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Abstract

:

Numerous advances have been made in X-ray technology in recent years. X-ray imaging plays an important role in the nondestructive exploration of the internal structures of objects. However, the contrast of X-ray absorption images remains low, especially for materials with low atomic numbers, such as biological samples. X-ray phase-contrast images have an intrinsically higher contrast than absorption images. In this review, the principles, milestones, and recent progress of X-ray phase-contrast imaging methods are demonstrated. In addition, prospective applications are presented.
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1. Introduction


As discovered by Wilhelm Conrad Röntgen, X-rays are electromagnetic waves with wavelengths ranging from approximately 10−12 to 10−8 m. The X-ray source, which is usually called an X-ray tube, is a vacuum chamber containing the anode and the cathode. When a high current is applied to the cathode, its temperature increases, so electrons are released from it. High potential is applied between the cathode and the anode, so the electrons are accelerated towards the anode. These electrons stop suddenly after hitting the anode. The loss of energy is then released in the form of X-ray photons. This is called bremsstrahlung radiation. If the electrons knock out the core electron on the anode, the valence electron falls to fill the core-shell. During this transition, the loss of energy is released in the form of X-ray photons, which is the characteristic radiation. When transmitted through materials, the intensity of the X-ray beam changes owing to the different absorption coefficients of materials, allowing the observation of the internal features of objects using noninvasive X-ray imaging.



The absorption images of low-Z materials exhibit poor contrast under X-ray irradiation. Theoretically, phase-contrast X-ray imaging has higher contrast and sensitivity than conventional absorption imaging. Higher contrast makes the different compositions of an object more distinguishable [1,2]. In this review, we did not differentiate between phase-contrast imaging and phase imaging, as Momose did in a previous review [2]. Instead, we refer to all X-ray imaging that contains phase information as X-ray phase imaging. The main streams of X-ray phase imaging include but are not limited to Zernike’s X-ray microscopy [3,4], X-ray holography [5], differential X-ray microscopy [6,7], coherent diffraction microscopy [8], crystal interferometer [9], grating interferometer [10,11], diffraction-enhanced imaging (DEI) [12], and propagation-based techniques [13]. In Zernike’s X-ray microscopy, a phase ring is inserted to phase-shift the undiffracted light so that the light that has been phase-shifted by the object constructively or destructively interferes with the undiffracted light, which both increase the contrast. In X-ray holography, a coherent wave passes through an object and forms interference patterns on the photographic plate. After being illuminated by the coherent wave without the object, a pair of twin images appear at both sides of the photographic plate. Differential X-ray microscopy was performed by inserting a pair of parallel and laterally displaced zone plates upstream of the sample. The incident beam splits into zeroth- and higher-order spherical waves after the zone plates. The combinations of the zeroth-order in the first zone plate and the first order in the second zone plate and vice versa interfere with each other and form diffraction patterns. Coherent diffraction imaging (CDI) is a lensless method that uses an iterative algorithm to retrieve phase information. A crystal interferometer uses a crystal that is separated into a splitter, a mirror, and an analyzer with two grooves. The splitter splits the incident beam into two coherent waves. One of the waves passes through the object while the other one does not. Therefore, after focusing on the analyzer, these two waves form diffraction patterns that show the contrast of the phase shift. In a grating interferometer, a grating is placed downstream of the object and splits the incoming beam into two first-diffraction orders. These two beams interfere with each other and form linear periodic fringe patterns. By inserting a second grating downstream of the first grating at a certain position, the diffraction fringes can be restored from the stepping readouts on the detector of the second grating. In DEI, monochromatic X-rays are reflected by a crystal (monochromator) with an incident angle at the Bragg angle. After transmission through the object, the X-rays are reflected to the detector by a second crystal (analyzer). The analyzer is set parallel to the first one; therefore, the incident angles of the X-rays are slightly off the Bragg angle due to refraction from the object. By tilting the analyzer half of the full width at half maximum (FWHM) of the rocking curve of itself, with the intensities on the detector, the intensity of the refraction can be resolved. Propagation-based imaging requires only the source, object, and detector. The phase information is resolved from the intensity in the detector. All of these methods have their advantages and disadvantages, which are discussed in this review. Many reviews have discussed X-ray phase-contrast imaging [14,15,16,17]. However, none of them discussed almost all phase-contrast image methods. In addition, as several years have passed, the progress and applications of these methods need to be updated. Hence, this review examines most of the reported X-ray phase-contrast imaging techniques, and we also discuss some recent applications.




2. Methods


2.1. Zernike’s X-ray Microscopy


Zernike’s X-ray microscopy was first introduced by Zernike in 1942 [3]. A brief review of the principle of Zernike’s phase-contrast microscopy is shown in Figure 1.



Figure 1 shows that after the ring-shaped illuminating (green) light passes through the sample, part of the light is diffracted by the sample, as indicated in blue. The undiffracted light, which is indicated in red, forms the background on the image plane. Typically, diffracted light has a −90° phase shift compared with undiffracted light. Without the phase ring, the interfered waves show intensities similar to the background; thus, the interference patterns in the detector exhibit low imaging contrast, as shown in Figure 2.



If the phase ring is placed to phase-shift the background light by −90°, the undiffracted light constructively interferes with the diffracted light. Then, the contrast of the object on the image plane increases. If the undiffracted light is phase-shifted by 90°, it destructively interferes with the diffracted light. The contrast also increases, as shown in Figure 2.



