and nonlinear phase-locking and achieved a sensitivity of 55 μGal/Hz1/2 in the absence of vibration isolation in the center of Paris [48]. In 2019, Hanover University compared the performance of various types of accelerometers and seismometers using post-correction, pointing out that seismometers that are more sensitive to low-frequency motion are suitable for low inertial noise environments, while accelerometers with high dynamic range perform better in high inertial motion environments [55]. The method of using accelerometers or other vibration sensors to suppress the influence of vibration noise under dynamic measurement conditions has been provided in the previous Principle and Device section and will not be repeated.




3.2. Error from Accelerometer


Whether it is the compensation of vibration noise or the rough estimate of gravity value, the accelerometer is required to have high precision, so the error of the accelerometer itself cannot be ignored. However, due to the influence of environmental factors such as temperature or the structure of the device itself, the accelerometer drifts. For example, the commonly used Nanometrics Titan accelerometer has a temperature drift coefficient of 320 mGal/°C [56], which affects the measurement accuracy of the final gravity value. The following methods can be used to inhibit accelerometer drift: The first is to add a temperature control system; for example, the atom gravimeter laboratory transformed from a container in ZJUT installs an air conditioning temperature control device to maintain the ambient temperature and humidity and make the instrument work normally [38]. The second is to model and compensate the temperature drift of the accelerometer, collect the drift data at different temperatures, establish the drift model, and compensate through the algorithm, which can effectively suppress the temperature drift and obtain high-precision acceleration signals. Figure 7 shows the scene of our accelerometer temperature experiment. The third is to compare the exact gravity value obtained by the atom gravimeter with the one obtained by the accelerometer to get the drift value and deduct it. The three methods involve the whole process of measurement, do not conflict with each other, and can be used all or only a few of them.



In addition, due to the different installation positions of the accelerometer and the Raman reflecting mirror, there is a mechanical transfer function. If the output of the accelerometer is directly used for vibration compensation, it cannot reflect the real vibration noise. This is an important factor affecting the vibration compensation, so the transfer function needs to be calibrated before measurement. Many scholars have carried out relevant studies on the transfer function. For example, based on the simplified transfer function model including delay and gain coefficients, J. M. Yao et al. analyzed the interference fringes of the atom gravimeter and the output signal of the accelerometer and searched for the optimal values of the two coefficients in the current environment, which can more accurately speculate the real vibration of the mirror in the current environment [57]. W. B. Gong et al. used the improved chaotic sparrow search algorithm to optimize the above two coefficients, which can achieve a good compensation effect in a short period of time. After compensation, the uncertainty of fringe fitting was attenuated by 70.21%, and the search time was shortened nearly six times, effectively improving the accuracy and stability of the atomic gravimeter [58].




3.3. Dynamic Effect of the Carrier


3.3.1. Eötvös Effect


Gravity is the resultant force of universal gravitation and the inertial force corresponding to the centripetal force of the earth’s rotation. When the gravity measurement is carried out on the motion carrier, the instrument is moving relative to the earth, which is affected by the Coriolis acceleration. The superposition of the carrier velocity and the earth rotation velocity vector changes the inertia force, which leads to the deviation between the observed gravity and reality, which is called the Eötvös effect. The Eötvös effect correction is made for the gravity measurement, and its value is


  δ  a c   = 2   ω e   v E  ⋅ cos φ +    v E 2     R N  + h   +    v N 2     R M  + h   ,  



(13)




where    ω e    is the angular velocity of the earth’s rotation,    R N    and    R M    are the radius of curvature in the meridian and prime vertical of the earth, respectively,    v E    and    v N    are the eastward and northward velocities of the carrier,  φ  is latitude, and  h  is height.



Although the influence of Eötvös effect on gravity measurement can reach the order of mGal, it can be greatly reduced by the high-precision velocity and position information provided by the navigation system of the carrier.




