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Abstract: The article investigates the scheme of  excitation of  an electromagnetic field with 
circular polarization due to crossed strip transmission lines. Two variants are compared: 
coplanar and microstrip transmission lines that excite circular polarization of  the magnetic 
field in the space above the intersection of  strip structures. The degree of  ellipticity of  
the field at the intersection of  strip structures can be changed by changing the phase 
mismatch between exciting oscillation sources. Modeling of  these devices in the computer-
aided design system made it possible to quantify the amplitudes of  the components of  
the electromagnetic field, from which the ellipticity coefficient was calculated at different 
values of  frequency and phase. The obtained results allow us to determine the conditions 
necessary for the realization of  circular polarization of  the magnetic field. The studied 
structures are planned to be used in an integral design to excite circular polarization 
oscillations in magnetic micro- and nanostructures.
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1. INTRODUCTION
Excitation of  electromagnetic (EM) waves 
with controlled magnetic field polarization 
is a crucial task in the area of  magnetism. 
Changing the polarization of  EM waves 
gives a wider possibility to excite own 
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frequencies of  different resonators. 
Excitation of  linearly polarized radiation 
is a standard problem of  practical 
electrodynamics. On the other hand, the 
excitation of  EM waves with circular or, 
more widely, elliptical polarization presents 
significant difficulties. The elementary way 
to excite circularly polarized EM waves is 
to use cavity waveguides and resonators [1-
8]. At the same time there is a necessary to 
implement circular or elliptical polarized 
EM waves in integral design using strip 
transmission lines in the microwave 
frequency range.

In this work we consider the scheme 
of  EM waves excitation with circular 
polarization due to the crossed stripline 
transmission lines [9]. We are interested 
in the realization of  circular polarization 
of  the magnetic component of  EM 
waves, which is explained by the need 
to excite different modes of  oscillations 
of  magnetic materials: ferro-, ferri- and 
antiferromagnets in the microwave range, 
up to the subterahertz frequency range (at 
frequencies up to 100 GHz).  Comparison 
of  two variants was carried out: coplanar 
and microstrip transmission lines, which 
excite circular polarization of  the magnetic 
field in the space above the intersection 
of  the strip structures. Ellipticity degree 
of  the field at the intersection of  strip 
structures can be changed by changing the 
phase mismatch between the excitation 
sources of  oscillations. Modeling of  
these devices in the system of  computer-
aided design allowed to quantify the 
amplitudes of  electromagnetic field 
components, according to which the 
ellipticity coefficient at different values of  
frequency and phase was calculated. These 
results make it possible to determine the 

conditions necessary for realization of  
circular polarization of  the magnetic field. 
The investigated structures are planned to 
be used in integral design for excitation 
of  circular polarization oscillations in 
magnetic micro- and nanostructures.

2. MODELING AND 
CALCULATION OF A CROSSED 
COPLANAR TRANSMISSION LINE
To excite EM waves with circularly 
polarized magnetic field, it is possible to 
use two grounded coplanar transmission 
lines and place them perpendicular to 
each other so that at the crossroads the 
addition of  electromagnetic oscillations 
takes place (see Fig. 1).  The result of  
adding the two waves will be a wave with 
polarization depending on the spatial 
and temporal configurations of  the 
folding waves. In order to achieve circular 
polarization of  the magnetic field it is 
necessary to adhere to the condition of  
spatial and temporal quadrature in the 
excitation of  EM waves with two crossed 
transmission line [7,8]. The result of  
modeling of  this transmis-sion line is the 
dependence of  changes in parameters, 
characterizing EM waves polarization at 
the intersection of  transmission lines on 
changes of  frequency and phase. Fig. 1 
shows transmission line, which has four 

DMITRY V. POLOZOV, DAVID A. GABRIELYAN, 
ANSAR R. SAFIN, DMITRY V. KALYABIN

Fig. 1. Model of  the crossed coplanar transmission line.
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ports. At that, two adjacent inputs excite 
oscillations in the transmission line. 
Signals excited from these ports will be 
different by the value of  the initial phase 
specified in the simulation.

The ferrite material can be placed 
at the point of  maximum of  circular 
polarization of  the magnetic field. For 
this purpose, it is necessary to investigate 
the electric and magnetic components of  
the fields at the intersection of  the two 
coplanar transmission lines, because it is 
at the intersection that the vectors will be 
added and the circular polarization will 
appear. Investigated magnetic material 
has a height of  3 mm, therefore field 
measurement is carried out in three 
points, on the surface of  the transmission 
line H = 0 mm and on the heights H = 
1.5 mm and H = 3 mm.

For a quantitative assessment of  the 
magnetic field polarization parameter 
ellipticity coefficient will be used, which is 
calculated by the following expression [6]:

| | | | ,
| | | |

r l

r l

H Hk
H H

−
=

+
 (1)

where the quadrature components of  the 
fields

1 ( ),
2

1 ( ),
2

r x y

l x y

H H jH

H H jH

= +

= −
 

where Hx,y – are the magnetic field 
components.

The ellipticity coefficient can take 
values from –1 to 1, where k = 0 – linear 
polarization, and k = 1 (k = –1) – right 
(left) circular polarization. Below are 
numerically obtained data of  magnetic 

field vector components, and calculated 
values of  ellipticity coefficients.

The results obtained from Table 1 
show that in each of  the three calculated 
points elliptic polarization is realized 
with ellipticity coefficient k = –0.94 
(average value), which is close to circular 
polarization value. The total magnetic 
field vector will be maximum at the 
surface of  the coplanar transmission line 
and will decrease with distance, so the 
minimum field value will be at the height 
of  3 mm.

For the analysis of  the magnetic field 
amplitude, determine its dependence on 
the height above the coplanar transmission 
line structure.

We show in Fig. 2 that the maximum 
value of  the field is limited by the value 
of  H = 40 A/m. The field of  EM 
waves spreading perpendicular to the 
transmission line decreases. EM wave 
field tends to zero when spreading 
along the transmission line. At a height 

Table1
Numerical data of magnetic field components at 20 

GHz with phase difference of 90 degrees.
    H, А/m

H, mm

ReHx ImHx ReHy ImHy k

0 17.5 27 -25.5 18 -0.95
1.5 1.1 1.9 -1.9 1.2 -0.96
3 0.14 0.45 -0.42 0.17 -0.91

Fig. 2. The H-field amplitude dependence on the 
distance at 20 GHz, for the model of  crossed coplanar 

transmission line.

EXCITATION OF CIRCULARLY POLARIZED ELECTROMAGNETIC 
WAVES BASED ON STRIPED TRANSMISSION LINES
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of  3 mm, the field has a value of  H = 
1A/m. Fig. 3a plots the dependence of  
the ellipticity coefficient on the phase 
difference of  the excited EM waves. It 
can be seen that with approaching the 
phase difference of  excited oscillations 
in 90 degrees, the ellipticity coefficient 
approaches 1 at different heights above the 
structure. In Fig. 3b plots the dependence 
of  the ellipticity coefficient on frequency 
(from 0 to 40 GHz). It can be seen that 
for different values of  the height above 
the structure, there is an optimal value, 
which corresponds to the maximum 
ellipticity coefficient. At the same time, 
the ellipticity coefficient decreases with 
increasing distance above the structure.

3. MODELING AND 
CALCULATION OF A CROSSED 
COPLANAR TRANSMISSION LINE 
WITH GROUNDING
As a second example of  crossed stripline 
transmission lines to excite EM waves 
with circular polarization, consider a 
broadband transmission line consisting of  
two coplanar transmission lines crossed 

at right angles, with a short-circuit at the 
end. Similar in purpose design can be 
implemented without resorting to two 
different sources of  EM waves with a 
phase difference of  90 degrees, but then 
it is necessary to observe the difference 
in distances to the crossing, so that the 
electromagnetic wave, reaching the center, 
had a phase delay relative to the second 
in 90 degrees. To idealize and model the 
short-circuit transmission line, a model 
was used in which the phase difference is 
set in the power sources.

In [7] the dimensions of  a similar device 
are presented, but this design is difficult 
to imple-ment in practice, since high-tech 
production is required. Specifically, the 
width of  the metal conductor of  10 (μm) 
and a gap of  about 5 (μm) is difficult to 
implement, in view of  the lower accuracy 
of  the laser, as a consequence already at 
the stage of  production model, will not 
meet the stated characteristics. Therefore, 
a transmission line model with excellent 
geometry was taken as a basis. Also, 
this type of  transmission line is easy 
to implement in practice, as it has the 

DMITRY V. POLOZOV, DAVID A. GABRIELYAN, 
ANSAR R. SAFIN, DMITRY V. KALYABIN

                                         a                                                                               b
Fig. 3. Ellipticity coefficient (K) dependence on the phase difference (a) of  the excited electromagnetic waves and on the 

frequency (b) at different heights in the structure of  crossed transmission lines
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dimen-sions often used in the microwave 
range. In this regard, the real device will 
have close characteristics compared to the 
device calculated in the CAD systems. In 
Fig. 4 the construction of  the coupled 
transmission lines from the CAD tool is 
shown in Fig. 4.

Fig. 5 shows the dependence of  the 
magnetic field amplitude on the height 
above the coplanar transmission line 
structure, and Table 2 shows the calculated 
values of  the magnetic field component 
amplitudes at three points.

Comparing the plots of  magnetic field 
spread in the two coplanar transmission 
lines, namely Fig. 2 and Fig. 5, it follows 
that the crossed coplanar transmission 
line with short-circuit has a higher value 
of  excitation of  circular polarization of  
the magnetic field. The field values at the 
surface of  the transmission line are 1.5 
times greater than those of  the model 
without short-circuiting in Fig. 2. The 
amplitude of  the field decreases according 
to the same law, hence, at a distance of  
3 mm the amplitude value is higher, and 
as a consequence, greater excitation of  the 
magnetic material.

According to the calculated amplitudes 
of  the magnetic field components, the 
ellipticity coefficient equal to one was 
not obtained, on average it is –0.54. This 
indicates that the transmission line values 
are not optimized. Despite this, according 
to the dependences of  the field amplitude 
on the length of  Fig. 2, 5 it can be seen 
that for a short-circuited transmission line 
we can obtain ellipticity characteristics 
better than in a transmission line with 4 
ports, and therefore there is more effective 
excitation.

4. MODELING AND 
CALCULATION OF MEANDER 
TYPE TRANSMISSION LINE
Below are the results of  simulation 
of  another type of  transmission line, 
which excites circular polarization of  
the magnetic field. The structure is a 
microstrip transmission line, in which 
the strips are arranged in the form of  a 
meander, where the addition of  two waves 
also occurs, result-ing in the realization of  
circular polarization [11]. In contrast to the 
previous types, this transmis-sion line has 

EXCITATION OF CIRCULARLY POLARIZED ELECTROMAGNETIC 
WAVES BASED ON STRIPED TRANSMISSION LINES

Fig. 4. Model of  the crossed coplanar short-circuit 
transmission lines.

Fig. 5. H-field amplitude dependence on distance at 
20 GHz for the model crossed coplanar short-circuit 

transmission lines.

Table 2
Numerical data of magnetic field components at 

20 GHz
    Н, А/m

Н, mm

ReHx ImHx ReHy ImHy k

0 -13.7 -55.2 40 11.2 -0.53
1.5 -1.31 -4.03 3.05 0.96 -0.48
3 0.15 -0.6 0.38 0.3 -0.61
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a significant disadvantage, which is that it 
operates only at a certain frequency, that is, 
it is narrowband, whereas the transmission 
lines discussed above are broadband [4]. 
The advantage of  this transmission line 
in comparison with those considered 
above is the ability to im-plement circular 
polarization of  the EM wave in the plane 
perpendicular to the plane of  the structure, 
whereas the transmission lines considered 
in the previous section, implement circular 
polar-ization of  the field in the plane of  
the sample. The geometry of  the structure 
is presented in Fig. 6. The determination 
of  the amplitude of  the magnetic field 
vectors in three points and the calcu-lation 
of  the ellipticity coefficient is performed 
according to formula (1) and is presented 
in Table 3.

According to the calculation results, it 
can be seen that the transmission line has 
an elliptical polarization of  the magnetic 
field. Fig. 7 shows the dependence of  
the amplitude of  the H-field vector on 
the height above the transmission line 
structure by analogy with Figs. 2, 5.

This transmission line has a high 
amplitude on the surface of  the strip, but 
since circular polarization is formed only 
between the lines, this polarization only 
in some points will be circular, which 
significantly limits the use of  this structure 
to excite EM waves in magnetic materials. 
There also remains the problem of  the 
complexity of  implementation in practice, 
since to obtain high characteristics of  
the amplitude of  the magnetic field it is 
required to reduce the size of  both the 
board and the width of  the strip, at a 
size of  0.01 mm will be a large error in 
manufacturing, and as a consequence, the 
deterioration of  the characteristics of  
obtaining circular polarization.

5. DISCUSSION OF RESULTS
Analyzing Table 4, it can be concluded 
that the crossed coplanar transmission 
line is the best option for the excitation 
of  magnetic materials in a wide range of  
frequencies. Although this device does 
not have the maximum amplitude of  the 

DMITRY V. POLOZOV, DAVID A. GABRIELYAN, 
ANSAR R. SAFIN, DMITRY V. KALYABIN

Fig. 6. Model of  microstrip transmission line of  
meander type: a) top view, b) side view.

Table 3
Numerical data of magnetic field components at 

20 GHz.
    Н, А/m

Н, mm

ReHx ImHx ReHy ImHy k

0 18 6 -8 -15 0.4
1.5 -2.5 -1.4 1.1 3.4 0.38
3 -0.07 -0.12 -0.19 -0.06 0.35

Fig. 7. H-field amplitude dependence on length at 20 
GHz, for a meander-type microstrip transmission line 

model.
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Table 4
Comparison of transmission line characteristics.
Parameter Ellipticity 

coefficient 
(k)

Frequency 
Range 
(GGz)

Amplitude 
of the 

magnetic 
field H 
on the 
surface 

of the line 
(А/m)

Feasi-
bility

Crossed 
coplanar 
transmission line

-1 1-40 40 good

Crossed 
coplanar 
short-circuit 
transmission line

-0.54 1-40 59 good

Meander type 
transmission line

-0.38 20 42 bad

magnetic field on the surface of  the strip, 
but provided that the EM wave with circular 
polarization more effectively excites the 
magnetic material, we can neglect the 
amplitude in favor of  the ellipticity factor, 
since this type of  transmission line excites 
the polarized magnetic field with the 
ellipticity factor |k| ≈ 1.

6. CONCLUSION
The CAD modeling performed in this work 
made it possible to evaluate numerically the 
possibility of  designing strip structures that 
excite EM waves with circular polarization. 
It was realized that effective excitation 
of  magnetic materials requires circular 
polarization of  the magnetic field in the 
location space of  this material. For this 
reason, transmission lines with different 
structures were investigated. Based on 
the results of  numerical simulations, it 
can be concluded that the best option 
for excitation of  ferrite materials, in the 
location space of  a given material, in an 
integral configuration would be a crossed 
coplanar transmission line with loaded 
outputs. In this configuration, circular 
polarization of  the EM waves magnetic 
component is realized, with the ellipticity 

coefficient practically equal to 1. It can 
be noted that this type of  transmission 
line is easy to implement in practice, 
which is its great advantage. Currently, 
the construction of  integrated microwave 
circuits is trying to minimize the size of  the 
main components. Analyzing the frequency 
and phase dependence for different 
transmission lines, it can be concluded 
that there is a possibility to control the 
ellipticity coefficient, changing the phase 
difference of  oscillation sources. Note 
that the values of  ellipticity coefficients 
at different ratios between the phases of  
excited oscillations will be constant and do 
not change from the frequency in a given 
transmission line structure.
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1. INTRODUCTION
Precision farming has been developing 
intensively over the past decade in response to 
the growing demand for food for a growing 
population. Precision farming technologies 
ensure efficient use and management of  
available resources to increase crop production, 
reduce freshwater consumption, preserve land 
fertility and protect the environment. Unlike 
traditional agricultural technologies, precision 
farming uses an approach with a variable rate of  
application of  fertilizers, water and protective 
equipment in the practice of  growing plants 
[1].

Large-scale effective implementation of  
precision farming depends on the availability 
and cost of  advanced tools and technologies 
suitable for the agricultural industry, such 
as intelligent machinery and robotics, global 
positioning system (GPS), sensor networks 
and monitoring, information collection 
and processing systems, etc. One of  the key 
components of  precision agriculture is remote 
sensing equipment responsible for measuring 
and processing data on the state (soil and 
agrophytocenoses). Remote monitoring in 
combination with satellite navigation data 
is used to build geographic digital maps of  

field humidity and temperature to control and 
optimize crop cultivation modes [2-4].

In the field of  remote sensing, monitoring 
of  soil moisture is of  particular interest due to 
global climate change in the main agricultural 
regions and the extremely large volume of  
fresh water used for irrigation. Campbell et al. 
[5] reported that more than 70% of  the world's 
fresh water is used for agricultural purposes. 
The level of  moisture content in the soil mainly 
determines the biophysical processes that affect 
crop yields and the state of  soil fertility. Thus, 
extended and detailed information about soil 
moisture is a key input parameter for a precision 
farming system and water flow control. 
Further processing of  geoinformation data on 
humidity with the help of  advanced digitized 
agricultural management leads to a significant 
improvement in freshwater conservation and 
an increase in crop production [4].

Over the past decades, several technologies 
for determining soil moisture have been 
developed, based on various physical principles 
and applicable for precision farming. These 
technologies differ in their intended purpose, 
practical application, accuracy, cost, weight, 
etc. However, the most suitable solution 
for determining soil moisture for precision 
farming is a mobile, lightweight, high-precision 
measuring system that provides remote 
measurement of  soil temperature and humidity. 
The demand for such a system is associated with 
a growing number of  monitoring applications 
based on unmanned aerial vehicles integrated 
into the infrastructure of  precision agriculture. 
Mobile sensor equipment is also suitable 
for integration into agricultural intelligent 
machinery and robotics [2], [3], [6].

Traditional methods for determining soil 
moisture are usually based on stationary sensors 
or sampling soil with analysis in the laboratory. 
These methods use various physical principles, 
such as laboratory analysis of  a soil layer sample 
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by gamma radiation; the method of  borehole 
neutron scattering (neutron probe); various 
electromagnetic sensing technologies, etc. 
[7]-[9] Traditional methods are actually point-
based measurement methods that make the 
development of  a soil moisture map extremely 
difficult if  the number of  measurement points 
is insufficient. Obviously, these methods 
cannot be widely used in applications where 
the mobility of  a sensitive device is important.

For the purposes of  aerial and satellite 
monitoring, various advanced methods have 
been developed to provide remote measurement 
of  soil moisture. Technologies of  remote 
sensing of  soil moisture are widely represented 
by two methods: active sensing, in which the 
device reads reflected electromagnetic energy 
(radar), and passive sensing, in which the energy 
emitted by the earth is recorded (radiometry). 
Remote sensing systems deployed in the Earth 
observation satellite system are designed to 
work on a large scale or global mapping. Two 
projects were launched to collect data on soil 
moisture using satellite monitoring systems: (1) 
NASA Mission "Active Passive Soil Moisture" 
(SMAP) [10], [11] and "Soil Moisture and 
Ocean Salinity" (SMOS) of  the European 
Space Agency (ESA) [12], [13]. However, the 
measurement accuracy provided by satellite 
monitoring systems is not suitable for precision 
farming. The best resolution of  SMAP is 3 km 
in radar mode [11], while the spatial resolution 
of  the SMOS system is approximately 40 km 
[13]. Such spatial resolution is sufficient to 
solve global problems of  meteorology, but it is 
completely insufficient for the use of  data in a 
precision farming system. Promising methods 
developed in recent years include various 
ground-based radiometric and radar systems, as 
well as sensing methods using electromagnetic 
induction. Such systems for measuring soil 
moisture are considered the best sensors for 
unmanned mobile applications of  precision 

farming. The most promising method is the 
technology of  microwave radiometry. This 
is a passive method of  microwave sensing 
using a highly sensitive radiometric receiver 
– a microwave radiometer that determines 
the parameters of  natural thermal radiation 
emitted by the earth's surface. The received 
data of  the microwave radiometer represent 
the radio brightness temperature of  the 
earth's surface [14]. Further processing of  the 
data converts them into a soil moisture value 
linked to a specific geographical location. The 
microwave radiometer technology makes it 
possible to develop a device for monitoring 
soil moisture with minimal size, weight and 
cost. Simultaneous use of  several frequency 
reception bands permits to obtain data for 
calculating soil moisture at different depths, 
that is, to determine the portrait of  the soil 
moisture profile. 

The development of  a new portable 
multi-frequency dual–polarization microwave 
radiometer for precision farming systems 
capable of  operating on board an unmanned 
aerial vehicle is an urgent task. Microwave 
radiometric moisture meters are used not 
only for precision farming tasks, but also for 
solving a number of  practical tasks [15], such 
as monitoring the hydrological situation along 
highways [16] and pipelines [17], as well as for 
searching for places of  underground leaks of  
earthen dams and places of  erosion of  dams 
[18], detecting foci of  forest fires [19] and the 
detection of  oil films on the water surface [20]. 
When developing a microwave radiometer, an 
important aspect is to optimize the selection of  
parameters of  the microwave radiometer and 
the remote sensing system as a whole, ensuring 
maximum sensitivity of  the sensing system to 
variations in soil humidity and temperature. 
The fastest and cheapest way to optimize 
the selection of  parameters of  a microwave 
radiometric system is modeling. 
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The purpose of  this article is to demonstrate 
the results of  modeling the process of  
radiometric reception of  own radiothermal 
radiation of  the Earth's surface, taking into 
account the antenna pattern, the model of  
the underlying surface and the model of  the 
sounding system, taking into account the 
altitude and flight speed of  the carrier, as well 
as the angle of  inclination of  the axis of  the 
main lobe of  the antenna pattern.

A model is known for receiving the human 
body's own radiothermal radiation [21], [22] by 
a multi-channel, multi-frequency microwave 
radiothermograph used for non-invasive 
detection of  thermal anomalies inside the 
human or animal body [23]-[27]. The known 
model cannot be used to calculate the radio 
brightness temperatures of  the underlying 
surface, since it does not take into account the 
radiation pattern of  the antenna applicator, 
but can be taken as a basis for modeling the 
earth's surface.

2. OPERATION PRINCIPLE
The principle of  remote measurement of  soil 
moisture is known [15] and is used in practice 
together with an unmanned aerial vehicle to 
build maps of  soil moisture and temperature 
in the interests of  precision farming systems. 
The placement of  the microwave radiometer 
on an unmanned aerial vehicle (quadcopter) 
is shown in Fig. 1 of  the L-band microwave 

radiometer represents the assembly of  a 
bipolarized antenna with a receiver. The size 
of  the microwave radiometer is determined by 
the size of  the antenna, which is determined 
by the operating wavelength and the required 
width of  the main lobe of  the antenna pattern. 
The printed type antenna is assembled from 
two printed circuit boards with a size of  
360x360 mm. There are four vibrators on the 
outer board, microstrip adders and output 
connectors for signals of  "horizontal" and 
"vertical" polarization are located on the 
inner board. The picture of  the antenna with 
an infrared temperature sensor is shown in 
Fig. 2. The main technical parameters of  
the microwave radiometer are presented in 
Table 1.

The microwave radiometer is assembled 
according to the well-known [15] scheme of  
a two-references modulation radiometer, has 
two internal temperature reference source 
with different temperatures and a microwave 
switch for periodic connection to the receiver 
input the signals from the antenna outputs 
and reference sources. The output signal of  
the receiver is converted into digital form 
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Fig. 1. The microwave radiometer on a quadrocopter 
installation. Fig. 2. The antenna with an IR sensor picture.



363

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4

and transmitted to the microcontroller, which 
stores data on a flash card together with 
information from the infrared sensor located 
in the antenna box and navigation sensors – 
the receiver of  the satellite navigation system, 
as well as from the three-axis accelerometer. 
The block diagram of  a microwave radiometer 
with sensors is shown in Fig. 3. The microwave 
radiometer is placed on an unmanned aerial 
vehicle so that the axis of  the main lobe of  
the antenna pattern would be directed forward 
along the course of  the aircraft at an angle 

of  30 degrees to the vertical. The scheme of  
sensing the Earth's surface from a quadcopter 
is shown in Fig. 4. The quadcopter, according 
to a given control program, automatically flies 
at a given altitude along parallel lines above 
the test field, with data recorded on a memory 
card. After landing, the data card is transferred 
the personal computer and the data are 
processed. As a result of  data processing, two 
geo–referenced maps are created - a map of  
soil moisture content and a map of  soil surface 
temperatures.

The data from an infrared temperature 
sensor and navigation data are used to make 
a temperature map. The humidity map 
is calculated in two stages, first the radio 
brightness temperatures are calculated by 
horizontal and vertical polarizations, then 
on their basis and taking into account 
the temperature of  the soil surface, the 
complex dielectric permittivity of  the 
soil is calculated, which can be converted 
into soil moisture and the degree of  soil 
mineralization. It should be noted that 
the accuracy of  the brightness-humidity 
recalculation of  the known algorithms 
depends on many factors, in particular, on 
the type of  vegetation cover, the amount of  
biomass, plant height, etc. The recalculation 
algorithms are known [15] and are not 
the subject of  this article. In this article, 
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Table 1
The main technical parameters of the microwave 

radiometer

Parameter Value

Central frequency, MHz 1420

Receiver band, MHz 50

The receiving channels Number
Vertical and horizontal polarizations

2

Observation method Along fligh

Observation width, resolving element, H-flight 
altitude

1.0хН

Sensitivity, К 1.0

Memory type SD-Card

Recording time, not less,  Hours 3

Antenna pattern main lob width, deg. ±30

Antenna scattering walue, % 73

Supply voltage, V 12

Power consumption, Wt 5.8

Mass, kg 2.8

Size, mm 360x360x40

Fig. 3. The microwave radiometer with sensors block 
diagram.

Fig. 4. The Earth's surface sensing from a quadrocopter 
scheme.
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the simplest two-layer soil model will be 
considered without taking into account the 
shielding effect of  vegetation cover.

3. ANTENNA PATTERN MODEL
The antenna is the most important element 
of  the radiometric system that determines 
overall dimensions, spatial resolution, noise 
protection and other parameters. The antenna 
pattern is the most important characteristic 
of  the antenna. The radiation pattern of  
the real antenna (Fig. 2) of  the radiometric 
system was measured on a special collimator 
and is known. However, for modeling, it 
is convenient to use a simulated radiation 
pattern so that it would be possible to 
track the influence of  antenna radiation 
pattern parameters on the parameters of  the 
radiometric system as a whole. The simplest 
idealized antenna with a square aperture of  
size D cm and with an average wavelength λ 
cm. was chosen as the model. The amplitude-
phase distribution of  the field in the antenna 
opening is considered uniform. The radiation 
pattern of  the power of  such an antenna is 
described by the function:

2 2

sin( ) sin( )
( , ) ,n

D D

D D D

π α π β
λ λα β

π α π β
λ λ

   
   

= ×   
   
   

 (1)

where α and β are angular coordinates in 
radians, calculated from the normal to 
the antenna plane or the axis of  the main 
lobe of  the radiation pattern. The graph 
of  the function of  the radiation pattern in 
the Cartesian coordinate system for the 
wavelength λ = 21 cm and D = 2λ at one 
of  the angles is shown in Fig. 5. When 
modeling the antenna, only radiation from 
the front hemisphere was taken into account. 
The radiation from the rear hemisphere was 
considered to be zero. With these antenna 
parameters, the width of  the main lobe of  

the radiation pattern at the level of  –3 db. 
is ±s, where s = 0.22 radians. An important 
parameter of  the antenna is the scattering 
coefficient γ, which is defined as:

( ,0)
1 .

( ,0)

s

s

Dn d
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π

α α
γ

α α

+

−
+

−

= −
∫

∫
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The physical meaning of  it is that it shows 
what proportion of  the signal energy is 
received along the side lobes, in relation to 
the total energy along the entire directional 
pattern. For the considered case, the antenna 
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Fig. 5. Antenna radiation pattern on one of  the 
coordinates.

Fig. 6. Antenna radiation pattern on 3D graph.
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scattering coefficient is approximately 27%. 
From the graph in Fig. 5, it can be seen 
that in the anterior hemisphere along the α 
coordinate, in addition to the main lobe, there 
are two side lobes to the right and left of  the 
main one. The level of  the first side lobe is 
about –13 db. The level of  the second side 
lobe is about –18 db. The appearance of  the 
radiation pattern in the form of  a 3D graph is 
shown in Fig. 6.

4. THE EARTH'S LITHOSPHERE 
SURFACE LAYER MODEL
In physical and geological terms, the soil as 
an object of  modeling is a complex material 
formed from solid-phase individual particles, 
as well as voids filled with aqueous solutions 
of  salts or gaseous bubbles. Due to this, they 
occupy a place between the solid and the 
fluids. Modeling the soil's own electromagnetic 
radiation is an extremely difficult task, due 
to the wide variety of  soil types, biochemical 
composition, vegetation cover, relief, surface 
roughness and hydrology. In general, the 
problem has not been solved so far. Therefore, 
simplified models are used in practice [28], 
taking into account only a part of  the listed 
soil parameters.

In the proposed model, the soil is considered 
as a homogeneous two-layer medium with 
flat surfaces of  sections without vegetation 
cover and roughness. The thickness of  the 
near-surface layer G, the complex dielectric 
permittivity of  the near-surface layer 1 1,iε ε′ ′′+ , 
where are used as soil parameters. 1ε ′  is the real 
part, and 1ε ′′  is the imaginary part. Similarly, 
the permittivity of  the deep layer 2 2 ,iε ε′ ′′+  is 
given, where 2ε ′  is the real part, and 2ε ′′  is the 
imaginary part (see Fig. 4).

The spatial distribution of  the dielectric 
permittivity of  the soil over the surface is 
impractical to consider uniform, since in this 
case, as a result of  modeling, it would not be 

possible to determine the distortions of  the 
initial field due to the influence of  the side 
lobes of  the antenna pattern, and they, more 
precisely, the possibility of  their correction, is 
of  particular interest. As shown in [29], such a 
correction is possible if  the antenna scattering 
coefficient does not exceed 50%.

As a model of  the surface field, a periodic 
sequence of  squares with a side of  P meters 
of  two types, arranged like the fields of  a 
chessboard, is chosen. Such a structure is not a 
model of  real soil, but is a convenient tool for 
studying the characteristic properties of  the 
model.

The squares of  the conventionally 
"white" type have dielectric permittivity 
of  the soil model by layers, as described 
above 1 1 1w iε ε ε′ ′′= +  and 2 2 2.w iε ε ε′ ′′= +  And 
conditionally, the "black" squares have 
additives to the dielectric permittivity of  
the layers so that the complex dielectric 
permittivity of  the near-surface layer 

( )1 1 1 1 1 ,B iε ε ε′ ′ ′′ ′′= + ∆ + + ∆  respectively, the 
complex dielectric permittivity of  the deep 
layer ( )2 2 2 2 2 .B iε ε ε′ ′ ′′ ′′= + ∆ + + ∆

It is convenient to set a mathematically 
described two-dimensional function describing 
the terrain of  the "chessboard" type using a 
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Fig. 7. The  "Chessboard" function sample.
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function in a rectangular Cartesian coordinate 
system:

( ) ( )( ) ( )( ), cos cos 1 ,W x y P x P yπ π= Θ +Θ −  (3)
where P is a parameter specifying the size of  
the "chessboard" cell, and Θ is a Heaviside 
function equal to zero for negative argument 
values and one for all others. The appearance 
of  the function W(x,y) for P = 2 is shown in 
Fig. 7.

Using the function W(x,y), it is easy to 
describe the distribution of  the dielectric 
constant of  the field in x,y coordinates over 
the layers:

( ) ( ) ( )' " ' "
1 1 1 1 1, , ,W x y i i W x yε ε ε= + + ∆ + ∆ ⋅  (4)

( ) ( ) ( )' " ' "
2 2 2 2 2, , .W x y i i W x yε ε ε= + + ∆ + ∆ ⋅  (5)

The functions Wε1(x,y) and Wε2(x,y) are 
used to simulate the soil's own radiation and 
simulate the relic radiation of  the celestial 
sphere reflected from the earth.

5. THE SURFACE RADIO THERMAL 
EMISSION RECEPTION MODEL
When making field experiments, a microwave 
radiometer is installed on an unmanned 
aerial vehicle (Fig. 1), which, according to the 
program, flies over a given trajectory at a given 
height H and at a given speed V. The sensing 
scheme is shown in Fig. 4. The viewing angle 
Q0 is calculated from the vertical and is usually 
selected about 30 degrees. As a result of  
probing the surface, the microwave radiometer 
measures two antenna temperatures in 
horizontal and vertical polarizations at each 
spatial position.

As a result of  the simulation, two antenna 
temperatures should also be calculated by 
horizontal and vertical polarizations as a 
function of  the parameters of  the antenna 
pattern models, the parameters of  the Earth 
surface model and the parameters of  the 
surface survey system model.
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0 0 1 2 1 2 0 0( , , , , , , , , , , , , ),AV V ST f x y D G Q H T Tλ ε ε= ∆ ∆  (6)

0 0 1 2 1 2 0 0( , , , , , , , , , , , , ),AH H ST f x y D G Q H T Tλ ε ε= ∆ ∆  (7)

where x0, y0 and H are the Cartesian coordinates 
of  a quadrocopter with a microwave radiometer, 
T0 is the thermodynamic temperature of  the 
soil surface, Ts is the temperature of  the relic 
radiation of  2.33 degrees on the Kelvin scale. 
It is assumed that the flight speed and the axis 
of  sight are directed along the X axis. Modeling 
consists in finding analytical expressions or 
algorithms for calculating the functions fV 
and fH and calculating antenna temperatures 
from vertical and horizontal polarizations. 
The antenna temperature for any polarization 
is calculated using the antenna smoothing 
equation [29]:

( )
( ) ( )

0 0

0 0

,

, , ,
A

b n

T

T D d d

α β

α β α α β β β α

=

= − −∫∫
 (8)

were α0, β0 – coordinates of  the point of  sight 
in the polar coordinate system associated 
with the antenna. In formula (8), both the 
radiation pattern and the distribution of  the 
brightness temperature field over the earth's 
surface are set in the polar coordinate system 
associated with the antenna. The brightness 
temperature map is constructed in a system 
of  Cartesian coordinates (or geographical 
latitude-longitude) associated with the 
terrain (or north-east directions). To create 
a single model that takes into account both 
the antenna pattern model and the model of  
the Earth's surface and the sounding model, 
it is necessary to reduce all models to one 
common coordinate system, for example, 
to a Cartesian coordinate system associated 
with the earth.

The conversion of  polar coordinates to 
Cartesian coordinates can be done using the 
formulas:

( ) ( )0 ,xx Q arctg Hα = −  (9)
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( ) ( )0cos
, .

y Q
x y arctg

H
β

⋅ 
=  

 
 (10)

Substituting (9) and (10) into (1) we obtain 
the expression of  the radiation pattern in 
Cartesian coordinates

( ) ( ) ( )( ), , , .n nD XY x y D x x yα β=  (11)

The function DnXY(x,y) represents 
the weighting factor for the plot with the 
coordinates x,y of  the terrain area of  the size 
dxdy. The view of  the function DnXY(x,y) 
for viewing from a height of  10 meters from 
a point with coordinates (0, 0, 10 m) at an 
angle of  30 degrees to the vertical is shown 
in Fig. 8.

From the formula (6) and (7) can be 
obtained from (8) taking into account (11)

( ) ( ) ( )0 0 0 0, , , ,av bv nT x y T x y D XY x x y y dydx= ⋅ − −∫∫  (12)

( ) ( ) ( )0 0 0 0, , , .ah bh nT x y T x y D XY x x y y dydx= ⋅ − −∫∫  (13)

To complete the construction of  the 
model, it remains to express the distribution 
functions of  brightness temperatures over 
the vertical and horizontal polarizations 
TBV(x,y) and TBH(x,y) through the distribution 
functions of  the dielectric permittivity of  
the field in x,y coordinates over the layers 
from formulas (4) and (5). The soil model 

described above is considered in detail 
in [30], where it is called a single-layer 
homogeneous model. The model takes into 
account the reflection from the surface layer 
of  the earth:

( ) ( )
( )( )( )

1

0 1

, ( , , )

1 , , ,
bv S v

v

T x y T R W x y H

T R W x y H
ε

ε

= ⋅ +

+ ⋅ −
 (14)

( ) ( )
( )( )( )

1

0 1

, ( , , )

1 , , ,
bh S h

h

T x y T R W x y H

T R W x y H
ε

ε

= ⋅ +

+ ⋅ −
 (15)

were RV and RH – Fresnel reflection 
coefficients for vertical and horizontal 
polarizations, Q is the angle relative to 
the vertical under which the surface point 
with coordinates (x, y, 0) is visible from 
the antenna location point (point with 
coordinates (0, 0, H)):

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

2
2

1 1

2
1 1

( , )

, cos , sin
,

, cos , sin

vR x y

W x y Q W x y Q

W x y Q W x y Q
ε ε

ε ε

=

⋅ − −
=

⋅ + −

 (16)

( ) ( ) ( )
( ) ( ) ( )

2
2

1

2
1

cos , sin
( , ) .

cos , sin
h

Q W x y Q
R x y

Q W x y Q
ε

ε

− −
=

+ −
 (17)

The angle of  sight Q of  a point with 
coordinates (x, y, 0) depends on the coordinates 
x,y and the height of  the antenna location H 
can be calculated by the formula (18)

2 2

.
x y

Q arctg
H

 +
 =
 
 

 (18)

The cosine and the square of  the sine of  
the angle Q can also be represented in terms of  
the coordinates x,y and height H:

( )
2 2 2

cos ,HQ
H x y

=
+ +

 (19)

( ) ( )
2 2

2
2 2 2

sin .x yQ
H x y

+
=

+ +
 (20)
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Fig. 8. Weight function DnXY(x,y) Sample.
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The partially incident electromagnetic 
wave of  the relic radiation is refracted, 
passes through the near-surface layer, 
is partially absorbed, is reflected from 
the interface of  the near-surface and 
deep layer, is partially absorbed again, is 
partially reflected from the soil surface and 
is partially radiated into the open space 
again. The attenuation coefficient of  the 
electromagnetic wave in the near-surface 
layer, according to [30]:

( ) ( )
"
1, exp 4 ,

cos r

GG
Q

δ λ πε
λ

 
= −  

 
 (21)

were Q – incidence angle, G – layer thickness.
The reflection coefficients from the 

section of  the near-surface and deep 
layer are given in [31] and in the accepted 
designations can be represented as:

( ) ( ) ( )
( ) ( ) ( )

2
2

2 1

2 1

( , , )

, cos , ( , , )
,

, cos , ( , , )

V r

r r

r r

R x y Q

W x y Q W x y F x y Q

W x y Q W x y F x y Q
ε ε

ε ε

=

⋅ −
=

⋅ +

 (22)

( ) ( )
( ) ( )

2

1
2

1

, cos ( , , )
( , , ) ,

, cos ( , , )
r r

H r
r r

W x y Q F x y Q
R x y Q

W x y Q F x y Q
ε

ε

⋅ −
=

⋅ +  (23)

where

 ( ) ( ) ( )2
2 1( , , ) , , sin .r rF x y Q W x y W x y Qε ε= − ⋅

The refraction angle Qr is related to the angle 
of  incidence Q by the Snellius law expressed 
by the well-known formula (24):

( )
( )

( )
( )

1

2

,sin
.

sin ,
r W x yQ

Q W x y
ε

ε

=  (24)

The formulas given completely define 
the functions (6) and (7) and are sufficient to 
construct a model for receiving radiothermal 
radiation from the soil surface.

The calculations results of  using the above 
model are representing below.

6. SIMULATION RESULTS
The presented model can be used to 
calculate antenna temperatures at the output 
of  the radiometer by vertical and horizontal 
polarizations depending on the parameters 
of  the antenna, sensing and soil. As a result 
of  calculations of  integral expressions in 
formulas (12) and (13), two-dimensional 
graphs of  weight functions were obtained, 
shown in Fig. 9. The functions are calculated 
for a uniform temperature field of  300° K, 
when viewed from a height of  H = 10 m. 
from the origin at an angle of  30° in the 
direction of  the X axis.

The cross sections of  the surfaces 
represented by the plane Y = 0, in the range 
from 0 to 10 meters, are shown in Fig. 10. 
Analysis of  the graphs presented in Fig. 10 
shows that the coordinates of  the maxima 
of  the weight functions in vertical and 
horizontal polarizations do not coincide, 
but differ by about half  a meter and do not 
coincide with the coordinate of  the point 
of  sight. The analysis showed that the 
differences arose due to differences in the 
properties of  the Fresnel coefficients for 
vertical and horizontal polarizations.

The presented model allows simulating 
the flight of  a carrier with a radiometer and 
calculating antenna temperatures by vertical 
and horizontal polarizations. An example of  

IGOR A. SIDOROV, EVGENY P. NOVICHIKHIN, ALEXANDER G. GUDKOV, SERGEY V. 
CHIZHIKOV, ANDREY G. BOLOTOV, NIKOLAY F. KHOKHLOV, IGOR O. POROKHOV RADIOELECTRONICS

Fig. 9. Weight functions Tv(x,y)·DnXY(x,y) and 
Th(x,y)·DnXY(x,y).
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calculating antenna temperatures when the 
carrier moves along the X axis is shown in 
Fig. 11. The dotted line on the graph shows 
the boundaries of  the "chessboard" cell.

The characteristic advance of  the 
temperature graphs in comparison with 
the cell boundary is associated with the 
inclination of  the axis of  the radiation 
pattern in the direction of  the flight line.

A small oscillatory process on the antenna 
temperature charts is due to the presence of  
side lobes of  the antenna.

7. DISCUSSION
The presented model was calculated using 
a specialized mathematical program and a 
program written in the Delphy language. 
The coincidence of  the calculation results 
confirms the adequacy of  the constructed 
model. To calculate the graph (Fig. 11) with 
a mathematical program on a laptop with 
a quad-core processor, it took more than 
one hour. The same result was obtained 
in the Delphi program in less than one 
second.

The resulting model is planned to be 
developed, improved and used to develop a 
modern algorithm for correcting amplitude 
distortions caused by the presence of  
side lobes of  the antenna instead of  the 
known one [29], as well as to optimize 
the parameters of  the radiometer and the 
survey system according to the criterion of  
maximum sensitivity to variations in soil 
moisture by layers.

8. CONCLUSION
As a result of  the research and modeling 
within the framework of  the represented 
model, the following new results were 
obtained:
• a model of  the brightness temperature 

formation of  the underlying surface is 
obtained, regarding the parameters of  the 
antenna, radiometer, Earth's surface and 
the sensing system;

• the antenna temperatures on vertical and 
horizontal polarizations were calculated 
using the model, when simulating the flight 
of  the carrier;

• the mismatch of  the coordinates of  the 
maxima of  weight functions for vertical 
and horizontal polarizations as a result of  
the analysis of  graphs, was found;

• the graphs for calculating antenna 
temperatures at the front and the decline of  

RADIOELECTRONICS THE OWN RADIOTHERMAL RADIATION OF THE 
EARTH'S SURFACE RECEIVING PROCESS MODELING

Fig. 11. Graph of  calculated temperatures when the 
carrier moves along the X axis.

Fig. 10. The cross section of  the functions 
Tv(x,y)·DnXY(x,y) and Th(x,y)·DnXY(x,y) by 

plane Y = 0.



370

No. 4 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

the spatial pulse show a transition process 
due to the presence of  side lobes of  the 
antenna pattern;
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1. INTRODUCTION
In [1–3], based on the study of  the 
properties of  small-scale fluctuations in the 
probability density of  the magnetic field, 
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the critical frequency of  the ionosphere, 
and the noise of  complex biological systems 
in seismically active regions, a method 
was proposed and tested for detecting 
precursors of  approaching earthquakes. 
The proposed approach makes it possible, 
in particular, to determine the precursors 
of  seismic events at much shorter time 
intervals (several days instead of  several 
months) than prediction based on the 
Gutenberg-Richter theorem [4–8], as well 
as other statistical approaches [9–12]. In 
this article, based on the methodology [1-
3], the properties of  a statistical functional 
describing the characteristics of  small-
scale fluctuations in the probability density 
of  the Earth's magnetic field are analyzed. 
Geomagnetic field measurements were 
carried out from March 12 to March 
16, 2022 at the KNY magnetic variation 
station (Kanoya), located in southern 
Japan. The change in the amplitude of  
fluctuations in the probability density of  
the geomagnetic field in seismically active 
regions a few days before of  an earthquake 
is associated with the appearance of  a 
random component in the measurement 
process, caused, for example, by a fracture 
of  lithospheric plates in the most weakened 
parts of  the earth's crust. Note that this 
random process is weakly dependent 
on the background noise due to a set of  
phenomena that usually take place in the 
corresponding region of  the world.

