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Abstract: X-ray absorption-based imaging often yields insufficient contrast for materials with
low atomic numbers. X-ray phase-contrast imaging (PCI) offers a solution by leveraging the phase
shift induced by different materials, enabling enhanced visualization of structures with minimal
absorption differences. However, extracting phase information from intensity measurements is a
non-trivial task, requiring specialized techniques. We present XPClpy, an open-source software
developed in Python, designed for both the simulation of X-ray PCI, including propagation-based
imaging (PBI) and Talbot-Lau phase-contrast Imaging (TLPCI), and the reconstruction of TLPCI
images. XPClIpy implements the phase stepping method for image retrieval, offering both least-
squares and fast Fourier transform (FFT)-based reconstruction algorithms. It notably includes an
algorithm for correcting phase step and dose fluctuations, which helps mitigate reconstruction
artifacts like Moiré patterns. The software’s modular architecture enhances extensibility, and a
user-friendly graphical user interface (GUI) improves accessibility for researchers. Validated
through both simulations and experimental data, XPClpy provides a versatile framework to
optimize experimental setups, test new reconstruction algorithms, and serve as an accessible tool
for the scientific community in X-ray phase-contrast imaging. The code is publicly available at
https://github.com/PREDICO-Project/XPClpy.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

X-ray absorption-based imaging is a widely used technique in medical imaging. The contrast
in these images arises from the differential attenuation of X-rays as they interact with matter.
However, when different materials exhibit similar attenuation properties, the resulting contrast
is often insufficient, limiting the ability to distinguish them. X-ray Phase-Contrast Imaging
(PCI) [1] has emerged as a solution to address the limitations of weak contrast in conventional
X-ray imaging. This approach leverages the contrast arising from the phase shift induced by
different materials, rather than relying on absorption-based contrast used in traditional X-ray
imaging. Unlike attenuation, phase contrast is sensitive to variations in the refractive index,
enabling enhanced visualization of structures with minimal absorption differences [2]. It has
been used to characterize density differences in composite materials [3], enabling the detection
of internal structures or defects with improved contrast. In the biomedical field, phase contrast
techniques are being explored for applications such as mammography [4,5], where they have the
potential to improve lesion detectability. Moreover, recent studies have evaluated its utility in
lung cancer diagnosis [6], assessing whether phase contrast X-ray imaging can provide better
tumour visualisation and diagnostic accuracy compared to standard imaging modalities.

However, extracting phase information from intensity measurements is inherently non-trivial.
All phase-contrast techniques require dedicated reconstruction algorithms [7—10]. In addition,
some techniques like grating-based interferometry also require specialized equipment, including
micrometric gratings [11].

Propagation-based Imaging (PBI) [12,13], also known as in-line PCI, is one of the most
commonly used techniques to obtain phase-contrast images. In this method, the contrast arises
from the propagation of X-rays through the object of interest [14]. If the propagation distance
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is sufficiently large, a phenomenon known as edge enhancement occurs [15], where phase
discontinuities at the boundary of the object result in additional contrast in the image. This
enhanced contrast is due to the phase shift imparted to the X-rays as they pass through the
object, which can highlight features that are not easily visible in absorption-based images [16].
Various algorithms are available to retrieve phase information from these edge-enhanced images.
Among the most widely used are phase retrieval methods based on the transport of intensity
equation (TIE) [12]. Since TIE-based methods are applicable only to PBI, alternative approaches
are needed for other phase contrast techniques, as will be discussed later in this work. One
of the main limitations of PBI is that it requires spatially coherent and monoenergetic X-ray
beams, conditions that can only be achieved with the use of synchrotron radiation sources [17] or
micro-focus X-ray sources [18]. Despite this limitation, PBI offers high spatial resolution in the
obtained phase-contrast images and does not require additional specialized equipment beyond
the X-ray source and detector setup. This simplicity in implementation, combined with its high
resolution, makes PBI an attractive option for studies requiring fine structural detail [5,19].

To reduce the stringent requirements on spatial coherence, different techniques that allow PCI
have been developed, such as speckle-based imaging (SBI) [20,21] or grating-based imaging
(GBI) [11,22]. They are based on the diffraction produced by the gratings or a speckle pattern
object to enhance phase effects in the intensity recorded in the detector.

