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DETECTION OF STRUCTURAL
FEATURES OF OBJECTS USING X-RAY
PHASE-CONTRAST IMAGING METHOD

Phase contrast is widely used everywhere, where the visualization of the internal structure of
objects using X-rays is required. In this paper, a new approach based on the Fresnel–Kirchhoff
theory has been proposed to model the X-ray phase-contrast image making use of the free-
propagation method. A simple calculation model has been developed that allows the intensity
variation on three-dimensional models of macroscopic objects with arbitrary shapes and, ac-
cordingly, the observation conditions for obtaining a contrast image in the case of known
detector system characteristics and X-ray source intensity to be determined. The possibility of
obtaining the clear images of objects with low refractive indices and determining their geomet-
ric dimensions and thickness is shown. The approaches described in this paper can be useful for
developers of compact devices aimed at detecting structural inhomogeneities inside the studied
objects with the help of non-destructive methods.
K e yw o r d s: X-ray phase-contrast imaging, wave front, X-ray diffraction, coherence, Fresnel–
Kirchhoff diffraction theory.

1. Introduction
Control over the quality and reliability of modern ma-
terials and products is an extremely challenging task
in many branches of industry and scientific research.
It is of special importance in the energy, transport,
and medical fields, where a product failure can lead
to man-made disasters and human casualties. Com-
plicated technical objects often possess internal de-
fects and hidden structural inhomogeneities that can-
not be detected by conventional control methods and
substantially reduce the reliability and service life of
those constructions.

C i t a t i o n: Ovcharenko A., Lebed O. Detection of struc-
tural features of objects using X-ray phase contrast imaging
method. Ukr. J. Phys. 69, No. 5, 293 (2024). https://
doi.org/10.15407/ujpe69.5.293.
Ци т у в а н н я: Овчаренко А.Ю., Лебедь О.А. Виявлення
структурних особливостей об’єктiв методом рентґенiвсько-
го фазового контрасту. Укр. фiз. журн. 69, № 5, 293
(2024).

At the same time, X-ray radiation (XR) serves as
an important diagnostic tool in biology and medicine.
Most of the traditional methods of medical and in-
dustrial radiography, tomography, and microscopy
are usually based on a change in the X-ray absorp-
tion coefficient in different parts of the object due
to changes in the object’s density, composition, and
thickness. The application of hard XR in tomogra-
phy makes it possible to prevent its complete ab-
sorption and obtain information about the inter-
nal structure of larger objects by means of a non-
destructive method. From whence, it follows that, in
order to reduce the radiation dose, it is necessary to
develop methods based on the X-ray refraction phe-
nomenon. Therefore, the development of principally
new approaches to non-destructive testing is a key
task for scientific and technical progress and the de-
velopment of medicine.

One of the most promising methods in this domain
is the X-ray phase tomography, which is based on
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the analysis of the spatial distribution of the phase of
coherent radiation that passes through examined ob-
ject. Unlike ordinary radiography, this method has a
much higher sensitivity to internal inhomogeneities
of the material at the micron and submicron lev-
els; in particular, these are microcracks, pores, and
so forth. Therefore, the X-ray phase tomography has
been successfully used recently in the aerospace in-
dustry and mechanical engineering while making a
rapid analysis of products and structures [1,2]. It also
becomes a more and more applied tool of the med-
ical visualization owing to the high contrast of soft
tissues [3].

X-rays possess a high penetration ability into most
materials, so they can be used to study the inter-
nal structure of an object without destroying the
latter. Currently, traditional methods are based on
the difference between the ability of different ar-
eas in the researched object to absorb X-rays be-
cause of changes in the object’s density, composition,
and thickness. This task becomes considerably com-
plicated when studying weakly absorbing objects, for
example, soft biological tissues. Although X-rays can
penetrate deeply into such materials, the contrast of
the corresponding images is weak due to the smallness
of the absorption coefficient gradient.

The studies of relatively large biological objects us-
ing the methods based on the absorption phenomenon
require the application of hard radiation, the intro-
duction of contrast agents, and, accordingly, larger
radiation doses. The X-ray phase-contrast (XPC)
method allows the visualization of the internal struc-
ture of weakly absorbing objects to be performed with
a high spatial resolution, even if the substance den-
sity gradients are small. This method is based on the
phenomenon of X-ray refraction in the object, which
leads to variations in the wave phase front [3–10]. As
a result of such phase changes, X-rays deviate from
their initial directions at small angles whose values
depend on the spatial distribution of the substance
density in the examined object. From the viewpoint
of wave optics, the phase-contrast images are a result
of the interference between the incident wave and the
waves that have passed through the specimen. The
study of objects using the methods based on the X-
ray refraction phenomenon is a challenging task for
many areas of modern applied science and medicine.

