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KOHJIEHCHUPJIEHI'EH KYU ®U3UKACHI )KOHE
MATEPUAJITARY IIPOBJIEMAJIAPBI

Pazmgen 1
OUZUKA KOHIEHCUPOBAHHOI'O COCTOSIHUS
N INTPOBJIEMbI MATEPUAJIOBEJEHMUS

Section 1
CONDENSED MATTER PHYSICS AND
MATERIALS SCIENCE PROBLEMS



IRSTI 44.37.29

Antoschenko V.S.", Migunova A.A., Frantsev V.V.,
Lavrichshev O.A., Nemkayeva R.R.

National open-type nanotechnology laboratory (NNLOT), Al-Farabi Kazakh National University,
Almaty, Kazakhstan, “e-mail: solartechnology@mail.ru

STRUCTURAL AND OPTICAL PROPERTIES OF COPPER
OXIDE THIN FILMS PREPARED BY NOVEL «IN SITU CVD» METHOD

Thin films of copper oxides were obtained by novel «in situ CVD» method on glass substrates using
copper monocloride as precursor. Films were synthesized both in the air atmosphere and in the air-
argon atmosphere. The X-ray diffraction patterns showed a change in the phase composition of the films
obtained in air during the synthesis. Phase transitions CuO-Cu20-CuO are characteristic for samples
synthesized at 400 °C. A sample of 1 min had a monophasic CuO structure. The first transition from the
CuO to Cu,O occurs in the narrow time interval between 1 and 2 minutes of pyrolysis. The second tran-
sition from the Cu,O phase to the two-phase form of CuO + Cu,O occured between 3 and 5 minutes of
synthesis. On the sample 10 minutes only a small amount of Cu,0 was observed. And, finally, a sample
synthesized in 20 minutes had a monophasic CuO structure. The phase restructuring is related to the
kinetics of the film synthesis process and is determined by the ratio of the rates of supply of copper and
oxygen atoms to the interface of the substrate-the growing layer. Films obtained under oxygen deficiency
conditions were identified as monophasic Cu,O at the synthesis time of up to 20 minutes. The increase
in time led to the formation of mixed phases. The Cu,O films obtained at 500 °C for 1 minute had high
transparency with a transmission maximum of 80% at a wavelength of 600 nm. The FWHM values ob-
tained from XRD patterns of the films indicates a high ordering of the crystal structure.

Key words: Copper oxide, XRD, Phase composition, CVD.

AHToLleHko B.C.", MuryHoBa A.A., ®patues KO.B., AaspuuieB O.A., Hemkaesa P.P.

ALLBIK TYPAETi YATTbIK, HAHOTEXHOAOTMSIAbIK, 3epTXaHa (ATYH3), aa-Dapabu aT. Kasak, yATTbIK, yHMBEpCUTETI,
AamarTsl K., KasakcTaH, “e-mail: solartechnology@mail.ru

«In situ CVD» )kaHa dAiCiMeH aAbIHFaH
OKCHA, MbICbIHbIH, KYPbIAbIMADIK, )KOHE ONMTHUKAAbIK, KaCUeTTepi

[NpeKkypcop peTiHAE MbICTbIH MOHOXAOPUAT KOAAQHY aPKbIAbI LLIbIHbI TOCEMAE MbIC OKCUMAIHIH, >KYyKa
KabblkwaAapbl xaHa «in situ CVD» aaicneH aabiHFaH. KabbikiaAap aya atMocdepacbiHAa XoHe aya-
aproHAbI Kocrnaaa cuHTesaeAreH. CMHTE3 yakbITbiH ©3repTKeH Ke3A€e ayaAa aAblHFaH KabblKLIaAapAbIH
peHTreHorpammasapbiHAa hasabik, KypambiHbiH e3reprexi 6aiikasabl. 400°C kesiHAe CMHTE3AEAreH
yariaep ywiH CuO-Cu,O-CuO asanbik aybiCybl ToH. 1 MUH iwiHAe aAbiHFaH YAri CuO MoHodasanbIk,
KypblAMFa e 6oAabl. Exichasanbik, CuO + Cu,O Typre CuO-pan Cu,O-re aeitin GipiHwwi aybicy 3 >KeHe
5 MMHYT CMHTe3 apachiHAA oTTi. 10 iWiHAe cHTesaeAreH yariae Tek a3 FaHa Cu,O caHbl 6aiikanAbl.
XKoHe, coHbiHAQ, 20MMHYT apaAbiFbiHAa cuHTe3aeAreH yAri CuO MoHOMa3aAbIK, KypPbIAbIMFA e GOAADI.
Makanaaa kabbikwaHblH ha3aablK, KanTa KypblAy Npoueci KabblKaHblH CUHTE3AeY KMHETUKAChbIMEH
JKOHE TOCEM MEH YAEMeAi KabaT apaAbIFblHA LLEKapa anblpbIFbliHA KAapait MbIC MEH OTTeri aTOMAAPbIHbIH,
OTY >KbIAAAMADBIFbIMEH aHbIKTaAaTbIHbl KepceTiAreH. CHTe3 yakbiTbl 20 MMHYTKA AeMiH oTTeri AednumT
Ke3iHAe aAblHFaH Kabbiklarap MoHoasabl Cu,O peTiHAe KapacTbipblAAbL. YaKpITThl acbipy KesiHae
apaAackaH pasansap namaa 60AybiHA 8KeAAil. OTKi3yi MakcuMyMbl 80% GOAFaHAAQ TOAKbIH Y3bIHAbIFbI
600 HM KypanTbiH 500 °C kesiHae aabiHFaH Cu,O KabbiKliarap 1 MUHYT yakpIT illiHAE XOFapbl
MOAAIPAIriHe ne 60aabl. KabbiKlarap peHTreHorpaMmanapbiHaH aabiHFaH FWHM mMeHaepi oAapAbiH
KPUCTAAABIK, KYPbIAbIMbIHBIH, KXOFapbl PETTIAINH KOpCeTeAi.

TyiiH ce3aep: MbIC OKCUAI, peHTreH Andpakumschl, dasabik, Kypam, CVD.
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AHToleHko B.C.", MuryHoBsa A.A., ®parues tO.B., AaBpuuie O.A., Hemkaesa P.P.

HaupoHaabHas HaHoAaGopaTopust oTKpbiToro tmna (HHAQOT), Kaszaxckmit HauMOHaAbHbIN YHUBEPCUTET
M. arb-Papabu, r. AamaTbl, KasaxcraH, “e-mail: solartechnology@mail.ru

CTpyKTYypHbIe U ONTHUYeCKHe CBOMCTBA TOHKUX MAEHOK OKCMAQ MEAM,
MOAYY€EHHbIX HOBbIM METOAOM «in situ CVD»

TOHKME MAEHKM OKCMAOB MeAM ObIAM MOAyYEHbl HOBbIM METOAOM «in situ CVD» Ha CTEKASIHHbIX
MOAAOXKAX C MCMOAb30BaHMEM MOHOXAOPUAA MEAM B KaueCTBe rnpekypcopa. [MAeHKM CMHTe3npoBaAm
Kak B BO3AYLIHOM aTMOCPepe, Tak 1 B BO3AYLIHO-aproHOBOIM cMecu. Ha peHTreHorpammax HabAIO AQAOCh
M3MeHeHne ()a30BOro COCTaBa MAEHOK, MOAYUYEHHbIX Ha BO3AYXE MPU M3MEHEHUW BPEeMEeHU CHHTe3a.
Ans 06pasuos, cuHTesnpoBaHHbIX npu 400°C, xapakTepHbl hasosble nepexoabl CuO-Cu,0-CuO.
O6paseL, NoAyYeHHbIM 3a 1 MUH nmeA MoHodasHyto cTpyktypy CuO. lMepsbiin nepexoa ot CuO k
Cu,O HabAIDAAACS B Y3KOM MHTEpBaAe BpemeHn MexxAy 1 1 2 MuHyTamn nupoamnsa. Bropoit nepexoa
ot (asbl Cu,O k aByxdasHon opme CuO +Cu,0O NponcxoAnA MexAy 3 M 5 MMHyTamn CUHTe3a.
Ha o6pasue, cnHTeampoBaHHOM B TeueHue 10 MUHYT HabAIOAAAOCh TOAbKO HEOOAbLLOE KOAMYECTBO
Cu,O. M, HakoHel, obpaseLl, CMHTE3MPOBaHHbIM 32 20 MUHYT, MMeA MoHodasHylo cTpykTypy CuO.
[NokazaHo, 4TO (has3oBas MnepecTporika OMPEeAEeAseTCs KMHETMKOM rfpolecca CUMHTe3a MAEHKU M
OTHOLLEHWEM CKOPOCTEN NMOAXOAQ aTOMOB MEAM M KUCAOPOAQ K FPaHMLIE pa3AeAa MeXAY MOAAOXKKOM
M pacTyLmMM cAoeM. [TAeHKM, MOAyYeHHble B YCAOBMAX AeddmumTa KMCAOPOAA 32 BPeMS CMHTe3a A0
20 MUHYT, OblAM MAEHTUDULMPOBaHBI Kak MoHOMasHbIn Cu,O. YBeAnueHre BpeMeHn NpUBOAMAO K
o6pazoBaHmio cmelaHHbix has. Maenkn Cu,O, noayueHHble npu 500 °C B TeueHne T MUHYTbI, MEAM
BbICOKYIO MPO3PayHOCTb C MAaKCMMyMOM nponyckaHnsa 80% npu AAMHe BOAHbI 600 HM. 3HauyeHus
FWHM, noayuyeHHble M3 pEeHTreHorpamm MAEHOK, YKasblBAlOT Ha BbICOKYIO YMOPSAOYEHHOCTb MX

KPUCTAAAMYECKOM CTPYKTYPbI.

KAroueBble cAOBa: OKCMA MEAW, PEeHTreHoBCKas Andpakumsd, pasosbirt coctas, CVD.

Introduction

In recent years, a large number of publications
devoted to the use of films of copper oxides to cre-
ate a number of semiconductor devices: solar cells
[1-4], various sensors

To date, the increased interest in obtaining cop-
per oxide films is due to the prospects for using this
semiconductor material for the environmentally
friendly production of cheap solar cells [1-4], recti-
fying diodes [5], various sensors [6,7].

Various physical, chemical and electrochemical
methods for the preparation of CuO and Cu,O thin
films have been proposed. Each of them has advan-
tages and disadvantages. In most of the earlier stud-
ies, mixed phases consisting of Cu, CuO and Cu,0
were obtained, which is the main problem when us-
ing synthesized layers as an active component of so-
lar cells [8]. In [9], the first results on the synthesis
and study of CuO films obtained by a new method
of catalytic decomposition of copper chloride using
a powder source were presented and the possibil-
ity of obtaining monophase CuO films was demon-
strated. This investigation is aimed at studying the
conditions for the production of Cu,O films and the
accompanying phase transitions in the CuO-Cu,0O
system.

ISSN 1563-034X

Results and discussion

According to the technique described in [9] thin
films in the CuO-Cu,O system were obtained on glass
substrates. The synthesis regimes were experimental-
ly determined depending on the temperature, time and
fractional composition of the copper chloride powder
source, the thickness of which in all the experiments
was 0.8 mm. The synthesis was carried out on sub-
strates measuring 24x24 mm?2 with a thickness of
0.15-0.17 mm. The thickness of the films was within
the range of 0,1-3,0 um and increased with increasing
temperature and synthesis time. Optimum conditions
were found under which layers of monophasic ma-
terial were formed. The temperature interval for the
synthesis of Cu,O films was 400-500°C for powders
of 200 mesh fraction and 450-550°C for powders of
100 mesh. In the first case, the time interval of mono-
phasic growth of Cu,O films was 2-4 min, whereas in
the second case, 1.5 + 3 min. Beyond these synthesis
times, either two-phase Cu,0-CuO layers or mono-
phase CuO layers have grown.

Measurement of the films characteristics was
carried out on analytical equipment: X-ray diffrac-
tometers «D8 ADVANCE»and «DRON-3», Raman
spectrometer «Solver Spectrum» and two-channel
spectrometer «Shimadzu UV-3600».

Recent Contributions to Physics. Ne2 (61). 2017 5
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Figure 1 — Results of X-ray diffraction patterns of copper oxides films synthesized
at 400C for different times in the air atmosphere

Figure 1 shows the diffractograms of films
synthesized in air at different times. It can be seen that
for the samples obtained after 2, 3 and 5 min, a phase
transition is observed twice. The first transition from
the CuO to Cu,O occurs in the narrow time interval
between 1 and 2 minutes of pyrolysis at 400°C.
A sample of 1 min had a monophasic structure. It
consisted of CuO phase only (the first two strongest
doublets). For samples 2 and 3 min, four peaks of
Cu,0O and traces (one peak) of CuCl are observed,
which are related to insufficient cleaning of the
film surface from the source powder residues. The
second transition from the Cu,O phase to the two-
phase form of CuO + Cu,O occured between 3 and
5 minutes of synthesis. On the sample 10 minutes
only a small amount of Cu,0 was observed. And,
finally, a sample synthesized in 20 minutes had a
monophasic CuO structure. Fig. 2, obtained from
the analysis of X-ray patterns, demonstrates the
change in the phase composition of these films. An
important result of X-ray spectra analysis is that in
films grown for 2 and 3 minutes there was no CuO
phase, in spite of the fact that all samples undergo a
one-minute annealing step, on which a CuO phase
is formed.

Our explanation of this phenomenon is based on
the possibility of creating thermodynamic conditions
for the transformation of copper (II) oxide into
copper (I) oxide in the process of continuous layer

growth under conditions of oxygen deficiency at the
interface between the film and the powder source. In
this case, oxygen atoms can be formed as a result of
the decomposition of copper (1) oxide molecules by
the reaction:

2Cu0 => Cu,0 +1/2 0,

Such a transformation is characteristic for
synthesis from powders of 200 and 300 mesh, while
at the same temperature for 100 mesh powders
monophasic CuO films are formed at any synthesis
times. The high rate of decomposition of copper
chloride from a powder source and the insufficiently
intensive diffusion of air oxygen into the reaction
zone ensures the formation of Cu,O layers at this
temperature and short synthesis times. Further
transition to a two-phase composition region and
then to a single-phase CuO is explained by the
depletion of the powder source by copper chloride,
which leads to a decrease in the rate of formation of
the oxide phase (as occurs at the initial stage of the
synthesis within 1 minute). The amount of oxygen
diffusing to the growth boundary becomes sufficient
for the oxidation of the previously formed Cu,0O
layer to CuO and for the further formation of CuO,
until the source is completely depleted. According
to the foregoing, copper oxide films at long growth
times should be monophasic CuO, which is observed

6 Xabapuisl. @usuka cepusicel. Ne2 (61). 2017
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experimentally. When the synthesis temperature
increases, the Cu,O phase forms in a shorter time.
Reduction of the synthesis temperature to 350°C
leads to the formation of monophasic CuO at any
times of heat treatment, since at low temperatures
the decomposition of copper chloride is less intense
and the concentration of diffusing air oxygen be-
comes sufficient for complete oxidation of copper.

400 C
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KoamdgecrBo ¢asnl, %

Bpewms, Mmun
—0— CuO ——Cu20 —A— Cu ——CucCl

Figure 2 — Change in the phase composition of copper
oxides films synthesized at 400C for different times in an air
atmosphere

It is important to note that if at low times and
low synthesis temperatures oxide phases are formed
by surface reaction at the atomic level, then at high
temperatures and long times the formation of cop-
per (II) oxide occurs as a result of solid-phase reac-
tion in the already formed copper (I) oxide film with
transformation of a cubic structure of Cu,O into a
monoclinic structure of CuO. This process is not
spontaneous in nature and can proceed for a suffi-
ciently long period.

Based on the above-proposed phase transforma-
tion mechanism, a technique was developed for the
production of Cu,O films of optical quality with a
thickness of 10 nm to 1 um. Synthesis was carried
out under conditions of oxygen deficiency. A flow
quartz reactor was used for the experiments with an
argon-air mixture (70 vol% Ar). The blowing rate
was 4 cm?/s. The growth kinetics of the films are
shown in Fig. 3, where the thombic markers show
the film thickness as a function of the synthesis time
for 500 pm powder source thickness of and square
markers for 1 mm thickness. In both cases, the 100

ISSN 1563-034X

mesh fraction powders were used, and the tempera-
ture was 400°C.

It is seen from Fig. 3 that with a smaller thick-
ness of the powder source, the growth rate and the
thickness of the films synthesized in the interval
from 5 to 20 min are higher. This effect is explained
by the fact that with a smaller source thickness, air
oxygen diffusion to the substrate surface is faster
and oxidation of copper ions is intensified. At syn-
thesis times of 3-5 minutes, the thickness of Cu,O
films obtained from a thin source is only slightly
higher than the value for a thicker source with the
same slope of the curves, which is caused by tran-
sient processes associated with the initial heating
of the source to a predetermined temperature and
activation of the decomposition of copper chloride
throughout thickness of the source. Figure 4 shows
photographs of Cu,O films synthesized at 400C on
glass substrates measuring 24x24 mm? using the
procedure described in [9]. The synthesis was car-
ried out in an air atmosphere for 3 minutes from a
200 mesh 3mByk source (a) and in a flow system
with reduced oxygen content for 8 minutes from a
100 mesh powder source (b). In the first case, the
film thickness was 14 um. It is characterized by a
strong surface roughness indicating a high growth
rate under these conditions. The film obtained in the
second case showed high transparency, as evidenced
by photo (b), where the inscription located under the
substrate with the film has practically the same con-
trast with the uncovered areas. The film thickness in
this case was 400 nm.

600
500

400

5 300

200 a

100 -——SSDL

0
0 5 10 15 20 25

Figure 3 — Dependence of Cu,O film thickness
on the synthesis time

The obtained samples of optically transparent
films were studied by X-ray phase analysis, Raman
scattering and atomic force microscopy.

X-ray study of the films was performed on an
automated diffractometer DRON-3 by using X-ray
radiation tube with a Cu anode. Mode of operation

Recent Contributions to Physics. Ne2 (61). 2017 7
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of the tube: 35 kV, 30 mA. Diffractograms were
recorded in the range of angles 26 = 4 — 80°, step
0,02°, with 1 s measurement time. Figures 5 and 6
show X-ray diffraction patterns obtained from films
synthesized under conditions of oxygen deficiency
at a temperature of 400°C for 2 and 4 minutes, re-
spectively.

(a)

Figure 4 — Samples of Cu,O films synthesized in air (a)
and in the argon-air atmosphere (b)
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Figure 5 — XRD pattern of Cu,O film synthesized in 2 min

Along with XRD studies, the phase composition
of films synthesized in an argon-oxygen medium
was identified by Raman scattering and atomic force
microscopy. Figure 7 shows the Raman spectrum
obtained from a film synthesized at 400°C for 10 min
under oxygen deficiency conditions. This spectrum
is identical to the spectrum of copper (I) oxide from
the mineral database RRUFF [10].

In Fig. 8 shown scans of 2x2 pum of the surface
area of the film synthesized at a temperature of 400°C
for 10 minutes. The height of the relief (a) in this case
was about 50 nm with uniformly distributed clusters
of the order of 200 nm, which makes it possible to
obtain optically transparent films of this material.

The spectra have a pronounced peak (111),
stronger for 4 min of synthesis, over which the
FWHM was calculated equal to 0.414° for 2
minutes and 0.419 for 4 minutes. These values of
the FWHM indicate a high degree of ordering of
the crystallites in the films. The cell parameters
were determined to be 4.2868A for 2 minutes
of growth and 4.2892 A for 4 minutes and the
crystallite size was 21.089 nm and 15.895 nm for 2
and 4 minutes, respectively. According to the Cu,O
database, the card number 78-2076 (ASTM base)
is a cubic cell with a parameter of 4.258A. For both
samples, the deviation from the standard is 0.0288
A or 0.67% for 2 min. And at 0.0312A or 0.73%
for 4 minutes. Thus, the peak (111) is shifted in the
diffractograms relative to the reference position,
which indicates the existence of a solid solution
containing a non-stoichiometric number of oxygen
and copper atoms.

400 —
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300 —

200 —
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| |
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B78-2076 (C) - Cuprite - Cu20 -
Brs-2076 (C) - Guprite - Cu20

Figure 6 — XRD pattern of Cu,O film synthesized in 4 min

The size of the clusters determined from
the AFM measurements is much greater than
that calculated from the X-ray spectra using the
Scherrer formula, the applicability of which has
a dimensional limitation. Therefore, the results
obtained by the AFM method should be considered
reliable, especially since they agree with the
results of electron microscopic research. On the
scan (b) is shown the image of the same surface
area in the phase contrast mode. The presence
of decoration at the boundaries of clusters may
indicate the presence in the intercluster space of
another phase, in particular, of amorphous copper
oxide.

8 Xabapuisl. @usuka cepusicel. Ne2 (61). 2017
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Figure 7 — Raman spectrum of a sample of copper oxide synthesized in argon-air medium

am

3.1 1FPhaset

116

114

12

108

@

(©)

Figure 8 — AFM scan of the Cu,O film obtained at 400C for 10 min
(A) —relief, (b) — phase

An investigation of the optical transmission
spectra of samples synthesized using a 100 mesh
powder source under different temperature-
time regimes also showed that their composition
corresponds to copper (I) oxide. Figure 9 shows the
transmission spectra of Cu,O films characterized by
high transmission in the visible and near infrared

ISSN 1563-034X

regions of the spectrum (samples 1-3). The increase
in the growth time leads to a decrease in transmission,
mainly due to the growth of light scattering on the
surface relief (sample 4). The transmission spectra,
along with reflection spectra (not shown) were used
to determine the width of the forbidden band by a
film.

Recent Contributions to Physics. Ne2 (61). 2017 9
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Figure 9 — Transmission spectra of copper oxide samples
taken in the range from 185 to 3300 nm
1-500°C, 1 minute; 2 450°C, 2 min; 3-450°C, 5 minutes;
4 450°C, 20 min

For the films in Fig. 8, the values of the
forbidden band width were obtained: 1 min -3.00
eV, 2 min —3.00 eV, 5 min — 2.52 eV, 20 min — 2.54
eV. A slight increase in the Eg of the last film may
be due to the partial post-oxidation of Cu,O at large
synthesis intervals. The Eg values for films obtained
in 5 and 20 minutes are consistent with the literature
data [11]. At the same time, for 1 and 2 minutes of
growth, Eg had an abnormally high value, which

can be due to a violation of stoichiometry, as follows
from x-ray measurements.

Conclusions

A new method for obtaining thin copper oxide
films using an air or an argon-air atmosphere, called
«in situ CVDy, is proposed.

The performed studies have shown the
possibilities of the developed method for the
synthesis of copper oxide films over a wide range
of thicknesses using a copper chloride powdered
source at relatively low temperatures.

A mechanism is proposed for a mutual transition
from copper oxide (I) to copper (II) oxide and back,
taking into account the kinetics of copper chloride
decomposition processes and oxygen diffusion to
the substrate-growing interface.

The results obtained can be used in the
development of various sensors and optical filters.

The work was done under grant 3225/GF4 of the
Ministry of Education and Science of the Republic
of Kazakhstan «Development of a new economical
technology for obtaining coatings from copper oxide
of various functional purposes».
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CTPYKTYPA U ONTUYECKUE CBOMCTBA TOHKUX MAEHOK GST

B paGoTe npeacCTaBAEHbl pe3yAbTaTbl MCCAEAOBAHMI CTPYKTYPbl M OMNTUYECKMX CBOWMCTB
HaHOPa3MePHbIX MAEHOK TOALMHOM OT 50 A0 175 HM cuctembl GST coctaa Ge,Sb,Te,. aeHku
MOAYYAAMCb Ha MOAAOYKKAX NP KOMHATHOM TemnepaType METOAOM MOHHO-MAA3MEHHOI O MarHETPOHHOIO
pacrblAeHNS MOAMKPUCTaAAnyeckoit muern Ge,Sb,Te, B atMoccepe aproHa npu aasaeHmn ~1 lMa
M CKOPOCTU OcaxAeHuns ~ 0,3 HM/c. MopdoAaorvs 1 cocTaB MAEHOK KOHTPOAMPOBAAMCH METOAAMU
CKaHMPYIOLLLEeN SAeKTPOHHOM MMUKPOCKOMUU M SHEPro-AMCNEPCUOHHOIO aHaAM3a. YCTaHOBAEHO, UTO B
COCTaBe MAEHOK HabAIOAQETCS HEKOTOPOE MPEBbILIEHNE COAEP>KaHMS aTOMOB repMaHus 1 HEAOCTaTOK
aTOMOB TEAAYPA MO CPaBHEHWMIO C (POPMYAbHbIM COOTHOLLEHWeM. CrpykTypa MAEHOK MCCAeAOBaAACh
METOAOM MPOCBEUMBAIOLLEN IAEKTPOHHON MWKPOCKOMMM BbICOKOrO paspelleHunsi. YCTaHOBAEHO, YTO
MAEHKM SIBASIIOTCS CMAOLIHBIMW UM MMEIOT TUMMYHYIO aMOPHYIO CTPYKTYPY C OAMMKHMM MOPSIAKOM.
M3 cnekTpoB ONTMYECKOro MpOMnyckaHus M OTPaXkeHWsl CBeTa MAEHOK pacCUMTaHbl CreKTpaAbHble
3aBMCMMOCTMN KO3(POULIMEHTOB MOrAOLLEHMS. YCTAaHOBAEHO, UTO AAS HaHOPa3mepHbIx naeHok Ge,Sh, Te,
B 06AACTM (DYHAAMEHTAABHOIO MOTAOLLEHMS BbINMOAHAETCS KBaApPaTMUHbLIA 3akoH Tayua. [MokasaHo,
4YTO OMTMYECKas LMPMHA 3anpeLleHHOM 30Hbl MAEHOK CYLECTBEHHO 3aBWUCUT OT KX TOALWMHbIL. C
YMEHbLLIEHUEM TOALLMHbI MAEHOK OT 175 A0 50 HM MX onTMyeckas LWMpPMHA 3anpeLLeHHOM 30HbI
3HauMTeAbHO Bo3pacTtaeT oT 0,63 A0 0,96 3B.

Katouesble caoBa: cTpykTypa, amopcbHble naeHkn Ge,Sb,Te,, onTuueckne cBoOiCTBa, onTuyeckas
LUIMPMHA 3arnpeLLeHHOM 30HbI.
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Kadirov A.l.7, Keikimanova M.T .2
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Structure and optical properties of GST

The work presents the results of studies of structure and optical properties of nanoscale films with
thickness from 50 to 175 nm of the GST system of the Ge2Sb2Te5 composition. The films were obtained
on substrates using ion-plasma magnetron sputtering of a polycrystalline Ge2Sb2Te5 target in argon at-
mospheres at a pressure of ~ 1 Pa and a sedimentation rate of ~ 0.3 nm/s. Morphology and composi-
tion of films controlled by the method of scanning electron microscopy and energy-dispersion analysis.
It is established that, in accordance with the illegal treatment against the abuse of alcohol and drugs.
The structure of the films was studied by high-resolution transmission electron microscopy. It was found
that the films are continuous and have a typical amorphous structure with short-range order. Spectral
dependences of the absorption coefficients are calculated from the spectra of optical transmission and
reflection of light of the films. It is established that for the nanosized Ge2Sb2Te5 films in the fundamen-
tal absorption region the quadratic Tautz law is satisfied. It is shown that the optical width of the band
gap of films depends substantially on their thickness. With a decrease in the thickness of the films from
175 to 50 nm, their optical width of the forbidden band increases significantly from 0.63 to 0.96 times.

Key words: structure, amorphous Ge,Sh,Te, films, optical properties, optical band gap.
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GST xyka KaObipLuaKTapAbIH, KYPbIAbIMbl ME€H ONTUKAAbIK KacueTTepi

JKyMbICTa MOHAbI-MAQ3MAABIK, MAarHETPOHAbI TO3aHAQTY SAICIMEH aAblHFAH KAAbIHAbIKTapbl 50-AeH
175 HM-Te AeiliH, HAHOBALLEMA| GeszzTe5 KypambiHAarbl GST >kyka KabbipLuakTapAbiH, KYPbIAbIMbI MEH
OMNTMKAAbIK, KACMETTEPIH 3epTTey HaTMXKeAepi KeATipiareH. KabbipwakTap 6eAme TemrepaTypacbiHAA
Ge,Sb,Te, MOAMKPUCTAAABIK, HblCaHaHbl MOHABI-A3MaAbIK, MarHeTPOHAbI TO3aHAATY BAiCimeH
KbICbIMbl ~1 Tla aproH rasbiHbiH aTMOCepacbiHAQ >K8HE OTbIPFbI3Y >KbIAAAMAbIFbI ~ 0,3 HM/C
aAbIHAbI. KabblpluakTapAblH MOP(OAOTUSICBIMEH KypamMbl CKaHEpPAEYLLi 3AEKTPOHABIK, MUKPOCKOMMS!
JKOHE DHEProAMCIEPCUOHABI SAICTEPIMEH GaKbIAaHAbI. KabblpliakTapAblH KypambiHAAQ (DOPMYAAABIK,
KaTbIHACTaH TbIC FEPMaHMU1 aTOMAAPbIHbIH 6ACBIMADBIAbIFbI )XOHE TEAAYP aTOMAAPbIHbIH, XKETKIAIKCI3AIri
aHblKTaAFaH. KaOblpliakTapAblH KYPbIAbIMbI - aXblpaTy KabiAeTTIAIN >kOoFapbl >KapblKTaHAbIPYLbI
SAEKTPOHABIK, MMKPOCKOMMSICbI apKblAbl 3epTTeAAl. KabblpwakTap Teric >KoHe >KaKblH PeTiHiH
KYPbIABIMbI KapararibiM aMopdTi eKeHAITT aHblKTaAAbl. KabblpLiak TapAbIH >KapbiKTbl ONTUKAAbIK, OTKi3Y,
>KOHE LIAFbIAABIPY CMEKTPAEPIHEH XKYTbIAY KO3 (PULIEHTEPIHEH CMIEKTPAAABIK TOYEAAIKTEPI eCenTeAA|.
Ge,Sb,Te, HaHOeALIEMAIK KaObiplwakTapbl YLIiH ipreAi XyTbiAy aymarbiHAa TayuUTbiH KBaAPaTTbIK,
3aHADIAbIFbI OPbIH aAaAbl. KabbipLuakTapAblH TMbIM CaAbIHFAH ayMaFblHbIH, OMTUKAAbIK, EHAEPI OAAPAbIH
KAAbIHABIFbIHA EAEYAI TYPAE TOYEAA] eKeHAIr kepceTiaai. KabblpwakTapAblH KaAbIHAbIFbI 175 HM-A€H
50 HM AeliH TeMEeHAEreHAEe OAAPAbIH, TMbIM CaAbIHFAH ayMaFrbiHbIH ONMTUKAAbIK, eHaepi 0,63-TeH 0,96
3B-ka apTaapl.

Tyiin ce3aep: Kypbliabiv, Ge,Sb Te, amophThl KabblpluiakTap, ONTMKAAbIK, KacueTTep, TWbIM

CaAblHFaH ayMaKTbIH ONTUKAAbIK eHi.

BBenenne

Marepuainbl Ha OCHOBE XaJbKOI'€HHIHBIX CTe-
KJI000Pa3HbIX IOJIyNPOBOJHUKOB HAaXOIAT ILIMPO-
KOe NMPUMEHEHNE B MHUKPO-, ONTO- ¥ HAaHOAJIEKTPO-
HUKe. B yacTHOCTH, TINICHKH HA OCHOBE COCIMHEHU I
Ag-In-Sb-Te u Ge-Sb-Te (GST) aktuBHO IpHMe-
HSIIOTCS JUUTsL ONITHYECKON 3arucu HHQOpMaIMUB Ha
CD, DVDu Blu-raynocurensx [1]. 3anuck nadop-
MalluU B BBIIICHA3BAaHHBIX HOCUTEISIX OCHOBAaHA HA
nporuecce odbparumoro (hazoBoro mnepexoaa Mare-
pHanga XaJbKOTeHUIHOTO CTEKJIOOOpa3HOIro IOJIy-
MPOBOJHMKA U3 aMOPGHOI0 COCTOSIHUS B KPHCTaJ-
JIMYECKOETOJ] BO3/IeHCTBUEM KOPOTKHUX MMITYJIBCOB
nazepHoro wmsnyuenus [2,3]. Ilapamerpsl 3amucu
MH(QOPMALMK 3aBUCST OT CTPYKTYPbIM ONTHUECKUX
CBOMCTB IIEHOK, KOTOPBIE, B CBOIO O4Yepe/lb, OIpe-
JEIISIIOTCS. METOIOM UX MOJTYUEHHUSI.

B paOore mnpuBeneHsl pe3yabTaThl HCCIENO-
BaHUS CTPYKTYPHI U ONTHYECKUX CBOMCTB TOHKHX
HaHopasMepHbIX mieHok Ge,Sb Te,, nomy4eHHbIX
METO/I0M MOHHO-IIJIa3MEHHOI'0 MarHETPOHHOI'O pac-
TIBIJICHUS.

MeToauKa NPUTOTOBJIEHUS IIJIEHOK
Tonkne mnenkn Ge,Sb,Te, nomydamuch Mme-

TOJIOM HMOHHO-IIJIA3MEHHOI'O0 MAarHeTpOHHOTO pac-
MBUIEHUSIMOHOJIUTHON TOJIMKPUCTAJUIMYECKON MU-

ISSN 1563-034X

menn cocraBa Ge,Sb,Te, xumMuueckol 4nCTOTON
99,999% dupmer AciAlloys (USA). ITapamerpst
TEXHOJIOTHYECKOTO IIPOIlecca MPUTOTOBICHUS TIJie-
HOK OTpalaThIBaJUCh TaKMM 00pa3oM, 4ToOBI TO-
Jy4alluCh IJICHKU ¢ aMOP(HON CTPYKTYypoH U co-
CTaBOM, COOTBETCTBYIOIINM HCXOJHOMY COCTaBY
mutieHd. [lnenky noiyyanuce B arMocdepe apro-
Ha npu JaBineHuu ~1 [la Ha MoaEpHU3HPOBAHHON
ycraHoBke BYII-4. Vckopstoiiee HanpsikeHHUe co-
craBisuio 400 B, ckopocTh ocaxaenus mieHok ~0,3
HM/c. TIneHKn ocakJanuch Ha MOJIONKKHU, HAXOs-
myecsl Mpu KOMHATHOW Temmeparype. B kadectse
MOJJIOKEK HMCIIONb30BAJIMCh KBapil, MOHOKPHCTAI-
JTUYECKUN KPEeMHUH U MOIUUMUAHbIC TeHKH «Kap-
ton», KOTOpBIE MPEIBAPUTEIHHO MOABEPTAUCH XH-
MHUYECKON M TepMHUECKON 00paboTKe.

JKcnepuMeHTaIbHbIe Pe3yJabTaThl H UX 00-
Cy:KIeHue

CocraB U TONIIMHA IUIEHOK KOHTPOJIHPOBAIHCH
METOJAMM CKAHMPYIOUIEH 3JIEKTPOHHONM MMKpPO-
ckorm Ha COM Quanta 3D 200i ¢ sHepro-muc-
MIEPCHOHHBIM aHAJIM3aTOpPOM. Pe3ynbraTel 3THX
UCCIIEZIOBAaHUHN TIPUBEJICHBI Ha pUCYHKax 1 u 2 co-
OTBETCTBEHHO.

BBUIO yCTaHOBIEHO, YTO MCCIIENYEMBIE TUIEHKH
HE Cco/Iep)KaT HEKOHTPOJIMPYEMbIX IPUMECeH U B X
cocTaBe HabJI01aeTCcs HEKOTOPOE MPEBBILLICHNE CO-
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CTpyKTypa 1 onTHYeCcKUe CBOIcTBAa TOHKUX IUIeHOK GST

JICpKaHMsI aTOMOB T€PMaHUs U HEJJOCTATOK aTOMOB
TEJTypa TI0 CPABHEHHUIO ¢ (PMYJIBHBIM COOTHOIIIE-
HUEM.

N3 COM CHUMKOB BBISIBIICHO, YTO TIOBEPXHOCTH
TUICHOK CIUTOIIHAS U OJHOPOJTHASL.

TonmyHa TUIGHOK OmNpeaessuiach MPH CKaHU-
POBaHHUHU 3JICKTPOHHBIM ITyYKOM CKOJIAa CTPYKTYDPBI
KPUCTAIIMYECKKMI KpeMHuii-muienka Ge Sb, Te, (pu-
cyHOK 2) u coctaBisiia 50, 100 u 175 am.

cledax32\genesisigenmaps.spe 31-May-2015 05:42:15
LSecs: 36

804+

432+
1214

1w I8

T T T
1.00 2.00 3.00 4.00 5.00 6.00 1.00 8.00 9.00
Energy - keV

a)

[IpocBeunBaromass  JJEKTPOHHAs  MHKPO-
cKomus BBICOKOTO paszpemieHus (II9M BP) mre-
HOK mpoBoawiach Ha FeiTitan,0CHaIICHHBIM I10-
JIUDMHUCCUOHHBIM ~ xonomaubiM  KatogoM  (Field
Emission Cathode) n rekcamoJbHBEIM KOPPEKTOPOM
m3o0pakenuss(CEOScorrector). Toueunoe paszpere-
Hue cocraBisuio <0,1 aM. [TogaBaemoe HanpsKeHHE
coctasisuio 300 kB, Tok nmyuka HeckoJIbKO HA. Pe-
3ynbTatel [I9M BP npuBenens! Ha pucyHke 3.

Correction

0)

Wt% — eecosotl npoyenm,; At% — amommwlil npoyenm

Pucynoxk 1 — TunuuHselil 3HEPro-aUCIEPCHOHHBIN CIEKTP XapaKTepUCTUUECKOTr0 U3IydeHus (a),
XUMHUYECKUH cocTaB u Mukpodpororpadus (6) nmuenku Ge,Sb, Te..

Pucynox 2 — Muxpodotorpadus cxona crpykrypsl c-Si—tuienxaGe,Sb, Te.:
175 nm(a), 100 nm (6) u 50 nm (B)

Ha siiekTpoHOrpaMMe OTYETIIMBO HPOSIBISFOTCS
muddy3Hble TUPPAKIIMOHHBIE KOJbIIA, XapaKTep-
HbIC JUIT aMOPGHON CTPYKTYphI. [INeHKH SBISIOT-
Csl CIUIOUIHBIMH M HMEIOT THUIHYHYIO aMOP(PHYIO
CTPYKTYPY C OJVKHUM TIOPSIAKOM,

Jlist BBISIBIICHUS BIUSHUS pa3MepHoro 3¢ dex-
Ta Ha ONTHYECKME CBOlWCTBa mieHok Ge,Sb,Te,,
PETHCTPUPOBAIIUCE CHEKTPBI ONTHYECKOTO MPOITY-
ckaaus 1(4) n orpaxenus R(4) (pucyHku 4 u 5)
MpU KOMHATHOHM TeMIlepaType B MHTEpBaJC JJIHH
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BotH ot 300 mo 2000 HmHa cnekTpodoromeTpe
Shimadzu UV3600. B o6xactu kodddunmenta
morsomienus o>10°cM™!, HWCMONB3ys KBaapaTHY-

HbIi 3aKoH nornomenus Tayna (ahv)'*~(hv — E),
BBIYHCIISUIACh ONTHYECKAs IIMPHHA 3alpelieHHO
30HBI E_ [4,5].

r)

Pucynok 3 — Drnexrpororpamma (a) u [I9M BP-uzobpaxenusmnnenok Ge,Sb, Te,
¢ paspentenueM 100 uM (0), 20 HM (B), 5 HM (T)

—=— 50 nm
—®— 100 nm
—4A— 175 nm
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60 ]
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20
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PucyHox 4 — CrieKTpbl ONITHYECKOTO IPOITYCKaHHS
Hanopasmepueix mienok Ge,Sb,Te,

ISSN 1563-034X

[Tpu U3BECTHBIX 3HAYEHUSX TOJINHBI TICHOK /,
ko3¢ uneHToB npomyckaHus 1(4) U OTpaxxeHHs
R(1) W3 CHEKTpaTbHBIX XapaKTEPUCTHUK IPOITyCKa-
HUS CBETa, PUCYHOK 6, ornpenensuics: kKoadduiument
MOTJIOICHHUS O

a(h) =-1/)-In{TOY/(1-R(L)?}.

OnTtudeckas MUpUHA 3aMperieHHOW 30HBI Eg
OTIPEJICIISIACh U3 CIICKTPAIbHBIX 3aBUCUMOCTEH KO-
a¢umeHTa MOTIOMEHUS 0., PUCYHOK 7, B 00JIACTH,
COOTBECTBYEIIEH Kparo Moyockl QyHIaMEeHTAILHO-
IO TIOTJIOIIEHHUS MyTeM 3KCTPOIOJISIIIUUA 3KCIICPH-
MEHTaJIBHBIX 3aBUcHMOCTEN (ahv)"=f(hv) Ha oCh
sHepruii (pucyHok 8). IlorpermHocTs B ompezere-
HuK E| onpesensinach pa3bpocoM 3HaueHUi OT 00-
pasua k oopasiry u cocrasisiia + 0,01 3B.
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CTpyKTypa 1 onTHYeCcKUe CBOIcTBAa TOHKUX IUIeHOK GST
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Pucynok 5 — 3aBucuMocTs K03 uIHEHTa OTpaKSHUS
HaHOpa3MepHEIX wieHoK Ge,Sb, Te, oT AIHHBI BOMHEI
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Pucynox 6 — CriekTpbl ONTHYECKOTO MOIIOUICHUS O
Hanopasmepubix menok Ge,Sb, Te,
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Pucynok 7 — 3aBrcUMOCTh KOG PHUIIMCHTA TTOTIIOMICHUS 0,
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Pucynok 8 — CriekrpanbHasi 3aBUCHMOCTB Kpasi OIITHYECKOTO
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PucyHox 9 — 3aBUCUMOCTb ONTHYECKOH IMPHUHBI
3anperueHHol 30Hbl MIeHok Ge,Sb,Te, oT UX ToMIMHbI

TonmuHHBIC 3aBUCHMOCTH ONTHYECKOH IIUPH-
HBI 3aIPENICHHON 30HBI TPUBEJICHBI HA PUCYHKE 9
u B Tabmune 1.

Taonuua 1 — 3HaueHns] ONTHYECKOW IUPUHBI 3aMTPEIeHHON
30HbI IIEHOK Ge,Sb, Te,

Cocras HiZEI:IZTM Eg, °B
50 0,96

Ge,Sb,Te, 100 0,67
175 0,63
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W3 pucynka 9 u tabmunpsl 1 ciieayer, 4To C
YMEHBIIEHHEM TOJIIMHBI TIeHOK Ge,Sb,Te, onru-
YyecKas MHUpUHA 3alpEeIIeHHON 30HbI TJICHOK CYIIe-
CTBEHHO BO3pAaCTacT, T.C. HAOJFOACTCS BBIPAXKCH-
HBII pa3MepHBIH 2P eKT.

OTMeTHM, 4TO TMOJI00HOEC M3MEHEHHE ONTHYE-
CKHX MapaMeTpoB IJICHOK HaOII0Aanock B paborte
[6], Tme mms oleHKW ONTHYECKOW IIMPUHBI 3aIpe-
IICHHOM 30HBI TUICHOK HAHOPa3MEPHOM TOJIIUHBI
ObUIa TMOKa3aHa MPABOMEPHOCTh WCIIOIB30BAHUS
cootHomenus Tayna [7]. OnTuyeckas mupuHa 3a-
TNPCIICHHO# 30HBI £ HAHOPa3MEPHBIX ILICHOK Ge,S-
b,Te, B o6nactu ux Tomuus ot 22 10 15 HMyBenu-
guBanackoT 2,01 1o 2,09 3B [6].

HaGuroaemoe  yBeMYeHHE LIUPUHBI 3arpe-
IIEHHON 30HBI IIEHOK GeZszTe5 C YMEHBUIEHUEM
UX TONUHBI OT ~ 100 HM, TO-BUAMMOMY, CBSI3aHHO
C YMEHBIIICHUEM IJIOTHOCTHU 3JICKTPOHHBIX COCTOSI-
HUH, GOPMUPYIOMIUX Kpasi pa3pelIeHHBIX SHEPTeTH-
YECKUX 30H (BAJICHTHOM 30HBI £ M 30HBI IPOBO/IH-
moctu E ).

3ak/ouyenne

Hanopasmepnbie mienku Ge,Sb,Te,, momyuen-
HbIE METOJIOM HMOHHO-IUIA3MEHHOTO MarHeTpOHHO-
IO pacHbUICHHS, SBIISIOTCS CIUIOIIHBIMH M MEIOT
TATIHIHYIO aMOP(HYIO CTPYKTYpy C OJIMDKHEM
TOPSITKOM.

Jns nanopasmephbix 1ieHok Ge,Sb Te, npu
sHeprusx (OTOHOB B 00OJacTH Kpas (yHIaMEH-
TAJILHOTO MOTJIOIICHHSI BBITTOJIHSIETCSI COOTHOILICHHE
Tayna ahv~(hv-E g)z, COOTBETCTBYIOLIEE HEMPSMBIM
OTITUYECKUM IIePEX0/IaM.

VYcTaHOBNIEHO, YTO ONTHYECKas IIUpUHA 3a-
HPEIIEHHOM 30HBI HAHOPa3MEPHBIX ILIEHOK Ge,S-
b,Te, CyleCTBEHHO YBENMYMBAETCA C YMEHbIIE-
HHEM WX TOJIIMHBI, YTO, MO-BHIMMOMY, CBSI3aHHO
C YMEHBIICHUEM IJIOTHOCTH 3JICKTPOHHBIX COCTOS-
HUH, (GOPMUPYIONINX Kpasi pa3penieHHbIX SJHEPTreTH-
YECKHX 30H.

Uccneodosanus nposedenvl 6 pamkax epanma
4607/ ©4 Komumema Hayxu MOH PK
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INVESTIGATION OF TEMPERATURE INFLUENCE
ON THE PROCESS OF REDUCTION OF GRAPHENE OXIDE

The paper presents the results of influence different temperature on reducing graphene oxide. The
influence of atmosphere pressure hydrogen gas at temperatures: 150 °C, 300 °C, 500 °C, 900 °C on
the structure and composition of functionalized graphene was studied. The positions and ratio of Raman
peaks of graphene oxide and thermally-reduced graphene are shown. Collected SEM images of graphene
oxide are demonstrates layered structure, and the elemental composition of the thermally-reduced gra-
phene at various temperatures was determined by using EDX spectroscopy. The obtained elemental
analysis results are in good agreement with the data on the mass loss of thermally-reduced graphene,
which is explained by the removal of functional groups.

Key words: graphene, graphene oxide, reduced graphene oxide, Raman spectroscopy, energy dis-
persive x-ray spectroscopy, energy dispersive analysis.
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I'pacheH OKCHAIH KaAMbIHA KeATIpY YpAiciHe TemrnepaTypaHbliH, dCepiH 3epTTey

Byrn Makanapa rpadeH OKCMAIH KaAmbliHA KeATipy GoiblHla HaTuxeaep kepceTiareH. CyTekTi
atmocepaaarbl: 150 °C, 300 °C, 500 °C, 900 °C TtemnepaTryparapAblH, (QYHKUMSAQHABIPBIAFAH
rpadeHHiH  KYPbIAbIMbl K8HE KYpPbIAbICbIHA ©Ccep eTyi aHblKTaAFaH. [padeH OKCUAIHIH >keHe
TemrepaTypaAbl KaAMblHA KeATipiAreH rpadpeH PamaH nmukTepiHiH AeHreii MeH KaTblHAChbl KOPCETIATEH.
CkaHepAeyLli 2AeKTPOHABI MMKpPOCKONTa MUKpodoTorpadmasap TycCipiAreH, coHbiMeH katap JAC
BAICI apKblAbI 8D TYPAI TEMMNEPaTypaAaFbl TeMnepaTypaAbl KAAMbIHA KEATIPIAreH rpapeHHIH, SAeMeHTTiK
KYPbIAbIMbI  @HbIKTaAAbl. DAEMEHTTIK TaAAQYA@H aAblHFAH HaTMXKeAep TemrepaTypaAbl KaAMbiHa
KEATIpiAreH rpadeH MaccacbiHblH, >KOFAATYbIHAQFbl MOAIMETTEPMEH COMKeC KeAyi (OYyHKLMOHAAADI
TOMTaPAbIH, XKOIObIAYbIH TYCIHAIPEA|.

Tyiin cesaep: rpadeH, rpadeH OKCHMAi, TemnepaTypaAbl KaAMbiHa KeATipiareH rpadeH, PamaHn
CMeKTPOCKOMMACHI, 3HEPrus-AMCNEePCUSIAbIK, PEHTreH CreKTPOCKOMMAICHI, 3HEePrus-AMCrepCUsIAbIK,
TanAay.

Kyanbiubekos T.K.”, TyaereHoBa M.A., banrapunosa I'.A., I'yceitHos H.P., MAbuH A.M.
HHAQT, KasHY um. aab-Dapabu, r. Aamartbi, KaszaxcraH
*e-mail: kuanyshbekov_17@mail.ru
MUccaepaoBaHMe BAMSIHUSI TeMIiepaTypbl
Ha npouecc BOCCTAHOBA€HUA OKCHUAQA rpad)eHa

B AAHHOM pa60Te NpeACTaBA€Hbl PE3YAbTATbl MO BOCCTAHOBAEHUIO OKCMAQA rpaneHa. bbino M3y4vyeHo

BAMsIHWE Temnepatyp: 150 °C, 300 °C, 500 °C, 900 °C B aTMocdepe BOAOPOAQ Ha CTPYKTYPY M COCTaB
(hyHKUMOHAAM3MPOBAHHOIO rpadeHa. [MokasaHbl MOAOXKEHWS M COOTHOLIEeHWe PamMaHOBCKMX MUKOB
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oKcuaa rpadeHa 1 TeMmnepatypHo-BoCcCTaHOBAeHHOro rpadeHa (TBIN). BbiAn cHSATbI MUKpodoTOorpadmm
Ha CKaHMPYIOLLEM 3AEKTPOHHOM MUKpOcKore, a Takke MeToAoM JAC ObiA OMPEAEAEH DAEMEHTHbII
coctaB TBI' mpu pasamuHbix Temnepatypax. [MoAyyeHHble pe3yAbTaTbl MO 3AEMEHTHOMY aHaAM3Y
XOPOLLO COrAACYIOTCSI C AQHHbIMM M0 NMoTepu Macchbl TBI, UTo B CBOIO 04epeAb 0ObICHIETCS yAQAeHUEM

(YHKUMOHAABHBIX Fpynm.
KaloueBble caoBa: rpadeH,

PamaHoBckag cnekTpockonms,

ANCMEPCUOHHBIN aHAAM3.

OKCMA,

Introduction

Graphene and its related structures has become
the most interesting object of research in the field
of science and technology, due to their unique
mechanical, electrical and optical properties. One
of the indicators of physical-mechanical properties
(micro hardness, electrical conductivity, optical
characteristics) of graphene is the elaboration
of composite materials have been modified with
carbon nanostructures [1, 2]. In addition, graphene
and its related structures are regarded as promising
materials in the production of electronic devices,
electrical sources, in particular, lithium-ion batteries,
can also be used in a wide variety of industries: Nano
electronics, aircraft building, military equipment and
medicine [3, 4]. Even having the above properties,
until now, researchers have worked the problem of
large-scale and more accessible technology for the
production of graphene and graphene-like materials.
At the present time, one of the simplest technologies
for the production of graphene in large volumes is
the reduction of graphene oxide [5]. Therefore, many
researchers in this field have worked in obtaining
graphene from graphene oxide and the study of its
properties after heat treatment as a result of which
the functional groups have been removed.

Graphene oxide is one sheet of the crystal lattice
of graphite oxide, which is a compound of carbon,
hydrogen and oxygen in various ratios, which has
been formed when treatment graphite with strong
oxidants [6].

Graphene oxide is synthesized from graphite by
the Hammers method. Graphite is oxidized to gra-
phene oxide with the addition of oxidants, such as
potassium permanganate, sodium nitrate and con-
centrated sulfuric acid, followed by a three-phase
procedure with low, medium and high temperature
reactions [7].

The most attractive property of graphene oxide
is the reduction of GO to graphene-like sheets by the
removal of oxygen-containing groups. The reduced
sheets of graphene oxide are usually regarded as
one types of the chemically produced graphene.
Reduced graphene oxide (RGO) also has a number
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rpadeHa,
SHEProAMCNEePCMOHHAs  PEHTreHOBCKasl CMeKTPOCKOMNMS,

TeMrnepaTypHO-BOCCTAHOBAEHHbIN  rpadeH,

3Hepro-

of other names such as functionalized graphene,
chemical modified graphene, chemically converted
graphene or reduced graphene [8].

There are the following processes for the
reduction of graphene oxide:

1. Chemical reduction with various reagents,
mainly hydrazine [9];

2. Thermal reduction, which can be performed
by microwave or in different atmospheres (argon,
vacuum, hydrogen, hydrogen / argon) [10];

3. Electrochemical reduction [11];

4. Combination of various methods, such as
chemical reduction / thermal annealing or thermal
reduction/hydrogenation [10].

The process of temperature reduction of gra-
phene oxide to 2000 °C has 6 important tempera-
ture zones: 140-180 °C, 180-600 °C, 600-800 °C,
800-1000 °C and 1000-2000 °C. At a temperature of
130 °C, due to the mild evaporation of intercalated
H,O molecules, a continuous intensive compression
of graphene oxide crystals occurs. In the range of
140-180 °C, because of the rapid evaporation of in-
tercalated H,O molecules, graphene oxide crystals
are partially exfoliated. In the range of 180-600 °C,
the intermediate layers for all types of graphene and
graphene oxide are contracted with removal of the
basic carboxyl groups. Within 600-800 °C, the re-
sidual carboxyl and partially hydroxyl groups are
removed as gases. Within the range of 800-1000 °C,
residual hydroxyl and partially epoxy groups are re-
moved. In the range of 1000-2000 °C, a decrease in
the number of defects is observed [12].

Experimental

In this paper, we studied the thermal treatment
of graphene oxide in a hydrogen atmosphere at the
following temperatures: 150 °C, 300 °C, 500 °C,
and 900 °C. As the initial object, we used graphene
oxide from Goographene. The Raman spectrum of
the GO is represented in Figure 1.

The graphene oxide spectrum (Fig. 1) shows
two main modes: a D mode that arises due to the de-
fects in hexagonal carbon network and G mode cor-
responding to the vibration of carbon-carbon bonds
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in a basal plane. The D peak of GO located at 1348
cm! and the G peak at 1576 cm’".

The figure 2 shows dry flakes of GO was per-
formed by SEM. The microphotography clearly
shows its layered structure.

1576 em!

1348 cm!t

Intensity (a.u.)

T T T T T
1000 1500 2000 2500 3000

Raman shift (cm’l)

Figure 1 — Raman spectra of GO

Cross-sectional of GO
Figure 2 — SEM images of GO

Figure 3 represents the X-ray diffraction analysis
of graphene oxide and HOPG was performed with
the DRON-7. The interpretation of the XRD shows
the interlayer spacing in the initial graphene oxide
(d=0.79 nm) and in graphite (d = 0.35 nm).

Using thermogravimetric analysis, we determined
the change in mass under the effect of temperature.
Thermogravimetry or thermogravimetric analysis
(TGA) is a method of thermal analysis, in which the
change in sample mass is recorded; changes in the
physical and chemical properties of materials are
measured as a function of temperature [13].

d(G)=0,350m

d(GO)=0,79 nm

Intensity (a.u.)

A AL A s
b hcandaid g Wy

A
T T T T T T T T T 1
5 10 15 20 25 30

2 Theta (degree)

Figure 3 — X-ray diffraction (XRD) analysis of GO, HOPG

Thermogravimetric analysis of the RGO was
carried out in a flow tube in a stream of hydrogen at
temperatures of 150 °C; 300 °C; 500 °C; 900 °C and
their masses were recorded using a Sartorius device.
The masses of these samples were measured before
and after annealing, then the masses of the removed
chemical functional groups of the RGO were calcu-
lated.

100 =

90| \ [ 140-180° removalof H,0

= 70

=

=

;’ 60 ___| 180-600° removal of the

7] main carboxyl groups

2 50 \

a—

5 40 . ]

o 600-800° removal of the

; 30| — | residual carboxyland
20 partial hydroxyl groups

800-1000° removal of the residual hydroxyl |
and partial epoxide groups

200 400 600 800 1000
Temperature (C°)

Figure 4 — TGA of RGO in a hydrogen atmosphere
at different temperatures

Figure 4 shows the thermogravimetric analysis
of graphene oxide reduced in a hydrogen atmosphere
at different temperatures. This graph represents the
loss of mass and the removal of certain functional
groups of graphene oxide as the temperature rises.

In this graphical image (Fig. 4), a thermal
reduction process can be observed which includes
four important temperature zones in which the
chemical functional groups from the RGO are
removed. At temperatures 140-180 °C water is
removed; 180-600 °C, the basic carboxyl groups
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are removed; 600-800 °C, the residual of carboxyl
and partially hydroxyl groups are removed, and
800-1000 ° C, the residual of hydroxyl and partially
epoxy groups are removed.

50
n
40
30
e
B
Q
S 20
u
10 /
/-
.H___'_'_,__..
200 700 500 800 1000

Temperature (C°)

Figure 5 — Elemental analysis C/O ratio of RGO
under hydrogen atmosphere

Quantum 3D 200i EDXS equipment was used to
determine the elemental analysis of the RGO. The
method of energy-dispersive X-ray spectroscopy is
an analytical technique for elemental analysis of a
solid substance, which is based on an analysis of the
energy of emission of its X-ray spectrum.

Figure 5 shows an elemental analysis of GO
and RGO in a hydrogen atmosphere at different
temperatures. We conducted an elemental analysis
of 4 samples of RGO in a hydrogen atmosphere at
temperatures of 150 °C, 300 °C, 500 °C, and 900
°C. According to this graph, it is observed that as the
temperature increases, the atomic fraction of oxygen
decreases. Elemental analysis of each sample by
temperature shows the change in the percentage of
atomic weight, that is, at a temperature of 150 °C,
the atomic ratio of C/O is 4.18; at 300 °C, the atomic

b) RGO 150°C

¢) RGO 300 °C

ratio of C/O is 8.09; at 500 °C, the atomic ratio of
C/O is 14.31; at 900 °C, the atomic ratio of C/O is
45.08. This elemental analysis confirms the change
in the C/O ratio and the decrease in the atomic mass
of oxygen with increasing temperature.

