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Abstract

:

Atom-interferometry gravity gradiometry has been developed as a promising technique for future gravity gradiometric missions after GOCE due to its greater sensitivity in micro-gravity environments and constant performance over the measurement bandwidth. In this paper, a feasible method of spaceborne atom-interferometry gravity gradiometry is proposed by utilizing the free-fall condition of the cold atoms in space. Compared with GOCE, which shows an in-orbit noise performance of 10~20 mE/Hz1/2, the scheme described in this paper would achieve a high sensitivity of 1.9 mE/Hz1/2 for gravity gradients measurement by reducing the orbital altitude and optimizing the interrogation time for atom interferometry. The results show that the proposed scheme could significantly augment the spectral content of the gravity field in the degree and order of 280~316 and resolve the global gravity field with an improved accuracy of 0.2 cm@100 km and 0.85 cm@80 km in terms of geoid height, and 0.06 mGal@100 km and 0.3 mGal@80 km in terms of gravity anomaly after 1270 days of data collection.
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1. Introduction


The technique of satellite gravity gradiometry (SGG) has been successfully applied in the GOCE (Gravity field and steady-state Ocean Circulation Explorer) mission [1], which provides the measurement of the second derivatives of the gravitational potential through a core sensor electrostatic gravity gradiometer (EGG) and is devoted to retrieve high harmonics of the global static gravity field. GOCE was launched in March 2009 and performed in orbit for a lifespan of four years. Although it ended in 2013, the continuity of such a gradiometric mission is still of utmost importance in many scientific fields, and spaceborne gravity gradiometers with higher precision are required for future gravity gradiometric missions to achieve better performances than GOCE. However, our previous work [2] has shown that the EGG, which contributes the largest noise to GOCE gradiometry in the measurement bandwidth (MBW) from 5 mHz to 0.1 Hz, actually approaches its maximum performance, even if some improvements can be realized. Furthermore, GOCE in-orbit results show that a noise level of only 10~20 mE/Hz1/2 was obtained for the four accurate gradient components Vxx, Vyy, Vzz and Vxz [3], although it was originally designed for an instrument noise of about 6 mE/Hz1/2 [4].



During the last decade, quantum gravity gradiometers based on atom interferometry have been in rapid development with increasing precision [5,6] and can be considered as an ideal candidate sensor for the future gradiometric mission due to their remarkable stability and high sensitivity in a micro-gravity environment [7]. On the one hand, the sensitivity of the atom interferometer increases with the square of the interrogation time T. In a ground-based experiment, the interrogation time T is restricted to less than one second due to the spatial configuration of free-fall cold-atom interferometer apparatus. In micro-gravity environments, the absence of gravity allows the interrogation time T to reach tens of seconds as T is dominantly limited by the slow thermal expansion of the atoms. Consequently, it enhances the sensitivity by orders of magnitude over ground-based measurements while still keeping a compact set-up [8]. On the other hand, the atom interferometry gravity gradiometer does not suffer from drift but exhibits a very low and spectrally white noise across the MBW as compared with the GOCE gradiometer [9].



Many technological developments are presently ongoing in order to bring atom interferometry instruments to maturity for space applications [10]. Previous studies have demonstrated the possibility of performing gravity measurements on mobile platforms using compact cold atom gradiometers [11,12]. Transportable atom interferometers for spaceborne platforms and quantum gravity gradiometers for satellite-based global gravity field mapping are also being developed [13,14]. The corresponding experiments have already been conducted in the free-falling environment in a drop tower [15,16] and in a 0 g plane [17].



For future satellite gradiometric missions, a feasible method of spaceborne atom-interferometry gravity gradiometry is proposed in this paper. High sensitivity could be achieved through optimizing the orbital parameters and instrumental parameters, which would lead to the improvement of global gravity field determination and new opportunities for the study of earth science.




2. Principle of Atom-Interferometry Gravity Gradiometry in Space


SGG provides the second-order derivatives of the Earth’s gravitational potential V at the orbit height by carrying a spaceborne gravity gradiometer. The gradiometer consists of pairs of accelerometers. Based on the principle of differential accelerometry, the gradients of the gravitational accelerations can be obtained, which form a gravitational gradient tensor (GGT) with a 3 × 3 matrix as below [18]:


     ∂ 2  V   ∂   r  2    =  [         ∂ 2  V   ∂  X 2       ∂ 2  V   ∂ X ∂ Y      ∂ 2  V   ∂ X ∂ Z          ∂ 2  V   ∂ Y ∂ X      ∂ 2  V   ∂  Y 2       ∂ 2  V   ∂ Y ∂ Z          ∂ 2  V   ∂ Z ∂ X      ∂ 2  V   ∂ Z ∂ Y      ∂ 2  V   ∂  Z 2       ]  =  [     V  xx      V  xy    V  xz        V  yx      V  yy    V  yz        V  zx      V  zy    V  zz      ]  .  



(1)







GOCE is the first mission to realize the concept of SGG in space. The core sensor electrostatic gravity gradiometer is placed at the satellite’s center of mass (CoM). It consists of three pairs of electrostatic accelerometers that are orthogonally mounted with a baseline of 50 cm and forms the gradiometer reference frame (GRF), as shown in Figure 1. Based on the electrostatic servo control for a test mass, the electrostatic accelerometer is used as an inertial sensor. The gravity gradients can be derived from the differential mode of the linear acceleration outputs of the gradiometer, where angular effects of the satellite also exist and must be removed [3].



Spaceborne atom-interferometry gravity gradiometer is fundamentally different from the previous mechanical sensor. It uses clouds of cold atoms as the test mass, which allows ultra-precise measurement in micro-gravity environments due to the longer interrogation time in space and shows a very low white noise spectral behavior. For inertial measurements with atom interferometry, 87 Rb, 85 Rb, and Cs atoms have been utilized, as there are cheap commercial diode lasers whose output frequencies are just near the resonant frequencies of the interest transition lines of these atoms. Compared to Rb atoms, Cs atoms have larger clock transitions, thus being appropriate to serve as a clock. In contrast, Rb atoms have a smaller collision shift and larger wave number, which makes them appropriate to serve for inertial measurements. Currently, 87 Rb atoms are most commonly used in inertial measurement by atom interferometry.