2. PROBLEM STATEMENT AND 
SOLUTION METHOD
The purpose of  this study is to determine 
the statistical properties of  the Earth's 
magnetic field, which are precursors of  an 
approaching earthquake accompanied by a 
tsunami. To identify such precursors, the 

statistical functional previously introduced 
and tested in [1] is used:

( 1)

1

,
0

( ) | |,
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In formula (1), we take A = 1000 and 
M = 100 min. The chosen value of  the 
coefficient A makes it possible to pass to 
the range of  values of  the functional L(n) 
convenient for analysis with the specified 
width M of  the averaging time interval. 
The coefficients Pm,l are the probabilities 
that the values of  the auxiliary function 
F[x] used in the problem fall within the 
interval

min

min

[ ( )] [ ( )]
[ ( )] ( 1) , 0 1.

F x t mh F x t
F x t m h m N

+ ≤ ≤
≤ + + ≤ ≤ −

 (2)

Unlike the distribution function of  
the measured random variable x = x(t), 
the function F[x] must have a probability 
density with integrable singularities. 
Taking into account this requirement, 
the function F[x] = sin[x(t)] was chosen 
for calculations. For the specified type 
of  function F[x] with the discretization 
interval width h = 0.1, the value of  N 
in (1) is N = 2h-1 = 20. Statistics (2) 
based on the results of  measurements 
of  the X-, Y- and Z-components of  the 
geomagnetic field (in nT). The duration of  
any segment of  the implementation is 60 
seconds, during which 60 measurements 
of  the corresponding component of  the 
magnetic field are carried out. Thus, the 
value of  n in (1) is equal to the number of  
minutes from the start of  measurements 
at 00:00 03/12/2022 UTC (Coordinated 
Universal Time) to the current time.

The article shows that the entropy of  
the geomagnetic field increases with the 
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approach of  an earthquake. Let us explain 
the above theoretically.

Fig. 1 schematically shows the 
dependences of  the probability density 

1( )wρ  and 2 ( )wρ  for the background 
noise x1(t) and, accordingly, the additional 
(independent of  the background noise) 
random process x2(t), as well as the 
probability density ( )wρ  of  the total 
random process x(t) = x1(t) + x2(t) 
corresponding to the convolution of  the 
form

1 2( )= ( ') ( ') '.w w w w dwρ ρ ρ
∞

−∞

−∫

It was theoretically shown in [3] that 
smoothing of  small-scale fluctuations 
of  the curve 1( )wρ  takes place under the 
condition that the standard of  fluctuations 
of  the random variable x2, which 
determines the width of  the distribution 

2 ( )wρ , is at least several times larger than 
the sampling interval h, which determines 
the effective period indicated fluctuations 
(see Fig. 1).

3. METHOD OF ANALYZING THE 
RESULTS OF MEASUREMENTS
When analyzing the statistical properties of  
the magnetic field, the concepts previously 
introduced in [1] are used: local trends, 
channels, testing, sliding boundaries. 
These terms are illustrated by the example 
in Fig. 2, which shows the dependence 
of  the functional L(n) corresponding to 
measurements of  the X-component of  
the geomagnetic field.

1. Let us call local trends the sections 
of  the dependence L(n) located between 
the points of  extrema of  this curve and 
corresponding to variations in δL (the 
difference between the values of  the 

STATISTICAL PROPERTIES OF THE EARTH'S MAGNETIC 
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Fig. 1. Schematic probability distributions
1( )wρ , 2 ( )wρ  and ( )wρ . 

Fig. 2. Dependence L(n) corresponding to the X-component of  the geomagnetic field.
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functional L(n) at the points of  maximum 
and minimum), satisfying the condition

max0.2 .L Lδ ≥ ∆

Here ∆Lmax is the maximum variation 
of  the L(n) values throughout a region 
from the origin to the moment of  the 
earthquake, that is, the difference between 
the values of  the largest minimum and the 
smallest maximum (respectively, points A 
and B in Fig. 2) of  the statistical functional 
L(n) on specified period of  time. In this 
case, the condition is introduced that the 
geometric deviation ∆S of  the curve L(n) 
from the straight line segment connecting 
the boundary points of  the given local 
trend satisfies the condition
∆S ≤ 0.2∆l,         (3)
where ∆l is the length of  this segment. 
Condition (3) is necessary to ensure the 
quasi-straightness of  the local trend. 
In Fig. 2 the local trend is, for example, 
section ab of  the curve L(n). The points 
of  the boundaries of  local trends will be 
called guiding points. We assume that each 
such point is horizontally removed from 
the nearest point of  the curve L(n) by no 
less than the interval ∆n = 100 min.

2. A channel is a collection of  two lines, 
each of  which passes exactly through two 
guiding points, and the angle ∆α between 
the directions of  these lines satisfies the 
inequality
∆α ≤ 1.4°.         (4)

In (4), the angle ∆α is determined using 
the scalar product of  two vectors parallel 
to the channel boundaries (assuming that 
the geometric dimensions of  the units of  
the Cartesian axes are equal). The time 
interval between the guide points through 
which the channel boundary is drawn must 
be at least 150 minutes. On Fig. 2 channels 

are marked: 1–2, 2–3, 4–5, 4–6, which are 
formed by two inclined straight segments 
indicated in the figure by a dotted line. Note 
that segments 7–8 also form a channel (the 
properties of  its lower boundary 8 will be 
discussed below).

3. The term testing means either the 
intersection at some point of  the curve L(n) 
and the corresponding channel boundary, 
or the passing the boundary at a distance 
∆Lt vertically from the control point with 
coordinates {nt, L(nt)} that satisfies the 
condition ∆Lt ≤ 0.012 L(nt).

As the moment of  registration of  a 
precursor of  an approaching earthquake, 
we will consider the time of  the last (before 
the earthquake) testing of  the channel 
boundaries by the dependence L(n) (for 
example, point c for channel 2–3 in Fig. 2).

4. Sliding boundary is a straight line drawn 
through two control points and tested by 
the L(n) curve at least one more guiding 
point that satisfies condition (5) (we will 
call such points additional and highlight 
them in the figures as a solid ellipse). 
As in section 3, we assume that the time 
of  registration of  the precursor of  an 
approaching earthquake corresponds 
to the moment of  the last testing of  
this curved line of  the sliding boundary 
(see, for example, point d for the sliding 
boundary 8 in Fig. 2). Sliding boundaries 
are marked in the figures by solid oblique 
straight lines.

4. RESULTS OF PROCESSING 
THE MEASUREMENTS OF THE 
GEOMAGNETIC FIELD
Figs. 2-4 show the dependences of  the 
functional L(n), which correspond to the 
measurements of  the geomagnetic field 
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components on the KNY magnetometer 
located in southern Japan during the period 
from 00:00 on March 12, 2022 to 23:59 
on March 16, 2022. The horizontal axis 
shows discrete values of  time n in minutes 
n ≥ M = 100 min counted from the start 
of  measurements. The solid vertical line 
marks the start of  the earthquake with 
a magnitude of  7.3, which occurred on 
March 16, 2022 at 14:37 UTC (the epicenter 
coordinates are 37.702°N, 141.587°E) and 
was accompanied by a tsunami.

Fig. 2 corresponds to the dependence 
L(n) for measurements of  the 
X-component of  the geomagnetic field. 
The intervals TX,1 = 4451 min, TX,2 = 2565 
min, TX,3 = 2104 min, TX,5 = 1659 min, 
and TX,6 = 213 min correspond to the time 
intervals between the beginning of  the 
earthquake and the moment of  the fifth 
test for the boundaries of  channels 4–5, 
1–2, 2–3, 7–8, 4–6, and the time interval 
TX,4 = 1743 min corresponds to the last 
test point for the sliding boundary 10. 

The area near the additional point of  the 
sliding boundary 10 is indicated by a solid 
ellipse.

Fig. 3 illustrates the dependence L(n) 
for the Y-component of  the geomagnetic 
field. In this case, the intervals TY,1 = 
1896 min, TY,2 = 682 min, TY,3 = 662 min, 
TY,4 = 662 min, TY,5 = 548 min and TY,6 = 
24 min. Here TY,1-5 are the time intervals 
between the beginning of  the earthquake 
and the moment of  the last testing for the 
boundaries of  channels 1–2, 4–5, 6–7, and 
2–3, and the interval TY,6 corresponds to 
the last testing of  the L(n) curve of  the 
sliding boundary 9.

In Fig. 4, the dependence L(n) 
corresponds to measurements of  the 
Z-component of  the geomagnetic field. In 
this case, there are no sliding boundaries, 
and the intervals TZ,1 = TZ,2 = TZ,3 = 
1820 min correspond to the time intervals 
between the beginning of  the earthquake 
and the moment of  the last testing for 
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Fig. 3. Dependence L(n) corresponding to the Y-component of  the geomagnetic field.
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the boundaries of  channels 1–2, 3–4, 5–6, 
respectively.

Note that, as follows from the analysis 
of  Fig. 2–4, before the earthquake, for the 
L(n) dependences corresponding to the X-, 
Y-, and Z-components of  the geomagnetic 
field, numerous linear structures appeared, 
similar to those that preceded the seismic 
events considered in [1-3].

The values indicated in Figures 2-4 
of  the time intervals from the moment 
of  registration of  the precursor to the 
beginning of  the earthquake are given in 
the Table.

As can be seen from the data given in 
the Table, almost all registered precursors 
refer to the interval from ten hours to two 
and a half  days before a seismic event. The 

analysis of  behavior of  dependences L(n) 
showed that the number of  precursors in 
the considered time interval of  the order 
of  several days before an earthquake 
increases in proportion to the duration 
of  the time interval preceding the seismic 
event.

5. DISCUSSION AND 
CONCLUSIONS
As a result of  the analysis of  processing 
measurements of  the geomagnetic field, 
we come to the following conclusions:
1. For each channel, at least one of  its 

boundaries passes through a critical 
point belonging to the boundary 
of  another channel. This property 
indicates the mutual influence of  
seismic processes at the stage of  
"final preparation" of  an approaching 
earthquake.

2. A seismic event is preceded by critical 
points associated with the synchronous 
or very close in time occurrence of  
three precursors, defined as the points 
of  the last testing of  the corresponding 
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Table
Time interval values TX,i, TY,i и TZ,i.

i TX,, min TY,i, min TZ,i, min
1 4451 1896 1820
2 2565 682 1820
3 2104 682 1820
4 1743 682
5 1569 548
6 213 24

Fig. 4. Dependence L(n) corresponding to the Z-component of  the geomagnetic field.
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channels. This can be interpreted as 
the simultaneous occurrence of  three 
or more processes associated with the 
"final preparation" of  the approaching 
earthquake.

3. In all presented cases, linear structures 
of  the functional L(n) pass through 
the point of  its deepest minimum. 
This effect is quite consistent with 
the theoretical assumption that the 
specified minimum corresponds to the 
moment of  the greatest compression 
of  the lithospheric plates. Such 
compression with a high probability 
can lead to the occurrence of  processes 
of  destruction of  the most weakened 
blocks of  the earth's crust, which are 
accompanied by the formation of  
sliding boundaries and channels of  the 
statistical functional.

4. As follows from the table, seven out of  
15 recorded precursors are located in a 
relatively narrow interval from 30 to 35 
hours before the earthquake, and the 
same number of  precursors are located 
in a time interval of  about 11 hours 
before this event, which confirms 
the relationship between the ongoing 
processes and the reliability of  the 
methodology used.

Thus, we come to the conclusion that 
the set of  the analyzed properties of  
the statistical functional L(n) can be an 
indicator of  the approaching moment of  
an earthquake, accompanied by a tsunami. 
It should be noted that the use of  the 
statistical technique allows not only to fix 
the set of  precursors of  the approach of  
the seismic event, but also to identify time 
points at which extremely high levels of  
seismic compression of  lithospheric plates 

in the earthquake preparation zone are 
achieved with a high probability.
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Abstract: This paper gives a physical justification for the wettability conditions for the limited area 
crystal surface by a small-volume  catalyst droplet at the end of  the growing nanowires (NW) 
characterized by a contact angle β, shown that under the stationary conditions NW's growth with 
a singular facet, there are the only values of  the angles β and γ (the inclination angle of  the crystal 
side surface to this facet), which correspond to the minimum increment of  the free energy three-
phase system αLVcosβ + αSL = αSVcosγ and defines the catalyst droplet's steadiness at the NW's 
top. With the cylindrical NWs growth, the conditions of  indifferent equilibrium are realized at the 
drop wetting perimeter. A drop, due to the dissolution of  a crystallizing substance or its separation 
from a liquid solution, can take an equilibrium shape with a contact angle β that does not satisfy 
the equilibrium contact angle condition θ in the Young equation. A concentric fracture (rib) at the 
NW top should increase the observed wetting angle θ and lead to contact angle hysteresis. The 
defined restrictions imposed on the contact angle value of  a stable catalyst drop at the NW’s top. 
The catalyst drop will take an equilibrium shape if  the hysteresis angle β is in the range θ < β ≤ θ' + 
γ  (θ' is the wetting angle of  the NW side walls). For the growth of  semiconductor NWs in the form 
of  a straight cylinder, γ = 900 and therefore always β > 90°. Shown that the direction of  the three-
phase line displacement  relative to the droplet surface is determined by the growth angle φ0: for the 
nonwetting growth mode of  NWs (with a cross facet) φ0 = β – γ; for the wetting growth mode (with 
an end curved surface near the three-phase line) 2 2 2
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1. INTRODUCTION
Semiconductor nanowires (NWs) of  
materials such as Si, Ge, GaAs, InSb, 
GaP, InAs, etc., are a perspective crystal 
basis for an element base creation of  
new generation radio-electronic devices: 
broadband nanoantennas of  the optical 
range, highly sensitive nanosensors, 
efficient thermoelectric nanogenerators, 
microminiature frequency mixers and phase 
detectors, operating in the range up to 100 
MHz at 300 K, and others [1,2]. The most 
widespread method NWs growing vapor-
liquid-solid (VLS), in which is used a nano-
sized droplets of  metals in liquid-phase 
as a catalyst for effective collection and 
decomposition of  precursors [3-5].

In the process of  VLS growth, the 
NWs have a lateral crystal surface which is 
formed without contact with the walls of  
a crucible or container, such as in many 
other crystallization methods, which allows 
providing a high structural perfection of  
the grown crystals, rule out the appearance 
dislocations and the emergence of  
mechanical stresses. At the same time, the 
NW’s morphology and transverse sizes are 
determined by the shape and volume drops 
of  catalyst on the top of  a growing crystal, 
also the formation conditions of  the curved 
surface of  a catalyst drop near the triple 
phase boundary vapor, liquid, crystal, and 
strongly depend on the parameters' growth 
process. Along with the surface energy, a 
key parameter, characterizing the meniscus 
of  the liquid phase on the NW’s top is the 
contact angle β, defined between the tangent 
to the surface liquid at a point on the three 
phases conjugation line and the end facet of  
NWs. The form of  crystalline phase (zinc 
blende (ZB) or wurtzite (WZ) for nanowires 
АIIIВV) depends on the value of  the 
contact angle, spatial direction of  growth, 

crystallographic orientation (usually <111> 
for Si and Ge NWs), edge polarity (111)A 
or ( 111 )B GaAs NWs, etc. [6-8].

The contact angle is a controlled 
technological parameter, which makes the 
possibility to ensure stable repetition of  crystals 
growth with a needed structure and specified 
electrical characteristics. However, regarding 
the contact angle of  the catalyst drop, there 
is a misunderstanding and confusion in the 
literature of  the NWs growth [9-13]. So, despite 
the fact that the equation αSL = –αLVcosβ, where 
αLV and αSL are specific free surface energy 
of  interfaces liquid/vapor and crystal/liquid 
respectively [9], is determining the droplet 
equilibrium condition on the cylindrical NW's 
top, which wide applied and used, Recently was 
written a number of  international works which 
is considering the doubts about indicated 
expressions and estimates of  the angle β, 
determined by this equation [10,11,13-15]. In 
most of  these works, the droplet contact angle 
at the NW’s top is analyzed based on Young's 
equation for wetting liquid of  an extended solid 
surface [10-12]. However, the problem is that 
the contact angle of  the catalyst drops on top 
cylindrical NW is always greater than 90° and 
does not satisfy the contact angle condition 
θ in Young's equation [16]. Important works 
were published important work regarding a 
role of  crystal edges [11,12,14,15,17,18] and 
the influence of  droplet volume to the contact 
angle [19,20]. In works [11,12] is stated that, 
to describe the equilibrium wetting condition a 
catalyst drop of  the end surface of  a cylindrical 
crystal which limited by a three-phase line 
(TL), Young's equation cannot be satisfied, 
since it includes the specific free surface 
energy of  crystalline phase αSV, characterizing 
the extended surface of  the solid body. Thus, 
the authors of  [14] believe that in some cases, 
the equilibrium angle predicted by Young's 
equation can performed only at certain points 

NANOELECTRONICSVALERY A. NEBOL'SIN, VLADIMIR A. YURIEV, 
NADA SWAIKAT, VALERIA V. KORNEEVA



383

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4

on TL. However, according to these authors, 
such considerations do not mean that a drop 
is in balance. As a result, hastily is that no 
conclusions about the quantities specific free 
surface energy interfaces based on contact 
angle drops of  catalyst on top of  the NW 
cannot be obtained [11,15].

Considering the fundamental angle value of  
the catalyst drop contact for controlled growth 
and physical properties of  NWs, the goal of  
this work is the physical substantiation of  
wettability conditions crystalline surface limited 
area with a small volume liquid on the NWs 
top and resolution of  the misunderstanding 
problem of  equilibrium conditions for a 
catalyst drop with an angle contact on the end 
face of  the crystal.

2. MATERIALS AND METHODS
Si and SiхGe1-х NWs were grown in an 
oven term concept (GNA, USA) by the 
crystallization method from the gas phase 
in the hydrogen chloride process using Ni 
and Au particles as catalysts from 200 nm. 
Temperature range of  NW growth was 1273-
1373 K. Used for growing NW H2 was purified 
by modern methods and had a dew point of  
215 K mixture H2 and SiCl4 (SiCl4+ GeCl4) was 
prepared in standard liquid sources bubbling 
type mole ratio components МSiCl4/МH2 (МSiCl4 
+ GeCl4/МH2) was maintained in the range 
from 0.005 to 0.01. Growth substrates were 
polished monocrystalline silicon wafers brand 
KEF-20(111).ETO.0.035.TU.400±20 µm with 
orientation {111}. NWs Growth Rate was 
determined by the "time marks" method [2]. 
For reproducible results and exclusion of  the 
influence of  NWs on each other it is important 
that the crystals are isolated, those located on 
the substrate at a sufficient distance (~1 µm). 
Dependence on NW length Si and Ge on the 
process temperature in the range from 773 K 
to 1273 K crystals on the VAK-501 installation 
(Evatec, Switzerland) by molecular beam 

epitaxy (MBE). Grown NWs were studied 
by transmission methods (TEM) 100-BR 
(Ukraine)) and raster electronic microscopy 
JSM-6380LV (JEOL, Japan), whose resolution 
is less than 1-2 nm, which is sufficient to 
determine the NW growth rate with the 
required accuracy.

Information about the growth parameters 
of  Si NWs, Ge, GaAs, etc. were also analyzed 
according to literary sources.

3. RESULTS AND DISCUSSION
Observations of  the growth of  Si, Ge and 
SiхGe1-х NWs, having a circular cross section 
show that drops of  M(metal)-Si, M-Ge and 
M-SiхGe1-х do not descend on the side surface 
of  the NWs,and wets the vertex flat face 
{111}. Drop M-catalyst on the NWs top is 
a truncated spherical segment of  an almost 
perfect spherical shapes (Fig. 1a,b). In this 
case, the contact angle value on the face {111} 
Si, Ge, and SiхGe1-х NWs always exceeds 
90°. The NW crystallization front, as a rule, 
represented by a crystallographic face family 
{111}. With good wettability crystal surface 
catalyst (in systems AuAl-Si, AuGa-Si, Au-
Ge, Au-Si, etc.) front crystallization is curved. 
On Fig. 2 shown TEM images vertices of  Si 
NWs obtained in [22]. Under conditions of  
stationary growth of  NWs semiconductors, a 
certain interface area ratio drops of  SSL and 
SLV catalyst, consequently, constant ratio 
of  the crystal radius and droplet radius r/R 
(Fig. 1a,b). Specified the ratios are obviously 
geometrically related to the contact angle 

NANOSYSTEMS ON THE STABILITY OF CATALYST DROPS AT THE VAPOR-LIQUID-
SOLID CONTACT DURING THE GROWTH OF NANOWIRES

Fig. 1. TEM images of  GaAs NW vertices with structure 
ZB (a) and WZ (b) and a singular end face [21]. Scale bars 

5 nm.

                  a                                        b
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of  the catalyst drop β on the NW’s top. In a 
real system, it is difficult to eliminate random 
variations of  crystallization conditions. 
Therefore, random breaks and fragmentation 
of  catalyst drops, leading to NW branching 
(Fig. 3a), bends crystals (Fig. 3b), movement 
of  catalyst droplets on the side walls of  the 
crystal (Fig. 3c).
3.1. solid body wettinG with a liquid 
droplet 
It is known [23] that for all possible variations 
catalyst drop shape during growth NWs under 
conditions of  constant temperature, mass and 
volume of  phases free energy of  the system 

liquid-vapor-solid F must remain constant 
value (minimum for stable equilibrium), i.e. δF 
= 0. B hydrostatic approximation equilibrium 
the shape of  the surface of  the liquid drop 
at the top NW is described by the capillary 
equation Laplace [24]

1 2

1 1 ,
( ) ( )L gw const

R A R A
α ρ

 
+ + = 

 
 (1)

where R1(A) and R2(A) – principal radii of  
curvature liquid/vapor interface element ds 
in point A on it, ρ  is the density of  the 
liquid phase, g is the free fall acceleration, 
w is the height of  the surface element above 
selected level. Radius R1(A) > 0 and R2(A) 
> 0 if  positive direction normal n to the 
curve on the drop surface goes inside the 
liquid, and R1(A) < 0 and R2(A) < 0 if  – 
from liquid. The w axis is directed vertically 
up. The value of  const depends on the 
choice of  start reference coordinate w and is 
equal to the pressure, under which contains 
a drop of  catalyst in plane w = 0. When the 
origin coordinates w coincides with a flat 
surface liquids on a flat crystallization front, 
then const = 0.

The distribution of  the liquid is a peculiar 
mechanism of  its creeping onto hard surface. 
Considering it, it's easy to understand that if  
the drop is on the surface solid body, then 
a complete change in the free energy of  the 
system is expressed as [25]
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                              a                                                    b                                                        c
Fig. 3. Uncontrolled PFA growth: (a) NWC SixGe1-x with droplet rupture and crystal branching, (b) Si NWs with bends, 

(c) InAs NWs with droplet migration to the side walls [11]. Scale bars 100 nm.

Fig. 2. TEM images of  Si NW vertices with particles 
AuAl-Si (a, b), AuGa-Si (c, d) and curved near TL by the 

crystallization front [22].
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1 2

1 1
( ) ( )

0,

LV
s

IJ
l

F gw ds n
R A R A

t dl

δ α ρ δ

α δ

  
= + + ⋅ +  

  

+ ⋅ =

∫

∑∫
 (2)

Δn, is the normal component of  displacement 
liquid/vapor interface element ds, dl is the length 
element of  the wetting perimeter, δt is shift of  
this element along the surface of  a solid body 
(along the normal to the perimeter element), 
αIJ – specific free surface energy individual 
parts of  the liquid surface I, in contact with 
phases J (solid/vapor (SV), liquid/vapor (LV) 
and solid/liquid (SL)). As applied to a drop of  
catalyst on top of  the NW, the first term in (2) 
reflect the changes in the free energy of  a three-
phase systems with variations in the droplet 
shape, and the second the term represents the 
change free energy of  the system for possible 
the movement of  a drop along an extended 
horizontal surface of  the crystal.

Given the independence of  ds and dl 
changes, for δF to be equal to zero, the equality 
zero of  both integrands in (2)

1 2

1 1 0,LV gw
R R

α ρ
 

+ + = 
 

 (3)

cos 0.SV SL LVα α α θ− − =  (4)
Equation (3) describes the effect of  

curvature surface and gravity to the equilibrium 
liquid form. Here the condition for complete 
equilibrium (2) is not satisfied. For nanoscale 
liquid-phase drops of  the M-catalyst by the 
influence gravity can be neglected ( 0).gwρ =

Then (3) the first term will only reflect the 
effect of  surface curvature (dispersion) of  a 
small-volume liquid on the internal pressure. 
The first term in (3) should be true when, for 
example, the equilibrium drop of  the catalyst is 
at top of  a cylindrical or prismatic NWs with 
vertical walls. In the absence of  gravity and at 
a constant droplet volume liquid (V = const), 
equation (3) can be write as min minIJ IJ

IJ
Sα =∑  

(Gibbs-Curie principle), SIJ is the area of  
individual parts of  liquid surfaces in contact 
with other phases, and the summation is 
carried out over the entire surface of  the drop.

Expression (4) characterizes the equilibrium 
drops on the wetting perimeter, described 
Young's equation. This expression is true when 
a drop is located on an extended flat surface 
of  a solid body (substrate). The complete 
equilibrium condition (2) is also is not satisfied, 
since ds depends on δt, and, therefore, the first 
term depends on specific free surface energy 
solid/vapor interface αSV, which increases 
wetting perimeter. In this case, free Gibbs 
surface energy  min.IJ IJ

IJ
Sα ≠∑

3.2. the equilibrium droplet at the nws 
top with a sinGular cross facet

Let us now consider point A on the dividing 
line of  three phases adjacent to the transverse 
singular {111} faces of  the NW crystallization 
front (Fig. 4a,b). In this case, the catalyst drop 
dosen’t wet the side surface of  the crystal. 
Crystallization on the {111} face occurs 

NANOSYSTEMS ON THE STABILITY OF CATALYST DROPS AT THE VAPOR-LIQUID-
SOLID CONTACT DURING THE GROWTH OF NANOWIRES

                   a                                              b                                                         c
Fig. 4. Conjugation scheme of  three phases at the top of  conical (0 < γ < 90°) (a), cylindrical (γ = 90°) (b) NW and on 

the substrate (γ = 0) (c). 
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via nucleation and growth in the tangential 
direction of  steps of  monoatomic height h. Let 
the steps be generated or absorbed TL in such 
a way that the emergent of  the side surface of  
the NW at point A is inclined to the horizontal, 
i.e. to the singular face {111}, at an angle γ (Fig. 
4a). Then, when varying the drop height single 
crystal layer h crystal lengthens by lS = h/sinγ, 
{111} face of  the front crystallization is grow 
down by lSL = lScosγ, and the surface of  the 
drop is reduced by  lL = lScos(β–γ).

Change in free energy FS, associated with a 
change in the areas of  three adjacent surfaces 
when the TL is displaced from point A to 
point B will be [26]

( )2  ,S S S SL SL L LF r l l lπ α α α= − −  (5)
or per unit length TL

( )cos cos .
sinS S SL L

hF α α γ α β γ
γ

= − − −    (6)

In expression (5), through 2πrl (l with 
indices S, L, SL) marked by the area increment 
phase boundaries crystal/vapor S, liquid/
vapor L and solid/liquid SL, respectively. Sign 
"–" before the second and third terms in (6) 
means when TL is displaced from the point 
A to point B corresponding surface decreases.

Further, to simplify in expression (6) denote  
α = FS/h. Then the change in specific free 
surface energy ∆α three-phase system when 
absorbing a step (calculated per unit of  length 
TL and per one the absorbed step with height 
h) can be written as

.SLα α α∆ = −  (7)
It consists of  a term – αSL (disappearance 

steps) and the term α associated with the 
change areas of  all three adjacent surfaces 
[26]. If  ∆α < 0, then single-crystal steps can be 
absorbed (generated) by the line separation of  
three phases, forming a side surface NWs at an 
angle γ. This is possible if  φ0 < θ, where φ0 – 
corner inclination of  the segmental surface of  
the drop to the displacement direction of  the 

line of  three phases. Then the drop will move 
at an angle, sliding down along the step of  the 
formed crystalline layer, reducing the area of  its 
wetting. Drop wetting perimeter will decrease. 
With such a displacement of  the drop changes 
the location of  all three adjacent surfaces near 
TL, as a result of  which is the increase in the 
angle of  inclination of  the segmental surface 
of  the catalyst drop at point A on the wetting 
perimeter to the NW growth axis φ, and, 
respectively, φ0 to equilibrium θ values.

To fix the condition ∆α < 0, the angle 
contraction (expansion) NW γ must correspond 
to minimum free energy of  three-phase system 
after the absorption of  the monolayer by the 
height h, i.e. meet the minimum value α. The 
minimum value α = αmin is reached, when for all 
possible variations of  the form liquid surface 
(while maintaining its volume) free energy FS 
remains constant value (minimum for stable 
equilibrium), i.e. at dFS/dγ = 0.

Differentiating (6) to the angle γ and equating 
zero derivative, we obtain the condition where 
the minimum FS(γ) is reached

cos cos .LV SL SVα β α α γ+ =  (8)
Expression (8) is mechanical balance of  

forces corresponding to free surface energies 
of  three phases in point A on the wetting 
perimeter. Equation (8) obtained under the 
assumption that it is not taken into account free 
surface anisotropy energies of  lateral i-faces of  
NWs 0 ,

i
S

i

α
γ

 ∂
= ∂ 

∑  the contribution of  the linear 
tension is neglected, and the volume of  the 
catalyst droplet VL in the process NW growth 
remains constant (dVL = 0), that it must be done 
the requirement for absolute rigidity of  a solid 
body and its insolubility in liquid. Condition 
constant volume of  liquid catalyst drop and 
insolubility in it crystallized material can be 
admitted if  we consider stationary process of  
NW growth at Т = const in the absence of  
chemical carryover and physical evaporation 
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of  the material of  the liquid phase, as well as 
not take into account the loss of  metal due to 
dissolution in solid state and surface diffusion.

From expression (8) it follows that in each 
time point of  NW growth with a transverse 
singular face, there are only the values of  
the angles γ and β, i.e. actually implemented 
such an angle of  contraction (expansion) of  
the crystal γ and such a drop contact angle β 
that correspond to the minimum increment 
free energy of  a three-phase system after 
absorption monolayer height h

cosarccos .LV SL

SV

α β αγ
α

 +
=  

 
 (9)

Thus, for constant values specific free 
energy of  boundaries phase separation αSV, 
αLV and αSL and when performing above 
requirements contact angle γ is nonlinearly 
related to the angle β (Table 1). Offset direction 
TL relative to the surface of  the drop at point 
A on the dividing line of  three phases adjacent 
to transverse singular face {111} of  the front 
crystallization, will be determined by the angle 
φ0 = β – γ, which we will call the growth angle 
(crystallization) NW, which, in turn, can be 
found from the expression

0
cosarccos .LV SL

SV

α β αϕ β
α

 +
= −  

 
 (10)

It must be said that the growth angle φ0 
(10) should not be confused with contact 
angle θ. Corner wetting characterizes partial 
equilibrium relative to the movement of  a 
liquid through a solid body and, in contrast to 
φ0, not directly associated with the process of  
crystal growth. As the angle β increases in the 
interval 0 ≤ β ≤ 1800, the angle γ also increases. 

For γ = 0 in according to (8) and (9), we obtain 
the condition equilibrium of  a drop lying on a 
horizontal extended surface (Fig. 4c)

cos ,LV SL SVα β α α+ =  (11)
those, known Young equation for mechanical 
equilibrium of  a drop on a flat surface (at β = 
θ). Displacement of  TL from the equilibrium 
position here can only be carried out at an angle 
θ horizontally along an extended solid surfaces.

At γ = 90°, from (8) follows the growth 
condition cylindrical NWs of  constant 
diameter (see expression (2) for g = 0 and VL 
= const) [6]

cos sin .SL LV LVα α β α ϕ= − =  (12)
Expression (12) reflects the equilibrium 

form drops of  catalyst on top of  a growing 
NWs in a state of  indifferent equilibrium on 
the wetting perimeter. Through the dissolution 
crystallizable substance or its excretion from a 
liquid solution of  a drop of  M-catalyst on at 
the top of  the NWs, the wetting perimeter of  
the drop is not fixed, and the latter can take 
balanced form.

From (12) it follows that under conditions 
of  indifferent equilibrium on the wetting 
perimeter on a round contour at the point 
of  contact with the NW end face A the drop 
must form a fixed equilibrium angle β = const 
(or φ = const) with the surface of  the crystal. 
Therefore, than the larger the droplet radius R, 
the larger should be the radius r of  the NW:

2
2 21 1 sin 1 cos .SL

L

r
R

α ϕ β
α

 
= − = − = − 

 
 (13)

Thus, the equilibrium form drops on 
top of  the NWs is the result of  aspirations 
of  her free superficial energy to a minimum 
and directly related with its liquid-phase state 
of  aggregation. Here the shape of  the drop 
reaches a stable equilibrium, which ensures self-
stabilization of  dimensions and cross-sectional 
shapes of  NWs in the process growth.

NANOSYSTEMS ON THE STABILITY OF CATALYST DROPS AT THE VAPOR-LIQUID-
SOLID CONTACT DURING THE GROWTH OF NANOWIRES

Table 1
Calculated values of the angle γ depending on the 

angle β for the Au–Si system for αSV{111} = 1.23 J/m2 
and αLV = 0.91 J/m2

β, degree 90 100 110 120 130 140 150 160 170 180

θ, degree - - 0 32 45 54 61 66 68 69
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According to equation (13), the condition 
minimum free surface energy of  an equilibrium 
drop at the top NWs is proportionality specific 
free surface energy segments of  liquid/vapor 
interfaces and liquid/solid their distances up to 
drop center. The more free energy section of  
the interphase boundary, the farther it located 
from the center of  the drop and the smallerit 
has a surface.

If  a three-phase system due to kinetic 
limits cannot be reached or maintained the 
only values of  the equilibrium angles γ and β 
defined by expression (9), then for ensure the 
indifferent balance of  the drop at the top of  
the NW, the contact angle β must meet the 
following conditions

cos cos  
.

cos( ) cos '
LV LV

LV LV

α β α θ
α β δ α θ

≤
 − ≥

 (14)

Passing from cosines, directly, to corners, 
we have

'θ β θ γ≤ ≤ +  при γ > 0                                                        (15)
or

'θ γ β γ θ− ≤ − ≤  при γ < 90°.                         (16)
Similarly, for γ = 90° and β – 90° = φ we 

have
090 'θ ϕ θ− ≤ ≤  (17)

or
090 .θ ϕ≤ +  (18)

The first non-strict inequality in (14) 
determines the boundary condition under 
which the drop cannot slide along the transverse 
singular face, increasing the perimeter wetting 
and decreasing the contact angle. The second 
inequality (14) specifies the condition at which 
the drop cannot fall on lateral surface of  the 
NW. In this way, for the equilibrium position 
of  the drop at θ < 90° and γ > 0 contact 
angle β must be in the interval from θ to θ' 
+ γ. Therefore, on singular extended substrate, 
when γ = 0, the equilibrium angle β is fixed: β 
= θ or β = θ', depending on the orientation. 

Within the limits specified in inequalities 
(14) - (18) the range of  angle change β drop 
can maintain an indifferent balance wetting 
perimeter. This combination phases in practice 
gives a continuous range contact angle values. 
Theoretically, in according to contact angle 
hysteresis maximum contact angle β = βA (βA 
= θ' +γ) is called the leakage angle, and the 
minimum wetting angle β = βR – receding 
angle. For example, for the data in Table 1 θ 
= 35° and βA = 125°. Next, we explain the 
occurrence droplet wetting hysteresis at the 
top NWs.

Let a drop of  liquid catalyst spreads 
spontaneously crystal surface, which is the 
vertex face of  the NW {111}, in the x direction 
(Fig. 5). Free surface energy of  a three-phase 
system FS in this process should decrease: dFS/
dx < 0. In this case, will continuously decrease 
and droplet contact angle β = f(x)·(dβ/dx < 
0). For smooth face {111} this condition is 
satisfied all the way. Let now on a smooth 
surface face has a concentric fracture (edge) 
in the form of  a circle. Tilt angle the outer 
edge of  the fracture to the horizon can be 
arbitrary, but in the case of  growth of  NWs 
of  constant diameter it is 90°. At the presence 
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Fig. 5. Stopping the contour of  a spreading drop atconcentric 
break AN (edge) on the end face {111} NWs.
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of  a fracture on the periphery of  the end 
faces {111} for droplet spreading situation is 
complicated, since when fluid flows behind 
fracture increases its surface area stronger 
than when moving the TL along a smooth 
surface along the x direction (dotted line in 
Fig. 5). The power of  the surface tension acts 
in relation to new direction of  spreading AN 
under angle (β – γ). Fracture resistance can 
be overcome by a drop only on condition 
that the angle formed by the surface liquid 
and the outer surface of  the fracture (NW 
side surface) (β – γ), more contact angle θ 
between the drop surface liquid and smooth 
solid surface. Using equation (12), one can 
find overflow condition: β > (θ' + γ). For β < 
(θ'+ γ) the break at the top of  the NW is an 
insurmountable barrier to cross TL can only 
under external influences (e.g. vibrations) or 
rather strong energy fluctuations near TL. 
From here, the contact angle of  leakage on 
side surface of  NWs: βA = θ' + γ.

Under conditions where β > (θ' + γ), the 
drop falls on the side walls of  the NW. Sank at 
this wetting perimeter provides the possibility 
of  growth expanding to top of  the crystal. As 
a result of  growth expanding crystal contact 
angle side surface will decrease and, in the 
limit, reaches the receding angle on the side 
face βR = θ – γ. As a result, TL is inevitable 
should rise to the edge (break) of  the crystal. 
For γ = 90°, this edge is line of  intersection of  
the transverse singular NW faces with a set of  
faces crystallographic belt having axes, parallel 
to the NW axis.

However, if  the contact angle θ' of  the drop 
catalyst saturated with crystallizable substance 
exceeds 90°, then at γ = 90° the drop is unable 
to land on side surface of  NWs, because in this 
case β = βA > 180°. This means the absence 
contact of  the catalyst drop with the crystal.

Thus, a concentric fracture on top of  the 
NW should increase the observed contact angle 

(during leakage), which is noted in experience. 
Available at the top of  the NWs hysteresis 
of  the contact angle appears or wettability 
hysteresis.

It must be said that the occurrence during 
the growth of  NWs significant temperature 
gradients, significant fluctuations in the flows 
of  crystallized substances, concentration 
disturbances can remove the drop at the top of  
the NW from the state indifferent equilibrium 
(14) and lead to irreversible consequences 
(fragmentation drops and branching NNK, 
creeping drops on the lateral surface of  the 
crystal, bends and changes in spatial direction 
of  growth, sharp jumps in diameter and others 
(Fig. 3)).
3.3. the equilibrium droplet at the nws 
top with an end curved surface

Equilibrium on the wetting perimeter  drops 
of  catalyst can be obtained by growing NWs 
with a curved near TL end surface (Fig. 2). If  
for NW with a curved end surface write down 
the components of  the projections of  force 
vectors, corresponding free surface energies 
of  the interfaces αSV, αLV and αSL in point A 
on the TL to the continuation direction the 
existing side surface of  the NWC, and also in 
a direction perpendicular to it, in form of  a 
system of  equations and express the angle φ0 
in explicitly, we get the expression

2 2 2

0 arccos .
2

SV LV SL

SV LV

α α αϕ
α α

 + −
=  

 
 (19)

Expression (19) characterizes the growth 
angle (crystallization) NW φ0 in full balance of  
forces on the wetting perimeter (Fig. 6). This 
state of  steady equilibrium can only be realized 
when good wettability of  the crystalline surface 
with a drop of  catalyst (θ < 90°). For the values 
of  the Au–Si system αSV{110} = 1.50 J/m2, αLV 
= 0.91 J/m2 and αSL = 0.75 J/m2 [4,9] from 
expression (19) we obtain the value growth 
(crystallization) angle of  NWs φ0 = 23.5°.

NANOSYSTEMS



390

No. 4 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

4. CONCLUSION
The physical substantiation of  the conditions 
is given wettability of  the crystal surface limited 
catalytic area liquid of  small volume at the end 
of  the growing  NWs characterized by contact 
angle β, which contributes to fundamental 
understanding of  nature contact angle of  
catalyst droplets on top NWs.

It is shown that under stationary conditions 
growth of  NWs with a transverse singular face 
there are unique values of  the angles β and γ, 
which correspond to the minimum increment 
free energy of  a three-phase system αLVcosβ + 
αSL = αSVcosγ and determine the drop stability 
catalyst at the top of  the NW.

It has been shown that due to the dissolution 
crystallizable substance or its excretion from 
a liquid solution, a drop of  catalyst can take 
shape at the top NWs with an angle β that does 
not satisfy contact angle condition θ in Young's 
equation.

The restrictions imposed on the angle β 
of  a stable catalyst drop with the growth of  
NWs. It has been shown that the concentric 
a break (rib) at the top of  the NW should 
increase the observed contact angle θ. 
Therefore, in conditions of  indifferent 
equilibrium on wetting perimeter, a drop of  

catalyst will be take shape at the top NWs, 
if  the hysteresis angle β is in range θ < β ≤ 
θ' + γ or θ – γ < φ ≤ θ' at γ > 0. Outside 
this range, the equilibrium is violated, and 
the drop is displaced along the end face or 
side surface of  the crystal up to positions 
where Young's equation is valid. For the 
growth of  NWs of  semiconductors in the 
form straight cylinder γ = 90° and therefore 
always β >90° and φ > 0°.

It is shown that the total thermodynamic 
equilibrium on the wetting perimeter drops 
of  catalyst can be achieved at growing NWs 
with a curved near TL end surface. Direction 
displacement of  the three-phase line relative 
to droplet surface is determined by the growth 
angle φ0: for the growth of  NWs with a 
transverse face φ0 = β – γ; for the growth of  
NWs with a curved near three-phase line end 
face 2 2 2

0 arccos(( ) / 2 ).SV LV SL SV LVϕ α α α α α= + −

The results obtained contribute 
fundamental understanding of  nature 
contact angle of  catalyst droplets on top 
NWs and expanding our vision on the 
wetting of  solids by liquids. They are can 
be used both for processes synthesis of  
NWs, opening up ways to control stable 
equilibrium of  a catalyst drop, and for a wide 
class of  other physical phenomena in which 
contact is made liquid metal or alloy with 
a surface more refractory material: welding 
and soldering contact pins of  microcircuits, 
processes sintering in powder metallurgy, 
impregnation porous framework of  liquid 
metal binding in the creation of  ceramic 
materials, crystal growth by Verneuil and 
zone recrystallization and others.
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1. INTRODUCTION
Many areas of  microbiology, ecology and 
medicine require measurements to assess 
the level of  metabolism of  living cells or 
the dynamics of  its changes present in the 
investigated samples. There are various 
research tasks that require an answer to 
the question, are microorganisms present 
in the samples or are these samples sterile? 
Examples of  such tasks include the study of  
samples taken in extreme natural zones of  
the Earth (Antarctic Lake Vostok), or when it 
is necessary to accurately determine whether 
the causative agent of  the disease has been 
eliminated, or the task of  detecting and 
identifying pathogenic bacteria and viruses, 
including in samples from other planets (Mars 
soil research project), and others similar to 
those. An exact and exhaustive answer to 
the question of  whether the tested sample is 
sterile or not is very difficult, since in some 
cases the concentration of  biological objects 
can be low. More often, a fairly accurate 
assessment of  the types and abundance of  
biological objects, an assessment of  the level 
of  their metabolic activity is required.

At present, various methods for obtaining 
such information are widely used, from 
classical microbiological and biochemical 
methods to molecular genetics and 
metagenomics methods. However, some of  
them require considerable time to obtain a 
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reliable result, others are characterized by the 
high cost of  the necessary reagents. Previously, 
an innovative method DBNG (detection of  
biogenic nanoparticles generation/growth) 
was proposed to quickly detect the presence 
of  living cells in samples, as well as to assess 
the integral level of  metabolic activity of  
biological objects. This approach is based 
on the natural ability of  living cells to form 
metal nanoparticles from sources of  cations 
artificially introduced into the samples, while 
in the presence of  inactive cells or in sterile 
samples, the generation of  nanoparticles 
does not occur [1].