GBI can be utilized with micro-focus and conventional X-ray tubes, allowing for the simulta-
neous acquisition of multiple images of the sample, each providing distinct information about
its characteristics. These images are attenuation, phase gradient, and dark-field images, which
are obtained through the application of specialized reconstruction algorithms [23]. Talbot-Lau
phase-contrast imaging (TLPCI) is a specific implementation of GBI techniques, which employs
three gratings to enable phase contrast imaging with conventional X-ray sources [24].

Although the GBI technique is one of the most effective PCI methods [25], its primary
limitation lies in the high cost of constructing the gratings, which must be specifically designed
for each experimental setup [26]. Additionally, artifacts may arise in the reconstruction process
as a result of misalignment of the gratings [27], as well as from inaccuracies due to mechanical
limitations. The gratings must be moved during the image acquisition and their relative position
must be precise. In practice, there will be deviations in the position, producing artifacts in the
phase contrast images.

Therefore, it is essential to have tools that enable both the simulation of GBI systems and the
implementation of robust reconstruction algorithms. To this end, the software presented in this
work includes an algorithm for correcting grating position errors, improving the reconstructed
images [28].

While the fields of X-ray phase-contrast simulation and phase retrieval are well-established,
with various specialized tools and algorithms described in the literature, there remains a gap
for an unified, open-source framework that combines comprehensive simulation capabilities
with robust reconstruction methods. This work addresses this need by introducing XPClpy, a
novel Python toolkit that consolidates a wide range of functionalities into a single and accessible
platform. XPClpy not only provides a unified simulation framework for both PBI and TLPCI, but
also implements algorithms to reconstruct TLPCI images, a key module of the framework, and
generates synthetic datasets with well-known Moiré artifacts. Thanks to its modular architecture
and user-friendly graphical user interface (GUI), XPClpy offers enhanced accessibility and
usability, making it a valuable tool for both research and education.

The remainder of this paper is organized as follows. Section 2, ’Materials and methods,’
provides a comprehensive overview of the theoretical framework underlying X-ray phase-contrast
imaging and details the architecture and functionalities of the XPClpy software. This includes
a description of the Talbot-Lau interferometer design, the phase stepping method employed
for image acquisition and retrieval, and an in-depth look at the individual modules within the
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XPClpy environment. In Section 3, ’Results,” we present the validation of XPClpy through both
simulations, showcasing its capabilities in modeling PBI and TLPCI, and experimental data
obtained from a laboratory setup. Finally, Section 4 offers a discussion of the software’s broader
implications and its potential for future enhancements, while Section 5 concludes the paper by
summarizing its key contributions.

2. Materials and methods

The complex refractive index of a material can be described as shown in Eq. (1). The real part of
the refractive index is related to the phase shift introduced on the X-ray beam, and the imaginary
part is related to the attenuation.
n=1-96+ip. €))
An object can be described by its transmission function, which contains all the information
related to the interaction with the X-ray wave function.

O (x,y) = exp[-u(x,y) +i® (x,y)]. 2)

The real part is the attenuation of the transmission function and it can be written as:

2
p(x,y) = 7” / B (x,y,2)dL. 3)

The A parameter is the wavelength of the x-ray beam and the integral is the line integral of the
imaginary part of the complex refractive index (Eq. (1)). Analogously, a similar equation can be
derived to relate @ (x, y) and the real term of the refractive index [29].

D(x,y) = —27ﬂ/6(x,y,z)dl. ()]

To retrieve the information related to the attenuation and phase introduced by the object, a
Talbot-Lau interferometer is used, which is composed of three gratings.

