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WEAK GRAVITATIONAL LENSING OF BLACK HOLES
IN GENERALIZED COSMOLOGICAL MODELS WITH K-ESSENCE

This article considers the extension of the general theory of relativity by introducing
additional geometric invariants in the action, which leads to a modified black hole metric. Based
on the model with a metric-affine approach, an analytical analysis of gravitational lensing and the
formation of a black hole shadow in a plasma medium is performed. The influence of weak
gravitational lensing of black holes is investigated within the framework of cosmological models
extended by scalar fields of k-essence. Models with k-essence, nonlinear kinetic dynamics, are
attractive candidates for explaining the accelerated expansion of the universe without
introducing a cosmological constant. Detailed formulas are provided that describe the structure
of the horizon, the photon sphere, the angle of light deviation, and the lensing equations. Within
such models, the deformation of the image of light sources passing near black holes was analyzed,
taking into account the change in the effective metric. The modifications of the deflection angle
and the distribution of shifts arising due to weak lensing were considered. The results obtained
show that k-essence fields can lead to observable corrections to the standard types of general
relativity, which opens up new prospects for using gravitational lensing as a tool for testing the
fundamental properties of dark energy and modified gravity in astrophysical observations.

Keywords: gravitational lensing, shadow of a black hole, plasma medium, modified metric,
weak gravitational field.

K.K. EpxaHos, C.A. onabibai, A.M. CeprasuHa’, T.P. Mbip3akyn
J1.H. Tymunnes atbiHAafbl Eypasua yaTTbIK yHUBepcuTeTi, AcTaHa, KasakcTaH
*e-mail: almira 240794@mail.ru

K-maHi 6ap annbliaHFaH KOCMOJIOMMANLIK MoAenbaepaeri
Kapa KYPbIMHbIH, 3/1Ci3 rpaBUTaLMANBIK IMH3AChI

byn makanaza Kapa TecCiKTiH e3repTinreH MeTpMKacbiHa aKeNeTiH KOCbIMLLA reoOMeTPUANbIK
WHBApUaHTTapAbl €Hri3y apKblbl Kannbl CafAbICTbIPMANbLINIBIKTbIH, KeHei KapacTbipblaaapbl.
MeTpuKanbik-addUHAIK TOCIIMEH MOAENb HEri3iHAe rpaBUTaLMANbLIK MH3aAay MEeH M1a3mablK,
opTafdafbl Kapa TECIKTiH KeNeHKeCiH KanbiNTacTbipyfa aHaAMTMKaNbIK Tanday Kyprisinai. k-
3CCEHUMSA CKaNAPbIK epicTeEPIMEH KEHENTINITEH KOCMONOMMANBIK MOAEeNbAEp WeHbepiHaer Kapa
CaHblnaynapAblH  9/Ci3  rpaBUTaUMANBIK  JMH3anayblHbIH - acepi  3epTTenedi. k-scceHuwms
MOZeNbAEePI, CbI3bIKTbIK eMeC KUHETUKAbIK AMHAMMKA, KOCMONOTUABIK TYPaKTbiHbI eHri3becTeH
faNaMHbIH, KedenfdeTinreH KeHewiH TyciHAipyre TapTbiMabl yMmiTkepnep 6onbin Tabblnagpl.
FOPU30OHT KypblbiMbiH, POTOH chepacbliH, KapPbIKTbiH ayblTKy OypblllblH KaHe AuH3anay
TeHAeyNepiH CUNaTTalTbiH enken-ternkenni dopmynanap 6epinreH. OcbiHAaN MoAenbaep
lweHbepiHAe TUIMAT MeTPUKaHbIH, ©3repyiH eCKepe OTbIpbIn, Kapa TECIKTEPre KaKblH OpHanacKaH
’KapblK, KO3AEPiHiH, KeCKiHiHIH Aedopmaumackl TanaaHabl. ©Ci3 AMH3aNay HaTWXKeciHae nanaa
6onaTbiH  aybITKy  Oypblllbl  MeH  pacnpedenbicy  YAeCTipiMiHiH - moanduKkaumanapsi
KapacTbipbliaapl. HaTuxkenep k-maHbl3abl ©picTep Kaimbl CanblCTbIPMaNbIIbIKTbIH, CTaHAAPTTbI
TypnepiHe GaKblnaHaTbiH Ty3eTy/sepre aKeayi MyMKiH eKeHiH KepceTefi, byn rpasuMTauUAabIK,
NIMH3anayabl actpodumsmKanbik Oakbliaynapaarbl KapaHfFbl SHeprua MeH MoamduKaumanaHfaH
aybIp/bIK  KYLWiHiH Herisri KacueTTepiH CbiHAy Kypanabl pPeTiHAe naiganaHydblH KaHa
nepcneKkTMBaNapbIH awaapl.
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Cnaboe rpasnTauMoHHOE TIMH3NPOBaHUE YepPHbIX Ablp
B 0606LLI,EHHbIX KOCMON0OrM4yeCknx moaenax c K-acceHLI,VIeVI

B sTOlM cTaTbe paccmaTpuBaeTca paclumpeHme obLlen Teopun OTHOCUTENbHOCTM MyTem
BBEAEHMA [OOMONHUTENbHbIX FEOMETPUYECKMX WHBAPWAHTOB B AEWCTBME, YTO NPUBOAMT K
MOAMDULMPOBAHHON METPUKE YepHOM Ablpbl. Ha ocHoBE MoAENM C MeTPUKO-abdUHHbLIM
NOAXOOOM  TMPOBEAEH  aHa/MTUYECKMM  aHaNM3  [PaBUTALUMOHHOIO  /IMH3MPOBAHMA U
bopMMPOBaHMA TEHM YepHOM Abipbl B MAa3MeHHOM cpegde. VMccneayercs BavsHue cnaboro
rPaBUTALMOHHOIO JIMH3MPOBAHUA YEPHbIX [blp B PaMKax KOCMOJOIMYECKMX MOoZenen,
PaCLIMPEHHbIX 3a CYET CKaNApHbIx nonen k-scceHumn. Mogenn k-scceHumen, HeaMHeNHOMN
KMHETUYECKOW [AMHAMUKON, ABASIOTCA MNPUBJEKATEbHbIMM KaHaMAaTamMn O1a 06bACHEHUA
YCKOPEHHOro  paclupeHus  BceneHHon 6e3  BBeAeHMS KOCMOJIOTMYECKOM MOCTOAHHOM.
MpuBeaeHbl NoapobHble GOPMY/bl, OMUCHIBAIOLWME CTPYKTYPY rOpn3oHTa, chepy GOTOHOB, yron
OTK/IOHEHMA cBeTa M 0bnadatolime paBHEHUS IMH3UPOBaHMA. B pamkax Takux mogenei boiia
npoaHanun3MpoBaHa Aepopmalms M300paxKkeHWa WMCTOYHWKOB CBETa, MPOXOAALIEro B 6M3M
YepPHbIX Ablp, C YY4ETOM M3MeHeHUA 3GDEKTUBHOW MeTPUKK. PaccmoTpeHbl moanduKaumm yria
OTK/NIOHEHMA W  pacnpefeneHua  CABMIOB BO3HMKAOWMX M3-3a C1aboro  JMH3MPOBaHMA.
MonyyeHHble pe3yabTaTbl MOKa3blBalOT, 4YTO k-3cceHUManbHbIX MOMEN MOXET NpUBOAUTL K
HabAl4aeMbiM NMOMpaBKkam K CTaHAApTHbIM BUAAmM 0bLIEel Teopuu OTHOCUTENLHOCTM, 3TO

OTKPbIBAE€T HOBblE MEPCNEKTUBLI
MHCTPYMEHTa  ANnA  TeCTUPOBaHUA

B WCMONb30BaHWM PABUTALMOHHOIO JIMH3MPOBAHMA KakK
byHOaMeHTaNbHbIX

CBOWCTB TEMHOW 3Heprum u

MOANPOULMPOBAHHOW rpaBUTaLMM B acTpOdU3NYECKMX HabAtoAEHNAX.
KntoueBble C/10Ba: rpaBUTALMOHHOE IMH3NPOBAHWE, TEHb YEPHOW AbIPbI, Na3MeHHas cpeaa,
moandMUMpPOBaHHaa MeTPMKa, cnaboe rpaBuTaLMOHHOe nose.

Introduction

An extension of the classical General Theory of
Relativity (GTR) becomes necessary to explain
modern observational data (dark energy, dark matter,
inflation). The traditional model of GR based on the
Einstein-Hilbert Sz = ﬁfd‘*x\/—_gR action
successfully describes gravitational phenomena in a
wide range of scales but faces difficulties in
interpreting cosmological observations. To solve
these problems modified theories of gravitation have
been proposed. In this context, we have previously
studied extended gravity F(R,Q), which considers
not only the curvature scalar R but also the non-
metricity scalar Q. Considering the problems of
classical GR, such as the necessity to explain the dark
energy and inflation, it is logical to generalize the
model to the functional S = [ d*x,/—gF (R, Q, X, $),
where X is the kinetic term of the scalar field, and ¢
represents an additional scalar field (k-essence
model) [1]. This approach allows one to account for

additional geometric effects (torsion, non-metricity)
via metric-affine theories of gravity (MAG).

The main goal of the study is to integrate the
extended theory of gravity with the effects of
gravitational weak lensing and black hole shadow
formation in a plasma medium. In order to achieve
this goal, the following tasks have to be solved:
Modification of the metric potential [2].

dr?

f)

where the function f(r) as the form

ds? = —f(r)dt? + + 12(d6? + sin?6d),

) =1 2M+/1
fn = r r?

where the function f(r) is of the form f and A is the
modification parameter.
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Methods

In this section we studied extended gravity,
namely gravity F(R, Q). Earlier we have considered
Lagrangians, Hamiltonians and  gravitational
equations for spacetime FLRU, which allows us to
obtain particular and generalised cases of theories of
gravitation. It is known that the classical GR, in spite
of its physical and mathematical validity, faces
problems (dark energy, dark matter, inflation), so its
modification becomes necessary. One of variants of
such modifications is the approach of metric-affine
theories of gravity (MAG), in which geometry
includes not only curvature, but also torsion and non-
metricity. To generalise the k-essence model, we
introduce a function F(R, Q, X, ¢)in action, where X

Results and Discussion

Let us consider a stationary spherically
symmetric spacetime described by the metric

ds? = —f(r)dt? + 2+ 12 (d0? + sin*0dp?) (1)

In this model, the function £ (r) is defined as follows:

Fr)=1 i + A 2

r)= r 7"2. ( )
Where M is mass of the black hole (taken
dimensionless for convenience of calculations), A is
parameter characterising deviations from the classical
Schwarzschild solution, g(r) is function defined by a
particular modification [5]. For example, it is possible

to take g(r) = e, M is the mass of the black

hole (we take a dimensionless value, setting M =
1 for convenience of calculations), 1 is a parameter
characterizing deviations from the classical
Schwarzschild solution. For 4 = 0 function (2)
reduces to the standard Schwarzschild solution:

F(r)y=1 M 3
" =1-—. ®)

The function F (r) of r for various values of A shown
in Figure 1.

Analysis of the horizon structure

The horizons of a black hole are determined by
the roots of the equation F(r) = 0. Substituting (2),
we get:

F 1 2M A 4
=1-—+-3. (4)

is the kinetic term of the scalar field and ¢ is the
complementary scalar field. Below is a special case
allowing to describe the observational data in the
neighbourhood of black holes.

This chapter provides a detailed description of a
modified stationary and spherically symmetric metric
used to model the gravitational field around a black
hole [3]. The main attention is paid to the analytical
derivation of the function F(r), the analysis of the
structure of horizons and the discussion of the
influence of the parameter A on the geometry of
space-time. The results are supported by graphical
analysis, which makes it possible to clearly see the
impact of the modification on key characteristics [4].

For convenience, we multiply this equation by 2
r2—2Mr+21=0. (5)

Solving the quadratic equation in r using the formula:

o 2MJ_r,/(22M2 —42) ML ()

0754

453 +-

0251

Fir}
(=4
=
>

250 4— {'

215}

~-1.03 4

Figure 1 — The function F(r) of r for various values
of 1. The purpose of the graph: Visually demonstrate
how changing the parameter A affects the function
F(r). With an increase in A, significant changes in
the behavior of the function are observed, which
affects the location of the horizons and subsequent
dynamic properties [4-5].
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Conditions for the existence of horizons: the
roots of (6) are valid under the condition M? > 1 [6].
When M? > 1 we get two different roots: r, = M +
VM?2 — A is the outer horizon, . = M — VM2 — 1 is
the inner horizon.

Dependence of horizon radii on A. Schedule
goal: Show how the internal and external horizons
change when the parameter is varied. This allows us
to evaluate how modification of the metric affects the
global structure of space-time.

Figure 2 illustrates the dependence of the inner
and outer horizon radii on the parameter A.

Dependance of horizon radil on A

'

Figure 2 — The graph shows that at A = 0, the inner
horizon is zero, and the outer horizon is 2M
(atr = 2). As 1 increases, the distance between the
horizons decreases [7].

Plasma effects and refractive index
When light propagates in a plasma medium, the

refractive index n(r) is determined by the following
relation:

w3()
w?(r)

n?(r)=1- @)

where w,(r) is local plasma frequency, w(r) is
frequency of the photon measured by an observer
located at a given point [7].

The gravitational redshift causes the local
frequency of a photon to be related to its frequency at
infinity w, as follows:

w(r) = wo/F(r) 8

where F(r)is defined by expression (7). Thus, the
refractive index becomes a function of both the radial
coordinate r and the parameter A through F(r).
Figure 3 shown dependence of the refractive index
n(r)onr.

Dependence of the refractive index n(r) on r by {(A=0.3)

— X

Figure 3 — This graph shows the dependence t (k)
from r for a fixed value of » and demonstrates how
gravitational redshift and metric modification affect
the refractive index where F(r). Thus, the refractive

index becomes a function of both the radial

coordinate r and the parameter A through F(r) [7].

The photon sphere and the shadow of a black
hole

A photon sphere, a region in which photons can
be in closed (unstable) orbits, and calculates the size
of the shadow of a black hole observed at infinity.
The results obtained depend on the modified metric
described by the function

F(r)y=1 M + A 9
N=1-—+ ©)
as well as from the influence of plasma effects, which
are taken into account through the refractive index
and plasma frequency [8].

Effective pulse parameter and photon sphere
condition

In the presence of plasma, the effective pulse
parameter is determined by the ratio:

2
1 wp

F(r) w?

h?(r) =12 [ (10)

where w,, is plasma frequency (with a homogeneous
plasma it is considered a constant),w, is frequency of
the photon at infinity F(r)is a metric function
defined by formula (2). A photonic sphere is formed
at the point where the h?(r) function reaches its
maximum. That is, it is necessary to fulfill the
condition:

dhz 11
g (r) 11

T=T'ph
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Solving this equation numerically allows us to
determine the radius of the photonic sphere 7, [9].

Effective pulse parameter h?(r) and definition
of the photonic sphere. Figure 4 shows the
dependence h?(r) on the radial coordinate r or the
selected value A and the fixed ratio w.

Dependence of the function h?(r), which defines the photonic sphere
—_— ir)
o Shade X
'y S P

e

h

Figure 4 —The maximum of the function h?(r)
corresponds to the position
of the photonic sphere,
which is marked on the graph [7].

Calculation of the shadow of a black hole

The size of the shadow of a black hole is
determined by the angular radius that can be obtained
for an observer located at infinity [10]. The angular
size of the shadow « is determined by the ratio:

h?(1pn)

Sinzash = W
0

(12)
Where r is the distance to the observer. Provided that
1o (F(ry) = 1, wy(1p) = 0) is very large, we can
assume:

h2(ry) =~ 1§. (13)
Thus, the observed shadow value is defined as:
Ry, = 1ysSinag, = /hz(rph). (14)

Dependence of the shadow size on the parameter
A. Graph description: For a set of values of 4, a
numerical calculation of r is performed, followed by
the calculation of R. The graph (Fig.5) shows how the
size of the shadow changes with a variation of A at
fixed values of plasma parameters.

Shadow radius Ay, vs A

0o 0.2 04 un 0e
A

Figure 5 — The graph shows that with an increase in
A, the shadow size decreases, which is explained by
a decrease in the radius of the photonic sphere.
This observation is important for interpreting
astronomical data and testing modified gravity
models [8].

Gravitational lensing in a weak gravitational
field

The process of gravitational lensing of photons

in a weak gravitational field described by a modified
metric.

1 2M A 15

F)=1-——+- (15)

Special attention is paid to the decomposition of

the metric in the domain where r > 2M and

obtaining an approximate analytical expression for

the angle of light deflection. The obtained results are

accompanied by a graphical analysis, which makes it

possible to visually assess the dependence of the

angle of deviation on the pulse parameter and the

influence of the parameter 1 and plasma effects [11].

Decomposition of the metric in a weak
gravitational field
The Minkowski metric:
Gap = Nap + haB' (16)
where n = diag(—1,1,1,1) is the Minkowski metric,
and h,g is a small disturbance.

From expression (2) we obtain an approximate
representation:

2M A
hoo =27~

17)

This decomposition determines that in a weak field,
the modification of the metric introduces corrections

of the order of % or riz to the components of the metric
tensor.
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Light deflection angle output

For a photon passing in a weak gravitational
field, the deflection angle a can be found using an
integral expression. When considering a photon
moving with the momentum parameter b, the
integration method along the line of rectilinear
motion is often used. When plasma effects are taken
into account, the expression for the deflection angle
has the following form:

2(b) 4MI/1+ ! \I
a(b) ~ — —
b _wp
w§
A
_4b2(2+ 5, (18)
Cw?

b is momentum parameter (the distance from the
center of the black hole to the line of motion of the
photon, approximately b =~ D;6, where D, is
distance to the lens, w, is frequency of the photon at
infinity, w,, is plasma frequency (with homogeneous
plasma it is considered a constant).

The first term in EQ.(18) corresponds to the
standard deviation angle multiplied by the correction
factor associated with the plasma dispersive effect.
The second term is due to a modification of the metric

due to the parameter A and has the order of %.

Dependence of the deflection angle a on the
impulse parameter b. The Fig.6 demonstrates that
with increasing b, the angle of deviation decreases,

and the influence of the additional term riz leads to a

noticeable change in the curve compared with the
classical case (for=0)
Qe:-er~dence Q? the deflection angle @ on the 1_n*ouls»:- parameter b

\ ——7

alh) (rad)
-

Figure 6 — This graph shows the dependence of the
angle of deviation @ on the impulse parameter b for

2

the selected value A and a fixed ratio %

0

The graph shows that as b increases, the angle of
deflection a decreases. For = 0.3, there is a slight
deviation from the classical behavior due to a
modification of the metric, and the plasma coefficient
increases the total angle of inclination by a factor of

> [4-8].
-2
@p

The lensing equation

Gravitational lensing is described by an equation
relating the angular position of the source (8), the
angular position of the image (6) and the angle of
deflection (a). In general, the equation has the form:

B=9—%& (19)
Ds

where Dy, is distance from the lens to the source,Dg
is distance from the observer to the source.

In a weak gravitational field and provided that
the impulse parameter b is approximately equal to
b ~ D60 (where D, is the distance to the lens), the
lensing equation takes the form:

Dls ~
B =0——2-a(Dyh). (20)

In this expression, the angle of deviation & is
determined by an approximate formula:

4M/ 1\ A 1

14— |- 2+ ——

p |Vt | Tt T
e ) 1-=P

g g

Substituting b = D;6 into this expression, we
obtain a nonlinear equation with respect to 8.

a(b) (21)

Numerical solution of the lensing equation

To determine the angular positions of the images
6 at a given angular position of the source equation
(21) is solved numerically. In practice, the equation
may have several solutions corresponding to different
images: primary, secondary, and (in some cases)
relativistic [11-15].

Dependence of the angular positions of the
images 6 on the angular position of the source S is
shown in the Figure 7.
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Dapendence of the image posmons £ on the source angle #

Figure 7— The graph shows the obtained numerical
solutions of equation (21) for the primary and
secondary images with a variation of § in a certain
range. The graph allows you to see how a change in
the angular position of the source leads to a shift in
the positions of the images [8].

Image magnification calculation

Magnification of an image is defined as the ratio
of the area of the image to the area of the source [16-
18]. To a one-dimensional approximation, the
magnification for each image can be written as
follows [19-20]:

=|>—. (22)

Conclusion

In this paper the integration of the extended
theory of gravitation with the analysis of gravitational
lensing and black hole shadow formation in the
plasma medium was carried out. The main results of
the study can be formulated as follows: Generalised
theory of gravitation. The paper considers a
modification of the classical general theory of
relativity by introducing a functionF (R, Q, X, ¢)
which includes not only the curvature scalar R but
also the non-metricity scalar Q together with an
additional scalar field ¢ (k-essence model). This
approach allows us to take into account the effects of
torsion and nonmetricity, which extends the scope of
application of the theory in modelling gravitational
phenomena under extreme conditions.

Modified metric potential. Based on the
generalised action, a stationary spherically symmetric
metric has been obtained in which the function f(r)

10

The total magnification of the image system is
determined by the sum of the magnifications of all

images:
Htot = z Hi -
i

In the analytical or numerical solution of
equation (22), one can calculate the dependence
6(p), and then, using (23), find u.

Dependence of image magnification on the
angular position of the source B is shown in the
Figure 8.

(23)

Depandance of iImage magnfcaton on the source angle §

100 4

Figure 8 — This graph shows the conditional
dependence of magnification for primary and
secondary images depending on . The graph allows
you to visually assess how a change in the angular
position of the source affects the brightness and
magnification of images obtained as a result of
lensing [4-8].

has the form f(r)=1- ¥ + Ag(r).Here, the

parameter A is responsible for deviations from the
classical Schwarzschild solution, and the chosen
function g(r) allows us to quantify the effect of the
modification on the horizon structure. Numerical and
graphical analyses have shown that even insignificant
changes in the parameter A can significantly change
the position of inner and outer horizons, which is
important for the interpretation of observational data.
Photon dynamics in the plasma medium.

The account of plasma effects is realised through
the introduction of the refractive index (r),
depending on the local plasma frequency and
e _ w3
redshift: n(r) = ()

This allows to describe correctly the

gravitational 1- where

Woo

NG

w(r) =
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propagation of photons near a black hole, where the
plasma effects become essential. Gravitational
lensing and shadow of a black hole. The obtained
results allowed us to perform a detailed analysis of
the angle of light deflection, the formation of the
photon sphere and the calculation of the angular size
of the black hole shadow. The modification of the
metric potential leads to changes in the photon
dynamics, which is reflected in observational
characteristics such as image shift and magnification
under lensing. Practical significance and prospects.
The results of this work demonstrate that
combining the extended theory of gravitation with the
analysis of plasma effects and gravitational lensing
allows us to obtain a more accurate description of
gravitational phenomena in the vicinity of black
holes. This opens new possibilities for experimental
testing of theoretical models using modern

astronomical observations, such as data from the
Event Horizon Telescope. Prospects for further
research include taking into account the
inhomogeneous distribution of plasma, the influence
of black hole rotation and the development of more
sophisticated numerical models to analyse the strong
gravitational field.

Thus, the study confirms that modification of the
classical theory of gravitation by introducing
additional parameters and taking into account plasma
effects allow us to significantly expand the modelling
capabilities of gravitational processed.
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®OPBYLL-3®DEKT 1-10 UKOHA 2025 MOAA: KOMMNNEKCHBLIWM AHAN3 MO AAHHbLIM
HEMTPOHHOIO MOHMUTOPA N KOCMUYECKMX HAB/TIOAEHNA

B paboTe npeacTaBneH aHanM3 cobbiTMs, 3apermctpuposBaHHoro 1-10 uioHa 2025 .
HEUTPOHHbIM MOHUTOpOM AATB (AnmaTtsl, KasaxctaH, 3340 M Haf, yPOBHEM MOPS, MKECTKOCTb
reomarHuTHoro obpesanua R=15.9 B). AMNAUTYAA NOHUMKEHUS MHTEHCMBHOCTU KOCMMYECKMX
Nly4en, 3aperncTpMpoBaHHON HEMTPOHHBIM MOHMTOPOM, COCTaBMAa okoao 12 %, 4To no3sondaeT
OTHeCTn cobbiTne K umcay 6onblinx Popbyli-apdekToB. MICTOYHMKOM BO3MYLLEHUI ABMAACH
aKkTMBHasa obnactb AR 14100, B KOTOpPOW Npou3oLLaa cepma Berblllek Knaccos M3.4 n M8.1 (30—
31 man 2025 r.), conpoBoXKaaBLIMXCA bbICTpbIMM rano-CME KOpOHanbHbIMK BbIDpOCamMM Macc
(KBM) Tina rano co ckopoctamm Ao 1700 km/c. ConocTasneHne aaHHbIX HEUTPOHHOIO MOHUTOPA
C MEeXMNNaHEeTHbIMM NapameTpamiM MOKasaso KAACCUYECKY CTPYKTYPY mexnnaHeTHoro KBM,
BKJIOYAIOLLYIO0 MEXKMIAaHETHYIO YAapHY0 BOAHY 1 MioHs, 05:45 UT, 06/1acTb BO3MYLLLEHHOM CXaATOM
naa3mbl M 061aCTb KOPOHaAbHOTO Bbibpoca A0 2 uioHs, 01:10 UT. CobbiTne cOnpoBOXaan0Ch
Pa3BUTUEM CU/IbHOM reOMarHMTHOM Bypen, MUK KOTOPOM NMPUILENCA Ha 2 WOHA. Pe3dyabTaThbl
OEMOHCTPUPYIOT  TECHYID B3aMMOCBA3b  MEM/Y CO/IHEYHOM aKTMBHOCTbIO, AMHAMMKOM
MexnnaHetHoro KBM 1 moaynaumelt MNOTOKOB TranakTUYeCKMX KoCMuYeckux nydent K,
NOAYEPKMBAA 3HAYMMOCTb KOMMAEKCHOro MnoAxoAa K AWMArHOCTMKE U MPOrHO3MPOBAHUIO
KOCMMYECKOM NOoroAbl.

Kniouesble cnosa: PopbyLu-3hpdeKT, KOCMUYECKUE NyUM, MEKMNNAHETHOE BO3MYLLEHME.
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2025 xbinfbl 1-10 maycbimaasbl Popbylu-3ddeKT: HEUTPOHALI MOHUTOP MEH FapbIWTbIK
b6aKblaynap AepekTtepi 6oMbIHWA KeweHai Tangay

Mymbicta 2025 *binFbl 1-10 maycbim apanbiFbiHaa AATB HeMTpoHAbI MOHUTOPAA (AAMaTbl,
KasakcTaH, TeHi3 aeHreniHeH 3340 m OMIKTIKTe, reoMarHuUTTiK KaTaHablFbl R = 5.9 B) TipkenreH
OKWFaHbl Tanaay YCbiHbIAFAH. HeEWTPOHAbl MOHUTOP TIPKEreH fapbllWTbIK Caynenepain,
KapKbIHABINbIFbIHbIH TOMEHAEY aMMAMTyAachl wWamameH 12% Kypabl, Oyn OKWUFaHbl YKeH
DopbyLi-3ddeKTici KaTapblHa KaTKbI3yFa MyMKiHAIK 6epeai. KapKblHAbINLIKTbIH, TOMEHAEYIHIH,
cebenulici AR 14100 6enceHpi aimarbl 6onapl, oHaa (2025 . 30-31 mambip) M3.4 koHe M8.1
KYH »apKblngapbl Tipkenai, onap 1700 km/c aeninri »bingamapikned rano-CME Taxaik macca
WblFapbiHablnapbimeH (TMLU) kypai. HeWTpoHAbIK MOHWUTOP [epeKTepiH naaHeTaapasbiK,
napameTpnepre cankecteHaipy 05:45 UT 1 maycbimaarbl naaHeTaapanblK COKKbl TOJIKbIHbIH,
VYMbITKbIFAH Tbifbl34anfaH naasma ahmasbiH kaHe 01:10 UT 2 maycbimaafbl TaAdik macca
WbIFAPbIHAbINAPLI  AaMMaFblH  KAaMTUTbIH  KAacCUKanblK naaHeTaapanblk TML  Kypbl/ibIMbIH
kepceTTi. OKMFa 2 MayCbiMAa LWbIHbIHA XETKEH KYLWTi reOMarHuUTTIK AayblnAblH JaMybIMeH KaTap
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®opbyw-3pdeKkT 1-10 nioHs 2025 roaa: KOMNAEKCHbIM aHaAM3 MO AaHHbIM HEMTPOHHOTO MOHMTOPA ...

Xypai. Hatuxkenep KyH 6encenainiri, nnaHetaapanblk TMLUW  anHamuKkacel »kaHe [TC
ranakTMKaNblK ~FapbIWTbIK Caynenep afblHAAPbIHbIH,  MOAYAAUMACH  apacbiHAAFbl  ThifbI3
HalinaHbICTbl KepceTeai, By FapbllWTbIK aya-panbiH AMArHOCTMKaNAy MeH BoKayablH, KeweHai
TICINIHIH, MaHbI3AbINbIFbIH KepCeTeai.

TyliH ceznep: Popbyw-abdeKT, FapbllWTbIK CayAenep, naaHeTaapasblk aybITKy.
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YInstitute of lonosphere, Almaty, Kazakhstan
2RSE Institute of Nuclear Physics, Almaty, Kazakhstan
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*e-mail: botanaika.93@gmail.com

Forbush decrease on June 1-10, 2025: A comprehensive analysis
based on neutron monitor and space observations

The study presents an analysis of the event recorded on 1-10 June 2025 by the AATB neutron
monitor (Almaty, Kazakhstan, 3340 m a. s. |, geomagnetic cutoff rigidity R = 5.9 GV). The
amplitude of the cosmic ray intensity decrease registered by the neutron monitor was about 12%,
which classifies the event as a major Forbush decrease. The source of the disturbances was active
region AR 14100, where a series of M3.4 and M8.1 flares (30-31 May 2025) occurred,
accompanied by fast halo-type coronal mass ejections (CMEs) with velocities reaching up to 1700
km/s. A comparison of neutron monitor data with interplanetary parameters revealed the
classical structure of an interplanetary CME, including an interplanetary shock observed on 1 June
at 05:45 UT, a disturbed sheath region, and the CME ejecta extending until 2 June at 01:10 UT.
The event was accompanied by the development of a strong geomagnetic storm, peaking on 2
June. The results demonstrate a close relationship between solar activity, the dynamics of
interplanetary CMEs, and the modulation of galactic cosmic ray (GCR) fluxes, which points out

the importance of an integrated approach to space weather diagnostics and forecasting.
Key words: Forbush decrease, cosmic rays, interplanetary disturbance.

BBenenne

dopoOyur-adgdextsr (OPI) mpeacTarisor codoi
W3MEHEHUS! MHTEHCHBHOCTH KOCMUYECKUX JIyded B
KpPYITHOMAcIITa0HBIX ~ BO3MYILEHHSX COJHEYHOrO
Berpa. Koponambhbie BbiOpockl Macchl (CME),
WHHULUUPOBAHHBIE COTHEUHBIMH BCTIBIILIKAMU, TIPE/IC-
TaBJIAIOT COOOM OAHM M3 Hamboyiee SHEPreTHUECKU
MOIIIHBIX MPOSIBJICHUN COJTHEYHOW aKTMBHOCTH. JTH
SIBIIEHUST CBSI3aHBI C BHIOPOCOM TUIa3Mbl M3 KOPOHBI
ConHna B MexIutaHeTHoe mnpocTtpanctBo. CME
WTPaloT KIFOYEBYIO POJIb B Mporiecce (hopMupoBaHUs
Oonpmmx @D, Tak Kak, 4alle BCEro, COIMpo-
BOXKJIAIOTCSL MEXKIIJIAHETHBIMHM yIapHBIMU BOJIHAMM,
YCKOPEHHEM JHEPIMUYHBIX YacTHI] M H3MEHEHHEM
CTPYKTYPBI MEKIUTAHETHOTO MarHMTHOTO 110151 [ 1-2].

Jia KBM xapakTepHbl HOBBIIIEHHAS IOTHOCTh
U HanpsKEHHOCTh MAarHUTHOTO TOJA, a TaKkke
IMPOKUM TMAaNa30H CKOPOCTEN paclpoCTpaHEHHUS OT
COTEH 10 HECKOJBKHX THICAY KIJIOMETPOB B CEKYH/Y.
[IpocTtpancTBeHHbIe MacIiTaObl BBIOPOCOB MOTYT
OXBaTbIBaTh 3HAUUTEIbHYI0 YacTb COJIHEYHOI'O
JMCKa, & UX JUHAMUKa OOECIeYMBaET COXpaHEHUE
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LEJIOCTHOCTH CTPYKTYpBI Ha MPOTSHKEHUH HECKOJb-
KHX CYTOK B M&XIUIaHETHOU cpene [2-3].

OcoObiit  uHTEpec  mpeacrasisiior  KBM,
COTIPOBOX/IAIOIIME MOIIHBIE COJHEYHBIE BCIIBIIIKH.
HmenHo Takue coObITHsl HanOoJIee YacTO CTAHOBATCS
HUCTOYHUKAMHU CHJIBHBIX T€OMAarHWTHBIX BO3MYIIe-
HUH. BBICTpO pacmpocTpaHsIsICh BO BHEITHHE 0071acTH
renrocdepsl, OHU JOCTHTAIOT OpPOWUTHI 3eMIM |
ABJSIFOTCA TJIaBHOW TNPHYMHOM MAarHUTHBIX Oyphb
pa3IMYHON WHTEHCUBHOCTH [3].

OpanM u3 HamOoJee HATJSIIHBIX MPOSBIECHUI
B3anmMozelcTerusa KBM u ynapHBIX BOJIH C OKOJIO3€M-
HBIM IpocTpaHcTBOM ABISIOTCA PD. DT 3ddekTh
BO3HUKAIOT B pe3yibTare MOIYJSAINH MOTOKOB
KOCMHUYECKHX JIy4eld MEXKIUIAHETHBIMH BO3MYIIIE-
HusMH, cBs3aHHbiMH ¢ KBM  u  gpyrumm
COJTHEYHBIMH MICTOYHHKAMH BO3MYILEHHUH, pacmpoc-
TPaHSFOMKUMUCS B MEXIUTAHETHOM MTPOCTPAHCTBE.

Nzyuenne @O wmeer OosbImIOC 3HAYCHHE.
AHanu3 [JOUHAMUKH, AaMIUIMTYAbl W BPEMEHHOIl
CTpykTyppl PO 1O03BOJIAET YTOUHATH MOJEJbHBIE


mailto:botanaika.93@gmail.com

B.6. CeitdynnnHa n ap.

MNpCaACTABJIICHUA O B3aHMO,Z[CI>iCTBPIH MCXKIINIaHETHBIX

MarHUTHBIX  CTPYKTYp C  TaJIaKTUYCCKUMH
KOCMHYECKHMH JTy4aMU, a TAaKKEe BBISBIATH CBS3b
MEXTY COJTHEYHBIMH u reo(pU3NICCKUMH
MpoIecCcaMH.

Hamnbonpmmii wHTEpec mpencraBismor DO,
COMPOBOX/IAIOIIE MOIIHBIE BCHBILIKA U OBICTpHIC
KBM, Tak kak UMEHHO OHH (DOPMHUPYIOT LIEIOCTHYIO
KapTHHY 3BOJIIOLUHM COJHEYHO-3EMHBIX CBS3€d OT
nctouHukoB Ha ConHLE OO0 MpOSIBICHUH B
okoJio3emHol cpene [3-10]. HauGonee passepHyTOe
onpenencane @O mano B padbore bemosa [11], rme
0]l HUMH IOHHUMAETCSl HW3MEHEHUE IUIOTHOCTU H
AHU3O0TPOIIUM KOCMHYECCKHUX Hy‘leﬁ B YCJIIOBUAX
KpYITHOMAcCIITaOHBIX ~ BO3MYILICHUH  COJHEYHOTO
Betpa. llpm 3TOM MeXMIaHETHbIE BO3MYILEHHS
MOTYT HOCHTh KaK CIOpaJAWYeCKUd, TaKk H
pekyppeHTHbIi xapakrep [11-13].

Hacrosmas pabora mocsameHa aHanmzy DO,
3apeructpupoBanHoro 1-10 wmrons 2025 1. mo
NaHHBIM HeWTpoHHoro MoHutopa AATB (Anmartsl,
Kazaxcran, 3340 M Hag ypoBHEM MOps, KECTKOCTh
reoMarautHoro obpesanms R = 59 IB). B
WCCIIC/IOBAHUN PACCMAaTPUBAIOTCS PE3KOe IOHU-

JKEHUE  WHTCHCUBHOCTM KOCMMYECKMX  Jy4eH,
COJIHEYHBIE HUCTOYHHUKHU U MEXKIIJIAaHETHBIE
BO3MYLIEHHUS, KOTOpPBIE IIPUBEIM K  TaKOMY

Oosbiomy ®D, a TakkKe CBsI3b JAHHOTO COOBITHS C
H3MEHEHHEM T'€OMarHuTHOW akTmBHOCTH. DD,
BO3HUKAIOLIME IO/ BIUSHUEM BO3MYIIEHUH OT
Pa3IUYHBIX COTHEUYHBIX HICTOYHUKOB, OTIMYAIOTCS TI0
aMIuiTyae u reod(peKTHBHOCTH, 4YTO OTpakaeT
pa3HOOOpa3ne MEXIUTAHETHBIX BO3MYIIEHHH M UX
POJIH B MOIYJISAIAH KOCMHYECKUX Jiydeit [14].
HeittpoHHbBIE MOHUTOPBI SIBJISIOTCS OCHOBHBIM

WHCTPYMEHTOM TUTST W3yYeHUS BapHaIuii
rajakTuueckux Kocmuueckux Jsydeid (IKJI) wu
m3ydenuss DPD. DOTW  HazeMHble  JI€TEKTOPHI
PETHCTPUPYIOT BTOPWYHBIE HEWUTPOHBI, BO3HU-

KaroIllue MpY B3aUMOJEHCTBUM KOCMUYECKHUX JTyden
c arMocdepoil, M Ha TPOTHKEHUH HECKOIBKIX
JECATHIICTUH obecreunBaroT HEIPEPHIBHBIE
HaONIONEHMsI, SBJSACH KIIOYEBBIM  DJIEMEHTOM
rIo0aIbHOW CETH MOHUTOPHHTa KOCMUYECKUX JTyUeit
(www.nmdb.eu) [15-17].

HNuTencuBHOCTH T'KJI B OKOJIO3EMHOM
MPOCTPAHCTBE HU3MEHSIETCSl MOJ  BO3JICHCTBUEM
COJIHEYHOU AKTUBHOCTH u MEXIUIAHETHBIX

®opoym-3¢dpdexr 1-10 urons 2025 r.

@D, 3apeructpupoBannsiid 1-10 urons 2025 r.
HEUTpOoHHBIM MoHHTOpOM AATB, mposBmics Kak
peskoe nagenue narencuBHoctu ['KJI npumepHo Ha
12 %, ¢ mocneayIomruM BOCCTAHOBIICHUEM B TEUCHUE

BO3MYIIECHUH. MOAYMSAHUs MOTOKOB KOCMHUYECKHX
nydeid B renuochepe onpeaersieTcs COBOKYIMHOCTHIO
nporeccoB, npoucxomsmmx Ha  ConHie, B
MEKIUTAHETHOM u OKOJI03eMHOH cpexe.
TypOyneHTHOCTh W HEOJHOPOJHOCTH MEKIUIAHET-
HOT'O MAarHUTHOTO TOJISi OTPaHUYUBAIOT MPOHHKHO-
BEHHUE YaCTHIl, OCOOEHHO B O0JIACTH BO3MYIIECHHON
cokatoit mna3mel  (Sheath-oomactu) KBM, rme
Kod (D PHUITHEHT muddy3un TTOHKACTCS, u
HaOmogaeTca ymeHblneHne wuHTeHcHBHOCTH ['KIJL
CyIlecTBeHHYI0 pOJb  UTPalOT  KOHBEKTUBHEIE
MPOIIeCChl B COJHEYHOM BETpE: MPU BO3pACTaHUH
CKOpPOCTH COJIHEYHOro BeTpa, Bo Bpemsi KBM wunu
TIOSIBJICHUSI BBICOKOCKOPOCTHBIX MOTOKOB COJIHEY-
HOT0 BETpa, Bo3pactaeT 3 (HEeKTUBHOCTh OTKIIOHCHUS

TpaeKTOpuil KOCMHUYECKUX  JIydeu Hapyxy
MCKIIJIAHCTHOI'O BO3MYILICHUA. B pacimpAromeMca
COJIHCYHOM BETpPC HYaCTUIbI HUCIIBITBIBAIOT

agnabaTUYecKue MOTEePH JHEPTHUH, YTO JIOTIOJIHH-
TETHHO CHIDKAET MX HaOII01aeMyr0 WHTEHCHBHOCTb.
Baxnoe 3HaueHHe UMEIOT U JApeiioBbie dPPEKTHI,
3aBUCSIIME OT KOH(HUTyparuu MEKIUIAHETHOTO
MarHMTHOTO TIOJIS ¥ MOJIIPHOCTH COJTHEYHOTO ITHKIIA
[18-20].

st uccnenoBaHusl UCIIONIB30BAUCH JIAHHBIC O
rapaMeTpax COJHEYHOIO BETpa M MEKIUIAHETHOTO
MarHMTHOTO TOJIsA, TpeocTarieHHbie B 6aze OMNI
(https://omniweb.gsfc.nasa.gov/).  PeHTreHoBckue
JTAHHBIE COITHEYHOTO W3Y4YEHHs HCIIONH30BAaHBI U3
6a3sl GOES X-ray flux, npengoctasimsiemoii NOAA
Space Weather Prediction Center
(https://www.swpc.noaa.gov/products/goes-x-ray-
flux). Mudpopmarms 0 reOMarHUTHOW AKTHBHOCTH
(uapexcel Kp u Ap) momyuenHa u3 apxuBa GFZ
Potsdam (ftp\://ftp.gfz-
potsdam.de/pub/home/obs/kp-ap/wdc).

AHanu3 COJNHEYHBIX WCTOYHHKOB ITPOBOJIUIICS
Ha OCHOBe KoMmIutekca pecypco:SOHO (Solar and
Heliospheric Observatory,
https://soho.nascom.nasa.gov/ u
https://kauai.ccmc.gsfc.nasa.gov/CMEscoreboard).

Hagano ®O ompeaenssioch 10 BHE3AIMHBIM
BO3MYIIEHUSAM reoMarHUTHOTo mosst: Sudden Storm
Commencement (SSC). TIlpu OTCYTCTBHH TaKHX
WHAMKATOpOoB HadanoM FE cuMramuck peskue
W3MEHEHUsS TMapaMeTpoB CONHEYHOro Berpa (Vsw),
MEXIUIAHETHOTO MarHuTHoro mons (Bt), a Tarke
naTeHcuBHOCTH ['KJI.

HECKOJIbKMX  CyTOK. (OCHOBHBIM  UCTOYHHKOM
BO3MYIIICHUH, mpuBeqmmx kK P, ObuM KOpo-
HaJbHBIC BBIOPOCHI MAacChl W3 aKTHBHOM 00JaCTH
AO14100 na Conuue.
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CosiHeYHbIe HCTOYHMKH COOBITHSA

CoTHEYHBPIM HWCTOYHHKOM JITAHHOTO COOBITHS
SBISUIACh akTWBHas obmacte AO14100 (N12E12).
JlanHast oOmacTe OTIMYAIach OOJBIIOW IIOUIA/BIO
440 msh (millionths of the solar hemisphere) u
CJIOXXHOW MarHUTHOW KOH(HTryparmuen [-y-0, d9To
YKa3bIBaCT Ha 3allyTaHHOCTh Pa3HBIX IMOJIIPHOCTEH.
Ha pucynke 1 mpuBeneHO M300pakeHUE BUIUMOIO
CONTHEYHOTO JIcKa ¢ O0O3HAYCHHEM AaKTHUBHBIX
obmacTei.

Taxke Ha pHCYHKE 2 TpeAcTaBIeHO Ooee
IeTagbHOEe  W300paKeHHWE  aKTUBHOM  oOylacTh
AO14100. B ontiyeckom muanasone (HMI 6173 A)

00 HW Wagnalugram 31 <M, <2025 21 .53 84 504

Pucynok 1 — M300pakeHue COTHEYHOTO JTUCKA U
AO014100 o maraeiv SDO/ Solarmonitor.org

OBoMIOIMS KPYNMHOM aKTUBHOM objactu ¢
CHJIBHBIMH MAarHMTHBIMH TIOJSIMH COIIPOBOK/1ATach
cepueil BcmblmeK Kiaacca M, Npou3oLIenmux 3a
KOPOTKHIA IPOMEXYTOK BpeMeHHU. Takoe KOJIMYECTBO
BCIIBIIIEK ~ OTPaXaeT  BBICOKYID  MarHUTHYIO
aktuBHOCTh Ha ComHIe W  yKasplBaeT Ha
HECTaOMJIbHOE COCTOSHHE MAarHUTHOTO TIONSA B
JIaHHOM 00JIaCTH.

B nepuon ¢ 30 mo 31 mas 2025 r. B akTUBHOU
obmactu AR 14100 ©Obut0  3aperucTpupoOBaHO
HECKOJIBKO BCIBIIIEK Kiacca M, /BE M3 KOTOPBIX
COIPOBOXKAAINCH 3HaUUTENIbHBIMU KBM.

Ha rpaduke (cM. pucyHok 3) mnpHuBelIEHBI
JIaHHBIE PEHTIeHOBCKOTro wu3nydeHus CoiHua 1o
nanHbeiM ciytHEKa GOES-16 3a mepuog 30 mas - 1
nroHs 2025 1.

B nepuon ¢ 30 mast mo 1 urons 2025 r. Obuia
3a()UKCUPOBaHA CEPHs COJTHEYHBIX BCIIBIIICK, CPEIH
KOTOpbIX ~ HambOoyiee  3HAUUMBIMU  SIBILIIOTCA
KpaTKOBpeMeHHasl Bcmblmka kinacca M3.4 (30 mas,
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HaOronaercs rpymmia COJTHEYHBIX TISATEH,
[EHTpaIbHAST YaCTh KOTOPOH COAEPIKHUT HECKOIBKO
KpynHbIX TsTeH. Marautorpamma (HMI) moxassr-
BaeT CJIOXHYIO [-y-0-KOHQUTYpPALMI0 MAarHUTHOTO
TMOJISI, 9TO YKa3bIBa€T O BBHICOKOM MOTEHITHANIE IS
Berbiiek kiaccoB M u X. B MSATkoM peHTI€HOBCKOM
muana3one (Hinode/XRT) peructpupyercs ob6nactb
apkoro wusnyueHuss Hag AQO14100 ces3aHHas c
HAarpeBOM TIUIAa3Mbl /IO BBICOKHX TEMIIEparyp.
N3obpaxenne B KkpaitHeM ymbrpaduonere (SWAP
174 A) neMoHCTpUpYeT —CIOXHYIO — CHCTEMY
MarHWTHBIX T€TeNlb, YTO TOBOPHUT O BBICOKOU
JTUHAMHYECKON aKTHBHOCTH JaHHOH OOJIaCTH.

Pucynok 2 — N3o6paxenune AO14100
mo AanHbBIM Solarmonitor.org

06:13 UT) u Hanbosee MomrHas ¥ TPOAOIDKATEbHAS
Bempika kimacca M8.1 (31 mas, 00:05 UT).