A gravity gradiometer is implemented with a pair of simultaneous atom-interferometer accelerometers. In an atom-interferometer accelerometer, a cloud of atoms is firstly collected and cooled in a Magneto-Optical Trap (MOT) by laser cooling and trapping techniques, and then the atoms are released from the MOT. Atom interferometry utilizes the wave nature of atoms to realize the interference of atom wavepackets. In analogy to optical interferometry, the atom wavepacket is firstly split, then reflected, and finally combined in an atom interferometer, and light pulses are usually explored to implement the above coherent manipulation of the atom wavepacket. During the interference process, a net phase shift φ is accumulated, which is related to the acceleration experienced by the atoms along the Raman laser direction of propagation. The output phase φ can be given by [19]:


  φ =  k  eff   a  T 2  ,  



(2)




where keff defines the effective wave vector of the Raman transition, T is the interrogation time between π/2 and π pulses, and a represents the accelerations sensed by the atom-interferometer accelerometer in GRF. For an atom-interferometer accelerometer pair in space, a can be written as:


   {     a   i , p    =  V  ii   ⋅  l i  / 2 +  a   i , ng , p         a   i , q    =  V  ii   ⋅ ( −  l i  / 2 ) +  a   i , ng , q    ,      



(3)




where ai,p and ai,q represent the accelerations sensed by the atom-interferometer accelerometer p and q along i direction (i = x, y, z) in GRF, Vii is the diagonal component of the GGT, li is the baseline separation of the atom-interferometer accelerometer pair along i direction, ai,ng,p and ai,ng,q represent the non-gravitational accelerations sensed by the atom-interferometer accelerometer p and q along i direction, which include external environment disturbances acting on satellite and the satellite angular effects, which are caused by the rotational angular velocity    ω →      of the satellite around its own axis, and include the centrifugal acceleration      ω →     × (     ω →     ×     r →     )    and Coriolis acceleration   2   ω →   ×   v →    , which will be discussed in detail in Section 3.



The gradiometer measures the gravitational acceleration difference through the differential phase output of the atom-interferometer accelerometer pair, as shown in Figure 2. In an atom-interferometry gravity gradiometer, the differential phase output can be given by:


  Δ  φ i  =  k  eff   (  a   i , p    −  a   i , q    )  T 2  =  k  eff   (  V  ii   ⋅  l i  + Δ  a   i , ng    )  T 2  ,  



(4)




where   Δ  φ i    represents the differential phase output of the atom-interferometer accelerometer pair along the i-axis,   Δ  a   i , ng    =  a   i , ng , p    −  a   i , ng , q      is the differential non-gravitational acceleration, which mainly relies on the satellite angular effects in that most of the external environment disturbances (e.g., air drag, thruster firing) can be suppressed as common mode signals by differential accelerometry.



From the above, the diagonal gradient component Vii can be derived from the differential phase outputs of the atom-interferometry gravity gradiometer, where the non-gravitational accelerations, such as satellite angular effects, still exist and should be removed in the data processing.



It is noted that in order to improve the signal to noise ratio, the three diagonal components are usually used for gravity field recovery because the value of the diagonal elements is much larger than the off-diagonal elements. In addition, the trace of the gravity gradient tensor (the sum of the three diagonal components) is ideally zero, which can be used to evaluate the noise level of SGG. Thus, SGG mainly focuses on the measurement of the three diagonal elements. In our scheme, three diagonal elements can be measured with high precision, while the off-diagonal components cannot be measured due to the laser direction. However, in future work, other schemes could be designed to measure the off-diagonal components by changing the laser direction and gradiometer configuration.




3. SGG Mission Concept Based on Atom-Interferometry Gravity Gradiometry


This section firstly gives a feasible measurement concept for atom-interferometry SGG, which is quite different from on-ground measurement. Secondly, the measurement procedure, illustrations of the gradiometry set-up, and the linkages between the components are given. Thirdly, the determination of the key measurement parameters such as interrogation time are analyzed. These measurement parameters are very important and directly determine the final measurement noise of atom-interferometry SGG. Finally, the noise contribution to the atom-interferometry SGG is calculated.



3.1. Measurement Concept for Spaceborne Atom-Interferometry Gravity Gradiometer


Atom interferometers are expected to achieve high sensitivity in gravity measurements from space, where the operation is quite different from that on the ground. Generally, in a ground-based measurement, the loaded cold atoms are launched vertically to form an “atomic fountain” and interference is implemented during the subsequent free fall of atoms. While in space, the cold atoms are flying as a drag-free test mass due to the micro-gravity environment, where the relative velocity between the atoms and the chamber (satellite) is nearly null [10]. In this case, no launch is necessary for the released atoms, allowing a much longer interrogation time in space. As a result, a viable technical implementation of the spaceborne atom-interferometry gravity gradiometer is shown in Figure 3, and the measurement procedure is given in Figure 4.



The atom-interferometry gravity gradiometer is placed at the satellite’s CoM. It consists of three orthogonally mounted one-axis gradiometers. Each of them constitutes two atom-interferometer accelerometers separated by a baseline of 50 cm. For each pair, the 87 Rb atom clouds are cooled and trapped in an MOT by the cooling and trapping laser, and then the Raman laser is emitted along the baseline direction and reflected back by the mirror to form counter-propagation laser beams centered on a non-uniform magnetic field. The trapped atoms are then released from the MOTs. The atoms are free flying as drag-free test masses in the frame of spacecraft, and the unitary velocity is null in ideal cases.



In each pair of accelerometers, the atom interferometry is realized simultaneously by using the same Raman laser beams so that common-mode noises can be effectively rejected in measuring the gravity gradient [14], such as Raman laser phase noise and vibration. In this case, the differential acceleration Δai in the micro-gravity environment can be given as [9].


