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 A B S T R A C T

Objective: X-ray Phase Contrast Imaging (PCI) enhances image contrast for weakly attenuating materials and 
has become increasingly relevant in biomedical and material science applications. The aim of this work is 
to develop and verify a Monte Carlo framework capable of realistically simulating PCI phenomena, including 
both refraction and wavefront propagation.
Methods: We have developed and integrated two complementary simulation modules within the GAMOS 
(GEANT4-based Architecture for Medicine-Oriented Simulations) framework. The first models refraction effects 
using the X-ray complex refractive index and Snell’s Law. The second constructs the complex wavefront from 
the simulated photons and propagates it using the Fresnel formalism. Verification was carried out by simulating 
interferometric setups such as Young’s double-slit experiment and the Talbot effect, as well as full imaging 
configurations for PBI and Grating-Based Imaging (GBI).
Results: The Snell-based simulation accurately reproduces edge-enhancement features typical of high-Fresnel-
number PBI. However, in regimes where diffraction and interference dominate, the wave model yields 
significantly more accurate results. The agreement with theoretical predictions in all tests confirms the correct 
implementation of wavefront construction and propagation.
Conclusions: This new simulation environment extends the MIMAC platform previously developed by our 
group and enables realistic Monte Carlo simulations of PCI. The framework is well-suited for optimizing 
imaging system design, developing reconstruction algorithms, or generating synthetic datasets for Deep 
Learning. The combination of geometrical and wave-optical models allows flexible simulation of a wide range 
of PCI setups under realistic physical conditions.

Code: https://github.com/PREDICO-Project/PCI-GAMOS
1. Introduction

X-ray Phase Contrast Imaging (PCI) has gained significant attention 
over the last decade due to its ability to produce higher contrast 
images than conventional attenuation-based X-ray imaging, especially 
for samples with weak absorption (i.e., composed of low-Z elements). 
Unlike traditional methods that rely on X-ray absorption, PCI retrieves 
information about the phase shift that the object introduces to the X-
ray wavefront, which is invisible in classical absorption imaging. This 
characteristic makes PCI particularly valuable in biomedical applica-
tions [1,2] and material science where subtle density variations need 
to be visualized.

Several techniques have been developed to obtain Phase Contrast 
images. Propagation-Based Imaging (PBI), [3,4], one of the most widely 
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used methods, typically requires monochromatic and highly spatially 
coherent X-ray beams [5], with phase and absorption information 
being retrieved using dedicated algorithms [6–8]. Other techniques like 
edge illumination [9,10], speckle [11,12], or Grating-Based Imaging 
(GBI) [13–15] relax the coherence and energy constraints, enabling 
phase contrast even with polychromatic or partially coherent sources.

Despite the growing number of experimental studies and appli-
cations of PCI [16,17], its realistic simulation within Monte Carlo 
(MC) frameworks remains limited. Such simulations are essential for 
optimizing experimental setups, developing new phase retrieval algo-
rithms, and generating robust synthetic datasets for advanced analysis, 
including Deep Learning applications [18,19]. Monte Carlo methods 
are inherently well-suited to simulate photon-matter interactions in 
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detail, as well as to model more complex geometries and realistic 
detector responses. GEANT4 [20], a general-purpose toolkit originally 
developed for high-energy physics, is increasingly used in low-energy 
applications like medical imaging.

Given that X-ray phase contrast simulation, particularly a unified 
framework encompassing both geometrical and wave-optical models, 
is not natively supported in most Monte Carlo toolkits (e.g., GEANT4, 
MCGPU [21,22]), and existing external implementations [23–25] typ-
ically focus on a single approximation, we have developed two in-
dependent plug-ins for GAMOS [26]. The first introduces the X-ray 
complex refractive index for all materials within GEANT4 and applies 
Snell’s Law to simulate refraction effects. The second constructs the 
complex wavefront from the simulated photons and propagates it using 
the Fresnel formalism, allowing for the accurate modeling of diffraction 
and interference phenomena. This dual approach, uniquely integrated 
within a single Monte Carlo environment like GAMOS, offers unprece-
dented flexibility, enabling both computationally efficient simulations 
in the edge-enhancement regime and precise modeling of interference-
dominated configurations, such as those found in GBI. This represents a 
significant advantage over previous works, which commonly specialize 
in only one of these physical approximations [24], requires external 
software to perform the full simulation [27] or whose implementations 
are not publicly available [28,29]. In contrast, the developed modules 
are publicly available, which not only ensures transparency and repro-
ducibility but also adds value to the work by allowing other researchers 
to directly integrate, extend and check these capabilities within their 
own GAMOS-based studies.

This comprehensive implementation enables users to simulate re-
alistic phase contrast imaging setups for system design, algorithm 
development, and synthetic data generation. The methods have been 
rigorously verified through direct comparison with theoretical formu-
lations of classic wave optics experiments (Young’s slits, Talbot effect), 
as well as full PBI and GBI simulations [30], demonstrating both 
qualitative and quantitative agreement with theoretical expectations.

This work builds upon our previous framework, MIMAC [31] (Mam-
mographic Imaging Monte Carlo), originally developed as an extension 
of GAMOS for highly realistic conventional mammographic imaging 
simulations. In the present work, we use MIMAC as a foundation within 
the GAMOS environment to develop a new and fully compatible module 
that extends the capabilities of GAMOS itself to support X-ray phase-
contrast imaging, incorporating new physics models and wave-optical 
propagation features.

2. Materials and methods

2.1. Phase contrast principles

Considering a monoenergetic and plane X-ray beam generated by a 
source, the wave field is propagated from the source to the sample, in-
teracts with the sample, and then is propagated from the sample to the 
detector. The propagation of the electromagnetic field is considered to 
happen in the absence of matter (free space propagation). The paraxial 
approximation is also considered. In the near-field approximation, the 
Fresnel propagator can be used to obtain the wave field at a certain 
distance.

The interaction of the X-rays with the matter can be described 
through the complex refractive index of the sample at each spatial point 
𝐫 = (𝑥, 𝑦, 𝑧) [32] (see Eq. (1)). 
𝑛 (𝐫) = 1 − 𝛿 (𝐫) + 𝑖𝛽 (𝐫) , (1)

The parameters of Eq. (1), 𝛿 (𝐫) and 𝛽 (𝐫) are small compared to 
the unity. In the context of diagnostic energy, typical orders of 𝛿 are 
10−8 − 10−6 and 𝛽 ≈ 10−10 − 10−8 for low-Z materials. 𝛿 (𝐫) is related 
to the phase effects and the imaginary part, 𝛽 (𝐫), to the attenuation 
effects on the wave field.
2 
The parameter 𝛽 is directly related to the linear absorption at-
tenuation coefficient 𝜇, which quantifies the loss of intensity due to 
absorption and scattering. The relation is given by Eq. (2). 