The results of thermogravimetric and elemental
analysis on the isolation of functional groups and
the decrease in oxygen as a function of temperature
according to the known studies [14, 15, 16, and
17] depend on the strong or weak binding energy
between carboxyl, hydroxyl, epoxy groups and
RGO.

The table 1 shown the position and ratio of
Raman peak of GO and RGO

Table 1 — Position and ratio of peaks in the Raman spectrum of
GO and RGO at different temperatures

Samples, °C G (;I:)lﬁ;ld D (;r::i;ld G/D

GO 1576 1348 1,16
RGO 150 °C 1576 1348 1,07
RGO 300 °C 1579 1354 1,11
RGO 500 °C 1589 1354 1,2
RGO 900 °C 1586 1348 1,04

Figures 6 (a, b, ¢, d, €) show micrographs of GO
and RGO at various temperatures. The micrographs
were investigated by SEM. As the temperature in-
creases and as the water and functional groups are
separated out, the specific surface area of the re-
duced graphene oxide increases.

Based on the obtained electronic images, it
can be concluded that the RGO has a developed
layered structure, which in turn can be considered
as promising materials in the production of elec-
tronic devices, electrical sources, in particular,
lithium-ion batteries, and can also be used in gas
sensors, biosensors.

¥ ~

4 \

g B i
#

d) RGO 500 °C e) RGO 900 °C

Figure 6 — Micrographs of GO and RGO
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Conclusion

We investigated graphene oxide reduced in a
hydrogen atmosphere at the following temperatures:
150 °C, 300 °C, 500 °C, and 900 °C. In this paper
we have studied the loss of mass and the removal of
the chemical functional groups of graphene oxide re-
duced by annealing in a flow tube in a stream of hy-
drogen. The result of thermogravimetric analysis in

a hydrogen atmosphere showed that at a temperature
of 150 °C the bulk mass leaves, from 300-900 °C
the separation of functional groups is much weaker.
In addition, element analysis by EDXS method was
performed, which demonstrates a decrease in the
oxygen level. The temperature changes in the rate of
separation of functional groups and oxygen coincide
with the known results and are supposedly associ-
ated with the binding energies of the groups.
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Ecxepmecos /I.K.", [lnorHukos C.B.

BocTouno-Kazaxcranckuii rocyiapcTBeHHbIN TexHu4eckuit yauepceutet um. J1. CepukOacpa,
r. Yerp-Kamenoropek, Kazaxcran “e-mail: didar.eskermesov@mail.ru

CTPYKTYPA 1 ®U3UKO-MEXAHUYECKUE CBOWCTBA
MHOTO2AEMEHTHbBIX NMOKPbLITUM (TI-ZR-CR-NB)N,
MOAYYEHHbIX BAKYYMHO-AYTOBbIM OCAXAEHNEM

MccaepoBaHHbIE MHOTOKOMIMOHEHTHbIE HUTPUAHbIe nokpbitus (Ti-Zr-Cr-Nb)N B aaHHoi paboTe
ObIAM MOAYYeHbl C MCMOAb30BaHMEM XOPOLIO PAa3BUTOr0 METOAA BaKYYMHO-AYTOBOIO OCAXKAEHMS.
TeopeTnyeckne 1 3KCrNeprMEHTaAbHblE WCCAEAOBAHWMS TMOKa3bIBAIOT, YTO XUMWMYECKMI COCTaB,
MMKPOCTPYKTYpa U (PU3MKO-MEXaHWYeCKne CBOWMCTBAa MOKPbITUI TECHO OMupaeTcs Ha napameTpbl
OCaKAEHMS (AaBA€HMe pabouero rasa M MoTeHLUMaAQ CMELLEHMSI Ha MOAAOXKKE). MUKPOCTPYKTypa
n usmko-mexanmyeckmne ceoictBa (Ti-Zr-Cr-Nb)N  nokpbITmii 6bIAM MCCAEAOBaHbl C  MOMOLLIbIO
CKaHWMPYIOLLEro 3AeKTPOHHOro MMKpockona (P9M), ocHalleHHbI NPUCTABKOM 3HEProAMCIEPCUOHHOIO
MUKpPOAHaAM3a M PEHTreHOCTPYKTypHOro aHaAamsa (PCA). ToAlmMHa nokpbITUiA AoCTUrAQ 6,8 MKM, a
3Ha4YeHUs TBEPAOCTM, OOYCAOBAMBAIOLLEN HaMpPSxKeHUs, MpeBblIlAloLMe KOre3MOHHYI0 MPOYHOCTb
NMokpbITHS, coctaBuao — H=43,7 [Tla. bbian M3yyeHbl MexaHn4yeckme M (PUKLMOHHbIE CBOMCTBA
MHOMO3AEMEHTHbIX MOKPbITHUIA. Da30BbIi aHAAM3 HUTPUAHBIX NOKPbITHIA (Zr-Ti-Cr-Nb) N ykasbiBaeT Ha
Haamume pas TiN, NBTiN,, ZiTiNb, ZrNb, TiCr u o-Ti. [MoAyueHHble 3KCrepuMeHTaAbHble pe3yAbTaThbl
no usyudennio (Ti-Zr-Cr-Nb)N nokpbIT1si TPeACTaBASHOTCS NEPCMNEKTUBHBIMM M MOTYT OblTb MPUMEHEHDI
B KayecTBe 3alMTHbIX U M3HOCOCTOMKMX MOKPLITUIA AAS PEXXYLLMX MHCTPYMEHTOB M KOHCTPYKLIMOHHbBIX
MaTepraAoB.

KAtoueBble cAOBa: MOKpbITUS, BaKyyMHO-AYrOBO€ OCAaXXAEHWe, HUTPUA, TBEPAOCTb, W3HOC,
MMKPOCTPYKTYpa.

Yeskermessov D.K.", Plotnikov S.V.

D. Serikbayev East Kazakhstan state technical university,
Ust-Kamenogorsk, Kazakhstan “e-mail: didar.eskermesov@mail.ru

Structure and physical mechanical properties of multicomponent
(Ti-Zr-Cr-Nb)N coatings’ obtained by vacuum-arc deposition

In the article discusses the results of the deposition of nanostructured coatings obtained by vacuum
arc deposition of cathode (Ti-Zr-Cr-Nb), and analyzes their structure, morphology, elemental compo-
sition, and tribological properties (friction, wear and adhesion). Investigated multicomponent coating
nitride (Ti-Zr-Cr-Nb)N in this study were obtained using a well-developed technique of vacuum-arc
deposition. Theoretical and experimental studies show that the chemical composition, microstructure
and mechanical properties of coatings are based closely on deposition parameters (the working gas pres-
sure and bias potential on the substrate). The microstructure and mechanical properties (Ti-Zr-Cr-Nb)N
coatings were investigated using a scanning electron microscope (SEM) equipped with energy dispersive
microanalysis prefix and X-ray diffraction (XRD). Phase analysis nitride coatings (Zr-Ti-Cr-Nb) N indi-
cates a TiN phase, NbTiN,, ZiTiNb, ZrNb, TiCr and a-Ti. The coating thickness reached 6.8 um and their
maximum of hardness was H = 43,7 GPa. Tribological (test «ball-on-disc») and mechanical (scratch test)
properties of multi-coating were studied. The experimental results obtained by studying multicompo-
nent (Ti-Zr-Cr-Nb) N coatings’ are promising and can be used as protective coatings for cutting tools and
structural materials.

Key words: coatings, vacuum-arc deposition, nitride, hardness, wear, microstructure.
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A. Cepik6aes aT. LLbirbic KazakcTaH MEMAEKETTIK TEXHMKAADIK, YHUBEPCUTETI,
OckemeH K., KasakcraH “e-mail: didar.eskermesov@mail.ru

BakyyMAbI-A0FaAbIK, 6YPKY dAicimeH aAbiHFaH kenaAemeHTTi (Ti-Zr-Cr-Nb)N
YKaObIHHbIH, KYPbIAbIMbI XXoHe (PU3UKAABIK, MEXaHUKAAbIK KacueTTepi

bepiAreH >KyMbICTarbl 3epPTTEAreH KOMKOMMOHEHTTI HUTPUATI >kabbiHaap (Ti-Zr-Cr-Nb)N >kakcbl
AAMbIFaH BaKyyMAbI-AOFaAbl TYHABIPY 8AICIH KOAAQHA OTbIPbIN aAbIHADI. ToXKipUBEAIK KOHE TEOPUSIABIK,
3epTTeyAep  KabbIHAAPABIH  XMMMUSABIK, Kypambl, MWUKOPKYPbIAbIMbI  MeH  (Q13UKO-MEXaHMKAADIK,
KacueTTepi TYHAbIPY napameTpAepiHe (KYMbICLbI ra3dAblH KbICbIMbl MEH TeceyiluTeri NoTeHLMAAAbIH,
bIFbICYbIHA) Tbifbl3 cCyleHeTiHiH kepceTeai. (Ti-Zr-Cr-Nb)N  >kabbiHAAPbIHbIH MWUKOPKYPbIAbIM MeH
(hM3MKO-MEXaHMKAABIK, KaCMeTTepi SHeEProAnCnepCMoHAbl MMKpocapanTamMa MeH PEHTIEHKYPbIABIMABIK,
capantama KocbiMuacbiMeH (PKC) >kabAbIKTaAFaH CKaHepAeylli 3AeKTPOHAbI Mukpockorn (CIM)
KemerimeH 3epTTeAAi. XKabblH KAAbIHAbIFbI 6,8 MKM, >KaObIHHbIH, KOre3noHAbl 6epiKTiriH apTThipaThiH,
KepHeyAi OiAAIpeTiH KaTTbIAbIK, MeHi MaHi H=43,7 [Tla kypanabl. KemnaAemeHTTi >KabblHHbIH
MEXaHMKAABIK, XXOHe (PPUKLMOHABI KacreTTepi MeHrepiaai. Hutpmati sxabbiHHbiH, (Ti-Zr-Cr-Nb)N
bazanbik, capantamackt TiN, NBTIN,, ZTiNb, ZrNb, TiCr xeHe o-Ti Tepisai dasarapabiH 6ap eKeHAriH
kepceTeai. (Ti-Zr-Cr-Nb)N >kabbiHAApbIH MeHrepy 60ibIHLLIA aAbiHFaH 3epTTey HaTMXeAepi GoAallarbl
30p Opi Keckil KyparAap MeH KYPbIAbIMABIK, MaTeprasAap YLiH KOPFaHbIW >K8He TO3yFa Te3iMA|
KabblHAAP PETIHAE KOAAAHBIAQADI.

Ty#in ce3aep: xabbiH, BaKyyMAbI-AOFaAbIK, OYPKY, HUTPUA, KATTbIAbIK, TO3Y, MUKPOKYPbIAbIM.

BBenenne

Haubonee nepcreKTHBHBIM M Pa3BUBAOIIUMCS
CrocoOOM MOBBIIICHUS PadOTOCIIOCOOHOCTH Pabo-
YUX TOBEPXHOCTEH M3eNni ABIsieTcs (OpMUpPOBa-
HUSl HA MHCTPYMEHTAJIbHBIX M KOHCTPYKIIMOHHBIX
MaTepuaniax HM3HOCOCTOMKUX HWOHHO-IIIa3MEHHBIX
MOKPBITHII Ha OCHOBE HHUTPHUIOB W KapOHWIOB TYy-
romiaBkux anemeHToB [1]. OmgHako B mporecce
WCCIICJIOBAHUS BBISICHUIIOCH, YTO OHU HUMEIOT Psill
HEJOCTaTKOB, OTPAaHUYMBAIONIUX TEPCHEKTHUBY HX
UCIIOJIb30BaHMS B TIPOMBINUICHHOCTH. OHU MUMEIOT
HU3KYI0 TepMmocToiikocTh [2]. [Ipu HarpeBe uzne-
TS K IpUMeEpY ¢ HanOoJiee pacipocTpaHeHHBIM T10-
kpoitieM TiN Baimie 400-500°C [3-5] Ha moBepXHO-
CTH TTOKPBITHSI HAYMHAET PACTH XPYIKHIA C HU3KOU
aaresver CIOW OKCHAa THUTaHa, KOTOPBIA OBICTPO
paspymaer 3alruTHYI0O CTOWKOCTh MOKPBITHS, TaK-
JK€ HEJOCTATOYHBIMH AJISI COBPEMEHHOT'O YpPOBHS
pa3BUTHUS TEXHUKH M TEXHOJIOTUH OKAa3aJHMCh MeXa-
HUYECKUE W TPHOOTEXHUYECKUE CBOMCTBA ITHX IO-
KPBITHI.

B mocnennee mecsTuieTe mMpoKoe MpUMeHe-
HHUE TOJYYHIH MHOTOBJIEMEHTHBIC MOKPBITHS, TMO-
ny4yenHsle npu nomoinu tpex- (Ti-Nb-N, Ti-Cr-N,
Zr-Ti-N [6-7]), wetbipex- (Zr-Ti-Si-N) [8, 9] nnm
nsiTh- (Zr-Nb-Ti-Cr-N) komnoHeHTHBIX cucteM [ 10,
11]. CtpykTypa u CBOICTBa, a TaKXe€ BO3MOKHOCTH
TepMHUYECKOW cTabunm3anuu  (a3oBOTO cocTaBa
TaKUX JIETHPOBAHHBIX KOHJICHCATOB IMOKA M3Y4CHBI
Masio. CTaOMIIBHOCTh CTPYKTYPBI M COCTaBa, a TaK-
)K€ BBICOKHE DKCIUTyaTallMOHHBIE XapaKTePUCTHKH

ISSN 1563-034X

MHOTO3JIEMEHTHBIX HUTPUAHBIX CHCTEM OOecreyu-
BalOT COBEPIICHCTBOBAHHE (PU3NKO-MEXAHMUECKUX
XapaKTEPUCTUK MOBEPXHOCTH U MPUMEHECHHE UX B
KaueCTBE 3alIUTHBIX IUIEHOK, MPEMSATCTBYIONIHX I10-
MMaJITaHUIO BPETHBIX PUMECEH B MPUTIOBEPXHOCTHBIC
ciou uzzenuii. Komrieke Gpu3nyeckux 1 MexaHude-
CKHX CBOMCTB YHCTBIX METAJJIOB, TAKUX KaK IIUPKO-
HUW, HIOOW, TUTaH, MOJIMOJICH, XPOM, TTO3BOJISICT
MPENONIOKUTh eNeCO00Pa3sHOCTh HCCIIETOBAHMUS
BaKyyMHO-TJIA3MEHHBIX KOHJ/ICHCATOB Ha OCHOBE
cuctemsl Ti-Zr-Cr-Nb. 310 B CBOIO 0Uepeb M03BO-
JSIET CO37aTh 3alUTHBIN CIIOW (WM TOKPHITHE) Ha
OCHOBE YETBIPEX JIEMEHTOB (YETHIPEX IMEePEXOTHBIX
METaJIJIOB M a30Ta, KaK CBA3YIOIIETO 3JIEMEHTA).
Cpenu cynecTBYIOIMX TEXHOJIOTHI MOTyIeHUS Ta-
KHX TIOKPBITUH HanOoJee MEepCIeKTUBHBIMU SBIIS-
IOTCS YCOBEPIICHCTBOBaHHBIE BaKyyMHbBIE HMOHHO-
[JIA3MEHHBIC METOJIbI. DTH TEXHOJIOTHUH OKAa3bIBAIOT
BIIUSTHUE HA (OPMHUPOBAHUE CTPYKTYPHI U (ha30BOTO
cocTaBa MOKPBITUM. B mporiecce ocaxaeHus, Takxe
BO3MOXXHO (popMHpoBaHUE aMOP(HON CTPYKTYpHI,
yYMEHbIIIEHHE pa3Mepa 3ePeH, MoTydeHNe HOBBIX XH-
MUYECKHX COeIMHEHH, YTO MO3BOJISET 3HAYUTEIb-
HO YJIYYIIUTh UX (PU3UKO-MEXaHUYECKUE CBOWCTRA.
[TosTOoMy akTyanpHOU 3amaueil B HacTosIee Bpems
SBIISICTCS TPUMEHEHNE METO0B HOHHO-TUTa3MEHHO-
T0 OCAXACHUS K MOTYYCHUI0O MHOTOKOMITOHEHTHBIX
nokpbITHi Ha ocHOBe (Ti-Zr-Cr-Nb)N.

ens nanHOM pabOTHI — HM3yUEHHUE 3aKOHOMEp-
HOCTEH CTPYKTYpOOOpa3oBaHUsi MHOTOKOMITOHEHT-
HbIX TOKpbITHH (Ti-Zr-Cr-Nb)N u uccrnenoBanue ux
(hM3UKO-MEXaHUIECKUX CBOMCTB.
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CrpykTypa 1 pU3NKO-MEXaHHIECKHe CBOHCTBAa MHOTOIeMeHTHBIX MOKpHITHil (Ti-Zr-Cr-Nb)N...

Oo0opynoBaHue U METObI UCCIET0OBAHUS

B kauectBe MeTO/la TMOJMYyYEHUS MOKPBITHUNA
cucrembl (Ti-Zr-Cr-Nb)N npumMeHsun MeTon Ba-
KYyMHO-JIyTOBOTO ocaxieHus. Mcmapsembiii ma-
TepHaT TPEACTABISLT COOO IETHHOMUTHIA KaTOT
Ti+Zr+Cr+Nb cocraBa: ar. %: Ti — 12,32; Zr —
27,99; Cr — 37,39; Nb — 22,30. KaToa u3rorosiex
METOJIOM JJIEKTPOHHO-Ty4YeBoro TutaBineHus. [lo-
KPBITUS OCaXJAINCh B ycTaHOBKe «bymar-6», B
CpeJie MOJIEKYIIIPHOTO a30Ta N, Ha MOJMPOBAHHYIO
ITOBEPXHOCTH TOUTOXKEK U3 cTanmu 36 Mapku AS570.
Pacnbuienre mOKpBITUII TPOU3BOJIMIIOCH TIPU JaB-
neHun padouero rasza 0,3 — 0,7 I1a. [lorennman cme-
merns mmersuics ot -100 go -200 B. Ilommoxkn
HarpeBanmuch 0 450°C mepen ocaxnaenuem. Pac-
CTOSIHUE MEXIY MOJUIOKKAMH M KaTOJIOM COCTaB-
nst10 250 mM. Tommmaa mokpertuid (Ti-Zr-Cr-Nb)N
cocrapister 6,2 — 6,8 mxm. [lapameTpsl ocaxaeHus
nokpeitusi (Ti-Zr-Cr-Nb)N npuBenensl B Tabiu-
ne 1. [lpuHnmnuaneHas cxemMa MOJEePHU3HUpPOBAaH-
HOM BaKyyMHO-JyT'OBOI YCTAaHOBKHM IIOKa3aHO Ha
pucyHke 1.

Ta6auua 1 — TexHonornyeckue napamerpbl OCKISHHS I10-
kpoitHii (Ti-Zr-Cr-Nb)N

OcaxneH- JlaBnenue | Hanpsokenue
Ne . Tox nyru
(cepin) HBII MaTe- I A aszora CMEIICHUS
puan o P, Ila U,B

1 0,3 -100

2 (Ti-Zr-Cr- 1o 0,7 -100

3 Nb)N 0,3 -200

4 0,7 -200

TonumHaa MOKPHITHIA, COCTOSIHUE TPAaHULL MEXKTY
OCHOBOH (ITOIJTOKKOM) M TIOKPBITHEM B MOP(}OII0-
T'Hsl IOBEPXHOCTH M3YYaJlUCh C MOMOILBIO PacTpo-
BOTO  3JIEKTPOHHO-CKaHMPYIOIIETO  MHKPOCKOIIA
«JSM-6390LV» (Snonus) ¢ yCKOpSIIOIIAM Harpsi-
xenueM 20-30 kB. DnemeHTHbII cocTaB MOKPHI-
TUH aHAIM3UPOBAICS MO CHEKTPaM XapaKTEPUCTH-
YECKOTO PEHTTEHOBCKOTO H3IyYeHHUS! C TIOMOIIBIO
BCTPOEHHOI'0 B MUKPOCKOII SHEPTOIUCTIEPCHOHHOTO
CIIEKTPOMETPa PEHTIEHOBCKOIO0 M3JIy4CHUs] CHUCTe-
MBI «(INCA Energy OXFORD» (BenmukoOpuranwsi).

PeHTreHoCTpyKTYpHBII aHAIU3 IPOBOIUIICS ITy-
TEM aHalu3a JuQpaKTorpaMM UCCIeIyeMbIX 00pas-
LIOB, TOJIy9eHHBIX Ha nudpaxTomeTrpe «Shimadzu
XRD-7000S» (Snonust). JAudpakunoHHble KapTH-
HBI PETUCTPUpOBamM ¢ ucnoabzosanuem CuK -
n3nydeHus. B xoze mpoBeneHns SKCIIiepruMeHTa Uc-

MOJIB30BAIMCH CIIEAYIOUINE MapaMeTphl: CKOPOCTh
CKaHUPOBaHUsl — 2° B MUHYTY; IlIar CKAaHUPOBAHUS
— 0,03° nmmamaszon yrimoB — 10-90°; HakomieHue B
touke 1,5 cexyHapl. CpeaHuii pazMep KpHUCTalIu-
TOB OIpenesscs ¢ MOMOIIbI0 ypaBHeHUs [leGas-
leppepa mo ymmpeHnto audpakiMOHHBIX MaKCH-
MYMOB C YYETOM HMHCTPYMEHTAJbHOTO YIIMPECHUS
u nporpammuoro obecnieuermst «Powder Cell 2.4».
WucTpymMeHTanbHOE yIIMpeHHe ObLIO OMpeeseHo
Ha NOJYIUPUHE MAKCUMyMa CTaHIapTHOTO MOPOII-
Ka KpeMHus u coctaBuiio 0,14.

1- BakyyMHast kKamepa, 2 — CHCTEMa aBTOMATHUECKOTO yIpaB-
JICHUsI JaBJIeHneM a30ta, 3 — ucnapurens Ti u Cr, 4 — ucnapu-
tenb Zr u Nb, 5 — nepxateinb MoJJI0KKH, 6 — TOIOKKA (CTalb
A570), 7 — NCTOYHHK TOCTOSTHHOTO HANPSIKEHMUS, 8 — BBICOKO-

BOJIBTHBIN HMITYJIECHBIN T€HEpaTop;

Pucynoxk 1 — Cxema BakyyMHO-IyroBoil ycraHOBKHU «bynar-6»

s ananuza MOpQOIOTHH HOBEPXHOCTH U 1IIe-
POXOBATOCTH, a TaKXke 00bhEeM YIAJICHHOTO MaTe-
puana MOKPBITHS OTPEIEISUINA IO CEYSHHUIO TOPOXK-
KM M3HOCA Ha MOBEPXHOCTU 00pasla ¢ MOMOIIbI0
aBTOMATU3UPOBAHHOTO OECKOHTAaKTHOTO Mpodu-
momerpa monenu «Micro Measure 3D Station»
(Dpanuus).

W3mepennss MUKPOTBEPAOCTH IPOBOJIMIHCH
Ha aBTOMATH3MPOBAHHOM TBEPIOMEPE MOJIEIH
«Durascan-20» (LLIBefitiapust) npu Harpy3ke Ha WH-
nenrop 0,05 H, a HaHOTBepAOCTh U MOAYJb YIIPY-
TOCTH WCCIIEZIOBAJINICh B JMHAMHUYECKOM PEXKHMME
Ha HaHotBeproMepe «NANO Hardness Tester»
(IIseitapust). Ortneyatku ObUTK CIENIaHBI HA pac-
crossaun 1,0 MM apyr ot apyra. s Kakmoro o0-
pasma Oputo mpoBeaeHo mo 10 wm3mepenuit. s
WCKJTIIOYCHHUSI BIIMSHUS KalleJIbHOW COCTaBISIONICH
M TIEPOXOBATOCTH IOBEPXHOCTH HAa TOYHOCTH W3-
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MEpeHHd Iepe MPOBEACHUEM HCCICAOBAHUN MO-
KPBITHS OBUIM OTHOJIMPOBAHBI. AAr€3MOHHO-KOTe-
3MOHHAsl TPOYHOCTh, CTOMKOCTh K LApanaHuio U
MEXaHH3M pa3pylICHHs MOKPHITUH HCCIEOBAINCH
Ha BO3JyXE C IOMOIIBbIO CKpeTdy-TecTepa «Micro-
Scratch Tester» (IlBedinapusi). Llapanunbl ObuH
C/IeJIaHbl Ha MOKPBITUSX MIPU HENPEPHIBHOM YBEIH-
YEHUH 3HAYEHUH Harpy3Ku chepruuecKoro ajJMas3Ho-
ro unneHropa Rockwell C ¢ pangnycoM KpUBU3HBI
100 uM m peructpanueil Takux HapaMeTpoB, Kak
aKyCTHUEeCKasi AIMHUCCHSA, KOXPPUIMEHT TPEeHUS U
riyOMHa TIPOHUKHOBEHUS WHAeHTOpa. DuKcupoBa-
T CIIEIYIOIIE OCHOBHBIE KPUTHYECKHUE HArpy3KH
M0 W3MEHEHHUIO0 KPHUBBIX 3aBHUCHUMOCTH KO3 DHUITH-
€HTa TPEHHUS M aKyCTHUECKOH YMUCCHU OT Harpy3Ku
CckpaiOupoBanus — L ..

Tpubonornueckue UCTIBITaHUS IPOBOANINCH HA
BO3/IyXe IO CXeMe «IIapPUK-IMCK» Ha MaIlllHEe Tpe-
Hust «PC-Operated High Temperature Tribometer»
(IIBeiimapus). B kadecTBe KOHTpTENA HCIOIB30-

BaJics WApHUK auameTpoM 3,0 MM, U3rOTOBJICHHBIN
W3 CIEYCHHOTO CEepTU(UIIMPOBAHHOTO MaTepHa-
na — AL O,. Harpyska cocrasnsia 5,0 H, ckopocTh
CKOJIBXKeHUs 2,5 cM/c. YcnoBHsS TIPOBEACHHS WC-
MIBITAHUH COOTBETCTBOBAIIM MEKAYHAPOIHBIM CTaH-
maptam ASTM G99 u DIN50324.

Pe3yabTaThl Hcciie10BaHMIl M X 00CYKAeHHE

PesynbraTel mcClieIOBaHUH 3JIEMEHTHOTO CO-
craBa okpeITHit Ha ocHOBE (Ti-Zr-Cr-Nb)N B 3aBH-
CHUMOCTH OT q)HSHKO-TeXHOJIOFI/I‘-IeCKI/IX napamMeTpoB
OCaXKJICHUS IPUBE/ICHBI B TaOHIIE 2.

CoriacHO pe3yiabTaTaMHu PacTPOBOM 3JIEKTPOH-
HOM MHUKPOCKOIIMHM, BaKyyMHO-IyroBas KOHJIEH-
carysi MHOTOKOMITOHEGHTHOW CHUCTEMbI UMEET PsiJT
ocobeHHOCTEH B (hopMHUpOBaHUH MOP(OJIOTH TO-
BepxHocTu. Ha pucynke 2 mpenctaBieHo POM-
M300paKCHUE OJHOTO W3 TOJYYCHHBIX MOKPBITHHA
cuctemsl (Ti-Zr-Cr-Nb)N.

Tabauna 2 — Pesynsrarsl SHEpProaucIepcHOHHOTO aHAIHM3a IMOKPHITHIT Ha ocHOBe cucTeMsl (Ti-Zr-Cr-Nb)N

OJeMEHTHBII COCTaB IOKPHITUH, aT. %
Ti Cr Nb
Howmep cepun
DneMeHTHBIH COCTaB KaTo/a 10 OCAKICHHS
12,32 27,99 37,39 22,30
1 13,47 27,87 14,89 43,77
2 12,07 23,55 14,82 49,56
3 25,73 18,54 36,95 18,78
4 28,15 20,74 31,27 19,84

OCHOBHBIM OTJINYHEM OCAKICHUS BAaKyyMHON
Iyroil, B 4aCTHOCTH, B PEXHME AYTH KaTOJHO-
ro MATHA, SBJISETCS MPOW3BOICTBO PACIUIABIICH-
HBIX Karellb, KOTOPble MOTYT OBITh BKJIIOUEHBI B
HNOKpBITHE B BuJe MHUKpouacTul. Kak BuUIHO u3
pucynka 2a mokpsitue (Ti-Zr-Cr-Nb)N conep-
JKUT BKJIIOYEHUH KamelbHBIX (pakuuid pasind-
HBIX pa3MepoB (10 8 MKM B nuaMerpe). B Hamem
clydae MUKPOKAIUJIH UMEIOT (opMy IJUIHIICOHA,
KOTOpas yKa3blBaeT, YTO KaIlJIU JICTAT MOYTH Ia-
pajIeIbHO IIOCKOCTH MHOJJIOXKKH. IloBblieHne
TEeMIIepaTyphl MOTOKA OCAXKJIEHHUS C HCIOJIB30-
BaHueM Hampspkenust cmemenus (U = -200 B)
3HAUYUTEIBHO CHMUYKAET KOHLEHTpaLUUio (Qpakuuu
Karelb Ha TTOBEPXHOCTH (CMOTPETh PUCYHOK 20).
YMEHBILICHHOE CO/epKaHUe Kalelb MOXKET BO3-

ISSN 1563-034X

HUKHYTBH B pe3yJibTaTe MPOLECCOB TUIaBJICHUS Ha
ITOBEPXHOCTH MOKPBITHSL.

Pesynprarter ananm3a RBS anemenTtHOTro co-
craBa mokpbITusi (Ti-Zr-Cr-Nb)N npuBeneHsl Ha
pucynke 3. Kak BUIHO W3 TIIyOMHHBIX TpoQuiieit
JJIEMEHTHBIH COCTAB MIOBEPXHOCTHOTO CJIOsI, 00ora-
men aromamu N u Ti. Kpome Toro, koHLeHTpanus
KaX/I0r0 COCTABJISIOLIETO 3JIEMEHTa COXPaHSIEeTCs
MPUOIU3UTENHHO TMTOCTOSHHON C YBEJIIMYEHUEM TITy-
OMHBI, YTO YKa3bIBacT Ha OJHOPOJHOCTH KOMIIO3HU-
LUH TIOKPBITHSA 110 Beei TonmuHe ciost. Crenyer oT-
MeTuTh, 4T0 (Zr-Ti-Cr-Nb) N mokpeITus coaepxat
Majoe KOJIMYECTBO KMCIOpoJa M YIJiepoja, H3-3a
OCTaTOYHOI'O KHCJIOPOAA B KaMEPEe OCAXKACHUS, U K
00Jiee BBICOKOH pEaKIMOHHOM CIIOCOOHOCThIO KHUC-
JIOpOoJia € IEMEHTaMH MUIIEHH.
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CrpyKkTypa 1 GU3HKO-MEXaHHIECKHE CBOMCTBAa MHOT031eMeHTHBIX TOKphITHH (Ti-Zr-Cr-Nb)N...

Pucynok 2 — POM-u306paxenne nmoBepxHocT NOKpbITHH (Ti-Zr-Cr-Nb)N:
a) (PN =0,3 ITa, U =-100 B); 6) (PN = 0,7 ITa, U = -200 B)
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Pucynok 3 — I'paduk 3:11eMEHTHOTO aHAIIN3a TOKPBITHS
(Ti-Zr-Cr-Nb)N no mry6une: P = 0,3 Ia, U = -200 B

Ha pucynke 4 nmpuBeZieHbl peHTT€HOIUPPAKLIHU-
OHHBIE CIIeKTPHI OKphITHH. Kak ciemyer u3 Tabmu-
bl 3, C MOBBIIIEHUEM 3HAUYEHUM [OTEHIMaNa CMe-
LIEHMs, MO0AABAEMOT0 Ha MOJUIOKKY, MPOUCXOTUT
yBeIrdeHne pa3MepoB KpuctaumToB (L) ocHOBHO#
¢a3nr TiN.

[IpoBeneHHBI Ha OCHOBaHWM AAHHBIX TaOIU-
e 3 aHanM3 yKas3blBacT HA 3HAUYUTEIIBHYIO 3aBH-
CHUMOCTb COCTaBa HOKPBITHM OT IOTEHLUAJA CMe-
LIEHNs, T0JaBaeéMOro Ha TOJUIOXKKY, T. €. 3a CUeT
MOTEHIIMANa CMEIICHUS YBEJIMYUBACTCS SHEPIus
MaJarolIUX YacTHIl, YTO NMPHUBOIUT K Oojee BBICO-
KOH paJualMoOHHOM cocTaBisoumeid npu (opmu-
pOBaHUU CTPYKTYpbl NOKphITHH. Tak, yBeauueHue
noTeHuana cmererns no -200 B mpuBoaut kx mo-
BBIILICHUIO COJIEPKAHUSI CHIIBHBIX HUTPUA000paszy-
rorux cocrapistomux Ti, Nb, Cr u Zr, a Takke co-
Jiep>KaHusl a30THBIX aTOMOB.
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Pucynok 4 — PenTreHorpaMMel MOKPBITHH
(Ti-Zr-Cr-Nb)N, mony4eHHbIX TIpU pas3In4HbIX 3Ha4eHusX P u U

Taéanua 3 — Pasmep kpucramauros (L) u nepuon peurerku (a)
orzenbHOM ¢asbl TiN, nokpeituii Ha ocHoBe cuctemsl (Ti-Zr-
Cr-Nb)N

[Tapawme- Homep o6pasios
TpBI 1 2 3 4
L, um 8,06 8,06 11,16 14,30
a, A 42434 42391 4,1993 42218

®da30BbIi aHAJIN3 HUTPUIHBIX TOKpbITUi (Z1-Ti-
Cr-Nb) N ykaspiBaet na nanuaue a3 TiN, NbTiN,,
ZrTiNb, ZrNb, TiCr u a-Ti. BkinrouuTeasHo ObLTO
obnapyxeno dasa NiTi, ,Zr, ,. ITO cBs3aHO ¢ MO~
JIOKKOM, TaK KaK B COCTaB IOJJIOKKK BXOIUT Ni.
Ckopee Bcero, TpU OCKIACHUH MOBEPXHOCTh MOJI-
JIOKKH HarpeBaeTcst J0 IutaBieHus: Ni, H IPOUCXO-
AT COEAMHEHHE C OCAXKIAIOIIUMHUCS >JIeMEHTaMU
Tiu Zr u 00pa3yroT HOBYIO (pazy.
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Pesynbrarel 00pabOTKH MPOQHUIOrpaMM CBH-
JIETENLCTBYIOT, YTO CpeJHee 3HAYCHHE IepOXOBa-
TOCTHU TMOIOKKH cocTasisteT R =0,089 mkMm, u ona
MEHSETCs TIocye OcaxAeHus MoKpbITHs. Ha pucys-
ke 5 mpuBeaeH ACM-u300pakeHUs Tomorpapuu
MOBEPXHOCTH MOKpbITUS 4-X cepun cucteMbl (Ti-
Zr-Cr-Nb)N.

CpaBHEHHE TONYYEHHBIX JaHHBIX MTOKA3bIBAeT,
YTO M3MEHEHHE IepoxoBaTocTH MOKpbITust (Ti-Zr-
Cr-Nb)N Ha npsiMyIo 3aBHCUT OT AaBJICHUS PEaKIt-
OHHOTO Ta3a a30Ta W MOTeHIHanta cMerienus. [lpu
nasnennn P =0,7 Ila MOBEPXHOCTL MOKPHITHS T10-
nydaercst 0ojee OJHOPOAHBIM, C SIBHO BBIPayKCHHBI-
MU KareJIbHbIMU BKIFOYEHUSMHU MEJIKUX Pa3MepOB.
Ipu nasnennu P =0,3 T1a Ha mOBEPXHOCTH MOKPBI-
TS 00Pa3yIOTCs HE MOJTHOCTBIO paciIaBICHHBIE CO-
enuHenus sneMmeHToB T1, Zr, Cr, Nb, ¢ a3oToM.

Pesynbrarel nccnenoBaHus aAre3nOHHO-KOTeE-
3MOHHON MPOYHOCTU U CTOMKOCTU MOKPBITUH K 11a-
panaHuIo NpUBEICHbI HA pUCYHKaX 6, 7, 8. ITo uzme-
HEHHIO 3HaYCHUH KODQPHUIINEHTA TPEHUS U CUTHAIIA
AKyCTHYECKOW AIMHUCCHUH MIPH YBEITMUCHUU HATPY3KU
CKpaiiOupoBaHusl (PUCYHOK 0) ONpENeNsIich Xa-
paKTepHbIC 3HAYCHHS KPUTHYECKOW HArpysku L .
L., — NOABJIEHUE MEPBOM IEBPOHHOM TPEUIMHBI HA
JTHE W JMarOHaJbHOW TPEIIMHBI 10 KpasM Iaparu-
Hbl, L., — 00pa3oBaHMe MHOXKECTBA IIEBPOHHBIX
TPELIMH Ha JHE IIapanuHbl U JIOKaJbHOE OTCIIauBa-
HUE TIOKPBITHS, 00pa30BaHUE IMIEBPOHHBIX TPEIINH
Ha JIHE apanuHbl; L ., — KOr€3MOHHO-aIr€3MOHHOE
paspyIeHne OKPhITUst; L ., — IIIACTHYHOE UCTHPA-
HUC TIOKPBITHA. 3a KPUTCPHHA aare3nOHHOW IMPOoU-
HOCTH OBUIO NPUHSTO 3HAYEHUE KPUTUYECKOW Ha-
rpy3ku L, OpU KOTOPOH MPOMCXOJUT UCTHPAHHE
TTOKPBITHSL.

B cooTBeTCTBHM C 3TUMH KPUTEPUAMH, TTPOIECC
pa3pylieHus TIOKPBITUS TPU [apariaHuy HHJCHTO-
POM MO’KHO yCIIOBHO Pa3JIeITh Ha YETHIPE CTaINH.
B mmamazone marpysok ot F=0,01 mo 5,50 H mpo-
HCXOAWT MOHOTOHHOE NMPOHUKHOBEHHE MHJEHTOpA
B TIOKPBITHE, TTPU 3TOM KOA(DPUITHMECHT TPeHHS He-
3HAYUTEIFHO BO3pPACTaeT, a CHUTHAJI aKyCTHUYeCKOU
9MHCCHHU COXpaHseTCsl HeM3MeHHBIM. [Ipu Harpyske
F=6,01 H uneHTOp NOJHOCTHIO OIPYKAETCS B IIO-
KpBITHE, @ CKOJIbKEHHE aIMa3HOTO HMHJEHTOpa IO
MOKPBITHIO POUCXOIUT C KOAPPHUINECHTOM TPEHUS
0,25. IIpu yBenmnuennu Harpy3ku (F =12,01 — 30 H)
MIPOMCXOAUT BBIIaBIIMBAHUE MaTepHaja nepes MH-
JICHTOPOM B BHJI€ OYTOPKOB U YBEJIMUEHHUE TITyOUHBI
MIPOHUKHOBEHHS WHICHTOPA.

ISSN 1563-034X

(@) P, =0.3Pa, U =-100 V,R = 1.69 mm (Series 1),

(6) P, =0.7Pa, U, =-100V, R = 1.83 mm (Series 2),

(8) P, =0.3 Pa, U =-200V, R = 1.88 mm (Series 3),
and (r) P, =0.7 Pa, U =-200V, R = 1.55 mm (Series 4)

Pucynoxk 5 — ACM TpexMepHOe n300pa)keHHe MOBEPXHOCTH
nokpeitus (Ti-Zr-Cr-Nb)N
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A—zonel,L¢; B—zone 2, Ly, C —zone 3, Ley; D—zone 4, Ly

1 — koo puument Tpenus (u); 2 — HopMabHas Harpyska (F);
3 — akycTudeckas smuccns (A)); 4 — rybuna suenpenns (P))

PucyHnox 6 — Pe3ynbrarsl U3MEepeHHsI MEXaHUUECKHX
XapaKTePUCTUK OT IPHUIIOKEHHOH HArpy3KH
IIPU CKPITY-TECTUPOBAHUH TTOKPBITHS
(Ti-Zr-Cr-Nb)N, P, =0,7 Tlan U_=-100 B

CpaBHUTEIBHBIA aHANIM3 CBUJCTEIBCTBYET,
YTO IHOKPLITHA IPHU LHapallaHu UCTUPAKOTCA, HO
HE OTCIIAUBAIOTCS, T. €. Pa3pylIAlTCsS MO KOTe-
3MOHHOMY MEXaHU3MY, CBSI3aHHOMY C IJIacTHYe-
CKOM Jnedopmarieli 1 00pa3oBaHUEM yCTaJIOCT-
HBIX TPEIIMH B MaTepHasie MOKPHITUS (CMOTPETh
pucyHkH 8, 9).
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a—30Ha 1,0 —30Ha 2, B—30Ha 3, T —30Ha 4

Pucynox 7 — MuxpodoTtorpaduu 30HbI KOHTaKTa aJIMa3HOTO HHAECHTOpa
¢ nokpeitieM (Ti-Zr-Cr-Nb)N, nonyuennoro npu P =0,7 [lau U_=-100 B
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Pucynox 8 — ACM tpexmepHOe n3o0paxeHue (a) u
npoduorpamma (6) TOBEPXHOCTH TOPOKKA TPEHHUS TIOKPBITUS
(Ti-Zr-Cr-Nb)N, P, =0,3 [Tau U_=-200 B
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IMopnoxka

®parMeHTE IOKPEITHA

Pucynok 9 — M3o6paxenne coxpaHUBIINXCS ()parMeHTOB
MOKPBITHUS HA THE LapaluHbl 10CJIE BO3AEHCTBUS aJIMa3HOIO
HHJIEHTOpa

Kak m3BecTHO, Hanbosee yHUBEpPCAJIbHBIM Ma-
pamMeTpoM, IO3BOJISIFOIIAM JIOCTATOYHO IKCIPEecc-
HO OIICHUTh MEXAHWUYECKHE CBOWCTBA TMOKPBITHUS,
SIBIIIETCSL €T0 MUKPOTBEPAOCTh. Pe3ynbTaThl Takux
m3mepernid it mOKpbITHH (Ti-Zr-Cr-Nb)N mpu-
BeJeHbl B Tabiuue 4. Kak BUIHO, MaKCHMajbHas
tBepaoctb HV=43,73 I'lla gocturaetcs npu gaBie-
HUU PEaKLUUOHHOIO rasza PN=O,7 Ila u norenuumana
cmemmenus U =-200 B.

Tadmuua 4 — PesynbraTsl U3MEpeHUs] TBEPIOCTH IOKPHITUI
(Ti-Zr-Cr-Nb)N

Homep obpa3siion TBepmocTb,
(cepun) HV, , ITla

1 30,93

2 34,78

3 38,86

4 43,73

Takum 00pa3oMm, TONyYEHHBIE 3KCIIEPUMEH-
TaJbHBIE U TEOPETUYECKUE PE3yJIbTAThl HCCIIEI0Ba-
HUIl MpeACTaBISAIOT COOON HOBBIM IIAr B pelIeHUN
3aJ1auM CO3AAHUS 3aLIUTHBIX MOKPBITHHA Ha OCHOBE
MHOTOKOMITOHEHTHBIX ~ cucteM  (Ti-Zr-Cr-Nb)N,
CTPYKTYpHO-(a30BbIe XapaKTEPUCTUKH, KOTOPHIE
JIal0T BO3MOKHOCTH MOBBICUTB 3KCILTyaTallMOHHBIE
Ka4yecTBa Pa3HBIX M3AEIMH, PadOTAaIOLIMX HPU BbI-
COKHMX TeMIlepaTypax, Harpy3Kkax W TeMIax M3Hoca.
Teepmocts monyueHHbIX MOKpeITHH (Ti-Zr-Cr-Nb)
N MeHseTcss B 3aBHCUMOCTH OT YCJIOBHH OcCaxne-
HUSL: JIaBJICHUS PEAKIIMOHHOIO rasa P v moTeHiu-
ana cmemenus U, .

3ak/ouyeHnune

MeTtonoM BaKyyMHO-IIyTOBOTO OCAXICHUS LIEI-
HOJIUTOTO KaTo/ia B CPeJic PEaKIMOHHOTO ra3a a3ora
MOJTy4eHbl MHOTOKOMITOHEHTHBIE TIOKPBITHSI CUCTE-
MBI (Ti-Zr-Cr-Nb)N. DkcnepuMeHTaIbHBIE U TEO-
peTHYeCKHEe HCCIIEIOBaHUs MMOKA3bIBAIOT, YTO IIO-
KPBITHSI, TIOTy4EHHBIE MTPY BBIOPAHHBIX MapaMeTpax
OCQXKJICHUS, UMEIOT TOJIILUHY MOKPBITUS 6,2 MKM.
Haubonee Bwicokyro MukpotBepaocts 43,73 I'Tla
U CTOMKOCTb K M3HOCY MOKA3al{ MOKPBITHS, MOITY-
YEeHHBIC NP MAaKCUMaJIbHOM JaBjieHHH a3ota. s
atux nokpbITHid (Ti-Zr-Cr-Nb)N xapakrepHo oOpa-
30BaHMe HUTpUAooOpasyomme ¢assl kak TiN. ITo-
KPBITUSI XapaKTEPU3YIOTCS XOpOILIEH aare3nOHHOU
NPOYHOCTHIO U TIPU MCTIBITAHUSAX Pa3pyLIAIOTCs 110
KOTe3MOHHOMY MexaHu3Mmy. [lo ¢usmko-mexaHu-
YECKUM XapaKTEPUCTUKAM IIOJIyY€HHbIE ITOKPHITHS
cucrembl (Ti-Zr-Cr-Nb)N nepcrieKTHBHBI sl HC-
MI0JIb30BAHUS TAKOTO THIIA TIOKPBITHH.
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DEVELOPMENT OF SILICON STRIP DETECTORS
WITH ORTHOGONAL FIELD

The development of semiconductor strip detectors with orthogonal field with high energy and position
resolution, linearity of the signal over a wide energy range for various types of particles, is closely linked with the
technology of manufacturing the detection modules and semiconductor properties of the original crystal. In this
paper we consider the physical and technological features of manufacturing of Si (Li) strip detectors with
orthogonal field with a large sensitive area. The manufactured detectors have following electro-physical and
radiometric characteristics: under working voltage U = (50-600)V shows the | ~ (0,1+0,5) uA reversed current,
capacitance is C = 25 pF, noise E = (12+35) keV, energy resolution Rs = 18 keV from the source of 2°7Bi (E5 =
1MeV) and Ra = 46 keV from the source of 238Pu (E, ~ 5,5MeV). Investigation of the impact of irregularities on
characteristics of strip detectors, as well as their role in the phenomena of charge transport in a condition of
orthogonal field.

Key words: p-i-n stucture, detector, Si(Li) strip detector.
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OpToroHaAbAbl epicneH KpeMHHUI HETi3iHAE )KOAAKTbl AETEKTOPAAPAbI AdlbIHAAY

JKoFapbl 3Heprng MeH OpblHFa Me OPTOrOHaAbAbl ©PICTi LAAAOTKI3riLL KOAAKTbl AETEKTOPAAPAbI
acay, TYPAI TUNTI 6eALIEKTEP YLIIH SHEPrUsAapbl KeH apaAbIKTaFbl CUTHAAAbIH, CbI3bIKTbIFbI, aHbIKTaY
MOAYAbAEPAI AabIHAQY TEXHOAOMMSIChI XXoHe 6acTankbl KPUCTAAAADBIH, LIAAABTKI3FILTIK KacueTTepiHe
ThiFbI3 6aiAaHbICTbI. BYA XXyMbICTa YAKEH ce3rilu aymakka ue Si(Li) HerisiHAE >KOAaKTbl AETEKTOPAAPADI
AAYAbIH (PU3MKAABIK XKBHE TEXHOAOTMSABIK, epeKLIeAiKTepi KapacTblpblAFaH. AAbIHFAH AETEKTOPAbIH,
3AEKTPOU3UKAABIK, XKOHE PaAMOMETPUKAAbIK, napameTpaepi: U = (50-600)B apaabifblHAQ KepHey
GepiAreHAe OHbIH LIeKTi napameTpAaepi KapaHrbiAblK TOK [~ (0,1+0,5) MKA, cibiMAbIAbIK, C=25 nd,
wyblAbl E = (12+35) kaB. AetektopabiH 8-6eAlek 297Bi (E=1 M3B) Rg=18 k3B xoHe a-GeAliekTepi
226Ra  (E,=7,65 M3B) R,=46 k3B 0oMblHILA 3HEPreTUKAAbIK, CMEKTPAEP aAblHAblL. JKOAaKTbl
AETEKTOPAAPABIH, CUMaTTaMaAapbiHa GiPTEKCI3AIKTIH ocepiae 3epTTeAAl XKOHe OpPTOroHaAb epic
yaKkTblHAQ 3apSA TaCbIMAAAQYLIBIAAPAbIH SCEPIHIH, POAI 3€PTTEAA|.

Ty#iH ce3aep: p-i-n KYpbIAbIMbI, AeTekTop, Si(Li) )KOAAKTbl AeTeKTop.
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Pa3pa60TKa KPE€MHUEBDbIX CTPUMOBDbIX AETEKTOPOB C OPTOrOHAAbHbIM NMOAEM

PaspaboTka MOAyNnpOBOAHMKOBbIX NMOAOCKOBbIX AETEKTOPOB C OPTOrOHAAbHbIM MOAEM C BbICOKOM
3Hepruen 1 NoAOXKeHUEM, AMHEMHOCTb CUIHaAQ B LUMPOKOM AMarna3oHe 3HEPrUidi AAS PAa3AMUHBIX TUIMOB
YaCTUL, TECHO CBSI3aHA C TEXHOAOTMEN M3rOTOBAEHMS MOAYAEN 0OHAPYXKEHNS U MOAYNPOBOAHMKOBbBIX
CBOWCTB MCXOAHOTO KPUCTaAAa. B paboTe paccmaTpmBaioTcst hU3MKO-TEXHOAOTMYECKME OCOBEHHOCTH
u3rotoBAeHus Si(Li) CTPUMNOBbLIX AETEKTOPOB C OPTOrOHAAbHOM MOAEM C GOAbLLIOM YyBCTBUTEAbHOM
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Development of silicon strip detectors with orthogonal field

006AaCTbIO. DAEKTPOU3NYUECKME U PAAMOMETPUYECKME NMAPAMETPbl M3rOTOBAEHHOM AETEKTOPOB Mpu
paboyem HanpskeHnn U =(50-600)B HaxoASTCS B NpeAeAax 3HaveHust TemHoBoro Toka | ~ (0,1+0,5)
MKA, eMkocTb C = (20+200)n®d, wymbl E = (12+35) k3B. DHepreTnyeckune paspelueHns Rs = 18k3B no
IBK 297Bj (Eg = TM3B) 1 R, = 46 k3B no 238Pu (E, ~ 5,5M3B), cooTBeTCTBEHHO. MCCAEAOBAHO BAUSIHUE
HEOAHOPOAHOCTEI Ha XapakTepPMCTUKU CTPUMOBBIX AETEKTOPOB, a Tak)Ke MX POAb B SIBAEHUSIX NepeHoca
HoCUTeAel 3apsAa B YCAOBUSIX OPTOTOHAABHOMO MOASI.

KaroueBble caoBa: p-i-n CTpyKTypa, AeTektop, Si(Li) ctpun aeTekTop.

Introduction

The solution of many problems of modern
science and technology, especially experimental
nuclear physics, requires the creation of new, and
improvement of existing devices for registration of
nuclear radiation. In recent years, it is becoming
more widely to use semiconductor detectors (SCD)
based on silicon, germanium, and compound
semiconductor type compounds as A’B’ and A’B°
[1-3]. Among the broad class of nuclear radiation
detectors based on semiconductor crystals the
silicon-lithium detectors occupy a special place
[4-6].

The development of semiconductor strip
detectors with orthogonal field with high energy and
position resolution, linearity of the signal over a
wide energy range for various types of particles, is
closely linked with the technology of manufacturing
the detection modules and semiconductor properties
of the original crystal. In this paper we consider
physical ~and  technological features  of
manufacturing of Si (Li) strip detectors with
orthogonal field and with a large sensitive area.

The disadvantages of existing semiconductor
strip detectors are not high position resolution, as
well as the impossibility of combining the thin
entrance window with a sufficient thickness of the
sensitive area. Processing methods of creating
resistive layers and modes are not enough covered
in the technical literature. The identity of the
elements of discrete strip detectors with orthogonal
field and characteristics of resistive layers of
continuous strip detectors caused by the initial
parameters of the semiconductor, in particular,
coordinate the distribution of in homogeneities in
the volume, and nature. During the spectrometric
processes heterogeneity manifested in the form of
large-scale traps, but their nature and coordinate
distribution in the track remain undiagnosed. The
obtained correlation of the effective dimensions of
in  homogeneities and their spectrometric
characteristics of the detectors is not investigated on
the working conditions of detectors with orthogonal
field.

Investigation  of  various  defects in
semiconductors and having the ability to control
their concentrations carry fundamental importance
in the development of high quality semiconductor
strip detectors with orthogonal field and with large
amounts of sensitive area, as these characteristics
ultimately determine the coordinate and computing
spectrometric characteristics of these devices.

Material and methods

Si (Li) p-i-n structure was made by us on the
basis of single-crystal silicon wafer of p-type with
initial parameters: the resistivity p = 5000Q.cm, the
lifetime of the charge carriers =300 ps. After some
chemical-technological operations on plates the
diffusion of lithium to one of its sides were carried
out in vacuum at a temperature 7= 450°C at a depth
of 300 um. After that, to compensate for the entire
thickness of the plate, the drift of lithium ions in the
entire thickness of the plate was carried out. The
process of drift conducted at a temperature 7= 80 +
100°C, the reverse bias voltage 60-300V for
obtaining the compensated i-region. The thickness
of the i-region is 6 mm. After the process of drift,
the plate cut rectangular shape, then the diffusion
(nt+) region erupted with wire saw with diameter of
(100 +300) um. As a result of extended operation, a
groove with depth (0.4 + 0.6) mm and a width of 200
um at a distance of (0.4 + 1) mm apart was obtained.
Then a number of chemical-engineering operations
were held. By using a mask, Al and Au contacts
were deposited on each strip.

Results and discussion

For large size SCD particular importance is the
flatness of the p-n junction overall area of its
sensitive surface, and the depth of the p-n barrier
forming by diffusion method. This is due to the fact
that on the one side the thickness of the diffusion
region should be sufficiently thin (the "dead layer"),
i.e. layer on which the energy loss of the charged
particles in this layer do not contribute to the energy
spectrum of the amplitude and on the other side the
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thickness should be enough thick to provide an
effective p-n barrier. In order to ensure effective
conditions for the formation of p-n barrier and one
of the important radiometric parameters (of the
"dead layer") of SCD-based on Si (Li) p-i-n
structures, we carried out a study on the selection of
the optimum thickness of the diffusion region after
the end of the drift of lithium ions to the desired (set)
thickness of Si (Li) p-i-n structure. On the lithium
side, a layer with thickness of 120 microns was
removed. The remaining layer of lithium determines
the resistance of the diffusion layer from the detector
parameters and conditions of diffusion. The
calculated values were in good agreement with the
measured values. Lithium side was probed with
collimated source. It is shown that the lithium layer
is homogeneous. Consequentially, there are
analytical dependences of noise for signals that
determine the energy and position of a particle from
the parameters of the detector, the temperature
resistance of the diffusion layer and constant of
forming a continuous chain [3]:

S(E) = 7,2915 x 10'°C x
1
X[kTTRe (1 LR )] /2 ecv, 0

48R,

S(p) = 7,2915 x 1019 %
CZReR)]l/Zﬂ
19272 c’

2

[SRTT (1 + % +

where C is the capacitance of the detector — 25 pF,
R — resistance of the resistive layer, R.— equivalent
noise resistance of the FET 200 Ohm, 7 — time of the
forming a chain — 0.25 ps, kK —Boltzmann's constant,
T is the temperature — 300 K. After substituting the
values of the equation it can be rewritten as keV:

5(p) = 1285~ (1+ %2)]1/2, 3)

5(E) =35[1+ ;46]1/2, (4)

where R is expressed in kilo Ohms. The contribution
of the leakage current in the noise energy signal, at
room temperature in the case of single
differentiation-double integration pulse shaping, can
be written as keV:

§() = 3,44[I7] /2, (5)

ISSN 1563-034X

where / — leakage current. The total noise of the
energy signal from (4) and (5)

SUE) = [62(E) + 62(1)] /2 6)

can be written from (6)

S(P)XL
=, (7

§(P) =
where L is the length between the contacts of the
lithium layer, £ — energy of particles.

In the manufacture of silicon strip detectors and
we have measured the electrical characteristics of
the spectrometer. Obtained by the proposed method
detectors have the following typical parameters: a
reverse bias voltage U,., ~ 20 + 200, dark current /
~0,1+0,5 pA, the capacitance C ~ 25 pF, the noise
energy £, ~ 12-35 keV.

In most cases, the two types of measurements is
the most significant: determination of the energy of
the particles and their flow measurement.
Sometimes it is necessary to register a group of
particles of low intensity in the presence of a large
number of other particles with very similar energies.

The energy resolution is measured by using a
source of o**°Ra particles and B particles **’Bi.
Registration of amplitude spectra was carried out
using a conventional spectrometer path. The energy
resolution of detectors for a-particles is ***Ra (E, =
7,65MeV) R, = 46 keV (Fig.2.) and for S-particles
from the source of **'Bi (Es ~ 1 MeV) Ry ~ 18 keV
(Fig.1.) taken at 7= 300 ° K.

Studies have shown that the shape and energy
resolution for a and f particles are not significantly
different from the area of the entrance and side
window detectors.

e

N, 10p
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[
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Figure 1 — The energy resolution of the detector
or o-particles ?*°Ra (Eq = 7,65MeV).

