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The values of the signal-to-noise ratio are determined, at which the method of processing X-ray
diffraction data reveals reflections with intensity less than the noise component of the background.
The possibilities of the method are demonstrated on weak reflections of a-quartz. The method of
processing X-ray diffraction data makes it possible to increase the possibilities of X-ray phase analysis
in determining the qualitative phase composition of multiphase materials with a small (down to

0.1 wt.%) content of several (up to eight) phases.

© The Author(s), 2024. Published by Cambridge University Press on behalf of International Centre
for Diffraction Data. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (http:/creativecommons.org/licenses/by/4.0/), which permits unre-
stricted re-use, distribution and reproduction, provided the original article is properly cited.

[doi:10.1017/S0885715624000241]

Keywords: x-ray phase analysis, crystalline phases, diffraction reflections, signal-to-noise ratio,
permutation test, lava-like fuel-containing materials (LFCM)

I. INTRODUCTION

The method of X-ray phase analysis is widely used to
study many types of materials (steels (Garin and Mannheim,
2012), alloys (Sariel et al., 2008), glass ceramics (Wilkins
et al., 2020; Loy et al., 2017), ceramics (Murugesan et al.,
2023), etc.) containing crystalline phases. The vast majority
of researchers usually use a very high signal-to-noise ratio
when registering reflections. The number of measured
impulses is often in the range of hundreds of thousands for
intense peaks and cannot be below tens of thousands for sec-
ondary peaks (Guinebretiere, 2007). However, in practice, the
signal-to-noise ratio may not have large values, for example,
80-130 (Garin and Mannheim, 2012), ~70 (Sariel et al.,
2008), 30-60 (Wilkins et al., 2020), and ~45 (Loy et al., 2017).

The symbol list below defines the symbols used in this
manuscript.

Symbol list:

I is the normalized intensity of reflection of the crystalline
phase on the diffraction pattern;

20 is the angle location of the crystalline phase reflection on
the diffraction pattern;

d is the interplanar distance;

t is the counting time;

1, is the intensity value at the 26 angle of the diffraction pattern
obtained without a specimen (diffractometer background
intensity value);

I}, max 1s the maximum background intensity;

I;,_min 1s the minimum background intensity;
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(Ip—max — Ip—min) 1s the difference between the maximum and
minimum values of the diffractometer background
intensities;

(I) is the average diffractometer background intensity in the
[6:, 6,] angle range;

o, is the rms deviation of the average value of the diffractom-
eter background intensity in the angle range of [0, 6,];
Al is the “noise” component of the diffractometer background

intensity in the [0, 6,] angle range;

I}, is the maximum intensity of pseudo-reflections on the cor-
relation pattern after applying the data processing method to
the intensity values of the diffractometer background in the
[6:, 6,] angle range;

26;, is the angle corresponding to the pseudo-reflection on the
correlation pattern;

I(‘; is the a-quartz reflection intensity on the diffraction pattern;

20;’ is the angle of the a-quartz reflection;

[ is the FWHM;

[7is the reflection intensity of a-quartz on the correlation pat-
tern after applying the data processing method;

26, is the angle of the a-quartz reflection on the correlation
pattern after applying the data processing method;

<I:j > is the average value of a-quartz reflection intensity;

<I;> is the average intensity of a-quartz reflection on the cor-
relation pattern after applying the data processing method;

IZ /Al is the ratio of the a-quartz reflection intensity to the
value of the “noise” component of the diffractometer back-
ground intensity on the diffraction pattern (signal-to-noise
ratio).

{20;;;}, i=1...n,n€E 77 is the array of obtained exper-
imental data (angles and intensities);
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10 = (2600 ZO,ZE),.I,(;:LT) e If,f;ir } is a limited sam-
ple from an array of exyerlmental data in the range of angles

from 205:’:”1” to 205;?}: ;

[omod) — o gmed) | pgmed; pmed | mody s 4 model data
sampling in the range of angles from 26" to 26™Y;
So is the initial correlation degree between the model and
experimental data samples;

I®™ are intensity values from the experimental sample /*"”
after permutation of two intensity values;

« is the permutation function;

Sorm j 18 the current value of the correlation degree;
L; is a numerical value of the difference between the current and
initial values of the correlation degree L; = [Spm j — Sol;
Lpnax s the maximum L; value in the presence of a local max-
imum on the histogram;

I{ is an intensity on the correlation pattern in accordance with
formula (4);

{26;; If}, i=1...n, n € Z* is an array of correlation data
obtained as a result of applying our method of processing
X-ray diffraction data;

Explanations on symbol indices. Symbols with index b
refer to the background; g refers to a-quartz reflections; d
refers to reflections on the diffraction pattern; c refers to reflec-
tions on the correlation pattern.

Comments to the symbol list: I, Iff , 20;’ are observed dif-
fraction data; Ij, 26y, I;, 20(’; are calculated diffraction data:

However, situations are possible when researchers are
forced to be satisfied with a low signal-to-noise ratio (values
3-4 (Loy et al., 2017)). This, for example, occurs if the time
of studying the sample is limited when determining the
phase composition and the content of the detected phases of
steel directly in the process of its heat treatment (Wiessner
et al., 2021). In that study, the recording time of one diffrac-
tion pattern is limited to 700 s. The signal-to-noise ratio was
in the range from 7 to 1.5.

The same situation is possible when researchers are deal-
ing with a multiphase material and where the content of sev-
eral phases is low (down to 0.1 wt.%). The recording time
of one diffraction pattern has to be increased not only to obtain
reliable data on the reflection with low intensity but also due to
a significant number of these reflections (possibly 10-20
reflections from 3 to 5 crystalline phases). For example, the
authors studied lava-like fuel-containing materials (LFCM)
(black ceramics) obtained as a result of the accident at the
fourth unit of the Chornobyl nuclear power plant (Gabielkov
et al., 2023). It was possible to obtain data on 78 reflections,
76 of which were identified from noise using the herein-
described method. From these reflections, nine phases were iden-
tified. The signal-to-noise ratio was in the range from 4 to 0.3.