2.1. Talbot Lau interferometer

A Talbot-Lau interferometer, as depicted in Fig. 1, employs three gratings (GO, G1, and G2)
aligned along the optical axis to enable phase-contrast imaging. GO, the source grating, generates
a set of spatially coherent X-ray sources, ensuring the necessary coherence for phase effects. Its
period (po) is chosen based on the system geometry:

Po = —Pp2, )
212

where 7 is the distance between GO and G1 and z;, the distance between G1 and G2, with p,
being the period of G2. G1, the phase grating, introduces a known phase shift(w or 7/2) to the
X-ray beam, with the object typically positioned immediately before or after it for maximized
sensitivity. The interferometer operates on the principle of the fractional Talbot effect [30], where
self-images of a periodic object are formed at specific distances Dyr:

2
Dﬁzg(g) =%DT m=1,3,5 6)

Here, 17 is a parameter dependent on the phase shift introduced by the grating (n = 1 for
/2 and n = 2 for xr), and Dr is the Talbot distance for an absorption grating. The self-image
periodicity is given by p” = p/n. Figure 2 illustrates the Talbot effect for a phase grating, showing
how the pattern is modified by a sample.

G2, the analyzer grating, is an absorption grating placed at a fractional Talbot distance of G1’s
self-image and with matching periodicity. By displacing G1 or G2 perpendicularly to their bars,
the detected intensity varies, which is essential for the phase stepping method.
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Fig. 1. Talbot-Lau interferometer setup.
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Fig. 2. Talbot effect for a 7 phase grating. At 1/16 and 3/16 multiples of Talbot distance,
the self-image of the grating is formed. Red lines indicates the bars of the phase grating,
green lines indicates the self-image. (a) Talbot effect without object, (b) Talbot effect with
an object after the phase grating.

2.2. Phase retrieval methods

Retrieving phase information from X-ray intensity measurements is an inverse problem, and
various techniques have been developed to address it. While novel approaches, including those
based on deep neural networks [31,32] and Moiré pattern reconstruction [33], offer advanced
solutions, analytical methods often require specific acquisition schemes. For grating-based phase
contrast imaging, obtaining the full phase information typically necessitates multiple intensity
measurements.

The phase stepping method [34] is a widely used analytical approach for phase retrieval. This
technique relies on acquiring multiple images by incrementally displacing a grating (G1 or
G2 in a Talbot-Lau interferometer) perpendicularly to the optical axis. In an ideal system, the
intensity for each pixel across these displacements follows a triangular function. However, due
to experimental imperfections, the measured intensity modulation curve often approximates a
sinusoidal function. For each pixel i and phase step j, the intensity (I;) is described by:

I =o' +A'sin (27r—] +p’). @)
2]
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Here, x; is the relative position of the gratings, p, is G2’s period, and o', Al and pi represent
the offset, amplitude and phase shift of the modulation curve, respectively. These parameters can
be extracted from experimental data using least squares fitting or fast Fourier transform (FFT).
The intensity of the frequency 0 in the FFT corresponds to the offset (o’), while the module (A?)
and phase (p’) of the intensity modulation curve are derived from the first harmonic’s complex
values. Specifically, if a and b are the real and imaginary parts of the first harmonic:

b
p = arctan — ®)

A=2Va + 2. )

To isolate the object’s specific contribution to attenuation, ultra-small scattering, and phase
shift, the intensity modulation curve with the object (0) is compared to a reference curve (7)
obtained without the object (Fig. 3). This comparison yields three distinct images: attenuation
(At), phase gradient (PG), and dark field (DF) [23]:

PG' = pl, ~pj;
i
Af = (O,_zo (10)
DF' = E
vp
where visibility V' is defined as: '
= %:. a1
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Fig. 3. Intensity modulation curves with an object (red dashed line) and without the object
(blue continue line). It is represented the parameters of the sine: the offset (0), the module
(A) and the phase (p).

2.3. XPClpy environment

XPClpy (X-ray phase-contrast imaging in Python) is an open-source software developed in
Python, designed for the simulation of X-ray phase-contrast images (PBI and TLPCI) and the
reconstruction of TLPCI images using the phase stepping method. Its modular architecture
facilitates easy modification and the integration of new functionalities. The code leverages
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common Python libraries such as NumPy and SciPy, and utilizes Numba for algorithm acceleration.
Future developments aim to incorporate GPU acceleration via libraries like Cupy. The XPClpy
environment comprises three main modules, each with specific tasks as detailed in Table 1.
Examples of usage, including Jupyter Notebooks, are available in the public GitHub repository
[35]:

Table 1. XPClpy Modules and functionalities

Module Task
PCSim Simulation of PBI and TLPCI.
MoireSim  Simple Analytical implementation of equation (7) and Moiré artifacts.
TLRec Talbot-Lau Reconstruction.
2.3.1. PCSim

The PCSim module simulates PBI and TLPCI by applying Fresnel’s Wave Theory of Light to
X-rays [14]. The simulation workflow is outlined in Fig. 4.