Recent Contributions to Physics. Ne2 (61). 2017 35



Development of silicon strip detectors with orthogonal field

e

;i

N, 10p

18 kev

#Nijiﬁm W

e A T

T - ’ -~ L k'|

1200 1750
channel number

-
1

Figure 2 — The energy resolution of the detector
for B-particles 2°'Bi (Ep ~ 1 MeV)

Manufacturing process of Si (Li) strip detectors
with large working area from the large-diameter
silicon has their own characteristics. This is due to
impurity in homogeneities, formation of dipole
structures in places, acceptor impurity clusters and
inhomogeneous distribution of the resistive layer in

the large size silicon surface. All of these factors
significantly alter the processes of diffusion and
drift of lithium ions, and the choice of the resistive
layer. However, it is necessary to solve a number of
issues of technological and physical nature. These
issues relate to the characteristics of the low-
temperature diffusion of lithium to obtain a uniform
resistive layer and also for the processes of diffusion
and drift of lithium ions in large size silicon,
optimizing the electrical and radiometric
characteristics of each band and structures, and for
matching electronics.

Conclusion

Consequently, research has shown that the
detectors that was developed by us, can operate
effectively with both perpendicular and parallel fall
of the particles relative to electric field, and can be
successfully applied to the detection of long charged
particles.
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UCCAEAOBAHUE BbICOKOTEMIMEPATYPHOM KOPPO3UU TPAOUTA
C SIC-TTOKPbITUEM

B cratbe onucaHbl pe3yAbTaTbl 3KCMEPUMEHTOB MO BbICOKOTEMMEPATYPHOM KOPpPOo3un rpacdmTa
SiC-nokpbiTnem. AAs obecriedeHnst 6e30nacHon paboTbl BbICOKOTEMIEPATYPHOrO Fa300XAAXKAAEMOrO
peakTopa (BTIP) HEOOXOAMMO MCCAEAOBATb MOBEAEHME TOMAMBA M TPAPUTOBLIX SAEMEHTOB €ro
AKTMBHOM 30HbI B CAyYae MornaAaHus TyAa BO3Ayxa WM/MAM BOAbl. Ha ceroaHsitHMiA AeHb paboTbl Mo
KOPPO3MM MHOFOUMCAEHHbIX COPTOB PEAKTOPHbIX IPahMTOB B KMCAOPOAE, BO3AYXE M B Mapax BOAbI
HeAOCTaTouHbl, B AaHHOI paboTe MpoBeAeHbl IKCMEPUMEHTbI MO BbICOKOTEMMEPATYPHON KOPPO3Umn
rpacpmta [G-110 (McxoaHbIx 1 ¢ SiC nokpbiTMem) 06pasLOB M MOAYUeHbl TeMIepaTypHble 3aBUCHMOCTH
KMHETUK M3MEHEHMUs ra3oBOro COCTaBa B KOPPO3MOHHOM Kamepe C obpasiuamu rpaura B AnanasoHe
Temnepatyp oT 750°C Ao 1400°C m npu HauyaAbHbIX AABAEHWMSX MapoB BoAbl B Kamepe 10-100 [Ma.
HabAloaaeTcst cyliecTBEHHOE OTAMYME B CKOPOCTSX U3MEHEHUS AQBAEHUS B KOPPO3UOHHOM KaMepe AAS
Pa3AMYHBIX ra30B MpPW 3KCreprumeHTax ¢ rpacpmtom 6e3 nokpbITHs Ha PUKCUMPOBAHHONM TemrepaType.
ITOT (haKT CBUAETEAbCTBYET O CYLLECTBEHHO OTAMYAIOLLMXCS 3HAYEHUSX CKOPOCTeN peakumii U
CAOXKHOM MeXaHW3Me KOpPPO3WM, 3aBUCSILLEM OT MPOLLECCOB, MMEIOLLMX Pa3AMUHbIE KOHCTAHTbI. TakKe
ObIA NPOBEAEH KAUeCTBEHHbIN aHAAM3 PE3YABTATOB KOPPO3UOHHBIX SKCMEPHMEHTOB.

KAroueBble caoBa: koppo3sus, rpadmT, SiC-nokpbiTusi, peaktop BTIP, ckopocTb peakumu.
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Investigation of high-temperature corrosion of graphite with SiC coating

The article describes the results of experiments on high-temperature corrosion of graphite with SiC
coating. To ensure the safe operation of a high-temperature gas-cooled reactor (HTGR), it is necessary
to investigate the behavior of fuel and graphite elements of its core in case of air and/or water ingress.
Nowadays, the data on corrosion of numerous types of reactor graphites in oxygen, air and in water
vapor is insufficient. In this work, experiments were conducted on high-temperature corrosion of IG-110
graphite (without and with SiC-coating) samples and the temperature dependences of kinetics of gas
composition change in corrosion chamber with samples of graphite in temperature range from 750°C to
1400°C and at initial pressures of water vapor in the chamber 10-100 Pa were obatined. There is a sig-
nificant difference in the rate of pressure change in corrosion chamber for various gases in experiments
with graphite without coating at a fixed temperature. This fact states about different values of reaction
rates and a complex mechanism of corrosion, which depends on processes having different constants. A
qualitative analysis of the results of corrosion experiments was also carried out.

Key words: corrosion, graphite, SiC coatings, HTGR reactor, reaction rate.
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HccnenoBanne BEICOKOTEMIIEpATypHOH Koppo3uu rpadura ¢ SiC-oKpeITHEM
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JKofapbl Temneparypaabl SiC-kanTaAFaH rpadouT KOppo3usiHbl 3epTTey

Makaaa SiC-kanTamacbl 6ap rpaduTiHiH XOFapbl TeMMepaTypaAblk, KOPPO3MOHAbIK, SKCMEPUMEHT-
TepiHiH HOTUXKEeAEPiH cunaTTanAbl. )Korapbl TeMrepatypanbik, ra3beH CaAkbIHAATbIAATbIH PEAKTOPbIHbIH
(HTGR) kayinci3 >kymbIC icTeyiH KaMTamachi3 eTy YLUiH, OHbIH 6EACEHAT aliMaFbIHbIH OTbIH KEPHIHIH YKeHe
rpadmT SAEMEHTTEpIH, ayaHblH XKoHe / Hemece Cy Kipy >Karaanaa TopTibiH 3epTTey KaxeT. ByriHri kyHi,
OTTEeriMeH, aya >aHe Cy OGybIMeH KOMNTereH peaktop rpauT COPTTapbIHbIH XKOFapbl TEMMEPATYPAbIK,
KOpPPO3MAChl BGOMbIHLLIA >KYMbICTap >KeTKiAikci3. Herisri >xymbicta 1G-110 (6actankpl >xaHe SiC
KanTtamacbl 6ap) rpaduTTEPIMEH XKOFapbl TeMMepaTypPablk, KOPPO3USAAbIK, SKCMEPUMEHTTEP OTKI3iAAI
>KoHe rpaduT yArici 6ap kamepacbiHbiH 750 © C-aeH 1400 © C aeniH Temnepatypa AmanasoHbiHaa 10-
100 IMa cy 6yblHbIH KbICbIMbIHAA TEMIMEPATYPAAbIK, TOYEAAIAIriH XX8HE ras Kypambl 63repy KMHEeTMKachl
aAblHABL.  TypakTbl TemrepatypaAa KanTamachi3 rpaduTreH OTKeH 3KChepuMeHTTep 6apbiCbiHAQ
KOPPO3MSABIK, KamepAa radaap KbICbiMbl ©3repicTep KapKbIHbIHbIH, aiTapAblKTar ariblpMallbIAbIKTap
Gapbl Gankaabl. bya dakT peakums KapKbIMAAPbIHbIH 8PTYPAI GOAATbIHbIH XKOHE KOPPO3MS KYPAEAI
MeXaHM3iMAI npouecTepre GarMAaHbICTbl, AUTAPABIKTAN BPTYPAI MBHAI TypaKTbiAap GapblH KOpCeTeAi.

Koppo3usiAbIK, 3KCNEpPUMEHTTEP HOTUXKEAEPIHIH CarnaAblK, TAAAQYbI XKYPTi3iAAi.
Ty#in ce3aep: kopposus, rpacpmt, SIC->kabbit, HTGR peakTop, peakumst XbIAAAMAbIFbI.

BBenenue

Hns obecrieuenust 6e3omacHON pabOTHl BBICO-
KOTEMIIEPAaTYypPHOTO Ta300XJaKJaeMOT0 peakTopa
(BTT'P) HeoOxomuMmo HcciaeoBaTh MOBEACHHE TO-
IUIMBA W TPa(UTOBBIX AJIEMEHTOB €r0 aKTUBHOM
30HBI B Cllydae MOMagaHus Tyaa BO3AyXa W/WIH
Bozbl. J[n3aiiH aktuBHOM 30HBI BTI'P noiken npe-
JOTBpAIllaTh aBapyH C BOCCTAHOBJIICHUEM KPHTUY-
HOCTH TIyT€M YAEp)KaHUS TEOMETPHH TOIUIMBHBIX
cOOpOK, cofepKaluMx TpadUTOBBIE SIEMEHTH U
TOILTMBO C T'Pa(UTOBBIM TOKPBITUEM, U YITydIle-
HHEM KOPPO3HMOHHON CTOHKOCTH TpaduTa B clydae
aBapuy ¢ IPOHUKHOBEHHEM BO3Myxa/Bojbl. Mccie-
JOBAaHHS TMPOBOISTCS IO JIBYM HAallpaBJICHUEM: a)
CO3/laHue KOPPO3HOHHO-CTOMKOro rpadura, ¢ rpa-
JUCHTHBIM TOKpbITHEM SiC U 0) 3KCIIepUMEHTa b~
HOTO ONPEAEICHHUS YCIOBUI 00pa30BaHusl CTaOMIIb-
HOrO 3am|THOTO C10s1 Si0, nmosepx SiC NOKPHITHS
PEaKTOPHBIX TPAQHUTOB U TOILJIHBA.

Ha cerognsamuuii neHp paOoThl 1O KOPpPO3HUHU
MHOTOYHCIIEHHBIX COPTOB PEaKTOPHBIX IpahuTOB B
KHCIJIOPO/JIE, BO3/IyXE M B Mapax BOJbI HEJIOCTATOUHBI.
Oco0eHHO Majo JaHHBIX 10 KOPPO3HH Ipad)uToOB B
rapax BOJABI IO/ BEICOKUM JIaBIICHHEM, /IS FCCTe-
JIOBaHHS KOTOPOW HE MOAXOMAT CTaHJapTHBIC yCTa-
HOBKH TEPMOTPaBUMETPUHU U MacC-aHAJIM3aTOPHhI, U
HEOOXOMMMO pa3padarhIBaTh CICITHATBHBIC ITEYH U
YCTaHOBKH KOPPO3HH.

Hay4nass HOBHM3HA TOJYYEHHBIX pE3yJIbTaTOB
COCTOWT B TOJYYEHUH HOBBIX SKCIIEPUMEHTAIbHBIX
JIAHHBIX O BBICOKOTEMITEPATYPHOH KOPPO3UH HOBBIX

PeaKTOpHBIX TPa(UTOB € MEPCIIEKTUBHBIMH KapOu/I-
HBIMU TTOKPBITUSMH.

Peaknuu M MexaHu3Mbl KOPpo3uu rpaduro-
BBIX MaTepHAJIOB

MexaHu3M OKUCJICHUsS JTHOO OKWCIICHUE BOJSI-
HBIM TapoM rpadurta COCTOMT U3 TOCIEI0BATEIb-
HBIX (DU3UYIECKHUX M XUMUYECKHX TaroB [1-3]:

- [lepeHoc okucUTENS HA TOBEPXHOCTH IpaduTa;

- AncopOnust OKUCIIUTEIS HA TIOBEPXHOCTh Ipa-
¢dura (puzmueckas axcopOns);

- O06pa3zoBaHme CBS3U YIIEPOI-KUCTIOPOT (Xe-
MocopOIus);

- OOpazoBaHue CBSI3U YIVIEPOI-BOAOPOI (CM.
opmymy (6));

- Pazpymienue cBszeit yriiepoa-ymiepos;

- Hecop6bums CO nim qpyTux MpOAyKTOB;

- [lepeHoc POITYKTOB peakiluu ¢ MOBEPXHOCTH
rpagura.

XuMudeckoe B3anMonuelcTBue rpadura ¢ Kuc-
nopoaom O, MPOUCXOHUT MO CIIETYIOIIUM PEAKIIUSM:

2 0,+C=CO AH = - 110,5 xJx/M0Ib, (1)

0,+C=CO0, AH = - 393 x/[x/mMonb, 2)
rne AH — sHTansmms oOpa3zoBaHUs.

D1 peakun ABJIAIOTCA SK30TCPMUUCCKUMU U
JIEUCTBYIOT TEPMOJUHAMUYECCKH.

OO6mas peaknust TpaduTa ¢ YIIIEKHCIBIM Ta30M
CO,:

2
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C+CO,=2C0O AH = 172,5 xJIx/mMob. 3)

BsaumoneiictBue rpadura ¢ BOISHBIM HapoM
IIPOXOJHUT IO CIEAYIOIIUM JIBYM PEAKLUSAM:

C+H,0=CO+H,, AH = 131,3 x/Ix/mMonb 4)

n

C+2H,0=CO,+2H,, AH =-82,4 JLK/Mort®. )

Jlanee oOpa3oBaHHBIN BOAOPOJ pearupyer c
YTIEPOIOM B CIEAYIOMINX PEaKIUsIX:

C+2H,=CH,, AH = -74,81 xJI/Moub, (6)
n
C+H,0=CO+H,, AH = -213,7 xJ[»/MOJb. 7

OTH peakuuu SBIAIOTCA PEaKIUsIMHU Tepexoa
BOJla-Ta3, KOTOPBIH MPOMCXOIUT B Ta30BOH (hase.
B OonpmmHCTBE cilyyaeB, HNPOAYKTHl yKa3aHHOW
BBIIIE PEAKIHNU JIETKO YJIETy4HBAIOTCA, TaK Kak
TEPMOANHAMUYECKOE PaBHOBECHE HE JJOCTUIAETCS.
M3MeHeHne SHTANIBINY SIBJISICTCS Ba’KHBIM, TaK KakK
OHO JIaeT 3HAYCHHE TeIia BBIACIUBIIETOCS B 9K30-
TEPMHUUYECKUX peakiusx [4,5,6].

Kepamuku Ha 0cCHOBE KpeMHMs ObUTH 3aMEUEHBI
B Ka4eCTBE UCKIIOYUTEIHLHOTO CTPYKTYPHOT'O MaTe-
puana emie B 1950-pIX romax, U K HaCTOSIIIEMY MO-
MEHTY CYIIECTBYIOT HEKOTOpPBIE ITyOJINKALH 00 HC-
CJIETOBAHMAX MMACCUBHOTO M aKTHBHOTO OKHCIICHUS
Takux marepuanos [7-10], HanOosee mepcrneKTHB-
HBIM M3 KOTOPBIX siBiIsieTCst KapOua kpemuust SiC.

Oxucnenne SiC xapaKkTepu3yeTcst IBYMS PexkKH-
MaMH: aKTMBHOE OKHCIIEHHE, IJie TIOTepU B Macce
HOSIBIISIFOTCS IO PEaKLMH:

SiC(1)+0,~>Si0(r)+CO(r), 8)

1 MaCCUMBHOC OKHMCJICHUC, MMPUBOIALICEC K YBCJINYC-
HUIO MACCHI 110 pCaKInu:

SiC(1)+3/20 (r)->Si0 +CO(r). )

B cjIydac rnapos BOJbI 3T0, COOTBETCTBECHHO, PC-
AKIHUH:

SiC() + 2H,0(r) -> SiO(r) + H,(r) + CO(r), (10)

SiC(1) + 3H,0(r) -> SiO,(1) + 3H,(r) + CO(r). (11)

ISSN 1563-034X

3nech uHIEKCH (T) U (T) 0003HAYAIOT TBEPAYIO
1 Ta3000pa3Hyo (pas3sl IPOAYyKTa, COOTBETCTBEHHO.

Jnst omucaHusi Tmporiecca OKUCIEHHsS KapOu-
Jla KpeMHUsI TIPY BBICOKMX TeMIIeparypax OObIYHO
nucrnons3yercs moxaens Jwuma-I'poysa [11, 12]. B
paMKax JaHHOW MOJICNIM TMPHUHAMAETCS, YTO peak-
LU OKMCIICHHS MPOTEKAET Ha TPAHUIE MEKIY OK-
CHJIOM U TIOAJIOKKON ObICTpee, HEXKeNU Ha IPaHNLEe
OKCHJa ¢ BHEUIHEN cpenoil. PaccmarpuBaroTest Tpu
JTana, MPOXOJUMBIX YacTUIAMU KHCIOpOAa MpU
OKHCJICHUH:

- JlocTaBka KMCI0pOJia K MOBEPXHOCTH;

- Ero muddyzus gepes cnoit yxe chopmuponas-
LIErocsl OKUCIIA K TPAHULIE C ITOATI0XKKOH;

- XuMudeckasi peakuusi ¢ MaTrepHaioM IOA-
JIOKKH.

B mpouecce TepMHYECKOIO OKHCICHUS KpPEM-
HUsSI TIpOsIBIIsieTcs psifl pusndeckux 3hdexToB, CBs-
3aHHBIX CO CBOWCTBaMHU JAMOKcHIA KpeMHusi. OauH
13 TakuX 3P(HEKTOB MPOSBIACTCS B AHOMAIHHO BBI-
COKOM, IO CPAaBHEHUIO C PACCUMTAHHON MO MOJEIHN
Huna-I'poyBa, CKOPOCTH OKHCIJIEHHsI HA HadaJIbHOU
CTaJ1M, KOI/Ia TOJILIMHA PACTYIIEro CJIOSI JMOKCHIA
kpeMHus He mpeBbimaet 30-40 um. [l ommcanms
pocTa AMOKCHJIa KpEMHUS HAa Ha4albHOM 3TaIe Tep-
MHYECKOT0 OKHUCJICHUSI B CyXOM KHCIIOPO/E UCIIOb-
3yeTcs MoJielib 00beMHOro okucienus [13]. B ot-
anume ot Moaenu Auna—I"poyBa B Hell monaraercs,
YTO PEeaKLysl OKUCICHUS KPEMHUS UAET HE Ha IUIO-
CKOW TI'paHMIIe pa3Jiesia, a MOXKET MPOUCXOIUTH 10
BCEMY 00beMy paccMaTpuBaeMoii cuctembl SiO,—
SiC mexmy moBepxHOCTBIO Si0, M HEKOH ITOCKO-
ctbio B riryoune SiC, 10 KOTOpod MoryT mnpoauc-
(yHIMPOBATH MOJICKYJIBI OKHUCIIHATEIIS.

Hccaenyemblii MaTepuall

B xadectBe 00bEKTOB HcCie0BaHNS OBLTH BbI-
OpaHbl 00pa3Ilbl PEAKTOPHOIO TpaduTa MEIKOo3ep-
Huctoro [G-110 ¢ aHTHKOPPO3NOHHBIM MOKPBITHEM
u ucxoxHoro (6e3 mokpeiTus). IlnorHocTs 1,78 1/
cM3, macca obpasna ~ 1 T, mpoyHocTs Ha U3ru6b 39
MITa, TBepaocts 1o Llopy 51.

O6pasuer nMenn (hopMy MmapaieNienuie1a pas-
Mepamu 3,3x3,3x55 mm. (cM pucynok 1). nuaHas
CTOpPOHa 00pa3lOB OPHEHTHPOBAaHA NEPHCHIUKY-
JISIPHO OCH CYKATHS.

Pucynox 1 — Buz nccnenyemsix o0pasios
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3KC1’IepHMeHTaJ’[LHaﬂ YCTaHOBKa

OKCHEpUMEHT IPOBOJMICS Ha YCTaHOBKE IIO
HCCIIEIOBAHNIO BBICOKOTEMIIEPATYPHOH KOPPO3UH
peaxropubix MatepuaioB (CorrSiCa), cxema mpu-
BEJICHA Ha pUCYyHKe 2. JlaHHas 3KCIepUMEeHTaIbHas
yCTaHOBKa IIPeJHAa3HAu€Ha JUIs UCCIEI0BAHUS IIPO-
LIECCOB B3aUMOJICHCTBUSI Pa3IMYHBIX MAaTEPHUAJIOB C
BOJSIHBIMU IIapaMU U XMMHUYECKU aKTHUBHBIMHU Ia3a-
Mmu nipu Temneparypax 100 — 1600 °C u gaBneHusx
104-10° ITa B ucnbITaTeIbHON KaMepe. Y CTaHOBKA
[I03BOJISIET OPraHW30BBIBATH IOJOOHBIC HCIIBITA-
HUSl B YCJIOBUSIX NPOJAYBKH Ta3a CKBO3b KaMepy ¢

obpasiom co ckopocthio 1-100 /4. Kpome 3toro,
BO BpeMSl JKCIIEPHMEHTOB YCTaHOBKA TIO3BOJISIET
MPOBOJIUTH MacC-CIIEKTPOMETPUICCKUN aHaIN3 CO-
CTaBa Ta30B B KOPPO3MOHHOW Kamepe, C MOMOIIBI0
MPENU3UOHHOTO MEXaHWYECKOTO HaTeKaTels W
Mmacc-criekrpomerpa RGA-100. Harpes o0pa3uos
ocyuectBisieMblil eukoit GSL-1600 u mo3BossieT
pean30BBIBaTh MPOTPAMMHPYEMBIE TeMIepaTyp-
HBbIE PEXHUMBI UCIBITAHUH, M 00ECreurBaeT TO4-
HOCTh MOJACPKAHMS 33a7]aBaeMOi TeMIlepaTypbl Ha
ypoBHe +0,5°C (mamamazon temmepatyp 100-1100
°C) u £1 °C (munanason Temneparyp 1100-1600 °C).
OOuwmii BU/I yCTaHOBKU MPHUBEJICH HA PUCYHKE 3.

—
JHat4uk naenesus —— Mace-aramarop Typdo ]
(MA) MaTeKyIAPHbIiT
\( nacoc (TV 81)
O6pazen Turens s
PEAKTOPHOTO obpasta BeHTHIB -
Baxyymmetp (B1) Kamepa rpadura (kepamika AlO3) HaTekaTens (BH) ®
Hamycka (KH) / e
_’Ig i —] T | ] ‘

Sraainn
Atumina rpe THD® Block

Icnaputens BOObI Flange

V4
L e L O V6
4 T o
* Gonnector

N V3

Typ6o
MOJEKYIAPHBIH
Hacoc (TV301)

;e ®

7S

(11B)

e

T e | Buyeen 33 |
?5.\_-_.'_

Pucynox 2 — CTpyKTypHas cXema yCTaHOBKH JUISl HCCIICIOBaHUS KOPPO3UHK rpadura

Pucynok 3 — Bremnuii BUj ycTaHOBKU

xopposuu CorrSiC’a

MeToauka npoBeieHHs UCCIe0BaAHMIA

Ilepen skcnepumeHTamMu oOpaszenl MpeaBapu-
TEJIHHO MBUIM B YIBTPa3BYKOBOM BaHHE B JIUC-
TI/IJIJII/IpOBaHHOﬁ BOAC M OTKHUIaJikd IIpU TEMIICpa-
type 500 °C B TeueHun 5 wacoB. 3aTeM oOpaser
B3BCITMBAJICS Ha aHAIMTHYECKHUX Becax (Sartorius
CPA225D, tounocts 10 MKI) W TPOBOJMINCH UX
MHUKPOCTPYKTYpHBIE uccienoBanus. [lanee oOpaser
3aKJIaIbIBAJICS B I€Yb (KOPPO3NOHHYIO KaMepy ), Io-
cJIe yero crcreMa Oblaa oTkadaHa 10 gasiaerus 0,01
Topp. Ilocne oTkauky Kamepsl, ¢ MOMOIIBIO MeXa-
HUYECKOTO HaTeKaTelsl OPraHN30BaJIOCh HATEKaHHe
ra30BOi CMECH U3 KaMepbl ¢ 00pa3iioM B KaMepy ¢
Macc-CIeKTPOMETPOM.

B macrosmelt pabote, SKCIEPUMEHT TIPOBO-
JIUTCSI B YCJIOBUSX JIMHEWHOro HarpeBa oOpasia
rpaduta no temmeparypsl okosno 1400°C, namee
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OpPraHU30BBIBAINCH HAITYCKH NApOB BOJBI B KAMEPY
¢ 0o0pa3LoM, B MpoLecce MoJaund U yCTAaHOBJICHUS
pPaBHOBECHOTO OaiaHca 10 ra3aM B Kamepe, TeMIie-
parypa obpasua He u3mensiercs. [locne cusTus 3a-
BUCHMOCTH KHHETHKHM W3MEHEHHUS COCTaBa rasa B
KaMepe Tpu Iojayl Ha oOpaselrl mapoB BOJABI IpHU
MaKCHUMaJbHOW Temmeparype obOpasua 1400°C
ra3oBasi CMECh OTKAQUHMBACTCA U3 KaMephl U IPOBO-
JIUTCSL CIYCK K CIEIYIOLIEH HCCIEeyeMOU TeMIle-
parype obOpasna (B KauecTBE HCCIIEAYEMbIX TeMIIe-
patyp Owputu BeIOpansr : 1400°C, 1300°C, 1200°C,
1100°C, 1000°C, 900°C, 7500°C).

3a Bce BpeMsl HKCIEPUMEHTOB PErncTpHpOBa-
JoCh M3MEHEHHME cocTaBa rasa B kamepe. Ilocie
KOPPO3MOHHBIX HKCIEPUMEHTOB 00pa3lbl CHOBA
B3BEIIMBAJINCH U MPOBOJMINCH X MUKPOCTPYKTYp-
HbIE MCCIICIOBAHMUS.

Koppo3nonHbie 3KCIepUMEHTHI ¢ 00pa3iaMu
rpadura IG-110

B cooTBeTcTBUM C MpUHATOM METOAMKOM HC-
CIIeTIOBaHMS OBUTA TIPOBEICHBI KOPPO3HOHHBIE DKC-
nepuMeHThl ¢ rpadurom 1G-110. ITo pesynbTaram
MIPOBEJICHHBIX MCCIICIOBAHMIA OBLITN ITOJTy9YEHBI KOM-
TUIEKCHBIE BPEMEHHBIE, TEMIIEpaTypHbIC TUarpam-
MBI IKCIIEPUMEHTOB MO Kopposuu. Ha pucynke 4
MIPUBEACHBI XapaKTEPHBIC 3aBUCUMOCTU U3MEHEHUS

JIABJICHUSI Pa3JIMYHBIX Ta30B B KaMepe ¢ 00pa3ioM
rpaduTa Tpu HaIycKax MmapoB BOJBI (TIOTHAS TUa-
rpaMma dKCTIIepUMEHTA).

Ha pucynke 5 npuBeneHbl 3aBUCUMOCTH H3Me-
HEHUS COCTaBa ra3a B KaMepe MPU KOPPO3UHU UCXOJI-
HOro rpaduTa u rpadura ¢ MOKPHITUEM JIJIS Pa3iny-
HBIX TemIieparyp odpasia.

ITepBuuHBIM aHAINM3 KOPPO3UOHHBIX KPUBBIX U3-
MEHEHUSI COCTaBa ra3a B Kamepe MO3BOJIHII C/IEaTh
CJICTYFOIIIUE BHIBOJIBI:

Koppo3us Tpadura 0e3 TOKPBITHUS MPOTEKAET
[PU pasHbIX TEMIIEpaTypax pPa3InYHBIM 00pa3oM:
OTIIMYAIOTCSA KaK KBa3UCTAIMOHAPHBIC pPaBHOBEC-
HbIE YPOBHH JABJICHUH [T PA3IMYHBIX T'a30B, TaK U
KWHETHKa N3MECHEHHsI COCTaBa ra3a B Kamepe;

HauOoyiee 3aMETHBIC HM3MCHCHUS JIaBIICHUS B
KaMmepe TpHU KOPPO3WOHHBIX HCIIBITAHUAX Tpaduta
0e3 nokpeITHs IporcxoaT 1t rasos: H,, CH,, CO,
CO,;
Ha0JIOIaeTcsl CyMIeCTBEHHOE OTIMYHE B CKO-
POCTSIX U3MEHEHUS JaBJICHUS B KOPPO3UOHHOM Ka-
Mepe IS Pa3IMYHBIX Ta30B MPHU IKCIIEPUMEHTAX
¢ rpaduTroM Oe3 TOKPHITHS Ha (PUKCHPOBAHHOM
Temmeparype. IToT (QakT CBUACTEILCTBYET O CY-
IIECTBEHHO OTIMYAIONINXCS 3HAYCHUSIX CKOPOCTEH
peaknuii U CII0)KHOM MEXaHH3Me KOPPO3UH, 3aBH-
CSIIIEM OT MPOIECCOB, UMEIOUINX pa3IMyHble KOH-
CTaHTHI,

0 3000 6000 9000 12000 15000
, : : : : : — 1600
7.0x10° 4 1500
— i J 1400 —2
6.0x10° ‘F f | f 4 1300 T
: 3 1200
T 5.0x10° EF L 4 1100 o
@ = g Jioo o | —16
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PucyHok 4 — 3aBUCHMOCTH M3MCHEHUS JABJICHHS PA3INYHBIX Ta30B
B Kamepe ¢ 00pa3noB rpaduta IG-110 npu Hamryckax mapoB BOABI
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Pucynoxk 5 — 3aBUCHMOCTH N3MEHEHHS COCTaBa raza B kKamepe ¢ 00pasiom rpadura (a, B, 1)
u ¢ obpasnom rpaduta ¢ nokpertieM SiC (0, T, €) B KOPPO3HOHHBIX IKCIIEPUMEHTAX
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3akiaouenune

[IpoBeneHbl AKCIEPUMEHTHI 110 BBICOKOTEMIIE-
patypHoii koppo3uu rpadura [G-110 (ucxoaHbIX 1
¢ SiC nokpsITHEM) 00PA3LOB U MOJTyYeHBI TEMIIEPA-
TypHbIC 3aBUCUMOCTU KMHETHK W3MEHEHUS I'a30BO-
ro COCTaBa B KOPPO3MOHHOM Kamepe ¢ oOpas3iaMu
rpadura B aumanasoHe Temiepatyp ot 750AC no
1400AC n mpy HaYaIBHBIX JABICHUSIX TTApPOB BOJBI
B kamepe 10-100 ITa;

[IpoBeneH KauecTBEHHBIH aHalU3 pe3yibTa-
TOB KOPPO3HWOHHBIX AKCHEPHUMEHTOB, KOTOPBIi
BBISIBUJI 3HAUUTEIILHOE OTJIMUNE B XapaKkTepe Kop-
posuu rpadura IG-110 ot rpadura ¢ SiC mokpsI-
THEM.

B3BemmBanrue MCXOAHOTO 00paslia MO3BOJIMIIO
OTIPEJCIUTh MOTEPI0 MACCHI 32 BpeMs MCIIBITAaHWH,
9TO COCTaBMIIA OKOJIO 2,6 %, mist oopasima ¢ SiC mo-
KPBITHEM 3aMETHOTO U3MEHEHUS MacChl He HaOII0-
Jaoch.
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O MEXAHU3ME MHNMUNUPOBAHWA B3PbIBYATbLIX BELLLECTB
CUABHOTOYHbLIM UMITYAbCHbIM SAEKTPOHHbIM INMYYKOM.
Ob30P

AKTYaAbHOCTb UCCAEAOBAHWIA MeXaHM3Ma MHULMMPOBaHMS B3PbIBYATbIX BELLECTB CUABHOTOUHbIM
MMMYAbCHbIM 3AEKTPOHHbBIM MYyUYKOM OOYCAOBAEHA OOLleHayUHbIM M MPAKTUYECKMM MHTEPECcOM K
M3yYyeHMio (PYHAAMEHTAAbHBIX SIBAEHWI MPU B3aMMOAENCTBMM MOLLUHBIX HarpaBAEHHbIX MOTOKOB
BHEpPrMn C KOHAEHCUMPOBaHHbIMKM CpeAamu. B yacTHOCTM, BOAbLIOE MpaKkTUYeckoe 3HauyeHue Mmeet
M3yyeHue npouecca 3AeKTPOHHO-MYYKOBOrO MHULMMPOBAHWNS SHEPreTMUYeCKMX MaTePUaAAOB C LIEAbIO
MPaKkTMUYECKOro MCMOAb30BaHMS 3TOro criocoba MoApbiBa B TEXHOAOIMUYECKMX LeAsX (HaHeceHue
MOKPbITUIA, CBapKa B3PbIBOM M AP.). M3BECTHO, UTO BO3AENCTBME CUABHOTOYHOI O SAEKTPOHHOT O Myyka Ha
AVDAEKTPUKU U MOAYNPOBOAHUKMN MPUBOAUT K USMEHEHMIO OMTUYECKMX, IAEKTPUUECKMX M MEXAHWNYECKMX
CBOWMCTB MaTepraAoB. B cTaTbe npeAcCTaBAeHbl OCHOBHbIE MOAOXEHUS O MeXaHM3Me MHULMMPOBaHMS
B3pbIBUaTbIX BelecTB (BB) CUMAbHOTOUHbIM 3AEKTPOHHbIM Mydkom (C3I). TMpoBeaeH 0630pHbIN
aHaAM3 Hay4HbIX PaboT, MOCBSLLEHHbIX MCCAEAOBAHUIO MPUPOAbI MEXaHM3Ma MHULMMPOBaHKs BB npu
Bo3aencTeumn CIM1. [Moka3aHo, YTO Ha MOpore MHUUMMPOBAHMS B3pblBa CBEYEHWE 3HEepreTUyeckmx
MaTepraAOB OMNPEAEASeTCS AByMst (DM3MUYECKMMM NMPOoLeCCamm — MMIMYAbCHOM KaTOAOAIOMUHECLIEHLIMEN
TBEPAOIO TeAQ, KOTopasi HAbAIOAQETCSl TOAbKO B MOMEHT UMIMyAbCa 0OAYUEHMS 1 CBEYEHMEM NMPOAYKTOB
B3PbIBHOTO pPa3A0XeHus (MAa3moit), KoTopoe (OpMUMPYEeTCS MOCAe MHAYKLMOHHOIO MeproAa.
[NprMeHsiemMble paHee METOAMKM PerncTpaLmm CrekTpoB B3pbiBa SHEPreTUUYECKMX MaTEPUAAOB UMEAN
HEeAOCTAaTOYHOEe CreKTPaAbHOe paspelleHue, YTO He TMO3BOASAO MAEHTU(DULMPOBATb MPOAYKTHI
B3PbIBHOIO PA3A0XKEHMS MCCAeAOBaHHbIX BB.

KAtoueBble cAOBa: CMABHOTOUHbIM SAEKTPOHHBIN MYyYOK, MeXaHW3M MHULIMMPOBAHMS, B3pbIBYaTbIE
BeLLlecTBa.

Plotnikov S.V.", Turlybekuly A."", Manapbaeva A.B.?

'D. Serikbayev East Kazakhstan state technical university, Ust-Kamenogorsk, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan
“e-mail: aturlybekuly@gmail.com

Explosives initiation mechanism by high — current electron beam pulse. Overview

The research urgency of the explosives initiation mechanism by a high-current pulsed electron beam
is due to general scientific and practical interest in the study of fundamental phenomena in the interac-
tion of powerful directed energy flows with condensed media. In particular, it has a great practical im-
portance to study the process of electron-beam initiation of energy materials in order to use this method
of detonation for technological purposes (coating, explosion welding, etc.). It is known that the action of
a high-current electron beam on dielectrics and semiconductors leads to a change in the optical, electri-
cal, and mechanical properties of materials. The article presents the main points of the initiation mecha-
nism of explosives by high-current electron beam. Providence overview of scientific papers devoted to
the study of nature initiating explosive mechanism under the influence of high-current electron beam.
It is shown that on the verge of initiating an explosion glow of energetic materials is determined by two
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physical processes — pulsed solid cathodoluminescence, which occurs only when the pulse irradiation
and glow of explosive decomposition products (plasma), which is formed after the induction period.
The applied methods previously recording the spectra of the explosion of energetic materials have in-
sufficient spectral resolution, which did not allow to identify the products of explosive decomposition
studied explosives.

Key words: high-current electron beam initiation mechanism explosives.
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JKoFapbl TOKTbl MMMNYAbCTIK 3A€KTPOHADIK, LLIOFbIPMEH >KapbIAFbILL 3aTTapPAbIH,
MHULMAUMSAAHY MexaHu3Mmi. LLloay

JKoFapbl-aFbIMAAFbl  UMMYAbCTIK 3AEKTPOHADIK, LLIOFbIPAAPAbIH KOMEriMEH >KapbIAFbILL  3aTTbIH,
>KapbiAy cebentepiH 3epTTey, GaFbITTaAFaH 3HEPrusi COYAGAEPI MEH KaTTbl AEHEHiH opekeTTecyi
ipreni  KyObIAbICTapAbl 3epTTey TYPFbICbIHAH aAFaHAQ, KOAAAHOAAbI MaFblHACbl >KOFapbl, ©3eKTi
MaceAe GOAbIN TabblAaAbl. ATar anTKaHAQ, OA TEXHOAOIMSABIK MakcaTtTapAa (kabblH Ty3y, >KapblAbIC
ASHEKepAey >oHe T.0.) OCbl SAICTI MarmAaAaHy YWiH SHEPreTUKAAbIK MaTeprUarAapAbl SAEKTPOHADI-
LLIOFbIPAQPMEH  aTKblAQy MPOLIECIH 3epTTey YAKEH MPaKTUMKAAbIK, MaHbI3bl 06ap. AMIAEKTPUK >KoHe
>KapTblAA OTKI3rilTepAi XKOFapbl aFbIMAAFbl SAEKTPOHABIK, LIOFbIPAAPMEH aTKbIAQY MaTepUaAAAPAbIH
OMTMKAABIK, SIAEKTP KOHE MeXaHMKaAbIK, KaCMeTTepPiH e3repyiHe akeAeTiHi 6eAriAi. Makasasa >korapbl
TOKTbI 9AEKTPOHADIK, LIOFbIPAbIH 8CEPIHEH >KAPbIAbIC MEXaHM3MIiHIH Heri3ri 3aHAbIAbIKTapbl YCbIHbIAFaH.
DAEKTPOHABIK, LUOFbIPAbIH 8CEPIHEH >KaPbIAbIC MEXaHM3MI XKaMAbl 6acTamMallibIAbIK, CUMATTaFbl 3epTTeyre
apHaAfFaH FbIAbIMM >KYMbICTapFa capanTaMaAbl LIOAY >KacaAAbl. JKapbiAbIC MHULMAUMSAQY LUETIHAETI
MaTepuaAAapAbIH COYAEAEHYI eKi (DM3MKAAbIK, YAEPICTEPMEH CUMMATTaAAAbl — COYAEAEHAIPY Me3eTiHAE
6anKaAaTbiH  MMMYAbCTi  KaTOAOAIOMMHUCLIEHLMSIMEH >KOHE  >KApPbIAbICTbI  bIAbIPAY  ©HIMAEPIHIH
COYAEAEHBYMEH CMMaTTaAaAbl.

TyiiH ce3aep: >KoFapbl TOKTbl SAEKTPOHADIK, LLOFbIPAAP, MHULMALMSIAQY MEXAHM3MI, YKAPbIAFbILL

3aTTap.

BBenenue

Azunel TspKenbix metamioB (ATM) Ha mpoTsike-
HUU MHOTHUX JIET SIBJISFOTCS MOJICIIEHBIMH OOBEKTa-
Mu i1 uccienoBanus BB, a TOH mmpoko ucnoss-
3yeTcs Kak BTopuuHoe BB.MexaHusm B3pbIBHOTO
pasnoxxkeHus camux BB 10 Hacrosimiero BpeMeHu
TOYHO HEU3BECTEH, XOTSI C MOMEHTA MEPBOr0 MHU-
uuupoBanus TOH CHIBHOTOYHBIM 3JICKTPOHHBIM
myakoM (C3II) ¢ 2003 roxa npomuto 6omee 10 meT.
[IprMeHeHne SHePTrrHr JIEKTPOHHOTO ITyYKa U MOLII-
HBIX JIA3€PHBIX UMITYJIbCOB B COUETAHUU C DIEKTPO-
(U3MYECKUME W ONTHYECKUMH METOJIaMHU HCCIe-
JIOBAHUSI C BBICOKMM BpPEMEHHBIM pa3pelieHueM
MO3BOJIMJIO TTOJTYYUTh OOLIUPHBINH CIEKTP IKCIIEPH-
MEHTAJIbHBIX JAHHBIX O MPOLIECCAX, TPOTEKAOIINX
IIpY B3pBIBHOM pa3iioxeHuu BB.

HauGornee CIOXHBIM SBISICTCS OTpECIICHUES
(M3MKHA TIPOIECCOB, CBS3aHHBIX C BHYTPECHHUMH
npeppaiHusiMu BB nociie ”HUIMUpOBaHus, Tak Kak
CKOpPOCTb JaHHBIX MPOLIECCOB OUYEHb BEJIMKA, a CaM
oOpaszer] Tocie OmbITa TOTHOCTHIO pPa3pyIIaeTCs.
Ha ceronHsIHui 1eHb NPUHATO PAa3IMy¥aTh MeEXa-
HU3MBbl MHULIMUPOBaHUs BB Ha nenHoi u TeniaoBoi
MeToJ pa3BuTHs B3pbiBa BBB. O0630p mpoBoamics
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10 pe3yibTaTaM pabOT HAYYHBIX TPYMII, IMEIOIINX
MIPOTHBOTIONOKEHHBIE OOBSICHEHHSI MEXaHU3Ma Pa3-
BUTHS B3PbIBA.

B3pbIBHOE pa3/io:KeHne YHEPreTHYeCKUX Ma-
TepHAJIOB BO31eliCTBHEM CUJIbHOTOYHOIO JJIEK-
TPOHHOI'0 MyYKa

Cnexmpanvho-Kunemudeckue Xapaxmepucmu-
KU a3u008 msdiceablx Memaniios

Kunernka mpeaB3pbIBHOTO U B3PHIBHOIO CBE-
YeHUs1 HeceT B ce0e 3HAUYMUTENIbHYI0 MH(OpMAaLUIo
0 TIporieccax, MPOTEeKAIOMINX NP WHUIIMHPOBAHUN
BB BosgeiictBuem COII. Cormacuo [1] xunetu-
Ka MpPEIB3PbIBHON M B3PBIBHOW JIIOMHUHECLEHIIMN
a3WJIOB TSDKENTBIX METAJUIOB MPECTaBISET COOOMH
KpHUBYI0, KaK MPaBUIIO, C ABYMS MUKaMU KOPOTKOTO
(~500 Hc B TTOTYBBICOTE) U JUTMHHOBPEMEHHOTO CBE-
yenns (~2 mc). Kunernka cBeuenust azuma cepedpa
npu BozaeiictBun COII mpencraBieH Ha pUCYHKE
1. [To MHEHUIO aBTOPOB MEPBBIA MUK C MAKCHUMY-
MoMm t =500 HC (pucC.l.) COOTBETCTBYET CBEYCHMIO
o0pasua 10 pa3pylIeHus] — MPeaB3PbIBHAS JTIOMU-
HeCUEHUUs (CHEeKTp JIOMMHECUEHLHMH pHC.2), TaK
KaK OH HE COOTBETCTBYET KpuBOM (opmysl [Lman-
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Ka, BTOPOH MUK C MAKCUMYMOM t,=2,5 MKC COOTBET-
CTBYET CBEUEHHIO IIA3MBI B3phIBA C JIMHEHYATHIM
criektpom (puc.3.). [IpeaB3pbIBHYIO JTIOMHUHECIICH-
LUIO CBA3BIBAIOT C Je(eKTaMu, 00pa3yIomnuMucs B
Tporiecce IenmHoi peakiuu. B padore [ 1] mokasano,
YTO B3phIBHOE pasioxkeHne ATM sBrngercs cief-
CTBHEM 5K30TepMHuecKoii peakmuu 2N; —>3N,,
B pe3yJbTaTe KOTOpPOH BblaensieTcst Heprus 10-12
3B, a xapakTep caMOli peakLHU SBJISETCS HETEII0-
BOM, MO NPHUYMHE BO3PACTAHUS MPOBOJUMOCTH B
oOpasie, 00yclaBIMBAIOIIEH Pa3MHOKEHUE DIIEK-
TPOHHBIX BO30YXIEHHH M MPUBOIAIICH K B3PHIBY
oOpasma. [lo3xe, B pabote [2] onuckiBaeTCs THUITO-
T€3a, YTO TIOBBHIIIEHUE MPOBOJANMOCTH B HHUTEBUJI-
HOM KpHCTaJJIe a3uja cepedpa sSBISeTCsl CIeICTBH-
€M TIEPEKPBhIBAHUS 0YaroB PEeaku 1 00pa30BaHUs
CIUTOIITHOTO KaHajia MPOBOAMMOCTH B 00pasIle, Tak
Kak B paboTte [3] aKCriepuMeHTaIbHO JI0Ka3bIBACTCS,
YTO POJIb 0YAroB UCTOJHSIOT 00JaCTH BOKPYT JHC-
JIOKaLUH.
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CBCUCHU TPOAYKTOB B3phIBa.

Pucynox 1 — IlonHas kuHETHKA B3PHIBHOTO CBEUEHUS
makpokpucramia AgN,, A=770 um[1]
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Pucynok 2 — Criektp npezaB3pbIBHOMN JIFOMUHECLICHIIUN
Makpokpuctamios AgN,[1]
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Pucynox 3 — CriekTp cBEYEHUS IPOLYKTOB B3PHIBHOTO
passoxenus Makpokpuctawios AgN,[1]

B pabote [4] mpencraBieHa emie ojJHA TOIBIT-
Ka JT0Ka3aTh IenHyo Teopuio aetonannu ATM. Ha
OCHOBAHHUHM AKYCTHYECKOTO CHUTHaia, CHUMAEMOTO
C aKyCTUYECKOI'0 JaT4yHKa, YCTaHOBJIEHHOI'O HEMO-
CPEJICTBEHHO Ha 00pa3iiec HHUIIMUPYEMbIM J1a3epoM,
pucyHok 4. Tak kak 4acTb CBEUCHHsI, ONECPEKaIO-
11asi MOsIBJICHUE aKyCTUUYECKOT0 CUTHAJIa OTHOCUTCS
K Hene(hOpMUPOBAaHHOMY 00pasily M, MOXET ObITh
UACHTU(OUIIUPOBAHA KaK MPEAB3PHIBHOEC CBCUCHUE.
B cnekrpax mima3mel, oOpasyromieiicsi B pe3yibTa-
Te B3phiBa ATM, HIeHTUUIHPYIOTCS JTHHUN Me-
TajuioB (cepedpo, TauMi, CBUHEI]) U HEKOTOPHIC
muHuH azorta (puc. 5). Hy')xHO OTMETHTB, 4TO MpHU
CIIEKTPAJIFHOM pa3perieHud B ~ 15 HM uaeHTudu-
IHUPOBATh PE30OHAHCHBIC JTUHUU aTOMOB HEBO3MOXK-
HO. Bo Bcex ATM nHaOmromaeTcs TakKe HE UACHTH-
¢umpoBannas auHUA B paiione 770 aM. CriekTpsl
MPEJIB3PHIBHOTO CBEYCHUs, Kak U B padore [5], He
ynaercsi ornmcath Gopmyinoit Ilnanka, uro cBune-
TEJIbCTBYET O €ro HETEIJIOBOM XapakTepe. Takoi
BBIBOJ] TIOJITBEPIKAACTCA KAUCCTBCHHBIM XapaKTe-
poM criekTpa (0COOCHHO T a3ua TaJUTHS, CM. PHUC.
5a 1 XapakTepoM KWHETHKH) CIIaJl MHTEHCHBHOCTH
CUTHAJIa TepeJl MOSBICHUEM CIIEKTpa IIa3Mbl (CM.
puc. 56 u 5B). HetemoBoii xapakrep npeaB3phIB-
HOTO CBEUCHHUS TO3BOJISIET YBEPEHHO UICHTU(DUIIN-
POBaTh €ro KakK MPEAB3PhIBHYIO JIIOMUHECIICHITHIO.

Boiaenens! cienyromuye CBOMCTBa 3TOU JIHOMU-
HECIICHIINH, CYIIIECTBEHHBIX TSI TOHUMAHUS €€ TIPU-
POJIBI K MEXaHU3Ma B3PBIBHOTO PA3TIOKEHUS B IICJIOM.

KopotkoBosiHOBasi rpaHuna JHOMHHECLICHLIUMU
BO BCeX O0BEKTaX JIEKUT B 00JIACTH MPO3PAYHOCTH.
[ombrTkU 00HApY)KeHUS OOJiee KOPOTKOBOJIHOBOTO
CBEUYCHHS C WCIOJBh30BaHHEM 0Oo0Jiee YyBCTBHUTEIb-
HOH ammapaTypsl HE TIPUBEIH K YCIIEXy. DTOT pe-
3yJIBTAT MO3BOJISIET HCKITFOYUTH MIPOIece (hoTopasm-
HOXKCHUSI U3 MEXAHU3MOB Pa3MHOKEHUS JBIPOK.
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Pucynok 4 — Criekrp cBeueHuUs NPOAYKTOB cBeueHuUs B3pbiBa ATM:
VHnmumpoBaHne UMITYIILCOM YCKOpHTENs; a) AgN3, HHTEHCHBHOCTB JIMHUH y94acTKa CIEeKTpa
580+900uMm yBenmuena B 3 pasa, 6) Pb(N3)2, yuactok cnekrpa 650-900uM yBennuen B 10 pas,
B) TIN3, ygacrok criexrpa 570+900uM yBemmdeH B 15 pa3 [9]

2. 3HauuTeNnbHAs YacTh CIEKTpPa MPEIB3PHIB-
HOW JIFOMHHECHEHIIMH COOTBETCTBYET JHEPTUIM
(hOTOHOB, TIPEBHIMIAIONTUM TEPMHUUECKYIO MIHPHHY
3anpemieHHon 30061 ATM (=1+1,5 3B). Cnenosa-
TEIhHO, B JIAHHOM CITydae HMMEET MECTO ropsdas
JTFOMUHECTICHITHSI.

3. CUHXpOHHBIE H3MEPEHHUSI ITPEIB3PHIBHOM MPO-
BOJMMOCTH M JIFOMHUHECIICHIIMU TOKa3bIBAIOT, YTO
JIOMUHECIICHIINST HalromgaeTcss B 00NacTH OYEHb
BBICOKHMX KOHIICHTpAI[Mi 30HHBIX HOCUTEJICH 3apsiia
(=10% cm?). Vike npu 3HAYUTEITHHO MEHBIINX KOH-
IeHTpanusIx HabmomaTes dP(EeKTs HACHIICHHUS
JIOMHHECIICHIINH, CBs3aHHOHU ¢ nedekramu. Kpome
TOT0, TIPY TAKUX KOHIIEHTPAIUSIX CTAHOBSITCS CYIIle-
CTBEHHBIMH TIPOIIECCHI TTOTIIOMICHHS 3apsi/ia 30HHBI-
MU HOCHUTEIISIMHU.

4. B [5] Obu10 MOKa3aHO, YTO TIEpe/ MEXaHHUe-
CKAM pa3pylieHHeM 00pa3el] YaCTUYHO TIIaBUTCS.
CrnenoBarenbHO, MPEAB3PBHIBHAS JIIOMUHECIICHIINS
HaOJTIOIAeTCsI IPU TeMITeparype, OIM3KOH K TeMIle-
parype TUTaBJIeHHS, TPH KOTOPOH JIFOMUHECIICHITHS
OOBIYHO TOTYIIICHA.

B nccnenoBaHusIX B3pBIBHOTO Pa3lIOKEHUS a3u-
OB TsDKENbIX MeTauioB (ATM) [6] mokazaHo, 9TO
CKOPOCTb JE€TOHALIMOHHOM XUMUYECKON peaKkiuu B
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B3pbIBUaTOM BerecTBe (BB) moxer gocturats mo-
psaakoB 10° m/c.

B pabotax [7-9] npemnaraercs merHas TCOPHs
MIPOIIECCOB, PEAKITUS B3PBIBHOTO paznoxeHuss ATM
3aIyCKaeTCsl HEMOCPEACTBEHHO BO BpeMs BO3JEH-
CTBUSl WHHUIMHPYIONIETO UMMyJbca. [lamee wuaer
MepUuoJ Craja MHTEHCHUBHOCTH KaTOJOJIOMUHEC-
uenuuu (KJI) cBs3anHbIi ¢ mpoTekaHueM KOHKYPH-
PYIOIINX MPOIECCOB, 3aNOJHEHUEM JIOBYIIEK, IIeH-
TPOB PEKOMOHMHAIMHM U Pa3MHOKCHUEM AKTHBHBIX
yacTull (ObIPOK). Bpems ke mpoTekaHus JaHHBIX
MPOIECCOB, IO OIEHKH aBTOPOB, cocTapisger ~ 100
He [10].

TennoBast Teopusa peakuuu B BB mpusogsmas
K B3pbIBY paccmarpuBaercs B [11-13]. Ilpuponma
MIPEB3PBIBHON JIIOMUHECHEHINH TOAPOOHO Omuca-
Ha B [14] u noka3blBaeT, UTO BCE MPEAbLAYLIUE HC-
CIIeTOBaHMS HAOIIOJAI COBCEM JPYTOE SIBIICHUE, a
He UKIJIL. bmaromapst pacnonoskenuto obpasia moj
yriioMm B 45° Ha anmroMuHHEBOU (hosTbre MOXKHO OTCe-
KaTh, HerocpencTBenno MKJI, Tak xak ¢ossra He-
mpo3pauHa ajs cBeta u mpo3payna s CII1. Cpas-
HEHHME OCLMIIJIOPAaMM CBUAETEILCTBYET O TOM, UTO
B TIEpBOM cirydae (puc. 60) HabIromaeTcs 1Ba KA
ceeuenus: nuk UKIJI u cnemyronmii, ¢ 3aaep ko
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~0,2 mxc. Bo Bropom ciiyuae UKJI ve nabmronaetcs,
HO HaOIroaeTcs CIeqyIoImni MUK, Tak Kak (oibra
pa3pbIBaeTCs MPOIyKTaMH B3PHIBHOTO Pa3I0KEHUS.
Makcumym mocnensero casuraerca Ha ~100 Hc,
ITOCKOJIBKY TPOJYKTHI B3PBIBA 33JICPKUBAIOTCS Ha
¢donbre. Mcxoas W3 MOydeHHBIX JaHHBIX aBTOPHI
CUUTAIOT, YTO B MOMEHT BO3ICUCTBHS DJIEKTPOH-
HOTO TTyuyka Ha oOpazen Bo3Hukaetr MKIJI azuza ce-
pebpa ¢ JUTMTEIBHOCTHIO UMITYJIbCA AJIEKTPOHHOTO
myuka (~25uc). Jlanee cnemyer MHIYKIMOHHBIN Tie-
puon (~200 Hc), B pe3ynbraTe JeTOHAIMH 00pasiia
B 30HE OOJIyueHHs W TIpHUIIETAIoNIel K Hell 00IacTu
BO3HHKAET MJIOTHBIM CTyCTOK HU3KOTEMIIEpaTypHOU
mia3mMbl. O6mydenne ATM 2IIeKTPOHHBIM TTYYKOM
C TOPOTOBO#t MIOTHOCTHIO dHepruu H > 0.1 Ix/cm?
MPUBOIUT K (POPMHUPOBAHUIO CHIIBHOTO AJIEKTpHUYE-
CKOro 1oJisi B 30He TopmoxkeHus: COII u anexTpuye-
CKOMY TIpo00I0 00pa3ia. DJICKTPUYSCKH MpoOoi
peanmusyercst B (GopMe CBEPX3BYKOBBIX aHOJHBIX
pa3psioB, pa3BHBAIOIINXCS CO CTOPOHBI OO0ITydae-
MO TIOBEPXHOCTH 00pa3na B 00J1acTh JIOKATU3AIHN
OTPHULATEILHOTO O0BEMHOI0 3apsaaa’JeKTPOHHO-
ro mydka. AHOTHBIN pa3ps] B AUAIEKTPUKAX (MIH
CTPUMEPB TOJYTIPOBOIHUKAX) MPEICTABISIET COOOH
JIOMEH 3JIEKTPUYECKOTO MoJisipasMepoM 3—5 MKM,

I, oTH. en. a
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pacnpocTpassomuiicss co ckopocteio — 10° cm/c.
B pesynbrate 3a Bpems — 107" ¢ hponT crpumepa
bopMupyeT ropsuyro ToUky« oobemom — 107 cm?
CHJIbHO BO30Y)XK/ICHHOTO BELIECTBA C KOHIICHTpA-
[Mell HepaBHOBeCHBIX Hocurened 10%°—10% cm™ u
yaenpHbIM 3HeproBrmagom 10°— 10*11x/cm?. Tlep-
BUYHBIMHU SIBIISTFOTCSI DJIEKTPOHHO-IBIPOYHBIC MPO-
[ECChl, pa3BUBAIONIMECS HA (PPOHTE yJAapHOUBOJI-
HBbl CBEPX3BYKOBOTO aHOIHOTO paspsjaa. 3arem,
MPaKTHYECKH MTHOBEHHO, 32 ()POHTOM CTpHUMEpa
B pe3ysibTaTe PEKOMOWHAIIMM HEPABHOBECHBIX HO-
cutesneil 3apsima (GopMHpYETCs ropsidas TOYKa«,
U3 KOTOPO#l pa3BUBAECTCSOYAr B3PHIBHOIO Pa3iio-
xenus. Hambosiee CIIOXKHBIM JUISI Ka4ECTBEHHOTO
HUKOJIMYECTBCHHOI'O OIIMCAaHUA ABJIAKOTCA HaydaJlb-
HbIE MPOIIECCHI, Pa3BUBAIOIIMECS HA (POHTE yaap-
HOW BOJIHBI @HOJHOT'O pa3psja U Mpujieraroien K
HEMYTIEPEXOIHON 00J1acTH KaHaya, 3armojHEHHON
TJIOTHOM tutazmoit [13].

Heobxoaumo oTMeTHTH TOT (haKT, €AMHCTBCH-
HOC, YTO HE BbI3BIBACT CIIOPOB, 3TO YMCHBLIIICHUC
WHIYKIIMOHHOTO Tieproaa BB ¢ yBenuueHnem miot-
HOCTH DHEPru¥ WHHIUHPYIOUIETO SJICKTPOHHOTO
Iy4ka M OLEHKE INOPOTrOBOM IUIOTHOCTU IHEPTUU
nyuka B H=0,1 Jx/cm?.