[lepBoe coOpITHE — 3TO BCTBIIMIKA Kiacca M3.4,
npounsomenmas 30 mas 2025 r. B 06:13 UT, xotopas
compoBoxaanach KBM co ckopocteio okomno 700
KM/C, 3a(pMKCUPOBAHHBIM KopoHorpadom
SOHO/LASCO C2 B 07:12 UT (pucyHoxk 4).

Bropoe coObiTHe — Oosee MoIIHAs BCHBIIIKA
kiacca M8.1, mpouzomeamas 31 mas 2025 r. B 00:05
UT, conpoBosxaanack obictpeiM KBM, 3apeructpu-
poBanaeiM SOHO/LASCO C2 B 01:36 UT co
ckopocThio okoio 1700 km/c (pucyHoK 5).

Jis  ompeneneHusT OCHOBHBIX (ha3 MeEXKIIIa-
HetHoro KBM, 1o ecTth ()poHTa ymapHOH BOJHEI
(shock), o0iacTH BO3MYILEHHOW CXKATOH IIa3Mbl
(sheath) m w™armuTHOrO oOONaka (ejecta) OBLI
NpOBeNEH aHANIN3 [TAPaMETPOB COJTHEYHOTO BETPa 110
manHeiM  OMNI. Ha pucynke 6 mpencraBieHsI:
BEpXHssl IIaHEeNb — IIOJHOE MAarHuTHoe mnoine Bt,
CpenHss MaHeJIb — KOMIIOHEHT Bz, HibkHSSA maHens —
CKOPOCTB COJTHEUHOTO BeTpa VSW.
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GOES-16 XRS, 1-8 A (B channel)
2025-05-30 — 2025-06-01
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Pucynok 3 — PentrenoBckoe m3nmydenust Connua o gaHabM crrytHrka GOES-16

=

Pucynox 5 — KoponanbHblii BeIOpoc Macch! ot Bemnbimku M8.1 o ganasiv SOHO/LASCO C2

CKOpPOCTH COJIHEHYHOTro BeTpa VSW. [l BblesIeHHs

KitoueBsle rpanninel ICME onpeneneHsl Mo  MOMEHTa HCHONB3YETCS S-MUHYTHBIM psan, A7
COBOKYITHOCTH TPH3HAKOB. MEXKIUIAaHETHBI ymap JIaHHOTO CITydas MOMEHT yzaapa ompenenéH Ha 2025-
(Shock). Ynmapuast Bonna ¢ukcupyercst kak peskuii  06-01 B 05:45 UT. Tlepexon ot sheath k ejecta. TTocne
MOJIOKHUTENBHBIH CKauOK MarHuTHoro monsi Bt m  ymapa dbopmupyercs obnacTb sheath,
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XapaKTepU3YIOLascs CHUIBHOM TypOYJIEHTHOCTBIO
MarHuTHOTO MOJII W TIOBBILIEHHBIM ypoBHeM Bt.
Ilepexon k ejecta ompenensiercss IO PE3KOMY
CHIDKEHHIO TYpOYJNEHTHOCTH TIPH COXPaHCHUH
BBICOKOHW BenmuuuHBI B, uTo 00pa3yer xapakTepHBIN
«CIIOKOWMHBIN» Y4YaCTOK MarHuTHoro mnons. Hauamo

Interplanetary parameters during the ICME of 30 May - 2 june 2025

ejecta 3adukrcupoBano Ha 2025-06-01 B 23:10 UT.
OxoHuaHue ejecta. 3aBepleHHe ejecta oTMedaercs
mpu Bo3BpameHun Bt K QOHOBBIM ypOBHAM,
HaOronaBmmMcs 10 coObITHA. s 3TOrO Ciyvas
KoHell ejecta onpenenén Ha 2025-06-02 8 01:10 UT
(pucyHOK 6).
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Pucynok 6 — lI3MeHeHre MarHUTHOTO MOJISl U CKOPOCTH COJTHEYHOTO BETpa
BO BpeMsI T€OMarHUTHON Oypu
Ha pucyHke 3anmBKOW MMOKa3aHbl MHTEPBANbI  [MOCTEIICHHOE CHIDKCHHE. Ot NpU3HAKU
sheath u ejecta. OGmactp sheath xapakTepusyeTcs COOTBETCTBYIOT KIJIACCHUYECKUM KpUTEPHUAM

BBICOKUM YPOBHEM TYPOYJIEHTHOCTH W YCHJICHHBIM
MarHMTHBIM TIOJIEM, a e¢jecta mposiBiiseT Oosee
CTaOWIIBHYIO CTPYKTYPY — MOHIKEHHYIO BapUALIHIO U

BhIJIesieHus (ha3 mexxruiaHeTHoro KBM.
ITony4yeHHsle 3Ha4EHHSI TAPaMETPOB IIPUBEACHBI
B Tabymie 1.

Taéamuna 1 — MakcumansHble, MUHIMAJIbHBIE U CpeaHNe 3HadeHHs mapameTpoB MMII u comHedHoro

BETpa

ITonHbIi BEKTOp HANPSHKEH-
HOCTH MEXIIAHETHOTO
MAarHUTHOI'O MOJIsS

Btrax =26.11 5Tn

Btmin = 3.58 HT.H Btmean = 982 HTH

Z-KOMIIOHEHTA MEXKITJIAHETHOTO
MAar"diuTHOTO ITOJISA

BZmax = 18.02 uTn

BZmin = 715.93 HTH BZmean = 71 27 HTH

CKOpOCTB COTHEYHOTO BETpPa
KM/C

VSWmax = 1117.35

Vszin = 554 90
KM/C

VSWmean = 746.38
KM/C

B nepuog ¢ 31 mas mo 3 urons 2025 r. Obuia
3aperucTpupoBana OoJiblias reoMarHuTHas Oyps. 1
WIOHA HaOdromancs peskuidt poct uHAekca Kp 10
3HAYEHHUS 7, YTO COOTBETCTBYET CHJIbHON MarHUTHOU
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oype ypoBHs G3 (Pucynok 7). B Teuenue 2 u 3 utoHs
COXpaHsylaCh ~ BO3MyIIEHHAass  OOCTaHOBKAa  C
OTJCIBHBIMH TICPUOJAMU MArHUTHOM Oypu, dTO
yKa3plBaCT Ha MPOJOIKUTEIILHOS BO3JCHCTBHUEC



B.6. CeitdynnnHa n ap.

MEXIUIAHETHOTO BO3MYILIEHUS, BBI3BaHHOTO
npuxonoMm KBM ¢ ymapHo#t BommOW. K 4 wutons
MarHuTHas aKTUBHOCTb CHHU3HWJIACh JI0 CIIOKOHHOTO
ypoBHA. Takum o00pa3oM, cOOBITHE MpPEACTABIACT

co00l  TPONOIDKUTENBFHYIO MarHuTHylo  Oypro,
BbI3BaHHYI0 MOIMHBIM KBM u3 akTuBHON 0Omactn
AO14100, xoropasi COMPOBOXKIANACH THIHYHBIMH
nposiBIeHUSIMU Oonbioro Bosmymenus u O3 B 'KJL.

MnaveTapHpib Kp 2025-05-31 - 2025-06-03 (UTC)
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Pucynoxk 7 — Usmenenus Kp B nepuon reomarautHol Oypu 31 mast - 3 urons 2025 r.

®opoym-3¢pdexr

VHTEHCUBHOCTh TalaKTUYECKUX KOCMHYECKHX
Jy4ei o JaHHBIM HeHTpoHHOro MoHUTOpa AATB 32
nepuoA ¢ 31 mas o 10 urons 2025 r. npuBeacHa Ha
pucyHke 8. B Hawase mHTepBaiia MHTCHCUBHOCTH Ha
¢doHoBOM ypoBHE okono +5 %. 1 utons 2025 roaa
3adukcupoBan @D ¢ peskuM moHmKeHUeM —12 %
oTHOcUTeNBHO QoHa. [Toce MUHUMYMa HaOMIOAAaET

Csl TIOCTEIICHHOE BOCCTAHOBJIEHHE HWHTEHCUBHOCTH
I'KJI. Takum o0pa3oM, 3aperiucTpupoOBaHHOE
COOBITHE IEMOHCTPUPYET TUINYHBINA PO ¢ T0BOIBHO
ObicTpoli (a3olf TMOHMKEHHUS M IOCIEIYIOLINIM
MEAJICHHBIM BOCCTAHOBJIICHUEM NMHTCHCUBHOCTH I'KJI
M3-3a BO3JIEUCTBUS MEKIIJIAHETHBIX BO3MYILEHUN Ha
MOTOK YacTUI] KOCMUYECKHX JTydeH.

AATB revised values from 2025-05-31T00:00:00 to 2025-06-10T00:00:00 (R=9%.90 / Alt.3320m}

[w= Comected for Emémcy

increase (%)

F & & F &
K ; A X
¥ & & L 5 &
~ -~ ~ O ) ™ » »
~ =) ) < o =l o o o
- o < L= < < x L) -
o S S o 5 S S ) S
h ol F - - ‘-7 ) ’f\ ¥l {‘-
o o 2 & o & o o o
~ 2 v ~ v v '\. “ ~

S & & & L P LS & e &
&g & & §F 5 &9 & 5 8
C IR Y M N I I NN
§ & § &§ §F & & &8 &8 ¢
I A I B R R

Pucynok 8 — IHTEeHCMBHOCTh KOCMHUYECKHX JIyY€H, 3aperucTpUpOBaHHas HEUTPOHHBIM MOHUTOPOM
AATB. (Anmarsl, 3340 M, R = 5.9 I'B) B iepuoza ¢ 31 mas mo 10 uronst 2025 r.
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Munumym @D mpuxomuTcss Ha  BTOPYIO
MONIOBUHY AHS 1 WIOHA. Y COOBITHS KIIacCHYEcKas
CTpYKTypa:  pPE3KO€  HadaJbHOE  IOHIKEHHE
WHTEHCUBHOCTH U JAJUTEIBHOE BOoccTaHOBIeHHE. [1o
aMIUIUTYyle YMEHbIIEHUsI MHTEHCUBHOCTH (~ 12 %)
JAHHOE COOBITHE MOXHO OTHECTH K YHCIy OOJIBIINX
®opoOyur-agdexror. ComocTaBiisis 10 BPEeMEHU
n3meHenne uurencunoctd I'KJI ¢ gaaueimu OMNI,
BBISIBJICHA IIpsiMas CBsI3b MEXKAY IIOBEACHUEM
WHTEHCUBHOCTHU I'KJI u napameTpamu
MexIuianeTHoro nons. [Ipuositne KBM 31 mas 2025
I. CONpPOBOXJAIOCH CKAa4KOM  MEXKIIJIAHETHOTO
MarautHoro mois Bt mo 26 wHIn um ckopoctd
coiHeuHoro Berpa Vsw > 1000 km/c B 05:45 UT, uto
COOTBETCTBYeT (POHTY VyAApHOH BOJNHEL. OTOT
MOMEHT COBIAJAacT C HAYaJIOM PE3KOr0 MOHMKEHHS
I'KJL

B nanpheiimem B nntepBane 1 utonsa 23:10 UT
— 2 monsa 01:10 UT, ¢uxcupoBamuch ycTOWIHBO
MOBBIILICHHBIE 3HaueHWs Bt, 4ro ykas3biBaeT Ha
MPOoXoXaeHue 3eMiIEi MarHUTHOTO oOJaka (ejecta).
B oror mnepuom motok I'KJI ocraBamca Ha
MUHUMAIIGHOM YPOBHE, OTpakas 3(PQPeKTUBHOCTH

3akiIouyeHue

@D, 3apeructpupoBanubiii 1-10 urons 2025 r.,
noka3piBaeT BiaussHue KBM Ha maTencuBHOCTH 'KJT,
KOTOpO€ TIPUBENO K 3HAYUTEIHHOW MOMYISIIUU
IMOTOKOB vacTuil. AkTuBHas oonacte AO14100 Obu1a
OCHOBHBIM COJIHEYHBIM HCTOYHHUKOM BO3MYIICHUH, B
KOTOpOM  TPOMCXOJIMIAa  CepUs  BCIBIIIEK C
nocneayrommmu KBM, 4to u oTpasuiock Ha Gopme
D3.

3apeructpupoBanHbiii DD sBugeTcs SKCTpe-
MaJbHBIM  COOBITHEM  KOCMHUYECKOW  TOTOJIBI.
VY napHas BonHa MexiutaneTHoro KBM BeIcTynaeT B
pOJIM 3KpaHa, OTPaHMYMBAIONIETO MPOHUKHOBEHHE
3apsOUKeHHBIX 4YacTHI] BO BHYyTpb oOmactu KBM.
MarnutHoe ob6nako KBM cospaér Oapeep s
MIPOHUKHOBEHUSI KOCMHYECKHX Jy4ed BHYTpb
obnactu ejecta, uto hopmupyeT riIyOOKHEe MUHHMY-
MBI HHTEHCUBHOCTH. BpeMeHHas koppensauus Mexay
MEXIUITAHETHBIMU TTapaMeTpaMu M HaOJr01aeMbIMU
W3MEHEHUSMH KOCMHYECKHX ITydell MOJTBEpKIAaeT
CBSI3b JJAHHOTO BEIOpOCa ¢ 3aperucTpupoBanHbiM OO,

Onpenenenne rpanul MexiutanetHoro KBM
WTpaeT KI0YeByIo poiib B mHTEpnpeTanmu ©3. OHo
MO3BOJISIET YCTAHOBUTH, KAKOE NMEHHO BO3MYIIICHHE
BBI3BAJIO COOBITHE, 3a(UKCHPOBATH MOMEHT €ro
Hayvasa, NpoJOJDKUTEIBHOCTD U YCIOBHS MOAYJIALINN
KOCMHUYECKUX JIy4ei.
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MarHUTHOM  CTPYKTYpHI
KOCMHMYECKHX JTy4eil.
Jnst cobprrrst @D 1-10 mrons 2025 r. MoxeM
HaOmoIaTh pe3koe majeHre uHTeHcuBHOCcTH ['KJI,
CBA3aHHOE C TypOyneHTtHOcThIO sheath-oOmactu u
(pOHTOM yOapHOW BOJNHBI;, TIyOOKHA MUHHMYM,
00yCJIOBIEHHBIH  MPOXOXAECHHEM  MAarHUTHOTO
o0aka W MEAJICHHOEC BOCCTAaHOBJIEHHE, KOTOpOE

ejecta B MOAYISALUH

OTpakaeT HOCTETIEHHYIO penakcanuio
MEXIUITAHETHOI'O MAarHMTHOTO TIOJS U CHIKEHHE
TypOyJIEeHTHOCTH.

Takum o6paszoMm, coObitie 1-10 mrons 2025 r.
WLTIOCTPHUPYET KIACCHYECKYTO TTOCIEI0BATETFHOCTE!
conHeuyHas Bcmblmka + KBM — MexriaHeTHBIN
KBM — ynapnas BonHa 1 ejecta — DopOynr-addext
B wuHteHcuBHoct ['KJI. bBonpmas ammoutyna
noHmwkenus ~12 % w  poutensHas  ¢asza
BOCCTAQHOBJICHHSI ~ TOJATBEPXKIAIOT 3HAUYUTEIHHYIO
SHEPreTUKy HCTOYHMKA W BaxHyr poir KBM B
¢dopmupoBanun  Oomprmmx  DD.  BpemeHHas
KOppeNslig M MEXIUIAaHETHBIE XapaKTECPUCTHKHU
nmoaTBepkaaroT cBsizsb KBM ¢ HabmomaembiM OO,

Takum o00pa3oMm, BpeMeHHas KOppemiauus |
MEXIUTAHETHbIE XapaKTEPUCTHKH IOATBEPKIAIOT
cBa3b ganHoro KBM c 3apeructpupoBanusiv @3 1-
10 urons 2025 r.

BaarogapHocTh, KOHQIUKT HHTEPECOB

JanHoe  wWccienoBaHuEe — (PMHAHCHPOBAIOCH
KomureTom Haykn MUHHCTEPCTBA HAYKH U BBICIIETO
obpazoBanus PecnyOonmuku Kazaxcran (rpant Ne
BR21881941 «OKCIIEpUMEHTAIIEHBIE u
TEOPETUYECKUE HCCIICAOBAHHS B O0JIACTH BHICOKUX H
CBEPXBBICOKHX DHEPIrUi JUIsl PEIICHUs] aKTyaIbHBIX
3aga4  acTpOopU3UKH U (QU3HKH KOCMHYECKHX
Tyqen»).

Msr  Onaromapum 0a3y ganHHeix NMDB
(www.nmdb.eu), co3gaHHyI0 B paMKax MpOrpaMMbl
FP7 EBponeiickoro coro3a (koHTpakT Ne 213007), 3a
NPEJOCTaBIICHNE JaHHBIX. ABTOPBI  BBIPAXKAIOT
NPU3HATENFHOCTh  IIOCTABIIMKAM  JIAHHBIX O
KOCMHMYECKHX Jydyax u3 0a3pl gaHHbIX Neutron
Monitor Database (NMDB) Bbicokoro paspernieHus,
a TaKKe BCEM OpPTraHW3alWsIM, NPEIOCTABIISIONUM
nansbele o CoJHIE, MEXIUIAaHETHOM IPOCTPAHCTBE U
TeOMarHUTHOM TIOJIE.
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MODELLING OF A STRAW TRACKER IN THE NA64 EXPERIMENT ON THE M2 SPS MUON
BEAM IN THE GEANT4 SOFTWARE ENVIRONMENT

The NA64 experiment is aimed at searching for mediator particles that carry out the
interaction between standard matter and dark matter. The main goal of the experiment is to
detect Light Dark Matter (LDM) particles with masses below 1 GeV. The missing
energy/momentum technique is used in the experiment, e.g. in the muon run energy of muons
in the final state is expected to be 80 GeV. The NA64 experiment has a fairly extensive detector
system, including several types of detectors. Straw trackers are used in both muon and electron
modes of the experiment. One of the essential components of the detection system along the
beamline is the straw tube detector. Straw trackers allow one to reconstruct the tracks of primary
and secondary particles and subsequently estimate their momentum based on the curvature of
the track. This paper presents a straw tracker model built using the Geant4 software package.
Secondary radiation particles were also included in straw tube responses. The main goal of this
work is to construct and analyze a straw tracker model using the GEANT4 toolkit. The research
methodology is based on the use of the Monte Carlo method, which underlies the work of
GEANT4. The results of the study have practical significance, consisting in the use of models for
optimizing the technical and design parameters of straw trackers.

Keywords: dark matter, NA64 experiment, straw tracker, Monte-Carlo method.

C.A. Typrarosa®™®’, H.0. Cagyes'?, [.E. MbikTbibekos >3, T.J1. EHuk?,
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aaponbiK U3MKa MHCTUTYTbI, AnmaTsl, KasakcTaH
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*e-mail: turganova.sanira.0l@gmail.com

GEANT4 6afaapnamansik optacbiHaa M2 SPS MIOOH LLOFbIPbIHAAFLI
NAG64 aKkcnepuMeHTIHAE CTPOY TpeKkepai moaensaey

NAG64 skcnepumeHTi 160 9B sHepreTuKaablk MIOOH CayneciH aHe 100 9B sHepreTuKanbiK,
SNEKTPOHAbl CAYNEHi »Ky3ere acblpaTblH KapaHfbl CeKkTopnapapl Tabyfa OafbiTTanfaH.
DKCNEePUMEHTTIH, Heri3ri MmakcaTbl — Mmaccacbl 1 [3B-TaH TemeH HeHin KapaHfbl MatepuaHbiH,
(KM) benwiekTepiH aHblKTay. MeTiCnenTiH 3Heprua/MMMNyabC TEeXHUKACbl 3SKCMEPUMEHTTE
KON4aHbINaAbl, MbICa/ibl, MKOOHAAPAA COHFbI KyMAeri MoHAapablH, sHepruackl 80 38 Honaapl
nen kytinyae. NA64 akcnepnmeHTiHAe AeTeKTopNapAbliH BipHeLle TYPiH KAMTUTbIH KETKINIKTI KeH,
[eTeKTopAbIK Kyhe 6ap. CTpoy TpeKepnepi 3KCNEPUMEHTTIH MYOHAbIK KaHEe 3/1eKTPOHAbI
pexumaepiHae KongaHbinaabl. Cayne Cbi3blfbiHbIH BOMbIHAAFLI TPEKTEPA( TipKey KYMeCiHiH
MaHbI3bl KOMNOHEHTTEPIHIH Bipi — cTpoy-TpeKep. CTpoy Tpekepsepi HacTankbl *KaHe KOCa Kbl
benwekTepaiH i34epiH KalnTa KypyFa XoHe KeMiH *KONAbIH, KMCAlOblHa Heri3faenreH onapablH,
UMNynbCiH BGafanayra MyMKiHAIK bepepni. byn kKyxaT GEANT4 6afgapnamanbslk  MakeTiH
nanaanaHbin acanfaH CTPOy TPeKep YATICiH ycbiHaapbl. EKiHWI peTTik cayneneHy benuekrepi
CTPOY TYTIKTEPIHIH, peakuMAnapbiHa Aa eHrisingi. byn »XymbICTbiH, Herisri makcaTbl-GEANT4
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KYpangap *WHafblH KONZaHa OTbIPbIN, CTPOY TPEKepPiHiH MOAENIH KYPpY KaHe Tangay. 3eptrey
apictemeci GEANT4  KymbICbiHbIH,  HerisiHae MaTkaH MoHTe-Kapno aaiciH  KongaHyfa
HerisaenreH. 3epTTey HaTUKesnepi CTPOy TPeKepnepdiH, TEeXHWKANbIK KIHe KyYpbl/bICTbIK,
napameTp/aepiH OHTaMNaHAbIPY MaKCaTbIHAA TYPATbIH MPAKTUKANbIK MaHbl34apbl bap.

TyliiH ce3nep: kapaHsbl maTepusa, NA64 akcnepmumeHTi, cTpoy Tpekepi, MoHTe-Kapno agici.
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MogennposaHue cTpoy Tpekepa 8 skcriepumeHTe NA64 Ha mOOHHOM ny4ke M2 SPS
B nporpammHoi cpege GEANT4

SkcnepumeHT NA64 HanpaBAeH Ha MOMCK TEMHbIX CEKTOPOB, PEasIU3YHIOLLMX MIOOHHbIM NMy4YOK
¢ aHeprunen 160 B 1 31eKTPOHHbIN Ny4ok ¢ aHeprnenn 100 M3B. OcHOBHAA Leb 3KCNepumMeHTa
— obOHapyseHue dactuy, flerkoit TemHolt Matepun (JITM) ¢ maccamm meHee 1 [3B. B
9KCMEepPMMEHTE UCMONb3yeTcd MeTod, HedoCTalolel 3sHeprmn/Mmnyabca, Hanpumep, 44
MIOOHHOTO peXnma 3HePrna MIOOHOB B KOHEYHOM COCTOAHMM, KaK oxkmnaaetca, coctasumt 80 M3B.
SkcnepmmeHT NA64 MMeeT 40BOIbHO OBLWMPHYHO CUCTEMY AETEKTOPOB, BK/HOYALOLLLYO HECKO/IbKO
TUMNOB AeTeKTopoB. CTpoy Tpekepbl UCMOMb3YHOTCA KaK B MIOOHHOM, TaK W B 3/IEKTPOHHOM
pexumax akcnepmmenTa. OgHUM 13 BaXKHENLIMX KOMMOHEHTOB CUCTEMbI PerMcTpaum TPeKos
BLO/1b IMHUM NYYKa ABNAETCA CTPOY TpeKep. CTpoy TpeKepbl MO3BONAIOT PEKOHCTPYMPOBATL TPEKM
NePBUYHbBIX M BTOPUYHbLIX YaCTUL, K BNOCAEACTBUMN OLEHUTb MX MMMYAbC HA OCHOBE KPUBU3HbI
Tpeka. B gaHHOM cTaTbe npeacTaBieHa MOAeNb CTPOY Tpekepa, Co34aHHaA C MCMNO/b30BaAHNEM
nporpaMmmHoro naketa GEANT4. BTopuUHbIe YaCTULbl TaKKe Obln BKAOYEHbI B OTKANKMK CTPOY
TpyboK. OCHOBHa#A Lieab 3ToM paboTbl — NOCTPOUTL M NPOAHAAN3NPOBATb MOAENb CTPOY TPeKepa
C ucnosb3oBaHnem UHCTpymeHTapma GEANT4. MeTtoZonorva uccienoBaHMA OCHOBaHa Ha
Mcnosb3oBaHMM meTofa MoHTe-Kapno, nexaulero B ocHoBe paboTbl GEANT4. PesynbTaThl
nccneoBaHMA MMEKOT NPaKTUYECKOe 3HaYeHMe, 3aKNtoYatoleecs B MCNOJb30BaHUM Moaenem

ONA ONTUMUN3aUNN TEXHNYECKNX M KOHCTPYKTUBHbBIX MAapamMeTpoB CTPOY.
Knioyesble cnosa: TeMHasa matepua, akcrnepumeHT NA64, cTpoy Tpekepbl, meTos MoHTe

Kapno.
Introduction

One of the main candidates for the role of the
"theory of everything" is the Standard Model (SM). It
provides some description of the Universe, has good
evidential grounds, and most scientists are inclined to
use it. However, despite its obvious popularity, the
Standard Model has a number of shortcomings,
including the lack of a description of gravitational
interaction, CP invariance violation, neutrino oscilla-
tions, baryon asymmetry, anomalous magnetic
moment of the muon, etc. The available cosmological
data [1-3] allow us to assume the existence of a new
type of matter - dark matter (DM). In most models,
dark matter particles interact with SM particles either
gravitationally or through special mediator particles.
Today, the hypothesis that DM is a thermal relic that
existed in thermodynamic equilibrium with ordinary
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matter at the initial stages of the origin of the world
has become popular. This formulation allows for the
existence of the so-called dark sector (DS) - an
analogue of ordinary matter, light in the same lower
hierarchy of particles. Then the interaction of the
particles of the DS and baryonic matter will have a
non-gravitational character, consistent with weak
interactions [4], and the particles are called WIMPs
(Weakly Interacting Massive Particles).

Launched in 2016 at CERN, the NAG64
experiment is dedicated to searching for the so-called
dark photon, as well as the Z'-boson associated with
L,.-L. model, the particles that mediate the interaction
of DM and SM. The experiment is based on the idea
of the production of a dark photon A’ during the
interaction of high-energy electrons or muons with an


mailto:turganova.sanira.01@gmail.com

S.A. Turganova and et al

active target, similar to the formation of bremss-
trahlung. Initially, the experiment was carried out on
the electron beam of the H4 channel at the SPS, but
later it was modified to search for DS particles that
weakly interact with second-generation leptons, using
the muon beam of the M2 channel. As part of the
experiment, the search for the missing energy as a
result of the scattering of leptons on target nuclei is
carried out. Thus, the experiment on the electron
beam was called NA64e, and on the muon beam -
NAG64p. The muon mode of the NAG64 experiment is
aimed at searching for the Z’ boson, which is
produced as a result of scattering of muons on target
nuclei. Subsequently, Z’ decays either into a pair of
neutrinos vv, or into a pair of particles DS with a
smaller mass yy . Thus, part of the energy is carried
away by the Z’-boson or its decay products, and does
not reach the detector, but the detectors measure the
residual energy of the scattered muon. The detector
system of the experiment includes the following types
of detectors: MicroMegas detectors, gas electron
multipliers, scintillation hodoscopes, BMS, and straw
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trackers. We will consider the latter in this article.
More details about the design and operating principle
of the remaining detectors are described in [5-8].

Methodology for searching for Dark Matter
particles in the NA64p experiment

The experiment is located in the M2 beamline of
the Super Proton Synchrotron (SPS). The launch of
this modification of the NA64 experiment was
motivated by the so-called anomalous magnetic
moment of the muon [9], more details about the
anomalous magnetic moment of the muon are
described in [10, 11, 12]. The goal of the NA64u
experiment is to search for light dark matter with a
mass less than 1 GeV. The experiment is based on the
missing energy/momentum method, which consists
of measuring the beam energy before and after the
collision with the target and observing the violation
of the energy conservation law. A schematic
representation of the experimental setup is shown in
Figure 1.

MS:_) (] Haal |
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Figure 1 — Experimental setup of NA64p. The target is ECAL.
The detector systems before and after the target are designated as MS1 and MS2.

The muon beam is obtained at SPS by
accelerating protons to energies of ~450 GeV with
subsequent collision with a beryllium target. The
pions and kaons resulting from the collision decay,
forming muons, which are sent to the so-called
"sorting" by energy, the focusing-defocusing system
(FODO). In this way, a muon beam with an energy of
160+3 GeV is obtained [13], and its moment is
recorded. Then the beam is directed to the target,
which is a shashlik-type calorimeter. It is a structure
of 150 lead-scintillator layers. Inside the target,
events occur according to 2 scenarios: in the standard
case, as a result of scattering, muon bremsstrahlung
appears

U+Z->u+Z+7y, )

Materials and methods of research

Straw trackers

Straw trackers are used throughout the experi-
mental setup and are an integral part of it. They are a
system of thin-walled tubes glued together. Straw

in a non-standard case, it will not be a photon that is
born, but a dark boson Z’, which will subsequently
decay into a pair of Standard Model particles or a pair
of Dark Sector particles

U+Z->u+Z+2',7Z-v,xx (2)

ECAL detects the energy of muons and
secondary particles, then the momentum and energy
of the muons are measured in the track detectors,
magnetic spectrometer and HCAL. In the standard
case, the total energy of muons and secondary
particles will be about 160 GeV, but in the signature
case, the output will be observed to be muon energy
of about 80 GeV [14] and no detection of secondary
particles - this will mean that part of the initial energy
(1 — f)E, is carried away by an invisible particle.

trackers are essentially proportional drift counters.
Their peculiarity lies in the small amount of material,
i.e. it is essentially invisible to the high-energy muon
beam. In the context of the NA64 experiment, it is
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important that muons do not lose energy when
passing through the tracker system. Due to their thin
walls, straw trackers ensure that there is no energy
loss. Straw trackers are widely used in modern high-
energy experiments: ATLAS [15], Muon g-2 [16],
LHCDb [18], etc. As mentioned earlier, straw trackers
are proportional counters, and they have a typical
proportional counter design. The detector is a hollow
cylinder, the length of which is much greater than the
base radius. The walls of the cylinder act as a cathode,
and a thin wire in the center of the cylinder serves as
an anode. A potential difference arises between the
electrodes, and the field is stronger near the anode.
The working volume of the detector contains gas, in
this case, a mixture of Ar (80%) + CO2 (20%) gases
[18]. A charged particle, passing through the sensitive
volume of the detector, excites and ionizes gas atoms.
The resulting ions and electrons drift toward the
electrodes. Separate sections fastened together form a
straw tracker.

The tracks, the so-called "traces" of the particle's
passage, are reconstructed by measuring the time of
flight of electrons and ions from the ionization point
to the electrodes. When approaching the anode, an
avalanche of electrons occurs due to the action of a
strong electric field, and depending on the voltage and
gas composition, the number of electrons drifting to
the anode can reach 104-105 [19]. The resulting
signal, passing through a preamplifier, is fed to a time
digital converter for subsequent processing.

The NA64u experiment uses two types of straw
trackers: small chambers consisting of two
substations of 64 tubes glued together in two rows,
and a large chamber. In the small trackers, the
substations are rotated by 90° relative to each other
and have linear dimensions of 20 x 20 cm. Large
substations are rotated by +7° relative to the beam
axis and have dimensions of 120 x 60 cm [18, 20].
Each tube is made of two layers of Kapton, either
glued or ultrasonically welded, with a thin layer of
aluminum deposited on the outer Kapton layer. A
tungsten wire with a diameter of 30 pm serves as an
anode. A schematic of the straw tube is shown in
Figures 2 and 3.

Using GEANT4 tools for modeling straw
trackers

The main tool in this work is the GEANT4
software environment. GEANT4 (GEometry ANd
Tracking) was created by the eponymous
collaboration at CERN mainly to study the interaction
of particles with matter. It can be used to simulate
processes occurring in a wide energy range - from eV
to PeV [21]. Thanks to the toolkit, it is possible to
build the geometry of not only the detector, but also
the entire experimental setup, as well as set the
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characteristics of materials, physical processes, etc.
GEANT4 was written in C++, and compared to its
previous generations, it is a pioneer in the use of
object-oriented  programming. The  software
environment is based on the Monte Carlo method
[22], since modeling the behavior of particles often
requires averaging multiple cases of interaction, a set
of so-called statistics. The choice of this software
package in the framework of the work was motivated
by the fact that all previous simulations carried out by
the NAG64 experiment team were written using
GEANTA4.

In this study, the FTFP_BERT class was used to
describe physical processes, allowing one to specify
the particle type, physical models, and cross sections
of the processes occurring [23].

Aluminium (0.05 um)
Kapton {12 um)

Glue (7 ym)

Kapton {40 pm)

Gas (Ar - 80%, CO2 - 20%)
Wire (Wolfram, 30 um)

Figure 2 — Schematic representation of the cross-
section of a straw tube.

ml Akamirsum (0.05 um
B Kapton (12 um)
W Glue (7 pml

M Kapton (40 pm)

Gas {Ar - 80%, CO2 - 20%)

. Wee (Wollram, 30 um)

Figure 3 — Schematic representation of the
longitudinal section of a straw tube.
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This class was chosen because it describes well
the interaction components at high energies —
hadronic and electromagnetic. In this work in order to
create a straw tracker model one straw tube was
simulated, then its copies were created using the
G4PVReplica class. A lead box simulating an

Results and discussion

As a result, 3D models of straw trackers were
obtained, shown in Figures 4 and 5. A beam of 10.000
particles was also launched and tracks of the beam
and its reaction products with the calorimeter were
obtained (Figure 6).

electromagnetic calorimeter was also created. The
simulation results were presented as one-dimensional
and two-dimensional histograms using ROOT [24]
and Matplotlib libraries [25].

nuclei. To assess this effect, beam profiles were
obtained from the trackers before interaction with the
target and from large trackers located at some
distance from the small ones (Figures 8 and 9).

Figure 4 — Model of a small straw chamber 20x20
cm. The lead box simulating an electromagnetic
calorimeter is shown in green.

Figure 5 — Model of a large straw chamber. The
planes of the substations are inclined by +7°.

As a result of the beam-target interaction, as
expected in the experiment, part of the energy was
carried away by the reaction products. In this regard,
an energy spectrum was obtained (Figure 7), in which
two peaks corresponding to muons and the
electromagnetic component of the particles formed
are clearly visible. The spectrum and tracks show that
the energy is carried away mainly by gamma rays and
electrons.

The experiment assumes a deviation of the beam
trajectory due to the scattering of muons on target

Figure 6 — Beam and secondary particle tracks.
Negatively charged particles are shown in red,
positively charged particles in blue, and gamma rays
in green.

Energy spectrum
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Figure 7 — Energy spectrum of the beam and
secondary particles.

The halo around the beam is due to the absence

of trigger system which includes scintillation
detectors and veto-counters.
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Figure 8 — Beam profile on a small straw chamber, labeled XY.
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Figure 9 — Scattered beam profile from a large straw chamber labeled UV.

The energy loss distribution in the detector was
obtained, shown in Figure 10. This behavior of the

Energy deposit in Small Straw distribution is typical for the case of interaction of
T R P R . high-energy muons with matter. It is also evident
H 3 from the distribution that the beam does not
; experience any abnormal energy losses. This means
| that the models are in fairly good agreement with each
Ell other and with theoretical expectations.
R The distribution shows that 160 GeV muons lose
o' p \\ i ~1.65 MeV of energy when passing through the
; detector. This agrees well with the theoretical value
: [ \ of 1.79 MeV, calculated using the Bethe-Bloch
k .‘ﬂ‘ ! formula.
t m“h The track length distribution in one of the straw
wh L -‘I || . chambers was also obtained and is shown in Figure
| Ty " 11. Alarge peak at 11.75 mm is clearly visible, which

) S corresponds to high-energy muons that hit the straw
Figure 10 — Energy deposit distribution in perpendicularly. And longer tracks correspond to
small straw. scattered muons and electrons that hit at some angle.
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Figure 11 — Track length distribution.

Conclusion

In this study, three-dimensional models of
small and large straw trackers were constructed, and
particle tracks, their energy spectrum, beam profiles
from two stations were obtained. Despite the halo of
secondary particles, the obtained beam profiles show
its good centralization. The energy spectrum
demonstrates the absence of anomalous energy
losses, which is consistent with the classical scenario
of interaction of muons with matter. An energy loss
assessment was performed and found to be consistent
with the theoretical value obtained using the Bethe-
Bloch formula for the given gas mixture. Using the
GEANT4 and ROOT instruments, a distribution of

track lengths in the range of 10-15 mm was obtained.
The obtained data can be useful for analyzing
background processes in the experiment. The results
of the study will help in the further development of
modifications and improvements to straw trackers,
which are widely used in particle physics and high-
energy physics.
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PACYET BbIFOPAHMA TOMN/INBA B PEAKTOPHOW YCTAHOBKE BB3P-1000

PeakTop BB3P (BoA0-BOAAHOM 3HEPreTUYECKNA peakTop) oTHocKTCA K Tuny PWR (peakTop ¢
BOAOW MOA OAaBNEHWMEM), KOTOPbIM LWMPOKO MPUMEHAETCA B MWPOBOM aTOMHOM 3HepreTuke
6narofapa cBOei HafeKHOCTU M BbICOKMM 3IKCM/IYaTaUMOHHbBIM XapaKTepucTnKkam. B gaHHOM
MCCNefoBaHUM  UCMNONb3YEeTCA KOMMblOTEpHbIM Kogd MCNP6 ans pa3paboTkM HeWTPOHHO-
bu13nYecKon mMoaenn akTMBHOM 30HbI peakTopa BBIP-1000 m npoBeaeHua pacuétos. OCHOBHOM
3aja4en mccnefoBaHWA ABNAETCA BOCMPOM3BEAEHME KAOYEBbIX XapPaKTEePUCTMK peaKkTopa C
BbICOKOM CTeneHbio TOYHOCTU. MNpoBedeHbl pacyeTbl KOadpdULMEHTA PA3MHOXKEHNA HEMTPOHOB U
npoLecca BbIropaHmaA TON/IMBa B aKTMBHOWM 30He peakTopa. Ocoboe BHMMaHMeE yaeneHo pacyeTam
BbIFOPaHMA C y4ETOM peasibHOro Npodmaa MOLLHOCTX BO BpeMA NepBoro ToN/JMBHOIO UMKAa. Ha
OCHOBE pacyeToB onpeneNneHbl M3MEeHeHUA aTOMHOMN KoHUeHTpauun °U u 228U B pasnnuHbIx
30Hax aKTMBHOM obnacTu. TaKKe nccnenoBaHa AMHAMMKA KOHUEHTPAUMKW M30TOMNOB NAYTOHMSA,
KCEHOHa M camapusa Ana TONJAMBHOM COOPKK, YTO A@aeT BO3MOMKHOCTb OLEHUTb MX BAUAHWME Ha
HEUTPOHHO-OM3MYECKME XapPaKTEPUCTMKM peakTopa. BbIMONHEHO CcpaBHEHME MNONYYeHHbIX
pe3y/abTaToOB C PACHETHbIMM M IKCMEPUMEHTA/IbHBIMW AAHHBIMUK M3 AUTEPATYPHbIX NCTOYHMKOB,
YTO NOATBEPKAAET MX 4OCTOBEPHOCTD.

KnioyeBble cnoBa: HeNTPOHHO-bM3NYeCcKas MoAgesb, BbiropaHie aaepHoro Tonamea, BBIP-
1000, TBC, aktneHasn 3oHa, MCNP, CY3.
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YYNTThIK ALPONBIK OPTaNbIK, KypyaToB K., KasakcTaH
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BB2P-1000 peaKTopAblK KOHAbIPFLICbIHAA OTbIHHbIH, XXaHYbIH ecenTey

BB3P peakTopbl (cy-cy aHepreTuKkanbiK peaktopbl) PWR (KbicbiMAasbl Cy peakTopbl) TypiHe
KaTadbl }KaHe 83iHiH CeHiMAINIri MeH Xofapbl 3KCNAyaTaALMANBIK CMNAaTTaMaapbiHblH apKacbiHAa
9NeMAiK aTOM SHepreTMKacbiHAa KeHiHeH KondaHblnaabl. bya 3eptreyae MCNP6 KomnbtoTepaik
Koabl BB3P-1000 peaKTopbiHbIH, 6enceHi alMarbiHblH, erKen-Terkenn HenTpoH-GUINKabIK,
MOZENIH ¥Kacay KaHe ecenTeynep *Kyprisy yiiH naigananbinanbl. 3epTTeyaiH Heri3ri makcaTtbl —
pPeaKTopAblH, HEri3ri cunatTramanapbliH Kofapbl ADNAIKNEH KanmMblHA KenTipy. PeaKTopablH
benceHai armasblHA@ HEMTPOHAAPAbIH, Kebeto KOIPOUUMEHTI MeH OTbIHHbIH, KyMin KeTy
npoueciHe ecenTeynep *yprizingi. OTbIHHbIH, BipiHLWI UMKAIHAEr HaKTbl KyaT npoduaiH eckepe
OTbIpbIN, KyMin KeTy ecebiHe epeklle Hasap ayaapbinabl. EcenTeynepain, HerisiHae 6enceHai
aMMaKTblH apTypAai armakTapbiHAafbl 235U kaHe 238U aTOMAbIK, KOHLEHTPALMACHIHbIH,
e3repictepi aHblkTanapl. CoHAan-aK, apTYPAi OTbIH MMHAKTAPb! YLWIiH MAYTOHUM, KCEHOH MeH
camapui  M30TOMTapblHbIH, KOHLEHTPAUMACBIHbIH, AMHAMMKAChl 3epTTenai, 6yn onapapiH
PEaKTOPAblH HENTPOH-PU3MKANbIK CUNaTTamanapbiHa acepiH Gafanayfa MyMmKiHAK Oepeai.
ANblHFaH HaTUXKenep aAebun KesaepaeH anbiHFaH eCcenTik KaHe 3KCMEePUMEHTTIK JepeKTepMeH
CaNbICTbIPbIAbIM, 0ONAPAbIH CEHIMAINIMH pacTanabl.
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Calculation of fuel burnup in a VVER-1000 reactor installation

The VVER (Water-Water Energetic Reactor) is a type of PWR (Pressurized Water Reactor)
widely used in global nuclear energy due to its reliability and high operational performance. In
this study, the MCNP6 computer code is utilized to develop a detailed neutron-physical model of
the VVER-1000 reactor core and to perform calculations. The primary objective of the research is
to accurately reproduce the key characteristics of the reactor. Calculations of the neutron
multiplication factor and fuel burnup process in the reactor core were conducted. Special
attention was paid to burnup calculations considering the actual power profile during the first
fuel cycle. Based on the calculations, changes in the atomic concentration of 2*U and 28U in
different core zones were determined. The dynamics of plutonium, xenon and samarium isotope
concentrations for each type of fuel assembly were also analyzed, enabling the assessment of
their impact on the neutron-physical characteristics of the reactor. A comparison of the obtained
results with computational and experimental data from literature sources confirms their

reliability.

Keywords: neutron-physical model, nuclear fuel burnout, VVER-1000, FA, core, MCNP,

control and protection system.
Beenenue

CoBpeMeHHasi aTOMHas HSHEPreTHKAa CTalKu-
BaeTCs C BAXXHBIMUA BBI30BAMH, CBSI3aHHBIMH C
noBbIIieHHeM 3((HEKTUBHOCTH SEPHOTO TOIUIMBA,
YBEIMYEHHEM €ro KaMIaHuu u oOecreueHneM
BBICOKOH CTEIeHH O0e30MacHOCTH AKCILTyaTaluu
peaktopoB. OIHMM W3 KIIOYEBBIX HANPABICHUHA
WCCIIC/IOBAHNHN SIBISIETCS. MOJEIMPOBaHUE MpOIIec-
COB, IPOUCXOJISIINX B aKTUBHOM 30HE SIZICPHBIX peaK-
TOpPOB, BKJIFOYas HEHTPOHHO-(pM3MUECKHe XapakTe-
PUCTHKH M JTUHAMHKY BBITOPaHUSI TOTLTHBA.

ITo pesympTaTam mpoBemeHHOTO oceHblo 2024
roga pedepennyma B Pecniyonuke Kazaxcran Obuio
MIPUHATO peIIeHHe O cTpouTenbeTBe nepsoit ADC.
HecMoTpst Ha TO, YTO TUI pEAKTOPHON YCTaHOBKH, Ha
0ase koTopoii OyeT cripoekTupoBaHa Oyaymas ADC
elle He ONpeAesieH, OYeBHOHO, 4YTO 3TO OyIer
UMEOIUI pe)epEeHTHOCTh U XOPOIIO 3aPEKOMEH/I0-
BaBmmiA cebs sHeprermueckmii peaktop. CooTBet-
CTBEHHO AaKTYaJIbHOW CTaHOBUTCS 3ajadya IOJIro-
TOBKM pacueTHOM 0a3pl [Ais OmpeneNieHus |
MPOTHO3UPOBaHUS (U3UYECKUX TPOIECCOB, MPOTeE-
KalOUIMX B SIGPHOM DSHEPreTUYECKOM PEaKTope,
KOTOpoe oOecreunBaeTcd CO3JaHUEM pPacUYeTHBIX
MoOjIeTIel, TIO3BOJISIONINX OOeCIeynBaTh IETATbHOE
X MoJienupoBanue. Pa3paboTka pacyeTHBIX MoJie-

Jie ¢ WCIIONBb30BAHUEM 3apEeKOMEHIOBABIINX CeOsl
CHENUAIN3UPOBAHHBIX IPOIPAMMHBIX KOMIUIEKCOB H
UX IPUMEHEHHUE MO3BOJISIET 00eCIeYUTh HIOHUMAaHUE
BRXHEHIIMX  OKCIUTYaTallMOHHBIX XapaKTEPUCTUK
peakTopa: peakTUBHOCTb, 3((HEKTUBHOCTH OPraHOB
PEryIMpoBaHusl, SHEProBbIIEICHUE, XapaKTePUCTHU-
KW KaMIIaHWU PeaKkTopa u T.JI.

MogenupoBanue HEOOXOAUMO JUTS JIETaTBLHOTO
aHaJM3a MPOLECCOB, IPOTEKAIOIINX B aKTUBHON 30HE
peakropa, ONTHUMH3AaUUK  TOIUIMBHOTO  IMKJIA,
MPOTHO3MPOBAHUSI TIOBEJCHUS SIJCPHOTO TOIIMBA H
obecrieueHus 0e3onmacHOCTH 9KCIUTyaTaluu
peaKkTOpHOU ycTaHOBKH [1].

