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Multicontrast X-ray imaging with high resolution and sensitivity
using Talbot–Lau interferometry (TLI) offers unique imaging capabil-
ities that are important to a wide range of applications, including the
study of morphological features with different physical properties in
biological specimens. The conventional X-ray TLI approach relies on
an absorption grating to create an array of micrometer-sized X-ray
sources, posing numerous limitations, including technical challenges
associated with grating fabrication for high-energy operations. We
overcome these limitations by developing a TLI system with a micro-
array anode–structured target (MAAST) source. The MAAST features
an array of precisely controlled microstructured metal inserts embed-
ded in a diamond substrate. Using this TLI system, tomography of a
Drum fish tooth with high resolution and tri-contrast (absorption,
phase, and scattering) reveals useful complementary structural infor-
mation that is inaccessible otherwise. The results highlight the
exceptional capability of high-resolution multicontrast X-ray to-
mography empowered by the MAAST-based TLI method in
biomedical applications.

Talbot–Lau grating interferometry | microarray anode–structured target |
X-ray source | phase-contrast tomography

Adding phase and scattering/darkfield contrast to the con-
ventional absorption contrast in X-ray microscopy is a rapidly

expanding research field because it offers tremendous advantages
in a wide range of applications. The different contrast mechanisms
are highly complementary, as they feature different sample–beam
interactions that fingerprint different material properties. For ex-
ample, the real and imaginary parts of the refractive index exhibit
very significant differences in their absolute values (SI Appendix,
Fig. S1) and represent the phase shift and attenuation of the X-ray,
respectively (1–7). This has major implications for biomedical
imaging, e.g., mammography (6, 8, 9), lung pathology (10–13),
and industrial applications such as the structural investigation of
carbon-reinforced polymer composites (14, 15). With this moti-
vation, a variety of X-ray phase-contrast imaging (XPCI) tech-
niques have been developed (2, 5–7, 9, 16), and there is a strong
emphasis on achieving the phase-contrast efficiently and quan-
titatively (17–20). Among all these methods, grating-based XPCI
(GXPCI), especially the Talbot–Lau interferometry (TLI) (3), is
a leading contender for bringing XPCI into widespread adoption.
Its unique advantages include 1) the compatibility with conven-
tional, low-brilliance laboratory X-ray sources (3), 2) high sensitivity
at high X-ray energy (20), and 3) desirable spatial resolution down
to the micrometer level (21). Furthermore, it simultaneously pro-
vides three different contrast mechanisms: attenuation, refraction
(differential phase-shift), and scattering (dark-field) in a single
GXPCI dataset. The multicontrast modalities of TLI can offer
valuable and complementary information for better discrimina-
tion of different structural components with different physical
properties (4, 19). The GXPCI-enabled scattering contrast cor-
responds to the ultra-small-angle scattering strength of a mate-
rial and offers excellent sensitivity to the morphological features
that are much finer than the nominal spatial resolution (22–24).
The phase-contrast component, on the other hand, quantitatively

reconstructs the spatial distribution of the electron density, which is
a fundamental material property that has different implications in
different applications (20, 25). For example, the electron density of
a battery cathode material fingerprints its state of charge and
evolves as the battery is charged and discharged (26). Therefore,
the three-dimensional (3D) electron density map of a battery elec-
trode can be used to quantify the reaction heterogeneity, which is
critical to the battery performance. The extraordinary potential of
TLI tomography is reflected by the broad interest in applying this
method to biological and medical imaging (5, 6, 8, 9, 12, 13),
nondestructive testing (14, 27), materials science (19), and security
screening (28). There are, however, key limitations of this technique
that have yet to be addressed.
A main advantage of TLI is its compatibility with a high-power

