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Abstract: Speckle-based imaging (SBI) is an advanced X-ray imaging technique that measures phase
and dark-field signals, in addition to absorption signals. SBI uses random wavefront modulators to
generate speckles and requires two images: one with a speckle pattern alone, and one with both the
sample and speckles. SBI reconstruction algorithms retrieve three signals (transmission, refraction,
and dark-field) by comparing the two images. In SBI, speckle visibility plays a crucial role in the
retrieval of the three signals. When translating the technique from synchrotron sources to compact
laboratory setups, the reduced coherence of the source and limitations in the available resolution
yield lower speckle visibility, hampering the retrieval of phase and dark-field signals. In this context,
direct-detection CdTe X-ray photon-counting detectors (XPCDs) provide an attractive solution, as they
allow for a high detection efficiency and optimal spatial resolution enhancing speckle visibility. In this
work, we present the newly established OPTIMATO (OPTimal IMAging and TOmography) laboratory
for X-ray imaging hosted at the Elettra synchrotron (Trieste, Italy). The setup for SBI with resolutions
up to 15 µm including an XPCD and a charge-integrating flat-panel detector (FPD) has been used to
acquire SBI data. The main limiting factors when moving SBI applications from synchrotron facilities
to compact laboratory setups are summarized. The advantages of XPCDs over FPDs are discussed by
comparing the SBI images obtained using both detectors. The potential of the spectral decomposition
approach via multi-threshold acquisitions using XPCDs is briefly introduced. The results shown in this
work represent the first step toward the realization of a multimodal and multiresolution X-ray facility.
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1 Introduction

Speckle-based imaging (SBI) is an X-ray phase-contrast imaging (XPCI) technique that enables the
measurement of phase and dark-field signals, in addition to conventionally accessible absorption
signals [1, 2]. SBI uses random wavefront modulators, such as sandpaper, to produce a reference
speckle pattern at the detector plane. The technique requires the acquisition of two images: the
first with the speckle pattern alone (reference image) and the second after introducing the sample
into the beam (sample image). Compared with the reference image, the speckle pattern in the
sample image is modulated in terms of intensity reduction (transmission signal), lateral displacement
(refraction), and blurring (dark-field signal). SBI reconstruction algorithms operate by comparing
the reference and sample images to retrieve the three signals. One key advantage of SBI over other
XPCI techniques, such as grating-based imaging [3] and edge illumination (EI) [4], is that these use
one or more grids usually produced via expensive lithographic methods to feature periodic apertures
of a few microns, while SBI can use inexpensive random modulators such as sandpapers. Unlike
grids, sandpaper does not require alignments or custom production processes, albeit at the cost of
reduced visibility of the reference pattern.

As for other XPCI techniques, SBI has been first performed using coherent synchrotron sources.
However, XPCI techniques can be adapted to laboratory facilities with quasi-coherent (micro-focus)
sources, as reported in the literature [5–7]. To obtain optimal results in SBI, it is crucial to ensure the
visibility of the speckles. Higher visibility is typically achieved with low-energy photons (<20 keV)
and high statistics, such that the variations in speckle intensities dominate over the stochastic noise.
However, these conditions are not always reproducible using compact X-ray sources. In this context,
direct-detection CdTe X-ray photon-counting detectors (XPCDs) provide an attractive solution for
SBI, featuring multiple advantages over the commonly employed indirect charge-integrating flat-panel
detectors (FPD). First, thick (>0.5 mm) CdTe sensors allow for both high detection efficiency (up to
100 keV) and optimal spatial resolution. Second, the photon-counting readout counts each photon,
regardless of its energy. This leads to better speckle visibility compared with an ideal charge-integrating
detector that weights high-energy photons more than low-energy photons. Finally, by implementing
one or more energy thresholds, XPCDs enable spectral imaging, thus providing information on the
chemical composition of the samples under investigation.

– 1 –
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This work presents the first SBI images at the newly established OPTIMATO (OPTimal IMAging
and TOmography) laboratory, an X-ray setup tailored for phase-sensitive techniques implemented in
the framework of the Scattering-Based X-ray Imaging and Tomography (S-BaXIT) project hosted by
the University of Trieste and Elettra synchrotron (Trieste, Italy). The X-ray setup is equipped with a
high-brilliance microfocus liquid-metal-jet X-ray source, whereby images can be collected with both
a spectral XPCD and a large-area FPD. Following a brief discussion on the primary challenges in
adapting SBI technique from synchrotrons to compact laboratories, the main advantages of XPCDs
over FPDs are demonstrated by comparing SBI images obtained using both detectors. Finally, the
energy thresholds of the XPCD have been exploited to perform spectral imaging, highlighting how
XPCDs can expand the range of applications available at the OPTIMATO laboratory.