Bono-BOAsSHOMT ~ SHEpreThyeckuii  peaxTop
BBOP-1000, mmpoko TpUMEHSEMBII B MHPOBOU
aTOMHOM  JHEpreTuKe,  MNpeACTaBIsieT  coOoi
HaJISKHYIO ¥ BBICOKOA(PPEKTHBHYIO ycTaHOBKY. OH
paboTaeT Ha TEIUIOBBIX HEHTpOHAX, obecreunBast
YCTOMYMBBIN Tpolecc MAeJeHUsT U BBIPAOOTKH
SHepruu Onarozgapst cOanaHCHPOBaHHOMY B3aUMO-
JIECTBUIO TOIUIMBA, TEIUIOHOCHTENSI W KOHCTPYK-
TUBHBIX JJIEMEHTOB AaKTHBHOW 30HBL. BBemenue
COBPEMEHHBIX METOJOB MOJCIMPOBAHUS ITO3BOJISET
0oJyilee TOYHO HCCIEAOBATH HEUTPOHHO-(DHU3MICCKUE
XapaKTEePUCTUKU PEAKTOpa U IPOLECCHl BBITOPAHUS
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TOIUIMBA, YTO UTPACT KIFOYEBYIO POJIb B MOBBIIICHUH
€ro JKCILTyaTalMOHHOW 3 PEeKTUBHOCTH U Oe3ommac-
HOCTH.

OmHMM W3 HMHCTPYMCHTOB IS  aHaJIHu3a
CJIO’KHBIX TIPOIIECCOB B SIIEPHBIX pEaKTOpax SIBIAETCS
mporpaMMusiii kom MCNP6 [2], ocHoBaHHEBIN Ha
meroge Monrte-Kapino. Ero wucnonb3oBanue B
MozenupoBaHun  peaktopa BBOP-1000  nmaer
BO3MOKHOCTH YUUTHIBATh I€TATH KOHCTPYKTUBHBIX U
SKCIUTYaTallMOHHBIX MapaMeTPOB, BKIIOYAs T€OMET-
pUI0 aKTHUBHOW 30HBI, PACHpPEICIICHUE TOILIUBA H
MpOPMIM MOIIHOCTH. OTH TIOAXOIBI ITO3BOJISIIOT
V3YYHUTh NWHAMHUKY W3MEHEHHS COCTaBa TOILINBA,

BKJIIOYasd  BbI'OpaHHME TOIUIMBA W  HAKOIUJICHUC
MOOOYHBIX IIPOAYKTOB JCIICHUA, TaKuX Kak
IUIyTOHUM, camapuif, KCEHOH H T.O., KOTOpPbIE

CYIIECTBEHHO BIIMSIOT HA XapaKTEPUCTUKU PEaKTopa.
Wzyuenne W30TOMHOrO coOCTaBa OTPAaOOTABILETO
TOIJIMBA HEOOXOOUMO [UIS PEIICHHUs KIIHOYEBBIX
3ajJay SIIEPHOW DJHEPreTUKH, BKIKOYas YYeT H
KOHTPOJIb AACPHO-OIIACHBIX MAaTCpHaJIOB, OLCHKY
YCIOBH paauanuoHHON Oe3omacHOCTH u
000CHOBaHUE 0e301macHOTo oOparteHust c
0TpabOTABIINM TOTUIMBOM.

Pacuérel mo mopenupoBanuro BBOP-1000 ¢
ucnonb3zoBanueM MOCNP6 panee yxe yCHEmHO
MPOBOJMIINCH, BKIIOYas HEHTPOHHO-PU3MUECKHUE
xapaktepuctuku [3]. Hacrosimas paGota siisiercs
JIOTHYECKUM NPOJOIKEHUEM 3THX HCCIEOBAaHUN U

O0BeKT ncciieToBaHusa

Ha OonbIIMHCTBE aTOMHBIX CTAHIMH HCITOJIb-
3yercsi peakrop BBOP-1000 ¢ HoOMuHaIBHOM
TeroBo MomHocThio 3000 MBT (1000 MBT
DIEKTPUYECKOM). AKTHBHAs 30HA peakTopa COep-
xuT 163 Teruorsiaerstonue coopku (TBC) ¢ obreit
sarpy3koii Toruma (UO2) 80,3 tonn. Konuuectso
MapTUil TOIUIMBa B HUCXOAHOW AaKTUBHOM 30HE
cocrasnsteT 4 maptuu ¢ oboramenuem 2 % (2°U),
3% (**U) u 3,3% (*°V) [4]. [IpodpunuposanHas
TBC umeer nepudepHitHbie TOTUTUBHBIC YJIEMEHTHI C
oboramennem 3 % (**U) (pucynok 1). Beicora
TOIJIMBHOM 4YacTW aKTHUBHOM 30HBI COCTaBIISET
3530 mmM, a paccrosinue mexay TBC — 236 mwm [5,6].

TBC peaktopa BBOP-1000 upencrasnser
c000¥ KOHCTPYKITHIO C Pa3MEpoOM «IToja Kiou» 234
MM H BKJIIOYaeT 312 TOTTMBHBIX 3JIEMEHTOB (TBAJIBI),
KOTOpBIE PAaBHOMEPHO PACIOJIOKEHBI MO TPEYTOJb-
HOM cxeme ¢ maroM 12,75 MM Mexay HHMHU
(pucyHoOK 2).

B xaxmoit TBC pasmenieno 18 Hampapisiromumx
KaHAJIOB U OJlHA IICHTpajibHas TpyOa Ui yCTaHOBKH
JaTYMKOB U3MEPEHHS SHEPTOBbIICIICHHSL.
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HarnpaBJieHa Ha aHAJTU3 BRITOPAHUS TOTUIMBA C YIETOM
peanbHOro  MpoQWIs MOIIHOCTH, IEPEXOIHBIX
PEKUMOB M JIMHAMHKH KOHIEHTPAIUN KIFOUYEBBIX
W30TOTIOB.

Hacrosimee HCCIIeIOBaHUE MOCBSIICHO
paszpaboTke HEUTPOHHO-(PU3NUECKOMH MOJICITH
peaktopa BBOP-1000 u ananmusy BbIropaHus
TOIJIMBA B YCJIOBHUSX IEPBOTO TOIUTUBHOTO IMKIIA.

[Mony4eHHble  pe3yiabTaThl  BKIIOYAIOT  OICHKY
adpexTuBHOTO  KOdh(HUIMEHTa  Pa3MHOKCHHS
HEHUTPOHOB,  aHaMM3  NOpodpwied  HU3MEHCHUS
KOHIICHTpAIHH TOTLTMBHBIX U30TOIOB 17§
UCCIIeIOBaHNE BIMSTHUS 9KCIUTyaTaIllHOHHBIX
napamMeTpoB Ha OOy JWHAMUKY BBITOPaHUSL.
[IpoBemeHO cpaBHEHUE pE3yJNbTATOB PAacUYETOB
XapaKTePUCTHK c JAHHBIMA Pa3IMIHBIX
UCCJICIOBAHUM, OINyOJMKOBAaHHBIX B  OTPBITOU
eyaTu.

B ornmume oT OONBIIMHCTBA CYIIECTBYIOLIHX
MyOJIMKAIiA, HACTOSIIEE HCCISIOBAHUE YIUTHIBACT
U3MCHCHHE KOHIICHTPAIIMU ypaHa "
BOCIPOU3BOJICTBA IUIYTOHHSI B pacyeTe BBITOPAHUS
TOIUIMBA HA TIPOTSDKCHWH TIIE€PBOTO TOIUTMBHOTO
LMKJIA, a TAK)KE UCIIOJIb3YET aJallTUBHBII BPEMEHHOMN
mar Uil yderta JUHAMHKH KOPOTKOXKHBYIIHX
M30TOMNOB, TakuX Kak ‘*Xe u “°Sm. D10 mo3Bosser
0oJiee TOYHO MOJICITMPOBATh MEPEXOTHBIC TPOIECCH
Y pEaKTUBHOCTHBIE 3()(EKTHI, UTO SBISETCS BaXKHBIM
NPEHMYIIECTBOM MPEAIaraeMoro moaxoa.

Pucynok 1 — Kondurypauusi akTuBHOH 30HBI

Hanpasnsitonme  kaHalbl — BBIOJNHEHBI W3
HEepKaBeloLlel CTalu, a JUid LEHTPaJbHOH TPyOBI
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PucyHnok 2 — Paznuua mexny npoduinpoBaHHON U HE TPO(UIMPOBAHHOMN
TEIUIOBBLACIISIONIEH COOPKOI

TBaT COCTOMT W3 TepPMETUYHON O0O0OJOUKH,
BHYTPH  KOTOpPOH  pa3Memiaercs TOIUIMBO U
JOKAIM3YIOTCS.  TPOMYKTHl  JeleHus. B TBan
MOMEIIEHBI IMIMHAPUICCKUE TaOJCTKH U3 TUOKCHIA
ypaHa ¢ 1iotHocTeio 10400 xr/m3, kaxmas ¢
HapyXHbIM JuamerpoMm 7,53 mm. OOmas yiuHa
TOIUIMBHOTO cTO0a — 3530 MM. B ieHTpe TOTIINBHOM
TalJIeTKH €CTh OTBepcTHe auamerpoMm 1,4 MM ¢
(dackaMu MO KpasiM, 4TO BMECTE C 3a30POM MEXKIY
TabJIeTKOM u 000J10UKO MO3BOJISET
KOMIICHCHPOBATh  YBEIIMYEHHE TaOJeTKH U3-3a
pazmanMoHHoro pacmyxanusa. OOosouka TBda M3
IIMPKOHUEBOTO CIUIaBa 00ecrevrBaeT NPOYHOCTH
KOHCTPYKITUH, COXpaHsieT e€ pazMephl CTa0MIbHBIMH
¥ 3alUIIaeT TOIJIMBO OT KOPPO3WHM H 3PO3HH,
BBI3BAaHHOW TemioHocuteneM. BHyTpeHHuil panunyc
00010ukH — 3,9 MM, a BHeHUH — 4,55 MmM. O0004Ka
W3TOTOBJIEHa W3  IUPKOHHUEBOTO  CIUlaBa ¢
nobasneHueM 1 % HHUOOUS, a 3a30p MEX /1y TOILIUBOM
1 000JIOYKOH 3aI0THEH TeITUEM.

B peaxrope BBOP-1000 ycranosnen 61 kimacrep
oprana perymupoBanms CY3. B  cucrteme
ucronp3yercs 18  MOrIomarmux — 3JIeMEHTOB,
BEPXHSS 4YacTh KOTOPBIX BBINIOJIHEHA W3 KapOuma
6opa ¢ orHOCcTHIO 1700 kr/M? (B4C), @ HIXKHSSA — U3
TUTaHATa JMCIPO3Us ¢ IUIOTHOCTBIO 4900 kr/m?
(Dy203xTi0O7). TIlomHas BBICOTa  IIOTJIOTHTEJS

coctapnser 3530 MM, Tpu 3TOM BBICOTa BEpXHEH
gactd — 3230 mM, a HmwkHEeH — 300 MM. BHemHui
IUaMeTp OOOJIOYKH MOTJIOMIAIOIINX  DIIEMEHTOB
coctapisier 8,2 mm mnpu Tommuuae 0,6 MM, u
BBINIOJIHEHA OHA M3 HEP>KABEIOIIEH CTaM.

HeiiTtponno-¢pusuyeckas MoesIb

[l BBINIOJIHEHHUS HEUTPOHHOIO aHalIM3a BCEH
aKTUBHOH 30HBI peaktopa BBOP-1000 Obun
UCIIOJIb30BaH  KOMIbIOTEpHBIA  kox ~ MCNP6,
OCHOBaHHBIH Ha wMetoge Monre-Kapmo [2] ¢
WCTIOJIb30BaHUEM OMOJNMOTEK SAEPHBIX JaHHBIX
ENDF/B-VII.O [7].

B xoge MCNP6 pacder BBITOpaHHUSI TOILIHMBA
BBITMIOJHSETCd C HCIOJb30BAHUEM CIENHMAIbHON
kaptouku BURN, koTopas HO3BOJSET Y4YMTHIBATh
M3MEHEHUS H30TOIHOIO cOCcTaBa TOILIMBA B IIPOLIecCe
JKCIUlyaTallud peakropa. [laHHas kapTouka 3a1aeT
napaMeTpbl pacyeTa BBHITOpaHMs TOIUIMBA, BKJIIOYAS
Bpemennble 1mard (TIME), momHocTh peakTopa
(POWER), ob6nyuyaembie wmatepuaisl (MAT) wu
MUHUMAJIbHYIO KOHIEHTpaIruio n30tonoB (AFMIN).
Brxirouenne BURN B pacuer 1o3BoiisieT 0ojiee TOUHO
MPOTHO3UPOBAaTh HEUTPOHHO-(U3UUECKUE XapaKTe-
PUCTHKHM  aKTUBHOH 30HBI Ha  NPOTSHKCHUU
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TOIJIMBHOTO IIMKJIA W CHOCOOCTBYET KOPPEKTHOM
BepH(UKAIUN MOJIENIN PEaKTopa.

B pacu€rax KpUTHYHOCTH HEUTPOHOB OBLIH
WCTIONB30BAaHBl  CIEAYIONIME TapaMeTphl: oOIIee
KOJMYECTBO HEWTpoHoB coctaBwio 10000 000,
HayvanbHOE 3HaueHHe KOd(PQHUIUEHTa Pa3MHOKEHHS
HEHUTPOHOB MpHUHATO paBHBIM 1,00. [y nocTmxeHus
CTaIlMOHAPHOTO pexuma Oputo  mpomymeHo 50
HadaIbHBIX ITUKIIOB, Toclie dYero mposeneHo 200
WTEPALMOHHBIX LUKJIOB MOJICIUPOBAHHSI.
[NomyuenHass morpemHoCTh pacuéra Kerr cocTaBmiia
mopsiaka  +0,00002—-0,00003, d9TO COOTBETCTBYET
otHOcuTenbHOU omuoke £0,002—-0,003 % u sBIseTCS
MPUEMIIEMBIM YPOBHEM TOYHOCTH JUISI HEWTPOHHO-
¢du3nueckux pacu€ToB C HCMOJIH30BAHHUEM METOJIOB
Momnte-Kapio.

L) |

Ha pucynke 3 moka3aHa TIOJNHas TeoMe-
TpUYECKas MOJIeNb aKTUBHOU 30HEI peakTopa BBOP-
1000 paspaborannas ¢ momomisio koma MCNPO6.
Mopens TOYHO  ONHMCHIBAET BCE  pa3MepHO-
MaTepHajbHbIC XapaKTEPUCTHUKH AaKTUBHOW 3OHBI
peaktopa BBDP-1000 u Briouaer B cebs Bce
HEOOXOIUMBbIE KOMIIOHEHTHI aKTHBHOH 30HBL: (1)
TOIUTMBHBIE  COOPKHM € TEIDIOBBLICTSIONINMHA
aneMeHTaMH, (2) BEpXHWH, HIDKHHA W OOKOBEIE
oTpakarend, (3) opranbl peryl1MpoBaHHs MOIIHOCTH,
(4) KOHCTPYKUMOHHBIE 3JIEeMEHTHl. Buzyanmuzaunus
MOJCIIM  BBITIOJIHEHA B pemaktope  VisEd,

UCTIOJIb30BAaHUE KOTOPOrO IIO3BOJIAET HAIVISAHO
NPEACTABIATh CTPYKTYPY M KOMIIOHOBKY MOJENH,
9TO 00JIeT4aeT ee MOCTPOSHHUE U OTIAJIKY.

1 — kopmyc, 2 — oTpaxkaTeinp, 3 — maxra, 4 — BRITOPOJIKa, 5 — aKTUBHAs 30HA

Pucynok 3 — I'padnueckoe npeacTaBieHUe pacieTHOH MOAEIH PeakTopa

Bepupukauusa moxean mno 3¢ppekTuBHOMY
K03 (PpUIMEHTY Pa3MHOKEHUSI HEHTPOHOB

Koaddumment pazmMHokeHUs] ObUT paccuuTaH
NP yCJIOBUH, YTO KOHIIEHTpalHs OOpa B TEUEeHHUE
MmepBOro mukiaa cocrarimstia 600 ppm (parts per
million — 310 eauHMIIA U3MEPEHUS] KOHIICHTPAIUH,
panas 1-10°) B kauecTBe cpenmero 3HaueHwms, a
Temneparypel TermoHocutenst W tormBa 300 K.
[Ipeamnonaraercs, 9To CTEP>KHH YIIpaBIeHUS padoueit
rpymnoit (rpynma Nel() 3akpensieHbl Ha pacCTOSHUH
80 % or ocHoBanus [8]. Dro monoxeHue OBLIO
MIPUHSITO 32 CPeJIHEE 3HAUCHUE TTOJIOKEHUM CTEPIKHEHN
yIpaBIeHUsT 32 BECh LUKJ, IOCKOJIBbKY pabouas
rpynna nepememaercs ¢ 70 % mo 90 % B TeueHue
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1HKiIa. BBUIO yCTaHOBIIEHO, UTO 3HAUYCHHE Keff pAaBHO
1,13518 + 0,00007.

B Tabmmne 1 TpejacraBieHO CpaBHEHHUE
pe3y/IbTaTOB  HEUTPOHHO-(DU3NYECKUX  PACUETOB
(Keff), BBIMONIHEHHBIX JUIS PA3JIMYHBIX BapHAHTOB
oboraieHuss MapTUd TOIUIMBA, C JUTEPATYpPHBIMU
JaHHbBIMH.  Bepudwukanus  mpoBomwiach s
KoHpurypauun  akTuBHOM 306l ¢ TBC,
00TaaroIMMHK Pa3IMIHBIMUA YPOBHIMH 000TaIICHHS
TormBa.  beimo  paccmorpeno 11 BapuaHTOB
TOIJIMBHOTO OOOrameHus. JDTO MO3BOJAET OLECHUTD
BJIIMSIHUE W3MEHEHUs] O0OTaleHHss Ha HEHTpPOHHO-
¢du3uIecKkne XapaKTepPUCTUKH aKTUBHOW 30HBI, YTO
ABJISIETCS. BaXKHBIM 3TAlloM BepH(UKALUM MOJCTH
peakropa BBOP-1000.
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Tabauna 1 — CpaBHeHHE 00OTAIICHHUS TOILINBA PA3THYHBIX MAPTHI

BapuanT O6oramenue o 2°U, % Kett (muTepatypa) Keft 3, %

pacuera IMaprus 1 MMaptust 2 IMapTwust 3 [8] (pacuer)
1 2 3 3,3 1,13554 1,13518 0,036
2 2,1 3,15 3,465 1,15027 1,14987 0,040
3 2,2 3,3 3,63 1,16339 1,16389 0,050
4 2,3 3,45 3,795 1,17580 1,17727 0,147
5 2,4 3,6 3,96 1,18751 1,18989 0,238
6 2,5 3,75 4,125 1,19820 1,20201 0,381
7 2,6 39 4,29 1,20854 1,21338 0,484
8 2,7 4,05 4,455 1,21838 1,22433 0,595
9 2,8 4,2 4,62 1,22758 1,23451 0,693
10 2,9 4,35 4,785 1,23630 1,24454 0,824
11 3,0 4,5 4,95 1,24455 1,25400 0,945

OTKJIOHEHHE Pe3yIbTaTOB PaCYETHBIX 3HAUEHUI
Ketf OT TUTEpATypHBIX AaHHBIX HE mpeBbimaet 1 % Bo
BCEX BapHaHTaX KOH(PHUTypaIiii aKTHBHON 30HBL. DTO
TMO3BOJIACT TOBOPUTDH O MPABUJIIBHOCTU U HAJICIKHOCTHU
MOJIEJIM, YTO SBISETCS KIHOYEBBIM MOMEHTOM,
MOCKOJIBKY OCTOBEPHAsi MOAETb SBISIETCS OCHOBOM

oJie OPOTHO3HUPOBAHWA MOBCACHHA TOIJIMBA B
yCIOBHAX paboOThl peakTopa, a Takxke JuIs
obecniedeHust ero Oe3omacHOW W 3pPexTHBHON
IKCILTyaTalluu.

JlononHUTENBHO B pacdyeTax — yYUTHIBAJICS
NepeMeHHbI TpaduK MOLIHOCTH peakropa — C

4yepe/OBaHWEM TIepUOJIOB padOThl Ha TOJNHOW U
YAaCTUYHONH MOIIHOCTH. DTO TMO3BOJUIO OTPA3UTh
BIUSHUE TIEPEXOAHBIX PEXHUMOB Ha W3MEHEHHE
kodduIMernTa pa3MHOXKEHHsI M Ha HAKOIUICHHE
OTPABJISIONINX U30TOMOB B aKTUBHOM 30HE.

MeToauka pacuéTra BLITOPaHUS TOIJIMBA

Jnst MOJeNnMpoBaHMsl BBITOPaHHsS TOIUIMBA B
aKTHBHOM 30HE peakTopHOH ycraHoBkr BBOP-1000
UCTIONB30BAJIACh CXEMa pacu€ToB C IO3TAIHBIM
y9€TOM HAaKOIUICHHS ¥ BBITOPAHUS HYKJIUOB.
[pornecc BBITOpaHHs MOJETHPOBAJICS B paspese Io
BPEMEHH KaMIIaHUM pEakTopa C pPa3IuYHBIMH
maraMMd 1O BPEMEHH, B  3aBHCUMOCTH  OT
XapaKTePUCTUK HYKIHJIOB.

Jiisi OCHOBHBIX JENSIINXCS M HaKarIUBaeMbIX
HYKJIUJIOB, TaKUX KaK ypaH WM IUTyTOHHH, pacy€Thl
BBHIMOJIHSUIUCh C WHTEpBAJaMU 10 BPEMEHH B
HECKOJIbKO CcyTok (or 5 gno 60). Takme maru
MO3BOJISIFOT TOYHO OTpas3uTh MEIJICHHO
pasBUBarOIIMeCS U3MEHEHHS B COCTaBe TOIUIMBA Ha
MPOTSDKEHUN BCEH KaMITaHUH.

Jnsi KOPOTKOKUBYIIMX MPOAYKTOB JAEJICHUS,
KPUTHYHBIX JJIs1 HEUTPOHHOIM KHHETHKH, B YaCTHOCTH
KceHoHa-135 w  camapusa-149, wucmoms30BajCs

aJanTUBHBIN mar no Bpemenu (ot 1,5 vacoB go 10
CyTOK) mnsi Ooiee TOYHOro y4éra WX ObICTpor
OUHAMUKU. OTH IIard 00eCHeyuBaOT TOYHOE
BOCIIPOM3BE/ICHUE PEAKTUBHOCTHBIX  KOJICOaHUH,
CBSA3aHHBIX C HapaOOTKON W pacmagoM HEHUTpPOH-
MOTJIOLIAIOIINX U30TOIIOB.

Ananu3 BbII'OpaHUA TOIVIMBA

Ha pucynke 5 mokazaH rpaduk H3MEHEHUS
3¢ dexkTuBHOrO  KO3(hQUIMEHTa  Pa3MHOXKCHUS
HEHUTPOHOB NPU MOZAEIUPOBAHUH PabOTHI PEaKkTopa B
TE€YeHHE OJHOM KaMIaHMM Ha HOMHHAJIBHOM
MomHocTd. [IpoBeneHo cpaBHEHHME pPaCUETHBIX
JAHHBIX C JIUTEpaTypHbIMH [8], TIpH 3TOM HPHHSITHI
CIEAyIOIIME yCJOBUS:  TeMIlepaTypa  TOIUIMBa
coctapnser 600 K, Temmeparypa TEIJIOHOCUTENS —
600 K, mrotHocts TemmoHocuTens — 700 kr/m?, a
TermoBasi MoHOCTh peakTopa — 3000 MBt. Bein
BBITIOJIHEH PAacy€T C MOCIEeI0BATEIbHBIM CHKECHUEM
KOHIIGHTpAi OOPHOM KHCJIOTHI B TEMJIOHOCUTETE
ot 600 1o 0 ppm ¢ unTepBanoM 120 ppm Ha KaxXA0M
60-1HEeBHOM 3Talle TOIIMBHON KaMIIaHHH.
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Pucynok 5— Vzmenenue 3HaueHU Keff 10 BpeMeHH
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PacueT BbiropaHus ToNMBa B peakTOpHOM ycTaHoBKe BBOP-1000

JUIMTENbHOCTh KaMIaHWK SIICPHOTO TOTLTHMBA
coctaBmia 360 cyTok, 3pPeKTUBHBIA KOIPPUIHEHT
pa3MHOXXEHHS HEUTPOHOB HA KOHEIl KaMIaHWH
sneproro tommmBa coctaBuin 0,99059. Terosbie
HEUTPOHBI BHOCAT OCHOBHOM BKJIaJ B JEJICHUE,
Omarofapsi BEICOKOMY CEUYEHHIO B3aUMOJICHCTBHS B
3TOM JjauamnazoHe. B Tabnuie 2 mnpencramieHa
nH(pOpMaIUs O JO0IH JCICHHH C YYSTOM SHEPIeTH-
YeCKMX TPyHI B O3TOM TOIUIMBE TMONydeHHBIE B
pe3ynbTaTe pacueToB. 31eCh YUYTEHBI H3MEHEHHS
CEUCHUM B3aUMOJCHCTBUS W U3MEHCHHS 4YHUCIA
BTOPUYHBIX HEUTPOHOB OT SHEPrUU B3aUMOEH-
CTBYIOLIUX HEUTPOHOB.

Taoauna 2 — 3aBUCUMOCTb JOJIS JEIICHUI OT
IPYIIIbl HEUTPOHOB

I'pynna HeiiTpoHOB Hloxs
JeneHui, %
Temnosele, E < 0,625 5B 82,57
[TpomexyTouHbIe, 9,59
0,625x3B < E < 100 k3B
Brictpeie, E > 100x3B 8,34
Bepupukanusa mMoaequ 10 HU3MEHEHHIO

konnentpanuu °U u >®U B nponecce Boiropanus
TOIIMBA

Pacuer konuentpamuu 2°U u 2¥U B nponecce
BBIFOPAHHMS TOILTMBA SBJISAETCS KIIOUEBBIM JIIEMEH-
ToM aHanu3a paboTel peakropa BBDOP-1000. 25U
ABJIAETCS OCHOBHBIM JIEJISIIMMCSL  MaTEpUalioM,
KOTOPBI 00eCIeYnBaET LIEMHYI0 PEAKIUIO JIeICHHUS,
HOJJEP)KUBas CTAOMIIBHYIO BBIPAOOTKY SHEPIUM.
CeueHue MOMIONIEHUsS TEIIOBBIX HeilTpoHoB 2¥U
oueHb Besmko (582,6 = 1,1 GapH) 1o CpaBHEHUIO C
CEYEHHMEM MOTIIONIEHUS TEIIIOBBIX HelTpoHoB 28U
(2,683 £ 0,012 6aph). 1o Mepe BbIrOpaHUs TOILTHBA
€ro KOHLEHTpALHUS CHHKAETCS, YTO HAMPIMYIO

BIUSAECT HA PEAKTUBHOCTh AKTUBHOM 30HBI U
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>pdekTUBHOCTL paboThl peakTopa. U, B CBOWO
odyepenb, YJYaCTBYeT B paJHAllIOHHOM 3axXBaTe
HEHUTPOHOB, 00pa3ysl BTOPWUYHBIN  AETSATIHIACS
Matepuan — 2*°Pu, KOTOpbI BHOCHT 3HAYHTEJbHBIH
BKJIAJ] B ITOJ/ICPyKaHIE PEAKIMHN JISJICHUS Ha TIO3THUX
CTagMsAX TOIUIMBHOTO mnukma. KoHTpoms 3a
U3MCHCHHEM OJTHUX H30TONOB MO3BOJSIET TOYHO
NPOTHO3MPOBATh  CPOK  CIOYXOBI ~ TOIUIMBA U
KOPPEKTHPOBATh MapaMeTphl OIKCIUTyaTallly IS
obecricueHrsT HAIEKHOW © 0Oe30macHOW pabOTHI
peaxtopa [9].

Ha pucyake 6 TOKa3aHO  HW3MEHEHHE
KoHIeHTparmu m3otonoB U u 28U B tommse
TEIUIOBBIICIISIIONICH COOPKH ¢ oboramenuem 3,7 % B
aKTHBHOW 30HE peakTopa B MpPOLIECCE BBHITOPAHUSL.
[IpuBeneHsI pacueTHBIE PE3YNIBTATH M X CPABHEHHE
¢ utepatypHbiMu qaHHbME [10]. J{1s pacuera Obun
OPUHATHL  CICAYIOIIME  YCIOBUS:  TeMIepaTypa
tormuBa — 900 K, remmieparypa terronocutens — 600
K. Ha pucynke 7 mnoka3aHO HU3MEHEHHE MacChl
uzotonos 2°U u 28U B Tonnuee.

Hcxoms W3  HaHHBIX  rpaduka, MOYKHO
ONpPENETIUTh, YTO €XKErOAHBIA pacxoll ypaHa-235 B
HMEIOIIEMCS TOIUIMBHOM ITUKIIE COCTaBIIIeT 966 kr, a
10 JIUTEpaTypHbIM JaHHbM 982 kr [11].

Bocnpon3BoaCcTBO SIEPHOTO  TOIUTMBA — 3TO
npoiecc 00pa3oBaHMS B PEAKTOPE BTOPHUYHBIX
JETSIUXCS HYKJIMIOB W3 HYKJIWIOB, KOTOpPBIE HE
JeTSTCS Ha TEIUIOBBIX HEHTpoHax. B peakropax,
paboTalomMX Ha ypaHe, IIOMHMO BBITOPaHHS
mensmierocss Hykauaa 2°U, npM  paamMalMoOHHOM
3axBare HelTpoHoB sapamu 28U (peakums (N, y))
00pa3yloTcs sapa HOBOTO JEISIIErocs HyKJINAa
2Py, 3ateM B pe3yabTaTe IOCIENOBATENBHBIX
3axBaToB Ha 2°Pu ob6pasyrorcs Takxke aapa 2“°Pu u
2Py (pucyHOK 8). DTO BIMSET HA PEAKTMBHOCTH
TOIUIMBA M OOpa30BaHWE BTOPUYHBIX JIEIISIIHXCS

MaTepHajoB, YTO HEOOXOJAMMO YYHUTHIBATH JUJIS
ONTUMM3ALUU  PabOTBl  PeaKkTopa, IOBBILICHUS
Oe3omacHOCTH, IUIAHUPOBAaHHS TepepaboTKu |

orieHKH 3()(HEKTUBHOCTH TOTUTMBHOTO IHKJIA.
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Pucynok 6 — Vsmenenue xkonnenrpanun 2°U u 28U npu Beiropannu
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Pucynok 8 — M3menenue konnuectsa Pu

Pacuer u3MeHeHHsi KoHueHTpauuu *Xe u
199Sm B npouecce BLIrOpaHus TOILIMBA

[Ipu pabore sgepHOrO0 peakTopa B TOILTUBE
HAKaIJIMBAIOTCS M30TOINLI, CIIOCOOHBIE HETaTHBHO
BIUATh HA PEAKTUBHOCTH. BOJBIIMHCTBO W3 HHUX
MMEIOT MaJIOe CEUEHHUE 3aXBaTa TEIUIOBBIX HEHTPOHOB
WiIn HeOONBIIOW yNenbHBIN BbIXoA. Kak mpaBwmio,
OCHOBHOH BKJIaJ B «OTPABIICHHUE» PEaKTOpa BHOCST

motonel ¥Xe u Sm, oOmamaromme OuYeHb
OONBIIAM ~ CEYEHMEM  MOIVIOIIEHHS  TEIUIOBBIX
ueiitponos  [12,13].  Konuenrparmms — 5Xe

U3MEHSETCS BCIEACTBUE €ro 00pasoBaHus IIpU
nenennn sgep U, ¥Xe obnagaer HamOonbIIMM
CPEIM W3BECTHBIX BEIIECTB MMKPOCKOIMHMYECKHM
CEYEHMEM 3axBaTa TEIUIOBBIX HelTpoHoB (2,5-10°
GapH), IPUYEM TO 3HAYEHUE PE3KO YMEHBIIAETCS C
POCTOM BHEPruM HEHTPOHOB. B cBOKW ouepenm, He
Bech 01 npespamaercs B *°Xe, wacTs ero Beiropaer
B HEHTPOHHOM MOTOKE, HO M3-32 HHU3KOTO CEYEHHS
3axBara OTOT 3¢¢exT He3HauuTeneH. [paduxu
u3MeHeHui koHnenTpamuu “°Xe u “*Sm B akTuBHOM
30HE MIPUBECHBI HA PUCYHKE 9.

[lpu  yBenuueHWH  OOOTAICHHS  ypaHa
BO3pACTAE€T YHMCIO JIEJIEHHH, 4YTO BEIET K
yBenuueHuto obpazosanus °1 u *%Xe, nocruras
Makcumyma 1ist uuctoro 2°U. Onako cama o cebe

KOHIIEHTpaLMs KCEHOHA HE ONpeesseT M3MEHEHUE
PEaKTMBHOCTH, TOJTOMY B KadecTBE IOKA3aTels
OTPaBJIEHHS KCIIOJb3YKOT OTHOCHTENBHOE BPEIHOE
TOIJIOIIEHNE  KCEHOHOM, BBIPAKAIOLIEECH —Yepe3
OTHOIIEHHE CKOPOCTH 3axBaTa HelTpoHoB *°Xe k
CKOPOCTH HOTJIOIIEHHUS HeHTpoHOB U,

CTanuoHapHOE OTPAaBJICHHE PEAKTOPA TAKKE
BBI3BIBaETCA  “°Sm,  KOTOpHIi  MMeeT  CBOM
0cobeHHOCTH. Ero MHKPOCKONMYECKOE CEYEHHE
TNOIJIOIIEHUs TEIUIOBBIX HEHTPOHOB  COCTABIISIET
npumepro  (5-10*  GapH), HO MeXaHH3M €ro
00pa3oBaHUs M BHITOPAaHUS OTJIMYAETCS OT °Xe.
1Sm dopmupyercs uepes B-pacnaast *°Nd u 1°Pm,
TIPY 3TOM €r0 YMEHbIIEHHE MPOMCXOJUT TONBKO 3a
CUET BBHIFOPAHMS, TAK KaK OH SBIISETCS CTAOWIBLHBIM
HYKJIHJIOM.
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Pucynok 9 — Usmenenue xonmuectsa *Xe u 14°Sm

PaBHOBecHas KoHueHtpauus **Sm  mpomnop-
[IMOHAJIbHAa 00OTAIIEHUIO YpaHa M MIIOTHOCTH MTOTOKA
HEHUTPOHOB, HO B CTAIlMOHAPHOM DPEXUME 3aBHCHUT
TOJIBKO OT OOOTalleHusl, YTO OTJIMYAeT €ro OT
kceHona. Jliss BBOP moTepss peakTmBHOCTH H3-3a
CTaIlIOHAPHOTO OTPABJICHUS CaMapHeM MPUMEPHO B
5 pa3 MeHbllle, YeM OT KCEHOHA, a BpeMs JOCTIKEHHS
CTallMOHAPHOTO cocTosHMS B 15-20 pa3 Oosblire.
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PacueT BbiropaHus ToNMBa B peakTOpHOM ycTaHoBKe BBOP-1000

Xapaxkrep W3MEHeHNns KOHIEHTPALUU
KCEHOHA NPU U3MEHEeHHHU MOLIHOCTH pPeaKkTopa

Pacuér BBITOpaHUs TOIUIMBA MPOBOAUICS IPH
M3MEHSIOIIEMCS. YPOBHE MOIIHOCTH PEAaKTopa: B
nepebie 30 CyTOK peakTop (YHKIMOHMPOBAT Ha
morHocTH 3000 MBT, 3aTeM B TedeHHe CIIEeAYIOIIX
30 cytok — Ha momHoctu 2000 MBT, nocne udero
BHOBB 30 cyTok — Ha ypoBHe 3000 MBT.

Korga peakTop mepexomuT Ha Oojlee HHU3KHH
YPOBEHb MOLIHOCTH KOHIIEHTpanus =°Xe B aKkTUBHOM
30HE€ HAYMHAET M3MEHAThCS. Ha HauaabHOM dTare
0CJIE CHUYKEHHUS MOIITHOCTH CKOPOCTH 0Opa3oBaHus
1%Xe ymeHbImaeTcss MPpONOPUHOHAILHO CHHKEHHIO
IUIOTHOCTH HEMTPOHHOIO MOTOKA, OJJHAKO CKOPOCTH
€ro pacnajga TakKe YMEHBIIAETCS. DTO MPUBOJUT K
TOMY, YTO B IIEpBbIE MOMEHTHI KOHIeHTpaus *Xe
OyleT pacTu, Jaxe HECMOTPS HA CHWKEHHE
MOIIHOCTH, TTOCKOJIBKY CKOPOCTH €ro 00pa3oBaHMs
Mo-TpexHeMy OYJEeT BBIIIIE CKOPOCTH pacmaga. B
pesyibTare  IOCHE€  YMEHBINEHWS  MOIIHOCTH
HaO0JII0/IaeTC BPEMEHHOE CHUXKCHHE Ksgpg, KOTOPOE
mokazaHo Ha pucynke 10.

Co BpeMeHEeM, 10 Mepe TOro Kak CKOPOCTb
obpazoBanus **Xe cHWKaeTCS M3-3a yMEHBLIECHHS
KOHIEHTpauu =°| (KOTOpHIA SABISETCS Mpeuec-
TBEHHUKOM *°X¢), 0611ast CKOPOCTh €0 HAKOTLICHHS
TaKXKE HAYMHAET MaaaTh. B KakoW-TO MOMEHT
CKOpPOCTh 00Opa3oBaHMsI KCEHOHA M €ro pacrnaja
YPAaBHUBAIOTCS. JTO O3HAYAET, YTO KOHIEHTpALHs
18X e nocTuraer cBOero MakCUMyMma, I0CIIe Yero eé
yBEIMYEHHE MPEKPAIAETCs, W OHA HAYMHAET
CHIDKATHCS, MOKa HE CTaOWIM3MPYETCSs Ha HOBOM
ypoBHe MoimHocTd [14]. I'padux 3toro mepexoza
BBINJISINT Kak Ha pucyHke 10, rjae BHIHO, Kak
koHneHTpaius *Xe cHauama pacrer, JOCTHIraeT
IHKa, a 3aTeM CTaOMIH3UPYETCA.

Kormga peaktop nepeBoanutcs Ha 6051ee BRICOKUIH
YpPOBEHb  MOLIHOCTH, B  IEPBHIE  MOMEHTBI
koHIeHTpauus: Xe HauMHaer u3MEHAThCA. B
HavyaJILHBIN nepuo MmocCj€ YBCIWMYCHHUSA MOIIHOCTHU
CKOpPOCTh €ro yObUIn OynmeT Oomblie, YeM CKOPOCTh
ero obpazoBaHms. DTO MPOUCXOJNUT HW3-3a TOTO, YTO
HOCJIE YBEJIUYEHHUS MOIIHOCTU B IIEPBYIO OYEPEb
HOBBIIAETCS CKOpOCTb paccTpena 135Xe
HENTPOHAMM, a CKOPOCTh €r0 00pa30BaHMs BHAYAE

OCTaeTcsl MOoYTM HeusMeHHoW. Hecmorps Ha
yBEJIMYEHHE CKOPOCTH TreHepamuu °Xe Kak
HETIOCPEJCTBEHHOTO  NPOAYKTa  JIEJEHHWs,  5Ta

CKOpOCTh BCE e€II€ 3HAYUTEIbHO MEHbIIE, YeM
CKOpOCTh 0oOpa3oBanus **Xe u3 pacmanaromerocs
Wona. B pesynbprare mocne yBeJIUMYEHUS MOIIHOCTH

40

HaOJII0aeTCsl BPEMEHHOE YBEMYEHHE Koy, KOTOPOE
nokaszano Ha pucyHke 10.

Co BpeMeHeM, 10 MEPE TOTO KakK KOHIEHTPALHS
1012 yBEIMUMBAETCA U CTPEMUTCSA K HOBOMY, Oolee
BBICOKOMY CTal[MOHAPHOMY 3HAYEHMIO, PACTeT H
CKOPOCTh ero P-pacmaga. JTo BeaeT K TOMY, YTO
ckopocTh obOpasoBanus *Xe uz 3| pospacraer, u
o0lIee yMEHBIIEHUE CKOPOCTH 00pa3oBaHus °Xe
HAYMHAET 3aMeIAThCS. B KakoH-TO MOMEHT, Koraa
CKOpOCTH 00pa3oBaHus U yobuH 3°Xe ypaBHAIOTCS,
KOHIEHTpamus *3Xe 1ocTUraeT MHHMMyMa, MOCIE
Yero OHa HAYMHAET CHOBA PACTH.
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Pucynok 10 — Usmenenue konuuectsa **Xe npu
M3MEHEHUH MOLIHOCTH

DTO  NPOMCXOAMT JO TeX IOp, MOKa
xoHueHTpanus 3°Xe He cTaOUIM3UPYETCS HA HOBOM,
0oJlee BHICOKOM YPOBHE MONIHOCTH. DTOT MPOIECC
3aHMMAeT MPUMEPHO TPM JHSA, U TPaUUECKH €ro
MOHO TIPEJICTABUTH KaK MEPEXOJL OT 60JIee HU3KOTO
ypoBHsi oTpaBieHus *Xe k G6onee BbicokoMy. [Ipu
5TOM Ha PUCYHKE BHJIHO, KaK KOHIEHTpauus °Xe
CHayala  yYMEHBIIAETCH, a  3aTeM  CHOBA
YBEJIMYUBAETCS, JOCTUras HOBOTO CTAallHOHAPHOIO
YPOBHSL.

XapaKTep HU3MECHCHUSA KOHIOECHTPpaUuu
camMapusd nNpv USAMCHEHUU MOIITHOCTH peaKTopa

[Ipy  W3MEHEHMM  MOINHOCTH  PEaKkTopa
HApyIIAeTCs JMHAMUYECKOE PABHOBECHE MEXTY
HaKOIUIEHWEM ¥ moromenreM “°Sm, xapakrepHoe
s cTauMoHapHOro  coctosHus.  CKOpOCTb
obpasoBanus 49Sm onpenensercs KOHLEHTpauuei
1Pm, rtorma kak ero yOblBaHME — COOCTBEHHBIM
CONep/KAaHMEM U HMHTEHCHBHOCTBIO HEHTPOHHOIO
TI0TOKA.

[Ipy TOHMKEHUM MOIHOCTH CKOPOCTH 00pa3zo-
Banus *°Sm Ha mepBBIX 3Tamax MNPEBHIAET €ro
yOBIBaHHWE, TIOCKOJIbKY TP CHIKEHHOM TIOTOKE
HEHTPOHOB MHTEHCHBHOCTH TMOTJIOIICHUS MaaaeT, a
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KoHIeHTpaius *4°Pm emé ocTaéres BbICOKOH. DTO
IPUBOJIUT K BPEMEHHOMY YBEJIHMYEHHIO COJEP/KAHMUS
199Sm, mpexme uYeM cmcTeMa CHOBA JIOCTHTHET
PaBHOBECHS.

IIpy pe3KOM MOBBINIEHUH MOIHOCTH, KOT/Ja
NOTOK HEHTPOHOB Bo3pacTaeT, *°Sm Haumnaer
TIOTJIOIIATLCS OBICTPEE, YEM YCIEBAaeT 0OPa3OBbI-
BaThCA. B pesynbTaTe €ro KOHIEHTPAIMS BPEMEHHO
CHIIKAETCH.

ITocse HAaYanbHOrO OTKJIOHEHHS KOHLIEHTPALUN
19Sm BBepx WM BHU3 (B 3aBMCHMOCTH OT HaIlpaB-
JEHUs ~ W3MEHEHHS  MONIHOCTHM)  HAYMHAETCS
MOCTENEHHOE BO3BPAIEHHE K HOBOMY CTAlHOHAPHO-
My ypoBHIO. Takas (popMa IEpEXOIHOTO MpoLecca
HAIIOMHUHAET MOBEICHHE PEAKTOPA MPHU HOI-KCEHOHO-
BEIX 3(dekTax: HaOmogarTcs  CcBOeoOpa3HbIe
«TOPOBI» WIIH «SIMBI» Ha Tpa(MKaxX PEaKTHBHOCTH, HO
c Oomee AMUTENFHOW  BPEMEHHOM  IIKaJIOW.

BriBoabI

Ha ocHoBe pa3paboTaHHOW MOJeNnH peaxTopa
BBOP-1000 B xoge MCNP6 npoBeneHbl pacdeThl
HEWTPOHHO-(DU3NYECKUX XapaKTEPUCTHK, BKIIOYAs
KO3 PHUIIMEHT pa3MHOXKEHUSI HEUTPOHOB M TPOIIECC
BBITOpaHMsl TOIUTMBA. [loyydeHHbIE TaHHBIE ITOKa-
3aJI1 XOPOLIYIO COTJIACOBAHHOCTH C JIUTEPATypHBIMU
3HAQYEHUSIMH, YTO MOJTBEPXKIACT JIOCTOBEPHOCTb
MoJieid. AHanu3 mpoduieil BHITOpPaHUS TOTLTUBA
NPOJEMOHCTPHPOBAl  OXHIAEMYIO0  JWHAMHUKY
u3MeHeHus KoHuentparuu U, 28U, 2Py, 240py,
24Py ¥ MOGOYHBIX MPOAYKTOB JEJIEHHS, TAKHX KaK
1%Xe u 9Sm, 4ro BakHO JUIS NPOTHO3MPOBAHUS
PEaKTUBHOCTH W XapaKTEPUCTUK aKTUBHOI 30HBI B
Te4YeHHUEe TOTUIMBHOTO 1MKJIa. MccienoBanue BIUSHUSL
oboramieHusi TOIUIMBA HA Keff BBISBHJIO, YTO POCT
o0oramieHns Croco0CTBYeT yBennueHUIo 3 HeKTHB-

['paduuecky nepexoHbIE MPOLECCH peakTopa *49Sm
TIPY U3MEHEHMU MOLIHOCTH MOKa3aHo Ha pucyHke 11.

L12 ¢ +~ 180
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Pucynok 11 — Usmenenue konnenrpanuu 4°Sm
TIPY M3MEHEHHH MOIHOCTH

MPOLIECCOB B PEAKTOpE U UX BIUAHUA Ha
SKCIUTyaTalMoOHHYI0 d3(QekTHBHOCT, u Oe3omac-
HOCTb. [lomydeHHBIE pe3yNbTaTHl IO3BOJISIOT, B
YaCTHOCTH, OIIPCACIINTL YCIIOBU, HCO6XOZ[I/IMBIG JJIsL
pacdera M30TOMHOTO COCTaBa JUISi €ro IMOCIeAyIo-
IIEr0 HCIIOJ30BAaHHMS TIPH  OLEHKE  SACPHON
0e30MacHOCTH CUCTEM OOpallieHHsI ¢ 0TPadOTaBIIUM
TOIUIMBOM C YYE€TOM BBIT'OPAaHUS.

