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Phase contrast is widely used in all fields for visualization of the internal structure of objects using X-
ray radiation. The paper proposes a new approach to modeling a phase-contrast X-ray image by the method
of free propagation using the Fresnel-Kirchhoff diffraction theory. A simple calculation model was developed,
which makes it possible to determine the value of the change in the intensity of X-rays on three-dimensional
models of objects of arbitrary shape with macroscopic dimensions. It also allows you to establish the condi-
tions for observing a contrast image with known characteristics of the detector system and the intensity of
the radiation source. The possibility of obtaining clear images of objects with small decrements of refraction
of matter, determining their geometric dimensions and thickness was shown. A method of calculating the
optical properties of metal alloys in the X-ray range has been developed. The approaches presented in the
paper can be useful to developers of compact devices for detecting structural inhomogeneities inside the
studied objects by a non-destructive method.
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1. INTRODUCTION

Controlling the quality and reliability of modern ma-
terials and products is a very urgent task in many
branches of industry and scientific research. This is es-
pecially important in the transport, medical and energy
sectors, where product failure can lead to man-made dis-
asters and human casualties. Complex technical objects
often have internal defects and structural inhomogenei-
ties that cannot be detected by traditional control meth-
ods and significantly reduce the reliability and service
life of structures.

Along with this, X-ray radiation is an important di-
agnostic tool in the field of biology and medicine. X-rays
have a high penetrating ability for most materials and
allow to study the internal structure of the object with-
out destroying it. Most of the traditional methods of
medical and industrial radiography, tomography, and
microscopy are usually based on the change in the ab-
sorption coefficient of X-rays in different parts of the ob-
ject due to changes in its density, composition, and thick-
ness. This task is seriously complicated for the study of
weakly absorbing objects (for example, soft biological tis-
sues). Although X-rays penetrate deeply into such mate-
rials, the contrast of their images is weak due to the
small value of the absorption coefficient. The use of hard
X-ray radiation in tomography makes it possible to pre-
vent its complete absorption and obtain information
about the internal structure of larger objects in a non-
destructive way. It follows that in order to reduce the
radiation dose, it is necessary to develop methods based
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on the refraction of X-rays. Therefore, the development
of fundamentally new approaches to non-destructive
testing is an important task of scientific and technical
progress and the development of medicine.

One of the most promising methods in this field is
phase X-ray tomography, which is based on the analysis
of the spatial distribution of the phase of coherent radi-
ation that passes through the object under study. Unlike
conventional radiography, it provides a much higher
sensitivity to internal inhomogeneities of the material at
the micro- and submicron level, in particular, mi-
crocracks, pores, etc. Therefore, recently, phase X-ray to-
mography has been successfully used in the aerospace
industry and mechanical engineering for express analy-
sis of products and structures [1, 2]. It is also widely in-
cluded in the arsenal of medical imaging tools due to the
high contrast of soft tissues [3].

Research of relatively large biological objects by
methods based on the phenomenon of absorption re-
quires the use of hard radiation, the introduction of con-
trast agents and a larger dose of radiation. The X-ray
phase contrast imaging (PCI) method allows one to vis-
ualize the internal structure of weakly absorbing objects
with small substance density gradients with high spa-
tial resolution. The basis of this method is the use of the
phenomenon of refraction of X-rays in the object, which
leads to a change in the phase front of the wave [3-10].
As a result of such a phase change, X-rays deviate from
their primary direction by small angles, the value of
which depends on the spatial distribution of the density
of matter in the object. From the point of view of wave
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optics, phase-contrast images are the result of the inter-
ference of the incident wave with the waves that have
passed through the sample. The study of objects using
methods based on the phenomenon of X-ray refraction is
an urgent task for many areas of modern applied science
and medicine.

Contrast images in X-ray radiation are considered
promising technologies in medicine, which increases the
contrast resolution of radiographic methods [3, 8]. This
technology will improve the functioning of traditional X-
ray computed tomography diagnostics and nuclear mag-
netic resonance scanning systems. PCI methods for ap-
plications in early diagnosis and medical imaging in the
future will allow solving the main problems in this field:
reducing the radiation dose, increasing the resolution
and contrast for imaging soft tissues in the early stages
of diseases.

In this paper, the propagation-based phase contrast
method is considered as one of the most common meth-
ods of obtaining phase contrast images. For the first
time, a similar scheme was used by Gabor in an electron
microscope experiment [11] and was later developed as
a phase contrast method in the X-ray range [5, 12-18].
An important advantage of this method is the simplicity
of its experimental implementation, which does not re-
quire the use of complex X-ray optical elements.