  Δ  a i  =  V  ii   ⋅  l i  + Δ  a   rot , i    ,  



(5)




where Δarot,i defines the differential acceleration along the i direction induced by satellite rotational motion. For the measurement of diagonal gradient components, the satellite rotational part mainly contains centrifugal acceleration and Coriolis acceleration and should be removed in determination of the gravity gradients Vii [20], which are discussed in detail in Section 3.3.2.



From the above, the measurement expression for diagonal components of the GGT can be given by:


   V  ii   =  1   l i     (    Δ  φ i     k  eff    T 2    − Δ  a   rot , i     )  .  



(6)








3.2. Optimization of Basic Parameters for Atom-Interferometry-Based SGG


Atom-interferometry gravity gradiometry with high precision is expected for future gradiometric missions. The sensitivity could be improved by optimizing the orbital parameters and interrogation time of atom interferometry, and these are discussed in detail as follows.



3.2.1. Optimization of Orbital Parameters


It is common practice that higher degrees of the gravitational field mapping could especially benefit from the reduced orbit altitude as the gravity field signal attenuates with increased altitude. This means the orbit altitude requires being as low as possible for future satellite gradiometric missions. Actually, the altitude determination is limited by the satellite’s capability for continuously counteracting the non-conservative accelerations at a low Earth orbit (LEO) so as to keep the satellite flying at a constant altitude and provide a suitable lifetime for the mission operating.



The non-conservative accelerations at LEO mainly come from the atmospheric drag in the flight direction. The acceleration disturbance adrag caused by the atmospheric drag can be formulated as     a   drag   =   F   drag   /  m  sc   =  C D  ρ  a p    V  R    2  / 2  m  sc    , where Fdrag is the atmospheric drag force, ρ is the local atmospheric density that varies with orbital altitude and period of the solar activity, CD = 2.2~2.6 is the coefficient of the atmospheric drag force, VR is the velocity vector of the incidence atmosphere stream, Ap is the area of the satellite’s cross section perpendicular to the atmosphere velocity vector. Models of the atmospheric density are employed to exhibit an atmospheric drag variance with orbital altitude, which provides a conservative estimation of the maximum atmospheric drag acceleration with a level of 10−6~10−5 m/s2 at LEO (altitude below 500 km), as shown in Figure 5. It would cause a rapid decrease in the orbit altitude.



Fortunately, the relatively high non-gravitational accelerations in the flight direction can be compensated by the active drag-free control, making use of ion and micro-thruster actuators, as applied in the GOCE gradiometry [21]. An area-mass ratio of Ap/msc = 0.001 is also used in the satellite design to minimize the atmospheric drag. This allows GOCE to operate at a nominal mean altitude of about 260 km from launch 2009 to mid-2012 [22], and the satellite orbit was lowered to 229 km in May 2013 in order to maximize the scientific return of the mission at the end of the mission lifetime. With the remaining fuel of the ion thruster, it was still possible to remain in drag-free mode for almost 6 months until the GOCE mission ended in November 2013 [23].



In this case, an orbital altitude of 229 km, which has been demonstrated in the GOCE mission, is suggested for the future atom-interferometry-based SGG, and an in-orbit scientific measurement duration of at least 6 months in drag-free mode at an altitude of 229 km could be achieved. An orbit eccentricity of 0.001 and an inclination of 96.5° are designed, which is consistent with GOCE. In addition, as the solar activity has an 11-year cycle [24], the satellite could be launched during the predicted time period from May 2029 to May 2031, when the solar cycle reaches its minimum. This would bring smaller external force disturbance and thus allow longer mission lifetime.




3.2.2. Optimization of Interrogation Time for Atom Interferometry


It is well known that the sensitivity of the atom-interferometry gravity gradiometer increases with the interrogation time T, which forms an interferometry time of about 2T for a single measurement (τ ≤ T). Before starting atom interferometry, it is possible to prepare the cold atoms in Tpre = 1 s [25], and then the total time to complete a single measurement of atom interferometry can be considered as Ttotal = 2T + Tpre, corresponding to a sampling rate fsam = 1/Ttotal for gravity gradiometry, as shown in Figure 6.



However, this presents a limitation on the determination of the spatial resolution of the gravity field model (half-wavelength) as follows:


  D =   π R    L  max     =   π R    f  max   /  f  orbit     = 2 π R ( 2 T +  T  pre   )  f  orbit   ,  



(7)




where D defines the spatial resolution of the gravity field model, R ≈ 6378 km represents the Earth’s mean radius, Lmax is the maximum degree of the expected spherical harmonic series expansion, forbit ≈ 1.87 × 10−4 Hz is the orbital frequency at an altitude of 229 km, and fmax = fsam/2 is the maximum frequency within which undistorted measurement signals can be obtained based on the Nyquist sampling theorem [26].



As defined before the launch, the objective of the GOCE mission was to resolve the Earth’s gravity field with a spatial resolution of 100 km [27]. It is obvious that the aim of future satellite gradiometric missions is to achieve better performance than GOCE in order to improve our knowledge in the field of earth science. Accordingly, a spatial resolution of 50~100 km is expected for the atom-interferometry-based SGG, which requires an interrogation time T from 2.8 s to 6.2 s, as shown in Figure 7. In this work, we select the interrogation time as a conservative value of T = 2.8 s, which corresponds to a total time of Ttotal = 6.6 s for a single measurement of atom interferometry and a sampling rate of fsam ≈ 0.15 Hz for SGG, and the resultant high frequency end of the gradiometer MBW can be determined as fmax = fsam/2 = 75 mHz.





3.3. Expected Sensitivity of the Spaceborne Atom-Interferometry Gravity Gradiometry


In this section, we analyze the potential sensitivity of the spaceborne atom-interferometry gravity gradiometry, as it dominantly affects the accuracy of the Earth’s gravity field recovery. The measurement error mainly comes from three parts: differential acceleration measurement, determination of the centrifugal acceleration and external disturbances, which are discussed below, respectively.



