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TECHNICAL AND ECONOMIC SUBSTANTIATION
OF THE AIR LAUNCH AEROSPACE SYSTEM PARAMETERS

The substantiation of the technical and economic parameters of the air launch aerospace system, which consists of a reusable un-
manned aerial vehicle and integrated launch vehicle, is given. A combination of a turbofan engine and a ramjet engine is used as the
unmanned aerial vehicle propulsion system. The considered vehicle is capable of delivering a payload into low- Earth orbits without
the use of a spaceport. We have developed the methodology of the technical and economic substantiation of the parameters of the air
launch aerospace system. The results were obtained by searching for the minimum of the objective function, which established the
relationship between the technical and economic parameters of the aerospace system. For the objective function solution, the design
parameters of the integrated launch vehicle and unmanned aerial vehicle were determined, as well as the limitation of the total accel-
eration velocity of the aerospace system. The methods used allowed us to determine the velocity constraints provided by the operation
of the turbofan engine, ramjet engine, and the three solid propellant motors of integrated launch vehicle stages, as well as maximum
dynamic pressure and maximum permissible temperature on the unmanned aerial vehicle surface. We determined the scheme for es-
timating the cost of launching the spacecraft into Earth orbit by the air launch aerospace system. The result of the substantiation is the
determination of the technical and economic parameters of the integrated launch vehicle, unmanned aerial vehicle, and the aerospace
system as a whole. The influence of the maximum temperature on the surface of the unmanned aerial vehicle and the specific impulse of
the ramjet engine on the parameters of the aerospace system was also evaluated. The substantiation is the first step towards the creation
of the Ukrainian aerospace air launch system.

Keywords: aerospace system, air launch, technical and economic parameters, unmanned aerial vehicle.
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INTRODUCTION

Using space around the Earth is essential for human
life. It is difficult to imagine a world without satellite
communication, the Internet, television, positioning
systems, space images, and weather forecasting.
Many countries of the world use outer space. Active
participation of Ukraine in this type of activity is
difficult because the country does not have its own
launch site and infrastructure required for launching
vehicles from its own territory, which is due to the
territorial features and geographical location of
Ukraine since there is a question of ensuring the
safety of integrated launch vehicle drop zones.

An alternative option for delivering satellites to
near-Earth orbits is the use of an air-launched aero-
space system (ALASS) consisting of a reusable un-
manned aerial vehicle (UAV) and an expendable
integrated launch vehicle (ILV). Such a system can
be operated from existing airfields. For Ukraine, the
implementation of such a project will allow launch-
ing of both its own satellites and commercial satel-
lites independently of other countries.

It should be noted that the leading countries of the
world are conducting studies aimed at determining
the technical and economic parameters of the air-
launched payload delivery system. Pursuant to Or-
der #1581-r of the Cabinet of Ministers of Ukraine
dated 16 December 2020, a list of priority investment
projects has been determined for the state until 2023,
which provides for investment into the air-launched
system project.

METHODOLOGY

The methodology of the technical and economic
substantiation of the parameters of the air launch
aerospace system (ASS) consists of the following
main phases:

1. Analysis of the current status of payload delivery
systems and selection of the ASS basic configuration;

2. Selection of a range of ASS technical and eco-
nomic parameters;

3. Selection of a criterion for ASS costs minimiza-
tion;

4. Establishing dependencies between technical
and economic parameters and the criterion of ASS
costs minimization and determining the target func-
tion;

4

5. Definition of:

e ASS main design parameters of the first
approximation;

e Limiting the ASS total acceleration velocity;

* Allowable dynamic pressure for the UAV;,

e Maximum allowable UAV surface temperature;

e Cost of the ASS development;

* Speed and altitude at UAV and ILV separation

6. Technical and economic substantiation of the
ASS parameters.

An analysis of the current status of payload delivery
systems was carried out in [8], as a result of which a
basic configuration of the ASS was determined, con-
taining a high-altitude hypersonic unmanned aerial
vehicle as the first stage and a three-stage integrated
launch vehicle as the second stage. A combination of
a turbofan engine and a ramjet engine (RJE) is used
as the UAV propulsion system. Selecting the range of
parameters and the minimization criterion and es-
tablishing the relationship between them was carried
out in [9], where the target function (1) was formed,
reflecting the main design parameters that affect the
efficiency of the ASS.

EZ{BP +Tl|:BA (Myss = My ), "

n

+BgMILV +M,gshp +B,, }} /(M M asstt) . (1)

where Bp are the costs for the development and de-
velopment tests of the ASS components, i. e., one-
time costs, BS’; is the averaged specific depreciation
expenses of the design of reusable ASS components,
M ;g is the ASS launch mass, M, is the ILV mass,
m, is the UAV structure relative mass, # is the num-
ber of ASS launches, B° is the average unit cost of
fabrication of the structure of expendable ASS com-
ponents, |, is the relative propellant mass, Bpp is the
cost of routine maintenance and services of the aero-
drome, p pay is the relative payload mass.

For a feasibility study of the ASS parameters, it is
necessary to find the minimum of the dependence
(1). Relationship (2) was used to determine the
mass of the entire ASS. At the same time, the rela-
tive masses of propellant consumed for acceleration
using the turbofan and ramjet engines are functions
that depend on the specific impulses and velocities to
which the turbofan and ramjet engines operate, re-
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spectively, and are determined as a result of searching
for the minimum of the target function (1). The ILV
and ASS masses are found from expressions (2) and
(3), respectively.

1-¢
M V3,V4,V5)=M k1 X
ILVf( ) pay 1 _ l_,l,Pf(V3, IS) _ Skl
I-¢, I-g,,

X : , (2)

1-p, f(V4,I)—g, 1-p,f(V515)—¢,
where V3, V4, V5 are the velocities provided by the
operation of the ILV first, second, and third stages,
Mp ay is the payload mass, €, ;,, 5 is the relative
mass of the ILV stage (booster) structure, /g is the
specific impulse of solid propellant.

MASSf(Vl)Vz,V3,V4,V5) =
=M,y f(V3V4V5)/{I-[m, +m, +m,+
gy + 1 f (VLT o) H 1, F (V2,01 (3)

where V1, V2 are the velocities provided by the
operation of the turbofan and RJE, m, is the relative
mass of the UAV equipment, m, is the relative mass of
the UAV engines, 1 ppis the relative mass of propellant
for the UAV return, 1 Turbofan is the turbofan specific
impulse, I, is the RJE specific impulse.

To find the minimum of the target function (1), it
is necessary to determine the following:

¢ Design parameters ILV and UAV used in
expressions 2 and 3;

e Limiting the ASS total acceleration velocity;

¢ Allowable dynamic pressure;

e Maximum allowable UAV surface temperature;

¢ Plan for estimating the ASS development cost.

PROBLEM SOLUTION

First of all, the design parameters of the ILV and UAV
were determined. The relative mass of the ILV stages
structure was determined from the dependencies
given in [4] for solid-propellant ILV. The following
relative masses of the ILV stages structure were
obtained: g,; = 0.173, g, = 0.206, g, = 0.296. The
function of the relative mass of the propellant was
determined by expression (4), where g is the free fall
acceleration.

qu(V,I)zl—expi—Kj. 4)
gl
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The vacuum specific impulse for HTPB fuel for
air-launched ILV solid-propellant motors, taking
into account the research [10], was taken equal to
~290s.

The relative mass of the UAV structure, the rela-
tive mass of the UAV equipment, and the relative
mass of the UAV engines were determined taking
into account the relative masses of aerospace vehicle
components [1, 6]. The following relative masses
were adopted: m;, = 0.362, m, = 0.09, m, = 0.145.
The specific impulse of the turbofan engine in the
afterburner mode was determined from the results
of an analysis of the characteristics of similar mod-
ern engines for the afterburner mode of the engine,
which amounted to 1800 s. Determining the specific
impulse RJE is hampered by the lack of close ana-
logues and the complexity of the technique for deter-
mining the parameters of the air intake device [11].
Therefore, to determine the design parameters of the
first approximation, we use the RJE specific impulse
ranging from 500 to 1000 s.

The limitation of the total acceleration velocity of
the ASS was determined, which is equation (5), in
which the velocity provided by the turbofan, RJE,
and ILV stages is equated to the required circular ve-
locity, taking into account the losses.

V, +AV=3Vf(VLV2,V3,V4,V5)  (5)

where 2 Vis the total acceleration velocity of the ASS,
V., is the circular velocity in orbit, AV'is the losses of
velocity.

The ASS total acceleration velocity was deter-
mined by expression (6).

SVF(V1,V2,V3,V4,V5)=

=1 gln : "
Turbofan 1— [pr(vl’ ITurbufa" )]

1=[u, f(V2,1,,)]
+I,gln m +
+I,gln 1—[upf1(V4,15)] +
+Isgln[m : (6)



D. Kalynychenko, T. Manko, V. Pavlenko, T. Pavlenko

F], KM
40 | /3
800 kef/m’~
A
30 + - sl
X
20 + 2
11— qmax=75()0 kgf/m
10 - 2— Sanger-2
3 — Skylon
4— ELAC
0 I I I

6 7 M

Figure 1. Limitation of the dynamic pressure in analogous
systems

Estimating relative costs of ILV
and UAV components

v

Estimating the cost of design
and engineering development

N
Estimating the cost of ILV
and ASS as a whole

v

Estimating the cost of ASS
development tests

v

Estimating nonrecurring costs
of ASS development

v

Estimating the cost of ASS launch

Figure 2. ASS cost estimation plan

Table 1. ASS basic technical and economic parameters

The following constraints were also set to solve
equation (5):

e The velocity provided by the operation of the
turbofan engine 0 < V1 <600 m/s;

¢ The velocity provided by the operation of RJE
V2 <2065 m/s — V1;

e The velocities provided by the ILV stages are
assumed equal V3 = V4 = V5.

The value of the maximum dynamic pressure affects
the UAV strength: the greater the dynamic pressure,
the stronger the structure must be and the heavier. The
magnitude of the dynamic pressure at UAV and ILV
separation also affects the ability to achieve shock-free
separation, and therefore, to reduce loads, the 1LV
must separate at lower dynamic pressure. Based on
the results of the analysis of similar projects, shown in
Fig. 1, and scientific articles [2, 3], the maximum dy-
namic pressure of 3500 kgf/cm? was adopted.

The maximum permissible temperature on the
UAV surface was determined by expression (7) de-
pending on the ILV / UAV separation velocity. At
the same time, when searching for the minimum
of the target function, it was limited by the maxi-
mum operating temperature of the available struc-
tural materials, namely, a BH-2AE heat-resistant
niobium-based alloy, which has sufficient strength at
the maximum operating temperature of 1400...
1500 °C without special coatings.

Tof (V2+V1) =T, (1 +rt%Mf(V2+V1)2j , (7)

where 7o is the UAV skin surface temperature, 7',
is the temperature of the approach flow, which
depends on the UAV/ILV separation altitude, r, is

Parameter Value

RIJE specific impulse, s 500 600 700 800 900 1000
Velocity at stages separation, M 6.03 6.4 6.4 6.4 6.4 6.4
Altitude at stages separation, km 29.1 29.8 29.8 29.8 29.8 29.8
Payload mass, kg 30 30 30 30 30 30
ILV mass, kg 3438 3140 3140 3140 3140 3140
ASS mass, kg 27234 21881 18577 16640 15367 14468
UAV skin surface temperature, °C 1329 1500 1500 1500 1500 1500
ASS launch cost, USD million 2.81 2.55 2.46 2.41 2.37 2.34
1-kg payload delivery cost, USD thousand/kg 94 85 82 80 79 78

6
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the boundary layer recovery coefficient, which is 0.89
for the turbulent boundary layer, k is the adiabatic
coefficient, which is 1.4 for air, M is the Mach
number of the approach flow.

The cost calculations were based on the recom-
mendations and methods given in [5, 7, 12]. The cost
estimation plan is shown in Fig. 2.

The following expressions were used to determine
the cost (8)—(13).

B,,f(V3,V4,V5)=M, ¢&,,b, +

+M35t“’Pf(V5’ IS )bP + M2$t8k2bk +

+M2$t“’Pf(V4’ IS )bP + Mlst
M, p f(V3, I5)by

g,b, +
(®)
B, f(V1,V2,V3,V4,V5) =B, f(V3,V4,V5)+
+M b+ M, mb +M,mb, +
+M gt f(V, L rbofan by + M p f(V2, Ii)by 5 (9)

B, .f(V1,V2,V3,V4,V5)=B,, f(V3,V4,V5n,  +

+B f(V3,V4,V5)n,,, +B, . (10)
B, f(V1,V2,V3,V4,V5)=
=[Bdesign mtf(Vl V2,V3,V4,V5)]-1.1, (11)
BAf(Vl V2,V3,V4,V5)=
M, by + M m b + M, im,b, 1.1, (12)

n
Bluunchf(Vl’ V2, V3,V4, VS) =
= BAf(VL V2, V3, V4, V5) + BILVf(V3> V4’ VS) +
Moot f(V, IT“fbvftm )by + My, f(V2, IR]E)bP + BPP.
(13)

In the expressions (8)—(13), b is the relative mass
of the corresponding component.

Having determined all the initial data and limi-
tations, a search was made for the minimum of the
target function (1) for delivery of a payload mass of
30 kg to an altitude of 500 km. The calculation results
are shown in Table 1.

The effect of the reduction of the UAV maximum
surface temperature to 1200 °C (for XH70IO alloy)
and 1000 °C (for Inconel 718 alloy) on the velocity
at separation was analyzed. The results are shown in

Fig. 3. The effect of the RJE maximum operating ve-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 2

7 -
1 M=6.4
=
.S‘ 6 2 M=15.7
5 3 M=53
<
g5
[5)
&
547
2
R3)
o
=l
400 500 600 700 800 900 1000

RIJE specific impulse, s

Figure 3. Effect of UAV maximum surface temperature on
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Figure 4. Effect of RJE maximum operating velocity on ASS
mass and 1 kg payload launch cost: /, 2, 3 — ASS mass, 1, 2’
3’— 1-kg PLcost (I, I’—at I=500s; 2, 22— at I =700 s;
3,3 —at I=1000s)

locity on the ASS mass and the cost of 1 kg payload
delivery was analyzed. The results are shown in Fig. 4.

CONCLUSIONS

The technical and economic substantiation of the pa-
rameters of the air launch system capable of launch-
ing payloads into Earth orbit without a launch site
has been carried out. The substantiation is the first
step towards the creation of the Ukrainian aerospace
air launch system.
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TEXHIKO-EKOHOMIYHE OBI'PYHTYBAHH [TAPAMETPIB
ABIALIMHO-KOCMIYHOT CUCTEMU MOBITPAHOIO CTAPTY

[TpoBeneHo oOrpyHTYBaHHS MapaMeTpiB aBiallilHO-KOCMiIYHOI CUCTEMM MOBITPSIHOTO CTApTy Y CKJaJi 6araTopa3oBoro ri-
TIeP3BYKOBOTO OE3IMIJIOTHOTO JITAThHOTO arapara Ta OIHOPAa30BOi pakeTW KOCMIYHOTO TMPU3HAYEHHs 3a TeXHIYHUMU Ta
€KOHOMIYHMMU XapaKTepUCTUKaMU. B SIKOCTi CMIOBOI ycTaHOBKHM OE3MiJIOTHOTO JIITATbHOTO arapaTta 3aCTOCOBYETHCS TO-
€IHAaHHS TypOOPEaKTUBHOIO IBOKOHTYPHOTO ABUIYHA Ta MPSIMOTOYHOIO MOBITPSIHO-PEAKTUBHOTO ABUTYHA. Po3rissHyTHit
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3aci0 31aTeH BUBOAUTU KOPMCHUM BaHTaX Ha HABKOJIO3eMHi opOiTH 03 3acTocyBaHHSI KocMoapoMy. HaBeneHo meTomnono-
0 TeXHIKO-€KOHOMIYHOIO OOIpyHTYBaHHSI MapaMeTpiB aBialliliHO-KOCMIUHOI CUCTEMU MOBITpSIHOTo ctapty. OTpuMaHHS
pe3yJIbTaTiB BiIOyBagoCs HUISIXOM TOIIYKY MiHIMyMY LJIbOBOI (DYHKIIii, 1110 BCTAHOBIIOBAIA 3aJEXKHICTh MiXX TEXHIYHUMU
Ta eKOHOMIYHMMU MapamMeTpaMM aBialliiHO-KOCMiuHOi cucTemu. Iisi BUpillleHHs 1iJ1b0BO1 (PYHKIIii OyJ0 BU3ZHAUEHO MPO-
€KTHI TapaMeTpu paKeTy KOCMIYHOTO MPU3HAYEHHS Ta O€3MiJIOTHOTO JITAJIbHOTO anapara i 0OMeXeHHS CyMapHOi IIBUAKOCTI
PO3rOHY aBialliifHO-KOCMiYHOI cucTeMu. bysio BU3HaUeHO 0OMEXXEHHS IBUAKOCTI, 110 HAlalOThCS 32 PaXyHOK pOoOOTHU Typ-
0OpeakTUBHOTO NBOKOHTYPHOTO ABUTYHA, MPSIMOTOYHOTO MOBITPSIHO-PEAKTUBHOTO ABUTYHA Ta TPHOX CTYIMEHIB paKeTH KOC-
MiYHOTO MPU3HAYEHHS 3 PAKETHUMU TBEPAONATMBHUMU IBUTYHAMU, MAaKCUMaJIbHUU MIBUIKICHUI HAOp Ta MakCMMalbHa
JIOMyCTMMa TeMIiepaTypa Ha MOBEPXHi O€3MiJIOTHOTO JIITAJIbHOTO anapaTa. byso BU3HAU€HO cXeMy OLIiHKM BapTOCTi 3aITyCKy
KOCMIYHOTO arapaTy Ha HaBKOJIO3eMHY OpOiTy 3 3aCTOCYBaHHSM aBialliiHO-KOCMiYHOI CUCTEMU MOBITPSIHOTO cTapTy. Pe3yiib-
TaTOM OOI'PYHTYBaHHS € BU3HAUCHHS TEXHIYHUX Ta €KOHOMIYHMX MTapaMeTPiB pakeTu KOCMIYHOTO MPU3HAUYEHH$, O€3MiJI0T-
HOTO JIiTaJIbHOTO arapaTa Ta aBialliiHO-KOCMIYHOI CUCTeMU B LIiJIOMY. TakoX OLIiHEHO BIUIMB MaKCUMaJIbHOI TeMIlepaTypu
Ha MOBEPXHi 0€3MiJIOTHOTO JIiTaIbHOTO arapara i TMTOMOTO iIMITYJIbCY MOBITPSTHO-PEAKTUBHOTO IBUTYHA Ha TTapaMeTpHu aBia-
LifiHO-KOCMiuHOI cucTeMu. HaBegeHe oOrpyHTYBaHHSI € IEPIIUM KPOKOM JI0 CTBOPEHHS YKpaiHCHKOI aBialliiiHO-KOCMi4HOT
CHUCTEMMU MOBITPSTHOTO CTapPTY.

Karouoei caosa: aBialliliHoO-KOCMi4HA cUCTEMA, TOBITPSIHUI CTApT, TEXHIKO-€KOHOMIiUHi MapaMeTpu, Oe3MiIOTHUI JTiTaTbHUI
amnapar.
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INCORPORATING GEOGRAPHIC INFORMATION TECHNOLOGIES
INTO A FRAMEWORK FOR BIOLOGICAL DIVERSITY CONSERVATION
AND PREVENTING BIOLOGICAL THREATS TO LANDSCAPES

As the long-term sustainability of both natural and artificial phytocenoses is under serious threat from biological invaders, the global
community is working hard to prevent invasions and rapidly eradicate or halt the spread of invasive species. By tracking the actual
spread of “invaders” or predicting areas at risk of invasion, geographic information systems (GIS) and remote sensing of the Earth
(RSE) can significantly assist the process of ensuring biosecurity at the state level. Research has shown the potential of remote sensing
and GIS applications for invasive species mapping and modeling, even though it is currently restricted to a small number of taxa.
This article gives examples of how GIS and RSE can be used to track invasive species like Utricularia australis R. br. and Lemna
aequinoctialis Welw. To describe the distribution of species, current Internet databases of species distribution and the author’s own
research were used. It also talks about promising ways to find and track the spread of invasive species, like using NDVI indices,
chlorophyll and xanthophyll content to find changes in regional biodiversity, some problems with finding changes in biodiversity
in agricultural landscapes, and mapping invasion risk. The study also demonstrates how GIS technology may be used to identify
agricultural landscape biodiversity using radiometric space data from Sentinel 1, followed by a verification of the findings. The
prospects of spatial, spectral, and temporal analysis of images are determined, as they make it possible to outline the boundaries of
ecosystems, biometric characteristics of species, characteristics of their current and potential areas of distribution, etc.

Keywords: invasive species, vegetation indices, distribution, bioinvasion, pest infestation.

INTRODUCTION

Due to their rapid expansion, the threat to biodiversity;,
and damage to ecosystems, invasive species are now of
concern to ecologists, agronomists, and conservation-
ists. As a result of invasions, grasslands may experience
changes to their hydrologic regime, nutrient accumu-

lation and cycling, and carbon sequestration [17]. It
is widely acknowledged that the fast proliferation and
worldwide dispersal of invasive species are major con-
tributors to the degradation of biodiversity around the
world [9, 16]. According to [2], bioinvasion is an im-
portant aspect of global change and one of the key rea-
sons why species become extinct.

LutyBanns: Fedoniuk T. P., Skydan O. V. Incorporating geographic information technologies into a framework for biologi-
cal diversity conservation and preventing biological threats of landscapes. Space Science and Technology. 2023. 29, No 2 (141).
P. 10—21. https://doi.org/10.15407/knit2023.02.010

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2023. This is an open access article under the CC BY-NC-ND
license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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In recent years, remote sensing technology has
attracted considerable interest in the issue of ensur-
ing the biological security of landscapes. It is a tool
that offers well-documented advantages, including a
synoptic overview, multispectral data, multitempo-
ral coverage, and cost-effectiveness [3, 6]. It is now
widely used for data collection and processing. This
has proven to be an effective and practical approach
to the study of complex geographic terrain types and
a variety of hard-to-reach ecosystems. This method
provides a wide variety of sensor systems, including
field spectrometers, satellite electro-optical cameras,
and airborne multispectral scanners.

Using remote sensing technologies, local species
can be found, mapped, and monitored [7, 12]. The
study of seasonal and long-term trends in biological
invasion is complicated by spatial heterogeneity [7,
15]. However, remote sensing could provide perti-
nent information due to its broad perspective [15].
Satellite imagery has been available for most of the
world since 1972.

Satellite images are reusable and allow observing
the dynamic nature of landscape features, and there-
fore provide the means to detect major changes in
land cover and quantify rates of change [18, 25].

For Ukraine’s native flora and fauna of plant and
animal species, the past several decades have seen
a widespread invasion of foreigners. This process is
heavily influenced by human economic activities.
Moreover, global warming facilitates the speed and
intensification of trade and other contacts among
many countries. The invasion is increasingly seen as
a major environmental issue.

Alien species are those that have made their home
outside of the historical region because of direct or
indirect human activity. They fall into two catego-
ries: invasive species are introduced via other means;
introducers, whose emergence on the territory is
brought about by intentional human activity (wild
cultural or plant species introduced for the goal of
naturalization; and animals); (water, land, and air
transport; movement of goods; introduced organ-
isms; active dispersal facilitated by economic ac-
tivity, etc.). Humans generally have power over the
first group of species’ quantity and distribution but
not over the second group. Aggressive species that
drive out local populations can be divided between

two categories of alien creatures. The presence of
communities and neutral ones in a specific region is
linked to their occupation of unoccupied ecological
niches without causing any harm to the surrounding
flora and wildlife.

In Ukraine nowadays, the number of species that
are considered “invasive” is growing along with the
spread of plant and animal species outside of their
natural habitats. Ecosystems are being degraded by
pollution, climate change, and fragmentation in
many parts of the world. Additionally, there is diffi-
cult to foresee and control the growing pressure on
natural ecosystems due to the expansion of invasive
alien species.

The Global strategy on invasive alien species and
the European strategy on invasive alien species have
opened new perspectives and outlined fundamental-
ly new approaches to solving these problems. Since
this Strategy, in 2019, Ukraine adopted the National
Strategy for the Treatment of Inhabitant Species and
Invasive Alien Species of Flora and Fauna in Ukraine
for the period until 2030, and on July 7, 2022, by Or-
der No. 573 of the Cabinet of Ministers of Ukraine,
the Action Plan was approved for the implementa-
tion of the Biosafety and Biological Protection Strat-
egy for 2022—2025.

Nowadays, the Educational and Scientific Cen-
ter of Ecology and Environmental Protection of the
Polissia National University, together with the Chor-
nobyl Radiation Ecological Biosphere Reserve, initi-
ated the creation of regional databases on the spread
of invasive alien plant species (quarantine species:
Ambrosia artemisiifolia L., Cuscuta campestris Yunk
and transformer species: Quercus rubra L., Robinia
pseudoacacia L., Acer negundo L., Echinocystis lobata
(Michx.) Torr. et Gray, Amelanchier spicata (Lam.)
K.Koch, Impatiens parviflora DC., Heracleum man-
tegazzianum Sommier & Levier and Heracleum sos-
nowskii Manden, Solidago canadensis L.) as a poten-
tial part of the state flora.

An example of the successful use of databases and
GIS technologies in nature conservation activities
is the monitoring of the spread and assessment of
the current state of invasive alien species that pose a
threat to the natural ecosystems and biodiversity of
Ukraine. Their diversity, territorial differentiation,
and regional saturation with the use of GIS technol-
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ogies 00,for further integration into open databases
and the creation of maps of their distribution. Ac-
cording to the Decree of the Cabinet of Ministers of
Ukraine dated July 7, 2022, No. 573-r “On Approval
of the Plan of Measures for the Implementation of
the Biosafety and Biological Protection Strategy for
2022—2025” [21], these issues have acquired nation-
al importance.

Open databases on the distribution of species can
serve to solve several important problems: monitor-
ing and forecasting the distribution of existing and
the appearance of new, uncharacteristic for a specific
region, species. Remote sensing (RS) and geographic
information systems (GIS) can contribute to this, for
example, by mapping the actual distribution of infes-
tations or predicting their distribution for areas at risk
of invasion. GIS could also be used to put together
information about how to deal with invasive species
[1, 8].

Data gathering and processing have made it pos-
sible to examine a variety of hard-to-reach ecosys-
tems and complex geographic topographical types,
which has considerably aided research on the spread
of invasive species. The use of remote sensing tech-
nologies for invasive species detection, mapping, and
monitoring has numerous beneficial aspects. It is
well known that spatial variability makes it difficult to
analyze seasonal and long-term trends in a biological
invasion.

Mapping the distribution of various species, eco-
systems, landscapes, and bioclimatic conditions of
plant and animal existence can also help identify fac-
tors of invasiveness. Accurate assessment and model-
ing of species distribution are necessary for mapping
the nature and extent of bioinvasions, the conse-
quences of unchecked spread, or the potential threats
of invasions. So, the goal of this article is to show how
to improve the accounting and distribution of inva-
sive species using GIS technologies.

MATERIALS AND METHODS

The assessment of the features of the distribution of
invasive species was carried out using satellite survey
data. At the same time, the GIS tool ArcGis from
ESRI was used.

To assess the spread of quarantine species, we used
multi-time data sets collected in many observations

and stored in herbariums, collections, and databases
of the Ukrainian Biodiversity Information Network,
UkrBin, and our own research results.

Materials from the set of Operational Land Imager
(OLI) and Thermal Infrared Sensor (TIRS) instru-
ments installed on the Landsat 8 satellite were used to
solve the problems of applying GIS technologies for
landscape security using remote sensing data of the
Earth’s surface. Processing products from satellite
data used in this study are available on the Unated
State Geological Survey Geoportal (USGS) [19].
Such a method has already been used by the authors
of the article in several previous publications, where
exactly this method of data processing was used dur-
ing biodiversity monitoring and assessment of the
consequences of fires in the Chornobyl Radiation-
Ecological Biosphere Reserve [4, 21].

Indicators obtained from the spectral channels of
sensors mounted on Landsat 8 or Sentinel 2 satellites
(ratio of spectral bands) and Landsat 1 radiometric
survey data were used to monitor the security of land-
scapes [6]. Sentinel 2’s spectral channels generally
have higher resolution than Landsat 8’s. The Senti-
nel 2 spacecraft has been in orbit since June 23, 2015,
nevertheless, it should be mentioned. Consequently,
information from the Landsat 8 satellite can be used
to gain retroactive information about ecosystems
(or earlier Landsat series satellites). Information
from the Sentinel 2 satellite is preferred for current
monitoring. Additionally, by merging data from both
sources, it is possible to create scenes with a low level
of cloudiness or data with a better temporal resolu-
tion.

The state of biodiversity and coverage by dominant
invasive species were assessed using satellite data and
checked on field observations in natural ecosystems.
By comparing the NDVI vegetation indices, the con-
centration of chlorophyll and xanthophyll, changes
in the state of the vegetation cover were revealed. Af-
ter analyzing the received satellite images, trips were
made to the damaged territories in order to validate
the decryption data. The specified methods made
it possible to estimate the approximate area and lo-
cation of invasive species with significant coverage
areas.

To display the NDVI index, a standardized contin-
uous gradient or discrete scale is used, showing values
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Figure 1. Current distribution of Utricularia australis (resource: [24] and own research [14])

in the range from —1 to 1% on a scale in the range
from 0 to 255 (used for display in some processing
packages, which corresponds to the number of gray
gradations), or in the range 0...200 (—100...+100),
which is more convenient, because each unit cor-
responds to a 1 % change in the indicator. Natural
objects that are not related to vegetation have a fixed
NDVI value due to the peculiarity of reflection in the
NIR-RED parts of the spectrum (which allows you
to use this parameter for their identification).

RESULTS AND DISCUSSION

Visualization of the actual (potential) distribution of
species (individuals) in space. This approach is imple-
mented by creating maps of invasive species at the na-
tional or continental level, which are formed through
the interpolation of data collected in many observa-
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tions and stored in herbaria, collections, and data-
bases. Examples of informational Internet resources
for collecting such data are the Ukrainian Biodiver-
sity Information Network, UkrBin, iNaturalist, etc.

Since 1972, satellite imagery has been accessible
for the majority of the world’s regions. Satellite pho-
tos are useful for tracking changes in the terrain and
determining how quickly significant changes are oc-
curring because they may depict many distinct peri-
ods in time.

We have previously identified potentially harm-
ful organisms in earlier investigations. For instance,
Utricularia australis, which can be found in Ukraine,
is classified as “vulnerable” in the Red Book of
Ukraine. Prior to about 20 years ago, only the Trans-
carpathian region of Ukraine was home to the spe-
cies, which eventually migrated to western Ukraine.
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Figure 2. Current distribution of Lemna aequinoctialis Welw. in the world (resource: [10] and own research [4])
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New locations were documented with the help of
up-to-date species distribution databases (such as
the Ukrainian Biodiversity Information Network,
UkrBin, and the author’s own study) [16]. Previous
research has shown that sunny locations with shallow
water that is low in inorganic phosphorus (10 gdm™3)
but high in nitrogen (800...1600 gdm™3) are ideal for
the growth of U.australis. This research demonstrat-
ed a broader spectrum of responses to the presence
of organogenic materials in the water. Migratory pat-
terns of this species in Ukraine over the past 20 years
are mapped, providing further evidence of this.

When considering thermoclimatic, cryoclimatic,
and continental factors, Ukraine’s climate is ide-
al for the development of phytocenoses, in which
U.australis plays a significant role in both distribu-
tion and creation. This suggests that U.australis is a
eurytopic species, able to adapt to a wide variety of
environmental conditions across a broad range of the
key chemical factors that characterize its habitats.

Their adaptability allows them to thrive in a vari-
ety of environments, both artificial and natural, and
in a wide range of hydrochemical indicators, even in
highly polluted reservoirs, leading us to anticipate the
continued spread of this species in Ukraine and an
increase in the number of its localities (Fig. 1). Ac-
cording to the Ukraine’s Red List, the species is cur-
rently classified as “threatened”. The GIS study con-
cluded that the species’ status should be reevaluated.
Additionally, comparable findings came from a series
of investigations (conducted in 2019) on the species
identification of members of the family Lemnaceae’s
genus Lemna (Fig. 2). Duckweed samples were ob-
tained in Ukraine’s northern areas, and morphologi-
cal and molecular markers were used to identify the
species (barcoding) [14].

As a result, Lemna aequinoctialis Welw, a new spe-
cies of watercress that is not native to Ukraine, was
found. For this reason, we have currently completed
the most thorough description of Lemna aequinoc-
tialis’ range in Europe, which also includes the most
recent information on the distribution of watercress
species in Ukraine. Thus, it was determined that
there are 14 species in the genus Lemna L. based
on educational Internet resources. Lemna gibba L.,
L. minor L., L. trisulca L., and L. minuta Kunth are
the four species of the genus Lemna that are listed
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on the List of Vascular Plants of Ukraine. The DNA-
diagnostic method was used in our work to identify
another adventive duckweed species that had been
found in the village of Levkiv, in the Zhytomyr area,
in northern Ukraine. This species, known as little
duckweed, is new to Ukraine (Lemna aequinoctialis
Welw.). So, there are six types of Lemna in Ukraine
right now. Three of them are native, and the other
three got there by accident.

We have been able to track and find the most likely
places where this invasive species got into Ukraine by
using GIS analysis.

Remote sensing methods. Remote sensing offers
the possibility of a comprehensive evaluation of the
Earth’s surface. The vegetation and distinctive quali-
ties of some plant species, such as canopy architec-
ture, vegetative density, leaf pubescence, phenologi-
cal stage, etc., can be evaluated via aerial photogra-
phy. Recent advancements have made photography
and videography from spacecraft and drones an af-
fordable, practical, and adaptable substitute for con-
ventional photography, particularly when the data
needs to be recorded digitally.

The near-infrared (NIR) and infrared (IR) wave-
length ranges are also covered by some systems. In
the visible region of the electromagnetic spectrum,
multispectral scanners record the reflectivity in a va-
riety of spectral bands. Several spectral bands with a
width of 100 nm or greater can be found in broad-
band scanners. More (from tens to several hundreds)
but thinner (from tens to few nm) spectral bands are
present in hyperspectral scanners. The distinction
between various forms of land cover, such as woods,
bare soils, and populated regions, has been accom-
plished with success using broadband scanners.
Hyperspectral scanners’ increased spectral resolu-
tion enables them to discern more minute distinc-
tions, such as those between different species. This
is impacted by atmospheric conditions. Additionally,
this ratio is adversely impacted by declining spectral
(bandwidth) and spatial (pixel size) resolution. For a
spectral resolution of the order of 50...100 nm, mod-
ern SPOT HRIV and Landsat TM scanners support
an acceptable signal-to-noise ratio with pixel sizes in
the range of 10...20 m. The resolution of panchro-
matic satellite images like IKONOS is 1 m. Hyper-
spectral scanners like MODIS can capture data with
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a high level of spectral resolution thanks to their
250-meter-wide pixels.

The data obtained by remote sensing devices will
be directly related to the properties of this cover. Cur-
rently, it is possible to classify some species based on
the ability of the ecosystem cover (either vegetation
or fauna) to reflect electromagnetic radiation, which
is captured by remote sensing devices. In this way, the
dominant species in the forest canopy, in the fields,
on the surface, or in the layer of water bodies are
easily detected. For example, when several invasive
species dominate the canopy of the earth’s surface,
forming homogeneous single-species plantations
that spread over large areas, such manipulations are
possible for most forest ecosystems with many tree
species, such as Quercus rubra L., Robinia pseudoaca-
cia L., Acer negundo L., etc. The dominance of inva-
sive species among “invaders” is not limited to tree
species, it also occurs in grasses (for example, quar-
antine species: Ambrosia artemisiifolia L., Cuscuta
campestris Yunk, and transform species: Echinocys-
tis lobata (Michx.) Torr. et Gray, Amelanchier spicata
(Lam .) K. Koch, Impatiens parviflora DC., Heracleum
mantegazzianum Sommier & Levier and Heracleum
sosnowskii Manden, Solidago canadensis L., etc.),
floating (Eichhornia crassipes, Trapa natans, Acorus
calamus L, Azolla caroliniana Willd.) and submerged
aquatic vegetation (transformer species — Elodea ca-
nadensis Michx., etc.).

The aquatic ecosystems’ layers are dominated by a
few of the registered invasive species. The limitations
of the remote sensing methods previously discussed
for these habitats are due to how little light is reflect-
ed by submerged creatures. However, this is also do-
able with a portable fixed-band radiometer set up to
gather data in Landsat TM. It is possible to connect
the locations of some macrophytes to environmental
elements that influence the growth of aquatic plants
using herbicide application maps and GIS informa-
tion on nutrients, dissolved oxygen, biological oxy-
gen demand, and turbidity.

By performing spatial correlation, GIS tools of-
ten identify invasive species because of their impact
on dominant plant species. The possibility of using
remote sensing for research on invasive understory
species has a certain basis. Examples of this category
include plant species such as Chromolaena odorata,
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Ulex europaeus, Clidemia hirta, Lantana camara,
Mimosa pigra, Psidium cattleianum, Rubus ellipticus,
Schinus terebinthifolius, and most invasive animal
species. Most invasive animals, as well as represen-
tatives of lower flora, grasses, shrubs, and fauna, are
“inhabitants” of the understory, which makes their
study using direct remote sensing methods almost
impossible. Nevertheless, the combination of remote
sensing techniques, GIS, and expert knowledge still
offers the potential to detect understory infestations
through the development of risk models and maps.
This can help predict how likely it is that invasive
species will spread in real and possible sites and areas
where ecological conditions are good for it.

When characterizing the spread of invasive species
over wide areas, the green NDVI index GreenNDVI
might be instructive. It’s a typical relative speed index
that shows how much biomass is actively photosyn-
thesizing (usually called the vegetation index). Plant
cover assessment is one of the most popular indices
used to address issues with quantitative indicators.
It is used for regional mapping, analysis of various
landscape types, and evaluation of resources and bio-
system areas on the size of continents and nations.
However, most of the time, NDVI is determined from
a collection of images taken at various times (during
various seasons) using predetermined temporal in-
dications. This paints a dynamic picture of how the
boundaries and properties of various vegetation kinds
alter throughout time (monthly, seasonal, and annual
changes).

Although NDVI, a man-made dimensionless in-
dicator, is designed to evaluate vegetation’s biologi-
cal and climatic features, it can also demonstrate a
strong relationship with some metrics that fall into
a completely different category, such as productivity
(temporal fluctuations), biomass, etc.

It is frequently necessary to consider the tempo-
ral difference between the parameter and the corre-
sponding response of NDVI because the dependence
between these parameters and NDVI is typically not
direct and is related to the peculiarities of the studied
territory, its climatic and ecological characteristics.
NDVI maps are frequently employed as one of the
additional intermediate layers for more complicated
sorts of analysis because of all these qualities. Maps
of various landscape types, vegetation kinds, natu-
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Figure 3. An example of the calculation of NDVI indices for the territory of the Chornobyl Radiation-Ecological Biosphere
Reserve of the Uzh district with continuous overgrowth of the water mirror species Trapa natans

ral habitats, soil types, phytohydrological maps, and
other ecological and climatic maps can be produced
as a result (Fig. 3). Additionally, on its foundation,
a wealth of data can be gathered for use in assess-
ments and forecasts of the spread of invasive species,
biological variety, the intensity of disturbance and
damage from different natural and anthropogenic di-
sasters, accidents, etc. These statistics are frequently
employed in the calculation of other, globally and
territorially bound indexes (LSI leaf surface index,
FPAR index of photosynthetically active radiation
absorbed by plants).

Additionally, the expansion of higher aquatic
plants and phytoplankton can be used to estimate the
degree of eutrophication in a body of water. The in-
dex of chlorophyll-a concentration is used for this.
Chlorophyll-a concentration is a useful indication of

ISSN 1561-8889. Kocmiuna nayka i mexronoeis. 2023. T. 29. N 2

water productivity and trophicity, and it is connected
to phytoplankton’s primary production. Accord-
ing to the European Union’s Framework Directive
2008/56/EU, the amount of chlorophyll in the water
column is a collection of indicators for determining
the degree of eutrophication and a clear indication
of what happens when specific compounds are added
to water.

Furthermore, xanthophyll activity indexes assess
pigments found in stressed plants. In inhibited veg-
etation, xanthophyll production is seen to be intense.
Chlorophyll is not considered by the indices because
“greenness” indices are used to measure it.

The detection of plant cover areas that are under
stress is one of the areas in which the Leaf Pigments
Index is applied. In many cases, indices can detect
vegetation stress before it is obvious to the naked eye.
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To calculate them, data from specific visible spectral
bands are used.

This indication can be helpful in identifying places
with drying forest plantations, areas with a higher de-
gree of dehydration, and, thus, areas with a higher
risk of fire during dry spells, among other things. Ad-
ditionally, this indication can be used to recognize
the development centers of plants whose colors range
from red to yellow and orange, which can be cru-
cial in recognizing the growth centers of species like
Quercus rubra L. and others whose colors occasion-
ally diverge from those of usual vegetation.

Monitoring and forecasting the hazards of the spread
of invasive species. Ecologists have long sought to fore-
cast the likelihood of biological invasions and likely
invasions. The creation of models for predicting the
likely or present threat of the appearance and spread of
infestation is the key problem facing GIS technologies
in this field. The degree to which introduced species
become invasive varies by location. A species’ ecologi-
cal behavior in a novel setting may be nearly impos-
sible to predict. The effects of a particular disturbance
vary according to the characteristics of the ecosys-
tem or community. It is important to assess changes
from the perspective of ecological effects rather than
from the perspective of species features. Compared to
plants, it is far more challenging to estimate the num-
ber of animal species, population size, and associated
characteristics. The properties of environmental con-
tamination and the dynamics of species variety, and
consequently the effective spread and resettlement of
alien species, are typically found to be closely related.

The Invasive Species Vegetation Database is an
integrated multimedia method to depict geographic
features and related data regarding the interactions
between flora, fauna, and human activities. We may
be able to more accurately predict invasion spread
patterns by utilizing these promising quantitative
methodologies in an integrated GIS context. Satel-
lite technologies and the simultaneous use of data
can be used for a variety of purposes to monitor and
control insect pests such as the screwworm (a nui-
sance of cattle), desert locust (a pest of agriculture
depending on rainfall), and cyanobacteria (prevent-
ing water “blooms”).

For the goal of regional early detection and pre-
vention of crop losses or pest infestation or for the

phenological mapping of natural vegetation, agricul-
tural crops can be periodically monitored, and their
economic efficiency projected (Fig. 4).

The evaluation of the possible scope of an inva-
sion’s expansion is one of the major problems associ-
ated with its occurrence. The spatial scale, the size
of the area being researched, and the resolution of
the remote sensor all influence the results of all ob-
servations. There is no “proper” scale; it all depends
on what the study is trying to achieve. However, the
landscape scale is typically employed as the proper
size for modeling. Under these circumstances, un-
less the distribution of invasive species is quite wide-
spread, LANDSAT TM and SPOT data with ter-
restrial resolutions of 30 and 20 meters, respectively,
are not adequate for species-level mapping [13, 22].
In other words, this technique can only be used to
model and map the landscape pollution brought on
by the most widespread plant species. The accuracy
and productivity of vegetation mapping could be in-
creased by recent improvements in sensor technol-
ogy. Some invasive species can be mapped with an
accuracy of 75...95 % using remote sensing data with
a high spatial resolution (less than or equal to 1 m)
but low spectral resolution. Therefore, to overcome
these issues, it is crucial to recognize the major sig-
nificance of image quality and spectral features, and
in these circumstances, aerial photographs should be
selected. Additionally, it amply demonstrates the ne-
cessity of taking the phenological stage into account
when taking aerial photos or producing images to
map invasive species accurately. Even though domi-
nant plant species can be accurately classified thanks
to high spectral and spatial resolution, this is still a
challenging task. Few such investigations on the
spectral characteristics of invasive species have been
made, with the majority using field spectrographs
or low-altitude aerial photography. However, there
won’t be much information that reaches the remote
observer. Physiological characteristics of plants, such
as, for example, age-related changes in leaf orienta-
tion, variation of the leaf area index, and different
slopes of places where individuals are found, can also
make it difficult to identify a species. These addition-
al factors include atmospheric noise, humidity, shad-
ows, features of the ground cover, and atmospheric
noise. Because there are so many invasive species in a
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Figure 4. An example of identifying the biodiversity of agricultural landscapes of the Zhytomyr region based on the processing of
images of the Sentinel-1 radar spacecraft with subsequent verification of the results

grouping, it is impossible to find the best wavelengths
for discrimination. Additionally, it becomes more
challenging to distinguish the different elements that
make up the mixed spectrum as the number of in-
vasive species per pixel rises. If species variability in
spectral characteristics is considerable, these issues
will worsen. Therefore, for some invasive species,
there is a low likelihood of direct remote monitoring
with the ability to accurately identify every individual
utilizing direct mapping.

CONCLUSION

The ability of remote sensing techniques and GIS
technologies to track changes in various ecosystems
can be crucial if the extent of spread or the effects of
changing ecosystem structure are to be assessed, even
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though the use of GIS methods to map invasive species
and invasive ecosystems is expanding quickly. Various
mapping techniques have been developed because of
the development of remote sensing and GIS mapping
in the field of bioinvasion distribution features,
however the technology still requires development in
terms of practical applications for mapping invasive
species. Additionally, because biological processes are
so complicated, mapping, modeling, and predicting
biological invasions will always be a difficult task
for ecologists. Because of this complexity, it is
challenging to identify or pinpoint invasions that
take place in many ecosystems. Research has shown
the potential of remote sensing and GIS applications
for invasive species mapping and modeling, even
though it is currently restricted to a small number
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of taxa. When it comes to many animal species and
the worst plant species in the world, remote sensing
applications are severely constrained. However,
progress will be accelerated if ecologists and remote
sensing specialists use integrated approaches to their
research on “invasions” of alien species, including
RSE and GIS techniques, modeling, a meta-analysis

of previous concept studies, and full utilization of
available pre- and post-invasion models to test new
hypotheses. Currently, the spatial, spectral, and
temporal analysis of images holds great promise
because it enables the delineation of ecosystem
boundaries, species biometrics, characteristics of
their current and potential distribution areas, etc.
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3ATYYEHHSA TEOTHOOPMAUIMHWX TEXHOJIOTTA Y CTPYKTYPY 3BEPEXKEHHA
BIOJIOTTYHOTI'O PIBHOMAHITTS TA 3AITOBITAHHA BIOJIOTTYHUM 3ATPO3AM JIAHALHADTIB

OCKiJIbKM IOBrOCTPOKOBA CTiMKIiCTh SIK MPUPOJHUX, TaK i INTYYHUX (DITOLIEHO3IB 3HAXOAUTHCS ITiJi CEPHO3HOIO 3arpo3010 3
00Ky 0i0JI0riYHUX 3arapOHUKIB, CBITOBA CIIJIbHOTA HAMOJEIMBO MpaIO€, 100 3aM00irTi iHBa3isiM i IBUIKO BUKOPIHUTHA
a0o 3YNMUHUTU MOIIMPEHHS iHBa3MBHUX BUIIB. Bimcrexyroun (dakTUyHE MOLIUPEHHS «3arapOHUKiB» a00 MPOTHO3YIOUU
TEPUTOPIi, SIKUM 3arpoXy€ BTOPrHeHHs, reorpadivuni iHpopmauiiiHi cuctemu (I'IC) i qucraniiitne 3oHmyBaHHsS 3emii ([13)
MOXYTb CYTTEBO JIOTIOMOITU Mpoliecy 3a0e3neyeHHs1 0ioaoriyHol 0e3rneku Ha Aep>KaBHOMY piBHi. [ociimkeHHsT nmokasaiu
MoTeHLiaJl AucTaHuiitHoro 3oHayBaHHs Ta ['IC-gomartkiB s KaptorpadyBaHHS Ta MOJIETIOBaHHSI iHBa3WMBHUX BUIIB,
HaBiTh HE3BaXkalouM Ha Te, 10 Hapa3i BiH 0OMeXEeHUIT HEBEJUKOI KiJIbKICTIO TaKCOHIB. Y Ll cTaTTi onucaHo MpUKIaad
3acrocyBaHHs ['TC-rexHosoriii Ta 133 mist BincTexXeHHs1 Kilbkox iHBa3uBHUX BudiB (Utricularia australis R. br. Ta Lemna
aequinoctialis Welw.). [11s1 oniucy noumMpeHb BUIiB 0yJ1I0 BUKOPUCTAHO aKTyalbHi iHTEpHET-0a31 JaHUX MOLIMPEHHST BUJIiB Ta
BJIACHI JOCJIIKEHHSI aBTOpa. Bu3HaueHi mepcrneKTUBHI LIJISIXM BUSIBJICHHST Ta MOHITOPUHTY TTOIIMPEHHST iHBa3UBHUX BUJIIB,
3actocyBaHHs iHAeKciB NDVI, BMicTy xmopodiny, a Takoxk KcaHTOMimy sl BUSIBICHHS 3MiH y 0iOpi3HOMAHITTI peTioHiB,
JesiKi TUTaHHS ineHTUdiKalii 3MiH 0iOpi3HOMAHITTSI B arpoOKyJIBTYPHUX JaHAmadTax, a TakoxX KaprorpadgpyBaHHs pU3MKIB
BTOPTHEHHS [IJIsSI TEPUTOPIiii, HA SIKMX paHille i BUAU He 3yCTpivyalncs. ¥ CTaTTi TAaKOX MOKa3aHO MOXKIMBOCTI 3aCTOCYBaHHST
I'C-texHouoriii nipu ineHTUbiKaLii Giopi3HOMAaHITTS arposjaHAladTiB i3 3aCTOCYBAaHHSIM PaliOMETPUYHOI KOCMiUyHOL
indopmartii 3 Sentinel-1 3 moganbIo0 Bepudikailieo pe3yisTatiB. BuzHadueHi mepcrekTuBr MpOCTOPOBOTO, CIIEKTPATLHOTO
i 4acOBOTO aHaJli3y 300pakeHb, OCKIJIbKM BOHU JAlOTh 3MOTY OKPECIUTU MeXi eKOCUCTeM, 0iIOMETPUYHI XapaKTepUCTUKUA
BU/IiB, XapaKTEPUCTUKH iX TTOTOYHUX i MOTEHUIMHUX TEPUTOPIil MOITMPEHHS TOLLO.

Karouosi caosa: inBazilinuii Buj, BereTaliliHi MOKasHUKU, MOLMIUPEHHS, 0i0iHBa3is1, 3apakeHHS IIKiTHUKAMU.

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 2 21



Hayku npo XuTTs B KOCMOCI
Space Life Sciences

https://doi.org/10.15407 /knit2023.02.022
UDC: 577.121.2+576.3+58.02+543.272.3

A. I. YEMETS, Head of Department of Cell Biology and Biotechnology, Doctor of Sciences, Prof.,
Corresponding member of NAS of Ukraine

E-mail: yemets.alla@nas.gov.ua

S. H. PLOKHOVSKA, Researcher of Department of Cell Biology and Biotechnology, Ph.D.

E-mail: svetaplohovska@gmail.com

R. Yu. SHADRINA, Postgraduate student

E-mail: ruslanashadrina@gmail.com

0. A. KRAVETS, Chief Researcher of Department of Molecular Biotechnology and Genomics, Doctor of Sciences
E-mail: kravetshelen@gmail.com

Ya. B. BLUME, Head of Department of Genomics and Molecular Biotechnology, Doctor of Sciences,
Prof., Acad. NAS of Ukraine, Director of the Institute

E-mail: cellbio@cellbio.freenet.viaduk.net; blume.yaroslav@nas.gov.ua

Institute of Food Biotechnology and Genomics of the National Academy of Sciences of Ukraine
(IFBG of the National Academy of Sciences of Ukraine)
2a, Baidy-Vyshnevetskoho str., Kyiv, 04123 Ukraine

ELUCIDATION OF CELLULAR MECHANISMS OF AUTOPHAGY
INVOLVEMENT IN PLANT ADAPTATION TO MICROGRAVITY CONDITIONS

1t was shown that clinostating conditions induce autophagy without increasing of programmed cell death (PCD) index in the epider-
mal cells of the root apex of A. thaliana seedlings. After the phase of activation of autophagy, its regulatory weakening occurs, which
probably indicates adaptive changes to the conditions of clinostating. The induction of autophagy correlates with an increase in the
expression levels of atg8 genes, some of which (atg8e and atg8i) may be involved in the implementation of autophagy under the simu-
lated microgravity conditions. The transcriptional activity of cytoskeleton genes involved in the implementation of stress-induced au-
tophagy, in particular o- and [-tubulin genes, was analyzed. Joint expression of o- and [-tubulin genes and atg§ under the simulated
microgravity conditions was revealed. These results illustrate the role of the cytoskeleton in the development of microgravity-induced
autophagy and make it possible to identify genes specific fo this type of stress.

The induction of autophagy and PCD was studied under the action of gamma irradiation as a concomitant factor of space flights,
as well as under the combined action of acute irradiation and clinostating. Gamma irradiation in doses equivalent to those in the
spacecraft cabin (1 - 6 Gy) induced dose-dependent changes in the topology and cytogenetic state of the root apical meristem, as well
as slightly inhibited of the early plant development. In the meristem, heterogeneity increased, PCD indexes, mainly proliferative death
and autophagy, increased. With the combined action of gamma irradiation (2 Gy) and clinostating, the density of autophagosomes in
the epidermal cell root apices of 6-day-old seedlings increased (24 hours after irradiation), and after 4 days it decreased, compared
to the non-irradiated control.

LntyBanHusa: Yemets A. 1., Plokhovska S. H., Shadrina R. Yu., Kravets O. A., Blume Ya. B. Elucidation of cellular mechanisms
of autophagy involvement in plant adaptation to microgravity conditions. Space Science and Technology. 2023. 29, Ne 2 (141).
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FElucidation of cellular mechanisms of autophagy involvement in plant adaptation to microgravity conditions

Treatment of seeds of A. thaliana with a NO donor had a stimulating effect on plant development, increased the content of endogenous
NO in root tissues and the resistance of plants to clinostating. During clinostating the concentration of NO decreased, possibly due to
the contribution of NO to the generation of ROS. The negative effect of NO scavenger on seedling growth was enhanced by clinostating,
including increased accumulation of autophagosomes in epidermal cells. These data indicate that endogenous NO content is an
important component of intracellular signaling mechanisms involved in the response of plant cells to simulated microgravity, including
autophagy induction mechanisms. The obtained data deepen the understanding of the molecular mechanisms of the development
of stress-induced autophagy, in particular the involvement of different isotypes of ATGS proteins and their interaction with a- and
p-tubulins, as well as other molecular components involved in the induction of autophagy, and will be the basis for the development of
approaches to increase stress resistance and adaptation of plants to the conditions of long-term space flights.

Keywords: autophagy, atg8 genes, genes of a- and f-tubulins, nitric oxide, adaptation, clinostating, gamma irradiation, Arabidopsis

thaliana.

1. INTRODUCTION
Space experiments and experiments with simulated
microgravity have shown that the reorganization of
plant cell structure and metabolism depend on the
taxonomic position and physiological state of the re-
search objects, the growth phase, and the duration
of exposure to real or simulated microgravity [11].
Under the conditions of microgravity, ultrastructural
reorganization of organelles and changes in the calci-
um balance occur, the physicochemical properties of
the plasma membrane change, and the activity of en-
zymes increases. These events cause acceleration of
cell growth and differentiation and premature aging
of plants. Complex signaling, which is involved in the
response to stress, results in changes in gene expres-
sion and lateral distribution of auxin at the sites of re-
ception [10]. Some responses can be seen as adaptive
to microgravity conditions. Under the conditions of
microgravity, the expression of genes coding for pro-
teins responsible for cell wall metabolism, hormonal
status, system polarity, cytoskeleton, oxidative stress,
lipid metabolism, cell division, and PCD develop-
ment is significantly modified [4, 6, 11, 19]. One of
the most interesting issues related to microgravity is
the induction of autophagy, which is the organism’s
adaptive response to stress. We have recently shown
that the development of autophagy in plant cells can
be initiated by various abiotic stresses — starvation,
osmotic and salt stress, UV-B irradiation [15, 19, 20].
Although it is considered an important mechanism
for maintaining cellular homeostasis, including dif-
ferent stresses, the physiological role and regulation
of autophagy in plants remain insufficiently studied
[14—16, 19, 20, 28].

Recent studies have established a functional rela-
tionship between a-tubulin acetylation and the de-
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velopment of stress-induced autophagy in plants [18,
21]. Expression patterns of a-tubulin genes, ATG8
protein genes and genes of enzymes involved in
a-tubulin acetylation, as well as kinesin genes (mo-
tor proteins of microtubules), which may be involved
in mediating autophagy processes involving micro-
tubules, have been characterized [16, 18]. Inhibition
of autophagy by the cysteine protease inhibitor E-64
under stress conditions (starvation, osmotic and salt
stress, etc.) led to inhibition of plant growth, which
confirms the adaptive role of autophagy [21]. How-
ever, the influence of such a factor as microgravity on
the development of autophagy and the importance of
this process for the adaptation of plants to weightless-
ness conditions remain unexplored. The study of au-
tophagy and PCD becomes especially relevant with
the development of ways to increase stress resistance
and adaptation of plants to microgravity conditions.
An example of works in this direction is the modifi-
cation and correction of signaling pathways, in par-
ticular, with the participation of nitric oxide (NO),
which increase the stress resistance of plants [4, 7, 9].
In particular, NO increases resistance to such stresses
as drought, salinity, UV-B irradiation, exposure to
heavy metals and low temperatures [4, 17, 23]. How-
ever, the role of NO in the mechanisms of adaptation
to microgravity, including the possible induction au-
tophagy, has not yet been studied.

The aim of the work was to study the induction of
autophagy as an adaptive mechanism to simulated
microgravity conditions, including the analysis of the
transcriptional profiles of the azg8, tubulin genes and
the role of NO in the mechanisms of adaptation to
simulated microgravity using NO donors and scav-
engers. Detailed information about used research
methods can be found in our works [18—20, 24, 26].
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2. RESULTS OF RESEARCH AND DISCUSSION
2.1.Theeffect of clinostating on the growth of seedlings,
the appearance of autophagosomes and the dynamics
of autophagy in the cells of the apex of the main root
of A. thaliana. Although experimental data about
the possible influence of microgravity on autophagy
processes in plant cells were practically absent until
recently, we found that under clinostating, plants
experience a certain lack of vital resources due to the
weakening of the export of assimilates to the stem
and root apices, which, with time, is overcome due
to compensatory regulatory relationships [13]. It was
logical to assume that as compensatory mechanisms
of adaptation to microgravity conditions, plants can
activate autophagy mechanisms. Therefore, the goal
of'the first stage of our research was to identify the first
signs of seedling growth inhibition and cytological
analysis of autophagy in cells of the main roots under
clinostating conditions. The main results of these
studies are presented in our previous publications
[24, 26, 28].

Clinostating increased the degree of size variation
and changed the spatial orientation of seedlings [13,
24, 28]. The difference between experimental and
control plants was most pronounced in 5-6-day-old
seedlings, as a result of inhibition of growth of cli-
nostated seedlings; later this difference leveled out.
After cell staining with propidium iodide (PI), it
was shown that root cells of 6-10-day-old seedlings
under clinostating conditions were characterized by
high survival rates. The PCD index was within 5 %,
which is the physiological norm for A. thaliana, and
indicates that the development of autophagy did not
lead to the activation of apoptosis.