2 Materials and methods

2.1 Experimental setup

The setup implemented at the OPTIMATO laboratory is shown in figure 1. In this setup, X-rays
are generated by a microfocus, high-brilliance liquid-metal-jet source (MetalJet D2+, Excillum,
Stockholm, Sweden), featuring a maximum acceleration voltage of 160 kV, maximum power of 250 W,
and adjustable focal spot sizes (≥ 15 µm). The source can emit photons on two opposite sides, thereby
allowing for the implementation of two semi-independent imaging branches. The experimental setup
was assembled in a 7× 2.5 m2 lead-shielded hutch. The first branch uses two optical tables (2× 0.8 m2

each), resulting in a maximum distance source-detector (SDD) of 4 m (‘long branch’); the other uses
a single table, allowing a maximum SDD of 2 m (‘short branch’). The short branch, designed for
high-resolution (< 10 µm) imaging, is currently under development.

Figure 1. Picture of the X-ray setup implemented at the OPTIMATO laboratory.

The long branch, dedicated to SBI applications and micro-CT, is equipped with two detectors. The
first is the LAMBDA 350k (X-Spectrum, Hamburg, Germany), an XPCD made of 3×2 Medipix3 chips
bump-bonded with a single 1 mm thick CdTe sensor. This detector has an active area of 28 × 42 mm2,
with a pixel pitch of 55 µm. The Medipix3 chip implements two acquisition modes: single-pixel
mode (SPM) and charge-summing mode (CSM). With SPM, each pixel works independently from its
neighbors. Therefore, when the charge produced by a single photon spreads over multiple pixels, the
photon can be detected by more than one pixel, potentially degrading the imaging performance of the
detector [8]. The CSM overcomes the problem of charge sharing by summing the charges (from a
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single photon) spread over a cluster of (2×2) pixels and assigning the count to the pixel receiving the
highest fraction of the shared charge. In this mode, the energy of each event is correctly evaluated
and the spatial accuracy is preserved [9]. This latter mode is best suited for applications requiring
optimal spatial and spectral resolutions. The second detector available in the long branch is a FPD
(CMOS 1512, Varex imaging, Salt Lake City, UT, U.S.A.) with a 200 µm thick micro columnar CsI
scintillator, featuring an effective area of 145 × 115 mm2 and a pixel pitch of 74.8 µm. In this branch,
samples can be mounted on a Meca500 robotic arm (Mecademic Robotics, Montreal, Canada) with
a repeatability of 5 μm and six degrees of freedom. The robotic arm can perform both translations
and tomographic acquisitions, representing an ideal substitute for the assembly of linear and rotation
stages, as commonly required by CT setups. Wavefront modulators such as sandpaper or gratings can
be mounted onto two motorized translation stages (MFA-CC, MKS-Newport, Irvine, CA, U.S.A.) for
horizontal and vertical motion. In this branch, the spatial resolution is limited by the source size.

2.2 Speckles visibility: from synchrotrons to laboratory sources

In SBI, the speckle pattern is generated by the interaction of an X-ray beam with a diffuser composed
of random scatterers. The interaction of an X-ray beam with a diffuser composed of random scatterers
generates speckles through two mechanisms: attenuation of incident radiation, and self-interference
of wavefront through induced phase shifts. The visibility arising from propagation effects increases
with the transverse and the temporal coherence in the diffuser plane. The transverse coherence
increases for large source-diffuser distances and small source sizes, while the temporal coherence
increases with the monochromaticity of the X-ray beam [10]. This explains why SBI is best suited
for synchrotron facilities that provide long propagation distances, monochromatic radiation, and
parallel-beam geometry while delivering high fluence rates.

When translating SBI from synchrotrons to laboratory sources, the visibility of speckles, which is
a fundamental requirement for retrieving differential-phase and dark-field signals, is limited by several
factors. In particular, the temporal coherence is limited by the polychromaticity of the X-ray beam,
whereas the longitudinal coherence is limited by the finite source size and the reduced propagation
distances achievable in a laboratory facility. Additionally, unlike in the case of synchrotron beamlines,
where the propagation of the X-ray wavefront can be approximated by plane waves and the intensity of
self-interferences in the speckle pattern increases with the actual distance diffuser-detector (z), in the
cone beam geometry available with laboratory X-ray sources, propagation effects are described by
spherical waves. In this case, the effective propagation distance (𝑧eff) required to produce the same
effects obtained with a parallel beam is described by the Fresnel scaling theorem [11]:

𝑧eff = 𝑧/𝑀 (2.1)

where 𝑀 = 𝑆𝐷𝐷/(𝑆𝐷𝐷 − 𝑧) is the geometrical magnification. Equation (2.1) shows that the
cone-beam geometry requires larger 𝑧 if compared to the case of parallel beam geometry. The effective
propagation distances achievable at the OPTIMATO laboratory for a few fixed SDD are shown in
figure 2. The plots show that for a fixed SDD, the maximum effective propagation distance is always
obtained for 𝑀 = 2. The maximum effective propagation distance attainable with the long branch is
𝑧eff = 1 m with an actual distance diffuser/sample-detector 𝑧 = 2 m and 𝑆𝐷𝐷 = 4 m.