laboratory X-ray source, which could largely improve the throughput
of the experiment (3). In a conventional TLI setup, an absorption
source grating (G0) is utilized to formulate a structured illumination
pattern (Fig. 1A). G0 is inserted near the exit window of the X-ray
tube for improving the spatial coherence and for reinforcing a
geometrical constraint that matches the configuration of the
downstream optics (SI Appendix, Fig. S2). The drawback of using
the source grating G0 is that more than half of the X-ray’s source
flux is wasted, significantly jeopardizing the efficiency of the im-
aging system. To increase the imaging sensitivity, one needs to use
G0 gratings with fine periods as small as a few micrometers (29).
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Meanwhile, to ensure a sufficient X-ray transmission contrast, the
thickness of the G0 grating lines has to reach several tens of mi-
crometers, manifesting a desire for a high aspect ratio (AR) that is
technically very challenging (30). To overcome this issue, Thüring
et al. tilted the gratings with respect to the beam to effectively
increase the AR. This approach, however, significantly reduces the
useful field of view (FOV), compromising the practicality of this
technique (30). Additionally, a G0 with large AR collimates the
X-ray beam, which is another reason for the diminished FOV
(∝AR−1) (SI Appendix, Fig. S3) (21). We acknowledge that
curved and tiled gratings can potentially be fabricated to allevi-
ate this issue; however, they are associated with great challenges
in microfabrication, particularly when targeting high a AR and
small radius (21, 31). Several approaches have been introduced
to circumvent the use of G0 and its associated limitations. One
demonstrated approach involves fabricating grooves on an anode
target for structured illumination. However, this method has a
rather limited FOV because the spatial coherence property changes
as a function of the target position (32). Morimoto et al. developed
a TLI with a transmission grating by using a structured X-ray
source. They demonstrated two-dimensional imaging results with
a rather low spatial resolution and at a low working energy (20
kV) (33, 34). Despite the tremendous research efforts devoted to
this field, the aforementioned challenges have hindered the broad
adoption of TLI as a standard tool for high-resolution structural
investigations with high-energy X-rays.
To tackle these challenges, we developed a TLI system with a

microarray anode–structured target (MAAST) X-ray source. We
overcome the limitations of the conventional configuration with
an extended source and a G0 grating by designing and incorpo-
rating the illumination pattern into the MAAST source as a built-in
feature. Our approach significantly improves the efficiency in the
use of source X-rays for imaging at high resolution and with high
sensitivity. We further present correlative tri-contrast tomography
on a Drum fish tooth specimen and demonstrate a clear separation
of biological features with different physical properties. Our results
highlight the exceptional imaging capability empowered by the
MAAST-based TLI method. Our approach also features a compact

and robust setup that can potentially be made broadly available
to academia research and industrial applications.

Results
Modulating the Illumination Pattern with Highly Efficient MAAST. As
it has been elaborated above, a conventional TLI setup utilizes
an absorption source grating G0 for defining the illumination pat-
tern (Fig. 1 A, Top), which, unfortunately, comes with decreased
efficiency as well as the technical challenges in microfabrication.
We tackle this challenge by eliminating the source grating and,
instead, build the desired pattern into the anode target. OurMAAST
X-ray source (Fig. 1 A, Bottom) features an array of precisely con-
trolled microstructure metal inserts (MMI) that are embedded in a
diamond substrate. These MMIs act as X-ray generators and
collectively form a desired illumination pattern (see illustrations
in Fig. 1 B and C). Upon irradiating the MAAST with electrons,
X-rays emit from the other side of the diamond substrate and
were used for imaging.
While the illumination pattern can be defined by the shape and

arrangement of the MMIs, the contrast relies on the difference
between the efficiency of X-ray generation from the MMI and that
from the substrate. To maximize X-ray production in the MMIs,
the MMI materials shall have a high atomic number, a high mass
density, a high thermal conductivity, and a high melting point. With
these considerations, the options were narrowed down to W, Mo,
and Cu. For the results presented below, we choose tungsten as our
MMI material (see Materials and Methods for more details) be-
cause of its high bremsstrahlung production rate (35). As for the
substrate, diamond is chosen because it holds several favorable
properties that not only minimize its X-ray production but also
provide sufficient mechanical support and good thermal conduc-
tivity (2,200 W ·mK−1) that efficiently dissipate the heat generated
by the incident electrons (36). Further numerical optimization of
the MAAST X-ray source for specific TLI setups was carried
through Monte-Carlo simulations, and the details can be found in
our earlier reports (37, 38). More discussions about the feasibility
and advantages of operating our MAAST at even higher X-ray
energies are included in the SI Appendix.

