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ATMOSPHERE-IONOSPHERE COUPLING

CLIMATE CHANGES IN STRATOSPHERE AND MESOSPHERE IN
OBSERVATIONAL AND MODELING DATA
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The increase in greenhouse gas (GHG) concentrations leads to a decrease in the temperature of the
stratosphere, which increases with altitude. This cooling of stratosphere is confirmed by observational
data (satellite, lidar, spectrographic, etc.) over the past 45-50 years.

Climate models reproduce this temperature decrease. The rate of decrease in stratospheric
temperature in the coming decades will depend on scenarios for the growth of GHG concentrations and
will affect the circulation and chemical composition of the stratosphere.

According to estimates from model calculations (including INMCM6, CCM SOCOLvV4),
stratospheric temperature decrease and residual meridional circulation (RMC) changes lead to
enhancement of the zonal mean zonal wind of the high latitudinal lower—-middle stratosphere during the
21 century (stronger under the severe GHG emission scenario).

The stratospheric temperature decrease in certain years in the spring period in the second half of
the 21 century may lead to an increase in the stratospheric polar vortex in the Arctic, which may create
conditions for severe destruction of the ozone layer comparable with observed in the spring of 2011 but
weaker than in the spring of 2020 when the record ozone loss was observed. However, overall, 0zone
content at high latitudes will increase and at equatorial latitudes will decrease during the 21st century.
Interestingly, although satellite data already show a decline in ozone-depleting compounds, estimates of
total ozone trends from observations and reanalysis data show divergent trends in mid- and high latitudes
over the past 40 years.

The other expected changes of chemical composition of the stratosphere include increase of water
vapour: particularly in the Arctic lower stratosphere in March up to 10% and 20% is expected under the
moderate (SSP2-4.5) and severe (SSP5-8.5) scenarios respectively according to CCM SOCOLv4
experiments. Probably, a more pronounced stratospheric water vapour positive trend under the severe
scenario is related to stronger tropospheric water vapor influx into the stratosphere and enhanced
production from CH. oxidation.

In addition to changes in the ozone layer and water vapor, model calculations show an increase in
nitric acid (HNOs) concentrations in the 21 century. Known HNOs plays an important role in main
processes related to ozone depletion in the polar lower stratosphere. HNO3; ensemble mean changes in



the Arctic lower stratosphere particularly in March (when strongest ozone loss observed) throughout the
21st century in the SOCOLv4 simulations are characterized by a positive significant trend under both
moderate and severe scenarios.

Model estimates show that the Arctic stratospheric polar vortex is expected to shift eastward toward
northern Eurasia. Possible weakening or strengthening of the stratospheric polar vortex in the Arctic is
associated with strengthening of the propagation of wave activity upward or to lower latitudes
respectively.

Sudden stratospheric warming (SSW) events are the most striking manifestation of the interannual
variability of the polar stratosphere, which affect the whole atmosphere and the ozone layer. Model
estimates have not revealed a tendency for the frequency change of major SSWs in the Arctic during the
21st century. However, these calculations retain significant inter-model differences and there is
uncertainty associated with the definition of the major SSW events, since some minor SSWs can have a
very strong influence on the circulation of the Arctic stratosphere and hence on the ozone layer (as for
instance in January 2015).

In the mesosphere the cooling is also observed, but various observations are not fully consistent,
maybe partially due to insufficient length of the data series used. It is suggested that observational data
sets longer than two solar cycles are necessary to obtain a reliable long-term trend. Analysis of SABER
satellite data shows that trends might significantly vary with local time and height in the whole height
range of 30-110 km. Possibly that with a longer data series available the differences would be smaller.
The SABER data also shows a contraction of the mesosphere (and lower thermosphere) over the period
of 2002 and 2019 (the year of the most recent solar minimum) due to a combination of a decline in the
intensity of the 11-year solar cycle and increasing CO..

Analysis of spectral observations of the hydroxyl airglow (reflecting the thermal state of the
mesopause region) at the Zvenigorod Science Station, Obukhov Institute of Atmospheric Physics (56°N,
37°E) over the period since 1957 up to the present (one of the longest period among all known
observations) shows a strong cooling (—0.53 +/-0.34 K/ yr) until the 1970s and its slowdown to —0.14
+/- 0.03 K/yr thereafter. It is assumed that the reasons for the temperature trend, in addition to the growth
of GHG, the main of which is CO2, may be long-term changes in the dynamics of the upper atmosphere.

This investigation was performed with the financial support of Russian Science Foundation (grant
Mo 25-47-00122).
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When studying large-scale currents in the atmosphere flowing from the ionosphere to the ground,
the ionosphere and the Earth’s surface can be considered as the ideal conductors with good accuracy.
These currents are determined by the ground-ionosphere voltage and the spatial distribution of the
conductivity in the atmosphere. It is possible to reduce the spatial distribution of conductivity to the
distribution in longitude and latitude of the conductivity of the atmospheric columns. By integrating the
conductance over the entire surface of the Earth, we obtain the total conductance of the atmosphere.
Inside clouds, air conductivity decreases due to the ion attachment to water drops. Based on the available
data on a decrease in local conductivity within individual clouds, we analyze the effect of cloud density
in latitude, longitude, and height on the geographical distribution of the conductance and the total
conductance of the atmosphere.

In our general model [1] we treat the atmosphere, ionosphere, and magnetosphere as a single
conductor. The basic equations for the steady state electric field E and current density j are Faraday’s
law, the charge conservation law, and Ohm’s law with conductivity tensor that is a scalar o in the lower
atmosphere. For the electric potential V, (E = — grad V) the system of the equations is reduced to the
current continuity equation

-div(o grad V) = 0. @

We use the geographical coordinates ¢, 1. The height A is calculated from the mean sea level, which
is defined in the World Geodetic System WGS 84. The height of the Earth's surface above mean sea
level is acquired from (http://www.ngdc.noaa.gov/mgg/topo/globe.html).

At horizontal scales of the order and more than 100 km, a one-dimensional model corresponding
to the verticality of atmospheric currents can be used. Then the conductivity ¢ and potential VV depend
only on the height h, and therefore the boundary value problem of electric current continuity is reduced
to solving a one-dimensional problem over h. We neglect sphericity, and the one-dimensional problem
(1) takes the following form

av(n)

—:—h(a(h) T) =0, Vlp=n, =Vo, Vlp=n, =0, )
where, strictly speaking, the functions V7 (h) and o (h) must have indices ¢, 4, since they are specific at
each point with coordinates ¢, 4, but for brevity we do not write these indices, h, denotes the height
hg (@, 4) of the Earth's surface at the point under consideration, h; is the height at which the ionospheric
conductor begins, which we consider an ideal one. The rise of the upper boundary h; of the atmospheric
conductor above 30 km in known empirical models of air conductivity increases the resistance of the
atmospheric column by only 0.5%. This can be ignored, and therefore we set h; = 30 km.


http://www.ngdc.noaa.gov/mgg/topo/globe.html

The solution for the problem (2) gives the vertical electric field strength E(h) = —dV (h)/dh and
the current density j = —a(h) dV (h)/dh. The current density does not vary with height and therefore
is a function only of the coordinates ¢, A. The latter circumstance makes it possible to reduce the solution
for problem (2) to height integration

Vo = —j(. D) [, dh/a(h) = —j(p, ) R(p, D), (3)
where R(¢, 1) is the resistance of an atmospheric column having a cross-section of 1 m?. In our model,
if cloudiness is not considered, it is determined only by the height of the surface h, which has an uniform
value for marine areas. From this equation, the value of j(¢, 1), and the electric field strength, including
the field near the ground E,, are obtained. We introduce the notation o, for the conductivity near the
ground. The electric field strength near the ground is

Eq = =Vo/(Roy). 4

For the electric field strength and current density near the ground, a vertical column of air is
equivalent to a homogeneous column with constant conductivity o, and thickness:

This parameter H is naturally called the thickness of a homogeneous atmospheric conductor above
the surface point under consideration [1]. It is a characteristic height scale of conductivity growth.

The inverse of R(¢p, A) value, (¢, 1) = 1/R(¢p, 1), is the conductance of an atmospheric column.
The integral of (¢, 1) over the entire surface of the Earth gives the conductance of the atmosphere as
awhole X;,;. The inverse value is the resistance of the global atmospheric conductor R;,; and the total
return current of GEC

I =Vy/Reor (6)

Ey = Reoe(I/H). (7

In the steady state case, I is the value of not only the current that discharges the capacitor ground-
ionosphere but also equals to the charging current. The last one describes the total generator of GEC
and so it is the main parameter, while Vj is the result of the ionospheric charge accumulation till the
value V, that makes the discharging current equal to the charging one. So when we discuss GEC as a
whole it is adequate to use (7) in which just I is given.

In our model of altitude conductivity distributions, the atmospheric column resistances for low-
lying land and sea are 9.5-10'® Ohms and 5.9-10% Ohms, respectively. Our simplified model does not
distinguish different types of ground: sand, forest, snow, and others. It gives three times lower value for
ground in comparison with sea. It means that just a decrease in conductivity due to dust is more important
in our approach. So it is natural to simulate ice on the sea surface as ground as well as snow or ice on
land. Daily global sea ice concentration distributions are presented in the Copernicus Marine data-base
(https://data.marine.copernicus.eu/products).

The conductivity of atmospheric air is mainly determined by ions, which are formed by cosmic
rays with additional ionization by radon near the ground. The equilibrium ion concentrations are
determined by the balance of ionization and recombination processes. In the presence of water droplets
that absorb ions falling on them, the number of ions in the air decreases. If ions of the same sign stick
mainly to the droplets, the droplets become charged and contribute to the conduction current, as well as
to the external current caused, for example, by the settling of droplets in the gravitational field of the
Earth. The mobility of droplets is many orders of magnitude less than the mobility of ions, and therefore
their contribution to the conduction current can be neglected, and the conductivity due to ions decreases
in proportion to the decrease in their concentration. It was shown in [2] that a five-fold decrease in the
air conductivity inside the cloud is characteristic; sometimes a 10-fold decrease was considered typical.
To account for different cloud densities, which can vary from 0 to 1 (often expressed as a percentage),
we use the following formula for converting conductivity o to 6

Because of (4)-(6)



https://data.marine.copernicus.eu/products/

6(p,A,h) =a(p,A,h)/(1+4c(p, A, h)).
That is, in the absence of clouds, the conductivity does not change, but with full clouds, it decreases by
5 times.

The average characteristics of the cloudiness field for two-hour intervals for the whole of 2009
were calculated using the SOCOLvV4 Earth system model [3] as part of a project comparing chemistry-
climate models. The boundary conditions necessary for calculations determining the state of the
atmosphere were borrowed from the recommendations for the "D1" scenario (https://cpb-eu-
w2.wpmucdn.com/blogs.reading.ac.uk/dist/7/201/files/2020/09/CCMI-2022 _REF-
D1_proposal_20200921.pdf) proposed to the participants of the CCMI-2022 project. Cloud calculations
are performed in the physical process module of the ECHAMSG, an integral part of the SOCOLv4 model,
presented in detail in [4]. Using calculated values of temperature, humidity, and other physical
parameters of the atmospheric state, the module calculates the characteristics of clouds of various types,
including the proportion of the cloud layer in all cells of the model. In this paper, therefore, calculated
three-dimensional (longitude, latitude, altitude) fields of the cloud amount are used. In addition, the
model also provides a two-dimensional (longitude, latitude) total cloud amount C(¢, 1), which is
calculated using a vertical cloud profile, considering the degree of cloud coverage of each grid cell as it
is visible from space.

The values of the total atmospheric resistance R, for 365 days of 2009 with a two-hour interval
were obtained. For each moment UT, averaging was performed for an interval = 0.5 of each integer
value m, m is the time since the beginning of the year in months. If thunderstorm generators introduce
a constant current / into the ionosphere during the year, then the total (total over the Earth) return current
would be equal to the same constant due to the stationarity of the process. Therefore, the potential
difference in the ground-ionosphere V, = R;,:I (6) would vary proportionally to R;,;. Due to the
determination of the thickness of a homogeneous atmospheric conductor H, the electric field strength at
the Earth's surface is E, = —V,/H. For the fair-weather field above the sea following (7) E§®® is
proportional to R;,;. The value Hg,, = 2 km is obtained for the used conductivity model.

The calculated average value for 2009 is < R;,; >= 136.2 Ohms. Assuming an average value over
the sea < E, >= 130 V/m, we obtain the average value <V, >=< E; > H,,, = 260 kV, and the
constant GEC current I = < V, >< R;, >"1= 1.9 KA. These values are typical for the GEC [5]. Using
the relation (7) and the constancy of the fraction in parentheses, from the received R, variations during
the year, we move on to the proportional variation of the fair-weather field over the sea:

8Ey = Eg—< Eg >= —(Rtor =< Ryor >)(I/H).

Figure 1 shows as an example the global distribution of atmospheric conductance (¢, A) at 18 UT
on February 1, 2009, based on considering topography, clouds, and floating ice. Its integral over the
entire area of the Earth is Z;,:=7.4 mS, that means R;,; =135 Ohms. Without clouds X;,,=8.8 mS, that
means R;,; =114 Ohms. This means that at this point in time, the cloudiness has increased the total
resistance of the atmosphere by 18%. It could be expected. The surprise is that this increase has such
small variations during a year, only +2.5% if every two hours interval during a year is studied or even
only +1% after monthly averaging of these values obtained for the same moment of UT. Because of (7)
the fair-weather electric field strength above sea E3°“ is proportional to R, when generators of GEC
are not varied. So this 2% is negligible in comparison with variations +25% of E3°® presented by the
Carnegie diagram in [1].

It is shown by the actual simulation that cloudiness reduces the total conductance of the atmosphere
by about 20%. Its variations during the day and year are so small that the model fair-weather electric
field varies only by 2% due to cloudiness. It is an order of magnitude less than the usual variations of
the fair-weather electric field strength.
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FIGURE 1. Global distribution of atmospheric conductance X(¢, A) at 18 UT on Feb. 1, 20009.

The constructed model of atmospheric conductance makes it possible to find global distributions

of the return currents that transfer charge from the ionosphere to the ground in the frame of the Global
electric circuit.
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INFLUENCE OF SOLAR AND GEOMAGNETIC ACTIVITY ON
TEMPERATURE STRATIFICATION OF THE MIDDLE
ATMOSPHERE

Semen V. Nikolashkin, Semen V. Titov, Uigulan N. Evseev and Nikolay E. Sidorov
Yu.G. Shafer Institute of Cosmophysical Research and Aeronomy SB RAS, Yakutsk, Russian Federation

Solar activity acts as a kind of "trigger" that gives impetus to the development of various
instabilities in the upper atmosphere and ionosphere. Under the influence of plasma irregularities, UV
and X-ray flashes in the upper and middle atmosphere, the compositional balance is disturbed -
disturbances of the ionized component of the atmosphere and the associated formation of atomic oxygen,
nitrogen oxides, ozone, changes in temperature stratification, and aerosol formation lead to the
appearance of turbulent irregularities in the atmospheric circulation. It has been established that this
effect has an ambiguous effect on the dynamics of the atmosphere [1, 2], depending on local features of
the global circulation. In winter, the stationary pattern of the global atmospheric circulation is regularly
disturbed, especially in the Northern Hemisphere [3]. Quasi-stationary formations associated with the
appearance of standing planetary waves caused by the passage of the average flow through the
orographic irregularities of the underlying surface appear. The interaction of moving planetary waves
with them leads to a strong disturbance of the circumpolar vortex and can cause impressive increases in
the temperature of the polar stratosphere - the so-called sudden stratospheric warmings [4]. On the other
hand, the presence of orographic inhomogeneities suggests the existence of regional features of
planetary wave dissipation [5]. The fundamental property of planetary waves is that when propagating
from the lower atmosphere to the overlying layers, they transfer energy and momentum. Dissipating at
the heights of the middle atmosphere and thermosphere, these waves transfer energy and momentum to
the environment, thereby affecting the thermal balance and zonal-average circulation of the atmosphere.
Aerosols can also influence the formation of climate and atmospheric dynamics, changing the chemical
composition of the atmosphere, its transparency (for example, the eruption of El Chichon and Pinatubo
volcanoes). Powerful solar flares can also cause the formation of aerosols and clouds [6, 7].

To study the dependence of the lower thermosphere temperature on the solar activity level, we used
data obtained during 1979-2020 at the IKFIA optical observatory in Maimaga (63N; 129.9E) on the
photographic and photoelectric Fabry-Perot interferometers in the night lower thermosphere by
measuring the temperature from the Doppler broadening of the 557.7 nm [Ol] line profile, the maximum
intensity of which is localized at an altitude of 97+£2 km [8]. Observations were carried out in autumn,
winter and spring from October to March. Based on the obtained data array, average winter temperatures
of the lower thermosphere were calculated, assuming that temperatures obtained from October to March
can be considered winter temperatures. Night temperatures observed during visible forms of polar
auroras were excluded from consideration. Figure 1a, b shows a comparison of the temperature of the
lower thermosphere with the daily sum of the Kp-index, where the points indicating the average values
of the nighttime temperature of the 557.7 nm emission correspond to more than 40 temperature values.
The average daily temperature values and the daily sum of the Kp-index are tied to the middle of the
night.
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The reactions of dissociative recombination of molecular ions O2+ and NO+ produce oxygen, the
amount of which depends on the power of the polar auroras. It is natural to assume that the amount of
additionally released heat depends on the concentration of atomic oxygen in the lower thermosphere;
the more oxygen atoms are stored in the activated volume of air at h=90-100 km, the more intense will
be the influx of heat into this region of the atmosphere. The transfer of the activated air mass in the
lower thermosphere will be accompanied by a change in the concentration of chemically active gases
both as a result of diffusion and as a result of chemical processes. In the case of exothermic reactions,
these changes are accompanied by the release of thermal energy. One of such reactions can be
considered the release of heat during the exothermic recombination of atomic oxygen in triple collision
reactions [12]. One of the most important phenomena that determines variations in one or another
atmospheric parameter across the planet, including meteorological parameters, is the so-called quasi-
biennial oscillations (QBO). It has now been established that QBO phases to one degree or another affect
the entire planetary atmospheric dynamics, including the polar regions and the upper layers of the
atmosphere [5,13,14].

To determine the relationship between the temperature T557.7 of the lower thermosphere and the
F10.7 index, all temperature values were averaged during the night and grouped by seasons (winter,
spring, autumn) separately for the eastern and western phases of the QBO. Data on the QBO phases are
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taken  from [15], as  well as  the new NOAA/ESRL QBO indices
(https://www.esrl.noaa.gov/psd/data/correlation/qbo.data).

For each season and a specific QBO phase, the average long-term values of temperature Tc were
found. Then, the average seasonal values of temperature Tc were subtracted from the initial average
nighttime values of temperatures Ti for each season and a specific QBO phase. The resulting differences
AT, =T, =T, were divided into groups corresponding to the values of the F10.7 index equal to 6080,

80-100 to 240-260 sfu. After that, the average (AT ) and standard deviations were calculated in each
group. Figure 2 shows the results of comparison of temperatures Tssz.7, Town, T30, and index F10.7 for the
western and eastern phases of QBO. It also shows the regression lines calculated using the well-known
formula:
T(F10,7)=T60 +b (F10,7 - 60)'

where Tgo is the temperature in calm conditions (F10.7<60), F10.7 is the average daily value of the solar
activity index, changing in the range 60<F10.7<260, b - is the regression coefficient.

Tesr7, K W (KDK) E (KDK) The numerical values of the

260 coefficients included in the equation, the
220:". o o . e —t ¢ correlation r and their confidence

L. ‘e | 1% 3 4, probability p for the western and eastern
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I i mesopause and lower thermosphere are
R given in the table 1. Here, the letter n
Tow, K denotes the number of average daily values
260 of the stratosphere temperature and the

i . I y e average nighttime temperatures of the
. e mesopause and lower thermosphere. It is
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QBO, a positive correlation is observed
L o , between the temperature and the F10.7
Tz, K index in the stratosphere and a negative
219 0 v one in the mesopause and lower
.o . thermosphere. The anticorrelation s
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than in the lower thermosphere. During the
eastern phase of the QBO, the correlation
L o in the stratosphere changes to the opposite;
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FIGURE 2. Comparison of temperatures Tss7.7, Ton, Tao thermosphere, the correlation changes
with index F10.7 in the western and eastern phases of the little. i.e.. it re:mains negative
QDC (solid lines — linear regression) e '
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TABLE 1. Numerical values of the regression coefficients T60, b, correlation r and confidence probability p at
different altitude levels in the western and eastern phases of the QBO

Temperature QBO n Teo, K b, K/F1o7 r p
T30 wW 1121 1945 (£3,7) 0,08 (£0,022) 0,682 0,577
E 885 211,0 (+2,5) —0,07 (£0,017) | 0,748 0,981
Ton w 117 226,6 (+18,6) —0,391 (+0,117) | 0,861 0,961
E 35 192,1 (£16,3) 0,053 (+0,135) 0,278 0,963
Tss77 w 67 225,2 (£9,1) -0,159 (+0,054) -0,826 0,976
E 77 217,2 (£8,8) -0,101 (+0,058) -0,652 0,980
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The complex wave pattern obtained in this realistic simulation demonstrates the need to improve

the existing parametrizations of atmospheric waves or develop new approaches to take these waves into
account in numerical models. And it will also provide characteristics of the source of meteorological
disturbance, which can be used in large-scale models of the upper atmosphere.

This investigation was performed with the financial support by State assignment

Ne 122011700172-2.
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IONOSPHERE BETWEEN MESO- AND TURBOPAUSE: IDEAS,
EXPERIMENTS, NEW RESULTS

Nataliya V. Bakhmetieva, Gennady I. Grigoriev, llia N. Zhemiakov, Elena E. Kalinina,
and Aleksandr A. Lisov

Radiophysical Research Institute Nizhny Novgorod State University, Nizhny Novgorod, Russia

The work is devoted to the studies of the Earth’s mesosphere and lower thermosphere in the altitude
range of 50-130 km. This dynamic region of the atmosphere includes the mesopause, which is
characterized by a minimum of the temperature of the neutral component, and the turbopause as the
altitude at which turbulent mixing of gas components is replaced by their diffusion separation. At the
same time, these altitudes of the ionosphere are occupied by the D-region (50-90 km) and the E-region
(90-150 km). A large number of atmospheric and ionospheric phenomena occur in this altitude range.

The paper presents the results of a study of the characteristics of the neutral and ionized components
of this region of the atmosphere. In order to study this part of the Earth's atmosphere and the phenomena
occurring in it, the NIRFI UNN has developed and included into the practice of ionospheric research a
method based on the controlled impact on the ionospheric plasma of powerful HF radio emission from
the SURA heating facility (56.1°N; 46.1°E) with the creation of artificial periodic irregularities (APIs)
of the ionospheric plasma. Scattering of probe radio waves on the APIs allows us to study the state of
the mesosphere and lower thermosphere in different heliogeophysical conditions and determine the most
important characteristics of the neutral and ionized components of the atmosphere [1].

Fig. 1 demonstrates variations in the amplitude of the scattered signal at the stage of relaxation of
irregularities at sunset and sunrise at altitudes of 60-120 km. Variations in the scattered signal show
stratification of the E-region, sunset-sunrise asymmetry of the D-region. Atomic oxygen at altitudes of
78-85 km prevents the APl formation, resulting in the cessation of them [1, 2]. This allows us to
determine the lower limit of the appearance of atomic oxygen in different ionospheric conditions.

Amplitude, dB

FIGURE 1. Amplitude of the API scattered signal versus height and time in the mesosphere and lower
thermosphere at sunset on September 24, 2024 and sunrise on September 25, 2024.

The region of the mesosphere and lower thermosphere is characterized by developed dynamics,
which is manifested in variations of parameters of the ionized and neutral components and the in
stratification of the D- and E-regions. Dynamic phenomena are especially strong on days of disturbances
in the ionosphere, for example, associated with a solar eclipse. The APl method observed similar
stratification in the E-region, including the sporadic E layer (Es). An example of the layered structure of
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the D- and E-regions is shown in Fig. 2. Probably, such stratification is caused by the interference of
signals scattered by API, sporadic E layers and natural large-scale ionospheric irregularities [1].
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FIGURE 2. Time-height-intensity plot of the API scattered signal, including the period of the solar eclipse on
July 11, 1999 and the next day July 12, 1999. These are examples of the complex structure of the D- and E-
regions and the stratification of the sporadic E layer.

The velocity of vertical plasma motion at altitudes of 50-130 km coincides with the velocity of the
neutral component [3]. Fig. 3 shows an example of velocity variations for two days in September 2024,
Here, the measured velocity values are averaged over a 5-minute time interval with an altitude step of
1.4 km. Significant differences in velocity variations in magnitude and direction can be seen on different
days (positive velocity values correspond to downward motion). Fig. 3 shows periodic velocity
variations caused by the propagation of acoustic-gravity waves. The altitude gradient of the desired sign
of velocity ensures the formation of a sporadic E layer.
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FIGURE 3. The height-time dependence of the vertical velocity during daylight hours on September 23, 2024
and on September 25, 2024.

Turbulence has a great influence on the state of the mesosphere and lower thermosphere [1-4]. An
example of altitude variations of turbulent velocity below the turbopause level is shown in Fig. 4.
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FIGURE 4. The turbulent velocity versus height on August 12, 2015 and September 28, 2018 below the
turbopause level. It can see the turbulent velocity can reach 3—4 m/s, increasing up to 5-7 m/s at certain times,
that is, a value close to the regular vertical velocity of the environment.
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It was found that turbulent velocity decreases with altitude, approaching zero at the turbopause
heights. It can reach 5-7 m/s at the mesopause level. In magnitude, turbulent velocity is comparable to
the velocity of regular vertical movement of the environment. As a result, anomalies of the neutral
component temperature appear, caused by a complex dynamic regime at altitudes between the meso-
and turbopause levels. An example of time variations of the turbopause level is shown in Fig. 5.

The turbopause level can vary greatly over time. Fig. 5 shows wave-like changes in the turbopause
level from 87 km to 108 km. The low values of the turbopause level in some cases mean that the diffusion
separation of gases can begin below the usual heights, and the meso- and turbopause levels can converge
in height.
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FIGURE 5. The time variations of the turbopause FIGURE 6. Neutral temperature and density on
level on October 26, 2018. October 25, 2022

The most important characteristic of the atmosphere is the temperature of the neutral component.
The APl method allows it to be determined, as a rule, in the altitude range of 90-130 km. A limitation
of the method is the need to exclude the influence of atmospheric turbulence and the sporadic E layer
[5]. Figure 6 shows temperature variations over 7 hours of observations at altitudes of 90-120 km.
Typically, at these altitudes, the temperature experiences deep variations, changing from 120 to 320 K.

The dependence of temperature on altitude has a complex form (Fig. 7). Local minima and maxima
of temperature are observed. Measurements over many years have shown that sometimes a local
minimum appears at altitudes of 88-90 km, which is close to the level of the traditional mesopause. In
other cases, it is located at altitudes of 100-105 km. This may probably confirm the hypothesis of the
two-level nature of the mesopause [6].
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FIGURE 7. Height-temperature profiles for October 24, 2024 from 05:30 to 11:00, including sunrise.

Complex studies of the ionosphere by the API method clearly showed the large variability of the
ionosphere at the heights of the mesosphere and lower thermosphere, including the turbopause level,
turbulent velocity, the velocity of vertical regular motion, and the temperature of the neutral component.
The major influence of atmospheric waves and turbulence on the mesosphere and lower thermosphere
has been convincingly confirmed. It was found that turbulent motions along with regular vertical transfer
make a large contribution to the dynamics of the lower ionosphere. The turbulent velocity, which is
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several m/s, is comparable in magnitude with the velocity of plasma regular vertical motion. The
turbopause level is usually in the altitude range of 90-110 km and is subject to both rapid and slow
variations, sometimes decreasing to a height close to the mesopause.

This investigation was performed with the financial support of the Russian Science Foundation
under grant No. 15-27-00031.
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VARIATIONS OF ATMOSPHERIC PLANETARY WAVES UNDER
CONDITIONS OF DIFFERENT COMBINATIONS OF NATURAL
TROPICAL OSCILLATIONS
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and Aleksey S. Fadeev?
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A series of numerical experiments to study the impact of the Quasi-Biennial Oscillation phase of
the zonal wind in the equatorial stratosphere (QBO) and the El Nifio-Southern Oscillation (ENSO) on
stationary and westward travelling planetary waves (PWs) with different zonal wave numbers and
periods were performed. The simulation was carried out for boreal winter conditions using the general
circulation model of the middle and upper atmosphere (MUAM). MUAM allows taking into account
various boundary and background conditions when modeling the general circulation of the atmosphere
[1]. Numerical modeling allowed us to carry out idealized experiment, without imposition of other
atmospheric processes capable to cause erroneous results, which cannot be conducted using reanalysis
measurements. Stationary PWs (SPWs) with zonal wave humbers m = 1 and m = 2 were studied, as well
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as westward travelling PWs with periods of about 5-, 10-days with m = 1 and 4-,7-days with m = 2,
determined according to the classification proposed by Longuet-Higgins [2].

To account the QBO in the MUAM a nudge is used, i.e. zonally averaged zonal wind fields are
stepwise pushed to observations. Since the model is not able to self-consistently reproduce QBO in the
stratosphere, the background and initial distributions of hydrodynamic fields, which are considered for
years with different phases of QBO are set in the model. These distributions are calculated from data
sets consonant with a certain phase of the QBO. Two data sets of 10 years each were obtained using the
method of decomposing meteorological fields into empirical orthogonal functions (EOF) for the easterly
and westerly phases of the QBO. For this work one of the latest versions of the MUAM was used,
including parameterizations of atmospheric heating rates caused by the release of latent heat, which take
into account both diurnal and longitude oscillations and dependence on the El Nifio-Southern oscillation
phase ENSO. Years corresponding to the warm El Nifio phase and the cold La Nifia phase were selected
based on a multivariate index — MEI. Using the table of available MEI values, 5 years were selected for
the conditions of the each of two ENSO phases. Temperature and geopotential fields from these two
data sets were averaged and used as initial conditions in the MUAM.
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FIGURE 1. Amplitudes of the geopotential height variations (m) caused by westward travelling atmospheric
PW with z = 5 days, m = 1 (contours), EP flux in €7 m%s? with multiplied vertical component by 200 (arrows)
and waveguide (gray background) averaged over January—February and all MUAM simulations — a). Respective
amplitude (contours) and EP flux (arrows) increments due to change of ENSO/QBO phase, 95% statistical
significance (gray background) averaged over January—February and MUAM simulations under El Nifio/eQBO,
El Nino/wQBO, La Nifna/eQBO, and La Nifia/wQBO —b), c), d), and e), respectively. Intervals between
contours are indicated in the left bottom corner of each plot.
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To study the structures and wave activity fluxes of the SPW and westward travelling PWs under
the various conditions related to the different phase combinations of tropical oscillations, the fields of
hydrometeorological parameters modeled by the MUAM were used. 4 ensembles containing of 10
solutions (“runs”) each were obtained, corresponding to 4 combinations of QBO and ENSO phases: El
Nifio/eQBO (easterly phase of QBO), El Nifio/wQBO (westerly phase of QBO), La Nifia/eQBO and La
Nifia/wQBO. For example, Figure 1 shows the calculation results for the westward travelling PW with
a zonal wave number m = 1 and period of 5 day for January-February. Similar results were obtained for
SPW1 and SPW2 (stationary planetary waves with zonal wave numbers of 1 and 2, respectively), as
well as the westward travelling PW with a zonal wave number m = 1 and period of 10 day; with a zonal
wave number m = 2, periods of 4 and 7 days (not presented).

Fig.1 look as follows: in the panels a) the values of the amplitudes of the corresponding PW
(contours), their waveguide or regions with a positive refractive index n? that shows the regions of PW
propagation [3, 4] (gray areas) and the vectors of the EP fluxes [5] (arrows) averaged over all 40 runs
are shown, i.e. the model mean climatic values; panels b) show deviations of the amplitudes (contours)
and of the EP flux vectors (arrows) of the corresponding PW in the combination of El Nifio/eQBO from
the model mean climatic value; panels c) — the same as on b), but under the combination of El
Nifio/wQBO; panels d) — the same as on b), but under the combination of La Nina/eQBO; on panels ¢)
- the same as on b), but under the combination of La Nifia/wQBO. For all deviations from the model
mean climatic values 95% statistical significance was obtained and presented in panels b)-e) of Fig. 1
by gray areas and based on the Student's paired t-criterion, calculated from 40 paired values (10 model
runs x 4 time subintervals) [6].

In the study of atmospheric waves and wave processes special attention is being paid to the MLT
(mesosphere-lower thermosphere) region. As can be seen from panels a) of Fig. 1, interruption of PW
waveguide is mainly observed in this region. The same situation is detected for the waveguides of the
other waves both stationary and westward travelling. Despite this, in the MLT area waves still dominate
wind and temperature regimes, and consequently, the study of their parameters in this layer is necessary
to analyze the influence of PW sources and PW propagation in the lower and upper atmospheric layers.

The results of modeling under conditions of various QBO and ENSO combinations for the MLT
region show similar statistically significant increases of the amplitudes of SPW1 and SPW2 under El
Nifio phase, regardless of the QBO phase. SPW amplitudes and wave activity fluxes under La Nifia
conditions vary differently, leading to more substantial contribution of the QBO phase to these changes.
The variability of westward travelling PW in the MLT region is much more complex and is influenced
by both ENSO and QBO phases. For example, the 5-day PW amplitudes variability in the Southern
Hemisphere is mainly due to the ENSO phase, and in the Northern Hemisphere this variability is
individual in each combination — Fig. 1. In turn, in structurally similar 10- (m = 1) and 7- (m = 2) day
PWs, there are no statistically significant considerable amplitude increments at La Nifia/eQBO.
Amplitudes of 10- and 7-day PWs increase under El Nifno/eQBO. The attenuation of these PW
amplitudes in the MLT region is determined by the QBO phase and is observed under its westerly phase.
The statistically significant variability of the 4-day PW amplitudes is subject to the QBO phase, i.e., the
amplitude increases under the eQBO and decreases under the wQBO.

The results obtained show that natural tropical oscillations having origin in low latitudes impact
significantly on the structure of planetary waves and their wave activity fluxes not only in the regions
of their climatic maxima, but also in the entire middle atmosphere and thermosphere of both
hemispheres. At the same time, unlike many other studies where the influence of QBO and ENSO on
atmospheric waves is evaluated separately, this work shows that the maximum statistically significant
increments of PW amplitudes and wave activity fluxes can be registered under a certain combination of
QBO and ENSO phases. Further investigation of the structures, characteristics and propagation of PWs
under the development of various oscillations is of great practical importance for describing the

19



formation mechanisms of atmospheric circulation anomalies, which in turn lead to variability of
tropospheric processes associated with temperature and wind anomalies for example in the Asia-Pacific
Region.

This investigation was performed with the financial support of the Russian Science Foundation
(grant #25-47-00122).
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EFFECTS OF SUDDEN STRATOSPHERIC WARMINGS ON
AIRGLOW EMISSION LAYERS OVER SIBERIA

Olga S. Zorkaltseva’, Andrei V. Saunkin?, Roman V. Vasilyev' and Galina A. Gavrilyeva?

!Institute of Solar-Terrestrial Physics, Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia
?Institute of Cosmophysical Research and Aeronomy, Siberian Branch of the Russian Academy of Sciences,
Yakutsk, Russia

Airglow, a natural atmospheric phenomenon, occurs at altitudes above 70 km due to the
dissociation, ionization, and excitation of atmospheric gases under the influence of solar electromagnetic
and corpuscular radiation. The study of airglow layers falls within the scope of aeronomy, a field that
bridges atmospheric chemistry and physics [1]. Over time, research has expanded from understanding
the spectral composition and morphology of airglow to using it for atmospheric diagnostics. Today, the
study of airglow remains important for addressing global challenges such as climate change, space
weather, and vertical coupling in atmosphere [2].

The intensity and structure of airglow layers are influenced by various factors, including solar
activity and geomagnetic storms. Other significant factors include interactions with artificial and natural
space objects such as meteors, spacecraft and seismic activity [3]. Sudden stratospheric warming SSWs
are among the most remarkable dynamical events in the physical climate system. Triggered by the
breaking of planetary waves propagating upward from the troposphere, these events are characterized
by a rapid and substantial temperature increase and, in extreme cases, a reversal of the climatological
westerly zonal-mean zonal winds associated with the stratospheric polar night jet [4]. SSWs are a
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significant driver of upper-atmospheric changes, inducing pronounced warming in the stratosphere,
cooling in the mesosphere, and the generation of atmospheric gravity waves.

This study investigates the effects of SSW events on variations in the intensity of atomic oxygen
557.7 nm (O) and hydroxyl (OH) airglow emissions, as well as on temperature changes in these airglow
layers. The analysis is based on both ground-based and satellite observations. Ground-based data were
obtained using an infrared spectrograph at the Maimaga Optical Observatory (63°N, 129.5°E) and a
Fabry—Perot interferometer at the Tory Geophysical Observatory (52°N, 103°E). Satellite data were
sourced from the SABER radiometer aboard the TIMED platform. To determine the timing of sudden
stratospheric warming events, we analyzed ERA5 reanalysis data, specifically the zonal mean air
temperature along 80°N (T) and zonal mean zonal wind at 60°N (U) at a 10 hPa pressure level, using a
2.5° x 2.5° spatial grid. SSWs can be classified as either minor or major events [4]. In this study, we
focus on major SSWs, defined as events involving a reversal of the zonal-mean zonal wind at 60°N
latitude. The onset date of an SSW event was defined as the day with a rapid temperature increase
exceeding 5 K/day, while the termination date was defined as the day when easterly winds reverted to
westerly. The central SSW date was identified as the day of maximum temperature at 10 hPa [4, 5].

To assess the influence of SSWs on the airglow layers of hydroxyl (OH) and atomic oxygen (O),
we applied a composite analysis. For this purpose, data from the FPI, the infrared spectrograph, and the
SABER radiometer were averaged relative to the day of maximum SSW intensity, spanning a range of
+15 days from this central date. This approach, commonly referred to as superposed epoch analysis (or
composite analysis), allowed us to identify systematic changes in airglow parameters during the SSW
events. Composite graphs of temperature variations were created using ground-based observations
(unfortunately, the graphs for ground-based instruments are not shown due to the publication volume
limitation), averaged relative to the reference date of maximum SSW activity over a +15-day range. Day
0 is the day of maximum SSW's temperature.

Based on SABER data, the airglow layers of atomic oxygen and hydroxyl are clearly identifiable
in the VER profiles. The 557.7 nm oxygen airglow layer spans altitudes of 85-100 km, with its
maximum intensity occurring at approximately 95 km (Fig. 1, left). The hydroxyl airglow layer spans

altitudes of 78-95 km, with its maximum intensity at around 85 km (Fig. 1, right).
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FIGURE 1. Composite cross-section of the emission intensity of atomic O at Tory and OH Maimaga by SABER
data.

Prior to the SSW, elevated VER values are observed for both the oxygen and hydroxyl layers. On
the day of maximum SSW’s temperature (Day 0) and for 57 days afterward, a decrease in VER values
and a thinning of the airglow layers are observed. The layers begin to recover approximately 5-7 days
after the SSWs event.

The temperature behavior reveals distinct features associated with the SSWs (Fig. 2). A decrease
in mesosphere temperature and simultaneous warming in the stratosphere are observed during the period
from Day -3 to Day +12 relative to the SSWs maximum. This pattern aligns with the typical duration of
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an SSWs, which averages about three weeks [5]. On Day 0, mesosphere warming is evident; however,
the cold mesopause region expands downward, creating a noticeable vertical shift. Notably, these
temperature characteristics are observed at both Siberian observatories, despite their considerable
geographic separation, suggesting a regional consistency in the atmospheric response to SSW events.
The geographic positioning of the observatories provides additional context for these observations. The
Tory observatory, located further south than Maimaga, consistently records higher baseline temperatures
in cross-sections. However, during SSWs, the temperature anomalies or the atmospheric response to the
event are more pronounced over the Maimaga observatory, highlighting its sensitivity to SSWs
dynamics. The stratosphere (below 50 km) warms more significantly before the central date of the SSW
over Maimaga (Fig.2) and cools more substantially afterward compared to Tory. In contrast, temperature
anomalies in the mesosphere become comparable over both observatories.
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FIGURE 2. Composite cross-section of the temperature at Tory (left) and Maimaga (right) by SABER data.

To better understand the vertical structure, we calculated the average vertical profiles of
temperature and VER for the altitude range of 85-100 km above Tory and 78-95 km above Maimaga.
Additionally, we identified the maximum height at which the VER occurs, providing insights into the
altitude-dependent response of the airglow layers during the SSW events.
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FIGURE 3. Composite variation of the temperature anomalies, VER anomalies, height of VER maximum at
Tory (left) average from 85 to 100 km and Maimaga (right) average from 78 to 95 km by SABER data.

Figure 3 demonstrates a strong positive correlation between temperature and the VER, as well as a
negative correlation between the maximum height of the airglow layers and both temperature and VER.
During SSW events, large-amplitude planetary waves are known to propagate into the upper atmosphere
from the stratosphere, altering circulation patterns and modifying the filtering of gravity waves. The
alternating anomaly structure observed in cross-sections (Fig. 2-3) suggests adiabatic processes. Prior
to Day 0 of the SSWs, there appears to be compression (increased density) in the stratosphere,
rarefaction (decreased pressure) in the mesosphere, and compression in the thermosphere. After the
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SSWs, these dynamics are reversed. This suggests that temperature variations in the mesosphere and
thermosphere are likely driven by adiabatic cooling or heating, depending on stratospheric dynamics.

The observed increase in temperature and VER, accompanied by a decrease in the maximum height
of the airglow layers (Fig.3), aligns with the concept of adiabatic compression. Conversely, the
maximum height of the airglow layers occurs around Day +3 to +4 after the SSWs peak (Day 0),
coinciding with the lowest temperature and intensity values. This reflects adiabatic expansion, where
the temperature decreases and, according to the Barth mechanism, the VER diminishes. The alternating
structure of temperature anomalies can be attributed to the weakening of the meridional component of
the residual mean circulation (RMC), as discussed in studies such as Laskar [6] and Bal [7]. This, in
turn, alters the vertical component of the RMC: a weakened descending branch below the mesopause
contributes to adiabatic cooling, while a strengthened branch above the mesopause leads to adiabatic
heating [8].

This investigation was performed with the financial support by the Russian Science Foundation,
Project no. 22-77-10008 “Studies of large-scale events in the lower and middle atmosphere and
estimate of their local influence at the heights of the mesosphere-lower thermosphere”.
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THE INFLUENCE OF ATMOSPHERIC FACTORS ON THE
CONDITIONS OF PROPAGATION OF VLF SIGNALS

lliya A. Ryakhovsky'2, Olga P. Borchevkina' and Jury V. Poklad'

'Kaliningrad Branch of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, Kaliningrad, Russian Federation
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Numerous geophysical processes affecting the state and dynamics of the lower ionosphere also
have a significant impact on the propagation of electromagnetic waves in the very low frequency range
(VLF, 3-30 kHz). Signals in this range are capable of traveling vast distances in a waveguide formed
by the Earth's surface and the lower ionosphere with minimal energy loss, while demonstrating high
sensitivity to any changes in the D-region (60-90 km). Due to this feature, the analysis of variations in
the amplitude and phase of VLF signals allows for both qualitative and quantitative assessment of the
processes occurring in the lower ionosphere. Thus, monitoring VLF signals is one of the most effective
methods for remote sensing of the lower ionosphere.

To monitor the state and dynamics of the lower ionosphere, the Ulyanovka Observatory in the
Kaliningrad Region has been continuously recording the amplitude and phase of VLF transmitter signals
located around the world since June 2021. Figure 1 shows the layout of the receiver of the Ulyanovka
observatory in the Kaliningrad region and the VLF transmitters GQD (22.1 kHz), GBZ (19.6 kHz) and
NAA (24 kHz).
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FIGURE 1. Scheme of the receiver of the Ulyanovka observatory in the Kaliningrad region and the VLF
transmitters GQD (22.1 kHz), GBZ (19.6 kHz) and NAA (24 kHz).

Between 14 and 22 February 2022, northwestern Europe experienced a series of powerful storms —
Dudley, Eunice and Franklin — which struck almost simultaneously [1]. To assess the impact of these
storms on the propagation of very low frequency (VLF) signals, signal amplitude data from the GQD
(22.1 kHz), GBZ (19.6 kHz) and NAA (24 kHz) transmitters were analyzed. The results of the GQD
signal analysis are presented in Figure 2.
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FIGURE 2. Variations in the signal amplitude from the GQD station recorded at the Ulyanovka observatory. The
red curves show the daily variations of the signals for 16.02.2022 (upper panel), 18.02.2022 (middle panel) and
22.02.2022 (lower panel). The black curves are the reference signal for the period from 11 to 15 and from 24 to
28 February 2022. The gray curves are the 3¢ curves calculated for the period from 11 to 15 and from 24 to 28

February 2022.

During the period of increased storm activity on 22.02.2022, an anomalous amplitude deviation was
observed along the signal propagation path during the night period, reaching the level of 3¢ (Figure 2,
lower panel). A similar situation was observed for signals from GBZ and NAA stations.
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Figure 3 shows the change in the average value of nighttime (from 0 to 6 hours UT) signal amplitudes
from NAA, GQD, GBZ stations for the period from February 12 to 27, 2022.

13¢ 2 4 12 T r 12 ¢
*—NAA [—e—cap] ° [—e—oBz|
o [ ] e ——
i [ 10} ¢ [ ) PPy
[ o ® o ® . 0¢
it ® 8¢ o
e ° o | _ o ® = °
= = = ‘ °
211 . ® 2 6 S g ° »
@ [+s] o @
© © L ©
[ ] 4 L ] [ ] [ ]
10 6
°
(] 2t ° .
[ 34 ° e
9 olb—— e 4 e
POl LORPPRPRPRD QOO PPI PP RRDE DO ECAROOP PP PP
Days Days Days

FIGURE 3. Average values of nighttime signal amplitudes from NAA (left panel), GQD (middle panel) and GBZ
(right panel) stations for the period from 12 to 27 February 2022. Red horizontal dotted lines mark the minima of
the nighttime signal level for the entire observation period in February 2022.

The minimum on the NAA path was observed on 20.02.2022, and on the GQD/GBZ paths - on
22.02.2022. The observed minima in the signal amplitudes at night may be associated with the presence
of ionospheric irregularities caused by storm activity [2]. If the signal anomalies are associated with the
passage of a storm, then it can be assumed that the disturbance moved from north to south from the
NAA - KGD path to the GQD/GBZ - KGD paths.

This study was performed with financial support from the Russian Science Foundation (Project No.
23-77-10004). Experimental data were obtained within the framework of State Assignment No.
122032900175-6.
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THE ELECTRICAL ACTIVITY OF CLOUDS CRITERIA BASED ON
FIELD OBSERVATIONS DATA

Alena P. Blagina and Maria V. Shatalina

Federal Research Center A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of
Sciences (IAP RAS), Nizhny Novgorod, Russia

Nowadays there are a lot of studies devoted to atmospheric electricity. Changes of the electric field
in the atmosphere are connected with different meteorological conditions, that’s why studying of the
cloud electricity is so relevant. In recent years, the most attention was paid to the thunderstorm clouds
which are connected with strong electric fields and dangerous natural events. Howether, clouds that are
electrified but not producing lightnings may contribute significantly to the atmospheric electric field as
well.

There are some works devoted to the satellite investigation [1], to the aircraft measuring of cloud
electricity [2, 3], and to the numerical simulation of cloud electricity in global [4]. On the one hand,
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studying of electrified clouds is necessary to investigate its contribution to the global electric circuit. On
the other hand, it could help in monitoring the current state of the atmosphere including its parameters
of cloudiness, precipitation and electricity, since they are closely related.

In this work we study characteristics of electrified clouds based on nature monitoring of the surface
potential gradient (PG) in Nizhny Novgorod. The long-term continuous measurements of the PG using
Boltek EFM-100 electric field mill are organized in the Institute of Applied Physics RAS since 2012.
According to the concept of a global DC electrical circuit [5], in areas of fair weather, the current density
is directed downwards, and in areas of disturbed weather, it is directed upward. In case of presence of
charging processes in the cloud [6], it becomes a generator of the upward current density. Therefore,
when the sign of the measured PG changes, it means that the cloud over the observation point is
electrified.

To exclude an influence of precipitations onto the measured PG and analyze the only cloud-
generated electric field we have chosen days without precipitations using meteorological data archive
[7]. We have found 23 days during 2023 when there were no precipitation and the PG changed the sign.

We performed a detailed analysis of weather and electrical activity in the atmosphere during the
selected days using EFM data, meteorological radar data, numerical simulation of the atmospheric state
with WRF model [8] and lightning activity data from WWLLN [9]. An example of the data for one of
the selected days is shown at Fig. 1. Three preliminary types of electrified clouds were determined, a
nearby thunderstorm, an isolated electrified cloud itself, and a group or front of cumulus clouds without
a thunderstorm. All of these types need an accurate and complex investigation.
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FIGURE 1. Results of complex monitoring of various characteristics of the atmosphere, 3 January, 2023. Left, up
to down: maximum of the radar reflectivity of the atmosphere over the observation point; PG variations (1 min
averaged); vertical cross section of the radar reflectivity. Right: contours of maximum radar reflectivity over
Nizhny Novgorod region 3 January, 2023 at 15:40 (UTC+3).
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STARVISOR: A NIGHT SKY OPTICAL MONITORING PROJECT
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Abstract. This paper presents a description of the project “Starvisor - Night Sky Patrol”, which is
a system of optical observation of the night sky. The project’s network of cameras distributed throughout
Russia allows recording atmospheric and astronomical events. A distinctive feature of the project is free
access to observation data in real time, as well as a system of automatic registration and notification of
events and phenomena in the night sky.

Introduction. Along with radiophysical instruments of observing the parameters of the upper
atmosphere, one of the main types of upper atmosphere monitoring is the optical observation method.
Many structures in the distribution of the atmospheric parameters have been identified using optical
measurements. For example, the morphology of the dependence of polar lights (precipitating high-
energy particles) on local time, latitude and geomagnetic activity has been studied [1]; the coldest region
in the entire atmosphere of the Earth, reflected in the formation of noctilucent clouds, has been identified
[2].

At present, a small number of scientific organizations in Russia provide continuous (but solar-
irradiance-dependent) monitoring of optical phenomena in the upper atmosphere: IKFIA SB RAS,
Yakutsk [3]; ISTP SB RAS [4], Irkutsk; PGI, Apatity [5]. Along with professional scientific research of
optical phenomena in the upper atmosphere, there has been a trend towards increasing the role of citizen
science in identifying new phenomena. Thus, some optical phenomena in the upper atmosphere were
discovered by amateur photographers: red sprites [6]; STEVE [7].

The goal of the STARVISOR project is to create a system for monitoring atmospheric phenomena
in the night sky, uniting communities of amateur astronomers, volunteers, citizen scientists and
researchers in Russia and abroad. STARVISOR is a system for automated monitoring of night sky
phenomena using a distributed network of cameras installed throughout Russia. The main focus is on
observing auroras (rays, coronas, omega-structure, SAR-arcs, etc.), mesospheric and polar stratospheric
clouds, atmospheric glow, meteor activity and thunderstorms of the upper atmosphere (sprites, elves,
jets, etc.).

Equipment and methodology of the STARVISOR project. The project uses a network of 32
cameras installed in various regions of Russia. The cameras are equipped with sensitive image sensors,
high-aperture wide-angle optics and software for recording and transmitting data to the server. The
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cameras have a geographic reference and a fixed direction, as well as time synchronization with the
network. Every day, the project automatically operates with more than 100 GB of data, which is sorted,
archived and processed without human intervention. Based on the collected data, timelapses and
keograms are created every day, reflecting the change in the dynamics of the observed phenomena in a
convenient visual form. Some of the cameras are part of the automatic polar lights detection subsystem,
which recognizes the phenomenon using machine learning and transmits an alert via an established
communication channel.

Camera network. The project's geography covers regions of Russia from the Kaliningrad region
to the Chukotka, from the Arctic to the low latitudes of the Caucasus. The highest density of cameras is
concentrated in the European part of Russia and the Urals. The current task is to expand the network in
Siberia and to the Far East. The possibility of installing cameras abroad is being considered. Current list
of cameras: 67°N, 64°E Vorkuta, Komi; 65°N, 111°E Aihal, Yakutia; 64°N, 173°W Provideniya,
Chukotka Autonomous Okrug; 61°N, 77°E Strezhevoy, Tomsk region; 60°N, 30°E Pyatirechye,
Leningrad region; 60°N, 30°E Vaskelovo, Leningrad region; 59°N, 57°E Berezniki, Perm region; 59°N,
39°E Vologda (western horizon); 59°N, 39°E Vologda; 59°N, 39°E Vologda (eastern horizon); 58°N,
56°E Permian; 57°N, 38°E Popovo, Yaroslavl region; 57°N, 39°E Yaroslavl; 57°N, 40°E Utkino,
Yaroslavl region; 57°N, 63°E Irbit, Sverdlovsk region; 57°N, 63°E Irbit (IR>700 nm), Sverdlovsk
region; 56°N, 53°E Azevo, Tatarstan; 56°N, 61°E Kamensk-Uralsky, Sverdlovsk region; 55°N, 84°E
Yurga, Kemerovo region; 55°N, 37°E Lublin, Moscow; 55°N, 61°E Chelyabinsk; 54°N, 113°E
Bagdarin, Republic of Buryatia; 54°N, 52°E Almetyevsk, Tatarstan; 54°N, 20°E Kaliningrad; 54°N,
36°E Kaluga; 54°N, 37°E Tula; 54°N, 40°E Ryazan; 53°N, 59°E Ostrolensky, Chelyabinsk region 47°N,
38°E Russkoe, Rostov region; 45°N, 38°E st. Novotitarovskaya, Krasnodar; 45°N, 40°E Gulkevichi,
Krasnodar region; 43°N, 41°E Nizhny Arkhyz, Karachay-Cherkessia.

STARVISOR Observations. Auroras are one of the primary observation targets of the project.
The cameras are positioned with sufficiently high spatial resolution in latitude to correlate the actual
geographic location of the auroral oval with predictive models and to determine the southern boundary
of aurora visibility.

In the adjacent observation area, some subauroral phenomena are also captured, such as the Stable
Auroral Red (SAR) arc. To date, the project's observation database contains around five recorded
instances of this phenomenon, documented both with stationary cameras at various latitudes and during
field expeditions.

During the summer season, the cameras are used to monitor the appearance of mesospheric
(noctilucent) clouds. The collected data allows for precise determination of the geographical locations
where these clouds form and their spatial characteristics, including area and altitude, as well as
comparative analysis of predictive models against the actual observations.

Much more rarely, but still occasionally in winter, the cameras in high-latitude locations capture
polar stratospheric (nacreous) clouds. At present, the observation database for this phenomenon is
limited, and data collection is ongoing.

Stationary cameras installed in locations with low levels of light pollution, as well as specialized
near-infrared cameras, are capable of capturing bright forms of the atmosphere’s natural airglow. The
data is primarily suitable for studying the dynamics of atmospheric wave propagation in the mesosphere.

The cameras are georeferenced and time-synchronized, allowing for the detection of bolides and
bright meteors, and for calculating the trajectories of celestial objects entering the atmosphere to aid in
the search for meteorite material.

During thunderstorm seasons, the project also includes observations of various lightning
phenomena, including upper-atmosphere discharges such as sprites and ELVES. The observational
database is extensive and continues to grow each year.

Some cameras are located near the launch paths of rockets from the Plesetsk, Baikonur, and

29



Vostochny cosmodromes, allowing for the observation of anthropogenic phenomena in the atmosphere.
These include the so-called “space jellyfish” formed by rocket engine exhaust plumes, as well as burning
rocket stages.

Figure 1 shows nighttime atmospheric phenomena recorded by the STARVISOR project cameras:
sprites (a), noctilucent clouds (b), auroras (c, d, €), a SAR arc (f), atmosphere airglow (g), and rocket
trails (h).

0Q

FIGURE 1. Nighttime atmospheric phenomena recorded by the STARVISOR project cameras: sprites (a),
noctilucent clouds (b), auroras (c, d, ), a SAR arc (f), airglow (g), and rocket trails (h).
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Experimental Observations. The project continuously works to improve the quality of
observations and expand the range of observable phenomena. In particular, near-infrared and shortwave
infrared imaging technologies are being tested as effective solutions to light pollution. These methods
can virtually eliminate interference from LED lighting, providing a clear view of the night sky—even
within urban areas—and allowing for the observation of auroras, atmospheric airglow, meteors, and
sprites.

Remark. The STARVISOR project is open to collaboration with scientific organizations,
educational institutions, observatories, thematic communities, and individual enthusiasts. We invite all
those interested in night sky observation and atmospheric studies to take part. Various forms of
cooperation are welcome, including joint projects, data sharing, and knowledge exchange.

We offer a modern, technology-driven platform for the study and popularization of atmospheric
phenomena, opening up new opportunities for both the scientific community and the general public.
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ON THE THREE-DIMENSIONAL MODELING OF THE EVOLUTION
OF AN ACOUSTIC ATMOSPHERIC DISTURBANCE CAUSED BY
THE GROUND MOVEMENT

Ekaterina S. Smirnova'2and Sergey Yu. Dobrokhotov’

'Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences, Moscow, Russian Federation
2Immanuel Kant Baltic Federal University, Kaliningrad, Russian Federation

A mathematical model of the spatio-temporal evolution of acoustic waves excited by the moving
lower boundary of the atmosphere is formed on the basis of an initial-boundary value problem for a
hydrodynamic system of linearized differential equations that describe all possible types of atmospheric
gas motion [1]. The system is a set of momentum-energy-mass conservation equations which are
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formulated in terms of pressure and density variations, p’(z) and p'(z) as deviations from background
functions p(z), p(2):

v Vyp'
_:__p_|_g"0

ot p p
ap’ o o = o
E=—V-(Vp)—yp(V-V),
ap'

==V (VD) - 5(V-7),
here V is the velocity of the gas flow, y = Cp/Cy, Cp, C, are molar heat capacities at constant pressure

and volume correspondingly, g = (0,0, —g) is the acceleration field vector.
Moving to new set of variables P, @, U:
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with introduction of function ¢’ = p" — yp' p/p (see [1]) following system can be obtained:
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To simplify the formulation and subsequent solution of the initial boundary value problem, the last
system of five differential equations can be reduced to a system of two equations by introducing the
following function:

_ 0Ux  9Uy
W= ox ay'’
which will bring the system to the following form:
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where c(z) = \/ygH(2), a(z) = 4H( ) <1 42 dljlgz))

A remarkable fact for the last reduced system is that it contains differential equations only for the
velocity components. It turns out to be sufficient to set initial and boundary conditions only for the
velocity components Uy, U, U, and there is no need to set initial and boundary conditions for the
functions P and &, which represent pressure and density perturbations.

Let us represent the last system as a problem with a Hamiltonian:

R w
otz =HY, ¥= (UZ)’
whose eigenvalue can be represented as
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Mg =— % <c2(z)(p2 +p.2) +a(2)F J (@) (P? + p,2) +a@)’ + a).

Let us note that the obtained eigenvalue of the hydrodynamic system of equations tends to the
eigenvalue of the three-dimensional Klein-Gordon equation when a — 0. Thus, within the framework
of the modeling problem, it is relevant to consider the initial boundary value problem for the 3D
Klein-Gordon equation:

oy, (a8t 97
W—C() _+ay2 ﬁ U+a(Z)U:0,

Ui—o=75 =0, Uz=o = F(x,y,1).

According to the results [2], the analytlcal solution of which problem can be presented in the
following form:
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Here h is a small parameter that arises with transition to dimensionless variables and functions and
F(p,n, h) is the Laplace transform of the Fourier transform for the boundary condition with s = in:
F(p,s,h) = f e Stdt fF(x y,t) e"Px/hdp,
R2
Note that the solution U consists of two parts: a boundary layer function U; concentrated in the
region z = 0 and an oscillating function U, that propagates upward.
For the boundary condition of the form
—b(x?+y?)/h? 2, ,—ut
F(x,y,t)={Ae urte M, t>0
0, t<0
we present the results of modeling the disturbance, represented by the asymptotic solution [3]:
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FIGURE 1. The graph shows the resultsy of modeling an acoustic disturbance initiated by a pulse at the lower
boundary taking into account the radial symmetry of the problem x — (x, y), which is implemented on the basis
of an asymptotic solution corresponding to the analytical solution of the initial-boundary value problem for the

three-dimensional Klein-Gordon equation. The results are formulated for dimensionless variables and functions in
which the values x = z = 1 and t = 1 corresponds approximately 220 km and 11 min.
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The proposed modeling procedure is in qualitative agreement with the known results of numerical
modeling, presented, for example, in [4].

This investigation was performed with the financial support of state assignment
Nel24012500442-3.
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SPACE WEATHER VARIATIONS THOSE CAN IMPACT HUMAN
HEALTH IN DIVERSE GEOGRAPHIC POINTS

Olga M. Stupishina’, Elena G. Golovina’, Sergey N. Noskov23 and Gennady B. Eremin?

T Russian State Hydrometeorology University, Saint Petersburg, Russia
2 North—West Public Health Research, Saint-Petersburg, Russia
3 North-West State Medical University named after I.I. Mechnikov, Saint-Petersburg, Russia

The work presents the results of the investigation that explore Space Weather variations those
matching the human health status variation.

The investigation time interval: 1.12.2016 — 29.11.2021. That corresponds to: 24" Solar Activity
(SA) cycle fall branch, the SA minimum, the rise branch of the 25" SA cycle.

Entering data for the human health estimation were received from 8 cities of Russian Federation in
the wide geography frame: Arkhangelsk, Lipetsk, Astrakhan, Rostov-on-Don, Mednogorsk, Omsk,
Khabarovsk, Petropavlovsk-Kamchatsky. The geographical location of these cities determines the broad
scope of the study, the scope of which is 18.2 degrees in latitude and 119.1 degrees in longitude. The
exact coordinates of the cities are shown in Table 1. Thus, the study covers a significant part of the
Russian Federation, which also determines the significant coverage of Eurasia. The information
provided by the medical statistics services of the cities studied includes an indication of the cause of
death for 22 categories of diseases (ICD-10).

The treating of the obtained medical statistics data was carried out to identify patterns of behavior
of the quantitative characteristics of mortality in each of the studied cities. Figures 1-2 show the time
course of mortality (in terms of the absolute number of deaths) in different cities of the Russian
Federation. The change in the total number of deaths is shown without dividing into categories of
diseases-causes of death, without taking into account the gender and age of the deceased. Figure 1 shows
the number of deaths on a logarithmic scale, because the movement of mortality in Mednogorsk is poorly
visible in the linear scale due to the small city population. From the Figure 1 one can learn the obvious
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common-mode variation of the mortality-number lines in quite different geography points. We have
selected 5 season of significant maximums of the value in study in which more than 4 cities have such
maximums (they are shown by lines in Figure 1).

TABLE 1. Geographical coordinates of cities in study.

City Latitude (°N) Longitude (°E)
Arkhangelsk 64,55 40,58
Omsk 54,99 73,37
Petropavlovsk- 53,04 158,68
Kamchatsky
Lipetsk 52,60 39,57
Mednogorsk 51,42 57,60
Khabarovsk 48,52 136,10
Rostov-on-Don 47,24 39,70
Astrakhan 46,34 48,04

The correlation analysis (the nonparametric Spearman analysis) shows the considerable correlation
coefficients for this curves especial in the time-interval from autumn 2018 to winter 2021-2022 (Table

2, 3).

The variation of mortality value in & cities of Russia. 1.12.2016 - 31.12.2021
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FIGURE 1. The behavior of the total number of deaths-cases in different geographic points. The seasons in which
the curves of more than 4 cities have maximums are shown by lines.
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TABLE 2. Correlation coefficients of mortality curves of different cities of the Russian Federation. Nonparametric
correlation analysis of Spearman and Kendall. The correlation coefficient above 0.60 is highlighted by Italic font,
the correlation coefficient above 0.70 is highlighted in bold and Italic font. 01.12.3016-31.12.2021.

Astrakhan Lipetsk Mednogorsk Omsk Khabarovsk | Petropavlovsk- Archangelsk Rostov-on-Don
Kamchatsky
Astrakhan 0,81 0,48 0,80 0,64 0,53 0,81 0,86
Lipetsk 0,81 0,49 0,81 0,64 0,51 0,79 0,76
Mednogorsk |0 48| 0,49 044 | 052 0,35 0,53 0,50
Omsk 0,80 0,81 0,44 0,73 0,55 0,85 0,88
Knabarovsk | 064 | 0,63 | 051 | 0,72 0,53 0,66 0,78
Pf(*;‘;g’cag;?s"ljk 0,53 0,51 0,35 0,55 0,53 0,44 0,51
y

Achangelsk | 081 [ 0,79 [ 054 | 0,84 | 0,66 0,43 0,84

Rostov-on-Don 0,86 0,76 0,50 0,88 0,78 0,51 0,84

TABLE 3. Correlation coefficients of mortality curves of different cities of the Russian Federation for the
period from autumn 2018 to winter 2021-2022 Nonparametric correlation analysis Spearman, Kendall. The
correlation coefficient above 0.60 is highlighted by Italic font, the correlation coefficient above 0.70 is highlighted
in bold and Italic font.

Astrakhan Lipetsk Mednogorsk Omsk Khabarovsk | Petropavlovsk- Archangelsk Rostov-on-Don
Kamchatsky

Astakan 0,95 (0,66 0,99 0,78 [0,82 0,9 [091
Lipesk 0,95 0,83 096 [ 0,75 |0,77 096 [093
Mednogorsk 1 0,66 | 0,83 0,71 | 0,62 0,57 0,82 0,76
Oomsk 0,98 0,96 0,71 0,76 0,79 0,93 0,93
Khabarovsk 0,78 0,75 0,62 0,76 0,53 0,74 0,87
Pevopaviovk 10,82 [ 0,77 0,57 0,79 | 0,79 0,76 080
Archangelsk [0 90 [ 0,95 (0,82 0,93 | 0,74 076 0,93
Rostov-on-Don | () 99 0,94 0,76 0,93 | 0,88 0,80 0,93

The conclusion of the information from Figure 1 and Tables 2,3 leads to the assumption that the most
probable factors those can impact the human health on the wide territory must be of global character.
The first we think about the Space Weather impact.

Space Weather parameters those were included to the investigation:

1. Global variations of Solar Activity (SA) parameters — daily indexes of SA (the full radio-flux on
the wavelength of 10.7cm, the sunspot number, the summarized spot area on the solar disk, the number
of new Active Regions on the solar disk) [1];

2. Daily characteristics of the SA flare-component in the various bands of the electromagnetic
spectrum (the number of optical flares, the same for X-ray flares, the same for radiobursts in different
radio-bands and different types of bursts, the number of Coronal Mass Ejection) [1];

3. Variations of Interplanetary Space characteristics in Earth Vicinity — the electron fluxes of
different energies, the proton fluxes of different energies, the background X-ray fluxes (0.5-8 A; 1-8 A),
the speed, density and the temperature of plasma in the solar wind, the galactic ray’s fluxes [1, 2, 3]);

4. Variations of Geomagnetic Field (GMF) on the altitude of the geostationary orbit — full GMP
vector [2];

5. Variations of GMF in different terrestrial latitudes (high-, middle-latitudes; k-indexes) [1].

Results:
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1. The first and the most interesting result is the considerable correlation between the behavior of
solar activity global variations and investigated mortality curves. This correlation is most apparent in
the time-interval from the summer 2020 to the autumn 2021 (Fig.2).

2. The next stage of the study was to determine the specific dates of the increase in mortality value
in each of the cities studied. Only such dates were selected when the peak of mortality was recorded:

a. either in several cities on the same date,

b. or the difference between the registration dates in different cities did not exceed 5 days (5 were
selected in accordance with the interval of the folder epoch method used in this study).

The dates of the total number of death-maximums and deaths-minimums were determined. The
analysis of the environmental characteristics in the selected days of deaths-maximums vs. death-
minimums shows the follow. For people of different sexes, regardless of age (the information was
summarized by the results of the study in each age group), the effects of different parameters of space
weather are significant.

« For men, only variations of the geomagnetic field were significant, most often (80% of registration
cases). These were variations in the value of the minimum geomagnetic field strength per day at middle
latitudes.

 For women, variations in the characteristics of space weather on a larger scale turned out to be
significant — variations in the number of coronal mass ejections on the Sun, variations in the indices of
global changes in solar activity (the integral radio flux from the Sun's disk on the wavelength of 10.7
cm, the Wolf number, and the total area of spots on the Sun's disk). The geomagnetic field turned out to
be significant only in terms of the daily variation in intensity. The result obtained corresponds well to
the result of our previous work (5).
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FIGURE 2. The comparison of standardized mortality values with the standardized value of the solar activity
index - the integral radio flux on the wavelength of 10.7 cm
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1. Solar data source: Space Weather Prediction Center. https://www.swpc.noaa.gov/ (visit
15.03.2025).
2. Satellite GOES data source: Space Weather Prediction Center.
https://satdat.ngdc.noaa.gov/sem/goes/data/avg/ (visit 15.03.2025).
http://www.srl.caltech.edu/ACE/ASC/level2/IVI2DATA_SIS.html (visit 15.03.2025).
https://cdaw.gsfc.nasa.gov/ICME_list/UNIVERSAL_verl/text_ver/univ_all.txt (visit 15.03.2025).
Stupishina O.M., Golovina E.G., Noskov S. N., Eremin G.B., Gorbanev S.A. The space and
terrestrial weather variations as possible factors for ischemia events in Saint Petersburg //
Atmosphere. 2022. V. 13. P. 8. DOI: 10.3390/atmos13010008.
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POSSIBLE TRIGGERS OF EXPLOSIVE CHANGES IN TROPICAL
CYCLONES PARAMETERS AND STRONG EARTHQUAKES
DURING THE EARTH’S PASSAGE THROUGH JUNE METEOR
SHOWERS

Vladimir M. Kostin, Olga Ya. Ovcharenko, and Elena P. Trushkina

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, Russian Academy of
Sciences, Moscow, Troitsk, Russian Federation

Earthquake forecasting based on meteorological data has been developed at IZMIRAN since
2023.The first results were presented at the “Prognoz-24" conference and are detailed in a presentation
on the IZMIRAN website. The earthquake forecast for the days of the conference was accurate in terms
of location and timing by 50%. The report also indicated that the catastrophic earthquake in Turkey on
February 6, 2023, coincided with a sharp intensification and change in the trajectory of Tropical Cyclone
Freddy (slide 5). GENEVA (AP) - “The U.N. weather agency said Tuesday, July 2, 2024 that Tropical
Cyclone Freddy, a deadly Indian Ocean storm that lashed eastern Africa last year, was confirmed to be
the longest-lasting cyclone ever recorded at 36 days”. On February 21, TC Freddy struck Madagascar,
crossed the island and reached Mozambique on February 24. In Mozambique, over 1.3 million people
were affected; in Madagascar, approximately 200,000 people suffered from the cyclone’s first and
second landfalls. From February 24 to March 14, eight sharp changes in Freddy’s trajectory were
observed (slide 11).