However, the full and effective application of this
method in practice requires significant improvements in
both hardware and mathematical calculation models
that describe the process of phase contrast formation. In
particular, it is necessary to solve the issue of creating
compact phase tomography devices by optimizing design
parameters and operating modes based on simulation of
physical processes. Currently, little attention is paid to
this direction, so there are situational problems that
need to be solved.

2. ANALYTICAL MODEL

The method of free propagation or in-line phase con-
trast is implemented in the field of Fresnel diffraction
[3-6, 12, 18-22].

Internal variations in the thickness and index of re-
fraction of X-ray rays of the investigated object lead to a
change in the shape of the X-ray wavefront when passing
through the object. When the detector is located directly
behind the investigated object, we get a simple absorption
X-ray image, and at significant distances from the object,
a phase-contrast image in X-rays is formed. The optical
properties of an object can be characterized by a complex
index of refraction n:

n=1-6+Iip, 1)

where the value f is responsible for describing the ab-
sorption properties of the material under study (absorp-
tion index), and § describes the phase shift of the wave-
front caused by the passage of rays through the object.
The value of § depends on the chemical composition,
the electron density of the object's material, and the
wavelength of the incident radiation. This parameter
determines the phase shift and amplitude of the
secondary waves scattered by the object, which
significantly affects the diffraction pattern. Ignoring the
decrement can lead to significant errors in calculations.
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It is obvious that a change in the electron density will
occur during mechanical deformation and this will lead
to a change in the optical properties of the material un-
der study. Let's get the ratio for the refraction decrement
& and the absorption coefficient 8 of the multicomponent
alloy.

In the general case, the § value can be calculated by
the formula [23, 24]:

roA?n,
8= @
where 1, = e?/4meymc? is the classical electron radius;
n, is electron density; e is electron charge; ¢, is dielectric
constant of vacuum; m is electron mass; ¢, is speed of
light in a vacuum.

For crystallic samples in the formula (2), the electron
density n, is determined by the number of electrons z in
one atom and the concentration of atoms n,:

Ne =2zng = Z%, 3)
where k., V, is the number of atoms in one elementary
cell and the volume of the elementary cell, respectively.

For a multicomponent alloy, where the concentration
of components is equal to ¢;,cy,...,¢;, the formula (3) can
be written:

k
Ne = 7:(Z1C1 + Zy¢5 + o+ 2i1), 4)

where z, z,, ..., z; are ordinal numbers of chemical ele-
ments that are components of the alloy, [ is the number
of elements in the alloy.

Substituting (4) into (2), we obtain an expression for
the refractive index § of an alloy with a uniform
distribution of components over the crystal volume

e?A%k,

8n2eomciV,

(z161 + z3¢5 + -+ + z1¢)). 5)

For a more accurate calculation of §, the ordinal
numbers z;, Z, ..., z; in the formula (5) should be
replaced by the real part of the complex atomic form
factor f = z + f' + if" [24]:

_ e*%k,
8n2egmclV,

X[z + fi)+ca(ze + f2) + - +cz + )] ®)

The absorption coefficient f is determined by the im-
aginary part f'' of the complex atomic form factor [24]:

e A%k, "
B = 87r2€0mc§ch : O
The absorption coefficient of an alloy with a uniform dis-
tribution of components can be found as the sum of the
absorption coefficients from each component:

e? 2%k, " " "
B = smamar [afi' + 2fe" + -+ af’]. ®

The phase shift of the X-ray wave that passed
through the sample depends on the variations of the re-
fraction decrement § inside the sample and on its thick-
ness. In the case of a monochromatic wave propagating
along the z axis, the phase shift can be written in the
following form [24]:

03028-2



STUDY OF OPTICAL PROPERTIES ...

o,y) = -2 [6(xy,2)dz, ©)

where the integral is calculated over the thickness of the
object in the direction of propagation of the X-ray beam.
Later, formula (9) will be used to calculate the phase
shift during the passage of X-rays through the samples.

In this work, the Fresnel-Kirchhoff scalar diffraction
theory is used as the basis of the calculation model for
the calculation of phase-contrast images. This makes it
possible to take into account the evolution of the wave
front on the path “source — object” and “object — screen”.

