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Terahertz Diffractive Imaging with Saturated Data Inpainting

Multiplane iterative phase retrieval is a promising approach to diffraction imaging, which accurately determines the topographic and internal characteristics of various objects. Nevertheless, the detection systems used often have a limited dynamic range, resulting in overexposure of recorded intensity distributions. In this Letter, we present a novel reconstruction algorithm that inpaints saturated areas on the measured intensity datasets and reliably retrieves wave complex amplitude. The proposed technique can be used in various spectral ranges, while we have tested it in the terahertz frequency range, where the problem of sources and detectors is the most acute. We show that retrieved amplitude and phase distributions have a quality comparable to that of the images reconstructed from the reference high dynamic range technique. Herewith, the proposed approach seriously simplifies process of data acquisition, what expands the possibilities in the design of measurement tools and studies of dynamic scenes.

Terahertz (THz) Phase imaging techniques with continuous wave (CW) sources are widely adopted in industrial applications due to the ease of experimental implementation and noncomplex detection system in comparison with pulsed methods [1,2]. Reconstructed information on phase delay provided by these techniques, is useful for determining topographic properties of samples [3], hidden structures of optically opaque dielectric objects [4,5], and may serve as an input for tomographic reconstruction [6]. Many CW phase measurement techniques are applied with THz radiation: digital holography [7][8][9][10][11], interferometry [12,13], transport of intensity equation (TIE) [14] and iterative phase retrieval (IPR) [15]. The last from the mentioned ones approaches include ptychography [16,17] and multipleplane algorithms such as the Single Beam Multiple Intensity Reconstruction (SBMIR) [4,5,18,19] algorithm.

One of the problems which occurs in conducting measurements for phase retrieval and which especially manifests itself in THz range is associated with low dynamic range of detection systems. Using a detector with a dynamic range less than the intensity range of a signal results in overexposure. For instance, it was proposed to use CCD sensor to visualize THz radiation [20], however, due to its strong nonlinear response and low dynamic range the measured signal quickly go into saturation as the field amplitude increases. In addition, saturated regions occur when measuring the set of intensity distributions in reflective mode for wavefront retrieval of the object that contains both highly specular and diffuse regions. The first ones reflect parts of the incident beam with high intensity, while the latter scatter the radiation over a large solid angle, resulting in a significant reduction of the detected intensity in those regions. The conventional approach to address this problem is the high dynamic range (HDR) imaging. It relies on capturing multiple images of the same scene at different exposure levels, and then combining them into a single image with a greater dynamic range. HDR technique has already been successfully implemented in the visible range in off-axis [21] and phase-shifting digital holography [22], interferometric measurements [23] and shearography [24], while we adopted it for THz phase retrieval in reflection [18]. However, when using modern express data acquisition systems [19], HDR may not be practical for dynamic scenes. Therefore, in this work, we propose a new SBMIR-I iterative algorithm which inpaints saturated areas in the acquired data used for THz computational imaging and thus exactly retrieves the whole phase distribution of the object wave. (The letter 'I' in the algorithm title denotes 'Inpainting'. The underlying idea of this algorithm develops the concept of post-processing methods in coherent diffraction imaging [25], which have been implemented for the resolution enhancement [25][26][27][28] and signal-to-noise ratio improvement [29]. Herewith, according to our knowledge, this is the first work on algorithmic overexposure correction in THz diffractive imaging.

The flowchart of SBMIR-I algorithm is shown in Fig. 1. The algorithm requires input data in the form of two-dimensional Iterative procedure of SBMIR-I diffractive intensity distributions Iq q = 1, 2, ..., Nz with saturated areas. These diffraction patterns are spaced apart by ∆z, with the first measurement plane positioned at a distance z 1 from the object. During initialization, the complex amplitude u 1 in the first measurement plane is estimated as the square root of recorded intensity I 1 and a constant phase φ0. Binary masks Mq q = 1, 2, ..., Nz are then created to exclude saturated areas. The algorithm has two loops, one by the variable s for enumerating registration planes forward and reverse, and another by the variable j for iteration number definition. The total number of transitions between each pair of neighbouring planes equals to 2(Nz 1). Variables ps and p s+1 represent the current and subsequent planes, respectively and define the sign before the ∆z (∆z). SBMIR-I, similar to the original SBMIR algorithm [18], keeps the phase estimates φp s . It replaces amplitudes with the square root of measured intensities Ip s , excluding saturated areas using the binary mask Mp s . To describe propagation between two arbitrary planes separated by ∆z, the angular spectrum operator AS∆z is introduced. Performing the internal loop results in an estimate of the complex amplitude in the first measurement plane. To calculate wavefield estimate in the object plane, u j is propagated by a distance (-z 1 ), resulting in the object field approximation u j at iteration j. The output of it with the reconstructed amplitude distribution at the specific iteration |u j | to calculate NRMSE obj . However, a more general practice in phase retrieval is to calculate the NRMSE di f f r based on the unsaturated areas of the calculated diffraction patterns (see Section 1 of Supplement 1 for details). The value of ζ can vary depending on factors such as the object size and the extent of data saturation.