®Source PSF
Intensity Q®Detector PSF
+Noise

Wavefront
construction

QFresnel

*Object Propagator

Fig. 4. PCSim workflow. The symbol x denotes the multiplication of transmission functions,
while ® denotes the convolution of functions.

The process begins with the geometry and source modules, which define the system configura-
tion and generate the initial wavefront. The geometry module stores the relevant distance. The
source module provides the incident wavefront, taking into account its spectrum, source size, and
angular distribution.

The next stage involves the object and material modules. The object transmission function
O(x, y) is constructed by combining the spatial distribution of the object with the refractive index
of the assigned materials (Eq. (2)). For TLPCI simulations, the object list includes the phase
grating (G1) and the analyzer grating (G2), whose transmission functions are inserted at the
corresponding planes.

Propagation between planes is handled by the propagator module, which applies the Fresnel
propagator [29].

The Fresnel number is defined as:

sz

Nr = za’
where Ax is the pixel size, z is the propagation distance, and A is the wavelength. When Ny < 1
the propagation is in the Fraunhofer (far-field) regime, while for Nr 2 1, it is in the Fresnel
(near-field) regime. Under the Fresnel regime, the propagated wavefront U (x, y, z) at a distance z

12)
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is calculated via:
Ux,y,z)=F" {T[O (x,y)] - exp [—iﬂ/lz (fx2 + )2)“ , (13)

where O (x,y) is the object transmission function, A is the X-ray wavelength, and f; and f; are the
spatial frequencies.

At the detector plane, the intensity is obtained as I (x, y) = |U (x, y, z)|* and convolved by the
source point spread function (PSF). The detector module applies the detector response. This
includes convolution with the detector PSF, modeled as a Gaussian function to account for
blurring introduced by detector resolution. Furthermore, the module allows the downsampling of
the image and the inclusion of noise following either Gaussian or Poisson distributions.

For TLPCI simulations, the workflow additionally inserts the transmission functions of the
phase grating G1 and the analyzer grating G2 at the appropriate propagation planes. The
simulation process is repeated for each relative G1/G2 position required for phase stepping,
generating the stack of intensity images that serves as input for the reconstruction module.

The Experiment module provides the control of the simulation pipeline. It allows the user
to choose between different experimental configurations. At present, two setups are available:
In-line propagation, which models propagation-based phase contrast and phase stepping, which
reproduces the acquisition protocol of Talbot-Lau interferometry by shifting the analyzer or the
phase grating.

In addition, specific utilities are provided to compute the Talbot carpet for any configuration
defined by the user. This functionality allows direct visualization of the self-imaging process
generated by a grating at successive propagation distances.

2.3.2. MoireSim

The MoireSim module specializes in simulating Moir¢ artifacts in TLPCI. This is achieved using
the following analytical equation:

I; (x,y) = exp (4;) |o(x,y) + A (x,y) sin 27r§ +&+px,y) +m(x,y))] , (14)
2

where ;(x, y) is the intensity at pixel (x, y) for the j-th phase step. In this formulation, o(x,y)
represents the sample’s attenuation and p(x, y) denotes the phase shift induced by the sample.
The term A(x, y) corresponds to the fringe visibility or modulation amplitude. Furthermore, x;
indicates the position of the grating in the j-th phase step, with p, being the grating period. The
term & accounts for phase-stepping errors arising from mechanical inaccuracies, and m(x, y)
models Moir€ patterns resulting from grating misalignments or defects. Finally, A; represents
dose fluctuations across phase steps, modeled as a multiplicative scaling factor through exp(4;).
This module also incorporates simple geometrical objects (e.g., spheres, cylinders) as samples
for these simulations.