𝜇 (𝐫) = 4𝜋
𝜆
𝛽 (𝐫) , (2)

where 𝜆 is the X-ray wavelength.
The phase displacement index 𝛿 is calculated from the real part of 

the atomic form factor: 

𝛿 =
𝜆2𝑟𝑒𝑛𝑎𝑡𝑜𝑚

2𝜋
𝑓1, (3)

In Eq. (3), 𝑟𝑒 is the classical electron radius, 𝜆 is the wavelength, 
𝑛𝑎𝑡𝑜𝑚 is the atom density, and 𝑓1 is the real part of the atomic form 
factor [33].

Fig.  1(a) shows the values of 𝛿 and 𝛽 for water and PMMA in the 
energy range of radiodiagnostic, while Fig.  1(b) presents their absolute 
differences, 𝛥𝛿 and 𝛥𝛽. Since image contrast arises from these differ-
ences between materials, it is clear that the much larger magnitude 
of 𝛿 compared to 𝛽 makes phase contrast dominant over absorption 
contrast, particularly between low-𝑍 materials. The total phase and 
attenuation due to a sample can be calculated following Eq. (4). 

𝛷 (𝑥, 𝑦) = −2𝜋
𝜆 ∫𝑜𝑏𝑗𝑒𝑐𝑡

𝛿 (𝑥, 𝑦, 𝑧) 𝑑𝑧,

𝐵 (𝑥, 𝑦) = 2𝜋
𝜆 ∫𝑜𝑏𝑗𝑒𝑐𝑡

𝛽 (𝑥, 𝑦, 𝑧) 𝑑𝑧,
(4)

The integrals are the linear integrals of the indexes 𝛿 (𝑥, 𝑦, 𝑧) and 
𝛽 (𝑥, 𝑦, 𝑧) along the path of the X-ray through the object, and 𝜆 rep-
resents the X-ray wavelength. The complex transmission function of an 
object can be described by Eq. (5) [32]. 
𝑇 (𝑥, 𝑦) = exp (−𝐵 (𝑥, 𝑦) + 𝑖𝛷 (𝑥, 𝑦)) , (5)

This function encapsulates both the attenuation and phase shift that 
the X-ray wavefront undergoes as it traverses the object. By using this 
formulation, the imaging process can be treated as a coherent wave 
interaction, allowing the application of propagation models such as the 
Fresnel formalism.

Ultimately, the core principle of PCI involves obtaining either the 
total phase shift (𝛷 (𝑥, 𝑦)) introduced by the sample or its spatial 
derivatives, which reveal structural information not detectable through 
absorption alone.

2.2. Snell’s Law

When an X-ray passes through an object, it gets refracted. Assuming 
an interface between two different materials with complex refractive 
indexes following Eq. (1), the angles of incidence and refraction can be 
calculated using Snell’s Law (Eq. (6)). 
(

1 − 𝛿1
)

sin
(

𝜃1
)

=
(

1 − 𝛿2
)

sin
(

𝜃2
)

, (6)

The deviation angle, 𝛼, is on the order of nanoradians [34], and it 
is related to the phase introduced by the object through Eq. (7). 

𝛼 (𝑥, 𝑦) = 𝜆
2𝜋

|

|

|

∇𝑥𝑦𝛷 (𝑥, 𝑦)||
|

, (7)

Fig.  2 shows a diagram representing the refraction process in a sphere.
In the case of a plane beam, the coordinates (𝑥1, 𝑦1

) represent the 
position of a refracted photon at a distance 𝑧 from the object, and can 
be approximated as: 
𝑥1 ≈ 𝑥 + 𝑧𝛼𝑥 (𝑥, 𝑦) ,

𝑦1 ≈ 𝑦 + 𝑧𝛼𝑦 (𝑥, 𝑦) ,
(8)

In Eq. (8), (𝑥, 𝑦) denote the coordinates corresponding to the projec-
tion of a photon along a straight path, i.e., the position it would reach 
on the detector if no refraction is considered. The angles 𝛼𝑥 (𝑥, 𝑦) and 
𝛼 𝑥, 𝑦  describe the deviation introduced by the refraction.
𝑦 ( )
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Fig. 1. (a) Values of 𝛿 and 𝛽 for water and PMMA in the energy range of the radiodiagnostic. (b) Absolute difference between 𝛿 and 𝛽 values between water 
and PMMA.
Fig. 2. Refraction process in a sphere.

The measured intensity at the detector position (𝑥1, 𝑦1
)

, where 
photons arrive after being refracted, is related to the hypothetical 
(without refraction) intensity distribution 𝐼 (𝑥, 𝑦) through the Jacobian 
of the coordinate transformation. 

𝐼
(

𝑥1, 𝑦1
)

= 𝐼 (𝑥, 𝑦)
|

|

|

|

|

|

|

𝜕𝑥1
𝜕𝑥

𝜕𝑥1
𝜕𝑦

𝜕𝑦1
𝜕𝑥

𝜕𝑦1
𝜕𝑦

|

|

|

|

|

|

|

−1

, (9)

Under the assumption of slowly varying phase and using Eqs. 
(7)–(9), the intensity at the detector can be approximated by: 

𝐼
(

𝑥1, 𝑦1
)

≈ 𝐼 (𝑥, 𝑦)
(

1 − 𝑧𝜆
2𝜋

∇2𝛷 (𝑥, 𝑦)
)

, (10)

In this expression, 𝐼 (𝑥, 𝑦) is the intensity that would be observed at 
the detector plane in the absence of refraction. This term accounts for 
attenuation and can be approximated by the Beer–Lambert law.

Eq.  (10) shows that the intensity at the detector plane, when refrac-
tion is considered, is proportional to the Laplacian of the phase shift 
introduced by the object into the wavefield. This expression can be de-
rived from the wave nature of X-rays by solving the Helmholtz equation 
under the paraxial approximation for short propagation distances.

Although Snell’s Law allows simulation of phase-contrast imag-
ing (PCI) in the edge-enhancement regime, where diffraction mainly 
amplifies contrast at interfaces, it does not account for full wave 
interference [35]. To distinguish between these propagation regimes, 
we utilize the 𝐹 10 Fresnel number, a dimensionless parameter crucial 
for characterizing the diffraction behavior, as defined in Eq. (11). 

