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0.S. Bayakhmetov" ® , S.K. Sakhiyev

Institute of Nuclear Physics, Almaty, Kazakhstan
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R-MATRIX CALCULATIONS OF THE DEUTERIUM-TRITIUM FUSION CROSS SECTION BASED ON PRECISE
COULOMB FUNCTIONS

Due to the availability of fuel, favorable kinetics, and high output energy, the deuterium-tritium (D-T)
fusion reaction is dominantly used in thermonuclear fusion. This paper presents a detailed, step-by-step
theoretical calculation of the D-T fusion cross-section within the framework of the phenomenological R-matrix
method. The fundamental principles of the phenomenological R-matrix method are outlined. Nuclear and
Coulomb interactions are addressed by the R-matrix formalism, which classifies the configuration space into
internal and external regions, respectively. Precise Coulomb functions are utilized in the calculations, essential
for the accurate determination of the penetration and shift factors. Precise Coulomb functions for the
D+T, *He+2C systems have been calculated. The penetration and shift factors for the D+T system for a given
angular momentum have been obtained. Two different R-matrix models with parameters from recent
scientific papers are employed to calculate D-T fusion cross-sections and reaction rates, which are then
compared with those obtained from the ENDF/B-VIIL.O library data. Within a crucial low-energy range (from 0
to 0.1 MeV), important for fusion technology, our results show quite good agreement with experimental data,
while in a high-energy range, the obtained results are slightly underestimated due to non-resonant *He levels
not being taken into account. These findings indicate that the models can be used for future thermonuclear
fusion applications.

Key words: thermonuclear fusion, R-matrix, Coulomb functions, penetration factor, shift factor, cross
section, reaction rate.

0.C. basxmeTos®, C.K. Caxues
A0PONbIK GU3MKA MHCTUTYTbI, AIMaThl K., KasakcTaH
*e-mail: bayakhmetov.0.s.92 @gmail.com

HakTbl KynoH ¢pyHKUMANAPbIHA HEri3aenreH AeUTepUA-TPUTUI CUHTESI KUMACbIHbIH,
R-maTpuuanbik ecenteynepi

OTbIHHbIH, KO/IKETIMAINIFIHE, KOMaAbl KUHETMKACbIHA YKAHE KOFapbl SHEPTUA WbiFbIMbIHA BalnaHbICTbI
OeNTepUin-TpuTnin (D-T) CMHTE3 peakUMACkl AAPObIK CUHTE3 Macenenepi canacbiHAa acipece KoAAaHbINaab!.
Byn makanaga ¢beHOMEHONOorMANbIK R-maTpuuanbik aaic weHbepiHae D-T cUHTE3 peaKkUuMAChbl KMMaCbIHbIH,
enKen-Tenkenni, Kaaamablk Teopuanblk ecenteyi bepinreH. PeHOMEHONOMANBIK R-maTpUUANbIK a4iCTiH
Herisri NPUHUMNTEPi KepceTinai. AAponbIK KaHe KyJOoHAbIK ©3apa apeKkeTTecy R-MaTpuuanbik GopManmnamHiH,
KemerimeH eHAeneni, ofaH CaMKec KOHOUIypaumsa KeHICTir CoMKeciHLe illKi aHe CbIPpTKbl alMaKkTapFfa
beniHeai. Ecenteynepae TYHHENbAIK KoHE bifblCy KOIPOULMEHTTEPIH HaKTbl aHbIKTAYy YLiH HaKTbl KysjoH
GyHKUMANapbl NaganaHaabl. D+T, “He+2C xyMenepi ywiH HakTbl KynoH GyHKUmanapsl ecentensi. D+T xyiteci
YWiH TYHHENbAIK »aHe bifbicy KoadduUMeHTTepi bepinreH OypbIWTbIK MMMYAbC YLWiH aHbiKTandbl. D-T
TEPMOAAPObIK PeaKLMANAPbIHbIH, KMMACbl MEH blIAAaMIbIFbIH ecenTey YLWiH Kasipri 3amMaHfbl FblabiMK
KYMbICTapafbl NapameTtpnepi 6ap eki ap Typai R-maTpuua mogeni nananaHblnagpl, XoHe 0napaplH,
HaTvxenepi ENDF/B-VIII.O KiTanxaHacbiHbIH, AepeKTepiHeH afblHfaH 3KCMEePUMEHTANAbIK HITUXenepmeH
CaNbICTbIpbIIaAbl. TEPMOAAPO/IbIK CUHTE3 TEXHOIOTUACHI YIUIH 6Te MaHbI34bl TOMEH SHEPTUA AMana3oHbIHAA
(O-peH 0.1 M3B-Kka aeiniH) 6i3aiH, HaTUXKenep Taxipubenik AepekTepMeH KaKCbl COMKEeCTIriH Kepceteai, an
SKOFapbl 3HEPIMA [AMana3OHbIHAA aNblHFaH HaTMKesep “He AApOCbIHbIH PE30HAHCTbIK emMec AeHrennepiH
ecenTeynepae ecernke asbliHbOayblHa HalnaHbICTbl biplama TemeH HafanaHadpbl. ANbIHFAH HITUXKEenep Ochbl
MaKanaZa KoAngaHbinfaH MmodendepdiH Honawak TepmoaaposblK  KOCbIMWAAAP YWiH NanganaHyra
HonaTbIHbIH KepceTea,.
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R-MaTp1yHble pacyeTbl cedeHns AeNTepPUN-TPUTUEBOrO CUHTES]
Ha OCHOBE TOUYHbIX KY/IOHOBCKMX GYHKLLMIA

Bnarogapa AOCTYNHOCTM TOMAMBa, GAAroNPUATHON KUHETUKE W BbICOKOMY YPOBHIO BbIXOAa 3HEPruu
peakums cuHTesa aentepuna-tpoutna (D-T) npemmyLLecTBEHHO MCNOIb3yeTcAa B 06/1aCT 33434 TEPMOAAEPHOTO
CMHTe3a. B pgaHHOM cTaTbe npeacTaBfieH NoApobHbIN, MOLIAroBbIA TEOpPEeTUYecKMii pacyeT cedyeHumsa D-T
CMHTE3a B pamMKax meToda deHoMeHonornyeckon R-maTpuupl. M3noxeHbl dyHAAMEHTabHbIE MPUHUMMbI
beHoMeHoNorMYeckoro metToga R-matpulbl. AaepHble U KyJOHOBCKME B3aUMOAENCTBUA pacCMaTPMBAOTCA C
NomolLblo dopmanmama R-maTpuLpbl, COrNaCHO KOTOPOMY KOHOUIypaLMOHHOE MPOCTPaHCTBO AENUTCA Ha
BHYTPEHHIO M BHELHIOt0 06/1acTM, COOTBETCTBEHHO. B pacuyeTax WCMo/b3ylTCA TO4YHble Ky/OHOBCKME
bYHKUMM, HeOOXOAMMbIe A1 TOYHOTO onpeaesieHna Ko3pPUUMEHTOB TYHHEIMPOBAHWA 1 cABura. PaccumTaHbl
TOYHbIE KYNOHOBCKME GyHKUMM ana cuctem D+T, *He+2C. MonyyeHbl KO3QPULMEHTbI TYHHENMPOBAHNA U
casura gnda cuctembl D+T ond 3a4aHHOrO yrioBOro MOMeHTa. [1ge pasHble moaenn R-matpuubl ¢ napameTpamm
N3 COBPEMEHHbIX Hay4HbIX PaboT MCMO/b3YOTCA A8 PacyeTa CeYeHUNn 1M CKOPOCTel peakuui camaHma D-T,
pe3y/IbTaTbl KOTOPbLIX 3aTEM CPABHMBAIOTCA C AAaHHbIMM, MOYYEHHbIMWU U3 AaHHbIX BubanoTekmn ENDF/B-VIIILO.
B Ba)KHOM 419 TEPMOAAEPHON TEXHOIOMMM AnanasoHe HU3KUX aHepruit (ot 0 4o 0.1 MaB) Hawum pesynbTaThl
MOKa3blBAOT AOCTAaTOYHO XOPOLUEe corjiacue C 3KCNepuMMeHTasibHbIMW AaHHbIMK, TOr4a Kak B AuanasoHe
BbICOKMX SHEPTUI NONyYEeHHbIe Pe3yNbTaTbl HECKOMIbKO 3aHMMKEHbI M3-3a HEpe30HaHCHbIX YPOBHeN Aapa “He,
KOTOpble He y4MTbIBAtOTCA B pacyeTax. [MonyvyeHHble pe3y/bTaTbl MOKa3blBAlOT, YTO MOAENN MOryT BbITb

MCNONb30BaHbl A1 BYAYLIMX NPUNOKEHUI TEPMOSAEPHOTO CUHTE3A.

Knioyesble cnoBa: TepmOAAEPHbIA  CUHTES,

R-matpuua,

KYJIOHOBCKME  OYHKUMM, KOIPOULMEHT

TYHHENNPOBAHUA, Koad)d)MLl,MeHT caBura, ce4eHume, CKOpPOCTb peakunn.

Introduction

Thermonuclear fusion reactions play a
significant and vital role in both fundamental and
applied physics [1]. Firstly, these processes are
widely recognized as the primary mechanisms
responsible for the formation of elements in the
Universe, known as nucleosynthesis [2]. Secondly,
the significant energy release from thermonuclear
fusion reactions has enabled the practical application
of nuclear fusion technologies for producing energy
[3]. Nuclear fusion has consistently attracted
humanity due to several fundamental features: it
reaches remarkably high power densities; it depends
on plentiful fuel sources; it emits no greenhouse gases
throughout its operations and shows minimal carbon
impact across its lifecycle [4]; its intrinsic safety
arises from the absence of chain reactions (where
reactants differ from reaction products, preventing
uncontrolled fusion escalation if control is lost).
Progressing in our comprehension of nuclear fusion
reactions and overcoming technical challenges,
nuclear fusion presents the potential to become a new
and effective energy source in the future.

Although various thermonuclear fusion fuel
options exist, modern fusion reactors mostly use
deuterium and tritium as fuel. The main reasons are
the abundant availability of these isotopes, favourable
reaction Kinetics, high energy release, and the
relatively lower temperature requirements essential
for achieving controlled and efficient nuclear fusion
[5]. In addition, taking into account the present level
of technological advancement and the particular
requirements of controlled fusion reactions, the use of
deuterium and tritium enhances the opportunity of
nuclear fusion to become a viable energy source.

In this article, we consider a step-by-step
calculation of the resonant deuterium-tritium fusion
cross section within the framework of the
phenomenological R-matrix method. The main
formalism of the R-matrix method is presented,
precise Coulomb functions for the D+T, *He+%C
systems have been calculated, the penetration and
shift factors for the D+T system have been obtained,
and the cross sections and reaction rates for the
deuterium-tritium  fusion reaction have Dbeen
determined by choosing different R-matrix models
with parameters obtained from modern scientific
papers.
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Methods

R-matrix formulation

The general detailed formalism of the R-matrix
theory is shown in works [6-7]. In this paper, we
consider the main principles of the R-matrix method
as well as the main mathematical calculations
essential for the determination of the fusion cross
sections and reaction rates.

In the framework of the R-matrix method, the
configuration space is divided in two parts [8]. The
first is the internal region, characterized by a radius
a, where it is important to consider the nuclear
interaction between the colliding nuclei. The second
is the external region, where there is only the
Coulomb interaction. The physics of the problem is
derived from real and energy-independent parameters
E; and y*, known as the energy and the reduced
width of pole A [8].

The R-matrix in the case of a multichannel
problem with N poles can be expressed as

N
viv}

Ri(E) = E—E

A=1

(1)

where E; and yf are the energy and reduced width in
channel i. As it is shown in work [6], from Eq. (1) one
can easily deduce the collision matrix U as follows

U(E) = (2*(E)) ™ Z(E), )
where the matrix Z(E) is expressed as
Zij(E) = Li(E)§;j —a /kiijij(E)Ij,(E)- 3

In Eq. (3), k; and k; are the wave numbers in channels
i and j, respectively, and the ingoing Coulomb
function I;(E) is given by

where w; is the Coulomb phase shift, F;(E) and
G;(E) are the regular and irregular Coulomb
functions, respectively, calculated at k;a (the
derivative I]-’ (E) is also calculated with respect to this

value). The outgoing Coulomb function is defined as
0:(E) = I{ (E). (5)

In the case of a two-channel reaction using the single-
pole approximation (N = 1) [8], we can assume that

R%z = Ry1Ry;. (6)

Using Eqg. (6), we easily obtain the elements of the
collision matrix U

Ii 1 =Ry1L1 = RyplLy

Uy = — ,
Y7 0,1—RyyLy — Ry,ly

_ L 1=Ry1Ly = Ry L5
U22 - ’
021 = Ry1Ly — Ryl

0102(1 = Ry1Ly — RyaLy)’

()

Ui = Uy =

where the function L;(E) is given by

0/(E
Li(E) =k 018

Si(E) +iP,(E). (8)

In Eq. (8), S;(E) is the shift-factor, and P;(E) is the
penetration factor.

The nuclear fusion cross section corresponds to
the transfer cross section from channel 1 to channel 2,
and, in the case of partial wave J™ [8], it can be
obtained as

T (2] + 1)1 +96)

CehrDa, ol O

0152 =

L(E) = e'®i[G,(E) — iF;(E)], (4) where J; and J, are the spins of the colliding nuclei,
¢ is the Kronecker delta, equal to 1 or 0 for symmetric
and nonsymmetric systems, respectively. Using Eq.
(7), one can easily obtain the value of |U;,|? as

| 12| 2 2 (10)
(Gl + F )(GZ + F )Il - R11L1 - R22L2|
For more convenience, we have omitted the p kia k,a 11
explicit energy dependence of the Coulomb functions 1= G2 + FZ’ 2= GZ + F2’ (11)
and R-matrices in Eg. (10). Now, introducing the
formulas for the penetration factors P; and P, and, using Eq. (8), deriving that
|1 — Ry1Ly — RyzLa|? = (1 — Ry1 St — Rp255)% + (Ry1 Py + Ry2P2)?, (12)



0.S. Bayakhmetov and S.K. Sakhiyev

we can rewrite Eq. (10) as follows

|Uy2|? =

Choosing the one-pole, two-channel R-matrix, given by Eq. (1), one can simply obtain

|U12|2 =

(B, —E - V1S1

Eqg. (14) can be expressed in a more concise
form by introducing the total width and the level shift,
considered below in this paper.

The penetration and shift factors based on
precise Coulomb functions

In this section, we explore the penetration and
shift factors, which play an important role in the
obtaining of the fusion cross sections at low energies.

_n? <d_2_l(l+1)>

where h is the reduced Planck’s constant, u is the
reduced mass of the colliding nuclei, uy is the
nucleon mass, Z; and Z, are the charge numbers, e is
the elementary charge, g;(r) is the radial wave
function, which depends on the magnitude of the
relative coordinate r.

The regular and irregular Coulomb functions,
F;(E) and G;(E), respectively, shown in Section 2,
are the solutions of Eg. (15). In terms of the
dimensionless parameters p and n, we have g;(n, p),
and Eq. (15) becomes

[1_2_n_l(l+1)
p

() +

4P, P;R11 Ry, 13)
(1 = R1151 — R225,)% + (R11Py + Ry P)?
AP, P,yiy?
12Y17Y2 (14)

¥5S2)% + (VEPy + 5 Py)?

These energies correspond to so-called stellar
conditions. Generally, in this range of energies the
scattering of charged nuclei mostly depends on the
Coulomb interaction [2]. Therefore, we can neglect
the inner structure of nuclei. Thus, we have a two-
body Coulomb problem defined by the following
radial Schrodinger equation at the center-of-mass
energy E for a given angular momentum [:

Zl 2€
gz(T) =Egi(r), (15)
where p = kr, k =/ 2umyE/h?, nk =
Z1Z,e%u/h?, and '=d/dp. Therefore, we can

rewrite Coulomb functions as F;(n, p) and G;(n, p),
respectively, defining the Sommerfeld parameter 7,

given by
u
where u is measured in MeV.
The regular Coulomb function F;(n,p),

expressed with hyper-geometric functions [9], is

where w = +1, and the normalizing Gamow factor C;(n) can be obtained as follows

=0, (16) given by
Fi(m, p) = C,(n)ptttei®P F (1 + | + iwn; 21 + 2; —2iwp), (18)
—mn 4+ [In(I'(L+ 1+ +In(l(1+1—-i
m + [In(C ) + In(T( m)] In(r2l +2))|, (19)

@ = ZZeXp[

where the natural logarithm of the gamma function
In(T(2)) is implied.

The irregular Coulomb function G;(n,p) is
calculated as follows

Fy(m, p) cos(x) —F_;_1(m, p)
sin(y) ’

Gi(m,p) = (20)

2

where y =0, —0_;_; — (+1/2)r and o,(n) =
(In(T(1 + 1+ in) —In(T(X + L —in)))/(2i). Here
o;(n) is the Coulomb phase shift [9].

Although the analytical expressions for the
Coulomb wave functions in Eg. (18)-(20) may appear
to be simple, their numerical computation presents
significant challenges. Consequently, numerous
papers have explored the computation of the
Coulomb wave functions [10-15]. Nonetheless,
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significant parts of the complex plane have not been
investigated due to both numerical and theoretical
limitations. In this paper, we have applied a precise
method to compute the Coulomb wave functions with
all of its arguments complex, as detailed in [9].

The precise Coulomb functions in the
deuterium-tritium (D+T) system are shown in
Figure 1. The center-of-mass energy is E = 0.064
MeV, the relative orbital momentum of the colliding
nuclei is [ = 0, and the dimensionless parameter p is
in the range from 0 to 12. In addition, we have used
the Coulomb amplitude A4, given by

functlons

Figure 1 — Precise Coulomb functions for the
deuterium-tritium (D+T) system. The red solid line
corresponds to F;(n, p), the blue solid —to G;(n, p),

and the black dashed — to the amplitude 4;(7, p).

Using the parameters, indicated in Eq. (16)-(17),
the penetration and shift factors, at a radius a, can be
obtained by

k
PZ(E,a): a4

Fl2 (71' ka) + Gl2 (TI' ka),

SZ(E: a) = [Fl (77' ka)Fl’(n' ka)
+ Gl (T], ka)Gl, (77» ka)]Pl (E, a)' (22)

where the derivatives of the Coulomb functions are
calculated at ka.

The penetration factors P, (E, a) for a deuterium-
tritium (D+T) system are illustrated in Figure 3. From
the Figure 3, it can be inferred that, depending on the
increase of the radius a, the penetration factor for the
D+T system in the S-wave state (I = 0) negligibly
varies, and, in contrast, in the D-wave state (I = 2)
slightly grows.

The shift factors S;(E, a) for the D+T system in
the S-wave (I = 0) and D-wave (I = 2) states are
shown in Figures 4 and 5. As in the case of the
penetration factor, it can be noticed from Figure 4 that
the values of the S-wave state shift factor

(21)

A = /FIZ + G2,

As an additional example, we also provide here the
graph for the precise Coulomb functions in the case
of the *He+'2C system (see Figure 2). The center-of-
mass energy is E =3 MeV, the relative orbital
momentum of the colliding nuclei is [ = 0, and the
dimensionless parameter p is in the range from 0
to 20.

Figure 2 — Precise Coulomb functions for the
4He+!2C system. The red solid line corresponds to
F;(n, p), the blue solid —to G;(n, p), and the black

dashed — to the amplitude 4;(n, p).

insignificantly increase depending on the growth of
the radius a. In the D-wave state (see Figure 5) the
values of the shift factor grow gradually with an
increase in the radius a.

Figure 3 — Penetration factors for the D+T system.
The blue solid line correspondsto ! = 0,a = 5 fm,
the green solid—to [ = 2,a = 5 fm, the red dotted —
tol = 0,a = 6 fm, and the green dashed — to
l=2,a=6fm.
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Figure 4 — Shift factors for the D+T system in the S-
wave state (I = 0). Solid and dashed lines
correspond to a = 5 fm and a = 6 fm, respectively.

Figure 5 — Shift factors for the D+T system in the
D-wave state (I = 2). Solid and dashed lines
correspond to a = 5 fm and a = 6 fm, respectively.

Results and Discussion

D-T fusion cross section

The integrated fusion cross section of the J* =
3/2" 3H(d,n)*He nuclear reaction in the one-level,
two-channel R-matrix approximation [16] can be
defined as

s 2/ +1

_ 2
@t D, D el 33

oan(E) =

where k4 and E are the center-of-mass deuteron wave
number and energy, respectively, J;, =1 and J, =
1/2 are the spins of the colliding nuclei (deuteron and
tritium), and J = 3/2 is the resonance spin, [Sy,| is
the scattering matrix element.

In Eq. (23), the scattering matrix element [16] is
given by

2 1-‘dl-‘?’l
|Sdn| = 2 27
(E;+A—-E)2+(T/2)

(24)

where E; is the level eigenenergy, I; and [, are the
partial widths of the *H+d (I = 0) and *He+n (I = 2)
channels, T is the total width, A is the level shift. The
total width and the level shift are given by

r=>r, =2k,
C

A=) A, A= -2 —B),  (25)
C

where y2 is the reduced width, P. and S, are the
penetration and shift factors, respectively, defined in
Section 3, and B, is the boundary condition
parameter. Assuming that B. =0, the square
scattering matrix element |S;,|? can be easily
obtained, using Eq. (14), defined in Section 2. Thus,
we have presented the complete step-by-step
calculation of the resonant deuterium-tritium nuclear
fusion cross section. In addition, it should be noted
that we have not shown the results for the penetration
and shift factors for the “He+n system (these
properties can be easily calculated as it is shown in
Section 3). Nevertheless, we have accurately included
these results into our calculations.

In this paper, we have used two different R-
matrix models with parameters obtained in recent
papers [17-18]. The channel radii were chosen to be
equal in model 1 [17], whereas, in model 2 [18], these
radii are different. The full list of the R-matrix
parameters is shown in Table 1. The obtained
deuterium-tritium fusion cross sections are illustrated
below in Figure 6. To compare our results with
modern evaluated data, we have also included the
results obtained from the ENDF/B-VIII.0O library
[19]. In the range from O to 0.1 MeV, the results of
both models are in good agreement with the ENDF/B-
VII1.0 library data. However, since our calculations

only consider the resonant level J™ = 3/2%, fusion
cross sections are slightly underestimated for energies
exceeding 0.1 MeV. Consequently, it is important to
include non-resonant levels of °He in future
calculations. Nevertheless, the energy range from 0 to
0.1 MeV is the most significant for nuclear fusion
technology. Therefore, the results from both models
are suitable for future considerations within the
context of thermonuclear fusion applications.
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Table 1 — Parameter values for one-level two-
channel R-matrix

g, E,, Ya, | ve
Model | ¢ lan, T Ba | Bn ey | Mev | Mev
M?f;]'l 7 7 [-059] -2 0179 | 0.324[0.0122
M?f%'z 5.56| 3.633|-0.2721/0.38740.0420| 3.23 |0.133

Thermonuclear reaction rates
The reaction rate is obtained as follows [20]

1/2
Nalow) = Ny — /)

where N, is the Avogadro number, kg is the
Boltzmann constant, T is the temperature, v is the
relative velocity. Integration is executed utilizing
energies within the center-of-mass framework, while
the distribution of nuclei conforms to a Maxwellian
pattern.

Thermonuclear reaction rates for the D-T
nuclear fusion reaction, obtained in different R-
matrix models, are illustrated in Figure 7. As
mentioned earlier, we have employed two models and
examined the results from the ENDF/B-VII1.0 library
[19]. Between temperatures ranging from 0 to 0.1
MeV (0 to 1.1604-10° K), the results of both models
demonstrate a strong alignment with the ENDF/B-
VII1.0 library data. However, at higher temperatures,
the models appear to deviate slightly from the
reference data. In general, the obtained results are in
a good agreement with the ENDF/B-VIIIL.0 library
results.

Conclusion

In this paper, we have presented a detailed
analysis of the resonant deuterium-tritium (D-T)
fusion cross section in the framework of the
phenomenological R-matrix method. The main focus
has been on using precise Coulomb functions to
accurately determine penetration and shift factors,
essential for the calculation of the fusion cross
sections and reaction rates. We have outlined the
fundamental principles of the R-matrix formalism,
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Wf o(E)E exp(—E /kgT)dE,

ENDFEVINC
Figure 6 — Deuterium-tritium fusion cross sections
in different R-matrix models. The blue solid line
corresponds to model 1 [17], the orange solid —to
model 2 [18], the green solid — to the results of the

ENDF/B-VII1.0 library [19]

(26)

Figure 7 — Thermonuclear reaction rates for the D-T
fusion reaction in different R-matrix models. The
blue solid line corresponds to model 1 [17], the
orange solid — to model 2 [18], the green solid — to
the results of the ENDF/B-VII1.0 library [19]

showing step-by-step calculations for the D-T fusion
reaction. The precise Coulomb functions for the D+T
systems have been calculated. Based on these
functions, the penetration and shift factors for the
D+T system have been obtained, providing accurate
inputs for further calculations of the D-T fusion cross
sections and reaction rates. In addition, we have
calculated the precise Coulomb functions for the
4He+12C system.

The D-T fusion cross sections and reaction rates
have been calculated using different R-matrix
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models. Two different models with parameters from
recent scientific papers have been used, and the
obtained results have been compared with the
ENDF/B-VIIL.0 library [19] data. The cross sections
and reaction rates in the low-energy range from 0 to
0.1 MeV (0 to 1.1604-10° K in units of temperature)
are in good agreement with the reference data.
However, at higher energies the results in both
models are slightly underestimated, since non-
resonant levels of °He have not been considered in our
calculations. Nevertheless, as mentioned earlier,

energies in the range from 0 to 0.1 MeV are especially
crucial in nuclear fusion technology. Therefore, the
results of both models are appropriate for future
considerations in thermonuclear fusion applications.
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MONEKYNAPHbLIN MOH BOAOPOLA H . MATHUTHBIE M1 MEPEXOAbI

MosyyeHbl AaHHbIE O MAarHWTHBIX AMMO/bHLIX NepexoAax B MONeKyAapHOM voHe HY ansa wmpokoro
OManasoHa v K L, KBaHTOBbIX YMCe KonebaTeNbHOro U NOAHOro OPOUTaNbHOrO MOMEHTA. PacyeTbl BbINO/IHEHDI
B HEpPEeNATUBMCTCKOM NpUbAMKeHMN. PaccMaTpmBatoTca Takke 3ddeKTbl CMMHOBOM CTPYKTYpbl MOHA Ha M1
nepexodbl. YWcieHHble pacyeTbl MNPOBOAMAMCL Ha OCHOBE «3KCMOHEHUMaNbHOro» BapUaLMOHHOIO
pasnoxenunsa. OQHOM M3 MPOCTbIX M Haubosee MOAHO paspaboTaHHbiXx 06/1acTen NPUMEHEHUA KBAHTOBOW
MEeXaHWKM ABNAETCA TEOPUA aTOMOB C OAHUM WU ABYMA 31eKTpoHamu. [1ns BoAopoaa v BOA40PoA0N0oA06HbIX
MOHOB BbIYMCAEHMA MOTYT ObiTb BbIMOAHEHbI CTPOrO Kak B HEPEensTUBUCTCKOM BOJIHOBOM MexaHuKe
peamnHrepa, Tak U B PEAATUBUCTCKOM TEOPUM 31eKTpoHa [upaKa. ToUHble BbIYMCAEHUA ABAAIOTCA CTPOTMMM
0N 371EKTPOHa B QMKCMPOBAHHOM KY/IOHOBCKOM MoTeHUuane. osTomy BOAOPOAONOA0OHbIN aTom AaeT
OT/IMYHbIV MaTepuan a5 NPOBEPKM CNPaBeaIMBOCTM KBAaHTOBOW MexaHMKN. [/11 TaKoro aToma nonpasoyHble
UNEHbI, YYMUTbIBaOWME OBMMKEHME M CTPYKTYPY aTOMHOrO A4pa, a TakKe KBaHTOBO3/JEeKTPOAMHaMMUYEecKue
3G dEKTbI, Mabl U MOTyT BbITb BbIYMCAEHbI C HOMBbLLION TOYHOCTbIO. TaK Kak aHepreTMyeckme ypoBHM BoA0pPOAA
M BOAOPOAONOAOOHBIX aTOMOB MOMHO 3KCMEPUMEHTANbHO MCCNEA0oBaTb C MOPAasUTENbHOW CTeneHbto
TOYHOCTbIO, TO OKa3bIBAaETCA BO3MOMKHOMN M B KAKOW-TO CTEMEHM TOYHOM NPOBEPKM MPaBUIbHOCTU KBAaHTOBOM
SN1EKTPOANHAMMKM.

KnloueBble €N10Ba: MONEKYAAPHbLIA MOH BOAOPOAA, 3K30TUYECKME aTOMbl, BapMaLMOHHbI MeTod,
NPeuUmn3noHHbIE BbIYMUCAEHUA.
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3H.H. Boronto608 aTbiHAafbl Teopuanbik Gusmnka nabopaTopuacsl,
BipikKeH aa4ponbIK 3epTTeynep MHCTUTYTLI, [lybHa K., Pecei
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H? cyTeri monexynanbik uoHbl. M1 MarHuTTiK aybicynap

Byn KyMbICTa KeH, AManas3oHabl U XaHe L, Tepbenic KaHe ToJblK OpOuTanblK MOMEHTTIH, KBAHTTbIK
caHaapsl yWwiH HY MONeKynap/blK MOHA@fFbl MarHUTTIK AMNOAbAI aybicynap Typanbl AEPeKTep anbiHApl.
EcenTeynep penaTMBUCTIK eMecC XyblKTayaa opblHAanasl. M1 aybicynapbiHa MOHAbIK CMUH KYPblAbIMbIHbIH,
acepi Ae KapacTbipblnaabl. CaHAbIK ecenTeynep «3KMNOHEHLUMaNAbl» BAPUALMANBIK KEHEKD HETi3iHAe XKYpPri3inai.
KBaHTTbIK MexaHWKaHbl KONAaHYAbIH KapanalbiM XaHe TONbIK HKEeTiITeH cananapbiHblH, Hipi — 6ip Hemece ekKi
3NeKTPOHbI Bap atomaap Teopuackl 6onbin Tabbinaasl. CyTeri XaHe cyTeri Tapi3ai MoHAap YLWiH ecenTeynepai
WpeaonHrepaiH penaTMBUCTIK eMeC TONKbIHAbIK, MeXaHWKacbiHAa Aa, JMpaKTbiH PeNATUBUCTIK 31EKTPOHAbI
TEOPUACbIHAA [la KaTaH, Typae opblHAayfa 6onaabl. [an ecenTeynep TipKeAreH KyNOHAbIK NOTeHLUManaasbl
3/IEeKTPOH YWiH KaTaH. COHAbIKTaH, CyTeri Topi3Ai aTOM KBAHTTbIK MeXaHWKaHbIH, AYyPbICTbIFbIH TEKCEPY VLUIH
Tabblamac Kypan 6onbin Tabblnagpl. MyHAaM atom YLiH aTOM AAPOCbIHbIH, KO3Fa/biCbl MEH Kypbl/ibIMbIH,
COH/AaMN-aK, KBAHTTbIK 3NEKTPOAMHAMMKANbIK SCEPNEpAi eCKepeTiH Ty3eTynep LiafblH aHe eTe Kofapbl
aanaikneH ecentenyi mMymkiH. CyTeri »KaHe cyTeri Topi3di aTomaapAblH 3HepreTMkanblK AeHrennepi
3KCNEPUMEHTTIK TypAe Kofapbl A2/4iKneH 3epTreyre H60NATbIHAbIKTAH, KBAHTTbIK 31EeKTPOAMHAMMUKAHbIH,
AYPbICTbIFbIH B6enrini 6ip Aaperkene Tekcepyre 6onaTbiHbl benrini 6onabl.

TyliH ce3gep: cyTeri MoaeKyNanblK MOHbI, 9K30TUKaIbIK aTOMAAP, BapnaLmMAnbIK 34ic, ASAAIK ecenTeynep.
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MonekynapHbiit uoH Bogopoaa Hy . MarHutHble M1 nepexogbi
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*e-mail: bekbaev-askhat@mail.ru

Hydrogen molecular ion H . Magnetic M1 transitions

The magnetic dipole transitions in the homonuclear molecular ion Hy are obtained for a range of v and
L, vibrational and total orbital momentum quantum numbers, respectively. Calculations are performed in the
nonrelativistic approximation. The effects of the ion spin structure on M1 transitions are also considered.

Numerical calculations were carried out on the basis of “exponentia

|H

variational expansion. One of the

simplest and most fully developed areas of application of quantum mechanics is the theory of atoms with one
or two electrons. For hydrogen and hydrogen-like ions, calculations can be performed strictly in both
Schrodinger's non-relativistic wave mechanics and Dirac's relativistic electron theory. The exact calculations
are rigorous for an electron at a fixed Coulomb potential. Therefore, the hydrogen-like atom provides an
excellent material for testing the validity of quantum mechanics. For such an atom, the correction terms that
take into account the motion and structure of the atomic nucleus, as well as quantum electrodynamic effects,
are small and can be calculated with great accuracy. Since the energy levels of hydrogen and hydrogen-like
atoms can be experimentally studied with an amazing degree of accuracy, it turns out that it is possible to test
the correctness of quantum electrodynamics to some extent accurately.
Key words: molecular hydrogen ion, exotic atoms, variational method, precision calculations.

BBeaenne

MounekynsapHBIE HOH BOJIOpPOJA IPEICTABISIET
co0oi  TPOCTEHIIYI0  CTa0WIBHYIO  MOJIEKYIY,
KOTOpasi MOKET OBbITh M3y4YeHa KaK TCOPETUYCCKH,
TaK W 3KCIIEPUMEHTAIHLHO C BEICOKOH TOYHOCTHIO. B
MOCJEAHUE  TOJbI  JIa3epHAss  CIIEKTPOCKOIHUS
TeTePOSICPHBIX MOJICKYJISIPHBIX HOHOB BOJIOPOja
HD* nocturna Bnevatisronux ycrexos [1-3]. Oto
MO3BOJIMJIO TMOJIYYHUTh IIEHHYI0 WH(OPMAIUIO O
(yHIaMEHTAIBHBIX ~ KOHCTAaHTaX, TaKWX  Kak
OTHOIIEHHE MacC TPOTOHa K DOJEKTPOHY, U
YCTaHOBUTh HOBBIE OTpPaHWUYEHHUS Ha BO3MOXKHBIC
MpOSIBJICHUS  HOBBIX  B3aUMOJICUCTBUH  MEXIY
aJPOHAMH, HAa TUTIOTETHYECKYIO IISTYIO CHITY».