BaaropapHocTs

PaGota Obla BBINOJHEHA TPH  HOAJEPKKE
MuHHCTEpCTBa HAayKHM M BBICHIETO 0Opa30BaHUs
PecnyOmukm Kazaxcran B pamkax MpoeKTOB:

1.  PacuerHoe  oOoCHOBaHWE  PEKHMOB
BHYTPUPEAKTOPHBIX HCIBITAHUN IMEPCIEKTUBHOIO

HOCTH  JEJNEHMs, 49TO TMOATBEPXKIAeTCsS Kak  smepHOro ToruiuBa (AP26199863).
pacueTHbIMH, TaK W JINTEPATYPHBIMU JAHHBIMU. 2. WccnenoBanusi B TOJJIEPKKY CO3JMAHHS H
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MPEJOCTaBIsieT BO3MOKHOCTH TOYHOTO —aHajM3a
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M.M. Kyb6eHosa® , H.K. Aitpap6ekos? , ".C. 3eitHynna’ , E.M. NaHranves?
'EBpa3suiickmnii HauMoHaNbHbIN yHuBepceuTeT um. /1.H. Tymunesa, ActaHa, KasaxcraH
ZKacnuncKkmnil yHMBepCUTET TeXHONOTMU U MHKUHUPKHTa uM. L. EceHosa, AkTtay, KasaxcraH
*e-mail: serikjan_0707@mail.ru

NCCNEOOBAHUE B/IMAHNA COOEPHKAHNA NNATUHBI HA XAPAKTEPUCTUKA
MEMBPAHHO-3/IEKTPOAHbIX 6/TOKOB TOMN/IMBHOIO 3/IEMEHTA
C TBEPAO-MO/IMMEPHbBIM 3/1EKTPO/IMTOM

B paHHOW paboTe nNpeacTaBfieH aHaAM3 BAMAHMS KIHOYEBbIX MapaMeTpoB, TakuX Kak
cofepsaHue naaTWHbl, Temnepatypa M  KOHUEHTPAUMs KWUCA0POAa, Ha XapaKTepUCTUKK
MeMBPaHHO-31EKTPOAHbIX 610Kk0B (M3B), MCNOAb3yeMbIX B TOMIMBHbLIX 31emeHTax. OCHOBHOM
Lenblo  UCCNeN0BaHMA ABAAeTCA pas3paboTka pPeKoMeHAauui no OonNTMMM3aumMy  CoCTaBsa
KaTa/M3aTopoB 419 AOCTUMNKEHMS BanaHca MeXay NPon3BOAMTENbHOCTBIO M SKOHOMUYHOCTbIO.
MoaennpoBaHmMe BbINOHEHO AR TPEX TUMOB KaTa/M3aTOPOB: YNCTON NaaTuHbl (Pt), naaTuHbl C
pobasneHnem Hukens (Pt-Ni) m nnatuHbl ¢ gobasneHnem kobansTa (Pt-Co). MccnepoBaHbl
3aBUCMMOCTU HanpsXeHWs, MOLLHOCTM U 3DDEKTUBHOCTM OT MNNOTHOCTM TOKa C Y4ETOM
aKTUBALIMOHHbIX, OMWYECKMX W MaCCOBbIX MoTepb. [AA OUEHKM cTabuabHOCTK paboTbl
KaTa/NM3aToOpPOB MCMNO/b30BANCA NaPaMETP M3MEHEHMA HanpaxeHna (AV) B ananasoHe paboumx
HarpysoK. Pe3ynbTaTbl UCCAEA0BaHUA AEMOHCTPUPYIOT, YTO COAEpPsKaHWe MaaTMHbI OKasblBaeT
Hanbonee 3HaUYUTENbHOE BAMAHME Ha NPOM3BOAMTENLHOCTL M3B. ONnTUmanbHoe codepaHue
nnatuHbl coctasnseT 1.0 ycn. ed., NPU KOTOPOM JAOCTUIatoTCA MaKCUMMaibHble 3HaYeHus
MOLLIHOCTM 1 3ddeKTnBHOCTU. OAHAKO NernpoBaHHbie KaTanusatops! (Pt-Ni u Pt-Co) npoasnsatoT
CTabUNbHOCTb MPU MEHbLLMX 3aTpaTax, YTo AeNaeT UX NepPCnekTUBHbLIMM 418 NpUMeHeHUs. TakKe
BblAB/IEHA 3aBMCUMMOCTb XapaKTepPUCTMK OT TemnepaTypbl M KOHLEHTpauuu Kucaopoda, yTo
NOAYEPKMBAET BaXKHOCTb KOHTPOAA YCNOBMIA 3KCNAyaTaLmm.

Knioyesble C/nOBa: TOM/IMBHbIE 3/1EMEHTbI, KaTaaM3aTop, MembpaHO-3/1eKTPOAHbIN 610K
(M3B), Hanps»eHua, NaaT1Ha.

C. Onaxait*’, K.A. Kytepbekos?, K.}K. bekmbip3a?, .M. Kabbiwes?,
M.M. KybeHosa®, H.K. Aligapbekos?, .C. 3eiHynnal, E.M. MaHranves?
1.H.lymunes atbiHgafbl Eypasusa yaTTbik YHUBepcuTeTi, AcTaHa, KasakcTaH
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*e-mail: serikjan_0707 @mail.ru

MnaTUHa MeALLEPIHIH, KaTTbl NOAMMEPAi INEKTPONUTI 6ap OTbIH 3NEMEHTIHIH,
MeMbpaHa-3neKTPOoATLIK 610KTapbIHbIH, CMNATTaMaNapbiHA SCepiH 3epTTey

By KYMbICTa OTbIH 31EMEHTTEpPIHAE KONAaHblAaTbiH MeMbpaHa-anekTpos 610rbiHbiH (MIB)
cMnaTTamanapbiHa NAaTMHAHbIH, MeLWepi, TemnepaTypa »KaHe OTTeriHiH, KOHUEHTPauMACHI
CMAKTbI Heri3ri napameTpaepaiH, acepi TangaHaapbl. 3epTTeyaiH, Heri3ri MakcaTbl — 6HIMAINIK NeH
YHEMAINIKTIH, apacbiHAafbl Tene-TeHAiKTi KaMmTamacbi3 eTy VUWiH KaTanm3aTopnapabiH KypamMbiH
OHTaMNaHAaplpy OOoMbIHWA YCbIHbICTAp a3ipaey. Moaenbaey yw TypAi KaTanusatopaap YuWiH
opblHAANAbI: Ta3a naatuHa (Pt), HMKenb Kocnackl bap nnatuHa (Pt-Ni) »kaHe KobanbT Kocnackl bap
nnatnHa (Pt-Co). benceHAinik, OMMKanbIK KoHE MaCcCa KOFANTY/NapblH ecKepe OTblpbin, TOK
Tbifbi3AblfbiHA  OalNaHbICTbI  KepHey, KyaT XoHe TWIMAINIK Tayenainikrepi 3eptrena,.
KaTanusaTopnapdblH, TYPaKTbiNbiFblH Oafanay VWiH KYKTeMe ayKbIMblHAQ KepHeyAiH, e3repy
napameTpi (AV) nanganaHbinabl. 3epTTey HaTUXKeNnepi NaaTMHaHbiH Mewepi M3b eHimajiniriHe
eH, V/IKeH acep eTeTiHiH KepceTeai. MnaTUHaHbIH OHTaMAbl Menwepi — 1.0 wapTTbl 6ipAik, 6yn
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Ke3ge KyaT MNeH TUMIMAINIKTIH, eH, Ofapbl MaHAepi KON eTkisinedi. [lereHMeH, KocnanaHfaH
KaTanmsaTopnap (Pt-Ni »kaHe Pt-Co) a3 lWbifblHAAPMEH TYPaKTbIbIKTbI KepceTeai, by onapabl
KOo/i4aHyFa nepcrnekTusanbl eteqi. CoHaan-aK cunaTTamanapfbiH TemnepaTtypa MeH OTTeriHiH
KOHUEHTpauMACbIHA Tayenainiri  aHblkTanabl, Oyn nalganaHy WwapTTapbiH  6aKblnayablH
MaHbI3bIbIFbIH aNKbIHAANAbI.

TyliH cesaep: OTbIH 3N1eMEeHTTEpI, KaTam3aTop, MembpaHa-anektTpos 61orbl (M3B), kepHey,
naaTuHa.
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!L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
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Investigation of the influence of platinum content on the characteristics
of membrane-electrode assemblies of a polymer electrolyte fuel cell

This work presents an analysis of the impact of key parameters, such as platinum content,
temperature, and oxygen concentration, on the performance of membrane-electrode assemblies
(MEAs) used in fuel cells. The primary objective of the study is to develop recommendations for
optimizing catalyst compositions to achieve a balance between performance and cost-
effectiveness. Modeling was conducted for three types of catalysts: pure platinum (Pt), platinum
with nickel (Pt-Ni), and platinum with cobalt (Pt-Co). The dependencies of voltage, power, and
efficiency on current density were investigated, taking into account activation, ohmic, and mass
transport losses. To assess the stability of the catalysts, the parameter of voltage variation (AV)
was used within the range of operating loads. The results of the study demonstrate that platinum
content has the most significant impact on the performance of MEAs. The optimal platinum
content is 1.0 relative units, at which the maximum values of power and efficiency are achieved.
However, alloyed catalysts (Pt-Ni and Pt-Co) exhibit stability at lower costs, making them
promising for application. Additionally, the characteristics were found to depend on temperature
and oxygen concentration, emphasizing the importance of controlling operating conditions.

Keywords: fuel cells, catalyst, membrane-electrode assembly (MEA), voltage, platinum.

Beenenue

TomMBHBIE BIEMEHTHI C TBEPAOTOIUMEPHBIM
anektponutom (TIID), Takke W3BECTHBIE Kak
PEMFC (Proton Exchange Membrane Fuel Cells), B
TIOCJIC/THUE JCCSATUIICTHS TIPUBJICKAIOT 3HAYNTEIBHOE
BHUMaHHE HAy4HOTO COOOIIECTBa U TMPOMBIILICH-
Horo cextopa [1]. IX yHuKaJIbHbIC XapaKTePUCTUKH,
BKJIFOYAIOLIME BBICOKYIO YICIBHYIO MOIIHOCTb,
HHU3KHI YPOBEHb BPEIHBIX BEIOPOCOB, CITIOCOOHOCTH K
ObICTPOMY  3amyCKy ¥ PEryJHpOBaHUIO  IOJ
Harpy3Ko#, a TaKKe COBMECTHMOCTh C Pa3NYHBIMU
BUJIaMH TOIUTMBA (B TIEPBYIO OYepeab C BOJIOPOJIOM
BBICOKOH 4YHCTOTHI), nenatoT TIID-texHomoruio
OJJHUM W3 KJIIOYEBBIX HANpPABJICHUH Pa3BUTHS
COBpeMeHHO# osHepretuku [2]. B ycnmoBumsx
pacTyIero BHUMAHUS K COKpAIICHHIO BHIOPOCOB
MapHUKOBBIX T'a30B U YMEHBIIICHHIO 3aBUCUMOCTH OT
MCKOIIA€MbIX SHEPTOHOCHTEIICH TOILTHMBHBIC HJICMEH-
TBI PacCMaTPHBAIOTCS KaK OJHA M3 OCHOB OyIylueit
BOJOpOAHON dKoHOMHUKH. OHH CIOCOOHBI obecrie-

YUTh HE TOJBKO HKOJOTMYECKH YHCTOE 3HEProcHad-
JKEHHE JUIsl TpaHCTopTa (JIETKOBBIX H TPY30BBIX
aBTOMOOMIIEH, aBTOOYCOB, 110€3/10B, MOPCKHUX CYJIOB),
HO ¥ 3()(heKTUBHYIO FeHEPALIUIO ATEKTPOIHEPTHH JUIS
CTallMOHAPHBIX YCTAHOBOK, BKJIIOYAsi pacIpeneinéH-
HYI0 DHEPreTHKY W aBTOHOMHBIC CHCTEMbI JKH3HeE-
obecrieuenus [3, 4].

B ocnoBe pabotsr TIID-TomnmmBHOTO 31€MEHTa
JMEKAT MEMOpPaHHO-3JIEKTPOaHBIH 0ok  (MOb),
COCTOAUIMK M3 TBEPIOMOIMMEPHON MPOTOHOIPOBO-
Jseii MeMOpaHbl, a TaKKe aHOAHOTO U KaTOAHOTO
AIIEKTPOJIOB, HA KOTOPHIX MPOTEKAIOT 3JEKTPOXUMU-
yeckue peaknuu. [[ns anoxa Hanbosee pacmpocTpa-
HEHHBIM TOIUIMBOM SIBIISIETCS BOZOPOA, KOTOPBIH
nojgaércss  TOA  JIABIGHHWEM W OKHCISIETCS,
BbICBOOOJKast 3neKTpoHbl. Ha kaTone mpoucxogur
AIIEKTPOXUMHUYECKOE BOCCTAHOBJICHHE KHCIOPOAA
(Oxygen Reduction Reaction, ORR), obecneun-
BaloIee 3aMBbIKAaHHWE IeTTH W (HOPMHPOBAHUE TOKA.
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Takum oOpa3oM, 3(QeKTUBHOCTP M BBIXOJHAS
MOIIHOCTb TOIUIMBHOTO JJIEMEHTa B pelIaroIen
CTETICHH 3aBUCAT OT KaTaJUTHYECKUX CBOWCTB
3IIEKTPOOB, OCOOCHHO KaToAa, Mmockoinbky ORR
SIBIISIETCS KHHETUUECKU 00Jiee «TPYyAHOW» peakuueit
IO CPaBHEHMIO C OKHCIIEHHEM Bogopoaa [5-7].

Haunbonee »peKTHBHBIM KaTaau3aToOpoM IS
ORR Ha ceromusmHui JeHs cuntaercs miatuHa (Pt)
Omaromapsi €€ yHHKalbHBIM CBOWCTBAM — BBICOKOU
aKTUBHOCTH, YCTOMYMBOCTH K KOpPpO3WH B
KHCIIOpOJCOAEpKAIIel cpefe, a TaKkKe COBMeC-
THMOCTH C TIPOTOHOIIPOBOIAIIEH MeMOpaHOM.
IIpuMeHeHNE TIIATHMHOBBIX KaTalU3aTOpPOB  OAET
BO3MOXKHOCTh JOCTHYb 3HAUMTENbHBIX MOKazaTenen
motHocTy Toka u KIIJI TorummBHOrO 3yeMeHTa, 9To
YK€ IOATBEPXKAECHO B NabOpaTOpHBIX U JIEMOH-
CTpallMOHHBIX oOpa3max. OJHAaKO CyHIeCTBEHHBIM
OrpaHUYUBAIOIIUM (PAKTOPOM MacCOBOTO BHEAPEHHUS
TIID-TexHOMOTUI SBISAETCA BBICOKas CTOMMOCTB
IUIATHHBI, a Takke €€ OrpaHHYCHHBIE MHUPOBBIE
3amackl. OTO MPUBOAUT K YJOPOKAHUIO KOHEYHBIX
CHCTEM M CHI)KEHHUIO X KOHKYPEHTOCIIOCOOHOCTH IO
CPaBHEHHUIO C TPAaJULUOHHBIMA HMCTOYHUKAMHU
snepruu [8, 9].

Crpemiienue CHU3UTh ce0ecTouMocCTh
TOIUIUBHBIX  JJEMEHTOB  CTUMYJIHpPYET  IOHCK
aNbTEPHATUBHBIX  KAaTATUTHYECKUX  MaTepHaloB,
MyTed MHHHUMU3ALMU COJAEP)KaHUS JIParoIleHHBIX
METaJIJIOB M ONTHMHU3ALMU CTPYKTYphl KaTalu3a-
TOpHBIX CJOEB. MccnenoBaTenn akTUBHO H3Y4YaroT
pasHooOpa3Hble CTpATerMyd CHIKCHUS IUIATHHO-
coJiepKaHus: OT Pa3pabOTKH OMMETAJUIMYECKUX H
MHOTOKOMITOHEHTHBIX HaHOCTPYKTYp, B KOTOpBIX Pt
couyeTtaerca ¢ 0Oosee JOCTYHHBIMH U HEIOPOTHMHU
Metayiamu  (Hanpumep, Fe, Co, Ni, Cu), 1o
MPUMEHEHUS HEMETAUINYECKUX KaTaIUTUYECKUX
CUCTEM Ha OCHOBE YINIEPOJHBIX M  JIPYIHX
(YHKIMOHANBHBIX ~MaTepuanoB. HeManoBaxHylo
pOJIb WIrparoT YIYyYIIEHHE PACHpPENEICHNs YacTHIL
KaTaJu3aTopa B IMOPUCTOH CTpykType razoauddy-
3HMOHHOTO  CJ0si, (OPMHUPOBAHUE ONTHMAIBHON
Mopdonorny HaHOYACTHI], a TaKXXe NpPUMEHEHHE
HOBBIX METOJIOB CHHTE3a M HAHECEHHUS KaTalu-

MaTepna.m,l U METOAbI

Ja ananusza xapakrtepuctuk MOB ncnosnb3o-
BaJINCh AHAJIUTHYECKHE MOJEH, OIMMCHIBAIOIINE
KJIFOUEBBIE TIPOIECCHl: AKTUBALMOHHBIE IOTEPH,
OMMYECKOE CONPOTHBIEHHE M TOTEPU MacCCOBOMU
TpaHciopTUpOBKH. OCHOBHOE ypaBHEHHWE, OIHCHI-
BaloIee HAIPSUKEHUE TOILTMBHOTO 3JIEMEHTa, IMEET
BHI:

ke
V=Vy—kr -T——
Co
rae Vo — TeopeTnyeckoe paBHOBECHOE HAIPsDKEHUE

46

3aTOPOB, MO3BOJIIOUIMX JOCTUYb MAaKCHUMAaJbHOTO
HCIIONIb30BaHMs IUIATHHOBEIX IeHTpoB [10-13].

TakuM oOpas3oM, akTyadpbHOW 3afadell Cerom-
HSIIIHETO JHS SBIAETCS pa3paboTKa SKOHOMUYECKU H
pecypcHo 3¢ dexTuBHBIX KaTamm3atopoB miast TIID-
TOIUTUBHBIX DJIEMEHTOB, COXPAHSIOIINX WU TTOBBI-
HIAIOUINX IOKA3aTeNnd aKTUBHOCTH U CTaOMIIBHOCTH
Opd  CYHIECTBEHHOM  CHIDKCHHH  COZACpIKaHUs
IaTuHbL. Pernenne 3TOW 3agadd MOCIIOCOOCTBYET
YCKOPEHHIO KOMMEPIHAIN3AIUN H  [IHPOKOMY
BHE/IPCHUIO TOIUTMBHBIX 3JIEMEHTOB, a Takxke OyneT
crrocoOcTBOBaTh  (DOPMHPOBAHHIO OCHOB HOBOH
SHEPreTUYECKOW MapaJurMbl, OCHOBAaHHOM Ha
YUCTOW, YCTOMYMBOM M JOCTYIHOW »Hepruu. B
JlaHHOM paboTe paccMaTpUBAIOTCS MOAXOABI K
CHIDKEHHIO TUIATHHOCOAEPKAHUS W  TIOBBIILICHUIO
KatanuTudeckod  sddexkruBHOCTH  MOB,  uTO
MO3BOJIUT MPHUOJIM3UTH MEPCIEKTUBY MAacIITaOHOTO
NPOMBIIIJIGHHOTO ~ TPUMEHEHHUS  JKOJIOTHYECKU
0€30I1aCHBIX TOIUIMBHBIX 3JIEMEHTOB.

Hacrosimee rccienoBanie HanpaBiIeHO Ha aHa-
JIM3 BIMSHUS COACPKAHUS TUIATHHBI, TEMIIEpaTyphl H
KOHIICHTPAIlMM KHUCJIOpOJa Ha XapaKTePUCTHKU
M3Bb. llensto paboThl sIBIISETCA  pa3paboTKa
PEKOMEHIAIMI 0 ONTUMHU3AINY KaTaJu3aTopOB IS
JMOCTXeHUs Oanmanca MexAy 3()(eKTHBHOCTHIO U
OKOHOMHUYHOCTHIO. JIOTIOJHU-TENBHO, B JaHHOM
UCCIIEIOBAaHUT paccMaTpuBaeTcs BIIHSIHUE
KJTFOYEBBIX IapaMeTpOB, TAKHX KakK TeMIleparypa,
COZIepKaHWe TUIATHHBI U KOHICHTPAIMS KHCIOpo/a,
Ha xapakrtepucTuku MDOb. BaxnocTh 3THX
napaMeTpoB 00YCIIOBJICHA HX NPSIMBIM BIIMSHHEM Ha
OCHOBHBIE TIPOIIECCHI, BKITFOUYast 3JIEKTPOXHMHUIECKYIO
KUHETHKY,  TPAaHCIOPTUPOBKY  pEarcHToB |
CTaOMIILHOCTH pabOTHI KaTAIN3aTOPOB.

[ToHnMaHue »STUX B3aMMOCBS3CH ITO3BOJIUT
paspabotare Oonee 3(pPeKTHBHBIE U IKOHOMHUIECKU
BBITOJTHBIE PEIICHUS JJIs1 HCTIOIb30BaHHS TOTUTUBHBIX
SJIEMEHTOB B PA3JIMYHBIX MPWIOKEHHUAX. OCHOBHOU
aKLEHT B padoOTe cheslaH HA aHaJIU3 XapaKTEPUCTHK
katanmmzatopoB Pt, Pt-Ni m Pt-Co, a Ttamke wmx
MOTEHIMANBHOW 3aMEHE JIISl CHUXKEHHSI CTOMMOCTH
0e3 3HaYUTeNbHON oTepH 3P HEKTUBHOCTH.

(1.23 B), T — Temnepatypa (°C), Co — KOHIEHTpaLHS
kuciopona (Monekysbl/em?), Kt u Ke — ammuprueckue
K03(pPULIMEHTHI, ONUCHIBAIOIINE IIOTEPH HAMps-
JKEHHUS.

MomrHOCTh paccuuThiBasiack kak P =V - |, rae |
— TOKOBasI IJIOTHOCTb. JIJ1st aHanmn3a 3 PeKTHBHOCTH
MCTIOJIB30BAJICSI METO]I YUCIICHHOTO HHTETPUPOBAHHS
M0 BCEH 00JIacTH TUIOTHOCTH ToKa. M3ywdammch Tpu
THITa KaTaau3aTopoB: uncTas riatuHa (Pt), mmatuaa
¢ nobaBkamu Hukens (Pt-Ni) u kobanera (Pt-Co).



C. Onaxaii u ap.

Copneprxanue miatuHsl BappupoBanocs ot 0.1 go 1.0
YCII. e/1., TEMIIepaTypa H3MeHsJIach B AnanazoHe 30—
90 °C, a xonnenrpamnus kuciopoaa or 0.1 mo 1.0
MOJIEKYJI/CM>.

JInst MonenmpoBaHUsS XapaKTEPUCTHUK KaTajlH-
3aTOPOB yYHMTHIBAINCH aKTHBAIlMOHHBIE MOTEPH,
CBSI3aHHBIE C MPEOJOJICHUEM SHEPIHU aKTHBALUH
peakuu BoccTtaHoBieHusi kucimopoaa (ORR), a
TaKKe OMHUYECKHE MIOTEPH, BBI3BaHHBIC
CONPOTHUBIICHHEM MeMOpaHbI U 31eKTpo10B. [loTepn
MaccoBOW TpPaHCIIOPTHPOBKH OBUIM BKIIOYEHHI B
MOZETb Ui ONHWCAHUS OTPaHUYCHUI B TOHade
KHCIIOPO/[a K AKTHBHBIM 30HaM KaTaJlU3aTopa.

Pe3yabTaThl H 00CyKIEHHE

Ha ocHoBe MopenupoBaHHs OBLIM ITONYy4YESHBI
3aBUCHUMOCTH HANPSDKEHUS, MOIIHOCTH U CTaOMIIb-
HOCTH OT COJEpXaHWs IUIATHUHBI, TEMIEpaTypsl U
KOHIEHTpauu Kuciopoaa. OCHOBHBIE pe3yNbTaThl

OpeAcTaBieHbl Ha rpadukax € JCTaJIbHBIM
OIHCaHHEM.
Ha rpaduke mpeacraBieHa 3aBHUCHMOCTh

HanpspkeHus (V) MeMOpaHHO-3JIEKTPOAHBIX OJIOKOB
(MDb) or Ttemmeparypel (T) W KOHIEHTpaUU
kuciopoja (Co) mis katanusaropoB Pt, Pt-Ni u Pt-
Co. [Jlns wuwmcroit mmatusael (Pt) Habmromaercs
3HAYNUTENIFHOE CHIDKCHHME HaNpsDKEHUs NP yBEJu-
YEHUH TEMIIEPaTypbl 1 YMEHbIIEHUH KOHLEHTPALIUH
KHCJIOPOJIa, YTO OOBSICHSETCS POCTOM aKTHBAIlUOH-
HBIX M  MAaccoBBIX IOTepb. JlernpoBaHHBIH
karanm3zatop  Pt-Ni  geMoOHCTpupyer  CXOXyro
JUHAMUKY, HO HalpsDKeHHE OCTa&Tcsi HECKOJIbKO
HIKE TIO0 CcpaBHeHWI0O C Pt wu3-3a u3MeHeHUA
3JIEKTPOHHOM CTPYKTYPBI, CHIDKASI KaTaJIUTUYECKYIO
aktuBHOCTh. Karammsarop Pt-Co  mokassiBaeT
HauOONBINYI0  yCTOWYMBOCTb K  W3MEHEHUSIM

2|
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3HaueHHsl IMIUpUUeCKUX KodddurmentoB kr u Kc
NoJOUpanich Ha OCHOBE OJKCIEPUMEHTAILHBIX
JNAHHBIX, YTOOBl  OOECIeYNTh MaKCHMaJbHYIO
TOYHOCTH pacuéToB. KaTanu3aTopbl OlIEeHUBAIUCE 110
ctabunbHOCTH HampspkeHust AV U yCTOWYHBOCTH K
W3MEHEHUsIM yclioBuil  okcmuryatamuu.  Ocoboe
BHUMAHUE YIEIAJIOCh HM3YYCHHIO 3aBHCUMOCTH
HanpsDKEHUS] U MOLUTHOCTH OT COAEPIKAHUS [UIaTHHBI,
YTO TO3BOJIMJIO BBISIBUTH ONTUMAIBHBIC HapaMeTphl
JUIS KaXJOro TUMNa Karajau3aropa. llonydeHHbIe
pe3yibTaThl HCHONB30BANUCH A (HOPMHUPOBAHUS
pEeKOMEHIAITNH 110 TOBBIMICHUIO 3(PPEKTUBHOCTH U
CHIDKCHHIO 3aTPAT B TOIUIMBHBIX 3JIEMEHTAX.

TEeMIIepaTypsl M KOHICHTPAMH KHCIOPOAA, YTO
CBSI3aHO C YJIYUIIEHHOH CTaOMJIBHOCTBIO PEAKLUH
BoccTaHoBieHuss kucinopona (ORR) OGmaromaps
JI00aBJIeHHIO KOOaIbTa.

HayuHnoe o0BsicHeHHe cocTouT B ToM, uTo Pt-Co
Oonee >(h(peKTHBHO CHIDKAET MAacCOBBIE TOTEPH U
COXpaHACT BBICOKYIO AKTHBHOCTb Jaxe Ipu
HeOIaronpusTHBIX YCIIOBUSX. IIpakTrHueckas
3HaYMMOCTh TpaduKa 3aKJIF0YaeTCs] B BO3MOKHOCTH
BbIOOpa ONTHMAILHOTO KaTanu3atopa: Pt mogaxomur
JUIsl CTaHJIApTHBIX ycioBui, Pt-Ni obOecrneuunBaer

OalaHC MEXIy CTOMMOCTBIO W  IPOU3BOIM-
TENBHOCTBIO, a Pt-Co HOAXOIMT I TSHKEIBIX
SKCIUTyaTaIlAOHHBIX ~ PEXHMOB. OTH  JaHHBIC

MOJUYEPKUBAIOT HEOOXOJMMOCTh YUUTHIBATh YCIOBHS
9KCIUTyaTallud NPU NPOESKTUPOBAHUU TOIUTUBHBIX
ameMeHTOB.  [paduk  Takke  TOATBEPIKAAET
MEPCTIEKTUBHOCTh HCIIONB30BAaHUS JIETUPOBAHHBIX
KaTaJIn3aTOPOB JUIA IOBBILIICHHS! CTAOMIBHOCTH H
HSKOHOMHUYECKOH 3 (EKTUBHOCTH CUCTEM.

P-Ni P-Co

A SN @
8
HanFatey -

Pucynok 1 - 3aBucuMocTr HanpsokeHus s kartanuzaropos (Pt, Pt-Ni, Pt-Co) ot TemmepaTypsl u
KOHIIEHTPAITUH KHCIOPOJIa
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Bonbr-amnepubie  xapaktepuctuku  (BAX)
JNEMOHCTPUPYIOT 3aBUCHUMOCTb HANPSHKCHUS  OT
IDIOTHOCTH TOKa JJis KaTtamuzatopos Pt, Pt-Ni u Pt-
Co (pucynok 2). Yucras 1uiaTMHa IIOKa3bIBaeT
HauOojiee  BBICOKOE  HANPSDKEHME IIPU  BCEX
IUIOTHOCTSIX TOKA, 4TO OOBSICHAETCS €€ BBICOKOM
KaTaINTHYECKOH aKTUBHOCTBIO B PEAaKIHMU BOCCTa-
HOBJICHHUSI KHCI0poaa. JIerupoBaHHbBIE KaTalHU3aTOPhI
Pt-Ni u Pt-Co 7eMOHCTpUPYIOT HECKOIIFKO MEHBIITHE
3HAYCHUS] HANpPSDKCHUS, OCOOCHHO TPH BBICOKUX
IUIOTHOCTAX Toka. OIHAKO MX MPOU3BOAUTEIHLHOCTD
ocTaéres CTA0MIIBHOM, YTO JeNaeT UX HOAXOISIIUMU
IUIs. IPOMBILICHHBIX MPHUIOXKEHUH, T1Ie CTOUMOCTb
KaTaJn3aTOpPOB UMeEET peraroniee 3HaueHue. [ padux
MOTYEPKUBAET HEOOXOMUMOCTh OanaHca MEXIy
3¢ (HEeKTUBHOCTHIO W SKOHOMUYHOCTBIO TPU BEIOOpE
KaTalIn3aTopoB OISl  MEMOPaHHO-3JIEKTPOIHBIX
OJIOKOB.
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PucyHnok 2 - BonpT-aMnepHble XapaKTepUCTUKU
(BAX) MeMOpaHO-3IIEKTPOTHBIX OJIOKOB C
Pa3IMYHBIMU KaTOAHBIMU KaTajlu3aToOpaMu

Ha pucyHke 3 mokasaHo, Kak TEpSIIOTCS
HampsDKEeHHE W MOIIHOCTh B 3aBHCUMOCTH  OT
IJIOTHOCTH TOKAa JUIs Karajau3atopoB Pt, Pt-Ni u Pt-
Co. Uucras nnatuHa JeMOHCTPUPYET MUHHMAbHBIE
MOTEPH, YTO OOBACHSETCS €€ BBICOKON AIIEKTPOHHOM
MPOBOJIMOCTBIO M KaTATM3aTOPHOW aKTHBHOCTBIO.
JlerupoBannsie karanmuzatopsl Pt-Ni u  Pt-Co
MOKA3bIBAIOT OoJiee 3HAYUTENbHBIC IOTEPH IIPU
BBICOKMX TOKOBBIX ILIOTHOCTSIX, YTO CBSI3aHO C MX
MEHBIIIMM  YKHCJIOM  aKTUBHBIX  IIGHTPOB U
YBETUYEHHEM OMHYECKOT0 COMpoTHBiIeHUs. OIHAKO
Ha HU3KHX TOKOBBIX IUIOTHOCTSIX pa3HUIA MEXKIY
KaTaJM3aTOpaMyi MHHUMaJIbHA, YTO YKa3bIBACT Ha UX
CX0XYyl0 3(O()EKTHBHOCT, B  YCIOBHSX Majol
Harpy3ku. Takum 00pa3zoMm, rpaduk MOIYEpKHBACT
Ba2)XHOCTh BHIOOpa KaTalun3aTopa B 3aBHCUMOCTH OT
YCIIOBHH pabOTHI TOTLTHBHOTO AJIEMEHTA.

Ha pucynke 4 Trpaduk JIeMOHCTpUPYET
CTaOUIBHOCTH padoThI KaTanu3aTopoB Pt, Pt-Ni u Pt-
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Co mpu pas3IU4YHBIX IDIOTHOCTAX TOKa. Bce Tpum
KaTaJIn3aTopa MOKa3bIBAIOT CXOXKYIO CTaOHILHOCTD
HampspkeHust  (AV), d9TO  MOATBEpXKIaeT WX
MIPUTOTHOCTB JIJISl UCTIOJIB30BAHUS B ITPOMBIIIIICHHBIX
npwioxkeHussX.  CTaOMIBHOCTh  KaTaJIH3aTOPOB
0COOEHHO BayKHA /ISl 00ECTIEUESHHUS TOITOBEYHOCTH U
HaAGKHOCTH  pabOTHl  TOIUIMBHOTO  JJIEMEHTA.
JlaHHBIH pe3ynbTaT yKa3plBaeT Ha TO, YTO Jaxe
MEHee JOpOoTHe KaTaanu3aTophl, Takue kak Pt-Ni u Pt-
Co, MOTYT WUCHOJB30BaThCA 0€3 3HAYUTEIHLHOTO
yiepba s CTaOWIBHOCTH PadOThI TOILTUBHOTO
JNIEMEHTa, YTO  JIeNaeT WX  SKOHOMHYCCKH
MIPUBJICKATEIBHBIM PEIICHUCM.
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Pucynox 3 - Tlotepu Hanps>KeHUs U1l pa3IdyHbIX
KaTaJlu3aTopOB
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Pucynok 4 - CpaBHeHHE U3MEHEHUN HAIPSKCHUS
(AV) nns kaTanmzatopoB

Ha rpaduke BumHO (PUCYHOK 5), YTO MOIIHOCTh
YBEJIIMYUBACTCS C POCTOM IIOTHOCTH TOKA, JOCTHUTAs
IIMKa, IIOCJIC YEero HaA4YMHACT CHMIXKAThbCA H3-3a
naJieHus HaIpsHKEHUS. Karanuzatop Pt
JIEMOHCTPHUPYET HAUBBICIIYIO MOIITHOCTh, OJHaKoO Pt-
Ni um Pt-Co Takxke TmMOKa3pBalOT KOHKYPEHTO-
CITOCOOHBIE PE3yIbTaThl, OCOOCHHO TPH BBICOKHX
Harpy3kax. OJTO CBS3aHO C HMX CTa0WILHOCTHIO B
YCIIOBUSIX HMHTCHCUBHOW JKCIutyaranuu. [ 'paduk



C. Onaxaii u ap.

HOI[‘-IépKI/IBaeT HCO6X0,I[I/IMOCTI> OIITUMHU3 Al
IUIOTHOCTH TOKa JIJIs JOCTIDKEHHS MaKCHUMalIbHOM
IIPOU3BOJUTEIIPHOCTHU TOINIMBHOI'O DJICMEHTA.

KpTarmsaTopu
n
—_ P
- Lo

o8

06
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Pucynox 5 - 3aBUCHMOCTh MOIIHOCTH OT TOKOBOU
IUIOTHOCTH

PucyHok 6 neMoHCTpHpYET BIMSHHE COIEp-
KaHWs TUTATHHBl Ha Hanpspkenue. C yBeIHYeHHEM
COACPIKAHMA IUIATUHBI HaIPs>)KCHUE IIOBBIIIACTCA,
YTO CBsA3aHO C YBCIMYCHUEM 4YHCJIa AKTHUBHBIX
[IEHTPOB, YYAaCTBYIOIINX B PEAKIIMH BOCCTAHOBJICHHS
kucnopona (ORR). Ilpu comepxannn mmatussl 1.0
yCI. €. JOCTUraroTCs MaKCHMalbHbIE ITOKA3aTelH
HAINpsOKEHUsS, OCOOCHHO TpPU BBICOKOW IUIOTHOCTH
ToKa. JlaHHBIH pe3yIbTaT MOA4EPKUBACT 3HAYMMOCTD
COACPIKaHUA IUIaTUHBI OJIA OGCCHC‘IGHI/ISI BBICOKOH
MPOU3BOUTEIHHOCTH TOTIMBHOTO AJIEMEHTA.

0.8 Coaspocsnme raTuen
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PucyHok 6 - BonpT-amnepHbie XapaKTepUCTUKN
(BAX) mytst pa3mugHOTO COACPIKAHUS TIATHHBI

Ha pucynke 7 rpaduk moKa3wpiBaeT, Kak
MOIOHOCTE 3aBUCUT OT COJACPXKAHUA IIJIATHUHBI.
YBenuueHne coaepKaHWUsA IUIATUHBI TPUBOJIUT K
pOCTy MOIIHOCTH, JIOCTUTAas MaKCHUMyMma IIpH
conepxanmu 1.0 yci. em. OnmHako manmbHEHIIEe
YBEIUYCHUE COJEpKaHUS IUIATHHBI MOXET OBITh
SKOHOMHYECKH HEIIeNIeCO00pa3HbIM U3-3a2 BBICOKOU

CTOMMOCTH Marepuana. ['paduk moguepKkuBaeT
HEO0OXOJUMOCTh MTOVICKA Oamanca MEXITY
NPON3BOJUTEIFHOCTEIO M 3aTpaTaMu.
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Pucynok 7 - MomHOCTb 1J1 pa3JIMuHOTO
cozepKaHusl IUIaTUHBI

O PeKkTUBHOCTH TOIUTUBHOTO 3JeMEHTa
YBEITUYUBACTCS C POCTOM COJICPKAHUS TUIATHHBL. DTO
CBA32HO C YJYYIICHUEM KHHETHKH PEaKIUuH
BOCCTaHOBJICHUSI KUCIIOPOJa W CHW)KEHHEM IOTEPh
HanpsokeHus.  MakcumanbHas 3 ¢GEKTUBHOCTh
JIOCTUraeTcs Nnpu coaepxaHuu miatussl 1.0 yeiu. en.

JlaHHBI1 pe3ynbTar yKa3blBaeT Ha BAXXHOCTh
ONTUMH3ALIMU  COJIEPXKaHUSl  TJIaTHHBl  JUIA
JIOCTHXKEHHUS ~ BBICOKOW 3¢ dekTuBHOCTH  0e3

3HAYMTEIBHOTO yBEIUUCHUS 3aTpaT (PHUCYHOK 8).

B THREC TR (BY CW)

02 04 Ce o .0
Convpaimce NARTINM [YCADINNE o4 )

Pucynok 8 - 3aBucuMoctb 3QPEeKTUBHOCTH OT
CoJIepKaHus IJIaTHUHBI

CrabunpHocTh HampspkeHus (AV)  ocraéres
BBICOKOM IPH BCEX YPOBHAX COAEP)KAaHUS IUIATHUHBL
DTO CBHIETENBCTBYET O TOM, YTO JaK€ MPU HU3KOM
COIEp)KaHWM TIUIATHHBI  TOIUIMBHBIE  3JIEMEHTHI
COXPAHSIOT YCTOMYMBOCTh K U3MEHEHUSIM Harpy3KH.
JlaHHbIN pe3ynpTaT MOAYEPKUBAET BO3MOYKHOCTB
UCTIOJIb30BaHMs HU3KOIUIATUHOBBIX KaTaJIU3aTOpPOB
JUIL  CHIDKEHHSI CTOMMOCTH 0€3 CYIIECTBEHHOTO
YXYALIEHUS CTaOMIBHOCTH. Kpome TOTO,
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yBenuueHue norepb Mg Pt-Ni u Pt-Co cBsizano c
N3MEHEHUEM 3JIEKTPOHHON CTPYKTYPhI IOBEPXHOCTH,
KOTOpas  BIMSIET  HAa  CKOPOCTb  pEaKLUH
BocctaHoBieHus kucinoposaa (ORR). Oxnako BaxxHO
OTMETHUTh, YTO HAa HU3KUX TOKOBBIX IJIOTHOCTSX, A€
aKTHBALIMOHHBIE IIOTEPU NPEOONIafaloT, pas3HUIA
MEXIy  KaTauu3aTopaMd  MUHHManbHa.  JTO
yKa3blBaeT Ha HX CXOXKYI JPQPEKTHBHOCTH IpH
YCIOBHSAX  MaJbIX  HAarpy3oK, Hampumep, B
CTAITMOHAPHBIX CHUCTeMaX. TakuMm oOpa3om, rpaduk
NOoTUYEPKUBAET  HEOOXOAMMOCTH  ONTHMHU3ALUH
COoCTaBa  KaTauu3aTOpoOB IS JTOCTHKEHMS
paBHOBeCHsS MEXIy 3aTpaTaMd U IPOU3BOIU-
TENBHOCTBIO (PUCYHOK 9).

3akiIouyeHue

IIpoBenénHOE HcCnEeAOBAHKUE MOKA3AI0 3HAYU-
TEJNbHOE BIIMSIHUE coJep KaHus IUTaTHHBI,
TeMIeparypbl M KOHLEHTPAlMM KHCIOpOAa Ha
XapaKTePUCTUKU MeMOPaHHO-3JIEKTPOJHBIX OJIOKOB
(M3B). bpuio BBIABICHO, YTO ONTHMAaJIbHOE
coaep:kaHue MmIaTuHel coctapiseTr 1.0 ycu. en., npu
KOTOPOM JIOCTUTAIOTCSl MaKCHUMallbHble 3HA4YeHUs
MOIITHOCTH, HANIPsDKEHUs ¥ 3P PekTHBHOCTH. OHAKO
pe3yibTaThl  TAaKKe MPOAEMOHCTPUPOBAIH, YTO
WCIIONIb30BaHUE JIETUPOBAHHBIX KaTann3atopoB (Pt-
Ni u Pt-Co) obecnieunBaeT KOHKYPEHTOCIOCOOHBIE
XapakTePUCTUKH TPH MEHBLIIMX 3aTpaTax. OITo
JieNlaeT UX NPHUBJIEKATEIbHBIMH IJI1 KOMMEPYECKOTO
MPUMEHEHHS B IPOMBIIIICHHBIX MacinTadax.

Kpome TOTO, aHaIM3 3aBUCUMOCTH
XapaKTePUCTUK OT TEMIIEPaTypbl W KOHLEHTpPALUH
KHCJIOpOJia TOJATBEPANI HEOOXOIUMOCTh CTPOTOTO
KOHTPOJIA 3KCIUTyaTallMOHHBIX rapaMeTpoB.
Hanpumep, BbICOKas KOHLEHTpALHs KHUCIOPOAa H
TeMmeparypa B auanazoHe 60-80°C sBisroTcd
KITIOYEeBBIMU (DaKTOPaMH JIJIsl MUHUMH3ALUH TT0TEPh
HamnpsDKEHUSI W MaKCUMM3alUuM  3(PQPEKTHBHOCTH.
JlerupoBanHsbIe KaTaJIM3aTOPBI MIPOSIBHITA
YCTOMYMBOCTh B YCJIOBMSIX BBICOKOM Harpy3kH, 4TO
pacmupsieT ux chepy NpuMeHEHHSL.

wewan (AV. 8|

Dsanny.

a0k

03 03 0s 07 10
CORRDMANNE NFaTae (YCIOee 0|

Pucynok 9 - CTaOunbHOCTE HANIPSHKEHUS TPU
Pa3HBIX COJEPKAHUSIX TIATHHBI

[IpaxTnueckas 3HAYUMOCTh paboTs
3aKJIF0YAETCsl B BO3SMOKHOCTH CHIKEHHS CTOUMOCTH
TOTUTUBHBIX DJIEMEHTOB 0€3 3HaYMTENHHOTO yIiepoa
JUISL UX TIPOM3BOAMUTENBHOCTH. JlaHHBIE pe3ysbTaThl
MOATBEPKIAAIOT  MEPCHEKTUBHOCTh  JallbHEUIIECH
Pa3pabOTKH KaTaau3aToOpOB ¢ HU3KUM COJEPKAHUEM
TUTATUHBl U BHEJPEHUS ONTUMAJIBHBIX JKCILTyaTa-
LIMOHHBIX PEXHUMOB.

HayuHast 1eHHOCTb UCCIIEIOBAHUS 3aKII0YAETCS
B paclIUp€HUH 3HAHUW O  B3aUMOJEHCTBUU
KIIFOUEBBIX TTapaMeTpoB B pabore MOb u ux BIusHUN
Ha  XapakTEPUCTHKH  TOIUIMBHBIX  JJIEMEHTOB.
PesynpTatel MOryT OBITH HCHONB30BaHBI IS
co3nanust Ooyilee  JOCTYMHBIX, CTaOWIBHBIX |
3¢ ¢eKTUBHBIX  peLlIeHWd s  [epexoja  Ha
9KOJIOTHYECKH YHCThIE HCTOYHUKH SHEPTUH.

DuHAHCUPOBaHHE

UccrnenoBanns BBITONHEHBI TPU (DPUHAHCOBOH
nonnepxke MHBO PK (BR24992964 «PazpaboTka
WHTETPUPOBAHHBIX  JHEProCOEPETAIONUX  TEXHO-
JIOTUNA ISl Pa3BUTHUSL SKOJOTMYECKON yCTONUHMBOCTH
u  3(]PPEKTUBHOCTH  MOPCKHX  OIlepanmuid B
Ka3aXCTaHCKOM cekTope Kacmuiickoro Mopsi»).
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UTILIZING THE EFFECTIVE INTERACTION POTENTIALS TO INVESTIGATE THE HOT THERMAL
RELAXATION INDUCED VIA ION AND ELECTRON TEMPERATURE
OF DT, D®He AND P*1B HOT PLASMA

In this work, the binary model and the effective interaction potentials approach are used to
investigate the hot thermal relaxation induced by the temperature of dense plasma. This model
is significant for thermonuclear combustion, especially for non-isothermal dense hot plasma fuels
such as DT (neutron generator). Therefore, we used the development of this model for the first
time to physically describe two neutron-free fuels D*He and PB. In this study, we examine the
temperatures of electrons (Te) and ions (Ti) individually because the temperature within the
electron and ion subsystems attains equilibrium much more rapidly than the temperature
between electrons and ions. This phenomenon arises from the disparity between the masses of
ions and electrons. Since the simulations and computations for fusion through confinement are
exceedingly intricate due to the multitude of different physical processes that occur, and a
considerable amount of time is required to perform these calculations, we have applied the
method of effective interaction potentials for the first time in this study as this method can
facilitate precise and rapid calculations for dense plasmas. The effective interaction potentials
consist of two components: a) charge overlap effects at extended distances and b) quantum
effects at shorter distances. We compute the stopping power, deceleration time, transfer
coefficients, energy absorption, and temperature relaxation associated with non-isothermal
dense hot plasma of DT, D3He, and P!B fuels, identifying their optimal values.

