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Abstract

:

On 1 December 2020, China’s Chang’E-5 (CE-5) probe successfully landed in the northeastern Oceanus Procellarum. This work mainly presents the results of Lunar Regolith Penetrating Radar (LRPR) equipped on the CE-5 Lander. The lunar regolith structure of the landing site from the surface to 3-m depth is unveiled by LRPR, which found that abundant rock fragments are distributed in uniform lunar regolith. The imaging result proved that the drilling and sampling process was prevented by big rocks at about 100 cm depth. On the basis of the response of lunar soil to electromagnetic (EM) wave, the EM properties of the landing site estimate that the relative dielectric constant and the loss tangent are 2.520 ± 0.186 and 0.0133 ± 0.0020, respectively.
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1. Introduction


Since the 1960s, humans had probed the moon. A series of probes such as Pioneer, Prowler, Surveyor, and Apollo were launched in the 1960s and 1970s [1]. Since the 1990s, a new round of exploration was started again with missions, such as Clementine [2], Lunar Reconnaissance Orbiter (LRO) [3], Lunar Crater Observation and Sensing Satellite (LCROSS) [4], as well as the probes of China’s Chang’E series [5,6,7]. Among them, Luna16, Luna20, Luna24, Apollo11, Apollo14-17, and Chang’E-5 (CE-5) are sample return missions [8].



CE-5 is a sample return mission in China’s lunar exploration strategy of Orbit-Land-Sample return. On 1 December 2020, CE-5 mission successfully landed in the northeastern Oceanus Procellarum at 43.06°N, 51.92°W [9] (see Figure 1), and returned 1731 g of lunar soil [10,11]. Qian et al. (2021) indicated that the regolith in the site is ~4–7 m thick [12]. Yue et al. (2019) estimated the lunar regolith depth to ranges from 0.74 m to 18.00 m, with a mean of 7.15 m [13]. Sato et al. (2017) considered TiO2 abundance of 5–8 wt. % and FeO abundance of 16.5–17.5 wt. % for local basalt [14]. These studies are based on lunar orbiting satellites or ground-based radars, the relative errors are large, and do not achieve in situ detection for more accurate results.



Compared to other sample return detectors, CE-5 is equipped with Lunar Regolith Penetrating Radar (LRPR) that can conduct a perspective inspection of the exploration area before drilling and sampling, so as to discover the potential hazards in the drilling and sampling process in advance and propose corresponding countermeasures as soon as possible [15,16]. LRPR is the first ground penetrating array radar applied in the field of lunar exploration, and successfully gained the microwave characteristic data of the CE-5 landing site. The sounding results of LRPR can also be used to evaluate the EM characteristics of the landing area [15,17,18,19,20], estimate the content of mineral resources in the lunar regolith, and provide effective information for the development of lunar morphology and lunar geology [21].



This paper depicts the equipment and measurement process of LRPR, analyzes the sounding results in detail, and draws conclusions. It is organized as follows: the second section introduces LRPR equipment and its working process; the third part describes the method of data processing; the fourth section analyzes and discusses the results; the fifth section presents conclusions.




2. LRPR Equipment and Data Acquisition


2.1. Equipment


LRPR employs 12 Vivaldi antennas which are divided into 3 groups: A, B, and C. The installation is around the drilling and sampling system, and the layout of the antennas is shown in Figure 2. Because the Lander cannot move, LRPR could only detect in situ, and employs array antennas. When an antenna transmits, the other 11 antennas receive. When all the antennas are used as transmitting antennas, a detection operation is completed. Therefore, there are 12 × 11 = 132 channels in total. LRPR is carrier-free and air-coupled ground-penetrating radar about 90 cm off the ground and the bandwidth is 1–3 GHz [22,23]. The working parameters are shown in Table 1.




2.2. Work Process


As can be shown in Figure 2, the signal emitted by the antenna would be coupled/reflected many times between the antennas and the Lander; these clutters would seriously interfere with the echo of the underground target, and affect the final detection effect. To eliminate the influences of the clutters, LRPR collected the background signals without the reflection from the underground targets when the CE-5 Lander flew around lunar orbit. After successfully landing, LRPR conducted a probe, and then performed rapid imaging in real time before drilling and sampling. The result was used to guide the drilling and sampling process. The drilling and sampling process is shown in Figure 3. The outer diameter of the drill pipe was 3.3 cm and the inner diameter was 1.5 cm. After the drilling and sampling was completed, the sample was encapsulated and sent to the Ascender, and the drill pipe remained in the lunar soil. Three post-drill probes were subsequently carried out by LRPR. Due to the existence of drill pipe, the EM properties estimation and migration imaging result would be interfered. Therefore, in this paper, only the pre-drill detection is processed, analyzed, and discussed.





