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Abstract—Problems in experimental study of real crystal structures using phase-contrast imaging with syn-
chrotron radiation (SR) are discussed, and methods for their solution are proposed. The experiment was per-
formed at the Pohang Light Source in Pohang City, Republic of Korea. Diamond crystals were examined.
The capabilities of the method in studying weak changes in the crystal density under conditions of spatially
inhomogeneous beam intensity, beam statistical noise, and detector imperfections were analyzed. Images of
various shapes and sizes were obtained, which indicated the presence of defects. However, a more detailed
analysis is required to identify these defects.
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INTRODUCTION
X rays have been widely applied after their discov-

ery in 1895, in two fields at once: diffraction from the
crystal lattice and imaging of the internal structure of
materials by the nonuniform absorption method.
The research methods in these fields are still being
developed and improved. The spatial period of elec-
tromagnetic field oscillations in hard synchrotron
radiation (SR) with a photon energy of 10–20 keV is
comparable with the lattice period (specifically, not
much smaller than this parameter). Therefore, the dif-
fraction angles are relatively large, which is convenient
for experiments. At the same time, the refraction of
X-rays at the interface between two media is fairly
weak, and rays pass through an object barely changing
their trajectory. Images of noncrystalline objects with
sizes differing not much from the human body sizes, as
well as weakly absorbing crystals beyond the Bragg
conditions, are obtained without distortions and are
determined by only absorption. In other words, opti-
cally dense regions in an object can clearly be seen.

However, with a decrease in the sizes of inhomoge-
neities in the illuminated object, the absorption con-
trast becomes weak. In this case, a clearer image can
be obtained in coherent radiation by changing the
phase of the SR wave function. At a small distance
from the object, the detector does not record the
phase, but, with increasing distance, a change in phase
is transformed into an intensity change, and one can
obtain a phase-contrast image [1, 2]. In this way,
researchers analyze both small objects in air [3–7] and

various small changes in electron density in crystals
[8–14]. Sharp changes in density arise in pores, for
example, in dislocation micropipes [10–12] in silicon
carbide crystals, as well as in the spherical pores accu-
mulating vacancies in such crystals as sapphire, silicon
carbide, etc. [13]. Pores with relatively large sizes may
have most diverse shapes, not only spherical [15, 16].

The study of such objects is partially simplified by
the fact that their shape is approximately known, and
one has only to determine their size. Also, using
numerical simulation, one can easily gain a complete
understanding of how these images are formed [13, 14].
Recently, we could identify growth steps on the surface
of sapphire crystals and determine their height: ~1 μm
[17–20]. However, in other crystals, for example, in
diamond, such defects are absent, but there may be
other defects [21], which have not yet been studied by
the phase-contrast method. The results of such study
are presented for the first time in this paper. The cor-
responding problems are discussed as well.

Two-dimensional coordinate detectors are used in
beamlines at modern SR sources to record images;
these detectors may have bad pixels. The SR beam
itself may have finite sizes and relatively high inhomo-
geneity, as well as statistical noise. All these factors
deteriorate the quality of experimental results and call
for their careful analysis by mathematical methods of
image processing.
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Fig. 1. Schematic of the experiment: (C1, C2) 111 Si mono-
chromator crystals, (O) object of study, (S) scintillator,
(M) mirror made of Si crystal, (Z) optical objective, and
(D) detector.
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SCHEME OF THE EXPERIMENT
AND METHOD OF STUDY

The scheme of the experiment to visualize small
inhomogeneities in crystals barely differs from the
scheme of imaging of small objects in air. It contains
a radiation source, a monochromator, a crystal, and
a detector (Fig. 1). Diamond crystals were studied on
the 6С (Biology and Medical Imaging) beamline of
the Pohang Light Source in the Pohang City, Republic
of Korea. The radiation of a wiggler with photon
energy of 25 keV, which is in the beginning of the
range of available energies (23–50 keV) at this beam-
line, was used. The beamline is equipped with an
Orca-Fusion detector (Hamamatsu Photonics,
Japan), which allows one to perform measurements at
any illuminance level, but especially under conditions
of low illuminance. The low level of detector readout
noise indicates that even small numbers of photons
from the illuminated object are not lost in spurious
noise but detected quantitatively. The detector wrote
data into tiff files as integers 2 bytes (16 bits) long and
formed a square image with 2304 pixels per side. The
effective linear pixel size was 0.325 μm. This value is
obtained by recalculating the real pixel size (6.5 μm)
after dividing by 20. Specifically this magnification
was obtained by transforming SR into optical light in
the crystalline scintillator, after which the image was
magnified by a factor of 20 using an optical objective.

As a result, the linear size of the image that could be
fixed by the detector without scanning was 750 μm.
This size was comparable to the effective size of the SR
beam formed by a system of slits at a specified objec-
tive magnification. The radiation incident on the
detector gave an inhomogeneous image even in the
absence of a sample. Under these conditions, mea-
surements must be performed in three stages. Primar-
ily, we recorded the dark detector image (the incident
SR beam was blocked by a shutter). Even in this case
the detector yields an image containing statistical
inhomogeneities, as well as bad pixels. It is necessary
to make sure that the interference intensity is low and
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that broken pixels cannot affect significantly the
result.