I, otH. en.
1,00 6
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0,25 H

I L 1

500 600

700

Pucynok 5 — Criektpsl peaB3pbIBHON itomuHecHeHnun ATM:
a) AgN,, 6) Pb(N,),, 8)TIN, [10]
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Cnexmpanvho-Kunemuieckue XxXapaKmepucmu-
KU Mempanumpamnesmaspumpumad

B paGote [15], 11esibt0 KOTOPOU SBJISIOCH 000-
CHOBAHHE «3JIEKTPOPA3PATHON» THIIOTE3BI, JOKa3a-
Ha TeruioBas npupoja jeroHanuu TOHa npu Bo3-
nevictBun COIl qocTaTOYHON TIOTHOCTH SHEPTHH.
CornacHO JTaHHOW TEOpWH, B3pPBIB Pa3BUBACTCS U3
«TOPSYMX TOYEK»,POITh KOTOPHIX BHITIOIHSIOT KaHa-
JIBI DJIEKTPUUECKOTO IP000st. OCHOBAHHUEM IS ATOU
TUIOTE3bl SBISINCH KOCBEHHBIE DKCIEPUMEHTAIIb-
HBIE Pe3yJIbTAThI, MOJYYCHHBIC TTPH UCCIIEIOBAHUN
(U3NKO-XUMHUUECKUX TPOLECCOB, PA3BHBAIOIIHXCSI
B DHEpreTHYecKux Marepuanax [12-16], u naHHble
IO JIEKTPUYECKOMY TTPOOOI0 IMMACCUBHBIX (HE dHEP-
TeTHYECKUX) TUAIICKTPUKOB 1oy AciictBuem COII
[17-19.]. Ilpu wucciaenoBaHUM CIEKTPOB B3PbIB-
HOTO CBEYEHHS, HEOOXOIUMO JOCTATOYHOE CIICK-
TpaJIbHOE pa3pelIeHne CUCTEMBl PErHCTpalni, JIs
TOYHOH M OecCrOpHON MAEHTH(UKAMH CIEKTPOB
CBEYEHUS TPOIYKTOB B3PBIBHOTO pasiokeHus. Tak
HampuMep, B KaHIUAATCKOM TUCCEepTaIli aBTOpa
[20] mpuBOAsATCA pe3yabTaTbl UCCIENOBAHUS CIEK-
TpPOB B3pbIBHOTO cBeueHus TOHa pucyHok 7 u pu-
CYHOK 8. ABTOp OTMETWJI, YTO CIIEKTP B3PHIBHOTO
CBEUCHHMSI BOZHUKAET MPH B3pbIBE 00pasLia B pe3yib-
TaTe Pa3BUTHI XUMHUYECKOH peaxIliy, HaOIomaeT-
Csl CIUIOLTHOW CIEKTpP, HAa KOTOPBIM HAKJIAbIBACTCS
JMHUSL CBEYEHHsI BO30OYKICHHBIX MOJIEKYJ a30Ta,
OJTHAKO OYEBHHO, YTO TPHU CHEKTPaIHHOM paspe-
meHUH ~15 HM, JIETKO OIMHUOUTHCS ¢ BBIBOJIAMH, U
MepernyTarh, HAIPUMEp, YIIHPEHHYIO PE30HAHCHYIO
JIMHUIO TpUMecHOro aroMa BBc monekynasipHbIM
CIIEKTPOM TPOAYKTOB B3PHIBHOTO PA3JIOKEHHUS.

0 I 2 i 4 5 6 7 8
f, 5
Pucynok 6 — KuneTtnka B3pbIBHOTO CBEUEHHS a3uia cepedpa,
A=600 aM. KnHeTHKN B3pBIBHOTO CBEUCHUS: @ — IIPH

MaHOPaMHOW ChEMKH, O — IIpH 0OITy4eHUH CO CBOOOJHOM
CTOpOHOIT 00pas3ua, B — Npu ycTaHoBKe Gonbru [12]
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Pucynoxk 7 — Criextp cBedenus: TOHa nipu B3pbIBe u1st
MOMEHTA BPEMEHH,COOTBETCTBYIOIIET0 MAaKCUMYMy BTOPOTO
MUKa KKHETHKHU cBedeHust, 850 He [20]

Pucynox 8 — Criextp pasierarouiuxcs npoayKkToB B3pbIBa
monokpucrauraTOHa na 850 ue [20]

3akiouenune

AHanu3 S3KCIepUMEHTANIbHBIX paboT, MOCBS-
LICHHBIX HMCCIEJOBAHHUIO TMpoLecca HHHULUUPO-
BaHUsl HEPreTUYECKUX MAaTEpUAIOB CHIBHOTOY-
HBIM DJIEKTPOHHBIM ITyYKOM IIO3BOJISIET CHeaTh
CIIEAYIOIINE BBIBOJBL. YCTaHOBJICHA (U3UUECKas
[IPUPOAA B3PBIBHOTO CBEUYCHUS M HOTJIOLICHUS, CO-
MIPOBOK/IAIONINX B3PBIBHOE Pa3JIOKEHUE YHEPTETH-
YeCKHX MaTepHajoB MPH WHHULUHPOBAHUH B3pHIBA
JIEKTPOHHBIM IyukoM. IlokazaHo, uro Ha mopore
WHUIMUPOBAHMS B3PhIBA CBEUCHHUE YHEPTeTHUECKUX
MaTepHajoB OIpenenseTcs ABYMS (QU3HUYSCKHUMHU
IpoLeccaMi — UMITYJIbCHON Kamooo0MUuHecyeH-
yuetl TBEPAOTO TeJa, KOTOpas HaOIIOAACTCS] TOJb-
KO B MOMEHT UMITyJIbca OOJYUCHUSI U C8eyeHUeM
NPOOYKMOE 83pbleH020  paznodiceHuss (naasmoti),
KoTOpoe (opMupyercst mociie HHAYKIIMOHHOTO Tie-
puona. [Ipumensemblie paHee METOIUKH PErucTpa-
LUH CIIEKTPOB B3PbIBA FHEPTETHUECKUX MAaTEPHAIIOB
HMEIU HEeJIOCTATOYHOE CHIEKTPAILHOE pa3pelieHue,
YTO HE TO3BOJISIO MICHTU(UIMPOBATH MPOAYKTHI
B3PBIBHOTO PA3JIOKEHUS HcCIeoBaHHbIX BB.
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CIEKTPOCKOIMUS TBEPADBIX TEA
C MPUMEHEHUEM DHEPTMU B3PbIBA

AAS LeAelt TeOXMMWMU M 3KOAOTUUYECKUX WMCCAEAOBAHMIA  BbI3bIBAIOT MHTEpPEC YCTaHOBKM,
MO3BOASIIOLLME MPOBOAUTL 3AEMEHTHbIA aHaAM3 HEernocpeACTBEHHO TBepAoi asbl. CoBpemeHHble
npubOpbI, NCMOAb3YIOLLME MHAYKTUBHO-CBA3AHHYIO MAA3My AASl SMUCCMOHHOW CMEKTPOMETPUU U AAS
MaccC-CreKTPOMeTPUM — MpeAHa3HauYeHbl AAS aHAaAM3a PACTBOPOB M UMEIOT CYLLLeCTBEHHbIe OrpaHUyeHu s
MO KOHLEHTpaLMK npumecei. PacTBopeHme reoAornyeckmx npod AOCTaTOMHO TPYAOEMKMIA M CAOXKHDII
MpoLecc M3-3a LUMPOKOro pasHoo6pasmst CocTaBa U GOALLLIOrO KOAMYECTBA aHAAU3UPYEMbIX IAEMEHTOB,
KOTOpble MHTEPECYIOT reOXMMUKOB. B AaHHOWM CTaTbe M3yueHa BO3MOXKHOCTb MPUMEHEHUSI SHEPruu
B3pblBa KOHAEHCUMPOBAHHBIX B3PbIBYATbIX BELLECTB B @RHAAUTUYECKOM CMEKTPOCKOMUM TBEPABIX TeA. AAS
aToMM3aLMM 1 BO36Y>KAEHMS SIMUCCUOHHbIX CNeKTPOB TBepAbIX TeA (Al,O,) nprMeHSAMCE NpeccoBaHHbIe
nopowku ypasaHotetpasnHanokcnaa (OTAO, CN.O,). MumummposaHme B3pbiBa MPOBOAMAOChH
BO3AENCTBMEM CUABHOTOUHOIO SIAEKTPOHHOIO Myuka. B crekTpax nAaasmbl B3pbiBa MAEHTU(ULMPOBAHDI
aTombl npumecen, Bxoaswmx B coctaB MTAO, a Tak>ke aTOMbl M MOAEKYAbl, 06pasytolmecs npu
ncnapeHnn AlLO,. TAaBHOe NpenmMyLLIecTBO NpuMeHeHns BB B criekTpaAbHOM aHaAM3e — 3KCMPeCcCHOCTb
METOAQ, BO3MOXXHOCTb OMpPeAEAeHMS SAEMEHTHOro COCTaBa B3pbIBYaTbIX BELLECTB, & TakXKe APYrux
KOHAEHCMPOBAHHBIX MaTepUaAoB. Perncrpaums npumecein LEAOYHbIX METAAAOB B CrieKTpe CBeYeHUs
OTAO CBMAETEABCTBYET O BbICOKOW YyBCTBUTEABHOCTM pa3paboTaHHON METOAMKM.

KAtoueBble cA0Ba: B3PbIBHOM MCTOUYHUK CBETA, aHAAMTMUECKast CEKTPOCKOMUS, CMEKTPbI B3PbIBHOrO
CBeyeHus.

Plotnikov S.V.', Oleshko V.1.2, Turlybekuly A."", Manapbaeva A.B.?

'D. Serikbayev East Kazakhstan state technical university, Ust-Kamenogorsk, Kazakhstan
2Tomsk Polytechnic University, Tomsk, Russia
3Al-Farabi Kazakh National University, Almaty, Kazakhstan
*e-mail: aturlybekuly@gmail.com

Solids spectroscopy with applying explosion energy

For the purposes of geochemistry and environmental studies, it is interest to establish systems that
allow the elemental analysis of the solid phase itself. Modern instruments using inductively coupled
plasma for emission spectrometry and for mass spectrometry are designed for analysis of solutions and
have significant limitations on the concentration of impurities. Dissolution process of geological samples
is a laborious and complex process due to the wide variety of composition and the large number of
analyzed elements that geochemists are interested in. The possibility of using the explosion energy of
condensed explosives in solids analytical spectroscopy was investigated. For the atomization and excita-
tion, emission spectra of solids (Al,O,) were used pressed powders of furazanotetrazinedioxide (FTDO,
C,N,O,). Initiation of the explosion was induced by the influence of high-current electron beam. The
impurity atoms that are the part of FTDO, as well as atoms and molecules formed by the evaporation of
AlLLO, were identified in the spectra of explosion plasma.

Key words: explosive light source, analytical spectroscopy, luminescence spectra of explosive.
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)Kapbl/\blC IHEPrusiCblH KOAAAHbLIAYbIMEH KATTbl ,A,eHEAep,A,iH, CNEKTPOCKONMUACDHI

[eoxXnMMS XKeHe IKOAOTUSIABIK, 3epTTEYAEP MAKCATTapbl YLUiH TikeAel KaTTbl pa3aAaH IAEMEHTTIK
TaAAQy dKacayFa MYMKIHAIK  6epeTiH  KOHAbIPFbIAQD  KbI3bIFYLLIbIAbIK, TYAbIPaAbl. IMMCCUOHADI
CNeKTPOMETPUS XKOHE MAaCC-CMeKTPOMETPMS YLLIH MHAYKTUBTI KOCAPAAHFaH NMAa3MaHbl ManAaAaHbIAATbIH
3amaHaym KypaasapAaH SAEMEHTTIK TaAAQY aAy apHaibl epiTiIHAI KOCMaAap KOAAAHbIAAAbI, OYA BAICTIH
anTapAbIKTan LwekTeyaepi 6ap. [eOAOTUSAABIK, YAFIAEPAI AasipAay capanTaAaTbiH SAEMEHTTEPAIH aAyaH
TYPAIriHe 6aAaHbICTbI y3aK, KaHE KYPAEAI npouecc 60AbIN TabblAaabl. ByA >KyMbiCTa biKLIAMAAAFaH
>KapblAbIC S3HEPIUACbIH KATTbl AEHEAEPAIH, aHAAUTUKAABIK, CMEKTPOCKOMNMUSCIHAQ NMalAQAaHY MYMKIHAIT
3eptTeareH. KatTbl aeHeaepai (ALO,) aTOMABIK Kyiire KeATipy >keHe CayAe CMeKTPiH KO3AbIpy YLIiH
dypaszanoterpasmnHanokenaTtin (PTAO, C,N,O,) npeccTeAreH yHTaFbl NaiAaAaHblAAbI. XKOFapbl TOKTbI
SAEKTPOHABIK, LLIOFbIPXKAPbIAFBILITbIH, >KAPbIAbICbIH MHULMALMSACHI YLLiH KOAAAHBIAABI. XKapbIAbIC NAa3Ma

cnekTpiHAe DPTAO kocnaaapbl, COHAAM-AK, A|2O3—TiH aTOMA@pbl MEH MOAEKYAAAAPbI aHbIKTAAFaH.
TyiiH ce3aep: COYAEHIH >KapbIAFbIll K63i, aHAaAMTMKAAbIK, CMEKTPOCKOMMS, >KapbIAbIC MAa3Ma

CMeKTpAepi.

BBenenue

B Hacrosiee BpeMs aTOMHBIN CHEKTpaJIbHBIN
aHaJIM3 TIPUMEHSIETCS B Pa3IMUHBIX 00J1aCTAX ecTe-
CTBO3HAHUS M IPOU3BOJCTBEHHOH AESITEIBHOCTH
YeJI0BeKa, MO3BOJISIET OBICTPO U TOYHO YCTAHABIIHU-
BaTh COCTAB BelllecTBa. [lepeBOIUTh BEIIECTBO B ra-
3000pa3HOE COCTOSTHUE MOXHO ITyTeM BO3/ICHCTBHS
Ha TBEPJIOE BEILECTBO MOIIHBIX HAIMPaBJIECHHBIX
KOHIICHTPUPOBaHHBIX TTO0TOKOB 3Heprun (MHKIID)
K KOTOPBIM CJI€AYET OTHECTH JIA3€pHOE U3JIYyUEHUE
¥ CUJILHOTOYHBIE 3JIeKTpoHHBIE Tyuku [1-3]. Ilpu
TaKOM BO3JCHCTBUU NOCTUTAETCSI MIHOBEHHOE HC-
napeHue Jo00ro BemecTBa U OJHOBPEMEHHOE T10-
CTYIUICHHE B aHAJMTUYCCKUH IJIa3MEHHBIH (akeln
BCEX AJIEMEHTOB, BXOJSIIUX B COCTaB MPOOBI He3a-
BHCHMO OT UX JIETYYECTH.

B »TOoM acnekre uHTEpec MPEeNCTaBISIOT U
B3pBIBHBIC HCTOYHMKN m3nydyenus: (BUN) na ocHo-
BE€ JCTOHALMU KOH/IEHCUPOBAHHBIX B3PhIBUATHIX BE-
mectB (BB). Bricokoe ymenpHOE 3HEprocoaepika-
Hue BB (~ 5 k/[x/r) 1 Masioe Bpemsi ero BbIIEICHUS
[IO3BOJISIET IMOJYy4YaTh BBICOKHE YPOBHH YAEIbHOMN
TETIJIOBOM MOIITHOCTHU M 00€CTICUUTh HArpeB JIF0O0TO
BEILECTBA JI0 JECSATKOB THICSY IpanxycoB. [Ipu atom
BCE BEILIECTBA NEPEXOJAT B IUIA3MEHHOE COCTOSIHUE
Y HCIYyCKalOT MOIIHOE ONTHYECKOe H3iyuyeHue. B
pabotax [4-5] moka3aHa BO3MOXXHOCTh TOJTYUYCHHS
JIONITOKMBYIINX TUTA3MEHHBIX 00pa30oBaHUU C TOJI-
HBIM BBIXOJIOM ONITHYECKOTO M3IYYCHUS Ha YPOBHE
HECKOJBKUX MPOLEHTOB OT 3aracacMoil XuMmuue-
ckoii aHepruu BB.

Yro Kkacaercss BO3MOKHOCTEH MpPUMEHEHUS
BUU B aHanuTH4eCKOM CIEKTPOCKOIHUH BEILIECTBA,
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TO TaKHX HCCIEI0BaHUM, HACKOJIBKO HAM U3BECTHO,
HE IIPOBOJUIIKC.

Lenp nanHOM pabOTHI — H3YYUTH BO3MOKHOCTD
MIPUMEHEHUS B3PBIBHBIX HCTOYHUKOB M3JTy4YEHUS Ha
OCHOBE JIETOHALMN KOH/ICHCUPOBaHHBIX BB B aTOM-
HOH ¥ MOJIEKYJISIPHON CIIEKTPOCKOIIHH.

3KCHepHMeHTaJIbHaH 4acTb

B xauecTBe mccnenyemMbIX Mpod MCIONb30BaI-
cs mopomok Al O, Jlns atomusanmu u BO30yxKie-
HUSl DMHCCHOHHBIX CIIEKTPOB MPHUMEHSINCH Ipec-
COBaHHbBIC IMOPOUIKH (ypa3zaHOTETPA3UHIMOKCHIA
(C2N603, OTJIO) B BHAe TaOIETOK TONIIUHON
400 MKM 1 1HaMeTpoM 3 MM, TIOJTyYEeHHBIE ITPeccoBa-
uueMm mox gasienuem 10° IMa[2]. MaunuupoBanue
B3pbIBa MPOU3BOAMIIOCH BO3JCHCTBUEM CHIIBHO-
TOYHOTO A3yekTpoHHoro myudka (COII). Meroast
1 TIPOLECCHl B3PBIBHOTO PA3JIOKEHUS HCIIONb30-
Ba"HBIX BB ¢ momompeio COII moapo6HO omwcaHbl
B paborax [1-3]. [lns aeMoHCTpaniu BO3MOXKHOCTH
npuMeHeHns: BB kak ucrouHMKa BO30YXKICHHS
cnekTpoB Ha Tabnerky OT/IO momemanacy uccie-
nyemast mpooa.

HcrounnkoM wuHUUMHUpPOBaHUS B3pbiBa BB
sisuicst  COIl, reHepupyemblii ¢  TOMOIIBIO
HMITyJIbCHOTO ~ YCKOPHUTENs  DJIEKTPOHOB  Ha
ocHoBe I'MH-600 xonctpykuuu I'.A. Mecsna u
b.M. KoBanbuyka. Perucrpanus >MHCCHOHHBIX
CIIEKTPOB MIPOU3BOMIIACE c MTOMOIIBIO
ONITOBOJIOKOHHOT'O HMHTErPaJbHOIO CHEKTPOMETpa
AvaSpec  Dual, cmekrpanpHBIi  JAHMAana3oH
n3mepenuit  coctaBimsur - 200- 480 wu 480
980 HM, cnmekTpanbHOe pazpeuieHue = 1,5 HM.
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Cnektpel BbicOKOTro paspemenus a0 0,1 uM, xpomaropa MJP-23, cnexkTpaibHbBIM nuamna3zoH
peructpupoBainuck Ha ¢otoanmmapar SONY,  wu3MepeHwuit 3Toro metona coctarisii 400—700 HM,
YCTAHOBJICHHBIH BMECTO BBIXOJHOHN IETW MOHO-  IIHPHHA MMOJTYyYaeMBIX CIIEKTpOrpaMM — 25 HM.

- e

ftte

Pucynox 1 — Cxema unnnuupoBanust @TJO 31eKTPOHHBIM ITyUKOM:
1 — ob6pazer,2 — Tabnerka OTO, 3 —anromunuesas ¢onbra 10 um, 4 — anon

Spectrometer
AvaSpec-2048-2

Camera

Sample

Oscilloscope

Control PEM
panel power-unit

N

Synchronizing
module

Pucynok 2 — Cxema 5KCIepUMEHTAIbHON YCTAaHOBKHU

Na Li K

91011

Pucynok 3 — CIIEKTp B3pBIBHOTO CBEUCHHS TIPECCOBaHHbIX 00pa3nos OTIO
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[TnoraukoB C.B. u ap.

Pe3y.]'leaTbI u chymeHne

[IpenBaputenbHo ObUIM  HM3Yy4YEHBI CHEKTPHI
TUTa3Mbl B3pbIBa «4HCTHIX» oOpazmoB ®TAO. Ha
pPHUCYHKe 3 IIPUBECHBI aTOMHO-IMHCCHOHHBIE CIIEK-
TpbI B3pbIBa. BuiHO, uTO Ha (hOHE MATOMHTEHCHB-
HOT'O CILIOLIHOTO CIEKTPa BBIACISIFOTCS YEThIPE JIH-
HUH, TpUHAIIexKamuye: Hatputo (588,9 um u 589,5
HM), iutrto (670,7 aM) u kanmmro (769,8 am u 766,4
HM). JlyOneT IMHUM HATpHUsl 3apeTHCTPUPOBAH Kak
OJlHA JIMHUS BCJIEJICTBHE HEJOCTAaTOYHON pasperia-
forei crmocoOHOCTH criekTpoMmeTpa. CoriacHO mc-
cienoBanusM [3] MUHMIA mEeT0YHBIX MeTauioB (Na,
Li, K), obnapyxennsie B miazme B3peisa OT/O,
CBHUJIETENILCTBYET O BXOXKJICHUU IIPUMECEH B COCTaB
00pa31oB npu ux usrorosyenuu. [logpodOHas uneH-
TU(UKALKS CIIEKTPOB MpeCTaBiIeHa B Tabuuie 1.

Taéauua 1 — Unentudukaiys CekTpaibHbIX JTUHHN [1a3Mbl
B3psiBa DT/IO

Homep | JIunus B cekrpe, VertnduKats, iy
JTUHUA HM
1 285,2
2 308,15 Al1(308,21529)
3 309,2 Al1(309,28386)
4 393,24 Ca1(393,37)
5 394,35 Al1(394,40005)
6 396,10 Al1(396,15200)
7 396,76 Ca1(396,85)
8 422,56 Cal(422,673)
446,65 — 465,0 AlO(447,05 -464,82)
467,43 — 473,26 AlO (467,20 —473,55)
483,90- 489,03 AlO (484,21 — 488,84)
507,5— 540,84 AlO(507,93 — 541,05)
I
) Nal (39959
o | e e
1 766,4 K 1(766,4899)
769,9 K 1(769,8964

Criextp B3pbiBHOTO cBeueHust DT/IO ¢ modas-
nenueM nopomka Al O, mpusenen Ha pucyHkax 4
u 5. B crekTpax B3phIBHOTO CBEUCHMS YETKO YCTa-
HOBJICHBI W WJEHTH()HUINPOBAHBI aTOMHBIE JHMHUU
amoMuHus (JTUHUH 2 U 3 cM.puc.4) U cepun JTUHAN
npuHauIexamux mMojiexkyiae AlO (cm.puc.5). Ilox-
poOHast uACHTUPHKALIUS CIIEKTPOB MPEJCTABIICHA B
Tabnune 1.
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[—— FTDO UF pregrada 23.05.2015 #2|

14+ Al Al Ca-Al Ca CaAlAlCa
2 3 4-7 8 45 67
0,45 12
1,24
0,36 0,9
1,04
0,8 027 06
s
©
— oedom. \ Al 03 AV
308 309 310 30 394 396 398
1 AIO
0,44
°2] WL&M@
010 T T T T T 1
200 250 300 350 400 450 500
A, nm

Pucynok 4 — CriekTp B3pBIBHOTO CBEUCHUS IIPECCOBAHHBIX
obpasuos OTJIO ¢ nodanennem nopomka Al O,

Al Na Li K
34 91011
. 2 T
= AIO
@
14
7
0 T E T E T y T E T E T E T d
400 500 600 700 800 900 1000
%, M

PucyHok 5 — CrieKTp B3pBIBHOTO CBEUCHHUSI IPECCOBAHHBIX
obpasuos OTJIO ¢ nodasnenuem nopomka Al,O,

B cnekTpax B3pbIBHOI'O CBEUCHUS, TAKKE UJICH-
TUQUIUPOBAHBI aTOMapHbIC JUHMKM Kanblus. [lo-
CKOJIBKY KaJbLUHN SIBISETCS OCHOBHBIM «3arpsi3HU-
TEJEM» MOBEPXHOCTU METAJUIOB, MPEANONaraercs,
YTO JAHHBIN 3JIEMEHT BHOCUTCS B TUIa3MCHHBIN (a-
KeJl B3phIBa C MOBEPXHOCTU aHoAa. JlroMuHecLeH-
LA aTOMOB, MOHOB M MOJIEKYJ a30Ta B YCIOBHAX
JKCIIEPUMEHTA HE 00OHAPYXKEHA.

3akaouenue

[IponemoHCTpUpOBaHa BO3MOKHOCTH IpUME-
venns BB (#a mpumepe @TO ¢ nobasieHmeM 10-
pomka Al O,), Kak HCTOYHMKA BO30YKIECHHUS CIIEK-
TpoB B ADCA M MOJEKYJISpPHOM CIEKTPaJIbHOM
aHanuse.

Perucrpauuss mnpumecei I1IE€IOYHBIX MeETAJI-
0B B cnekTtpe cBeueHuss @TO cBumeTeabcTBY-
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€T O BBICOKOH 4YBCTBUTEILHOCTH pa3pabOTaHHOW  OMPEEICHUS 3JIEMEHTHOTO COCTaBa B3PBIBUATHIX
METOAUKHU. ['1aBHOE MPEeUMyIIEeCTBO MPUMEHEHUSI  BELIECTB, a TAKXKE APYTUX KOHJACHCUPOBAHHBIX Ma-
BB B cnekTpajibHOM aHajiu3€ — BO3MOYKHOCTh TEPUAJIOB.
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KOMIPCYTEKTI CYUbIK OTbIHAAPADBIH
XAHY INMPOUECIHE TYPBYAEHTTIAIKTIH, ©CEPIH
KOMITbIOTEPAIK MOAEABAEY

Cy¥ibIK, OTbIHAQPAbIH >KaHYblH CaHAbIK 3epTTey KYpPAEAi e3apa npouectep MeH KyOblAbICTapAbl
ecerke aAyAbl TaAan eTETIHAIKTEH, XbIAy(pU3MKaAaFbl MaHbI3AbI MaceAe GOAbIN Tabblrasbl. COHAbIKTaH
ecenTeyill 3KCNEPUMEHT >KaHy MPOLLeCTEPiH 3epTTey MeH >KaHy MpoLecTepiH KOAAAHATbIH SPTYPAI
KYPbIAFbIAAPABI XKO6aAayAa Herisri aAeMeHT 60AbIN TabblAaAbl. XKyMbICTa XXOFapbl TYPOYAEHTTIAIKTEr
CYMbIKT OTbIHAQPAbIH >KaHy MPOLECIH CMMATTaNTbIH MaTeMaTMKaAbIK, MOAEAb MEH HETi3ri TeHAeyAep
6epiAreH. TeTpapekaH yLliH >KaHy KamepacbiHAAFbl TYPOYAEHTTIAIKTIH A€HreniHe KaTblCTbl GYPKY kKaHe
AMCriepcud npoLecTepiHe 3epTTey XKYPri3iAAi. KyprisiAreH KOMNbIOTEPAIK MOAEAbAEY HOTUXKEAEPIHAE
MaKCMMaA TemrepaTypaHblH, KbICbIMKQ TOYEAAIAIri, KemipTeri KOC TOTbIFbIHbIH, MaccaFa KaTbICTbl
TapaAybl, TaMLLbIAAPAbIH PaAMyC GOMbIHLLIA TapaAybl XXeHEe TUIMAI >KaHy pexxMMIiHAEri Temneparypa
epicTepi aAbIHAbI.

TyiiiH ce3Aep: CaHAbIK, MOAEAbAEY, TETPAAEKaH, YKaHy Kamepachl, KbICbIM, TeMepaTypa, Macca,
TUIMAI PEXMM.

Askarova A., Bolegenova S., Bolegenova S., Maximov V.,
Ospanova Sh.”, Nugymanova A., Utelov S.

Al Farabi Kazakh National University, Almaty, Kazakhstan
*e-mail: shinar_ospanova87@mail.ru

Computer simulation of the influence of turbulence
on the combustion process of liquid hydrocarbon fuels

Numerical research of burning of liquid fuels is a complex challenge of thermo physics as demands
the accounting of a large number of the difficult interconnected processes and the phenomena. Therefore
computing experiment becomes more and more important element of research of processes of burning
and design of various devices using burning process. In work the mathematical model and the main
equations describing process of burning of liquid fuels at high turbulence is stated. Research of processes
of disintegration and dispersion depending on pressure and an initial lot of injection in the combustion
chamber of liquid fuel is conducted: tetradecane. As a result of the made computer experiments depen-
dences of the maximum temperature on pressure were received, distributions of carbon dioxide from a
lot of injection, distribution of drops on radiuses and temperature fields at the optimum mode of burning.

Key words: numerical modeling, tetradecane, combustion chamber, pressure, temperature, weight,
optimum mode.

© 2017 Al-Farabi Kazakh National University



Ackaposa O.C. xoHe T.0.

AckapoBa A.C., boaereHoa C.A., boaereHosa C.A., Makcumos B.1O.,
Ocnanoga LL.C.", HyrbimaHoBa A.O., YTearos C.M.

Kasaxckuit HauMOHaAbHbBIM YHUBEpCUTET M. aab-Dapabu, r.Aamatbl, KazaxcraH
“e-mail: shinar_ospanova87@mail.ru

KomnbioTepHoe MoAeAMpoBaHMe BAUSIHUSI TYPOYAEHTHOCTH
Ha NpoLLeCcC ropeHns XXMAKMX YTAeBOAOPOAHbIX TOMAUB

YncaeHHOE UCCAEAOBAHME TOPEHUS SKUAKMX TOMAMB SIBASIETCS CAOXKHOM 3asadeit TenAou3nku,
Tak Kak TpebyeT yyeTa GOAbLIOIO KOAMYECTBA CAOXHbIX B3aMMOCBSI3aHHbIX MPOLECCOB M SBAEHWIA.
[03TOMY BbIUMCAMTEABHbIN 3KCMIEPUMEHT CTAaHOBUTCS BCe BOAEEe Ba>KHbIM IAEMEHTOM MCCAEAOBAHMS
MPOLLECCOB FOPeHUsl M MPOEKTMPOBAHWUS PA3AMUHBIX YCTPOWCTB, MUCMOAB3YIOMX MPOLLECC FOPEHMS.
B pabote M3AOKEHa MaTemaTMyeckas MOAEAb M OCHOBHbIE YpPaBHEHWS, OMWChIBAIOLLME MPOLLECC
rOPEHUs >KUAKMX TOMAMB TMPU BbICOKOW TypOYAEHTHOCTU. [1pOBEAEHO WMCCAEAOBaHME MPOLLECCOB
pacrbiAa U AUCTIEPCUMM B 3aBUCUMOCTM CTereHu TypOYAEHTHOCTM B Kamepe CropaHusl AAS >KMAKOTO
TOMAMBA: TeTpaaeKaHa. B pesyAbraTe NpoBeAEHHbIX KOMMbIOTEPHbBIX IKCMEPUMEHTOB ObIAM MOAYYEHbDI
3aBMCMMOCTM MaKCMMaAbHOM TemrnepaTypbl OT AABAEHMS, PACMPEAEAEHUS ABYOKMCU YIAepoAa OT
Macchbl BMpbICKa, PaCcrpeAeAeH s KaneAb Mo pasrycam 1 MoAs TEMMIEPaTypbl NPy ONTUMAABHOM peskrume

ropeHums.

KAtoueBble cAoBa: UMCAeHHOe MOAEAMPOBaHME, TeTpaAeKaH, KamMepa CropaHusa, AaBAeHue,

TemnepaTypa, Macca, ONTUMaAbHbIN PEXKUM.

Kipicne

3aMaHayH iIUTEH >KaHy KO3FaJITKBILTapbl MY-
HalJaH aJbIHATBIH CYHBIK OTBIHAAPAbI KOJJaHYyFa
Heri3menreH. Amaiina, MyHaWABIH OJIEMIIK KO-
pBl OpacaH 30p eMec >KoHe kep OeTiHiH Oipkarap
aiimakTapbIHia OIpTeKTi TapaliMaraH. DHepreTHKa-
JBIK pecypctap Ooitbiamma 1979 xbiisl Monpeass-
na (Kanama) etken XajblkapaliblK KOH(MEpEeHIUsIA
JOCTYpJI  SHEPTeTHKANBbIK PECypcTapFa  KEHUI
JKOHE OpTa MyHal (pakiusuiapbl, TaOUFH ra3 OcH
ra3 KOHJCHCATTapbl, al JOCTYpJi eMecTepiHe —
ayblp MyHall MeH KarThl OHTyMzaap, COHBIMEH
Katap CYHBIK JKOHE Ta3 Topi3Jli KeMIpCyTeKTep
JKATKBI3BUIABL. JocTyp:i emec muKizaT Ke3JepiHeH
QJIBIHATBIH CYHMBIK JKOHE Ia3 TOpi3li OTBIHAAP MO-
OMIIbJIl KYpbUIFbLIAp/a KOJJIaHbLIaIbl, dpi Oajgama
MOTOp OTBIHAAPHI JAel arajaasl. MyHIail Kypbul-
FhUIapFa KapOIOpaTop »OHE IOPIICHAI aBHAIUs-
JBIK  KO3FAJTKBINTAp, AaBTOTPAKTOPJAp, TEIUIO-
BO3/ap MEH Cy KOJIKTepi, TypOOOLTiKTI KoHe
TypOOpeaKTHBTI aBUALIMSIIBIK TEXHUKA KO3FaJITKBILI-
Tapbl, ra3TypOUHAIBI Cy KYPBUIFbUIAPHI JKaTabl [1].

Kasipri ke3ze keH TaparaH ilITeH KaHy KO3FalT-
KbIIITapblHA OCH3UH JKOHE AN3ENbIIK KO3FaITKBIII-
Tap oKaraapl. [mTeH JKaHy KO3FaITKBIILTAPBI
FBUIBIMHU-TEXHHUKAJIBIK TIPOTPECTiH a)KbIpaMac 0eJi-
rine aiiHanabpl. ABTOKeJIK TachbIMajbl >KOJAyIIbI-
Jap MEH JKYK Tacy MEXaHU3MIHIH TETIiri OOJIbII
otelp. Kasipri yaxeitra AKIL-THIH €3iHme 1000
amamra 800 aBrokesikTeH Keneal exeH, aix 2020
JKBLIFA Kapai O13/11H eiMi3ie OyJ1 KepCeTKilll MbIH
Typrbiara 350 MammHazaH OonaThlH  KepiHei.
JKep Oerinmeri aBTOKONIKTEP/IiH OAPIBIFBI JEPIiK
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Ka3ipri yakpITTa OpTa FaceIpiiapaa oujan TabbuTFaH
IIITeH JKaHy KO3FAITKBIIITAPBIH KOJAaHabl. Tex-
HOJIOTHSUIBIK €PEKIICTIKTEPI MEH aKBUIIBI DJIeK-
TPOHHMKAFa KapaMmacTaH 3aMaHayd OCH3WHIIK
KO3FAJITKBIIITAPIBIH MMaigabl acep KO3 UITUCHTI
30%-nan aca anmaii kexnenmi. EH TmiMal Jered
JU3ENBIIK IIITEH JKaHy KO3FaJITKBIIITAPBIHBIH
[MOK-1 50%-ra xereni, SFHU 0J1ap OTBIHHBIH )KapThI-
CBIH 3WSIHJIBI KQIJBIK TYpPiHIE aTMocQepara BIFbIC-
TBHIPBII HIBIFapaisl [2].

CoHbIMEH KaTap 3aMaHayW IIMITEH JKaHy
KO3FAJITKBIIITAPBIHBIH THIMJIIIIT] Typasbl alTyIbIH
031 KUBbIH, cebebi Kazipri KyHAETiKTe TypMbICTa
KOJIJaHBUIBIN KYpreH aBTokemikrep 100 kM xomra
10-20 nuTp >kaHApMall KyMcaiibl. OJEMHIH
OapiBIK FAIBIMAAPEI KO JKETIMII DIEKTP KOHE
CYTETIMEH KYMBIC JKAcaWTBhIH aBTOKOJIIKTEpPIi
yKacayFa TaJIBIHBIC JKacall KaTKaHbl aHbIK. Aaiifa,
IIITEH JKaHy KO3FAJITKBIIIBIH MOJICPHHU3ALNSIAY
MoceJieci 03 ©3eKTUIITH K051 KOWFaH JKOK.

ABTOKOIIK Kypalgapbl — KyaTThl TaOWFaT
JacTaymeUiapapl  Oipi. lmTen jkaHy KO3FaiIT-
KBIIITAPhI JKYMBIC JKacaraHa aTMochepara eHJIel-
reH ra3gapmeH Koca 60 Typii 3at Gemineni. OHBIH
IIITiHAE KOMIPTEeTi TOTHIFHI, a30T TOTHIKTAPhI, KOMIp-
CyTeKTep *oHe T.0. Oap. DTHIICHIeH OCH3UHIEP
KOJIJIaHFaHJa KOPFAChIH Ty3iieni. ATMochepaHbIH
JacTaHyblH a3alTy MaKcaThIHIA arbIMIArbl IMITCH
JKaHy KO3FAITKBIIITAPbIHBIH  KOHCTPYKIHUSIAPHI
YHEMi ©3repTiliN OTBIPajbl, KaHa TYpIepi kaca-
JIBIHAJIBI, 1 TEH )KaHY KO3FaJITKBIIITAPBIH 63T SHEP-
TeTHKAJIBIK KYPBUIFbLUIAPMEH aIMaCThIPy KO3/IEIIe/I.

DKOJOTHSUTBIK KO3Kapac TYPFBICBIHAH aBTOKO-
JIKTEp YIIIH eH THIMJI OTBIH Oy — CyTeri, anaija,
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CyTeri eHJipici OeH3UH/I OHIIPYIeH 5 ece KbIMOaT,
opi OJ KaphUIbICKA OCHiM, OTHIHHBIH KOT KOJIeMiH
KaKeT eTelli JkoHe T.0. DIeKTpoMoOuIbIep KeMip-
CTYTEKTI OTBIHJAPJbI TYTHIHOAWIBI, KOpIIaraH
OpTaHBI JIaCTAMaWIbI, ITYBIICHI3, OTKA TO3IMIl. bi-
pax, onapAblH Jla €3 aliblHa KeMIITiKTepi Oap:
MYHai aBTOKOIIKTEPAIH KYHBI JKOFaphl OOJambI,
MH(QPAKYPBUIBIM  TANIIBUIBIFRl  OalKamaubl KOHE
T.0. COHIBIKTAaH KeMipcyTeri Kypamjac CYHbIK
OTBIHIAPABl KOJAAaHy OYTiHr 3aMaHayd TEXHO-
JIOTHSIIBIK YPJIC A9yipiHAe e ©3eKTi 0OJbII Kaia
OepMeK.

XKorappia alThITFaHFa COWKeC OHIIPICTI YKaH-
JAHJBIPY, KYPBUIFBUIAP/IBIH MaTEPUAIIBI TaJall €Ty
MOJIIIepiH a3alTy, OTHIHABI YHEMJIEN WIBIFBIHIAY,
KOpIIaraH OpPTaHbl KOPFay CHSKTHI MOceieJep/iH
MOHI apThHIN, 63eKTi OacTamayiapaplH KaTapblHAH
KepiHin oTblp. OTBIH MEH OHBIH KaJIJAbIKTapbIH
KeIIeH/Ii TYTBIHYIBI, OHAIpICTIH Ouocdepara
3USHABI 9CEPiH KOATBHIH KAPKBIHIbI TEXHOIOT USIIBIK
MPOIIeCTEPAIH FRUIBIMH ipreTachiH Kajlay MocelleCiHe
epekie KeHin OenreH jxeH. TaOWFaTTHl KOpray
MEH DJHeprusi YHEMJICYJiH JKaHa CTPaTerusichl
FBUTBIMU-TEXHUKAIBIK ~ UITEPUICYMiH aca THIMII
KETICTIKTEepiH TaHAaI ary bl Tasian ereai. Onapasin
IImiHAe mapajapAblH HETI3rl yml TOOBIH ipiKTer
almyra Ooyajapl: Taiiiara acelpy, SHEPTrEeTHKAIBIK
KAHFBIPTY, KapKbIHIBI 3Heprus yHemzaey. CoH-
IBIKTaH IIMITeH JKaHy KO3FaJTKBIIITaphIHAH Oei-
HETIH 3USHABI 3aT OHIMIEPiHIH MeJIIIEPIH KeMITy
XKOHE TexHoc(hepalblK anaTThlH alJIbIH aly niapa-
JIApBIH 13JIECTIpy/ie aTajFaH 3epTTey >KYMBICHIHBIH
©3CKTLJIIr )KOFapbl O0IajIbl.

MacejieHiH MATEMATHKAJIBIK KOHBLIBIMBI

Kenreren arpicTap ©3 TaOuraTblHa COWKeEC
TypOYJICHTTI CHIIATKA M€ )KOHE aF bIHHBIH KO3FaJIbIChI
OapbICBIHIAFBl  TYpPOYJIEHTTUTIK KYHI HUMITYJIbC,
TEeMIepaTypa OHE KOCHAJarbl 3aTTapjblH KOH-
LEHTPAIUSACHIHBIH TachIMAIIBI CHUSKTHI aFbICTHIH
napaMmeTpiiepiHe ocep erenmi. Makamama Macca-
HBIH (p), MMIynbCTiH (pif), sueprus (E) MeH
KOHIIEHTPAIMSHBIH (C) CaKTally TeHAeYyJIepl HeTi31H-
JIeTT CYHBIK OTBIHAAPJbIH JKaHYbIH CUIMATTAWTHIH
MaTeMaTHKAIIBIK MOJEIb KenTipinreH [3-6].

MaccanbIH cakTajly TeHJEYl KeJleci Typle »xa-
3BLTAJIBI:

aa—’t’ +div(pii) =S, > (1

MYHJIaFbl # — CYHBIKTHIH JKbUIAaMJIBIFEL. Erep ras-
CYHBIK KOCIIachl KapacThIpbUIaThIH 0o0Jica, OHIA
S . AFbIH Ke3i OylaHy Hemece KOHACHCALMHBIH
eceOiHeH ra3 THIFBI3IBIFBIHBIH KEePTUTIKTI ©3repiciH

oinapipeni. Erep razaeiy Oipdazanbl arbichl Kapac-
THIPBUIATBIH 00JICa, OHJIA aTallFaH arblH KO3l Helre
TEH Jien KaObUI1aHa bl

['a3 UMITyNIBCIHIH caKTany TEHJACYl MbIHA TYpAe
’Ka3plIajpbl:

paa—‘t‘+p(ﬁ-gmd)ﬁ —divé + pE+S,

—
—

E=—Pl+7 . ©)

(2) TenumeyniH OH >xarbl KbICbIM P rpanueHri,
TYTKBIp KEPHEY TEH30Pbl 7 = Aldivii +2uD KOHE

KOJIEM/IIK ~ aybIpJIBIK ~ KYIIiHIH  pg  eceOiHeH

UMITYyJIBCTIH ~ ©3TepiCiHiH  KOCaThlH  YJIECiH

Ginnipemi. Mymnarsi p =L[ %%, % | — nedop-
o2 o, Ox

MaIMs SKBUIIAMIBIFBI TEH30pBI, | — OIpIik Ma-
TpUIA, [ KOHE A — COWKECIHINE, JUHAMUKAIBIK
TYTKBIPJIBIK KO3()(PUIIMEHTI MEH eKiHIII TYTKBIPIBIK
koadduuumenti. Erep rasgpi Oipdazanbl arbiChl
KapacTeIpbUIaThiH  Oonca, omma S~ =0; erep
arpIc exida3zanbl Ooica, OHIIA S TaMIIbLIapIbIH
KO3FaJIBICHl HOTIIKECIHIETrT Ta3 (ha3achIHIAFbl MM-
MyJIBC ©3TEPICIHIH JKEePTUTIKTI KBUTIAMIBIFBI STl
aTaapl.
[mKi PHEPTUSHBIH CaKTaIy TCHACYI:
OE

ot

MYHJIaFbl ¢ — KbITY TacbIMalibl Typajisl Oypbe 3aHbl
HETI3iHIerl MEHIIIKTI KbLTy aFblHBI, 7:D opHeri
TYTKBIP JTUCCHITAIIAS HOTHMIKECIHJIETI iIIKI SHEprust
YKBLIIaMIBIFBIHBIH ©CIMIIICCIH OUTIIpeTi. Senergy arblH
Ke3i OYpKiITeH CYWbIK HeMece KAaTThl (a3aHbIH 00-
Tybl eceOiHeH iK1 S9HEePTUSHBIH ©3repiciHe KOCaThIH
ystecin Oingipeni (S, Kyl )KYMBICHI).

KoHueHTpauusHbelH 7 KOMIIOHEHTIHIH CakTaly
TeHJIeyi MbIHA/Iall OoJaIbl:

- D— pdivii —divi +S 3)

energy’

=Ny

a (p C ) a(p Cnlh; ) 6 ac
m) _ m*i o D .%n S , 4
ot 6xi + axi P e, axi + Omass ( )
MYHIaFbl p ~ — /M KOMIIOHEHTTIH MaccaibiK

TBIFBI3/IBIFbI, P — TOJIBIK MAcCAJIbIK ThIFbI3/IbIK.
TypOyneHTTi aFpICTapAbl HHKEHEPITIK eCernTey-
JIEpJH  aHAaFypJbBIM  yHHBEpcall  MOJEIepi
petinae eki auddepeHIHANILK TEHISYIeH Typa-
TBIH MOJICTBJCPAl aiTyra Oonaapl. TeXHUKAIBIK
arpicTapia eki  audepeHIUaNIblK TEeHACYICH
TYpaThIH MOJIENb Ui KOJNAAaHbUIAAbl. byn x — &
Mojzeni jen aramanasl. MyHaa TypOyJICHTTUIIKTIH
KHHETHKAJIBIK YHEPTUACHI X MCH OHBIH JUCCHUTIAITUS
JKBUTAAM/IBIFBI € YIIIH €Ki TeHJeY menritesi [7-8]:
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Ackaposa O.C. xoHe T.0.

ok ouk_ o
Pa P ox, ox,

R (ALY
; ox

o Pax, o,

w. Ou
MYHJIAFbl G = 4, ou, + o,
Ox; 8x,. axj
XKorapeima aramran TeHueylep CTaHAAPTTHI
k — & Tenzieynepi nen aranaipl. Ces Cops €y 0,0,
maMaiapbl ToKipubeneH aHBIKTaJ'IaTLIH MOZ[GJ'IBILIK

TYpaKTbUIap M aTanajbl.

MaceneHiH pu3NKAIBIK KOHbLIbIMBbI

3eprTey OapbhIChIHAA TETPaaeKaH OTHIHBI YIIH
Oacrankel THIMII OYpKy Maccca MEH TeMIeparypa
MoHzIepi YIIiH PeHHONBIC CaHBIHBIH op TYpIi
MOH/IEpIH/IET] KaHy MPOLECTepiHe CaHABIK 3EPTTEY
Kyprizinai. 3epTrey  OapbichlHAa — TeTpaieKaH
YIIiH OacTamkel THIMJI Macca MoHI 6 MT TeH Jem
Tagman aneiHAel [9]. CyHbIK OTBIH 0OacTamksl
300 K Temmeparypaga UMIMHAP  (QOpMAIbI
kamepara Oypkimeni. Kamepa imriHzmeri ayaHbIH
temneparypacs! 900 K kypanpr.

Byn OemiMae anabpIMeH TeTpageKaH OTHIHBIH
OYpKy HOTM)KECIHJEeTi Kamepa iImiHZeri ra3 arbl-
CBIHBIH PeifHOIIb/IC CAHBIHBIH op TYPIIl MOHAEPIHET1
TypOyJICHTTI oceplieCeTiH aFbICTap/Abl CUIIATTANTHIH
exiemmemai AU QPEepeHIHANIBIK  TEHACYIepIi
IIeNTy  HETi3IHAEC CTATUCTHUKAIBIK  MOJCIBICY
OolibIHIIA TOXIpUOEep KenTipinred. by sxympicTa
TeTpajickaH CYHBIK OTBIHBI PEHHONBIAC CaHBIHBIH
Oacranks 2300, 10 000, 15 000, 20 000, 25 000 MoH-
JiepiH/Ieri 1aMbIFaH TypOyJIEHTTi aFbICHI 3ePTTEIIHII.
Ocwl PeifHONbC caHBIHBIH OepiiTeH MoHIEpiHe
coliKkec IKaHy KaMepachIHIarbl TETPaJeKaHHBIH
TUIMJII JKaHy MapameTpiiepi aHbIKTaiabl. TemeHnae
PefiHonbic caHBIHBIH OacTamkpl MOHAEpi YIIiH

KaHy HOTIDKECIHJIETI aFfbIChl CHIATTANTBIH He-
ri3ri  mapaMmeTpiepAiH Tapaidy 3aHIbUIBIKTaphl
KeNTipijreH.

1-cyperTte PeliHONBAC CaHBIHBIH 9p TYPIi MOH-
JepiHzeri TeTpajeKaH TaMIIbUIAPBIHBIH KaMepa
OmikTiri OOiBIMEH €HY Y3BIH/BIFBI OCHHEICHTeH.
JKany GapeichiHAa TETpaJeKaH TaMIIbLUIAPBIHBIH Op
TYPJIi yaKbIT ME3EeTIHJEr] jKaHy Kamepachl OWiKTiri
OoiibIMeH Tapanybl KapacTelpbuigbl. CypeTTeH
KOpIHIM TypraHbIHAal, Oacrankel PeitHoIbAC
canbiHbiH 2300 xome 10 000 TeH MoHaepiHze
TaMIIBUTap Kamepa OWIKTIri OOWBIMEH KOFaphLia,
TYTaHy POIIEC XKaKCHI Kypeni. Anaiina, Perinonpc
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CaHBIHBIH KOFapbl MOHJCPIHJIIE ayblp OOJIIeKTep
KaMepaHblH TOMEHI1 JKaFrblHA  [IOFBIPJIAHBIII,
JKEHIJT OOMIIIeKTepIiH CaHbl azas Tyceni. MpIcalbl,
20000 teH PefiHonbac caHbl MOHIHJAE TETpajCKaH
TaMIIbUIapBl KaMepa Owuikriri OoitbiMen 0,82 cm
omikTikke ketepineni (10 cyper).
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1-cyper — TerpazexaH TaMIIBUIAPBIHBIH JKaHY KaMepachl
OMIKTIri OOMBIMEH yaKbIT OOHMBIHINA Tapaysl
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2-cypet — PeifHONmbIC CaHBIHBIH 9P TYPJIi MOHAEPIHICT] KaHy
KaMepachlHaFbl MaKCHMaJl TeMIIEPaTypaHbIH Tapalybl

2-cyperTte PeifHOIBIC CaHBIHBIH 9p TYPIi MOH-
JEepiHAeT] KaHy KaMepachIHAAFbl >KaHYIbIH MakK-
CHMaJ TeMIepaTypachlHbIH Tapally KHCBIFbI KENTi-
pinren. TypOynenTriarbicTapraToH PeliHOIbIC caHbl
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apTKaH caiblH Kamepa IMIHAETi TeTpajeKaHHBIH
JKaHy TeMmIepaTypachl Aa apra Tycemi. Re=25000
OosrraHja KaMepa iliHAeri MakcCuMal TemIeparypa
2645,2 K neitin xerexi. byn sxarmail (usnkanbix
TYpFBIIaH ObUIAl TyciHmipinemi: PeiHOMbAC caHb
apTKaH cadblH Kamepa IiIiHZeri OeseKTepaiH
KO3FaJIbIC JKBUIAMJBIFBl J1a COMKECIHIIE apTalbl.
OchI cebenTi Koclia MEH OTTETi JKaKChl apajachlll,
KaHy TeMIlepaTypachl ©3iHIH MaKchMall MOHiHe
xKeTedl. AN TemmeparypaHblH MHHHMYM MOHI
1901,2 K Peitnonsac cansl Re=10000 Oosranma
ty3inemi [10-12].

raci
0.092815
0.0866299
00804449
0.0742599
0.0880749
0.0818898
0.0557048
0.0495198
0.0433347
0.0371497
0.0209647
0.024 7796
0.0185946
0.0124096
0.006224E6

a) t=0,8

TeMenae THIMAI >XKaHy pEKUMiHAEr1 TeTpa-
JICKaHHBIH JKAHYBIH CaHJIBIK MOJCIbICY HOTH-
xKenepi KentipinreH. bacrankel maprrapra Ky-
riHe  OTBIPHIN, TETPaJieKaH TaMIIbLIAPBIHBIH
Kamepa OHWIKTITi OOWBIMEH eimemaepi OOWBIHIIA
Tapanybl 3-cypeTTe KenTipuireH. bacTtamkel Ty-
TaHy yakbeIThiHAQ ¢ = 0,8 MC Ke3iHJe KaHy Kame-
packIHIIaFbI OeMIIeKTep OyIaHbIl, KaMmepa OWiKTiITi
OOWBIMEH >KOFaphl Kapal KeTepiiemi. AJl KeWiHri
JKaHy yaKbITTapbIH/Ia OOIIICKTEPIiH JUCTICPCUSICH
azaifpIll, JKaHy TIporeci keOiHece KaMepaHBIH
TOMEHT1 OOJITIHIE oTeml.

rax
0.092815
0.0866299
0.0204449
0.0742559
0.0880749
0.0618898
0.0557048
0.0495198
0.0433347
0.037 1497
0.0309647
0.0247796
0.0185945
0.0124096
0.00622456

9) t=1,2

3-cyper — Terpasiexan TaMIIBUIAPBIHBIH paIiyc OOUBIHIIA KaMepa KeHiCTITiH/eT] TUCTIepCHUsICh

Keneci 4-cyperre >xaHy Kamepacbl OHIKTIri
OOlbIMEH MaKCHUMall TEMIICpaTypaHbIH Tapayybl
keckinmenareH. CypeTTeH KepiHINl TYpFaHBIHIAM,
KaHy KaMmepachblHJarbl MaKCHMajJ TeMmIeparypa
MmoaHi ¢ = 0,8 mc moHiHAe 1972,76 K kypaca, »arsl
MakcuMmain Temmeparypa 2645,2 K teq 6onapr. XKa-
HY KaMmepacblHIarbl TEMIapaTypaiblK anay MoHi
KaMmepaHblH 2,3 cM OuikTirinae opHaiael. ['paduk-
TepJieH Kamepa INIHIeri TeMneparypaHbiH 2,5 Mc
iminzgeri e3repicin kepyre Oonanel. Bactanke! ya-
KbIT Me3€TiH/e OYPKY 0OJIBICHIH/A KBLUTY IBIH CYHbIK
TaMIIbUIAPBIHBIH OyJIaHybIHA KYMCalybl eceOiHeH
Temrmeparypa azjnan Temenzaewzi. backa yakpiTTa
kamepa 915,064 K neitin kbi3apippuiafsl. OTHIH
OYBIHBIH KOCIAChl TOTBIKTBIPFBIIIIEH apaachll
YKaHFaH Ke3/1€ JKbIJ1J1aM >KaHBbIT, )KaHy KaMepaChIHbIH
JKapThI OOJIBICHIH aay aibii xKateip [13-14].

KympicTa Korapel TypOYJIEHTTI aFbICTap.Ibl
CUNIATTAUTBIH eKiedmeMal JepOec  TYBIHbLIbI
MG hepeHInaNIbIK TeHISYIep/i ey Heri3iHae
JKOHE CTAaTHUCTUKAIBIK MOJCIBICY OHICTepiH Oac-
LIBUTBIKKA ajla OTBIPBIN, CYWBIK OTHIHHBIH TYTa-

Hybl MEH JKaHy TIPOIIECTEPIHE KOMITBIOTEPIIIK
Toxipubenep xyprizinmi. Ecenrey >kymbicTapbiH
XKYPri3y YUIiH ipreii GU3NKaIbIK CaKTaly 3aHaapbl
MEH 3aMaHayW CaHJIbIK OJICTep KOJJIaHBLIAJIbIL.
Onap o3 Ke3eriHjie CYHbIK OTHIHHBIH JKaHYBIHBIH
HaKThl TPOLECIH MAYPHIC, JKETKITIKTI IKOFapBhI
nonjiikieH OeiiHenedt amaapl. JKymbic OapbIChIHAA
aNBIHFAH HOTHIKENEp ©3re aBTOPJApbIH ECEITIK
TOXKiprOenepiHiH HOTIKeTIepiMeH >KaKChl COMKec
keneni [15-17].

CoHBIMEH KaTap 5-cyperTe THIMI jKaHy mnapa-
MeTpJIepiHe COWKec KaHy KaMepachIHIaFrbl KeMip-
KBIIIKBLT Ta3bIHBIH Tapallybl OciiHeneHreH. bacrarn-
KbI J)KaHy Ke3eHiH/Ie KOMIPTEeriHiH KOC TOTHIFbIHBIH
KOHIICHTPAIMSIChl KaMEpaHbIH OCIHJE IIOFBIpP-
JlaHaJbl. Y aKbIT OTKEH CaiiblH KOMIPKBIIIKbLI T'a3bl-
HBIH KOHIIEHTpAaIUsChIKaMepa OWIKTiri OOWbIMEH
JKOFaphlial, KaMepaHbIH IIBIFbICHIHIaFbl MAKCHMAT
koHueHTpanuscel 0,106303 r/r monine xereai. CoH-
FbI JKaHy ME3CTTEPiHAC KOMIPKBIIIKBUI Ta3bIHbBIH
KOHIICHTpAIMsIChl  KaHOal KajaFaH 3aTTap.iblH
eceOiHEH JKOFapbLIA/IbI.
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Ackaposa O.C. xoHe T.0.