Analysis of root apex tissues using two autophago-
some markers — monodansyl cadaverine and Lyso-
Tracker™ Red — showed that the density of autopha-
gosomes in the root apices of clinostated plants was
significantly higher than in the control [24, 25, 28].
The dynamic of the formation of autophagosomes in
the root tissues of control and experimental plants
was different. Under the conditions of clinostating,
in 6-day-old seedlings in the epidermal cells of the
meristematic zone, later, and in the transition zone,
activation of autophagy was found (Fig. 1). On the 9th
and 12t day of the study, the number of autophago-
somes decreased. In the zone of root extension, the

24

number of autophagosomes reached its maximum on
the 10t day of clinostating. Instead, in the cells of the
root cap on the 10" day of clinostating, the number
of autophagosomes rapidly decreased, which is obvi-
ously related to the renewal cycle of these cells. In
control plants, the density of autophagosomes in epi-
dermal cells was inferior to that of clinostated plants
and reached a maximum later. Weakening of autoph-
agy activity after reaching a maximum may indicate
the self-regulation of its nature — the creation of a
certain regulatory optimum of the vital resources
level [24, 26, 28].

2.2. The influence of clinostating on the transcrip-
tional activity of azg§ genes. The goal of the next
part of the research was to identify the relationship
between changes in autophagy development and the
transcriptional activity of azg§ genes involved in the
formation of autophagosomes under simulated mi-
crogravity. The obtained results are presented in the
publications [24, 26].

Using molecular genetic analysis of the expression
profiles of 9 azg§ genes it was found that the changes
in the expression of these genes depend on the du-
ration of clinostating. In particular, the expression
levels of the atg8e, atg8f and atg8i genes increased on
the 6%, 9th and 12th days of clinostating (Table 1).
Changes in the expression levels of afg8i gene dur-
ing clinostating were the highest compared to other
atg§ genes. The expression of atg8a, atg8b, atgSc, and
atg8d genes increased on the 6" day of clinostating,
and dramatically decreased on the 9t and, especially
on the 12t day [24, 26]. The most sensitive to cli-
nostating was the atg&h gene. Its expression changed
dramatically during clinostating (Table 1).

Comparison of these data with gene expression
levels of afg8 genes under such stress as starvation,
salt and osmotic stress, and UV-B irradiation [19,
20, 28] indicates that gene expression levels of atg&e
increase 1.5—2 times under the action all these stress
factors, except atg§f — only UV-B did not affect its
expression. For the afg&i gene higher expression lev-
els were noted only under starvation and clinostating.
For the atg8g gene, no increase in expression levels
was detected during clinostating, while its expression
levels increased under salt stress and UV-B [19, 20,
26]. These data may indicate that afg8g and atgSh
genes are not directly involved in the implementa-
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Fig. 1. Visualization of autophagosomes in the epidermal cells of the transition zone of the root apex of A. thaliana on the 6th day
of cultivation: @ — control, b, ¢ — clinostating. Staining: LysoTracker™ Red DND-99

Table 1. Schematic representation of comparative analysis of the expression profiles of azg8, a- and p-tubulin genes
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Legend: T — increase in expression, 4 — decrease in expression, — unchanged. Joint expression (coexpressions) of studied

genes are highlighted in gray

tion of the initial stages of autophagy, although they
respond to the clinostating.

Considering the fact that the ATGS8 protein is a
structural unit of autophagosomes and is directly in-
volved in the development of stress-induced autoph-
agy the obtained results also indicate that a part of the
atg$ (atg8e and atg8i) genes may be involved in the
full implementation of autophagy under simulated
microgravity. This assumption is supported by the
increase in the expression level of these genes under
starvation [20].

2.3. The influence of simulated microgravity on
the transcriptional activity of a- and p-tubulin genes.
The transcriptional activity of genes involved in the
implementation of stress-induced autophagy, in
particular the a- and B-tubulin genes of A. thaliana
under microgravity conditions was present in [25].
As a result of the analysis of the expression of 6 a-
and 9 B-tubulin genes, an increase in the expression
levels of tua2, tua3, tua4, tua6 genes and a decrease
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in expression of fua4, tua5 genes on the 6t and 9th
days of cultivation were found (Table 1). On the 12t
day of plant growing under clinostating conditions,
none of the six studied genes showed an increase in
the level of expression (Table 1) [25]. The fual gene is
probably not involved in autophagy, as its expression
level was consistently low during long-term cultiva-
tion. The results of the transcriptional analysis also
showed an increase in the expression levels of fub2
and fub3 genes and a decrease in the expression of
tub4, tub5, tub6, tub7, tub8, tub9 genes on the 6-9th
day of cultivation under clinostating (Table 1). On
the 12th day, increased expression levels of tub I, tub4,
tub3, tubo6, tub7, tub8, and tub9 genes under clinostat-
ing was detected [27].

As the result of the comparative analysis of the
expression profiles of all studied genes, joint upregu-
lation of the a- and B-tubulin genes and a#g§ genes
under the influence of microgravity was found (Ta-
ble 1). These results illustrate the role of the microtu-
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Fig. 2. Changes in the cell packaging (a, b) and the spectrum
of chromosomal aberrations in the root meristem of Pisum
sativum L. seedlings irradiated at doses from 2 to 6 Gy: a,
¢ — control, d—j — single and double chromosomal bridges
as well as multiaberrant telophases of mitosis. Staining: acetic
carmine (c, d, g, j), methylene blue (a, b, e, f, h, i). Scale:
30 um (a, b), 10 um (c—j)

bules in the development of stress-induced autopha-
gy, and provide an opportunity to identify genes spe-
cific to stress induced by simulated microgravity. In
particular, it was established that certain fua, tub and
atg§ genes can be considered as key elements of plant
adaptation to prolonged exposure to microgravity
[25]. Thus, data on the expression of plant tubulin
genes under clinostating were obtained for the first
time, that provides a basis for the development of ap-
proaches to increase the adaptation of plants during
their growing under the influence of such stress.

2.4. Induction of radiation damage in the root meri-
stem after gamma irradiation as a concomitant factor
of space flights. The induction of radiation damage,
autophagy, and PCD was studied under the action of
gamma irradiation, as well as under the combined
action of gamma irradiation and clinostating. The
effect of gamma irradiation in doses equivalent to
those in the spacecraft cabin (from 1 to 6 Gy) was
studied on Pisum sativum seedlings, which is an ap-
propriate model for cytogenetic studies. The devel-
opment of plants after irradiation was inhibited in a

dose-dependent manner. Gamma irradiation causes
dose-dependent changes in the topology and cyto-
genetic state of the root apical meristems (Fig. 2).
The first signs of increased cell heterogeneity were
visible at 2 Gy irradiation. When the radiation dose
increased to 4—6 Gy, the heterogeneity of cell popu-
lations in the apical meristem increased, the num-
ber of cells with chromosomal aberrations and in-
duced PCD were increased (Fig. 2). The spectrum
of chromosomal aberrations was dominated by single
and double bridges and fragments, less often — by
multiaberrant cells and micronuclei (Fig. 2, g—j).
The main form of PCD was the proliferative death
of multiaberrant cells. The dose dependences of the
induction of chromosomal aberrations in the irradia-
tion range up to 4 Gy were characterized by linearity,
and in the range of 4—6 Gy with an index of 30 %
of aberrant anaphases, they reached a plateau due to
the cytostatic effect and PCD. The combined effect
of gamma irradiation (2 Gy) and clinostating did not
significantly affect the growth and morphogenesis of
the main roots of A. thaliana. In the seedlings of the
AtGFP-MAP4 line under these conditions reorien-
tation of cortical microtubules in the distal part of
the roots was observed. With the combined effect of
clinostating and irradiation the number of autopha-
gosomes in the root meristematic cells of 7-day-old
seedlings increased significantly after 24 h of expo-
sure, and later (in 4 days) decreased, compared to the
non-irradiated control.

2.5. Induction by clinostating of heat shock pro-
teins and cross-adaptation. In addition to starvation,
autophagy can be induced by oxidative stress and/
or the accumulation of partially denatured proteins
and their aggregates in the cytoplasm (chaperone
type of autophagy found in mammals). The subse-
quent type of autophagy development may be medi-
ated by chaperones of the HSP70 family. Spaceflight
factors, including gravity shift have recently been
shown to enhance the expression of HSP proteins in
plant cells. So, together with colleagues [12], it was
established that clinostating stimulates the response
to heat shock (expressed AtHSP70s and AtHSP90-1)
in A. thaliana seedlings, which was confirmed both
at the level of transcription and translation [12]. The
obtained results indicate that seedlings after long-
term clinostating are able to withstand the influence
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Fig. 3. Endogenous NO content in A. thaliana seedlings after clinostating and

SNP/cPTIO treatment

of high temperatures better than control plants under
normal conditions. These data support the sugges-
tion that clinostating may provide cross-adaptation
to different abiotic stresses, correlating with data on
HSP expression [12].

2.6. Development of ways to increase plant stress
resistance to microgravity. The role of nitric oxide in
the regulation of root system morphogenesis and the
development of autophagy. The effect of the nitrogen
oxide on the plant is characterized by diversity, which
is due to the formation of physiologically active me-
tabolites of NO, its interaction with various involved
molecular targets, etc. [17, 24]. Nitric oxide can act
both as a protector (antioxidant protection) and as a
generator of free radicals. It is known that NO plays
a key role as a signaling molecule under the action of
various biotic and abiotic stress factors. The involve-
ment of NO in the mechanisms of plant adaptation
to microgravity, including the mediated participation
in autophagy, remains unclear. The goal of this study
was to investigate the role of NO in the regulation of
seedling growth and the development of autophagy
under simulated microgravity using exogenous NO
donors and scavengers. The main results of these
studies were published earlier [2, 23, 24].

In particular, it was found that SNP (as NO donor)
at concentrations from 100 to 1000 pM had a stimu-
lating effect on the growth of seedlings and increased
their resistance to clinostating. Treatment of seeds
with PTIO (NO scavenger) had a negative effect
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(root growth retardation) in dose-dependent man-
ner. Under the influence of exogenous NO, a more
intense formation of root hairs was observed in the
differentiation zone of A.thaliana roots. Treatment
with cPTIO led to the opposite effect — inhibition of
the initiation and growth of root hair primordia, both
in control and in clinostated seedlings. These results
indicate the involvement of NO in the processes of
root development. As for the mechanisms of action,
NO can interact with other hormones, such as auxin,
and the effect depends on their balance, including
in the formation of gravitropic bending of the root
[8, 27].

2.7. Determination of the intracellular content of
nitrites (NO,") and localization of NO in root apex tis-
sues. The NO content was determined according to
standard methods with some modifications [24, 30].
The method is based on the quantitative determina-
tion of nitrites using the Griess reagent after the for-
mation of nitrite from endogenous NO. The concen-
tration nitrites (ug/ml in crude substance) was deter-
mined in 6- and 9-day-old seedlings of A. thaliana,
the seeds of which were treated with 500 uM SNP or
c¢PTIO. The obtained results indicate an increase in
the level of endogenous NO by 1.5 times in control
and by 1.8 times — in clinostated plants, whose seeds
were pretreated with SNP (Fig. 3). On the 9t day of
cultivation, the content of NO gradually decreased,
which may be the result of the consumption of the
pool of stimulated NO or indicate the formation of
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Fig. 4. Localization of NO in the epidermal cells of the root
apex and root hairs of A. thaliana on the 6th day of cultivation
(a). Scale bar: 100 um. Effects of SNP/cPTIO treatment
on fluorescence intensity in root apex epidermal cells (b).
Staining: DAF-FM DA [24]
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plant adaptation to the influence of altered grav-
ity. Treatment with cPTIO led to a decrease in the
content of endogenous NO, both in control and cli-
nostated plants. Moreover, NO production induced
by clinostating was inhibited by NO scavenger treat-
ment.

To determine the tissue localization of NO the flu-
orescent dye 4-amino-5-methylamino-2’, 7’-difluo-
rescein (DAF-FM DA) was used. As a result, more
intense fluorescence was detected in epidermal cells
and root hairs (Fig. 4) [24]. To confirm these data,
we treated of A. thaliana seeds with SNP or cPTIO.
Treatment of seeds with SNP led to an increase in
the intensity of fluorescence in analysed cells, which
indicates an increase in the level of NO, statistically
significant in clinostated samples, and after treat-
ment with ¢cPTIO — to a decrease of this index in
epidermal cells and root hairs (Fig. 4) [24].

The stimulating effect of NO may be related to the
interaction between NO and ROS, which enhances
redox homeostasis and increases the antioxidant ca-
pacity of cells [5]. Microgravity can increase both the
activity of antioxidant enzymes and the content of
glutathione, which is an important mechanism in the
cell’s defense system against oxidative stress. Micro-
gravity affecting the level of NO formation, increase
NO content and NOS activity, as well as reduce its
buffering capacity [29], which can negatively affect
cells, for example, induce apoptosis [3].

2.8. The influence of nitric oxide on the develop-
ment of autophagy in the cells of the root apex of
A. thaliana. Visualization of autophagosomes in root
cells was performed starting with 6-day-old seedlings,
when induction of autophagy was observed (Fig. 1).
As noted, under the conditions of clinostating, the
intracellular number of autophagosomes in seedlings
first increases, and then their gradual decrease oc-
curs. To find out the role of NO in the development
of autophagy, we also used a donor and scavenger of
NO and found that treatment with a NO donor leads
to an increase in the development of autophagy in
the epidermal cells of the roots of clinostated plants.
Treatment with cPTIO slightly inhibited the growth
of seedlings, and this effect was enhanced when
plants were clinostated, including an increase in the
accumulation of autophagosomes in root epidermal
cells.
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Possible molecular connection between NO-sig-
naling and autophagy under stress conditions was
found. In plants, as known, the intracellular level of
S-nitrosoglutathione (GSNO), the main biologically
active type of NO, is controlled by GSNO-reductase
(GSNOR), which is a main regulator of NO signal-
ing. NO-mediated S-nitrosylation can induce selec-
tive autophagy in A. thaliana in response to hypoxia
[30]. S-nitrosylation of GSNORI1 at Cys-10 induces
its local conformational changes that facilitate the
interaction of GSNORI1 with ATGS. After binding to
ATGS8, GSNORI1 compartmentalized into autopha-
gosomes and degraded [30]. Thus, this mechanism
demonstrates the physiological dependence of se-
lective autophagy on S-nitrosylation-induced GS-
NORI1 under stress conditions, thereby establishing
a possible molecular link between NO signaling and
autophagy.

3. CONCLUSIONS

The obtained results, which confirm the functional
role of a- and B-tubulin genes in the development

REFERENCES

of stress-induced autophagy, create an initial
platform for further investigation of the cellular
functions of the different genes of ATGS8 and their
interaction with other cellular components involved
in the development of autophagy under microgravity.
Using effective donors and scavengers of NO made
it possible to clarify the role of NO in mediating
the action of such a stress as microgravity, and the
obtained results will be used in the development of
approaches to increase the plant adaptation to their
cultivation during space flight. The obtained data
can be used to solve the problems of growing plants
in closed systems during long-term flights.

The work was carried out with the financial support
of the project “Development of the concept of regulation
of development and stress resistance of plants for their
adaptation to the conditions of space flights by involving
cell-biological resources” of the target complex program
of the National Academy of Sciences of Ukraine on sci-
entific space research for 2018—2022 (state registra-
tion number 01118U003742).

1. Aubry-Hivet D., Nziengui H., Rapp K., et al. (2014). Analysis of gene expression during parabolic flights reveals distinct
early gravity responses in Arabidopsis roots. Plant Biol., 16, Ne 1, 129—141. https://doi.org/10.1111/plb.12130.

2. Blume Ya. B., Plokhovska S. H., Shadrina R. Yu., et al. (2022). The role of nitric oxide in Arabidopsis thaliana response to
simulated microgravity and the participation of autophagy in the mediation of this process. 44th COSPAR Scientific Assembly
(Athens, Greece, July 16—24, 2022): Book of Abstrs. https://ui.adsabs.harvard.edu/abs/2022cosp...44.2902B.

3. CaoY., Fan X., Shen Z., et al. (2007). Nitric oxide affects preimplantation embryonic development in a rotating wall vessel
bioreactor simulating microgravity. Cell Biol. Int., 31, Ne 1, 24—29. https://doi.org/10.1016/j.cellbi.2006.09.003.

4. Cassia R., Amenta M., Fernandez M. B., et al. (2019). The role of nitric oxide in the antioxidant defense of plants exposed to
UV-B radiation. Reactive Oxygen, Nitrogen and Sulfur Species in Plants. Eds M. Hasanuzzaman, V. Fotopoulos, K. Nahar,

M. Fujita. Wiley-Blackwell, 555—572.

5. Correa Aragunde M. N., Foresi N. P, Lamattina L. (2015). Nitric oxide is a ubiquitous signal for maintaining redox balance
in plant cells: regulation of ascorbate peroxidase as a case study. J. Exp. Bot., 66, Ne 10, 2913—2921. https://doi.org/10.1093/

jxb/erv073.

6. Correll M. J., Pyle T. P, Millar K. D. L., et al. (2013). Transcriptome analyses of Arabidopsis thaliana seedlings grown in
space: implications for gravity-responsive genes. Planta, 238, 519—533. https://doi.org/10.1007/s00425-013-1909-x.
7. Fancy N. N., Bahlmann A-K., Loake G. J. (2017). Nitric oxide function in plant abiotic stress. Plant Cell. Environ., 40, No 4,

462—472. https://doi.org/10.1111/pce.12707.

8. Hu X., Neill S. J., Tang Z., Cai W. (2005). Nitric oxide mediates gravitropic bending in soybean roots. Plant Physiol., 137,

Ne 2, 663—670. https://doi.org/10.1104/pp.104.054494.

9. Khan M., AlAzawi T. N. 1., Pande A., et al. (2021). The role of nitric oxide-induced ATTLL6 in growth and disease resistance
in Arabidopsis thaliana. Front. Plant Sci., 12, 685156. https://doi.org/10.3389/fpls.2021.685156.

10. Kolesnikov Y. S., Kretynin S. V., Volotovsky 1. D., et al. (2016). Molecular mechanisms of gravity perception and signal
transduction in plants. Profoplasma, 253, Ne 4, 987—1004. https://doi.org/10.1007/s00709-015-0859-5.

11. Kordyum E. L. (1994). Effects of altered gravity on plant cell processes: results of recent space and clinostatic experiments.

Adv. Space Res., 14, Ne 8, 77—85.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 2

29



A. 1. Yemets, S. H. Plokhovska, R. Yu. Shadrina, O. A. Kravets, Ya. B. Blume

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kozeko L. Ye., Buy D. D., Pirko Ya. V., Blume Ya. B., Kordyum E. L. (2018). Clinorotation affects induction of the heat
shock response in Arabidopsis thaliana seedlings. Gravit. Space Res., 6, Ne 1, 2—9.

Kravets O. A., Berezhna V. V., Sakada V. 1., et al. (2016). Influence clinostating on structure, growth activity and attracting of
apical meristem of bean plants. 16th Ukrainian Conference on Space Research (Odesa, Ukraine, August 22—27, 2016): Book
of Abstrs, 66.

Kravets O. A., Horyunova L. 1., Plokhovskaya S. G., et al. (2017). Development of adaptive processes to conditions of modified
gravitation at tissue and cellular levels in plants. 17th Ukrainian Conference on Space Research (Odesa, Ukraine, August
21—25, 2017): Book of Abstrs, 60.

Kravets O .A., Yemets A. 1., Horyunova I. I., Plokhovska S. G., Olenieva V. D., Lytvyn D. 1., Spivak S. I., Blume Ya. B.
(2018). Investigation of plant cell and tissue adaptive mechanisms to modified microgravity. Space Research in Ukraine. Ed. by
0. P. Fedorov. Kyiv: ICD NAS of Ukraine and SCA of Ukraine, 66—72. ISBN 978-966-02-8590-3.

Lytvyn D. 1., Olenieva V. D., Yemets A. 1., Blume Ya. B. (2018). Histochemical analysis of tissue-specific acetylation of
a-tubulin as a response for autophagy development in Arabidopsis thaliana induced by different stress factors. Cyrol. Genet.,
52, Ne 4, 245—252. https://doi.org/10.3103/S0095452718040059.

Mohd Amnan M. A., PuaT. L., Lau S. E., et al. (2021). Osmotic stress in banana is relieved by exogenousnitric oxide. Peer
J.,9,¢10879. https://doi.org/10.7717 /peerj.10879.

Olenieva V. D., Lytvyn D. I., Yemets A. 1., Blume Ya. B. (2018). Expression of kinesins involved in the development of
autophagy in Arabidopsis thaliana and the contribution of tubulin acetylation to the interaction of ATGS8 protein with
microtubules. Factors Exp. Evolut. Organisms, 22, 162—168 [in Ukrainian].

Olenieva V. D., Lytvyn D. L., Yemets A. 1., Blume Ya. B. (2018). Effect of UV-B on the transcriptional profiles of genes of
major proteins involved in the development of autophagy with the participation of microtubules. Reports Nat. Acad. Sci.
Ukraine, Ne 1, 100—108. https://doi.org/10.15407 /dopovidi2018.01.100 [in Ukrainian].

Olenieva V. D., Lytvyn D. 1., Yemets A. 1., Blume Ya. B. (2018). Influence of sucrose starvation, osmotic and salt stresses on
expression profiles of genes involved in the development of autophagy by means of microtubules. Bull. Ukr. Soc. Geneticists
and Breeders, 16, Ne 2, 174—180. https://doi.org/10.7124/visnyk.utgis.15.2.876 [in Ukrainian].

Olenieva V., Lytvyn D., Yemets A., Bergounioux C., Blume Ya. (2019). Tubulin acetylation accompanies autophagy
development induced by different abiotic stimuli in Arabidopsis thaliana. Cell. Biol. Int., 43, 1056—1064. https://doi.
org/10.1002/cbin.10843.

Paul A. L., Zupanska A. K., Schultz E. R., Ferl R. J. (2013). Organ-specific remodeling of the Arabidopsis transcriptome in
response to spaceflight. BMC Plant Biol., 13, 112. https://doi.org/10.1186/1471-2229-13-112.

Plohovska S. H., Krasylenko Y. A., Yemets A. I. (2019). Nitric oxide modulates actin filament organization in Arabidopsis
thaliana primary root cells at low temperatures. Cell. Biol. Int., 43, Ne 9, 1020—1030. https://doi.org/10.1002/cbin.10931.
Plokhovska S. H., Shadrina R. Yu., Kravets O. A., Yemets A. 1., Blume Ya. B. (2022). The role of nitric oxide in the
Arabidopsis thaliana response to simulated microgravity and the involvement of autophagy in this process. Cyfo!/ Genet., 56,
Ne 3, 244—252. https://doi.org/10.3103/S0095452722030100.

Shadrina R., Yemets A., Plokhovska S., Blume Ya. (2023). Microgravity induces interplay between a#g§, tua and tub gene
expression in Arabidopsis thaliana. Preprint available at Research Square. https://doi.org/10.21203/rs.3.1rs-2119853/v1.
Shadrina R. Yu., Yemets A. 1., Blume Ya. B. (2019). Development of autophagy as an adaptive response of Arabidopsis
thaliana plants to microgravity conditions. Factors Exp. Evol. Organisms, 25, 327—332. https://doi.org/10.7124/FEEO.
v25.1186 [in Ukrainian].

Sun H., Feng F, Liu J, Zhao Q. (2018). Nitric oxide affects rice root growth by regulating auxin transport under nitrate
suppl. Front Plant Sci., 9, 659. https://doi.org/10.3389/fpls.2018.00659.

Yemets A. 1., Shadrina R. Yu., Horiunova I. 1., et al. (2021). Development of autophagy in plant cells under microgravity: the
role of microtubules and atg8 family proteins in autophagosome formation. Space Research in Ukraine. 2018—2020. Ed. O.
Fedorov. Kyiv: Akademperiodyka, 79—84.

Yun B. W, Skelly M. J., Yin M., et al. (2016). Nitric oxide and S-nitrosoglutathione function additively during plant
immunity. New Phytol., 211, Ne 2, 516—526. https://doi.org/10.1111/nph.13903.

30. Zhan N., Wang C., Chen L., et al. (2018). S-nitrosylation targets GSNO reductase for selective autophagy during hypoxia
responses in plants. Mol. Cell., 71, Ne 1, 142—154. https://doi.org/10.1016/j.molcel.2018.05.024.

Cmamms Hadiitwaa do pedakuii 10.11.2022 Received 10.11.2022

Ilicaa doonpayroeanns 10.11.2022 Revised 10.11.2022

Ipuiinsmo do opyky 14.11.2022 Accepted 14.11.2022

30

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 2



FElucidation of cellular mechanisms of autophagy involvement in plant adaptation to microgravity conditions

A. 1. €Emeys, 3aB. Binainy KIITHHHOI GioJorii i 6ioTexHoI0TIi, 1-p 6i0J1. HayK, pod., wi.-kKop. HAH Ykpainu
E-mail: yemets.alla@nas.gov.ua

C. I'. I1noxoscvka, HayK. CIiBpOO. BiIIiTy KIITMHHOI 0i0J10Tii i 0i0TeXHOJIOrI1, KaH/I. 0i0J. HayK

E-mail: svetaplohovska@gmail.com

P. 10. Illadpina, aciipanTKa

E-mail: ruslanashadrina@gmail.com

0. A. Kpaseup, TOJIOB. HayK. CITiBPOO. BTy TEHOMIKM Ta MOJIEKYJIIPHOI Oi0T€XHOJIOTI1, I-p 6i0J1. HayK

E-mail: kravetshelen@gmail.com

4. b. Batom, 3aB. Bijyiijly FTeHOMiKM Ta MOJIEKYJIIpHOI OioTexHotorii, 1-p 0ioj. Hayk, npod., akaa. HAH Ykpainu
E-mail: cellbio@cellbio.freenet.viaduk.net; blume.yaroslav@nas.gov.ua
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3’ACYBAHHS KIITUHHUX MEXAHI3MIB 3AJTTYUEHHS ABTO®ATTI
V AJIAMITALIIIO POCJIWH 0O YMOB MIKPOTPABITALIIT

IToka3aHo, 1110 YMOBH KJIMHOCTATyBaHHs iHIYKYIOTb pO3BUTOK aBTO(arii 6e3 30i1blIeHHS iHIeKCY MPOrpaMoBaHOl KJIITUHHOL
3arubeni (ITK3) B emizepmasibHUX KJIITMHAX aneKciB KOPeHiB MPOPOCTKiB A. thaliana. Tlicns da3u akrtusizailii aBrodarii
HacTae 11 peryJsiTopHe mociabJieHHs, IO IMPaBAOMNOoAiOHO CBiTYMTH MPO adalTUBHI 3MiHU 1O YMOB KJIMHOCTATYBaHHSI.
Iumyxiist aBTodarii Kopenioe 3 MiABUIIEHHSIM PiBHIB eKCIIpecii TeHiB afgs, YacTiHa 3 SIKUX (afg8e Ta atgsi) Moxe OyTu 3aydeHa
IO peastizallii aBTodarii came B ymMmoBax Mikporpasirtaiiii. [1poaHanizoBaHO TpaHCKPUIIIiIiHY aKTUBHICTb T'€HIiB LIMTOCKENECTY,
3aJlydeHMX [0 peatizallii cTpec-iHaIyKoBaHoi aBTogarii, 30KpeMa reHiB o- i B-TyOyniHy. BusiBieHo criibHy eKcrpecilo reHiB
a- i B-TyOymiHiB Ta afg§ B yMOBax CUMYJbOBaHOI MiKporpasiTaiii. JlaHi pe3yi1sTatu iTIOCTPYIOTh POJIb LUTOCKENETY PU
PO3BUTKY iHIYKOBAHOI MiKporpasiTalli€to aBrodarii Ta 1ai0Tb MOXJIUBICTb BUSIBUTH CIeIM(iuHi 70 IbOTO BUAY CTPECY F€HU.

Inaykuito aBrodarii Ta [1K3 nocnimkyBaiu 3a [ii raMMa-olnpoMiHeHHS K (akTopa KOCMiYHUX MOJbOTIB, CYIyTHbOTO
MiKporpasiTallii, a TaKOX B YMOBaX KOMOiHOBAHOI /il TOCTPOro ONMpOMiHEHHS i KJIMHOCTAaTyBaHHs. [aMMa-onpoMiHEHHST B
[103aX, €KBiBaJICHTHUX TAKUM B KaOiHi KocMiuHOro kopabsst (1—6 Ip), iHayKyBajio 10303aj1eXXHi 3MiHU TOTIIOJIOTII Ta LIMTOTe-
HETUYHOIO CTaHy ariKaJbHOI MEPUCTEMU KOPEHSI, a TAKOXK HE3HAYHO MPUTHIYYBaJIoO paHHI pO3BUTOK POCIUH. Y MepucTeMi
30iJIbIIIyBaJlaCh FeTePOreHHICTh, 30iblyBairch mokazHuku [1K3, nepeBaxkHo npoJidepaTuBHOI 3arnbesi ta ayrodarii. [Tpu
KOMOiHOBaHiii 1ii ramMa-onpoMiHeHHs (2 [p) i KIMHOCTaTYyBaHHS IIIBHICTh ayTO(MAarocoM y KJliTUHaX KOPEeHiB IeCTU1000-
BUX ITPOPOCTKIB 301IbIITyBaach (24 rop Imiciisi OmpoMiHeHHs ), a Yepe3 4 100M 3MeHIITyBalach MOPiBHSIHO 3 HEOTIPOMiHEHUM
KOHTPOJIEM.

O6pobka HaciHHs A. thaliana noHopom NO cTMyTIOBajIa pO3BUTOK POCIWH, MiABMIIyBaia BMicT eHnoreHHoro NO y TKa-
HUHaX KOPEHsI Ta CTIMKICTb POCIMH 0 KIMHOCTaTyBaHHS. B yMOBaxX KJIMHOCTaTyBaHHsI, y TOPiBHSIHHI 3 KOHTPOJIEM, OIITUMYM
KoHIeHTpalii NO 3MeHIITyBaBcsl, MOXKJIMBO, 3a paxyHOK BHecky NO y renepaitito AOK. HeratuBHuii eexT aii ckaBeHKepa
NO Ha picT poOpOCTKiB MOCWIIOBABCS KJIMHOCTATYBaHHSAM, BKJIIOUAIOUM 301IbIIEHHSI HAKOMTUYEHHST aBTO(MArocoM B erifiep-
MaxbHUX KTiTuHax. Lli maHi BKazyoTh Ha Te, 1110 eHnoreHHU BMicT NO € BaKJIMBUM KOMITOHEHTOM BHYTPIITHbOKJTITHHHUX
CUTHAJIbHUX MEXaHi3MiB, 3aJlydeHUX Y BiAMOBiAb POCIMHHUX KJIITUH Ha iMITOBaHY MiKporpasiTallilo, 30KpeMa MexaHi3Mu
iHaykuii aBrogarii. OTpuMaHi 1aHi MOTIMOII0ITh PO3YMiHHS MOJIEKYISIPHUX MEXaHi3MiB PO3BUTKY CTPEC-iHAYKOBaHOI aBTO-
(arii, 3oxkpema 3amydyeHHs1 pi3HUX i30TUMiB O6iKiB ATGS8 Ta iXHbOI B3aEMO/IIi 3 a- i B-TyOyIiHaMM, a TAKOX iHITMMU MOJIEKY-
JISPHUMU KOMITOHEHTaMU, 3aJIyYeHUMHU B iHAYKIIit0 aBTodarii, i OyayTh MOKJIaJeHi B OCHOBY PO3pOOKH MilXO/iB 10 MiABU-
LIEHHSI CTPECOCTIMKOCTI i aganTallii pOCIUH 10 YMOB TPUBAJIUX KOCMIYHUX MOJIbOTIB.

Karouoei caosa: asTodarisi, renu arg8, reHu o- i B-TyOymiHiB, OKCUI a30TY, afamnTallisi, KIMHOCTaTyBaHHS, TaMMa-OMPOMiHEH-
Hs1, Arabidopsis thaliana
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ATOMIC OXYGEN IN LOW EARTH ORBITS,
A RETROSPECTIVE REVIEW STUDY

The article presents a retrospective review of atomic oxygen (AO) research in low Earth orbit (LEO). The space environment of LEO
is a barrier to all satellites passing through it. Several of its constituent parts pose a great danger to satellite materials and subsystems.
Such orbits are convenient for remote sensing and experimental satellites. In order to maintain the operational level of spacecraft, it
is necessary to carry out thorough studies of the LEO environment and its components. AO, which is a hyperactive state of oxygen,
is considered one of the most dangerous components of the LEO environment. It can react with many materials and thereby change
the physical, optical and mechanical properties that affect the functionality of the satellite. To maintain the satellite in its orbit with a
certain margin of reliability, it is necessary to reduce the aggressive influence on it of the environmental components of LEO. Predicting
the impact of AO on materials that will be used in space ensures their correct selection. The work provides some recommendations for
the creation of AO facilities for testing materials exposed to the aggressive influence of the space environment.
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1. INTRODUCTION. Space technologies ben-
efit the Earth and human society in cases where they
can be used to solve some life-support problems and
gain experience in the use of planetary resources. In
combination with terrestrial technologies, they are
of undeniable interest both for the IT sector and for
business. It improves global resource management
and the protection of terrestrial resources.

1.1. Atomic Oxygen (AO). Atomic Oxygen is the
most reactive gas in Low Earth Orbits (LEOs). It may
affect the lifetime of the satellite or one or more of its
components. It is produced either by photo-dissoci-
ation or by decomposition of the oxygen molecules
O,. The formation of AO depends on the presence
of radiation of a wavelength shorter than 190 nm (es-
pecially the ultraviolet, UV, radiation) that has the
ability to break the bonds of O,.

Formation of AO occurs in the ionosphere by the
photo-dissociation of the O, using the UV radiation
in the LEOs as given by eq. 1 [1].

hv 0+0, 99 %,
o, (1)

0'+0, <<1%.

Production of AO occurs in response to cosmic
rays that cause the decomposition of the neutral at-
mosphere. AO represents 80 % of the total compo-
sition in the upper atmosphere (area at an altitude
of 200 to 800 km above the Earth’s surface) [2]. AO
exists, with different densities, in LEOs and HEOs
(Highly Elliptical Orbits), as summarized in Fig. 1
[3].

Among all atmospheric constituents in orbits be-
low 1000 km, AO is considered the most abundant
species. Fig. 2 shows the variation of density p in
cm—3 of atmospheric constituents with altitude 4
(km). The very high AO density is revealed in orbits
at altitudes of 120 to 700 km [4].

Variation of AO flux F, atom/(cm?s), with altitude
h, km, as in Fig. 3, shows an inverse relation between
AO flux and altitude, i.e., AO flux decreases with in-
creasing altitude [4].

At altitudes of 150 to 500 km, the AO density is
higher (107 to 100 atoms/cm?) than at altitudes
about 1000 km (102 to 10° atoms/cm?) [1].

1.2. AO and Solar Activity. There is a good coher-
ence between solar activity and AO densities since
the values of AO density and flux are higher during

Figure 1. Orbits having AO presence: / — Earth, 2 — perigee,
3 — apogee, 4 — altitude, 5 — LEO, 6 — highly elliptical or-
bit, 7 — ellipse focal point
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Figure 2. Variation of density p of atmospheric constituents
with altitude A
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Figure 3. Variation of AO flux Fwith altitude 4
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Figure 5. Photodissociation of molecular Oxygen

maximum solar activity rather than in its minimum,
as follows from Fig. 4 [5, 6].

Although AO exists in LEO, PEO, and HEO, it
is predominant in LEOs (altitude <<1000 km). The
neutral oxygen atoms have a mean free path of the
order 104 m at 400 km, which means that the re-as-
sociation probabilities are very low [7].

Solar UV radiation (<< 190 nm) has enough en-
ergy to photodissociate O, forming free and hyper-
energized AO, as shown in Fig. 5 [3].

It was stated by [3] that the formation of AO in
LEOs occurs by the photodissociation of O, mol-
ecules. These molecules absorb the near solar UV
radiation and then dissociate into free oxygen atoms
O in the outer ionosphere (at altitudes higher than
80 km), as shown in Fig. 5.

The production rate of AO strongly depends on
solar activity and UV radiation. AO fluxes are signifi-
cantly related to the orbit and velocity vector of the
spacecraft, as well as the incidence angle of AO on
the surface. The reaction of AO with some materials

34

creates excited state (short-lived) species that emit
visible radiation near the incidence surface, forming
the glow phenomena as described in [§—11].

At altitudes between 180 and 650 km, the solar ra-
diation has enough energy to break the double bond
of O, to form AO with a very low probability of O,
formation, as shown in [11—13].

The AO flux depends on the solar activity cycle,
seasonal cycle, geomagnetic behavior, orbital al-
titude, and inclination. Due to the orbital speed of
spacecraft in LEOs (7-8 km/s), AO impacting energy
ranges from 4 to 5 eV [14].These energy ranges are
sufficient to break the chemical bonds of many ma-
terials that will lead to very high erosion rates in the
case of the outer surfaces of satellites [15].

If the orbital velocity of a spacecraft is 8 km/s
(related to the LEOs), it will be exposed to highly
energetic AO of about 5 eV energy. Exposure to AO
leads to a high erosion rate of materials such as or-
ganic films, composites and many polymers, as well
as extreme mass loss and changes in the physical and
chemical properties of the surface. These changes,
directly and indirectly, affect the functionality of the
spacecrafts and, thus, its lifetime [3].

1.3. AO and LEOs Environment. The space envi-
ronment is composed of many components such as
vacuum, pressure difference, radiation, solar and ga-
lactic cosmic rays, solar wind plasma, micrometeor-
oids and debris, etc. Each group of altitudes has its
own components or parameters. Fig. 6 shows all the
space environmental components distributed with
different altitudes from the sea level up to the HEOs.
It is clear that AO is more abundant in orbits with
altitudes of 180 to 800 km [16].

It is reported that AO is the main component of
the LEOs since it has a high corroding ability after
combining it with the outer surface materials [17].

The space environment of a spacecraft is the en-
vironment to which the spacecraft is subjected. Each
space environment has its own characteristics and
conditions, which control the target of the mission,
choice of materials, and construction of the space-
craft. There are four categories for the environment,
which are summarized in Table 1 [18].

1.4. Effect of AO on materials. The AO interaction
with the materials of the LEO satellite depends on
the type of AO [6]:
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Figure 6. Space environmental components in all altitudes

Table 1. Summary of four categories of environments

environment

Particulate
environment

Environment Inclusion
Neutral + It includes the residual atmospheric gas.
environment » [Itisreleased through decomposition or outgassing, emitted during thruster firing, or deliberately
vented from the spacecraft.
Plasma + Itincludes the ambient plasma (that is created by hypervelocity impact with the spacecraft surfaces).
environment Its components are corpuscular and electromagnetic.
Radiation

» Itincludes the ambient solar photon flux (that is reflected and emitted from the Earth).

+ It also includes electromagnetic waves (that are generated by the plasma environment) and photons
emitted from nuclear sources of the spacecraft - Electromagnetic interference (EMI) is generated by the
operation of spacecraft systems or arcing.

* The corpuscular radiation environment consists of the ambient flux of particles (Electrons, photons,
heavy ions, and neutrons) and any high-energy particles emitted by nuclear sources or reactors.

+ It consists of orbital debris, ambient meteoroids, and particulates (that are released by the spacecraft).
It results in the dust on spacecrafts surfaces and materials decompositions (by thermal cycling or
exposure to UV radiation)
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Metallic
Copper, Tungsten, ...
Except silver & osmius

Thermal Control
Coatings Chemglaze,
Aeroglaze, ...

Organics
Polymers Tedlar,
Kapton, ...

Materials

Nonmetallic
Inorganic

Si0,/Al, SiO,/Ag, ...

Optical Coatings
Gold, Platinum,
nickel, ...

Figure 7. Types of materials to be used in space technology
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1 — Thermal AO; the interaction with material and
degradation are a chemical process involving only
chemical bonding changes, as the covalently bonded
structure is broken apart, forming volatile products.

2 — Hyperthermal AO; impacts the material sur-
face at 8 km/s. It causes erosion and degradation of
organic polymers.

The interaction of AO with materials may form
oxides for most organic materials or form volatile ox-
ides at a continuous rate.

The interactions result in chemical composition
change, mechanical degradation, mass loss, thick-
ness loss, and/or erosion. Also, they generate a glow
phenomenon that affects the visibility of the satel-
lite’s optical system.

2. AO AND MATERIALS. Types of materials to be
used in space technology are summarized in Fig. 7.

AO may interact with materials via many mecha-
nisms. These mechanisms are described in three cat-
egories mentioned by [6, 19], as shown in Fig. 8.

Based on the different types of materials to be used
in space technology (Fig. 7) and the different mech-
anisms of AO interactions with different materials
(Fig. 8), some notes for the results of AO interactions
are summarized in Table 2.

The difference between different material samples
before and after exposure of MISSE 2 PEACE poly-
mers to the AO is shown in Fig. 9 [15].

Besides, the erosion of organic materials will cause
condensable gas volatiles, which in turn can lead to
the degradation and contamination of optical instru-
ments [4, 15, 20].

To compare erosion rates of different materials,
the efficiency of the reaction of AO erosion can be
measured in the volumetric loss per incident oxygen
atom, cm?3/atom.

Monte Carlo developed a two-dimensional model
for AO interactions to predict the erosion of an oxi-
dizable material under a non-reactive layer with an
opening in it. This Erosion is obtained by direct ar-
rival and by scattering inside the formed cavity [21].

3. AO PREDICTION. As an atomic species, O
hasn’t vibration-rotation spectra, but it has two fine
structure lines: one is centered near 63 mm while the
other is near 145 mm. The 63 mm line is optically
thick and isn’t observable in the upper mesosphere

and lower thermosphere (MLT) from space. The
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Figure 9. Pre-flight and post-flight photograph of the MISSE
2 PEACE polymers experiment tray

63 mm line was measured by rocket-borne instru-
ments [22] and by high-altitude balloons [23]. The
145 mm line is optically thin, but it requires com-
plex technology to be observed from a satellite. Thus,
there aren’t global observations of the O-atom con-
centration in the MLT obtained from direct observa-
tions of radiant emission from O itself [24].

When planning a space mission, especially in the
LEOs, much attention must be focused on the AO
and its erosion effects on the spacecraft’s materials.
For better understanding, NASA’s space environ-
ment and experiment branch carried out many stud-
ies to investigate the AO erosion effect on materials
in addition to the observable effects in ground-based
experiments. Many studies have focused on the ero-
sion depth of materials used in space [4, 25], and oth-
er studies have focused on the change of photoemis-
sion properties of materials [26, 27], and also some
studies have concentrated on modeling AO exposure
before and after the mission [28].

3.1. ATOMOX. Space Environment Information
System (SPENVIS; web-site: http://www.SPEN-
VIS.oma.be) provides the Atomic Oxygen Interac-
tion Model (ATOMOX) to evaluate the AO flux, flu-
ence and material erosion, based on reference atmo-
sphere and wind model. The models are summarized
in Table 3 [6]:

1. Mass-Spectrometer-Incoherent-Scatter
(NRLM-SISE-00).

2. Marshall Engineering Thermosphere
(MET-V 2.0).
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Table 2. Notes for AO interactions with different types of materials

Type of
material

Interactions with AO

Organic and
Polymers

Metallic:
Except silver
and osmium

Nonmetallic

Optical
Coatings

Thermal
coatings

» Polymers and other organics are among the most vulnerable materials when exposed to AO.

» Polymeric films may peel due to thermal cycling, which in turn opens new surfaces that can be attacked by AO.
» AO interaction with polymers leads to the formation of volatile oxidation products on the surface.

* Polymers with Cl and F have lower AO erosion yield.

* Polymers with O have higher AO erosion yield.

» AO interactions with change in surface texture will develop as the material oxidizes and becomes thinner.
» Surface texture can change the optical reflectance of material from specular to diffuse and increase the
solar absorptance of opaque materials. Surface texture can also be the cause of crack initiation or tearing of
thin film polymers

« Silver and osmium react rapidly and are generally considered unacceptable for use in uncoated
applications.

« Silver was used as a surface for a passive recording of the AO impact.

* Most alloys of aluminum have proven to be resistant to AO.

» Optical properties (solar absorptivity or thermal emissivity) may change due to AO bleaching or radiation
darkening.

* Interactions with AO result in mass loss due to outgassing

+ AO reaction efficiencies ranged from 0.4-2.3 x 10-28 cm3/atom for silicon oxides, magnesium fluoride, and
aluminum oxides.

* The most commonly used nonmetallic, inorganic material is Beta cloth.

« Itis afabric woven from fine quartz threads. It resists mechanical wear as well as AO and AO+UYV attacks.
» Both the Teflon and other materials can be eroded by AO and AO+UYV exposure.

» Glass generally resists the AO attack well.

« Many forms of Beta cloth are impregnated with Teflon or silicone-based materials to lubricate the threads,
so the fabric bends easily during handling without the threads abrading each other.

» Small decreases in reflectance were noted, except for MgF2-sapphire over silver, which had noticeable
degradation.

* The performance of most optical systems depends on coatings of various types.

* While most glasses generally resist AO erosion well, their coatings can be highly vulnerable.

» Erosion of reflective surfaces could greatly roughen the mirrors which must reflect X-rays at grazing
incidence angles.

» The samples of fluorides of magnesium, calcium, and lithium plus sodium salicylate, a luminescing
phosphor, showed no significant loss, but the sodium salicylate showed significant surface roughening and a
50-percent decrease in VUV luminescence.

» The camera comprises nested grazing incidence mirrors with filters — such as carbon, beryllium and
aluminum-bonded to a Lexan substrate.

» To protect the wide-field camera’s filters, several protective coatings were investigated before boron
carbide was selected.

» Defects were observed on all reflective surfaces except SiO2/Al where a small decrease in reflection was
measured

» The Chem-glaze and Aero-glaze families of paints are widely used in various spacecraft applications.

» Ceramic-based paints, such as Z-93, were found to be quite durable in the space environment, but these
paints have their own problems with molecular contamination absorption and difficulty in applying.

» In general, thermal control coatings with organic binders such as polyurethane should not be selected
for long-term AO exposure. These binders degrade, leaving only pigment particles which then become a
contamination hazard.

* A zinc oxide with potassium silicate binder. It varies from Z-93 with finer zinc oxide particle size and a
pigment-to-binder ratio adjusted for lower solar absorptance; exhibited no color change or surface texturing;
slight quenching of fluorescence was noted.

« Zinc ortho-titanate with potassium silicate binder. It was formulated similarly to zinc oxide developmental
paint; no color or surface changes; black light fluorescence did not appear to change.

* Doped silica black ceramic paint, which did not appear to be affected by exposure.
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Table 3. Comparison between ATOMOX models

Model Ionlospheric Description Shortcoming
ayers
NRLMSISE All Empirical None
MET-V Thermosphere Semi-empirical The altitude range between 90 km and 2.500 km
Lower & Upper
(90—150 km)
IR12001 E-Region Empirical Overestimation of electron densities in the upper
topside (from about 500 km above the F peak upward)
DTMB78 Thermosphere Thermopause temperature | Not representative of low solar activity condition due
model and an analytical to the dataset used, which in turn causes uncertain
temperature profile predictions during low solar activity
NeQuick v2.0 E, F1, and F2 Semi-empirical Only electron as an ionospheric / atmospheric
constituent

Table 4. Fast Atomic Oxygen Testing Facilities — Development Efforts

Organization Location AO AO Formation FAO Flux formation/delivery rl:reliee_s

Jet Propulsion Lab Pasadena, CA Ton source Electrostatic acceleration/ laser [31]

Jet Propulsion Lab Pasadena, CA Pulsed laser breakdown in Detonation / blast wave expan- [32]
O,/laser Cont. sustained plasma | sion through a nozzle

Los Alamos National Los Alamos, NM | Cont. plasma — induced break- | Detonation / blast wave expan- [33]

Laboratory down sion through a nozzle

NASA-Langley Re- Hampton, VA Oxygen dissociative adsorption | Electron-stimulated desorption [34]

search Center 9 diffusion through AG

NASA-Lewis Research | Cleveland, OH | lon source Ion flux [35]

Center

NASA-Lewis Research | Cleveland, OH | Microwave plasma Electrostatic acceleration [36]

Center

Physical Science Inc. Andover, MA Pulsed laser breakdown in Detonation / blast wave expan- [37]
O,/laser Cont. sustained plasma |sion through a nozzle

Princeton Plasma Princeton, NJ RF plasma source Electrostatic acceleration / [38]

Physics Laboratory neutral on a biased plate

Toronto University of | Downs view, On- | Microwave plasma in He/O, Expansion through a skimmer [39]

9Aerospace Institute) tario, Canada

10 | Zhukovskij Central Avi- | Moscow RF arc discharge plasma in Expansion through a skimmer [40]

ation Institute - TSAGi He/O,

Inst. Nuclear Physics, | Moscow Oxygen plasma by spark dis- Electrostatic acceleration / ion [41]

MSU charge deflection

3. Drag Temperature Model (DTMB78).

4. International Reference Ionosphere
(IRI2001) — (IRI is now outdated. It is functioning
since 2020).

5. NeQuick Ionosphere Electron Density Model
(NeQuickv2.0).

4. AO FACILITIES AND EXPERIMENTS.
Based on the importance of AO and its effect on sat-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 2

ellite materials, it is recommended to provide many
facilities to simulate, investigate, analyze, test, and
manufacture, practically, the behavior of AO interac-
tions with all materials that can be used in all space
technology purposes.

AO facility, generally, consists of type, mode and
principle of operation, AO formation method, AO
flux formation/delivery, mode, thermal vacuum
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Table 5. The Main Types of FAO Sources in LEO Space Environment Simulation Facilities Worldwide

Type, mode and

FAO Flux

Energy of

Flux density,

Flux

fo\va:n:e, principle AOI\l;OIhma;ion Formation/De- Mode | atomic O, cm 27! structure, Refe-
atitiation of operation etho livery eV cont/pulse % rences
1| MSFC (USA) Elec.-phys., | RF plasma Flec. accel., |Pulsed |5 5% 1015 0-10% [42—
pulse, plasma, plate neutr. / + VUV 44]
rech. Scattering (-200ES)
2| PSI (USA) Gas-dynamic, | Laser breakdown | Detonation/ | Pulsed | 1-16 5x1015/10'7| 0,/0 [45—
ESTEC (Netherlands) | pulse, laser in O,/Laser sus- | blast wave in 10/90 49]
NASA JPL (USA) tained supersonic (+uv/
CERT-ONERA, plasma nozzle VUV)
(France)
3 | Montana State Uni- Gas-dynamic, | Laser: break- Detonation/ | Pulsed | ~5 ~10M4 0,/0 [50]
versity (USA) pulse, laser down blast wave in ~60/40
in O,/ sustained | supersonic
plasma. nozzle
4 | LANL (USA) Gas-dynamic, | Laser breakdown | Detonation/ | Cont. |1-3 1016 Ar/0,/0 [51]
cont, laser Ar/0O, blast wave in 90/7/3
supersonic
nozzle
5|ITL/UTIAS Gas-dynamic, | Microwave Supersonic | Cont. |1-3 1017 He/0,/0 | [52]
(Canada) cont, UHF plasma, expansion 97/1/2
He/O,
6 | Zhukovskij Central Gas-dynamic, | RF arc dis- Supersonic Cont. |1-5 1016 He/0,/0 | [53]
Aviation Institute cont, HF charge, expansion 90/7/3
-TsAGi (Russia) He/O,
7 | SOREQ NRC (Israel) | Electro-phys, |lon source Electrostatic | Cont. |30-50 1014 0-100 [54]
cont, ionic accel. /decel.
8 | Kobe Univ. (Japan) Gas-dynamic | Laser breakdown | Detonation/ | Pulsed |4.5-5.1 (0.3...6.5)x | 0,/O [55]
pulse laser in O,/Laser sus- | blast wave in x1014 ~55/45
tained plasma supersonic
nozzle
9 | Inst. Nuclear Physics, | El-phys, cont, | Oxygen plasma | Electrostatic | Cont. |5-80 1016 0,/0 [56,
MSU (Russia) plasma +re- accel. / lon 15/80 571
charging deflection
10| Moscow Phys. Inst. Gas-dynamic, | Oxygen plasma | Shockwave/ | Pulsed |1-5 5%x1015/1018 0,/0 [58]
(Russia) pulse, spark by supersonic 2/98
spark discharge |expansion
in O,
11| Phill Lab, Cal. Univ. | Phys., diffu- | O, dissocia- Electron- Cont. |~5(4-6) |4.5x1013 0-100 [59,
(USA) sion - tion/ diffusion | stimulated 60]
desorption through Ag foil | desorption
12| Shanghai Univ, (Chi- | Electro-phys, | RF plasma Elec. accel., |Pulsed |6-20 2x1016 (NA) [61]
na) (2001) pulse(?), plate neu-
plasma, tralization/
recharging reflection
13| Beijing Inst. of Space- | Electro-phys, | ECR-based ion | Deceleration/ | Cont. |5-10 (NA) (NA) [62]
craft Env. ionic decel., source neutralization
Eng. (China) (1999) recharging
14| Lanzhou Inst. of Phys. | Electro-phys, | Microwave Electrostatic | Pulsed |5-10 4x1015 0-100(NA) | [63]
(China) (1998) plasma, re- plasma acceleration/ 0+<0.1%
charging plate neu-
tralization/
reflection
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chamber, and other accessories (sample holder,
quartz crystal microbalance (QCM), etc.

Many experiments are running to simulate the re-
sistance of some materials (especially polymers that
can be used in thermal control blankets) to the effect
of AO. MDM2 (Material Degradation Monitor 2) is
an experiment in which some materials were exposed
onboard the International Space Station (ISS) that
uses the Exposed Experiment Handrail Attachment
Mechanism (ExHAM) developed by JAXA. MDM?2
aimed at under standing surface reactions and deg-
radation of the samples used in the MDM at a given
AO fluence. In the MDM2, 16 samples of spacecraft
material were exposed at an altitude of 400 km from
May 26, 2015, to June 13, 2016, then returned for
analysis [29].

Table 4 summarizes the development efforts of
FAO testing facilities and Table 5 presents the main
types of FAO sources in LEO space environment
simulation facilities worldwide [30].

5. SUMMARY. AO is very dangerous atmospheric
constituent since it has hazardous impacts on satel-
lites and space technology of LEOs. It is formed by
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lentp cknagaHHs, iHTerpallii Ta TeCTyBaHHS! €TUMETCHKOTO KOCMIYHOTO areHTCTBa

Kaip, Apabcbka Pecniyoutika €rurier

2BinzineHHs pO3pOGKH CYTYTHUKOBUX CUCTEM, TEPMOKOHTPOJIIO i KOCMIYHOTO cepeoBuIIa
HartionanpHOTO yIpaBiHHSI 3 AMCTaHIIIITHOTO 30HIyBaHHS Ta HayK PO KOCMOC

Kaip, Apabcpka Pecriyoika €rumer

3MakynbTeT METEOPOJIOrii, aCTPOHOMIi Ta KocMidHOro mpoctopy Kaipchkoro yHiBepcuTeTy
T'iza, Apadcbka Pecniybika €rurmer

ATOMAPHUI KUCEHb HA HU3bKMX HABKOJIO3EMHUMX OPBITAX: PETPOCIIEKTUBHUM OIJIA

Y craTTi mogaHo peTpOCIeKTUBHUI OTJISII AOCIIIKEHb aTOMapHOro KucHio (AO) Ha HU3bKUX HaBKoJ103eMHUX opoOiTax (LEO).
Kocmiununii nmpoctip LEO € nepenikonoro st BCiX CyMmyTHUKIB, Ki nepedyBaoTh B HboMy. KibKa iforo ckjiaioBux 4acTuH
CTAHOBJIATH BEJIMKY HeOe3MeKy JUIsi MaTepialiB i MiACUCTeM CYITyTHUKIB. Taki opOiTH 3py4Hi /151 TUCTAaHUIAHOTO 30HyBaHHS
Ta eKCIePUMEHTAIbHUX CYMYTHUKIB. ISl MiATPMMKU piBHS Tpale3qaTHOCTI KOCMIYHUX arapariB HeOOXiTHO BUKOHYBATU
peTenbHi AochimkeHHs1 ctaHy cepenoBuiia LEO Ta itoro kommoHeHTiB. AO, aKuii € TrinepakTUBHUM CTAaHOM KHCHIO,
BBaXKA€EThCSI OJHUM i3 HaliHeOe3nmeyHilmx KoMnoHeHTiB cepenosuiia LEO. BiH Moxke pearyBatu 3 6araTbMa maTepiajgaMu i
TUM CaMUM 3MiHIOBaTU (hi3UYHi, ONTUYHI Ta MEXaHiuHi BJIACTUBOCTI, 5IKi BIUIMBAIOTh HA (DYHKIIOHATBHICTb CymyTHUKA. JlIst
MiATPUMKU CYIMyTHUKA Ha Ooro opOiTi 3 MEBHUM 3aMacoM HaAilHOCTI MOTPiOHE 3MEHILIEHHSI arpeCUBHOTO BIUIMBY Ha HbOTO
exosoriunnx komrnoHeHTiB LEO. [NpornosyBanns BrmuBy AO Ha marepianu, sKi OyayTb BUKOPUCTOBYBAaTHCS B KOCMOCI,
rapaHTye iXHili MpaBWIbHUI BUOip. B poO0Ti HamaroThes nesiKi peKoMeHAAallii 100 CTBOPEHHS ycTaHOBOK AQO 11l TeCTyBaHHS
MarepiaiB, 1110 TiAIaThCI arpeCUBHOMY BILIMBY KocMmiuHoro cepenosuina LEO.

Karouoei caosa: aromapHuii kuceHb (AO), HU3bKi HaBkosio3eMHi opoitu (LEO), Bukuam KopoHaibHoi Macu (CME), kocMmiu-
HE CEepeIoBUIIIE.
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IHCTUTYT KOCMiYHMX HocimKkeHb HallioHanbHoT akageMii HayK YKkpainu Ta JlepXXaBHOTO KOCMIYHOI'O areHTCTBa YKpaiHu
IMpocnexkT Akanemika [ymikosa 40, k. 4/1, Kuis-187, Ykpaina, 03187

OCOBJINBI AKYCTI/IKO-UI‘PABITA]_[II?'IHI XBWIbOBI
MO/ B I3OTEPMIYHIN ATMOC®EPI

Ilokazano, wjo cnekmp aKycmuko-epasimayiiHux Xeuns 6 i30mepmiuHii ammocgepi 6KA104aAE HOMUPU 0COOAUBUX eBAHECUECHMHUX
moou. Lli modu € po3ze’ssxamu cucmemu 2i0pOOUHAMIMHUX DIGHAHb 048 MAAUX AMMOCHEpHUX 30YpeHb Y NPUNYUeHHI, o 00HA 3
BeAUHUH (20pU3OHMANBHA A00 8EPMUKANBHA CKAAO0SI WBUOKOCMI YACUHOK, AyKmyauii wiiabHocmi yu memnepamypu,) 0opieHioe
Hyaro. Tpu 3 vomupwox exazanux mood (xeuas Jlemba, koarusanus bpenma — Bsiicsas ma f-moda) € dobpe gidomumu, 00HaK paHiue
BOHU OMPUMYBAAUCH 3 IHUUX MIDKYBAHb | p0321a0anuch K okpemi po3e’asku. Heuwjooasne eusnenenns agmopamu pobomu eeaHec-
YeHmHoi y-mo0u 003604UN0 NOKA3AMU, W0 BCi HOMUPU 8KA3AHI MOOU YMBOPIOIOMb NEGHE CIMelicmao 0co0AUBUX MO0 i30mepMiuHOT
ammocgepu. Ha cnexkmpanvniii diaepami uacmoma — XeUAbOSUIL 6eKMOP € HOMUPU OUCNEPCIUHI KpUei 0cobaueux Mmoo, Ha AKUX
o0Ha 3i 30ypeHux eeauyut dopieHioe Hyesi. Lli kpugi nexcams 6 eeanecyeHmHuiil ooaacmi cnekmpy aKycmuKo-epagimayiiHux Xeub.
Bonu nepemunaromocsi o0na 3 oonoro y n’amu mouxax. [lokasano, wo y moukax nepemury ocobaugi Moou He MOICYMb 3a€MO00isi-
mu. Iloaspusauiiini cniggioHoweHHs Midc 060Ma 30ypeHUMU eAUHUHAMU MAIOMb PI3HUI 3HAK N0 00Udéa OOKU 6i0 0c00AUB0T KPUBOI,
AKW0 00HA 3 8eAUMUH HA Uil Kpugili dopieHioc Hyato. Lli eracmueocmi modcna suxopucmogyeamu K iHOUKamopu 0cooaugux Moo
npu eKcnepuMeHmanbHoMy eusuenti eeanecyenmuoeo cnekmpy AIX. Ilpoananizogano modcaugicms cnocmepedceHHs yux moo 6
ammocepi 3emai ma na Conyi 3a noAAPU3AUITHUMU CRIGGIOHOUIEHHAMU.