Fig. 1. Schematic comparison of the conventional TLI setup and our approach with a MAAST source is shown in A. SEM images of the MAAST pattern with
etched grooves (B) and with W-MMIs embedded in the polycrystalline diamond substrate (C).
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TLI with MAAST.Based on our MAAST source, we designed a TLI
system for X-ray imaging and tomography with high spatial reso-
lution and sensitivity (SI Appendix, Fig. S4). Details about the TLI
and the configuration of our specific imaging system can be
found in the SI Appendix. Prior to imaging real-world specimens,
we carefully characterized our setup in several key aspects that
are crucial to the multimodal imaging experiments. Upon exposure
to the electron beam, the MAAST emits X-rays that are specific
to the MMI material. The MAAST emission spectrum shows a
good consistency with the theoretical prediction (see Materials
and Methods for more experimental details), confirming the ef-
ficiency of the electron irradiation on the structured W anode
(Fig. 2A). The MAAST X-ray source provides an X-ray flux of
∼2 to 4 × 1011 photons/s/sr with a focal spot in the range of tens
of microns, which is about two times greater than that of a typical
X-ray microfocus source. The outstanding thermal properties of
the diamond substrate play a key role in improving the MAAST’s
X-ray flux (39). We further monitored the X-ray intensities from
the MAAST source over time for evaluating the stability of the
system. The stability assessment was conducted under three differ-
ent application-relevant conditions: 1) with direct charge-coupled
device (CCD) exposure, 2) with a 2-mm-diameter pinhole at the
exit window, and 3) with a 15-μm Silver filter. As shown in Fig. 2B,
the MAAST source demonstrates remarkable stability with negli-
gible standard deviation (SD) in the intensity variation over 6 h. To
optimize the setup for studying different specimens with different
properties, three different configurations have been designed and
calibrated for different combinations of X-ray energy and sensitivity
(SI Appendix, Table S1). Fundamentally, the performance of the

TLI system relies on the visibility of the phase-stepping curve
(PSC), which represents the intensity variation as the detector
grating (G2) is scanned with respect to the phase grating (G1)
(see Fig. 2 C, Inset for the definition of the visibility) (29, 40).
This is because the phase retrieval from the TLI imaging data is
essentially a quantification of the sample-induced distortions in
the PSC, and, therefore, the ultimate signal-to-noise ratio of the
imaging data is positively correlated with the visibility of the PSC
(29). We show in Fig. 2C the experimentally measured PSC visi-
bility map over an ∼10 × 10 mm2 area with the corresponding
histograms plotted in Fig. 2D. All the visibility measurements were
performed with 11-step phase stepping and with an exposure time
of 15 s per exposure. The visibility over the measured FOV is
rather homogeneous, with a mean value at∼30%. This value changes
slightly as a function of X-ray energy (Fig. 2D) but remains at an
excellent level (41, 42). We further evaluate the setup’s angle sensi-
tivity by means of the smallest detectable refraction angle (29). The
angle sensitivities are 256, 165, and 287 nano-radian (nrad) for the
three different configurations, respectively. It worth pointing out that
our setups are designed with considerations on a balance between the
engineering practicality and the desired performance (e.g., resolution
and sensitivity). The asymmetric system (Setup 3 in SI Appendix,
Table S1) has a lower sensitivity, which is purposely designed to
work with a large-period G2 absorption grating. Generally, our
system provides a higher sensitivity compared with other micro-
resolution setups with similar system lengths (41). Our improve-
ments largely benefit from the high visibility of our PSC, which is a
result of the use of the herein-developedMAAST.We acknowledge
that a much higher sensitivity (5 nrad) has been reported using a