T(K)

1972.76
S 1884.52
- 1796.48
1708.33
1620.19
1532.05
1443.91
1356.77
| 1267.63
117849
1091.35
1003.2
915,064
826.823
738.781

X, cm

a) =0,8

TIK)
1972.76
1884.62
1796.48
1708.33
1620.19
1532.08
1443.91
1388.77
1267.63
1179.49
1091.38
1003.2
915.064
826.923
738,781

X, cm

15
o) t=1,

4-cypet — JKaHy KaMepachIHbIH OMIKTIT OOMBIMEH MaKCUMall TEMIIEPATyPaHbIH TapaTybl

=12

6) t=2 Mmc

B) t=2,5 mMc

S-cyper — JKany kamepace! OuikTiri 60iibiMeH KeMipKbIIKbLT rasbiabie CO,Tapanybl

6-cyperTe JKaHy KaMmepachblHIAFbl KYHEHiH
Tapajybl CUNIAaTTaIFaH. bacTankpl yakpIT ME3eTiH/Ie
t = 0,8 Mc Ky#eHiH KoHIeHTpanusacel 42,51 r/r, an ¢
= 1,2 mc moniuzge 85,01 r/r, an t = 2,5 mc 93,51 1/,
coHrbl 4 Mc yakbiTTa 127,52 1/T Makcumanm Mo-
HiHe Jxeremi. JKaamel CYHBIK KOMIPCYTEK TEKTEC
OTBIHJIAP/bIH JKaHYbl OapbICBIHIA PEAKIUs HOTH-
JKECIH/Ie KOMIPKBIIIKBUT Ta3bl MEH cy OeiHen.
Anaiina, kelme peaknus OapbICBIHAA OTTETiHIH
MeJIIepi KETKITIKCI3 0oJica, HOTHKECIHIIE KoMip-
KBIIIKBUT Ta3bl €MeC, KOMipTeri OKCHIi Hemece
yibl a3 CO Tty3inyi mymkiH. COHBIH caniapblHaH
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KaMepa innHeri KyHeHiH e KOHIICHTPAIUIChI apTa
TyCeIi.

TypOyneHTTi arbicTapiarbl KOHBEKTUBTI KBIITY
anMacy KYOBUIBICTapbl XUMHMSUIIBIK pPeaKisuIapabl
€CKepreH/ie KeH TaparaH jKOHE TaOWFaT KYyOBUIBIC-
TapblH/Ia, COHBIMEH KaTap OHEPKAOCINTIH aiyaH
TYpJIi cajajapblHAa MaHbI3BI PeJI  aTKapalbl.
OchIHIall  aFbICTapIbIH  3aHIBUIBIKTAPBIH  Oiy
JKaHY TEOPHUSICHIHBIH (PHU3UKACHIH KAIBITACTRIPY/A,
KaHa (U3MKa-XUMUSITBIK TEXHOJIOTHSUIAP/IBI JKacarl
IBIFapy/la, COHBIMEH Karap >KbUIYIHEPIeTHKACHI
MEH DKOJIOTHSI MOcelesepiH MIeIyie MaHbI3JIbL.
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KemipcyTekTi cyibIK OTBIHAAPABIH JKaHy IpoIieciHe TypOyIeHTTLTIKTIH 9CepiH KOMITBIOTEPIIIK MOIEIBACY

Ocbl Tycta 3epTrey OapbIChIHAA >KaHYABIH Kyp-
JIeJTi TIPOTIECiH JKaHy PeaKIUsCHIHBIH KONTEreH (Qu-
3MKAJIBIK YKOHE XMMHUSIJIBIK ITApaMeTPIICPiHiH acepiHe
TOYEJIUTIr TYPFBICBIHAH TajlayFa Typa KeJei.

KopbIThIHABI
Kemazamnsl xxyitenepaeri KyObUIbICTapabl 3epT-

TeyJie KOFapbl TYpPOYJNEHTTIIK Ke3iHIeri CYHBIK
TaMIIBUIAPBIHBIH TY311y TEOPHSICHIH AAMBITY KbI-

3BIFYIIBUIBIK  TYIbIpaabl. belTapan artmocdepa
arbICTAPBIHJAFLl JIUCIICPCUST TPOIECi COHFBI OH
JKBUT IIITHJE CAHBIK, 3ePTXAHAJBIK JKOHE TaOWFH
3epTTEYJICP/AiH KOMETIMEH IKAaKChl TYCIHJIPUIII.
Ocsl 00JBICTa KYPTi3iITeH 3epTTeyiep KOJIOTHs-
JIBIK MOCeJIeiepre, OHbIH IMIIHAE 3USHIBI YJIbI Me-
Tajmap/iaH, KYKIPT KbBIIIKBUIBIHAH, Q30T KBIII-
KbUTBI MEH ©3r¢ 3HSHIBI 3aTTapJiaH TYPaThIH

aTMocQepalblK JIaCTaHy MOceJleNiepiHe HeTi3Jele
JKYprizizeni.

‘HlHH‘\H‘H\lHH‘H ‘HH'
[ O O A O
B —
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OeduerTep

1 AskarovaA., Bolegenova S., Bekmukhamet A., Ospanova Sh., Gabitova Z. Using 3D modeling technology for investigation
of conventional combustion mode of BKZ-420-140-7C combustion chamber // Journal of Engineering and Applied Sciences. —2014.

— Vol.1, Ne9. — P. 24-28.

2 Askarova, A. S., Karpenko, E. 1., Messerle, V. E., Ustimenko, A. B. Mathematical modelling of the processes of solid fuel
ignition and combustion at combustors of the power boilers // 7th International Fall Seminar on Propellants, Explosives and Pyro-

technics. — Xian, 2007. — Vol. 7. — P. 672-683.

3 Askarova, A.S., Ustimenko, A. B., Bolegenova, S. A., Maksimov, V. Yu. Numerical simulation of the coal combustion pro-
cess initiated by a plasma source // Thermophysics and aeromechanics. — 2014. — Vol 21, issue 6. — P. 747-754.

4 Bolegenova, S.A., Maximov, V.Y., Bekmukhamet, A, Beketayeva, M.T. Gabitova, ZK., et al. Computational method for
investigation of solid fuel combustion in combustion chambers of a heat power plant // High temperature. — 2015. — Vol. 5, issue 5.

—P.751-757.

5 Askarova, A. S., Messerle, V. E., Bolegenova, S. A., Maximov, V. Yu. Gabitova, Z. Kh., et al. Numerical simulation of pul-
verized coal combustion in a power boiler furnace / High temperature. — 2015. — Vol. 53, issue 3. — P. 445-452.

6 Maximov, V., Bolegenova, S., Beketayeva, M., Safarik, P., et al. Numerical Modeling of Pulverized Coal Combustion at
Thermal Power Plant Boilers // Journal of thermal science. —2015. — Vol. 24, issue 3. — P. 275-282.

7 Karpenko E.I., Messerle V.E. et al. Plasma enhancement of combustion of solid fuels // Journal of High Energy Chemistry.

—Vol. 40, Issue: 2, 2006. — P.111-118.

64 Xabapisl. Ousuka cepusicsl. Ne2 (61). 2017



Ackaposa O.C. xoHe T.0.

8 Richardson M., Danford A., Stewart P., Pulignano V. Employee participation and involvement: Experiences of aerospace
and automobile workers in the UK and Italy // European Journal of Industrial Relations. — 2006. — Vol.16, Nel. — P. 21-37.

9 Sako M. The nature and impact of employee «voice» in the European car components industry / Human Resource Manage-
ment Journal. — 1998. — Vol. 8, Ne2. — P. 5-13.

10 Olivier J., Janssens-Maenhout G., Peters J. Trends in global CO2 emissions. — Netherlands: PBL Netherlands Environmental
Assessment Agency, 2012. — 40 p.

11 Dadach Z.E. Cost Effective Strategies to Reduce CO2 Emissions in the UAE: A Literature Review // Journal of Industrial
Engineering and Management. — 2013. — Vol. 2(4). — P. 1-9.

12 Amsden A.A., O'Rourke P.J., Butler, T.D. KIVA-II: A computer program for chemically reactive flows with sprays. — Los
Alamos, 1989. — 160 c.

13 Amsden D.C., Amsden A.A., The KIVA Story: A Paradigm of Technology Transfer / IEEE Transactions on Professional
Communication Journal. -1993. — Vol.36, Ne4. — P. 190-195.

14 155-158.

15 Askarova A., Bolegenova S., Berezovskaya I., Ospanova Sh., etc. Numerical study of initial temperature influence on the
process of combustion of liquid fuel spray at high pressure // Materials of the I International scientific conference «Global science
and Innovation». — Chicago, USA, 2013. — P. 380-385.

16 Bolegenova S, Beketayeva M, Ospanova Sh, Maximov V, et al. 3-D Modeling of Heat and Mass Transfer during Combus-
tion of Solid Fuel in Bkz-420-140-7C Combustion Chamber of Kazakhstan // Journal of Applied Fluid Mechanics. — 2016.- Vol.9,
No2. —P.699-709.

17 Beketayeva M., Bolegenova S.A., Bolegenova S., Bekmukhamet A., Maximov V., et al. Numerical experimenting of com-
bustion in the real boiler of CHP // International Journal of Mechanics. — ISSN: 1998-4448. —Issue 3. — Volume 7,2013. —P. 343-352.

18 Ospanova Sh., Bolegenova S., Beketayeva M., Maximov V., et al. Numerical modeling of turbulence characteristics of burn-
ing process of the solid fuel in BKZ-420-140-7c combustion chamber // International Journal of Mechanics. — ISSN: 1998-4448.
— Volume 8§, 2014. — P. 112-122.

References

1 A. Askarova, S. Bolegenova, A. Bekmukhamet, Sh. Ospanova, Z. Gabitova, Journal of Engineering and Applied Sciences,
1(9), 24-28, (2014).

2 A.S. Askarova, E.I. Karpenko, V.E. Messerle, A.B. Ustimenko, 7th International Fall Seminar on Propellants, Explosives
and Pyrotechnics. Xian, 2007, 7, 672-683, (2007).

3 A.S. Askarova, A.B. Ustimenko, S.A. Bolegenova, V.Yu. Maksimov, Thermophysics and aeromechanics, 21(6), 747-754,

(2014).

4 S.A. Bolegenova, V.Y. Maximov, A. Bekmukhamet , M.T. Beketayeva, Z.K. Gabitova, et al., High temperature, 5(5), 751-
757, (2015).

5 A.S. Askarova, V.E. Messerle, S.A. Bolegenova, V.Y. Maximov, Z.K. Gabitova, et al., High temperature, 53(3), 445-452,
(2015).

6 V.Y. Maximov, S.A. Bolegenova, M.T. Beketayeva, P. Safarik, et al., Journal of thermal science. 24(3), 275-282, (2015).

7 E.I Karpenko, V.E. Messerle, et al., Journal of High Energy Chemistry, 40(2), 111-118, (2006).

8 M. Richardson, A. Danford, P. Stewart, V. Pulignano, European Journal of Industrial Relations, 16(1), 21-37, (2006).

9 M. Sako, Human Resource Management Journal, 8(2), 5-13, (1998).

10 J. Olivier, G. Janssens-Maenhout, J. Peters, Trends in global CO2 emissions, (Netherlands: PBL Netherlands Environmental
Assessment Agency, 2012, 40 p.)

11 Z.E. Dadach, Journal of Industrial Engineering and Management, 2(4), 1-9, (2013).

12 A.A. Amsden, P.J. O'Rourke, T.D. Butler, KIVA-II: A computer program for chemically reactive flows with sprays, (Los
Alamos, 1989, 160 p.)

13 D.C. Amsden, A.A. Amsden, IEEE Transactions on Professional Communication Journal, 36(4), 190-195, (1993).

14 A. Askarova, S. Bolegenova, I. Berezovskaya, Sh. Ospanova, etc., Materials of the I International scientific conference
«Global science and Innovation, Chicago, USA, 2013, 380-385.

15 S.Bolegenova, M. Beketayeva, Sh. Ospanova, V. Maximov, et al., Journal of Applied Fluid Mechanics, 9(2), 699-709,
(2016).

16 M. Beketayeva, S.A. Bolegenova, S. Bolegenova, A. Bekmukhamet, V. Maximoyv, et al., International Journal of Mechanics,
3(7), 343-352, (2013).

17 Sh. Ospanova, S. Bolegenova, M. Beketayeva, V. Maximoyv, et al., International Journal of Mechanics, 8, 112-122, (2014).

ISSN 1563-034X Recent Contributions to Physics. Ne2 (61). 2017 65



MPHTU 30.17.27

Toaeyos I'., UcaraeB M.C.", MycaraeB A., Akancepuna T., badamesa JI.,
PyctremoBa C., HypmaramoeroB M., Tamabex /l.

HUNDT®, Kazaxckuii HalMOHAIBHBINA YHUBEPCUTET WM. aib-Dapadu,
r. Anmarsl, Kazaxcran, “e-mail: Muhtar.Isataev(@kaznu.kz

MCCAEAOBAHUE AMHAMUKU PA3BUTUA KOTEPEHTHbBIX CTPYKTYP
CAOXHOIO TEMEHUNA B CTPYAX U «CAEAAX»

XapakTepuctuyeckme 4actoTbl (DOPMMPOBAHMS BEPTMKAAbHBIX BO3MYLLEHUIA B €CTECTBEHHOM
Pa3BUTMM MCCAEAYIOTCSI SKCMEPUMEHTAAbHbIM MyTeM. MX AMHammKa MCCAEAOBaHA MpM MOMOLLM
METOAMKM yCpeAHeHus (has 1 CBsi3aHa C BU3yaAM3MPOBaHHbBIMM CXEMaMM MOTOKOBYACTOT BO3MYLLLAIOLLLEN
CUAbI, TPUBOAS K 3HAUMTEAbHbIM M3MEHEHMSM CPEAHEeapUMPMETUUECKON XapaKTEePUCTUKKU U
XapakTepUCTUKM MyAbCaumu. MccaeaoBaHUE CTPYKTYPbl BUXPS «CAEAQ» 32 LMAMHAPOM OrpaHUYeHHOM
AAVHbI MOKA3bIBAET, YTO KOHEUHbIE SIBAEHMS BEAYT K AecTabuAamndaumnm Buxpein KapmaHa v yAAMHEHMIO
30HbI UMPKYASILMKM B cAeAe. Boaee moapo6HYI0 MH(OPMALMIO MO AMHAMMKE Pa3BUTUS KOTE€PEHTHbIX
CTPYKTYP MOXHO MOAYHYMTb MPU MCMOAb30BAHMM METOAMKM OCPEAHEHMs a3 npu npeobpasoBaHum
CUIHAAOB CKOPOCTM MOTOKA M TemriepaTypbl. AAst GOAee yTAyGAEHHOTO M3yUeHUsl COOTHOLLEHMS MEXAY
npoueccamm CMeWMBaHUs U AMHAMUKKM Pa3BUTUS KOFEPEeHTHbIX CTPYKTYP CAEAYET MCMOAb30BaTh
AQHHYIO METOAMKY M METOA CMHXPOHM3ALMOHHOM BM3YaAM3aLMM BCMbILIKM UMITYAbCA B MCCAEAYEMOM
30He notoka. B aaHHOM HayuHoM paboTe Bbina cAeAaHa MorbiTKa 00bICHUTL (DU3MUEcKMe CBOMCTBA
BbILIEOMMCAHHbIX SIBAEHMI MOCPEACTBOM YTAYOAEHHOrO WCCAEAOBAHMSI KOFEepeHTHbIX CTPYKTYP,
KOTOpble 06pasytoTCsl B MEPBOHAYAABHOM M MEPEXOAHOM YaCTU TPEXMEPHbIX CTPYMIM CAEAOB MO3aAM
UMAMHADPOB KOHEUYHOM AAMHbI.

KatoueBbie cAoBa: cBoGOAHasl CTpysl, TYPOYAEHTHOCTb, COMAO, PacrpeAeAeHue Temrepatypbl,
rpaAyMpoBKa.

Toleuov G., Isatayev M.”, Musataeva A., Akanserina T., Babasheva D.,
Rustemova S., Nurmagambetov M., Tamabek D.

IETP, Al Farabi Kazakh National University,
Almaty, Kazakhstan, “e-mail: Muhtar.lsataev@kaznu.kz

Investigation of the dynamics of the development of
coherent structures of complex flow in jets and trails

The characteristic frequencies of the formation of vertical disturbances in natural development are
investigated experimentally. Their dynamics has been studied using the phase averaging technique and
is associated with visualized schemes of frequency fluxes of the disturbing force, which lead to signifi-
cant changes in the average arithmetic and pulsation characteristics. A study of the structure of the vortex
of a trails behind a cylinder of limited length shows that finite phenomena lead to destabilization of the
Karman vortices and an extension of the circulation zone in the trail. More detailed information on the
dynamics of the development of coherent structures can be obtained by using the phase averaging tech-
nique for converting flow velocity and temperature signals. For a more in-depth study of the relationship
between the mixing processes and the dynamics of the development of coherent structures, this method
and the method of synchronization visualization of the flash pulse in the investigated flow zone should
be used. In this scientific work, an attempt has been made to explain the physical properties of the
phenomena described above by in-depth study of coherent structures that are formed in the initial and
transitional part of three-dimensional jets and trails behind the cylinders of finite length.

Key words: free jet, turbulence, nozzle, temperature distribution, grading.
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AfbIHLLIAAAPAAFbI XKOHE «i3AepAeri» KYPAeAi aFbICTapAbIH,
KOTepeHTTi KYPbIAbIMAAPAbIH, AAMy AMHAMMUKACBIH 3epTTey

KeAiMri AaMyaafFbl BEPTUKaAAi KO3YAAPAbIH, TYbIHAQYbIHbIH, CUMATTbIK, >KMIAIKTEDPI 9KCMEPUMEHTTIK
>KOAMeH 3epTTeAAi. OAapAbIH AMHaMMKAChl pa3arapAbl OPTaLLAAQY BAICI KOMEriMEH 3epTTeAAl XXeHe
KO3AbIPFbILI KYLUTEPAIH >KMIAIKTED afblHbIHbIH BM3yaAM3aUMsAaHFaH Cbi36arapbiMeH GarlAaHbICTbI,
6yrap  opTallaapUMETMKAABbIK,  CUMMAaTTaMaAapAbIH  >KOHE  MYAbCAUMSAbIK,  CUMMATTaMaAapPAbIH
KOMaKTbl e3repicTepiHe aAbin KeAeai. LLlekTeAreH y3bIHAbIKTbI UMAMHAPAIH apTbIHAQFbI «i3AiH»
KYMbIHABIK, KYPbIABbIMbIH 3€pTTey KOpPCETKEHAEN, COHFbIAbIK, KyOblAbicTap KapmaH KymblHAAPbIHbIH
AeCTabuAM3aUMSCbIHA KBHE «i3AEri» UMPKYASIUMS 30HACbIHbIH y3apyblHa oKeAeai. KorepeHTTi
KYPbIABIMAAPAbBIH, AAMy AMHAMMKACbIHA KATbICTbl HAKTbIPAK, akmapatka afblH >KbIAAAMAbIFbl MeH
TemrnepaTypaHblH, CUTHAaAAQPbIH TYPAEHAIPY Ke3iHAeri da3arapAbl opTallasay 8AICTEMECIH KOAAAHY
apKbIAbl KOA XKeTKidyre 6oAaAbl. Aparacy >KOHe KOrepeHTTi KypbIAbIMAAPAbIH AaMy AMHaMMKaCbl
NPOoLEeCTEPiIH aHafypPAbIM TepeHipeK 3epTTey YLiH OCbl 8AICTEMEMEH KOCA afFblHHbIH, 3€pTTEAIHIN
OTbIpFaH alMarblHAAFbl TYTAaHYAbIH BM3YaAM3aLMACbIH CMHXPOHAQY BAICIH KOAAAHY Kepek. bepiAreH
FBIABIMM KYMbICTa YLLUOALIEMAI afblHILIAAAPAbIH aAFaLIKbl KOHE eTrneAi OeAiMiIeAepi MeH LWekTi
Y3bIHABIKTbl LUMAMHAPAEPAIH apTbIHAQFbl i3AEPAE KAAbINTACATbIH KOFEPEHTTI KYPbIAbIMAAPAbBI TEPEH,
3epTTey apKblAbl KOFapblAa aTaAFaH KyObIAbICTapAbIH (OM3MKaAAbIK, KACUETTEPI TYCIHAIPIAAILL

Ty¥iH ce3aep: epKiH arblHLLIa, TYPOYAEHTTIK, COMAO, TemMrepaTypaHbiH TapaAybl, FPasyMpAey.

BBenenne

B nacrosimee BpeMsi HEOOXOIUMO TPOBEICHHUE
Oosyee yriyOJIEHHBIX HCCIEAOBAHUHA TapaMeTpPOB
korepeHTHbIX CTpykTyp (KC) pasnuysbIX THIOB
MOTOKOB ¥3-32 M3MEHEHHU B TOJXOZE K MPHUPOJIC
obOpazoBaHns TypOyJICHTHBIX TOTOKOB [1-5]. Tak-
Ke ObUTH OOHAPYIKEHBI HEKOTOPBIC SIBICHUS IPH
MIPOBEJICHUN TIPOIIECCOB CMEIIMBAHUS M Tepeaadn
Teria B TpexMepHbIX cTpysax (TMC) u ciemax, 06-
pasyroLuMXxcs NPy YCTAHOBKE LMJIMHIPOB KOHEUHON
JUTMHBI TI0 TIOTOKY, 4eMy HeT OOBsICHeHHU 0e3 uc-
CIIEJIOBAHUM BUXPEBOM CTPYKTYPhI ITHUX IMOTOKOB.
OnHMM U3 JI0Ka3aTebCTB CYIECTBOBAHUS TaKUX
SIBIICHUH SIBIIIETCS HAJTMYME MaKCUMyMa B 3aBHCH-
MOCTH JJTUHBI 30HBI BO3BPATHO-IIOCTYHATEIHHOTO
MOTOKA OT MapaMerpa yJUIMHEHUs1 A=l/d. Dta 3aBu-
CHUMOCTB, TIONydaromiasics B pe3ylbTare mpeolpa-
30BaHUs, N300pakeHHOM Ha pucyHke 1. [loxoxnit
mpoueccC yBCJIMYCHUA IJIUMHBI HCpBOHa‘IaJ’IBHOﬁ u
MIEPEXO0THON 30HBI TIPH OTIPEACICHHON TPOTOPIHU
MEXly UTMHaMH OOKOBBIX CTOPOH BBIXOJTHOTO ITO-
nepeunoro ceuenuss ormedeH Ha TMC. OcoleH-
HocTtH pa3Butuss KC B moToke B mepBOHAYaAIbHOMN
30He TypOysneHTHOCTH TMC OBUTH HCCTIeOBAHBI B
nyHkTe [6].

[Tocne mpoBeeHNs CIEKTPAIBHOTO U KOPPEIs-
[IMOHHOTO aHAJIN30B OBUIN MTOTYICHBI 0000IIICHHbBIE
JaHHBbIC 110 MaCHlTa6aM 1 MHTCHCUBHOCTU XapaKTe-
puctuueckux yactot cienoBanusi KC. bouio orme-
yeHo, 4To Aerpaxanmu KC, pacmpocTpaHsiomascs

ISSN 1563-034X

o CTOpoOHaM OT 6OJ'II)IHI/IX U MaJICHBKHUX CTOPOH
CoIlIa, MPUCYIIE pa3Hble BEJIWYMHBI WHTCHCHUBHO-
CTH B 00omX ciydasx. Taxke Oblma OTMEUYCHA pa3-
HUIIA B CKOPOCTAX UCTCUCHUS ITIOTOKOB.
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Pucynok 1 — /lnHa 30HBI BO3BPAaTHO-MOCTYATENBEHOTO
TIOTOKA B CIIEJIE 3a IMIIMHPOM, H300paskeHHas
B KauecTBe mapamerpa A= 1/d

Bonee moxpoOHyro HHPOpPMANIHIO IO JUHAMUKE
pazButuss KC MOXXHO MOJSy4UTh NMPHU HCIIOJIB30Ba-
HUM METOIMKHU ocpelHeHus (a3 nmpu npeodpazosa-
HUM CUTHAJIOB CKOPOCTH TIOTOKa M TEMIIepaTyphl.
st Gonee yriyOIeHHOTO M3y4eHHsI COOTHOILCHHUS
MEXIy IPOLEeCCaMy CMEIINBAHUS U ANHAMUKH Pa3-
Butus KC cremyer wmcmonb30BaTh JAaHHYIO METO-
JIUKY M METOJ| CHHXPOHH3alMOHHON BHU3yallU3alin
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HCCJ’ICZ{OB&HI/IC JAUHAMUKHU Pa3sBUTHS KOTCPEHTHBIX CTPYKTYP CJIOKHOIO TECUCHHUSA B CTPYAX U «CIICAAX»

BCIIBIIIKH UMITYJIbCA B HMCCIENYEMON 30HE MOTOKa
[7, 8].

B nanHoi# HayuHOH paboTe Oblna clenaHa Io-
MBITKa OOBSICHUTH (PU3MYECKHE CBOWCTBA BBIIICO-
[IUCAHHBIX SIBJICHUI MOCPEICTBOM YIIIyOJIEHHOI'O
uccienoBanus KC, koTopsle 00pa3yoTcs B MepBo-
HavapHOU 1 nepexoanoil vactu TMC u cnenos 1o-
331 [IWJIMHAPOB KOHEYHOM UIMHBI.

Annmaparypa sl 3KCHEePUMEHTAJbHbIX HC-
caeI0BaHHK

[Ipu npoBeneHUN IKCTIEPUMEHTAIBHBIX OIBITOB
HCIOJIb30BAINCH COIJIA C YETHIPEXYTOJbHBIM I10-
MEPEYHBIM CEYEHHEM BBIXOJTHOTO OTBEPCTHS C TPO-
nopuusiMu cTopoH: A = 1,65; 2,77; 5,07; 7,61; 11,0;
16,0; 25,2 u kpymioe comio (muamerpoMm = 22.5
MM). BeTMYMHBI BBIXOHOTO MOTIEPEYHOTO CEUCHUS
BCEX COIeJ ObUTH MPUOIN3UTENBFHO OJMHAKOBBIMH.

C ucnonb3oBaHUEM JaHHOW ammapaTrypsl yaa-
JIOCh OTCIEANTh H coTorpadupoBaTh TEHEBOE
n300paKeHne MOTOKA MPH MOMOIIM HUMITYJIbCHON
BCIIBIIIKM CBETA, CHHXPOHU3WPOBAHHOM IO 4acTo-
TaMm CJIeJOBaHUsI BUXpEH, KOTOpble 00pa3zyroTcs B
NEpBOHAYAIILHON U MEpPeXoaHO0M 30Hax cTpyi. Cu-
CTeMa TEPMOIJICKTPUUECKOIO aHeMOMeTpa, Obuia
WCTIONB30BaHa Ui OTpE/CIeHUs] cpeaHeapudme-
THYECKOW W IyJIbCAIIMOHHOW XapaKTEPHUCTUK CKO-
poctu notoka. IIpu 3ToM HCIOJIB30BAJICS TOJHBIN
KOMIUIEKT CHUCTEMBbI, BKJIIOYasi HJIEKTPOHHBIA MH-
KPOMaHOMETP U yCTPOHCTBO ocpeJHEHUS (ha3bl, YTO
[IO3BOJIMJIO 3aMEPUTh OCPEAHEHHYIO IepHOANYE-
CKYI0 M XaOTHYECKYIO COCTaBISIONINE CKOPOCTHON
MyJICALIUH.

Taxoke OBIJIO NPOBEIACHO BU3yalbHOE HCCIIE-
JIOBaHKE Clle/a 10331 [HIMH/POB Pa3IUYHbIX TI0
JUIMHE Ha y4acTKe CTyIICHHs B paboueil yacTu npu-
0opa ¢ TEHEBBIM yKa3zaTeleM M IPH NPOBEICHUHU
9KCIIEPUMEHTOB M0 OmpeesieHrH JuinHbl. Ornuca-
HHUE HKCIIEPHUMEHTAJBHBIX CUCTEM M CIIOCOOOB H3-
MEepeHUH, MpUBOIUTCS B padoTtax [7, §].

HOJIy'—leHH])Ie pe3yjabTaThbl U UX AaHAJU3

Pe3ynbTaThl H3MepEHUsI OCEBBIX CKOPOCTEN HC-
TEUYCHUS B CTPYAX, BRIXOSIIUX U3 COMEI C Pa3ind-
HBIMH pa3MepaMH OOKOBBIX CTOPOH B BBIXOJIHOM
MIOTIEPEYHOM CEYEHUN U300pakeHbl HA PUCYHKE 2.

AHanu3 JaHHBIX yKa3blBaeT Ha 30HY IMOCTe-
MEHHO CHWKAIOIEUCS CKOPOCTH MOTOKA. JTa 30HA
ObL1a OOHApyIKeHa Iepe; OCHOBHOW 30HOH, T/Ie CKO-
POCTh MOTOKA MAaeT MPUMEPHO /IO BETUIMHBI ~X !
YeMm MeEHbIIIE CTAHOBUTCS BEJIMYMHA A, TEM OJIMKE
9Ta 30Ha OKA3bIBACTCS K TOUKE MCTEUCHUS MTOTOKA.
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PucyHnox 2 — XapakTtep U3MEHEHHUS OCEBOI CKOPOCTH
HCTEUECHUsI IPH PA3INYHBIX BETUINHAX
A =a/b, U =20 m/c, rneU_ — oceBast CKOPOCTh IOTOKA

DTy 3aBHCUMOCTh MOXXHO 00Jiee TOYHO OTCJie-
JUTH TIPU BBIBEJICHUH PE3YIIbTaToB B popme: U = f
(M) (pucynok 3). 3neck Bennunna U . mpeicTaBiseT
co0ol BEIOpaHHBIN YpOBEHb CKOpocTH noToka. [o-
CKOJIBKY BBILIEONUCaHHAs 30HA YK€ ONpeselieHa,
€e MOKHO Ha3BaTh 30HOM OKOHYaHHS Aedopmanun
TMC, T.e. 5Ta 30Ha HAXOAUTCS TIEPEa OCHOBHOM 30-
HOM, B KOTOPOH HET HUKAaKOH JedopManuu CTpyH,
JTaHHAasi 30Ha PACIPOCTPaHSETCs Jajee 1Mo CBOOOI-
HOM U aKCUaJIbHO-CUMMETPUYHOMN CXEME.
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Pucynok 3 — /Iiiuna yyactka ¢ paBHBIMH YPOBHSIMH CKOPOCTEH
MOTOKa M300pakeHa B KauecTBe (QYHKIMH apaMmeTpa
A=a/b, mpu U =20 m/c

Omnpenenenne BETUYUH aBTOKOPPEIAINOHHBIX
(YHKIMI MPOJIOJIEHBIX OCEBBIX IYJIBCAIUN CKOPO-
CTH TIOTOKA Ha UCCIIElyEMOM Yy4acTKe, TJie TIpoIiecc
neopMaly 3aBepiicH, T0Ka3alo CYIIeCTBOBAHHE
OTPULIATEIBLHOTO MaKCUMyMa. Pe3ynbTathl onpene-
JIEHWs BEMYMHBI R, B cTpye npu 3nauenuun A = 2,27
MOKa3aHbl HA PUCYHKE 4.
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0 3 . 6 °
U, /d

U =6.03 m/c;h =2.77; x/b = 10; 1 — B HEBO3MYTIICHHOM
COCTOSTHHH; 2 — Ha4aI0 BO3MyIIeHus mpu gyacrore 50 I'm;
3-63;4-70;,5-80;6—89;7—100; 8 — 120.
Wupexc e— > pekTuBHBII

PucyHoxk 4 — BennanHbI aBTOKOPPEISLIUOHHBIX (YHKINAN
KosileOaHM CKOPOCTH MOTOKA MO OCH CTPYH
MU PA3HBIX 3HAUYCHUSX YACTOT BO3MYIICHUS

Bpewmsi, cooTBeTcTByIOIIEE 3HAYCHHUIO OTpHIIA-
TEJILHOT'0 MakcuMyMa R MOHO Ha3BaTh OITyTIEpH-
0JI0M XapaKTePHCTHYCCKOH 4acToTh N =1/T  naH-
HOTO TIEPHOJMYECKH TTOBTOPSIOUIETOCS IpOIecca.
B BbIIIICONTUCAHHOM ClTydae, 3TO BpeMsl paBHSIETCS
BenuurHe 5,6x103, a 9T0 3HAYEHHE COOTBETCTBYET
yactore 89 ['. OueBUIHO, YTO YacTOTa BO3MYILIE-
Hus 89 ['11, COOTBETCTBYIOMIAS TIEPHOTY T,,, ABIACT-
Csl ONTUMAIILHOM, TIOTOMY, YTO POCT U YMEHBILICHNE
YaCTOTHI 110 OTHOIICHUIO K IAHHOW BEIMYMHE C PaB-
HBIMU CTETICHSIMH BO3MYIIICHHUSI BEJIET K YMCHBIIIC-
nuio Benuuunbl R (U /U ) (cMoTpuTe pucyHok4).
OT0 O0BSCHSET HaJMYMEe W3MEHYHBOCTH CKOPOCTH
MOTOKA IT0JT BO3/ICHCTBHEM BO3MYIIICHUS U TIO3BOJISI-
€T OLCHUTH Pe3yJIbTaT JaHHOTo Bo3MymeHus. Cie-
JTyeT YYUTHIBATh, YTO U3MEHEHHNE CTEIIEHN YaCTOTHI
BO3MYLIEHHS M COOTBETCTBYIOIIas € BenmuuuHa d
/ UOXTxap B nauanaszone 0,25 — 0,36 npuBOAUT K U3-
MEHEHHIO pe3yJibTaTa BO3ACUCTBUS BCETO JIHIIb Ha
10%. 3neck Mbl umeem d_ = 2 (ab/m)"?, (a—nnuHHas
CTOpOHa CoIuIa,h — KOpOTKas CTOpoHa coruia,d, —
s¢dextuBHbi quamerp). [losromy pekomeHmyer-
cs1 OpaTh JaHHBIN WHTEPBAJI H3MEPEHHUH B Ka4eCTBE
ydacTKa ¢ Hanbosee BbIPaKEHHBIM BO3MYILICHHEM.

Ha pucynke 5 wn300paxeHpl TeHeBble (OTO-
rpaduy MOTOKa, CAENaHHBIE C MaJlOM W OOJIBINON
CTOPOH COIUIa B PAa3IUYHBIX CTAJUsIX Pa3BUTHUS,
KOTJla CHTHAJl YacTOThI BO3MYIIEHHS OKa3bIBAJICS
B BUJIMMOM criekTpe. Popma BUXPEBOTO BO3MYIIIE-
HUSI, 00pa3yIolerocss OKOJIO HaKOHEYHHMKA COILIa,
YETKO TIPOCMATPHUBAETCS Ha M300paKeHHsIX. Takxke
JIETKO 3aMETHTh TIEpBOHAYAIBbHYIO (asy BHXPEBO-
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r0 BO3MYIIEHUS C OOJIBIIEH CTOPOHBI COILIA. DTOT
poriecc MpoIoIDKaeTCs JI0 TeX Mop, Moka He o0pa-
3yetrcs BUXpb B (popmate 3JI, 00€ CTOpPOHBI KOTO-
pOTo HaXOMATCS HA Pa3HBIX MOMEPEUHBIX CEUCHUSIX

CTpYH.

U, =43 M/c; n =60 I'; A, B — BHJ ¢ MaJioll CTOPOHBI COILIA;
C, D- Bz ¢ GOJIbIIIeH CTOPOHBI COILIa

Pucynok 5 — TeneBble n300pa)keHHsI IIOTOKA B 3-X MEPHOM
(dopmare CTpyH IIPH YaCTOTE BO3MYIICHUS,
cootBeTcTBytomei S= 0,27

CpenHecTaTHCTHUECKHE MTHOBEHHbIE TPOduIn
MIEPUOJTMYECKUX U CIYYalHBIX COCTABISIIOIINX BE-
anuuHbl Uy Iynbcaluil CKOpOCTH IIOTOKA, KOTOPbIE
yZAJIOCh 3apETUCTPUPOBATH HPU HOMOLIM METOIH-
KM ocpejiHeHus (a3, TOKa3bIBAIOT CYIIECTBOBAHHE
Pa3NUYHBIX YPOBHEH 3THX BEIMYMH, COOTBETCTBY-
oIuX OObIIeH U MEHBIIEH CTOpOHAM coruia. JTa
pasnuna i BenuuuHbl U’ TIOKa3aHa Ha PUCYHKE
6. OTu naHHbIe OBLIM TIONYYEHBl HA JBYX Pa3HBIX
CTaOUsIX Pa3BUTUSl 3aBUXpEHHMs. BepxHue IMHUU
COOTBETCTBYIOT MOMEHTY, KOTJla M3MEPUTEIHLHBIN
npubOp MPOXOAWI MO LEHTPY BHXpEH, a HIKHHE
JIMHUHU COOTBETCTBYIOT M3MEPEHUSIM MEKAY 3aBUX-
PEHHSIMHU.

Bennunabl  KOOQQHUUIUEHTOB  KOppEISIHUN
OTIPEIEISUINCE B TO BpPEMsi, KOTrJa HMCCIIE0BaNach
CTPYKTypa clelia 3a MUINHAPOM. DTU H3MEpCHUs
MIPOBOMIIUCH MTPY TIOMOLIH ABYX YCTPOMCTB, IIOME-
LICHHBIX C JIByX KOHILIOB LIMJIMHIPA OKOJIO y4acTKa,
I'JIe TIOTOK OTPBIBAETCS OT MOBEpXHOCTH. [TomyueH-
HBIC JJaHHBIC N300pakeHbl Ha pucyHke 7. [lomoxwu-
TEJIbHOE 3HaueHue KO3()(UIMEHTa KOPPEIsLUU B
muarasone 0 <//d< 12 noka3piBaeT CHMMETPHUYHOE
pas3ziesicHue 3aBUXPEHUH M0 Mepe yAaJeHHUs OT I0-
BEPXHOCTH LMIMHApPA. 3HAK KO3 PHULIHEHTa KOppe-
JISIIUH U3MEHSETCS IPU COOTHOIEeHUn/d> 12.

AbcoinmoTHOe 3HaueHHEe K0d((UIeHTa yBelu-
YUBaeTCS MO Mepe JIOCTH)KEHHUS COOTHOIICHUs [/d
= 07, B kpaliHeM ciIyJae, KOraa Imo 000ouM KOHIIaM
YCTAaHABIUBAIOTCS B OrPaHUYHMTENbHBIC CTCHKU
IIPU HATMYUH OOJIBIIUX 110 BEIUIMHE COOTHOILICHUN
l/d.
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HCCJ’ICI{OB&HI/IC JAUHAMUKHU Pa3sBUTHS KOTCPEHTHBIX CTPYKTYP CJIOKHOIO TECUCHHUSA B CTPYAX U «CIICAAX»

U, =427 m/c; n=60 I'y; S = 0,27; 1, 2 — pa3mephl IONEPETHOTO CEYEHHS B LIEHTPE 3aBUXPEHNS;
3, 4 — MeXKAY 3aBUXPECHUAMHU

Pucynok 6 — /lnarpamma pacrpeeseHus: BOJIHOBOM COCTABISIOICH MyNbCAlui CKOPOCTH
IIPU BO3MYIIEHUN
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Pucynok 7 — KoadurmeHt Koppensiun myabcaniu
CKOPOCTH BbIp@XKEHHBIN B QyHKuuu 1/d

OtpuuarensHOe 3HaY€HUE BeIUUMHBI R yKa3bl-
BaeT Ha HAJIMYME aHTUCUMMETPUYHOTO pa3/ieNeHus
3aBuXpeHnii (Tabauua 3aBuxpenuit T. Kapmana).

TeneBass ¢ororpaduss mMoTOKAa TPH HE3AHUIH-
TEJbHO HAarpeThIX HWIMHIPAX, OTYyYEeHHOE MPH I10-

MOIIY MMITYJIbCHOM BCIIBILIKH, MOJITBEPKIACT 3a-
KJTFOYCHUE, OCHOBAHHOE HA ONPEJICNICHU BEINYNH
K03 PUITMEHTOB KOPEIISIIUH.

[TosTOMY, HaMMUMEe MaKCUMyMa B 3aBUCHMOCTHU
L/d = f (I/d) neniocpeacTBeHHO cBsizaHO C Tipeobpa-
30BaHHMEM Da3JIeJICHNs 3aBUXPEHUI U TpolieccaMu
(bopMHpOBaHUS 3aBUXPEHUH, HauyWMHAs C CHUMMe-
TPUYHOTO 3aBHXPEHUS, COOTBETCTBYIOIIETO MTOTOKY
BOKpYT c(epbl U 3aKaurBast JIByXMEPHBIM 3aBUXPE-
HUEM, COOTBETCTBYIOIUM IOTOKY BOKDYT IMJIMH-
npa OECKOHEYHOH JUTUHEI.

Paboma evinonnena ¢ pamxax npoexma 3096/
I'®4«Hccredosanue npobrem menionepeHoca u
MEnAOMACCOOOMEHA @ CNONACHbIX CMPYUHbIX mede-
HUAXY.
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Kazaxckuii HalMOHAIBHBIA YHUBEPCUTET UM. anb-Dapadu,
r. Anmarsr, Kazaxcran, “e-mail: e.s.korshikov@physics.kz

MCCAEAOBAHUE OTPAXATEAbHbIX XAPAKTEPMCTUK
KPMOKOHAEHCATOB 3AKMCH A3OTA 1 OTAHOAA

B AaHHOW paboTe npeACTaBAeHbl 3KCMIEPUMEHTAAbHbIE PE3YAbTaTbl MCCAEAOBAHMIA OTPAXKATEAbHbIX
XapakTepuCTUK KPUMOKOHAEHCATOB 3akMCKM a30Ta M 3TaHOAA B AMarna3oHe Temnepatyp T=16-130K.
Moayuenbl MK cnekTpomeTpmnyeckme AaHHble B Amana3oHe yactot 400 — 4200cm . M3yyeHo BAUSGHWE
TemrnepaTypbl OTOrpeBa TOHKMX MAEHOK KPMOKOHAEHCATOB 3aKMCM a30Ta M 3TaHoAa Ha (opmy m
MOAO>KEHWE MOAOC MOTAOLLEHMS, COOTBETCTBYIOLMX AePOPMALIMOHHOMY M MPOAOAbHBIM KOAEOAHUSAM
MOAEKYAbl 3akmcu asoTa, 1 OH cBSA3M MOAeKyAbl 3TaHOAQ. [1poBeAeHbl MCCAEAOBAHUS BAMSHUS
TemnepaTypbl KOHAEHCALIMM AAS 3aKMCM @30TaM3TAHOAQ, HA CTPYKTYPHbIE NEPEXOAbI BKPUOKOHAEHCATAX.
BbisiBAEHA 0COBEHHOCTb MOAOXKEHMS MOAOC MOTAOLLEHMS HA TEPMOCTUMYAMPOBaHHbIE MPEBPALLEHUS B
KPMOKOHAEHCATax TOHKMX MAEHOK B 3aBMCMMOCTHM OT TeMMepaTypbl KOHAeHcaLmm o6pasLoB. OCHOBHbIe
napameTpbl MPOBEAEHUS U3MEPEHUI ObIAM CAEAYIOLLMMM: TemnepaTtypa kKoHAeHcaumm T=16 K npu
HayaAbHOM Bakyyme B Kamepe P=10° Topp. B kauecTBe nccaeayembix BeLLECTB HaMKW MCMOAb30BAAUCH
3aKMCb a3oTa (Ynctota 99,99%) mn ataHoA (umctota 99,99%).

KatoueBble caoBa: Bakyym, 3akucb a3ota, 3taHoA, MK cnekTpbl, KprokoHaeHcat, KeAbBUH,
MOAAOXKa.

Korshikov Ye.”, Drobyshev A., Aldiyarov A., Sokolov D.

Al Farabi Kazakh National University,
Almaty, Kazakhstan, “e-mail: e.s.korshikov@physics.kz

Investigation of reflective characteristics of nitrogen oxide and
ethanol cryocondensates

This paper presents experimental results of studies of the reflective characteristics of cryoconden-
sates of nitrous oxide and ethanol in the temperature range T=16-130K. IR spectrometric data were
obtained in the frequency range 400-4200 cm'. The influence of the temperature of heating of thin
films of nitrous oxide and ethanol cryocondensates on the shape and position of absorption bands
corresponding to the deformation and longitudinal vibrations of the nitrous oxide molecule and the
OH bond of the ethanol molecule is studied. Investigations of the influence of the condensation tem-
perature for nitrous oxide and ethanol on structural transitions in cryocondensates were carried out.
The feature of the position of the absorption bands on the thermally stimulated transformations in the
cryocondensates of thin films is revealed, depending on the condensation temperature of the samples.
The main parameters of the measurements were as follows: condensation temperature T = 16 K at
initial vacuum in the chamber P=10° Torr. We used nitrous oxide (purity 99.99%) and ethanol (purity
99.99%) as the test substances.

Key words: Vacuum, nitrous oxide, ethanol, IR spectra, cryocondensate, Kelvin, substrate.

© 2017 Al-Farabi Kazakh National University



Kopmmkos E. u ap.

Kopuivkos E.”, Apobbiies A., Aaanapos ©., COKoAOB A,

OA-Dapabu aT. Kaszak yATTbIK, YHUBEPCUTETI,
AAmaTbl K., KasakcraH “e-mail: e.s.korshikov@physics.kz

A30T KbILUKbIAbIMEH 3TAHOAAbIH, KDUOKOHAEHCATTAPbIHbIH,
LUAFbIATKbILL CUMATTAMAAAPbIH 3epTTey

byA xxymbicta T = 16-130K TemnepaTtypaablk AMana3doHAQ a30TTblH, LWAAQ TOTbIFbl KOHE 3TAHOA
KPUOKOHAEHCATTapbIHbIH,  peAeKCUMBTI  cuMMaTTaMaAapblH  3epTTEeYAep 3KCMEPUMEHT  HOTUXKeAepi
YCbIHbIAABL. 400 — 4200cM-1 KMIAIK AMana3oHbiHAQ aAblHFaH MK cnekTpoMeTpusiAbIK, AepekTep
AaMblHAQAFaH. A30TTbIH LUAAQ TOTbIFbl >K&HE 3TAHOA >KiHillKe KPWMOKOHAEHCATTapblHbIH, €epiTy
TeMrnepaTypacbiHbIHA30T TOTbIF bl XK&HE 3 TAHOA MOAEKYAAAAPbIHbIH OH 6aiiAaHbIChIHBIH AEOPMALIUSIABIK,
>koHe OOMABIK, AipiAiHe TUICTI CiHipy >KOAaKTapbIHbIH MilliHi MEH KaAmMblHa ocepi 3epTTeAreH. A3or
LIAaAQ TOTbIFbl MEH 3TAHOA KPUOKOHAEHCATTapbIHbIH, KOHAEHCALMS TeMnepaTypacbiHbiH, KYPbIAbIMADIK,
eTrneAepiHe acepiH 3epTTeyAepi XKYpPrisiaai. YAriAepAiH KOHAEHCaLMs TemrepaTypacbiHa GanAaHbICTbI
JKYKQ — MAEHKaAapAblH — KPMOKOHAEHCATTapblHAAFbl  TEPMObIHTAAQHABIPbIAFAH  aliHaAbIMAAPMEH
6aAQHbICTbl  XKOAAKTAPbIHbIH CiHIPY OpPbIHAAPbIHbIHLIH, €peKLLIeAiri aHbIKTaAAbl. bacTbl  eAuwley
napameTpAepi TeMeHAEriaen: KoHAeHcaums Temnepartypacbl T = 16 K 6actankbl Bakyym KesiHae
Kamepaaa P = 10°Topp 60AAbL. 3epTTey 3aTTeKTEP PETIHAE a30T KbIWKbIAbI (Ta3aAblFbl 99,99%) xaHe

3TAHOA (Ta3aAblfbl: 99,99%) nanaasaHbIAQAbI.

Ty¥iH ce3aep: Bakyym, a30TTbIH LIaAa TOTbIFbI, 3TaHoA, MK cniekTpaep.

BBenenne

Pa3BuTHe W mIMpOKOE HCIOJIb30BaHUE KPHO-
TeHHBIX TEXHOJOrHi TpeOyeT Bce Ooiiee MIMPOKO-
ro o0beMa 3HaHHUH O Ipoueccax KPHOKOHIEHCALUH
ra3oB M CBOMCTBAax 00Opa3yIOMIUXCS KPUOBAKYYM-
HBIX KOHJeHcaToB. C 3TOH LENIBbI0 IPOBOAATCS Kak
OKCHEPUMEHTAIIBHBIE HCCIEIOBAHMSA, TaK M MOJE-
JUpOBaHUE yKa3aHHBIX MporeccoB. OAHUM M3 Ha-
MIPABJIEHUI TaKOro pojaa HCCIeN0BaHUM SBIsSIETCA
U3yUYCHHE BIMSIHHUE YCIOBUH 0Opa30BaHMSA TOHKHX
TUIGHOK KPHUOKOHJIEHCATOB Ta30B Ha OITHYECKHE
XapaKTePUCTUKU PabOUYMX MOBEPXHOCTEH KPHOTEH-
HO-BaKyyMHOTO 000pyaoBaHus. Pe3ynbTaTsl Takux
UCCIIeIOBaHUH MMEIOT KaK (QyHIaMEHTAIbHBIA HH-
Tepec, TaKk W BaXKHOE NpaKTHYecKoe 3HaueHue. B
YaCTHOCTH, I'OBOPSI O INOJYy4YeHHH (YyHIAMEHTAJIb-
HBIX 3HAHUH, peub UJET O U3yUYEHUH BIUSHUS TeM-
neparypsl KPUOKOHJIEHCAIIMH HA CTPYKTYpHBIE Xa-
PaKTEPUCTUKU KOHJCHCUPOBAHHOM (ha3bl, a TaKxke
ompeJieNieHHe TMapaMeTpoOB  CTPYKTYpPHO-(Pa30BbIX
MIPEBpAIleHU B TBEPABIX TelaxX NMPH HU3KUX TEM-
neparypax.

IIpemaraemble B HACTOSIIMX HMCCIIETOBAHUSIX
pe3yabTaThl B OCHOBHOM HMEIOT Ba)KHOE MPHUKIIA[-
HOE 3Ha4yeHHE. VI3BECTHO, YTO pAN HAYKOEMKHUX
KPHOTEHHBIX TEXHOJIOTUH CONPOBOXKIAIOTCS SIBJIE-
HUEM KpPHOKOHJEHCALlMU ra3oB. B pdane ciyuaes,
TaKHX KaK KPHOT€HHAs OTKa4Ka BBICOKOBAKYYMHBIX
CUCTEM, ATOT IPOLECC SIBISIETCS OCHOBOIIOJIAraro-
UM, T.K. IMEHHO KPHOKOHJEHCAIUs BKJIIOYAET B
ce0s TIPOITecC OTKAYKH.
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C npyro#i CTOpPOHBI, CYIIECTBYIOT KPUOTEHHBIC
TEXHOJIOTUU, B KOTOPBIX IMPOIECCHl KPHUOOCAXKIIE-
HUS 1 00pa30BaHUs TOHKHUX TJICHOK TBEPJIBIX T'a30B
SIBIIAIOTCA TIOOOYHBIMH, U, B PsJie CITydaeB, KpaiHe
HEe)KeJaTeNIbHBIMU SIBJICHUSAMU. B vacTHOCTH, B Ka-
YecTBE IMpHMEpPa MOXHO MPHUBECTH CHCTEMBI JTUC-
TAHIIMOHHOTO 30HIMPOBAaHUS 3eMIIM KaK B Tpax-
JIAHCKUX, TaK M B BOCHHBIX HMHTepecax. B Takoro
poAa yCTpONCTBaxX 3a4acTyi0 HCIOJb3YIOTCS OX-
JaKJaeMble ONTHYECKHE CHUCTEMBI, YTO TIO3BOJISET
3HAYUTEIHFHO TMOBBICUTH COOTHOIIICHUE TOJE3HOTO
curHana K mymy. OJHaKO TpU 3TOM Ha OXJIax[a-
€MBIX ONTHYECKHX DIIEMEHTaX-1aTINKaxX, 3epKaJax,
3aMIUTHBIX ONTHYECKUX IMMOBEPXHOCTAX BO3MOKHO
o0Opa3oBaHUE CIIOEB KPUOKOHICHCATOB U3 OCTaTOY-
HBIX Ta30B COOCTBEHHOM aTMOC(ephl, OKpY Karomei
cCUCTEeMY 30HaupoBaHusL.[1-5]

Kak B mepBoM, Tak ¥ BO BTOPOM cCiIy4ae HEOO-
XOJUMO 3HAHHUE ONITUYECKUX XapaKTEPUCTHK CHUCTE-
MbI ITOBEPXHOCTh-KPHOKOH/ICHCAT KaK B BHIUMOM,
tak u B UK-auanazone. IMEHHO 3TOMY MOCBSIIICHBI
rpejiaraeMble HIKE Pe3yJbTaThl, KOTOpble 0000-
[IAIOT UCCIICIOBAHUS 3aBUCUMOCTH OTPaKaTeIbHOM
CIIOCOHOCTH KPHOKOHJICHCATOB OT YCIIOBHH HX 00-
pa3oBaHUs — TEMIIEPATypPhl MOAIOKKHA U AaBICHUS
ra3oBoii ¢a3el. B kadecTBe ncclieyeMbIX BEIIECTB
OBUIH WCTIONB30BAaHBI 3aKUCh a30Ta W dTaHo’d. Hc-
CJIEIOBaHUS TIPOBEICHHI B MHTEpBAJIE TEMIIEPATyp
or 16 K mo 130 K npu naBieHuu ra3oBoit ¢assl B
muanazone ot 10° — 102 Topp. [Nomyuensr crek-
TpaJIbHbIE OTpaKaTeJIbHbIE XapaKTePUCTUKH B JTHa-
nazone 400-4200 cm.
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JKCNepUMEeHT H MeTOIUKA HU3MepeHu i

B nmanHOM paszerne nmpuBeJeHa METOAWKA IMPO-
BEJICHUSI DKCIICPUMEHTAIBHBIX MCCIICIOBAHUI 0CO-
OcHHOCTEH TpaHChOpManuii B KPHOKOHIECHCHPO-
BaHHBIX 00pa3lax 3akucu a3zoTa W draHona. Jlms
3aKHCH a30Ta HAMH HCCIICJIOBAHO B OKPECTHOCTSIX
T=40K mnpeBparmenus aepopMariioHHOW W TpaHC-
JIAIUOHHOM KOJI€0aTEIbHOM IMOJCUCTEMbI KOHJICH-
CUPOBAaHHOTO COCTOSHUSI 3aKHCH a3oTa. VHbIMHU
CJIOBaMH, SIBIISIETCSI JIM JAHHBIHN TIEpeX0/T peBparie-
HHUEM, 3aTParkBarOIIUM OJHOBPEMEHHO BCE CTeIe-
HU CBOOOJIBI MOJICKYJIBI 3aKHCH a30Ta, WM UMEET
MECTO COBOKYITHOCTBH TOCIIEIOBATEIFHBIX TpeBpa-
IEHUH, COOTBETCTBYIOLIUX TOMY WJIM UHOMY THILY
KoJeOaHuil MoJIeKyJbl. B mopsiike HarmoMUHaHHS
MIPUBOJIM 3HAYEHHSI YaCTOT TPEX OCHOBHBIX XapaK-
TEPUCTHUECKNX KOJIeOaHUN MOJIEKYJIBI 3aKUCH a30-
Ta B ra3oBoii (haze [6-8]:

v,=1284,91 cm™ — 1poj1071bHOE ACUMMETPUYHOE
kosrebanmne mosekys (100-00°0);

v,= 588,77 cm! — nmonepeunoe aehopMaluoH-
Hoe kosiebanue mosekyssl (01'0-00°0);

v,=2223,76 cm™ — mpo/10/IbHOE CUMMETPUYHOE
kosiebanue mosekysl (001-00°0).

Js  KpUOKOHACHCATOB JTaHOJNA, TPOBEIe-
Ha Ccepus DKCICPUMEHTOB B JMara3oHe TeMmIiiepa-
Typ T=60-130K, B nuama3oHe 4acTOT BaJEHTHBIX
konebanmnii (OH) cBsa3m Ha wactore v=3105 cm
!. TMody4eHbl AKCIEPUMEHTAJIbHBIC PE3YJIbTaThI
CTPYKTYpPHOTO TIepexojJia B TBEPJbIX 00pasmax
KPHOKOHJCHCATOB 3TaHOJIA, TaKKe BBISBIICHA 3a-
BUCHUMOCTh KoJsieOaTeiabHOU coctasisitoniedi (OH)
CBSI3U HAa TEPMOCTUMYJIMPOBAHHBIC MPEBPAIICHUS
B o0Opasmax.

WccnenoBanus MpOBOIUINCh HA YCTAHOBKE W
[0 METOJIMKEe, paHee HEOJHOKPATHO ONHMCAHHOW B
Hamux ctaThax [9,10]. B manHo# pabore oOBeKTa-
MU HCCIEAOBAHUN SIBISUIUCH IUIEHKH KPUOBAKYYM-
HBIX KOHJICHCATOB 3aKHCH a30Ta U 3TaHOJIa, 00pa3o-
BaHHBIE TIPU CIEAYIONINX YCIOBUSIX: TIOBEPXHOCTH
KOHJICHCALIUM — MeJHas mocepeOpeHHasi 3epKaib-
Has TOJUIOKKa nuameTpoMm 40 MM; Temmeparypa
konnencanuu obpasuos T =16 K; nasnenue raso-
BOH (a3bl pu koHAeHcamu P=10°Topp; TonmHa
00pas3IoB B JaHHOH paboTe cocTarisuia d=2,5 MKkM;
CKOpOCTh oTorpeBa obOpasnoB t=1 K/muH; uncroTa
ra3oBoi (as3bl 3aKucHu a3oTa cocrasisuia 99,98%, a
stanoja 99,99%.

[IpoBogmmuch  w3MepeHHs  KOJeOaTeIbHBIX
CIIEKTPOB 00pa3ioB ¥ (UKCUPYsS H3MECHCHHE aM-
IUTATY/ABI W TIOJIOKEHUS TIOJIOCHI TOTJIONICHHS Xa-
PaKTEPUCTUIECKUX KOJEOAHHH MOXKHO OTIPEACITUTS
TEMIIEPATYPY U XapaKTeP TEPMOCTUMYIIUPOBAHHBIX

MPEBPALICHNH B TUIEHKaX KPUOKOHACHCATOB 3aKHCH
a30Ta ¥ ATaHOJIA.