The next forecast for October 25-27, 2023, was presented at the RAS ITPS conference. TC Tammy
approached the Bermuda Islands and changed its direction on October 25-26. Earthquakes were
expected in diametrically opposite areas — an antipodal effect. The forecast was accurate in terms of
location and timing. In October 2018, as TC Leslie approached the Bermuda Islands, an earthquake
occurred near Waingapu in the antipodal region. The passage of two Category 5 TCs in November 1990
near a system of islands in the Pacific Ocean demonstrated that an entire class of earthquakes can be
linked to antipodal passage [1]. Another TC, Otis, unexpectedly intensified from a storm to a Category
5 hurricane within 12 hours on October 25. It passed through Acapulco and devastated the city. Over
the next 12 hours, its intensity dropped by 3 times. The unusual development of TCs near the Mexican
coast and a magnitude 5.6 earthquake on the Chilean fault on October 26 can be associated with the
hypothesis regarding the influence of dark matter asteroid Bose [2-4]. Academician I.I. Tkachev and
colleagues from the Institute for Nuclear Research RAS are developing the theory of dark matter
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composed of hypothetical Bose particles - axions with a mass of about 10~ eV. Bose particles made
from axions may eventually form asteroids (axion stars) with a size ~100 km and a total mass ~10%* kg,
traveling at a speed ~300 km/s [2-4].
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FIGURE 1. Histogram of earthquakes M>7.0 in November since 1952. The year of each earthquake is indicated

in individual boxes.

If such asteroids collide with comets, they can destroy them and move along with meteor showers.
The gravitational influence of these dark matter Bose-asteroids on Earth may trigger strong earthquakes
and abrupt changes in the trajectories of tropical cyclones (not predicted by meteo forecasts), as well as
earthquakes occurring with or without the presence of tropical cyclones. This hypothesis was proposed
at the Prognoz-24 conferences at IZMIRAN and Trigger-24 at MIPT. Before the conference at the IKI
RAS [5] a histogram of the number of strong earthquakes M>7.0 since 1952 was constructed (Fig. 1).

It was noted that a strong earthquake could occur during the peak of the Leonids meteor shower on
November 14-15, 2024 (slide 420-8 in presentation [5]). A single strong earthquake of magnitude M=6.6
occurred in Papua New Guinea on November 15. TC Usagi passed through the Philippines, and its
trajectory sharply turned from northwest to northeast. TC Bheki in the Indian Ocean described a loop
prior to the earthquake. In the Atlantic Ocean, TC Sara developed, with an anomalous trajectory (Fig.
2) observed 6.5 hours after the earthquake.
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FIGURE 2. Trajéctory of TC Sara near the city of Truilo, Honduras.
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An analysis of earthquakes M>5.7 in a square with a side length of approximately 200 km since 2000
showed that there were 83 events in Papua New Guinea. For only one event on October 13, 2005, TC
development was observed in three oceans, which also sharply changed characteristics that day. Such
events can be interpreted as the influence of dark matter Bose-asteroids. Let’s consider the probability
of observing effects from the passage of a Bose-asteroid in June 2025.
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FIGURE 3. Histogram of earthquakes M>7.0 in June since 1929. The year of each earthquake is indicated in
individual boxes. 4 mega earthquakes M>8.1 are highlighted with squares.

The strongest June earthquake M=8.4 occurred in Peru on June 23, 2001, at 20:33. An earthquake
on the Aleutian Arc occurred on June 23, 2014, at 20:53 UT - a difference of 20 minutes. An earthquake
on the Aleutian Arc occurred approximately 640 km east on June 24, 2011, at 03:09 UT.

FIGURE 4. Earthquakes M>5.7 in Peru from 2000 to 2024 in a square with a side of ~200 km and centered over
the impacts of M=8.4 on June 23, 2001 (large light circle) and M=7.2 on June 28, 2024 (small).

The maximum number of strong earthquakes in Peru, 7 out of 13 according to the list in Fig. 4, was
observed from June 16 to June 29. This interval coincides with the distribution of peaks on the histogram
in Fig. 3. The earthquake M=7.2, which occurred on June 28, 2024, coincides with the peak of the June
Bootids meteor shower (Table 1).

Table 1. List of June meteor showers — Wikipedia

Name Dates Peak | Solar | RA Dec |Ventry| Parentbody
(@°) |(hours) | (degres) | (km/s)
Daytime Arietids | 14 May —24Jun | 7 Jun | 76.6 2.9 +24 38 1566 Icarus?
June Bootids 22Jun —2Jul |27 Jun| 95.7 14.9 +48 18 | 7P/Pons-Winnecke
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From June 15 to July 2, the Earth passes through the orbit of the disintegrated short-period comet
7P/Pons-Winnecke. Its activity was noted in 1998 (50-100 meteors/hour) and in 2004 (20-50
meteors/hour). The next surge was expected in 2010, repeating every 6 years, but during that time, the
activity of the shower did not exceed even 10 meteors/hour. It is known that light dust particles are
decelerated more by solar pressure than heavier asteroids. However, they are numerous and completely
burn up in the atmosphere, which accounts for the peak of meteor showers. The passage of Bose-
asteroids associated with meteor streams is expected to occur before the observed peaks of meteor
showers.

If a strong earthquake most likely occurs in the region of Peru or along the Aleutian Arc on June
24, 2025 (19+6, column 24 Fig. 3), and sharp changes in TC dynamics are observed, it would serve as
direct evidence for the existence of Bose-asteroids.

This statement is speculative but emphasizes the authors’ confidence in the existence of dark matter
Bose-asteroids. It should be noted that TC activity and, consequently, the number of earthquakes depend
on cosmic rays [6].

This investigation was performed with the financial support of Ministry of Science and Higher
Education of the Russian Federation within the framework of the state assignment IZMIRAN.
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DISTORTIONS OF THE ATMOSPHERIC ELECTRIC FIELD THAT
OCCUR DURING ITS MEASUREMENT

Valery V. Denisenko! and Sergey E. Smirnov2

! Institute of Computational Modelling of the Russian Academy of Sciences Siberian Branch, Krasnoyarsk,
Academgorodok, Russian Federation
2 Institute of Cosmophysical Research and Radio Wave Propagation of the Russian Academy of Sciences Far
East Branch, Kamchatka region, Elizovskiy district, Paratunka, Russian Federation

When measuring the atmospheric electric field, it is distorted by the measuring system and other
objects located near the sensor. Therefore, after calibration in the laboratory, the sensors need additional
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calibration to compensate for such distortions. In this paper, using the example of the measuring system
of the geophysical observatory in Paratunka [3], the effects of the tower on which the sensor is installed
and the forest nearby are considered. We analyze only quasi-stationary measurements. Therefore, the
distribution of electric fields and currents in the atmosphere can be found by solving problems for the
equation of electrical conductivity. The basic equations for the stationary electric field strength E and
current density j are Faraday's law, the law of conservation of charge, and Ohm's law

rotE =0, divj=0, j=oE. (1)

Since we are considering local phenomena, we consider the conductivity to be constant, and for
certainty we set the value o = 10"** S/m characteristic of surface air. By virtue of the first equation (1),
an electric potential IV can be introduced such that E = — grad V. Then the system of equations reduces
to the current continuity equation:

—div(o grad V) = 0, (2)

The conductivity of the near surface air is much lower than that of soil and seawater. Therefore, the
Earth's surface is usually considered as an ideal conductor. The corresponding boundary condition has
the form:

VlG =0, (3)
where G is the boundary of the atmospheric region under consideration. In our models, it consists of the
surface of the Earth and the surfaces of bodies which have a sufficiently high conductivity compared to
the conductivity of air so that they can be considered as ideal conductors. We suppose that there is a
uniform vertical electric field in an undisturbed atmosphere. The corresponding boundary condition has
the form:

V|x2+y2+zz—>oo = Eyz, 4)
where x,y,z are Cartesian coordinates with the vertical z axis. For certainty, we assume E, = 260V/m.

It is not difficult to construct an analytical solution to the problem when an ideally conducting
hemisphere rises above the flat surface of the ground. The electric field above the upper point of the
hemisphere is vertically directed downward, and its intensity is twice the undisturbed value E,. It can
be said that with such a measurement, the calibration coefficient K = 0.5 should be used, by which the
sensor readings should be multiplied in order to obtain the vertical component of the electric field
strength in the surface air, which is not distorted by such a hemisphere.

A tower is used to measure the strength of the surface electric field in the observatory Paratunka
[3]. It is a cylindrical metal platform with a diameter of 4.38 m and a height of 0.56 m. It is raised to a
height of 2.8 m on a wooden pole with a diameter of 0.15 m with metal supports from the level of 0.46
m to the lower edge of the platform. The conductivity of wood significantly depends on humidity, from
10t S/m at 20% humidity to 10 S/m at 50%. In Kamchatka, the humidity is always high, and the
column is dug into the ground, which further increases the humidity of its lower part, which is what
interests us. The wooden column with minimum wood conductivity has the same conductance as the
conductance of an air column 32 times larger radius. With a really high humidity, the column can be
considered an ideal conductor, which we do by extending condition (3) to its surface.

The actual sensor measuring the vertical component of the electric field is located in the center of
the upper horizontal platform. In order to limit ourselves to the axisymmetric model, we replace the
inclined aluminum beams supporting the upper platform with a circular, ideally conductive cone, for
which they form. The possibility of such a coarsening of the model is justified by calculations that have
shown that the shape of the surface lying below this platform has little effect on the field of interest
above its center. The result is a single conductor with zero potential — the ground and the entire tower.
The cross section of the tower is visible in Fig. 1.

We approximately replace the asymptotic condition (4) with a condition on a hemisphere of radius
R, large enough not to thereby distort the solution in the area of interest near the tower. The formulated
Dirichlet boundary value problem for the Laplace equation (2-4) has a unique solution. We find it
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numerically. Our multigrid variational-difference method for a more general case of tensor conduction
problems is described in a monograph [1]. The result electric field and current are presented in Fig. 1.
Only central part of the calculation domain is shown. The electric field strength above the center of the
upper platform of the tower, where the sensor is installed, turned out to be 531 V/m, which is 2.04 times
greater than the set field in the free atmosphere. As you can see, the field amplification due to a specific
design turned out to be close to the doubling obtained for a spherical tower.

Measurements in the center of a
circular clearing in the forest
are also simulated. The forest is
considered as a solid conductor
with a given thickness, since the
conductivity of wet wood is
many orders of magnitude
greater than that of air, and
therefore current flows freely
through the branches into the
ground. That is, a clearing is a
FIG_URE 1. The distribution of_ the electric field and currents in a vertical pit in the forest. Naturally, the
sectl_on dra_wn _thr_ough the axis of symmetry of the measuring tower. field does not penetrate well
Equipotentials in increments of 100 V (bold curves), and current lines into the pit. With a clearin
(thin curves) are sections of current tubes in which the current strength is di f 1p 4 ' d atree hei hgt
equal to a current of 10 pA multiplied by 1,2,3,... radius o m_an _a ree neig
20 of 13 m, the field is weakened

-3 -2 -1 0 1 2 3 r.m

Ee———— ﬁg by about 5 times near the
hom :h% ;g ground in the center of the
' %ﬁéﬁ clearing. We can say that the
:%““———E%ﬁ; calibration coefficient K=5
10 S ] A/ﬁ should be used for this
7 \M————jﬁ ~ measurement.  One  might
N —— J assume that to eliminate the
“::/-—"‘""\/ distortions introduced by both

J v effects, the sensor readings

should be multiplied by about

ClQU _10 0 10 + m [K=25. However, calculations

FIGURE 2. Distribution of the electric field in a vertical section drawn for a geometrlcglly more
through the axis of symmetry of the measuring tower in the absence of comple)_( problem s_lmuIaFIng a
snow. Equipotentials in increments of 100 V. The lower equipotential v = tower in a clearing give a
0 corresponds to the boundary of the air with the forest, bushes and the different result.

tower.

In this case, the modeled object no longer has axial symmetry, and it is necessary to solve a three-
dimensional version of the problem (2-4). Our finite element multigrid numerical method is described
in the article [2]. The field obtained with heights of 9 m trees and 2 m bushes is shown in Fig. 2.

The thickness of the snow cover at the Paratunka Observatory reaches 2.5 m. The characteristic
conductivity of snow according to the data [4] is 103-102 S/m. It exceeds the conductivity of air by
more than 10 orders of magnitude. So we simulate snow as an ideal conductor with the boundary
condition (3). The results of a series of calculations with different snow layers turned out to be close to
the quadratic dependence:

K =133+ 0.0755 + 0.015 52, (5)
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where S is the thickness of the snow cover S in meters. The calibration coefficient K increases from
1.33 to 1.61 when snow accumulates from 0 to 2.5 m.

Although the calculations were carried out with accuracy better than 1%, the initial data (the upper
boundaries of the forest and shrub) are not very accurately determined. For example, if the height of the
trees is considered to be 10 m rather than 9 m, in the absence of snow, K = 1.52 is obtained instead of
K = 1.33 from (5).
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EARTHQUAKE FORECAST UP TO 5 DAYS BASED ON TROPICAL
CYCLONE WEATHER DATA

Vladimir M. Kostin, Olga Ya. Ovcharenko, and Elena P. Truchkina

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, Russian Academy of
Sciences, Moscow, Troitsk, Russian Federation

The authors have been conducting daily monitoring of earthquakes M>5.7 and tropical cyclones
(TC) using USGS and ZOOM Earth data since 2023. Joint monthly event maps are compiled and
compared with earthquakes since 2000, localized within a dlstance of up to 100 km

Good correlation allows, according to v o
the meteorological model NCON of the
development of TC with a forecast depth of
5 days, selecting similar developments of
TC to give a short-term forecast of strong
earthquakes.  Fragments  of  these
predictions were presented in conference
presentations such as MedGU-23,
[ZMIRAN “Prognoz-23, 24”, ITPZ RAS,
MIPT, IDG RAS and IKI RAS [1]. The
reliability of these predictions exceeded
50% in terms of location and time.
However, the predictions were disrupted
when there were sharp changes in TC
trajectories and intensity (not predicted by = = _
weather forecasts), or when earthquakes FIGURE 1. Cyclonic activity weather forecast for July 1, 2024.
occurred without TCs. The moments of impact on the Beryl trajectory are indicated by
Crosses In a square.
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Below is the earthquake forecast for July 2-5, 2024 during the "Triggers-24" conference at MIPT.

Since it was not possible to identify an event with solitary analogue TC Beryl, analogues with 4-6
additional TC are provided (Slide 420-3 in presentation [1]). Earthquakes M> 5.7 for 5 days after the
TC passed the forecast latitude are shown (Fig.2). Actual earthquakes M > 5.3 on the conference days
of July 2-4 are shown in black circles.
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FIGURE 2. Prediction of seismic activity for the period from 2 to 5 July 2024 based on the analysis of TC Beryl
analogues. Black circles - earthquakes during the conference days. Analogues are marked with a number and the
first letter of TC.

Of the four earthquakes with M>5.3 that occurred, three coincided with the forecast in location
with an accuracy of 300 km and in time up to a day (Fig.2). The over-prediction of the number of
earthquakes and their magnitude was due to the use of 4 events with similar TC passage. But at the same
time more TC were developing, from 4 to 6, and less intensively than the isolated Beryl-24.

The following paper by the authors was intended to be presented at the conference Suzdal2024-
GCRAS. Only two earthquakes M>5.7 occurred from September 23 to 27. One was M=6.0 in Corontalo,
Indonesia on September 23, and the other was M=6.3 in the Mauritius-Reunion region, depth 10 km, on
September 26. The epicenter was located on the southwestern edge of an extended gravitational anomaly
centered at (5 N 79 E) [2]. The sea level here is 106 m below the geoid surface. After the impact, a chain
of 7 TCs was formed.

Let us highlight, out of 5 similar paired earthquakes since 2000, the events of July 15 and 19, 2017.
After the impact of M=6.0 (17.4 S 66.5 E) a chain of 8 TCs was formed the next day (Fig.3). lonosphere
parameters of a chain of 11 TC were recorded by the Cosmos-1809 satellite after two American and one
Chinese underground nuclear tests in September 1992 [3]. The formation of the TC chain was interpreted
as the generation and nonlinear evolution of planetary magnetized Rossby-Aburjania waves [4].
Aburjania's calculations show that the self-organization of nonlinear large-scale isolated, highly
localized vortex structures occurs due to the energy of non-uniform zonal wind in the stratosphere.

Thus, TC can be triggers for earthquakes, and on the other hand, earthquakes can be triggers of TC.
Relationship between earthquakes and TC will be presented at the AIS-25 conference in May 2025, as
well as a strong earthquake forecast for June 1-4.

Earthquake forecasting based on TC dynamics and their relationships [1,3] can be improved if:

1. Additionally, analyze short-term precursors of earthquakes in the atmosphere and ionosphere
[5, 6].

2. Combine with the results of the medium-term earthquake forecast [7, 8].

3. Take into account solar activity data and variations in the cosmic ray fluxes [9].

45



Bkt Y . y
FIGURE 3. The chain of TCs after the earthquake in Mauritius - Reunion

4. Separately consider the moments of the Earth's passage through meteor showers, which will be
presented in another message.
All this can only be realized in a comprehensive program using artificial intelligence.
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Fernanda was in the antipodal region (17.1 N 135.3 W) at the impact time.

This investigation was performed with the financial support of Ministry of Science and Higher

Education of the Russian Federation within the framework of the state assignment IZMIRAN.
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VARIATIONS OF SCHUMANN RESONANCES
CHARACTERISTICS IN THE UPPER VOLGA REGION:
OBSERVATIONS AND ANALYSIS

Maria. V. Shatalina’?, Fedor G. Sarafanov?2, Alexandra V. Volkova?,
Alexey A. Dolinin'.2and Yury. V. Shlyugaev'?

"Lobachevsky State University of Nizhny Novgorod (UNN), Nizhny Novgorod, Russia
2Federal Research Center Institute of Applied Physics of the Russian Academy of Sciences (IAP RAS),
Nizhny Novgorod, Russia

Recently, attention to the natural electromagnetic environment of the Earth and, in particular, its
possible connections with climate variability and the evolution of biosystems has grown significantly
[1, 2]. One of the most important phenomena of the electromagnetic environment are the so-called
Schumann resonances [2]: eigenmodes of the Earth-ionosphere resonator excited by natural electrical
phenomena - lightning [3, 4]. Understanding the connections between Schumann resonances and large-
scale processes occurring in the atmosphere will make it possible to obtain an independent assessment
of climate change on Earth[5], which makes it possible to predict climatic conditions both on Earth and
on other planets [6]. To solve these problems, in addition to first-principles modeling, it is necessary to
create, develop and improve continuous monitoring of various parameters of Schumann resonances.

This paper presents the results of /s rlun !
measurements of two  horizontal >

’ |
components of the magnetic field in the  *°|
extremely low frequency (ELF) range in  *f J
Upper Volga region. The daily and dar ]
seasonal variations ~ of  various  3Of " 1 i 5
characteristics of the first few Schumann 25¢ /\ l v |
resonances are analyzed, and the  20f / SN —
dynamics of the amplitude of the 15t ~ \/ -~ N
fundamental harmonic are compared with Lot
the results of numerical modeling based 0 5 10 1 w2 0 % 10
on a semi-analytical model [7].To study fredueny. £
the variations in magnetic field spectra, it FIGURE 1. Spectrum of Schumann resonances observed in the

is first necessary to move from magnetic Upper Volga region from January 1 to January 30, 2024.

field time series to spectrograms with a Interference, in particular, generated by spectrum aliasing during
high time resolution sufficient to reveal FFT calculations, is highlighted in gray. Arrows and numbers 1—

. S 5 mark the first five Schumann resonances at frequencies of 7.8
the dyna_m!cs of individual resonance Hz, 14.3 Hz, 20.2 Hz, 26.3 Hz, and 33 Hz.
characteristics.
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This transition was accomplished using the fast Fourier transform (FFT) applied to a 60-s-wide
Blackman window with a step of 30 s, sliding over the time series. Half-window overlap is a standard
method to avoid information loss when using window functions.

An example of the spectrum of Schumann resonances observed in our measurements is shown in
Fig. 1. Note that, despite the fact that the presented picture of resonances is averaged over one-minute
spectra of an entire month of observations, the spectrum takes on a characteristic form with significantly
smaller time averagings.

The dynamics of the Schumann resonance characteristics is most clearly showed up on a daily
scale. This is due to both the change in the intensity of thunderstorm centers during the day and the
Earth-ionosphere resonator geometry distortion determined by the terminator motion and the
corresponding change in the effective height of the ionospheric reflecting layer [8]. The existence of
diurnal variability is well known both in DC GEC [1] and in AC GEC [4].

Fig.2 and Fig.3 present the diurnal variations in the amplitudes and central frequencies of the first
three Schumann resonances based on observations of two horizontal components of the magnetic field
Hns and Hew for the period from January to December 2024 inclusive. For the second and third
harmonics, the figures do not show the value at 14:00 UT, since at this time regular local interference
was activated at frequencies close to 15 and 20 Hz.
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FIGURE 2. Diurnal variation of the amplitude the first three Schumann resonances based on observations for the
period from January to December 2024. a)—c): Hew component; d)—€): Hxs component.
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FIGURE 3. Diurnal variation of the central frequency the first three Schumann resonances based on observations
for the period from January to December 2024. a)-c): Hew component; d)—€): Hys component.
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The seasonal variation in amplitude primarily reflects the global variability of the source intensity.
The summer maximum is not unexpected; it is known that the number of lightning and thunderstorm
clusters also reaches a maximum in June-August, which is also indirectly confirmed by the summer
maximum of the DC GEC intensity [9]. This is a consequence of the asymmetry of the distribution of
land and ocean, which, in turn, due to the different density of discharges over these types of surfaces,
leads to an asymmetry in the distribution of sources with a predominance in the Northern Hemisphere
[10].

Fig. 4 shows the seasonal variations in the characteristics of the first Schumann resonance in the
observed spectrum.
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FIGURE 4. Seasonal variations of the first resonance characteristics based on observational data. a): variation of
the magnetic field amplitude, b: variation of the central frequencies for Hys and Hew components

The variation in the central frequency is a more complex characteristic to analyze. The frequency
is largely determined not so much by the sources as by the parameters of the Earth-ionosphere resonator,
primarily the effective height of the waveguide. The possible mechanisms of the influence of daily
variability of the ionosphere due to the movement of the day-night terminator were described above.
Indirectly, daily variability of the ionosphere height also manifests itself on a seasonal scale due to
changes in the ratio of daylight hours in the Northern and Southern Hemispheres.

The data obtained during observations in the ELF range of perpendicular components of the
magnetic field from January to December 2024 in Upper Volga region were used to analyze the
characteristics of Schumann resonances. Based on the analysis of the experimental data processing
results, it was found that both the central frequencies and amplitudes have pronounced diurnal and
seasonal variability. It was demonstrated that the amplitude dynamics reflects the variability in the
intensity of the main world thunderstorm centers.

This investigation was performed with the financial support of the Ministry of Science and Higher
Education of the Russian Federation within the framework of the state assignment of UNN (No. 0729-
2020-0037).
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IONOSPHERIC-MAGNETOSPHERIC
RELATIONS

ON THE DIRECT APPROACH FOR MULTI-HOP RAY PATH
SEARCH

Igor A. Nosikov and Maxim V. Klimenko

West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, Kaliningrad, Russia

lonospheric variability is one of the key factors complicating the operation and forecasting of radio
communication, satellite positioning, navigation, and radar systems. In this regard, improving
algorithms for real-time ionospheric model corrections, as well as methods and software for radio path
calculations, is an important scientific problem in ionospheric and space weather research [1]. This study
explores the extension of the direct variational method for calculating multi-hop ray paths. Previously,
Coleman [2] noted that computing such rays involves several computational challenges. In the present
study, the problem of multi-hop ray calculation is reduced to the search for extremals corresponding to
higher-order saddle points. The feasibility of this approach was previously discussed in [3, 4]. Figure 1
presents the results of ray trajectory calculations for two, three, and five hops. The numerical experiment
was conducted under the assumption of mirror reflection of the "ionosphere” relative to the Earth's
surface. The results demonstrate the fundamental applicability of the method for calculating higher-
order saddle-type extremals and highlight the potential for further development of the approach.
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FIGURE 1. Examples of rays with two, three, and five hops using the generalized force method in an analytical
ionospheric model [3].
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MORPHOLOGY AND DYNAMICS OF MID-LATITUDE AURORAL
STRUCTURES OBSERVED IN THE SOUTH OF EASTERN
SIBERIA

Aleksander B. Beletsky, Tatyana E. Syrenova, Aleksander V. Mikhalev
and Roman V. Vasilyev

Institute of Solar-Terrestrial Physics of Siberian Branch of Russian Academy of Sciences, Irkutsk, Russia

Midlatitude auroras (MLA) are a rare geophysical phenomenon [1]. However, according to [2],
subvisual MLAs are observed more frequently. Additionally, the observation of stable red auroral (SAR)
arcs at mid-latitudes was previously considered to be extremely rare. According to the study [3], the
probability of SAR arcs appears to decrease in Athabasca at subauroral latitudes during higher
geomagnetic activity, but at the same time increases at lower latitudes. In addition, in [4], based on the
analysis of 27-year observations of the all-sky cameras at Millstone Hill (42.6° N, 288.5° E), it is
reported that the SAR arcs frequency was minimal in the years of solar minimum and maximal in the
years of solar maximum, in contrast to what is observed in Athabasca (subauroral latitudes). That is,
according to the works [3, 4], we can assume a high probability of registering structures of the SAR arc
type during observations at the mid-latitude Geophysical Observatory (GphO) of ISTP SB RAS (52N,
103E, Tunka Valley, Republic of Buryatia) in years of high solar activity.

During the monitoring observations at the GphO in the solar cycles 23 and 24, SAR arcs were
registered only during four geomagnetic storms. After the commissioning of Optical Instruments (Ol)
of the National Heliogeophysical Complex (NHC) RAS in April 2021, 62 MLAs have already been
registered in the GphO ISTP SB RAS. In 40 cases, structures similar to SAR arcs were observed. NHC
optical instruments include all-sky imagers, photometers, spectrometers, and Fabry-Perot
interferometers. This work is based on data from the all-sky imagers, which are designed to record the
spatiotemporal variations of the night sky glow. The direction of sight is zenith. The angular field of
view of the cameras is 180°. The selection of the spectral range is provided by automatically replaceable
interference filters. Further, the work presents 630.0 nm spectral channel data (red channel, FWHM 2
nm, the exposure time is 55 s).

Statistical data of MLAs registration by all-sky imagers depending on the geomagnetic situation
were obtained (Figure 1a). The Kp and Dst indices were chosen as indicators of geomagnetic
disturbance. Figure 1a illustrates the distribution of registered events in relation with the Dst and Kp
indices. MLAs without SAR-arcs are marked with solid circles, MLAs with SAR-arcs are marked with
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pluses. Based on these data, threshold geomagnetic indices were obtained, at which the operator
manually determined MLAs in the frames of all-sky imagers in the red channel: Dst<=25 and Kp>=4.

Figure 1b shows the average number of registered MLAs per month from April 2021 to February
2025. Despite the low statistics, the annual dependence of the expected MLAs number can be traced to
an increase in the auroras number in the spring and autumn, in accordance with the seasonal variation
effect of the Russell-Mcferrone geomagnetic activity [5].

Figure 1c shows the monthly number of recorded MLAs (red curve) for the entire observation time
of Ol NHC RAS (as of February 2025) and F10.7 index time course (black curve). There is some
correlation between the F10.7 index and the trend in the MLAS registered number.
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FIGURE 1. The distribution of recorded MLA events as a function of the Dst and Kp indices. MLA with
structures similar to SAR arcs are marked with a plus (a). Panel b - the average number of registered MLASs per
month from April 2021 to February 2025. Panel ¢ - the monthly number of recorded MLAs from April 2021 to
February 2025 (red curve) and F10.7 index time course (black curve, https://kp.gfz-potsdam.de/en/).

During the study the distribution of the geographical latitude of the observed SAR arc as a function
of the Dst index was obtained by using NHC all-sky imagers data. The SAR automatic arc position
search algorithm tracked the local maximum of the arc intensity, taking into account thresholds such as
the maximum latitude shift in consecutive frames and the amplitude of the local maximum. Figure 2
shows the distribution of the geographical latitude of the registered SAR arc as a function of the Dst
index (https://wdc.kugi .kyoto-u.ac.jp/wdc/Sec3.html). There is a fairly stable dependence of the arc
latitude on the Dst index, except for some cases, for example, 10.05.2024, 11.05.2024, 01.01.2025
(highlighted in dark red, red and blue respectively).

Figure 3 shows the dependence of the geographical latitude of the SAR arc projection position on
the Earth's surface (calculated for an altitude of 300 km) on the Dst index on May 10, 2024 (a), May 11,
2024 (b) and on January 01, 2025 (c). The lack of data after 20:00 UT on May 10 to 14:30 UT on May
11 is due to daylight hours. After 16:30 UT on May 11, solid cloud cover prevented further
measurements. Based on our observational data, it can be assumed that the arc was present from the
beginning of its observation at 17:50 UT on May 10, 2024 to 16:30 UT on May 11, 2024.

SAR arcs are one of the types of auroras observed in subauroral and mid-latitudes during intense
geomagnetic storms, and which have a pronounced spatial structure [6]. It should be noted that SAR
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arcs are formed and develop against the background of, as a rule, more intense spatially extended diffuse
radiation fields of the upper atmosphere in the 630.0 nm emission, which according to some
classifications are classified as mid-Ilatitude aurora type “d" [6]. The most intense MLAs of type “d" are
observed in the main phases of magnetic storms, SAR arcs are observed both in the recovery phase and
in the main phases of geomagnetic storms. The morphology of MLAs type “d” observed in the Far
Eastern Federal District of the Siberian Branch of the Russian Academy of Sciences is described quite
fully in [7]. Presumably, the high number of registered MLA in the solar cycle 25 can be associated with
the high intensity of the solar cycle and is undoubtedly associated with the commissioning of highly
sensitive optical instruments of the NHC. The optical instruments of the NHC make it possible to detect
and record optical manifestations of geophysical and geomagnetic disturbances in the upper atmosphere
in the range of geographic latitudes of ~46-58 degrees north.
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THE INFLUENCE OF AMPLITUDE AND FREQUENCY
VARIATIONS OF THE CHORUS WAVE PACKET ON THE
ACCELERATION OF ENERGETIC ELECTRONS

Veronika S. Grach?, Andrei G. Demekhov?2

!Institute of Applied Physics, Nizhny Novgorod, Russia
2Polar Geophysical Institute, Apatity, Russia

The resonant wave-particle interactions play a significant role in the dynamics of Earth’s radiation
belts [1-3]. For quasi-monochromatic wave packets with high amplitudes (chorus emissions, observed
by various satellites [4-6]), nonlinear effects may significantly affect the interaction. Analytical theory
on nonlinear interaction was developed for monochromatic wave [7-10]. It was shown that, for whistlers
waves, particle trapping can lead to a significant acceleration of the electrons [9-14]. The influence of
finite packets length, as well as of frequency and amplitude variations, was studied mostly by numerical
simulations [15-17]. The main result of these studies is that amplitude variations (finite packet length)
makes acceleration by trapping less effective.
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In this paper, we study in detail how amplitude and frequency variations of the wave packet, as
well as its location along the geomagnetic field lines, influences the resonant interaction of energetic
electrons with a chorus wave packet.

We use test particle method, where the motion equations are solved for an ensemble of electrons in
a geomagnetic field and known model wave field. We model the wave packet based on Cluster data for
an event of 08:46 UT on 18.04.2002. The instantaneous amplitude and frequency were determined using
the Hilbert transform for one electric field component, the resulting temporal profiles are shown in Figs.
la and 1c. For the ‘ideal’ packet, we use Gaussian approximation for the amplitude profile and linear
frequency profile. We use the following assumptions: dipole geomagnetic field, L=4.4; gyrotropic model
of cold plasma density, with N.=10 cm (the subscript L denotes equatorial values); chorus wave packet
is generated near the equator and temporal profiles in Figs. 1a and 1c correspond to the equator (z=0,
where z is a coordinate along the geomagnetic field line). The spatio-temporal distribution of the wave
field is then retrieved under the assumption of field-aligned wave propagation away from the equator
with the group velocity determined by cold plasma dispersion relation. Examples of spatial profiles are
shown in Figs. 1b and 1d (here Re is the Earth’s radius). We consider 4 wave packets: Gaussian
amplitude profile and linear frequency profile (‘ideal’ packet, no subpackets, hereafter packet I),
amplitude variations (“real” profile) and linear frequency (packet II), Gaussian amplitude and frequency
variations (packet 111) and amplitude&frequency variations (packet 1V).

The model wave field is then used to evaluate trajectories of test electrons interacting with chorus
waves at the cyclotron resonance. For each packet, we consider 20 locations along the field line, with
front packet edge 0.5<zi/Re<3.33. The upper limit is based on chorus emissions statistics [5]. We use
the standard gyro-averaged equations of electron motion, which can be found, e.g., in [11]. The
equations of motion are solved numerically by Bogacky-Shampine variant of the Runge-Kutta method.
For each location, the ensemble of electrons is placed at the front packet edge zr and is moving towards
the equator (and the wave packet). The single transport of the test particles through the wave packet is
studied, wave packet evolution during the interaction is taken into account. The initial parameters of the
test electrons are as follows: 300 initial energies Wy in the range [20, 2000] keV, 145 initial equatorial
pitch angles 0. in the range [5.6°,76°], and 128 initial phases uniformly distributed in [0, 27). Note that
for every z; the range of Wo, 0.0 is further limited by the following factors: the point of mirror reflection
for particles should be at z> z; (i.e., maximum possible 0.0 decreases from 76° at 0.5Re and to 22° at
3.33Re) and the resonant interaction for a given Wy, 60 and zs should be possible (this condition is
determined by preliminary analysis).
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FUGURE 1. Amplitude (a,b) and frequency (c,d) profiles for the model wave packet. Solid lines correspond to
the data, dashed lines to the approximations.

The simulation results for z=1.1Re are shown in Fig. 2. In simulation analysis, we considered the
electron trapped if the resonance condition during the interaction was fulfilled at more points than for
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unperturbed trajectory (without the wave packet influence). We also assume the interaction nonlinear,
if (a) trapped particles are present and (b) phase averaged change in energy is significant.
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FIGURE 2. Phase averaged relative change in energy (a), fraction of trapped particles (b), phase averaged relative
change in energy for trapped particles (c).

As one can see from Fig. 2, for the ideal packet there is a narrow region of Wy, 6.0, where nonlinear
interaction prevails. If any subpacket variations are present, the nonlinear region is wider, but has fine
structure. Subpacket variations also lead to wider spread in energy gain for trapped particles.

Dynamics of particle acceleration depending on the location of the wave packet is shown in Fig. 3.
Top row shows the fraction of Wo, 6.0, for which at the fixed zr the interaction with specified packet
gives the maximum value of phase averaged relative change in energy (a, the value must exceed 2 %),
the maximum relative energy gain (b, the value must exceed 10 %) and the maximum fraction of trapped
particles (the value must exceed 5 %). Middle and bottom rows show the phase averaged relative energy
change (d) and initial energy, corresponding to it (g), maximized over Wy, 6.0, the relative energy gain
maximized over all initial electron parameters (e) and the corresponding W, (h), the fraction of trapped
particles maximized over Wy, 0.0 (f), and the corresponding Wy (i).
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FIGURE 3. Dynamics of electron acceleration in dependence on wave packet location.

As expected, the maximum energy gain takes place for the wave packets which are located near the
equator. Initial energies corresponding to the maximum gain increase as the wave packet propagates
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from the equator. For z/Re<2.3 the maximum relative energy gain had the largest value for the ideal
packet, but at the same time the maximum phase averaged change for ideal packet had the smallest
value. It is caused by higher trapping probability for the wave packets with variations. But the regions
of Wo, 0.0, where the acceleration by the ideal packet (both for maximum and phase averaged energy
gain) is the most effective are significantly larger than similar regions for wave packets with variations
(for the wave packets not far from the equator). It is important to note that for the wave packets with
frequency variations (111 and 1V) particle trapping by the wave field is possible for all considered z, i.e.,
it is observed for large distances from the equator and high initial energies of hundreds keV. However,
the energy gain in the latter cases is rather small.

As a conclusion of this study, we can say the following. In total, over all values of initial parameters,
variations (of either/both frequency and amplitude) increase the probability of trapping while decreasing
the maximum energy gain. This can be explained as follows. With amplitude variations (see Fig. 1b),
there are several regions of high amplitudes, while in the ideal packet there is only a single one; also,
with amplitude variations high amplitude regions have higher amplitude gradients. Frequency variations
create additional frequency gradients. Thus, variations can create more areas, where condition of the
wave trapping is fulfilled, but these conditions would be faster violated, leading to a smaller energy
gain. Similar results were obtained for the sequence of subpackets in [17]. However, it is important to
note that for some small regions of initial electron parameters, the resonant interaction with wave packets
with amplitude and/or frequency variations still causes a significant acceleration (both for maximum
and phase averaged energy gain). For more comprehensive analysis, the study of electron distribution
function and its evolution is required. This analysis will be performed in future research.
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Russian Federation, project No. FFUF-2023-0002.The work of A. G. Demekhov on the problem
formulation and interpretation of the results has been supported by the Russian Science Foundation
under grant No. 22-62-00048.

1. Kennel C. F., Petschek H. E. Limit on Stably Trapped Particle Fluxes // J. Geophys. Res. 1966.
V.71, No. 1. P. 1-28. DOI: 10.1029/JZ071i001p00001.

2. Bespalov P. A, Trakhtengerts V. Y. The cyclotron instability in the Earth radiation belts // Reviews
of Plasma Physics. V. 10/ ed. by M. A. Leontovich. Plenum Publ., N.Y., 1986. P. 155-293.

3. Li W.,, Hudson, M.K. Earth's Van Allen radiation belts: From discovery to the Van Allen Probes
era // J. Geophys. Res.: Space Physics. 2019. V. 124, No. 11. P. 8319-8351. DOI:
10.1029/2018JA025940.

4. Cattell C., Wygant J.R., Goetz K., et al. Discovery of very large amplitude whistler-mode waves in
Earth's radiation belts // Geophys. Res. Lett. 2008. V. 35. No. Art. no. L01105. DOI:
10.1029/2007GL032009.

5. Santolik O., Kletzing C. A., Kurth W. S, et al. Fine structure of large-amplitude chorus wave
packets // Geophys. Res. Lett. 2014. V. 41, No. 2. P. 293-299. DOI:10.1002/2013GL058889.

6. Wilder F.D., Ergun R.E., Goodrich K.A., et al. Observations of whistler mode waves with nonlinear
parallel electric fields near the dayside magnetic reconnection separatrix by the Magnetospheric
Multiscale mission // Geophys. Res. Lett. 2016. V. 43. No. 12. P. 5909-5917. DOI:
10.1002/2016GL069473

7. Karpman V. I. Nonlinear Effects in the ELF Waves Propagating along the Magnetic Field in the
Magnetosphere // Space Sci. Rev. 1974. V.16. No. 3. P. 361-388. DOI: 10.1007/BF00171564.

8. Shklyar D. R., Matsumoto H. Obliqgue Whistler-Mode Waves in the Inhomogeneous
Magnetospheric Plasma: Resonant Interactions with Energetic Charged Particles // Surveys in
Geophysics. V. 30 P. 55-104. DOI: 10.1007/s10712-009-9061-7.

58



9. Albert J. M. Gyroresonant interactions of radiation belt particles with a monochromatic
electromagnetic wave // J. Geophys. Res. Space Phys. 2000. V. 105. No. A9. P. 21191-21209. DOI:
10.1029/2000JA000008.

10. Artemyev A.V., Neishtadt A.l., Albert J.M., et al. Theoretical model of the nonlinear resonant
interaction of whistler-mode waves and field-aligned electrons // Phys. Plasmas. 2021. V. 28. No.
5. Art. no. 052902. DOI: 10.1063/5.0046635.

11. Demekhov A. G., Trakhtengerts V. Y., Rycroft M. J., Nunn D. Electron acceleration in the
magnetosphere by whistler-mode waves of varying frequency // Geomagnetism and Aeronomy.
2006. V. 46. P. 711-716. DOI: 10.1134/S0016793206060053.

12. Demekhov A. G., Trakhtengerts V. Y., Rycroft M., Nunn D. Efficiency of electron acceleration in
the Earth’s magnetosphere by whistler mode waves // Geomagnetism and Aeronomy. 2009. V. 49,
No. 1. P. 24-29. DOI: 10.1134/S0016793209010034.

13. Omura Y., Furuya N., Summers D. Relativistic turning acceleration of resonant electrons by
coherent whistler mode waves in a dipole magnetic field // J. Geophys. Res. Space Phys. 2007. V.
112, No. A6. Art. no. A06236. DOI: 10.1029/2006JA012243.

14. Agapitov O. V., Artemyev A. V., Mourenas D., et al. Nonlinear local parallel acceleration of
electrons through Landau trapping by oblique whistler mode waves in the outer radiation belt //
Geophys. Res. Lett. 2015. V. 42. No. 23. P. 10140-10149. DOI: 10.1002/2015GL066887.

15. Tao X, Bortnik J., Thorne R.M., et al. Effects of amplitude modulation on nonlinear interactions
between electrons and chorus waves // Geophys. Res. Lett. 2012. V. 39, No. 6. Art. no. L06102.
10.1029/2012GL051202.

16. Zhang X. J., Agapitov O., Artemyev A. V. et al. Phase decoherence within intense chorus wave
packets constrains the efficiency of nonlinear resonant electron acceleration // Geophys. Res. Lett.
2020. V. 47, No. 20. Art. no. e2020GL089807. DOI: 10.1029/2020GL089807.

17. Hiraga R., Omura, Y. Acceleration mechanism of radiation belt electrons through interaction with
multi-subpacket chorus waves // Earth, Planets and Space. 2020. V. 72. Art. no. 21.
10.1186/540623-020-1134-3.

MERIDIONAL NET OF INFRARED SPECTRO-GRAPHS AND
SOME RESULTS

Igor I. Koltovskoi', Petr P. Ammosov’, Galina A. Gavrilyeva' and Vladimir |. Perminov?

Yu.G. Shafer Institute of Cosmophysical Research and Aeronomy SB RAS, Yakutsk, Russia
2 A.M. Obukhov Institute of Atmospheric Physics RAS, Moscow, Russia

The report presents the idea of creating a meridional network of infrared spectrographs that detect
hydroxyl bands in the infrared region (about 1.5 microns), radiating at an altitude of about 87 km. The
aim of studying hydroxyl bands in the infrared region is to study variations in mesopause temperature
and wave processes. It is generally accepted that the rotational temperature calculated from hydroxyl
bands corresponds to the temperature of the mesopause region at a given altitude [1]. The meridian
network consists of four identical spectrographs installed at optical stations of different latitude.

Continuous registration of OH(3,1) hydroxyl bands by infrared spectrograph has been carried out
at the Maimaga optical station of SHICRA SB RAS since 2014. The Maimaga station (63°N, 129.5°E)
is located 120 km north of Yakutsk far from the city lights. The spectrograph consists of a Shamrock
monochromator and a highly sensitive infrared photodiode recorder manufactured by ANDOR. The
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operating wavelength range is 1490 - 1544 nm. Cooling is -60°C. The angle of view is approximately 3
degrees. The resolution of the spectrograph at an entrance slit width of 0.2 mm is 0.8 nm. The spectra
of the hydroxyl molecule OH(3,1), emitted at an altitude of about 87 km, are recorded automatically at
an angle of immersion of the Sun greater than 9 degrees every minute and transmitted every day via the
Internet to the Institute's server.

From September 2015, a similar infrared spectrograph was installed at Tiksi station (71.6°N,
128.7°E) and from October 2017 at the station in Neryungri (56.7°N, 124.7°E). From 2022, a
spectrograph with the same recorder but with the MDR-2 monochromator (66.7°N, 123.3°E) began
recording at station Zhigansk. Thus, all four stations have identical light-sensitive infrared
spectrographs. According to many recent works, the OH (3,1) band is sufficiently well thermalized and
corresponds to the temperature of the surrounding neutral atmosphere at its emission altitude. The choice
of the hydroxyl emission band in the infrared region is due to three circumstances. First, the greatest
intensity of hydroxyl emissions in this region of the spectrum, second, the smaller contribution of stray
light from stars and the Moon, and third, the absence of polar aurora emissions.

Measurements of the infrared spectrograph were carried out at night in cloudless and low-cloud
weather. Hydroxyl OH(3,1) emissions with an exposure of 60 seconds were recorded. The coefficients
for calculating the synthetic spectra were taken from [2],[3].

The method for determining the temperature from the spectrum of hydroxyl radiation is based on
the fact that the intensity distribution in the lines of the rotational bands is related to the “excitation”
temperature as

S(A, T)=const ‘A -41(J)-exp[-F(J)-c-h/kT],
where F(J) is the excitation energy, T is the rotational temperature, J is the rotational quantum number,
I(J) is the intensity factor, k is the Boltzmann constant, c is the speed of light, A is the wavelength, and
h is the Planck constant. Comparison of the measured spectrum with the spectrum calculated with
allowance for the parameters of the optical system makes it possible to estimate the temperature at which
excitation occurs.

The evaluation begins with calculating the line spectrum of the molecular band of the hydroxyl S(A,
T) at a given temperature. Since the actual spectrum is estimated by summation over the columns of the
matrix, the output from the device is a discrete series S(i, T) with equal wavelength intervals, where i is
the pixel number. The spectral parameters of the rotational lines of the hydroxyl bands were taken from
the Night-Sky Radiation Spectrum Atlas.

Then, the synthetic contour S(i) is calculated for a given temperature, for which purpose the
molecular band model spectrum S(i, T) is convoluted with the instrument function:

S'(i)y= ¥S(,T)-2(i-j),
where z(i) is the transfer function of the spectrograph, i is the number of the pixel, and j is the transfer
function width in pixels.

In addition to hydroxyl emission lines, the actual spectrum also exhibits a continuous component.
This part is composed of night-sky radiation proper, called continuum, and other components, such as
twilight, moonlight, stellar component, etc.

These continuous parts enter into the modeled spectrum S"(0) in the form of a linear function:

S"(i)=A+B(i)+C-S'(i),
where A + B(i) is the continuous component of the spectrum, and C is the fitting coefficient.

It is assumed that the temperature at which the sum of the squares of the deviations of the synthetic

spectrum from the real values of F(T) is minimal corresponds to the actual rotational temperature:
MinF(T)= S[(E()-S"(i, T)]%
where E(i) is the real spectrum.

Minimizing the functional F(T) yields a system of linear equations with respect to the fitting

parameters A, B, and C for a given temperature. The contours are adjusted at temperatures from 100 to
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300 K in 2 K steps. As a result, a number of values of F(T) are obtained, the minimum of which
corresponds to the temperature at which the synthetic spectrum is best fitted to the spectrum measured
with the spectrograph.

As an example, Figure 1 shows the average rotational temperatures of the OH(3,1), measured at
different latitudes during one season. It can be seen from the figure that the seasonal change in the
rotational temperature of hydroxyl is well traced [4]. So, the temperature heats up from 150K in the
middle of August to 210-220 K in the winter months.
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FIGURE 1. Comparison of the mean rotational temperatures of the OH(3,1) band measured at different optical
stations.

A comparison was also made between the mean rotational temperatures of the OH(3,1) band
measured at Neryungri station and the mean rotational temperatures of the OH(6,2) band obtained at the
Zvenigorod research station (56°N, 37°E) of the Obukhov Institute of Atmospheric Physics of the
Russian Academy of Sciences for 2 observing seasons (Figure 2).
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FIGURE 2. Comparison of the mean rotational temperatures of the OH(3,1) and OH(6,2) bands measured at
different meridian stations.
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Thus, a meridional network of infrared spectrographs was created in order to study variations in
mesopause temperature and wave processes. As an example, the seasonal course of the average
rotational temperatures of the hydroxyl band is shown. A comparison of these temperatures from two
different meridian stations has also been made.

This investigation was performed with the financial support by the Russian Science Foundation grant
No 25-27-20119.
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ENERGETIC PROTONS AND ELECTRONS UNDER THE EARTH
RADIATION BELT ON THE MAIN PHASE OF MAGNETIC
SUPERSTORM

Alexei V. Dmitriev and Alla V. Suvorova
D.V. Skobeltsyn Institute of Nuclear Physics M.V. Lomonosov Moscow State University, Moscow, Russia

The sudden commencement of superstorm of May 10, 2024 was observed at 17:06 UT, when a
strong interplanetary shock hit the Earth such that the solar wind dynamic pressure jumped to about Pd
= 50 nPa and Bz component of interplanetary magnetic field (IMF) became strong negative (~-20 nT)
as show in Fig. 1. The main phase was developed until 02:20 UT on 11 May and the storm reached
maximum with the storm index SYM-H = -512 nT. During the main phase, the IMF Bz was negative
most of time with brief reversals. The solar wind pressure stayed strong and exhibited several sharp
increases and decreases which were manifested in corresponding variations of SYM-H index.
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FIGURE 1. Variations of the geomagnetic SYM-H index (upper panel), solar wind dynamic pressure (middle
panel), and IMF Bz (lower panel) during the main phase of the superstorm on May 10, 2024. Dashed lines indicate
the storm sudden commencement and interplanetary shock at 17:06 UT, the beginning and the end of
magnetospheric decompression at 18:57 and 19:36 UT, respectively.
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During the main phase, the forbidden zone at low latitudes was temporally populated by energetic
electrons and protons. The forbidden zone extends in ~20° vicinity of the dip equator excepting the
region of South Atlantic Anomaly (SAA) located in the longitudinal sector from 100W to OE. In the
forbidden zone, energetic charged particles are quasi-trapped, i.e. during their azimuthal drift in the
geomagnetic field they inevitable come to the SAA region where the magnetic field lines descend to
very low heights such that energetic charged particles loss the energy in ionization of the dense
atmosphere. Hence, energetic charged particles can be considered as an additional source of ionization
of the ionosphere and upper atmosphere [1].

2.0 2.5 3.0 3.5 4.0 4.5
Log of proton flux, (cm?2 s sr)-!

a b c

FIGURE 2. Geographic maps of >30 keV proton fluxes during a quiet day on May 9 (a) and on the main phase
(b) and in the maximum (c) of the superstorm on May 10, 2024. The white curve indicates the dip equator.

In Fig. 2b, one can see that the enhanced fluxes ~50 (cm? s sr)* of >30 keV protons occurred in
~20° vicinity of the dip equator above Pacific in the longitudinal sector from 170E to 127W at drift
shells L < 1.13 (see Table 1). They were observed by two POES satellites in the prenoon sector. The
satellites moved one-by-one such that P8 passed the equator ~12 min earlier than P8 satellite. The
earliest enhancement of protons was observed at 19:00 UT on 10 May at longitude 127W by P8 satellite
and then at 19:12 UT at longitude 147W by P3 satellite.

TABLE 1. First injection of energetic particles under the inner ERB

SC | LT Time | Long¢°® | Je, (cm?ssr)® | Je, (cm3ssr)?t | Jp, (cm?ssr)t | L
>40 keV >130 keV >30 keV

P8 | 10.5 19:00 -127 - - 5E1 1.13

P3 9 19:12 -147 - - 6E1 1.12

P9 9 19:22 -153 TE4 5E4 5E1 1.11

P5 7 19:37 177 3E6 1E6 5E1 1.10

It is important to note that the fluxes of protons in the forbidden zone are overlapped with very
intense fluxes of protons originated from the ring current, which is quickly developed on the main phase
of magnetic storms. The ring current protons are characterized by high intensities of >10° (cm?s sr)?*
and populate mainly night and evening sectors in the beginning of main phase. At that time, the ring
current is asymmetric. In Fig. 2(b), one can see intense proton fluxes at all latitudes in the longitudinal
sector from 100W to 100E, which corresponds to evening regions. At low-to-middle latitudes those
protons arrive to low altitudes as energetic neutral atoms after charge-exchange interaction in the ring
current region, which is located at drift shells above L=2. At low altitudes, the energetic neutral atoms
loss their electron and become ionized in interaction with the dense atmosphere. The neutral atoms are
not guided by the magnetic field and, thus, they propagate in any direction and populate a wide range of
latitudes. At middle-to-high latitudes, very intense (>10* (cm?s sr)?) fluxes are produced by protons

63



precipitating directly from the ring current region. With developing the main phase, the ring current
becomes symmetric and occupies all local times as shown in Fig. 2(c).

Forbidden energetic electron (FEE) enhancements occurred in the Pacific region as one can see in
Fig. 3. The increases of electron fluxes were observed in ~20° vicinity of the dip equator in the latitudinal
sector from 120E to 140W. The first FEE enhancement occurred at ~19:22 UT near drift shell L=1.11
(see Table 1) in the prenoon sector at longitude 150W. The intensity of electrons was modest and did
not exceed 10° (cm?s sr). The next FEE enhancement at 19:37 UT was much stronger (>10° (cm?s sr)”
1) and observed deeper at L = 1.1 in the morning sector at longitude 177E.

It is important that the enhancements were observed for >30 keV and >100 keV simultaneously.
This meant that this longitudinal sector is close to the region of electron injection from the inner radiation
belt. Otherwise, one could see only enhancements of >30 keV because the >100 keV electrons escape
from the injection region quickly due to short period of the azimuthal drift (Td ~ 4h), while the >30 keV
electrons have much longer azimuthal drift (Td ~ 15h). The consequence of the two enhancements with
time gap of 15 min in the narrow longitudinal sector can be considered as manifestation of one long-
lasting injection above the Pacific region.

As one can see in Table 1, the FEE enhancements were observed simultaneously with the proton
enhancements. It should be noted that being injected to low latitudes, electrons and protons drift in
geomagnetic field in opposite directions — eastward and westward, respectively. Hence, the injection
region should be located somewhere eastward from the proton injection and westward from the electron
injection. From comparison of Fig. 2 and 3 we can conclude that the injection region should have a
spatial extension and it is located in the longitudinal sector from 120E to 140W. At 19UT this sector
corresponds to morning — prenoon local time. Moreover, the injection process should have a duration of
the order of 20 min.

Log of electron flux, (cm? s sr)!
FIGURE 3. Geographic maps of fluxes of electrons with energies >30 keV (a) and >100 keV (b) on the main
phase of the superstorm on May 10, 2024. The white curve indicates the dip equator.

During the injection, protons continue drifting westward along the drift shells, which elevate to
higher altitudes with decreasing longitude due to the asymmetry of the geomagnetic field. Hence,
protons moving to higher altitudes become invisible for the satellite. In contrast, electrons drifting
eastward move to lower altitudes and the satellite observes intense electron fluxes coming from higher
L-shells with increasing longitude until the SAA region. This complex dynamic results in complicated
pattern presented in Fig. 2 and 3. Therefore, we have shown that the injection of protons and electrons
in the forbidden zone occurred above Pacific in the morning hours and had the spatial scale of ~100°
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and temporal scale of ~20 min. This pattern supports the mechanism of radial transport of energetic
particles from the inner radiation belt down to low altitudes due to ExB or electric drift.

The origin of electric field in the inner magnetosphere at very low drift shells of L~1.2 is still
unknown. Here we can consider possible external driver of the electric field. As one can see in Fig. 1,
the magnetosphere was affected by a sharp negative jump of the solar wind pressure observed by Wind
at ~18:45 UT. It should be noted that the time is calculated from the arrival time of the interplanetary
shock (that is the time of SSC in the SYM-H) and not necessary correspond to the propagation of the
negative jump structure in Pd. The pressure negative jump results in a decrease in SYM-H index at
~18:57 UT. The difference in time is originated from variation of the time delay for solar wind
propagation from the location of Wind satellite (near L1 point) to the Earth due to alternation of solar
wind structures with various tilts of interplanetary fronts. It is important to note that during that time,
the IMF Bz was positive. It meant that we can exclude magneto-plasma effects originated from
interaction of IMF with the geomagnetic field.

A solar wind pressure pulse results in generation of global inductive electric field in the Earth
magnetosphere [2]. The decrease in SYM-H index for ~100 nT indicates a significant expansion of the
magnetosphere that should result in generation of induced electric field, which is pointed westward in
according to Faraday’s law. At low latitudes, where the geomagnetic field is pointed northward, this
electric field causes radial ExB drift of charged particles toward the Earth. The electrons and protons
transport in the ExB fields with the same rate. During the transport, they shift in opposite horizontal
directions due to azimuthal drift: electrons — eastward and protons — westward. The divergence between
electrons and protons depends on the rate of radial transport, which directly depends on the strength of
inductive electric field. It was estimated that the electric field of 10 mV/m provides the transport from
the lower edge of inner ERB (L=1.15) to L=1.1 within a reasonable time of ~20 min [3]. Hence the
mechanism proposed can explain the dynamics of electron and proton enhancements in the forbidden
zone.
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IONOSPHERIC RESPONSE TO MAY 2024 GEOMAGNETIC
STORM: IRKUTSK IONOSONDE DATA AND MODELING
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The paper studies the ionospheric response to the 10-12 May 2024 extreme geomagnetic storm
based on the Irkutsk ionosonde data and modeling. Model calculations were performed with using the
Global Self-consistent Model of the Thermosphere, lonosphere, and Protonosphere (GSM TIP) [1] and
the empirical Global Dynamic Model of the lonosphere (GDMI) [2] for the geographic coordinates of
the Irkutsk ionosonde (52.3° N, 104.3° E).

To compare observations and model calculations, we used the values of the peak electron density
(NmF) and the peak height (hmF). The use of the terms NmF and hmF instead of the traditional NmF2
and hmF2 is due to the fact that under daytime conditions on 11 and 12 May, the so-called G-condition
[3] was observed: an ionospheric phenomenon when the critical frequency of the F1-layer exceeds the
critical frequency of the F2-layer. Accordingly, NmF and hmF are equal to NmF1 and hmF1 when
NmF1 > NmF2; and NmF2 and hmF2 when NmF2 > NmF1. The G-condition was observed on 11 May
from 07:00 to 16:15 LT (duration 9.25 hours) and on 12 May from 07:30 to 15:00 LT (duration 7.5
hours).

The observed NmF disturbances are relative (percentage) deviations of NmF observations from the
27-day running median of NmF2, and the hmF disturbances are absolute deviations of hmF observations
from the 27-day running median of hmF2. The model disturbances are the corresponding deviations of
NmF2 and hmF2 from the values obtained on 09 May.

Figure 1 shows the variations in observed NmF and hmF, NmF2 and hmF2 medians, and the
dynamics of the Kp index. As seen from Fig. 1, NmF is positively disturbed in the pre-storm period and
at the beginning of the storm (late night of DoY 131, 10 May), then NmF sharply decreases and remains
negatively disturbed throughout the entire period under consideration. The largest negative NmF
disturbance (-90.4%) is seen at night of 11-12 May (DoY 132-133). The largest daytime negative NmF
disturbance (-69.5%) is observed around midday on 11 May (DoY 132). In the evening of 11 May (from
16:15 to 17:30 LT), we see a sharp increase in NmF2 (from 2.4 to 7.4-10° cm=). The observed hmF
variations in the pre-storm period and at the beginning of the storm are close to the hmF2 medians, then
hmF demonstrates an increase (positive disturbance) and a sharp decrease, starting from 07:00 LT on
11 May, which corresponds to the shift in the peak height from F2- to Fl-layer (G-condition). The
largest positive hmF disturbance (+81.8 km) is seen at night of 11-12 May (DoY 132-133). Just like on
May 11, the G-condition is observed during the daytime on 12 May. In the evening and nighttime on 12
May, the hmF variations are close to the hmF2 medians. The sharp increase in NmF in the evening of
May 11 practically coincides with the sharp increase in hmF (218-348 km from 16:15 to 17:150 LT).
Such a change in NmF2 and hmF2 has all the signs of the dusk effect: a positive evening ionospheric
disturbance caused by uplifting the F-region ionosphere due to enhancement in the equatorward wind
or the eastward electric field [4].
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FIGURE 1. Variations in observed NmF (top, black), hmF (middle, black), NmF2 and hmF2 medians (gray), and
Kp index dynamics (bottom) from DoY 130 to DoY 133 (09-12 May 2024). DoY boundaries correspond to local
time LT (beginning DoY (midnight) is marked by a solid vertical line, noon is marked by dotted vertical line).

Figure 2 shows the variations in observed NmF disturbances (ANmF) and NmF2 disturbances
(ANmF2) calculated by the GSM TIP and GDMI models.
50 -Observed ‘ANmF(%) and ANmIfZ(%) from GSM TIP and GDMI
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FIGURE 2. Variations in observed NmF disturbances (ANmF, solid black) and NmF2 disturbances (ANmF2)
calculated with using GSM TIP (dotted black) and GDMI (gray) from DoY 130 to DoY 133 (09-12 May 2024).
DoY boundaries are the same as in Fig. 1.
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As seen from Fig. 2, GSM TIP significantly underestimates the observed negative NmF
disturbances, especially in the daytime. At the same time, GSM TIP reproduces the sharp decrease in
the ANmF amplitude in the evening of May 11 (dusk effect) with a noticeable underestimation of the
effect amplitude. GDMI is in good agreement with the observed negative NmF disturbances in the first
halves of the day on 11 and 12 May (DoY 132-133) and underestimates the ANmF amplitudes in the
second halves of these days. GDMI mainly reproduces the dusk effect in ANmF, underestimating the
effect amplitude and overestimating its duration. Both models do not reproduce positive NmF
disturbances at the beginning of the storm.

Figure 3 shows the variations in observed hmF disturbances (AhmF) and hmF2 disturbances
(AhmF2) calculated by the GSM TIP and GDMI models.
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FIGURE 3. Variations in observed hmF disturbances (AhmF, solid black) and hmF2 disturbances (AhmF2)
calculated with using GSM TIP (dotted black) and GDMI (gray). from DoY 130 to DoY 133 (09-12 May 2024).
DoY boundaries are the same as in Fig. 1.

As seen from Fig. 3, both models reproduce positive hmF disturbances at night and do not reproduce
negative hmF disturbances during the daytime. The latter means that the models do not reproduce the
G-conditions observed on 11 and 12 May (days 132-133) under daytime conditions. This discrepancy
is not necessarily a disadvantage of the models. The G-condition is recorded in the presence of
reflections from the F1 layer and the absence of reflections from the F2 layer on ionosonde ionograms.
In the case when foF2 slightly exceeds foF1, the absence of reflections from the F2 layer may be due to
the narrowness of the foF1-foF2 range or to large virtual heights of the reflected signal, exceeding the
ionosonde height range of the (635 km). To resolve this uncertainty, we plan to use data from the Irkutsk
incoherent scatter radar [5-6]. It should be noted that both models do not reproduce the sharp increase
in AhmF in the evening of 11 May (the dusk effect).

Summarizing the comparison of observations and model calculations for the 10-12 May 2024
extreme geomagnetic storm, we can highlight the following patterns.

(1) GDMI reproduces the observed negative disturbances of the peak electron density better than
GSM TIP.

(2) Both models generally reproduce the observed dusk effect in the behavior of the peak electron
density and do not reproduce the dusk effect in the behavior of the peak height.

(3) Both models reproduce positive disturbances of the peak height at night.

(4) Both models do not reproduce the G-conditions observed on 11 and 12 May in the daytime
conditions.
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(5) Both models do not reproduce positive disturbances of the peak electron density at the beginning
of the storm.
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GEOMAGNETIC STORMS

Aleksandr A. Sinevich'2, Aleksandr A. Chernyshov?, Dmitrii V. Chugunin?,
Mikhail M. Mogilevsky'

Space Research Institute of the Russian Academy of Sciences, Moscow, Russia
%Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation Russian Academy of
Sciences, Troitsk, Moscow, Russia

The polarization jet (PJ), also known as the subauroral ion drift (SAID), was first discovered in
1973 from data from the Soviet Cosmos-184 satellite [1]. The PJ/SAID is a narrow band of fast ion drift
in the F-layer of the subauroral ionosphere in the evening and midnight MLT sectors. The band width
is 1°-2° latitude wide, and the horizontal ion drift velocity inside the band is more than 1000 m/s. The
PJ/SAID is mostly detected during the expansion phase or during the recovery phase of a geomagnetic
storm. Inside, the PJ/SAID often consists of strata (PJS) [2,3], which, together with the electron density
dip, affect the passage of radio waves through the subauroral ionosphere [4,5]. Numerous studies have
revealed that there is a dependence of the PJ/SAID on geomagnetic activity through a number of physical
mechanisms of PJ/SAID generation, such as a current generator, a voltage generator, and a short-
circuiting.

It should be noted that, according to recent studies, the PJ/SAID is detected also during weak
geomagnetic activity, on the so-called “geomagnetically quiet” or “quiet-time” days [6]. The occurrence
of higher ion drift velocities during quiet conditions than during geomagnetically disturbed conditions
is still not fully understood.

The behavior of the PJ/SAID parameters during extremely high geomagnetic activity is studied
even less than the behavior of the PJ/SAID during quiet conditions. In 2024, during the peak of the 25th
solar cycle, several large-scale geomagnetic storms occurred, for example, the October Storm on
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October 10-12, 2024 and the Victory Day Storm on May 10-12, 2024 [7], which is the strongest
geomagnetic event of the 21st century (-412 nT Dst). The state of the magnetosphere and ionosphere
during extreme geomagnetic events significantly differs from the state of the magnetosphere and

ionosphere during moderate and weak geomagnetic disturbances.

This work examines the behavior of the PJ/SAID parameters during a number of the most powerful
geomagnetic disturbances: the Victory Day Storm on May 10-12, 2024, the October Storm on October
10-12, 2024, the St. Patrick’'s Storm on March 17, 2015, and the Halloween Storm on October 29-30,
2003. The measurements data of plasma parameters inside the PJ/SAID by the DMSP and Swarm

satellites are used.

In Fig. 1, the change in the geomagnetic index Dst over time relative to the minimum Dst during
each of the considered geomagnetic events is marked in blue. The number of detected PJ/SAID features
within one orbit of the DMSP satellite is marked in red. During the October Storm of 2024, there are no

detected PJ/SAID features, since there are no DMSP measurement data during the October Storm.
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FIGURE 1. Number of detected PJ/SAID features during one circle of DMSP satellite around the Earth (red

line) and geomagnetic index Dst (blue line) during various extreme geomagnetic storms

Figure 2 shows the measurement data of horizontal ion drift velocities and electron density based
on the DMSP F-16 satellite measurements. The red area marks the time and latitude interval where the
PJ/SAID or SAPS (Subauroral Polarization Stream [8], which has probably the same mechanism as
PJ/SAID but different dimensions and velocities) is observed. Based on Fig. 2 and 3, it can be concluded
that during the Victory Storm, the PJ/SAID is observed much less frequently than during the St. Patrick's
Storm. Also, during the St. Patrick's Storm, the PJ/SAID is more pronounced, for example, at the Dst
minimum (Fig. 2c), the PJ/SAID is a band of 2°-3° latitude with ion drift velocities of 2 km/s and higher.
~15 hours after the Dst minimum (Fig. 2e), SSAID is observed with two noticeable large PJS in electron

density, spatially coinciding with horizontal ion drift peaks.

It is known that the intensity of the PJ/SAID depends on geomagnetic activity. However, during
extreme geomagnetic disturbances, the number and intensity of detected PJ/SAIDs are lower than during

"classical” disturbances.
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FIGURE 2. Horizontal ion drift velocity (red line) and electron density (blue line) measured by DMSP F-16

satellite

during two considered events — St. Patrick's Storm on March 17, 2015 and Victory Day Storm on May

10-12, 2024 (table rows) at three different time intervals (table columns): ~9 hours before the Dst minimum
(expansion phase), at the Dst minimum, and ~15 hours after the Dst minimum (recovery phase).

This may be due to the disruption of PJ/SAID generation mechanisms, a drop in the density of the
ionospheric plasma, and the mobility of the plasmapause and auroral oval, which does not allow the
formation of a stable western plasma flow. In general, according to the DMSP and Swarm satellites,

during

the maximum of geomagnetic activity during extreme storms, the intensity and number of

PJ/SAIDs are minimal, while strong fluctuations in plasma parameters are observed. PJ/SAIDs are more
often observed during the expansion and recovery phases of a geomagnetic storm during extreme events.
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COMPARISON OF TRAPPED AND PRECIPITATING ELECTRON
FLUX OF THE EARTH'S OUTER RADIATION BELT ACCORDING
TO DATA FROM THE METEOR-M NO. 2 SATELLITE

Irina N. Myagkova
Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia

For the first time electrons of the outer radiation belt of the Earth were registered during the second
space flight in human history using scientific equipment from the Moscow State University Institute of
Nuclear Physics installed on the Second Sputnik [1]. Despite the fact that many experiments have been
carried out since then, both on Russian and foreign spacecraft, the problem of the formation of the outer
radiation belt of the Earth (ERB) remains relevant, since despite very long history of experimental
observations (e.g, [2-4] and the huge number of theoretical studies [5-7], a theory of electron
acceleration has not yet been created that could explain the entire set of available experimental data.

