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In order to overcome the shortcomings of serious arc drawing and low computational efficiency in the crosswell seismic migration method and the problems of the inaccurate velocity model and sparse distribution of reflection points in the traditional stack imaging method, the article proposes an inverse Fresnel beam XSP-CDP stack imaging method based on first-arrival wave velocity tomography combined with the characteristics of crosswell seismic wave field. Firstly, an accurate crosswell velocity model is established by the first-arrival wave tomography inversion method based on the characteristics of high energy and easy pick-up of the first-arrival wave in crosswell seismic. Secondly, the velocity model is optimized, and the energy contribution weights of effective rays to the receiver point are calculated through the crosswell seismic Fresnel beam wave field forward numerical simulation method. Then, the reflected wave field is dynamically migrated to the reflection points within the first Fresnel zone according to the weight function, and the intensive common reflection point (CRP) gather after normal moveout (NMO) correction is generated. Finally, an appropriate bin is selected for stacking. In this article, the inverse Fresnel beam method is used to decompose the single-channel seismic wave field into the effective reflection points in the Fresnel zone, which makes the fold of the reflection point more uniform and improves the imaging accuracy. The model test and actual data processing results proved the validity and robustness of this method.
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INTRODUCTION
The field of oil and gas exploration is extending to complex reservoirs, complex structures, deep layers, unconventionality, and oceans. It is facing exploration and development problems such as complex surface, complex underground structures, changeable sedimentary facies, strong reservoir heterogeneity, thin thickness, deep burial, and small trap scale. Seismic imaging needs to further broaden the frequency band urgently to improve spatial resolution, identify thinner reservoirs (2–10 m) and smaller faults (less than 5 m), improve the imaging accuracy of complex structures, and serve new areas of oil and gas exploration (Zhao et al., 2017). As a high-resolution seismic exploration method, crosswell seismic technology has become a bridge and link connecting multidisciplinary oil and gas exploration methods (Cai, 2021). With the continuous innovation of the distributed optical fiber sensing instrument and the continuous progress of the optical fiber data processing method, the optical fiber borehole seismic technology has achieved good application effect in the fine exploration of the complex structure area, thin layer oil and gas exploration area, complex surface structure area, and carbonate reservoir area (Ma et al., 2020). Crosswell seismic plays a role in resolution compensation, fine horizon calibration, and logging curve correction between drilling and seismic exploration. In the exploration method of time domain and depth domain, it plays a role of well-controlled time-depth conversion and formation depth prediction. In the process of extending from seismic exploration to fine reservoir development, it plays the role of seismic geological guidance, fine structure interpretation, and reservoir fracturing monitoring. At the same time, it builds a bridge between static reservoir description and dynamic monitoring (Cai et al., 2022).
The imaging methods of crosswell seismic mainly include migration based on the numerical solution of the wave equation and stack imaging based on the ray theory. Gaussian beam migration (GBM), the most important seismic data imaging method, is a flexible, accurate, and robust imaging technique (Hill, 1990, 2001; Hale, 1992; Gray, 2005; Nowack et al., 2005; Gray and Bleistein, 2009; Yue et al., 2012, 2019a, 2019b, 2019c). It not only solves the problems of multiple arrivals and imaging in caustic zones but also preserves high efficiency. Nevertheless, GBM produces numerous swing noises and migration artifacts when the signal-to-noise ratio and fold number of seismic data are low. Therefore, many new beam methods have been proposed, such as focused beam (Nowack, 2008; Wang and Yang, 2015; Yang J.-D. et al., 2015), complex beam (Zhu, 2013), fast beam (Gao et al., 2006), and Fresnel beam (Yang J. D. et al., 2015; Huang et al., 2016). A traditional method to reduce the artifacts is to limit the imaging zones in which reflection events are smeared either in a model-driven or a data-driven way (Chauris and Salomons, 2004). The model-driven method strongly depends on a priori information and is inaccurate when the prior information is unreliable (Koren et al., 2008). The data-driven approach does not need a priori information and is more reliable (Hua and McMechan, 2001, 2003; Sun and Schuster, 2001, 2003; Buske et al., 2009). In order to suppress migration artifacts, Hu and Stoffa (2009) designed a Fresnel-weighted function to control the contributions of each beam to the final migration results, which ensures that the beams adjacent to the specular rays have dominant smearing energies. Han et al. (2018) introduced a wavelength-dependent Fresnel beam propagator, which is constructed based on the frequency-dependent travel times and provides accurate wave-propagating directions. The crosswell seismic stack imaging method based on the ray theory can effectively avoid the migration artifacts and has