The signal-to-noise ratio can be improved for part of the
diffraction pattern angular ranges. We can use the concept
of a variable-counting time (VCT) strategy (Madsen and
Hill, 1994). This strategy is based on a function that increases
the counting time used at each step in the scan in a manner that
is inversely proportional to the decline in reflection intensity.
This concept optimizes the acquisition time of diffraction data.
However, it is not effective in the case of a large number of
reflections with low intensity, i.e. for multiphase materials
with a low content of the studied phases. You have to either
increase the time it takes to obtain a diffraction pattern to
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unrealistic intervals or work with reflections that have a low
signal-to-noise ratio.

In the practice of X-ray phase analysis, in most cases, we
are dealing with materials that contain one, two, and much less
often three main crystalline phases, with the possible presence
of several more phases in an amount of not more than a few
percent (most often tenths of a percent or less). Data on
phase composition and content of crystalline phases in small
quantities can improve the characteristics of materials, and
their parameters of preparation and use. The presence of crys-
talline phases with a low content in the material may be due to
the presence of unavoidable impurities and/or specially intro-
duced additives. Unfortunately, there can be several such
phases (two, three, or more) and their influence on the charac-
teristics of the material is different. Some of them are useful,
for example, they improve the characteristics of the material
and simplify or reduce the cost of technology. The presence
of others worsens the characteristics of the material. The influ-
ence of some of them has not yet been established.

To obtain more complete information about the phase
composition of the material, it is desirable to identify crystal-
line phases with a low content and evaluate them. To do this,
you can increase the recording time of the diffraction pattern
or use a sensitive detector with low noise on the diffractome-
ter, which increases the time or cost of research equipment. It
is much more efficient to apply data processing methods, for
example, our X-ray diffraction data processing method for
multiphase materials with a low content of phases (Skorbun
et al., 2019).

The purpose of this work is to determine the possibilities
of the X-ray diffraction data processing method for multiphase
materials with low-phase contents to identify weak reflections
of crystalline phases with an intensity less than the back-
ground noise component.

Il. EXPERIMENTAL
A. Research materials

The study used a specimen of a-quartz powder placed in a
cuvette. A specimen of brown LFCM ceramics, typical for
room 304/2 and the steam distribution corridor of the fourth
block of the Chornobyl nuclear power plant, was placed
under the cuvette. The specimen of a-quartz powder was cho-
sen to determine the possibilities of our diffraction data pro-
cessing method. a-quartz is a stable phase of silicon oxide
and has been well studied. The specimen of LFCM brown
ceramics was used to increase the background values in the
diffraction pattern.

B. X-ray diffraction measurement

Data on a-quartz reflections were obtained on a modern-
ized DRON-4 diffractometer, scheme 6-26, Cu Ko radiation
(30 kV, 20 mA), monochromator — graphite single crystal.
The step size was 0.05°. The counting times per point were
65, 195, and 390 s (“large” counting time) and from 5 to
60 s in increments of 5 s (“small” counting time). A screen
was put in place to reduce the effect of y-radiation from the
studied specimens on the useful signal recording system.
Additional protective barriers were using to protect personnel
from y-radiation of LFCM.
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C. X-ray diffraction data processing method

X-ray diffraction data were processed by a fundamentally
new method of correlation analysis using computational statis-
tics (Skorbun et al., 2019). This method was specifically cre-
ated for processing X-ray diffraction data from low-content
multiphase materials. The method uses the permutation test,
the Monte Carlo method, and other computer statistics meth-
ods (Moore et al. 2014).

We create an array of experimental data {26;; I;} from the
corresponding values of angles and intensities. Next, we take
part of this array for the valuesi=m...m+k; m, k € 7T,
This part of the data array may contain one reflection with a
FWHM equal to the experimental width (5) of the reflection.

Subsequently, the correlation value between the limited

sample is calculated: 7€) = (260 2670 [0
I(@Xpr)

ek ) from an array of experimental data with a model
data sample M9 = { 20(1m°d) ) ..20,(€m°d); Ifm(’d) oe 1,§m°d) 1,
which models one reflection. The model sample 1™ is formed
in the angle range from 26" to 26{™?. A limited sample
I©P is taken from the same angle range, there-
fore: (267 ... 2600} = (26" " 2600™P). We assign
the value of the Gaussian function /™® to each discrete reflec-

tion intensity value from the model sample:

(2 mod) _ j(mod) )
ek Otk

M =te (1)

where o7 is the dispersion; ko is the index at which the reflec-
tion angle 26 corresponds to the maximum number of counts in
a given range.

The sum of pairwise products of intensity values from the
model /™% and from the experimental /*P” samples at the
corresponding angle values gives a number characterizing
the degree of correlation between the model and experimental
data. The resulting number S, will be called the initial value of
the degree of correlation. According to the definition, this
value has the form of a sum:

=k
So = 1™V I )
=1

If two intensity values in the experimental sample are ran-
domly permutated, we obtain

I}gprm) — 7T( Iﬁexpr))

(expr) (expr) (expr)
B VS5 L O Y b Y i I

(expr)  plexpr) lexpn  lexpr)
G SI E v Aol

)

where 7 is the permutation function, p(i) and p(j) are the indi-
ces of randomly selected array elements.

The new sum of pairwise products of intensity values
from the model and the experimental sample changed in

I=k
accordance with formula (3) is Spm; = le(m"d) I,(ffr"l’). The
=1
resulting number S, ; will be called the current value of
the degree of correlation.

The numerical value of the difference between the current
degree of correlation and the initial value will be called the L;
parameter. In accordance with the definition, this parameter
takes the form: L; = [Spm j — Sol. A larger value of the
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parameter L; corresponds to a larger correlation value between
two samples *P” and 1™™°?. Let us carry out a large number
(more than 10° values) of permutations using a pseudorandom
number generator in the experimental sample. For each current
value of the degree of correlation, we obtain the corresponding
values of the L; parameter. The obtained current values of the
L; parameter are accumulated on a histogram. If a maximum is
formed on the histogram, then the value of the L,,,, parameter
is assigned to the intensity value on the correlation pattern. If
there is no maximum in the histogram, the value 0 is assigned
to the intensity value. Thus, the intensity values on the corre-
lation pattern are:

i o, if 0 =3 0/ Lunax “)

¢ = {Lmax, if 3 Lmax

This processing algorithm is sequentially applied to each
experimentally obtained intensity value /; at the corresponding
angle values 26;. Thus, a correlation pattern is formed based
on the {26;; I7} array.