A significant part of the studies were carried out on spacecraft with a circular polar orbit [8, 9]. The
advantage of experiments on orbits of this type compared to geostationary ones is, firstly, that these
spacecraft successively pass through different L-shells, which allows one to obtain spatial distribution
of electrons in the outer ERB, and secondly, identical instruments installed orthogonally allow one to
estimate the ratio of trapped and precipitating particles. The magnitude, localization and spectrum of the
precipitating electron fluxes are important in terms of their possible impact on the upper atmosphere.

An example of such a spacecraft is the Meteor-M No. 2 satellite (launched on July 8, 2014). The
orbit is sun-synchronous, the altitude at the ascending node is h = 832 km, the inclination is i ~ 98.8°,
the orbital period is T = 101.3 min. In the experiments on board the Meteor-M No. 2 satellite, electrons
of relativistic and sub-relativistic electrons were measured using a telescopic assembly of semiconductor
and scintillation detectors. On board the Meteor-M No. 2 satellites, two sets of telescopes with viewing
angles of 30° were installed - along the satellite velocity vector and in the perpendicular direction
towards outer space.

Five months of 2017, from March to July, were selected for the study. This choice was due to the
fact that 2017 belongs to the phase of solar activity decline, when both CMEs and HSS SW from coronal
holes were also observed. From numerous experiments it is known that geomagnetic disturbances are
caused by coronal mass ejections (CME) and high-speed streams of solar wind (HSS SW) reaching the
Earth's orbit, both cause geomagnetic disturbances of different intensity and variations in the outer ERB
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[10]. It is know, that usually during the main phase of a geomagnetic disturbance, the electron fluxes of
the outer ERB decrease and then increase again, on average about half to a level above the pre-storm
level, a quarter return to the pre-storm level, and another quarter do not reach it [11].

This study has two objectives: to study whether there are differences in the behavior of the outer
ERB after disturbances, caused by CME and HSS SW and to assess whether there are differences in the
behavior of trapped and precipitating particles after these disturbances.

Figure 1 shows 1) the electron flux with energy >100 keV, measured by the Meteor-M No. 2
satellite (SKL instrument, DAS1), the flux intensity is shown in color, 2) SW parameters (velocity - red
curve and density - green), 3) interplanetary magnetic field (IMF) parameters - Bt (lilac) and Bz (brown),
geomagnetic indices - 4) Dst (cyan) and Kp (orange), 5) AE-AL (crimson and violet), 6) electron fluxes
of the outer ERB with energy >800 keV (blue) and >2 MeV (red), measured in geostationary orbit
(GOES satellite), 7) and 8) Meteor-M No. 2 data (SKL, DAS1) averaged over 3 hours (two orbit) trapped
and precipitating particles (> 100 keV olive and orange, > 2 MeV - dark blue and light blue). Blue arrows
in the uppermost panel show four moments of SW increases caused by arrival at the Earth's orbit in
accordance with the catalog https://swx.sinp.msu.ru/tools/icme_list.php: Mart 23, April 21, May 27,
July 16.
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FIGURE 1 EIectron quxes of outer ERB accordlng to Meteor-M No. 2 data (upper and two lower panels), SW
and IMF parameters, geomagnetic indices, electron fluxes of the outer ERB in geostationary orbit.

In Figure 1 one can see that: 1) the strongest variations in the outer ERB during the period under
consid-eration were caused by the arrival of CME at the Earth;

2) geomagnetic disturbances from CMEs had a shorter duration and as a rule larger amplitude than
those from the HSS SW;

3) decreases in the fluxes of relativistic electrons in the geostationary orbit were not always
accompanied by a decrease in the average fluxes of these particles in the circular polar orbit;

4) increase in the average fluxes of relativistic electrons occured more slowly compared to sub-
relativistic ones;

5) fluxes of trapped and precipitating electrons averaged over three hours (two orbit) are similar.

For the more detailed analysis of the similarities and differences between the trapped and
precipitating electron fluxes, we use Figure 2, which, in addition to the time variations in the fluxes of
trapped electrons with energies > 100 keV already shown in Figure 1, simultaneously shows similar data
for the electrons > 100 keV measured by the vertical sensor DAS1 (precipitating), as well as variations
in the fluxes of trapped and precipitating relativistic electrons (> 2 MeV), also measured by the SKL
(DAS1) instrument.

Analyzing Figure 2 we can see that even after relatively small disturbances of the geomagnetic field
caused by HSS SW with the velocity of about 500 km/s, such as those observed from mid-June to mid-
July, there is an acceleration of sub-relativistic electrons and flows of not only trapped but also
precipitating particles are observed, and the maximum of the new, post-storm belt is located, as a rule,
closer to the Earth compared to its position before the storm, as in the case of CME storms.
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FIGURE 2. Fluxes of trapped (hrz) and precipitated (vrt) electrons with energies > 100 keV and > 2 MeV
according to Meteor-M No. 2 data from March 1 to July 31, 2017.

From a joint analysis of Figures 1 and 2, the following conclusions can be done:

e Spatial distributions and fluxes of trapped and precipitating electrons with same energies are
similar also but not identical, and what is especially significant is that a decrease in the fluxes
of trapped particles is not accompanied by an increase in the fluxes of precipitating ones.

e Both trapped and precipitating relativistic electrons have a spatial distribution that differs
significantly from the distribution of sub-relativistic electrons.

e The maximum flux of precipitating relativistic electrons in the period under study was observed
after the CME on July 16.

The study was performed with the financial support of the Russian Science Foundation grant No.

22-62-00048, https://rscf.ru/project/22-62-00048/.
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CHANGES OF GEOMAGNETIC ACTIVITY FOR THE PERIOD
FROM 1932 TO 2023
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The influence of geomagnetic activity on human practical activities was discovered more than 200
years ago, when telegraph lines began to be introduced and failures in their operation were noticed
during magnetic storms. Currently, during geomagnetic storms (GMSs), failures in the operation of
satellites, power lines and navigation systems are possible, which can lead to communication failures,
power outages and navigation errors. GMSs can also cause interference in radio communications and
create problems for air travel.

GMSs are caused, in particular, by solar flares and associated coronal mass ejections. When the
plasma cloud reaches the Earth, it interacts with the magnetic field of our planet, causing disturbances
and, as a result, a magnetic storm. The state of the magnetosphere is described by a number of different
indices calculated on the basis of ground-based measurements of the magnetic field [1].

One of the most popular indices of geomagnetic activity is the Kp index [2, 3]. This index is
determined by the magnitude of the change in the horizontal component of the Earth's magnetic field,
expressed as an integer in the range 0-9, where "0" and "1" mean very small changes, and "5" or more
means a GMS. The scale for calculating Kp index has an almost logarithmic scale, therefore, to calculate
average values in different time intervals, the Ap index of geomagnetic activity is used, the values of
which are integer and are unambiguously related to the values of the Kp index (Table 1). Table 1 also
provides a verbal description of the geomagnetic activity depending on the value of the geomagnetic
indices.

Many authors study GMSs themselves [4, 5], the mechanism of their formation [6], as well as their
interplanetary sources [7, 8]. We will not touch upon these topics; we are interested in studying the
general quantitative changes in three-hour intervals of geomagnetic activity both for the entire
observation period and separately for solar cycles (SCs).

76


https://doi.org/10.1029/2001gl013586
https://doi.org/10.1029/2001gl013586
https://doi.org/10.1016/j.asr.2008.07.019
https://doi.org/10.5194/angeo-26-1335-2008
https://doi.org/10.1029/2002GL016513
https://doi.org/10.1029/2002GL016513

The purpose of this research is to quantitatively study three-hour Ap indices from 1932 to 2023,
estimate the number of different intervals relative to the entire time period and consider their changes
over solar activity cycles (for 17-24 SCs).

TABLE 1. Kp and Ap indices values

Geom_agnetlc Quiet Unsettled Active
activity
Kp 0 |0+ 1-] 1 [1+|2-] 2 2+ | 3- 3 3+ 4— 4 4+
Ap 0 2 3 4 5 6 7 9 12 15 18 22 27 32
Geg;‘i"’\‘ﬂpj“c Minor GMS Mg‘f\i?te Strong GMS Severe GMS E’g{\;g‘e
Kp 51 5 |5+ |6-] 6 |6+ ]| 7— 7 7+ | 8- 8 8+ | 9- 9
Ap 39|48 | 56 | 67 | 80 | 94 | 11 132 | 154 | 179 | 207 | 236 | 300 400

Data. The World Geomagnetism Center in Kyoto (Japan) has been recording the values of the
three-hour Ap index. The data are available at https://wdc.kugi.kyoto-u.ac.jp/index.html for the period
from January 1, 1932 to December 31, 2023 (a total of 268824 values). The boundaries of the SCs are
defined in accordance with the SIDC data (https://www.sidc.be/silso/datafiles).

Analysis of three-hour intervals of geomagnetic activity. First, we considered the general
distribution of the values of three-hour indices of geomagnetic activity for the entire period under study.
Let us recall that further in the article we will operate only with the Ap index, since it is numerical,
unlike the Kp index. Figure 1 shows a histogram of the frequencies of observation of different three-
hour Ap index values for 1932-2023. Additionally, the intervals corresponding to different levels of
geomagnetic activity according to Table 1 are highlighted in color.
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FIGURE 1. Distribution of three-hour values of the Ap index for 1932-2023.

Of all three-hour intervals for 1932-2023, only 6.95% are GMS intervals (i.e., Ap > 39, Kp > 5-),
of which only 0.82% are intervals of a strong GMS (Ap > 111, Kp > 7-), 10.74% were observed as
disturbed intervals (Ap = 22, 27, 32), and 82.31% were quiet and unsettled (Ap < 18). It should be noted
that the average value of the Ap index for the entire study period is 13.3, the median is 7, and the most
frequently recorded value is 4 (8.95%), although the value Ap=5 is recorded only slightly less frequently
(8.91%). It is clear that these values can vary greatly in different periods, so we reviewed at similar
distributions across last 8 solar cycles.
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The distribution shape in different SCs is generally similar, but there are some differences. For
example, SC 24 had the largest number of quiet intervals (Ap<6, 64.8%), and SC 18 had the largest
number of GMS intervals (Ap=>39, 10.6%). The largest number of GMS intervals with Ap>111 was
recorded in SC 19, 18 and 22 (1.4, 1.2 and 1.1%, respectively), and the smallest — in SC 24 (0.1%, 40
intervals in total). In other cycles the number of GMS intervals varied from 5.3 to 9.1%. For a more
visual comparison, we have provided the number (in % of the total number in the cycle) of three-hour
Ap index values for different intervals (in %) in the studied SCs in Table 2.

TABLE 2. The fraction (%) of three-hour Ap-index values in different SCs.

Three-hour

values of Ap|SC17 |SC18 |SC19 [SC20 [SC21 |SC22 |SC23 |SC24
index

0...6 48.7 37.8 40.1 46.4 36.0 37.1 50.3 64.8
7...18 33.8 38.2 37.9 36.5 42.0 40.6 34.9 27.2
22...32 10.5 13.3 12.9 10.8 13.4 13.1 9.5 5.4
39...94 6.1 9.4 7.7 5.6 7.7 8.0 4.6 2.5
111...400 0.9 1.2 1.4 0.7 0.9 1.1 0.7 0.1

Conclusion. The distribution of three-hour values of the Ap index of geomagnetic activity for
1932-2023 was considered. The average value of the Ap index for the entire study period is 13.3, the
median is 7, and the most frequently recorded is 4. Only ~7% of the time, GMS intervals are observed.
The largest number of GMS intervals was recorded in SC 18 (10.6%), the smallest — in SC 24 (2.6%).
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OBSERVATION AND MODELING OF UPPER ATMOSPHERE
RESPONSE TO GEOMAGNETIC STORMS USING WD IZMIRAN
TOOLS

Maxim V. Klimenko?, Fedor S. Bessarab’, Vladimir V. Klimenko!, Igor A. Nosikov?, Olga
P. Borchevkina', Alexander V. Timchenko!, Kupriyan V. Belyuchenko?, Ivan I. Efishov’,
Galina A. Yakimova', Konstantin G. Ratovsky?, Valentin N. Shubin?

"West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, RAS,
Kaliningrad, Russia
2Pyshkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation, RAS, Moscow, Russia

Since 1964, the Kaliningrad department of IZMIRAN has been conducting regular observations of
the parameters of the lower atmosphere, ionosphere and variations in the Earth's magnetic field. The
measuring complex located in the Kaliningrad region (54° N, 20° E) consists of: an ionosonde for
vertical sounding of the ionosphere; dual-frequency receivers of signals from navigation satellite
systems, which are used to determine the ionospheric total electron content; a magneto-variation station;
a meteorological weather station; a VLF-range signal receiver; all-sky camera (installed on March 30,
2024). In addition, the West Department of IZMIRAN has developed and actively used (for the
interpretation of observational data) models of the upper atmosphere, the whole atmosphere, and
magnetosphere-ionosphere coupling processes based on solving a system of hydrodynamic equations
for a multicomponent gas mixture and the equation of conservation of the total current density.
Simultaneous modeling and observations provides unique opportunities for studying atmosphere-
ionosphere coupling during periods of various space weather phenomena, including geomagnetic
storms. Klimenko et al., and Ratovsky et al. [1, 2], using data series from the Irkutsk and Kaliningrad
ionosondes and modeling results detected, statistically proved the existence of daytime positive
ionospheric aftereffects of geomagnetic storms.

The article presents examples of using WD IZMIRAN tools for studies the upper atmosphere
response over Kaliningrad to geomagnetic storms of St. Patrick's Day in March 2015 and Victory Day
in May 2024. For the recent most intense geomagnetic storm in the 21st century (Victory Day 2024
storm), we will also present the results of comparison with the empirical global dynamic model of the
ionosphere GDMI [3], developed at IZMIRAN and, unlike other similar models, taking into account the
dependence of the change in the critical frequency on the current level of geomagnetic activity, taking
into account the history of its development.

Figure 1 shows the behavior of the foF2 and TEC over Kaliningrad during 17-23 March 2015, as
shown by observation (ionosonde Parus-A and GNSS receiver) and GSM TIP simulation. The
geomagnetic storm on 17-23 March 2015, which began at 06:00 UT on 17 March did not cause
noticeable effects in foF2 and TEC over Kaliningrad at night. The second main phase of the storm,
which began at 12:00 UT, was stronger and more long-lasting than the first one. At its initial stage the
storm led to formation of the positive ionospheric disturbances over Kaliningrad in the afternoon.
Another important feature of the ionosphere dynamics above the Kaliningrad station in the recovery
phase of the geomagnetic storm on 21-23 March 2015 is the appearance of the daytime positive
disturbances in foF2 and TEC. During the same days at night the negative disturbances in foF2 and TEC
were observed and reproduced by model over Kaliningrad. For analysis of spatial extent of after-storm
positive disturbances we provide maps of TEC daytime (14 LT) disturbances on 22 and 23 March 2015
according to IGS data. It is evident the formation of daytime positive disturbances with maximal values
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more than 10 TECU at mid-latitudes of Northern Hemisphere at longitudinal range from 0 to 120 degree
East.
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FIGURE 1. Top two panels: Variation of foF2 and TEC as deduced from observations (circles) and GSM TIP
model (lines) for the Kaliningrad station during 17-23 March 2015. Quiet values are shown by blue color and
disturbed values by red color. The 27-day median is shown as a quiet foF2 and TEC reference. Bottom panel
presents Dst index variation for the same time period indicated two onset moments of the main phases of
geomagnetic storm on 17 March at 06 and 12 UT.
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FIGURE 2. Maps of daytime TEC Disturbances as deduced from observations for 22 and 23 March. The 27-
day median was selected as a quiet TEC reference.

According to Dst index presented in Figure 3 it is clearly seen the occurrence of most intense in
XXI century the Victory Day storm on 10 May and its signature in atmospheric glow over Kaliningrad
region for two nights: 10-11 May and 11-12 May. During these nights auroral (rays, omega-structures,
corona, etc.) and sub-auroral (STEVE, red-arc) glows were detected over Kaliningrad region. Figure 4
present the ionospheric (TEC, NmF2, NmE) response over Kaliningrad to geomagnetic storm on May
10-12 according to GNSS and ionosond observation, GSM TIP and GDMI model results. GSM TIP
qualitatively reproduced dusc effect in TEC and negative disturbances in NmF2 and TEC during 11-12
May. In addition increase in NmE during main storm phase is also well reproduced by GSM TIP
simulation. Note that GDMI model had incredible success in reproducing the disturbances in E and F
region electron density during such unique geomagnetic storm.
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DOUBLE PLASMA RESONANCE AS A POSSIBLE MECHANISM
FOR EXPLAINING NON-THERMAL HECTOMETRIC RADIATION
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Dmitry V. Chugunin?, and Daniil A. Dorofeev’

'Space Research Institute of the Russian Academy of Sciences (IKI RAN), Moscow, Russia
2Institute of Applied Physics of the Russian Academy of Science, Nizhny Novgorod, Russia

Non-thermal radiation in the hectometric range of 525-1700 kHz with a narrow band frequency
structure and polarization corresponding to the ordinary mode was discovered using ERG (Arase)
measurements. Hectometric continuum (HMC) is mainly observed in the nighttime magnetosphere, with
its sources likely located near the Earth at distances of (1.1-2)Re (where Re is Earth’s radius) at low
latitudes [1,2]. The mechanism generating this type of emission in the near-Earth environment remained
unknown for a long time. This work examines the potential use of electron cyclotron harmonics
instability to explain the line structure of hectometric radio emissions for the first time. By analyzing
the case of HMC, a proposed mechanism for the creation of a quasi-harmonic frequency structure
resulting in quasi-parallel emission bands is discussed. In other words, the double plasma resonance
(DPR) effect is suggested as a possible explanation for the observed emission bands in the dynamic
spectrum of hectometric radio waves. It was shown [3,4] that under conditions of DPR when the upper
hybrid resonance frequency fun is close to the frequency of one of the electron cyclotron harmonics fge,
that is, fun = sfse where s is the cyclotron harmonic number, the increment of plasma wave instability
increases by one to two orders of magnitude (the effect of DPR on electron cyclotron harmonics). Note
this increment is approximately two orders of magnitude greater than the increment of Bernstein wave
instability. The DPR effect has been successfully applied to explain the origin of the quasi-harmonic
structure (analogous to the line spectrum of Earth’s non-thermal continuum) in solar radio radiation and
the microwave emission of the pulsar in the Crab Nebula [4] and the literature cited therein).

An example of HMC-type emission measurement recorded by the ERG (Arase) satellite is shown
in Fig.1. Here we use ERG (Arase) measurements of the electric field component in the frequency range
from 2 kHz to 10 MHz, as well as magnetic field measurements [5,6]. Figure 1 (upper panel) presents a
dynamic spectrogram of the measurements of the electric component of the electromagnetic field, taken
on August 19, 2019, in the frequency range of 2-2000 kHz. Figure 1 (bottom panel) displays the
dynamic spectrogram (in the same frequency range) of the polarization parameter P. This parameter P
is the projection of the polarization plane of the electromagnetic wave onto the plane perpendicular to
the satellite’s rotation axis. When measurements are taken in the nighttime hemisphere in the Northern
Hemisphere, P > 0 corresponds to right-hand polarization of the wave and P < 0 to left-hand
polarization. In the daytime hemisphere, it is the opposite: P < 0 indicates right-hand polarization, and
P > 0 indicates left-hand polarization.

In the spectrogram of Fig.1, whistle emissions are observed in the time interval from 21:45 to 22:30
UT. The signal at frequency of ~1800 kHz at 21:40 UT decreases in frequency to 100 kHz by the end
of the spectrogram, these are oscillations at the upper hybrid resonance frequency, fun = (Pze + f2pe)*?,
where fye is the electron plasma frequency (or Langmuir frequency). At distances R > 3RE from the
Earth, the electron cyclotron frequency becomes much smaller than the plasma frequency, and fun ~ fge..
The horizontal bands in the spectrogram in the frequency range 1350-1650 kHz represent the non-
thermal HMC. These HMC emissions exhibit right-hand polarization P > 0 and have constant
frequencies throughout the observation period of ~2.5 hours. In this example, the individual frequencies
of the HMC are clearly separated, allowing for precise numerical determination: f; = 1367 kHz, f, =
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1428 kHz, f3 = 1489 kHz, and f» = 1599 kHz. It is also observed that as the satellite moves away from
Earth, the higher frequencies appear first, followed by progressively lower frequencies.
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FIGURE 1. Results of the analysis of electric field component measurements on the ERG (Arase) satellite in the
frequency range of 2-2000 kHz from August 19, 2019. (upper panel) Dynamic spectrogram of the electric
component of the electromagnetic field. (bottom panel) Dynamic spectrogram (in the same frequency range) of
the polarization parameter P. Orbital parameters are as follows: MLT - magnetic local time, MLAT - magnetic
latitude, R - distance from the center of the Earth to the satellite in Earth radii, Zsm - Z component in the solar-
magnetic coordinate system.

The following key properties of HMC can be identified [7]: 1). Frequency range: 600—1700 kHz.
2). Spectrum: Quasi-linear and stationary. 3). Polarization: Ordinary. 4). Frequency drift: No significant
frequency drift is observed over long measurement intervals (hours). 5). Local time of registration:
Source location in GSM coordinates is in the night-side plasmasphere. 6). Probable source location:
Equatorial region at altitudes of approximately 600-1000 km. (spatially limited source of HMC
radiation) 7). Geomagnetic dependence: No direct correlation between HMC radiation occurrence and
geomagnetic disturbances.

Using the example of a HMC burst recorded on August 19, 2019, we will examine a possible
mechanism for the formation of the quasi-harmonic frequency structure observed in its dynamic
spectrum, typical for the HMC, which appears as quasi-parallel emission bands. This mechanism is

based on the effect of double plasma resonance on electron cyclotron harmonics [2]:
—

fou = _.qllﬂi + foe ¥ 5fga.

Let us consider the application of the DPR effect to interpret the observed quasi-harmonic emission
bands in the dynamic spectrum of HMC in the Earth’s magnetosphere, as seen in example in Fig.1. Note
that the value of plasma environment characteristics in the HMC source was estimated based on
measurements taken while the satellite was passing through a region similar to the region of the actual
HMC source. Therefore, the measured values were extrapolated to the source location region, assuming
more-or-less symmetric distribution of the inner magnetospheric plasma around the Earth at the
considered relatively low altitudes. It should be noted that for the development of the DPR theory to
explain the HMC radiation in the near-Earth plasma, there is no difference whether the MLAT parameter
has a negative or positive value. As a result of the DPR effect, the plasma waves are excited in each of
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these regions within a narrow frequency range Aw<<w near the local electron cyclotron frequency
harmonic [3]. The particular numbers of the cyclotron harmonics involved in forming the observed
emission depend on the local plasma density. It is only necessary to ensure the observed number of
quasiharmonic emission bands. Let us assume that the HMC source is an elongated region along the
lines of force of the dipole magnetic field, where the magnetic field and plasma density decrease with
distance. According to previous studies [1,2], HMC sources are likely located near the Earth, at distances
of approximately (1.1-2)Re in low-latitude regions. It follows from Fig.1 that the number of cyclotron
harmonics that the source must contain is 4. The estimates show that near the Earth, the required number
of cyclotron harmonics is achieved in a source located on L-shells with L > 1.5.

1800 Figure 2 demonstrates the scheme for
generating hectometric radio emissions in a
source located along the magnetic field lines with
a Mcllwain parameter L=2, assuming a dipole
magnetic field. It can be seen from the Fig.2 that
the possible cyclotron harmonic numbers fall
within the range 3-11. The concentration of
equilibrium plasma in the generation region
varies with attitude from 2,4*10* cm™ to 2,1*10*
cm. In this case, the generation region of HMC
can be situated at magnetic latitudes -40°< MLAT.
For harmonics involved in the generation with
numbers s =3-6 the generation region occupies
the latitude range, -40°< MLAT <-30° while for s
= 8-11, the corresponding range is -20°< MLAT <
-5° The scheme takes into account that the
maximum  frequency fnax and  minimum
frequency fmin Of the HMC burst recorded on
August 19, 2019, are approximately fmax = 1600
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FIGURE 2. Schematic representation of the
generation process of the quasi-harmonic HMC
emission recorded on August 19, 2019, based on the
DPR effect. Black lines indicate the variation of

cyclotron harmonics with distance from the Earth’s
center with the generation region. Lines passing
through the solid circles show the plasma frequency
variation with height in the source, while the dashed
horizontal lines indicate the frequencies of the

kHz and fmin = 1367 kHz, respectively.

To summarize, we propose a scheme for
generation of the non-thermal HMC radiation
with a fine frequency structure in the form of
guasi-harmonic bands in the near-Earth plasma,

emission bands at 22:22:00. based on the DPR effect at electron cyclotron

harmonics.

The HMC source occupies an extended area with inhomogeneous magnetic field and plasma
density, within which the condition of DPR, fun = sfge, is satisfied in different spatially separated regions
[7]. Plasma waves are excited at frequencies close to the electron cyclotron harmonics due to the
presence of a small population of non-equilibrium hot electrons, whose velocity distribution function
exhibits a deficit of particles with small transverse velocities relative to the magnetic field. The excited
plasma waves are converted into electromagnetic radiation, corresponding to the ordinary mode, through
scattering on thermal ions of the background magnetospheric plasma. During this conversion, the
frequency of the converted electromagnetic wave is approximately equal to the frequency of plasma
wave, and there is no broadening of the radiation spectrum. Therefore, the quasi-harmonic structure of
the HMC radiation, which is observable in satellite data, is preserved. It should be noted that the
observation of HMC on August 19, 2019, is a characteristic case of HMC registration on the ERG
(Arase) satellite. Therefore, these results can be generalized to suggest that the DPR mechanism may
also lead to the generation of plasma waves responsible for HMC radiation in other cases.
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Thus, the mechanism of DPR allows us to explain the existing measurements of HMC radio
emissions and may possibly be responsible for the appearance of the HMC in near-Earth space.

We express our thanks to A. Kumamoto, Y. Kasahara, F. Tsuchiya and ERG (Arase) team for
providing PWE/HFA-L2 v01.01 data [5,6]. The ERG (Arase) satellite data were obtained from the ERG
(Arase) Science Center, operated by ISAS/JAXA and ISEE/Nagoya University, on the website
[https://ergsc.isee.nagoya-u.ac.jp/].
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DIFFERENTIAL SPECTRA OF NATURAL GAMMA-RADIATION IN
0.1-5 MEV DURING PRECIPITATIONS

Yury V. Balabin, Aleksei V. Germanenko, Evgenia A. Mikhalko, Boris B. Gvozdevsky

Polar Geophysical Institute, Russian Academy of Sciences, Apatity, Russia

Introduction. For many years, X-ray and gamma radiation fluxes coming from the atmosphere
have been monitored in Apatity. Increases in radiation are observed during precipitation. Thousands of
such events have been accumulated over decades, and a morphological analysis of their profiles has
been carried out. However, until recently, all measurements were of an integral nature, so the nature of
the observed increases was unclear, although indirect signs indicated that these increases were not
associated with the presence of radionuclides in precipitation. In 2023-24, additional continuous
measurements of the differential spectrum of gamma radiation coming from the atmosphere were
started. Spectrum measurements during increases showed that, although the lines of individual
radionuclides are present, their contribution to the spectrum is small.

Integral detectors and results of previous observations. The PGI cosmic ray laboratory has been
continuously recording X-ray and gamma radiation fluxes coming from the atmosphere for over 15
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years. To date, measurements have been conducted at seven points: Apatity, Barentsburg (Spitsbergen
archipelago), Moscow, Neutrino (North Caucasus), Tiksi, Yakutsk, and Mondy (East Sayan Mountains).
In Neutrino and Mondy, the detectors are located at an altitude of 1,700 and 3,000 m, respectively. The
same type of radiation detectors are used, based on a Nal(T1) crystal @60x20 mm, the effective energy
range is 20-600 keV, and the integral output channels are >20, >100, and >200 keV. The detectors are
placed in deep lead or steel cups with wall thicknesses of 20-50 mm to cut off radiation coming from
the soil and surrounding objects. The field of view of the detectors is a cone of ~90 degrees facing the
zenith. The detectors are located in buildings with a light wooden roof and in thermostabilized boxes.

At all points, increases in the X-ray and gamma radiation flux are noted. The amplitude of the
increase in individual events reaches 80-100% of the level of clear weather the day before, the increase
profiles are almost the same in all channels, which means that the upper energy threshold of this
phenomenon is much higher than 600 keV - the upper energy threshold of the detectors. Increases are
noted all year round and always occur with precipitation in the form of rain, fog, snow. Examples of
increases are shown in Figurel. In Apatity, a precipitation gauge operates in parallel with the radiation
detector. Its measurements are not calibrated, they are made in arbitrary units [1]. Precipitation is
measured by the amount of backscattering of IR radiation from drops or snowflakes located in the field
of view of the precipitation gauge. It can be assumed that during one rainfall the reflectivity of drops
remains approximately constant, then the instrument readings are proportional to the precipitation
intensity. FigurelA shows that the rain began after 16 UT, until 20 UT it had a low intensity with long
pauses, after 20 UT the intense rain continued for more than an hour. It is noteworthy that the local
maximum of precipitation intensity corresponds to the growth phase on the radiation intensity profile.
The first minor precipitation maximum was around 17 UT, the second one was after 18 UT, a short-
term increase in rain was observed after 19 UT, and the main precipitation maximum was around 21
UT.

70 o - 3000 25 -
) A
I 2500 20

50 4
¢ = £
& F2000 Z 15+
] 53
g 40+ s 5
g 2 g
1 = =
2 30 [ 1500 § 210
8 = £
L] = =
g 2 ] E
g 207 g E .
] [ 1000 - s 54
&} o

104

L 500 0
0
-10 4 N T T 1 T 0 5 T T T T T T
12:00  14:00  16:00  18:00  20:00  22:00  00:00  02:00  04:00 08:00  10:00  12:00  14:00  16:00  18:00  20:00  22:00
Time, UT Time, UT

FIGURE 1. An example of increases in background X-ray and gamma radiation during precipitation. A — increase
on 06.10.2021 in Apatity. Left scale — amplitude of increase relative to the base level before precipitation. Right
scale — precipitation gauge readings, arbitrary units. B — increase on 20.03.2023 in Neutrino (North Caucasus).

The radiation intensity growth phase corresponds to all these maxima. And the maximum on the
radiation profile is reached 20-30 minutes later than the precipitation maximum. During the observation
period, more than a thousand increases were recorded in Apatity, hundreds of increases in Barentsburg.
The analysis of these events was presented in several works, for example, [2]. In [3] the results of
measurements of background radiation coming from the atmosphere during a marine Arctic expedition
are presented; a similar detector was used. As a result, it was understood that the increase in the gamma
radiation flux from the atmosphere during precipitation is not associated with contamination of the latter
with radionuclides of natural or anthropogenic origin, but is caused by some processes of interaction of
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secondary cosmic rays and meteorological processes in the lower atmosphere. There are many works
[4,5] where such an impact is recorded, in particular, additional acceleration of muons in thunderclouds.
However, in our case, increases are observed in the electromagnetic component, at all observation points
all year round, regardless of thunderstorm activity.

Spectral measurements in events of gamma radiation increase during precipitation. The
observations of radiation fluxes were integral, the spectral composition of both background radiation
and additional radiation appearing during precipitation remained unknown. Since 2022, a differential
gamma radiation spectrometer has been created in Apatity. The spectrometer is based on a Nal(Tl)
scintillation crystal measuring @75x75 mm. The device has a thick lead shield and is placed in a thermal
box in the attic of the building. The field of view is directed to the zenith and is 1-1.5 sr, the working
energy range is 0.1-4 MeV. A high-speed 4096-channel pulse amplitude analyzer is used with the
crystal, which ensures measurement of the differential spectrum with a step of ~1 keV per channel for
the selected energy range. A longer collection time increases the accuracy of spectrum measurements
and reduces fluctuations. However, the duration of increases is often 2-3 hours, it would be desirable to
have several spectral measurements during this time in order to be able to select the spectra
corresponding to the maximum phase. Based on these two conditions, a compromise value of 30 min
was chosen. The spectrometer was calibrated using the lines of several radionuclides: K-40, Na-22, Al-
26, Cs-137. The resolution on the Cs-137 line (660 keV) is less than 5%. In addition, experiments were
performed to measure incomplete scattering with Na-22, Al-26, Cs-137 sources. For this purpose, the
source was placed near the spectrometer so that both the upper and lateral surfaces of the crystal were
illuminated approximately equally. The measurements showed that ~40% of the gamma quanta that
entered the crystal were subject to incomplete absorption. Above the detector there is a total of 0.8 g/cm2
of iron and ~2 g/cm2 of wood (iron roofing and boards), these values are used to calculate the absorption
of radiation in the roof of the building. The efficiency of the detector for different energies is calculated
using the RUSCOSMICS software package [6]. These values are used to reconstruct the primary
spectrum coming from the atmosphere. The spectrometer is used to monitor the spectra of radiation
coming from the atmosphere.

A technique has been developed to obtain the spectrum of the radiation causing the increase. Since
the spectra are differential, it is permissible to subtract the spectra in different phases of an increase. The
difference represents the spectrum of the added radiation. A single spectrum, despite 30 minutes of
collection, has large fluctuations, especially in the high-energy part, where it has a low level. Assuming
that in clear weather, before the increase, the radiation flux is constant and its spectrum does not
experience large changes, we can take the average spectrum for several hours. Similarly, in the phase of
the maximum increase, we assume that the spectra also differ little from each other during this period,
therefore, it is possible to obtain an average spectrum during the maximum, usually 2-3 hours, although
individual events can have a long maximum. Note that the assumption of constancy of the spectra in the
selected periods is easily verified; it is enough to view the spectra separately. As a result, there is an
average background (base) spectrum corresponding to the period before the increase in clear weather,
and an average spectrum at the maximum of the increase, called the increase spectrum for short. The
base spectrum is calculated as the average over 10-15 spectra, which corresponds to a 5-8 hours interval
before the increase. The increase spectrum is usually averaged over a shorter interval, since the duration
of the increase is 2-4 hours. Subtracting the base spectrum from the increase spectrum, we obtain the
differential spectrum of the additional radiation (DSAR), which was added to the background and caused
the increase effect. Figure 2 shows an example of the large and long increase with three spectra for it,
obtained using the described technique. A similar result was obtained in other events, the spectra are
similar, the difference is that in most increases the duration of the maximum phase is shorter, and the
difference spectrum of the DSAR has larger fluctuations. Figure2A shows the increase profile. For the
interval 18-24 UT, 12 spectra were collected, from which the average spectrum was obtained by

88



averaging (line 1 in Figure2B). For the period of the maximum increase, the condition >40% is accepted,
this corresponds to 07:30-12:30 UT, which gives ten spectra during the increase, from which the average
spectrum of the increase was obtained, marked in Figure2B as line 2. Subtracting the first spectrum from
the second, we have the spectrum of the radiation that caused the increase event (line 3).

In spectra 1 and 2, the lines of lead-214, bismuth-214, potassium-40, and thallium-208 are clearly
defined [7]. The annihilation line is formed by the annihilation of positrons produced in the atmosphere
by cosmic rays, and potassium-40 is present in the wood and glass of the photomultiplier bulb. The fact
that these two lines disappear in the DSAR means that the intensity of these lines does not change during
precipitation. The presence of this pair of lines allows continuous monitoring of the spectrometer
operation and the correctness of the energy scale. Several lines can be distinguished in the DSAR
spectrum, the clearest of which is the bismuth-214 609 keV line [7]. However, the DSAR contains
extended continuum sections without lines. The differential spectrum allows counting the number of
guanta in any energy range. The number of quanta of all available lines in the DSAR is ~10% of their
total number. As noted above, the crystal check for the effect of incomplete absorption showed a value
of 40% of the number of quanta in the line. Thus, radionuclide lines can explain no more than 16% of
the total number of quanta in the DSAR. For the base spectrum, this value is even smaller.
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FIGURE 2. An example of registration of an increase and spectra obtained for it. A — increase in Apatity. B —
spectra obtained by the developed method: base (1), with increase (2) and their difference DSAR (3). Arrows
indicate radionuclide lines, positron annihilation line (511 keV) is marked as An.

Processing of spectra by the method gave an important result: the upper energy threshold during
increase. Previously, indirect measurements gave a result of >>600 keV. Measurements of the
differential spectrum of the DSAR provided value: 2-2.5 MeV, as can be seen in Figure2B.

Conclusions. Measurements of differential spectra of gamma radiation coming from the atmosphere
in the range of 0.1-5 MeV showed the following results. The spectra have a continuous form with
individual lines of radionuclides. During increase, the intensity of the gamma radiation flux increases in
the range of 0.1-2.5 MeV. Although there are increases in the lines of radionuclides, their contribution
to the whole spectrum is no more than 16%. Therefore, the observed increases in the gamma radiation
flux during precipitation are not associated with contamination of the latter with radionuclides. The
cause of the observed effect is in the physics of interaction of cosmic rays and meteorological processes
in the lower atmosphere.
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MEASUREMENT OF BAROMETRIC COEFFICIENTS FOR
NATURAL GAMMA RADIATION COMING FROM THE
ATMOSPHERE IN THE RANGE 0.1-5 MEV

Yury V. Balabin, Aleksei V. Germanenko, Evgenia A. Mikhalko, Boris B. Gvozdevsky

Polar Geophysical Institute, Russian Academy of Sciences, Apatity, Russia

Cosmic rays, entering the Earth's atmosphere, interact with air atoms. As a result of such
interaction, the nucleus of an atom breaks up, secondary particles are formed, which spread deep into
the atmosphere. This flow of particles is called secondary cosmic rays (SeCR), their composition is
diverse [1]. Some particles are stable, while others decay. In the process of SeCR propagation deep into
the atmosphere, the processes of decay and interaction of particles with the nuclei of air atoms constantly
occur. The main condition for interaction with the nuclei of air atoms is sufficient energy of the particles.
Let us list the main components of SCR: protons, neutrons, mesons, muons, electrons and positrons,
gamma quanta. The latter are generally called the electromagnetic component (EMC). The EMC is more
strongly absorbed or scattered in the atmosphere than other components: the mean free path of quanta
in the atmosphere is about 40 g/cm? [2]. This is due to the fact that for quanta with energies > 1 MeV
the mean free path in the atmosphere does not depend on the energy. Quanta with energy > 1.022 MeV
begin to produce electron-positron pairs. The efficiency of this process does not depend on the quantum
energy [1, 2]. The electrons and positrons can also produce new quanta through the process of
bremsstrahlung. Thus, a cascade process occurs in the atmosphere. The analysis of cascade processes is
given in detail in [3]. As a result, the electromagnetic component of the SeCR is the most susceptible to
the influence of the atmosphere and meteorological processes in it. For this reason, it attracts the least
attention, since the EMC flows experience all sorts of variations when passing through the atmosphere,
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which are difficult to separate from the variations of the EMC itself, since the state and processes
throughout the entire height of the atmosphere are difficult to record. The thickness of the atmosphere
that the SeCRs pass through depends on the pressure. This causes the barometric effect: the variations
in the SeCR flows become dependent on the pressure. In order to eliminate the variations associated
with atmospheric pressure, barometric corrections are introduced. The main parameter here is the
barometric coefficient (BC) B, which has a specific value for each type of SeCR. For the neutron
component, the BC has a value of B ~ 0.007 mb™. For the muon component B ~ 0.002 mb™. Since
2022 we monitor the differential spectrum of gamma radiation in the range of 0.1-5 MeV. A Nal(TI)
A75x75 mm spectrometric crystal is used. The spectrometer is located in the attic of a building with a
roof made of lightweight materials. To obtain the primary spectrum, the measured spectrum is corrected
for the absorption in the roof material. It is taken into account that the absorption coefficient in the roof
material depends on the energy of the quanta [4]. A significant array of spectra has been accumulated.
Atmospheric pressure is also recorded. The EMC reaching the ground level has a complex origin. The
flux of the SeCR, the decay or interaction of which with the atmosphere generates gamma radiation deep
in the atmosphere, is affected by the atmospheric pressure, which should create a barometric effect for
the EMC as well. The working energy range of 0.1-5 MeV is quite large, and radiation from different
types of particles falls into it. It would be useful to see what the BC is for the EMC, whether it is constant
over the entire energy range. Determining the BC for different energies can clarify which components
of the SeCR mainly produce the EMC in a given energy range. For this purpose, the differential spectrum
was transformed into profiles of radiation fluxes in successive energy bands, for example: 100-200 keV,
200-300 keV, etc. The width was chosen based on the acceptable count rate in each band. Figure 1
shows the primary spectrum of the EMC and its division into bands. In Figure 1 the arrows mark the
511 keV annihilation line and the 1460 keV potassium-40 line. These lines are always present in any
spectrum and are used to control the energy scale. Qualitative analysis of the spectrum shows that at
energies of ~500 keV, a "break" in the spectrum occurs. At E < 500 keV, the spectral function drops
steeply (soft spectrum), and at E > 500 keV, the spectrum slope becomes noticeably smaller (hard
spectrum).
The method for determining the BC is
107 ; well developed for the nucleon and
muon components [5], since they
experience significant variations caused
by changes in atmospheric pressure. A
similar method is used to determine the
BC for a set of EMC bands. The spectra
from June 2022 to March 2023 were
used to calculate the BC. The periods of
EMC increase during precipitation were
excluded, since such a change in the
EMC flux is caused not by a change in
pressure, but by other reasons. To
, , | , | construct the barometric dependence,
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determined by standard methods. The linear coefficient of the dependence "In(N) - pressure” is the
barometric coefficient for this set of points. Figure 2 shows the point clouds and linear regression lines
for the counting rate in some bands. The table 1 contains the results of BC determination for the energy
intervals into which the entire spectral working range was divided.

TABLE 1. Barometric coefficient values depending on radiation energy.

bar, keV coeff. B, mb? bar, keVV coeff. B, mb™
100-200 0.0006 700-1000 0.0036
200-300 0.0008 1000-1500 0.0034
300-400 0.0010 1500-2000 0.0036
400-500 0.0022 2000-2500 0.0030
500-700 0.0026 2500-3000 0.0020

The obtained results show the following. For energies up to 400 keV, the BC is very small, then it
increases with increasing energy, and above 2 MeV it decreases again to the BC value for muons. The
latter is quite consistent with the fact that gamma radiation deep in the atmosphere arises from particles
of secondary cosmic rays, which, due to their high energy, are able to penetrate deep into the atmosphere.
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FIGURE 2. Examples of determining the barometric coefficient for the corresponding energy bands of
the EMC. Point clouds and linear regression lines.
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The greatest contribution to gamma radiation is made by muons, the decay of which produces light
charged particles (electrons and positrons) of high energy. The BC of muons is 0.0016-0.0018 [5].
Bremsstrahlung of light particles, as well as Compton scattering of gamma radiation guanta, create a
continuous spectrum of gamma radiation in the surface layer of the atmosphere. The small BC at
energies < 400 keV is also quite explainable. Quanta of these energies are formed as a result of multiple
scattering of high-energy quanta. The scattering efficiency increases with increasing pressure, and the
two effects compensate each other. The increase in the BC at energies of 0.5-2 MeV may be due to the
following. The BC of the nucleon component (neutrons, protons, pi-mesons) is about 0.007 mb* [5].
The growth of the BC in this energy range may mean that this component of the SeCR is largely involved
in the generation of quanta of these energies. The nucleon component has a relatively large cross section
of inelastic interaction with the nuclei of the surrounding atoms, leading to the excitation of nuclei with
subsequent emission of quanta. Then, with increasing energy, the contribution of this component
decreases, and the muon component becomes the main source of generation. A twofold increase in the
BC compared to the BC for muons indicates that the contribution of the nucleon component is
significant.

The availability of a large array of differential spectra of gamma radiation coming from the
atmosphere made it possible to measure the barometric coefficient for EMC in the range of 0.1-5 MeV.
The range was divided into 10 bands. The barometric coefficient for each band was determined. It was
found that for energies < 400 keV the barometric coefficient is very small, then it increases to values of
0.0036 mb, which is twice as large as the barometric coefficient for muons. This indicates that the
nucleon component makes a significant contribution to the generation of EMC in the ground layer of
atmosphere.
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The Earth's ionosphere is a dynamic system that reacts sensitively to changes in solar activity and
geomagnetic conditions. Geomagnetic storms cause significant disturbances in the ionosphere [1, 2],
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which affects radio communications, navigation systems, and the operation of radiophysical instruments
on satellites. Of particular interest are comparative studies of ionospheric disturbances for different
geomagnetic storms. Studies of the ionospheric response to geomagnetic storms based on statistical
analysis have shown that, despite the fact that general patterns in the behavior of ionospheric parameters
during geomagnetic disturbances are known, ionospheric disturbances can differ significantly from
event to event [3]. This paper considers two specific cases: the geomagnetic storm of March 2015 and
the storm of May 2024. The study is conducted for the mid-latitudes of the Northern Hemisphere, for
the main phase of the geomagnetic storm. The aim of the work is a comparative analysis of disturbances
of ionospheric parameters, such as the total electron content (TEC), the height of the maximum electron
concentration in the F2 layer (HmF2), disturbances in the concentration of atomic oxygen (n(O)), the
temperature of neutral particles (Tn) and the meridional component of the thermospheric wind (VnO).

The studies were performed using the results of calculations of the Global Self-Consistent Model
of the Thermosphere, lonosphere and Protonosphere (GSM TIP). In previous works, model studies were
conducted for the geomagnetic storm of March 17-23, 2015 with different onset times in UT [4-6].
Historically, the geomagnetic storm began on March 17, 2015 at 12 UT. Four scenarios of absolutely
identical geomagnetic storms with onset times of 00, 06, 12 and 18 UT were considered. For this work,
we calculated the ionospheric response to the geomagnetic storm of May 10-14, 2024. We considered
the calculation results for two points with coordinates corresponding to two ionospheric stations,
Kaliningrad (55°N, 20°E) and Irkutsk (52°N, 104°E). In this paper, we will consider the following time
periods: 1) for the 2024 storm, this is May 9-12; 2) for the 2015 storm, this is March 16-19.

Figure 1 shows the dTEC and dHmF2 disturbances for the calculations with the shift in the onset

time of the March 2015 storm for two stations: Kaliningrad (KAL) and Irkutsk (IRK).
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FIGURE 1. Perturbations of the total electron content (dTEC) and the height of maximum electron density
(dHmF2) for calculations with a time shift in the storm onset.

Considering the results obtained with the shift in the onset time of the storm, several features can
be noted: 1) for Kaliningrad, stronger negative disturbances in dTEC are observed, and they occur in
the cases with the onset time of the storm at 06 and 12 UT; 2) the strongest positive effect in dTEC can
be observed for the case with the onset time of the storm at 06 UT; 3) the weakest positive effect in
dTEC is observed for the case with the onset time at 12 UT at both stations; 4) for disturbances in
dHmF2, it can be noted that the strongest negative disturbances are observed for the case of the
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geomagnetic storm with the onset at 06 UT at both stations, and the strongest positive effect is for the
case with the onset at 12 UT at both stations. It is important to note that a drop in the maximum height
by more than 40 km means the formation of the G-condition, when the electron concentration in the F1
layer maximum exceeds the concentration in the F2 layer. The rise in the height of the F2 layer maximum
is associated with the action of the storm wind to the equator and the intensification of recombination
due to an increase in n(N2).

Next, we propose to consider the results of the GSM TIP calculations for March 2015, but only for
the version with the storm start time at 12 UT. Figure 2 shows the disturbances dTEC and dHmMF2,
dn(O), dTn and dVnO for the Kaliningrad and Irkutsk stations.
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FIGURE 2. Perturbations dTEC and dHmF2 on the upper panel, dn(O), dTn, dVnO on the lower panel for two
stations, Kaliningrad (black line) and Irkutsk (blue line). Calculations for March 2015 with the storm onset time
at 12 UT.

The effects of geomagnetic storms in the upper atmosphere are a consequence of heating of the
thermosphere, causing the appearance of additional thermospheric wind to the equator and the
restructuring of the neutral composition of the thermosphere. As is known, an increase/decrease in n(O)
leads to an increase/decrease in TEC, a storm-induced increase in the wind to the equator leads to the
emergence of positive disturbances in dHmF2 at middle and low latitudes, and negative disturbances in
n(O) lead to the emergence of negative disturbances in dHmMF2 at high and middle latitudes [7][8].
Looking at Figure 2, we can note the following: 1) the dHMF2 disturbances behave very similarly for
both stations; 2) the dTEC disturbances have differences for these stations, in Kaliningrad a stronger
decrease in TEC is observed on the day of the storm, and in Irkutsk a strong positive effect is observed
on the 3rd day after the storm; 3) the difference in TEC disturbance is reflected in dn(O), for Kaliningrad
we observe a general drop in concentration and a slow recovery, while for Irkutsk we observe an increase
in atomic oxygen concentration after a short initial drop in concentration; 4) the differences in dn(O), in
turn, are related to dTn and dVn©, stronger heating and equatorial wind lead to a decrease in atomic
oxygen concentration for Kaliningrad compared to Irkutsk;

Also, within the framework of this work, a comparison was made between the March 2015 storm
and the May 2024 storm. Figure 3 shows the dTEC and dHmMF2 response for the two stations under
consideration to these two strong geomagnetic storms. In conclusion, it should be noted that the May
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2024 storm was more than 2 times stronger than the March 2015 storm, but at the longitude of
Kaliningrad, the differences in dTEC disturbances are not very noticeable, although disturbances in the
height of the F2 layer maximum increased by about 2 times. For Irkutsk, there is already a noticeable
increase in positive and negative responses in both dTEC and dHmF2.

dTEC IRK+KAL

IRK

GRAF 12UT
KAL

160 —

dHMF2 IRK+KAL

‘ GRAF 12UT

IRK
KAL

-20

T T
24

as
dTEC IRK+KAL

GRAF 2024
IRK
KAL

-30

T T
ai

T
72

| 40
=3

T T T
24 a8 72

dHMF2 IRK+KAL

GRAF 2024

T ' T ! T
72

o6

IRK
KAL

FIGURE 3. dTEC and dHmF2 disturbances, on the top panel for the March 2015 storm, on the bottom panel for
the May 2024 storm. At 2 stations, Kaliningrad (black line) and Irkutsk (blue line).
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MODELING OF IONOSPHERIC DISTURBANCES VARIATIONS
CAUSED BY THE PASSAGE OF ATMOSPHERIC WAVES FROM
THE TROPOSPHERE
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Various events in the lower atmosphere such as hurricanes, earthquakes, and volcanic eruptions
can be the source of atmospheric waves of a wide spectral range. Acoustic (AGWSs) and internal gravity
waves (GWs) propagating from the troposphere can reach the heights of the thermosphere and
ionosphere and have a significant influence on their parameters. One of the effective methods to study
the effect of these waves on the upper atmosphere is humerical modeling. Some modern numerical
models can qualitatively consider the influence of AGWSs, however, such calculations are implemented
mainly for the neutral atmosphere, which makes us search for others approaches to modeling changes
in the ionosphere. Processes in the real atmosphere are complex and include photoionization,
recombination, a variety of chemical reactions, and movements of neutrals determined by atmospheric
waves, electric fields, plasma diffusion, and the action of the geomagnetic field [1].

AGWs influence the intensity of all these

500 4 processes by affecting atmospheric pressure,

1 density, temperature, and velocity. According to

400 1 the works [2, 3], motion of particles in the neutral

E 1 atmosphere by means of collisions sets
o 200 ionospheric plasma in motion. Therefore, it is
E 1 possible from the continuity equation for the
E 200 5 ionospheric plasma density, neglecting the
' 1 emergence and annihilation of charged particles,

100 4 to obtain an expression for calculating the change

. | of the electron concentration in the ionosphere at

the passage of AGWSs in a point of space at a
5., 3 certain moment of time. To calculate variations
_ N“j 107 1/enr _ in the electron content using this approach, it is
FIG_URE 1. The hlgh-altltL_Jde electron concentration necessary to have information on the variation of
profile - constructed  using  the IR model, hydrodynamic functions with high resolution in
for May 29, 2017. .
time and space.
In this study, the approach of calculating the change in electron concentration using the formula
proposed in [2, 4] is implemented. Model AtmoSym, described in [5], provides such values for the

0 + B 12 [[4]
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velocity, temperature, density, and pressure components. A three-dimensional version of the high-
resolution AtmoSym model was used to simulate the effects in the neutral atmosphere. A tropospheric
meteorological source was assumed as the AGWs source in the calculations.

A strong meteorological event [6], which was observed on May 29, 2017, over the territory of the
Moscow region (55°N, 37°E), was considered as the source of waves in the modeling. A detailed
analysis of the effect of this meteorological event on the state of the thermosphere-ionosphere system
using a multimodel approach is presented in [7].

The velocity fields obtained in the course of AtmoSym model calculations allowed us to calculate
variations of the electron concentration. The high-altitude background profile (Fig. 1) of electron
concentration, necessary for calculation of Ne variations, was obtained using the IRI ionospheric model
in 01:00 UTC May 29, 2017 [8].

The modeling allowed us to calculate the spatial distributions of electron density perturbations in
the ionosphere caused by the AGWs propagation from the meteorological one in the troposphere for
different moments of time (Fig. 2). The maximum change of variations of electron concentration
variations from the background ionosphere is about 10%, which corresponds to modern ideas about the
AGWs influence on the ionosphere. The results of studies of recent years show that the contribution of
wave processes of the lower and middle atmosphere to the variability of parameters of the ionosphere
can reach 20%.
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FIGURE 2. Electron density variations caused by AGWSs propagation from the troposphere for the time moments
1 hour after the beginning of calculations (left), 4 hours after the beginning of calculations (right).

The obtained spatial and temporal distributions of electron density variations allow us to clarify the
parameters of the medium during extreme events in the lower atmosphere. This is necessary for further
qualitative modeling and forecasting of the thermosphere-ionosphere system and for improving the
methods of mathematical modeling when taking into account the processes occurring in the lower
atmosphere.
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https://rscf.ru/project/23—77-10004.
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STATISTICS OF TOTAL ELECTRON CONTENT VARIATIONS IN
THE KALININGRAD STATION IN 2023

Olga P. Borchevkina, Ivan |. Efishov, Alexander V. Radievsky, Nadezhda Y. Tepenitsyna,
Irk I. Shagimuratov, Galina A. Yakimova

West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation RAS,
Kaliningrad, Russia

Introduction. Regular ionospheric observations at the ionospheric station Kaliningrad have been
carried out since the mid-sixties of the last century. Complex diagnostics of ionospheric parameters is
carried out using ionosondes, a magnetovariation station, an ionosonde sensing, a meteorological
station, lidars, GPS and GLONASS receivers and others. Since 2009, continuous observations and
recording of signals of GPS and GLONASS navigation systems have been carried out. In the course of
these studies, our own advanced methods of satellite signal processing have been developed and tested.
These techniques are successfully applied to obtain local variations of the total electron content (TEC)
and to construct regional and global TEC maps [1]. Over the past decades, a unique database of global
and local TEC variations has been formed, which together with ionosonde, meteorological, and
magnetic bases can serve as a source material for establishing statistical regularities of TEC distribution
directly and for revealing correlation geophysical factors determining TEC properties over Kaliningrad.

Experimental data processing technique. For the statistical study, we used the TECU(t)
observations for the year 2023, with 10 min post-processing. Recall that the vertical TEC is directly
related to the electronic concentration Ne(h) along the signal propagation path from the satellite to the
receiver [1]:

TEC(t)= j Ne(t, h)(L/cos y)dh.

Figure 1 shows a typical time dependence of TEC variations in March 2023. It is known that TEC(t)
contains a daily and annual component associated with the change in the duration of day and night hours.

For correct trend removal, we will apply the standard 15-day moving window for ionospheric time
series [2] and use the average for the observation interval (144 samples over 24 hours every 10 minutes)
value:

143 _
<TEC >, = ﬁ2< TEC >, (1)

i=0
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FIGURE 1. TEC varlatlons in March 2023.

Where i is the number of 10 minute count in the current hour. A universal statistical characteristic
suitable for describing both discrete and continuous random variables is the distribution function
F(x) = P{X < x} [3]. Based on the results of observations, we calculate the sample distribution function
F*(x), which tends to F(x). In our case, the sample sizes contain about 1000 samples and, therefore, the
condition F*(x)=F(x) is satisfied with a high degree of accuracy. For discrete experimental data, F(x) is
stepwise and can be easily calculated for any reference i= 0-143 or any given time interval:

F.(x)=P{X <x}=n(TEC, <x)/N, @)

where N; is the total number of samples (days), and N(TEC, < X) the number of samples for which

o

TEC, < X. To construct the distribution density f(x) [2], as an alternative to the histogram method, we

use the numerical differentiation (2) of the smoothed experimental distribution function as an alternative
to the histogram method:
f (x) =dF(x)/dx (3)
Calculation results and conclusions. The distribution function and probability density function
f (x) = dF (x)/ dx of the random variable TEC; calculated from the experimental data are presented

in fig. 2a,b.
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FIGURE 2. The dlstrlbutlon function (Ieft) and probablllty density functlon (rlght)

f (x) =dF(x)/dx experiences insignificant diurnal changes. In addition, almost all central

moments and, accordingly, the characteristics of the distribution position depend on the time
of day: mean value, dispersion, asymmetry.

In our case, during 2023, the asymmetry of the distribution density A=M (X — MX)/(DX)*'?
changed slightly in magnitude, with A changing sign (see Fig. 3). For the density excess E, (see Figure
4). For Gaussian distributions A=0, E=1. The difference from these values, even a weak one, can
serve as one of the criteria rejecting the applicability as an analytical approximation of the normal
distribution.
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FIGURE 3. The asymmetry of the distribution FIGURE 4. Density excess E during 2023.
density during 2023.

Note [4] that in different years both positive and negative values of asymmetry were recorded at a
number of other observation stations, including midlatitudinal stations.
To construct the autocorrelation function K (z), we use the ergodicity of the detrended series of

observations. For this purpose, we replace our “ensemble” from the system of daily observations with a
single annual sequence of samples. The use of current mean values <TEC(t) >, allows us to partially

exclude the constant shift and long-period (7 >24 h) components from the autocorrelation function
Kx(7):

K greey (MT /1) = (0 =) S [(TEC(t)~ < TEC(L) >35) - (TEC (t)~ < TEC (t) )] (4)

where T is the time interval under study, n is the number of ' \ Kitau)
complete samples in this interval, z=mAt =mT/n. "
Fig. 5 presents the unit-normalized autocorrelation ] ‘\
function (4) calculated for 2023. The study of the behavior o
of this function is of applied importance and is of "] \
independent interest for further scientific work. u] /\/

_ tau* 10 min
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A NEW APPROACH TO MODELING OF VERTICAL SOUNDING
IONOGRAMS. COMPARISON WITH OBSERVATIONAL DATA

Nikolay V. Buryak!, Aleksandr R. Vilutis', and Igor A. Nosikov?

"Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation RAS,
Kaliningrad, Russia

Abstract. The paper presents preliminary results of ionogram modeling for vertical sounding using
the direct variational method. Within the proposed approach, the calculation of radio wave ray
trajectories is carried out with modified boundary conditions — the reflection point of the ray from the
ionosphere is not fixed. The distance-frequency characteristic obtained from the calculations for various
operating frequencies is compared with vertical sounding data.

Introduction. Currently, providing radio communication systems with modern radio path
calculation software, along with up-to-date data on current and forecasted ionospheric parameters, is an
important scientific task. Long-term observations of ionospheric parameters, conducted using ground-
based and satellite methods, have formed the basis for several international models [1, 2] used for
ionospheric weather forecasting and ensuring the operation of radio communication systems. As a rule,
such models perform well under calm geomagnetic conditions at mid-latitudes. However, under
disturbed geomagnetic and atmospheric conditions, the accuracy of ionospheric weather forecasts based
on empirical models decreases. As a result, reliable information on ionospheric parameters can only be
obtained through continuous observations. Thus, the forefront of ionospheric research is focused on
assimilating observational data into ionospheric models (see, for example, [3, 4]). This study aims to
develop a numerical approach to modeling ionospheric radio wave propagation based on Fermat’s
principle, which, in the long term, will enable the creation of an effective tool for ionogram modeling.

Observational data and simulation. The

lonogram
solution of the direct problem of vertical 800y T ,
sounding (calculation of rays reflected from the 200| it .
ionosphere) was carried out using a modified ‘ /!
variational method. The main difference from the 600 N VLCT
ray calculation using the generalized force ool || .Jl.u....ml.ﬂjﬂ'"""""" ' !
method, previously applied for oblique sounding = I T
modeling [5], lies in the changes to the boundary = 400!
conditions. The initial point of the ray is fixed, =& j
while the final point (the reflection point fromthe £ 300
ionosphere) is constrained to a curve 200/
corresponding to the reflection height for a given |
operating frequency. The desired ray trajectory 100
represents an extremal path connecting the initial 0

point to the optimal reflection point.Figure 1 2 4 6 8 10 12

shows an example of a vertical sounding
ionogram for 08:00 UT on January 1, 2025,
obtained using the "Parus-A" ionosonde at the
observatory of WD IZMIRAN.

Frequency [MHz]
FIGURE 1. Comparison of observational data
obtained using the Parus-A ionosonde, located at the
observatory of WD IZMIRAN, with simulation results
performed using the variational method.

The observational data are supplemented with model calculations of the distance-frequency
characteristic based on Fermat’s principle. The presented calculation results were obtained using an
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analytical ionospheric model [5]. The parameters of the F-layer maximum and its half-thickness were
adjusted to achieve the required agreement with the observational data.

Summary. The paper presents preliminary results of modeling the distance-frequency characteristic
of vertical sounding. It is shown that modifying the boundary conditions within the variational approach
enables the consideration of vertical sounding modeling problems for the ionosphere. In the future, the
development of a numerical model for radio wave propagation based on Fermat’s principle is expected
to yield important results in terms of interpreting observational data and developing new approaches to
solving inverse problems and correction tasks.
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A NEW APPROACH TO MODELING VERTICAL SOUNDING
IONOGRAMS. CALCULATION TECHNIQUE
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"Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation RAS,
Kaliningrad, Russia

Abstract. The paper presents the problem statement and preliminary results of simulating vertical
sounding of the ionosphere using the direct variational method. The development of this computational
method for ray path calculation has broad prospects for advancing the modeling of multipath effects in
the interpretation of radio sounding ionograms.

Introduction. One of the most relevant challenges in processing ionospheric radio sounding data
is the interpretation of ionograms, which often exhibit a complex modal structure. Atypical traces on
ionograms frequently indicate dynamic processes in the ionosphere associated with ionization effects
and plasma transport, especially during geomagnetic storms. As a result, multipath propagation effects
are observed when radio waves travel through inhomogeneous plasma. This paper presents the problem
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statement and preliminary results of ray path modeling based on the variational method for vertical
sounding applications.

Method. The solution to the direct problem of vertical sounding (calculating rays reflected from
the ionosphere) will be carried out based on Fermat's principle [1].

B
5S[yl =6 f n(@) dl = 0. (1)

Here, integration is performed along the curve y, which defines the ray trajectory connecting points A
and B. The function n () represents the refractive index at point# = (x, y, z) lying on the curve y, and
dl is the length element along y. The key difference from the ray calculation using the generalized force
method, previously applied for oblique sounding modeling, lies in the boundary conditions. The initial
point (the transmitter's position) is fixed. The final point (the reflection point in the ionosphere) is
constrained to lie on the curve (or a surface in the three-dimensional case), which corresponds to the
reflection height for a given operating frequency f. Thus, the solution is sought within the class of
extremal curves that connect the initial point with possible locations of the final point (see Fig. 1a).
Similar problem formulations have been previously proposed for calculating optimal libration
trajectories in guantum mechanics to describe tunneling effects [2]. A comparable approach is used for
solving the problem of ray reflection at medium interfaces in the context of tsunami wave propagation
near the coastline [3].
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Preliminary results. Fig. 1b presents the results of ray calculations for different operating
frequencies using an analytical ionosphere model that accounts for the horizontal gradient of ionospheric
plasma. It is shown that modifying the boundary conditions enables the adaptation of the method for
determining ray trajectories in vertical sounding problems. The advantages of this approach include the
following:

1. The algorithm is based on direct minimization, which ensures the guaranteed determination of the
desired extremals (minima or maxima).

2. Considering only half of the path (since the trajectory from the initial point to the reflection and
back follows the same path) avoids the consideration of extremals corresponding to saddle-type
solutions.

It should be noted that we do not consider here the class of special rays (e.g., looped rays), which are

also possible within vertical sounding modeling. Their analysis in the future will be associated with the
optimization of higher-order saddle points, which is a subject for further research.

This study was financially supported by the Russian Science Foundation (Grant 23-77-10004).
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CONDUCTING SPECTRAL OBSERVATIONS OF NATURAL
GAMMA RADIATION IN THE RANGE OF 0.1-5 MEV IN VARIOUS
GEOGRAPHICAL LOCATIONS AND COMPARING THE SPECTRA

Yury V. Balabin, Aleksei V. Germanenko, Evgenia A. Mikhalko, Boris B. Gvozdevsky
Polar Geophysical Institute, Russian Academy of Sciences, Apatity, Russia

We have installed differential gamma-ray spectrometers at various geographical points to monitor
gamma radiation in the energy range of 0.1-5 MeV coming from the atmosphere. The locations are:
Apatity (Murmansk region), Tatsinskaya (Rostov region) and Barentsburg (Spitsbergen archipelago).
The spectrometers are based on a Nal(Tl) @75x75 mm spectrometric crystal. After assembling the
instruments were checked and tested. The resolution on the 660 keV line (cesium-137) is less than 5%.
The following radiation sources were used to calibrate the energy scale: potassium-40, aluminum-26
and sodium-22. The collection time of one differential spectrum was set to 30 min. The presence of
constant lines of 511 keV (annihilation of positrons produced in the atmosphere by cosmic rays) and
1460 keV (potassium-40) in the spectra allows continuous monitoring of the spectrometer energy scale.
The detector efficiency for different energies was calculated using the RUSCOSMICS software package
[1]. The spectrometers have a lead shield with a wall thickness of 20-50 mm to exclude radiation from
surrounding objects and soil. The field of view of the detectors is a cone of ~90 degrees directed to the
zenith. The devices are placed in thermostabilized boxes in buildings with light roofs. The similarity of
the spectrometers and the conditions of their placement allows to compare the parameters of the obtained
spectra, and to identify common characteristics for such geographically distant points.

The purpose of these observations is to compare the gamma radiation spectra during precipitation,
when the radiation flux increases by tens of percent compared to the background level in clear weather
the day before. It should be noted that Apatity is located beyond the Arctic Circle, Tatsinskaya is in a
steppe region with hot and dry summers, and Barentsburg is in the permafrost zone and on the seashore,
thousands of kilometers from populated or industrial areas. At the same time, at all observation points
throughout the year, during precipitation, increases in gamma radiation coming from the atmosphere are
observed; more details about this phenomenon and previously conducted measurements can be found in
[2-3]. As a result, it was understood that an increase in the gamma radiation flux from the atmosphere
during precipitation is not associated with contamination of the latter with radionuclides of natural or
anthropogenic origin, but is caused by some kind of interaction of secondary cosmic rays with
meteorological processes in the lower atmosphere.
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Figure 1 shows typical gamma radiation spectra in Tatsinskaya and Barentsburg. In Barentsburg,
increases in gamma radiation during precipitation occur less frequently than in other observation points,
the amplitude of such events is lower. For Apatity the typical amplitude is 25-40%, in summer periods
it reaches 80%, while for Barentsburg 25% is a rare event. Figure 1A shows spectra of an increase with
an amplitude of 14%, which is the largest increase in Barentsburg since we started the spectrum
registration. The amplitude of the increase in Tatsinskaya, the spectra of which are shown in Figure 1B,
was 49%.
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FIGURE 1. Examples of gamma radiation spectra in Barentsburg on 12.09.2024 (A) and Tatsinskaya on
26.06.2023 (B).
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A single spectrum has large fluctuations, especially in the high-energy part, where the flux
decreases. A special technique has been developed to obtain spectra of acceptable accuracy. Viewing
single spectra shows that there is no significant difference in successive spectra. Assuming that in clear
weather before the increase with a constant radiation flux its spectrum does not change, we can take the
average spectrum for a significant period of 5-10 hours. Similarly, in the region of the maximum
increase, we assume that the spectra in this period also differ little from each other, therefore, we can
obtain the average spectrum during the maximum, usually 2-3 hours. As a result, we have an average
base spectrum corresponding to the period before the increase in clear weather, when the radiation flux
was constant, and an average spectrum at the maximum of the increase, called the increase spectrum for
short. Subtracting the base spectrum from the increase spectrum (and this is quite acceptable, since the
spectra are differential), we obtain the differential spectrum of the additional radiation (DSAR), which
was added to the background and caused the increase effect. The result of processing any event is a set
of these three spectra. The spectra shown in Figure 1 were obtained in this way.

In spectra 1 and 2 in Tatsinskaya, the lines of lead-214, bismuth-214, potassium-40 and thallium-
208 are clearly seen. The potassium-40 radionuclide is present in the wood and the photomultiplier bulb;
this line is present in all spectra. Of the uranium family radionuclides, the most noticeable and constant
was the 609 keV line from bismuth-214 [4]. These two lines (potassium-40 and bismuth-214) are used
to control the energy scale of the spectrometer. The potassium-40 and thallium-208 lines disappear on
the DSAR (line 3 in Figure 1B), which means that the intensity of these lines does not change during
precipitation, therefore, their sources are outside the atmosphere and precipitation. The DSAR clearly
shows several bismuth-214 lines and one lead-214 line brought with precipitation. However, the number
and intensity of the lines are insufficient to form the DSAR as a whole. There are large sections of the
continuum spectrum that correspond to the spectrum of bremsstrahlung of light charged particles.