The Figure 1 schematically shows the path of rays
from the X-ray source to the screen through the object
under study. This approach is quite general and is suit-
able for calculating diffraction patterns both from point
sources of radiation and for extended ones. In addition,
it is possible to perform a numerical experiment for ob-
jects of any geometric shape from mesoscopic to macro-
scopic scales.

r"
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A
screen
n
Y >
i A Yobj
object
Lobj
R
)
s
0 Y,
Ysource
source
rEU'U.'I'L'L

Fig. 1 — The scheme of calculating the phase contrast image in
the Fresnel-Kirchhoff diffraction theory

For the case of an X-ray beam propagating from a
point source, the expression for the intensity in the
plane of the detector can be written in the form [18, 24]:

1 proo exp(ik(r+s)
Y (Xsers Yser) = aff_wy X

2rs
X (cos(n, r;) + cos(n,s;)) - exp(ip) - dx;dy; , (10)
s =(xi —x)% + (y; —¥5)? + R?, (11)
r= \/(xl - xscr)z + i — ySCT)z + 42 (12)

Here § and # are ”source — object” and “object — screen”
vectors, respectively; 1 is wavelength of radiation; 71 is
normal to the plane of the object; ¢ is additional phase
shift caused by the impact of the object on the incoming
wavefront.

3. RESEARCH METHODOLOGY

Currently, there is a very small number of works on
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computer modeling of X-ray diffraction on various ob-
jects, and this, in our opinion, is explained by several
reasons. First, this kind of modeling requires the avail-
ability of sufficiently powerful computing resources,
since the correct calculation of the integral according to
the formula (10) can be carried out only by numerical
methods when dividing the object plane and the screen
plane into a very large number of points and with using
double precision when calculating all values that are in-
cluded in this formula. This, in turn, leads to problems
of processing experimental data in real time. Secondly,
although the above-mentioned model is quite universal
and does not contain restrictions on the size and geomet-
ric shape of the studied objects, it is quite difficult to
model volumetric objects of irregular geometric shape.
In this regard, as a rule, modeling is carried out for very
simple objects under the assumption that their dimen-
sions are much smaller than the distance from the
source to the object and have a certain symmetry. The
thickness of the objects was simply set analytically,
which is a significant limitation when conducting simi-
lar studies.

The application of the scalar theory of Fresnel-Kirch-
hoff diffraction allowed us to develop an approach for
modeling X-ray diffraction from models of real three-di-
mensional objects of any geometric shape. Figure 2
shows the scheme for calculating the thicknesses of the
investigated objects and phase shifts of X-ray waves,
which was implemented in our work. For this, a three-
dimensional object was defined as a geometric position
of points that forms its surface. Further, the wave front,
after passing through the test sample, was divided into
a large number of points, and a straight line was drawn
from the radiation source to each of these points. Using
the equation of the straight line and coordinates of the
points of the object, the intersection points (X1, V1, Zmin)
and (X3, V2, Zmay) Were determined and the thickness of
the object was calculated d, =
V Gz = x)? + (2 = ¥1)? + (Zmax — Zmin)?  and  phase
shift ¢ = kdd,, where 6 is index of refraction.

Zmin  cmazx z v
i E L
PO . 1 -
(»Ll:ylaémmn): : ($23y2szm,a,:r:) ;
i L
source - ¢
< ~object v
L
3
s
/
ds L
L
s
wave front screen

Fig. 2 — Scheme for calculating sample thicknesses and X-ray
phase shifts

4. RESULTS AND DISCUSSION

The presented study is part of the work on X-ray
phase contrast experiments within the framework of the
Associated International Laboratory LIA/IRP
IDEATE [25, 26]. A point source with a wavelength of
A = 1.5 10™* pm, which corresponds to the character-
istic line of CuK,, was accelerated. We chose the object
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shown in the Figure 3 as the studied sample. Its maxi-
mum geometric dimensions along the x, y, and z axes
were respectively equal to 100 um, 80 pm, and 120 um,
which refers to a sample of macroscopic size. To obtain a
phase-contrast image of the studied sample, the dis-
tance from the source to the center of the object was
R = 1m, and from the center of the object to the screen
— A= 2.7m. The number of breakpoints for the wave-
front after passing through the sample and for the
screen were 845650 and 320400, respectively. Such a
minimal division allows obtaining a sufficiently high-
quality image of the object, but requires the calculation
of about 10'? parameters according to the formula (10).

Fig. 3 — The research object with a maximum linear size of
about 100 um

Figure 4 shows the image of the sample and the spatial
signal of the object for the angle 0° in the xy plane. This
allows to see the contours of the object when looking at it
along the z axis, and estimate the dimensions of the sample
along the x and y axes.

Indeed, if we take into account that the coefficient of
increase M in our case is equal to

M=1+5=37, 13)

and determine the maximum size of the object on the graph
in the Figure 4 as the distance between the points where
significant oscillations begin and end in the central part of
the graph (this is the sample location area), then we will
get the following results.