3. Processing Methods


The processing methods mainly include the following five steps: (1) preprocessing the raw data; (2) calculating the height of the antenna off the ground; (3) obtaining the EM wave velocity of the detection area; (4) carrying out migration imaging to obtain the fine structure of lunar regolith of the drilling and sampling area; (5) estimating the EM properties and material composition by analyzing the imaging results and preprocessed signals.



3.1. Data Preprocessing


Preprocessing involves removing the DC component, correcting the time delay of each channel, and removing the background clutter interference.



	(a)

	
Remove DC







In order to remove the DC component and retain the in-band frequency component as much as possible, the band-pass filtering is adopted (see Equation (1)). The result is shown in Figure 4b.


  H ( f ) =  {      0 , f <  f 1        0.5 − 0.5 * cos (   f −  f 1     f 2  −  f 1    ) * π ,  f 1  ≤ f ≤  f 2        1 ,  f 2  <  f 3        0.5 + 0.5 * cos (    f 4  −  f      f 4  −  f 3    ) * π ,  f 1  ≤ f ≤  f 2        0 , f >  f 4         



(1)




where    f 1  = 100   MH  z   ,    f 2  = 300   MH  z   ,    f 3  = 4   GH  z   ,    f 4  = 5   GH  z   ;



	(b)

	
Correct channel delay







LRPR employs only one transmitter and one receiver, and different channels can be switched by the switch matrix, which results in different delay of different channels [23]. Adopting channel delay correction, the delay difference could be eliminated, and the zero position of the signal can be corrected to the phase center of the transmitting antenna. The result of delay correction is shown in Figure 4c.



	(c)

	
Remove background clutter







The signal emitted by the antenna will be coupled/reflected many times between the antennas and the Lander, and these clutters will seriously interfere with the echo signal of the underground target, affecting the final detection effect. The background signals collected in the lunar orbit were used to remove interference clutter from the detection signals, and the specific processing method can be found in [24]. The process of removing interference clutter is shown in Figure 4d.




3.2. Height Calculation


Because LRPR is air-coupled ground-penetrating radar, the height of the antenna must be considered in order to accurately image the detection area. The landing gear system of the Lander is an elastic structure. After landing, under the influence of lunar gravity, the height from the ground to the antennas will also change, so the height of the antenna needs to be re-estimated. The following formula is adopted.


      4  h 2  +  x 2     c  = t  



(2)




where h is the height, x is offset, and c is the velocity of EM in vacuum. According to the Equation (2) and the multi-offset dataset that has been preprocessed, the height could be identified as 0.877 m, which is shown in Figure 5.




3.3. EM Properties Estimation


The EM properties of material are given by the complex permittivity. The propagation velocity of EM wave in lunar soil can be obtained by using the real part of the permittivity, the relative dielectric constant. Meanwhile, the bulk density and the composition of the lunar regolith can be estimated according to the relative dielectric constant that could be obtained by the reflection coefficient method [15,25,26]. The specific formula is as follows:


   ε    r     =   (    A m  + A    A m  − A   )  2   



(3)




where    A m    is the amplitude of incident wave, which is measured by LRPR prototype installed on the Lander prototype and a metal plate large enough according to the same scene on the lunar surface probe. This method is widely applied in for lunar surface relative dielectric constant derivation [15,26].  A  is the lunar surface reflection echo.



According to the relative dielectric constant that has been obtained, the bulk density of the lunar soil can be estimated by Equation (4) [8].


   ε r  =   1.919  ρ   



(4)




where  ρ  is the bulk density of the lunar regolith in g/cm3.



The imaginary part of the permittivity characterizes the loss of EM wave in the medium, and the time domain attenuation method is exploited to evaluate the attenuation characteristics of the medium [18,27]. According to the radar Equation (5):


     P R     P T    =    G t   G r   σ t   λ 2   e  − 4 α r     64  π 3   r 4     



(5)




where    G t    and    G r    is the directional gain of the antennas in the direction of transmitting and receiving,    σ t    is the scattering cross section of the target, r is the distance between antenna and target,  λ  is the wavelength of radar wavelet in free space,    P T    is the transmitted power,    P R    is the received power, and  α  is the attenuation coefficient of the medium.