Zernike’s X-ray microscope was reported in 1994 by Schmahl et al. with a Fresnel zone plate (FZP) [4]. The principle is similar to that of visible light except zone plates replace the condenser and object. Their work was performed using 2.4-nm radiation, resulting in a higher-order contrast and one-sixth of the dose than those in the absorption image with the same signal-to-noise ratio.



As shown in Figure 1, this method requires that the sample is aligned at the focus of the first zone plate. The detector needs to be aligned at the focus of the second zone plate, similar to traditional optical microscopy. Furthermore, the phase ring needs to be aligned with the annular aperture. Unlike other phase-contrast X-ray imaging techniques, Zernike’s phase-contrast microscopy does not require a high-brilliance synchrotron source. It works with a low-brilliance laboratory source. Because this method enhances the contrast of the image with a single shot, Zernike’s phase-contrast microscopy brings less dosage to the object [4].



Kagoshima et al. independently derived the expression for image contrast using this method in the X-ray region [18]. By using new phase zone plates and beamline BL24XU of SPring-8, a 60-nm resolution was achieved. Tkachuk et al. achieved a 50-nm resolution using a copper rotating anode X-ray source [19]. Holzner et al. applied Zernike’s phase-contrast imaging to a scanning X-ray microscope by simply swapping the detector and source plane in a full-field Zernike’s microscope [20].



In 2006, Youn et al. found the halo effect, a bright boundary, at the edge of the object with hard X-ray Zernike microscopy. This effect is well known in optical microscopy [21]. Vartiainen et al. suppressed the halo by applying a beam shaper instead of a condenser [22]. In addition to the halo effect, Zernike’s X-ray phase-contrast microscopy suffers from a lower contrast than the absorption images when used on thick samples. However, new techniques for fabricating the FZP allow for 30-nm resolution capability [23].



Zernike’s X-ray phase-contrast microscopy (ZXPCM) converts phase modulations into amplitude modulations, resulting in sharper absorption images without numerical phase retrieval [3]. It has been widely applied to biological samples. In 2017, Bradley et al. used this method to image cells in polymer scaffolds at a resolution of 150 nm with a commercial source [24]. Their group successfully removed the halo effects by deconvolution with an image filter [24]. In 2017, Falch et al. employed this method with a synchrotron source to image Al-Si microstructures and 2 μm-diameter polystyrene spheres on a membrane. Both experiments showed that ZXPCM delivers a higher contrast than conventional absorption imaging [25]. In 2020, Su et al. discovered the lithium peroxide and pore size distribution in lithium-O2 batteries at different states of charge using this method with a synchrotron source. The images contrasts have been improved so light elements inside the battery and the distribution, thickness, interphases, and pore network of Li2O2 are visualized [26]. In the same year, Longo et al. obtained 3D regions of interest scans from mice tissues with a resolution down to 36 mm with this method using a synchrotron source [27]. Additionally, in 2020, Park et al. skipped the condenser, used a collimated beam to illuminate the sample, and employed a beam stopper to block the zeroth-order harmonic of the objective. This setup successfully enlarged the field of view (FOV) to 400 μm at a resolution below 500 nm [28]. Their experiment was performed with a synchrotron source; it can also be applied to laboratory sources owing to its simplicity [28].



ZXPCM increases the contrast of images with biological samples, but has been limited when applied to thick samples. This method has been widely used in experiments with thin samples and a small field of view.




2.2. X-ray Holography


Holography was introduced by Gabor in 1948 [5]. He coined “holography” from two Greek words “holo”, meaning “entire” or “complete”, and “grafe”, denoting “reading”. Compared with conventional absorption images that only record the intensity of the wave, holograms also contain phase information. Holography was first applied to electronic microscopes with coherent illumination. In holography, the object must be transparent and illuminated by a coherent wave so that the wave scattered by the object (object wave) and unscattered wave (reference wave) form interference patterns on the photographic plate, as shown in Figure 3a. When the photographic plate with interference patterns is illuminated by the reference wave only, it diffracts into the first ±1 order, with the higher orders being negligible. Hence, a virtual image of the object appears at the position of the object with a real image at its conjugate position, as shown in Figure 3b. According to the two differentreference waves, namely, plane waves and point-source illumination, this method is called in-line and Fourier holography.



Although holography was first realized on an electron microscope, electrons are not ideal for holographic imaging because they strongly interact with matter and create large phase shifts during scattering. In contrast, X-rays produce ideal holograms because their interaction with matter is much weaker.



In 2002, Suzuki et al. developed a prism X-ray interferometer [29]. Figure 4 shows that the X-ray deflected by the prism works as the reference wave and interferes with the beam that is refracted by the object.



The main progress in X-ray holography until 2010 was discussed in a review by Chapman et al. [30]. In 2007, Guizar-Sicairos et al. developed holography with extended reference by autocorrelation linear differential operation (HERALDO) on the basis of the work of Podorov [31,32]. In 2010, Gauthier et al. achieved a resolution of 110 nm with an integration time of 20 femtoseconds using extended references [33]. This method takes advantage of the sharp features of an extended reference object. The final image is retrieved by using the directional derivatives of the Fourier transformed hologram [34]. Zhu et al. achieved a resolution of 16 nm using this method in 2010 [35]. More details on the development and capabilities of X-ray holography are discussed in Pfau and Eisebitt’s article [34]. In this article, they revealed the achievement of imaging magnetic nanostructures. A spatial resolution of 10 nm was reached. In 2013, Krenkel et al. implemented a deterministic method for solving the phase problem in hard X-ray in-line holography, which overcame the twin-image problem [36].