J. NANO- ELECTRON. PHYS. 16, 03028 (2024)
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Fig. 4 — An image of the sample in the X0Y plane and the object
signal profile

The oscillations start approximately at the point
x; = — 180 um and end at the point x, = 220 um. This
means that the maximum dimensions of the image of the
investigated object along the x axis are approximately
equal to 400 pm, and therefore, taking into account the
magnification factor (see the formula 13), the real size of
the object along the x axis is approximately 108 pm. It can
be assumed that this approximate calculation is fully con-
sistent with the real size of the investigated object equal to
100 pum along the x axis.

As for the information about the thickness of the
studied sample along the direction of propagation of X-
rays, we cannot determine this information directly from
the data shown in the figure 4. To solve this problem, it
is necessary to construct the image of the sample and
the spatial signal of the object using the relative signal
intensity (the difference between the signals with and
without the sample) as shown in the figure 5. This allows
you to exclude the influence of diffraction maxima and
minima from the edges of the aperture and reduces os-
cillations, which makes it possible to more accurately de-
termine the contours of the object under study.

90°

270°
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Fig. 5 — An image of the sample in the X0Y plane and the object
signal profile

In our research, we chose a sample with a small refrac-
tive index 6 = 107%, which corresponds to biological ob-
jects. To obtain more accurate information about the geo-
metric shape and thickness of the object under study, we
calculated the phase profile and constructed an image
(Figure 6).

This result shows that our X-ray diffraction simulation
parameters for the selected sample are correct.
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Fig. 6 — An image of the sample in the X0Y plane and the object
signal profile

Based on the calculated complex amplitudes of the pre-
vious images (with and without the object), the X-ray phase
value was found for each case and their difference was
found. In this way, the spatial distribution of the X-ray
phase shift caused by the object was calculated. It should
be noted that the detectors can only register the intensity
and cannot register the phase of the X-ray radiation.

That is why the collection of data on the intensity and
phase of radiation gives more complete information about
the studied objects. Comparing the image intensity data in
different areas and the phase profile graph with the geo-
metric shape of the sample (Figure 3), we see complete cor-
respondence.

The approach of modeling the interaction of X-ray radi-
ation with matter proposed in this paper is suitable not
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only for biological objects. It can also be used for crystalline
structures, for example, metals and their alloys. But for
metallic samples, we cannot neglect the absorption coeffi-
cient . In addition, the refractive index § and the absorp-
tion coefficient 8 for metals are very sensitive to changes in
the electron density of the material. We will show this on
the example of the phenomenon of thermal expansion of
Fe-Cr-Al alloys. The parameters of crystal lattices at differ-
ent temperatures and concentrations of components were
calculated by molecular dynamics methods using the
LAMMPS [28] package (see Table 1).

Table 1 — Crystal lattice parameters a [A] for Fe-Cr-Al alloys
at different temperatures and component concentrations

300K | 500K | 600K | 700K | 800K
555’ %Cr- 1 9 8450 | 2.8505 | 2.8532 | 2.8560 | 2.8586
f‘fgf’ %Cr- 1 9 8497 | 2.8551 | 2.8578 | 2.8604 | 2.8630
GF;XiD’%C”' 2.8546 | 2.8599 | 2.8625 | 2.8648 | 2.8676
g‘jﬁ’ %Cr- 1) 8593 | 2.8645 | 2.8671 | 2.8695 | 2.8721

Also, for the calculations of § and 8, we used the values
of atomic form factors, which are shown in the 2 [24] table,
for pure metals.

Table 2 — Order numbers z, atomic form factors f; and f,, opti-
cal refraction decrements § and absorption coefficients g for X-
ray radiation with a wavelength 1 = 1.5374 & ( line CukK,) for
some pure metals [24]

Parameter Chemical element
Fe Cr Al
z 24 26 13
fi=z+f' 24.88 23.85 13.21
fo=f" 3.199 2.423 0.2406
§-10° 2.2391 2.1055 0.84366
B -10° 2.8793 2.1387 0.15364

Using the formulas (6) and (8), the refraction decre-
ments § (see table 3) and absorption coefficients f of Fe-Cr-
Al alloys were calculated (see Table 4).