Nowadays, commercial productions 
of  nanoparticles for practical applications 
in medicine and biological research are 
produced de novo (from the very beginning) 
by chemical reduction of  cations in reaction 
with molecules or molecular groups that 
have reducing properties (electron donors). 
To date, methods have been developed quite 
well that allow one to effectively and with a 
high yield obtain monodisperse preparations 
of  metal nanoparticles with specified sizes, 
properties, and certain stabilizing coatings, 
which are necessary for use. Such progress 
would not have been possible without 
the development of  the measurement 
and analytical capabilities of  scientific 
instrumentation, without expanding the 
possibilities of  statistical processing of  the 
results obtained.
1.1. modern concepts on the de 
novo Generation of bioGenic metal 
nanoparticles

Biological objects in natural habitats are 
constantly encountered with certain cations. 
Some of  them are necessary for the normal 
functioning of  the enzyme systems of  
cell metabolism. At the same time, excess 

concentrations of  most cations are toxic. 
Metabolically active cells have a natural 
ability to reduction of  cations, which allows 
being transferred to a solid non-toxic state 
by generation metal nanoparticles [2]. Thus, 
cation detoxification is one of  the main 
protective reactions for the survival of  
microbial cells from the very first years of  
their habitat in the environment on Earth.

It is important to emphasize that the de 
novo generated nanoparticles create a new 
solid nanocrystalline phase in the reaction 
mixture. The appearance in cell suspensions 
(i.e. among amorphous structures in the 
liquid phase) of  a new crystalline phase can be 
detected with high accuracy by many physical 
methods. It is this phase transition that we 
propose to use for the detection of  biological 
objects. Using many biological model objects, 
we have shown that metabolically active 
cells are able to very quickly generate de novo 
metal nanoparticles from salt solutions as 
sources of  cations artificially introduced into 
samples, while in the presence of  inactive 
cells or in sterile samples, the formation of  
nanoparticles does not occur.

The fundamental natural ability of  living 
cells to protect their metabolic activity from 
the toxic effects of  cations (Men+) is realized 
by reducing cations to the zero-valent state 
(Me0). The absence of  a charge on the 
reduced atoms triggers the process of  their 
agglutination, which leads to the formation 
of  insoluble, much less toxic nanoclusters 
(Me0NCs). Primary clusters with a small 
number of  atoms can partially retain their 
charge, since they can include atoms of  both 
types (Men+ and Me0) [3,4]. In this case, if  
electron donors are constantly present in the 
reaction mixture, the proportion of  cations 
in nanoclusters proportionally decreases. 
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Continued agglutination of  less and less 
charged nanoclusters leads to the generation 
of  larger and larger crystalline structures 
called metal nanoparticles (Me0NPs) (Fig. 1).

When developing the proposed approach, 
we took into account the observed significant 
differences in the parameters and properties 
of  nanoparticles generated in cultures of  
different microorganisms, in cultures of  
different ages or the physiological state 
of  their cells, differing in the chemical 
composition of  surface cell biopolymers, as 
well as in cases of  different compositions of  
growth media and reaction conditions [5,6,7]. 
It should be noted that during the generation 
of  nanoparticles, active cells can secrete 
various organic compounds – stabilizers that 
interfere with the process of  self-assembly 
of  larger nanocrystalline structures [1,8,9] 
(see also Fig. 13).

In the last twenty years, metal nanoparticles 
have attracted increased attention due to 
their unique optical properties due to the 
phenomenon of  surface plasmon resonance. 
It should also be noted that preparations of  
metal nanoparticles have a highly developed 
surface, high capacitance of  the electric 
double layer, and high catalytic activity 
[10]. Due to these specific properties of  
nanosized crystals, the dynamics of  their 
generation can be reliably recorded using 
many high-precision analytical methods. 
Along with spectroscopy in the UV and 
visible range (UV–vis absorption), which 

is common for biological studies, this can 
be X-ray fluorescence (RFS), as well as 
electronic (transmission electron microscopy 
TEM) and scanning electron microscopy 
(field emission scanning electron microscopy 
FESEM). To study metal nanoparticles, it 
is possible to carry out surface enhanced 
Raman scattering spectroscopy (surface 
enhanced Raman scattering SERS), 
registration of  the distribution of  linear sizes 
of  nanoparticles (particle size distribution 
PSD), dynamic light scattering (DLS), 
X-ray angular scattering (X-ray powder 
diffraction XRD), thin layer chromatography 
(TLC) and others [3,11,12]. It should be 
emphasized that it is the crystal structure of  
nanoparticles that makes it possible to use 
most of  the above methods for recording 
the parameters of  generated de novo biogenic 
nanoparticles directly against the background 
of  the presence of  microorganism cells or 
other biological objects that ensured the in 
situ reduction (directly in the samples under 
study) of  artificially introduced cations. It 
has been accurately shown that all optical and 
other properties of  synthesized nanocrystals 
are completely and strictly determined by 
their linear dimensions, shape, and atomic 
composition [13,14]. Since the experimenter 
has the opportunity to control the 
physicochemical parameters and conditions 
when de novobiogenic nanocrystals, it 
becomes possible to isolate the influence of  
the biological object present in the reaction 
mixture, which is the main reducing agent 

Fig. 1. Successive stages of  cation reduction and de novo formation of  nanocrystalline structures.
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of  cations. Thus, since the use of  traditional 
high-precision analytical methods for 
studying the parameters of  nanocrystals can 
be effectively used to monitor the generation 
of  biogenic nanoparticles. All of  them can 
be used to solve many important problems in 
microbiology, biotechnology, and medicine.

The chemical reduction of  cations itself  
implies the participation of  various sources/
donors of  free electrons in the reaction. Both 
inorganic substances and molecular groups of  
organic biogenic compounds with reducing 
properties (for example, –OH) can serve as 
electron donors during the generation of  
metal clusters and nanoparticles [7]. The level 
of  presence of  molecular electron donors 
in the reaction mixture significantly affects 
the ratio of  reduced atoms and unreduced 
(residual) cations ingenerated de novo 
nanocrystalline structures. With a constantly 
high presence of  reducing agents in the 
reaction mixture, the proportion of  cations 
and, accordingly, the charge level of  the 
surface of  nanocrystals constantly decreases, 
which contributes to the acceleration of  
self-assembly of  nanoclusters and the rapid 
enlargement of  nanoparticles. It is important 
to note that it is metabolically active cells that 
have a natural ability to constantly secrete 
low molecular weight compounds into the 
external environment, many of  which have 
reducing properties. It is this property of  
living metabolically active cells that allows 
them to act as electron donors for a long 
time, i.e., serve as stable cation reducers 
and, accordingly, ensure the generation 
of  metal nanoparticles [15]. Less active 
biological objects (resting dormant forms of  
microorganisms, spores, viral particles) can 
reduce cations only at the expense of  various 
electron donor groups localized on the cell 
surface or included in surface biopolymers. 

Virus particles can only act as extremely weak 
cations reducing agents due to the presence 
of  reducing amino acid groups in the proteins 
of  their capsids [6,16,17].

Another specific natural factor that 
negatively affects the possibility of  
enlargement of  biogenic metal nanoparticles 
due to a decrease in the interaction forces 
of  nanoclusters has been well studied. 
Many organic compounds capable of  
being adsorbed on the surface of  growing 
nanocrystals have this effect. Based on 
modern concepts, biogenic molecules react 
with residual positively charged Men+ atoms 
of  nanoclusters and form a surface layer 
that prevents further self-assembly and 
enlargement. Such compounds are called size 
stabilizers at the early stages of  nanoparticles 
generation [6].
1.2. main research principles and 
provisions applied in the development 
protocol of the dbnG method

At all stages of  the biosynthesis of  metal 
nanoparticles de novo, the ongoing processes 
of  cation reduction and the formation of  
a solid crystalline phase in the reaction 
mixture significantly and quite definitely 
depend on the reaction conditions and on 
the combination of  the components present. 
That is why we proposed to use the measured 
dynamic parameters of  nanocrystalline 
products obtained as a result of  the reduction 
of  cations to assess the general physiological 
state of  cells [1,7,15]. In general, the 
experimentally measured actual parameters 
of  biogenic nanostructures generated in situ 
are an indicator of  the properties of  those 
cells that ensure the restoration of  introduced 
cation sources.

First of  all, the protocol of  the DBNG 
method involves the introduction of  salt 
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as a source of  cations (in the form of  low 
concentrated sterile solution) directly into 
the aqueous suspension of  the biological 
object under study (i.e., in situ). To confirm 
the fact that the reducing agents are of  
biogenic origin, the protocol provides 
for the preparation of  a control aliquot 
of  the tested sample, freed from cells 
using a mechanical method (filtration, 
centrifugation). The obligatory use of  
control (sterile, cell-free) variants of  the 
studied samples is necessary, since the cells 
of  biological samples are usually found in 
growth media, that is, in multicomponent 
solutions of  organic compounds and the 
necessary growth factors, many of  which 
are electron donors. At the same time, it 
should be emphasized that the reducing 
ability of  such compounds, even in the 
composition of  full-fledged growth 
media, cannot ensure the full generation 
of  metal nanoparticles, but only leads 
to the appearance of  their precursors –
nanoclusters (Fig. 2).

As emphasized above, the physicochemical 
conditions in the reaction mixture during 
the in situgeneration of  both nanoclusters 
and larger nanoparticles significantly affect 
the parameters of  the final crystalline self-
assembly products [16,17]. An increase in 
temperature, as well as stirring (vibration) of  
test tubes with reaction mixtures during the 
reduction of  cations, accelerates the process 

of  self-assembly of  nanoclusters, which 
ultimately leads to an increase in the size of  
the generated nanoparticles.

It is important to note that the use of  
different salts as a source of  cations can give 
different results. In particular, it was noted that 
the use of  Tollens' reagent Ag(NH3)2NO3 
as silver cations source makes it possible to 
form larger nanoparticles in the presence of  
microbial cells than when using the AgNO3 
salt under identical conditions.

The DBNG protocol involves the 
introduction of  very small amounts of  
cation sources (~mM) into the test samples, 
which are sufficient only to form a noticeable 
amount of  nanoparticles with minimal toxic 
effect on the metabolism of  tested cells under 
study. It is important to note that the use of  
low concentrations of  cation sources retains 
the possibility of  isolating pure cultures 
of  the detected microorganisms from the 
studied aliquots.

Metabolically active cells are able 
to generate silver nanoparticles in a 
few minutes. For standard experiments 
according to the DBNG protocol, the 
duration of  all reactions for the reduction 
of  introduced cations by microorganism 
cells was limited to 20 minutes [1]. This 
time does not exceed the length of  normal 
metabolic responses of  cells to the addition 
of  excess concentrations of  various salts 
to the medium [6,18], and also does not 

Fig. 2. The concept of  the DBNG methodological approach.
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exceed the generation time of  most 
microorganisms. Thus, a short time of  
carrying out the reduction reaction makes 
it possible to fix the physiological state of  
the studied cultures (samples) precisely at 
the moment of  introducing the source of  
cations. To detect viral particles (as weak 
reducing agents), the reaction time with 
introduced cations was increased to 50 
minutes.

Since the generation of  metal 
nanoparticles is carried out in situ directly in 
the studied cell suspensions, it was proposed 
for the first time to record the spectral 
characteristics of  nanoparticles in the vis-
range using an Ulbricht integrating sphere 
[1]. This method of  measuring spectral 
characteristics in a reflected light flux makes 
it possible to register even nanoparticles that 
form directly on the surfaces of  biological 
objects, which is impossible with a standard 
transmitted light flux.

It has been shown that the DBNG 
protocol (using TEM) makes it possible 
to register metabolically active cells of  
microorganisms by their ability to generate 
biogenic nanoparticles with a sensitivity 
of  ~10 ml−1. The use of  other analytical 
methods for the detection of  nanocrystalline 
structures can increase the sensitivity of  the 
method.

For generation in situ of  metal 
nanoparticles by cells or tissue fragments, it 
was proposed to place the studied biomaterial 
itself  directly into a solution of  a cation 
source. In such cases, standard inactive 
preparations should be used as controls.

According to the DBNG protocol, the 
generation of  biogenic metal nanoparticles 
is carried out in microliter volumes of  the 
reaction mixture. This allowed us to develop a 

concept for applying this innovative method 
in a microfluidic version (Lab-on-Chip).

2. MATERIALS, METHODS, 
EQUIPMENT
Pure cultures of  microorganisms were stored 
and prepared for research using standard 
growth media LB [1] or M9 [20] according to 
standard microbiological methods. Natural 
water samples were taken with standard 
instruments in an aseptic way, transported 
and stored at a low temperature.

Preparations of  tumor tissue cells from 
neoplasms of  the adnexal apparatus of  the 
eye, as well as healthy tissue from the same 
eye as a control, were surgically removed. 
Paired tissue samples were placed under 
aseptic conditions in equal volumes of  a 
sterile solution of  a cation source.

The sources of  cations were sterile aqueous 
solutions of  ammonia silver Ag(NH3)2NO3 
obtained according to the protocol of  the 
Tollens reaction [1, 19]. To obtain Na2PdCl4, 
PdCl2 and an excess of  NaCl in distilled water 
were used [20].

The generation of  metal nanoparticles 
was carried out in situ directly in the studied 
water samples or in bacterial suspensions 
at the late logarithmic phase of  culture 
growth. The reaction mixture contained 
aliquots of  the studied cell suspensions 
(about 106 mL–1) with a volume of  45 
μL and 5 μL of  a sterile solution of  the 
cation source in a final salt concentration 
of  0.1 mM. The cation reduction reaction 
time was 20 min. Aliquots of  the studied 
suspensions freed from microorganisms 
after complete sedimentation of  cells by 
centrifugation at 12000 g for 15 min were 
used as control [1].
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Hydrogels were prepared using low EEO 
agarose (0.4 wt %) and silver nitrate (5 μg/
mL) [21].

Microorganisms were visualized using an 
Amplival microscope (DDR) with a phase 
contrast device.

Registration of  the generation of  
biogenic nanoparticles in situ directly in 
cell suspensions was performed using an 
OceanOptics USB-2000 spectrometer 
(USA) with an Ulbricht integrating sphere.

Measurement of  the intensity of  small-
angle X-ray scattering of  preparations was 
carried out on an automatic diffractometer 
"AMUR-K" with a single-coordinate 
position-sensitive detector OD3M (in a 
capillary with a volume of  20 μL) at a fixed 
radiation wavelength of  λ0.1542 nm with a signal 
accumulation time of  40 minutes according 
to a certified method [1]. The scattering 
measurement results were processed to 
calculate the volumetric size distribution 
function of  nanoparticles DV(R) using the 
MIXTURE program.

Particle size was measured by PCS on a 
Delsa Nano Submicron Particle Size and 
Zeta Potential Particle Analyzer (USA).

Images of  nanoparticles were obtained 
using thetransmission electron microscope 
JEM-1400 (JEOL, Japan) at the UNIQEM 
Collection Core Facility, Research Center 
of  Biotechnology of  the Russian Academy 
of  Science equipped with the microanalyzer 
(Oxford Instruments, Great Britain) at an 
accelerating voltage of  80 keV.

The determination of  the linear dimensions 
of  metal nanoparticles was carried out 
using the computer program "Compass 3D-
V14" and a specially developed calculation 
algorithm for electronic photographs, at least 
300 nanoparticles for each sample.

3. RESULTS
3.1. basic protocol of the method 
dbnG
The basic protocol of  the method DBNG 
was tested on a model organism of  gram-
negative mycobacteria Mycobacterium smegmatis 
cultivated in a rich LB growth medium. It was 
obvious that a significant amount of  various 
organic growth factors in the composition of  
the LB medium can serve as electron donors, 
i.e., they can participate in the reduction 
reaction of  Ag+ cations introduced into 
the cell suspension, and thereby initiate the 
formation of  reduced Ag0 silver nanoparticles. 
A series of  initial experiments to study the 
dynamics of  the formation of  biogenic 
silver nanoparticles was carried out using 
the method of  measuring small-angle X-ray 
scattering (SAXS). The SAXS method is 
based on the effects of  the elastic interaction 
of  X-rays with bound electrons in a sample. 
This method of  structural diagnostics 
provides a resolution in the range from 1 to 
103 nm, which is most accurately suited for in-
depth analysis of  the structure and properties 
of  biogenic nanocrystalline materials 
generated de novo in biological solutions. 
Indeed, according to the results of  the 
determination using SAXS, the introduction 
of  a sterile Ag(NH3)2NO3 solution into a 
sterile LB growth medium resulted in a rapid 
(in 1–2 minutes) mass formation of  silver 
nanoclusters with sizes up to 2 nm. Over a 
longer time, larger nanocrystalline structures 
formed in the reaction mixture (Fig. 3A). 
Similar measurements in cell suspensions 
of  M. smegmatis revealed two types of  
nanoparticles with contrasting differences 
in size: small nanoparticles up to 3 nm in 
diameter and large nanoparticles with a wide 
size distribution of  20-40 nm (Fig. 3C).
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Thus, in sterile samples, there is a reduction 
according to the "chemical" type – with the 
depletion of  reducing agents and slowing 
down the agglutination of  nanoclusters. In 
a suspension of  active cells, a high level of  
secreted electron donors activates (according 
to the "green" type) the reduction of  cations 
sorbed on nanoclusters and, accordingly, 
activates the generation of  ever larger 
nanostructures. In fact, the detection of  
living cells by the formation of  nanocrystals 
in situ is reduced to discrimination of  the 
"chemical" or "green" type of  this process.
3.2. evaluation of the size distribution 
of bioGenic silver and palladium 
nanoparticles from dynamic liGht 
scatterinG

Light scattering methods are indispensable 
for determining the hydrodynamic radii of  
nanocrystals and biopolymer molecules in 
biological fluids, their molecular weights, as 
well as the intensity distributions of  scattered 
light over their sizes. We used this method 
in experiments with an isogenic pair of  
obligate methylotroph Methylopilusquaylei to 
compare the ability of  their cells to generate 
nanoparticles of  two metals differing in the 
valence of  silver Ag+ and palladium Pd2+ 

cations. It can be noted that comparisons 
of  the properties of  the initial wild-type 

microbial culture and the mutant derived from 
it are widely used in genetic engineering and 
biotechnological studies, but have practically 
not been used to assess the possibilities of  
synthesizing biogenic metal nanoparticles.

The linear dimensions and distributions of  
biogenic nanoparticles in these experiments 
were recorded using a Delsa Nano 
Analyzer that implements the principles of  
dynamic light scattering (DLS). The growth 
characteristics of  the original wild type strain 
M. quaylei WT and its streptomycin-resistant 
derivative M. quaylei SmR did not differ under 
standard cultivation conditions on media 
with methanol as the sole carbon and energy 
source [20]. It was shown that the cells of  
the M. quaylei SmR mutant are resistant to the 
presence of  up to 4 mg/mL of  streptomycin, 
are characterized by reduced secretion of  
exopolysaccharides, and have a reduced 
surface hydrophobicity. In the presence 
of  cells of  both methylotrophic cultures 
M. quaylei WT and M. quaylei SmR under 
standard conditions of  the DBNG protocol, 
large reduced silver nanoparticles of  average 
size 45 nm and 70 nm, respectively, were 
generated (Fig. 4). The survival rate of  the 
streptomycin-resistant mutant M. quaylei SmR 
in these reaction mixtures was 8 times lower 
than that of  the initial culture. Under similar 
conditions, after the introduction of  a source 
of  palladium cations, the formation of  
Pd0NPs nanoparticles occurred only in the 
presence of  cells of  a M. quaylei SmR culture, 
which correlated with a much higher degree 
of  resistance of  such cells (12 times higher) 
to palladium salt than in wild-type cells. 
Since the generation of  numerous optically 
dense nonmetallic particles (not containing 
palladium nanoparticles) was observed in 
the reaction mixture in which M. quaylei WT 
cells were present, it can be concluded that 

Fig. 3. Formation of  reduced silver nanoclusters in the LB growth 
medium (A) and biogenic Ag0NPs nanoparticles in the presence 

of  Mycobacterium smegmatis cells (B).
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the reduction of  Pd2+ cations was inhibited 
at the stage of  nanoclusters present in 
the form of  a high polymer complex with 
secreted methylotrophic exopolysaccharides. 
Thus, the preservation of  the natural level 
of  exopolysaccharide biosynthesis in the 
wild-type M. quaylei WT culture does not 
compensate for the high sensitivity of  cells to 
Pd2+ cations, which generally does not allow 
them to generate Pd0NPs nanoparticles. It is 
obvious that both cultures are almost equally 
capable of  reducing silver cations and can 
serve as producers of  Ag0NPs nanoparticles 
when cultivated on simple synthetic media 
with methanol.
3.3. spectrometry of preparations of 
bioGenic silver nanoparticles

Absorption spectrophotometry is one of  
the most common physical and chemical 
methods for studying solutions and solids, 
based on recording absorption spectra in the 
λ range from 200 to 1000 nm. The recorded 
dependence of  the intensity of  absorption 
of  incident light on the wavelength reflects 
the structure and composition of  various 
compounds, the qualitative and quantitative 
composition of  biological solutions, and 
shows the presence of  trace elements in 
the objects under study. The atoms of  
each chemical element have strictly defined 
resonant frequencies, as a result of  which it is 
at these frequencies that they emit or absorb 

light. This property is especially important (for 
us) when analyzing the composition and size 
of  (biogenic) metal nanoparticles. Obtaining 
absorption spectra is easy to perform, does 
not require complex preparation of  samples 
for analysis, and is possible in the presence 
of  a small amount of  the analyte. Currently, 
a large number of  different models of  
spectrophotometers are being produced, 
including very compact ones, which allows 
them to be used even in the field studies.
3.3.1. study of microbial cultures of 
active slut

Many technological processes include, at the 
final stages, the treatment of  water waste 
with the use of  activated sludge for the 
biosorption of  toxic metal ions in the form 
of  nanoparticles. Thus, in the effluents of  
electroplating, textile, uranium and silver 
processing industries, Ni2+, Zn2+, Cu2+, and 
U(VI) cations can be present in significant 
amounts [22]. The DBNG approach was 
applied in the selection of  microbial cultures 
capable of  efficiently extracting metals from 
solutions for a long time without loss of  vital 
activity in artificially created activated sludge. 
Since cations Ag+ are much more toxic for 
most microorganisms than cations of  other 
elements, it was silver salts that were used in 
assessing the levels of  resistance of  sludge 
preparations and pure cultures isolated from 
it to other metals. Several cultures capable 

Fig. 4. Sizes of  biogenic silver and palladium nanoparticles formed in the presence of  cells of  methylotrophic cultures of  M. 
quaylei wild type (WT) and isogenic streptomycin-resistant derivative (SmR).
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of  rapidly forming Ag0NPs were selected. 
The most promising crops for biosorption 
of  toxic cations were identified as Fusarium 
nivale and Penicilliumglabrum (Fig. 5). Artificial 
activated sludge, created on their basis, had 
the form of  multilayer granules with a given 
composition and structure: the cells of  
cultures less resistant to metals were shielded 
by a layer of  cells, the most resistant to high 
concentrations of  toxic metals. It was shown 
that at a content of  20 mg/L Ag+ in the 
initial sludge, the level of  cell survival did not 
exceed 7%; for the most stable pure cultures 
of  F.nivale and P.glabrum, the survival rate was 
about 12-24%. The artificial activated sludge 
arranged in this way remained viable and 
developed even in the presence of  up to 70 
mg/L Ag+ in the medium. Such sludge was 
capable of  accumulating silver up to 50% of  
the dry mass of  cells, which corresponds to 
a sorption capacity of  up to 380 mg/g and 
showed the degree of  silver extraction up to 
95% in just 3-5 minutes (at a concentration 
of  cations Ag+ ~100 mg/L).

3.3.2. Growth of yeast culture in the 
top layer of hydroGel

In recent years, 3D bioprinting technologies 
have been increasingly used in practice for 
the formation of  artificial biomaterials for 
restoration of  damaged human organs. 
Usually, living cell structures are included in 
a shaping gel, which ensures their optimal 
physiological state for normal cell growth. 
In our experiments, the model eukaryotic 
microorganism Yarrowia lipolytica Y-3603 was 
grown for up to 7–8 days in cuvettes filled 
with two-layer hydrogels with an agarose 
concentration of  0.4 wt% in a complete 
LB medium [21]. The bottom sterile layer 
of  the gel contained 5 μg/mL of  silver 
nitrate as a source of  cations Ag+ (Fig. 6). 
It is important to emphasize that for the 
implementation of  the DBNG approach, we 
used low electroendoosmotic agarose (EEO 
type), since it was shown that only this type 
of  agarose is not able to reduce introduced 
cations without the participation of  cells 
(Fig. 6B).

The growth of  the Y. lipolytica culture in the 
upper layer of  the hydrogel was controlled by 
increasing the optical density of  the samples 
using a fiber optic spectrometric system. 
Similarly, the dynamics of  the generation of  
biogenic Ag0NPs (by reducing the optical 

Fig. 5. Levels of  production of  biogenic Ag0NPs by cells of  
pure cultures of  Penicillium glabrum (1), Fusarium nivale (2), 

Trichosporon cutaneum (3), Agrobacterium tumifaciense (4).

Fig. 6. Formation of  silver nanoparticles in the presence 
of  Y. lipolytica yeast culture growing in the EEO agarose 

hydrogel.
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permeability of  the hydrogel) was recorded at 
a specific wavelength of  silver nanoparticles 
λ400 nm. As can be seen from the presented 
data (Fig. 7), the transparency of  the 
samples containing yeast steadily decreased 
over several days as the culture grew in the 
thickness of  the hydrogel (Fig. 7A).

Since the decrease in transparency 
measured at λ400 was also observed throughout 
this time, it can be concluded that the level 
of  reductive activity of  the Y. lipolytica 
culture remains at a sufficiently high level 
for long-term generation of  nanoparticles in 
situ (Fig. 7B). In general, the application of  
the DBNG approach in these experiments 
showed that the methodology for assessing 
the possibility of  generating biogenic 
nanoparticles in situ allows one to control 
the physiological state of  living Y. lipolytica 
yeast cells during submerged cultivation in an 
agarose hydrogel medium [21].
3.3.3. comparison of maliGnant and 
beniGn tumors

Malignant neoplasms are among the most 
common tumors of  all types of  tissues. 
The clinical course of  malignant tumors is 
characterized by high polymorphism, due 
to which their differential diagnosis can 
present significant difficulties. Preoperative 

diagnostics in order to determine the volume 
of  surgical intervention makes it possible 
to determine the structure and localization 
of  the pathological process, the exact size 
of  neoplasms, and the relationship with 
surrounding tissues. But the issue of  urgent 
intraoperative morphological diagnosis of  
benign and malignant tumors is still relevant. 
As is known, the defining feature of  the 
tumor process is abnormal uncontrolled 
proliferation, to maintain which tumor 
cells undergo oncogene-oriented metabolic 
reprogramming [23,24]. A dramatic increase 
in the metabolic activity of  cancer cells leads 
to a noticeable increase in their ability to 
generate biogenic nanoparticles during the 
interaction of  cell metabolites with added 
salts [25,26]. We used the innovative DBNG 
approach to study adnexal tumors identified 
clinically in patients. Healthy tissue from 
the same eye was used as controls for each 
patient (Fig. 8).

Photometric determination at wavelengths 
close to those specific for silver nanoparticles 
(λ400) showed that for all studied pairs of  

Fig. 7. Growth dynamics of  Y. lipolytica yeast and in situ 
formation of  biogenic Ag0NPs in EEO agarose hydrogel 

layer.

Fig. 8. Scheme of  sample preparation for studying the 
restorative activity of  eye conjunctival cells.
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samples (Cancer vis Normal tissue), the 
optical density of  reaction mixtures (that is, 
the volume of  silver nanoparticles formed in 
3-5 minutes) in all samples with in malignant 
and benign types of  tumors of  the adnexal 
apparatus of  the eye is higher than in control 
samples of  similar healthy tissues (Fig. 9).

Thus, the proposed methodological 
approach of  DBNG makes it possible to 
quickly solve the problem of  determining 
the degree of  malignancy of  tumors based 
on the spectrometric rapid assessment of  
their metabolic activity in order to optimize 
the tactics of  surgical intervention.
3.3.4. reGistration of nanoparticles 
usinG the ulbricht inteGration sphere 
The observation of  generation in situ 
biogenic silver nanoparticles by their specific 
absorption spectrum at a wavelength of  
about λ400 nm can be hindered by the high 
density of  the studied cell suspension. 
Performing spectrometric measurements 
using an Ulbricht integrating sphere as a 
detector eliminates this problem (Fig. 10). 
In addition, monitoring the dynamics of  
the generation of  nanoparticles from the 
very beginning of  the cation reduction 
reaction makes it possible not to carry out 
measurements in control (freed from cells) 
sample aliquots. Indeed, a fresh culture of  

M. smegmatis grown in complete LB growth 
medium does not show the characteristic 
Ag0NPs peak (Fig. 11).

After adding of  silver cations source (4 μg/
mL Ag(NH3)2NO3), a series of  measurements 
of  the spectra of  the suspension of  the 
reaction mixture was carried out. On Fig. 11 
shows that as early as 10 minutes after the 
addition of  cations Ag+, a specific peak for 
Ag0NPs at λ400 nm can be recorded, followed 
by a gradual increase in its amplitude. Such 
a bathochromic shift of  the peak maximum 
indicates a constant increase in the size of  
silver nanoparticles generated in situ in the 
studied reaction mixture.

When carrying out similar experiments 
with higher concentrations of  Tollen's 
reagent, as well as when using AgNO3 salt 
as a source of  cations, there was a delay in 

Fig. 9. Comparison of  the vis spectra of  silver nanoparticles 
formed from tumor (C) and healthy (N) conjunctival tissues.

Fig. 10. Scheme of  an integrating sphere for registration of  
biogenic metal nanoparticles.

Fig. 11. Dynamics of  formation of  Ag0NPs nanoparticles 
in the presence of  M. smegmatis cells.
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the appearance of  the peak at an early stage 
of  nanoparticle formation and a cessation 
of  their enlargement already by the 20th 
minute of  the reaction (Fig. 12). Such a 
change in the dynamics of  the generation of  
biogenic nanoparticles indicates a significant 
suppression of  the reductive activity of  
mycobacteria cells. Such effects should be 
taken into account when developing special 
protocols for applying the method DBNG to 
various biological objects.
3.3.5. fluorescence spectrometry of 
bioGenic metal nanoparticles

As noted above, for the detection of  metal 
nanoparticles, their specific optical properties 
due to the phenomenon of  surface plasmon 
resonance, highly developed surface, high 
capacitance of  the electrical double layer, 
and the ability of  nanoparticles to amplify 
the signal in Ramanscattering, light and 
fluorescence spectrometry are widely used. 
One of  the unique features of  nanoclusters 
of  many metals ranging in size from 2-5 nm 
is their pronounced fluorescent properties 
under certain parameters of  exciting 
illumination. If  the sizes of  nanoclusters 
of  reduced metal atoms are commensurate 
with the Fermi wavelength for electrons, the 
supramolecular properties of  nanocrystals 
manifest themselves due to discrete electronic 
states caused by strong quantum confinement 

of  free electrons. The fluorescent properties 
are retained during the self-assembly of  
nanoclusters during generation de novo 
of  nanoparticles. As the size of  metal 
nanocrystalline structures increases (during 
the self-assembly of  nanoclusters), the ratio of  
surface and deep atoms changes, which leads 
to a shift in fluorescence radiation and even 
its complete quenching when nanocrystalline 
structures reach a certain size [27,28].

We propose to use this natural feature 
of  the fluorescence of  metal nanoclusters/
nanoparticles, i.e., the dependence on the size 
of  nanocrystalline structures, in the method 
for determining the metabolic activity of  
cells (when assessing the reductive cellular 
activity necessary for de novo formation of  
nanoparticles from cation solutions). In this 
case, the generation of  biogenic nanoparticles 
occurs precisely de novo, that is, it goes through 
the stages from the "primary" (equimolar) 
reduction of  cations to zero-valent atoms, 
then clustering with the gradual formation of  
di- and tetraatomic nanoclusters (Fig. 1), then 
self-assembly and gradual enlargement of  
nanocrystalline structures (Fig. 13). This means 
that at the moment when a certain amount 
of  nanoclusters capable of  exhibiting their 
fluorescence is formed in the reaction mixture, 

Fig. 12. Dependence of  the dynamics of  in situ formation of  
biogenic nanoparticles in the presence of  M. smegmatis cells on 

the source of  silver cations.

Fig. 13. Schematic diagram of  the dependence of  the 
fluorescence of  metal nanoparticles on their size.
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it can be detected by standard methods. The 
fluorescence of  the nanocrystalline structures 
will continue to persist, all the time in the 
process of  self-assembly of  nanoclusters and 
enlargement of  nanoparticles, until all (most) 
of  the formed nanoparticles exceed the 
fluorescence quenching size.

Thus, by periodically measuring the 
presence (or intensity) of  fluorescence in a 
sample, it is possible to determine two points 
that characterize the reducing activity of  cells 
present in the sample under study: i. is the 
time required for the formation (measured) 
amount of  fluorescent nanoclusters of  
reduced metal atoms (Fig. 13, tone); ii. is the 
time required for all formed nanoparticles to 
exceed the size corresponding to fluorescence 
quenching (Fig. 13, toff).

Crystal structures, including atoms 
of  various elements, also differ in their 
fluorescent properties and in the parameters 
of  exciting illumination. It is known that the 
fluorescent properties of  nanoclusters can 
be enhanced by including reduced atoms of  
different metals in them [29]. We propose to 
use this natural feature of  the fluorescence of  
nanocrystalline structures in the framework 
of  the method DBNG to determine the 
integral metabolic activity of  cells. To enhance 
the fluorescence of  biogenic nanoclusters 
generated de novo, use a sterile solution as a 
source of  cations for introduction into the 
reaction mixture, for example, containing a 
silver salt with the addition of, for example, 
lanthanide salts.
3.4. use of transmission electron 
microscopy in the analysis of reaction 
mixtures in which metal nanoparticles 
are Generated de novo

The use of  transmission electron microscopy 
in the analysis of  reaction mixtures in 
which metal nanoparticles are generated de 

novo makes it possible not only to observe 
optically dense crystalline structures of  
various shapes and sizes, but also to record 
the distribution of  such nanocrystals in 
the samples under study. It is the results 
obtained using TEM that can be considered 
exhaustive for the characterization of  cells 
of  taxonomically different bacterial species, 
spores of  bacilli, preparations of  bacterial 
components of  activated sludge granules, 
preparations of  viral particles. It is TEM 
photographs that show that the generation 
of  nanocrystals in the presence of  cells of  
different cultures differs significantly, while 
the degree of  association of  the generated 
nanocrystals with biological objects present 
in the samples reflects the integral properties 
of  the cell surface and their physiological 
state. It is important to emphasize that TEM 
studies of  preparations prepared according 
to the protocol of  the DBNG method 
provide high sensitivity to the presence of  
biological objects in the studied samples. 
When adding Tollens' reagent solution to a 
series of  samples of  Bacillus cell suspension, 
successively diluted with a sterile LB growth 
medium, it was found that even with a 
strong dilution of  the cell suspension (up to 
3-102·10 cells/mL) using TEM, one can easily 
detect the generated silver nanoparticles (in 
their complete absence in the control sterile 
samples of  a complete growth medium).
3.4.1. comparison of bioGenic 
silver nanoparticles Generated by 
metabolically active and dormant 
bacterial cells

The use of  TEM made it possible to 
compare the features of  the generation 
of  metal nanoparticles in the presence 
of  metabolically active and resting 
microorganism cells. For example, for 
mycobacteria M. smegmatis, the peculiarity 
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of  cells, when cultivated in a long 
stationary phase, goes into an inactive, 
dormant state [30]. It was shown that 
growing cultures of  M. smegmatis generate 
silver nanoparticles with a clearly uniform 
distribution in the sample volume 
(Fig. 14A), while preparations of  resting 
cells of  these mycobacteria generated 
silver nanoparticles associated with cell 
wall surfaces and no larger than 10 nm in 
size ( Fig. 14B). Such localization of  the 
obtained nanoparticles indicates that the 
main contribution to their formation is 
made by the reductive chemical groups 
of  surface biopolymers. The almost 
complete absence of  nanoparticles in the 
intercellular space is in good agreement 
with the suppression of  the secretion of  
low molecular weight reducing agents, 
which is typical for the transition of  
metabolically active M. smegmatis cells to a 
dormant state.
3.4.2. Generation of silver 
nanoparticles by psychroactive 
bacteria cryobacterium arcticum under 
suppression of cell division

The study of  the ability to generate silver 
nanoparticles when modeling the "turn off" 
of  biosystems responsible for the synthesis 
of  nucleic acids and cell division was carried 
out using a structural fluorine-containing 
analogue of  uracil 5-fluorouracil (5-FUra). 

Cell suspensions of  a pure culture of  
psychoactive bacteria Cryobacterium arcticum 
were incubated for 24 hours at their optimal 
temperature (+8°C) in a liquid medium 
with 5-FUra. To assess the reducing activity, 
suspensions fully grown in the presence 
of  0.32 and 1.0 μg/mL 5-FUra were used 
(a higher concentration of  3.2 μg/mL 
significantly suppressed bacterial viability). 
The use of  TEM made it possible to establish 
that with a clear inhibition of  cell division (the 
number of  separate, unpaired cells did not 
exceed 10%), almost all silver nanoparticles 
were clearly associated with cells (Fig. 15A), 
similar to silver nanoparticles generated by 
resting mycobacteria cells (see Fig. 14). It is 
important to note that the biogenic Ag0NPs 
in these preparations had an anisotropic 
needle shape (Fig. 15B). The generation of  
such nanoparticles may indicate a special 
physiological state of  C. arcticum bacteria, 
which had a normal metabolism prior to the 
introduction of  the 5-FUra analogue, but 
are under stress due to intracellular DNA/
protein imbalance. In preparations with an 
even lower content of  5-FUra (0.32 μg/
mL), a significant proportion of  cells of  the 
standard uninhibited appearance (Fig. 15C), 
similar to cells not treated with the analogue, 
were retained (Fig. 15D).

Fig. 14. Biogenic silver nanoparticles formed by metabolically 
active (A) and resting (B) M. smegmatis cells.

Fig. 15. Formation of  silver nanoparticles by Cryobacterium 
arcticum bacteria incubated with the addition of  1.0 μg/
mL 5-FUra (A), anisotropic (needle) form of  Ag0NPs 
nanoparticles (B), Cryobacterium arcticum bacteria incubated 
with the addition of  0.32 μg/m L 5-FUra (C), the formation 

of  silver nanoparticles by metabolically active cells (D).
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Generally, it can be concluded that the 
ability of  the cells of  psychoactive bacteria 
C. arcticum to generate certain forms of  silver 
nanoparticles may reflect a change in the 
composition of  biogenic reducing agents 
(forcations Ag+) secreted into the growth 
medium. In addition, the heterogeneity of  
the cell population becomes apparent, which 
is detected by pronounced differences in the 
linear dimensions and zones of  localization 
of  generated silver nanoparticles.
3.4.3. nanocells are able to reduce 
cations and Generate nanoparticles

The use of  TE microscopy made it possible 
for the first time to demonstrate the ability 
of  nanocells of  filtering bacteria to act as 
silver cation reducers. The interest in these 
living biological objects with dimensions of  
0.2–0.5 µm and a volume of  about 0.004–0.04 
µm3 is associated with their ability to pass 
through sterilizing filters with a pore size of  
0.22 µm [32,33]. Nanocells are perceived as 
microbial&biochemical water pollutants, as 
sources of  DNA, proteins, components of  
cell membranes and, therefore, are undesirable, 
for example, in drinks consumed by humans.

We have shown that the presence of  
metabolically active nanocells in water 
samples can be detected by their ability to 
generate silver nanoparticles with an average 
size of  about 8 nm (Fig. 16). When the 
cell membrane is destroyed, the nanocells 
quickly lose their reductive ability, the 
lysis products become stabilizers of  silver 
nanoclusters, which leads to a slowdown in 
their self-assembly during the formation of  
Ag0NPsparticles.
3.4.4. viral particles enlarGed with 
metal nanocrystals

The ability of  viral capsid proteins to ensure 
the generation of  metal nanoparticles makes 

it possible to use the DBNG approach to 
detect viruses and bacteriophages when they 
are in the extracellular space (even in the 
complete absence of  metabolic reactions 
controlled by them). The generation of  
biogenic metal nanoparticles in the presence 
of  viral particles occurs due to reducing 
amino acid groups exposed on the surface 
of  capsids (Fig. 17). Due to this localization 
of  electron donors and reduction products 
(nanocrystals), the word combination 
"encrusted viral particles" has become fixed 
in the literature. It should be noted that the 
differences in amino acid groups of  capsids 
of  different virus strains are reflected in the 

Fig. 16. Biogenic silver nanoparticles formed by metabolically 
active and damaged nanocells.

Fig. 17. Silver nanoparticles encrusted with G7C coliphage 
particles.
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form of  differences in the generated metal 
nanocrystals [17]. The application of  the 
DBNG protocol showed the acceptability of  
this innovative method to detect (using TEM) 
in water samples viral particles of  coliphage 
G7C [33] at a concentration of  102 ml−1.
3.5. analysis of the elemental 
composition of bioGenic nanocrystals

All modern transmission electron microscopes 
are equipped with microanalyzers that allow 
elemental analysis of  samples. This possibility 
is very important and useful in the study of  
biogenic metal nanoparticles. Since growth 
media for cultivating microorganisms always 
contain certain salts that can enter into 
substitution reactions with cation sources 
added (according to the protocol of  the 
method DBNG), it is necessary to constantly 
monitor the elemental composition of  
biogenic nanocrystals. Confirmation of  
the fact that in our experiments optically 
dense nanoparticles generated de novo 
from introduced silver cations observed 
in the TEM field of  view was obtained by 
X-ray microanalysis. The presence in the 
studied nanoparticles (regardless of  their 
size) of  reduced silver atoms, as well as other 
metals, was judged by the presence of  the 
corresponding specific peaks in the spectra.
3.5.1. study of natural metal 
nanoparticles of lake oneGa

Lake Onega is located at the junction of  
two large geological structures – the Baltic 
Shield in the northern part of  the lake 
and the Russian Platform in the southern. 
Many areas of  the lake are characterized by 
thick ferromanganese ore formations with 
accumulation of  Cu, Fe, Zn, Mo, As, Ni, 
Cd, and Pb due to subaqueous discharge 
groundwater [34]. According to the available 
data, in such zones, extremely low rates of  silt 
accumulation, and the microbial communities 

of  the surface layer of  bottom sediments are 
characterized by low taxonomic diversity. We 
assumed that the formation of  ore deposits 
begins with the reduction of  cations supplied 
with subaqueous discharge, that it should be 
accompanied by the generation of  biogenic 
metal nanoparticles formed in the presence 
of  cells of  a community of  autochthonous 
resistant microorganisms. Accordingly, it was 
of  interest to show the participation of  cells 
of  autochthonous microorganisms from 
the bottom horizon of  Lake Onega in the 
formation of  such metal nanoparticles. In all 
samples of  lake water from various parts of  
Lake Onega and Unitskaya Bay, the presence 
of  natural polymetallic nanoparticles, similar 
in elemental composition to cations, which 
are most represented in the corresponding 
samples of  lake water, was recorded. The 
concentration of  autochthonous microbiota 
cells in different samples varied from 102 to 
108 mL–1.

Enrichment cultures of  aboriginal 
microbiota were prepared from aseptically 
taken water samples from the bottom layer 
in a liquid medium depleted in organic 
matter (5% LB), which were then used to 
obtain biogenic nanoparticles (Fig. 18). 
Under standard conditions for the DBNG 
protocol, when using natural water samples 
as a source of  cations, the formation of  
biogenic iron nanoparticles was recorded 

Fig. 18. Scheme of  the experiment showing the participation 
of  the autochthonous microbial community of  the bottom layer 
of  Lake Onega in the formation of  ore iron-bearing deposits.
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(in the control sterile variants, without the 
addition of  suspensions of  microorganisms, 
nanoparticles were not formed). Elemental 
analysis of  the obtained biogenic 
nanoparticles showed that they consist of  
reduced iron atoms.