Owing to the aforementioned limitations, the choice of the detection system plays a crucial role
in the design of a compact setup for SBI. From the imaging point of view, the speckles feature a
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Figure 2. Plots of the effective propagation distance as a function of the magnification for different SDD settable
in the long branch of the OPTIMATO laboratory.

noise-like pattern that must be resolved by the detection system and must be clearly distinguished from
the stochastic noise. Considering these two factors, detectors featuring high spatial resolution and high
detection efficiency are expected to improve speckle visibility. The spatial resolution is a property of
the detection system which is generally described by the point spread function (𝑃𝑆𝐹) [12], whereby a
broad PSF blurs the speckles, reducing their visibility. In cone-beam X-ray setups where detectors
have pixels larger than the source size, the PSF of the system 𝑃𝑆𝐹sys depends both on the PSF of the
detector 𝑃𝑆𝐹det, the magnification (𝑀) and source size (𝐷) according to the following equation:

𝑃𝑆𝐹sys =

√︄(
𝑃𝑆𝐹det
𝑀

)2
+
(
𝑀 − 1
𝑀

)2
· 𝐷2 (2.2)

Equation (2.2) shows that by increasing M it is possible to improve the spatial resolution up to the
limits imposed by the source size (𝑃𝑆𝐹sys ≥ 𝐷). However, for SBI, owing to the Fresnel scaling
theorem (figure 2), speckle visibility is expected to decrease for 𝑀 > 2. Therefore, the increase in
spatial resolution and maximization of speckle visibility are competing factors. Consequently, when
comparing different detectors for SBI applications, the highest speckle visibility is expected to be
achieved by the one featuring an inherently higher spatial resolution (i.e., smaller 𝑃𝑆𝐹det).

3 Results

This section shows the first SBI images obtained with the long branch at the OPTIMATO laboratory.
The performances of the XPCD and the FPD are compared in terms of speckles visibility and SBI
image quality. For all acquisitions, the source was used with a tube voltage of 50 kV, source size of
20 µm, and emission power of 170 W. The XPCD has been used in charge-summing mode.

To better understand the potential of the XPCD compared to the FPD, the spatial resolution
of both detectors has been evaluated. By using the slanted edge method [13], the full-width half
maximum of the PSFs for the FPD and the XPCD were estimated to be (130 ± 3)µm and (49 ± 3)µm,
respectively. Figure 3 (a) displays the plots of the spatial resolutions attainable with both the XPCD
and the FPD as a function of the magnification, according to eq. (2.2). The results show that the
XPCD allows for better spatial resolution, especially for magnifications close to 𝑀 = 2, where the
effective propagation distance is maximized, enhancing propagation effects.

By setting a fixed 𝑆𝐷𝐷 = 150 cm, speckle visibility measurements have been performed with
both detectors for different distances source-diffuser. As a diffuser, four layers of P120 sandpaper
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with an average grit size of 125 µm were employed. The visibility has been quantified as the standard
deviation (𝜎) over the mean (𝜇) of the speckle pattern, i.e., visibility= 𝜎/𝜇. The measured speckle
visibility as a function of the magnification is shown in figure 3 (b). The results show that the XPCD
outperforms the flat panel, achieving higher visibility (up to a factor of 2) for all the magnifications.
The results also show that, for both detectors, the maximum visibility is obtained for 𝑀 = 2, for
which the maximum 𝑧eff is obtained, as shown in figure 2.
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Figure 3. (a) 𝑃𝑆𝐹sys as a function of the magnification for the XPCD and FPD available in the long branch, and
a source size of 𝐷 = 20 µm; (b) visibility as a function of the magnification obtained with the FPD and the
XPCD placed at 150 cm from the source.