2.3.3. TLRec

This module specifically handles the phase-stepping analysis of TLPCI images for phase-contrast
image retrieval. It offers two primary approaches for extracting the intensity modulation curve
(Fig. 3): least-squares-based methods and FFT-based methods. Notably, one of the least-squares
methods includes an algorithm for correcting estimated phase-step errors, following the approach
described by Hashimoto et al. [28], which significantly improves reconstruction accuracy in the
presence of mechanical inaccuracies. The workflow of the module is shown in Fig. 5

As input, the module requires two stacks of TIFF images, each stack containing sequential
acquisitions corresponding to each phase step (different relative G1-G2 positions). The stacks
must be ordered and pre-corrected for detector gain and offset. Once loaded, the code displays
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Fig. 5. TLRec module workflow.

the modulation curves obtained from both the reference stack and the object stack for a selected
pixel, serving as a verification step to ensure the data have been correctly imported and to
confirm that the modulation curves cover at least one period. The user can then select the desired
reconstruction algorithm among the available options. Finally, the module produces and displays
the three retrieved images, the attenuation, phase gradient and dark-field, and allows exporting
the results as TIFF images.

2.34. GUI

To enhance user accessibility for non-programmers, a graphical user interface (GUI) has been
developed (Fig. 6). The GUI facilitates loading phase-stepping image stacks (object and reference),
selecting and executing reconstruction algorithms, displaying results, and saving images. It
also includes basic PBI and TLPCI simulation capabilities for simple objects based on Fresnel
formalism.

Check Talbot-Lau effect | Talbot Lau Phase Contrast Simulation
Load Object Images Objeto_corr_tif.tif

)

Phase Gradient Integrated Phase
o-

Transmission

ordi

Update Modulation Curve:

Fit at (623,825)

:;:;\/

Fig. 6. XPClIpy Graphical User Interface (GUI).
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2.3.5. Technical details and performance

The accuracy and stability of wavefield propagation in XPClpy are linked to the sampling
conditions of the simulation grid. A two-dimensional array of size N X N with pixel size Ax
defines both the field of view (FOV = N - Ax) and the maximum spatial frequency without aliasing
(fvyquiss = 1/2Ax). In practice, correctly sampling the gratings employed in GBI requires 5 — 6
pixels per period to capture the relevant Fourier components of the rectangular shape of the
grating. If this condition is not satisfied, the simulation is still performed but a warning appears.

Aliasing can also occur during Fresnel propagation if the sampling condition for Fresnel
propagation [36,37] is not fulfilled (Eq. 15).

2
<N (Aj{) , (15)

where A is the wavelength and z the propagation distance. Artifacts may appear if this condition
is not met. A strategy to overcome this limitation is to divide the propagation into several shorter
steps, each satisfying the condition.

In addition, symmetric padding of the wavefront prior to Fourier propagation can be applied to
reduce wrap-around effects at the array boundaries.

Polychromatic simulations are supported by discretizing the source spectrum into Ng energy
bins. Each energy is propagated independently and the resulting intensities are combined with
weights proportional to the spectral distribution. The computational cost scales linearly with Ng.

Performance benchmarks are illustrated in Fig. 7 for different N X N grid sizes. As expected,
the runtime and memory usage scale with the number of pixels, with Talbot-Lau simulations
being more demanding due to the phase-stepping method. The maximum object size that can
be simulated is constrained both by the pixel size (which must be small enough to resolve the
grating period and to perform the displacement of the grating) and by the available memory.

Runtime vs grid size Memory vs grid size
—e— PBI —=— PBI
Bgol = TL _125{ T
£ @
2 210.0
E‘GO g
40
5 Eos0
o ©
o
£% & 25
'_
0 0.0
2000 4000 6000 8000 2000 4000 6000 8000
Grid dimension N (pixels) Grid dimension N (pixels)

Fig. 7. Performance benchmarks of XPClpy for typical simulations. The reported values
correspond to average runtimes per energy bin (and per phase step in Talbot-Lau simulations)
on a HpZ2-Workstation (Intel Core i913900K CPU, 128 GB RAM).

3. Results

The XPClpy environment supports both phase-contrast image simulation and Talbot-Lau based
phase-contrast image reconstruction. The following subsections present key results demonstrating
the capabilities of its various modules.