HF TpyaHo M3ydaTh SKCHEPMMEHTAIBHO H3-3a
OTCYTCTBHSA pa3pereHHbIX ANMEKTPUIECKHUX
JUTIONBHBIX TIEPEXO0JI0B, TEM HE MEHee, HOBBIC
SKCIIEPUMEHTBI, HCIOJb3YIOIINE CIEKTPOCKOIIHIO
kBaHToBOW Jsoruku (QLS), mutanmpyrorcs B
OnvoKkaifiiiee BpeMs JUIS PElIeHUs] 3TOH mpoOIeMBbl.
[4,5]. Bo Bcex ciydasix O4eHb Ba)KHO 3HATH CHITY
Pa3IMUYHBIX TEPEXOJI0B, KOTOPhIE MOI'YT OBITh
BBI3BaHBI JIa3€PHBIM W3IydyeHHeM. B  Hammx
mpenpiIymux — paborax [6,7]  wmcciemoBaiuch
KBaJpyIoJIbHBIE U 3amperienHsie El-mepexonsl. B
HacTosAmer paboTe MBI HaMepeHbl MPOBECTH
pacdeTsl iepexofoB M1 11si MOJIEKyJIIPHOTO MOHA
Bogopona Hi mpu wmameix U wum L B
HEPEISATUBUCTCKOM MPUOIKEHUH.
KBagpymonbHBIE TMEpEeXOapl TaKXKe H3YYAINCh B
paborax [8-10]
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[lepexonet M1 B Monekyne H, u3yyanuch B
[11] B ammabaTuveckoM NPHOIMKEHHH; OBLIO
00Hapy>KeHO, YTO OHM CYLIECTBEHHO cialee, yeM
KBaJIpYMOJIbHBIE TIePEXO0IbI JUIS
HU3KOBpAIIATENbHBIX  COCTOsHMH. Momel  HY
OTJIMYAIOTCA TI0 MAarHWUTHBIM  CBOMCTBaM  OT
MoJnekyisl H,, mOckoibKy i cioydas H,
CyMMapHBI{ CIIMH 3JIEKTPOHA S paBeH HyJ0. TeM He
MEHee, K aHAJIOTMYHOMY BBIBOJY O cllabocTu
MarHUTHBIX TIEPEXOJ0B MBI NPUXOJUM H  JUIS
MoJteKysipHoro nona H . Ham pacuer ocHOBaH Ha
ab  initio  TpexdYacTMYHOW  BapHALMOHHOUN
aNMpOKCHMAallUd  HEPENSTUBUCTCKONW  BOJHOBOU
(YHKIMM  CBSI3aHHOTO COCTOSHHMSI M TIPSMOM
BBIYUCIICHUN oreparopa OopOUTaITBEHOTO
MarHUTHOTO MOMEHTa; CM. ypaBHeHHe (3) HHXKe.
Anmnabatndeckoe IpuOIMKeHNEe He HCIIONB3YETCS.

B nmanpHeimemM ™Mbl OyaeM HCHOJIB30BATh
aTOMHbBIE eMHUILL i = |e| = m, = 1.

MeToauka uccjaenoBaHus

B nmawmHOW pabore MBI IpHIEPKUBAEMCS

o6o03nauenuii [12]: U — kone6aTenbHOe KBAaHTOBOE
4yncio, L — monHelid OpOUTANbHBINA YITIOBOM MOMEHT
HEPENATUBUCTCKOW BOJIHOBOW (yHKImMu. CrivHOBas
YacTh OIMCHIBAETCSl OIMEpPaTopaMy CHHHA JBYX

npotoHoB, li, |> u cruHa snekTpoHa Se, | = l1+1
MOJIHBIA sAepHBIA criuH, F = | + S¢ monHBIA crivH
voHa Hy, u J = F + L moyHbIi yriioBoil MOMEHT.
[Mockonbky epexon M1 COXpaHSET
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0.T. AsHabaeB n ap.

MPOCTPAHCTBEHHYIO YETHOCTD, Ooynem
paccMaTpuBaTh  MPOCTPAHCTBEHHYIO  BOJHOBYIO
(byHKINIO TOJBKO B HEPEIATHBHCTCKOM
MPUOJIMKEHUH, TAKUM 00pa3oM, TIPABHIIO 0TOOPA AJIs
9THX cocTostHmii: L—>L = L.

HepenatuBucTckuii raMUIIbTOHUAH B CHUCTEME

LHEHTPA MacC MOXET OBITH 3aITHCaH KaK:

MbI

_bi P3P
2M ' 2M  2m,

Hy

,’lnn' = <l//n |ﬁ| Wn> = :LlB l//n gL(U’ UI)LJ’_ gese +%I l//n' 1

rae |i OomepaTop MarHUTHOrO MOMEHTa CBS3aHHOU

cuctemsl, 0, (0,0") opburanemeii g —  Qakrop

gL(Uvul),uB <L||L|| L> = z Y,

a

g, =—2.002319 g —(haKTOp SMEKTPOHA, g =5.585694

— g taxrop mpotoHa, 1, =|e[i1/(2m,C) — MarHeToH

rne I; =T, —R; u R=R; — Ry — xoopaunarst
3JICKTPOHOB OTHOCHTEIIBHO SIAGp U BEKTOP
MEKBSJICPHOTO TIOJIOKEHUSI B  O0O3HAUYCHUSIX

mosekynspubix koopaunat, (R1, Rz, Te =R3) u
(P1, P2,Pe =P3) — TNOJNOKEHHE BEKTOPOB U
HMITYyJIbCOB 4YacTHI] B CHUCTEME LEHTpa Macc,
M = m, — macca ipotoHa, Z = 1 — 3apsana npoToHa.

MarnuTHeli  MOMEHT mepexoxa W, . s

CBSI3aHHOM CHCTEMBI YacTHIl BeIpakaeTes (cm. [13],
§47):

(2)
p
nepexoja, onpenessieMblil uepe3 paBeHCTBO
Z. |e
iR p, v, ) ©

a

CIIMHOBBIC BKJIAJbI B (2) TOYHO paBHbI HYNO. Takum
o0pa3oM, aMIUIUTY[Abl Tepexoja OIPEIeISIOTCs

HCKIFOUnTENbHO {, , opOuraneaeiM J -pakropom

Bopa.
p . nepexoaa. Torma aMIuIUTyAbl 3aBUCUMBIX OT CITMHA
Korma N#N, ¢GyHKOUM  HavanpHOTO U

MEPEXOJIOB  MEXKJIY CBEPXTOHKHUMH COCTOSIHUSMU

KOHEYHOTO COCTOSHUM  OPTOTOHAIBHBI,  TOT/Ia .

BBIPaXKAFOTCSL:

N 1 1 1 J+F+L+1 1 L ~ 1

(UF L[ F LI ") =50 (1) JQ2I+1)(23'+1) (vL[@o'L) (4)

My HaC eCTh JIONOJHUTEIBHOE MPAaBUIO 0TOOpa ISt
CBEPXTOHKHX IIMHUH nepexona: F—F’ = F.
[Monnas BEPOSITHOCTh nepexoja Ul

CIIOHTAHHOI'0 H3JIYUYCHHA U3 COCTOSAHUA N B

140, [(valilwy)

J'FJ

cocrosure N' BeIpaskaeTcs U3 AMILTUTYIbI TIEPEX0Ia
CIIEIYIOIIUM 00pa3oM

2

Am‘ =

nn'

T 3

3]1€Ch T — €IMHN1Ia BpECMCHU (B ATOMHBIX €AMHUIIAX:
T =2.41888x107" ¢).

PesynbTaThl M 00CyxkIeHIEe

YucieHHble pacyeThl MPOBOJUINCH HA OCHOBE
«OKCIIOHEHIIUAIBHOTO» BAPUALIMOHHOTO Pa3JI0KEHHS
[14]. VYcepenuss ypaBHEHUE 3) o
MPOCTPAHCTBEHHBIM CTENEHSAM CBOOOABI IMOTydaeM
opbOutanbhbie J -hakropsl mepexosia, B KOHCYHOM

Awn‘

utore, KOIPPUIMEHTH ODUHINTEHHA JUTS

2], +1

5 2 [
=la_wsn'gL(U!U), (5)
T 3 2], +1

CIIOHTAHHOTO WCIYCKaHus mepexona ¢OoToHA U3
COCTOSIHUS n=(v,L,F,J) B COCTOSIHHE
n'=(v',L,F'J") cm. ypaBaenue (5). B rabmune 1
MPEJICTABJICHbl  PE3YJIbTAThl HAIUX YHCICHHBIX
pacueroB i nepexogoB L =0—1. M3meHnenue
MaTPUYHBIX 3JEMEHTOB MarHWTHOTO JUMOJS TpH
H3MEHCHHUH L 0XKHIAEMO Majo n3-3a
annabaTHYHOCTH CHCTEMBEI, 9TO YHCIIEHHO
MOJITBEPKIAACTCS B TabIUIIE 2.
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Taémuuna 1. Opouransaeiii J — dakrop nepexona, g, (v,0)

JUTsSE OpOUTATBHBIX cocTosiHM L =1u L =2 (a(b) =ax10? )

L=1 L=2
v—v' v=0 v=1 v=2 v=0 v=1 v=2
v'=0 5.0113(-4) - - 5.0095(-4) - -
1 7.6094(-6) 4.9606(-4) - 7.6324(-6) 4.9587(-4) -
2 6.5530(-7) 1.1257(-5) 4.9060(-4) 6.5775(-7) 1.1291(-5) 4.9039(-4)
3 1.2180(-7) 1.1844(-6) 1.4421(-5) 1.2221(-7) 1.1892(-6) 1.4465(-5)
4 3.4906(-8) 2.4674(-7) 1.7594(-6) 3.5029(-8) 2.4765(-7) 1.7670(-6)
5 1.2655(-8) 7.7464(-8) 3.9817(-7) 1.2705(-8) 7.7754(-8) 3.9977(-7)
6 5.3465(-9) 3.0371(-8) 1.3402(-7) 5.3693(-9) 3.0498(-8) 1.3456(-7)
7 2.5135(-9) 1.3718(-8) 5.6022(-8) 2.5417(-9) 1.3783(-8) 5.6268(-8)
8 1.3084(-9) 6.8817(-9) 2.6810(-8) 1.3164(-9) 6.9173(-9) 2.6953(-8)
9 7.3091(-10) 3.7398(-9) 1.4170(-8) | 7.3522(-10) 3.7732(-9) 1.4225(-8)
10 4.3382(-10) 2.2204(-9) 7.9503(-3) | 4.3783(-10) 2.2064(-9) 8.0930(-9)

Ta6auna 2 - 3aBucuMocTh §, OT OpOMTANILHOIO MOMEHTA L 17151 [BYX KOJIeOaTeNbHBIX IEPEXO/I0B.

v—V' L=1 L=2 L=3 L=4

0->1 7.6094(-6) 7.6324(-6) 7.6670(-6) 7.7132(-6)

0—>9 7.3091(-10) 7.3522(-10) 7.4243(-10) 7.5216(-10)
Ilockonbky 3aBucumocts 0T L Mama, Mbl He L, kak u B cmydae monekynsl H, (em. puc. 1, [14])) u

MPUBOJIUM pacueThbl Jyis 00Jiee BHICOKUX COCTOSHUM
L. C npyro#i CTOpOHBI, OpOUTATHHBIA MAarHUTHBINA

MOMEHT NPONOPLHOHATIEH \/ LIL+ 1L+ 1)mn
BEPOATHOCTB Iepexo/ia Any YBEIIMUUBACTCS C POCTOM

npu Hexotopom L > 20 mepexom M1 craHoBuTCS
nomuHupyronmM. Ha pucynke 1 m3oOpakeHsl Tpu
CepuUu KoyeOaTeNnbHBIX IMEPEXOA0B ISl COCTOSHUI
L=1.

- ~
Ed 4
sy N o °
i;: €6 = - 1
3 v
T 1 v=0-v'
S 1ET =
Ex ]
168 §
:U}

S 2 _r

-

v

Pucynoxk 1.0, Ui pa3auuHbIX IEpexoioB v — V'

3aKkiIoueHne

B pesynprate mnponenaHHOH paboTHl HaMHU
noJryueHsl ciiibl M1 mepexo10B JU1sl MOJIEKYJIIPHOTO

vwoHa Bojgopona HF. Hapagy ¢ Hammmu
MpeIbLTyIIUMHI pacderamu KBaIpYIOJIBHBIX
nepexonoB E2 u  3ampemieHHBIX — JUIOJIBHBIX
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nepexogoB El1 3T0 3aBepmiaeT uccieqoBaHUE
CKOpPOCTEH  TepexoioB,  HEOOXOMMMBIX IS
IUTAHUPOBAaHUS ~ OyAYIIUX  OKCIICPUMEHTOB U
MO3BOJISIIOLIMX OLICHUTh MHTEHCUBHOCTH JIA3€PHOTO
W3Iy4YeHHs, HEOOXOAUMYIO [UIsI TPEeNU3HMOHHON
CHIEKTPOCKONNH HoHa H .
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Study of the N126 dust bubble in the infrared wavelength range

In recent years, the research of bubbles, partially circular structures in the interstellar medium, consisting
of dust and gas, has received the considerable attention. The analysis of the structure and evolution of bubbles
provides insight into the conditions under which stars and planets form in the interstellar medium. Dust
bubbles are inextricably linked with star formation regions and are powerful tools for studying the interaction
of young stellar objects with their environment at various stages of evolution.

The main goal of this article is to study the region of the N126 dust bubble, search for and identify young
stellar objects. Identification of young stellar objects by their fluxes at infrared wavelengths is relatively recent,
and identification criteria are still at the stage of improvement. Therefore, in this article, the criteria for
identifying young stellar objects were used according to the works of Koenig X.P. (2012), Koenig X.P. &
Leisawitz D.V. (2014) and Fischer W.J. (2016), which are based on analysis of WISE observational data in the
near- and mid-infrared bands W1 (3.4 um), W2 (4.6 um), W3 (12 um), and W4 (22 um). The data from the
2MASS and AlIWISE catalogs with reliable non-zero fluxes of infrared radiation sources were used in that work.
For the researched dust bubble, young stellar objects of class O (protostars) and class | were not detected. 4
objects of class Il, 1 object of the class of transition disks and 48 objects of class Ill were identified. Energy
distributions in the spectra for class Il objects were constructed, which also confirmed their evolutionary
status. For all identified YSOs, color diagrams were constructed showing the locations of the found objects
with their corresponding areas of evolution. Maps of the distribution of YSOs in space are analyzed, which
indicate possible signs of an initiated star formation process in the N126 dust bubble.

Key words: bubble, infrared radiation, WISE, young stellar objects, evolutionary stage.

H.W. AammrasmHosal, H.A. Wapwun6ait?, M.T. KbisrapuHa*!, A.6. MaHan6aesa®?,
K.M. TypexaHosal, A.XK. Omap?, A.M. JlemecuHosal, A.9. 9nibek3
'on-®apabu aTbiHAarbl Kasak yATTbIK YHUBEPCUTETI, AIMaThl K., KasaKkcTaH
2Galaxy xanbikapanbik MekTebi, AnmaTsl K., KasakcTaH
3NlorncTrKa waHe Kenik akagemuacsl, AMaTbl K., KasakctaH
4IKCNEPUMEHTTIK KaHe TeopUAbIK GU3MKa MHCTUTYTbI, AIMaTbI K., KasakcTaH
*e-mail: meir83physics@gmail.com

N126 To3aH KenipLiriH TONKbIH Y3blHAbIFbIHBIH, MHPPAKbI3bIN AMana3oHbIHAA 3epTTey

COHfFbl Kbl4apbl WaH, MeH raszaH TypaTblH XYyA4bl3apasblK KeHICTIKTEr Kenipwiktepai, COHbIH, iWiHae
apTblNal CakMHaNbl KypblabiMaapabl 3epTTeyre Ken KeHin 6eniHyae. KenipwikTtepadiH KypbiabiMbl MeH
3BOIOUMACHIH TaNAay *KyAAbl3apasblK KEHICTIKTE XKyA4bl34ap MeH NAaHeTaNapablH Nanga 60y KaraanaapbiH
TyciHyre mMymKiHAiK 6epegi. WaH Kenipwiktepi Xyaabi3 Ty3iny alMmaKTapbiIMeH Tbifbl3 OalNaHbICTbl KaHe
3BOMOLMANDBIK AaMydblH 9PTYPAI Ke3eHaepiHae Kac XKyNabl3abl 0ObeKTinepaiH 0NapablH KopllafraH opTameH
opeKeTTecyiH 3epTTeyiH 6acTbl Kypanbl 60abiN Tabblnaabl.

byn 3eptTeyaid Herisri makcatbl N126 wwaH Kenipwiri alimafbliH 3epTTey, *ac Kyaabi3abl 06bekTinepai
i3/1ey KaHe aHblKTay bonabl. HKac *Kynabisabl 06bekTinepai MHOPaKbI3bla TONKbIH Y3bIHAbIFbIHAAFbI aFbIHAAPbI
OOoMbIHLIA COMKEeCTeHAIPY MKYPri3inreHiHe canbiCTbipManbl TYpAe Kemn VyakblT eTnefgi, an cankecTeHaipy
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Study of the N126 dust bubble in the infrared wavelength range

KpuTepuinnepi ani ae xetingipy catbicbiHaa. CoHAbIKTaH, Oy 3epTTeyaeri »ac Kyaabi3Abl 00beKTinepai
aHbIkTay KpuTepuiinepi Koenig X.P. (2012), Koenig X. P. & Leisawitz D. V. (2014) xkaHe Fischer W.J. (2016), onap
W1 (3,4 mkm), W2 (4,6 MKm), W3 (12 MKM) kaHe W4 (22 MKM) KaKblH XaHe opTa MHOPaKbI3bia
)onakTapbiHaafel WISE baKkbinay gepekTepiH Tangayra HerisgenreH. 3eptrey 6apbiCbiHAa MHOPAKbI3bIA
coyneneHy Ke3aepiHiH ceHimai Henmik emec afbiHAapbl 6ap 2MASS kaHe AlIWISE KaTanortapbiHAaFbI
AepeKkTep naiganaHbinabl. 3epTTeneTiH WaH Kenipuwiri ywid O KnacbiHAafbl (anfallKkbl Kyaabi3gap) *KaHe |
KJaCCTafbl *Kac KyAabl3abl 06beKTiiep aHbikTanmagbl. || KnacTbl 4 0O6beKT, eTneni Auckinep KnacbiHbiH, 1
obbekTici »aHe Il KnacTbl 48 06bEKT aHbikTanabl. || KnacTbl 0ObeKTinepre apHanfaH ChnekTpaepaeri
SHEPruAHbIH, Tapanynapbl KypacTblipblagpl, Oyn onapAblH, 3BOMOUMANBIK CTATyCblH pacTadbl. Bapabik
aHbikTanfaH MMKO yWiH 3BOMOUMAHBIH COMKEC almaKkTapbiMeH TabblnFaH oObeKTiNepadiH, opHanacy
OpbIHAAPbIH KePCETETIH TYCTI AMarpammanap KypacTbipbinabl. N126 wwaH Kenipwirinae 6actanfaH »Kyaabi3
TY3i/ly NPOLECIHIH MYMKiH BenrinepiH kepceTteTiH MK O-TiH fapblliTa Tapaay KapTanapbl TangaHasl.

TyliH ceanep: KenipLwik, nHdpakrbi3bin caynenep, WISE, *ac *Kynabizapl 00beKTiNep, 3BONOLUMANbIK KE3eH,

H.W. AammrasmHosal, H.A. Wapwun6ait?, M.T. KbisrapuHa*!, A.6. MaHan6aesa®?,
K.M. TypexaHosal, A.XK. Omap?, A.M. lemecnHosal, A.A. Annbek®
1Ka3axckuit HaupMoHa bHbIN YHUBEPCUTET MMeHU anb-Papabu, r. Anmartsl, KazaxcraH
2MexayHaponHana wkona Galaxy, r. AamaTsl, KasaxcraH
3AKa,EI,eMl/IH JNOTUCTUKM U TPpaHCNOPTa, T. AﬂN\aTbI, KaszaxcTtaH
HCTUTYT 3KCNEPUMEHTaNbHOM U TeopeTryeckon GU3nKKM, . AimaTsl, KasaxcraH
*e-mail: meir83physics@gmail.com

UccneposaHme nblnesoro nysbipa N126 8 MHpakpacHOM anManasoHe 4/1MH BOH

B nocnenHue roapl 60/blWOe BHUMaHWE yAENAETCA UCCAeA0BaHUAM My3blpen - YaCTUYHO KO/bLIEBbIM
CTPYKTYpPam B MEK3BE3AHOM MPOCTPAHCTBE, COCTOALIMM M3 MblAW U rasa. AHasM3 CTPYKTYPbl M 3BOMOUMN
ny3blpeit gaeT npeactaBneHne o6 ycnoBusX, NPU KOTOPbIX 3Be34pl U MaHeTbl 06pasyloTca B MeK3Be3AHOM
npocTpaHcTBe. [blneBble My3blpM HEepaspbiBHO CBSA3aHbl C 006nacTAMM 3Be340006pa3oBaHMA M ABAAIOTCA
MOLLHBIMM MHCTPYMEHTAMM AN U3YYEeHMA B3aMMOAENCTBMA MONOAbIX 3BE3AHbIX OOBEKTOB C OKPYKatoLLeM
cpenoi Ha pasIyHbIX CTaAMAX 3BOMOLMOHHOIO Pas3BUTKA.

OCHOBHOW Lie/Iblo A@HHOTO UCcaeaoBaHMnA HbIN0 M3ydeHne obaacTu nbinesoro nyssips N126, nouck u
NAeHTUOUKAUMA MONOAbIX 3BE3AHbIX 0OBEKTOB. MAeHTUPMKALMA MOMOAbIX 3BE3AHbIX OOBEKTOB MO WX
MOTOKamM Ha A/MHAX BOMH WMH(PaKpPacHOro aAuanasoHa BeAeTCS OTHOCUTENbHO HEeAaBHO M Kputepum
NAeHTUOUKAUMM HAXOAATCS ellle Ha CTaAMM YCOBEPLLEHCTBOBaHMA. [103TOMY B AaHHOM MUCCaea0BaHMUM Bbian
MCMO/Ib30BaHbl KpUTEPUU UAEHTUGUKALMM MOSIOAbIX 3BE3AHbIX 0OBEKTOB cornacHo pabot Koenig X.P. (2012),
Koenig X. P. & Leisawitz D.V. (2014) n Fischer W.J. (2016), KoTOpble OCHOBaHbl Ha aHanM3e AaHHbIX
HabntoaeHuin WISE B nonocax 61mxHero 1 cpeaHero nHdpakpacHoro avanasoHa W1 (3,4 mkm), W2 (4,6 mkm),
W3 (12 mKM) 1 W4 (22 mKm). B nccnenosardunm bbiam MCNoAb30BaHbl AaHHble 13 Katanoros 2MASS un AlIWISE,
MMeIoLLIME HaAEeXKHble HEeHy/neBble MOTOKM WMCTOYHWMKOB MHOPAKPaACcHOro m3nydyeHus. Oas muccnenyemoro
NbIAEBOrO My3blps MosoAble 3Be3AHble 06bekTbl O (NpoTo3Be3abl) M | Knacca He 6bianM OBHapPyKeHbI.
NaeHTndMuMpoBaHbl 4 obbekTa Il Knacca, 1 06bEKT — Kacc nepexoaHbix AMckos 1 48 obbekTos — Il Knacca.
MocTpoeHbl pacnpeaeneHns sHepruin B cnekTpax Ans obbekToB Il Knacca, KOTOpble TaKkKe NoATBEPAMIN UX
3BOJIOLUMOHHBIM  cTaTyc. [ns Bcex WAeHTUOMUMPOBAHHbIX M30O noCTpoeHbl LIBETOBbIE AMArpPaMmbl,
MOKa3bIBalOLIME PACMNONONKEHMA HAWAEHHbIX OOBEKTOB C COOTBETCTBYHOLIMMU MM 06MACTAMKU 3BOOLMM.
MpoaHanM3nMpoBaHbl KapTbl pacnpeaeneHna M30 B NpOCTPAHCTBE, KOTOPbIE YKa3bIBAKOT Ha BO3MOMKHblE
NPU3HaKM MHULMPOBAHHOTO NpoLecca 38e31006pa3oBaHMA B NblieBOM MNy3blpe N126.

Kniouesble cnoBa: nysbipb, WHbpakpacHoe wu3nyderHne, WISE, monoable 3Be3aHble OOBEKTHI,
3BOJIOLMOHHAA CTaams.

Introduction Universe. The improved radiation detection

techniques, new technologies and data processing

Researches of objects in the interstellar medium  techniques allow to obtain increasingly reliable

provide the explanation of star formation processes, information and detailed images of the interstellar
galaxy formation and the general structure of the
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medium, scientific
research.

In recent years, much attention has been
paifocused to the study of bubbles, partially circular
structures in interstellar medium, consisting of dust
and gas, which are inextricably linked with star
formation regions [1-3], so analysis of the structure
and evolution of bubbles provide insight into the
conditions under which stars and planets form in
interstellar space. Bubbles have a morphology that
indicates the presence of advanced or stimulated star
formation process. The star formation process can
occur due to the expansion of the bubble, when the
leading shock front overtakes and compresses the pre-
existing molecular cloud core. The gravitational
collapse of the core occurs at this moment, which is
an initiated mechanism of star formation in bubbles.
Therefore, the research of it is currently still in its
early stages and subject of great interest to
researchers in the star formation field.

Since studies of infrared dust bubbles are a
powerful tool for studying of star-forming regions,
the identification of young stellar objects plays an
important role in to understand their interaction with
the environment at different stages of evolutionary
development.

The main goal of this study is to investigate the
region near the dust bubble N126, to search and to
identify young stellar objects (YSO).

opening new horizons for

Methods

Data

The given research used the large-scale surveys
in the infrared wavelength range: 2MASS and WISE
(Wide-Field Infrared Survey Explorer). Near-infrared
sky observations of J (1.25 um), H (1.65 pm) and Ks
(2.17 um) obtained by 2MASS were presented in the
2MASS All-Sky Catalog of Point Sources (2003) [4].
WISE observations were presented in the AIIWISE
catalog [5], which contains radiation fluxes in the
near and mid-infrared range at wavelengths W1 (3.4
pm), W2 (4.6 um), W3 (12 um) and W4 (22 pm).

For this investigarion, the following data from
catalogs with reliable non-zero fluxes was selected:
the flux error should be less than 0.2 mag; signal-to-
noise ratio - wsnr greater than 3.

Infrared dust bubble N126

N126 is one of the small galactic infrared
bubbles cataloged by Churchwell [6]. N126 is a dust
bubble centered at B | =59,606°, b=0,330° with an
average radius of about 0,03° (1.87 arcmin) and an
average shell thickness of 0,008° (0,5 arcmin). In
terms of its morphology, N126 is type B and FI, which
means that the bubble is a broken or incomplete ring,

the structure of it is flocculent or lumpy (Figure 1).
The scientific work [7] mentions the diffuse
morphology of N126.

b) Spitzer

Figure 1 - Image of N126 at near and mid-infrared
wavelengths

According to [8], the distance to N126 is 6.3 kpc. The
coordinates of the central position and radius of the
galactic IR bubble N126 estimating on a circular scale
were refined in [9]. According to that work, the
galactic coordinates are | =59,601°, b=0,319°, and the
radius of the bubble is 1.98 arcmin.In addition, the
component brightness distributions were also
obtained:

|Og(LPAH/LSun) =3.83+£0.12,

log(Lwarm/Lsun) = 4.04 + 0.20 and

log(Lcoid/Lsun) = 3.42 + 0.15.
Based on the brightness of the PES, warm and cold
dust, the authors calculated the total IR brightness of
the dust bubble log(Ltir/Lsun) =4.31+0.11.
According to the information on the flux densities
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obtained using (< 2R) circular aperture photometry,
Figure 2 shows the energy distribution in the
spectrum of the N126 dust bubble.
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Figure 2 — Energy distribution in the spectrum of
the N126 dust bubble

Results and Discussion

The search for young stellar objects was carried
out in the astronomical database SIMBAD
Astronomical Database - CDS (Strasbourg) using the
catalogs describing above on this paper. Basic

information on the region and the sources finding
within the search radius are shown in Table 1.

Table 1 — Parameters for searching of objects

. Search | Number
Region R.A. Decl. radius | of found
range (deg) | range (deg) (arcmin) | objects
N126 | 295,364 <a. | 23,712 <8 5 463
<295,447 <23,741

The algorithm for identifying young stellar
objects is used according to the scheme [10, 11]. The
young stellar objects are grouped on dependence of
evolution’s stage: class O (protostars), class I and II,
transition disks and class Il [12-15]. Therefore,
identification is carried out in the same manner in that
study. First of all, it is necessary to remove polluting
factors  (AGN; stationary  stars; sources
corresponding to PAH emission and particle
emission at the leading edge of shock waves).

The young stellar objects of class 0 (protostars)
and class | were not detected. 4 objects of class I, 1
object of the class of transition disks and 48 objects
of class Il were identified for the investigating dust
bubles. Information on flows for 20 YSOs was
presented in Table 2.

Table 2 - YSOs
Class RA(J2000) DE(J2000) W1, w2, W3, W4,
. - AlIWISE
YSO h:m:s d:m:s mag mag mag mag
1 194149 +23 42 07 J194149.48+234207.9 13.602 | 13.467 | 10.873 | 7.068
1 194144 +234119 J194144.43+234119.9 10.388 | 10.009 | 7.592 | 5.257
1 19 41 47 +234521 J194147.40+234521.4 11.188 | 10.933 | 8.949 | 8.667
1 1941 46 +2338 34 J194146.58+233834.1 6.902 6.126 5.161 | 5.642
Tr.disc | 194145 +2346 11 J194145.53+234611.1 9.805 9.561 8.708 | 4.029
i 19 41 47 +23 43 26 J194147.00+234326.5 11.204 | 10.826 | 8.052 | 5.394
i 194145 +2342 20 J194145.11+234220.8 13.042 | 13.483 | 10.864 | 7.823
i 1941 47 +23 4155 J194147.14+234155.5 10.796 | 10.680 | 10.284 | 7.241
i 194152 +23 4255 J194152.21+234255.6 12.060 | 11.980 | 8.783 | 5.281
i 194151 +234200 J194151.00+234200.3 13.729 | 14.296 | 10.871 | 5.602
i 1941 46 +234142 J194146.88+234142.2 9.516 9.531 10.623 | 7.040
i 194149 +234140 J194149.45+234140.9 13.736 | 14.695 | 10.656 | 8.409
11 194144 +23 4154 J194144.32+234154.4 13.219 | 13.642 | 10.505 | 8.089
i 194152 +23 4302 J194152.91+234302.0 10.537 | 10.517 | 8.471 | 5.566
i 194148 +2341 30 J194148.88+234130.7 13.844 | 14.968 | 10.626 | 8.408
i 194150 +2341 39 J194150.78+234139.2 13.264 | 13.804 | 10.859 | 8.818
11 194154 +23 42 54 J194154.34+234254.6 13.113 | 13.195 | 10.316 | 6.062
11 194154 +2343 17 J194154.26+234317.1 13.003 | 13.085 9.906 6.619
i 19 41 55 +2342 32 J194155.08+234232.5 13.074 | 12,949 | 8.813 | 5.463
i 194142 +234131 J194142.39+234131.2 10.393 | 10.357 | 7.970 | 5.970

For all finding YSOs, the color indicators were
determined and their diagram was constructed in
Figure 3. The green squares indicated class 11 YSOs,
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stars. Since existing methods for separating YSOs
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into evolution classes on color diagrams are still at the
stage of improvement. There were selected the
criteria for dividing areas to famous and used for
WISE flows for analyzation of finding YSOs'
location. In Figure 3, the dotted lines showed the
criteria for YSO having the various classes of
evolution [11]. The boundaries of the areas in the
diagram were indicated in accordance with the
classification presented in [16].
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Figure 3 — Color-color diagram for the YSOs in
the region of the N126 dust bubble

Figure 3 illustrateS that objects of class Il are
located at the edges of the corresponding evolution
region, which indicates the correct identification of
the evolution class of these objects. An object of the
“Transition disks” class is lied near its corresponding
evolution region. The location of the evolutionary
stage of transition disks is currently unknown with
certainty. Therefore, taking into account the
assumptions of recent relevant research it is an
intermediate stage between classes Il and Il and the
location of this object near the group of class 111 YSOs
is quite understandable. The objects on class Il are
practically formed young stars, so their location on
the diagram corresponds to their evolution class. It is
interesting that YSOs with class Il are located in
small groups on both sides of the “transition disks”
region, which indicates a direct connection between
the evolutionary development of objects with
“transition disks” and class III.

Moreover, for all of finding objects there were
searched for information in astronomical databases in
order to identify previously unidentified objects. As a
result of the search, no information on the
evolutionary status and spectral type of the object was
found in the catalogs for the receiving young stellar
objects.

For three class Il YSOs, the astronomical
catalogs GLIMPSE Source Catalog (I + Il + 3D)
(IPAC 2008) [17] and MIPSGAL 24pm point source
catalog (Gutermuth+, 2015) [18] contain information
on fluxes, on the basis of it the distributions were
constructed energy in the spectra with suitable models
according to [19]. Figure 4 shows that YSOs have an
IR excess in the spectrum, which corresponds to our
previously determined evolutionary status of these
objects.

The map of the integrated intensity of infrared
radiation at near and mid-range wavelengths is shown
in Figure 5, where the locations of found and
identificated candidates for young stellar objects are
plotted. The white triangle corresponds to the YSO of
the “transition disks” class, the red circles to the YSO
of class Il and the yellow stars to the YSO of class I1I.
The white cross is the coordinates of the center of the
dust bubble in accordance of the Churchwell catalog

[6].
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Figure 4 — DES for YSOs on class Il points —

observational data, lines — theoretical models
(black line — the most suitable model)
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Figure 5 illustrates that the YZO distribution has
a thread-like structure. Class 11 YSOs are located near
large sources of infrared radiation, and the bulk of the
found class 111 YSOs lies in the southern region of
bubble’s circular structure. Most objects are placed at
the edges of flocculent structures and are observed in
small groups.