To compare the performance of both detectors, two SBI scans have been performed with the
optimal settings for speckle visibility as shown in figure 3(b), i.e., 𝑆𝐷𝐷 = 150 cm, distance source-
diffuser 75 cm, and 𝑀 = 2. The sample, composed of a water-filled pipette tip, a beetle glued
to a pipette tip, and a wooden toothpick, was placed 80 cm from the source. From SBI datasets,
transmission, dark-field, and refraction signals were reconstructed using the Unified Modulated Pattern
Analysis (UMPA) software [14]. To increase the reliability of the results from UMPA, 20 diffuser
positions were acquired. For the XPCD, dead pixels and artifacts arising from CdTe charge trapping
effects, potentially affecting the speckle tracking algorithm, were processed using the filter presented
in [15]. For each projection, multiple images were acquired and averaged to increase the photon
statistics. With both detectors, the equivalent exposure time per projection was 60 s, ensuring a
clearly distinguishable speckle pattern over the Poissonian noise. The transmission (T), dark-field (df),
and horizontal differential-phase (dx) images reconstructed with UMPA for both SBI acquisitions
are shown in figure 4. From a visual inspection of the dark-field and differential phase images in
figure 4, it can be observed that for the XPCD, the sample features are clearly distinguishable from the
background, whereas for the FPD, the noise partially or completely masks the details, thus leading to
UMPA images of poorer quality. This is mainly due to the fact that, under the same experimental
conditions, the XPCD allows for higher speckle visibility. In particular, the noise in FPD images (dx
and df) occurs in regions where, owing to poor visibility, the fit of the UMPA model fails to converge,
leading to the formation of bright/dark spots that affect the overall image quality. Referring to the
dark-field signal, by inducing multiple scattering, the wood fibers in the toothpick are expected to
produce a higher dark-field contrast when compared to the one generated by homogeneous features
such as the water-filled pipette. As shown in the figure, this behavior is not correctly reproduced in
the FPD image, where the water features stronger dark-field signals. The results also suggest that
the visibility of approximately 3% achieved by the FPD is insufficient to allow SBI reconstructions
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(a)

(b)

Figure 4. Transmission (T), dark-field (df), and horizontal differential-phase (dx) images reconstructed with
UMPA from SBI datasets acquired with (a) XPCD, (b) FPD.

with UMPA. It is worth noting that if the FPD is not suitable for SBI with sandpaper, it cannot
be excluded that custom diffusers made by more strongly absorbing materials would enable SBI
with the FPD. Additionally, XPCI imaging with FPD and UMPA approach can be performed by
using wavefront markers made by absorbing bar patterns that deliver high visibility [16]. It is also
important to note that, by offering large detection areas, FPDs represent a valuable detection system
for propagation-based imaging and conventional micro-CT of large samples.

The XPCD in the long branch also enables spectral imaging applications [17]. As an example,
figure 5 shows a spectral decomposition with three materials for the same sample employed in the SBI
scans. For the spectral acquisition, three conventional absorption images were acquired with three
different energy thresholds (𝑡ℎ𝑟1 = 13 keV, 𝑡ℎ𝑟2 = 23 keV, 𝑡ℎ𝑟3 = 26 keV), dividing the spectrum into
three energy bins ([13–23] keV, [23–26] keV, and >26 keV) with the same amount of photons. The
total exposure time per projection was 60 s. The material decomposition has been carried out using
the minimum residual spectral decomposition algorithm presented in [18], setting three material bases:
CaCO3 (present in insect carapace), water, and carbon (present in wood and plastics). The results in
figure 5(b), (c), and (d) show that the acquisition system is capable of distinguishing between water
and plastic pipettes, as well as correctly identifying the carapace of the beetle. Combined with phase,

(a) (b) (c) (d)

Figure 5. Absorption radiography (a). Overlay of (a) with decomposed bases: (b) CaCO3 (red), water (blue),
and carbon (yellow); (c) CaCO3 and carbon; (d) CaCO3 and water.
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dark-field, and transmission signals, the spectral decomposition enhances the diagnostic capabilities of
the proposed setup, thereby allowing for a more thorough analysis of the samples under examination.

4 Conclusions

In this work, we presented a newly established X-ray setup at the Elettra synchrotron (Trieste, Italy)
implemented in the framework of the S-BaXIT project funded by the European Research Council.
This setup is well-suited for a wide range of imaging applications, including absorption radiography
and micro-CT, propagation-based imaging, various XPCI techniques such as SBI and speckle-based
directional dark-field [19], and spectral imaging. The first SBI images taken with the long branch
setup demonstrated that, under the same experimental conditions, XPCDs outperform the conventional
FPD in terms of image quality for both differential-phase and dark-field images. In particular, by
delivering higher speckle visibility, XPCDs prove to be an invaluable tool in the challenging task of
translating SBI from synchrotrons to compact X-ray laboratories. Furthermore, the spectral capabilities
of XPCDs expand the range of available applications.

The preliminary results shown in this work represent a starting point for the implementation of a
reliable setup for SBI at the OPTIMATO laboratory. Several optimization studies for the choice of
sandpaper, propagation distances, X-ray spectra, as well as the refinement of UMPA with the inclusion
of spectral information to make the model more robust and reliable, are currently under investigation
and will be the object of future works. The short branch of the setup is under development and will
enable imaging applications with resolutions in the range 0.65 − 6.5 µm. The two branches will
provide a multimodal and multiresolution X-ray facility available to the community.
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