3.1. PCSim

The PCSim module facilitates PCI simulations based on wavefront propagation and interactions
with matter, adhering to the workflow detailed in Fig. 4. To evaluate its application for PBI,
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simulations were conducted for both purely absorbing and purely phase shifting spheres. These
simulations explored the impact of varying object-detector distances (D) and source diameters
(R) on the resulting image intensity. As illustrated in Fig. 8, PBI principles are evident, with
edge enhancement (a phase effect) requiring the sample to be positioned at a specific distance
from the detector and a small (micrometer-scale) X-ray focal spot. Purely absorbing objects, as
expected, do not exhibit this edge enhancement.

D =0cm D =10cm D = 1000 cm

1pum

R

Fig. 8. Simulated PBI images of a pure phase-shifting sphere (§ = 4.24 - 1077, left) and
a pure absorption sphere (8 = 4.05 - 1079, right), both with a radius of 200 um. The
simulations were performed with a pixel size of 1 ym at an X-ray energy of 25 keV for
different object-detector distances (D) and source diameters (R).

Accurate simulation of the Talbot effect is crucial for Talbot-Lau-based phase-contrast imaging
(see Section 2.1). PCSim successfully verifies this effect using absorption, 7 and 7/2 gratings
(Fig. 9).

Fig. 9 demonstrates that phase gratings produce self-images at fractional Talbot distances
(Eq. (6)), with periodicity conforming to Eq. (7). While the top row illustrates the monochromatic
case (design energy of 17.5 keV), the bottom row demonstrates the degradation of visibility under
polychromatic illumination, simulated using an X-ray tube spectrum at 30 kVp with a Mo anode
and 0.03 mm Mo filtration (Fig. 10).

Once the Talbot effect was correctly integrated, TLPCI simulations were performed. A
simulation was performed with a setup involving a calcium sphere (100 um radius) illuminated
by a 23 keV plane wave X-ray source, the pixel size is 0.1 ym. Grating G1 was a m—phase
grating with a 6 ym period and a 0.5 duty cycle, while G2 was an attenuation grating with
a 3 um periodicity. For this configuration, the fractional Talbot distance was 8.35 cm. The
phase-stepping process comprised 10 steps, each a 0.3 um displacement. The simulated phase
steps are presented in Fig. 11(a)-(d), and the corresponding Intensity Modulation Curves for
reference and object acquisitions are shown in Fig. 11(e).
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Fig. 9. Simulated Talbot carpets for different grating types: purely absorbing grating, /2
grating and & grating, under monochromatic (top row) and polychromatic (bottom row)
illumination. All gratings have a period of 100 um and were simulated with a pixel size of 1
pm over 300 propagation distances. The absorbing grating bars were modeled as 100 yum of
gold. Intensities are normalize and red lines indicate the position of the grating bars.
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Fig. 10. Discretized spectrum used in the simulation shown in Fig. 9. Corresponds to a 30
kVp Mo-Mo spectrum with a filtration of 0.03 mm.

3.2. MoireSim

The MoireSim module’s functionality was assessed by simulating a sphere (300 ym radius)
with given parameters (27”6 = 102um™" and 27”[3 = 1073 um™"). Moiré fringes, intentionally
introduced by a mismatch in G1 and G2 periods (resulting in 6 vertical periods), were analyzed
over 20 phase steps.

When the phase stepping method is performed without step or dose fluctuations, Moiré
fringes, although visible in raw images, do not appear in the reconstructed PG image (Fig. 12(a)).
However, introducing step position fluctuations causes a Moiré pattern with twice the raw image’s
periodicity to appear in the PG image, accompanied by a slight intensity offset (Fig. 12(b)). The
addition of dose fluctuations leads to Moiré fringes in the final PG image with components at both
the original Moiré pattern’s periodicity and twice that (Fig. 12(c), (d)). In attenuation images,
Moiré artifacts generally exhibit very low signal levels and remain imperceptible (Fig. 13).



Vol. 33, No. 22/3 Nov 2025/ Optics Express 45960

.,

Optics EXPRESS ~G

] ]

—e— Object
—e— Reference

Intensity
o
w
o

0 2 4 6 8
Phase Step

Fig. 11. Talbot-Lau phase contrast images. (a), (b), (c) and (d) consists on the phase steps 0,
3, 6 and 9 respectively. (¢) Modulation Intensity Curve for Reference and Object acquisitions
for the central pixel.
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Fig. 12. Differential phase gradient images reconstructed with (a) no fluctuations in the
step or dose, (b) fluctuations in the step position, (c) fluctuations in dose, (d) fluctuations in
step and dose. (e) Profile averaging the marked rows of (b), (c) and (d). (f) Fourier spectra
of (e). Simulations were performed with a pixel size of 1 um.