higher computational efficiency. Its theoretical basis is the VSP-CDP conversion theory proposed by Wyatt (1981). This technology was first developed based on the horizontal layer. Therefore, the traditional stacking method is only suitable for simple geological structures. In order to overcome the complex structure and lithology imaging problems, different ray tracing methods are applied to VSP-CDP wave field conversion. Yan et al. (2000) combined ray-tracing algorithm for heterogenous media with VSP-CDP conversion to solve the imaging problem of crosswell seismic reflection in anisotropic media. Li and Qiang (2016) optimized the complex structures by using the block iterative segment by the segment method first and then carried out VSP-CDP conversion based on the ray tracing results to solve the reflection wave imaging problem of the complex structures between wells. Kong et al. (2007) sorted the reflected waves in the CDP gather according to the incident angle, calculated the critical angle by using the logging acoustic velocity, and determined the effective stack imaging angle by angle scanning. This method solves the imaging problem of the wide angle reflection of crosswell seismic. Yang et al. (2015, 2016, 2020b) introduced the Gaussian beam method into VSP-CDP conversion, calculated the coordinate of the reflection point and energy weight of the effective ray by Gaussian beam wave field forward modeling, and performed inverse Gaussian beam decomposition on crosswell seismic wave field during imaging. This method is not only suitable for the imaging of complex structures but also can increase the fold numbers of reflection points based on the effective proximate wave field approximation theory, which effectively improves the imaging effect of crosswell seismic-reflected wave field. Yang et al. (2020a) found that the energy distribution of Gaussian beam wave field stacking meets the normal distribution law and proposed the Gaussian beam stack imaging method based on normal distribution by comparing Gaussian beam operator and normal distribution function.
This article presents a crosswell seismic XSP-CDP stack imaging method using the Fresnel beam propagator for common shot records. Crosswell seismic first-arrival wave tomography and the method of wave field interaction analysis are used to establish the velocity model. Based on the theory of wave approximation in the vicinity of central rays (Červený and Pšenčík, 1984), we use the Fresnel beam forward modeling method to calculate the coordinate of the reflection point and energy weight of effective rays in the first Fresnel zone. Then, the Fresnel beam weight function is used to extract intensive CRP gathers in inverse Fresnel beam XSP-CDP conversion.
This article is organized as follows: First, the representation of first-arrival wave travel-time tomography is presented. Next, the Fresnel beam ray operator is deduced by comparing the Gaussian beam propagation method, and the energy weight function of the effective ray is calculated based on the Fresnel–Huygens propagation theory. Then, we apply the inverse Fresnel beam XSP-CDP stack method to convert the CSG gather into intense CRP gather. Finally, synthetic and field data examples are used to illustrate the performance of the proposed method.
METHODS
The First-Arrival Wave Travel-Time Tomography
Accurate velocity is the key to imaging. Considering that the energy of the crosswell seismic first-arrival wave field is prominent and easy to pick up, the initial velocity model is obtained by using the crosswell seismic first-arrival wave tomography (compared with the full waveform inversion, first-arrival velocity tomography is easy to realize and its accuracy can meet the requirements of imaging), and the velocity field is adjusted by the interactive velocity analysis method based on wave field forward modeling, which provides an accurate velocity model for crosswell seismic wave field imaging. The first step of tomography is to establish an initial velocity model according to the geological model range. The model is discretized, and N pixels are obtained by arranging the first and last columns of the rectangular grid. We assume that the slowness in each grid cell is a constant and can be illustrated as sj (j = 1.2,…,N). An imaging base function for each j is defined as,
[image: image]
The seismic wave slowness s (x,z) of underground media can be represented by the linear combination of sj and gj, namely,
[image: image]
It is assumed that the number of the first-arrival ray path is I, each ray can be expressed as I (i = 1.2,…,I), and it also corresponds to a first-arrival travel time and is represented by bi (i = 1.2,…,I). bi is equal to the curve integral of s (x,z) along the ith ray. Therefore, bi can be regarded as the generalized Radon positive transformation of s (x,z), namely,
[image: image]
According to the definition of gj (x,z), [image: image] is the length of first-arrival ray in the ith trace and in the j grid, which is represented by aij (i = 1.2, … ,I,j = 1.2, … ,N). Thus, the first-arrival wave travel-time tomography equations can be illustrated as,
[image: image]
Noted as,
[image: image]
where [image: image] is the length of every ray of the first-arrival wave in each grid and is obtained by LTI linear interpolation in inversion. s is a vector composed of reciprocals of seismic wave velocity in each grid, which is the result of tomography and can be expressed as [image: image]. b is a vector of the first-arrival time of each ray and can be expressed as [image: image].