Keywords: dense, fusion fuel, hot plasma, temperature, interaction potential.
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DT, D3He »kaHe P'B bICTbiIK, N1a3MacbIHblH, MIOHbIK, XaHE 3N1EKTPOHbIK TEMnepaTypachl
apKbl/1bl UHAYKUMANAHFaH bICTbIK TEPMUAJIBIK PeaKcaLmMAHbl 3epTTey YiLiH
TUiMAi e3apa apeKeTTecy NoTeHUMan4apbiH nanganany

Byn KymbICTa TbIFbI3 MA3a3ma TeMMepaTypacbiMeH WHAYKUMANAHFAH bICTbIK TEPMUABIK
penakcaumaHbl 3epTTey YLWIiH eKiNlik MoAenb XaHe TUIMAi e3apa speKeTTecy MoTeHLumanaapsl
ToCiNi KONJaHbINAAbL. Byn Moaenb TEPMOAAPObIK *KaHy YLliH, acipece DT (HEMTPOH reHepaTopsbl)
CUAKTbl M30TEPMMANBIK eMeC TbIfbl3 bICTbIK N1a3ma OTbIHAAPbI YWiH MaHbi3Abl. CoHAbIKTaH 6i3
6YN MOLENbAH AaMyblH anfall peT eki HeMTPoHcki3 oTbiH D3He skane PMB dusukansik Typae
cunatTay yWwid nanganaHapik. byn septreyae 6i3 anektpoHaapapiH (Te) waHe noHaapapiH (Ti)
TeMnepaTypacbiH YeKe-XKeKke KapacTblpambi3, cebebi 3N1eKTPpOH MeH WOHABIK Kynenepaeri
TemnepaTypa 3/1eKTPOHAAP MeH MOHAAP apacbiHAafbl TeMnepaTypara KapafaHda a14eKkanaa
Kblngam Tene-TeHAIKKe KeTedi. byn Kybbiabic MOHAAP MeEH 31eKTPOHAAPAbIH, Maccanapsl
apacbliHAafbl anblpMallblIbIKTaH TyblHAAMAbI. LLlekTenreH TepMoAapONbIK CUHTE3AI MOaenbaey
OHEe ecenTeynep KenTereH opTypai OU3MKanbIK npouectepre 6OaliaHbICTbl ©Te Kypaeni
bonfaHAbIKTAH XaHe Oyn  ecenteynepdi OpbIHAQAY VYWiH aNMTapAbIKTalk  yaKblT  KaxeT
bonfaHabIKTaH, 6i3 Oya 3epTTeyae anfall PeT TUIMAI 63apa apeKeTTecy NoTeHUManaapbl a4iciH
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Utilizing the effective interaction potentials to investigate the hot thermal relaxation induced ...

KO/14aHObIK, cebebi byn aaic ThiFbI3 Ma3manap YWiH 421 *KIHE XKbl/i1aM ecenTeynepai »KeHinaere
anagabl. TWimaji e3apa opeKkeTTecy nNOTEHUManJapbl €Ki KOMMOHEeHTTeH Typadpl: a) y3akK
KalbIKTbIKTafbl 3apAATapAblH, KabaTTacy abdeKTinepi sKaHe 3) KbICKa KallbIKTbIKTafbl KBAHTTbIK,
sdpdektinep. biz DT, D3He xoHe PMB OTbIHAAPbIHLIH, M30TEPMUANDLIK E€MEC TbiFbi3 bICTbIK,
nnasmacbiMeH HalnaHbICTbl TOKTATY KyaTbiH, Hasynay yakplTbiH, TacbiManaay KoadduumeHTTepiH,
SHEPrMAHbl CiHIpYAi XaHe TemnepaTypaHblH, PeNakcauMACbIH ecenTelrimi3, ONapAblH, OHTaNbI
M3HZEPIH aHbIKTaMbI3.

TyiiH cesaep: TbiIfbl3ablK, TEPMOAAPOSBbIK OTbIH, bICTbIK MAa3ma, TemnepaTypa, e3apa
apekeTTecy noTeHumans.
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MUcnonbaoBaHMe adPEKTUBHLIX MOTEHLLMANO0B B3aUMOAENCTBUA 419 NCCNeA0BaHA
ropsaYen Tens0Boin penakcaumm, MHAyLMpoBaHHOM MOHHOM U SNEKTPOHHOM
Temnepartypoi ropsadei nnasmel DT, D3He n P11B

B paHHOM paboTte OuHapHad Moaenb M noaxod 3POEKTUMBHbIX MNOTEHLMa 0B
B3aMMOAENCTBMA  WCMOAL3YIOTCA  ANA  UCCAeAOoBaHMUA ropsyen TenioBOW  penakcauuu,
NHAYUMPOBAHHON TeMnepaTypor MJIOTHOM Maas3mbl. 9Ta MOAE/b BaKHA 417 TEePMOSAEPHOro
ropeHusa, 0oCOBEHHO A8 HEM30TEPMUYECKMX MIOTHbIX MNAa3MEHHO-TOPAYMUX TOMANB, TAKUX Kak DT
(HEMTPOHHBIM reHepaTop). MosToMy Mbl BNEpPBbIe MCNOAb30BanAN pa3paboTky aTol moaenn Ans
dU3NYECKOro onuncaHna Asyx 6esHenTpoHHbIx Tonams D3He 1 PHB. B gaHHOM Mccaef0BaHWUM Mbl
paccmaTpuBaem TemnepaTypbl 31eKkTpoHoB (Te) u moHos (Ti) Mo OTAENbHOCTWU, MOCKO/bKY
TemnepaTypa BHYTPM 3NEKTPOHHOM M MOHHOM MOACUCTEM [AOCTMraeT pPaBHOBECWUS ropasao
bbicTpee, Yem TemnepaTtypa Mexay 3/1eKTpOHaMKM U MOHaMUK. ITO ABNEeHWEe BO3HWKAeT M3-3a
pa3HMLLbl B Maccax WMOHOB W 3/EKTPOHOB. [lOCKO/MbKY MOAEAMPOBaHME U pacyéTtbl And
TEePMOSAAEPHOrO CUHTE3a B YCA0BUAX YAEPMKAHWA UPE3BblYaHO C/IOXHbI M3-38 MHOMECTBa
Pa3INUHbIX GU3MYECKMX NMPOLECCOB, KOTOPbIE MPOUCXOAAT, M A4 BbIMONHEHUS 3TUX Pac4yéToB
TpebyeTcs 3HaUUTENIbHOE BPEMA, Mbl BNEpPBble MPUMEHUAN B JAaHHOM MCCAeAO0BaHWM METO/,
3bbEKTMBHbBIX MOTEHLMAN0B B3aMMOAENCTBMA, MOCKOJIbKY 3TOT METOJ, MOXKeT obecneuynTb
TOYHble 1 BbICTPbIE PacyYéTbl ANA NAOTHOM NAa3Mbl. IPHEKTUBHbIE NOTEHLMAbI B3aMMOAENCTBUA
COCTOAT U3 ABYX KOMMOHEHTOB: a) 3bPEKTOB NepeKpbITUA 3apAA0B Ha HONbLIMX PAcCTOAHMSAX U 6)
KBaHTOBbIX 3ddeKTOoB Ha 6onee KOPOTKMX paccToaHMAX. Mbl  BblYMCASEM TOPMO3HYIO
cnocobHocTb, Bpems 3ameaneHus, KoaddUUMEHTbl NepeHoca, MOrOWEHME 3SHEPTUM U
TEMNepaTypHYIO pPenakcaumio, CBA3aHHble C HEM3OTEPMWUYECKOW MAOTHOW ropsyelr naasmomn
tonaus DT, D*He 1 PY!B, 1 onpeaenaem nx onTUManbHble 3HaYeHMA.

Kniouesble cnoBa: NAOTHbIM, TepMOsAepHOe TOM/AMBO, ropsvyas naasma, TemnepaTypa,
NoTeHUMAN B3aMMOAENCTBUA.

Introduction

In a high-temperature hydrogen plasma via energy exchange between them to

reach the

inertial confinement fusion (ICF) or in the center of
stars, ions undergo fusion reactions to produce
energetic alpha particles. Then, the alpha particles
give their energy to the ions and electrons that make
up the plasma through the Coulomb collision, but
their speeds are different because the electrons are
lighter than the ions. This causes an imbalance in the
temperature of the electron and ion, which causes
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equilibrium temperature. Therefore, the temperature
relaxation of electrons and ions is a key parameter
that must be modeled to accurately describe the
ignition temperature of a thermonuclear plasma [1-4].

Knowledge of the fusion fuel hotspot
temperature is critical to the success of inertial
confinement fusion (ICF) experiments [3]. In
thermonuclear conditions, the fuel is in the form of
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plasma, and the ion (Ti) and electron (Te)
temperatures should generally be distinguished. The
ion temperature can be deduced from the spectrum of
the fusion reaction products [5-7]. Information about
the electron temperature is mainly obtained from the
radiation of the hot blasted plasma, as this radiation is
produced by the free electrons scattered off the ions.
Since the electrons are much faster, it is only their
distribution that dominates the emission spectrum,
which should then provide the basis for inferring Te
[8-9].

Strongly produced plasmas in experiments are
often far from thermal equilibrium. For example,
ultra-cold neutral plasmas and dense plasmas can
have electron and ion temperatures that differ by an
order of magnitude or more [1-5]. In non-equilibrium
plasmas - especially those far from equilibrium - an
extension of the ideal gas kinetic theory is used to
understand the behavior of the plasma [10-12].

In this paper relaxation of temperature, an
additional portion of the state equation and
correlation energy of non-isothermal hot dense
plasmas are investigated according to the effective
interaction potentials method, followed by the
electron-ion effective interaction potentials for a hot-
dense plasma [13-15]. Dense plasma is an active
experimental subject and theoretical research is
carried out because of its importance for ICF. To
obtain a heat-nuclear reaction, study of the transfer
properties and relaxation of time caused by the dense
plasma temperature is required [15]. During a
compression of a target, by a high-energy particle
stream, a non-isothermal plasma with different
electron and ion temperatures, created. [16-19]
Therefore, studying the relaxation of time of the

Effective interaction potential of electron-ion

The dielectric function in the random phase
approximation is given by equation (3):

4me? 4mZ2e?

ek,0) =1— k_ZHRPA(k) - Tnion(k)- 3)
Where I1;,, (k) is the polarization function of the ions
and is obtained from the relation: II;,,(K) =
—n;/(kgT;). Figure 1-a shows that the variations of
IT;on (k) (ion polarization function) as a function of
T; (keV) for the three fusion reactions DT, D*He, and
PHB.

[Trpa (K) is the quantum polarization function of
electrons at a finite temperature, which is given by

electrons and ions is very important. The temperature
inside the electron and ion subsystems reaches
equilibrium between electrons and ions much faster
[20-21].

This is due to the large difference between the
masses of ions and electrons [22-24]. In this method,
the effective interaction potential, @, which involves
collective screening and quantum effects, is given by
equation (1):

d3k CDaB(r)
Pap(r) = fﬁ e(k,o)

Where ®g(r) is the pair interaction potential and
e(k, o) is the dielectric function. The simplest model
that describes the screening potential of point
charges, is the Yukawa potential, which is given by
equation (2)

eik-r. (1)

Oy(r;n.T) = (2)

%e—kﬂ.

r
Where ky denotes the determinate inverse Yukawa
screening length. The Yukawa potential can be
understood by using the Fermi model or the long
wavelength range of the polarization function, in the
random phase approximation [25]. In this paper, the
results of stopping power, transition coefficients and
temperature relaxation are investigated using the
effective interaction potentials between electrons and
ions in dense plasmas. The effective potential is
deduced by using a long wavelength extension of the
polarization function and quantum potentials, which
implies a limited amount of potential interaction at a
distant distance.

equation (4) [26]:

kx5
1_[RF'A(k' (D) =- 16Te27Z3 [g3(u + Z)
—gs(u—2)]. %)
K
Where: u = kivF Z = I X5 = 3/16(hwp/Ep)?,

kg = (31%n,)/3, w3 = 4mn.e?/m, and v is the
Fermi velocity. Figures 1-b and 1-c show that the
variations of u and Z as a function of T (keV) and
T, (keV)for three fusion reactions DT, D°He, and
PHB, respectively.

Also g3 (x)is obtained from equation (5):

800 = —g3(-0) = |

|
exp(y2/6—m) +1

ydy Xty
| (5)

x—yl’
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ton

 T(keV)

(b)

0

T(keV')

(d)

Figure 1 — Comparison of (a): I;,, (K) (ion polarization function). (b) u, (c) Z, and (d) 0 variations as a
function of T;(keV) and T (keV) for three fusion reactions DT (red), D*He(blue), and P*'B (green)

Where 6 is the degeneracy parameter, 6 =
kgT/Eg and 7 is the chemical potential, defined as
n = w/kgT. In Figure 1-d, we observe the variations
of 6 (the eigenvalue parameter) in terms of T (keV)
for three fusion reactions DT, D®He, and P*B. The
effective interaction potential of an electron-ion is
given by equation (6) [27]:

Ze?

D = [1 — exp(—r/A¢)]. (6)

r
Where Aq = h//mmgkgTe; is  the thermal
wavelength that describes the nature of the electron
wave in the the pair interaction potential, m; is the
reduced mass of the pair particle, and Z is the number

of ion charges. Figure 2 shows that the comparison of
the three-dimensional diagram of variations A
(thermal wavelength) as Tj(keV) and T.(keV) for
three fusion reactions DT, D®He, and P*!B.

In order to describe the non-isothermal plasma at
two temperatures, not only the temperatures of
electrons and ions, but also the electron-ion
temperature, Te;, are required [28,29]. Therefore,
Te; is represented by equation (7) [30]:

Tei = /TeT. )

The effective interaction potential of electron-ion
d; is represented by equation (8):

® Ze? [(1 - A§6B2> (_rB) <1 - ?\geA2> ( A)]
| = exp(—rB) — | ————— | exp(-r
T M2ey?V1— @Kp/Reey?)? I\~ 2AgiB? 1-25A2
Ze?exp(—r/Aq
p(—r/Aei) 8)
I'(l + Cei)
Where A%, BZ, C;, Y* and A2, and k{ obtained from Cei = (kPAZ —kfAZ)/(A2e/2% — 1), (11)
the equations (9) - (14):
vy =kZ +1/2%,, (12)
2 _ 4,2 _ 2)2
B% =y?/2 [1 -J1-(2 kn/keevz)z], (10) k2 = 4mn;Z;%e?/kpT,. (14)
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In Figures 3-a to 3-c, we see that the comparison of and C; in terms of T;(keV) and T.(keV) for three
the three-dimensional diagrams of variations A, B, fusion reactions DT, D®He, and P'B, respectively.

e | —
P [
3 ——

Y XM =

ld St 1wy l :
14X A »
12K o
1044 100 E | y
" W e e au‘;;\)T keV
L TR e o *r‘*r—;——%f s
T"(’Ael ) 7}{,‘¢,|') T"(k(’".) 0
(a) (b)

Figure 2 — Comparison of the three-dimensional diagram of variations A.; (thermal wavelength) as T;(keV)
and T, (keV) for three fusion reactions (a) DT (red), (b) D*He(blue), and (c)P*'B(green)
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Figure 3 — Comparison of the three-dimensional diagram of variations (a) A, (b)B, and (c) C; as a function
of T;(keV) and T, (keV) for three fusion reactions DT (red), D®He(blue), and P*B(green)
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Figure 4-a shows that the variations of y2) parameter as a function of T;(keV) for the three fusion reactions

DT, D%He, and P'B.
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Figure 4 — Comparison of the variations of (a) y?, (b) D (plasma diffusion coefficient), (c) k (thermal
conductivity coefficient of plasma) and (d) ve¢ (effective collision frequency) as a function of T;(keV) and
T (keV)for the three fusion reactions DT(red), D®He(blue), and P*'B (green)

Stopping power

One of the most important features that describes
the interaction of ions with materials is the stopping
power [30]. Stopping power describes the rate of
kinetic energy loss of the projectile’s direct motion of
the projectile in the material, which is presented by
the equation (15) [31, 32]:

m .
— =8mn (i) “Ecopi Aeie (15)
m;

Where E. = %meivzthe center of mass energy of the

particles is, mg; is the reduced mass of the ions or
electrons. V is relative velocity of the scattered
particles and: p | = Ze?/2E, Also, A.; is Coulomb
logarithm of the electron-ion that is determined by the
scattering angle in equation (16) [33]:

1 oo
Nei=—| sin? )@] pdp. (16)
P Jo 2
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Transfer properties

It is important to study the transfer properties for
ICF and solid-state physics. In particular, the ICF
requires reliable information on the transfer
coefficients, that is, the plasma diffusion coefficient
D, the thermal conductivity coefficient k, which is
obtained from equations (17) and (18) respectively.

kT
D= . (17)
MeVeff
5n.kg’T
k=_—_—2¢8B " (18)
MeVeff

Figures 4-b and 4-c show that the variations of D
(plasma diffusion coefficient) and k as a function of
T (keV) for the three fusion reactions DT, D®He, and
PHB, respectively.

In this paper, the DT and D®He, and P*'B dense
plasmas are considered. The plasma diffusion



M. Kavehnia et al.

coefficient and the plasma thermal conductivity
coefficient with the effective collision frequency are
related by equation (19):
Veff = (4/3)\/2_1'[64/\‘31/\/ me(kBT)g/Z- (19)
Figure 4-d, shows that the variations of v
(effective collision frequency) in terms of T(keV) for

three fusion reactions DT, DS°He, and PYB,
respectively.

Temperature relaxation

The temperature relaxation in plasma is
calculated for different density values based on the
Coulomb logarithm and using effective potentials
[33-34]. The electron-ion temperature relaxation rate
(rate of energy change) is determined by as the
variations in the mean electron and ion temperatures

2
21 ngngeseg

by the equation (20):

dTe T -Te dT; T —T
dt B Tej Cdt - Tej

(20)

Where t,;the electron-ion interaction is time, which
can be determined from equation (20) and is equation
(21):

3memi kBTe kBTi 3/2
T = ( + ) 1)
8vV2mne? g \ Me m;

Figure 5 illustrates that the comparison of three-
dimensional variations of T, (ion and electron
interaction time) in terms of T;(keV) and T, (keV) for
the three fusion reactions DT, D°He, and PB,
respectively.

The equation of state for plasma is presented by
equation (22):

1/Aee’ — B2 1/Aee” — A2

P = Pijgeal + =

In which P;4ea 1S the ideal gas pressure of the plasma.
Figures 6 and 7 show that the variations of Pjgea
(ideal gas pressure) as a function of T and P (plasma

EF ﬁ-—-‘ﬁ
.- -

“w o4 —— T

T (keV)

"W
w“

T(keV) "

X
3 L kgTupy?y'1 — (2kp/Aeey?)?

TkeV) "

(@) (b)

+P.  (22)

B(1—B%Ag®) A(1 +AZAgg?)

pressure) in terms of T;(keV) and T, (keV) for three
fusion reactions DT, D®He, and P*B, respectively.

- g
T (keV)

(©)

Figure 5 — Comparison of the three-dimensional diagram of variationst,; as a function of T; (keV) and
T.(keV) for three fusion reactions (a) DT (red), (b)D3He(blue), and (c) P1'B(green)

P, | GPa)

= 1

T(keV)
Figure 6 — Variations of P;qeq (ideal gas pressure) as a function of T (keV) for three fusion reactions: (a)
DT, (b) D®He, and (c) P*B
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Figure 7 — Comparisons of the three-dimensional variations of P (plasma pressure) in terms of T;(keV) and
T. (keV) for three fusion reactions (a) DT (red), (b) D*He (blue), and (c) P*B (green)

is obtained from equation (23):
A

Py = 2me?{2ZinineAe;” — NeAee” + ZinineAeie? /[12kpTei (1 + Cep}.

For efficient burning, the net energy generated in
hot spots should be positive. The energy generated
inside the hot spot must compensate for all energy
losses. The energy losses inside the hot spot are due
to electron-ion collisions, Compton scattering,
bremsstrahlung radiation, and radiation. At higher
densities required for ignition, the temperature is
reduced. Now, if we consider, in addition to the ion
temperature T;(keV) and the electron temperature T,
(keV), the radiation temperature T.(keV) that is the
radiation from the hot spot, we will describe the
plasma with a three-temperature model [35-38].

The initial hot spot, has radius r, and volume V.
The initial temperature T, and the initial density

o™
EMeV) 1 aa i
E(MeV) .

rlem) *° riem)

(23)

po are defined by other parameters. The total internal
energy of ions in a hot spot at time t is given by the
equation (24):
Ei = poVCyiKpT. (24)
In which Cy; is a special ion heat at a fixed value,
T; (keV) is the ion temperature, and V is the volume
at time t. Figure 8 shows that the comparison of the
three-dimensional variations of E; (total internal
energy of ions in hot spot) as a function of r (cm) and
T, (keV) for three fusion reactions DT, D°He, and
PHB, respectively.

E(MeV]

N
-

N T (keV)

-

"TkeV)

riem)

(b) (©)

Figure 8 — Comparison of the three -dimensional diagram of variations E; (total internal energy of ions in the
hotspot) as a function of r and T; (keV) for three fusion reactions (a) DT (red), (b) D®He(blue), and (c) P*'B
(green)

The rate of E; can be expressed as equation (25):

dE,
- = ti(r. Ti .Te )

T (25)

Where, g, is the net energy production rate of ions
per unit volume, which depends on the radius of the
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hot spot, r, at time t, the ion temperature, T; (keV),
and the electron temperature, T, (keV), and V =

%m‘3, where V is the volume of the fuel pellet. The
classical values of the specific ion heat in a constant

3 k . .
volume:Cy; = = = and the specific electron heat in a
i

2 m
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3 7 _ _ - ) . .
constant volume: Cy, = : m_B In which kg is specmc1 rféigol energy in a constant volume is:

i . = Cyr=— T, Figures 9-a and 9-b, shows that the
Boltzmann's constant, m; is the mean mass of ions,Z V"~ po r- g

is the average atomic number. It is assumed that the ~ variations of E,. (specific relation energy) and Cy;,
plasma is completely ionized. The specific radiation ~ (specific relation heat) as a function of T, (keV),
energy is: E. = (1/p,)(4 og/c)TE, in which c is the ~ respectively.

speed of light and the oy is Stefan constant. The
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" 200
2 (Mev) 400 e
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300 \ £
100
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g
100 =4 0
L 2 3 4,58 7 B 7 14 1 2 3 4 5 6 7 8 910
TI,(ko\'] Tr(kc\-'jn
(@) (b)

Figure 9 — Variations of (a) E,. (special relation energy) and (b) Cy,. (special relation heat)
as a function of T,.(keV)

Net Energy Release Rates than the size of the hot spot, it is assumed that all this
energy is deposited in the hot spot. The energy loss of

The net energy release rates for ions are ions due to ion-electron collisions has been
characterized by the relation (26): investigated, and A.; = Cye X v¢q Is the energy
transfer coefficient from electron to ion in which v¢q

qi(x.T; . Te) = S; — Aje(Ti = Te)-  (26) s the frequency of ion collisions with electrons.

WhenT; = T, the energy transfer by collisions is

Where S; denotes the energy deposition to ions.  zero, The collision frequency is given by equation
Because the size of the alpha particle is much smaller (7).

8v2n

3KBTm)

\/_e‘*NA ln(/\el)m (1 KT, T, (27)

Where m, is the mass of the electron, e is the ions) and v, (frequency of ion collisions with
electron charge, N, is the Avogadro’s number, andZ  electrons) as a function of T;(keV) and T, (keV) for
and A are the atomic number and atomic weight three fusion reactions DT, D3He, and PB,
respectively. Figures 10-a and 10-b, show that the respectively.
comparisons of the three-dimensional variations of The Coulomb logarithm In(Ag;) is obtained by
A (energy transfer coefficient between electronsand  using relation (28):

_ -1
In(A 1L (A 1/2T3/2 2+ <3kB )1/2 28
n(Aei) = max 2e3\ZnNp, € 2ap \ mgc? (28)

where af is a structure constant.
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T (kel
«¢

“) 500 4y

Figure 10 — Comparisons of the three-dimensional variations of (a)Aei (energy transfer coefficient between
electron and ion) and (b) v (frequency of ion collisions with electrons) as a function of T;(keV) and
T.(keV) for three fusion reactions DT (red), D*He(blue), and P1!B(green)

Electrons radiation energy exchanges, q., also change the
electron temperature. Therefore q. signifies that the
Apart from the energy given directly to electrons  energy release of electrons in a fuel can be expressed

by charged particles, the electron-ion and electron-  as relation (29):

Qe(®.T; . Te. Ty ) = Se + Aje (T — Te) — (Aer + A (Te — Tp). (29)
The coefficient A.,, which determines the energy Where Nj,, is the total number of ions per cm3,
transfer  coefficient between electrons and and S, is the energy deposition of electrons in the
radiation, is given by equation (30): fuel. Figure 11 shows that the variations of A.,. (the
energy transfer coefficient between electron and
25 N2 7Z%e®p,] / 2mkg 1/2 radiation) as a function of T, (keV) for three fusion
A =2|= ( ) @o : 3 i i
er 3 " hmyc? oKy, (30) reactions DT, D®He, and P!!B, respectively.
| u
A A .
( i % N 10 20 30 ] 50 l'..l
sh i v I -'I‘Iu‘_,"’ v o) J17] "“l' N Mo " X
(a) (b) ()

Figure 11 — Variations of A, (the energy transfer coefficient between electrons and radiation) as a function
of T.(keV) for three fusion reactions: (a) DT, (b) D*He, and (c) P!'B
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Apart from radiation, the electron can transmit energy
through scattering. The energy transfer coefficient A,
IS as equation (31):

AC = g L()'BNel"gKBTlfl-.
3 mgc?

(31)
Where N, and r. respectively represent the number of
electrons per cm® and the classical radius of the
electron. o is Stefan's constant [34]. The unit factors

Aje, Aer,and A, is i Figure 12 shows that the

T cm3skeV’ o
variations of A, (energy transfer coefficient) as a

function of T,.

Radiation

The net energy gain of the radiation component
(qr) is given by equation (32). Figure 13, shows that
the comparisons of three-dimensional variations of q,.

qr(X- Te -Tr) = (Aer - Ac)(KBTe - KBTr) -

*3 4
Trl keV')

(b)

700
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5 6 7 8 9 10
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Figure 12 — Variations of A, (energy transfer
coefficient) as a function of T, (keV)

(net energy gain of radiation component) as a
function of T.(keV) and T.(keV) for three fusion
reactions DT, D®He, and PMB, respectively.

3GBKBT;L

PoX

(32)

T
T e 4
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Figure 13 — Comparisons of the three-dimensional diagram of variations q, (net energy gain of the radiation
component) as a function of T.(keV) and T, (keV) for the three fusion reactions (a) DT (red), (b)
D3He(blue), (c) and PB (green)

Results and discussion

It is clear that from the presented figures, the
variations of interaction time of ions and electrons
(te)) and plasma pressure (P) for the three fusion
reactions DT and D3He and PM"B as a function of
Tij(keV) and T.(keV), t; is fixed at different ion
temperatures and decreases with increasing the
electron temperature ,while P decreases at different
ion temperatures and increases with increasing
electron temperature. The highest value of T is

belongs to PB, followed by DT and D°He,
respectively. Meanwhile, the maximum value of P, is
belong to PB, D°®He and DT, respectively.
Additionally ,our calculations related to variations of
Z, plasma degeneracy parameter (0), plasma effective
interaction potential (y2), ideal gas pressure (Pigeal),
plasma diffusion coefficient (D), plasma thermal
conductivity coefficient (k) as a function of T (keV),
for the three DT and D*He and P!B fusion reactions,
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show that the similar behavior such that with
increasing temperature, they remain fixed initially
and then increased. The highest values for Z, 6, k,
Pigea1 and D are belong to P¥B, D*®He, and DT,
respectively. While maximum value of y2, belongs to
DT, followed by D*He and PB, respectively.
Furthermore, this paper addresses the variations
of key plasma parameters in terms of ion temperature
T;(keV) and the electron temperature T, (keV), such
as u, the effective collision frequency (vess), Hion (K)
(ion polarization function), thermal wavelength (A¢;),
A, B and C; for three fusion reactions of DT , D*He

,and PMB. Our calculations regarding these
parameters show that with increasing ion temperature
and electron temperatures, they exhibit similar
behavior, decreasing initially, then becoming fixed
and finally reaching their maximum values. The u
value of D°®He> PY B >DT, Also, the numerical
values variations of parameters vg¢r, A, B, Agj, and Cy;
are the similar such that D®He>DT>P'B, but the
numerical values for I1;,, (k) is DT> D®He >P!'B .A
summary of the results of our calculations for
different key parameters is provided in Table 1.

Table 1. Summary of the results of our calculations for different parameters

Quantity DT range D*He range P!B range Results
u 0<u <100000 0<u <25000 O<u <1200 D%He > P"B > DT
Z 0< Z <0.00009 0< Z <0.0004 0< Z <0.008 P1B > D%He > DT
0 0< 6 <0.10 0<6<0.18 0<0<0.6 P1B > D3He > DT
Mion (k) | 0< Mo, (k) <1.2 0< Mjop (K) <0.6 0< Mo (k) <0.6 DT > D°He, P1B
Aej 0< A, <2200 0< Aqj <5000 0< 2.; <1800 DT > D°He > PB
A 0<A <17 0<A<28 0<A<16 D3He > DT > P!B
B 0<B <12 0< B <20 0<B <11 D3He > DT > P!B
v? 0<y? <3.826 0<vy? <3.826 0<y? <3.825 DT, D3He> PYB
Cej 0< G <3 0< C¢ <700 0< Cq <14 D3He > DT > P!B
D 0< D<0.000012 0< D <0.00005 0< D <0.00100 P1B > D%He > DT
k 0< k <0.000006 0< k <0.00025 0<k <0.005 P1B > D°He> DT
Veff 0< Veff <1800 0< Veff <700 0< Veff <120 D3He > DT > PB
Tej 0<te <24 0< T <1 0< 1, <30 P“B > DT > D°He
Pideal 0< l:)ideal <1 0< 1:)ideal <1.8 0< Pideal <6 PUB > D3H€> DT
P <0.99999999995 | 0< P <0.99999999998 0< P <0.99999999999 P1B > D%He> DT
oP
E; 0< E; <0.00007 0< E; <0.00014 0< E; <0.00018 D3He > P"B > DT
E, 0<E, <700 0<E, <700 0<E, <700 Independent on
selected fuel
Cyr 0< Cyr <300 0< Cy, <300 0<Cy, <300 Independent on
selected fuel
Aei 0< A,; <0.10 0< A4 <0.5 0< A,; <0.18 D3He > P'B > DT
Veq 0<veq <2.4 0<veq <0.5 0<veq <1 D*He > DT > P!'B
Agr 0< A, <64 0< A, <180 0< A, <800 PUB > DT > D°He
Ac 0< A, <700 0< A, <700 0< A, <700 Independent on
selected fuel
qr 0< g, <30000 0< g, <35000 0< g, <60000 P“B > D®He > DT
Conclusions

It can be seen from our calculations that the total
ion internal energy in the hotspot of the fuel pellet of
radius r rises with increasing ion, electron and
radiation temperatures for all three-fusion reactions
DT, D3He and PMB. The specific radiation energy,
specific radiation heat and energy transfer coefficient
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are functions of radiation temperature and increase
with rising radiation temperature for these reactions.
The energy transfer coefficient between electrons and
radiation is a function of the electron temperature,
which increases with rising electron temperature for
each of selected fusion reactions. The net gain
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depends on the radiation temperature and the electron
temperature, which enhance with increasing electron
and radiation temperatures for all of selected nuclear
fusion reactions .The quantities energy change

of ion collisions with electrons decrease with
increasing electron temperature for each of
mentioned reactions, while they increase with rising
ion temperature.

parameter between electrons and ions and frequency
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®U3NYECKUE OCHOBbI TMMNEPCNEKTPA/IBHOIO 30OHAMPOBAHNA

fMnepcnekTpanbHble TEXHONOTUU 0BOBbEeAMHAIOT CNeKTPODOTOMETPUYECKME METOAbl WU
MeToabl GOPMMPOBAHUA M30OpaXkeHuit, YTo MNO3BOASET UCCNeAOoBaTb CMNEKTPasbHbIM COCTaB
N3NydeHnn, ncxodsulero ot obbekTa. [JaHHble TEXHOMNOTMM LMPOKO MCMOb3YIOTCA B Pa3/IMYHbIX
06nacTax HaykM WM TeXHMKM. B nocnegHue rofbl OCOOEHHO aKTMBHO rMMepCcnekTpasbHas
BM3ya/nM3aLUmMa WCNOb3yeTca B arpoOHOMWW ONA AMarHOCTMKM 3aboseBaHWi pacTeHuin U
BbIAB/IEHUA BUONOrMYecknx aHomanuin. [laHHaa paboTta noceslleHa CPaBHUTEIbHOMY aHau3y
OCHOBHbIX TUMOB TMNEPCNEKTPasbHbIX Kamep: AMCNEePCUOHHbIX, MHTEPbEpPOMETPUYECKUX, a
TaK¥e U GUALTPYIOLLMX. AHANU3UMPYIOTCA UX XapPaKTEPUCTUKM, a TaKkKe dU3MYecKkne NpUHLMNMLI,
Nexkalime B OCHOBE MOYYeHMA TMNpecnekTpasbHbIx M306paskeHnin. Bbibop onTMManbHOro TMna
TMNepcrneKkTpaibHOM  Kamepbl  3aBUMCUT  OT  KOHKPETHbIX  TPebOBaHWA  MPUIOKEHMA.
[ncnepcroHHbIe KaMepbl XapaKTepu3yloTCA BbICOKOM CKOPOCTbIO PerucTpaummi v WUPOKUM
CMeKTpasbHbIM  OXBAaTOM, OAHAKO TPEOYIOT MACCMBHbLIX OMNTUYECKMX KOMMOHEHTOB U
3HaYMTebHbIX 3aTpaT. MHTepdepomeTpuyeckne cuctembl 061a4at0T BbICOKOW CMEKTpaibHOM
YyBCTBUTE/NbHOCTbIO, HO WX MPUMEHEHME OrpaHMYMBaAETCA 3aBMCMMOCTbIO OT CTabMAbHOCTU
ocselleHna. dunbTpylollMe Kamepbl obecnedymsatoT rMOKOCTb HAaCTPOMKM U MOTEHLMANbHYIO
KOMMNaKTHOCTb, OAHAKO MOTYyT MMETb MeXaHMYeCKMe U ChneKkTpasibHble OorpaHuyeHus,
0bYCN0OBNEHHbIE XapaKTepUCTMKammn GunbTpa. B gaHHoW paboTe npeactasneH 0630p OCHOBHbIX
TUMOB TMNEPCNEKTPaNbHbIX KaMep, MX KAKUYEBbIX XapaKTepucTuk 1 obnactelt NpakTUYecKoro
NPUMEHEHMUSA.

KntoueBble c10Ba: rvnepcnekTpasbHan Kamepa, AMcnepcus, MHTepdepomeTp, ONTUYECKNiA
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MMnepcneKTpanapl 30HATayAbIH GU3UKanbIK Herizaepi

TMNepCneKkTpAiK TexXHOMOorMANap CNeKTPOPOTOMETPUANLIK aaicTepai XoHe beliHeney
a4icTepiH BIpiKTipe OTbIPbIN, HbiICAHHAH LWbIFATbIH CayNeNeHYAiH CNEeKTPAIK KypamMblH 3epTTeyre
MYMKIHAK Bepeni. byn TexHonornanap fbiNbiIM MeH TEXHUKAHbIH, 9PTYPAI cananapbiHAa KeHiHeH
KonaaHbinaabl. COHfFbl KblAJapbl rMNepcnekTpandbl BW3yanusauma acipece arpoHoMMAaa
OCiMAIK aypynapblH AMAarHOCTUKaNay XaHe OMONOorMANbIK aHOMaNMANapabl aHblKTay YUWiH
benceHai KongaHblnyda. byn 3epTrey rMnepcneKkTpAik KamepanapdblH, Herisri TypaepiH:
ANCNepcuanbiK, MHTEPOEPOMETPUANDBIK KIHE CY3rinik KamepanapAbl canbiCTbipManbl Tanaayfa
apHanfaH. OnapablH, cMNaTTamanapbl »KaHe TUNEepPCneKkTPAIK KecKiHAepAi anyablH HerisiHae
aTKaH OU3MKanblK NPUHUMNTEPI TandaHalbl. TMNepcnekTpAiK KamepaHblH OHTalAbl TypiH
TaHJay HaKTbl KOMZaHY TananTapbiHa BalnaHbICTbl. AMcnepcuanbik Kamepanap Kofapbl TipKkey
KbINAAMAbIFBIMEH KBHE KeH, CMAeKTP/iK ayKbIMbIMEH epeKleneHce Ae, ipi ONTUKabIK,
KOMMOHEHTTEP MeH alTapAbIKTal WbIfbIHAAPAbI KAXKET eTesi. UHTephepoMeTpUusabIK Kyrenep
YKOFapbl CMNEeKTPAiK cesiMTangblkka We, bipak onapablH KOAZAHbIAYbI  KaPbIKTAaHAGIPYAbIH
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®u3nyeckme 0CHOBbI TMNepCcneKkTpasbHOro 30HANMPOBaHMA

TYPaKTblbIFbIHA TayenainikneH wektenedi. Cy3rinik Kamepanap peTrey MKeMAINIriH »KaHe
bIKTUMaN KOMMAKTTINIKTI KamTamacbl3 eTce fAe, Cy3riHiH cunatramanapbiHa OannaHbICTbl
MeXaHWKabIK KaHEe ChNeKkTpP/iK wekTeynepre we 60Aybl  MYyMKIH. [WnepcnekTpangpi
KamepanapZblH, Heri3ri TypaepiHe, ONapAblH, Heri3ri cunatramanapbl MeH MNPaKTUKaNbIK
KO/I4aHbIy CananapbliHa WOy KacaifaH.

TyiiH ce3aep: rmnepcneKkTPAiK Kamepa, ancrnepcmsa, MHTepdEePOMETP, ONTUKANbIK, CY3ri.
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Physical principles of hyperspectral sensing

Hyperspectral technologies combine spectrophotometric methods and imaging techniques,
enabling the study of the spectral composition of radiation emitted by an object. These
technologies are widely used in various fields of science and technology. In recent years,
hyperspectral imaging has been particularly active in agronomy for diagnosing plant diseases and
detecting biological anomalies. This work is devoted to a comparative analysis of the main types
of hyperspectral cameras: dispersive, interferometric, and filter-based. Their characteristics and
the physical principles underlying hyperspectral imaging are analysed. The choice of the optimal
type of hyperspectral camera depends on specific application requirements. Dispersive cameras
are characterized by high acquisition speed and broad spectral coverage but require bulky optical
components and significant costs. Interferometric systems offer high spectral sensitivity, but their
application is limited by dependence on lighting stability. Filter-based cameras provide flexibility
in configuration and potential compactness but may have mechanical and spectral limitations due
to filter characteristics. The overview of the main types of hyperspectral cameras, their key
characteristics, and fields of practical application is presented.

Keywords: hyperspectral camera, dispersion, interferometer, optical filter.

BBenenue

l'unepcnexTtpanbHas Busyanuzauus (Hyper-
spectral Imaging, HSI) — aTo Texnonorus, 00beauHs-
omass  CHeKTpo(hOTOMETPUYECKHE  METOIBl  C
BO3MOXHOCTAMHU  (OPMHUPOBaHHUSA  M300paKeHUH.
Takoe ycTpOMCTBO MO3BOJISET U3MEPSITh CIEKTPAIb-
HBI COCTaB M3JIY4EHHS, MUCXOMSIIET0 OT O00OBeKTa
WCCIIEIOBAHNSA, M IIOJIy4aThb IPOCTPAHCTBEHHO-
CIIEKTpaJIbHBIE JIaHHBIE BBICOKOM TOYHOCTH. B oTim-
Yhe OT TPAJAWIMOHHBIX METOJOB MHOTOCIIEKTpalb-
Holi Buzyanuszauuu, HSI ¢pukcupyer undopmanuio B
COTHSAX Y3KHX CHEKTPAJbHBIX JUANa30HOB, 4YTO
3HAYUTENFHO paCIIUPSieT BO3MOXHOCTH aHalu3a
MaTepHajoB U OOBEKTOB.

brnarogapss BBICOKOH  cIeKTpallbHOM  paspe-
Iaromen crocoOHOCTH THIIepCTIeKTpaIbHAS
BH3yalIM3aldsg HAaXOAUT MIMPOKOE NpPUMEHEHHE B
Pa3NUYHBIX HAYYHBIX U MPHUKJIAJHBIX 00JIacTsX:

o KosopuMerpusi — u3MEpEHHE IIBETOBBIX
XapaKTEPUCTHK MaTeprajos [1].

e AHaJM3 HCTOPHYECKHUX JAOKYMEHTOB —
W3y4eHHE  PYKONHMCEW, BBIABICHHE  CKPBITHIX
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HaJITUCEN M M3MEHEHUN B COCTaBE YepHUI [2].

e HeunBazuBHoOe Hcciael0BaHNe KUBOMMCH
— OIIpeleNieHHe COCTaBa IHMITMEHTOB, BBISBIICHHE
pecTaBpallMOHHBIX BMEIIATENbCTB [3].

e TennoBu3noHHAs BU3YAJIM3ALUA — aHATU3

M3Iy4YaTeNbHOW  CIIOCOOHOCTH W TeMIepaTyphl
MIOBEPXHOCTH 3eMJu [4].
e MHccrenoBanne CHEKTPOB  M3JIy4YeHHS

3emun m atMocdepbl — MOHHUTOPHHT 3KOJOTH-
YECKOM CUTyally ¢ TOMOUIBIO CITyTHUKOB [5].

e KaprupoBaHue CNneKTpPAJIBLHOH OCBelIéH-
HOCTH He0a — aHAIN3 YIbTPAPHOIIETOBOTO COJHEY-
HOro m3nmydeHus B nuanasone 380—760 M [6].

e  ®u3noJIOTUs PACTEHUH — XapaKTEpUCTHKA
CIEKTPAJIFHBIX OCOOCHHOCTEW H3Iy4eHHUs pacTeHHU
JUISL TMATHOCTHKU UX COCTOSTHUS [7].

o @dayopecueHTHAs MHKPOCKOIHUS — U3yye-
HUE OMOJIOTHIECKUX 00BEKTOB [8].

e AHaJM3 NMPOAYKTOB MUTAHUSA — KOHTPOIb
KadecTBa U OOHapyXeHue npumecei [9].
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B mocnenHue ronbl THIEPCIICKTpANIbHAS BU3Yya-
TMU3aIUsl aKTUBHO HCIIONB3YeTCS B arpOHOMHH IS
TUATHOCTHKY 3a00JIeBaHUI PacTCHUN W BBISBICHHS
Ouonoruueckux aHomaiui. MccnenoBanus mokasbi-
BaroT €€ 3(h(heKTUBHOCTH TIPH PaHHEM OOHAPYKEHHUU
(uTomaTOreHHBIX WH(PEKINH, TAKUX KaK MYIHHCTAs
poca [10], nepkocmopo3 [11] u 6akTepranbHBIi 03KOT
[12]. Kpome ToTO, TAaHHBIH METOJ IPUMEHSETCS IS
OIIEHKH CTpecca pacTeHUMH, BHI3BAHHOI'O HEXBATKOH
muratenbueix  Bemects [13]. B 1o ke Bpewms
s¢dexktuBHOCTE HSI ompenenseTcs HE TOJNBKO

00J1aCTBIO MNPpUMCHCHUA, HO HU TCXHUYCCKHUMU

XapaKTePUCTHKAMH  THIIEPCIIEKTPANIBHBIX  KaMep,
paboTa KOTOPHIX OCHOBaHA Ha  Pa3UYHBIX
¢usnueckux npuHOMnax. Hactosmas pabota
MOCBSIIIIEHA 170:¢ paccMOTpeHHIo, aHaIN3yY

MPEUMYIIECTB U HEJIOCTATKOB, a TAKIKE BO3MOMKHBIX
obnacreli mpUMEHEHHS. DTO HCCICIOBAaHUE TTOMOXKET
ONpeACInTh, Kakhe TUIBl KaMmep HaubOoee
3¢ (PeKTHBHO  pemraroT  KOHKPETHBIC  3aIadu
THIIEPCIIEKTPATBHOTO 30HIPOBaHUSI.

MexaHu3M runepcneKTpajibLHOro 30HAUPOBAHUS

CxeMa moxydeHus 1 00paOOTKH THUIEPCIEK-
TpaJbHBIX U300paKeHUI MpencTaBieHa Ha puc. 1
[14]. Otpax€HHblit OT 00BEKTA CBET MOCTYIACT B
00BEKTUB THIICPCIICKTPAILHON KaMmephl (puc. 1a),
rze popMupyeTcst TPEXMEPHBII MaCCUB TaHHBIX —
TaKk Ha3bIBACMBIH «THIIEPCIIEKTPANBHBIN KyO»
(puc. 16), B KOTOpOM ABYMEpHBIE H300paKEeHUS
00BEKTa  3alMCBIBAIOTCSI B JUCKPETHBIX
IUana3oHax JauH BojH. Jlasee BbImosHseTcs

(@)

Hcerounnk ceera

\\

Kamepa

I'mnepcnexTpaisnbiii Ky

Z

OobexT

CIEeKTpalibHass ~ HOpMalu3amusi  JaHHBIX  C
MPUMEHEHUEM Da3IM4YHBIX aJrOpPUTMOB, IIOCIE
Yero U3BJIEKAIOTCs KII0YeBble MpU3HaKu (puc. 1B)
UIE  yMEHbIIEHHs 00bEMa H  yCTpaHCHHS
n30pITouHOCTH WH(popManmu. Ha 3aBepmaromiem
aTare 00paboTaHHBIEC TaHHBIE KIIACCUDUITUPYIOTCS
C  HUCHONB30BaHHEM  METOJOB  MAIIMHHOTO
o0ydJeHus WK APYTuX moaxonos [15,16].

(6) (®)

HopMmaauszoBaHuble 1aHHbIC

{

Pucynok 1 — Cxema nosryuerust 1 00pabOTKH THIIEPCIIEKTPATIbHBIX N300pasKEHHIH.

l'umepcniexTpanbHble KaMepbl 00EeCIIeYuBaIOT
MoJTydeHne N300pakeHNH ¢ BBICOKUM CIIEKTPATHHBIM
pasperennem [17, 18], uro MmMO3BOJSET BBISBIATEH
Jla’ke MUHUMAJIbHBIE U3MEHEHUS (PU3UO0IOTMIECKOTO
COCTOSIHUSL ~ PACTEHHM. dopMupyemoe UMU
MHOTOMEpPHOE TPOCTPAHCTBO JAHHBIX PACIIUPUIIO
BO3MOHOCTH CIIEKTPAIILHOIO aHAJIN3a, CIOCOOCTBYSI
pPa3sBUTHIO  HOBBIX  METONOB  OOpabOTKHM |
WHTEPIPETaliy TUIEPCIEKTPATBHBIX H300paKeHUH

[19, 20].

Tunbl  TrUNEPCHEKTPAJIBHBIX
(pu3nyeckue 0CHOBBI HX PadOThI

TexHONOTHH MHOTOCHEKTPATbHOW — BU3yallU-
3alliy HAYajdl aKTHUBHO pa3BUBAaThCs ¢ 60-X TOHOB
XX Beka. DTH TEXHOJOTHHU ITO3BOJISAIOT IOIYYaTh
MPOCTPAHCTBEHHYI0 HH(pOpManuio 00 00BEeKTe
WCCIICIOBAHUS ~ OJHOBPEMEHHO B  HECKOJIBKHX

Kamep W

CIEKTPAIBHBIX JMaTa30Hax, a TaKKe
KOMOMHUPOBaTh  METOIbl  BH3yaJHM3allMd  CO
CIEKTPAIbHBIM aHAIIU30M, HCIOJIB3YS ONTHYSCKHE
CHCTEMBI, OCHOBAaHHbIC Ha Pa3IMYHBIX (PHU3MIECKUX
HPUHIAITAX.

B Hacrosimee Bpemsi THIEPCIEKTPalbHbIC
KaMepbl  KIACCHQUIMPYIOTCS 1O  NPUHIUIY
pa3NoKEeHHs MPHHUMAEMOTO HM3IIyYCHUS] B CIEKTP.
OCHOBHBIE THITBI TAKHX Kamep BKIouaroT [19]:

® IMCIICPCHOHHBIC;

e uHTEphEepOMEeTPUICCKHUE;

e (QuabTpyrOMIIHE.