3.3. TLRec

To evaluate the experimental feasibility of TLRec, images were acquired using a portable setup
that housed the GO, G1, and G2 gratings, as well as the sample and detector (Fig. 14). This
robust, steel-constructed desk allows for easy disassembly and repurposing of the X-ray tube for
other applications like CT.

Grating details are shown in Fig. 14(a) and (b), with GO and G2 being 6 um period gold
gratings on silicon, and G1 a 6um period nickel grating on silicon. The height of nickel is
12.5 um, corresponding to a phase shift of x at the design energy of 35 keV. The inter-grating
distances (z9; and z12) were 25 cm. The detector was a flat panel (1246x1650 pixels, 20um pixel
size), yielding an effective 10 um pixel size with a magnification of 2 due to object placement.
Each grating was equipped with a piezoelectric motor for misalignment correction.

An experimental result of a phantom containing a plastic sphere placed on a toothpick, a
plastic cylinder, and a nylon fiber, all mounted on a modeling clay base. Experimental conditions
included a micro-focus Hamamatsu L10951-04 X-ray tube operating at 60 kV and 600 uA, with
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Fig. 13. Attenuation images reconstructed with (a) no fluctuations in the step or dose, (b)
fluctuations in the step position, (c) fluctuations in dose, (d) fluctuations in step and dose. (e)
Profile averaging the marked rows of (b), (c) and (d). (f) Fourier spectra of (e). Simulations
were performed with a pixel size of 1 um.

Fig. 14. (a) Absorbption grating (GO and G2), (b) Phase grating (G1) and (c) Experimental
setup used in the acquisition of Talbot-Lau interferometric images.

21 phase steps of 0.3 um each. This configuration was chosen to achieve a peak energy of 35 keV
in G1, which corresponds to the design energy of the system. Figure 15 shows a comparison of
object and reference modulation curves for a selected pixel, as well as the stack of phase-stepping
images.

The Experimental Retrieval submodule was utilized to reconstruct the phase gradient, attenu-
ation and dark field images (Fig. 16(a)-(c)). The plastic sphere (blue triangle), having higher
absorption, exhibits better contrast in the attenuation image (Fig. 16(a)). Conversely, a thin plastic
cylinder (green star) shows weak attenuation contrast, and a nylon fiber (red dot) is imperceptible
in this image due to low absorption.

The phase gradient image (Fig. 16(b)) demonstrates superior contrast for all phantom objects,
including those invisible in the attenuation image, highlighting the utility of phase-contrast
imaging. Features like the nylon fiber, plastic sphere, plastic tube, the internal structure of the
sphere, and supporting toothpick fibers are clearly visible, as is the plasticine base.
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Fig. 15. Left: Stack with all phase stepping images used to retrieve PCI. Right: Intensity
modulation curves with an object (blue dots) and without the object (green stars).
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Fig. 16. Results of phase stepping method using the FFT algorithm to retrieve the parameters
of the reconstruction. a) Attenuation image, b) Phase Gradient image, c) Dark Field image.

The dark field image (Fig. 16(c)) reveals small-angle scattering from sample inhomogeneities.
Edges of the sphere and tube, along with toothpick fibers, yield high contrast in this image, with
the toothpick showing the highest contrast due to scattering from its constituent fibers.

Integrated phase images can be obtained by direct integration of the PG or by applying a
Wiener filter to smooth local variabilities caused by noise or artifacts (Fig. 17). Direct integration
often produces horizontal lines and a continuous phase increase due to noise and Talbot-Lau
artifacts. These errors are reduced when using the Wiener filter for integration (Fig. 17(b)).