Subsequently, the correlation pattern is used to identify
phases using well-known software, for example, Match! cur-
rent version is 3.16, developed by Crystal Impact (Germany)
(Putz, 2023). The Crystallography Open Database (COD) dif-
fraction database was used (Duée et al., 2019).

D. Selection of weak a-quartz reflections and angle
ranges for their recording

From all the reflections of a-quartz, we chose five reflec-
tions with a low relative intensity. The values of interplanar
distances (d), angles (26), and normalized intensities of
these reflections (/) are given in Table I. These are both data
obtained by us earlier (Skorbun et al., 2019) and data from
the COD database (Machatschki, 1936; Kroll and Milko,
2003). The values of the intensities (normalized to 1000) of
the selected reflections are in the range 4.1-28.1 rel. units.
For subsequent experiments, the following intervals of 26
angles were chosen: 55.2-56.2°, 63.8-65.0°, 73.2-74.2°,
and 79.5-82.0°, taking into account the positions of the
selected reflections on the diffraction pattern.

lll. RESULTS
A. Characterization of the diffractometer background

First, we measured the background intensity of the dif-
fractometer. To do this, we conducted measurements on the
diffractometer without a sample in the selected angle intervals.
Then, we processed the obtained data using our data process-
ing method (Skorbun et al., 2019). Characteristics of the dif-
fractometer background I, max, Ip—mins Tp—max — Ip—min)s
(Iy), o, and Al, on the diffraction pattern and /;, 26} on the
correlation pattern are shown in Table II. A segment of the dif-
fraction pattern is shown in Figure 1(a). A segment of the cor-
relation pattern is shown in Figure 1(b) (results of diffraction
data processing by the data processing method).

The dependence of the background intensity on the angle
has the form of a wide band [Figure 1(a)]. It has a constant
component and a “noise” component. For each angle interval
(Table II, column 2), the maximum background intensity val-
ues I, _max (column 3) are in the range of 21.2-25.5 counts, the

Gabielkov et al. 134


https://doi.org/10.1017/S0885715624000241

TABLE 1.

Interplanar distance d, angles 26, and normalized intensities / of low-intensity a-quartz reflections

Authors experiment (Skorbun et al., 2019)

COD 96-101-1777 (Machatschki, 1936)

COD 96-153-2513 (Kroll and Milko, 2003)

No. d, A 20, ° 1, rel. units d, A 20, ° 1, rel. units d, A 20, ° 1, rel. units
1 2 3 4 5 6 7 8 9 10
1. 1.6530 55.60 52 1.6571 55.45 15.0 1.6537 55.58 16.7
2. 1.4482 64.30 74 1.4506 64.21 15.2 1.4477 64.65 17.6
3. 1.2855 73.70 7.4 1.2865 73.63 174 1.2838 73.81 222
4. 1.1975 80.15 10.5 1.1975 80.15 25.1 1.1952 80.34 28.1
5. 1.1950 80.35 4.1 1.1946 80.38 8.1 1.1926 80.55 8.3
TABLEII.  Characteristics of the diffractometer background /;,_ max, Ip—mins Io—max — Ip—min> {I»)> Os,» Al, and background pseudo-reflections I}, 26, obtained by

data processing method (counting time 195 s, diffractometer without a specimen)

No. Angle interval, © I, max, counts I min, counts Iy max — Ip—min, coOUNts (1), counts oy, counts Al,, counts I};, counts 26, °
1 2 3 4 5 6 7 8 9 10

1. 55.2-56.2 21.2 8.9 12.3 14.6 3.7 14.8 1.6 55.6
2. 63.8-65.0 22.7 8.0 14.7 14.9 35 14.0 3.5 64.7
3. 73.2-74.2 25.5 8.9 16.6 16.6 4.0 16.0 3.6 73.5
4. 79.5-82.0 25.2 5.6 19.6 14.2 4.6 18.4 4.0 81.3

minimum /,,_ ,;, (constant component) — 5.6-8.9 counts, their
difference I, ax — Ip—min (nOise component, column 5)
12.3-19.6 counts. With this approach, the background compo-
nents depend on specific maximum and minimum values. We
will try to use all background values within the same angle
interval. Let us find the average values of the background
intensities (I,) (Table II, column 6) and standard deviations

—_—
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—

w
s 25 A 5 <>+ 20
g | --mmemmememmemeee- PV
< 204 A A
" i‘ A A A )
15 - A 4 ‘i .x A — <I,>
A
A A A A ata
10 - A A
= . AA A,
o [ S . S
<I> - 20,
u =1
(b)
2 4
=
=
=
S 3-
[ =]
—
2 -
1
0 -
T 1 T T 1 L) T
79.5 80.0 80.5 81.0 81.5 82.0
20 (deg)
Figure 1. Segments of diffraction [Figure 1(a)] and correlation [(Figure 1(b)]

patterns of the diffractometer background (counting time 195 s).
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op, (column 7). The amplitude of the “noise” component of
the background A}, (column 8) is equal to the quadruple stan-
dard deviation of the background average intensity values in
accordance with the formula Af, = 403. In the range of values
from (I,) — 20y, to (I,) + 20, the background intensities are
found with a probability of 95.4%. This is clearly seen in
Figure 1(a). Of the 40 experimental points shown in the figure,
38 points are located inside the band with a “width” of 40, i.e.
95%. Now the characteristics of the background are practically
independent of specific maximum and minimum values. They
are determined considering the entire data array for a given
angle interval.

A segment of the correlation pattern was obtained by
applying our data processing method to the diffraction pattern
[Figure 1(b)]. The constant component of the background was
“cut off’, and the “noise” component was converted into
several pseudo-reflections. The intensity values of pseudo-
reflections /; (Table II, column 9) for all angle intervals do
not exceed four counts.