The emission spectrum during the increase in Barentsburg is similar to the corresponding spectrum
in Tatsinskaya, although some of the radionuclide lines are only guessed. This is due to the significantly
lower amplitude of the increase event in Barentsburg (14 versus 49 percent). The main fact is the same:

106



the DSAR (line 3 in Figure 1A) during the increase has a continuous character and is not associated with
any radionuclides.

Figure 2 shows the spectra in Apatity, obtained as an average for ten large increases in the 2023
with an amplitude > 30%. Analyzing the spectra at all three stations, we can confidently draw the
following important conclusions.

1. At all three points of spectrum measurement for all increase events, the upper limit of the DSAR
is constant and is about 2.5 MeV. In Apatity, this threshold is determined by a hundred registered
increases, including two increases with amplitude > 60%, in Tatsinskaya — by ten increases, in
Barentsburg — by three increases with an amplitude < 15%.

2. The spectra contain lines of natural radionuclides, however, their fraction both in the increase
spectrum and especially in the DSAR is small. The shape of the spectra at all stations is similar, the
slope of the spectra at energies > 500 keV corresponds to bremsstrahlung.

3. Comparison of the DSAR at three stations shows that the increase in the amplitude is provided
by a proportional increase in the flux at all energies up to 2.5 MeV with the preservation of the general
shape of the spectrum. In other words, it is possible to normalize the DSAR to the amplitude of the
increase, and in this case the DSAR at all three stations will be very close. For now, this is a qualitative
conclusion, since there is little data for Barentsburg, but it will be confirmed with the accumulation of
data.
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FIGURE 2. Average spectra for ten major increases in Apatity in the 2023 year.

The results of spectra measurements during precipitation in Korea are presented in [5]. A
spectrometer of similar design was used. The measured spectra are similar to those presented here,
except for the DSAR spectrum, which the authors do not calculate. The authors have the task of
determining the degree of contamination of precipitation with radionuclides. However, from the
presented results and spectra, it is easy to determine the upper energy of the flux that caused the increase:
itis also equal to ~2.5 MeV. And the same radionuclide lines are present in the spectra.

Measurements of differential spectra of gamma radiation coming from the atmosphere at three
different points (Spitsbergen, Apatity, Tatsinskaya) showed the following: increases of the radiation flux
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during precipitation are not due to separate radionuclide spectral lines only. The additional gamma
radiation flux has a continuous spectrum with rare lines of natural radionuclides. The upper energy limit
of this flux is 2.5 MeV at all three observation points. The shape of the spectrum does not depend on
either the amplitude of the increase or the observation point.
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LONGITUDINAL FEATURES OF GPS SIGNAL SCINTILLATIONS
DEVELOPMENT DURING THE NOVEMBER 2021 STORM

Ivan I. Efishov, Irk |. Shagimuratov

West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation RAS,
Kaliningrad, Russia

Introduction. lonospheric irregularities of different scales at high latitudes cause
fluctuations/scintillations of navigation signals [1]. At high latitudes phase fluctuations/scintillations are
dominant. Fluctuations can complicate phase ambiguity resolution, increase the number of undetected
and uncorrected cycle slips and losses of signal lock in GNSS as a consequence it led to increase of
navigation errors [2-4]. The irregularities are structured by latitude in accordance with the division of
the high-latitude ionosphere into the subauroral, auroral, cusp, and polar cap. In the polar region (78°-
82° magnetic latitude) intense fluctuations are associated with polar patches, in the auroral oval and cusp
particle precipitation [5, 6]. In the auroral region phase fluctuations are usually observed during periods
of auroral disturbances near local magnetic midnight and are closely related to the dynamics of the
auroral oval [7]. High-frequency (fast) fluctuations, called scintillations, are caused by signal diffraction
on small-scale irregularities, low-frequency (slow) fluctuations are caused by signal refraction on large-
scale irregularities with sizes greater than 300 m [1]. The low-frequency phase fluctuations can be
directly estimated by the TEC changes along the ray path for a dual-frequency receiver.

Currently, there are a large number of stations in the world providing regular standard GPS
observations. Standard measurements allow obtaining TEC data with a 30 sec interval. The most widely
used indicator of fluctuation activity is the ROT (Rate of TEC change) parameter and the fluctuation
intensity index ROTI. The index allows detecting the presence of ionospheric irregularities [8]. In this
work an analysis of the features of phase fluctuations occurence in the auroral and polar ionosphere at
the longitudes of Europe and Alaska during the geomagnetic storm of November 4, 2021 is presented.
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FIGURE 1. Geomagnetic conditions November 3-6, 2021.

Latitudinal development of TEC fluctuations. Fig. 2 shows the variations ROT for all satellites
observed over station and the intensity of the fluctuations (ROTI). The intensity fluctuations (circles) is
presented in corrected geomagnetic latitude and local magnetic time coordinates. Fluctuations are shown
at polar, auroral and subauroral stations located at the longitudes of Europe and Alaska. In general, the
behavior of the fluctuations at different longitudes is similar and corresponds to their geomagnetic
location. The difference is occurred at the polar stations NYAL and SG27. Station NYAL (75°N MLAT),
apparently, for the given geophysical conditions, was in the cusp region, while SG27 (70°N MLAT)
was closer to the polar boundary of the auroral oval. Fluctuations at polar latitudes reflect the appearance
of daytime precipitation [6]. The occurrence of fluctuations at SG27 is similar to the behavior of
fluctuations at the AB27 auroral station. The intensity of fluctuations decreases with decreasing latitude.
The equatorial boundary of the appearance of fluctuations falls at 57° 59° rnagnetlc Iatltude
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FIGURE 2. Latitudinal development of TEC fluctuations over Europe and Alaska.

TEC fluctuations and auroral oval dynamics. Analysis of the latitudinal occurrence of
fluctuations showed that fluctuations are most clearly observed at stations located at auroral latitudes.
Fig. 3 shows ROT variations at all satellite passes by VARS and AB27 stations and the fluctuation
intensity, as well as their comparison with auroral ovals. The stations are located at the same magnetic
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latitudes (MLAT ~66°N) at the longitudes of Europe and Alaska. The figure below shows the structure
of the auroral oval during a storm for different UT (Ovation model). The intensity and structure of the
oval are presented in magnetic Iatltude local magnetlc time (MLAT- MLT) coordinates.
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FIGURE 3. Comparison ROT and ROTI (circles) on VARS and AB27 stations with auroral oval.

Fluctuations are observed at both stations during the daytime. There is a good correspondence
between the fluctuation development and the auroral activity (AE index, Fig. 1). At different sectors,
the fluctuations are registered approximately at the same universal time (UT effect). The maximum
intensity of fluctuations corresponds to the greatest intensity of the oval, precipitation intensification. In
general, the intensity of fluctuations at the AB27 station is slightly lower than at VARS. At the
longitudes of Europe the fluctuations intensification occurred around magnetic noon, a time when one
at the longitudes of Alaska du around midnight. This reflects the peculiarity of the development of the
geomagnetic storm under consideration.

Fig. 4 illustrate the development of fluctuations (in magnetic coordinates) over TIXI station. The
intensification of fluctuations occurs after 18 MLT, intermediate position between TRO1 and AB27. An
increase fluctuations at AB27 during nighttime and evening correlates with dynamics of auroral oval.
This confirms the contribution of particle precipitation in E layer to increase the TEC fluctuation. In
contrast it at VARS the strong intensive fluctuations are registered in day time (MLT). Such
development of fluctuations was observed by Belakhovsky at Apatity station (63.86° MLAT) during
this storm [9]. Daytime positive effect in TEC variations is registered during November 4, 2021 (Fig.
4). It is known GPS TEC is attributed to F region of the ionosphere. We believe that strong fluctuations
observed in daytime over VARS are associated with positive effect of TEC in range 06-14 UT (09-17
MLT).
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FIGURE 4. ROTI for TIXI and TROL1 stations and TEC variations during 3 and 4 November over TRO1.

Summary. Observations from the European (60°-76° MLAT), American (Alaska, 60°-70° MLAT)
GPS network were used to analyze the spatiotemporal effects of TEC fluctuations during the storm on
November 4, 2021. It was found that the development of fluctuations at different longitudes is very
similar and develops in accordance with geomagnetic activity. The temporal development of
fluctuations at the longitudes of Europe and America occurs almost simultaneously in range 06-13 UT
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during the greatest auroral disturbance. The equatorial boundary of the appearance of fluctuations at
different longitudes reached latitudes of 57°-59° MLAT.
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SIGNATURE OF A POLARIZATION JET IN TEC OBSERVATIONS:
CASE STUDY

Irk I. Shagimuratov, Maksim V. Klimenko, Galina A. Yakimova and Ivan I. Efishov

West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation of the
Russian Academy of Sciences, Kaliningrad, Russia

Introduction. Polarizing Jet (PJ) or Subauroral ion drifts (SAID) is known as a narrow latitude
region of rapid westward ion drift [1]. SAID and PJ are always observed equatorward of the auroral
electron precipitation boundary and are closely associated with the midlatitude trough move to lower
latitudes with increasing magnetic activity (Kp). With the phenomenon was associated formation of very
deep density troughs in the F region [2]. At altitudes of the F region the latitudinal extent of PJ is 1°-2°,
and the drift velocity is exceeded more 1 km/s. The statistics on solar cycle, seasonal and diurnal
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variations according to DMSP (Defense Meteorological Satellite Program) satellite data for the period
1987-2012 is presented by He et al., 2014 [3]. Statistical results showed that the PJ is more often located
at latitude of about 60° MLAT, in the range 56-65° MLAT over a large magnetic local time (MLT)
range, from at least 16:00 to 24:00 MLT. The width of PJ increases to the south and have a greater extent
at the maximum of solar activity. The seasonal variation of SAID latitude has two valleys in spring and
fall, and SAID width has a valley distribution with a minimum in summer. SAIDs exhibit a clear MLT
variation in latitude The PJ phenomena have been observed and investigated using both satellite data
and ground-based measurements [4-6]. Recent studies of PJ based on NorSat-1 satellite data have been
conducted on fine spatial structure of PJ [7, 8]. In this study the occurrence of PJ and detailed spatial-
temporal PJ structure in GPS TEC observations for two events are presented.

Event of 18 March 2018. The event of March 18, 2018 attributed our interest; firstly, it is known
that PJ is more often registered at the equinox. In addition, this event was discussed in detail by Sinevich
et al., 2024. In this work the appearance of PJ in different instruments was demonstrated [9]. It is also
interesting that this magnetic storm was characterized as low in intensity. Recently, there has been
renewed interest in this phenomenon, with most of the research focused on jet analysis in the Siberian
region [6]. According to Sinevich [9] the jet appeared in the European region at latitude of about 53°
MLAT at ~ 00 MLT A dense network of GPS stations, which makes it possible to identify the PJ
signature in TEC observations.
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FIGURE 1. Dst index March 2018 and AE index during 18 March 2018.

The geomagnetic disturbance on 18 March 2018 is characterized as low, maximal Dst was 38 nT in
evening time (21-22 UT) on 18 March. Auroral index AE on 18 March is reached 1000 nT (Fig. 1).
Fig. 2 illustrates the latitude-longitude distribution of TEC over Europe (TEC maps) in evening time.
TEC maps were formed using Madrigal data base for latitudes above 30°N. The TEC measurements in
the Madrigal database are presented with a maximum spatial resolution of 1°%1° in latitude and
longitude, with a time interval of 5 min.
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FIGURE 2. TEC maps over Europe at 18, 19, 20, 23 UT on 18 March 2018.
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On the maps it can see the latitudinal narrow and longitudinally extended trough located low than
65-60° N. The spatial and temporal development of the trough is matched to descriptions of Jet
occurrence which was revealed by NorSat-1 satellite measurements. Jet structure was observed at
~22:25 UT (00 MLT) — 54° MLAT [9]. Taking into account of this point we associated the narrow
trough as JET signature in TEC. The longitudinally extent of trough is 40° E -20° W.

Fig. 3 presents the latitudinal profiles related with trough in TEC at longitudes around 15° E. The
trough dynamics is clearly recognized at pictures. The values of TEC in trough were less than 1.5 TECU.
The trough shifted to equatorward with time. At 18 UT (MLT = UT + 2 hour) trough locate near 64° N,
to 23 UT that locate near 55° N (MLAT ~51°N). According to Sinevich, the Jet occurred on 00 MLT at
53 MLAT. Statistical results show that SAIDs occur mostly at 60° MLAT and 22:30 MLT with majority
between 56° and 65° and between 20:00 and 23:00 MLT, respectively, which is in consistent with
previous statistical studies [He, 2014].
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FIGURE 3. Latitudinal profiles TEC (geographic coordinates) during 18-23 UT (from left to right: 18, 19, 21,
23UT).

lonospheric irregularities associated with Jet structures (GPS fluctuations).

Pi et al. [9] introduced into usage two GPS-based indices: ROT and ROTI. The ROT (rate of TEC
change) is the time derivative of TEC and is considered as a measure of the phase fluctuation activity.
ROTI (rate of TEC index) represents a standard deviation of the ROT over a selected time interval. The
ROTI characterizes the severity of the GPS phase fluctuations and detects the presence of the
ionospheric irregularities, as well as it measures the irregular structure of the TEC spatial gradient. ROTI
index can be effectively used to detect the presence of the ionospheric irregularities and even indicate
the intensity of these irregularities.
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FIGURE 4. TEC fluctuations (ROT) and ROTI for GPS station STAS for 18 March 2018. Intensity TEC
fluctuations (ROTI) index is presented in magnetic local time (MLT) and corrected magnetic latitude (MLAT).

Intensification of TEC fluctuations occur after 20 MLT at low than 60°MLAT inside Jet.
Spatial-temporal evaluation of TEC irregularities demonstrated high correlation with
dynamics of JET according to Sinevich et al., 2024 [9] results.

Event of 17 September 2021.
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FIGURE 5. Dst index in September 2021 and AE index during 17 September 2021.

Geomagnetic conditions for this event is very similar to that March 2018. The disturbance is
characterized also as low, maximal Dst was 64 nT in evening time (21-23 UT) 17 September. Index AE
is reached 1000 nT during September 17 (Fig. 5).
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FIGURE 6. TEC maps and latitudinal profiles for 18, 21 UT during 17 September 2021 (19 and 21 UT).
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Figs. 6 and 7 illustrated the structures of TEC, ROT and ROTI during 17 September 2021 that is
similar to the same one for 18 March 2018 during PJ occurrence. More comprehensive analyses are
needed for estimation of PJ signature in TEC maps, ROT and ROTI structures.
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OCCURRENCE OF THE POLAR TONGUE OF IONIZATION IN THE
TOTAL ELECTRON CONTENT MEASUREMENTS DURING 14
JANUARY 2022 MAGNETIC STORM

Irk |. Shagimuratov, Galina A. Yakimova, Nadezda Yu. Tepenitsyna and Ivan I. Efishov

Kaliningrad Branch of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, Kaliningrad, Russia

The TOI — tongue of ionization is often observed in the polar ionosphere during geomagnetic
storms. The TOI is characterized as an area of increased ionization, which is a result of convection
moves from the daytime mid-latitude ionosphere through the cape to the night ionosphere [1-3]. The
TOIl source is associated with the formation of a mid-latitude increase in SED (Storm Enhanced Density)
ionization during geomagnetic storms. SED is observed as an increase in electron density in the
afternoon hours [4]. The favorable conditions for the formation of SED/TOI are the North American
sector. The TOI structure was practically not observed at the time of 06-12 UT and the prevailing
conditions for the occurrence of TOI were in winter [5]. At some time the SED/TOI structure was
observed in equinox [6, 7]. The occurrence of TOI structures and their intensity depend on various
geophysical factors: UT, season, longitude, and geomagnetic conditions. Most of the research related to
TOI analysis focuses on the occurrence of these structures during strong geomagnetic disturbances. This
paper presents an analysis of effects which were observed at high latitudes during a moderate storm on
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January 14, 2022 (Fig. 1). Special attention is paid to the analysis of the spatial structure and dynamics
of TOL.

Measurements of the total electronic content (TEC) of the Madrigal database were used to analyze
the occurrence of the TOI (http://cedar.openmadrigal.org). Based on them, TEC maps of the northern
hemisphere were formed for latitudes above 40°N. The TEC measurements in the Madrigal database
are presented with a maximum spatial resolution of 1°x1° in latitude and longitude, with a time interval
of 5 minutes [8]. The high spatial and temporal resolution of the maps made it possible to reveal in detail
the structure of the TOI and its evolution.
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FIGURE 1. Variations of interplanetary magnetic field Bz, Kp and SYM-H indices during the 14-16 January
2022 geomagnetic storm. The shaded areas denote the interval of SED/TOls.

Results. Fig. 2 shows the spatiotemporal distribution of TEC during storm. TEC maps are presented in
geographic coordinates. The area in which the plume starts (the base) occurs at mid-latitudes and
remains fixed at local noon as the Earth rotates [8].
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FIGURE 2. The formation and evolution of TOI during the storm (1 TECU = 10 el/m2).

The figure shows the evolution of the SED structure and its further development in TOI. The TOI
was formed on the basis of the SED structure at longitudes of around 80°W and latitudes of about 55-
60°N. The start of the TOI was 18 UT, around local noon. As shown in [9], the SED/TOI structure was
most often observed in the range of 15-21 UT [4]. After 19 UT the toque is clearly recognized at
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longitudes of ~40°W, reaching latitudes of about 80°N. At longitudes of 80-60°W, high TEC values
(more than 20 TECU) are observed at latitudes of 50-60°N in the SED region, which is the source for
TOI formation.

It is interesting to note that high values of the electron content (~12 TECU) persist at longitudes
less than 30°E (in the European sector). The TOI structure continues to be preserved, but with less
intensity. It should also be noted that the maximum of the electronic content shifted to lower latitude
toward night ionosphere until about 70°N.

a) 12 .

FIGURE 3. Differential TEC maps s between 14 and 13 January 2022 during 19-23 UT with one-hour interval.
The coordinate system is magnetic local time (MLT) and corrected magnetic latitude (MLAT). Polar view map
covers 00-24 MLT and 40°-90° MLAT. In each map, magnetic noon/midnight is at the top/bottom. a), b), c), d),
e), f) correspond to 18, 19, 20, 21, 22, 23 UT.

Fig. 3 shows polar TEC maps in contrast to the above maps of the spatiotemporal distribution of
the TEC in magnetic local time (MLT) and magnetic latitude (MLAT). Polar maps allow us to trace the
motion of plasma through the polar cap and highlight the occurrence and evolution of SED/TOIs during
a storm. The picture is visualized the dynamic evolution spatial structure of the TOI in greater detail.

The formation TOI structure started around 18 UT at north American sector, after noon (near 13
MLT). Fig. 3 demonstrates the signature of the TOI structures as well as the formation of a storm
enhanced density (SED) and the evolution of a SED into a polar tongue of ionization (TOI). The dayside
source of the TOI is the SED The base of TOI was SED structure which occurred near 65°MLAT. The
extension of SED increased with time and exeeded more than 6 hours, TEC value amounted about 25-
28 TECU.

The TOI structure is transported by antisunward convection across the polar cap to the nightside
ionosphere in low latitude direction. At 23 UT the TOI reached 55° magnetic latitudes. It is interested
that at low latitudes (60°MLAT) the TOI structure is extended night and morning sectors. After 23 UT
TOI structure almost disappeared. Such pictures of spatialtemporal development of TOI were observed
during a moderate magnetic storm on 14 October 2012 [9].

Fig. 4 presents the latitude structure of the TOI at different longitudes along trace in the form of
latitude profiles. Very high values (25-30 TECU) are recorded at latitudes of about 80-85°N in the area
of TOI occurrence. Note here that during November 7, 2022 TEC inside TOI reached 40 TECU [5]. It
is interesting to note that high values of the electron content (~25 TECU) persist to longitudes less than
30°E. This confirms that the structure of the TOI continues to be preserved, but with less intensity. It
should also be noted that the maximum of the electronic content shifted to lower latitudes. This indicates
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that plasma convection proceeded to latitudes of about 70°N. The figure shows that significant TEC
gradients are observed in vicinity of the TOI. Note that the gradients show a wide variation: the
maximum values reached 10-20 TECU/degree. Such gradients are typical on the polar wall of the SED
structure [11]. Low TEC values are observed at latitudes of 65-75°N. The gradients in this region are an
order of magnitude smaller than at latitudes of 80°N in the TOI region. In the region of large gradients,
irregularities of various scales are generated [10]. The significant irregularities were detected at front of
the ionization tongue [11]. The irregularities associated with TOI were revealed during 7 November
2022 storm on the base of GPS observations [12].
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FIGURE 4. Latitudinal profiles of TEC at different longitudes correspond to TOI trace.

Summary. During the 14 January 2022 geomagnetic storm a very appreciable increase in the TEC
associated with the ionization language (TOI) was observed in the afternoon in the polar cap region. The
TEC inside the TOI is 2-2.5 times higher than the background.

It is shown that the formation of the TOI occurs as an evolution of the SED/Plume structure during
plasma convection from the middle latitudes through the cape to the night ionosphere. The base of the
TOI is SED locate at longitudes of about 60°W and at latitudes of about ~60°N. The TOIl was
pronounced at latitudes of ~85°N and extended to longitudes of more than 20 °E.
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MULTI-INSTRUMENTAL STUDY OF NIGHT MID-LATITUDE
TRAVELING DISTURBANCES IN THE EARTH'S ATMOSPHERE

Alexey V. Oinats?, Yuliya A. Kurdyaeva?, Maxim V. Tolstikov’, Tatiana E. Syrenova’
and Maxim F. Artamonov’

'Institute of Solar-Terrestrial Physics, Siberian Branch of the Russian Academy of Sciences, Irkutsk,
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2Kaliningrad Branch of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave
Propagation, Russian Academy of Sciences, Kaliningrad, Russia

The propagation of internal gravity waves (IGWSs) affects the dynamic processes in the ionosphere,
which can lead to the traveling ionospheric disturbances (TIDs) occurrence. However, various
ionospheric plasma instabilities can also be a source of TIDs, which complicates the IGWSs analysis from
ionospheric data. Multi-instrumental approach for the analysis and comparison of disturbances in the
neutral atmosphere and ionosphere in order to determine TIDs origin will allow their physical nature to
be better studied. One of the ways to determine TIDs origin is to check the measured parameters for
correspondence with the dispersion relations, which relates the wave vector and frequency of the TIDs
to the known parameters of the propagation medium. This method requires measurements of the full
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three-dimensional wave vector of the TIDs and, consequently, measurements of the electron density
height profiles at at least three spatially spaced points [1].

However, a qualitative TIDs study requires multi-instrumental observation of the neutral
atmosphere and ionosphere parameters. The Large-Scale Research Facilities (LSRF) “Optical
Instruments” is located on the Geophysical Observatory of the Siberian Branch of the Russian Academy
of Sciences in the Tory village (52° N, 103° E) Tunkinsky district of the Republic of Buryatia. This
equipment allows monitoring the structure and dynamics of the upper and middle atmosphere using
optical methods, including Fabry-Perot interferometers (FPI) and all-sky imagers (ASI) [2]. Continuous
monitoring is organized on the basis of the multi-position chirp ionosonde [3] utilising vertical and
quasi-vertical sounding of the ionosphere.

In this paper, a multi-instrumental approach is proposed for the study of TIDs, including the use of
FPI, ASI and a multi-position chirp ionosonde. For the analysis, we use the observational data obtained
on January 2, 2022 from 10:00-19:00 UT. The time interval corresponds to the local night. The night is
characterized as magnetically quiet (Kp=2+, Dst=-10 nT). The optical data are complete, free from the
clouds and the storm and sub-storm phenomena effects.

A multi-position chirp ionosonde is a spaced network of transmitters (Usolye and Tory) and
receivers (Tory and Patrony) located at the vertices of a triangle with sides of 105-120 km. Quasi-vertical
paths between vertices have reflection points in the center of the triangle sides. The reflection points are
spaced 50-60 km apart from each other, forming a triangle. Sounding is conducted in the range of 1-12
MHz with a cadence of 15 seconds simultaneously on three quasi-vertical sounding paths and one
vertical sounding path providing four ionograms. Further processing of the ionosonde data consists of
several stages. First, echoes with significant amplitudes are selected on the ionograms, corresponding
to regular HF reflection traces from the F2 ionospheric layer. Time series of virtual heights are formed
for each sounding frequency. In order to determine TID’s parameters, cross-correlation is calculated
allowing to estimate the delays between variations in virtual heights on different paths and at different
true heights.

The true reflection heights are
calculated using simulated virtual
height traces for electron density
profiles obtained from IRI-2020
model adapted to critical frequency
and height of maximum of F2
ionospheric layer. At the last stage,
the disturbance model in the form of
a flat spatial wave is adjusted to the
delays obtained by the least squares
method. As a result of the
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determined.The FPI KEO Scientific the F2 layer of the ionosphere during vertical LFM sounding in the
Tory. The black line is the neutral atmosphere temperature according

Arinae" is a type of high-resolution . "0 "

spectrometer adapted for
atmospheric observations.

The instrument allows us to measure linear spectra properties of atmosphere's airglow. There are
three parameters such as intensity, Doppler shift, and spectral line broadening that can be obtained by
interferogram processing. It is possible to calculate winds and temperatures of the atomic oxygen [Ol]
(neutral) with 630 nm emission line and expected maximum intensity height at ~250 km., During the
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time period under study temperatures, meridional and zonal wind velocities were averaged within
fifteen-minute intervals to be linked to an uniform time grid.

The temperature change is shown by a black line with crosses in Fig. 1. This correlation indicates
the relationship between the neutral and charged components of the atmosphere, on the one hand. And
the effect of the high-altitude profile of the electron concentration on measurements of the emission
intensity by ASI and FPI, on the other hand.
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FIGURE 2. The TIDs parameters according to the LFM ionosonde are: (a) azimuth, (b) angle of inclination,
(c) period and (d) phase velocity. The size of the circles corresponds to the disturbance amplitude. The color
corresponds to the true height where the TIDs was registered, according to the color scale on the right.

Figure 2 shows that in the intervals 10-12, 12:30-13:30 and 16-18 UT, variations with periods from
~5 to 45 minutes are clearly visible. The absolute value of the standard deviation of the variations in the
effective reflection height is used as a measure of the amplitude. In the range of 10-12 UT, TIDs prevail
with periods of 15-30 minutes, propagating southward and southeastward at speeds of 50-150 m/s at
altitudes of 200-220 km. The front inclination angle varies from 20° to -45°. In the range of 16-17 UT,
TIDs prevail with periods of 5-10 minutes, propagating southward at speeds of 200-300 m/s at altitudes
of 230-240 km. The front inclination angle varies from 0° to -60°. In the range of 17-19 UT, TIDs with
periods of 15-40 minutes propagate northward and northwestward at speeds of 20-200 m/s. According
to the inclination angle of the front, two groups are distinguished: from 0° to 45° and from -60° to -90°.
The altitude range varies from 240-260 km.

The ASI used for the analysis, which are part of the LSRF “Optical Instruments", have a field of
view of 180°. The choice of the spectral range is provided by automatically replaceable interference
filters. The following filters are installed on two ASI: 557.7 nm, 630.0 nm, 865.0 nm, 427.8 nm, 589.3
nm, 840.0 nm, 846.5 nm, 857.0 nm and a broadband filter of 715-930 nm. To determine the spatial and
temporal parameters of the observed objects, the method of geographic reference of frames to the Earth's
surface is used [4]. To determine the time periods of disturbances that may be associated with TIDs, an
analysis of changes in the emission intensity in various areas of the images (630.0 nm line) was
performed. For this, 4 quadrants of 50x50 pixels were selected. The center of each quadrant corresponds
to: the location of the LFM ionosonde in Tory (it), the middle of the Usolye-Tory (ut) track, the middle
of the Usolye-Patrony (up) track, and the middle of the Tory-Patrony (tp) track. The median average
was found for each of the quadrants. Since the data series is uneven due to unhindered sampling, the
Lomb-Scargle algorithm was used to obtain periodograms.

We can identify some areas in Fig. 3, that have clearly similar periods in shape, but are observed
in the quadrants at different points in time. Thus, in Fig. 3, some areas are marked for which it is possible
to estimate the disturbance traveling velocity. The disturbance marked in Fig. 3 with the letter (a) is
moving mainly in a northward direction at a speed of about 65 m/s and has a period of about 40 minutes.
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Variations with a period of about 35 minutes, marked with the letter (b), move mainly in a southward
direction at a speed of about 40 m/s. Variations (c) have a period of 20 minutes and move mainly in a
northward direction at a speed of about 20 m/s. The results obtained do not contradict the TIDs
parameters described above.
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FIGURE 3. The Lomb-Scargle periodogram for variations in emission intensity in each of the studied squares of
the ASI images.

The images from ASI should have foreshortening sensitivity. For example, from Fig. 2b it can be
seen that a significant part of the TIDs has an inclination angle of the front close to -90°. Such
disturbances obviously cannot have a noticeable effect on the horizontal distribution of the integral
emission intensity. The crests of disturbances will be almost perpendicular to the rays of vision in a
significant area of the ASI’s field of view. On the contrary, disturbances with tilt angles close to 0°
should appear noticeably better in the images.

Verification of the measured parameters for compliance with the dispersion relations during the
time period under review diagnosed 76 TIDs observation events according to the LFM ionosonde data.
About 54% (74%) of the disturbances lie under the curve of the dispersion relation, assuming that the
Brent-Weiss frequency is 11.5 minutes (8 minutes) respectively. Such disturbances can be considered
as belonging to the IGWSs. The remaining 46% (26%) lying above the dispersion relation curve
presumably relate to disturbances generated by plasma instabilities. The percentage of disturbances
propagating against the wind in each group was calculated using the HWM214 neutral wind model. In
the first group (IGWs), 70% (71%) of the disturbances propagate against the wind, in the second group,
60% (56%). If a similar percentage of disturbances is calculated using FPI data, we get that in the first
group (IGWSs) 59% (59%) of the disturbances propagate against the wind, in the second group 49%
(38%).

The paper illustrates the main stages of a joint approach to the problem of studying traveling
disturbances in the neutral atmosphere and ionosphere of the Earth. The results showed that in the time
periods from 11-12 UT and 16-18 UT, similar variations were found, which can be defined as a wave-
type TIDs. The proposed approach can be improved and implemented for other time periods as well.
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IONOSPHERIC EFFECTS OF THE VICTORY DAY GEOMAGNETIC
STORM BASED ON IONOSONDE DATA AT THE WD IZMIRAN
OBSERVATORY

Vera V. Nosikova', Aleksandr V. Timchenko?, and Igor A. Nosikov?

"West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, 236016, Kaliningrad, Russian Federation

Abstract. Major solar flares on May 8-9, 2025, caused the strongest geomagnetic storm of the past
two decades. Based on data from a network of geophysical stations, the planetary K-index reached the
maximum value of 9 on May 10 and 11, while the minimum Dst index fell below —400 nT. During the
active phase of the geomagnetic storm, auroras were observed at middle and low latitudes. In the
Kaliningrad mid-latitude region, the storm's effects were recorded by a suite of geophysical instruments
at the Western Department of the 1IZMIRAN observatory, notably including the 'Parus-A' vertical
ionosonde. This study presents a comprehensive analysis of vertical sounding data during the onset,
progression, and aftereffects of the geomagnetic storm. The analysis and interpretation of amplitude and
height maps enabled the identification of the storm’s main effects on shortwave radio propagation, as
well as anomalies in the diurnal variations of ionospheric layers.

Introduction. One of the methods for representing radio sounding data is constructing amplitude,
height, and frequency characteristics of the signal as functions of observation time, namely A-, H-, and
F-maps. This representation allows for analyzing ionospheric dynamics, including the effects of
traveling ionospheric disturbances [1]. This paper examines the ionospheric effects of the extremely
strong Victory Day geomagnetic storm (May 10-12, 2024) based on vertical sounding data obtained by
the "Parus-A" ionosonde at the observatory of the West Department of IZMIRAN [2]. The analysis of
storm effects is conducted for three time intervals: the pre-storm period (May 8-9), the storm days (May
10-12), and the post-storm period (May 13-21).

Pre-storm period (May 8-9). Figure 1 presents the A- and H-maps of the ionospheric E and F
layers for the period from May 8 to 12. The pre-storm days were characterized by typical diurnal
variations in the E and F layers: daytime values of foE and foF2 were 5 MHz and 9 MHz, respectively,
while the nighttime foF2 value was 6 MHz. The maximum development of the Es layer was observed
on May 9 at 19:00 UT.

Geomagnetic storm (May 10-12). The onset of the storm, according to observational data, was
recorded on May 10 at 18:30 UT. During the first hour of the storm, a sharp decrease in foF2 in the F-
region was observed, dropping from 8 to 4 MHz. Additionally, starting at 19:00 UT, a rapid increase in
electron concentration in the E-region was noted: the auroral foEs parameter exceeded 8 MHz, and the
virtual reflection height rose to 170 km. By 21:00 UT, the auroral Es layer had completely shielded the
F-region. During the following storm days (May 11-12), reflections from the F-region were practically
absent in the ionosphere. In rare instances, foF2 did not exceed 4 MHz at altitudes above 400 km. The

123


http://dx.doi.org/10.21883/JTF.2021.12.51765.172-21
http://dx.doi.org/10.21883/JTF.2021.12.51765.172-21

recovery of the ionosphere and the return to typical diurnal variations in the E and F layers began on
May 12 at 10:00 UT.
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FIGURE 1. Amplitude (A-) and height (H-) maps for the period from May 8 to 12, 2025, based on vertical
sounding data from the WD IZMIRAN observatory.
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FIGURE 2. Amplitude (A-) and height (H-) maps for the period from May 11 to 16, 2025, based on vertical
sounding data from the WD IZMIRAN observatory.

Post-storm period (May 13-21). The storm aftereffects were characterized by a series of Es layers,
with maximum foEs values exceeding 8 MHz on May 13 and 10 MHz on May 21. A significant
reduction in the diurnal variation of the F-region was recorded on May 13 and 18. An atypical
stratification of the F-region was observed on May 18 from 04:00 UT.

Discussion. The analysis of observational data revealed a series of ionospheric effects. The
occurrence of sporadic and auroral Es layers was observed throughout the period under consideration.
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The most significant effects were recorded in the F-region of the ionosphere. From May 10 to 12,
the foF2 value decreased to 4 MHz, while the maximum hmF2 height exceeded 500 km. These dynamics
are consistent with the general understanding of ionospheric plasma behavior mechanisms during
disturbed periods. The decrease in electron concentration in the F-region of the ionosphere is attributed
to vertical drift, thermospheric expansion, changes in chemical composition due to the influence of
particles from the magnetosphere, and plasma redistribution by wind flows. A "negative ionospheric
storm" was observed during this period, characterized by reduced electron concentration and
deteriorated radio communications.

This study was part of the state project "Investigation of the lonosphere and Radio Wave
Propagation™ (Reg. No. 01201356396).
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SEARCH FOR ANOMALIES IN LONG SERIES OF
MEASUREMENTS OF THE CRITICAL FREQUENCY OF THE
IONOSPHERIC F2-LAYER AT THE WD IZMIRAN OBSERVATORY

llya V. Hamov?, Kirill R. Safianov’, Olga P. Borchevkina? and Fedor S. Bessarab?

"Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2West department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, Kaliningrad, Russia

Regular studies of the ionosphere using the vertical sounding method have been conducted at the
Kaliningrad branch of IZMIRAN since 1964. Over six decades of continuous measurements, a
comprehensive dataset of ionospheric parameters—particularly the critical frequency of the F2-layer
(foF2)—has been amassed. The methods well developed for the analysis of time series can be applied
to the obtained data: identification of trends, search for statistical regularities, construction of regression
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models. Currently, research interest in foF2 trends remains significant, as evidenced by recent studies
[1-3].

Anomalous features in foF2 regular variations are frequently observed, lasting from several hours
to several days. Typically, these anomalies arise during strong geomagnetic disturbances and are clearly
distinguishable over short time scales (up to several days). However, identifying such anomalies in
multi-decadal time series presents a nontrivial challenge. Moreover, among the cases of significant foF2
deviations from regular variations, instances unrelated to high geomagnetic activity are of particular
interest.

In the presented paper we consider the search for anomalous - i.e., significantly different from
regular - values of foF2 on the example of analysis of a long series of measurements performed in the
WD IZMIRAN.

As raw data, we use the values of the critical frequency of the F2 layer obtained with the PARUS-
A vertical sounding ionosonde at the Kaliningrad Observatory of IZMIRAN since 1964. The ionosonde
operates with a 15-minute resolution, but only hourly data is processed in the manual mode. Due to the
limitations of the automatic ionogram processing algorithm, which sometimes introduces errors, only
hourly data were used in this study.

For preliminary anomaly detection in the time series, classical statistical methods can be employed.
Figure 1 presents the foF2 critical frequency variations for 2024, highlighting anomalies identified using
the two-sigma rule (top panel) and Interquartile range (IQR) analysis (bottom panel). The results
demonstrate that pronounced foF2 deviations are clearly detected during periods of intense geomagnetic
activity in May, August, and October. However, the two methods yield slightly differing outcomes:
notably, the IQR method classifies several events in January and February as anomalous, whereas these
are not flagged by the two-sigma criterion.
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FIGURE 1. Variations in foF2 critical frequency for 2024 yr and anomalies highlighted using the two sigma
rule (top panel) and IRQ analysis (bottom panel).
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The presence of trends also poses significant challenges for reliable anomaly detection, highlighting
the importance of methods that extract regular components when analyzing non-stationary time series.
Note that classical methods refer to anomalous cases that fall outside the boundaries of some specified
interval. No less interesting can be the results of measurements that violate the regularity of the signal
behaviour. In this case other approaches should be used, as, for example, in [4].

The research was funded by the grant Russian Science Foundation N°— 23-77-10004,
https://rscf.ru/project/23-77-10004.
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SEASONAL FEATURES OF THE ES-LAYER CHARACTERISTICS
OVER THE KALININGRAD REGION
DURING SOLAR 24 AND 25 CYCLES

Egor D. Senyagin’, Aleksandr V. Timchenko?, Fedor S. Bessarab?

"Immanuel Kant Baltic Federal University, Kaliningrad, Russia
2West Department of Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation,
Russian Academy of Sciences, Kaliningrad, Russia

Introduction. The ionosphere, a crucial component of the Earth's atmosphere, plays a main role in
the transmission of radio waves and the operation of satellite communication and navigation systems.
One of the most significant aspects of the ionosphere is the Es-layer, also known as the sporadic E-layer,
which represents thin, highly ionized regions located within the E-region at altitudes ranging from 95 to
180 kilometers above the surface of the Earth.

Over the Kaliningrad region, the Es-layer exerts a profound influence on radio communication,
both facilitating and obstructing the propagation of radio signals. The impact of this layer on radio
communication has been extensively studied by researchers, such as [1], who have explored its intricate
dynamics and effects. The formation of the Es-layer can be explained using the theory of windshear,
first proposed by [2]. Windshear is characterized by an increase in the gradient of horizontal wind
velocities (zonal and meridional) with increasing altitude.

According to this theory, horizontal windshear causes the redistribution of ions and electrons,
resulting in the creation of thin layers of ionisation. Long-lived metallic ions also play a significant role
in the formation of these sporadic layers, as described by [3,4]. These ions come from burnt meteorites
in the upper atmosphere.
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During solar cycles 24 and 25, there have been significant changes in solar activity, which directly
affect the ionosphere. Both regular and irregular variations in solar activity influence chemical reactions
and physical processes within the ionosphere, as discussed by [5]. Specifically, changes in ultraviolet
and X-ray solar radiation affect the density and distribution of ionisation in the Es-region. The objective
of this research is to delve into the seasonal patterns of the Es-layer characteristics in the Kaliningrad
region during the time frame encompassing the peaks of solar cycles 24 and 25. The analysis
encompasses parameters such as the critical frequency (foEs) and the layer altitude (hvEs), as well as
their temporal fluctuations.

Data and method. The data used in this study consist of variations in the critical frequency and
altitude of the sporadic E-layer, measured by the vertical sounding ionosonde 'PARUS-A" at the
Kaliningrad Magnetic-lonospheric Observatory (54.36° N, 20.12° E) from December 2014 to December
2024.". The ionosonde operates in a 15-minute mode, the frequency range is 1 — 20 MHz lonograms
were obtained with a period at the time when laboratory assistants process data. Since automatic
ionogramm processing allows for many errors, especially at the considered altitudes, only hourly data
were used in the work.

For further study of the Es layer, the frequency of Es observation per day was calculated:

NS or

Ntot '
where N¢ is the frequency of Es-layer observation per day, Ng,,, represents the number of sporadic E
observations, and N,. denotes the total number of observations. Under ideal conditions, the total
number of observations N;, would be 24. However, due to various factors such as power outages, the
actual number of observations may vary. If the number of observations taken per day is less than 10,
that day is considered a non-observation day and is excluded from the overall data set.

To determine the trend, we used the empirical mode decomposition (EMD) method proposed by
Huang et al. [6], which is a component of the Hilbert-Huang transformation. This method involves
finding the so-called intrinsic mode functions (IMFs) which satisfy two conditions: In the entire dataset,
the number of extrema and the number of zeros must either be equal or differ by at most one. At each
data point, the mean of the envelope calculated using local maxima should be zero, and the same for the
envelope calculated using local minima. The IMFs are obtained by constructing an envelope using local
maxima and minima, and then calculating the mean of this envelope. The mean is then subtracted from
the original dataset to obtain the IMF. The last IMF can be interpreted as either a trend or a constant
value.

Results and Discussion. The fig. 1 illustrates the variations in the critical frequency (foEs) (upper
plot) and altitudes (hvEs) (bottom plot) of the Es-layer obtained over the Kaliningrad region from
December 2014 to December 2024. The foEs range from ~ 1.5 MHz to 14 MHz, with a maximum value
of 14 MHz owing to the limitation imposed in the "Parus operator" ionogramm processing software.
This limitation is set for the convenience of processing regular E and F layers. The hvEs varies from
approximately 95 km to 180 km, contingent on the type of sporadic E-layer. The values presented in
this paper represent the virtual altitudes and not the altitude of maximum electron density for the layer.

The plot of long-term foEs measurements (Fig. 1, upper plot) clearly shows seasonal variability:
the maximum values of the critical frequency occur in the summer period, which has been noted by
many authors, see, for example, Whitehead [7]. In winter, most of the observed foEs values correspond
to the annual minimum, but a small number of foEs measurements form a second maximum in the
seasonal variation. The period from the summer of 2023 to the end of 2024 stands out from the rest of
the data; an increase in the spread of the Es-layer critical frequency values is observed in this period of
time. In the spring months, foEs increase toward the summer maximum, and in the fall, it decreases
toward the winter minimum.
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FIGURE 1. Shows variations in the critical frequency (upper plot) and altitude (bottom plot) of the Es-layer.

Seasonal dependence is also observed in Es altitude variations (Fig. 1, bottom plot). The graph
shows that most of all hvEs are located at altitudes from 100 to 140 km, but in winter there is an increase
in cases in which hvEs is recorded at higher altitudes — up to 180 km. In summer, an increase in the
number of Es observed at altitudes of 90-130 km is noted. In the summer periods of 2017, 2018, 2021
2024, a slight increase in the minimum altitude can be seen. The same increase is observed in January
2023 and 2024.

The Figure 2 shows a graph of the Es layer observation frequency for the period under
consideration, calculated using Eq. (1).

1.0
0.8
_ 0.6
=
0.4
0.2
0.0

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Time, year
FIGURE 2. Shows the frequency of observation of sporadic Es-layer events per day for the period December
2014 through December 2024. The black line indicates a trend.

This graph also shows pronounced seasonality: the highest frequency of occurrence is in summer,
the lowest is in winter, spring and autumn are transitional periods. Winter 2024 stands out from other
years the most; it is clear that the total number of recorded sporadic E increased during this period. Using
the EMD method, a trend was constructed for the Es observation frequency (Fig. 2, black line). An
upward trend was observed from 2015 to 2019, after which it became almost constant. This behavior
may be due to the fact that the available data series is insufficient to find a trend. An upward trend is
also observed before the minimum solar activity, which may indicate that the Es occurrence frequency
may increase with lower solar activity.

As previously mentioned, metal ions and atmospheric winds at the altitudes of the upper
mesosphere — lower thermosphere are significant for the formation of the Es-layer in the ionosphere.
Considering the processes associated with seasonal changes in the neutral wind circulation at these
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altitudes, the dominant annual pattern in the behavior of Es-layer parameters is linked to this factor. One
of the factors determining deviations from the annual periodicity in the variations of the Es layer
parameter may be geomagnetic activity. To investigate this hypothesis, the Dst index values were
selected for the period from 2014 to 2024 when they were less than -50 nT (Fig. 3). The time periods
when the index values are below -50 nT correspond to geomagnetic storm conditions.
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FIGURE 3. Variations in the Dst index after excluding background values.

The Figure 3 clearly shows the increase in geomagnetic activity in the period from 2015 to 2016,
as well as from 2023 to the end of 2024, which correspond to the maxima of solar activity.

Comparing Fig. 2 and Fig. 3, it can seen that the number of sporadic Es-layers recorded per day is
greatest during periods of calm or weakly disturbed geomagnetic activity. Such conditions correspond
to the winters of 2017 — 2018, 2019 — 2020 and 2021 — 2022. In the winter of 2023 — 2024, when a
general increase in the frequency of Es observations is also observed. During this period, there was only
a geomagnetic storm, during which the Dst index dropped below -160 nT. Based on this behavior, it can
be assumed that the increase in the frequency of Es observations occurs with a period of 2 years, and
occurs during weak geomagnetic activity.

Also, when comparing Fig. 2 and 3 show that during strong geomagnetic storms (Dst < -170 nT)
the number of observed sporadic layers also increases, with the exception of the St. Patrick's storm on
March 17, 2015. This increase may be due to the expansion of the auroral oval and increased ionization
caused by precipitating particles. Such particles cause the appearance of aurora and sporadic layers of
the auroral type.

Conclusion. In this paper, we studied the seasonal features of the Es layer characteristics over the
Kaliningrad region in the period between the maxima of the 24th — 25th solar cycles. It was shown that:

1. Variations in the critical frequency of the Es layer have maxima in summer periods and minima
in winter, with an additional maximum. Spring and autumn are transitional periods. An exception is the
period from summer 2023 to winter 2024, during which time a strong increase in the spread of the Es-
layer critical frequency values is observed.

2. Inthe variations in altitudes of the Es-layer in winter periods, an increase in the altitude of most
of the observed layers is noticed, in summer periods, most of the recorded layers are located at altitudes
of 100 — 130 km. The formation and behavior of maxima in the variations in the critical frequency of
the Es-layer require further study.

3. The frequency of Es observation has a clear seasonality: in summer, the greatest number of Es
per day is recorded, in winter - the smallest. Spring and autumn are transitional periods.

4. During strong geomagnetic storms, the frequency of Es observations increases. The exception
is the St. Patrick’s storm.

5. The trend in the frequency of Es observations shows that there is an increase in the number of
sporadic layers as the solar activity minimum approaches. However, due to the insufficiently long-time
interval of the data, it is too early to draw final conclusions.
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6. Every 2 years, there is an increase in the number of Es recorded in the winter period, in the solar
cycle under consideration.

The research was funded by the grant Russian Science Foundation N°— 23-77-10004,
https://rscf.ru/project/23-77-10004.
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DEPENDENCE OF THE OBSERVATION PROBABILITY OF
RELATIVISTIC ELECTRON PRECIPITATION WITH DIFFERENT
FORMATION MECHANISMS ON THE PARAMETERS OF THE
SOLAR WIND AND GEOMAGNETIC ACTIVITY

Tatyana A. Yahnina, Andrey G. Demekhov, Tatyana A. Popova
Polar Geophysical Institute, Apatity, Russia

Introduction. The paper considers relativistic (800 keV) electron precipitation (REP) caused by
four different mechanisms based on NOAA/POES satellite data. According to the criterion presented in
[1, 2], REP of the 1% group are associated with the geometry of geomagnetic field lines in the night
sector. These precipitationsare observed near the isotropy boundary of electron fluxes [3, 4]. REP of the
2" group are always observed simultaneously with intense precipitation of energetic (> 40 keV)
electrons. Apparently, they are caused by the interaction with VLF waves. REP of the 3™ group,
accompanied by energetic (> 39 keV) proton precipitation, are associated with EMIC waves. The
mechanism of REP of the 4™ group is associated with the entry of energetic particles into the drift loss
cone in the distorted magnetic field [5] in the vicinity of the South Atlantic Magnetic Anomaly. Of
interest is the analysis of the relationship between the REP of each group and the solar wind parameters,
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such as pressure, density, speed and geomagnetic activity indices: the substorm activity index AE and
the storm activity indexes SYM-H and Dst.

Data sources. We used low-orbiting (~850 km) spacecraft NOAA/POES data from MEPED
instruments [6] detecting energetic charged particles in two orthogonal directions (horizontal and
vertical). Energetic proton fluxes are measured in channels P1 to P6 (3080 keV, 80-250 keV, 250-800
keV, 800-2500 keV, 2500-6900, and >6900 keV, respectively). The latter channel (P6) is also sensitive
to relativistic electrons (> 800 keV), so it measures these electrons if there are no protons in P5. Also
we used OMNI database obtained from https://cdaweb.gsfc.nasa.gov/

Results. Based on the NOAA/POES satellite data the probability of observing relativistic (~800
keV) electron precipitation is analyzed for two intervals: October 8-18, 2017 and the entire year 2017.
The first interval includes a moderate geomagnetic storm (SYM-Hmin = -67 nT) with intense auroral
activity, which is confirmed by an increase in the AE index to AE=1916 nT and an average AE index
of 256 nT. The second interval contains REP events conjugated with the Lovozero observatory (up to
2.5 MLT in distance) for the entire year 2017. This year is close to the minimum of solar activity between
the cycles 24 and 25 and falls on the decline of the weakest cycle in a century. The average AE index
for the second interval is 189 nT.

Table 1 shows the number of REP events for each of the four groups in the two intervals. The
average values of solar wind and geomagnetic activity parameters are shown, both in the interval and
for the observed REP events.

TABLE 1.
1 group 2 group 3 group 4 group

1st 2nd lst 2nd 1st 2nd 1st an

interval | interval | interval | interval | interval | interval | interval | interval
Number of
the REP 111 105 141 462 58 240 790 2074
events
Northern
Hemisphere 31 48 66 122 26 122 136 33
Southern
Hemisphere 80 57 75 340 32 118 654 2041
AE  index,
nT

256/519 | 189/487 | 256/458 | 189/391 | 256/409 | 189/413 | 256/206 | 189/161

interval/even
ts
Dst "}dexl -12,66/ -12,66/ -12,66/ -12,66/
n
interval/even
ts -26 -19 -10 -7
SYM-H
index, '20,4/ '20,4/ '20,4/ '20,4/
nT;for

interval/even 37,8 -33,2 -22,8 -17,8

ts

Psw, nPafor | o 64139 | 219/2,3 | 2,64/3,0 | 2,19/2,5 | 2,64/3,6

interval/even

' 8 0 2 0 7

Vsw, km/s
for

eorvalieven | 476/575 | 451/558 | 476/557 | 451/521 | 476/466 | 451/447 | 476/464 | 451/441
ts

Naw, cm #for 6,30/5,1 | 6,35/5,2 | 6,30/5,4 | 6,35/5,7 | 6,30/9,6 | 6,35/10,2 | 6,30/5,9 | 6,35/6,5

interval/even

s 5 9 3 7 7 1 7 6

2,64/2,3 | 2,19/2,0

2,19/3,50 0 0
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Comparative histograms of all precipitation groups depending on the, solar wind dynamic pressure
(P) and speed (V), AE, SYM-H and Dst indexes are shown in Figure 1 and Figure 2.
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FIGURE 1. Dependences of the probability of REP observation for: 1 group (a), 2 group (b); 3 group (c), 4

group (d) on the solar wind pressure and speed for two intervals.
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These distributions are not normalized to the duration of intervals with the corresponding activity,
but are normalized to the total number of events in all groups observed during the interval. Nevertheless,
even from these histograms, one can make a number of important, well-justified conclusions about the
dependence of the REP properties on the parameters of geomagnetic activity and the solar wind. Thus,
REP of the 4™ group are more often observed at the lowest solar wind pressures and speeds and at low
substorm activity, compared to precipitation of the other groups. One can also note a clear increase in
the events of the 1 and 2" groups in intervals with high-speed solar wind. As for precipitation of the
3 and 4™ groups, their number gradually decreases with an increase in the solar wind speed.

Summary and conclusions. Comparison of relativistic electron precipitation in more disturbed
first interval (average value AE=256 nT) and less disturbed second interval (AE=189 nT) showed the
following.

Relativistic electron precipitations of the 1%, 2" and 4" groups are more often recorded in the
southern hemisphere. In more disturbed conditions (the first interval), the difference is especially
noticeable for the events of the 1% group. The calmer the conditions, the more events of the 2" and 4"
groups are observed in the southern hemisphere. Precipitation of the 3 group are found approximately
equally in both hemispheres (see Table 1).

Comparison with solar wind density showed that the events of the 3 group are observed at a higher
average density than the average density in the interval under consideration. For the remaining groups,
this difference is insignificant (see Table 1).

The number of events of the 1% and 2" groups increases with increasing solar wind velocity in both
intervals.The number of precipitations of the 3 and 4™ groups smoothly decreases with an increase in
solar wind speed in both intervals (Figure 1).

The REP events of the 4™ group are more often observed at the lowest pressures and solar wind
speeds and at low substorm (AE index) and storm (SYM-H index) activity, compared to precipitation
of other groups. In the more disturbed (the first) interval, the 1% and 3" groups were observed at P=1-6
nPa with maxima at 2-4 nPa and 3-5 nPa, respectively. In the less disturbed (the second) interval, the
number of REP events in all groups was maximum at solar wind pressures P=1-3 nPa.

The obtained results are in agreement with the known formation mechanisms of relativistic electron
precipitation and contribute to the understanding of still unknown mechanisms.

For the 1% group: The probability of observation increases during high-speed solar wind flows and
increased geomagnetic activity. It is known, for example, that with increasing disturbance, the electron
isotropy boundary, near which the REP of the 1% group are formed, is shifted from the midnight (00
MLT) to the pre-midnight (22 MLT) sector. Apparently, the curvature of the geomagnetic field in the
night sector provides conditions that are more favorable for the generation of REP of this group. For the
2" group: It is generated in a wide range of geomagnetic activity values and at high-speed solar wind
flows. These precipitations make up ~50% of the precipitation for the first three groups. The mechanism
of their formation has not been fully established, but it is assumed that it is due to interaction with VLF
waves. For the 3™ group: The decrease in the probability of observation with increasing solar wind
speed is consistent with the conditions for generating EMIC waves (Pc1 pulsations). For the 4™ group:
The calmer the geomagnetic conditions and solar wind parameters, the more particles can enter the drift
loss cone. This is what we observe.
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AKR SPECTRUM MODIFICATION AS A RESULT OF
PROPAGETION IN INHOMOGENEOUS PLASMA

Valeriia I. Kolpak'2, Mikhail M. Mogilevsky!, Dmitry V. Chugunin’, Aleksandr A.
Chernyshov', Irina L. Moiseenko?

Space Research Institute, Russian Academy of Sciences, Moscow, Russia
2Pyshkov Institute of Terrestrial Magnetism, lonosphere, and Radio Wave Propagation, Russian Academy
of Sciences, Troitsk, Moscow, Russia

Based on data obtained from the ERG (Arase) satellite [1], the study proposes new models
describing the spatial distribution of plasma irregularities and their impact on the characteristics of the
AKR spectrum. It has been established that plasma irregularities elongated along the magnetic field lines
play a key role in transforming the radiation spectrum.

Auroral kilometric radiation (AKR) arises as a result of the development of cyclotron maser
instability in auroral regions of the magnetosphere, within low-density plasma cavities [2], under the
condition f,. < fge, Where f,, is the plasma frequency, and f, is the gyrofrequency.

Previous studies have shown that auroral radiation can be efficiently transported from the
generation region to near-equatorial areas via plasma channels, which are low-density irregularities
elongated along magnetic field lines [3-5]. However, several questions remain regarding the stability of
such channels, their spatial configuration, and the impact of dynamic changes in the magnetosphere on
AKR parameters.

We propose an alternative mechanism for transferring radiation between hemispheres, involving
the trapping of AKR within low-density channels. The modeling of radiation propagation was performed
using the geometric optics approximation, under the following assumptions: a sharp density boundary
between the channel and the surrounding plasma, the invariance of channel geometry over the
measurement period, and the neglect of magnetic field line curvature. The calculations include
determining the reflection and transmission coefficients of the radiation, as well as estimating energy
losses at the channel boundaries.
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Figure 1 shows an example of
processed measurements from the HFA
instrument [6] onboard the ERG
satellite for January 31, 2019, during
the time interval from 13:20 UT to
14:15 UT. In the low-frequency part of
the spectrogram, a narrowband signal is
observed at frequencies up to 100 kHz,
corresponding to the upper hybrid
resonance frequency: fypr = (fpze +

1
i) /2 \where fye is the local electron
plasma frequency, defined as f,, =

(4me? N/m,) "2 (in CGS units),
fge = eB/m,c is the local electron
gyrofrequency. Here e is the electron
charge, N is the electron density, m, is
the electron mass, and B is the magnetic
induction.

In the first approximation, it can be
assumed that the upper hybrid
resonance frequency (fyuyr) depends
primarily on the plasma density.

ERG 31-Jan-2019 13:20:09

&

&

4

&

¢ Wl I‘
PR |
& 4 [ ‘ 3
-04
13:20:08 13:25:38 13:31:08 13:36:38 13:42:08 13:47:38 13:53:08 13:58:38 14:04:08 14:09:38 14:15:08
MLT 181 182 182 183 184 185 186 187 188 189 190
MLAT 192 194 198 20.2 206 209 212 215 219 222 25

R 5.42 5.36 528 5.21 513 5.04 495 4.86 4.76 4.66 4.56
Zsm 174 175 176 177 177 177 176 1.75 174 173 1.7

FIGURE 1. AKR measurements in a region with low-density
channels on January 31, 2019. The top panel shows a dynamic
spectrogram of the power spectrum in the frequency range of 10—
800 kHz, while the bottom panel presents a spectrogram of the
polarization parameter.

In quiet conditions, when there are no plasma channels in the plasma, an “rectangular” AKR

spectrum is observed, as shown in Fig. 2.
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FIGURE 2. AKR spectrum when there are no irregularities in the plasma. June 21, 2017, 19:32:38 UT.

An interesting interval is observed in the frequency range from 100 kHz to 500 kHz, which includes
the active phase of the AKR. At a frequency of ~110 kHz, a narrowband signal is observed,
corresponding to the upper hybrid resonance frequency fy,r. The sharp increase in intensity following
this burst, reaching two orders of magnitude in the frequency range from 180 kHz to 500 kHz, is
characteristic of cases when the radiation propagates in a medium without interaction with plasma

irregularities.
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However, in some cases, the spectrum undergoes a transformation (Fig. 3): after a sharp intensity
jump, a gradual decrease is observed. The upper boundary of the spectrum takes on a slope, forming a
“triangular” shape, which indicates the influence of plasma irregularities during the propagation of the
radiation.
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FIGURE 3. Triangular AKR spectrum on the ERG satellite. January 31, 2019, at 13:43:37 UT.

As the radiation passes through regions of lower density, it is reflected from the inner walls of the
channel, leading to a significant attenuation of intensity. This occurs due to energy losses caused by
both scattering and partial absorption of the radiation in these inhomogeneous environments.

One consequence of such interactions is the truncation of the radiation spectrum. This is observed in
the frequency range from 120 kHz to 500 kHz at the upper boundary of the spectrum, where the intensity
sharply decreases with a steep slope. This phenomenon indicates that, despite the main direction of
propagation being maintained, the radiation loses its energy during reflections and interactions with
inhomogeneous structures, which limits the transmission of higher frequencies. As a result, the radiation
spectrum undergoes significant distortion in areas where the channel is the primary propagation path for
the wave.

The characteristic width of such channels ranges from several tens to hundreds of kilometers, and
the depth of the density dips varies from 0.36 to 0.64 relative to the background values.

Figure 4 shows the results of the reflection coefficient calculations [7]:

n, cos 6,—nq cos 64 2
k= (nz cos B,+n4 cos 91)

where n,; and n, are the refractive indices for the extraordinary electromagnetic wave in the plasma

outside and inside the channel, respectively; 6, and 8, are the angles of incidence and refraction.
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FIGURE 4. Results of reflection coefficient calculations from the channel wall for three angles of incidence: 80°
(green line), 70° (blue line), 65° (red line).
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All three graphs, plotted for three angles of incidence of the radiation, show that as the frequency
increases by 150-200 kHz, the value of K decreases by two orders of magnitude, which corresponds to
the results obtained from the measurements.

Spectral analysis of the AKR revealed patterns associated with the transformation of the spectrum:
an increase in intensity at low frequencies and a decrease at high frequencies, which is consistent with
the modeling results. The level of high-quality components of the spectrum decreases, as some of the
energy escapes into the channel, seeping through the walls. This suggests that the interaction of AKR
with plasma irregularities plays a key role in shaping the spectral characteristics of the radiation, limiting
its amplitude and width, and also altering the shape of the spectrum depending on the physical properties
of the medium.
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RELATIONSHIP BETWEEN WAVE INTENSITY IN THE
MAGNETOSPHERE AND PRECIPITATING ENERGETIC
PARTICLE FLUXES

Andrei G. Demekhov', Tatyana A. Yahnina', and Tatyana A. Popova’
Polar Geophysical Institute, Apatity, Russia

Introduction. Precipitation of energetic charged particles from the ring current and radiation belts
into the ionosphere forms an important loss channel for these particle populations [1-6]. Precipitating
relativistic electrons may affect the upper atmosphere chemistry [7]. These factors explain extensive
studies of properties and mechanisms of the precipitation. Resonant interactions with wave turbulence
in the magnetosphere serve as one of the main precipitation mechansims. Quantitative assessment of
these effects is a subject of ongoing active research.
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In this paper, we present the results of a study of wave activity and related precipitation of
relativistic (> 800 keV) electrons during a moderate magnetic storm of 10 to 17 October 2017. A
characteristic feature of this storm is an intense substorm activity during both main and recovery phases.
We focus our attention on the wave activity in the very-low frequency range (VLF, ~1 to ~10 kHz) and
try to reveal a qualitative and quantitative relationship between the wave parameters in the
magnetosphere and precipitating electron flux.
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energetic protons (LPEP) [11] and often is accompanied by Pc1 pulsations detected on the ground. This
latter group is related to the resonant interactions with electromagnetic ion-cyclotron (EMIC) waves
generated by ring current protons.

Figure 2 shows the VLF wave spectral density onboard Van Allen Probes and ERG as well as the
plasma number density measured by those spacecraft during the entire event interval. These waves
belong to whistler mode (polarization is not shown for brevity). ERG data shows fairly low wave
activity, which may be related to spacecraft location in the evening sector. Emissions detected by RBSP
are of two main kinds. The waves with frequencies near and below 0.5 fe (white line on the plots, fee is
the electron gyrofrequency) that are mainly observed at low plasma density are chorus emissions, while
the signals with frequencies near and above the lower hybrid frequency observed in the plasmasphere
are plasmaspheric hiss.

Calculations. Using RBSP wave data, we calculated the pitch-angle diffusion coefficient for low
pitch angles. Only waves with low wave normal angles to the geomagnetic field (< 40°) were used for
the calculations, and we assume them to propagate strictly along the geomagnetic field. Note that the
data in Fig. 1 are related to relativistic electrons only (> 800 keV), and it is known [12, 13] that such

REP Number

REP Flux, (cm? s sr)’

=4
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electrons are in cyclotron resonance with VVLF waves only at sufficiently high magnetic latitudes (MLAT
above 30°). So we present here the results of calculations assuming that the VLF waves with the same
intensity as measured by RBSP are also present at MLAT = 40°. By using the pitch-angle diffusion
coefficient D,q, We calculate the parameter Z = (8 Daq To / 1c)Y2, Where uc = 6% is the loss-cone size (o
is the mirror ratio of the geomagnetic trap), and Ty is the electron bounce-oscillation period. The Z
parameter determines the degree of loss cone filling: the ranges Z < 1 and Z > 1 correspond to the weak
and strong pitch-angle diffusion, respectively [10]. As is shown in [14] by using the well-known
solutions of the theory of the cyclotron instability in the magnetosphere [10], the ratio of precipitating
and trapped particle fluxes measured by a low-orbit spacecraft is an almost universal function of the Z
parameter.
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FIGURE 2. Very-low frequency wave intensities (magnetic component) measured by RBSP-A, RBSP-B, and
ERG spacecraft during the interval 11-17 October 2017. White and black lines show, respectively, one half of
electron gyrofrequency and lower hybrid frequency. Lower panel shows electron number densities along the
spacecraft trajectories.
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FIGURE 3. The parameter Z quantifying the strength of pitch-angle diffusion calculated by using RBSP-A (top)
and RBSP-B (bottom) data obtained during the interval 11-17 October 2017. The measured wave intensities were
assumed to be the same at a magnetic latitude MLAT = 40°. Blue lines show the cyclotron resonance energy for
one half of electron gyrofrequency at MLAT = 40°.
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Results. The results of Z calculation are shown in Fig. 3. Comparing these results with wave data in
Fig. 2, we see that the highest Z values that are reached at ~1 MeV are provided by chorus emissions
observed below 0.5 fc.. These values in some cases reach Z ~ 1, i.e., a strong pitch-angle diffusion regime
can be operating in the corresponding time-energy intervals. Most of the time and in the main energy
range, however, Z ~ 107! or lower. According to [14], the ratio of precipitating to trapped flux falls from
~latZ~1to~10" atZ ~ 107 Trapped fluxes at ~1 MeV (not shown) are ~10° cm=2 s sr?, i.e., they
agree with precipitated fluxes of ~10%to 10* with 0.1<Z < 1.
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PROPERTIES OF RELATIVISTIC ELECTRON PRECIPITATION IN
YEARS OF QUIET (2017) AND DISTURBED (2023)
GEOMAGNETIC CONDITIONS

Tatyana A. Popova, Tatyana A. Yahnina and Andrei G. Demekhov
Polar Geophysical Institute, Apatity, Russia

Introduction. This work investigates the impact of geomagnetic and solar activity on relativistic
(with energies >700 keV) electron precipitation (REP) events, observed in the auroral and subauroral
regions at altitudes of ~850 km (based on NOAA/POES and MetOP satellite data). Two years were
selected for analysis, one (2017) with low and the other (2023) with high solar activity. Catalogues of
events were compiled for these two periods when relativistic electron precipitation (REP) was observed
near the Lovozero observatory and its magnetically conjugate region in the Southern Hemisphere. The
vicinity of the observatory was defined as a longitudinal sector extending 75° in magnetic longitude;
this area was chosen to correlate precipitation with ground-based observations of VLF waves and Pcl
geomagnetic pulsations. In the obtained catalogues, the events were classified into three groups
according to the criterion presented in the works [1, 2]. Each group in this classification has distinct
formation mechanisms. We analyze the occurrence rates of REP events and the fluxes of both trapped
and precipitating energetic electrons within each group, examining their dependence on solar wind
parameters (e.g., velocity, IMF Bz) and geomagnetic conditions (Kp, Dst, and AE indices) during high
and low solar activity phases.

Data sources. The work used data from low-altitude polar-orbiting satellites MetOp and
NOAA/POES (orbit altitude ~850 km, orbit period ~102 minutes). Each satellite carries identical
Medium Energy Proton and Electron Detectors (MEPED), featuring two pairs of directional telescopes:
electron and proton. In each pair, one telescope is directed toward the zenith and measures the fluxes of
precipitating particles at auroral and subauroral latitudes, while the other is directed against the direction
of motion and measures the fluxes of trapped particles. Data from the induction magnetometer of the
Lovozero ground observatory (LOZ; 68°N, 35°E) of the Polar Geophysical Institute was also used. Solar
activity levels were quantified using sunspot numbers and flare indices from the Solar Influences Data
Analysis Center (SIDC, Belgium).

Results. To determine the influence of solar activity on REP, two one-year periods were selected
for analysis. Quiet conditions were examined using 2017 data, which coincided with the declining phase
of solar cycle 24 — the weakest cycle of the past century. At the time of this study, the most active year
over the last two solar cycles with a complete database was 2023. It did not turn out to be the year of
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the maximum of cycle 25, which continued to grow, but in terms of the number of sunspots it exceeded
the expected value of 115, which indicates fairly high solar activity during this period. According to
SIDC records, the mean annual sunspot numbers — calculated as the arithmetic average of daily total
sunspot counts — were 21.7 for 2017 and 125.5 for 2023. In total, there were 4,575,885 NOAA/POES
satellite passes near LOZ and the conjugate region in the Southern Hemisphere in 2017 (including 2,869
REP events), and 4,342,911 passes in 2023 (including 1,676 REP events). The magnetic conjunction
enabled comprehensive monitoring of geomagnetic pulsations correlated with magnetospheric
dynamics and take them into account when classifying REP events into four groups. Precipitation events
of the 1st group are associated with violation of the first adiabatic invariant due to the small curvature
radius of the field lines in the nightside magnetosphere [3]. These precipitations are observed near the
boundary of isotropy of energetic electron fluxes. The second group is characterized by the observation
of REP simultaneously with intense precipitation of energetic (>40 keV) electrons, which suggests their
probable association with the excitation of VLF waves, which can be responsible for the precipitation
of energetic electrons. Events of the 1st and 2nd groups are observed during PiB pulsations and intense
PiC. REP of the third group, accompanied by localized precipitation of energetic (>39 keV) protons, are
associated with EMIC waves. In this case, the ground station almost always records pulsations in the
range of 0.2-5 Hz (Pc1, IPDP). A fourth group was also identified, which included all extended-duration
events that occupied a wide region equatorward of the electron and proton isotropy boundaries. In this
case, there are no intense precipitations of protons and energetic electrons, and at the ground station
there may be no disturbances or very weak pulsations in the range of 0.2-5 Hz are observed.

TABLE 1. Event classification over two years and mean (median) values of selected geophysical
parameters.