Karouoei caosa: akycmurxo-epasimauiiina xeuas, cneuugivni eeanecyenmui Xeunvbosi moou, izomepmiuna ammocgepa.

HuryBanns: ®enopenko A. K., Kimnmenko 0. O., Uepemunx O. K., Kproukos €. 1., XKyk I. T. Oco6nuBi akycTUKO-TpaBi-
TalliliHi XBUJIbOBI MOIM B i30TepMiuHiii atMmocdepi. Kocmiuna nayka i mexnonoeis. 2023.29, Ne 2 (141). C. 45—53. https://doi.
org/10.15407/knit2023.02.045

© Bunaseun BJl «Akanemnepionuka» HAH Ykpainu, 2023. CtaTTs omy61ikoBaHa 32 YMOBaMHM BiIKPUTOTO JOCTYITY 32 JIILIEH-
3iero CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2023. T. 29. Ne 2 45



A. K. @edopenxo, F0. O. Knumenko, O. K. Yepemnux, €. I. Kpiouxos, 1. T. Kyk

BCTYII

Teopisa akycTuko-rpasiTaniitHux xsuwib (AI'X) mo-
MycKa€e iCHYBaHHSI B i30TepMiuHili aTMocdepi He-
MEePEepPBHOIO CIIEKTPY BUIbHO IOIINPIOBAHUX XBUJIb
Ta TOPU3OHTAJIbHUX (E€BAHECLIEHTHUX) XBUJIb. Y
(izuui mmaHeTHUX aTMOc(ep OCHOBHA yBara 30-
CepeIKYEThCSI Ha BUBYEHHI BiJIbHO MOIIMPIOBAHUX
i KyTOM J0 TOpU30HTalbHOI mioiuHu AI'X, saxi
e(PEKTUBHO MEpepO3NOAIISIIOTh EHEPTil0 MiX pi3-
HUMU BUCOTHUMHU piBHAMU [8, 13, 14, 16]. Binb-
Ho nomupioBaHi AI'X crocrepiraloTbcsi Ha pizHUX
BUCOTax aTMoc(epu 3 BUKOPUCTAHHSIM IepeBax-
HO IMCTAaHUIMHMX METOMIB, a y BEpXHill aTMocde-
pi — TaKoOX 3a AOMOMOTOI0 KOHTAaKTHMX CYITyT-
HUKOBUX BHUMipioBaHb. EBaHeCLEHTHi XBMJIbOBi
MOJIM JOCTiIKeHO 3HAYHO MeHIe, MepeBaxXHo 1ii
JOCiIKEeHHS cToCcyoThes f~moau Ha CoHiii [4, 10,
12, 15].

Ha BinMiHY BiJ BiJIbHO ITOIIMPIOBAHUX aKyCTH-
KO-TpaBiTalliiHUX XBWJIb, y €BaHECLUEHTHUX 30y-
peHb BepTUKaIbHA CKJIalOBAa XBUJIBOBOTO BEKTOpa
€ YICTO YSIBHOIO BEJIMYMHOIO, KA BM3HAYAE €KC-
MOHEHLIiMHY 3MiHY IXHiX aMIUTiTyl 3 BUCOTOIO [5].
100 yHMKHYTH 30iJbIIEHHSI eHeprii eBaHeCLIeHT-
HMX XBWJIb 3 BUCOTOIO, IJIsI IXHbOI peaisallii B aT-
mocdepi MaloTh OYTH Pi3Ki BUCOTHI Ipali€eHTH Ma-
paMeTpiB, HaIpuKIad, TeMIlepaTypy i LIIJIbHOCTI.
B nibomy BUIagKy MOXXHA BUKOHATU YMOBY 3MEH-
IIIEHHSI €Heprili Bi, BUCOTHOIO PiBHSI MOIIMPEH-
HsI XBWJIb IIPU MEBHUX OOMEXEHHSX Ha IXHi CIIeK-
TpaJibHi BIacTUBOCTI [3, 4].

B naniii po6oTi 1MokazaHO MOXJIMBICTb FeHepy-
BaHHSI B i30TepMiuHii aTMocdepi YOTUPHLOX OCO-
OMMBUX MOJ B €BaHECLEHTHi o00JIacTi CHEeKTpa
AT'X. KoxHa 3 UX MOJ OTPUMYETHCI Yy MPUIY-
IIEHHI, 110 OoAHa 3i 30ypeHUX BEJIUYMH HOPiBHIOE
HYJIIO: TOPU3OHTaJIbHA a00 BepTHMKaJbHA CKJIAdOBI
IIBUIKOCTI YACTUHOK, (hJIyKTyallil TeMIepaTypu 4u
1IiIbHOCTI. TpH 3 LIMX YOTUPHOX MOJ — KOJMBAHHS
bpenrta — Bsiicsa, xsuis Jlem6a i f~Mona € moope
Bimomumu [7, 10, 11, 15]. HeuronaBHo Oysio BUSIB-
JIEHO HOBY €BaHecClIeHTHY y-moay [4]. Lle no3Boau-
JIO PO3MISIHYTH BKa3aHi YOTUPY MOJU 3 TOYKHU 30PY
IXHiX CITITBHUX BJIACTMBOCTEH i MOKa3aTH, 1110 BOHU
¢opMYI0Th TIeBHE CiMEHCTBO OCOOIMBMX MOJ i30-
TepMiuHoOi aTMOcdepu.

46

JTIUCIIEPCIVIHE PIBHIHHA
AKYCTHUKO-TPABITAIIITHUX XBIJIb

B izoTepmiuHiit atMocdepi JiHiliHI XBUIbOBI 30ypeH-
HSI OIMCYIOTHCSI BiTOMOIO CUCTEMOIO TiIpoarHaMid-
HUX piBHSIHL. [l Maaux 30ypeHb rOpU30OHTAIbHOL
(V,) iBepTuKanbHOi (V) CKIagOBUX LIBUAKOCTI Yac-
TUHOK, BiTHOCHUX (IyKTyauiit minsHocTi (p'/p,)
i remneparypu (T'/ T, ) 1 cuctema Mae BUIIL |3, 8]

A/ Y B (1)
ot ox\p, T,
ot oz\ p, T, T,
OIP  divw—Yeg,
ot p, H
o1

o\ T, +(y-1)divV =0.

Cucrema (1) BKJIIOUA€ piBHSIHHS PYXY, TETLJIOBOTO
OajlaHcy Ta HemepepBHOCTI. [JIsT CIpOILeHHS po3-
[JISIHYTO IBOBUMIPHUI BUMIAA0K, 1€ BiCh Zz HaIIpsIM-
JICHO BepTUKAJIbHO BrOpY, a TOPU30HTAIbHA BiCh X
HampsIMJIeHa B3J0BX TOPM30HTAJIBHOI IIBUAKOCTI
yacTUHOK. PiBHsIHHS (1) oTpuMaHO 1151 i30TepMiu-
Hoi atMocdepu, B AKiii poHoBa Temneparypa T, =
= const, a NIJIbHICTb P, 3MIHIOETHCA 3 BUCOTOIO 3a
0apoOMETPUYHUMHU 3aKOHOM

1 Op, 1

p, Oz H

Tyr H = kT, / mg — Bucora onqHopiaHoi armocdepu,
k — crana bonbiiMaHa, m — Maca YaCTUHKM aT-
Moc(epHOro rasy, g — NPUCKOPEHHS BiJILHOIO I1a-
IiHHS, ¥ — IMOKa3HUK amiabaT.

bynemo mykatu po3B’s130K cuctemu (1) y BUTsimi:

T'IT,.p' I p,,V.,V, ~ exp(az)exp[i(wt —k x)]. (2)

Tyt ® — yacroTa XBUJli, kK, — TOPM30HTAIbHA CKJIA-
IIOBa XBWJIBOBOTO BEKTOpA, @ — CTajia BeJIWYMHA,
siKa BU3HAYA€E 3MiHY aMILTITYI1 30ypeHb 3 BUCOTOIO.

[Ticnst mincTaHOBKUM po3B’s3Ky (2) y cuctemy (1)
OTPUMAEMO TaKy CUCTEMY PiBHSIHb:

ioV_—ik gH[(p'/p,)+(T'/T)]=0,
ioV, +agH(p'/p,)+(aH-1)g(T'/T,)=0,
io(T'/ T,)+(y=1)aV, —ik (y-1)V_=0, (3)
io(p'/p)—ik V +[a—(1/H)]V,=0.
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3 yMOBHM PiBHOCTI HyJII0 BU3HAUHMKa cuctemu (3)
BUIUIMBAE aucnepciitne piBHSIHHS AL'X:

N? o’
—2—1 +—2=O. (4)
Q) 9

N

3Bincu mist BEMIMYMHA @ OTPUMAEMO

2 a 2
a ——+kx

1/2
1 1 N?) o
a=—-+ +IA 11— |-= . 5
2H | 4H* * o ) ¢ %)

N

Tyr N*=g(y-1)/yH — xBampar yactotn BpeH-
ta — Baiicsns (bB), cf =vygH — KBaapar LIBUIKO-
CTi 3BYKY.

CucreMma (1) onucye nBa TUIIM 30ypeHb, SIKi Bii-
PIi3HSIIOTHCST XapaKTepOM IIOLIMPEHHS B aTMocdepi.
Ilepimii TUIT — 1€ BUILHO HNOIIMPIOBAHI ITiJl KyTOM
[0 TOPU30HTAIbHOI TUIOLIMHU aKYCTUYHIi Ta TpaBi-
TaliiiHi xBuii. Jpyruii THI — rOpU30HTAJIBHO MO-
IIMPIOBaHi (€BaHECLIEHTHi) aKyCTUKO-TpaBiTalliliHi
XBWJIi. XapakTep TMOLIMPEHHS! XBUJIb BU3HAYAETh-
Csl 3HAKOM TIiIKOPEHEBOIro BUpa3dy B piBHsSIHHI (5).
Axio nminkopeHeBuit Bupa3 y (5) Bil’eMHMIA, TOAL
4 € KOMIUIEKCHOIO BennuuHowo: a=(1/2H)+ik_,
ne k, — BepTHMKalbHa CKJaj0Ba XBUJIbOBOIO BEK-
topa. TyT miiicHa yacTMHA a BU3HA4ya€ 3MiHY aMIl-
Jityau 3 Bucotolo. PisHi 3Haku nepen k, BKa3yloTb
Ha HampsIMOK TIOLIMPEHHSI XBWJIb IO BepTUKAIi
(Bropy a6o BHu3). [lincTaHoBKa 11bOTO 3HAYEHHS a
B JUCIIepciiiHe piBHAHHS (4) mae Bimome Aucrep-
cifiHe piBHSHHS JJig BUIBHO TomupioBaHux AI'X,
CHEKTP SIKMX BKJIIOYAE aKYCTUYHi XBWJi 3 4acToTa-
MU ©>c /2H i rpasitauiiini xsuiai 3 o<N [8].
Jns nogaTHUX 3HAYeHb IMiIKOPEHEBOTO BUpa3y y
(5) a =(1/2H)il{ , € K € IiiICHOIO BEJIMYMHOIO.
B 1iboMy BUTIaAKy HEMa€E XBUJIbOBOTO PO3B’SI3KY IO
BEPTUKAJbHIN KOOPAWHATI, TOOTO XBUJISI TTOLIMPIO-
€TbCSI TOPU3OHTAJIbHO. BigMiTUMO, 1110 OAHIiM i Til
JKe nMcrepcii BiINOBimalOTh JBa €BaHECLIEHTHUX
PO3B’SI3KM, SKi BiIPi3HSIOTbCS PI3HUMU 3HAKaMU
neped K. OIUH 3 HUX € EBAHECLIEHTHOIO «MOJIOI0»,
a IHIIUi — «IIceBIOMOH0IO» [4].

OCOBJINBI EBAHECHEHTHI XBAJIbOBI MO

P03B’s13K1 y BUTJISII OCOOJIMBUX MOJI BUTLIMBAIOTh
i3 CUCTEMM TiIpOAMHAMIYHMX PiBHSIHb MPU HaKJIa-
JlaHHI MIEBHUX YMOB Ha BJIAaCTUBOCTI 30ypeHb [4, 5].
ITokaxemo, 110 cucrema (1) MiCTUTh YOTHPHU OCO-
OJIMBHUX PO3B’SI3KU, SIKi OTPUMYIOTHCS IIUISIXOM IPU-
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01 02 03 04 05 06 07 08 09 Hk,

Puc. 1. Iucniepciiini 3aeXHOCTi o(k,) €BAHECLIEHTHHX XBU-
JILOBUX MOJ: KpuBa | — 3alleXHICTh ®=/k g, KpuBa 2 —
o=,k gly-1), mpama 3 — o=N, xpuBa 4 — o = kc.
IlITprxoBi KpUBi — rpaHULi aKyCTUYHOI Ta TpaBiTalliiiHOI
obnacreil BiibHO noinuproBaHux AI'X [4]

PIBHIOBAaHHS 10 HYJISI OIHI€ET 3i 30ypeHUX BEIMYMH:
T, p', V. abo V,. lla ymoBa oapa3y npu3BOAUTD
JIO €BaHECIICHTHUX PIllleHb i BUKITIOYA€ MOXKIIMBICTh
BinbHOTrO noiwupeHHs1 AI'X. [Ipouienypy oTpuMaHHs
BKa3zaHUX Mo onucaHo Hux4ue y Jogatky. [Toknas-
um V=0, MM OTPUMYEMO PO3B’A30K Y BUTJISALI KO-
nuBaHb BpeHta — Baiicansa: o’ =N°, a=1/yH [7].
Axmo V=0, Toxi mu orpumaemo xBuio Jlemba:
o’ =k, a=(y-1)/yH [11]. YmoBa T'=0 1pu-
3BOAUTD JI0 f-MOIN 3 ® = kg,a=k, Jnap'=0
i3 cuctemu (1) BUMIMBAE y-Moja: o = k.g(y-1),
a=(1/H)-k_.

JlvcriepciiiHi KpuBi 0COOJMBUX €BaHECLIECHTHUX
MO/ TOKa3aHO Ha CeKTpalibHili miarpami puc. 1 [4],
a iXHi OCHOBHI BJIaCTHMBOCTI y3arajbHeHoO B Tao. 1.
Ax BurmuBae 3 (3) i JogaTka, npupiBHIOBAaHHS 10
HyJ1s onHiel 3i 30ypeHux BemuuuH (T', p', V_,
V_) oapa3sy nae OIHO3HAYHUI 3B’A30K MiX Iapoio
iHIIMX 30ypeHb. AKIINO MOKIaCTU PiBHOIO HYJEBi
OJIHY 3 TepMOJMHAMIUHUX (DJIYKTYyallill, OTpYMAEMO
3B’S130K MTEBHOTO BUY MiXX CKJIaAOBUMU IIBUAKOCTI.
Tax, npu T'=0 orpumaemo V, =iV_,anpu p'=0
maemo V_=iV, . [lokiaBiiy piBHOIO HYJIEBI OIHY
3 KiHeMaTMyHuX BeauuuH (V_ =0 abo V,=0),
oapasy (hiKCyeMO 3B’SI30K MEBHOIO BUIY IJIsS Tep-
MoAvHaMiuHuX Guykryauii. Ilpy V =0 wMae-
Mo (p'/p,)=—(T"/T,), npu V,=0 oTpuMaeMo
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(T"/T,)=(y-D(p'/p,). Binmitumo, mo BKa3saHi
3B’SI3KM HE 3aJ1€XaTh Bill CIIEKTPaJIbHUX BJIACTUBOC-
Tell XBUJIb.

3rimHo 3 puc. 1, mucnepciiiHi KpuBi 0COOIUBUX
MO/l MalOTh IT’SITb TOYOK MEPETUHY OJHA 3 OJHOIO.
Kpim TOTrO, NIBi 3 LIMX KPUBUX JOTUKAIOTHCS 10 00-
Jacteil BiapHOro nomuvpeHHst AI'X: f~Mona Topka-
€ThCS B OJIHIN TOYLIi 1O aKyCTUYHOI 00J1acTi, a y-Moa
TOPKAEThCS TpaBiTalliiiHOI 00JacTi HEMmepepBHOIO
cnektpy AI'X. ¥V 3B’43Ky 3 LIUM BUHMKAE JIOTiUHE
3alUTaHHS 11010 MOXJIMBOI B3a€EMO[Iil 0COOIUBUX
MO/ B TOUKax nepetuHy. B po6orti [13] 3po6ieHo Bu-
CHOBOK, III0 f~MOJa He B3aeEMOIi€ 3 xBuielo Jlemba
B TOYLi NIEPETUHY IXHIiX AUCIEPCITHMUX KPUBUX Ye-
pe3 pi3Hy nossipu3aliio. Sk BumnimuBae 3 Taoi. 1, Bci
YOTHUPU PO3TJISTHYTI 0COOJMBI MOAY MAIOTh Pi3Hi MO-
JIsipu3allii, a TaKOX Pi3HI 3aJeXKHOCTI aMILTITyd Bif
BUCOTU. TOMy BOHUM HE MOXYTb B3a€EMOJIISITA B TOY-
Kax nepeTuHy. € i iHIIe MosICHeHHST HEMOXJIMBOCTI
TaKol B3a€EMOJIii, sIKe Oe3mocepeaIHbO BUILIMBAE i3
cuctemu (1). Ockinbku ogHa 3i 30ypeHUX BeIUYUH
(T', p', V, abo V) nopiBHIOE HYJIIO HA OHIA i3 Yo-
TUPHOX IUCTIEPCIMHUX KPUBUX, TOM1 B TOULIi IXHHOTO
MepeTUHy onapasy ABi 30ypeHi BeJIUYMHU MMOBUHHI
OyTHM OJHOYACHO HYJbOBUMHU. [Ipu 1LIbOMY KOXKHE
piBHSIHHS cucTeMu (1) MiCTUTD TUTBKU TPU BEJIUUM-
Hu. ToMy BUMora ogHOYaCcHOI PiBHOCTI HYJIIO ABOX
30ypeHMX BEJIMUYMH aBTOMAaTUYHO O3HAYaE, 110 i pe-
11Ta 30ypeHuX BeJIMUUH TOPiBHIOIOThH HYJIIO.

VY teopii AI'X yacTilie BUKOPHUCTOBYETHCSI CUC-
Tema piBHsIHb Buay (1), B sIKiii 3aMiCTb piBHSIHHS
a71st daykryauiii remnepatypu T'/T, BUKOPUCTOBY-
€TbCSI PIBHAHHS 115 30ypeHb TUCKY p'/p, . OcKinb-
KU JUISl ifeaqbHOro aTtmocdepHoro rasy p'/p, =
=(T'"/T,)+(p'/p,), piBHAHHSA jns  IyKTyawiit
TUCKY JIETKO OTPUMATH, NOJABIIM TPETE i YETBEp-
Te piBHSHHS cuctemu (1). g imeanbHOro rasy 3
Mepioro piBHAHHS cucteMu (1) TakoxX BUILIMBAE
p'=p,(o/k )V . Tobro ymoBa V =0 aBTOMa-
TMYHO O3Ha4ae i p'=0. SIKIIo BUKOPUCTOBYBaTH
B cucteMi (1) piBHSIHHSI aJist 30ypeHb TUCKY, TO.i
OTpUMaHHS pileHb y Bunisai f~mMonu (T'=0) € He
TakKuM HaoyHUM. BukopucrtanHs B cuctemi (1) pa-
30M 3 IBOMa KiHEMaTUYHUMMU BeJuunHamu V, i V,
came TepMouHaMiuHuX (uykryaniit p’ i T' 103Bo-
JISIE OTPUMATU YOTUPU OCOOJMBUX €BaHECLIEHTHUX
MOJIM Y HAOIbII 3pYYHUI CTIOCiO.

[TonsipuzaniiiHi criBBiAHOIIEHHST OCOOIMBUX €Ba-
HECLIEHTHUX MO/l HaBeeHO B TabJ1. 1. 3arajbHi oco-
OMBOCTI MOJISIpU3aLlii LIMX XBUJIb MOXHA 3pO3yMiTH
3 TIPOCTUX EHEPreTMYHUX MipKyBaHb. OCKiIbBKM
€BaHECLICHTHI XBWIi MOIIMPIOIOTHCS FOPU3OHTAIb-
HO, Tepeavi eHeprii y BepTUKaJIbHOMY HaIpsSIMKY
He BimOyBaeThcs. SIK HACTIIOK, cepenHiii 3a mepion
BePTUKAJIbHUI TIOTIK XBWUJbOBOI E€Heprii IT“Z =
= < p’-V>Z =0, a TAKOX Cepe/Hiii MOTiK BEpPTUKAIIb-
HOTO iMITyJibCy P, = <p’-V>Z =0. I3 uux eHepreTUY-
HUX YMOB BUILIMBAIOTh OOMEXEHHSI Ha MoJiIpu3a-

Tabauys 1. XapaKTepuCTHKA 0COOJIMBUX eBAHECHIEHTHUX MOJI B i30TepMiuHiii aTMocdepi

Bractusocti BesauepreHTHa HenpyxHa Konnaam—iﬂ Xpust Temba
(f~mona) (y-mona) Bpenra — Bsiicsuist
VYmoBa otpu- T'=0 p'=0 V. =0 V=0
MaHI divV =0 div(p,V)=0
Jlucnepcist o =kg o’ =k,g(y-1) o =g(y-1)/yH=N" o’ =kic’
BeprukanbHuii a=k, a—i—k a—i a_i_i
mpodinb aMILTi- H F vH H vH
Tyau
; k ! k T' ' -1V "k
[Monsipuzatiisi v, =—"gHg V, =—%gH— P _ _1."{ 2z P _K g
o0 p, o” T Py YH o Py
’ ’ ’ ’ k
V. =ioH 2 o oH T v -8 T ke yv
Po (y-1T, oT, T, o
V., =iV, V. =iV, ' T T' '
P —=y-n&
o Ty T Po
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LiiHi CHiBBiAHOILIEHHS €BaHECLIEHTHUX XBWJIb.
Ockineku p'=p,(w/k,)V,, 10 ymoBa F, =0 03Ha-
yae, 1110 KOJMBAHHSI BEPTUKAIbHOI i TOPU3OHTAb-
HOI CKJIaIOBUX IIIBUAKOCTiI MalOTh 3CYB pa3 /2 B
eBaHECLICHTHUX XBUWJISIX. BimxuieHHs Bil IbOTo 3¢y-
BY (ha3 03HaUa€e HasSIBHICTh IIEPEHOCY €HEPTil Y Bep-
TUKaJTbHOMY HaIIPSIMKY.

Js BinmbHO mommproBaHux AI'X 3cyB (a3 mix
KOJIMBaHHSIMU BEPTUKAJIbHOI Ta TOPU3OHTAIbLHOI
CKJIAJIOBUX IIBUIAKOCTI 3aJ€XUTh Bill CIEKTpasib-
HUX BJIACTUBOCTEH XBUJb i MOXE 3MiHIOBAaTHUCh B
intepBaii (0,%xm/2) [8]. Taki AI'X BiJIbHO MOIIM-
PIOIOTHCS Mifl KYTOM 10 TOPU30OHTAIbHOIL IUIOIIUHU,
TIEPEHOCSIYN SHEPTil0 Y BEPTUKATLHOMY HAIIPSIMKY.
Chig BiZMITUTH, 110 BEPTUKAIBHUI ITOTIK XBUJIBO-
BOI €Heprii Ma€ BUpPaXXeHUI MAaKCUMYM IIPU JESTKIX
crnekTpajibHuX apaMmerpax [1]. Tooto, € AI'X 3 meB-
HUMM CTHIEKTPAJIbHUMU BJIACTUBOCTSIMU, SIKi Mepe-
HOCSITb €HEPTil0 MiX Pi3HUMHW BUCOTHUMU PiBHSIMU
atMocdepu HalOiIbII e(DeKTUBHO.

Ockinpku KonuBaHHs V1V, Ui eBaHECLEHT-
HUX XBWIb 3MillleHi 1o da3i Ha £7/2, TO BeIuuu-
Ha divV =(0V_ /0x)+(0V, /0z)=—ik V_+aV, ~V,
IJIs1 mificHoro 3HaveHHsT a. Toxi 3 TpeThoro i 4yer-
BEpPTOro piBHSIHb cucTemu (1) BUILIMBAE, 1110 (PIyK-
tyauii T' i p’ Takox 3wmilieHi mo (asi Ha +mw/2
BimHOoCcHO V. Lle y3romkyerbcs 3 ymoBowo P, =0.
3riHO 3 TaHUMU CYMTYTHUKOBUX CITOCTEPEXKEHb, IS
AT'X y noisipHuX 001aCTsIX Ha BUCOTaX TepMochepu
KOJIMBaHHA MixX daykTyauismu p' i V, BinOyBaeTh-
cs mpubau3Ho y ¢asi [2]. Lle ogpasy Bukiodae ro-
PU30OHTAJIbHE TIOIIMPEHHS XBUJIb, OCKiJIbKM BKa3ye
Ha e(eKTHBHE TEepPEeHECEHHs IMMYJIbCy Y BEpTU-
KaJIbHOMY HaIpsIMKY.

CIIOCTEPEXYBAHI OCOBJIMBOCTI
EBAHECHEHTHHUX MOJ]

ITpu ananisi criocTepekeHb XBUIbOBUX (hIYKTYyalliit
aTMocdepy BaXJIMBO iAeHTU(IKyBaTU TUII 30ypeH-
Hs. BinpizHutu BiibHO momupioBaHi AI'X Bin eBa-
HECLICHTHMX XBWJIb MOXHA Ha OCHOBI aHaJIi3y MoJIsI-
pu3aiii 30ypeHux BenmuuH. [lonsipusaiiiii ciB-
BimHomeHHs1 AI'X 3arajgbHOro0 By 0€3I10cepeaHbO
BUILIMBAIOTh i3 cucteMu (3):

V, =iV k. (a-1/yH)/ (o’ —kXc?),  (6)
p'lp,=iV,yola—1/yH)/ (o’ —kic?),  (7)

T'/T,=iV,(y-1)(aw’ —kig)/ (e’ —kXc}), (8)

p'lp, =iV, (kigly—1)+w*(a—1/H))/ o(e’ —kXc?).
)

Tyt Bci 30ypeHi BeIWYMHM IS 3PYYHOCTI BU-
paxKeHo uepe3 CKJIANOBY BEPTUKAIbHOI IIBUIAKOCTI
V., . Jx BunmBae 3 Bupasis (6)—(9), B eBaHECLEHT-
HUX XBWISIX 3 TIMCHUM 3HAUYEHHSIM BEJIMYUHU a
3CyBU (ha3 MiX OKpeMUMHU 30ypeHUMU BeIUYMHA-
MU HeE 3aJIexXaTh Bil CIIeKTpaJbHUX BJIaCTUBOCTEN.
st BitbHO nomuproBaHux AI'X ¢a30Bi 3cyBU MixK
pi3HUMU (PIAYKTyalisIMA 3MiHIOIOThCSI MOHOTOHHO
Ha BCiil criekTpasbHii miomuHi o(k, ). BoaHovac
B €BaHECLICHTHOMY CIIEKTPi HasBHi po3puBH (a3 Ha
JUCTIEPCIMHUX KPUBUX OCOOJIMBUX MOJ, 1110 MOXKHA
BUKOPUCTOBYBATH JISI 1XHbOI €KCIEPUMEHTaTIbHOL
JiarHOCTUKM. JlucTiepciiiHi CITiBBIIHOIIEHHST 3a-
raipHOro BHay (6)—(9) MaioTh HEBM3HAYECHOCTI.
st criiBBiZHOLIEHb, 3allMCAaHUX BiTIHOCHO CKJla-
n0BOi V_, L HEBM3HAYEHICTb IPOSBISETLCS Ha
AMcIiepciiiniii kpusiii Jlem0a, Ha axiin V, =0. Bu-
paxkaiouM IIOJISIpU3alliiiHi CITiBBIIHOILIEHHS 4Yepe3
Oy/ib-sIKy 3i 30ypeHuX BeJIWYUH, OTPUMAEMO HEBU-
3HAUEHICTb Ha Tilt AMCNepCiliHii KpUBii, s1Ka BiAno-
Billae HyJIbOBOMY 3Hau€HHIO 1i€i BeamuuHu. [1106
BU3HAYWTU MOJISIPU3ALLII0 OCOOJUBUX MO, CIOYaT-
Ky CJif TIpUpPIiBHATU OO0 HYJS BiIMOBIAHY CKJIaIOBY
30ypeHHs B cuctemi (3). Tonmi oTpumMaHi moJisipusa-
LIii{HI CMiBBIIHOIIIEHHSI HE MiCTSITh HEBU3HAYE€HOC-
teit (muB. Tabi. 1 i JomaTok).

Toii daxT, 1110 Ha AUCIIEPCITHMX KPUBUX OCOOJIH-
BUX €BaHECIIEHTHUX MOJI O/IHA 3i 30ypeHUX BeJTMUUH
(T, p", V_, V) 10piBHIOE HYIIIO, € BAXIUBUM JUIsl
iHTeprpeTalii eBaHeceHTHOro crekrpy AI'X. Ha
YOTUPHOX JMUCIEPCIHHUX KPUBUX OCOOJMBUX MOJ:
o’ =N’ (xonmuBaHHs BB), o’ = kjcf (xBust Jlem-
6a), o =k.g (fmoma) i ®’ =kg(y-1) (y-mona)
Mae crocTepiraTucs 3MiHa 3HaKy y Mojsipu3aliiHux
CITiBBiIHOIIIEHHSIX, 200 CTpMOOK pi3HUlli (ha3 HA +T
MiX Tlaporo 30ypeHUX BEJIMYMH, SIKIIO OfHA 3 HUX
JIOpiBHIOE HYJIIO Ha KpuBiil. /st moau JlembGa mo-
BUHEH CIIOCTepiratucsl cTpuook ¢asu Bim +m/2 to
—m/2 (abo HaBMaKu) MixX IapamMu 30ypeHUX BeJIU-
uwin V_-V_, p'=-V_, T'-V_, p'=V, npu neperuni
npamoi o=k c . ®aktnuno xsuis Jlemba 3 V, =0
«HEBUIMUMAa» y CIIEKTPi BEPTUKAJIbHOI IIIBUIKOCTI,
Jf-Mopa He criocTepiraetbes y crekrpi T =0 iT. .
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V 3B’43Ky 3 LIUM TpU eKCIEPUMEHTaIbHUX J10-
CIIIIDKEHHSIX PI3HUX TMIIIB €BAHECUEHTHUX XBUJIb
BaXXJIMBUM € BUOIp CITOCTEpEeXKYBaHUX MapaMeTpiB.
B eBanecuentHoMy criekTpi AI'X Ha CoH1li 3a3BU-
yaii aHaJIi3yl0ThCs (ha30Bi 3CyBU MixX (JIyKTyallisiMu
IHTEeHCUBHOCTI OKPEeMUX CIEKTPaJIbHUX JIiHIH 1 Bep-
TUKaJIbHOI WBUAKocTI I -V, [6, 9]. Ko npunyc-
TUTH, 110 (BIYKTYyallil iHTEHCUBHOCTI CIEKTPaIbHUX
JIIHII TIPOITOPIIiHI 3MiHaM TeMIIepaTypu, TOIi 3CYB
dasu T'—V_ Oyne 3MiHIOBaTUCS CTPUOKOM 110 0OM-
JiBa OOKM Bijl AMCIIEPCiiiHOI KpUBOi f~MOaU o = kx g
(T'"=0), a Takox npu nepetuHi momu JlembGa
o=kc (V,=0). OnHak crnocTepeXeHHs XBUJIbO-
Bux ¢aykryauiii Ha CoHILIi BKa3ylOTh Ha OesIKy He-
Y3TOMKEHICTh 3 IIUMH TEOPETUIHUMM YSIBICHHIMU,
0CO0JIMBO B HU3bKOYACTOTHIN IUISTHIII €eBaHECILIEHT-
Horo criekTpy [6]. Lli po36ixKHOCTI He BIaIoCs mosic-
HUTU BpaxyBaHHSIM e(eKTiB MEPeHOCY B COHSUHIN
atMocdepi [6, 9]. MoxIuBO, 110 B IIUX CIOCTEPE-
JKEHHSIX CJIiI BpaxyBaTH 3aJIe>KHiCTb iHTEHCUBHOCTI
CMEeKTpaJbHUX JIiHIN He TiJIbKM BiJl TeMIlepaTypH, a
U BiJl KOHLIEHTpALlil BUTTPOMiHIOIOUUX YaCTUHOK. Y
TaKOMY BUNaJKy cTpubok dasu T'—V_ Oyze cro-
cTepiraTucs IpW MEPeTHHi AUCIEPCiiiHOI KpHUBOL
f-Momn =k_ g, a ctpubok dasu p'-V, — npu
nepeTuHi KpUBOi y-MOAM =k _g(y-1). TobTo,
00UBI 11i 0COOIMBOCTI MOXYTh BimoOpaxkaTucs y
(azoBux 3cyBax I—V_, 110 yCKJIa[HIOE aHAJI3 Jia-
rHOCTMYHOI Aiarpamu o(k, ) .

MOXIUBICTb CITOCTEPEXEHHS Y-MOAW B €BaHeC-
HeHTHOMY criekTpi CoHIII CTaHOBUTH OCOOJIMBUIA
iHTepecC, OCKIJIbKY 1110 MOIy OyJIO BUSIBJIEHO TiJbKU
HelronaBHo [4]. 3a ekcniepuMeHTaIbHUI iHAMKATOP
Y-MOIIX MOXHA BBaXXaTu YMOBY p'= 0, 1110 BUKOHY-
€Thcsl HA 1i AMCTepciiiHiil KpuBiit o =k g(y-1).
IIpote € nesiki o0OMeKeHHSI, SIKi MOXYTb YCKJIaaHU-
TU criocTepexeHHs y-Moau Ha Coniui. s eBaHec-
HeHTHUX Mo Ha CoHIIi ITOTpiOHO 3a0e3meYnTH Ia-
JiHHSI XBUJIBOBOI €HEPTii B HAIIPSIMKY BrOpY:

E~p,(2)(VZ+V?)—0 npu z — +o.

s f~Monu 3 BepTUKAIbHOIO 3aJIEXKHICTIO aMILTi-
TyIu a =k, LIbHICTb eHeprii

1
E, NeXP(ka_EjZ_’O
npu z — +o0, ko k <1/2H .

50

Hnsy-monm 3 a=(1/H)—k_ 1iIbHICTb eHeprii

1 1 1
E ~exp| 2| ——k_|-—|z=exp| ——2k_|z—0
’ exp[ [ XJ Jz exp( sz

npu z—>+oo, gakwo k_>1/2H . Tlpuitmemo Ha
piBHi ¢orochepu H; ~150 xm. Toxmi mpocTopo-
Buit MacwTab k =1/2H, akuil Binginse 3pocra-
I0Yi IO eHeprii po3B’SI3KM Bil CIamgHUX, IS f- Ta
vy-Mo# cTaHOBUTH Osmn3bKo 1900 kM. Lleit maci-
Tab € OJU3BKUM J10 PO3MipiB (hoTOChHEepHUX TpaHyI
(~1500...2000 xm). Tomy criocTepeKeHHS CITaTHNX
0 eHepril po3B’sI3KiB 151 Y-MOJIU YCKIAIHIOOThHCS
TrpaHyJISILIEX0 COHSIYHOI MoBepXHi. BogHouac criagHi
O eHeprii Bropy po3B’sI3KW Y BUTJISIII f~MOAU MPU-
nanaioTh Ha MaciuTab k <1/2H, i Tomy peectpy-
IOTbCS Y COHSIUHIM poTocdepi Ha (DOHI IpaHyJISLIIl.

JOJATOK. OTPUMAHHA PO3B’A3KIB
Y BUITIAAI OCOBJINBUX EBAHECHEHTHUX MOJ]

Koausannsa bpenma — Bsiicaaa. Iloknagemo B cuc-
Temi (3) V_=0:
ioV,-g(T'"/T,)=0,
io(T'/T,)+(y—=1)aV, =0,
io(p'/p,)+la—(1/H)]V,=0.
SK BUOHO 3 MepIIOro piBHSHHS cuctemu (3),
ymoBa V =0 eKBiBaJ€eHTHa HasABHOCTI 3B’A3KY
MiX (IyKTyalisIMU IIIIBHOCTI 1 TEMIIepaTypyu BUILY
(p'/1p,)=—(T"/T,). Buxopucroylouu 1eil 3B’s-
30K, Y TPEThOMY piBHsIHHI (JI1) MOXHa BUKJIIOUUTHU
p'/p,. IloTiM nomaBlM Opyre i TpeTe piBHSIHHS,
BU3HAUYUTU BeJMUMHY a =1/vH . Takox nicas nes-
KX HECKJIAIHUX MEPETBOPEHb OTPUMAEMO JUCTIEP-
cito konuBaHb BB ®° = N?, a TakoX nosspu3ariiiti
CITiBBiTHOIIIEHHS, TTOKa3aHi B Tabiu. 1. BimmiTmo,
110 TIpoTH(da3HICTh IYKTyaLili IITBHOCTI i TeMIIe-
paTypu 03Hayvae, 1110 B KoJuBaHHsIX bpeHTa — Bsiii-
CsUISl BiZICYTHI XBUJIbOBI 30ypeHHsI TUCKY p'=0.
Xeuns Jlemoba. Ioxnasum B (3) V_ =0, orpumMaemo:

ioV_—ik gH[(p'/p,)+(T'/T,)]=0,
io(T'/ T,)—ik (y—1)V, =0,
in(p'/p,)—ik V, =0.

3 yMOBHM pIiBHOCTI HYJIIO BM3HAYHMKA CHCTEMU
(/12) ompa3y BUIUIMBAE OUCIEPCiiiHEe PiBHSIHHS IIJIsI
Moz Jlemba @’ =k’c’ . 3 ApYroro piBHsAHHS CHCTe-
M (3) BUmHO, 110 ymoBa V, =0 oxpasy 1ae 38’ 430K

(A1)

(A2)
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MiX (IyKTyamisMy TepMOIUHAMIYHUX MapaMeTpiB
suny (p'/p,) + (T'/T,) = (1/aH)(T'/T,). Bpa-
XOBYIOUH 1Ieil 3B’SI30K, MOXHA BUKJIOUUTH p'/p,
B piBHsIHHSIX ([12). [ToTiMm micsist HeCKJIaAHUX mepe-
TBOPEHb OTPUMAEMO IS XBUIIi JIeMOa BepTUKAJIbHY
3ajexHicTb amrtitynu a=(y—1)/(yH) Ta nonsipu-
3alliifHi 3B’sI3KM, ITOKa3aHi B TaoJI. 1.
f-moo0a. Ipu T' =0 i3 cucremu (3) BUTUIMBAE:

ioV, —ik gH(p'/p,)=0,
ioV, +agH(p'/p,)=0,
io(p'/p,)—ik V +[a-(1/H)]V,=0.
VYmoBa T'=0 o3Hayae omHovacHo i divV = 0,
sk 1e BUnHO 3 (1). Binmitumo, 110 f~Moay paHiiiie
oTpuManm came 3 ymoBu divV = 0, Tomy ii TakoX
Ha3MBalOTh Oe3IMBepreHTHOI0 Moo [4, 10]. Jdasa
f-Moau 3B’SI30K MiX CKJIAZOBUMU IIIBUIKOCTI BU-
mmmBae 3 ymosu divV = —ik V. +aV, = 0. Bu-
Kmouusin 3 cucremu ([A3) cknagosy V , jierko
OTPUMATH OHCIEPCilo ® =k g, BUCOTHY 3aJleX-
HICTb aMILTITYIM a =Kk Ta MoJsipu3aliiiHi CriBBij-
HOILIEHHST IS f~MOJIN.
y-mooa. 3 ymoBu p' =0 i3 cuctemu (3) OTpUMaEMO

ioV, ik gH(T'/T,)=0
ioV,+(aH-1)g(T'/T,)=0,
io(T"/ T,))+(y=1aV, —ik (y=1)V =0.

SAxBuaHOi3 cuctemu piBHsAHB (1), ymoBa p'/p, =0
O3HAYa€ i OJHOYACHE BUKOHAHHS IHIIOI YMOBU
div(p,V) = 0. 3Bincu BummMBae oxpasy 3B’S130K
MiX cKkiagoBumu msuakocti ik V. =[a—(1/H)]V, .
3a I0MOMOTI0I0 IILOI0 3B’SI3KY BUKJIIOUMMO 3 CHUC-
temu ([4) cknagoBy V, , miciag yoro sHaiaemo s
y-monu: a=(1/H)-k_, o =(y-Dk, g . o mony
MOXHa Takox oTpumaru 3 ymosu div(p,V) = 0,
TOMY BOHA I1I¢ Ha3UBAETHCS HEMIPYKHOIO MOJIOHO [4].

(A3)

(a4

BICHOBKMN

[TokazaHo, 110 B i30TepMiuHiii aTMochepi MOXYTh
peatizyBaTics YOTUPU OCOOJMBUX aKyCTUKO-TPaBi-
TaluiAHUX XBUJIbOBUX Moau. Lli Mogu MoxHa oTpu-
MAaTH K PO3B’SI3KU CUCTEMU TiIpOoIUHAMIYHUX PiB-
HsHB (1) 3a yMOBHU, 1110 OfHA 3i 30ypeHUX BEINYMH:
V.,V , p' abo T' nopiHioe Hymo. KoxHa 3 1ux
YMOB Ofipa3y MPU3BOAUTH A0 €BAHECLIEHTHUX XBU-
JILOBUX PillleHb, BUKTIOYAI0YM MOXJIMBICTh BiIbHO-
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ro nomupeHHs AI'X. Tpu 3 uux monx Oyau BimoMi
JaBHO. BoHu Oyiu oTpuMaHi y IpUITyIeHHI pi3HHAX
00MeXXeHb Ha CKJIagoBi 30ypeHb IIBUAKOCTI YaCTH-
HOK: KoJuBaHHA BB (V_=0) o’ =N?, xsui Jlem-
6a(V,=0) o’ =k, f-mona (divV =0) o’ =k g.
HelonaBHO BUSBIEHY Yy-MOLy ® = k gly-1)
MOXHa OTpUMaTH abo 3 YMOBU Ha CKJIaJOBi LLIBUI-
kocti div(p,V)=0, a6o 3 ymoBu p'=0. Binkpurrs
LIi€T MOJAM JO3BOJIMJIO OO0’ €IHATH BCi Ha3BaHi YOTU-
PU MOIM Y CiIMEICTBO OCOOJUBUX MOJI 32 OTHOTUII-
HUM CIIOCOOOM OTPUMAHHSI i pSIZIOM BJIACTUBOCTEIA.

BnacTuBOCTI 0COOIMBUX MOJ, 3py4HO aHaIi3yBa-
TH 3a JONOMOTOIO JiarHOCTUYHOI miarpamu (k) .
B eBaHecieHTHiil o6nacti criekTpy AI'X € yoTupn
0COOJIMBI AUCHEpCiiiHI KpUBi, Ha SIKMX OAHA 3i 30y-
pennx BequuuH, T', p’', V. 4n V, nopiBHIOE HyIIIO.
JucnepciiiHi KpuBi 0COOJMBUX MOJ, ITE€PETUHAIOTh-
csl OTHA 3 OHOIO Y IT’SITH TouKax. [Toka3zaHo, 110 11i
MOJU HE MOXYTh B3a€EMOJISITU B TOUKAX MEPETUHY.
HemoxmmBicTh 11i€l B3aEMo/Iii 00yMOBIeHa Pi3HOIO
MoJISIpU3alli€elo MOJ, a TaKOX BMILIMBAE Oe3roce-
PEIHBO i3 CUCTEMU PiBHSHbD.

ITpu excniepuMeHTATbHUX AOCTIIXKEHHSIX Pi3HUX
TUITIB MOJ BaXXJIMBUM € BHUOIp CIIOCTEpEeXKyBaHUX
BesiurH. MaKTUYHO y-Moia ® = k g(y—1) € «ue-
BUAMMOIO» y IIyKTyalisx p’,f-Mofa @ = kg—y
sminax T, xonmuBaHHs BB @’ = N® — y ropusoH-
TanbHil wBKakocti V., axsuis Jlemba o =kic> —
y BEPTUKaJIbHIM mBUAKOCTI V, . Jljis pisHUX KOMOIi-
Haliii map 30ypeHux BeJUUnH (a3oBi 3cyBU 3MiHIO-
IOTbCSI CTPUOKOM Ha BEJIMYMHY T Ha OCOOJMBHUX
JUCTIEPCIMHUX KPUBUX, SKIIO OIHA 3 BEJIMYMH Ha
Li#1 KpuBiit opiBHIOE HYMO. DAKTUYHO TOJIIpU3a-
LiiHI CITiBBITHOIIEHHS MiX ABOMa 30ypeHUMU Be-
JIMYMHAMU MalOTh Pi3HUI 3HAK MO 00MaBa OOKHU Bif
0co0a1Boi KpuBoi. 1110 Bj1acTMBiCTh OCOOIUBUX MO]I
MOXXHa BUKOPHMCTOBYBATH JIST iXHBOI iZeHTU(iKallii
y CIOCTEPEKEeHHSIX, 30KpeMa MpU aHasi3i eBaHec-
neHtHoro cnektpy AI'X Ha Conuii.

Pobomy euxonano 3a niompumku HauionarbHoeo
ondy docnidxcenv Yipainu, npoexkm 2020.02/0015
«Teopemuuni ma excnepumeHmanvHi 00CAIONCEHHS
2100a1bHUX 30ypeHb NPUPOOHO20 | MeXHO2eHH020 NO-
Xo0oiceHHs 6 cucmemi 3emasn — ammocgepa — ioHOC-
gepa» ma uacmrosoi niompumxu Llinboeoi komnaex-
cnoi npoepamu HAH Ykpainu 3 naykoeux KocmiuHux
docaidncenv na 2018—2022 poku.
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SPECIFIC ACOUSTIC-GRAVITY WAVE MODES IN ISOTHERMAL ATMOSPHERE

In the paper, we show that the spectrum of acoustic-gravity waves in an isothermal atmosphere includes four specific evanescent
modes. These modes are the solutions of the system of hydrodynamic equations for small atmospheric disturbances under the
assumption that one of the quantities (horizontal or vertical components of particle velocity, density fluctuations, or tempera-
ture) is equal to zero. Three of the four specific modes (the Lamb wave, the Brunt-Viisila oscillation, and the f~mode) are well
known, but they were previously obtained as independent solutions. The recent discovery by the authors of the evanescent
y-mode made it possible to show that all four specified modes form a certain family of special modes of the isothermal atmo-
sphere. On the spectral diagram of the frequency and the wave vector, there are four dispersion curves of these special modes
in which one of the perturbed quantities is equal to zero. These curves belong to the evanescent region of the acoustic-gravity
wave spectrum. They intersect each other at five points. It is shown that the specific modes cannot interact at the intersection
points. The polarization ratios between two perturbed quantities have a different sign on either side of a particular curve if one
of the quantities on this curve is zero. These properties can be used as indicators of the specific modes in experimental studies
of the evanescent spectrum of AGWs. By using polarization relations, the possibility of observing these modes in the Earth’s
atmosphere and on the Sun is also analyzed.

Keywords: acoustic-gravity wave, specific evanescent wave modes, isothermal atmosphere.
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XapkiBcbKuii HallioHaJIbHUI YHiBepcuTeT iMeHi B. H. Kapasina
maiigan CBobonu 4, XapkiB, Ykpaina, 61022

OI3UYHI EQEKTH Y CUCTEMI
SEMJIA — ATMOCOEPA — IOHOC®EPA — MATHITOCDEPA,
BUKIINKAHI ITOTY2KHUM BUBYXOM BYJIKAHA TOHIA 15 CIYHA 2022 p.

Egexmam eudyxy eyaxana Tonea édxce npucesueno baeamo podim. Y Hux docaioxcyromuvcs eghekmu yyHami, nosimpsana ubyxoea
X6us, pyxomi ionocgepti 30ypeHHs, 30ypeHHs ekeamopianvHoi ionizayiiinoi anomanii, nepebyoosa ioHocghepuux cmpymie ma am-
mocgepnoi cucmemu 8impie, 30ypenns eeomacHimuoeo noas mowjo. Hadiiino ecmanoeneno, wo eubyx eyakana Tonea euxaukag
HU3KY npouecig y en0b6arvHux macuimaobax. IIpome 3eadok npo modeatosanus yux npouyecie y aimepamypHux odcepenax Hemae.
Byakan 30amen sukaukamu yiauii komnaexc QizuuHux npouecie y cucmemi 3emas (rimocghepa, mexkmonocgepa, oKkean) — ammo-
cipepa — ionocgpepa — maenimocpepa (3AIM), y écix eeogpizuunux noasx. Ananiz yciei cykynHocmi npouecie y cucmemi, GUKAUKA-
HUX YHIKAAbHUM 8UOYXOM I BUBEPIICEHHAM BYAKAHA, € AKMYANbHOI0 HAYK08010 3adauero. Mema uiei pobomu — KomnaeKcHuil aHanis
i ModenroganHs 20106HUX Pizuunux npoyecie y cucmemi 3AIM, wo cynposodicysaru nomyxcuuii eudyx eyakara Tonmea 15 ciuns
2022 p. 3pobaeno nepuiy cnpody 3modearoeamu abo OUiHUMU eAUHUHY 20108HUX e(heKmie, GUKAUKAHUX GUOYXOM | 8UBCPICCHHAM
syakana Tonea. BukoHano KoMNAeKCHUL aHani3 | MOOeAOBAHHSA OCHOBHUX (izuunux npoyecie y cucmemi 3AIM, wo cynpoodicy-
sanu susepicenns. OuineHo enepeemuky eyakana ma eubyxoeoi xeuni. Tennosa enepeia eyaxana caeana 3.9-10'8 Jlnc, a cepedns
menaoéa nomyxcricmo — 9.1-10 Bm. Enepeia eu6yxosoi xeuni 6yaa 6ausvkoro do 16... 18 Mm THT. Bcmanosnero, wo yakaniv-
HULL cCMPYMiHb 3 NOYAMKO8UM MUCKOM Y 0eCAMKU ammocep cseag 8ucomy 00uHuyi Kinomempis. Byakaniunuii naom nouwupuscs
00 sucomu 50...58 km ma nepemicmugcs na 3axio npubausno na 15 Mm. Oyineno ochosni napamempu nawomy. Hoeo cepeduns no-
myxcricmb cmanoeuaa 6ausvio 7.5 TBm, a nomix menaa — 15 MBm/m2. IIpu maxomy nomouyi caio 6yno ouikyeamu na po3eumox
602HAN020 CMepHY 3 Kynosoto weudkicmio obepmanns 6ausvio 0.17 ¢c=! ma nepiodom obepmannsa 37 c. Ompumano anarimuune
Chi68iOHOUIeHHS 051 OYIHKU MAaKcumManbHoi eucomu nioitiomy nawomy. 1oa06Hull éHecok y eauuuny yiei ucomu oae 00’emua weuo-
Kicmb eukudie (npodykmusHicms) 8yakauna. Bubyx eyakana cynpogodicysascs eenepauiero celicMivHoi ma ubyxoeoi Xeunb, yyHa-
mi, xeuni Jlemba, epagimayitinux, iHppasgyKosux i 36yK08UX X8Ub, AKI NOWUPIEANUCs Y en100anbHux Macumaodax. Baxciueo, uo
nomyaicHa eubyxoea xeuns 6yna 30amua GUKAUKAMU GMOPUHHY CeHCMIYHY XU ma mopuHHe yynami. Lle 6yn0 00HuMm i3 npossie
83aemo0ii niocucmem y cucmemi 3AIM. [lowuperus NOMyICHUX X8UAb CYNPOBOONCYBANUCS HEATHIHUMU CROMBOPEHHAMU NPODIio
X6UANb | HeAIHITIHUM 3Q2ACaHHAM 6 Pe3yAbmami camoenaugy xeuav. Enexmpuuni npouecu y mponocghepi nos’szami 3 po3nuieHHsIM
npodykmie eukudie, eneKmpu3ayicio 4acmuHoK nAMY, po30ineHHAM 3apadie, NiOCUAeHHAM ammocgepHo20 eaeKmpu4Ho20 nos,
e1eKmponpogioHoCMi, eAeKmPU4HO20 CMPYMY ma 30ypeHHAM 2100a1bH00 eneKkmpuuHo20 Koaa. Enexkmpuuni egpexmu 6 ionocghepi
noe’sa3aui 3i 30INbUEHHAM HA 00UH-08a NOPAOKU HANPYICEHOCMI IOHOCGHEPHORO eAeKMPUYHO20 NOAS, WO NPU3EeN0 00 6MOPUHHUX
npouecia y maenimocgepi ma padiayiiinomy nosici 3emai. Bcmanogaeno, wjo maeHimuuii ecpekm nioso0Hoeo 8UOyxy ma 6UusepiceHus
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Dizuuni echexmu y cucmemi 3emasi — ammocgepa — ionocghepa — maznimocepa, GUKAUKAHI NOMYICHUM GUOYXOM 8VAKAHA. ..

syakana 0ye snaunum (100...1000 HTx), ane rokarvhum. Maenimuuii epekm yakariunoeo naomy cseas 1...10 nTa. Maenimnuii
epekm y ionocghepi 6y8 3ymosaeHuil 30ypeHHAM cucmemu cmpymie nio enaueom ionocgeproi «dipu» (AB = 0.1...1 nTn) ma eenepa-
Y€ cMoporHb020 cmpymy y noai ammocgeprux xeuab (AB = 1... 10 uTn). 3anunrenns ammocghepu npodykmamu 6uKudie 8yaKana
npu36ea0 00 po3CiaHHA COHAYHO20 BUNPOMIHIOBAHHS AEPO30AAMU, NOPYUIeHHA PadiayiliiHo20 6ANAHCY y cuCmeMi 3eMHA NOBEPXHA —
OKean — ammocghepa, 0xXon00MCeHHs NPU3eMHOT ammocghepu ma mpueepHo2o eghekmy. Bubyx eyakana sukaukag eenepayiio anepio-
OduuHux (ioHocgepHa «dipa») ma KeazinepiooutHux (Xeunvbosux) 30ypens. Xeuavosi 30ypeHHs Mau 08i XapaKmepHi weuoKocmi: no-
paoky 300 m/c (wo 6auszvko do weudxkocmi xeuni Jlemoa) ma 700... 1000 m/c (wo éracmueo ammocghepHum epasimayiiiHum Xeuisim
y ionocghepi). MaenimocgepHi epexmu, nepui 3a éce, GUKAUKAHI NOMYICHUM eAeKMPOMASHIMHUM 8UNPOMIHIOBAHHSAM 3 4ACMOMOIO
10...100 Iy decamkie — comens mucau GAUCKABOK, W0 MAAU Micue Y 8YAKAHIMHOMY natomi. Ixus enepeis ma nomyscnicms caeanu
8ionogiono 40...400 I'llnc ma 40...400 I'Bm. Y pe3yavmami 0ii yb020 6unpomiHi08aHHSA HA BUCOKOCHEPIUHI YaCMUHKU padiayiliHoeo
nosCY BUHUKANU CIMUMYAbOBAHI BUCUNAHHS YACMUHOK Y ioHOChepy ma dodamkosa ionizayisa Ha eucomax 70... 120 km. Baxcaueo, wjo
egpexm sucunanns 6ye mpueepnum. Ileenuii 6naue na maenimocghepy 3a60asanu anb@eHi6CoKi X6uni, W0 noWUpPOBancs io dxice-
peaa 83008c MacHimHOI cun08oi mpyoku. Bcmanoenaeno ma o0rpyHmMOBAHO 201068HI NPAMI MA 360POMHI, NOZUMUGHI MA He2amUeHi
36’°a3KuU mixc niocucmemamu 'y cucmemi 3AIM.

Karwuoei caosa: subyx eyaxana Tonea, izuuni eghekmu, 3emaempyc, yyHami xeuni, ammocgepa, ionocghepa, maenimocgepa, 30y-

DeHHs napamempia.

BCTYII

BynkaHi3M — CyKyIHIiCTb SIBUIL, 3yMOBJIEHUX BU-
OyXOM Ta BUBEPKEHHSIM MarMH i3 rNIMOUH 3emili Ha
il moBepXHIO Ta B aTMOCdEPY, 110 CYIIPOBOIKYETHCS
BUKMIAMM BYJKaHIYHUX OOMO, MOIIeJy, ByJIKaHid-
HUX Ta3iB i Tema.

BynkaH — reoJioriuHe yTBOpEHHsI, 3 Kparepa
SIKOTO Ha 3eMHY IOBEPXHIO BMBEPTa€TbCs JaBa, B
atMocdepy BUKUAAIOTHCS (DparMeHTHU TipChbKMX I10-
pin, ByJKaHiYHI 00MOM, IIOMij, BYyJIKaHIUHI Ta3Ku Ta
teruio. BynkaHiuyHi 60MOM € (hparMeHTaMu ripCbKUX
nopin 3 po3mipom Big 1 mm mo 1...10 M. Bynkaniu-
HUI MOMiJ — MPOAYKT APOOJEHHS Ta PO3MUICHHS
BYJIKAHIYHOI peUOBMHU — Ma€ po3Mmip Big 0.1 MKM
no 1 mM. BynkaHiuHi ra3u CKJIagaroThcs 3 MapiB
H,0, SO,, H,, HCI, HE, H,S, CO,, CO ra in.

Po3pizHsiors edy3uBHI, TOOTO BUJIMBHI, Ta €KC-
TUI03MBHI, TOOTO BUOYXOBi ByikaHu [48]. EHepris
ByJIKAHA B OCHOBHOMY BM3HAUA€EThCS TEPMaAIbHOIO
eHeprielo BUKKiB i carae 1021...1022 I, a moTyx-
HicTh TeruioBoro mpouecy — 101°...1017 Bt [11].
HiameTp Kanpaepu (rmoriuoieHHs1) ctaHoBUTH 0.1...
1 kM, a kparepa — 10...100 M. ITouaTkoBUIi TUCK Y
KaHasi ByakaHa csirae 107...108 Ta, a6o 100...1000
atMocgep, moJyaTKoBa MBUAKICTh Bukugy — 100...
600 M/c Ta HaBiTh Oimbire [6]. EHepris BUOyXO-
BOi XBWJIi He TiepeBUIye 1 % Bim TerIoBoi eHeprii
Ta HabmmkaeTbesa 1o 101...102! Ix, a6o 2...200 I'r
THT. Matrouu Takuit 3HaYHUI BUKUI €HEPTii, ByJI-
KaH 3[1aTeH BUKJIMKATU LU KOMITIEKC (Di3UYHUX
MpoleciB y cucrtemi 3emis (Jitocpepa, TEKTOHOC-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 2

¢depa, okeaH) — armocdepa — ioHochepa — MarHi-
tochepa (3AIM), y Bcix reodiznuHuX mojsix. AHa-
JIi3 yCi€l CYKYIMHOCTI MPOLIECiB y CUCTEMi, BUKJIMKa-
HUX YHiKaJbHUM BUOYXOM i BUBEP>KEHHSIM BYJIKaHa,
€ aKTyaJbHOIO HayKOBOIO 3a/1a4elo.