Figure 5 — Distribution of YSOs in space in the
Spitzer image. Denoted: «+» — coordinates of the
center of the bubble, «A» — “transition disks”,

«o» —II class, «"»— I class

Figure 6 shows the number of YSOs on the
dependence of distance from the center of the dust
bubble. The crumpled structure is observed near the
center of the dust bubble, and there are shown that any
YSOs are not detected in this area. in addition, there
are noticed the maximum number of YSOs at a
distance of approximately 145 to 155 arcseconds, i.e.
in the inner region of the dust bubble between the
flocculent structures. however, there are not observed
any YSOs at a distance of approximately 180
arcseconds, which is a region of flocculent structures.
Furthermore, the number of YSOs decreases with
increasing of distance.
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Figure 6 — Distribution of the number of YSOs on
the dependence of distance to the bubble's center
coordinate

Conclusion

In the present research the region near the N126
dust bubble was investigated. The search and
identification of YSOs at various stages of evolution
were carried out on the basis of applied infrared
radiation fluxes near and mid-wavelength ranges. As
a result of the study, 4 objects of class I, 1 object of
the class of transition disks and 48 objects of class 111
were found. The color-color diagrams were
constructed showing the correspondence of the
location of the finding objects with the areas of
evolution. A search for information was carried out in
astronomical catalogs, and on the basis of it the
energy distributions in spectra with the most suitable
theoretical models were constructed for class Il
YSOs. The DES diagrams show that YSOs have an
IR excess in the spectrum corresponding to the
evolutionary status of these objects which were
previously determined. Maps of the distribution of
small objects in space were also analyzed, which
indicated the presence of initiated star formation
process in the N126 dust bubble.
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CyTeri aToMblIHbIH, 6aliNaHbICKaH KYMNepiHiH KO3y NpoLeciH 3epTTey

Mnasma OU3MKACbIHbIH MaHbI3Abl cananapbiHbiH, Oipi - 3nemeHTap npouectepid, dU3MKachkl, SFHMU,
MoOIeKyNanapapiH, aTomaapasiH, MOHAAPAbIH, 3N1eKTPOHAAPAbIH KaHe GOToHAapPAbIH COKTbIFbIChI KesiHae
OpbIH anaTbiH NpouecTepaiH, dusnkackl 60bIN Tabbinaabl. NaazmaHbliH, Kypambl, OHbIH, TEPMOAMHAMMKANBIK,
TPAHCMOPTTbIK, ONTUKA/bIK XKoHe Dacka Aa KacueTTepi naasmasbiK Kyheae H0obin KaTkaH NpouecTepMEH,
COHbIMEH KaTap 0/1apAblH, *Kbl1AaMabIKTapbiMeH aHblKTanaabl. Con cebenTi, COKTbIFbICY MPOLLECTePiH capanTay
apKblbl MAa3maHbiH 6enrini B6ip KacneTTepiH 3epTtreyre 6onaabl. JacTypni Typae, anfawkel 6aranaynap
Kapanalbim a4icTepMeH opblHAanfaH Kesae benrini 6ip moaenaiH, weHbepiHae snemeHTap npouecTepai
3epTTey Wallblpay KMmacblH 3epTTeyaeH 6actanaapl. Ocbl aaicTepaiH, KaTapbiHa Taxipnbene KonaaHbiybl
MiHAeTTi 6onbin KeneTiH BopH aaici *kaTaabl.

Byn yMbICTa Nna3maafbl CyTeri aTOMbl KaHe cyTeri Tapi3ai noHAapAbliH KyiMnepiHe, aHeprusnapbiHa,
coHAaM-aK KO3y npouecTepiHe mnjasmadarbl VKbiMAblK 3ddeKTinepaiH, acepi 3epTTeniHreH. Mymbic
DapbICbIHAA KBAHTTbIK MEXaHWKa/blK 24iCTep, OHbIH, iWiHAe BapuaumMsanblK 94iC MeH YMbITKY TEeOPUSACHI,
COHbIMEH KaTap cepnimMcis wWallblpay NpoLeci yiliH BopH XKybiKTaybl NaaanaHbiNabl. DNEKTPOHABIK COKKbIMEH
CyTeri aTOMbIH KO34blpy NPOLUECi YWiH BOpH KyblKTaybl HeridiHAe 3epTTey HaTuenepi anbliHabl. Kofapbl
3HEPTUANbIK COKTbIFbICYAP *KaFaanbl ViliH BOPH »KybIKTaybl ¥KaKCbl HOTUXKE KepceTeai. 3epTTey 6apbiCblHAA
afiblHFAH HATUXKENEep FbINbIMM KaHe Taxkipmbenik maHre ne, cebebi Wallblpay KMManapbliH aHbIKTay apKbibl
KbINAaMAbIK,  KO3DOULUMEHTTEPIH  aHbIKTayFa MYMKIHAIK Oepeni. ©3  KeseriHae Oyn  KblNJamabik,
KoadoduUMeHTTEpi Nna3ma OesleKkTepiHiH, KOHbICTaHYbIH (KOHLEHTPaLUMACBIH) cunaTTayFa KOAAaHbINaTbiH
KMHETUKANbIK TEHAEYAI Welly YWiH KaxeT.

TyiliH cesfep: cepnimci3 COKTbIFbICTAP, 3KpaHAany 3GPeKTici, KBaHTTbIK MexaHWKanblk Audpakuma
addekTici, apdeKkTUBTI NoTeHUManaap, KO3y KMMachl, BOpH *KybIKTaysbl.

A.T. Nuraly!, M.M. Seisembayeva’?"*
ISatbayev University, Almaty, Kazakhstan

2Al-Farabi Kazakh National University, IETP, Almaty, Kazakhstan
*e-mail: seisembayevamm@gmail.com

Investigation of the processes of excitation of bound states of a hydrogen atom

One of the most important areas of plasma physics is the physics of elementary processes, that is, the
physics of processes occurring during collisions of molecules, atoms, ions, electrons and photons. The
composition of plasma, its thermodynamic, transport, optical and other properties are determined by the
processes occurring in the plasma system, as well as their speeds. For this reason, by analyzing collision
processes, it is possible to investigate certain properties of the plasma. Traditionally, the study of elementary
processes within a specific model begins with the study of the scattering cross section, when the first estimates
are made using simple methods. These methods include the Born method, which can and should be applied
in practice.

In this work, studies were carried out of the influence of collective effects in plasma on the states and
energies of hydrogen atoms and hydrogen-like ions, as well as on excitation processes. Quantum mechanics
methods were used in the research process, including the variational method and the perturbation theory,
especially the Born approximation for inelastic scattering processes. As a result of the work, data were
obtained based on the Born approximation for the process of excitation of a hydrogen atom by electron
impact. The Born approximation shows better results in the case of high-energy collisions. The results obtained
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during the study have scientific and experimental significance, since they make it possible to determine the
velocity coefficients through the calculation of scattering cross sections. These coefficients, in turn, are
necessary to solve the kinetic equation used to describe the sedimentation (concentration) of particles in the
plasma.

Key words: inelastic collisions, screening effect, quantum mechanical diffraction effect, effective
potentials, excitation cross section, Born approximation.

A.T. Hypanbi®, M.M. Ceiicembaesa?”
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WccneposaHme npolecca Bo36yAeHWA CBA3aHHbIX COCTOAHWUM aToMa BoAopoAa

OAaHOM 13 BaxkHeMWwnx obnacten GUsnKM nNaasmbl ABAAETCA U3MKA SN1EMEHTAPHbIX MPOLECCOB, TO eCTb
dM3MKa NpoLLeccos, NPOUCXOAALLMX MPU CTOSIKHOBEHUU MOJEKY/, aTOMOB, MOHOB, 31EKTPOHOB N GOTOHOB.
CocTaB Mn/ia3mbl, €€ TePMOAMHAMUYECKNE, TPAHCMOPTHbIE, OMTUYECKME U APYyrMe CBOMCTBA ONpeaenatTcs
npoLueccamun, NPOUCXOAAWMMM B MAA3MEHHOM CUCTEME, a TaKXKe WX CKopocTAMM. o 3TOM NpuymMHe,
aHa/IM31PYSA NPOLLECCHI CTONKHOBEHMI, MOXHO MUCC/1eA0BaTb onpeenéHHble CBOMCTBA Naa3mMbl. TPaAMUMOHHO
M3y4YeHMe 3/1eMEHTAPHbIX MPOLECCOB B PAaMKax KOHKPETHOM MOAEAM HAYMHAETCA C WM3YYeHMs CevyeHus
paccenHus, Koraa nepsble OLLEHKM BbIMOIHAOTCSA MPOCTbIMM METOAAMM. DTN METOAbI BK/AtOYatOT MeTo BopHa,
KOTOPbIN MOKHO U HYXKHO MPUMEHATb Ha NPaKTUKE.

B naHHOW paboTe 6blAM NpoBeaeHbl UCCNeA0BaHMA BAMAHUA KONNEKTUBHbLIX 3DdEKTOB B Maasme Ha
COCTOSIHMA W 3HEPrMM aTOMOB BOA0POAA M BOAOPOAONOA0OHbIX MOHOB, @ TaKKe Ha NpoLEecchl BO3OYKAeHUA.
B npouecce nccnefoBaHUa MCNOAb30BaAIMCb METOABI KBAHTOBOM MEXaHWKM, BKIOYAA BapUaLMOHHbIN MeToA,
M TEOPMIO 3aKBaCKW, ocobeHHO nNpubamxkeHne bopHa AnA npougecca Heynpyroro paccesHus. B pesynbrate
paboTbl 6bIAM MOSYYeHbl JaHHblE Ha OCHOBe NpubamxkeHua bopHa Ans npouecca BO3byXAeHWMA aToma
BOAOPOAA 3/EKTPOHHbIM yaapom. MpubankeHne BopHa AEMOHCTPUPYET Ay4yliMe pesynbTaTbl B C/yvae
BbICOKOIHEPreTUYECKMX CTOIKHOBEHWA. [MoNyYeHHbIe B XO4e MCCNeaoBaHWsA pe3yabTaTbl MMEKOT Hay4yHoe U
3KCNepuMeHTaIbHOE 3HaYeHMeE, TaK Kak NO3BOAAOT ONpeaeinTb KO3OOULMEHTbI CKOPOCTM Yepe3 N3IMepeHme
ceyeHnn paccesHmA. 3T KoaddULMEHTbl, B CBOIO ovepesdb, HEOBXOAMMbI AN PELeHUA KUHETUYECKOrO
ypaBHeHUs, NCNONb3YEMOT0 A8 ONUCaHUA ocelaHnA (KOHLEHTpaLMM) YacTuL, B Naasme.

KnioueBble €noBa: Heynpyrve CTO/NIKHOBEHMA, 3GDEKT 3KPAHMPOBKKM, KBAHTOBOMEXAHMYECKMI addeKT
andbpakumm, sbPeKTMBHbIE NOTEHLMANbI, CEYEHNE BO3DYKAEHUSA, NpnbanKeHne bopHa.

Kipicne
ExiHmI peTTi aMITUTYyAaHbl KaTapra >KiKTeyi

I'ennii-no3uTpOH  COKTBIFBICYBIHBIH ~ WOHJAILY
KHMaCBIHBIH TOJIKBIH/ABIK byHKUMSIIApIBI
KoJIJaHybIMEeH OipiHIIi peTTik BopH KybIKTayblHAA
QIIFAlIKbl KBAaHTTHIK MEXaHUKaJbIK 3eprreyi [1]
’KYMBICBIH/Ia KacajraH. bopH sxyeikraymapsl [2-3],
oZlleTTe, JKOFapbl  SHEPrusUlapAarbl  IIaliblpay
MPOLIECTEPIH JKAKChI CHITATTaMIbI.

Bipinmi Bopu xybikraysl (FBA) ymin &F
GyHKIMACH UMITYNbCi Ki OONaThiH MO3UTPOHHBIH
Oacrarnkpl TOMKBIHABIK (QYHKIHUSACH MEH HbICAHAHBIH
OacTankpl KYWiHIH ¢j TOJKBIHABIK (yHKIMACHIHBIH

koOelTiHaici  OomatbiH @,  QYHKUMACHIMEH

anMacTeIpeiIabel. by xepae T-matpuna 3ieMeHTi
KeJleci TypJe *Ka3bUlabl:

Tf0:<q)f|v|q)0>' 1)

28

€CKepe OTHIPBIN, BOpH IKYBIKTAybIH JKaKcapTyFa
Ooapl sxoHe Oyl exiHIi bopH XKybIKTaybIH Oepei.

bypmananran  tonkpiHIapel  Oap  bopH
kybikTaybl (DWBA) Gactankel jxoHE COHFBI KyHJe
J€ TIO3UTPOHHBIH TOJKBIHABIK (YHKUMSCHIHBIH

OypManaHyblH  €CKepy  apKbUIbl  JKacajFaH.
CraTukaliplK dcepliecyieH 0eJeK aTOM-HbICAHHBIH
MOJIIPU3AIHSITBIK addexrici acepiecy

MOTEHIXAIBIHA €Hyl MYMKIH.

TeMmeH SHEpPrusyibl MO3UTPOH MEH TIeIHUIIH
CepIiMJIi COKTBIFBICHI YIIIiH MakDxpaH [4] KYMBICHI
OKCIEPUMEHTTIK HOTIDKENIEPMEH KaKChl COHKec
kenemi. [Tapcenn [5-6] renuiinin mo3uTpoHaapMeH 25
xkoHe 2P xo3y mpomecim 150 »B-ka mediHri
sueprusmapaa DWBA oxicimen 3eprreren. Onapapiy
3epTTeyJiepiHe TO3UTPOHUN maiga 0oy KaHaJbI
KapacThIpbUIMaraH. Amaima OyJ1 sKYMBIC HOTHKeIepi
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SKCIIEPUMEHTTIK HOTHIKEIIEPMEH JKaKChl yilecnece
ne, DWBA omici TemeH »Heprusiapia Ko3y
KaHAJIbIHA TOJISIPU3AIHMSIIBIK MOTEHIIHATBI KOCYIBIH
MaHBI3IBUILIFBIH  KopceTTi. [llambipay  OyphImibl
GyHKISICBI  peTiHaeri  Oarmap KOHE  TY3eTy
mapametpiepi DWBA ogiciMen MbaaucoH xoHe
Yuntepc [7] KYMBICBIHIA ecenTenreH. bipiHiii
HEMECE CKIHII PEeTTi aybICMalbl MOTCHIIUAIIBIH
optypai 6ypmanay petimMeH > dekrinepi 3epTTeni.
IlIpuBacraBa xone 0. [8] OypManmaHFraH TOJKBIHIBIK
OpOUTANIBIK TOCUT KOMETIMEeH TenuimiH 2S Ko3y
mpormeci ymiH auddepeHInanaplK KOHE TOJBIK
KUManapel ecenrtereH. VoHaamy mporieci Typaibl
aiitap Oomcak, DWBA ogjiciMeH  HEFypibIM
Kyitenenren 3eprreynep Kamnany sxone 6. [9-10]
KYMBICTapBIHAA KYpTri3iired OonaTeiH. OnapasiH
MOJICNIIHAC KYJIOHIBIK JKOHE Ka3blK TOJKBIHAAP
naiaanaHbUIFaH, COHBIMEH KaTtap anmacy
addekrinepi eckepinreH. JKyiieHiH COHFBI KYHiHIH
NIBIHAWBI CUITATTAMAChl INAIbIparaH MO3UTPOH MEH
COKTHIFBICTAH ~ KEWiH  OeJIHreH  JIIEKTPOHHBIH
CANBICTBRIPMANBl  KBUIIAMIBIFBIHA  TOYEIILTIriMEeH
naigananbuUiFad. EcenrenreH MOHIAMy KuUMajapbl
JakplH  TabamapipbikTad 500 5B-ka  neitinri
SHEPTUsUIap VIIIH DKCIIEPUMEHTTIK HOTHXEIEPMEH
eTe kaKchl yitecemi [6,11-13].

gaicreMe

IInazma
MOTeHHAIIAPHI

CBI3BIKTBIK ~ TURNIEKTPIIIK ~ OTIMALIIK  OMiCiH
naiiganana OTeIpeil, [14-17] sKyMbICTapblHIa a3
KaIIBIKTHIKTap/a KBaHTTBIK MeXaHHKaJIbIK
mdpaxus SQQPEKTICIH, YIKeH apaKallbIKThIKTapaa
skpaHnany os¢dekriaepin eckeperiH 3¢ (EeKTUBTI
MOTEHIIMAN YIIiH aHATUTHKAJIBIK (GOpPMYJia aJbIHFaH:

0eJIlIeKTepPiHiH acepJiecy

Z,7,¢

rafl—Mjb I

MyHnarsl Aj = (1—,;1—4/1; I ) / (2),;,)),
B2 =(1+a/1—4z§b It2 )/(2,15 )

Kepceriiren epHeKTepACH OChI TIOTEHITHMAIBIH

Mo 115 <1 Ke3iHJe OpBIHABI EKEHIH Kepyre
Ooomagel.  byn  sddexkrtuBTi  moreHmman a3
KAIIBIKTBIKTAP/Ia [EKTI MOHI'€ Me O0Jabl, ajl YIKeH
KalbIKThIKTapaa JleOai-X1oKkKellb IOTeHIMaIbIHA
YMTBLUIAIBL. O¢pdexrunTi MTOTEHLUAJIbIH
KaIIBIKTHIKTaH TOYCIILTIK rpaduri o
TTOTEHITHATBI TpadUTiHEH TOMCH YKaTaIbl.

1-cyperre AJNIEKTPOH-UOH aceprecyi
MOTCHIUANIAPBIHBIH THIFBI3/IBIK TApaMETPIHIH op

®, (1) = (e™—e™),

TYPJi KoHE OaiylaHbIC MapaMeTpiHiH TYpaKThl MoHI
YIIiH TayenmimKTepi KepcerinreH. byn rpadukren
THIFBI3MIBIK TIApaMeTpPi a3aiffaH CaibIH 3JIEKTPOH-HOH
aceprecy MOTEHIUANJAPBIHBIH JKOFaphbl
JKBUDKUATHIHBIH  (TTOTCHOMAIAAp Tepic MoHTe ue
OonraHAbIKTaH) koHe KyJoH mOTeHmuan sl MeH
Jebaii-X1okkenb moTeHIai bl TpagukTepini, Joid
noTteHnuansl  MeH  3(Q(EeKTUBTI  MOTEHIHAT
rpadukTepiHin Oip-OipiHe JKaKBIHAAM TYCETIHIH
Oaiikayra Oomanmpl. bynm kemecimeil TyciHmipineni,
THIFBI3JBIK MApaMETPiHIH MOHI KilllipereH CaubiH,
SIFHU THIFBI3 IIJ1a3Ma Jkyhecinne, Jlebait paamycsr Kiri
MOHT€ He 00aIbl, COJ ceOeNTi IKpaHaay KyIenemi.

0

-2

-4

BO(R)

-10
0

-2

PO(R)

-6

R=rlag
1-cypet. DneKTpOH-HOH apachIHAAFEI dcepiecy
notenimangapsl, ['=1. (1) — Kynon noteniman
Heri3iHae anpiaraH; (2) — JleOali- XtoKKeb
MOTEeHIMAN HerTi3iHge anbiaras; (3) — oy
IMOTEHIIMAI HETI31H/IE aabIHFaH;
(4) — (2) moTeHumMan HeriziHjAe aJbIHFaH

HoTtu:kesep MeH mikipranac

CyTteri aTOMBIH 3JIEKTPOHABIK COKKbIMEH
KO3ABIPY KMMachl YIIiH BOpH KybIKTayBI

DJIeKTpOHHBIH aTOMMeEH ocepiecyi ymiH (2)
MOTEHIMANIBI MbIHA TYpAe *a3buiaasl [18]:

2

u(r,r)= —rZTe(exp(—Aeir)—exp(—Beir))Jr

, ei (3)

e
+m(exp(—&e Ir 1) —exp(-B, |r - rl|)),

29



CyTeri aToMbIHbIH, 6alt1aHbICKaH KynaepiHiH K03y NpoLeciH 3epTTey

6y xepre C,, = \/1_ 422 % = \/1—8x2y2, lg Heri§ri KYHiHeH 2s KO3FaH Kyiire aypicy
JKargaiel yura S(r) mamacher:

(1-C.)/(22). B. =J(1+C.)/(222).

2
825,15(r>=§— [ w;(rowls(rl)ﬁ(exp(—w—r1|)—exp(—Bee|r—r1|))d3r1 =
ee 1

r . . 4
_ e2 J.O RZs(rl)Rls (r;L)rl2 (&eko (&er)lo (Aaerl) - Beeko ( Beer)lo (Beerl))drl + ( )
Ceo | 4] Ros (DR ()5 (Acky (Ach )i (AcT) — Boky (Br, )iy (Ber) ),
Ochbl 6pHEKTI MHTETpAIIalThIH O0JICaK, Keeci (POpMyIIaHbl alaMbl3:
W (q)_ 4\57[62('0\; _Beze)(77157725)3/2 (7725 (q2 _3/82)+2azﬂ(q2 +ﬁ2)) (5)
Coaf (AL +q°)(BL+a*) (o +°)
3 -1
Oyn xepae 7, = [MJ ,
4(2+3y) Matpunanelk ~ JJIEeMEHTTIH  eJIIeMci3  TYpiH
1+ vy)° - KOMeETIMeH TaObIIFaH KuMa GopMyIIachl Keaeciae:
Ths = ( y)z 3 ,3=(7715+%]az1- opwy
1+5y—-2y“ +6y 2
2 3(~2 2)? 2 2)?
24 _ Qmax 647[8’8 (’7157725) (G -H ) ((7715 + 7723 )Q + (7715 _7725 )(ﬂaz ) ) d 6
GZs,ls - '[Qmin , ) 5\2 ) 5\2 5 2\6 Q Q! ( )
CZK(G? +Q%) (H? +Q?) (Q +(pa,) )
_ Kuma popmynacsr:
mynaa G=A.a, = %, opmy.
2,35
H_B a - 1+C, A 240'2,)13:%*
— Hee™Zz 4X2 - az ' CeeK
(3) mnoreHuman HerisiHme anblHFAH =~ 1S — 2S Qs ( ya, )2 (62 —H? )2 Q’ ®)
aybICYBIHBIH KUMaJapel 2-3 CypeTTep/ie KOPCEeTUITeH. *JQ dQ.

2-cypeTTeri  Kumajap
Y3bIHABIFBIHBIE A, =0.1a,

Bpoiins
MOHIHAET]

e TOJIKbIH
op Typmi

SKpaHAaTy paAnycTaphl YUIIH aJbIHFaH. 3-CypeTTeri

KAUMajmap OKpaHAaly paguycelHbIH Iy =20a,
TYpaKThl MOHIHAEri op Typii Aae bBpoilnb TONKBIH
Y3BIHABIKTapel yuIiH anbiHFaH. Ocbl  cyperTep

OolibIHINA J¢ Bpoinb TONKBIH Y3bIH/BIFEI KOOCHTIeH
CaifbIH, SIFHU TUIa3Ma TeMIIepaTypachl KEMITeH CaibIH
KnMa rpadUKTEpiHiH a3 FaHa TOMEHICHTIHIH Kepyre
Oomanpl. 1s KyHiHeH 2p KyiiHE aybICYbIHBIH
MaTPUIIATBIK DJIEMEHTI Kelleci et

16iz2e*qy (AL - BL ) ms
a;C, (AL +0°)(BZ +0)(a” +7°)

772p -1
+— |a, .
2}2

WZp,ls (q) == 3 (7)

1+y)°
MYHJTa 772p :%’ }/:(ﬂls
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(e Q) (@) (@ (2, ) )

(4)-(8) Qopmynamaprarsl g, 7, My B ¥
nraManapel MeH 1S, 2S, 2p KyluepiHiH paauan
¢bynkuusuiapbl. (3) TOTEHIMAN HETi3iHAe allbIHFaH
1s > 2p aybicyblHBIH KuMamapbl 4-5 cyperrtepae
KepceTuireH. 4-cyperrteri
TONIKBIH  Y3BIH/IBIFBIHBIH

kuMmanap jnae bpoitib
A; =0.1a,  TypakTel
MOHIHJET1 9p TYpii dKpaHAaly paauycTapbl YILIiH
aNbIHFAH.  5-cyperreri  KuMmamap  SKpaHjany
pamuycelHbIH Iy =208, MoHIHAEri op Typii Je
Bpoiinb TOJNKBIH Y3bIHABIKTAPH! YIIiH ajabiHFaH. OChl
cyper OobibiHma 1S — 2S K03y HpOIECiMEeH KaTtap
1s > 2p ko3y mpoueci ywiH ne bpoiins TomkeH
Y3BIHABIFBl ~ OCKEH  CailblH, SIFHU  IUIa3Ma
TEeMITepaTypachl KEMIreH CaiiblH KuMa rpaguKTepiHiy
a3 FaHa TOMCH/ICHUTIHIH OaiiKayFra Ooabl.
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2-cypeT. 1s — 2s K03y mportieci yiriH (3)
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3-cypert. 1s — 2s Ko3y mporieci ymriH (3)
MOTEHIMANbI HeTi31H e alblHFaH KuMa, I, = 20a,

1.6 rp=100a;
""" fg=5°a[
. rp=20a;
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$ /
1: 05|
i
0.0
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K, [Ry]
4-cypert. 1s — 2p K03y npoiieci yiiiH (3)

HOTEHIMAJ HETi31H/e anblHFaH Kuma, A,; =0.1a,

1.4 ——— Ay=0.013;
1.2 Ae=0.05a;
NQ 1.0 /\,.:0.131
E . A'|=0.231
- 0.8
: ' N
Sos| | \
) [ AN
o4 | .
0.2 \\
0.0 '
0.5 1 5 10 50
K, [Ry]

5-cyper. 1s — 2p Ko3sy npoueci yuis (3)
NOTEHIIMAJI HeTi31HAEe allblHFaH KuMa, Iy = 20a,

KopbIThIHABI

Byt sxyMbIcTa Mma3Mamarsl CyTeTi aTOMBI KoHE
cyreri Topi3mi HOHIAPIBIH KYHIIepiHe,
SHEprusiapblHa, COHJAN-aK KO3y MPOIECTEPiHe
Ia3Magarsl  YKBIMABIK 3¢ dekTurepmain  ocepi
OoiipiHma  3epTreynep  okypriziummi.  JKymsic
OaphIChIHa KBAHTTHIK MEXaHHKAHBIH MCHIIIKTI
MOHJIEP/Ii XKYBIKTAIl €CENTEY dAICTEePl — BApUAIUSIIBIK
Sfic TeH YWBITKY TEOpHsICHI, HAaKTHIpaK aWTKaHAA,
CepITiMCi3 MambIpay Iporeci yira bopH KybIKTaysl
naiigananeuibl.  OCBI  JKYMBICTa  3JICKTPOHJIBIK
COKKBIMEH CYTEri aTOMBIH KO3JABIPY MpOIeCi YIIiH

BopH KybIKTayblHBIH Teopusicel MeH bopH
JKYBIKTaybl ~ HETI3iHIE  alblHFaH  HOTHXKENep
KenTipingi.  BopH  KyBIKTaybl — COKKbLIAYIIBI

OemIIeKTepiH SHEPTHACH YIKeH OONFaH Ke3aepne
JKAKCHI HOTHKE oepeni. JleOaii- X1oKKenb
MOTEHIIMAIBI HET131H/Ie aIbIHFaH JKoHe (3) MOoTeHIHa
HETi3iHAe, Ja¢ bBpoillb TONKBIH  Y3BIHIBIFBIHBIH
TYpakTbl MOHIHZE, alblHFaH KHMa TpauKTepi
JKpaHAaNy PaauyChl KEMIreH CalblH aybICYbl YIIIiH
JKOFapBUTAlbl, all aybICyhl YIIH TOMEHACHII KoHE
COJIFa XBUDKUIBI. DKPAHIATY PaUyChIHbIH TYPAKThI
MoHiHAE (3) MOTCHIMAN HETI3IHIC aJIbIHFAaH KuMa
rpadukrepi e Bpoiiab TOJNKBIH Y3BIHABIFBI ©CKEH
cailbIH TOMEH KBUDKHIbI. AJIBIHFAH KMMa rpaduKTepi
KyoH noTeHiuansl Heri3iHe ajlblHFaH KUMaJlapMEH
skoHe JleOaii-X10KKeNb MOTeHIIMANbI HEeTi3iH e 0acka
JKYMBICTapZia  allblHFaH KuMa  rpadukTepiMeH
caybICTRIpbUTABL.  JKyMBIC  OaphIChIHAA — aJIbIHFaH
HOTIXKeJep FBUIBIMH XOHE TOKIPHOENiK MOHTEe ue,
cebebi mambipay KAMallapblH aHBIKTAy apKbLIBI
JKBUITAMIBIK KOA(UIMEHTTEPIH aHBIKTayFa
0oIaIbl. O3 Ke3erinae KBUTIAMIBIK
KO3 UITUEHTTEPI ma3zma OeJIeKTepiHiH
KOHBICTAaHYBIH (KOHIIEHTPAITUSICHIH) oimyre
KOJITAHBUTATBIH KHHETHKAIBIK TCHIACY/ IIEITy YIIiH
KaXerT.
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Byn 3eprreymi Kaszakcran PecrnyOinkachr
Foutbim  xone XKorapel bimim  MwunucTpairinig
Foutbim Komureti Kapskbanasipasl (I'panT Hemepi
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npOCTOl)‘I MeTo4 CUHTE3a HaHO4YaCTUL, OKCHUaa KobanbTta ANA d)OpMVIpOBaHVIFl 3/1eKTpoa0B
CyneproHaeHCaTopa C BbICOKOM yp,eanoﬁ €MKOCTbIO

DNEKTPOXMMUYECKUE CUCTEMbI XPAHEHWE 3HEPTMM MMEIOT LWMPOKMIA CNEKTP MPUMEHEHWUM, BKAOYaAA
KpynHOMacLlTabHoe XpaHeHne SHepPrnn, BbipaboTaHHOW anbTepPHATUBHOM 3€/1eHON IHEPreTUKOM, a TaKKe B
3/1EKTPOMOBUNAX M NOPTATUBHOM NEKTPOHMKe. [NA 3KCnayaTaumMm 31eKTPOXMMUYECKMX CUCTEM XPaHEeHWSA
SHEPrMn BaXKHYHO POAb UrPatoT CyMepKOHAEHCATOPbl, MPeAOoXPaHAWMe TakMe CMCTeMbl OT MOJIOMOK Mpw
CKayKax MOLLHOCTU. TMBpUAHbIE CynepKOHAEHCATOPbI M3 OKCUA0B META/NI0B, B YaCTHOCTM, HAa OCHOBE OKCMAA
KobanbTa, ABNAOTCA NEPCNEKTUBHBIMU NPUBOPAMM U MHTEHCMBHO MCCaeaytoTcA. [1na NpeoaoieHns BbICOKOro
3/1EKTPMYECKOTO COMPOTUBAEHMA, @ TaKKe [O1A YBEIUYEHWA OTHOLWIEHMA MNOBEPXHOCTM K 0Bbemy npu
MN3rOTOB/IEHMM 3N1EKTPOA0B HEOOXOAMMO MCMNO/1b30BaTb OKCUAbI B BMAE HAaHOYACTML, MMMOOMAN30BAHHbIX B
NPOBOAALLYIO MaTPULLy, COCTOALLIYIO M3 YrIepoAHblXx MaTepunanoB nAnbo maTepumanos c 6onee BbICOKOM
nposoanMocTbo, Yem Co304. B HacToAulen paboTe pa3paboTaH NPOCTOM METO/, CMHTE3a HAHOYACTML, OKCKAA
KobanbTa An8 GOPMMPOBAHMA 3NEKTPOAOB CYMEPKOHAEHCATOpa C  BbICOKOW YAENbHOM EeMKOCTbHO.
MpeanoXKeHHbI MeTO/ BK/OYAET CMHTE3 MojyYeHue meTacTabuibHoro TBepaoro pacrsopa Zn-Co-O Kak
NPOMEKYTOUHbIM MaTepuas. Yae/bHan eMKOCTb NOJyYeHHbIX 3/1eKTPOA0B niowaaso 1 cm? coctasuna 467.8
® ! npu nsmepeHun CV xapakTEPUCTUK M CKOPOCTH CKaHMPoBaHma 3 MB ¢, 379 @ r! 8 metoge GCD npu Toke
paspaga 1 Artun 415 & rtnpu usmeperun EIS Ha yacToTe 0.01 T,

KntoueBble c10Ba: CynepKoHAEHCATOPbI, 3NEKTPOAbI, OKCKUA KODanbTa, CUHTES.
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MEHLLIKTI CbIMbIMABIbIFbI *KOFapbl CYNePKOHAEHCATOR 3NEKTPOATAPbIH KANbINTacTbIpy YLIiH
KobanbT oKkcuai HaHobenLleKTEPIH CMHTE3AEYAIH, KapananbiM aAicCi

DNEKTPOXMMUANDBIK, IHEPTUAHbI CaKTay Kynenepi »acbln 6anamanbl dHEpPrus KesdepiMmeH, coHAam-ak,
3NEeKTPOMOOUAbAEP MEH MNOPTATUBTI INEKTPOHMKaAa OHAIPINETIH 3HepPruaHbl ayKbiMAbl CaKTayabl Koca
anfaHaa, KeH ayKbiMAbl KOAAAHbICKA Me. DHEepPruaHbl cakTaydblH, 3N1EKTPOXMMUANBIK KynenepiH nanganaHy
YLWiH cynepKoHAeHcaTopaAap MaHbI3bl pes aTkapadbl, 01ap MyHAaM Kyenepai aneKkTp KyaTbiHblH cekipynepi
KesiHae iCTeH WblfyaaH Kopfanabl. MeTann oKkCUMATEPiHIH rmMbpuAaTi cynepKoHAeHcaTopAapbl, atan anTkaHaa
KobanbT oKcuAj HerisiHAeri cynepKoHAeHcaTOp1ap NEPCNEKTUBTI KyPblaFbl 60/bIN TabblNaAbl *KaHEe KapKblHAb!
3epTTenyae. Kofapbl 31EKTP KedepriciH KeHy YLWiH, COoHAal-aK 3n1eKTpoATapabl eHaipyae 6eT-kenem
ApPaKaTbIHACblH APTTbIPY YWiH KeMipTeKTi matepunangapiaH Hemece Co304-TeH 3/1EKTP OTKI3MWTIri Xofapbl
MmaTepuangapaaH TypaTbiH - OTKI3riW  maTpuuata MMMObUAM3aUMAanaHFaH HaHobesWweKTep TypiHAEri
oKcMAaTepAi NnanhganaHy KaxeT. Bbyn KymbiCTa MEHLWIKTI  CbIMbIMAbINbIFbI  KOFapbl CYyNepKOHAeHCcaTop
3/1EKTPOATAPbIH KAaNbINTACTbIPy VLLiH KOBaNbT OKCMAiHIH, HaHOBeNLWeKTepiH CUHTE3AEYAH, KapanalbliM aaici
¥acanabl. byn aaic apanblk maTepuan peTiHae metactabunai Zn-Co-O KaTTbl epiTiHAICIH anyablH CUHTE3IH
KamTuasl. CV cMnaTTamacbiH enley 6apbicbiHaa ayaaHbl 1 cM? 3n1eKTpoATapAblH, MEHLWIKTI CbIMbIMAbIbIFbI
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Facile method of synthesis of cobalt oxide nanoparticles
for formation of supercapacitor electrodes with high specific capacitance

Electrochemical energy storage systems have a wide range of applications, including large-scale storage
of energy generated by alternative green energy, as well as in electric vehicles and portable electronics. For
the operation of electrochemical energy storage systems, supercapacitors play an important role in protecting
such systems from failure during power surges. Hybrid metal oxide supercapacitors, particularly those based
on cobalt oxide, are promising devices and are intensively investigated. To overcome high electrical resistance,
as well as to increase the surface-to-volume ratio in the manufacture of electrodes, it is necessary to use oxides
in the form of nanoparticles immobilized in a conductive matrix consisting of carbon materials or materials
with higher conductivity than Cos04. In the present work, a simple method for synthesizing cobalt oxide
nanoparticles to form supercapacitor electrodes with high specific capacitance is developed. The method
includes synthesis of metastable Zn-Co-0O solid solution as an intermediate material. The specific capacitance
of the obtained 1 cm? electrodes was 467.8 F g1 in CV characteristic measurement and scan rate of 3 mV s?,
379 F g in GCD method at discharge current of 1 A g and 415 F gl in EIS measurement at 0.01 Hz.