For experimental validation of proposed algorithm and its performance examination we used diffraction patterns recorded in the work [18], where several multi-distance datasets were obtained, including the dataset containing saturated areas and the HDR dataset, that we used as a reference. The measurement was performed in reflection mode with a beamsplitter and a shuriken employed as an object (Fig. 2 (a)). The scheme of intensity distributions recording for SBMIR-I is shown in Fig. 2 (b). A Gunn diode with frequency multiplication chain used as a source of THz radiation (0.287 THz, 14 mW power) and experimental data acquisition was carried out with a Schottky diode detector (SD) in a raster-scan mode, the signal from which was directed onto the LIA. Measurements were performed in Nz = 27 planes with the following acquisition parameters: the distance between the object plane and the first recording plane z 1 = 83 mm; longitudinal step ∆z = 5 mm of the detector translation; the pixel pitch ∆x, ∆y = 0.5 mm; number of pixels in the spatial grid Nx, Ny = 240. For HDR dataset formation, two separate recordings of intensities were performed with two 30 dB LIAs of fixed voltages at 20 mV and 500 mV. Here, we use only one of these datasets, which contains images with saturated areas and was obtained with 20 mV fixed voltage LIA (Fig. 3 (a)). The set of binary masks, as well their inversions were designed for this dataset (Fig. 3 (b)). Then, the approximations of the missed central parts of diffracted wave field were retrieved by SBMIR-I algorithm, as shown in Fig. 3 (d). The amplitude values at this set are represented in the same range as in the reference HDR dataset, provided in Fig. 3 (e). The efficiency of inpainting in the central areas of the overexposed dataset is evidenced by the correspondence between the inpainted and the HDR cross-section graphs (Fig. 3 (c)), drawn through the center of amplitude distributions (Fig. 3 (a,d,e)). 

Rq = x,y=1 ∑ Nx,Ny |u q | 2 .
(1) 250 iterations, enabling field reconstruction of similar quality as the HDR technique. This is confirmed by the small spread

x,y=1

This parameter quantifies the energy of the diffraction pattern of values in the amplitude difference |u j -objHDR |, as seen in that is lost due to saturation. In our experiment it was estimated from the HDR dataset, setting uq = uq HDR . However, in real applications it can be approximately estimated after executing the SBMIR-I algorithm by calculating the intensities based on inpainted amplitude distributions. The results of Rq estimations range between 0.55 and 0.38 for the first and the last diffraction patterns in the dataset, respectively. In Section 2 of Supplement 1 we provide the numerical investigation of SBMIR-I convergence with an increase of intensity saturation in diffraction patterns. It was shown that even in case R = 0.95 the amplitude and phase in the object plane can be reconstructed, however it requires the increased number of iterations.

The reconstructed in the object plane phase φ obj and amplitude u obj distributions are displayed in the top and in the middle rows of Fig. 4, respectively. The left and central columns display the reconstruction images using SBMIR and SBMIR-I from the saturated data, while the right column presents the wave-Fig. 4 (i), and by the histograms shown in Fig. 4 (h), which are plotted based on the distributions (e) and (f). When constructing a histogram we limited the bin values by 8 10 3 , as the frequency of data points within the bins with higher values was small and did not exceed 50.