In Fourier transform holography (FTH), the image contrast is limited by the reference beam generated by a pinhole aperture. Increasing the pinhole diameter improves the signal but decreases the resolution [37]. In 2014, Geihufe et al. decoupled the spatial resolution from image contrast using a reference beam generated by an FZP [37]. A spatial resolution of 46 nm was achieved.



In 2018, Gorkhover et al. demonstrated high-fidelity imaging based on Fourier holography on free nanosamples with intense femtosecond X-ray pulses. Their method can be extended to a variety of references and samples. A lateral resolution below 20 nm was achieved [38]. In the same year, Vidas et al. imaged the insulator-metao transition in vanadium dioxide with element and polarization specificity using resonant soft X-ray holography. A resolution of 50 nm was achieved [39]. In the same year, Burgos-Parra et al. imaged the [Co/Ni]x4 multilayer magnetic structure within a nanocontact (NC) orthogonal pseudospin valve using HERALDO. The results revealed a structure where the magnetic droplet existed, and the size and spatial position of the droplet was consistent with expectations. A minimum resolution of 32 nm was achieved [40]. Stable paleomagnetic information in meteoritic metal is carried by the “cloudy zone”. In 2020, Blukis et al. imaged the structure of the cloudy zone of the Tazewell IIICD meteorite using X-ray holography. A spatial resolution of 40 nm was achieved [41]. In the same year, Geilhufe et al. demonstrated that a resolution smaller than the source size of the reference beam could be achieved up to the diffraction limit of the hologram with their methods based on numerical postprocessing of the reconstruction [42]. Also in 2020, Turnbull et al. imaged topological magnetic states in the lamellae of a centrosymmetric alloy (Mn1−x Nix)0.65 Ga0.35 (x = 0.5) using X-ray holography. Their results showed the presence of magnetic stripes evolving into single-core magnetic bubbles. A resolution of approximately 20 nm was achieved [43].



In 1996, Tegze and Faigel proposed the X-ray fluorescence holography (XFH) method. The experiment was performed with strontium titanate (SrTiO3) crystal platelets 30 mm in diameter and 0.5 mm thick [44]. There are two types of this method: “normal holography” or “inverse holography”. In the normal mode, an atom in the sample absorbs the incident X-ray and emits a characteristic X-ray. The characteristic X-ray expands as a spherical wave and is scattered by the surrounding atoms. Here, the scattered wave is an object wave, and the unscattered wave is the reference wave. In inverse mode, part of the incident X-ray beam is scattered by the atoms in the sample. The scattered and unscattered waves interfere with each other at the nanoscale. Thereafter, atoms absorb X-rays and emit characteristic X-rays. The intensity of the characteristic X-ray is proportional to the interference field. It operates like a time-inversed normal mode. The XFH method obtains atomic resolution with coherent high-power X-ray sources and has been widely used to determine the distribution, valence states, lattice distortion, and other atomic structures of the atoms in samples [45,46,47,48]. The principles and applications of XFH have been thoroughly discussed by Hayashi and Korecki [49].



This method requires a coherent and high-brightness source that constrains the application on sources other than synchrotron sources or X-ray free-electron lasers. While this method is applicable for material science usage, the high dosage limits its application to living biological samples.




2.3. Differential X-ray Microscopy


Differential interference contrast (DIC) imaging was first introduced into visible-light microscopy by Nomarski [6]. Figure 5 shows that the plane wave produced by the first polarizer is split into ordinary (O) and extraordinary (E) rays by the first prism. The separation of these two beams is smaller than the resolution of the system. Then, the O- and E-lights pass through different areas of the specimen, resulting in different phase shifts. After the objective, the O- and E-lights are recombined by the second prism and form elliptically polarized light because of the different wavefronts. Finally, the light enters the second polarizer, which is orthogonal to the first polarizer and creates DIC imaging.



In 2001, Wilhein et al. achieved X-ray DIC imaging by inserting a pair of zone plates upstream of the sample [7]. These two zone plates were set parallel with the lateral displacement (orthogonal to the optical axis) smaller than the resolution of the system. The distance between these two zone plates along the optical axis was small compared with that between the zone plates and the detector, as shown in Figure 6. The incident plane wave split into a zeroth-order plane wave and higher order spherical waves after the first zone plate (ZP1). These waves then split into zeroth and higher-order harmonics through the second zone plate (ZP2). Only the combinations of the zeroth-order of ZP1 and the first order of ZP2 and vice versa contributed to the image while appropriate apertures blocked the others. These two waves interfered with each other and formed diffraction patterns because of the different wave paths. The presence of a specimen changed the diffraction patterns. Later, in 2002, a 320-nm resolution was achieved by their group [50]. In the same year, Fabrizio et al. introduced DIC imaging into both full-field imaging and scanning X-ray microscopy with a 200-nm resolution with the fabrication of a novel FZP doublet [51]. All these experiments were performed at the European Synchrotron Radiation Facility.



Similar to X-ray holography, the DIC method also requires highly coherent and brilliant sources. That constrains the application of this method to sources other than synchrotron sources, X-ray free-electron lasers, or laboratory sources in the extreme-ultraviolet wavelength region [52]. In 2005, Vogt et al. introduced a liquid-nitrogen jet laser-plasma source at a water window into this method and achieved a resolution of approximately 321 nm [52].