We see (Table II) that the average values of the back-
ground intensity of the diffractometer (/,) (column 6) and
the values of the “noise” component of the background Al
(column 8) are in the range of 14.2-16.6 counts and 14.0—
18.4 counts, respectively, for all angle intervals with the
counting time of 195 s. In this case, applying the method of
processing diffraction data to the intensities of the diffractom-
eter background for a range of angles gives pseudo-reflections
I; (column 9) with an intensity of up to four counts.

B. Determination of signal-to-noise ratios for weak
a-quartz reflections

Next, we mounted a specimen of a-quartz on a diffrac-
tometer. Measurements were carried out in the intervals of
angles No. 14 (see Table III, column 2). Table III presents
the obtained characteristics of a-quartz and background reflec-
tions: (intensities and angles): 1¢, 29‘;, {I,), op, Al,, and
1 (‘; /A, signal-to-noise ratios. The resulting data were then pro-
cessed using our data processing method. The obtained
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TABLE III.  Characteristics of a-quartz reflections I, 26;, and background (1), o, Al,, as well as a-quartz reflections I;, 20;, and background
pseudo-reflections /; obtained by the method data processing; I;’ /Al ratios (counting time 195 s, a-quartz specimen on the diffractometer)

No Angle interval, © I;’ , Counts 20: ,° I;, counts 20;, ° (1), counts o), counts AI,, counts I}, counts 1;’ /AL

1 2 3 4 5 7 8 9 10 11

1. 55.2-56.2 20.0+3.5 55.46 +0.02 10.5 55.45+0.02 19.7 2.7 10.8 1.5 1.85

2. 63.8-65.0 149+2.4 64.15+0.03 7.5 64.15+0.02 17.6 2.4 9.6 1.5 1.55

3. 73.2-74.2 24.7+4.2 73.62+0.02 11.0 73.65+0.02 17.8 3.8 15.2 3.7 1.63

4. 79.5-82.0 272+3.5 80.10+0.02 11.7 80.10+0.02 20.8 35 14.0 0.0 1.94
359+8.8 81.54+0.02 9.4 81.60+0.02 275 2.2 8.8 0.0 4.10

Note: the half-width of reflections (5) was 0.3°.

characteristics of a-quartz reflections /7, 26, and background
pseudo-reflections I}, are also shown in Table III. A segment of
the diffraction pattern with the reflection of a-quartz is pre-
sented in Figure 2(a), correlation pattern — in Figure 2(b).
Nonlinear curve fit of each reflection of o-quartz to a
Gaussian function was carried out on the diffraction pattern
[Figure 2(a)].

The values of the intensities of the a-quartz reflections Ig ,
determined by the nonlinear curve fit to a Gaussian function,
are in the range of 14.9-35.9 counts (Table III, column 3). The
values of the 203 angles are presented in column 4. The values
of the intensities of a-quartz reflections after applying our
method of data processing on the correlation pattern /¢ (col-
umn 5) are 7.5-11.7 counts, which is ~2 times less than the
intensity of a-quartz reflections Ig (column 3). The angles
26, at which the reflections are located on the correlation pat-
tern (column 6), correspond to the values on the diffraction

—
8

50 H °

(counts)

d
lq

=
=

12

(counts)

¢
[q

v 1 L T L T ‘ T L) 1
73.2 73.4 73.6 73.8 74.0 74.2
20 (deg)

Figure 2. Segments of the diffraction pattern [(Figure 2(a)] and correlation
pattern [(Figure 2(b)] of a-quartz reflection (counting time 195 s).
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pattern (column 4) taking into account the determination
error. The average background intensities (/) increased 1.5
times to 17.3-27.5 counts (column 7) compared with the aver-
age values of the background intensities of the diffractometer
(Table II, column 6). This is due to the fact that scattering from
the a-quartz specimen also contributes to the background
intensity. Standard deviations of the background intensity val-
ues oy, (column 8) decreased to 2.2-3.8 counts, and the values
of the background “noise” component AZ;, (column 9) decreased
to 8.8-15.2 counts. The intensity values of pseudo-reflections
after applying the data processing method () (column 10) do
not exceed four counts. After applying the data processing
method, the reflection intensities of o-quartz I (column 5) sig-
nificantly exceed the intensities of pseudo-reflection /;, (column
10), which indicates their high reliability. The ratios of the reflec-
tion intensities of a-quartz I(‘; (column 3) to the values of the
“noise” component of the background Al, (column 9) are in
the range of 1.55—4.10 (column 11), i.e. the intensity of reflec-
tions of a-quartz is significantly greater than the value of the
“noise” component of the background Al,. Visually, this is man-
ifested in the fact that the reflections of a-quartz stand out above
the background [Figure 2(a)].

The signal-to-noise ratios for weak a-quartz reflections
are significantly greater than 1. In this case, the o-quartz
reflections stand out above the background. The data process-
ing method reliably identifies a-quartz reflections. The inten-
sity of a-quartz reflections is significantly greater than the
intensity of background pseudo-reflections.

C. Increasing background characteristics due to an
additional source of y-quanta from brown LFCM
ceramics

A specimen of LFCM brown ceramics was placed near
the cuvette with a specimen of a-quartz. This was done to
increase the background due to y-quanta, which are emitted
by LFCM radionuclides. Then, the intervals of angles were
chosen, in which there are no reflections of a-quartz. This
made it possible to measure the background in the presence
of the LFCM specimen. The selected angle intervals are
shown in Table IV (column 2). It can be seen that for a count-
ing time of 195 s, all indicators such as: average values of the
background intensity (,) (column 4), standard deviations of
the values of the background intensity oy, (column 5), values
of the “noise” component of the background (Al,, column
6) — increased compared to the values of the corresponding
parameters of the background of the diffractometer without
specimens of a-quartz and brown ceramics (see Table II).
The average value of the background (/) (column 4)
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TABLE IV. Characteristics of the diffractometer background (/,,), o3, Alj,
and background pseudo-reflections /;, 26, obtained by data processing
(counting time (¢) 65 and 195 s; specimens of a-quartz and LFCM brown
ceramics are on the diffractometer).