Key words: supercapacitors, electrodes, cobalt oxide, synthesis.

BBenenne
PasButne BO300HOBIISIEMOI SHEPreTUKU
CTUMYJIHPYET  pa3pabOTKy  CHCTEM  XpaHCHHUS

anexkTposHeprun. CynepKOHACHCATOPHl KaK BayKHBIN
AIIEMEHT TaKUX CHUCTEM HMMEIOT BBICOKYIO YIEIbHYIO

MOIIHOCTH M LUKIMYECKYI0  CTaOMJIBHOCTb.
I'ubpunabe CYIIEPKOH/IEHCATOPHI, KOTOpBIE
COYETAIOT  INPEHMYLIECTBA  3JIEKTPOXUMHYECKUX

AKKYMYJISITOPOB U KOHJIEHCATOPOB C IBOMHBIM CIIOEM,
B HACTOsIIIIEE BPEMS pacCMAaTPUBAIOTCS KakK BEChbMa
MEpPCIIEKTUBHOE  peElICHUE U yBEIMYEHUSA
IIOTHOCTHU SHEpPruu CYIIEPKOHIEHCATOPOB.
ONEKTPOIBI IS THOPUIHBIX CYTIEPKOHICHCATOPOB HA
OCHOBE OKCHJIOB METaJUIOB pa3padaThIBalOTCA B

mocjenHee BpeMs BeCbMa HMHTEHCUBHO [1-3]
Onmaromapss  BBICOKOH — yACNBHOW  €MKOCTH U
00paTUMOCTH  OKHCIHUTEIbHO-BOCCTAHOBUTEIIbHBIX

peaxuii OKCHUI0B METAJIIOB.

Cpeny OKCHIOB MEPEXOIHBIX METAJIOB, TAKHUX
kak RuO;, MnO,, MoO; u NiO, okcua kobaibTa
Co0304 BecbMa MHTEHCHBHO HCCIEAYETCS B KaueCTBe
ANEKTpOaa THOPHUAHBIX CYNEPKOHAECHCATOPOB
Onarozmaps cBOei BBICOKOH TEOPETHUYECKOH yIEIbHOM
emrkoctu [4-8]. Ilpmmenenme Co30s KadecTBe
ANEKTPOJHOTO MaTepHaja Uil CylepKOHICHCATOPOB
OTPaHNYUBAETCS] HEBBICOKOW 3JIEKTPOIIPOBOAHOCTHIO

o0beMHOTO OKcuza. s TpeoposieHus BBICOKOTO
3NMEKTPUYECKOTO COMPOTHUBJICHMS, a TaKkxke JUis
YBEJIMYEHHSI OTHOIIIEHUS MTOBEPXHOCTH K 00bEeMY TIPH
W3TOTOBJICHUH 3NIEKTPOOB HEOO0XOANMO
WCIIOJB30BaTh OKCHUABI B  BHJIE HAHOYACTHII,
MMMOOWIIM30BaHHBIX B TPOBOMANIYI0O  MAaTpHILY,
COCTOSIIYI0 W3 YIIEPOIHBIX MAaTephalioB JI0O
MarepuaioB ¢ 6oJiee BEICOKOH MPOBOIUMOCTBIO, YeM
Co030;4. Takoil mogxoll HCHONB3YIOT BCE YCHEIIHBIE
crparerud. Mwmeercs pasi paboT, B KOTOPBIX ISt
MoNy4yeHus:  KoMmMmo3uToB Ha  ocHoBe  Co0304
WCITOJIB3YETCST OKCHJI IHKA. B [4] mpuMeHeH MeTox
CUHTE3a OJTHOMEPHBIX (1D) MTOPUCTBIX
rereporepexoaubix komno3utos ZnO/Cos0s, Takue
koMmo3uTel  ZnO/Co030s  mPOIEMOHCTPUPOBAIIN
BBICOKYIO €MKOCTb M XOPOUIYIO CTa0MJIBHOCTH NPH
HUKINPOBaHHH.

B [9] nwuepapxuueckne  I[BETKOOOpa3HBIE
MaccuBbl HaHOy4koB ZnO/Co304, BbIpallleHHbIE Ha
NEHOHMKeJe, ObUTM CHHTE3MPOBAaHBI C MOMOLIBIO
THAPOTEPMATBHOTO  METonma.  OJEeKTPOAbl U3
HaHony4koB ZnO/Co304 JEMOHCTPUPYIOT OTIIHYHEIE
MEKTPOXUMHUUYECKUE XapaKTEPUCTUKH, YTO JENaeT
UX TEPCHEKTUBHBIMHU 3JIEKTPOJHBIMU MaTepHallaMu
JUTST TIPaKTUYECKOTO TPHUMEHEHHs B CYNEepKOHICH-
catopax. CHMMETpPUYHBIH CyNEpPKOHIECHCATOp U3
KOMITO3UTOB aKTHBHPOBAaHHOTO YINII U HAaHOYAaCTHIL
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C0304 umen ynenbuyro eMkocth (Csp) 125 @ 1! u
IIIOTHOCTE 5Heprud 55 Brukr! nmpu mnornoctn
MomHocTH 650 BT Kr! ¢ BBICOKOM IMKIMYECKON
crabunbHOCTEIO Tociie 8000 MUKIIOB ¢ COXpaHCHUEM
eMKocTH Ha ypoBHe 93.75% [10].

KapOonmsaruss, Tepmmdueckas oOpaboTka B
BOJHOH cucreMe U CyOIMManMOHHAas —CyLIKa
THIpOresiel KpaxMana NpUMEHSUIach sl CO3MaHUS
komrto3uTa Co304@C, cocTodmmero u3 TpexMepHOn
CeTKM TOPUCTOTO YDIA C  3aKPEIUICHHBIMU
HaHOKpHCTaJUIaMH OKcuia kobaneta [11]. bnarogaps
CTPYKTYPHBIM O0COOCHHOCTSIM 3D-CeTKM M BBICOKHM
OTHOUIEHUEM IIOBEPXHOCTH K 00BEMY YIJIEPOIHOTO
Kapkaca ONTHMH3HPOBAaHHBIA  AIIEKTPOJ  MMEIN
eMKoCcTh 1314 ® r-1 npu Toke 1 A r'!) u BICOKYIO
CTa0MJIBHOCTh EMKOCTH NPH LKKIpoBaHuu (93.5% B
teuenue 10 000 mwmkior). B [12] MHKpPOBOIHOBBIM
THIPOTEPMAbHBIM METOJIOM CHHTe3upoBaHa 3D-
ctpykrypa CoWO4/C0304, obnamarommast OONBIION
VIEIBHOW TOBEPXHOCTHI0O W OBICTPOH Tepenayeit
SNEKTPOHOB W HWOHOB. [MOpPHIHBIN  BIEKTpOA
JIEMOHCTPUPOBAI YAEIbHYIO eMKOCTh 1728 ® 1! ipu
IUIOTHOCTH ToKa 2.7 MA ¢cM?, cOOTBETCTBYIOMIEN 1
AT!, ¢ yIOBIETBOPHTENBHON CTAOUIBHOCTHIO
nuKIupoBaHus (85.9% eMKOCTH COXpaHSIOCh Mociie
5000 oHKIIOB).

B uccnenoBanuu [13] cuHTE3 HAHOCTPYKTYp
C0304 ocyIIecTBIeH C HUCIOIb30BAHUEM MPUPOIHBIX
BOCCTAHOBUTENEH METOIOM HHU3KOTEMIIEpaTypHOIo
BOJHO-XUMHYECKOTO pocra. [ToxydeHnsle
HaHOCTPYKTYpbl C0304 IEMOHCTPUPYIOT YIEIbHYIO
emkocth 700 @ r! mpu morHoctu Toka 0.8 A1 u
wiotHocTd MomHoctTy 30 Brukr!, a Ttakke
m30bITOUHBIN ToTeHnan 250 MB mpu 10 MA M2 st
peakuy JBOJIOLNMH KHCIOpOJa TPH BBICOKOH
CTaOMJIBHOCTH DPabOTHI 3NEKTpoga B TedeHue 45

JacoB. Oxcun C030s, CHUHTE3UPOBAHHBIN
TUAPOTEPMATIEHBIM METOJIOM B BHJIE
neppOopHUpPOBAHHBIX HaHOJIUCTOB [14],

HPOJEMOHCTPUPOBAJ YAEIBHYIO eMKOCTh 1456 @ 17!
npu 1 A ! 1 XOpoIyro HIUKIMYECKYIO CTaOUIBHOCTE
— 82.5% mocne 2000 mMKIOB TIPH TJIOTHOCTH TOKA
5ATL

Takum ob6pazom, okcua kobanera Co3O4 1 ero

KOMITO3UTBI SABJISIFOTCSI BECbMa MEPCHEKTUBHBIMU
JJIEKTPOIHBIMH MarepuajgaMu JUTSt
CYHEPKOHJIEHCATOPOB  BBUJY HX OTHOCHUTEJIBHO
HM3KOM  CTOMMOCTH, BBICOKOM TEOPETHYECKOMH

YAEIbHOM EMKOCTH, HETOKCUYHOCTH U IIPEBOCXOAHOU
ANEKTPOXUMHYECKON aKTUBHOCTH [15], u pa3zpaboTrka
AMEeKTPOAHbIX MarepuanoB u3 Co30s WHTEHCHBHO
MIPOIOIDKAIOTCS ITIS1 OTIPEJIENIEHUs] YCIIOBHIA CHHTE3a
HAaHOYACTUI[ U (POPMHPOBAHUS HIEKTPonoB. llpu
3TOM CO3[IaHHE ONTHUMH3UPOBAHHOTO 3JIEKTPOIHOTO
MaTepuana BaXHO JOOWTHCA MPH MHUHUMAIIBHBIX
TEXHOJIOTUYECKUX 3aTparax.
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Bricokass  ymenbpHas ~ €MKOCTh — Marepuala
obecrieunBaeTcs  MpH  OOJBIIOM  OTHOIICHUH
TUIOMIAIA YacTUIl K X O00BEMY, OJHAKO IPOIECCHI
KOATyJISIAN HaHOYACTHI] Ha Pa3IUYHBIX
TEXHOJIIOTUYECKHUX JTalmax MOTyT 3HAYUTEIHHO
YBEJIMYUTH pa3Mepbl YacTHIl OT CTaJWW CHHTE3a 0
cTanuu (GOpPMUPOBAHUS AIEKTPOAOB. B HacTosmei
paboTe TpemIOKEH TMPOCTOH METOA  CO3AaHUs
anmekTponoB Ha ocHoBe Co0304 M1 THOPHUIHBIX
CYTIEPKOH/ICHCATOPOB, MO3BOJISIIOIIANA  COXPaHATH
MaJible pa3Mepbl YacTUI[ M JOCTHraTh BBICOKOM
YIAEIbHOU EMKOCTH.

IJKCnepuMeHT

[Hopouiku Zn-Co-O CHHTE3UPOBaHBI MPOCTHIM
METOIOM XHMHYECKOTO OCQXKICHHS W3 BOJHOTO
pacTBopa. [l 3TOro HCIOJIB30BaHbl PEAKTUBBI
Hutpara ruHKa Zn(NO3)>*6H,0, aurpara xobansra
Co(NO3)2*6H,0, xapbamuna CH4N,O u yporponmHa
CsHi2N4 (Sigma Aldrich). [Ins npuroroBieHus
pacTBOPOB MCIIOIb30BaHA ACHOHM3MPOBAHHAS BOJA
(18.2 MOwmxcM), TTONTydeHHAs C TOMOIIBIO CUCTEMBI
ournictku Bomel AQUAMAX-Ultra 370 Series (YL
Instrument Co.). PaGouwnii pacTBop ¢ KOHIIEHTpauuei
0.1 M mo Ky 1 kob6ansry u 0.2 M mo xapbamumy
Y YPOTPOITMHY TIOMENIAJICS B BOJSHYIO OaHI0, CHHTE3
MIPOBOJMJICS TIPU TTOCTOSTHHOM IE€PEMEIINBAaHUU TIPH
temneparype 90 °C B Teuenue 6 yacos. [lomydeHHbIH
1ocjie CHHTE3a IOPOIIOK IPOMBIBAJICS B BOIE,
cymwics u orxkurancs B azore npu 300 °C B TeueHun
30 MUHYT.

B kauecTBe TOANIOKEK AN 3JIEKTPOIOB
WCITIOJIb30BaHA HUKENIeBasl TeHa TONIIMHONW 2 MM,
miomaneo 1x1 cm? TlomIokKky 00e3KMPUBAIH B
alleTOHE M HECKOJNbKO cekyHa Tpaswid B 10 %
A30THOW KHUCIIOTE, MOCTEe Yero MPOMBIBAIN B BOJAE U
cymmnr. CHHTE3MPOBaHHBIM W IPEJBAPUTEIHHO
OTOXCKEHHBIN ITOPOLIOK CMELINBAJIH C AlleTUIIEHOBOM
Cakell B araroBOM cCTymke, H00ABISIIM HEKOTOpPOe
KOJIMYECTBO OATAaHOJA C BOJHOM  JaMcriepcueit
noiurerpadpropatiniena PTFE  (Sigma-Aldrich).
MaccoBoe cootHomenue oOpasua, caxxu u PTFE
cocraBmsmio  8:1:1. Cmecp  mepememnBaid,
MOJICYIITBAIY U PACKATHIBAIIH B IUICHKY J0 TOIIIHHEI
okoj10 50 MKM, paspe3and Ha KBaaparbl 1x1 cm?,
BIIPECCOBBIBAJIM B HMKEJIEBYIO MEHY M CYLIMJIH.
Maccy axkTHBHOTO Marepuaja OIpeNeNsuid 10

pa3HMIle  MEXAYy  MaccaMd  H3TOTOBJIEHHOIO
AIIEKTPOMA U UCXOJHOU MOATIOKKH.
Tunuamass MaccoBas 3arpy3ka  dIEKTpoaa

COCTaBJIsANIa ~5 MI cM ™2,

st onipenenenrst MOp(OIIOTHN UCTIOIB30BAJICS
CKaHHUPYIOMHH 3IIEKTPOHHBIH MHKpockonl (COM)
Quanta 200i 3D (FEI). Kpucrammueckas CTpyKTypa
o0pa3oB  WCCIENOBaHA  HAa  PEHTTCHOBCKOM
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IudpakToMeTpe MiniFlex (Rigaku).
DNEeKTPOXUMHYECKHE EMKOCTHBIE XapaKTePHCTHKU
00pa3IoB MCCIIEA0BAaHbI C TIOMOMIBIO MTOTEHIIHOCTATA
P-40X-FRA-24M (Elins) myTem M3MepeHUs1 KPUBBIX
LUKITNIECKOM BOJIETAMIIEPOMETPUN (CV),
rampBaHOCTaTHUeCKoro 3apsiaa/paspsga (GCD), a
TaKKe ANEKTPOXUMUIECKON WUMIIEAaHCHON
cnekrpockonuu (EIS) B TpexanekTpoaHoi cucteme ¢
UCTIONIb30BaHUEM TUIATHHOBOTO ITPOTUBORJIEKTPOIA U
ANEKTpOIA CpaBHEHUS Ag/AgCl B
ANEKTPOXUMHUYECKOHN siUelKe ¢ anekTponuroM 3.5 M
KOH.

PesyabTathl u 00cyKaeHue

CuHTE3 METOAOM XHMHUYECKOTO OCAXKACHUS C
WCTIOJIb30BAHUEM TIPEKYPCOPOB HHUTpaTa LWHKA H
YpOTPOINMHA MPUBOAMT K MOTYUYCHUIO OKCH/IA [TUHKA,
a IpU HCIONBb30BAaHMM B KayecTBE IPEKypCOpOB
HUTpaTa KobanbTa 1 KapdaMua CHHTE3UPYETCS BUIC
HaHOCTEP)KHEH TMAPOKCUI-KapOoHaT kobanbra [16] ¢
xumuueckoir  popmynoii  Co(COs)os(OH)-0.11H,O
160 Coe(CO3)2 (OH)sH>O [17]. B otimuaume ot 3trx
JIBYX  CJly4aeB CHHTE3a, TIpH  COBMECTHOM
WCTIOJIb30BAHUU TIPEKYPCOPOB HHUTPATOB LIMHKA H
KoOaslpTa, a TaKKe YpPOTpPONMHA M Kapbamupaa, B
pe3ynsTaTe cuHTe3a ObLTH TOTyYeHbI 00pasIibl B BHIE
TOHKHUX IUIACTUH TOJIITAHON ~5 HM,
COOTBETCTBYIOLHE CHUMKH SNEKTPOHHOU
CKaHUPYIOUIEH W MPOCBEUMBAIOIIEH MHKPOCKONUU
npuBeieHb! Ha pucyHke 1 (a u b). DopmupoBaHue Kak
OKCHJa IIMHKA, TaK ¥ TUAPOKCU-KapOoHaTa KobaibTa
MOAABIISUIOCH, COOTBETCTBYIOLIEH
PEHTTEHOCTPYKTYPHOU KapTUHBI HCXOAHBIE 00pa3Iibl
He neMmoHcTpupoBanu. Ilocne orxura mpu 300 °C B
OKHUCJIUTENBHON armMocdepe (hopMHpOBaIUCH
HaHo4acTHLBI ~5-10 HM okpyriol ¢opmsl (puc. 2).

Ha pucynke 3 mnpuBeneHbl pPEHTI€HOBCKHE
nudpakTorpaMMel 00pasia nocie KajabUUHAIUN IPU

300°C B Tewenne 30 wmuHyT (KpuBasg 1).
HaGmiomaemble MUKW, OTMEYEHHbIE 3€JIECHBIMU
TPEYroJbHUKaMH,  COOTBETCTBYIOT  pedekcam

reKcaroHajabHOro okcuja IuHKa (kapra JCPDS No.
00-036-1451). MoxHO 3aMETUTh, HYTO KaXKIBIH
pedIeKC COCTOUT U3 HATIOKEHHUS JIBYX ITUKOB — Y3KOTO
U HIMPOKOTO. Y3KMH IHK COOTBETCTBYET YacTHULIAM
Zn0O, MUPOKUN MUK MOXHO OTHECTH K TBEPIOMY
pactBopy Zn-Co-O ¢ TeKcaroHaJIbHOW peIIeTKON
[18].

Kpuseie 2 u 3 Ha pucyHKe 3 COOTBETCTBYIOT
PEHTreHOBCKMM audpakTorpamMmmaM o0pasia mocie
BBIZIEPKKH B anekTposute 3.5 M KOH B teuenue 30
MUHYT (kpuBass 2) u 24 dacoB (kpuBas 3)
JIEMOHCTPHUPYIOT HW3MEHEHHs, KOTOPBIE JIOJDKHBI
MMETh MECTO TIpU OKCIUTyaTallkd dIIEeKTpoa,
M3TOTOBJIEHHOTO U3 TAaKOTO MarepHana.

b)

Pucynok 1 — SEM canmoxk (@) u TEM caumok ()
oOpasiia cpa3zy 1mocie CHHTe3a

Pucynok 2 -TEM cHumok 00pasua nocie oTKura
ipu 300 °C B Teuenue 30 MuH

Kak Buano, mocne 30-MHUHYTHOM MIEIOYHOM
00paboTKM HMHTEHCHBHOCTH pediekcoB ZnO u
TBepAoro pactBopa Zn-Co-O yMmeHbIIaeTCs, H
TIOSIBJISTIOTCS] HOBBIE peieKChl (OTMEUEHHbIC CHHUMMU
KBaJ[paTaMu), UX MOJIOKEHUE COBIAJACT C 3TATOHOM
runpokcuna kobanera Co(OH), (kapra JCPDS No.
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01-089—-8616). MoxHO cnenath BBIBOH, 4YTO (hasbl
ZnO wu TBepmoro pactBopa Zn-Co-O momBep KeHBI
Jlerpaialiiy B MIETIOYHOH cpexe. B pesynbrare 6omee
JUTMTEIBHON IIEIOYHONW 00paboTKu B TeueHue 24
JacOB OCHOBHOM (ha30¥ CTAHOBUTCS OKCHIT KOOAJTBTa
C0304, Kak MoKa3zaHo Ha pucyHKe 3, kpuBas 3. Pazmep
HaHOKPHCTAJUIOB OKCHa K0OajabTa, OLICHCHHBIH IO
¢dopmyne Illeppepa, cocraBun 4.6+0.5 HM, YTO
3HAYUTENIFHO MEHBIIE pa3MepoB  YacTHIl 10
menoIHoi 00paboTku (puc. 2).

v Zn0O #00-036-1451
* Co(OH), #01-089-8616
v * Co,0, #00-043-1003
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Pucynok 3 — PeHTreHOBCKHE TUPPAKTOTPAMMBI
obpasua nocne omxura npu 300 °C B Treuenue 30
MUHYT (KpuBag 1), mociie 00pabOTKH B IEKTPOIIUTE
3.5 M KOH B teuenue 30 munyT (kpuBas 2) u 24
yacoB (kpuBast 3)

brumm W3TOTOBJICHBI 3NEKTPOABI u3
CHHTE3UPOBAaHHBIX 00pa3ios Zn-Co-O mocie oTkura
ripu 300 °C B Tedenue 30 MuHYT. TUNMYHAs MaccoBas
3arpyska coctaBiasia or 5 mo 10 mr ma 1 cm?
DNEeKTPOXUMHUYECKUE XapaKTEPUCTHKH 00pa3IoB
ObuUIM  HWCCIeOBaHBl  METOIOM  LIMKIMYECKOU
Bonsramnepomerpun (CV), rajipBaHOCTaTUYECKOTO
3apsza/paspsa (GCD), a TaKKe
3NEKTPOXUMHUYECKON MMIIETAHCHON CHEKTPOCKONIHU
(EIS) B TpexanekTponHoii cucteme. Ha pucynke 4a
TIPUBE/ICHBI KpHBEIC [UKITMIECKOM
BOJIETAMIIEPOMETPHUN, CHSATBIE TPH  CKOPOCTSIX
pasBeprku noreHnuana or 3 MB ¢! no 10 mMB ¢
VYnenpHas eMKOCTh omnpenensiack u3 CV KpUBBIX IO

dbopmyiie
Co=[IV)dVI2 mv AV),

rae /(V) — tok mpu usmepenuu CV KpuBBIX 0T V, m(e)
— Macca aKTHBHOTO Marepuaia siekrpona, v(B ¢!) —
CKOPOCTh pa3BepTku npu u3mepernu CV KpuBsx, AV
— gmanasoH mnoreHnuana npu CV  u3MepeHusX.
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3aBUCUMOCTb YIACTBHOH EMKOCTH OT CKOPOCTH
pa3BepTKH MpuBeJeHa  Ha  PHCYHKE 4b.
MakcuManbHOTO 3HaY€HUsT eMKOCTh fgocturaer 2.81
® npu ckopoctu 3 MB ¢! u macce anexTpona 6 mr, To
€CTb y/leJbHasA EMKOCTh paBHa 467.8 @ 1.
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Pucynox 4 — Kpubie HUKIINYECKOM
BOJIETAMITIEPOMETPHUHU TIPH PA3HBIX CKOPOCTSIX
pa3BepTKH MmoTeHIMana (a); 3aBUCUMOCTh yACIbHON
€MKOCTH OT CKOPOCTH pa3BepTKH (b)

Ha pucynke 5a mnpuBegeHbl 3aBUCUMOCTHU
MOTEHITHANa 3JIEKTPoa OT BpEMEHH 3apsa-paspsna
npu Tpex 3HaueHusX Toka (kpuBele GCD), a Ha
pUCYHKEe 5b — 3aBUCHMOCTBb OT YHEIBHOTO TOKa
paspsiia yOenbHON €MKOCTH, OIpENeIeHHON TIo

dopmyie
Cs=1At/(mAV),

rae /(A) — Tok paspsiga, At(c) — Bpems paspsaa, m(e)
— Macca aJekTpoaa, AV — pabouee OKHO MOTEHIHAA.
IIpu Toke paspsaga 1 Ar! ymenbHas eMKOCTh
cocrapmia 379 @ .
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E vs. Ag/AgCI (V)
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Pucynok 5 — GCD 3aBUCHMOCTHU TTOTEHIIHAJIA
ANEKTPOJIa OT BPEMEHH 3apsa-pas3psiia Ipu pa3HbIX
3HAUEHMSX TOKa (a); 3aBUCUMOCTD YIIEJIbHON
€MKOCTH OT YJISIIBHOTO ToKa pa3psina (b)
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Pucynok 6 — I'padux HaiikBucra nms snexrpona
Zn-Co-0, uzmepennsie npu cmemnienuu 300 MB B
quanasose ot 10 k' 7o 0.01 'y u
COOTBETCTBRYIOIIAs PKBUBAJICHTHAS CXEMa, Ha
BCTaBKE MPUBEICHA BEICOKOUACTOTHAS YacTh
rpaduka

Pe3kuit pocr wmHuMOM uactu Im Z 1o
OTHOIIECHUI0 K JCUCTBUTENBHOM wacTh Re Z
UMIIElaHCa TPU YMEHBIIEHWH YacTOThl OTpakaeT
E€MKOCTHOE IIOBeJeHME HieKkTpoaa. st 3HaueHHs
9KBUBAJIEHTHOTO [I0CIIEI0BATEIBHOTO
COIPOTUBIICHUS 3JIEKTPOZA ESR, KOTOpO€e
MOJTy4aeTcsl Ha MEPECeUeHNH 3KCTParoipOBaHHON
JIMHAM HHU3KOYACTOTHOM EMKOCTH C OChl0 Re Z,
nmonmydeHo 3HadeHue 1.1 OM. DTO compoTuBIeHHE
OTpaHUYUBAcET MaKCHUMaJTbHBIN TOK, u
CJIEZIOBATENbHO, MOIIHOCTb 3NEKTPOJIA.
HuskovacToTHas €eMKOCTb 3I€KTpoAa Obula OLICHEHA
nomotnpio cootHomenus: C=—1/2af, Im Z) Ha
gactore 0.01 I'y, koTopoit coorBeTcTBYET Im Z=6.39
OMm (pucynok 6), momyueHo 3HadeHme 2.49 O.
PaznenuB 370 3HaueHHe Ha Maccy MEKTpoAa 6 M,
ObUIO TONMY4YEeHO 3HAYCHHWE YACIBHOH EMKOCTH
Cs =415 @ r'!. D10 3HaYEHNE HAXOAUTCS B XOPOLIEM
COIIacCMU C yIelbHOM eMKocThio 468 @ rl,
nonyyeHHOM u3 CV XapaKTepUCTHUK MpPU CKOPOCTH
passeptku 3 MB ¢!, u u3 GCD usmepenwuii 379 @ r!
npu Toke 1 A,

3aKiIoueHue

Takum oOpa3oM, pa3paboTaH MPOCTOM CIOCOO,
KOTOPBIM TMO3BOJIIET MOJy4YaTh OKCHJ KoOalbTa B
Buje HaHoyactul. Ha mepBom »drame cuHTE3a
OJHOBPEMEHHOE NpUMEHEHHE MIPEKypPCOPOB
koOallbTa W IIMHKA TMOJaBIsieT cuHTE3 (askbl,
COZEprKaIlel TONBKO KOOAJIBT, B PE3y/IbTaTe CUHTE3a
bopMHpYyIOTCA  IUIACTHHYATBle  MeTacTaOWIIbHBIE
yacTullpl.  TepMuueckuid  OTXHUT  (OPMHUPYET
HAaHOYACTHUIIBI TBepAoro pactBopa Zn-Co-O c
TeKCaroHaJbHOH  pEIIeTKOM  TUMa  BIOPILMTA.
H3roroBneHue 31€KTPOIOB ¢ IPUMEHEHHEM OUHAEpa
MIPUBOAUT K UMMOOHIIH3aIINT YaCTHII.
[Tocnenyromniye 3MEKTPOXUMHUUECKUE H3MEPEHUS B
anektponure 3.5M KOH mnpuBomatr k ObICTpoid
JIeTpajiallii TBEPAOT0 pacTBopa ¢ (HOPMUPOBAHHUEM
HAHOYACTHI[ OKCHJa KoOanbra. YielbHas eMKOCTbh
MOJIyYEHHBIX  OJEKTPONOB  Iomamso 1 cm?
cocrapmia 467.8 @®r! npu wusmepenmun CV
XapaKTEPHUCTHK U CKOPOCTH CKaHMpoBaHus 3 MB ¢,
379 @ r'! B metone GCD npu Toke paspsina 1 Ar' u
415 @ r'! npu usmepennu EIS na yactore 0.01 T,

DuHaHCHPOBaHHE
Jannoe HCCJIeI0OBaHUE OBILII0
npo)MHAHCUPOBAHO MUHHUCTEPCTBOM HAyKd U

BEICIIEro oOpa3oBaHusi PecnyOmuku Kazaxcras,
rpaaTsl Ne BR18574141 u Ne AP19676535.
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3KCNEPUMEHT NO HU3SKOTEMMEPATYPHOMY OB/TYHEHUIO MOPOLLUKA
®TOPUPOBAHHbIX AETOHALUMOHHbIX HAHOA/IMA3OB
B PEAKTOPE BBP-K: YCN1OBWA U MEPBUYHAA XAPAKTEPU3ALIUA OBPA3LIOB

JlernpoBaHHble GTOPOM MOPOLIKM AETOHALUMOHHbLIX HaHoaiMa308B (HA) paccmaTpuBatoTca B KayecTse
HOBOrO K/aacca oTpaKkaTefiell HEeMTPOHOB M MOTYT CYLECTBEHHO YAYYLWMTb XapPaKTEPUCTMKM WCTOYHMKOB
O4YeHb XONOAHbLIX U YAbTPAxONOAHbIX HEMTPOHOB, YTO B CBOK O4Yepeab NpuBeAEeT K NMPOBEAEHMIO HOBbIX
BW/0B 3KCMEPUMEHTOB Ha KaYeCTBEHHOM YPOBHE. DT yaydlleHMA AOCTUratoTCA 3a CYET TakMx cBoncTe JHA
Kak BbiCOKoe AMbDY3IMOHHOE U KBasM3epKasibHOe oOTparkeHWe. bnaroapsa BbICOKOWM OTpakatoLLen
cnocobHocTn ynyyaetca 3dOEeKTUBHOCTb AOCTAaBKM HEMTPOHOB M, CAef0BaTe/lbHO, MOTOKM HEMTPOHOB Ha
HENTPOHHbIX yCTaHOBKax. Wcxoaa 13 atoro, ¢TtopupoBaHHbie JHA paccmaTpuBatOTCsA Kak NOTEeHLMa  bHbIN
MaTepuan oTparkaTena HeMTPOHOB A8 NMPOEKTMPYEMOro MCTOYHMKA OYEHb XONOAHbLIX U YAbTPAXONOAHbIX
HENTPOHOB Ha peakTope BBP-K. OaHaKo, Ha CeroAHsWHNM AeHb 3KCMEePUMEHTaIbHbIX AaHHbIX O MOBEAEHUM,
dTOPUpPOBaAHHbLIX JAHA B HEMTPOHHOM MO/Ie HEAOCTAaTOYHO W MOSTOMY C LIEJIbl0 M3y4YeHUA paamaLmoHHOM
cTonkoctn [HA Ha peakTope BBP-K HauyaTbl paboTbl Mo Mx 06/1y4eHnto 1 AanbHenwemy nccaegosannio. [an
aToro Hbia paspaboTaHa ONTUMasbHAA KOHCTPYKLMA 061y4aTeNbHOM Kamncyibl U NPoBeAEHbl KOMMIEKCHbIE
pacuyeTbl Mo 060CHOBAHUIO YCA0BUI U NPEAEeOB PeakTopHOro obaydeHuns. B HacToslen paboTte npusoasTca
onucaHune ob6/yd4eHHbIX 06pPa3LOB M PEAKTOPHOrO 3KCMNEepMMEeHTa, METOA0/0MMA U YCNoBUA 0BayYeHUs
06pasLoB, 1 pesybTaTbl UX NEPBUYHON XapaKTepusalmm nocie obaydeHms.

KnioueBble c/noBa: [AETOHALUMOHHbLIA HaHoanmas, ¢Top, BBP-K, o4yeHb XonoAHble HEWTPOHbI,
YNbTPaAX0N0AHblE HEUTPOHbI.