Merta mi€i poOOTHM — KOMIUIEKCHMI aHali3 i MO-
JIeJIIOBaHHS TOJIOBHUX (Pi3MYHUX IIPOLIECIB Y CUCTE-
Mi 3AIM, 1110 CynmpoOBOMXYBaIU TMOTYKHUI BUOYX
ByJsikaHa Tonra 15 ciuns 2022 p.

3ATAJIBHI BIZIOMOCTI ITPO BYJIKAH TOHTA

IToBHa Ha3Ba ByJkaHa XyHra-ToHra-XyHra-Xaamnam
(mani — kopotko ToHra). BiH po3raioBaHuii Ha Te-
putopii KopouictBa ToHra i mae Taki reorpadiuHi
koopauHatu: 20°54" ma. 1., 175°38' 3x. n. Kparep
BYJIKAHa PO3MIIIYEThCS B OKeaHi Ha TJIMOMHI 0J113b-
ko 200 M. Po3mip kanbaepu craHOBUTH 4...5 kM [30].

Bynkan HamexXuTh OO0 €KCIUIO3UMBHMX. 15 ciuHs
2022 p. B inTepBani yacy 04:00...05:00 UT (tyT i
HajaJli yac BCECBiTHil) MaJlu Micle IT’SITb BUOYXiB,
HAWMOTYXHIIIWIA i3 HUX peecTpyBaBcsd o 04:15 UT.
BulOyx cripyynHUB 3emaeTpyc Mardityaowo M = 5.8
[36, 37]. Ocranniit Bu6yx 6yB o 08:31 UT. Busep-
JKEeHHS BysiKaHa TpuBajo 12 & 2 rox [56]. 3a neit yac
y atMmocepy 0yJI0 BAKUHYTO IIPOAYKTiB BUBEPKEH-
Hs1 Macoto m = 2.9 I, 06’emom V= 1.9 xm3. Cepen-
HS IIBUAKICTh BUKUIY Macu m = 67 KT/C, a cepel-
HSI IIBUIKICTh 30iJbLIEHHS 00’€MY BUKUIY V »
~ 4.5:10* m3c™! [56]. Maca rasy SO,, BUKMHYTOTO
BuOyxoM, nopiBHIoBajna 0.4 MT, a yTBopeHoi cipya-
Hoi kucyiotd — 0.8 Mt. [IponykTu BUKMIy 3 cepe-
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HBOIO IBUIKICTIO v~ 33 M/c migHSITUCST HA PEKOP/I-
Hy BucoTy Z,, = 50...58 KM Ta fnocsarim mesochepu
[56]. 3a BucoTol0 BUKMIY BYJIKaH ToHTa cTaB pe-
KOPAHUM, BUMEPEIUBIIN TaKi 3HAMEHUTI BYJKaHMU,
sk Kpakartay (1883 p., z,, = 40...55 km), CB. OneHu
(1980 p., z,, = 19...25 km), €np-Yivon (1982 p., z,, =
= 30...32 km) a [Tinary6o (1991 p., z,, ~ 33 xm) [20].

3a TeruioBolo eHeprieto ByJkaH ToHra (£~ 3.9x
x 10!8 Ix) mocTynaerscs muie BynkaHam Kpakaray
(Ep= 5-10'° Ix) ta ITinaty6o (Ep= 2:10% Ix) [20].

Cuny BUOYXOBUX BYJIKaHiB XapaKTepU3ye iHIEKC
BYJIKaHiYHOI BUOYXOBOCTi (volcanic explosivity in-
dex — VEI). Jlns BynkaHa ToHra BiH cTaHOBUTD 5.8.
g HalicunpHimmx ByakaHiB VEI = 8. Lleit iHmekc
BU3HAYae€ AK 00’€M, TaK i BUCOTY BUKUIY Z,,.

Henonikom inaekcy VEI € Te, 1110 BiH TMCKPETHO
3MiHIO€ThCH Bia 1 1o 8. HenepepBHOIO XapakTepuc-
THKOIO ByJIKaHa € iioro martiryna [48]

M=Ilgm—7,
JIe Maca m JaeThes B K. 1 Bynkana Tonra m ~ 2.9x
x 10121, a M~ 5.5 (n1a Bynkana Kpakatay M ~6.5).

IIBMAKICTb BUKWIIB OMUCYETHCSI iIHTEHCUBHICTIO

ByJiKaHa [48]

I=Igm+3,
Je m aaeTbes B Kr/c. st ByakaHa ToHra cepeaHe
3HauYeHHs 1 ~ 6.7-107 kr/c, a I ~ 10.8, Toxi K st
BynkaHa Kpakaray /~ 11.7. 3a nanumu [40] m___~
~2.1-10° kr/c. Tomi 1, ~ 12.3.

Edexkram BuOyxy ByikaHa ToHra Bxe MpPUCBSI-
4yeHO OaraTo poOiT. ¥ HUX AOCHIIKYIOThCSl eeKTr
myHami [9, 26, 30, 34—37, 42, 46, 47|, noBiTpsiHa
BubyxoBa xsuis [3, 7, 10, 31, 33, 36, 37, 39, 57],
ioHocdepHa «aipa» [1, 4], pyxomi ioHochepHi 30y-
peHHs [14, 49], 30ypeHHs eKBaTOpiaJibHOI i0Hi3a-
miriHoi aHomarii [1, 2], mepedymnoBa ioHOoChepHIX
CTpYMiB Ta aTMoc(hepHoi cucteMu BiTpiB [1, 2, 32,
43], 30ypeHHs1 TeoMarHitTHoro mnoJs [24, 32, 44, 55]
tomto. HanmiifHo BcTaHOBJIEHO, 10 BUOYX ByJKaHa
ToHra BUKJIMKAB HU3KY MPOLECIB Yy TI00aTbHUX
macimtabax. MoaentoBaHHS LIUMX MPOLECIB y JIiTe-
patypi, mpote, He MPOBOAWIOCh. LIbOMYy MUTaHHIO
MPUCBSIYEHO Hallly po0OoTY, a TaKoxX Te3u [14—18].

EHEPTETUYHI OLITHKN

OcHoBHi 00uMcenHs. TerutoBa eHeprist ByJIKaHa 1a-
€TbCS CMiBBiIHOIIEHHSIM
E;=CmT,

56

ne C ~ 800 Ix-kr 'K-! — nuroma TeruioeMHicTb
MIPOOYKTiB BUKMAY, m — ixHg Maca, 1 ~ 1700 K —
teMmnepatypa BukuaiB. dusg m = 2.9 It maemo
3.9-1018 Ox.

CepenHs TEIJ10Ba MOTYKHICTh

P.=CmT .
Axmo m = 67 kr/c, T0 Pp= 9.1:1013 Br.
KinetnyHa eHepris

2
mo

E, -
Je v — cepenHs WBUAKiCTh Bukumy. Ilpu v = 100...
300 m/c maemo E; = 1.45-10%6...1.31-10'7 JIx.
IToTeH1ianbHa eHepris
E,=mgz,
Jie m; — Maca MpOoJIyKTiB BUBEPKEHHH, LIO 10CATIA
Bucoty z,. [loknagatoun m ~ 0.1m ~2.9-10! kr, z, ~
~ 50 kM, oTpumaemo £, ~ 1.4:10'7 Ix.
3a MarHitygoro 3emieTpycy M Ta cCHiBBigHO-
LICHHSAM ISt eHepril semietpycy £, " OLIIHMMO #10r0
eHeprilo:

IgE,, :%M+4.8. (1)

3sincn st M = 5.8 otpumyemo E, ~ 3.2:1013 1x ~
~7.6 kTt THT.

Enepris Bu0Oyxy. EHeprist BuOyxy — KJIIOUOBUIA
napaMmeTp ByiakaHa. CaMme BiH BM3HAya€ BEIMYUHY
30ypeHb y atMocdepi, ioHocdepi Ta MarHirochepi
Ta BiIMNOBiZa€ 3a B3a€EMOII0 LUX IMiICHUCTEM Y CHUC-
teMi 3AIM.

OLliHIOBaHHIO €Heprii BUOYXy MPUCBSIYEHO Oarato
po0iT [3, 4, 31, 51, 54]. 3a nanumu HACA [https://
earthobservatory.nasa.gov/images/149367/dramat-
ic-changes-at-hunga-tonga-hunga-haapai] enHepris
BuOyxy E cranHoBuia 4...18 MT. ¥V pobGoti [54] Ha
OCHOBi METOJIMKH OLIIHKM €HEePTii, po3p0o0IeHOT IS
SIIEPHUX BMOYXiB, 32 TaHUMM IIPO HAIJIUIIKOBUIA
TUCK Ap y BUOYXOBili XBWJIi Ta YaCOBMI iHTEpBas
T1,2 MiX TTiKaMM y TUCKY OyJIO OTpPMMaHO 3HAYEHHS
E~ (20 +8)-10'8 I ~ 478 + 191 M1 THT.

Y pob6ori [31], gka Takox Ga3yBajiacsd Ha eMITi-
puYHMX popMyJiax, OTpMMaHUX 3i CIIOCTEPEKEHb 3a
BUOYXOBUMM XBWJISIMU Bifl SII€PHUX BUIIPOOYBaHb,
6y10 oTpuMaHo ouiHKy E = (1.15...1.38)-1018 Ix =
= 275...330 Mt THT, a 3a nanumMu po Tl’2 — 3Ha-
yeHHs1 E ~ 149 Mt THT. ¥ po6ori [51] oTpumaHo
ouiHKy F~ 18 Mt THT. ¥ po6oTti [4] 3a naHUMU BU-
MipIoBaHb 30ypeHb ITOBHOTO €JIEKTPOHHOTO BMICTy
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(ITEB) y ioHocdepi Ta 3 BUKOPUCTAHHSIM BilOBiI-
HOI perpecii BctaHoBeHO, o £=9...37 Mt THT.

HaBeneni ngaHi mpo eHeprilo BUOYXOBOi XBHWJIi
IyxXe pi3Hi, i ToMy HeoOXimHa OiTbIl KOpeKTHa il
OIliHKa.

HaBenemMo pesynbTaTd HalllOrO OILIiHIOBaHHS.
byneMmo BUXoauTH i3 3aKOHY 30€pesKeHHSI eHeprii,
JNaHWX PO aMIUIITyly HaJJIMIIKOBOTO TUCKY Ap Y
BUOYXOBiil XBWJIi Ta ii 3aJIeXKHOCTI Bil BiacTaHi 10
ByJKaHa. AMIUIITYIHI BHUMIpIOBaHHSI IS OLIIHKU
eHeprii BUOyXy HeoOXiTHO BUKOPMCTOBYBATU IyXKe
00epexXHO, OCKIIbKY aMILTiTy1a XBWUJIi 3a3HA€E CUJTb-
HOTO BIUIMBY aTMoctepu Ta aTMOC(hepHOI Moroau
Ha Tpaci momupeHHs. Tak, aMrutiTyga BUOYXOBOiL
XBUJIi 3MIiHIOEThCS TIiJ Ji€X0 BITPY, XBUJISI PO3CitO-
€TbCSl Ha aTMOC(HEPHUX HEOMHOPITHOCTIX, BOHA
Mocaa0MI0EThes Y Mpolieci nomurpeHHs. [Ilo 6ib-
11010 € JOBXMWHA Tpacu, TO OUIBLIMMM € Bapiallii
3HayeHb Ap. Hampukian, Ha BigcTaHi Big ByJKaHa
r~ 16 MM amruiiTyga BUGyxoBoi XBUJIi pi3HUIIACS A0
2 paziB [20]. ToMy n0OBXMUHY Tpacu abo BiicTaHb 7
He PeKOMEHIYEThCS Opatu OinblIoo 3a 2 Mwm. He
OaxkaHO BUOMpATU 3Ha4YeHHs r Ayxe Maaum (r <
< 100 KM), OCKiIbKY 3aleXHICTh Ap(F) TpU LILOMY
JIOCUTH CKJIaJHA i JOCTOBipHO HeBigoMa. Y iHTepBa-
i Bigcraneit 0.5...2 MM MoXKHa BBaxartu, 1110 BUOY-
XOBa XBUJISI MAa€ HMJIIHAPUYHY PO30LKHICTH (PPOHTY,
T06TO Ap o F0-5[20, 21].

BcraHoBieHO, 1110 BUOyxoBa XBWJISI BiJ ByJKaHa
Tonra nommuproBanacs sk xBuis Jlem6a. Lls xBuis
HaJIEXUTh 0 TOBEPXHEBUX, IXHS aMIUITyda TMpu
301IbILIEHH]I BUCOTH 3MEHILIYETHCS 32 3aKOHOM

ne Ap(0) = Ap|__y, H; = 2yH/(2 — y) — macrab 3a-
racanHs xBwii Jlem0a, H — BucoTa OgQHOPiIHOI aT-
Mochepu.

BubyxoBa xBuis € aomossipHoto. Ha meBHii
BiACTaHi BiJ BYyJKaHa MEPIIOK CIOCTEePIraeThCs
(a3za CTUCHEHHS 3 aMIUTITYIO0 Ap, Ta TPUBAJICTIO
AT, a moTiM — (a3a po3pilkeHH 3 aMILTITY1010
Ap_Ta TpuBaiictio AT .

O0’eMHa LIUIBHICTh €HEepril AJ1s 1ux (a3 cTaHo-

BUTDH 2

_ApL A
poL AU
ae py — IIUIBHICTB MOBITPs Ha BUCOTI 7 = 0, v, —
IIBUIIKICTb 3BYKY.
[u1s eneMeHTy 00’ eMy
dV =2nrAldz =2nrv ATdz .
MaeMo 3aKOH 30epeKeHHST eHepril
rH

E= (e, +2)dV =——L(Ap? AT, +Ap’ AT ). (3)
\4

2p,v,

€

+

Tyt BpaxoBaHo, 1110
1
[ Ap’.dt~—Ap, AT,
AT B 2 B

ne Ap, , — MakCUMallbHe 30ypeHHS.

ChiBBigHolleHHs (3) BUKOPMCTOBYBaJIOCS [JIsI
OLIIHKM eHeprii BUOyxoBoi xBWii. Pe3ynabrat 00-
YUCJEHb HABEJEHO B Ta0JI. 1.

SAx BuaHO 3 Taba. 1, 3HAUEHHSI e€Heprii 3MiHIO-
10Tbcsl y Mexax Bing 9 1o 20 Mt THT, y cepennbomy
E=16.1%+32MtTHT.

Bes crautii AFI maemo E=17.6 £ 2.7 Mt THT.

Hama ouinka eHeprii BUOyxy Oimu3bKa 10 OLli-

z
Ap(@)=Bp(0)e ™, 1, = | 92 (3)| nox HACA (4..18 Mt THT) [https://earthobser-
o H,(2) vatory.nasa.gov/images/149367/dramatic-changes-
Tabauys 1. IlapaMeTpu BUOYXOBOI XBHTI
CraHuis r, Mm Ap,, Tla AT, c Ap_, Tla AT ,c E, Mt THT Hz)i%i:eﬁ%%
FUTU 0.744 600 1440 450 1440 19 [40]
MSVF 0.754 525 1440 550 1440 20 [40]
AFI 0.823 505 1440 375 1440 9 [40]
1S22 1.847 350 1440 375 1440 13 [40]
WIZ 2.015 408 1270 224 1270 18 [29]
NEZ 2.307 380 1270 210 1270 18 [29]

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. Ne 2 57



JI. @. Yoproeop

at-hunga-tonga-hunga-haapai], po6ir [51] (18 Mt
THT) ta [4] (9...37 Mt THT).

OuiHkM eHeprii BUOyXy, HaBeAeHi y podoTtax [54]
i [31], cunibHO 3aBuilieHi. Lle cBiquuThL Mpo He3zacTo-
COBHICTh €MITIpUYHUX CITiBBIAHOIIIEHb, OTPUMAHUX
IJIs1 SIIepHUX BUOYXiB, 10 BUOYXiB ByJiKaHiB. Lle i
3pP03YMiJI0, TPUBAIICTh SIAEPHOTIO BUOYXY CTAHOBUTH
nopsiaky 1 Mkc, a BUOyX ByJIKaHa PO3TSITHYTHM y yaci.
Hns snepHoro BUOyXy (aza cTMCHEHHS Habarato
KopoTiia Bif a3y po3pimKeHHs, a ISl ByJKaHa Iii
(hazu MaTh NPUOIM3HO OTHAKOBY TPUBAJIICTb.

BYJIKAHIYHM CTPYMIHD

[ToyatkoBuii paziyc ctpymeHs R, ¥oro ruioma §
1 TI0YaTKoOBa MBHUIKICTH U TOYHO HeBimomi. Tomy
JlaJli OLIiIHKM BMKOHAHO IJII WMOBIpHUX iHTepBasiB
3MiHU LUX MapamMeTpiB. OCKiabKU MBUIKICTh BUKU -
Iy Macu

T’i’l ~ pOSOUO ’
e py ~ 1.5-10% kr/M?® — nouaTKoBa LIILHICTL BHU-
KMIiB, TO .

8,0, == ~4.5105 M3/c.
Po

Ta6auys 2. ViMoBipHi 3HAYEHHS MOYATKOBHX NAPAMeETPiB
BYJIKAHIYHOTO CTPYMEHs

Pesynbratu o6umciens S i R it pisHUX 3Ha-
4eHb v\, HaBeleHo y Tabu. 2. Sk BuIHO, pamiyc R,
3MIHIOETBCS Y BITHOCHO HEBEIMKHUX MeEXax, y ce-
penHboMy Ry~ 10 M.

_ 5Ix0bu Ha ToYaTKy BUBEPXKECHHSI m .~ 1.5:10%«kr/c,
V ~ 100 M3/c, To mpu Ry~ 10 M My 6 Mau v, =
~ 3.2 KM/c, 110 MaJloliMOBipHO. OTXe, MaJIOMOBIp-
HUMM € 3HayeHHs 1.5-10% kr/c Ta 100 M3/c.

TigponrHaMiyHUM TUCK y CTPYMEHI CTAHOBUB

1,
Do zEpovo :

Pesynsrati po3paxyHKiB TUCKY TTOKa3aHO y TaoI. 3.
Cuta moYaTKOBOTO HAIlOpy BYJKAHIYHOTO CTPY-
MEHSI TA€THCS CIiBBIAHOIIEHHSIM

B =4S -

PesynbraTi 004KciIeHb HaBeIeHO y Tao1. 4.

I3 Tabun. 3 BUAHO, 10 TUCK p 4 = 7.5...67.5 MIla =
= 75...675 atm. Tuck BoIu p, Ha rbuHi A =~ 200 m
cranoBuTh 20 at™m. BunHo, 1o p 4, >> p,,. Tomy ByJ-
KaHIYHUI CTPYMiHb 3 HE3HAYHUM TOCIA0JIEHHSIM
IpopMBaBCsl Yepe3 TOBILY Boau. Moro pamiyc mo
Mipi migiiomMy 30UIbIITYBaBCS 3TiTHO i3 3aKOHOM

RzRO[Hh;ZtgaJ, 4

0

ne o~ 12.5° — miBmupuHa crpymens [11]. Ha rou-

vy, M/C 100 150 200 250 300 OuHi z ~ —200 M MaeMo R~ R, a Ha IOBEPXHi BOIH,
Sy M2 450 | 300 | 225 180 150 nez~0xm, R= Ry + 40 M= 50 m.
Ry ™ 12 9.8 8.5 7.6 6.9 MaxkcumajbHa BUCOTa CTPYMEHSI He IIepeBUIILY-
Bajia 3HAYCHHS
2
Tabauys 3. 3HaYeHHS TOYATKOBOTO THUCKY z;~ % .
28
Y MI\//ICH 1702 1165(; 23000 565(; 63;)(; [Tpu v, = 100...300 M/c Mmaemo = 0.5...4.5xm. IIpu
Pao> a i i i : mpoMy R=0.1...0.9 km.
Tabauys 4. 3navenns nouatkoBoi cwum Hanopy (I'H)
Ry, xm
Vg, M/C
10 15 20 25 30 35 40
100 2.4 5.4 9.6 15 21.6 29.4 38.4
150 5.3 11.9 21.2 33.1 47.7 64.9 84.8
200 9.4 21.2 37.7 58.9 84.8 115.4 150.7
250 14.7 33.1 58.8 91.9 132.3 180 235
300 21.2 47.7 84.8 132.5 190.8 260 339
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E®EKT ITLTIOMY

Enepeemura naromy. Ha Oinblunx BMcOTax rapsidi
MPOAYKTH BUBEPXKEHHS YTBOPIOBAJIU BUCOKOTEMITE-
patypHUii (COTHI I'paayciB) TEpMiK abo0 ILIIOM, SIKMiA
MIPOIOBXYBAaB IIiAOM 3a paXyHOK KOHBeKIIil. Ilep-
i 10...20 xB paaiyc mjiomy 30i7ablIyBaBCs BilMmo-
BimHO 10 bopmynu (4). OgHouacHO mumIOM nedop-
MyBaBCsl Ta PO3ILIMPIOBABCSI Y TOPU3OHTAJIbHOMY
HaIpsIMKY TTiJ BIUIMBOM BIiTpPY Ta TypOYJEHTHOCTI.
3a JaHUMU CIIOCTEPEXEHD [56] cepenHs IBUAKICTD
MifgiioMy oMy v, 33 M/c. TToTyXHicTb mpoliecy
KOHBEKIIil CTAHOBUTb

P, =CpSv AT,
Jle p — WIJIbHICTh MPOAYKTIB BUKUAY, S — TI0111a
nepepisy mwiomy, AT = T — T, — HaJUTUIIOK TeMITe-
patypu y rnomi, 7y — Temriepatypa HaBKOJIUIITHbO-
IO CepeoBUILIA.
KinbkicTb Tera y riroMi 10piBHIOE

0, =CmAT,
ne mg = kgm, k, — BITHOCHA Maca IPOIYKTiB BUOYXy
y IUTIOMi, a TIOTiK Teruia —

P
M, =-5=Cpo.AT.

KoedimieHT ks<< 1, OCKIJILKM TiJIbLKM JIETKi Jac-
TUHKW 3 po3MipamMu r, = 0.1...100 MxM OepyTb
y4acTh Y KOHBEKTMBHOMY MifAlioMi. binbln MacuBHi
YaCTUMHKMU, SIK i ByJIKaHiuHi OOMOM, BUIIaalOTh Ha
IMOBEPXHIO 3eMJIi.

Hasenemo pesynsratu o6uuciens I, P, i Q.
Baxaiocs, mo C = 800 Jx-kr—'K—!, AT= 1400 K,
T, = 300 K, k, = 0.1. Toni Q, ~ 3.2:10"7 JIx, P, =~
~ 7.5:10'2 Bt. Ins zZ;~ 2 KM MaeMo R ~ 400 m, S~
~ 510° M2, a I1, ~ 1.5107 Br/m?. Baxumso, 1o
I, >>11,,.~ 10 KBT/M2, 33 IKOro BUHUKAIOTb BOT-
HSIHI cMepui.

Boenanuii cmepu. SIxio y mpoiieci BUBEPKEHHS
By/iKaHa ToHra BOrHSHUI cMep4 BUHMKAB, TO M1OT0
KyTOBa IIBUAKICTh JAETHCS CIiBBITHOIIEHHSIM

a

0=— [2gz2—,

R & T,

ne a~0.16 — emmipnunmii koediieHt. [pu z ~ O

~2xM, AT~ 1400 K, R ~ 400 M Maemo o = 0.17 ¢!,
a mepionm obepranHs 37 c.

Maxcumaavna eucoma nidiiomy naromy. J1jist Mmax-

CHUMAaJIbHOI BUCOTU Z,, OTPUMAHO Take CIIiBBiZHO-
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meHHs [ 14, 18]:

coATvE? )"
P t

CapaTOgl/z

ne L, — 30BHiHIA MaciuTab typOyneHTHocTi, C, i
p, — TETUIOEMHICTb i IILJIbHICTh TIOBITPSI HA MOBEPXHI
3emui. st L, = 1.8...2.2 KM Ma€MO CIIiBBiTHOLIEHHS

z,, ~(1.50..1.75)V"* | (5)

Zie Z,, IAETBCSI B KM, & V — B M3/c. Jlnst cepenHbo-
ro 3HaueHHs1 V ~4.5:10* M3/c orpumyemo z,, ~ 22...
25 kM. 1106 1umioM HOCSATHYB MaKCHUMAaJbHOI BU-
coTu Z,, = 47...55 KM, HEOOXiaHO, 100 He3abapom
Imicast BUOyXy Vmax ~ 10° m3/c. Take 3HAUeHHS €
Jy>ke MaJJOWMOBIPHMM, OCKIiJIbKU TMPU 1LIbOMY 11 =
~ 1.5:10° T/c, a xapakTepHMil yac BUKUILY t,
=m/m~2103c.

AHOMaJIbHE 3HAYeHHSI Z,, ~ 50...58 KM nosicHIO-
€ThCS HE BEJIMUMHOW V', a MeXaHi3MOM BUOYXY BYJI-
kaHa. [Ipy 1bOMY TOJIOBHY pPOJIb TPau MPOAYKTU
BUKMAY Ta IXHS B3a€EMO/IisI 3 OKEaHIYHOIO BOAOIO.

Honamo, 1o Hama ¢opmyaa (5) m1oope BiaoBi-
JIa€ eMITipUYHOMY CHiBBIZHOIIECHHIO, HABEICHOMY Y
po6ori [48]. BoHo Mae Bursig

z, [km] = 1.67-V 029,

TyT z,, BAMIPIOETBCA B KM, & V—8 M3/c.

3a paxyHOK BIiTpy Ta TypOyJEeHTHHUX MpOILIECiB
MPOJIYKTH BUKUIY TTOIIMPIOBATIMCS Y TOPU3OHTAb-
HOMY HanpsIMKy. Tak, 3a mepiri 4oTupu 00U 110~
1a atMocepu, MOKpUTa LIUMU MPOAYKTaMHU, CTa-
HOBWJIa 6U3bKO 12 MJTH KM2, a 3a ciM [1i6 TpoayK-
TM BUKHWIY CIIOCTepirajaucsl Ha BiacTaHi r ~ 15 Mm
[47]. IxHs BUAKICTH TEpEHOCY CTAHOBUJIA GIM3bKO
25 m/c. Taky IIBUOKICTh MAa€ MEPEBaXXHUI BiTep Ha
BUCOTax cTpaTochepu.

2
zZ =2T

m

XBIJIbOBI EOEKTH

BuOyx BynkaHa ToHra 3reHepyBaB HU3KY XBWJIb Pi3-
HOI (bi3UYHOI TIPUPOIU, SIKi CITOCTEpirajucs y rjio-
OasibHUX MacluTadbax 3a IOMOMOIOK HA3EMHUX Ta
KOCMiUHMX 3ac00iB. OTpuMaHoO Oe3mnpeleaeHTHUN
obcar BumMiproBaHsb |36, 37, 40].

Ceiicmiuni xeuai. BuOyx ByJIKaHa IIPU3BIB 10 36M-
JIeTpycy 3 MmarHirymoro M = 5.8 Ta reHepaliil ceii-
CMIYHMX XBWJIb, IIIO CIIOCTEpirajmcs Ha BiIcTaHi B
TUCSYi — JAECATKU TUCSY KiJTOMETPiB BiJ ByJKaHa
[36, 37, 40]. LikaBo, mo ceiicMorpacdu 3adikcy-
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BaJau celcMiuHi XBuji aBox tuimiB. Ilepini 3 Hux
MaJIi IIBUAKICTH MOPSIAKY 3.6 KM/C, TOOTO HIBHI-
KiCTb MOBepXHeBUX XBWb Penes. Ipyruii Tun mas
mBuaKicThb 0.3 KM/c Ta yactoTy f~ 3.7 mIix [36]. Lig
YacToTa Bi[ITOBiIae 4acTOTi HOPMaJIbHOI MOJIM 3eM-
i (S)9 [36]. MexaHism reHepauii uux cedcMivHmX
XBUJb MOB’sI3aHUII 3 aTMocdepHOo-IiTochepHOIO
B3aEMOJII€I0, a caMe aTMOoc(epHi XBUJIi, 3reHepOBa-
Hi BUOYXOM ByJIKaHa, 30yIKyBaJl XBWIi Y TBEpIii
o0ooHwi 3emyi. OLiHMMO ixHIO eHeprito. JIis bpo-
ro croyatrky o04yuciumo eheKTUBHICTb Tepeaadi
eHeprii Bim arMocgepHOl XBWIi 10 ceiicMiuHoi. Bi-
JIOMO, 110 (PpPeHEeTiBChbKUIT KOeMIIliEHT BifOUTTS Ha
MexXi atMocepa — JiTochepa cTaHOBUTD [11]

R :pz/pl_vl/UZ’ (6)
p,/p+0, /0,
ae py i v — WIIBHICTH MOBITPs Ta IIBUIKICTH 3BYKY
y HOBITpi, p, i v, — Te X y Jitochepi. Bpaxyemo, 1o
p, =1 KI/M>, v, = 0.3 km/c, p, = 3-10° xr/m3, U,
~ 3 km/c. Toxi ns v p, << v,p, i3 (6) MaeMo

v
R ~1-22P
U, Py
EnepreTnunmii KoedilieHT BinOUTTS JOPiBHIOE

Y9 P
~n2 . 1_29P
R, =R;=1-4 ,
U, P
a Koe(illieHT MPOXOMKEHHS —

D, =1-R, ~41P 2133104
v2 p2
[Mpu eneprii atMocdepHoi xBwr F ~ 17.6 Mt
THT = 7.4-10'® I Mmaemo eHeprito 3eMieTpycy

EW=L%Ez961N2ﬂm.

I3 dopmynu (1) BumaMBae, 110 MarHityaa 3eM-
JIETPYCY, BUKJIMKAHOTO BUOYXOBOIO XBUJIEIO, CTAHO-
BUTb M ~ 5.45. 1le 3Ha4eHHs OJIM3bKe OO0 3HAYCHHS
MAaTHITyIu 3eMJIETPYCY, 1O CYITPOBOMXYBaB BUOYX
ByJiKaHa (5.8).

Xeuas yynami. llynami, BUKJIMKaHe BUOYXOM BYJI-
kaHa ToHra, cmocrepiraiaocs y rJio0ajJbHMX MacIlTa-
6ax [9, 26, 30, 34—37, 42, 46, 47]. [1o6au3y BynKa-
Ha BUcoTa XBUIi h, ~ 15 M, Gisst Geperis Yuiti — 1o
3 M, no6ausy Ilepy — mo 2 M, 6insa AnoHii — mo
1.2 m, Oing CIIHA — no 1 M, B ATJIAaHTUMHOMY OKe-
ani Ta CepenzemHomy Mopi — 0.1...0.3 M. Llst monist
OyJia TeplIolo i3 3apeeCTpOBaHMX OaraTbMa iHCTPY-
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MEHTaMM IIi] yac BUOYXy TaKOIro MOTY>KHOTO BYJIKA-
Ha. BenmuunHy amIutitynu myHami Bin ByakaHa ToH-
ra MOXHa TOpPIBHSATU 3 aHAJOTiYHUM MapaMeTpoM
s BynkaHa Kpakaray (1883 p.). Lle o3navae, 1o
noiOoHe MOTYKHE IIyHaMi HE CITOCTEePirajocs BIpo-
noBx 139 pokis.

LlyHami Oyyio BUKJIMKaHE TpbOMa MeXaHi3MaMU.
ITo-niepiie, migBomHMM BUOyXxoM ByikaHa. lLleit
MeXaHi3M OyB HaiOLIbll e(EeKTUBHUM IO0IU3Y
JKepena, e BUMCOTa IyHaMi 3a JaHumu [25] cd-
rasia 90 m. Tlo-gpyre, BuUOyxoBa ynapHa XBUJIS 3a-
BISIKM B3a€EMOJIIi MiACUCTEM aTMocdepa — OKeaH
Ta TMEepeTBOPEHHIO YAaCTUHU €Hepril yaapHoi XBWJIi
B €HEPTilo I[yHaMi MpU3BeJia M0 TeHepallil IyHaMi.
[To-TpeTe, aTMOchepHa XBUJISI, sSIKa OTMHANA 36MHY
Ky/IIo JIeKijbKa pasiB, Oyjga reHepaTopoM TI100aib-
HUX HAUOiIbII CTa0KMX XBUJIb LIYHAMI.

OLiHMMO MOYaTKOBY MOTEHILIMHY €HEPTilo IyHa-
Mi 1100IM3y axkepesia. 3a TaHUMKU MOJETI0OBaHHS [25]
HaKOIIBIINYI CIJIECK BOAM HaJ KpaTepOM CTaHOBUB
h,~ 90 M, a iioro noBxuHa — L ~ 12 kM. Anpokcu-
MYEMO TTOBEPXHIO KYI10J1a BOAU TaKO0 (hyHKIIIEIO:

4

z(x,y)=h, {1 —F(x2 + yz)} ,
Jle X i y — TOpU30HTaJIbHI KOOPAWHATU, 7 — BEPTHU-
KaJibHa KoopauHaTta. Toai 00’eM KyroJia 3 BOAOIO
JIOPiBHIOE

v. =L
ts T 1A s
12
Llel.{Tp Barv YTBOPEHHsI h, = 0.4h,. [oreHuiiHa
eHepris LyHaMi HaJl ByJIKAaHOM CTaHOBMJIA
7 272
Epts = pw‘/tsghc zgpwghtsl’ ’

aep,, ~ 103 Kr/ M3 — wiibHicTh Bonu. EHepris 1ryHa-

Mi Epts MporopliiifiHa KBaapaTy HOro BUCOTH Ta IJI0-
i Sts ~ I2. O6uncnenus nam E 5~ 2.7-10%5 JIx.

Ipu eHeprii Bubyxy E ~ 7.4-1016 JIxx maemo KKJI

E
= 2361072,
nts E

abo 6sm3bKo 3.6 %. LlikaBo, 1110 eHeprig LyHaMi Ha
JIBa TIOPSIAKW Oifbllia Bill eHeprii 3eMJeTpycy, ToO-
TO MiABOAHUI BUOYX ByJiKaHa He OyB e(heKTUBHUM
JIKEPETIOM 3eMJIETPYCY.

VY Mipy nmomMpeHHs ILiyHaMmi Ha BiICTaHb » MOTO
U101 301JIBIITYETHCS 32 3aKOHOM

S,=mnrL .
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Tomi [11]
1 T
Epts :Epwgstshtzs = Epwgthtzs :
3Bincu
1/2
B 2E ots
“ | mp,grLl

Hanpuxnan, nasg r =1 MM MaemMo BUCOTY IlyHaMi
h~3.8M,amustr=15Mm — h, ~ 1 M. Taxi pesysb-
TaTu O00pe MiATBEPIXKYIOThCS AAHMMU CIIOCTEpE-
XKeHb |9, 26, 34, 35, 42, 46, 47].

Jomamo, 110 IIBUAKICTh IIyHAaMi, BUKJIMKAHOTO
ITiIBOAHUM BUOYXOM, JAETHCS CIiBBITHOIICHHIM

Uts ~ ghO >

ne h, — tmbuna okeany. Ilpu 4, ~ 4 kM Maemo
v, ~ 200 m/c. HIBUIKicTh IyHaMi, 3reHEpOBaHO-
ro aTMoc(epHOIO XBUJICIO, OJIM3bKa OO0 IIBUIKOCTI
xBuJii JlemoOa:

Jie Y — MOKa3HUK afiadbaru, TO — CepeIHs TeMIlepa-
Typa TOBITPA Yy NIpU3eMHOMY XBuieBoni, M, — ce-
penHs Maca MoJieKyin nositps. 3a T~ 230 K, M, ~
~ 4.6-1072° kxr Maemo v; ~ 313 m/c. IBuakocti
npuoan3Ho 200 m/c ta 313 M/c 3ranytoThest B pobo-
tax [9, 30, 34, 46].

Bubyxoea xeuaa. Enepriio BuOyxoBO1 XBUJIi OLIi-
HeHo Butue (£ ~ 7.4-10'6 JIxx). XapaktepHuii po3mip
R, 1€ HaITMIIOK TUCKY HOPIBHIOE aTMOCGHEPHOMY
THCKY Ha IMOBepXHi 3eMJIi (p ~ 10° Ia), naeTbes Ta-
KWM cHiBBigHOIIEHHSIM [11]:

R,=3 £ ~9 KM.
Po

Ockineku Ry > H =~ 7 kM, TO BHUOyXOBa XBUJISA
«IIPOPUBAETHLCS» uepe3 arMocdepy. HeniHiliHa Bu-
OyxoBa XBUJISI Y TOPU3OHTAJbHOMY HAMpPSIMKY MO-
CTYIIOBO TI€PETBOPIOETHCS y JIIHIHY Ha BiAcTaHi
R; = 3.16R;~ 28 KM. YV BepTUKaJIbHOMY HAaNPAMKY
KapTHHa 30BCiM iHIIA.

Jnst chepruHOoro poHTy BUOYXOBOI XBUJII Bifl-
HOCHUI HaJUTUILIOK TUCKY 301JIbIIYETHCS 3 BUCOTOIO
3a 3aKOHOM

R

L
z

I

e
b

Ap_|Ap
p \p

Ry
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Axuo Ha Bucoti z = Ry = 9 km Ap/p ~ 3, T0 6e3
BpaxyBaHHS TOMIMHAHHS 151 BiIHOCHA aMIUITyna
cradoBuia 6 30, 300 ta 3000 Ha BucoTax OJU3bKO
40, 70 ta 110 xm. HacrnipaBai 11b0ro He BiiOyBa€eThes,
OCKIJIbKM HeJliHiliHA BUOyX0Ba XBWISI 3 MJIONOMI0-
HUM npodineM e(peKTMBHO MOINIMHAETHCS 3a pa-
XYHOK CaMOBILIMBY, HarpiBarouu moBiTps. AKiio y
aTMocepi IiIbHICTh eHeprii BUOYXOBO1 XBUJIi CTae
CYMIpHOIO 3i IIUTBHICTIO BHYTPIIIHBOI €HEPTii IMo-
BITpsI, TO 11€ MPU3BOAUTH A0 TeHepallii BTOPUHHUX
aTMOCc(EepHUX XBWIb, IO MOUIMPIOIOTLCI Y aTMOC-
depi. 3a oliHKaMM BiZHOCHA aMILIiTyAda LIIMX XBUJIb
ctaHoBUTh 1...3 %. Cama BuOyxXoBa XBWJISI Ha BCiX
BUCOTAaX 3aJIMILIAETHCS JOCUTH CJIA0KOI0, TOOTO Ap/p
He nepesuiye 0.2...0.3.

3a jaHuMu podoTH [34] HATUIIIOK TUCKY MOOJIU-
3y ByJIKaHa CTaHOBUTH Ap ~ 3 MIla, a yucio Maxa
Gimpmre 3a 6, TOOTO IIBUOKICTH BUOYXOBOI XBWUTi
oinbiia Big 2 km/c. [1pu it IBUAKOCTI Yac MOIIK-
PEHH# Ha BificTaHb Ry CTaHOBUTS 5 ¢. [Liist cepenHboi
HIBUAKOCTI v ~ 1 KM/c Maemo 7, = R; /v~ 28 c.

Xeuaa Jlemba. XBUisi 1IbOTO TUIYy T€HEPYETb-
CsI TIJIBKM IIiJ 9YaCc 3HAYHOTO €HEProBUIICHHS (HE
MeHI Hix 1...10 Mt THT). dxepel 3 TakuM eHep-
TOBUIUTCHHSIM Majo. J1o HUX HajexXath SIIepHi BU-
Oyxu MeraToOHHOTO KJIacy Ta BUOyxu ByJIKaHa [23].

Eneprist BuOyxy ByJikaHa ToHra Oyyia OJM3bKOIO
1o 16...18 Mt THT. XBui Jlem6a npucBsiyeHo po-
ootu [3, 7, 39, 50]. XBuna Jlem0a, MOIIMPIOIOYUCH
0e3 3aracaHHsI Ta IMCIIEPCii B3TOBXK 36MHOI IIOBEPX-
Hi, OOIrHyJIa IUIAHETY I’SITh pa3iB i CIIocTepiramacs
YIIPOIOBX ceMM Ai0. AK moBepxHeBa XBWJISI, BOHA
3aracaja y BepTUKaJIbHOMY HampsMKy. 3TigfHO 3
(opmynoro (2) ii abcooTHA aMILTITYyAa 3MEHIIY-
BaJIach 32 €KCMOHEHIIAJIbHUM 3aKOHOM MpPU 30iJ1b-
IIIEHHi BUCOTU. BakiuBo, 1110 BiZHOCHA aMILIiTyIa
XBWJIi IPU LIbOMY 30i/IbIITyBajach 3a 3aKOHOM

Ap _ Ap(0) eXp[3y_21HJ,
p  p0) 2y
¢ dz
I, = .
" { H(z)
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Ile o3nauvae, mo xBwis Jlemba mpoHMKae Ha BU-
COTHU BEpPXHBLOI aTMOCc(hepH, BUKIIUKAIOUN TaM XBU-
JIbOBI IIPOLIECH.

O11iHKy 3HaYeHHS KoedillieHTa MiICUIeHHS XBU-
J1i Jlemba 3 BUCOTOIO

_Ap [ 4p(0)
p/ po

L

HaBeIeHo y Taou. 5.

Bunno, mo k; >> 1. 3Bu4ailHO, 30iNbIIECHHS
k; 31 30UTBLIEHHSIM BUCOTH MOXJIMBE TOTH, TIOKU
Ap/p<<1.Hanpuknan, nisir~20 MM Ap(0)~ 100 I1a,
a Ap(0)/p(0) =~ 10~3. Toni ymoBa Ap/p < 0.1 BUKoHy-
eTbest auue s z < 40 km. [pu Ap/p > 0.1...0.2 no-
YUHAIOTh JAaBaTUCS B3HAKM HEJIiHiIMHI CITIOTBOPEHHST
npodisito XBWJIi, SKi MPU3BOAATH 10 30arayeHHsI
CHeKTpy BUCOKMMU yacToTamu. [llo Oinbina yacto-
Ta CIIEKTPaIbHOI CKJIATOBO1, TO Ha MEHIITNX BUCOTAX
BOHAa MOTJIMHAEThCS. ToOTO, 32 paxyHOK HeJliHilHO-
ro MOMIMHAHHS y BepXHilt atMocdepi Ap/p << 1.

XBuisg JlemOa HajlexXuTh A0 WUTHApUYHUX |20,
21, 23]. Lle o3Hayae, 110 3i 30LIBIICHHSIM BiICTaHi 7
Bi ByJIKaHa ii aMIUTiTyJa 3MEHILYEThCS B3JOBXK I10-
BEpXHi 3eMJIi 32 3aKoHOM Ap oc 703,

Ipasimauiiini xeuai. 3a 3HAYHOTO EHEPTOBUIIICH-
Hs B aTMOC(epi TeHepyIOThCS TaKOX IpaBiTalliiiHi
xBui [22, 31, 36, 37, 50, 54]. Ixus vacrota f < fp,~
~ 3 mlit, ne f,,— vacrora bpenrta — Baiicans. Iepi-
on Tg> Ty~ 330 c. lna Tg ~ 10...120 XB IIBUAKICTD
rpaBITallifHUX XBUJIb HAOMIMXKAETHCS IO IIBUIKOCTI
3BYKY 0,, sIKa y aTMocdepi 3MiHIoeThes Bin 340 m/c
1o 1 km/c Ha BucoTax 300...400 kM. 3a gaHUMHU PO-
0o0Tu [54] WBUAKICTH TpaBiTaLliMHUX XBWIb y CTpa-
tocepi craHoBmwma 238...269 M/c. IpasiTamiiini
XBUJII MalOTh YiTKO BUpPaXeHy aHi30TpOIil0, BOHU
MOIIMPIOIOTLCS y TJIO0ATBLHUX MacilTabax il Ky-
TOM JI0 TOPU3OHTY.

Ingppazeyx. Bubyx BynKaHa CynpOBOIKYBaB-
Csl TaKOX TeHepalli€ro iHPpa3ByKOBUX KOJMBaHb 3
yactoTolo Bin f, = 4 mIir no 20 Tit Ta nepionom Bix
1,~250 ¢ mo 0.05 ¢ [29, 37, 50]. [ndpasByk momu-

PIOETBCSI i30TPOITHO TaKOX Yy IJIOOAJbHMX MAaCII-
tabax. Moro mBMIKICTh TpUX0y cTaHOBUTH 220...
320 m/c. BoHa 3ajiexxuTh BiJ Opi€eHTallii Tpacu, CUJIU
Ta HanpsIMKY BiTpy, arMocdepHoi noroau. [Hppas-
BYK 3a3BHYaii MOILIMPIOETHCS Y XBUJIEBOAAX, YTBO-
peHUX 3BepXy cTparocdeporo abo Tepmocdeporo, a
3HM3Y — IoBepxHero 3emuti. st ctpaTocdepHOro
XBUJIEBOJA LIBUAKICTL Tpuxony iHdpa3Byky 270...
320 m/c, a gns tepmocdepHoro — 220...270 m/c
[50]. Indpa3Byk Big BuOyxy ByjikaHa ToHra o0irHyB
3eMHY KYJII0 BiCiM pa3iB i cIocTepiraBcst yIIpoaoBK
13 ni6 micmst BuGYxy [50]. Moro ammiityna craHo-
Bujia ipuom3Ho 100, 25, 20 I1a ms Bigcrani 1.847,
2.6, 4 Mwm BigmosigHo [50]. utst r~ 64 kM Ap ~ 2 kI 1a
[50]. Tpusanictb iH(MpPa3ByKOBOro curHaay OyJia
oam3bkolo 10 30 xB.

3eyroea xeuasn. 3ByK Mae yacroty [~ 20 Iir ...
20 xIi1. 3ByKOBi XBMWJIi 3 TAKOIO YaCTOTOIO MOILIUPIO-
IOThCS Ha BIJICTaHi B I€CSITKM — COTHI KiJTIOMETPiB.
ITpote 3a nanumu [36, 37] 3BYK Bif BUOYXY ByJIKaHa
(«ryJ1») Oysio yyTH Ha AJsiclli, TOOTO Ha BiICTaHi r =
~ 10 Mwm. 1151 TOpiBHSIHHS BKaXKeMO, IO 3BYK Bil
BUOyXxy ByJikaHa Kpakatay Oyja0 4yTM Ha BiacTaHi
4.8 Mwm [11, 36, 37]. [lommpeHHs 3ByKYy Ha BiICTaHb
10 MM He MOXXHa MOSICHUTH Y MeXKaxX JIiHIiTHOT Teo-
pii molMpeHHs 3ByKoBUX xBWb. I1IBualie 3a Bce,
MpH IOLIMPEHHI Majio Miclle HeliHiiiHe yKpy4yeH-
Ha nipodiato xBuiii JlemOa Ta 30araueHHs CIEKTPY
3BYKOBMMM 4YacToTaMu Ha Beaukux (~10 Mwm) Big-
CcTaHsX Bin ByJiKaHa. I1po 1ie cBiZumTh IIBUOKICTH
MOILUPEHHS 3BYKY, 110 cTaHoBUAa 309 M/c (1151 r ~
~ 10 MM yac 3armi3HoBaHHS Af ~ 9 ron). Lle 3HaueH-
Hs1 Iy>ke OJTM3bKe 10 MIBUAKOCTI XBuIi Jlemba (v; ~
~ 313 = 3 Mm/c) [20, 21].

EJIEKTPUIHUIA EOEKT

MexaHi3Mu eIeKTPUUYHHUX SIBULL Y MeXax TUIIOMY Ta
Ha BUcOTax ioHocthepu pi3Hi. Po3risiHemo ix okpe-
mo [15].

Eaexmpuunuii epexm y mponocghepi. Y He30y-
peHuX yMoBax 00’€MHa LIiITBHICTh €JIESKTPUYHOIO

Tabauys 5. KoedimienT mincuienns BiqgnocHoi aMmutiTyayu xpuii Jlemoa

Z, KM 15 30 45 60 80 100 120 150 200 300
1 23 4.6 6.9 9.2 11.5 13.8 16.1 18.4 20.7 23
ky 6.1 37.1 226 1.4-103 8.4-103 5.1-10% | 3.1-10° 1.9-106 1.15:107 7-107
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sapsiny ¢,y ~ 10719 Ki/m3. V tponocdepi muroma
€JIEKTPONIPOBIIHICTD G = 2:10714 Om~'m~!. Mae
Miclle BEepTUKAJIbHUMN €IEKTPUYHUIN CTPyM, IIiJib-
HicTb siKOT0 ji, = 3:10712 A/M2. HanpyskeHicTs esek-
Tpr4HOro nons E,,~ 100 B/m [5].

BuBepkeHHsI ByJKaHa TPU3BOAUTH OO0 Pi3KOi
3MiHM €JIEKTPUYHOTO CTaHy atMocdepu y Mexkax
oMy, BUKMIM TPOAYKTIB BUBEPXKEHHS CYTTEBO
aKTUMBI3yIOTh MpPOLIECU eJeKTpM3allil, PO3diIeHHS
3apsIiB, MiACUIEHHS eJIEKTPUYHOIO CTPYMY TOLIO.

[onoBHY poJb BiAirpaloTh NMWIOBI YaCTUHKM Ta
aepo3oJjii. MexaHi3M eJieKTpu3allii YaCTUHOK OIU-
caHo B poOori [41]. BiH, mepi 3a Bce, OB’ sI3aHMIA
3 PO3MUJIEHHSIM PEYOBUMHU, IO iHXEKTYEThCSI B
atMocgepy. Tapsunit BUCXiZHUI MOTIK MPOMYKTIB
BUBEPKEHHS, MIBUIKICTb SKOTO MOCTYIIOBO 3MEH-
myetbest Bim 100 m/c mo 10 m/c, mimiiimae Bropy
MO3UTUBHO 3apsiKEHi YACTUHKMU. Dijiblll MacuBHI
YAaCTUHKHU OCiIaloTh TOHU3Y. BOHU MalOTh HeraTuB-
Huii 3apsia. PosmineHHst 3apsifiB cynmpoBOIXKYEThCS
MMiICUJICHHSIM IIIJIBHOCTI €JIEKTPUIHOTO CTPYMY IO
j=1073...10"7 A/m2. Bennunna q, 30LIbLIYETCS 10
1079...10~8 Kui/m3. TIpu LpoMy pi3Ko 361/1bIIYETHCS
HaIPYXXEHICTh eJ1eKTpUUHOro 1oJjs. OLiHuMo 3Ha-
ueHHs E,. Ckoprcraemocs 3akoHoM laycca:

1
C.EEedS =ggVSqedv , 7)

Ie S — 1Toa, 10 OXOIUTIOE 00°eM V i3 IIITBHICTIO
q,, € — €JEKTPUYHA CTajla. APOKCUMYEMO TLTIOM
LWJIiHAPOM 3 BUCOTOIO hpli paniycom For- Toni i3 3a-
KoHy (7) maeMo

2nr’E, =nrih %
plte c

Pesynbratu ouinok E, (y MB/m) HaBeneHo y
Taour. 6.

BumHo, 1110 3HAYeHHST HAMPYKEHOCTI eJIeKTPUY-
Horo 1oJjst mortu caratu 1...11 MB/M. Binomo, 1110
npo0iif YUCTOro MOBITPsI Ha MOBEPXHi 3eMJIi HacTae
npu E, ..~ 3 MB/M, a na Bucori z = 10...20 kM — nipu
E,,=0.8..0.2 MB/M. ¥V 3a0pyaHeHOMy NpOAyKTa-
MU BUBEPXKEHHS BYJIKaHa 3HAYeHHs E, . 1€ MEHIIi.
Ile o3Havae, 110 y BYJIKaHIYHOMY ILIIOMi ITOCTIAHO
BUHUKAIM OJMCKaBKW, ocKitbku E, > E, . Came
TIpo 1Ie CBimUaTh pe3yiabraTu poboTH [56], me Oymo
BCTaHOBJIEHO, 1110 32 IT’SITh TOAWH BUBEPKEHHSI BYJI-
kaHa Tonra cnioctepiranocs 0m3bko 400 000 6mc-
KaBok. HaiiGinplra iHTeHCMBHICTh OJIMCKABOK MaJjla
micte 3 05:00 mo 05:15 UT. INpu upoMy ixHs YacToTa
cranosmiaa 20 000 xs~!, a6o 333 ¢~ 1.

Ao 6e3nocepeHbo y TUIIOMI HaIpPy>XEHICThb
€JIEKTPUYHOIro IT0Jisg 30iIblIyBajiach Ha 3-5 TI0O-
PSIIKIB, TO 32 MEXaMU TLJIIOMY BOHa 301JIbIIIyBajiach
Jjmire Ha 1-2 mopsinku. MoxkHa CTBepKyBaTU, 1110
BUBEP>XKEHHSI ByJIKaHa MPU3BEJIO 10 CYTTEBOTO 30Yy-
PEHHSI TJI00aJIbHOTO €JEKTPUYHOIO Kojia Ta HU3KU
BTOPUHHUX MPOLIECiB.

Eaexmpuunuii epexm y ionocghepi. Ilpouecu y
MPOMIXKKY 3emJisi — ioHocdepa MaloTh XapaKTep-
HU 4ac CTAHOBJICHHS

€
t,= G—O ~440 c.
0

ToMy eeKTpUUYHi MPOLECU Yy LUbOMY HPOMiXKKY
MOXKHA PO3MISIIATH SIK KBa3icTalliOHapHi.

BingnosinHo g0 po6it [27, 28] mwis1 OLIiHKY HAIIpy-
JKEHOCTI eJIEKTPUYHOTIO IT0JIsI Ha BUCOTax ioHOC(he-

PP 0 pH, TIOPOIKEHOTO MisIBHICTIO ByJIKaHA, IIPUAIEMO
3Bincu JIO TAKOT'O CHiBBiTHOIIIEHHSI:
g = %M E—p Sod
e e : ei — el .0
0 O; Jo
Tabauys 6. HanpyxeHicTb e1eKTpuaHOro noJs y mmomi (MB/m)
q,, 1072 Ku/m3
h,;, KM
P
1 2 6 8 10
5 0.28 0.56 1.1 1.7 2.2 2.8
10 0.57 1.1 2.3 3.4 4.5 5.7
15 0.85 1.7 3.4 5.1 6.8 8.5
20 1.1 2.2 4.6 6.8 9.0 11.3
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e o; ~ 107 Om~'m~! — nuroma enexrponposin-
HicTb Ha Mexi ioHochepu (z = 60 km). Ilpu E,; ~
~ 150 B/wm, j, = 3-10712A/m2, j = 108...10~7 A/m2,
o, = 2:1071* Om~'m~maemo E,; = 10...100 MB/m.
Y He30ypeHux ymoBax lie moJyie craHoBuTh 0.1...
1 MB/M, TOOTO BUBEp:KEHHSI ByJKaHa MPU3BOAUTH
110 30i7bIIEHHS Ha JBa MOPSIKA BEJIMYMHU 10HOC-
¢depHOTro eeKTpUYHOro Iosl. Baxkianuso, 1110 ejek-
TpUYHE TI0JIe Maifke 0e3 3aracaHHS TEePEHOCUTHCS
B3IOBX MarHiTHMX CWJIOBUX JIiHiil MO MarHirocde-
Py, BUKJIMKAIOYX BTOPUHHI IIPOLIECH Y MarHiTocde-
pi Ta pagiauiiitHomy nosici 3emui.

Honamo, 1110 MaKCUMabHe 30ypeHHs eJIeKTpUU-
HOTO IM0JIsI BUHUKAJIO He 0e3MmocepeIHbO Hajl ByJIKa-
HOM, a JIelo 300Ky. 3MillleHHS OB’ sI3aHe 3 BILIM-
BOM aTMocC(epHMX BIiTpiB i MepeHOCOM 30ypeHHS
MarHiTHUMU CUJIOBMMM JIiHIIMM 3 BUCOT MOPSIAKY
100 xmM Ha OinbIIi BUCOTU. 3riIHO 3 JaHUMU POOIT
[27, 28] amimeHHsT Moxke csiraTi 600...800 kM.

MATHITHU E®EKT

MexaHi3Mu MarHiTHUX e(eKTiB B oKeaHi, aTMocde-
pi Ta ioHocepi BinpizHsatOThCS. Po3ristHemo 11e ne-
TanbHie [17].

Macenimnuil eghexm 6 oxeani. OKeaHiuHa BOa Ma€
IIUTOMY EJIEKTPOIIPOBIAHICTB G, ~ 4 OM~'M~!. Oke-
aHaM BJIACTUMBI Teuii, IBUIKICTb v IKMX 3a3BUYaAl HE
nepesuiye 1...3 m/c. Tedii TeHepYIOTh eJIEKTPUYHE
10oJie HalpyXeHiCTIO

E,=vB,
e Bo — IHAYKIIiST TeoMarHitHoro moJjs. Ilpu B0 ~
2107 T ta v ~ 1 M/c Maemo E,; = 2-107> B/m Ta
LIIBHICTb CTPyMY
J 0~ GOEe’

13 piBHsAHHS MakcBeia
rotB=p,j,,

e [, — MarHiTHa cTaja, OTPUMAEMO OLIHKY 30y-
PEHHSI MarHiTHOT'O MOJISI TEYi€0:

ABy = Uy g L-

Tyt L — xapakTepHMii BepTUKAIbHUM PO3Mip Teuii.
Tt L= 1...10 km Maemo AB; = 1077...1076 Tu.

3a BiICYTHOCTI KpYIMHOI Tedil € Jquiie (uykrya-
il mBuakocti v ~ 0.1 M/c Ta po3Mipy Teuii L = 1...
100 M. Tomi AB,= 10~'1...10=° Tx = 0.01...1 uTu,
TOOTO (POHOBMIT MATHITHUI €(DEeKT € HE3HAUHUM.

Bubyx mimBogHOro ByJKaHa T€HEpPYE CTPYMiHb
3i mBuakictio v = 100...300 M/c Ta niametrpom 10...
100 M. Ilpu 1bOoMy 30LIBLIYETHCS HAMPYKEHICTh
iHIYKOBAHOTO €JEKTPUYHOTO TIOJIsI, TTMTOMA eJieK-
TponpoBiaHicTb 6 (10 8 Om~!M~1 [11]) Ta winbHicTH
€JIEKTPUYHOIO CTPYMY, a 3HAUUTb i BeJMUYMHA JIO-
KaJlbHOTO MarHiTHoro edekty. Pesynsratu odumc-
JIeHHsI AB HaBeJeHO B TaoI. 7.

AK BUAHO 3 TaOa. 7, MarHiTHUA e(eKT MiaBOI-
HOTO BUOYXY Ta BUBEPXKEHHS ByJKaHa € dyXe 3Ha-
YHUM. AJIe BiH € TIPaKTUYHO JIOKAJIbHUM, OCKIIbKU
HaJIeXXUTh 10 KBa3iMarHitoctratTuyHux. [1pu upomy
31 30UIbILIEHHAM BiACTaHi 7 3HAYEHHS 3MIHIOETHCH 3a
3aKOHOM

AB(r):AB(L)[EJ .
r

Hanpuxuan, mpu AB= 1000 uTin, L=100mir=
=1 xm maemo AB(r) ~ 1 HT.