According to Equation (5), the energy loss from transmitting antenna to the receiving antenna mainly contains three parts: the geometric diffusion of EM wave, the attenuation of medium, and the scattering of target. The attenuation of medium can be obtained, when the geometric diffusion of EM wave and the scattering of target are removed from the total energy loss. The geometrical diffusion of EM wave is easy to obtain, but the scattering of target body is relatively difficult. The radar cross section (RCS) of the target is divided into smooth plane, rough plane, and discrete spherical target [18,27,28].



	(a)

	
RCS for smooth surface,      P R     P T    ∝  1   r 2     ;




	(b)

	
RCS for the rough surface,      P R     P T    ∝  1   r 3     ;




	(c)

	
RCS for discrete spherical objects,      P R     P T    ∝  1   r 4     .







We take the square root of all the adjacent antennas signals of LRPR as the mean energy signal, and remove the energy loss caused by geometric diffusion. Then, the attenuation coefficient of the media can be evaluated by fitting the energy attenuation of the radar time–depth function by using the above three modes. Utilizing Equation (6), the loss tangent of medium can be estimated [18,27].


  tan δ =  α  9.1 ×   10   − 8      ε r    f    



(6)




where    ε r    is the relative dielectric constant of the medium, and  f  is the central frequency of the EM wave in the medium.



In addition, the content of FeO + TiO2 in the detection site could be estimated by Equation (7), the loss tangent and lunar soil density [8].


  tan δ =   10   0.038 ( F e O + T i  O 2  ) % + 0.312 ρ − 3.26    



(7)








3.4. Migration Imaging


The multi-offset pre-stack diffraction depth imaging method is employed for LRPR. Compared with ordinary time migration, the pre-stack depth migration is more accurate for the position of the reflected target and stratification [15,24,29]. The equation is as follows:


  o ( x , z ) =   ∑  j = 1   132    b ( j ,  t    s   j  +  t r j  )    



(8)




where   o ( x , z )   is the result of the migration image,   ( x , z )   is the area for imaging   b ( j ,  t    s   j  +  t r j  )   is the dataset of LRPR,    t    s   j    is the travelling time of channel j from transmitting antenna to   ( x , z )  ,    t r j    is the travelling time of channel j from   ( x , z )   to receiving antenna, and 132 is the number of traces.



According to Figure 6:


   t s  =    R  a , s    c  +    R  g , s      v g     



(9)






   t r  =    R  a , r    c  +    R  g , r      v g     



(10)




where c and vg are the EM wave speed in vacuum and the lunar regolith.





4. Results and Discussion


4.1. The Imaging Results and Shallow Lunar Regolith Structure


After LRPR completed the detection of the drilling and sampling area, the real-time rapid imaging was carried out. The imaging effect could intuitively map the stratigraphic structure, identify potential hazards in the process of drilling and sampling, and guide the process of drilling and sampling [30].



When the imaging had been completed, the drilling and sampling mechanism began to sample, and monitored the bit pressure of the drill pipe in the real time. The bit pressure could indirectly reflect the stratigraphic structure. The results of the image and the bit pressure could be mutually verified. Figure 7a shows the variable curve of the bit pressure with depth, and Figure 7b is the imaging result of LRPR.



As can be seen in Figure 7b, the shallow layer of about 0.30 m is uniform lunar soil, and the bit pressure of the drill pipe should be relatively small. At 0.30 m, there is a thin layer of lunar rock, and the thickness is about 0.10 m. Under this lunar rock, it is loose lunar soil, and the bit pressure should be small. Between about 0.70 m and 1 m, it is hard texture lunar rock region, where is layering phenomenon. In this region the bit pressure should be fluctuant, which poses a greater risk to the sampling work.