1 group 2 group 3 group 4 group
2017 2023 2017 2023 2017 2023 2017 2023
Number of the | 104 118 463 265 242 121 2087 1172
REP events 3,6% 7% 16% 16% 8% 7% 72% 70%
Northern 47 43 123 80 124 52 32 13
Hemisphere
Southern 57 75 340 185 118 69 2055 1159
Hemisphere
AE index. | 487 538 391 448 413 439 161 205
’ (482) (580) | (366) | (444) | (390) | (396) | (89) (147)
Dst index. nT | -26 -32 -19 24 -10 -10 7 -13
' (-23) (-29) (-18) (-24) (-10) (-9) (-6) (-11)
Kp 34(3.3) |34(33) |33 323) [29@) |2827)|17@3)| 1917
Pew, NPa 23(2.2) | 57(20) | 25(2.2) | 53(2.0) | 35(26) | 59(27) | 2.0(1.8) | 4.6 (1.5)
Ve ks 558 3536 521 2986 447 2925 441 3400
~ (557) (480) | (533) | (479) | (420) | (392) | (405) | (423)

It can be noted that the number of events when REPs were observed in the studied regions was greater
in 2017 than in 2023 (Tab. 1). At the same time, the number of events of the 1st group is almost the
same in both periods, while for the remaining groups in 2023 the number of events decreased by 1.7
times compared to 2017 (while their share in the number of events remains nearly the same). Thus,
precipitation of the 1st group is less dependent on solar activity, which is consistent with their formation
mechanism. The substorm (AE) and storm (Dst) activity indices, as expected, reflect greater disturbance
in 2023, with the exception of group 3, where their values are comparable in both years. This situation
can be explained by the fact that EMIC waves, which are associated with precipitation of relativistic
electrons of group 3, are generated due to the development of ion-cyclotron instability under conditions
of geomagnetic disturbance [4]. At the same time, the average values of the planetary index Kp for the
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analyzed events have almost no difference between 2017 and 2023 and their values correspond toquiet
enough geomagnetic conditions. The average values of pressure (Psw) and solar wind speed (Vsw) in
2023 are noticeably higher, which confirms greater solar activity during this period.

To identify the properties of each REP group in quiet and disturbed conditions, the probability
density distributions for all parameters were analyzed. In this paper, such distributions will be presented
for the solar wind dynamic pressure (Fig. 1a) and the AE index (Fig. 1b).
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The probability density of precipitation of groups 1 and 4 at low values of solar wind pressure Psy
are similar for both periods, and for groups 2 and 3 the probability density in 2023 is noticeably higher.
The latter fact, in spite of lower total number of events, is explained by concentration of events in the
interval 1-3 nPa. For group 1 in 2017, the presence of higher fluxes of precipitating electrons can be
noted. For all groups in 2023, with an increase in the parameter, the probability of observing
precipitation appears (and for groups 1-3 it is significant), unlike 2017, in which only rare events of
about 15 nPa are possible for groups 2-4.

The probability density of events in groups 1-3 remains high with increasing AE index values.
However, in 2023, no events from groups 2 and 4 were observed when AE exceeded 1500 nT, while
groups 1 and 3 maintained significant probability densities even at AE values around 2000 nT. During
the period of high solar activity (2023), the electron flux in group 2 showed a clear increase with rising
AE index values.

Summary and conclusions. We analyzed relativistic electron precipitation (REP) events observed
at ~850 km altitudes near the LOZ, comparing event properties across four classification groups during
two distinct solar activity periods: near solar minimum (2017) and near maximum (2023). The total
number of detected events in 2023 was 1.7 times lower than in 2017. This reduction may result from an
inward shift of the precipitation region toward stronger magnetic fields during high solar activity, where
cyclotron instability is weaker. Consequently, wave-associated precipitation (groups 2 and 3) likely
occurs less frequently. This interpretation is supported by the consistent count of group 1 events (not
wave-related) between both years, while the relative proportions of groups 2-4 remained stable, which
excludes the technical insufficiency of the database for 2023.
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Event analysis revealed that despite fewer occurrences in 2023, groups 2-4 exhibited higher
probability densities due to more clustered parameter distributions, contrasting with the broader
dispersion seen in 2017. Key characteristics of the probability distributions include: (1) group 1
precipitation shows weak correlation with solar activity across all parameters, and (2) groups 2-4
demonstrate higher occurrence probabilities during periods of enhanced solar activity.

The geomagnetic disturbance indices (AE and Dst) during the REP events varied by less than 20%
between solar minimum and maximum years, while the planetary Kp index remained essentially
unchanged. This modest variation in geomagnetic activity parameters may explain why the 2023 REP
distributions showed less pronounced differences than anticipated, despite increased geomagnetic
activity levels.

This work was supported by the Russian Science Foundation grant No. 22-62-00048. The authors
thank NOAA for the access to the POES/MetOp and OMNI databases https://cdaweb.gsfc.nasa.gov/ and
Solar Influences Data Analysis Center (SIDC) https://www.sidc.be.
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GLOBAL MEDIAN MODEL OF THE IONOSPHERIC E-LAYER
BASED ON RADIO OCCULTATION DATA

Valentin N. Shubin

Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation of Russian Academy of
Sciences (IZMIRAN), Troitsk, Moscow, Russia

In recent years, the radio occultation measurements of the Earth's atmosphere and ionosphere
onboard low-orbit satellites using the global positioning system signals have become one of the main
sources of ionospheric data. The satellite data provide information on the vertical distribution of
electrons at various points on the Earth's surface, so their use makes it possible to construct the global
ionospheric models. In this paper, an attempt was made to construct a global median model of the
ionospheric E-layer (GMME) based on satellite radio occultation measurements using the expansion of
the critical frequency foE and the height hmE in a series of harmonic functions. The expansion
coefficients were determined using the least squares method [1].

To build the models, we used the radio occultation profiles of the electron density of the low-orbit
satellites CHAMP (2001-2008), COSMIC (2006-2020), COSMIC-2 (2019-2023), FY-3C (2014—
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2020), FY-3D (2019-2023), and FY-3E (2022—-2023). From the obtained radio occultation profiles, the
electron density maxima were identified in the altitude range of 90-135 km. In this case, “questionable”
radio occultation profiles were removed using the special filters and median values. In addition, we
constructed the filters to remove electron density profiles associated with large altitude gradients
(sporadic E layers).

The constructed GMME model is compared
with the International Model of the lonosphere IRI
(foE) [2], with the reference model of the
ionosphere SMI (hmE) [3] and the data from
ground-based ionospheric stations. Figure 1 shows
an example of the global distribution of foE at
00UT on 15-01-2024, calculated using the GMME
and IRI models.

As can be seen from Fig. 1, the main difference
in the foE distributions constructed using the
GMME and IRl models is observed in the high-
latitude region, where the foE value in nighttime
conditions of the GMME model significantly
exceeds the foE constructed using the IRl model.
This is due to the fact that GMME reproduces the
electron density of the ionosphere caused by
particle precipitation in the auroral oval.

Figure 2 shows the latitude dependences of foE
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FIGURE 1. The global distribution of the critical
frequency foE calculated by the GMME and IRI
models. The red lines are the equatorial boundaries of
the auroral oval, the black lines are the geomagnetic
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FIGURE 2. The dependences of foE and hmE on latitude are shown. The red lines — GMME, blue — IRl and SMI,
dots — medians of radio occultation data, crosses — medians of ground-based ionospheric stations.
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local time. On the top panel are geomagnetic indices: red lines — Dst, brown — Kp. On the bottom left panel: dots
— hourly data of foE, red line —- GMME, blue — IRI. On the bottom right panel: dots — hourly data of hmE, red line
— GMME, blue — IRI, brown — SMI.

Figure 3 shows the dependences of foE and hmE on local time at Podkamennaya Tunguska (12—
18.07.1999) and Magadan (03-08.06.2021) stations. As can be seen from Fig. 3, the critical frequencies
of the E layer of the GMME and IRl models are practically the same with root-mean-square errors of
0.25 and 0.29 MHz, respectively. The height of the E layer maximum in IRI is 110 km for all LT hours.
In the SMI model, the root-mean-square error is 7.1 km and the correlation coefficient is 0.45. In
GMME, the root-mean-square error is 4.4 km and the correlation coefficient is 0.65.

Thus, based on the radio occultation data, a global median model for the critical frequency and the
height of the maximum of the ionospheric E layer has been developed. The input parameters of the
model are the integral indices of solar (with a 27-day history) and geomagnetic activity Kp (with a 6-
hour history), as well as geographic latitude, longitude and time (LT or UT). The model's performance
is confirmed by data from the ground-based ionosondes.
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OBJECTS

PHYSICS OF EXPANDING PLASMA CLOUDS AT ION
GYRORADIUS SCALE

lidar F. Shaikhislamov, Alexey A. Chibranov, Artem B. Berezutskii, Vitaly G. Posukh,
and Marina S. Rumenskikh

Institute of Laser Physics SB RAS, Novosibirsk, Russia

Among the problems of plasma physics, the expansion of a hot plasma cloud into background
magnetic field is one of the fundamental and long-standing. It is accompanied with several processes
that are characteristic of a wide range of phenomena in astrophysical, near-Earth and laboratory plasmas.
Despite the simple formulation, a large number of new effects have been discovered in the problem, one
of which is the subject of this paper. We consider a sub-Alfvenic expansion in a rarified background
(Vo<<Va), so as the plasma, being highly conductive, expels the external magnetic field, and is
decelerated by it at a radius Ry determined by conservation of energy [1]: E, =0.3N,mV.” ~ R®B?/3.

I 1°0

Starting from the first active magnetospheric plasma releases AMPTE [2], and many laboratory
experiments, it became apparent that at a low ion magnetization R ~Ry, plasma cloud behaves rather
differently in comparison to the MHD case R <<Ry. The fragmentation of decelerating cloud boundary,
so called flutes, grows much faster due to the Hall effects [3], in comparison to the classic Kelvin-
Helmholtz instability. The other novel behavior consists in an anomalously fast magnetic cavity
collapse, which can’t be explained by Coulomb or turbulent resistivity [4].

Laboratory plasma provides opportunities for detailed study in a wide range of parameters. For
modeling space processes of an explosive nature, a laser-produced plasma is the most suitable tool. We
report on experiments conducted at the large-scale laser-plasma facility KI-1 of ILP SB RAS. Spherical
clouds were generated by a novel 4-beam regular tetrahedron irradiation scheme of a spherical pellet
[5]. A CO; laser was used delivering ~200 J of energy in ~70 ns pulse with a microsecond tail. The
pellet was put at a center of 5% @1.2 m cylinder chamber evacuated to a residual pressure of ~10° Torr.
A uniform magnetic field was applied inside the chamber by external coil. The measurements were
carried out by movable probes consisting of combined three-component magnetic and double
asymmetric Langmuir probes with a spatial resolution of 0.5 cm and a time resolution of 20 ns.

Figure 1 shows the LPC structure in free expansion and in a vacuum magnetic field. One can see
the spherically symmetric plasma cloud, which develops pronounced flutes under the deceleration by
magnetic field. Measurements at B,=0 at various directions from the pellet allowed to deduce that the
expansion velocity of the LPC front is about V,=100 km/s, total number of ions in the LPC is about
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108, while the average total energy is E,=25 J. These corresponds to gyroradius of carbon ions C3*
R.=10 cm, and deceleration radius R,=17 cm.

10 cm 3 B,

e

X =5 ps; At=1.5 ps
FIGURE 1. LPC images obtained without and in a magnetic field of B,=400 G.

The main experimental finding is the anomalous cavity collapse. Figure 2 shows how the cavity is
formed at the initial phase of LPC expansion, and reaches at about 2.5 ps the maximum radius of about
R=14 cm, which is slightly less than theoretical radius Rp. Immediately after that the backward motion
of the cavity front starts proceeding as a translation back into plasma. At the same time as cavity
collapses, the plasma shows almost stagnant behavior without backward motion. Thus, magnetic field
evolves independently of plasma density and on a time scale which is about two orders of magnitude
shorter than the diffusion due to Coulomb collisions for the typical electron temperature of 10 eV.
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FIGURE 2. Spatial profiles at sequential times (marked by different colors) of the main component of
magnetic field Bz (upper panels) and plasma density (bottom panels). For magnetic field the curves are divided
in two groups — cavity expansion (left) and collapse (right). Profiles have been obtained by multiple
measurements at a number of spatial points.
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For the study how the ion magnetization affects the cavity collapse we performed experiments with
pellets of two diameters — 10 and 3 mm with other parameters exactly the same. The size of the laser
target determines the number of ions in LPS and its total energy, while its velocity doesn’t change. Table
1 lists the corresponding parameters of conducted experiments.

TABLE 1. Parameters of experiments. Gyroradius Ry is an average for H* and C%* ions.
Pellet @, mm | Eo, J | Vo, km/s | Bo, G R, ecm | Rp,cm | RL/Rb
3 4 106 200 13.3 13 11
10 25 121 200 15.1 22 0.69

For a 3 mm pellet, the plasma density is in average 2.5 times less than for 10 mm, while energy about
5 times less. Figure 3 shows the R-T diagrams of phase motion of plasma and magnetic field fronts. At
first stage one can see the plasma expansion which drives the formation of magnetic cavity. For each
pellet the diamagnetic cavity reaches its maximum which is slightly less than the theoretical value. After
reaching the maximum size, the diamagnetic cavity reverses its motion. Plasma also exhibits backward
flow after total deceleration. For a 10 mm pellet, the trailing edge of the magnetic cavern coincides well
with the reverse plasma flow. For a 3 mm pellet the cavity collapse takes place significantly earlier,
while reverse plasma flow is observed much later after that.

It was found that behind such dynamics of 26{R, em
magnetic field is the Hal processes described by 24
the Hall term in the Ohm law, ,,]
oB/ot =rot(VxB-JxB/ne). Diamagnetic 5 ]

azimuthal current generates the azimuthal 18-
magnetic field (or Hall field). When the plasma 16
density is low enough, the Hall currents, instead 14
of ions, drive the main magnetic field via the term 15
JxB/ne. Hall magnetic field has a distinctive 5]

guadrupole (bipolar) structure, changing sign at  s-
crossings between quadrants in plane which
includes the main magnetic field. Physically > s 4 & & 7 & & 1

similar picture takes place at an ion-inertia region Figure 3. Time-of-flight diagrams of the plasma
around X-point in a well-known reconnection  front motion and the plasma reverse flow (black lines),
problem. front of expansion and collapse of the magnetic cavity

Experimental measurements fully (red lines) for a 10 mm pellet (solid circles) and a 3
confirmed the role of Hall fields. It was found that mm pellet (empty circles).
at the front of the collapsing cavity double

Hall field is generated — one from the inner side of the current layer, and the second — outside. Both
have quadrupole spatial structure, which was deduced from systematic multi-point measurements. Also,
as the Hall field depends quadratically on B,, it was confirmed that the sign of azimuthal field doesn’t
change with reversal of the main field. All these features are demonstrated in Figure 4.

Thus, in a series of experiments with expanding laser-produced plasmas we described a new
process — fast penetration of magnetic field back into plasma which proceeds as a translation with a
sharp gradient, rather than a diffusion. We have demonstrated that the diamagnetic cavity collapse is
related with generation of the Hall fields. At late stage of LPC expansion when the plasma density
becomes low, the Hall currents becomes much faster than ion motion and govern the dynamics of the
main field.

density
mag. field

® (=3 mm
O ©@=10 mm
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FIGURE 4. Dynamic signals of the main magnetic field B, (time derivative showing the formation and collapse
of the cavity, red lines) and Hall component (black) for two spatial points relative to the target (coordinates are
indicated in the figure legend). Circles indicate the time of cavity collapse.

The study was performed under the ELAG program of National Center for Physics and
Mathematics.
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SPECIAL PROPERTIES OF BALL LIGHTNING
Vladimir L. Bychkov, Aleksandr A. Logunov, Dmitry V. Bychkov and Dmitry N. Vaulin

Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia

The problem of ball lightning (BL) attracts attention due to the lack of an unambiguous point of
view regarding this phenomenon. When analyzing, it is necessary to take into account many properties
that often contradict the known properties of plasma. For example, the lifetime of the BL, known
observational data indicate lifetimes in seconds and minutes. They significantly exceed the decay times
of plasma in air, which is used in many BL models. Not only plasma glows, but also a hot [1] non-
ionized gas, whose temperature is much lower than the plasma temperature of about 6,000 K [2]. At the
same time, the glow time of a hot gas is significantly longer than the glow time of a plasma. Often, based
on unreliable data, observers believe that the temperature of the BL is low, on the order of room
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temperature [3], without taking into account that there is reliable data on the high temperature of the BL
[4,5]. It would be difficult to explain the causes of ignition of various objects when exposed to BL if its
temperature was lower than their ignition temperature, which is usually higher than room temperature.
Therefore, when constructing a BL model, it is necessary to consider an object with a high surface
temperature, but not equal to typical plasma temperatures.

Another important issue in constructing the BL model is the question of its shape. Why does the
BL often have a ball shape? If it were purely plasma, its shape would not be stable. How can we explain
the shape of the BL in the form of a ribbon, spiral [4] and folding from a ribbon into a ball without
considering the possibility of the existence of a shell over the BL? Observers describe the BL as an
object with a shell through which the inner regions of the BL or luminous components are visible [4]. It
is known that when a BL is destroyed (when a gun is fired at it [5]), its surface disintegrates into
luminous thin films that slowly fade over time. These observations show that the shell cannot be ionic
or clustered, as it would disintegrate in microsecond times. The presence of a thin shell and a gas core
may explain the passage of BL through small holes. A BL with an elastic shell with a gas core can
explain the cause of loud explosions when the BL is destroyed [6,7]. Hollow and gas-filled spheres are
obtained in practice and technology in "hot" conditions, for example, glass spheres are produced as
waste in coal-fired power plants. So the formation of the shell is analogous to the known process of
thermal rapid oxidation [8] of Si.

It is the presence of a solid elastic non-plasma shell that was not previously taken into account in
BL models. Numerous observations and analysis of the interaction of BL with various objects [4,5]
show that BL has an excessive electric charge of one sign. The presence of excessive surface charge
during rotation of the BL will manifest itself in the form of a current, which will implement the magnetic
field of the BL. In addition, an excessive charge can lead to an electric shock to the observer. Such a BL
can be formed when a linear lightning strikes various, for example, metallic or some dielectric objects,
BL with a metallic composition has been observed.

According to a simple BL model, this object has a shell and a core, and can be charged. It is formed
when a discharge (electric or lightning) is struck, which transfers a lot of energy. Part of it is spent on
evaporation of the substance with which it interacts: a vapor core and a shell of oxidized material are
formed. When a linear lightning bolt charged unipolarly is struck, charges of the same sign can be
transferred to the formed ball, i.e. a charged object is formed. The energy of such an object consists of
the thermal and electrostatic energies transferred from the discharge. Energy of the object Part of the
BL energy generated by heating the material during a lightning discharge is related to its parameters by
the expression following from the Clapeyron -Mendeleev equation [1]

m RT
Elerm =TT (1)
u
where R =8.3-10°J/(Kmol - K) is the gas constant. The other part of the BL energy is electrical, described
by the relation [9]
1 2
et @
87¢, R
where Q is the charge of BL, R is the radius of the ball excluding the shell, and ¢, =8.85-10"F/m s

the electric constant. In this case, the internal energy of BL due to both excitation mechanisms is equal
to
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where m is the mass of the BL material (the substance of atoms), R is the universal gas constant, T is
the temperature of the BL material, and x is the molecular weight of the dissociated molecules. In (4),

the shell thickness 6 is neglected compared to R. For estimates in this case, silicon is considered, the
content of which in the earth's crust reaches 50%. At the same time, in the model, we believe that SiO;
dissociation occurs ( 4 si+«02=28.09+32), and the molecular weight of the resulting particles is z, = 30.

The issue of a hot shell has not been yet investigated in the literature. The vapor consists of Si and O;
particles, and the shell consists of a modified SiO> melt and its alloy with material components, and in
the case of lightning interaction with metals such as steel, tin, aluminum, and solder, the vapor consists
of atomic particles of the corresponding metal. For estimates, we assume that the temperature of the gas
inside the shell is close to 2000 K and is equal to the typical boiling point of SiO.. Studies on flexible
shells [6] show that up to the moment of loss of stability, compressive stresses o occur in all normal
sections of the shell, the magnitude of which is equal to:
q-R P-R

7= % Mo ©)

where ( is the uniformly distributed transverse load from the bulge, h is the thickness of the shell, R is

the radius of the sphere, P, =1,03-10° Pa is atmospheric pressure. The value

1 Q°

el = —2 (6)
4re, R

is the expression known [9] for the Coulomb effect of charges of the same sign on the surface of a ball,

Q is the charge of the ball. It follows from the expression for the Coulomb pressure of charges of the
same sign acting on the shell,

2
P Y
4r°g,R
We believe that it is the processes of atomization of matter, Coulomb repulsion and mechanical
compression of the shell that lead to the establishment of pressure inside the ball. The pressure force of
SiOy type particles inside the ball is equal to

JLY A DL 7 (8)
y7, 3 7 4zR
and the stress on the shell
o=PRI@5)="RT > _R/@s)=TRT-> . 9)
u  4zR u  8or(R)

From these expressions the equation follows for determining the balance of the forces acting on the
surface of the BL, T is the temperature of the gas particles inside the BL. Table 1 shows the parameters
of a charged ball depending on the magnitude of the charge and its radius for R=0.1 m and R=0.2 m.

TABLE 1. Parameters of a charged ball

RM |QC 10%  [10° 10 10 102 10™

01 |[p, Pa 286 |2.86:10° |2.86-10° |2.86:107 | 2.86-10° | 2.86-10%
0.1 [ W, um? 215 |21510° |215-10° | 215107 |2.1510° | 2.15-10%
02 | p, Pa 179 |1.7910% |1.79-10° | 1.79-10° | 1.79-10° | 1.79-10%
0.2 | W, ,Jme 134 |[134102 |[134-10° |1.3410°5 | 1.34-10° | 1.34-10%
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The table shows that the energy density of a charged BL increases with the amount of charge it
possesses, while the charge pressure on the shell increases. Already at Q > 10 C, the charge pressure
on the shell is compared with the atmospheric pressure. In this case, an explosion is possible if the shell
is accidentally broken.

Table 2 shows the internal energy of a BL as a function of its weight at a vapor temperature of
T = 2000K, with a shell thickness of =100 microns, and with an average atomic weight of u=30 (as for
dissociated SiO;), with a shell size of R =0.1 m and R = 0.2 m. We present the stress across the shell

(9).
TABLE 2. The internal energy of the BL as a function of weight at =100 microns, T=2000 K, pn=30.

R,m [ M,kg 103 102 107 1 10
01w, yme 1.32:10° 1.32:108 1.32:107 1.32:108 1.32:10°
01 [P pa 1.32:10° 1.32:108 1.32:107 1.32-108 1.32:10°
01 | o,Pa 6.6:107 6.6:10° 6.6:10° 6.6:10° 6.6-101
02 W, yme 1.65-10% 1.65-10° 1.65-10° 1.65:107 1.65-108
02 | P pa 1.65-10% 1.65-10° 1.65-10° 1.65:107 1.65-108
02 |o,Pa 1.65-107 1.65-108 1.65-10° 1.65-10% 1.65-10

Atm = 5.15-10" kg, the weight of the BL is compared with the weight of the ambient air. From the
Table 2 it can be seen that the thermal energy increases with increasing weight of the BL, while the
mechanical stress on the surface of the BL increases. With a BL mass of the order of 10° kg, the stress
on the shell exceeds the atmospheric pressure and the BL can collapse at a random fluctuation of the BL
parameters. Since BL has both the charge value and the mass value of matter, they can affect the
conditions of existence, the effect of these factors will add up. In this case, the total energy density can
vary widely and reach a value of 10°-10%° J/m3, which is in agreement with some observations [4,10].
At Q > 1073 C, the charge pressure on the shell and at m>10-°kg, the pressure and voltage are compared
with atmospheric pressure and the BL state becomes unstable. The high values of charges and masses
at which anomalous BLs are observed raises the question of the reality of such BLs. BL with a mass of
up to 10 kg fall into the energy density region of 108-10° J/m3 which is not abnormal. There are
observations when a moving BL broke several trunks of thick trees [8]. BL with a charge of 102- 10
C fall into the observation area of an energy density of 101°-10! J/m?.

The electric field of a highly charged BL. Estimates of the electric field strength near charged
spheres having the parameters of the observed high-energy BL raise the question of why a discharge to
the ground is not realized. This issue is investigated in detail in [4,5]. A charged sphere is considered in
an electric field created by a large intrinsic charge of the ball. This electric field on the surface of the
ball is large and capable of ionizing the air. A plasma with a high concentration of electrons appears,
which in turn shields the electric field of the sphere, as if a metal screen appears. The resulting field
decreases, ionization stops, and the plasma decays, but when the field is strong, E = Q/4n-g-R?, high-
concentration electrons reappear and the plasma decay process repeats. Thus, plasma processes turn off
the electric field. Plasma [4,5] in strong fields appears at t ~10~° and less, so that the electric field turns
off. Therefore, no breakdown phenomena occur in this spatial region. There is a pulsating formation and
death of plasma. This may explain the appearance of the oscillating electric field observed in BL. The
presence of a super-strong electric field in a highly charged BL is not a limitation for the existence of
BL in air, this conclusion is confirmed by the results of the implementation of corona discharges in
fields on the surface of a high-voltage electrode 2 orders of magnitude larger than the breakdown [11].

Properties such as BL lifetime and equilibrium radiation of Bl are in detail discussed in [5].
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A model of a BL is presented, which is a luminous charged sphere with a solid shell and a core
filled with hot gas. The solid shell compresses the hot gas, and the electric charge on the surface causes
the surface to stretch. The equations of the internal energy of this object due to the pressure of charges
and the thermal expansion of a hot gas are presented. Calculations of the internal energy of this object,
the pressure of charges on the shell and the shell stress caused by the pressure of hot gas inside the shell
are carried out. Calculations show that the internal energy of this object can reach a value of 10°-10*!
J/im3, which is in agreement with observations.
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STUDY OF ELECTROPHYSICAL PROCESSES IN AN
LONGITUDINAL HETEROGENEOUS PLASMA SWIRL FLOW

Anatoly I. Klimov
Joint Institute for High Temperatures Russian Academy of Sciences, Moscow, Russia

It is well known that inside large atmospheric vortices, such as tornadoes or whirlwinds, complex
electrical, optical and acoustic phenomena associated with the process of electrical charging of the
heterophase in the vortex flow can be observed [1]. It is noted that linear and ball lightning are observed
inside the core of the atmospheric vortexes. Electrophysical and optical precursors were often observed
before the formation of a tornado.

The purpose of this work is to study the electrophysical processes in an longitudinal heterogeneous
plasma vortex formed in the working gas flow: air flow + water vapor (aerosol). We hope that the results
of this work can be used for explanation the physical mechanism of the creation of the above-mentioned
plasma formations inside a tornado, as well as in studying the energy flows inside natural tornadoes and
whirlwinds.
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To study the tasks, a laboratory plasma reactor PVR was created. This reactor was described in
detail in our previous works [2, 3]. In this work, we used a PVR in which the longitudinal size of the
plasma zone varied from 40 mm to 600 mm, Fig. 1. The swirl heterogeneous gas flow was created using
a vortex generator with four tangential nozzles. The diameter of the working section was 60 mm, its
length was 500 mm. An longitudinal electric discharge in the working chamber was created using axial
nickel electrodes with a diameter 6 mm and a powerful modulated RF generator.

Typical experimental conditions were the followings:

Distance between electrodes 180 mm

Type of discharge modulated RF discharge
RF frequency 450 kHz

Frequency of discharge modulation 10 Hz - 100 kHz
Working gasflow air + water vapor

Air flow rate Mair = 10 G/s

Water vapor flow rate Mhuzo ~ 1 G/s

Experiment time 600 s

Main goals of this work. Study of scaling laws (similarity) of thermophysical processes at the
PVR reactor. Study of features of plasmoid formation in longitudinal heterogeneous plasma created by
a powerful RF discharge.

’4. R ".i i
FIGURE 1. Modified PVR. The distance between the electrodes - 180 mm. High-freq
in a heterogeneous mixture: H,O steam + air = 1:10 (right).

il

uency plasmoid

1. Heat release in an extended heterogeneous plasma.

In calorimetric experiments on the PVR, air and water vapor flow rates were measured by using
mass flow meters Tektronix. The spatial temperature distribution in the cross-section of the outlet nozzle
was measured using a comb of calibrated thermocouples. Typical experimental results for measuring
the output thermal power from the PVR are shown in this Table:
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Output average temperature from the PVR T,=318C

Input average temperature of the mixture T1=64C

Output thermal power of the air flow Qair = 2560 W

Output thermal power of steam QHo =710 W

Total thermal power of the gas flow Q=3270W

Consumed electric power Ne = 1070 W

Calibration of the PVR with argon flow (heat losses) Kp = Qar/Near = 0.5

Extra energy release Kin Kin=Q/Ne= 3.1

Total value Kin« Kinx =Kin/Kp = 6.2 at K, = 0.5

The output thermal powers of heated airflow Qair and water vapor flow Qu2o Were calculated using
the following formulas:

Qair = CpairMair (T2 - T1); Qn20 = Cp 20 Mhz20 (T2 - Ta)

Conclusions to the section.

The obtained value Kis ~ 6, achieved in this experiment with an longitudinal heterogeneous plasma
(L=180 mm) significantly exceeds the value Ki, = 2.4, obtained in an additional experiment with a short
plasma (L= 40-50 mm), under other similar experimental conditions. This result is expected, since heat
losses in a heterogeneous plasmoid (as in any heat source) are determined by the ratio of its volume to
its surface, under the condition of a constant specific energy release of a specific plasma-chemical
reaction. Possible physical mechanism explaining the extra thermal energy release in the PVR due to
change of the internal bind energy of the transmuted element nuclears is considered below.

2. Formation of local long-lived energy-intensive plasmoids (LEP) in the PVR.

It was obtained that local spherical LEPs can form in a swirl heterogeneous flow (air + water vapor)
in the PVR when creating a pulse-periodic discharge in it. A typical form of such a plasmoid is shown
in Fig. 2. The diameter of such a LEP can reach 1-2 cm. Analysis of individual frames of a high-speed
video film allows us to study the dynamics of the creation and death of such LEPs. It was found that
LEPs are formed from the products of erosion or destruction of the cathode electrode material (nickel).
At the moment switch on of a current pulse (pulse current above 10 A, pulse duration - 10 ps, pulse
repetition frequency - 10 kHz), many microdroplets of molten cathode material (nickel) are observed
near the cathode electrode region. The characteristic diameter of these droplets does not exceed 0.3 mm.
When a microdroplet of molten metal enters the discharge channel, it undergoes a process of rapid
evaporation. In this case, a spherical plasmoid consisting of nickel nanoclusters is formed around the
microdroplet (see below). It was measured that the charge of these microdroplets is negative. Their
potential is close to the cathode potential. They moved against the gas heterogeneous flow along the
electric field. Many of them reached the anode and stuck to it. When the microdroplet evaporated with
an electric anode streamer starting from the anode, the plasma shell was charged with a positive charge.
Direct measurements of the electric potential of this plasma shell using electric microprobes confirmed
this conclusion. Thus, a spherical plasma capacitor with a positively charged shell and a negatively
charged core was formed. It is important to note that such a LEP was practically not drifted away by the
incoming gas flow and did not move along the electric field (unlike charged microdrops). When the LEP
approached the cathode, the positively charged shell was attracted to it (was blown away by the electric
field), exposing the core-microdroplet, Fig. 2 (left). Thus, the process of LEP destruction near the
cathode electrode is observed. This result also proves that the charges of the core and shell of the LEP
are different. The final products of LEP decay were collected behind the cathode electrode using a water
seal [2]. Then the water sediment was analyzed using an electron microscope and the EDS spectroscopy
method. The analysis showed that the shell consists of nanoparticles. The characteristic size of
nanoclusters was 10-30 nm. The results of the chemical analysis of the nano-clusters are given in our
previous work [2]. These particles contain many new elements, such as Al, Si, Cu, Zn, etc., which were
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absent in the initial material of the electrodes and reactor units. The author supposes that these chemical
elements are obtained as a result of cold transmutation of the cathode material as a result of the low-
threshold nuclear reaction LENR [3], during the interaction of nickel microdroplets with hydrogen ions
(a product of the dissociation of water molecules). However, for the final confirmation of this
hypothesis, it is necessary to conduct an isotopic analysis of the final products of the PVR using an ion
mass spectrometer. Taking into account the change in the internal binding nuclear energy of the
transmuted chemical elements can explain the significant extra energy release in the PVR reactor.

Gas flow

FIGURE 2. Formation and destruction of a spherical DEP. 1- microdroplets of molten cathode, 2- DEP
(core + shell), 3- anode, 4- DEP shell, 5- cathode with melt

This investigation was performed with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (State assignment No. 075-01129-23-00).
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EVALUATION OF THE EFFECTIVENESS OF USING MEDIUM-
ENERGY HEAVY IONS TO GENERATE LINEAR LIGHTNING

Vladimir V. Gorev'.23 and Denis Yu. Smyslov'2

'Bauman Moscow State Technical University, Moscow, Russia
2Mendeleev University of Chemical Technology of Russia, Moscow, Russia
3National Research Centre "Kurchatov Institute”, Moscow, Russia

To date, lightning remains a phenomenon that has not been fully studied. The main difficulties in
constructing a full-fledged theory are caused by the chaotic spread of affected areas, technical limitations
in studying processes occurring inside a cloud environment, and the lack of similarity in the phenomena
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of electrical breakdown of the atmosphere at different scales [1, 2]. A new approach to solving these
problems was proposed in [3] using an experiment that allows simulating linear lightning in real
conditions.

Fig. 1 shows the scheme of this
experiment, the idea of which is to
charge a rain cloud (natural or

&~ 1 Mvim artificial) with a beam of high-
energy protons using a medium-
energy linear accelerator to an
electric field strength of about 1
MV/m, at which a breakdown
occurs in real atmospheric

Y conditions.
_\‘\ 7 The present work is a
o continuation of this topic and
/ / consists of evaluating the

FIGURE 1. Diagram of generation of atmospheric electrical effectiveness of using ions of a

discharges: 1 - linear accelerator of medium-energy protons; 2 - wide range of m_asses (1 - 240
deflecting magnets at the accelerator output; 3 - rain cloud; p - proton a.m.u)_and energies (100 B 5000
beam; and 0 - angle of multiple scattering and deflection of protons in MeV) in the proposed experiment.
the cloud field. [3]

Path length and angle of multiple scattering as a function of particle energy and mass. The
main processes occurring during the passage of heavy charged particles in the atmosphere are associated
with energy losses due to ionization and multiple scattering on the atoms of the medium. To study the
nature of the dependence of these processes on the mass and energy of the particles used, the Bethe-
Bloch formula and the formula for the mean square angle of multiple scattering were used [4, 5].
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FIGURE 2. The mean free path in air depending on FIGURE 3. The angle of multiple scattering in air
the energy and atomic mass of the particles. depending on the energy and atomic mass of the
particles.

As a result of the calculations, it was established that the ion path length increases with increasing
energy and decreases with increasing mass. In turn, the multiple scattering angle decreases both with
increasing mass and with increasing energy (Figs. 2, 3).
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It follows from the obtained results that in order to reach a cloud at a given altitude, particles with
a larger mass must be given a larger initial energy, but this will significantly reduce the angle of their
multiple scattering. To clarify the effectiveness of using heavy ions, let us consider this situation in more
detail using the example of a cloud located at an altitude of h = 500 m.

In the calculations, the following parameters were assumed to be fixed: the angle of departure from
the accelerator relative to the horizon a = x/3; the height of the cloud h=500 m; the density of the cloud
peioud = 1,31 kg/m?; the water content of the cloud o= 0.017 kg/m?; the accelerator beam current 1, = 0.1
A,; the radius of the beam at the exit from the accelerator r, = 0.01 m (the influence of the electric field
of the cloud on the trajectory of the particles and the parasitic current discharging the cloud were not
taken into account in this work) [3].

As expected, with increasing particle mass, the initial energy W required to reach the cloud at a
height of 500 m increases, and the multiple scattering angle © decreases (Fig. 4(a), 4(b)). This leads to
a significant decrease in the minimum cloud radius R required for all particles to enter and the cloud
irradiation time t, sufficient to achieve an electric field strength of about 1 MV/m near it, at which
breakdown occurs under real atmospheric conditions (Fig. 4(c), 4(d)).

Figure 4(e) shows the dependence of the maximum permissible beam current density js on the
atomic mass of the element. As follows from [3, 6, 7], consideration of the Boguslavsky-Langmuir law
in the case of spherical geometry is sufficient for a guaranteed estimate of the maximum permissible
beam current density in the form of a cone. From a comparison of Fig. 4(e) with Fig. 4(f) it is evident
that although the beam current density near the cloud j, increases faster than the maximum permissible
current density js with an increase in the particle mass, the extreme value j, = 0.035 A/m? at the point
A=238 a.m.u. still turns out to be an order of magnitude less than the maximum permissible current
density js = 0.28 A/m? at the same point. Thus, the condition j, << js, necessary for all particles to reach
the cloud, is satisfied with a large margin over a wide range of their energies and masses.
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FIGURE 4. Dependence of various parameters of the problem on the atomic mass of particles at a fixed cloud
height h=500 m. (a) Minimum ion energy required to reach the cloud. (b) Multiple scattering angle. (c)
Minimum cloud radius required for all particles to enter. (d) Cloud charging time. (¢) Maximum permissible
beam current density of spherical geometry. (f) Actual beam current density near the cloud.

TABLE 1. Obtained values of experimental parameters for some elements.

Particle | Energy Scattering Cloud Mass of Cloud
W, MeV angle ©, deg radius R, m | water ina charging time
cloud, kg t, s

*H 360 1.9975 25 1113 0.6777
<tFe 1920 0.2159 4 4.56 0.0140

tAg 2590 0.1471 3 1.92 0.0058
108
235U 3680 0.0938 2 0.57 0.0035

For greater clarity, we will show how the parameters required to reach a cloud at an altitude of 500
m will change when switching from using hydrogen ions ¥H to iron ions tFe. As follows from Tab.1,
the minimum initial energy must be increased by 6 times, then the scattering angle will decrease by 9
times, the minimum required radius of the cloud will decrease by 6 times, the required mass of water in
the cloud will decrease by 244 times, and the cloud charging time will drop by 48 times.
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Based on the results of the calculations, the following conclusions can be made regarding the use
of heavy ions in the proposed experiment on the generation of linear lightning:
1. When using heavy ions, there is a significant gain in the required cloud size, the mass of water
contained in it, and the charging time sufficient to form atmospheric electrical discharges.
2. The effect of space charge on the transport of heavy ions in the atmosphere is insignificant over the
entire range of masses and energies.
3. The disadvantages of using heavy ions include technical difficulties in obtaining them and power
limitations of existing linear ion accelerators.
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LASER PLASMA SPECTROSCOPY AND COLLISIONLESS
INTERACTION IN MAGNETIZED MEDIA

Marina S. Rumenskikh, Alexey A. Chibranov, Artem G. Berezutsky, Vitaly G. Posukh,
Pavel A. Trushin, Yuriy P. Zakharov, llya B. Miroshnichenko, and lldar F. Shaikhislamov

Institute of Laser Physics SB RAS, Novosibirsk, Russia

The impulsive expansion of a localized plasma cloud into a relatively rarefied, magnetized
surrounding plasma characterizes many astrophysical and space phenomena. In such rarefied
environments, collisionless electromagnetic processes, rather than Coulomb collisions, determine the
transfer of momentum and energy from the cloud to the background plasma [1,2].

Interacting plasmas in the space environment are often represented by ions of different types.
Separate diagnostics of a wide range of ions is possible due to the development of spectral methods. In
addition, the use of optical methods in laboratory modeling of space processes allows for the most
accurate reproduction of experimental conditions using space telescopes, without introducing
disturbances into the area under study.

This paper contains the results of laboratory modeling of the expansion of a quasi-spherical cloud
of laser plasma into a magnetized background hydrogen plasma [3], in particular, measuring the rotation
of ions of different types at the interaction boundary. The experiment was conducted on the vacuum
stand "KI-1" of the Laboratory of Power Engineering of Superpower Lasers of the Institute of Physics
of the Siberian Branch of the Russian Academy of Sciences. To demonstrate the effect of rotation of
ions of laser and background plasmas, the emission spectra of ions of laser and background plasmas, as
well as the data of ion flux measurements are presented.

The main goal of spectral diagnostics in the present series of experiments was to study the
interaction of laser and background plasma ions with each other and with the magnetic field. It was
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assumed that the features of this interaction would be expressed in the effect of rotation of background,
predominantly hydrogen, plasma ions during its interaction with the laser plasma cloud and the external
magnetic field due to the magnetic-laminar mechanism and the Lorentz force.

The ion rotation was observed in the equatorial (XY) plane. For this purpose, the optical axis was
directed across the chamber, as shown in Fig. 1 (green line). Return ion flows were recorded with a
longitudinal configuration of the optical axis (Fig. 1, orange line). To verify the ion rotation effect
studied by spectral diagnostics, measurements of azimuthal plasma flows were performed using ion
collectors installed at the boundary of the magnetic cavity (8 in Fig. 1 on the left).

Spectral measurements on the Kl-1 stand were performed by a system consisting of an MDR-12
monochromator with CCD matrix registration and a photomultiplier tube, combined in one device [4].
The instrumental line broadening by the monochromator does not exceed 0.2 nm. The CCD array was
used to record the shape of spectral lines in one operation. The matrix is a linear assembly of photodiode
cells (2048 cells by 29 mm), and in combination with the monochromator, provides a spectral resolution
of 0.033 nm / pixel. The CCD shutter pulse allows varying the signal recording duration, which in the
present experiments varied from 3 to 20 ps depending on the measurement mode. The FEU-84
photomultiplier tube was used to record the radiation dynamics in the selected line at the monochromator
output with a time resolution of at least 1 ns . To detect the dynamic signal of plasma glow and the
spectral shape of the selected line in one operation, the division of the light flux at the output slit of the
monochromator was used.

Z A\

FIGURE 1. Measurement setup: 1 — 5x1.2 m vacuum chamber, 2 — viewing window, 3 — theta pinch, 4 —
background plasma flow, 5 — solenoid, 6 — polyethylene target, 7 — laser plasma, 8 — ion collector, 9 — rotating
mirrors, 10 — monochromator, 11 — combined device. Colored lines indicate the optical axis path (left panel).
Schematic representation of the experiment for recording the effect of laser plasma ion rotation. The image is in
the equatorial plane, the target is in the center, the optical axis location is marked by red and green lines (right
panel).

To measure the rotation of the background plasma ions during interaction with the laser plasma
cloud due to expansion into the magnetic field, a transverse configuration of the optical axis was used,
at a distance of R ~ 20 cm from the target, corresponding to the boundary of the magnetic cavity, as
shown by the red arrow in Fig. 1 on the right. The displacement of the optical axis to short distances (
R ~ 17, inside the cavity, green line in Fig. 1 on the right) was performed using a Hartmann diaphragm.
To record the spectral profiles in Fig. 2 on the left, an exposure of 15 pus was used, corresponding to the
full expansion time of the laser plasma.

Ha line measurements showed significant Doppler shifts at a distance of 20 cm from the target at
a field strength of 50 G (Fig. 2 on the left, red solid line), indicating the occurrence of azimuthal flows
in the background plasma during the interaction with the spherical cloud of the laser plasma. This
acceleration occurred due to the azimuthal electric field, which arose due to the motion of laser plasma
ions in a uniform longitudinal magnetic field. As a result, the background plasma ions were first
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accelerated transversely and then began to rotate around the magnetic field lines. Increasing the
magnetic field to 100 G led to the compression of the cavity, and at a distance of 20 cm, the motion of
laser plasma carbon ions was observed, as evidenced by the increase in the intensity of carbon lines (Fig.
2 on the left, blue solid lines). These results are in qualitative agreement with the conclusions of [5],
where the expansion of laser plasma carbon ions into the background helium plasma was considered.
The effect of rotation of ions of different types was also monitored by collector diagnostics
implemented by Faraday cup. Fig. 2 on the right shows typical collector oscillograms displaying the
dynamics of the ion flows at different distances from the target in the mode of expansion of laser plasma
into the background plasma with an external magnetic field. The collectors were installed in such a way
as to obtain azimuthal ion flows directed clockwise ("slit up™) and counter-clockwise (*'slit down") under
the condition of observing the rotation from the end of the chamber. At the boundary of the cavity, a
counter-clockwise ion flow is observed, corresponding to the formation of azimuthal ion flows of the
background plasma. 0
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FIGURE 2. Emission lines obtained in different configurations of the optical axis — closer ( R ~17 cm) and further
( R ~20 cm) from the target, during the expansion of the laser plasma into the background and into the MF of
different sizes (left panel). Oscillograms of collectors obtained during the registration of azimuthal ion flows
clockwise (“up”, red and purple lines) and counterclockwise (“down”, black and gray lines), obtained at different
radial distances from the target (right panel).

The experiments demonstrate that the interaction of laser plasma with magnetized background
plasma leads to complex ion dynamics, including their rotation and formation of azimuthal flows. The
observed phenomena, such as return proton flows and counterclockwise ion rotation, are important for
understanding the physics of plasma interactions in astrophysical and space conditions.

The obtained results confirm that laboratory experiments can successfully model key aspects of
astrophysical processes, which opens up new possibilities for studying plasma interactions under
controlled conditions.

The work was supported by the Experimental Laboratory Astrophysics and Geophysics program
of the National Center for Physics and Mathematics.
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LONG-LIVED LUMINOUS FORMATIONS BY THE EROSIVE
PLASMA GENERATOR

Vladimir L. Bychkov, Dmitry E. Sorokovykh, Dmitry V. Bychkov
and Aleksandr A. Logunov

Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia

Studies of long-lived luminous formations (LF) have been carried out for a long time [1-5], which
is associated with the search for an explanation of the physical nature of natural ball lightning in
connection with the possibility of applying this phenomenon in practice. In the second half of the 20th
century, in studies of plasma discharges of various types, long-lived luminous formations were obtained,
so in [2] it was reported that large luminous balls appeared when battery electrodes were closed in
submarines, and in [3] luminous balls appeared when metal electrodes were closed in liquid. In [4] a
specially designed powerful plasma generator was applied in which at destruction of one electrode
appeared a sphere of about 10 cm size with a lifetime about of 1 second. In experiments [5] was realized
and explosion of a wire-coil under action of strong current and a sphere of about 5 cm in size and a
lifetime of about 0.5 seconds was realized.

There are known works on the physical and chemical production of ash microspheres using low-
temperature plasma [6]. It has been established that the heating process in plasma conditions is much
more efficient than in natural conditions [7]. They are realized in practice in hot conditions. One type of
them, glass spheres, is found in waste at coal-fired power plants. In this case, a matter in seconds is
converted from a gaseous state to a solid state with the release of a large amount of heat and an increase
of pressure. The realization of spheres with solid cover was reported in [8].

A large number of experiments were conducted with the effect of different plasma natures on
electrodes and materials, when luminous formations appeared in the discharge volume during the
experiments, see, for example, [9, 10]. In this case, electrode materials and substances with which the
plasma interacted played an important role.

In experiments [11] a silicon wool was placed inside the discharge tube, and when discharged,
luminous balls with a thin shell flew out of a specially made hole in the tube. Some of them exploded.
In the experiment was shown that luminescent formation had a shell.

In studies with capillary discharges [12, 13] based on standard schemes of [1], luminous balls also
appeared when plasma jet was exposed to a surface of metal samples from solder. Mass spectrometric
analysis of the small balls and cover material was held also. The composition of the sphere (a small ball)
was O: Sn: Pb = 14.95: 67.59: 17.34%. The composition of the cover was O: Sn: Pb = 18.95: 54.71:
26.64%. From these numbers can be concluded that the cover and the ball (core) consist of the same
substances. However, an amount of oxygen is higher in the cover. Its thickness was 10 um and higher,
it was detected by electronic microscope [12,13]. An appearance of the metallic ball in the “hollow”
sphere when it falls into the water indicated the condensation of a vapor inside the metallic sphere at its
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cooling in water. This confirmed the conclusion of [12,13] on the possibility of the objects formation
filled with a metallic steam at interaction of the plasma with metallic objects.

The main unit of applied experimental set up is the capillary plasma generator. A principle scheme
of which is presented in Fig.1. [1,5,12,13]. Usually, this capillary plasma generator has the following
characteristics: pulse duration of 7 ms, pulse energy of 200-220 J, discharge voltage of 300-310 V,
maximum pulse current of 100-120 A. Temperature measurements and the distribution of the electron
concentration in the plasma jet created using this plasma generator with a plexiglass capillary were
carried out earlier [14].

It followed from the experiments that the L
concentration of electrons (ions) varies along — O
the discharge axis in the range 10'6-10% cm®,
and in the radial direction in the range 10*°-10%’
cm?,

In this case, the axial temperature
distribution in the plasma jet was 5000-6000 K 4
in height about 8-9 cm and the radial 7
temperature distribution of 4000-6000 K in
radius is about 6 mm.

Table 1 shows typical parameters of a

caplllgry plasma generator: th_e capaCIty of a FIGURE 1. The general scheme of the capillary plasma
capacitor bank, the energy inputted in the generator. 1 is the initiating capacitance, 2 is the switch,
discharge, the maximum value of the current 3 s the capillary, R1, R2 are the resistances of the voltage
and the voltage; the duration of the pulse. divider, Rsh is the resistance of the shunt to determine the

The material of the plates and wire was discharge current. It is a circuit comprising a
varied over the experiments, and for a given switchboard, a capacitance and a discharge device, which
experiment, the material was either steel, consists of flat electrodes separated by a dielectric with a
aluminum, tin, solder (in case of wire its capillary with a diameter usually of 2 mm and a length of

diameter was 1.5 mm, the composition: Sn — 45 MM
59-61%, Pb — 39-41%), or copper.

TABLE 1. Parameters of the plasma generator.

— 3200 mcF

Capacitance, pF The energy Imax, A Umax, V t, ms
inputted in the
discharge, J
13070 1176 72.3 172 154
16360 1472 72.3 192 25.3

With an increase of the energy inputted in the discharge, the current and voltage on the discharge
increase, as well as its duration. At the same time, about 5-7% of the initially inputted energy is
consumed in the discharge The rest energy goes to radiation.

The potential value did not allow the plates to be charged above 10-° C (estimates were made based
on the charged disk model [15]). It was assumed that the applied voltage would affect the scattering of
plasma-charged particles formed from the sample material. Initially we wanted to rise the charge of the
metal plate, in order to realize charged spheres, however we did not detect change of behavior of glowing
particles.

Steel, lead, aluminum, copper and solder (with a diameter of 1.5 mm, the composition of which is:
Sn —59-61%, Pb — 39-41%) were used as the object under study.

For realization of LF we applied the following experimental scheme represented in Fig.3a. Plasma
jet from the plasma generator 1 interacts with metallic sample 2. A hole in it appears from which moves
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plasma and the luminescent particles 4 including the big ones 3. One can see the trajectory of such
particles. Sometimes they reach the wall of experimental setup and explode hitting the wall, or they are
reflected off the wall and continue to move to the bottom of the installation, where they explode or go
out. The photo of such particles motion is presented in Fig.2b.

The length b of the installation was about 30 cm and the height a of the plasma generator’s location
was about 25 cm. In all the experiments, the highest available energy inputted in the discharge was
approximately 1.5 kJ.
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FIGURE 2. a) 1 — plasma generator; 2 — metallic target; 3 — luminous formation; 4 — area of plasma and
luminescent particles; 5 — installation’s wall; 6 — a rack; a — height of the plasma generator’s location, b —length
of the installation. b) The frame of luminous formation departure from the lead plate.

Some of the glowing objects exploded in the air. The diameter of the object at the 0.2 s is about 0.7
cm. By the video (frames are captured every 4.2 ms), it was possible to determine the lifetime from the
moment of birth to the destruction of LF. The longest-lived LF in the experiments had a lifetime of about
7s.

In all the conducted experiments the motion of LF one can describe as follows. When it comes into
contact with some surface, it jJumps to a certain height of about several centimeters. Then fell again and
jumps up again. This movement was observed throughout its entire life, while the amplitude of each
subsequent jumps decreased and the length increased.

Some of these LF's exploded when they fell on the surface of a table or paper, splitting into smaller
LF's. They left burnt traces on the paper.

In experiments with lead, aluminum and solder target samples (not electrodes) we studied LF
interaction with water. In all the cases similar to [12,13] when LF fell into a cuvette with water, a small
metallic ball fell out of it, and a translucent shell with a thickness higher than 100 microns (which was
determined by the electronic microscope) was observed on the surface of the liquid. In experiments with
a copper plate, the shells were not observed, this indicated poor oxidation of copper samples. According
to [12] the thickness of the shell is about 20 mcm. So the formation of the shell is analogous to the
process of thermal rapid oxidation of Si [15].

In another series of experiments with lead, the fallen LF first decreased from the starting value
(which was about 1.5 cm) to 1 cm, and then it began to grow. This lasted for 0.02 s, when it grew to 2
cm, and then began to slowly decrease. From the size of 1 cm it decreased to 0.5 cm in 3 seconds.

We carried out studies on the interaction of plasma of the capillary discharge with metal samples
of aluminum, iron, copper, solder, etc. Main purpose was production of luminous formations by the
capillary erosive plasma generator in different conditions. At the inputted energies in the plasma
generator (1200-1500 J), the plasma of the jet interacted with a metal and formed a luminous formation
with an internal vapor region and an oxide shell. The best results were obtained using aluminum, lead
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and solder samples in which there was a noticeable formation of the shell. As the energy inputted
increased, the size of the object increased.

At an energy input of about 1500 J, a formation with a diameter of up to 1.0-1.5 cm, with a shell
thickness of up to 100 microns (which was determined by the electron microscope) and a lifetime of up
to 7 s was observed.

These luminous formations sometimes exploded. They left traces in the form of dots of soot when
they interacted with paper and traces of an explosion in the form of a star on the paper.

These formations are similar to those, which appear during thunderstorms in electric circuits and
power sockets, because they have low electric charge they differ from natural ball lightning. However
according to the parameters: long glow (long lifetime), the ability to jump, disintegration into several
objects, high density of internal energy, they are analogs of real ball lightning.
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KEY OBSERVATIONS OF BALL LIGHTNING AS A BASIS FOR
CREATING ITS MODEL

Anatoly I. Nikitin
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Ball lightning properties. Most information about the properties of ball lightning is obtained by
observing it through the eyes of witnesses. The imperfection of the human senses and the ways of
remembering information gives some skeptics a reason not to recognize the results of these observations
and even doubt the existence of ball lightning. In recent years, thanks to the widespread use of video
cameras and smartphones, films have appeared. Analysis of these films allows us to obtain reliable
information about the behavior of ball lightning, which usually escapes our attention during its visual
observation. The data from this analysis can form the basis for constructing a model of ball lightning.
In cases of observing ball lightning from a close distance, witnesses talk about a sphere with sharp
boundaries, inside which luminous sparks move randomly. In the frames of a video filmed in
Blagoveshchensk, the structure of ball lightning is clearly visible —a luminous spherical core surrounded
by a luminous shell [1]. Information about the discrete structure of the core of ball lightning is confirmed
by a case of filming a collision of ball lightning with a car [2]. A cloud of luminous sparks flies out of
the torn shell of ball lightning. This suggests that the elements of the ball lightning core have an electric
charge of the same sign and are held inside the shell by some force. If this is so, then ball lightning must
have an electric charge. This is confirmed by the case when ball lightning split into two fragments,
which flew apart to a distance of x during the observation period [3]. Analysis of the scattering process
showed that this distance changed as x = C-t2, which is typical for the movement of charged balls in
the air. Ball lightning can move, carried by the wind, but sometimes it can fly against the wind. In July
2015, ball lightning was filmed in Mitino by three operators simultaneously [4]. Analysis of its trajectory
showed that for 80 seconds it moved in a 12 m wide zone perpendicular to the wind speed. This happened
due to the attraction of its charge to the negative charge located at the bottom of the approaching
thundercloud. Thus, the described observations indicate that ball lightning is actually one of the
electrodes of a large capacitor, the second electrode of which is the surface of the earth. It actively
interacts with the environment, changing its properties. If ball lightning approaches a grounded object,
the charge flowing from it will end up in the area between it and the object. Its repulsion from this charge
can create conditions in which ball lightning will hover above the conducting surface. The presence of
a charge in ball lightning causes it to move along the lines of force of the atmospheric electric field and
penetrate into buildings through small openings and window panes. Analysis of the glass through which
ball lightning passed showed that traces of intense heating remained on it [5]. This means that ball
lightning has energy that can be transferred to material objects. The ability to possess great energy is the
most mysterious property of ball lightning. In 1936, ball lightning, having fallen into a barrel with 18
liters of water, heated it to boiling. Based on this, it was found that the energy density contained in ball
lightning was higher than pe = 10%° J/m3[6]. According to the virial theorem, in order to hold particles
with such an energy density inside a container, it must withstand a pressure of P = pg/3 = 3.3-10° Pa =
3.3-10* atm. The first thought about the source of this energy is the presence of high temperature of the
substance of ball lightning. However, witnesses say that there is no heat coming from ball lightning.
Moreover, there is a known case when ball lightning lying on snow did not melt it [3]. On the other
hand, ball lightning that hit a barrel of water somehow transferred energy to it. A possible explanation
for this may be that the water was heated by radio frequency electromagnetic radiation (like in household
microwave ovens). Experience has shown that snow placed in a microwave oven does not melt [3].
There are cases of evaporation of ring-shaped metal objects (rings, chains, bracelets) when a ball
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lightning explosion occurred near them [3]. This can be explained by the action of electromagnetic
radiation. Analysis of the observation results indicates that there are two types of ball lightning — low-
energy and high-energy ball lightning [3]. The former usually slowly flow out of the sockets in the form
of luminous streams, which then swell into a luminous ball. Ball lightning of the second type is formed
by linear lightning discharges in clouds [7]. Such ball lightning, exploding inside wooden houses, pushes
out their walls [2]. The formation time of such ball lightning does not exceed 1/30 of a second.

Ball lightning model. Let's discuss whether it is possible to create a container that can withstand
the pressure of the energy core of ball lightning (3.3-10° MPa) and, in addition, the force of Coulomb
repulsion of charges. Only “at hand” material, such as water, is allowed to be used to create the container.
We will begin the discussion with the problem of holding motionless charge carriers Q = 5-10 C inside
a spherical shell with an internal radius Ri, = 5-102 m. The charge carriers stretch the sphere with a force

FQ = QZ/SJISORinZ =4.496- 107 N. (1)

Here g0 = 8.854-1012 F-m is the dielectric constant. The electric field strength created by a charge
Q=5-10"C at a distance of Rin=5-102 m is:

E = Q/4meoRin? = 1.798-10%° V/m. (2

Let's place a water molecule (an electric dipole with a moment py = 6.327-10"% C-m) on the surface
of the sphere of radius Rin. The condition for complete polarization of the dipole is the requirement [3]:

E > Emin = 3ksT. (3)

Substituting into formula (3) ks = 1.38-102% J/K, and T = 300 K, we find Emin = 2-10° V/m.
Condition (3) is satisfied, and the water molecules on the surface of the sphere will be oriented along
the electric field strength vector. In a non-uniform electric field E, a water molecule will be attracted to
the center of the sphere with a force of:

fq = pw grad E = — 2p.Q/4neoRin’. 4)

Let’s imagine a water molecule as a ball with a diameter of dw = 4-10"° m. On the surface of a
sphere with a radius of Rin, nw = 4nRix?/dw? water molecules can fit. A shell consisting of one layer of
water molecules will be attracted to the center of the sphere with a force

fw = fg'Nw = 2puwQ/eodw?Rin = 8.93-101 N. (5)

The force fy, is less than the force Fq by Fq/ fw =5-10" times. The force Fq can be compensated by
a shell of 5-107 layers of water molecules. Its thickness is a=5-10"-dyw=2-102 m.

Now let’s consider ball lightning with an “active” core consisting of particles with a kinetic energy
density of pe = 10° J/m3. Let the inner radius of the shell be Ri» = 5:102 m, and the charge of the core
be Q = 5-102 C. The pressure of the core on the surface of the shell is P = 3.3-10° N/m?, and the force
acting on the shell is Fe = P-4nRix?> = 108 N. To compensate for this force, ne = Fe/f, = 1.12-108 layers
of water molecules must be added to the shell. Its thickness will increase by b = ng-dw = 4.48-102 m.
The total thickness of the shell will increase to a + b = 6.48 cm, and the radius of the ball lightning will
become equal to Ry = Rin +a + b =11.48 cm.

Let’s assume that the shell is filled with a gas whose density is equal to the density of air at normal
pressure. One gram-molecule (6.023-10% molecules) occupies a volume of 22.41-102 m3, In 1 m® there
are Nm = 2.688-10% molecules, each of which has the energy Em = pe/Nm =3.72-101¢ J =2.325-10% eV.
Molecules with such energy will be ionized, and the shell will be filled with plasma with a temperature
Tp = Em/ke = 2.69-10" K. No shell can withstand such a temperature. It is more realistic to assume that
systems with rotating particles serve as energy accumulators. An element capable of containing a large
amount of energy can be a dynamic electric capacitor, the basic diagram of which is shown in Fig. 1 [3,
7].

In the center of the system are electrons moving in a ring orbit of radius r. Protons move around
the electrons in an orbit of radius R. The combination of the magnetic field H created by the movement
of the protons and the electric field E causes the electrons to drift in the direction perpendicular to the
vectors E and H. To create the magnetic field needed to hold electrons in orbit, the number of protons
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must be greater than the number of electrons, so this system has a positive electric charge. The
movement of electrons in a dynamic capacitor is similar to the movement of electrons in a magnetron.
The speed of the electrons is close to the speed of light. Moving along the orbit, they oscillate in the
direction perpendicular to their velocity vector. The movement of electrons in a closed orbit is the cause
of generation of synchrotron, undulator and radio frequency radiation [1].

The radiation power depends on the degree of
uniformity of the electron distribution along the
orbit. When uniformly distributed, the radiation
power is low, and when the uniformity is
violated, it increases. Because of this, the
intensity of the glow of ball lightning oscillates
chaotically [1]. A large number of dynamic
electric capacitors are located inside a spherical
shell of polarized water molecules [3]. In reality,
the dynamic capacitor has a more complex
structure.

Protons rotate in orbits whose planes are inclined to the plane of the electron orbit. Their movement
creates a barrel-shaped magnetic field. Due to this, a force arises that stabilizes the position of the
electron orbit. A similar scheme for holding electrons in orbit is implemented in betatrons.

A dynamic electric capacitor, like any system of electrons and positive ions, held by their own
fields, tends to expand. It can exist only in a device that creates a force that prevents its expansion. The
action of the expanding dynamic capacitor on the shell wall turns out to be “softer” than the action of
randomly moving particles can be. This is due to the fact that the protons during contact with the shell
move parallel to the shell plane and transfer to it not all the kinetic energy they possess, but only part of
the energy associated with the radial expansion of the capacitor. Another source of the glow of ball
lightning is a corona discharge on its surface. The result of this discharge is the formation of nitrogen
dioxide NO; and ozone Os. Ball lightning, possessing high energy, may be formed near the turn of the
linear lightning channel through which the current pulse passes [7]. The current causes the appearance
of a magnetic field and a vortex electric field. Ultraviolet radiation of the channel ionizes the air. Due
to the combined action of the electric and magnetic fields, a spatial separation of charges and their
acceleration occurs. In this case, some of the electrons leave the place where the core of the ball lightning
is formed, and it becomes positively charged. In the presence of a sufficiently large number of water
drops, a shell is formed around the core [7].

Conclusion. Based on the above, we can assume that the described model is capable of explaining
almost all the details of the properties of ball lightning. A main property of ball lightning is its ability to
hold an electric charge of 10-3-10 C inside itself. The container for holding electric charges in ball
lightning is a shell of water molecules. For some time, this system is in a state of stable equilibrium [3].
Due to the shell conductivity ball lightning charge gradually flows into the atmosphere. The lifespan of
ball lightning, which can be from 1 second to 10 minutes, depends on the rate of charge flow. The
hypothesis of the existence of structures in the core of ball lightning that have a mechanical torque
(dynamic electric capacitors) allows us to find an explanation for cases of ball lightning rotation. The
occurrence of rotation and its stop can occur due to a change in the orientation of the moments of rotation
of the elements of its energy core.

1. Nikitin A.L., Nikitin V.A., Velichko A.M., Nikitina T.F. Features of the mechanism of ball
lightning electromagnetic radiation // J. Atmos. Sol.-Terr. Phys. 2021. V. 222. 105711. DOI:
10.1016/j.jastp.2021.105711.

2. Nikitin A.l., Nikitin V.A., Velichko A.M., Nikitina T.F. Explosions of ball lightning inside
enclosed spaces // Atmosphere. 2024. V. 15. P. 2. DOI: 10.3390/atmos15010002.

FIGURE 1. Dynamic electric capacitor.
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MULTIPLE-CHARGED CLUSTERS AS AN AGENT REDUCING
AIR HUMIDITY BEFORE AN EARTHQUAKE

Anatoly I. Nikitin, Vadim A. Nikitin, Alexander M. Velichko, Tamara F. Nikitina

Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

Earthquake precursors. The creating a reliable way to predict earthquakes could save many lives.
It has long been known, that thermal anomalies are recorded in the atmosphere before an earthquake.
These anomalies can be represented using the parameter (ACP) — Atmospheric Chemical Potential,
described in detail in the monograph [1]. The ACP potential, measured in electron-volts, relates the air
temperature near the earth's surface Ty with relative humidity H:
ACP =5.8:10° (20T, + 5763)2-In (100/H). (1)
Temperature Tq is measured in degrees Celsius and relative humidity H is measured in percent.

Figure 1 shows how the ACP
value changed before a strong
earthquake of magnitude M 7.3
that occurred near the western
coast of Honshu Island in Japan
on March 17, 2022 [2]. On
March 12, 2022, 5 days before
the main shock, a sharp increase
in the ACP parameter was
observed, the cause of which
was a sharp decrease in air
humidity, possibly down to
several percent. A similar
picture of a sharp increase in the
ACP parameter before an
earthquake was observed in
other cases of monitoring the
state of the atmosphere [2].

ACP, eV
0,03 Location: lat 38,23 lon 141,77

0,02

1 5 10 15 20
Dates: days of March of year 2022
FIGURE 1. Change in the ACP value on the western coast of Honshu
Island before the earthquake of magnitude M 7.3 that occurred on March
17, 2022. The curved line is a hyperbolic approximation of the ACP
growth process.

A likely reason for the decrease in air humidity may be the formation of condensation centers for
water molecules. These centers can appear during the decay of radon nuclei (*?Rn). Before an
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earthquake, cracks appear in the earth's crust through which radon escapes into the atmosphere. The
radon nucleus decays to form a polonium (?8Po) nucleus and alpha particle (T2 = 3.825 days). The
polonium nucleus is transformed into a lead nucleus (***Pb) by alpha decay (T2 = 3.05 minutes). As a
result of the cascade of two decay reactions, energy 11.48 MeV is released. An alpha particle collides
with air molecules, ionizing them. Energy of 40 eV is required to form a pair of ions. Consequently,
when one radon nucleus decays, 5.74-10° ions of different signs are formed. In a humid atmosphere, the
ions join water molecules. Due to the action of the ion's electric field, a cluster of 10 water molecules
may be formed, and further growth of the cluster is a statistical process of joining water molecules due
to dipole-dipole interaction [3]. At 100% humidity, one cubic meter of air contains 17.27 g of water or
6-10% molecules. The half-life of 222Rn atoms is Ti, = 4.8-10° s. Decay constant A = 0.693/T1, =
1.4426-107 s7%. In order for one nucleus to decay per second in a volume of 1 m?, the number of radon
atoms in it must be no less than N1 = 1/A = 6.94-10° m=. The background activity of radon in the
atmosphere is Apr = 2-10% Bk/m?, which corresponds to 2000 decays per second in a volume of 1 m*®[2].
The background number of radon atoms in 1 m? of air is Nrph = N1-Agh = 6.926-106x2-10% = 1.385-10%°,
Before an earthquake, radon activity increases to Ay = 4.5-10° Bk/m®, which corresponds to the
formation of N = N1+ Agq = 3.157-10% water condensation centers. These centers must gather 6-10%
water molecules around themselves, or Nwi = 6-10%/3.157-10% = 1.9-10* water molecules around each
ion. The mass of a water molecule is my, = 3-107% kg, the mass of a spherical drop is Mg = My-Nyi =
5.7-10%° kg, and its volume Vg = 5.7-1028 m®. Drop radius Rar = (3Va/4n)Y® = 1.1-10 m. Thus, the
release of radon atoms can lead to a noticeable decrease in air humidity. However, when substantiating
the hypothesis of the participation of radon in changing the state of the atmosphere, it is necessary to
give an answer to some details of this phenomenon. The place where the ACP value anomaly is observed
covers an area of more than 10> m? [2]. Taking into account the limited length of transport of a radon
atom after exiting a crack, we must assume that this entire area is riddled with cracks. This is unlikely.
The process of radon release lasts about a day. After this it stops for several days. Does this mean that
all cracks are hermetically sealed at the same time? These and other questions suggest that other
processes may also be involved in the phenomenon of ACP growth before an earthquake.
Multicharged clusters. During earthquakes, air glow is often observed due to electrical discharges
in the ground. Matsumoto [4] discovered traces of particles on photographic films, which, in his opinion,
are compact formations of a large number of electrons. We assumed that these particles are multiply
charged clusters consisting of a group of ions located in a shell of polarized water molecules [3]. The
Coulomb repulsion of ions is compensated by the force acting on the dipole moment of a water molecule
located in a non-uniform electric field. Such clusters can appear when a strong ionic current passes
through an electrolyte. Near the cathode there will be an increased concentration of positive ions, and
near the anode - negative ions. These ions are surrounded by a layer of water. Thanks to the polarization
of water molecules, an object can arise consisting of a cavity of radius R, inside which there is a certain
number of ions of the same sign, and a shell of polarized water molecules with thickness a. Let us
assume that inside this cavity there are n, = 100 ions with a total charge Q. = 1.6:10°%" C. Let's imagine
the ion as a ball with a diameter di = 4-1072° m. Let the ions be on the inner surface of the spherical
cavity. Each ion occupies an area si = 16-10°° m?. Area of the sphere S; = 4nR:?> = si'ny = 16-1078 m?,
From here we find the radius of the sphere R1 = 11-1071° m. Let us place a water molecule on the outer
surface of this sphere. We will consider it a ball with a diameter dw = 4-1071° m. The center of the ball
is at a distance Riw = (11+2)-107° m from the center of the cavity in the electric field E = Qi/4neoR1n? =
8.5-10%V/m. According to the Langevin criterion, complete polarization of water molecules occurs in
an electric field whose intensity is higher than Emin = 3keT/pw (ks is Boltzmann’s constant, T is
temperature). At T = 300 K Emin = 2-10° V/m. A water molecule is attracted to the center of the sphere
with a force
Fa = pw-grad (Qi/4neoR1w?) = — pw- Q1/21eoR 1w’ (2)
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Here pw = 6.327-10"%° C-m is dipole moment of water molecule. Substituting into (3) Q1 = 1.6-10"
C and Ry = 13107 m, we find F, = 8.287-107° N.