K. Turlybekuly, M.T. Aitkulov®, Zh.T. Bugybay, S.K. Askerbekov, A.A. Shaimerdenov
Institute of Nuclear Physics, Almaty, Kazakhstan
*e-mail: maitkulov@inp.kz

Experiment on low-temperature irradiation of fluorinated detonation nanodiamond powder in the
WWR-K reactor: conditions and initial characterisation of samples

Fluorine-doped detonation nanodiamond (DND) powders are considered as a new class of neutron
reflectors and can significantly improve the performance of very cold and ultracold neutron sources, which
in turn will lead to new types of experiments at a qualitative level. These improvements are achieved due to
such properties of DND as high diffusion and quasi-mirror reflection. The high reflectivity improves the
neutron delivery efficiency and, consequently, the neutron fluxes at neutron facilities. On this basis,
fluorinated DNDs are considered as a potential neutron reflector material for the designed very cold and
ultracold neutron source at the WWR-K reactor. However, to date, experimental data on the behaviour of
fluorinated DND in the neutron field are insufficient, and therefore, in order to study the radiation resistance
of DND at the WWR-K reactor, work has been started on their irradiation and further study. For this purpose,
an optimal irradiation capsule design was developed and comprehensive calculations were performed to
justify the conditions and limits of reactor irradiation. This paper describes the irradiated samples and
reactor experiment, the methodology and conditions for irradiating the samples, and the results of their
initial characterisation after irradiation.

Keywords: detonation nanodiamond, fluorine, WWR-K, very cold neutrons, ultracold neutrons.
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CCP-K peaKkTopblHAa ¢TOpNaHFaH AeTOHALMANIK HAHOANMA3apAblH, YHTaFbIH TOMEH
TemnepaTypanblK COyNeneHaipy aKCNnepUMeHTi: LWapTTapbl XXaHe yarinepai bactankpl cunatray

dTOpMEH  NervpieHreH  AeTOHaUMANbIK  HaHoanmasgapdblH, (OHA) yHTakTapbl HeWTpoHAapAb!
LLaFbINbICTbIPATLIH *KaHa MaTepMangap PeTiHAe KapacTblpbiabin OTbip. ONap CyblK XaHe yAbTPaCyblK HEMTPOH
Ke34epiHiH, cMnaTTaManapbiH eaayip *aKCapTybliHblH apKacblHAA »KaHa 3KCNEepPUMMEHT TYyPAepiHiH canansbl
AeHrenge eTyiHe cenTiriH Turizeai. OHgan HaTukere JHA-HbIH Xofapbl AMbDY3IUANBIK KoHe KBasnalHasbl
aFbINbICTbIPY CUAKTbI KacueTTepi ecebiHeH Ko KeTkizineai. LUafbinbicTbipy KabineTiHiH Kofapbl 605y
ecebiHEH HENTPOHAAPAbl KETKi3y MaHe CaMKeciHWe HEeNWTPOH KOHAbIPFblAapbiHAaFbl HEUTPOHAAP afblHbI
’aKkcapa Tycegi. CCP-K peaKTopblHA@ CafblHyfa »KOCMapaAaHfaH ©Te CyblK KoHEe y/AbTpacyblK HEMTpoHAAP
KO3iHiH, LWafbI/IbICTLIPFbIL MaTepuanbl peTiHae ¢TtopnanHfaH JHA KapacTbipbiiyda. JereHmeH, Kasipri TaHaa
HEeNTPOH epiciHaeri ¢TopnanraH AHA-HbIH Kanal e3repeTiHAiri Typasibl SKCMNEePUMEHTTIK JepeKTep TbiM as,
COHApbIKTaH [AHA-HbIH, pagnaumansik Te3imainirin 3eptrey ywiH CCP-K peaKTopbiHAa OnapAbl CayneneHaipy
)KoHe oJlaH KeMiHri 3epTTeynep 6oMblHIWA XymbicTap 6actanabl. On yuwiH cayneneHaipy KancynacbiHbiH,
OHTaM/Ibl KOHCTPYKLUMACHI 93ip/eHdi XoHEe PeakToOp/blK Cay/ieNeHaipydiH WapTTapbl MeH LWeKTepiH Herisaey
VWIiH OfaH KelleHAi ecenTep Xypridingi. OCbl YMbICTa Coy/IeIeHreH VYAMNEPAiH, YOHEe pPeaKTOpP/ibiK,
3KCNEPUMEHTTIH, CMNaTTamacsl, YArinepai cayneneHaipy aici MeH WapTTapbl XKaHe cayaeneHaipyaeH KeniHri
BacTankbl cMNaTTay HaTUXKEeNepi KenTipiireH.

TyliH ce3pep: [AeToHauMANbIK HaHoanmas, ¢Top, CCP-K, eTe cyblK HEWTPOHAAP, YAbTPaCyblK,
HenTpoHAaap.

BBenenue METOJOM Ha3BIBAIOTCSA JCTOHAIMOHHBIMEH (JHA).

CuHTe3 HaHOAIMa30B NyTeM JETOHALMOHHOTO

Hanoanmazer  (NDs) [1-4] CUMTAIOTCS  B3pbIBA MPOUCXOJMUT TMPU BBICOKMX JaBIEHUSIX

MEPCIEKTUBHBIM MaTepuaioM JUTst paga (20+30 I'Tla), u Temmeparypax (3000+4300 K) B

MPUIOXKEHUH B TPUOOJIOrUM, MOAN(DUKALIMN CBOHUCTB
MaTepHajoB, JOCTaBKE JeKapcTB, KOCMETOJIOTHUH,
OMOVMU/KUHTE, XpAaHCHWH OSHEPrHH, KaTaju3e,
KBaHTOBOM MHXXEHEpUH M T.A. (CM., Hampumep,
0630psI [5,6] 1 CCBUTKM B HUX).

OmHuM W3 HampaBlieHHsT — IPUMEHEHHS
HaHOAJIMA30B SIBJISIETCSl HEHTpOHHass Hayka H
TexHosorus. Hanoanmas cunraercs: nepcreKTUBHBIM
MaTepHaJoM Ui CO3/aHusl OTpakarenell OdYeHb
xonoaabix HeWTpoHoB (OXH) u ynpTpaxoiomHbIX
HeiitponoB (YXH). Helirponnsie otpaxatenu [6-8]
UMEIOT OTrpoMHOe  3HaueHwe. VX  OCHOBHOE
Ha3HAuCHHE - IePEHAaIPaBIsTh IIOTOKA HEHTPOHOB B
HYXKHOE€ MECTO M TEM CaMbIM CHIKATh IOTEPH
HeHTpoHOB. OHU MOBBILAIOT HTPOU3BOAUTEIHLHOCTD
HUCTOYHUKOB HEWTPOHOB U TPAHCIOPTHBIX CHCTEM
SKOHOMHUYHBIM U 3(pPeKTUBHBIM 00pa3oM.

B Hacrosmiee BpeMs IOCTYITHO MHOXECTBO
Pa3MUYHBIX METOJIOB IOJNYYCHUsS HAHOAIMAa30B IS
pa3IMYHBIX HaMpaBJIeHUH ucciaeqoBanus. Mx MoxHO

MOJly4YUTh  TYTEM  JICTOHAIIMOHHOTO  CHHTE3a,
JIA3epHOT0 CHHTE3a, XUMHYECKOTO OCKICHUS W3
mapoBoi  ¢pazer w 1.0 CuHTE3  ImyTem

ACTOHALIMOHHOI'O  B3pbiBa ABJIACTCAd OJHHUM U3
NEpBBIX U 3(1)(1)CKTI/IBHBIX MCTOAOB IOJYUYCHUA
HaHOaiaMa30B. HaHoanmmassl IMOJTY4YCHHBIEC TaKWUM

obnacTu cCymiecTBOBaHHs CTaOWJIBHOW ajaMa3HOU
¢daser [1,2]. Cumraercs, YTO Kakaas dYacTHIA
JleTOHaIMoHHOro HaHoanmasza JIHA mnpexncraBisieT
co00i1 YacTHIly, COCTOSIIYIO W3 aJIMa3HOTO sipa B

dopme MHOTOTPaHHUKA, OKPY>KEHHOTO
HekpucTauimeckoir  C-o00510ukoif, comepxamei
¢ysakuponansupie  rpymmsl - [3-5].  OtpaxeHue

HEUTpoHOB oOT mnopowka JIHA Bo3HHUKaeT B
pe3yabTaTe MHOTOKPATHOTO KOTE€PEHTHOTO YIIPYToro
paccesiHusl. Clie10BaTENIbHO, PACCESIHUE U IIEPEHOC

HEUTPOHOB B MOPOILIKaX  JETOHALMOHHOTO
HaHoaJIMas3a OmpeaesieTcs CBOMCTBaMH,
XapaKTepUCTUKAMH, XUMHAYECKUM COCTaBOM,
T€OMETPUYECKUM pasmepom 5 thopmoii
JIETOHALIMOHHBIX HAaHOAJIMa30B.

MoauduiupoBanie u jeruposanue JHA

MPUBOJUT K CYIIECTBEHHOMY HM3MEHEHHUIO CBOWCTB
JHA. Tak, nanpumep, B UeNsAX oOecredeHus
yBennueHUss  A(PGEKTUBHOCTH  OTPaKaTeJIbHOM
CITOCOOHOCTH HEUTPOHOB C BBICOKHM ah0eno Oblia
npumenena Kk IHA TexHosorus ¢ropupoBaHus, TeM
cambIM Tioy4vast gropuposannoro JJHA — F-DND.
Taxxe Takume cBoiictBa JIHA kak BBICOKOE
INQPY3MOHHOE M KBa3U3EpKaJbHOE OTPaKEHHUE
MO3BOJIUT KapAWHAIBHO YIYYIIUTh XapaKTEPUCTHKH
HMCTOYHUKOB HEHUTPOHOB, d(PPEKTUBHOCTH JOCTABKU
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HEHUTPOHOB M, CIIEJOBATENBHO, MOTOKH MEIJIEHHBIX
HEHTPOHOB Ha HEUTPOHHBIX YCTAHOBKAX. JTO TaKKe
MOXKET TO3BOJIUTh Pa3padOTaTh HOBOE MOKOJICHHE
HEHUTPOHHBIX HCTOYHUKOB U TIPOBEAEHHE HOBBIX
BHJIOB SKCIIEPUMEHTOB.

Hcxons u3z storo, JJHA paccmarpuBaroTcs Kak
MOTEHLMANBHBII MaTepuall OTpa)kaTessd HEHTPOHOB
JUIS IPOEKTUPYEMOTO UCTOYHHUKA OYEHDb XOJIOAHBIX U
YIBTPaxoJOAHBIX HEUTpoHOB Ha peaktope BBP-K
[9-11]. C uenpt0 wu3yYeHHS  paTUANHOHHOM
croikoctn JIHA wu BiIMsSHMA  HEHTPOHHOTO
obmyueHust Ha oTpaxaromue cBorictBa JIHA Ha
peaktope BBP-K Hawater pa®oTel mo maHHOMY
HamnpaBjieHUI0. B Hacrosend craTb€ NPUBOIASTCS
ONMCAaHHE PEAKTOPHOTO OKCIEPUMEHTa, YCIOBHUS
00my4yeHust 00pa3IoB M Pe3yibTaThl WX MEPBUYHON
XapakTepHu3aluy.

MarepuaJibl U METOABI

OOBeKTaMu HCCIEAOBAHHS SIBISIOTCS 00pa3ibl
JNETOHALMOHHBIX HAHOAJIMa30B, MPUTOTOBJICHHBIX
CTaHIAPTHHIM B3pBIBHBIM MeToA0M (Tabmmma 1).

VYcnoust skcmmyaranmu  JJHA B kauecTBe
OoTpaxxaTejiia HCﬁTpOHOB B HCTOYHHKaAX XOJIOAHBIX
HelTpoHOB (XH) m OYeHb XOJODHBIX HEHTPOHOB
(OXH) xapaktepu3yloTcs HH3KOH TemIepaTypoi
(we Oomee 100°C) u CpaBHUTEIILHO HE OOJBIINM

dmoencom GbIcTphIX Heltponos (101%-102° cm?).
YuuteiBass 3T (akTophl, OBLIa pa3paboTaHa
KOHCTPYKITUS 00y4yaTensHON KarcyJibl,
(dhopMmupyroIias 3a1anHbie yciaoBus oomyuenus JJHA
B HeliTpoHHOM mote peakTopa BBP-K (Pucynok 1).

Tabmuia 1 — Onucanue ucciaeayeMbx 00pasioB

Obpa- | Macca, Hacpinnas
Ne sen - IIOTHOCTD, | [IpuMmeuane
r/em®
¢dTopupoBan-
1| F-DND | 0,35 0,381 HBIi
TIOPOLIOK
JIBAXKIbI
2 | FDNDII | 0,23 0371 | bropnposan-
HBIHA
TIOPOLIOK

OcHOBOHW 00ITy4aTeNFHOW KATICYJBI SBIISIETCS
craHjapTHag ammyia peakropa BBP-K, B kotopyro
YCTaHaBJIUBAIOTCA Tpu IMOA-KaIllCyJibl u3
aFOMUHUEBOr0 cruiaBa. Bo BHYTpp KaXI0W MOJ-
KalCyllbl yCTAaHABIMBACTCA aMIlyjJa M3 KBapla,
koTtopas 3anoinena JJHA. Kancyna u moa-xancymist
CHapy)XM OXJIQXJAI0TCA BOJOW IEpBOro KOHTYypa
peakropa BBP-K. Ilpu »TOM, nox-kancyiasl u
KBapLEBbIE aMITyJIbl 3aIIOJIHEHBI MHEPTHBIM Ta30M.

vy
- Ll
FTA

Obnyyenwne
HONTPOMAMM

|

Pucynok 1 — CxemaTrueckuil BU 00JIydaTeIbHOTO SKcniepuMenTa: | — ucxomnslii oopasen; 11 — obpasen B
kBapueBoil ammnyine; |1l — ammyna B anmoMuHueBoit Kancyne; [V — karncysa 3amoaHseTcsi aproHoM 1
repMeTusnpyercs; V — Karcynia B aTFOMHHHEBOH aMITyJie

Pacuernoe HCCIIeI0OBaHuE HEUTPOHHO-
¢duznveckux XapaKTEepPUCTUK pa3paboTaHHOM
KOHCTPYKIIUHA o0ydyarensHOU KarICyJbl

npoBOIMIIOCE MeToioM Monte-Kapio ¢ momoribio
TpancnoptHoro koga MCNP6 [12]. TpaHcrnopTHbIit
ko MCNP6 mpenHazHadeH Juis pelieHus: 3ajgad B
obsactu busukH SIEPHBIX PEaKToOpOB,
paaraoHHON 3aIIUTBI, JI03UMETPUH,
paguorpaduy,  pagUalliOHHOW  MEIWIMHBI |
snaepHoit  Oe3omacHocTH. [lonb3oBarens  UMeeT
BO3MOKHOCTH ~ MOJEGJIUPOBAaTh  T'€OMETPUYCCKHE
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TpEXMEpHBIE KOH(pHUTYypauu, 3ajaBas
MaTeMaTHYECKHE YPaBHEHUS OTPAaHMYMBAIONINX HX
IIOBEPXHOCTEH IE€pBOH, BTOPOH M  YETBEPTOH
CTEMEHW, M HX 3alOoJIHEHUE IPOU3BOJIBHBIM
MaTepuaioM,  3aJaBasg  KOHIEHTpAlMH  s1ep
3JIEMEHTOB, BXOIALIMX B COCTaB BemecTBa. llpum
MOJIETIMPOBaHNM B TpaHcIOpTHOM Kkojge MOCNP6
HCIOJIb30BaJIach oubnuoreka cedeHuit
B3aMMOJICHCTBUS HEHTPOHOB ¢ BemectBoM ENDF/B-
VIl [13]. B MCNP6 Obuia cmonenupoBaHa
TeKyIasi KOH(QUrypanus aKTHBHOHM 30HBI peakTopa
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BBP-K ¢ peanbHbIM MaTepUaJbHBIM COCTaBOM.
Craructuueckass  HOTPEIIHOCTh  PacdyeToB  HE
npeBbimana  5%. B xauectBe 00myuarenbHOM
MO3ULIMU B aKTHBHOW 30HE peakTopa BBP-K 0Obin
BBIOpaH Tepu(epUiHBIA BEPTUKAIBHBIA KaHal B
sqetike 10-2.

Temnopusnuueckue  pacyeThl IPOBEICHBI
kommiekcom  COMSOL  Multiphysics  [14],
npeHa3HaYeHHbIM TSt MOJICTTUPOBAHUS

KOMIUIEKCHBIX (u3ndeckux 3amad. s pacuera
MpUMEHsIIaCh TpeXMepHask TeOMETpHsl, (U3HMYECKH
peanbHO, OTOOpakaroIasi CTPOCHHUE M Pa3Mepsl
Kancyssl ¢ nopomwkoM IHA, a Takxke OKpyXaroulyro
e€ yacTh 00Jy4aTenbHOro KaHasa (00JacTH BOJIBI
CBEpXY U CHHU3Y KaICyJIbl, CTEHKY O0Jy4aTelnbHOro
KaHaJla U3 aJIOMHHHUEBOro ciutaBa). s omucaHus
TEIIOPHU3UIECKUX CBOWCTB MaTepHaIoB
KCIOJIb30BAIACh CTaHJapTHas OoubnnoTeKa
marepuaioB COMSOL. 3Oto o03HayaeT, 4ToO BCE
HEOOXOIUMBIE ISl TEIUIOBOTO pacdera MapameTphl
(TermonpoBogHOCTE K, TEIUIOEMKOCTH — TpHU
MOCTOSTHHOM JfaBieHnd Cp W IDIOTHOCTh P) M HX
TeMIIepaTypHbIe 3aBUCHUMOCTH B3STHI u3
anpoOMPOBAHHOTO HCTOYHUKA.

I/ICXOI[HI)IMI/I YCIOBUAMM JJId 3aa4U CHUTAIOCh
TeMmIeparypa BceX MaTepHajoB MOJAEIM paBHas
40°C. JlaBneHue BOJBI PaBHO aTMOC(hEpPHOMY C
Y4€TOM THAPOCTATHUECKOM J00aBKM Ha BBICOTY
BOJSIHOTO CTOJ0a, aOCOJIIOTHOE JaBJICHUE aproHa B
kancynax cuuraercs paBHbiM 100 klla. TemnmnoBbie
KOHTAKTbl HMJCAJIbHBI M HE HapyHIarOTCsaA B XO/€

Harpesa. ®a3oBple HM3MEHCHHUS CBOMCTB BOJbI
ApYyTux MaTcpUuaioB B xone HarpeBa HC
YUUTBIBAKOTCA.

[Mockonbky HeleaecooOpa3HO BKIIIOYATh B
MOJieTTb BeCh 00BEM BOJBI B KaHaie (MIPUMEpPHO 2
MeTpa BOJSHOrO CTOJI0a Haj Karcynod u 1 merp -
MO HUM), TO Ha BEpXHEM W HIXKHEH TpaHHUIAX
BOJISIHOTO JIOMEHAa VYKa3aHbl TPAaHUYHBIC YCIOBUS
KOHBEKI[MOHHOI'O TEINIOOOMEHA C OCHOBHOM Maccoii
BOJIbI KaHaJIa 10 3aKOHY

Qo = h* (Text — T), €]

rie Qo — yIeNnbHBINA MOTOK KOHBEKTUBHOTO TEIia Ha
eavHULy Iwomanu; I — TeMIeparypa BOABI B
OKPECTHOCTH IeHasa (PacyeTHOE 3HAYEHHE), Text —
BHEIIHSISL ~ TeMIlepaTypa  BOJIbI B CHCTEME
oxnaxjaenus peakropa; h=0.3 Br/(cm®*K) -
KO3 PHULIMEHT KOHBEKLIMH Il HATPETON BOZBI.

B mnactpoiikax Momenm ObUIO TPHUCBOEHO
TETIOBBIACTIEHIE KOHCTPYKIIMOHHBIM MaTepraliaM |

mopomky JIHA, BelgendoomuMm — Temiao  MOJ
BO3JCHCTBHEM  HEHTPOHHOIO H  (DOTOHHOIO
U3JTYyYEHUH. B MOJIeNn YUYUTBIBAETCS

W3ITy4YaTeIbHBIA TEIUIOOOMEH MEXKAY KallCyJol Hu
CTeHKOW KaHana (depe3 Boxy) mo 3akoHy Credana
BonpiiMana. DMHCCHOHHBIE CBOMCTBA ITOBEPXHOCTEH
paBHb ¢ = 0.3.

Jmst omucanus TaMUHAPHBIX TTOTOKOB BOJBI U
aproHa TpH UX CBOOOMHON KOHBEKIIMH BOJA
3ajaeTcsi B MOAENM Kak  cirabocKuMmaemas
JKUJKOCTh, a aproH Kak HeC)kKMMaeMblii Ta3. Bce
MMOBEPXHOCTH, OMBIBa€MBbIE BOJIOM W aprOHOM,
yYKa3aHbl Kak T[OBEPXHOCTH TPEHUS TMPH BCEX

ckopocTsix  TeyeHus. Ha  Boay — melcTByeT
HaIpaBJIcHHAs BHU3 cuia TSIKECTH,
obecneynBaromast, Mpu  HATMYAHA  TIepernanaa

TEeMIIeparyp, YycJIOBHE BO3HUKHOBEHHS TETUIOBOM
KOHBEKIIMU BOJPBI.

PentrenodazoBsiit aHaIm3 00pasIoB
BBHITIOJTHSUICSL HAa YHHUBEpcallbHOM Komiuiekce DS
ADVANCE (Bruker, 'epmanns), cxema cheMKu «0-
6» mo bparry-bpenTano, TpyOka ¢ MeTHBIM aHOZOM
(nmuHa Bomubl 1,5406 A), paGoune mapamerpsl Ha
Tpybke 40 xB, 40 MA, Nal CUMHTHIISIHOHHBIH
JIETEKTOp, AMarazoH yriaoB o 26 20-120°, mar 0,02
rpagyca, CKOpOCTh ckaHupoBanms 0,5 cek/miar.
CpeMKa MPOM3BOJMIIACH C BPAILCHHEM JEpKaTels C
oOpa3ioMm Ha yrioBoil ckopoctu 60 00/MUH ¢

NOMOIIBIO  ympaBisifomied  mporpammbl — Adjust.
KavecTBeHHblii  (a30BbIii  aHANU3 BBITIOJIHEH B
nporpamme EVA. ns wunentudukainuu — ¢as

Hcrioiib3oBada 0Oasa maHaeix ICDD: International
Centre of Diffraction Data (mopomxoBas 06a3a
nauHHsix PDF2).

B3pemuBanne 00pasloB  MPOBOIWIOCH  HA
aTTeCTOBAaHHBIX  AHAIMTHYECKHUX BeCaX  MapKH
«Vibra HT 224RCE» ¢ norpemiaoctsto £0,0002 T.

W3mepeHne MOIIHOCTH /1036l  (POTOHHOTO
W3JTyYCHHs] TPOBOJMIOCH C TIOMOIIBIO J03UMETpa
FH 40G-L10 ¢ pauama3oHOM HW3MEPEHHsS OT
10 u3p/uac nmo 100 wm3p/uac. Ilpeaen ocHOBHOM
OTHOCUTENLHOMN MOTPELIHOCTH U3MEpEHHS
MOII[HOCTH aMOMEHTHOTO KBUBaseHTa 10361 H'(10)
cocrasisieT — 20%.

HaBeneHHas akTMBHOCTH IaMMa-M3JIy4EHHUS OT
00ydeHHBIX 00pa3loB H3MEPSIach C IOMOLIBIO
mupokoauanazonHoro (or 3 kB mo 3 Mb»B)
repManneBoro ramma-criekrpomerpa Canberra GX
2518, c¢ orHocuTenbHON 3(PdekTUBHOCTRIO 25%.
Ilepen HawamoM pabOT TaMMa-CIEKTPOMETp ObLI
OTKaTuOpoBaH HAOOPOM O0OpA3MOBHIX HMCTOYHHKOB
OCI'H.

Pe3yabTaThl M 00CyxKIeHUSA
PacdeTHBIM IyTeM onpeneneH SHepreTHYECKUi
CIICKTp HEWTPOHOB B 30He oOmydeHus JIHA

(Pucynok 2).
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PucyHok 2 — DHepreTuueckuil CieKTp HEMTPOHOB B
00JIy4aTeabHON TO3UIIUN

I[lo pesynprataMm  HEHUTPOHHO-PH3MUECKHUX
pacueToB sHeproBeieneHue B JJHA cocraBuio 2.4
Bt1/r (Tabnuma 2). DHepreTrueckoe pacipeneieHne
HEHTpPOHOB B 00BeMe 00pa3loB TpPUBEIEHO B
tabmuue 3. PaccMOTpeHBl TpH DJHEpreTHYecKue
CpYIIbl HEUTPOHOB. JlOJS TEMJIOBBIX HEHUTPOHOB
(<0.683 »B) cocraBuma 56%, a moms OBICTPHIX
HeiiTpoHoB (>1 M»dB) — 6%. MHWHrerpanbHas
IJIOTHOCTh TOTOKa HeiTponos — 1.1-10% cm?c?,
O¢ddexr peakTHBHOCTH OT 3arpy3Kd Karcyjbl C
oOpaslilamMM B aKkTHBHYIO 30HY peaktopa BBP-K
coctasua munayc 0.1 % Ak/K.

Pacnipenenenne Ttemmeparypsl 1O 00BbEMY
o0JIyyaTeIbHON KarcyJibl MOKa3aHO Ha PHCYHKE 3.
W3 pucynka 3 BHIHO, YTO B MeECTax HPOTOKA
TEIUIOHOCHUTEJISL B KaICyJie CO3/1aeTcsl TYpOyIeHTHOE

Fime=1500 =
™
100
%0
80
70

60

a0
30
20
10

0

60 a0 20 0

JIBUKCHHE JKUIKOCTH, YTO MPUBOUT K TIOBBIIICHUIO
temneparyper g0 70°C. TemmepaTrypa o00pa3moB
(mopomka JIHA) me moBwicuTcs Bbime 81°C, 49To
SIBJISIETCSI TPUEMJIEMBIM M COOTBETCTBYET 3ajaue
skcriepuMenTa.  CranmuoHapHOE — pacrpeseieHHe
TEMIIEpaTypel MO0 OO0BEMY KallCyJbl yCTaHOBHUTCS
yepe3 12 MUHYT TMOCiie Hayayia oOOJydeHHS B
HEUTPOHHOM ToJie peakrtopa BBP-K.
MakcuManbHass CKOPOCTh [JBW)KCHHS BOJBI HE
MPEeBBICUT | CM/CEK, CpeaHSs CKOPOCTh BOJBI B
3a30pe KaHaJ-KaIcyja COCTaBHUT 3 MM/CEK.

Tabmuma 2 — DHEproweielieHHe B 00pasnax u
KOHCTPYKIMOHHBIX MaTepHuajax oO0JIydaTeIbHOM
KarCyJIbl

VY nensHOE
Marepuan JHEProBbIJIENICHNUE,

Br/r

AJIIOMUHHEBBIH CIIJIaB 0.68
(06z1. kamncyna)

AJIIOMUHHEBBIH CIIJIaB 0.69
(moj-kamncyna)

[Topomrox THA 243

Tabmura 3 — DHepreTHYECKOe pacrpeneIcHre
HEWUTPOHOB

urface: Temperature (degC| Surface; Velocity magnitude (cmys) Arrow Surface: Velocity field

S [110THOCTH TOTOKA
P P HeHTpoHOB, cM ¢
0-0.683 5B 6.07E+13

0.683 5B - 1 M»B 4.17E+13
> 1 MaB 6.33E+12
Aos Ag12
1 80
0.9 75
0.8
7
07
()
D&
05 60
0.4 ¥
0.3
50
0.2
01 45
0 40
vo v

40 60 mm

PucyHnok 3 — PacnipenenieHue TeMIeparypsl [0 BEPTHKAIBHOHN IJIOCKOCTH 00y4YaTeIbHOM KaICyJIbl
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[IpoBenen pentreHo(a3oBBI aHAIN3 ABYX
HeoOJTy4eHHBIX 00pasnoB HaHoanma3oB F-DND u
FDNDIlI.  Ha  pucynke 4  mpeacTaBieHBI
nudpakrorpaMMel Topomka HaHoanMmasza F-DND u
FDNDII. Tpu pednekca nHa mudpaxkTorpamme
obpasua F-DND  COOTBETCTBYIOT  MOJOXKEHHIO
JVHUAHN IITPUX-AUarpaMMbl KapTodkH anmasa (Ne 06-
0675), mmeromero ['TIK-pemerky. B mporpamme

PeakSearch. Ilapamerp KpHUCTAITHIECKON pEIIECTKA
paccuntan B mporpamme RTP: @ =(3,5834 +
0,0017)A. Cormacro kaprouke Ne 06-0675
napaMeTp PeleTKH alMasa coCTaBiseT a = 3,566 A.
PacxoxxaeHne  pacCYMTaHHOTO W KapTOYHOTO
3gauennit 0,017 A. Tlapamerp KpHCTaIIMdYecKoi
pemetkn  mis  oOpasma FDNDII cocraBmn
a=(35729 + 0,0040) A. PacxoxneHue
PaCCUMTAHHOTO M KapTouHOro 3Hayenuit 0,007 A.

0 HH‘\"HH‘HH‘HH‘\\H‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HHI‘

EVA  1nd  aBTOMaTW4yeckoro  yCTaHOBJICHUS
MIOJIOKEHUS MIMKOB IIpUMEHEHa ¢byHKUMSA
600 3
500
400 é
300
200 é
100 é
21 30 40 50 60

WJFile: F-DND 20-120.raw
[AJFile: F-DNII.raw
[]06-0675 (*) - Diamond - C

70 80 90 100 110 12

2Theta, degrees

Pucynok 4 — [ludpaxrorpammsl oopasios F-DND u FDNDII

B «ropsueii»  xamepe  oOpasisl  ObLTH
W3BJICUCHBl W3 Karcyld TMoclie OOJMy4eHUs H
IpoBeleHa MEpPBUYHASA XapaKTepu3auus oO0pasloB
(BHeWHMH BHMJ, Macca, PaIdOHYKIUIHBIA COCTaB H
MOIITHOCTb 9KBUBAJIICHTHOM JI03bI raMma-
n3nydeHus). BHemHUH BUA OOMy4YeHHBIX 00pa3IoB
MIPUBEIEHBI HA PUCYHKE 5. PaAMOHYKIUAHBIA COCTaB
00pas3I1oB TpuBeACH B Ta0uuile 4. MOIIHOCTh J03bI
ramMma-usnyderus ot obpasma F-DND cocrtaBuio
1.65 mx3B/4, or FDNDII — 0.87 mx3B/4. Macca
obpasna F-DND cocrasuna 0.35 r, FDNDII- 0.23 1.

Tabmmia 4 — PannoHyKIMIHEI cocTaB 00pa3oB

T AxTuBHOCTBH, BK/00pazen
Ne | Hykmun !
CyT F-DND FDNDII
1 | Sc-46 1925 1601£119 149+26
2 | Cr-51 84 | 470444436690 | 6778+683
3 | Mn-54 | 312 1135+90 -
4 | Fe-59 28 25434169 -
5 | Co-58 44 22274145 946174
6 | Co-60 244 8438+380 2512+250
7 | Zn-65 60 29939+1244 | 7456+344
9 | Sh-124 71 146914323 18850+787
11 | Eu-152 | 250 - 869+125

Pucynok 5 — Buemnuii Bug JHA mnocne
oonyqenust: (a) F-DND, (6) FDNDII
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W3 Tabnuiel 4 BUOHO, YTO OCHOBHOM BKJand B
panuoakTUBHOCTh JTHA BHOCSAT H30TOIBI CYpbMBI,
nuHKa 1 xpoma. [Ipu 3ToM ciemyer OTMETHTB, YTO
PaJMOAKTUBHOCTh O0pa3loB IO KaKJIOMY U3
PaOUOHYKIUJIOB MEHbIIE MUHUMAJIbHOM 3HAYMMOM
akTuBHOCTH [15] mosTomy 00Opasibl HE TOAIEKAT
y4eTy U KOHTPOJIIO.

BriBoabI

Pazpaborana  Meromojorusi  SKCHEPUMEHTA
ropomtkoB /IHA B akTuBHO# 30He peaktopa BBP-K.
BriOpana ONTHMAJIbHAS KOHCTPYKIUS
o0ryuaTenbHON KarcyJibl u MIPOBEICHBI
KOMILJICKCHBIE pacueThbl Mo 000CHOBAHHIO YCIOBUH U
MPENeNIoB PEaKTOPHOro OOIydeHUsl. YCTaHOBIIECHO,
YTO B 30HE OOJYyUYCHHUS IPEUMYILIECTBEHHO TETIOBOM
CIEKTP HEWTPOHOB C HHTETPAIBbHOW IUIOTHOCTBIO
notoka Heittporos 1.1-10%* cm?c?. Temmeparypa

B3aUMOJeicTBUE 00pa3loB C BOAOH MEPBOroO
KOHTypa peaktopa. PentrenHoda3oBslii aHamu3
moKasai, 9to oOpa3nbl MoHOGa3Hsl U uMmeroT 'K
penietky. MOIIHOCTh T03bI TaMMa-H3JIyu4eHHUS OT
o0OpasioB He npesbimact 1.65 Mx3B/4. OcHOBHOH
BKJIaJ] B PaJMOAKTHBHOCTH OOpa3lOoB BHOCAT
M30TOIBI CYpPbMBI, LIMHKA Hu Xpoma. [Ipu »TOM
PaJMOaKTUBHOCTh  00pa3IOB 1O KaKJIOMY U3
PAaOUOHYKIMIOB MEHbIIE MUHUMAJIbHOM 3HAUMMOU
aKTUBHOCTH, YTO HE TpeOyeT UX ydeTa u KOHTPOIIS C
TOYKH 3pEHUS PaJUallMOHHON 0€30IIaCHOCTH.
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Mo SACPHOW M PpaJUallMOHHON (u3MKe, (QU3NKe
BBICOKUX DJHEpPrHd U KOCMHYECKHX Jy4dedl s
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THE INFLUENCE OF THE TEMPERATURE OF A MIXTURE OF LEAD NITRATE
AND SODIUM HYDROXIDE SOLUTIONS ON THE GROWTH PECULIARITIES OF LEAD SULFIDE FILMS

The present work is devoted to studying the effect of temperature on the formation of a submicron-sized
particles of lead sulfide (PbS). Lead sulfide samples were obtained by chemical bath deposition method. 25
ml of an aqueous solution of lead nitrate Pb(NQs),, 75 ml of sodium hydroxide NaOH and 50 ml of thiourea
CH4N3S with molar concentrations of 0.18 M (1.52 g), 0.38 M (1.151 g) and 0.11 M (0.397 g), respectively, were
used as reagents. In the process of obtaining samples, solutions of lead nitrate and sodium hydroxide were
initially mixed at temperatures of 70°C and 100°C, then a thiourea solution was added to this mixture. It was
found that temperature has an effect on the formation of PbS structures. It is shown that at a temperature of
100°C isolated particles are formed, whereas at a temperature of 70°C a film is formed.