3.3.1. Differential Acceleration Measurement


Differential accelerometry by the atom-interferometer pairs is the key procedure of the atom-interferometry-based SGG. In order to enhance the sensitivity, Bose–Einstein Condensate (BEC) atoms at 10 nK can be used in our scheme to obtain a slow thermal expansion of 1 mm/s [9]. In this case, the entire expansion radius of the 87 Rb atom clouds would be no larger than 5.6 mm during an interferometry time of about 2 T = 5.6 s, which can be totally covered by a Raman beam diameter of 12~30 mm [28,29].



Differential acceleration of atomic clouds is detected based on simultaneous measurement of the phase shift φ, and the phase resolution is ultimately limited by quantum projection noise. For BEC atoms, the quantum projection noise with a Poissonian δφ = N−1/2 dependence would be traded for a reduction resulting from the N−1 dependence [30]. Thus, it gives an ultimate sensitivity to acceleration measurement as follows [8]:


  δ a ( f ) =  1 C   1  N  k  eff    T 2    ⋅    T  total     ,  



(8)




where keff = 1.6 × 107 m−1 in 87Rb is the effective wave-vector of the Raman laser [10]. C defines the interferometer contrast, which is mainly influenced by the satellite’s rotation and gravity gradients [8]. Here, we choose a typical value of C = 0.6 under T ≈ 3 s by considering the impact of gravity gradients on contrast loss, and the effect of the satellite’s rotation is discussed in Section 3.3.2. N is the number of atoms for interference. Recent studies show that a BEC of N = 1 × 105 87Rb atoms can be produced at 1 Hz rate for mobile atom interferometers [31]. Conservatively, assuming 80% of the initial BEC atom number is left for interferometry after the state selection, it would in principle give a sensitivity of δa = 4.3 × 10−13 m/s2/Hz1/2 to acceleration measurement in the MBW. It corresponds to a sensitivity of δVii = δa/li = 1.2 mE/Hz1/2 for gradiometry under a baseline of li = 50 cm, where a term    2    is accounted for due to the uncorrelated noise of the two differential accelerometers. The result shows that it is at least three orders of magnitude better than the ground-based experiment of atomic fountains and one order of magnitude better than the in-orbit performance of the GOCE gradiometer.




3.3.2. Recovery of the Satellite Angular Effects


In the Earth center inertial (ECI) coordinate system, Newton’s second law is used for the atom cloud:


   1 m    F  G  =    a →   o  +    a →   r  +   ω →   × (   ω →   ×   r →   ) + 2   ω →   ×   v →    



(9)




where FG represents the gravitational force from the Earth’s mass to atoms, m is the mass of the atoms,      a →   o    is the flight acceleration of the satellite centroid relative to ECI) coordinate system.      a →   r    is the acceleration of atoms relative to the satellite in the spacecraft body-fixed frame, which is also the output of the atom interferometers.      ω →   × (   ω →   ×   r →   ) + 2   ω →   ×   v →      is the centrifugal and Coriolis accelerations in the spacecraft body-fixed frame, where    ω →    represents the rotational angular velocity of a satellite around its own axis.     v →     is the velocity of atoms relative to satellite in the body-fixed frame of the spacecraft.



The output of a pair of atom interferometers (defined as #1 and #2) along the same direction (single-axis gradiometer for example) can be written by


   {       a →    r 1   =  1 m   F   G 1    −     a →    o  −  [   ω →   × (   ω →   ×     r →   1   ) + 2   ω →   ×     v →   1   ]         a →    r 2   =  1 m   F   G 2    −     a →    o  −  [   ω →   × (   ω →   ×     r →   2   ) + 2   ω →   ×     v →   2   ]       



(10)







Thus, the differential output (namely the output signal of the single-axis gradiometer) is


       (    a →     r 1    −    a →    r 2   )     L ^    L   =  1 m     (   F   G 1    −    F     G 2     )    L ^    L  −    (   [   ω →   × (   ω →   ×     r →   1   ) + 2   ω →   ×     v →   1   ]  −  [   ω →   × (   ω →   ×     r →   2   ) + 2   ω →   ×     v →   2   ]   )    L ^    L   



(11)




where L is the baseline length of the single-axis gradiometer, and    L ^    determines the direction of the sensitive axis of the single-axis gradiometer. The first term in the right hand of the equation stands for the gravity gradient signal of the Earth that we intend to obtain. The second term stands for the influence induced by the satellite rotation, which is expected to be corrected in the measurement.



As the satellite carries out a rotational motion in space, the centrifugal acceleration ω × (ω × r) and Coriolis acceleration 2ω × v exist in the output of each atom-interferometer accelerometer, which can be expressed as follows:


      a   rot     =  ω  × (  ω  ×  r  ) + 2  ω  ×  V       =  (      −  ω y 2  −  ω z 2       ω x   ω y       ω x   ω z         ω x   ω y      −  ω x 2  −  ω z 2       ω y   ω z         ω x   ω z       ω y   ω z      −  ω x 2  −  ω y 2       )   (       r x         r y         r z       )       + 2  (     0    −  ω z       ω y         ω z     0    −  ω x        −  ω y       ω x     0     )   (       V x         V y         V z       )  ,    



(12)




where ω = [ωx, ωy, ωz] represents the satellite angular velocity, r = [rx, ry, rz] denotes the relative position of the atom clouds with respect to the satellite CoM, and v = [vx, vy, vz] is the residual velocity of the atom clouds relative to the satellite. These accelerations should be precisely measured and controlled in order to arrive at the gravity gradient components Vii and are discussed below.