𝐹 10 =
(10𝛥𝑥)2

𝜆𝑧
, (11)

where 𝛥𝑥 is the pixel size, 𝜆 the X-ray wavelength and 𝑧 the propagation 
distance. If 𝐹 10 ≫ 1, the system is in the so-called edge-enhancement 
3 
regime, where the geometrical approximation using Snell’s Law re-
mains valid. For 𝐹 10 ≈ 1, the system enters the Fresnel diffraction 
regime, and accurate simulation requires propagation of the wavefront 
using the Fresnel propagator [36]. Finally, when 𝐹 10 ≪ 1, the system 
approaches the Fraunhofer regime, where fine structural details are lost 
and diffraction dominates completely.

2.3. Fresnel propagation

Some phase-contrast imaging (PCI) techniques rely on interferomet-
ric effects, such as Talbot-Lau PCI or long-distance propagation-based 
imaging (PBI). These phenomena cannot be simulated using Snell’s Law 
alone, as it does not account for the wave nature of light. To model 
interference effects, it is necessary to construct the complex wavefront 
and propagate it through space using the Fresnel formalism.

To construct the complex wavefront, a virtual plane is defined 
immediately after the object (𝑧 = 0), consisting of 𝑁𝑥 ×𝑁𝑦 pixels. The 
field is then propagated from this plane to the detector, located at a 
distance 𝐷, using the Fresnel formalism.

When a photon reaches this virtual plane at a specific pixel (x,y) 
with energy (E) and accumulated phase (𝛷), it contributes to the 
complex wavefront according to Eq. (12). 
𝜓 (𝑥, 𝑦, 𝑧 = 0) =

√

𝐸 exp (𝑖𝛷), (12)

With 𝛷 obtained using Eq. (4). The contributions of the photons 
are summed coherently. For each photon arriving at the same virtual 
plane’s pixel, their wavefront contribution is summed. 
𝛹 (𝑥, 𝑦, 𝑧 = 0) =

∑

𝜓𝑛 (𝑥, 𝑦, 𝑧 = 0) =
∑√

𝐸𝑛 exp
(

𝑖𝛷𝑛
)

, (13)

The spatial evolution of the wavefront is governed by the Helmholtz 
equation. Under the Fresnel approximation (valid for small propagation 
distances and paraxial conditions) the wavefront at a distance D is ob-
tained by convolving the initial wavefront with the Fresnel propagator:

𝛹 (𝑥, 𝑦, 𝑧 = 𝐷) = −1
{

𝑒𝑥𝑝
[

−𝑖𝜋𝜆𝐷
(

𝑓 2
𝑥 + 𝑓 2

𝑦

)]

⋅  {𝛹 (𝑥, 𝑦, 𝑧 = 0)}
}

,

(14)

With 𝑓𝑥 and 𝑓𝑦 representing the spatial frequencies, and 𝜆 being the 
wavelength. Finally, the intensity at a detector positioned at a distance 
D from the virtual plane is given by Eq. (15). 
𝐼 (𝑥, 𝑦, 𝑧 = 𝐷) = |𝛹 (𝑥, 𝑦, 𝑧 = 𝐷)|2 , (15)

Propagation-Based Imaging (PBI) is a phase contrast technique in 
which contrast arises from free-space propagation of the X-ray wave-
front after is passes through a sample. As the X-rays propagate, phase 
modulations induced by 𝛿 are converted into intensity variations due 
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Fig. 3. Sketch of the Talbot-Lau interferometer used in the simulation. A coherent X-ray beam passes through the sample and a phase grating (G1), generating an 
interference pattern that is sampled by an absorption grating (G2) before reaching the detector. The periods 𝑝1 and 𝑝2, and the distance 𝑑, define the interferometric 
geometry.
to interference effects. PBI just requires a spatially coherent source and 
a certain distance between the sample and the detector. The degree 
of phase contrast observed depends on the Fresnel number (Eq. (11)). 
For high Fresnel numbers, the system is in the edge-enhancement 
regime, and the resulting image typically highlights the boundaries of 
structures.

2.4. Grating based imaging (GBI) principles

Grating-Based Imaging (GBI) is a widely used phase-contrast tech-
nique that exploits interference patterns generated by phase and ab-
sorption gratings to enhance contrast in X-ray imaging. Unlike
Propagation-Based Imaging (PBI), which relies on free-space Fresnel 
diffraction, GBI achieves phase sensitivity through the modulation of 
the wavefront by periodic gratings and the analysis of the resulting 
Moiré patterns [37] or the phase-stepping method [38]. One of the most 
used setups for GBI is the Talbot-Lau interferometer, which is formed 
by two gratings. The first grating, G1, is a phase grating. At a certain 
distance from G1, an absorbing grating, G2, is placed. The detector 
pixels must be larger than the period of G2 (see Fig.  3).

The Talbot-Lau interferometer is based on the Talbot effect. When a 
coherent wavefront illuminates a periodic structure (such as a grating), 
self-images of the grating pattern reappear at periodic distances (Talbot 
distances).

The Talbot distance 𝐷𝑇  is given by: 

𝐷𝑇 =
2𝑝2

𝜆
, (16)

where 𝑝 is the grating period and 𝜆 is the wavelength of the X-rays.
A phase grating with known phase shifts, such as 𝜋 or 𝜋∕2, produces 

distinctive interference patterns not present in absorption gratings. 
These are known as fractional Talbot images and arise due to the 
coherent phase modulation imposed by the grating. The distances at 
which self-images form for phase gratings correspond to fractional 
Talbot distances, as described in Eq. (17). 

𝑧𝑇 = 𝑚
2𝜆

(

𝑝
𝜂

)2
, 𝑚 = 1, 3, 5..., (17)

where 𝜂 depends on the phase shift (𝜙) introduced by the grating: 

𝜂 = 2
𝜙
𝜋
, (18)
4 
For a 𝜋-phase grating, the resulting self-images will be shown at 
odd multiples of 𝐷𝑡∕16, and the periodicity of this pattern is half of the 
original grating.

The phase-stepping method is employed to retrieve the phase shift 
introduced by the sample in Talbot-Lau interferometer based GBI [39]. 
At an odd multiple of G1’s fractional Talbot distance (Eq. (17)), G2 is 
placed. G2 must have the same periodicity as the self-image of G1. One 
of the gratings is laterally displaced in small increments (phase steps) 
perpendicular to the grating lines.

By recording the intensity on the detector at each phase step, a 
modulation curve is obtained for each detector pixel [14]. In the ideal 
case, with perfectly coherent illumination, infinitely sharp gratings, and 
negligible detector blur, this modulation follows a triangular waveform.

The phase stepping method can also be understood by considering 
the spatial overlap between the periodic intensity pattern generated 
by the first grating (G1) and the absorbing grating (G2) placed at 
the detector plane. When the wavefront passes through G1, it forms 
a periodic distribution of intensity (a self-image of G1) at specific 
distances.