The morphology and elemental composition of the obtained lead sulfide (PbS) samples were studied by
scanning electron microscopy (SEM) and the surface structure was studied using an atomic force microscope
(AFM). As a result of the study of the morphology and texture of the surface of lead sulfide samples, the
average size of isolated particles was determined, which is ~144 nm, and these particles also had a cubic shape
with a smooth surface.

Keywords: lead sulfide, film, isolated particles, temperature, optimal parameters.
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KopracblH cynbduai nneHKanapbliHbIH, 6Cy epeKLlenikTepiHe KOpFacbiH HATPaTbl MEH HaTpUi
rMMAPOKCUA epiTiHAiNep Kocnackl TeMnepaTypackiHbIH, acepi

Byn 3epTrey »KymbICbl TemnepaTypaHblH KopfacbiH cynbduai (PbS) cybmukpoHaplk, enwemai
HenweKTepiHiH, Ty3inyiHe acepiH 3epTTeyre apHanfaH. KopfacbiH cynbbUAiHIH, yATinepi cynbl epiTiHaiaeH
XMMUANBIK TYHOBIPY 94iCiMEH anblHAbl. PeareHTTep peTiHae 25 ma KopracblH HUTPaTbl Pb (NOs),, 75 ma HaTpuit
rmapokcnai NaOH »kaHe 50 ma TnomoueBnHa CH4N,S THiciHLLE MONAPAbIK KOHUEHTPaumManaps! 6oMbiHwwa 0,11
M (0,397 ), 0,18 M (1,52 1), 0,38 M (1.151 r) cynbl epiTiHAinepi nanaananbingsl. YArinepai any npoueciHae
HacTankbl KeseHe KOPFacbliH HATPaTbl MEH HAaTpUI rnapokenai epitiHainepi 70°C xaHe 100°C TemnepaTypaja
apanacTblpbinabl, COAaH KeWiH Oyn Kocnafa TMOMOYEBWMHA epiTiHAici Kocbinabl. TemnepaTypa PbS
KYPblNbIMAaPbIHbIH, KanbliNTacyblHa acep eTeTiHi aHbikTanapl. 100°C TemnepaTtypala oKLaynaHfaH benwekrep
naiaa 6onabl, an 70°C TemnepaTtypana naeHKa nanaa 6onapi.

ANbIHFaH KopFacbliH cynbduaiHiH (PbS) yarinepiHiH mopdonornacsl MeH 31eMeHTTIK KypaMbl CKaHepaeyLi
3NEKTPOHAbl MUKpockonua (CIM) aaicimeH 3epTTeni »aHe 6eTTiK KypblibIMbl aTOM/bIK KYLWITIK MUKPOCKOMbI
(ACM) apkbinbl 3eptTengi. KopfacbiH cynbGUAiIHIH, yArinepiHiH mopdonormuacel meH 6eTki KabaTbiH 3epTTey
HOTMXKECIHAEe OKluaynaHfaH benleKkTepaiH, opTalla mMmeslepi aHbiKTanabl, on ~144 Hm Kypandbl, COHbIMEH
KaTap byn beniexkTep 6eTi Teric Tekwe TypiHae 6onabl.

TyWiH cesmep: KopfacblH cynbdUAi, NAeHKa, OKlaynaHfaH OeslweKTep, TemnepaTypa, OHTaWAbI
napameTpnep.
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BAnAHWe TemnepaTypbl CMECH PacTBOPOB HUTPAaTa CBMHLA M TMAPOKCUAAE HaTpuA
Ha 0cob6eHHOCTM pocTa NAeHOK cynbduaa CBUHLA

HacTosllee wccnenoBaHWe MOCBAWEHO M3YYEHWUIO BAMAHUA TemnepaTypbl Ha ob6pa3oBaHMe 4YacTul,
cynbduaa cemHua (PbS) cybmmnkpoHHoro pasmepa. Obpasupl cyabduaa cBMHLA ObIIM NOAYYEHb METOA0M
XMMMYECKOTO OCaXKAeHWs M3 BOAHOro pacTBOpa. B KayecTBe peareHTOB MCMO/b30BaAuCh 25 M BOAHOMO
pacTBopa HUTpaTa cBuHUA Pb(NOs),, 75 mn ruapokemaa HaTpusa NaOH u 50 ma TmomodesuHbl CH4NLS ¢
MOIAIPHBbIMKU KOHUeHTpaumammn 0,18 M (1,52 r), 0,38 M (1.151 1) n 0,11 M (0,397 ), cooTBETCTBEHHO. B
npouecce nosyyeHuna obpasLoB Ha Ha4Ya/IbHOM 3Tane NPOM3BOANNAOCH NEPEMELINBAHNE PAaCTBOPOB HUTPATA
CBUHLA 1 TMAPOKCcKaa HaTpua npu TemnepaTtypax 70°C n 100°C, 3aTem B AaHHYO cmech A006aBnaACs pacTBop
TMOMOYEBMHbI. BblJIO YCTAHOBNEHO, YTO TeMNepaTypa OKasblBaeT BAMAHME Ha GOPMMPOBHME CTPYKTYP PbS.
MoKasaHo, 4to npu TemnepaType 100°C 0b6pasytoTca M30MPOBaHHbIE YAaCTULbI, TOFAa KaKk nNpu Temnepartype
70°C dopmMmunpyeTca nneHka.

Mopdonorns n snemeHTHbIN COCTaB NOAYyYeHHbIX 06pasLoB cybduaa cenHua (PbS) nsyyanmcs metomom
CKaHUPYIOLLEN INEKTPOHHOM MMKpPOcKonumM (COM) 1M noBepxHOCTHAA CTPYKTypa Oblaa M3yyeHa C MOMOLLbIO
aTOMHO-CM0BOro MMKpocKkona (ACM). B pesynbTaTte nccnefoBaHna MOphOaOTMm 1 CTPYTKYTYPbI MOBEPXHOCTM
06pa3uoB cyabduaa CBUHLA Bbin onpeaeneH cpeaHnin paamep M30AMPOBAHHbIX YAaCTMLL, KOTOPbI cocTaBnAeT

~144 Hm, KpOME TOTO AaHHbIe YaCTULLbl UMEIOT Kybunyeckyto Gopmy C rnaaKoi NoBEPXHOCTbIO.
Kniouesble cnoBa: cynbdua, CBMHLUA, NAEHKA, M30JMPOBaHHbIE YacTuLpl, TemnepaTypa, OnTMMalbHble

napameTpsbl.
Introduction

Lead sulfide (PbS) is an inorganic chemical
compound of lead and sulfur. The appearance of
crystalline substance ranges from blue-gray to silver-
gray color. In nature it is found in the form of the
mineral galena [1-3]. In the laboratory it can be
obtained by reaction between solutions of lead salt
and sodium sulfide. Lead sulfide (PbS) is recognized
as an excellent material for infrared luminescence
with several advantages including a direct narrow
band gap of 0.41 eV, broad spectral absorption in the
visible to near infrared region, and remarkable
quantum confinement effects of charge carriers [4].
Lead sulfide is a semiconductor material. The lattice
parameter is 0.593 nm. There are different methods
of lead sulfide production. One method is chemical
vapor deposition (CVD), where lead sulfidization
occurs. This process uses lead (Pb) vapor, hydrogen
sulfide (H2S). This process uses atmospheric
pressure, inert gas (Ar, Ny), reaction temperature is
from 400-800°C. This process has disadvantages
such as limited particle shape and size and the need to
control temperature and pressure [5-9]. There is also
pyrolysis of aerosol, in this method lead salt solution
(Pb(NO3)2) and thiourea (CS(NH.)2) are used as
starting substances. To make the process run well, the

reaction temperature should be 400-600°C and the
pressure should be atmospheric, inert gases such as
(Ar, N2) are used as an admixture. The advantages of
this method are that the shape and size of the particles
can be controlled, but the disadvantage is that the
sedimentation rate is very low and the process is very
complicated [10-14]. The third method is physical
vapor deposition (PVD), which is a vacuum
deposition method, in this method a target of lead
(Pb) and sulfur (S) is used as a starting material. In
this process the lead is evaporated in vacuum, the
reaction takes place with sulfur vapor and
sedimentation on the substrate. The advantages of this
reaction are that the product has high purity, the film
thickness can be controlled, but also this process has
its disadvantages such as the cost of this process is
very high and has its own difficulties in the reaction
[15]. The fourth method is ion beam deposition. In ion
beam deposition, lead ions (Pb+) and hydrogen
sulfide (H2S) are used as precursors. This method is
carried out through bombarding the substrate with
lead ions and reacting with hydrogen sulfide. As a
result lead sulfide is formed. The advantage of this
process is that the process is carried out at low
temperature and the shape and size of the particles can
be controlled, besides it has the disadvantage that the
deposition takes place at a low rate [16]. The fifth
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method is molecular beam epitaxy. In molecular
beam epitaxy, molecular beams of lead (Pb) and
sulfur (S) are used as a starting material and lead and
sulfur molecules are deposited on a substrate. In this
process, high quality crystals grow and the doping
process can be controlled. The disadvantage of this
process is that it is very expensive and has its own
difficulties [17-20]. The sixth method is laser
deposition. This process requires laser light and lead
sulfide (PbS) target as the starting material. The
process takes place by laser vaporization of the target
and deposition on the substrate. The advantages of
this method are that the process is very fast and the
shape and size of the particle can be controlled. The
disadvantage of this method is that the purity of the
product is very low and the process has its own
difficulties [21-23]. Seven is the most commonly
used method of chemical bath deposition (CBD)
because it is a very simple, cost-effective and
economically reproducible method that can be used
for large area deposition at low temperature.
Chemical bath deposition is used to deposit thin films
from a wide range of materials. The deposition
mechanism is essentially the same for all such
materials. A soluble salt of the desired metal is
dissolved in an aqueous solution to release the
cations. A non-metallic element is provided by a

a
- ~
d

suitable starting compound, which is decomposed in
the presence of hydroxide ions to release anions. The
anions and cations then react to form a compound
[24].

In this work, we report the effect of reaction
temperature on the structure of lead sulfide obtained
by chemical method from aqueous solution.

Experiment

Lead sulfide samples were obtained by chemical
precipitation on silicon substrate from aqueous
solution. A mixture of aqueous solutions of 25 mL of
lead nitrate Pb(NO3), 0.18 M (1.52 g) and 75 mL of
sodium hydroxide NaOH 0.38 M (1.151 g) were
mixed using a magnetic stirrer for 60 minutes at
temperatures of 70°C and 100°C. At the initial
moment of the process, the mixture of the mixed
solutions was transparent, further during the mixing
process it started to change color from transparent to
yellow and small golden particles were formed in the
mixture (Figure 1a). 50 mL aqueous thiourea CH4N>S
solution with a molar concentration of 0.11 M (0.397
g) was prepared for 30 minutes at room temperature
(Figure 1b). Aqueous thiourea solution was added to
the mixture of lead nitrate and sodium hydroxide
solutions (Figure 1c).

Figure 1-Solutions of lead nitrate, sodium hydroxide, and thiourea to produce isolated particles and films of
lead sulfide (PbS) as a function of temperature

After adding a thiourea solution to a mixture of lead
nitrate and sodium hydroxide, the process of lead
sulfide synthesis began. During the process, during
the first four minutes of the reaction, the resulting
solution changed its color from brown to dark gray.
At the first minute the color of the solution was light

52

brown, and in the second minute it changed to a more
brown color (Figure 1d), and in the third minute the
solution had a darker shade (Figure 1e), and in the
fourth minute a thin film of lead sulfide was formed
on the surface of the beaker (Figure 1f). And after
that, the silicon substrate was immersed in the
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solution. The synthesis was carried out for 35 minutes
and the obtained samples were cleaned in an
ultrasonic bath for 15 minutes at room temperature.

The chemical reaction of the formation of inorganic
lead sulfide compound took place according to the
following formula:

Pb(NGQ;), + 2NaOH +CH,N,S——H,O + PbS + CH,N,O + 2NaNO, (1)

The obtained samples were examined by
scanning electron microscope (SEM), and the
elemental composition was also determined by
energy dispersive anlysis on Quanta3D 200i. The
surface structure of the obtained lead sulfide samples
was investigated by atomic force microscopy (AFM),
which allowed to study their morphological
characteristics.

Results and discussion

Figure 2 shows the surface morphology of the
samples obtained by scanning electron microscope.

Figure 2a shows the morphology of lead sulfide
sample obtained at a temperature of 70°C mixture of
lead nitrate and sodium hydroxide solutions and its
elemental composition is shown in Figure 2b. This
figure shows that at this temperature, a continuous
film with a rough surface formed from cubic shaped
crystallites is formed. From the elemental analysis,
the atomic of lead was determined to be 49.76% and
sulfur 50.24%, which shows that the elemental
composition corresponds to the stoichiometric
percentage ratio of lead sulfide (PbS).
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Figure 2-(a), (b), SEM image and energy dispersive analysis of PbS lead sulfide film and (c), (d) SEM
image and energy dispersive analysis of isolated PbS lead sulfide particles

Figure 2 (c, d) shows the SEM image and
elemental composition of lead sulfide obtained at the
temperature of 100°C mixture of lead nitrate and
sodium hydroxide solutions. As can be seen from the
figure, the obtained sample of lead sulfide has
separate isolated particles of cubic shape with an
average size of ~144 nm, which repeats the crystal

structure of lead sulfide itself. From the data of EDS
analysis it follows that the particles have 49.28 at.%
and sulfur 50.72 at.%, in which as well as in lead
sulfide films the stoichiometric ratio is observed. The
insignificant deviation of atomic percentages does not
exceed 1%, which can be related to the accuracy of
measurement.
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Figure 3 - AFM image of the surface of the film (a, b) and isolated particles (c, d) of lead sulfide (PbS)

Figure-3 shows the AFM images of PbS samples
of 5x5 um? scanning area. It can be seen from the
figure that the results of the study are in good
agreement with the results obtained by scanning
electron microscope (SEM). Figure 3 (a, b) shows 2D
and 3D images of the surface of lead sulfide film
obtained at a temperature of 70°C mixture of lead
nitrate and sodium hydroxide solutions. From the
figure it can be seen that the film was formed and it
has a rough surface of cubic crystallite shape with
peak-to-peak value of ~ 300 nm.

AFM images of lead sulfide samples obtained at
the temperature of the mixture of lead nitrate and
sodium hydroxide solutions 100°C are presented in
Figure 3 (c, d). The figure shows that lead sulfide is
formed into separate isolated particles homogeneous
in size and with a height similar to the thickness of
the films, i.e. ~ 300 nm.

Conclusion

In this work, isolated submicron lead sulfide
(PbS) particles were prepared using the chemical bath
deposition method and it was determined that at a
lower temperature (70°C) the growth of PbS film
occurs and at a higher temperature (100°C) the
formation of individual submicron particles.

Scanning electron microscopy (SEM) was used
to study the morphology and elemental composition
of lead sulfide samples. Atomic force microscope
(AFM) allowed a detailed study of the surface
structure of these samples. The analysis showed that
the average size of isolated lead sulfide particles is
about 144 nm. At the same time, all the particles have
cubic shape and smooth surface.

Thus, isolated particles of PbS were obtained
using temperature effects. On the next stage of the
research it is planned to reduce the size of these
particles, our research work will be devoted to the
study of the influence of time on the synthesis of lead
sulfide structures.
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INVESTIGATION OF THE DIFFUSION OF TWO GASES EQUALLY DILUTED
WITH DIFFERENT BALLAST GASES

Both liquid and gaseous mixes have significant significance in numerous natural and artificial processes.
This elucidates the comprehensive examination of such systems in a diverse array of various applications. The
presence of several processes of heat and mass transfer in gas mixtures without an interfacial boundary in the
system causes the emergence of thermoconcentration gravitational fluxes, resulting in density inhomogeneity
of the medium. Isothermal diffusion in helium and methane gas mixtures in a stationary medium of propane
and nitrous oxide ballast gases at various pressures has been experimentally studied. It is shown that in
systems where the two main gases helium and methane were diluted with propane, and then helium with
propane, and methane with nitrous oxide, a repetitive unstable diffusion state of varying intensity occurs with
increasing pressure. The effect of the diluent gas on the transfer of two main gases in three-component and
four-component systems is significant, since the ballast gas can either accelerate, slow down, or leave the
diffusion mixing process unchanged. The comparison between experimental and calculated data on the
Stefan-Maxwell theory shows a noticeable difference between them.

Key words: convection, diffusion, ballast gas, multicomponent gas mixtures.
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Typni 6annactbl rasgapMeH TeH, CYUbIITbIIFAH €Ki ra3aplH, sMddy3nAcbIH 3epTTey

CyMbIK »oHe ras Tapisai Kocnanap KenTereH TabWFM KIHe KacaHApl NpouecTeple MaHbl3abl pen
aTKapaTbiHbl benrini. byn myHAan Kyenepai KoNAaHyAblH KEH ayKbIMbIH/A XKaH - }aKTbl 3epTTeyre MyMKiHAIK
bepeni. Myhene dasaapanbiK WeKapacbl »OK ra3 KocnanapbiHAa OipHeLle Kbly XoHe macca aamacy
npouecTepiHiH, 60ybl Kbly KOHLEHTPAUMACBIHBIH FPaBUTALMANBIK afblHAAPbIHBIH Naiaa 6onybiHa aKeneq,,
*KaHe fie ByN opTaHblH ThbIfbI3AbIFbIHbIH BipTeKcizairiHe akeneni. Fennihi MeH MeTaHHbIH, ra3 KocnanapblHAaFbI
M30TEPMUANBIK AMDPY3nA nponaH MeH as30T OKCUAiHIH, 6annact rasfapbiHbiH 9P TypAi KblCbIMAafbl
KO3Fa/IMalTbiH OpTacblHAA 3KCNepuUMeHTanAbl Typae 3epTrendi. byn »KymbicTa eki Heri3ri ras reauin meH
MeTaHAbl NPOMNaHMeH, COAAH KeNiH rennii NponaHMeH aHe MeTaHAbl a30T OKCUAIMEH CYMbINTKAH Xyhenepae
KbICbIMHbIH, }KOfapbliaybIMeH 9pTYPAI KapKbIHAbINbIKTaFbl KalTanaHaTbiH TYPaKCbI3 Anddy3nanbik Kyi nanaa
HonaTbiHbI KepceTinreH. bannacT rasabiH YW KOMNOHEHTTI aHEe TOPT KOMMOHEHTTI Kylenepaeri eki Herisri
rasfblH, TacbiMasAaHyblHa acepi alTapabikTai, elTKeHi bannact rasbl AMddY3UALIK apanacTbipy NPoLeciH
KblNOAaMAATYbl Hemece BanynaTybl HEMece e3repiccia Kanablpybl MyMKIHAIT Typanbl antbinFaH. CoHaal-ak,
CredaH-MakKkcBenn Teopusacbl BolblHWA Taxipubeni xaHe ecenTenreH AepekTepdi CanbiCTbipy OnapapiH
apacblHAafbl aNTapbIKTalk anbipMallblbIKTbl KepceTea,.
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Investigation of the diffusion of two gases equally diluted with different ballast gases

Kak KuaKkue, Tak M rasoobpasHble CMECUM WrparoT BaXKHYH POJb BO MHOTMUX ECTECTBEHHbIX W
MCKYCCTBEHHbIX NMpoLeccax. ITo AaeT BO3MOXKHOCTb BCECTOPOHHE N3YUYNTb TaKMe CUCTEMbI B LUIMPOKOM CMeKTpe
NpPUMeHeHnn. Hannynme HeCKoNbKMX NPOLLECCOB TEM/I0- U MaccoOOMeHa B ra3oBbix cmecax He3 mexdasHon
rpaHuLbl B CUCTEME MPUBOAWUT K BO3HMKHOBEHMIO TEPMOKOHLEHTPALMOHHbIX FPaBUTALMOHHBIX MOTOKOB,
NpUBOAAWMX K HEOAHOPOAHOCTM NAOTHOCTM cpedpl. B AaHHOM paboTe 3KCNepMMeHTasbHO WM3yyeHa
nsotepmmyeckan anddysma B rasoBbiX CMECAX refiMii U1 MeTaH B HEMOABMXKHOW cpede 6annacTHbIX rasos
NponaHa M 3aK1MCK a30Ta NP PasNUYHbIX AaBneHMsAX. [ToKa3aHo, YTo B CMCTEMaX, FAe [B8a OCHOBHbIX rasa resmi
M MeTaH pa3baBiANMCL NPOMAaHOM, a 3aTeM Tefinii - MPOMNaHOM, @ METaH - 3aKUCbo a30Ta, C NOBbILEHNEM
[aBNeHusa BO3HMKAET NOBTopsAtoLLeecs HeycTonunsoe aAnddy3MoHHOe COCTOAHNE Pa3IMYHOM MHTEHCUBHOCTY.
BanaHue rasa-pa3baBuTens Ha nepeHoc ABYX OCHOBHbIX ra30B B TPEXKOMMOHEHTHOM M YETbIPEXKOMMOHEHTHOM
CUCTEMAX CYLLECTBEHHO, TaK Kak 6annacTHbI ra3 MOMXET UAM YCKOPWUTb, MW 3aMeannTb, UAKM OCTaBuTb b6e3
nameHeHuns Andody3MoHHbIM NpoLEecc cMelleHus. MNpoBeaeHHOe CpaBHEeHNE MeXK Ay OMNbITHbIMKU U PaCYETHbIMM
AaHHbIMM No Teopun CTedaHa-MakcBe1a NOKasblBAET 3aMETHOE OT/IMUYME MEKIY HUMM.

KntoyeBble cnoBa: KoOHBEKUMA, ANPPy3mna, 6annacTHbIM ras, MHOrTOKOMIMOHEHTHaA ra3oBas CMecCh.

Introduction

In the study of multi-component diffusion in
gases, the occurrence of structured convective flows
in certain conditions was discovered, the imposition
of which on the proper molecular transfer leads to
diffusion instability, i.e. mechanical imbalance of the
mixture. The manifestation of this instability in the
diffusion process was first observed in the study of
the thermal effect in three-component gas mixtures in
the Loshmidt diffusion apparatus [1]. Further studies
of the diffusion process in isothermal multi-
component gas mixtures at elevated pressures in a
double-collar apparatus also showed a molecular
transfer disorder and the appearance of powerful
convective flows significantly exceeding diffusion [2,
3]. The appearance of convective flows in a closed
device, such as a two-collar apparatus, could be
explained by the manifestation of "Tour effects” or
the influence of hydrodynamic flow, due to the
diffusion bar effect, was not productive [4]. The
causes of convection, or more precisely of free
gravitational concentration convexity, could be
explained within the framework of the linear theory
of stability, allowing to identify types of mixing of
gases [5, 6].

In solving practical problems in multi-
component mass transport, the so-called ballast gas
method is often used to diffuse several gases through
a diluent gas layer. This method is preferable because
the diffusion instruments and the procedure of
experimentation remain the same as in the
measurement of conventional diffusion coefficients
[7]. If by its diffusion properties the ballast gas is
close to one of the main ones, then in mutual diffusion
the dilution gas plays the role of the movement
indicator of the entire mixture, which allows to
measure the resulting hydrodynamic flow. In the
ballast gas method, the two main diffusing gases are
diluted by the third, through which the mass transfer
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is carried. And ballast gas as an indicator allows to
describe the features of the diffusion process. An
experimental study of gas mixtures with ballast gas
showed that, by choosing the diluent gas
appropriately, the diffusion mass transfer of the main
components could be accelerated, slowed down, or
kept unchanged [9-11]. Thus, the results of the
experimental study of diffusion in ballast gas systems
suggest that the effect of the diluent gas on the
transfer of the two main ones is significant.

Further study of the concentration convection
caused by mechanical imbalance with ballast gas
showed that increased pressure affects the occurrence
of the area of stable diffusion and unstable convective
mixing. Moreover, the direction of the ballast gas
flow depended on the pressure [12-13].

In connection with the above, the focus of this
paper is on the experimental study of the diffusion of
two gases equally diluted by different ballast gases at
different pressures. Diffusion in a mixture of helium-
propane gases in a fixed medium of ballast gas
(dilution gas) was studied. Initially, both the main
diffusing gases of helium (top cylinder) and methane
(bottom cylinder) were diluted with propane, and then
with propane and nitrogen oxide, i.e. two systems
were studied:

1) 0.570He+0.430C,H, —0.580CH, +0.420C,H,

and
2) 0.575He +0.426N,0 —-0.425C,H, + 0.574CH, .

Method

This article presents the results of the study of
the dependency of the concentration of diffused
propane on the pressure. The experiments were
conducted using the two-collar method [6-8]. The
volume of the appliance was the same and amounted
to 62.0 cm?. The length and diameter of the diffusion
channel were 63.1 mm and 4.0 mm, respectively. The
duration of all experiments at 298.0 K was 1 hour.
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The experiments were carried out in the range of
pressures from p = 0.4 MPa up to p = 1.2 MPa.

Results and Discussion

Figure 1 shows the change in the concentration
of the ballast gas - propane in the upper cylinder of
the diffusion apparatus depending on the test pressure
for the system

0.570He +0.430C,H, — 0.580CH, +0.420C, H,

(system 1). Here are the results of the calculations of
the concentration of propane from pressure according
to the Stefan-Maxwell equations (point line). The
calculations were made with a pressure range of 0.2
MPa.

044

¢, miole fraction

03 0.5 6,7 09 11 13
P, MPa

Figure 1 — Change of the concentration CsHg in the
0.570He +0.430C,H, —0.580CH, + 0.420C,H,

system's upper cylinder depending on the pressure
(points are the results of the experiment, a pointed
line is the theoretical calculation)

As you can see from this figure, in system 1,
during the diffusion mixing process, the
concentration of propane in the lower cylinder
increased by 0.054 moles (the initial concentrations
of propane in the bottom and upper cylinders were
equal) when the pressure increased to p = 0.5 MPa.
Further pressure increases leads to a decrease in the
concentration of propane in the lower cylinder and at
pressure p=0.7 MPa reaches a minimum. To 0.8
MPa there is again a slight but noticeable increase in
the ballast gas concentration, which then decreases to
p = 1.2 MPa. Thus, in the pressure range of 0.4 to 1.2
MPa, there is a recurring unstable diffusion state of
varying intensities, i.e. the transfer of the diluent gas
from one bubble to another with subsequent return to
the first. This feature found in ballast gas systems
indicates that the diluent gas is circulating through the
diffusion channel.

For the quantitative study of the circulation of
the diluent gas discovered in the experiment, we

modified the method of ballast gas, which usually
consisted of two main components and diluted with a
single ballast gas. In our experience, the main
diffusing gases were diluted not with one, but each
with a separate gas. These gases differed little in their
diffusion properties from the main diffusing gases.
For this experiment, the propane in the upper cylinder
was replaced with the nitric oxide that was closest to
the required condition.

Figure 2 shows the concentration of nitrogen
oxide in the second system depending on the pressure.
The conditions for conducting the experiment are the
same as for the previous system 1.

A study carried out for the system

0.575He +0.426N,0 - 0.425C,H, + 0.574CH,

showed that in the case of instability, the transfer of
nitrogen oxide significantly exceeds the amount of
propane in the diffusion of a mixture of helium and
propane into a mix of methane and propane. If in the
first system the concentration of propane in the lower
cylinder increased by only 0.054 moles (Figure 1),
then from Figure 2 it can be seen that the nitrogen
oxide concentration in the second system changed by
almost 0.24 moles. Thus, if you identify the propane
in the upper cylinder of the first system with the
nitrogen oxide in the same cylinder of the second
system, the amount of propane is approximately
0.196 moles smaller than the nitric oxide, i.e. the
difference is very significant.

= 044
8 = =
&
&
E 0,."6 1 - -
< A
-
A a a
0,28 . -
03 03 a7 09 1,1

P, MPa

Figure 2 — Change of the concentration N>O in the
0.575He +0.426N,0 —0.425C,H, + 0.574CH,

system's upper cylinder depending on the pressure
(points are the results of the experiment, a straight
line is the theoretical calculation)

As shown in Figure 1 and 2, the change in the
concentration of diffused propane and nitrogen oxide
from the pressure is similar, starting from 0.5 MPa the
propane concentration decreases, then from 0.7 MPa
there is a slight, but a noticeable increase in the
propane concentration and further increase in
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pressure leads to a decrease in the amount of diluent
gas passed by p=1.0 MPa. A similar change in
nitrogen oxide concentration is observed in the four-
component system

0.575He +0.426N,0 - 0.425C,H, + 0.574CH,,

for which the observed feature is more noticeably
expressed. The results of the diffusion study in the
ballast gas systems under investigation indicate that
the effect of the diluent gas on the transfer of the two
main gases is significant. By choosing the appropriate
ballast gas, you can either speed up, slow down, or
leave the diffusion mixing process unchanged.

The resulting experimental data indicate that the
circulation of ballast gas allows to maintain the
unstable nature of multi-component diffusion for a
long time, slowing the transition to stable mass
transfer. At the initial stage, the role of convection is
great, the transfer of components is significant and the
experiment allows to quantify it. The replacement of
propane with nitrogen oxide in the second system also
indicates the occurrence of an unstable diffusion
process. The transfer of nitrogen oxide at the expense
of its own concentration gradient (molecular transfer)
compared to the transfer by convection can be
neglected. The influence of convective flows caused
by unstable diffusion in both systems is significant.
The "unrecognized" transfer of the diluent gas in the
first system due to its circulation is significant. This
can be traced in experiments in the second system.

The presence of its own gradients in the "heavy"
components, as evidenced by the study, is minor and
the main redistribution of concentrations at the initial
stage of diffusion appears to have been mainly due to
the resulting convection.

Conclusion
Thus, the study of the  system
He+N,O-C,H, +CH, showed that in an

unsustainable diffusion process, the transfer of
nitrogen oxide is significantly greater than the
propane transfer in the diffusion of a mixture of
helium and propane into a mix of methane and
propane, since in this system it is impossible to divide
the propane flows in opposite directions. This
suggests that in a system He+C,H,-CH, +C,H,

during an unstable process, the diluent gas (propane)
circulates through the diffusion channel from one
column to another, continuously participating in the
process. In the lower cylinder, propane is transported
by a convex flow, the density of which is greater than
the average density in the mixture, and in the upper,
by a flow of density less than the mean density. The
data indicate that the circulation of ballast gas enables
the unstable nature of diffusion for long periods of
time. The process in this case is self-organized (self-
reproduced). Such self-sustainment continues as long
as the main diffusing gases (helium and methane) at
a sufficient concentration of propane contribute to the
formation of structures leading to unstable diffusion
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SKEP/LIH, TYPAKTbI TPABUTALMANBIK BPICIHAET AEHEHIH, KO3FA/BICHIH
KOMIMbIOTEPNIK BEMHENEY

Byn makanaga Hepre »KaKblH rpaBuMTauMANbIK BpicTeri maTepuaniblk HYKTe Hemece AeHe KO3FablCbiH
KomMnbloTepnik  HeilHeney npoueaypacel  TonblTangdaHabl.  Mathcad matemaTuKanblK — opTacbiHAa
KYpacTbipbl/ifaH KOMMNbIOTEPAIK Dafraapnamanap HerisiHae AeHe KO3FasblCbiHbIH, TPAEKTOPMANaPbl KyPbiaabl.
CoHpalt-ak, Mathcad naKkeTiHiH, KOMMNbIOTEPAIK Kypandapbl apKplabl anblHFaH TPaAEKTOpUSNapabiH
KMHEMaTUKaNbIK  napameTpaepi  3eptrenai. Cananblk  »KoHE  KOMMNbIOTEPAIK  a4icneH  anblHfaH
TpaeKTopuaAnapablH, CMNATTalTbiH GU3MKaAbIK NapameTpaepiH canbiCTbipy acanabl. Mathcad opTtacbiHAa
KypacTbipblifaH KOMMblOTEpPAiK 6ardapnamanapdblH, KeMeriMeH MblHaHZan HaTUXKenepre Ko KeTTi:
KOKKMEKKEe ap TypAai OypbiliTa NaKTbipblifaH AEHEHIH, OHbIH KblJaMAblFbl TYPaKTbl OonfaH Kesaeri
TpaeKkTopusanapbl afibliHAbI, KekXuekke benrini 6p OypbilneH NakTbiPblFaH AEHEHIH, ayaHblH, KeaepriciH
EeCKEPMEreH XaHe OCbl KedepriHi ecenTereH XafAalaarbl KO3Fany TPAeKTOPUACHI KypPbiaZbl; eKi enwema;
KeHICTIKTeri AeHe KO3fa/iblCbIHbIH, aHUMAUMACHI acaabl.

KomnbloTepnik bGeiHeney KesiHAe KOMMNbIOTEP 3KpaHbiHAA JeHeHiH epre KaKblH alimaKTafbl
KO3Fa/bICbIHbIH, 31EMEHTTEePI MeH Kypamaac OesnikTepiHiH iWwki banaHbiCTapbl KePHEKI Typae KepceTineai.
KomnbtoTepnik 6eiHeney apKblibl anblHFaH AeHE KO3Fa/blCbiHbIH, TPAEKTOPUANAPbI aHANUTUKANbIK HKOJAMEH
afblHFaH ecenTiH, WeLliMi MeH »KayabblH TeKcepy a4iCiHiH, pesiH aTKapa anaTbiHAbIFbl AanenaeHai. Mathcad
NnakeTi KeMerimeH »KacanfaH WMUTAUMANLIK MOAENbAELY HITUMKeNepi KEeHICTIKTeri AeHe KO3fa/blCblHbIH,
ONHAMUKaNbIK 3aH/bINbIKTAPbIH KepHeKi Typae bepe angbl.