JlucnepcroHHbIe rUNEPCHEKTPAIbHbIE KaMepbl

B nucniepCcHOHHBIX THIEPCHEKTPATIBbHBIX KaMmepax
JUISL PA3JIOKeHNUS CTIEKTpa M3Iy49eHHs UCTIONb3YIOTCS
JUCTIEPCUOHHBIC DJIEMEHTHI, TaKue Kak Judpax-
[IMOHHAs peléTKka wim npusma [21, 22].
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/

Hpwoes

Pucynoxk 2 — [puHnmnmuansHas cxema JUCIIEPCHOHHON THIIEPCIIEKTPATHbHOM KaMephl.

CBeT, OTpaKEHHBIN OT UCCIETyeMOro 00beKTa,
MIPOXOAUT Yepe3 ONTUYECKYIO CUCTEMY, COCTOSILYIO
U3 HECKOJBKHUX JIMH3, KOTOpPhIe (POKYCHPYIOT My4OK
Ha JAMCIIEpCUOHHBIN 3nemeHT (puc. 2). JlaHHBIN
JIIEMEHT pasiiaraeT M3JIy4YeHUE B CHEKTP, KOTOPBIH
¢bukcupyercst nerektopom [23]. OaHO# U3 KIFOYEBBIX
0CcOOEHHOCTEH TAKOTO METOJa ABJSIETCS TO, YTO CBET
Pa3NUYHBIX JJIMH BOJIH PErHCTPUPYETCS OJHOBpE-
MEHHO, YTO MO3BOJISIET MNOJIydYaTh H300pakeHUE B
OJMH U TOT € MOMEHT BPEMEHH. DTO IPEUMYLIECTBO
JenacT JUCIEPCHOHHBIE Kamepbl 3(deKkTuBHBIMU
JUIL  CHEKTPAILHOTO CKAaHHPOBaHUsI OOBEKTOB B
peanbHOM BpPEMEHHU.

PacTpoBble  rumepcrnekTpaibHbIE  KaMephbl
JTAHHOTO THITa IMIMPOKO MPUMEHSIOTCS, HAallpUMep, B
arponpOMBILUIEHHOM CEKTOpPE Ul OLIEHKH KayecTBa
¢bpykroB [24], a Takxke B cdepe mepepabOTKH
OTXO/IOB, BKJIOYAsl KJIACCH(DUKAIUIO TUIACTUKOBBIX
MaTepHaJoB II0 HUX CIEKTPaJbHbIM XapaKTepuc-
TukaM. CHeKTpajbHOEe pa3pelleHue TaKUX Kamep
OTIpeIeNseTCS XapaKTePUCTHKAMU JTUCTIEPCHOHHOTO
3NIEMEHTa, B YaCTHOCTH pa3pellaromei crnocob-
HOCTBIO TN PAKLIMOHHON PEIIETKH WA TPU3MBI.

HNuTtepdepomerpuueckasi runepcneKkTpaib-
Hasi KaMepa

WnTtepdepomerpruueckas  THIEpCIIEKTpaIbHAS
KaMepa paboTaeT Ha OCHOBE CBSI3H  MEXKIY
uHTEpPEepOrpaMMOil M CIEKTPaJbHBIM pacrpese-
JICHWEM HWHTCHCUBHOCTH wu3nydyeHus. CHauama c
noMompl0  uHTEepdepoMerpa  perucTpupyercs
WHTEepPEpPEHIIMOHHAS KapTHHA, BO3HUKAIOUIAS IPH
HQJIOKEHUH CHEKTPAJIbHBIX KOMIIOHEHT. 3aTeM, C
noMoIIpl0  o0paTHOro mnpeoOpasoBanusi Dypse,
BOCCTaHABIMBACTCS CIEKTPAJIbHOE U300pakeHue
00BeKTa.

B Ttakmx cucremax OOBIMHO HCHONB3yeTCS
narepdepomeTpel Dadpu—Ilepo, Maiikenscona unm
WX KOMOWHAIINY, HACTPOCHHBIE Ha OIpeAeIEHHYIO
MHy BosiHBL [lpumep cxemsl uHTepdepomerpa
npuBenéH Ha puc. 3 [25]. CBer, OTpaX€HHBIA OT
HCCIIEyeMOro 00beKTa, MPOXOJUT Yepe3 JINH3Y |
MOCTYMAaeT Ha MOJYNPO3pavyHOE 3EpKalo, KOTOpOe
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pasnenser ero Ha faBa nydka. OauH M3 HHUX
OTpa’kaeTcsi OT HENOJBIKHOIO 3epKajia, Ipyro —
OT HOABHMKHOTO. V3MeHsIs [TOJI0KEHNE TTOABUKHOTO
3epKajla, MOXHO pEryJupoBaTh pa3HOCTb XOAa
ITy4KOB, TEM CaMbIM TOYHO HaCTpauBasi HHTCP-
(dhepoMeTp Ha 3aJaHHBINA CIIEKTPATIHHBIN THATIA30H.

Henoxnmanomw wepkato

]

\\\
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oresdar oromenwropy
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Jerextop

Pucynok 3 — [IpuHnunuanbpHas cxema
UHTEP(PEPOMETPUIECKON THITEPCIEKTPATEHON
KaMephbl.

Herexkrop ¢ukcupyer UHTEPPEPEHLNOHHYIO
kaptuny. [locne e€ o6pabotku ¢ nmomompio Oypre-
MpeoOpa3oBaHUsl BOCCTAHABIMBAETCS CIIEKTpAIbHAS
uHpopMaIusi 00 0OBEKTE C BBICOKOH TOYHOCTHIO.
IlonoOHble cucTeMbl  00ECIEYMBAIOT  BBICOKYIO
CIEKTPAIBHYI0 Pa3peIlaloNlyl0 CIOCOOHOCTE U
HaxoJAT IPUMEHEHUE B a3POKOCMHUYECKOU ChEMKE U
Meauiae [26].

OUILTPYWOIIHE TUNIePCNeKTPaIbHbIE KaMepPbl

OCHOBHOE OTJIMYHE THUIEPCIEKTPAIBHBIX KaMep,
OCHOBAHHBIX HAa UCIOJIb30BAHUM CIEKTPAIbHBIX
(GWIBTPOB, 3aKIIOYACTCS B CIEAYIONMEM: Tepen
JIETEKTOPOM YCTaHABIMBACTCS bunpTp,
MPOIYCKAIOIMINKM U3TyYeHUE B 3aJJaHHOM JUAaNa30HE
IUIMH ~ BOJIH, 4TO MO3BOJISIET  JIETEKTOPY
pErucTpupoBaTh ~ MHTEHCUBHOCTh  IPOLIEALIErO
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CUTHAJA JJI KaXJI0TO CIEKTPaIbHOTO WHTEpBaa. B
3aBHCHMOCTH OT THIIA HCHOJB3yeMOro (HIbTpa,
THUIEPCIeKTPaIbHBIE KaMephl KIacCH(DUIUPYIOTCS
CIIEAYIOIINM 00pa3oM:

» Kamepsl ¢ Bpamarommmcs: GUIbTpoM;

» Kamepsr ¢ HacTpamBaeMbIM (QUIBTPOM;

* Kamepsl ¢ KIMHOBUIHBIM (PHIIETPOM;

» Kamepsb! ¢ punbTpoM Ha KBAHTOBBIX TOUKAX.

Kamepa Ha ocHoBe Bpamawomerocsi puiabTpa

Cxema TUIepCrleKTpaIbHON KaMephl C KOJIECOM
(¢uIpTPOB TpencTaBieHa Ha pucyHke 4. B maHHOU
CHCTEME HECKOIBKO Y3KOIOJIOCHBIX (HIBTPOB,
KOKIBIA M3 KOTOPBIX XapaKTEPU3YETCs OINpPeaeiIEH-
HbBIM [JHAIla30HOM IIPOITYCKaHW:A, 3aKpPCIUICHBI Ha
BpAIAOIIEMCS TUCKE.

dorxasayr

Obwext Koaeco duerpon

Pucynok 4 — [IpunnunuansHas cxema
TUIEPCHEKTPATIHLHON KaMephl ¢ BpaIlaoIIMCs
(buabTpOM.

W3nyuyenue, mocTymaromee OT HCCIELyeMOro
00beKTa, TOCIENOBATENbHO  INPOXOTUT  depe3
BEIOpaHHBIA (QUIBTP U (UKCUPYETCS IETEKTOPOM,
PETUCTPUPYIONINM H300paKeHHE B COOTBETCTBYIO-
IeM  CIeKTpalbHOM  WHTepBaje.  BpamieHue

Hoasipuiarop

ObbexT

Kpucraan

¢uIBETpOBOro Kojeca obOecreyrBaeT MOOYepPETHYIO
CbEMKY B Pa3JIMYHBIX CIEKTPAJIbHBIX IUAla30HaX,
YTO MO3BOJSIET (POPMUPOBATh THIEPCHEKTPATIbHBIHI
KyO maHHBIX. Kpome TOro, CKOpOCTh BpallleHHs
MOJKET aJlalTUPOBAThCA B 3aBUCUMOCTH OT YCJIOBHM
OCBEUIEHHOCTM M IApaMeTpoOB  SKCIO3UIUH
JETEKTOpa, YTO ONTHMHU3UPYET MPOLECC MOTyUeHHS
JaHHBIX 0e3 TMOoTepu KadyecTBa H300paKeHHUSI.
[IpumepoM peanuzaniu TaKOW CHUCTEMBI SIBIISIETCS
pazpaborka NASA, B KOTOpoil yIydIIeHHAs
KOHCTPYKIMsI ~ Kojeca  (WIBTPOB  IO3BOJISIET
MHUHMMHU3UPOBaTh MEPTBOE BpeMsl IPU CMEHE
(GbuUIBTPOB, MOBKIMAT 3)PEKTHBHOCTL COOpa TaHHBIX
[27]. JononHuTenbHO HCCeq0BaH s, Oy OINKOBaH-
Hble [28], OMMCHIBAIOT KOMIIAKTHBIH MEXaHU3M
JIBOMHOTO CJ0s Kojieca (PIIBTPOB, MPHUBOAMMEIN B
JecTBUE OJHUM  MOTOPOM, YTO  TIO3BOJISET
VIIYYIIUTh CHEKTPAJIBHOE pa3pellieHue W THOKOCTh
cucrembl. OIHAKO CleAyeT y4YUTHIBaTh, 4TO
UCTIOJIb30BaHKE BPAILAIOMINXCS (QUIBTPOBBIX KOJEC
MOXET BBOJAUTH TI'COMCTPUYCCKHUEC HCKAXKCHUA B
MoJTydaeMble HM300pa)KeHHs, 4YTO TpeOyeT mpume-
HEHHS JITOPUTMOB KOMIICHCALIMH IJIsi 0OecreyeHus
TOYHOCTH, TIOJTy4CHHBIX JaHHBIX [29)].

Kamepsl ¢ HacTpanBaeMbIM (GUIbTPOM

'unepcnexkTpanbHble Kamepbl C HacTpauBae-
MBIMH  (DUJIBTPaMU  UCIOJIB3YIOT —CIEKTPaJIbHEIC
3JIEMEHTHI, MO3BOJIAIOLINE BapbUPOBaTh IHAINA30H
NPOIYCKaHMUs H3IYYEeHHUS] NOCPEICTBOM H3MEHEHHS
WX ONTHUYECKUX XapaKTepHCTUK. B wacTHOCTH,
npumensitorest sxkuakokpucramnueckue (LCTF) u
akycroontuyeckue (AOTF) ¢wipTpel, oTinnuato-
muecs METOIaMH HACTPOUKH. Cxema
THIIEPCIIEKTPANLHON  KaMepbl C  JKUJIKOKPHCTAI-
mnueckuMm  ¢uiietpoM (LCTF) mnpeacraBieHa Ha
pucyHke 5.

+ Anaaniarop

doryaray’

Pucynok 5 — [IpuHunnuansHas cxema runeperekTpaibHOR KaMephl
C JKUJIKOKPHCTAIUTNYECKAM (PHIBTPOM.

[Ipu npoxokieHny cBeTa ONPEACIEHHON ITTUHBI
BOJIHBI Y€pe3 TEPBBIA MOJISIPU3ATOP OH MpHOOpeTaeT
JIMHEeWHYI0 nojsgpuzanuio. Jlanee mossipu3oBaHHbBIN
CBET HAMpPABIACTCS B SKUIKUM aHU30TPOMHBIN
KpUCTaJUI, TA€ MNPOUCXOAUT MABOWHOE Jydemnpe-
JomiieHne. B pesymbTare  OOBIKHOBEHHBIM U

HEOOBIKHOBEHHBIH JIy4H, PacHpOCTPaHSIOMINECS C
Pa3IMYHBIMA CKOPOCTAMH, (OPMHUPYIOT pa3HOCTb
(a3 Ha BBIXOJE U3 KpucTaiia. BTopoi monspuzaTop
(ananuzatop) mpeoOpasyeT MOTy4YeHHYIO (Da30BYIO
pasHHIly B MHTEPPEPECHUINOHHYIO KapTHHY, KOTOpast
perucTpupyercst JETeKTOPOM.
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PerynmupoBka pasHocTH a3 OCyLIECTBISIETCS  MapaMeTpOB  AJIEKTPUYECKOTO  MOJsl  MO3BOJISET
NyTEM U3MEHEHUS] HAaNPsLDKEHHOCTU 3JIEKTPUYECKOTO  M3MEHSTh JJIMHY BOJIHBI MPOXOMSIIETO CBETA, YTO
MOJIsl, BO3JCUCTBYIOLIENO HA  KPUCTALUI, YTO SIBISIETCS. OCHOBOM HACTPOWKH  CIEKTPAJIBbHOIO
00yCNIOBJIEHO  3JeKTpoonTHyeckuM  3ddekrom  muanazona cucrems [30].

ITokkenbca. Takum obpazom, HW3MEHEHHE
Hosaorwrean soams
T ey = :
e —) e =
—_— g
Obpexr e ——
AN 1
- ‘\C‘W Icrounmx
\\V ARNCTHECROM BOINLY
Pucynok 6 — [IpuHIMTIMAaNBEHAS CXEeMa THIIEPCIIEKTPAIILHON KaMephl C aKyCTOOITHIECKUM
HACTPanBaeMbIM (DHITBTPOM.

I'mnepcnexrpanbHas KaMmepa ¢ PerynupoBka mnapameTpoB aKyCTHYECKOW BOJIHBI
AaKyCTOONTUYECKHMM  HACTpanBaeMbIM  (HIBTPOM  TO3BOJSET TOYHO HACTpaWMBaTh CHEKTPaIbHBIN
(AOTF) cocrout U3 JBYX OCHOBHBIX KOMIIOHCHTOB: JMama3oH, oOecreunBas BBIOOP HEOOXOIUMBIX

aKyCTOONTUYECKOH cpefbl (0OBIYHO aHM30TPOITHOTO
KpHUCTAIlIa) ¥ MhE303JIEKTPHIECKOTO dJIEMEHTA. (PHC.
6). Ilpu moxave SIEKTPUYECKOTO CHUTHaNa Ha
MBE30ANEKTPHYECKUN  DJIEMEHT  TeHEepHpYeTCs
aKyCTHYeCKasl BOJIHA, KOTOpas pPacIpOCTPaHSIETCS
gyepe3 KpUCTall. DTa aKyCTHUYEeCKast BOJTHA BbI3BIBAET
MEPUOINYECKUE U3MEHEHUS TNIOTHOCTH CPEJibl, UTo,
B CBOIO O4Ye€pe/ib, MPUBOANT K BAPUAIIHSM [TOKA3ATENS
npesiomiieHus. B pesymbrare B KpHcTaiuie
dbopmupyeTcs JUHAMHYECKU U3MeHsieMast
MPOCTPAHCTBEHHAsT  AU(PAKIMOHHAS  PEHIETKa,
KoTOpast oOecneunBaeT AU(QPAKIUIO MaJaroIIero
CBETa M  €ro  CIHEKTPaJbHOE  Pa3lIoKEHHE.

CIEeKTPaIbHBIX KOMIOHEHT 15l aHanmu3a [31].

I'unepcnexTpaibHasi KaMepa ¢ KJIMHOBMA-
HBIM (pUILTPOM

I'mnepcnexTpanpHas Kamepa C KIMHOBHIHBIM
(TpamMeHTHBIM) thuapTpOoM obecrnieunBaeT
HENpephIBHOE  CHEKTpaJbHOE  M3MEpeHHe B
nuanazone BuauMmoro (w/mmm  OommwkHero  UK)
criekTpa. [ pagreHTHBIN QUIBTp peACcTaBIsLeT COO0H
KIMHOBUJIHYIO IJIACTUHY C HAHECEHHBIM TOHKUM
MHOTOCJIOWHBIM WHTEP(EPCHIIMOHHBIM TTOKPBITHEM,
PasMELIEHHYIO HEIOCPEICTBEHHO Nepe/l IBYMEPHbBIM
JIETEKTOPHBIM MacCUBOM (cM. puc. 7) [32].

O0BeKT

dordaray’

KannoBuanbii

uasrp

Pucynok 7 —. [IpuHIMnagbHas cxemMa THIIEPCIEKTPATLHON KaMephl ¢ KITMHOBHUIHBIM (HIBTPOM.

[Ipu npoxoskaeHuN cBeTa depe3 Takod GuibTp
(dopmupyetcst uHTEphEpEHIIMOHHAS KAPTUHA, IPHBO-
Ismas K oOpa3oBaHUIO TOJIOC PABHOW TOJNIIMHBL
BCIIE/ICTBUE OTPAKEHUS OT MOBEPXHOCTH.

JlokasnibHas pasHOCTh XOJia CBETOBBIX BOJIH
3aBHCHUT OT TOJIIMHBI (PHUIBTPA B IAHHOM TOYKE, YTO
MO3BOJIIET YIOBJIETBOPUTH YCIOBHE HHTEphepeH-
IMOHHOTO MaKCUMyMa TOJBKO JJI OMNpeaeIEHHON
JUTMHBI BOJIHBI. TakuMm 00pa3oM, KaXXIBIH ydacTOK
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¢wibTpa  OpPOMyCKaeT  CBET  ONpPEAEIEHHOTO
CIEKTPAJIbHOI'O JIMala30Ha, a COOTBETCTBYIOLIHE
SJIEMEHTHl ~ MaTpHUIbl  JEeTeKTopa  (QUKCUPYIOT

W3JTy4eHHE CBOCH JJIMHBI BOJTHBI.

CoBpeMeHHbIE TpaJieHTHbIe (QUIBTPBI 00JIa-
JIAIOT BBICOKOW ONTHYECKOH MPO3pavyHOCThIO (K03(-
¢umment nponyckanus o 70 %) m obecneynBaroT
CIEKTpajbHOE pa3pemieHre Ha ypoBHe 1% oT
[EHTPAJIBHOM JUIMHBI BOJHBI, YTO JEJaeT UX
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MEPCIICKTUBHEIM PEIICHHEM Il KOMIAKTHBIX U
SHEProd(HEKTUBHBIX THITCPCHEKTPAIBHBIX CHCTEM

[33].

l'unepcnekTpasbHasi KamMepa ¢ MaTpullei

duabTpoB
Matpunia QuIbTpOB TpencTaBisieT  coOO0i
MEPUOIUYECKYIO ONTUYECKYIO CTPYKTYpPY, COCTOSI-

IIyI0 W3 TOBTOPSIOIINXCS JJIEMEHTapHBIX OJOKOB
(TIpUMUTHBOB), KaXIbIi M3 KOTOPBIX MTOAPA3IEIIACTCS
Ha N o00JlacTeil ¢ YHUKAIBHBIMH OINTHYCCKUMHU
xapaktepuctukamu. lleHTpanpHass JJIWHA BOJHEI,
MPOXOJAIIAs Yepe3 Kaxaylo 00JIacTh, OMPEaesIeTcs
MOCPEICTBOM TOYHOTO KOHTPOJISI TOJIIMHEI TLIE-
HOYHOI'O CJIOSl, HAHECEHHOI0 Ha COOTBETCTBYIOIIYIO

/

\.

Obbexr

30HY, 4TO 0OecneunBaeT TpedyeMyIo CIIEKTPaIbHYIO
CEJIEKTHBHOCTH U CTaOMIIBHOCTH MTPOXOXKIEHHUS CBETA
[34]. B cxeme, npuBeneHHo# Ha prc. 8 uzobpaxkeHa
KoOHpurypauusi (QUIBTPYIOIIET0 MaccuBa, T
Kak1ast 00J1acTh IPUMHUTHBA OTBEYALT 32 (PUKCAIIHIO
ompeAenéHHOro Anana3zoHa JuiH BoiH. [locme cOopa
CHEKTPAIbHBIX JTAHHBIX OCYIIECTBISIETCS arperamus
3IIEMEHTOB M300paKEHHSI, COOTBETCTBYIOIINX OJHOM
U TOH >Xe 0o0JacTH BO BCeX MPUMHUTHBAX. Takoit
MOIXOJ TIO3BOJSIET C(HhOPMHUPOBATH OKOHYATEIHHOE
CHEKTpaIbHOE H300pakeHHe OOBEKTa C BHICOKUM
MPOCTPAHCTBEHHBIM H CIIEKTPAITBHBIM Pa3peleHneM,
YTO SBISAETCS KPUTHYECKH BAXKHBIM IS TOYHOTO
aHalM3a XapakTePUCTHUK HCCIEAYEeMOTO MaTepHaia

[35].

dordaray’

Marpuna ¢puasrpos

Pucynok 8 — IlpuHunnuanbsHas cxemMa rMIepeneKTpaibHONH KaMephl ¢ MaTpuLel pUIbTPOB.

I'mnepcnekTpanbHasi kKamepa ¢ GUWJILTPOM HA
KBAaHTOBBIX TOYKAX

l'unepcnexTpanbHble KaMephl, UCHOIb3YIOIINE
GWIbTPEl Ha KBAaHTOBBIX TOYKAaX, MPUMEHSIOT
JaHHBIE HAHOCTPYKTYphl B KaueCTBE AaKTHUBHBIX
3JIEMEHTOB Uil (OPMHUPOBAHMS  CIIEKTPAJILHO-
ajanTuBHBIX (uibTpoB. MHTErpanmms KBaHTOBBIX
TOYEK Ha eIWHOH MOAJIOXKKE ITO3BOJISIET CO3/1aBaTh
JI€TEKTOPHBIE MACCHUBBI, CIOCOOHBIE PETUCTPUPOBATD
M300paXKeHHS M0 BCEMY CIIEKTPAITBHOMY JHAIa30HY
C BBICOKOU JIUCKPETU3AIUEH.

KanrtoBass Touka (KT), mnm WCKycCTBEHHBIN
aToM, TMpeJCTaBisieT cO00M (parMeHT MPOBOTHHKA
WIK TIONYNPOBOAHWKA, B KOTOPOM JIBHKCHHE

HocuTenel 3apsiia  (9JEKTPOHOB MJIM  JBIPOK)
KBaHTOBO OTpaHUYEHO 1o BCEM TpEM
MPOCTPAHCTBEHHBIM  HampaBieHwWsM.  biaromaps

CBOMM MaJbIM pa3MepaM KBaHTOBbIe 3(deKTs
CTaHOBSTCS JAOMHHUPYIOIIMMH, YTO NPUBOAUT K
JIMCKpeTu3aluu 3Hepreruueckux yposuet B KT. B
pe3yibTaTe CIEKTPhl W3IYyYSHHS W IOTJIOIICHUS
KBAaHTOBBIX TOYEK UMHUTHPYIOT CHEKTPHI OTIEIBHBIX
aToMoB. Ilpu 3TOM 3Heprusi AUCKPETHBIX YPOBHEH

3aBUCUT OT Ta0apuUTOB KBaHTOBOW TOYKH, YTO
MO3BOJIIET PETYIUPOBATH CIEKTPHI MOTJIOMCHHUS H
¢GyopecleHINH  IOCPEICTBOM  H3MEHEeHHs €€
pasmepoB — yBenuueHue pazmepo KT npuBout k
CHIDKEHHIO SHEPTUH Kpasi CrieKTpa noruiomieHus [36].
Takum 00pa3oM, € TMOMOILBIO TOYHOTO KOHTPOJIS
pasMepoB MOXHO CO3[aBaTh KBaHTOBBIE TOUKH,
HACTPOEHHBIC Ha ONpeAeNéHHbIE JUIMHBI BOJH
Na/A0MIEr0 U3JIyYeHHUSI.

IIpn uHTErpanuy KBaHTOBBIX TOYEK Ha OTHOMN
MOJITIOKKE JOCTUTAETCS BO3MOXHOCTb
OJTHOBPEMEHHOH (pukcaruy n300paxxeHuil mo Bcemy
CHEKTPAIbHOMY  JHamna3oHy, 4YTO 3HAaYUTEIBHO
pacuipsier  BO3MOXXHOCTH — THUIEPCIIEKTPAIHHOTO
30HAMpOBaHMsA. TakoW TOaX0ZA  oOecrevnBaeT
NoJly4eHHe Ooyiee TOYHBIX M JIETaTHM3UPOBAHHBIX
CHEKTPAIBHBIX ~ M300pakeHHH, CHOCOOCTBYIOIINX
rIyOOKOMY aHanmu3y (GU3UYECKUX H XUMHYECKHX
XapaKTEePUCTHK HCCIIeyeMbIX 00beKkTOB [37].

Hwxke mnpencraBieH cpaBHUTENBHBIA —aHATU3
THIEPCIIEKTPAIBHBIX KaMmep M0 JIOCTOMHCTBaM U
HeymocTtaTkaMm (0e3 ONHMCaHWs MPHHITUIIOB PadOThI)
(Tabnuma 1).

73



®u3nyeckme 0CHOBbI TMNepCcneKkTpasbHOro 30HANMPOBaHMA

Tabéamnua 1 — CpaBHUTENBHBIN aHAIN3 TUIIEPCIIEKTPAIBHBIX KaMep

Tun kamepsl HJocTonHcTBa Henocratku

JAucnepcuoHHbIe Bricokast ckopocTh perucrpanun: | boabmmue pa3Mephl
BO3MOXHOCTb OJHOBPEMEHHOH | CHCTEMBI: TPEOYIOT KPYTIHBIX
bukcanuun CHEKTPAIbHBIX | ONTHYECKUX KOMIIOHEHTOB, 4YTO

KOMITOHEHT 00ecreYrBaeT ChEMKU B
pcaJlbHOM BpEMCHHU.

3aTPyAHSET CO3JAHNUE KOMIAKTHBIX
YCTPOMCTB.

ITupoxwuii CNeKTPaJbHbINA | BbICOKasi CTOMMOCTB: CIOXHOCTb
AUANAa30H: CIIOCOOHBI OXBaThIBAaTh | KOHCTPYKLHUH M TOYHAS KaIUOPOBKa
HENpPEepBIBHBI  MHTEpBAI  JUIMH | ONTHKH BEAYT K 3HAYUTEIbHBIM
BOJIH. 3aTpaTam.
Huskmue noTepu CUTHAJIA:
MUHUMAaJIbHOE 3aTyXaHHE CBeTa 3a
CYET  HCHOJIB30BAHUA  SIBICHMU
TG PAKITIHA TUCTIEPCHL.

HNurepdepomerpuyeckue Bricokast CBeTUMOCTD: | UyBCTBHUTEJIBHOCTH K
HCIIOJIb30BaHHE H3MEHEeHU M OCBEIIEHHOCTH:
UHTEPPEPEHIMOHHBIX  3((EKTOB | BpEMEHHbIE KOJNCOAHUSI  YCIOBHM

MO3BOJISIET PadOTaTh € KOPOTKUM
BpPEMEHEM DKCTIO3UIIHH.

Boabmas yrioBas amneprypa:
HEKOTOpBIE UHTEPHEPOMETPEI
(mampumep, Dadbpu—Ilepo) wmoryt
NPUHUMATh CBET O]l I[IHMPOKHM
JIMana3oHOM YTJIOB, YTO HOBBIIIACT
3¢ (eKTUBHOCTH CUCTEMEI.

OCBEIEHHOCTH MOTYT NPUBOJIUTH K
omunbOKkam pu CpaBHEHUH
WHTEHCHBHOCTE  Ha  pa3HBIX
JUTMHAX BOJIH.

C105KHOCTD KAJTHOPOBKHU: TOYHOE
COTJIACOBAHUE ONTUYECKUX IIyTEH
TpeOyeT JOMOJHUTENbHBIX YCHUIIUM,
YTO OTPAaHWYMBAET NPUMEHEHUE B

Bricokas CHeKTpaJdbHasl | JUHAMUYHBIX YCIOBUSX.
YyBCTBHTEJIBHOCTh: BO3MOXHOCTb | OrpaHHYeHHOCTh TNPHMEHEHUs :
oOHapyXeHHS HE3HAYHTENbHBIX | Haubonee 3PQPEeKTUBHBI B 3a/1a4ax,
U3MEHEHWH B CIEKTpaJbHOM | TAe  He  Tpebyercs  cTporas
COCTaBe. MeKKaHaJIbHas KaTMOpOBKa.
DuabTpyromue I'mokocTb HacTpoiikn | Mexanuveckue OrpaHUYeHUs
CIIEKTPAJIbHBIX AMANa30HOB: | (IpU Bpamawmmxcs: GpuiabTpax):

BO3MOXKHOCTh BbIOOpA M aJIarTaliu
CHEKTPAIbHBIX KaHAIOB (Kak IpH
MCIIOJIb30BaHUH BPAIIAOIINXCS, TAK
Y HACTPauBaeMbIX (PHIBTPOB).
IMoTeHnMadbHAsi KOMMNAKTHOCTb:
OTCYTCTBHE KPYITHBIX
JTUCTIEPCUOHHBIX 3JIEMEHTOB
MTO3BOJISIET CO3/aBaTh 6oiee
KOMITAKTHBIE CHCTEMBI, OCOOCHHO
npu WCTIOJIb30BaHNU
HactpauBaembix QuibTpoB (LCTF,
AOTF) nnu KBaHTOBBIX TOYEK.
OnHoBpeMeHHAasi  permcTpanus
(IpH HEKOTOPBIX TEXHOJIOTHSAX):
COBpEMEHHBIE peanu3anuu
(Hanpumep, c KBaHTOBBIMHU
TOYKaMH) TO3BOJISIIOT (PUKCHPOBATh
JaHHbIE 110 BCEMY CIEKTPaJbHOMY
Irana3oHy 0e3  MEXaHHYEeCKOTO
CKaHMPOBaHHUSL.

MEXaHUYEeCKOoe MePeKITII0YeHIe
MOXET BBI3bIBATH BUOpalMU U
YBEJIMYUBATh BPEMS SKCIIO3ULNH, &
CHEKTPAJIbHOE TOKPBITHE OCTAETCS
TUCKPETHBIM.

Huzkmit K03 puumeHT
NPONYCKAHUS M TeMIlepaTypHas
HectaduiabHocTh (mpu  LCTF):
9TH  (aKTOphl MOTYT CHIDKATh
TOYHOCTb U KauecTBO IMOIy4aeMBbIX
M300paKCHUMN.

OrpaHnyeHHbI CNEKTPaIbHbII
auanazoH (mpu AOTF): nomnoca
MPOITyCKaHMUsl aKyCTOONTHYECKOIO
JJIEMEHTa MOXET CYNIECTBEHHO
OTpaHUYMBAaTh HACTPOWKY JUIMHBI
BOJIHBI.
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OcHoBHbBIE BU/bI THIIEPCIIEKTPAJbHBIX KaMep

l'umepcnexTpanbHble KaMmephl MPEACTaBISIOT
co0oii BBICOKOTOYHBIE ONTHKO-3JICKTPOHHBIC
CHUCTEMBI, TMpeIHa3HAYeHHBIE U1 JETaIbHOTO
aHaJlM3a CTIIEKTPAITBHBIX XapaKTePUCTHK MaTepHUAIOB
B IIMPOKOM JUana3oHe AJIUH BoJH. biarogaps cBoeit
VHUBEPCAIILHOCTA OHU HAXOJSIT TPUMEHEHHE B
MIPOMBINIIIEHHOCTH, CETThCKOM XO3SHCTBE, SKOJIOTHH,
MeOunuHEe W (yHIZaMEHTANbHBIX  HAaYyYHBIX
vccheAoBaHUsIX. B JgaHHOM paszene mpeacTaBiieH
0030p OCHOBHBIX THIIOB THIIEPCIIEKTPAIHHBIX Kamep,
WX  KIIOYEBBIX  XapaKTepUCTHK ©  objacteit
MPAKTUYECKOTO IPUMEHEHHUS.

Jluneiika kamep HySpex.

1) HySpex Baldur V-1024 N pabortaer B
BuguMoM u OmbkHeM UK-auamazone (VNIR), ot 400
nmo 1000 ©wM. Ona mpexacraBisieT  coOoi
THIIEPCIIEKTPANIBHYIO KaMepy, KOTopasl CIocoOHa
PETUCTPUPOBATH COTHH CHEKTPAILHBIX KaHAIOB. JTa
Kamepa UCTIONB3YyeT METO] JMHEHHOTO
ckaHupoBaHus (pushbroom), mpu KOTOpoM Kakmas
JIMHUSA O6LCKTa CHUMACTCsA OJHOBPEMEHHO BO
MHOXXCCTBE CIICKTPAJIbHBIX KaHAJIOB, YTO ITO3BOJIACT

MONydUTh  KaK  TMPOCTPAHCTBEHHBIE, TaK H
CIieKTpaibHBIe  jJaHHble. Kamepa  oTnmgaetcs
BBICOKOH TOYHOCTBIO, OOecleunMBas IMPOCTPaH-

CTBEHHOE paspemienue MeHee 1,7 nukcenda. OnHa
MpeIHa3HaYeHa ISl TPOMBIIIICHHOTO KOHTPOJST U
Hay4HBIX HCCJICIOBAHUN, T/I€ KPUTHYECCKH Ba)KHA
MaKCHMalbHass TOYHOCTh B BHIUMOM M OJIKHEM
HK-nuanasone [38].

2) HySpex S-640i N — 310 rumepcnekTpansHast
kamepa i Ommknero WMK-gmanazona (SWIR),
paboraromias B amanazoHe 970-1670 um. Kak wu
npyrue kamepbl HySpex, oHa perucrpupyer
00JIBIIIOE KOJUYECTBO CIEKTPAIbHBIX KaHAJIOB U
ucrnonp3yet pushbroom-ckanupoBanue. OTinvaercs
BBICOKMM MPOCTPAHCTBEHHBIM pa3pelieHueM (MeHee
1,5 mukcens). DTa MOJENb UACATHFHO MOIXOANUT IS
MOJICBBIX W JIAOOPAaTOPHBIX  HCCIIEIOBaHUM,
TpeOyrommx BeICOKOH TouHOCTH B SWIR-nnanazone
[39].

Jluneiika kamep Specim.

1) Specim FX10 oxBaTbiBaeT BUIUMBIA H
ommkuuit MK-muamazon (VNIR) 400-1000 M wu
o0ecrieYrBaeT BBICOKOE CIIEKTPAIIbHOE Pa3pellieHHE B
5,5 HM mnpu 224 kananax. [IpocTpaHcTBEeHHOE
paspeuenue cocrapisier 1024 nukcens, a 4yacTtora
nocturaer 330 kampoB B cexyuay (FPS) mpu monmHom
kaape u g0 9900 FPS npu OwHHWHTE — MeETOIE
00pabOTKH CUTHAJIOB B MaTpHUIaX JCTEKTOPOB, MPH

KOTOPDOM  COCEOHHWE TMHUKCeMn  OO0BEeIUHSAIOTCS
(cknaoviearomest) B OAMH — «CylepHHKcenby. B
TUIEPCICKTPAIbHBIX ~ KaMepaX OWHHHHT  YacTo

NPUMEHSIOT Ul yMEHBIICHHs LIyMa NPH ChEMKE
cna0bIX  CHTHAJOB,  YCKOPEHHS  TOIyYeHHS
TUNepKy0a, a Takke i OaJaHCHPOBKH MEXIY
CIEKTPAIbHBIM U IPOCTPAHCTBEHHBIM Pa3PEILICHUEM.
bnaromapss  pushbroom-mpuHIMIy ¥ BBICOKOM
ckopoctd, FX10 mmpoko mpumensercss B 3agadax
IPOMBIIIJICHHONH COPTHPOBKM W HAY4YHOIO aHAIN3a
[40].

2) Specim FX17 opuentupoBana Ha SWIR-
muamazoH (900-1700 HM), WMeeT CHeKTpalabHOE
paspemienue 8 HM u 224 xaHana. [IpocTpaHcTBeHHOE
paspemenue cocraBimsier 640 mnukceneir. Yactora
KaJipoB Bappupyetcs oT 670 FPS (nmonusit kaap) 1o
15000 FPS (mmpm wmcnonbp3oBaHWHM OWHHHHTA). DTO
JeNnaeT  KaMepy ~ OTJIMYHBIM  BBIOOpOM IS
BBICOKOCKOPOCTHBIX ITPOMBIIIICHHBIX 3a/1a4 [41].

3) Specim FX50 pa6oraer B cpemnem HWK-
muamazone (MWIR) — ot 2700 go 5300 mM, 9TO
JieaeT e€ YHUKaJIbHOW Ui 3a7ad B TOW OO0JIACTH.
CHexTpallbHOE pa3pelieHUe COCTABISIET 35 HM MpHU
154 xaHanax, a NMPOCTPAHCTBEHHOE pa3peUICHUE —
640 nmukceneit. Yacrora kanpos gocturaet 380 FPS.
Kak u npyrue xameps! cepun FX, oHa ucnons3yer
pushbroom-meroauky W  mpeaHasHayeHa IS
BBICOKOTEMIIEPATypPHBIX WIN XHUMUYECKU
4yBCTBUTEJILHBIX MIPOU3BOCTB [42].

Kamepa Resonon Pika XC2 oxBatsiBaeT VNIR-
muamazoH  (400-1000 HM) ¢ BBIDAIOIIUMCH
CIEKTpaJIbHBIM paspemeHueM — 1,9 M u 447
kaHasamMi. OHa UMeEeT BBICOKOE IPOCTPAHCTBEHHOE
pazpemenue (1600 mukceneil) u paboTaeT ¢ 4acTOTOH
165 FPS. C mpumenenueMm pushbroom-npuHmuma,
KaMepa MOAXOIHUT ISl TOYHBIX JTA0OPATOPHBIX H
MOJIEBBIX UccemoBanuii [43].

Unispectral Monarch Il — sTto kKommakTHOE
pemenne st ommkHero MK-ananusza B nuamazoHe
690-935 um. Kamepa wncnomp3yer TEXHOJIOTHIO
TyHHeNbHOTO (puibTpa, obecneunBas 10 kaHaOB C
marom B 30 HM. [IpocTpaHCTBEHHOE pa3pelieHne
nmocturaet 1280x%1024 nukceneii, a 4acToTa KaJpoB —
60 FPS. Kamepa npeiHazHaueHa A7l TOPTaTUBHBIX U
WHTETPUPYEMBIX CHCTEM B CEIbCKOM XO3SICTBE,

MUIIEBOM  TNPOMBINUIEHHOCTH W MOOHIIBHOM
aHAJIMTHKE MaTepraioB [44].

Kamepsr  FigSpec — o310  nuHelika
THIEPCIIEKTPATBHBIX CHCTEM, TPETHA3HAYSHHBIX IS
CHEKTPAJbHOTO  aHalMu3a, B  YacTHOCTH, JJIA

UCCIIEZIOBAHUS. COCTOSIHHS PAcTEHHH. DTH KaMepbl
ucrmonb3yloT  pushbroom-ckanuposanne.  OHu
paboTarT B quana3oHaX, OXBATHIBAIOMIUX BUIMMBIN
CBET W OMMKHUM WHPpPAKPACHBIA CIEKTP, YTO
KPUTHYECKH BAXHO JUISl aHAJIM3a PACTHTEIBHOCTH
[45].
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Jluneiika  FigSpec  BkmodaeT  HECKOJIBKO
MoJielel, KaXkaas u3 KOTOPhIX ONTUMHU3UPOBaHA VIS
KOHKPETHBIX 331a4:

1) FigSpec  FS-13: Drtra  momenp  —
BBICOKOTOYHBIH TNabopatopHbli wHCTpyMeHT. OHa
paboraer B aumamazone ot 400 mo 1000 M, mMeer
BBICOKOE CIEKTpanbHOe paspemieHue 2,5 oM u 1200
KaHaJIOB, 4TO oOecrme4ynBaeT NeTaJbHBIH aHaJH3.
[IpocTpancTBEeHHOE pa3pelICHUE COCTABISIET OKOJIO
0,3 mMm/mukcens. FS-13 ugeanpHO ITOAXOMUT JUIS
co3manus O00y4yaromuX BHIOOPOK W BBISBICHHS
¢uronaromormii [46].

2) FigSpec FS-23: KommaktHas ¥ MOOHIbHAS
KaMmepa, paboTaromiasi B ToM ke auarnazone 400-1000
HM. E€ cniekTpanbHOE pa3pelieHue COCTAaBISIET 5 HM
mpu 120 kananax. bmaromapst cBomM HEOOIBIIAM
pasMepaM, OHa YacTO MCHONB3YeTCs IUIsl OBICTPOi
AWAarHOCTUKKU B IOJICBBIX YCIOBHAX, IIO3BOJIAA
OIEPATUBHO OIIEHHTH COCTOSTHUE pacTeHuit [47].

3) FigSpec FS-60: DTa Momens — Haumbolee
yHUBEpCaJIbHAs U MolHas. E€ nuanasoH mmpe, yem
y npenpiaymux, ot 400 no 1700 HM, 4TO O3BOJIAET
MPOBOANTH OoJiee TiryOokni aHamu3. CrieKTpabHOe
paspetenue 5 uM 1 300 KaHaIOB JAIOT BO3MOXKHOCTh
JIMarHOCTHPOBaTh HE TOJNBKO 3a00NeBaHUs, HO H

neDUIMT  OHUTATENbHBIX  BEHIECTB, a  TaKXKe
cTpeccoBbie (hakTopsl y pacTenuii [48].
Beibop kamepbl TOJHOCTBIO  3aBUCHUT  OT

KOHKPETHBIX YCIIOBHH W 3ajad uccienoBaHus. Her
OJTHOW yHHMBEpCAIIbHOW KaMephl, KaxKJaas MOMIEIb
ONTUMHU3UPOBAHA JIJISl ONPEIEIIEHHOrO MPUMECHEHUS.
[Ipu mpoBeneHnn 1a00PATOPHBIX U BBICOKOTOYHBIX
WCCIIEIOBAHUN TIPHOPUTETHONW IENBI0  SIBISAETCS
MOJIyYEHHE MAKCHUMAaJIbHO JCTAIM3UPOBAHHBIX U
TOYHBIX JaHHBIX B KOHTPOJUPYEMOH  Cpele,
HaTpuMep, JUTsl CO3aHus 00YYaroIUX BEIOOPOK HITH
rIyOOKOTO aHaln3a (PUTOMATONOTHH, JTydYIlle BCEro
MOJONAYT CIEIYIOINE KaMEPHI:

1) Resonon Pika XC2 o6namaer caMbiM
BBICOKHMM CIIEKTPaJIbHBIM pazperieaueM (1,9 uHM) u
OOJNBIIMM ~ KOJMYECTBOM  KaHayoB  (447), dro
UJCabHO IS JIETATBHOTO CIEKTPATHHOIO aHalu3a
[43].

2) FigSpec FS-13 wuMeeT HCKIIOUHMTENBHOE
koianuecTBo  kaHaioB  (1200) w®  BBICOKOE
CHEKTpalibHOE pa3peleHue (2,5 Hm). IT1o genaer eé
HIcalbHBIM HHCTPYMEHTOM Ui JIaDOpaTOPHBIX
WCCIEAOBaHMMA, THAe TpeOyeTcs MakcHMaabHas
JICTATU3AIUS CIICKTPATBHBIX JaHHBIX [46].

3) HySpex Baldur VV-1024 N otnruaeTcs oueHb
BBICOKMM IPOCTPAHCTBEHHBIM pa3pEIICHUEM, YTO
BXHO  JUISI  TIONYYCHHS  JIETAIM3MPOBAHHBIX
nzobpaxxenuii [38].

B moneBoit 1 MOOWIBHONM AMAarHOCTHKE BayKHA
MOPTATUBHOCTh ¥  BO3MOXXHOCTH  OTCPATUBHOU
ChEMKH BHE J1a0OpaTOPUH, B CBS3H C YEM CICIYCT
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paccMaTtpuBaTh 0o0Jiee KOMITAKTHBIE U JIETKHE
MOJICITH:

1) Unispectral Monarch Il — 310 KOMmakTHOE
pelieHne,  CrIenuaibHO  pa3paboTaHHOE s
MOPTATUBHBIX U MHTETPUPOBAHHBIX CUCTEM. XOTS y
Heé MeHbIe kanaiaoB (10), oHa WaeaTbHO TOIXOIUT
JUTsE OBICTPON MOOWJIBHOW aHAJIMTUKH B TOJICBBIX
YCIIOBHSIX WJIM Ha MPOM3BOICTBE [44].

2) FigSpec FS-23 — kommakTHas u MOOHMIIbHAs
Kamepa, MpeIHa3HAYCHHAS TUTSI OBICTpOIt
JMAarHOCTHKH TPSIMO B TIOJICBBIX YCIOBUsX [47].

B npombinuieHHON — COPTUPOBKE W OpU
HEOOXOJUMOCTH  BBICOKOCKOPOCTHOTO  KOHTPOJIA,
0Cc0OEHHO B yCJIOBUSIX MPOU3BOJICTBA, T KIIOUEBYIO
pOJb WTparOT CKOPOCTh M BBICOKAas MPOIMyCKHAs
CIOCOOHOCTh,  MPEANMOYTHTENIbHEE  KaMepbl  C
BBICOKOW 4acTOTOM KaJIpOB:

1) Specim FX17 omimuyaercst camoii BBICOKOM
yacTtoToi kaapoB (mo 15000 FPS npu OunHMHATE), 9TO
Jnemaer  e€  ONTHMAajbHBIM  BBIOOpOM  JUIA
KOHBEHEPHBIX JIMHUH U PYTUX BHICOKOCKOPOCTHBIX
3amau [41].

2) Specim FX10 Ttakke uMeEET BBICOKYIO
ckopocTh (o 9900 FPS) u oTinwyHO MOAXOMUT AJIS
MPOMBIIIJICHHON COPTUPOBKH U aHam3a [40].

3) HySpex Baldur VV-1024 N u HySpex S-640i
N. OGe momenu MOryT OBITh WCIOJIB30BAHBI JIISI
MPOMBIIIIJICHHOTO KOHTPOJI, OCOOCHHO TaM, TJe
Ba)KHA TOYHOCTh, @ HE MaKCUMaJibHasi CKOpOCTh [38,
39].

Jlns  wccnenoBaTeNnbCKUX 3a/ad, TPEOYIOHMX
aHanmu3a B 0oJjiee IMUPOKOM JIHana3oHe JJTUH BOJH (OT
Buaumoro 1o SWIR), ciemyer BeIOMpaTh Kamepel,
KOTOpbIC OXBaTHIBAIOT 00 00IacTH:

1) FigSpec FS-60 — ynuBepcaibHas MOJEIb C
HIMPOKKAM CIIEKTpalbHBIM jauanasonoM (400-1700
HM), 4YTO TIO3BOJIIET MPOBOJUTH  TIIYOOKYIO
JIUarHOCTHKY, BBISBISIST HE TOJNBKO OOJNIE3HH, HO H
JMeUINT MUTATENbHBIX BemecTs [48].