If the surface of the sphere is covered with a layer of water molecules, a force will appear that
pushes the molecule out. The magnitude of this force [3]:

Frep =2.69-10° (Riw — Ro) 2. 3

Here Riw — in angstroms (102° m) — is the distance from the center of the sphere to the center of the
water molecule, and the parameter Ro = — 4.5. At Riw = 13-107° m Frp = 6.51:10711 N. The total force
of attraction of a water molecule is equal to Fres = Fa — Frep = 7.64-1071% N. On the surface of a sphere
with a radius Ry = 13-10%° m Ny, = 4nR,?%/dw? = 133 water molecules can accommodate. The total force
of their attraction to the center of the sphere is equal to Fwi = Fres'Nw = 1.015-10~" N. lons with a total
charge Q1 = 1.6-107Y" C stretch the shell of the sphere with a force

Fo1 = Q:1%/8neo(Ry — dif2)> = 9.51 10 N. 4)

The repulsion force of ions in Fo1 /Fwa = 9 times greater than the compression force of the shell,
consisting of one layer of water molecules. The force of Coulomb repulsion of ions can be compensated
by increasing the thickness of the shell by 9 times. In this case, the thickness of the shell will be equal
to a1 =9 dw = 36-10° m, and the radius of the cluster with a charge Q; = 1.6-:10" C will be equal to
Rai1 = R1 + a1 = 47-1071° m. Electric field strength on the surface of such a cluster is equal to Esy =
6.5-10° V/m. Once in humid air, this cluster will attract water molecules. Let's estimate the size to which
such a cluster can grow. In this case, we will only take into account the effect of its electric field on the
environment. Let us assume that the growth of the cluster will stop when the work A of removing a
water molecule from its surface becomes equal to the average kinetic energy of an air molecule E.: =
kBT, i.e.

A= [F(RIR= D[R __PQ (5)
° 2ng, 5y R® 4megyR
Considering T = 300 K and equating A to ksT, for Q = Q; = 1.6-10" C we find that
1/2
Re|—PuQ | 4g100m (6)
Are kT

Thus, a cluster with a charge Q; = 1.6-107Y" C with a radius Rci1 = 47-1071° m, once in a humid
environment, can increase its radius to Riim1 = 148-1072° m. The volume of collected water V1 = 4n(Rjim:®
—Ra1®)/3 = 1.314-102 m®. The density of water is pw = 10° kg/m?, the mass of water collected by the
cluster is my1 = Vwi'pw = 1.314-102° kg. Mass of a water molecule mm = 18-1072 kg/ 6.023-10% =
2.9885-107% kg. The number of adsorbed water molecules Nags1 = Mwa/Mm = 9.396-10°. To collect one
mole of water molecules, the presence of 6.41-107 clusters with a charge of 1.6-107Y7 C in 1 m® of air is
necessary. The total charge of the clusters is Qx1 = 10.256 C. If this charge accumulated for 100 seconds,
then the average current of this process was about 0.1 A. Let us carry out the calculation using the
scheme used for clusters with a charge Q2 = 1.6-107*° C. The diameter of the ion is di = 4-102° m, the
area on which 10* ions can be placed is S; = di?-10* = 16-1071® m2. The radius of the sphere occupied by
one layer of ions is Ry = (S2/4m)¥2 = 113-1071 m. In this case, the radius at which the centers of the ions
are located is equal to Reiz = 111-1071° m, and the center of the water molecule (a ball with a diameter
dw=4-10""m) is located at a distance Rw2 = 115-1071° m. The electric field at the location of the water
molecules is Erwz = 10 V/m. The force of attraction of a water molecule to the center of the sphere

Faz = puwQa/2meoRus® = 1.197-10° N. 7)

AtRuw2 = 115-107° m, the force of mutual pushing of water molecules can be neglected. The number

of molecules in a layer with radius Ru, is equal to N2 = 4nRw2?/dw? = 1.038-10% The force of
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compression of the shell by one layer of water molecules is Fsh2 = Fa2-Nwz = 1.243-10°° N. The force of
Coulomb repulsion of charges
FQz = Q22/81t80(R2 — di/2)2 =9.33- 1075 N. (8)
The repulsion force of ions can be compensated by a shell consisting of Fo/Fsh = 75 layers of water
molecules. Shell thickness a, = 75%4-107° m = 300-1072° m, and cluster radius Rez = Rz + a2 = 41310~
10 m. The maximum radius of a cluster capable of holding water molecules on its surface is
Riim2 = (pwQ2/4neoke T)Y? = 1.483-107 m, 9)
The volume of water collected by the cluster is Ve = 4n(Riim2® — Rei2®)/3 = 10°2° m?. The mass of
water is 10" kg, which corresponds to 3.3-10® water molecules. To remove 6-10% water molecules
from one cubic meter of air, one will need 1.8-10% clusters with a charge of 1.6-107%° C. The total charge
of these clusters is Qs> = 2.88 C. This is almost 8 times less than for clusters with a charge of 1.6-10°%
C. Calculations show that the total charge of clusters with charge Qs = 1.6-107** C, which can adsorb
one mole of water, is Qx; = 0.215 C, and the total charge of clusters with charge Q, = 1.6-107! C, which
are necessary for this work, is Qss =2.15-102C.
As we see, as the cluster charge increases, its “work™ of collecting water molecules becomes more
and more efficient. When the cluster charge increases by 100 times, the required total charge of the
clusters decreases by 10 times.
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THE REASON FOR THE FORMATION OF SYMMETRICAL
TRACES OF MULTI-CHARGED WATER CLUSTERS

Anatoly I. Nikitin, Vadim A. Nikitin, Alexander M. Velichko, and Tamara F. Nikitina
Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

In experiments on studying electrical discharges in electrolytes, the formation of “strange particles”
was discovered, which leave continuous or dotted traces several microns wide on photographic films
and on the surface of solids [1]. A large number of hypotheses has been proposed about nature of these
particles: it is assumed that they are magnetic monopoles, electron pairs bound by magnetic attraction,
particles of “dark matter”, etc. [2]. As a rule, the authors of these hypotheses limit themselves to the
formulation of their idea and do not make any attempts to explain the subtle details of the behavior of
the “strange” particles. In particular, the reason for the simultaneous registration of a large number of
traces of absolutely identical shape has not been studied at all. We assumed that the “strange particles”
are objects consisting of a certain number of ions of the same sign, located in a shell of polarized water
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molecules. To create these objects, it is natural to use an electric discharge in an electrolyte in which the
current is carried by ions. To create a high volume density of ions of the same sign, one of the electrodes
should be as small as possible.

We conducted a study of the properties of objects that appear when an electric current passes
through an electrolyte. A capacitor bank with a capacity of 1.2 mF charged to a voltage of Uy = 1.7 kV
served as an accumulator of electric energy. Using a switch consisting of three PME-213 magnetic
starters connected in parallel, the positive voltage of the capacitor was applied to the electrode - a steel
needle with a diameter of 1.2 mm, the tip of which was lowered into a saturated solution of sodium
bicarbonate to a depth of 2 mm. A nickel plate with a thickness of 1 mm and a width of 10 mm served
as the cathode, lowered into the liquid to a depth of 2 mm. The distance between the electrodes was 20
mm. The solution was poured into a rectangular glass cuvette measuring 10 X 15 x 5 cm. The duration
of the current pulse was t. = 15 ms. The resistance between the electrodes measured before the discharge
was about Rc = 1 kOhm. It was not possible to determine the current value during the discharge due to
strong interference on the measuring circuit. When the current passed through the liquid, an area of
yellow glow about 3 cm in size appeared in it. A bright white dot about 1 mm in size was observed near
the tip of the needle. Based on the given parameters, it can be assumed that the discharge current was
not less than I = Uy/Rc = 1.7 A. During the existence of the current, a charge of Q¢ = I.-t; = 0.0255 C
(1.59-10% ions) passed through the solution. If we assume that the ions were in a volume of 1 mm? near
the tip of the needle, their density was 1.59-10% pcs/m?, and the charge density was pq = 2.55-10" C/m?®.
It is possible that the discharge current was greater than the accepted value, and therefore the charge
density near the needle was greater. It is important that the discharge occurred deep in the liquid and the
ions were surrounded by a layer of water. In this zone, energy-intensive objects were formed, which, in
our opinion, are charged aerosol particles. To register these particles, we used detectors made of DVD
discs. Aerosol particles (multiple-charged water clusters), having hit the detector, moved along its
surface, leaving traces [1]. To weaken the effect of external electric fields, the detectors were placed in
metal screens. One side of the screen was made in the form of a metal mesh with a cell size of 5 x 5
mm. The detectors were located at a distance of about 1 m from the discharge zone and “irradiated” for
10-15 hours with pulses following with a period of 60 s. To protect against electrolyte splashes, the
detectors were placed in envelopes made of 25 um thick polyethylene film. Experiments have shown
that the screens were not effective enough to protect the detectors from the strong electric fields
generated by the setup during an electric discharge. Dotted or continuous traces of a straight or curved
shape were recorded. In our papers [1, 2] an explanation is given of the formation process of such traces
by the action of the energy of charged water clusters.

When such a cluster R
approaches the surface of a solid, ‘ \
polarization of the surface material
occurs and a force arises that
attracts the cluster to the surface.
At some distance from the surface,
some of the ions separate from the
cluster, which, having hit the
surface, leave a trace on it. The
cluster, having received a recoil
momentum, “flies up” above the
surface, but under the action of the
force of attraction, approaches it
again.

FIGURE 1. A group of 14 such traces.
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The process is repeated. Under the action of the electric field vector parallel to the surface, the
cluster moves along it, leaving a dotted trace. The process of “draining” the cluster charge can be
continuous, in this case a solid trace will appear on the detector. The most interesting case of the action
of clusters on the surface is the appearance of a group of traces of the same shape, figuratively called
“twin traces”.

It can be seen that the thickness of the traces varies, but the shape of the traces — both intense and
weak — is the same. It can be assumed that all the traces were formed simultaneously, and the particles
that made them moved synchronously under the action of a changing electric field. The magnitude of
the field strength was the same in an area of about 1 cm. Let us discuss whether it is possible to find the
properties of the clusters that left these traces based on the analysis of the obtained picture. Let us
determine what the relationship between the cluster charge Q and its radius R can be. Let us assume that
the cluster contains ny = 2.8-107 (OH)" ions with a total charge of Q: =4.5-10"? C. We will consider the
ion as a ball with a diameter of 4-10"2° m. The area occupied by one ion is si = 16-102° m?, n; ions can
be placed on a sphere with an area of S; = ny-si = 4xr?, where r1 = 6:107 m. The ions will stretch the
sphere with a force

Fo1 = Q1%/8meor® = 2.529-101 N. 1)

On the outer surface of the sphere one can place nw1 = 2.82-107 water molecules (we imagine a water
molecule as a ball with a diameter of 4-1071° m, occupying an area of s, = 16-10"2° m?). The compression
force of the sphere by one layer of water molecules is equal to

Fiw = PwQiNwi/2meor:® = 6.685-10° N. )

Here pw = 6.327-10%° C'm is the dipole moment of water molecule. The force Fiy is 3783 times less
than the force Fqi. The force Fq1 can be compensated if the shell consists of 3783 layers of water
molecules. In this case, its thickness will be equal to a; = 1.5132-10° m, and the cluster radius will be
equal to R = r1 + a; = 2.113-10°° m. For this cluster, the ratio A = Q1/Rci? = 4.5-10%/4.4648-1012 =
1.008 C/m?, Interestingly, the ratio Q/R:? = 1 C/m? is preserved for all clusters constructed according to
the described scheme. For a cluster with charge Q. = 4.5-10! C, the radius of the sphere containing
ions is r» = 1.893-10°% m, the shell thickness is a; = 4.786-10"% m, the radius is Re; = 6.679-10% m, and
the ratio is A=4.5-10"! C/4.4612-10"1* m? = 1.009 C/m?. For a cluster with charge Qs = 4.5-10"%° C, the
radius of the sphere is r3 = 5.986-10° m, az = 15.1364-10° m, the radius is Rc3 = 21.1223-10°% m, and A
=4.5-101 C/4.4615-10° m? = 1.0086 C/m?. Above we found the possible value of the ions charge
density in the region of their formation as pq=2.77-10” C/m?. The charge density in a cluster with charge
Q, located inside a sphere of radius r, is pgn = 3Q/4xnr. For a cluster with Q1 =4.5-102 C pg1 =4.976-10°
C/m?, for a cluster with Q2=4.5-10" C pg = 1.585-108 C/m?, and for Q3 =4.5-10° C pgs = 5-10° C/m®,
As we can see, the value of the charge density pq, accumulated over time t. = 15-103 s, is an order of
magnitude greater than pqn. It can be assumed that the cluster formation time was no more than t =
to/(po/pgn) = 1.5-10° s. When a spherical cluster of radius R moves in air, two forces act on it. The first
force Fq is the action of the electric field E on the cluster charge, Fo = QE. Opposite to this force, the
friction force [3] acts on the cluster:

Ft = (nCopaR2V?)/2. (3)

Here p. = 1.205 kg/m? is the air density, and Cp is the coefficient of friction of the medium. As a result
of these forces, the cluster moves in air at a constant speed
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Assuming that the value of the coefficient Cp is the same for a group of clusters of different sizes, we
come to the conclusion that clusters with the same value of the parameter A = Q/R? in an electric field
E move with the same speed. This can explain the appearance of traces of the same shape shown in the
figure. The particle that left a wide trace moved and made turns in its trajectory simultaneously with the
particle that left a thin trace. The complete identity of the tracks allows us to assume that all the particles
that left these tracks reached the detector simultaneously. The place of their formation - an electric
discharge in a liquid - is at a distance of 1 m from the detector. The particles moved along the surface
of the detector during the period of the presence of a rapidly changing electric field, which existed during
the passage of a strong discharge current lasting 15 ms. During this time, the particles should have
reached the detector. Let us assume that as a result of the discharge, a large cluster with a charge Q was
formed, which, having begun to move towards the detector, under the action of an external electric field,
divided into n identical fragments. During the flight to the detector, lasting t = 5-10 s, these fragments,
due to the Coulomb repulsion of charges, moved away from the center of their formation to a distance
of x = 1 cm. The average velocity of the fragments was vay = x/t = 2 m/s. It can be assumed that the size
of the fragment was close to the thickness of its trace. According to the figure, the thickness of the
particle traces on the detectors was from 1 to 10 microns. Let us take the diameter D of the spherical
fragment equal to 2-10"® m. For such a body, the Reynolds number Re = v,, D/ v = 0.26. Here v = 0.152
cm?/s is the kinematic viscosity of air. This value of Re corresponds to Cp = 240 [3]. Let us consider the
symmetrical expansion of n spherical clusters of radius R, with charge g from one center. The force
stretching the sphere of radius x on which the clusters are located is equal to

Fsp = (NQ)?%/8meoX?. (5)

Suppose that the same force acts on n clusters, each of which has a charge g. The force acting on one
cluster is

Fq= ng?%/8meox>. (6)

This force causes the cluster to fly with a speed v = dx/dt in the direction from the point of departure.
Moving in the air, each cluster is slowed down by the force of friction

Fr=0.5-Cp anz(dX/dt)z. (7)
Equating Fq to Fs and integrating, we obtain
X = 2Y2(1/4n°Cppaco)*- nV4-(g-t/Rp)Y. (8)

Substituting into formula (8) n = 16, Cp = 240, p, = 1.205 kg/m?, x = 102 m and t = 5-10 s, we obtain
Q/Ro = [(4n*Cppaco)*?-x?])/2nY2-t = 7.944-107 C/m. Earlier we found that for clusters constructed
according to the scheme described above, the relationship q = Ry? is valid. From the analysis of the
process of scattering of cluster fragments, the second relationship q = 7.944-107 R, follows. Solving the
system of equations, we find Ry = 7.944-107" m and g = 6.31-10™® C. When analyzing the process of
cluster dispersal, we assumed that the “parent” cluster split into n fragments with the same charge. In
fact, the fragment charges may be different. In addition, there is a difficulty in determining the
coefficient Cp. Spherical particles fly in the vertical direction with a speed of v, = 200 m/s and
simultaneously move horizontally with a speed of v = 2 m/s. They can rotate. Therefore, the obtained
result should be treated as an estimate of the average charge and size of the “daughter” clusters.

1. Nikitin A.l., Nikitin V.A., Velichko A.M., Nikitina T.F. “Strange” particles and micro-sized ball
lightning in some electric discharges // Journ. Atm. Solar-Terr. Phys. 2021. V. 218. 105525. DOI:
10.1016/j.jastp.2020.105525.

178



2. Nikitin A.l., Nikitin V.A., Velichko A.M., Nikitina T.F. Strange traces of a “strange” radiation //
RENSIT, Radioelectronics. Nanosystems. Information technologies.2022. V. 14. No 3. P. 249-268.
DOI: 10.17725/rensit.2022.14.249.

3. P.C. Reist, Introduction to Aerosol Science, Macmillan Publishing Company, New York/London,
1984.

THE EFFECT OF CORONA DISCHARGE PLASMA OF NEGATIVE
POLARITY ON REDOX PROCESSES IN SOIL

Vladimir L. Bychkov, Aleksandr P. Shvarov, llya G. Stepanov, Pavel A. Goryachkin, and
Dmitry N. Vaulin

Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia

As is known [1], the redox potential indicates the level of activity of redox reactions, i.e. reactions
in which the transfer or addition of electrons is carried out. In general, the oxidation-reduction reaction
can be represented as follows: Ox + ne — Red, where Ox is the oxidizer; n is the number of electrons
involved in the reaction; e is the electrons; Red is the reducing agent. Some substances lose electrons
and are oxidized (oxidation reaction), others acquire electrons and are restored (reduction reaction).
Most of the oxidation reactions of organic substances are irreversible.

One of the goals of this work was to conduct experiments to assess the effects of a negative polarity
corona discharge on redox processes in the soil.

Objects of research. The object of the study was samples of lowland peat (capillarily saturated
with water) and pure quartz sand (air-dry) in pure form and in mixtures with different ratios of peat and
sand.

1. Pure peat (100%) by weight of the sample, the ash content is 10.5% (89.5% organic matter, 10.5%
mineral part.

2. Peat + sand (78.6 +21.4)% by weight of the sample (70.3% organic matter, 29.7% mineral part.

3. Peat + sand (50+50)% by weight of the sample(44.25% organic matter, 55.75% mineral part.

4. Peat +sand (21.4+ 78.6)% by weight of the sample (19.2% organic matter, 80.8% mineral part.

5. 100% pure sand (100% mineral part).

Research methods. Samples weighing 70 grams were treated by corona discharge plasma -
negative corona for 60 minutes. The choice of the corona discharge was made based on data on ion-rich
air plasma and known corona discharge properties, which are used in practice to produce ozone [2].

Experimental setup. The effect of a corona electric discharge of negative polarity on soil
properties was studied in laboratory conditions. The scheme of the experimental device is shown in
Fig.1. The installation consists of a cell filled with soil samples and an electrical circuit. The upper
electrode was a multi-needle system (29 needles) with a needle tip radius of -0.4 mm. The needles were
placed at a height of 5-15 mm above the surface of the samples.

The electrodes were under negative potential. The cuvettes were made of metal or dielectric. The
current in the discharge was measured by a milliammeter Al, the voltage was measured by a circuit
consisting of a resistance R1 and a milliammeter A2. The volt-ampere characteristics of the discharge
over the soil surface and grain crops were measured.
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FIGURE 1. Photos and installation diagram for soil processing. Circuit designations: 1 — power supply, 1 2 —
electric motor that creates vibrations, 2 3— cuvettes, 3 4 — multielectrode composition, 4 5 — ballast resistance, 5
6— high voltage source.

A direct current source (5) was used, the voltage in the experiment varied within U = 5-25 kV, the
current varied within | = 20-200 mcA. The current (mcA) in the circuit was measured using a
milliammeter A, the voltage (kV) was measured using an internal voltmeter V. Discharge Parameters:
peat 100% (Uav=7.7, | av =38); peat +sand 50%+50% (Uav=7.2, lav =160); peat +sand 78,6%+21,4%
(Uav=9.3, | av =100); peat +sand 21,0 %+79,0% (Uav=10.0, | av =157).

After processing, the samples were brought to a paste-like state in which the parameter of specific
electrical conductivity was determined.

The other part of the samples was placed in flasks with the addition of distilled water in a soil-water
ratio of 1:5. Stirring was performed for 10 minutes and the suspension was filtered through a paper filter.
In the filtered samples of water extract from soils, the parameters of specific electrical conductivity and
ORP (redox potential) values were determined.

TABLE 1. Specific electrical conductivity of soil paste

Sample EU control (without EU treatment, McSm/cm | A EU, McSm/cm (with
treatment), McSm/cm respect to the control)

peat 100% 1174 1300 126

peat +sand 78,6%+21,4% | 972 1055 83

peat +sand 50%+50% 605 750 55

peat +sand 21,6%+78,6% | 450 485 35

sand 100% 68 120 52

The organogenic sample shows a maximum electrical conductivity of 1174 Mc Sm/cm. With an
increase in the mineral component of the samples, the electrical conductivity decreases. In pure sand, it
is minimal and amounts to 68 Mc Sm/cm.

Corona discharge treatment of samples leads to an increase in electrical conductivity (Table 1). With
a decrease in the proportion of the organic component in the samples, the effect of processing on
electrical conductivity decreases. However, the effect of sample processing on the relative increase in
electrical conductivity was recorded in pure sand.

A similar pattern in the effect of corona discharge treatment of samples was noted when measuring
the electrical conductivity of an aqueous extract (Table 2). A more significant effect of corona discharge
treatment of the samples was obtained in relation to the index of redox (ORR) conditions. In all control
samples, this indicator was low and ranged from +38 mV on pure peat and +94 mV on pure sand. These
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ORR values indicate the predominance of restoration conditions, which is typical from the point of view
of the genesis of objects. Peat is a hydromorphic formation, the genesis of which is dominated by
restorative processes.

TABLE 2. ORR and specific electrical conductivity of the water extract

Sample Electrical conductivity, McSm/cm ORR, mV

control treatment control treatment
peat 100% 465 544 +38 +815
peat +sand 78,6+21,4 390 360 +65 +665
peat +sand 50+50 270 340 +72 +94
peat +sand 21,6+78,4 95 166 +81 +98
sand 100% 27 44 +94 +105

The effect of corona discharge treatment on the ORR index was very significant. This is especially
evident in samples with a predominance of the organic component. The process of oxidation of organic
matter is accelerated under the influence of several factors. The main oxidizing factor is the effect of
ozone and negative ions, which are formed in the gas phase of the air during the plasma- electric action
of a corona discharge on the air with the formation of negative ions and ozone in the air.

Because the active particles formed in the plasma move rapidly to the soil surface under the action
2

of diffusion. The characteristic diffusion time , - . where r is the distance from the needle of the
6D

electrode to the soil surface (5-7 mm), D is the diffusion coefficient (the typical diffusion coefficient of
O ions is 0.830 cm?/s, Os - in oxygen, 0.056 cm?s in oxygen, and 0.182 cm?/s in N,-O, atoms). The
diffusion time of particles formed in plasma to the soil surface is in the range of 0.3-1 s, which is much
shorter than the time of soil treatment by the corona discharge plasma. Therefore, it can be assumed that
the formation of active particles in the air by corona discharge, which affect ORR in the soil, is an
important result of plasma exposure.

Conclusions. Experiments have been conducted to evaluate the effect of a negative polarity corona
discharge on redox processes in the soil. A significant effect of corona discharge treatment of the
samples was obtained in relation to the index of redox (ORR) conditions. In all control samples, this
indicator was low and ranged from +38 mV on pure peat and +94 mV on pure sand. These ORR values
indicate the predominance of restoration conditions, which is typical from the point of view of the
genesis of objects. Peat is a hydromorphic formation in the genesis of which restoration processes
dominate. The effect of corona discharge treatment of samples on the ORR index is very significant.
This is especially evident in samples with a predominance of the organic component. The process of
oxidation of organic matter is accelerated under the influence of several factors realized in the plasma
of the corona discharge.

1. D.S. Orlov, L.K. Sadovnikova, N.I. Sukhanova, Chemistry of soils, Higher School, Moscow,
2005.

2. V.V. Lunin, V.G. Samoilovich, S.N. Tkachenko, I.S. Tkachenko, Theory and practice of
obtaining and applying ozone, Publishing House of Moscow University, Moscow, 2023.
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PENETRATION OF MULTI-CHARGED CLUSTERS INTO A SOLID
BODY

Anatoly I. Nikitin, Vadim A. Nikitin, Alexander M. Velichko and Tamara F. Nikitina

Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

Usherenko Effect. In 1974, the Institute of Pulse Processes in Minsk discovered the phenomenon
of penetration of particles moving at a speed of more than 500 m/s into a metal barrier to depths of tens
and hundreds of millimeters (Usherenko Effect) [1]. Figure 1 shows a diagram of the setup for
introducing fast powder particles into a metal matrix [2].

A portion of powder particles ranging in size
from 10 to 200 um and weighing 20-200 g was
placed in a capsule located inside an explosive
charge. When the explosion was initiated, the
powder particles were accelerated by the
explosion products to a speed of 1-3 km/s and
hit the surface of a metal barrier.

At the moment of impact, the particle’s
pressure on the target reached 15 GPa.
Calculations showed that the reserve of kinetic
energy of a spherical particle could allow it to
penetrate a solid body to a depth no greater than
5-6 times its diameter. Figure 2a shows such a ;
particle. It can be seen that the embedded FIGURE 1. Scheme of the experiment to study the
particle left a wide crater, and the resulting effect of a flow of SiC microparticles on a metal target.
channel is filled with grains of the target 1 -charge body; 2 - explosive substance; 3 - cumulative
material. Figure 2b shows a particle that funnel;4 - powder particles; 5 - control support; 6 - flow
managed to penetrate the target to a great depth ~ Of powder particles and plasma; 7 - metal sample; 8 -
[3]. electric field lines; 9 - magnetic field lines.

This picture is radically different from that shown in Fig. 2a. The embedded particle is in a channel,
which is not filled with foreign inclusions behind it. This channel narrows behind the particle, and at
some distance from it it collapses. The penetration depth depended on the particle size. Particles 60-
70 um in size penetrated to the maximum depth, and particles smaller than 5 um and larger than 200
um slowed down at shallow depths. It was found that the effect of ultra-deep penetration of particles
occurs only when a bunch of particles collides with an obstacle. When individual particles collided
with an obstacle, the effect of ultra-deep penetration was not found.

During the interaction of a stream of SiC microparticles with a cylindrical target made of steel-
10, the appearance of an electromagnetic field pulse was detected [2]. The duration of the magnetic
field pulse was (5-12)-10° s, and its induction was B = (5-80)-10° T. The induction value was
maximum at a particle size of r = 60 um and decreased to zero with an increase in size to r =220 um.
During these studies, the surface of the cylindrical target was wrapped in X-ray film wrapped in
several layers of black paper. After development, lines (tracks) with a length of (10-15)-10° m and a
width of (2-4)-10° m were found on it [2]. The particles that left the tracks moved parallel to the plane
of the film. The energy of these particles, estimated by the path length, was not less than 80-100 MeV.
The same tracks were found on the surface of a silicon plate located next to a cylindrical target [2].
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FIGURE 2. a) An iron particle embedded in the surface of an iron-nickel alloy target. b) A particle that penetrated
steel to a great depth.

The hypothesis of the superdeep penetration. In [4] it was shown that the most suitable object
capable of leaving the indicated traces are multiply charged clusters of water molecules. In these
clusters, a certain ensemble of ions with a total charge Q is held inside a spherical shell of polarized
water molecules. The Coulomb repulsion force of ions located on the surface of a sphere of radius r is
equal to

Fo = Q2/87'E80 r2, @

This force is compensated by the pressure on the surface of the sphere of a layer of polarized water
molecules of thickness a:

Fow = ca-4nR? grad (Q/4neoR?)=ca-4nR? (Ql4meo) (2/R%= 2 6aQ/ &R.  (2)

Here 6 = 1 C/m? is the charge density of the ends of water dipoles on the surface of the sphere. The
radius of such aclusterisR=r + a.

Let us assume that particles of metal powder flying at a speed of 1-3 km/s lose some electrons and
acquire a positive charge upon collision with an obstacle. Let a spherical titanium ball collide with a
target. Let us estimate what charge a titanium ball of radius R = 30 um can acquire upon colliding with
a steel target. The density of titanium is 4.5-10®kg/m3. At R = 3-10° m, the volume of the ball is V =
1.13-10" m?, and the mass is M = 5-101° kg. The kinetic energy of a ball flying at a speed of 3000 m/s
is Ec=2.25-102 J. Let us consider the process of electron transfer from the particle to the target. In this
case, we will take into account that as part of the negative charge of the ball is removed, the value of the
positive charge remaining on it increases and, consequently, the work on removing the next portion of
the negative charge constantly increases. Let a portion of the negative charge Aq first pass into the target.
The particle acquired a positive charge Ag. The work on separating the charges from the distance R to
o is equal to AA1 = (Aq)¥4neoR. After this, the positive charge of the particle became equal to 2Aq.
When separating a negative charge of Aq from this particle, the work done will be AA; = (2AqQ)-(AQ)
l4meoR. When separating the n-th charge Aq, the work expended will be AA, = (nAQ)-(AQ) /4reoR. The
total work in performing n steps is A =X (AAn) = (n%/2)-(Aq)*4neoR. Let us equate it to the kinetic energy
of the particle E..

(n%): (AQ)? = Ec-8meoR. (3)
The positive charge Q remaining on the particle is nAg, so
Q = (Ec-8meoR) Y2, 4)

Substituting R =3-10° m and E. = 2.25-10 J into this formula, we find the charge acquired by the
ball, Q = 1.145-10° C (7.16-10° elementary charges).
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Let us estimate the magnitude of the pressure exerted on the surface of the steel target by a titanium
ball of radius R = 3-10° m, possessing a charge of Q = 10° C. Let us consider the moment when it has
just touched the surface. The force of attraction of the ball to the conducting plane is equal to:

F a0 = Q¥/4meo(2R)? = 2.498 N. (5)

The cross-sectional area of the ball is s = tR? = 2.826-10"° m2. The pressure of the ball on the surface
is P = Fa /s = 8.84-108 Pa = 884 MPa. The tensile strength of steel-10 is P; = 330 MPa. Therefore, the
ball must penetrate into the target material. Once inside the target, the charged ball will press on the
walls of the formed channel. Let us estimate the magnitude of this pressure. Let us surround the charge
Q =10 C with a sphere of radius R = 3-10° m. The charge will exert a pressure on this sphere

Po = (Q%/8neoR?)/(4nR?) = 442 MPa. (6)

Let us consider how a ball with a positive electric charge Q» will move inside the target material.
Let the center of the ball go deeper into the target to a distance slightly greater than the radius of the ball
I =4-10° m. When the ball is introduced into the material of the steel target, positive charges will appear
on its walls and a force will arise that repels the ball from these charges. This force takes on a maximum
value when the ball is repelled from the nearest surface of the target. When the center of the ball is at a
distance of ri, = 4-10° m from the surface of the target, a force directed into the target will act on it:

Fpr = Qb2/47[80(2rin)2. (7)

If the charge of the ball Q, remains equal to 10° C, then the force Fyr will be equal to 1.4 N. As the
ball moves deeper into the target, the magnitude of the force Fy will decrease. At rin=5-102m Fy =
8.99-10" N, and when the ball is at a point half the length of the target, it will be equal to zero. Now we
need to understand how strongly a compressed metal ball, which is acted upon by a rather weak electric
force, can move in a solid over a large distance. The only chance for it to do this is to reduce the friction
force of the medium in the contact zone as much as possible. In this case, the introduced particle must
have the ability to retain the acquired electric charge for a long time. For this, its shell (consisting of a
dielectric, for example, oxides and water) must be a good insulator. At the end of the 20th century,
scientists from the Institute of Chemical Physics of the USSR Academy of Sciences managed to show
that if a solid subjected to high pressure undergoes shear deformation, then intensive chemical reactions
begin to occur in it [5]. They discovered that the chemical reaction occurs precisely at the moment of
deformation of the solid. In experiments demonstrating this effect, the test substance (for example,
metal) was placed between two disks (“Bridgman anvils” [6]) and subjected to strong compression. At
the moment of application of force, one of the “anvils” rotated at a certain angle around its axis. In this
case, the bonds between the atoms in the crystal lattice were broken, and the metal acquired greater
plasticity. The effective diffusion constant in the metal increased by 10 orders of magnitude and was 3-
4 orders of magnitude greater than in liquid metal [7].The surface of a metal ball wedged into the metal
is compressed by the deformed crystal lattice. At the moment of action of a force on the ball causing its
displacement, the inter-atomic bonds between the surface of the ball and the surface of the target metal
are broken. In this case, the friction force drops to almost zero. After the ball has been displaced a certain
distance, the channel created by it is closed by the pressure force of the crystal lattice of the target metal.
The movement of the charged ball inside the metal is determined by the action of forces arising from
the polarization of nearby crystal grains.

Conclusion. This article proposes a new hypothesis to explain a set of phenomena accompanying
the process of ultra-deep penetration of fast metal particles into a target: the appearance of intermittent
traces on photographic films and the generation of a magnetic field pulse. We believe that the magnetic
field is created by a flow of electrons that break away from a particle during deceleration, as a result of
which it acquires a positive charge. This charge forces the particle to penetrate into the target. Once
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inside a solid, the charged particle moves in it for some time, when the oscillations of the crystal lattice
last, under the action of electric fields. Due to the combination of ultra-high pressure and shear effects,
the viscosity of the metal is significantly reduced. Some of the charged particles come out of the target
material and, interacting with the surface of the photographic film or solid plate, leave a chain of traces
on it. The proposed hypothesis is described in more detail in the article [8].
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METHODS AND TECHNIQUES FOR
REMOTE SENSING AND
IDENTIFICATION OF HAZARDOUS
CHEMICALS IN THE ATMOSPHERE AND
DIFFERENT SURFACES

SAMPLING SYSTEM FOR GAS ANALYSIS BASED ON FTIR

SPECTROSCOPY

Pavel P. Demkin, Viacheslav R. Bessonov, Igor S. Golyak, Ivan A. Karpov, Alisa P.
Kosterova, Alexander D. Kuznetsov and Igor L. Fufurin

Bauman Moscow State Technical University, Moscow, Russia

Currently, the development of new screening technologies for high-quality spectra of gases and
various gas mixtures, including human exhaled air and atmospheric air, is one of the most relevant areas
in infrared (IR) spectroscopy [1]. Real-time analysis of such mixtures represents one of the modern
approaches to solving this problem. Proper preparation of gas mixtures ensures the most accurate results

processing [2].
Lo | e {

during subsequent spectral

This work examines
a sampling system,
particularly the
procedures for sample
drying, efficient
cleaning of the optical
cell, and target gas
detection. Figure 1
shows the general
functional diagram of
the sampling system.
Depending on  the
configuration of the
needle valves, the
sampling system can
operate in different
modes.

186

FIGURE 1. Functional diagram of the sampling system.



The main operating modes of the sampling system are: sample drying, cell cleaning, and working
with calibration gas mixtures. Figure 2 shows the functional diagrams of the sampling system in the
main operating modes, excluding unused elements of the general scheme for better clarity.

a

FIGURE 2. Options for assembling the sampling system: (a) a configuration that allows you to dry the sample,
(b) a configuration that allows you to clean the system, and (c) a configuration that allows you to work with test
gas mixtures.

Below is a sample preparation method that eliminates excess water vapor, which obscures the
spectral lines of other substances in the approximate ranges of 1350 cm™! to 1700 cm™! and 3500 cm™!
to 4000 cm™! [3]. Drying of the humid gas mixture is achieved by changing the ratio of the flow rates of
the purge gas to the target gas mixture [4]. Table 1 presents comparative characteristics of drying quality,
and Figure 3 shows the spectra of atmospheric air without drying and the spectra of atmospheric air with
different drying options.

TABLE 1. Comparative characteristics of drying quality.

Consumption of wet gas mixture, SCCM Purge gas flow rate, Drying degree,

SCCM %
100 300 89
100 400 92
200 800 91
250 500 58
250 1000 72
300 1200 87
300 1500 88

Transmission

9 "s00

1500

signal_air_drying_100_300_28 02_25
signal_air_drying_250_500_28_02_25
signal_air_drying_250_1000_28 02 25
signal_air_28_02_25

2000 2500
Wave number

Transmission

nnnnn

2000 2500
Wave number

FIGURE 3. Spectra of atmospheric air with different degrees of humidity: (a) date of experiment 28.02.25, and
(b) date of experiment 03.03.25.
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From the obtained data, it is easy to see that the most effective drying is achieved at a ratio of 100
SCCM of the target gas to 400 SCCM of the dry purge gas. However, it is also worth noting the ratio of
200 to 800 SCCM, as it reduces drying time with minimal losses.

To test the efficiency of cleaning the gas cell, it was first filled with an IR-transparent gas, in this
case nitrogen, and then a test gas, methanol, was introduced at a concentration of 1000 ppm through
continuous purging. After that, the optimal nitrogen flow rate was selected for the fastest cleaning of the
cell. Table 2 presents comparative characteristics of the cell cleaning efficiency (Fig. 4).

TABLE 2. Comparative characteristics of cleaning quality.

Purge gas flow rate, SCCM Purge time, s Drying of purification, %
500 300 93.2
500 600 97.0
500 900 99.2
500 1200 99.2
1000 300 96,6
1000 600 99,3
1000 900 99,3
1000 1200 99,7
2000 300 96.5
2000 600 99.3
2000 900 99.9
2000 1200 99.9
a 1000% b 1000% - TR =

75.0%

Transmission
Transmission

%50 1000 1500 3000 3500 4000

201 51 2000 2300
Wave humber Wave number

Transmission

2000 2500
Wave number

FIGURE 4. Spectra of the degree of purification of the cuvette from the test gas mixture of methanol with a
concentration of 1000 ppm and nitrogen: (a) experiment date 02.18.25 and (b and c¢) experiment date 02.20.25

From this table, it is easy to see that the most thorough cleaning is achieved at a purge gas flow rate
of 2000 SCCM, and such cleaning takes only 15 minutes.
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The research results showed that the most effective drying is achieved at a ratio of target gas to dry
purge gas flow rates of 100 SCCM to 400 SCCM, as well as at a ratio of 200 SCCM to 800 SCCM,
which minimizes losses and reduces drying time. The optimal nitrogen flow rate for cleaning the cell
was 2000 SCCM, ensuring thorough cleaning within 15 minutes. The obtained data, such as a drying
efficiency of 91-92% and a cleaning efficiency of 99.9%, improve the accuracy of gas mixture analysis
and enhance the quality of their spectra. The proposed system can be used for real-time monitoring of
gas mixtures, making it promising for applications in environmental control, medicine, and other fields.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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TECHNIQUES FOR METHANE LEAKS REMOTE DETECTION BY
INFRARED NON-DISPERSIVE SPECTROSCOPY FROM
AIRSPACE

Evgenii N. Zadorozhnyi, Dmitriy R. Anfimov, Ivan B. Vintaikin, llya S. Golyak,
Igor L. Fufurin and Andrey N. Morozov

Bauman Moscow State Technical University, Moscow, Russia

Carbon dioxide (CO;) is the most prevalent anthropogenic greenhouse gas, contributing to
approximately 50% of global emissions. Methane (CH.), the second most significant contributor,
accounts for 20-30% of greenhouse gas emissions [1]. While carbon dioxide persists in the atmosphere
for centuries, methane has a comparatively shorter atmospheric lifetime of approximately 12 years.
Consequently, effective monitoring and mitigation of methane emissions present a critical opportunity
to decelerate the rate of global warming and ameliorate the environmental impact of greenhouse gases
[2].

Global methane emissions originate from both natural and anthropogenic sources. Natural sources,
such as wetlands, termites, and geological seeps, contribute 35-40% of total emissions, whereas human
activities, including agriculture, fossil fuel extraction, and waste management, are responsible for the
remaining 60-65% [3]. Among these anthropogenic sources, methane leaks occurring during the
extraction, transportation, and storage of natural gas represent a particularly pressing environmental and
economic challenge. These leaks not only exacerbate climate change but also result in substantial
economic losses due to the waste of a valuable energy resource.
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Optical methods for gas leak detection are recognized as highly effective and widely utilized in
various industrial and environmental applications [4, 5]. Among these, technologies employing highly
sensitive thermal imaging cameras and tunable diode laser absorption spectroscopy (TDLAS) stand out
due to their ability to accurately identify leaks over considerable distances [6]. These methods have
proven particularly valuable for monitoring methane emissions, which are critical for both
environmental protection and industrial safety.

This study focuses on the development and evaluation of a non-dispersive infrared (NDIR) methane
sensor of the passive type, designed in both stationary and portable configurations. The research presents
the design principles, operational characteristics, and experimental results of these sensors, highlighting
their potential for reliable methane detection in diverse settings.

Figure 1 provides a detailed overview of the stationary version of the NDIR spectrometer,
illustrating its design and key components.

7

FIGURE 1. Stationary NDIR Spectrometer: 1- TV camera, 2 - Thermal camera, 3 - Photodetector
(reference), 4 - Photodetector(signal)

The NDIR sensor incorporates two photodetector units: a signal channel and a reference channel.
The signal channel is optimized to detect radiation filtered within the wavelength range corresponding
to a specific methane absorption line, enabling targeted identification of methane. Simultaneously, the
reference channel is calibrated to filter radiation in a spectral range devoid of absorption lines from
typical atmospheric components, including methane. This design ensures that the reference channel
provides a stable baseline, free from methane interference, which is critical for accurate differential
measurement. By comparing the outputs of the signal and reference channels, the sensor achieves high
sensitivity and specificity in detecting methane concentrations, even in complex environmental
conditions.

The swift advancement of remote control technologies, in conjunction with the ongoing
miniaturization of aerial platforms and the development of advanced sensor systems, has greatly
broadened the scope of unmanned aerial vehicle (UAV) applications in environmental monitoring [7].
A particularly notable application is the use of UAVs for the detection and quantification of methane
emissions [8]. Given the increasing reliance on UAVs for such monitoring tasks, the design and
implementation of compact, portable spectrometer systems have become a crucial and timely research
focus. These systems, when integrated into UAV platforms, hold the potential to significantly enhance
the accuracy and operational efficiency of methane leak detection, especially in remote, inaccessible, or
hazardous environments where human access is limited or poses significant risks.

Figure 2 shows a general view of the portable version of the NDIR spectrometer.
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2

FIGURE 2. Portable NDIR Spectrometer: 1 — Photodetector(reference), 2 — Video camera, 3 —
Photodetector(signal)

A series of experiments was conducted using the NDIR sensor to detect methane at distances of 60.8
meters and 90 meters. Four experimental trials were performed, each with varying gas supply durations
for the devices at the specified distances. Detailed data on gas consumption, delivery time, and detection
results are summarized in Table 1.

TABLE 1. Experimental results

The duration of
the outflow of gas

The rate of methane
release from the

Detection,
Stationary

Detection,
Portable

into the atmosphere, cylinder, g/s (60.8 m and 90 m) (60.8 m and 90 m)
S
30 1,6 clear identification clear identification
10 2,3 clear identification clear identification
60 0,9 clear identification clear identification
66 15 clear identification clear identification

The experimental results demonstrate that the developed NDIR sensors exhibit high reliability and
efficiency in detecting methane at distances ranging from 60.8 to 90 meters. The minimum detection
threshold corresponds to a leak rate of 1 to 2 grams per second. These findings confirm that the sensors
are capable of providing accurate and stable methane detection even at considerable distances, making
them a promising solution for leak monitoring in industrial and environmental applications.

Passive NDIR methane sensors have been engineered and validated through comprehensive testing.
The stationary spectrometer model has a footprint of 250 x 420 x 230 mm (L x W x H) and a mass of
26 kg. On the other hand, the compact spectrometer is designed to facilitate methane leak detection
within a 5 km radius from the operator of an aerial platform, operating at altitudes of up to 100 m. This
lightweight device measures 180 x 155 x 160 mm (L x W x H) and weighs 1.8 kg. The experimental
results confirm that the sensors are capable of reliably detecting methane at distances between 60 and
100 meters, with a minimum detectable leak rate of 1 g/s or greater.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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OPTICAL METHODS OF REMOTE SENSING OF THE EARTH
FROM SPACE FOR THE STUDY OF ATMOSPHERIC
GREENHOUSE GAS CONCENTRATION

Olga A. Nebritova, Andrey N. Morozov and Igor L. Fufurin
Bauman Moscow State Technical University, Moscow, Russia

In recent decades, the problem of climate change and its consequences has become one of the most
pressing issues for the scientific community and society as a whole. One of the key factors contributing
to global warming is the increase in the concentration of greenhouse gases in the atmosphere, such as
carbon dioxide (CO;) and methane (CH.) [1]. Modern technologies are needed to effectively monitor
and analyze these gases, and optical methods of remote sensing of the Earth from space are one of the
most promising approaches [2].

The objective of the paper is to monitor the global distribution of carbon dioxide (CO.) and methane
(CHy) using the GOSAT satellite equipped with the Thermal and Near Infrared Sensor for Carbon
Observation Fourier-Transform Spectrometer (TANSO-FTS), which measures the absorption spectra of
solar radiation and thermal infrared radiation. The object of the study is the Earth, and the hypothesis
being tested is the possibility of long-term and accurate monitoring of greenhouse gases from space to
assess sources and sinks of greenhouse gases.

The theoretical basis is the importance of accurate observations of CO, and CH, in the atmosphere
to understand their long-term changes and assess sources and sinks. Satellite observations allow such
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measurements to be made on a global scale. The study builds on previous work that has proven the
usefulness of remote sensing of CO- concentrations for surface data analysis.

The methodology of the study includes the use of the GOSAT satellite with two instruments:
TANSO-FTS and TANSO-CAI. TANSO-FTS measures three narrowband and one broadband spectral
bands with a resolution of 0.2 cm™!, while TANSO-CAI corrects cloud and aerosol data. The study was
conducted in several stages, including model development, instrument testing, and calibration before
launch and in orbit. The dependent variables are CO2 and CH, concentrations, and the independent
variables are spectral data obtained from GOSAT.

The the results of successful calibration and measurement of TANSO-FTS data. High signal-to-
noise ratio (SNR) for spectral ranges was achieved, for example, SNR 345 for the 1P band. The
instrument linearity and the effect of micro-vibrations on the data measured before launch and in orbit
were also calibrated, confirming the high accuracy and stability of the measurements.

The conclusions of the study show a successful demonstration of methods for measuring CO, and
CHjs concentrations with high spectral resolution using a space platform. The novelty of the work lies in
the application of a highly efficient Fourier spectrometer for wide ranges of IR and near IR radiation, as
well as the adaptation of space calibration methods for long-term observation [3].

Optical satellites use spectroscopic methods to analyze light reflected from the Earth's surface and
atmosphere. Each gas has a unique absorption spectrum, allowing researchers to determine its
concentration based on spectral analysis. For example, carbon dioxide absorbs infrared radiation at
specific wavelengths, making it possible to detect it using specialized sensors.

Modern satellites are equipped with various sensors, such as multispectral and hyperspectral
cameras. These devices are capable of capturing data in a wide range of wavelengths, including visible
and infrared light. For example, NASA's OCO-2 (Orbiting Carbon Observatory-2) satellite uses highly
sensitive spectrometers to measure the concentration of CO; in the atmosphere, allowing for accurate
data on its distribution and changes over time. Optical data allows us to create detailed maps of
greenhouse gas distribution at the global level. These maps are an important tool for scientists and
policymakers, as they help visualize gas concentrations in different regions and track changes due to
human activity and natural processes. Comparison of data obtained at different points in time allows us
to assess the effectiveness of measures to reduce greenhouse gas emissions and their impact on the
climate.

Hyperspectral imaging: This technique involves capturing images in a large number of narrow
spectral bands. Hyperspectral data can provide detailed analysis of the composition of materials and
detect changes in the environment.

Optical interferometry: This technique uses light interference to measure small changes in distance
or in the optical properties of materials. It can be used to monitor changes in the atmosphere and on the
Earth's surface.

Ultraviolet and infrared spectroscopy: These techniques can examine molecules and atoms in
different states, which is useful for analyzing gases in the atmosphere and their concentrations.

Ultraviolet and Infrared Spectroscopy: These techniques examine molecules and atoms in different
states, which is useful for analyzing gases in the atmosphere and their concentrations.

NDIR (Non-Dispersive Infrared) is a method of measuring gas concentrations based on the
principle of infrared absorption. It is widely used to monitor greenhouse gases and other gases in the
atmosphere. Here are the main aspects related to NDIR sensors emit infrared light through a gas sample.
Certain gas molecules absorb infrared radiation at specific wavelengths. For example, carbon dioxide
(COy) absorbs light in a specific range of the infrared spectrum. After passing through a gas, the
remaining light is recorded by a detector. By measuring the intensity of the light before and after passing
through the gas, the concentration of the gas can be determined based on the level of absorption. NDIR
methods can detect low concentrations of gases. Each gas has unique absorption spectra, which allows
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its concentration to be accurately determined. The method allows for real-time measurements.

Conditional dependence: Atmospheric conditions such as temperature and pressure can affect the

accuracy of measurements.

Thus, NDIR is an important tool for gas analysis and environmental monitoring, especially in the
context of combating climate change. In addition to NDIR, there are other infrared methods such as
FTIR (Fourier Transform Infrared Spectroscopy), which can analyze gas mixtures and determine their
concentrations.

There are several types of optical gas analyzers that can be used to measure greenhouse gas
concentration dynamics. Here are some of them:

e  Laser spectroscopy: This method uses lasers to accurately measure gas concentrations. Lasers can
be tuned to specific wavelengths that correspond to the absorption spectra of different gases,
allowing for highly sensitive measurements.

e FTIR (Fourier Transform Infrared Spectroscopy): This method analyzes gas mixtures by
determining their concentrations based on infrared absorption. FTIR can measure multiple gases
simultaneously, making it useful for monitoring greenhouse gases [4].

e Diffraction Spectroscopy: This technique uses the diffraction of light to analyze gases. It can be
used to determine the concentrations of a variety of gases, including greenhouse gases.

o  Fiber Optic Sensors: These devices use optical fibers to transmit light and can be used to measure
gas concentrations. They can be compact and suitable for use in hard-to-reach locations.

Optical methods of remote sensing of the Earth from space are a powerful tool for studying the
concentration of atmospheric greenhouse gases. Spectroscopy, modern sensors and mapping
technologies allow scientists to obtain accurate and up-to-date data that are necessary for understanding
climate change and developing effective strategies for its mitigation. In the context of global warming
and increasing greenhouse gas emissions, such technologies are becoming an integral part of scientific
research and decision-making at the level of states and international organizations.
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IDENTIFICATION OF SUBSTANCES BY CHARACTERISTIC
LINES IN RAMAN SPECTRA

Roman A. Gylka, Yana R. Chubarkina, Dmitriy R. Anfimov, Pavel P. Demkin,
Igor L. Fufurin, Ivan B. Vintaikin and Andrey N. Morozov

Bauman Moscow State Technical University, Moscow, Russian Federation

Various methods are utilized for substance analysis. The most common analytical methods for
solids, powders, and liquids include methods of molecular spectroscopy [1].

Raman spectroscopy is one of the most effective methods for sample-free express analysis of
substances [2]. The method allows the analysis of substances using a previously created spectral
database in order to identify or classify them according to characteristic spectral features, such as
characteristic lines of Raman spectra. Raman spectroscopy is highly sensitive to small differences in the
chemical composition of a substance, which is especially relevant in the quality control of
pharmaceuticals.

The use of the database of full Raman spectra is difficult due to the large volume, difficulties in
replenishment and inaccessibility of data from open libraries.

Fig.1 shows a schematic of the experimental setup with a Ventana-785L-Raman diffraction
spectrometer (800-940 nm) equipped with a stabilized laser 1 (785 nm, up to 120 mW, instability <1
%). The laser radiation passes through a beam splitter 2, is focused by a lens 3 on the sample 4, and then
the scattered light passes through a notch filter 5, after reflection on a mirror 6 is dispersed by a
diffraction grating 7, recorded on a photodetector 8 and transmitted to a computer 9 for analysis.
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FIGURE 1. Schematic diagram of the experimental setup: 1 - laser source, 2 - beam splitter, 3 - focusing lens, 4
- sample, 5 - notch filter, 6 - reflecting mirror, 7 - diffraction grating, 8 - photodetector, 9 - computer.

A database of Raman spectra of 16 chemical compounds with defined positions of characteristic
peaks used for the assessment of identification methods was registered for comparative analysis.

Before applying the identification methods, the measured Raman spectra are preprocessed. The
least squares method is used to determine and subtract the baseline [3], after that the Raman spectra are
normalized.

In this study, the reference method for comparing Raman spectra is the method using Pearson's
correlation coefficient [4].
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The function shown in Fig. 2. is utilized to find peaks using the average value, standard deviation
for the segment of the spectrum without peaks, and signal-to-noise ratio (SNR) in the measured

spectrum.
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FIGURE 2. The principle of peak search (a) in the function F(x)=sin(0.02x)+co0s(0.01x) and (b) in the spectrum
of aspirin (SNR=16).

To identify substances by peaks in the Raman spectrum, an algorithm has been developed that
considers the intensity values and characteristic positions of peaks in the reference spectrum. The
comparing method consists in calculating the residual for each of the substances in the database and

determining the largest of a number of values.
In order to analyze the efficiency of substance identification of the developed algorithm, ROC-
curves were constructed and AUC values were calculated for the reference and developed methods [5].
Fig. 3. shows the ROC curves for the reference (a) and developed (b) comparing methods.
The AUC of the developed method is different from the reference method, but high enough to
indicate its high ability to separate classes of substances.
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FIGURE 3. ROC-curves for (a) reference and (b) developed comparing methods. 1 - Aspirin, 2 - Boric acid, 3 -
Potassium chlorate, 4 - Glucose, 5 - Paracetamol, 6 - Soda.

Since the database of substance peaks contains information only on characteristic peaks, it occupies
twice less memory than the database of full spectra, and the proposed comparing algorithm is about
three times faster than the reference method algorithm.
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DEVELOPMENT OF NON-DISPERSIVE INFRARED GAS
ANALYZER FOR MEASURING THE DYNAMICS OF
GREENHOUSE GASES CONCENTRATIONS

Ivan A. Karpov, Igor L. Fufurin, Alisa P. Kosterova, Dmitriy R. Anfimov, Pavel P. Demkin,
Vyacheslav R. Bessonov and Andrey N. Morozov

Bauman Moscow State Technical University, Moscow, Russia

Monitoring the concentrations and dynamics of greenhouse gases is a critical and essential task
within the field of environmental monitoring. Gases such as water vapor, carbon dioxide, methane, and
others are emitted into the atmosphere through both natural processes and human activities. The
accumulation of these gases intensifies the greenhouse effect, leading to adverse effects on human
health, agricultural productivity, and the broader environment. Consequently, the development of
advanced devices capable of accurately measuring atmospheric greenhouse gas concentrations is of
paramount importance. Optical measurement techniques, including nondispersive infrared (NDIR)
spectroscopy, provide a non-contact and automated approach for analyzing the components of gaseous
mixtures [1,2]. Figure 1 shows an explication scheme for detecting IR radiation using NDIR
spectroscopy.
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FIGURE 1. Schematic diagram of the developed gas analyzer. 1 — emitter; 2,3 — matching lenses; 4 —
photodetector.
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In accordance with the above scheme (Fig.1), an NDIR gas analyzer was developed. The device
described in this study (Fig.2) detects radiation at a wavelength of 4.26 um to quantify carbon dioxide
concentration, with additional capability for water vapor detection. The acquired signal is normalized
using a reference channel set at 3.95 um. A mathematical model, developed using Python, processes the
experimental data to determine atmospheric carbon dioxide and water vapor levels. The device is
designed as an open-path gas analyzer, which allows for versatile deployment in various environments
due to its low power consumption. This instrument is well-suited for applications such as environmental
monitoring on carbon polygons and ensuring the quality control of low-Earth orbit satellites tasked with
atmospheric greenhouse gas monitoring.

FIGURE 2. The appearance of the developed gas analyzer: a) during field measurement experiments; b) in off
state. 1 — the IR emitter unit, 2 - photodetector unit, 3 - data collection unit.

The main technical characteristics of the presented device are shown in Table 1. A program code
has been developed that controls the operation of the emitter and photodetector units. A rectangular
signal with a 50% duty cycle and an amplitude from 0 to 5 V which is applied to the emitter to generate
discrete IR radiation. The type of signal received from the data collection unit is shown in Fig. 3 [3].
Figure 4 shows an experiment on purging a constant flow of 600 ppm carbon dioxide in a calibration

tube.
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FIGURE 3. The type of signal from the FIGURE 4. Graph of CO, concentration
photodetector. measurement.
TABLE 1. The main technical characteristics of the developed gas analyzer.
Parameter | Value
Emitter (JSIR 350-4)
Spectral range, um 2...15
Active area, mm? 22x22
Peak power, mW 1200
Peak temperature of active area, °C 850
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Photodetector (InfraTec LRM-244)

Number of channels 4
Channel number Function
1 Reference 3950+45
2 CO, Installed bandpass 4260+90
3 H,O filter, nm 5800+50
4 Reference 3950+45
Pyroelectric area of one channel, mm? 2Xx2
. A negative signal with a positive change
Polarity in the IR radiation flux
Electrical power supply, V 5,87
Other parameters
Overall dimensions, mm 152 x 174 x 345
Mass, kg 1,1

The envelope was subtracted from the graph in Fig. 4 and the standard deviation was calculated.
Thus, the sensitivity of the developed NDIR gas analyzer via the 2nd channel is 0.19 ppm for a gas
mixture with a CO, concentration of 600 ppm.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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Environmental challenges are growing more urgent, making comprehensive monitoring of the
environment increasingly important. Key focus is placed on gases like carbon dioxide, water vapor, and
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methane, which play a significant role in Earth's climate. Their accumulation in the atmosphere enhances
the greenhouse effect, causing negative impacts on ecosystems, human health, and agriculture.

On September 17, 2024, September 18, 2024, and October 17, 2024, comparative experiments were
conducted in the village of Kamshilovka between the developed NDIR gas analyzer and its counterpart,
the LI-COR LI-7500A.

The setup for monitoring greenhouse gas fluxes consisted of an open-path gas analyzer LI1-7500A,
an anemometer 1590-PK-020/W WindMaster, and the developed NDIR gas analyzer. The anemometer
measured the speed of sound in the air, while the gas analyzers determined the concentrations of CO;
and HxO in the air.

This study focuses on analyzing field measurements of CO, and H,O concentrations to apply the
eddy covariance method. The eddy covariance method is a micrometeorological approach that directly
measures the exchange of gases, such as CO2, between the Earth's surface and the atmosphere. It is
extensively employed to quantify CO, emissions from various ecosystems, including natural, urban, and
agricultural environments. This method is increasingly being used to monitor large areas for potential
CO; leakage from subsurface storage sites [1].

Figure 1 shows the signal from the NDIR gas analyzer.
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FIGURE 1. The type of signal from the photodetector.
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For each of the four channels, the integral over each period of rectangular signal is calculated (after
subtracting the offset voltage and taking the absolute value) and averaging is performed over the two

reference channels (1):
< Iref >= Sref > -2'- Slref Nez> . (1)
The quantity proportional to the optical density for carbon dioxide and water vapor is determined

as follows (2):

<Isig>
<Ipef>'
where <lsig>, <lr> — the average intensities of the signal and reference channels, respectively.
After this, the value Z is compared with the calibration curve, which is established during the
instrument calibration process [2]. Based on this comparison, the data obtained from the NDIR gas
analyzer are converted into gas concentration values, expressed in ppm (Fig.2).
The flux from the area of interest can be represented as the product of the instantaneous deviation
from the mean value of the vertical velocity and the instantaneous deviation from the mean value of the
concentration of the substance of interest (3):

Z = —In 2

F=w'c, (3)
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where F — flux, w' — instantaneous deviation from the mean value of the vertical velocity, c'-
instantaneous deviation from the mean value of the concentration of the substance [3].
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FIGURE 2. CO; concentration as a function of time for the experiment dated October 17 2024. Pearson
correlation coefficient for CO concentrations is 0.75.

Figures 3, 4 show the dependence of vertical velocity on time and the time dependences of CO;
fluxes for the vertical component of wind velocity, measured using an NDIR gas analyzer and a LI-COR
LI-7500A respectively.
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FIGURE 3. The vertical velocity as a function of time for the experiment dated October 17, 2024.
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FIGURE 4. The CO; flux as a function of time for the experiment dated October 17 2024.

This paper presents the results of field measurements of CO, and H,O concentrations obtained

using the developed open-type non-dispersive infrared gas analyzer (NDIR) and the LI-7500A gas
analyzer, and a comparison of the data obtained.

The work was carried out within the framework of the strategic academic leadership program

«Priority 2030».
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Accurate quantification of greenhouse gas fluxes is critical for assessing anthropogenic

contributions to climate change. The turbulent pulsation covariance method, which calculates fluxes
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using instantaneous deviations from mean vertical wind speed (@' ) and gas concentration (C") requires
precise synchronization of anemometric and gas concentration data at sampling rates >10 Hz. While
commercial solutions such as the Li-Cor L1-7500 remain industry standards, their high cost has hindered
widespread adoption. In this study, these limitations are addressed by developing a domestically
produced NDIR gas analyzer. The modular architecture of the device combined with signal processing
algorithms provides a cost-effective alternative for long-term environmental monitoring, especially at
carbon landfills [1].

The theoretical foundation of this work lies in the covariance equation linking vertical gas flux F
to wind speed fluctuations @' and concentration deviations ¢’ :

F=p o,
where p is air density, @' represents instantaneous deviations in vertical wind speed, and ¢’ denotes
deviations in gas concentration. This method necessitates synchronous measurements at frequencies
sufficient to capture turbulent eddies (>10 Hz) [2-3].
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Prior to field deployment, the NDIR gas analyzer underwent rigorous calibration in a controlled
environment using certified gas mixtures with precisely defined concentrations of CO; (600 ppm, 800
ppm, 1000 ppm) and H2O (10 g/m3, 20 g/m?, 30 g/m3). The optical subsystem — comprising a JSIR
350-4 broadband infrared emitter and a four-channel pyroelectric detector — was precisely aligned
within a hermetically sealed calibration chamber. To simulate real-world operating conditions, a 10 Hz
pulse-width modulation (PWM) signal was applied to the emitter, while the detector outputs were
recorded via analog-to-digital converter (ADC) at 20 Hz. Signal processing algorithms were
implemented to convert raw voltage measurements into gas concentration values by integrating the
intensity of each PWM cycle and normalizing against reference channels (A = 3950 nm) to account for
optical path variations. Integrated temperature and humidity sensors provided real-time environmental
data, enabling corrections for thermal drift in the detector and adsorption effects on optical surfaces,
thereby ensuring measurement accuracy under variable laboratory conditions.

Field experiments were conducted at the Kamshilovka carbon monitoring site, characterized by
heterogeneous terrain and dynamically shifting atmospheric conditions. To minimize spatial sampling
errors, the NDIR gas analyzer and Gill WindMaster three-axis ultrasonic anemometer were co-located
on a 3-meter meteorological tower. The anemometer, configured for 32 Hz sampling, provided high-
resolution measurements of three-dimensional wind velocity components (U, V, W), while the NDIR
analyzer recorded CO- and H,O concentrations at 20 Hz. As shown in FIG. 2, the experimental setup
included co-located NDIR and Li-Cor analyzers on a 3-meter tower to minimize spatial sampling errors.

For comparative validation, a Li-Cor LI-7500 open-path gas analyzer was deployed adjacent to the
experimental setup, enabling simultaneous sampling of the same air column. Data streams from both
systems were aggregated into a centralized logging unit equipped with redundant storage. Post-
processing involved several key steps to ensure accurate data analysis. First, noise reduction was
achieved by applying a 4th-order Butterworth low-pass filter with a cutoff frequency of 10 Hz, which
effectively suppressed high-frequency artifacts. Next, temporal alignment was performed using cross-
correlation analysis to compensate for inter-channel delays, ensuring synchronization within a range of
+0.1 seconds. Following this, concentrations of CO, and H>O were derived by calculating optical
densities based on the Beer-Lambert-Bouguer law, with absorption coefficients dynamically adjusted
for real-time ambient pressure and temperature fluctuations measured by onboard sensors. Finally, flux
computation was carried out using Reynolds decomposition to isolate turbulent fluctuations (w’, ¢’) from
30-minute averaged values, and vertical fluxes were determined through covariance analysis. This
comprehensive approach ensured robust and reliable results.

Data validation focused on quantifying systematic discrepancies between the NDIR and Li-Cor
systems. Pearson correlation coefficients were computed for wind velocity components and gas
concentrations. Long-term stability was assessed via Allan variance analysis, revealing a noise floor of
0.19 ppm for CO; and 0.05 g/m? for H,O over 24-hour intervals. Residual analysis of linear regressions
between NDIR and reference outputs further confirmed measurement consistency. Environmental
challenges, including optical surface condensation at humidity levels >90%, were mitigated through
periodic manual inspections and automated activation of thermoelectric coolers integrated into the
detector housing [4].

The developed NDIR gas analyzer demonstrated accuracy and correlation with Li-Cor LI-7500
(Pearson up to 0.982). The modular design, synchronization with the anemometer and signal processing
algorithms ensured the reliability of measurements. The device is promising for budget eco-monitoring,
including carbon polygons.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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Remote sensing plays a crucial role in modern scientific and applied research, enabling the
acquisition of valuable data about the surrounding environment. In recent years, hyperspectral imaging
has been actively utilized in remote sensing. Unlike traditional three-channel images, hyperspectral
images contain detailed spectral information spanning hundreds of narrow spectral channels. This allows
for the identification of unique spectral signatures of objects and provides a significant advantage in the
analysis of materials and their properties.

The problem of detecting linear emission radiation (“a line source”) can be considered as a problem
of identifying spectral anomalies in hyperspectral data, because these sources have unique spectral
features that differ from the background. Narrow spectral peaks are rare and atypical for natural objects
such as vegetation, soil, or water. Examples of the objects under consideration include gas discharge
lamps and open fire sources. Detection and identification of line sources can be used in the task of energy
efficiency estimation of cities, in the elimination of fires at industrial facilities, in aircraft landing
systems and assistance, etc.

Classical models for anomaly detection in the spectral feature space, such as the RX method (Reed-
Xiaoli) described in [1], and its modifications, including Kernel-RX [2] and local-RX [3], are widely
used in hyperspectral data analysis problems. There are also methods focused on object detection with
known spectral signatures, such as Constrained Energy Minimization (CEM) [4] and Spectral Angle
Mapper (SAM), Spectral Energy Minimization (SEM) [5]. However, these algorithms have limited
applicability for this problem. For instance, RX-based algorithms show increased sensitivity to glares.
CEM, SAM, SEM, and other similar algorithms require prior knowledge of the target object's spectral
signature, which is often unavailable in practical scenarios.

In recent years, neural networks have been widely used in remote sensing and hyperspectral data
analysis, as shown in many studies [6-8]. Unlike classical methods, neural networks are capable of
automatic complex nonlinear feature extraction in data and are robust to noise, making them a promising
tool for solving challenging hyperspectral data analysis problems.
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Given the problem formulation, there is no need to create a labeled training dataset. Instead, the
model is trained on "normal" background data. One of the most suitable approaches for solving this
problem is the autoencoder [9], a neural network architecture that encodes input data into a lower-
dimensional latent space and then decodes it to reconstruct the original data (Fig. 1). By comparing the
reconstruction error between normal and anomalous data, autoencoders can efficiently identify outliers
that do not conform to the learned patterns. Several studies [10-12] have demonstrated the reliability of
autoencoders in solving anomaly detection problems.

Comparison of Predicted and Actual Spectra
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FIGURE 1. Comparison between the spectrum of a low-pressure neon lamp and the spectrum reconstructed by
an autoencoder. Unlike the smooth reconstructed spectrum, the real spectrum from the neon lamp will be identified
as anomalies.

To evaluate the detection robustness of the proposed autoencoder model, experimental images of
target sources were captured using a hyperspectral camera developed by RDC “Reagent” (the
specifications are provided in Table 1).

TABLE 1. Hyperspectral camera specifications.