Angle (Ip), Op, Al, I, 26;,
No interval, ° t,s counts counts counts counts ©
1 2 3 4 5 6 7 8
1. 7.0-10.0 65 13.3 2.9 11.6 1.2 9.35
195 39.9 4.8 19.2 4.5 8.20
2. 61.0-63.0 65 9.2 1.9 7.6 2.0 61.95
195 28.2 3.7 14.7 2.7 61.90
3. 69.0-71.0 65 9.4 2.6 10.4 1.4 69.75
195 28.7 4.6 18.4 2.5 69.30
4. 78.0-80.0 65 11.1 3.9 15.6 0.6 79.25
195 29.4 6.1 24.4 2.1 78.85

increased significantly by 1.7—1.9 times, and the values of the
“noise” component of the background Al}, (column 6) did not
increase significantly — by 1.05-1.17 times. After applying
our data processing method, the value of the intensity of
pseudo-reflections I}, (column 7) also does not exceed values
of more than four counts for a counting time of 195 s (except
one value in the range of angles 7.0-10.0). The positions of
pseudo-reflections after applying the data processing method
(the corresponding angles (26;)) for one interval of angles
do not match as they should be (see Table IV, column 8).
The correlation pattern with background pseudo-reflections
is shown in Figure 3(b).

Thus, the average value of the background intensity and
the value of the “noise” component of the background
increased due to the use of an additional source of y-quanta
from brown LFCM ceramics.

D. Determination of signal-to-noise ratios for weak
a-quartz reflections with enhanced background

Now we have returned to the same angle intervals (see
Table III, column 2), which contain reflections of a-quartz.
The measurements were carried out at three counting times
(Table V, column 3). We have obtained reflections of
o-quartz. One of the diffraction patterns is shown in
Figure 4(a), and a correlation pattern in Figure 4(b). We see
that, as it should be, for each angle interval with an increase
in the recording time from 65 to 195 s and up to 390 s, the
reflection intensity increases by ~3 and ~6 times (column
4). The values of the angles 29; corresponding to them prac-
tically coincide, taking into account the data processing error
(column 5). After applying the data processing method /; (col-
umn 6), the reflection intensities are ~2 times less than the
reflection intensities of a-quartz I¢ for each of the three count-
ing times in all angle intervals (column 4). The values of the
angles corresponding to them 26, (column 7) practically coin-
cide with the angles for reflections of a-quartz 2604 (column 5).
The average values of the background intensities (/) (column
8) increase by ~3 and ~6 times for each angle interval with
increasing recording time from 65 to 195 s and up to 390 s.
The values of the “noise” component of the background Al
(column 10) also increase, but to a lesser extent. The maxi-
mum intensity of pseudo-reflections after applying the data
processing method /;, (column 11) does not exceed 2.4 counts.
After using the data processing method, the maximum
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Figure 3. Segments of the diffraction pattern [(Figure 3(a)] and correlation

pattern [(Figure 3(b)] of the background from the diffractometer with
specimens of a-quartz and brown ceramics LFCM (counting 195 s).

intensity of background reflections /; (column 11) does not
exceed 2.4 counts for a counting time of 65 s; 5.7 counts (greater
than 4, outlier) for a counting time of 195 s and 8.0 counts for a
counting time of 390 s, respectively. The ratio of the reflection
intensity of a-quartz to the values of the “noise” component
of the background IZ/AI;) (column 13) ranges from 0.56 to
1.94. By changing the counting time, we can change the ratio
of the reflection intensity values of a-quartz to the values of
the “noise” component of the background Ig /AL,

Average background intensities (/) for the a-quartz and
the brown LFCM ceramic specimens (Table V, column 8§,
counting time 195 s) compared to the average background
intensities for the a-quartz specimen without the brown
LFCM ceramic specimen (Table III, column 7) increased by
an average of ~1.4 times due to the use of the brown LFCM
ceramic specimen as a source of “noise” gamma quanta.

The values of the “noise” component of the background
Al for a specimen of a-quartz with a specimen of brown ceram-
ics LFCM (Table V, column 10, counting time 195 s) compared
with the values of the “noise” component of the background for
the specimen of a-quartz without the specimen of brown ceram-
ics LFCM (Table III, column 9) increased by an average of
~1.7 times due to the use of the specimen of brown ceramics.

We see [Figure 4(a)] that the reflection of a-quartz in the
range of angles 63.8—-64.8° at a counting time of 195 s, stands
out well against the noise component of the background (the
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TABLE V. Characteristics of a-quartz reflections [j; , 26;, and background (1), o, Al},; a-quartz reflections 1, 20;, and background pseudo-reflections /j
obtained by data processing; ratios I(‘f /AI, (counting time (¢) 65, 195 and 390 s, specimens of a-quartz and brown LFCM ceramics on the diffractometer)

No Angle interval, ° ¢, s Ifj', counts 29; ,° Ijj', counts 20;, °  (Ip), counts oy, counts Al counts Ij, counts 26y, ° Ij{’ /AL,
1 2 3 4 5 6 7 8 9 10 11 12 13
1. 55.2-56.2 65 59+1.8 55.41+0.02 2.7 55.40 10.5 2.5 10.0 1.0 55.80 0.59
195 17.9x4.6 55.40+0.02 8.5 55.40 28.4 4.7 18.8 2.5 55.80 0.95
390 38.1+6.4 55.42+0.01 18.0 55.40 57.6 6.3 25.2 7.5 55.80 1.51
2. 63.8-65.0 65 64+1.4 64.24 +0.03 33 64.15 10.5 2.2 8.8 24 64.50 0.73
195 169x3.7 64.17 £0.04 7.7 64.15 254 43 17.2 35 64.55 0.98
390 32.8+5.5 64.19+0.03 17.5 64.15 52.6 53 21.2 8.0 64.50 1.55
3. 73.2-74.2 65 6.1£2.0 73.70 £0.05 2.0 73.65 11.5 2.7 10.8 2.2 73.90 0.56
195 179x35 73.64+£0.03 8.0 76.60 28.6 38 15.2 5.7% 73.90 1.18
4. 79.5-82.0 65 11.6+22 80.11+0.03 5.5 80.15 9.6 2.8 11.2 - - 1.04
195 29.2+48 80.10%0.03 13.0 80.10 29.5 52 20.8 - - 1.40
390 553+9.3 80.09 £0.03 23.0 80.15 58.6 8.2 32.8 - - 1.69
65 -° - 3.0 81.60 9.6 2.8 112 - - -
195 322+93 81.55+0.02 12.5 81.60 29.6 5.1 20.4 - - 1.58
390 63.7x16.8 81.55+0.01 25.0 81.60 58.6 8.2 32.8 - - 1.94