Contrast X-ray radiation images are considered to
be promising technologies in medicine, which can en-

hance the contrast resolution of radiographic meth-
ods [3, 8]. This technology will allow the function-
ing of installations of standard X-ray computed to-
mography diagnostics and scanning nuclear magnetic
resonance systems. In the future, the application of
XPC methods for early diagnosis and medical imag-
ing will allow the solution of the main problems in
this direction: the reduction of the radiation dose
and the enhancement of the resolution and contrast
at the visualization of soft tissues at the early stages
of diseases.

In this paper, the propagation-based phase-cont-
rast method, since it is one of the most widespread
methods used for obtaining phase-contrast images. A
similar scheme was applied for the first time by Ga-
bor in an electron microscope experiment [11] and
was later developed as a phase-diversity method in
the X-ray spectral interval [5, 12–18]. An important
advantage of this method is the simplicity of its ex-
perimental implementation, which does not require
the usage of complicated X-ray optical elements.

However, the comprehensive and effective applica-
tion of this method in practice requires substantial
improvements in both the hardware and the physical-
mathematical models that are used to describe the
process of phase contrast formation. In particular, ur-
gent is the problem of creating compact phase to-
mography installations via the optimization of their
design parameters and operating modes by means of
simulating the corresponding physical processes. No-
wadays, this issue attracts insufficient attention, so
there arise several situational problems that need to
be solved.

2. Analytical Model
of Free-Propagation Method

The free-propagation method (or the linear phase-
contrast method) is implemented in the region of
Fresnel diffraction [3–6, 18–23]. Internal variations in
the thickness and the XR refractive index of the re-
searched object lead to changes in the X-ray wave-
front shape, when this front passes through the ob-
ject. If a detector is arranged directly behind the ex-
amined object, we obtain an ordinary X-ray absorp-
tion image. But if the distance from the object to the
detector is substantial, an X-ray phase-contrast image
is formed. The optical properties of the experimental
object can be characterized by the complex refractive
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index

𝑛 = 1− 𝛿 + 𝑖𝛽, (1)

where the dimensionless quantity 𝛽 describes the ab-
sorption properties of the material under study (the
absorption index), and the dimensionless quantity 𝛿
describes the phase shift of the wavefront associated
with the passage of the rays through the object. The
phase shift of the X-wave that has passed through
the specimen depends on the variations of the re-
fractive decrement in the specimen, as well as the
specimen’s thickness. In the case of a monochromatic
parallel beam that propagates along the 𝑧-axis, the
phase variation can be written in the following form:

𝜙(𝑥, 𝑦) = −2𝜋

𝜆

∫︁
𝛿(𝑥, 𝑦, 𝑧)𝑑𝑧, (2)

where the integral is calculated over the entire thick-
ness of the object in the direction of XR propagation.

In this work, to calculate phase-contrast images, we
took the Fresnel–Kirchhoff scalar diffraction theory
as a basis for the calculation model. This model al-
lows the wave front evolution to be taken into account
along both the paths “source–object” and “object–
screen”.

In Fig. 1, a schematic diagram is shown for the path
of rays propagating from the X-ray source through
the examined object to the screen. This approach is
quite general and is suitable for calculating diffraction
patterns generated by both point and extended radi-
ation sources. In addition, it is possible to perform
a numerical experiment for objects of any geomet-
ric shape and with sizes ranging from the mesoscopic
scale to the macroscopic one.

In the case of an X-ray beam propagating from a
point source, the expression for the radiation inten-
sity in the detector plane can be written in the form
[18, 24]

𝜓(𝑥scr, 𝑦scr) =
1

𝑖𝜆

∫︁ ∞∫︁
−∞

√︀
𝐼0

exp(𝑖𝑘(𝑟 + 𝑠))

𝑟𝑠
×

×
[︂
cos(n, r) + cos(n, s)

2

]︂
exp(𝑖𝜙) 𝑑𝑥obj𝑑𝑦obj, (3)

where

𝑠 =
√︀
(𝑥obj − 𝑥source)2 + (𝑦obj − 𝑦source)2 +𝑅2;

𝑟 =
√︀
(𝑥obj − 𝑥scr)2 + (𝑦obj − 𝑦scr)2 +Δ2;

(4)

Fig. 1. General schematic diagram for the calculation of the
phase-contrast image in the framework of the Fresnel–Kirchhoff
diffraction theory

s and r are the “source–object” and “object–screen”
vectors, respectively; 𝜆 is the radiation wavelength; n
is the normal to the object plane; and 𝜙 is an addi-
tional phase shift induced by the impact of the object
on the incoming wavefront.