25
2.0
1.5
1.0
0.5
0.0

Fig. 17. Integrated phase images obtained using: (a) Direct integration of PG. (b)
Application of Wiener filter.
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TLRec also includes an algorithm for retrieving TLPCI images with step fluctuations [28].
Figure 18 compares phase gradient and attenuation images reconstructed using the conventional
least squares method and the step fluctuations correction algorithm for the simulation shown in
Fig. 12. It is evident that this algorithm reduces artifacts caused by step position fluctuations in
both phase gradient and attenuation images. While applied to experimental images (Fig. 19), the
Moiré pattern’s low signal in these specific images makes the correction less pronounced than in
simulations (Fig. 18).
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Fig. 18. Simulated Phase Gradient (a-b) and Attenuation (c-d) images obtained using the
TLRec algorithm with step correction (b,d) and without step correction (a,c). The mean
profiles along the red rectangles in each image are shown in (e) and (f).
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Fig. 19. Experimental Phase Gradient (a-b) and Attenuation (c-d) images obtained using
the TLRec algorithm with step correction (b,d) and without step correction (a,c). The mean
profiles along the red rectangles in each image are shown in (e) and (f).
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4. Discussion

The developed XPClpy software provides a versatile and comprehensive framework for X-ray
phase-contrast imaging. It enables robust simulations of both PBI and TLPCI images by applying
Fresnel’s theory of light to X-rays, utilizing simple geometric objects and their complex refractive
indices. This simulation capability is crucial for users to model diverse experimental setups and
to optimize configurations for enhanced imaging performance.

A significant feature of XPClpy is its ability to directly compute intensity modulation curves,
incorporating various fluctuations to accurately simulate Moiré artifacts. This functionality
is particularly valuable for testing advanced algorithms designed to mitigate these patterns in
phase-contrast images, or for generating large, varied datasets of Moiré artifacts, which can be
essential for training neural networks aimed at artifact reduction [38].

Furthermore, the software’s core strength lies in its capability to retrieve phase-contrast images
from Talbot-Lau-based acquisitions using the phase stepping method. It incorporates multiple
reconstruction algorithms, including those based on fast Fourier transform (FFT) and least squares
fitting, offering adaptability to different experimental conditions. Critically, an algorithm for step
fluctuation correction, based on a minimization process, is integrated and has been successfully
validated, demonstrating its effectiveness in reducing artifacts in both simulated and experimental
data, even if less pronounced in some experimental profiles due to low signal Moiré patterns.

By integrating both capabilities within a single tool, XPClpy significantly streamlines the
evaluation of PCI parameters, the optimization of experimental setups, and the rigorous validation
of new reconstruction methods. Its modular design is a key advantage, ensuring easy expandability
for new functionalities, additional geometric objects, improved detector response models in the
simulation module, and the incorporation of novel algorithms in the reconstruction module.

Beyond the individual functionalities, the distinctive contribution of XPClpy is the integration
of simulation and reconstruction within a single, openly accessible framework. This integration
provides a practical platform for researchers in the field of phase-contrast imaging, lowering the
barrier to explore PCI principles, test different configurations and accessing publicly available
reconstruction algorithms without the need to develop their own from scratch.

Future developments for XPClpy will focus on implementing more advanced phase retrieval
algorithms, notably neural network-based reconstruction, and leveraging GPU acceleration to
significantly speed up both the simulation and reconstruction processes. Additionally, the current
detector model for the simulation presents certain limitations: the point spread functions are
modeled using simple Gaussian functions, and the noise model is restricted to basic Gaussian or
Poisson distributions. Future improvements may incorporate more realistic PSFs and sophisticated
noise models to better replicate actual detector performance, thereby enhancing the overall
simulation fidelity.

5. Conclusion

The increasing interest and utility of X-ray phase-contrast imaging (PCI) necessitate robust
and accessible tools for its implementation. In this work, we present XPClpy, a user-friendly,
open-source Python platform designed for both the simulation of various PCI modalities and
the phase retrieval of images from Talbot-Lau interferometry using the phase-stepping method.
XPClpy’s modular architecture facilitates easy integration of new algorithms and functionalities,
contributing a valuable open-source framework to the scientific community working in this
field. The effectiveness of XPClpy has been validated through the successful reconstruction of
experimental and simulated phase-contrast images. This work demonstrates XPClIpy’s value as a
versatile and expandable tool for advancing research and applications in X-ray phase-contrast
imaging.
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