3.3.2. Horizontal Acceleration


The stabilized platform provides a horizontal reference for the atom gravimeter to ensure that it measures the acceleration in the vertical direction. However, due to the influence of the dynamic environment and the limitations of the technical performance of the platform itself, the platform cannot be absolutely horizontal. There is an inclination angle, and gravity measurements will inevitably be disturbed by the horizontal acceleration of the carrier. Therefore, it is necessary to establish a model and correct it, which is called horizontal acceleration correction or tilt correction.



The researchers have proposed a variety of correction models, which can be divided into two categories. One is to directly use accelerometer measurements and navigation information to calculate the correction:


  δ  a H  = (  f x 2  +  f y 2  −  a E 2  −  a N 2  ) / 2  g m  ,  



(14)




where,    f x    and    f y    are the lateral and longitudinal horizontal accelerations sensitive to the dual-stabilized platform,    a E    and    a N    are the eastward and northward horizontal accelerations of the carrier, and    g m    is the gravity observations. The other is to determine the tilt angle of the platform before calculating the correction:


  δ  a H  =  g m  (  θ x 2  +  θ y 2  ) / 2 −  a  E x    θ x  −  a  N y    θ y  ,  



(15)




where    θ x    and    θ y    are the horizontal and longitudinal tilt angles of the platform, and    a  E x     and    a  N y     are the horizontal and longitudinal components of    a E    and    a N    [59].



The above are commonly used correction models, in addition, some researchers have improved the model, such as M. Liu et al., who put forward a new correction model considering the influence of earth disturbance gravity and the horizontal component of Coriolis acceleration. The validity of the model was verified by the measured data [60].



The systematic errors of the atom gravimeter under static conditions, including light intensity noise, Raman wavefront distortion, and Zeeman frequency shift, will still have an impact on the measurement under dynamic conditions, but the magnitude is relatively small. So, it is not listed here; for details, see references [31,61,62] and so on.






4. Application Direction of Dynamic Measurement


MUQUANS [63] in France and AOSense in the United States have mature commercial products of compact, mobile, and high-precision atom gravimeters, but the research on dynamic measurement is still in its infancy, and there are no related mature products reported. Compared with static or stop-and-go measurements, gravity measurement during motion has unique application scenarios. Some possible application directions are listed below.



4.1. Gravity Field Mapping


High-precision gravity field mapping not only helps to accurately study the shape and internal structure of the earth but also reveals the law of the occurrence and development of spatial physical events near the earth, which is of great significance for resource exploration, geophysics, navigation, and environmental monitoring. Vehicle-borne, ship-borne, air-borne, and space gravimeters are important gravity field mapping methods that can measure the gravity of forests, mountains, lakes, oceans, and other areas that are difficult for people to reach. Traditional gravity mapping is based on the relative gravimeter. The elastic fatigue of the spring causes the zero drift of the gravimeter. It needs to return to the reference point regularly or compare and calibrate with the absolute gravimeter, which seriously affects its mapping efficiency. The realization of dynamic measurement by an atom gravimeter makes the mapping of long-period gravity fields more efficient, continuous, and accurate. Some research teams have carried out related experiments. For example, ONERA, mentioned above, used the same set of atom gravimeters to carry out the ship-board and air-borne experiments. Gravity reference maps were drawn for both tests, and compared with the existing gravity field database, the accuracy was high, reaching the level of mGal or even sub-mGal [35,36]. It is expected that with the successful development of more and more atom gravity dynamic measurement equipment and the emergence of commercial products, gravity field mapping will be its primary application field.




4.2. Navigation


An atom gravimeter is used in the field of navigation, which can collect high-precision gravity field information through real-time measurement, match it with the pre-measured gravity map database, and obtain the position information of the carrier, i.e., gravity-matching positioning. In addition, real-time and high-precision gravity field information can also directly improve mechanical arrangement and restrain inertial navigation error divergence, i.e., gravity compensation. The two are collectively referred to as gravity-assisted inertial navigation, which uses gravity information to improve the performance of inertial navigation from different aspects so as to realize the inertial navigation retuning under the condition of GNSS rejection, correct the error divergence with time, and improve the long-term stability.