In those variants of  the experiment, 
where Tollens' reagent was added to the 
cell suspension of  enrichment cultures of  
native microbiota together with lake water, 
silver nanoparticles were found, as well as 
nanoparticles containing both iron and silver 
atoms (Fig. 19). Simultaneous inclusion 
of  zero-valent iron and silver atoms into 
biogenic nanoparticles unambiguously 
indicates the ability of  cells of  autochthonous 
microorganisms to actively reduce various 
cations, both those naturally present in the 
bottom waters of  the Onega Basin and 
artificially added cations Ag+ as a model 
element.
3.6. acoustic methods for reGistration 
of nano- and microsized bioloGical objects

Currently, to detect the presence of  viral 
particles and microorganism cells in liquid 
solutions (and hydrogels), rather complex 
innovative solutions are increasingly being 
used, such as molecular ligands, functionalized 
magnetic structures, microfluidic devices with 
nanostructured surfaces to retain bacteria, 
volumetric acoustics, and advection [35]. 
One of  the most common acoustoelectronic 
methods for studying various materials and 
structures is the use of  acoustic delay lines 
(ADL). Acoustic sensors are able to detect 

various chemical and biological types of  
objects by measuring the corresponding 
changes in density, viscosity, conductivity, 
dielectric constant and temperature of  
liquids, while the sensors do not require 
large sample volumes. Optimization of  
acoustic modes for electrical and viscous 
measurements in liquid and hydrogel 
media made it possible for the first time to 
develop an acoustoelectronic technique and 
prototypes of  acoustoelectronic sensors 
that do not contain sensitive coatings for 
detecting the presence of  viral particles and 
microorganism cells in various liquids [36]. 
When the properties of  the medium changed, 
for example, due to the presence of  biological 
objects or their derivatives, the wave changed 
its speed, phase and amplitude. Changes in the 
acoustic characteristics were recorded at the 
output of  the device as phase and amplitude 
"responses" of  the acoustoelectronic sensor.

It was shown that the proposed technique 
and sensors are applicable to the detection 
in liquid growth media of  such biological 
objects as viral particles, bacterial cells, as well 
as yeast cells and nanoparticles immobilized 
in hydrogels. It was found that the response 
threshold of  the sensors used is 0.04% for 
a sterile diluted 10% LB growth medium, 
0.07% for an aqueous suspension of  bacterial 
cells, and 0.6% for a cell suspension in a 10% 
LB medium.

4. DISCUSSION
Assessment of  the physiological state of  
certain biological objects is a constantly 
encountered problem in industrial microbial 
biotechnology, ecology, and medicine. 
However, the well-studied ability of  living 
metabolically active cells to generate metal 
nanoparticles (when interacting with salt 
solutions by reducing cations) is not used to 

Fig. 19. Spectra showing the elemental composition of  natural 
(A) and model (B) nanoparticles formed in the presence of  

autochthonous microorganisms of  Lake Onega
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solve these issues in practice. We propose to 
use this fundamental natural ability to study 
various aspects of  the functioning of  cells as 
such. In this work, we have shown that the 
dynamics of  generation de novo of  biogenic 
nanoparticles makes it possible to compare 
the integral properties (levels of  metabolic 
activity) of  pure cultures of  microorganisms, 
their natural communities, and preparations 
of  human cells.

We postulate a fundamental feature of  
the interaction of  clusters of  reduced atoms 
generated de novo in the presence of  living 
cells: only in the presence of  metabolically 
active cells, due to their reducing ability, can 
the relative fraction of  residual cations in 
nanoclusters of  metal atoms be reduced. Only 
in the presence of  such cells, the process of  
enlargement of  nanoclusters by agglutination 
and successive self-assembly leads to a fairly 
rapid generation of  ever larger nanosized 
metal particles. Instrumental determination 
of  the presence of  biogenic nanoparticles 
generated in situ in reaction mixtures can 
provide a fairly accurate assessment of  the level 
of  metabolic activity and other properties of  
cells acting as cation reducers. The developed 
DBNG approach eliminates the need to use 
ready-made preparations of  nanoparticles 
in research, reduces the duration and overall 
laboriousness of  experiments.

5. CONCLUSION
The paper analyzes the possibilities of  
measurements that are most suitable for 
instrumental registration of  the parameters 
of  biogenic metallic nanocrystalline 
structures generated in situ according to the 
protocol of  the innovative method DBNG. 
Examples of  the application of  the high-
precision SAXS method and DLS nanosizer, 
several options for using spectrometry and 

transmission electron microscopy to assess 
the level of  metabolic activity of  cells by 
their ability to reduce cations and generate 
nanoparticles of  silver and other metals are 
given. Generally, it has been shown that the 
application of  traditional analytical methods 
for studying the parameters of  generated 
biogenic nanoparticles can be effectively 
used to solve some of  the most important 
problems of  microbiology, biotechnology, 
and medicine.
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1. INTRODUCTION
One of  the conditions for the development of  
important science-intensive industries such as 
robotics, electronic computing systems, radio 
engineering in the era of  active scientific and 
technological progress is the creation of  
new materials with special properties that 
can change nonlinearly under the influence 
of  external factors such as electromagnetic 
field, magnetic and electric fields, mechanical 
action, etc. Such systems are called stimulus-
sensitive or controlled materials. The names 
smart materials or metamaterials are also 
often found.

There are a mass examples of  smart 
materials which distinguish feature consist 
of  a special structure that allows to obtain 
systems with an “unexpected” property on 
the basis of  known to science components 
[1-4]. Polymer composites that can change 
their characteristics under the action of  
an external magnetic field is paid much 
attention among smart materials [2,5,6]. 
Magnetostructured polymer materials, 
ferrofluids, magnetorheological fluids, 
magnetic gels, and magnetic elastomers 
or magnetoelastics are of  great interest 
to high-tech industries and technology 
[5,6,7,8]. The latter are characterized by a 
number of  interesting effects due to the 
controlled change in the Poisson's ratio 
[1], the modulus of  elasticity [2,5,9,10], the 
anisotropy of  elastic properties [5,6,10,11], 
the ability to control swelling [2,6], which 
provides a number of  extraordinary 
applications of  these materials in medicine, 
industry, and technology as artificial 
muscles [5, 6], energy storage and transfer 
systems [12], targeted drug delivery systems 
[2], selective sorbents [2], and much more 
[5,6,12]. In addition, research is being 

carried out in the field of  multisensitive 
magnetic elastomers [2], which can change 
their characteristics simultaneously under 
the influence of  several external factors 
(magnetic field, temperature, pH of  the 
medium). It is also important to note 
that the magnetic field is a convenient 
influencing factor for application in 
technology from the hardware point of  
view, which is an additional argument for 
the development and application of  such 
systems.

One of  the omissions of  a number 
of  research works in the field of  
creating magnetostructured materials 
is the insufficient attention paid to 
the technology of  manufacturing such 
materials, the study of  the dependence 
of  the degree of  structuring, the nature 
of  the distribution of  the magnetic filler 
in the polymer matrix, temperature, 
exposure time, and viscoelastic properties 
of  the matrix used. A number of  works 
can be single out [13,14,15] in which due 
attention was paid to these issues, but there 
are many examples [4,9–11] where the 
obtained structure is studied after the fact. 
To a greater extent, the properties of  the 
resulting material are considered, rather 
than questions of  the relationship, method 
of  preparation and final properties. In this 
work, the selection of  the most optimal 
way for obtaining samples characterized 
by the optimal degree of  structuring was 
carried out on the basis of  data from 
rotorless rheometry.

Based on the described earlier principles 
of  structuring magnetic powders in an 
elastomeric matrix the maximum mobility 
of  the magnetic filler at the initial stage 
of  the process is necessary to be ensure. 
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This one is possible if  two conditions are 
simultaneously observed - the minimum 
viscosity of  the matrix and the magnetic 
field strength at a level that allows to 
overcome the resistance movement of  the 
particles. In addition to these factors it can 
be assumed that the influence of  the action 
of  a magnetic field, particle size distribution, 
the volume content of  the powder in 
matrix, particle morphology, specific 
surface, the nature of  the physicochemical 
interaction between magnetic powder and 
matrix during structuring process should 
be also considered. These aspects of  the 
structuring process were not affected 
in this work, however, in subsequent 
studies, it is planned to consider them 
and establish the relationship between the 
indicated parameters and the complex of  
electrophysical and magnetic characteristics 
of  the obtained magnetoelastics.

2. MATERIALS, TECHNOLOGIES, 
EXPERIMENTAL TECHNIQUE
The following materials were used to prepare 
elastomeric composites:
• Sulfur-Modified Chloroprene Rubber 

Denka PS-40AH (Denka Company 
Limited, Japan), provided by OOO 
«ETS-M» with a Mooney viscosity of  ML 
1+4 (100°C) – 45. An oxide curing group 
consists from ZnO and MgO.

• Cold-curable silicone compound Viksint 
PK-68 (OOO PO Tekhnologiya-Plast) 
based on SKTN-A and a curing agent 
Catalyst No. 68 (tin diethyldicaprylate 
in a mixture of  ethyl silicate-32 and 
toluene). Viscosity according to 
VZ1 viscometer (nozzle 5.4 mm) for 
SKTN-A is 90…150 s.

• Natural magnetite Fe3O4 
– iron ore concentrate TU 

07.10.10-006-00186803-2016 (hereinafter 
referred to as magnetite), provided by 
Lebedinsky Mining and Processing Plant 
JSC, Russia.

• ZnNiCo-ferrite obtained by ceramic 
technology, as well as SmCo and NdFeB 
powders purchased from company 
«Special Purity Substances».
The sample preparation process 

included two stages: mixing and subsequent 
curing, combined with the process of  
structuring the magnetic filler in the 
matrix under the action of  an external 
magnetic field. The mixing step differed 
depending on the matrix. For composites 
based on chloroprene rubber mixing was 
carried out in two stages. In the first stage, 
the components of  the formulation were 
mixed using a internal rubber mixer for 
10 minutes at a temperature of  60°C at 
a rotor speed of  60 rpm. To improve the 
distribution of  powdered components 
in the elastomeric matrix, the mixtures 
obtained at the first stage were procesed 
on roll mills for 3-5 minutes.

For composites based on polydimethyl 
siloxane (SKTN-A), mixing was also 
carried out in two stages. At the first stage, 
magnetic filler was introduced into the 
liquid SKTN-A matrix and dispersed by 
stirring in a porcelain mortar for 5 minutes. 
In order to improve the distribution of  
powdered fillers in the matrix, the mixture 
obtained at the first stage was subjected 
to ultrasound in a bath with an ultrasonic 
generator GRAD 95-35 (OOO Grad-
Technology, Russia) at a power of  220 
W (ultrasonic frequency 35 kHz) and a 
temperature of  25-30°C within 10 minutes. 
Next, a curing agent (catalyst No. 68) was 
introduced into the resulting mixture in an 
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amount of  10 phr on 100 phr SKTN-A 
and stirred for 1-2 minutes in a porcelain 
mortar.

Compositions based on chloroprene 
rubber, SKTN-A and magnetic fillers 
Fe3O4, SmCo, NdFeB, ZnNiCo-ferrite 
were cured in a mold (Fig. 1), which allows 
to combine the processes of  magnetic 
structuring and curing. The upper half-
mould (3) is a cylinder made of  non-
magnetic material (duralumin D16), in the 
cavity of  which an electromagnet (2) with 
windings (10) is fixed due a cover (1). The 
field of  the electromagnet is 0.30 ± 0.02 
T. The lower half-mold (5) is consist from 
forming part made of  magnetically soft 
steel and has a forming cavity and flash 
grooves for removing excess material 
from the forming cavity and of  heat-
insulating platform (6) made of  stainless 
steel. The heating of  the mold is carried 
out by two heating elements (7), placed 
in the lower half-mold in such a way that 
the heating of  the material in the mold 
cavity is carried out evenly. Technological 
gasket (9) with a thickness of  1.4 mm 
closes the forming cavity from above. The 
Atmega 328 on the Arduino Nano board 
is used as a microcontroller. The control of  the 
electromagnet and the thermoregulation system 

of  the mold is carried out by sending commands 
from the PC through the COM-port.

The samples obtained as a result of  
curing are plane-parallel round plates with a 
diameter of  64 mm and a thickness of  1.1-
1.4 mm (Fig. 2).

On Fig. 1 also shows a scheme of  the 
magnetic flux through sample (8) and the 
magnetic circuit formed by the core of  the 
electromagnet and the lower half-mould.

On Fig. 2 – micrographs of  different 
regions of  the diametrical section of  a 
structured sample based on the SKTN-A 
matrix and Fe3O4 cured in a magnetic field. 
The unstructured sample cured without 
applying a magnetic field shown in Fig. 2 on 
the right.

The manufacturing process of  
magnetostructured samples included several 
stages. The first stage is the exposure of  
the material for 30 minutes at a temperature 
at which the matrix is characterized by a 
minimum viscosity, but the vulcanization 
processes, which limit the mobility of  the 
magnetic filler in the elastomer matrix, are 
slowed down. These conditions ensure the 
optimal distribution of  the magnetic powder 

Fig. 1. Device for curing elastomeric materials in the presence 
of  an external magnetic field.

Fig. 2. Samples of  elastomeric composites based on the 
SKTN-A matrix and Fe3O4: structured on the left, 

unstructured on the right.
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in the elastomeric matrix in accordance with 
the map of  the distribution of  the magnetic 
field strength in the volume of  the mold 
cavity. The second stage includes heating 
at a rate of  1.5°C/min to the temperature 
at which the vulcanization processes for 
the given matrix proceed most efficiently. 
The third stage includes holding at the 
vulcanization temperature until the optimum 
vulcanization is reached, which is determined 
from the data of  rotorless rheometry as 
the time to reach 90% of  the difference 
between the maximum and minimum torque. 
Throughout the process, a constant magnetic 
field is maintained in the volume of  the mold 
cavity.

Reference unstructured samples were 
made in the same mold under similar process 
conditions, excluding the first stage and in 
the absence of  a magnetic field.

The study of  the kinetics of  the 
curing process of  the elastomeric matrix 
was carried out using a dynamic moving 
die rheometer D-RPA 3000 (MonTech 
Werkstoffprüfmaschinen GmbH, Germany 
[16]). The measurements were carried out 
in the half-form oscillation mode. For 
chloroprene rubber-based elastomeric 
materials at a frequency of  1.67 Hz and an 
amplitude of  0.5° at initial stage temperatures 
ranging from 90 to 120°C and a final stage 
temperature of  150°C. For elastomeric 
materials based on the SKTN-A matrix 
at a frequency of  5.0 Hz, an amplitude of  
0.167° at an initial stage temperature of  30°C 
and a final stage temperature of  50°C. The 
temperature increase between stages was 
carried out at a rate of  1.5°C/min.

The volume resistivity of  the material 
plates ,V mρ Ω⋅  was measured using an high 
resistance meter Agilent 4339B in a special 

measuring cell 16008B, the measuring 
electrode diameter was 26 mm. The clamping 
device of  the cell provides a tight contact 
between electrode and sample surface. The 
sample resistance was determined after 
holding it at a voltage of  100 V for 200 s. 
The thickness of  the samples was measured 
with a micrometer type MK 0…25 mm at 
6 points of  the plate and then the average 
value was calculated. The calculation of  the 
volume resistivity ,V mρ Ω⋅ was made according to 
the formula:

,V
R S

L
ρ ⋅

=

where R – is measured sample resistivity, Ω; 
S – is the surface area of  the sample covered 
with the electrode, m2; L – is the sample 
thickness, m.

The dielectric parameters were 
determined using an precision LCR Meter 
Agilent E4980A with a 16451B measuring 
cell, measuring electrode diameter 38 mm. 
The value of  gap between the electrodes was 
determined using a built-in micrometer. The 
determination technique of  relative dielectric 
permittivity ε is based on the dependence 
of  the capacitance of  a flat capacitor on 
the permittivity of  the material between the 
electrodes [17]. The value of  ε is calculated 
with formula:

0 0

( )
,x pC C dC d

S S
εε

ε ε
− ⋅⋅

= =
⋅ ⋅

where Cx – is the measured capacitance, 
F; Cp – is the correction, consisting of  
the sum of  the parasitic capacitance and 
the side capacitance of  the measuring 
capacitor, F; d – is the value of  the gap 
between the electrodes, sample thickness, 
m; ε0 – is the dielectric constant equal to 
8.854·10−12 F/m; S – is the area of  flat 
capacitor electrodes, m2.
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The dielectric loss tangent tgδ of  the 
studied composites is calculated with formula:

,x
x

x p

Ctg tg
C Cεδ δ= ⋅

−

where tgδx – is the measured value of  the 
dielectric loss tangent of  the measuring 
capacitor.

The demagnetization curves were 
obtained using a VM-2K vibromagnetometer 
by measuring the magnetic moment of  the 
test sample during its reciprocating motion in 
a constant magnetic field up to 10 kiloersted. 
The samples for measurements were discs 4 
mm in diameter, cut from the central part of  
the composite plates (see Fig. 2). The control 
of  the sample position in a constant magnetic 
field were carried out with turn indicator on 
the sample holder bar.

3. RESULTS AND DISCUSSION
The curing graphs of  rubber compounds 
based on chloroprene rubber and various 
magnetic fillers at a concentration of  30 phr 
are shown on Fig. 3. The duration of  the 
period which is characterized by a minimum 
torque (corresponding to the minimum 
viscosity of  the system) is reduced with 

an increase in the initial temperature of  
the process: a) 90°C; b) 100°C; c) 110°С; 
d) 120°C. The optimal mode in terms of  
the initial viscosity of  the system and the 
duration of  the structuring process for 
all studied compositions corresponds to 
an initial temperature of  100°C, which is 
clearly seen in Fig. 4a. The view of  the 
cure graphs depends on the nature of  the 
magnetic filler. Thus, in previous works, the 
influence of  magnetite (curves 1 in Fig. 3) 
on the process of  curing mixtures based 
on chloroprene rubber as an additional 
vulcanizing agent was demonstrated 
[18,19]. ZnNiCo ferrite behaves similarly 
(curves 2 in Fig. 3), which is probably due to 
the similarity of  this compound in structure 
and physicochemical characteristics to 
magnetite. For other studied magnetic 
fillers (SmCo and NdFeB, curves 3, 4 
in Fig. 3), an acceleration of  the curing 
process is also observed compared to an 
unfilled matrix containing curing agents 
ZnO and MgO (curves 5 in Fig. 3).

The curing graphs for chloroprene 
rubber filled with magnetite (30 mass parts) 
depending on the initial temperature of  the 
process (Fig. 4a) and on the concentration 
of  the filler (Fig. 4b) are shown on Fig. 4. It 
has been established that the initial torque 
is growing up with increasing of  the filler 
concentration (1 – 30 wt; 2 – 60 wt; 3 – 100 

                         a                                   b

                         c                                   d
Fig. 3. Curing kinetics for rubber compounds based on 

chloroprene rubber.

Fig. 4. Curing kinetics for rubber compounds based on 
chloroprene rubber and Fe3O4.

                         a                                   b
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wt), which complicates the process of  particle 
structuring in a magnetic field.

The curing graphs of: a) SKTN-A and 
b) magnetoelasts based on it are shown 
on Fig. 5. Determination of  rheokinetic 
characteristics for the liquid oligomeric 
matrix SKTN-A is difficult due to the weak 
response to sinusoidal deformations (3 – 
1.67 Hz, 0.5°). SKTN-A was additionally 
tested in various modes with an increase 
in the oscillation frequency and a decrease 
in amplitude in accordance with the 
requirement of  GOST R 54547-2011 (2 
– 2.0 Hz, 0.5°) and a subsequent increase 
in the oscillation frequency (1 – 5.0 Hz, 
0.167°) in order to search the most optimal 
ratio of  measurement parameters for 
maximum response. The curing process 
of  the liquid matrix SKTN-A occurs at 
relatively low temperatures – 30…50°C. 
In this regard, a significant effect of  the 
type of  magnetic filler on the kinetics of  
curing and on the initial viscosity of  the 
system was not revealed. This is confirmed 
by curing graphs for SKTN-A filled with 
Fe3O4 in the amount: 1 – 30 phr, 2 – 100 
phr are shown on Fig. 5b.

Determination of  the rheokinetic 
parameters at different temperature 
conditions makes it possible to choose 
the optimal mode for manufacturing 
magnetostructured composites based 
on various elastomeric matrices and the 
optimal concentration of  the magnetic 

filler to obtain the most pronounced effect 
of  structuring.

The results of  measurements of  
electrophysical parameters and magnetic 
moment of  the obtained samples of  
elastomeric composites with magnetic 
fillers are presented in Tables 1-8. We note 
the following: the increase in ε and tgδ, as 
well as the decrease in relatively unfilled 
matrices, are higher for the samples molded 
in a magnetic field. In this case, the relative 
changes are higher for composites based 
on the SKTN-A matrix.

Fig. 5. Curing kinetics for SKTN-A.
                         a                                   b

Table 1
Composites based on chloroprene rubber and Fe3O4

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

PCP 0 0 1.24 6.0
(0.027)

5.2
(0.097)

(1.5±0.001)·1010 0 0

PCP 30 0 1.16 5.9
(0.014)

5.4
(0.077)

(5.7±0.09)·109 0 0

PCP 30 0.3 1.14 8.0
(0.018)

7.0
(0.086)

(1.3±0.04)·1010 -0.07 0.16

PCP 60 0 1.15 6.4
(0.015)

5.9
(0.070)

(5.6±0.1)·109 - -

PCP 60 0.3 1.15 10.0
(0.024)

8.5
(0.079)

(7.1±0.2)·109 -0.16 0.22

PCP 100 0 1.28 9.5
(0.030)

8.3
(0.084)

(4.0±0.07)·109 0 0

PCP 100 0.3 1.26 17.3
(0.073)

12.9
(0.092)

(2.3±0.6)·107 -0.20 0.19

Table 2
Composites based on SKTN-A and Fe3O4.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

СКТН- 
А

0 0 0.94 2.7
(0.001)

2.7
(0.001)

(3.9±10)·1013 0 0

СКТН- 
А

30 0 0.93 3.8
(0.011)

3.7
(0.005)

(2.4±3)·109 0 0

СКТН- 
А

30 0.3 0.90 8.7
(0.079)

6.8
(0.029)

- -0.15 0.33

СКТН- 
А

60 0 0.94 5.5
(0.028)

5.0
(0.013)

(2.4±0.3)·1012 - -

СКТН- 
А

60 0.3 1.02 13.6
(0.098)

9.9
(0.040)

- -0.17 0.20

СКТН- 
А

100 0 0.96 6.7
(0.027)

6.1
(0.013)

(1.3±0.1)·1012 - -

СКТН- 
А

100 0.3 1.01 15.4
(0.091)

11.5
(0.026)

- -0.19 0.19

Here: С (w.p.) – filler concentration in weight parts; 
B(T) – magnetic field strength during vulcanization; 
h (mm) – the sample thickness; ε (tgδ) – permittivity 
(dielectric loss tangent) at frequencies of  1 kHz and 1 
MHz; ,V mρ Ω⋅ (Ohm∙m) – specific volume resistance; Mmax 
(mT) – the maximum magnetic moment on each side 
of  the sample, conditionally marked bottom and top.
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The characteristic magnetic profiles of  
the samples: a) 30 phr Fe3O4 in SKTN-A 
matrix, unstructured; b) 100 phr SmCo in 
chloroprene rubber matrix, structured; c) 
and d) 100 phr SmCo in SKTN-A matrix, 
structured, are shown on Fig. 6. Profiles 
a) and b) depicted double-sided, c) and 
d) depicted separate for each side of  the 
sample. The value of  the vertical axis in 
the figure is the magnetic moment of  the 
sample part with the X and Y coordinates 

Table 3
Composites based on chloroprene rubber and 

ZnNiCo-ferrite.
Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

PCP 0 0 1.24 6.0
(0.027)

5.2
(0.097)

(1.5±0.001)·1010 0 0

PCP 30 0 1.21 5.5
(0.035)

4.6
(0.061)

(9.0±0.006)·109 0 0

PCP 30 0.3 1.16 7.3
(0.032)

5.9
(0.114)

(8.2±0.1)·109 0 0

PCP 60 0 1.13 7.7
(0.049)

5.9
(0.118)

(4.9±0.07)·109 - -

PCP 60 0.3 1.18 8.4
(0.048)

6.1
(0.129)

(4.2±0.05)·109 0 0.08

PCP 100 0 1.12 9.6
(0.050)

6.7
(0.135)

(1.1±0.03)·1010 - -

PCP 100 0.3 1.14 10.1
(0.057)

6.8
(0.142)

(1.1±0.03)·1010 -0.02 0.08

Table 4
Composites based on SKTN-A and ZnNiCo-ferrite.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

SKTN- 
А

0 0 0.94 2.7
(0.001)

2.7
(0.001)

(3.9±10)·1013 0 0

SKTN- 
А

30 0 0.93 3.6
(0.025)

3.5
(0.048)

(1.4±2)·1013 0 0

SKTN- 
А

30 0.3 0.75 3.5
(0.048)

2.5
(0.067)

(8.6±0.6)·1010 0 0.11

SKTN- 
А

60 0 0.94 4.5
(0.038)

3.4
(0.061)

(7.3±10)·1012 - -

SKTN- 
А

60 0.3 0.97 8.7
(0.095)

4.5
(0.139)

(1.2±0.2)·1011 -0.06 0.14

SKTN- 
А

100 0 0.93 5.0
(0.037)

3.8
(0.069)

(6.4±10)·1012 - -

SKTN- 
А

100 0.3 0.95 9.2
(0.087)

4.7
(0.151)

(9.4±0.7)·1010 -0.05 0.11

Table 5
Composites based on chloroprene rubber and NdFeB.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

PCP 0 0 1.24 6.0
(0.027)

5.2
(0.097)

(1.5±0.001)·1010 0 0

PCP 30 0 1.14 7.4
(0.023)

6.3
(0.102)

(1.1±0.01)·1010 0 0

PCP 30 0.3 1.18 8.4
(0.036)

7.0
(0.099)

(7.2±0.08)·109 -0.10 0.18

PCP 60 0 1.15 7.8
(0.027)

6.6
(0.099)

(1.8±0.04)·1010 - -

PCP 60 0.3 1.16 8.6
(0.034)

7.3
(0.082)

(9.7±0.2)·109 -0.19 0.21

PCP 100 0 1.17 7.2
(0.023)

6.4
(0.072)

(2.1±0.2)·1010 0 0

PCP 100 0.3 1.17 9.2
(0.032)

8.0
(0.064)

(1.6±0.6)·1010 -0.38 0.36

Table 6
Composites based on SKTN-A and NdFeB.

SKTN- 
А

60 0 0.89 3.7
(0.012)

3.6
(0.003)

(2.0±0.8)·1013 - -

SKTN- 
А

60 0.3 0.94 6.6
(0.040)

6.1
(0.009)

(3.4±0.07)·1010 -0.16 0.22

SKTN- 
А

100 0 0.95 4.1
(0.016)

4.9
(0.004)

(1.2±0.2)·1013 0 0

SKTN- 
А

100 0.3 0.97 7.8
(0.041)

7.1
(0.009)

(1.5±0.04)·1010 -0.20 0.19

Table 7
Composites based on chloroprene rubber and SmCo.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

PCP 0 0 1.24 6.0
(0.027)

5.2
(0.097)

(1.5±0.001)·1010 0 0

PCP 30 0 1.28 6.5
(0.023)

5.7
(0.090)

(8.2±2)·1010 -0.11 0.16

PCP 30 0.3 1.26 17.3
(0.028)

12.9
(0.101)

(2.7±0.03)·109 -0.09 0.24

PCP 60 0 1.32 5.8
(0.018)

5.2
(0.080)

(4.2±0.03)·109 - -

PCP 60 0.3 1.33 6.0
(0.018)

5.4
(0.078)

(3.1±0.02)·109 -0.19 0.19

PCP 100 0 1.41 6.6
(0.024)

6.0
(0.067)

(3.9±0.05)·109 - -

PCP 100 0.3 1.38 9.5
(0.027)

8.4
(0.073)

(3.0±0.4)·109 -0.68 0.58

Table 8
Composites based on SKTN-A and SmCo.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

SKTN- 
А

0 0 0.94 2.7
(0.001)

2.7
(0.001)

(3.9±10)·1013 0 0

SKTN- 
А

30 0 0.94 3.2
(0.003)

3.2
(0.001)

(2.4±7)·1013 0 0

SKTN- 
А

30 0.3 0.95 5.4
(0.011)

5.2
(0.004)

- -1.35 1.59

SKTN- 
А

60 0 0.94 3.9
(0.004)

3.8
(0.002)

(6.0±7)·1012 - -

SKTN- 
А

60 0.3 0.93 4.4
(0.006)

4.3
(0.003)

(4.5±2)·1011 -0.43 0.49

SKTN- 
А

100 0 0.97 9.5
(0.008)

8.3
(0.004)

(2.4±10)·1013 - -

SKTN- 
А

100 0.3 0.97 17.3
(0.013)

12.9
(0.006)

- -1.62 1.03

Table 6
Composites based on SKTN-A and NdFeB.

Mat-
rix

С,
w.p.

B,
T

h,
mm

ε·(tgδ) ,V mρ Ω⋅ Mmax, mT

1 kHz 1MHz Bottom Top

SKTN- 
А

0 0 0.94 2.7
(0.001)

2.7
(0.001)

(3.9±10)·1013 0 0

SKTN- 
А

30 0 0.92 3.6
(0.009)

3.5
(0.002)

(4.5±5)·1013 0 0

SKTN- 
А

30 0.3 0.93 5.0
(0.037)

4.6
(0.008)

(1.1±0.02)·1010 -0.07 0.16
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(the maximum value along the axis is ±1.6 
mT). The magnetic moment was measured 
with a Mayak-3M Teslameter axial Hall 
sensor with a step of  5 mm along the X 
and Y axes.

The magnetic profiles of  the samples 
demonstrate the degree of  magnetic 
ordering of  the filler in the elastomeric 
composite. More detailed information 
about the magnetic properties of  the 
magnetostructured and unstructured 
samples can be obtained by magnetometric 
methods.

The array of  demagnetization curves 
for composites was obtained according 
to the scheme shown in Fig. 7. The 
measurements were carried out in two 

positions of  the sample plane: parallel 
(position 90d on the scale of  the turn 
indicator) and perpendicular (position 0d 
on the scale of  the turn indicator) to the 
magnetic field. The rotation of  the sample 
relative to the direction of  the constant 
magnetic field in the vibromagnitometer 
allows estimating the degree of  magnetic 
anisotropy of  the composite. Samples 
with a filler content of  30 phr were chosen 
for research. Higher concentrations do 
not allows to obtain high-quality (with 
saturation) demagnetization curves for all 
samples. Curve designations on Fig. 8-11 
is following: EM0-0d, EM0-90d - sample 
cured in the absence of  a magnetic field, 
orientation in the perpendicular and 
parallel directions, respectively; EM1-0d, 
EM1-90d – magnetically cured sample, 
orientation in perpendicular and parallel 
directions, respectively.

The demagnetization curves of  the 
samples are shown in Fig. 8-11. In all figures 
a) and b) is the chloroprene rubber matrix, c) 
and d) is the SKTN-A matrix.

                         a                                   b

                         c                                   d
Fig. 6. Magnetic profiles of  the samples.

Fig. 7. Scheme for obtaining families of  demagnetization 
curves.

                         a                                   b

                         c                                   d

Fig. 8. Demagnetization curves for composites based on 
Fe3O4.
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Summarizing the obtained magnetometric 
data, we can draw the following conclusions:
• magnetostructured samples (with the 

exception of  chloroprene rubber - 
Fe3O4) have a pronounced anisotropy 
of  magnetic susceptibility relative to the 
direction of  the external magnetic field;

• the degree of  anisotropy is higher for the 
SKTN-A matrix than for chloroprene 
rubber;

• the magnetic moment in a field of  more 
than 4 kOe is higher for composites, both 
structured and unstructured, in the case 
of  a chloroprene rubber matrix;

• for composites based on hard-magnetic 
fillers, the anisotropy fields in both 
matrices exceed 1 T.

4. CONCLUSION
In this work, the issues of  developing 
technology and creating magnetoelasts with 
specified electrophysical, magnetic, stress-
strain properties, techniques for controlling 
and detecting the nature of  the distribution 
of  a magnetic filler in an elastomer matrix 
depending on the production mode are 
considered.

Techniques for evaluating the most 
optimal mode of  structuring magnetoelasts 
by analyzing the kinetics of  the curing 
process in various temperatures have been 
developed.

It has been shown that, the content 
of  the magnetic filler less effect on the 
viscoelastic characteristics of  compositions 
at the initial stage of  the process of  
manufacturing magnetostructured materials 
for compositions based on a liquid matrix 
SKTN-A than on chloroprene rubber.

Magnetically structured composites 
based on two elastomeric matrices, differing 

                         a                                   b

                         c                                   d
Fig. 9. Demagnetization curves for composites based on 

ZnNiCo-ferrite.

                         a                                   b

                         c                                   d
Fig. 10. Demagnetization curves for composites based on 

NdFeB.

                         a                                   b

                         c                                   d
Fig. 11. Demagnetization curves for composites based on 

SmCo.
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in terms of  the principle of  curing, stress-
strain properties, and a amount of  hard and 
soft-magnetic fillers have been obtained and 
studied.

It has been shown that magnetoelasts 
based on chloroprene rubber and SKTN-A 
matrices have anisotropy of  electrical and 
magnetic properties. The relationship 
between this anisotropy and the composition 
of  the magnetoelasts and the parameters of  its 
manufacturing process has been established.
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1. INTRODUCTION
Printed electronics is a relatively new area 
for the production of  various electronic 
components and printed circuit boards 
based on them. It is successfully used 
in such areas as: the manufacture of  
RFID tags [1], NFC modules [2], in the 
production of  "flexible electronics", 
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including various sensors [3]. The main 
advantages of  this technology are the 
simplicity and speed of  manufacturing 
the final products. It is especially useful 
in prototyping tasks, when one needs  
to quickly and cheaply make product 
mock-ups or test the viability of  many 
ideas regarding the design of  a device or 
product. Another advantage of  printed 
electronics is the wide choice of  a suitable 
substrate (glass, ceramics, polymeric 
materials, etc.).

Currently, inks based on carbon 
nanoparticles (nanotubes, graphene, etc.) 
[4] or inks containing metal nanoparticles 
(silver, gold, copper, platinum, etc.) are 
most often used as conductive materials 
for printed electronics [5-7]. The 
selection of  the rheological parameters 
of  the ink is very dependent on the 
intended printing method. Of  the many 
application technologies, three main 
types of  printing can be distinguished: 
screen, inkjet and aerosol. In this article, 
we will talk about inkjet printing using a 
commercial inkjet printer Dimatix DMP-
2831 from Fujifilm Inc., USA.

The most popular type of  conductive 
inkjet ink is silver nanoparticle ink. 
This is due to the optimal ratio "price-
quality". The needs of  the market dictate 
the need to create and produce high-
precision small-sized universal and cheap 
conductive elements on light and flexible 
substrates. Nanosilver is a readily available 
source of  low electrical resistance at 
low post-processing temperatures for 
printed structures. This is due to the 
lowest electrical resistivity of  silver as a 
metal, the relative ease of  obtaining and 

concentrating silver sols, and resistance 
to oxidation in air. The conductivity of  
such ink is provided by the effect of  
lowering the melting temperature of  
particles with a decrease in their size [8].

However, often silver ink, which 
is concentrated silver sols, tends to 
coagulate and form various kinds of  
aggregates. This is facilitated both by 
the properties of  the nanoparticles 
themselves and by the hydrodynamics 
of  the printing process of  the flow of  
ink through narrow capillary channels 
inside the printer cartridge, as well as the 
process of  drop formation and printing 
itself, in which a build-up of  a silver 
layer can be observed at the base of  the 
nozzles near the meniscus of  the liquid 
due to evaporation. volatile components 
of  the solvent.

One of  the potential solutions to these 
problems can be the so-called particleless 
ink - ink containing complex silver salts, 
which are destroyed by heating, irradiation 
with UV light or other activation method 
with the formation of  metallic silver. This 
forms a conductive coating. Such inks do 
not contain silver particles and are true 
solutions, so they are largely devoid of  
the disadvantages of  inks containing 
particles. When creating such inkjet inks, 
it is important to observe the following 
criteria:
• the composition of  the ink must be 

selected in such a way as to ensure 
long-term chemical stability and 
optimal rheological parameters 
(viscosity, surface tension);

• print stability (stable formation of  ink 
droplets without clogging the nozzles 
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of  the print head during the printing 
process);

• the silver concentration should ensure 
maximum conductivity of  the printed 
and annealed structures;

• low annealing temperature (for 
creating flexible electronics elements).
In connection with the above, the 

main goal of  this study was to develop 
a stable conductive silver ink with a low 
sintering temperature for inkjet printing 
on equipment similar to a Dimatix DMP 
printer (Fujifilm Inc., USA).

2. EXPERIMENTAL PART
The following materials were used 
to perform this work: silver nitrate 
(chemically pure, Petronit LLC), 
potassium oxalate (chemically pure, 
RusChem LLC), 1,2-diaminopropane, 
(Purity 99%, CAS Number 78-90-0, 
Sigma-Aldrich), 2-propanol (high purity 
grade, JSC EKOS-1), deionized water 
(resistivity 18 MΩ cm), hydrazine hydrate 
(100%, RusСhem LLC), polyethersulfone 
syringe membrane filter (PES 0.22 µm, 
Millipore), polyimide film (PI, 40 µm 
thick).

For inkjet printing on Dimatix DMP 
equipment, the synthesized ink must have 
the following characteristics: viscosity 
– 10-12 mPas, surface tension – 28-
33 dynes, low solvent volatility (boiling 
point above 100°C) and density ≤ 1.

The silver ink used in this study was 
synthesized by dissolving silver oxalate 
in organic solvents.

Silver oxalate was obtained under 
laboratory conditions by an ion-exchange 
reaction by mixing aqueous solutions of  

silver nitrate and potassium oxalate, taken 
in stoichiometric ratios. The resulting 
white precipitate was centrifuged, washed 
several times with deionized water, and 
dried at 40°C.

The preparation of  the ink was carried 
out by dissolving 2 g of  silver oxalate 
with cooling and intensive stirring on a 
magnetic stirrer in 1.5 ml of  deionized 
water and 2.5 ml of  1,2 diaminopropane 
until a clear solution was formed. The 
resulting composition contained 36 
wt.% silver and was characterized by a 
viscosity of  more than 120 mPas and a 
density of  2.96 g/cm3. These parameters 
significantly exceeded the optimal 
physical criteria for inkjet printing. In 
this regard, to achieve the necessary 
rheological properties, the original ink 
was diluted with a mixture of  deionized 
water and isopropyl alcohol.

Thus, in this study, by selecting the 
ratio of  solvents, it was possible to 
synthesize transparent silver ink with 
suitable rheological parameters for inkjet 
printing (viscosity – 10 mPas, surface 
tension 33-35 mN/m, density 1.01 g/
cm3). The final ink was filtered using a 
0.22 µm syringe filter for further testing 
and research.

The absorption spectra of  silver ink 
were recorded on a Leki SS2107UV 
spectrophotometer (ZAO LOIP, Russia) 
in the wavelength range from 200 to 
1100 nm. The sample volume was 3 ml, 
the optical path length was 1 cm.

The thermal behavior of  the ink was 
studied on a thermogravimetric analyzer 
(TGA) from Perkin Elmer (Germany) 
using aluminum trays. 20 μl of  ink 
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(m = 20 mg) was placed in the bath, 
dried at a temperature of  90°C until a 
film was formed (m = 8.6 mg), and then 
heated in the analyzer to 300°C in an air 
atmosphere with a heating rate of  10°C/
min.

Ink testing in printing was carried 
out on a Dimatix DMP-2831 inkjet 
printer. During the printing process, 
Model DMC-11610 cartridges with a 
drop volume of  10 pl, equipped with 
a piezoelectric print head with 16 
nozzles with a diameter of  21 microns, 
were used. Printing was carried out at 
room temperature without substrate 
heating, using standard settings (Wave 2 
waveform, nozzle voltage 23 V).

The formation of  printed elements 
(squares 7×7 mm, lines 20 mm) was 
performed by layer-by-layer printing 
with ink (5 layers) on PI film. To 
improve the wettability and adhesion 
of  the ink to the substrate, the PI was 
preliminarily cleaned of  contaminants, 
degreased, and hydrophilized by keeping 
the film in hydrazine hydrate for 1 min. 
The printed structures were annealed at 
various temperatures for 30 min. The 
cured square films were used for surface 
morphology, print quality, and electrical 
measurements.

The identification of  the phase 
composition of  the annealed samples 
was carried out on a Bruker D8 Advance 
facility (Germany) operating in reflection 
mode on Cu-Kα radiation (40 kV, 40 mA, 
λ = 1.54056 Ǻ) with a scanning step of  
4º min-1.

The morphology and thickness of  
the silver film on the surface of  the 
polymer substrate was studied using a 
Prisma E scanning electron microscope 
(Thermo Scientific, Czech Republic) in 
a high vacuum mode (~5·10-4 Pa) with 
an accelerating voltage of  3.5 kV. The 
sample was frozen in liquid nitrogen for 
20 min, then a cut was made with a sharp 
scalpel from the side opposite to the 
deposited silver layer. The sample was 
fixed on an L-shaped holder with carbon 
tape in such a way that the resulting cut 
was perpendicular to the optical axis of  
the microscope.

The viscosity of  silver ink was 
measured on an AND SV 10A vibratory 
viscometer (Japan).

The surface tension of  the ink was 
evaluated by stalagmometry.

The resistance of  silver films was 
measured using a JG WeChat Support 
Type ST 2258C four-point probe system 
(Suzhou Jingge Electronic Co, China). 
The resistivity (ρ) of  the printed silver 
films was calculated as ρ = Rs×W, where 
Rs is the sheet resistance and W is the 
film thickness.

To measure the adhesion strength of  
silver films to a polyimide substrate, a 
standard test method, the adhesive tape 
method (test method B), was used. To 
do this, cuts were made on the film in 
the form of  a lattice: four cuts in both 
directions up to the substrate. A pressure-
sensitive adhesive tape was applied to 
the "lattice" and then torn off. Adhesion 
strength was determined by comparative 
analysis of  the film before and after 
tearing off  the adhesive tape.
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3. RESULTS AND ITS DISCUSSION
An important factor in the creation of  
conductive ink in this work was the choice 
of  the correct compound as a precursor. 
Most of  the non-metallic phases must 
leave the system during thermolysis and 
evaporation. The chemical precursor 
must be designed in such a way that the 
chemical transformation into a pure 
metal phase occurs at a sufficiently low 
temperature to ensure the elimination of  
inorganic and organic compounds.

Following the above and relying on 
the achievements of  studies described in 
scientific publications over the past few 
years [9-14], in this work, the process of  
complexation between a silver salt and 
an organic amino compound was used to 
form silver ink.

Silver oxalate was chosen as a 
precursor, the advantage of  which is a 
high content of  silver among carboxylates 
and, according to experimental data 
[15], a relatively low decomposition 
temperature (Tdec = 210°C).

According to literature sources, 
amino compounds, entering into donor-
acceptor interaction with silver ions, 
form Ag(R-NH2)

2+ complexes, which 
contribute to a significant decrease in the 
thermal decomposition temperature of  
the silver precursor [16]. This property 
is especially pronounced in silver 
complexes with bidentate amines. In this 
regard, 1,2-diaminopropane was used as 
a complexing agent. This compound has 
an optimal boiling point (120°C), has 
good solubility in water, alcohols and is 
characterized by chemical stability.

The advantage of  the synthesis of  
the silver oxalate-1,2-diaminopropane 
complex is its ease, simplicity and 
cheapness. A schematic reaction for the 
formation of  a silver organocomplex is 
shown in Fig. 1.

On the basis of  the synthesized 
compound, an ink formula was developed 
that satisfies the requirements attached to 
a liquid for inkjet printing on a Dimatix 
DMP unit. Such organic silver ink was a 
transparent liquid with a solid metal content 
of  15 mass%. When keeping the ink for a 
month at room temperature, no degradation 
elements (precipitation, color change) were 
noticed, the transparency of  the liquid 
remained unchanged. These observations 
are confirmed by spectral studies. In the 
spectra of  the UV-visible absorption region, 
recorded with freshly prepared ink and kept 
for a month at room conditions, there are 
no plasmon resonance bands in the range 
of  390–600 nm, which are characteristic of  
nanosized silver (Fig. 2).