Macenimnuii egpexkm wuynami. Pyx Benukux mac
BOJIM 31 UIBUJIKICTIO U, ~ 200 M/c mpu3BiB 10 reHe-
pallii eJIEKTPUYIHOTO MOJIST 3 HAIIPYKEHICTIO

6:1M3bKy 10 8107 A/M?. E=vB,,,
Tabauys 7. 30ypenns marditHoro nonsi (HTT) cTpymenem ByJIKaHa
L,
Vg, M/C
10 20 30 40 50 60 70 80 90 100
100 100 200 300 400 500 600 700 800 900 1000
150 150 300 450 600 750 900 1050 1200 1350 1500
200 200 400 600 800 1000 1200 1400 1600 1800 2000
250 250 500 750 1000 1250 1500 1750 2000 2250 2500
300 300 600 900 1200 1500 1800 2100 2400 2700 3000
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ze BOZ — BepTUKaJIbHA CKJIaJ0Ba iHAYKIIil reomar-
HiTHOTO MoJist. 3a v, ~ 200 M/c, BOz =2:107° Tn ma-
emo E ~ 4 mB/m. Bekrop E nepneHaukyasipHuit 10
BeKTOpa MIBUIKOCTI. BEKTOp LIIIBHOCTI eeKTpud-
HOTO CTpyMY, NapajieJibHoro Bektopy E, nopiBHioe
i=oE,

ne 6 =4 Om—'m~! orpumyemo j = 16 MA/m2. Llup-
KyJIsILisl BeKTOpa 30ypeHHsI MarHiTHOTO IOJIst

$ABdl=p1,$ids ,

ne dl — eneMeHT KOHTypa, dS — eJIleMEHT ILIOILLI,
yepes sIKy BTiKa€ Ta BUTIKAE eIeKTPUUHUM CTPYM.

BubepeMo KOHTYp 3 TOPU30HTAJIbHUM PO3MipOM
L, 1110 MTOpiBHIOE pO3Mipy IIyHaMi B HAIIPSIMKY OTO
MOILIUPEHHS Ta BEPTUKAJILHUM PO3MipOM Z, 1110 J0-
PiBHIOE BMCOTI Haja He30ypeHOI0 MOBEPXHEIO OKea-
Hy. Toni noBxuHa koHtypa / = 2(L + z). IIpu Bucori
yHaMi 4 rimowa S = Lh. 3Bincu

1 Lh 1 Lh
AB=—n,j——=-n,60.B ——.
Mol TP

Ocxkinbku L = 1...2 MM, To ipu z << L MaeMo

ts7 0z

I |
AB zgpojh zguocv B, h.

AHaJioriuHe CriBBiIHOIIIEHHS OTPUMaHO B poOOTi
[11]. Qs j = 16 MA/M2, h = 1 M oTpumyemo AB =
~ 10 uTn. Komu z = L, maemo AB~ 5 HTu.

OTprMaHe 3HaYeHHSs 30ypeHHSI MarHiTHOTO TOJIsI
BUJIAETLCSA 3aBUIIEHUM OUIbII HiX Ha TMOPSIOK.
IMpuuun ang uwporo aBi. Ilo-mepie, MarHiTHUMA
e(eKT BUBHAYAETHCS HE TOPU3OHTAIbHOIO IMPOEKIIi-
€10 LIBUIKOCTI IIyHaMi, a 1l BEpTUKaJIbHOIO CKJIaJ0-
BOIO U, _, sIKa JAETHCS CITiBBIAHOIIEHHSIM

2h

tsz 2

152’

ne T— tpuBanicTbabo nepion myHami. [Tpu 7~ 2000 ¢,
h ~ 1 M MmaeMo Vg ® 10—3 m/c, mo HabGaraTo MeH-
e 3a v, ~ 200 m/c. Ilo-npyre, MarHiTHe 30ypeHHs
IIBUIKO «PO3IJIMBAETHCS» Y MPOCTOPI 32 paxyHOK
Iudyaii. PIBHSIHHS 17151 BepTUKaJIbHOI CKJIaA0BO1 Bz
30ypeHHSI MarHiTHOTO T10JIs1 Ma€ TaKuit BULJs [38]:
8& =(B,V)v
ot
ne D= (pyo)~! ~ 2:10° M>/c — koediwieHT nrdysii.
JIxxepesio 30ypeHHs npu By ~ 2210°°Tntah~1wMm
Ma€ TaKUii TTOPSIIOK:
|(B,V)v

+DV’B_,

tsz

|~2:10-8 Ton/c.

tsz

XapakTepHuii yac audysii npu 4 ~1 M CTaHOBUTH
2

T, =—~ 5 MKC.
D

Tomy nuy3iiiHUI YeH HaBiTh IJIs1 Bzz 10-10Tn
Ma€ TaKUi NOPSIAOK:

| DV’B, |zh2232 ~2:107>Tn/c.

ToOto, mudy3iliHui YieH 3HaYHO IepeBaXae 3a
BEJIMUMHOIO YJIeH, SIKUIA € JKepesoM 30ypeHHs.

3a JaHUMM CITOCTepeXXeHb HaBITh JJISI 3eMJIETPY-
ciB 3 MarHitTynoo M ~ §...9 Be1MunHa MarHiTHOIO
edexry He niepesuiyBaia 0.1...1 vTn [38].

Ha BigMiHy Bim MarHiTHOro eekTy ByJIKaHiYHO-
ro CTpyYMEHS$, MarHiTHUi e(eKT IyHaMi € BEeJIMKO-
maciuTadHuM (~1 Mm). 3i 30iJIbIIIEHHSIM A 3HAYeH-
HsI AB 301IbIIYETHCS IPOITOPIIIITHO BUCOTI IIyHaMI.

Honamo, 110 BMCOTa IIyHaMi, 3reHEepOBaHOIO
xBuJjeto Jlem0a, anpiopi MeHIlIa Bil BACOTU LlyHaMi,
3reHepOBaHOTo Oe3rocepeHbO0 BUOYXOM BYJIKaHA.
ToMy i BeTMuMHA MarHiTHOro ehekTy MeHIIa.

[TepeminieHHs IyHaMi Ta Oro MepioguyHiCThb 3
nepionom T = 2000 ¢ BUKJIMKAJIO KOJIMBAHHS Mar-
HITHUX CWJIOBMX JIiHil, 1110 TIPU3BOAMJIO 1O BTOPUH-
HUX TIPOLIECiB y MarHiTocdepi Ta pamiauiiitHoMy mo-
sci 3emii.

Maenimnuit epexm e ammocghepi. EnektpuuHe
noJie, iHIyKOBaHe CTPYMEHEM, CTAHOBUTh

E,=vB,.
Hnst By = 2:107 T, v = 100...300 m/c maemo
E, = 2...6 MB/M. InnykoBanuii cTpyM € myxe He-
3HAYHUM, OCKIIbKM y HE30YPEeHHMX YMOBaX G, =~
~2-10714 Om~ M~ Tomi j, ~ (4...12)-10717 A/m2,
10610 j << j, = 3-10712 A /M2,

MarnitHuii edekt B aTMocdepi ITOB’sI3aHUIA,
Meplll 3a BCe, 3 Pi3KUM 30UIbLIEHHSIM ILITLHOCTI Bep-
TUKAJIBHOTO CTPYMY Y CTPYMEHI Ta IUTIOMi 32 PaXyHOK
eJIeKTpu3allii MPpoAyKTiB BUOYXY. [Ipu 1tboMy j 301516~
ILIYETBCS 0 3HaYeHb mopsaky 10~7...1070 A/m2.

OuiHMMO MarHiTHUM e(eKT BYJIKaHIYHOTO CTPY-
MEH:I Ta oMy B atMocdepi. Llupkysiis Bekropa
MAarHiTHOI iIHAYKIIil B3AOBXK 30BHIIIHBOI MEXi CTPY-
MeHs (IUTIoMY), IO Ma€ paniyc R, JA€TbCsS TaKUM
CITiBBiTHOILIEHHSIM:

PBall=p,js.
ne l=2xnR, S=nR2
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3Bincu )
AB~ 5“0 jR. (8)

Mg ctpymens 3 pagiycom R = 100...1000 m Ta
j~107% A/M? maemo AB=0.06...0.6 HTu.

st matoMy pagiyc R csira€ COTeHb KiJIOMETpiB
1 BeJIMYMHA MAarHiTHOro edekTy 3Ha4yHO Oijblla
(1...10 1Tm).

Maenimnuii epexm y ionocepepi. 17151 MarHiTHOTO
edexry y ioHOoC(hepi MOXYTh OyTH CYTTEBMMU ABA
mexaHizmu. [lepinii 3 HUX OB’ sI3aHM 3i 30ypeH-
HSIM CUCTEMU CTPYMIB Yy IMHAMO-00J1acTi ioHOC(he-
pu (Bucotu z = 90...130 kM) 3a paxyHOK reHepalii
BYJIKAHOM ioHOCHEpHOI «I1ipu», OIMMcaHol B poOOTi
[4]. Apyruii MexaHi3Mm 30ypeHHSI MarHiTHOIO I1OJIst
3YMOBJICHUI TeHepalli€lo CTOPOHHBOTO eJeKTPUY-
HOTI'O CTPYMY Y T0JIi aTMOC(hEepPHUX XBUIb, BUKJIUKA-
HUX SIK Oe3IocepeTHbO BUOYXOM BYJIKaHa, Tak i 1y-
HaMi, mopomkeHnuM BuOyxom. [lepmmii 3 MexaHi3-
MiB € anepionuYHUM, APYTUH — KBa3iMepioguuyHUM.

Hnsa ouiHKM MarHitHoro edgekTy ioHocdepHOi
«1ipu» ckopucraemocst opmyJioro (8), ae 3aMicTh
R dirypye ToBinHa iuHamMo-0071acTi Az; = 40 KM, a
3aMiCTb j — Aj = j;oOy» J;p — HE30ypeHe 3HaYeHHs
LIJIBHOCTI i0HOC(EPHOTO CTPyMY, 8, — BiIHOC-
He 3MEHIIEHHST KOHIIEHTpaIlii eJIEKTPOHIB Y «Iipi».
Toni 1
AB =~ EqujAzi . )

Pesynbratu obumncieHb AB HaBeneHO y Tadm. 8.
BupgHo, 110 MarHiTHMI e(DEeKT «aipu» Mir OyTH CyT-
TEBUM.

XBuist wijibHOCTI (xBuiist Jlem0Oa, rpasitaliifiHa
XBWISI, XBUJIS BiJ LIyHaMi) B aTMocdepi ITOpoIKye
CTOPOHHIN CTPYM 3 IIiIJIbHICTIO

1€ e — 3aps/l ENEKTPOHA, U, — IIBUAKICTb YACTUHOK
y nonti xui. Mpu N = 1011 M3, v, = 10...100 m/c
MaeMo j,, = 1.6:1077...1.6:107% A/M2. Jlns aMIutiTy-
1M KBa3ilepioAnYHOro 30ypeHHS AB, OTpUMyeMO
(hopmyiy )

AB, zEuoijzi .

Pesynbratu o1iHOK AB,, HaBesieHO y Ta0t. 9.

IlopiBHSIHHS faHUX y Ta01. 8 1 9 CBiZUMTH IIPO TE,
IO MaTHITHUI e(eKT y APYTroMy BUITAIKY Ha TTOpPS-
JTOK OUTBILLIMI, HiX Y TTepIIOMY.

EDEKTH SAIIMJIEHHA ATMOCOEPU

Jlunamika eyaxanivnux wacmunok. Y NpoayKTax BU-
Oyxy MicTUIMCSI (DparMeHTH 3 padiycoM r Bim 1 M 1o
1 MmxM. MacuBHi ¢pparmeHTH (Macoto roHan 1 1) Bu-
MaJiv Ha MOBEPXHIO Iu1aHeTu. YacTUHKY 3 r,= 1077...
103 M KOHBEKTMBHIM MOTOKOM ITiTHSUTACS BIOPY Ha
BUCOTH aX JIO Z,, ¥ 58 kM. I1pu 3aranbHiit Maci BUKH-
oy m=2.9 It Maca 4acTUHOK m, Oy/a nopsaky 1 IT.

Y nopanbioMy 4aCTUHKM Opajiv ydyacThb Y TPbOX
npoluecax. [lo-nepiie, y MoBiIbHOMY OCiZaHHiI Ha
noBepxHio 3emii. [To-apyre, y TypOyJaeHTHOMY Me-
peMilllyBaHHi 3 HaBKOJIUIIHIM noBiTpsiM. [To-TpeTe,
y IIepeHeCeHHi IepeBaKHMMHU BiTpaMud HaBKOJIO
TUIAHETH, 311ACHIOIOUU TOBHUI 000POT MPUOIU3HO
3a 10 mi6 (3a cepeaHboi MBUAKOCTI BiTpy 40 M/C).

IMoyaTkoBUIf TOPU3OHTAIBHUN PO3MIp TTPOMYK-
TiB BUKMIY B aTMocdepi OyB 6au3bkum 10 500 km
[46]. 19 ciuns 2022 p. mIo11a 3aNTUJICHHS CTAHOBUITIA
12 MaH kM2, 22 ciuns 2022 p. xMapa MUy Jocsiria
CximHoi Adpuku, 3gonaBiu Bigctadb y 15000 kM
[47]. IIBuAKIiCTh OCiZaHHS YaCTMHOK JA€EThCS BidO-
MUM CITiBBiZHOIIEeHHM [11]:

2p,8
. _ 4P
J, = eNo,, 0, =g s

Tabauys 8. Obuncieni 3HaueHHs AB mardiTHoro edexTy B ioHocepi

AN, 1078 A/m? 1 2 3 4 5 6 7 8 9 10
AB, HTn 0.25 0.50 0.75 1.0 1.25 1.50 1.75 2.0 2.25 2.5
Tabauys 9. OGuncneni 3Hauenns AB, MarniTHoro edekTy y noJi Xsui miabHoCTi

Jo 1077 A/m2 1 2 3 4 5 6 7 8 9 10

AB,, uTn 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
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ne p, ~ 1.510° kr/m? — 06’eMHa NILTBHICTb YacTy-
HOK, N — 1.7+ 105 TTa-¢c — KoeilliEHT AMHAMIYHOL
B’sI3KOCTi moBiTpst. Yac ocimaHHsS 4acTUHOK T, =
= zp/vp HaBejieHO Yy TabJ1. 10.

BBaxasiocs, 110 cepeaHsl BUcoTa %, = 50 km. I3
TabJ. 10 BUAHO, 1110 HAAPIOHIIII YaCTUHKHU 3 ry =
= 10"7...107° M mMoxyTb nepebyBaTi B armocdepi
poxkamu. HacnpaBni 1boro He BinOyBa€eThesl. 3a pa-
XYHOK TypOyJICHTHOTO IIepeMilllyBaHHS 3 MOBITPSIM
1Ii YaCTUHKU OCiJal0Th Ha 3eMJIIO 3a Yac

ne D,, — KoediuieHT TypOyneHTHOI audysii. Bpa-
xatouu, mo z, = 50 km, a Dy = (1...3)-10% m%/c,
OTPUMAEMO T, = 9.6...29 ni6.

TakM YMHOM, YAaCTUHKHU BYJKAHiYHOTO ITOXO-
JkeHHs 3 po3MipoM 0.1...10 MKM 3auiuaivch B atT-
Mocdepi He MeH1T Hix 10...30 1i0.

Ox04002ceHHs N0GepXHI 3emai ma npuzemHoi am-
Mocghepu. HacTUHKU BYJIKAHIYHOTO MOXOIKEHHS B
aTMocdepi po3Cilol0Th COHSTUHE BUITPOMiHIOBAHHS,
eKpaHyloun TpU3eMHy aTMocdepy Ta IOBEPXHIO
3emuti. [1pu LIbOMY IIUTBHICTD ITIOTOKY COHSIYHOI pa-
Jiaiii Ha ITIOBEPXHi MUIaHETU 3MEHIINUTHCS Ha BEJIM-
yuHy [11]

AIT =TI (0)(1—e " )cosy ,
ne I1,(0) — He30ypeHa BUOYXOM ByJIKaHa LITbHICTh
ITOTOKY COHSIIHOTO BUITPOMIHIOBAHHS IIJIST 36HITHO-

Tabauys 10. 3anexHiCTh HIBUIAKOCTI TA YaCy
ocCiaHHs aepo30JiB B/l iXHbOTO pajiyca

7y MKM Uy M/c T, C Ty 1i6
0.1 1.7:1075 2.9-10° 3.3-10
0.2 6.9-10~5 7.2:108 8.3:103
0.3 1.6:104 3.1-108 3.6:103
0.5 4.3-1074 1.2-108 1.4-103
1 1.7-10-3 2.9-107 330
2 6.9-103 7.2-10° 83
3 0.016 3.1-10° 36
5 0.43 1.2:106 14
10 0.17 2.9-105 3.3
20 0.69 7.2:104 0.83
30 1.6 3.1-104 0.36
50 4.3 1.2:10% 0.14
100 17 2.9-103 0.03
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ro kyra x = 0, y, — ONTHYHA TOBUIMHA PO3CIAHHS
COHSIYHOTO BUNIpOMiHIOBaHHS. B cBotO uepry [11],

o ms o mAz

v, ~0.225 =0.225

S V,cosy
ne o, = 3-103 M2/kr — KoedillieHT eKCTUHKLT mpu
PO3CISHHI COHAYHOI paliallii, m, — Maca MUJINHOK,
1[0 PO3CIIOI0Th, § = Az /COSy, Az, — TOBLIMHA IAPy
arMoc(epu 3 MUIMHKaMU, V= SAz, — 00’eM 11bOro
miapy, .S — ioro ruionia.

ChiBBiZHOILIEHHS [UISL Y, IEPETIUIIEMO B TAKOMY
BUIJISIN:

v ~0225 %M _ S
Scosy  Scosy

(10)

e SS = ().2550csms— XapakKTepHa IUIo1IA.

JUtst repiumx Iekinbkox ai6 S~ 1013 M2, m ~ 1012 k.
Toni mna x = 0° Mmaemo v, = 7.65, 106710 v, >> 1 Ta
AIl, ~ T1,(0). EkpaHyBaHHS COHAYHOIO BUITPOMi-
HIOBaHH: OyJ10 cuibHUM. Lle mpu3Beso 10 3HUKEH-
H$I TeMIlepaTypy NoBiTps Ha BeauuuHy AT. OuiHu-
Mo AT. HenpooTprMaHa eHeprisi COHITYHOTO BUIIPO-
MiHIOBaHHS B CEpeIHbOMY 3a 100y CTAaHOBUTD

E, =%HS(O)SAtS cosy ,

a 3MEHILIeHHS BHYTPillIHbOI €Hepril MOBITPsT —
Q=CmAT =Cp SHAT ,
Jie m, — Maca roBitps B 06’emi SH, H — Bucora on-
HOpiHOT aTMOCcdepH, p, — IUTBHICTB MOBIiTpst. Toxi
3 piBHOCTI £, = Q0 MaemMo
_ TI,(0)At, cosy,
2CpH

Hna I1(0) ~ 630 Br/m?[11], At~ 3-105 ¢, cosy =
=05, C,~ 103 Ix-xr 'K, H =~ 7.5 xm, P, =
1.25 kr/m3 orpumaemo AT ~ 5 K. Hacnpasni
3MCHIIIEHHS TeMIIepaTypu MOBITPsS OYJIO TOMITHO
MEHILIUM 4Yepe3 AeMIipepHUii BIJIMB OKeaHy, SIKUii
HE BCTUTAE OXOJIOMKYBATUCS.

Yepes 10...30 ni6 micass BUBEpXKEHHs BYyJIKaHA
3aMAJICHHST TIOIIMPHWIIOCS TIPAaKTMYHO Ha BCIO aT-
Mocdepy, a Maca m3meHumiacst 1o 3-10'" kr. Toxi
y,~ 0.5, sMenmenns AT ~ 2 K, a peajibHe 3Ha4€HHs
He mrepeBuryBaio 0.5...0.6 K.

Koeghiuiecnm mpueepnocmi. Tlin eHepriero rmep-
BMHHOTO TIPOILIECY PO3YMIEMO TEIUIOBY EHEPTilo
BYyJIKaHa:

AT

4

E;=CmT~3.6-10" Ix.
67
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N,, TECU r, Mum

30

20

04:00 05:00 06:00 07:00 ur

Puc. 1. Yacona 3anexuicts [1EB 3a nanumu cranuii CKIS ta
cymytHuka G32 s 11, 12, 13, 15, 16, 17 Ta 18 ciuns 2022 p.
(uucina 611 KkpuBUX). BepTuKaibHi JliHii — MOMEHTHU 3aX01y
Conug Ha Bucotax z = 0 iz = 350 km. Ha ropusoHTanbHiii oci
MOKa3aHo I’ SITh MOMEHTIB BUOYXY ByJTKaHa

NV: TECU r, Mm

10 I

04:00 06:00 08:00 ur

Puc. 2. Te, mo iHa puc. 1, ms cranwii AUCK i cyrmytHuka G 10

68

Henoorpumanns eneprii £, € BTOpUHHUM TIPO-
mmecoM. /11T XapaKTepuCTUKNA €HEPTeTUKNA BTOPUH-
HUX TPOLIECiB 3pyYHO BBECTH CIellialbHUI Koedi-
wieHr [11]:

K, = E, .
ET
Akmo y, >> 1, To
IT_(0)SAt IT (0)SAt
= tcosy =—2 ~cosy, (11)
2CmT

T
ne er= CT — nuToMuii eHEProBMICT IPOAYKTIiB BU-
Bep:KEeHHS ByjKaHa. AKino Yy <<1,T10

IT.(0)y SAt I1.(0)S
Ktr :LcosX:LAtS' (12)
2g,m 2g,m
3 ypaxyBaHHsM (10) 3amicTb (12) Mmaemo
K, =0255 0%, 0107 0K 13

2e,m o

ne k, = m/m. Ouinnmo K, st I1(0) = 630 Br/m?,
o, ~ 3103 M?/kn, k, = 0.1, £~ 1.36°10° Ik /Kr i Af, =
=105...3-10° c. Buxonstuu 3 Bupasy (13), orpumaemo
K, .= 1.8:103...5.3-10%. BaxxuBo, 1110 K, >>1, 10610
eHepreTuka BTOPMHHUX IIPOILECIB 3HAYHO Oijbllia
3a €HEepPreTUKY MEPBUHHOIO IIpolecy (BUBEpPXKEH-
Hs ByJKaHa). BuBepXeHHS CIIyI'ye TPUTEPOM IS
3aIycKy Oisiblll eHepriiHux mpoiieciB. Tomy B po-
oori [11] aBrop HasBaB KoedilieHT K, KoedilieH-
TOM TPUTEPHOCTI. SIK BUIJIMBAE 3i CITiBBIAHOLIEHHS
(13), mpu v, << 1 1eil KoediluieHT MPONOPLIiAHMIA
BiIHOCHI# Maci k i yacy TpMBaJIOCTi 3alMIEHHs aT-
Mochepu. Ipu y, >> 1 koediuieHT TpurepHocti K,
MPaKTUYHO MPOIOPLIiAHNI Atf, OCKiJIbKM § oc Al
TOOTO IUIOMIA S 30iIBIIYETHCS 31 30LIbIICHHSIM iH-
TepBally vacy Af,.

IOHOCO®EPHI EOEKTU

Bubyx BynkaHa ToHra Mpu3BiB SIK M0 anepiogny-
HUX, TaK i KBa3iMepioguYHUX (XBUJIbOBUX) 30ypeHb
y ioHocepi [19].

Ionocghepna «dipa». Mu nmocninunm 4acoBi Bapi-
anii moBHoro ejaekTpoHHoro BMmicty (ITEB), sikuii
BUMIpPIOBABCS 3a AOIIOMOTIO0 [7100a1bHOI CyITyTHU-
KOBOI HaBirauiiiHoi cuctemu. s 1boro 0yao BH-
KopucTaHo 42 Ha3eMHi CTaHIIil Ta HU3KY CYITyTHUKIB
(GO1, G03, G07, GO8, G10, G15, G18, G23, G24,
G26, G27, G29, G311 G32). Bincrans Bixg ByIKaHa
JIO CTaHIIill 3MiHIOBanach y Mexkax 57...5021 kM.
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BcranoBneHo, 1Mo IS CTaHILM, BiggaJeHWX Ha
Bimctanb He Oinbiie 3 Mwm, mpubausao 3 05:00...
05:30 mo 07:00...08:00 mano wMicne B3HUXEHHS
I1EB Ha 3...10 TECU (B cepequromy Ha 5 TECU)
(puc. 1). Jlns Ginbli BiggaJeHUX CTaHLii ehekT OyB
cinabmumM abo itoro He Oyno. Y poOoti [4] edekT
3MeHIeHHs [TEB npuban3Ho yepes 45 XB ITiciist BU-
Oyxy OyB Ha3BaHUI i0oHOC(hEpHOIO «dipolo». Mexa-
Hi3M reHepallii «Iipu» 3a1UIIaEThCSI HEBITOMUM.

Xeuavosi echexmu 6 ionocghepi. XBUIHOBI Ipo1IeCH
B aTMocdepi He MOIVIM He BUKJIMKATU KBa3iIepio-
JIIMYHi 30ypeHHs B ioHochepi. CriocTepiranucs nBa
TUINU XBUJIbOBUX 30ypeHb. HaliGinbiri 3a amruiiTy-
nmoro (mo 1.5...2 TECU) 30ypeHHsT Majii HalOIIbIITy
WBUAKICTh (~1 kM/c). Taka mBuAKicTh y F-061acTi
ioHOocepU BIacTUBa IpaBiTalliiiHUM XBUIsIM. Haii-
iMOBIipHillle, 30ypeHHsI Oyau 3reHepoBaHi BUOYXO-
BOIO XBIUJICIO O€3I10CEPEIHBO HAJl BYJIKAHOM i ITOIIN-
proBayics y BCi 00KM Bif akepesia. 30ypeHHs CKia-
JIaJIoCs 3 IBOX IIePiOfiB: CIIOYaTKy (pa3a CTUCHEHHS,
a 1moTiM (paza po3pimKeHHs, 3HOBY (pa3a CTUCKAHHSI,
Ha 3MiHy SIKiii mpuxoauia ¢daza po3pimKeHHs. 3a
nepmmuM 30ypeHHSIM criocTepiragocs apyre. BoHo
MaJio 3HAUHO MEHIIY IIBUAKICTb, aMILIITYAy Ta Ie-
pion. Ipuknagu XBUJIbOBUX MPOLECiB y ioHOChepi
HaBeJeHo Ha puc. 1 i 2. BugHo, mo tiieku 15 cig-
Hs 2022 p. Maiu Miclie KBazilepioauyHi 30ypeHH:I
ITEB. 3anexHictb N(f) nis 14 ciuHs He HaBEICHO
TOMY, 1110 B 1Igi1 IeHb Oys1a ioHocdepHa Oypsl.

I3 puc. 1 BuagHO, 110 Mepiie 30ypeHHs MaJio yac
3amisHIoBaHHs Af; = 40 xB, TpuBaiicte AT} ~ 80...
90 xB, ammutityny SNy, ~ 1.3...1.6 TECU. [lna Bincra-
Hi Bl By/JKaHa 7| = 2.6 MM OTpMMYy€eMO LIBUIKiCTb
v, = 1 xm/c. [lpyre 30ypeHHsI MaJlo 4ac 3ami3HIO-
BaHHs Af, ~ 125 xB, tpuBaiicts AT) ~ 120...130 xB i
dN,;,~0.6 TECU. /11 r, ~ 2.4 MM OTpUMY€EMO IIBU]I-
KicTb v, = 320 m/c. 3 05:30 o 07:30 criocrepiranocs
3MmeHIIeHHs TpeHay Nv(¢) Ha 3...4 TECU, o Gyio
3yYMOBJICHO T'eHepalli€ro ioHOCHEPHOT «Tiph».

IoHocepHi nporecu Ha OunblIii BinctaHi (3...
3.2 MM) skicHO OyJM IOAIOHI 10 OMUCAHUX BUIIE
npoueciB (puc. 2). Ilepie 30ypeHHs MaJlo Taki Ia-
pametpu: Af; ~ 50 xB, AT, = 105...110 xB, 3N, ~
~ 2 TECU, av, ~ | km/c st r ~ 3 Mm. Tlapame-
TpU IPYroro 30ypeHHs: Af, = 165 xB, AT, ~ 180 xB,
0Ny, = 0.5 TECU, a v, ~ 320 m/c juia r = 3.2 Mm.
«[lipa» Bupaxena cnabume: AN, = 2...3 TECU.
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Takum umHOM, Tepiie 30ypeHHs Oyj0 Oe3roce-
peaHbO MOB’si3aHe 3 BUOYXOM ByJIKaHa, a Apyre — 3
MoLIUPEeHHsIM XBWIi Jlem0Oa y mpusemHiit atMmocdepi
Ta TPOHUKHEHHSIM YaCTUHM ii eHeprii Ha ioHochep-
Hi BUcoTH. I1po 1e cBimUnTh OJM3bKIiCTh IIBUAKOCTI
v, ~ 320 M/c no mBKAKOCTI v, ~ 313 £ 2 M/ [20, 21].

36ypenns ionochepu eaexkmpomazHimuum Gunpo-
Minroeannam 6auckaeox. 15 ciunsa 2022 p. 3 05:00
1o 05:15 UT vacTtoTa 01MCKaBOK y BYJKAHIYHOMY
roMi csrana 20 TMCSY 3a XBUJIMHY, a0o 333 3a ce-
KyHay [56]. Ilpu moTyXHOCTi OmHi€l OIMCKaBKU
P~ 10° Br Ta ii TpuBaoCTi T ; = 1 ¢ Maemo cymapHy
NOTYXHicTh 6yu3bko 3.33:1011 Br. ¥V enexkrpomar-
HiTHE BUIIPOMIiHIOBAaHHSI TIEPETBOPIOEThCSI YacTKa
n, = 107%...102 [52]. Toxi ast m, ~ 3-10~% maemo
MOTYXHICTb €JIEKTPOMArHiTHOro BUIIPOMiHIOBaH-
Hs1 10° Br. YacTKa 11bOT0 BUNPOMiHIOBAHHS B3IOBX
MarHiTHOI CHJIOBOI JIiHil MOIIMPIOETHCS 10 ioHOChe-
pu Ta MarHitocepu. bynemo BBaxkaTu, 1110 1151 4acT-
Ka ctaHoBuTh 108 BT. Takoi MOTY>KHOCTi BITPOIOBXK
15 xB BUCTavasio 1151 30ypeHHsT TeMITepaTypy i KOH-
LIEHTpallii eJIeKTPOHIB y ioHOc(hepi HAa COTHI Mpo-
ueHTiB [13]. 30ypeHHs Y MarHiTHii CHJIOBI TpyO1Ii
MpU3BEJIO A0 TeHepallii aiIbBEHiBCbKUX XBWJIb, SIKi
MOIIMPIOBAINCS B3M0BX Tpyoku. Kpim Toro, rmosu-
HeH OyB MaTu MiClie i MMOBUIbHUI IIPOLIEC IEPEeHO-
Cy TeIjla Ta KOHLIEHTpallil eJIeKTPOHIB y HaNpsIMKy
JI0 MarHitocnpsikeHoi obGjacti. llboMy crnpusiia
JIOCUTh MaJla JOBXWHA MarHiTHOI CUJIOBOI TPYOKM
(~5 Mwm).

MATHITOCOEPHI EQEKTH

Jia na maenimocghepy. MarnitocdepHi edpekTy ByI-
kaHa ToHra, repii 3a Bce, OB’ s13aHi 3 iIHTEHCUBHUM
BIUIMBOM €JIEKTPOMArHiTHOTO BUIIPOMIHIOBAaHHS
OIMCKABOK [16]. AKTMBHA eJIeKTpU3allisl MPOAYKTIB
BUBEP>KEHHsI ByJIKaHa Ipu3BeJia 10 TOTro, 110 Kijlb-
KiCTb pO3psiIiB OJIMCKABOK 3a I1’SITh TOIMH JOCSITa
400 Tucay [56]. Hait6inbia iHTEHCUBHICTB OMCKa-
BOK crioctepiranach i3 05:00 go 05:15 UT. I1pu 1bo-
My YacToTa po3psiiB cTaHOBUJIA 0aM3bKO 20 THCSIY
3a XBUIMHY [56]. OLiHMMO eHepreTUKy OJIMCKAaBOK.
IIpu cepenHiii eHeprii omHiel OJIMCKaBKU IOPsII-
Ky 10° JIx Ta cepenniit notyxsocti 10° Bt Maemo
cyMapHy eHeprilo 6nu3bko 4-10'% JIx Ta cymapHy
MOTYXHicTb Topsaky 4-10'4 Br. Bimblua yactuna
€Heprii BUTpayajacs Ha HarpiBaHHS Ta iOHi3allilo
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MHOBITpsl. Y €HEpriio eJeKTPOMarHiTHOro BUIIPOMi-
HIOBaHHsI TIEPETBOPUIIACA YacTKa M, = 10-4...1073
[52]. Toxni cymapHa eHeprisi Ta MOTYXXHiCTb €JIeKTPO-
MAarHiTHOro BUIIPOMiIHIOBaHHS BilMOBIAHO CTaHO-
B 4-1010...4-10'" J1x ta 4-10'°...4-10!! Bt.

Yacrora BunpominoBanusg 10...100 xIir. Enex-
TPOMArHITHI XBUJIi TaKOro Aiara3oHy e(MeKTHBHO
MOIIKUPIOIOTHCS Y TIOPOXHUHI 3eMyisd — ioHochepa
Ta, TOJIOBHE, B3IOBX MarHiTHUX CHJIOBUX JIiHill y
TaK 3BaHMX JaKTaX, CITralouM pamialliiiHOTO IOsICY
3emii, Ae 30yMIKYIOTh LMKIOTPOHHY HECTIMKICTh.
VY paniauiitHoMy TosICi BUTTPOMiHIOBaHHSI B3a€EMO-
Ji€ 3 BUCOKOeHepriiHuMu ejekrpoHamu (~10...
100 keB), BUKIMKaOUYM iXHE YaCTKOBE BUCUITAHHS
3 MarHitocgepu B ioHochepy Ha Bucortax z = 70...
120 xMm. IIpu HLOMY 30ypIOETHCS CTPYMOBA CUCTE-
Ma IMHaMO-00J1acTi ioHOchepu, TeHepyIOThCs 30y-
PEHHSI TeOMarHiTHOrO MoJIsl Ta aJlbBEHIBChKi XBUJIL.
OcraHHi, MOIINPIOIOYNCH A0 MarHirocdepu, B3a-
€MO/IIIOTh i3 BUCOKOCHEPTIMHUMU eJIeKTPOHAMU pa-
JianiitHoro mosicy 3emJli. Tak aKTUBYETbCS i0HOC-
(epHO-MaruirocdepHa B3aemomis [16].

Jlunamixa eaekmpomacHimHoz2o GUNPOMIHIOBAHHS
ma eucokoenepeitinux wacmunox. CucremMa piBHSIHb,
110 OTMCYE AWHAMIKY €JeKTPOMAarHiTHOro BUIIPO-
MiHIOBaHHS Ta BUCOKOEHEPIiiHMX YaCTMHOK Yy Mar-
HITHIi1 cvIoBii TpyOLi, Mae Burysn [11]

d—W:lW+an—vww, (14)
dt
dn
— =] - nw, 15
IR (15)

e w — 00’eMHa IIIJIbHICTh €HEPril eJIeKTPOMAarHiT-
HOTO BUITPOMiHIOBaHHS, [, — 00’€MHA HIUIBHICTh
MOTY>KHOCTI JKepesia I1bOro BUIPOMiHIOBaHHS,
I =2.5-10"12M%/c — KoedillieHT 3B’3KY, # — YUCIO
BUCOKOEHEPTIMHNX YaCTUHOK y MaTHITHIN CHJIOBIN
TpyoOI11i, v; — Yac CTaHOBJIEHHS LIIJIBHOCTI €HepTil
BUIIPOMIHIOBaHHS, [, — JDKEPEJIO BUCOKOEHEPTiii-
HUX yacTuHOK, ¥ = 1012 M3/Ix~lc~! — koediuient
3B’SI3KY.

Ho BuOyxy Bynkana I, = 1, [, = I ,1a d/dt = 0.
Toni po3B’sizok cuctemu (14) i (15) mae BUTISAA

InOVw
n, = s
Y(IWO + Iwcr)

1e KputudHe 3HaueHus [, =I'1 y.

70

— IWO +Iwcr

Wy

v

w

Jaui oriHumo yacu t,, = v;l ~lc,
T, = ! = Vi .
’YWO ’Y(Iwo + IwCr)
Hos [, <<, 9ac
Covl, Y

Hnsa 1, = 109...10" M—2¢~1[11] maemo T,= 10-3...
10~! ¢. Yac nii 61uckaBku 6yB 3HAYHO GLIBIIMM 32
1,,1a 1,. Tomy B cucremi (14) i (15) d/dt = 0. Toni

W o IW + IWC? n — IﬂVW .
VW Y(IW + IWCI‘ )
Ao I, << [ ,.., TO n = n, i IpoLeC BUCUIIAHHS

4aCTUHOK HecyTTeBuid. Akimo [, >> I ., 1o n <<n,.

Ouinmmo 1. st 1,5 = 10°...101 m~2c~! maemo
I, =2.51071.2.510~13 Txm—c~!. Mpu cymap-
Hiit moTyxHocTi BunpomiHiosanHs 4-1010...4-101! Br
Ta 06’eMi MarHiTHOI cuoBoi Tpyoku 4-10!7 M3 ma-
€MO O0’€MHY IIIbHICTh TMOTYXHOCTI [, = 10-9...
10~7 Ix-m—3¢™!, To6ro I, >> I . Lle o3Havae, mo
Mg Ai€l0 eJeKTPOMArHiTHOro BUITPOMiHIOBAHHS
Malike BCi BHUCOKOEHEPTiiiHi 4YaCTMHKU TOBUHHI
Oy/Iu 3aJIUIIUTU palialiiiHUi mosc 3eMITi.

Tpuzepnuii epexm. YBenemo KoeillieHT Tpurep-
HOCTi

Ang

J— 4
Ktr - I L s
werw
ne An = n, — n, €, — €HEPrid €JeKTPOHA B palia-
uiitHoMy mosici, L, — TOBXHWHA MarHiTHOI CHJIOBOI

TpyOKM. MaKkcuMaibHe 3HaYeHHS

M8
tr max Iwcer *
Hna I, << I, ortpumaemo ny~v, /I Ta
T
werw n0™~'w

Tstv, =1c¢7 ! y=102 v¥x "¢, g, = 10...
100 keB, I' = 2.5:10"2 Mm%, [ ;= 10710 m2c71 §
L,=410"m maemo K, =6.4'10%...6.4-10°.

TakyM YMHOM, eJIEKTpOMAarHiTHe BUIIPOMiHIO-
BaHHSI, 3TeHepOBaHE BUBEPXKEHHSIM ByJKaHa, €
TPUTePOM MarHitocepHuX IPOLIECIB, SIKi CYTTEBO
30ypIOIOTh CTaH PAialliliHOTO MOSICY 3€MJIL.

Aaveeniecokuii mexanizm. € 11e OOUH MeXaHi3M
nii Ha MarHiTochepy. [TiBaeHHa MiBKyJIsI, /1€ JeXKUThb
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ByikaH Tonra, Ha BimMiHy Bim IliBHiuHOI MiBKyi,
Oyna ocsitiieHa ConueM. BuOyxoBa xBuiis Bim ByJI-
KaHa, TOCSATHYBILIM ioHOchepu, Ha BUCOTaX AWMHA-
Mo-007acTi (z~ 90...130 kM) 3reHepyBaia 30ypeHHS
KOHIICHTpAIlii €JIEKTPOHIB i €JeKTPUYHOTO TIOJI,
TOYHillIe albBEHiBCbKUI iMITyIbc. OCTaHHIH 3 ajb-
BEHIBCHKOIO IIBUAKICTIO Mopsaky 300 KM/C B3IOBX
MAarHiTHOI CUJIOBOI JiHii mepemicTuBcs y ITiBHIUHY
MiBKYJI10, BUKJIMKABIIIY TaM 30ypeHHS eJIeKTPUIHO-
ro MoJIsI Ta MOTOKIB IJIa3MU 3 ria3Mocdepu B ioHO-
chepy. st mBuakocti motoky v ~ 100 M/c maemo
iHIyKOBaHe ejieKTpuyHe 1oine £, ~ vB, =~ 2 MB/m.

Onucani edekTu OiliCHO CITOCTepirajucs y Io-
climKeHHi [45], koaum Oyno BUSIBIEHO 30ypeH-
Hsl Y MarHITOCIIpSDKEHil obOsacTi, 10 nepedyBaia
Hapn fmnoniero. IIBUAKICTH MOTOKY I1a3Mu OyJia
100...110 m/c, a E, = 2.8...3.1 MB/Mm, 1110 NOBHICTIO
Y3rOJIKYETHCS 3 HAILIMMU OLliIHKaMU.

B3AEMOIA IMIACUCTEM

Bubyx i BuBepxXeHHsI ByjakaHa ToHra cymnpoBO-
JIKyBaJIMCsl Te€HEepalli€l0 CeMCMIiYHMX XBWJIb, IIyHa-
Mmi, BUOyxoBoi xBWIi, xBuJii Jlem0Oa, rpaBiTauiiiHoi,
iH(pa3ByKOBOi Ta 3ByKOBOI XBWIb. CyTTEBOTO 30Y-
peHHsI 3a3Haiu OapuyHe, MarHITHE Ta eJIeKTpUYHe
noJist 3emii. Bukuau nonesy Ta aepo30J1iB 3MiHUIU
Mpo30picTb aTMOchepU, MOMITHO MTOPYILIWIU pafdia-
HilHWI OanaHC i B3aEMOII0 MiACTUIBHOI ITOBEPXHi
(okeaHy) 3 MpU3EeMHOI0 aTMOCHEPOIO, BUKIUKABIIIU
BTOPUHHI npoliecu. BuOyx Ta BUBepXXKeHHSs ByJKaHa
3MIHWIM TIapaMeTpUu TIJ100aJbHOIO €JIEKTPUYHOIO
KOJla, BUHMKJIU 30ypeHHs1 aTMocgepHo-ioHochep-
HOTO enekTpuyHoro noJs. Lli 30ypeHHs nepenaim-
cs1 1o marHitocgepu. IlincuieHHs eeKTPUYHOTO
1moJisi B ioHocepi, BUKIMKaHE TTOPYLIEHHSIM AUHa-
MiKW BIiTpY, MPU3BEIO OO JXKOYJIEBOTO HarpiBaHHS
aTMoc(epHOl TJ1a3MM, HU3KU TIJIa3MOBMUX MPOILIE-

BuBepxeHHs ByTKaHa

- . LInK10TpOHHMIA BIUIUB Ha
AHoMaJtii y IolmpeHHi Tenepanis YHY-, Enexrpomartitie | | BUCOKOEHEPTiiTtHi YaCTUHKH
panioXBuib JOHY- i BU- BUIIPOMiHIOBaHHS
) BUIIPOMiHIOBaHb / \
Marsitocdepti [ Torik enepriit THY-BunpomiHoBaHHSI i CTHMY/IbOBaHE BUCUIIAHHS
ecbeKTH P TbBEHIBCHKUX XBWJIb Y MarHirochepy BUCOKOEHEPTiiHNX
YaCTUHOK
T IMna3moBi ? *
T — HEeCTIKOCTI, YTpopeHHH ioHOChEepHO- .
iono}g()be Ho- TYpOYJIEHTHICTh marHitochepuux JHY-nakriB TomaTkoBa
. p i T T ioHi3allist aTMochepu
MarHirochepHoro
CJICKTPUIHOTO MO I'enepartist ['X Ha BenukomaciutabHi JIpioHOMacIITabHi ‘
T ioHOChepHUX TJ1a3MOBI IUIa3MOBL AHoMaJtii y moImpeHHi
36 BHUCOTaX porecH HEOTHOPITHOCTI PaLioOXBIIb
YPEHHST CUCTEMU
ioHOC(hEepHUX CTPYMiB T T
4 36ypeHHs TypOynisanis JIX0yJiB Harpis
JIXOYJiB HArpiB XiMiYHKX armocdepu ionocepHoi wrasmu 4]
ioHOoC(hepHOI 1azmMu TpOLIECIB . -
y 4 3mina 36ypeHHs TapaMeTpiB
? Tenepauis pO30pOCTL 106aTbHOTO
36ypeHHs apameTpis OIITHYHOTO Harpis_ armocdepu €JIEKTPHIHOTO KOJIa
100IBHOTO BUITPOMiHIOBaHHSI BCPXHBO1 T/
€JIEKTPUYHOTO JIaHIIIora armMochepu
T\ BI/IK]/II[I/I
T B aepo3oJIiB i momneny
Tonizais Tenepauis
rx .
atMochepu 5 Tenepautist
KBa3iCTaTUIHOTO
i Harpis npusemHoi Tenepauis Tencpanis Burik €JIEKTPHUYHOTO
L | T armocdepn iHpasByKy XIrtalX a1 Ta MaTHITHOTO TIONiB

Puc. 3. Bzaemonis mizcrcreM Ta OCHOBHI (hi3W4Hi MpoliecH i yac BUOyxy Ta BuBepxkeHHs BynkaHa (YHY, JIHY i BY — yasrpa-
HU3bKOYACTOTHI, YK€ HU3bKOYACTOTHI Ta BUCOKOYACTOTHI BUINTpoMiHIoBaHHSsT, XJI — xBwti Jlemba, I'’X — rpaBiTauiiiHi XButi)
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ciB, 30ypeHHSsI cUCTeMU i0HOC(hEpHUX CTPYMiB, SIKi
BIUIMHYJIM Ha MarHitocdepHi mpouecu [11].

BubyxoBa xBuis, xBuisg Jlem0Oa, rpasitaiiiiHa
Ta iH(ppa3ByKoBa XBWJIi, MOIINPIOIOYNCH 10 i0HO-
chepu, MonytoBaiu ii MapaMeTpu, MPU3BOISIYU 10
reHepauii MIJI-xBrib. OcTaHHI B3aEMOJIISUIN 3 BU-
COKOEHEPTiHHUMM YaCTUHKAMU, CTUMYJIIOIOUU IXHE
BUCUIIAHHS 3 pafialiifHOTO I0sICY B aTMocdepy
(ioHOC(EDY).

HaiiGineire Ha Marsitocdepy Ta pamialiiiHui
MOSIC BIUIMHYJIO €JIeKTPOMAarHiTHe BUITPOMiHIOBAaHHS
0JINCKABOK, 1110 MaJld MiClIe Y BYJIKAHIYHOMY TLTIOMi.

CxeMy B3aemoqii nigcuctem y cuctemi 3AIM no-
KazaHo Ha puc. 3. BuaHo, 1110 BUOYyX i BUBEPXKEHHS
BYJIKaHA BUKJIMKAJU LTy HU3KY CKJIaaAHUX (PiZuKo-
XiMiYHUMX TPOLIECiB, aKTUBiI3yBaJl B3aEMOiI0 Mif-
cucteM y cuctemi 3AIM, chpaifoBaHHSI MPSIMUX
1 3BOPOTHUX 3B’$13KiB, IO3UTUMBHMX i HEraTUBHUX
3B’SI3KiB, TTOSIBY BTOPMHHUX i TPETUHHUX IIPOLIECIB,
MpOSIB TPUTEPHUX MEXaHi3MiB BUBLIBHEHHST €HEPTii
TOLIO.

OBIOBOPEHHA

BuOyx i BuBep:KeHHs ByJKaHa ToHra Ipu3Beau 10
LIJIOTO KOMILIEKCY CKJIAJHUX B3a€EMOIIOB’I3aHUX
npoleciB. IxHill IeTanbHUIT OMKUC € CIPaBXKHBOIO
npobsiemoro. s ii BupileHHsI HEOOXiTHO 3aCTO-
COBYBaTU MIKIUCUMIUTIHApHUNI miaxig. Bupimen-
HIO TIpobJieMu cripusie 6araTuii HaGip pe3yJsbTaTiB
CIoCTepekeHb HA3eMHUMM Ta KOCMiYHMMU 3aco0a-
mu [36, 37].

CkiagHicTh MOJEIIOBaHHST (Di3UUYHUX TTPOLECIB,
BUKJIMKAHUX BMOYXOM 1 BUBEPXEHHSM BYJIKAaHa,
MOJISITA€ Y TOMY, 1110 BYJIKAH € ITiIBOAHUM. 3reHepo-
BaHi XBWJIi OyJIM MOTY>KHMMHU, 1110 TIPU3BEJIO A0 HE-
JIIHIMTHOTO XapaKTepy iXHbOrO IOLIMPEHHS, 10 He-
JIIHIHHOTO CaMOBIUIMBY Ta INEPETBOPEHHS, 10 B3a-
€MOIii MO/, TOLLO.

CeiicMiuHi, TigpomMHaMiuHi, aepoaAMHAMIiYHi
Mpolecy JOMOBHEHI eJIKTPUYHUMM, MATHiITHUMU
Ta eJEKTPOMATrHiTHUMU MmpoiecaMu. 30ypeHHSs Bil
JiTocdhepu Ta OKeaHy MOIIMPWINCS B aTMochepy,
ioHocepy Ta HaBiThb y MarHirocdepy. Bce 1ie cy-
MPOBOIXKYBAIOCS aKTUBI3alli€l0 IMPSIMUX i 3BOPOT-
HNX, TO3UTUBHUX 1 HeraTUBHUX 3B’ 13KiB. OcobimBa
pOJIb HajleXXajla TPUTEePHUM MexaHi3MaM B3a€MOil
MiICHUCTEM.
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O4eBUIHOIO € CKJIAIHICTh AETATbHOTO MOJIEIIO-
BaHHS YChOT0 KOMIUIEKCY (hi3UKO-XiMiUHUX TTPOLIE-
ciB y cuctemi 3AIM.

VY crarri 3po0seHo mepiry crpody IpoOMOIEIO-
BaTU a00 OLIHUTU BEIWYMHY TOJOBHMX €(EeKTiB,
BUKJIMKAHUX BHUOYXOM 1 BHUBEPXKEHHSIM BYyJKaHa
ToHra. ¥ maitOyTHbOMY MOMiIOHiI AOCHTiTKEHHST OYy-
NYThb MPOJOBXKEHI. YK€ CbOrOHI MOXHA CTBEPIKY-
BaTH, 110 cama Ipupoja rojapysajia 0e3UiHHUI Ha-
YKOBHUI MaTepiaa [IJisl BYJKaHOJIOTIB, CEICMOJIOTIB,
OKEaHOJIOTiB, CITeliamicTiB i3 Qi3uku aTMocdepu,
ioHOCcepu Ta MarHitocepu.

T'OJIOBHI PE3VJIBTATA

1. BUKOHaHO KOMITJIEKCHUI aHai3 i MOAETIOBaHHS
OCHOBHMX (Di3MYHUX ITpoleciB y cuctemi 3AIM, 110
CYIIPOBOIKYBaI MOTYXKHUI BUOYX i BUBEPKEHHS
ByjkaHa Tonra 15 ciuns 2022 p.

2. O1iHeHO eHepreTuky ByJIKaHa Ta BHUOYXOBOIL
xButi. TerioBa eHeprist ByakaHa csiraa 3.9-1018 Ix,
a cepeaHsl TeIUioBa TOTYXHiCTh 9.1:1013 Br.
Enepris BuOyxoBoi xBwiIi Oyna 61m3bKoo 1o 16...
18 MT THT.

3. BcraHoBieHO, 110 BYJIKAHIYHUN CTPYMiHb 3
ITOYAaTKOBUM TUCKOM Y JECATKU aTtMochep cAras
BUCOTH B OJIMHUILLI KiJTOMETpiB. ByJikaHIYHUE TUTIOM
nomupuBcs 10 BucoTu 50...58 KM Ta repemMicTuBCS
Ha 3axig npuOau3Ho Ha 15 M.

4. OuiHEeHO OCHOBHI MapameTpu IuTIoMy. Moro
cepenHs MOTYXHIiCTh cTaHOBMJIa Omu3bKo 7.5 TBrT,
a moTik Tera — 15 MB1/m2. 3a Takoro noToKy ¢
OyJIO OYiKyBaTW Ha PO3BUTOK BOTHSIHOTO CMEPYY 3
KYTOBOIO IIBUIKICTIO 06epTaHHs 6;113bKo 0.17 ¢!
Ta nepiogom odeptaHHs 37 c.

OTpuMaHO aHaJITUYHE CIIBBIIHOLICHHS IJIsI
OLIIHKM MaKCHMAaJIbHOI BUCOTHU IiIHAOMY ILTIOMY.
ToyioBHUI BHECOK Yy BEIWYMHY Ili€i BUCOTU A€
00’€MHa IIBUAKICTb BUKUMAIB (MPOAYKTHUBHICTb)
BYJIKaHa.

5. BubOyx ByjnkaHa CympOBOIXKYBaBCsl TeHepalli-
€10 celicMiuHOI Ta BUOYXOBOi XBWJIb, LIYHaMi, XBUJIi
Jlem0a, rpaBiTauiiiHuX, iH()Pa3BYKOBUX i 3BYKOBUX
XBWJIb, SIKi MOIIMPIOBATUCS B I100abHUX MacIlTa-
0ax. BaxuimBo, 110 moryxHa BuOyxoBa XBWIS OyJjia
3/MaTHA BUKJIMKATU BTOPUHHY CEHCMiUHY XBUJIIO Ta
BTOpUHHE lLiyHami. [le Oys0 onHUM i3 TIpOsIBiB B3a-
emoyii migcuctem y cucteMi 3AIM.
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TToimpeHHs1 TOTYXXKHUX XBUJIb CYTTPOBOKYBATUCS
HEeJIIHITHMU CITOTBOPEHHSIMM ITPOLITIO XBUIb i HEJTi-
Hil{HMM 3aracaHHsIM y pe3yJibTaTi CAaMOBIUIMBY XBUJIb.

6. EnexrpuuHi mpoitecu y Tporocdepi moB’si3aHi
3 PO3MWJICHHSIM MPOAYKTIB BUKWIIB, €JIEKTpU3alli-
€10 YaCTUHOK ILUTIOMY, PO3AiJICHHSIM 3apsiiiB, MiACH-
JIEHHSIM aTMOC(EPHOTro eJIeKTPUYHOTO OIS, eneK-
TPOTIPOBIAHOCTI, €AEKTPUYHOIO CTPYMY Ta 30ypeH-
HSIM [JIO0AJIbHOTO €JIEKTPUYHOTO KoJia.

7. EnextpuyHi epekTH B ioHOChEpi OB’ sI3aHi 3i
301IbIICHHSIM Ha OJMH-ABA ITOPSAKY HAIIPY>KeHOCTi
ioHOC(hEepHOTO eJIEKTPUYHOTO T0JIs1, 10 MPU3BEIO
JI0 BTOPMHHMX TpoLIeciB y MarHitocdepi Ta pasia-
LiftHOMY Tosici 3emuti.

8. BcraHOB/IEHO, 1110 MarHiTHU edeKT MiaBoa-
HOTO BUOYXY Ta BUBEPXKEHHS ByJIKaHa OYB 3HAYHUM
(100...1000 HT1), ane JOKaTbHUM.

9. MarHiTHU# eheKT BYJTKaHIYHOTO IUIIOMY CSITaB
1...10 HTn.

10. MarnitHui#i edexr y ioHochepi OyB 3yMOB-
JICHWI 30ypeHHSIM CUCTeMU CTPYMiB IiJi BIJIMBOM
ioHocepHoi «1ipu» (AB ~ 0.1...1 HTn) Ta reHepa-
LI€EI0 CTOPOHHBLOTO CTPYMY Yy MOJi aTMOCchepHUX
xBUJb (AB ~ 1...10 HTn).

11. 3anmneHHs atMocdepy MPOIyKTaMU BUKHU-
IiB ByJIKaHa TMPHU3BEJIO JO PO3CISTHHS COHSYHOTIO
BUIIPOMiHIOBAaHHS aepo30JiIMU, TOPYIIEHHS pa-
JialiitHOTO OajaHCy y CUCTEMi 3eMHA MOBEPXHS —
oKeaH — aTMocdepa, OXOJOIKEHHS TTPU3EMHOI aT-
MochepU Ta TPUTePHOTO eheKTYy.

12. BuOyx ByJiKaHa BUKJIMKaB reHepallito anepio-
mnaHuX (ioHocepHa «aipa») Ta KBa3inepioguuHUX
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PHYSICAL EFFECTS OF THE POWERFUL TONGA VOLCANO EXPLOSION
IN THE EARTH — ATMOSPHERE — IONOSPHERE — MAGNETOSPHERE SYSTEM ON JANUARY 15, 2022

The Tonga volcano explosion has already been considered in many papers, which investigate the effects of tsunamis, explosive-
atmospheric waves, traveling ionospheric disturbances, the perturbations of the equatorial anomaly, rearrangement of the ion-
ospheric currents and of the atmospheric wind pattern, disturbances in the geomagnetic field, etc. It is reliably established that
the explosion of the Tonga volcano caused a number of processes on a global scale. However, the modeling of these processes
is absent in the literature. The volcano is able to launch a whole complex of physical processes in all geophysical fields of the
Earth (lithosphere, tectonosphere, ocean) — atmosphere — ionosphere — magnetosphere (EAIM) system. Analysis of the entire
set of processes in the system caused by a unique explosion and volcanic eruption is a pressing scientific issue. The scientific
objective of this study is to perform a comprehensive analysis and modeling of the main physical processes within the EAIM
system, which accompanied the powerful explosion of the Tonga volcano on January 15, 2022. The article attempts to model or
estimate the magnitude of the main effects caused by the explosion and eruption of the Tonga volcano. A comprehensive analysis
and modeling of the main physical processes in the EAIM system, which accompanied the powerful explosion and eruption of
the Tonga volcano on January 15, 2022, has been performed. The energetics of the volcano and the explosive atmospheric wave
has been estimated.

The thermal energy of the volcano attained ~ 3.9x10!8 J, while the mean thermal power has been estimated to be 9.1x1013 W,
The energy of the explosive atmospheric wave was about 16—17 Mt TNT. The volcanic flow with an initial pressure of tens of
atmospheres was determined to reach a few kilometers height, while the volcanic plume attained the peak altitude of 50—58 km
and moved 15 Mm westward. The main parameters of the plume have been estimated. The plume’s mean power was 7.5 TW,
and its heat flux was 15 MW/m?2. With such a flux, one should have expected the appearance of a fire tornado with an ~0.17 s~!
angular frequency or a 37 s tornado rotation period. An analytical relation has been derived for estimating the maximum altitude
of the plume rise. The main contribution to the magnitude of this altitude makes the volumetric discharge rate. The volcano
explosion was accompanied by the generation of seismic and explosive atmospheric waves, tsunamis, Lamb waves, atmospheric
gravity waves, infrasound, and sound, which propagated on a global scale. It is important to note that the powerful explosive-
atmospheric wave could launch a secondary seismic wave and a secondary tsunami, which was one of the manifestations of
subsystem couplings in the EAIM system. The propagation of powerful waves was accompanied by non-linear distortions of the
wave profiles and non-linear attenuation as a result of the self-action of the waves. The electric processes in the troposphere are
associated with spraying the eruption products, the electrification of the constituent particles in the plume, a charge separation,
perturbations in the global electric circuit, and with an increase in the atmospheric electric field, the electric conductivity, and
the electric current. The electric effect in the ionosphere is due to an increase in the strength of the ionospheric electric field by
one or two orders of magnitude, which resulted in the secondary processes in the magnetosphere and the inner radiation belt.
The magnetic effect of the submarine volcano explosion and eruption was established to be significant (~100—1,000 nT) but
local. The magnetic effect in the ionosphere was due to the perturbations of the ionospheric dynamo current system under the
action of the ionospheric hole (AB ~ 0.1—1 nT) and due to the generation of the external current in the field of atmospheric
waves (AB ~ 1—10 nT). Dusting the atmosphere with the eruption plume led to the scattering of solar radiation by aerosols, the
disturbance of the radiation balance in the Earth’s surface—ocean—atmosphere system, the cooling of the atmosphere at the air-
earth boundary, and the trigger effect. The volcano explosion caused the generation of aperiodic (ionospheric hole) and quasi-
sinusoidal (wave) perturbations. Wave perturbations exhibited two characteristic speeds, ~300 m/s, which is close to the speed
of the Lamb wave, and 700—1,000 m/s, which are typical for atmospheric gravity waves at ionospheric heights. The magneto-
spheric effects, first of all, are caused by powerful electromagnetic waves in the ~ 10—100 kHz range from tens to hundreds of
thousands of lightning discharges that occurred in the volcanic plume. The energy and power of these radio emissions have been
estimated to be 40—400 GJ and 40—400 GW, respectively. These emissions acted to cause precipitation of relativistic electrons
from the radiation belt into the ionosphere and to enhance the ionization in the ~70—120 km altitude range. It is important to
note that the burst of precipitation was triggered. The Alfvén waves that propagated from their source along magnetic field lines
had a certain effect on the magnetosphere. The direct and reverse, positive and negative couplings between the components of
the EAIM system have been determined and validated.