In 2006, Chang et al. combined an overlaid binary grating and a zone plate through a logically exclusive OR operation and directly presented a magnetic phase contribution [53]. In 2007, Bertilson et al. demonstrated this method using a compact soft X-ray microscope. A resolution of 30 nm was achieved [54]. In 2008, Cui et al. separated the amplitude and phase information by applying a structured aperture [55]. In 2012, Xie et al. designed single-optical-element optics for this method based on modified photon sieves (MPSs), providing better resolution than the Fresnel zone plate-based DIC, and higher image contrast than normal photon sieves. A resolution below 45 nm was achieved [56]. In 2015, Zhang et al. proposed differential interference contrast digital in-line holography by using a single optical element to split the incident light into a plane wave and a converging spherical wave. A two-dimensional DIC effect was generated simultaneously. This method is capable of in situ metrology [57]. In 2018, Matsuda et al. demonstrated a DIC method for cells using hard X-ray holography and knife-edge filtering in the spatial frequency domain. Good quality phase-contrast images of polystyrene beads and human HeLa cells were obtained [58].



With the new fabrication technique of FZP, the X-ray DIC method can easily achieve a resolution of tens of nanometers. The invention of the FZP doublet reduces the difficulty of alignment. However, the requirement of coherency and brilliancy limits the application of this method.




2.4. Coherent Diffraction Imaging


In 1952, Sayre suggested that Shannon’s theorem could be extended to determine the crystal structure by measuring the diffraction intensities at a half-integral of  h , which is midway between the Bragg peaks [8]. This lensless method called coherent diffraction imaging (CDI) was then introduced into noncrystalline specimens, and high-resolution phase images were obtained [59]. The progress and applications of the method have been thoroughly discussed in the reviews of Chapman [30] in 2010 and Miao in 2011 [60]. In the present review, we briefly introduce the principle of phase-retrieval algorithms based on the iterative method of Gerchberg and Saxton [61]. We discuss the progress and applications after 2011.



The experimental setup for the CDI method is shown in Figure 7. In the CDI method, after illumination by a coherent X-ray source, the diffraction patterns of an object with transmission function   f ( x )   are recorded by the detector as scattered intensities. The Fourier transform is then applied to the scattered intensities for   F ( u )   such that the object is synthesized by the inverse Fourier transform of   F ( u )  . A random guess of phase   φ ( u )   is applied to   F ( u )   for the inverse Fourier transform to retrieve the object’s phase. Image  f ′     1  ( x )   is formed. The object has finite support, meaning the outside of the support should be zero. Because the resulting  f ′     1  ( x )   would not be zero outside the support,  f ′     2  ( x )   is set to  f ′     1  ( x )   inside the support and zero outside. Then,    F 2  ( u )   is obtained by applying the Fourier transform onto    f 2  ( x )  . Since    F 2  ( u )   is not equal to the measured scattered intensities,  F ′     2  ( u )   is set to    |  F  ( u )   |  exp  (  i  φ 2  ( u )  )   , and  f ′     2  ( x )   is obtained using its inverse Fourier transform. This procedure is repeated multiple times, as shown in Figure 8.



In 2013, Nam et al. observed fully hydrated and unstained biological specimens and achieved a resolution better than 25 nm using coherent X-ray diffraction microscopy [62]. In the same year, Takahashi analyzed the size distribution and electron density projection of particles with the CDI method using focused hard X-ray free-electron laser pulses [63]. In 2016, Kourousias et al. performed an in situ spatiotemporal study on an electrodeposition process in a sealed wet environment and provided an experimental demonstration of the theoretical prediction of Turing–Hopf electrochemical pattern formation [64]. In 2016, Glownia et al. used the CDI method, which imaged the atomic motion of laser-excited molecular iodine with temporal and spatial resolutions of 30 fs and 0.03 nm, respectively, due to the interference between the nonstationary excitation and stationary initial charge distribution [65]. In the same year, Cha et al. demonstrated a formalism of 3D CDI by scanning the energy of the incident X-ray beam instead of moving the sample, which dramatically improved the temporal resolution of this method [66].



In 2004, Faulkner and Rodenburg presented a new iterative phase-retrieval algorithm called ptychography [67,68]. This method is a combination of scanning transmission X-ray microscopy (STXM) and the CDI method. It measures multiple diffraction patterns by scanning the coherent X-ray probe over an extended specimen instead of illuminating a finite specimen with a spread source in the CDI method. It exploits a convolution between the Fourier transform of a finite illumination function and the diffraction pattern of the object in a Fourier space. The principle, milestone progress, and application of ptychography were thoroughly discussed in a review by Pfeiffer in 2018 [69]. In 2019, Shi et al. discussed applying this method on low-dimensional hard-condensed matter materials [70].