If G2 is perfectly aligned with the bright regions of this self-image, 
most of the X-rays are transmitted, and the detector receives a high 
intensity. On the other hand, if G2 is shifted such that its absorbing lines 
block the bright regions, the transmitted intensity drops significantly. 
By laterally displacing one of the gratings (typically G1 or G2) in 
small increments over one grating period, a periodic modulation of 
the detected intensity is observed. Fig.  4 illustrates the phase-stepping 
method.

This process results in a modulation curve that oscillates between a 
maximum and a minimum following Eq. (19). 

𝐼(𝑥) = 𝐴 + 𝐵 cos
(

2𝜋𝑥
𝑝

+ 𝜙
)

, (19)

Here, 𝐴 is the average intensity, 𝐵 is the fringe visibility (mod-
ulation amplitude), 𝑝 is the grating period, and 𝜙 is the phase shift 
introduced by the sample. By fitting this sinusoidal model to the mea-
sured intensity across all phase steps, the modulation curve parameters 
can be obtained for each pixel. This enables the reconstruction of 
differential Phase Gradient (PG), Dark Field (DF), and conventional 
Transmission (Tr) images from the same dataset.

To extract these images, it is necessary to acquire both a reference 
modulation curve (without the sample) and an object modulation curve 
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Fig. 4. Phase stepping principle: the absorption grating G2 is laterally shifted relative to the phase grating G1, modulating the detected intensity to extract phase 
contrast information.
(with the sample). The following equations are used to retrieve the 
three images: 
𝑃𝐺 = 𝜙𝑜 − 𝜙𝑟,

𝑇 𝑟 =
𝐴𝑜
𝐴𝑟
,

𝐷𝐹 =
𝐵𝑜𝐴𝑟
𝐵𝑟𝐴𝑜

,

(20)

2.5. Monte Carlo implementation

To enable realistic simulation of phase contrast imaging (PCI) 
within GAMOS, we developed two dedicated components: a discrete 
GEANT4 process (RefractionXRay) to model X-ray refraction at 
material boundaries using Snell’s Law, and a GAMOS user action 
(GetWavefront) to construct and propagate the complex wavefront 
using the Fresnel formalism. These modules allow seamless integration 
of geometrical and wave-optical effects within the same Monte Carlo 
framework.

The first part of the work is to define the complex refractive in-
dex for all GEANT4 materials. The attenuation index 𝛽 is already 
implemented in all GEANT4-based toolkits through the attenuation 
coefficient. The phase displacement index 𝛿 is calculated from the real 
part of the atomic form factor through Eq. (3).

The values of (1 − 𝛿) for each energy and material used in the sim-
ulation are uploaded to the simulation through the RINDEX GEANT4 
property from text files for each element.

The materials used in each simulation are retrieved using the Get-
MaterialTable method. For materials composed of a single ele-
ment, the real part of the refractive index is directly extracted from 
the corresponding text file. For compound materials, the real part of 
the refractive index is calculated using Eq. (21), where 𝑤𝑖 is the mass 
fraction of element 𝑖. 
𝛿
𝜌
=

𝑁
∑

𝑖=0
𝑤𝑖
𝛿𝑖
𝜌𝑖
, (21)

The process of retrieving the materials used in the simulation and 
populating the RINDEX property is performed during the initialization 
of the simulation. A folder containing the refractive indices of all 
elements, precomputed using Eq. (3), is used to streamline this process. 
This approach allows for fast implementation of the real part of the 
refractive index and eliminates the need to recompile the code when 
the materials used in the simulation change.

While Snell’s Law is already available for optical photons
(G4OpBoundaryProcess), we extended its applicability to X-rays
by implementing it within a custom GEANT4 Physics List
(PCIPhysicsList). PCIPhysicsList uses the G4EmStandard
Physics_option4 physics list for electromagnetic processes and the 
standard transportation method (G4Transportation) to describe 
the particle motion. A new discrete process, RefractionXRay, is 
added to incorporate the real part of the refractive index and Snell’s 
Law.

The flowchart of the RefractionXRay process is outlined as 
follows. At the end of each particle step (PostStepDoIt), the start 
(PreStepPoint) and end (PostStepPoint) points of the step are 
5 
Fig. 5. Snell’s Law in GEANT4.

recorded. If the endpoint lies on a geometry boundary, Snell’s Law is 
triggered (see Fig.  5). When this occurs, the real part of the refractive 
index is retrieved for both materials, and Eq. (6) is used to adjust 
the particle’s direction. The process also accounts for total internal 
reflection, which is applied when sin 𝜃2 ≥ 1. To save computation time, 
the refractive index of all materials used in the simulation is stored into 
a vector at the beginning of the simulation.

GetWavefront module has been developed to perform the Fresnel 
propagation. The first step is to define a virtual plane, specifying the 
number of pixels and their size in the X and Y directions using the 
following commands:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝗀𝗋𝗂𝖽𝖷 𝖦𝖱𝖨𝖣𝖷

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝗀𝗋𝗂𝖽𝖲𝗂𝗓𝖾𝖷 𝖦𝖱𝖨𝖣𝖲𝖨𝖹𝖤𝖷

The position of the virtual plane along the Z axis is set as:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝗓𝖵𝗂𝗋𝗍𝗎𝖺𝗅𝖯𝗅𝖺𝗇𝖾 𝖹𝖯𝖮𝖲𝖨𝖳𝖨𝖮𝖭

By default, the virtual plane is centered at (0,0), but it can be 
displaced using:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖵𝗂𝗋𝗍𝗎𝖺𝗅𝖯𝗅𝖺𝗇𝖾𝖣𝗂𝗌𝗉𝗅𝖺𝖼𝖾𝗆𝖾𝗇𝗍 𝖣𝖨𝖲𝖯𝖷𝖣𝖨𝖲𝖯𝖸

where the first value specifies the displacement in X (mm) and the 
second in Y (mm).

Photons reaching the virtual plane contribute to the wavefront 
according to Eq. (13). Once all events have been simulated (EndOfRun-
Action in GAMOS), Fresnel propagation is performed.

The process consists of the following steps:

1. Forward FFT: The Fourier transform of the wavefront is com-
puted using the 𝑓𝑓𝑡𝑤_𝑝𝑙𝑎𝑛_𝑑𝑓𝑡_2𝑑 plan from the FFTW library.