The centrifugal acceleration measurement errors on diagonal components of the GGT can be written as:


  δ  V  ii   ( f ) = 2  ω j  δ  ω j  ( f ) + 2  ω k  δ  ω k  ( f ) ,  



(13)




where δω is the measurement noise of the satellite angular velocity, and the subscript i, j and k (i = x, y, z; j = x, y, z; k = x, y, z) complete a right-handed triad. As the satellite attitude is Earth-pointing and the angular velocity around y-axis (nominal speed of ωy ≈ 1.17 × 10−3 rad/s) is much greater than that of the x-axis and z-axis, the centrifugal acceleration would produce the largest effect on the measurement of Vxx and Vzz. The dominant centrifugal terms around the y-axis can be recovered through an ultra sensitive gyroscope, which might give a high level of performance for satellite angular velocity measurements. The reported noise levels of the existing laser gyroscopes for rotation sensing have reached δωi = 2.2 × 10−10 rad/s/Hz1/2 although it is a little larger in size (1 m × 1 m) [32]. However, we can expect a more compact one for space application in the future. As a result, the recovery of the centrifugal acceleration contributes a noise of 0.5 mE/Hz1/2 to Vxx and Vzz measurement, and the noise of the Vyy component is much smaller than that of Vxx and Vzz. It is mentioned that the angular velocity will be finally reconstructed by combining the gyroscope measurements with the satellite attitude observations derived from the star sensor in lower frequencies [20].



The Coriolis acceleration due to the coupling of the satellite angular velocity ω with the relative velocity v between the atom clouds and the satellite is also inevitable and should be carefully considered and assessed. Fortunately, a tip-tilt mirror can be used in spaceborne atom interferometers to compensate the Coriolis acceleration [33], and the residual Coriolis acceleration after compensation will contribute to the gradiometry noise as follows:


    δ  V  ii   ( f )   =  2   l i     [   ω j  δ ( Δ  V k  ) +  ω k  δ ( Δ  V j  )  ]       =  2   l i     [   ω j   2  δ  V k  +  ω k   2  δ  V j   ]     ,     



(14)




where Δvi (i = x, y, z) is the differential velocity of the two atom clouds with respect to the satellite along the i direction, the factor stems from the differential effect between the two independent atom clouds, δvi (i = x, y, z) defines the residual velocity noise of each atom cloud in that the satellite velocity can be considered as common signal and is eliminated in differential measurement. As the angular acceleration can be reduced by approximately 60 times after Coriolis compensation [33], the large angular rate of 1.17 × 10−3 rad/s around the y axis would drop to the level of 2 × 10−5 rad/s. In this case, a velocity disturbance of δvx = δvz = 10 nm/s/Hz1/2 along the z and x directions is required in order to arrive at the expected noise level of 1.2 mE/Hz1/2 for Vxx and Vzz measurements, and the requirement for Vyy measurement could be much lower as the satellite angular rate around x and z axis gives a very small value. Fortunately, the linear velocity of the released atom cloud vi is nearly null because in our scheme, the atom clouds are drag-free in the frame of spacecraft after release. The residual velocities of the released atom clouds may result from the power imbalance of the six laser beams, which are used to cool and trap the atom clouds in the MOT. This means that the intensity of the six laser beams should be well controlled. The intensity radio of the laser beams can be defined as r = P2/P1 ≈ 1 + ΔP/P, where P1 ≈ P2 = P are the intensities of the two beams for a beam pair, ΔP = P2- P1 is the intensity difference between the beams. We assume a typical sensitivity to the drift velocities of 20 μm/s per % of r [34], and then an intensity difference of ΔP/P = 5 × 10−6/Hz1/2 for the laser beams is required, which is assumed achievable in other space science missions [35].




3.3.3. External Disturbances


It is well known that the atom interferometry is quite sensitive to the environmental fluctuations, mainly from the mechanical vibration and stray magnetic field [36]. Thus, the noise from environmental phase shifts has to be carefully analyzed to reach the desired sensitivity.



The mechanical vibration is considered common-mode perturbations in SGG. On the one hand, it is possible to suppress the mechanical vibrations by simultaneous differential measurements as the atom interferometer pair shares the same Raman laser beam in our scheme and thus has a common reference frame. With this configuration, an effective common-mode rejection of 140~155 dB could be expected [14,30,37]. In addition, the mechanical vibration might be further suppressed by using an active vibration isolator [38]. On the other hand, the mechanical vibration generated from spaceborne instruments and attitude control system themselves, should be kept as small as possible. For example, the laser gyroscope suggested in our scheme would produce almost no mechanical vibration on satellite, which is feasible for future spaceborne atom-interferometry gradiometry.



The magnetic field affects the sensitivity of atom-interferometry gravity gradiometry through second-order Zeeman shifts:


  δ φ ( f ) = 2 · 2 π κ G ( f ) B δ B ( f )  



(15)




where   κ = 575    Hz / G   2    is the second-order Zeeman coefficient, and


G(f) = 2πT2f (f < 10 Hz)



(16)




is the sensitivity function of the Raman laser phase fluctuation [39], B and δB(f) are the magnetic field and its fluctuation at the atom interferometry region, respectively. In order to reduce the magnetic effect, the vacuum chamber is made of aluminum with a very low magnetic permeability, and the chamber is surrounded by a double layer of μ-metal shields to further prevent changes to the magnetic field in space [10,40]. Finally, the magnetic field would be uniform in time and in space within B = 0.3 mG along the atom interferometry region during the whole flight [10]. Experiments show that the magnetic fluctuation can be considered as δB(f) = B/100 in the MBW [41]. In this case, the magnetic field contributes a noise no larger than δVii = 0.7 mE/Hz1/2 to gravity gradient measurements below 0.1 Hz, which is acceptable for the atom-interferometry-based SGG.




3.3.4. Summary of Noise Contribution


In our scheme, the three diagonal gradient components Vxx, Vyy and Vzz can be precisely measured by atom-interferometry-based SGG. Their measurement noise is affected by several factors that can be grouped into three main classes, as listed in Table 1.