2) Specim FX50 — xamepa, paborarommias B
cpenneM MK-muanazone (MWIR), uro oTkpwiBaeT
BO3MOJXKHOCTH JIJISl aHAJIM3a BbICOKOTEMIIEPATYPHBIX

OpPOLIECCOB M XHMHYECKH  YyBCTBHTEIBHBIX
Mmarepuaios [42].

Takum o0pa3om, Ui pa3IMYHBIX  3a7a4
TUIEPCIICKTPAIBHOTO  aHAM3a  ONTHMAJIbHBIMU

pewennsmu ctanyT: Resonon Pika XC2 u FigSpec
FS-13 — nmns nabopaTOpHBIX HCCIENOBAHUM, Tc
0CcOOEHHO Ba)KHBI BBICOKAsi TOUHOCTh W3MEPEHHH M
cTabuIbHOCTH AaHHbIX; Specim FX10 u FX17 — s
NPOMBIIIJIEHHOTO  MPUMEHEHHUs,  TpeOyromero
BBICOKOW CKOPOCTH CBEMKM M HaA&KHOCTU TPH
UHTErpallid B  IPOU3BOACTBEHHBIC IIPOLECCHI;
Unispectral Monarch II u FigSpec FS-23 — nmus
MOOHMIIEHOH U ONIEpaTUBHON TUArHOCTHKH B ITOJIEBBIX
YCIIOBUSIX, KOrZa HEOOXOoAMMa KOMIIAKTHOCTh MU
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npocroTa ucnonb3oBanus; FigSpec FS-60 u Specim
FX50 — mist yHHBEpCaNbHBIX 3a71a4 U yrIIyOIEHHOTO
HAay4qHOTO0  aHajuu3a, TPeOYIOIMX  LIMPOKOTO
CHEKTPaAIbHOTO JHana3oHa, FTMOKOCTH HACTPOUKU H
PaCLIMPEHHBIX AaHAINTHYECKUX BO3MOKHOCTEH.
IIpoBenénnsbiit aHau3 rokasal, 4TO
runepcnekTpanbHeie  kamepbl FigSpec FS-13 nu

FigSpec  FS-23  VNIR-mnanazona  sBISIFOTCS
ONTUMANBHBIMU  JUIS  BBIMIOJHEHUS  KOMIIJIEKCa
J1abOpaTOPHO-TIONEBBIX ~ HCCIeNOBaHUN.  JlaHHBIE

npuOOpEl 00ECIIEYNBAOT ChEMKY B CICKTPaIbHOM
muanaszone 400-1000 aM ¢ pa3pemnieaneM 2,5—5 HM 1

3akiIouyenue

B nmanHO# pabote mpoBenéH CpaBHUTEIHHBII
aHaJIU3 OCHOBHBIX THUIIOB THIIEPCIEKTPAIBHBIX
KaMep: AUCIEPCHOHHBIX, UHTEPPEPOMETPUUECKUX H
¢unpTpyromux. Bpibop onTEMampHOrO  THMA
TUIEPCIEKTPATBHON KaMepsl 3aBHCHT oT
KOHKPETHBIX TpeOOBaHMH mnpuioxenus. Jucnep-
CHOHHBIE KaMephl XapaKTepU3YyIOTCAd  BBICOKOU
CKOPOCTBIO PETUCTPALIUH U ITUPOKUM CIIEKTPATBHBIM
OXBaTOM, OJTHAKO TPEOYIOT MacCCHUBHBIX ONTHYECKUX
KOMITOHEHTOB u 3HAYUTENbHBIX 3arpar.
WnTtepdepomerpuueckue  cucteMbl  00JamaroT
BBICOKOH CIEKTPaJIbHOW 4yBCTBUTEIBHOCTBIO, HO HX
MPUMEHEHHE OTPAHUYMBACTCA 3aBHCHUMOCTBIO OT
CTaOMIBHOCTH OCBelleHHs. PuIbTpyromue KaMepsl

MIPOCTPAHCTBEHHBIM paspemieHueM nopsaaka 0,3
MM/TIUKCeNb. VX TpUMeHeHne TI03BOJISIET TPOBOINTD
00paboTKy MOTyYeHHBIX M300pakeHUH B
nporpammHoil  cpege ENVI ¢ nocnenyrommm
aHAIM30M CIEKTPOB OOBEKTOB U IOCTPOCHHEM
KIJIACCU(DHKAITMOHHBIX MoJIeen B
CHENUAIN3UPOBAHHOM TPOTPAMMHOM O0ecIieueHUH
Breeze ¢ ucnonns3zoBanuem s3bika IDL. Takoii BEIOOp
obopymoBaHusi o0OecmedrnBaeT BBICOKYIO TOYHOCTH
CITCKTPaTbHBIX M3MEpCHUH, 3¢ PEeKTHUBHOCTH
00paboTKM NaHHBIX M AJalTHBHOCTH K Pa3IMYHBIM
CIIEHAPHUSAM TMPAKTUIECKOTO IPUMEHEHHS.

obecrneYnBaroT THOKOCTh HACTPOMKHU u
MOTCHUUAJIBHYI0O KOMIIAKTHOCTH, OJHAKO MOTYT
HUMETH MCEXaHHUYCCKUC )41 CIICKTpaJIbHbIC

OTpaHWYEHHs, OOYCJIOBIICHHBIC XapaKTEPUCTUKAMU
¢unbTpa.

BaaropapnocTn

[annoe HCCIeI0BaHNE ¢buHaHCHpYeTCS
Komuterom Hayku MuHHCTEpCTBA HAYKH U BBICIIETO
obpazoBanusa Pecnybnuku Kazaxcran (I'pant MPH
AP23485162 «Pa3paboTka MHHOBAIIMOHHOTO METO/A
MOHMTOPHMHTa M paHHEW JIUarHOCTHKH Ooyie3Hen
3€pHOBBIX KYJIBTYpP C MUCIIOJb30BAHUEM TEXHOJIOTHUU
THIIEPCIIEKTPAIBHOTO 30HIUPOBAHUS.
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ROLE OF SYNTHESIS TIME IN SHAPING THE MORPHOLOGY
AND STRUCTURE OF CARBON NANOWALLS

Carbon nanowalls (CNWSs), a unique class of vertically oriented graphene-based
nanostructures, have attracted significant attention due to their promising applications in energy
storage, electronics, and sensing technologies. These materials combine high surface area,
excellent electrical conductivity, and tunable morphology, making them ideal for a range of
functional devices. However, controlling their structural evolution during synthesis remains a
critical challenge. This study aims to systematically investigate the effect of synthesis duration on
the morphological, structural, and optical properties of CNWs grown on silicon substrates using
capacitively coupled plasma-enhanced chemical vapor deposition (CCP-PECVD). The research
focuses on understanding how variations in growth time influence nanowall formation, defect
density, and surface characteristics, which are essential for tailoring material performance. The
CNWs were synthesized at four different durations—30, 60, 90, and 120 minutes—and
characterized using SEM, AFM, Raman spectroscopy, and UV-Vis reflectance analysis. The results
demonstrate a clear time-dependent evolution in CNW morphology and structure: from sparse
and disordered features at 30 minutes to dense, petal-like graphitic walls at 120 minutes. Raman
analysis showed increasing defect density with time, followed by partial graphitization at longer
durations. Optical measurements revealed reduced reflectance with increasing synthesis time,
indicating enhanced light trapping and surface roughness.

Key words: carbon nanowalls; deposition; substrate; growth time.
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KemipTeKTi HaHOKabblpFanapabiH, MOPHONOrUACHI MEH KYPbINbIMbIH
KaNbINTaCTbIpyAafbl CUHTES YaKbITbIHbIH, Peni

KemipTekTi HaHOKabbipfanap (KHK) — rpadeHre HerisgenreH TiK  HafbiTTanfaH
HaHOKYPbINbIMAAPAbIH, epeKlle KAacbl — 3HepruaHbl CakTay, S/1EKTPOHMKA KaHEe CEHCOP/bIK
TEXHOMOMMANAP  CananapblHAa@ KeH, nepcnekTMBanapfa we  OONFAHABIKTAH,  FblAbIMM
KaybIMAACTbIKTbIH, Y/IKEH KbI3bIFYLWbIAbIFbIH TYAblIPbIN OTbIp. byn MaTepuangap YAKeH MeHLWiKTi
6eTKi ayJaHFfa, *KoFapbl 3NEKTP OTKI3TILUTIKKE KaHe peTTeneTiH mopdonoruara ne, byn onapabl
bYHKUMOHANAbIK, KypbIAFbLIAPAbIH, KEH ayKbiMbl YWiH nepcnektuBansl etedi. Ananga, KHK-HbiH
CWHTe3 KesiHAeri KypblbIMAbIK 3BO/IIOUMACLIH 6acKapy aAi Ae MaHbI3apb! FblibiMK Macene 60/bIn
Tabbinaabl. Ocbl 3epTTeyaiH, MaKkcaTbl — KPeMHUI HerisiHgeri cybcTpaTtrapaa CblnbIMAbINAbIKNEH
HalinaHbICKaH NaasmManbl-xMMUAAbIK By dasacbiHaa TyHAbIpy (CCP-PECVD) sgicimeH anbiHfaH
KHK-HbIH, MOPONOTUANBIK, KYPbINbIMABIK KaHE ONTUKANbIK KacMeTTepiHe CUHTE3 Y3aKTblfbIHbIH,
9CepiH XyMheni Typae 3epTTey. 3epTrey OapbiCbiHAa ©Cy yaKkbiTbiHbIH, ©3repyi KHK Ty3inyiHe,
aKkaynap Tbifbl3blFbiHa KaHe BeTKi cunaTTamanapblHa Kanan acep eTeTiHi TanaaHabl. KHK TepT
TypAai y3akTblikta — 30, 60, 90 »sHe 120 muHyT — cuHTesgenin, COM, ACM, PamaH
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dimensional (OD) fullerenes and carbon dots, one-

CMEKTPOCKOMUACHI XaHe YOD-kepiHeTiH Auana3oH4afbl Wafblly CAEKTpAepiMmeH cunaTTanabl.
AnbiHFaH HaTukenep KHK-HbIH Mopdoaornacsl MeH KypblibiMbIHbIH yaKbITKa 6ainaHbICTbl @K bIH
3BONOUMACBIH KepceTTi: 30 MUHYTTa CUPEK KaHe PEeTCi3 KypblabimaapaaH 6actan, 120 MMHyTTa
TbIfbl3 9pi Kanblpak Topisai rpaduTTi Kabblpranapra AeniHri e3repic 6alkanabl. PamaH
CNEKTPOCKOMMUACHI CUHTE3 YaKbITbl apTKaH CaWblH akaynap TblFbI3AbIFbIHbIH, ©CKEHiH, aa oAaH
KeriHri KeseHae iliHapa rpaduTM3auUmMAHbIH OPbIH affaHblH KepceTTi. ONTUKanbIK esweynep
CMHTE3 Y3aKTbIfbl aPTKAH CalblH LWAFblYAbIH TOMEHAENTIHIH KepceTTi, By 63 KeseriHae XapbIKTbl
TUIMAI Ty3aKTayFa *KaHe BeTKi Keaip-0yablpAbIKTbiH apTybiHa BalNaHbICTbl eKeHiH bingipea,.
TyiiH ce3aep: KemMipTeKTi HaHOKabbIpFanap; TYHAbIPY; CybCTpaT; ecy yaKbITbl.

B.E. ymaannos®?, P.E ymaannos®?, P.P.Hemkaesa’?,

A.A. Mapxabaesa'?, M.T. Fabaynnunn®?, E.Epnanynbi>?"
1Ka3axcTaHCKO-BpUTaHCKUIA TEXHMYECKMI yHMBEPCUTET, AnmaTsl, KasaxcraH
2VHCTUTYT NPUKNAAHBIX HaYK 1 MHPOPMALMOHHbIX TEXHONOTMIM, AAMaTbl, KasaxcTaH
*e-mail: yerlanuly@physics.kz

Ponb BpemMeHu cMHTe3a B GopMMpoBaHUM mopdonormm
W CTPYKTYpPbl YrNepoaHbIX HAHOCTEH

YrnepogHble HaHocTeHbl (YHC), YHWKanbHbIM KaacC BepTUKaZbHO OPUEHTUPOBAHHbLIX
HAaHOCTPYKTYP Ha oOcHoBe rpadeHa, MNPUBAEKAM 3HAYUTENbHOE BHMMaHME U3-33 WX
MHOroobeLaoLIMX MPUMEHEHUI B TEXHONOTMAX XPaHEHUA IHEPTUM, SNEKTPOHMKE M CEHCOPHbIX
TEXHONOMMAX. ITU MaTepmasbl coyeTatoT B cebe H0/bLUYI0 NN0LLAAb MOBEPXHOCTM, NMPEBOCXOAHYIO
3N1EKTPONPOBOAHOCTb M HAcTpamMBaemyto MopdOoaormio, YTO AeNaeT UX UaganbHbIMW ANA pAaa
bYHKUMOHANbHBIX yCTPOMCTB. OAHAKO KOHTPO/b MX CTPYKTYPHOM 3BOJIIOLMM BO BPEMA CMHTE3a
OCTaeTcs KpuTmyeckon npobaemolt. Lenbto AaHHOro UCCNe0BaHUA ABNSETCA CUCTEMATMYECKOe
M3y4YeHWe BAMAHMA NPOAOIKMTENBHOCTM CUHTE3a Ha MOPGONOTMYECKME, CTPYKTYpHble W
onTuyeckne ceoicTBa YHC, BbIpallleHHbIX Ha KPeMHMWEBbIX MOAJ/0XKAX C MCMNO/Ab30BaHMEM
©MKOCTHO-CBA3aHHOIO MAa3MeHHO-XMMUYECKOro ocaxkaeHusa us naposoit dasbl (CCP-PECVD).
NcecnepoBaHmne cocpeioTOMEHO Ha MOHMMAHWKM TOTO, KaK MU3MEHEHWA BO BPEMEHUW POCTa BAMNAIOT
Ha ¢opmupoBaHne YHC, MNOTHOCTb AePEKTOB WM XapPaKTEPUCTMKM MOBEPXHOCTM, KOTOPble
HeobXxoAMMbl ANS aanTaummn XapakTepucTnk matepmnana. YHC 6biam CMHTE3MPOBAHbI B TeYeHUe
yeTblpex Pa3anyHbIX NpoaoKmuTenbHocTen — 30, 60, 90 1 120 MUHYT — M OXapaKTepPU30BaHbI C
nomouwbto CIM, ACM, KPC un aHanmsa oTpaxeHus B YP-suaumom AmanasoHe. PesynbTaTbl
LEMOHCTPUPYIOT YETKY 3BOMOLMIO MOPHONOrMn 1 cTpyKTypbl YHC co BpemMeHem: OT peaKmx U1
HeynopaaoYeHHbIx ocobeHHocTel Yepes 30 MUHYT A0 NAOTHbIX, 1eNecTKoobPa3HbIX rPaPUTOBbIX
CTEHOK 4epe3 120 mMuHyT. AHanm3 PamaHa nokasan ysBenunyeHwe NNOTHOCTM AedeKToB Co
BPEMEHEM, 3a KOTOPbIM CledyeT YacTMyHaa rpadutusaumsa npu  Honee  ANUTENbHbIX
ANMTeNbHOCTAX. ONTUYECKME M3MEPEHMWA BbIABUIM CHUMKEHME OTPaKaTeNbHOM CnocobHOCTM ¢
YBE/MYEHNEM BPEMEHW CUHTE3a, YTO VYKa3blBaeT Ha Y/AydlleHWe YaBAMBaHWA CBeTa U
LLIepOoX0BaTOCTM NOBEPXHOCTU.

Kniouyesble cnosa: yrnepoaHble HaHOCTEHbI; OCaXKAeHWe; NOA/I0XKKA; BPEMA POCTa.

Introduction

Carbon nanomaterials — including zero-

diamond,

materials such as graphite, carbon black, and
carbon nanostructures exhibit unique

dimensional (1D) carbon nanotubes (CNTs) and
carbon nanofibers (CNFs), two-dimensional (2D)
materials such as graphene and its derivatives, as well
as three-dimensional (3D) forms like nanodiamonds
— have attracted significant attention since their
discovery [1-3]. Unlike conventional carbon

mechanical and transport properties due to their
distinct atomic arrangements [4]. Despite variations
in geometry and dimensionality, these materials share
a common structural motif: a hexagonal (honeycomb-
like) lattice composed of sp - hybridized carbon
atoms [2]. This structural feature endows them with
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exceptional  electrical  conductivity, chemical
stability, and a range of other outstanding physical
properties.

For the practical implementation of carbon
nanomaterials in various devices, precise control over
their morphology and chemical characteristics during
deposition onto substrates is essential. In particular,
the ability to synthesize these materials at low
temperatures is crucial for applications involving
thermally sensitive substrates.

Graphitic carbon is of particular interest for use
in battery electrodes and thermal management
systems in energy and electronics due to its high
electrical and thermal conductivity, chemical
inertness, and mechanical strength [5-9]. It also finds
applications in biotechnology, benefiting from its
chemical stability. Graphite flakes, with their high
specific surface area, promote uniform substrate
coverage and facilitate the wvertical growth of
graphene sheets. Nanowall structures, due to their
porosity and interplanar spacing, provide a high
surface-to-volume ratio, which is especially
advantageous for sensor and electrochemical
applications [10,11].

Methodology

CNWs were synthesized via capacitively
coupled plasma-enhanced chemical vapor deposition
(CCP-PECVD) [8,15] on silicon substrates (Si (100),
500 pum thickness, ST orientation, University Wafer,
USA). Prior to deposition, all substrates were
sequentially cleaned in an ultrasonic bath using
acetone and isopropanol (Sigma-Aldrich), followed
by drying with nitrogen gas. Following substrate
preparation, CNWSs were synthesized according to the
procedure described in [8] for different durations (30,
60, 90, and 120 minutes) to systematically investigate
the effect of deposition time on the morphology and
structural characteristics of the CNWs. The resulting
samples were characterized using various analytical
techniques. The morphology of the CNWs was

Results and discussion

Figure 1 presents SEM images of carbon
nanowalls (CNWs) synthesized on silicon substrates
at different deposition times. The results clearly
demonstrate the strong influence of synthesis
duration on the surface morphology of CNWs. At 30
minutes (Figure 1a), the silicon surface appears
mostly smooth, with virtually no visible formation of
CNWs or vertical graphene sheets. By 60 minutes
(Figure 1b), initial growth of CNWs is observed,
characterized by a labyrinth-like morphology with
emerging vertically aligned graphene nanosheets.
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To date, a variety of carbon nanostructures —
such as carbon nanowalls (CNWSs), vertical graphene
(VG), and three-dimensional graphene (3DG) — have
been synthesized using plasma-enhanced chemical
vapor deposition (PECVD) on different types of
substrates and with various plasma sources [10,12—
14]. However, the detailed mechanisms governing the
deposition process remain insufficiently understood.
Further investigation into the deposition kinetics is
necessary, Wwith particular emphasis on the
interactions between ions and radicals generated by
the plasma, as well as the effects of deposition
duration and plasma exposure time on the resulting
material’s morphology and structure.

This study focuses on investigating the effect of
synthesis time on the morphological and structural
properties of carbon nanowalls. CNWSs were
synthesized on silicon substrates using the PECVD
method, with synthesis durations ranging from 30 to
120 minutes. The morphological and structural
characteristics of the resulting samples were
examined to determine how synthesis time influences
the formation and properties of CNWs.

examined using a scanning electron microscope
(SEM, ZEISS Crossbeam 540). Surface topography
and roughness were analyzed using atomic force
microscopy (AFM, Solver Spectrum NT-MDT)
operated in semi-contact mode with silicon probes
(NSGO01, tip radius ~10 nm, resonance frequency
~170 kHz). Raman spectroscopy (Solver Spectrum
NT-MDT, 473 nm laser) was employed to study the
structural and vibrational properties of the samples
[16]. UV-Vis reflectance spectra were recorded in
diffuse reflectance mode over the 200—800 nm range
using an Agilent Cary 5000 spectrophotometer
equipped with a DRA-2500 integrating sphere. All
spectra were acquired in dual-beam mode with a
spectral bandwidth (SBW) of 2.0 nm.

Extending the synthesis time to 90 minutes (Figure
1c) leads to a denser and more developed network of
nanowalls with increased wall thickness. At 120
minutes (Figure 1d), the CNWs exhibit a transition
from labyrinthine to petal-like morphology.
Additionally, individual graphene sheets become
more prominent, and thicker wall structures are
observed. Occasional graphite-like deposits also
begin to appear on the surface, indicating the onset of
secondary carbon aggregation processes. These
morphological changes indicate that synthesis time
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plays a critical role in the evolution and structural
characteristics of CNW films.

The SEM series in Figure 1 clearly demonstrates
how CNW morphology evolves with synthesis time —
from negligible growth at 30min, through
labyrinthine walls at 60-90 min, to petal-like, edge-

n-30min

¢ ~Mmin

rich structures at 120 min. These findings are
consistent with existing literature, providing strong
evidence that deposition time critically controls wall
thickness, surface area, and nanostructure edge
characteristics — key factors for optimizing CNWs in
functional devices.

b « 60ynin

d - 120min

Figure 1 — SEM images showing the evolution of carbon nanowall (CNW) morphology synthesized on
silicon substrates via CCP-PECVD at different deposition times:
() 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.

The AFM analysis clearly demonstrates the
time-dependent evolution of the surface morphology
of CNWs (see Figure 2). At 30 minutes (Figure 2a),
the substrate remains relatively smooth, with only a
few isolated nucleation sites and a maximum height
of ~28 nm, indicating minimal CNW growth. After
60 minutes (Figure 2b), the surface becomes more
uniformly covered with early-stage CNWs exhibiting
a granular texture and a height increase to ~49 nm. At
90 minutes (Figure 2c), the CNWSs begin forming

28 nm

vertically oriented structures with noticeable
roughness and a further increase in height to ~74 nm.
By 120 minutes (Figure 2d), a well-developed,
densely packed CNW network is observed, with a
distinct petal-like morphology and a maximum height
reaching ~119 nm. This trend highlights the
progressive thickening and vertical alignment of
CNWs over time, consistent with the SEM
observations in Figure 2.

49 nm
40
30
20

0

1||9nm

Figure 2 — AFM images showing the surface topography of CNWs synthesized on silicon substrates via
CCP-PECVD at different deposition times: (a) 30 min, (b) 60 min, (c) 90 min, and (d) 120 min.
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Raman analysis results are presented in Figure 3.
All obtained spectra (Figure 3a) exhibit a peak at
approximately ~520 cm™, corresponding to the
silicon substrate [17]. As the deposition time
increases, the intensity of this peak decreases, which
is attributed to the increasing thickness of the CNW
films that attenuate the silicon signal.In addition, all
spectra in Figure 3a reveal the key structural features
of CNWs, including the D, G, D', and 2D bands,
which indicate the presence of sp-hybridized carbon
networks with varying degrees of disorder [12,18,19].
At the shortest deposition time (30 min), the
intensities of the D and G bands are relatively low,
consistent with minimal CNW growth observed in
SEM (Figure 1a) and low surface roughness seen in
AFM (Figure 2a). As the deposition time increases to
60 and 90 minutes, the intensities of the D and G
bands rise, and the Ip/l ratio (Figure 3b) increases,
indicating a higher density of structural defects and
wall formation. This observation correlates well with
the labyrinth-like structures observed in SEM (Figure
1b-c) and the increased surface topography seen in
AFM (Figure 2b—c). Notably, the Ip/l¢ ratio peaks at

60 minutes, suggesting a maximum in structural
disorder or edge density. Beyond this point, at 90 and
120 minutes, a slight decline or plateau in the Ip/lc
ratio is observed, which may indicate partial
graphitization or increased wall thickness and
stacking of CNWs. This is in agreement with the
petal-like morphology and thick walls observed in
SEM (Figure 1d) and the increased height in AFM
(Figure 2d). The inset in Figure 3b shows the
evolution of the G; parameter, which reflects the
relative contribution of the G band to the total
spectrum and can be interpreted as the degree of
graphitization. The trend further supports the
observed structural transition. In Figure 3c, the I/l
ratio, which is sensitive to edge defects, gradually
decreases with increasing synthesis time, indicating a
reduction in edge defect density and the lateral
growth or coalescence of CNW walls at longer
deposition durations. These spectroscopic results
strongly correlate with the morphological evolution
observed in both SEM and AFM analyses, providing
a comprehensive understanding of CNW growth
dynamics as a function of deposition time.
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Figure 3 — Raman spectroscopy analysis of CNWs synthesized at different deposition durations.
(a) Raman spectra of CNWs obtained at 30, 60, 90, and 120 minutes. (b) Evolution of the Ip/l¢ peak ratio
with deposition time and corresponding G content (inset). (c) Variation of the I/l peak ratio as a function
of deposition time.

Figure 4 shows the UV-visible reflection spectra
of CNWs synthesized for 30, 60, 90, and 120 minutes,
with pristine silicon serving as a reference. All CNW
samples display characteristic reflection features in
the 300-500 nm range.

The sample synthesized for 30 minutes exhibits
the highest reflectance, while reflection intensity
progressively decreases with longer synthesis
durations.

The 120-minute sample demonstrates the lowest
reflectance, suggesting that prolonged growth leads to
significant morphological modifications — such as
increased surface roughness, wall thickness, and
possibly defect density — that enhance light trapping
and reduce optical reflection.
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Figure 4 — UV-vis reflectance spectra of CNW
films synthesized at different growth durations.
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This trend is consistent with the morphological
evolution observed in the SEM and AFM analyses
(Figures 1 and 2), where extended synthesis time led
to a transition from sparse or labyrinth-like CNW
structures to dense, petal-like morphologies with
thicker walls and greater vertical height. Furthermore,
Raman spectroscopy (Figure 3) confirmed increased
structural disorder and partial graphitization at longer

Conclusion

In this study, carbon nanowalls (CNWSs) were
synthesized on silicon substrates using the CCP-
PECVD method for varying durations (30, 60, 90, and
120 minutes) to systematically investigate the effect
of deposition time on their morphological, structural,
and optical properties. SEM analysis revealed a clear
evolution of CNW morphology with increasing
synthesis time: from minimal or absent
nanostructures at 30 minutes to densely packed,
vertically oriented graphene-like walls at 60-90
minutes, and ultimately to thicker, petal-like
structures with partial graphitization and aggregated
carbon deposits at 120 minutes. AFM data supported
this trend, showing increasing surface roughness and
nanostructure height over time, indicating continuous
vertical and lateral growth. Raman spectroscopy
further confirmed these morphological
transformations. The increasing D and G band
intensities and rising Ip/lg ratios up to 60 minutes
reflect a rise in structural disorder and edge density

synthesis durations, which may contribute to
increased light absorption and scattering. Together,
these results indicate that the optical reflectance of
CNWs can be effectively tuned through controlled
growth time, enabling their application in
optoelectronic devices, anti-reflective coatings, and
photovoltaics.

during the early growth stages. At longer durations
(90-120 minutes), a slight decline in I/l along with
reduced | Ip/lg suggests partial graphitization, wall
merging, and a decline in edge defects — consistent
with thicker, more stacked CNW walls. Optical
reflectance measurements showed a steady decrease
in UV-visible reflectivity with increasing synthesis
time, suggesting enhanced light absorption due to
morphological changes such as increased roughness,
thickness, and structural disorder. This indicates that
CNW films with longer growth durations may be
advantageous for applications requiring light-
trapping or anti-reflective properties, such as
photovoltaics or sensing platforms.
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UNRAVELING TRAFFIC JAM COMPLEXITY: INSIGHTS FROM ELEMENTARY CELLULAR
AUTOMATA AND STATISTICAL PHYSICS

The Nagel-Schreckenberg (NaSch) model is a foundational cellular automaton framework
for modeling highway traffic dynamics. Despite its simplicity, the model reproduces key features
of real traffic, including the spontaneous emergence of stop-and-go waves and phantom jams.
This study investigates the critical transition from free-flow to congested traffic as vehicle
density increases. Through extensive simulations on large systems, we analyze steady-state
observables such as mean velocity, traffic flow, velocity variance, and the number of jammed
clusters. A sharp transition is observed in both microscopic and macroscopic indicators, with
velocity fluctuations peaking near a critical density that signifies the onset of jamming. To
interpret this behavior, we develop a mean-field theoretical framework that predicts the critical
transition point based on vehicle interactions and stochastic braking. The theoretical prediction
closely matches the numerical location of the peak in velocity variance. Additionally, we study
the formation and coalescence of jams, identifying a secondary peak in jam count at higher
densities, where small clusters merge into large-scale gridlock. These findings provide a
guantitative understanding of the jamming transition in traffic flow and highlight the relevance
of nonequilibrium phase transition theory in transportation systems. The NaSch model thus
serves as a paradigmatic example of how simple local rules can give rise to emergent collective
phenomena and critical behavior.

Key words: statistical physics, traffic flow, phase transition.

E. baitbonatos, E. Honibaes’, E. Koxafynos
on-Papabu atbiHaaFbl KazakK yATTbIK YHUBEPCUTETI, AnMaThbl, KasakcTaH
*e-mail: ednalibaev@gmail.com

KeniKTiH KenTeniciH ally KelleHi: 31eMeHTap TOp/ibl aBTOMATUKa
YKaHe CTaTUCTUKaNbIK GU3MKa Tacinaepi Ke3FapacbiMeH

Harenb—lpekkeHbepr (NaSch) moaeni aBTomMobBUAb  KONZapbliHAAFbl  KO3fFasbiC
OMHAMMKACbIH CMMATTaWTbIH  KacylafblK, aBTOMaTTbIH, ipreni mogeni 6onbin Tabblnaabl.
KapanablMablNbifblHA KapamacTaH, byn Moaenb HaKTbl KO3FaNbICTbIH HEri3ri epeKLenikTepiH,
COHbIH, iWiHAe e3ajriHeH nanaa 60NaTblH KTOKTAy-*KYPY» TONKbIHAAPbLIH KoHe (GaHTOMAbIK
KenTenictepai Aan benHenenai. byn 3epTreyne Keik Tbifbi3blfbl aPTKAH CaliblH €PKiH afbiIMHaH
KenTeslicke oTy KesiHAeri CblHM aybiCy KapacTbipbliadbl. Ipi Kylenepae »KyprisinreH Kew,
ayKbIMAbl MOAEeNbAeyNep HITUXeCiHAe opTalla MblAAaMAblK, KO3FasbiC KapKbIHAbIIbIFLI,
KbINOAAMAbIKTbIH, AUCMNEPCUACH! XIHEe KenTenic KnacTepiepiHiH CaHbl CUAKTbI CTaLMOHAP/IbIK,
Wamanap TanfaHapl. MukpoaeHrenae Ae, MakpodeHrenae e alKbiH aybicy 6aikanadbl, an
KbINAAMAbIKTbIH, GAYKTyaumMAnapbl Kentenic H6acTanatblH CblHW TbIFbI3AbIK MaHblHAA LWeriHe
)eTeni. byn KyObInbICTbl TYCIHAIPY VLWWIH KOAIKTEPAH ©63apa apeKeTTecyiHe KoHe Ke3aeMncok,
TeesyiHe Heri3genreH opTalla epicTiK TeOPWANbIK Tacin a3ipneHai. Teopuanblk 6GomKam
KbINAAMAbIK, AMCNEPCUACBIHBIH, WbiHbl OaMKanaTblH CaHAbIK HITUMKENEPMEH aKCbl CaMKec
Keneni. CoHbIMeH KaTap, KenTenicTepaiH nanda 6onybl meH Oipiryi 3epTTengi: Kofapsl
TbIFbI3AbIKTA YCaK, KNacTepnepaiH, ipi Kenemai KOo3fanbiC TOKblpaybiHa bipiryimeH 6ainaHbICTbl
KENTesNiC CaHblHbIH  eKiHWIi WbIHbl aHbIKTan4bl. byn  HaTMXKenep KeniK  afblHbIHAAFbI
KenTenictepdid nanaa 60y aybiCyblH CaHAbIK TYPFblAA TYCIHYre MyMKIHAIK Bepeai aHe Kenik
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XyMenepiH 3epTreyae Tene-TeHCI3 ¢asanblK ayblCynap TEopUACbIHbIH, ©3eKTiNiriH KepceTeai.
Ocbinanwa, NaSch mozeni KapanalbiM »KeprifikTi epexenepaiH, YKbIMabIK KyOblibicTap MeH
CbIHWM MiHE3-KY/bIKTbI TYAbIPYbIHbIH, NapaAnrmanbik Mmbicanbl 60s1a anagpl..

TyliH ce3ep: cTaTUCTMKANbIK GU3NKA, KO3FabIC afbliHbl, Ga3anblk aybicy.

E. baitbonatos, E. Hannbaes’, E. Koxarynos
Ka3zaxcKunin HauMoHanbHbIN YHUBEPCUTET MMeHN anb-Papabu, Anmatbl, KasaxcraH
*e-mail: ednalibaev@gmail.com

PaCKprTMe CNOXHOCTU AOPOMHbIX I'IpO6OK! B3rnAag C TO4KMU 3peHNA SINEMEHTAPHDbIX
KNETOYHbIX aBTOMATOB M CTaTUCTUYECKOM CI)MBMKM

Mopgens Harena—llpekkeHbepra (NaSch) asnsetca ¢yHAAMEHTaNbHOW  KNETOYHOM
aBTOMATHOM MOAE/NbIO ANA ONUCAHUA AMHAMMUKU NOPOKHOIO ABMMKEHWA Ha aBTOMArmcTpanax.
HecmoTpsa Ha NpocToTy, MOAEeNb BOCNPOU3BOAMUT KAtoUeBble 0COBEHHOCTU peanbHOro TpaduKa,
BK/IlOYAA CMOHTaHHOE BO3HMKHOBEHWME BOJIH «CTOM-M-TO» M GAHTOMHbIX NPOBOK. B AaHHOM
paboTe uccnenyeTca KPUTUYECKMM nepexod OT CBOBOAHOrO ABWMMKEHWA K 3aTopam npu
yBE/IMYEHUWN MAOTHOCTM TPAHCMOPTHOrO NoToKa. Ha ocHoBe OBGWMPHbIX YMCAEHHbIX
3KCNepMMeHToB Ha 6onblWKMX CUCTEMAX aHaAM3MPYIOTCA CTaUMOHapHble Habntogaemblie
BE/NMUYMNHbI, TaKME KaK CPeHAs CKOPOCTb, MHTEHCMBHOCTb ABWUMKEHWA, AMCNEPCUA CKOPOCTEN U
KOZIMYECTBO 3aTOPHbIX KNacTepoB. B oboux ciyyasx — Ha  MUKPOCKOMMYECKOM W
MaKpPOCKOMMYECKOM YPOBHAX — HabnogaeTca peskuin nepexod, npu atom  GAYKTyaUMm
CKOPOCTW AOCTMIatoT MaKCMMyma BOJIM3M KPUTMYECKOW MNAOTHOCTM, YKas3blBas Ha Havano
bopmmpoBaHmMa Npobok. [ns MHTepnpeTaumm 3TOoro nosedeHua paspaboTaH TeopeTUdecKuin
cpefiHenoneBon noaxon, MNPeACKasblBAOWMM KPUTMYECKYD TOYKY TMepexofa Ha OCHOoBe
B3aMMOAEMNCTBMA TPAHCMOPTHbBIX CPEACTB M CTOXAaCTUYECKOro TOPMOXKeHMUA. TeopeTuyecKkuit
NPOrHO3 XOPOLLO COBMAAAET C YMC/IEHHbIM MONOKEHMEM MUKA AMCHEPCUN CKopocTein. Kpome
Toro, uccneayetcs GOPMMPOBAHME WM CAMAHME 3aTOPOB, MPM KOTOPOM Ha 6Hosiee BbICOKMX
NNOTHOCTAX HabiogaeTcs BTOPOM MUK YmMcna NpoboK, CBA3AHHbIM C 0ObeAMHEHMEM MasbIX
KNacTepoB B KPyNHOMACLUTAbHbIM 3acTOW. DTU pe3ynbTaTbl AatOT KOJMYECTBEHHOE MOHWMaHWe
nepexoda K Npobkam B TPAHCMOPTHbLIX MOTOKAX M NOAYEPKMBAIOT 3HAYMMOCTb TeOoPMM Ga30BbIX
nepexoA0B B HEPABHOBECHbLIX CUCTEMAaX ANA TPAHCMOPTHbIX MCCAeAoBaHMM. Takum obpasom,
moaenb NaSch cny»KuT napaamrmaTMYyeckMm NPMMEPOM TOTO, KaK MPOCTble N0Ka/bHble MpaBkaa
MOTYT NOPOXKAATb KONNEKTUBHbIE ABIEHUA U KPUTUYECKOE MOBEEHME.

KntoyeBble cnoBa: cTaTucTnyeckan Gusnka, TPaHCNOPTHbIM NOTOK, $a30BbIM Nepexoa,.

Introduction

Understanding the emergence of traffic
acceleration,

in parallel updates governed by simple rules:
braking due to the gap ahead,

congestion from simple local interactions remains a
central problem in the theory of driven many-
particle systems. Among the most influential models
in this area is the Nagel-Schreckenberg (NaSch)
model, a minimal cellular automaton introduced by
Nagel and Schreckenberg in 1992 [1]. Despite its
simplicity, the model captures essential features of
vehicular dynamics on highways, including
spontaneous jam formation, stop-and-go waves, and
the characteristic fundamental diagram relating
vehicle flow to density.

The NaSch model represents a road as a one-
dimensional periodic lattice, where each cell is
either empty or occupied by a car with discrete
velocity v € {0,1,...,umax}. The dynamics proceeds
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stochastic deceleration (with probability p), and
movement. These rules are sufficient to generate a
transition from a free-flow regime at low density to a
congested regime at high density, even in the
absence of bottlenecks. This phenomenon, known as
phantom jamming, reflects a self-organized
instability arising from the nonlinear interplay
between local interactions and noise.

Theoretical investigations of this transition have
explored both equilibrium and nonequilibrium
perspectives. A recent study by Jha et al. [2, 11, 12]
demonstrated that the NaSch model exhibits
signatures of nonequilibrium criticality near the
jamming transition, including diverging relaxation
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times and enhanced fluctuations. These features
parallel classical second-order phase transitions,
although the NaSch model operates far from
thermodynamic equilibrium. To estimate the critical
point analytically, mean-field and cluster
approximations have been employed [3, 4].Further
refinements using cluster mean-field theory or
kinetic approaches have attempted to incorporate
spatial correlations more accurately [4, 5, 6, 16, 17].
Such models reveal that near the transition point,
traffic exhibits metastability, hysteresis, and
spatially intermittent structures, consistent with
empirical traffic data [7, 8, 13-15, 20].

Recent work on entropy production and broken
detailed balance in active systems also offers a new

Nagel-Schreckenberg model

The study of wvehicular traffic has long
fascinated both physicists and engineers, for it
represents one of the most visible and economically
important instances of a self-organized system.
Despite the apparently mundane nature of cars
moving along a road, the collective dynamics that
emerge: traffic jams, stop-and-go waves, and
metastable states, display all the richness of a
complex system governed by nonlinear interactions
and stochastic influences. In the early 1990s, Kai
Nagel and Michael Schreckenberg introduced a
minimal yet remarkably powerful model for
simulating traffic flow, which has since become a
cornerstone of modern traffic theory: the Nagel-
Schreckenberg (NaSch) cellular automaton model
[12].

At its heart, the Nagel-Schreckenberg model
embraces the philosophy of parsimony. Instead of
attempting to replicate every microscopic detail of
driving behavior, it reduces the highway to its bare
essentials: a one-dimensional array of discrete sites
representing road cells, and wvehicles that occupy
these sites while obeying a set of simple rules. Each
car is characterized only by itsposition and velocity,
measured in integer units. Time advances in discrete
steps, and all cars update their state simultaneously
according to a handful of update rules. These rules
encode the essence of acceleration, braking to avoid
collisions, random fluctuations in driver behavior,
and the actual forward motion of the vehicles. What
is striking is how much macroscopic realism
emerges from this deceptively simple microscopic
scheme.

The lattice structure of the model consists of L
cells arranged in a ring or along an open road. Each
cell can be either empty or occupied by a single
vehicle. If there are N cars on the lattice, the global
density is p = N/L. Each car i has a velocity v;,

framework to quantify the irreversibility and
information flow in jammed traffic [9, 10, 18, 19].
These perspectives extend beyond classical traffic
theory, connecting jamming transitions to broader
principles in nonequilibrium statistical mechanics.

In summary, the NaSch model provides a
paradigmatic platform for studying emergent
jamming phenomena in driven systems. The critical
transition from free flow to congestion can be
located both numerically — via peaks in velocity
variance or jam counts — and theoretically — via
mean-field analysis. These insights are relevant not
only for traffic engineering but also for
understanding the universality of dynamical phase
transitions in active, stochastic systems.

constrained to lie between zero and some maximum
value vmax. The state of the system at a given time
step is thus specified by the set of all positions and
velocities {x;, v}. The key to the Nagel-
Schreckenberg model lies in the update rules, which
are applied synchronously to every vehicle at each
time step:

(i) Acceleration. If a car is not yet traveling at
the maximum velocity, it attempts to increase its
speed by one unit. This simple rule captures the
natural tendency of drivers to accelerate whenever
possible, reflecting the desire to travel as fast as
conditions allow.

(if) Deceleration due to other cars. If the
distance (gap) to the next car ahead is smaller than
the current velocity, the car reduces its velocity to
avoid collision. This encodes the essential constraint
of car-following: no vehicle can advance further
than the empty space in front of it.

(iii) Randomization. With a given probability
p, each car reduces its velocity by one unit, provided
it is greater than zero. This step models the
stochastic elements of human driving: hesitation,
imperfect reactions, distractions, and introduces
fluctuations into the system that play a crucial role in
generating realistic traffic phenomena.

(iv) Movement. Finally, each car advances
forward by a number of cells equal to its updated
velocity. This step simply executes the motion
determined by the previous rules.

These four steps: acceleration, braking,
randomization, and movement, are the entirety of the
Nagel-Schreckenberg algorithm. Their appeal lies
not only in their simplicity but also in their
synchronous application: all wvehicles update
simultaneously, ensuring that no artificial priority is
assigned to any driver. Despite the minimalism of
the rules, the emergent behavior of the system
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captures many of the empirically observed features
of highway traffic.

One of the first observations made by Nagel
and Schreckenberg was that the model exhibits a
sharp transition between free flow and congested
traffic. At low densities, cars accelerate to the
maximum velocity, and traffic proceeds smoothly
with minimal interactions. As density increases,
interactions  between vehicles become more
frequent, leading to the appearance of localized
slowdowns. Beyond a critical density, the system
undergoes a phase transition: stable traffic jams
form, propagating backwards through the system as
stop-and-go waves. These jams are not artifacts of
the discretization; rather, they mirror the phantom
traffic jams observed on real highways, which arise
spontaneously without any visible obstacle.

The introduction of the randomization step is
crucial for the appearance of such phenomena.
Without it, the system would behave
deterministically, with cars forming perfectly
ordered platoons that unrealistically eliminate many
features of real traffic. The stochastic element
ensures that minor fluctuations amplify into large-
scale congestion under conditions of high density. In
this way, the Nagel-Schreckenberg model highlights
the dual role of randomness: at once a source of
noise and an essential mechanism for the emergence
of collective patterns.

A further strength of the model is its ability to
reproduce the so-called fundamental diagram of
traffic flow: the relationship between the global
density of vehicles and the average flow (vehicles
per unit time). At low densities, the flow increases
linearly with density, as more cars occupy the road
while still moving near the maximum velocity. After
reaching an optimal density, however, the flow
begins to decline as congestion dominates and jams
suppress movement. The resulting diagram has the
characteristic concave shape observed in empirical
traffic measurements. Importantly, the maximum
flow, corresponding to the capacity of the road,
depends sensitively on the randomization probability
p and the maximum velocity vmax, thus linking the
microscopic rules to macroscopic transport capacity.

Over the years, the Nagel-Schreckenberg
framework has been extended in multiple directions.
Multi-lane versions have been developed to model
overtaking  and lane-changing maneuvers,
incorporating  probabilistic  rules for lateral
movement. Variants introduce heterogeneous driver
populations, with differing maximum velocities or
braking behaviors, to reflect the diversity of vehicles
and drivers. Other extensions include open boundary
conditions with inflow and outflow of cars,
modeling real highways rather than closed loops;
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inclusion of traffic lights and intersections; and
adaptations to study pedestrian motion. Each of
these elaborations preserves the cellular automaton
spirit  while enhancing realism for specific
applications.

The model’s success is not limited to qualitative
realism. It has been employed in large scale
simulations of real traffic networks, where its
computational efficiency is particularly
advantageous. Unlike continuous car-following
models that rely on differential equations, the
Nagel-Schreckenberg automaton updates millions of
vehicles using simple integer arithmetic, making it
ideal for large-scale urban or national traffic
forecasts. Indeed, it formed the basis for some of the
earliest attempts to use parallel computing for
simulating  traffic  in  metropolitan  areas,
demonstrating its enduring utility beyond theoretical
explorations.

From a broader scientific perspective, the
Nagel-Schreckenberg model exemplifies the power
of minimal models in statistical physics. By
stripping away extraneous detail, it isolates the
essential mechanisms that govern macroscopic
behavior: acceleration toward a preferred velocity,
deceleration due to interactions, stochastic
perturbations, and conservation of spatial exclusion.
This reductionist approach is reminiscent of models
like the Ising model in magnetism: while the rules
are simple and unrealistic in detail, the emergent
patterns capture the critical essence of the
phenomenon under study. In this sense, the NaSch
model is to traffic flow what the Ising model is to
ferromagnetism, a paradigmatic example that guides
both theoretical understanding and applied research.

Critics have noted that the discrete nature of the
model, cars jumping between cells and velocities
changing in integer steps, may oversimplify the
continuous character of real driving. Yet such
criticism misses the point: the NaSch model was
never meant as an engineering tool for designing
highways with millimeter precision. Rather, it is a
conceptual and computational laboratory for
exploring the fundamental laws of traffic dynamics.
The fact that it reproduces empirical flow—density
relations, spontaneous jam formation, and
metastable states with such frugality of assumptions
speaks to the robustness of its underlying principles.

In conclusion, the Nagel-Schreckenberg model
stands as one of the most influential contributions to
traffic theory in the past three decades. Its cellular
automaton formulation distills the essence of driving
into a handful of synchronous rules, yet yields an
astonishing variety of emergent phenomena that
mirror reality. It bridges the microscopic scale of
individual drivers with the macroscopic scale of
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traffic waves and flow diagrams, providing both
conceptual clarity and computational efficiency.
Beyond traffic, it has inspired analogous models in
domains as varied as pedestrian dynamics, biological

Critical jam transition

A powerful tool for analyzing the emergent
behavior of the NaSch cellular automaton is the
space—time diagram, exemplified in Figure 1. In this
representation, the abscissa denotes the discrete
spatial sites of the roadway, while the ordinate

transport, and granular flow. For physicists and
engineers alike, it remains a model case of how
simplicity, when chosen wisely, can illuminate the
complexity of the world.

indicates the progression of discrete time steps.
Vehicle positions are plotted as black dots, such that
the trajectory of each car is represented by a
sequence of points forming an approximately
diagonal line.

o

100

Time step

Nagel-Schreckenberg

Space-Time Diagram

7

0 200 400

GOO 500

Position on road

Figure 1 — Space-time diagram of the Nagel-Schreckenberg cellular automaton model. The horizontal axis
represents position along the discretized road, while the vertical axis denotes discrete time steps (increasing
downward). Black dots correspond to occupied cells, and diagonal lines trace the trajectories of individual
vehicles. Dense, backward-propagating diagonal bands indicate spontaneously emerging traffic jams, while
regions of shallow, nearly parallel lines correspond to free flow. The diagram illustrates the characteristic
formation of stop-and-go waves arising from the microscopic update rules of the model.