2. Multiplication in Fourier Space: The transformed wavefront is 
multiplied by the Fresnel propagator.

3. Inverse FFT: The inverse Fourier transform is applied to obtain 
the propagated wavefront at the desired distance.

The propagation distance is configured with:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖯𝗋𝗈𝗉𝖣𝗂𝗌𝗍𝖺𝗇𝖼𝖾 𝖯𝖱𝖮𝖯𝖣𝖨𝖲𝖳𝖠𝖭𝖢𝖤

The detector size can be set using the following command:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖭𝗎𝗆𝖯𝗂𝗑𝖾𝗅𝗌𝖷 𝖷𝖯𝖨𝖷𝖤𝖫𝖲
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖭𝗎𝗆𝖯𝗂𝗑𝖾𝗅𝗌𝖸 𝖸𝖯𝖨𝖷𝖤𝖫𝖲



V. Sanchez-Lara et al. Physica Medica 142 (2026) 105716 
Fig. 6. Schematic illustration of Young’s double-slit experiment. Red dots 
indicate regions of constructive interference, while blue dots represent regions 
of destructive interference.

Finally, the intensity at the detector is saved as an MHD/RAW file in a 
designated folder with a specified filename:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖱𝖾𝗌𝗎𝗅𝗍𝗌𝖥𝗈𝗅𝖽𝖾𝗋 𝖥𝖮𝖫𝖣𝖤𝖱∕

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖦𝖾𝗍𝖶𝖺𝗏𝖾𝖿𝗋𝗈𝗇𝗍∶𝖮𝗎𝗍𝗉𝗎𝗍𝖥𝗂𝗅𝖾𝗇𝖺𝗆𝖾 𝖥𝖨𝖫𝖤𝖭𝖠𝖬𝖤

Users can select if an ideal absorbing grating is added to perform a 
Talbot-Lau simulation and its period, shift and angle rotation through 
the commands:
∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖣𝗈𝖳𝖺𝗅𝖻𝗈𝗍∶𝖳𝖺𝗅𝖻𝗈𝗍 𝟢∕𝟣

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖣𝗈𝖳𝖺𝗅𝖻𝗈𝗍∶𝖯𝖾𝗋𝗂𝗈𝖽𝖦𝟤 𝖯𝖤𝖱𝖨𝖮𝖣𝖦𝟤

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖣𝗈𝖳𝖺𝗅𝖻𝗈𝗍∶𝖽𝗂𝗌𝗉𝗅𝖺𝖼𝖾𝗆𝖾𝗇𝗍 𝖣𝖨𝖲𝖯𝖷 𝖣𝖨𝖲𝖯𝖸 𝖣𝖨𝖲𝖯𝖹

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖣𝗈𝖳𝖺𝗅𝖻𝗈𝗍∶𝗋𝗈𝗍𝖺𝗍𝗂𝗈𝗇𝖠𝗑𝗂𝗌 𝖠𝖷𝖨𝖲𝖷 𝖠𝖷𝖨𝖲𝖸 𝖠𝖷𝖨𝖲𝖹

∕𝗀𝖺𝗆𝗈𝗌∕𝗌𝖾𝗍𝖯𝖺𝗋𝖺𝗆 𝖣𝗈𝖳𝖺𝗅𝖻𝗈𝗍∶𝗋𝗈𝗍𝖺𝗍𝗂𝗈𝗇𝖠𝗇𝗀𝗅𝖾 𝖠𝖭𝖦𝖫𝖤
The simulation output for both Snell’s Law and Fresnel propagation 

consists of matrices representing the energy deposited at the detector 
plane (Eqs.  (10) and (15)). These results are generated and further 
processed by a custom GAMOS module, previously developed by our 
team [31], which accounts for the detector material efficiency and 
handles the final output format.

2.6. Verification tests

To ensure the correct implementation of the Monte Carlo phase-
contrast simulation code, a set of verification tests was performed. 
These tests included simulations of classical wave optics experiments 
with well-known analytical solutions, such as Young’s double-slit and 
single-slit experiments, as well as the Talbot and fractional Talbot 
effects. The objective was to verify that the code accurately reproduces 
diffraction and interference patterns, validating both the wavefront 
generation and propagation implementation.

The schematic configuration of Young’s experiment is shown in Fig. 
6. The intensity distribution for the double-slit experiment as a function 
of the angle 𝜃 (measured from the optical axis) is given by:

𝐼 (𝜃) = 𝐼0 (cos 𝛼)2
(

𝑠𝑖𝑛𝛽
𝛽

)2
, (22)

where the parameters 𝛼 and 𝛽 are defined as: 

𝛼 = 𝜋𝑑
𝜆

sin 𝜃; 𝛽 = 𝜋𝑏
𝜆

sin 𝜃, (23)

Here, 𝑑 is the center-to-center distance between the two slits, 𝑏 is 
the slit width, and 𝜆 is the wavelength of the X-rays.
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We also simulated the single-slit experiment, for which the intensity 
is given by: 

𝐼 (𝜃) = 𝐼0

(

𝑠𝑖𝑛𝛽
𝛽

)2
, (24)

To further verify the correct implementation of Fresnel propagation, 
we simulated the self-imaging phenomenon known as the Talbot effect. 
For periodic objects, the wavefield reproduces the original intensity 
distribution at integer multiples of the Talbot distances (Eq. (16)), 
leading to the formation of exact self-images of the grating. In contrast, 
for phase-shifting gratings, the interference between diffracted orders 
leads to fractional Talbot images at fractional multiples of this distance 
(Eq. (17)), where characteristic self-images are generated. To confirm 
that the implemented Fresnel propagator correctly reproduces both 
integer and fractional Talbot effects, the so-called Talbot carpet is sim-
ulated. The Talbot carpet represents the intensity evolution along the 
optical axis as a function of propagation distance. Two configurations 
were considered: an absorption grating and a 𝜋-phase-shifting grating.

In all verification tests, the source was considered plane and mo-
noenergetic to ensure full spatial coherence, and the detector was 
assumed ideal. The detailed results and quantitative comparisons with 
the analytical models are presented in Section 3.

2.7. Runtime and memory performance

All simulations were executed on an HP Z2 Tower G9 Workstation 
with an Intel Core i9-13900K, 32 cores and 128 GB of RAM. We 
repeated the same simulation while varying the number of detector 
pixels for the Snell-only pipeline and the grid size of the Wavefront 
pipeline (with fixed Field of View and pixel size rescaled accordingly).

We report two primary metrics: execution time, measured from 
simulation start to final image generation and peak memory usage 
during the simulation.

To evaluate execution time per X-ray fairly, the FFT contribution 
must be excluded in the Wavefront pipeline. We therefore compute 
𝑁events∕𝑡noFFT, where 𝑡noFFT excludes the wavefront propagation stages 
but includes complex grid filling.

3. Results

We performed several simulations to verify the implementation of
PCIPhysicsList.

Verification of Snell’s Law and Fresnel propagation modules was 
carried out through a series of tests involving both Propagation-Based 
Imaging (PBI) and Grating-Based Imaging (GBI) configurations.

3.1. Wavefront construction and verification

To verify our implementation of wavefront construction and Fresnel 
propagation in GAMOS, we simulated two classical optical experiments: 
Young’s double-slit and single-slit experiments.