Spectral Range (nm) 430 — 880
Number of spectral channels >140
Spectral sampling (nm) <45
Field of View (rad) 0.35
Ground Sampling Distance 0.5 m at a distance 1 km

An artificial scene was set to simulate various sources of radiation in the visible and near-infrared
range, such as low-pressure neon lamp, colored lamps, sources with monochromatic spectra, and the
combined interaction of these sources on various surfaces (Fig. 2). This setup was not merely a random
arrangement but a carefully curated simulation intended to capture the complexity of real-world lighting
conditions. The suggested scene is a dynamic and challenging environment for observation and analysis.
Some areas of the scene were illuminated by soft diffuse light. In contrast, other regions are dominated
by over-illuminated objects, where excessive light intensity led to a loss of detail, and a lot of glares. In
Figure 2, bold text marks target objects for considered scene, while regular text denotes complex objects
that could also introduce noise into the model's predictions, i.e., glares, colored lamps, color spots,
multiple sharp edges, and so on.

The results of sources with line spectra and the low-pressure lamp detection are presented in Fig. 3 ().
It can be seen that the algorithm successfully detected all the investigated sources in the visible and infrared
ranges. Figure 3(b) presents the detection results of low-pressure neon lamps only. Therefore, in the first
case, the algorithm was trained to distinguish the spectra of sources with line spectra, while in the second
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case, it was trained to search for specific lighting sources. This indicates that the algorithm can be trained and
applied to various lighting sources as well as specific ones.
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FIGURE 2. An artificial scene: bold text marks target objects, while regular text denotes complex objects that
could lead to model instability.

FIGURE 3. (a) Detection map of sources with line spectrum (overall), (b) Detection map of low-pressure neon
lamp (specific).

To evaluate the performance quality, the ROC-AUC (Area Under the Receiver Operating
Characteristic Curve) metric was selected. The final values of this metric on the validation set of images
are presented in Table 2.

TABLE 2. ROC-AUC values on validation set.

Scene ROC-AUC
Validation scene 1 0.8864
Validation scene 2 0.9144
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Thus, the proposed autoencoder-based approach demonstrates high accuracy in detecting line
spectrum radiation sources in hyperspectral images, achieving ROC-AUC values of 0.8864 and 0.9144 on
the validation dataset. This confirms its potential for spectral anomaly analysis problems without the need
for a priori knowledge about the target objects. The algorithm’s processing time for a data containing 1000
samples is 3 milliseconds, making it suitable for applications requiring high performance.

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project No. 125012200611-5).
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Hyperspectral imaging is a complex technology that captures and processes information across a
wide range of wavelengths, enabling detailed analysis of materials and objects. This technology has a
broad range of applications, including the detection of anthropogenic oil [1] and gas leaks [2,3],
monitoring of natural resources [4], excavation of buried objects [5], detection of underwater objects
including uncovering of the keel track [6]. It is also highly effective for detecting low-contrast objects
[7], which can be extremely useful to identify hiker lost in the wilderness. These capabilities make
hyperspectral imaging a valuable tool in problems requiring detailed object analysis.

Machine learning is essential in hyperspectral image analysis, as it enhances prediction accuracy by
extracting features from complex data. Traditional methods include the naive Bayesian classifier, Support
Vector Machines, Random Forests, and Matched Filter. Recently, Convolutional Neural Networks
(CNNs) have become popular for hyperspectral classification because they handle challenges like lighting
changes, observation angles, sensor errors, and varying SNR well.

In the present paper, we present the results on the detection of low-contrast objects, such as hiking
wear, using an algorithm that combines a Siamese neural network with pseudo data generation, both of
them are described in [8]. In addition, we examine the robustness and stability of this algorithm in
challenging scenarios such as the SNR, lighting conditions change and distance between sensor and search
object. The experiment was conducted using an hyperspectral camera developed by RDC Reagent
(specifications are provided in Table 1). Fabrics typical for hiking wear were used as the objects of the
current study: 1) single fabric clothes and 2) mixed fabric outfit. The search distance was 3.2 km. The
surveys took place under clear weather conditions between 09:40 to 15:40. The characteristic spectra of
search objects and the background (forest) were captured by the hyperspectral camera (Fig. 1).

To address the low-contrast objects detection, the algorithm proposed in [8] was considered. The
core concept of this approach is to employ a Siamese neural network for hyperspectral object detection.
In order to enhance detection accuracy, the authors suggested a pseudodata generation technique. This
procedure helps to solve the problem related to the limited number of pixels representing the search
class in hyperspectral images. Specifically, the authors proposed mixing the spectra with those of the
object or background classes to create variations. This results in the creation of positive and negative
spectral pairs, where the spectra correspond to different classes, such as object and background. The
proposed method allows the model to account for distinctions between different classes.

TABLE 1. Characteristics of the hyperspectral camera.

Characteristics Value
Type push-broom
Spectral Range 430 -910 nm
Number of spectral channels 228
Spectral Sampling 2.1nm
Field of View 3°
Ground Sampling Distance (1 km distance) 0.12m
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FIGURE 1. (a) Registered spectra of the search objects and background (foret), (b) scene.

The pseudodata generated through this process is essential for training either a single Siamese
network or an ensemble of them. Such an ensemble consists of several independently trained networks,
and their predictions are subsequently aggregated. The pseudodata generation technique increases the
data volume, helps avoid overfitting, enhances the model's generalization capabilities, and improves its
robustness under real-world conditions such as noise or variations in illumination, or different distances.

The training data for low-contrast object detection consisted of images captured during the first
half of the day in winter, featuring nets located against snowy backgrounds and asphalt roads. Note that
the algorithm’s prediction performance was evaluated using images acquired in summer during daytime,
featuring objects against vegetation backgrounds, which allows us to study the algorithm's robustness
to varying weather conditions. All training and test spectra were normalized to their [, norm as part of
the preprocessing of the captured data.

In the subsequent analysis, we will examine the robustness of the algorithm. The objects under
consideration possess the properties and shooting details previously outlined. First, we monitor how the
detection probability changes as a function of the signal-to-noise ratio (SNR).

Table 2 illustrates the variation in detection probability as a function of the maximum signal-to-
noise ratio (SNRwmax). Probability values were calculated as mean prediction probabilities for the search
class. The magnitude of the signal-to-noise ratio was estimated based on the characteristics of a clear
sky background. Signal-to-noise ratio adjustments were made by changing the exposure time. This
enables estimation of the SNR's effect on detection probability.

TABLE 2. Experimental parameters and detection probabilities.

Exposure time, ms SNRmax Probability Probability
“mixed fabric outfit” “single fabric clothes”
10 70 0.9896 0.9583
15 88 0.9922 0.9706
20 90 0.9916 0.9682

Next, we explored how the detection probabilities of search objects change relative to the Sun's
position. Table 3 shows detailed information, including the azimuth angle, the Sun's altitude, and the
shooting time. The line of sight of the hyperspectral camera was pointed to the northwest. Table 3 also
presents the resulting detection probabilities for the search objects.

TABLE 3. Shooting time, A® (the angle between line of sight and the Sun’s azimuth), the Sun’s altitude, and
detection probabilities for the search objects.

Shooting time A®, deg Altitude, deg Probability Probability
“mixed fabric outfit” | “single fabric clothes”

9:37 198.06 415 0.9909 0.9469

15:39 71.7 41 0.9147 0.9604
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Figure 2 shows examples of object detection using a Siamese neural network. Specifically, Figure 2
(a) demonstrates the detection results for “single fabric clothes” object. Meanwhile, Figure 2 (b) presents
an example where the Siamese Neural Network has successfully detected the “mixed fabric outfit”
object.

FIGURE 2. Detection maps for: (a) single fabric clothes; (b) mixed fabric outfit.

Detection map for “mixed fabric outfit” objects located at different distances is shown in Fig. 3.
Table 4 provides “camera-object” distance data along with the corresponding detection probability.

TABLE 4. Detection probability for “mixed fabric outfit” objects located at different distances.

Distance, m Detection probability
180 0.9916
3200 0.9730

It can be seen that the detection probability varies with distance to the object and the imaging time,
but remains quite high. This denotes that the algorithm is robust to these parameters.

In conclusion, the algorithm based on a Siamese neural network combined with by a pseudodata
generation procedure has demonstrated exceptional performance in the low-contrast objects detection
using hyperspectral image analysis problem. The robustness of the algorithm is evident from its stability
across varying signal-to-noise ratios (SNR), and different lighting conditions, and various distances. The
results indicate that the detection probability remains rather high. This makes it a promising approach
for applications requiring reliable detection capabilities under different observational conditions.

m%wwa.m S

FIGURE 3. Example of object detectlon (“mlxed fabrlc outﬁt”) using Siamese neural network at different
distances (180 m and 3200 m).
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and Andrey N. Morozov

Bauman Moscow State Technical University, Moscow, Russia

The growth of production in the energy, metallurgy and other industries has led to significant
emissions of pollutants into the atmosphere [1]. Pollutants pose a high risk to human health [2—4].
Detection and identification of substances polluting the atmosphere plays an important role in
environmental protection [5, 6]. Existing local monitoring sensors are installed at the emission source,
which requires regular maintenance. At the same time, identification of pollutant emissions using remote
monitoring sensors makes it possible to study mixtures emitted into the atmosphere by the source
without installing local sensors on smoke stacks. Remote monitoring also makes it possible to monitor
emissions without preparatory activities at the enterprise. Currently, there are various methods of active
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pollution measurement and passive remote monitoring, which are used to analyze pollutants in the
atmosphere. One of the promising methods of remote monitoring is infrared (IR) Fourier spectroscopy
[7,8].

Remote measurements of emissions of harmful substances from chimneys during the day were
carried out of the sites of the working area of the Kolesnikov Nadezhda Metallurgical Plant of the PJSC
“MMC ‘Norilsk Nickel's”, Polar Division in October 2024. The distance from the IR Fourier
spectrometers to the top point of the chimneys was 250—760 m. During the measurement process, the
Fourier spectrometers recorded the IR radiation of chimney emissions both on cross It can be seen that
the sections and in the plumes of flue gases.

Most of the feedstock used to produce copper, nickel, and platinum group metals comes from the
ore resources of the Norilsk industrial zone, which are rich in sulfide copper-nickel ores. Sulfur dioxide
(SOy) is the primary toxic material created during the oxidation of sulfide ores in the pyrometallurgical
manufacturing process. [9]. Therefore, SO, is the most crucial element of chimney flue gases for the
PJSC “MMC 'Norilsk Nickel's” Polar Division to identify.

The methodology for determining the
emission rate of SO, by scanning the flue -
gas plume is as follows: a
1. A section of the plume is selected at least

50 meters away from the chimney, where =~ =~ = T - a D

the temperature of the flue gases has
already decreased, and the radiation from
hot water vapor and aerosols (dust)
becomes less significant.

2. The scanning direction is chosen in such
a way as to obtain a cross-section of the
plume.

3. Knowing the distance from the |;§||
monitoring station to the scanning point r

and the angle of the scanning sector vy, the

linear size of the plume cross-section | is b
determined (Fig. 1). g v.Q
4. Infrared spectra are recorded in the e - ﬁ
specified sector the integral concentrations T i

Cint are determined.

5. The effective cross-sectional area of the
plume in the specified scanning sector in
the direction of the wind is calculated as:

T
Ser =—hl,cosa.
4

6. Taking into account the wind speed and
the measured integral concentration, the

flue gas emission rate is calculated as
Q=S ﬁVC / |2 Considering the FIGURE 1. Diagram of flue gases from chimneys in top
. .

] . (a) and side views (b).
effective cross-sectional area of the plume,
the emission rate can be expressed as:

int

T
Q= " |, cosavC,,
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It is important to note that in this approach, the depth of the cloud I is included in the structure of
the integral concentration Ciy and does not require measurement or estimation. However, for applying
the proposed engineering model, it is necessary to know the values of wind speed v and the direction of
the flue gas transport a. In this work, the wind speed is estimated based on data from the meteorological
resource World Weather.

Figure 2 shows the result of using an engineering model to construct a two-dimensional distribution
of sulfur dioxide concentration.

25000 4

20000 1

15000 +

Cint, mg/m?

10000

5000

—-70
Azimuth, deg

a b

FIGURE 2. A diagram of the device's position relative to the pipe and a section of the flue gas plume for a 31°
elevation angle (a) and the concentration distribution in the plume for the 31° elevation angle (b).

Table 1 presents the calculated values of emission power for different elevation angles. The emission
power correlates with data obtained from local sensors installed on the chimney.

TABLE 1. Emission power for different elevation angles.

gf; Parameter Unit El.27° | EL29° | EL31°
1 | Distance to the plume, r m 646.8 648.2 658.0
2| Sector angular size, y deg 4 18 6

3 | Sector linear size, I; m 45.2 20533 | 69.04
4 | Wind velocity, v m/s 3 3 3

5 Integral concentration, Cint mg/m? 30913.7 | 14453.5 | 32500.50
6 | Theangle between the wind speed and deg 65 65 65

the plume cross-section, o
7 | Emission power, Q kals 1.3905 2.9555 2.2344

An engineering model for determining the power of sulfur dioxide emissions has been developed
based on experimental measurements of integral concentrations obtained using infrared Fourier
spectrometers, as well as data on the direction of movement of the flue gas plume and its size, obtained
from the results of analyzing the video sequence obtained from the television viewer of the Fourier
spectrometer in the direction of the recording of the sulfur dioxide spectra. The emission power of flue
gases was estimated using an engineering model.
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Recently, there has been an increasing interest in studying atmospheric diffusion and air pollution.
The issue of maintaining the purity of the atmosphere has gone beyond scientific research and gained
significant social and governmental importance. To address this issue, it is essential to adopt an
integrated approach, and research in this field is an integral part of the broader goal of environmental
protection and the conservation of natural resources. Despite significant efforts to protect the atmosphere
from pollution, due to the growth of industry and motor transport, as well as the lack of effective anti-
pollution measures, the concentrations of harmful impurities in the air of several cities still exceed
acceptable levels. Of particular importance are developments in the meteorological aspects of air
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pollution, which relate primarily to the study of atmospheric diffusion and the patterns of impurity
spread, as well as the features of their spatial and temporal distribution. These are the basis for assessing
the pollution status of the air and developing measures to ensure clean air [1].

The main goal of atmospheric air pollution modeling is to estimate the concentration of pollutants
in the atmosphere from industrial facilities, emissions from stationary sources, and background
concentrations from other sources. Modeling helps to determine the range of pollutant transport, as well
as the degree of environmental impact from various sources and which sources contribute the most.
Currently, there are numerous methods for calculating the spread of pollutants. Some of these methods
focus on calculating a specific type of pollutant, while others are capable of performing complex
calculations. These techniques have led to the development of models that predict the spread of
pollutants in the atmosphere. Most of the models are based on distributed Gaussian (for example, ADM,
ISC-3), less often based on the Euler or Navier-Stokes equations (Chensi, CAMx, PANACHE,
REMSAD, WYNDVALLEY) [2].

In this study, we perform spatial modeling of sulfur dioxide emissions from the chimneys of
metallurgical plants of the PISC “MMC ‘Norilsk Nickel’s’,” Polar Division. The Pasquill-Briggs model
has been chosen as the one to use to describe the spread of impurities. This is because of its simplicity
and flexibility in adapting to local conditions. The model is based on the assumption that the distribution
of pollutants in the atmosphere follows a normal law, also known as the Gaussian distribution. This
assumption is based on the turbulent diffusion equation with some simplifications [3]. There are several
assumptions in this approach:

e scattering in the horizontal and vertical planes is described by a normal distribution with
standard deviations of concentration oy and o, along the y and z axes;

¢ the average wind velocity, u, acting on the jet remains constant throughout the entire layer, and
the wind direction does not change;

e the ejection power is constant;

o there is reflection of the jet on the earth's surface.

Considering these assumptions, the spatial distribution of the sulfur dioxide concentration,
c(X, Y, z), from the described source, with a constant wind directed along the x-axis, can be represented
by the following formula within the context of the Gaussian scattering model (Fig.1):

2 2
c(x,y,z) = q exp(—yj ][eXp(@}reXp{wﬂ’ 1)
270 ,0,U o, o o,

where g - source pollutant emission rate [kg/s]; h - height of emission plume centerline above ground
level [m]; u - horizontal wind velocity along the plume centerline [m/s]. There are several Gaussian
models with different scattering functions, such as the Pasquill-Briggs and Pasquill-Gifford models [3].
In the Pasquill-Briggs model, the values of the scattering function oy and o, are determined by the
stability class of the atmosphere from 100 m to 10 km to the source. The stability class is determined by
the wind speed, the degree of daytime insolation, and the number of night clouds.

Simulation of the dispersion of flue gas plumes in the Pasquill-Briggs model was used to estimate
the emission rate of sulfur dioxide. The integral concentrations of harmful substances in the exhaust gas
plume are calculated for those directions where experimental data are available. Minimizing the
difference between the measured integrated concentration and the calculated value is the key to finding
the variable parameters. Wind speed and direction, as well as the power of the pollutant emission source,
have been chosen as variables to consider. With this algorithm, the theoretical concentration distribution
matches the experimental concentration distribution of sulfur dioxide. The experimental data of
integrated concentration in different directions was obtained based on remote optical monitoring of
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chimney emissions using passive infrared Fourier spectrometers operating in the wavelength range of
7-13 microns with a spectral resolution of 4 cm™ [4].

The results of one of the calculations for
the exhaust plume are presented in Figure 2.
The calculations were carried out for a pipe
with a height of 150 meters and a wind speed
of approximately 5 meters per second. The
origin (black dot) corresponds to the location
of the spectrometers, and the position of the
pipe is indicated by a diagonal cross. The left
graph illustrates the distribution of the
volume concentration of SO, in a horizontal
plane, while the right graph represents the
concentration distribution perpendicular to
the propagation direction of the plume at a
distance of 200 meters from the pipe.
Additionally, the graph includes lines
indicating equal concentrations. Using the
Pasquill-Briggs model, we can obtain a
spatial distribution and estimate the total
amount of sulfur dioxide emitted from pipes.
This method can be used when there are
multiple sources of emissions.
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FIGURE 1. Visualization of a floating plume of sulfur
dioxide dispersion in the Pasquill-Briggs model.
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FIGURE 2. Distribution of the mass concentration of SO, in different sections for z=150 m. (left fig.), x=200 m.
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The monitoring of greenhouse gases (GHGS), particularly carbon dioxide (CO2) and methane
(CH,), from space has become a critical component of global efforts to understand and mitigate climate
change. Fourier Transform Infrared (FTIR) spectroscopy has played a pivotal role in these efforts,
enabling the detection and quantification of GHG concentrations with high precision.

The foundation for space-based GHG monitoring was laid by early missions such as SCIAMACHY
(Scanning Imaging Absorption Spectrometer for Atmospheric Cartography) on board the ENVISAT
satellite, launched in 2002. SCIAMACHY was one of the first instruments to retrieve column-averaged
dry-air mole fractions of CO, and CH.. These measurements were derived from spectra in the near-
infrared and shortwave-infrared regions, with CO; retrieved from the 1.58 pm band and CH4 from the
1.65 pum band. [1]. The launch of the Greenhouse Gases Observing Satellite (GOSAT) in 2009 marked
another significant milestone. GOSAT was the first satellite dedicated to GHG monitoring, equipped
with the Thermal and Near-Infrared Sensor for Carbon Observation Fourier-Transform Spectrometer
(TANSO-FTS) and the TANSO Cloud and Aerosol Imager (TANSO-CA).

TANSO-FTS measured absorption
spectra in the shortwave-infrared (SWIR)
and thermal-infrared (TIR) regions,
enabling the retrieval of CO; and CH,
concentrations with improved accuracy
and spatial resolution compared to
SCIAMACHY [2]. Figure 1 shows the

¢ "IBUKI" satellite of the GOSATS
| system. The successor to GOSAT,

FIGURE 1. Greenn * erving sat II:t COSAT GOSAT-2. was launched in 2018 with
. Greenhouse gases 0 SerVIng satellite enhanced Capabilities.

"IBUKI".

The TANSO-FTS-2 instrument on board GOSAT-2 features improved spectral resolution and

range, including measurements in the oxygen A band (0.76 um), weak and strong CO- bands (1.6 and
2.0 um), and methane bands (1.6 and 2.3 pm).

Additionally, TANSO-FTS-2 measures thermal-infrared radiation in the mid-wave (5.5-8.4 um)

and long-wave (8.4-14.3 um) regions, allowing for better characterization of GHG sources and sinks

[3].
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The European Copernicus CO2M mission, scheduled for launch in 2026, represents the next
generation of space-based GHG monitoring. The mission will utilize artificial neural networks (ANNS)
for retrieving CO, and CH, from radiance measurements, with the goal of achieving spatio-temporal
systematic errors below 0.5 ppm for CO; and 5 ppb for CH4 [4].

The aim of this work is to modify the developed model of the dynamic Fourier spectrometer, placed
on the 16U CubeSat spacecraft [5,6]. The model is designed to determine the concentrations of
greenhouse gases in the Earth's atmosphere. Figure 2 shows the operation diagram of the passive Fourier
spectrometer in space conditions.

The developed model of the dynamic Sun CubSat
Fourier spectrometer was modernized as follows: Y uh>a 74
1. the scanning system was modified, allowing >z with FTIR Jira
to increase the frame movement speed and P
simultaneously the scanning frequency up to 2
scans per second;

2. replacement of the IR radiation receiver with

an indium-gallium-arsenide  photodetector Absorbance

IG26X1000T9 (Table 1) with an extended Atmosphere
spectral range up to 2.6 pum. Expanding the
spectral sensitivity range allows recording the
absorption lines of CO; in the region of 2.05 um
(4878 cm™!) and CHy in the region of 2.2 um
(4547 cm™), the absorption intensity of which is
an order of magnitude greater than in the near IR FIGURE 2. Obtaining a spectrum of solar radiation
region: CO; at 1.6 um (6225 cm™) and CH, at  that has passed through the atmosphere.

1.66 um (6000 cm1).

Experiments were conducted on a mockup
of a dynamic Fourier spectrometer to record the
IR spectra of solar radiation passing through the
Earth's atmosphere. Figure 3 shows the
experimental setup. The objective of the dynamic
Fourier spectrometer mockup is directed at the
sky, the weather is cloudy. In this case, the
spectrometer records the spectrum of solar
radiation that has passed through the thickness of
the Earth's atmosphere. Using a mockup of a
dynamic Fourier spectrometer, a graph of the
spectral transmittance  coefficient of the
atmosphere T(v) was recorded, which is shown in
Fig. 4. The spectrum recorded on the mockup
shows intense absorption lines of greenhouse
gases Oz, CO; and CHg4 in the near IR region. The
spectral region in which the oxygen absorption FIGURE 3. Registration of spectra on a mockup of a
line is shown in Fig. 5. The main absorption line dynamic Fourier spectrometer. 17mockup, 2 — power
of 02, corresponding to the wave number v = supplies, 3 - PC.

7880 cm™, is clearly expressed.
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TABLE 1. Shows the characteristics of the 1G26X1000T9 photodetector.

Parameter Unit Value
Spectral range pum <2.45
Diameter um 2000
Operating Temperature °C -20

Shunt Impedance kOhm 30

Peak Detectivity D* cm HzY"2 /W 3.2x 10"
Peak NEP W / HzY2 55x1018
Capacitance pF 1920

30

25+

20

154

T(v), rel. units

104

5
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FIGURE 4. Spectral transmittance of the atmosphere
recorded on a mockup in passive mode using an 1G26
detector.
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FIGURE 5. Spectral transmittance of the atmosphere
recorded on a mockup in passive mode using an 1G26
detector in range from 7500 - 8500 cm™.

The shape of the spectrum and the position of the main line coincide with the experimental and model
spectra given in the literature and in the HITRAN spectral database. The obtained value of the spectral

width of the main O; line is about 5 cm™.

The spectral region in which the absorption line of CO, and CHys is shown in Figure 6. In this region,
the CO lines are visible in the region of wave numbers 6150 and 6350 cm™* and the CH. absorption line

at 6000 cm™.
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FIGURE 6. Spectral transmittance of the atmosphere
recorded on a mockup in passive mode using an 1G26
detector in range from 5000 to 6750 cm™.
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FIGURE 7. Spectral transmittance of the atmosphere
recorded on a mockup in passive mode using an 1G26
detector in range from 4000 to 5200 cmL.



The general shape and position of the absorption maxima of these gases here also coincide with their
model spectra, which are given in the HITRAN spectral database. The lines corresponding to
vibrational-rotational transitions of CO, and CH, molecules in the experimental spectrum, as in the case
of recording spectra using the 1G17 receiver, are not resolved.

The spectrum also contains weaker CO- gas lines in the region of 4750 - 5000 cm and a weak CH,4
absorption line at 4547 cm™ (Fig. 7).

The position of the lines and their shape coincide with the position of the absorption lines in the
model spectra (HITRAN database).

Results of this work show that the expansion of the spectral range leads to a significant increase in
the number of spectral lines. This can be used to improve the accuracy of calculating CO; and CH4
concentrations in the earth's atmosphere from space.
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EXPERIMENTAL SETUP FOR LEAK DETECTION WITH PASSIVE
NDIR RADIOMETER AND INFRARED CAMERA

Dmitriy R. Anfimov, Ivan B. Vintaikin, llya S. Golyak, Igor L. Fufurin
and Andrey N. Morozov

Bauman Moscow State Technical University, Moscow, Russia

Among the leak detection methods, remote leak detection methods are distinguished by their
performance. Optical methods are very common among remote methods [1,2]. These include leak
detection methods using highly sensitive thermal imaging cameras and tunable diode laser absorption
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spectroscopy (TDLAS) [3]. However, the use of compact infrared OGI cameras [4] by personnel is
limited by the security policy at hazardous facilities. Machine learning methods are used to detect leaks
[5]. And the use of the TDLAS method for monitoring the production site is hampered by the need for
constant space scanning.

This paper considers the creation of a complex, the components of which are: an infrared camera
for an extended spectral range and a non-dispersive infrared (NDIR) sensor of a passive type and control
software. The results of field tests of the complex's components are also described.

An infrared camera transmits an uncompressed video stream to a control computer, which performs
statistical processing to evaluate fluctuations in the intensity of infrared radiation. Based on fluctuations,
it is possible to make an assumption about the fact of leakage. The leak is clarified by the NDIR sensor.
The NDIR sensor consists of two photodetector units: a signal and a reference. The signal unit senses
radiation in the area on the gas absorption line, the reference unit senses the spectral region in which
there will be no gas absorption lines under normal atmospheric conditions. The result of processing the
video stream from the infrared camera during the leak is shown in Fig. 1.
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FIGURE 1. The result of processing a video stream from an infrared camera: a - at the beginning of a gas leak, b
- during a gas leak.

The implemented video stream processing algorithm determines the expected location of the gas
leak. At the same time, the OGI camera can control the angular field of 30 degrees horizontally and 20
degrees vertically. Thus, the analysis of only the areas of space suspected of leakage makes it possible
to increase the efficiency of the industrial safety system.

Experiments were carried out separately with an NDIR sensor with a viewing sector of 1 by 1
degree. Experiments have shown its operability at distances up to 90 meters.

The combined use of the components listed above increases the speed of response to leakage and
increases the reliability of its detection.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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Vintaikin’, Roman A. Gylka' and Andrey N. Morozov?

T Bauman Moscow State Technical University, Moscow, Russia
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The modern environmental legislation of the Russian Federation is aimed at minimizing the impact
of industrial emissions on the ecology of the relevant regions of the country.

All enterprises are required to carry out regular monitoring of industrial emissions into the
atmosphere if there is at least one source of pollution on their territory, which includes ventilation shafts,
deflectors, pipes, etc.

Deposits of the Krasnoyarsk region contain sulfide copper-nickel ores, which are particularly
valuable polymetallic ore raw materials, since, in addition to nickel, copper and cobalt, it may contain
platinoids, gold, silver, selenium, and tellurium. The combustion process of sulfide ores is endogenous,
which is financially profitably, but is accompanied by the release of tons of sulfur dioxide into the
atmosphere. Norilsk Nickel launched a sulfur program in 2022 and confirmed a 20% reduction in SO;
by the end of 2024. With the project reaching full capacity in 2025-2026, emissions reduction at the
Polar branch of Norilsk Nickel should amount to 45% compared to the base of 2015.

We performed measurements of SO, emissions in July 2023 and October 2024 in Norilsk Region
(see Fig.1).

FIGURE 1. Chimney gas measurement conditions (view from the side of the device and thermogram)
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For continuous monitoring of sulfur dioxide emissions by metallurgical factories, one of the remote
sensing techniques is IR Fourier (FTIR) spectroscopy [1]. We used both a single-channel FTIR
spectrometer with an FOV of 2x2 degrees, a spectral resolution of 4 cm™, a spectral range of 7-13 um
and a single measurement time of 1 s, and a multi-channel FTIR spectrometer with an angular field of
view of an infrared channel of 20x3 degrees, a spectral resolution of 4 cm™, a spectral range of 7-13 um
and the time of one measurement is 1 s [2, 3].

Figure 2 shows a technique for remote measurement of emissions using FTIR spectrometers. The
FTIR spectrometer targets the exhaust gases pos. 2 chimneys pos. 1, as a result of infrared radiation pos.
3 enters the Michelson two-beam interferometer pos. 4 and after modulation to the photodetector
pos. 5.

FIGURE 2. A technique for remote measurement of emissions using FTIR spectrometers

We used two methods to mathematically analysis of flue gas IR spectra. In the first method
(engineering approach, see Fig. 3), we determined the cross-section of the plume using the video channel
and then calculated the gas output power (kg/s of SO;) based on the distribution of measured
concentrations. The second approach is based on an approximation of the Pasquill-Briggs model (see
Fig. 4).

L1

FIGURE 3. The engineering approach to determining the gas emission capacity

Taking into account the wind speed v and the measured integral concentration C (mg/m? or ppm-m),
the gas emission power Q (kg/s) can be calculated as Q = n/4- L1- cosa. - v - C.
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The Pasquill-Briggs model describes $ Sumlated data
impurity transfer from a stationary point source.
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the pipe and is applicable in the range from 100
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The discrepancy between the measured and theoretical integral concentrations is determined, where
the optimization parameters are wind speed and gas emission power (see Fig. 4).

Both engineering approach and Pasquill-Briggs models use remote measurements to obtain an
estimation of the emission power of sulfur dioxide using infrared flue gas spectra using IR Fourier
spectrometers.

The work was carried out within the framework of the strategic academic leadership program
«Priority 2030».
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SPACE SYSTEM FOR MEASURING GREENHOUSE GAS
CONCENTRATION

llya S. Golyak, Andrey N. Morozov and Larisa N. Timashova
Bauman Moscow State Technical University, Moscow, Russia

One of the most discussed problems in the world is climate change, including an increase in average
annual temperature [1]. It is largely associated with increased concentrations of greenhouse gases in the
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atmosphere. The main greenhouse gases in the atmosphere are follows: carbon dioxide (COz), methane
(CH,), ozone (O3) and water vapor. Among them, the greatest impact on global warming is associated
with an increase in COa.

Global monitoring of these gases is carried out from space. Various meteorological satellites are used
for this: Sentinel-5P [2], GHGSat [3], OCO-2/3 [4] and others. Such systems allow a simultaneous
capture of an area of up to 2500 km with a spatial resolution of 10 — 100 km. Such systems are based on
dynamic or static Fourier spectrometers, Fabry-Perot interferometers or diffraction spectrometers [5, 6].

For measurements from near-Earth orbit several small CubeSat 16U spacecraft [7, 8] can also be
considered. The dimensions of spacecraft are 226.3 x 226.3 x 454 mm and cost of such systems is much
less.

The layout of a small system, which can be installed on one of these microsatellites for measurement
of concentrations CO2, O, are presented in this work.

The system is working in the infrared spectral wavelength range from 1.0 pm to 1.7 pm
(10000 — 5880 cm). According to the model and reference data [7, 8], in this spectral range there are
CO; and O; absorption bands (Table 1). We are focused on measurement the CO- absorption lines in
the 1.6 pm region and O; at a wavelength of 0.76 pm.

TABLE 1. Absorption lines of the gases of the atmosphere in the visible - near-IR range

greenhouse gases Central wavelength, pm
CO; 14,16,20,27,43
02 0,63, 0,69, 0,76, 1,06, 1,27, 1,58
CH, 1,66, 2,2, 3,3

The O, absorption line is necessary to calculate the absolute concentration of CO; since the
concentration of oxygen in the atmosphere varies little.

The system is designed for recording the absorption spectra of greenhouse gases in the Earth's
atmosphere and monitoring the dynamics of their concentrations. The measurements are carried out in
the passive mode by reflected solar radiation.

The main element of the | mkm | .,
system, that allows spectral N ° 5
| l} -, A ¢

decomposition, is tunable

filter. The principle of the ‘

system'’s operation is to shift ! HI
the  filter's  spectral | l
transmission window along
the wavelength depending
on the angle of the incident
radiation. Thus, the angles
of the incident radiation
determine the right and left

boundaries of the gas
absorption spectrum. FIGURE 1. Layout of spectrometer: 1, 2 —entrance objective; 3 —beam

Layout spectrometer is splitter; 4 — NIR filter; 5 — NIR focusing objective; 6 — main channel detector;
shown in Fig. 1 7 — VIS filter; 8 — VIS focusing objective; 9 — reference channel detector.

The spectrometer consists of two parts: a measuring channel (CO- channel) and reference channel
(O2 channel). To ensure good luminosity, a 100 mm diameter light flux is formed at the system input.
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The angular field of view of the system being developed is 0.065 rad, which, when the system is located
in low Earth orbit, 500 km, will give a viewing strip on Earth equal to 32.5 km.

A bandpass filters for the wavelength of methane (4) and oxygen (7) with a spectral bandwidth of 1
nm is used as the filters for the main and reference channels.

The radiation in the main channel is recorded by an InGaAs matrix with spectral sensitivity 1.0 — 1.9
pum. The matrix has 640 by 480 elements with element size of 15 pm. For registration radiation in the
reference channel is used VIS matrix with 812 by 624 elements and element size of 9 pm.

The value of the modulation transfer function (MTF) for the calculated system is shown in the Figure
2. In Fig 2a for the main channel and Fig. 2b — reference channel. The resulting graphs show that the
obtained value of the MPF is about 0.7 at a frequency of 30 lines/mm in the main channel (Fig. 2a) and
0.8 at a frequency of 18 lines/mm in the reference channel (Fig. 2b).
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FIGURE 2. MTF of the system: (a) — main channel, (b) — reference channel

These graphs show that this is enough to collect most of the incoming energy on one element of the
matrix device in main and reference channel.

The work was carried out within the framework of the «BaumanGoGreeny strategic project of the
«Priority-2030».
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ELEMENTARY PROCESSES IN THE
UPPER ATMOSPHERE AND
IONOSPHERE

CHANGE OF THE BORN-OPPENHEIMER PARADIGM IN THE
ATOMIC COLLISION THEORY DURING THE HUNDRED-YEAR
QUANTUM MECHANICS

Andrey K. Belyaev
Department of Theoretical Physics and Astronomy, Herzen University, St. Petersburg, Russia

Atomic collision theory has been under consideration practically since the very beginning of the
guantum mechanics, which one-hundred-year foundation is celebrated this year. During that time,
numerous quantum theoretical methods and approaches has been proposed and developed. The reason
for this interest is two-fold: The processes in atomic and molecular collisions are of both (i) fundamental
and (ii) practical importance. Former is due to the fact that even an atomic collision is a quantum few-
body problem, which is important for many fields of physics, including atomic and molecular physics,
nuclear physics, plasma physics, chemical physics, astrophysics, and so on. The latter is important
because collision processes govern characteristics of gaseous and plasma media, including the Earth
atmosphere, stellar atmospheres and IMS, and so on.

Many famous scientists have been working on the quantum atomic and molecular collision theory:
V. A. Fock, L. D. Landau, L. D. Faddeev, Yu. N. Demkov, L. I. Ponomarev, E. E. Nikitin, S. Ya.
Umansky, W. H. Miller, A. Dalgarno, D. R. Bates, R. McCarroll, to mention a few. Several theoretical
approaches to the problem have been derived: the Faddeev equations, the hyperspherical adiabatic
approach, the time-dependent wave packet approach, the semiclassical nonadiabatic approach, the
surface hopping approach, and so on. These and other methods have been successfully adopted for
studying inelastic collision processes. The stationary Born-Oppenheimer (BO) formalism [1] has been
and still is the most widely used approach for theoretical studies of inelastic collision processes. The
editors of their manuscript [2], W. Domcke et al., wrote: "The Born-Oppenheimer adiabatic
approximation represents one of the cornerstones of molecular physics and chemistry. The concept of
adiabatic potential-energy surfaces, defined by the Born-Oppenheimer approximation, is fundamental
to our understanding of molecular spectroscopy and chemical reaction dynamics.” According to the BO
idea, the problem is treated into 2 steps, (1) the electronic structure calculation with the fixed-nuclei,
and (2) the nonadiabatic nuclear treatment, based on the potentials obtained on the first step. The great
progress in computer technology and software leading to more accurate electronic structure calculation,
was expected to result in more accurate nonadiabatic nuclear dynamics study, and finally in more
accurate cross sections and rate coefficients. Paradoxically, but it was not the case. In particular, some
inelastic cross sections did not converge with respect to increasing internuclear distance and with respect
to a number of partial waves included into consideration, that is, some cross sections increased
unlimitedly. The cause is the molecular-state problem, the problem, which has been neglected in
approximate or model studies, but which has been revealed in accurate calculations.
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For the sake of simplicity, let us consider an atomic collision involving one electron and let us take
into account only X molecular symmetry. In order to treat a fixed nuclei molecule, one should take the
internuclear separation as one of the coordinates, and in order to have the nonadiabatic nuclear
dynamical equations in the simplest form, one should choose the Jacobi coordinates. For a three-body
system, there are three sets of the Jacobi coordinates: (i) the molecular-state Jacobi coordinates, which
include the internuclear separation R and the electronic coordinate r measured from the center-of-
nuclear mass; (ii) the scattering-channel Jacobi coordinates, which consist of the atomic coordinate ra
for the electron measured from the nucleus and the interatomic separation R in the scattering channel
A; and (iii) another scattering-channel Jacobi coordinates B. It is natural to use the molecular-state
coordinates in the short- and intermedium-range region when electron actively interacts with both
nuclei, so the conventional BO approach is formulated in the molecular-state representation over the
whole interaction region assuming that all nonadiabatic couplings go to zero in the asymptotic region
(R goes to infinity) and that the solutions of the Coupled Channel Equations (CCE’s), including the
asymptotic wave functions, obtained in the molecular-state representation are correct for extracting
inelastic transition probabilities. Unfortunately, this interpretation of the nuclear dynamics is not correct.

It has been found out that within the formalism of the standard BO approach, some nonadiabatic
couplings obtained in the molecular-state representation, remain non-zero in the asymptotic region up
to the infinite separation of the nuclei. It was confirmed by both the accurate quantum chemical
calculations and the analytical analysis. Moreover, it was derived [3], see also [4-11], that the

nonadiabatic radial couplings <(pj| % |<pk>, which are responsible for nonadiabatic transitions between

adiabatic molecular states j and k, have the following asymptotes:
m
(01] 37 |ox) = 7o (030D = U)oy ) &
where (qoj |2%t| @y ) is the atomic transition dipole moment, ;. is the scalar factor, m the mass of electron,
Uj(e0) an asymptote of the adiabatic potential energy of the molecular state j. All values are taken at
their asymptotic limits. One can see that for a collision process with asymptotes, for which the
corresponding atomic transition dipole moment is not equal to zero and which are not degenerated, the
asymptotic nonadiabatic coupling between these molecular states does not vanish in the asymptotic
region. According to the standard BO interpretation, this means that nonadiabatic transitions between
such molecular states exist at infinitely large internuclear separations. It is worth emphasizing that the
non-zero asymptotic couplings between molecular states are the fundamental feature of the conventional
BO approach. Such couplings cannot be removed by shifting the electron origin along the molecular
axis, because corrections of the coupling due to this shifting are exactly compensated by additional
operators which appear in the total Hamiltonian of the molecule. The presence of non-zero couplings in
the asymptotical region makes a challenge for dynamical calculations and that is why this problem is
called by “the molecular-state problem”. It has been shown that the molecular-state problem is severe
for rigorous calculations and exists for all dynamical methods developed within the BO approach.
Usually, the non-zero asymptotic couplings are rather small as compared to maximal values of the
couplings in the interaction regions and for this reason non-zero couplings are neglected, but (i) in the
asymptotic region these couplings are expected to be equal to zero, so any non-zero value is not
negligible in comparison to zero; (ii) they are equal to non-zero permanent values in the infinitively
large region, so it must impact nuclear dynamics. It will be presented and discussed at the conference,
how non-zero asymptotic couplings affect the nonadiabatic nuclear dynamics and finally the transition
probabilities, inelastic cross sections and rate coefficients.
Actually, a part of the molecular-state problem has been known for a long time, since the article of
Bates and McCarroll (1958) [12], and the problem has been called as the “electron translation” problem.
Many methods have been proposed as a solution of this problem, see, e.g., [13-18], but no generally
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accepted remedy has been appeared, and the problem has become considered as a general limitation of
the BO approach [18].

However, the interest in the problem was renovated since 1999, after publication of the paper [3]
with the quantum solution of the problem in the form of the reprojection method within the BO approach.
It required to change the paradigm of the BO approach to the atomic collision theory [3-5]. The old
paradigm assumed that a collision should be treated only in the molecular-state representation from zero
and till a large enough internuclear distance, where all differential equations in the CCE’s are uncoupled,
and an inelastic transition probability current in the asymptotic region traverses completely from a
molecular state into the corresponding scattering channel, so an inelastic transition probability should
be calculated directly from the molecular state. In contrary, the reprojection method distinguishes a
molecular state and the corresponding scattering channel, and hence, an inelastic probability should be
calculated from the scattering channel probability currents, which are obtained after reprojecting the
molecular-state wave functions onto the scattering-channel wave functions. According to new BO
paradigm, the reprojection method treats a collision in different nuclear-coordinate regions, the
interaction region and the asymptotic region(s), and uses different representations, the molecule-state
representation and the scattering-channel ones [3-11]. Finally, nuclear dynamics in different regions is
treated in different coordinates, which are better appropriate for different type of motion, a free motion
in the asymptotic region (the scattering-channel Jacobi coordinates) and under a strong field in the
interaction region (the molecular-state Jacobi coordinates). It turns out that the non-zero asymptotic
couplings are needed for composing the correct wave functions in different regions. The detailed
description and applications to realistic collisions will be presented at the conference.

The research was supported by the internal grant from the Herzen State Pedagogical University of
Russia (project No. 46-VG).
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PHYSICO-CHEMICAL SIGNIFICANCE OF QUANTUM
ENTANGLEMENT AND SPIN SELECTION RULES

Vitaliy L. Berdinskiy, Marsel R. Arifullin and Alexandr R. Sadykov

Orenburg State University, Orenburg, Russia

Quantum entanglement [1,2] is the "mixing" of the quantum states of two or more particles, a
property that currently does not have a strictly physical definition, such as a clear definition of the
concepts of "energy", "momentum”, "charge", "spin", etc. Instead of a clear definition, even the
encyclopedic literature provides vague descriptions of a certain phenomenon such as «Quantum
entanglement is the phenomenon of a group of particles being generated, interacting, or sharing spatial
proximity in a manner such that the quantum state of each particle of the group cannot be described
independently of the state of the others, including when the particles are separated by a large distance»
[3]. The entanglement of the initial quantum states is illustrated by the spin state correlations of decay
products in the Einstein—Podolsky—Rosen gedankenexperiments [4]. Despite the lack of a clear
definition, the concept of "entanglement" is often used to describe various phenomena both in
astrophysics [5, 6] and in particle physics [7, 8].

Mathematical definitions of entanglement of quantum states using physical formulas appear to be
rigorous, but do not provide a physical interpretation of the "entanglement™” concept. For example, in

the language of wave functions W(r;,r,) or state vectors |‘I’(Fl, F2)> of two particles. This concept can

be illustrated as follows. If the state vector |‘P(Fl, F2)> of two particles can be represented as a product
of individual particle state vectors

(W(E.E) = o (R)®|, (1)), (1)
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then such a state is not "entangled”. If such a simple representation is impossible and a more complex
one is required, for example, a superposition of all possible paired tensor products of the state vectors

W7, 5)) = 2l () ®)| 9, (7)), 0)

then such state is considered as "entangled™ (if it cannot be transformed into the representation (1)).
If density matrix description is used, then the definition of "entanglement™ is illustrated by the

following formulas. A quantum state is considered "non-entangled" if the density matrix p(f;,T,) can
be represented as a tensor product of density matrices p,(f;) and p,(T,) of independent particles

P, 15) = pi () ® 5, (I). ©)

An entangled state is a state of a complex system that cannot be represented as a tensor product or
as a sum of tensor products of density matrices of independent particles.

Physical illustrations of correlated and entangled quantum mechanical states are the spin vectors of
two-spin systems

IT.) =l ;) =[ ) ®|5). (4)

T)=18.8:)=|B.)®| Bz) (5)

W) =|aBy) =) ®| B,), ©)

T.) =lenz) =[ ) ®| ), (7)
or vectors of triplet and singlet spin states

To) =272 a3, + Bz, ) ®)

1S)=2""%|a, B, - Bz, - 9)

All spin states (4)—(7) are states with correlated spins. However, states (4) and (5) are correlated
but not entangled, and states (6) and (7) are both correlated and entangled (the Bell states). Obviously,
both entangled states (6) and (7) cannot be represented as a product of state vectors of individual
particles

|(/’1>=C1|0‘1>+C2|ﬂ1> u |¢72> = CI1|0‘2>+CI2 |ﬁ2> (10)

with any choice of coefficients ¢, c,, ¢';,and C',.

Unlike the physically meaningless general mathematical definitions, states (4) — (7) have a simple
and clear physical meaning. The singlet state (7) is the spin state of two electrons forming a covalent
chemical bond in diamagnetic molecules. The simplest examples of such naturally entangled and
correlated spin states are two electrons in hydrogen molecules H; and in helium atoms He. The physical
reason for this spin entanglement is the Pauli principle, which requires antisymmetry of the total wave
function of indistinguishable femions.

It is well known [9,10] that spin selection rules operate in chemical reactions of radical
recombination R+ R, forming diamagnetic molecules R, — R, . These rules allow the recombination of

such radical pairs only, the spin state of which coincides with the singlet entangled state of the electron
spins of the resulting molecules. Since neither the electron nor the nuclear spin can change their state
(orientation) in the elementary acts of chemical reactions, recombination is strictly prohibited by the
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spin conservation low. The spin state p(1,2) of a pair of initial particles is described by formulas (1) or

(4)—(7) and, by definition, is not entangled. These particles would be able to form a unified system,
that is, to form an entangled singlet spin state, if their paired state \\P(l, 2)> could be represented as a

superposition containing an entangled state |S> only,

[¥(L2)=|)®|p) =

(11)
=C,C, [T, )+C,C,"|T ) +(cc,+C,¢,")|T ) +(c,c,'—c,¢,')[S).
For random encounters of uncorrelated particles, the spin-dependent probability W of a singlet
molecule formation is

W =[e,c,—cc, | (12)

These arguments can easily be generalized to the formation of multi-spin particles. In [11] multi-
spin density matrices of indistinguishable fermions (electrons) are constructed and their spin states are
proved to be entangled. These results, together with the above arguments, show the importance of the
concept of "entanglement” for the analysis of "synthetic” processes of formation of multi-electron multi-
spin particles, as well as to formulate multi-spin selection rules. A composite multielectron particle can
be formed from independent particles only if their spin state contains a subset of entangled states. In
spin-dependent chemical reactions and physical processes, the "entanglement” of multi-spin particles
manifests itself as the conservation law of the total spin.

The spin-dependent probability of multielectron particle formation is proportional to the probability
W of the initial particle entangled state

W=Tr {lsent (0, ®p,) FA)em }’ (13)

where Tr is the operation of taking the trace of the matrix, ﬁem
of entangled spin states of the resulting particle

P = 2_|6)(4, | (14)

In [11], examples of constructing density matrices p(1,2,..,n) and projection operators I:A’em in the
form of a sum of nonorthogonal projectors are given. Those and similar considerations have been applied
to the analysis of the role of entanglement of multi-spin states in nuclear reactions and in ion O,

formation reactions [12]. Those ions are formed in gas-phase reactions and in processes accompanying
electron transfer in mitochondria.
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THE WAVE PACKET METHOD FOR STUDYING OF CALCIUM-
HYDROGEN INELASTIC PROCESSES

Maxim Yu. Yakovlev and Andrey K. Belyaev
Herzen State Pedagogical University of Russia, Saint Petersburg, Russia

The wave packet method is one of the efficient quantum approaches for studying nuclear dynamics.
It allows one to solve the time-dependent Schrodinger equation within the framework of the Born-
Oppenheimer approach:
ih% = A¥(R,#,t), €))
where R is the internuclear vector, 7 is a set of electronic coordinates, ¢ is time, W(R, 7, t) is a total wave
function, A is the total Hamiltonian. In case of the Born-Oppenheimer approach the Hamiltonian can be
written as:
ﬁ = I:I\e + TN! (2)
H, being the electronic Hamiltonian and Ty the nuclear kinetic energy operator. The total wave function
can be expanded in terms of the basis of diabatic electronic wave functions ¢; (#; R):

= Fi(R,t) .
WRFD) = Y Y T 0,0)0,G3R), 3)
My j
where J is a quantum number of a total angular momentum of the molecule, M; a quantum number of a
projection of a total angular momentum onto the internuclear axis, F;(R,t) is a radial nuclear wave
function, Y m, (6, @) is the spherical nuclear wave function.

Using Egs. (1)—(3), a set of differential equations reads:
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_9F.(R,©) A 92 R2J(J+1)
lhT_ <_ﬂaR2 ﬂ R2 +Hkk Fk(R’t)-l_ZkF](R’t)Hk]’ (4)
]

where Hy; = (@) (7; R)|He|@; (7 R)), u is a reduced mass. The solution of these equations can be
written as the matrix exponential:

F = e(T+U)tF0, (5)
where: F = (F;(R,¢), ..., Fy(R, t))T, Fo = (Fi(R,0),...,Fy(R, 0))T is a vector of the initial radial
nuclear wave functions,

i h2k? i (R2J(J+1 i
[T]k; = <_EW> 8jr (Ul = _E<ZJUR—2)) Okj = 7 Hiej- 6)
The split-operator method makes transfers between the momentum space and the coordinate space

in order each operator in Eq. (5) acts in relevant spaces and finally represent actions in the following
form:

Y, T Y 3 Y T o
F=\|e2'elte2" + 0(t3) | Fy = e2'elte2"F,,. (7

Thus, the set of differential equations (4) can be solved by the well-known algorithm which allows
one to transfer from operator exponential to matrix exponential due to changing spaces [1].

1 gt = e3'F,,

2. Est.Z — FT[fSt'l],
3. Est.3 — eTtEst.Z’

4. Est.él- — IFT[ESt'?’],

5. F=estgtt,
where &tV is a vector of the wave function on N-step, FT is the Fourier transform, IFT is the inverse
Fourier transform. Calculation of matrix exponential can be done by using the Taylor series expansion
or the Pade approximation or the hyperbolic matrix method, the method proposed by the present authors
[21.

The vector of the asymptotic radial nuclear wave functions for the initial state should be set up as
the wave packet:

1/2 _ 2
w0 =(—=) e ®)
avm
where a is a parameter, R, is a center of the wave function, k, is an average momentum of the wave
packet. Wave packet is a superposition of the de Brough waves and describes motion of a single particle,
but contains information about different collision energies. This property gets opportunity to take
information about collisions with different collision energies in a single calculation.

Probabilities of non-adiabatic transitions from the j-state to the n-state can be obtained by

computing the energy-resolved probability flux [1]:

P R’k 1 im( (R E)aFn(R,E) ©
T B OE T\ e
where
+00
B(k)=L f W(R,0) e **RdR (10)
m ) )
o
E,(R,E) ! jF(R t) %Etdt (11)
) [ 7 e 7
n \/’2—”_00 n
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R is a distant point in the asymptotic region.

The described method was used in the present study of mutual neutralization processes in calcium-
hydrogen collisions. The investigation used the recent quantum chemical adiabatic potentials (Fig.1)
and non-adiabatic radial matrix couplings [3].

| =——Ca(4s® 'S)+H
——— Ca(4s4p 'P)+H

Ca(3d4s "D)+H
——Ca(3d4s 'D)+H
Ca(4sdp 'P)+H
Ca(4s5s 'S)+H
Ca(4s5s 'S)+H
—— Ca(3d4p *F)+H
1| ——Ca(4s5p 'P)+H
—— Ca(4s5p 'Py+H
1| ——ca'+1

Potential energy, eV

2 L P | L
1 10 100

Internuclear distance, 10" m
FIGURE 1. Adiabatic potentials of the CaH quasimolecule [3].

The wave packet method can be used in diabatic representation, so the quantum chemical
adiabatic potentials were transformed to diabatic ones, see Fig. 2.

By the present paper we report the results of calculations of the non-adiabatic transition probabilities
and the cross sections computed by the wave packet method for the collision energy from 0.1 eV to
20 eV. Fig.3 shows the present cross sections and their comparison with those obtained by means of
other methods [4,5].

Figure 3 shows good agreement of the results of different theoretical methods for main part of the
processes for the whole treated collision energy range. But the cross sections to the ground state and the
first excited state obtained by the probability current method are overestimated, while the quantum time-
dependent and time-independent methods demonstrate good agreement for these two processes.

——Ca(4s’ 'S)+H 10'f 1 Catds' 'S)
e oyt Casaas Dy
Ca(3d4s 'D)+H| g a(3dds”
%, Ca(3dds 'Dy+H | ° —(_a(3d4> ‘n)
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5 Ca(4s5s 'SyrH | S Ca(iss'S)
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RN ¥ 1 Ca'i =}
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. -10
Internuclear distance, 107 m Collision energy, eV
FIGURE 2. Diabatic potentials of the CaH FIGURE 3. The neutralization cross sections. The
quasimolecule obtained in the present work from solid lines are the wave packet method, the squares
the adiabatic potentials and couplings, see above. guantum calculation in time-independent problem [4],

the dotted lines the probability current method [5].
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Figure 3 shows good agreement of the results of different theoretical methods for main part of the
processes for the whole treated collision energy range. But the cross sections to the ground state and the
first excited state obtained by the probability current method are overestimated, while the quantum time-
dependent and time-independent methods demonstrate good agreement for these two processes.

Since the data on the inelastic cross sections and rate coefficients are important in many fields of
physics and chemistry, including physics of atmosphere, astrophysics, plasma physics, and so on, it is
important to produce accurate data for numerous collisional processes, and the wave packet method is
the efficient tool for required information.

The research was supported by an internal grant of the Herzen State Pedagogical University of
Russia (project No. 46-VG).
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MODEL APPROACHES FOR TREATMENT OF INELASTIC
PROCESSES IN LOW-ENERGY COLLISIONS WITH HYDROGEN

Svetlana A. Yakovleva and Andrey K. Belyaev
Herzen State Pedagogical University of Russia, Saint-Petersburg, Russia

Inelastic processes in collisions of different chemical elements with hydrogen atoms and negative
ions are very important for correct non-LTE modelling of gaseous media, particularly for stellar and
planetary atmospheres and interstellar medium. Such modeling requires the data for a large number of
transitions between electronic states of the chemical element under consideration. In this work we
describe collisional processes in molecular representation and use the Born-Oppenheimer approach to
solve the problem in two steps: electronic structure calculations and nuclear dynamics treatment.

In the present work we discuss several model approaches that can be applied on both steps of the
investigation, particularly if ab initio data on adiabatic potential energies and non-adiabatic coupling are
scarce. Quantum approaches for non-adiabatic nuclear dynamics studies varies depending on the
guantum-chemical data available for a particular quasimolecule: from a simplified model that requires
only the data on atomic configurations and energy levels, multichannel Landau-Zener approaches that
use analytical multichannel formula or a probability currents method, to wave-packet calculations and
reprojection method for solving coupled-channel equations.
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To include a larger number of higher-lying electronic states into account the asymptotic approach
for electronic structure modelling within the Born-Oppenheimer approach was proposed in [1]. Further
development of this approach allowed us to include fine structure levels in treatment of inelastic
processes in collisions with hydrogen. Fine structure levels of a chemical element colliding with
hydrogen are taken into account by expressing off-diagonal ionic-covalent matrix elements in the J-J
representation via the same matrix elements in the L-S representation using Clebsch-Gordan
coefficients. Modifications of non-adiabatic matrix elements lead to different parameters of non-
adiabatic regions causing non-trivial changes in cross sections and rate coefficients of inelastic
processes.

This research was supported by an internal grant of the Herzen State Pedagogical University of
Russia (project No. 46-VG).
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ATOMIC DATA ON INELASTIC PROCESSES IN Ag-H
COLLISIONS WITH THE ACCOUNT FOR THE FINE STRUCTURE
OF Ag

Vera A. Vasil'eva and Svetlana A. Yakovleva
Herzen State Pedagogical University of Russia, Saint-Petersburg, Russia

The paper presents the results of a theoretical study of inelastic collisions of silver atoms and cations
with hydrogen atoms and anions in the energy range from 10+ to 100 eV. These processes play an
important role in astrophysics, since accurate data on collisional transitions are necessary for correct
modeling of stellar photospheric spectra, especially in conditions where deviations from local
thermodynamic equilibrium (Non-LTE) are observed.

The electronic structure of AgH quasimolecule (Table 1) with the account of the fine structure of
Ag is calculated using the asymptotic approach [1], for several low-energy states we used the data from
[2] obtained by the MRCI method with scalar relativistic and spin-orbit corrections (Fig. 1). The nuclear
dynamics is investigated by means of the multichannel Landau-Zener model.

TABLE 1. The AgH quasimolecule molecular channels, the corresponding asymptotic atomic states, the
asymptotic energies with respect to the ground state, and total angular momentum number J for the Ag atom.

i Scattering channels Molecular Asymptotic J (AQ)
symmetries energies (eV)
1 Ag(4d'°5s 2S) + H(1s 25) 0+ 0.0000 1/2
2 Ag(4d*°5p 2P") + H(1s %5) 0+ 0.1346 1/2
3 Ag(4d°5s? D) + H(1s %5) 0+ 0.1378 5/2
4 Ag(4d*°5p 2P") + H(1s %5) 0+ 0.1388 3/2
5 Ag(4d°5s? D) + H(1s %5) 0+ 0.1582 3/2
6 Ag(4d'°6s 2S) + H(1s 25) 0+ 0.1939 1/2
7 Ag(4d*°6p 2P") + H(1s %5) 0+ 0.2201 1/2
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8 Ag(4d*°6p %P") + H(1s 25) 0+ 0.2209 3/2
9 Ag(4d*°5d 2D) + H(1s 25) 0+ 0.2220 3/2
10 Ag(4d*°5d 2D) + H(1s 25) 0+ 0.2222 5/2
11 Ag(4d*°7s 28) + H(1s 25) 0+ 0.2364 1/2
ionic Ag*t(4d*° 1S) + H-(1s 15) 0+ 0.2407 0
Particular attention is paid to the 04 —

—i=2

processes associated with the formation of
resonant spectral lines of the Ag I doublet
(328.6 nm and 338.3 nm), since these lines
have high intensity and have a significant
influence on the spectral characteristics of
the stars.

The obtained data on collisional
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processes can be used for a more detailed 00
analysis of the composition of stellar
photospheres, as well as for modeling the 01

T
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processes of fast neutron capture (r-
process) in the atmospheres of dwarf and
giant stars.
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FIGURE 1. Adiabatic potential energies of quasimolecule
AgH. Corresponding scattering channels are given in Table 1.
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PROTON IMPACT IONIZATION CROSS SECTION FOR
MOLECULAR TARGETS

Gleb I. Andreev and Vladimir L. Bychkov

Department of Physical Electronics, Faculty of Physics, Moscow State University, Moscow, Russia

In recent years, processes involving ionization of molecular targets by proton impact have garnered
significant interest due to their relevance in various scientific and environmental contexts. These
processes are particularly prevalent in the high atmosphere and the lower ionosphere, where interactions
between protons and molecules play a crucial role in atmospheric chemistry and dynamics.
Understanding these ionization mechanisms is essential for advancing our knowledge of space weather,
atmospheric modeling, and the behavior of planetary atmospheres under the influence of solar radiation
and cosmic rays. In this work, we focus on the ionization of specific diatomic and polyatomic molecules,
like N2, O, CO, and CO,. These molecules were chosen due to their abundance in Earth's atmosphere
and their importance in both natural and industrial processes.
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In this work, it is demonstrated that the Born approximation approach can be effectively used for
calculating ionization cross-sections resulting from proton impact on atomic targets. The Born
approximation, a well-established method in quantum scattering theory, provides a reliable framework
for describing high-energy collisions where the interaction between the projectile and the target can be
treated as a perturbation. This approach is particularly suitable for proton-impact ionization due to its
ability to simplify the complex dynamics of the collision process while maintaining a high degree of
accuracy in the resulting cross-sections. To implement this methodology, the ATOM code [1] is
employed, a computational tool specifically designed for atomic collision calculations. By using this
code, we are able to systematically compute ionization cross-sections for a range of atomic targets,
providing valuable data that can be compared with experimental results and other theoretical models.

For calculation molecular targets cross-section the Bragg additivity rule is applied. The Bragg
additivity rule [2] assumes that the total cross-section of a molecule or a complex target can be
approximated as the sum of the cross-sections of its constituent atoms. In other words, the interaction of
the projectile with the molecule is treated as the sum of independent interactions with each atom in the
molecule, neglecting any molecular bonding effects or intra-molecular interactions. Mathematically, for
a molecule composed of atoms of type i = I...n, the total cross-section for a specific process (e.g.,

ionization) is given by:
Omol & Z n;o;,

L
where n is the number of atoms of type i in the molecule, o is the cross-section for the process involving
the i-th type of atom. Using the ATOM code in conjunction with the Bragg additivity rule, the ionization
cross-sections for several molecular targets were calculated. The calculated cross-sections were
compared with available experimental data [3], as illustrated in Fig.1 and Fig.2.
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FIGURE 1. lonization cross sections for molecular oxygen and nitrogen. Solid line - calculation with ATOM
code [1], dots - experimental data [3].
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FIGURE 2. lonization cross sections for carbon dioxide and carbon monoxide. Solid line - calculation with
ATOM code [1], dots - experimental data [3].
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The results demonstrate that the theoretical predictions align well with the experimental
measurements. The agreement between the calculated and experimental data suggests that the combined
use of the ATOM code and the Bragg additivity rule provides a robust framework for estimating
ionization cross-sections for molecular targets.

This work highlights the utility of the Bragg additivity rule as a practical tool for estimating
molecular ionization cross-sections, especially in cases where detailed molecular calculations are
computationally prohibitive. The good agreement with experimental data validates the applicability of
this approach for certain energy ranges and target molecules, while also underscoring the need for more
sophisticated methods, such as molecular orbital calculations or density functional theory, to address
cases where molecular effects cannot be neglected.
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ION FORMATION IN LOWER ATMOSPHERE UNDER THE
ACTION OF COSMIC RAYS
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The processes of ion formation in humid tropospheric air under the action of cosmic rays are
considered. In this case, positive and negative cluster ions appear. For this analysis, a kinetic model was
developed that includes 55 components and 161 reactions. The calculation was carried out using the
KINET software package. It is shown that the ionization of air by cosmic rays at altitudes of 5-35 km
leads to the formation of plasma consisting mainly of NH; -NH,-H,0, H" -(H,0), and O; - (H,0),

ions. The maximum concentrations of ions under conditions of minimum magnetic rigidity are observed
at altitudes from 10 to 18 km. These results differ sharply from the calculation results obtained for the
dry air model.

The purpose of this paper is to determine the altitude dependence of the concentration of ions
formed in the troposphere in calm geomagnetic conditions under the influence of cosmic rays and
radioactive y radiation from the soil surface in a humid atmosphere. The results obtained are necessary
to control the formation of layered thunderstorm clouds and artificially stimulate precipitation [1].

In solving this problem, the KINET software package was used, designed to solve direct and inverse
kinetic problems. As initial data, it sets the kinetic scheme of the process in the form of a set of basic
reactions indicating the rate constants, and the reaction equations can be written in a form of
conventional chemical designations. The initial concentrations of reagents and temperature, as well as
the time interval at which a solution is required are indicated.
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Atmospheric electricity in the lower atmosphere can be explained by the transfer of ions only.
Thermal electrons are absent in the calm low atmosphere of the Earth due to their attachment to oxygen
molecules, which occurs during three-particle collisions of slow electrons with nitrogen and oxygen
molecules. The characteristic attachment time of electrons to oxygen molecules is 7~10°s at a
temperature of T =300 K. Thus, the negative charge in the troposphere is presented in the form of
negative ions only.

The main type of positive and negative ions in calm atmospheric conditions may be different
depending on the content of impurities in a given area of the atmosphere, but the choice can be made
from a limited number of the most stable ions. For ions in a dry atmosphere, these are negative NO,,

NO,, CO;, O, and O, along with positive ones N, , CO,, N,H", N3, N,O", N, . In a humid
atmosphere, negative ions NO; -(H,0),, NO; -(H,0),, CO, -(H,0), and O; -(H,0),, and positive
H"-(H,0),, NH,(NH,), (H,0), are the most stable.

As discussed in the article [2], the effect of fast particles of electric fields on the formation of ions
in the lower atmosphere can be divided by height. Thus, in the lower layers of the atmosphere, the main
role in the formation of singly charge ions is played by natural radioactive radiation from the soil surface
[3]. However, this process takes place well below 500 m above the Earth surface, where the formed
charged particles affect the distribution of the electric field. In the altitude range from 0 m to 6 km, the
electric field of the Earth decreases from a value of about 130 VV/m to 10-20 V/m and has little effect on
the processes of electron-ion and ion-ion recombination, as well as the attachment of electrons to oxygen
molecules involved in the formation of charged particles. At altitudes from 5 km to 25 km, the main
process is the ionization of air by cosmic rays [1]. At the same time, the maximum altitude dependence
of the total ionization rate Q is at an altitude of 12 km.

Considering that atmospheric air ionization is realized under the action of cosmic rays, the balance
equation for the concentration of ions N, in a quasi-neutral atmospheric plasma can be written as:

dN, »
™ Q-aNy, 1)
where Q is the ionization rate of atmospheric air, and « is the recombination coefficient of molecular
ions in the air.

The Earth's magnetic field, which has the form of a magnetic dipole, has a significant effect on the
penetration of charged particles or particles with a magnetic moment into the atmosphere. It prevents
the free passage of charged low-energy particles into the Earth's atmosphere (with the exception of areas
located near the magnetic poles). The magnetic rigidity M, which is proportional to the magnetic
moment of the particle [1], is a measure of the effect of the magnetic field:

M =PC_gR, @)
q

where g and p are the charge and the projection of the particle momentum on the plane perpendicular to
the direction of the magnetic induction vector B; R is the Larmor radius, c is the speed of light in vacuum.

An analysis of the elementary processes occurring in humid air shows that, after the production of
electrons and ions by fast background particles é, processes involving O,,N,,H,0 molecules and

their molecular ions effectively take place. A kinetic scheme involving 55 components and 161 reactions
was used to calculate ion concentrations [1].

Figure 1 shows the altitude dependences of the concentrations of main ions H*-(H,0),,
H*-(H,0),, H"-(H,0),, NH; -NH,-H,0, NH; -(H,0),,NH; -(H,0), and O, -(H,0), in humid
air at values of magnetic rigidity M = 0.6-GeV. The values of rate constants were taken from [4-7], and
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the altitude dependence of temperature was taken from [8]. Calculations show that the concentrations
of other ions in the troposphere are negligible. Their total contribution to the total concentration of
charged particles does not exceed 1%. The data correspond to the moment of time t = 300 s, when the
concentrations of the main ions reached a stationary value.

Note that positive ion reactions in humid air near the Earth's surface are significantly influenced by
the presence of ammonia molecules with concentrations exceeding 10° cm=. Ammonia has a high
proton affinity, which is 40 kcal/mol more than that of water. Therefore, the reactions of ammonia with

H" - (H,0), clusters proceed quite rapidly with the release of a significant amount of energy:
H*(H,0), + NH, - NH; (H,0), , +H,0, n=1-4. 3
NH; (H,0), + NH,; - NH; -NH, - (H,0), , +H,0. 4)
In the works [6,7] it was shown that the rate constants of reactions (3)—(4) are quite large (k ~
107° cm?/s). Consequently, it should be expected that the concentrations of positive NH; (NH,),, (H,0),

ions in the lower atmosphere will prevail over the concentrations of hydrated hydronium ions
H,O" -(H,0),. Our calculations show that this statement is true at altitudes from 0 to 15 km.

At altitudes above 15 km a significant contribution in ion concentration is made by association and
dissociation reactions of H* - (H,0), ions in the presence of molecular oxygen, i.e.

H*-(H,0), +H,0+0, »H"-(H,0), +0,, (5)

H+~(H20)4 +02_>H+'(Hzo)3 +Oz +H20- (6)

As can be seen from Fig. 1, the heavier H™ - (H,0), ions are formed as a product of the reaction

(5) at altitudes up to 10 km. The concentration of lighter H* - (H,0), ions forming as a product of the

reaction (6) has a maximum at altitudes of 30-35 km and is several times higher than the concentration
of H"-(H,0), ions here.

1.2x10" -
02-(H2O)2
1.0x10" | H (H,0),
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T —e NH'NHH.O
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FIGURE 1. Altitude dependences of H" - (H,0),, H"-(H,0),, NH; -NH,-H,0, NH; -(H,0),, NH; -(H,0),
and O; -(H,0), ion concentrations at magnetic rigidity M = 0.6 GeV.