The differential accelerometry noise is related to the performance of the instrument itself and mainly depends on the quantum projection noise, which gives a potential sensitivity of about 1.2 mE/Hz1/2, as discussed in Section 3.3.1. The noise of subtraction of the satellite angular effects concerns the satellite rotational motion, including both centrifugal acceleration and Coriolis acceleration. In our scheme, the centrifugal acceleration is mainly induced by the measurement noise of the satellite angular velocity δω from a laser gyroscope, which contributes a measurement noise of 0.5 mE/Hz1/2. The Coriolis acceleration mainly depends on the atom’s residual velocity noise δvi and requires a technique of Coriolis compensation and strict control of the intensity balance of the six beams in order to achieve the goal of 1.2 mE/Hz1/2, as analyzed in Section 3.3.2. The environmental disturbances, as discussed in Section 3.3.3, mainly come from the magnetic field and contribute a noise no larger than 0.7 mE/Hz1/2 through the technique of magnetic shielding. Thus, these three types of noise are independent and uncorrelated, and a noise power spectral density (PSD) of 1.9 mE/Hz1/2 is expected for the future Earth’s gravity field observation, as shown in Table 1.





3.4. Feasibility for Implementation of the Atom-Interferometry-Based SGG


The atom-interferometry gravity gradiometry is suggested for the future satellite gradiometric mission to achieve sensitive measurements for the diagonal gradient components Vxx, Vyy, Vzz, which would improve the accuracy of the Earth’s gravity field determination. However, it would inevitably bring some risks to the actual engineering application and mission implementation, which should be paid more attention and are discussed below.



First, as the atoms are uncontrolled after release and would be drag-free in the frame of the spacecraft, small relative acceleration between satellite and atom clouds would cause a deviation of the gradiometer’s center from the satellite CoM and an error on the gradiometer’s baseline length. The CoM offset is induced by the common-mode (CM) acceleration aCM, while the baseline length error results from the differential mode (DM) acceleration aDM. For the CM part, the center of the three gradiometer axes should proximately coincide with the satellite’s CoM. However, during a total time of Ttotal = 6.6 s for a single measurement of atom interferometry, the satellite’s CoM offset with respect to the gradiometer’s center would be accumulated up to Δd = aCM·Ttotal2/2 ≈ 33 μm. It is mainly caused by the residual linear acceleration acting on the satellite, which is no larger than aCM = 1.5 × 10−6 m/s2 [2] along the three gradiometer axes. Fortunately, it is acceptable in that SGG allows the CoM offset staying within 10 cm throughout the satellite’s lifetime [27]. Furthermore, the satellite should be designed with a highly symmetric configuration in order to minimize the uncertainties in the tank’s consumption. For the DM part, a length error of the gradiometer baseline between the two atom clouds would exist, which may result from gravity gradients and centrifugal accelerations, and can be considered as


Δli = aDM·Ttotal2/2 = [Vii + (ω2 − ωi2)]·Ttotal2/2



(17)







At an orbit altitude of 229 km, this would give a maximum error of about 90 μm on the baseline length, which can be precisely determined from the measurements of the differential accelerations and will be removed in data processing. Moreover, gravity gradients can also be precisely measured without knowledge of the relative position between the atomic clouds through shifting the frequency of the Raman lasers during the central π pulse, which has been suggested for Earth observation and geodesy [42].



Second, spaceborne atom-interferometry gravity gradiometry generally needs to take several seconds to complete a single measurement, which creates a much lower data sampling rate. This is different from the GOCE accelerometer and is ill-suited to precise satellite gravity measurements. In this case, high data-rate atom interferometers can be used, which allows efficient atom recapture and is able to reduce the dead time associated with preparing the cold atoms [43].



Finally, during the measurement, the atom clouds are in free fall while the Earth-pointing satellite takes a large rotational motion around the y axis. In this case, the relative position of the two atom clouds changes with respect to the laser measurement direction in the spacecraft reference frame. This would create misalignment and reduce the contrast of the atom interferometers. Fortunately, the Raman lasers can be rotated to track the atom clouds by rotating the retro-reflection mirrors and collimators [33]. This allows us not only to mitigate the misalignment effect but also to compensate for the Coriolis force, as discussed in Section 3.3.2.




3.5. Summary of the Measuring Characteristics and Requirements


From the above, a feasible method for atom-interferometry-based SGG is proposed towards future satellite gradiometric missions. Both instruments and the satellite performances have been optimized to achieve the expected noise of 1.9 mE/Hz1/2 for Vxx, Vyy and Vzz measurements in the MBW 1 mHz~75 mHz. The measuring characteristics and requirements for mission implementation are summarized in Table 2. The comparisons with respect to GOCE gradiometry are shown in Figure 8 and Table 3.



It is noted that Table 1 shows that the largest source of noise comes from the differential measurement noise and the Coriolis acceleration noise. The Coriolis acceleration noise is not a fundamental limitation for atom interferometry gravity gradiometry, which can be further reduced in the future through Coriolis compensation and strict control of the intensity balance of the laser beams. The Coriolis acceleration noise of 1.2 mE/Hz1/2 in our manuscript is just a maximum estimation. Actually, the dominant noise is the differential measurement noise, which mainly depends on the quantum projection noise. Fortunately, the quantum projection noise with a Poissonian δφ = N−1 dependence in our scheme presents white noise characteristics during the whole frequency bandwidth. Therefore, the noise is expected to have white characteristics, which is consistent with the characteristics of the atom interferometry gravity gradiometer: it does not suffer from drift but exhibits a very low and spectrally white noise [9], as compared with GOCE gradiometer. Thus, the noise PSD of atom SGG (blue dashed line) in Figure 8 is expected to be white down to the orbital frequency (~1.9 × 10−4 Hz) since all frequencies above the orbital frequency are important for gravity field retrieval.





4. Improvements of the Earth’s Gravity Field Determination


This section gives the accuracy simulation of the gravity field recovery based on atom-interferometry SGG. The simulation method and parameters are discussed, and the reference model for comparison is introduced. Finally, the improved accuracy of gravity field recovery based on atom-interferometry SGG is given.