For both simulations, the X-ray source was modeled as a plane wave 
with an energy of 17 keV. The source was positioned 1100 mm from 
the object. The slits were made of lead with a thickness of 0.1 mm. In 
the double-slit configuration, the slit separation was 2.4 μm and each 
slit had a width of 0.2 μm. The detector, where the interference pattern 
was recorded, was positioned 200 mm from the slits.

The simulation results are presented in Fig.  7, showing a clear 
agreement between the theoretical predictions and the simulated inten-
sity distributions. Quantitatively, the root-mean-square error (RMSE) 
between the simulated and analytical profiles is 0.8% and 2.7% for 
Young’s double-slit and single-slit respectively.

To further verify the implementation of Fresnel wavefront propaga-
tion, we simulated the self-imaging phenomenon known as the Talbot 
effect.

In our simulation, a monochromatic plane wave of 20 keV illumi-
nates a grating with a period of 10 μm and line width of 5 μm (50% duty 
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Fig. 7. Comparison between theoretical and simulated intensity profiles for Young’s double-slit and single-slit experiments.
Fig. 8. Simulated Talbot carpet for (a) an absorption grating and (b) a 𝜋-phase shifting grating. Red bars correspond to (a) the absorbing and (b) to the 
phase-shifting regions. The intensity in both carpets has been normalized to the global maximum.
cycle). The detector is placed at varying distances from the grating to 
reconstruct the Talbot carpet. The material of the grating is lead with 
a thickness of 100 μm. For this configuration, the Talbot distance is 
3226 mm. The results are shown in Fig.  8(a).

We also simulated the Talbot effect using a more realistic 𝜋-phase-
shifting grating. The phase grating is made of Silicon with a thickness 
of 25.5 μm and a period of 10 μm. In this case, fractional Talbot images 
appear at 𝐷𝑇 ∕16, 3𝐷𝑇 ∕16, etc., as shown in Fig.  8(b).

These simulations reproduce the expected Talbot and fractional 
Talbot behavior, confirm that the wavefront propagation implemented 
in our Monte Carlo framework can accurately model these phenomena. 
Quantitative comparison with analytical Fresnel-based simulations [30] 
of the same configurations yields a RMSE of 0.19% for the absorption 
grating and 0.56% for the 𝜋-phase shifting grating, demonstrating 
the excellent agreement between the Monte Carlo and analytical ap-
proaches. This verification confirms that the implemented wavefront 
propagation can reliably reproduce self-imaging effects, enabling the 
simulation of Grating Based Imaging (GBI) within this framework.

3.2. Propagation based Imaging (PBI)

To evaluate the simulation of propagation-based imaging (PBI), we 
simulated a conical X-ray beam with an energy of 20 keV irradiating 
a PMMA sphere with a radius of 100 μm. The source-to-object distance 
was set to 40 cm, and the object-to-detector distance to 10 cm. The 
detector pixel size was 1 μm.

Fig.  9 presents a comparison between: (a) a wavefront-based calcu-
lation using the Fresnel propagator applied to the complex transmission 
function (Eqs.  (5) and (14)), (b) a Monte Carlo (MC) simulation includ-
ing the refraction process using the PCIPhysicsList, and (c) an MC 
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simulation excluding the refraction process. All MC simulations were 
performed with 1 × 109 primary photons.

The MC image including refraction (Fig.  9.b) exhibits the character-
istic edge enhancement typical of short distance PBI, closely matching 
the result obtained from the wave optics calculation (Fig.  9.a). In 
contrast, the MC image without refraction (Fig.  9.c), where the intensity 
window has been adjusted to reveal attenuation-based contrast, shows 
no edge enhancement.

A comparison of the intensity profiles across the three images is 
shown in Fig.  10, confirming the consistency between the Fresnel-based 
model and the Monte Carlo implementation of phase contrast.

To evaluate the correctness of the wavefront-based implementation, 
we performed simulations using a monochromatic plane wave source 
with an energy of 20 keV. The sample consists of a PMMA cylinder 
with a radius of 100 μm. Two configurations were considered, placing 
the cylinder at different distances from the detector: 10 cm and 100 cm. 
The pixel size in both simulations was set to 1 μm.

According to Eq. (11), the 𝐹 10 Fresnel number was 16.13 and 1.613 
for the 10 cm and 100 cm propagation distances, respectively. The 
results are presented in Fig.  11.

Fig.  11 presents a comparative study of phase-contrast images sim-
ulated under two different propagation regimes characterized by the 
Fresnel number 𝐹 10. The top row corresponds to a propagation distance 
of 10 cm with 𝐹 10 = 16.13, where edge-enhancement effects dominate 
and Snell’s Law provides a good approximation. The bottom row shows 
results for a larger propagation distance of 100 cm with 𝐹 10 = 1.613, 
approaching the Fresnel diffraction regime where interference effects 
become significant.

The first column (a and d) displays images obtained via analytical 
Fresnel propagation of the transmission function, serving as a reference. 
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Fig. 9. Normalized intensity images: (a) Wavefront-based calculation using Fresnel propagation, (b) Monte Carlo simulation with refraction process, (c) Monte 
Carlo simulation without refraction process.
Fig. 10. Intensity profiles extracted from the images in Fig.  9.

The second column (b and e) shows Monte Carlo simulations incorpo-
rating Snell’s Law refraction combined with Fresnel propagation of the 
wavefront, capturing both refraction and interference effects. The third 
column (c and f) presents Monte Carlo results using only Snell’s Law 
refraction without wavefront propagation, illustrating the limitations 
of geometrical optics in this regime.

As expected, for the shorter propagation distance (top row), the 
images from MC simulations with and without propagation are very 
similar, highlighting the predominance of edge-enhancement contrast. 
For the longer distance (bottom row), notable differences appear: the 
MC simulation including wavefront propagation reproduces the inter-
ference pattern and contrast features observed in the analytical model, 
while the simulation without propagation fails to capture these effects.

The red rectangles mark the regions where intensity profiles were 
extracted, shown as insets within each subfigure, providing confirma-
tion of these observations.

3.3. Grating based imaging (GBI)

We have implemented two different approaches to simulate Grating-
Based Imaging (GBI) within our Monte Carlo framework. Both are valid 
under specific physical assumptions and correspond to commonly used 
experimental setups.

The first approach is based solely on Snell’s Law refraction, without 
constructing or propagating the wavefront. This approximation is valid 
when G1 is an absorbing grating, and its periodic transmission pattern 
remains effectively invariant with propagation distance. The interfer-
ence is encoded in the alignment between G1 and G2, and no free-space 
diffraction is required to form a self-image.