Note: half-width of reflections (8) is equal to 0.3°.
Spike.
PExperimental data did not fit to a Gaussian function.

ratio of the intensity of a-quartz reflection to the values of the
“noise” component of the background I(‘j /Al is 0.98). After
applying our method of processing diffraction data [Figure 4
(b)], this reflection is recorded with high reliability in the cor-
relation pattern (its intensity is greater than 4 counts).
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Figure 4. Segments of the diffraction pattern [(Figure 4(a)] and correlation
pattern [(Figure 4(b)] of a-quartz with brown ceramics (counting time 195 s).
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The signal-to-noise ratios for weak a-quartz reflections
were reduced to 0.95-1.58 at a counting time of 195 s com-
pared to the previously obtained values of 1.55—4.1 in section
5.3. This was possible due to an increase in the intensity of the
“noise” component of the background using an additional
source of y-quanta from brown LFCM ceramics.

The best results in this section are signal-to-noise ratios of
0.56-0.73 (significantly less than 1). These were obtained
with a counting time of 65 s (see Table V, angle intervals
No. 1, 2 and 3).

E. Identifying the a-quartz reflection with a
signal-to-noise ratio less than 1. Refinement of
characteristics

Next, let us pay attention to the cases when the intensity of
reflections of a-quartz I;’ (Table V, column 4) is less than the
“noise” component of the background AZ, (Table V, column
10). These are the angle intervals 55.2-56.2, 63.8-65.0, and
73.2-74.2°, counting time 65 s. In this case, the ratio of the
intensity of a-quartz reflection to the values of the “noise”
component of the background If]’ /Al is in the range of
0.56-0.73. Let’s choose one of the cases — the interval of
angles 63.8-65.0° with a counting time of 65 s.

We took six measurements in this range of angles with a
counting time of 60 s. The ¢, 20;’ characteristics of a-quartz
reflections, also I, 26, after applying the data processing
method, are presented in Table VI (angle interval 63.8—
64.8°, counting time 60 s).

We see (Table VI, column 2) that the intensity of a-quartz

reflections I is 5.88-8.07 counts. The average <I;’> value is

6.77 £0.8 counts. The angles corresponding to these reflec-
tions are in the range of 64.15-64.27°. The average value is
64.17 £0.04°. After applying our method of processing
X-ray diffraction data, the reflection intensities 1; are in the

range of 2.73-5.04 counts. The average <I;> value is 3.03 =

1.08 counts. The angles 26¢ corresponding to these reflections
are in the same range of 64.14-64.27°. The average value is
64.22 +0.05°. After applying the method, the reflection intensity
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TABLE VI. Characteristics of a-quartz reflections 1(‘1’, 20;, and 1;, 20‘;
obtained by data processing (in the angle interval 63.8—64.8° with a counting
time of 60 s, the specimens of a-quartz and brown LFCM ceramics are on a
diffractometer)

No Ij , counts 20;, ° I;', counts 29(;', °
1 2 3 4 5

1. 6.52 64.18 1.75 64.24
2. 7.29 64.15 3.04 64.25
3. 6.35 64.24 2.73 64.24
4. 6.51 64.15 2.79 64.27
5. 5.88 64.17 2.82 64.21
6. 8.07 64.15 5.04 64.14
() 6.77 64.17 3.03 64.22
c 0.80 0.04 1.08 0.05

Note: () denotes average values of I(‘f, 20{7, I, 20;'.

decreased by 2.2 times, and the average values of the reflection
angles did not change (considering the measurement error).

For subsequent use, we chose the a-quartz reflection in
the angle range of 63.8-64.8° with a counting time of 60 s.
The refined reflection intensity is 6.77 = 0.8 counts.

F. Determination of the signal-to-noise ratio values at
which the data processing method allows the a-quartz
reflection to be separated from the background noise
component

To elucidate the possibilities of our method of processing
X-ray diffraction data, we recorded the reflections of a-quartz
in the angle range of 63.8-64.8° at different counting times
(reducing the counting time from 60 to 5 s), thereby providing
the ratio of the intensity of a-quartz reflection to the values of
the “noise” component of the background I;’/AI;, less than
0.73 (Table V, column 13). The characteristics of the back-
ground were determined from the recording results in the
angle range 61.0-63.0°. Reflection intensities of a-quartz I(‘;,
reflection intensities after applying the data processing method
Ijl', mean background intensities (/,), background standard
deviation average background intensity o, values of the
“noise” component of the background Al,, the maximum
intensity of pseudo-reflections after applying the data

processing method 7, _,.x and the ratio of the reflection inten-
sity of a-quartz to the values of the background “noise” com-
ponent Ij /Al are presented in Table VII. The counting time
during recording (Table VII, column 2) was gradually reduced
from 60 to 5 s. The intensity of a-quartz reflections I;l for a
counting of 60 s is taken from Table VI, column 2, row “aver-
age”. For all smaller countings, the reflections’ intensity is cal-
culated proportionately to the shorter counting time. Naturally,
the intensity of reflections (column 3) decreases with decreas-
ing counting time. The intensity of a-quartz reflections after
applying our data processing method /; (column 4) is practi-
cally independent of the counting time. The average values
of the background intensities (/) (column 5), the standard
deviation of the background o, (column 6), and the values
of the “noise” component of the background Al, (column 7)
show a slight tendency to increase with decreasing counting
time. After applying the data processing method /; (column
8), the maximum intensity value of pseudo-reflections shows
a larger increase with decreasing counting time. The ratio of
the intensity of a-quartz reflection to the values of the “noise”
component of the background I;’ /AI, (column 9) decreases
almost monotonically with decreasing counting time.