Ilopsinok mpoBeneHUs SKCIEPUMEHTOB ObUI
crenyromuM. BakyymHas kamepa oTKauMBaiach 10
nasiaenus 2 107 Topp, mocie 4ero mouiokKa ox-
naxnanace 1o T=16 K. C momormpio HaTekarems
B Kamepy OCYIIECTBIISUICS HAIMYCK HCCIEIYEeMOro
BEIIeCTBA [0 3aJ[aHHOTO IaBIICHUS KOHJIECHCAINH
(10° Topp). Ha moBepXHOCTH MOUIOKKH 0Opa-
30BBIBAIACh IUICHKA KPUOKOHJEHCATa, CKOPOCTh
pocTa KOTOpoi M KOA(P(GUIIUEHT MPEITOMIICHUS W3-
MEpPSUTUCh C TIOMOIIBIO JBYJYYEBOTO JIa3€pHOIO
uHTEepdepomeTpa.

[lo moctmwkeHnr HEOOXOIUMOW TOIIIMHBI Ha-
MyCK rasa mpekparaics u gepe3 5-10 MUHYT mpo-
Bonminck u3Mepenus: MK-cmektpoB o0pas3nos B
uaTepBaie yacToT ot 400 mo 4200 cm!. Tanee, ya-
crota MK-criekTpomeTpa ycTaHaBIMBalach HA 3HA-
YECHUE, COOTBETCTBYIOIIEEC AHANU3UPYEMOMY THUILY
Kose0aHmit Monekybl. [locne sToro obpaser mea-
JIEHHO HarpeBaJicsi C OJHOBPEMEHHOM perucrparu-
el cuTHaJIa CIIEKTPOMETpa Ha BBHIOPAHHOW 4acTOTe
HaOIIOICHYISL.

BKCHepI/IMeHTaJILHbIe pe3yabTaThbl U BbIBO/IbI

Ha pucynke 1 npencrasnenst UK criektpsl kpu-
OKOHJCHCATOB 3aKHCHU a30Ta B JUANA30HE YacTOT
HaOmronenus 400-4200 cm™!, Temmeparypbl KOHJICH-
canmuu 16K u 60K coorBercTBeHHO. ToNMIuHA MOy~
YEHHBIX IUICHOK cocTaBisieT 2,5 mxkMm. Ha pucynke
TaK)X€ OTYETIMBO BUIHO pazjivMyue 3HAUCHHHU aMm-
TUTATYT JUIS KOKI0W U3 Je(OpMaIlMOHHON U TpaHC-
JISIITUOHHOM KOJIe0aTeIbHOM MOJICUCTEMBI.

N0

OTpaxarensHan cnocobHOCTb, yon. ef.
o
!

T X T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

-
YactoTa, cm

Pucynok 1 — KonebarenbHbie CIEKTPhI KPHOKOHICHCATOB
3aKHCH a30Ta IPU TEMIIePaTypax KOHJACHCAUH
T=16K u T =60K.

TommuHa mwieHok d=2,5 MKM.
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HamomHuM, 4TOo B JuMama3oHe TeMIeparyp
T=45K, nns KpUOKOHJEHCATOB 3aKHUCHU a30Ta Cy-
HIECTBYET CTPYKTYPHBIH mepexo]l U3 aMop(HOro B
KyOnueckuit kpuctamn Pa3 tuna. [11]

JanpHelie Hamied 3amadei crajio omnpe-
JICJICHUST BIUSHUS KOJIEOATENBHBIX TOJCUCTEM
Ha CTPYKTYpHBIM nepexon. IlomydeHbl cHekTpsl
OTOTPEBOB Ka)XKIOW M3 OCHOBHBIX MOJ KoJjeba-

N,O

v=2223 cm”’

OtpaxarensHas cnocoGHOCTb, yon. ea.

24
v=1292 cm’'
14

____j__ v=588 oM’
04

T T T T T T T T

20 25 30 35 40 45 50 55 60
Temnepatypa, K

a)

Hui B auanaszoHe temmnepatyp T=16-60K. Taxxe
IIPOBEJCHBI HCCIEAOBAHUSI OOPaTUMOCTH BIIMS-
HUS Je(hOpMAIIOHHONW M TPaHCISAIMOHHOW KoJle-
OarenbHON moncUCTeMbl. [lomydeHHBIE TIICHKH
KPHUOKOHJICHCATOB IpU TeMIIepaType KOHJIECHCa-
T =60K Obuin OXNIaXI€HBI 10 TEMIEPATYPbI
T=16K u cHoBa otorpersl. [laHHBIE pe3yiabTaThI
IIPEJICTaBJICHbl HA PUCYHKE 2.

N,O
7] v-588 cm’

v=1202 cm™'

24 v=2223¢m’

OrtpaxarensHasn cnocobHocTb, yon. en.
&
1

0-— T T T T T T T

20 25 30 35 40 45 50 55 60
Temnepatypa, K

0)

a) Temmeparypa xounencanun mienok T .=16K, 6) Temmneparypa korencamun mieHok T =60K.

Pucynok 2 — TepMoCTUMYITHPOBaHHBIE N3MEHEHUS TIOJIOKEHNUS J1e(POPMAIIIOHHON U
TPAHCISIMOHHOH K0Ie0aTeTbHOM MOICUCTEM.

Kak BuaHO 13 nipeicTaBIeHHBIX JaHHBIX, CYyIIe-
CTBYET psAi OCOOCHHOCTEH, XapaKTEPHbIX AJIS pas-
JIMYHBIX THIIOB KOJICOAHUH U COOTBETCTBYIOIINX UM
CIIEKTPOB.

1. MurepBan vacToTel 588 cm'-medopmMariion-
Hoe KojeOanne. Harpes miieHKH MPUBOIUT K 3aMeET-
HOMY CY>KCHMIO IOJIOCHI HOTJIOLICHUSI M COOTBET-
CTBYIOIIIEMY CMEIICHHUIO B 00J1aCTh 00JIee BBICOKHUX
yacToT. IIpyu 3TOM BBICOKOYACTOTHBII Kpail MOJI0CHI
MIOTJIOLIEHHUSI COXPaHsET CBOE MoJlokeHue. M3mepe-
Hue curaana MK-cnexkrpoMerpa Ha 9acToTe HaOII0-
nenust v=588 cm! ykaspiBaeT Ha CKaukooOpazHOe
UW3MEHEHHE B MHTepBaje Temneparypsl oT T= 30 K.

2. WnrepBan wactotsl 1292 cm'-mpomonbHoe
acMMMeTpu4HOe KosneOanue. Harpes mieHku mpu-
BOJIUT K CMEILICHMIO TTOJIOCHI Kak Liesoe B Oosee
BBICOKHME YacCTOThI M YMEHBILICHUIO aAMIUINTYbI [O-
rnommenus. M3mepenne curnana MK-cnekrpomerpa
Ha yactote HaOmoAeHus v=1292 cm™! yka3biBaeT Ha
CKauK00Opa3HOE U3MEHEHUE B HHTEPBAJIE TEMIIEPa-
Typsl ot T=37,5 K.

3. UurepBan vactotel 2223 cm'-mpojonbHOe
cuMMeTpu4Hoe Kosebanue. HarpeB I1uieHKH oOT

ISSN 1563-034X

T=16 K no T= 45 K npuBoIuT pe3KOMy yMEHbIIIE-
HUIO MIMPHUHBI TOJOCHI TIOTJIOMIEHHUS CO CMETEHHEM
B JMana3oH 0oJiee BHICOKMX YaCTOT, a TAKKe K 3a-
METHOMY YMEHBIIIEHUIO aMILTUTYbI TOTJIOIMIECHUS.
N3amepenune curnana MK-cnexkrpomerpa Ha yacTtoTe
HaOmoaeHus v=2223 cm™! yka3plBaeT Ha TO, 4TO T1e-
pexox ocyIecTBisiercs B ABa dtama. [lepBoe ckau-
K00Opa3Hoe M3MEHEHNEe HaOII0aeTCs B MHTEpBAle
temnepatypsl ot T= 37 K. Bropoit nepexon, Ha-
omoaetcs B nHTepBane T=38 K.

J1s TIIeHOK MOYyYeHHBIX BBIIIE TEMIIEpaTyp
CTPYKTYPHBIX HM3MEHEHHWH B KPHUOKOHJAEHCATax
3aKHCH a30Ta U JaJbHEUITUMH TEPMOCTHUMYIHUPO-
BaHHBIMH BO3JIEWCTBUSAMH Ha HUX, BIUSHHS Jie-
(hopManMOHHOW U TPaHCIALUOHHOW KoJebaTemb-
HOH MOJCUCTEMBI HE BBISBICHO. DTO MMOKa3aHO HA
pucynke 2 0). [lepexox ot amoppHOTO COCTOSTHUS
3aKMCH a30Ta K KPHUCTANINYECKOMY COCTOSIHUIO
OCYIIECTBIISIETCS B HECKOJIBKO ATAIOB, OTPAKAIO-
X peaTn3alnuio pejJaKkCalliOHHBIX IMPOIECCOB,
OTHOCSILIMXCS K KOHKPETHOMY THUIY KoJieOaHUH
MOJIEKYJIBI 3aKUCH a30Ta. Paznuuune B remmnepary-
pax mepexo0B ONpeaeNsieTcsl YHEePTUSIMU aKTH-
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BallMM, XapaKTePHBIMU AJIs TaHHOTO THIIAa KOJIe-
OaHMi.

Ha pucynke 3 mpencraBieHbl KojeOaTenbHbBIE
CHEKTPBl KPHOKOHACHCATOB 3TaHOJNA MOJy4eH-
HBIE NIPU Pa3IMYHBIX TEMIEpaTypax KOHICHCALUU
T =16-80-130K. TommuHa MOTy4EHHBIX IUIEHOK
cocraBisuia 2,5MkM. MuTepBan temnepatyp T=90-
100K y KpHOKOHJEHCATOB 3TaHOJAa COOTBETCTBYET
CTPYKTYpHBIM M3MEHEHHSM U MepexoaaM B o0pas-
Hax oT aMOp(HOro CTeKNa B IUIACTHMYECKHN KpH-
CTaJUl 4Yepe3 COCTOSHUE CBEPXIEPEOXIAXKACHHON
xuakocta (SCL) [12,13].

Banentnsie konebanust (OH) cBsi3u B nHTEpBa-
ae gactor v=3000-3500 cm' siBisitoTest Hambosee
YYBCTBUTENBHBIMH K Pa3IMYHOTO pojia Iepexoaam
U BHUJOW3MEHEHHUSIM CTPYKTYpPBI TBEPIBIX 00pa3-
LI0OB KPUOKOHIEHCATOB. UTO MOATBEPXKIACTCS H3-
MEHEHHEM aMIUTUTYbl CHTHalla KoJIeOaTelIbHOrO
CIIEKTpa B JAHHOM HMHTEpBaJEe YacTOT M3MEPEHUSI.
HanpHeiiie Haiy JeHCTBUS MPECiIeIOBANIN 1ETb,
W3yYUTh TOBEJCHUE BAJICHTHBIX KOJICOAaHWH KpH-
okoHzaeHcaroB 3Tanona (OH) cBs3um Ha dwactore

] C2H50H T=110K
) v=3105 cm” ™\
§ °
>
= il T =95K
g Tl ——
x 84 ©
<] —-———-—-__.._.—-.___!"\
Q
2
g 51 T =60K
Qo c
=
g 44
0
g 3 |T=16K
5
H
o 24
6
14
0

T T T T T T T
20 40 60 80 100 120 140

Temnepatypa, K

a)

v=3105 cm'. Ha pucyHke 4 mpeacTaBlIeHbI TEPMO-
CTUMYJIMPOBAHHBIE M3MEHEHUS IOJIOCHI IOIJIOLIE-
HUS UCCIIENYEMOM YaCTOTBHI.

OtpaxaTtenbHas cnocoBHOCTb, yon. ef

T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Yactota, cM”'

Temneparypsl kounencauun T =16-80-130K.

Pucynok 3 — KonebarenbHbIe CHIEKTPBI
KPHOKOH/IEHCATOB 3TaHOJIa

CoH50H

g 74
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0)

a) Temneparypa kougencamuu mieHok T =16-110K,
0) Temneparypa korjencamuu mwieHok T =120-130K. Tonmuna nieHok 2,5 MKM.

Pucynok 4 — TepmoctumynupoBanHsle n3MeHenust nosoxenns (OH) cBsi3M KpHOKOHIEHCATOB ITaHONIA
Ha gactote 3105cM™! py pas3InyuHbIX TEMIepaTypax KOHICHCALMI

W3 mpencraBieHHBIX BBINIC PHCYHKOB BUJI-
HO, YTO TEPMOCTHUMYJIHPOBAHHOE TOBEJICHHUE KO-
J1e0aTeNIbHBIX TOJCUCTEM HAIPSIMYIO 3aBUCUT OT
WCTOPUH TIOJYUYCHUS IUICHKH, WHBIMU CIIOBAMU, OT
TeMIlepaTyphl 00pa3oBaHMs caMoro odpasma KpH-
OKOHJIeHcaTa. YeM BhIlIe TeMIepaTypa KOHIeH ca-
LMY U YeM OJIMKEe Mbl Ha TeMIIEPATypHOU IIKaie
K TpaHulle CTPYKTYpHO (ha30BBIX MPEBPALICHHA,

TEM MEHee aKTUBHO M3MEHEHUE CUTHAJa CIEKTPO-
MeTpa. ITo 0COOEHHO BBIJIETIEHO Ha PUCYHKE 4 a),
MOBEJICHUE BaJICHTHBIX KOJIeOaHU KPUOKOH/ICHCA-
toB stanona (OH) cesa3u Ha vactore v=3105 cm!
HarJISTHO TIPOIEMOHCTPUPOBAHO OTOTPEBAMU TLIE-
HOK KPHOKOHJ/ICHCATOB OT Pa3JINYHBIX TEMIEPATyp
koHgeHcanuili. C 1pyroil CTOpOHBI, Ha pUCYHKe 4
0) mMoKa3aHBl OTOTPEBBI OOPA3IOB IMOTYYEHHBIX
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IIpU TEMIIEPATYPE KOHAEHCALUMU BBILIE CTPYKTYp-  MHTEpBAJE€ HE BBIABJIEHBI. YUTO TakKXKe SBIAETCA
HBIX IE€PEXO0J0B C MOCIEAYIOIIHMM OXJAXKICHHUEM  MOATBEPKIACHUEM TOIO, YTO TEMIEPATYPa KOHICH-
no temmeparypel T=80K. TepmoctumynupoBan-  camuu oOpa3IoB HAIPSIMYIO BIUSCT HA NalbHEH-

HBIC BJIMSIHYSI Ha TPEBpAIeHUS B BRIOPAHHOW Ya-  IIME CTPYKTYpPHBIE TPEBpaICHUsS B TUICHKAX KPH-
crore v=3105 cm’!, Ha TaHHOM TEMIIEPaTYpPHOM  OKOHJEHCATOB.
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NON-PERTURBATIVE QUANTIZATION A LA HEISENBERG:
ZERO FLUX TUBE BETWEEN QUARK AND QUARK

Non-Abelian version of field distribution between two positive (negative) charges is considered.
Using a two-equation approximation in the non-perturbative quantization a la Heisenberg, a flux tube
stretched between two quarks (antiquarks) located at +co is obtained. The dual Meissner effect is
demonstrated by confining of color fields into the tube by a condensate of coset non-Abeian fields. A
special case is considered when the longitudinal electric field produced by a quark located at +oo is
equal and oppositely directed to the field generated by a quark located at —oo that leads to zero total
electric field. We show that applying the two-equation approximation in the non-perturbative
quantization a la Heisenberg for QCD one can obtain the flux tube stretched between quark and quark
(antiquark and antiquark) located at +co with zero longitudinal color electric field. It is shown that all
color electric and magnetic fields are expelled by the scalar field that describes a condensate of coset
non-Abelian fields. This effect is the analog of the Meissner effect in superconductivity for non-Abelian
color fields.

Key words: non-perturbative quantization, quantum chromodynamics, two-equation
approximation, flux tube.
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leiizeH6epr 60¥bIHLLIA NepTypOATUBTIK eMec KBaHTTay:
KBapK >koHe KBapK apacbliHaFbl HOAAIK ©piCreH aFbIHABIK, TYTIK

Eki oH (Tepic) 3apsATap apacbiHAAFbl OPICTIH TapaAybiHbIH aGEAAIK eMeC HYCKaChl KapaCTblpbIAFaH.
[ensenbepr GoibiHIIA NEPTYPOAaTUBTIK MEC KBAHTTayAarbl €Ki TEHAEYAIH >XKybIKTayblH MaiAaAaHbiMn,
+00 OpHaAackaH eki KBapKTap (aHTMKBApPKTap) apacblHAQ CO3bIAFaH, aFblHABIK, TYTIK aAblHAbI. TycCTi
DAEKTPAIK >KOHE MarHuUTTIK epictep abeaaik emec epicTepaiH coset KOHAEHcaTneH TyTikke
UTEPAETIHAINIMEH KOPbITbIHABIAAHATbBIH, aAblHFaH LiewiMae MeiiccHep 3(OeKTICiHIH, AyaAAbl eKEHAIT
KOPCETIAAL. +00 OpHAAACKaH, KBAPKTaH (@QHTMKBAPKTAH) NamAa 60AaTbIH TYCTI GOMABIK, DAEKTPAIK Bpic,
-0 OpHaAacKaH KBapkTaH (aHTMKBapKTaH) mamaa OGoAaTbiH epicke TeH, Gipak, COA epicke Kapama-
KapcCbl OafrblTTaAaTbiH XKEKE >KaFAarbl KapacTbipbiAFaH. [ei3eHbepr GoiibiHLLAa NepTypOaTMBTIK emec
KBaHTTayAafbl €Ki TEHAEYAIH >XKybIKTayblH NaiAaAaHbin, 6ip-6GipiHeH WeKCi3 aAbIC OpHaAaCKaH, KBapK—
KBapk, HEMECe aHTMKBapK—aHTMKBApPK >KYMNTapbl apacblHAA TYCTi TYTiK aAyFa 60AATbIHAbIFbI KOPCETIAAI.
CaHABIK, ecenTeyAepAi MamAaAaHbin, TYCTi abeAAik emec epicTep, abeaAik emec epicTepaiH coset
KOHAEHCATbIMEH CUMaTTalTblH, KaHAaM Aa Oip CKaAdp epicneH MTepiAeTiHAIM KepceTiaai. bya
3pheKT KBAHTTbIK, XPOMOAMHAMMKA YLIiH acKblH eTKi3riwTikTe MerccHep 3dekTiCiHiH, AyaAAbl
aHaAOrbl OOAbIN TabblAaAbI.

Tyiin ce3aep: nepTypbaTMBTIK emeC KBaHTTay, KBaHTTbIK, XPOMOAMHAMMKA, €Ki TeHAEYAiH
>KYbIKTaybl, aFbIHAbIK, TYTiK.
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Heneprtyp6aruBHoe kBaHTOBaHue no leiseHbepry:
NOTOKOBasi TPY6Ka C HYAEBbIM MOAEM MEXAY KBAPKOM M KBapKOM

PaccmatpriBaeTcs HeabeAeBa BepCUsl PACMPEAEAEHUSI TOAS MEXAY ABYMS MOAOXKMTEAbHbIMM
(oTpuuaTeAbHbIMM) 3apsaamu. Mcrnoab3yst npubAMMKeHUe ABYX YpaBHEHWI B HenepTypOaTUBHOM
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KBaHTOBaHWM no [ernseHbepry, noAyyeHa noTokoBas TpPyOKa, HATAHYTas MEXAY ABYMsl KBapkamu
(aHTMKBapKamK) pPacroAO>KeHHbIMM Ha oo . [1oKa3aHO, YTO B TMOAYYEHHOM peLUeHUMN WMEeeTCs
AYaAbHbIi 3chhekT MeliccHepa, 3aKAIYAOLWMIACS B TOM, YTO LBETHblE SAEKTPUUYECKN U MarHUTHbIE
MOAS BBITAAKMBAIOTCS B TPYOKY COset KOHAEHCATOM HeabeAeBbIx MoAet. PacCMOTpeH YacTHbIN CAyYan,
KOraa UBETHOE TPOAOABHOE 3AEKTPUYECKOoe TMOAe, CO3AaBaeMOe  KBApKOM  (AHTMKBAPKOM),
PacrnoAO>KeHHbIM Ha +00 PABHO, HO MPOTMBOMOAOXHO HAMPaBAEHO TaKOMY >Ke MOAIO, CO3AaBaEMOMY
KBapKOM (aHTMKBApPKOM), PACMOAOXEHHbIM Ha -oo. [MoKa3aHO, UTO, WUCTOAb3YS MPUOAMDKEHME ABYX
ypaBHeHUl B HenepTtypOGAaTMBHOM KBaHTOBaHWM Mo [er3eHbepry, MOXHO TMOAYUYUTb LBETHYIO
MOTOKOBYIO TPYOKYy MEXAY Mapor KBapK—KBapK, WMAM AHTMKBAPK—aHTMKBAPK, PaCMOAOXEHHbIMM
6GECKOHEUHO AAAEKO APYr OT Apyra. MCroAb3ysi UMCAEHHble pacuyeTbl MOKa3aHO, YTO LBETHblE
HeabeAeBbl MOAS BbITAAKMBAIOTCS HEKUM CKAASIPHbIMM TMOAEM, OMMCbIBAIOLMM KOHAEHCAT coset
HeabeAeBbiX MoAe. ITO 3(hdeKT SBASETCS AyaAbHbIM aHaAorom asddpekta MerccHepa B
CBEPXMPOBOAMMOCTU AAS KBAaHTOBOW XPOMOAMHAMMKM.

KAroueBble caoBa: HenepTyp6aTMBHoe KBAHTOBaAHMWE, KBAHTOBad XPOMOAWMHaMMKa, I"Ipl/l6/\l/l)KeHl/le

ABYX YpaBHEHWI, NOTOKOBasi TpyOKa.

Introduction

One of unsolved problems in quantum
chromodynamics (QCD) is the problem of field
distribution between quark and antiquark. Similar
problem is easily solved in electrodynamics: the
distribution of electric field between positive and
negative charges can be easily found since
Maxwell’s electrodynamics is a linear theory. In
QCD the problem is that the calculations should be
done for non-perturbatively quantized fields
because Yang-Mills theories are strongly nonlinear
ones. The standard point of view is that in QCD
there is the dual Meissner effect: longitudinal
electric field lines get compressed to a flux tube.

The flux tube field distribution is investigated
within the framework of lattice QCD. In Ref. [1], the
Abelian color flux of two- and three-quark systems
in the maximally Abelian gauge in lattice QCD with
dynamical fermions is investigated. In Refs. [2] and
[3], the non-Abelian dual Meissner effect in the
SUB3) Yang-Mills theory is investigated by
measuring the chromoelectric flux created by an
quark-antiquark  source. Lattice calculations
strongly support the idea of the dual Meissner effect
in QCD. However, for a more complete
understanding of the nature of confinement, it is
necessary to have at least approximate analytical
calculations confirming this point of view.

In Ref. [4], we have shown that applying the
non-perturbative quantization a la Heisenberg for
QCD and using the two-equation approximation, a
solution describing the flux tube between quark and
antiquark located at Foo can be obtained. The
solution is characterized by a longitudinal color

where
(mZ)abuv — _gZ [faDCprq Granv

ISSN 1563-034X

electric field directed from quark to antiquark. All
fields in this solution are expelled by a condensate
of coset gauge fields into the flux tube. This is a non-
Abelian version of the field distribution between
positive and negative charges in Maxwell’s
electrodynamics. Here we want to consider a non-
Abelian version of the field distribution between
charges with the same sign in Maxwell’s
electrodynamics. We expect that in this case we will
have two longitudinal electric fields directed
oppositely. We will consider some special case
when these fields are the same that leads to zero
longitudinal color electric field in the flux tube.

The main idea

In Ref.[4] we have shown that in the two-
equation approximation for QCD one can obtain an
infinite flux tube filled with a longitudinal colour
electric field and stretched between quark/antiquark
located at +oco. Here we want to show that within
this approximation it is possible to obtain an infinite
flux tube filled with two longitudinal colour electric
fields directed oppositely.

We start with the two-equation approximation
obtained in Ref. [4] and applied for the flux tube
with one color longitudinal electric field. The set of
equations describing such a situation is

D F — [(m?)@0r — (u2)@0wv]4b = 0, (1)

¢ — (m3)"" a24be — Ap(M? — ¢?) = 0,(2)

_ famnfbnp(nquZZP a Gmpvu)]’ (3)
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(MZ)abuv — _gZ(}cabCfcdeGdeuv + anfadCfcbeGde a4 faeCfcdbGedvu)’ (4)
(m3)™"" = g2 pemnyome 2L T0 )
X 2-point Green functions for the gauge filelds (Am#> =0. 9)
0A; € SU(2)xU(1) and for the coset Aj' €
SU3)/(SU(2) x U(1)) are defined as We seek a cylindrically symmetric solution of
equations (1) and (2) in the subgroup SU(2) €
G™MMY (y, x) = (A™H (y)A™ (x)), (6) SU(3) spanned on either A%%3 or A%>7 in the
form
G (y,x) = (SA™ (y)SAP (x)), (7
A ) =2 A7) =22 (0

where Ff, = 0,A% — 0,A} + gfPcALAS is the
field strength; a,b,c,d = either 1,2,3 or 2,5,7 AZ‘S( ):M AZ'S( ):M
are the SU(2) colour indices; m,n = either £ P g 'z P g’
4,5,--,8 or 1,3,4,6,8; g is the coupling constant;

fABC are the structure constants for the SU(3) b(p) = &2, (12)
gauge group; A4,B,C = 1,2,---,8. The equation (1) g
describes SU(2) € SU(3) degrees of freedom that
have non-zero expectation values, and equation (2)
describes coset SU(3)/SU(2) degrees of freedom
with zero expectation values:

(11

Here the first superscript indices are for A123

and the second ones — for 2>>7. We work in a
cylindrical coordinate system z,p,¢ and the
corresponding colour electric and magnetic fields

Ao = (Aok) + iAo, 3 e
E3 7(p) _ (E3 7) _ (E3 7) fv wu (13)
Ey*(p) = Ryt = — T2 E3%(p) = F° = =2, (14)
Hg®(p) = £p, F>5P7 = _"';p)’ v — %’ +m2¢p?v = v, (18)

Hy?(p) = egp,F1202 = =20 (15) 4y +% = gla(-f2 +v) + A($? - MA]. (19)

where We see that equations (17) and (18) are
a L2 25 fv san a5 12 wu Schrédinger-type equations with a solution v(p) =
(E; )1 =404 = ;'(Ez' )2 =AA = kf(p), where k is a constant, ¢ is the potential
and p is an eigenvalue. In this case we can rewrite

For simplicity, we consider the case with the set of equations (17)-(19) as follows
w=fu=v. (16) —f"—§+¢2f=u2f, (20)

In both cases we have the following set of " ) ) .

equations (for details see Appendix 4) ¢ + = ¢laf® +A(p* — M?)]. 21

—f" - A m2P2f = utf, (17) Here a = @(k? — 1) and it can be an arbitrary
p real number; we redefined me/f(0) - ¢, A/
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m? >4, mM->M, f/f(0)>f, x=pf(0).
Numerical investigation shows that regular solution
to (20) and (21) does exist only for some positive
a > 0. It is necessary to note that because of (16)
the total longitudinal electric field EZ3’7 =0, and
this leads to the fact that equations (17), (18), and
(20) do not have non-linear terms like fv?2.

The results of numerical calculations are
presented in Figs. 1 and 2. We see that we have the
dual Meissner effect: the longitudinal electric fields
(EZ3 ’7)1 and (EZ3 ’7)2 are confined into a tube by the

scalar field ¢ (which is a condensate of the coset
fields).

f(e)
(p)

. P, I ! !
2 4 6 8 10

Figure 1 — The profile of the functions f(p), ¢(p)

0.6

-f(p)

r ~(p)
0.4+

P I O W, L TR
2 4 6 8 10

Figure 2 — The profiles of electric and magnetic fields
9E,*(p) = gEy"(0) = —f'(p), gHy" (p) = gHy" (p) =
1 3,7 3,7
~f'(), 9(E7"), = —9(E;"), = f*(p)

Discussion and conclusions

We have shown that applying the two-equation
approximation in the non-perturbative quantization
a la Heisenberg for QCD one can obtain the flux
tube stretched between quark and quark (antiquark
and antiquark) located at Z4oo with zero
longitudinal color electric field. It is shown that all
color electric and magnetic fields are expelled by the
scalar field that describes a condensate of coset non-
Abelian fields. This effect is the analog of the

ISSN 1563-034X

Meissner effect in superconductivity for non-
Abelian color fields.
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Appendix

Coefficients of equations (17)-(19)

SU(2) subgroup spanned on A123

We use the following Ansétze for the 2-point
Green functions GPHY

Gabw/(y’ x) ~ AabBqu, a,b=123; (22)
CMIUY 5mnc,qﬂdqv¢2,m,n =4,5,6,7, (23)
where B, B and A, A* are constants and

Aab = diag(61; 62: 83) 010:010'0)’ (24)
8™ = diag(0,0,0,A4, A5, A, A7,0),  (25)

A

Ho= £
ar = (00,4,%), (26)
B = (0,0,3,,22). 27)

P’ p

We choose B* and A* in such form because
Ay, from (10) and (11) are non-zero: A;, # 0.
Substitution of (24)-(27) in (22) and (23) gives us
[for u(p) = v(p),w(p) = f(P)I:

15 = g*(Bj +BZ) (5, + 63), (28)
us = g*(Bj +B5) (81 + 63), (29)

m? = 207(A2 + A3) (B + Bs + A + A7)9%, (30)

b 2
(m3)"" agab = £ (f2 - v?). 31)
We set 6, = §; and then
3 = ui. (32)
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SU(2) subgroup spanned on A%57

Similar construction can be done for the SU(2)
group spanned on 1257 :

B+ = (0,0, Bp,%“’). (36)

Substitution of (33)-(36) in (22) and (23) gives us
AGb — diag(O, 62, 0,0, 55, 0, 57, 0), (33) [for u(p) = U(p),W(p) = f(p)]

™" = diag(A,,0,A3,A,,0,A,0,4),  (34) ui = ‘Z—Z (BZ +B2)(85 + 67), (37)
At = (0,0,4,,%2), (35) =L (B2 +B2)(6,+6),  (9)

m? =2 g2(AZ + AL)(4h + 4h3 + Ay + Ag), (39)

m2 = % G2(AZ + AZ) (D + Ay + 40, + Ag + 313), (40)

(my) ™ a3 = G ey U =) )

We set 85 =06, and 4A; +4A; + A, + Ay = Uz = pz,mé =mi. (42)
A + Az + 40, + Ag + 3Ag and then
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MATHUTHOE NMOAE CUCTEMbI <HEUTPOHHAS 3BE3AA
MAIOC KPOTOBAS HOPA»
C AMAATOHHbBIM CKAASAPHBIM INMOAEM

PaccmMoTpeHa cMellaHHas KoHUrypauus C HeTPUBMAAbHOM TOMOAOIMEN NPOCTPAHCTBA-BPEMEHM,
COCTOAWASA M3 KPOTOBOM HOPbI, 3aNMOAHEHHOM CUMAbHO 3aMarHM4YeHHOM HEeNTPOHHOM >XMAKOCTbLIO.
HeTprBraabHas TOMOAOrMS  OOECMEYMBAETCS  AYXOBbIM  CKaASIPHbIM  AMAQTOHHbIM  TOAEM,
HEMMHUMAABHO B3aMMOAENMCTBYIOLIMM C MarHMTHbIM MOAeM. HenTpoHHas >XMAKOCTb OMUCbIBAETCS
PEeaAUCTUYHBIM  YpaBHEHMEM COCTOsHMS SLy. MarHuTHoe nmnoAe MoaeAaupyeTcs B dopme
0CECUMMETPUYHOIO MOAOUAQAABHOIO MArHMTHOrO MOA4, CO3AaBaeMOro  TOPOMAAAbHbIMM
IAEKTPUYECKMMU TOKaMU. [TAOTHOCTb 3HEPrUM MArHUTHOIrO MOAS MPEAMNOAAraeTcss MHOrO MeHbLUeN,
YeM MAOTHOCTU 3HEPrMm CKAASIPHOro U rpaBuUTaAUMOHHOrO mnoAenr. CpaBHMBas TakuMe CMellaHHble
KOH(UrypaumMm ¢ OObIYHbIMM  HEMTPOHHbIMM  3BE3AAMM, UCCAEAYETCS BOMPOC O  BAMSIHUM
HETPMBMAAbHOM TOMOAOTMU U AUAQATOHHOTO B3aMMOAENCTBUSA Ha CTPYKTYPY BHYTPEHHErO MarHMTHOIrO
noAs. PaccumtaHbl paavaAbHas M TaHreHUMaAbHAs KOMMOHEHTbl HaMPSXXEHHOCTU MArHUTHOIO MOAS.
[NocTpoeHbl pacnpeAeAeHnst SKBUMOTEHLMAAbHbIX AMHMIA MArHUTHOTO MOAS AASt OObIYHOM HEMTPOHHOM
3Be3Abl M UICCAEAYEMOI CMELLAHHOM KOH(UIypauuu.

KAroueBble cAOBa: KpOTOBAs HOPA, CKAaASPHOE MOAE, HEMTPOHHbIE 3BE3Abl, MarHUTHOE MOAE.

Aringazin A."*, Dzhunushaliev V."?3, Folomeev V.3

'Institute of Basic Research, L.N. Gumilev Eurasian National University, Astana, Kazakhstan
2IETP, Al Farabi Kazakh National University, Almaty, Kazakhstan
3Institute of Physical and Technical Problems and Materials Science
of the National Academy of Sciences of the Kyrgyz Republic, Bishkek, Kyrgyzstan
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Magnetic field of the system «neutron star plus wormhole»
with a dilatonic scalar field

The mixed configuration with a nontrivial spacetime topology consisting of a wormhole filled with
a strongly magnetized neutron fluid is considered. The nontrivial topology is provided by a ghost scalar
dilatonic field interacting nonminimally with a magnetic field. The neutron fluid is described by a realistic
Sly equation of state. The magnetic field is modeled in the form of an axisymmetric poloidal magnetic
field created by toroidal electric currents. The energy density of the magnetic field is assumed much to
be smaller than those of scalar and gravitational fields. Comparing such mixed configurations with
ordinary neutron stars, the question of the influence of the nontrivial topology and the dilatonic
interaction on the structure of the interior magnetic field is studied. The radial and tangential components
of the magnetic field strength are calculated. Distributions of the magnetic field equipotential lines for
ordinary neutron star and the mixed system under consideration are plotted.

Key words: wormhole, scalar field, neutron stars, magnetic field.
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'lpreai 3epttey nHctutyTbl, A.H.l'ymaeB at. Eypasusiabik YATTbIK, yHMBEPCUTETI, AcTaHa K., KasakcraH
29TDF3U, aa-Dapabu at. Kasak, yATTbIK YHMBEPCUTETI, AAMaThl K., KasakcraH
3KP YFA Du3nKa-TEXHUKAAbIK, MPOOGAEMAAApP XKOHE MaTepUaATaHy MHCTUTYTbI, Bilukek K., KbipFbi3cTaH
“e-mail: aringazin@gmail.com

AMAATOHADIK, CKAASIPABIK, ©pici 6ap «<HEHTPOHADIK
YKYAADBI3 MAKOC KOPTBILKAH iHi» XXYHeCiHiH, MarHUTTIK epici

KywTi MarHuTTeAreH HeMTPOHABIK, CYMbIKMEH TOATbIPbIAFAH, KOPTbIWKAH iHIHEH KYPbIAFaH,
KEHICTIK-yaKbITTblH, TPUBMAAAbIK, €MeC TOMOAOIMSAbI apaAac KOH(Urypaumscbl KapacTbIPbIAFaH.
MarHuT epiciMeH MMHMMAAAbI eMeC e3apa 9CEePAECEeTiH, TPMBUAAADBIK, eMeC TOMOAOrMS (DAHTOMADIK,
CKaASIPAbIK, AMAQTOHABIK, ©pICMeH KamMTamMachbl3 eTineai. HeMTpoHABIK, CyMblK LWbIHaibl SLy Kkyi
TEHAEYIMEH cuMaTTaAaAbl. MarHUTTiK epic TOponaearAblK, SAEKTPAIK TOKMeH namaa 6oAaTbiH, ecke
CUMMETPMSIAbI MOAOMAEAAABIK, MAarHUTTIK ©pic hopMacbiHAQ MOAEAbAEHEA]. MarHUT epiCiHiH, 3Heprus
TbIFbI3ABIFbI, CKAASIPAbIK, KOHE TPaBUTALMSAbIK, SHEPIUS ThIFbI3BAbIKTAPbIHAH ©Te Killi GOAATbIHADIFbI
6orakaHAbl.  OCbIHAAM  apaAac  KOH(UrypaumsAapAbl  GambipFbl  HEMTPOHABIK,  >KYAAbI3AAPMEH
CaAbICTbIpa OTbIPbIMN, TPUBMAAABIK EMEC TOMOAOTMSAHbIH )X8HE AMAATOHABIK, ©3apa 9CEPAECYAIH MarHmT
OPICIHIH iWKi KYpPbIAbIMbIHA ©CEPi MBCEAECi 3epTTEAAI. MarHUT epici KepHEYAITiHIH paAMaAAbIK YKaHe
TaHreHUMaAAbIK KypayllblAapbl ecenTeAiHAl. baibIpFbl HEMTPOHABIK, >KYAADI3 )KOHEe 3epTTeAeTiH apaAac

KOH(MIypaLmst YILiH MarHUT ©PIiCiHiH 3KBUMOTEHUMAAABIK, CbI3bIKTAPbIHbIH, TapaAybl TYPFbI3bIAABI.
Ty¥iiH ce3Aep: KePTbIWKAH iHi, CKaASPABIK ©piC, HENTPOHABIK >KYAAbI3, MarHUT epici.

BBenenune

HeiitpoHnsle 3BE3ABI TPEACTABISIIOT U3 cebs
KOMITaKTHBIE acTpO(U3NUECKHEe OOBEKTHI, COCTOS-
e, B OCHOBHOM, M3 HEHTPOHHOTO BEIECTBa,
yIEPKUBAEMOTO COOCTBEHHBIM CHUJIBHBIM T'PaBUTA-
LIUOHHBIM ITOJIEM. [IJIs1 HUX THITUYHBI MacChl OPSA-
ka 1-2 macc Comurna u pasmepsl okosio 10 kM. [Ipu
3TOM OHM OBICTPO BPAILAIOTCS U MOTYT 00NajaTh
CIJIBHBIM TOBEPXHOCTHBIM MAarHUTHBIM IIOJIEM C
HanpsxEHHOCTh nopsaka 1012 — 101°Tc. Vkasan-
HBI€ XapaKTEPUCTUKH HEHTPOHHBIX 3BE3 MOTYT
HETIOCPEACTBEHHO OBITh U3MEPEHBI IIyTEM aCTPOHO-
Mudecknx HaOmogeHwid. OgHaKO BHYTPEHHAA
CTPYKTypa Takux 3BE3J, obecrieynBaronias JaHHbIE
[apaMeTpbl, B IPUHIHUIIE MOXET ObITh PA3TUYHOH.
B wactHOCTH, 3TO Kacaercs pacmpezeseHus] BHYT-
PEHHET0 MarHUTHOTO IOJI, KOTOPOE MOXKET 3aBU-
CETh OT CBOMCTB KOHKPETHOT'O BEIECTBA, UCIONb-
3yE€MOr0 IIPU MOJENUPOBAHUU HEUTPOHHBIX 3BE3 /.

B nmaHHOl cTaTbe MBI paccMaTpUBaeM CHUTYya-
A0, KOT/Ia MOJIETTh OOBIYHON HEUTPOHHOH 3BE3.IBI
Momuduuupyercss myTéM no0aBieHUs B HeE cie-
OYIOIIUX HOBBIX COCTaBIISIIOIIMX. BO-NEPBBIX, MBI
MperoaraeM, 4To B COCTaB HEKOTOPBIX HEHTPOH-
HBIX 3BE3]] MOXET BXOAMTH OJHA M3 (OPM 3K30-
TUYECKOH MaTepuu, KOTOpas, 1O COBPEMEHHBIM
MIPEJICTABJICHUAM, MOYKET CYLECTBOBAaTh B COBpE-
MEHHOH Bcenennoii, obecnieunBas €€ yCKOpPEHHOE
pacumpenue [1]. B kadecTBe Takoil MaTepuu MbI
OyzeM UCIIOJIb30BaTh TaK HA3bIBAEMOE AyX0BOE CKa-
JISIpHOE TIOJIe, MMeEIollee OTJIMYHBIA OT OOBIYHOTO
MoJisl 3HAaK Iepe] KUHETUYECKUM CllaraéMbIM B

narpankuane. Takoe Tmoje HapyllaeT CBETOBOE
YCIIOBHE HHEPTOJOMUHAHTHOCTH, YTO MOXET IPH-
BOJUTH K TIOSBJICHHIO B CHCTEME HETPHUBHAIBHOU
TOTIOJIOTHH TIPOCTPAHCTBA-BPEMEHH THITA KPOTOBOM
Hopel (KH) [2]. 3mece MbI Oynem HCXOIUTH W3
npeanonoxenus, uro takas KH 3amonnena Hei-
TPOHHOM XKUJKOCThIO. [Ipu 3TOM mapamMeTpsl MoJTy-
YAIOIUXCsl CMEIIAHHBIX CUCTEM «3Be3za miuoc KH»
MOJIOMPAIOTCS TaKUM 00pa3oM, 4YTOOBI C TOYKH
3peHusl yAaIEHHOTO HAOIoAaTeNs IpejiaracMbie
KOHQUrypauun ObIIM TOXOXKH 10 MaccaM M pas-
MepaM Ha OOBIYHBIC HEHTPOHHEIC 3BE3IBI, HAOIIO-
JlaeMble aCTPOHOMAaMH.

Bo-BTOphIX, MBI Oymem paccMaTpuBaTh 0000-
MIEHHYIO CUTYAINIO0, KOT/Ia CKASIPHOE TT0JIe MOYKET
HEMUHHUMAJILHO B3aMMOJEHCTBOBATH C AJIEKTpOMar-
HUTHBIM TIOJIEM 32 CUET JAWJIATOHHOTO MEXaHHM3Ma.
Takue mond MCHOIB3YIOTCS MPH MOJEIHPOBAHUU
0030HHBIX 3BE3N [3,4], YTO MO3BOIAET TMOIYYaTh
HOBBIE KOMITAaKTHBIE acTPO(PH3MIECKHNEe CHCTEMBI C
HMHTEPECHBIMU CBOMCTBaMH.

C yuéroM yKazaHHBIX MOIU(UKAIMHA, HaIIen
nenplo OyneT HWccleloBaTh, Kak HalWyhe HeT-
PUBHAIBHOW TOMOJOTHH W AWJIATOHHOTO TIOJS
BIIHSIET HAa BHYTPEHHIOIO CTPYKTYpy MarHUTHOTO
M0JIs1 HEMTPOHHOM 3Be3/pl. CrcTeMa ¢ HETpUBHAIb-
HOIl TOMOJOTMEH M 3aMarHMYEHHON HEHUTPOHHOM
JKUJKOCTBIO, MOJEIUPYEMOM IPOCTEHIIEN MOJINUT-
POTIHOM )KHJKOCTBIO, HCCIIE0BAJIACH HAMU PAHEE B
pabore [5]. 3mecr MBI BOCHOIB3yeMCs Ooiee
pPEATUCTUYHBIM YPAaBHEHUEM COCTOSIHUA HEWUTPOH-
HOW XKHUJIKOCTH U, KPOME TOTO, YITEM BO3MOKHOCTh
MPSIMOTO  B3aUMOJICHCTBUS «CKAJIIPHOE TI0JEe —
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MaramuTHOC IT0JIC» HYTéM HCIIOJIb30BaHUA JUJIaTOH-
HOT'O CKaJIAPHOTO ITOJIA.

IlocTanoBKka 3aJa4u U ypaBHEHUS

ByneMm paccmaTpuBaTh CMEIIAHHYIO CUCTEMY C
HETPUBUAIBHOM TOMOJOTUEN NPOCTpaHCTBA-BpEME-

C4
16mG

L =

3meck G ecTh KOHCTaHTa TAroteHns HrroTOHA,
F};,, — TeH30p 3J7EKTPOMAarHUTHOTO MOJIA, @ — KOH-
CTaHTa CBS3H MEXIY CKAISIPHBIM M JJIEKTPOMAr-
HUTHBIM TI0JIEM (AMJIATOHHOE CKaJIIpHOE moie), L
— JIarpaH)kMaH HEUTPOHHOM KUAKOCTH.

Hameit mienpio Oymet uccieaoBaTh BOIPOC, Kak
MIPUCYTCTBHE HETPUBUAIBHON TOMOJOTHM U JAWJIA-
TOHHOTO TOJISI BIMAET Ha CTPYKTYPY MarHWTHOTO
10JI1 HEUTPOHHOM 3Be3abl. 1Ipu 3TOM MBI HUCIIOJIB-
3yeM cIenylolye YIpOILAoUIe MpeIoI0KEeHNS
[6]:

* MarnutHoe mosie Mozenupyercs B Qopme
OCECUMMETPUYHOTO TOJOUAAIBHOTO MarHUTHOTO
MOJIS, CO37aBaeMOT0 TOPOWJAIBHBIMH DIIEKTPH-
4eCKUMH TOKaMH. B o0mem ciydae mpucyTcTBUe
TaKOTO IOJISl B cUcTeMe OyIeT NPUBOAUTE K OTKJIO-
HEHHIO (GOpPMBI KOHPUTYpauuu OT cdepruuecKon
cumMmerpu. OAHAKO ANA HCIOJIB3YEMBIX 37€Ch
BEJIMYMH HANPSHKEHHOCTH MArHUTHOTO TIOJS IIO-
panaka 102 — 105 T'c 3t oTkI0OHEHUS OT chepu-

ds? = eV(dx)? -

rme v u R ecTts QYHKIUHA TOJBKO paguaTbHON
KOOpAMHATHL 7, a X = ¢ t ecTh BpeMeHHas KOOp-
nuHaTa. Mcnonb3ys 3TOT TMHEHHBIA AIEMEHT, MOXK-
HO MOJIYYUTh CHCTEMY OOBIKHOBEHHBIX auddepeH-
UaJbHBIX YPaBHEHUH U1 METPUUECKUX (PyHKIHH,
JKUJKOCTH M CKAJIAPHOro mnojisi. Takue ypaBHEHUs
MBI Oy/IeM Ha3bIBaTh (POHOBLIMU.

Pemass 3t QoHOBBIE ypaBHEHUS U Orpa-
HAYUBAsSCh PACCMOTPEHUEM IUIOJIBHOTO IIOJIS,
MO>XHO BBIYHCIIUTH paclpeeieHre 3TOro Mmojis Ha
TaKOM cheprIecKu-CHMMETPHIHOM (homne,
3a/1aBasiCh ONPENEIEHHON HANpPSHKEHHOCTBIO TOJIS

HHU, cocTosryto u3 KH, 3anosHeHHOW HEUTPOHHOM
xuakocteio. Hammume KH B cucreme obGecrie-
yiBaeTCss 0€3MaCcCOBBIM JTyXOBBIM CKAISPHBIM I10-
JIEM (9, KOTOpOe MbI OyJeM IojiaraTh HEMHUHHU-
MaJIbHO BSHHMOHCﬁCTByIOIHHM C JJICKTPOMArHuT-
HBIM T10JIeM. TOr/1a COOTBETCTBYIOIIMH JIarpaH>KuaH
CHUCTEMBI MOXKET 6BITB IIpEACTaBJICH B BUIC!

R =20, 9 — e 2XPF,, F™ 4 Ly, (1)

gecKor (hOpMBI MaJIbl, TOCKOJIBKY SHEPTHS MarHUT-
HOTO TOJISi MHOTO MEHBIIIE, YeM TPaBUTAIIMOHHAS
sHeprus [7]. DTo MO3BOJIAET MPEeHEOPEYD B HYJIEBOM
npubmmkeHnn  aedopMalusaMu  KOHQUTYpaIVH,
CBSI3aHHBIMH C MATHUTHBIM TIOJIEM U PAaCCMaTPHUBATh
takue aedopmaruu kak 3(OQPEeKT BTOPOro mopsaKa
MaJoCTH.

* MBI HE yYUTHIBaEM BpaliaTeibHbIe Aedopma-
UM M PacCMaTPUBaeM TOJBKO CTaTUYECKHE PaB-
HOBECHBIE KOH(UTYpaIIHH.

* BHyTpeHH:sS 4yacTh 3BE3/BI MPEIIOoaraeTcs
UJICaTbHO MPOBOJAIICH Cpeioii 0e3 IMCKTPUISCKUX
3apsI0B U MOJEH.

Hcxonst u3 9T0T0, HIKE MBI BHITIHCHIBaEM (HOHO-
BblC ypaBHEHHs Ui CQEpUUECKU-CHMMETPHYHOTO
CITy4as ¥ BRIBOJMM ypaBHEHHE 11 MATHATHOTO TIOJIS.

[TockonbKy 3/1€Ch MBI HE paccCMaTpUBaeM Bpa-
IICHUE 3BE3JIbI, MOKHO BBIOpPATh CIIEAYIONIYIO CTa-
THYECKYIO CPepruecKH-CHMMETPUYHYIO METPHKY B
MOJIIPHBIX T'ayCCOBBIX KOOPMHATAX:

dr? — R%(d0®? + sin?0 d¢?), (2)

Ha TpaHule 3Be31bl. B 3TOM ciydae B ypaBHEHHH
MakcBensia B KaueCTBE HCTOYHHKA HCIOIb3yeTcs
TOK, KOTOPBIH, OJHAKO, HE MOXET OBITh BBIOpaH
MIPOM3BOJIBHBIM 00pa3oM, a IOJKEH yA0BIETBOPATh
YCIJIOBUIO HHTErpUpyeMocTH [6,8].

@DoHOBbIE yPABHEHUS

B kadecTBe HMCTOYHMKA BEIIECTBA B T'PaBH-
TaIlMOHHBIX YpaBHEHUAX DHHIITEIIHa BO3bMEM clie-
OYIOUIMHA TEH30p JHEepruu-ummynbca (0e3 yuéra
3MIEKTPOMArHUTHOTO TIOJIS):

Ty = (e + plutu, — 8)'p — 9,0 I + -5} dp 0'e, 3)
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IZle € eCTh INIOTHOCTb SHEPTUHU KUAKOCTH, U, — 4-
ckopocTh. Torma ypaBHeHHS OWHINTEHHAa MOTYT
OBITh 3amKCaHbI B (hopme

)

1 8nG nG 1,
+F_ c* Tt - c4 (g_E‘pz)’ (4)
RR N, 1 _
R\RTV | Rz
8mG 8mG 1
=20 =2 [p+207), (5)
R” 1R, I+ II+ 12 __
R T2RYV T2V TV T
81G 8
= -Z278 =T [p +3 07 (©6)

rze WTPUX 0003HAYAET MPOU3BOJHYIO TIO T
Ucnonb3yst 5T BBIpaKEHUs,, | = T KOMITOHEH-
Ta 3aKoHa coxpaHenus mnonxoro TOW T, =0
IaéT
dp 1 dv
—+-(e+p)—=0. 4
o t5e+p)— (4)
Ilonesoe ypaBHeHHe Ha 0e3MaccoBO€ CKa-
JSIpHOE TIOJIe, CIeAyIollee M3 BapbHpPOBAaHUS IEi-
ctBus (1) mo ¢, MoxeT OBITh JETKO MPOHHTET-
PHUPOBAHO B BUJE:

2
9% ="e", (5)

rae D ectb KOHCTaHTa HUHTCTPUPOBAHUA. OTMGTI/IM,

02A¢ la_vaAq) —2a , 0A¢
ar? 2 0r or or

Ero pemieHue uiercs myTéM pasaeseHus nepe-
MeHHBIX B Buue Ay = a(r)f(0),jy =j(r)f(0),
4TO aéT CleyIolee YpaBHEHNE Ha (GYHKIHMIO a:

! 1 ! ! ! ! A‘ Za ]
=v'a' = 2a¢p’'a’ —=a = —e“*?= (9
+2 ¢ R2 c’ ©)

rie A =1[1(l+1) ectb KoHcTaHTa pa3zgeneHus. B
3TOW cTaThe MBI OyJIeM paccMaTpUBaTh (PUINIECKH
HanboJiee MHTEPECHBIM Cllyyail AMIOILHOTO Mar-

YTO TMpPH TOAYYSHHH O3TOTO YypPaBHEHHS MBI
MpeHeOperiM BIUAHWEM MAarHUTHOTO TIONS B
COOTBETCTBMM C HAIIMM IMPEINOIO0KEHHEM O Ma-
JIOCTH SHEPTUH MAarHUTHOTO TIOJIS IO CPaBHEHUIO C
(hOHOBBIMH TPaBUTALMOHHOMN 3HEPTHEH U dHEprHen
CKaJISIPHOTO TOJIS.

Takum 006pa3om, MBI UMEEM TISITh HEM3BECTHBIX
¢yHkuuit — R, v, p, € U @, — A KOTOPBIX
AMEIOTCS ST ypaBHEHUH
Omuobka! MCTOYHUK CCHUIKM He HalgeH.-(5),
TOJIBKO YEeThIpe M3 KOTOPHIX HE3aBHUCHUMBI. OTH
YpaBHEHHUS AOTOIHSIOTCS YpaBHEHHEM COCTOSHHS
(YC), cs3pIBaroluM ITUIOTHOCTH JHEPTUU U
JIaBJICHUE HEUTPOHHOW KHUIIKOCTH (CM. HUXKE).

YpaBHeHMe AJIsi MArHUTHOI'O IMOJISA

Crnenys [6], BBIOEpEM OCECUMMETPUYHOE I1O-
JIOWJAIbHOE MAarHuTHOE TI0Jie, co3JgaBaemMoe 4-
TOKOM

ju = (0,0,0,]y). (©)

g Takoro TOKa D3IEKTPOMArHMUTHBINA 4-110-
TeHIHan A, MMEET TOIbKO (P-KOMIOHEHTY

A, = (0,0,0,A4). (7)

VY4yutbiBass HEHYJICBbIE KOMIIOHEHTBI TEH30pa
BNIEKTPOMArHUTHOrO ~ mosst  Fry = 0Ay/ 0r  mn

Foy = 0Ag/ 00, obmme ypasuenns Makcemna

T (g o) = =

TUTS (I)OHOBOI/I MeTpuku (2) maT CclieAyrolee
SIUIMITHYECKOE ypaBHEHHUE Ha Ag:

10%°4¢ 1 4 2a¢ Jo

1 L 229 _ _p2a9l0

2907 RZ cot® 70 e - 8)

HUTHOTO ToJs, korna [ =1 u A = 2. Torna ypas-
HEeHHe Ha QYHKIUIO f

d*f af

— —cotd—+Af =0

67~ Oggt Y
MMeeT yacTHoe pemenue f = —sin?. CooTseTcr-
BEHHO nMeeM Ay = —a(r)sin®, j, =
—j(r)sin?6.

Pemenuie ypaBuenus (12) Moxet ObITh HaliIeHO
mocne 3aganust Toka j. Kak m3BectHo [6], TOK | He
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MOJKET OBITH BBIOpaH MPOU3BOJIBHO, MOCKOJIBKY OH
JIOJDKEH  YZIOBJIETBOPSTH YCIOBHIO HHTETpUpPYe-
MocTd. Mcxonst W3 3TOro YCIOBHS MOXET OBITh
BBIBEJICHO CIICIYIOINEee YPaBHEHHUE (Ero MOoIydYcHHe
cM. B [5,6]):

I

j = 2E=sv (14 )]] =0. (10)

3neck u nanee QyHKuuud R,V,E,p, @ COOTBET-
CTBYIOT (DOHOBBIM pEIICHUSAM, IOJIYIaeMBIM W3
(hoHOBEIX ypaBHEeHUH. OTMETHM, YTO BCE (POHOBBIC
peIleHus SBISAIOTCS PEUISHUSIMH HYJIEBOTO II0-
pAaKa, a peleHus ISl MAarHUTHOTO 1oJis (T.€. QyHK-
LIUU @, j) — IEPBOro MOPsAKa MAIOCTH [5,6].

B urore, paccmarpruBaemas cMeranHast KOHGH-
rypanusi MaTeMaTHYECKU OIUCHIBACTCS CHCTEMOM

( — a1+a2€+a3f3
1+a4é

+(a11 + a128)f (a13(aqs4

= lg(p/nnu cm™?),§ =Ig(p/r cM™?), rre
p €CThb IUIOTHOCTh HEHTPOHHOTO BeIeCcTBa, a
f(x) = [exp(x) + 1]7! 3nauenns xoddpuimen-
TOB @; MOTYT OBITH HaieHs! B [10].

J171s1 BBIMIOJIHEHHS YUCIIEHHBIX pacuéToB y100HO
BBECTH Oe3pa3MepHbie MepeMeHHbie. be3 motepu
OOIIIHOCTH BEJIMYMHA HCIOJB3yeMOro 3liech 0e3-
MacCBOTO CKAaJISIPHOTO TOJISi B LEHTPE KOHQUTY-
panuu, T.e. ipu + = 0, MOXXET OBITH ITOJIOKEHHOM
PpaBHO# HyJTIO, B TO BpeMsI KaK €ro Npou3BOAHAS IPU
r =0 He paBHa HymO. B OKpecTHOCTH IeHTpa

f(as(§ —ag)) + (a7 + agé)f (ag(ap — <))
—¢&)) + (a5 + a168)f (a17(a15 — §))

ypaBHenuit (4)-(8), (12) u (13). E€ umncnennoe
pellIeHre IPEICTABICHO B CIEAYIOIIEM pa3zee.

YuciaeHHbIe PeE3yabTaThl

B sTOM pazzene Mbl YUCIEHHO IPOUHTETPUPYEM
MOJy4YeHHbIE BhILIE ypaBHeHus. [ns sToro HeoO-
XOIMMO TakXe 3agaThCsi HekoToppiM YC mis
HEHUTPOHHOTO BEIIECTBA. DTO MOXKET OBITH JIF000E U3
YC, ucnonp3yembpIX B JIATEpAType U OMHCAHUS
BCIICCTBA NPU BBICOKUX IIJIOTHOCTAX U JABJICHUAX
(cm., Hampumep, pabdoty [9]). 3mech MBI BOCHOb-
3yemcs xopoiio u3BectHbiM YC SLy, KoTopoe Mo-
XKeT OBITh NIPEICTABIECHO CIEAYIOUIeH aHaTUTH-
yeckol annpokcumanuei [10]:

(11

CKaJISIPHOE TTOJIE MOXET OBITh Pa3iIo’KEeHO KaK

0~ ir+ =57, (12)
IIe (1 €CTb Mpou3BOJHas B LeHTpe. E€ kBaapar
COOTBETCTBYET «KHHETHYECKOW» DJHEPrUM CKa-
JISIPHOTO TIOJIS.