Fig. 1. Formation reaction of  a complex of  silver-1,2 
oxalate-diaminopropane.

Fig. 2. UV-visible absorption spectra of  ink: 1 – freshly 
prepared, 2 – aged at room temperature for a month.
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Chemical resistance is an indisputable 
advantage of  the ink obtained in this 
study. In addition, the absence of  silver 
particles in the composition of  the liquid 
is an advantage for using this ink in inkjet 
technology, as this will eliminate the risk of  
clogging of  the print head nozzles.

The thermal behavior of  silver organic 
ink is shown in Fig. 3.

The TG curve shows two main stages 
of  weight loss. First stage between 40°C 
and 120°C, corresponds to the evaporation 
of  residual volatile components in the film: 
water, acetic acid and traces of  alcohol. 
The second stage (120-165°C) is due to 
the decomposition of  the silver oxalate-
1,2-diaminopropane complex with the 
formation in the ink composition that is 
capable of  destructing with the formation 
of  a metal component at sufficiently low 
temperatures, in comparison with the 
decomposition temperature of  silver 
oxalate. The recommended temperature 
for annealing is 150ºС, because many 
polymer substrates cannot withstand 
higher temperatures.

The remaining metal phase must be of  
high purity in order to provide high electrical 
conductivity. To find this out, samples of  
annealed films were studied by X-ray phase 
analysis.

The diffraction pattern (Fig. 4) of  the 
film formed at 150°C contains strong 
reflections at angles of  38.1°, 44.7°, 64.3°, 
77.5°, and 81.2°, which correspond to 
the (111) planes, (200), (220), (311) and 
(222) silver crystals. These characteristic 
diffraction peaks confirm the single-phase 
composition of  the sample, which is silver 
with a face-centered cubic structure.

Another important criterion that an ink 
must have is stability during the printing 
process.The ink obtained in this work has 
a suitable rheology for piezo inkjet printing 
on a Dimatix DMP machine (viscosity 
~10 mPas, surface tension 33–35 mN/m, 
density 1 g/cm3). The cartridges for your 
printer are designed for one-time refilling 
only, without the possibility of  cleaning the 
print head nozzles with flushing liquids at 
the end of  the printing process. Therefore, 
the ink is forced to remain in a closed system 
until it is completely used up.

After refilling the cartridge, the silver ink 
was in it for 24 hours and seven days with 
active use. Every day, observations were 
made of  the appearance of  the ink and 
the process of  formation and departure 
of  drops from the nozzles from the video 
camera was monitored in real time. It was 

Fig. 3. TGA curve of  organic silver ink.

Fig. 4. X-ray diffraction pattern of  a silver film 
obtained upon annealing at 150°C.
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noted that during the entire period the 
cartridge worked properly, the printing 
liquid remained invariably transparent 
and provided stable printing. On Fig. 5a,b 
show photographs of  droplet departures 
on the first and seventh days of  printing. 
The droplets are round without satellites 
(satellite droplets) and are characterized 
by a straight projection. The printed lines 
(Fig. 5c) have clear edges, which also 
confirms the straightness of  the droplets, 
the stable operation of  the printing 
nozzles, and also indicates the satisfactory 
wettability of  the surface of  the polyimide 
material by liquid drops.

When the ink is annealed above 120ºС, 
a rapid evolution of  gaseous products is 
observed, which can contribute to the 
loosening of  the silver film and the violation 
of  its integrity. To ensure the maximum 
conductivity of  the material, the annealed 

structures must be densely packed. In this 
regard, the heat treatment of  the printed 
squares was carried out in a stepwise manner. 
First, the films were heated to 100°C, kept 
under these conditions for 5 min to remove 
volatile components, and then the heating 
temperature was increased to the required 
one (120-200°C) and annealed for another 
30 min.

Fig. 6 describes the effect of  sintering 
temperature on the surface resistance of  
the silver layer. There is a clear dependence 
of  the resistance on the processing 
temperature. The higher the annealing 
temperature, the lower the resistance of  
the silver element. When films are sintered 
at 180ºС and higher, the resistivity values 
differ little from each other.

Cured silver films annealed at 130°C, 
150°C and 180°C were examined by SEM 
to study morphology and structure at the 
micro/nano scale. At the micro level, the 
surface of  the films (Fig. 7a,b), regardless 
of  the annealing temperature, has an 
integral relief  structure (multiple branched 
folds are found). The width and height 
of  the folded formations lies in the range 
of  1-2.5 microns. The microphotographs 

Fig. 5. Departure of  drops from the nozzles of  the print 
head: a – the first day of  printing, b – is the seventh day 

of  printing. c – silver lines of  various widths.

Fig. 6. Surface resistance of  silver films annealed at 
different temperatures.
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obtained at a higher resolution show that 
the structure of  the silver films is formed 
by spherical nanoparticles (Fig. 7c-e), which 
are closely adjacent to each other. Their 
formation is due to the processes of  
nucleation and growth. The silver amino 
complex under the action of  temperature 
(above 100°C) decomposes into ultra-small 
silver nuclei AgO, which, colliding with each 
other, form closely bound nanoparticles. 
These interconnected nanostructures 
provide many continuous channels for 
electron transport, which helps to reduce 
the resistance of  the silver layer. Films have 
compact packing not only on the surface, 
but also in volume. The average height of  

the smooth sections of  films annealed at 
130°C is 650 nm, at 150°C and 180°C its 
value does not exceed 500 nm (Fig. 7f-h).

Taking into account the geometric 
parameters, the electrical resistivity of  the 
silver printed elements was calculated. 
The obtained values allow us to conclude 
that the annealed printed structures are 
characterized by low values of  resistivity. 
For films annealed at 130°C, 150°C and 
180°C on PI they are 13 μOhm·cm, 8.5 
μOhm·cm and 6.5 μOhm·cm, respectively.

On Fig. 8 the results are showed of  a 
test of  thermoset films to determine the 
adhesion of  silver to a polyimide film. After 
tearing off  the adhesive tape, the edges of  
the cuts retained their previous appearance, 
the integrity of  the film remained 
unchanged. This indicates that the silver 
structures annealed on polyimide have high 
adhesive properties, which correspond to 
the 5V scale.

The resulting organic ink retains long-
term chemical stability for more than 
1 month when stored at +25ºС and more 
than 6 months at +5-10ºС.

4. CONCLUSION
As a result of  the study, a conductive 
organic ink based on a complex of  silver-
1,2-diaminopropane oxalate with a suitable 
rheology for inkjet printing was developed.

Fig. 8. Photos of  silver films: a – before and b – after 
tearing off  the adhesive tape.

Fig. 7. SEM images: a – surfaces of  the hardened 
silver film on a microscale (reference 20 µm), b – folds; 
the surface of  films on the nanoscale (reference 200 nm) 
annealed at different temperatures: c – 130ºC, d – 
150ºC, e – 180ºC; thickness of  films annealed at 

f  – 130ºС, g – 150ºC, h – 180ºC.
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The carefully selected formula ensures 
the chemical resistance of  the ink, which 
makes it easy to work with them at room 
temperature.

The successful choice of  the complexing 
agent provided a decrease in the 
decomposition temperature of  the silver 
precursor and the formation of  a high-
purity metal component at sufficiently low 
temperatures.

Silver oxalate-1,2-diaminopropane 
complex inks have potential as a low cost 
alternative to nanoparticle inks. They can 
provide high conductivity at low annealing 
temperatures (8.5 µOhm·cm at 150°C). 
The formula is particle free and has been 
shown to provide consistent inkjet printing.

Thus, the developed silver ink is an 
inexpensive and promising material for 
low-temperature fabrication of  high-
performance printed electronics.
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1. INTRODUCTION
Currently, in a number of  science areas and 
technology, random and pseudo-random 
numbers are widely used in the process 
of  solving practical problems. These areas 
include mathematical modeling, cryptography, 
information security in computers and 
telecommunications networks, as well as 
when encoding information in ultra-wideband 
radio systems. To solve these problems, it is 
necessary to generate random numbers huge 
arrays with a wide variety of  properties. Of  
greatest importance for practice are numerical 
sequences with a uniform distribution law. 
The random numbers problem is that there 
is no algorithmic random number generator 
yet. If  the resulting sequence obeys some 
algorithmic regularity, then by definition it is 
not random.

Thus, the main task of  such an algorithm 
is to generate a sequence of  numbers that, not 
being random, would be indistinguishable from 
random, would not have visible patterns. In this 
sense, algorithms are bad and good. Moreover, 
the quality of  the algorithm, i.e. its ability to 
generate numerical sequences close in properties 
to random ones can be verified by methods of  
mathematical statistics.

One of  the main elements in such systems 
are random and pseudo-random number 
generators (RNG and PRNG), the quality 
and speed of  which significantly affect the 
results of  solving the tasks. Currently, intensive 
fundamental work is being carried out in the 
field of  generating random and pseudo-random 
numbers, and a large number of  patents and 
inventor's certificates are being published, which 
indicate an ever-increasing interest in these areas. 
Pseudo-random sequence generators are used 
in numerous applications where sequences 
with properties similar in their statistical 
characteristics to random number series are 
needed. The sequences of  numbers formed by 
such generators are calculated using deterministic 

algorithms, which was the reason to call them 
pseudorandom sequences (PRS) [1].

The characteristics of  these sequences are 
subject to a variety of  often specific requirements 
associated with the characteristics of  their 
specific applications. Because of  this, interest in 
the development of  new algorithms that form 
such pseudo-random sequences, not only does 
not decrease, but rather grows. This is also due 
to the urgent need to protect information in 
systems and networks that are rapidly developing 
on a global scale for processing, storing and 
transmitting information [2]. The emergence of  
new ideas in this area, in particular, is associated 
with the development of  ideas about the 
possibility of  chaotic dynamics of  deterministic 
systems even under the assumption that they do 
not contain any noise [3].

Despite the fact that quite a few algorithms 
for generating pseudo-random sequences 
(PRSs) are known, in practice, as a rule, a 
recurrent algorithm is used. Binary sequences 
based on recurrence relations are quite easily 
implemented on a computer in the form of  
programs and circuitry based on high-speed 
multi-bit binary shift registers. The known 
classes of  PRS, both linear and non-linear, 
have certain disadvantages and do not satisfy 
all the necessary requirements. An alternative 
solution to the problem is the use of  noise-like 
signals (NLS) generated by nonlinear systems 
with dynamic chaos. Such NLSs, having 
correlation properties no worse than those 
of  M-sequences, have a practically unlimited 
set of  lengths, can form ensembles of  both 
binary and multilevel signals of  large volumes 
and are non-linear, which makes it difficult 
to recognize them for subsequent playback 
in case of  unauthorized access to the coded 
information [4].

On the basis of  a mathematical model 
of  a ring self-oscillating system with strong 
amplitude-phase nonlinearity, filtering and 
delay, a discrete generating algorithm for a 
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chaotic signal has been developed and studied, 
which belongs to the class of  algorithms 
of  a recurrent-parametric type with delay. 
The algorithm form of  this class in general 
terms has the form of  a discrete functional 
transformation (mapping):

1 2( , ,..., ),n n n n Nzx f x x x− − −=

where xn are the members of  the generated 
pseudo-random sequence at the n-th step, Nz is 
the delay parameter that determines the number 
of  sequence members on the delay interval xn-

1, xn-2, ..., xn-Nz, which completely determine the 
new value of  xn and must be are given as the initial 
condition at the first step, and the function f(x) 
reflects the amplitude and phase transformations 
in the generating ring self-oscillatory system in 
the chaos mode.

The algorithm is defined on the integers set 
M of  the natural series belonging to the closed 
numerical interval [M1, M2], (M2 > M1, M = M2 
– M1 + 1), and forms a practically uncorrelated 
pseudo-random sequence of  integers with 
a probability distribution close to uniform, 
and correlation characteristics that meet the 
requirements for coding signals. The advantage 
of  integer sequences is that they are identically 
reproduced on various types of  computing 
devices and, when implemented in hardware, are 
easily reproduced in circuitry [5].

One of  the simplest generators that form 
pseudo-random sequences are generators based 
on the Fibonacci algorithm, which are still used 
in practice [6].

In the Fibonacci algorithm, when calculating 
each next sequence member, several previously 
calculated previous members are used. This is 
the so-called generator with lagging arguments. 
As a rule, a limited numerical interval is used 
as the definition domain of  the phase space 
in which the representing point of  the system 
state moves. Due to the limitedness of  the 
phase space determined by the dimension of  the 
algorithm, taking into account the finite accuracy 
of  the numbers representation, sooner or later, 

as a result of  a successive calculations chain 
according to a given deterministic algorithm, the 
trajectory of  the system in its phase space must 
close.

This means that the trajectory will enter a 
cycle, and then the calculation results will be 
repeated after some certain (although it may be 
very large) number of  calculation steps, which is 
called the period.

When developing such algorithms, they 
seek to find conditions for obtaining numbers 
sequences that have the largest possible (largest) 
repetition period, and at the same time, on any 
arbitrary trajectory section, less than the period 
length, possessing the characteristics random 
numbers sequence. The advantage of  class of  
the algorithms with delay is that, despite the 
great simplicity of  computational operations, 
they allow us to study the patterns of  sequences 
formation with large periods depending on 
the characteristic parameters of  the algorithm 
(of  the interval for determining the allowable 
numbers {1, M}, of  the length of  the delay Nz). 
The algorithm is supplemented by the returning 
rule a newly calculated number to in the specified 
interval in case of  exit from it. This operation 
provides an important for chaotization mixing 
mechanism [7].

2. PSEUDO-RANDOM SEQUENCE 
OF INTEGERS GENERATED BY A 
ALGORITHM WITH DELAY AS A 
MARKOV PROCESS
The problem of  protecting information in 
open information and computer networks 
from unauthorized access, as well as the 
task of  increasing the noise immunity of  
telecommunication channels, are associated with 
the use of  complex coding algorithms and noise-
like signals with a large information capacity. 
Therefore, the development of  complex 
coding algorithms and criteria for an objective 
assessment of  their statistical properties is a 
rather urgent task.
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As a test algorithm, we consider an algorithm 
with a delay based on a Fibonacci-type mapping. 
To restrict the definition domain of  the algorithm 
to a finite closed integer interval [1, M], M > 1, 
the mapping is supplemented by the operation 
of  converting the interval [1, M] into itself  with 
"reflecting boundaries":

[ ]
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Here Nz is the delay parameter, it 
determines phase space (PS) dimension and 
the radius vector Rn(xn-1, xn-2, …, xn-Nz) of  this 
discrete dynamic system (DDS) state in this 
space. The number of  possible states in the 
PS is finite and equal to MNz. Depending on 
the initial conditions R0(x-1, x-2,… x-Nz), DDS 
(2.1) at each step of  the algorithm describes 
one or another "trajectory" in the PS, which are 
sequential discrete transitions from one state 
point to another according to pseudorandom 
law (Fig. 2.1). Due to the limited scope of  the 
PS, these trajectories form closed cycles, which, 
due to the uniqueness of  the transformation 
(2.1), do not intersect and have no common 
points. All PS points belong to only one cycle 
or an isolated point with coordinates (M,M,… 

M). So, for example, with M = 5, Nz = 4, Kz = 
3, the PS of  the algorithm has one 562-stroke 
cycle, two cycles with a period T = 27, one 
8-stroke cycle, and one singular point. At Nz 
= 5, Kz = 3 and M = 13 (MNz = 371293) there 
are cycles in the PS with periods T = 332373, 
21721, 7966, 4959, 3640, and at Nz = 6, Kz = 
4 and M = 15 one " long" cycle with period T 
= 11099897 includes the vast majority (0.974 
MNz) of  the PS points.

The cycles of  the algorithm (1.1) have an 
important distinctive feature: the behavior 
of  the dynamic system on the cycle before its 
closure (and we will be interested in processes 
just before the cycle is closed) has a random, 
chaotic character (Fig. 2.1). In this case, the 
non-periodic sequence {xn} generated by the 
algorithm is of  a pseudo-random type. The 
set of  points of  states of  a dynamic system in 
an PS, united in such a cycle, called a pseudo-
random cycle. In contrast to the regular cycle, 
which corresponds to regular motion in the 
phase space before the cycle closes. An example 
of  a simple regular cycle (xn = xn-3 + 2 with the 
transformation of  the interval [1,21] into itself) is 
shown in Fig. 2.1b. Thus, a pseudo-random cycle 
is a finite set of  seemingly chaotic, but successive 
points of  states of  a discrete dynamical system 
in the phase space of  the algorithm in a strictly 
deterministic way.

                                          a                                                                             b
Fig. 2.1. Phase portrait of  a signal with closed a) pseudo-random cycle, b) regular cycle.
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For practical applications, non-periodic 
pseudo-random sequences of  great length are 
of  the greatest interest. With an appropriate 
choice of  parameters of  the algorithm (2.1) 
and initial conditions, the segment of  the non-
periodic PRS, generated by the algorithm on a 
pseudo-random cycle before the system exits for 
a period, can be arbitrarily long and, as analysis 
has shown, in terms of  its statistical properties, it 
is close to a sequence with a uniform probability 
distribution of  the generated numbers p(x). So, 
at the algorithm definition domain interval [1,63] 
(M = 63) and the delay Nz = 3, the length of  the 
non-periodic SRP is N = 7.8317·104, at Nz = 5 
N = 3.3174·108, at Nz = 7 N = 1.676·1012,  at Nz 
= 9 the length of  the non-periodic PRS is more 
than 5·1012.

Note that the discrete PRS with discrete 
numbers {xn} is close in its form to the sequence 
of  tests of  the classical probability theory. Each 
transition in this sequence from the number xn 
to the next number xn+1, as well as to the number 
xn+s after s steps of  the algorithm, is completely 
determined due to the determinism and 
uniqueness of  the process (2.1). However, to an 
outside observer, it is no different from a process 
of  random testing. Abstracting, therefore, from 
the determinism of  process (2.1), we show that 
the sequence formed by it, with an appropriate 
choice of  algorithm parameters, can be very 
close to a random sequence of  Markov type and, 
moreover, to a random sequence of  independent 
equally probable events.

As is known, a Markov process is a process 
without a probabilistic aftereffect, when the 
conditional probability for all t > t0 is uniquely 
determined by the value of  x0 taken at the 
moment t0 and does not depend on the previous 
history [8]. For a discrete sequence with discrete 
values xn – a simple Markov chain, this means 
that there is a probability p(xj, n│xi, k) of  
transition from any of  the process values xi at 
the k-th trial to any value xj at the n-th trial (n > 
k, i,j = 1, 2, …, M) [9]. In a particular case of  a 
sequence of  independent trials, the probability 

of  transition to the state xj coincides with the 
probability of  this state in the nth trial p(xj, n│xi, 
k) = p(xj) regardless of  the results of  other trials. 
For a homogeneous Markov chain, the transition 
probabilities depend only on the number of  
steps s = n – k between trials p(xj, n│xi, k) = 
p(xj,│xi, s) = pij(s). The values pij(s) form a matrix 
πs of  transition probabilities in s steps. For 
a homogeneous chain, the relation (Markov 
equation) [10] must be satisfied: πs = (π1)

s, i.e. 
transition probabilities in s steps are expressed 
in terms of  transition probabilities in one step.

Consider algorithm (2.1). At first glance, the 
sequence generated by this algorithm with delay 
is not a process without aftereffect. Further 
more, each new value of  the PRS is determined 
by the prehistory from the Nz values of  the 
delay adopted at the previous stages. On the 
other hand, the operation of  "transforming a 
numerical interval into itself" sort of  breaks this 
connection (without violating the uniqueness 
of  the process in the forward direction, but 
making it irreversible) with each ejection of  
a new number beyond the interval boundaries 
[1,M]. Let us check whether the relation πs = (π1)

s is 
valid for the PRS formed by algorithm (2.1). That 
is, to what extent this sequence corresponds to 
the Markov equation. The assumption about the 
homogeneity of  the process {xn} is quite natural 
if  there is preliminary information about the 
closeness of  the probability distribution p(x) to 
the uniform one.

To visualize the results, we will carry out a 
numerical experiment for algorithm (2.1) with 
small values of  parameters, but with the presence 
in the phase space (PS) of  a pseudo-random 
cycle with a period sufficient to non-periodic 
sequence generate with the number of  terms N, 
which providing the array necessary for statistical 
processing. Let M = 3, Nz = 9, Kz = 5, i.e. the 
algorithm has a 9-dimensional phase space and 
a definition domain of  three numbers. In this 
case, there is a long cycle in the PS with a period 
T = 19677 with a total volume of  the PS equal to 
MNz = 19683. The probability distribution of  the 
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numbers p(x) in the sequence generated by the 
algorithm is almost uniform with a root-mean-
square deviation from this law equal to 4.8·10-5, 
and the maximum deviation modulo 6.8·10-5.

Based on the implementation of  the PSP 
generated by the algorithm with length N = 19677, 
we determine the probabilities P(A) of  generating 
the number xi (i = 1, 2, ..., M) by counting the 
occurrences of  event A equal to n(xi): P(A) = 
n(xi)/N. Following the definition of  conditional 
probability according to Kolmogorov: P(B│A) 
= P(AB)/P(A), where P(AB) is the probability 
of  the simultaneous occurrence of  events A 
and B. In the implementation of  N tests, we will 
count the number of  n(xj, xi, s) that occurred 
simultaneously events A (generation of  the 
number xi) and B (transition from this number 
through s steps of  the algorithm to the number 
xj). Then the probability P(AB) = n(xj, xi, s)/
(N – s), and the conditional probability P(B│A) 
= [n(xj, xi, s)/(N – s)]/[n(xi)/N] = pij(s). The 
transitions matrix πs = ║pij(s)║. For a sequence 
of  independent equally probable events, all 
pij(s) = 1/M and the corresponding transitions 
probability matrix will be denoted by π0.

When analyzing the PRS implementation 
with length N = 19677, the following transition 
matrices were obtained:

1

2

20

0.33335 0.33335 0.33335
0.33325 0.33340 0.33340
0.33320 0.33350 0.33320

0.33321 0.33352 0.33337
0.33326 0.33342 0.33342
0.33315 0.33337 0.33321

0.33321 0.33382 0.33382
0.33342 0.33357 0.33372
0.

,

, ,

π

π

π

 
 
 
 
 
 
 
 

=

= …

=
33330 0.33367 0.33376

.
 
 
 
 

The establishment of  this fact alone, that all 
probabilities of  transitions pij(s) = p(xj,│xi, s) = 
p(xj, n│xi, k) exist, is already sufficient to consider 

this process as a Markov one [11]. In addition, 
we see that all matrix elements are very close to 
the equiprobable value pij = 1/M = 1/3. At this, 
since the sum of  the elements of  each row of  
matrices πs is equal to one, these matrices are 
stochastic [12]. The largest difference between 
the Euclidean norms of  the matrices πs from 
unity was less than 10-5.

We will evaluate the validity of  equality (2.2) 
for the PRS under study based on the calculation 
of  the rms deviation of  the elements of  the 
matrices πs and (π1)

s:
( ) 2

,
, 1

2(1/ ) ( ( ) (1)),

(1/ ) ,

M
s

i j
i j

s

M p s ps i j
M

σ

π
=

= − =∑

= ⋅ ∆
 (2.2)

where ║Δπs║ is the Euclidean norm of  the 
matrix Δπs = πs – (π1)

s, and pij(s) (1) are the 
elements of  the matrix (π1)

s.
The obtained numerical values of  σs are 

plotted on the graph in Fig. 2.2 (curve 1a). 
We see that the differences of  the matrix 
elements in the left and right parts of  (2) 
for all transition intervals s = 1, 2, …, 20 are 
less than 4·10-4 in absolute value or about 
10-3 in relative value. This result shows that 
the tested sequence generated by algorithm 
(2.1) with delay can be considered as very 
close to a Markov process. More over, as the 
analysis of  the proximity of  the transitions 
matrices πs to the matrix π0 = ║pij = 1/M║ 
shows, this sequence for the given values of  
the parameters M and Nz practically does not 
differ from the independent equiprobable 

Fig. 2.2. Root-mean-square deviation of  matrix elements πs 
and (π1)

s.
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tests sequence. Indeed, characterizing the 
difference between the matrices πs and π0 by 
the rms deviation of  their elements:

 2 2
0

,

(1/ ) ( ( ) 1/ ) (1 / ),1
,M

i j

M p s M Mi joσ π
=

= − = ⋅ ∆∑  (2.3)

where ║Δπ0║ is the norm of  the matrix Δπ0 
= πs – π0, we plot the values of  σ0 obtained in 
the numerical experiment for s = 1, 2, …, 20 
on the graph of  Fig. 2.2 (curve 1b). We see that 
the differences transition matrices elements 
pij(s) from the values of  1/M upon all analyzed 
transitions s do not exceed the level of  5·10-4 or, 
in relative terms, about 0.1%.

Similar calculations were performed in the 
analysis of  the transition matrices for the PRS 
of  algorithm (2.1) with the parameters M = 9, 
Nz = 9, Kz = 5, i.e., with a definiton domain 
of  nine numbers and a PS with a volume of  
387420489 points of  states. The length of  the 
studied implementation of  the PRS with the 
initial vector R0(1, 1, …, 1) was chosen to be 
N = 180000. The probability distribution of  
the generated numbers p(x) is close to uniform 
with a root-mean-square deviation from this 
law equal to 6.42·10-4 and a maximum deviation 
modulo 1.45·10-3. Differences in the elements 
of  the transitions matrices πs and (π1)

s, as well 
as the matrices πs and π0, are shown by graphs 
2a and 2b in Figs. 2.2. The values of  the root-
mean-square deviation, as it follows from the 
constructed dependencies, are at the level σ = 
2·10-3, i.e. less than 1% in relative value. This 
also testifies in favor of  making a conclusion 
about the closeness of  the generated pseudo-
random process to the Markov chain and to the 
sequence of  independent equiprobable trials.

Curves 3a and 3b in Fig. 2.2 refer to the case 
of  the PRS formed by algorithm (2.1) with the 
following parameters: M = 9, Nz = 5, Kz = 3. 
This variant differs from the previous case by a 
smaller magnitude of  delay. In PS of  algorithm 
presented cycles with periods T = 55070, 3230, 
260, 130, 50. The longest pseudo-random cycle 
with the initial vector R0(1, 1, …, 1) was taken 

for numerical analysis. The length of  the studied 
implementation of  the PRS is N = 55070. 
The probability distribution of  the generated 
numbers p(x) is close to uniform with a standard 
deviation from this law of  7.3·10-4, and a 
maximum deviation modulo 1.05·10-3, which 
practically does not differ from the degree of  
closeness to a uniform distribution of  generated 
numbers in the previous test sequence.

Indeed, as studies have shown, the probability 
distribution function tends to improve as the 
delay parameter, and hence the dimension of  
the algorithm, increases, i.e. to approximation to 
a uniform law, but for Nz of  the order of  6 and 
more, the density of  distribution p(x) practically 
does not differ from this law. As evidenced by 
the course of  curves 3a and 3b, the transitions 
matrices πs and (π1)

s, as well as the matrices πs 
and π0 differ little over the transition intervals 
s = 1, 2, …, 10, but over large intervals s = 
12, 13, …, the differences in matrices increase 
to units of  percent. This computer experiment 
confirms that knowledge about the uniformity 
of  the probability distribution of  the occurrence 
of  numbers p(x) is still not enough to estimate 
the PRS as close to a sequence of  independent 
tests. It is important that and all distributions 
of  conditional probabilities p(xj, n│xi, k) be 
uniform. Comparison of  the course of  graphs 
2 and 3 in Fig. 2.2 shows that an increase in 
the delay from Nz = 5 to Nz = 9 leads to an 
improvement in the statistical characteristics 
of  the pseudo-random process generated 
by the algorithm, bringing them closer to 
the characteristics of  a Markov chain and a 
sequence of  independent equiprobable events.

Note that the determination of  matrices 
of  probabilities transitions for large values 
of  the parameter M requires processing large 
numerical arrays, therefore, for express analysis 
of  the statistical quality of  the generated PRSs, 
it is quite acceptable, as is known, to construct 
simplified transition matrices that inform only 
whether the  probabilities of  transition of  pij(s) 
are different from zero or not. The construction 
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of  such matrices is possible when analyzing 
implementations that are not necessarily large in 
length. Herewith, not all matrics cells may turn 
out to be correctly filled: for large values of  M 
and insufficient length N of  the analyzed PRS (N 
< s·M2), such a matrix, even for processes with 
all nonzero pij(s), has the form of  a uniformly 
filled "starry sky". Nevertheless, consideration 
of  the form of  transitions matrices pij(s)=, ≠ 0 
sequentially in number s, gives important 
information about the quality of  discrete process 
under study.

A process with a delay is a process with an 
aftereffect. However, the introduction of  the 
operation of  converting the interval [1,M] into 
itself  into the algorithm breaks this aftereffect 
at each step when the number xn goes beyond 
the boundaries of  this interval. Herewith, the 
pseudo-random sequence formed by algorithm 
(2.1), with an appropriate choice of  algorithm 
parameters, can actually be considered as a 
process without aftereffect, i.e., as a simple 
homogeneous Markov chain with probabilities 
of  transitions pij(s) ≈ 1/M. It is shown that with 
an appropriate choice of  algorithm parameters 
and initial conditions, under which the difference 
between the transitions matrices πs and (π1)

s 
becomes noticeable, the statistical properties of  
the generated PRS worsen compared to a purely 
random process, even if  herewith the probability 
distribution p(x) is practically uniform.

3. PRS COMBINED GENERATOR
In [13], the characteristics of  pseudo-random 
sequences defined on a limited interval of  
integers, formed by the simplest algorithms 
such as the Fibonacci algorithm, are proposed 
and studied. Expressions are given, as well as a 
method for calculating the maximum period TM, 
Nz of  the PRS for a standard Fibonacci-type 
generator, depending on the interval of  integers 
{1,M} and the delay parameter (dimension of  
the phase space) Nz. Knowing the exact value of  
the maximum period TM, Nz makes it possible 
to combine two generators, to significantly 

improve the statistical properties in such a 
way that the PRS period becomes many times 
greater than the period of  each individual partial 
generator. The work of  each such generator is 
performed in accordance with the algorithm 
for generating and returning a newly calculated 
value to the definition domain {1, M}

1 ,
  .

n n n Nz

n n n

X X X
X X r XM Mfo

− −

= − >
= +

 (3.1)

The definition domain {1, M} and the delay 
Nz are different for each of  the partial generators. 
The combined PRS generator functions 
as follows: two partial generators operate 
synchronously and the numbers generated by 
them at each step are added, generating a new 
sequence. If  the result of  addition is outside the 
interval {1, M0}, then the return algorithm is 
switched on, similar to (3.1). The above can be 
written as:
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In accordance with the results of  [6], in order 
to obtain the maximum period, it is necessary 
to set the initial conditions (IC) as a sequence 
of  Nz units. Then, if  Nz1 > Nz2, then for the 
1st generator, in order to achieve the maximum 
period, IC – a sequence of  Nz1 units. And the 
2nd generator as a IC, respectively, has Nz2 units. 
The numbers missing to start the operation of  
the combined generator algorithm (Nz1 – Nz2) 
must first be calculated using the algorithm 
of  the 2nd partial generator. Thus, for the 
combined generator, the ICs are actually Nz1 of  
numbers, and the first Nz2 of  them are equal to 2. 
Therefore, the ICs for the combined generator 
will be repeated and the sequence generated by 
it will reach the period (T0) when exactly (and 
simultaneously) the ICs are repeated for each 
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from partial generators. The corresponding 
condition can be written as:

1 1, 1 2 2, 2 0 ,M Nz M NzN T N T T= =  (3.3)
where N1 and N2 are integers. Thus, T0 must be 
divisible by TM1,Nz1 and TM2,Nz2 without remainder 
and, therefore, the maximum value for T0 is 
determined by the product (TM1,Nz1)(TM2,Nz2) and 
to achieve this value it is necessary that TM1,Nz1, 
TM2,Nz2 would have no common the comultipliers 
and, moreover, would be multiples.

Knowing the dependence of  the PRS 
period on the maximum value in the definition 
domain of  M and of  the delay Nz, it is 
possible to choose such M1, Nz1 and M2, Nz2 
that the period of  the combined oscillator will 
significantly exceed the periods of  the partial 
oscillators TM1,Nz1 and TM2,Nz2. In the case 
of  small periods, this can be checked fairly 
easily. For example, T3,2 = 8 and T4,3 = 14. The 
smallest number that is divisible by 8 and 14 
without a remainder is 56. It is this value that 
is obtained as a result of  direct generation; 
T15,7 = 97655, T17,8 = 83520, the period of  
the generated numbers sequence for the 
combined generator is 1631229120, which is 
much larger of  each as periods of  the partial 
generators. As an example in Fig. 3.1 shows 
the frequency distribution of  the appearance 
of  integers in the PRS for the combined 
generator in the definition interval {1,257}, 
while the partial generators parameters are 
as follows: M1 = 257, Nz1 = 11, M2 = 253 

and Nz2 = 15. This distribution was obtained 
for an array of  109 numbers, the maximum 
value is 3896607, the minimum is 3885514, 
the difference between them is 11093 and the 
difference referred to the maximum value is 
0.0028; average value ~3.89·106; rms deviation 
~1.89·103. The given frequency distribution 
of  integers is close to uniform according to 
statistical criteria.

The proposed algorithm and its characteristics 
are of  methodological interest, since to obtain a 
period of  arbitrarily long duration, the number 
of  master oscillators can be increased, and X0n 
can be a linear combination of  the numbers Xn 
with weight coefficients Cn different from unity 
for each of  the partial generators, i.e.

0
1

.
N

n in in
i

X C X
=

=∑  (3.4)

4. CHAOTIC ENCODING ALGORITHM 
BASED ON TWO-DIMENSIONAL 
MAPPING
A one-dimensional algorithm of  the Fibonacci 
random number generator type xn = f(xn-1,…, 
xn-Nz, Nz, M) [13] was chosen as the basic 
discrete algorithm. General view of  the two-
dimensional algorithm under study:

1 1 1 1 2

2 1 2 1 1

, , , , , 1, 2,          
, , , , 1, 2,

( , ),
( , ).

n n n Nz n n Nz

n n n Nz n n Nz

x f x x y y Nz Nz M
y f y y x x Nz Nz M

− − − −

− − − −

= … …

= … …  (4.1)

The definition domain of  the algorithm is a 
closed interval of  integers [1, M]. In the process 
of  generating the sequence, when the numbers 
xn, yn left the interval [1, M], the transformation 
of  refund xn → xn ± M and yn → yn ± M was 
applied.

The phase space (PS) of  the algorithm has 
the dimension (Nz1+Nz2). The number of  
system states in this space for an algorithm 
certain on a bounded discrete set is finite and 
equal to M(Nz1+Nz2). Since each system state is 
certain on a finite and limited numbers set 
and the explicit form of  the algorithm is a 
unambiguous mapping, the system will sooner 
or later fall into the initial state and the process 
will become periodic. Until leaving for the 
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Fig. 3.1. Distribution of  the appearance of  integers 
in the PRS for the combined generator in the definition 

interval {1,257}.
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period, the generated sequence, as showed by 
the numerical experiment, is pseudo random. 
The appearance of  a period in the sequence 
{xn}, as well as in the sequence {yn}, is realized 
in the case of  simultaneous exact repetition 
of  complete initial conditions sets from the 
delayed members (xn-1, …, xn-Nz1) and (yn-1, 
…, yn-Nz2).

The study of  the structure PS of  the 
algorithm was carried out in the accessible for 
numerical analysis range of  parameters M, Nz1, 
Nz2: M

(Nz1+Nz2) ≤ 106 ÷ 107. Tables 1 and 2 show 
the results of  studying the structure PS of  the 
algorithm for odd (M = 3) and even (M = 4) 
values of  the parameter M in comparison with 
the cycles spectra of  the basic one-dimensional 
algorithm with the corresponding parameter 
values.

In Tables 1 and 2, the cycles number of  same 
period is indicated in round brackets.

The PS of  the algorithm under study consists 
of  a set of  cycles of  different multiplicity and 

length and one special isolated point with 
coordinates (M, M, ..., M). It can be seen from 
Table 1 that for odd M all cycles have a single 
multiplicity, just like in the PS of  the basic 
algorithm. At the same time, there is no obvious 
regularity between the cycles sizes in the PS of  
the compared algorithms. The size of  the largest 
cycle is ~0.5 of  the total number of  states in the 
phase space M(Nz1 + Nz2).

For even values of  M (Table 2), the cycles in 
the PS are usually short and multiple, as in the 
case of  the basic algorithm. Cycles spectra of  
the two-dimensional algorithm with parameters 
Nz1 and Nz2 do not contain cycles of  partial 
basic algorithms with Nz = Nz1 and Nz = Nz2, 
but have basic algorithm cycles with Nz = (Nz1 
+ Nz2)/2 with addition doubled period cycles. 
In this case, the main periods of  cycles of  the 
two-dimensional algorithm differ by an integer 
number of  times from the fundamental period 
in each of  the cycles series: for example, with 
Nz1 = 4, Nz2 = 3, the spectrum of  cycles is 
31 (fundamental period), 62, 93, 186. Such 
a character of  the cycles spectrum is also 
characteristic of  the one-dimensional algorithm 
for even values of  M.

Table 1 shows that the cycles size of  
the greatest length of  the two-dimensional 
algorithm is almost two orders of  magnitude 
larger than the cycle size of  the corresponding 
one-dimensional algorithm for Nz1 = Nz. But 
this gain is due not so much to the specific two-
dimensional mapping features compared to the 
one-dimensional analog, but to a real increase in 
the PS dimension. The ratio between the cycle 
length of  the maximum size and the full number 
of  states in the PS remains the same ~0.5.

The statistical characteristics evaluation 
should be carried out not at small, but at real, i.e. 
relatively large parameters values corresponding 
to developed chaos and the formation of  long 
pseudo-random sequences with good correlation 
properties. Therefore, the calculations were 
performed with parameters M = 255, Nz1 = 16, 
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Table 1
Nz = 3 18, 8, 1 MNz = 27

Nz = 4 44, 29, 7, 1 MNz  = 81

Nz = 5 118, 70, 22, 16, 13, 3, 1 MNz = 243

Nz = 6 457, 100, 61, 31, 28, 26, 25, 1 MNz = 729

Nz1 = 4
Nz2 = 3

1258, 351, 270, 88, 26, 1 M(Nz1+Nz2) = 2187

Nz1 = 5
Nz2 = 3

3614, 862, 798, 645, 496, 70, 16, 1 M(Nz1+Nz2) = 6561

Nz1 = 5
Nz2 = 4

8789, 5677, 2725, 1391, 613, 207, 39, 1 M(Nz1+Nz2) = 19683

Nz1 = 6
Nz2 = 4

24844, 23261, 5908, 2781, 400, 1 M(Nz1+Nz2) = 59049

Table 2
Nz = 3 14(4), 7, 1 MNz = 64

Nz = 4 30(8), 15, 1 MNz  = 256

Nz = 5 42(22), 21, 14(4), 7, 6(2), 3, 1 MNz = 1024

Nz = 6 126(32), 63, 1 MNz = 4096

Nz1 = 4
Nz2 = 3

186(68), 93, 62(8), 31, 1 M(Nz1+Nz2) = 16384

Nz1 = 5
Nz2 = 3

60(544), 30(8), 15, 1 M(Nz1+Nz2) = 65536

Nz1 = 5
Nz2 = 4

465(412), 31(3), 1 M(Nz1+Nz2) = 262144

Nz1 = 6
Nz2 = 4

84(1149), 42(43), 21, 14(4), 1 M(Nz1+Nz2) = 1048576
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Nz2 = 11. It is shown that the two-dimensional 
algorithm generates a pseudo-random sequence 
with an almost uniform probability distribution 
p(x) = 1/M. For a sequence segment with N = 
210000, the difference from this distribution is: 
relative average difference modulo ∆pav = 0.028 
at maximum ∆pmax = 0.10, rms σ = 0.002.

The evaluation of  the correlation 
characteristics of  the generated sequences was 
carried out on the basis of  the analysis of  100 
pairs of  unclipped and clipped segments of  
128 and 1024 symbols, sequentially generated 
by the algorithm without any selection, 
including without selection by code balance. 
It was found that the emissions level of  auto- 
and cross-correlation functions did not exceed 
following values: (1.5÷4.8)/ N  for segments 
with N = 128 and (2.5÷4.9)/ N  for segments 
with N = 1024, which consistent with the 
appropriate level side emissions of  purely 
random sequences correlation functions 
with uniform distribution, and sequences 
generated by basic algorithm.

Counting blocks of  identical symbols at the 
clipped sequence implementation of  270,000 
numbers showed that the appearance probability 
of  such blocks completely obeys the law p(k) 
= 1/2k up to a block of  size k = 12 with 
insignificant differences from this law for blocks 
of  k = 13÷18 characters. The latter differences 
are due more to the data insufficiency for results 
statistical processing than the properties of  the 
algorithms themselves.

The evaluation of  the signals system volume 
generated by the two-dimensional and basic 
algorithms was estimated by selecting balanced 
codes with specified correlation properties from 
the generated clipped sequence. It is shown that 
for the same sequence implementation lengths, 
the selected codes number and rate of  their 
selection are close for both compared algorithms.

The phase space structure of  two-
dimensional algorithm is analyzed. The periods 
spectrum of  cyclic trajectories in phase space 

is found, which differ in initial conditions. It 
has been established that the pseudo-random 
sequences statistical properties generated 
by basic discrete algorithm and algorithm 
with a two-dimensional mapping are close 
with comparable parameters. However, the 
two-dimensional algorithm has an increased 
complexity, which greatly complicates its 
reconstruction based on the implementation 
of  generated by the algorithm sequence.

5. METHODS OF CHAOTIC 
ALGORITHMS FRACTAL ANALYSIS
For the chaotic signals effective implementation 
in radio engineering complexes, 
telecommunication systems, as well as for 
their use as an information carrier in new 
generation information technologies, along with 
conventional methods for studying statistical 
and correlation characteristics, it is necessary 
to develop alternative estimate methods of  
algorithm structural complexity and PRS fractal 
dimension. [14].

The fractal analysis methods of  random 
number generators currently include the 
determination of  dynamic systems fractal 
dimensions, computer processing of  both the 
these systems trajectory in phase space (PS), and 
formed by system of  processes in projections on 
plane in the PS and on coordinate axes. In the 
latter case, we are talking about the study of  the 
properties of  the sequence directly generated by 
the algorithm.

For the fractal processing algorithms 
effective application, it is necessary to represent 
an algebraic object – a numbers sequence or 
signs in form of  a graphic image. As geometric 
images that characterize the chaotic algorithms 
properties, you can choose a step-by-step 
mapping on plane of  the recurrent sequence 
members (Fig. 5.1a), the two-dimensional 
section of  chaotic algorithm multidimensional 
phase space (Fig. 5.1b), as well as the projection 
of  the chaotic algorithm multidimensional phase 
space onto one of  coordinate planes with or 



448

No. 4 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

INFORMATION TECHNOLOGIES

without the multiplicity factoring each point of  
system state (Fig. 5.1c). An example of  such a 
FP algorithm projection with parameters N = 
30000 is shown (presented) in Fig. 5.1c.

The fractal characteristics were measured 
using the brightness field of  the images. When 
measurements by two-dimensional field, two 
methods can be used. The first – the "sliding 
window" method – allows you to get the 
dependence S = f(δ), where S is measured 
parameter that determines the fractal signature, 
δ is smoothing window size. The second is 
a method for measuring of  local dispersion 
dimension, which consists in measuring the 
brightness variance of  a image small area on two 
scales. This method makes it possible to obtain 
a fractal dimensions spectrum by an image.[14].

For this purpose, we analyzed the simplest 
algorithms for generating of  integers {xn} 
pseudo-random sequences with delay, using the 
Fibonacci mapping and its modifications:
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where Nz and Kz are algorithms parameters, 2 
≤ Kz ≤ (Nz – 1). In contrast to [13], the sign 
in front of  the retarded term in F-1 and F-2 
does not change randomly independently, but is 
determined by the system internal dynamics. The 

feedback parameter Nz determines the phase 
space dimension of  algorithm and, accordingly, 
the radius vector dimension Rn(xn-1, xn-2, ..., xn-Nz) 
of  the discrete dynamical system state at each 
step.