Keywords: Tonga volcano explosion, physical effects, earthquake, tsunami, waves, atmosphere, ionosphere, magnetosphere, param-
eter disturbance.
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ITOJAHHSA I'PABITALIIITHOTO M10OJISI HEBECHUX TLI )
3A TOIIOMOT' OO ITOTEHHIAJIIB IIJIOCKHUX EJIIICOIZAJIBHUX TNCKIB

3anponorosarno 00un 3 éapianmie NOOAHHS 306HIUHBOO 2PAGIMAUIIHO20 NOAS NAAHEMU NOMEHUIAAAMU NAOCKUX OUCKIB, OCHO-
BaHUll Ha Kaacuunuii meopii nomenyiany. Ilpu ybomy 043 onucy uKOpuUCMo8yIombvCs NOMEHYIalu nPocmo2o ma noo08iliHo2o0 npo-
wapkKy 3 posmiuieHuam obnacmell iHmeepyeanus 6 ekeamopianvriil naowjuni. Koegiyienmu posxaady 6 pso 3a yumu GyHKyismu €
NIHITHUMU KOMOIHAYIAMU CIOKCOBUX NOCMILIHUX 2pa8imauiiiHoeo noas ma 00HO3HAYHO UPAdCaroOmubcs yepe3 Hux. Ynenu cym — ue
nomeHyianu npocmozo abo NoosiliHo2o NPOULapKy, w0 0ae MOJNCAUBICMb 0OHUCAIO8AMU IX i3 3ANYHEeHHAM pe3yAbmamie meopii no-
menyiany eaincoioa. 30idcHicmy makoeo po3kaady, Ha 8iOMIHYy 6i0 mpaduyiiiHo2o 3a KyAb08UMU (QYHKYIAMU, € 3HAYHO WUPUIOIO
ma npaKkmu4HO 0XONA€ 0il0 306HIUHBO20 NOMEHYIANY, 34 BUKAIOHEHHAM 00Aacmi iHmeepy8ants, 30Kkpema i y npunoeepxHeeux
yacmunax nosepxHi. Lle dozeoase nosriue nposodumu inmepnpemauiro OMPUMAHUX pe3yabmamia, 60 He BUHUKAIOMb mpyOHOu 31
30ixcHicmio ompumanux poskaadie. [1o6ydoea naockux po3nodinie winbHocmi 045 NOMeHYiaie npocmoeo ma no0BIIHO20 NPOULAPKY
€ 000amMKO8UM IHCMPYMEHMOM NPU O0CAIONCEHHSIX 8HYMPIUHbOI CMPYKmypu HebecHoeo mina, uepes me wj0 no cymi ye npoeKuyii
00°eMHOI WinbHOCMI HAOp NAaHemuU HA eKeamopianvHy naowjury. Tomy excmpemymu yux QyHKyii 00’ edHyroms ocobaugocmi mpu-
euMipHoi (hynKuyii po3nodiny Hadp naanemu.

Karouoei caosa: epasimauiiine none, nomernuyian, eaincoio, cmokcosi nocmitini.

Beryn. [lia rpasitalii HeOeCHOTO Tifa BU3HAYAETh- | Ha [4, 8, 14]. TpaguuiiiHo HAOLIbII yKMBAHUM Ha
c4 i MOTEHIaIOM Ta 3[IMCHIOETLCS PI3SHUMHU CIIO- | CHOTOIHI € 300paXXeHHSsI MOTEH ATy CUIA Y BULIISI
co0aMM 3 ypaXyBaHHAM IIOTPeO HOro0 BUKOPUCTAH- | PO3BUHEHHS Yy P IO KyJIboBUX QYHKLIAX [17]:

LHurtyBanusa: ®uc M. M., bpunyn A. M., Corop A. P., Jlosuncekuii B. A. [logaHHS TpaBiTalliitHOTO TOJIST HEOSCHUX TiJl
3a JIONTOMOTOIO MOTEHIIiaJliB IJIOCKUX eIMCOiabHUX AUCKiB. Kocmiuna Hayka i mexnonoeis. 2023. 29, Ne 2 (141). C. 78—85.
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V(P)=— 1+Z:°=0 % (CnOPn(c058)+

+ Z:len' (cos 8)(Cn,k coskL+S, sinl))),

e

ze
CiSx ?2)

— Koe(ilieHTH PO3BUHEHHS (CTOKCOBI MOCTiitHi).
VYV Haykax npo 3eMJII0 TIpUBOISTLCS IEIIO iHIII
BEJIMYMHM — TaK 3BaHi HOPMOBaHi KoedilieHTH

A, »B, , NOB’s13aHi 3 (2) TAKMM YUHOM:
(n—k)!(2n+l)
(n+k)!

Lk=0,
2,k #0.

IIpu upoMy y 3B’s13Ky nomupeHHsIM GPS-texHo-
JIorii popmyiia (2) ogaeTbesl y IPSIMOKYTHIM cuc-
TeMi KoopauHar [15, 16].

Benuuunu (2) abo (3) MOBHICTIO OMUCYIOTH 30-
BHIIlIHE TpaBiTalliliHe ToJie IUIaHeTH B 00JacTi
30ikHOCTI psiay (1), sika BU3HAYA€ETHCS CHEeporo 0X0-
IUICHHS BCiX iHTerpauiiHux Mac. IIpoTe po3kiagom
(1) Ha TpaKTUlli KOPUCTYIOTHCS 1 JI1 BHYTPilIHBOI
JacTUHU cepu, OTPUMYIOUM IIPU LIbOMY ITOBHICTIO
anekBaTHi pesynbratu. IIpocrime kaxyuu, psig (1)
MOXe 30iraTuch i Bcepearti cepu. ¥ TeopeTUUHii
reomesii [17] HaBiTh BBOOUTHCSI CHELiaIbHUI Tep-
MiH: «cepa bepxammepa» — MiHiMasibHa cdepa,
103a SIKOIO psi 30iKHUIA.

Koediuientn poskiany (1) BimodpaxaroTb BHYT-
PIlIHIO CTPYKTYPY TUIAaHETH, Ta It 3eMJi € OCHOB-
HUM JKepesaoM 1i gociigxkeHHs. ITpoTe He mpocTo
3HAWTM MOXJIMBY iHTeprpeTalilo (opMyBaHH:
CTOKCOBHUX IIOCTIMHUX Ta IIOB’S13aTU 11 3 OyIOBOIO
3emui. lluMy nmuTaHHSIMU 3aliMaIUCh PsiA AOCHII-
HUKIB (reoi3ukiB, reofe3nCTiB, IpaBiMETPUCTIB),
cepel sIKuX MoxHa BindHauutu Mopirua [17], ITen-
JiHeHa [11] Ta iHIMX.

Co1in 3ayBakuTH, 1110 € OaraTo BapiaHTIB ITOJaHHS
noTeHUiany V, npruyomMy OOCTiIKEHHS B LIbOMY Ha-
MpsIMi TPOAOBXKYIOThCS SIK B MPaKTU4UHiK [7], Tak i
TeopeTuyHii miomuHi [1,15]. Bubip cmocody mo-
JIAHHS 3yMOBJIEHUIA 3aBIaHHSIMU, 1110 CTOSITh Mepe
JoclmigHUKOM. Hampukian, ypaxyBaHHSI rpaBiTa-

C,.+iS,, = |R (An,k +iBn,k) , (3)

il Mpu iHTeTpyBaHHiI OpOIT HeGecHUX Tl (30Kpe-
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Ma IITYYHUX) HaOIbII €KOHOMIYHUM € TOAAHHS
rpaBiTallifHOrO I0JIs1 TOoYkKoBUMU Macamu [10].
HocmimxeHHs1 o0jacTeii, ONMM3bKUX J0 ITOBEPXHi,
palioHaJIbHO 3AificHI0OBaTU po3kiagoMm (1), xoua i
3 IeSIKMMM 3acTepeskeHHSIMU Ha MOXJIMBY PO30iXK-
HicTh psany. Came TOMY BUHUKAIOTh IIPOOJIEMU 30-
OpaxkeHHsI MOTEHIIiay B IIMX 00JIaCTSIX Ta HEOOXim-
HIiCTb MOIIIYKY TaKUX MpeACcTaBlIeHb MOTeHLIiaTy, 1151
SKMX Ipo0JieMa 30i3KHOCTI Oyj1a 6 po3B’si3aHa xoua O
YacTKOBO, a HOCIT, 5IKi IX TeHEpYIOTh, OyJI1 O HaiIeHi
reodiznyHolo iHpopmaticro [16]. B naniii po6oTi Mu
MPOMOHYEMO OJIMH 3 BapiaHTIiB BUPIIlLIEHHS 3a/1a4i Ha
OCHOBI peatizallii 3arpornoHoBaHoOl Ipod. Meie-
psikoBuM I. O. KoHLemIil rpaBiTalliiHUX TIOCKUX
nuckiB. Citif 3ayBa>kUTH, 110 11 OyJI0O BUKOPUCTAHO
B pobortax [5, 6, 19]. [IpoTe TTOBHIicTIO 1 peaitizyBaT
CTaJI0 MOXJIMBUM 3 BUKOPUCTAHHSIM 0iOpPTOrOHAIb-
HUX CUCTEM B eJIIICOInaJbHUX Tijax [9].

Bukian ocHoBHOro marepiaixy. B po6Gori [9] mo-
Ka3aHo, 110 30BHIilIHIi MOTEHIIiaJl TIJIaHeTH MOXKHA
MPEeICTaBUTA CYMOIO MOTEHIia/liB IBOX IIOCKUX
¢iryp S, po3millleHUX y TJIOLIMHI eKBaTopa (eir-
CiB, IJISI IPOCTOTU OEPEMO iX SIK OAWH) 31 3MiHHOIO
LIUTBHICTIO:

V=vV'+V",

, n(&m)
P) = II smds
— MOTEHIIial IIPpOCTOTO HpomapKy,

IIs3

— IMOTeHLiaJl TOABIMHOTO MPOIIapKYy S.

CuispigHommeHHs (5) Ta (6) wist GikcoBaHOI 06-
JIacTi iHTerpyBaHHS S Ta BiToOMUX (DYHKIIii u(E_,,n),
v(&,n);{aloTL 3HAYEHHS 30BHIIIHLOTO ITOTEHIlia-
Jy. BpaxoByouu, 1110 30BHiIIIHE I'paBiTalliliiHe ToJie
TJIAHETU OTOTOXKHIOETHCS BiZIMTOBITIHUM Ha CbOTO/HI
HabOpPOM CTOKCOBMX TOCTiHUX [9], mocTae muTaH-
HS 3B’SI3KY MiX HUMM Ta 3HAYEHHSIMU BEJIMYMH, 3a-
JIEXHUX Bif PyHKLIHA W, v

J11s1 BCTaHOBJICHHS BiAIIOBIIHUX CITiBBIZHOILIEHB
00epHEeHyY BilcTaHb l/rQ pABOX TOYOK Q(r /2,A )
Ta P(r 3, X) QeS,P e R’ TomaeMo TaKuM YNHOM:

1 1 w 1"
et
fop R R

(4)
ne

)

dS (6)

P (cosq/)z
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1 . n
- E+ ZM#{& (O)P,1 (cosS) +
+Z::0Pnk (O)Pn’(COSS)cosm(k—K')]. 7

3HauyeHHsI MpUeEIHAHUX MHOTOYJIeHIB JlexaHapa
B Toulli HYJIb [3, 13]:

£(0)

(n+k-1)1(-1)"
= m!2"
0, n—k — HemapHi,

(2m-1)11(-1)"
m!2" ’
0, 1 —HEIapHe.

L =

n,k

, 2m=n—k—napHi,

n=2m, (8)

P, (0)=
Tomy
11 » (1Y
= E(l + ZM(%} (Ln‘OPn (cos 8) +
+Z::0Ln‘kPnk (cos 8)(cosmkcosmk’ +sinmh sinmk’))).
)

IMTincraBuBiIM Bupa3s (8) y piBHICTH (2), OTPMMAEMO

, GM' (1Y
V'= R La0,0+znl[§] (an,OPn(c039)+
D

L, P (COSS)(an’k coskh+b,, sink?»))),

n—k—napHi
(10)
ne 1
4, = [ (En)(r)" cosknds.b, =
1 0 ,
= RnM“gM(E,,n)(r) sink\'dS

— mapaMeTpu (yHKLII © (aHaJor CTOKCOBUX I1O-
CTiIMHUX IS TIJIOCKOTO BUMAJIKY).

IMpupiBHIOIOUM TPaIULIIAHUIA 3aIMC MOTEHIiaTy
(1) 3 orpumanuM criBBigHoueHHsaM (10) mpu map-
HOMY 7 — k, OTPMMAEMO 3B’SI30K MixK KoeilliEHTaMU:

C = Ln,kan,k’sn,k = Ln,kbn,k’ (1 1)
n — k — napHi.

TakuM 4yuHOM, 3a BiJIOMUMMU CTOKCOBHMMHU IIO-
CTITHUMU Cn)k,Sn,k BU3HAYaEMO Koe(dillieHTH po3-
Knamy a,,.b,,, 3a JI0OMOMOroI0 SKHMX 3HAXOIAMMO
iHIIIi XapaKTepUCTUKU (PYHKIIL1.
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n,k

Jlns uporo nogaemo a, ,,b, , y miockiii npsamo-
KYTHiil CHCTeMi KOOpAMHAT, BpaXOBYIOUHU 3B’SI30K 3
TTOJISIPHOIO CHCTEMOIO:

r=yx’+y*, cosk\+isink,

k_ (x+iy)k .

5 2)](/2

A= (cosl +isink)
X" +y

Tomy maemo:
1

a,, +ib,, = FO, ”su(é,n)(gz +n’ )(n_k)/z (&+ in)k ds=
- z‘mq:n(awlw + BMIM )’
(12)
I, = R,}M [ m(em)ermids

— CTEeINeHeBi MOMEHTU (PYHKIIT .

KinbkicTb piBHsIHB (11) Ta KoedillieHTIB po3Kiia-
ny (12) € ogHaKOBOIO, a TOMY iX MOXHA BU3HAUYUTU
OJIHO3HAYHO. 3HAYNTh, 3aJa4a BU3HAYEHHST (PYHKIIiT
po3KJIaay 1 (B MaTeMaTulli TaKUiA PO3B’ 130K HOCUTD
Ha3By IMPoOJIeM MOMEHTIB) TaK0K (DOpMaIbHO Ma€
PO3B’sI30K, i HUXXYe MOJAEThCS 3a JOIIOMOIOIO y3a-
raJbHeHUX MHOroudieHiB JlexaHnpa ABOX 3MiHHUX
[17].

[MomanHs 3a cpeprnaHUMM QYHKIISIMU 0OepHe-
HOTO pajiyca B TpETbOMY CTeMeHi 3Hal1eMO, KOPUC-
TYIOUMCh PO3KJIaJ0M 3a MHOroujaeHamu lereHoaye-
pal9, 18]:

(r2 —2rRcosy +R? )73/2 _ !

= E :)p’Cf’2 (cosw),

ne p=r/R.
HecknamHi, ane rpoMi3aki mepeTBOPEHHS 1al0Th
TaKi BUpa3u:

) GM/ w 1 n+2
)
X (ZZ_O Kn’kpnii1 (cos 8)(cn,k coskh+d,  sin kk)n.

n—k— HerapHi

13)
Je

w0 B

(x)k = x(x+1)(x+k—1), (x)0 =

(14)
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n—k
¢, +id,, = )(&2 +112)T(<";+in)kd8:
B Zp+q=n(a1’>qjl’>q +Bp,q]p,q)‘ (15)
Joa =%t (16)

— CTEINEeHEBI MOMEHTH (PYHKIIIT .

3ayBaxkumo, 1o cucremu (15) Ta (11) BimpisHsi-
I0ThCS JIUIIIE TPaBUMU YaCTUHAMMU, a TOMY iXHE pO3-
B’SI3yBaHHSI BUKOHYETHCSI 32 OTHAKOBUM AJITOPUTMOM.

TopkHeMOCh BU3HAuYeHHS (QYHKUIN u(é,n),
v(i,n). B Hamumx pociimkeHHsIX 00JacTh iHTerpy-
BaHHS MpPUIMAEMO y BUIJISIAL eJlirca 3 IMiBOCSIMU
a, b.

KoxHa 3 pyHKLIl |,V — KYCKOBO-HEIepepBHa,
OTXe iX MOXHa PO3KJacTU B psiJ 3a Oi0pTOroHab-
HUMKM MHOTowieHamu W, (c‘:,n),mmm (E’;,n) , SIKi
MOXHa PO3MISIAATU SK CIPOLIEHUI BiANMOBiAHUI
BapiaHT MPOCTOPOBUX OIOPTOrOHATBLHUX CUCTEM [9].
JleTanbHi JOCTiIXKEHHS OyayTh BUKOHAHI B OKpeMiit
myoutikarltii. TyT BUKOpHUCTaEMO JIUIlIe HEOOXiaHi 11sT
arnpoKcHUMallii BIaCTUBOCTI Ta (hOpMYJIU:

2N =20+1)1

1 N/2 z(
2 2o ()

BEGN

ji(m=2i)(n-2j)"

0 =

mn

2.
i+j=1 i'

I
_ 1 v (= )2’
g 2Nm'n'k'Z
2t,—m 2t,—n (17)
ZN (2t,—1)1 2t ~1)! ! :
X .
w1 (21, —m))(2t, —n)
N
__ 1 x_ v
N m!n!@xméy a b '
= I Wmnmmlnldt—
0, SAKIO M # m,abo n # n,
= S, (2N +1)11
, AKIIO M =m,, Nn==n,.
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MEHT JOCJiIXKEHHs 301KHOCTI PsIIiB 32 KYyJbOBUMHU | XiJHO BCTAHOBJIIOBATH 00JacTh 30iKHOCTI psiB 3a
¢dyskuismu. O4eBUAHO, B KOXHOMY KOHKPETHOMY | KYJIbOBUMM (DYHKILISIMM Ta MOXKJIMBUIA [iara3oH iX-
BUIIAQJIKy LIJISIXOM YKMCJIOBUX €KCIIEPUMEHTIB HE00- | HbOrO BUKOPUCTAHHSI.
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PRESENTATION OF THE GRAVITY FIELD OF CELESTIAL BODIES
USING THE POTENTIALS OF FLAT ELLIPSOIDAL DISCS

One of the possible ways for representing the external gravitational field of the planet by the potentials of flat discs, based on the
classical potential theory, is proposed. At the same time, the potentials of a single- and double-layer are used for the description
with the placement of the integration regions in the equatorial plane. The coefficients of the series expansion of these functions
are linear combinations of the Stokes constants of the gravitational field and are uniquely expressed in terms of them. Series
terms are single- or double-layer potentials. This makes it possible to calculate these terms using the results of the ellipsoid
potential theory. The convergence of such a series, in contrast to the traditional one for spherical functions, is much wider and
practically covers the effect of the external potential excluding the region of integration, including in the superficial parts of the
surface. Since there is no problem with the convergence of the obtained expansions, we can interpret the obtained results more
fully. The construction of flat density distributions for the potentials of a single and double layer is an additional tool in the study
of the internal structure of the celestial body, as it is essentially a projection of the volume density of the planet’s interior onto the
equatorial plane. Therefore, the extrema of these functions combine the features of the three-dimensional distribution function
of the planet’s interior.

Keywords: gravitational field, potential, ellipsoid, Stokes constants.
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IIBH3 «Yxropoachkuil HallioHaIbLHUI YHiBepcuTeT», JlaGopaTopis KOCMiUHUX A0CIiIKEHb
ByJ. [lanexa 2a, Yxkropon, Ykpaina, 88000

2HaykoBo-I0CIiIHIII iHCTUTYT «ACTPOHOMI4Ha 06CEpBATOPis»

OnecbKoro HallioHaJIbHOTO YHiBepcuTeTy iM. 1. I. MeuHikoBa

ByJ. Mapasmiiscbka 0ya. 1 B, Oneca, Ykpaina, 65014

AHAJII3 ®OTOMETPII CYITYTHUKA «CIY-2»
HA BATATOPITYHOMY IHTEPBAJII CIIOCTEPEXEHD

17 cepnus 2011 poky 3 nyckoeoi 6a3zu «Schuil» 30ilicheno nyck paxemu-Hocis </[HIinpo», aKa euéeaa Ha HAGKOA03EMHY OpoOimy
cynymuuk «Ciu-2». Ykpaincoki cmanyii onmuunux cnocmepediceis 00paszy no4aiu 3anucysamu homomempu4Hi Kpugi Oaucky cy-
nymuuxa. Y cepeduni 2012 poky 6yn0 écmarnoénero, wo KA «Ciu-2» mae neenuii nepiod 06epmanHs HA8K040 8AACHOT OCI | MONCAUBO
suiiwos 3 nady. Lle 6yso niomeepoxcero nizniwe ogiyitinumu dxceperamu. Ha ocnoei baeamopiunux cnocmepedicerv wmy4Ho2o
cynymuuka 3emai «Ciu-2» 3 nynkmie Yaceopoo i Odeca 6yn0 docaiodcero iioeo noeedinky Ha opoimi 3 momenmy 3anycky i no 2022
PiKk. B pobomi poskpumo moxcaueocmi homomempuurnoeo memody y HOEOHAHHI 3 NOUUITIHUMU OaHUMU 8 obaacmi docaiddcers Ou-
Hamiku 00epmaHHs KOCMIYHUX anapamie, wo Maroms mpu cmyneHi ceo000u i CKAaOHI KOHCMPYKMUGHI 0COOAUBOCMI NOBEPXOHD.
Y po6omi ompumano, wo ico énacrnoeo obepmanis KA «Ciu-2» 36ieacmocs 3 11020 6epmuKanbHoio 8iccio, sKa npeyecye Hagkono
Hanpamky «uyeump IIIC3 — yenmp 3emai». Buznaueno, wo napa npomunexcrux ICH poamiuyromscs nepnenouxyasipHo 00Ha 0o
00Hoi. Pospaxosano eéeauuuny opoimanvhoeo nepiody cynymuuka P0p5 = 99.5 x6 ma cmano61eHo cepedHe 3HaveHHs nepiody npeye-
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cynymuuka sminioeascs 6 mexcax Py, =11.95...3.63...5.06 c. Takoxc ecmanoenero, uo nepiod npeuecii 3a yeii Jce uac sminoeagcs
y Medxcax Pnp= 71...234...226 c. Kym npeuecii oci obepmaHHus 8i0HOCHO HANPAMKY 3 UeHMPa CYynymHuKa 00 yeHmpa 3emai aexcums

y mexncax 38°...28°.

Karouosi caosa: wmyunuii cynymuui 3emai, opienmauis, memoouka, gpomomempis, nanei consiunux bamapeii, npeuyecis oci obep-

MAaHHA.

BCTYII

B 2011 poui 17 cepriast o 10 rox 12 xB 20 ¢ 3a KMiB-
CbKMM 4YacOM 3 ITyCKOBOI 0a3u «fcHuii» 3a 6e3ro-
CepemHbOl y4yacTi yKpaiHChKMX CHELIagicTiB OyJo
3MifiICHEHO MYCK paKeTH-HOCis «/IHimpo», sKa BU-
BeJla Ha HaBKOJIO3eMHY OpOiTy cymyTHUK «Ciu-2».
3amyck KocMidyHoro anapata npucbsideHo 100-piu-
Y10 Bif AHSI HapomkeHHsT Muxaiina Kyspmuya AHre-
JIs1, TIep1oro KepiBHMKa KoHCTpYKTOPCHKOTO 010po
«I1liBoeHHe» mpoTsroM 18 pokis.

ITicisg Buxomy 3 Jamy cyrmyTHuka B 2012 p. ontuy-
HUMU CTaHLiIMU YXropoaa Ta Onecu OyJio opraHi-
30BaHO PETYJISIpHI (DOTOMETPUYUHI CITOCTEPEXKEHHS 3
METOI0 BU3HAUYEHHsI Mepioay BJIACHOTO OOEpTaHHS
Ta Opi€HTAllil JaHOTO 00’ €KTA.

BuzHaueHHs opieHTallii i il 3MiH 17151 OyIb-SIKOTO
KocMiuHoro 00’ekTa (KO) y BubOpaHiii cucrtemi Ko-
OpIMHAT Ha OCHOBI MAaCUMBHUX HA3¢MHUX CIOCTE-
pexXeHb 3a HUM € OJIHI€I0 i3 HaCKIIaMHIIIMX 3a1a4
Yy CHUCTeMi MOHITOPMHIOBUX 3axomdiB. TyT Hemae
OJIHO3HAYHOTO MiXOy 10 CIOCTEePEKYyBaHUX TTPO-
SIBiB BiIOUTTS CBiTJIa Bill pi3HOMAaHITHUX IOBEPXOHb
[1—2]. TlpakThKa mokKasye, 110 PO3B’SI30K TaKOIo
CKJIQJIHOTO TMTAHHS CJIii PO3MIIUTU SIK MiHiIMyM
Ha aBi cky1agoBi. [lepiia — po3B’s130K 0a3yeThcs Ha
aHaJi3i I3epKaJbHOTO BiZOUTTS cBiTaa [9], npyra —
Ha OCHOBI A1 (py3HOI'0 pO3CiIOBaHHS CBITJIa TOBEPX-
uHero KO [6].

MeTonuka BHU3HAYEHHSI Opi€HTAlil IITYYHOTO
cynytHuka 3emii (ILIC3) y Bunagky a3epKaaibHOIO
BimOMBaHHS CBiTJa, Ky OyJI0 BUKOPHUCTAHO y IIPO-
Leci JOCHiMKeHHST TUHAMIKM 0oO0epTaHHS JecTadi-
JlizoBaHOro KocMmiuHoro amnapara (KA) «Ciu-2», He
3aJIEKUTh BiJl KOHCTPYKIILil i TOJIOKEHHSI BiTOWBAJIb-
HUX AUISTHOK BIZHOCHO HOro TOJIOBHUX Oceil abo
oci ioro BiacHoro obepranHs [3]. ToysoBHa ymo-
Ba B 1IbOMY BUIIAAKy — Ili€ HasIBHICTb Y BiIOUTOMY
Bill CyIIyTHHUKA CBITJIOBOMY ITOTOIi KOPOTKOYACHUX
I3epKaJbHUX cIajiaxiB. 3ailicHoBaHi B JlabopaTopii
KOCMIYHUX gociimkeHb YxXHY Ta AcTpoHOMIiuHil
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obcepBaTopii OHY doToMerpuyHi criocrepexeH-
Hs pizHoruiaHoBux KA mokasanu, 110 cepel HUX €
JIOCUTh BeJIMKa KUIbKICTh Takux 00’ekTiB [10, 12].
BinbuBatu n3epkajbHO MOXYThb ITaHE i COHSYHMX
oartapeit (IICB), o0’ekTUBM TEIECKOMIB, KyTUKO-
Bi BimOMBaui, mapaOoJIiyHi pamioaHTeHM Ta TJIaIKi
TIJSTHKY 1XHIX MOBepXOoHb. OTpHMMaHi Ha MOMEHT
crajaxy 3Ha4eHHs HampsIMKiB Bim 00’€KTa Ha CITO-
crepiraua Ta CoHlie 1at0Th MOXJIUBICTh BCTAHOBUTHU
KOOpAMHATH BiOuBava y Oyab-sIKiii CUCTeMi KOOp-
JIMHAT, a 32 HUMU, ITPY JOCTATHIN KiIbKOCTI iHpOp-
maliii, — nojioxkeHHs1 IIIC3 B mpoctopi. Tomy ocHO-
BY 3aCTOCOBAHOI METOAMKM CKJIAaHaloTh pe3ybTaTh
CMHXPOHHUX (POTOMETPUYHMX i MO3ULIAHUX CITO-
crepexeHb KA B TocTaTHii KiTbKOCTI IJIsI KOKHOTO
okpeMoro o6’ekra. [TOHSITTS «B JOCTAaTHIl KiJIbKOC-
Ti» KOHKPETU3YEThCS y MPOLIECi PO3B’A3yBaHHSI T10-
CTaBJICHO] 3aayi.

B cBo10 yepry, aHaii3 opieHTalii 00’eKTa, BU3HA-
YeHM 3a HaTIpsIMKaMM 13epKajbHO BiIOMTOTO CBiT-
Jla, 10TIOMAara€ BCTAaHOBUTHU IIOJIOKEHHS A3epKajlb-
HUX Ai1ssHOK moBepxHi KO 1o fioro ronoBHUX oceii,
a came — sk po3kpwiucs [1CB, sike ixHe monoxeH-
HSI Ha MOMEHT CIIOCTePEXEeHb, KyIu HaIlpsIMJICHI
aHTeHUu abo 00’ekTHBU. KpiM TOro, BCTaHOBJIEHHS
3MiH B opieHTallii LIIC3 Ha TpuBanux Binpizkax yacy
PO3KpMBAE XapakTep JMHAMiKU HOro MOBEAiHKM Ha
opOiTi i yacTo MpuYMHM Takux 3MiH. Ha Hai mo-
1511, pe3yJIbTaTy COCTEPEeKeHb 1eCTa0iIi30BaHOroO
KA «Ciu-2» nipotsirom 10 pokiB 10CUTb 00’€KTUBHO
BimoOpaxkaloTh MOXKJIMBOCTI 3aCTOCOBAHOI METOIM-
KM IOCJIIKeHD Ta XapaKTep MOBEIiHKM Ha HU3bKIX
opbiTax 00’exTiB, momioHMX n0 poro IC3.

PE3VJIBTATU AHATI3Y JTMHAMIKU OBEPTAHHA
CYIIYTHUKA «CI4-2» HA THTEPBAJII 10 POKIB

CnocrepexeHHs HIC3 «Ciu-2» (puc. 1, a) B Yxkro-
poxi i Oneci po3novaancst MPaKTUYHO OIpa3y Micis
iloro BUBeJIeHHsI Ha pobouy opbOiTy B ceprHi 2011
poky. Pe3ynbraTtu crioctepeXeHb MiATBepAnIn CTa-
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Puc. 1. 3aranbauii Burisia HIC3 «Ciu-2»: a — njaHoBaHe pO3MilLiEHHSI MMaHeJeil, 6 — pO3MillleH -
H$ TIaHeJIel BiIMOBiMHO 10 OTPUMAHUX Pe3yJIbTaTiB
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Puc. 2. Kpupa 3minu 6ucky LHIC3 «Ciu-2», oTpuMaHa y crieKTpajibHiit cmy3i V'y nmyHkTi Ykropoa 17.08.2011 p.
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Puc. 3. Kpusa 3minu 6mucky LLIC3 «Ciu-2», orpumaHa B iH-
TerpaabHOMYy CBiTaIi y myHKTI Oneca 22.08.2011 p., 6e3 mo-
MpaBOK 3a 3MiHY Biaaaji 10 06’ekTa
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oinizanito KO Ha op06iti (puc. 2, 3) i iloro opieH-
Talilo y OiK 3eMHOI IoBepxHi. BigmiHnHocTi dhopm
KPUBHX OJIMCKY Ha pUC. 2, 3 3yMOBJIEHI TUM, 11O B
Vxropomi 1151 mpuitMaHHS CBITJIOBUX ITOTOKIB Y Ka-
Hanax B, V BUKOPUCTOBYIOTbCS (POTOIIOMHOXKYBaYi
®DEII-79, a B Oneci — [133-maTpuis.

VY cepenuni 2012 poky KA «Ciu-2» BUIIIOB 3 1agy
i moyaB obepTaTUCs HABKOJIO BJAacHOI oci. ¥ pobo-
Ti [14] npuBeaeHO pe3yabTaTh BUSHAYEHHS TIepiony
BJIacHOTO obOepraHHsi, oTpumMani B 2012...2013 pp.,
MPOTE MU HE MAEMO LIMX JAHUX B PO3MOPSIKEHHI i
HE MOXeMO iX BUKOPMCTaTH, ajie¢ Hallli JaHHi CIIo-
CcTepeXeHb MepeKpUBaIOTh 1Ie YaCOBU iHTEpBa.

JUist aHasizy MogajbllIoro cTaHy o0’eKTa Ha Op-
0iTi MU BKJIIOUMJIA PE3YyJIbTaTU MOr0 CIIOCTEPEKEeHb
3 kBiTHs 2013 p. 1o yepBHs 2018 p. B Oneci [10], i
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Puc. 4. ®parmenT kpunoi 61ucky HIC3 «Ciu-2», oTpuMaHoi B iHTerpanbHOMY cBiTIi B myHKTi Oneca 11.05.2018 p.
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Puc. 5. Kpusa 3minu 6mucky LIC3 «Ciu-2», oTpuMaHa y cieKTpaJlbHUX cMyrax B, V'y myHKTi

Yxkropon 27.04.2020 p.

3 yuiHs 2013 p. mo mucromana 2022 p. B Ykropo-
Ii. B ocHOBHOMY 1Ii CITOCTepeXXeHHSI IIPOBAIMIIICS
KOXHOT'O POKY 3 KBIiTHSI 110 CeprieHb, KOJU HACTYy-
MaB Ce30H HalKpallloi Be4ipHbO1 BUIMMOCTi 00’ €KTa
Ha opOiti. Bimiopano 40 kpuBux OJIMCKY, 25 3 IKMX
otpuMaHo B Opeci i 15 — B Ykropomi, 1110 J03BO-
JISJIO YiTKO BU3HAUYMTU MEpioJ BJACHOIO 0OepTaH-
Hs1 00’exTa. Ha puc. 4, 5 npuBeneHo ABi Taki KpUBi
OJIMCKY, 3 SIKMX BUAHO, 110 JAHUM CYNYTHUK Mae€
BJIaCHE OOepTaHHSI.

AHasi3 KpuBux 0McKy, oTpuMaHux B Ojeci, 1o-
Kazye, 10 CYMYTHUK JOCSAT MiHiMaJbHOIO Mepio-
oy 3.64 ¢ BaacHoro obepTaHHs B aumHi 2018 poky,
a MoJIioc oci 0bepTaHHsA MaB HaNpsAMOK o, = 56°,
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8,,; = 75.7°. ABTOpHM BXE TOIi MPUIYCKAIH HasB-
HICTB TIpeliecii, ajle BeIMUMHY Tepiomy Tpeliecii He
Bu3Havanu [11].

TpuBanauii MOHITOPUHT MOBEIIHKU TaHOTO 00’ €K-
Ta MoKazaB, 110 1ie obepraHHs1 mpoTsiroM 2013 p.
JOCUThH IIBUAKO MPUCKOPIOBAJIOCH, TMOTIM MpakK-
TUYHO cTabinidyBanock, a B 2018 p. moyano mpo-
SBJISITU TIPU3HAKM rajibMyBaHHS (puc. 6, Taoi. 1),
sIKe TIPOJOOBXYEThCS no KiHug 2022 p. 3a 1ei yac
MpeueciiHuii mepiog oOepTaHHS 3MiHIOBAaBCS Yy
MexKax Pnp=71.0...234.0...226.0 ¢. 3HaueHHd mepi-
OJliB BJIaCHOTO oOepTaHHSI OyJM BU3HAYEHi 3a J0-
TMOMOTOI0 BiIOMOIo B acTpoHOMii MeToay Jlomba —
Ckapria [13, 16].
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Puc. 6. 3mina Bugumoro nepiony BiaacHoro ooepranHs LLIC3
«Ciu-2»: Kpy>XKM — JaHi BUMiptoBaHb B Oneci, TOUKU — B
Yxroponi

Tabauys 1. 3minm nepioay BJIACHOTO 00epPTAHHS
KA «Ciu-2» Ha piunuX iHTEpBanax

IHTepBanu [epion B1acHoro
CIOCTEPEXEHb, POKU obepTaHHsI, C
2013 13.50...5.50
2014 5.50...5.15
2015 5.15...4.00
2016 4.00...3.85
2017 3.85...3.70
2018 3.70...3.63
2020 3.63...3.68
2022 4.23...5.06

OTOTOXKHEHHA JI3EPKAJTbHUX JLTAHOK
I IXHE PO3TAIIIYBAHHS HA TTOBEPXHI
JECTABLIII30BAHOI'O CYITYTHUKA «CI4-2»

TooBHUM mxXepenoM iHdopmallii, Ha SIKiil 0a3y€Thb-
Csl BU3HAYEHHS Opi€HTAallil, € BiiOUTE BiJ MOBEPXHIi
[IIC3 constune cBiTno. Moro peecrpattist 103BoJIsIE
BU3HAUYUTHU K monoxkeHHs KA Ha op0iTi, Tak i oKpe-
Mi XapaKTepUCTUKU KOHCTPYKIIil IXHiX TOBEPXOHb.
3a pesyibraTamMy NOo3uLiMHUX criocTepexkeHb 1IIC3
BU3HAYAIOThCS HEOOXimHI B ILIbOMY BUMAAKy Ha-
MIPSIMKU «CYITYyTHUK — CIIOCTEpirady», «CynyTHUK —
CoHlie», «CYMyTHUK — LEHTp 3eMJii», eJleMeHTHU
opOiTH HOCTiIXKyBaHOro 00’€KTa Ha MOMEHT CITO-
crepexeHb. Dikcallisi MOMEHTY A3€pKaJbHOTO Bijl-

OuBaHHS cBiT/a Bin noBepxHi KA 3 excrio3uuisiMu
0.1...0.3 ¢ MOXe 3a0€3MeYnTH TOUHICTh BU3HAUYEHHS
Opi€eHTAalii BUCOKOCTa0imi3oBaHuX 00’ekTiB 10 0.1°,
a mecrabirizoBanux KA — mo 1.5°. Taky TO4HiCTb B
JIaHWI yac 1151 HU3bKOOPOiTaIbHUX CYITyTHUKIB 3a-
Oe3reuyioTh epeMepuaHI JaHHI 3 KaTaJoTiB TUITY
NORAD. ToMmy 3 MOXMOKOIO TakKOro X TOPSIAKY
TOYHOCTI pO3PaxoBYIOThCS i HAIIPSIMKH 3 LIEHTPa Cy-
MyTHUKa A0 crioctepiraya, CoHLs Ta LieHTpa 3emili,
a TaKOXX BIAIIOBiIHI KYTU OCBITJIEHHS i BiTOMBaHHS
cBiTI0BOrO IpoMeHsI Bif moBepxHi KA. O0’enHaHHs
TaKOTO piBHS iH(pOpMallii 3 mapaMeTpaMu BIaCHOTO
i mipeneciiinoro ooepranHsg KA € 6a30BuUM 1151 DO-
CJTiIXKeHHSI, BUSIBJIEHHSI i OLIIHKU JIxKepes 30ypeHb 3
00Ky (hi3MYHMX ITOJIiB HABKOJIO3EMHOTO KOCMIYHOTO
npoctopy Ha pyx LIIC3 Ha pi3HUX BUCOTaX.

doTomeTpid mae iHGopMallilo IIpo XapaKTep po3-
citoBaHHd cBiT/1a noBepxHeto KA, HasgsBHOCTI A3ep-
KaJIbHOI 4u JudY3HOI CKJIaA0BOI Y BiIOMTOMY IO-
BepxHeto IIC3 cBiTii, MOMEHTIB J3€pPKaJbHOIO
cmajaxy, Moro IOTYXHOCTi, TPUBAJIOCTi i 4acTOTi,
Pi3HOBUIHOCTI MOBEPXHEBUX KOHCTPYKIIiil 00’€KTA.

HzepxanbHi criaaxu oaucky KA «Ciu-2» criocre-
pirajmcs He MiJ Yac BCiX oro nmpoxomkeHb. HaBiTh
TO/Ii, KOJI Ha MePIIWM OIS 3MiHa OJTMCKY Ha KpU-
Bili BUTJIsI1aa SIK A3epKajibHa, HacIpaB/i BoHa Oyia
KBasigzepKajbHow. BukopucrtaHHs TakuX cIiajaxiB
JIJIsI BU3BHAYEHHSI Opi€EHTAllii OCi BJaCHOI'O 00epTaHHSI
00’eKTa Ta IHIIMX O3epKaJbHUX KOHCTPYKIIil HOro
MOBEPXHi 3HAYHO IOTipIIyBaIn KiHIIEBUI pe3yIbTaT
OLIIHKM AWHAMIKU MOBEIiHKM CYIyTHMKA Ha OpOITi.
Tomy fu1s1 OCTiIKEHHSI 3MiH B Opi€HTALIil CyTTyTHU-
Ka Oysio BigiopaHo 10 kpuBUX OJMCKY, Ha SIKUX 3a-
(hiKCOBaHO HAMOIIbIII TTOTYXHi J3epKaIbHi CITaJIaXu.
UYepes Te 1110 came B TaKi MOMEHTU HalKpalle BUKO-
HYIOTBbCSI YMOBU J3ePKaJIbHOTO BiZOMBaHHS CBITJIa,
1, BIIMOBIAHO, HAIIPSIMOK HOpPMaJli 10 BidOMBaIbHOL
MOBEpPXHi BU3HAYABCS 3 HAWMEHIIOI IIOXMOKOIO.
Bnacmigok mBuakoro BiracHoro ooepranHs KO Ta
npetiecii oci 00epTaHHs Ha OKpeMUX KpUBUX OJIMCKY
BCTUIJIO MPOSIBUTUCS 1Ie KiJbKa clajaxiB MEHIIOL
MOTYKHOCTI (pHUcC. 5), AKi MPaKTUYHO BXe MOXKHa
BBaXXaTW KBas3ig3epKaJIbHUMM. ToMy Hamajli BU3HaA-
YeHi Ha 1Ii MOMEHTU HanpsMKA HOpMaJIeil po3riisi-
Janucs SIK ToTMoMizkHa iHpopMalris.

Ki1040oBUM NUTaHHSIM Y TIPOLIECi TOCTiIKEeHb CTa-
JIO OTOTOXHEHHS TPUPOAU N3EPKATbHUX MIITHOK
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noBepxHi LIIC3 i iXxHbOro po3MillleHHs BiTHOCHO OcCi
obepraHHs KA, a TakoxXX HaIpsSIMKY «CYIyTHUK —
LIEHTP 3eMJli», IKMIi pO3MIIlIEHUI Y TTOLIMHI 0pOi-
™ cynytHuka. Y Jlaboparopii KOCMIiYHUX HOCIHi-
mkeHb Y>KHY po3pob6iieHo nmporpaMHe 3a0e3nedeH-
Ha1 «OpieHTawisl», 10 J03BOJIIE BU3HAYUTU
HaInpsIMKJA HOpMaJiell Ta TOMOMiXHi KyTU A0 HUX,
0asyourch Ha MO3UIIiHil iHhopMallii MoJoXeHHS
Ha op0OiTi KA y MOMeHT crioctepexkeHb. JlaHe mpo-
rpamMHe 3a0e3ne4YeHHs] 3HAlIII0 3aCTOCYBaHHS TIpU
BU3HAUYEHHI opieHTallil O0aratbox KA, Hampukian
MIDAS 3-7, Topex/Poseidon, AJISAI Ta iHmux [4,
7, 12].

OTOTOXHUTHU N3epKalibHi KOHCTPYKIIii JOTIOMO-
[JIM Pe3ybTaTh KOJOPUMETPUUHUX CIIOCTEPEXKEHb
CyIIyTHUKA B YxXropogi y noiocax B, V. IIporsirom
yacy, konu KA 0yB crtabinizoBaHuit, i cnoctepirad
0auyuB B OCHOBHOMY HMXXHIO Oro 4acTUHY i JesIKi
OOKOBI T'paHi, J3epKalbHi CIlajlaxyu He CIocTepira-
Jmcs, a Kojiop-ingekc C = B — V' 3 KpuBUX OJIUCKY
(puc. 2, 3) nopiHioBaB 1.90™, 1110 CBiTYMJIO PO BU-
UMY TEMHY i IIOPCTKY noBepxHio. Koy cynmyTHUK
MepeuilnoB y aecTabili3oBaHUIl CTaH, Y MOMEHTU
MOTY>XHUX JA3epKaJbHUX crajaXiB MOKa3HUK JOPiB-
HioBaB C = —0.40™. Take 3Ha4eHHS KOJIOP-iHAEKCY
NpUTaMaHHe MaHesIM COHSYHUX 6atapeit [15]. Ixne
po3atanryBaHHs Ha roBepxHi IIIC3 y MomMeHT mepe-
XOJIy CYIyTHUKA B IecTabili30BaHUIA PeXXUM BU3HA-
yajocs 3a MO3ULiHHUMU JTaHUMU Yyepe3 HalpsMKU
HOpMaJiell y MOMEHTHU N3epKaJbHUX CrajaxiB Bil-
HOCHO HANpPSIMKY «CYIMYTHUK — LIEHTP 3eMJIi» 3Tia-
Ho 3 hopmyJioto (7) 3 pobotu [12]:

xﬂ
n=y,|=
z}’l
x0+xc
[(x()+xc)2+ ()’()+yc)2 + (ZO+ZC)2]_1/2>< Yot Ve |> (1)
ZO+ZC

ne
X = COSQL;xCOSd),

Y= sino;xcosd,,
7y = sinay,,
— HanpsIMOK 3 LIEHTpa CynmyTHUKa 110 1ieHTpa CoH-
s, a
X= COSQL-XCOSO -,
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Y= sino-xcosd,
Zc= sino,

— HAIIpSIMOK i3 LIeHTpa CyITyTHHUKA A0 CIIoCTepiraya;
g i 6y, 0 1 0 — BIAMOBIIHO KooparHATH COHIISA i
crocTepiraya B eKBaTOpialibHiil CYITyTHMKOLIEH-
TPUUHIill cuctemi koopauHat. OcTaHHI OOYMCIIIO-
I0ThCSI 32 pe3yJbTaTaMy CUHXPOHHUX TMO3ULIIAHUX
CIIOCTEPEKEHb.

3 MpUBENEHUX BUILIE PIBHAHD BUBHAYAEMO L, O, ;

a, = arctgx—”, o, =arcsinz,, (2)
n
ne o, i 8, — CYNYTHUKOLUEHTPUYHI €KBAaTOPialbHi
KOOPJAMHATHA HaMNpsIMKYy HOpMaJli 10 AUISIHKU MO-
BepxHi KA, sika BinOuBae n3epKajibHO.

Kytu maginns i BinouBanHs cBitia Bim KA Ta Ha-
XUJI HOpMaJIell 10 HampsIMKY «CYIyTHUK — IIEHTpP
3emiti» i KyT npeliecii po3paxoByBaIMCh 3a BiIOMOIO
¢dopMyiolo KocuHYCiB. Y Taba. 2 NIpeacTaBlIeHO:
JIaTy CIOCTepeKeHb, 3apeecTpoBaHi MoMeHTU UT
HAMITOTYKHIIIMX A3€pKaJbHUX CIlajaxiB Ha OKpe-
MUX KPUBUX, CYIIYTHUKOLIEHTPUYHI €KBaTOpialbHi
KOOPIMHATH O, i 6g HAIpPSIMKY «CYMYTHUK — LEHTP
3emJti», CyIMyTHUKOUEHTPUYHI KOOPAUHATH O, 1, O, |,
a,, 18, HAMPSIMKiB HOPMaJTi Bi/l MEPIIOl Ta IPYroi 3
JIBOX J3epKajabHUX AiasiHOK moBepxHi IIC3, kytn
Vv, 1 v, HaXWIIy HalIPSIMKiB HOpMaJieid Bill A3epKasib-
HUX JJISTHOK TOBEPXHi 10 HANPSAMKY «CYMyTHUK —
LeHTp 3eMJi», KyT B MiX BicClO BJaCHOTO o0epTaH-
Hs [IIC3 Ta HANIPSIMKOM «CYITyTHUK — LIEHTP 3eM-
JIi», BiH Xe KyT Ipelecii, Ha3BMU IIyHKTIiB, e Oyn1o
3aMucaHo KpUBi OJUCKY.

3 HaBeJIeHUX B TaOJIKILIi 3HAYEHb KYTIB v i v, BU-
JIHO, 1110 A3epKaIbHUX AiNsTHOK Ha moBepxHi [IIC3 €
IIBi, i BOHM, 3a LIMMU HALLIMMU PO3paxyHKaMU, pO3-
MillleHi 0JHa BiTHOCHO OJHOI ITiJl KyTOM IPpUOJIU3HO
90°. IMam’aTaemMo, IO KYTH Vv, i Vv, BiIOOpaxaroTh
HaXWJ HOpMaJlel 10 J3epKaJIbHUX JIJISTHOK BiTHOC-
HO HaMpsIMKY «LIEHTP CyMyTHUKA — LIEHTP 3eMJIi»,
SIKWI TIepeOyBae y IIoLIMHI OpOiTH. Y BUITAIKy KyTa
Vv, HOpMaJib N MEPEBaXHO OyJjia HaNPAMJIEHA BIIiBO
BiJl IIOLMHU 0poiTH (at, < ag), a KyTa v, — BIpa-
BO Bin opbitu (o, > ocg). Otxe 3arajibHa cyma iXHix
3HaueHb 0s1m3bKa 10 90°. YoTupu rpaHi Kopmyca cy-
IMyTHUKA TTOKPUTO TEIUIOI30JISLIAHIM MaTepiajioM,
SIKMIA HE B 3MO3i BifOMBATH CBITJIO A3epKalbHO. | 11e
J00pe BUIHO Ha JIiBiii MOJIOBUHI MPUBEAEHOI KPUBOT

91



B. II. €niwes, B. 1. Kyoax, I. I. Mompynuu, B. M. Ilepie, 1. @. Haiibayep, I1. I1. I'ypanuu, A. I. Cycaa, M. 1. Kowkin

Tabauys 2. Pesynsratu po3paxyHKy opienramnii IIIC3 «Ciu-2»

Jara ur o, Sg o) 3,1 oy 3,n vy vy B IMpumirka
02.07.13 20120m56° 75.7° —44.9° | 103.8° | 4.5° 55.6° | 35.0° | Vxropon
02.07.13 20m21m178 45.8° —46.2° | 104.6° | 2.0° 52.4° | 37.5° | Yxropon
16.05.14 20/37m21$ 28.2° —48.1° 21.2° | —18.2° | 30.2° 30.2° | Oneca
19.05.14 20/55m508 33.1° —43.3° | 41.5° 7.8° 52.0° | 38.0° | VYxropon
20.05.14 21h35m258 33.2° —49.6° | 24.3° 8.8° 53.3° | 36.7° | Yxropon
29.05.17 20716248 37.6° —46.7° 38.4° | —12.8° | 33.7° 33.7° | Omeca
04.07.17 20m27m38s 71.5° —50.3° 63.6° | —22.4° | 29.0° 29.0° | Oneca
27.04.20 19152m48s 49.3° —48.6° 353.5° | —16.3° | 32.6° 32.6° | Yxropon
13.10.22 17713m35s 128.4° —45.5° | 178.0° | —13.9° 52.2° | 37.8° | Yxropon
27.10.22 17153m00% 142.2° —43.5° 166.3° | —12.5° | 37.0° | 52.2° | 37.0° | Vxropox
Az, h, rpan
197.1; 28.8 218.1;44.0 268.2; 52.7 312.3; 38.3 331.3; 19.8
mst T T T T
6t [ [+
41 % ‘ " . “ | LI ‘ ”
\lf i ph kL e
i i
il | ' i | 1t1 is{ | J il
I b 1 el TR LTI f
8 BB A L ‘“.- LI J 1
Rl el L s e e (NPT
hlL 'i EERER R |
& | X If
9 ‘ | i
‘ : % } , |1}t ! ﬁ ‘l‘ J
|
10 l|
1 1 1 1
17:51:57 17:53:06 17:54:15 17:55:30 17:57:11 UT

Puc. 7. Kpusa 3minu 61ucky HIC3 «Ciu-2», orpumaHa 'y cMy3i R y nyHkTi lepeniBka 27.10.2022 p.

onucky (puc. 5). I3epKanbHO BitOMBATH CBIiTJIO MO-
[JIM TIaHeJIi COHSTYHUX OaTtapeid, siki Ha naHoMmy KAy
MOMEHTHU CIIOCTePEeKeHb OyJIM pO3TallloBaHi Iomap-
HO Ta XpeCTOIIOAiOHO.

SAxao ogxa mapa I1CB posramosana Ha KA, sax
BUIHO Ha puc. 1, To iHIIA TOMi TOBMHHA OYTH PO3-
BEPHYTOIO HABKOJIO 1oro morepevyHoi oci Ha 90° 10
uiei mapu. 3Bincu y nepiioi napu [1Cbh Hanpsimok
HopMmauti (n;) Oyzme 30iratucst 3 HampsMKOM IIO-
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B3JIOBXXHBOI OCi zZ' CYIMyTHUKA, SIKa IITYYHO 30i/Ib-
myeTbesl y Takoro kiacy IIC3 BukuaoM IiTaHru
IIJISI TIOKpAIlleHHS 1oro po0oyvoi cTadiizaliii Ha op-
0iTi. A HanpsIMOK HopMaJli n, no iHwmoi napu I1Cb
craHoBUTHMeE mpakTudHOo 90° mo wmiei oci i mepedy-
BaTMMe B OJIHill TUIOILMHI 3 1BOMA MPOTUICXKHUMU
rpaHsimu koprycy LIC3 (puc. 1, 6).

CaMe MM MOXHA MOSICHUTU 30iJIbIIIEHHST OJIMC-
Ky Ha MepIiil MOJIOBUHI KpUBOi OIUCKY (pHUC. 5) SIK
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cymapsoro Bin uiei mapu IICbB i Bin omHi€el 3 yoTu-
pbOX I'paHeit Kopryca 00’ekTa. IIpakTuyHO Bim mi€el
napu [ICB Ha kpuBiii nmposiBUIOCS KijlibKa Majo-
MOTY>XHUX KBa3i3epKaJbHUX ClajaxiB, 3a SIKUMU
HaIpsIMOK HOpMaJli BUBHAUYaBCsl 3 BeJIMKOO (TTOHa
20 %) moxnokolo. HaitGibI TOTY>XKHUMIA cTtajax OyB
3apeecTpoBaHuii Bix iHmoi mapu [1Ch, Hopmaib 1o
SKUX 30irajacs 3 HampsIMKOM TTOB3I0BXHBOI OCi 77’
KA «Ciu-2» a Kyt v,=32.64° BinoOpaxaB yxe i Ha-
XWJT OCi BJIACHOTO 00epTaHHS A0 HATIPSIMKY «CYITyT-
HUK — IEeHTP 3eMJIi» Y MOMEHT CIIOCTepPEXKEHb.

¥ Bumnanky necradimizamnii 6inbiricts KA po3kpy-
YYIOThCSI caMe HaBKOJIO TOB3A0BXHBOI OCi, sIka B
CBOIO Yepry, BHACIIMOK Tperecii, 00epTaeThCcsl Ha-
BKOJIO BEKTOpa LIEHTPAJIbHOI CUJIM, 1O Ji€ Ha Cy-
MYTHUK Ha OpOiTi i 30ira€ThCs 3 HAIIPSIMKOM «CYITyT-
HUK — 1eHTp 3emiti»[5]. IIposiB y nTaHOMY BUIIAAKy
mpelecii oci B1acHOro ooepraHHs cynyrHuka «Cig-
2» nobpe BUIHO 3 KpuBoi, orpuManoi 27.10.2022 p.
(puc. 7).

Tyr nepion BnacHoro o6epranns KA (P = 5.06 ¢)
JIOPiBHIOE BEJUUYMHI TPOMIXKIiB MiX OKpEeMUMM
I3epKaJbHUMM CIlajlaxaMM Ha ITIoyaTKy i B KiH-
i KpUBOI OJIMCKY, a MpeUeciiHuil — IPOMiKKOM
B3JIOBX BCIi€l KPUBOI MiXK MaKCUMyMaMU OJIMCKY
KA Ha intepsani UT = 17"517575...17"57™10° i mini-
MaJIbHUM iforo 3HaueHHsM B UT = 17755025, Came
3aBISIKM Tipeliecii oci BiaacHoro obepranHs LIIC3
MOXHa TIOSICHUTU TIOSIBY Ha KPUBili MepioguyHuX
yepe3 61.7 ¢ TIPOMYCKiB OJIMCKY, KON B MOJIE 30py
criocTepiraya Iornajgajo 4eprobe pedpo Mix ioro
YOTHpPMa MOBEPXHEBMMM TpaHSIMU, IO i MPU3BO-
JIWJIO 0 Pi3KOTo 3MeHIleHHs 0aucKy. BctaHoBieHa
3MiHa BJIACHOIO i IpeleciiHOro nepioaiB ooepTaH-
H1 KA «Ciu-2» mpotsirom 10 pokiB miaTBepmXye
caMme TaKuii xapakTep HOro moBeAiHKM Ha OpOiTi.
CxeMaTu4HO TMoBeliHKY i opieHTalio KA Bigobpa-
>KeHO Ha puc. 8.

Take ooeprantsg I C3 BinnmoBinae Ki1acu4Hiii 1mo-
BediHLIi BiZoMO1 A3UIY B IpaBiTaLiiiiHoMy moi. Kyt
V| B TaKOMY BUIIAJKY Oy/e BilMOBIIATH KyTY MpeLe-
cii oci obepraHHs B, 1110 TIpeacTaBieHo B Tab. 1. Te,
110 came KYT Vy, & HE V,, BiITIOBia€e KyTOBI mpelie-
Cii, MATBEPIXKYETHCSI JOCTIIKEHHSIMU, JIe TTOKa3a-
HO, 1110 TIpM JIOCSITHEHHI KyTa 3 > 53...55° cynmyTHUK
MepeXoaUTh B TaK 3BaHUI PEXUM «IOBiJILHOIO Ie-
pPEKUAAHHS», TOOTO B PEXMM, 1110 Haraaye Ha Iep-

[LnonmHa op6iTa,
BUIMMA 3 pedpa

n,
Vi

TIpeueciitnuii pyx oci
/ BJIACHOTO 0OepTaHHS

Z

Puc. 8. CxemaTnuHe BimoOpaxkeHHsST Ha TIPUKJIAi HATIPSIM-
KiB HOpMaJIeil ;Ta N, MOMApHOIo XpeCTONOAIOHOro po3ra-
mwyBaHHs Ha noBepxHi IC3 «Ciu-2» nm3epkanbHux [1Ch
BiIIHOCHO Oci ioro obepraHHs zz' i ii npelecii HaBKOJIO Ha-
MPSIMKY «CYITyTHUK — IIEHTP 3eMJTi».

OpbGita

Puc. 9. [1poexis

chlity oci Biac- -
HOTO 00epTaHHs

LIC3 «Ciy-2» Ha
HebecHy chepy v

LM IO XaoTUYHe o0epTaHHs [8]. AK BumHO i3
pe3yJIBTaTiB, IIpUBeICHUX y Ta0JI. 1, XapakTep 00ep-
tanHs1 KA «Ciu-2» mporsgrom 10 pokiB BiZHOCHO
cTtabutbHMiA. Po3kua 3HauYeHb MpeleciiHOro KyTta
B MOXHa MOSICHUTH HEBEJIMKHUM (10 KUJIBKOX Ipajy-
CiB) BIIXWJIEHHSIM OCi BJIaCHOTO 0OepTaHHS Bij Oci
ZZ', IKa XKOPCTKO TOB’s13aHa 3 HalpsIMKaMKW HOpMa-
Jaeidn;in,.