The advantage of gravity-assisted inertial navigation lies in its strong concealment and the fact that there is no need to transmit or receive external signals, so it is a veritable passive navigation system. Compared with the commonly used relative gravimeter, the advantages of an atom gravimeter are high precision, no drift, and no need for regular return correction. These characteristics provide a guarantee for underwater navigation with high precision and long voyages. However, the realization of gravity-assisted inertial navigation requires not only high-precision gravity measurement equipment, which is currently available, but also high-precision, high-spatial-resolution gravity reference maps and reliable matching algorithms. At present, there is no global ocean gravity reference map with a hundred-meter-level spatial resolution that meets the requirements of underwater navigation [64], so gravity-assisted inertial navigation cannot be fully applied. It is expected that after the completion of large-area, high-precision gravity mapping in the future, the advantages of atom gravimeter dynamic measurement can be brought into full play in gravity-assisted inertial navigation.



Moreover, although most of the current atom interferometers are designed to be sensitive to acceleration in one direction, there is no fundamental limit to extending them to two- or three-dimensional measurement. Therefore, many researchers are committed to using quantum inertial sensors instead of traditional sensors to solve the problem of inertial navigation system error divergence with time and realize drift-free inertial navigation systems. In 2006, B. Canuel et al. developed an inertial navigation system measured entirely by atom interferometers. The atom cloud is emitted in a parabolic trajectory and interacts with the top Raman light, with four configurations providing measurements of angular velocity and acceleration in three directions. The angular velocity resolution was 1.4 × 10−7 rad/s (600 s), and the acceleration resolution was 64 uGal (600 s) [2]. In 2014, Akash V. Rakholia et al. demonstrated a dual-axis accelerometer and gyroscope, using two magneto-optical traps a few centimeters apart to trap atoms alternately, achieving a high data rate of 50 to 100 measurements per second with a sensitivity of 0.9 mGal/Hz1/2 and 1.1 (urad/s)/Hz1/2 [65]. The laboratory iXAtom, which is a collaboration between France’s iXBlue and LP2N, aims to build an autonomous inertial device that does not rely on external correction. In 2016, the lab demonstrated a compact multi-axis atom interference accelerometer with a sensitivity of 230 mGal/Hz1/2 in the normal gravity and microgravity environments of parabolic aircraft [66,67]. In 2019, the team’s B. Barrett et al. proposed a method to manipulate atom wavepackets in multiple spatial dimensions. Two-dimensional interference can separate the acceleration components in two directions and the angular velocity component in one excitation, and the two-dimensional interference superposition of three orthogonal planes can measure the acceleration and angular velocity of three axes. The system can also suppress laser phase noise and common system errors [68].



The use of quantum inertial devices to realize the drift-free inertial navigation system not only requires the device to have high precision but also needs to further increase its sampling bandwidth, which is the weak link of atom interference devices due to the existence of dead time [44]. Therefore, there is still a long way to go before we realize the true benefits of high-precision and drift-free inertial navigation. At present, further research can be carried out on aspects of device configuration and combination with traditional devices.




4.3. Target Detection


Because the gravity information of large targets, such as submarines, cannot be concealed and camouflaged, target detection based on gravity has the advantage of anti-jamming. The magnitude of the gravity change caused by the target entering the detection area is related to its own mass. According to our calculation, taking the Ohio class submarine with a displacement of 18,700 tons as an example, when the distance above or below the detector is about 200 m, the regional gravity change is about μGal level [69], so the gravity measuring equipment is required to have high sensitivity. In addition, in order to cruise and detect in a large area, it is also required that the instrument can perform dynamic measurements. The atom gravimeter meets the above requirements and has great performance potential, so target detection is one of its possible application directions. But so far, the dynamic measurement accuracy and sensitivity of the atom gravimeter have not met the requirements. Mobile measurement can be considered for the time being, i.e., after the detector arrives in a certain area, target detection will be carried out after static deployment. Cruise detection will be implemented after a further breakthrough in the dynamic measurement performance of the atom gravimeter.