Table 3 — Refractive indices &§ - 10° for Fe-Cr-Al alloys at dif-
ferent temperatures and concentrations of components

300K | 500K | 600K | 700K | 800K
gﬁg’ %Cr- 19 9569 | 2.2438 | 2.2375 | 2.2309 | 2.2248
f;)gf%cr' 2.2243 | 2.2117 | 2.2055 | 2.1995 | 2.1935
g.:j,jf%c“ 2.1916 | 2.1795 | 2.1735 | 2.1683 | 2.1619
g‘zzis%cr- 2.1597 | 2.1479 | 2.1421 | 2.1367 | 2.1309

Table 4 — Absorption coefficients 8 - 10° for Fe-Cr-Al alloys at
different temperatures and concentrations of components

300K | 500K | 600K | 700K | 800K
g‘zgf %Cr- | 97979 | 2.7818 | 2.7739 | 2.7657 | 2.7582
f.z;if %Cr- | 5 7999 | 2.7144 | 2.7068 | 2.6994 | 2.6920
g;gf %Cr- | 56619 | 2.6472 | 2.6400 | 2.6336 | 2.6259
S'ZZS %Cr- | o 5952 | 25811 | 2.5741 | 2.5676 | 2.5606
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From the obtained results, we can conclude that with
an increase in temperature due to thermal expansion, the
parameters of the crystal lattice of the studied samples in-
crease and, accordingly, the values of § and B decrease,
which can be fixed by changing the diffraction patterns of
X-ray radiation.

5. CONCLUSIONS

In this work, we proposed a new approach of model-
ing X-ray diffraction on three-dimensional models of
macroscopic objects of arbitrary shape, which allows
more accurate calculation of the thickness of the studied
samples in comparison with the works of other authors.
The possibility of obtaining clear images of objects with
low refractive indices, determining their geometric di-
mensions and thickness was demonstrated by the
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BupyeHHs ONTHYHHUX BJIACTUBOCTEN TA CTPYKTYPHUX O0COOJIHMBOCTEHM 00'€EKTIB
METOJ0M PEHTIre€HIBCHKOro (0a30BOro KOHTPACTY

A.JO. Osuapenko, O.A. JIebenn

Incmumym npuxnaonoi izuku Hayionanvroi akademii nayk Yipainu, 40007 Cymu, Yepaina

Da30BUIl KOHTPACT 3HAXOJUTH IIMPOKE 3aCTOCYBAHHS B YCIX TaJly3six, Je IOoTpiOHA Bidyasisaliist BHYTpI-
IIHBOI CTPYKTYPH 00'€KTIB 3a JOIOMOI0I0 PEHTT€HIBCHKOI0 BUIIPOMIHIOBAHHSA. Y po0OT1 3aIIPOIIOHOBAHO HOBHIA
MiIXi[ MOAEIIOBAHHA (PA30KOHTPACTHOIO PEHTIEHIBCHKOI0 300PasKeHHA METOAOM BIJIBHOIO MHOIIUPEHHS HAa
ocHoBi Teopii Openestsi-Kipxroda. Pospobirena mpocra pospaxyHKoOBa MOJIENIb JI03BOJISIE BUSHAYNTH 3HAYEHHS
3MIHM IHTEHCHUBHOCTI HA TPUBUMIPHUX MOJEJISIX 00 €KTIB MAKPOCKOIIIYHUX PO3MIPIB JOBLIHHOI POpPMH 1, Bif-
TOBIJIHO, YMOBH CIIOCTEPEIKEHHS KOHTPACTHOTO 300PAKeHHS IIPY BIJIOMUX XapAKTEPUCTUKAX IETEKTOPHOI CHh-
CTEeMHM Ta IHTeHCHBHOCTI JyKepeia BUIIPOMIHIOBAHHA. Byia mokasaHa MOKJIMBICTD OeP:KaHHS YITKAX 300pa-
JKeHb 00'€KTIB 3 MAJIMMHU JIEKPEMEHTAMU 3aJIOMJICHHSI, BASHAYEHHS 1X Te€OMETPUIHUX PO3MIPIB TA TOBIIWHH.
Pospobiiero minxig pospaxyHKy ONTUYHHX BJIACTHBOCTEH METAJIEBUX CILIABIB Y PEHTIeHIBCHKOMY Jiamas3oHi.
Buxmageni y po6oTi migxogy MOKYTb OYyTH KOPHMCHI PO3POOHMKAM KOMIIAKTHHUX IIPHCTPOIB JJIS BUABJICHHS
CTPYKTYPHUX HEOTHOPIAHOCTEN BCePeIMHI JOCIIIKYBAHUX 00 €KTIB HePYUHIBHAM METOIOM.

Knrouoeri ciioBa: Penrrenisceruii dhasoBuit kouTpacr, Baaemomiss BunpomiHoBaHHs 3 pedoBuHo0, HepyitHi-
BHUM aHasia, PenrtreniBcora mudpaxiis, Teopis nudpariii Openens-Kipxroda, Bryrpimas crpyrrypa,
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