The phase space (PS) volume of  the Fibonacci 
mapping of  dimension Nz is practically unlimited.
For the real application of  PRS algorithms in 
radio engineering systems and the formation of  
modulating digital signals of  a finite capacity, it is 
necessary to set the algorithm definition domain 
on a numbers finite set of  a natural series closed 
interval [1, M], where M > 1. For this, mappings 
(5.1-5.3) must be supplemented by the operation 
of  converting numerical interval [1, M] into 
itself, for example, of  following form:

,        ,

, ,
, 1.

 1,n n n

n n n

n n n

x x if x

x x M if x M
x x M if x

M =  
= − >
= + <

∈ 

 

 

 (5.4)

This transformation, corresponding to 
segment contraction [1, M] into a ring, plays an 
important role in the chaotic behavior mechanism 
of  these dynamical systems. This operation limits 
the phase space volume, making it finite, equal of  
VPS = MNz state points and provides additional 
trajectories mixing in the phase space. The 
operations of  mapping the interval [1, M] into 
itself  make the transformations of  the algorithm 
ambiguous, which does not allow restoring the 

Fig. 5.1. a) Mapping on the plane of  members pairs of  a recurrent chaotic sequence, b) Two-dimensional 
section of  the multidimensional phase space of  a chaotic algorithm, c) The FP projection of  a chaotic algorithm 

with delay.

                      a                                             b                                              c
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formula and parameters of  the algorithm by the 
clipped process well-known implementation.

It should be noted that one transformation 
of  numer interval into itself  is not enough for 
effective trajectories mixing in phase space. 
A randomization certain mechanism should 
already be contained in the mapping function. 
In this case, this is provided by the Fibonacci 
mapping properties. These two conditions – the 
phase space limited volume and the presence of  
a powerful mixing mechanism – are necessary 
conditions for any dynamic system chaotic 
behavior.

Algorithm F-4 based on the Fibonacci 
mapping (5.3) was also considered as an 
alternative, but with a different operation of  
converting the numerical interval [1, M] into 
itself, the type of  reflecting boundary:

,             ,

,            2 ,
2 ,   2 .

 1,n n n

n n

n n n

x x if x

x M if x M
x M x if M x M

M =  
= > ⋅
= ⋅ − < < ⋅

∈ 



 

 (5.5)

Depending on the initial conditions choice, 
the radius vector Rn describes a trajectory in 
the algorithm phase space, which is successive 
discrete transitions from one point of  the 
dynamic system (DS) state to another according 
to a random law. These motion "trajectories" of  
a discrete DS in the PS, due to the limited PS 
volume, form closed cycles, which, due to the 
transformations uniqueness, do not intersect 
and have no common points. In addition, cycle 
pools and isolated points can exist in the PS. The 
cycles of  the studied algorithms F-1, F-2, F-3, 
F-4 have an important distinctive feature: the 
behavior of  dynamic system before the cycle is 
closed (and also on the movement trajectory of  
the pool, if  it exists) is chaotic, and generated 
by algorithm non-periodic sequence at the same 
time – pseudo-random type.

The such points set in the PS, united in a 
cycle, we called a pseudo-random cycle (PRC) 
if  the non-periodic process formed by the 
algorithm before the cycle is closed is chaotic, in 
contrast to the regular cycle, which corresponds 

a regularic process before the DDS exits to a 
period. A pseudo-random cycle (until it closes) 
corresponds to an irregular motion in the 
phase space, and a regular cycle corresponds 
to a regular one. In both cases, the behavior of  
the dynamic system on the cycle is completely 
determined. The trajectory of  a pseudo-
random cycle is a deterministic set of  points 
of  discrete dynamical system states chaotically 
following one another in the entire volume of  
the algorithm phase space. An analogue of  the 
pseudo-random cycle of  a discrete system is the 
continuous dynamical system strange attractor 
[15].

The differences between pseudo-random and 
regular cycles are quite intuitive. Periodic motion 
is always regular, but regular motion is not 
necessarily periodic. Thus, PRC is such a discrete 
dynamical system (DDS) movement, which, at 
consideration intervals less than a period, is 
random chaotic, and at intervals greater than 
a period (more precisely, N > 2T = 2Np), the 
system behavior should be considered already as 
regular and periodic.

Depending on the values of  the parameters 
Nz ≥ 3, Kz and M, there are a cycles whole 
row of  different periods in the phase space 
of  the F-1, F-2, F-3 algorithms. Each long 
(N ~ VPS) cycle before its closure corresponds 
to a non-periodic PRS with an almost uniform 
distribution p(x) ≈ 1/M of  generated numbers 
in a given interval of  the domain p(x) ≈ 1/M 
and with uniform distributions of  conditional 
probabilities. To characterize the chaotic set of  
points fractal properties on the PRC, we confine 
ourselves to an analysis of  the geometric and 
correlation dimensions [16].

The fractal analysis methods can be applied, 
in principle, to any numerical set. In particular, 
in the discrete DS study, these methods can be 
directly applied to the points set of  system states 
in an n-dimensional PS, and can also be applied 
to the points set of  these states projections 
onto selected surfaces in the phase space. The 
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fractal analysis methods can also be successfully 
extended to phase space projections onto 
coordinate axes; in the latter case, we are dealing 
with the fractal properties study of  sequences 
directly formed by discrete algorithms.

To characterize the fractal properties of  a 
chaotic set of  points on a pseudorandom cycle 
in an Nz-dimensional PS, we restrict ourselves 
to analyzing the Euclidean D and correlation 
dimensions D2. Computer analysis was carried 
out for parameters small values of  the chaotic 
algorithm with delay, which is of  fundamental 
importance for estimating the PRC majority 
properties. With an increase in the algorithm 
dimension, the DDS behavior becomes much 
more complicated and the generated PRSs 
statistical characteristics improve.

An correlation dimension D2 estimate of  
studied pseudo-random motion of  a discrete 
dynamical system along a trajectory in a 
multidimensional PS can be given based on 
correlation integral C(l) calculation given on the 
set of  distances l between all pairs of  DS state 
vectors on a cycle in PS, plotting the dependence 
lgC(l) = f(lg(l)) shown in Fig. 5.2, and determining 
angular coefficient of  straight part at it.

Curve 1 in this figure corresponds to the 
algorithm with parameters Nz = 3, Kz = 2, M = 
15, PRC with initial vector R0(1, 1, 1) and process 

implementation length N = 630. By calculating 
the local angular coefficient, we can give the 
following correlation dimension estimate of  the 
cycle under study: D2 ~ 2.4. The obtained value 
is consistent with the Euclidean dimension D 
= 3, D2/D ~ 0.8. The value of  the latter ratio 
can serve as the degree characteristic of  filling 
uniformity of  the full PS volume with cycle 
points.

Curve 2 in Fig. 5.2 corresponds to the 
logarithm of  correlation integral for the PRC 
with R0(1, 1, ..., 1) algorithm with parameters 
Nz = 7, Kz = 4, M = 15, N = 630. Graphs 1 
and 2 of  the function lgC(l) = f(lg(l)) in Fig. 5.2 
are identical to each other, but have a extended 
straight sections different angular coefficient 
due to PS dimensions differences. For curve 2, 
the angular coefficient corresponds to the 
correlation dimension of  the analyzed cycle D2 
~ 5.85, D = 7, D2/D = 0.83. Note that algorithm 
long cycles correspond to PRSs with good 
statistical and correlation properties, especially 
when the delay Nz increases more than 5.

An fractal characteristics analysis of  the 
projection points of  the DS states onto the two-
dimensional coordinate plane (X-1, X-2), taking 
into account their multiplicity, was carried out 
by covering the numerical set with elementary 
cells with side l, calculating the required number 
of  them S(l) and then calculating the Hausdorff  
and correlation dimensions. Curve 3 in Fig. 5.2 
corresponds to the dependency lnS(l) = f(ln(l)) 
of  the PRC projection with the initial vector 
R0(2, 2, …, 2) of  the algorithm with parameters 
Nz = 16, Kz = 9, M = 255, the length of  the 
process implementation N = 650000. D0 = 
2.0, D = 2, D2/D = 1. Curve 4 in the figure 
was obtained by calculating the sums of  
squares logarithm of  the observed occurrence 
frequencies of  the DS state projections in unit 
cells covering the numerical set, which gives 
the following estimate of  the PRC correlation 
dimension projection D2 = 1.989, D = 2, D2/D 
= 0.994.Fig. 5.2. Fractal signatures for determining the Hausdorff  

and correlation dimensions.
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Fig. 5.3. Fractal signatures of  pairwise mappings: square – 
mapping (xn; xn+1), circle – (xn; xn+2), triangle – (xn; xn+9).
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The correlation dimension definition by the 
standard method, applied to a one-dimensional 
(D = 1) chaotic array of  N = 6500 PRS numbers, 
formed by an algorithm with parameters Nz = 
16, Kz = 9, M = 255 (curve 5 in Fig. 5.2) gave the 
correlation dimension value D2 = D2/D = 0.988, 
which indicates a fairly good filling uniformity 
interval [1, M] with generated numbers. This is 
confirmed by the analysis of  the one-dimensional 
probability distribution of  the numbers in the 
sequence.

On Fig. 5.3 the computer calculation results 
of  fractal signatures lnS = f(lna) are given, where 
S is the brightness characteristic of  the graphic PS 
image of  the chaotic algorithm, a is the window 
side (the measuring window is square, the relative 
window size varied from 3 to 30 pixels).

It can be seen from figure that all signatures 
have sections with different dominant slopes, 
which characterizes degree of  statistical 
connection between corresponding members of  
recurrent chaotic sequence. Numerical analysis 
showed that the fractal signatures of  mappings 
of  algorithms with good mixing (weak statistical 
connection between members pairs of  a 
recurrent chaotic sequence) are characterized by 
a smaller spread and almost the same slope.

Methods of  computer analysis were used 
to study chaotic algorithms F-1, F-2, F-3, F-4 
with delay with different characteristics (delay 
parameter, various mixing mechanisms). For the 
F-1 algorithm, the correlation dimension of  the 
points set on cycle with initial vector R0(8,6,7,1) 
(curve 1) is equal to D2 = 3.3. The obtained value 

agrees with the Euclidean dimension D = 4, 
D2/D = 0.83. The latter ratio value can serve as 
a characteristic of  the uniformity degree of  the 
full volume filling of  the PS with cycle points. 
As the analysis showed, the studied cycle with 
the initial vector R0(8,6,7,1) corresponds to a 
non-periodic PRS of  length N = 14030 with a 
generated numbers distribution close to uniform.

The linear section of  graph (curve 2), 
obtained for the points set of  the trajectory basin 
and cycle in the F-2 algorithm phase space, has 
a somewhat smaller slope, which corresponds to 
the correlation dimension value about D2 = 3.0. 
Curve 3 in Fig. 5.2 corresponds to logarithm of  
correlation integral for a pseudo-random cycle 
with initial conditions R0(1,6,6,7) of  the tested 
algorithm F-3. Graphs 1 and 3 of  the function 
logC(l) = f(log(l)) in Fig. 5.4 almost exactly repeat 
each other and have an extended rectilinear 
section with a slope D2 = 3.3, which and makes 
it possible to obtain a quantitative estimate of  
the filling uniformity of  the space with DS states 
points on pseudo-random cycles. Note that PRSs 
with good statistical and correlation properties, 
especially when the delay increases more than 5 
correspond to algorithms F-1 and F-3.

For the F-4 algorithm cycle with initial radius 
vector R0(7,14,6,15), the period T = 613, the 

Fig. 5.4. Dependence of  log2C(l) on log2l for chaotic 
algorithms with delay and various delay parameters.
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dependence logC(l) = f(log(l)) (curve 4 in Fig. 
5.2) does not have a clearly defined straight 
section. This means that correlation integral has 
significant deviations from law C(l) ~ l – D and, 
therefore, this pseudo-random cycle points are 
located unevenly in PS.

Fractal analysis can be applied not only 
to a chaotic points set in a multidimensional 
PS, but also to a one-dimensional set of  PRS 
implementation numbers. The correlation 
dimension definition by the standard method, 
applied to a one-dimensional (Euclidean 
dimension D = 1) chaotic array of  N = 1000 
PRS numbers, formed by the algorithms F-1, 
F-2, F-3, F-4 with different delay parameters, 
gave the following results. For all tested 
algorithms, the correlation dimension value is 
within D2 = D2/D = 0.91÷0.96, including for 
the random number generator RND of  the 
Maple mathematical software package. The 
obtained ratio D2/D values indicate a fairly 
good filling uniformity definition domain  
with the generated numbers. This is also 
confirmed by analysis of  one-dimensional 
probability distribution of  the numbers in the 
sequence.

It can be seen from given data that studied 
chaotic algorithms, as well as certified random 
number generator RND, demonstrate a 
sufficiently high structural quality of  the generated 
sequences. When the distribution function of  
the generated numbers p(x) and the correlation 
coefficient change, the proposed method for 
estimating  degree of  structural complexity 
effectively captures the corresponding change in 
the PRS statistical properties.

Thus, it is shown that calculation of  fractal 
characteristics of  recurrent chaotic sequences 
and their graphical images makes it possible to 
quantify effectiveness of  mixing mechanism 
and degree of  statistical connection between 
the chaotic sequence members, which ultimately 
determines complexity of  the chaotic generating 
algorithm

6. STATISTICAL CHARACTERISTICS 
OF PSEUDO-RANDOM SIGNALS 
GENERATED BY DISCRETE 
ALGORITHMS WITH DELAY
The most complete information about statistical 
properties of  discrete sequences is provided by 
the distributions analysis of  pairwise conditional 
probabilities of  the sequence members p(i + j, 
xn|i, xk), j = 1, 2, 3, …; k, i = 1, 2, 3, … , M. The 
pairwise conditional probability is the generating 
probability number xn at the (i+j)-th algorithm 
step, if  the number xk was obtained at the i-th 
step. In this case, the definition domain of  the 
discrete algorithm is an arbitrary closed integer 
interval [M1, M2], M = M2 – M1 + 1, xn ∈ [M1, 
M2].

If  conditional probabilities distribution 
for any j practically coincides with uniform 
distribution, p(i+j, xn|i, xk) ≈ 1/M, j = 1, 2, 3, 
… with an arbitrary choice i. At the same time, 
if  the probability distribution of  generated 
numbers p(xn) is close to uniform, then value 
probability xn is practically also equal to 1/M. 
Thus, the transition probabilities to state xn at 
the j-th step coincide with this value probability 
at this step, regardless of  the sequence values 
at the previous algorithm steps, which is typical 
for random sequences in independent trials. 
More over, the pseudo-random sequence 
generated by such an algorithm will be close in 
its probabilistic characteristics to sequence of  
independent equiprobable numbers from the 
interval [M1, M2] [17]. In the latter case, the given 
sequence can be expected to have best statistical 
properties. The establishment of  such a fact 
emphasizes studying importance the conditional 
probabilities distributions for a priori judgments 
about generated pseudo-random sequences 
quality

To characterize the conditional distributions 
p(xi+j|xi), the location form of  points (xi+j, xi) 
on the plane for mapping xi+j = f(xi) given by 
the discrete algorithm is of  great importance for 
corresponding values j = 1, 2 , 3, … and i = 
1, 2, 3, …, N [18]. Obtaining the points scatter 
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(xi+j, xi) and visualizing them on screen does not 
require large computational resources compared 
to direct conditional probabilities calculation, 
although the this scatter nature does not directly 
give the shape of  the conditional probability 
distribution. The scatter visualization indicates 
the regularity degree of  these distributions, the 
functional relationships presence, the forbidden 
transitions existence, and even entire forbidden 
zones, which inevitably affects the correlation 
and other statistical properties of  the sequence.

Consider the simplest formula of  algorithm 
with delay: xn = xn-1 + xn-Nz, where Nz is delay 
parameter, supplemented by operation of  
returning to interval [M1, M2] in case the newly 
obtained value xn is thrown out of  its limits. In 
this algorithm, mixing, chaotization of  formed 
process is carried out by adding a random 
value of  the sequence retarded member and by 
clipping resulting numbers sum on the boundary 
of  definition domain M2.

For numerical simulation, the following 
algorithm values parameters were taken: M1 = 1, 
M2 = 255, Nz = 16. The analyzed algorithm, with 
the selected parameter values and given initial 
conditions, which are a 16 random numbers set 
(delay vector), form a pseudo-random sequence 
with a probability distribution close to uniform 
distribution p(x) = 1/M. The difference from 
uniform distribution is characterized by total 
discrepancy between occurrence frequencies 
observed in numerical experiment in the 
generated sequence of  numbers xm and the value 
1/M:

1
( ) / 1/ ,

M

m
m

p n x N MΣ
=

∆ = −∑
where n(xm) is the numbers number xm in 
sequence of  N members. This total discrepancy 
numerically coincides with relative average 
difference from uniform law ∆pav.rel.. The largest 
relative difference between the occurrence 
frequency of  observed numbers and the value 
of  1/M: ∆pmax.rel. = [1/(1/M)]|n(xm)/N – 1/
M|max.

The obtained estimates of  probability 
and conditional probability distributions for 
sequences generated by algorithms analyzed in 
this paper in comparison with standard RND 
generator are grouped in Table 3:

Two-dimensional distribution of  points pairs 
(xi+j, xi), where i = 1, 2, …, N is a uniformly filled 
area of  randomly scattered points, for any j = 
1, 2, 3, …, 16, …, 32. Such nature of  uniform, 
complete and random filling of  numerical 
interval [M1, M2] with points (xi+j, xi) indicates 
the process chaotization under study.

More accurate information about transition 
probabilities to each of  the xn values is given 
by the construction distributions conditional 
probabilities. For a visual representation in Fig. 
6.1 histograms of  transition frequencies are 
constructed only for 6 generated numbers values 
xk = (k – 1)·50 + 1, k = 1, 2, ..., 6 with a step 
j = 1. Frequencies histograms are calculated by 
implementing sequence from 5.2·107 members. 
Values ∆pav.rel. and ∆pmax.rel., characterizing 

Table 3
Algo-
rithm

p(x) p(x i+j|x i)

N = 210 000 N = 52 000 000, k = 6

∆pav.rel. ∆pmax.rel. j ∆pav.rel. ∆pmax.rel.

1 0.03 0.10 1 0.03 0.12

16 0.031 0.12

2 0.03 0.10 1 0.997 1.12

2 0.5 1.04

16 0.03 0.10

RND 0.03 0.15 - - -

Fig. 6.1. Transition frequency histograms for 6 values of  
generated numbers xk = (k – 1)·50 + 1, k = 1, 2, …, 6 

with step j = 1.
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differences from uniform distribution of  one of  
the histograms (xk = 251) for j = 1 and 16, are 
given in Table 3. From the data obtained, it follows 
that for algorithm No. 1 of  the distribution of  
conditional probabilities for any j practically 
coincide with the uniform distribution.

After a corresponding change in algorithm, 
in which one-dimensional distribution remains 
uniform, and distributions functions of  
conditional probability p(xi+1|xi) = 0 (j = 1) 
through one value depending on the parity of  
number xi on previous step. The distribution 
pattern of  points on the plane in this case 
is regular (Fig. 6.2). This is confirmed by 
quantitative differences in ∆pav.rel. and ∆pmax rel. 
from a uniform distribution (see Table 3).

The sequences correlation characteristics 
generated by algorithms 1 and 2 were 
evaluated based on analysis of  clipped and 
non-clipped 100 segments of  size N = 128 
and 1024 symbols, sequentially generated by 
algorithms without any selection. Despite 
significant differences in distributions form 
p(xi+1|xi), lateral outliers value of  auto- and 
cross-correlation functions relative to level 
1/ N  for both algorithms is approximately 
the same and is: (1.3÷3.8) for ACF N = 128, 
(1.5÷4.3) for CCF N = 128, (2.2÷4.8) for ACF 
and CCF N = 1024. These data indicate that 
the algorithms considered above features had 
little effect on correlation properties of  both 
the sequences themselves and the results of  
their clipping. At the same time, a numerical 

experiment on block structure over the length 
of  a clipped sequence of  2.7·105 members 
showed that if  algorithm No. 1 generates 
sequences with a block structure close to the 
law p(k) = 1/2k before blocks of  size k = 17-
18, then sequences block structure generated 
by algorithm No. 2 deviates significantly from 
this law (Fig. 6.3), which is directly related to 
uneven distribution of  transition probabilities 
even at one step j = 1.

The volume of  the signals system generated 
by algorithms was estimated by selecting from 
generated clipped sequence of  balanced codes 
with a length of  128, 256 and 512 symbols 
with following correlation properties: lateral 
outliers of  the aperiodic autocorrelation 
function do not exceed Rmax = 2.26/ N

code, 
and the outliers of  aperiodic crosscorrelation 
functions over entire array of  selected codes 
are less than or equal to Rmax = 3.39/ N code. 
Correlation functions were calculated using 
the formula for balanced sequences [4].

As numerical experiment showed, the 
uneven conditional distributions and the 
forbidden transitions existence affected 
the select codes speed into signal system as 
sequence duration N increased (Fig. 6.4). 
In this figure, all curves corresponding to 
algorithm No. 2 are significantly lower than 
those of  algorithm No. 1.Fig. 6.2. Distribution of  conditional probabilities.
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Fig. 6.4. The number of  balanced codes with lengths of  
128, 256 and 512 characters.

7. ANALYSIS METHOD FOR CODING 
PSEUDO-RANDOM ALGORITHMS 
BASED ON CODE GROUPS 
DISTRIBUTION
A promising direction in the modern radio 
communication systems development of  
is the broadband noise-like signals use 
[4,11]. Broadband communication systems 
have a advantages number over traditional 
narrowband systems. These advantages 
are associated with an increase in the users 
number, dense filling of  the frequency range, 
and the need to ensure reliable confidential 
information transmission.

The spectrum expansion of  transmitted 
signal, necessary for broadband systems 
operation, is achieved by using pseudo-
random sequences generated by various 
special algorithms. These and other such 
sequences applications (redundant coding 
of  information in digital communication 
channels, cryptography, Monte Carlo 
modeling) encourage search for new 
algorithms, including those with different 
characteristics and probabilities distribution 
functions. At the same time, search for new 
methods for statistical properties analyzing, 
the sequences they form, and estimating 
their proximity to an ideal random process 
continues [19].

A method for estimating statistical 
properties of  digital multilevel pseudo-
random sequences by statistics analyzing of  
code groups distribution in them from full 
code for selected pseudo-random signal base 
is considered. The this approach development 
is to find out intervals statistics between 
successive occurrences of  identical code 
groups from the complete code. It is expected 
that this approach will allow, in particular, to 
analyze unknown algorithm structure that 
generates studied pseudo-random sequence. 
The specified intervals characteristics for 
sequences generated by various algorithms, 
including those used in standard software 
packages, are compared.

Statistical characteristics estimation of  
pseudo-random sequences generated by some 
algorithm and proximity to an ideal random 
sequence can be viewed as a forming process 
a steps series, the result of  which at each 
step is completely independent of  results at 
previous steps. Moreover, if  the under study 
algorithm is defined on the integers set, for 
example, on the interval [1, M], where M-max 
is integer, then we can assume that ideal 
random sequence corresponding to these 
parameters will be formed as a result of  
throwing an M-dimensional die, on each face 
of  which one of  integers included in specified 
interval is plotted.

The approach allowing to analyze statistical 
structural features of  pseudo-random integer 
sequences is considered. The investigated 
sequence is compared with a code group of  
a certain length and structure. The group 
length is sequence members number equal 
to chosen base of  the pseudo-random signal 
(B), and group structure is a specific set of  
B integers from interval [1, M]. The total 
number of  all different codes in this case is 
equal to elements number of  the complete MB 
code [20].
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Fig. 7.1a,b. Distribution over intervals between occurrences of  identical code groups at B = 1 for a sequence generated by a 
Fibonacci-type algorithm (with parameters: M = 19, delay Nz = 8; a – curve 1 for code 11; b – curve 1 for code 19; curves 

2 for a perfect random sequence.

The described procedure makes it possible 
to construct the distribution functions 
of  probabilities code groups coincidence 
coinciding with current implementation 
when repeatedly passing through the selected 
sequence section for code groups of  different 
lengths and structures. Based on ideal 
random sequence model, one can obtain an 
closeness estimate of  analyzed sequence 
to it for all relevant distribution functions. 
Such procedures have been performed for 
sequences generated by some algorithms. 
These sequences had indicated distributions, 
close to uniform, and differed little in variance 
from average variance for an ideal random 
sequence.

It has been established that for pseudo-
random sequences generated by a number 
of  algorithms (even close to an ideal random 
sequence), when analyzing intervals (K is 
interval length) between matches, when 
code group is shifted along pseudo-random 
sequence, some features are found. For the 
class of  Fibonacci-type algorithms [5], close 
to uniform probability density distributions 
over all code groups for a given base were 
obtained.

However, when statistics analyzing of  the 
certain code group occurrence (for B = 1), 
there was a gap in distribution NK = 0, where 
NK is the matches number. This interval (K) is 
equal to delay parameter, which is a analyzed 

algorithm characteristic for base B = 1. The 
distributions characteristic form of  intervals 
(K) for 2 different code groups (11 and 19) 
(parameters of  algorithm M = 19, delay Nz 
= 8) for B = 1 are shown in Fig. 7.1a,b. For 
all other code groups, for a given B, this 
dependence has the same form as in Fig. 7.1a.

If  the occurrence probability of  a code 
group of  length B for an ideal random sequence 
is p = 1/MB, and T is members number of  
analyzed sequence, then occurrences average 
number of  codes is T/MB. Then expected 
matches number with a length B code group 
over an interval K in a length sequence T is:

1( ) (/ 1 ) .B K
KN T M p p−= −⋅  (7.1)

On Fig. 7.1a,b this dependence NK 
= F(K) is presented for an ideal random 
process (curve 2). It has a character close to 
exponential.

For large signal bases (B > 1), the 
analyzed distribution of  intervals has a more 
complex form: for interval K, which is equal 
to algorithm delay parameter Nz, there are 
code groups for which NK = 0 and several 
codes for which NK significantly exceeds 
expected average level corresponding to ideal 
random process model. Thus, the proposed 
method for statistics analyzing of  intervals 
of  appearance distribution of  the  of  code 
groups makes it possible to decipher the 
structure of  an unknown forming algorithm.
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8. FILLING EFFICIENCY PHASE 
SPACE OF ENCODING DISCRETE 
ALGORITHM WITH DELAY
One of  the promising ways to form a pseudo-
random sequence of  integers {xn} is algorithm 
with delay created on basis of  processes modeling 
in ring self-oscillatory systems with dynamic 
chaos [13]. The algorithm discrete version is 
defined on integers set M of  natural series from 
integer interval [M1, M2] (M2 > M1, M = M2 – M1 
+ 1).

Along with M, the algorithm main parameter 
is delay parameter Nz, which determines 
number of  delayed sequence members (xn-1, xn-2, 
xn-3, ..., xn-Nz) that must be known at each step 
to determine a new member xn. The algorithm 
formula is supplemented with returning 
operation the number xn to interval [M1, M2] in 
case new value received is outside it.

The numbers xn-1, xn-2, xn-3, …, xn-Nz are 
generalized coordinates in Nz-dimensional phase 
space given dynamical system, and each specific 
set of  them determines radius vector Rn(xn-1, 
xn-2, …, xn-Nz) and the corresponding system 
state point in this space. The total number of  
different delay vectors and system state points in 
phase space is equal to MNz. And each of  these 
states can be accepted by system at least as initial 
conditions.

With algorithm parameters appropriate 
choice and initial conditions for changing 
state vector, i.e. transitions from one point 
of  the phase space with coordinates Ri to 
another point with coordinates Ri+1 are 
pseudorandom. But only as long as vector Rn 
takes on more and more new values. If  the 
radius vector hits same point in the phase 
space again, due to the complete determinism 
of  the algorithm, the system motion in 
phase space will repeat itself  exactly, i.e. 
system enters a closed trajectory (cycle). This 
corresponds to occurrence of  periodicity in 
sequence generated by algorithm.

Since, for given values of  M and Nz, there are 
a finite number of  different vectors in the phase 
space, sooner or later system will necessarily find 
itself  on a cycle. The problem is to find longest 
realization N of  pseudo-random sequence 
generated by algorithm that fills entire phase 
volume MNz.

The properties of  algorithms study that 
generate pseudo-random sequences with a large 
period is an urgent task. One of  most important 
parameters of  such algorithms that characterize 
their quality is filling degree and structure of  
phase space.

Consider a discrete Fibonacci-type delay 
algorithm that generates a pseudo-random 
sequence with good statistical properties:

1 ,
–   .

n n n Nz

n n n

X X X
X X M for X M

− −= +
= >

 (8.1)

The algorithm main parameter is delay 
parameter Nz, which determines number of  
memorized sequence members and phase 
space (PS) dimension. The algorithm is defined 
on a integers finite set of  natural series from 
closed interval [1, M]. If  newly calculated 
number of  sequence is outside this interval, 
then a linear  transformation of  shift xn → 
xn ± M is performed, returning this number 
to the boundaries of  definition domain. This 
transformation, in addition to functional action 
of  Fibonacci-type algorithm itself, plays a 
significant role in chaotization mechanism of  
dynamic system under study behavior [7].

The number of  system states points in 
phase space of  algorithm is finite and equal to 
MNz. The system movement in PS is carried 
out by jumping from one state to another. The 
system's motion trajectories occupy entire 
volume of  PS, i.e. all possible states. Each 
such trajectory of  system's motion follows its 
own closed cycle containing a system states 
limited number. The PS structure consists 
of  a cycles finite set of  different periods, the 
system behavior on which is pseudo-random. 
All cycles are located in a complex way in PS 
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Fig. 8.1. Distances in PS between neighboring points on 
cycle, Nz = 3, M = 13.

entire volume. Thus, the PS of  algorithm for 
Nz = 4 and M = 17 consists of  five cycles with 
a periods of  73684, 3619, 2549, 2471, 529 and 
one singular point with coordinates (17, 17, 
17, 17). The cycle choice is determined by 
setting a initial conditions set.

The system behavior pseudo-random 
nature on a cycle on an interval less than 
period is confirmed by the change dependence 
in distances in PS ΔR(n) between neighboring 
points on the cycle, shown in Fig. 8.1 for 
algorithm with Nz = 3, M = 13. This distance 
at algorithm each step changes randomly, 
reaching values close to largest geometric PS 
dimensions.

The phase space under study of  algorithm 
for Nz > 2 consists of  one singular point 
with coordinates (M, M, …, M) and cycles 
family of  different or same period. Each PS 
point belongs to only one specific cycle, while 
different cycles do not have a single common 
point.

The algorithm enters one or another cycle 
depending on the choice of  the initial state 
vector. Until the cycle is closed, the state 
vector describes a pseudo-random process, by 
which corresponds to a non-periodic segment 
of  a pseudo-random sequence generated by 
the algorithm of  the appropriate size.

In the phase spaces ensemble of  
algorithms with different parameters M and 

Nz, both "short" cycles are observed, which 
periods T are much less than total number of  
points in phase space MNz (T << MNz), and 
"long" cycles, whose periods are comparable 
to last value: T ~ MNz. For even M, short 
cycles prevail in PS algorithm, and for odd 
M, short cycles do not exist at all, or they 
are presented in a small amount, occupying a 
small PS volume, which ensures existence of  a 
long cycle. Thus, at odd M, longest cycles are 
observed. The such cycles period for certain 
values algorithm parameters can approach 
maximum possible valueTmax = MNz.

A numerical experiment fixed case when 
PS contains only one long cycle and one 
isolated point: M = 2, Nz = 15, T/MNz = 1.0. 
A close result was obtained at M = 3, Nz = 
9, when period long cycle is T/MNz = 0.999, 
and in addition to it and one isolated point, 
there is only one short fivecycle cycle in FS 
of  system. All this confirms that value Tmax 
= MNz can serve as estimate of  maximum 
non-periodic segment of  sequence generated 
by algorithm. It should be borne in mind 
that this maximum period Tmax can only be 
realized with certain ratios of  the parameters 
M and Nz.

It is shown that by long cycles correspond 
to generated numbers distributions that are 
close to uniform. The change nature in the 
distribution functions of  generated numbers 
with an increase in parameter Nz (for M = 
255) is shown in Fig. 8.2. Here: ∆pav, ∆pmax, 
σ – mean (1), maximum (2) relative modulo 
and root-mean-square (3) deviations of  
distributions from uniform (n = 210000). 
It can be seen that algorithm generates a 
sequence with an almost uniform distribution 
for Nz > 5. In this case, all conditional 
probabilities p(xi|xj) are also close to a 
uniform distribution. This means that pseudo-
random sequence generated by this algorithm 
differs little in its probabilistic properties 
from sequence of  independent equiprobable 
numbers from interval [1, M].

VLADIMIR I. GRACHEV, VIKTOR I. RYABENKOV, 
ANASTASIYA V. SURGAY, VLADIMIR V. KOLESOV 



459

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4

INFORMATION TECHNOLOGIES BASED ON NOISE-LIKE 
SIGNALS: IV. ALGORITHMIC PSEUDO-RANDOM NUMBER...INFORMATION TECHNOLOGIES

Fig. 8.2. Difference of  distribution from uniform depending 
on Nz (M = 255). 1 – ∆pav, 2 – ∆pmax, 3 – σ.

For large values of  M and Nz, the 
structure study of  system phase space 
by direct enumeration of  its elements is 
very difficult. Therefore, study of  system 
phase portrait was carried out at small 
values of  phase space "volume", no more 
than 106÷107. In this case, without limiting 
results obtained generality, in numerical 
analysis we will assume, as a rule, that M1 
= 1, M2 = M.

The numerical study results of  phase space 
structure for different values of  M and Nz (M 
= 2÷21, Nz = 2÷18, MNz ≤ 107) showed that 
algorithm phase space is a finite cycles set, 
except for cases Nz = 2 for odd M, when in 
addition to cycles in phase space of  system 
there are points that do not belong to any 
cycle, but belong to "pools" of  these cycles. 
Thus, if  system is at one of  these points, 
then after a certain steps number a system 
will reach corresponding cycle. In this case, 
system trajectories in phase space are separate 
closed cycles,  number of  which and value of  
their periods depend on system parameters. 
As an example, we can give spectra of  
periods (i.e., cycles periods existing in phase 
space, and their number) for case of  Nz = 4 
(Tables 4, 5).

It can be seen from data presented that as 
M = 2k (k = 1, 2, 3, 4), M = 6k (k = 1, 2, 3), 
and M = 10k (k = 1, 2) increase, the cycles 
spectrum is supplemented by one a new value 
with a large period, and the spectrum always 
contains cycles of  multiplicity 1, 15, and 30 
(M > 2). At even M > 2 and Nz = 3, cycle 
spectra always exhibit periods 1, 7, and 14. At 
odd values of  M, such simple regularities are 
not observed in structure of  cycle spectrum.

The results obtained allow us to draw 
following conclusions.

1. The system's motion trajectory occupies 
entire phase space volume, i.e. all possible states, 
which total number is equal to MNz.

2. The algorithm phase space for Nz > 2 
consists of  one singular point with coordinates 
R(M, M, …, M) and a cycles family of  different 
or same period. Each phase space point belongs 
to only one specific cycle, while different cycles 
do not have a single common point.

Table 4
М Spectrum of periods

2 1, 15

4 1, 15, 30 (8)

8 1, 15, 30 (8), 60 (64)

16 1, 15, 30(8), 60(64), 120(512)

6 1, 15(3), 30(3), 80, 90(12)

12 1, 15, 30(72), 80, 90(192), 240(5)

18 1, 15(6), 30(21), 80, 90(105), 240(27), 270(324)

10 1, 15(5), 30(10), 150(6), 312(2)

20 1, 15, 30(93), 150(918), 312(2), 1560(6)

14 1, 3(2), 15(7), 30(21), 210(168), 342(7)

Table 5
М Spectrum of periods

3 1, 7, 29, 44

5 1, 8, 27 (2), 562

7 1, 9, 22, 427, 653, 1289

9 1, 7, 10, 20, 22, 24, 29, 44, 75, 134, 296, 767, 5132

11 1, 21, 24, 41, 101, 173, 250, 14030

13 1, 626, 2992, 3712, 5056, 7977, 8197

15 1, 27, 44, 176, 562, 828, 1637, 4702, 7764, 11405, 11484, 11881

17 1, 529, 2471, 2549, 3619, 73684 

19 1, 4182, 4219, 5067, 5408, 5916, 28778, 75061 

21 1, 1289, 2833, 5228, 5401, 25900, 58208, 88633 
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Fig. 8.3. Cycle periods (curves 1, 2, 3) for different values 
of  М with same delay parameter Nz = 3 in comparison 
with total number of  phase space points – MNz (curve 4) and 
estimate of  maximum period T(M) = M0.645Nz at Nz = 3 

(curve 5).

3. The system enters one or another cycle, 
depending on which phase space point the 
initial state vector falls into. Until loop closes, 
the state vector describes a pseudo-random 
process, i.e. to cycles correspond to pseudo-
random sequence segments of  corresponding 
size.

4. In the phase spaces ensemble of  
algorithms with different parameters M 
and Nz, both "short" cycles are observed, 
which period T is much less than points total 
number in phase space MNz (T << MNz), and 
"long" cycles, which periods comparable with 
last value: T ~ MNz. For even M values, short 
cycles predominate in algorithm phase space, 
and for odd M, short cycles do not exist at 
all, or they are presented in a small amount, 
occupying a small phase space region, which 
and ensures existence of  a long cycle. Thus, 
at odd M, the longest cycles are observed. 
The such cycles period for certain (previously 
unknown) values of  algorithm parameters 
can approach maximum possible value 
Tmax = MNz. On Fig. 8.3 shows numerical 
experiment results to determine three largest 
cycle periods (curves 1, 2, 3) for different 
M values for the same delay parameter Nz 
= 3 in comparison with points total number 

in phase space – MNz (curve 4) and with 
estimate of  maximum period T(M) = M0.645Nz 
at Nz = 3 (curve 5).

5. For an odd M value, all cycles, as a 
rule, have a different period, i.e. presented 
in singular. When M is even, same period 
cycles occur many times, although they are 
all different in terms of  state vector accepted 
values.

6. For certain values of  the algorithm 
parameters M and Nz, the period of  a long 
cycle can be very close to the maximum 
possible value MNz: T/MNz = 0.9÷1.0. 
Moreover, experiment fixed case when phase 
space contains only one long cycle and one 
isolated point: M = 2, Nz = 15, T/MNz =1.0. 
Almost the same result can be obtained at 
M = 3, Nz = 9: period of  long cycle is T/
MNz = 0.999, and in addition to it and one 
isolated point in system phase space there is 
only one 5-stroke short cycle.

All this testifies in favor of  fact that value 
of  Tmax = MNz can serve as an maximum 
period estimate of  sequence generated by 
algorithm. It should be borne in mind that 
this maximum period Tmax can only be realized 
with parameters certain ratios M and Nz. On 
Fig. 8.3 the boundary line T(M) = M0.645Nz  

(Nz = 3) is often exceeded not only by the 
longest period, but also by the periods of  two 
more smaller cycles, therefore characteristic 
T = M0.645Nz should be considered as an average 
value for long cycles.

7. By long cycles correspond to 
distributions of  generated numbers that 
are close to uniform. Thus, for a cycle 
with T/MNz = 0.895 (M = 13, Nz = 5), 
relative average difference on modulus 
from uniform distribution is 0.2% with 
a relative maximum of  0.45%, and root-
mean-square deviation is 0.07%. It is these 
long cycles that can be used to generate 
pseudo-random sequences of  long duration 
with a uniform probabilities distribution of  
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generated numbers. Based on monotonicity 
of  the dependences considered, the results 
obtained can be considered valid for 
significantly large volumes and phase space 
dimensions

9. CONCLUSION
With an appropriate choice of  parameters, 
the developed discrete algorithms form 
long non-periodic segments of  pseudo-
random sequences with a uniform probability 
distribution, which can be effectively used 
in cryptography, as well as when encoding 
information in telecommunication systems 
and computer networks [21].
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1. INTRODUCTION
The method of  organizing multi-channel 
data transmission performed by many 
users is one of  the key ways to increase the 
efficiency of  multi-user communication 
systems. In modern multi-channel systems, 
Orthogonal Multiple Access (OMA) 
methods based on the maximum possible 
elimination of  inter-channel interference 
are used. While developing physical layer 
protocols for the fifth generation (5G) 
networks, a new approach to providing 
multi-channel communication was 
proposed, which allows for controlled 
inter-channel interference to increase 
spectral efficiency. Such multiple access 
methods were called Non-Orthogonal 
Multiple Access (NOMA).

The NOMA group combines several 
approaches proposed by different teams. 
One of  the most efficient approaches is 
non-orthogonal multiplexing of  channels 
in the power domain (PD-NOMA) [1]. 
The advantage of  PD-NOMA is that it can 
be jointly used with OMA, for example, 
with Orthogonal Frequency Division 
Multiple Access (OFDMA) and (or) with 
Space Division Multiple Access (SDMA) 
channels. The combination of  these 
technologies makes it possible to perform 
multiplexing of  users simultaneously in 
four domains: frequency, time, power, and 
space.

The formation of  a PD-NOMA 
group signal is based on the principle 
of  superposition coding [2]. The signals 
of  different subscribers are summed 
up together, using different power 
weighting factors. The joint calculation 
of  the weighting factors is based on a 
priori information about the state of  

the transmission channels. The highest 
weighting power factor is assigned to the 
subscriber with the lowest signal-to-noise 
ratio (SNR) so that it is possible for the 
subscriber to demodulate their own signal 
the most accurately. In contrast, the lowest 
power factor is assigned to the subscriber 
with the highest SNR, so that it is sufficient 
to perform accurate demodulation. Thus, 
users can be divided into "weak" (with low 
SNR) and "strong" (with high SNR). At 
the same time, the signal of  the "weak" 
user has the highest power and vice versa.

PD-NOMA processing is carried out by 
the Serial Interference Cancellation (SIC) 
method [3], which consists in sequential 
decoding of  user signals one after 
another. First, the most powerful signal 
of  the "weak" user is decoded. Then it is 
regenerated (restored to its original state) 
and subtracted from the received group 
signal. After that, it is possible to decode 
the second most powerful signal, and so 
on, until the least powerful signal of  the 
"strong" user is decoded.

2. PROBLEM STATEMENT
The main issue with the SIC decoder 
is that there is the possibility of  making 
an error when eliminating interference 
signals, which leads to additional errors 
during decoding. There are two approaches 
to the SIC decoder implementation: the 
regeneration of   interference noise at 
the level of  modulation symbols, SL-
SIC (Symbol-Level SIC), and at the level 
of  a code word, CWL-SIC (Code Word-
Level SIC). The advantage of  CWL-SIC is 
that it makes it possible to use the error-
correcting capability of  a noise-immune 
decoder to reduce the likelihood of  errors 
when eliminating an interference signal. 
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The disadvantage lies in an increase in 
the computational complexity of  signal 
processing due to the need to perform 
additional decoding/encoding operations. 
Alternatively, SL-SIC has less precision 
in eliminating interference noise and less 
computational complexity. Therefore, the 
search for a compromise between CWL-
SIC and SL-SIC is a pressing issue. The 
block diagram of  SL-SIC and CWL-SIC 
receivers is shown in Fig. 1.

The performance gain of  CWL-
SIC relative to SL-SIC can be obtained 
graphically using the dependency of  
Bit Error Rate (BER) probability on 
SNR. As an example, Fig. 2 shows 
these dependencies for the channel of  
a "strong" user. The PD-NOMA group 
signal is formed using 4-QAM and 64-
QAM superpositions with weighting 
power factors equal to 0.85 and 0.15, 
respectively. Fig. 2 shows the range in 
which CWL-SIC provides the same BER 
value as SL-SIC, but at a lower SNR 
value. Let us call the difference in SNR 
at the same BER level the performance 
gain of  CWL-SIC relative to SL-SIC.

Thus, CWL-SIC reduces the probability 
of  erroneous signal decoding in a limited 
SNR range, increasing the system 
performance. The range limits and the 
amount of  gain directly depend on the 
PD-NOMA signal structure. Currently, 
there is no limited set of  structures that 
could be applicable in real PD-NOMA 
systems proposed. Therefore, a vital task 
is to develop and study various sets of  
PD-NOMA signal structures, and the 
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Fig. 1. Block diagram of  CWL-SIC and SL-SIC decoders.

Fig. 2. Gain in noise immunity of  CWL-SIC relative to 
SL-SIC.
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comparison of  CWL-SIC and SL-SIC 
performance for these sets is an important 
direction to investigate.