TyMiH ce3aep: KOMMNbIOTEPAIK OelHeney, AeHEHiH KO3fa/biC TPAEKTOPUACBIHbIH, KMHEMATUKANbIK,
napameTpaepi, umutaumsanbik moaenb, MathCAD KonaaHbansl baraapiamanap nakerTi.

B.A. MyKkywes
Kasaxckuit arpotexHmuyeckmii yHnusepcuteT um. C.CendynnmHa, r. ActaHa, KasaxcraH
e-mail: mba-55@mail.ru

KomnbloTepHaa BU3yanusauma ABUKEHUA Tena B NOCTOAHHOM rpaBUTALMOHHOM noJse 3emnu

B fMaHHOM cTaTbe NpOaHaNM3MPOBaHa KOMMbIOTEPHAs BM3yanu3auma ABUMKEHMUA MATEPUaNbHOM TOYKM
WAW Tena B NOCTOAHHOM rPaBMTaLMOHHOM nosne. C NOMOLLbI NakeTa NpUKAaaHbIXx nporpamm MathCAD,
MOCTPOEHbI TPaeKTOpUM ABMXKeHUA Tena. [1poaHann3nMpoBaHbl MexaHUYeCKne napameTpbl MOYyYeHHbIX
TpaekTopuin nocpeactsom naketa MathCAD. A TakXKe NpoBeAeH CPABHUTENbHbLIA aHAAU3 GU3NYECKUX
NapameTpOoB TPAEKTOPUIA, MONYYEHHbIX Ha OCHOBE KAYeCTBEHHOTO aHanM3a M NoCcpeacTBOM KOMMbIOTEPHOWM
BM3yanm3aumm. KomnbioTepHble Nporpammbl, COCTaBaeHHble ¢ nomoupto MathCAD, nossonman noayumtb
cnefylolimMe pesynbTaTbl: NOMYYEHbl TPAEKTOPUM DPOLWEHHbIX TeN NOoA PAa3AUYHBIMU YIaMU K TOPU3OHTY,
Kora Mx CKOpoCTW Obliv OAMHAKOBBIMM; Aanee HaWAeHbl TPAeKTOPUM ABWMMKEHMA DPOLIEHHOro Tena Mnoj
YrIOM K TOpU3OHTY 6e3 yyeTa CONpPOTMBAEHMA BO34yXa M C Y4ETOM BA3KOCTM CPefbl; M HaKOHeL, Co34aHa
aHMMaLMA ABUXKEHMA MaTepUanbHON TOYKM B ABYXMEPHOM MPOCTPAHCTBE.

Mpn  KOMNbIOTEPHOW BM3yanu3aumm Oblna  AOCTUTHYTA HarnagHad AeMOHCTpauma  BHYTPEHHMX
B3aMMOCBA3EN KMHEMATUYECKMX NapaMeTPOB ABMKEHMNA MaTepuanbHON TOUKM BOAM3KN 3eman. [loKazaHo, 4To
TPAEKTOPUN ABUNKEHMA TeNa, MOCTPOEHHbIE C MOMOLLbIO KOMMbIOTEPHOM BM3yanm3aummn, MOryT BbiTb METOA0M
nepenpoBepKM pelleHna 1 OTBETa 33Za4M Ha KMHemMaTuky. [peacTaBaeHbl pe3ynbTaTbl MMUTALMOHHOIO
MOZENNPOBAHNA M 3aKOHOMEPHOCTU ABUXKEHWA TeNa B ABYXMEPHOM NPOCTPAHCTBE.

KnioueBble C10Ba: KOMMbIOTEPHAA BM3yann3aLuma, KUHEMATUYECKME NapaMeTpbl TPAEKTOPUM ABUKEHUA
Tena, UMUTaUMOHHAA MOAe b, MakeT NpUKAaaHbix nporpamm MathCAD.
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Computer visualization of body motion in the constant gravitational field of the Earth

The paper analyzes computer visualization of the motion of a material point or body in a constant
gravitational field. Using the MathCAD application program package, the trajectories of the body motion are
constructed. Mechanical parameters of the obtained trajectories are analyzed by means of MathCAD package.
A comparative analysis of physical parameters of trajectories obtained on the basis of qualitative analysis and
by means of computer visualization has been carried out. Computer programs made with the help of MathCAD
allowed to obtain the following results: the trajectories of thrown bodies at different angles to the horizon
were drawn when their velocities were the same; the trajectories of motion of a thrown body at an angle to
the horizon were found without taking into account air resistance and with taking into account viscosity of the
medium; an animation of motion of a material point in two-dimensional space was created.

At computer visualization a visual demonstration of internal interrelations of kinematic parameters of
motion of a material point near the Earth was achieved. It is proved that the trajectories of body motion
constructed with the help of computer visualization can be a method of rechecking the solution and answer
of the problem on kinematics. Results of simulation modeling and regularities of body motion in two-

dimensional space are presented.

Key words: computer visualization, kinematic parameters of the body motion trajectory, simulation

model, MathCAD application program package.
Kipicne

CoHFBI 50 KBIILIA KOMITBIOTEPJIIK
FBUIBIMJIAP/ABIH KapKBIHBI JaMYbl KapaThUIBICTaHY
FBUIBIMIAPBIHBIH ~ ONICHAMACBIH  JKaHa  3€pTTey
ozicTepi MEH KypaijapbiMeH OalbITyFa MYMKIHIIK
xacaapl.  Kommbprorepnmik — Kypamgap — ¢usmka
FBUIBIMBIH 3€pTTEyJle A€ KeHIHEH KOJIaHbIC Talbyna
[1-5].

Ou3uKanblKk  KYOBUIBICTAP/BI  KOMITBIOTEPITIK
TEXHUKAa KOMErIMEH 3€pTTeYAiH apThIKIIBUIBIFbI
MBIHA/IbI: KYOBUIBICTHIH HEMECE HBICAHHBIH 631 eMec,
OHBIH KOMITBIOTEPIIIK MOJIENBAEPl KapacThIPbUIAIBI.
Hotmxecinge  ¢u3ukanslk — KyObUTBICTap  MeH
HBICAHIAPIBIH ~KOIIIUIrl YJIKEH [IBIFBIHIAPCHI3
seprreneni. Kazipri yakpitta (u3nka FBUIBIMBIHIA
KaHa FBUIBIMH cajla — ecenTey (KOMITBIOTEPIIIK)
(u3ukace! naiina 6onabl. Ou3uKaHbIH OV FRUIBIMU
cajacbl ~ MaTeMaTWKagaH  CaHABIK  TaJJayjbl,
TEOPHSUTBIK, (DU3MKAIaH 3aHap MECH 3aHIBLIBIKTAP Bl
XoHe HMH(pOpMaTUKamaH Oariapiiamanay oJIiCTepiH
oOipikripeni [6-8].

Ecentey ¢u3nkachiHaH FBUIBIMHBIH QPTYPII
cayllaJapblH HWHTETpalusuiay Heri3iHae (QHU3HKaIbIK
KYOBUTBICTapABIH 3aHIBUIBIKTAPbIH KOFaphbl
KOPHEKITIKIIeH KepceTyre OarbITTaIFaH
KOMIIBIOTEPIIiK OeliHeney OoIiHIN MIBIKTHI.

3eprrey aaicremeci

Ou3uKaHBl 3ePTTEY Ke3iHAC KOMIIBIOTEPIIK
TEeXHHUKaHBIH MYMKIHIIKTEPiH naiiganany Oeiineney

PeXKHUMIHIE Sp TYPHdi (UHUKAIBIK KYOBUIBICTAp MEH
MPOIIECTEPAl JKY3ere achlpyFa >Karaail Kacaupl.
Komnbrorepiiik OeliHeney Ke3iHae eKi emeM/Il KoHe
YII eJIIeM i KEeHICTIKTerl JCHEeIepAiH KO3FallbIChl,
rasjap/arsl, CYHBIKTapIarbl KoHE KaTThI
JIeHeTIep/ieri MoJieKyJ1auap MeH aTOMIapAbIH XaoCThI
KO3FaJIbIChl, OTKI3MIIITEpIEeri JJIEKTPOHIAp MEH
WOHJIAPBIH JKaFlaibl, PaaMOAaKTUBTI 3aTTapIarbl
SIAPOJBIK PeaKIHsIap )KHe Tarbl 0acka KyObLIbICTAp
KOpHEKi 00J1aIbl.

«3eprTenerin HBICaH/IBI KOMITBIOTEPITIK
OeiiHerney - Oyl KOMIBIOTEpP SKPAaHBIH/IA HBICAHHBIH
Kypamjiac 0eJIIKTEpiHIH HEMece OJIapIbIH
MOJICTIbICPIHIHIH JKOHE KOMIIOHCHTTEPIIH  IIIKI
KaTBICTAPBIH KOPCETYy MYMKIHZIr. 3epTTeseTiH
KYOBUTBICTBIH KOMITBIOTEPITIK OeliHenenyi — Oy
KOMITBIOTED JKpaHBIHJIAFbl KOPHEKLTK, COHBIMEH
Karap HaKTbl oJeMjeri Kesre OalKanMalTHIH
KyObUTBICTap/AbIH OcitHenenyi» [9].

CryneHrrepain OKY-3epTTey KYMBICHIH
KOMITBIOTEPJIIK OciiHeney Ma3MyHIBl KoHE KOpHEKi
ereni. KommeroTepaik kypainap perinae MathCAD,
MatLab, ABCPascal, C, Python xone T1. 0.
Oarmapiramanapapl maiigananyra OoJapl.

Hoartuikesnep sxxone Tannay

Kommbrorepiik TEXHOJIOTUSTHBI KOJIJIaHa
OTBIPBIN, JCHCHIH MEXaHWKAIbIK KO3FaIbICHIH
OciiHeneyiH KehOip MocemeNnepiH KapacThIpaMbI3.
Mathcad xomganOanbl Oarmapiamanap IaKeTiHIH
KOMETIMEH CTYACHTTED TYPAKThl TPaBUTAIUSIIBIK
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epicTeri MarepualAbIK HYKTEJNEpHiH KO3FalbIC
TPaeKTOPHUSIIApBIH 3epTTer, KOMITBIOTEPITIK
OeifHeney  apKbUIBI  OJNIAPABIH ~ KMHEMAaTHKAJBIK

napaMmeTpJiepid Taba anajbl.

7Kepre :kakpIH JeHeldeplaiH KO3FAJIbICHIH
KOMIIBIOTEPJIIK OeliHesey.

JonTelH Ko3Fanbickl OeliHeneyre apHajiFaH
KeJleci MBICAIIBI KapacThlpambI3. JlonTel criopTiisl h
= 1,5 M OHIKTIKTEH JOHE CHOPT3aJABIH TiK
KaObIpFrachkiHa OarpITTall KeKKHeKIleH 45° Oyphim
’acail makteipajpl. CriopTimibl KaObipragan | = 6 M
KalIBIKTBIKTa ~ OpHaymackan. Jlom  KaOblpraMmeH
CepIiMIi oceplieCKeHHEH KEWiH OHBIH asfblHa oI
Tycenmi. Aya kenmepricin enemeimi3. Jlom KaHnaii
KBUTIAMIBIKIICH JTAKTHIPBLIIBI?

KapacTelppulFaH MEXaHUKAIBIK  KYOBLTBICTHI
TaJIIay YIIiH JJAKTIPhUIFaH JOTTHIH CanabiK ()KYbIK)
TPACKTOPHUSACHIH caly KepeK. AYBIPIBIK KYIIiHIH
epiCiHAe [IOm KO3FaJBICBIHBIH  TPACKTOPHUSICHIH
KypaitbIK (1-cyper).

h

[

1-cypert. KaGbiprara TaKThIPBUIFaH TONITHIH
KO3FaJBICBIHBIH CAalaJIbIK (KYBIK) TPACKTOPHSICHI

KaOwiprara TycipiiiTeH HOpMaib XOHE COKKBI
QNJBIHIAFBl  JIONTBIH  JKBUIZAMJIBIK  BEKTOPBI
apachlHIArbl OYpBIII HOpPMajib MEH CepIiMIi
COKKBIJIaH KEWIHT1 JOM KbUIIAMIBIFBl apaChIHIAFbI
OypbIKa TeH. to apKbUIBI 013 JONTHIH YIIIY YaKbIThIH
Oenriyenmis. to Ke3iHIe 10N rOPU30HTAIL OOHBIMEH
2| KanbIKTHIKKA OPBIH ayBICTHIPAAbI. LYCOSE - JIOM
JKBLIIAM/IBIFBIHBIH TOPU30HTAIb KYPAYIIBICHI OOJIBIIT
TabbiIanbl. Ymry KesiHAae Oyl MOH e3repMeii.
Iemek, toCOSaty = 2I.

to yakpIT MOMEHTIHIE Ji¢ JONTHIH BEPTUKAIh
KOOPJIMHATHICHI HOJITE TeH OOJa/IbI.

tz
h+uosina-t0—gTO=0.

by epueke to —1iH MOHIH KOHCak:
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1 2g
~ cosa |h+ 2l tga

M
Vo ~ 10,23,

Ecen nypeic mienrinreni aHslK. Anaiina, TONThIH
TPaCKTOPHACHIHA KATBICTBI MBIHAHJAH CypakTap
TYBIHJIAUIbI:

1. JlonThiH TPaeKTOPHSCH KAHIIAIBIKTHI JJT
CBI3bLIFaH?

2. JlonThlH IO TPacKTOPHSCHIH KYPYJaFhl
KOMITBIOTEPIIIK OCHHEeNeyAiH poi KaHaan?

KomneroTeprik OeiiHeneyal KoMIaHy YyImiH 0i3
JMONTBIH Kellecl KHHEMAaTHKAIBIK IapaMeTpliepiH
AHAUTUKAIBIK TYpAe TabaMbI3: O CIOPTIIHIHBIH
asrbiHa 11,58 M/C JKBUIIAMIBIKIIEH COFBUIAIBI, OYII
JKBUIAAM/IBIK TICH TOPU30HTAIIb a3bIKTHIK apaChIHIAFbI
OypeITHIH MoHI 51,7 Tpamyc.

Mathcad opraceiHga 1marelH  Oarmapiama
Kacaiimel3 (2-cypet). Barmapiama Kypyaa ecenren
IIBIFAPBUIFAH  JONTHIH KO3FaJbIC TapaMeTpiepiH
KOJITaHAMBI3.

i=0.12 xj =105 £.=9381

g (x)”

2
2( 1023 cos| 45.
180

g (x)

2
2.| 11.58 cos| 52. —
180

2-cypert. KaObiprara cOFbUIFaHFa JeHiH JKOHE OJlaH
Kepi KO3FaliFaH JIONTHIH TPAeKTOPHUSCHIH KypyFa
apHaJIFaH JUCTHHT

o
lj =15+ tan| 45 — [ xj—
¥4 { 180] i

¥

tan| 51.7. i Xj —
180

MathCAD mnakeTtiHiH kemeriMeH 0i3 3-cyperrte
KOpPCETUITeH JIONTHIH HAKThl TPAcKTOPHUSUIAPHIH
anambi3. JlonTelH KaObIprara COFBUIFaHFA JIeHiHTI
TPAEKTOPUSICHI KOK TYCIEH, all COKTHIFBICKAHHAH
KEWiHTICl JKachll TYCIEH ChI3bUIFaH. KOMITBIOTEPITIK
OeiiHesiey apKbUIBI ANBIHFaH 0N TPACKTOPHSIIAPEI
3epTTENETiH MEXaHUKAIIBIK KYOBUIBICKA HAKTHI J)KOHE
JIOJNT Tajjiay *Kacayra MYMKIHJIIK Oepe/i.

MathCAD mnaketri xypambiHgarsl "Macmrad'”
KOMITBIOTEPIIIK KYpajbIHBIH KeMeTiMeH 0i3 JONTHIH
KaObIpFara COKTBIFBICY HYKTECiHE >aKblH IIaFbIH
ayJlaHIIaHbl Oein anaMei3 (3-cypet). AyTaHIaHbIH
MacmTadblH yikerTemi3 (4-cyper). CoHaa AONTHIH
KaObIpFaMEH COKTBIFBICY aiMaFbIHBIH KOPHEKIIITi
apTajbl.
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- ;

s T (o= !

3-cypet. KoMIbroTepITiK SKCIIEPUMEHT apKbLUIbI
aJIBIHFaH JIONTHIH TPacKTOPHSICHI

4-cypet. COKTBIFbICY HYKTECIHE KaKblH alMaKTaFbl
JION TPASKTOPHSIIAPBIHBIH
YJIKEHTIUITEH cypeTi

Kommbrotepiik OeliHeney apKbUIbl aJbIHFaH
JIOTITBIH,  HAaKThl ~ TPACKTOPUSIIAPBl MEH  JKYBIK
TPaeKTOPUSIIAPLIH TalllaFaHHaH KeliH 0i3 Keneci
KOPBITBIH/IBUIAP JKACaHMBbI3:

1. JontsiH KEHICTIKTeTi yiry
TPaeKTOPHUSUIAPBIHBIH KYBIK cyperi KOHE
KOMIIBIOTEPJIiK OeifHeney apKbUIbl ajbIHFAH HaKThI
(o) TpaeKTopHsIIap apachIHAAFbI
ARBIPMAITBUTBIKTAP OipaeH Oaiikanabl.
Kommbtorepnik ~ OeifHeney  apKbUIBI  aJbIHFaH
TPAaeKTOpUsUIAp JACHEHIH JKepre >KakblH KO3Faly
3aHJIBUTBIKTAPBIH JI9]T KOPCETEIl.

2. Kommnbroteprik OeliHeney apKbUIbI albIHFaH
TPaeKTOPHUSIIAPbIH KOMETIMEH JOI KO3FaJIbICHIHBIH
KeJeci KHHEMaTUKANbIK IapaMeTpiepiH  YiKeH
JIOJITIIKTICH aHBIKTayFa 00JIa [bl: O THIH MaKCUMAIIIBI
KOTEpilly HYKTECIHIH KOOPIUHATTAPHI:

Xmax = 5,30 M; Ymax =4,17 M.;
JONITBIH ~ KaObIpFara  COKTBIFBICY
KOOpAWHATTapHhIL:

Xeox = 6,00 M; Yeor = 4,12 M.

HYKTECIHIH

8] & o 1

AyBIpJIBIK KYWIHIH TypakThl epicingeri
AeHeJepaiH KO3FaJIbIC TPaeKTOPHSIIAPBIH
KOMINBbIOTEPJIiK OeiiHeeyre Mpicaaaap.

Mvican 1. Jlom KeKXKHEKKE ¢, OypBIIIIeH
JaKTBIpbUIansl.  JlonTelH OacTamkel KBUIIAMIBIFBI
=20 M/c. AyaHBIH KellepriciH enemei, JIONTHIH
KO3FaJbIC TPAaCeKTOPHMSICHIH Kypy Kepek. JlomnTel
nakTeIpy OypeimTaps: a=30, 45, 60 xone 75 rpamgyc.

Tanoay. biz xoMblOTEpIliK OeiHeNeyai Ky3ere
acelpy ymiH MathCAD opraceiama Oarmapiama

kacaiiMbrz. On  ymriH  Oenrim  KHHEMaTHKAJBIK
TEHJACYJICp MEH MapaMmeTpiiepai KojmaHambiz (5-
Cyper).
vp = 20 &= 081 g = 15 deg
At =101 n=3 i=0 50 o= 15 deg
o .
g [ =0 VX = vn-cos[:ugl/] vy = vu-sin(uu')
¥ 0
k=0 n el = g kP vx] = v vyi = vyp+ g
-+ At
il
v i cos| o + @)
Xirl ket 1 ' a
NN
AR I vip by sinflrhh+¢p)—“(T1'J

5-cypert. Kekxuekke ap Typiii OypeirapMeH
JaKTBIPBUIFAH JONTHIH TPAEKTOPHUSICHIH KYPyFa
apHaJFaH JIUCTHHT

6-cypeTTe KOKXKHEKKe op TYpil OypsITapMeH
JAaKTBIPBUIFAH  JIONTBHIH  TPaeKTOPHUSUIAPBIHBIHBIH
KOMITBIOTEPJIIK OCHHEICYl KOPCETIITeH.

=

-
-

1

0 10 > 0 @0
1NN 4

6-cyper. Kexkuekke ap Typiii OyphIITaApMEH
JAKTBIPBUTFAH JONTHIH TPACKTOPUSIIAPBIHBIHBIH
KOMIIBIOTEPJIIK OeiiHeneHyi
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Exi enmemM/i KeHICTIKTE JONITHIH YITYBIHBIH OCHI
TPAeKTOPHSUIAPBIH  3EPTTEH OTBIPHIT 013  Keleci
KOPBITBIHABIIAPABI )KaCalMbI3:

1. JlonTel  KOKKHEKKE
JaKTBIPFaH  Ke3Je,
Makcumai 0oiabl.

2. 30° xoHe 60° OyphIITapMEH JAaKTHIPHUIFaH
JIEeHEHIH TYCY KaIllBIKTHIKTaphl Oip/eit Oomampl.

3. JlonThl MakcHUMalJbl OHWIKTIKKE KOTeplry
KYOBUTBICHI JaKTBIpy OypbImbiHEIH 0° men 90°
OyphITIIKa ecy Ke3iHae 60mabl.

Mvican 2. Jlene KoOKOKMEKKE o OYpBIIIIICH
JAKThIpbIIaAbl. JleHeHiH OacTamKbl >KbUIAAMIBIFBI
o = 60 Mm/c, ait Mmaccacel M=10 kr.

a) KeKkuekke 45 rpagyc  OypblIeH
JMAKTHIPBUIFaH JCHEHIH KO3FalbIC TPaeKTOPHUSCHIH
caiy Kepek. Aya KelepriciH enemeimis.

0) ayaHBIH TYTKBIp YHKENICIH €CKepe OTBIPHIII,
KOKXKHEKKe 45 rpagyc OypbIlIeH JIaKThIPbUIFaH
JIEHEHIH KO3FaJIbIC TPASKTOPHICHIH ChI3y Kepek. A3
KBUIIAMIIBIKTAFbl aya Kelepricinin tewueyi: Fr, =

45°  OypsIIeH
JIONTHIH TYCY KAIIBIKTHIFBI

—71v. AyanbiH keaepri kodd¢unmenTi r = 1 H-c/m.

Tanoay. a) Anmeimen Mathcad opracsiHIa
Oacramkbl nepexrepni skaszadbik: M:=10; ¢:=9.81,;
Vo:=60; a:=45- 17:0. Conan keitin 0i3 OarmapiaMa
KacaiMeI3 (7-cyper).

Given
m | —xI(t) [=0
dr”
x1'(0) = Vg cos(ex) x1(0) =0
x1 = Odesolve(t, 100 ,500) t =0,05 100
Given
b
&#
m ——wzyl(t) +mg=0
dt
y1'(0) = Vg sin(ex) yl(0) =0

yl = Odesolve(t 100 ,500) t = 0,05 100

7-cyper. AyaHbIH KeJepTiCiH eCKepMereH
JKaFlali1arel KOKKUEKKe 45° OyphITIIeH
JAKTBIPBUTFaH JICHEHIH TPAeKTOPHUSCHIH KYpyFa
apHaJIFaH JUCTHHT

6) MathCAD opraceinma amFaimkel Oepinrex
mamanapael okazambiz:. M:=10; ¢:=9.81; V,:=60;

a.=45- ﬁ; r:=1. JleHeHiH TpPaeKTOPUACHIH KYpPY

YILiH ayaHbIH KeJIEPriciH eCKepe OTHIPHIM, 013 Keneci
OarapiaMaHbl KoJIaHaMbI3 (8-CyperT).
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Given

m ixl-’(- +r ‘112«_[' ] =0

b4

a” \dt
x2'(0) = Vg cos(x) x2(0) =0
x2 = Odesolve(t 100, 500)

Given

y
-

m —y2(t) + 1| —y2(t l+mg=0
dr” \ dt J
y2'(0) = Vg sin(cx) y2(0) =0

x2 = Odesolve(t 100 500) t=0,05 100

8-cypeT. AyaHbIH KeJepriciH ecKepe OTHIPHII,
NEHEeHIH KOKKUEKKe 45° OYPHIIITeH JTaKThIPhUTFaH
JKarIal1arel TPACKTOPUSCHIH KYPYFa apHaJIFaH
JIMCTHHT

O-cyperre 7 xoHE 8-CyperTeplie KOpCeTiLIreH
OarmaprnamarnapablH KOMETIMEH xKacalFaH
KOMITBIOTEPITIK OeitHeneyIiH HOTHXKETepi
KepceTireH. AyaHbIH KeAEpricCiH ecemnKke alMaraH
JKOHE €CKEepPIreH JKarjaiyiapjia aJibIHFaH JCHCHIH
TpaeKTopHsIapel Oip-OipiHEH alTapibIKTall e3rerre
Oonanpl. bipinmn xarmail JeHeHiH MapaboallbiK
KO3FaJIbIChI aen aTajaaebl, SIFHU JIOITHIH,
TPAaeKTOpUSCH TMapalbojiaHbIH TpaduriHe cokkec

kenenl. ExiHmn Jkarmaiigarbl KUCBIK —€HIKaHAAN
MaTeMaTHKAJIbIK  (QYHKIUSAHBIH  rpaduri  Ooia
anManael.

.

"

I
F L
Ll
oo o

9-cypeT. AyaHbIH KEJCPIiCiH eCelKe ajiMaraH
JKOHE €CKEPTeH JKaFIaliJaFbl JICHE TPACKTOPHSLIIAPbI

Mpuican 3. BalnaUCTUKAIBIK TMHACTONET MIAPHUKTI
Lo=10 M/c OacTamkbl >XbUIIAMABIKICH KOKXKHEKKE
45° OypeimmeH aTtafgsl. Exi enmmemai KeHiCTiKTe
JIONITHIH,  VIIYBIHBIH, ~ WUMHTAIMSIIBIK  MOJCIiH
(aHUMAITHSICBIH) JKacay Kepek.

Tanoay. 9-cyperre Mathcad opraceiHAaFs!
IaFreIH OargapiaMa KepCceTireH.
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xit) = VO-coslax)-t

tl = 0.01

qltl) = VO .coslax)-tl

VO = 10 g:=98
vit) = Vo-sinlax)-t -

1
1l =tl + FRAME-—
50

eltl) := VO sin{ax)-t1

Wl
‘e

3 "

win
e
| L%
2

. . L 2
10-cyper. Exi exmieMai KeHICTIKTE TONITHIH »

YITYBIHBIH HMUTAIASIIBIK MOJICTIIH JKacayFa

apHaJIraH JUCTUHT

AHMManus TpONEAypachlH JKy3ere achbIpraH
Ke3le Keneci kesiepAc OepiireH HyCKayJapbl
Komany kaxer [10-12]. 1la-cyperre exi esnmemui
KeHiCTiK OeifHeneHnred. 11a-cyperTe IONTHIH YITY

st gt

/——\\.

.-/ =~

AHNMAIHASCHIHBIH «OCHHEETII» KOPCETITeH.
Ochr

KepceTyre

https://drive.google.com/file/d/13hoHICPgBumLhq

AHUMallusdHbl MBbIHA CiHTeMC apKBIJ'II)I
0oaasl

4AvkDWP831xuN4oDzsp/view?usp=drive link

KopbIThIHABI

XKepre akplH aybIpibIK KYIIiHIH TYpPaKThI
OpICIHJIeT] JIeHe KO3FaNBICHIH 3epTTey MPOIECiHIe
KOMIIBIOTEPJIIK ~ OCiHeneyai  KoJmaHy  Kejeci
FBUIBIMH HOTIDKEJIepre KOJN JKETKi3yre bIKIaI
eremi:

- MHTECPAKTHBTI PEXHUMJIE KOMITBIOTEPIIIK
OcifHesey Ke3iHJE ©eKi eJIIeMI KEHICTIKTeri
MaTepualIbIK HYKTe KO3FaIBICHIHBIH JJIEMEHTTEP1
MeH Kypamjac OeiKTepiHiH imKi OaimaHbICTaphl
afKbIH KOpiHeIi;

- KOMITBIOTEPIIK OeliHeney apKbLIbl albIHFaH
JieHe KO3FaJIbICBIHBIH TPaeKTOPHUSCHIH

. s e
o) i)

’ 9)
11-cypet. Exi enmemai KeHICTIKTET] MAPHUKTIH
KO3FAJIBICBIHBIH MMMHTAIHSIIBIK MOJIETT

AQHAINTHKAIBIK OJICIICH aJbIHFaH KWHEMaTHKara
apHaJFaH eCeNTEepAiH IICIIiMI MEH JKayaOblH
TEKCepy 9/1ici peTiH/e maiananyra Oonaibl;

- aHUMAIUs HEeMeCe UMHTALUSIIBIK MOJCIBACY
JICHE KO3FaJbICHIH OCHHeNeyai JJMHAMHUKAJIBIK
PEXUMJIE JKY3€eTre achIpaibl.

Kapaxbuianabipy

byn 3eprreynmi Kazakcram Pecmybmukacs
FouteiM  koHE KOFapbl OiiM  MHHHCTPIITIHIH
FBUIBIM KOMHTETI KapXKbUIaHIBIPABI, TpaHT No

AP234873809.
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OCOBEHHOCTU NMPENOOABAHUA ANCUMNTNHBI “HAHOTEXHO/1IOTMW B ECTECTBEHHOHAYYHbIX
UCCNEAOBAHUAX” B CEBEPO-KASAXCTAHCKOM YHUBEPCUTETE UMEHU M.KO3bIBAEBA

HaHoTexHO/IOrMM BrneYaT/aoWmMMmM MacliTabammn 3axBaTnanm MHOOPMALMOHHOE MoJie, Tak UKW MHave
CBA3AaHHOE C Hay4yHOM TeMaTWKOM. B coBpemMeHHOM mMupe TepmMuH “HaHOTexXHONorMM” Ha Cayxy noutu y
Kaxaoro obbiBaTena, B MapKETUHIOBbIX LEAX BCTPEeYatoTCsA 3/10ynoTpebneHmsa ¢ OTCbIIKOM Ha 3Ty 006AacTb.
MNpuBeaeHo onpeaeneHue, orpaHuyMBatollee 061acTb NPUMEHEHUA OAHHOrO TepmMuMHa. B To ke Bpems
NoKasaHbl MPOPbIBHblIE BO3MOMHOCTM C MCMNOJIb30OBAHMEM 3TOM MENKAMCUMNAMHAPHOW cdepbl ANA HayKM,
HOBeNLWKe BblAAIOLWMECA NCCNEA0BAHMA KaK A/1A NPOABUNKEHNS LMPPOBU3ALIMN, TaK 1 A1 NO3HAHUSA CAMOro
yenoseKa. B Ceepo-KazaxctaHCcKOmM yHMBepcuTeTe ¢ 2022 roga MNPOBOAATCA 3aHATMA MO AMCUMNAMHE
“HaHOTEXHONMOTMM B ECTECTBEHHO-HAYYHbIX WCCNeAoBaHMAX” C  WUCMONb30BAHMEM  BbICOKOTOYHOTO
coBpemeHHoro obopyaosaHuma. MNoctaBneHa Leb PackpbiTb 0COBEHHOCTN NPenoaBaHna 3TOM ANCUMNINHDI
Ha Kadeape ®Pu3nKM. PaccMoOTpeHa Ba)KHOCTb OOyYeHMA CreuuanmMcToB pasiMyHbiXx 0b6pa3oBaTe/ibHbIX
NporpaMm ecTeCTBeHHO-Hay4YHOro HanpaBAeHWs 3TOW  AUCUMNAMHE, HeobXOoAMMOCTb MPUMEHEHUA
MPaKTUYECKUX HaBbIKOB WCCNEA0BaHUSA Ha MNepeaoBOoM HaydyHoOM 060pyaoBaHWUWU: aTOMHO-CU/IOBOM
MWKPOCKOME, CKaHMPYIOLLEM TYHHE/IbHOM MUKpPOCKone. MNpueeaeHbl pesyabTaTbl CKAHMPOBAHWUA CTYAEHTaMM,
noslydeHHble Ha NabopaTopHbIX 3aHATUAX. PacKpbITbl acNeKTbl NpenojaBaHna 3ToM AMcumMnanHbl B CeBepo-
KasaxcTaHCKOM yHMBepcUTeTe Ha Kadeape PU3MKM, NoKasaHa 3HAYMMOCTb MNOYYEHHbIX 3HAHWI M HABbLIKOB B
CTaHOB/IEHUM BYAYLLIEro KOHKYPEHTHOCNOCOOHOMO Ha pPbIHKe Tpyaa cneluanmcTa.

KnioueBble c/10Ba: HAHOTEXHONOIMW, eCTECTBEHHO-HAYYHble MCCAeA0BaAHMA, aTOMHO-CUI0BOM MMKPOCKOT,
CKaHMPYIOLLMI TYHHENbHbIKN MUKPOCKON, nabopaTopHan pabota, C3M-1306parKeHue.