It is common practice to use the measured gradients Vxx, Vyy, Vzz as inputs for global gravity mapping in terms of spherical harmonics. Various gravity field models based on GOCE observations have been published. The accuracy of the released GOCE-only models is listed in Table 4. These pure GOCE models are derived from 71 days [44], 6 months [45] and 1270 days [46] of GOCE data, respectively. A recent study shows that all observations collected during the entire GOCE mission resolves the gravity field up to a maximum degree and order of 280 and provides a global model with a mean accuracy of 10 cm in terms of geoid height and 3.37 mGal in terms of gravity anomaly, respectively, at a spatial resolution of 80 km [46].



It is important to evaluate the accuracy of the gravity field modeling based on atom-interferometry SGG in order to simulate a potential improvement of the performance. The error estimation has been implemented through a directed-spectrum-analysis method [47]. For this method, a direct analytical expression between PSD of the satellite gravimetry measurements and spherical harmonic coefficients of the Earth’s gravity model is derived based on a two-dimensional Fourier description as follows


   σ l  =     ∑   m = 0   l    (   σ     C ¯     l , m     2     + σ       S ¯     l , m     2   )      =        ( 2 l + 1 ) S    zz    ( f )   1   T r          GM    R 3       (   l + 1   )   2     (   l + 2   )   2     (   R r   )     2 ( l + 3 )       



(18)




where    σ l    is the error degree amplitudes (whose square is the error degree variances, denoted as    σ l 2   ), R is the mean semi-major axis of the Earth, GM is the gravitational constant times mass of the Earth, r is the distance from the satellite’s centroid to the Earth’s center. l is the degree of spherical harmonic, Szz(f) is the noise PSD of SGG, and Tr is the data length of a time-series.



Accordingly, the cumulative geoid height errors and gravity anomaly errors can be written by


   σ N  =     ∑   l = 0   ∞    R 2   σ l 2       



(19)




and


   σ   Δ g    =     ∑   l = 0   ∞     [   GM    R 2     ( l − 1 ) ]   2   σ l 2       



(20)







The above three expressions are applied in our simulation. The results, derived from the technique of atom-interferometry SGG only, are based on an orbit height of 229 km and a white noise PSD model of 1.9 mE/Hz1/2 for atom-interferometry SGG. Different data lengths are adopted in the simulation for comparison. It is noted that the deterministic error effects such as temporal aliasing from ocean tides and non-tidal atmospheric and oceanic mass variations are not dominant and have been neglected in our simulation because SGG aims at obtaining the high-order static gravity field through long-term observation data, and these effects have been averaged out over a long period of time.



The expected error degree variance of the spherical harmonic coefficients for atom-interferometry SGG is shown in Figure 9a. Indicated by the Kaula curve, the static gravity field can be resolved up to a maximum degree of Lmax = 275 and Lmax = 289 (corresponding to a spatial resolution of 73 km and 69 km half-wavelength), respectively, based on a data length of 71 days and 6 months. Moreover, the atom-interferometry SGG is able to map the Earth’s gravity field up to a maximum degree and order of Lmax = 316 (corresponding to a spatial resolution of 63 km half-wavelength) based on 1270 days of data.



Based on the error degree variance, the resulting cumulative geoid height errors and gravity anomaly errors have been computed, and the results are described in Figure 9b,c, respectively. It is shown that atom-interferometry SGG could resolve the Earth’s gravity field model with an accuracy of 7 cm in terms of geoid height and 3 mGal in terms of gravity anomaly at degree and order of Lmax = 275 based on a data length of 71 days. Furthermore, an accuracy of 7 cm in terms of geoid height and 3 mGal in terms of gravity anomaly at degree and order of Lmax = 289 can be achieved based on 6 months of data. In addition, the accuracy of the atom-interferometry-based model is estimated to be 6 cm in terms of geoid height and 3 mGal in terms of gravity anomaly at degree and order of Lmax = 316 based on 1270 days of data, assuming a longer lifetime for future gradiometric missions.



The comparison between GOCE-only models and atom-interferometry-based models is summarized in Table 4. Compared with GOCE solutions [44,45,46], which are shown in Table 4, the accuracy of the spherical harmonic coefficients determined by atom-interferometry-based SGG would be significantly improved. The cumulative geoid height errors and gravity anomaly errors at degree and order of 250 (corresponding to a spatial resolution of 80 km half-wavelength) are estimated to be 3.5 cm and 1.2 mGal, respectively, based on 71 days of atom-interferometry SGG data, and 6 months data collection is expected to give a global model with an accuracy of 2.1 cm in terms of geoid height and 0.8 mGal in terms of gravity anomaly, respectively, at a spatial resolution of 80 km. Furthermore, a better performance, namely 0.85 cm in terms of geoid height and 0.3 mGal in terms of gravity anomaly at a spatial resolution of 80 km, would be achievable based on a data length of 1270 days if a longer lifetime is allowed.




5. Conclusions


This paper presents a spaceborne measurement scheme for atom-interferometry gradiometry. This offers a possibility to realize precise gravity measurement by releasing the atoms without starting from an initial velocity, which makes the measurement more convenient and efficient. Lower orbital altitude and suitable interrogation time can bring a high sensitivity of 1.9 mE/Hz1/2 for Vxx, Vyy and Vzz measurement. Compared with GOCE, the proposed method gives a low and flat noise PSD to gravity gradient measurement and could significantly contribute to the improvement of the Earth’s static gravity field model. It would augment the spectral content of the gravity field in the degree and order of 280~316 and give an improved accuracy in geoid height and gravity anomaly. Our study may find important applications in geodesy and Earth observation in the future and benefit many areas of geophysics research. On the one hand, it is helpful for the study of solid earth; the data in Table 4 show that after a long period of 1270 days, a better performance, namely 0.3 mGal in terms of gravity anomaly at a spatial resolution of 80 km would be achievable, which is one order of magnitude higher than the 3.37 mGal gravity anomaly obtained from the GOCE model at the same spatial resolution. It can obtain finer crustal structure, more information on plate motion, and underground resources distribution. On the other hand, the global geoid can be refined. The data in Table 4 show that the gravity field model improved by our approach can achieve mm-level geoid at 80~100 km resolution, which is higher than the cm-level geoid obtained by GOCE at the same spatial resolution. Such a precise geoid could provide a more accurate global reference for precise measurements of continents, mountain peaks and rising sea levels due to global warming.