To test this configuration, we simulated a PMMA cylinder with an 
inner radius of 2 mm and an outer radius of 5 mm. The gratings G1 
and G2 both have a period of 6 μm and are modeled as gold absorbing 
gratings. The retrieved phase gradient (PG), transmission (Tr), and 
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dark-field (DF) images using the phase-stepping method are shown in 
Fig.  12.

The second approach incorporates the full wave-optical treatment 
by constructing the complex wavefront after interaction with a phase 
grating G1 and propagating it using the Fresnel formalism. In this case, 
the interference pattern at the detector arises from the fractional Talbot 
effect, and G2 must be placed at a fractional Talbot distance where 
a self-image of G1 is formed. This more rigorous model is essential 
when G1 is a phase grating, as is often the case in high-sensitivity GBI 
configurations.

The simulation consists of plane X-ray source with an energy of 20 
keV. The sample is a hollow cylinder with an outer radius of 1 mm and 
an inner radius of 0.5 mm, made of water. The G1 grating is a 𝜋-phase 
grating made of silicon, with a thickness of 25.6 μm and a period of 
2 μm. G2 is an ideal absorption grating with a period of 1 μm, positioned 
8.07 mm downstream of G1 (at the first fractional Talbot distance). The 
retrieved images using the phase-stepping method are shown in Fig.  13.

In Fig.  14, a comparison between theoretical values and the simu-
lated profiles of the phase gradient and transmission is shown.

The simulated images show good agreement with the theoretical 
predictions. The RMSE is 7.0% for the Phase Gradient image and 1.2% 
for the Transmission image, confirming the accurate reproduction of 
both attenuation and phase contrast.

3.4. Runtime and memory performance

Fig.  15(a) reports the execution time from the start to final image 
generation. Fig.  15(b) shows the peak memory usage of the simulation, 
both versus grid size (𝑁).

As expected, the Snell-only runtime shows little dependence on the 
detector pixel count. In contrast, in the Wavefront case the runtime 
includes the allocation and filling of the complex field on the virtual 
plane, forward FFT, inverse FFT and final image formation. Conse-
quently, it grows with grid size. For the configurations tested, the 
Wavefront pipeline is faster than Snell-only for grids below approxi-
mately 12000 × 12000 pixels because photons are transported only up 
to the virtual plane, while the FFT stages remain inexpensive at those 
sizes. In Snell-only, photons must be transported step by step all the 
way to the detector with interaction checks, upon reaching the detector, 
we account for detector effects using the MIMAC-based plugin [31], 
including efficiency (and energy to charge conversion when enabled).

Regarding memory, Snell-only usage increases with detector pixel 
count due to detector modeling. Wavefront requires more memory 
because the complex field is made by two 𝑁×𝑁 double-precision arrays 
(real and imaginary) and additional memory is needed during the FFT, 
when the peak usage occurs.

Fig.  16 shows the X-ray per second for the Wavefront and Snell-only 
simulations.

Higher X-rays/s are observed for the Wavefront configuration be-
cause photon transport stops at the virtual plane, whereas Snell-only 
transports photons to the detector and includes detector-response mod-
eling.
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Fig. 11. Comparison of phase-contrast imaging (PCI) approaches for two propagation. Top row ((a)–(c)): Propagation distance of 10 cm (𝐹 10 = 16.13). Bottom 
row ((d)–(f)): Propagation distance of 100 cm (𝐹 10 = 1.613). ((a), (d)) Analytical Fresnel propagation of the complex transmission function. ((b), (e)) Monte 
Carlo (MC) simulation using Snell’s Law with Fresnel propagation of the constructed wavefront. ((c), (f)) MC simulation using only Snell’s Law (no propagation). 
Red rectangles indicate the zoomed-in region used to extract the intensity profiles shown in the insets. The images are normalized to the range 0–1.

Fig. 12. Retrieved phase contrast images using Snell-only GBI simulation with absorbing gratings: (a) Phase Gradient, (b) Transmission, and (c) Dark Field. All 
images are shown in arbitrary units (a.u).

Fig. 13. Retrieved phase contrast images using wavefront generation and propagation GBI simulation with absorbing gratings: (a) Phase Gradient, (b) 
Transmission, and (c) Dark Field. All images are shown in arbitrary units (a.u).

Fig. 14. Profiles of Fig.  13(a) and (b) compared with the theoretical values.
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Fig. 15. (a) Execution time and (b) peak memory versus grid size. Error bars correspond to the standard deviation.
Fig. 16. X-rays/s versus grid size. Error bars correspond to the standard 
deviation.

4. Discussions

Our discussion begins by revisiting the fundamental verification of 
the implemented wave model.

Beyond the dual modeling approach and rigorous verification, our 
framework also significantly enhances the realism and practicality of 
material interactions.

Unlike some prior implementations that might rely on generic tab-
ulated values or approximate 𝛿 as a constant, our method directly 
calculated the 𝛿 parameter from the real part of the atomic form 
factor (f1) using an explicit formula (Eq. (3)). These values are then 
dynamically loaded from text files for all materials during initializa-
tion. This approach provides flexibility and traceability for material 
properties, eliminating the need for recompilation when changing ma-
terial, a feature particularly valuable for diverse applications in clinical 
environments or material science.

The imaginary part of the refractive index, 𝛽, is directly related to 
X-ray attenuation. Although 𝛽 can be computed from tabulated atomic 
form factors of the constituent elements, these values are not directly 
tabulated for materials in the considered energy range and must be 
derived through numerical combination procedures. As a result, minor 
features may appear in the absolute difference of 𝛽 between materials 
when the dominant contribution changes from one material to another, 
despite the individual curves remaining continuous. In the present 
framework, absorption is ultimately governed by the electromagnetic 
interaction cross sections implemented natively in Geant4 and GAMOS, 
ensuring a physically consistent and robust description of attenuation.
10 
We first thoroughly tested the correct implementation of the wave-
front construction and Fresnel propagation before applying it to com-
plex phase contrast imaging setups.

The successful reproduction of interference patterns in the simu-
lated Young’s double (and single) slit experiments with RMSE values 
below 3.0%, demonstrating excellent agreement with theoretical pre-
dictions (Fig.  7), rigorously confirms the accuracy of our wavefront 
generation method (Eq. (12)) and the successful implementation of the 
Fresnel propagator. Furthermore, the Talbot carpet simulations consis-
tently reproduced the expected self-imaging effect for both absorbing 
and phase-shifting gratings with a RMSE values below 0.6% (Fig.  8). 
These comprehensive verification tests unequivocally demonstrate that 
the simulated wavefront evolves as expected, thereby enabling reliable 
simulations of Grating-Based Imaging (GBI) through the Talbot effect.