The process of crosswell seismic first-arrival wave tomography is to solve Eq. 5, which is a large sparse matrix. In this article, the damped LSQR method with the advantages of fast convergence, memory saving, and small calculation amount is used for solving the equation. Coefficient matrix A is any coefficient matrix with I line and N column, that is, [image: image], [image: image], [image: image]. First, the coefficient matrix A is converted into a set of equations whose coefficient matrix is a square matrix. Then, the Lanczos method and QR decomposition method are used to solve the equations. The least squares problem of As = b can be illustrated as,
[image: image]
By adding the damping factor [image: image], it becomes a damped LSQR problem,
[image: image]
The solution satisfies the symmetric equation system,
[image: image]
where I is the unit matrix, and r is the residual vector and can be expressed as r = b-AS. As the number of iterations increases, the solution obtained by iteration does not change significantly, that is, the solution xm after the mth iteration satisfies [image: image], and the iteration stops. [image: image] is the estimation of the minimum travel time b, which indicates that the data obtained by iteration are in good agreement with the actual data.
Fresnel Beam Operator
Based on the Huygens–Fresnel wave field propagation theory, the wave field at the receiver point is the Gaussian-weighted stacking of the effective ray energy in the first Fresnel zone. The weight function can be used to describe the contribution weight of the effective ray to the energy of the receiver point. The Fresnel beam method is an improvement of the Gaussian beam method, which limits the effective half width of the Gaussian beam in the first Fresnel zone. Thus, in order to make the energy of seismic beam conform to the Huygens–Fresnel principle, the Gaussian beam method is constrained to make the finite half width of the Gaussian beam equal to the first Fresnel zone radius. It can be expressed as,
[image: image]
The initial parameters [image: image] can be obtained by solving Eq. 9 and expressed as,
[image: image]
where [image: image]. p and q are the ray parameters in the dynamic ray tracing equation, [image: image] is the average velocity, and [image: image] is the reference frequency.
It can be seen from Eq. 10 that the initial parameter of the ray constrained by the Fresnel zone is no longer a constant but a function dynamically changing with the ray arc length. It is a dynamic selection method, which can constrain the main energy of the seismic beam in the first Fresnel zone (Yang, 2016). Therefore, based on the expression of Gaussian beam seismic wave field propagation, the calculation formula of Fresnel beam seismic wave field can be obtained as,
[image: image]
where [image: image] is the velocity of the central ray, n is the component of the ray central coordinate system, and [image: image] is the travel time of the seismic wave.
Therefore, the 2D Green’s function of any point M can be expressed as the stacking of Fresnel beams in different emission directions. It can be expressed as,
[image: image]
where [image: image] is the exit angle of the central ray, [image: image] is the wave field of the Fresnel beam, and [image: image] is the Fresnel beam weight function.
The Green’s function in a two-dimensional homogenous medium can be expressed as,
[image: image]
where [image: image] is the velocity of the homogenous medium.
The Fresnel beam weight function can be obtained by comparing the analytical solution of the Green’s function and the approximate solution represented by the Fresnel beam in the homogenous medium. It can be illustrated as,
[image: image]
The propagation of the real part of the amplitude in an isotropic medium is shown in Figure 1. Figure 1A is the Gaussian beam, and Figure 1B is the Fresnel beam. They have the same parameters, such as the starting point of the ray beam is located at (500 m, 0 m), the initial direction of the ray beam is 0°, the frequency of the ray beam is 20 Hz, the reference frequency is 30 Hz, the propagation velocity is 1500 m/s, and the initial beam width is 40 m. It can be found from Figure 1 that the Gaussian beam width increases rapidly with the increase of the distance, while the Fresnel beam can control the beam width very well.
[image: Figure 1]FIGURE 1 | Comparison diagram of beam propagation in the constant velocity model. (A) Gaussian beam and (B) Fresnel beam.