244



The processes of ion formation in humid tropospheric air under the action of cosmic rays were
considered. Positive and negative cluster ions appear in air when neutrals are exposed to cosmic rays.
To calculate ion concentrations, a kinetic model was developed that includes 55 components and 161
reactions. For that purpose, the KINET software package was used. We show that the ionization of air
by cosmic rays at altitudes from 5 to 35 km leads to the formation of plasma consisting mainly of

NH; -NH,-H,0, H"-(H,0), and O,-(H,0), ions. lon concentration maxima are observed at
altitudes from 10 to 15 km for both NH; - NH, -H,O and O; - (H,0), ions. However, at altitudes above
15 km the largest contribution to the positive ion concentration is provided by ions H*-(H,0), and

H*-(H,0),. These results allow to create realistic models of cloud charging and complement the

conclusions of [2] in which estimates were made for dry air. The obtained data on the distribution of ion
concentrations in the troposphere allow to implement plasma regions for artificial stimulation of
precipitation without the use of expensive chemical reagents. The processes considered in this paper can
also influence the stability of global navigation satellite systems [9] and the formation of acoustic and
internal gravity wave sources in the troposphere [10,11]. The obtained results can also be useful for
correction of models used in the location and navigation of aircrafts during landing on coastal airfields
[12].

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project No. 125012200611-5).
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The using of quasi-equilibrium statistical theory (QET) to estimation of the rate constants it is
necessary to calculate the densities of discrete vibrational states of activated molecules and transition
complexes. As a rule, these calculations are carried out by differentiating with respect to energy of the
W(E) - integrated density function (IDS), which determines the number of states can be found below a
given energy E (E > 0). In partial case, when the motion of nuclee replaced by a set of harmonic
oscillators, this function can be estimated by the inequality

W(E) < CE™, (1)
where m is the number of degrees of freedom, and C is a constant [1-2]. Several methods have been
proposed earlier for estimating the W(E) function, but only the direct count method (DC) allows to
perform its calculations with an accuracy of about 0.1%. The main disadvantage of this method is the
sharp increase of computational cost with an increase in the number of populated states (1).
Computational costs can be partially reduced by replacing the molecular states of close energies by
effective degenerate states, but this technique leads to an increase in the systematic error of the method
[3].

Later, the numerical inversion of the Laplace transform was proposed as a less expensive way to
calculating IDS function [2]. In this approach IDS was calculating as a sum of integrals taken over short
segments. The integral on each segment was calculated using the trapezoidal rule, using only the values
of the integrand on the segment boundaries. The procedure was completed after summing on a
sufficiently large (~ 2000) number of terms. Comparing the results [2] with reference (accurate) data, it
can conclude that the absolute value of the relative calculation error depends on the energy of the system
and ranges from 0.004 to 5% (Fig.1). Since the error value in this approach is close to the direct counting
error, it can be considered as an alternative to the direct counting method.

One can point out at least three potential sources of errors in the procedure [2]. At the first, there is no
check the convergence of the integral sum to the asymptotic limit, which does not provide the calculation
accuracy even when a sufficiently large number of terms. Second, even for a small segment length
(m/2Emax, Where Emax>E is a scaling constant), integration over two points can lead to systematic error in
the value of integral. In addition, the used by the authors intermediate coordinate transformation y —
z=yEmax reduces the upper boundary of integration over the y coordinate to ~10x, which makes it unlikely
that the sum of the integrals will approach the asymptotic limit. Taking into account these shortcomings,
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a several improvements of the method [2] was proposed. The values of IDS, as in the original version,
were calculated by summing the integrals taken over segments of finite length.

| L | L | L | L | L | L | L |
23 50 73 100 123 150 175 200
E, keal/mol

Integration over segments was carried out
using the trapezoidal rule without the
coordinate scaling. In the preliminarily
calculations it was found that 800 nodes per
segment of length 27 are sufficient to achieve
a relative error of ~10°. Next, the found
values of the integrals were transformed into
an alternating sequence. The summation was
completed by selecting from the sequence a
monotonically converging subsequence, the
maximum element of which did not exceed a
certain small number (3).

FIGURE 1. Absolute value of the relative error (der) of Using the H.O molecule as an example, it

the W(E) function according to [2]. The results for the
H>O molecule are shown in black, NHs in red, CD4 in

green, and c-CsHg in blue.
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FIGURE 2. Dependence of the absolute value of the
relative calculation error (der) on the length of the
subsequence. The number m corresponds to the
number of elements of the monotonic sequence, 4 is
the maximal subsequence element.

was shown that this modification of the
numerical inversion method allows to provide
the accuracy of less than 0.1% for the energy
range of 0 — 200 kcal/mol (Fig. 2, 3).
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FIGURE 3. Dependence of the absolute value of the
relative calculation error (der) On the value of the
subsequence element. The number m corresponds to
the number of elements of the monotonic sequence, ¢
is the maximal subsequence element.

All the calculations were performed for 1200 integration nodes of the elementary interval. To
increase the accuracy, the Euler transformation for alternating series can also be used [4].

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project No. 125012200611-5).
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COLLISIONAL-INDUCED REACTIONS BETWEEN METHANE
AND SIMPLE CRIEGEE INTERMEDIATES CH,00, CH;CHOO,
AND (CH5),C00
Yuri A. Dyakov and Maxim G. Golubkov
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Methane (CH4), along with many other volatile components of the Earth’s atmosphere (carbon
dioxide (CO,), water vapor, ozone (O3), nitrous oxide (N2O), etc.), is a one widely discussed active
greenhouse gas that traps part of the infrared terrestrial radiation and contributes to the global warming.
The greenhouse potential of methane is extremely high and far exceeds that of carbon dioxide. The
reports of the World Meteorological Organization (WMO) indicate that CH, concentration in the
atmosphere has already significantly surpassed significantly its preindustrial levels. Thus, methane can
have a great impact on atmospheric chemistry and the climate of the Earth.

CH, emissions into the atmosphere can be from either anthropogenic activities such as agriculture,
biogas release at waste disposal sites, coal mining, etc., or natural sources. Among the important natural
sources are permafrost and gas hydrates on the seabed, both of which are being destroyed by releasing
their methane into the atmosphere due to the global warming. The impact of methane and other
greenhouse gases on the Earth’s climate is not limited to the troposphere but also the stratosphere,
mesosphere, and even ionosphere due to the upward transport of these gases. This means that the
mechanisms of mixing of volatile atmosphere compounds (VACS), in particular, volatile organic
compounds (VOCs) consisting from various unsaturated molecules like alkenes and polyaromatic
unsaturated hydrocarbons (PAHSs) between these layers, as well as chemical interactions occurring in
the lower and upper atmospheres are of great scientific importance.

Methane can penetrate into the stratosphere via turbulent diffusion from the troposphere to the
stratosphere, and sequentially to the mesosphere and ionosphere during tropical hurricanes,
thunderstorms, and volcanic eruptions [1,2]. This transport process can be significantly enhanced by the
propagation of internal and acoustic gravity waves (IGWs and AGWSs) [3]. In the polar latitudes,
troposphere gases can also be transported to the upper atmospheric layers through the polar vortex [4].
Since the polar region is also the largest reservoir of methane, this polar vortex transport is believed to
have significantly contributed significantly to the increase of in methane concentration in the
stratosphere in the last few decades.

PAHSs are the main components of soot particles. Once formed in the lower atmosphere, they can
be transported into the upper atmosphere layers through the same mechanisms described above for
methane. Their major degradation pathways are reactions initiated with OH, Os, NOs, and halogens [5].

Carbonyl oxides, or Criegee intermediates (Cls), are form during the ozonolysis of alkenes, and
their role in the atmosphere was first studied by Rudolf Criegee in the early 1950s [6]. Because of their
extremely high instability, it is only recently that Cls are have been studied by direct experimental
methods. Their high chemical activity is due to the presence of the biradical >C-O-O group, which
readily interacts with various substances present in the atmosphere, such as and many other chemical
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compounds. For example, their reactions with SO, and NO, molecules produce sulfuric and nitric acids
[7].

The formation of Cls results in a significant energy release of about 40-50 kcal/mol [8]. In dense
atmospheric layers, i.e., the tropo-sphere and lower stratosphere, this energy could quickly dissipate
through collisions, and, as a result, the CI molecules would become thermodynamically stable, and then
can react with water or other atmospheric compounds. In the upper stratosphere and mesosphere,
however, the air density is very low and the concentration of molecules is rather small, intermolecular
collisions are rare, and therefore ClI molecules could retain a significant part of the internal energy
obtained during the formation. Moreover, many molecules in the upper atmosphere can be electronically
excited or ionized by the absorption of ultraviolet (UV) photons, which are present abundantly at high
altitudes, and this certainly applies to Cls and methane molecules. The electronic spectroscopy and
photochemistry of simple Cls like formaldehyde oxide, acetaldehyde oxide, and acetone oxide have
been studied in the last two decades in detail and reviled that these Cls have strong transitions in the UV
wavelength range of 300-400 nm, with a maximum at 320-340 nm depending on the specific molecule.
The appropriate absorption cross section for the most of the studied CIs exceeds the value of 10—17 cm2
molecule™). Electronic excitations by UV photons are usually accompanied by a nonadiabatic transition
to the underlying electronic state. The transition occurs through the conical intersection of electronic
terms with simultaneous excitation of intramolecular vibrations. lons could also be recombined into the
highly excited neutral atoms and molecules through recombination with slow electrons. The internal
vibrational energy of these molecules can then can be transferred into their kinetic energy through
intermolecular collisions [9].

The reactions of Cls with other air compounds in the stratosphere and mesosphere produce a great
variety of secondary products, such as acetaldehyde, formaldehyde, vinyl alcohol, acetone, acetic acid,
etc. They are likely to contribute to the formation of high-altitude polar stratospheric and noctilucent
clouds.

In this work, we investigate the chemical interaction between Cls and methane, induced by their
collision. We choose three simple CI molecules, i.e., formaldehyde oxide CH,00, acetaldehyde oxide
CH3CHOO, and acetone oxide (CH3).COO. They differ from each other in the replacement of hydrogen
atoms with one or two methyl groups. The properties of some of these molecules have been studied
earlier [10-12]. It was found that the interaction of Cls with various greenhouse gases strongly depends
on the molecular kinetic energy and can leads either the formation of the van der Waals complex, which,
in the case of methane, is likely to be unstable, or creation of relatively deep stable intermediate
molecule, which, in its part, dissociate with producing a variety of secondary fragments. The third
reaction pathway is the one-step formation of methanol and complementary fragments.

Calculations of the molecular potential energy surfaces (PES) along the reaction pathways has been
performed by B3LYP/aug-cc-pVTZ DFT calculations. The energy valise in minima and maxima then
have been improved by CCSD(T)/aug-cc-pVTZ method. The relative product’s yield calculations then
have been founded by the RRKM/VTST method. All ab initio calculations have been performed by the
GAUSSIAN 09 package [13].

The relative products yield of reactions for reactions CH,OO + CH., CH3;CHOO + CHs4, and
(CH3)2COO + CHjare presented in Figure 1, 2, and 3. In these Figures we assume that reagents have
quite enough Kinetic energy to overcome the high entrance barriers and form energetically deep
intermediates CHzCH>OOH, (CH3).CHOOH, and (CH3);COOH without formation of weak Wan-der-
Waals complexes. Direct formation of methanol is also one possible reaction routes.
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The short conclusion of this work is the chemical interaction between methane and simple Criegee
intermediates CH,00, CH;CHOO, and (CH3),COO, initiated by collision, being occurs in the upper
atmosphere, leads to various chemical reactions, which result in the formation of many radicals such as
OH, CHgs, ethoxy, methyletoxy, and others, as well as atomic hydrogen, methanol, acetone, water, and
various aldehydes. The processes studied in this work also indicate probable new sources of atomic
hydrogen, methanol, acetone, and water creation in the mesosphere and ionosphere. They may modify
the chemical physics of these layers and initiate the creation of high-altitude stratospheric and
noctilucent clouds. In addition, we have shown that methylation of this class of molecules increases
reaction barriers and generally slow down the rates of chemical processes. The high values of the
entrance barriers of the collisional -induced reactions between methane and the simple Cls suggests that
these reactions are most likely to occur in the rarefied layers of the upper atmosphere, where
thermodynamic equilibrium is often disturbed and molecules with high kinetic energy are likely to be
frequent.

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project No. 125012200611-5).
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ATMOSPHERIC PROCESSES OF TOXIC CHLOROACETIC ACIDS

Igor I. Morozov?, Eugenie S. Vasiliev!, Nadezhda I. Butkovskaya!,
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The paper summarizes the results of studies on reactions of atomic fluorine with toxic chloroacetic
acids (CA).

The reactions of toxic anthropogenic pollutants in the atmosphere play an important role in
influencing the ecology, air quality and water environment. Chlorine-containing compounds are mainly
of anthropogenic origin, causing serious damage to the environment. Recent studies have shown that a
large number of chlorine-containing compounds are formed in natural processes. Volatile
organochlorine compounds, being photo-chemically oxidized in the atmosphere, are one of the sources
of phytotoxic chloroacetic acids in the environment. Chloroacetic acids are produced in large quantities
naturally by chlorination of organic matter, such as by soil microorganisms, marine algae, and salt lake
bacteria, and show similar metabolic pathways. Understanding the origin and fate of these
organohalogen compounds is essential to counteracting environmental problems caused by these
compounds.
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CA occupy a special place due to their wide application in modern technologies, agriculture, and
everyday life. CA are found in atmospheric air, rainwater, surface and wastewater systems, and natural
reservoirs [1-4]. Because of their low reactivity, chloroacetic acids can accumulate and their negative
effects can spread over large areas. Monochloroacetic, dichloroacetic and trichloroacetic acids are
extremely toxic substances. The hydration of chlorinated acids (monochloroacetic (MCA),
dichloroacetic (DCA) and trichloroacetic (TCA)) was studied. DCA is widely used in the technology of
organic synthesis. Trichloroacetic acid (TCA) belongs to a broad class of chlorinated organics,
widespread in the surrounding nature. This is due to the fact that TCA is formed in the soil and in the
atmosphere. It is a very active chemical compound that negatively affects environment and living
organisms.

MCA plays a prominent role in fine organic synthesis. Monochloroacetic acid are formed in the
atmosphere as a result of chemical reactions involving organochlorine compounds, mainly
chloroethylene, tetrachloroethylene, chloroethane, oxidized in the presence of the main oxidizers of the
atmosphere. Studies have shown that MCAs are formed in the atmosphere naturally. There is reason to
believe that chloroacetic acids can be partially formed in plant tissues in a similar manner [5].

The present work is related to the determination of the subtleties of the reaction mechanism of
radicals formed during the oxidation of MCA by hydroxyl radicals. These reactions with the OH radical
have already been studied, but the problem of secondary radicals formed in these reactions with
atmospheric molecular oxygen remains unstudied. This is due to the fact that it is very difficult to obtain
high stable concentrations of OH radicals in the laboratory. Therefore, the work proposes to use the
reaction of fluorine atoms with MCA as sources of C*HCICOOH radicals using the technique given in
[6]. For this, it is necessary to study the kinetics of the primary reaction of free radical formation in the
reaction of fluorine atoms with chloroacetic acids. The experimental setup was described in detail in our
previous works [7]. The kinetics of the reaction of F-atoms with monochloroacetic acid was studied at
293 K using a low-pressure flow reactor. The concentrations of the reactants were monitored using mass
spectrometry with molecular beam sampling. The rate constant was determined using the competing
reactions method. Concentrations of the compound under study (MCA) and the reference compound
(ref) were introduced into the reactor, where two parallel reactions took place:

F + CH,CIC(O)OH - Products (1),
F + ref - Products (0),

The kinetic study of the reaction of MCA with fluorine atoms consisted of two series of experiments
in which the ki/kes ratio was measured for competing reactions of F-atoms with cyclohexane and 2-
fluoroethanol.

L 2 lHE )+ F2

/#\ﬁﬂj 5 ﬁ)?//
H[(,; . 1%1 IH;JlIE—/E

FIGURE 1. Scheme of the experimental setup. 1 — Inlet line for reagents mixed with helium, 2 — RF discharge
on the supply line for molecular fluorine mixed with helium, 3 — Thermostatic jacket, 4 — Reaction zone, 5 —
Nozzle — Separator, 6 - Beam modulator, 7 — lon source, 8 — Electrodes of a quadrupole mass analyzer, 9 —
Secondary electron multiplier (SEM), 10 — Synchronous detector, 11 — Computer.

CH2CIC(O)OH + F — Products, 1)
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c-CeH12 + F —» CeHu1+ HF, (2)
CH2FCH20H + F — Products, (3)
CHs + F —» CHs + HF. 4)

Experiment. Figure 2 shows a scheme of the experimental setup. The experiments were conducted
using a low-pressure flow reactor connected to a mass spectrometer. The reactants and reaction products
were analyzed in a mass spectrometer with molecular beam sampling. A low-pressure flow reactor
connected to a mass spectrometer was used in the work. The choice of competing substances must meet
two criteria:

1. The mass spectra of the substances under study must not overlap.
2. The reaction rate constants must not differ significantly.
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FIGURE 2. Fragment of the mass spectrum of monochloroacetic acid, 2-fluoroetalone (a) and cyclohexane (b) in
the range m/z 30-100.

0,4

k/k,=0.75 £ 0.04

05

0,2

Ln{[CH,CICOOH], /[CH,CICOOH]}

Ln{[CH,CICOOH], /[CH,CICOOH]}

D A

0 . . . 0,0 02 0.4 06

0.0 0.2 04 Ln{ICH,FCH,OH], /[CH,FCH,OH]}
Ln{[c-CH,,], /[c-C.H 1 }

12]0

FIGURE 3. Plot of the relative rate of the reaction of F atoms with MCA using cyclohexane (a) and 2-
fluoroethanol (b) as reference reagents.

Figure 3 shows the dependence of the relative reaction rate of F atoms with MCA using
cyclohexane and 2-fluoroethanol (D), which were used as reference reagents. The rate constant for the
reactions of fluorine atoms with monochloroacetic acid is (0.96 + 0.38) x 10°1° cm3 molecules* s,
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The report will also present the studied mechanisms of reactions of fluorine atoms with DCA and
TCA. The reaction mechanism and kinetics will be discussed.

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project No. 125012200611-5).
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Due to its chemical and thermal inertness, refractoriness and accessible manufacturing technology,
porous anodic aluminum oxide (PAAO) has found wide application in microelectronics and
nanosensors. PAOA is characterized by a high degree of ordering: a small spread of pore diameters and
a hexagonal-periodic arrangement of pores [1, 2]. By changing the technological parameters of anodic
oxidation, it is possible to vary the size of pores and oxide cells of PAOA. It is possible to form porous
aluminum oxide as both mesoporous (pore diameter from 2 to 50 nm) and microporous (pore diameter
over 50 nm). In recent years, researchers have been attracted by the opportunity to study the optical
properties of materials (analytes) deposited inside porous aluminum oxide in order to develop optical
biosensors for diagnosing diseases at early stages, which allows for effective prediction, treatment and
monitoring of their progress [3, 4]. Before introducing various analytes, it is necessary to obtain samples
with reproducible geometric characteristics (length, pore diameter, porous cell diameter, porosity). The
structural properties of porous aluminum oxide and the chemical composition of its surface can vary
depending on the composition and concentration of the electrolyte in which it is formed, as well as the
modes of its formation. Therefore, the aim of this work was to achieve control and reproducibility of the
structural properties and chemical composition of PAOA.

To obtain micrographs of the samples, Helios NanolLab 650 and Supra 40 scanning electron
microscopes were used. Statistical analysis of SEM images was performed using the Fiji software
package [1].

The chemical composition was studied using a ZSX Rigaku Primus IV X-ray fluorescence
spectrometer (Japan) with wavelength dispersion in vacuum. An RX40 diffraction crystal was used for
the analysis of O, a PET crystal for Al, and a LiF200 crystal for Se. Analytical Ka lines were used for
all elements. A PC detector was used to measure X-ray fluorescence radiation emitted by Al, O, and S.

X-ray diffraction analysis was performed on a Rigaku MiniFlex 600 instrument (Rigaku
Corporation, Tokyo, Japan) with a Cu Ka radiation source (A = 1.54 A).

Let us discuss the effect of current density during sample formation on the geometric parameters
of PAOA formed in H,SeO4 solutions. As an example, Fig.1 shows SEM images of the surface of PAOA
formed at 5°C in 1 M H,SeOs and in 1.5 M H,SeO; at different current densities.
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FIGURE 1. SEM images of the surface of PAOA formed at 5°C in 1.0 M H,SeOs at a current density of: a) 2
mA/cm?, b) 5 mA/cm?, ¢) 10 mA/cm?, and in 1.5 M H,SeO; at a current density of d) 5 mA/cm?, e) 10 mA/cm?,
f) 15 mA/cm?.

At low current density values (up to 5 mA/cm?), depending on the electrolyte concentration, two
variants of the morphology of the porous structure are observed:

1) many small pores in one porous cell. Most of these pores are practically spherical, i.e. they only
originate on the surface, but do not develop into a cylindrical porous structure (Fig. 1 a, b, such pores
are also visible in Fig. 1e);

2) one pore of large diameter, which indicates significant etching of the pore walls (Fig. 1d). If at
low current densities the formation of large pores with thin walls was observed, then an increase in
current density leads to an increase in the thickness of the walls and a decrease in the diameter of the
pores. It is also possible to increase the number of pores in one porous cell (Fig. 1d), however, with a
further increase in current density, the porous structure comes to a self-ordered state (Fig. 1 c, f), in
which one cell contains one pore, and the porous cells are smooth hexagons, the hexagonal symmetry
of the porous structure has an extent of tens of cells. With a further increase in current density, defects
in the formation of oxide "hot spots" are observed and the porous structure becomes non-uniform over
the surface of the sample. The results of the study of the morphology of PAOA samples formed at
various process parameters in H.SeOjs solutions are presented in Table 1.
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TABLE 1. Values of the geometric parameters of oxides obtained at various process parameters of anodizing in
H,SeO4 solutions.

Sample _ Pore Diameter of porous Porosig_(
diameter, nm cells, nm (analysis Fiji), %
Se-0.05M-5 °C-5mA/cm? 16+8 147+15 1,2
Se-0.5M-5 °C-5mA/cm? 15+6 114+10 1,6
Se-0.5M-5 °C-10mA/cm? 25+7 106+13 3,4
Se-1.0M-5 °C-5mA/cm? 1545 80+11 3,5
Se-1.0M-5 °C-10mA/cm? 16+5 78+10 2,2
Se-1.0M-5 °C-15mA/cm? 12+4 65+6 3,5
Se-1.5M-5 °C-10mA/cm? 14+4 82+8 1,7
Se-1.5M-5 °C-15mA/cm? 17+4 84+7 2,0
Se-1.5M-5 °C-20mA/cm? 20+4 86+7 3,0
Se-2.0M-5 °C-5mA/cm? 3749 67+7 25

The porosity of the oxide matrices obtained at 5°C varies from 1.5% to 25%. With increasing
electrolyte temperature, the porosity increases significantly. When forming an oxide in 0.5 M H;SeOs,
the porosity of the oxide increases from 1.6 to 16%. With increasing electrolyte concentration, the effect
of increasing porosity (and therefore, enhancing chemical etching of the pore walls) increases
significantly. The porosity changes from 1.7% to unmeasured values, since the porous structure in the
upper part of the oxide is completely etched and the oxide disintegrates into fibers.

The chemical composition of the samples was studied using wavelength-dispersive X-ray
spectroscopy (Table 2).

TABLE 2. Intensity maxima (in relative units) of the analyzed elements in samples with different concentrations
of H,SeOg,.

Se-0.5M-5C-10 mA Se-1.0M-5C-10 mA Se-1.5M-5C-10 mA

Element Sample

O (intensity) 2,40 2,4 2,4
Al (intensity) 119,9 118,9 116,0
Se (intensity) 51,3 48,7 46,5

The values of the intensity maxima of the main matrix of the substance (oxygen and aluminum) are
almost identical, while the intensity of selenium decreases slightly with increasing concentration of
H>SeOs. According to X-ray diffraction data, all obtained samples are amorphous.

Thus, PAOA samples with controlled and reproducible structural parameters were synthesized. The
obtained data are of great importance for practical applications of PAOA in various fields, including
biomedicine.

The study was supported by a grant from Russian Science Foundation Ne 24-19-00402,
https://rscf.ru/en/project/24-19-00402/.
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Porous anodic aluminum oxide (PAAO) is an array of ordered pores with a diameter in the range
from units to several tens of nanometers. Therefore, it can be used to create nanocomposites; containers
and templates for various substances; biosensors for tumor markers or other biological substances [1,
2]. In recent years, interest in the creation of biosensors for tumor markers has increased due to the
growth of oncological diseases [1, 2]. Of greatest interest among them are optical sensors, since they do
not require contacts and are characterized by a high response rate. One of the important examples of
optical biosensors are photoluminescent sensors. Despite the large number of works devoted to studies
of photoluminescence (PL) of individual PAAO matrices synthesized in a certain electrolyte. For
example, in some works the origin of PL in PAAO films is explained by the presence of impurities in
the form of electrolyte ions formed during anodization [1], in others - by different types of defects
formed during anodization, which mainly include F centers (oxygen vacancies) and F+ centers (single-
ionized oxygen vacancies). Some researchers argue in favor of one of the versions, some believe that
luminescence is due to both impurities and vacancies. It is important to optimize the synthesis
parameters to obtain non-luminescent PAAO samples. This will allow studying the PL of analytes in
the pores of the PAAO, which will not be affected by the PL of the matrix itself. Therefore, the purpose
of this work was to synthesize non-luminescent PAAQ and study the PL of the test analyte in the pores
of the samples. Rhodamine B was chosen as the analyte.

To obtain micrographs of the samples, Helios NanolLab 650 and Supra 40 scanning electron
microscopes were used. Statistical analysis of SEM images was performed using the Fiji software
package. To measure Raman and photoluminescence spectra, a Horiba Jobin Yvon HR800 micro-
Raman setup was used. An argon laser with a wavelength of 488 nm served as the excitation source.
The intensity of the exciting radiation was 20 W/cm?. To study paramagnetic defects, a Bruker
ELEXSYS-E500-10/12 electron paramagnetic resonance (EPR) spectrometer, located in the Collective
Use Center of the Physics Department of Moscow State University, was used.

Aluminum foil (99.99% pure) was used for anodizing. Organic contaminants were removed from
the surface by immersing the foil in acetone and placing it in an ultrasonic bath for 10 minutes. The
surface roughness was reduced by polishing the aluminum substrates, which was carried out by
electrochemical etching in a solution at a temperature of 5°C, containing 1:6 perchloric acid and ethyl
alcohol, for 5 minutes at a voltage of 40 V, while stirring the electrolyte. After carrying out the described
preliminary treatment of the surface of the aluminum substrates, they were thoroughly washed in
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deionized water and dried in air. Anodizing was carried out in a dilute solution of sulfuric acid and
selenium acid in a galvanostatic mode: in 1.5 M at a current density of 15 mA/cm? and at a temperature
of 5°C. To obtain an ordered porous structure of aluminum oxide, a two-stage anodization technique
was used. It should be noted that the synthesis parameters were chosen taking into account the literature
data and based on our numerous experiments in order to obtain ordered arrays of nanopores in aluminum
oxide. In addition, the parameters were selected in order to obtain non-luminescent samples. The first
stage was carried out for 30 min, after which the resulting sacrificial oxide layer was selectively removed
for 15 min in an aqueous solution of 0.4 M phosphoric acid and 0.2 M chromic acid at a temperature of
80 °C. The second stage was carried out at the same process parameters as the first, but for an hour. The
dye rhodamine B was dissolved in deionized water to obtain a solution with a concentration of 1073,
1076, 107 M. The samples were immersed in the dye for 30 minutes at a temperature of 40 °C, after
which they were removed and dried in air. Thus, two series of samples were synthesized. The first series
of PAAO was obtained in sulfuric acid, the second series of PAAO was synthesized in selenic acid.
Each series of samples consisted of the original samples and 3 samples with different dye concentrations
(see above).We will use the following designations for the samples, prepared in sulfuric acid: S5 (initial),
S5-R1 (with Rhodamine B 107 M), S5-R2 (with Rhodamine B 107° M), S5-R3 (with Rhodamine B 1077
M) and for the samples, prepared in selenium acid: Se5 (initial), Se5-R1 (with Rhodamine B 1075 M),
Se5-R2 (with Rhodamine B 107 M), Se5-R3 (with Rhodamine B 1077 M).

Figure 1 shows SEM images of PAAO samples (initial and with applied dye) obtained in 1.5M
H,SO, and H,SeO, at a current density of 15 mA/cm? and a temperature of 5°C.

© N (d)
FIGURE 1. SEM images of the surface of S5 (a), S5-R1 (b), Se5 (c), Se5-R1 (d).

It is evident from Fig. 1 that the average pore diameter of the samples varies from 9 to 15 nm. Quite
a large deviation in size can be explained by the elongated shape of some samples, probably due to the
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merging of two "seed" pores into one during the formation of PAAQO. The thickness of the porous layer
is 7.5 pm. No structural changes are observed when the dye is applied (Fig. 1, b and d). Also, no large
dye clusters or films are observed on the oxide surface, indicating that the dye was adsorbed exclusively
on the sample surface. The samples acquire a stable pinkish tint that is not removed by washing.

Raman spectroscopy studies showed that the samples had an amorphous structure.

The initial PAAO (S5 and Se5) did not luminesce. Therefore, the obtained PAAO samples can be
used for the analysis of the PL of the analyte (dye) in the pores of PAAO. S5-R1 and Se5-R1 samples
demonstrated intense PL of rhodamine B in the range of 530-680 nm with a PL maximum at 573 nm
(Fig. 2 and Fig.3, respectively).

The PL intensity of the dye increased sharply starting from the Rhodamine B concentration of 10°
M in the samples synthesized both in sulfuric acid and in selenium acid (Figs. 2 and 3). At low dye
concentrations (107-10° M), the PL intensity was approximately the same for both types of samples.
However, the PL intensity of the dye for the S5-R1 samples was more than 4 times higher than the PL
intensity for the Se5-R1 samples. To identify the cause of such a significant difference, we studied the
samples by EPR to identify the type of defects and determine their concentration. It was found that the
main type of defects in the S5-R1 samples were oxygen vacancies with an unpaired electron (F+ centers,
£=2.0020+0.0005) [3]. The concentration of F+ centers was Ns=3-10*° g?. In the Se5-R1 samples,
paramagnetic complexes of the Al-SeOs type were found, which were built into the aluminum oxide
structure from the electrolyte. F+ centers were also found in the Se5-R1 samples. The total defect
concentration was Ns=9.2 10® g, It can be assumed that the decrease in the dye PL intensity by several
times in the Se5-R1 films compared to S5-R1 is due to an increase in the contribution of nonradiative
recombination of photoexcited charge carriers on the detected paramagnetic defects, the concentration
of which is more than an order of magnitude higher in the Se5-R1 films.
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Thus, the exciting radiation is absorbed not only by the dye, but also by defects in the porous
aluminum oxide structure.

These results are important for the creation of an optical sensor platform based on porous aluminum
oxide.

The study was supported by a grant from Russian Science Foundation Ne 24-19-00402,
https://rscf.ru/en/project/24-19-00402/.
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REDUCTION OF NITROUS OXIDE EMISSIONS IN NITRIC ACID
PRODUCTION BY HIGH-TEMPERATURE CATALYTIC
DECOMPOSITION ON PEROVSKITE-CONTAINING OXIDES
LaFesxMexO3; (Me=Mn, Co, Ni)

Lyubov A. Isupova
Boreskov Institute of catalysis Russian Academy of Sciences, Novosibirsk, Russia

Among greenhouse gases, nitrous oxide has a significant global warming coefficient, about 310
times higher than that for CO, so reducing of N,O emissions is an urgent task. One of the main sources
of nitrous oxide entering the atmosphere is the production of nitric acid (global emissions of nitrous
oxide in the production of nitric acid are about 300—400 kt/year), in which nitrous oxide is formed in the
process of non-selective catalytic oxidation of ammonia on platinoid catalyst grids, as well as in
secondary processes in the space after the grids during the interaction of the main product - nitric oxide
- with ammonia that has slipped through the catalyst grids. Monitoring of the units has shown that in
the Russian Federation the main sources of nitrous oxide emissions are the UKL-7 and AK-72M units
equipped with low-temperature NOX purification based on the process of SCR NO with ammonia.

One of the ways to reduce nitrous oxide emissions in the production of nitric acid, which does not
require significant modernization of the units, is the high-temperature catalytic decomposition of nitrous
oxide on the catalyst layer, which is located after the platinoid grids (along the gas flow) in the ammonia
oxidation reactor [1]. In this case, the catalyst must be active and stable under the conditions of the
reaction environment formed after the platinoid grids (850-900°C, ~ 10% NO, 1000-2000 ppm N:O,
linear gas velocities ~ 3-6 m/s), decompose nitrous oxide and do not decompose the reaction product —
nitric oxide, and are also characterized by low gas-dynamic resistance, which can be provided by using
of honeycomb catalysts.

ABO:s perovskites such as LaFeOs, LaCoOs, LaMnOs and LaNiOs are known to be active in the
high-temperature decomposition reaction of nitrous oxide due to their physicochemical properties. The
properties of ABO3 perovskites can vary significantly depending on the nature of the A and B cations,
their stoichiometric ratio, or when substituting cations are introduced into sublattices A and/or B. For
example, the introduction of Sr into the La sublattice in the La:xSrkMnOs or La«SrxFeO3 systems leads
to an increase in the activity of oxides, as does the introduction of Co into the Fe sublattice in the LaFe;-
«C0xQO3 system, but up to a certain x [2-4]. Another factor influencing the activity of perovskites is the
preparation method, which determines not only the size of the specific surface area, but also the features
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of the microstructure of oxides [5]. One of the promising methods for obtaining honeycomb catalysts
is the application of the active component to honeycomb carriers by impregnation from polymer-salt
compositions [6]. After heat treatment, the method ensures the formation of a strong homogeneous
catalytically active oxide layer on the the surface of channels. At the same time, there was no information
in the literature on a systematic study of the effect of the degree of substitution and the nature of the
replacement cation in sublattice B in LaFe;xMexOs; (Me=Mn, Co, Ni) systems prepared from polymer-
salt compositions.

Therefore, the object of this study is the perovskites LaFe;xMexOz; Me = Mn, Co, Ni; x=0-1)
prepared by the Pechini method, which were studied in the reaction of high-temperature decomposition
of nitrous oxide, and their physicochemical properties were characterized by the methods of X-Ray,
BET, EM, XPS, H,-TPR. Oxides LaFe;xMexO3 Me=Mn, Co, Ni; x=0-1) were prepared using solutions
of a mixture of nitric acid and salts taken in a stoichiometric ratio, to which citric acid and ethylene
glycol were added. After evaporation of solutions at 70-80°C, the resulting polymer-salt compositions
burned during their drying, the resulting powders were then calcined at 900 “C.

The catalytic activity in the nitrous oxide decomposition reaction was determined in a flow-through
reactor in the temperature range of 750-900 °C for a catalyst fraction of 0.25-0.5 mm at a contact time
of 0.001 s using a reaction mixture of 0.15% N0, + 3% O, + 3% H,0 in helium. It was preliminarily
established that there was no homogeneous process in the reactor, as well as the absence of intra- and
external-diffusion restrictions.

It has been shown that the replacement of iron in lanthanum ferrite with cations Mn, Co, and Ni
leads to the formation of single-phase LaFei.xMexOs perovskites, in which, with an increase in X,
morphotropic phase transitions occur from orthorombic to rhombohedral modification at x ~ 0.6 for Mn
and at x ~ 0.4 for Co and Ni cations. The introduction of substitute cations leads to a decrease in the
cell parameters of LaFeixMexOs oxides relative to LaFeO; in all cases due to the formation of
homogeneous solid solutions, since the sizes of the substituting cations Co®*" and Ni®** in the octahedral
environment are smaller than the Fe3* cation. For Mn3* cation with an ionic radius close to Fe*, the
decrease may be due to the formation of Mn** cations in LaFe1.xMnxOs; oxides, according to [7].

It has been established that an increase in
224 the test temperature and the introduction of
201 Ni substituents lead to an increase in the
conversion of nitrous oxide. Figure 1 shows the
change in the rate of nitrous oxide
decomposition reaction determined at 850 °C,
depending on the composition of perovskites.
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increasing X, the extreme terms — LaMnQOsg,
LaCoOQ;3 are not characterized by the highest
activity in the corresponding LaFe;xMexOs
oxides (Figure 1).

After longer tests at 900 °C, it was shown that the activity of LaFe1.xNixOs; samples (x = 0.8 and 1)
decreases and the maximum activity and stability is characterized by the LaFeo4NiosO3 sample the
activity (reaction rate) of which is 5 times higher than activity of LaFeOs, while the activity of the most
active LaFeq2Mnp O3z and LaFeyCoo.s03 0xides are ~2-3 times higher, respectively. These oxides in
heating/cooling processes up to 900 °C do not undergo polymorphic transitions, which is important for

FIGURE 1. Dependence of the reaction rate of nitrous
oxide decomposition at 850 °C on the composition of
LaFe;xMexOs perovskites.
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the formation of strong active films on the surface of high-temperature honeycomb carriers (cordierite,
corundum, silicon carbide, etc.).

According to H.-TPR data, the introduction of substituents leads to an improvement in the
reduction of oxides relative to LaFeOs (Figure 2). Linear correlations are observed between the rate of
decomposition of N,O for LaFe;«NixOs (at a temperature of 850 °C) and LaFe1.xC0xOs (at a temperature
of 800 °C) and the amount of hydrogen absorbed by the samples, which is consistent with the proposed
reaction mechanism, according to which the limiting stage is the oxygen desorption step [8]. The
deviation from this dependence at a process temperature of 900 °C for samples of LaMnO3, LaNiOs and
LaCoOs is due either to a change in the rate of the determining stage of the reaction (LaMnOs) [9,10],
or to the instability of the oxide in the reaction medium at high temperatures (LaNiO3z and LaCoOs) [11].
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FIGURE 2. Dependence of the reaction rate on the amount of absorbed hydrogen up to ~ 450 °C for a - LaFe-
xMnyOs; b - for LaFe1.xCoxOs; ¢ - for LaFe;.xNixOs.

Preliminary catalytic studies of block catalysts LaFeOs/a-Al,Os, LaFeoaNiosOs/a-Al2Os,
LaNiOs/a-Al,Osprepared by impregnating block corundum carriers with solutions of polymer-salt
compositions were carried out. The role of the carrier is revealed. The high activity of the LaFeo.4Nio O3
catalyst supported on the modified o-Al,O3 carrier has been demonstrated. At a contact time of 0.06 s,
the block catalyst provides a ~90% conversion rate.

The work was carried out with the financial support of the Ministry of Science and Higher Education
of the Russian Federation as part of the state assignment of the Institute of Catalysis of the Siberian
Branch of the Russian Academy of Sciences, project FWUR-2024-0038.
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SPIN PROBE STUDY OF POLYMER CHAIN COLLAPSE IN
PNIPAM-b-PEG COPOLYMERS

Timofei D. Shatrov?, Georgii A. Simenido’, Elena A. Ivanova’, Elena V. Chernikova' and
and Elena N. Golubeva'?

Faculty of Chemistry, Lomonosov Moscow State University, Moscow, Russia
?Institute for Regenerative Medicine, Sechenov First Moscow State Medical University, Moscow, Russia

Thermoresponsive polymers remain attractive due to the ability to change solubility dramatically
with temperature changes. Polymers with lower critical solution temperature (LCST) are soluble at low
temperatures. When heated above LCST, they become unsoluble and undergo polymer chain collapse
and phase separation. One of the most well-known thermoresponsive polymers is poly(N-
isopropylacrylamide) (PNIPAM) [1]. The LCST of an aqueous solution of poly(N-isopropylacrylamide)
(PNIPAM) is in the vicinity of the physiological range and is 32 °C, which determines its wide
application in tissue engineering and selective drug delivery [2]. LCST can be altered by
copolymerization (hydrophilic and hydrophobic comonomers increase and decrease LCST,
respectively) [3] and solution composition (pH, ionic strength, etc.) [3].

The EPR spectroscopy method within the framework of the spin probe technique is actively used
to study the dynamics of the phase transition of thermoresponsive polymers. The local probe
environment affects the EPR spectrum lineshape and probe spin-Hamiltonian parameters (g-factor and
hyperfine coupling constant), which allows us to estimate the micropolarity and microviscosity of the
probe environment [4]. Earlier, using this approach, it was shown that the process of chain collapse in
PNIPAM aqueous solutions begins with the formation of local inhomogeneities at temperatures below
the LCST. These inhomogeneities are characterized by lower polarity and higher viscosity compared to
bulk solution [5].
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Obijects of present study were PNIPAM (Mn = 13.2 kDa, PDI = 1.2) and its block copolymer with
polyethyleneglycol (PNIPAM-b-PEG, Mn = 13.2 kDa, Mn(PEG) = 2.0 kDa, PDI = 2.0) [6] in 10wt%
aqueous solutions. The dynamics of inhomogeneities was studied with nitroxyl radical TEMPO as a
spin probe. Spectrum below LCST corresponds to fast isotropic motion of probe in bulk solution, its
spin-Hamiltonian parameters correspond to TEMPO in pure water. This type of probe particles will be
denoted as type A (Fig. 1, A). Spectra at temperatures above LCST consist of two types of particles:
some probes are located in bulk solution (type A), and another are captured by forming polymer
inhomogeneities (type B) (Fig. 1, A). Suppression of type A probes signal with Cu?* ions [7,8] was used
to obtain separate spectrum of type B particles (Fig. 1, B).

A p
——25°C
60 °c‘

el

|

35”3 3:'%4 3:'35 31'36 357 3:'*:8 359 352 3::}4 3:;6 31138 3:10
B, mT B, mT

FIGURE 1. EPR spectra of TEMPO in 10wt% PNIPAM below and above LCST (A). EPR spectrum of TEMPO

in 10wt% PNIPAM / 0.3M Cu?* solution, t = 60 °C. (B). Experimental spectrum (solid line), simulated spectrum

(circles).

This spectrum was successfully simulated with parameters ais, = 1.62mT, tiso = 2.6 ns, which is in
agreement with previous results obtained for PNIPAM with higher molecular mass [8]. These
parameters were used to simulate joint spectra of A and B particles, which resulted in temperature
dependencies of type B probes fraction (Fig. 2, A) and hfc constant (Fig. 2, B).
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FIGURE 2. Temperature dependencies of type B probes fraction (A) and isotropic hfc constant (B). 10%
PNIPAM solution (squares), 10% PNIPAM-b-PEG solution (circles).
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According to the ais, value of type B particles, the local polarity inside the polymer inhomogeneities
is lower than in the bulk solution and is close to that in chloroform [4]; The increase in the hfc coupling
constant of type B particles with temperature (Fig. 1 A) indicates the possibility of probe exchange
between the inhomogeneities and the environment and the dynamic nature of the inhomogeneities [5].
In contrast, high molecular PNIPAM studied earlier possessed static inhomogeneities [ccpka], which
indicates more dense globule structure in this case. Comparison of the temperature dependences of the
fraction of probe particles in the inhomogeneities of PNIPAM and PNIPAM-b-PEG indicates that in the
first case a wider temperature range of polymer chain collapse is observed.
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THEORETICAL FOUNDATION FOR OPTICAL DIAGNOSTICS
METHODS TO MONITOR THE STATISTICAL STATE OF
RANDOMLY NONUNIFORMED DISORDERED MEDIA

Yulia A. Chaikina, Anatolii |. Shushin and Maxim G. Golubkov

Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

Optical and spectral methods of diagnostics require theoretical approaches that allow us to bring
the peculiarities of measurement data in line with the peculiarities of the state of media. The start of our
work was set by experimental results obtained nearby critical point in 1980-2010: broadening of
vibration bands and line shifts behavior in the Raman spectra of N, CO,, Oz and some other fluids and
small-angle distribution of critical opalescence (anomalous Rayleigh light scattering) in critical CO..
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All these effects are not in line with modern theory of critical fluids. So they were supposed to be right
framework for optical diagnostics studies.

Besides, critical media possesses both phenomena of forming spatial nonuniformity in unordered
media. The first is due to dynamics of molecules in small groups and it is described with the help of pair
correlation function F.. The second is due to thermal molecular movement and it is described in terms
of density variance and density correlations. Note that the basic one is density nonuniformity formed by
some physical phenomena such as density fluctuations in critical fluids or turbulence and transfer
processes in atmosphere.

So we suggest in [1] next combined model for light scattering. Single scattering will be considered
and the fact will be taken into account that before and after the scattering event light propagates in the
dielectric medium with the refractive index that is randomly nonuniform. Therefore, geometrical path
will be substituted by the optical one when evaluate the phases of the scattered light.

We started with Rayleigh light scattering measurements done in [2] with the results which
fundamentally differs from the Ornstein—Zernike angle distributions. The estimation of the Poynting
vector performed with the help of scattering model that is described above fit well the distinctive features
of the experiment [2], see Fig.1.

In sum the proposed scattering model seemed to be supported, so we use it to run the first
diagnostics for reduced density variance and density correlation length of critical fluid based on the
optical measurements [2]. For the results see Fig.2. The ranges of values shown at Fig.2 were discussed
in [3] and they were supposed to be realistic ones. The temperature behavior of these values differs
strikingly from those dictated by the modern theory of the critical state. In particular, when passing from
supercritical to subcritical temperatures through the critical point, a peculiar “step” in density variance
is noticed rather than a power-law divergence. In [4] we used an integral equation well known in Dirac
delta function theory to obtain a power-law dependence for density variance on temperature: ~|t[ %%,
This dependence becomes more complicated when approaching the critical point [t| ~ 10-%, but does not
demonstrate divergence, much less power divergence.

This made it possible to find the pair correlation function by solving “fluctuation theorem”: the
integral equation that expresses the relation between density variance and the pair correlation function.
The first attempt was done in [4].
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FIGURE 1. Ornstein-Zernike plots for data [2] (circles) as against theoretical data (lines). Note that experimental
distributions in [2] are presented in relative units. To combine the curves, the Ornstein-Zernike plots are
renormalized by one factor. Horizontal axe - squared scattering angle in rad. Vertical axe — inversed meanings of
scattered light intensity (lines): (a) - for Ornstein - Zernike intensity distribution. It is seen that plots are practically
flat. (b) - for estimations done in [1] with the help of combined scattering model. Open circles and dash line are
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for temperature T=1.00001 Terit, solid circles and solid line are for temperature T=0.99998 Teit; Terit iS critical
temperature, density is critical.
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FIGURE 2. Temperature dependence for variance and correlation length of critical density fluctuations along the
critical isochor; restored in [3,4] according to the data of [2]. Open circles are for T>Teit, solid circles are for
T<Teit. Horizontal axe - © = (T — Tait )/Teit. () reduced density variance; line is for analytical approximation
obtained in [4] (b) density correlation length (m).

The investigations were continued in [5] where we gave up the assumptions which makes the
Ornstein — Zernike theory unusable for the needs of optical diagnostics, first of all we didn’t consider
the shape of the scattering light to be Lorentzian. The objective of the study is provided in [5] is to
propose an approach to find the pair correlation function of the critical state assuming variance and
correlation length of critical density fluctuations to be parameters of the problem and supposing these
parameters can be detected by optical measurements. This will create a reliable theoretical basis for
optical diagnostics of the critical state of fluid. In [5] we got the preliminary results, see Fig. 3. The
studies are to be continued.
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FIGURE 3. According to approach suggested in [2024]: (a) large-scale analytical asymptotic for normalized total
correlation function G=F,-1 (solid line). The thin solid line is the envelope of the correlation function G~R12°,
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Note that Ornstein — Zernike total correlation function is of ~R. R is intermolecular distance, Rpair is radius of pair
correlations. (b) temperature dependence for Rpair (NM); Rpair~|7| 3, y=1.24.

Let sum up the results. The analytics for pair correlation function allow us to continue the optical
diagnostics of critical state based on the distinctive features of critical Raman spectra such as critical
broadening of vibration bands and critical line shifts behavior. The combined model for light scattering
proposed in [1] seems to be flexible and can be applied easily to any unordered nonuniform media
including the atmosphere.

This study was carried out in the framework of State Assignment of the Ministry of Science and
Higher Education of the Russian Federation (project Ne 12501220061 1-5).

1. Chaikina Y. A., Umanskii S. Y. Peculiarities of the small-angle scattering of laser radiation by
critical CO // Chem. Phys. 2020. V. 536. 110795. DOI: 10.1016/j.chemphys.2020.110795.

2. Zimnyakov D. A., Sviridov A.P., Konovalov A.N., Bagratashvili V. N. Small-Angle Light
Scattering on Density Fluctuations of Supercritical Carbon Dioxide under the Conditions of Fast
Cooling // Sverkhkrit. Fluidy: Teor. Prakt. 2008. V. 3. No 3. P. 30-38.

3. ChaikinaY. A., Umanskii S. Y. Diagnostics of the Critical State of Carbon Dioxide // Russ. J. Phys.
Chem. B. 2021. V. 15. No 8. P. 1266-1272. DOI: 10.1134/S1990793121080029.

4.  Lundin A. A., Chaikina Y. A., Shushin A. 1., Umanskii S.Y. On the Capabilities of Optical
Diagnostics Methods to Monitor the State of Supercritical Fluids near the Widom Line // Russ. J.
Phys. Chem. B. 2022. V. 16. No 8. P. 1361-1370. DOI: 10.1134/S1990793122080115.

5. Chaikina Y. A., Vetchinkin A. S., Golubkov M. G., et al. Pair correlation function for equilibrium
critical state of fluids on the mesoscopic space scale // Sverkhkrit. Fluidy: Teor. Prakt. 2024. V. 19.
No 2. P. 59-81. DOI: 10.34984/SCFTP.2023.19.2.005.

POLYMERIZATION IN SUPERCRITICAL CARBON DIOXIDE:
NOVEL APPROACH TO SYNTHESIS OF TERMORESPONSIVE
POLYMERS

Anastasiia A. Popova'?, Valentina L. Lisina’, Ekaterina A. Litmanovich’
and Elena N. Golubeva':2

'Department of Chemistry, Lomonosov Moscow State University, Russia
?Institute for Regenerative Medicine, Sechenov First Moscow State Medical University, Moscow, Russia

Supercritical carbon dioxide (SC COy) is a promising medium that allows for adjusting its
properties (diffusivity, density, solvation capacity) simply by varying the system’s parameters (T, P).
Its lack of toxicity and comparatively low parameters of the critical point (31°C, 73.8 bar) make SC CO;
a great substitute for organic solvents traditionally used in the synthesis of medical polymers, such as
poly-N-isopropylacrylamide (PNIPAM) [1]. PNIPAM features thermoresponsive properties near
physiological temperatures (lower critical solution temperature (LCST)~32 °C). In aqueous solutions
PNIPAM undergoes coil to globule transition along with aggregation in response to an increase in
temperature. That fact makes it a suitable material for use as carrier in drug delivery systems or as a
substrate in tissue engineering [2]. However, latest data show that not only does the choice of medium
affect such characteristics of PNIPAM as molecular weight and polydispersity, but it also alters the
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lower critical solution temperature [3]. Therefore, there’s a need for an alternative route of synthesis
that minimizes traces of the solvent, and hence reduces their impact on polymer properties.

Advances have been made in the radical polymerization of vinyl monomers in SC CO.. Evidence
suggests that the mechanism of the reaction may differ from that of its organic counterpart. Shieh and
Chen, for example, have shown that the polymerization of poly-N-isopropylacrylamide using SC CO;
as a solvent yields a polymer with 4-5 times higher molecular mass than that in methanol, let along
higher conversions of the monomer consumed in the given time period. Moreover, Ana A. C. Pacheco
et al. reported that the performance of the RAFT agent, 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT), in the synthesis of polymethylmethacrylate is drastically affected by
the substitution of the media from toluene to SC COx, resulting in control over polymer chain growth
and, consequently, a narrower mass molecular mass distribution of the polymer.

Nevertheless, there’s little information available in the literature on the reactivity of N-
isopropylacrylamide (NIPAM) in either controlled or free radical polymerization in SC CO; up until
this day. Therefore, the goal of this study is to establish kinetic patterns for NIPAM, as well as to reveal
the relationship between parameters of SC CO; and the properties of the resulting PNIPAM.

Kinetics of the PNIPAM synthesis were obtained for both controlled (reversible addition-
fragmentation chain transfer (RAFT)) and free radical polymerization (FRP) mechanisms within
conditions’ range T = 60-80 °C, P = 90-325 bar, Cnipam = 3.8 wit/vol%. So as to control growth of
polymer chain following RAFT agents were introduced into reaction mixture DDMAT, S,S’-bis(a,a’-
dimethyl-o’’methyl acetate) trithiocarbonate (BDMMAT). The ratio of the reagents [M]o/([RAFT]o)/[1]o
was set to 500/(3)/1 for either process.

NIPAM polymerization was carried out in a high-

2 Z ® 4 pressure reactor of 10.36 mL equipped with a magnetic

o 1 ] stirrer, water thermostat, and pressure converter (Flg. 1).
X 5 s After the set time, the reactor was placed in an ice bath
/_\ @ for 10 minutes until the system had completely cooled to

5°C. The CO2 was then removed from the system by

7 g I T 2 passing it through a water trap. In some cases, purification

R ﬂé\%\% \;’Eé of the monomer from the polymer solution was carried
é\éi“"?‘- ?Af-&}\;j out by dialysis through a membrane with a molecular
“\“Ff»ﬁ}a} W weight cut of 500 Da for a week. Then, PNIPAM was
COORESS “\:ﬁ\fé\’é freeze-dried. The molecular characteristics of the
%&g gsj«g\\:;g PNIPAM were determined using gel-penetrating
TSRt 22y chromatography. To calculate the monomer conversion,

10| " i the NMR signals corresponding to protons of the amide

© . group (—CH2-NH-) were analyzed in the polymer (a

FIGURE 1. Schematic diagram of a high-
pressure polymerization unit: (1, 8) valves;
(2) pressure transducer; (3) PID regulator; (4)

mechanical  stirrer; (5) heater; (6)
thermocouple; (7) polypropylene thermostat
housing; (9) high-pressure cell; (10)

magnetic stirrer.

widened signal at 6=3.9-4.0ppm) and the monomer
(0=4.15ppm). The ratio of the area under the proton signal
at 3.9-4.0 to the sum of areas under peaks for both the
polymer and the monomers was used as a measure of
conversion. Agqueous solutions of RAFT and FRP
PNIPAM samples were characterized using light
scattering and EPR spectroscopy.

The LCST of the 6.7% mass solutions was determined by analyzing the temperature dependence
of the reduced intensity of the high-field spectral component for the spin probe 2,2,6, 6-tetramethyl-
piperidine-1-oxide (TEMPO). The cytotoxicity of SCF polymerization products was assessed by
culturing mesenchymal stromal cells from human adipose tissue.
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Polymerization of NIPAM under conditions of T = 60-80 °C and P = 325 bar, carried out in the
absence of RAFT agent, corresponds to homogeneous precipitation polymerization. All kinetic curves
corresponding to FRP process are characterized by a pronounced induction period. The duration of this
period is 0.34, 2, and 3.5 hours at temperatures of 80°C, 70°C and 60°C, respectively (Fig. 2).
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FIGURE 2. NIPAM conversion during polymerization at 325 bar and T: o 60 °C, ¢ 70 °C, A 80 °C.

Even with a low NIPAM conversion’s level, the polydispersity coefficient (PD) exceeds 1.5 for
each temperature within the studied range. The most significant increase in polydispersity occurs at
conversions below 10%. The polydispersity remains relatively constant above 10% conversion at 60°C,
reaching values of approximately 4.0+0.2. In contrast, at higher temperatures of 70°C and 80°C, the
polydispersity increases continuously throughout the reaction time. According to the GPC data, the
molecular mass distribution (MMR) is unimodal for conversions up to 10% NIPAM. The predominant
masses of the growing chains were 1.15x108, 1.5x10°, and 3.8x10* at temperatures of 60, 70, and 80 °C,
respectively. The end of the induction period was accompanied by a broadening of the MMR and a shift
towards a bimodal weight distribution at each temperature. The higher MW shoulder occurs at 3.3 x 10°
for 60 °C, 3.7 x 10° for 70 °C, and 3.2 x 10° for 80 °C.

Interestingly, the addition of either RAFT agent to the reaction mixture causes phase separation in
the system. This results in two parallel radical polymerization reactions taking place: polymerization of
NIPAM via FRP in the upper phase and polymerization via RAFT process in the lower phase. The
reason for this is the affinity of the organic RAFT agents for the NIPAM-rich phase, which has a higher
density. The kinetic curves of the NIPAM in such processes don’t differ from those observed for FRP.
Given that the initial concentrations of the reactants are relatively low, their faster diffusion in the SC
CO2 medium is not beneficial and results in products with high polydispersity indices ranging from 6 to
10. In fact, the use of RAFT agents to reduce the MMR of products is revealed under milder conditions,
such as T and P, close to the critical point of CO,. This approach allows one to minimize the solvation
ability of a COz-enriched phase, which continuously increases with pressure at a constant temperature.
As a result, the polydispersity indices of the PNIPAM samples obtained using this method vary from
1.18 to 2.7 for DDMAT, while remaining comparatively constant (1.35) throughout a reaction when
BDMMAT is used as the RAFT agent.

The aqueous solutions of the polymers synthesized in similar conditions via FRP (70 °C and 325
bar, P1) and RAFT (70 °C and 229 bar, P2) polymerization were characterized by light scattering
techniques. The particle size distribution of polymer P1 is unimodal (71 nm), whereas for P2 it is
bimodal (10 and 45 nm) with average masses of 7.3 x 10° and 4.1 x 10° MM, respectively. The form
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factor (Ry/Rn) of the polymer was 1.35 for P1 and 1.11 for P2, which is typical of branched (starlike)
polymers (P1) and hyperbranched polymers (P2).
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FIGURE 3. The temperature dependence of the normalized amplitude of the high-field component for polymers:
oPl, A P2.

LCSTs were determined for the polymers in question by means of EPR spectroscopy as a
temperature where the sharp drop in intensity of the high field component is observed. The ratio of the
intensities of the medium- and high-field components of the signal increases as temperature approaches
the LCST. At a certain point, a new signal appears, corresponding to a spin probe localized in polymer
globules with higher viscosity and lower polarity. This results in a shift and broadening of the lines
compared to the spectrum of TEMPO in aqueous solution. The onset of the change in spectral shape
corresponds to temperatures of 28 and 29 °C for samples P1 and P2, respectively. The range of
temperatures over which the amplitude decreases is 3 °C for P1 and 14 °C for P2, due to the bimodal
nature of the RAFT polymerization product (Fig. 3).

In terms of cytotoxicity, it has been shown that the metabolic activity of cells remains virtually
unchanged (~100%) over the entire range of polymer concentrations (0.08 to 20 mg/ml). The dynamics
in the amount of dsDNA with increasing polymer concentration has also revealed that the resulting
polymer does not exhibit a toxic effect. Therefore, it was established that PNIPAM (conversion > 95%)
obtained in the media of SC CO; can be used without further purification.

Thus, the study gives an outlook on the SC CO; use as promising media to the synthesis of
thermoresponsive PNIPAM primarily taking into consideration both SC CO; tunable solvation capacity
and diffusivity. On top of that, this work reveals the structure of the PNIPAM macromolecules and
determines the way those features affect the LCST.

This investigation was performed with the financial support provided by the Russian Science
Foundation (project no. 24-23-00196).
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In recent years, there has been a growing research interest in Ln-based single molecular magnets
(SMMs), the coordination compounds of Ln, which molecules exhibit properties characteristic of bulk
ferromagnetic materials [1]. Like classical magnetic materials, such compounds have the potential to be
applied as elements of high-density magnetic storage and in particular are the promising active
components of information storage devices. The number of Ln carboxylate complexes exhibiting SMM
properties that are currently known is significantly inferior to that of complexes with other ligands. The
synthesis and comprehensive investigation of new carboxylate complexes of lantanides is of undoubted
interest due to their important physico-chemical properties — photophysical, magnetic, sorptive,
catalytic, etc. [2].

Previously [2] a series of isomorphic mononuclear complexes [Ln(PyrCOO)(acac).(H-0).] (Ln =
Dy, Er, Yb); acac™ — acetylacetonate (pentane-2,4-dionate) anion, PyrCOOH is pyrazine-2-carboxylic
acid) were prepared and characterized by X-ray diffraction study and investigation of magnetic behavior.
The molecular structure of isomorphic complexes was considered using Dy complex as the example
(Fig. 1).

Slow magnetic relaxation indicating SMM behavior was found. The experimentally established
magnetic relaxation paths are confirmed by ab initio calculations presented in this paper.
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FIGURE 1. Molecular structure

All calculations were performed using ORCA 5.0.4 software [3, 4]. The atomic positions were
extracted from the crystal structures obtained by X-ray diffraction. Only the positions of the hydrogen
atoms were optimized at the DFT level, while other atomic positions were frozen. The calculations
employed BP86 functional and def2-SVP basis set for all elements except Ln (Dy, Er and YD), for which
SARC2-DKH-QZVP basis set was used. The RI-JK accelerate approximation was used in combination
with the segmented all-electron relativistically contracted auxiliary Coulomb fitting basis SARC/J.
Complete active space self-consistent field (CASSCF) calculations were carried out with the SARC2-
DKH-QZVP basis set for Ln and DKH-def2-TZVP basis set for other atoms. These calculations were
accelerated through the RIJCOSX approximation in combination with AUTOAUX auxiliary basis. In
all calculations the relativistic effects were modeled by the Douglas-Kroll-Hess (DKH) approximation.
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The starting orbitals for the CASSCF calculations were taken from the restricted open-shell Hartree-
Fock calculations. The CASSCF calculation has been performed by considering nine (Dy), eleven (Er),
and thirteen (Yb) electrons in seven 4f orbitals, i.e., using CAS (n, 7) active space, where n =9, 11 and
13, respectively. In these active spaces, we computed 21 sextets, 224 quartet and 490 doublets states for
the Dy complex, 35 quartets and 112 doublets for the Er complex, and 7 doublets for the Yb complex.
The spin-orbit coupling (SOC) Hamiltonian was then constructed and diagonalised using the basis of 21
sextets, 108 quartet and 32 doublets states for the Dy complex, 35 quartets and 73 doublets for the Er
complex, and 7 doublets for the Yb complex. The SOC effects were incorporated by using quasi-
degenerate perturbation theory (QDPT) to compute spin-orbit states. An atomic mean-field Hamiltonian
(AMFI) was used to calculate the one-electron integrals.

The ab initio blocking barriers and magnetic properties were constructed using the
SINGLE_ANISO program, which is incorporated into ORCA 5.0.4. The temperature dependence of the
studied complex magnetic susceptibility was calculated for all complexes at a temperature range 2-300
K and under an applied DC field of 5000 Oe. The molar magnetization was calculated in the magnetic
field range 0-5 T at 2, 4 and 6 K.

For identification of the most probable path for magnetic relaxation during the
simulation/modeling of the magnetic relaxation pathways, Kramers doublets (KD) with increasing
energies had been consistently taken involved until the set of following criteria was met:

(1) the transverse magnetic moment within currently considered KD was large (>1072 uB).

(2) the components of the g-tensor corresponding to the currently considered KD ceased to meet
the requirement for Ising systems (gx = gy = 0, or gx<<g. and gy<<g. for real systems).

In order to gain further insight into the relaxation pathways ab initio calculations were performed.

Corresponding approximations of the experimental DC magnetization curves are shown as solid
lines in Fig. 2 while Fig. 3 and Tables 1-3 summarize calculated KDs.
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FIGURE 2. ymT vs. T dependencies for complexes under study in a 5000 Oe magnetic field. Solid lines
represent ab initio calculations. Experimental data are shown in circles (Dy), triangle (Er) and diamonds (Yb)

The shapes of the obtained dependences are typical for the corresponding Ln®*" complexes, and the
¥mT (300 K) values are close to the theoretical ones for the corresponding non-interacting Ln®" ions (Fig.
2). Thus, the magnetic behavior of complexes under study in the static mode is determined almost
exclusively by the nature of Ln**. The y.T values for the Dy, Er, and Yb complexes remain virtually
constant on cooling down to ~100 K, then decrease monotonically down to ~20 K and then drop sharply
to aminimum value at T = 2 K. A low-temperature sharp decrease in ym T can be due to the depopulation
of the m; levels split by the crystal field, to the possible presence of weak antiferromagnetic
intermolecular interactions between Ln®*" ions and/or to the influence of the Zeeman effect under the
applied external magnetic field.
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FIGURE 3. Calculated KDs and possible demagnetization pathways in complexes of Dy, Er and Yb. The thick
black lines imply KDs as a function of their magnetic moment along the main anisotropy axis. The arrows indicate
the considered magnetic relaxation path: QTM, TA-QTM (horizontal), possible Orbach relaxation. The most
probable path of magnetic relaxation is highlighted with a bold line.The values near to the arrows indicate the
matrix elements of the transverse magnetic moments (values greater than 0.15 imply a non-negligible contribution

to the magnetic relaxation).

TABLE 1. CASSCF computed energy levels (K, Fig. 3), the composition of the effective g'-tensor (assuming a
pseudospin S = 1/2) and major (>15%) components of the wave function for each m; state of the lowest atomic
multiplet J=15/2 of Dy**. KDs involved in magnetic relaxation are specified.

KD Energy, K Ox Oy g; Wave function, %

1 0 0.00 0.01 19.60 94|+£15/2>

2 218.4 0.25 0.40 15.82 70[£13/2>+18+9/2>

3 313 1.2 1.63 12.49 321£11/2>+22£7/2>

4 388.4 3.24 4.59 8.45 28|+11/2>18[£9/2>+22+1/2>
5 462.5 1.26 4.54 8.53 31H7/2>+24[+9/2>

6 529.4 1.59 3.76 13.44 391£5/2>+26+3/2>

7 678.1 0.06 0.14 16.70 24[£3/2>+38|£1/2>

8 780.1 0.00 0.03 18.85 19]£9/2>+20[+7/2>+18[+£5/2>

TABLE 2. CASSCF computed energy levels (K, Fig. 3), the composition of the effective g'-tensor (assuming a
pseudospin S = 1/2) and major (>15%) components of the wave function for each m; state of the lowest atomic
multiplet J=15/2 of Er®*. KDs involved in magnetic relaxation are specified.

KD Energy, K Ox Oy (o Wave function, %

1 0.0 0.23 2.84 14.01 591£15/2>

2 25.9 10.08 6.70 0.29 22+15/2>+20[+9/2>

3 94.7 4.50 2.79 0.20 17|E11/2>+171x1/2>

4 133.8 0.14 0.70 16.27 23|+11/2>+21[£9/2>+25[+7/2>
5 1954 7.75 4.24 0.64 351£13/2>+22|+3/2>

6 262.4 0.47 321 11.49 28£11/2>+28}£5/2>

7 339.2 1.67 3.44 10.70 18£9/2>+33+3/2>+19]£1/2>
8 427.8 0.30 0.56 15.70 16£3/2>+38+1/2>

TABLE 3. CASSCF computed energy levels (K, Fig. 3), the composition of the effective g'-tensor (assuming a
pseudospin S = 1/2) and major (>15%) components of the wave function for each m; state of the lowest atomic
multiplet J=7/2 of Yb**. KDs involved in magnetic relaxation are specified.

KD Energy, K Ox Oy (o Wave function, %
1 0.0 0.22 0.53 7.12 83+£7/2>
2 299.1 1.78 2.07 5.17 S59|£5/2>+25+1/2>
3 485.5 1.03 1.30 5.62  27}5/2>+42+3/2>+18|£1/2>
4 700.3 0.08 0.17 7.52 33|£3/2>+53|£1/2>
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In the case of the Dy** complex, the transverse magnetic moment within the ground state shows
non-negligible but non-decisive contribution of QTM to the demagnetization (Fig. 3). This fact agrees
with the experimentally observed contribution of QTM in zero-field SMM behavior for the Dy complex
and is additionally confirmed by the pronounced axial anisotropy of the corresponding g-tensor (Table
1). The results for both Er (Fig. 3 and Table 2) and Yb complexes (Fig. 3 and Table 3) indicate a
pronounced contribution of QTM to the relaxation from the ground state of KD.

Thus, the studied complexes exhibit pronounced properties of field induced SMMs. Further
development of such compounds seems promising in terms of achieving improved SMM characteristics
combined with thermal and chemical stability.

This work was supported by the Ministry of Science and Higher Education of the Russian
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Chemistry of the Russian Academy of Sciences (1021071612866-5-1.4.7)/
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CARBON DIOXIDE CONVERSION OF METHANE ON
Mo.C/CeZrO, AS A METHOD OF GREENHOUSE GAS
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Carbon dioxide conversion of methane is not only a reaction that allows synthesis gas production
but is also considered as an option for the utilization of two greenhouse gases — carbon dioxide and
methane. That is why this reaction has received special attention in recent years by many researchers.

Among the promising catalysts that make it possible to obtain synthesis gas with a component ratio
of [H2]/[CO] = 1, molybdenum carbides are of the greatest interest. Molybdenum carbides exhibit high
catalytic activity similar to activity of noble metals, have high mechanical and thermal stability, and are
highly resistant to catalytic poisons [1, 2]. However, during the reaction, Mo,C is oxidized to form
inactive MoO,. Oxidative stability can be improved by introducing promoters or using a carrier [3, 4].
Solid solutions of zirconium dioxide series can be used as a substrate for the Mo,C catalyst.

Synthesis of Mo,C/CeZr1xO, catalytic systems was carried out by the sol-gel method. Solid
solutions CexZr1xO> with different composition (x = 0.9, 0.8, 0.5 and 0.2) were used as catalyst supports.
The synthesized catalysts were characterized in terms of morphology, phase composition and porous
structure. The TPR and TPO methods are also used for characterization. Catalytic activity and stability
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were investigated in the reaction of carbon dioxide conversion of methane. The reaction was carried out
in a reactor with a fixed bed of catalyst in the temperature range of 800-900°C.

A comparison of the specific catalytic activity showed that the samples deposited on solid solutions
of cubic modification have the greatest catalytic activity, among them the best results were obtained on
the sample Mo0,C/CeosZros02. The reaction mechanism, which explains the high stability of this
catalyst, was proposed.

It was shown that supported Mo02C/CexZrixO. catalysts were more oxidative stable than
unsupported Mo,C, whose loss of activity was observed after a 60 min of experiment. Oxidation of
supported Mo,C/CexZr1.xO2 was not observed under the reaction conditions.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (FSSM-2023-0004).
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