The image of an empty SR beam was recorded in
the second stage. Such images must be recorded sev-
eral times, because the beam contains shot noise,
which must be estimated. This issue will be considered
in more detail below. The image of a crystal in the SR
beam is recorded in the third stage. In all cases the
detector records the radiation intensity. Obviously, the
crystal image is obtained jointly with the empty beam
image, which contains also the image of the dark
detector (including the scintillator). To exclude spuri-
ous images from crystal images, one must extract
number matrices from the files and divide the crystal
matrix by the empty beam matrix.

This procedure is equivalent to the subtraction of
the empty beam contrast from the contrast of crystal in
this beam, if both contrasts are small. As a result, there
remains a crystal image in an arbitrarily f lat beam,
which is necessary for processing the phase-contrast
image and solving the inverse problem in order to
obtain quantitative information about structural
defects. If the crystal under study does not yield an
image, there must be a homogeneous background.
In fact, the background is irregular because of the
beam statistical noise. This noise can be characterized
by a contrast (visibility), which will defined as follows:
V = (Fma – Fmi)/(Fma + Fmi), where Fma and Fmi are the
maximum and minimum values in the matrix image.
In other words, the crystal image contrast should
exceed this noise; otherwise, the information will be
incorrect. The noise level can be analyzed by dividing
the matrices of the empty SR beam, obtained in mea-
surements at different instants.

It is of interest that noise can be sharply reduced in
amplitude by averaging the experimental matrix using
the method for calculating convolution with localized
function of different types. The most convenient can-
didates are the Gaussian function and a function that
is nonzero in a square of specified size. The calcula-
tion results showed that this procedure makes it possi-
ble to reduce sharply the amplitude of the background
noise, but the noise cannot be removed completely.
The point is that, along with the short-period noise,
the beam contains a long-period noise, which is not
completely suppressed in this way, although its ampli-
tude becomes much smaller. This noise image may
distort the image of objects in crystal because it is spu-
rious. Correspondingly, one should pay attention to
only the contrast exceeding the noise contrast of the
SR beam.

MEASUREMENT RESULTS 
AND THEIR PROCESSING

The measurement results were saved by the detec-
tor in the form of 16-bit tiff images. The tiff format
makes it possible to save e-books of any degree of
5
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Fig. 2. Fragment of distribution of the natural logarithm of
the number of dark detector references with a size of 200 ×
200 px and a center corresponding to the coordinates of the
largest pixel, specifically, x = 2145, y = 877. The numbers
of pixels in the initial detector matrix 2304 × 2304 in size
are plotted along the axes. The color map is shown for the
normalized array. The values of the logarithm minimum
and maximum in the real array are 4.094 and 8.190, which
corresponds to the reference numbers of 60 and 3605.
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complexity, but it has also a simpler version, which
records a matrix of integers in range from 0 to 65535,
each number two bytes long, without compression.
Specifically this version is used to save detector read-
ings. In the first stage, it is necessary to analyze the
detector readings with a blocked beam, i.e., the dark
detector readings, and make sure that the detector is
correctly tuned and the experimental conditions are
satisfactory.

The dark detector reading themselves are used
nowhere, but they affect other readings. Therefore, it
is necessary to make sure that this influence is not crit-
ical. All results were processed using our own pro-
grams, written in the VKACL language [22]. The inter-
preter for this language, all programs written in it, and
the corresponding documentation are available at the
aforementioned website. A special program extracts
a number matrix from a tiff file and performs its pre-
liminary analysis. In particular, one can easily obtain
minimum, mean, and maximum values, as well as the
coordinates of the first largest values.

The dark detector should yield zeros, but this does
not occur. The matrix has nonzero values. Moreover,
if the mean may be fairly small (it was equal to 100 in
our case), the maximum value may be fairly large.
In the performed study it was equal to 3605, and the
values following it were 2461, 2436, and 2212.
It is known that any coordinate detector has bad pix-
els. The number of these pixels is not very large, but
they are always present. Their readings should be dis-
regarded. They generally show values in no way
matched with neighbors; clusters of bad pixels also
occur, but more rarely.

In a scientific paper, it is fairly difficult to show the
entire square matrix 2304 px in size without any spe-
cific image. Therefore, Fig. 2 presents a square frag-
ment with a linear size of 200 px; the pixel having max-
imum value is located at the center. Here, it is conve-
nient to present the natural logarithm of values, with
indication of the specific coordinates of the area in the
large matrix. In this case, one can see more clearly
how both large and small values change. The initial
matrix was normalized in the range from 0 to 1, and
the logarithms of the minimum and maximum values
are shown in the caption. Since the bad pixels have
small values, no special measures were taken to take
into account the dark detector readings.