As pointed out, the proposed scheme currently illustrates the fundamental construction of an atom-interferometry gradiometric satellite to operate in space. It is premature, and some actual engineering issues are expected to be tackled for the mission implementation in the future. For example, tracking the atom clouds by rotating retro-reflection mirrors would cause a change in the measurement coordinates, which needs more complex data processing in gravity field recovery. In addition, in order to investigate the potential improvements over earth observation, we only focus on the major error and ultimate sensitivity limit for spaceborne atom-interferometry gradiometry, and the other technical noises [9], which can be well controlled and suppressed through various methods, are not discussed here, although they still require a careful assessment in order to arrive at the high sensitivity. In addition, miniaturization of the atom gradiometer apparatus is also essential for future space application [48].
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Figure 1. Principle of satellite gravity gradiometry. 
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Figure 2. Operational principle of atom-interferometry gravity gradiometry in space. 
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Figure 3. Spaceborne atom-interferometry gravity gradiometry set-up concept. 
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Figure 4. Procedure of technical implementation of the spaceborne atom-interferometry gravity gradiometer. 
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Figure 5. Atmospheric drag variance with different orbital altitudes in the flight direction. 
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Figure 6. Time sequence for a single measurement of the atom interferometry. 
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Figure 7. Limitation on spatial resolution of the Earth’s gravity field caused by interrogation time of atom interferometry. 
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Figure 8. Noise PSD of diagonal components of the GGT for different SGG. The expected noise level of atom-interferometry-based SGG is described as a dashed line. The prelaunch design and in-orbit performance of the GOCE SGG are also shown by dotted and solid lines, respectively, for comparison. The in-orbit results of Vxx, Vyy and Vzz are relevant to one orbit of GOCE L1b data from the ESA official website (00:49:15–02:18:59, 1 November 2009, data length: 5384 s). 
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Figure 9. Expected (a) error degree variance, (b) cumulative geoid height errors and (c) cumulative gravity anomaly errors of the Earth’s gravity field mapping by atom-interferometry SGG. The results shown by the green and gray curves are based on a data length of 71 days and 6 months, respectively, while the blue curves represent performance predictions based on data length of 1270 days assuming a longer lifetime for future atom-interferometry gravity gradiometric mission. 
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Table 1. Noise contribution to atom-interferometry-based SGG.
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	Noise Source
	Noise Contribution





	Differential acceleration measurement
	1.2 mE/Hz1/2



	Centrifugal acceleration
	0.5 mE/Hz1/2



	Coriolis acceleration
	1.2 mE/Hz1/2



	External disturbances
	0.7 mE/Hz1/2



	Total
	1.9 mE/Hz1/2
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Table 2. Measuring characteristics and requirements for mission implementation.
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	Source
	Measuring Characteristics and Requirements





	Orbit
	Mean altitude: 229 km

Eccentricity: 0.001

Inclination: 96.5°

Measurement duration: ≥6 months

Satellite operating mode: drag-free mode

Suggested launch time: May 2029~May 2031



	Satellite attitude
	Attitude pointing mode: Earth-pointing

Angular velocity: ωy ≈ 1.17 × 10−3 rad/s, ωx ≈ ωz ≈ 6 × 10−5 rad/s



	Different acceleration measurement
	Measurement bandwidth: 0~75 mHz

Interrogation time T: 2.8 s

BEC atoms preparation: 105 atoms at 1 Hz rate

Sampling rate: 0.15 Hz

Baseline separation: 50 cm

Ultimate sensitivity: 4 × 10−13 m/s2/Hz1/2



	Recovery of satellite angular effects
	Gyro resolution: 2.2 × 10−10 rad/s/Hz1/2

Coriolis compensation factor: abefore/aafter = 60

Relative velocity disturbance requirement: 10 nm/s/Hz1/2

Laser intensity difference requirement: 5 × 10−6/Hz1/2



	External disturbances
	Vibration suppression: 140~155 dB

Magnetic field B: 0.3 mG

Magnetic fluctuation δB: B/100
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Table 3. Comparison between GOCE gradiometry and atom-interferometry gradiometry.
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	GOCE Gradiometry
	Atom-Interferometry

Gradiometry





	Operational principle
	Electrostatic servo-control

(Newtonian mechanics)
	Atom interferometry

(Quantum mechanics)



	Test mass
	PtRh10
	87Rb atoms



	Gradient components to be measured
	Diagonal components Vxx, Vyy, Vzz

Non-diagonal components Vxz, Vyz, Vxy
	Diagonal components Vxx, Vyy, Vzz
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Table 4. Error estimation of the Earth’s gravity field model derived by atom-interferometry SGG and comparison with released GOCE-only models.
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	Data Length
	Data Source
	Maximum Degree and

Order
	Cumulative Geoid Height Errors
	Cumulative Gravity Anomaly Errors





	71 days
	GOCE
	224
	10 cm@100 km
	3 mGal@100 km



	71 days
	Atom SGG
	275
	0.9 cm@100 km

3.5 cm@80 km
	0.24 mGal@100 km

1.2 mGal@80 km



	6 months
	GOCE
	250
	6 cm@100 km

10 cm@80 km
	1.8 mGal@100 km

3.4 mGal@80 km



	6 months
	Atom SGG
	289
	0.55 cm@100 km

2.1 cm@80 km
	0.16 mGal@100 km

0.8 mGal@80 km



	1270 days
	GOCE
	280
	2.4 cm@100 km

10 cm@80 km
	0.7 mGal@100 km

3.37 mGal@80 km



	1270 days
	Atom SGG
	316
	0.2 cm@100 km

0.85 cm@80 km
	0.06 mGal@100 km

0.3 mGal@80 km
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