Analysis of the data in Table VII shows that for each
counting time in the interval from 60 to 45 s, the intensities
of a-quartz reflection Ij (column 3) are larger than the reflec-
tion intensities after applying the data processing method I
(column 4), and these reflection intensities (/¢, column 4)
are in turn greater than the maximum values of the intensity
of pseudo-reflections after applying the data processing
method I}, (column 8). In this counting time interval, the inten-
sities of a-quartz reflections on the diffraction and correlation
patterns exceed the intensities of pseudo-reflections after
applying our data processing method. This indicates that the
method of processing X-ray diffraction data reliably reveals
reflections of a-quartz from the “noise” component of the
background.

For each counting time in the interval from 40 to 25 s, the
intensity of reflections of a-quartz Ifj (column 3), the reflection
intensity after applying the data processing method /; (column 4),
and the maximum values of the intensity of pseudo-reflections
after applying the processing method 7, (column 8) have sim-
ilar values. This indicates that at this counting time interval it

TABLE VII.  Characteristics of reflections of a-quartz If; and background (1), o}, Al,,; reflections of a-quartz I; and pseudo-reflections of background 7,
obtained by data processing; the relationship IZ /Al (counting time 60 — 5 s, angle interval 63.8-64.8°, background in the angle interval 61.0-63.0°, specimens of

a-quartz and LFCM brown ceramics are on a diffractometer)

No 1,8 I:I’ , counts I;, counts (I,),counts op,counts Al counts I ,counts If; /AL
1 2 3 4 5 6 7 8 9
1. 60 6.8 4.0 13.1 2.4 9.6 2.8 0.71
2. 55 6.2 4.2 13.4 2.6 10.4 33 0.60
3. 50 5.6 2.8 12.8 3.1 124 1.9 0.45
4. 45 5.1 4.8 14.0 34 13.6 1.6 0.38
5. 40 4.5 3.1 13.8 3.8 15.2 4.7 0.30
6. 35 4.0 44 13.1 32 12.8 2.7 0.31
7. 30 34 3.1 13.5 4.1 16.4 37 0.21
8. 25 2.8 34 12.6 3.7 14.8 1.4 0.19
9. 20 2.3 4.6 134 5.6 224 4.6 0.10
10. 15 1.7 4.8 12.5 4.8 19.2 5.5 0.09
11. 10 1.1 55 13.7 6.6 26.4 5.8 0.04
12. 5 0.6 4.7 15.6 10.0 40.0 7.1 0.02

Note: The half-width of reflections (f) is equal to 0.3°.
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is difficult to assess the efficiency of the X-ray diffraction data
processing method for separating the a-quartz reflection from
the “noise” component of the background.

For each counting time in the interval from 20 to 5 s, the
intensities of a-quartz reflection Ig (column 3) have lower val-
ues than the reflection intensities after applying our data pro-
cessing method Ig (column 4) and the maximum values of the
intensity of pseudo-reflections after applying the data process-
ing method /; (column 8). The intensity of reflections of
o-quartz on the diffraction pattern is less than the intensity
of pseudo-reflections after applying the data processing
method. This indicates that, in this counting interval, the
method of processing X-ray diffraction data reveals a-quartz
reflections from the “noise” component of the background
with low reliability.

Thus, the data in Table VII allow us to conclude that at the
ratio of the intensity of a-quartz reflection to the values of the
“noise” component of the background Ig /AL, up to 0.38 (col-
umn 9, counting time 45 s), our method for processing of
X-ray diffraction data makes it possible to reliably detect
o-quartz reflections from the “noise” component of the back-
ground. But when the ratio of the intensity of a-quartz reflec-
tions to the values of the “noise” component of the
background I(‘f /Al is less than 0.10 (column 9, counting
time 20 s), the above method does not allow this. For cases
where the ratio of the intensity of reflections of a-quartz to
the values of the “noise” component of the background
I;’/AI,7 is in the range of 0.30-0.19 (column 9, counting
time 40-25 s), a deeper analysis of the data is required.

We plotted the intensity of a-quartz reflections I¢, the
intensity of reflections after applying the data processing
method /; and the maximum intensity of pseudo-reflections
after applying the data processing method (I,_.x) versus
counting time (Figure 5). Considering that after applying the
data processing method, the reflection intensities I;’ and the
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Figure 5. The intensity of reflections of a-quartz on the diffraction pattern 19,

the intensity of the reflection on the correlation pattern after applying the data
processing method J;, and the maximum values of the intensity of
pseudo-reflections after applying the data processing method / versus time
counting. Fit lines: 1“; —1,; — 2 and 4 in the segments 60-25 s and 20-5's,
I, — 3 and 5 in the segments 60-25 and 20-5 s, respectively.
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maximum values of the intensity of pseudo-reflections /g
have a significant spread in values due to significant errors
in their measurement, we constructed best-fit lines using the
least square method for these intensities at time intervals of
60-25 s and 20-5 s.

Figure 5 shows that for a counting time interval of 60—
25 s, the reflection intensities along the fit line after applying
the data processing method (7, straight line 2) are greater than
the maximum pseudo-reflection intensities after applying the
data processing method (I,_,ax, Straight line 3). While for a
counting time interval of 20-5 s, the values along these linear
splines change places (straight lines 4 and 5). This unambigu-
ously indicates that in the range of counting times of 60-25 s,
the method of processing X-ray diffraction data makes it pos-
sible to detect a-quartz reflections from the “noise” compo-
nent of the background with high reliability, and in the
range of counting times of 20-5 s, it does not allow it.

Also, from the data in Figure 5, it follows that for a count-
ing time interval of 40-25 s, the values along the fit line of the
a-quartz reflection intensity I;l (straight line 1) are comparable
with the reflection intensity after applying the data processing
method [, (straight line 2). This indicates a low reliability of
the existence of reflections determined by the method of pro-
cessing X-ray diffraction data in this interval of recording
times, i.e. for the ratio of the intensity of a-quartz reflection
to the values of the “noise” component of the background
Ig /AI, equal to 0.3-0.19 (see Table VII).

Figure 6 shows segments of diffraction Figures 6(a), 6(c),
and 6(f) and correlation Figures 6(b), 6(d), and 6(e) patterns of
a-quartz with brown ceramics. In Figure 6(a), with some
difficulty, one can see the reflection of a-quartz when its
intensity is 0.6 of the noise component of the background.
In Figures 6(c) and 6(e), it is no longer possible to see the
reflection of a-quartz (the intensity of the reflection of
a-quartz is 0.38 and 0.31 of the values of the noise component
of the background). Moreover, the X-ray diffraction data pro-
cessing method makes it possible to identify these reflections
with confidence [Figures 6(b), 6(d), and 6(f)].