Discussing the practical relevance of the proposed algorithm, we would like to note that SBMIR-I has the ability to solve the problem of low dynamic range measurements without additional time or equipment required for conventional HDR imaging. This problem implies that the values of the scattered radiation intensities exceed the dynamic range of the detection system. One of the possible consequences of data acquisition in these conditions is the correct recording of strong central maximum at low sensitivity (short exposure) settings, which is accompanied by the fact that weak scattered radiation components become indistinguishable against the background of noise. Another possible outcome is the detection of the weak components at high sensitivity setting, which leads to the saturation front distributions u J HDR reconstructed at J = 9000 iteration of the high-intensity regions. The latter one is more expedient,
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since high-intensity components of radiation are usually dispersed in a smaller solid angle and it is more problematic to reconstruct an image using them alone, while the application of the SBMIR-I algorithm provides reliable inpainting of the saturated areas in measured dataset and allows reconstructing the wavefront with a level of quality comparable to that of images recovered by the SBMIR algorithm from the HDR dataset [18]. Indeed, high spatial frequencies, which are generally involved in the high-quality wavefront reconstruction, has low intensity and deviate by a greater angle from the optical axis during wavefront propagation. Especially it applies to THz frequency range, because of the longer wavelength in comparison to optical range radiation. Therefore, it is more reliable to record the periphery of the wavefront (high spatial frequencies) and inpaint the lost central areas containing low spatial frequencies. In analyzing the distinctive features of SBMIR-I algorithm, it should be noted that the similar works [25][26][27][28] primarily focused on reconstructing high spatial frequency components to enhance resolution, while the object wavefield could be restored even without extrapolation procedure (albeit with a lower resolution). In present work, instead of the problem of low spatial resolution, the phase reconstruction problem is set, which solution is impossible with the use of saturated dataset and by means the algorithms proposed in works [25][26][27][28].

In the broad context of THz imaging, the proposed technique can be adapted to the other phase retrieval methods, which leverages multiple diffraction patterns, such as ptychography. In holography and single-plane IPR, the inpainting within a missing central part of the distribution is challenging [30]. Unlike these techniques, SBMIR-I offers a solution to the problem of missing center in saturated diffraction patterns and reconstructs the object phase distribution, using a multi-plane approach.

In conclusion, a multi-plane iterative phase retrieval algorithm was proposed that allows inpainting of the saturated areas on the intensity distributions and ensures reliable reconstruction of the object wavefront. Given algorithm was approved in THz frequency range on the experimental dataset which was acquired in the reflection mode and contained overexposured areas due to the hardware limitation of the dynamic range of the used detection system in 30 dB, while the whole signal range was around 45.6 dB. The performance of the proposed algorithm was compared with the performance of the conventional SB-MIR algorithm in identical conditions in the processing of the saturated dataset. The amplitude image retrieved by SBMIR algorithms from the reference HDR dataset [18] is utilized for quantitative evaluation and NRMSE value was found for the amplitude reconstructed by SBMIR-I to be equal to 0.3. Herewith, the retrieved amplitude and phase distributions have the quality comparable with the reference HDR images. Thus, the simplification of data acquisition process in comparison to HDR technique is achieved, as SBMIR-I uses the single dataset, and the missed information in overexposed areas is inpainted, while HDR-merged dataset requires the conducting of at least two LIAs with complementary sensitivity setting. Thus, the developed algorithm allows overcoming the problem of limited dynamic range of detector more simply and reliable, since the use of HDR technologies is often impractical, especially in moving scenes.

The developed approach may be applied not only in THz region but in other spectral ranges, and allows to ease the examination of complex objects, including reflective ones, by means of phase retrieval. It is also worth mentioning that image inpaint-ing has nowadays become a very vibrant research topic, driven by recent advancements in artificial intelligence (AI) and stable diffusion models. In this regard, the integration of AI in image inpainting could be considered as a very promising direction of further research.
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 21 Fig. 2. (a) Photo of studied object (b) Scheme of a data acquisition setup
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 3 Fig. 3. The datasets of amplitude distributions extracted from the saturated intensities (a); the corresponding binary masks M and 1 M (b); inpainted in SBMIR-I procedure (d) and obtained with HDR technique (e) amplitudes. The crosssections (c), drawn through the center of the amplitude distributions (a, d, e), are shown for the measurement planes with sequence numbers q = 1, 14, 27.
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 4 Fig. 4. Reconstructed phase (top row) and amplitude (middle row) distributions by SBMIR (a, d, c, f) and SBMIR-I (b, e) from saturated (a, b, d, e); and HDR (c, f) datasets. The bottom row displays NRMSE obj (j), showing the performance of SBMIR and SBMIR-I algorithms on the saturated dataset (g); histograms (h) of the amplitudes, displayed in (e) and (f), and their difference |u obju objHDR | (i).