In 2018, Hill et al. characterized the stacking defects and strain in a single InGaAs (indium gallium arsenide) nanowire with coherent nanofocused X-ray using this method. A spatial resolution of 2.6 nm was achieved [71]. In the same year, Wu et al. used spectroptychography to image polymeric perfluorosulfonic acid (PFSA) ionomers in polymer electrolyte membrane fuel cell (PEMFC) cathodes in both and three dimensions. A two-dimensional spatial resolution of 15 nm was achieved [72]. In 2019, Hirose used X-ray spectroptychography to visualize the three-dimensional cerium valence map in Ce2Zr2Ox (x = 7–8) particles. This achievement may permit the chemical imaging of reaction tracking areas at the nanoscale in solid materials [73]. In 2020, the fragmentation behavior of polyolefin catalysts was visualized in 3-D for the first time with this method by Bossers et al. [74]. In the same year, Polo et al. imaged three-dimensional fragments of the petioles of wild type and C4H lignin mutant Arabidopsis thaliana plants using synchrotron cryoptychography. The images revealed the heterogeneity of vessels, parenchyma, and fiber cell wall morphologies, highlighting the relation between disturbed lignin deposition and vessel implosion. A spatial resolution of 134 nm was achieved [75]. Furthermore, Lo et al. demonstrated X-ray linear dichroic ptychography and mapped the c-axis orientations of aragonite crystals [76]. Additionally, in 2020, Yao et al. applied multiple illuminations to the method and successfully received an extended FOV [77].



With high coherency and extremely-focused X-ray sources, X-ray CDI, mainly the ptychography method, has been widely applied in material science, especially crystallography. It can also obtain good contrast with biological samples. However, the high dosage makes this method unsuitable for living samples.




2.5. Crystal Interferometer


In 1965, Bonse and Hart proposed a crystal interferometer that used diffraction patterns to show the difference in the beam paths [9]. Figure 9 suggests that the instrument used in the crystal interferometer was a perfect crystal (silicone, for instance), which had two grooves, so that the crystal was separated into splitter, mirror, and analyzer. The splitter splits the incident monochromatic X-ray beam into two coherent waves. After convergence using the mirror, the two waves formed a diffraction pattern on the analyzer, which showed the difference in the beam paths caused by refraction from the object. Because the entire interferometer was fabricated from an entire crystal, no extra alignment was needed except for setting the incident angle of the X-ray beam under Bragg conditions.



In 1995, Momose and Fukuda obtained high contrast X-ray phase images of a slice of a rat cerebellum, and the phase-retrieval techniques were explained [78]. In 2002, Takeda et al. revealed clear vessels that were larger than 0.03 mm in diameter of the liver from rats and a rabbit using this method, whereas no vessel could be seen in the absorption image and only 0.1-mm-diameter vessels could be seen under almost the same X-ray dose, similar to those in the iodine-loaded acrylic microspheres [79]. In 2003, Yoneyama et al. applied the method with a 60 × 30 mm FOV with a synchrotron source. The visibility of the interference pattern averaged 50%. Phase imaging of rat liver vessels was performed where blood vessels with a diameter of approximately 50 μm could be seen [80]. In 2004, Takeda et al. presented in vivo phase-contrast X-ray computed tomography (CT) images of cancer implanted in nude mice using this method [81]. In 2011, Takeda et al. revealed the portal vein, capillary vessel area, and hepatic vein of live rats using this method [82]. All these experiments were performed with synchrotron sources owing to the requirement for highly coherent incident X-ray beams. In 2013, Yoneyama et al. used this method to obtain an elemental map of an object by calculating the ratio of absorption and phase-contrast images. The results showed that aluminum, iron, nickel, and copper foils were clearly distinguished [83]. In 2014, Mkrtchyan et al. investigated the X-ray optical anisotropy of 5CB type liquid crystals using this method. The values of refractive indices for the specimen were measured [84]. In 2016, Lwin et al. demonstrated crystal interferometer-based phase-contrast CT with brain tumors. The results clearly show the tumor’s various pathological features [85]. In 2018, Yoneyama et al. developed a phase-contrast X-ray laminography using this method. Images of an old flat slab of limestone from the Carnic Alps depicting fusulinids in the Carboniferous period were obtained with 3 mg cm−3 density resolution [86].



In 2002, Momose reviewed the principle and some demonstrations of the method [87]. In 2014, Lider reviewed various configurations of this method [88].



Because the splitter, the mirror, and the analyzer are graved on one crystal, there is no need to align these three instruments. However, this limits the size of the object. If larger samples are illuminated, two or three independent crystals are needed for the splitter, the mirror, and the analyzer [80]. For this, a precise alignment is required to obtain the diffraction pattern. This method provides high visibility and contrast for biological samples, especially when combined with the CT technique.




2.6. Grating Interferometer


Figure 10 shows that in the grating interferometer, the first grating (G1) splits the incoming beam into two first-order diffractions. These two beams diffract downstream of the first grating, interfere with each other, and form linear periodic fringe patterns. The existence of a phase object causes displacement of the fringes. A second grating (G2) with the same periodicity and orientation as the fringes is inserted directly in front of the detector to read the fringes and obtain the refraction of the object. Thus, the fringes can be restored from the stepping readouts on the detector of G2. To transform the phase modulation into intensity modulation with G2, the distance between the first and second gratings is calculated from the Talbot effect. Therefore, this method is also called the “Talbot interferometer”. The origin and development of X-ray grating interferometers until 2013 were thoroughly reported in a review by Pfeiffer [89]; thus, we do not elaborate on this in the current review.