Teneps y100HO BBECTH CIeAyIONIHE Oe3pa3Mep-
HBIC MIEPEMEHHBIC, BRIPAKCHHBIC B TEPMUHAX (1 :

r R V87TG
x=z, Z=Z, d)(x): 2
a() = T8 a(r), J0) =12, e 1= 13
alx —a(r J(x oy’ rae = V8nGo, (13)
Torxa ypasuenus (4)-(8), (12) u (13) ¢ yuérom o (1059 + 1) 2 (20)
(14) nepenumyTes B 6e3pa3MepHOM BHIE Kak dx 2In10 dz/ % evev
2 e 21
2'/ / 2 1 (b e ( )
a'+;v'a —2a9'a - a =—e*j, (22)
e NN N S {~%c 4 12
2:(2-|-]/)+22— Bo10 +2¢ ) (18) [2———V ( +C210§_z>:|—_0 (23)
L agjag )V =
1 J; 1y c 12
?+53 +EV +2v'2 = Bg105% 4+ d) (19)
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KpOTOBas HOpa» C JUJIATOHHBIM CKaJISIPHBIM MOJIEM

yuHa; L. U V. €CTh LICHTPaJIbHbIC 3HAYECHHUS COOT-
BercTByomux GyHkumit; p. = 10%,p, = 105 —
[EHTPaJIbHbIC TUIOTHOCTh W JIABJICHHUE JKHUIKOCTH,
0 =p./(p,c?) — pensTuBucTCKHil (PaKTOp; KOH-
cTaHTa MHTerpupoBanus D u3 (8) BEIOHMpaeTcs Kak
D? = (c*/8nGp,)?TteVe nna obecneuenus ¢’ =

1 1
~ Iy 2 ~ 1 42
Z~ZC+222x, VRV VXY

rae K03(hGUIHEHTH! Pa3IoXKEeHUS ONPEACIISIOTCS U3
yp. (17)-(23) B cnenytromiem Bue:

1
T, = - :
7—30'

b}
22=§[1—B(1+a)],
_ 2
a, gac_]c-

B paccmaTtpuBaeMoM 371€Ch cIydae OJHOTOPIIO-
BUHHOW KPOTOBOH HOpPHI X, €CThb pa3Mep Topiio-
BUHBI, a KO3((QUIHUEHTH! A, ], ONpenesoTcs Hc-
X0l U3 TPeOOBaHUS TMOIYYEHUS aCUMITOTHYECKH
3aTyXalolEro MAarHuTHOIO IOJIsL € 3aJaHHOM
BEJIMYNHON Ha MOBEPXHOCTH JKUJKOCTH.

Haxonen, mis HanpspKEHHOCTH MarHUTHOTO
MOJII MOYKHO TOJIYYHUTh CIEAYIOUIME TETpaaHbIe
KOMIIOHEHTHl (T.€. KOMITOHEHTBI, H3MepseMbIe
JIOKaJIbHO MHEPLUAIBbHBIM Ha0JIt01aTeNieM):

c 2cosO _
Bi = ~Fo4 = s =2 @ (15)
Ba=F.. = c? sin® _,
" "0 BnGL X

[lepeiinem Temeps K OOCYXKICHUIO PE3yIbTATOB
YHUCIIEHHBIX pacuéToB. 3/1ech MBI OyaeM paccMmat-
pHUBaTh TOJIBKO KOH(UIypanuu C OIHOH TOpIo-
BUHOH. [Ipu 3TOM MBI omuIIeM CTIPYKTypy Mar-
HUTHOT'O MO I CMEIIaHHOM CUCTEMBI C MacCOM
M =~ 1,74Mg u paguycom = 7,8 kM Takue xa-

90

2
VBiG
Ot YpaBHEHUA PEIIAIOTCA C TI'PaHUYHBIMU
YCJI0BUAMU, 3aaBaCMbIMH B OKPECTHOCTU LICHTPA
CJICAYIOINUMHU PA3JIOKCHUAMU:

1 B ieHTpe; @ = a.

(14)

1 1
= = = 2 =T = .2
a~ac+5a2x , ]~]C+512x,

PAKTEePUCTUKU TUIHYHBI Ui OOBIYHBIX HEHTPOH-
HBIX 3BE37 (HAONIOMATENbHBIC OTPAHUYCHHS CM.,
Hanpumep, B padore [11]). Kpome Toro, mapamerpsl
CMEIIaHHOW KOH(UIYypaluu MOAOUPAIOTCS TaKUM
o0pa3oM, 9TOOBI BENWYMHA MMOBEPXHOCTHOTO Mar-
HUTHOTO Tons 6buia By ~ 1012Tc, uto sBnsercs
TUNWYHBIM 3HAYEHHEM Ul PEaJUCTHYHBIX Heil-
TPOHHBIX 3B€37. Toraa ¢ TOUKM 3peHnd yIaIEHHOTO
HaOdromaTens Takas cucTeMa OyJeT BBIIVIAETh
ITOX0XeH Ha OOBIYHYI0 HEUTPOHHYIO 3BE3dy, HO
BHYTPEHHSISI CTPYKTypa MarHUTHOTO TOJisi OyzAer
yKe Ipyroi, KaK 3TO MPOJEMOHCTPUPOBAHO HA PHC.
1 n 2 myTtéM cpaBHEHHS HaIllel CMEIIaHHOW CHC-
TeMbl C OOBIYHOW HEUTPOHHOH 3Be3M0H, Moe-
mupyemoit TeM ke YC (14) u uMeromeit Takyro xe
Maccy.

Ha puc. 1 nokazanbl 3HaueHUsI KOMIIOHEHTHI Bj
Ha ocu cumMerpur (O = 0) ¥ 3HAYEHHS KOMIIO-
HEeHTbl Bg B JKBaTopHanbHOU IockocTH (O =
n/2). Kommonenra By, KOTOpas JAEMOHCTPHPYET
MOHOTOHHOE€ IaJICHUE OT LEHTpPa K Kpaw y Hei-
TPOHHOH 3BE3/Abl, y CMEIIaHHOH KOH(UTypanuu
HMEET MAaKCUMyM, CMEIEHHBIA OT LeHTpa. C apy-
TOi CTOPOHBI, B IIEHTPE CMEIIaHHON KOH(pUTryparun
KOMIIOHEHTa Bg paBHa HyIIIO, B OTIMYHE OT CIy4ast
0OBIYHOW HEHTPOHHOM 3BE3/bl, Y KOTOPOH UMeeTcs
Oonpmroe abcomoTHOE 3HadeHWe B LeHTpe. s
CMEIIaHHOW KOH(UTypalluu paBeHCTBO HyI0 Bg B
LIEHTPE €CTh CIIEJACTBHE TPAHUYHBIX ycloBwid (24),
BBIOMpAaeMbIX  TaKk €  LEJbIO  IOJY4YEeHHUs
aCUMIITOTHYECKHU IUIOCKUX pemieHuil. Kpome toro,
Bg uMeer MMHMMYM, CMELIEHHBIH OT LEHTpa, B
OTJIMYME OT HEUTPOHHOM 3BE3/Ibl, BCETAa UMEIOIIECH
MHUHHMYM B IICHTPE KOHOUTYPAIHH.
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Pucynok 1 — TerpasiHble KOMIIOHEHTBI MAarHUTHOTO NoJist By n By
(B enMHUIIAX TTOBEPXHOCTHOM HANPSHKEHHOCTH MarHUTHOTO MoJisE Bg Ha mosttoce), paccuuTanHble Ha ocu cuMMerpuu (0 = 0) u
B 9KBATOPHATIBHOM TIOCKOCTH (0@ = 71/2) COOTBETCTBEHHO, ITOKA3aHbl KaK (QYHKIIMKA OTHOCHTEILHOTO paanyca X /Xy,
rae X, — rpaHuna xkuakoctu. Ludpoii 1 o6o3HaueHb! pactipeaeneHus Mo 11 O0BIYHON HEUTPOHHOU 3BE31bl,
nudpoit 2 — s cMemanHol cucTeMbl. TOHKHE BepTHKAIBHBIN JIUHHKA COOTBETCTBYIOT TPAHUIIE JKUIAKOCTH.
[Mapamerp @ = 3.

Taxoe noBeziecHne KOMIIOHEHT B m Bg ompe-
JesieT CTPYKTYpy JUHUNA MarHUTHOTO TIOJIA,
MIPEeICTAaBICHHBIX Ha PUC. 2, T1I€ MPOCTPAHCTBEHHbIE
KOOPJIMHATHI JTAHBI B €IMHUIIAX PAANyCa KAIKOCTH
R, . Kak BUAHO W3 pUCYHKA, UMEIOTCS 3aMETHHIC
KAueCTBEHHBIE OTJINYUA B PACHPEACICHUH CUIIOBBIX
JIUHUHN TIOJIS, COCTOSIINE B TOM, UYTO €CIIU Y OOBIU-
HOIl HEUTPOHHOMU 3BE3/bl MAKCUMAIIBHOE 3HAUCHUE
HampsDKEHHOCTH  TIOJIST  BCETJa PACIONIOKEHO B
LEHTpPE, TO B CMEIIAHHON CUCTEME MaKCUMYM TOJIS
CMEUIEH OT LIEHTpPa K Kpato 3Be31bl. K ToMy ke yacTh
CHJIOBBIX JIMHUU TIPOXOIUT Yepe3 IEHTp, T.C. OHU
MPOHUKAIOT Yepe3 ropiaosuny KH.

OtmetrnMm, uto yp. (12) n (13) wHBapHaHTHBI
OTHOCHUTEJILHO Tpeo0Opa3oBaHuii a,j — ka,kj, rie
K — mrobast koHcTaHTa. COOTBETCTBEHHO KOMIIO-
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HEHTHl MAarHUTHOTO TIOJIA, 3ajaBaeMbie yp. (25),
npeobpasyrorcss kak Bp, Bg = kBp, kBg . Torna,
€CiM  OIHOBPEMEHHO 3aMeHuTb By Ha kB ,
rpaduky, mMoKa3zaHHBIE Ha puc. | M 2, ocTaHyTCA
HEM3MEHHBIMU MpU JI000W BENUYMHE TIIOJIS, a
pa3MepHble 3HadeHus (B rayccax) HampsHKEHHOCTH
MarHUTHOTO TOJIS TTONYYArOTCsl TyTEM YMHOKEHUS
3THX TpaduKoB Ha TpeOyeMoe IOBEPXHOCTHOE
3HaueHne By KoHeuHO, 3TO0 ocTaércsa cropasen-
JIMBBIM TOJILKO B PaMKaXx HCIOJIb3YEMOI0 3/IECh Iep-
TypOaTHBHOTO MPHONIKEHUSI, KOTAa MOXHO TIpe-
HeOpedb BIMSHUEM MAarHUTHOTO IOJIS Ha ()OHOBBIC
KoHurypauuu. B uactHocTH, nonyyeHHbIe Tpadu-
KH MOTYT OBITh IPUMEHEHBI KaK K «KIaCCHYECKIM
nynbcapam» (s KoTopbix Bg~1012 Tc), Tak u k
Marserapam (st Kotopsix Bg~101> Tc).
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PucyHok 2 — DKBUNOTEHIMAIbHBIE JINHUHU TTOJIHON HAaNPsHKEHHOCTH MarHUTHOT O nojst B
JUISL HEUTPOHHOM 3Be3/1bI (JIEBBIM PUCYHOK) M CMELIAHHON CUCTEMBI (TIPaBbIi PUCYHOK).
I'paduxu mocTpoeHs! B MEpUAMOHAIBHON IIIOCKOCTH ¢ = const.

B KoopAMHaTax x = rsin® u z = rcos®. Yucna Bo3jae KpUBbIX COOTBETCTBYIOT BeIuunHe B
B equHUNAX B; Ha momoce. Kpyry, mokasaHHbIe TOHKHMH JTHHUSAMH,
0003HaYaI0T TPAHUIly HEHTPOHHOU JKHJIKOCTH C pafuycoM R,.

3akjoueHne

HccnenoBanbl paBHOBECHBIE 3aMarHUYE€HHBIC
CMelIaHHble KoH(urypauuu, cocrosimue u3 KH,
3al0JHEHHOW HEUTPOHHOW XUAKOCTBIO, MOZENU-
pyeMoll pealMCTHYHBIM YPaBHEHHEM COCTOSHHS
(14). B otnnume oT OOBIYHBIX HEHTPOHHBIX 3BE3,
TaKkhe CMeIIaHHble KOHQUTyparmuu o0JIamaroT
HETPUBHUAIBHOMN TOMOJIOTUEN NPOCTPAHCTBA-BpEME-
HH, 00eCIIeYnBacMOM IPUCYTCTBUEM 3K30THUECKON
MaTtepuu B Gopme 6e3MaccoBOro MyXOBOTO JAWJa-
TOHHOTO CKAaJISIPHOTO IMOJISl, HEMUHHMAIBHO CBSI-
3aHHOTO C MAarHUTHBIM TIOJIEM.

Hamrei#t menmpio ObUTO HCCIIEOBATH BIIHMSIHHC
HETPUBHUAIBHOMN TOIIOJIOTHU U TUITATOHHOMN CBSI3H Ha
CTPYKTYpy MAarHWTHOTO TIOJIS, MOJEIUPYEMOTo
3/1eCh B BHJIE OCECHMMETPHUYHOTO MOJIOMAAIBHOTO
MarHuTHOTO TIOJIA, CO3JaBa€MOTO TOPOUIAIHEHBIM
AIIEKTPUIECKAM TOKOM. J[Jisi cpaBHEHHS MBI TaKKe
paccMoTpenn OOBIYHYI0O HEHTPOHHYIO 3Be3ay (c
TPUBHAILHOW TOIOJIOTHEH ), OMTUCHIBAEMYIO TEM KE
VYC u aHa OrW4HBIM 10 POpME MarHUTHBIM MOJIEM,
CO03/1aBaeMbIM JIEKTPHYECKAM TOKOM TOTO JKE THIIA.

Jns obonx TummoB kKoHUTyparuii (0OBITHON
HEHTPOHHOH 3BE3/bl M CMELIAHHBIX CHCTEM) (H3H-
YecKhe MapaMeTphbl MOJ0UPAMCh TaKUM 00pa3oM,
9YTOOBI C TOYKH 3peHHs YAAJIEHHOTO HAOIIOAATENs
OHH BBITIISZCITN OBl MOXOXXHUMH, T.€. 00Jamgamu Obl
OIMHAKOBBIMH MaccaMH U  HaIlpsHKEHHOCTAMHU
MOBEPXHOCTHOTO MarHUTHOTO TIOJISI.

B pamkax Takoro moaxoja moxka3aHo, 4TO XOTS
C TOYKH 3peHHs yAaIEHHOTO HAabIroAaTens o0a TuIa

pPaccMOTPEHHBIX OOBEKTOB 00J1a/1al0T OJMHAKOBHI-
MH MaccaMM M IOBEPXHOCTHBIMM HampsiKEHHOC-
TAMH MarHUTHOTO TOJS, a TaKXKE UMEIOT TOXO0XKHE
pacnpezienieHus] BHEIIHET0 MarHWTHOTO MOJIs, pac-
MIPEJEIICHUs] BHYTPEHHET0 MAarHUTHOTO TMOJS Cy-
IIECTBEHHO OTJIMYAIOTCS. A UMEHHO, €CH y OOBIU-
HOI HEUTPOHHOW 3BE3/1bl KOMIIOHEHTA HalpPsKEH-
HOCTH TOJI1 B; MOHOTOHHO MajaeT OT IEHTpa K
Kparm, TO y CMEHIaHHOW KOH(HUTypamuud HMEeTcs
MaKCUMYM HaIpsDKEHHOCTH, CMEUIEHHBIN OT IEH-
tpa. C 1pyroii CTOpOHBI, KOMIOHEHTa Bg, nmero-
mas 60JbIIoe a0COMIOTHOE 3HAYCHHE B IICHTPE Y
HEHUTPOHHOI 3BE3Abl, PaBHA HYIIO B IEHTPE Y
CMeIIaHHOW KoH(urypauuu. B pesynprate 3TO
MPUBOAUT K TOMY, YTO HMEIOTCS CYIIECTBEHHBIE
KayeCTBEHHBIE OTJINYHSA B PACIPEICIICHUU CHIIOBBIX
JUHWHA TIONSA, COCTOSIIME B TOM, 4YTO €CIH Yy
OOBIYHOI HEUTPOHHOH 3BE31bI MAKCUMAJILHOE 3HA-
YEHHE HaNpPsHKEHHOCTH IO BCET/Ia PACIIONIOKEHO
B LIEHTpE, TO B CMELIAHHON CHCTEME MaKCHUMyM
MOJIs1 CMEILEH OT LIEHTpa K Kparo 3Be3/1bl. [Ipu sTOM
YacTh CHJIOBBIX JIMHUH NMPOXOJIUT Yepe3 LEHTP, T.e.
OHM TPOHHKAIOT 4epe3 ropiosuHy KH. MoxHo
O’KHJIaTh, YTO 3TH OTINYMUS OyIyT OKa3bIBaTh BIMA-
HUE Ha BHYTPEHHIOIO CTPYKTYpy U SBOJIIOLIMIO B
LEJIOM KOMIIAKTHBIX OOBEKTOB, BBITJLIIAMINX IS
yaan€HHOro HaOmojarens Kak  HEWTPOHHBIE
3BE3/BL.

BuaropapHocTu. ABTOpPHI OJ1arofapHbl TPaHTY
No266 MunHCTepcTBa 00pa3oBaHUs H HAyKH
PecnnyOnuku Kaszaxcran 3a (¢uHaHCOBYIO TOA-
TIEPHKKY.

92 Becthuk. Cepus ¢pusuueckas. Ne2 (61). 2017



ApsbiHrasut A. u zip.

Jlutepatypa

1 Amendola L. and Tsujikawa S. Dark energy: theory and observations. — Cambridge, England: Cambridge University Press,
2010.—491 p.

2 Visser M. Lorentzian wormholes: From Einstein to Hawking. — New York: Woodbury, 1996. — 412 p.

3 Zhi-jian Tao and Xan Xue Boson star in a gravitation theory with dilaton // Phys. Rev. — 1992. — V.D45. — P.1878-1883.

4 Fiziev P., Yazadjiev S., Boyadjiev T., Todorov M. Boson stars in massive dilatonic gravity / Phys. Rev. — 2000. — V.
D61:124018. -9 p.

5 Aringazin A., Dzhunushaliev V., Folomeev V., Kleihaus B. and Kunz J. Magnetic fields in mixed neutron-star-plus-
wormhole systems // JCAP. — 2015. — V. 1504:005. — 22 p.

6 Konno K., Obata T., Kojima Y. Deformation of relativistic magnetized stars // Astron. Astrophys. —1999.-V.352. - P.211-
216.

7 Sotani H., Kokkotas K.D., Stergioulas N. Torsional Oscillations of Relativistic Stars with Dipole Magnetic Fields / Mon.
Not. R. Astron. Soc. —2007. — V. 375. — P.261-277.

8 Bocquet M., Bonazzola S., Gourgoulhon E., Novak J. Rotating neutron star models with magnetic field / Astron. Astrophys.
—1995.-V.301.-P.757-775.

9 Potekhin A.Y. The physics of neutron stars // Phys. Usp. -2010. — V. 53. — P.1235-1256.

10 Haensel P., Potekhin A.Y. Analytical representations of unified equations of state of neutron-star matter // Astron. Astrophys.
—2004.—-V.428. - P.191-197.

11 Ozel F., Baym G., Guver T. Astrophysical Measurement of the Equation of State of Neutron Star Matter // Phys. Rev. —
2010. - V. D82:101301. -4 p.

References

1 L. Amendola and S. Tsujikawa, Dark energy: theory and observations, (England: Cambridge University Press, Cambridge,
2010, 491 p.)
M. Visser, Lorentzian wormholes: From Einstein to Hawking, (Woodbury, New York, 1996, 412 p.
Zhi-jian Tao and Xan Xue, Phys. Rev. D45, 1878-1883, (1992).
P. Fiziev, S. Yazadjiev, T. Boyadjiev, M. Todorov, Phys. Rev. D61, 124018(9 p), (2000).
A. Aringazin, V. Dzhunushaliev, V. Folomeev, B. Kleihaus and J. Kunz, JCAP, 1504, 005(22 p.), (2015).
K. Konno, T. Obata, Y. Kojima, Astron. Astrophys, 352, 211-216, (1999).
H. Sotani, K.D. Kokkotas, N. Stergioulas, Mon. Not. R. Astron. Soc., 375, 261-277, (2007).
M. Bocquet, S. Bonazzola, E. Gourgoulhon, J.Novak Astron. Astrophys., 301, 757-775, (1995).
A.Y. Potekhin, Phys. Usp., 53, 1235-1256, (2010).
10 P. Haensel and A.Y. Potekhin, Astron. Astrophys., 428, 191-197, (2004).
11 F. Ozel, G. Baym, T. Guver, Phys. Rev. D82, 101301(4 p.), (2010).

O 01O N b~ WK

ISSN 1563-034X Recent Contributions to Physics. Ne2 (61). 2017 93



MPHTU 58.31.33

O6innaes 9.X., lllunoynaros C.K."

OA-Dapabu aT. Kasak, YATTbIK, yHUBEPCUTETI,
Aamarbl K., Kasakcran “e-mail: saken_199303@mail.ru

X¥KA NMOAUMEP KABbIPLUAKTAPAAH OTKEH
a-bOALUEKTEPAIH SHEPTETUKAADIK CIEKTPIH 3EPTTEY

Kymbicta >kyka noammep kabbipiakTapAaH eTkeH Pu-238 M30TOMbiHbIH - a-GOAlLeKTepiHiH
SHEPreTUKaAbIK, CreKkTpi GoMbiHWA ToXIPUBEAIK HOTMXKEAEpP aAblHFaH. 3epTTeAiHin OTbipFaH
KabblpLIaKkTapAaH eTKeH o-6eAlekTep YiUiH AaHAQY TapaAybl TYPFbI3blAFaH. TaxipnbeAeH aAbiHFaH
SHEepreTMKaAblK, CreKTpAi AaHAQYy TapaAyblMeH CaAbICTbIpA OTbIPbIN, 3€PTTEAIN >KaTKaH MOAMMEp
KabblplakTapAarbl KPUCTAAAAAPAbIH YAECI ToXipuOeHiH KaTeAiriHeH apTrnamTbiHbl aHbIKTaAAbI,
SFHM KaObIpLIAKTapAbIH, iLLIHAEr MOHOKPMCTAAAAAPABIH YAECI a3 ekeHi OeArini 6oaabl. EH aaabiMeH
MAYTOHWI M30TONMbIH aAbIA-CMEKTPOMETPre CaAblr, KaAanbpaen arambi3. COCbIH MAYTOHMI 238 M30TOMbI
6eTiHe MoAMMeEp KabbIpLIAKThI XKaybiM, KOMMbIOTEPAE CMEKTPAIK aHAaAM3AI Kepyre apHaAfaH apHaribl
6aFAAPAAMAAbIK, OpTa KOMETiIMEH 3HEPreTUMKaAblK, CrekTpiH arambi3. OcbiAaniia 1-KabbipwakTbiH 4
ayMaFblH YLUiH OCbl MPOLECCTi KanTaAanmbl3. CNekTpAiK aHaAM3 GarAapAaMaAblk, OpTacbiHAQ KaHaA
HeMeCe 3AeKTPOHBOAbT OALLEMIMEH Kopyre HOAaAbl. ASA OCbIHAANM XKOAMEH 2-KabbIpLIAKTbIH, 3 ayMarbiH
aAba-cnekTpometpae 18-332 n3oTonbiHbiH 6eTiHe KabblpLaKThl CaAy apKblAbl OPbIHAANMMBI3. AAb(a
CMEKTPOMETPUSIAbIK, DAIC KOMEriMeH 3epTTeAIHIN OTblpFaH KabbIpluakTaH WbIKKAH o-OGOALLIEKTEPAIH
dHepreTMKaAbIK, CnekTpiH arambl3. COHbIMEH KaTap KabbIpLIaKThbiH, KypambiH, SFHU OHbIH, KPUCTaAAbI
Hemece aMopdTbl EKEHIH aHbIKTANMbI3 KoHe 3epTTenMis. Erep Kabbipluak, KpUCTaAAbl Kypam 60AcCa,
oHAQ  a-OBALLEKTIH 3HEPreTMKaAblK CrekTpi epkeli-epkewl 60Aaabl. AA erep amopdTbl 60Aca
SHEepPreTUKaAbIK, cnekTpi 6ipkeAki 60AaAbl.

Ty#in ce3aep: aabha-6eALLEK, SHEPreTHMKAABIK, CNIEKTP, AaHAay TapaAybl.

Abildaev A.Kh., Shinbulatov S.K.”

Al-Farabi Kazakh National University,
Almaty, Kazakhstan “e-mail: saken_199303@mail.ru

The study of the energy spectrum of
a-particles transmitted through thin polymer films

Experimental results were obtained in the work on the measurement of the energy spectra of a-
particles Pu-238 passed through thin polymer films. Landau distributions were obtained for a-particles
that passed through the films. Comparison of experimental results with theoretical calculations is carried
out. We came to the conclusion that the films are not single crystals, crystalline inclusions constitute
an insignificant fraction within experimental errors. In the work, the isotope of plutonium was used for
calibration. The first stage is calibration, to adjust the readings of the output value, in our case to adjust
the energy spectra. After calibration with the help of element P8-332, we obtain energy spectra of alpha
particles. Covering the surface of the source with thin polymer films, we obtain analyzes on the com-
puter. The work consists of several parts. In the first part we obtain the energy spectra of a thin polymer
film under the number one. In exactly the same way, in the second part we obtain the energy spectra of
alpha particles transmitted through thin polymer films N2 2. The work was to determine the composition
of polymer films and analyze the energy spectrum. Relying on the results of the study, we can say that the
polymer films we are studying are not crystalline films, but rather single crystals, as stated above. In the
experiment and in calculations, the difference between our spectra and the Landau distribution is shown.
Between the Landau distribution and our experiment, the differences are insignificant and therefore the
experimental graphs, that is, the energy spectra, are uniform.

Key words: alpha particle, energy spectrum, Landau distribution.
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MCCAeAOBaHMe JHepreTuv4eckoro cnekTpa a-4actmuy,
NMpouieALlIUnX Yepe3 TOHKHUE NMOAMMEPHDbIE NMA€HKU

B paboTe noAyueHbl 3KCreprUMEHTAAbHbIE PE3YAbTATbI M0 M3MEPEHMIO SHEPreTUUECKUX CNEKTPOB
a-yactuy Pu-238, npolealunx yepes TOHKME NOAMMEpPHbIe MAEHKW. [ToCTpoeHbl pacnpeaeAeHns AaHAay
AAS 0-4aCTMLL, MPOLLEALLMX Yepe3 MCCAeAyeMble NMAEHKU. [TpoBeAeHbl CPaBHEHWS SKCMEePUMEHTAAbHbIX
pe3yAbTaTOB C TeopeTnyecknmm pacyetamu. CAeAaH BbIBOA O TOM, UTO MCCAEAYEMbIE MAEHKM He
SBASIOTCS MOHOKPMCTaAAaMM, KPUCTAAAMUYECKME BKAIOUYEHMS COCTABASIOT HE3HAUMTEAbHYIO AOAIO,
HaXOAALIMECS B MPEAEAaX 3KCMepUMEHTaAbHbIX ownb0oK. CHavaAa M30TOM MAYTOHMS MOMELLAEeTCs B
aAba-CreKTPoOMETP AAS KAAMOPOBKM. Aaaee, HakpbiBas U30TOM NAYTOHUS-238 MNOAMMEPHOI MAEHKOWN,
C MOMOLLBIO MPOrpaMMbl SHEPreTUYECKOr0 aHaAM3a Ha KOMMbIOTEPE MOAYyYaeM SHePreTMUecKmii CnekTp.
Takvm 06pa3om NOBTOPSIEM MPOLIECC AAS MOAMMEPHOI NAeHKM N2 1 yeThbipex eé obaacTeit. B nporpamme
CMEeKTPAAbHOIrO aHaAM3a M3MEPEHNS MOXKHO CHMMATb B KaHaAaxX MAM IAEKTPOHBOAbTAX. TOYHO Takmm
00pasom Ha aAb(a CreKTPOMETPE BbIMOAHSIEM aHaAM3, HakpbiBas m3oton [18-332 naenkon N22 Aas
3-x o6aacTen. AAbha CNEKTPOMETPUUECKMM METOAOM MOAYUAEM IHEPreTUUeCcKUin CeKTp a-4acTull,
MPOLLIEALINX Yepe3 M3yyaeMble MAEHKM. TakyKe MOXKEM OMPeAeAUTb U M3YUUTb COCTaB MOAMMEPHbIX
MAEHOK, T.€. IBASIOTCS AV AEHKM KPUCTAAAMYECKMMM MAM amOpPdHbIMK. ECAM NABHKA KpUCTaAAnYeckas,

TO BHEPreTUYECKUii CNeKTP a-4acTul, 6YAeT OYrpuUCTbIi, MHave CrekTp GyAeT paBHOMEPHbIM.
KAroueBble cAOBa: 0-4acTMLIA, SHEPreTUUeckuin CNeKTp, pacrnpeseseHne AaHAQy.

Kipicne

Anbda-crieKTpoMeTprst  apKbUTBI  alibha  0er-
IICKTIH 3aTTaH OTKECHHEH KEHIHIT SHEePreTHKAJIbIK
CIEKTPi 3aT TypaJibl T KbI3bIK FHIIBIMUA MaTESpUAIIIAP
Oepeni, CIEKTPIiH TYPiHEe Kapai 3aTThIH aMOp(ThI He-
Mece KPUCTAN/Ibl SKeHIH aHbIKTayFa 0oJiapl. AMOp-
(TBI len KpUCTall TOPBIHBIH PETTENTEH KAITBIKTHIFBI
OTe JKaKbIH apara TapaiaThlH TYPIH aiTapbl.

Kanmer  amopdThl  KaOBIpIIAK KpPUCTAIIBIFA
KaparaHja, SFHM peTTiniri Oap monmuMmepre Kapa-
FaH7a KOIl YaKbITKA TO3IM/Ii OOJIBIIT Ta0BLIAIEL.

3epTTeyaiH 0acThl MaKcaThl PETIH/IE FAPBIIITHIK
KYPBUIFBIIAp/bl KYKa KaOBIPIIAKIICH KarTay MKo-
HE HAaKTBl KaHAal IOJWMEpPMEH KamTay THIMII,
COHJIali-aK Te3IMIUIIr KaHJIall eKeHIH 3epTrey.
An anbda-crieKTpOMETPHUSIIBIK 9J1iC OChI MaKcaTKa
KOJI JKeTKi3yre cenTirin turiseni. JKorapbima atam
oTKeHJiel monuMep KaObipiiak amopdrtel Oolica,
OHJIa OJI KONITETeH TeMIIEPaTypalbIK XKOHE O3Tre Jie
CBIPTKBI OPTaHBIH dcepiHe TO3IMIi OOIBIIT KeIeIi.

KaObipiiak Typajibl OeNrili  MariyMaTTapibl
CIEKTp OepreH MariyMaTTapMeH CajbICTBIPY ap-
KbUTbI OHBIH KYPaMbIH aHBbIKTayFa 00Iajbl.

Aub(da-creKTPOMETPHSIIBIK 3epPTTey

3epTTey KYMBICHIH/IA ATb(a-CIIEKTPOMETpre aj-
JIBIMEH 3HEPrHsUIapbl SpTYpIl anbga-0enmexrTepai
IIBIFAPATBIH M30TOINTHI CAJBIN KAIUOPIEI alaMbl3.
Omnpa OipHelIe YHEPreTHKAIBIK, CIIEKTp (THK) maii-
na Oonanel (cyper 1). An anbda-ciekrpomerperi
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KbIcbIM 0,43 MM. CBIH. Oar.-IeiiH TOMEHIETLIeN]l,
SIFHU BaKyyMJbIK OpPTaHbl KYpanbl.

Keneci kesexkre (I18-332) Pu-238, E =5525
k9B anbda Ke3iH cayblll SHEPreTHKAIBIK CIIEKTPiH
amambI3 (cypet 2). Ocbl u3oTomn OeTiHe KaFblUIFaH
IUIACTHHAHBIH ~ O€TiH mNoJuMep KaObIpIIaKieH
Kayblll MOTOp AapKbUIbl KaMepagaH ayaHbl Co-
pein aname3. TeMeHze kepcerinreHaen (cyper 3)
9HEPTETHKAIBIK CIICKTp naiiia 6omabl. byl skymbicta
Nel kaOwipriaktel (mosiMMep) mMaiganaHblll OHBIH
OpTYpil ayMmMaFblHaH OTKeH anb(a-O0emmmeKTepain
SHEPreTHKANBIK CHEeKTPIH alAbIK. 3-6 cyperTepie
Nel xaObIpimiakTeiH OpTYpi 4 aymarblHaH OTKEH
anb(a-0eImeKTepaiH  CIEKTpIepi  KOpPCETUIreH.
7,8,9-cyperrepne Ne2 ynmanelH 3 aymarbel Kep-
CeTLIreH.

CyperTepaeH KepiHin TypraHgail 06eTi >kaObuI-
MaraH M30TONTaH alifaH CIEKTPIMi3re KaparaHna
Oeri monuMmep KaObIpIIaKMeH >KaObUIFaH H30-
TONTaH ajifaH CIEKTPAIH €H BIKTUMal MoHI AE
nraMara BIFBICHINT TyckeH. AE 0ip KaObIpIIakThiH
OpTYPJIi ayMa¥rbl YIIiH OpTYPJIi OONBIN HIBIKTHL. By
aybITKynap Oip KaOBIPIIAKTHIH KaJIBIHIBIFE O€T
OolibIHIIIa OIpKENIKI eMec eKeHiriH kepcereai. Nel
KaOBIPIIAKTHIH 4 ayMarblHaH ajJbIHFaH CIIEKTPIIepi
CTaTHCTUKAJIBIK OHACYACH OoTKi3inm AE-HIH oprara
MOHIH TanThiK. Jloy OChIHAAN >KyMbICTapsl Ne2
KaOBIPIIAKIEH /1€ )KacabIK.

Temenze 613 3epTTeI MIBIKKAH €Ki KaOBIPIIaKTHIH
e3 OoilylapblHaH OTKEeH ayb(a-0eJIIIeKTepIiH SHep-
THACHIH KaHIA MeJIIepie >KYTKaHBIHBIH OpTalla
MOH/IEpl KOPCETIIreH.
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<AE>_ = (466£8)*10° 5B,

<AE-,

2

= (415+9)*10° 5B.

Mapkep 1: 341,0 Kar — 587,1 kaB; Mapkep 2: 341,0 Kan —
587,1 kaB, Uarerpain: 0,000000 1/c; 5499 k3B — 2416,8 kana.

1-cypert — Anbda-CrieKTpoMeTpAl KaIuopIiey Ke3iHaeri
9HEPTETHKAIIBIK CIIEKTP

uuuuuuu

Mapxep 1: 269,5 Kan —418,1 x3B; Mapxkep 2: 2182,3 Kan —
4941,3 x3B; Unrerpan: 651,175 1/c; Tpanemms: — 5 216,599 1/c.

3-cypert — [18-332 anemeHTi coyneciHiH KaObIpIIakTaH
OTKEHJIET1 PHEPreTUKAIBIK cTieKTpi (1)

bi3 3eprTenren opOip KaOBIPIIAKTHIH MacCachiH
MUKPOAHATUTHKAIBIK Tapasbla ©JIIer, OJIapAblH
OCTTIK TBIFBI3JIBIKTAPBIH TamNTHIK. [l] KyMbIcTa
YCBIHBUIFAH 9J1ic OOMBIHIIA TOJBIKTHIpbLUIFaH JlaH-
Jlay TapajdyblH TYPFBI3BIN, OJI KAOBIPIIAKTaH OTKCH
anb(a-0eIIeKTiH KOFaITKaH YHEPTHICHIH ecernTe-
reHje

2-cypet — [18-332 aneMeHTIHIH YHEPTeTHKAIIBIK CIIEKTPL

hiapgpt
taprdp

Mapxep 1: 269,5 Kan —418,1 x3B; Mapxkep 2: 2136,8 Kan —
4833,8 kaB; Uuterpan: 519,501 1/c; Tpanermms: — 4 020,255 1/c.

4-cypet — [18-332 snemeHTi coyneciHiH KaObIpIIakTan
OTKEHJIET1 PHEPTETUKAIBIK CTIEKTPi (2)

<AE>

Nel Jlan

<AE>

No2 Jlan

= (570+20)*10° 5B,
= (620+20)*10° 5B

6ompm mBIKTEL. by ecenreynep 0i3 3eprrereH
KaOBIPLIAKTAPJIBIH TOJBIK aMOP(THI, SIFHH KpHC-
TaJJIBIK I9PEKECi HOIbIe TeH €KEeHIH KOpPCETIN TYP.
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uuuuuuu
nnnnn
uuuuu

Mapxep 1: 269,5 Kan —418,1 x3B; Mapxkep 2: 2146,5 Kan —

4856,9 kaB; Unterpan: 472,326 1/c; Tpanenus: — 4 066,191 1/c.

5-cyper — I18-332 snemenTi coynecinii KaObIpIIaKTaH
OTKEHJIET] SHePTeTUKAJIBIK cHeKTpi (3)

mmmmmm
uuuuu

s

Mapkep 1: 269,5 Kan —418,1 x3B; Mapxkep 2: 2179,0 Kan —

peay

4933,7 x3B; Unterpan: 441,446 1/c; Tpanenws: -3 997,236 1/c.

7-cypet — I18-332 snemenri cayneciHiy 2-111i KaObIpIIaKTaH
OTKEH/IET] SHePTreTUKAJIBIK cleKTpi (5)

L T . - W =
Mapxkep 1: 269,5 Kan — 418,1 x3B; Mapxkep 2: 1419,1 Kan —
3136,7 xkaB; Unrerpan: 485,099 1/c; Tpamemust: -157,252 1/c.

9-cyper — I18-332 snemenTi coynecinig 2-1i KaObIpIIaKTaH
OTKEHJIET] PHEPTeTUKAIIBIK CHEeKTPi (7)

ISSN 1563-034X

Mapxep 1: 269,5 Kan —418,1 x3B; Mapkep 2: 1919,2 Kan —
4319,3 x3B; Unrerpan: 593,241 1/c; Tparerms: — 1 382,176 1/c.

6-cyper — I18-332 snemeHnTi coynecinii KaObIpIIaKTaH
OTKEHJIET] PHEPTeTUKAIIBIK CIEKTPi (4)

Mapxep 1: 269,5 Kan —418,1 x3B; Mapxkep 2: 1945,2 Kan —
4380,7 x3B; Unrerpan: 488,547 1/c; Tpaneuus: — 1 796,730 1/c.

8-cyper — I18-332 anemMeHTI coyneciHiH 2-111i KaObIpIakTaH
OTKEHJIET] DHEPreTHKAJIBIK CHEeKTpi (6)

KopbIThIHABI

3epTTeniHin  OTBIpFaH  KaObIpmiakTapasl 2
TYpPiHIH ¢ immHmeri MOHOKPHUCTAIIAPABIH YJIIeci
JKETKUTIKTI MOJIIIep/ie a3 ekeHi aHbIKTal bl Kaobip-
maxTap aMopThI (H30TPOMNTHI) OOJIBII IIBIKTHI.
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HUNDT®, Kazaxckuii HallMOHAJIBHBIH YHUBEPCUTET UMEHH ab-Dapadu,
r. Anmartsr, Kazaxcran “e-mail: akmaral@physics.kz

OTHOLUEHUE CUTHAA-LLYM
B BUCTABUAbHbIX CTOXACTUYECKHNX PEBOHATOPAX

CaMbIM BaXkKHbIM MapameTpoM B Al06GOI crcTeme nepeaaun MHOPMaLMK SIBASIETCS OTHOLUEHUe
YPOBHS CMUrHaAa K ypoBHio wwyma (Signal-to-Noise Ratio nan SNR). YpoBeHb cvrHasa B 3ToM OTHOLLEHMU
AOAXEH ObITb Bblle YPOBHS LYMOB. MCCAEAOBAHUS MOCAEAHUX AET MOKa3aAM, UTO B HEAMHEMHbIX
AVHAMUYECKMX CUCTEMAX BO3AENCTBME LLIYMA MOXKET NMPUBECTU K YBEAUYEHMIO OTHOLLEHUSI CUTHAA/LLYM.
JTO $IBAEHME Ha3blBaeTCs CTOXaCTUUYECKMM pe30HaHCOM. CTOXaCTMYeCKMit pEe30HaHC, W3yyeHue
KOTOPOro CTaAO BaXKHOM OTPACAbIO UCCAEAOBAHUI LIYMA, SBASIETCS AOBOAbHO OOLIMM SIBAEHWEM, B
KOTOPOM YBEAMYEHME KOAMYECTBA BXOAHbIX LUYMOB MOXET OMTMMM3MPOBaTb MepeaAavy CUrHasa B
cucteme. TouHee roBop$l, Mbl FTOBOPMM O CTOXaCTMUYECKOM Pe30HaHCe, KOraa mepa, oTpaxkaiollas
KauecTBO nepeAayu, NnokasbiBaeT MAaKCMMYM MPU HEHYAEBOWM aMMAMTYAE BXOAHOrO Wyma. B AaHHOM
CTaTbe MPEeACTABAEHbl Pe3yAbTaTbl YMCAEHHOTO aHAAM3a CTOXAaCTMYECKOrO PEe30HAHCA  AAS
AVMHaMMYeCKOM HEAMHEIMHOI CUCTEMbI Ha Npumepe ocLmMaasTopa AydduHra. YucaeHHoe nccaepoBaHoO
npoBeAeHo B cpeae MatLab.

KAtoueBble CAOBa: CUIHAA/LLYM, CTOXaCTUYECKMIA PE30OHAHC, OCLUMAASTOP AydduHra.

Imanbayeva A.K.", Tokmyrzaeva Zh.B.

IETP, Al Farabi Kazakh National University,
Almaty, Kazakhstan “e-mail: akmaral@physics.kz

The signal-to-noise ratio in bistable stochastic resonators

The most important parameter in any information transmission system is the signal-to-noise ratio
(Signal-to-Noise Ratio or SNR). The signal level in this respect should be above the noise level. Recent
studies have shown that in nonlinear dynamic systems, the effect of noise can lead to an increase in the
signal-to-noise ratio. This phenomenon is called stochastic resonance. Stochastic resonance, whose
study has grown to be a significant branch of noise research, is a rather general phenomenon wherein
increasing the amount of input noise can optimise signal transfer in a system. To be more exact, we
speak of stochastic resonance when the measure reflecting the quality of the transfer shows a maximum
at non-zero input noise amplitude. In this paper we present the results of a numerical analysis of the
stochastic resonance for a dynamical nonlinear system using the Duffing oscillator as an example. A
numerical study was conducted in the MatLab.

Key words: signal to noise, stochastic resonance, Duffing oscillator.

Mmanbaesa A.K.", TokMbip3aesa X.B.

ITDF3U, OA-Papabm aT. Kasak, YATTbIK, yHUBEPCUTETI,
AAMaTbl K., Kasakcran “e-mail: akmaral@physics.kz

BMTYpaKTbI CTOXAacCTbl p€30HAaTOpAApAad CUTHAA-LLUYbIA KaTbIHACDbI

AKnapaTTbl 6epy Ke3 KeAreH >KyneAe eH Herisri napameTpaepaAiH 6ipi CUrHaAAbIH A€HreiHe LWybIA
AeHreniHiH katbiHachl (Signal-to-Noise Ratio Hemece SNR) 60Abin Tabbiraabl. ByA KaTbiHacTa CUMrHaa
AEHIeni LWybIA AeHreriHeH XXorFapbl 60AY KepeK. beincbi3blk AMHAMMKAABIK, XKYNEAEPAE LYbIAABIH, SCepi
CUIHaA/LLYbIAABIH KATbIHACblH >KOFapAaTyFa 9KeAy MYMKIHAIM COHfbl >XbIAAAPAAFbl 3epTTEYAEpAE
KepceTiAreH. byAa KyObIABIC CTOXaCTMKaAbIK, Pe30HaHC Aen aTaAaAbl. CTOXaCTMKAAbIK, PE30OHAHCTbI
3epAEAeY LYbIAAbI 3epTTey Ke3iHAE MaHbI3Abl CaAaAapAblH 6ipi 6OAbIN TabbiAaAbl. bip >karbiHaH, OyA
KYObIABIC >KETEPAIKTEN >KaAMbl KyOblAbIC GOAbIM TabblAaAbl, KipiC LWYbIAAAP CaHbl ©CKEH CaiblH

©2017 Al-Farabi Kazakh National University



Nmanbaepa A K., Tokmbipzaesa XK.b.

KYMEAEri CUrHaAabl Gepyre OHTaMAQHAbIPYFa MYMKIHAIK GepeTiH. ABAIpeKk anTcak, Kipic LybIAAbIH,
AMIMAUTYAQChl HOA eMeC Ke3iHAe curHaa GepyiHiH camaAblFbiH KOPCETETIH Mepa MakCMMyM KepceTce,
6i3 CTOXACTMKAAbIK, PE30HaHC TypaAbl arTambi3d. byAa mMakarapa AyddUHT OCUMAASTOP MbICAAbIHAQ
AVHAMUKAAbIK, GEMCbI3blK, >KYMEAEPAE CTOXAaCTUKAAbIK, PE30HAHCTbl CaHAbIK, TaAAQy HOTUXKeAepi
keATipiareH. CaHAbIK, 3epTTeyAep Matlab opTacbiHAa XXyprisiaai.

Ty#iH ce3aep: cUrHaA/lLybIA, CTOXaCTUKAABIK, Pe30HAHC, Ay dUHT OCUMAAITOP.

BBeapenne

OmHOIl U3 OCHOBHBIX OCOOEHHOCTEH CIIOKHBIX
CaMOOPTaHU3YIONINXCSI CUCTEM SIBIISIETCS MHOXKEC-
TBO AaNpPUOPHO JOCTYHHBIX cocTosHuM [1]. 3OTO
NPUIACT WX SBOJIIOIMU DJIEMEHT HEOXKUIAaHHOCTH,
OTpa)KaeMbIii CIIOCOOHOCTBIO BBIOMPATH MEKAY
HECKOJILKHMH pe3yJibTaTaMH U COIYTCTBYIOIICH
TPYIAHOCTHIO HaONrOAATeNs] JOKATN30BaTh (PaKTH-
YECKOE COCTOSIHHE B TIPOCTPAHCTBE COCTOSIHUNA. JTO
HallOMUHAeT IICHTPAIBHYI TpoOJIeMy TEOpHH
rH(pOpMaM W KOMMYHHKAIMH, a MMEHHO, KakK
pacrno3HaTh KOHKPETHBIM CHUTHaj, pPa3MBIThINA
IIYMOM CPEJId MHOXKECTBA CUTHAJIOB, UCITy CKAEMBIX
HACTOYHUKOM. B HEKOTOPHIX cHCTeMaX IIYM MOXKET
ONITHMHU3HUPOBATh TEpefady CHTHaiIa — TO €cCTh,
Jo0aBJICHUE 3a/IaHHOTO KOJIMYECTBA IIIyMa Ha BXOJIC
MOXKET YBEIUYUTh OTHOIICHWE CHUTHAI/IIYM Ha
BBIXOJIE. DTO SIBJICHUE HA3bIBAETCS CTOXACTUUECKHUI
pezonanc (CP) u sBisSIeTCS OJMHMM W3 CaMBIX
UHTEPECHBIX TEM B COBPEMEHHBIX HCCIICIOBAHUSIIX
mryma. CP HaGmromaercss B OMCTaOMIIBHBIX U MOHO-
CTaOUJIBHBIX JUHAMUYECKUX CHCTEM, IOPOrOBBIX
ycTpoiicTB, nasepax u T.a. [1-5]. CP Obu1 mpo-
JIEMOHCTPHUPOBAaH JKCIIEPHUMEHTAIBHO B CaMbIX
pasHbBIX ycioBusix. Hampumep, B [3] mepecMoTpeHBI
METO/IbI, HMCIIOJIb3YEMbIC JIJIS JIEMOHCTPAILMU CTO-
XaCTUYECKOTO PE30HAHCA B MOJENSX OJUHOYHBIX
HelipoHoB. Bmepseie ymomunanue o CP B nmre-
patype Oblia ctaThst bensu u np. [4], B koTtopoit CP
OBUT TIPEIOKEH B KA4eCTBE CPEACTBA OOBSICHEHUS
MEPUOANYECKOTO TTOBTOPEHUS JISAHUKOBBIX TIEPUO-
JI0B. 3aTeM O3KCIIEPUMEHTANbHO OBIJIO IPOAEMOH-
ctpupoBano Hamuuue CP B OMCTaOMIIEHOM KOJIBIIE-
BOM Jazepe [5].

B macrosimee BpeMsi CyIIecTBYET MHOXKECTBO
pazHoobpasubix Mozenerr CP. [IlpuHumas BO BHH-
MaHHUe TMPOrpecc, NOCTUTHYTHIA KaK B TEOpPETH-
YeCKOM TIOHUMaHHH, TaK U B MPAKTHIECKOM IPH-
MEHEHHH 3TOTO SBJICHHUS, B JAHHOM CTaThe PACCMOT-
peHbl Bompockl peanusaiuu CP B nmuHamuueckux
HeNMHeHHBIX cuctemax. Ocoboe BHUMaHHE YIe-
neHo naeMoHcTpammu siBaeans CP ¢ momomibro
ocumiaropa Jydpdunra co ciydaliHbIM TICEBIO-
OenpiM IryMoMm [6-7].

ISSN 1563-034X

Yayuuenue OTHOILIEHUA
CTOXaCTUYECKUM PE30HAHCOM

CUTHAJI/IIYM

B o6mem ciyyae mobas AUHAMUKA, JaXe
JIMHEHHasl, HMEET MEPUOIUYECKUN OTKIUK Ha
nepuoauyeckoe BozzaciicTBue. OMHAKO MOBEICHUE
OTKJIMKa HEMOHOTOHHO. B HenmuHeiiHOU cucteme
MaKCUMaJIbHasl TepUOIUYIecKass KOMITOHEHTa Ha-
OJIro/IaeTCS MPU KOHEUHOW ONTHUMAJILHOW WMHTCH-
CUBHOCTH ImyMa. ['padmk 3aBUCHMOCTH OTKIIMKa
CHUCTEMBI OT WHTCHCHBHOCTH IIIyMa HAIIOMHHACT
PE30HAHCHYIO KPHUBYIO [UIsl JIMHEHHOTO JHCCH-
MMaTUBHOTO OCIWUIATOpA. [IpW BapWanuu WHTEH-
CHUBHOCTH IIyMa MEHSICTCSI CPEIHSIA 4acToTa mepe-
KItoueHnid. B pe3ynbrate MmogOopoM HWHTEHCHB-
HOCTH TITyMa MO>KHO YTIPaBJISATh PA3HOCTHIO MEXKIY
4acTOTOM BO3JEUCTBUS U YACTOTOW MEPEKIIOYEHUH.
[Ipu onTumanbHOM YypOBHE IIymMa 3TH YacTOTHI
OKa3bIBAIOTCS OJU3KUMU. VI3MEeHeHHe ypOBHS IIyMa
MIPUBOJUT K COBIIAJIEHUIO BPEMEHHBIX MAaCIITA00B
Ha HM3KMX 4YacTOTaX, MEHBIIUX CKOPOCTHU
penakcauuu. [Ipu Manoll MHTEHCHBHOCTH LIyma
CpelHHE BpEMEHa BbIXOJA NOCTATOYHO BEIUKU U
HaMHOTO MPEBHIIIAIOT IEPUOJI CUTHAJIA MOYJISIINU.
Ilpu BbICOKOM ypOBHE IIymMa 3a BpeMS OJHOIO
IepUOJia CUTHaja CHCTEMa C BBICOKOH CTETIEHBIO
BEPOSITHOCTA  COBEPIIUT MHOTOKpDATHBIE  IIe-
peKiitoueHusl. Bappupysd HMHTEHCHUBHOCTH IIIyMa,
MOXXHO OOCCIICUHUTh PEXUM, KOT/la CpeaHee BpeMs
Mepexo/I0B yepe3 Oapbep OyneT OJIM3KO K MEePHOTY
MOAyJUpyrolero curnaia. Ilepexiatouenus cucre-
Mbl OyayT TMPOMCXOIUTh B CPEJHEM C YacCTOTOMU
BHEIIHEW Nepuoandeckor cuiibl. Takum oOpazom,
ITyTEM HU3MEHEHUS YPOBHS IIIyMa MOKHO HACTPOUTH
CTOXaCTHYECKYHO OUCTAOMIIBHYIO CUCTEMY B PEXKHM
MaKCUMaJIBHOTO YCHJICHUS MOMIYJIHPYIOMIETO CHT-
HaJla U OTHOIIECHMSI CUTHAN/IyM. Bc€ Beimeonwu-
CaHHOE MOKHO MPOUJUIIOCTPUPOBATH CIEAYIOLIUM
o0pa3om.

PaccmoTpuM OMCTaOMIIBHYIO CUCTEMY Ha IpH-
Mepe IBOHWHOW TMOTCHIHMAIBLHONH sMBI (puc.l).
bucrabunbHBIE CHCTEMBI — 3TO CUCTEMBI, UMEIOIINE
TP OJTHOM M TOM K€ BXOJIe 1 0oJiee YCTOWYMBBIE K
MajJblM BO3MYLICHMSIM cocTosHus. Ilpu pocra-
TOYHOM HapY>KHOM BO3JCUCTBUM Takas CHCTEMa
MOXET MEPEUTH U3 OHOTO COCTOsIHUS Apyroe. Eciu
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JIOCTATOYHOE HApyXHOE BO3JACHCTBUE NEPUOAU-
4YecKoe, TO CUCTeMa, Tak Xe, OyIeT BpeMeHaMu
nepederaTs U3 OJHOTO B IPYroe COCTOSHUE (PHUC.2).
Ecnu HapyxHO€ BO3/AE€HCTBUE XAaOTUYHO (IIIyM), TO
cHUCTEMa XaOTHYEeCKH «Omy>KmaeT», U CIycTs
HEONpeeIEHHOE BpeMsl, CPENHSsI IJIMHA KOTOPOTO
HaXOAWTCS B 3aBHCHMOCTH OT MOIIHOCTH INyMa,
MOXET MPOCKOUYUTh U3 OJHOTO TIOJOKEHUSA B
npyroe. JInHaMuKa TakUX CKayKOB OyJeT XaoTHy-
Hou. IIpm pmocratroyHOM nHO3€ LIyMa «TPYyCTHOE
JIML0» CHENAETCS CYACTIUBBIM, IPU 3TOM CHUHXPO-
HU3HPYIOTCA TPBDKKHM B TIIOOANBHO CTAaOMIBHOE
COCTOsIHHE (B CTATUCTHUYECKU CPETHEM).

ITycth yacTuia ¢ Maccou m M BSI3KUM TPEHUEM
g NBWXKETCS B CUMMETPUYHOM JBOWHOM IIOTEH-
nmane V(x) (puc. 1):

V()—lb41 2 1
x—4x 2ax. (D

MUHUMYMBI HaXomsTCs Ha +X,,, THC X =
(a/b)*/?. Ouu paszenenbl MOTEHIUATBHEIM Oaphe-
poMm ¢ BeicoToit AV = a?/(4b). Bapbep nokanuso-
BaH Ha xp = 0. [lpy HanMYUU TEPHOAUYECKOTO
BO3JICHCTBHS IOTEHIUAN JBOMHOM SIMBI

V(x,t) =V(x) — Aygx cos(Qt) (2)

HaAKJIOHEHA Ha3aJ U BIEpe, TEM CaMbIM ITOBBIIIA U
MOHW)Kasl TOCJIEeJOBaTeNIFHO MOTEHIUANbHBIE 0Oa-
pBEPBI MPaBOW M JIEBOW JYHOK, COOTBETCTBEHHO,
AQHTUCUMMETPUYHBIM o0Opa3oM. B Takoif moteH-
LOUaTbHOM sIME€ 4YacTHLA HOoABEp)keHa (iykTya-
LOUOHHBIM CHJIaM, KOTOPBIE BBI3BIBAIOT IEPEXOJIBI
MEXIY COCENHMMM IOTEHIUANbHBIMUA SIMAMH CO
CKOpPOCTBIO, OIPENENSIEMON N3BECTHOW CKOPOCTBIO
Kpamepca [8]:

3)

WoWp (AV)
Tk = ex - |

2y D

2 _ " x_m o o
rne wg =V ~,) — KBAIpar YIIOBOH HacTOTOU

NMOTCHIHAJIa B NOTCHIMAJIBHBIX MHUHUMYMax IpH

X, wE = | KC: b)|

KBaJpaT yIrJIOBOI 4acTOTHI B
BepxXHel yactu Oapbepa, pacloyioKeHHash B TOUKE
Xp; AV — BBICOTa TOTEHIHAIBHOTO Oapbepa,
pasnenstomniero nsa MuanMyMa. Cua mryma D = kgT
cBs3aHa ¢ Temneparypoud 7. Ecnu Mbl IpuMeHUM
ciraboe epruoANYECKOe BO3AEHCTBHE K YACTHIIE, TO
MOTEHLUHAJI JBOMHOM SIMBl aCUMMETPHUYHO HaKIIO-
HAETCA BBEPX U BHU3, MEPUOIUYECKU MOAHUMAS U

OITyCKasl MOTEHIMAIBHBIN Oapbep, Kak IMOKa3aHo Ha
puc. 2.

V(x)

“Xm Xb  Xm

Pucynok 1 — bucrabunbHas cucrema

M/

W R/
\/.