As can be shown in Figure 7a, the bit pressure from the lunar surface to 0.28 m depth was very small, and it should be a uniform, less dense, and loose lunar soil. The bit pressure between 0.28 m and 0.40 m suddenly sharply increased, up to 345 N, indicating that a dense lunar rock with a thickness of about 0.12 m was encountered. Between 0.40m and 0.75 m, the bit pressure became smaller, so it should be lower density and loose texture of the lunar regolith. At 0.75 m, the bit pressure sharply increased again, indicating that it encountered hard rock fragment. After 0.75 m, the drilling force decreased again. At 85 cm, the drilling force became larger again, intermittently until about 1 m, indicating that there was a larger rock zone, and multiple stratification phenomena. See the dotted box 2 in Figure 7a [31].



Comparing Figure 7a,b, it can be found that the bit pressure monitoring curve of the drill pipe is completely consistent with the detection results of LRPR. According to the results of the comparison, it can be judged that before drilling and sampling, microwave imaging for the underground structure of the drilling site in advance is such a necessary method to predict the hazards that may be encountered in the drilling process. Meanwhile, the imaging results also show that the subsurface of the landing site contains a large number of rocks, and the thickness of the lunar regolith is beyond 3 m. Limited by the time window, LRPR could not detect deeper subsurface structure.




4.2. The Relative Dielectric Constant


The relative dielectric constant of CE-5 landing site was obtained by using the reflection coefficient method [19,24], as shown in Figure 8. There were 132 channels in total, and 132 values were exploited to estimate the relative dielectric constant. The distribution of lunar rocks had a large influence on estimating the relative dielectric constant; some of the larger differences should be due to the rocks. The imaging result revealed that the subsurface of the site contained a lot of rocks. When estimating the dielectric constant, the influence of rocks could not be ignored, and the average value was more indicative of the impact of the rocks, so we drilled the average value of 2.520 and a standard deviation of 0.186 as the dielectric constant of this region [24]. Meanwhile, the imaging result was consistent with the monitoring curve of the drill pipe, and the average value of 2.520 was reasonable.



The flatness of the surface and the distribution of lunar rocks have influence on estimating the relative dielectric constant by using the reflection coefficient method. The more rocks there are, the greater the relative dielectric constant. Comparing with the topography and geomorphology of CE-3, CE-4, and CE-5 landing sites, the distribution of surface lunar rocks and the relative relationship of dielectric constants of the three sites could be roughly judged [19].



Based on Figure 1c and Figure 9, it can be seen that the surface of the CE-4 landing site is flattest, with few rocks and widespread lunar regolith. The surface of the CE-3 landing site is the most rugged, with a large number of rocks. The surface smoothness of the CE-5 landing zone is moderate, and the lunar rock distribution is moderate. Therefore, the relative dielectric constant of the CE-5 landing region should be the middle one in the three sites. According to the known literature, the relative dielectric constant of the surface lunar regolith of the CE-3 landing site is about 2.89 [17,25,32], and that of the CE-4 landing area is 2.35 ± 0.20 [19,33]. In this paper, the relative dielectric constant of the CE-5 landing region is estimated to be 2.520 ± 0.224, which is consistent with the inference.



According to the estimated dielectric constant and Equation (4), the surface lunar regolith bulk density of the CE-5 landing area is about 1.418 ± 0.186 g/cm3, which is accordant with that of Luna and Apollo lunar samples [8,34,35].




4.3. Attenuation Characteristics of Lunar Regolith


The attenuation characteristics of the lunar regolith mainly depend on the proportion of FeO+TiO2 content in the lunar regolith, while the bulk density of lunar regolith has little effect on it [8]. The attenuation coefficient of the lunar regolith is estimated by using the time domain attenuation method introduced above for the sounding signal of two adjacent antennas [18,27]. In addition, on the basis of Equation (6), the loss tangent is a function of the frequency, so the frequency analysis is performed on the selected signals, as shown in Figure 10. The center frequency 873.6 MHz is chosen as the frequency to derive the loss tangent. The estimation results are shown in Figure 11.



On the basis of the imaging result in Figure 7b, the RCS of the subsurface medium should be the rough surface. Therefore, the    R 3    fitting result is adopted as the medium attenuation in the CE-5 landing site, and the loss tangent is about 0.0133 ± 0.0020 at 873.6 MHz. Using the loss tangent and the bulk density of lunar soil [8], it can be deduced that the content of FeO + TiO2 in lunar soil is 24.76 ± 1.85 wt. %, which is consistent with the returned sample results measured in the laboratory (loss tangent = 0.014 ± 0.002, FeO+TiO2 content = 24.70 ± 3.9 wt. %) [10,21].