Fig. 2. Characterization of the developed imaging system. (A) The X-ray spectrum emitted from the W-MAAST source. (B) The intensity variation over time.
μ1, μ2, and μ3 are the mean values and δ1, δ2, and δ3 are the SDs over the measured time (C) The visibility map measured with Setup 1. (D) The probability
distribution of the visibility at different X-ray energies over the FOV. The error bar is the SD value.
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long (∼1.72 m) laboratory TLI setup by coupling a large X-ray spot
of 100 μm and, thus, much higher X-ray flux, with a high-efficiency
single-photon–counting X-ray detector with much larger pixels
(172 μm) (20). It is not the intent of this work to push our effort to
pursue the highest sensitivity but rather to develop a MAAST-
based TLI setup that is robust, efficient, compact, and practical.
It should be noted that a MAAST-based TLI setup could offer
advantages in imaging sensitivity over the conventional TLI due
to its high visibility and high flux (see SI Appendix for detailed
discussion).

Tri-contrast X-Ray Imaging and Tomography with MAAST. With our
MAAST-based TLI system calibrated, we demonstrate tri-contrast
X-ray imaging and tomography with a Drum fish tooth specimen
using Setup 1 in SI Appendix, Table S1. The tri-contrast imaging is
achieved by conducting phase stepping and, subsequently, ana-
lyzing the difference in the PSCs with and without the sample in
place. The maps of sample-induced absorption, refraction, and
scattering are extracted and presented in Fig. 3 A–C, respectively.
A direct visual assessment of these maps suggests that these maps
exhibit very significant differences in their sensitivity to different
sample properties (as illustrated by Fig. 3 A–C, Insets). To further
understand these differences, we plot line profiles across the
sample (as annotated in Fig. 3A) over these maps. The absorption
line profile (black curve in Fig. 3D) features a strong baseline that
is predominantly caused by the thickness of the sample in the beam
direction. The intensity variations caused by the fine structural
features are significantly weaker than the baseline. The refraction and
scattering signals (red and blue curves in Fig. 3D), on the other hand,
have a largely suppressed background with the high-spatial-frequency
features enhanced. The refraction signal has positive and negative
values due to the directional sensitivity, while the scattering signal is
proportional to the absolute scattering power and is nondirectional.

We further plot the relative histograms of these three maps in
Fig. 3E. It is interesting to note that, while the refraction histogram
is fairly symmetric with respect to its peak position (red curve in
Fig. 3E), both the absorption and the scattering signals exhibit
asymmetry in their histograms (black and blue curves in Fig. 3E).
The spread of the histogram curve reflects the effectiveness in
the utilization of the data’s dynamic range. The absorption and
the scattering histograms demonstrate relatively sharper cutoffs
on different sides of the curve, indicating their different effec-
tiveness in handling weak and strong signals. We further com-
pare the Fourier power spectra of these three maps in Fig. 3F,
which clearly illustrates that the absorption map highlights the
low-spatial-frequency features, while the refraction and scattering
maps enhance the high-spatial-frequency components. The tri-
contrast imaging data are further acquired as the sample is ro-
tated in a tomographic scan (see Materials and Methods for more
experimental details). The reconstructed tri-contrast tomograms
over a representative slice through the center of the imaged
Drum fish tooth specimen and their respective Fourier transformed
patterns are shown in SI Appendix, Fig. S5. It is interesting to note
that two types of signals coexist and overlap in the Fourier patterns:
a rather scattered pattern and a set of more-defined radial spikes.
The scattered pattern is correlated with the disordered structural
features, and the radial spikes are associated with the radial
structural features. Our results suggest that, in this particular sample,
the refraction signal emphasizes the disordered structural features,
and, in contrast, the scattering signal highlights the ordered radial
features. The observation of different structural features in the im-
ages of different contrast mechanisms is very interesting and could
lead to useful scientific interpretations. For example, while both of
the μ and δ are associated with the electron density, they are not
simply correlated, and the local dissociation between the two could
be utilized to identify features of interest that might be overlooked

Fig. 3. The tri-contrast X-ray imaging results of a fish tooth specimen. (A–C) The maps of absorption, refraction, and scattering, respectively. The display
windows of A–C are [−0.1,1.2], [−5.5 × 10−6, 5.5 × 10−6], and [−0.1,1.3], respectively. (D) The intensity profile over these three maps across the horizontal line
as annotated in A. (E) The histograms of these maps. (F) The Fourier power spectra of these maps.
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otherwise. A more in-depth analysis relies on domain knowledge
specific to the sample and is beyond the scope of this paper.