B.M. YcenHos*, A.l. Mapkosa?, A.B. Mepsukos?, C.A. Captun?, M.B. WonkaHosal, I'.Y. Ceinbbekosal
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M. Ko3bibaes aTbiHgafFbl ConTycTik KazakcTaH yHMBEPCUTETIHAE
«XapaTtbuibICTany FblbiIMAAPbIHAAFbI HAHOTEXHONOTUANAP» NOHIH OKbITY epeKLlenikTepi

HaHoTexHonorManap aknapaTtTblK OPICTi KaHAal aa 6ip KO/AMEH fbiNbiIMK TaKblpbiNnTapfa 6alfaHbICTbI
acepAi aykbiMmaa Tycipai. Kasipri 3amaHAa «HaHOTEXHOOTMA» TEPMUHIH iC Ky3iHAe apbip NaimaH TbiHAanAbI,
MapKeTMHI MaKCaTblHAA@ OCbl Cafiafa CiNTeMe Kacall OTbipbin, Tepic nanganaHynap OpbiH anagpl. byn
TEPMUHHIH KONZaHbINY aACblH LWEKTENTIH aHbikTama KenTipineni. CoHbIMEH KaTap, OCbl NaHapasblK canaHbl
FbINIbIM VLLIH Naitaanada oTblpbIn, CepriHai MyMKIHAIKTEP, UMdPAaHAbIpyabl iNrepineTy yWiH Ae, aflaMHbIH, 63iH
Binyi yWwiH Ae eH, COHfbl KepHEeKTI 3epTTeynep KepceTinreH. 2022 xbingaH bactan ConTycTik KasakcTaH
yHMBepcuTeTiHAE «HKapaTbibiCTaHy fblAbIMbIH 3epTTeyaeri HaHOTEXHOorMANapP» NaHi BOMbIHLWA KOFapsbl
O2NAiKTeri 3amaHayn XabaplKTapabl NaiganaHa oOTbipbin cabakTap eTkisinyae. MakcaTbl — ¢u3MKa
KapeapacblHAa OCbl MaHAI OKbITYAbIH epeKlWeniktepiH awy. byn naH OOMbIHILA KapaTblAbiCTaHy
FbINbIMAAPbIHLIH, ap TypAai 6inim b6epy bafgapnamanapbiHbiH, MamaHAapblH A3ApAayAblH, MaHbI34blblfbl,
aNAblHFbl  KaTap/ibl FblbiIMM  KabAablKTapFa MNPaKTUKANbIK 3epTTey AafabliapblH  KOAZAHY  KaXKeTTiair
KapacTbipbliaZbl: aTOM KYWIiHiH MWUKPOCKOMbI, TYHHENbAIK MMWKPOCKOMNTblI CKaHepsey. 3epTxaHanbiK
cabaKkTapZa anblHFaH OKyLWbINapAblH CKaHepaey HaTukenepi kentipineai. ®msnka Kadenpachl KaHblHAAFbI
ConTycTik KasaKcTaH YHUMBEPCUTETIHAE OCbl NaHAj OKbITY acneKTifiepi awbliabin, eHHeK HapblFbiHAa Honallak,
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bocekere KabineTTi mMamaHabl KanbinTacTblpyaa anfaH binimaepi MeH AafablnapbiHbIH, MaHbI34blNbIfb
KepceTinreH.

TyMiH ce3aep: HAHOTEXHOIOTMANAP, *KAPATbIAbICTAHY FblIbIMbIH 3€PTTEY, aTOM KYLLiIHIH MMKPOCKOMbI,
TYHHEbAIK MUKPOCKONTbI CKaHepey, 3epTxaHasnblK Kymbictap, CINM benHeci.
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Features of teaching the discipline "Nanotechnologies in natural sciences"
at the M. Kozybayev North Kazakhstan University

Nanotechnology has captured the information field on an impressive scale, which is in one way or another
related to scientific topics. In the modern world, the term "nanotechnology" is heard by almost every layman,
for marketing purposes there are abuses with reference to this area. A definition is given that restricts the
scope of this term. At the same time, breakthrough opportunities with the use of this interdisciplinary field for
science, the latest outstanding research both for the promotion of digitalization and for the knowledge of man
himself are shown. Since 2022, North Kazakhstan University has been conducting classes in the discipline
"Nanotechnology in Natural Science Research" using high-precision modern equipment. The goal is to reveal
the features of teaching this discipline at the Department of Physics. The importance of training specialists of
various educational programs of the natural sciences in this discipline, the need to apply practical research
skills on advanced scientific equipment: atomic force microscope, scanning tunneling microscope are
considered. The results of scanning by students obtained in laboratory classes are given. The aspects of
teaching this discipline at the North Kazakhstan University at the Department of Physics are revealed, the
importance of the knowledge and skills gained in the formation of a future competitive specialist in the labor
market is shown.

Key words: nanotechnology, natural science research, atomic force microscope, scanning tunneling
microscope, laboratory work, SPM image.

Hccnenosanus Maxkcuma Hukutuna,
omyOnukoBaHHble B JkypHase Nature Chemistry,

Beenenue

HanoTexHonoruu BopBajuch B )KU3Hb YEJIOBEKA,
Jake ecld OH He TOoJo3peBaeT 00 3TOM.
HamnpaBnenue 3peTh B “MUKPOKOCMOC™ 3aJall eule B
1959 rony Puuapn deiiman B cBoeilt cratbe “Plenty
of Room at the Bottom* (“Buuzy muoro mecra”) [1].
3akoH Mypa (HaOmoJeHHE) 3a/laeT YMEHBIICHUE
WHTETPAIBHBIX MHKPOCXEM, OlpaHHYE€HUE 3THUM
TEHCHIIUAM CO3/IaeT JIUIIb caMa MPUpoa: CTPOSHHE
BemectBa [2]. U TeM He MeHee KPEMHEBBIE BEK
CMEHSIETCSI BEKOM “TpadHTOBBIM”, YK€ CO3/aHbI
HAHOTPAH3UCTOPBI, NPOPHIBHBIE BBIYUCIUTEIIbHbIC
KOMITBIOTEPHBIE MOIIHOCTH HWCHOJB3YIOTCS IS
peammzaiu ChatGPT, cozmanust HelfipoceTelt U yxe
C BBICOKMX TpHUOYH TOBOPSAT O TaK Ha3bIBAEMOM
“HCKyCCTBEHHOM MHTEJIIEKTE .

I'maBa “HanoTexHOJOTMHM M HaHOMaTepHajbl’
BBEJICHA JaXX€ B IIKOJBHBIM yueOHuK ¢usuku 11
kinacca B Kazaxcrane apropom 3akupoBoit H.A. [3].
BriewaTiisitoniizie OTKPBITHS B 3TOM 0071aCTH HE TOJBKO
JIeNAl0T BO3MOKHBIM TJI00aNbHYIO HU(PPOBU3ALUIO,
CO3/1aHus “HCKYCCTBEHHOTO MHTEJUIEKTA , HO W IIO-
HOBOMY IO3BOJISIOT B3IVISIHYTh HA CaMOI'0 YEIOBEKa.
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npuBean kK wuzobperennio JIHK-xkommbrorepa [4].
ABTOp OTKPBLI HOBBIN (PyHIIAMEHTAILHBINA MEXaHU3M
xpanenuss uHpopmammu B JHK. 310 mo3BONIMT
W3y4UTh  TOPUPOLY  CaMbIX  Pa3HOOOpa3HBIX
MPOIIeCCOB, HAa4YMHAsh OT CIOXKHBIX 3a0o0JeBaHUH,
TallH T€HETUKYU, MTHOBEHHO! NaMATH U CTapEeHUs 10
BOIPOCOB BO3HHMKHOBEHHUS XH3HH Ha 3eMile U €e
9BOJIIOLIMK, a TaKXKe YIYYIINTh CHeIH(PHIHOCTD
reHHol Tepanuu u 6e3onacuocts JJHK/PHK-Bakumx
3a CYeT BBISBJICHUS M CHUXKEHHSI TOOOYHBIX PeaKLnii
Ha Mpenaparsl BO BpeMs JICUEHHUS.

Oco0eHHOTO BHUMAaHUS 3aClTy’KUBAeT TOT (akxT,
yro  Makcum  HukutH  Benm  pa3paboTku
CaMOCTOSITENIBHO, Y CTAaTbU TOJIBKO OJIMH aBTOP.
Bynyun ¢usmkoMm 1o oOpa3oBaHuio, paboTta B
MEXIUCIUIUIMHAPHBIX 00JacTaX C NpPUMEHEHHEM
HAaHOTEXHOJIOTMHA T03BOJIMJIA COBEPIINUTH HAyYHBIN
MPOpPBIB, KOTOPBIM €Ile JacT CBOM IUIOABI AJIs
yenoBevecTBa. Tem Oosiee CTAaHOBUTCS aKTyaJbHBIM

U3y4YCHHE COOTBETCTBYIOILIECH TUCIIUILINHEI
CTyAEHTaMHU CKY €CTECTBEHHO-HAy4YHOT' O
HampaBjeHUs. bojee TOro 23TO0 BO3MOXKHOCTH
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b.M. YcenHos n ap.

nproOpecTH ele OAHY CHEeNHANbHOCTB: OINEpaTop
CKaHHPYIOIIETO 30HI0BOTO MUKPOCKOTIA.

Cpenn MHOXeCTBa ONpeAeNieHHH TepMUHA
HAaHOTCXHOJIOTHSI, MOXKHO BBIJICIUTH OMpEACIICHHE,
npuBeneHHoe B “KoHuenuuu — pa3BUTUA B
Poccmiickoit  deneparumn pabor B obmactu
HaHOTeXHOMOrui Ha mepuona g0 2010 roma” [5].
CornmacHO 9STOW  KOHIEHIIMM  HAHOTEXHOJIOTHUS
OTpe/ieNsieTCsT Kak COBOKYHMHOCTh METOAOB U
MIPHEMOB, 00ecrnednBaronux BO3MOKHOCTb
KOHTPOJIUPYEMBIM o0pazom co3/1aBaTh u
MOIU(PHUITHPOBATH O0OBEKTHI, BKJTFOJAFOIITHC
KOMITOHEHTHI C pazMepamMu 00bekToB MeHee 100 HM,
XOTs1 ObI B OJTHOM M3MEPEHHUH, U B PE3YJIbTATE ITOIO
MOJIYYUBIIIME TPUHIMIIAAIBHO HOBBIC KauyecTBa,
MTO3BOJIAIONINE OCYIIECTBIATh WX HMHTETPAIUIO B
MOJTHOIICHHO (YHKITHOHUPYOIIINE CUCTEMBI
Oosbliero Macmraba.

[TonoxuTenbHbIE MOMEHT 3TOTO OINpPEACICHUS
3aKJIFOYAEeTCsl B TOM, YTO OHO YETKO 3ajaeT 00JacTb
orpannyeHust 10 100 HM, u30eras creKyJsIUd Ha
MOJIHOM T€PMUHE.

ITpu OYEBUIHOU TEOPETUUYECKOU u
MPAKTUYECKON 3HAYMMOCTH O0O3HAYCHHON TEMbI B
Ka3aXxCTaHCKOM MHGOPMAITIOHHOM noJe
MPaKTHYECKH  OTCYTCTBYIOT  NYyOJHKAlud 00
0COOEHHOCTAX MIPero/IaBaHus JUCTIUILTAHBI
“HanorexHonorun B €CTECTBEHHOHAYYHBIX
WCCIIEIOBAHUAX’, OCOOCHHO PEaTM30BaHHBIN OITBIT
MPOBEJICHHsI JTAOOPATOPHBIX 3aHATHH TIO OTOU
auctuiinHe. HoBu3Ha 3akirouaeTcs BO BBEJICHHU B
o0ydeHHNe UCCIIeIOBATEeIHLCKOTO MPOIiecca.

MeToa ucciaenoBaHus
JucrumimHa “HaHOTEXHOJIOTUN B

€CTECTBEHHOHAYYHBIX HMCCJIEIOBAaHUAX COCTOMUT H3
MIPOBE/ICHUSI JIEKIIMOHHBIX, J1a00PATOPHBIX 3aHATHH, a

TAaKKEe  CaMOCTOSITENIbHOH  paboThl  CTyJeHTa
COBMECTHO C IIPEI0aBaTEeIEM.
Ha  nekuusx © cponm  HCHONB3YHOTCS

WHHOBAIIMOHHBIC METOABI OOYYCHUS: TUCKYCCHS,
nebaTtpl, case-Study- MeToT KOHKPETHBIX 00YUArOIINX

npobjeMHOe O0O0ydeHHE, JCKIuI-Oecena, JCKIIUs-
BU3YyaIIU3AINs, JICKIUSI-IUCIYT, METOJ «KpPYIJIOro
CTONay, «CTYIEeHYEeCKas TPHOYHA» U IPYTHE.

Ocoboro BHUMAaHUS 3aCITy)KUBAIOT
nmabopaTopHBIC paboThI CTYJICHTOB
€CTECTBCHHOHAYYHOTO HaIpaBIICHUS Ha

CKaHUPYIOIIEM 30H10BOM MUKpockorie (nanee C3M),
HE MMEIOLIEr0 aHAJIOTOB TaKOTO YPOBHSA B JIPYTUX
yHuBepcuterax Kazaxcrana.

Ha naGopaTOpHBIX 3aHATHSIX HCIOIB3YETCs
CKaHUPYIOLIUI 30HA0BbII Mukpockor Solver NANO
(Comeep HAHO C3M HAHODB/IFOKATOP 2)
mpousBoacTBa kommanud NT-MDT  Spectrum
Instruments.

MHUKpPOCKOIT COMPOBOKACH PYKOBOJCTBOM 10
skcrryaranmn. Kadenpa  ®@u3umkn  ocHameHa
JabopaTopHbiMM  pabdoOTaMH Ha OCHOBE 3TOTrO
PYKOBOJICTBA. MeToan4ecKkre yKa3aHus IO THITOBBIM
pacueTraM, BBITIOJHCHHIO PacUETHO-TPaAPUUCCKHUX,
abopaTOpHBIX pabOT HAXOMATCS HEMOCPEICTBEHHOM
B J1a00paTOPHON ayTUTOPHHU.

O0s13aTenbHO BBIJICIISCTCS
nabopaToOpHBIX  3aHATHSX — HA
METOANYECCKUMU YKa3aHusMu, C ImpaBuJIaMn
IKCIUTyaTallud, C  T[paBWiIaMH  0E30MacHOCTH,
YCIOBUSIMH SKCIUTyaTalluy, Tak Kak 000pyIOBaHHUE
JIOPOTOe, HO HECMOTPS Ha 3TO BCE CTYACHTHI B PAMKax
W3y4YeHHs] TUCHIUIUIMHBI 00y4aroTcs monydars C3M
H300paKECHUSI. [MpucyrcTByeTt o0s3aTenbHOE
3aMoJIHCHHUE JKYPHAlIa 10 TEXHUKE OE30MacHOCTH.
IIpoBoauTcss ompoc, Cpe3 3HAHMM 10 IpaBUiIam
skcrutyatanuu.  ClielyeT OTMETHTh, YTO 0C000
B2)XHBIC MOMEHTBI B WHCTPYKI[HH COIPOBOY/ICHBI
3HaKoM “BHumanme” u TekctoMm, Hampumep: llepen
BKITIOUCHUEM KOHTpOJLIepa HE0OXO0IMIMO
3aukcupoBath Bce pa3béMbl.  OTCOeTUHEHHUE
pa3bEMOB BO BpeMsi pabOTBI MOXKET TMPHUBECTH K
TMMOBPECKACHUIO JICKTPOHHBIX 3JIEMCHTOB.

PaboTa Ha caMOM MHKPOCKOIIE OCYIIECTBISIETCS
MMOCPEJICTBOM IporpammHoro obtecreueHus: Nova
Px. [IporpamMmma MOXeT OBITH CKOITMPOBAHA B JIF000E
ynoOHOE MECTO KOMITBIOTepa, HO 3allUIIeHa OT
KOTMMPOBAHHUsSI HAa BHEIIHHE HOcUTenn. Huke Ha

BpeMs Ha
3HaKOMCTBO  C

CPITyaHPIﬁ, METOL 6HI/IH'OHp0C3, METO PUCYHKE 1 nmpeacraBjiCHa IIaHEJIb OKOH u
KPUTHUYCCKOIr0O  MBINUJICHUSA, MHUHU-UCCIICIOBAHUC, HWHCTPYMEHTOB IIPOrpaMMbl Nova Px.
MCTOJ  IPOCKTOB, METOA MO3roBOIro umTypma,
A0 Nove Pa 340 rev. 17251
foe Tock
somiconter + | Nog S0 ierwemd ST 500 [={Can 200 | — Pl sy won ol @
& L v - 11 = @ 25 ]
Dita Apsomarce 2pposch Scanrany Curves Lehe Ouiloicope  Schweres Camnaid
Fegam Farwes  Mam Bt Osetd Tl omm Mo Doty whenel e Foven vC Pl Cureilg PGAm v
Vv PV DMk ‘91 e w/deley
== < Tiom
W Ladrg Bivg | 1hweow et D00I0 e = @ B ..} ot _—:“m
‘l vy |-l et —{ﬁm;\m- 1 3 Tade  [)Mess vgoe

oo

Pucynok 1 — Unrepdetic nporpammbl Nova Px
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Mukpockon CHa0XeH ABYMS U3MEPHUTEITHHBIMHU
romoBkamu: ACM — aTOMHO-CHIIOBasi MUKPOCKOTIHS
u CTM — ckanupyromasi TYHHEJIbHAsI MUKPOCKOTIHS.

ATOMHO-CHJIOBasE ~ MHKPOCKOTIHS  —  BHJ
30H/IOBOM MHUKPOCKOIHH, B OCHOBE KOTOPOH JIEKHUT
CUJIOBOE B3amMojeiicTBue aToMoB. Ha paccrosiHumn
OKOJIO OJTHOT'0 aHTCTpeMa MKy aTOMaMu 00pasiia u
aTOMOM 30HJa (KaHTWJIEBEpA) BO3HUKAIOT CHIIBI
OTTAJIKUBAHU, a Ha OONBIINX PACCTOSHUSIX - CHIIBI
nputTskeHus. Maes ycTpolcTBa O4Y€Hb MOpOCTa -

KaHTHJIEBED, HepeMerasich OTHOCHTEIILHO
NOBEPXHOCTH M pearupys  Ha  CHJIOBOE
B3aMMO/ICHCTBUE, pETUCTpUpYyeT ce penbed. B
CKaHUPYIOIIUX 30HAO0BBIX MHUKPOCKOIIax

HCCIIEIOBAHNE MHKpopesibeda MOBEPXHOCTH U e
JIOKQJTBHBIX CBOMCTB TMPOBOIUTCS C  TOMOIIBIO
CTHEeNHATFHBIM 00Pa30M MPUTOTOBIECHHBIX 30HIOB B
Bume urJI. Paboyas 9acTh TakwxX 30HIOB (OCTpHeE)
UMeeT pa3Mepbl TMOpsAKa JeCSTH HAHOMETPOB.
XapakTepHOE PpAcCTOSIHHE MEXIy 30HIOM |
MOBEPXHOCTHIO 00PA3IIOB B 30HIOBBIX MUKPOCKOMAX
Mo TopsaKy Beawuun cocrasiset 0,1 — 10 um [6].
PaboTa TyHHENBHOTO MUKPOCKOIIAa OCHOBaHA Ha
SBJICHUH TIPOTEKAHHWsSI TYHHEIBHOTO TOKA MEXTY
METAJUTMYECKOW HWTJIOH ¥ MPOBOJSIIUM 00pa3IoM.

Ckanupytomas TyHHEJIbHAs MHKPOCKOIHS
IpelHa3HAa4eHa  UId  HCCIENOBaHMs  CBOWCTB
MMOBEPXHOCTEH  MPOBOASIIMX  MaTepHalloB ¢

paspelieHieM BIUIOTh J0 aTOMapHOro ypoBHs [7].
TyHHENBHBI TOK, PETUCTPUPYEMBIA B IIPOLECCE
CKaHWpOBaHWs, Kak yTBepxmaer llandwunosa E.B.,
nmoctatouno Man (0,5 mA = 50 HA), 4Yro maer
BO3MOXKHOCTh HCCIIEZIOBaTh 00pa3llbl C HU3KOM
MPOBOJUMOCTBIO, B YacTHOCTH, OHOJIOTUYECKHUE
00bekThI [8]. Onaum u3 HemocratkoB CTM siBisieTcst
CJIOHOCTh AHTEPIIPETAIuU TOJTy9E€HHBIX
pe3yiIbTaTOB, TaK KaK M300pakeHUE IOBEPXHOCTH,
noyxy4yeHHoe ¢ ucnoiyb3oBanuem CTM, onpenensiercs

HE TONBKO penbeoM IOBEPXHOCTH, HO H
Pa3TMYHBIMA JIOKAJIbHBIMH 3NEKTPUIECKIMH
XapakTepUCTUKaMH  TIOBEpXHOCTH. Tem  Oonee

BO3HUKAET HEOOXOIMMOCTh HE TOJILKO B OOYYECHUH
MOTYdCHUST HM300pakeHus, HO U B OOydYCHUH
HMHTEPIIPETALUN U300paKeHHS, TIOTYICHUs HABBIKOB
paboThl ¢ PUIBTPAMH.

[lepeueHp MpemycMOTPEHHBIX TabOPaTOPHBIX
pabor:

1 Ionyuenue nepsoro C3M nzobpakeHus.

2 O0OpaboTKa U KOJIMYECTBEHHBIH aHanu3 C3M
M300pasKeHHH.

3 MHccnenoBaHue TOBEPXHOCTH TBEPIBIX TeI

MOJIYyKOHTAKTHBIM ~ METOAOM  aTOMHO-CHJIOBOMH
MUKPOCKOITHH.

4 ApredakThl B CKaHUPYIOIIEH 30HIOBOMH
MUKPOCKOITHH.
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5 Wsrortoenenue 30Hm0B At C3M meromom
AIEKTPOXUMHUYECKOTO TPABICHUSI.

6 HcciemoBaHue TMOBEPXHOCTH TBEPABIX TENl
METOAAMU CKaHUpyrouiei TYHHEJIBHOU
MHUKPOCKOITHH.

7 3oH10Bast auTOrpadusl.

8 Kannbposka ckanepos [9].

JlabopaTopHas paboTa MpOBOINUTCS B TPH dTara,
KKIBIH 13 KOTOPBIX OIIEHUBAETCH.

1 Jlomyck. IToAroToBUTEIBHBIN ATAIl BKIOYACT
MPOBEPKY TEOPETHYECKOW MOATOTOBKH CTYACHTA K
paboTte, 3HaHHE OTamoOB J1abOpaTOpHON padOTHI, a
TaK)Ke TMEPBUYHBIA OTYET K JIaOOpaToOpHO# padoTe,
COIep KAIIHIA OCHOBHBIC TpeOOBaHUS K
opopMIIEHHIO: HOMEp, Ha3BaHHE J1abOpaTOPHOMN
paboThI, LIeJb, MPUOOPHI U MaTEpUabl, X0 PabOTHI,
COJICPKAIIMI  KJIFOUEBBIC  OTallbl  BBIMOJIHCHUS
T1abopaTOPHOM pabOTEHI.

2 W3mepenus m oT4eT. B Xoje BBITOTHEHUS
1abopaTOpHOI pabOTHI CTYACHT B OTYETE (DUKCUPYET
KITFOUEBBIC ACTIEKTHI, upoBkIe JTaHHBIE,
COTPOBOX/IA€T HEOOXOMUMBIMU TpadukamMu. A
TaK)Ke IpUIaraeT CKPUHBI MPOTrPaMMHOIO OKHa,
KOTOpBbIC IOMOTAalOT B  TOCJICAYIOIIEM  JTare
BOCCTaHOBUTH B ITAMSTH HEKOTOPBIE OTIEPAIIHH.

3 3amura J1abopaTopHOi paboThl. BritouaeT B
cebst ompoc MO  KOHTPOJBHBIM  BOMpOCAM,
MpujiaraéMbiM K J1a00paTOPHOW, a TakKe B IIEeJIOM
OIIEHKA pe3yIIbTaTOB JIeSTEIIbHOCTH Ha
J1a00PaTOPHOM 3aHSATHH, NPOBEPKA JOCTUTHYTHIX
HeJen.

PesyabTar ucciaenoBanmns

K wm3MepeHusM JomyckaroTCs TPymImbl mo 2-3
YeloBeKa, /Ui ATOro ydeOHas rpymnmna pa3omBaercs
Ha TOArpyNmbl. 3a OJUH aKaJeMHYeCKHH dYac B
CpelHeM Takas [OATPYyINIa YCIeBaeT CJlenarh
n3Mepenust. To ecTb Ha oHY paboTy Bcell yueOHOU
TpYIIBl  YXOJWT JIBe Hexenn. BHe paboTel 3a
MHUKPOCKOIIOM, MOJATPYIIITbI U3YYal0T TCOPETHUCCKUN
MaTepuai, TOJIy4arT JOMYyCKH K JabopaTopHBIM
paboram, 3amuIIarOT padbOTBI B YCTHOM OIIPOCE
npernojaBareneM, 4ro  TpeOyeT  JOCTaTOYHBIX
BPEMEHHBIX 3aTpaT, [I03TOMY YILIOTHEHUE TIOJ[IPYIIIT
HE JIOMYCTHMO HH 10 CAHWUTApHBIM TPEOOBAaHUSM K
SKCIUTyaTallid MHUKPOCKOMA, HU 10 3(PPEKTUBHOMY
O0Oy4YEHUIO CTYACHTOB, YTOOBI KaXKIBIH CTYICHT
yCIIeN HECKOJIBKO Pa3 3a CEMECTP CAEaTh U3MEPEHUs
Ha TaKOM BBICOKOKJIACCHOM O0OpYyIOBaHWUU. ITO
0E3yCIIOBHO  TIEPEIOBOM  OMBIT,  ITO3BOJISIOITUI
BBIITYCKHUKY CTaTh KOHKYPEHTHOCIIOCOOHBIM
CTIEIHATUCTOM B COBPEMEHHOM MHPE.

[IpencraBneHnbie HIKE N300pAKESHUS (PUCYHKH
2 u 3) mMomyd4eHbI 30HIOM, CaMOCTOSTEIBLHO
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W3TOTOBJIICHHBIM  CTYJIEHTAMH HAa TPAKTUYECKUX  HW3TOTABIUBACTCS M3 BOJB(PAMOBON IMPOBOJIOKH,
3aHATHSX C TIOMOIIBIO METO/Ia DIICKTPOXUMHIECKOTO  TOJIIIMHA HA KOHIIE IOCTHUTAeT OJTHOIO aTOMA.
TpaBJICHUS. 30H1 TUTS CT™ TOJIOBKH

Pucynoxk 3— M3o6paxenue [IB/I-aucka nmonyuenHoe ¢ nomoinpo CTM
u3MepurTeabHoi rosioBku B 2D u 3D npeacraBnenun

[Tocne mnpuoOpeTeHUss HAaBBHIKOB pabOTBl C  NPEACTAaBICHHAs KATMOPOBOYHAS peureTka (PUCyHOK
bwibTpaMu B OIHOM U3 JsaboparopHbIXx paboT  4) mpuoOpeTaeT BUjI, PEACTABICHHbIH HA PUCYHKE 5.
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Pucynok 4 — Cxanupoanue. 3D npencraBieHre H300paXeHUS KaTHOPOBOIHON PEITETKH
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e

Benens wil

Pucynok 5 - Pabota ¢ punsrpamu B nmporpamme Nova Px

[To cytH, MBI HE BUAMM MHUKPO M HAHO MHpP, HO MBI  II€pPEaeTCs [IBETOM, KOTOPBIH TOKE€ MOKHO MEHATH
ero oimgynbiBaeM. V BBICOTHOE TPEACTaBICHHE (PHUCYHOK 6).

Pucynok 6 — Paznnynoe 1BeTOBOE NpejicTaBIeHHE BBICOTHI B iporpamme Nova Px

Ha  naGoparopHbIX  3aHATHAX MPOBOJUTCA  Pa3iUyHble  METAUIMYECKHE  00paslbl  MocCie
CKaHMPOBAaHUE pa3UuHbIX moBepxHocTei: JIB/I-  3jekTposnsa, CTEKIIO, CYIICHBIE JHCThs (PUCYHOK 7).
JIUCK, KaMeHb, OWTyM, Oymara, IUICHKA, KpOBb,

Ci G L

Pucynok 7 — Ilpumepsl CKaHUPOBaHHBIX MOBEPXHOCTEH: a) KaMEHb, 0) ANCK, B) TOBEPXHOCTH MOCIIE
2NIEKTPOIIN3a, T) Oymara, 1) KpoBb CyXas, €) KaTuOpoBOYHAs penieTKa
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CkaHMpYIOIUH 30HAOBBIM MHKpOCKON Solver

NANO MO3BOJISIET pa3BUBATh Hay4YHOE
B3aMMOJICHCTBHE C IPYTUMH JlabopaTopusMu. B
pamkax  MexkadeapaTbHOTO  COTPYJAHUYECTBA

BEJICTCsI aKTUBHAsI paboTa, HapUMep, U300paKEeHUE
Ha PHCYHKE 8 IMOJIydeHO B paMKaxX HCCIIE0BaAHUS
Kadenapoir "XuUMHA W XUMHUYCCKHE TEXHOJOTHH"
OMTYMHOH TIOBEPXHOCTH TIPU  OTPHUIATEIHHOU
TeMIieparype.

' 1. N
.(" ",A-‘ ln,; Pt

! "' "Ng Tt 5
V'

AT e
L T SRS

Pucynox 8 —IloBepxHOCTh OMTYMa ITPH
oTpulaTeabHON Temrnepatype B 3D npencraBieHun

CoTpyIHHYECTBO B O0JACTH HAHOTEXHOJOTHI
MPO/IOJDKACTCST M Ha PpecIyOIMKaHCKOM YPOBHE C
AcTaHUHCKMM  (DHUIMAIOM HWHCTUTYTa SIICPHOU
¢bm3ukn MuHHECTEepCTBa 3HepreTukn PK, a Ttarke
BBIXOJIUT Ha MEXIYHApOJHBI YPOBEHB, MO3BOJIASA
pa3BuBaTh OOMEH 3HAHUSIMH M NPAKTUYECKUM
OIBITOM TIO3HAHNSA MUKPOMUDA.

JlaHHBIE AaTOMHO-CHJIOBOM MUKPOCKOITUU UMEIOT
BAXHOE 3HAUEHWE TIPU TMPOBEJCHHUHM HAYYHBIX
uccnenoBannii. Tak, BbITyCKHHUK Kadeaper DOuzuka
CKY umenn M. KoszeibaeBa Anexcannp llepBukos,
HaYYHBIH COTpYyIHUK MHCTHTYTA QU3UKH TPOYHOCTH
n w™arepuaiosenenust CO PAH coBmectHo ¢
KOJUIEraMH, HCIIOJB3YIOT JTaHHBIE aTOMHO-CHIJIOBON
MUKPOCKOIIUU  JUIS aHaJIM3a  IOBEPXHOCTH
METANIMYECKUX  TPOBOJIOK, MPUMEHAEMBIX IS
HOJTy4eHHs] HAHOYACTHUI] MeTaJIoB U ciuiasos [10].

Hcnonp3oBaHne  COBPEMEHHBIX  TEXHOJIOTH-
YEeCKHUX YCTPOWCTB B 00pa3oBaTeIbHOM MpoIecce
noBeIaeT 3(p(EeKTUBHOCTH y4eOHOTro Mpolecca,
KOTOpBIA HE CTOMT Ha MECTe, IOCTOSHHO
Moaudunmpyetcs. [Ipu BhICOKOM Kilacce TOYHOCTH
COBPEMEHHBIX OINTHYECKUX MHKPOCKOIOB, €CTh
HEMPEOJOIMMbIE OTPaHUUYEHHS], HAJIO)KEHHBIE caMOl
MIPUPOJIOH. B CKaHUPYIOIINX 30HIOBBIX
MUKPOCKOTIaX HET SBIEHHS IU(PaKIUH, KOTopas
HaOromaeTcs,  Korja  pasMepbl  HPETSITCTBHS
COM3MEpPUMBI € JUIMHOM  BOJHBL.  MeXaHU3M
MOJyYeHUs] WHPOPMAIUK O TOBEPXHOCTH B KOpHE
WHOW, YTMOMSIHYTBIA BbIIE. A 3HAYUT MBI MOYKEM
“NOCMOTPETH BUPYCHI, MOJIEKYJIBI IHK, BEIIECTBO Ha
aTOMapHOM YpOBHE. 30H/I0Basi MUKPOCKOIHSI UMEeT
CJIeIyIoIue BO3MOKHOCTH: H3y4EHUE
JJIEKTPOXUMHUYECKOTO TOBEACHHUA TBEPJBIX WIN

JKUJIKHUX 00pas3ioB, HCCIEAOBAHUE AUAICKTPUICCKUX
CBOWCTB, OIICHKA paclpelelieHHs MOBEPXHOCTHOTO
MOTEHIMANa, W3y4eHHe JIOKAJbHBIX MAarHUTHBIX
CBOWCTB, MOJTy4YeHUE HHPOPMAIMH O PACTIPEICICHUH
3apsila B MOJIEKyJe, [MOJy4YeHHE TPEeXMEpPHBIX
M300paKeHUH, maTorpadus, n3MepeHne
3JIEKTPUYECKON MPOBOAUMOCTH  OJHOM  KIIETKH,
TaKKe BBEJCHHME JIEKapcTBa B OJHY KJIETKY,
MO3BOJIIET ~ OIICHWBATh  JIaTepajbHbIE  CHJIBI,
OTOOpakeHHE COINPOTUBJICHUS PACTEKaHWS, HMEET
BO3MOYKHOCTb OL[CHUBATH MTbE300TKIUK JOMEHOB T10/1
JEHCTBUEM DIICKTPUYECKOTO MOJIs, JCTEKTUPOBAHUE
KPYITHBIX YacTHWIl B Pa3JIMYHBIX CIUIaBaX W MHOTHE
npyrue Bo3mMoxkuHocTH (prucynku 9-10).

] L

Pucynok 9 — M3ydenue ceueHus MOBEPXHOCTH

Pucynok 10 — OmnpenesieHrue NepuoanIHOCTH
METO/I0M IpeodpazoBanust Oypbe
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OcobeHHOoCTH npenogasaHnAa AUCUNNNANHDI “HaHoTexHosormm B €CTeCTBEHHOHAY4YHbIX l/ICC/'Ie,CI,OBaHI/IHX”...

BbiBoabI CKaHUPYIOLIEH  30HJIOBOM  MHUKPOCKONMHU  JAeT
KOHKYPEHTHOE TMPENMYINECTBO Ha pBIHKE TpPYyAa,
[IpuoOperenue ombiTa pabOTBl C TaKUM  MOJyYCHHBIC Ke MIPaKTUYECKUE HABBIKU

MepeIoBBIM 000PY/TOBAaHIEM MOYKHO PEKOMEHJIOBaTh  JaOOpaTOPHBIX  HMCCIEAOBAaHWM  MOTYT  CTaTh

JUIS ~ TEeXHWYECKHX,  TEXHOJOTHMYECKHX, Jake Cephe3HbIM  (yHZaMEHTOM Il  CTaHOBJICHHSA

MEUIMHCKUX CHEIUATbHOCTEH. Ka3aXCTaHCKOT0 YYEHOT'O, BIIAJICIOIIEro MepeoBbIM
bynymeMy cienianucTy €CTeCTBEHHOHAYYHOTO  MHCTPYMEHTOM IMO3HAHUS MUPA.

HampaBleHUs BIAJEHUE JaXe TEOPEeTUICCKUMU

3HaHUSAMH B OOJNACTH  HAHOTEXHOJIOTHH U
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