Compared with the lunar regolith attenuation characteristics of CE-3, CE-4, and CE-5 landing sites, the loss tangent of CE-5 is similar to CE-3 (0.014 ± 0.002) [32], and greater than that of the CE-4 landing site [6,19].





5. Conclusions


LRPR is a payload of CE-5 mission, and is a multi-offset array radar consisting of 12 Vivaldi antennas. It can only probe in situ to provide information support to drilling and sampling mechanism, and obtain the lunar regolith structure of the landing site. This paper introduces, in detail, the results of the scientific detection of LRPR, and the following conclusions can be drawn:




	
For the first time, the hyperfine structure of shallow lunar regolith is obtained with a depth of 3 m, and the lunar regolith thickness of the CE-5 landing site is beyond 3 m.



	
Ground penetrating radar should be used to detect the drill sampling area in advance, which can effectively prevent the potential hazards in the process of drilling and sampling.



	
The relative dielectric constant of the surface lunar regolith of the CE-5 landing area is 2.520 ± 0.186, which is slightly higher than the CE-4 landing site of 2.35 ± 0.20 and slightly lower than the CE-3 landing site of 2.89, consistent with the size and distribution of exposed lunar rocks in the landing site. The bulk density of the surface lunar regolith of the CE-5 landing site is about 1.418 ± 0.186 g/cm3.



	
The loss tangent is about 0.0133 ± 0.0020 of the CE-5 landing site when the center frequency is 873.6 MHz. The attenuation is similar to that of the CE-3 landing site, which is greater than that of the CE-4 landing site. The FeO+TiO2 content of the CE-5 landing site is about 24.76 ± 1.85 wt. %.
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Figure 1. The landing area of CE-5. (a) The geologic context (the red cross is the location of CE-5 Lander) obtained by CE-2 Digital Orthophoto Map (DOM). (b) The landing site image obtained by the CE-5 lander camera (the white frame is CE-5 Lander). (c) The topography taken by the CE-5 panoramic camera. 
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Figure 2. The layout of LRPR antennas. The interval between adjacent antennas is 0.12 m, and the width of the synthetic aperture is 1.56 m. 
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Figure 3. The scene of drilling taken by the monitor camera installed at the bottom of the Lander. 
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Figure 4. The preprocessing results. (a) The raw data. (b) Remove the DC component by band-pass filter. (c) Channel delay correction. (d) The result of eliminating the clutters interference. 
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Figure 5. Calculate the antennas height. The dataset is the preprocessed data. The horizontal axis is the antenna offset, whereas the vertical axis is the two-way travel time. The red dotted line is the ground reflection arrival time obtained by Equation (2). 
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Figure 6. The schematic of pre-stack depth migration. 
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Figure 7. The detection result of LRPR. (a) The variable curve of the bit pressure with depth. Dotted boxes 1 and 2 represent the two areas with relatively higher bit pressure. (b) The imaging result which is applied data preprocessing, migration, exponential compensation gain, and to take the envelope of the image. The solid black line represents the drill pipe. Comparing (a) and (b), both results are exactly consistent. 
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Figure 8. The estimation of the relative constant. (a) The relative dielectric constants of 132 channels, which the ‘*’ donate the estimated values. (b) The distribution of 132 values. The average value is 2.520, which is employed as the relative dielectric constant of the surface lunar regolith. 
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Figure 9. (a) This is the topography and geomorphology of CE-3 landing site. (b) This is the topography and geomorphology of CE-4 landing site. 
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Figure 10. The frequency spectrum of the selected signals. The center frequency 873.6 MHz is used to estimate the loss tangent. 
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Figure 11. Lunar regolith attenuation characteristics derived from LRPR. The relative dielectric constant 2.520 is utilized for time–depth conversion. R denotes the depth. Tana is the loss tangent. (a) The interval of pink dotted line is the interval selected to evaluate the attenuation characteristics of the lunar regolith. (b–d) The pink lines are the linear fitting results of the power attenuation with depth, and the attenuation coefficient of the lunar regolith can be derived from the slope of the fitting line. 
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Table 1. Main Parameters of LRPR.
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	Parameters
	Performance Index





	bandwidth
	1~3 GHz



	Sample interval
	18.315 ps



	Center frequency
	2 GHz



	Duration time
	54.945 ns



	Penetration depth
	≥2 m



	Range resolution
	<5 cm



	Channel number
	132
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