Buxonsiuu 3 oTpuMaHuMX pe3ysbratiB, Ha puc. 9
MpEACTaBIIeHO IPOEKIIiI0 Ha HeOecHY cdepy pyxy
KiHILIS Hioro oci o6epTaHHSI.
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BUCHOBKI

JocnimKkeHHsT ITMHAMIYHUX XapaKTepUCTUK JIecTa-
oitizoBaHoro KA«Ciu-2» mokasaiu, 110 B KOMII-
JIeKCi 3 mosuuiiHuMu ganumu otometpis HIC3
3aJIMILIAETHCS] HAa TaHUI yac e(heKTUBHUM METOIOM
OILIIHKM HOro Opi€HTallii Ha OpOiTi B IIJIOMY Ta Y BU-
MajaKy OKpeMHUX IMOBEPXHEBUX KOHCTPYKIIiii, 0CO-
onuBo konu crioctepexkeHHss KO mpoBaasiTeest 3
KITBKOX MyHKTIB i B KOJIIPHUX CUCTEMax.

Ilepia cipo6a Bu3HaueHHs opieHTalii KA «Ciu-
2» Oyna 3poOJieHa HEBIOB3i ITiC/ISI MOro BUXOIY 3
nany B 2013 p. B po6ori [14], ne Oy10 Bu3HAUYEHO,
110 Bich o0epTaHHs KA HaxwieHa 10 IJIOIMHI Op-
OiTu mig KkytoM v ~ 30°.

Y mpoueci coctepexkeHb gaHoro KA 0Oymno 3a-
(bikcoBaHO JA3epKajibHi crmajgaxyd pPi3HOMaHITHOI
MOTYXKHOCTI Bif pi3HUX (pparMeHTiB MOBEPXHi Cy-
nyTHuKa. Lle 7ajmo HaM 3MOTy OTOTOXXHUTH 11i ppar-
MEHTHU i IXHE PO3MIillleHHSI BiTHOCHO OJUH OJIHOIO
i B uimomy Ha kopmyci KA. Hacrynne mogmenio-
BanHs noseninku IIIC3 Ha opOiTi moka3ano, IIo
NpuBeJeH] B Ta0J. 2 pe3yJibTaTh CHOCTePEXXKyBaHOL
JUHaAMiKu Moro o0epTaHHSI BiAIOBiIAlOTh TaKWUM
yMOBaM:

a) Bich BjacHoro obepraHHsi KA «Ciu-2» 36ira-
€TbCS 3 OO0 BEPTUKAIBHOIO BiCCIO 77, SIKa Ha yac
ioro nepedyBaHHS B poOOYOMY CTaHi Oyja BepTU-
KaJIbHO1O i 30iranacs 3 HanpsiMKoM «iieHTp [IIC3 —
ueHTp 3emii». Ilicas necrabinizauii BoHa (Bich z7')
Mpelecye HaBKOJIO 1IbOTO HAMPSIMKY;

JIITEPATYPA

0) napa npotuiexxHux [1CBh poamileHi nepreH-
NUKYISIPHO OO0 BepTUKAJIbHOI OCi ZZ', TOOTO HaIpsi-
MOK HOpMaJii 0 HUX () 30ira€Thecs 3 HAPAMKOM
BepTUKaibHOI oci KA zz'. THIlIa mapa npoTuiex-
Hux [ICB posBepHyTa HaBKOJO MOMEPEYHOi OCi
KA mpaktrnuHo Ha 90° mo BiZHOIIEHHIO 10 MEepIIoi
napu, i HampsMOK HOpMaJli 10 HUX (n,) yTBOPIOE
KYT J10 HANPSIMKY BEPTUKAIBbHOI OCi zZ' topsiaky 90°
(nuB puc. 8 ta puc. 1, 6).

I Bapiantu po3mitenss I[ICh BimHocHO Kop-
nyca KA He maioTh TaKOro OMHO3HAYHOTO 30iry 3 pe-
3yJbTaTaMu CIIOCTEPEXEHbD.

Y po6oTi aBTOpamu 0yJIO pO3paxoBaHO BEJIMYMHY
0opOiTAIbHOTO TepioAy CYIMyTHUKA POp6 =99.5 xB Ta
BCTaHOBJIEHO CEpeHE 3HAYEeHHSI Mepioay Mpelle-
cii PH]p = 90.5 c. IIpoaHanizoBaHO Mepioj BIaCHO-
ro ooepranHst KA «Ciu-2». MoxXHa KOHCTaTyBaTH,
IO 3a JIeB’SITh POKIB Micis AecTaditizaiii mepiom
BJIACHOTO OOepTaHHSI 3MEHIIYBaBCS O CEepeaMHU
2019 p., a moTiM 1104YaB 3HOBY 30imbiryBaTucs. [le-
piof TIpetiecii MOBOAWBCS HAaBIAKU:

P =11.95..3.63...5.06 c,
PHp= 71.0...234.0...226.0 c.

Kyt npeuecii oci odepTaHHS BiTHOCHO HaIpsiM-
Ky 3 LIEHTPa CYIIyTHHMKA JI0 LIeHTpa 3eMJli CTAHOBUTh
v = 38°...28°. Taka moBeniHKa 00’€KTa BilIOBiIa€
KJIaCWMYHil TmoBediHii BimoMoi g3uru. Kyt v B ma-
HOMY BMITAIKy BimoOpaxka€e Haxwl oci oOepTaHHS
KA BimHOCHO HampsIMKy CWUJIM TSDKiHHSI, IO [Ii€
Ha IIC3, To6T0 Hanpsmky «ieHTp LIIC3 — ueHTp
3emti», 110 JIEXKUTh Y IUIOIMHI opoiTh KA.
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ANALYSIS OF PHOTOMETRY OF THE SICH-2 SATELLITE ON A MULTI-YEAR OBSERVATION INTERVALS

On August 17, 2011, a Dnipro vehicle launched the Sich-2 satellite into Earth’s orbit from the Yasny launch base. Ukrainian
optical observation stations immediately began recording the satellite’s photometric light curves. In mid-2012, it was established
that the Sich-2 spacecraft had a certain period of self-rotation and may have failed. This was confirmed later by official sources.
Based on long-term observations of the Sich-2 artificial satellite of the Earth from Uzhgorod and Odesa, its behavior in orbit
from the moment of launch until 2022 was investigated. The paper reveals the possibilities of the photometric method in combi-
nation with positional data from the research on the dynamics of the rotation of space vehicles with three degrees of freedom and
complex design features of surfaces. In the article, the authors determined that the axis of self-rotation of the Sich-2 spacecraft
coincides with its vertical axis, which precesses around the direction “the center of the satellite — the center of the Earth”. It
was found that a pair of opposite PSBs are placed perpendicular to each other. The calculated value of the orbital period of the
satellite was P, = 99.5 min. and the average value of the precession period Ppr ~ 90.5 sec. The change in the period of self-
rotation of the Sich-2 spacecraft was analyzed, which has changed at an interval of 9 years after destabilization in the range of
P =11.95...3.63...5.06 sec. It was also established that the precession period during the same time varied within Ppr =71.0...234.0
...226.0 sec. The angle of the precession of the axis of rotation relative to the direction from the center of the satellite to the center
of the Earth is within 38°...28°.

Keywords: artificial satellite of the Earth, orientation, technique, photometry, solar panels, precession of the axis of rotation.
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IcTopist KoCMIYHMX JOCTIIKEHD
History of Space Research

TonoBHa actpoHoMiuHa oOcepBaTopist HalioHanbHOI akagemii HayK YKpaiHu

ByJI. AKaneMika 3a6osnotHoro 27, KuiB, Ykpaina, 03143

3 ICTOPIi KOCMIYHUX JOCJIIKEHD B YKPATHL.
2. MDKHAPO/HE CITIBPOBITHULITBO LII0{0 MUPHOTO
TOCTIUKEHHSA i1 OCBOEHHSI KOCMOCY (1957—1987 pp.)

Cmamms oxonaioe ocobausuii nepiod uacy — 6io enoxaavhoi nodii 1957 poky zanycky ¢ CPCP nepuioco wmyunoeo cynymuuxa
3emai 0o ocmanHb020 HAlLOIABUL YCHIUHO20 KOCMIUH020 NPoeKmY «Beea», 30ilicnenoeo 3a npoepamoio «Inmepkocmoc» y 1986 poui.
Bucsimaeno npobnemu mixncHapooroeo chiepobimuuymea npu docaiodcenHi ma oceoenti kocmocy. Hasederno idomocmi npo iHwi

KOCMIUHI RPOEKMU Yb00 Nepiody uacy ma cnoeadu o4eeuoyie yux nooiil.

Karouosi caosa: kocmiuni npoexmu, miycHapoone cnigpobimuuymeo, npoekm «Beea», «Cnymuuk-1».

1. BCTYII

4 xoBTH 1957 poky Becb CBiT Bpa3wWJii CUTHAIU
MEepIIOro ITYYHOTO cynyTHUKa 3emuti. Hactynumna
HOBa €pa B XUTTI HAIIOI IUIAHETU — i KOCMOC CTaB
HEBiZI’€MHOIO YACTUHOIO 1IbOTO XXUTTsI. [TounHaroun
3 TOTO JTHSI, TOKOPIHHO 3MiHWJIOCSI HAIlle PO3YMiHHS
CBITY SIK CepeIoBHUIIA TTPOKUBAHHS JTIOICHKOI IIMBi-
Ji3allii i CBiTy sSIK (pOopMM CHiBiCHYBaHHS Pi3HUX Jep-
»KaB, HaLlilf i HAPOIHOCTEH.

3a TpUALATh MUHYJIUX (3 Yacy 3aMycKy CYMmyTHU-
Ka) POKiB KOCMiIYHOIO JTOIIMCY IIPOOIEeMU TOCTiI-
JKEHHsI I OCBOEHHSI KOCMIYHOI'O IPOCTOPY HaOyIu
LIMPOKOTO PO3BUTKY i OXOMWJIM Malixe BCi chepu
JIIOJICHKOI JisIbHOCTI. 3ajiexkHO Bil MpU3HAYEHHS
KOCMIiYHi EKCTIEPUMEHTHA MOXXHA YMOBHO PO3IIUTUTH
Ha TaKi TpU TPyNU: HAYKOBi, TPUKJIAJHI Ta BIIChKO-
Bi. Y CBOIO Uepry KoxHa 3 IIMX I'PyIT OXOIUTIOE O6ara-

TO HaMpsIMIB, cepel IKUX gociimkeHHs 3emii, Co-
HSYHOI CUCTEMM M iHIIIMX aCTPOHOMIUHMX 00’ €KTIB
KOCMIYHMMU METOJAMM Ta 3acobaMu, SIKi, Ha Hally
JYMKY, BITMCAIW HalsICKpaBillli CTOPiIHKM B KOCMiu-
HUI JITONMC OCTaHHIX mecatupid. S cmomiBarocs,
1110 YMTAaY ITpo0aYnTh MEHi, aCTPOHOMY, HeOaKaHHS
OJIyKaTH B TMX LIapUHAaX, SIKi 11032 MOEIO KOMITETEHT-
HicTio. JIo TOTO X caMe B LIl Tany3i HayKu MOXHa
HaBecTH 0e3J1i4 MPUKJIIaAiB IUIiTHOTO MiXKHAapOIHO-
ro CIiBpOOITHUILITBA i B MUHYJIOMY, i CbOTOJIHi.
Buroau Big HayKOBOTO i TEXHIYHOIO CHiBpOOiT-
HUILITBA, K€ HE 3HA€E Hi HaliOHAJIbHMUX, Hi TUCIIN-
IUTIHAPHMUX MEXK, CTAIOTh yC€ OYEBUAHIIIMMU. 3 AesI-
KOTo yacy OUIbIIICTh YPsIIiB, a TAKOX aJAMiHiCTpalliii
crnenializoBaHUX KOCMIYHUX areHTCTB i HAyKOBUX
IHCTUTYTIB, 3alHATUX KOCMiYHMMM IOCTiIKECHHS-
MU, PO3YMilOTh, IO CITUJIbHI MPOEKTU IM BUTiIHI.
baraTo ux nmpo€eKTiB cTaju HACTIIbKM BapTiCHUMM,

HurtyBanus: Aukis fA. C. 3 icTopii KOCMiYHUX AOCIIXEHb B YKpaiHi. 2. MixXXHapoJHe CIiBPOOITHUIITBO 11100 MUPHOTO
MOCTIKeHHST i ocBoeHHS KocMocy (1957—1987 pp.). Kocmiuna nayka i mexronoeis. 2023.29, Ne 2 (141). C. 97—111. https://
doi.org/10.15407/knit2023.02.097
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A. C. Auxie

1110 OKpEeMi AeprKaBU CTUKAIOTHCS TEIEP i3 TPyAHO-
IIaMM TOTOKEHHS BIiAIIOBIZHMX CTaTeil BUTpAT 3i
CBOIM 010 1kKeToM. JII0JCTBO 3 PO3YMiHHSIM CTaBUTh-
Csl 10 TTIOBUTUBHOTO JIOCBily CMiBpOOITHULITBA, SIKE
Majo i Ma€e Miclle cepell yUeHUX 0araTboX KpaiH y
pI3HUX IITapyMHaX HayKu, 30KpeMa, y BUBYECHHI AH-
TapKTUIM Ta 3MiH KJIimMary.

MixxHapoaHe CITiBpoOITHULITBO Y chepi KOcMiu-
HUX OCTiIXKEHb BUHUKJIO OMHOYACHO i3 MOYaTKOM
JIFOACHKOI iSJIBHOCTI B 11i#i TajTy3i. X0o4a BOHO i po3-
BUBAJIOCS HEPIBHOMIPHO B pi3HUIA Uac, Terep € 0e3-
MpUKIaaHe 3pylIeHHs y 0iK iHTeHCUBHIILIMX KOH-
cyJbraniii i TicHimoi koomepauii. Llg TtenmeHIis,
0e3CyMHiBHO, Ma€ mepeBaxartu y MaiiOyTHroMY (11
CJI0Ba HaIKMCaHi MHOIO 10 BipOJIOMHOTO pO3B’sI3aH-
Hd p¢ BiliHKM npotn Ykpainu. Cutyaiis 3apa3 3Ha-
yHo Tioripimmaacsg. Hukue s cmpoOyro nmepeKoHaTu
yyTaya y mepeBarax CIHiBIIpalli y KOCMiuHIi ramy3i
Ha nipukianax noxait 1957—1987 pokis). 106 kpa-
111€ PO3IJISTHYTU TMePCHEKTUBY i1 OOTOBOPEHHST CTa-
Hy cpaB y KOCMiUHiil rajiy3i, CrioyaTKy Haragaemo
JIesIKi OCHOBHI MOMEHTH iCTOPil KOCMIYHMX JOCJIi-
JI>KeHb HariepenoaHi 1957 p.

2. HAIEPEAO/JHI KOCMIYHOI EPA

Mmu HanexxnMo 10 TOro MOKOJIiHHS, SKe CTaJIo CBiI-
KOM eMOXU ApaMaTUYHUX 3MiH B €BOJIIOLIi1 JIIOACTBA.
Hame nutuHCTBO MMHAJIO ITiT 9ac HaKOPCTOKIIIIOL
BiliHM, KA 3aKiHUMIacs JIMILE TOMi, KOy 3a0paja
JIECSITKU MIJIBIUOHIB XUTTIB i 3yMOBWJIa AWKI pyH-
HyBaHHSI He3JliYeHHUX LiiHHocTel. Lls1 kaTacTpo-
(ha gana moITOBX cCripo6aM yCTaHOBUTHU TJI00ATbHE
MiXHallioOHaJIbHE JIIOJCHKE B3aEMOPO3YMiHHS, IO
3HAMWIJIO CBOE BiZOOpaXkeHHSI B iCTOPUYHUX HO-
KyMEHTax ITiC/JISIBOEHHUX POKiB, TaKuX SIK XapTis
OOH. Yepes Wi i1 iHIII TPUYMHY HAILIOMY OKOJIiH-
HIO BUAMAJIO IIACTS XKWUTH 3a YaciB BiTHOCHOTIO MOTe-
TUTIHHS Mi>)KHapOAHOTO KJIiMaTy. ¥ IbOMY KOHTEKCTi
BaXXJIMBY pOJIb Bilirpanao Mi>kHapoJHe CIiJIKYBaHHS
i e OUTHIIOI0 MipOIO YCBITOMJICHHS CITIJIBHOI TOJTi
B LIbOMY CBITI, /1€ 3MEHIIYIOTbCS BiJICTaHi Ta € 00-
MEXEHHSI B pecypcax. 3a el yac YMOBU XKUTTSI JItO-
JIeil y BCiX YaCTUHAX CBITY 3HAYHO MOJIIIIMINCS, i
MU, SIK HiKOJM paHillle, MOTpaluid B 3aJeKHICTh
Bil pi3HUX HETYMaHHUX TeXHIYHMX BUHAXOMIB JIIO-
mmHU. [TomodaeThed HaM 11e U1 Hi, ajle MU He MO3Ke-
MO MOKH 11O iX 1To30yTucs. Halry enoxy Ha3uBaloTh

98

MO-Pi3HOMY: «aTOMHUI BiK», «KOMIT'IOTEpHA epa»,
«iH(opMaliiitHa epa» abo, 110 I1Ie Oiblle ITiaxo-
JIUTh, «<KOCMiuHa epa» [11].

HanTo nerko 3a0yBaroTh TOM (haKT, 110 YHUCIEH-
Hi TEXHOJIOTiUHI YCTiXM CTajld HAC/iIKOM BiliCbKO-
BUX JOCHimKeHb Jpyroi cBiTOBOI BiliHM. ATOMHA
TexHika Ta EOM, Hagmajieki pakeTd JOBOISITHCS
PIIHUMMU AiThbMU TUX XKaXJIUBUX POKiB. 3BMYAiTHO,
HEBEJIMKI pakeTu OyJIv BioMi JaBHUM-JIaBHO, MPO-
T€ KapJAWHaJIbHE PillIeHHS, IKUM YMHOM 3aIlycKaTu
BaxkKi paKeTM Ha BiJICTaHi y COTHi KiJloMeTpiB, Oy/iu
OTPUMAHI JIMLIE HANPUKIHUI BiiiHU. K i OLIbLIICT
BUHAXO/liB JIIOJJMHU, PAKETH MaIOTh SIK MO3UTUBHE,
TaK i HeraTMBHE 3acTOCyBaHHSI. MoxkHa 3a0apBu-
TU HeOO JMBOBUXXKHUMM BOTHSIMU CAJIIOTY Y CBSITA,
ajie MOXHa, MOCJIYTOBYIOUMCh paKeTaMM, BiIKPUTHU
BOTOHb 0 MUPHMUX MicTaXx. MoXHa opraHizyBaTu
CITy>K0Y PO3IIYKY CY/IEH, 1110 NepedyBaloTh Yy CKPYT-
HOMY CTaHOBHIIi, aji¢é MOXHa TaKOX IpoOuBaTU
cTinu goptudikauiitnux cnopyn. MoxHa 3amycka-
TU CYNYTHUKM 3B’SI3KYy ¥ AOCTITHULBKI CYITyTHUKHN
3a JIOMIOMOTOI0 TUX XK€ PaKeT, sIKi 3aTHi MEPEeHOCU -
TH 32 JIiYeHi XBUJIMHU SIIEPHI OOETOJIOBKM Ha MiX-
KOHTUHEHTaJbHi BiICTaHi.

Konu B cepeauni 1957 poky 3a cipusiHHst Mix-
HapoaHoi pamu HaykoBux crinok (MPHC) pos-
nmoyaBcst MixkHaponHuii reogizuunuii pik (MI'P),
KOCMIYHMI MOJIT yce 11e OyB TiAbKU TEOPETUYHOIO
MOXUIMBICTIO. I JMille yepe3 Tpu Micsili BeChb CBIT
OyB OYKBaJIbHO pO30yIKEHUI CUTHAJIAMU TIePIIIOTO
LITYYHOTO CyITyTHMKA 3eMIli. fIK i 6araTo MiIbIiOHIB
JIIOMIe, MM YBaXKHO CIIOCTepiraiu 3a CBITJIO TOY-
KOl0, sIKa pyxajlacsl B HIYUHOMY HeOi i 3a sIKolo He-
BIIOB3i PYIIWJIN I1I€ OUTBII SICKPABI.

Huxye HaBeaeHO YPUBKM 3i CIOraiB OYEBUILIB
[23]:

P. Bect: Moi oononimiu i s 6yau ceiokamu 3a60i0-
BaHHA Heba, HaM 8CeasNU CMPax [ WaHoOAUBICMb Oe3no-
cepeori GUMIPIOBAHHS eKCIMPEMANbHUX YMOB OAUNCHBO-
20 KOCMOCY, GIOKpumms nosicie 3apsaodicenux YacmuHoK
ma nepuii cnpoou nompanumu Ha Micayb i nepedamu
Ha 3emaro homosHimku iioeo Hesudumoeo 00ky. Koau
oona 3 eazem Koneneacena opeanizysana nepuie npoore
3maeannsa Ha memy: «Haeiwo Bu xoueme nosemimu 6
KocMoc 2, 51 8i0n06ie, MONCAUBO, 3aHAOMO NPocmo: «3
uixasocmi». Mosi 8i0nogios He Oyaa 8i03HaueHa 2010-
BHUM NPU3OM, ane NPUHAUMHI byaa onybaiKoeana, i s
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3 icmopii Kocmiunux docaioxcens 6 Yxpaini. 2. Miscnapoone cnigpo6imuuymeo w000 MupHo2o 00CAi0NCeHHs Ul 0CBOEHHS KOCMOCY

doci dymatro, wjo ys 8ionoeids 6yaa YecHiulor, HiXc i,
AKI 3aKauKanu 00 pizHUX 8UCOKUX idednia.

A. Aukis: bydyuu cmydenmamu acmporomo-eeode-
3UYHOI cneyianrbHocmi, MOi 00HOKYPCHUKU i 5 He 8idpa-
3y yC8idoMuAl, KU NOMYICHUIL 34Ci0 en100aNbHUX 00-
caiodicenb 3emai Hapodacyemuvces Ha Hauux ovax. Hac
Oinbule xeuUn08aNU NPOOAEMU HEBA2OMOCMI, HAO38VKO-
BUX WEUOKOCMell Ma [HUUX ACNeKMie KOCMIYH020 No-
avomy. I minvku nanpuxinyi 1950-x pokie s 3po3ymis,
AKi HeOaueHi nepcnekmueu 0ae AOOUHI MONCAUBICID
noougumucs Ha 3emaro 3 00Ky, 0Xonueull €OUHUM NO-
ens0om ii npocmopu, AKi we HedagHo 30a6aNUCS 8eNll-
yesnumu. A wio dani? Inwi nnanemu i1 céimu... llixaso!

MaOyTb, 1S «1IiKaBiCTb» OYEBUILIB Bimoopazkaia
T€ TMOCTiliHE MparHeHHs 10 Mi3HAHHS, 1110 CIOHY-
Kae JIIOAMHY 3aJyMyBaTUCS, SIK BUHUK i CTaB TAKUM,
SKMM MU HOTO CIIOCTEpira€EMo, HaBKOJIMILIHINA CBIT
1 IO TpamuThCsl 3 HUM Yy MailoyrHboMy? Lle ocHo-
BHi IMpo0JIeMH Cy4acHOTO IIPMPOIO3HABCTBA, Y BU-
pillIeHHS SIKMX BarOMUiI1 YHECOK POOJISITh KOCMIiYHi
IOCITiIXKEeHHS.

3. OCHOBHI BIXM KOCMIYHOI EPU 1957—1987 POKIB

4.10.1957—1960 pp. Y nepii X IHI KOCMiIYHOI epu
noHaz 200 cTaHIiii ONTUYHUX CIIOCTEPEKEHb IITYyY-
Hux cynyTHuKiB 3emi (IIIC3) y 20 kpaiHax po3Io-
Yyajii CBOIO HEJIETKY, ajie 3aXOILUIMBY poboTy. OcHO-
BHOIO METOIO ITMX CITOCTEPEKeHb OYI0 He BTPATUTH
y 0e3KpaiiHbOMY IIPOCTOPI IEePIINX KOCMIYHUX I10-
cinanuiB 3emii. Ha BigMiHy Bim 3BMYaiiHuX Hebec-
HUX TiJ, JOCTYIHUX IS CIIOCTEPEXEHb YITPOIOBX
TpuBanoro vacy BaeHb (CoHlle) abo BHOUi (30pi,
iaHetn), IIC3 MoxHa crnocTepiraTd TilbKU B
paHKOBi a00 BeUipHi TOAMHM, KOJIY ITOBEPXHS 3eMTi
3aHypeHa B TEMPSIBY, a CaM CYMyTHUK, MiepeOyBaloun
Ha BeJIMKill BUCOTI, me ocBiTneHuit Conuem. Taxi
CIIOCTEPEKEeHHSI, BUKOHAHI B Pi3HUX MICLISIX 3¢ MHOL
KyJIi, 1al0Th 3MOTY OOUYMCIUTU edeMepury CymyT-
HUKa, TOOTO HOro MoJIokeHHsSI Ha HebecHill cdepi
JIJISI KOXKHOTO 321aHOTO MOMEHTY 4acy.

3 MeTolo KoopauHaliii nux pooit 1958 poky, Bin-
noBimHo Ao nmporpamu MI'P, Oyna cTBopeHa crieli-
anbHa «Ciy>x0a CyITyTHUKIB».

BusiBuocs, 1110 BUBYEHHSI pyXy CYIIYTHHUKIB Ta
BaXKJIMBUX 3aBAaHb Teoaesii i reodi3uku 3i BCTAaHOB-
JIEHHSI CUCTeM KOOPIMHAT, BUBUCHHS TpaBiTaIliiTHO-
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ro nosist 3emuti i T. 1. Ha 3MiHY BizyainbHUM i (poTorpa-
¢ivaum crnoctepexxeHHsaM 1IC3 i3 yacom nmpuitiiim
BUCOKOTOYHI JIa3epHi BHUMIpIOBaHHSI BiIcTaHel IO
IIC3[12, 17, 22], a Takox pamioiHTephepOMeTpUIHi
CIOCTepeXXeHHS 1IMX 00’eKTiB [7, 8, 18, 21].

BigoGpaxkatoun Tri100ajJbHUII XapakTep IIpo0Jie-
MM, BCi 11i POKM OLTbIII-MEHIII YCITIIITHO PO3BUBAJIOCS
MiXKHapOAHE CHiBPOOITHUIITBO B paMKax MixxHapo-
HOTo acTpoHoMiuHoTo coro3dy (MAC), MixHapoaHoi
reoje3nyHoi acouiaitii (MTA) i MixHaponHoOro Ko-
MiTeTy 3 MUPHOI'O BUKOPMUCTAHHS Ta AOCIiIKEHHS
kocMmiuHoro npoctopy (KOCIIAP) [19].

YerBepTuii 3a paXyHKOM KOCMIUYHUI amapar, BU-
BeneHuii y kocmoc B CPCP, mpu3sHavaBcst BXe I
JociimkeHHs: Micsiisl 3 MpoJiTHOI TpaeKTopii. AB-
ToMaTU4YHa MiXiiaHeTHa ctaHuist (AMC) «JlyHa-
I», ymeplie TOCSTHYBIIM APYrol KOCMIiYHOI IIBUI-
KocTi, 1959 poky Buiilljla Ha TPAEKTOPIIO MOJbOTY
1o Micsug. 3a pik 10 LIbOTO IIporpaMy BUBUYEHHS
Micsus 3a AOIIOMOIOI0 KOCMIYHOI TEeXHiKu OyJ10
BukianeHo B gomnoBimi C. Il. KoponsoBa B Aka-
nemii Hayk CPCP. Ilepury yacTuHy Li€i mporpamu
peajizoBaHo y mpoueci monbotiB AMC «JlyHa-1»
Ta «JIyHa-2». 4 xXoBTHs 1959 poKy Ha TpaeKToOpito
noJiboTy 10 Micsiust Oyna BuBeneHa AMC «JlyHa-
3». I1ig yac 361MKeHHs cTaH1lil 3 Micsiuem Ta iioro
00JIbOTY OYJIM OTpHMMAaHi 3HIMKU HEBMAMMOIO 3i
3emii 6oky Micsug. Y nporpami IoJIbOTY BHeple
BUMKOHAHO (POTO3HIMAHHS B KOCMOCi, 00poOsieH-
HSI TUTIBKM Ha OOpTy i mepemaBaHHS 300pakeHb Ha
3eMJII0 3a JOIMOMOIOI0 TEJIEBI3iHOI cUCTEMU. Tak
0yJ10 3aMOYaTKOBAHO PO3POOJIEHHS HOBUX ITPOEKTIB
y BUBYEHHi TiJ1 COHS'YHOI CUCTEMHU 3a JOMOMOTOI0
KOCMIYHMX amnaparis.

Y HacTymHi pOKM YMCJIEHHY Cepilo 3HIMKIB I10-
BepxHi Mics1is, npu3HadyeHy s 11 JOCiIKeHb, a
TaKOX JUIsl BUBYEHHS (DI3MYHUX XapaKTEPUCTUK Ha-
1IOTO MPUPOMHOTO CYNMyTHUKA, OTPUMAHO 3 OOpTY
PaAsSIHCbKUX CTaHLi «30HI» Ta aMEepPUKAHCbKUMU
IITYYHUMU cylyTHUKamMu Micsus «JIyHap op0i-
Tep», a TAKOXK KOCMiUHUMU KOpabJsiMu «ATIOJLTOH»
(IMB. XpOHIKY LUX MOMilt 30KpemMa B poborTi [11]).

[Iporpamu 3iioMOK TIOBepxHi Micdusg Oarato
B YOMY JOIOBHIOBAJIM OJHA ONIHY, IO Jaj0 3MOTY
OXOIMUTU 0JIM3BKO 99.6 % yciei MicsTaHOI ITOBEpXHi
(HeBeJIMKa TEPUTOPIs B palioHi MiBAEHHOTO IoJ0ca
3aJIMIIAETHCSI MOKHU 1110 He3agiKCOBaHOI Ha KOC-
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MIYHMX 3HIMKaX) Ta HaJaroguTh KOPUCHUIA OOMiH
HaykoBolo iH¢opmauieo. Tak, mpu cKiamaHHI B
CPCP «Atnacy 38opoTHOro 60oky Micsitisi» [1], kpim
3HiMKiB AMC <«30H1», BUKOPHUCTAaHO Marepiaiu
3llOMOK 3 aMEpPUKAHCHKUX aIlapaTiB.

Pa3zoM 3 M HanpukiHi 1950-x pokiB po3royaia-
Cs1 «KOCMiUHa TOHKa». 3 OISy HalliOHAJIbHOTO Tpe-
CTMKY Ta BiliChKOBMX iHTEpPECiB 0COOJIMBOI CITiBIIpalli
JIBOX BEJIMKUX KOCMIYHUX JepKaB He OyJio, MpuHaii-
MHi y cepi BUBEIEHHSI KOPMCHOTO HaBaHTaXKEHHS
Ha opOity. TuM He MeHIle, pe3yJIbTaT 0araThboX BU-
MipIOBaHb Y KOCMOCI, SIK y3Ke 3a3Ha4eHO BHIIIE, He3a-
0apoM CTa/ii 3arajbHOBIIOMMMM, 30KpeMa 3aBISIKU
perynsipauM KoHTakTaMm yepe3 KOCITAP, ctBopeHmii
1958 poky, MixHapoaHy (denepalito acCTpOHaABTUKH
(MA®) ta inuri HaykoBi criniku. Crin, ogHak, BKasa-
TH, 1110 3rajjaHe CYyNepHULITBO B KOCMOCi CTUMYJTIOBA-
JIO TIPUIUIMB JIIOACHKMX i MaTepiaIbHUX PeCcypCiB I
HalioHanbHUX KocMiuHux nporpam CPCP i CIIIA.
Tomy HaBiITH 3aXiTHOEBPOMENCHKI KpaiHU Bimdyau
HEOOXiTHICTh IT0YATH ITiATOTOBKY BJIACHUX He3aJIeXK-
HUX KOCMiYHUX MPOEKTIB.

1961—1984 pp. A noTiM rojioc nepuioro KOCMo-
Hara CPCP 1O. O. larapina, mouytuii Hamu MO
pamio 12 kBiTHs 1961 POKY, CITOBICTUB PO MOYATOK
MiJIOTOBAHOIO JOCIiIXKEHHsI KocMmocy. BiH 00eTiB
3eMHY KYJII0 MEHIII HiX 3a ABi TOAUHM I YCITiIIIHO
MPU3EMIMBCS Ha TEPUTOPIi CBOEL KpaiHU.

Hitxye HaBeaeHo melno 3i crioragiB oueBuALiB [23]:

M. Aukis: Takoeo 3aearvrhoeo mpiympyeanHns meni
Oinviue He 00600uroca bauumu 6 ycummi. Yapiena ea-
eapincoka yemiwka, tioeo caoea Ha cmapmi «Hy, noi-
xaaul», ii0eo OymKu npo me, wjo 3emas maxa Hagouso-
8uICy Kpacuea il Kpuximua i ujo ii nompiono bepeemu,
cmanu cumeosamu Hawoi kpainu 1960-x pokis.

P. Bect: Yepes pik nio uac siosidysanns I0. O. Ia-
eapinum m. Koneneacena moemy euumenesi nHebecHoi
MexaHiku Oyaa Hadauna yecms 83amu iHmMepe’1o y 3Ha-
MEHUMO020 KOCMiYH020 MaHOpieHuka. A npueadyio
odHe i3 3anumanb: «Hu Oyno Bam cmpawno uepes
PUBUK npuszemaumucs Ha dax 0younky ?». Ha ye 6yaa
domenna 8ionosiov: «Mos Kpaina HacminbKu 6eauxa
i 6idcmati mixc Oyodieaamu HACMIiNbKU 3HAUHI, WO 5 i
2a0KU He MA8 NPo MAKULL PUBUK .

HeraiiHuMm pe3yabTraToM IIE€pIIOTo IiJIOTOBAaHOIO
noboty crajio pimenHs CLLIA B 1961 poui po3srio-
YaTu OAHY 3 HAaWMYeCTOMIOOHIIINX HAayKOBO-TEXHIY-
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HUX Mporpam, sIKi KoJu-HeOyab 3alpoBaIKyBalu-
csl. AMEpUKaHCbKMI MPEe3UICHT 3asiBUB, IO «MU
MoJIeTUMO Ha Mics1pb y IbOMY AECITUIIITTi», i 3a1i-
SIB BeJIMYE3Hi HalliOHaJIbHI peCypcH, CyMipHi TUTbKM
i3 BUTparaMu Ha MaHXETTEHChbKMIA MpPOEKT. bynu
CKOHCTpYHOBaHI IOJIMIIEeHI KOCMIYHI «KarcyJn»;
3a ogHoMmicHUMM KA «Mepkypiii» 3 saBunmmcs KA
«/IXeMiHi» Ta «ANOJIJTIOH», PO3paxoBaHi, BilMOBiI-
HO, Ha JIBOX i TPbOX aCTPOHABTIB. YIOCKOHAaJOBA-
Jlacsl METOJIMKA KEPYBaHHS MOJIbOTaMU. 3a 11i POKU
B CPCP BcTaHOBJIEHO HOBi PEKOpAU TPUBAIOCTI
MOJbOTY i 3AIMCHEHO MepIuuii BUXiJd KOCMOHaBTa
CPCP O. A. JIeoHOBa y BiIKpUTHUIA KOCMOC.

I ocv y panHni pankosi roguau 21 numnHsg 1969
POKy y €BpOIIi I0JIOC MEePIIOl JIOANHU, 110 CTYIIH-
Jla Ha iAmIe HeOecHe Tino — Micsib, MOJ0IaBIIN
maiike 400 Tuc. kM, gonmHyB 10 3emi. Lleit romoc
HasiexkaB rpomaasiHuHoBI CIIIA acTtpoHaBToBi Hiny
Apm™mcTpoHry. Lle 6yB HOBUIT BEJIETEHCHKUIA CTPUOOK
B OCBOEHHI KocMocy [4].

3i cnozadie P. Becra: Tici He3a0ymuboi Houi 51 cudie
y cmyoii lancokoi padiomosnoi kopnopauii i cnocme-
pieas 3a hanmacmuuHuMU Kaopamu Ha meaeekpanax,
CAYXAIOMU 2010CU ACMPOHABMIB Yepe3 NiBUI HA8YUIHUK
i eonoc npoepamu «Padio Mockea» uepes npasuii. Pa-
30M 3 KoAeeamu [HUUX 2any3ell HayKu s KOMeHmMy8dae
yeil icmopuuHuLL MOMeHmM nid AKOMNAHEeMeHm WUpux i
8idéepmux onneckie y MoEMY Npagomy HA8YUHUKY.

VY pesynbrati KOCMidyHMX TOABOTIB KA «Amosn-
JIOH» YMCJIEHHI JJabopaTopii BChOT0 CBIiTY OTpUMAaJIU
OaraTtuii MmaTepiaj Ta MOXJIMBICTb O€3IMOCEePEeIHBOTO
BUBYEHHS 3pa3KiB MicsiuHuX mopia. A koiau CPCP
JelIo IIi3Hillle 3MifiCHUB II0CAAKy TPhOX aBTOMa-
TUYHUX CTaHLi{ Ha Halll TPUPOAHUMN CYMYTHUK i
JIOCTaBUB Ha 3eMJIIO 1lIe TPOXU APiOHIIINX 3pa3KiB,
BiIOyBCsI OOMiH MiCSIYHMM MartepiajioM, sIKUii J1aB
3MOT'Y MPOBECTU JOKJIAJHUI MOPIBHSJIbBHUI aHaTi3
nopia 3 BearKoi Teputopii Micsus ([5]; auB. xpo-
HiKy noxiii [11] Ta mpono3uuii Ykpainu om0 mnep-
CHEKTUBHOI Micii jo Micsus [15]).

BonHouac TpuBaja iHTEHCHBHaA poOOTa KOCMO-
HaBTiB Ta acCTPOHABTIB Ha 36MHUX OPOITAILHUX
Tpacax. I Hapeluri, y aunHi 1975 poky amepukaH-
CbKUI i paITHCbKUM eKinaxi 3ycTpijiucs Ha opOiTi y
cribHOMY MoJb0Ti «Co103 — AnosutoH». Kpim 360-
py HaykoBoi iH(popMmallii, ITOJIT IPOAEMOHCTPYBaB
CYMICHICTb PSITYBAJILHOTO KOCMiIYHOI'O YCTaTKyBaH-
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Hs1. Taka OisiIbHICTh cTaja MPaKTUYHUM BTUICHHSIM
VYromgu OOH cTOCOBHO pO3IIyKYy acTPOHABTIB, MO-
BEPHEHHIO SIK JII0JIEi1, TaK i KOCMIYHUX 00’ €KTIB, 1110
BCTyIIIa B fIifo 1968 poky. L BaxkimiBa Yroma crana
nociinoBHMM BukKoHaHHSIM JloroBopy OOH miomo
Binkpuroro Kocmocy Bin 1967 poky — Ieplioro
TOJIOBHOT'O MiXKHAPOAHOTO JOKYMEHTA, 1110 PETYJIIOE
BUKOPHCTAaHHSI KOCMiYHOTO MTPOCTOPY.

Tum yacom gociimkeHHs COHSYHOI CUCTEMU
OE3IMUIOTHUMU arnapaTaMy JOCSIIO BEJIMKUX pa3io-
yux ycnixiB. HactynmHoto micisg Micsisl MillleHHIO
KOCMiUHUX JOC/iKeHb cTaja BeHepa, siky iHO/i Ha
3axo/i Ha3MBalOTh «POCIMCHKOI0», MalOUM Ha yBasi
toii (akT, mo CPCP BignpaBuB y KocMOC JIJisI BU-
BUGHHSI <«PaHKOBOi» IJIaHeTu 19 aBTOMaTUYHUX
craHuii. Y 1967 poui KA «Benepa-4» 3anoyarkyBaB
npsiMi JocaimkeHHs niaaHeTyu Benepa. Iepiny mop-
11i10 BUMipIOBaHb 3 IIOBEPXHi HETOCTMHHOI IJIaHETU
nepenana 1970 poxky «Benepa-7», a HaCTymHi 3a HE1O
«Benepa-9» ta «Benepa-10» nepeganu ¢pororpadii
y 1975 poui. ¥ CPCP pocnimxenns Benepu 3a no-
roMoroto KA cepii «Benepa» TpuBaim 10 1965 poxy.
KpiMm Toro, amapart, 110 po3aiJiuBCcs HAa YOTUPU 30H-
IU, SIKi JOCTiIXyBalau TiJIbKM atMocdepy, OyB 3a-
nymeHuii y CIIIA 1978 poky («ITioHep-BeHnepa»).
KA cepii «BeHepa», 110 mepemaBaju TejeBi3iliHi
3HIMKM, IOKa3ajiu IoMapaHyeBe He0O, MOCTIMHO
3aTSITHYTe XMapaMM, Ta AyXe TeMHHUH TPYHT BYJI-
KaHIYHOTO nmoxomkeHHs. Ha BucoTi 6113bK0 48 KM
HaJl TIOBEPXHEIO TUIAHETH MIiCTUThCS HIDKHSI MeXa
20-KM 1apy cipyaHOKMCJIOTO TyMaHy — Xmap Iuia-
Hetu. [Ipyr OCHOBI IIITBHOI i TapsIY0i BYIJIEKUCIIOL
atMocdepu, Ha MOBEPXHi IJIaHETH, TUCK JOCSTa€e
92 6ap, a TemIiepatypa cTaHOBUTb 0113bK0 400 rpa-
nyciB Lenbcis.

IupokomaciuTadHi mociigkeHHs Tin COHSYHOI
cucTeMy BUKOHaMM amepukaHcbKi KA cepii «Ma-
puHep». Y 1962 poui «MapuHep-2» 30iliCHUB TIpO-
JitT moom3y Benepu, a 1965 poky 3a mormomororo KA
«MapuHep-4» Oynu orpumaHi nepiui ¢dortorpadii
Mapca. ¥V 1974—1975 pp. KA 1iei cepii Tpuyi Bia-
BigyBasiu MepKypiii, MicJisl 4oro 3’siBUJIOCSI TBEPA-
JKEHHSI PO BEJIMKY HOTo cXOXicTh i3 MicsieM.

VYV CPCP yciig 3a nepuydM BIAJIMM 3allyCKOM
1962 poky Ha MIKIUIAHETHY OpOiTYy aBTOMAaTUYHOI
craHuii «Mapc-1», y 1971 poui Oynu 3miiicHeHi
sarmycku AMC «Mapc-2» ta «Mapc-3» 10 omHO-
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iiMeHHoiI T1aHeT. OcTtaHHs 3AilicHWIA TTOCaIKy Ha
MOBEPXHIO IUIAHETH, Yepe3 XBWIMHY Haiilia Ko-
MaH/a 100 MepeaaBaHHs 300paXeHb, ajle ... Yepe3
20 cexkyHa mnepeaaBaHHS NPUIMHUIOCS (MOXJIMBO
yepe3 30iif anmapatypu 4 IWIOBY Oyplo).

IToBHOMacIITaOHE mociimkeHHs Mapca BimOy-
Jocs B 1976 poiii, Koy aMepUKaHChKi 0pOiTaabHi
armapati «Bikinr-1» Ta «BikiHT-2» BUBYMIM BCIO
MOBEPXHIO, a ITOCAAKOBI MOMYJi MOKJIAZHO HOCIi-
aunu IpyHT. O3HaK XUTTS 3HaiIeHo He Oyso, ajie
3’IBUJIacsl BIEBHEHICTh Y TOMY, 11O pigKa BoJa Majia
OyTH Ha IUIaHeTi y OinblI paHHIO emoxy. Jekinbka
pokiB BuBUYanacst atMmocdepa Mapca. ¥ CIIA npo-
JOBXWJIOCS ycHiliHe AocHikeHHs Ti1 COHSYHOI
CHUCTEMU.

FOmitep i iioro cynyrHuku Brepie BinBimzaB KA
«[Tionep-10» y 1973 pomi, a KA «ITionep-11» 1979
poky Habim3uBcs 1o CatypHa. Yce X oOuIBi I1aHe-
TU-TiraHTU Oyiu BceOiuHO BUBYEHI KA «Bosmxep»
y 1979—1981 pp., a KA «Bossmkep-2» B ciuni 1986
POKYy dociar YpaHa. 3apa3 g cTaHIlisg mnepeOyBa€
Ha cBOeEMY LIUISIXY A0 HemnTyHa, 3ycTpid 3 IKUM 3a-
riaHoBaHa Ha ceprieHb 1989 poky. Cranuii tumy
«ITioHep» i «Bosiaxep», 110 3 HUMHU, K i paHilie,
MITPUMYETHCS Pamio3B’sI30K, OYAYTh IEPIIUMU PYy-
KOTBOPHUMHM 00’€KTaMU, siKi TOKMaaioTh COHSUHY
CHUCTEMY, i TOMy BOHM MalOTbh Ha CBOEMY OOpPTY Ta-
OJIMYKM i3 3aKOA0BaHOW iH(opMalliero po Halry
3eMHY [UBiTi3allil0.

Benuuesna 3a oOcsiroM HaykoBa iHpopMallis,
3000yTa Mif 4yac 3ragjaHux BUIIE €KCIIEPHMMEHTIB,
Jajla 3MOTy IOCTaBUTU Ha SIKICHO HOBUI piBeHb
JOCTIIKEHHS 111010 MOXOIKeHHs i eBojollii Co-
HSYHOI CMCTEeMH, 3yMOBIJIA MIOSIBY HOBOI rajy3i Ha-
VKU — TOPiBHSJIbHOI T1aHeTojorii. s iHdopma-
1IisT 3aBASIKM MiXKHApOJHIl CITiBIIpalli BUEHUX OyJia
MpeIMETOM B3a€EMHOIO OOMiHY I OOroBOpEeHHST Ha
pizHMX (hopymax.

1985—1986 pp. 1llo x ocobGAMBOro TparuiIocs
YIIPOAOBXK IIMX POKiB, HA OCHOBI YOI0 MOXHAa BUJIi-
JINTY iX Ha TJi IeCATUIITh KOIITKOI Mmpalli B ramysi
KOCMIYHUX IoclimkeHb? SIK HiKOIM paHilie, mpo-
3ByYaIv B 1Ii POKU 3aKJIMKU TJ1aB YPSIIOiB, HisT4iB Ha-
VKU 1 KyJIBTYPH i BCiX pO3CY/UIMBUX JIIOIel 3a MUP-
HUIA KOocMOcC. 3aBIsSKM YHiKaJbHili CriBIpalli 3 10-
CJTIIDKEHHST 3HAMEHUTO1 KoMeTr [aytest 1i 3aKInKu
JiCTaJIu SICKpaBe BTiJICHHS B XUTTS, a i1es] MUPHUX
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KOCMIYHUX JAOCIiIKEeHb 3apa3, 0e3CyMHiBHO, TOMi-
HY€ HaJl pi3HOMaHITHUMU XUTPOLLAMU TUITY «30psi-
HUX BOEH».

Jnst Toro 1mo0 HaWMOBHIIIE OIIHUTUA BaXKIIH-
BICTb CHIOCTEpEKeHb KOMETH lajes, ciiig po3mo-
YyaTu OMoOBiAb 3najeky. OJHUM 3 Hal3aXOIJIUBILIUX
NpeaMETiB Cy4YacHUX acTpodi3MYHUX JOCIiIXKEHb €
BUBYEHHS eBoJtoLlii 3ip. Lli Bennye3Hi HeOecHi Tifa,
Haomkurmu 3 sikux € Haile CoHlie, He iCHYIOTh
BIiYHO: BOHM HapOJIXYIOThCSI i BMUpPaIOTh. 30pi Ha-
POIXKYIOTHCS B IIUIBHUX XMapax MixK30pSTHOTO MUITY
i1 razy, o po3minieHi y Hamii Tanaktuui — Mo-
JoyHoMy Ilnsxy Ta iHIIKMX MIakThKax. € GaraTto
TaKMUX palioHiB, Jie caMe 3apa3 3apOKYIOThCS 30Di.
CoHlie i 1ioro MjiaHeTy TeX BUHUKIMU 3 TaKOi XMa-
pu 6113bKO 4.7 MpHA POKiB TOMY. MU IOKHM 11O HE
3HAEMO IOCKOHAJIO, SK 1€ TPanuaocs, aje LiJIKOM
MOXJIMBO, IO Pi3Ke€ CTUCHEHHS IIPOTOILIAHETHOL
XMapu CTaJIO Pe3yJIbTaTOM CHJILHOTO BUOYXY CTapoi
30pi, gKa Oyna moonmu3y. Takum 4ymHOM, BMUpaioya
30ps1, MOXKJIMBO, 1a€ XKUTTs HOBili 30pi. Koau xMapa
cTaja CTMCKaTHCS, TO BOHA He3ab0apoM cTajia JIyxe
KOMMAaKTHOIO B SIPi, i PY J1OCTaTHHO BUCOKUX TUC-
Kax i TeMIeparypi po3novyanaucs siAepHi MPOLIECH.
Tpoxu mi3Hillle crpsiMOBaHWI Ha30BHI TUCK, IO-
POMIXKEHU MPOLIECOM CUHTE3Y, 3MII KOMIIEHCYBaTH
rpaBiTalliiiHe CTUCHEHHSI, B pe3yJIbTaTi YOro HacTy-
MNYB CTaH piBHOBaru. MoxHa BBaXaTH, 1110 TaK Ha-
ponunocst CoHlie.

YactuHa Marepiany, SIKAM 3aduIIMBCS HaBKO-
Jo Mojionoro CoHlisl, Tillljla HA YTBOPEHHSI Hal-
OiTBIIMX TJIAHET, ajie 1e Oifbliia YyacTuHa OyJia BU-
KMHYyTa BUOYXOM Y HaBKOJMIIHINA mpocTip. Baxki
€JIeMEHTH TepeMicTUIrCs B HanpsIMKy 10 COHII;
OCh YOMY CEepeIHS IIiIbHICTh YOTUPHOX BHYTPILIIHIX
IUTaHEeT HabaraTo Oilblla, HiXK Yy BEJETEHChKUX 30-
pHimHIX. Hle mami, 0ixa Mexi COHIYHOI CUCTEMH,
BiIKJIaBCS JIETKUI CHITOMIOAIOHMIA MaTepiajl, Y4aCTH-
Ha SIKOro 30eperjiacs 10 HallluX JHiB Ha JAeSIKUX CY-
MYTHUKAX 30BHIIIHIX TUIAHET i, 30KpeMa, B PEYOBU-
Hi KOMET. flipaMu KOMET € HEBEJIMKI TiJIa TiaMETPOM
BCHOTO KiJIbKa KiJIOMETpIB, 110 CKJIaAalOThCs TOJI0-
BHMM YMHOM i3 3aMeP3JIMX BOAU i IBOOKCHIY ByIJe-
110, MepeMilllaHuX 3 YaCTUHKaMu Muity. BBaxaeTh-
¢4, 110 6;113bKo 1012 KoMeT MOBiTbHO PyXaloThes HA
BeJIMYE3HUX OpOiTax y Tak 3BaHiil xmapi Oopra —
BeJIETEHCBKIi XxMapi, sska orouye COHSIYHY CUCTEMY
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Ha BeJIMKili BiacTaHi, 110 B 50 TUC. pa3iB IIepeBUIILyE
BinctaHb Bix 3emuti 1o CoHi. [HoaI KoMeTa BiIXu-
JISIETHCSI, MOXJIMBO, Yepe3 IpaBiTaliifHUi MOIITOBX
Biz 30pi, sIKa 3ycTpivaeThcs Ha nuUIsixy mpu pyci Co-
Hs9HOI cucteMu 4epe3d Monounnii lnax. Axino
MICJISI 1IILOT'O KOMeETa ITiAXOOUTH OJIM3bKO IO OMHIEL
31 30BHIIIIHIX MJIAHET, OCTAHHSI MOXe MepeBeCTH ii 3a
KOPOTKUI Yac Ha HEBEJUKY EJINTUYHY OpOiTy, 1110
3YMOBMTbD PETYJISIpHY IOSIBY 1Ii€1 KOMETH OiIst 3eMti
i1 CoHI1s.

Tinbku B IbOMY BUIIAAKY KOMETY MOXKHA BiIKpH-
TH ¥ CTITOCTEpiraT.

Komu Bona nmpoxomuts 1mo6au3y CoHIIs, 16001, 3
SIKUX CKJIAJJA€EThCS SIIPO KOMETH, TOYMHAIOTh iHTeH-
CMBHO BUITapOBYBaTUCSI — i HE3a0apOM YTBOPIOETh-
¢s1 Ta30-MUJI0Ba 000JI0HKA, BUAMMA Y BiTOUTHUX MTPO-
MeHsIx CoHugsl. JIoBri XBOCTHM KOMET YTBOPIOIOThCS
BHACJIiIOK BIUIMBY COHSIYHOIO BITPY Ha YaCTUHKU
rasy ta muiy. Ycboro a0 1986 poky crocrepiraiu
750 KoMeT, a HalOTBIIT 3HAMEHNUTOIO € KoMeTa [a-
Jrest, opoOiTanpHMi epion AKoi 76 pokiB. [MprmunHa
MiIBUILIEHOTO iHTepecy 10 Hei OueBHIHA: BOHA Mic-
TUTh Y COOi MEPBUHHUNA 3pa3oK MaTepiaiy, 3 SIKOTO
chopmyBanacsa CoHgyHa cuctema. BuByaroum Ko-
METY, MM MOXEMO O3UPHYTHCS Ha Hallle MUHYJE i,
MMOBiIpHO, 3p0O3yMiTH, 110 K HaCHpaBAi cTajgocs y
MOMEHT (DOpMYyBaHHS HAIIOI CUCTEMU.

Komery Tamies HazBaHO Tak Ha 4eCTb aHIVIiMA-
cpkoro acrponoma Enmonna Tamnes (1656—1742),
SIKUUM TiepiM o04YrcauB 11 opOiTy i mependayus ii
nosiy B 1759 poui. OnHe 3 nepiiux BiloMUX CIO-
CTepEeXEHb I1i€El KOMETU OyJ0 MpoBeIeHE MOOIU3Y
micta Kcian y Kurai 240 poky /10 H. e., ajie € i mpu-
IyILIEHHSI, 110 KMTaKChKi 3amucu 613 poky 1o H. e.
TaKOX CTOCYIOThCsI KoMeTu Tayes. CTomiTTsaMu ii
cripuiiManu 3a HebecHMIt 3HaK Bim bora. Y 684 poui
yepHelb baBapchbkoro moHactups 3acikcyBaB ii Ha
CBOEMY MAJIIOHKY: BiZloMe TaKOX ii 300paxkeHHsT Ha
robeJieHi, 1110 MoKa3ye HaBaJly HOpMaHiB Ha AHTJIi0
1066 poky. IxxoTTo ni bonmone 3maniosas ii B [1a-
nyi 1301 poky. [lyxe 1okyiaaHi 3aMaibOBKA KOMETHU
oTpuMano B 1835 potii, a B 1910 potii Bxke 3podJieHO
6e31iu gortorpadiit. [pyHTYIOUMCh HA TOYHUX BUMi-
pax, OyJjo nependadyeHo, 1110 koMeTa laniest 3HOBY
noBepHeThbest 10 3emuti i CoHust B 1985—1986 pp.
Haiiomxyoro ii mpoxomkeHHs Big CoHus (mepu-
reftiit) ouikyBanm 9 mortoro 1986 poky.
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Xoua 1910 poky i 6ynu cipodbu CKOOpAMHYBATU
BCi criocTepexXeHHsI KOMETH, BOHU BUSIBUJIMCS O€3-
YCHILIHUMM, 60 0araTo aCTpOHOMIYHMX 00CepBaTO-
piii He MaJIu 3MOTH Y3TOAUTH MUTAHHSI ITPO MpaBa Ha
OoTpUMaHi JaHi i He OyJo BignmoBigHux Pam yn Crri-
JIOK. J17151 TOTO 11100 YHUKHYTH TaKUX HEITOPO3yMiHb
LILOTO pa3y, 1e HampuKiHLi 1970-x pokiB moyanu-
cs nebaTu 10A0 3aCHYBAaHHSI MiXKHApOJIHOIO opra-
HY, SKUii OM KOOPAMHYBaB CMOCTEPEXEHHS HOBOIO
npoxomkeHHss Kometu lamnes. B pesynbrari Oyio
CTBOpEHO opranizauio «MixXHapogHa BaxTa KO-
metu Tannes» (IHW), sky cxBanuB MixHapoaHuii
actpoHoMiuHuil coro3 (MAC) y cepnHi 1982 poky
[12]. IHW opranizyBaiu Ha 0a3i ABOX KepiBHUX
ueHtpiB — y IMacanuni (CILA) i bam6epsi (PPH).
PerionanpHoto uyactuHoro IHW Oyna pansiHchka
MporpamMa Ha3eMHUX CIOCTEpPeXeHb KOMeTH lasies
(COITPOT'). B IHW B3st1u yuactb Oibliie Hixk 1000
acCTpPOHOMIB — TpodecioHaliB i JioouTtesiB — i3 54
KpaiH cBity. KomeTy 3HOBY OyJ10 BUSIBJICHO 3a JOITO-
Moroio 5-m [Tajomapcbkoro tejaeckorna 16 KOBTHS
1982 poky, nanexko 3a mexxamu opoitu CarypHa. [1o-
TiM criocTepexeHHs mpoBoawiIuch y IliBneHHOEB-
poOMeNChKiil o0cepBaTOpii Ta IHIIWX MPOBITHUX 00-
cepBaTopisix cBiTy. o Toro yacy Kkomera OyJa gyxe
ciabka i Mana BemuuHy 24.5, 1110 Maitke y 25 MJIH
pasiB ciabie Bix 00’€KTa, BUAMMOIO HEO30POEHUM
OKOM.

YV 1983—1986 pp. KOMETY BXKe PETYISIPHO CIIOCTE-
piranu i3 3emti, 3a BUHSATKOM, IIpaBaa, TOTO 4acy,
KOJIM BOHa OyJj1a npuxoBaHa Bij Hac CoHlieM. Y Mipy
HaOmxkeHHs 1i 1o CoHLsS Ta 30UIbIISHHS 11 ICKpa-
BOCTI JIOJIydaJIoCsl 0 pOOOTH Bce Oifibliie i Oible
TeJIECKOITiB Ta iHIIOi TeXHiKMU. ZKOAHY iHIIY KOMETY
11I€ HE BUBYAJIM TaK JOCKOHAIBHO.

3 HacTaHHSIM KOCMIiYHOIO CTOJITTS i IiCJIsl TIep-
IIMX YCIIIIHUX IIOJbOTIB OO IHIIMX IJIaHET imel
1960-x pokiB Tpo MaiOyTHiI TTOIBOTH MO KOMET
cTaju, sIK 1I0Ch came co0oro 3po3ymine. [o10BHOIO
npo6siemMoro OyB i € TOl (haKT, 1110 HOBi KOMETH 3a-
3BUYAil BiIKpUBAIOTh, KOJU BOHU MalOThb BEJIUKY
SICKpaBiCTh, TOOTO nepedyBaloTh moodym3y CoHL, i
TOMY HE BUCTAyae yacy /Uil MiATOTOBKHU 3aIyCcKy Cy-
IMyTHUKA JI0 TOTO, SIK BOHA BilIeTUTh. TilbKU Iepio-
JIUYHI KOMETH 3 100pe BiToMUMU OpOiTaMu MOTJIU O
CTaTU MOXJIMBUMM KaHAUAATAMU IS JOCTiIKEHb,
aJjie, Ha XaJb, OUTBIIICTH i3 HMX abo Mairi, abo He-
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LiKaBi. YBarorw BUeHUX He3a0apoM 3aBOJIOIiIa Hall-
SICKpaBillla 3 YCiX IMepioguYHUX KOMET — KOMeTa
Tanned, 1110 3a TPOTHO3aMM MAa€ BUCOKY aKTUBHICTb.
IMToyanacs miaroroBKka KOCMiYHUX ITpOTrpaM CTOCOB-
HO IIpSIMOI 3YyCTpiui KOMETH, a TaKOX ii crocTepe-
KEeHb i3 KOCMOCY 3a JIOIIOMOIOIO amapartiB Ha Op-
oitax 3emii 11 Benepu. BimomocTi mpo 1i mpoexTu
HaBeJIeHO B TAOJUIISIX.