In open access, there are works 
devoted to the study of  CWL-SIC and 
its comparison with SL-SIC. Work [4] 
shows that the CWL-SIC performance 
is close to the SIC performance with 
an ideal compensation; however, the 
authors do not take into consideration the 
comparison of  CWL-SIC with SL-SIC. 
In addition, the emphasis in this work is 
shifted to evaluating the impact of  weight 
power factors to achieve the required level 
of  data transmission quality.

In [5], the authors compare CWL-SIC 
and SL-SIC in the form of  BER-SNR 
dependencies for a typical PD-NOMA 
signal configuration. The paper does 
not consider real modulation and coding 
schemes (MCS); therefore, the resulting 
performance cannot be obtained in 
practice in existing telecommunication 
systems.

A common disadvantage of  the known 
works is that they use typical PD-NOMA 
scenarios, where 1–2 structures of  a group 
signal are considered. They demonstrate 
the overall efficiency and prospects 
of  CWL-SIC, but do not consider real 
structures consisting of  real MCS (for 
example, from the 4G LTE or 5G NR 
standard). As a result, the matter of  CWL-
SIC efficiency assessment in a system with 
real MCS remains open.

The aim of  this work is to determine 
the maximum achievable CWL-SIC 
performance gain in practice relative 
to SL-SIC for all possible PD-NOMA 
signal structures formed by the MCS 
superposition from the LTE standard.

3. SYSTEM MODEL
We consider a downlink PD-NOMA group 
channel, where the data of  "weak" (UE1) 
and "strong" (UE2) users are transmitted. 
The formation of  group signal s is 
described using the expression

1 1 2 2  s p x p x= + , (1)

where p = {p1, p2} are weighting power 
factors, and x = {x1, x2} is information 
QAM (Quadrature Amplitude Modulation) 
symbols of  users UE1, UE2 with modulation 
orders Q = {Q1, Q2}. The basic PD-NOMA 
scenario is used, according to which UE1 
receives the highest power factor, keeping 
to p1 > p2. The sum of  power coefficients 
p1 + p2 = 1.

The model uses a transmission channel 
with complex additive white Gaussian 
noise (AWGN). The signal at the input of  
the SIC decoder UE2 is described, using 
the expression
 r = s + n,         (2)
where n ~ CN(0,N) is the implementation 
of  complex AWGN with zero expectation 
and power N. Let us denote the signal-to-
noise ratio in the channel by variable W. 
UE1 signal decoding in CWL-SIC and SL-
SIC is implemented in the same manner; 
therefore, the signal decoding on the UE2 
side implemented in two consecutive 
stages is further considered. First, symbols 

1̂x  of  the "weak" user are evaluated in 
background and interference noise from 
the "strong" user 2 2 ,p x n+  using the 
criterion of  the minimum Euclidean 
distance:

1 1

2

1 1 1ˆ min ,
x

x arg r p x
∈

= −
A

 (3)

where A1 is the alphabet of  all possible 
states in Q1-QAM constellation.
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The interference noise is eliminated by 
generating compensation signal 1x∗ from 1̂x  
and subtracting its weighted component 

1 1p x∗  from r. Consider the formation of  
1x∗  in SL-SIC and CWL-SIC.

In SL-SIC, symbol 1x∗  is formed directly 
from 1̂x , so 1x∗  = 1̂x . The errors made during 
the execution of  (3) are not eliminated.

In CWL-SIC, the formation of  1x∗  is 
carried out in several successive stages 
(Fig. 1):
• QAM demodulation of  1̂x  according to 

constellation map Q1-QAM; code word 
1ĉ  is formed at the demodulator output.

• Noise-immune decoding of  1ĉ ; message 
1b̂ , in which bit errors are eliminated if  

possible, is formed at the output.
• Noise-immune coding of  1b̂ ; 

regenerated code word 1c∗  is formed at 
the output.

• QAM modulation of  1c∗  according 
to constellation map Q1-QAM; 
compensation signal 1x∗  is formed at 
the output of  modulator.
The interference noise elimination is 

described using the expression
*

1 1' ,  r r p x= −  (4)

where r' is the signal after compensation 
containing only the UE2 signal. Next, r' is 
demodulated and its own useful symbols 

2ˆ .x  are evaluated, perceiving only noise n 
as interference:

2 2

2

2 2 2mˆ in ' ,
x

x arg r p x
∈

= −
A

 (5)

where A2 is the alphabet of  all possible 
states in constellation Q2-QAM.

To compare SL-SIC and CWL-SIC, it is 
required to obtain performance for various 
structures of  the group PD-NOMA signal. 
Further, we describe the approach of  

calculating BER and provide group signal 
structures used.

3.1. calculation of ber for sl-sic 
and cwl-sic
Let us denote 1 2{ , }ρ ρ=ρ  the probability of  
bit errors at Q1, Q2-QAM demodulation 
of  1̂x , 2x̂  in the UE2 receiver. In 
communication systems, data transmission 
is carried out with the required level of  
quality that is determined by the acceptable 
error probability during reception.

Let us denote by variables 1 2,  z zρ ρ  the 
maximum allowable (threshold) probability 
of  bit errors in 1 2ˆ ,  ˆc c  at the output of  
the demodulator (input of  the decoder). 
In real systems, values zρ  are calculated 
in such a way that the decoder can 
correct bit errors with a high probability. 
Therefore, to simplify the work, we hold 
to the assumption, according to which 
all errors in the compensation signal 
are corrected in CWL-SIC if  the error 
probability at the decoder input does not 
exceed the threshold error, i.e. 1 1 .zρ ρ≤  
There is the need for simplification as it 
is not possible to derive such a general 
analytical expression to calculate 2ρ  that 
would consider the omission of  bit errors 
at the decoding/encoding stage in the UE1 
compensation signal.

In SL-SIC, 2ρ  is calculated using (20) 
from [6]: it takes into account that the 
accuracy of  the "weak" user channel 
demodulation influences the accuracy of  
the "strong" user channel demodulation. 
Let us describe the calculation of  2ρ  in 
CWL-SIC and look into two situations 
that occur when demodulating the UE1 
signal in the UE2 receiver.

1) When demodulating 1̂x , the bit 
error probability is 1 1 .zρ ρ≤  According to 
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the assumption made, all bit errors in the 
UE1 signal are corrected, allowing for the 
formation of  an accurate compensation 
signal 1x∗  and its ideal elimination from r 
(4). Then, the signal after compensation r' 
is a normal Q2-QAM signal with power p2. 
In this case, 2ρ  is calculated by formula 
(10) from [7], taking into account that Es 
= p2.
2) When demodulating 1̂x , the bit error 
probability is 1 1 .zρ ρ>  The decoder does not 
correct bit errors in the UE1 signal, which 
leads to incorrect formation of  1x∗  and 
its inaccurate elimination from r, and the 
signal after elimination r' is demodulated 
with errors. In this case, it is impractical 
to use CWL-SIC, because the correcting 
ability of  the decoder does not allow 
increasing the accuracy of  1x∗  formation. 
The decoding of  the group signal is carried 
out by SL-SIC, and formula (20) from [6] 
is used for 2ρ  calculation.

3.2. characteristics of mcs used for 
transmission

PD-NOMA group signals consist of  MCS 
used in the 3GPP Long Term Evolution 
(LTE) standard and based on QAM and 
Turbo codes. There have been 15 MCS 
identified. There characteristics are shown 
in Table 1, where Q is a modulation order; 
Rc/1024 is an encoding rate; Z is a threshold 
level of  SNR, at which 10% BLER is 
provided; zρ  is a bit error probability at 
the decoder input, at which 10% BLER is 
obtained at the decoder output, that is, the 
specified level of  information transmission 
quality is provided.

The value of  Z is determined by the 
decoding algorithm, and it is possible to 
reduce it using more efficient and complex 

algorithms. Our paper uses the Z values 
for MCS LTE obtained in [8].

3.3. formation of pd-noma Group 
siGnal structures

The group PD-NOMA signal structure 
means a pair of  MCS with indices i1, 
i2 (taken from Table 1) and a pair of  
weighting power factors p1, p2 used for UE1 
and UE2 data transmission. The structures 
are compiled from paired combinations 
of  MCS (Table 1) according to the "each 
with each" principle. The combination 
number is indicated by symbol j, and the 
total number of  combinations J = 120. 
Fig. 3 shows the number of  the compiled 
structures and paired MCS combinations 
from Table 1 assigned to them. For 
example, the tenth (j = 10) structure is 
composed of  two MCS with indices i1 = 1 
(for transmitting UE1) and i1 = 10 (for 
transmitting UE2).
3.4. calculation of weiGhtinG power 
factors

The use of  QAM imposes a restriction 
on the ratio between p1 and p2, violation 
of  which inevitably leads to incorrect 
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Table
SCC from 3GPP LTE

i Q Rc Z zρ

1 4 78 -9.478 0.3685517

2 4 120 -6.658 0.3208912

3 4 193 -4.098 0.2663857

4 4 308 -1.798 0.2081311

5 4 449 0.399 0.1476374

6 4 602 2.424 0.0931680

7 16 378 4.489 0.1779069

8 16 490 6.367 0.1354970

9 16 616 8.456 0.0903190

10 64 466 10.266 0.1479521

11 64 567 12.218 0.1113804

12 64 666 14.122 0.0787522

13 64 772 15.849 0.0516968

14 64 873 17.786 0.0265724

15 64 948 19.809 0.0096117
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superposition of  signals and an increase 
in the number of  errors at the reception. 
Let us denote this relation by γ = p1/
p2. Power factors should be selected in 
such a way that the symbols of  the UE2 
constellation are located inside the symbol 
detection area in the UE1 constellation. 
The boundaries of  the detection areas are 
marked in Fig. 4 with dotted lines by the 
example of  a group signal constellation 
composed of  two 16-QAM.

The restriction on p is written as follows

( )( )
( )

( )( )
( )

2 1
1

1 2

2 1
2

1 2

1 1
 1

1 2
.

1 1
0 1

1 2

Q Q
p

Q Q

Q Q
p

Q Q

 − −
 < ≤
 − +


− −
≤ < −

− +

 (6)

p1 increase leads to p2 decrease, which is 
the reason for an increase in the UE1 signal 
performance and a decrease in the UE2 
signal performance, and vice versa. This 
is shown in Fig. 5, which demonstrates 
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Fig. 3. PD-NOMA group signal configurations.

Fig. 4. Constellation of  group PD-NOMA signal.

Fig. 5. Noise immunity of  channels with different 
distribution p1, p2.
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examples of  ρ  dependencies on W for 
three different p distributions in the group 
PD-NOMA signal.

In general, there are an unlimited 
number of  γ values that satisfy constraint 
(6). One of  the problems stated is to 
determine a single γ for each structure that 
provides maximum performance. This 
problem is solved by brute-force search.

Taking into account (6), the compilation 
of  sample 1 2{ , ,..., }K

j j j jγ γ γ=ν  of  all possible 
ratios with given discrete increment Δ of  
change in γ value participating in brute-
forcing is performed for structure j. The 
sample size is denoted by K, and the k 
index denotes a specific element of  the 
sample.

To evaluate performance, metric of  
sustained performance Wm is introduced, 
which shows the average SNR value in 
user channels, at which the threshold 
probability of  a bit error zρ  during their 
demodulation is reached. For the k-th 
ratio of  power coefficients, value k

mW  is 
calculated using formula

1 2
10 10

10
10 1010log ,

2

k kW W

k
mW

 
+ =  

 
 

 (7)

where 1
kW  and 2

kW  are SNR values (on a 
linear scale) in channels UE1 and UE2, at 
which 1 2,  z zρ ρ  is reached. Values 1

kW  and 
2
kW  can be determined graphically using 

dependency (W)ρ .
Let us consider an example of  

calculating k
mW  to get 1 2,  z zρ ρ  = 10-2 and 

select γ for a specific PD-NOMA signal 
structure. Fig. 4 shows the dependencies 
of  BER on SNR for three ratios: γ1 = 4, 
γ2 = 9, γ3 = 19. Ratio γ1 requires that SNR 
values 1

1W  = 8.75dB for UE1 and 1
2W  = 20.3 

dB for UE2. Similarly, for ratios γ2, γ3, it 
is required that 2

1W  = 10.2 dB, 2
2W  = 17.3 

dB and 3
1W  = 13.25 dB, 3

2W  = 14.8 dB. Wm 
calculated by formula (7) for γ1, γ2, γ3 are 
the following: 1

mW  = 17.58 dB, 2
mW  = 15.06 

dB, and 3
mW  = 14.09 dB. Comparing these 

values, one can conclude that γ3 has the 
maximum energy efficiency, because given 

1 2,  z zρ ρ  = 10-2 is reached at a minimum 
averaged SNR equal to 3

mW  = 14.09 dB. 
Accordingly, the distribution of  power 
factors is p1 = 0.95, p2 = 0.05.

Using the approach described above, 
the power factors for all PD-NOMA group 
signal structures (Fig. 3) are determined 
using mathematical modeling by the brute-
force search, providing maximum sustained 
performance Wm for each of  them. Fig. 6 
shows p1 values for each structure, and p2 
can be calculated using p2 = 1 – p1.

3.5 calculation of performance Gain

For all PD-NOMA group signal structures 
with the corresponding factors obtained 
(Fig. 6), dependency 2 (W)ρ  at the SL-SIC 
and CWL-SIC output is calculated in the 
range [ ]10,45W ∈ −  with step ΔW = 0.1 dB. 
After that, the graphical method is used to 
search for SNR WSL and WCWL  values, at 
which the level of  the bit error probability 

( )2 2
SL zWρ ρ=  and ( )2 2 .CWL zWρ ρ=  set for 

each MCS is provided. The performance 
gain of  CWL-SIC relative to SL-SIC is 
calculated by formula

.SL CWLG W W= −  (8).
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Fig. 6. Factors p1 obtained for all structures.
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4. ANALYSIS OF SIMULATION 
RESULTS
The values of  G for all group PD-NOMA 
signal structures are obtained using the 
mathematical model and are shown in 
Fig. 7. The simulation result demonstrated 
that the maximum gain in CWL-SIC 
performance is achieved in PD-NOMA 
signals consisting of  noise-immune 
MCS. This is due to the fact that the 
operational range of  the signal-to-noise 
ratio of  noise-immune MCS coincides 
with the effective range of  CWL-SIC, so 
the greatest performance gain of  noise-
immune MCS is provided by PD-NOMA 
signal configurations.

Analyzing the obtained result, it can 
be concluded that CWL-SIC provides 
a significant performance gain of  the 
"strong" user channel that lies in the 
range of  1.5-6.4 dB for noise-immune 
MCS (indices 1–6). When using less noise-
immune, but higher-rate MCS (indices 
7–15), the performance gain lies in the 
range of  0-1.5 dB. This proves the high 
efficiency of  CWL-SIC and the feasibility 
of  its use in real systems, especially under 
conditions of  a low signal-to-noise ratio.

The following is an illustrative example 
demonstrating the gain in performance 
G for the second (j = 2) structure, which 
is the result of  MCS superposition with 
indices i1 = 1, i2 = 2  (Table 1) at p1 = 0.510, 

p2 = 0.490 (Fig. 6). Fig. 8 shows dependency 
2 (W)ρ  and threshold level 2

zρ  = 0.3208912 
(Table 1). The SNR values, at which 

2 2
zρ ρ=  is reached: WSL = 2.8, WCWL = –3.6 

are found graphically. Accordingly, the 
performance gain for the second structure 
can be calculated by (8) and G = 6.4 dB.

5. CONCLUSION
The paper presents a comparative 
performance analysis of  two SIC 
approaches to decoding PD-NOMA group 
signals in a system with two users. The key 
feature of  the work is that the PD-NOMA 
system under consideration with two users 
exploits real MCS from the 3GPP LTE 
communication standard.

A set of  120 group PD-NOMA signal 
structures that can be used for data 
transmission in PD-NOMA systems is 
formed from paired MCS combinations 
following the "each with each" principle. 
For each structure, we have found the 
weighting power factors providing 
maximum sustained performance for two 
user channels by means of  the brute-force 
method.
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Fig. 7. CWL-SIC performance gain relative to SL-SIC for 
all configurations.

Fig. 8. Evaluation of  performance gain for the second group 
PD-NOMA signal structure.
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It is shown that the maximum CWL-
SIC performance gain relative to SL-SIC 
is reached in the PD-NOMA group signals 
composed of  noise-immune MCS. CWL-
SIC provides a significant performance 
gain of  the "strong" user channel that 
lies in the range of  1.5–6.4 dB for noise-
immune MCS (indices 1–6). When using 
less noise-immune, but higher-rate MCS 
(indices 7–15), the performance gain lies in 
the range of  0–1.5 dB. This proves the high 
efficiency of  CWL-SIC and the feasibility 
of  its use in real systems, especially under 
conditions of  a low signal-to-noise ratio.
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1. INTRODUCTION
In 1989-1992 of  the last century, low-energy 
nuclear reactions: cold nuclear fusion reactions 
and low-energy transmutation reactions of  
chemical elements were discovered [1-3]. It 
turned out that nuclear reactions with the 
transformation of  some chemical elements into 
other chemical elements can occur in ionized, 
weakly excited condensed media with low, only 
~ 1 eV/atom in the reaction region excitation 
energy. This phenomenon was called: low-energy 
transmutation of  chemical elements (hereinafter 
referred to as Transmutation).

The methods of  the experiments on 
transmutation are extremely diverse and they are 
radically different from the methods of  nuclear 
physics. Transmutation reactions were detected 
and subsequently reproduced in a glow gas 
discharge [4-6]; at industrial, electronic, zone 
melting of  zirconium ingots in a vacuum furnace 
[7]; at explosions of  metal targets irradiated by 
a powerful electron pulse [8,9]; at explosions in 
liquid dielectric media of  metal foils through 
which a powerful electric current pulse was passed 
[10,11]; when a lead-copper melt was exposed to 
a pulsed current [12]; at the passage of   electric 
current in water-mineral media [3]; at ultrasonic 
treatment of  aqueous salt solutions [13]; at 
irradiation of  condensed gases with braking 
gamma quanta [14-16]; in growing biological 
structures [17-19] and in many other cases [1-
3]. The results of  transmutation experiments, 
despite their diversity, are qualitatively similar to 
each other.

Transmutation reactions are carried out for all 
chemical elements, starting with hydrogen, and 
they occur, as a rule, with the participation of  a 
large number of  atomic nuclei, both in the input 
and output channels of  reactions. Experiments 
show that all chemical elements can be 
synthesized in transmutation reactions. At that, 
the reaction products − isotopes of  chemical 
elements − are stable, i.e. non-radioactive.

The appearance of  “extraneous” chemical 
elements under “soft” physical conditions 

in relatively simple experiments led, almost 
immediately, their authors to the idea of  a low-
energy natural synthesis of  chemical elements in 
the Universe.

2. LOW-ENERGY TRANSMUTATION 
OF ATOMIC NUCLEI OF CHEMICAL 
ELEMENTS
− A necessary condition for starting the 
transmutation reactions of  atomic nuclei of  
chemical elements is the presence of  atoms in a 
strong magnetic field B > 30 T.
− A sufficient condition for transmutation 
reactions is the presence of  unidirectional 
motion of  an ensemble of  free electrons with a 
density of  ρ  >1021 el/cm3 in ionized condensed 
media. The ensemble of  such electrons exactly 
generates strong magnetic fields B > 30 T.

Both of  these processes are characterized by 
the pairing of  both atomic and free electrons into 
orthobosons with a spin equal to the unit S = 1ћ. 
The pairing of  electrons is associated with the 
fundamental manifestation, in strong magnetic 
fields, of  an additional, exchange Coulomb 
interaction between them, and the appearance of  
new oscillation quantum numbers of  electrons.

Analysis of  experiments on the transmutation 
of  chemical elements and their results showed 
that they occur in strong, over 30 T, magnetic 
fields. It turned out that atomic and nuclear 
matter is transformed into a new state of  matter 
in strong and ultrastrong magnetic fields: spin 
electron nuclide condensate. A characteristic 
feature of  such a condensate is that it contains 
paired electrons and paired protons and neutrons 
(fermions with a spin equal to s = 1ћ/2) in a 
bound state, in the state of  orthobosons, when 
the total spin of  each pair is equal to unit S = 1ћ.
2.1. maGnetic fields in condensed matter

Magnetic fields begin to originate in ionized, 
gaseous and liquid media as a result of  
unidirectional flows of  free electrons with a 
density of  more than 1021 cm-3 passing through 
them [20]. These magnetic fields originate to the 
magnetic moments of  μe electrons, which are 
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parallel to each other in a unidirectional flow. 
Due to the helicity property of  electrons pе↑↑μe 
(se↓↑pе), the magnetic moments of  electrons 
that move in one direction are mainly directed 
parallel to their pulses pе. Thus, an ensemble of  
electrons moving in one direction generates, in 
accordance with the Landau formula (1) [21], a 
seed magnetic field Bμ0. The direction of  the field 
Bμ0 coincides, on the average, with the direction 
of  motion of  the electrons.

( )
(S) 0 3

3 ,= i e i e

ii rµ µ ⋅ −∑ n
B

nµ µ  (1)

where μ0 = 1.26·10-6 Gn/m is the magnetic 
constant; μe = 9.29·10-24 J/T = 5.79·10-5 eV/T, ri 
is the distance from the electron to the point at 
which the field Bμ is calculated; ni is a unit vector 
in the direction ri, i – is the number of  electrons 
with parallel spins. The formula (1) shows that 
the magnetic moment of  the electron μe creates 
a magnetic field equal to 30 T at a distance of  
0.092 nanometers along its direction axis (the 
diameter of  hydrogen atom is 0.106 nm).

Due to its nature, the field Bμ0 generated by 
the sum of  magnetic moments of  the electrons 
is spatially inhomogeneous and anisotropic field. 
Therefore, free electrons that move in a changing 
field ∂Bμ0/∂t and have an antiparallel orientation 
of  magnetic moments will change the direction 
of  the latter, Bμ0↑↓μe → Bμ0↑↑μe. Thus, the 
number of  free electrons in a state with magnetic 
moments parallel to the field increases, until the 
moment when most of  the electrons enter this 
state. Consequently, the seed magnetic field will 
increase until saturation of  Bμ.

The magnetic moments of  the electrons are 
parallel to each other and antiparallel to their 
spins se↓↑μe. Consequently, the spins of  the 
electrons also become parallel. A magnetic, spin 
plasma is formed.

Since the electron spins in the spin plasma are 
parallel, then, in addition to the magnetic field, the 
electrons generate an exchange, self-consistent 
field with a negative potential in the plasma 
volume [22,23]. Electrons with parallel spins 

are attracted to each other due to the exchange 
interaction. The Coulomb repulsion of  electrons 
at densities of  ~ 1021 см-3 is compensated by 
their attraction to positively charged ions, since 
the Debye radius, i.e. the distance over which the 
action of  the electric field of  a single charge in a 
quasi-neutral medium extends, has an atom size 
of  ~ 10-8 см.

The electrons with parallel spins are 
forced, in the negative potential of  the 
exchange field, to pair into orthobosons with 
spin S = 1ћ in order to comply with the Pauli 
principle. Such pairing is carried out due to 
the appearance of  new – oscillation quantum 
numbers in the electrons in the magnetic field 
nb [24]. An orthoboson pair of  electrons is a 
toroidal, annular current of  radius RZ which 
rotates around an oncoming flow of  positive 
ions that moves at a speed Vi (Fig. 1a). The 
orthoboson has external and internal strong 
magnetic fields Bμ of  more than 30 T and 
a strong electric field. External magnetic 
fields connect orthobosons into electronic 
orthoboson “solenoids” − “capsules” (Fig. 
1b). “Capsules” can have a different number of  
orthobosons. They can fly out the condensed 
matter. Then the “capsules” are registered as 
unknown, as “strange” particles [7,10,20].

Consequently, the electrons, which move in 
the local regions of  ionized, gas or liquid plasma 
unidirectionally and have a density of  ≥1021 см-3, 
the pairing of  electrons into orthobosons S = 1ћ 
will be carried out automatically. Electronic 
orthobosons generate strong magnetic fields 
B > 30 T in condensed matter.

                   a                                        b
Fig. 1. a – orthoboson;, b – “capsule” − orthoboson 

“solenoid”.
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2.2. transatoms. spin nuclide electron 
condensate

The atoms turn into transatoms in the internal, 
strong magnetic fields of  the “capsules” Bµ > 
30 T [24]. The electrons are also paired into 
orthobosons in the transatom.

In the absence of  a strong magnetic field B, 
firstly, the Coulomb repulsion forces between 
atomic electrons do not have a dedicated 
direction. Their average values for the spatial x, y 
and z components are zero: 0, 0, 0.Fx Fy Fz= = =  
The electron moves around the nucleus not in 
a plane, but along a trajectory that resembles a 
“thread in a clue” [25].

Therefore, secondly, despite the fact that the 
orbital moments for p, d, f - electronic states are 
different from zero (ℓ ≠ 0), the average values of  the 
orbital and orbital magnetic moments for the x, y 
and z components are zero: 0, 0, 0x y z= = =  

 
and 0, 0, 0.x y zµ µ µ= = =

  

 As a result, the 
magnetic field created by the orbital motion of  
the electron is reset to zero, Bi = 0 (2).

In a strong magnetic field, each electron 
breaks its ℓ + s and j + j bonds throughout the 
atom, not only on the outer, but also on the inner 
orbitals. The spin s and orbital ℓ moments of  
each individual electron independently interact 
with the external magnetic field B. The magnetic 
field B, which has a constant orientation, rigidly 
aligns the electronic orbitals ℓ with respect to 
its direction in accordance with their magnetic 
quantum numbers mℓ.

The average values of  the orbital moments 
for the x, y and z components cease to be zero: 

0, 0, 0.x y z≠ ≠ ≠    The orbital moments of  
electrons “freeze” into the magnetic field. An 
atom from an “amorphous” state is transformed 
into an ordered, magnetic “crystal” (Fig. 2a). 
Fig. 2a for the sodium atom shows the directions 
of  the orbital moments ℓ and the spins s of  the 
electrons. The values of  magnetic mℓ = –1, 0 ,+1 
and spin mS = ±1/2 quantum numbers are given. 
Yellow circles are S-states ℓ = 0. Fig. 2b shows 
the fine splitting of  the internal, electronic levels 
in the sodium atom. Electronic states with equal 

orbital ℓ and magnetic mℓ quantum numbers are 
split into two spin levels with mS = ±1/2. The 
frequency wS of  transitions between them is 
equal to:
ωS = 2·μeB/ћ.

The frequency ωS does not depend on the 
orbital moment of  the electron ℓ and on the 
charge of  the nucleus Z! All atoms in a strong 
magnetic field become an “active medium”.

In accordance with the orientation, orbital 
angular momentum ℓ of  each electron and the 
resulting orbital magnetic moment μℓ = –μeℓ/ћ 
(Fig. 3a) independently precess around the 
direction of  the vector of  the external magnetic 
field with the same Larmor frequency:
ωℓ = μeB/ћ.

The orbital magnetic moment μℓ generates its 
own magnetic field Bℓ (2) that rotates with the 
same frequency ωℓ (Fig. 3a). The magnetic field is 
a directional, inhomogeneous, anisotropic field. 

Fig. 2. a –“frozen” orbitals of  the sodium atom, b – the 
splitting of  internal levels in the sodium atom.

Fig. 3. а –the formation of  magnetic fields; b−the occurrence 
of  oscillations.
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The field Bℓ is decomposed into components B


   
and ⊥B



 (Fig. 3a).
( )

0 3

3= .
r

µ ⋅ −n
B

n
 



µ µ  (2)

Fig. 3a schematically shows two orbitals with 
equal orbital moments ℓ and their projections 
mℓ on the Y axis parallel to B, but with different 
directions of  electron spins s = ±1ћ/2. In 
accordance with the principle of  least action, the 
orbitals of  the electrons line up relative to each 
other with a shift of  180° so that the Coulomb 
repulsion forces between the electrons become 
minimal. The spins and magnetic moments of  
the electrons μe do not precess around B, since 
they are oriented only in two ways: mS = –1/2 
along the field and mS = +1/2 against the field. 
Electronic orbitals with equal quantum numbers 
ℓ and mℓ precess around B synchronously with 
the frequency ωℓ (Fig. 3a). The orbital magnetic 
moments of  the two orbitals μℓ form a double 
magnetic field 2Bℓ, which maximum values create 
the effect of  rotation of  the field 2 ⊥B



 with a 
double frequency of  2ωℓ. Thus, the magnetic 
field 2 ⊥B



 perpendicular to field B, and created 
by two orbitals, stimulates atomic transitions 
between levels ms = 1/2 → ms = −1/2 (Fig. 2b).

This is intraatomic electronic magnetic 
resonance (IEMR).

In the absence of  a strong magnetic field, the 
transitions ms = 1/2 → ms =−1/2 are forbidden 
by virtue of  the Pauli principle, since the states 
mS = −1/2 are already occupied by electrons. 
But this is not the case in a strong magnetic 
field B, because the electrons in the field B have 
additional, oscillation quantum numbers nb = 1, 2, 
3... In a strong magnetic field, the average values 
of  the Coulomb repulsive forces F between 
atomic electrons for x, y and z components cease 
to be zero: 0, 0, 0.Fx Fy Fz≠ ≠ ≠  The electrons 
move in their orbitals, which directions are rigidly 
connected to each other. These orbitals precess 
around the field B, but they are rigidly bound to 
its direction. Therefore, the powerful Coulomb 
repulsive forces between neighboring electrons, 

which in the absence of  the B field would force 
the electron orbitals to rotate freely around the 
nucleus like “threads in a clue”, now they cause 
the electrons to oscillate around the “frozen” 
orbitals (Fig. 3b) [24,26]. The frequency of  
these oscillations ωb is connected to the rotation 
frequency of  the electron in the orbital ω0 and 
the precession frequency of  its orbital moment 
ωℓ by the following relation [27,28]:

2 2
0 .b bnω ω ω= ⋅ +



Oscillations are a new degree of  freedom 
of  the spatial motion of  electrons. This new 
degree of  freedom of  motion generates a new 
spatial quantum number nb for electrons. Thus, 
the exchange interaction, which attracts a 
pair of  electrons to each other [29], and their 
antisymmetric coordinate wave function caused 
by oscillations 1 2

b bn n= −  (pе1 = −pе2), allow 
electrons to create an orthoboson with S = 1ћ, 
by making the transition ms = 1/2 → ms = −1/2. 
Electrons paired in the state ms = −1/2 have equal 
orbital ℓ and magnetic mℓ quantum numbers, but 
they have different oscillatory quantum numbers 
nb and −nb.

In the whole atom, in all atoms that create an 
“active medium”, ms = 1/2 → ms = –1/2 forced 
transitions similar to transitions in quantum laser 
generators are carried out under the action of  
identical ωSћ photons.

Electron oscillations are carried out both 
in the longitudinal and transverse directions 
of  the magnetic field B (  and F F ⊥ , Fig. 3b). 
Since the electrons in the pair oscillate in the 
opposite phase nb and −nb, this movement 
allows two electrons in the same energy states 
to be in nonintersecting spatial regions. Electron 
trajectories can be represented as nested closed 
spirals located on the surface of  a toroid.

Atoms whose electrons, not necessarily 
all, are in a paired state are called Transatoms 
(Fig. 4).

Atoms inevitably turn into transatomsin a 
strong magnetic field > 30 T!

Orthobosons are created in the whole 
atom. They form a spin Bose-Einstein electron 
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condensate. The magnetic moments of  the 
electrons μe in the Bose condensate are directed 
in one direction, and they generate an ultrastrong 
directional, inhomogeneous and anisotropic 
magnetic field BS ~105–1010 T (1) inside and 
around the transatom [30].

The internal ultrastrong magnetic field 0
SB  

that interacts with the magnetic spin and magnetic 
orbital moments of  the nucleons in the nucleus, 
changes the structure of  the nucleus, and turns it 
into a Transnucleus. In the transnucleus, protons 
and neutrons in pairs are in the state of  nuclear 
orthobosons when the total spin of  each pair is 
equal to unit S = 1ћ. An intranuclear nucleon 
magnetic resonance occurs in the nucleus. It 
is important to note that due to the pairing of  
protons and neutrons into orthobosons, even-
even nuclei with spin equal to zero I = 0, starting 
with helium 4He [31], in an ultrastrong magnetic 
field acquire mechanical moments, which, 
apparently, must be either integer I = 1ћ, 2ћ…

The transnucleus with the Bose-Einstein 
electron condensate surrounding it form a 
new state of  matter: a spin nuclide electron 
condensate [31,32].

The external ultrastrong magnetic fields
R
SB  of  transatoms attract them to each other. 

Electronic Bose condensates of  two transatoms 
are combined into a common Bose condensate. 
A double transmolecule is formed from the 
transnuclei. Other transnuclei can join it. A 
Multinucleus Transmolecule {X} is formed, in 
which multinucleus reactions occur, including 
those that involve electron orthobosons. Thus, 

nuclear-electronic (strong-weak) reactions 
occur, which products are non-radioactive. Such 
reactions are called low-energy transmutation 
reactions. Low-energy nuclear reactions can 
occur with the formation of  several nuclei in the 
output channel of  the reaction. Atomic nuclei fly 
apart after such reactions are carried out. And, 
if  they are not in a strong magnetic field, then 
the reaction products form ordinary nuclei and 
ordinary atoms.
2.3. resonant interference exchanGe 
interaction

Transmutation reactions are carried out due 
to resonant interference exchange interaction 
(RIEX) [33].

A well-known exchange interaction occurs 
between identical objects: elementary particles, 
atoms, molecules. The nature of  the exchange 
interaction is related to the indistinguishability 
of  identical objects. The exchange interaction 
is manifested between identical particles 1 and 
2, which are in states a and b, when their wave 
functions (1)aψ  and (2)bψ  overlap (Fig. 5). The 
more the wave functions of  identical particles 
overlap, the greater is the exchange interaction. 
The exchange interaction is characterized by 
the exchange energy, which is an additional 
contribution to the total energy of  the system. 
This is expressed in the fact that the energy 
of  interacting identical particles contains an 
additional interference term, which is not 
zero due to the identity of  the particles. The 
contribution of  the exchange energy to the total 
energy of  the system can be both negative and 
positive.

Fig. 4. Examples of  transatoms: helium, carbon, sodium.

Fig. 5. Overlap of  wave functions of  identical particles.
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It turned out that exchange interaction can 
occur between non-identical objects if  these 
objects form a composite system that has 
resonant R-states ( )R Rψ  [33,34]. The nature of  
the RIEX-interaction is related to the overlapping 
and interference of  the wave functions of  
objects in R-states. The wave functions of  
objects, including transnuclei A, B, C, interfere 
with each other, both in the R-state and “in each 
other” (Fig. 6). The wave functions of  resonant 
R-states contain all wave functions of  transnuclei 
A, B, C... Exactly, thanks to the wave functions 
of  R-states, the transnuclei are simultaneously 
“in each other” through exchange interactions 
with each other. Fig. 6 demonstrates KA и KB as 
coefficients of  the presence of  wave functions

( )a Aψ  and ( )b Bψ  in the R-state, K2 ≡ KAKB is 
the generalized coefficient of  similarity of  the 
transnuclei A and B to each other.

The R-states are excited at the length of  wave 
functions of  the transuclei A, B, C... Thus, short-
range strong and local weak interactions between 
transnuclei become “long-range" interactions. 
In the R-states, both the wave functions ( )a Aψ , 

( )b Bψ , ( )c Cψ ... of  all transnuclei that make up 
the transmolecule, and all known interactions 
interfere: strong-weak, electromagnetic, inertial-
gravitational [35], and also, obviously, still 
unknown interactions.

The transnuclei A, B, C... form a multinucleus 
transmolecule {X} with its own energy level. 
Provided the number of  nucleons is preserved, 
there are obviously many other transmolecules 
{Y}, {Z},.., which consist of  other transnuclei, 
but with their own energy levels. Due to 
the RIEX-interaction, exothermic, nuclear 

strong-weak transitions between the energy levels 
of  transmolecules are carried out: {X}→{Y}; 
{X}→{Z}… The more these levels overlap, the 
greater is the probability of  transitions between 
the levels of  transmolecules.

In transmutation reactions, the transition to 
states in which atomic nuclei are nonradioactive 
is provided by a weak interaction involving 
electronic orthobosons, since the wave function 
of  an electronic, orthoboson condensate 
significantly overlaps with the wave functions 
of  transmolecules: {X}, {Y}, {Z}… The 
transmutation energy is released due to the 
difference in the nuclear binding energy of  the 
isotopes involved in the reactions, just as in 
the case of  fission of  the uranium nucleus or 
in nuclear reactions of  the synthesis of  heavy 
nuclei up to iron from the nuclei of  lighter 
elements (Fig. 7). Transmutation reactions can 
be represented as reactions of  nucleon and 
multi-nucleon transfers between transnuclei 
[36] with the transformation of  protons into 
neutrons and vice versa, as well as reactions of  
radiationless fusion and fission of  transnuclei.

Thus, due to the RIEX-interaction, 
multinuclear, radiation-free and low-energy 
nuclear transmutation reactions occur.

3. IDENTICAL PARTICLES
The principle of  identity states that it is 
experimentally impossible to distinguish 
identical particles. So, if  two identical particles 
1 and 2 are swapped or change their states 
a and b: (1) (2) (2) (1),a b a bψ ψ ψ ψ→  then the 

Fig. 6. Overlap of  wave functions of  “identical” objects A 
and B during the formation of  the R-state.

Fig. 7. Coupling energy per nucleon in stable atomic nuclei.
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result of  the interaction between them will not 
change. Here 1 1 1(1) [ ( , , )] (1)a a x y z Sψ ψ=  and 

2 2 2(2) [ ( , , )] (2)b b x y z Sψ ψ=  are wave functions 
of  particles, which are the products of  their 
coordinate parts ,[ ( , , )]a b x y zψ  by their spin parts 
S(1) and S(2), and (1) (2)a bψ ψ  and (2) (1)a bψ ψ  
are wave functions of  two particles.

The result of  the interaction will not change if  
the wave function of  the particles is represented 
by a superposition of  the wave functions of  
two states − the eigenstate (1) (2)a bψ ψ  and the 
identical state (2) (1)a bψ ψ :

1(1,2) { (1) (2) (2) (1)}.2 a b a bψ ψ ψ ψ ψ± = ±  (3)
The plus sign in expression (3) describes 

bosons, i.e. particles with zero or integer spin, 
s = 0, 1ћ, 2ћ… The bosons obey Bose-Einstein 

(1, 2)ψ +  statistics, in which the sign of  the wave 
function   does not change when the particles are 
rearranged. The minus sign describes fermions, 
i.e. particles with a half-integer spin, s = ћ/2, 
3ћ/2... The fermions obey Fermi-Dirac statistics, 
in which, when the particles are rearranged, the 
sign of  the wave function (1, 2)ψ −  changes to 
the opposite sign. Our Visible Universe mainly 
consists of  fermions with a spin s = ћ/2: 
electrons, protons, neutrons, neutrinos, and 
quanta of  electromagnetic radiation with spin 
sγ = 1ћ.

The square of  the wave function of  particles 
is equal, by definition, to the probability density 
of  their location at a given point in space and at 
a given time. If  expression (3) is squared, then:

2 2 21(1,2) { (1) (2) (2) (1)4
[ (1) (2) (2) (1) (1) (2) (2) (1)]}.

a b a b

a b a b a b a b

ψ ψ ψ ψ ψ

ψ ψ ψ ψ ψ ψ ψ ψ

±

∗ ∗ ∗ ∗

= + ±

± +
 (4)

The first two terms in expression (4) are 
the probability of  particles being in the ground 
state: eigenstate and identical state. The value in 
the square bracket is the probability of  particles 
being in an exchange state when each particle is 
simultaneously in two states a and b.

“Boson body". The de Broglie length of  the 
wave function of  the particle λ = h/mV, where 
h is Planck's constant, mV is the momentum of  
the particle: the product of  its mass m by the 

velocity V. A hydrogen atom with a mass of  
1 atomic mass unit at room temperature 300K 
has a wave function length λH = 0.145 nm (the 
diameter of  the hydrogen atom is 0.106 nm). 
The lower the velocity V of  a particle, the longer 
is the length of  its wave function λ, the greater 
is the distance at which it interacts with other 
identical particles in an exchange manner.

If  we equate the states a and b, then for the 
bosons 

2 2(1, 2) (1) (2) .a aψ ψ ψ+ =  Bosons can 
be in the same state, and thus they can form a 
Bose-Einstein condensate. Consequently, boson 
particles, boson atoms, boson molecules will 
be able to concentrate in one place and form a 
“boson body". With an increase in the mass of  
the “boson body” and its crystallization, when 
the bosons bind, the thermal velocity of  the 
“boson body" decreases. Then, we obtain from 

thermodynamics 
23 3 ,

2 2
kT N m VV kT

N m
 ⋅ ⋅

= ⋅ = ⋅  where k is the Boltzmann constant, T is the 
temperature, N is the number of  identical bosons 
of  mass m in the “boson body". Consequently, 
the “boson body” reduces the velocity of  bosons 
by 1/ N  times, and increases the lengths of  

their wave functions .
3

h Nh
mV kT m

λ = =
⋅

 by N  
times. The force that attracts other identical 
bosons is proportional to the number of  bosons 
N that make up the “boson body". It will be 
recalled that one mole contains 6∙1023 particles. 
For this reason, the “boson body” will constantly 
increase its size by means of  adding identical 
bosons to itself.

For fermions at a = b, 
2

(1, 2) 0ψ − =  (4). Due 
to the Pauli principle, the fermions cannot be in 
the same state. But fermions can create boson 
molecules by combining with both identical and 
foreign fermions. These boson molecules, in 
turn, form a “boson body".

When particle 1 in state a tends to occupy 
state b of  particle 2, a → b, then the exchange 
part of  the wave function (4) will compensate 
for its own and identical parts of  the state of  
the two particles until the total wave function 
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becomes zero 
2

(1, 2) 0ψ − = . The particles 
have disappeared! The particles have mutually 
annihilated each other without radiation and 
compensation of  electric, baryon and lepton 
charges. If  the reverse process is possible, then 
the Big Bang can be represented simply as the 
energy-free birth of  pairs of  electrons and pairs 
of  protons, without the birth of  antiparticles. The 
generation of  exclusively electrons whose spins 
are antiparallel to magnetic moments and pulses 
may be related to the property of  asymmetry 
of  the Physical Vacuum. The Physical Vacuum 
generates only particles: electrons and protons, 
and does not generate antiparticles.

4. TRANSMUTATION REACTIONS 
WITHOUT THE COULOMB BARRIER
Since particles have masses, electric, baryonic, 
lepton charges, spins, spin magnetic moments, 
they participate in all fundamental interactions. 
In particular, identical particles participate in 
fundamental exchange interactions: exchange 
strong interaction [F] − (1) (2)[ ] (2) (1);a b a bFψ ψ ψ ψ∗ ∗  
exchange electromagnetic interaction [EM] − 

(1) (2)[ ] (2) (1);a b a bEMψ ψ ψ ψ∗ ∗  exchange weak 
interaction [W] − (1) (2)[ ] (2) (1)a b a bWψ ψ ψ ψ∗ ∗  and 
exchange inertial-gravitational interaction [IG] 
− (1) (2)[ ] (2) (1).a b a bIGψ ψ ψ ψ∗ ∗

The energy of  interaction between particles 
1 and 2 in perturbation theory is equal to:

22

2 2
1 2

1 2

1(1,2) {( (1) ( , , , ) (2)

(1) ( , , , ) (2) )}
2 [ (1) (2){ , , , } (2) (1)] ;

a b
orm

b a

a b a b
orm

E F W EM IG
N

F W EM IG dV dV

F W EM IG dV dV
N

ψ ψ

ψ ψ

ψ ψ ψ ψ

±

∗ ∗ ∗ ∗

= +

+ ±

±

∫

∫

 (5)

(1, 2) ,CE C E± = ±  (6)
where Norm is the normalization integral, 
and dV1 = dx1dy1dz1, dV2 = dx2dy2dz2. The 
energy of  interaction between particles 
that are in their own and identical states is 
the main energy − C. In addition, identical 
particles have an additional exchange energy 
− Ec, i.e. the third term in expression (5). If  
the distance between the particles is greater 
than the radius of  the strong F and weak W 

interactions (> 1 fm), then the main energy 
C has no strong and weak interactions in the 
first and second terms in (5)! If  the states 
of  two particles are equal a = b, then for the 
Coulomb and gravitational interactions, the 
main energy is equal to their exchange energy 
С = Ec. At the same time, if  the formula (6) 
has a minus sign before the exchange energy 
Ec, then the exchange interaction completely 
compensates the main interaction C!