The Inverse Fresnel Beam XSP-CDP Stack Imaging
The traditional crosswell seismic reflection XSP-CDP stack imaging method is to transform the sample value of the record in each CSG (or CRG) from the depth-time domain to the reflection point depth-offset domain. Each sample point in CSG can only be converted into one sample point in CRP gather. In this article, the wave field energy of each receiver is derived from the Fresnel beam energy weight of the effective rays in its Fresnel zone. Therefore, based on the Huygens–Fresnel wave field theory, the single channel record in CSG (or CRG) is converted and decomposed into multichannel CRP wave field records in the Fresnel zone under the constraint of the wave theory, and the number of reflection points is adaptively increased to improve the imaging accuracy.
The process of XSP-CDP wave field conversion is similar to NMO correction, that is, each sample point of the CSG is converted to the corresponding CRP gather. In the CSG data, ΔT1 is the travel time difference of the reflection wave from adjacent strata. The XSP-CDP conversion is to convert the wave field of ΔT1 into the wave field of ΔT2 in the adjacent strata of CRP gather, as shown in Figure 2. In order to eliminate the time difference between ΔT1 and ΔT2, ΔT1 is corrected according to the coordinates of reflection points and the depth of strata, and the corresponding wave field is converted into the wave field with the time difference of ΔT2.
[image: Figure 2]FIGURE 2 | Schematic diagram of XSP-CDP wave field conversion.
As shown in Figure 3, TRN is the sample point time when the R-channel receives the reflected wave field from the n-set stratigraphic interface, and ARN is its wave field size. The inverse Fresnel beam XSP-CDP wave field conversion is to migrate the wave field at TRN time into the reflection points belonging to the first Fresnel zone by preserving amplitude. The coordinates and weight functions of the effective rays that contribute to the ARN can be obtained through the wave field forward modeling. If the coordinate of a reflection point is (Xref, Zref), the inverse Fresnel beam XSP-CDP transformation can be expressed as,
[image: image]
where TNMO is the two-way travel time of the reflection point relative to the surface after the inverse Fresnel beam XSP-CDP wave field conversion. [image: image] is the CDP bin size. NCDP is the CDP value of the reflection point. A is the amplitude of the sample point. [image: image] is the Fresnel beam weight function. Zi and Vi are the depth and velocity of every stratum corresponding to the reflection point, respectively.
[image: Figure 3]FIGURE 3 | Schematic diagram of inverse Fresnel beam XSP-CDP wave field conversion.
The crosswell seismic inverse Fresnel beam XSP-CDP stack imaging calculation steps are as follows: First, the spatial position of CRP, which belongs to the first Fresnel zone corresponding to the receiver point, and its Fresnel beam weight functions are calculated through the Fresnel beam forward modeling method combined with the velocity model established by the first-arrival wave tomography.
The Second step is carried out by calculating the NMO time based on the VSP-CDP conversion idea and migrating the amplitude of input trace to the imaging grid points of the output channel in the first Fresnel zone adaptively. This process decomposes and converts the single trace wave field of CSG (or CRG) into multichannel CRP wave field records in the Fresnel zone under the constraint of the wave theory.
Finally, the bins are divided according to a certain interval (including in X and t directions). If the sample point (x, t) after the inverse Fresnel beam XSP-CDP conversion falls into a CDP bin, then the sample point belongs to the CDP. All samples are migrated as mentioned previously, and the number of samples falling into each bin is counted, and their amplitudes are stacked as the output samples of the CDP point. Until all samples are completed, the final stack imaging profile is obtained.
The workflow of the inverse Fresnel beam XSP-CDP stack imaging method in crosswell seismic is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Workflow of the inverse Fresnel beam XSP-CDP stack imaging method.
RESULTS
Model Test
Based on the crosswell seismic inverse Fresnel beam stack imaging method, this section will test the correctness and robustness of the method through theoretical data. The parameters of geometry are shown in Table 1. The original field seismic data are shown in Figure 5. It can be seen from the figure that the first-arrival wave energy of the crosswell seismic is prominent and easy to pick up. The constant velocity model is used as the initial velocity (as shown in Figure 6A), and Figure 6B is the result of tomography. The crosswell seismic Fresnel beam forward modeling method is carried out with geometry shown in Table 1 based on the aforementioned velocity model, and the ray path and wave field record diagram are shown in Figure 7. As shown in Figure 7B, the velocity field is checked and optimized by interactively comparing the wave field records of the forward simulation (in red color) with the seismic records collected in the field (in black color). The crosswell seismic inverse Fresnel beam XSP-CDP wave field conversion method is used to image the original seismic data, and the CDP bin is 10 m for stacking. The imaging result is shown in Figure 8. We can see that the crosswell seismic first-arrival wave velocity tomography provides an accurate velocity field for reflection wave imaging. The Fresnel beam forward numerical simulation method not only optimizes the velocity model but also provides the Fresnel beam weight function of the effective ray for the imaging, which makes the fold number of the reflection point more uniform and improves the imaging effect.