Tri-contrast Tomography and Data Clustering Empowered Biological
Feature Identification. The correlative tri-contrast tomography
offers an excellent opportunity for distinguishing biological fea-
tures with different physical properties. With the tri-contrast tomo-
graphic results as inputs, we carry out unsupervised data classification
using the K-mean clustering method. Based on the local physical
properties, all the real-space voxels in the scanned 3D volume can be
plotted into a 3D space (Fig. 4 B, C, and D) defined by the ab-
sorption (μ), refraction (δ), and linear diffusion («) coefficients. The
clustering algorithm divides all the real-space voxels into five differ-
ent categories based on the similarity in the respective values of μ, δ,
and «. As shown in Fig. 4 A and E, these clusters also feature very
distinct spatial distributions. Cluster 4 shows strong signals in all three
parameters, matching the characteristics of the cellular cemen-
tum (43, 44). Cluster 1 shows strong signals in μ and δ as well as a
relatively low « value, indicating a rather large gradient in the
local density distribution that often constitutes a boundary between
different structural components in the biological system. Cluster 1
appears on the outer surface of the cellular cementum; it is
therefore attributed to the acellular cementum, which is more
calcified. The difference in the respective physical properties of
cellular and acellular cementum is rather small, causing challenges
in distinguishing them using conventional tomography data. Our
result provides an approach that harnesses the correlative tri-
contrast tomography data for precise cementum recognition. The
dentin is primarily constituted of clusters 2, 3, and 5. As shown in
Fig. 4C, clusters 2, 3, and 5 exhibit a positive correlation between μ
and δ, which suggests that the dense dentine features are con-
fined to rather localized regions with a sharp boundary. A negative
correlation between « and μ can be observed for clusters 2, 3, and 5
(Fig. 4D). It hints that the fine structural features that are smaller
than the nominal spatial resolution are ubiquitous in the dentine.
These results highlight the exceptional tri-contrast tomography
capability that is empowered by the MAAST-based TLI method.
With our method that leverages advanced experimental and

computational capabilities, we demonstrate the separation of
Drum fish tooth features of different physical properties with high
resolution and sensitivity. This approach could facilitate detection
and provide a better understanding of the cementum calcification,
which could subsequently offer important clinical implications.

Discussion
The TLI holds remarkable potential for multicontrast X-ray im-
aging but suffers from technical challenges associated with the
microfabrication and the limited efficiency. Despite the tremen-
dous research efforts in this field, the broad adoption of TLI in
industrial and medical applications is yet to be realized. In this
work, we tackle the frontier challenges in this field by developing a
MAAST source with a built-in structured illumination scheme. Our
development facilitates high-resolution and high-sensitivity TLI
imaging without the use of an absorption source grating. We
demonstrate the tri-contrast tomography capability with a Drum
fish tooth specimen and separate the biological features with
different combinations of physical properties. Our approach not
only addresses the long-standing challenges in the field of X-ray
TLI phase-contrast imaging but also features a compact, robust,
and practical setup that can potentially be made broadly avail-
able to academia research and industrial applications (SI Ap-
pendix, Fig. S4).
In the presented data, the exposure time is relatively long and

is limited by the low efficiency of the detector used (with an
objective lens of small numerical aperture at 0.055 and a thin scin-
tillator at 80 μm thick). The total exposure time of our experiment
can be significantly reduced simply by using a more efficient detector
with an objective lens of a large numerical aperture (at 0.1) and a
200-μm-thick scintillator, which is now being implemented as an
upgrade to our system. Another promising avenue is to incorporate
the state-of-the-art photon-counting detectors for suppressing the
imaging noise as much as possible to Poisson statistics. Further-
more, we acknowledge that some advanced acquisition and pro-
cessing scheme of tri-contrast tomography has been demonstrated
(45) and can be integrated into our system for further improving
the efficiency. Another possible strategy to improve the efficiency is