3. Research Methodology

Nowadays, there are a very small number of works
on the computer simulation of X-ray diffraction at
various objects. In our opinion, this fact can be ex-
plained by several reasons. First, a simulation of this
kind requires the availability of sufficiently powerful
computing resources, because the correct calculation
of integral (3) can be carried out only numerically,
by splitting the object and screen planes into a very
large number of points and using the double preci-
sion, when calculating all quantities entering this for-
mula. In turn, this leads to problems associated with
the processing of experimental data in the real-time
mode. Second, although the above-mentioned model
is quite universal and does not contain restrictions
on the size and geometric shape of studied objects,
it is rather difficult to model three-dimensional ob-
jects with irregular geometric shapes. In this regard,
the simulation is carried out, as a rule, for very sim-
ple objects and assuming that their dimensions are

ISSN 2071-0186. Ukr. J. Phys. 2024. Vol. 69, No. 5 295



A.Yu. Ovcharenko, O.A. Lebed’

Fig. 2. Schematic diagram for the calculation of the specimen
thickness and the X-ray phase shifts

Fig. 3. An examined object with a maximum linear size of
about 100 𝜇m

much smaller than the distance from the source to
the object and are characterized by a certain sym-
metry. The thickness of the objects was simply given
analytically, which is a considerable limitation when
performing studies of this kind.

The application of the Fresnel–Kirchhoff scalar the-
ory of diffraction allowed us to develop an approach
for the simulation of X-ray diffraction at the mod-
els of real three-dimensional objects with arbitrary
geometric shapes. Figure 2 illustrates the calculation
scheme for the thicknesses of researched objects and
the phase shifts of X-ray waves, which was imple-
mented in our work. For this purpose, the exam-
ined three-dimensional object was defined as the ge-
ometric loci of points that formed the object’s sur-
face. Then the object plane was split into a large
number of points, and each of them was connected
by a straight line with the radiation source. Using the
equation of this straight line and the coordinates of

the object points, the intersection points (𝑥1, 𝑦1, 𝑧min)
and (𝑥2, 𝑦2, 𝑧max) were determined, and the object
thickness

𝑑1 =
√︀
(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 + (𝑧max − 𝑧min)2

and the phase shift 𝜙 = 𝑘𝛿𝑑1, where 𝛿 is the index of
refraction, were calculated.

4. Results and Their Discussion

The presented study is a part of works dealing with
the planning and performing of experiments on the X-
ray phase contrast using the free-propagation method
and executing at the Associated International Labo-
ratory LIA/IRP IDEATE [25, 26].

A point source with the wavelength 𝜆 = 1.5×
× 10−4 𝜇m was considered, which corresponded to
the characteristic line Cu𝐾𝛼. As a studied specimen,
the object shown in Fig. 3 was chosen. Its maximum
geometric dimensions were selected to equal 100, 80,
and 120 𝜇m along the 𝑥-, 𝑦-, and 𝑧-axes, respec-
tively, which allows the specimen size to be classified
as macroscopic. For obtaining a phase-contrast im-
age of the examined specimen, the distance from the
radiation source to the center of the object was put
𝑅 = 1 m, and the distance from the center of the ob-
ject to the screen Δ = 2.7 m. The numbers of points
at the object and screen planes were equal to 845650
and 320400, respectively. Although such a splitting is
minimalistic, it allowed us to obtain a rather high-
quality image of the object. At the same time, it
required the calculation of about 1012 parameters, ac-
cording to formula (3).

Figure 4 demonstrates the image of the specimen
(panel 𝑎) and the spatial signal of the object for an
angle of 0 (panel 𝑏) in the 𝑥𝑦-plane. The figure al-
lows one to see the contours of the object, when the
latter is observed along the 𝑧-axis and estimate the
specimen dimensions along the 𝑥- and 𝑦-axes.