However, this method also demands a highly coherent and high-brightness X-ray source, limiting its application to laboratory sources and commercial uses. In 2006, Pfeiffer et al. introduced another grating G0 into this method as this grating was placed immediately after the X-ray source. The G0 grating creates an array of individually coherent, but mutually incoherent sources. The Talbot effects of these sources overlap with each other on the plane of G2 due to the Lau effect [90], making this method suitable for incoherent and low brightness sources. The X-ray grating interferometer with G0 is also named the “Talbot-Lau interferometer”. The comparably simple alignment of instruments in the experimental setups allows for a large FOV when using the Talbot-Lau interferometer. This method is becoming one of the most popular X-ray phase-contrast images for biological samples.



In 2014, Momose et al. reported a hospital-installed X-ray phase-imaging machine based on a Talbot–Lau-type grating interferometer and successfully depicted the cartilage features in the joints of a human hand [91], as shown in Figure 11.



In 2011, Itoh et al. integrated two-dimensional checkerboard designed gratings into this method. The results clearly showed the soft tissues and cartilage of a chicken wing sample [92]. In 2014, Ge et al. employed a novel designed G2 to avoid the stepping procedure of this method. Both physical phantom and biological samples were imaged. The results provided more information than conventional absorption images and presented better visibilities [93]. This approach decreased the dosage but brought a tradeoff to the resolution. In 2016, Birnbacher et al. performed X-ray Talbot-Lau interferometer CT with a laboratory source and obtained higher sensitivity than any other laboratory X-ray phase-contrast technique. A minimum refraction angle of 17 nrad was achieved [94]. In 2017, Yashiro et al. obtained an X-ray tomogram with an exposure time under 10 ms using this method [95]. In 2018, Gradl et al. demonstrated time-resolved in vivo dark-field imaging of a breath cycle in a mechanically ventilated mouse. A time resolution of 0.1 s was achieved [96]. In 2020, Arboleda et al. performed grating-interferometry-based mammography at a mean glandular dose of 1.6 mGy for a 5-cm-thick, 18%-dense breast, and an FOV of 26 × 21 cm2 [97].



In 2010, Wen and Bennett introduced the mesh-based X-ray phase-imaging method that simultaneously obtained absorption and differential phase-contrast images [98]. This method requires no coherent sources and only simple alignment of a wired metal mesh, as shown in Figure 12.



After the Fourier transformation of the absorption image, the zeroth-order harmonic contains the absorption-image information, and the first-order harmonic contains information on the differential phase-contrast image [99]. Both images can be obtained by windowing these harmonics in a Fourier space and taking their inverse Fourier transform. This method obtains absorption, differential phase contrast, and scattering amplitude images from a single raw image.



In 2012, Morgan et al. developed X-ray phase imaging with sandpaper by replacing the mesh with sandpaper. The results showed some advantages for live imaging in compared to single-exposure X-ray imaging [100].



Wired-mesh-based imaging works with low brightness and noncoherent sources bring a large FOV, and delivers high contrast but low dosage with a rapid single shot. This method is promising not only in biological and life science but also in security screening.




2.7. Diffraction-Enhanced Imaging (DEI)


Diffraction-enhanced imaging (DEI) derived from the contrast from absorption, refraction, and extinction was developed by Chapman et al. in 1997 [30]. As shown in Figure 13, this method is based on two crystals, which is also referred to as analyzer-based imaging.



In this method, monochromatic X-rays are reflected by a crystal with an incident angle Bragg angle to the detector. By using a sample upstream of the crystal, which is usually termed as an analyzer, the incident beam to the analyzer is slightly refracted by the sample by   Δ  θ Z   . In the DEI method, the analyzer is set to   θ = ± Δ  θ D  / 2  , where   Δ  θ D    is the FWHM of the rocking curve. Thus, the intensity of the reflected beam is expressed as


   I B  =  I R  R (  θ B  ±   Δ  θ D   2  + Δ  θ Z  ) ,  



(1)




where   R ( θ )   is the analyzer reflectivity on the rocking curve. Because   Δ  θ Z    is very small,   R (  θ 0  + Δ  θ Z  )   can be expressed as a two-term Taylor series approximation.


  R (  θ 0  + Δ  θ Z  ) = R (  θ 0  ) +   d R   d θ   (  θ 0  ) Δ  θ Z   



(2)







The intensities of the images taken at the low- (   θ L   ) and high-angle (   θ R   ) sides of the FWHM of the rocking curve are expressed as


   I L  =  I R  ( R (  θ L  ) +   d R   d θ   (  θ L  ) Δ  θ Z  )  



(3)






   I H  =  I R  ( R (  θ H  ) +   d R   d θ   (  θ H  ) Δ  θ Z  )  



(4)







By solving these equations, the results are presented as follows:


   I R  =    I L  (   d R   d θ   ) (  θ H  ) −  I H  (   d R   d θ   ) (  θ L  )   R (  θ L  ) (   d R   d θ   ) (  θ H  ) − R (  θ H  ) (   d R   d θ   ) (  θ L  )    



(5)






  Δ  θ Z  =    I H  R (  θ L  ) −  I L  R (  θ H  )    I L  (   d R   d θ   ) (  θ H  ) −  I H  (   d R   d θ   ) (  θ L  )    



(6)