5. Conclusions


In this paper, the development history, principle, device, error source and suppression, and possible application direction of the atom gravimeter are introduced. The measurement accuracy of atom gravimeters under static or quasi-dynamic conditions has reached or even exceeded that of optical interference gravimeters. However, there are few reports on its dynamic measurement, and it is in the experimental stage. The atom gravimeter dynamic measurement maintains the stability of the measurement direction by adding a stabilized platform, which combines with the traditional accelerometer to solve the multi-value problem and restrain the vibration noise. Vibration noise, accelerometer error, and carrier dynamic effect are the main error sources of dynamic measurement, and their suppression and weakening are the keys to ensuring the measurement accuracy of an atom gravimeter. The application direction of an atom gravimeter for dynamic measurement is still in the exploratory stage. Compared with static measurement, an atom gravimeter may have unique advantages in the fields of gravity field mapping, navigation, and target detection.
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Figure 1. Atom gravimeter for dynamic measurement from authors’ team. 
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Figure 2. The actions of three Raman beams on atom cloud. 
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Figure 3. Interference fringe and fringe center. 
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Figure 4. Flow chart of coarse–fine combination data processing. 






Figure 4. Flow chart of coarse–fine combination data processing.



[image: Applsci 13 08774 g004]







[image: Applsci 13 08774 g005 550] 





Figure 5. Dynamic measurement device of atom gravimeter of the authors’ team. 
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Figure 6. Raman reflecting mirror generates vibration noise with ground vibration. 
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Figure 7. Scene of accelerometer temperature experiment. 
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Table 1. Reported static measurement results of high-precision atom gravimeters.
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	Research Teams
	Raman Light

Interval Time

(ms)
	Sensitivity

(μGal/Hz1/2)
	Uncertainty

(μGal)
	Resolution (Integration Time)

(μGal)





	French Aerospace Lab (ONERA) [17]
	48
	42
	25
	— 1



	LNE-SYRTE, Observatoire de Paris [18,19,20]
	80
	5.7
	4.3
	0.2 (3 h)



	Humboldt Universitat zu Berlin [21]
	260
	9.6
	3.2
	0.05 (105 s)



	the University of California, Berkeley [22]
	130
	37
	15
	2 (0.5 h)



	Wuhan Institute of Physics and Mathematics [23,24]
	200
	28
	9
	1 (4000 s)



	Zhejiang University of Technology [25]
	70
	90
	19
	—



	National institute of metrology, China [26]
	70
	44
	5.2
	0.2 (30,000 s)







1 “—” means not evaluated.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-13-08774


  
    		
      applsci-13-08774
    


  




  





media/file8.jpg
Accelerometer ——

Vacuum system —| Upper

computer
MU
Optical
system
— Control
Dual-axis. system
stabilized platform
[
|| ||






media/file11.png
Reflecting mirror

Vacuum cavity — — Raman light

Cold atom —






media/file6.jpg
Atom PO Inverse. £, (t.5.n)
werferometer cosine i
¢
Acccterometer | 2=

Convolution






media/file1.png





media/file13.png





media/file10.jpg
Reflecting mirror
Raman light

Vacuum cavity

Cold atom





media/file7.png
Atom P(t) Inverse ] g, (t.s.n)
interferometer cosine function J

h.C.a Ambiguity gx(1) Lowpass g
< _b.
l h(t" solution filter

¥ 3
g acc (T I) . acc (1‘)
[ Accelerometer ]—b[ Convolution ] o






media/file12.jpg





media/file9.png
Accelerometer ﬂ

Vacuum system —4—

_\.\

IMU I
—
T ]
Dual-axis -
stabilized platform .
| |

Upper
computer

Optical
system

Control
system





media/file5.png
251284 251286  25.1288
a(MHz/s)

25.1282





media/file3.png





media/file4.jpg
25.1284 25.1286 25.1288

a(MHZ/s)

25.1282





media/file0.jpg





media/file2.jpg
S F

2T