Indeed, if we take into account that the zoom factor
𝑀 is equal to

𝑀 = 1 +
Δ

𝑅
= 3.7 (5)

in our case and determine the maximum size of the
object from the plot in Fig. 4, 𝑏 as the distance be-
tween the points, where the perceptible oscillations
in the central part of the plot begin and end (this is
the region, where the specimen is located), then the
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a

b
Fig. 4. The specimen image in the 𝑥𝑦-plane (𝑎) and the profile
of the object signal (𝑏)

following results are obtained. The oscillations start
approximately at the point 𝑥1 = −180 𝜇m and termi-
nate at the point 𝑥 = 220 𝜇m. This means that the
maximum image size of the studied object along the
𝑥-axis is approximately equal to 400 𝜇m. Therefore,
taking the zoom factor value into account [see formula
5], the real size of the object along the 𝑥-axis is ap-
proximately equal to 108 𝜇m. We may assume that

a

b
Fig. 5. The image of the object after cleaning from aperture
diffraction (𝑎) and the relative profile of the object signal (𝑏)

this result of approximate calculation is completely
consistent with the real size of the simulated object
(100 𝜇m along the 𝑥-axis).

As concerning information about the thickness of
the researched specimen along the XR propagation
direction, we cannot obtain it directly from the data
presented in Fig. 4. To solve this problem, it is nec-
essary to construct the image of the specimen and
the spatial signal of the object using the relative sig-
nal intensity (the difference between the signals ob-
tained with and without the specimen) as is shown in
Fig. 5. This procedure makes it possible to get rid of
the influence of diffraction maxima and minima ob-
tained from the aperture edges, reduces the oscilla-
tions, and allows the contours of the examined object
to be determined more accurately.

In our research, we took a specimen with the low
refractive index 𝛿 = 10−6, which corresponds to bio-
logical objects. To obtain more accurate information
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a

b
Fig. 6. Phase image of the object (𝑎) and its phase profile (𝑏)

about the geometric shape and thickness of the ob-
ject, we calculated the phase profile and constructed
a corresponding image (Fig. 6). The obtained result
testifies that our simulation parameters for X-ray
diffraction at the selected specimen were correct.

On the basis of the calculated complex amplitudes
of previous images (obtained with and without the
object), the X-ray phase value was found for each
case, and their difference was determined. In this way,
we calculated the spatial distribution of the X-ray
phase shift induced by the object. It should be noted
that detectors can register only the intensity but not
the phase of X-ray radiation. That is why the com-
bination of data on the radiation intensity and phase
gives more complete information about the researched
objects. By comparing the image intensity data for
various areas and the phase profile plot with the ge-
ometric shape of the specimen (Fig. 3), a complete
correspondence can be seen.

5. Conclusions

In this work, a new approach has been proposed
to simulate X-ray diffraction at three-dimensional
models of macroscopic objects with arbitrary shapes,
which allows the thickness of the examined specimens
to be calculated more accurately in comparison with
the results obtained by other authors. The method of
X-ray phase contrast imaging was applied to demon-
strate the possibility of obtaining clear images of
objects with low refractive indices and determining
their geometric dimensions and thicknesses. The ap-
proaches presented in this work can be useful for
the developers of compact devices aimed at detect-
ing structural inhomogeneities in the studied objects
making use of non-destructive methods.

The work was sponsored in the framework of the
state research project No. 0122U000417 and the Asso-
ciated International Laboratory LIA/IRP IDEATE.
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ВИЯВЛЕННЯ СТРУКТУРНИХ
ОСОБЛИВОСТЕЙ ОБ’ЄКТIВ МЕТОДОМ
РЕНТҐЕНIВСЬКОГО ФАЗОВОГО КОНТРАСТУ

Фазовий контраст знаходить широке застосування в усiх
галузях, де потрiбна вiзуалiзацiя внутрiшньої структури
об’єктiв за допомогою рентґенiвського випромiнювання. У
роботi запропоновано новий пiдхiд моделювання фазокон-
трастного рентґенiвського зображення методом вiльного
поширення на основi теорiї Френеля–Кiрхгофа. Розроблена
проста розрахункова модель дозволяє визначити значення
змiни iнтенсивностi на тривимiрних моделях об’єктiв ма-
кроскопiчних розмiрiв довiльної форми i, вiдповiдно, умови
спостереження контрастного зображення при вiдомих хара-
ктеристиках детекторної системи та iнтенсивностi джере-
ла випромiнювання. Була показана можливiсть одержання
чiтких зображень об’єктiв з малими показниками залом-
лення, визначення їх геометричних розмiрiв та товщини.
Викладенi у роботi пiдходи можуть бути кориснi розробни-
кам компактних пристроїв для виявлення структурних не-
однорiдностей всерединi дослiджуваних об’єктiв неруйнiв-
ним методом.

Ключ о в i с л о в а: рентґенiвський фазовий контраст, хви-
льовий фронт, дифракцiя рентґенiвського випромiнювання,
когерентнiсть, теорiя дифракцiї Френеля–Кiрхгофа.
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