Fig. 4. Tri-contrast tomography facilitated data clustering and segmentation. (A) The 3D rendering of the tomographic result (grayscale in the left and
right), with a few virtual slices color coded to the data classification results. B–D illustrate the different properties of the five different data clusters. (E) A
magnified view of the white rectangle in A.
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to increase the power loading, which could compromise the ul-
timate spatial resolution and shall be carefully considered based
on the specific applications. In terms of the source lifetime and
long-term stability, we declare that this particular MAAST source
has been operated for routine experiments in our laboratory for
more than a year, and we do not observe any obvious degradation
in the performance of MAAST. Based on the experiments on our
TLI protype, the fluctuation of the ambient temperature exhibits a
significant impact on the stability of entire system. Therefore, a
temperature-management system could be crucial for the time-
consuming experiments (e.g., tri-contrast tomography). For a broad
application to research laboratories and the industry, engineering
efforts are needed to stabilize the system to the highest extent.
On the other hand, the real-time position monitor (e.g., laser
interferometer–based position encoder) could be useful for cor-
recting any errors induced by the imperfections of the hardware
setup during the data reduction process.

Materials and Methods
Detailed Design of the Tungsten-Based MAAST. The tungsten-based MAAST
(W-MAAST) pattern with an area of 0.4 × 0.4 mm was embedded in a poly-
crystalline diamond substrate with a 10-mm diameter and 1-mm thickness. The
transmission targets are patterned using conventional photolithography and
reactive ion etching processes. A scanning electron micrograph (SEM) of the
pattern with etched grooves is shown in Fig. 1B. The period of the W-MMIs is
3.0 μm, and the duty cycle is 0.33, giving 1.0-μm width tungsten lines separated
by 2.0 μm of the diamond. The depth of the W-MMI along the surface normal
was optimized using continuous slowing-down approximation to estimate the
maximum travel range of the electrons in the matter (46). Furthermore,
tungsten is embedded in the trenches through chemical vapor deposition and
surface polishing. Fig. 1C shows an SEM image of the fabricated W-MAAST
embedded in the polycrystalline diamond substrate. The line and space pattern
in the W-MAAST can be clearly distinguished. Finally, a capping layer of a few
nanometers is sputter coated over the diamond substrate to provide uniform
electrical conductivity. In our system, the focus size of the electron beam can be
adjusted between 50 × 50 μm2 and 6 × 6 μm2, offering flexibility to the imaging
experiments. The acceleration voltage of the electron gun can be operated over
a range of 20 to 70 kV.

MAAST Characterization and Simulation. The X-rayMAAST source was operated
with a 30-kV tube voltage and 1.34-mA tube current. We compare the X-ray
spectra from the Monte Carlo simulation and the one experimentally measured
using a silicon drift detector (KETEK, Inc.) (Fig. 2A). The X-ray spectrum simu-
lation was conducted using Geant4 (37, 38, 47). We conducted correction for air
attenuation, exit window attenuation, and energy-dependent absorption of
the spectrometer’s sensor material to ensure the accuracy. The characteristic
peaks of tungsten match the theoretic values, confirming that the MAAST was
irradiated by the electron beam. The spectra produced by the X-ray MAAST
source with different voltages and different currents were measured (SI Ap-
pendix, Fig. S6). We do not include higher voltages because the upper limit in
the working range of our silicon drift detector is 40 kV. The TLI is compatible
with X-rays with a relatively wide energy bandwidth (ΔE/E > 10%) (3, 29).
However, the X-ray bandwidth directly affects the visibility of the interference
pattern. In our experiment, an Ag filter was used to reject low-energy photons
for improving the visibility. The majority of the X-ray photons are produced by
the MMIs of the MAAST (SI Appendix, Fig. S7). This is the fundamental reason
for the improved PSC visibility in our setup.

To understand the stability of the transmission MAAST source, the X-ray in-
tensities were measured as a function of time under three different application-
relevant conditions. The detector was located downstream 218 mm from the
source focus. The X-ray intensities of the MAAST source are recorded with an in-
house CCD-based detector by a series of integration exposures of 15 s.