In the next stage, 10 images of SR beam without
a crystal were measured. The beam turned out to be
inhomogeneous in a square with a linear size of
750 µm. Its image resembles approximately the middle
part of the Gaussian function image but has some arti-
facts. To form a homogeneous background, it is nec-
essary to divide the matrix of detector readings with
a sample by the matrix of empty SR beam. However,
all crystal images have statistical noise, which should
not be confused with the image of the crystal itself.
To estimate the noise level, it is reasonable to divide
CR
the empty beam matrices from different measure-
ments. In this case, it is only the noise image that
remains. The noise images themselves can be sepa-
rated into short and long ones. The former change rap-
idly and have a short period, while the latter change
slowly and have a long period.

The short noise can be significantly reduced using
the method of averaging the matrix over some size by
calculating the matrix convolution with some func-
tion, which is nonzero in a limited region. Generally,
the Gaussian function is used to this end. However,
when averaging noise, the function that is nonzero in
a specified square, where it is equal to a constant and
has a unit integral, also deserves attention. The convo-
lution with this function is calculated fairly rapidly and
provides a clearer contrast. Averaging was performed
over a square with a linear size of 9 px, corresponding
to the coherence length of 3 µm, which is consistent
with the data of many previous experiments [10–14,
17–20].

According to the data of four calculations with dif-
ferent matrices, the mean obtained after the division is
unity with a relatively high accuracy, and the mean
contrast is 0.095 for the initial matrices and 0.021 for
the averaged matrices. Figure 3 presents the averaged
matrix for one of the calculations. Note that the spe-
cific pattern of matrices has a random character, and
all calculated matrices are different. However, their
statistical characteristics are relatively close, and the
spread of values does not exceed 10%. The specific
YSTALLOGRAPHY REPORTS  Vol. 70  No. 6  2025
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Fig. 3. Ratio of the detector readings on a 2304 × 2304 matrix
for two measurements of the SR beam without the crystal
studied, after averaging the matrix by calculating the con-
volution with the matrix whose values differ from zero and
equal to each other in a 9 × 9 px square, while the integral
is unity. The color map is shown for the normalized array.
The minimum and maximum values in the real array are,
respectively, 0.980 and 1.021. The image shows the statisti-
cal noise of the beam, which is doubled as a result of the
division, whereas the ratio itself is close to unity.
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Fig. 4. Image of defects in a 1-mm-thick diamond crystal.
The ratio of detector readings for the crystal studied and
for the beam with approximately the same exposure in the
absence of crystal, after averaging the matrix by calculating
the convolution with the matrix whose values differ from
zero and equal to each other in a 9 × 9 px square and the
integral is unity, is presented. The color map is shown for
the normalized array. The minimum and maximum values
in the real array are, respectively, 0.811 and 1.399.
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features of the dark detector disappear as a result of the
division, but this occurs only when the SR beam
intensity is fairly high. In this case, the maximum was
at a level of 50000.

The diamond crystal, shaped as a plate, was 9 ×
8 mm2 in size and thus could not be exposed entirely to
the SR beam. For this reason, 132 images of different
crystal regions were obtained, which showed most var-
ious details, the analysis of which are beyond the scope
of this study. Figure 4 presents only one region, con-
taining many relatively small images, representing
a dark spot, surrounded by a bright shell. There are
almost round images with a diameter of ~30 px. Obvi-
ously, this is the result of SR beam minifocusing by
a void with a round cross section ~10 µm in size.
This image is shown after dividing the crystal matrix
by the matrix of the empty beam with approximately
the same exposure and after averaging over 9 px, as
in Fig. 2. With allowance for the degree of beam
coherence, this averaging barely deteriorates the
object image sizes but suppresses essentially the statis-
tical noise.

The total matrix contrast (0.266) significantly
exceeds the empty beam contrast. For this reason the
result is reliable; the empty beam contrast is also pres-
ent here, but it is smaller by a factor of 10. The origin
of the aforementioned defects is not yet known. They
may be located both in the crystal bulk and on the sur-
face. The latter situation is more likely; however, the
CRYSTALLOGRAPHY REPORTS  Vol. 70  No. 6  202
crystal should be additionally investigated to answer
this question. Our purpose was only to demonstrate
the potential of phase-contrast microscopy for study-
ing crystals.

CONCLUSIONS

An experiment on studying the defects in an artifi-
cial diamond crystal, obtained by chemical vapour
deposition (CVD), was carried out. The study was per-
formed by phase-contrast microscopy on the Pohang
Light Source (Pohang, Republic of Korea). The spe-
cific features and problems of these measurements are
discussed, in particular, dark detector readings (i.e.,
without illumination by the SR beam), analysis of the
contrast related to the statistical noise in the SR beam,
and elimination of the nonuniform intensity distribu-
tion in the incident beam. The measurements showed
that the crystal has most various defects, including
local defects ~10 µm in size. The data obtained suggest
that it is expedient to use phase-contrast microscopy
for crystal diagnostics.
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