In regimes of free flow, trajectories appear as
nearly parallel straight lines with slopes inversely
proportional to vehicle velocities. Shallow slopes
correspond to high velocities, whereas steep slopes
indicate reduced motion. Deviations from linearity
occur when interactions between vehicles take place:
a faster vehicle approaching a slower predecessor is
forced to decelerate, producing a distinct kink in the
trajectory. The stochastic braking rule of the NaSch
model further induces small fluctuations, leading to
the irregular microscopic patterns visible in the
diagram.

The most salient structures in Figure 1 are the
dense diagonal bands extending from top left to
bottom right. These bands correspond to traffic jams,
i.e., spatiotemporal regions of high vehicle density
and low average velocity. Notably, these jams

propagate backwards relative to the direction of
vehicle flow, a phenomenon consistently observed in
empirical highway data. The process is cyclic:
vehicles enter a jam from the right, experience
prolonged  deceleration or  standstill, and
subsequently accelerate again upon exiting to the
left. Between jammed domains, trajectories exhibit
free-flow characteristics.

Such diagrams reveal the spontaneous
formation of stop-and-go  waves: collective
oscillatory modes of congestion that arise in the
absence of external perturbations or bottlenecks.
Hence, the space-time representation demonstrates
how macroscopic traffic patterns, including
metastability, wave propagation, and flow
breakdown — emerge directly from the simple
microscopic interaction rules of the NaSch model.
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The NaSch model is a prototypical cellular
automaton for studying traffic flow. It exhibits a
transition from free flow to congestion as vehicle
density increases. To estimate the critical density of
this transition analytically, we employ a mean-field
approach by modeling the system as a one-
dimensional lattice where each site is either empty
(with probability 1 — p) or occupied by a vehicle
with velocity v, occurring with probability c¢,. The
overall car density is p = ¥, ™ c,,.

Assuming spatial independence between cells,
the probability distribution of gaps g between cars
becomes geometric: (g) = (1 — p)9. The mean gap is
then (g) = 1%’, and the mean headway is h :% .
Car dynamics follow four rules: acceleration,
braking (by gap), random deceleration (with
probability p), and movement.

In the free-flow regime, vehicles never brake
due to interactions and only slow down due to
randomization. This holds when (g) > vmax, leading

Steady-Stale

1

to the condition p < T The average velocity

Umax

becomes viee = Umax — p, Yielding a free-flow flux

Jtree = (Umax - P)-
In the interaction-limited regime, where p >

L vehicles frequently brake due to insufficient

Umax

headway. Here, the system flux is approximated as
Jiam = 1 — p, corresponding to the outflow from
jammed clusters.

The full mean-field fundamental diagram is
constructed as (p) = min[p(vmax — p),1 — p], and the
critical density corresponds to the intersection point
of the two branches:

1

Pe = 1+ Upax =P

This expression predicts the onset of congestion and
agrees well with numerical simulations in the large-
system limit.

Mensures vs Density

0.f s
Dessi ty (p)

Figure 2 — Steady-state observables in the Nagel-Schreckenberg model as a function of vehicle density p.
The top panel shows the average vehicle velocity and traffic flow in steady state. The theoretical critical

density pmd =

1+VUmax—P

is marked with a dashed vertical line, corresponding to the transition predicted by

mean-field theory. The bottom panel displays the mean number of jammed clusters (defined as contiguous
segments of vehicles with velocity zero). The peak jam count occurs at a higher density pjam, indicating a
secondary congestion regime where stop-and go waves coalesce into long-lasting jams. The data was
obtained by running NaSch simulations on a periodic lattice of length L = 5000, averaging over multiple
realizations and long temporal windows to ensure statistical convergence.
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Conclusions

The NaSch model remains one of the simplest
and most powerful models for investigating the
collective behavior of traffic flow. Despite its
minimal set of rules are acceleration, stochastic
braking, and deterministic motion, the model
captures a wide range of realistic traffic phenomena,
including spontaneous jam formation, stop-and-go
waves, and capacity drop. Central to its significance
is the ability to characterize the transition from free
flow to congested traffic, which emerges purely
from local interactions and noise.

In this study, we examined this transition both
numerically and analytically. Through large scale
simulations and density sweeps, we computed
macroscopic observables such as the average
velocity, traffic flow, velocity variance, and jam
count. A distinct transition was observed: at low
densities, vehicles moved nearly freely, while
increasing density led to increased interactions,
sharp drops in velocity, and the emergence of

jamming. The velocity variance served as a sensitive
indicator of this transition, peaking sharply at a
critical density.

To explain this behavior, we employed a mean-
field theoretical approach, deriving a selfconsistent
estimate for the critical density at which free flow
becomes unstable. Under the assumption of spatial
independence, the critical density was obtained
analytically as (3.1). This result aligns well with the
onset of strong velocity fluctuations in simulation,
confirming its validity in the thermodynamic limit.

Overall, the NaSch model exemplifies how
complex macroscopic behavior—such as phase
transitions—can arise from simple local rules. The
derived critical density formula provides a clear and
intuitive understanding of how system parameters
govern the stability of traffic flow, and serves as a
foundational benchmark for more refined models of
vehicular dynamics.
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NUMERICAL SIMULATION OF THE KEPLER PROBLEM IN WOLFRAM MATHEMATICA

In this article, we consider the classical Kepler problem, emphasizing its fundamental
features, implications, and broad applications in celestial mechanics and astrophysics. The Kepler
problem, which describes the motion of bodies under the influence of Newton’s law of universal
gravitation, remains one of the cornerstones of classical mechanics and continues to play a crucial
role in modern space science. For pedagogical and illustrative purposes, we employ Wolfram
Mathematica to visualize a variety of examples of planetary motion within the Solar System. This
computational approach allows us to highlight the interplay between theory and numerical
simulations, offering students and researchers an intuitive way to explore orbital dynamics. The
Kepler problem is formulated and solved numerically, and we demonstrate how variations in
initial conditions - such as position and velocity - lead to distinct orbital trajectories. As
representative cases, we analyze the motion of the Earth and selected artificial satellites under
the gravitational field of the Sun, stressing the relevance of these simulations for practical
applications, such as mission design and orbital prediction. In addition, we examine elliptical
orbits in detail and numerically confirm the conservation of orbital angular momentum and total
mechanical energy, thereby reinforcing key principles of mechanics. We also validate all three of
Kepler's laws within our numerical framework, demonstrating their consistency with the
trajectories derived from Newtonian gravity. The results obtained in this work are versatile and
can be effectively applied at multiple educational levels. They are suitable for advanced high
school programs in physics and astronomy, as well as for undergraduate laboratory courses in
physics, astronomy, mathematics, and engineering. Beyond their pedagogical value, the
presented methodology offers a simple yet powerful framework for initiating research-oriented
activities. Overall, this study provides both educational and scientific insights, serving as a bridge
between classical theory, computational methods, and modern applications in space science.

Keywords: physics education methods, gravity, solar system, Kepler problem, Kepler laws
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KuHr Konnenxi, AnnkaHTe BputaH mekTebi, AnvKkaHTe, MicnaHmsa
29n-dapabu aTbiHAaFbl Kasak yATTbIK yHUBepcuTeTi, On-Papabu gaHFbiabl, AnmaTsbl, KasakcTaH

*e-mail: kuantay@mail.ru
Wolfram Mathematica 6afaapnamacbiHaa Kennep ecebiH caHAbIK Mogenbaeyi

Byn *ymbicTa 6i3 Knaccukanbik Kennep ecebiH KapacTblpbin, OHbIH, iprefi epekwenikTepiH,
CangapblH KaHe acnaH MexaHWKacbl MeH acTpodU3nKaLaFbl KeH KOAAAHbINYbIH aTan eTemis.
HbIOTOHHbIH, BYKiNaNEMAIK TapTblbIC 3aHbl HEri3iHAe AeHenepfiH KO3fa/biCblH CMNATTanTbIH
Kennep ecebi KnaccukanbiK MexaHWKaHbIH, HeridaepiHiH 6ipi 6onbin Kana bepefi XaHe Kaszipri
fapblW fblAbIMbIHAQ MaHpbI34bl pen  aTkapadbl. [lefarornkanblk, KaHe WACTPaLUMANbIK
MaKcaTTapda 0i3 KyH »KyWheciHaeri nnaHeTanapblH SPTYpPAi KO3fFanbiC TpaekTopuAnapbiH
benHeney ywid Wolfram Mathematica 6armapnamacbiH KongaHambls. MyHaan ecentey Tacini
TEOpUA MeH CaHAblK MoaenbaeyAiH OalnaHbICbiH  aWbin  KepCceTin, CTyaeHTTep MeH
3epTTeylinepre opbuTanbiK AMHAMMKaHbl 3epaeneyiiH KepHeKi KypasblH yCbiHadbl. Kennep
ecebi TyKblpbIMAANbIN, CAaHAbIK TYpAe Wellinesi »kaHe 6acTankbl WapTTapAblH, - MblCaibl, CbIHaK,
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AeHenepaiH, OpHbl MeH XblAaMAblfblH ©3repTy - 3PTYPAi TpaeKTopuAnapfa oKeseTiHiH
KepceTemis. KepHeKTi Mmbican peTiHae MepaiH (KoHe KacaHAbl CepikTepaiH, KyHHIH,
rPaBUTAUMANDBIK ~ ©piCIHAEr  KO3fa/biCbl  KapacTbipbliadbl. by  mogenbaep  fapbllWThiK,
Muccmanapasl kobanay MeH opbutanapabl 60/xKaydafbl  NMPAKTUKAAbIK  MaHbI3AbIAbIFbIH
nanenpenni. CoHbIMEH KaTap 3AAUNCTIK opbuTanap erken-terkenni tangaHbin, opbuTanbik
UMMNYSIbC MOMEHTIHIH, XOHEe TO/NbIK MEeXaHWKaNbIK 3SHEePruAHblH, CaKkTanybl CaHAbIK Typae
pactanagbl. KennepdiH yw 3aHbl A3 CaHAbIK MoAenbAey aAcCbiHAA TeKcepinin, onapAblH,
HblOTOHHbIH, TapTbIAbIC TEOPMACbIHAH LWbIFATbIH TPAaEeKTOPUANAPMEH CIMKECTIr KepceTineai.
AnblHFaH HaTUXKenep 6inim bepyaiH apTypAi AeHrennepiHae KonaaHblaybl MyMKiH. Onap dusnka
MeH acCTPOHOMMSHbI TepeHAeTin OKpITaTblH MeKTen 6Gardap/iamanapbl YWiH Ae, CoHAan-aK,
yHUBEpCUTETTEPAiH U3MKA, aCTPOHOMMA, MATEMATMKA KaHE MHXKeHepnik naHaep 6oMbiHWA
KypCTapbl MeH 3epTxaHablK cabakTapsl YLiH Ae naiaansl. Meaarorvkanbik MaHbi3biHaH benek,
YCbIHbINIFAH dAiCTEME FbINbIMU-3EPTTEY KbI3METIH BacTayablH Kapanalbim, bipak TMiMAai Kypasbl
6ona anagpl. Kannel, Oy 3epTTey KAaCCUKa/IbIK TEOPUAHbI, ecenTey JICTepiH XaHe Kasipri
3aMaHFbl FapbILL FblJbIMbIHAAFLI KOAaHbanapabl OipikTipeai.

TyliH ce3pep: Pu3MKaHbl OKbITYAbIH aAicTepi, rpasuTaums, KyH kyheci, Kennep ecebi,
Kennep 3aHaapsl
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TKuHr konnenx, bpuTaHckas WwKona AnvkaHTe, AavKkaHTe, McnaHua
2Ka3axCKui HaLMOHa bHbIN YHUBEPCUTET UMeHM anb-Papabu, AnmaTtsl, KasaxcTaH
*e-mail: kuantay@mail.ru,

YncneHHoe mogenvpoBaHue 3aaa4m Kennepa B Wolfram Mathematica

B pnaHHOM paboTe Mbl paccmaTpuBaem KnacCMYeckyto 3adadvy Kennepa, noavepkusas eé
byHAAMeHTaNbHble 0COBEHHOCTN, CNEACTBUA U LUMPOKME NPUIOKEHUA B HEOECHOW MeXaHMKe U
acTpodusmke. 3apava Kensnepa, onucbiBatollana ABMXKeHME Tesn Nof OeWCTBMEM 3aKoHa
BCEMMWPHOrO TAroTeHMA HbloTOHa, OCTAETCA KPaeyro/ibHbIM KaMHEM KN1aCCUYECKOM MeXaHWKK1 u
NPOAO/KAET UrpaTb BaXKHYIO POJib B COBPEMEHHOW KOCMMYECKOM Hayke. B nmeaarornyeckmx u
MNMKOCTPATMBHBIX Lenax mbl ncnonbdyem Wolfram Mathematica ana smsyanmsaumm pasnmyHbIx
NpMMepoB ABWMKeHUA NaaHeT B CoNHeYHOM cnucTeme. TaKkol BblUMCAUTENbHbINA NOAX0A NO3BOAAET
NOAYEPKHYTb CBA3b MEXKAY TEOPUEN M YNCEHHBIM MOAENMPOBAHMEM, NPEAOCTABAAA YYaLLMMCA
M MccneaoBaTeNs M HarAaAHbIA MHCTPYMEHT A8 M3ydYeHua opbuTanbHOM AMHAMMKK. 3adadva
Kennepa dopmyamnpyeTcs n pellaeTca YUCEHHO, M Mbl MOKa3blBaeM, Kak M3MEHEHMA HaYa IbHbIX
YC/IOBUI - TAKMUX KaK MNONONKEHME N CKOPOCTb NPOBHbIX TEN - NPUBOAAT K PA3/IMYHBIM TPAEKTOPUAM
OBUXKeHMA. B KauecTBe HarnaaHbIX NPMMEPOB PACCMaTPUBAETCA ABUMKEHNE 3EMAN N OTAENbHbIX
MCKYCCTBEHHbIX CMYTHWUKOB B rPaBUTaLMOHHOM nose CoMHUA, YTO AEMOHCTPUPYET MPaKTUYECKYIO
3HAYMMOCTb 3TUX MOAeNel ANA NPOEKTMPOBAHUA MUCCUI U NpeacKasaHusa opbuT. Kpome Toro,
NoApobHO aHaNM3MPYOTCA INAUNTUYECKME OpOUTbI M YUCAEHHO MOATBEPKAAETCA COXPAHEHME
opbuTanbHOro MOMEHTa M MOJHOM MeXaHW4YecKkoln aHepriu. Mbl TaKkKe NpoBepAem BCe Tpwu
3aKoHa Kennepa B pamKax YWUC/NIEHHOTO MOAE/IMPOBAHMA, MOKa3blBas WX COMMacoOBaHHOCTb C
TPAEKTOPUAMM, BbITEKAKOLLMMM N3 HbIOTOHOBCKOM TeopuU TAroTeHuA. MNoayyeHHble pe3yabTaThbl
MOIYT MPUMEHATBCA Ha Pa3HbIX YPOBHAX 0bpa3oBaHmMA. OHM MNoaesHbl Kak Ana yraybneHHbIx
WKOJIbHbIX MPOrpamMm Mo ¢GW3MKe W acTPOHOMWK, TaK U ANA YHUBEPCUTETCKUX KypPCOB M
NabopaTopHbIX 3aHATUI MO GU3MKE, ACTPOHOMMM, MATEMATUKE N UHKEHEPHbBIM AUCLMMINHAM.
MoOMMMO NeaarorMyeckon LLEHHOCTW, NpeAcTaBAeHHas MeTOA00MMA CAYKMT MPOCTbIM, HO
3bPEKTUBHBIM MHCTPYMEHTOM A/18 Ha4yasa UCCAe0BaTENbCKOM AeATENBHOCTU. B uenom gaHHoe
nccnefoBaHne 06beANHAET KNACCUYECKYIO TEOPUIO, BbIYUCINTEbHbBIE METOAbI M COBPEMEHHbIE
MPUNOKEHNA B KOCMUYECKOM HayKe.

Kniouesble cnosa: metofpbl dM3Myeckoro ob6pasoBaHms, rpaBUTaLLMA, CONHEYHAA CUCTEMA,
3aZa4a Kennepa, 3akoHbl Kennepa
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Introduction

The two-body problem is a classical and well-
known problem in mechanics, describing the mutual
gravitational motion of two celestial bodies of
comparable masses (m1~m2), both revolving around
their common center of mass [1]. A special limiting
case of this problem is the Kepler problem, where one
body is assumed to be much more massive than the
other (m=M > m;=m) [2, 3]. In this case, the
massive body acts as a fixed gravitational source
whose motion is negligibly affected by the lighter
body. The lighter one - often referred to as a test body,
test particle, or simply orbiting object - moves under
the influence of the central gravitational field. The
Kepler problem provides an elegant and practical
framework for describing the motion of planets,
natural and artificial satellites, comets, and asteroids
within the Solar System. It plays a fundamental role
in celestial mechanics, astronomy, and space research
[3].

Historically, the problem was formulated and
solved by Isaac Newton (1643-1727) using his laws
of mechanics, dynamics, and universal gravitation,
building on the observational discoveries and
empirical laws of Johannes Kepler (1571-1630).
Through careful observation of planetary motions and
extensive data analysis, Kepler derived his three
fundamental laws of planetary motion, which remain
cornerstones in physics education and are widely
presented in high school and university textbooks [2,

Mathematical Formulation and Methods

Within the framework of Newtonian gravity, the
Kepler problem can be formulated step by step as
follows:

1. Newton’s Second Law of Motion

This law relates the net force F acting on a body
to its mass m and acceleration a:

F=ma (1)

Since acceleration is the time derivative of velocity a
= dv/dt, and velocity is the time derivative of the
position vector v = dr/dt, the equation naturally links
the applied force to the trajectory of the particle. Note
that we use boldface notation for all vector quantities
throughout this article.

2. Law of Universal Gravitation

Newton’s law of gravitation gives the attractive
force between two point masses M and m, separated
by a distance r =|r|:

F=-GmMr/r 2)

3]. While Kepler’s laws were strongly supported by
observations, they lacked a deeper theoretical
foundation until Newton provided a rigorous
mathematical explanation through his laws of motion
and the law of universal gravitation.

Despite their importance, visualizing the Kepler
problem during university lectures can be
challenging. Showing how planetary trajectories
evolve when initial conditions such as position and
velocity are varied is difficult using only schematic
diagrams or pre-made videos. Such traditional
approaches often fail to fully engage students, who
must rely largely on their imagination without the
possibility of conducting real experiments.

To address this pedagogical gap, this article
focuses on the numerical solution of the Kepler
problem and the visualization of planetary motion
within the Solar System. We provide a concrete
example implemented in Wolfram Mathematica,
which can be directly used in practical or laboratory
classes on Newton’s law of universal gravitation and
the Kepler problem. Through this computational
approach, students and educators can simulate
planetary orbits, analyze different initial conditions,
and verify fundamental properties such as the
conservation of orbital angular momentum and total
mechanical energy. Moreover, the code can be easily
adapted to study the motion of natural and artificial
satellites, simulate cometary trajectories, or explore
other space research scenarios.

where G is the universal gravitational constant and r,
on the other hand is the magnitude of the position
vector, which represents the radial distance between
the two bodies [4, 5]. This force is directly determined
by the position vector of the test particle with respect
to the massive body. The negative sign in the force
expression appears because the position vector r is
directed outward from the source (located at the
coordinate origin) toward the particle, whereas the
gravitational force acting on the test particle is
directed inward, toward the source.

3. Equation of Motion in a Central
Gravitational Field

By equating the two expressions for the force,
one obtains the equation of motion for a test particle
in the gravitational field of a central body of mass M:

m d?r/dt’=-G m M r/r?, (3)

97



Numerical simulation of the Kepler problem in Wolfram Mathematica

After canceling the test particle’s mass m, this
simplifies to

d’r/dt?=-G M r/r® 4)

which is a second-order differential equation
describing the relationship between acceleration,
velocity, and position of the orbiting body.

Thus, the Kepler problem reduces to solving this
vector differential equation for given initial
conditions (initial position and initial velocity). Its
solutions describe all possible orbital trajectories:
circular, elliptical, parabolic, or hyperbolic,
depending on the total energy of the system. As can
be seen, Eq. (4) constitutes a system of second-order
differential equations for the Cartesian components X,
y, and z. For simplicity, we restrict the motion to the
equatorial plane by setting z = 0. In this case, the
position vector and its magnitude are expressed as

r=ixtjy, ()
r = Ir| = (C+y)2 (6)

where i and j are the unit vectors along the x and y
axes, respectively. Taking into account the definition
of the position vector and its magnitude, Eq. (4) can
be decomposed into two ordinary differential
equations forming a coupled system

d?x/dt? = — G M x/(x?+ y?)*? 7)
d2y/dt? = — G M y/(x2+ y?)3?2 (8)

Consequently, we obtain a system of equations
that must be solved numerically. It is worth noting
that an analytical solution for this system exists in
polar coordinates, as presented in various physics
textbooks, where the conservation of energy and
orbital angular momentum is explicitly taken into
account [1, 2, 3]. However, the analytical treatment is
beyond the scope of the present article.

To solve the system of Egs. (7) and (8), one must
first specify a particular planet - for example, the
Earth orbiting the Sun, any other planet within the
Solar System, or even an exoplanetary system.
Naturally, basic orbital parameters, such as the
average orbital speed and the mean distance from the
Sun, should be obtained from observational data [2,

Mathematica and its alternatives

Before presenting the coding part, it is important
to emphasize that Mathematica is a comprehensive
computational software environment designed to
perform a wide spectrum of mathematical and
scientific tasks. At the simplest level, it can function
as a standard calculator for engineers and applied
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3]. For more specific or precise problems, additional
parameters like the orbital eccentricity, the lengths of
the semi-major and semi-minor axes, and the
inclination angle relative to the equatorial plane
would also be required. However, for purely
illustrative purposes, knowing only the average
orbital speed and distance is sufficient.

y. AU
1.5¢
1.0:

0.5i

15-10-05 05 10 18%°

-0.5
-1.0¢

—1.5}

Figure 1 — Schematic illustration of the Sun (yellow
disk) and Earth (blue dot) located in the z=0 plane.

In Fig. 1 we present a schematic representation
of the position of the Sun and Earth position in a
Cartesian coordinate system. The Sun is placed at the
coordinate origin (0,0), while the Earth is initially
positioned at coordinates (1,0) in astronomical units
(AU). In principle, the Earth could be placed at any
location; however, for simplicity and numerical
convenience, we adopt these initial coordinates.

Let us assume that at initial time t=0, the position
of the Earth is given as shown in Fig. 1.

Thus, x(0) = 1 AU and y(0) = 0 AU. The time
derivative of the coordinates, x> = dx/dt = vy and y’ =
dy/dt = vy , represent the components of the velocity
along the x and y axes, respectively. According to
Fig. 1, we choose the initial velocity components of
the Earth as x’(0)=0, indicating that the Earth does not
move along the x axis at this instant, and y’(0)= 29.8
km/s, meaning that at the point (1, 0) AU the Earth
moves perpendicular to the x axis i.e. tangentially to
its orbit.

The motion is taken to be counterclockwise.
With these initial conditions specified, one can run
the Wolfram Mathematica [6-8] code to obtain
numerical the results.

scientists. At the same time, its more advanced
capabilities allow it to serve as a powerful platform
for symbolic and analytic computations. Specifically,
Mathematica can solve linear, nonlinear, and
transcendental equations, as well as ordinary and
partial differential equations, both analytically and
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numerically. It is also capable of performing definite
and indefinite integrations, Taylor and other series
expansions, limits, summations, and root-finding,
along with convergence checks for series.
Visualization is another strong feature: the software
can generate two- and three-dimensional plots,
contour and density plots, parametric plots, and even
dynamic animations of curves, surfaces, and volumes.
In addition, Mathematica incorporates advanced
functionalities such as tensor calculus, variational
principles, optimization routines, and symbolic
algebra, making it especially suitable for research in
physics, mathematics, and engineering. Many experts
also employ Mathematica as a high-level
programming language, applying it to tasks ranging
from data analysis to complex physical simulations.
Thus, Mathematica may reasonably be regarded as an
effective and versatile tool for physicists and other
scientists engaged in analytical and computational
investigations.

Despite these strengths, Mathematica is not
unique in the field of computational software. Its
closest competitors include Maple [9], Mathcad [10],
and Matlab [11]. In terms of symbolic manipulation
and pure mathematical rigor, Maple is often
considered more transparent and efficient,
particularly for algebraic computations. Mathcad, on
the other hand, provides an interface that is highly
intuitive and document-oriented, which can be
advantageous for engineering applications requiring

Results and Discussion

We begin by entering the position vector along
with its first and second derivatives with respect to
time

n[]= ¥ = {x[t], ¥[t]}
v =D[r, t]
a=D[r, {t, 2}]

out[1= {x[t], ¥[t]}

outl= {x'[t], ¥ [t]}

outal= {x"[t], v [t]}

where “In[]” indicates the user’s input, while “Out[]”
represents the corresponding output generated by
Wolfram Mathematica \cite{6-8}. Moreover, “Out[]”
also signifies that all quantities in the output are
stored in Mathematica’s active memory. The
components of the position vector are enclosed within
curly brackets “{}” without explicitly writing unit
vectors. To compute the first and second derivatives,
we use the command “D”; for more details, see [6-8].
The dot (scalar) product of the position vector with

interactive calculations. Matlab is widely regarded as
the most robust option for numerical linear algebra,
signal processing, and large-scale numerical
simulations, though its symbolic capabilities are more
limited and typically rely on additional toolboxes. By
contrast, Mathematica distinguishes itself by
combining symbolic and numerical methods in a
single integrated environment, while also offering
strong visualization and programming support.

Beyond these direct rivals, there exist indirect
competitors such as Python [12] and GeoGebra [13]
etc. Python, with its extensive ecosystem of open-
source libraries, has become increasingly popular for
both education and research due to its flexibility and
accessibility. GeoGebra, while simpler, offers an
interactive environment well-suited for teaching and
introductory-level visualization of mathematical
problems. Although these alternatives overlap with
Mathematica in certain applications, they often target
specific niches rather than attempting to provide a
single unified framework.

Overall, the choice between Mathematica and its
alternatives depends on the scope of the problem,
available resources, and the user’s background.
However, its unique integration of symbolic
manipulation, numerical analysis, visualization, and
programming continues to make Mathematica a
valuable and versatile tool in both education and
scientific research.

(134

itself is calculated using the
example:

operator. For

4= ¥.x

Out[4]= x[t]%+y[t]?

this input returns the square of the position vector,
and taking its square root yields the magnitude of the
position vector, i.e., the radial distance. Based on this,
we can now express the forces according to Newton’s
second law of dynamics and the law of universal
gravitation as follows:

nE= FN=ma

GmMr
FG = = —mm —

(r.x)3/?

outs= {mx"[t], my [t]}

GmMx[t] GmMy[t]

Qut[s]= {_ I::X[t]z +Y[t]2::l3":2 r- |::X[t]2 +y[t]2:|3__-2 }
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where the outputs display the x and y components of
the corresponding forces. The equations of motion are

then obtained by equating these two forces and
canceling the mass of the Earth, as follows:

FN FG
Inf7]= @4 = — = — // Thread
m m
” GMx[T o GM t
out[7]= {X [t] =-- e] 3z’ ¥yo[t] = -- vl ]2,| 3.-'2}

where we use the command “Thread” to equate the
corresponding components of the forces. To solve the

(x[t1%+vyIt]12)

(2[t1%+v[t1?)

resulting system of equations, we must specify the
initial conditions for the Earth:

ine]= ie = {x[0] == AU, ¥[0] =0, x'[0] =0, y'[0] = v0}

outisl= {®[0] = AU, y[0] =0,

¥ [0] =0, y'[0] =vO}

In addition, it is necessary to define the physical constants and the parameters of the Earth’s orbit:

nei- G = 6.6743 10711

M =1.98892 % 103°
v0 = 29.8 % 1000

AY = 149597 870 700

£0 = 365.25 % 24 « 60 * 60
Outig)= 6.6742x 1071

ou10)- 1.98892 x 1030
outfii}= 29800.
oupiz= 145587 870700

ou1z= 3-15576x 107

Using all the data above, one can proceed with the solution:

in[14]= sel = NDSolve[Join[eq, ic], {x[t], ¥[t]l}, {t, 0, £0}]

Out[14]= {{X[t] - InterpolatingFunction[{{O., 3.15576><107}}, <>] [tl,
y[it] = InterpolatingFunction[{{O., 3.155?6x107}}, <>] [t] }}

where “sol” is simply the name assigned to the
numerical solution. The command “NDSolve” is used
to numerically solve the differential equations, while
“Join” combines the equations and initial conditions
in a single system. It is necessary to explicitly specify
the functions we seek - “x[t]”” and “y[t]” - along with
the range of the independent variable, “{t, 0,t0}”. The

Inj15 xs[t ] = x[t] /.

ys[t ]=y[t]/.

- InterpolatingFunction|{{0.

- InterpolatingFunction||{C
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solution is provided as interpolation functions, which
do not have closed-form analytic representations.
However, if needed, one can obtain approximate
analytic expressions using a fitting function. Next,
one can assign the numerical solutions to new
functions using the following procedure:

sol[[1]]
s0l([1]]

L
"
ur
L
-
3
rt
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This step is necessary to reduce the number of
subsequent inputs. Using this newly defined

Plot[xs[t], {t, 0, t0)}, AxesLabel - {Style["t,
FontSize = 10))

BaseStyle 4 {FontFamily < "Times",

functions, one can plot their time dependence. Let us
first consider the function x(t):

5", Medium], Style["x, m", Medium]},

$0x16° 10x107 15x107 20x107

~15x1001 F -

Here, the “Plot” command is used to generate this
graph. The option “AxesLabel” specifies the labels
for the x- and y-axes, while “BaseStyle” controls the
font family and size used for these labels. As one can
see, the function (coordinate) x is expressed in meters

inf13)= Plot[xs[t £0] /AU, {t, 0, 1), AxesLlabel » {Style["t, yx
FontSize < 10}]

BaseStyle <+ {FontFamily + "Timaes",

x. AU
Lo

Qutf18]=

-1k

Similarly, one can plot the graph for the y(t) coordinate:

Plot[ya[t t0] /AU, (¢,
BaseStyle + {FontFamily =

v, AU
10}

1.0

0, 1}, AxesLabel - {Style["t
"Timesz",K FontSize = 10})

25x10" 3.0x10°

and the time t in seconds, which are not always
convenient units.

Therefore, to express x in AU and t in years we
normalize x by AU and redefine its argument
accordingly:

", Madium], Style("x, AU",6 Medium]),

tyr

yr", Medium],

Style["y. AU", Medium]},

Evidently, the function x(t) resembles a cosine
function, while y(t) resemble a sine function,
indicating that the Earth trajectory is circular. The
meaning of these curves becomes evident upon
examining Fig. 1, where the coordinates x and y for

circular orbits vary periodically, taking both positive
and negative values. To explicitly demonstrate that
the trajectory is indeed circular, one should plot y as
a function of x. This can be easily achieved in
Mathematica using the “ParametricPlot” command:
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Wit - ParametricPlot[{xa[t 0] /AU, ya[t t0] / AU}, (%,
AU", Medium],

AxesLabel » (Style["x,

y. AU
13

This plot represents the trajectory of the Earth
around the Sun over the course of one year. In
practice, one can choose any planet in the Solar
System and analyze its trajectory. Most planets
follow nearly circular orbits, with only small
deviations from circularity, which are not noticeable
at the scale and time interval considered here. In this
figure, the “PlotRange” option of the
“ParametericPlot” command specifies the ranges of
the y-axis.

Table|

0, 1}, PlotRange - {-1.5, 1.5},
Style["y, AU", Medium])]

- X, AU

To explore further, let us consider a thought
(gedanken) experiment. Suppose that, similar to the
Earth, we place artificial bodies at the same initial
coordinates but assign them different initial
velocities. What would happen to their trajectories if
their speeds were 0.5, 0.8, 1.0, 1.2, and 1.3 times the
Earth’s orbital speed (29.8 km/s)?

To display different trajectories on the same plot,
we use the “Table” and “Show” commands as
follows:

{ic= (x[0) == AV, y{0) =0, x' (0] =0, y'[0] = 1+v0};
sol « NDSolve[Join{eq, i0], {x[t), y[t])}, (=, 0, 7¢0));

sol[[1)):
sol[1));

xs[t ] =x{%]/

ys(t ] =y(e) /.

ParametricPlot[(xs[t t0] /AU, ys[t t0) /AU), (t, 0, 7),

AxesLabel - {Style["x AU", Medium],
Show([%, PlotRange - All]

v, AU

"T""““'“i"“

\
'

f
.

R e e
| |
\ \ | /.
o
>

:.{l (e -

|
\
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where the index “i” in front of vO corresponds to the
velocity scaling factor, running through 0.5, 0.8, 1.0,
1.2, and 1.3. We kept the initial position of the Earth
fixed, but varied its initial speed as described. The
resulting trajectories explicitly show that for smaller
speeds, the initial position of the artificial bodies
corresponds to the aphelion, while for larger speeds,
the initial position corresponds to the perihelion. In
all cases, the Sun remains fixed and located at one of
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Style("y

™, Medium]}]), {&, {0.5,0.8,1,1.2,1.3}}1;

the foci of the resulting ellipses. Practically, the
“Table” command makes it possible to generate
multiple individual plots simultaneously in a table,
depending on the range of the index “i”, while the
“Show” command superimposes all these plots into a
single figure.

Next, let us now keep initial speed constant and
instead vary initial positionto 0.6,0.8, 1, 1.2 and 1.4
AU for the artificial objects.
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Wr3~ Table[
{ic= {x[0] =isAU, y[0] =0, x'[0] =0, y'[0] = v0};
s0l » NDSolve [Join[eq, ic), (x[z], y[t]}, (=, 0, 7t0}];

xs[t ]

= x[t] /. sol[[1]];
ys[t ] =y[t] /. sol[[1]];

ParamstricPlot|[{xs[t 0] /AU, ye[t £t0O] / AV}, {t, O,

AxesLabel <+ (Style["x, AU™, Madium],

nz4)« Show(%, PlotRange -+ All]

N

N

Style["y,

N
—

where the index “i”’, now in front of AU, runs through
0.6, 0.8, 1.0, 1.2, and 1.4. We observe that even with
a fixed initial speed, changing the initial position can
significantly alter the resulting trajectories. For orbits
lying inside (outside) the Earth’s trajectory, the initial
position corresponds to the aphelion (perihelion).

These two plots together illustrate Kepler’s First
Law, which states: “The orbit of a planet is an ellipse
with the Sun at one of the two foci.”

J
|

J

|
l

7},

AU", Medium]}]), {i, (0.6, 0.8, 1, 1.2, 1.4}}];

X AU

Next, we select the largest orbit — specifically,
the outmost one with v0=29.8 km/s and initial
coordinates (1.4, 0) AU from “Out [24]”.

The x component of the velocity vy = X’(t) is
plotted in the following graph. This velocity
component takes both positive and negative values,
indicating changes in the direction of motion with
respect to x axis.

nj2s}= Plot[xs ' [t t0] /v0, {t, 0, 7}, AxesLabel » {Style["t, yr", Medium], Style["vx/v0", Medium]},
BaseStyle - {FontFamily - "Times", FontSize - 10}]

vx/v0

06f
04f

02}
Out[25]=

—04[

In the graph below, we plot the y component of the
velocity vy=y’(t). As seen, the maximum speed is
attained at the perihelion (which coincides with the
planet’s initial position), while the minimum speed is

Lotyr

reached at the aphelion. The positive and negative
values indicate the direction of motion with respect to
the y axis.
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neel= Plot[ys ' [t t0] /w0, {t, 0, 7}, AxesLabel + {Style["t, yr", Medium], Style["vy/v0", Medium]},
BaseStyle + {FontFamily &+ "Timess", FontSize + 10}]

/vl
10

08l

0.6

04
Out[z8]=

02

The total speed is calculate as v = (v + v?)'2, as
shown in “Out[27]”. Naturally, the magnitude of the
speed is always non-negative and never zero, with its

L T
?L?

maximum value at the perihelion and its minimum at
the aphelion, as illustrated below

(27 P]o'.[¢(x-'('_ 0] /vD)z + (ya'[tr0) /%0}% , (v, 0, 7}, AxusLabel + {Style["t, yr", Madium], Style["v/v0", Madium]},

BaseStyle » (FontFPamily - "Times", FontSize

v/v)

[XUS

0ok | | ) |

08

~,v,w

Osti2z? o7f

0.6}

ost

In this context, one can numerically verify the
conservation of orbital angular momentum. To this
purpose, we use the standard definition of angular
momentum [1-5]

L =[r x p] = m[r x v] = constant

9)

+ 10), AxeaOrigin - (0, 0.4)]

where p denotes the linear momentum of the test
body. In the equatorial plane (z = 0), the magnitude of
the orbital angular momentum is given by

L =|L] =m (X vy-y vx) = constant.  (10)
If we express L/m using our numerical results, we
obtain

Q8. Plot[xs[: tD]eys ' [t t0] —ys[tt0] exs'[tt0], (t, 0, T}, AxesLabel » {st:yla[":. yr", Medium], Style['!_l".. m /=", Madium“.
BaseStyle -+ (FontPanily » "Tines", FontSize -+ 10), PlotRange -» {6.241205 « 10°®, 6.24124 ¢ 10*%} ]

Lim, nr /s
624124 x 1015

624124 x 104
624123101 |

624123 15

624122 19hE
62412210V |

624121 x 161

From the plot, it is evident that the orbital
angular momentum normalized by the mass of the test

104

body remains constant — a conserved physical
guantity, also referred to as an integral of motion. The
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small deviations observed are merely numerical
artifacts and do not affect the physical interpretation
of the problem.

The constancy of the planet’s orbital angular
momentum directly confirms Kepler’s second law
[5]. To further illustrate this, let us recall the
definition of the areal (or sectorial) velocity [9, 10]

dA/dt = [r x v]/2 = L/(2m). (12)

For a conserved orbital angular momentum, and a

given time interval At, this expression can be written
as

AA = L/(2m) At (12)

where AA denotes the area of the sector swept by the

planet during the time interval At. Therefore, Kepler’s

second law - stating: “A line segment joining a planet
and the Sun sweeps out equal areas during equal
intervals of time” is numerically validated through the
constancy of the orbital angular momentum.

Furthermore, one can also numerically verify the
conservation of the total energy of the test body
(planet/particle). To do so, we use the standard
definition of the total energy [11]

E=mv¥2-GmMrr. (13)

The total energy, normalized with respect to the mass
of the test body, can be expressed in terms of the
velocities and coordinates

E/m = (v2+ 212 — G M/(x*+y?)Y2, (14)

and using our numerical results we obtain

- Plo:[((x: ‘[t '_OIJ: « (ys'[t t(ll:") f2- G."’,v"" '\!(X.l!

AxesLabel 4+ [Style["t, yr=,

PlotRange + (-1,8980%5 » 10°, ~1.89606 « 1ob||

Efm, w' f5*

-139805 x 10°
- 189808 » 10¥

-1 39805 x 108 \ g™

0 | 2 3 ] 5 ¢

The resulting plot confirms the constancy of the
total energy. Notably, the energy remains negative,
indicating bound orbits are elliptical. The small
oscillations visible in the plot arise from numerical
artifacts and do not affect the physical interpretation.

In the literature, the conservation of both the
orbital angular momentum and the total energy of the

Mediun), Style:’E m, m°

t£0])? + (ys[tt0])? , (£, 0, 7},

s*", Medi\m] |, Basestyle + [FontPamily + *Tines", FontSize + 10},

test body is commonly used to derive and confirm
Kepler’s third law [12-15]. However, to validate the
third law, we will adopt a slightly different approach
based on our numerical results.

First, by using Eq. (6) and the output from “Out
[24]” we compute the magnitude of the position
vector in AU

In[20]:= Plot[’\{xs[t 012 +ys [t t0]°? / AU, {t, 0, 7}, AxesOrigin > {0, 1.0},

AxesLabel + {Style["t, yr", Medium], Style["r, AU", Medium]},

BaseStyle + {FontFamily =+ "Times",

r, AU

30

o | \

FontSize »+ 10}
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We observe that the radial distance varies over time,
exhibiting both maxima and minima, which can be

determined using the Mathematica commands:
“FindMaximum” and “FindMinimum”

In[31]:=

outpn= {3.27508, {t = 1.78674}}

rmax = rt1[[1]]

Inf32}:=

out[32}= 3-27508

rtl = FindMaximum [‘\/xs[t £0]2 + ys[t £0]2 / Ay, {t, 2}]

In[233]:=

outf33}= {1-4, {t = 3.57348}}

rmin = rt2[[1]]

In[24]:=

Out[34]= 1.4

where rtl and rt2 are simple notations representing
the maximum and minimum values of the radial
distance r (rmax and rmin) along with the
corresponding time interval t (see the previous
graph). The notation “[[]]” is used to select a specific
element from a given list. The length of the semi-
major axis “a” is defined in AU as

n[25)= & = (rmax + rmin) /2

outj3s}= 2-33754

and the orbital period is obtained in years directly
from the graph, and it is contained within the result of
r2

n[Es]= peried = rt2[[2, 1, 2]]

Out[36}= 3.57348

Thus, the ratio of the square of the orbital period
to the cube of the semi-major axis is equal to

];wEu:‘iI:::n::'l.2 / a”

In[37]:=

outja7}= 0.995781

It is important to note that this computation is
performed for the initial conditions “x(0) = i*AU,
y(0) =0, x’(0) =0, y’(0) = v0”, where “i” was set t0

1.4, corresponding to the outermost orbit from
“Out[24]”.
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rt2 = FindMin;'unum['\/xs[t 1:0]2 +ys[t tO]z / AU, {t, 3.6}]

Now, let us consider the case when “i = 0.6”. In
order to optimize the computation, we employ the
“Table” command. Note that “i = 0.6 corresponds to
the innermost orbit from “Out[24]”.

Examining Out[24], we observe that the Sun
remains at the coordinate origin, but its position
relative to foci differs for the cases “i =0.6” and
“i = 1.4” cases. This implies, as before, that for the
innermost (outermost) orbit the initial coordinates
correspond to the aphelion (perihelion). Therefore,
special care must be taken when calculating “rt1” and
“rt2”, and orbital period (see “In[38]").

In “Out[38]” we obtain two graphs: the first one
shows the trajectory of the test body, while the second
displays the radial distance r in AU as a function of
time tin years. The final value in the list of “Out[38]”
gives the ratio of the square of the orbital period to
the cube of the semi-major axis, which equals
0.999782, very close to the result obtained in
“Out[37]”.

The slight discrepancy is due to numerical
integration errors. Thus, we have numerically
validated Kepler’s third law, which states: “The
square of a planet's orbital period is proportional to
the cube of the length of the semi-major axis of its
orbit” [13].
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In[38]:= Ta-blE[

{ic = {x[0] =i+AU, y[0] =0, x"[0] =0, y'[0] = w0};

sol = NDSolve[Join[eq, ic], {x[t], v[t]}, {t, O, Tt0}];

x=[t ] =x[t] /. sol[[1]];
ys[t 1 =y[t] /. sol[[1]];

ParametricPlot[{xs[t t0] /AU, y=[t t0] / AU}, {t, 0, 0.5},

AxesLabel + {Style["x, au",

Medium] ,

Style["y, AU", Medium]}],

Plot['\jxs[t 1:.0]2 +ys[t 1:.0]2 / au, {£, 0, 0.5}, AxesOrigin —+ {0, 0.1},

AxesLabel + {Style["t, yxr",

Medium] ,

Style["r, AU", Medium]},

BaseStyle + {FontFamily - "Times", FontSize - 10}] .

rtl :Find[\-[a_)cj_rnuvn['\fxs[t t0]2 +ys[t 1:.0]2 / au, {t, 0.25, 0.35}];

rmax = rtl[[1]];

rt2 :Findb-lin:'unurn['\f'xs[tt(l]z s ys[t t0]2/Au, {t, 0.1, 0.2}];

rmin = rt2[[1]];
a = (rmax + rmin) / 2;

preriod = rti[[2, 1, 2]];

period® /a% }, {1, {0.6}}

v, AU
04

Out[38]=

X AU

Conclusion

In this article, we revisited the classical Kepler
problem, discussed its fundamental characteristics,
and presented its mathematical formulation. We
demonstrated how it can be solved numerically using
Wolfram Mathematica software. The provided code
illustrates the motion of the Earth and artificial
objects in the gravitational field of the Sun. However,
it can be easily adapted to simulate a wide range of
problems, such as the motion of artificial satellites in
Earth’s gravitational field, the dynamics of Jupiter’s
or Saturn’s moons, or even the study of exoplanetary
systems.

The code presented here was developed in
Mathematica 7.0, but it is fully compatible with more
recent versions. A detailed description of the
commands and their usage can be found in textbooks,
online resources, or within the software’s built-in
Help system.

r, AU
0.6 -~ —

NI 7N
e / b /
04 ‘\\ J ] ."‘l

' ., 0.999782}]
03 ‘Il.'\.."'.l . \\\jf
02

tvr
01 02 03 04 05

Through the analyses in this work, we
numerically verified the conservation laws of orbital
angular momentum and total energy for test bodies.
Furthermore, we validated Kepler’s three laws of
planetary motion - results often omitted during
standard lectures and practical classes.

Finally, the material and methodology presented
in this paper can be effectively used in practical or
laboratory  sessions to reinforce theoretical
knowledge acquired during lectures and to perform
numerical experiments. Moreover, these procedures
can serve as an entry point for exploring other
fundamental problems in celestial mechanics and can
inspire further research and academic activities for
students.

We anticipate that the analyses and simulations
presented here, when used alongside traditional
lectures and practical classes, will foster a deeper and
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broader understanding of the underlying physics and
mathematical aspects of the problem under
consideration. Supplementary materials in the form of
codes provide students with greater flexibility,
enabling them to explore a wider range of scenarios
by varying not only the initial conditions but also by
selecting different systems, such as extrasolar
planetary systems on elliptical orbits or individual
objects on parabolic and hyperbolic trajectories. We
therefore expect that such simulations can have high
pedagogical effectiveness because they help students
visualize not obvious and straightforward concepts,
increase engagement, and allow experimentation with
parameters that would be impossible in a traditional
classroom setting.

Finally, it would be of interest to investigate the
motion of various objects in the gravitational field of
deformed central bodies, in analogy with [21-23].
Furthermore, it would be instructive to analyze the
dynamics of charged particles in both uniform and
non-uniform electromagnetic fields, following the
approaches of [24-24]. These problems, however, fall
beyond the scope of the present study and are left for
future works.
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