IV. DISCUSSION AND ANALYSIS

The practice of using X-ray phase analysis method shows
that the vast majority of researchers usually obtain data at a
high signal-to-noise ratio (Guinebretiere, 2007). If there is a
need to work at a low signal-to-noise ratio, then much more
often, one has to deal with reflections of low intensity due
to a low content of crystalline phases with a significant num-
ber of these phases (up to eight or more). This situation occurs
when we have studied the LFCM of the fourth block of the
Chornobyl NPP (Gabielkov et al., 2023). Much less often,
one has to deal with the need to work with reflections of
low intensity due to the time limitation for obtaining data on
the phase composition of the material, study of steel during
its heat treatment) (Wiessner et al., 2021).

The signal-to-noise ratio can be increased by decreasing the
noise values. This can be achieved by using a particularly sen-
sitive low-noise detector (Taguchi et al., 2008). This method is
more expensive than the method of processing X-ray diffraction
data for multiphase materials with low-phase content.

In the case of studying multiphase materials with a low
content for some of the phases, the signal-to-noise ratio can

Gabielkov et al. 140


https://doi.org/10.1017/S0885715624000241

)

(c)
?25— A %JS- o
=
—]
5 20 - A A S 20-
<o ik A -u:u’-
15 A A A, 15 -
A A
10 ‘A‘ i A 10 4
5+ 5
0- t= 55 S 0- t= 45 S
(b) (d)
2 2
: o
S 4- g
3 5
P oo 4
2_
2_
0_
0._
638 640 642 644 646  64.8 63‘8 ' 64'0 ' 64‘2 ' 64‘4 ' 6;6 ' 6;8
20 (deg) 20 (deg)
(e)
@ 25-
= v
=1
[=]
2 20+
'ﬂ_ﬂ"
15+
10+
5-
@m 0
z
=
2 44
2
U_E'
3.-
2 -
l-
[]-

LI | — T T T
63.8 64.0 64.2 64.4 64.6 64.8

20 (deg)

Figure 6. Segments of diffraction [Figures 6(a), 6(c), and 6(e)] and correlation [Figures 6(b), 6(d), and 6(f)] patterns of a-quartz with brown ceramics (counting

time: 55 s [Figures 6(a) and 6(b)], 45 s [Figures 6(c) and 6(d)], 35 s [Figures 6(e) and 6(f)]; signal-to-noise ratio: 0.6 [Figures 6(a) and 6(b)], 0.38 [Figures 6(c) and
6(d)], 0.31 [Figures 6(e) and 6(f)].
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also be increased by increasing the signal values, i.e., increas-
ing the recording time of one diffraction pattern. In order to
“pull out” several reflections of low intensity for each of sev-
eral crystalline phases, it will take time, calculated in tens of
hours of diffractometer operation, which in most cases is
unacceptable.

The identification of weak reflections of crystalline phases
with intensity less than the noise component of the back-
ground was achieved due to the use of the permutation test
in the X-ray diffraction data processing method. We know-
about the use of the permutation test in the processing of
X-ray diffraction data by French specialists (Paradis-Fortin
et al., 2022) in 2022. We used a permutation test to detect
weak reflections earlier in 2019 (Skorbun et al., 2019) in an
article on our method for processing X-ray diffraction data
for multiphase materials with a low content of phases.

To increase the background values, both the average val-
ues of the background intensity (I,) and the values of the
“noise” component of the background Al,, we used y-quanta
emitted by a sample of LFCM. Our series of experiments indi-
cate that the following components contributed to the back-
ground recorded on the diffractometer: the background of
the diffractometer registration system (instrument back-
ground), y-quanta obtained as a result of beam scattering on
a sample of a-quartz and y-quanta emitted by a sample of lava-
like fuel-containing material.

Analysis of the data in Tables II-IV shows that the aver-
age values of the background intensity (/,) (Table IV, column
4, counting time 195 s) consist of 48% from y-quanta recorded
by the diffractometer registration system, 18% from y-quanta
scattered on a-quartz and 34% of y-quanta emitted by a sam-
ple of lava-like fuel-containing material. The data in these
tables also show that the “noise” component of the back-
ground (Al,) (Table IV, column 6, counting time 195 s) con-
sists of 80% y-quanta recorded by the diffractometer
registration system and 20% y-quanta emitted by a sample
of lava-like fuel-containing material. There is no contribution
from y-quanta scattered by the a-quartz sample.

The results indicate that our method of processing X-ray
diffraction data makes it possible to detect quartz reflections
from the “noise” component of the background at the
signal-to-noise ratio of more than 0.2. It should be noted
that at the signal-to-noise ratio in the range of 0.4-0.2, the
method of processing X-ray diffraction data gives less reliabil-
ity. The reliability of the presence of reflections is low.

V. CONCLUSION

1. Method of processing X-ray diffraction data makes it possible
to reliably separate the reflections of crystalline phases at the
signal-to-noise ratio of more than 0.4. With a decrease in
this ratio to 0.2, the above method demonstrates less reliabil-
ity, and the data obtained require a more detailed analysis.
The method demonstrates practically unacceptable reliability
at the signal-to-noise ratio of less than 0.2, and the obtained
data require confirmation.

2. The X-ray diffraction data processing method makes it possi-
ble to increase the possibilities of the X-ray phase analysis
method due to the selection of reflections of crystalline phases,
which are “hidden” in the noise of diffraction patterns. Using
these two methods makes it possible to identify crystalline
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phases with a low (down to 0.1 wt.%) content. For most stud-
ied materials phases with such content are secondary, since
they are caused by additives and inevitable impurities in the
material (or in the original components from which the mate-
rial under study is obtained). The possibility of identifying and
evaluating the content of such phases will allow material
developers to find out their role and degree of influence on
the microstructure of the material under study and, accord-
ingly, opens up opportunities for improving the physicochem-
ical properties of materials.
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