Detailed Imaging System Configuration. An X-ray TLI was constructed with an
in-house fabricated MAAST X-ray source as an illumination system for TLI, a G1
and G2, and a scintillator-based X-ray detector. The detector used consists of 80-

μm-thick Cesium Iodide (Thallium) (e.g., CsI [Tl]) scintillator, a 2× optical lens
system, and a CCD camera (Andor Technology, Ltd) with 2,048 × 2,048 pixels
(pixel size at 13.5 μm). The minimum achievable effective pixel size (ps) on the
sample plane depends on the focus size of the source and the pixel size of the
detector. Depending on the detector system, the spatial resolution is Δx ≥ ps.
The combination of the MAAST source and in-house detector offers a minimum
achievable effective pixel size of 4.4 to 10.6 μm, which is in the resolution range
of a typical high-resolution micro-CT (computed tomography) system (42). In
the initial experiment, the setup had an FOV of 6.5 mm, limited by the detector
size, and a geometric magnification of 1.8 (SI Appendix, Fig. S4). The design
method of TLI combined with the X-ray MAAST source is presented in SI Ap-
pendix. The detailed setup parameters are listed in SI Appendix, Table S1. Two
different TLI configurations were employed at three different X-ray energies;
one makes use of a symmetric mode, and the other employs an inverse ge-
ometry mode. The symmetric configuration has the highest angular sensitivity
for a given system length (48). Two symmetric setups work in third Talbot order
at an X-ray energy of 20 keV and 30 keV, respectively. The inverse geometry
configuration removes the fabrication difficulty of G2 with an available pitch
for a large geometry magnification, where the distance between X-ray source
and phase grating is shorter than the distance between phase grating and an
X-ray detector (48, 49). The inverse geometry setup was acquired in the first
Talbot order using an effective X-ray energy of 40 keV.

Tomography. Today’s commercial laboratory-based micro-CT scanners have a
key role to play in 3D imaging, offering a high resolution to probe the secrets of
matter in even greater detail for various kinds of specimens. The further inte-
gration of tabletop X-ray micro-CT scanners with TLI to acquire phase and
scattering contrast images can dramatically enhance their range of applications,
from biological samples to advanced composite material to geological material,
for both industrial and research applications. To perform CT scans to obtain the
3D information of the materials, the specimen is rotated around the rotation
axis, and a phase stepping series is recorded for each projection angle. The tri-
contrast images were extracted by Fourier analysis of the intensity oscillation
curves in each detector pixel (40). A graphics processing unit (GPU)-based
Feldkamp–Davis–Kress (FDK) cone-beam filtered back-projection (FBP) recon-
struction code developed in the house was used to reconstruct the three con-
trast images. The reconstruction of the linear diffusion coefficient related to
dark-field contrast is processed in the same way as the reconstruction of the
attenuation coefficients using a standard FBP with a Ram-Lak filter (23). The
real part of the X-ray refractive index related to differential phase contrast is
directly reconstructing the 3D volume dataset from the differential phase-
contrast projections by using a Hilbert filter in the FBP reconstruction (50). It
should be noted that the reconstruction with the Hilbert filter is in fact an
integral reconstruction.

To improve the spatial resolution, the focal spot of the MAAST X-ray source in
the presented system was set to 14 μm, and the detector pixel size is 13.5 × 13.5
μm2. The reconstructed voxel size is close to 7.9 μm under the configuration of
Setup 1. The power loading of the MAAST X-ray source was set to 35 W. In this
experiment, G2was displacedwith a step of p2/5 in the phase stepping procedure,
and five images were acquired sequentially in any given viewing angle with an
exposure time of 30 s for each image. The whole CT scan consisted of 611 viewing
angles over 183°. It took ∼26 h in total. Owing to the G1 and G2, the TLI is very
sensitive to the mechanical drift of any components in the system. To address this
issue, frequent acquisition of the flat-field background images is a common ap-
proach (42). In the presented experiment, the projections are corrected with the
closest flat-field background images, which are acquired every 20°.

Data Availability.All study data are included in the article and/or SI Appendix.
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