In 2000, Pisano et al. applied this method to breast cancer specimens with a synchrotron source. Six out of seven cases showed enhanced visibility compared to digital radiology [101]. In 2000, Dilmanian et al. implemented the DEI method in CT [102]. In 2002, Mollenhauer et al. used this method to image articular cartilage based on a synchrotron source. Both disarticulated and intact joints were visualized through their experiments. Gross cartilage defects, even at the early stages of development, could be visualized. A spatial resolution of 100 μm was achieved [103]. In 2003, Oltulu et al. applied a more general method to independently determine the refraction, absorption, and extinction of an object [104]. In 2007, Kelly et al. performed this method with a porcine eye as a sample based on a synchrotron source. The results clearly showed the cornea, iris, lens, retina, optic nerve, choroidal vasculature, and the ampullae of the vortex veins. A spatial resolution of approximately 100 μm was achieved [105]. In 2009, Kao et al. applied the DEI method in CT mode to human cancerous breast tissues yielding 14, 5, and 7 times higher CT numbers and 10, 9, and 6 times higher signal-to-noise ratios (SNRs) compared to conventional CT for masses, calcifications and spiculations, respectively. The DEI-CT mode yields a better SNR than conventional CT, even at ten times lower doses. This experiment was performed with a synchrotron source at a photon energy of 52 keV, which is similar to the K α  lines of a tungsten anode X-ray tube, showcasing the potential of DEI-CT application using laboratory sources [106]. Several researchers applied this method using laboratory sources in 2009 [107,108,109,110]. In 2014, Zhou et al. applied this method on a microfocus X-ray source [111]. In 2020, Ando et al. improved the resolution by approximately a factor of 2 in analyzer-based imaging by cutting the monochromator collimator and thinning the Laue angle analyzer [112]. The DEI method has been widely used for biological samples based on synchrotron and laboratory sources [107,113,114,115,116,117,118,119,120].



In the field of material science, Mizuno et al. applied the DEI method to obtain high-contrast images to observe hydrides in titanium, which was invisible in conventional X-ray absorption imaging in 2005 [121]. In 2007, the same authors applied the DEI method to a quantitative study of hydrogen diffusion in titanium-hydride. The diffusivity and activation energy of hydrogen diffusion was observed directly [122].



The DEI method is suitable for imaging light-element materials. It has been widely used in material, biological, and life sciences owing to its high contrast and low dosage. The FOV is limited by the size of the crystals. This method demands collimation (at least in one direction perpendicular to the optical axis to satisfy the incident Bragg angle to the crystal) and monochromatic radiation. That requires extremely high brightness sources. With the invention of high brightness micro-focus X-ray tubes, this method is now capable of laboratory sources.




2.8. Propagation-Based Imaging


In 1995, Snigirev et al. developed a propagation-based X-ray imaging (PBI) method [13]. This method requires only the source, object, and detector and no other equipment, as shown in Figure 14.



The intensity of the detector can be expressed as follows:


   I  P B I   =  M  − 2    I 0  T ( 1 −   λ d   2 π    ∇ ⊥ 2  ϕ ) ,  



(7)




where   M = ( r + l ) / l   and l are the magnification factor and source-to-sample distance, respectively.    I 0    is the intensity of the object.   T = e x p ( −   ∫ d   z  μ  o b j   )   is the object transmission, where  μ  is the linear attenuation coefficient of the object.   d = r / M   is the defocusing distance, and ϕ is the phase shift introduced by the object. The propagation-based imaging (PBI) method provides edge enhancement on the detector [16].



In 2012, Diemoz et al. theoretically compared PBI, analyzer-based imaging (also called the DEI method), and grating interferometry (GI). The signal-to-noise ratio, the figure of merit and spatial resolution were evaluated and compared. The results could be used to assess whether a method is suitable for a given application [16]. In 2014, Lang et al. compared PBI and GI methods on cancerous tissue and the entire heart of a mouse experimentally. The results showed that the PBI method had approximately twice the spatial resolution compared to the GI method. However, the GI method yielded a much higher contrast-to-noise ratio than the PBI method [123]. In 2018, Preissner et al. obtained in vivo dynamic CT of the lungs in small animals. A spatial resolution of slightly below 50 μm at imaging rates of 30 Hz was achieved [124]. In 2019, Kalasová et al. summarized a method to evaluate the capability of a laboratory system for propagation-based imaging in CT mode. The evaluation was based on three criteria: imaging regime, degree of coherency, and lack of geometrical sharpness, which helped determine if a system is suitable for PBI-CT [125]. In the same year, Longo et al. performed breast CT with monochromatic beam with this method at the Elettra synchrotron source. The doses and scan times were clinically acceptable [126].



This method requires high brightness sources. Therefore, synchrotron sources provide the best results under this method. However, commercial sources can be used owing to the lower coherency requirement compared to interferometry methods [127]. The PBI method requires no instruments other than the X-ray source and the detector. It has been widely used in medicine and biological sciences [128,129,130,131].




2.9. Edge Illumination (EI)


Edge illumination X-ray phase-contrast imaging was proposed by Olivo et al. in 2001 [132]. In this method, the incoming X-ray beam is collimated into one direction by a slit usually sized from a few to several tens of microns, and is aligned with an opaque edge placed right in front of the detector. As shown in Figure 15a, part of the X-ray beam is blocked by the edge after being refracted by the object, and the rest hits the detector. The position of the X-ray beam on the detector shifts owing to refraction from the sample, causing an intensity change in the detector. If the beam penetrates the sample, an image showing a mixture of absorption and refraction contrasts is obtained [133,134,135,136,137]. This method can also be applied to conventional X-ray sources if appropriate masks with multiple apertures are employed, as shown in Figure 15b.