Thus, two identical particles in strong 
and ultrastrong magnetic fields, in which the 
coordinate part of  their wave function is 
antisymmetric 1 2

b bn n= −  and a = b, Coulomb 
repulsion and gravitational attraction disappear. 
The paradox is realized: “The Waves extinguish 
the Wind.” In this case, two fermions, for 
example: protons p, have parallel spins, and 
bosons, for example: deuterons d (S = 1ћ), 
have antiparallel spins. − The wave function 
of  two bosons must be a symmetric function. 
Since the coordinate part of  two bosons is an 
antisymmetric function, then the spin part must 
also be an antisymmetric function.

Two protons begin to oscillate near their 
nuclear orbitals in a hydrogen transmolecule 
in the ultrastrong magnetic field of  electron 
orthobosons 0

SB  ~ 3.5·104 T. And, thanks to 
the exchange interaction, they form a nuclear 
orthoboson (Fig. 8). The exchange Coulomb 
energy of  protons completely compensates 
for the energy of  their Coulomb repulsion. 

Fig. 8. a –two hydrogen transatoms “H” in a strong 
magnetic field and a hydrogen molecule; b – the formation of  
hydrogen transmolecule “H2”; c – thetransmolecule formation 

“pp” (“dd”, “tt”).
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This will lead to the convergence of  protons 
up to nuclear distances, the formation of  a 
transmolecule “pp”, and to the beginning of  
a nuclear reaction without a Coulomb barrier 
involving an electron orthoboson 2e- that has 
a binding energy 326.4 eV (Fig. 8):
p + p + 2e– → d + νe + e– + 1.44 MeV – 326.4 eV.

In this reaction, the neutrino spectrum is 
continuous, unlike the reaction:
p + p + e– → d + νe + 1.44 MeV,
for which the neutrino spectrum is monoenergetic 
[37].

In a strong magnetic field, hydrogen 
atoms and molecules are transformed into 
a transmolecule “pp” with a ground state 
of  one electron of  163.2 eV. During the 
conversion process, vacuum ultraviolet light 
will be emitted (the numbers in Fig. 8, 9 are 
given in eV; the double line is the radiation 
of  two photons) [32]. Such emission lines 
were observed in the experiment of  R. Mills 
[38] on ultraviolet spectroscopy of  helium-
hydrogen plasma. These lines were recorded 
during microwave discharge in a mixture 
of  helium with 2% of  hydrogen at room 
temperature and at pressures from 1 to 20 

torr. They appear only in a mixture of  helium 
and hydrogen, but are absent in pure helium 
or hydrogen and in mixtures of  hydrogen 
with other noble gases. This is due to the fact 
that orthohelium is always generated in an 
ionized medium in which helium is present. 
Orthohelium itself  has a strong magnetic 
field due to the parallelism of  magnetic 
moments of  the electrons. Calculation (1) 
shows that the magnetic field in the center of  
the orthohelium atom is ~ 410 T, and at its 
radius R2 = 8.76·10-11 m the magnetic field is 
equal to ~ 70 T. As experiments show, the 
magnitude of  such a field is sufficient to 
trigger transmutation reactions [14].

With the production of  deuterium (D-d) and 
tritium (T-t), transmolecules “dd” and “tt” will 
be formed. They enter into nuclear reactions 
without the Coulomb barrier, including those 
with the participation of  electron orthobosons. 
These reactions produce protons, neutrons, 
tritons, the nuclei 3He, 4He, 6He → 6Li (Fig. 8) 
[39]:

3
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−

−
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+ → + +

+ + → + +

+ + → + +

+ = →

→ + + +

 (7)

Helium formed as a result of  the Big Bang (7 
at.%), and helium produced in reactions (7), in 
strong magnetic fields, forms transmolecules of  
beryllium “Be”.

Two isotopes of  orthohelium 3He with the 
spin of  the nucleus I = ћ/2 form a transmolecule 
“6Be” and a Coulomb-free nuclear reaction 
begins:
3He + 3He → 4He + 2p + 12.86 MeV.

A paired Coulomb-free nuclear reaction 
for two isotopes of  helium 4He is impossible, 
since the reaction energy balance is Q < 0. 
However, two orthohelium 4He form a stable 

Fig. 9. Scheme of  electron transitions in the “pp” 
transmolecule in He + H2  plasma.
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transmolecule of  beryllium “8Be” (Fig. 10). 
The radius of  the transmolecule “8Be” is 
equal to RBe = 4.4·10-12 m, and magnetic 
fields: in the center 0

SB  (Be) = 5.4·105 T and at 
a distance of  1.2·RBe from the center R

SB  (Be) 
= 1.1·105 T [30]. The transmolecule “8Be” 
attaches to itself  another atom of  orthohelium 
4He, and forms a transmolecule of  carbon 
“12С”. The transmolecule “12С” is also stable 
because it consists of  three 4He nuclei: two 
paired helium nuclei and one unpaired 4He. 
These nuclei cannot unite due to Coulomb 
repulsion between them. The radius of  the 
transmolecule “12C” RC = 3.0·10-12 m, and the 
magnetic fields: in the center 0

SB (C) = 2.6·106 
T and at a distance of  1.2·RC from the center 

R
SB (C) = 5.2·105 T.

Subsequently, orthohelium and 
transmolecules “8Be”, “12C”, due to their own 
ultrastrong magnetic fields, will be attracted to 
each other, and enter into exchange interaction 
with their electronic Bose condensates. As a 
result, multinuclear transmolecules 4

2n He⊗  
with helium Bose-Einstein condensate will be 
formed. The creation of  such transmolecules 
leads to multinuclear transmutation reactions 
without a Coulomb barrier, with the emission 
of  protons, neutrons, alpha particles and with 
the formation of  heavy chemical elements 
with a nucleus charge Z ≥ 6 (Fig. 11).
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where Q is the energy released as a result of  the 
reaction.

Fig. 11 shows the concentrations 
of  chemical elements averaged over 28 
measurements of  different synthesized 
structures and microparticles and obtained in 
two experiments on irradiation with braking 
gamma rays with Emax = 10 MeV of  pure 
helium at pressures of  1.1 and 3.05 kbar. Both 
irradiations were carried out for 28 hours at 
an electron current that produces braking 
radiation, (1.0-1.5)·1014 с-1 [14-16,39,40]. Fig. 
11 shows that chemical elements from carbon 
to lead are produced as a result of  irradiation 
of  helium.

Strikingly, similar spectra are obtained in 
experiments with pure hydrogen and pure 
deuterium. Fig. 12 shows the concentrations 
of  chemical elements averaged over 35 
measurements and obtained in two experiments 
with pure hydrogen H2 at pressures of  1 and 

Fig. 10. The formation of  transmolecules “8Be” (a) и “12C”.

Fig. 11. The element concentrations in two experiments 
with He.

Fig. 12. The element concentrations in two experiments 
with H2.
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3.4 kbar [15, 40]. Irradiations were carried out 
for 14 and 62 hours, respectively, at electron 
current of  (1.2-1.5)·1014 s-1. Fig. 13 shows the 
averaged concentrations of  chemical elements 
obtained in an experiment on irradiating a 
chamber with deuterium at a pressure of  2.2 
kbar [41]. Averaging was carried out over 42 
measurements. Irradiation was carried out for 
49 hours. The electron current was (1.2-1.3)·1014 
s-1. We can conclude from the presented results 
of  the experiments that multinuclear reactions, 
such as in helium, also occur in hydrogen and in 
deuterium.

In all numerous transmutation experiments, 
a characteristic feature of  the chemical 
element distributions is the constant presence 
of  a group of  light elements with Z ≤ 30; 
the presence of  a group of  medium-mass 
elements with 30 < Z ≤ 70 and of  a group 
of  heavier elements with Z > 70. Let us note 
that the group of  elements with 30< Z ≤ 70 
is located in the tin region, and the group with 
Z >70 is centered around lead. Both of  these 
chemical elements have “magic”, closed shells 
for protons Z = 50 and Z = 82, and for lead 
and for neutrons N = 126.

Based on the assumption that the probability 
of  production of  new elements decreases 
with an increase in the number of  nuclei in 
the input channel, it was concluded [39] that 
a group of  elements up to chlorine Z < 19 is 
generated in multinuclear reactions between 

primary elements − elements of  the initial 
medium. The production of  chemical elements 
from chlorine to zinc (Z = 30) is apparently 
determined by secondary processes. In these 
processes, both atoms of  primary elements 
and atoms of  daughter chemical elements 
obtained in previous reactions participate in the 
multinuclear interactions. Elements that belong 
to other groups with 30 < Z ≤ 70 and with Z > 
70 are synthesized in multinuclear reactions by 
daughter chemical elements, starting with carbon 
(Fig. 7). It is important to note that carbon is 
in the distribution maximum in the presented 
experiments.

Carbon is found in the maximum distributions 
in many other transmutation experiments, 
including three experiments on the irradiation 
with braking gamma-quanta of  gaseous, pure 
xenon with Emax = 10 MeV at pressures P 
= 250, 270, 550 bar with an irradiation time 
of  43, 60 and 72 hours, respectively. Fig. 14 
shows the concentrations of  chemical elements 
averaged over the results of  289 measurements 
of  different structures and microparticles. 
The detection of  radioactive elements in the 
samples was of  particular interest: technetium 
43Tc, francium 87Fr and actinium 89Ac [40]. The 
absence of  possible generators in the same 
samples of  such elements as molybdenum, 
radium, thorium suggests that 43Tc and 
89Ac are synthesized in condensed xenon in 
transmutation reactions independently, like 

Fig. 13. The element concentrations in experiment with D2.
Fig. 14. The element concentrations in experiments 

with 54Xe.
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other stable chemical elements. Francium 87Fr is 
the alpha decay product of  actinium 89Ac.

It will be noted that transmutation reactions 
for identical nuclei occur with a larger cross-
section compared to non-identical nuclei, since 
the former lack a Coulomb barrier. It follows 
from this that the atomic nuclei of  identical 
chemical elements that make up the “boson 
body” enter more easily into transmutation 
reactions that lead to a change in the chemical 
composition of  the media. This is important to 
know in the production of  ultra-pure materials.

It clearly follows from the presented 
experimental results that not only subsequent 
light chemical elements, but also medium and 
heavy chemical elements can be synthesized in 
transmutation reactions in condensed matter 
that consist of  the lightest elements, such as 
hydrogen, deuterium, helium.

It can be argued according to the results of  
all numerous experiments on transmutation that 
all chemical elements of  the periodic table are 
produced in low-energy transmutation reactions 
(Fig. 14).

5. MULTINUCLEAR REACTIONS. 
UNIVERSAL DISTRIBUTION
Many atoms interact simultaneously during 
transmutation [11,42,43]
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where N
Z A , N

Z B  are nuclides with a charge Z 
and a number of  nucleons N; ci, cj is a number 
of  nuclides i

i

N
Z A , j

j

N
Z jB  in the input and output 

reactions, respectively; e– are atomic electrons; 
( )l lν ν −  – l-number of  neutrinos and 

antineutrinos, number of  weak transitions that 
change the charge of  nuclides Z. Neutrinos and 
antineutrinos appear in the reaction equations 
to preserve the lepton charge. At the same time, 
the conditions for preserving the number of  
nucleons ,i i j j

i j
c N c N=∑ ∑  preserving the full

charge i i j j
i j

c Z l c Z± =∑ ∑  and positive energy

balance Q ≥ 0 must be met. The conclusion 
about the possibilities of  such reactions follows 
from the consideration of  the picture of  the 
binding energy per nucleon in the nuclei of  the 
initial substance (Fig. 7).

It is obvious that if  there is a set of  chemical 
elements that transform into each other in 
the medium, then the quantitative relations 
between them should be displayed by a certain 
distribution.

Let's assume that conditions for 
transmutation processes are always available in 
the medium, and thus multiple transmutation 
processes are constantly carried out in it. 
At the initial stage of  the development of  
transmutation processes, when the number of  
atoms of  the initial, primary chemical elements 
prevails over the number of  atoms of  the 
daughter elements, the nuclide distribution of  
transmutation products will contain elements 
from carbon to zinc. The nuclide distribution 
here should be understood as the distribution 
of  stable nuclides. The distribution of  
nuclides will begin to change significantly 
only when the number of  daughter atoms 
increases so much that they begin to enter 
into transmutation reactions with each other 
with a greater probability than with the atoms 
of  the original substance. Atomic nuclei of  all 
chemical elements will appear in the products 
of  transmutation. Eventually, multiple, 
multinuclear transmutation processes will 
lead to a situation where the number of  
primary atoms will be comparable or less 
than the number of  atoms of  the daughter 
elements. By this time, the mutual conversion 
of  chemical elements into each other will lead 
to a certain, quasi-equilibrium distribution.

The distribution would be in equilibrium if  
the transmutation reactions proceeded without 
loss of  energy. And it is known from statistical 
physics and thermodynamics that, in a closed 
system, irreversible processes inevitably end 
with its transition to an equilibrium state [44]. 
We have allowed ourselves to apply the laws 
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of  statistical physics and thermodynamics to 
the transmutation processes on the grounds 
that transmutation can be represented not as 
an exchange of  energy between particles, but 
as an exchange between nuclides of  portions 
of  nucleons (E = mc2), albeit in a multiparticle 
interaction. All possible sets of  a limited number 
of  stable nuclides can be used as a statistical 
ensemble.

The energy distribution E for colliding 
atoms of  a gas at temperature T is described by 
the Maxwell distribution in statistical physics: 

3

2 exp .
( )

E
Ef E
kTkT

π

π
 = − 
 

 We replace, for trans-

mutation processes, the energy in the Maxwell 
distribution by the masses of  isotopes MA or 
by the mass numbers of  isotopes A: E → A, 
and kT by the number G that characterize the 
transmutation process: kT → 2G:

( )3
exp ,

22
A

C Af A
GG

 = − 
 

 (8)

where C is the normalization coefficient. As 
the temperature of  the system T is a collective 
parameter of  its constituent particles, so the 
number G determines the collective energy content 
of  the system [45]. The greater the energy 
content of  the system, the greater is the G 
coefficient. The energy content coefficient of  a 
system depends on the total binding energy of  
its constituent nuclei G(ε) and it has a maximum 
value for a system that consists of  hydrogen 
atoms whose binding energy is zero ε = 0. The 
energy content coefficient is zero G = 0 for a 
system that consists of  iron and nickel isotope 
atoms with a maximum binding energy per 
nucleon: 56Fe -8.790MeV, 58Fe -8.792MeV and 
62Ni -8.794MeV (Fig. 7). The value of  the energy 
content coefficient G of  the hydrogen system, 
apparently, should be determined experimentally. 
The mass number A varies from 1 to 250, 
from hydrogen to the isotope californium-250 
in the “thermodynamic” distributions that 
corresponds to formula (8), in Fig. 15. The 
energy content coefficient G in Fig. 15 has three 
randomly selected values G = 8, 12 and 24. 

These values correspond in the distributions to 
the maximum values of  the mass number Amax, 
which determines the physical meaning of  the 
coefficient G.

In addition, the energy content coefficient 
of  the system G(ε,ξ) depends on another, 
independent parameter − on the energy density 
of  a weakly excited medium ξ, on its ionization. 
The energy density of  the medium determines 
how many atoms can simultaneously participate 
in the transmutation reaction. Thus, the energy 
content coefficient of  the system G(ε,ξ)= 
G(ε)∙G(ξ) depends on the internal value − the 
intranuclear energy and on the external value – 
the energy density of  the medium.

In our case, the transmutation processes are 
indeed irreversible, but they are carried out in 
an open system, with the loss of  internal energy 
of  the atomic nuclei of  the medium during 
transmutation (it will be recalled: the energy 
during transmutation is released due to a defect 
in the masses of  isotopes). The loss of  energy 
during transmutation reduces the coefficient of  
its energy content in the system G. It should be 

Fig. 15. “Thermodynamic” mass number distributions A for 
transmutation processes.
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noted that the lost internal energy is converted 
into kinetic energy of  nuclides, thereby increasing 
the external energy density of  the medium ξ. 
Part of  the internal energy is carried away by 
neutrinos. In part, the internal energy losses will 
be compensated by the participation of  atoms 
of  the initial substance in the reactions, until the 
moment when the number of  the latter decreases 
to the level of  daughter nuclides. In addition, 
the calculated energy losses of  0.1-10 MeV per 
one reaction [43] are significantly less than the 
mass of  the reacting nuclides (>> 1 GeV). Thus, 
multiple transmutation processes are carried out 
in a quasi-constant medium that slowly decreases 
in energy and mass. For this reason, the resulting 
distribution will be quasi-equilibrium. The 
distribution, conditionally, will change from the 
distribution described by the line with Amax = 24 
in Fig. 15 to the distribution described by the line 
with Amax = 12, and further to the distribution 
described by the line with Amax = 8. It should 
be emphasized that the distributions shown in 
Fig. 15, do not take into account differences in 
binding energies per nucleon in stable atomic 
nuclei, which are shown in Fig. 7.

If  the transmutation process takes place 
without loss of  energy, then the final nuclide 
distribution would be in equilibrium. In addition, 
if  the binding energy per nucleon were the same 
for all elements, then the equilibrium distribution 
would be the same, i.e. it would not depend on the 
initial elemental composition of  the substance in 
which the transmutation processes began. Such 
a distribution would characterize the process 
of  transmutation as if  in a “pure” form. Such 
a “universal” distribution will be obtained when 
the transmutation process begins in a hydrogen 
medium and ends when the chemical elements 
iron-nickel are in “equilibrium” with other 
chemical elements.

Obviously, with the implementation 
of  universal distribution, the process of  
transmutation will not stop. It will lead, due to 
the constant release of  energy, to the beginning 
of  the predominance of  iron and nickel in the 

distribution as nuclides with maximum binding 
energy (Fig. 7). Thus, the isotopes 56Fe, 58Fe, 62Ni 
fall out of  “equilibrium" with other chemical 
elements (Fig. 16). If, at the same time, the energy 
content coefficient of  the system G(ε,ξ) remains 
unchanged G(ε,ξ) = const without taking into 
account Fe-Ni falling out of  “equilibrium”, then 
the nuclide distribution will remain universal 
with Amax = const. With a decrease in the energy 
content coefficient G(ε,ξ), the “universal” 
distribution will change, as a quasi-equilibrium, 
from the line with Amax = 24 to the distribution 
described by the line with Amax = 8 (Fig. 16). The 
transmutation process ends when the isotopes 
56,58Fe, 62Ni with the maximum binding energy 
per nucleon become significantly greater than 
other elements. That is why the frozen core of  
the Earth has an iron-nickel composition, and it 
constantly increases its size due to transmutation 
reactions outside the core.

We drew, during processing and analyzing 
experimental data, attention to the increased 
yield of  some groups of  elements in 
transmutation products. These groups 
include: Na-Si, K-Ca, Mn-Ni, Cu-Zn, Zr-
Mo, Ag-Sb, Ta-W, Pb. We obtained a similar 

Fig. 16. Quasi-equilibrium, universal distributions with 
Fe-Ni, Sn and Pb maxima.
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picture when calculating the appearance 
of  elements, with the participation of  
N-molecules of  water (Fig. 17) and other 
elements in the transmutation process [43,44]. 
Fig. 17 shows, for clarity, in order to avoid 
sharp even-odd fluctuations, the appearance 
of  even-charged elements is presented. It is 
quite obvious that the increased probability 
of  the appearance of  these elements in the 
products of  transmutation is associated with 
their proximity to the maxima depending 
on the binding energy of  nucleons in nuclei 
on the atomic number and the number of  
isotopes of  these elements. These maxima are 
known to be caused by “magic” nuclear shells 
with the number of  protons and neutrons 
equal to: 2, 8, 20, 28, 50, 82, 126. Indeed, 
under equal initial conditions in the input 
channel, the presence of  “magic” nuclides in 
the final spectrum increases the number of  
combinations of  other nuclides in the output 
channel. A large number of  isotopes in a 
particular element increases the probability 
of  its occurrence purely statistically. Thus, 
the universal distribution, in addition to the 
Fe-Ni maximum, will contain peaks caused by 
“magic” nuclear shells, for example: tin 50Sn, 
lead 82Pb126 (Fig. 16).

Note that distributions in Fig. 15 and 16 
extend to elements such as thorium, uranium 
and further to transuranic and superheavy 

elements. Thus, protactinium 231
91Pa  (T1/2 = 3∙104 

years) was detected in experiments on irradiation 
with gamma quanta of  hydrogen in the presence 
of  palladium in the X-ray spectra of  reaction 
products, along with elements such as barium 
54Ba and lead 82Pb [15].

Consequently, in any matter, regardless 
of  its chemical composition, in which long, 
multiple transmutation processes occur, a quasi-
equilibrium, universal distribution will be realized 
in its products, defined by expression (8). In 
addition, maxima associated with the peculiarities 
of  energy dependence will be superimposed on 
the universal distribution, to varying degrees 
of  intensity connections of  nuclides from the 
mass number. At the same time, the intensity 
of  the Fe-Ni maximum depends both on the 
duration of  the transmutation process and on 
the chemical composition of  the medium in 
which this process began.

6. NATURAL NUCLEOSYNTHESIS
To convert atoms of  some chemical elements 
into atoms of  other chemical elements in ionized 
condensed matter, their presence in strong 
magnetic fields B > 30 T is necessary. Magnetic 
fields are known to be extremely widespread in 
cosmic plasma: in stars and in the interstellar 
medium. They manifest themselves in the active 
regions of  stellar and galactic clusters. Magnetic 
fields cause the pumping of  energy into cosmic 
rays, radio emission, anomalous optical and X-ray 
radiation observed in the active zones of  the 
Universe. Magnetic fields are always accompanied 
by fast, charged particles, including electrons. As 
mentioned above, free electrons with a density 
of  ρ  > 1021 el/cm3, with their unidirectional 
motion, create strong, and subsequently, due 
to atomic electron orthobosons, ultrastrong 
magnetic fields. Thus, the symbiosis of  electrons 
and magnetic fields moving in the cosmic plasma 
creates conditions for the implementation of  
low-energy transmutation reactions in all corners 
of  the Universe.Fig. 17. Calculation of  yield of  even-charge elements, at 

participation in transmutation process of  7, 10 and 15 – 
molecules of  water.
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The Universe passes several stages in its 
development.

When the age of  the Universe was 10-6 ÷ 1 
sec, and the temperature was 1010 ÷ 1012 K, the 
quark-gluon plasma was in the process of  cooling, 
and electrons, protons and other hadrons were 
formed. In the era of  nuclear fusion, the first 
lightest nuclei, deuterium and helium, began to be 
synthesized at the temperatures of  the Universe 
107 ÷ 109 K and the age of  10 ÷ 1000 sec.

After 380000 years, the era of  Recombination 
came in the Universe, when its temperature 
decreased to ~ 4000 K, and electrons, protons 
and alpha particles began to form the first 
neutral hydrogen and helium atoms. At the same 
time, the Universe entered the stage of  Natural 
nucleosynthesis, which continues to this day.

With the appearance of  the first hydrogen, 
helium atoms and the available free electrons 
flying away from the center of  the Universe, 
conditions arose for the generation of  strong 
magnetic fields, of  the transformation of  
atoms into transatoms and for the launch of  
transmutation reactions. In the multinuclear 
hydrogen and helium transmutation reactions, 
first of  all, chemical elements from carbon to 
chlorine were synthesized with the maximum 
operating time of  carbon, oxygen, nitrogen (C, 
O, N) (Fig. 11-13). Simultaneously produced 
chemical elements began to form “boson 
bodies”, namely: organic clusters, in which 
the chemical synthesis of  organic molecules, 
and, subsequently, biochemical molecules, 
started with the participation of  hydrogen. So, 
recently a group of  scientists identified chemical 
reactions that could lead to the appearance 
of  life [46]. These chemical reactions occur 
with the participation of  only four chemical 
elements, which form: ketoacids (derivatives 
of  hydrocarbons that contain C=O and COOH 
groups), HCN cyanide, ammonia NH3 and 
carbon dioxide CO2, and the products are 
aminoacids and nucleic acids − building blocks 
for proteins and DNA.

In parallel, chemical elements from argon 
to zinc were being produced in transmutation 
reactions, and later all other, heavier chemical 
elements.

Thus, organic and biological planets could 
already be formed from “boson bodies” in 
the Universe aged more than 10 million years. 
Primitive organic life must have appeared 
obligatory on these organic planets first, and 
intelligent life must have developed later [47]. 
It is difficult to imagine the possibilities of  a 
Supreme Intelligence aged more than 12 billion 
years.

The first stars and galaxies began to 
be formed after 0.15 ÷ 1 billion years of  
the Universe's development. Low-energy 
transmutation reactions similar to those carried 
out in the epoch of  Recombination were started 
againat this stage, when the density of  matter 
and the directional movement of  free electrons 
reaches values sufficient for the generation of  
magnetic fields and the pairing of  electrons in 
them. The epoch of  Stars differs from the epoch 
of  Recombination by the fact that its isotopic 
composition already contains all chemical 
elements. The involvement of  the transmutation 
mechanism in nucleosynthesis makes it easy 
to understand the metallicity of  stars and the 
presence of  heavy elements even in the oldest 
stars, which elemental composition is not 
associated with supernova explosions, since the 
synthesis of  all elements and their isotopes up 
to uranium becomes obvious. Thus, the “old” 
and “new” chemical elements produced in the 
atmospheres of  stars and carried away by the 
stellar wind participate in the formation of  
planets.

7. PLANETARY NUCLEOSYNTHESIS
Taking into account that the processes of  low-
energy transmutation take place under fairly 
“soft” physical conditions and tend to reproduce 
a quasi-equilibrium universal distribution, the 
following conclusion can be drawn from the 
presented material: the process of  nucleosynthesis 
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can be carried out on planets and form their 
elemental composition [42,43,48-50].

The process of  transmutation on the 
emerging Earth began, apparently, when it 
was a dense, gas, plasma formation. Now, 
transmutation processes continue in the magma 
of  the Earth, and the colossal energy released at 
the same time is observed by us like a volcanic 
eruption. Experts know that intraplate tectonic 
activity and volcanism cannot be explained 
within the framework of  plate tectonics. The 
most common hypothesis that satisfactorily 
explains volcanism and tectonic activity inside 
both the oceanic and continental lithosphere is 
associated with the idea of  hot spots and mantle 
plumes [51]. It is possible that transmutation 
processes are taking place in these hot spots and 
mantle plumes.

The fact that nucleosynthesis is determined 
by transmutation reactions is confirmed by 
experimental results. So, if  we compare the 
isotope ratios in transmutation products after 
industrial, electronic melting of  zirconium 
ingots in a vacuum furnace [7] with natural 
isotope ratios (Table) then, on the one hand, 
their significant difference is striking, for 
example: for potassium, chromium, copper, 
zinc, germanium and barium. These elements are 
highlighted with asterisks (*) in the Table. This 
circumstance speaks in favor of  the existence of  
the phenomenon of  transmutation. On the other 
hand, there is a fairly good agreement of  isotopic 
ratios of  remaining elements with natural, 
terrestrial elements [42,43]. The difference noted 
above in isotopic ratios for these elements (K, 
Cr, Cu, Zn, Ge, Ba) can be explained by the 
incompleteness of  transmutation processes 
and, as a consequence, the dependence of  
distributions, including isotopic distributions, on 
the source element, in this case, on zirconium. 
The fact that the elements that are products 
of  zirconium transmutation have, in part, a 
natural, terrestrial isotopic ratio led to the idea 
of  comparing the distribution by mass numbers 
resulting from the melting of  zirconium with the 

prevalence of  elements by mass in the Earth's 
crust. Fig. 18 shows that the distributions are 
generally similar to each other. Moreover, there 
is a correlation between groups of  elements in 

Table 1
Comparison of natural isotope ratio (Nat.,%) with 
isotope ratio observed in zirconium transmutation 

products (Zr, %) [7,42].
Z A ТЦ Ест. Z A ТЦ Ест.

3Li 6 6 7.5 31Ga 69 66 60

7 94 92.5 71 34 40

5B 10 78 74 32Ge* 70 73 20
11 22 26 72 12 27

12Mg 24 76 79 73 15 8
25 11 10 74 2 36
26 13 11 34Se 77 15 7.6

14Si 28 89 92.2 78 16 23.5

29 7 4.7 80 54 44.6

30 4 3.1 82 6 9.4

19K* 39 76 93 38Sr 86 24 10

41 24 7 87 7 7

22Ti 46 8 8.2 88 69 83

47 8 7.4 54Ba* 132 11 0.1
48 74 73.8 134 29 2.4
49 5 5.4 135 11 6.6
50 5 5.2 136 9 7.8

24Cr* 52 70 83.8 137 9 11.2
53 16 9.5 138 29 71.7
54 14 2.4 63Eu 151 56 48

29Cu* 63 48 69.2 153 44 52

65 52 30.8

30Zn* 64 49 48.6
66 17 27.9
67 14 4.1
68 20 18.8

Fig. 18. Comparison of  element distribution in case of  
zirconium transmutation at its melting with element occurrence 
in the Earth’s crust. For orientation, zirconium isotopes with 
their relative content are emphasized with bold lines [7,42].
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the distributions. The same elements (Ti, Fe) and 
groups of  elements (Na-Si, K-Ca, Ti, Fe, Cu-
Zn, Cd-Sb) have maxima in both distributions. 
Some difference in the distributions compared is 
due to the incompleteness of  the transmutation 
processes for the case of  zirconium melting 
and the dependence of  the distribution on 
this element. Indeed, the realization of  the 
universal distribution in the case of  zirconium 
transmutation was carried out on the part 
of  heavy masses (MZr- 90 ÷ 96) relative to the 
estimated maximum distribution in the Mg-Si 
region (M – 24 ÷ 30).Therefore, heavy masses 
prevail in the distribution of  nuclides during the 
melting of  zirconium, in comparison with the 
Terrestrial distribution, approximately, from M 
= 60 to M = 175. These masses are obtained 
directly from the initial element zirconium. At 
the same time, the content of  light masses has 
been reduced; approximately, from M = 6 to M = 
30. It is known that the synthesis of  elements in 

the Universe begins with hydrogen and helium. 
And the synthesis of  elements on planets starts, 
including hydrogen and helium, with heavier 
elements, starting with carbon, nitrogen, oxygen 
and others.

It is of  interest to compare the distribution of  
elements in the Earth's crust, as a function of  the 
lower concentration level, with the appearance 
of  elements in time during ultrasonic cavitation 
[13,49] (Fig. 19, 20). It should be emphasized 
once again that a group of  light elements from 
carbon to zinc always appears in all transmutation 
experiments, regardless of  the environment in 
which this process takes place. Subsequently, first 
of  all, chemical elements of  medium masses are 
synthesized, located around tin-antimony (Sn-
Sb), and chemical elements with a heavy mass 
of  lead-bismuth (Pb-Bi). Then all other chemical 
elements are produced.

An unexpected event in physics is the 
discovery of  two radioactive isotopes in samples 

Fig. 19. The occurrence of  elements in the Earth's crust as a 
function of  the lower concentration level.

Fig. 20. Ultrasonic solution cavitation LiCl and CsCl 
[13,42].
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of  deep-sea crust that rose from a height of  
1500 meters below the Pacific Ocean [52]. These 
isotopes 26Fe-60 (T1/2 = 1.5·105 years) and 94Pu-
244 (T1/2 = 8·107 years) should have decayed 
long ago, since the age of  the Earth is 4.54 
billion years (4.54·109 years). Based on the idea 
of  planetary nucleosynthesis, it can be assumed 
that these isotopes appeared on Earth as a result 
of  low-energy nuclear reactions.

As already mentioned, transmutation 
reactions occur in ionized condensed matter, 
mainly in solutions and in melts, when a stream of  
electrons flows through them. The flow of  high-
density electrons creates a strong magnetic field 
sufficient to transform atoms into transatoms 
and, consequently, they trigger transmutation 
reactions, i.e. nucleosynthesis. Transmutation 
reactions that occur in the Earth's mantle 
stimulate its geological activity.

Therefore, changing Galactic electric, 
magnetic and even gravitational fields can 
stimulate transmutation processes on the Earth, 
both directly interacting with it and indirectly, 
thanks to the Sun. Because the changes that 
take place on the Sun, through the Sun-Earth 
interaction, lead to changes on the Earth. 
Based on this assumption, we formulated a new 
doctrine of  the geological development of  the 
Earth [49].

1. The geological development of  the Earth 
is a monotonous, evolutionary process, which is 
superimposed with revolutionary, discontinuous 
periods.

2. The evolutionary process is determined 
by internal energy sources: low-energy nuclear 
reactions, radioactive decays, gravitational 
compression, etc. Since the energy coming from 
internal sources is monotonously decreasing, 
geological processes are monotonously slowing 
down.

3. Abrupt, including cyclical periods in the 
development of  the Earth are generated by 
external energy sources that stimulate internal 
energy sources, geological processes accelerate, 

sometimes in a revolutionary way, during these 
periods.

4. External energy sources are the Sun, 
jet streams of  energy and matter from the 
Galaxy. Perhaps there are other, external 
energy sources available. Galactic energy 
sources can influence the Earth directly or 
indirectly, through the Sun.

The present concept is based on the concept 
of  open systems both in relation to the Earth 
and the solar system, and in relation to the 
Galaxy. Therefore, this concept is not centrist. 
All energy sources operate in it simultaneously, 
with varying degrees of  intensity.

According to a new study published in the 
journal Geoscience Frontiers [53], geological 
activity on Earth has a well-traced cycle of  
approximately 27.5 million years. Previously, it 
was believed that geological events are random. 
But the analysis of  geological events over the 
past 260 million years has shown that, in fact, 
there is a strict cyclicity in geological activity. 
Fig. 21 presents the results of  the analysis of  
89 geological events using a 10 million-year 
sliding window centered every 0.5 million years. 
The number of  events that fell into the sliding 
window was calculated with an interval of  1 
million years. Ten peaks, or clusters of  events, 
are surely visible. That analysis was carried out 
due to significant improvements in radioisotope 
dating methods and in methods of  measuring 
time according to geological scale.

Fig. 21. The cyclicity of  the geological activity of  the 
Earth [53].
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The last cluster of  geological events occurred 
approximately 7 million years ago. This suggests 
and hopes that the next major, catastrophic 
geological activity will begin in more than 20 
million years.

The availability of  cyclical fluctuations 
ingeological activity of  the Earth is a serious 
deviation from generally accepted views. 
However, the observed cyclicity fits perfectly 
into the above-mentioned new doctrine of  
the geological development of  the Earth. The 
duration of  the galactic year is, according to 
various estimates, from 180 to 250 million years. 
The Sun and its planets periodically, four times 
in a galactic year, approximately every 60 million 
years, are believed to intersect visible jet streams 
of  matter and energy ejected from the center 
of  the Galactic disk [12,54]. If  the cycle of  
geological activity on Earth equal to 27.5 million 
is connected with galactic energy flows, then 
four additional, invisible energy flows located 
between the visible flows are assumed to exist. 
Based on these considerations and on a cycle of  
27.5 million years, the Galactic Year will be equal 
to 220 million years.

Scientists have called the cycle of  27.5 million 
years as “pulse” of  the Earth. It is obvious that 
the “pulse” of  the Earth is set by the rhythm 
of  the energetic “heartbeat” of  our Galaxy. 
An interesting task for planetary science and 
astronomy is the registration the invisible energy 
flows of  the Galaxy and detection of  their effects 
on stars and other planets.

8. CONCLUSION
The paper demonstrated that in a quasi-neutral 
plasma, the directed, collective motion of  
electrons creates a magnetic field. At electron 
density >1021 cm-3, the magnetic field generates 
a Coulomb exchange field, which causes the 
pairing of  free electrons into orthobosons S = 
1ћ. Such orthobosons create strong magnetic 
fields >30 T, in which atoms turn into transatoms. 
Transatoms have ultrastrong magnetic fields in 
the range of  105-1010 T. Due to this mechanism, 

the existence of  strong and ultrastrong magnetic 
fields in cosmic plasma is explained.

The ultrastrong magnetic fields of  transatoms 
combine them into nuclear transmolecules, in 
which, due to resonant interference exchange 
interaction, multinuclear reactions occur. 
Multinuclear transmutation reactions can be 
considered as a multinucleon exchange between 
arbitrary transnuclei. Transmutation reactions 
that continuously occur in a condensed 
matter lead to quasi-equilibrium mass-number 
distributions of  isotopes − the reaction products. 
These quasi-equilibrium distributions reflect 
the abundance of  chemical elements and their 
isotopes in different objects and regions of  the 
Universe.

In transmutation reactions, nuclear physics 
has moved from describing resonant transitions in 
individual nuclei (in individual atoms, molecules) 
and from describing the interaction between two 
nuclei to collective nuclide interactions. Moreover, 
these collective transnuclide interactions through 
resonant interference exchange interactions 
simultaneously include all currently known 
interactions: strong-weak, electromagnetic and 
inertial-gravitational interactions.

The RIEX-interaction is a universal 
interaction, because it not only unites all 
fundamental interactions, but also because its 
influence extends to the whole of  Nature, from 
elementary particles to complex biological and 
social systems.

Proceeding from the idea of  planetary 
nucleosynthesis based on the mechanism of  
multinuclear quantum transitions of  some 
atomic nuclei into others, we formulated a new 
doctrine of  geological development of  Earth that 
caused a creation of  a new scientific discipline – 
Quantum Planetology (Geology) [48-50]. Within 
the framework of  quantum geology, the strict 
temporal cyclicity observed in the geological 
activity of  the Earth has found its explanation. 
This cyclicity made it possible to more accurately 
determine the value of  the Galactic year equal to 
220 million years.
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The synthesis of  chemical elements 
in transmutation reactions and resonant 
interference exchange interaction already in the 
era of  Recombination triggered first organic 
chemical reactions, and after the formation 
of  “boson bodies” − biochemical reactions. 
Already at this stage, the Universe has generated 
biological and intelligent life on the formed 
organic and biological planets.

It clearly follows from the above that low-
energy transmutation reactions are a natural 
mechanism for obtaining energy in stars and 
on planets, in the production of  all chemical 
elements heavier than helium and in the origin 
of  life at different stages of  the development of  
the Universe, stars and planets.
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MARGARITA N. RODNIKOVA
(to 90th anniversary of  birth)
UDC 929.53             DOI: 10.17725/rensit.2022.14.481

October 01, 2022 marks the 90th birthday of  
Margarita Nikolaevna Rodnikova, Doctor of  
Chemical Sciences, Professor, Honored Scientist 
of  the Russian Federation, Chief  Researcher of  
the Institute of  General and Inorganic Chemistry. 
N.S. Kurnakov of  the Russian Academy of  
Sciences, a well-known specialist in the field of  
fundamental and applied physical chemistry of  
liquids and solutions.

M.N. Rodnikova was born on October 01, 
1932 in Moscow into the family of  Nikolai 
Nikolaevich Rodnikov, an employee of  the 
Ministry of  Forestry, and Elizaveta Dmitrievna 
(Ostapova) Rodnikova, a chemistry teacher at 
a Moscow secondary school. After graduating 
from secondary school No. 328 in Moscow 
in 1950, she entered the Chemistry Faculty of  
Lomonosov Moscow State University.

In 1955 M.N. Rodnikova graduated from the 
Chemistry Faculty of  Moscow State University 
and went to work at the Kurnakov Institute 
of  General and Inorganic Chemistry of  the 
Academy of  Sciences, to the laboratory of  
solutions.

Under the leadership of  O.Ya. Samoilov in 
1964 defended his Ph.D. thesis "Temperature 
dependence of  the coordination numbers of  
alkali metal cations and halide anions in dilute 
aqueous solutions." In 1998 M.N. Rodnikova 
defends her doctoral thesis "Features of  solvents 
with a spatial network of  hydrogen bonds." In 
2007, by the decision of  the State Committee 
of  the Russian Federation for Higher Education 
M.N. Rodnikova was awarded the academic title 
of  professor.

In a marriage with Yuri Alexandrovich 
Buslaev, Margarita Nikolaevna raised two 
beautiful daughters – Elena and Olga.

From 1955 to the present, M.N. Rodnikova 
went through all the positions at her Institute 
from senior laboratory assistant to the head of  
the "Solvents with a spatial network of  hydrogen 
bonds" group.

Margarita Nikolaevna pays great attention to 
the education of  scientific personnel. Under her 
leadership, five candidates of  chemical sciences 
and one candidate of  physical and mathematical 
sciences were defended. She works a lot and with 
pleasure with students and graduate students.

From 1999 to 2003, Margarita Nikolaevna 
taught the course "Physical and chemical 
foundations of  bioinorganic chemistry" at the 
DI. Mendeleev Russian Chemical Technical 
University. She developed special courses 
"Solutions, water, hydration" and "Features of  
water and hydration", which were read at Moscow 
State University, at the Lomonosov Institute of  
Fine Chemical Technology RTU-MIREA, at the 
Mendeleev Chemical-Technological Institute, at 
the University of  Dortmund (Germany) and at 
the University of  Regensburg (Germany).

Margarita Nikolaevna lectured at the 
conferences of  young scientists on inorganic 
chemistry "The structure of  water and hydration 
of  ions" in Vysu (Estonia), on the theory and 
practice of  solutions "The specifics of  water 
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and the molecular-kinetic theory of  hydration" 
in Ivanovo.

For 20 years M.N. Rodnikova was a 
member of  the board of  the All-Union Society 
"Knowledge" of  the department "Chemistry". 
She organized the series of  lectures "New 
in Inorganic Chemistry" at the Polytechnic 
Museum, "New in the Science of  Solutions" at 
the Kurnakov Institute of  General and Inorganic 
Chemistry of  RAS.

Rodnikova Margarita Nikolaevna is a well-
known and talented scientist in the field of  the 
structure of  liquids and liquid solutions. M.N. 
Rodnikova discovered a new class of  solvents 
– solvents with a spatial network of  hydrogen 
bonds. These include such vital and widely 
used substances in technology as water, amino 
alcohols, diamines, diols, glycerin, sulfuric, 
phosphoric acids, etc. Rodnikova M.N. the 
features of  the physicochemical properties of  
these solvents and the phenomena occurring in 
these solutions were investigated and explained 
for the first time.

In recent years, Margarita Nikolaevna has 
proposed topological methods for describing 
the structure of  a liquid – a condensed but 
mobile phase, investigated the properties of  a 
spatial network of  hydrogen bonds in liquids and 
solutions, studied mixed networks of  hydrogen 
bonds in aqueous systems of  diols, amino 
alcohols and diamines, and revealed their role in 
biosystems and cryobiology.

Total M.N. Rodnikova published more than 
300 publications. Among her publications are 
about 200 articles in reputable scientific journals 
(the number of  citations of  articles in journals 
according to Web of  Science and Scopus is more 
than 2000) and 5 scientific reviews.

Of  particular note is the long-term leadership 
since 1980, and since 1986 as the Chairman, 
approved by the Presidium of  the USSR 
Academy of  Sciences of  the All-Union, and 
then the All-Russian Seminar of  the Academy 
of  Sciences on the study of  liquids and solutions 
structure, working at the Kurnakov IGIC of  

RAS to the present. This seminar, one of  the 
unique phenomena in the life of  Russian science, 
was founded in 1962 by Margarita Nikolaevna's 
teacher Oleg Yakovlevich Samoilov, the author 
of  the molecular-kinetic theory of  solvation and 
the discovery of  the phenomenon of  negative 
hydration of  ions in electrolyte solutions, who 
managed to make the seminar a center of  
attraction and consolidation of  research on the 
theory and experiment of  liquids and solutions 
not only in the Soviet Union, but also in many 
countries of  the world.

During the 60 years of  its existence, the 
seminar has seen dozens of  outstanding 
specialists not only from Russia, but also world-
class specialists in the field of  physical chemistry 
of  liquids and solutions.

With her scientific activity, Margarita 
Nikolaevna made a significant contribution to 
the development of  fundamental and applied 
physical chemistry of  liquids and solutions. One 
of  the assessments of  this contribution is the 
honorary title "Honored Scientist of  the Russian 
Federation", awarded to her in 2004.

High scientific erudition, efficiency, 
adherence to principles and responsibility 
brought M.N. Rodnikova deserved authority and 
wide popularity among the scientific community.

Friends, colleagues and students sincerely 
congratulate Margarita Nikolaevna Rodnikova 
on her glorious jubilee and wish her good health, 
good luck and success in her scientific and 
organizational activities.

The editors of  the journal RENSIT of  the 
Branch of  the Russian Academy of  Natural 
Sciences heartily join these wishes.
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