I3 camoro mouaTKy cTajio 3po3ymiio, 110 Oyj0
0 moOpe CKOOpPOMHYBAaTM KOCMiUHi JOCIiIXKEH-
Hs TakuM yruHoM, K THW 3pobuna 1e 3 poboToro
Ha3eMHHUX CIOCTepirayiB, i 110 IIOTPiOHE TicHE
CHiBPOOITHULITBO MiXX LIMMU JBOMa HampsMKaMu
JoCJiIkKeHb HebecHoro o0’exra. YoTupu areHilii,
SIKi 3aIlJIaHyBaJIv ITOJIbOTU KOCMIYHMX arlapaTiB, BU-
pimmau ctBoputu KoHCynbraTuBHY I'pyIly KOCMid-
Hux areHTCTB (IACG), 110 CKIama€eThcsl 3 aaMiHi-
CTPAaTUBHUX i HAYKOBUX ITPEACTaBHUKIB. TakKnM 4n-
HoM, y 1981 potii Briepiiie 0yj10 BCTAHOBJIEHO MpPsiMe
CITIBPOOITHULITBO MiXX €BpONEiChbKUM KOCMiYHUM
arentctBoM  (EKA), IHtepkocmocom (CPCP),
SITTOHCBKUM iHCTUTYTOM KOCMOCY Ta aCTPOHABTUKU
(IKAH) i HACA (CIIA).

Ilepuri ycranoBui 3060pu IACG BinOyucst y MicTi
IManyi, ne MmoxHa i 3apa3 MOOAYUTH MaJIIOHOK KOMe-
v Tamnes, 3pobaeHuit Jxxorto 6;113pk0 700 pokiB
TOMY.

[lepiminm amapatoM, 110 JOCSIT KOMETH, OYB
«MixHaponHuii KomeTHMiT 30HA» (MK3), saxkuii
Hanexutb HACA; BiH crmodaTKy IIpOJIETIB Kpi3b
XBIiCT mepionnyHoi komeTu JIxkako0iHi — IluHHe-
pa 11 BepecHst 1985 poky. Lleit anapaT BUKOpUCTO-
BYBaBCSl paHillle TSI OOCHIIKEHHS CTaHy ILIa3MU
y MarHiTocdepi 3eMili, a moTiM OyB CIIpsSIMOBaHMIA
Ha 3ycTpiu 3 KomeToto [asies. bysa mpoBeieHa ce-
pisl JOTeMHMX MaHEeBPiB, 1110 OXOIUIIOBaJa MPOJIT
YCBhOTO B KiJTBKOX KUJIOMETpax BiJl ToBepXxHi Micsiiis.
Anapar MK3, HagiciaBmm Ha 3emiIi0 AaHi BUMi-
proBaHb, MPOIOBXUB CBili IIISX Aajli B KOCMOC, 1€ i
npoiros 25 6epe3nst 1986 poky Ha BigcTaHi 28 MITH
KiJloMeTpiB Bim komeTu lamnes. SAnoHCHKI anmapaTu
«Cyiiceil» («Komerta») Tta «Cakirake» («IlioHep»)
IpoJieTinm B3noBXK KomeTu lames 8 ta 11 OepesHsa
BiIMIOBiIHO Ta BUMIpSUIM B3a€EMOJIIO0 3 HEIO COHSY-
HOTO BiTpy. YUepe3 3KOpCTKi BaroBi 0OMeXXeHHSI BOHU
He Oynu oO0najHaHi 3aXMCHUMU MOKPUTTSIMU Bil
PYWHIBHOIO BIUTMBY KOCMIYHOTO MUY, sIK y «Beru»
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i «JI>)KOTTO», Ta BUBYAJIM KOMETY 3 BEJIMKOI BiZICTaHi.
HertpusianbHuM i ckiiagHuM 0yB mpoekT «BeHepa —
KomeTa lannes», abo ckopoueHo «Bera», B sKomy,
kpim CPCP, B3s11a yuacTh HU3Ka 3apyOiKHUX KpaiH.

BigmoBimHO H0 HBOro MPOEKTY ABA KOCMIUHMX
arnapatv OIWH 3a OJHUM YCJIi[I MOJETIN CIIOYaTKy
no Benepu, 3anumuiau B 1 aTMocdepi aepocTaTHi
30HIIM, @ Ha MTOBEPXHiI — CITYCKHi MOJIYJIi, i, TIpOi-
LIOBIIM IIUISIX 3aBIOBXKM OJM3bKO OJHOIO Mi-
JIbIpAa KiJTOMEeTpiB, 3ycCTpiiucs 3 KoMmeTorw lamies.
3a TeXHIYHUM 3aBIaHHSM 18 3yCTpiu Majia BimOy-
THCs Ha BiacTaHi 150 mutH KM Big 3eMili i 0JIM3bKO
10 Tuc. KM Bin siapa KOMETH HpPUY BiZHOCHII IIBUI-
KocTi 3yctpiui 0mm3bko 80 kM 3a cexyHmy. 11lo0
BUKOHATH 1Ie 3aBIaHHS, 3HATOOWI0CI 00’€THATH
3ycuJuIsl 6araTbox o0cepBaTOpill CBITY 11010 BU3HA-
YeHHsI KoopAuHAaT KoMeTu [anies Ta o0unMcaeHHs 11
edpemepunn. B CPCP y wiit po60oTi B351710 y4acThb I10-
Hazx 30 criocTepeXXHUX CTaHLIii Mif KepiBHULITBOM
TonoBHO1 acTpoHoMiuHO1 obcepsaropii AH YPCP
y pamkax nporpamu COITPOI. 3aBnanHs Oys10 Bu-
koHaHe: «Bera-1» ta «Bera-2» npoJetiin mooau3y

spa KOMETH Ha BimcTaHsax 9 i 8 THC. KM BiIIOBiI-
Ho. Orpumana 3a gonomoroio KA «Bera» indop-
Mallisl PO TMOJOXEHHSI KOMETU (TOYHICTh OJIM3bKO
+50 kM) pa3om 3 JaHUMU BUMIpIOBaHb MOJOXEHb
caMMX KOCMIUHMX arapaTiB, BAKOHAHUX CTaHLIiSIMU
nanekoro kocMmiuHoro 3B’s3Ky CIIIA 3 pekopaHoiO
TouHicTIO =40 KM, cTajla OCHOBOIO 11I€¢ OIHOIO YHi-
KaJIbHOTO TIpoekTy «Jlonman». Moro Teopernune
OOIpyHTYBaHHSI Oysno BUKOHaHO B paMkax IACG,
a caM IPOeKT peatizoBaHo B €KA mpu yrpapiiHHi
KA «/I:XoTTO>.

YV pesyinbrari TicHOI B3a€MOIil B IHi, KO OOMIBI
«Beru» nepedyBanu 0iyst KoMeTH, daxiBli €EKA mic-
TaJIu MOXJIMBICTb HALILIUTH «/[>)KOTTO» 3 HEOyBaJIOI0
10 TOro TouHicTIoO =50 KM, TOOTO B 10 paziB BuIIIOIO,
HIXX SKIIO O HaBiraumiss IpyHTyBajacs TUIBKM Ha
HazeMHMX crocTtepexkeHHsax. CmpaBmi, «/IXoTtTto»
MPOMIIOB YyChOoTO B Mexax 15 KM Bia po3paxyH-
KOBOI TOYKHU, TOOTO Ha BiacTaHi Bchoro 605 kM Bin
sapa komeTu. Lleit uynoBuii moaBur 0yB O HEMOX-
JIMBUM, IKOM He OyJ10 CIiBIpalli B paMKaX MPOEKTY
«Jlomman» mixk HACA, Intepkocmocom i EKA. Ha

Tabauys 1. OcHoBHI BimoMocTi po KocMivHi micii 10 komern Fanes

Jara nonboty Yac no- Leniowen- | Minivarsna BinHocHa wBuaI- Daso-
H L Hata KA no6nusy oty KA 1 . KiCTb POJIBLOTY o
a3Ba Micii ATEHTCTBO TpuyHa | Bimctanb KA BUIA KyT,
3arycky KA | komeru, 6epe- nooau3y . . KA no6nusy
3¢Hb 1986 p. KOMETU BUICTAHE | 1 KOMCTH, KM KOMETH, KM/C Tpan

«Bera-1» «InTepkocmocy» | 15.12.1984 6 7.20 0.79 8890 79.2 111.2
«Bera-2» «IHTepkocmoc» | 21.12.1984 9 7.20 0.83 8030 76.8 113.4
«Cakirake» | IKAH 08.01.1985 11 4.18 0.86 6.99-106 75.3 109.4
«JIxorro» | €EKA 02.07.1985 14 0.03 0.89 600 68.4 107.2
«Cyiceit» IKAH 19.08.1985 8 13.06 0.82 151-103 73.0 104.2

TMpumitku. 1. Yac npoawory — BcecBiTHiN (UT). 2. @a3oBuii KyT — 1ie KyT MiXX HanpsiMmoM pyxy KA Ta HarmpsiMoM BiJ KO-

meTu 10 CoHlist

Tabauys 2. Cniocrepexennsi komeT [aies 3 KocMocy

Has3Ba npoekty Kpaina ExkcriepumenTun JlaTa crioctepexeHb
«ACTpOH» CPCP UV-cnexTpockortist rpyaeHb 1985 p.
«[TioHep-7» CLIA CoHsHa T1azma 20 6epesnst 1986 p.
«[Tionep-Benepa» CIIA UV-cniekTpockorist 4 mororo 1986 p.

TTonsipumeTpist i 300paxkeHHsT
Y BUAMMIl OUISHIL CIIEKTPY

€ITi30JUYHO

IIpumirka. 3amnanoBani B CLLIA npoektn «Actpo-1» Ta «Cnaptan» He BigOymnucs uyepe3 katactpody KA «Hemnnenmxep» y

ciuni 1986 p.
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3 icmopii Kocmiunux docaioxcens 6 Yxpaini. 2. Miscnapoone cnigpo6imuuymeo w000 MupHo2o 00CAi0NCeHHs Ul 0CBOEHHS KOCMOCY

0opTy KocMiuHUX anapaTiB «Bera» Ta «IxkoTTo», SKi
BUBYaIM KoMeTy lamies 3 O1u3bKo1 BiacTaHi, Oyia
arnapartypa JJisi OTpUMaHHSI 300paXeHb siipa KoMe-
TH, TOCIIXEeHb il I0HHOTO i TTMJIOBOTO KOMITOHEH-
TiB, BUMipIOBaHHS IJ1a3MU Ta iH. [6, 9, 14, 16].

AKi >k HOBi 3HaHHS 3000YTO B pe3yJibTaTi BUKO-
HaHHS 3rajaHuX eKCIIepUMEHTIB?

Huzxue nmpo 1e — cJioBaMU OUYEBU/ILIIB.

. SukiB: Meni nowacmuno 6ymu ceioxom yHi-
Kanvuoi 3ycmpiui «Beeu- I» 3 komemoro Tannes. Humu
icmopuunumu OHsamu 6 ITncmumymi Kocmiunux docaio-
acenv AH CPCP 3ibpaaucs eidomi eueni 3 baeamvox
kpain. Ceped Hux maki doope 6idomi acmpoHomu, K
@. Vinnn — naiigioomiuiuii Komemonoe, meopeyb Kpu-
HCaHoi modeni KomemHo2o a0pa, 00CAIOHUKU NAAHem
K. Caean, B. 1. Mopo3z, M. 5. Mapoe ma in., kepieHu-
xu ITHW [Opeen Pae, Jlxc. Bpanom ma in.

Komenrtye momiro A. A. Tanees:

4 Oepesns nouaaucs neputi npsmi menenepeoaui
3 Kocmocy, koau «Beea-1» nepebysana na eiocmani
14 man km 6i0 s0pa komemu — nepeoanucs 300padicet-
Hsl 20/108U KOMemU 3 po3nodinom ACKpaeocmi 6 Hill
VMOBHUX KOAbOPAX, Nepedasanacs inghopmauis npo 00-
CMAHOBKY V MINCNAAHEMHOMY NPOCMOPI Ul COHAUHOMY
eimpi. 5 bepesHs meaenepedaua eeaacs xice 3 giocma-
Hi 7 MaH kM. Ane 0o s0pa we 6yao docums danexo, ujoo
ModicHa 6y10 po3eaaHymu iioeo koumypu. byio mireku
BUOHO, W0 YEHMPAAbHA YACIUHA 204081 KOMemU, de
Micmumbcst 20po Komemu, 0yaa Halisckpaegiworo. Li
nepedaui nokazaau diezdamuicmo ycici anapamypu i
daau 3moe2y ubpamu HaUONMUMANLHIWULL PelCUM PO-
bomu eciei anapamypu.

Ane ocb Hacmag eupiulanbHull MOMeHm, Koau Koc-
MIMHULL anapam-nepuonpoxionux yeiiuios ycepeoury
eonoeu komemu lannes, i iioeo npusadu ecmynuau y
be3nocepedHuiii KOHMAKm 3 KOMEMHOI DPe408UHOI0,
a OocHosHa acmpokamepa 3 (QOKYCHOW 8I0CMAaHHIO
120 cm nouana gpomoepagysamu eHympiwiHi yacmutu
20108U KoMemu, nepedysarouu 6e3nocepeonbo 6 camiil
2a30-nuUn08il ammocghepi Komemu.

P. Bect: 3ycmpiu «/[scommo» 3 Komemor mpam-
CAI08ANACA NO MeAeOaUeHHIO HA 8eAUuYe3HY ayOumopito,
aKa Haaivyeana 3a npubauznumu ouinkamu 500 man
40108iK, w0 Oysac ekpail pioko, Hagimo K0 Opamu
do yeaeu Halleaxdcaugiuti cnopmueHi abo noaimu4Hi
nodii. lysce pidko mMoxcHa 3Haimu HACMIiNbKU WUPO-
Ky ygazy mogapucmea 00 cy4acHoi Hayku. Sk minvku
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Ha meneeKpaHax Cnaraxuyau 300pajceHHs KoMemu,
MIAbIUOHU Meneans10a4ie HapieHi 3 po3poOHUKAMU NPO-
EKMY MAAU MOMICAUBICIb CHOCMepieamu ye 8Udosule.
Adoxce cmasunocs 3a60aHHS, €KGI8ANECHMHE MOICAU-
gocmi ompumamu 8UpasHi 3HIMKU 00auu4s niroma
aimaka «Konkopo», wjo Muumso 3i HA038YK08010 W8U0-
Kicmrwo Ha eucomi 30 mempig! 306padicenHs Komemu
Haoxoouau i 06poOASAUC NOMYICHUM KOMN HOMEPOM.
Hezabapom cmano modcaugum cnocmepediceHts mem-
H020 A0pa Ha SACKpAgoMy mai HABKOAUWHbLORO 2a3)
it nuny. Iun cxonyenmpysascs y 8y3vKux 0xicemax
(cmpymeHsx), w0 GUPUBAAUCS 3 NEGHUX MOUOK NO-
6epxHi sA0pa. 3a 0aHuMU HA3EMHUX CHOCEPedCceHb )
OHi neped 3ycmpiuuro anapama 3 Komemor 0ya10 u-
CA081eHe NPUNYWeHHs NPO NOMIPHY AKMUGHICIb A0Da.
1 6ce arc 6ecw ceim cmae ceidkom moeo, sk «xcommo»
VBIiui08 npamo 6 cmpyminb 4acmuHok nuay 3a 15 c
00 6020 MiHIMAAbHOCO 30aUdNCEHHS 3 I0poM. Anapam
ompumas yoap 6eAuKor YACMUHKOI [ No4ae Koau-
eamucs. Xoua padiokonmakm 0ye Ha KOPOMKUIl yac
ympauenuii, i Kamepa npununuaa QyHKuioHysamu,
nputiom Hezabapom 0ye eioHoenenull. Beauka wacmu-
HA eKCnepuMeHmanbHo20 Mamepiany 3a6epulansbHoi
¢aszu noavomy do komemu 6ynra 36epedxceHa 3a605KU
epekmueHum dism ¢haxieyie 3 ynpaeninns KA.
Hacamneped moit chakm, wo 20po € cyyinbhum mi-
A0OM HenpasuavHoi gopmu (pauiwie npunyckanu, ujo
B80HO NPUOAU3HO ChepudHO-cUMempUYHe) po3Mipamu
0auzvko 14x8 km, cxoxnce Ha kapmonaury. Hopo eus-
gunocs memHiwum, Hixe nepedbauanocs. Hoeo anvbedo
CMaHosUmMb ycv020 61uU3bko 5 eidcomkis. Temnepamy-
pa s0pa, UMIpAHA 34 iHppa1epeoHUM GUNPOMIHIOBAH -
Ham, cmanosums 300...400 K, wio nepesuuiye memne-
pamypy cyoaimauii 6001020 1600y (bausvko 200 K).
3sidcu 6uNAUBAE BUCHOBOK, W0 NOBEPXHS 0pA BKPU-
ma MOHKUM i301108AAbHUM WAPOM MEMHOI, NopuUcmoi,
MyeonaasKkoi pevosutl, Hao AKUM € CYyMiul 600HO20
4600y (6auzvko 80 %), nuay i pizHUX OAMbKIECLKUX
monexyn (1 COZ’ NH;ma CH ). Busnaueno nepioo obep-
manHs 20pa komemu, wo dopienroe 52.9 eodunu. He-
cnodieanum 0y10 GUABNCHHS 8eAUKOI KiNbKOCMI i0HI6
gyeneyro i gidcymuicmo ionie azomy. Yacmunxu nuny
eazoro 6id 10717 2pamie 0o wacmok epama ckaadaromeo-
¢ 3 baeamvox enemeHmie i peecmpyromucs Ha 6i0-
cmansx 300 muc. km 6i0 sdpa. Busnaueno weuokocmi
NpoOYKY8aHHs 2azy Ui NUNY, pieHi, 8i0N0BIOHO, OAU3BKO
15 mounn 3a cexkyndy ma 3—5 moHH 3a ceKyHdy, uwio
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0ano 3mM02y OYiHUMU HaC HCUMMs KoMemu, KUl 3a-
aumuecs, — oauzvko 150 muc. pokis. Beauka wacmu-
Ha nuAy Ui 2asy eudingemuvcs 3 OUCKPemHUX 0xcepen Ha
noeepxti saopa.

Bueueno 63aemodito naaszmu consunoeo eimpy 3 io-
Hocgheporo Komemu i 8usieAeHO GpoHm yOapHoi xeuni
Ha eidcmani 6au3vko 1 Man km 8i0 s0pa Komemu, a
makoxc KOHMAKMHY NOGEPXHIO HA GIOCMAHi OAU3bKO
4 muc. km, 0e memnepamypa ioHi@ 3HUICYEMbCS 8i0
2600 do 340 K.

byno eumipsano maenimue none Kkomemu, uio 0opis-
Hroe 5...8 Hanomecaa (3a mexcamu @GpoHmy yoapHoi
xeuni) ma 75...80 nanomecaa npu Haiibinbuiomy 30.4u-
JHCEHHI 3 KOMEMOH.

Yes ua 6aeama ingopmauin 3apaz obpobasiemovcs
ma susuaemcs 3 mum, wiob 30amu i’ y ceoepionuii ap-
xie, a KA «Beea» ma «/[ocommo», npodosicyrouu ceiii
noaim, yeKaomv 0anbux KOMaHo 3i 3emai.

Y naw uac, uepes pix nicas 3ycmpiui 3 Kkomemoro,
KOAU 80HA WBUOKO gidnimac 6 danreKuil npocmip, yci
0e3 CyMHIgY 32I0HI, W0 MINCHAPOOHEe CNniePOOIMHUUMBO
mano eeaudesnutl ycnix. TicHi KoHmakmu Ha 3ycmpi-
Yax i cneyianbHo po3pobaeni Kanalu 36°13Ky 003604U-
AU WBUOKO 00MIHI06AMUCS THGHOPMAUIED 3 KOPUCTMIO
0ns 3aeanvHoi cnpasu. 3’s16unracs Moxcaugicmo 30inb-
wumu Haykogy 8i0oauy KinbKox eKxcnepumeHmie 3a-
B0SKU 3HAHHAM, OMPUMAHUM THUUMU O00CAIOHUKAMU
3 iHWo20 anapama Kinvkoma OHAMuU pariuie. Mixcna-
POOHe CRigpOOIMHUUMEO HAOAN0 MONUCAUBICIb VHEHUM
i cneyianicmam Kpauwje 83Hamu 00He 00HO20 I, WO He
MeHUWl 8ajicAugo, CMOPOHU, 5KI CHIGNpaulooms, Ho-
BUHHI OyAU 3enadumu «2ocmpi Kymu» 04 00CSAeHeHHs
ehekmueHoe0 pesyavmamy.

4. IEPCIIEKTMBA MIXXHAPOJIHOT CITIBITPALII
B T'ATY3I KOCMIYHUX JOCIIIZKEHD

Ha naBko103eMHUX OpOiTax Terep BUKOHYE Pi3HO-
MaHIiTHi 3aBIlaHHS BeJIMYe3Ha KiJIbKiCTb CYMyTHUKIB,
MiJIOTOBaHUX Ta aBTOMAaTUYHUX cTaHLiil. CymyTHU-
KU 3B’SI3Ky 3a0e3MeuyoTh poOOTy TUCSY TeaedOH-
HUX 1 TeJeBi3iMHUX KaHaliB; METEOCYNYTHUKMU Tie-
pelarTb HeCKiHUYEHHUH TTOTiK JOKJIaJHUX 3HIMKIiB,
1110 1aI0Th 3MOTY IlepeadadaTv MOoroay TOUHIIIe, HixK
padiie. IHIII CYyMYTHUKM BMBYAIOTh OKEAHU i KOH-
TUHEHTH, 3a0e3Ieuylouu Mpu 1bOMY IPUTOJIOM-
LIJMBY KiJIbKiCTh TOTPiOHO1 iHdopMalii Bix KapT
reoJIOMiUHMX PecypciB 0 KapT arpokyJbTyp, Bil

106

KapT 3pOCTalOUMX MICT 10 KapT OKEaHChKUX TeYdiid
1 30cepemKeHb JbOIIB y MopsX. JlesKi cynyTHUKU
CJIy>KaTh HaBIrallifHUM LUJISIM i JO3BOJISIIOTH BU3HA-
YUTU PO3MIILIEHHST 00’ €KTIB 3 TOYHICTIO A0 KiJIbKOX
METpiB y OyIb-sIKMii 4yac, y Oynb-sKili TOYLi MO-
BepxHi 3emJti. OHa 3 TaKMX HaBiraliiHUX CUCTEM
BXKE JOMOMOIJIa BPSATYBAaTU KiJbKa JIIOJCHKUX XKUT-
TiB, YJOBJIIOIOYM i PETPAHCIIOIOYM CUTHAIW JIMXa
3 KopaOJiiB, JIiTakiB i HaBiTh HEeBHAJNOI eKCHEAUIIil
3 JboioBOTO 1uTa Ipennanaii. Takox € actpodi-
3WYHI CYITyTHUKH, SIKi JOMIOMAaraloTh BUBYUTU Pi3-
HoMaHiTHI 00’ekT Beecsirty. 3 king 1960-x pokis
MoYaJy PO3BUBATUCS OOCIHIIKEHHS 3 KOCMiIUHOIO
MaTrepiasio3HABCTBA, 11O Nalyd 3MOTry 3pOOUTU BU-
CHOBKHM TIPO MOXKJIMBOCTI Ta MepeBaru BUKOHAHHS
B KOCMOCI TEXHOJIOTIYHUX POOIT SIK Oe3MmocepeIHbO
JIIOAMHOIO, TaK i 3a JOITOMOTOIO aBTOMATIB.

SlcHo, 1m0 OyJo OM HEMOXJIMBO ITOOYIyBaTH,
BUBECTU Ha OpOITY BCi 1Ii CYMyTHUKMU Ta KepyBaTU
HUMHU 0€3 IIMPOKOI MiXKHAPOIHOI CITiBIIpalli i KO-
opauHaii giii. Xoua 06arato 3 HUX OyJIMd BiZHOCHO
HEIOBrOBIiYHUMU, CTaJd MOTPIOHMMM MiXHApPOOHI
YTOU MPO BUKOPUCTAHHS KaHaJIiB 3B’SI3KY B OKpe-
MHUX Jialla30Hax eJIeKTPOMAarHiTHOIO Aiama3oHy ¢
peryioBaHHS 3arpo3JMBOrO CKYMUEHHSI CyMyTHM-
KiB Ha TEOCMHXPOHHUX OpOiTax.

3i 30iMbLIEHHSIM KiJIBKOCTI KpaiH, SIKi po3Mo4u-
HalOTh KOCMiUHI JOCHIIKEHHS i pO3ropTaioTh CBOL
BJIACHI IIpOrpaMM, AOCBil Yy KOCMIYHiii TE€XHOJIOTIi
BXe He € MPUBiJICEM KiIbKOX HapomiB. [eski Kpa-
iHM, Ha OOIIOBHEHHS OO0 OBOX MEPIINX KOCMIYHUX
JiepKaB, Terep MalTh y CBOEMY PO3MOPSIKEHHI
o0JlalHaHHS J1s1 3aITycKy pakeT, a €EKA po3poousio
JNIOCUTh BEJIMKY KOCMiuHy mporpamy. KocmoHaBTu
Ta acTpOHABTU 0OaraThbOX HaIliOHAJTBHOCTEW 3Miii-
CHWIM MOJbOTU abo Ha OopTy cTaHuiil «CaoT»,
a0bo Ha KocMiuHuX Kopabisix «Creric IlaTTia». 360-
pu KOCIIAP 3pocnu 3a cBoiMM MaciITabaMu Tak,
II0 BOHM BiZOyBalOThCS Yepe3 piK i TPUBAIOTH I10
nBa TvkHi. HaBpsin un 3HaineThes raxy3b HayKu, Ha
SIKY O TUM UM iHIIUM YMHOM He BILUTMHYJM KOCMiYHi
nocaimkeHHs. KpiM Toro, mBUaKO 3pocTae KoMep-
LilfHa 3alliKaBJICHICTh IIOA0 KOCMOCY.

VYce 1ie Hakiaga€e CBil BiZOMTOK Ha IPOTHO3Y-
BaHHS MalOyTHHOI MMPHOI CHiBIpalli B KOCMOCI,
siIKa BCTYIUTh Y CBOIO BUIILY (ha3y, SIKIIO, 3BUYAITHO,
MPUIYCTUTH, 1110 HE TPAIIUTHCS HiSIKMX III00AIbHUX
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KaracTpod. 3 LbOro IOMISAY BaXJIMBE MiCle IT0-
ciJae MOMITUYHUI KIiMaT Ha IUIAaHEeTi i MparHeHH:
JIIoJIeil He JOTYCTUTU MOIIMPEHHS TOHKU 030pOEHD
Ha KOCMOC.

Unenn IACG, ycBimoMuMBIIM TIIepeBarv, 1o
BUHUKAIOTh Y pe3yJIbTarTi TiCHOI criBIpali i edek-
TUBHOTO OOMiHYy iH(OpMalli€l0, BUCIOBUIU 3roay
MPOIOBXKUTH CITIJIbHY po0oTy i micis 1986 poky. Ha
6-x 300pax IACG, o BinGysaucs B mucromnani 1986
poky B M. Ilamyi (ITanist), Oyau opraHizoBaHi Tpu
po0Ooui rpynu (3i COHIYHO-3eMHOI (Di3MKHM, TIJIaHET i
Masinx Tij1 COHSTYHUIA CUCTEMU Ta pagioaCTPOHOMIi)
3 METOIO IMiITOTOBKY MaiiOyTHiX CIiJIbLHUX [TPOTpaM.
JlocmimKkeHHSs 31 COHSTYHO-3eMHOI (Pi3uKM, 1110 iX Be-
JIyTh YOTUPU KOCMIiUHi areHTCTBa, CTalOTh MpeaMe-
TOM HAWTICHIILIMX B3aEMHMUX YTOJ, i JOMOBJICHOCTEH:
OyJ10 3ar1aHoBaHO 10 1995 poky 3aiiicCHUTH MoHAa
10 zamyckiB KA 3 MeTor0 BCceOiUHOIO BMBYEHHS
CoH1Isl, COHSIYHOTIO BITPY i IOTO BIUIMBY Ha HaBKO-
JIO3eMHUI KOCMIiYHMI 1pocTip. Opi€eHTOBHUIA Tie-
peJliK LIMX IIPOEKTIB HaBeIeHO B Ta0. 3.

30upatoun Matepiasn HanpukiHui 1980-x po-
KiB, s mucaB: «Ha ocanv, Ha KinbKicmb 3aNAAHOBAHUX
KOCMIMHUX NPOEKMIB, V AKUX 8ANCAUBY POAb 8idsede-
HO MIJCHAPOOHIIl cnignpayi, ceplio3Ho enAUHYMb 3a-
MPUMKU, NO8’A3aHi 3i CYMACHUM CMAHOM CNpPas w000
3anycky pakem-nociie (PH). 3a mpaeiunoro empamoro
aMepUKancbkoeo Kopabas 6azamopasnsoeo Kopucmy-
eanus «Yennenoxncepy» 28 ciuna 1986 poky 6yau ue-
edaii 3anycku pakem, cnouamky «Tumana», a nomim
«Jeavmuy. Y aunni 1986 poky eupiwuiu, wo 3 oens-
0y Ha besznexy «Ilammau» He nogunni mamu Ha 60p-
my PH «llenmasp», nompiOHy 045 3anycKy 6aiCKux
KOCMIYHUX anapamieé Ha MIICNAAGHEMHI mpPaexmopii.
Xoua 32000m ycniuiHo 6y 30ilicHeHuUll 3anycK pakemu
«/leabma», sAcHo, w0 peanizauilo KinbKox KOCMIMHUX
npoepam, yice eomosux abo maidice 20mogux, 0oge-
dembcs gidKkaacmu Ha 06a poKu.

3okpema, Kocmiunuii meseckon im. lTaboaa, 2.4-m
Jugpakyiiinuii meneckon, nooydosanuii HACA, 3a
15 % ynacmi €KA, ne byoe sanywenuii do 1988 poky.
[lepebysarouu Ha opbimi, maxkuii meneckon 0acmo
3Mo2y cnocmepieamu giddaneHiui 06’ ekmu Bcecsimy,
AK NOpIGHAMU 3 HAABHUMU HA3EMHUMU MeAecKona-
MU, a makoxc 0yoe 30amuuil eecmu NOULYK NAGHEM
nobauzy Haubauxcuux 3ip. 3ampumxa 3i 3anycKom
CMBOPHE NPodAEMU CIOCOBHO 00CAY208Y8aAHHA Oyice
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CKAAOHOI anapamypu, a maxKoic YMpUMAaHHs 6Cb020
nepcoHany pazom, He Kaxcyuu 8xce npo 000amkogi
acuenysauns. Inuty cninony HACA / €KA npoepamy
«Yaice», 3a akow 3ycmpiu 3 IOnimepom 6yde euko-
pucmana Ak epagimayiiina npawa oas noAbomy Hao
noarocamu Conys, mumuacoso 3aKkoncepeosarno. Koau
yeii anapam Hapewimi nosemums, mo 3ab6e3nevums
Hac 8axcaueoio iHgopmauieo npo BUCOKOUUPOMHI
ABUWA COHAYHOI ammocghepu, a makodic npo eaacmu-
ocmi KoporanvHoi naazmu. Ileped 3axioHoHimeybKUM
cynymuukom ROSAT nocmaroms maki dc npobaemu.
Lleil senemencokuil cynymHuk, npusHaveHuil 01s eu-
8ueHHA X-8UNPOMIHIOBAHHA, NAAHYBANOCA 3ANYCMU-
mu y keimui 1988 poky na 6opmy «Illlammaa» ons
ompumanusa kapmu Heba 6 X-diana3oni 3 doci He do-
cs1eHymoro po3dinbroro 30amuicmro. A micis HACA do
IOnimepa nio nazeoro «lanineil» mae menep wexkamu
do 1991 poky abo nagims do 1993 poky, koau 8iokpu-
embcs Hoga Mmodcaugicms 3anycky. lleil kocmiunuil
Kopabenv guiide Ha opbimy eesemeHcbKoi naanemu i
doknaduo eusyums cynymuuku FOnimepa. Ocobauso
uikasum € lo 3i ceoimu dirouumu gyakanamu i 3a2a0ko-
6a €spona, MOXCAUBO, NOKPUMA 3AMEP3AUM OKEAHOM.

He nopywyiomocss mepminu nposedenHs CRIiNbHOI
EKA/HACA npoepamu noavomy do Camypua «Kacci-
Hi» 3 damor npobHo2o 3anycky 6auzvko 1994 poky i
docsieHen s 0KoAUulYb naanemu uepes 6-7 pokie. O0un 3
i exchepumenmie nepeddbauae 8i0OKpemMAeHHs Hegeal-
K020 30H0a [ CNYCK 11020 KPi3b WiAbHI XMAPU ammocpe-
DU HA NOBEPXHIO HALIOINbLUIORO CYNYMHUKA NAGHEMU —
Tumana, na axomy moxcyms 6ymu okeauu pidKoeo
Memany abo emany.

€KA makooic mae 6aeamo npobaem nicas 060x He-
6danux 3anyckie paxem-Hociie «Apian» y 1986 poui.
Bsaxcaemucs, wio uepes ye UHUKHE 3aMPUMKA 3aNyC-
KY KL1bKOX KOCMIYHUX Kopabaie» [23].

VY T0i1 yac orepaTUBHUMU MOKJIMBOCTSIMU 3aITyC-
Ky HayKoBHUX cymyTHUKIiB Bosoainu CPCP, CIIIA,
KHP, Ingia ta Anonist. Paketu-nocii KHP Tinbku
3’SIBUJIMCSI HA CBITOBOMY KOMEPLIIAHOMY PUHKY.

Lleit THMUYacoBuii ciaa He BIUIMHYB Ha IUIaHYyBaH-
HSI MalOyTHBOI KOCMIiYHOI HisSZIBHOCTI B 3aximHuMiA
€spori i CHIA. €KA 3aBepiiniio 1oBroTpuBaie ao-
cIimKeHHs, BimoMe 1ig Ha3Boto «[opu3oHT 2000 p.»,
B SIKOMY Tlepe0adaarcsi YOTUPU FOJOBHUX KOCMiy-
HUX MMPOEKTH, TaK 3BaHi «HAPiXKHI KAMEHI KOCMIYHOL
nisutbHOCTI» 3axigHoi €Bponu. Bxe toni €KA BBa-

107



A. C. Auxie

Tabauys 3. KocmivHi npoekTH i mporpamMu
3i COHsIYHO-3eMHOi (i3uku, 3annanoBani Ha 1989—1994 pp.

3ariaHo-
Ha3sBa npoekTty ATEHTCTBO BaHMI1 piK
3amycky KA
«Ynice» (ULYSSES) EKA, HACA 1989
«Exo/l» (Exos D) IKAH 1989
«Iatep6oa» (INTERBOL) | IHTepkocmoc 1990
«lOape»(UARS) HACA 1991
«Consip A» (SOLAR A) IKAT 1991
«Kppec» (CRRES) HACA 1992
«Teoteitn» (GEOTAIL) IKAH 1992
«Bing» (WIND) HACA 1992
«[onsap» (POLAR) HACA 1993
«Penixt» (RELICT?2) IHTepkocmoc 1994
«Kiactep» (CLUSTER) €KA, Iatep- 1994
kocmoc, HACA

KaJIo, 10 «XoYa YOMUupu HAapidscHUX KameHi 0ydymo
30ydoseani 6 €eponi, ceoecuacHa KOOpOUHAUis 3YCUNb
3 iHwWumu acenmemeamu Oyde dyxuce KopucHorw». lle,
30KpeMa, CTOCYBaJIOCs 3rajaHoi BUILE MporpaMu 3i
COHSTYHO-3eMHUX 3B’SI3KiB, a TaKOX OO IIPOEKTY 3
TeTePOOUHHOI CIIEKTPOCKOITl BMCOKOI IPOITYCKHOL
PO3IUIBHOCTI, SIKMI MOXe CTaTH IMOIepeHNKOM Be-
JIMKUX OpOiTaibHUX pedIeKTOpPiB /151 iXHbOTO BUKO-
PUCTaHHS Y KOCMIUHUX PaJiofoCTiIxKeHHSIX (TIpe-
meT obroBopeHb HACA i1 InTepkocMocy).

Y cBoiX apXiBHMX MaTepiajiax s1 3HaMIIIOB TaKi 3a-
nucu: «Haiiyikasiwi naanu Hamimuaucs y cnienpaui
EKA i HACA 6 pamkax npoekmy ujo0o 3ycmpiui 3 00-
Hi€to i3 Komem, sAKuUll, cKopiul 3a éce, Oyde n02iYHUM
Npo00BICEHHAM YCRIUHOI npoepamu 00CAiONCeHb KO-
memu lannes. Ilepedbauaecmocs 3anycmumu 0yice
cknaduuil KAy 1995— 1997 pp. 0o nepioduunoi kome-
mu, NOKU W0 ue KOHKPemHo He 00paHoi. 3ycmpiy 3 Ko-
moomo Koau 6oHa 6yde NACUBHON, WO NOMPIOHO 05
smenutenns nebeznexku 0ii Ha KA Haskoauwmix uac-
mok nuny. Ilicas 3aeucanus Had KoMemHUM 10pOM, 34
0onomoeor JucmaHuyiiinoeo KepysanHs i3 3emai 6yoe
B8UOPAHO 3PYYHULI MAUOAHYUK, | NOCAOKOBUL CIMYNIHb
M’aKo onycmumucs Ha Hei. Skum wunom anapam 3po-
Oumb NOCaoKy Ha HUMOGIPHO NOKPUMULL 1b00OM A00 CHi-
20M nogepxHesull uap 10pa 3a eiocymuocmi epagima-
yii — ye we numanus. Ilepebysarouu exce Ha nogepxHi
Komemu, anapam 8izeme 3pa3ku K 0e3nocepedHso 3
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noeepxti, max i 3 1-3-mempoeoi eaubunu s0pa. 3pas-
Ku 0y0ymb eepMemu4HO 3aneyamari Npu HU3ZLKILL
memnepamypi i noKaadeHi y epxHili cMmyninb nocao-
K06020 Modyas. Lleii modyas cmapmye 3 Kkomemu i 0o-
csieHe 3emni uepe3 dea poku, de nio uac eanbMy8aHHs
8 ammocghepi Oyode nepexonaenuil exinaxcem «Illlamm-
aa». Hapewmi koumeiinep 3 KOMemHOI PeY0BUHOIO,
6ce uje 6 3amMopoJIceHOMy cmati, 6yde docmagrenuii y
3eMHi aabopamopii i enepuie CNPABICHIN MiNC30PAHULL
Mamepian cmane MOJICAUBUM BUBUAMU Oe3N0CePeOHbO
Ha 3emai. Moycha minvku mpismu npo 3axXonauei pe-
3yabmamu 00CAi0NceHd, KT 6Y0ymb OMPUMAHI 6 nepuli
POKU HACMYNHO020 MUCAHOAIMMS».

S BigoMO, Takuii IIPOEKT OYyI0 3milicCHEeHO!
Kocmiunmit anmapar «Pozerra», 3anymenuii €KA
2 oepesnst 2004 poky, mociaiguB Komety YyproMo-
Ba — [epacuMeHKo, sIKy OYyJ10 BiAKpUTO 23 >KOBTHS
1969 poky BimomMmmu actpoHoMamu Kimmom Yy-
pioMoBuM i CaiTiaHow Iepacumenko. Kocmiunmii
arnapat ckjanaBcs 3 IBOX YaCTHH: 30H1a «Po3eTra»
JIJISI BUXOZy Ha OpOiTY KOMETU Ta CITyCKHOI'O MOJIY-
s «@inn», kit 12 mucronaga 2014 p. 3ailicHUB
M’SIKy TIOCaIKy Ha IOoBepxHIo 1i siapa [2, 3, 13]. L
KocMivHa Mmicist 3aBepimiacs 30 BepecHst 2016 p.

[ToBepTatourch 10 OOrOBOPEHHSI MiXXHapOAHOI
CHiBIpalli B Tajly3i IMUIOTOBAHUX KOCMIYHMX IO-
JILOTIB y Ti pOKM, CJIiJl BiA3HAYMTH, 1110 OyJIO BUCY-
HYTO KiJIbKa HailikaBimux ineit. JlonenasHa CIIIA
i CPCP #iium pisHUMU LUISIXaMHU PO3BUTKY CBOIX
miJloTroBaHUX KocMiuHux mporpam. Tomi sk CILIA
BUTpavaay 0araTo CUJj Ha CTBOPEHHS TPAHCIIOPTHOL
cucTeMH, Ky/JIbMiHalli€Io SIKOI cTaB Kopabesb Oara-
Topa3oBoro KopuctyBaHHs «Crneiic [llarto», CPCP
MPOCYHYBCS BIEpe y Taay3i KOHCTPYIOBAHHS J10B-
TOTPUBAJINX KOCMIUYHMX cTaHIiil. PpaHIIis 3armia-
HyBaJla MOOyIyBaTW HEBEJMKUI YOBHMKOBUM KO-
pabenb «Iepmecy, akuit Oyae BUBOAUTHCS HA OPOITY
pakeToro «ApiaH». €EKA i geski KpaiHu 3axigHoi €B-
pOIY AOMOBWJINUCS TIPO MiATPUMKY MPOEKTY, SKUI
yIepiie OacTb IM MOXJIMBICTH 3miliCHIOBAaTH CBOI
BJIaCHI TiJIOTOBaHi momboty. Bim 1971 mo 1986 pp.
CPCP BunpobyBaB HOBi TEXHOJIOTiUHI MOXKJIMBOC-
Ti y po30ynoBi Ta pyHkiionyBaHHi OKC «CanoT».
CIIA He ManM TaKoro AOCBIiLy i IIpUETHAINCS 10
¢iHaHcyBaHHS HOBOT 10BroctpokoBoi OKC «Mup».
3amnymeHa B moromy 1986 poky, OKC «Mup» cra-
Jla OCTaHHIM MacIITaOHUM KOCMIYHUM IIPOEKTOM
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toximHboro CPCP. Mawuu 1IicTh CTMKYBaJIbHUX
BY3J1iB, BOHA CTaJjla LIEHTPaJbHOIO YACTMHOIO CTalli-
OHApHOT0 KOMIUIEKCY 3i crieliali3oBaHUMU MOJY-
JIIMM HAayKOBOTO i HApOJHOIOCMOJAPChKOTO TpH-
s3HauyeHHs, a CIIA 3gifichmim 11 monwotiB «Crieiic
[arTniB» o «Mupy» Bxe y 1994—1996 p. dakrny-
HO 1I€ CTajJ0 MPOTOTUIIOM MaiOyTHHOTO JOBTOTPU-
Bajioro criBpooiTHuuTBa Mixk CIIIA, €KA, KaHa-
noto, Anonieto, Pocieto i bpasuniero 3 OyniBHULITBA
Ha opOiTi y 1998 p. Ta noganbIoro pyHKIiOHyBaH-
Hs1 MiXHapoaHOI KOCMIYHOI CTaHIIii, Y IIpOBEACH-
Hi HayKOBMX Ta HAYKOBO-TEXHOJOTIYHUX €KCIIepU-
MEHTIB, Ha $Kiil TaKOX ILIaHyBajla OpaTu y4acThb
VYkpaina [10, 20]. [TnaHyBanoch, 1110 BaxkJIMBOIO Me-
toro MKC € 3abe3ne4eHHsI TpaHCIIOPTYBaHHS, 00-
CJIyTOBYBaHHSI i BUKOPUCTAHHS SIK MPOMIXKHOI Op-
OiTasibHOI 0a3u 3eMJIIH U1 MOXJIMBUX MaOyTHIX
MoJIbOTiB Ha Micsiib, Mapc Ta acTepoinu.

Y ony6nikoBaHiit HanmpukiHLi 1980-x pokiB mo-
nosigi HamionaasHoro komirery CIIIA 3 kocmocy
OyJ10 HaBeJEHO TMepCHeKTUBU OOCITiIKEHb JIIOIU-
Hoo Micsaus it Mapca, 3riZHO 3 SKOIO IOCTIilHi
HacesieHi 0a3u Morau 6u ¢yHkuionysatu ao 2017
poky Ha Micsui i 1o 2027 poky Ha Mapci. € ogHo-
cTaliHa AyMKa, 110 eKCNeaulil JioguHu Ha Micsub
i Mapc OynyTh HACTIJIbKU CKJIaIHUMU W JOPOTUMU,
110 MiXHapoAHE CIIiBPOOITHMULITBO CTaHE HEO00-
XiIHICTIO, X04Ya i He 00OB’SI3KOBOIO YMOBOIO iXHBOI
peamizamii. BBaxaeTbcsi, IO TexHiKa, MNOTpiOHA
IIJIsI CTBOPEHHSI 3aceyieHol 60a3u Ha Micswi, He 11o-
TpeOye pO3POOJEHHSI SIKUXOCh BaKJIMBUX HOBHUX
KOHIIEIIiii, a mpobjeMa roJJOBHUM YMHOM IOJIsI-
ra€ y TpuBaJloMy 3a0e3IedyeHHi JI0JChKUMU 1 ¢i-
HAHCOBUMMM pecypcamu. | KO 3a3UPHYTU TPOXHU
BIEPEI, TO MOXHA BIIEBHEHO CKa3aTH, 1110 MOJbOTH
KOCMOHaBTIiB Ha Micsip i Mapc OynyTb 3ailicHeH-
Hi, X04a JOCBiI TpUBaJIOTo nepedyBaHHS JIIOAei Ha
opOiTi 3emili mokKa3aB, 110 CHIill PETeJbHO CTEXUTH
3a BIUIMBOM KOCMiYHUX (baKTOPiB Ha 310pOB’s €Ki-
naxis. JIBopiuHuMi1 mosiT Ha Mapc i Hazaa mingacTb
iX BIUIMBY BUCOKMX J03 pafiallii, 10 MPUXOAUTh
pa3oM 3i COHSTYHUM BITPOM i 3 TJIMOOKOro KOCMO-
cy. Leit pu3uK Moxe Bcepito3 30iIbIIyBaTUCS Y TIe-
pioay BUCOKOI COHSIYHOI aKTUBHOCTI. ToMy HijIKoM
IMOBIpHO, III0 MiJIOTOBAaHMM MOJbOTaM Ha Mapc
OyayTb MepeayBaTu MOJbOTU aBTOMATUYHUX CTaH-
il i3 Bcroguxomamu i pobotamu Ha Oopty. O6ro-
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BOPIOIOYM MiXXKHAPOIHE CIIBPOOITHUIITBO B Taly3i
KOCMIYHUX JTOCTiIKeHb, HE CJIiJ1 3a0yBaTH PO OTHY
IXHI0O 0COOJMBICTh. SIK i B IHIIMX Taly3sX HayKH,
KOCMIiUHi JOCHIIKEHHSI HacaMIleped BUTIOHI TUM
JepXkaBaMm, SIKi BXXe OCSTJIA BarOMUX pe3yJIbTaTiB
y wiii ramysi. Yepes myxe BeIUKY IXHIO CKIIaIHICTh
Ta PECYpOCOEMHICTb BOHM HE MOXYTb BIIEBHEHO
IJlaHyBaTuCsl OaraTbMa MEHIII €KOHOMIYHO pO3-
BUHEHUMHU KpaiHamu. Take CTaHOBUIE pPETEIbHO
BUBYAJIOCS i obrosoproBajiocs y 1982 poili Ha KOH-
depennii OOH «IOHicnelic» Ta misHime y 1984 ta
1986 pokax Ha 1uieHapHux 3acimaHHsx KOCIIAP.
3a3Hayvajocs, 10 HalKpallui IUISIX JIEXKUTh Yyepe3
iHTeHcU(iKallilo 0OMiHy OKpeMUMU BUYCHUMMU i Ha-
YKOBOIO iH(popMali€to. BaxinBo ycBigoMuTH, 110
y4acTb y KOCMiYHUX TOCTIIXKEHHSIX MOXE MPUHECTU
BUTOJly KOXHil KpaiHi. [TojiniueHuit pagio3s’si30k
abo cKJIaJaHHs KapT CiIbCbKOTOCHOAAPChKUX 1 Mi-
HepaJIbHUX PeCypcCiB € MpUKIagaMu 0e3rocepeaHix
Buron. BomHoyac KOCMiYHI JOCTIAXEHHS € BaX-
JIUBUM CTUMYJIOM PO3BUTKY HayKOBO-TEXHIYHOIO
MOTEHIlialy 3arajioM, 30KpeMa B TaKUX rajty3sx, sK
eJIEKTPOHiKa Ta 00UMCIIOBajbHA TEXHiKa.
JlocimkeHHSI KOCMOCY €, 3BUYaiiHO, TUIbKK Yac-
TUHOIO HayK!, i M1 a0COJIIOTHO BIIEBHEHI, 1110 TAKOIO
2K MipOIO IPY>KHE i B3AEMOBUTIIHE CITIBPOOITHUIITBO,
sIKE HEe 3HAa€ KOPJIOHIB, MOXKHA 3HAWTH i B iHILIUX 11a-
pUHaX MPUPOIO3HABCTBA. «SJK nokazae HedasHiti 0o-
cgid 3 komemoro laanes, — nucas sy 1987 poui, —
menep Hebaeamo iHWUX eany3ell HayKu Marome maxKuil
npamuil 6naué Ha ysasy ecix arodeii. I skuo Bu € ceio-
Kamu naioHoi, icmuHHO MINCHapoOHOi cnignpayi mam,
Haeopi, 6 Kocmoci, xiba Bu He giduysacme 6 cobi ba-
JCAHHs 3HAUMU ChinbHy Moy [ mym, Ha 3emai?». Ha
Kallb, «HE TaK CTajocsl, sIK rajaaaocsi». ArpecuBHa
nojituka Pociiicbkoi Denepartii y 2014 p. 3 okyna-
it KpuMy Ta okpeMux TepUTOpii Ha CXOMli YKpaiHH,
PO3B’sI3aHHSI TIOBHOMAILITA0OHOI BiiiHU MPOTU HAIIO1
nepxasu 24 motoro 2022 pokKy 3HAYHO 3MiHWJIN
MEepCHeKTUBY MUPHOIO OCBOEHHSI KOCMOCY. YKpa-
iHa MOBHICTIO MPUMMHWJIA CHiBIpaLio 3 pd y Liid
ranysi, a CIIIA Ta kpainu 3axomy BHECIU CYTTEBi
3MiHHU II0JI0 MOXJIMBOCTI TaKOl CITiBITpaLli, 30KpeMa
(yHkuionyBaHHs1 MiXHapoaHOT KOCMIYHOI CTaH-
11i1 Ta BUKOHAHHS 3aIlJTAHOBAHUX PAHIIIlEe CTITbHUX
MPOEKTIB 3 IociimkeHHsT BcecBiTy. A Ha 3BepHEH-
Hs1 HauionanbHoro komitery Ykpainu B KOCITAP

109



A. C. Auxie

y 2022 potii 1151 opraHizauis ¢bakTUYHO TpUMMHUIA Asmop eucnoenioe wupy noosky K. ¢h.-m. H.
CHIBIpAaLIO 3 POCIMCHKUMU ypsinoBUMHM ycTaHoBamu. | JI. M. Ceauiii 3a pedakmopcoky donomoey y hideomos-
¥V Bce, 1110 cTaniocst, BaxXko noBiputu y XXI cronitri, | yi cmammi do dpyky ma 0. ¢p.-m. n. I. b. Basunogiii 3a
a repea0aYnMT HACIIIIKY 1IIe BaxKde. KopucHi nopaou 3 ii Hano8HeHHs1.
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FROM THE HISTORY OF SPACE RESEARCH IN UKRAINE.
2. INTERNATIONAL COOPERATION IN PEACEFUL SPACE RESEARCH AND EXPLORATION (1957—1987)

The article covers a special period of time, from the epochal event of 1957, the launch of the first artificial Earth satellite in the
USSR, to the last most successful space project «Vega», carried out under the «Intercosmos» program in 1986. The problems of
international cooperation in space exploration and development are highlighted. Information about other space projects of this
period and the memories of eyewitnesses of these events are given.

Keywords: space projects, international cooperation, «Vega» project, «Sputnik-1».
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ITAM’ATKA U1 ABTOPIB

KYPHAJI «<KOCMIYHA HAYKA I TEXHOJIOI'IA» € BU3HaHUM HayKOBO-TPAKTUUYHUM 3arajibHoaKaaeMidyHUM BUIAHHSIM
B YKpaiHi, 1110 BUCBITJIIOE HAXLIMPIII aCMeKTH KOCMIYHOI AisSJIBHOCTI Yy iepKaBi Ta 3a KopaoHoM. 2KypHaJl po3paxoBaHUil Ha
(axiBLiB y Tajgy3i KOCMiYHOI HAyKU i TEXHIKU, Ha TUX, XTO 3aiMA€THbCSl BAKOPUCTAHHSIM KOCMIUHUX TEXHOJIOTI B pi3HUX ra-
JTy3sTX HAPOIHOTO TOCTIOIaPCTBA, a TAKOX Ha 3aKOPIOHHUX YUTAUIB, SIKi 6aXKal0Th 03HAWOMUTHUCS 3 TOCITHEHHSIMHI KOCMITHOL
rajysi YKpainu. Y xypHaui 1my0JiKyloTbCsl OTJISIIOBI Ta OpUTiHAJIBHI CTATTi 3 Pi3HUX PO3AUIIB KOCMiUHOI HAyKHW, TEXHIKU Ta
TEXHOJIOTII: ICTOPUYHI, COLiaJibHiI Ta OpraHi3aiiiiHi acnekTu MpoOJeMU AOCTIIKEHHSI KOCMOCY; KOCMIYHi HOCIi Ta amapa-
THU; CUCTEMU KepyBaHHS KOCMIYHUMU HOCISIMU Ta arnapaTaMu; KOCMiYHUI 3B’5130K Ta iH(popMalliiiHi cucTeMu; JOCTiIKEHHS
3eMJi 3 KocMocy; KocMiuHa (i3rKa (HaBKOJIO3eMHUI KOCMIYHUM MPOCTip); KOCMiuHA acTpOHOMIs Ta acTpodizuka; XiMiuHi,
(iznuHi Ta GioJOTIYHI MPOLECHM B KOCMOCi; KOCMiUHi KOHCTPYKIIii, CIIOPYAM Ta MaTepiaiv, a TaKOX Pi3Hi MOBIAZOMJICHHS,
3BiTU Ta peKJIaMHi MaTepiaJiu.

ABTOpaMM Ta UMTaYaMU XypPHAJIy € BUIIHI [isTi Ta CIeiaJiCTh KOCMiYHOT ITPOMUCIIOBOCTI, BUEHi-TEOPETUKH Ta MpaK-
TUKMU, 110 TMPaLIOTh Yy rajay3sax KOCMiuHOI (i3uKu, XiMii, acCTpOHOMII, MaTepiaJlo3HAaBCTBA, MAllMHOOYIyBaHHsI, HaBirauii,
GioJorii To1o. 2KypHai KOpUCHUI JJ11 HAyKOBILiB, iHXXKEHEpiB, acMipaHTiB Ta CTYIEHTIiB BUIIiB, IOT0 BKIIOUYEHO J0 MepeiKy
HayKOBUX (DaXOBUX BUAAHb, Y SKUX MOXYTb ITyOJIiKyBaTUCS OCHOBHI pe3yJibTaTu NUCepTalliiiHUX poOiT 3 hizuko-maTemMaTny-
HMX Ta TEXHIYHUX HayK. Penkosieris cipsiMOBY€e 3yCWLIsl HA MiABULLIEHHS PiBHS BUCBITJIEHHS PE3YJIBTAaTiB POOIT yKPATHCHKUX
BUEHUX i KOHCTPYKTOPIB PaKETHO-KOCMIYHOI TEXHIKM Y CBITOBUX HAYKOMETPUYHUX Oa3ax.

Kypnain Buxoauth 6 pasiB Ha piK. 3 MOTOYHUM HOMEPOM Y apXiBOM 3a MUHYJIi POKH, a TAKOXK IIpaBUIaMy 0(DOPMIIEHHS
PYKOMKCiB MOXHA 03HAMOMUTUCH Ha caiiTi space-scitechjournal.org.ua

KoxeH pykonuc pelieH3yeThesl BiToMUMU (paxiBLsIMU BiAnmoBinHOI raiy3i. Ha ocHOBi BUCHOBKIB peLICH3€HTIB peaKoe-
rist poOMTh BUCHOBOK MPO MOXJIUBICTb MyOJTiKallii.

IIpu nonayi pykomnucy aBTOp HaJACWIAE y Pelakliilo ABi TBEPi KOMil OpUTiHaly, eJeKTPOHHI KOIii, HAIIPABJIEHHS Ha
Os1aHKy yctaHoBH Ta JlilieH3iliHy yroay (0J1aHK Yoy € Ha CaiiTi) Ha agpecy:

ByJ1. Akanemika 3abosiotHoro 27, KuiB, Ykpaina, 03143

TosnoBHa actpoHOMiuHa obcepBaTopist HalioHanbHOI akaaeMii HayK YKpaiHu

Penaxuis KHIT

Pykonucu momaroThcsl yKpaiHChKOI0 ab0 aHTJiMChKOIO MOBOK, KOXEH PYKOIHUC CYIIPOBOKYEThCS pe3toMme (YKpaiH-
CHKOIO Ta aHIJIiIlChbKOI MOBaMM, He MeHII sIK 1800 3HakiB KoxHe). [TocninoBHICTb Mogayi MaTepialy Taka:

* Howmep VJIK

* Iniuiasiv Ta npi3BuIla aBTOPiB, CKOPOUEHO IXHi HAYKOBi 3BAaHHS Ta MOCAAU

* YcTaHOBH, Jie TIPAIIOI0TH AaBTOPU

* EnexTpoHHi afpecu BCiX aBTOPIB, SAKIIO €

» HasBa pykomnucy

* Pe3iome MOBOIO PYKOITUCY

» KJito4oBi c10Ba MOBOIO PYKOIUCY

* Texct pykonucy

» Crmcok Jitepatypu, yIOpsiAKOBaHU Y andaBiTHOMY TTOPSIIKY

» References (nuB. caiit)

* Pe3ioMe aHIiIICbKOI0O MOBOIO. Pe3ioMe MOBMHHE MICTUTU: CITMCOK aBTOPIB, CIIMCOK YCTAHOB 3 aJpecaMu, J¢ BOHU
MpaLIoloTh, HA3BY PYKOIKCY, TEKCT Pe3IOMe, KJII0YOBI CIIOBA.

Bumoru mo Habopy Tecty, hopmyI1, TabJMIb, PUCYHKIB Ta iHIIIOTO iLTIOCTPAaTUBHOIO MaTepialy € 3araJbHONPUUHSITUMU Ta
TUIIOBUMU JJISI HAYKOBUX XypHaliB. Binbll netaqbHO 3 MpuHUMNAMU O)OPMIIEHHST PYKOMMCY MOXHA MO3HAOMUTHUCH Ha
caiiTi )XypHaiy space-scitechjournal.org.ua

Penmaxkirist

e-mails: reda@mao.kiev.ua
kfnt-knit@ukr.net
Tenedon: 380 44 526 47 63
daxc: 380 44 526 21 47
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