This method was first demonstrated with a synchrotron source and was later performed with incoherent conventional laboratory sources [138]. The angular sensitivity of this method has been studied as a function of the experimental parameters and source intensity for synchrotron [134] and laboratory [135] sources. In 2012, Marenzana et al. demonstrated that this method visualized the cartilage layer in slices of an excised rat tibia and correctly detected surgically induced lesions [139]. In 2014, Diemoz et al. studied the spatial resolution of this method based on various experimental parameters [136]. The CT mode of EI was discussed and performed with a synchrotron source in the same year [140]. Nylon, PEEK (polyether ether ketone), PBT (polybutylene terephthalate), sapphire, titanium wires and coronal slices from a domestic wasp were imaged. In 2016, Modregger et al. obtained an angular-resolved small-angle X-ray scattering distribution with this method based on an X-ray tube. Absorption, differential phase, and scatter images were obtained with improved contrast, allowing for pulmonary emphysema diagnosis in a murine model [141]. In 2019, Havariyoun et al. performed this method in two- and three-dimensional modes (planar image and CT). Both the PMMA (polymethylmethacrylate) phantom and human breast tissue were imaged. The results showed that a more compact system provides a higher contrast-to-noise ratio (CNS), making it possible for this method to be applied to in situ surgeries [142]. The advances of this method were discussed by Zamir et al. in 2017 [137].



This method provides higher contrast and better angular-resolution for low-Z materials such as human tissue. Because the sample mask blocks part of the X-ray beam, there is comparatively less dosage with this method. It has huge potential in medical science.





3. Summary


In this article, we reviewed X-ray phase imaging methods and their progress. We are quite excited that many of these methods are now used commercially, especially Zernike’s X-ray microscopy, grating-based interferometer, and propagation-based imaging. The fabrication techniques of the zone plate, gratings, and microfocused X-ray tubes allow for the commercial application of these methods. Crystal interferometry has also been used to detect biological samples. The need for coherence of the source limits its clinical applications. Among these methods, Zernike’s X-ray microscope and X-ray holography provide phase-contrast images. The other methods provide phase-retrieved images. For researchers, it is convenient to select a method based on their experimental conditions and the purpose of their research. New researchers can get started quickly with the information provided, knowing what is required to build a system. Experienced researchers may find improvements and new applications that they can demonstrate.



In addition to the review papers mentioned above, Zhou and Brahme reviewed the development of phase-contrast X-ray imaging techniques and their potential medical applications [14]. Keyriläinen et al. discussed the application of X-ray phase-contrast imaging of the breast [15]. Mayo et al. reviewed the applications of in-line phase-contrast X-ray imaging in material science [128]. In these reviews, especially our review, details of each method, differences among the methods, and potential applications are discussed. This may provide inspiration for further research. Every step forward in these methods, and the efforts of the researchers, are depicted. Although these methods still suffer from limitations, we believe that the untiring endeavors of scientists in the future continue to enhance X-ray phase imaging in many areas.
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Figure 1. Sketch of Zernike’s phase-contrast microscope. 
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Figure 2. (a) Diffracted light (indicated in blue) has a −90° phase shift compared to the background (indicated in red). The interfered wave (indicated in purple) is the vector sum of the diffracted light and the background. It has an intensity (indicated as the magnitude of the vector) similar to the background. (b) The phase ring has been inserted so that the undiffracted light is phase-shifted by −90°compared to (a). The intensity of the interfered wave is the sum of undiffracted and diffracted light, which results in an increase in intensity with constructive interference. (c) Opposite to the condition in (b) where the background wave is phase-shifted by 90°. 
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Figure 3. Sketch of (a) writing and (b) reading of in-line holography. The blue lines represent the reference wave, and the red lines represent the object wave. The green (solid) and yellow lines (dotted) represent the diffracted reference wave that forms the real (green) and virtual (yellow) images. 
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Figure 4. Sketch of the prism interferometer. 
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Figure 5. Sketch of the differential interference contrast (DIC) microscope. 
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Figure 6. Sketch of the twin zone plates under Wilhein’s X-ray DIC microscope. 
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Figure 7. Sketch of the coherent diffraction imaging (CDI) setup. 
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Figure 8. Flow of the iterative procedure of the CDI method. 
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Figure 9. Sketch of (a) the crystal interferometer instrument and (b) its wave paths. 
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Figure 10. Sketch of the grating interferometer (Adapted with permission from [11], Copyright 2015 The Optical Society). 
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Figure 11. (a) X-ray Talbot–Lau phase-imaging system installed in a hospital and resultant (b) absorption image and (c) differential phase image. (d) Zoomed image of the rectangle shown in (c). (e) Visibility image of a part of the palm of the first author in this study. X-ray refraction in the vertical direction of the images is sensed. The cartilage in a joint is revealed as indicated by the arrows in (d). The blurry feature at the upper right of (c) is considered due to movement during the measurement (online version in color). This figure is reproduced with permission from [91] published by A. Momose in Mathematical, Physical and Engineering Science in 2014, Figure 2). 
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Figure 12. Sketch of the mesh-based phase-imaging setup. The X-ray beam that is deflected by the object creates displacement of the mesh lines on the camera. 
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Figure 13. Sketch of diffraction-enhanced imaging (DEI) setup. Two crystals work as monochromator and analyzer. 
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Figure 14. Sketch of propagation-based imaging setup. 
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Figure 15. Sketch of the edge illumination setup. (a) Edge illumination (EI) method with synchrotron radiation. (b) EI method with conventional X-ray source. 
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