TABLE 1 | Geometry parameters.
[image: Table 1][image: Figure 5]FIGURE 5 | Original field seismic data.
[image: Figure 6]FIGURE 6 | Velocity model. (A) Initial velocity model and (B) velocity of first-arrival wave tomography.
[image: Figure 7]FIGURE 7 | Ray path diagram and comparison diagram of wave field interaction. (A) Ray path and (B) wave field interaction comparison diagram of the 1st shot.
[image: Figure 8]FIGURE 8 | Section of crosswell seismic inverse Fresnel beam stack imaging.
Practical Application
This part employs practical data to test the effectiveness of the proposed inverse Fresnel beam stacking method. We apply the method to a crosswell seismic field data in the Bohai oilfield in China. Figure 9 is the imaging section of the ground seismic passing through the wells. Affected by the gas cloud, the internal wave field energy of the imaging section is weak (as shown in the circle in Figure 9), and the event axis is not clear, which is difficult to reflect the structural characteristics of the gas cloud area. Therefore, crosswell seismic exploration is carried out near the gas cloud area. The geometry parameters of crosswell seismic are shown in Table 2, and the original P-wave field record is shown in Figure 10 (the 36th shot after three-component synthesis). The travel time of the first-arrival wave is picked up and used for velocity tomography inversion, and the crosswell velocity model is obtained as shown in Figure 11. The geological model was established based on the results of ground seismic imaging and velocity tomography, and the Fresnel beam wave field numerical simulation of the crosswell seismic was carried out. The ray path and wave field record are shown in Figure 12. Figure 12B is the wave field interaction diagram between the forward modeling seismic records of the 39th shot (in red color) and the field seismic records after wave field separation (in black color). In the actual data processing, the crosswell seismic Fresnel beam forward simulation can not only optimize the velocity field and calculate the Fresnel beam weight function of effective rays but also guide the wave field separation of crosswell seismic. The result of crosswell seismic inverse Fresnel beam stack imaging is shown in Figure 13A. It can be seen that the crosswell seismic imaging results can effectively solve the problem of unclear geological structures in the gas cloud area. As shown in Figure 13B, the crosswell seismic imaging results (CDP bin is 6.25 m) are embedded in the ground seismic imaging profile (CDP bin is 25 m). We can see that the crosswell seismic imaging results effectively compensate for the presence of ground seismic, and the crosswell seismic imaging results outside the gas cloud area are consistent with the ground seismic imaging results.
[image: Figure 9]FIGURE 9 | Seismic imaging section across the wells.
TABLE 2 | Geometry parameters.
[image: Table 2][image: Figure 10]FIGURE 10 | Wave field records of crosswell seismic.
[image: Figure 11]FIGURE 11 | Result of first-arrival wave velocity tomography.
[image: Figure 12]FIGURE 12 | Ray path diagram and comparison diagram of wave field interaction. (A) Ray path and (B) wave field interaction comparison diagram.
[image: Figure 13]FIGURE 13 | Imaging results. (A) Section of crosswell seismic inverse Fresnel beam stack imaging and (B) overlapping map of crosswell seismic and ground seismic imaging.
DISCUSSION
Based on the Huygens–Fresnel wave field propagation theory, an inverse Fresnel beam stack imaging method suitable for crosswell seismic complex structures is proposed. The effectiveness and stability of the proposed method are verified by a theoretical model and practical data example. By studying the properties and characteristics of the Fresnel beam, the weight function formula based on the Fresnel beam stacking is derived, and it is applied to crosswell seismic stack imaging, which adaptively increases the fold number of the reflection point and improves the lateral resolution of seismic imaging. The results of model calculation and actual data processing show that this method can finely image crosswell seismic data and effectively improve the lateral resolution of imaging. It has a potential value to become one of the effective tools for crosswell seismic wave field imaging.
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