Our findings clearly demonstrate that while both the Snell’s Law ap-
proximation and full wavefront propagation are capable of simulating 
phase contrast images, their applicability is dictated by distinct physical 
regimes.

For Propagation-Based Imaging (PBI), particularly at high Fresnel 
numbers (𝐹 10 ≫ 1), Snell’s Law often provides sufficient accuracy. In 
this regime, diffraction primarily contributes to edge sharpening, and 
the image contrast is predominantly governed by refraction effects. 
Consequently, as illustrated in Fig.  11 for 𝐹 10 = 16.13, the inclusion 
of full wavefront propagation yields results nearly identical to those 
obtained with the simpler ray model. A quantitative comparison (Fig. 
10) further confirms the negligible differences between the Monte Carlo 
simulation using only Snell’s Law and the wavefront-based calcula-
tion, strongly reinforcing that for high Fresnel numbers, Snell’s Law 
adequately reproduces the key features of the phase contrast image.

Conversely, as the Fresnel number decreases (𝐹 10 ≈ 1), diffraction 
effects intensify, and the resulting interference patterns convey crucial 
image information that cannot be captured by a purely geometric 
model. As demonstrated in Fig.  11 (bottom row), for 𝐹 10 = 1.63, the 
simulation based solely on Snell’s Law noticeably fails to reproduce the 
characteristic interference fringes observed near the object’s edges. In 
contrast, the wave-optics simulation, incorporating Fresnel propagation 
of the complex wavefront, accurately captures these intricate details. 
This unequivocally confirms the necessity of employing the full wave 
propagation model to correctly simulate the intensity distribution at the 
detector plane under low Fresnel number conditions.

For Grating-Based Imaging (GBI), the applicability of each model 
also depends on the grating type. The Snell’s Law approximation proves 
effective when the first grating (G1) is an absorbing grating, as its 
periodic transmission pattern remains effectively invariant with prop-
agation distance (see Fig.  4). However, when G1 is a phase grating, 
accurate simulation of the self-imaging phenomenon at Talbot dis-
tances, a cornerstone of GBI, is exclusively achievable through the 
wavefront propagation method. Our results definitively confirm that 
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incorporating the Fresnel propagator is therefore essential to faithfully 
reproduce the phase-stepping modulation and to extract meaningful 
Phase Gradient (PG), Transmission (Tr), and Dark Field (DF) images 
in such configurations (see Fig.  12). As shown in Fig.  13, the phase 
gradient and the relative transmission are in good agreement with the 
theoretical values (RMSE of 7.0% and 1.2%, respectively). It should 
be noted, however, that the phase gradient obtained from the Monte 
Carlo simulation does not exactly match the amplitude of the theoreti-
cal gradient. This discrepancy arises because the theoretical gradient 
assumes a perfectly smooth and continuous phase profile, while the 
Monte Carlo model includes discretization and noise. Despite this, when 
the retrieved gradient is integrated to reconstruct the absolute phase, 
it matches the theoretical one.

While the current implementation successfully reproduces both 
propagation-based imaging (PBI) and Talbot-Lau grating-based imag-
ing (GBI), several limitations remain. First, the simulations assume 
idealized conditions such as perfectly coherent illumination, without 
fully modeling the effects of partial spatial coherence often present in 
laboratory X-ray sources. For wave-based simulations, a monoenergetic 
X-ray source is assumed, which constitutes a limitation of the current 
model. However, this restriction only applies to the Wavefront pipeline. 
The Snell-only module can already operate with any source or detector 
model defined within GAMOS, including polyenergetic spectra and 
realistic detector responses such as those implemented in MIMAC [31].

The wavefront propagation module can be extended to more re-
alistic experimental configurations. Polyenergetic spectra can be sim-
ulated by sampling the energy distribution and summing the prop-
agated intensities, while detector imperfections (blur or noise) can 
be introduced through convolution with the corresponding detector 
point-spread function.

The Fresnel propagator implemented in this work covers a broad 
range of propagation conditions, from the near-field to the Fraunhofer 
regime. This is confirmed by the accurate reproduction of the Young’s 
double slit interference experiment (Fig.  7). For GBI, the gratings are 
considered to be ideal and free of defects, and the detector is assumed 
to be perfect, which may not fully capture experimental imperfections. 
Additionally, the computational cost of full wavefront propagation is 
significant (Fig.  15), especially for large-scale samples with a very 
small grating period, potentially limiting its routine applicability. Fur-
thermore, the current framework, MIMAC, focuses on 2D projection 
imaging and does not yet include capabilities for angular acquisitions 
or tomographic reconstructions.

5. Conclusions

In this work, we have successfully developed and verified two novel 
modules for the GAMOS toolkit, significantly expanding its capabilities 
for X-ray Phase Contrast Imaging. The first plug-in incorporates the 
complex X-ray refractive index for all GEANT4 materials and accurately 
models refraction through Snell’s Law. The second plug-in constructs 
a complex wavefront from simulated photons at a virtual plane and 
propagates it to the detector using the Fresnel formalism. This im-
plementation has been rigorously verified through classic wave optics 
experiments, including Young’s double- and single-slit setups, and the 
simulation of the Talbot carpet for both absorbing and 𝜋-phase gratings.

This framework represents a powerful tool for various applications, 
including the optimization of experimental imaging system design, 
the development of sophisticated reconstruction algorithms and the 
generation of realistic synthetic datasets for Deep Learning. A key 
feature of our work is the flexibility it offers: users can choose between 
the computationally efficient Snell-based approximation, suitable for 
large samples and setups operating in the edge-enhancement regime, 
and the more demanding but essential full wave-optical simulation, 
indispensable for accurately reproducing interference effects charac-
teristic of GBI or low Fresnel number conditions. Furthermore, the 
highly modular and fully parametrizable nature of our GAMOS plug-ins, 
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controllable via simple commands for wavefront’s grid configurations, 
propagation distances and outputs formats, significantly streamlines the 
simulation workflow. This level of automation and ease of integration 
into existing Monte Carlo pipelines represents a considerable advantage 
for researchers in medical imaging and eliminates the need for external 
compilation or post-processing scripts.

Both implementations expand the simulation capabilities of GAMOS 
and allow users to test Phase Contrast setups in a Monte Carlo environ-
ment with a level of detail not previously available in this Monte Carlo 
framework.

Future work will focus on optimizing memory usage to enable 
larger-scale simulations and on extending the wave-based simulations 
to polyenergetic X-ray sources and realistic detector responses. Ad-
ditionally, we plan to explore the verification of simulating other 
prominent PCI techniques, such as speckle-based PCI, and to expand 
the framework to support comprehensive mammographic simulations 
incorporating phase contrast, thereby contributing to advanced medical 
imaging research.
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