Pucynok 2 — Ilepeckok moJ 1eiicTBUEM BHEITHEH CHITBI

HecmoTpst Ha TO, 4YTO MEpHOAMYECKOE BO3-
JICHCTBHE W3BHE CIIMIIKOM CJ1aboe, YTOOBI MEepHo-
JUYHO BpAIIaTh YaCTHUILY U3 OJTHOU MOTEHIIUAILHOM
SIMBI B JIPYTYIO, IIIyMOBOH MPBDKOK MEXIY MOTCH-
[UATBHBIMH IMAMH MOXET CHHXPOHU3UPOBATHCS CO
c1a0BIM TTEPUOTNICCKAM BO3IeHCTBHEM. Takas cra-
TUCTUYECKAss CHHXPOHH3AIUS UMEET MECTO, KOraa
cpenHee Bpemsi oxumaHus Ti(D) 1/rr mexnmy
JBYMsI UHAYIUPOBAHHBIMU TIOMEXaMU MEXIOJUH-
HBIMU NIEPEXOAaMH CPABHUMO C MOJIOBUHOMN MEPHUO-
Ja TEepUOANYECKOro Bo3AeUCTBUS To. DTO maer
YCIIOBHE COTJIACOBAHUS BPEMEHHOTO MaciTada s
CTOXaCTUYECKOTO PE30HAHCA:

2T, (D) = T,,. 4)

T.e. croxacTu4yecKuil pe30HaHC B CHUMMETPHUY-
HOM ABYJIYYC€BOM IOTCHIUAJIC MTPOABIACTCA B CUH-
XPOHM3AIMH aKTUBHUPOBAHHBIX COOBITHI MPBDKKOB
MEX]Ty TOTeHIIMATbHBIMA MUHIMYMaMH CO CITa0bIM
MePUOIMYECKUM Bo3lekcTBUEeM. B TeueHue 3anaH-
HOTO nepuoja neicTus 1o yCIOBHE COTIIACOBAHUS
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M0 BPEMEHH MOXKET OBITh BBIIOJHEHO IIyTEM
HAaCTpOMKM YpOBHS WIyMa D, Ha BEIUYMHY,
oTpenessieMylo ypaBHeHHEM (4).

Msbl mpUHHMaeM 37ech CIEAyIollee OIpere-
JICHWE OTHOIICHUS CUTHAI/TITYM:

Q+Aw
SNR = 2| lim f S@)dw|/sy@). (5)

li
Aw—-0 Q-Aw
31ecn

S(w) =f OOe‘i“’t((x(t+‘r)x(t))dr (6)

— 00

CIIEKTpajibHasl IJIOTHOCTh MOIIHOCTH. BHyTpeHHUe
ckoOKH 0003HAYAIOT CpefHee 3HAYCHHE aHCaMOIIs
0 peayin3alysaM IlyMa, BHEIITHHE — YCPEAHCHUE 110
HavanbHOU (ha3e BXonHOTrO curHaia. KadecTBeHHO

S(w) = (%) %(D)2[6(w

rae Sy (w) = SY(w) + 0(43).

O0benuuuB ypaBaenus (7) u (8), oTHOIICHHE
SNR myis cuMMeTpudHOW OUCTaOUIBEHON CHCTEMBI
OyZIeT paBeH:

2

Ay
") O

SNR =1r(

Koapoummenr 2 B (5) ObIT BBemeH Juis
ya00CTBa C YYETOM CHMMETPHH CIIEKTpaIbHOI
miotHoctd  Momuocth  S(w) = S(—w). T.e.
OTHOIIICHUE  CHTHAJ/IIYM  OMNpEACIsIeTCs  Kak
OTHOILIEHUE CIIEKTPAIbHBIX IJIOTHOCTEH MOIIHOCTH
cUrHajlla ¥ IIyMa HAa 4YacToTe CurHaua. [lpu
FapMOHHMYECKOM CHIHAjJe€ Ha BXOJIE TaKOMY OIpe-
JICIICHUIO B DKCIEPUMEHTE OTBEYAET OTHOLICHHE

100 f— T _—
j(a) v
10 4 3v

S(v) 5v,
3

0.1

10 100
v (Hz)

a)

S(w) MOXKHO omUCaTh KaK CYIEPIIO3UIUIO CIIEK-
TPaIBbHOM MIOTHOCTH (POHOBOM MOIITHOCTH Sy (W) H
CTPYKTYpY JA€IbTa-CIANKOB, ICHTPUPOBAHHBIX IO
w=02n+1DQ (n = 0, £1, £2,...). g manbIx
ammuuTy ycuwiaenuss Sy(w) He CHIBHO OTKJIO-
HACTCS OT CIEKTPaJbHOW IUIOTHOCTH MOIIHOCTH
SN (w) HeBo3MyIIeHHOM crucTeMbl. J{is GHCTAOMIIb-
HOM cCHCTEMBI € 4YacTOTOM penakcaluu 2rg
cKaukooOpasHeIi BKIa B Sy (w) 3anumercs, Kak

4TK(X2)0

SY(w) = —KZ "0
(@) 412 + w?

()

[Ipn noGaBneHHMM CHEKTPaIbHON IJIOTHOCTH
MOIITHOCTH JII000 M3 KOMIIOHEHT MOXKHO TTOTy4YHUTh
CIIEAYIOIINM 00pa3oM:

-+ 6w+ Q)]+ Sy(w) €))

BBICOTHI CIIEKTPANIbHON JTUHUU CUTHANIA MOAYJISIIUU
HaJ| ITyMOBEIM OCHOBAaHHMEM K BBICOTE IITyMOBOTO
OCHOBAaHMSI B CIEKTpPE BBIXOJHOTO CHUTHAJA.
Pesynprarel mpencTaBisroTCS JIHO0 B JIMHEHHOM,
mubo B JorapupmMuveckoM Maciurabax. Takum
00pa3oM, CTOXaCTHYECKUH pPE30HAHC XapaKTepH-
3yeTcs YBEIWYCHHEM OTHOIICHWS BBIXOJIHOTO
curHaia Kk SNR o mepe yBenuyeHus ypoBHs IIyMa.
SNR nast cnekTpanbHOM IIOTHOCTH MOIIHOCTH,
M300pakeHHOM Ha puc. 3 (a) ¢ 4acToTo# V, MoKa-

3aHO Ha puc. 3 (6). MurencuBHoCTh mymMa Dgp, ipu
koTtopol SNR TpHHUMAET CBOM MakCUMyM, HE
COBIIA/IaeT €O 3HaueHueM Dsr, KOTOPOE MAaKCHU-
MHU3UpPYeT aMIUIMTYIy OTKJIWKAa X WIH DJKBHBa-

JIGHTHO CWJIe JIeTbTa-BCIUIECKA B CIIEKTpe
MOIITHOCTH, 3aJJaHHOM ypaBHEeHHEM (8).
L I B A B B RN B S R o5
[ ] -
Z'gi(b) —e—SNR |
> ° —no—x [
2071 e 15
X159 | 2
1.0 0\ 103
059 | \E -5
0.0 Lo
| ST IO TN [T S L L
0 1 2 3 4 5 6 7 8
D
0)

Pucynok 3 — CriekrpajibHast INIOTHOCTh MOLIHOCTH (@) U 3aBUCHMOCTD aMIUIUTYIbI X U
OTHOIICHHUS CUTHAJ/IIIYM OT HHTEHCHBHOCTH BHEIITHETO BO3CHCTBHS

ISSN 1563-034X

Recent Contributions to Physics. Ne2 (61). 2017 103



OTtHomeHue CUT'HAJI-IIYM B OMCTAOMIIBHBIX CTOXACTHUYECKUX pe3oHaTopax

Takum 00pa3oM, HaOIOJAeMBbIi CUTHAN COMOC-
TaBJIACTCSI ¢ WHTEHCHBHOCTBIO IIyMa Ha BBIXOJE
CHCTEMBI, T.€. HEOOXOJMMO ONpPENENUTh BBHIXOTHOE
OTHOIIIEHUE CUTHAJI/TITYM.

OO0meit Mepoi, mpUMepOM KOTOpPOH sBiIseTCA
BBIIICYMOMSHYTBIN TPUMEP CHMMETPUIHOTO OUCTA-
OWJIBHOTO TOTEHIIMANA, SIBISETCS OTHOILICHUE
curnan/mym wim SNR. Tlo cymectBy, SNR o6ec-
MEeYNBaeT MEPy OTHOCHTEILHOTO BKJIaJa B OOIIYIO
MOIITHOCTb OTBETa OT €r0 KOMIIOHEHTOB CHTHAaja U
nryma.

IddexkT CTOXaCTHYECKOIO pe30HAHCA B
ocuuniiasitope Jroppunra

JBymepHas mozens ocuwusitopa dyddunra,
ynpasisgeMas cla0bIM ePUOANIECKIM CHUTHAIOM U
LIyMaMH 33/1aeTcs CIEAYIomnM oopa3oM [6]

¥+ gx—ox’ + Px = Asin(w,t) + F(t)  (10)

V(x)=U(x)-xAsin(@,t) = —ax’/2+ Bx* /4 —xAsin( w,t).

B wutore NOTCHIUAJIBHLIC AMBI NMEPHUOJUICCKU
MOTHUMAIOTCS U OMYCKarTca. bpoyHOBckue wyac-
THUIIBI TIOJ] BO3JIEHCTBHEM IITyMa MOTYT IPHOOpPETATh
SHEPrul0, JOCTATOUHYIO IJIsl TEPEeCKOKa M3 TMOo-
TeHIIMAIbHOU sAMbl. Kakasg-To 4acTh SHEPIUM Iyma
nepegaeTcss CcUrHairy, ycunmBas ero. CKOpocTb
Kpamepca ompenensiem mo popmyse:

2

a a
AN | (12)
T ok apd

rae d — HIHTEHCUBHOCTH mryma.

\

05} \\

ol \P\\‘HM

AU \\ _— R
0

0.5+

L L L L L

25 2 -1.5 -1 0.5 0 0.5 1 1.5 2 25

CruolIHas JTUHUS — JI0 BO3JIEHCTBUS,
IYHKTUPHAs — [OCJIE BO3ACHCTBUS CHIIBI U3BHE.

Pucynok 4 — INotennmanbHaas GyHKINS
B ocimuutsatope ybdunra

rie  y — KodpduuueHnt  nemmdupoBaHHS,

3
—ox” + fX — cuna B MOTEHIMAIBHOM TI0JIE C TO-
2 4
tenmuaniom U(x)=—-ox"/2+px" /4, a n f —
HOJIOKUTEIbHbIE apamMeTpbl CHCTEMBI,
s(t) = Asin(@w,t) — rapMOHHYECKHH CHIHAI C
aMIUTUTY 01 A, yacToTol @, , F'(¢) — rayccosekuit
Oenblit rym
W3 pucyHka 4 BHIHO, YTO TPU OTCYTCTBUH
curana u myma, T.e. npuA=0 u F(t)=0,
HOTEHIMAbHAS (YHKIHUSA XapakTepusyer IOTEH-

[UanbHOE  [OJNe C  JABYMsl  YCTOMYHMBBIMU
X,m2 = ty/&/ B 1 onuHoit HeycToiuuBol x, =0
TOYKaMH. BbIcoTa MOTEHIMANBHOrO  Gapbepa

AU =a’ /(4f3). Ecnu e ecTh MepHOIMUECKHIA
curian (A#0), vo Her myma (F(t)=0), TO
HOTEHIMAIbHAs YHKIMA MOUDUIUPYETCS:

(11)

Hamu ObL1 BhiuuciieH B mporpamme MatlLab
3aBUCHUMOCTh SNR OT WHTEHCHBHOCTH IyMa d C
HCIIOJIb30BaHUEM CIIEYIOLIEH MPOLeayphI:

1. oyt KaKAOTro 3HaYEHUS] HHTCHCUBHOCTH IITY-
Ma d, YUCIICHHO WHTETPUPOBATh, YTOOBI IMOITYIUTH
xi(t; d);

2. paccuuTaTh YacTOTHBIN CHIEKTp w3 Xi(f,d) —
[Xi(@;d)| n noise(t;d) — [Ni(w;d)|;

3.ansni=1, ..., M, cpennss |[Xw,d)| — |X(w;d)|
u [Ni(w;d)] = |Mw;d);

4. unrerpanus | X(w,d)| and |N(w;d)| B obnactu
Aw BOKpY wo;

5. Beruucuth SNR (1b) B 3aBHUCHMOCTH OT d,
SNR = 10log (Psignal/Pnoise).

PesynbraT npencrasien Ha pucyHke 5. ITo Mepe
TOT0 KaK MHTEHCUBHOCTH IIyMa d YBEIUYHBACTCS,
SNR Bo3pacTaeT 10 MaKCUMAJIBHOT'O 3HAYCHUS MIPU
d ~ 0,7 (puc.5a), a 3aTeM YMEHBIIIAETCS IO MeEpe
yBenuueHus d. Tak Kak B KauecTBe IIyMa HaMH B3ST
CITy4aifHbI Oemnblii IyM, TO 3HaueHue SNR MOXeT
MeHAThCs, Hanpumep, npu N=1 500 (puc.56) SNR
MakcuMmyma gocturaet npu d = 0,7. Ilpu N=2 000
(puc.6) makcuManpHOE 3HaYeHNE SNR JOCTHTACTCS
npu 3HadueHuu d = 0,5, mpu 3TOM, [0 CPaBHEHUIO C
NpeAbIIYIIUMH pe3yIbTaTaMH, BUIUM YMEHBLICHUE
3HaueHust SNVR.

U3 pucyHke 7 MOXHO BUAETH, KaK yBeJTHUCHHE
MHTEHCUBHOCTH IIIyMa MOXKET BJIUSTH Ha BHIXOHON
CHUTHAJ.
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SNR (dB)

a) N=1000 — KOJIM4YeCTBO TOYEK IIyMa

32 T T T T T T T T T

SNR (dB)

18 . L . . L . . . )
0 02 04 06 038 1 12 14 16 18 2

6) N=1500

Pucynoxk S — 3aBucumocts SNR OT HHTEHCHUBHOCTH ITyMa d

30 T T T T T T T

SNR (dB)

Pucynok 6 — 3aBucumocts SNR
OT UHTEeHCHBHOCTH 1ryMa d ipu N =2 000

Janee nHamm OBUITM paccMOTpPEHBI (ha30BEIE
MOPTPETHI OCHUILISATOPA TIPH BBINICYKAa3HHBIX 3HA-
YEHHWSIX ~ MHTEHCHBHOCTH ImyMa. Pe3yibrars
npeacTapieHsl Ha pucynke 8. [Ipu d = 0.1 dazosas
TPaeKTOpHsST MEJICHHO HAYWHACT M0 CIUPAIH
CTSTHUBAThCS B OOHY TOYKY, T.e. (pa3oBas Tpaek-
TOpUSI CTPEMHUTCA K MPEACIbHOMY IUKIY (yCTOM-
guBeid 1uK). Ilpu d = 0.1, 1.5 u 4 Habmogaem
JIBOMHYIO CITUPAJh, YTO COOTBETCTBYET IABMKCHHIO
B JIBYX MOTCHIIMATbHBIX SMaX.

Taxxe HaHHBIA BBIBOJ MBI MOYKET BHUIETH B
KapTHHAX MOTeHINAIBHBIX M (puUCYHOK 9). Bunno,
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PucyHnok 7 — M3MeHeHue BUa cursana
npu d = 0.1, 0.5, 1.5, 4 coOTBETCTBEHHO

YTO MPU MaJIBIX 3HAYSHHUSIX HHTEHCUBHOCTH ITyMa d
< 0,5 (pucyHok 9), cucreMa OCIHJUTUPYET B OJTHOM
siMe OoubIIyto YacTh BpeMenu. [Ipu d = 0,5 snepruun
nrymMa JIOCTaTOYHa JIMINb JJIsi TOTO, 4TOOBI Imepe-
KMHYTh MaJIyl0 4acThb YacTHIl BO BTOPYIO TOTEH-
[MUAITBHYIO SIMy, T.6. WHTEHCHBHOCTH IymMa MpH
TAaKOM €ro 3HAY€HWU HEeIO0CTATOYHA AJIS yCHUIICHUS
cmaboro curHana. Jlajgee npu yBenuueHUN d KOJH-
YECTBO YACTHI[ NPHUMEPHO OAMHAKOBO B 000MX
sIMax, XoTs Tojbko 50-60 yacTuil MOTYT CBOOOJIHO
nepenBurathes B HuX. [Ipu d =4 (puc. 9r) 6ombiie yac-
THII CMOIJIY [IPEOAO0JIETh TOTEHIHAIBHBIN Oapbep.
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B) T)
d=0.1(a), 0.5 (6), 1.5 (8), 4 (r)

Pucynok 8 — ®azoBbie moptpets! cucteMsl JlydhduHra npu pasnuyHbIX 3HAYSHUSIX d

d=0.1(a), 0.5 (6), 1.5 (8), 4 (r)

Pucynok 9 — Pacnipenenenue 4acTHIl B IOTEHIIMATBHBIX IMaX
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3ak/Iouyenne

Taxum o0Opa3oM, MBI MPHUILIH K BBIBOIY, YTO
IPU MalblX 3HAYEHHAX WHTEHCHBHOCTH IIyMa
(d < 0,5) cucrema OONBIIYI0O YacThb BPEMEHH
KoJIeOJIeTCsl BOKPYT OJTHOHM ycToiunBO# Touku. [Tpn
d ~ 0,5 cucrema konebaeTcss MEKIY MOTEHIUATb-

HbIMH siMaMH. [IpH yBEIMYEHUU WHTCHCUBHOCTH
myma (d > 0,5), ocobenHo, npu d = 4, 3HaUCHUE
WHTCHCHUBHOCTH IIIyMa XOPOIIO MOAXOIUT JJIs YCH-
JICHUs1 Caboro CUrHajia W MpU KOTOPOM HaOIro-
JIAETCsl CTOXACTUYECKUI pe3oHaHC.

Jlaunas paboma yacmuuno Ovlia noodepicanda
KH MOH PK 6 pamxax epanma 3837/ @4.
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Medetov B.", Koishigarin A., Yskak A., Niazaliev K., Naurzbayeva A.

IETP, Al-Farabi Kazakh National University,
Almaty, Kazakhstan “e-mail: bm02@mail.ru

A COMPARATIVE ANALYSIS OF OPENMP AND
CUDA PERFORMANCE AS EXEMPLIFIED
BY THE COMPUTATION OF FOURIER TRANSFORM

A comparative analysis of the performance of the two technologies of parallel computing, OpenMP
and nVidia CUDA have been carried out as exemplified by the computation of Fourier transform. It was
obtained that the execution time for the Fourier transform on multi-core central processor depends on
the number of cores nonlinearly. In addition, the form of this dependence changes because of the number
of threads: for the threads whose number is lower than that of hard cores the dependence is powerlike
whereas for the threads whose number is higher than the hard cores number the dependence is
exponential. The maximum efficiency of computation with the use of OpenMP can be achieved when
the number of threads used in the program is twice the number of hard cores. The comparison conducted
for this case showed that for a small number of frames OpenMP is more efficient in terms of execution
time, otherwise, CUDA offers an advantage.

Key words: parallel computing, Fourier transform, NVIDIA CUDA, OpenMP, digital processing.

Meaetos b.°, Koiwmrapux A., blckak, 9., Huasaamnes K., Haypbizbaesa A.

ITDOF3U, an-Dapabm at. Kasak, yATTbIK YHUBEPCUTETI,
AAmarbl k.., Kasakcran “e-mail: bm02@mail.ru

Dypbe TypAeHAipYiH ecenTey MbicaAbiHaa OpenMP meH
CUDA eHiMAjiAIKTepiH caAbICTbIpMaAbl TaAAay

JKyMbICTa KeH TapaFaH eki MapaAAeAb ecenTey TeXHOAOIMSIAAPbIHbIH CreKTPaAbAbl TaAAdyFa
HEri3AEATE€H CaAbICTbIPMaAbl 3epTTeyi XKyprisiaai. Toxipnbeaik SAiCneH eki TeXHOAOrMSHbIH Aa
ecentey 6HIMAIAIr GaranaHAbl. 3epTTey 6apbiCbiHAQ, KOMSAPOAbl OpTaAblk, npoueccopae Dypbe
TYPAEHAIPYiHiH OPbIHAAAY YaKbITbIHbIH IAPOAAP CaHbIHA TOYEAAIAIr GEMCbI3bIK, 3aHFa OaFbiHATbIHABIFbI
aHblkTaAAbl. OcblFaH KOCa, aTaAfaH TOYEAAIAIKTIH (hopmachbl aFbIHAAPAbIH, CaHblHa GaiAaHbICTbI
e3repeAi: arbiIHAAP CaHbl MPOLECCOPAbIH (PU3MKAABIK, SAPOAAP CaHbIH a3 6OACA TOYEAAIAIK ADPEXEAIK
Typre ne 60OACa, aFblHAAQP CaHbl MPOLECCOPAbIH (DU3MKAABIK, SAPOAAP CaHbIHAH Kern 60ACa, TOYEAAIAIK
3KCMOHEHUMaAAbI 60Aaabl. OpenMP TEXHOAOTUSCbIH KOAAAHY apKbIAbl €H YAKEH OHIMAIAIKTI aFbiHAap
CaHbl NMPOLECCOPAbIH (PM3MKAABIK, IAPOAAP CaHbIHaH €Ki ece apTblK, O0AFaHAQ KOA >KeTKi3yre 6OAaAbl.
PKyMbICTafbl CaAbICTbIPY HBTMXKECiHAE DpernMAEpAiH a3 caHbiHAQ OpenMP TexXHOAOrMSChI TUIMAIpeK
6oAca, dpenmaep caHbl eckeH caibii CUDA TEeXHOAOrMSCbIHbIH TarcCblpMaHbl OPbIHAAY YaKbITbl
asblpak, 60AADI.

Ty#in ce3aep: napaarens ecentey, Mypbe TypaeHaipyi, NVIDIA CUDA, OpenMP, umdpabl
eHAgY.

Meaetos b.", Konwumrapux A., blckak A., Huasaames K., Haypbiz6aesa A.

HUMITD, Kazaxckmi HaLMOHAAbHbIN YHUBEPCUTET nM. aab-Dapabu,
r. AAMatbl, Kasaxcran “e-mail: bm02@mail.ru

CpaBHMTEAbHbIM aHaAM3 NPoU3BoAUTEAbHOCTM OpenMP u
CUDA Ha npumepe BbluncaeHusi Dypbe npeobpazoBaHus
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NnpoLeccope 3aBUCUT OT KOAMYECTBA sAep HeauHerHo. Kpome Toro, ¢opma 3TOM 3aBMCMMOCTMU
U3MEHSIETCS M3-32 KOAMYECTBA MOTOKOB: AASl MOTOKOB, YMCAO KOTOPbIX MEHbLUE, YeM KOAMYECTBa
h13nyecknx sAep, 3aBMCMMOCTb SIBASIETCSl CTEMeHHOM, TOrAa Kak AASl MOTOKOB, UMCAO KOTOPbIX
GOAblLIE, YeM KOAMYECTBO (DU3MUECKMX SIAEP, 3aBUCUMOCTb  SIBASIETCS  3KCMOHEHLIMAAbHOM.
MaxkcnmanbHas 3HEeKTUBHOCTb BbIUMCAEHUIA C UCMoAb30BaHuem OpenMP MoeT 6bITb AOCTUIHYTA,
KOr A2 KOAUYECTBO MOTOKOB, MCMOAb3YEMbIX B MPOrPamMmMe, B ABa pasa 60AbLLIE KOAMYECTBO (PU3NYUECKMX
sAep. AaHHOEe CpaBHEHME MOKa3aA0, YTO B YCAOBUSIX NMPOBEAEHHbIX IKCMEPUMEHTOB AASI HEOOABLLIOIO
KOAMYECTBa (DPeriMOB HAaMOOABLLMIA BbIMIPbIW MO BpemeHn AaeT OpenMP, a B MpoTMBHOM CAyuae

NpeBOCXOACTBO MoAyyaeT yxxe CUDA.

KaroueBble caoBa: napaAA€AbHOE BbIYMCAEHUE, npeo6pasoBaHme (Dypbe,

OpenMP, undpoBsas obpaboTka.

Introduction

With advancement of science and technology
the researchers encounter increasingly complex
problems which require an enormous number of
computations to be solved. At present the best
available solution to provide the required
computation capacity is parallel computing. There
are several options, the most common of them being
OpenMP for parallel computing on a multi-core
central processor and nVidia CUDA on the basis of
a graphic processor. With such diversity the
question is which technology is the most appropriate
for solving a specific problem? This issue has been
discussed and studied quite a while.

Thus, a comparison [1] was made of the open
parallel computing systems on different hardware
platforms. In another study [2] parallel computing
was applied to the neural network modelling and
performance comparison of central and graphic
processors made. In the work [3] OpenACC,
OpenMP and CUDA technologies are compared for
the computation of various tasks such as matrix
multiplication, Mandelbrot set calculation etc. A
comparison of three parallel computing
technologies OpenMP, nVidia CUDA and StarPU
was made by the example of matrix multiplication
[4]. In the research [5] an experiment was conducted
to evaluate a cluster of two graphic processors.
Calculations were performed using a ‘“hybrid”
method: two technologies of parallel computing
were used simultaneously.

In our research we investigated certain problems
of parallel audio signal processing. Our primary
focus was on comparative analysis of OpenMP and
CUDA performance in the computation of Fourier
transform.

The complete audio signal processing cycle
consists usually of the following main phases:

1. Data preparation

2. Parameter computation (vectorization);

3. Codebook compilation

ISSN 1563-034X

NVIDIA CUDA,

At the first phase of audio signal processing
silence and very noisy lengths are removed, the
signal is segmented into quasi-stationary lengths and
S0 on.

At the second phase certain parameters of an
audio signal are calculated, e. g. base frequency,
cepstral coefficients, formants and others. Many of
these parameters are identified with the help of the
fast Fourier transform (FFT). At the last phase, i. e.
during codebook compilation, such methods as
Gaussian mixtures, hidden Markov models and
others are often used [6].

To assess the execution time for each phase we
used a program which performs all three phases of
the audio signal processing. It was found that
Fourier transform at the second phase takes 70-75%
of the total execution time. Therefore, a faster signal
spectrum computation could significantly accelerate
audio signal processing as a whole. Thereby, it is
possible to shorten the processing time of phone
calls and other audio signals in telecommunication
centers, call-centers in various organizations etc.
Therefore, a faster signal spectrum computation is
quite a topical problem. With this purpose in mind
we performed a comparative performance analysis
of two parallel computing technologies, OpenMP u
nVidia CUDA.

OpenMP technology (Open Multiprocessing) is
an applied programming interface (API) for the
parallel programming with the use of shared
memory. C, C++ and Fortran programming
languages as well as Solaris, AIX, HP-UX, Linux,
Max OS X, Windows operating systems are
supported. OpenMP is developed with the
participation of big IT companies, such as AMD,
Intel, IBM, Cray and others [7].

CUDA (Compute Unified Device Architecture)
is the hardware-software platform for parallel
computing using nVidia graphic processor resources
for non-graphic computations [8]. CUDA
development started in 2006, C, C++ and Fortran
programming languages as well as Windows 8,
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Windows XP, Windows Vista, Linux, Mac OS X
operating systems are supported.

Experiment

An experiment was conducted on the
measurement of Fourier transform execution time
on a multi-core processor (OpenMP) and a graphic
processor (CUDA). The experiments were carried
out on the hardware-software platform with the
following characteristics:

1. Processor: Intel Xeon E5-2620, CPU clock
2GHz (2.5 GHz with Turbo Boost technology),
number of cores/threads — 6/12;

2. Graphic processor: NVIDIA Tesla C2075;

3. Operating system: Windows 8, 64 bit, RAM:
DDR3, 16Gb;

Experimental results with OpenMP

Below is a fragment of the code written in C++
programming language and designed for the
experimental evaluation of Fourier transform
execution time with the application of OpenMP
technology:

for(intp=12;p>=1;p--)
I

2
clock tt beg, t end;
int idxFr = 0;
float Z Cnt = 50.0;
for(int FrNum = 500; FrNum <= 200000,
FrNum += ((FrNum < 5000) ? 500 : 5000))
{
t beg = clock();
for(inti=0;i<Z Cnt i++)
{
#pragma omp parallel for num_threads(p)
for(idxFr = 0, idxFr < FrNum, idxFr++)

CalcFourier(data_in, data_out, idxFr);

I

}y.

t end = clock();

cout << "Cores: " << p << "FrCnt =" <<
FrNum << " Time: " << (float)(t_end-
t beg)/(Z Cnt) << endl;

-

S

},.

This fragment consists of four for() cycles. In the
first, i. e. the outermost, cycle the number of threads
is specified through p variable. In the second cycle
the number of segments (frames) is changed and in

the third one the number of repeated experimental
measurements of the code execution time is
specified. The experiment was conducted 50 times
and finally the average computation time of Fourier
transform was determined. Fourier transform itself
is calculated using CalcFourier(data_in, data out,
idxFr) function. Parallelizing is performed with the
application of #pragma omp parallel for
num_threads(p) directive. The last line of the code
displays the number of threads, the number of
frames and corresponding Fourier transform
execution time for every iteration of the outermost
cycle.

Table 1 — The dependence of Fourier transform execution time
on the number of core/threads

Number of core/threads Execution time (ms)

1 3792

2 1989

3 1399

4 1050

5 843.9

6 705.1

7 883

8 817.4

9 750.3

10 695.8

11 634.9

12 589.7
[lustrated in Fig 1 is the experimental

relationship between Fourier transform execution
time and the number of threads in the case of
100,000 (one hundred thousand) frames.

4000

35001

3000

2500f
172
g
~ 2000} +

1500}

\
1000} * .
- T, +
500 . .
0 2 4 6 8 10 12
n

Figure 1 — The dependence of Fourier transform execution
time (t) on the number of core/threads (n) (OpenMP).
Number of frames 100,000
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It is seen that at n=7 there is a jump on the curve
of the execution time dependence on the number of
threads. Taking this into consideration we examined
the two segments separately in order to obtain the
analytical dependence of execution time on the
number of threads. The first segment corresponds to
0 <n < 6 and the second one to 6 <n < 12. It can
be seen that in each of the segments the execution
time decreases monotonically. In that context, the
following two functions were selected for modelling
this dependence:

T,(n) = a*n’uT,(n) = a*xexp(b*n). (1)

Where a and b are several constant coefficients,
n is the number of threads. Then, based on
experimental data with the use of the least square
method a and b coefficients in the formula (1) were
defined and computational error estimated. 7i(n)
function can be represented logarithmically as:

log(Ty(n)) = log(a) + bxlog(n). (2)

If the following notation is introduced: y =
log(Ty(n)),x = log(n), 4 = log(a), then on a
logarithmic scale 7;(n) function will represent linear
function of the next form:

y=A+bxx. 3)

By introducing the following notation: y =
log (T2 (n)), A = log(a), x=n, for T,(n) function we
can derive corresponding straight-line equation of
the form (3).

A and b coefficients in the equation (3) were
defined from experimental data using the least
square method as follows:

_ Sli=0)yil
DT @
A=9y— bxX, 5)

where X u y are mean values of x and y respectively
that are calculated using the following formulas:

1

X = XX, (6)
where N is the total number of points, in this case
N=6.

Mean square root errors of determination of 4
and b are calculated as:
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_ |(Z@i—bxxi—A)%) (1
Sa = \j( (n-2) ) (n + Z(xi—f)z)' ®)
Relative error of 4 and b coefficients

S, = /M

TN (-2) T(x—%)?

determination is calculated from the formulas:

Saxty

Eqp =

Spxt
g = % * 100%,

* 100%,

where t, and tg are Student's coefficients, for the

number of measurements 6: ¢, = tp=2,45.

The table 2 lists error values calculated from
the formulas (9) and (10) for each segment and
each function type.

Table 2 — Relative errors of A and b parameter calculation

Segment Function &4 &
1 T, (n) 0,37 2,58
T,(n) 4,49 29,88
2 T, (n) 2,14 10,47
T,(n) 0,32 2,96

It follows from the table 2 that the first segment
is very well approximated by T; (n) function and the
second segment, on the contrary, by T, (n) function.
Thereby, execution time dependence on the number
of threads is piecewise nonlinear. For the threads
whose number is lower than that of hard cores this
dependence is powerlike whereas for the threads
whose number is higher than the number of hard
cores the dependence is exponential.

Fig 2 illustrates T; (n) and T, (n) function graphs
for the first segment (at 0 < n < 6). Based on
experimental evidence these functions are of the
following form:

T;(n) = 3821 x n~094 (11)

T,(n) = 4227 x e~032*n, (12)

Fig 3 illustrates T; (n) and T, (n) function graphs

for the second segment (at 6 < n < 12). Based on

experimental evidence these functions are of the
following form:
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T,(n) = 3895 * n=075, (13)

T,(n) = 1565 * e =008, (14)

Thereby, general function of Fourier transform
execution time dependence on the number of threads

4000

3500

3000R T (n)

2500}
(72}

~ 2000}
<T,(n)

15001

1000F

500

Figure 2 — Computation time () dependence
on the number of threads (1) on the central processor
(solid line — exponential function, dash line — power function)

Experimental results with CUDA

The experiment was conducted using the
following code:

clock tt1,t2;

cufftHandle plan;

cufftComplex *dev_out;

float * dev_in;

intn[l] = {NX};

float Exp Cnt = 50.0;

for (int FrCnt = 500; FrCnt <= 500000; FrCnt
+= ((FrCnt < 5000) ? 500 : 5000))

{

tl = clock();

for(intm = 0; m < Exp_Cnt; m++)

{

cudaMalloc((void**)&dev_out,
FrCnt * sizeof(cufftComplex));

cudaMalloc((void**)&dev_in, FrCnt * NX *
sizeof{float));

cudaMemcpy(dev_in, host_in, FrCnt * NX *
sizeof(float), cudaMemcpyHostToDevice),

cufftPlanMany(&plan, 1, n,

NULL, 1, 0, //advanced data layout, NULL
shuts it off

(NX/2+1)  *

on a multi-core processor using OpenMP
technology is of the following form:

3821 +n 9% at0<n<7

15
1565 % 70081 at6 < n < 12 (s)

T(n) = {

200 .
[T, ()

850F

800} .
SeT,n)

7501

ms

700t N
650¢

600r

550 1 1 1 1
7 8 9 10 11 12
n

Figure 3 — Computation time () dependence on the number
of cores/threads (1) on the central processor (solid line —
exponential function, dash line — power function)

NULL, 1, 0, //advanced data layout, NULL
shuts it off

CUFFT R2C, FrCnt);

cufftExecR2C(plan, dev_in, dev_out);

cudaMemcpy(host out, dev out, (NX/2+1) *
FrCnt * sizeof{cufftComplex),
cudaMemcpyDeviceToHost),

cufftDestroy(plan),

cudaFree(dev_out);

cudaFree(dev_in);

},.

t2 = clock();

cout << "FrCnt =" << FrCnt << "time =" <<
(12— t1)/Exp_Cnt << endl;

},.

CUDA has a built-in function “cufft” which
enables fast Fourier transform in parallel mode. In
this function cufftPlanMany(...) transformation plan
is created and then implemented with
cufftExecR2C(...) command. Similar to OpenMP
technology in this experiment the measurement is
performed 50 times and the mean transformation
time is calculated.

Fig. 4 displays transformation time dependence
on the number of frames.
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Figure 4 — Fourier transform execution time (t)
dependence on the number of frames (N) using
CUDA technology

Comparison of experimental results

We made a comparative analysis of Fourier
transform execution time dependence on the number
of frames. This dependence for OpenMP is linear as
is the case for CUDA. Fig. 5 displays these
dependences in one chart.

The chart indicates that for a large number of
frames Fourier transform execution time with the
use of CUDA technology is much shorter than with
OpenMP. However, for a relatively small number of
frames the execution time with OpenMP proves to
be shorter than with CUDA as shown on Fig. 6.

2000

1800}
1600}
1400}
1200}
€ 1000}
800}
600}
400}
200¢

Figure 5 — Execution time (t) dependence on the number
of frames (N). Dash line — OpenMP, solid line — CUDA
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From the Fig. 6 it follows that, if the number of
frames does not exceed 300 the OpenMP technology
is more efficient for computation of Fourier
transform, otherwise, i. e. with a large number of
frames, CUDA is a better option.

Conclusion

As was shown in our experimental research the
execution time for the Fourier transform on multi-
core central processor depends on the number of
cores nonlinearly. In addition, the dependence is not
continuous, it changes because of the number of
threads. The general form of function corresponding
to this dependence follows the formula (15). It is
possible that this form of dependence also applies to
any other similar tasks and not only to the
computation of Fourier transform.

The maximum efficiency of computation with
the use of OpenMP can be achieved when the
number of threads used in the program is twice the
number of hard cores (see table 1).

Therefore, in our experiment we made a
comparison between OpenMP and CUDA for the
case in which the number of threads was 12 on a
multi-core processor. The comparison showed that
under the conditions of the experiments for a small
number of frames OpenMP is more efficient in
terms of execution time, otherwise, CUDA offers an
advantage.

5.2161

5.2141

5.212r

5.21}

ms

~ 5.208}
5.206}
5.204}

5.202r
297 2975 298

298.5 299 299.5 300

N

Figure 6 — The initial section of Fourier transform
execution time (t) dependence graph on the number of
frames (N). Dash line — OpenMP, solid line — CUDA
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NONLINEAR EQUATION OF QUARK-GLUON CASCADE

On the basis of experimental data on the structural functions of hadrons using the method of
Poincare sections we introduce the nonlinear equation of quark-gluon cascade via recurrence relation
taking into account merge processes of quarks and gluons. Introduced a discrete map is based on the
hypothesis of self-similarity of the evolution of the quark-gluon structure of hadron and the evolution
operator are the distribution of quarks and gluons. It is speculated that stochastic quantum fluctuations
in strongly correlated quark-gluon system describes the so-called deterministic chaotic dynamics.
Carried out fractal analysis of emerging structures (attractors), which stability is determined by
Lyapunov exponents. The formation of stable structures in nonlinear quark-gluon evolution,
apparently, is connected with the mechanism of hadronization.

Key words: quark, gluon, chromodynamics, nonlinear quantum evolution, stochasticity, fractal,
self-similarity.
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KBapK-TAOOHAbI KACKAATbIH, 6eHCbI3bIK, TEHARYI

AAPOHHbIH KYPbIAbIMABIK, (PYHKUMSCHI GOMbIHILA TOXIPUOEAIK MOAIMETTEPAEH KBapK-TAIOOHAbI
COMKeCTEeHAIPY MPOLECiH ecKkepin, peKyppeHTTi KaTblHaC apkKpblAbl [TyaHkape KMMachl 8AICIH KOAAAHA
OTbIPbIN KBAPK-TAKOOHABI KACKAATbIH, CbI3bIKThbl EMEC TEHAEYIH eHri3eMi3. EHri3iAreH AMCKpeTTi KepiHic
AAPOH KBap-TAIOOHABI KYPBIABIMBIHbIH, ©3-63iHe YKCaC 3BOAIOLMS TMMNOTe3acbiHa HEri3AEATreH XKaHe Ae
3BOAIOLMS  OMepaTtopbl  KBAapKTap MEH TFAIOOHAAPAbIH  YAECTIpiAyi  60Abin  Tabbirasbl.  KywwTi
KaTblHaCTaFbl KBapK-TAIOOHABI >KYMeAe KBaHTTbl CTOXACTMKAABIK, (PAYKTyaLMsi AETEPMUHAI XaoCTbl
AVHaMMKaMEH cumaTtTarasbl aer 6oAxay Kyprisiaeai. [arnaa 6oAaTbiH KypblAbIMAAPFaA (aTTpakTop-
Aapfa) ppakTaAAbl TaApdy >KYPri3iAAi, S9FHM OHbIH OPHbIKTbIAbIFbI ASMYHOB KepceTKiluTepiMeH
aHblkTaAaAbl. CbI3bIKTbl €MeC KBapK-TAIOOHAbI 3BOAIOLMSIAQ OPHBIKTbl KYPbIAbIMHbIH KAAbINTaCYybl
AAPOHAAAY MEXaHM3MIMEH 6aNAAHBICTbI GOAYbI MYMKIH.

TyiiiH ce3aep: KBapK, XPOMOAMHAMMKA, CbI3bIKTbl eMeC KBaHTTbl 3BOAIOLMS, CTOXAaCTMKAABIK,
ppakTan, ©3iyKCaCTbIK,
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HeAnHelHOe ypaBHeHHe KBApK-TAFOOHHOIO KackaAa

Mcxoas M3 aKCnepuMeHTaAbHbIX AQHHBIX MO CTPYKTYPHbIM (DYHKLIMAM aAPOHA, UCMOAb3YS METOA
ceyeHnn [lyaHkape Mbl BBOAVMM HEAMHEMHOE YypaBHEHWME KBAapK-TAIOOHHOIO Kackapa 4epes
PEKYPPEHTHbIE COOTHOLLIEHMS C YYETOM MPOLECCOB KBAaPK-FAKOOHHbIX CAMSIHUMA. BBEeAEHHOE AMCKpeT-
Hoe OTOOpakeHMe OCHOBAHO Ha IMMOTE3e CaMO-TMOAOOUSI 3BOAIOLIMM KBAPK-TAIOOHHOM CTPYKTYpbI
aApPOHa M OMepaTopoM 3BOAIOLIMK SBASIIOTCS pacripeAeAeHns KBapkoB M FAIOOHOB. [TpeanoAoraercs,
YTO KBAHTOBble CTOXaCTMUeckue (PAYKTyaLnu B CUAbHO KOPPEAMPOBAHHOM KBAPK-TAIOOHHOM CUCTeMe
OMUCHIBAIOTCS  TaK Ha3blBaeMOM AETEPMUMHMPOBAHHOM  XaoTWYecKon AuHamukon. [lpoBeaéH
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Nonlinear equation of quark-gluon cascade

(hpPaKTaAbHbIM aHAAM3 BO3HMKAIOWMX CTPYKTYP (QTTPAKTOPOB), YCTOMUMBOCTb KOTOPbIX ONPeAEAsSeTCs
nokasateasmm AsnyHoBa. (PopMupoBaHWe YCTOMUMBBIX CTPYKTYP B HEAMHENHOM KBapK-TAKOOHHOM
3BOAIOLMN, MO-BUANMMOMY, CBSA3AHO MEXaHM3MOM aAPOHU3ALINM.

KAloueBble cAOBa: KBapK, XPOMOAMHAMMKA, HEAMHEMHAs KBAHTOBAS 3BOAIOLMS, CTOXAaCTUUYHOCTD,

dpakTan, camo-nopobue.

Introduction

Consideration of the contribution to the quark-
gluon distribution of bremsstrahlung of gluons
leads to a violation of Bjorken’s scaling and is
determined by known linear evolution equations:
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) [1-3], Balitsky-Fadin-Kuraev-Lipatov
(BFKL) [4-5] and Gribov-Levin-Ryskin-Mueller-
Qiu (GLR-MQ) [6-7]. Proposed many ways to the
modeling of evolution equations with non-
perturbative nonlinearities, considering the gluon
recombination. In addition to the gluon splitting
functions, the nonlinear gluon recombination
processes become important. The action Yang-
Mills (Y-M) [8] already contains cubic and quartic
nonlinear interaction terms in the field strength
tensor:

1 a v
Sy == JANFLOOF @) ()
As is known, problems arise in the
mathematical method of describing quantum

distances, when
decomposition in

chromodynamics at large
perturbation theory for the

a,(Q%)is not applicable. Opportunities for the

formation of regular structures associated with the
effective competition of different types of
interactions: mergers and splittings of quarks and
gluons. Under the influence of the quantum
fluctuations of the amplitudes of the processes
there are structures which have some scale with
complex self-organization. Consideration of the
contribution to the quark-gluon distribution of
gluons bremsstrahlung leads to a violation of
Bjorken’s scaling and it is determined by known
linear evolution equations. There are different
approaches to accounting for mergers with non-
perturbative  nonlinearities at the  gluon
recombination.

In quantum physics the processes are
probabilistic in nature. According to the Feynman
integrals [9]: the amplitude of the transition
probabilities from one state to another is the sum of
the amplitudes of all possible trajectories and is
written as a functional integral:

iS(x)

,/,:je " Dx(r) )

where h is the Planck constant, the action S(x) is an
J- Dx(t)is a

conditional entry functional integration over all
trajectories x(t). Rapid oscillations in the imaginary
exponent is reduced and there are only trajectories
with minimal action. According to the ideas of R.
Feynman, in the quantum world it is possible to
speak about well-defined trajectories, only the
particle does not move along the one selected
trajectory, and the infinite totality. Particle can
move along any trajectory and amplitude of this
trajectory in response will be included with a
certain weight. There are different approaches to
accounting for mergers with non-perturbative
nonlinearities at the gluon recombination.

operator of quantum evolution.

Nonlinear quark-gluon cascade

Considering the evolution as a discrete
quantum process we use the mathematical
apparatus of mappings within the framework of
nonlinear dynamics theory. In the spirit of
Feynman’s path integrals we propose [10-11] a
nonlinear stochastic equation in the form of the
evolution of nucleon structure function Fa(x,Q?),
which represents the evolution nonlinear operator
showing the distribution in the momentum

representation:
ox -
—=R-F(x,t 3)
Py (X,1)
Using the method of Poincare sections

(choosing the share of momentum as a one-
dimensional section of the phase space of partons
momentum distribution) we have an evolution
equation

Xy = R- ﬁ(xt) 4)

Here Bjorken’s/Feynman’s variable x¢ is the
momentum fraction at discrete time index
(t=0,1,2...) and R is the control parameter that
characterizes the degree of coupling embossed
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parton with the totality of the remaining partons in

the nucleon at the certain energy \/E and
determines the character of observing regimes. To
switch to continuous time allows the build, known
as the Poincare section. In the framework of our
quality approach we use the renormalization-group
approach to the evolution equation, allowing to
recreate a physical picture of the critical behavior.
So for the quark-gluon cascade, we enter an iterative
map in which a number of the quarks and gluons in
(t+1)-th generation are proportional to the number of
them in t-th generation. The number of partons are
changing, but remains on total momenta. Thus, the
probability to find a parton with a fraction of
momentum x at time t+1 is defined by the impulse
distribution of partons in the time t. Positive terms
of hadron structure function meet the increasing of
the quarks (q) and gluons (g) number at cascade:
g —>q+g and g > g+ g and negative terms is
the reduction, i.e. quark-antiquark, quark-gluon and
gluon-gluon recombination. Using the method of
Poincare sections (choosing the share of momentum
as a one-dimensional section of the phase space of
partons momentum distribution) and considering
that the evolution operator is determined by hadron
structure functions (F2), we use a one-dimensional
map.

Numerical solution of the nonlinear equation

Numerical solution of the nonlinear equation
has shown the existence of an evolution
termination in the field of small values of
parameter. Small perturbations do not change the
Q-G condition (R<<1). The increase in R leads at
first only to the excitation stable state. With further
increase of the parameter occur repeated
bifurcation  (splitting) of  period-doubling
calculations of the quarks phase trajectories have
shown the presence of the chaotic dynamics at
R>>0 as a consequence of bifurcations. The scale
of successive splittings of elements of limit cycles
after each bifurcation is determined by

Yt 57 l -1

-5
0 50 100 150 200
t

o =Lim[x, —x,]/[x,,, —x,]=2.5, (5

m+1
where X is the element of a limit cycle nearest to
the element cycle X,. In a state of dynamic chaos
two close orbits in phase space diverge

exponentially with time with Lyapunov’s
coefficient in the exponent

1
A=—1 , 6
- n|u (6)

which in a computer simulation, is calculated using
parallel running of two close initial conditions and
examines their divergence. By computer simulation
the studies of the formation of stable structures in
quark-gluon cascade, including recombination
processes. The nature of stability of fixed points
(cycles) and the type of bifurcations of mappings
are determined by their multipliers. In turn,
multipliers are the own numbers of the Jacobian
matrix perturbations. The maximum value x;,q is

found from % = (. The Jacobian is
t

dxH—l
dx,

J = (7)

and the map is stable at a point xo if J(xo)<l. When
the coupling constant 05(Q?) is small, the evolution
is incoherent, if the relationship is strong enough
that can occur spontaneous synchronization quark-
gluon movements. Dynamic quark-gluon systems
are highly sensitive to the initial conditions. The
calculation of the Lyapunov exponent for
stationary periodic and chaotic processes is
represented in Fig.1. In Fig.2 the lack of influence
of small perturbations at small values of the control
parameter R, the transition to the stationary mode
at R=0.7, the bifurcation of the fixed point attractor
at R=0.8 and the transition Q-G system into a
chaotic regime at R=1.

-2l
0 50 100 150 200
t

Figure 1 — Calculations of trajectories to compute the Lyapunov exponent y=In(dv/€)
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R=0.1 R=0.7
0.8 T T
0.7 -]
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0 ' 0.3
0 4 8 0 20 40
k k

R=0.8 =1
0.7

Xk,7 0.5

0.3 0
0 10203040 50 0 10203040 50
k k

Figure 2 — Q-G evolution at different values of R

Fractal analysis

The structure of the bifurcation diagrams in
Fig.3 display of SF self-similar and thus, the
chaotic system has inherent properties of fractals.

Figure 3 — Self-similarity of the bifurcation diagrams

Fractal analysis of structure functions Sp
carried out the averaging over all k values, as
defined as

K=2"

and is shown in Fig.4.

0221~

Slll 0.18F

0.14
0

Figure 4 — Fractal analysis
of the structural features of signal Sm

Isolated "Windows"

The presence of "voids" in the bifurcation
diagram indicates the presence of "hadron-like
phase", which is clearly seen in Fig.5

0.94 0.96 0.98
R;

Figure 5 — The presence of "voids"
in the bifurcation diagram

The controlling parameter is the energy of the
collisions, the change of which leads to splitting of
the phase trajectories. The exponential growth of
the average multiplicity with increasing collision
energy is in good agreement with the experimental
data. The dependence of the control parameter R of

the collision energy Js (GeV), parameterized in
the form:

\ =Rw—ﬁ )

For each value of RE[0.2;R ] there is only one
stable limit 2"-cycle on the unit interval [0;1] and
position of each element of the cycle can be
calculated with a given accuracy. For energy

(\/E ), in this event can be calculated the value of

Ry and the corresponding 2" cycle. The distribution
of secondary particles in the momentum phase
space is the images of distribution of elements of 2"
limit cycles to the unit interval. The rate of
convergence of the control parameter is similar to
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the Feigenbaum parameter for the multifractal of Conclusion
the known logistic mapping:
R —R There are nonperturbative effects associated

S=—m1" " 146
R,,—R

In Fig. 6 shows the reconstructed attractor.

with initial transverse momenta of partons inside
the hadron and there are always fatal even quantum
zero fluctuations. It is possible that a steady
—T—T— structure formation in nonlinear quark-gluon

n+2  Tha4l

08k - evolution is a mechanism of hadronization. Arising
06k i in the quark-gluon cascade the strange attractor
b i with a fractal self-similar structure display a new
ook | nonlinear phenomenon in the hadron physics is
' o deterministic chaotic dynamics. Self-similarity is
% 02 04 06 08 1 related to the so-called power-law dependence on

X parameters. Dynamic quark-gluon systems are

. . highly sensitive to the initial conditions.
Figure 6 — Reconstruction of the attractor

References

1 Gribov V.N., Lipatov L.N. Deep inelastic ep scattering in perturbation theory // Sov. J. Nucl. Phys. — 1972. — Vol. 15. — P.
438.

2 Dokshitser YU.L. Vychisleniye strukturnykh funktsiy gluboko neuprugogo rasseyaniya v e+e- annigilyatsii po teorii
vozmushcheniy KKHD // ZHETF. — 1977. — T.73. — P.1216. (in russ.)

3 Altarelli G., Parisi G. Asymptotic freedom in parton language / /Nucl. Phys. B. — 1977. — Vol.126. — P.298.

4 Kuraev E.A. and Fadin V.S. On radiative corrections to the cross section for single — photon annihilation of an e* " — pair
at high energy // J. Nucl. Phys. — 1985. — Vol. 41. — P.3.

5 Lipatov L.N. Svoystvo integriruyemosti v kvantovoy khromodinamike pri bol'shom chisle tsvetov // UFN. — 2004. —
T.174, Ne4. — P. 337-352. (in russ.)

6 Mueller AH and Qiu J. Gluon Recombination and Shadowing at Small Values of x // Nucl. Phys B. — 1986. — V0l.268. —
P.427.

7 Mayuri Devee and J. K. Sarma. Analytical Approach for the Solution of the Nonlinear GLR-MQ Equation // Proc Indian
Natn. Sci. Acad. —2015. — Vol. 81 No. — P. 16-21.

8 Yang C.N. The Future of Physics Revisited // Int.J.Mod.Phys.A — 2015. — Vol.30.

9 Feynman R., A.Khibbs Kvantovaya mekhanika i integraly po trayektoriyam. — M.: Mir, 1968. (in russ.)

10 Temiraliev A.T. Chaotic dynamics in quark-gluon cascade // arXiv:1106.4624. — 2011.

11 Temiraliyev A.T., Danlybayeva A.K Formirovaniye struktur v nelineynoy kvark-glyuonnoy evolyutsii // Izvestiya NAN
RK seriya fiz-mat. — 2014. — Ne2. (in russ.)

12 Rasool, M.H., Ahmad, M.A. and Ahmad, S. Slow Particle Production in Nucleus-Nucleus Collisions at Relativistic
Energies // Journal of Modern Physics. —2016. — Vol.7. — P.51-64.

References

1 V.N. Gribov and L.N. Lipatov, Sov. J. Nucl. Phys, 15, 438, (1972).
2 YU.L. Dokshitser Vychisleniye strukturnykh funktsiy gluboko neuprugogo rasseyaniya v ete- annigilyatsii po teorii
vozmushcheniy KKHD, ZHETF, 73, 1216, (1977). (in russ.)
G. Altarelli and G.Parisi, Nucl. Phys. B, 126, 298, (1977).
E.A. Kuraev and V.S. Fadin, J. Nucl. Phys., 41, 3, (1985).
L.N. Lipatov, UFN, 174(4), 337-352, (2004). (in russ.)
A.H. Mueller and J. Qiu, Nucl. Phys B, 268, 427, (1986).
M. Devee and J.K. Sarma, Proc Indian Natn. Sci. Acad., 81, 16-21, (2015).
C.N. Yang, Int. J. Mod. Phys. A, 30, (2015).
R. Feynman and A. Khibbs Kvantovaya mekhanika i integraly po trayektoriyam. — M.: Mir, 1968. (in russ.)
10 A.T. Temiraliev, arXiv:1106.4624, (2011).
11 A.T. Temiraliyev, A.K. Danlybayeva, Izvestiya NAN RK seriya fiz-mat. Ne2, (2014), (in russ.)

12 M.H. Rasool, M.A. Ahmad, and S. Ahmad, Journal of Modern Physics, 7, 51-64, (2016).

O 0 O\ DN KW

ISSN 1563-034X Recent Contributions to Physics. Ne2 (61). 2017 119



MPHTU 29.03.77

HNman6aeBa A.K."", TemupoaeB A.A.', Kapu6aes B.A.!, Coi3nbikoBa P.H.%,
Tosierenona A.!, Hamas6aes T.A.!, Kocos JI.H.!

"HUU skcnepuMeHTa bHoi 1 Teopetrueckoi pusznku KasHY um. anp-Dapabu, r.Anmarel, Kazaxcran
2AJIMAaTHHCKUI YHUBEPCUTET SHEPIeTHKH U CBsI3H, I. Anmarsl, Kazaxcran
“e-mail: akmaral@physics.kz

MPOIrPAMMHDBIE NMPOAYKTbI
AASl BbICOKOYACTOTHOIO MOAEANPOBAHUA
®OPAKTAAbHbIX AHTEHH

[NpoekTpoBaHWe  PAaAMOIAEKTPOHHOM  anmapatypbl  CBY  AmanazoHa  vMMeeT  CBOMO
cneunuky, KOTopas OMPEAEASIETCS TAaBHbIM 00pa3soM e€ CrnoCOOGHOCTbIO MOAyYaTb BbICOKME
pPaAMOTEXHUYECKME XapaKTEPUCTUKU. AAS9 MoaeArpoBaHust CBY-yCTpoOCTB CyllecTByeT MHOXXEeCTBO
NPOrpaMMHbIX MPOAYKTOB, KOTOpble MpeAAaraloT pPasAMYHble MOAXOAbl KOMIMbIOTEPHOrO pelleHuns
AEKTPOAMHaMMUeckmx 3aAad. CoBpemeHHble CUCTeMbl aBTOMATM3MPOBAHHOIO MPOEKTUPOBAHUS
(CAIMP) CBY no3BOASIOT BeCcT pas3paboTKy Ha Pas3AMUHbIX CTaAMsSX Pas3paboTKM MPUHLMMIUMAABHOM
CXeMbl YCTPOMCTBA M, 3aKaHYMBas MOAEAMPOBAHMEM TMOBEAEHUS CUCTEMbI, C WMCMOAb30BaHMEM
LWIMPOKOro Habopa CPeACTB MOAEAMpOBaHMS. B AaHHOM cTaThbe MpeAcTaBAeH 0630p Mporpamm
9AEKTPOAMHAMMUECKOrO aHaAM3a M npoekTnpoBaHus CBY ycTpoicTB, B TOM umcAe hpakTaAbHbIX
aHTeHH. AAS Hallen 3aaaun HanboAee ONTHUMaAbHbIM BAseTCS cuctema High Frequency System Simu-
lator (HFSS) komnanuu Ansoft Corporation. HFSS sBasietcs nepeaosoit B otpacan CAIP BY/CBY 1
BbICOKOCKOPOCTHbIX LM(POBbLIX IAEKTPOHHBbIX YCTPOMCTB. [1poBeAEH aHaAM3 MO MCMOAb30BAHUIO
AQHHBIX MPOrPAMM Pa3AMUHBIMU MCCAEAOBATEASIMU. TakXKe NMpeACTaBAeHbl COGCTBEHHblE Pe3yAbTaTbl
KOMMbIOTEPHOIrO MOAEAMPOBAHUS (PPAKTAAbHBIX aHTEHH TPeX Pa3AMUHbIX TUIMOB.

KAloueBble CAOBa: KOMMbIOTEPHbIE MPOrpamMmbl, pakTaAbHble aHTEHHbl, MoAeAnpoBaHue, FEKO,
Microwave Office, HFSS, Microwave Studio.

Imanbayeva A.K.”", Temirbayev A.A.", Karibayev B.A.", Syzdykova R.N.?,
Tulegenova A.", Namazbayev T.A.", Kossov D.N.!

'[ETP, Al-Farabi Kazakh national university, Almaty, Kazakhstan
2Almaty University of Power Engineering and Telecommunikations, Almaty, Kazakhstan
‘e-mail: akmaral@physics.kz

Software products for high-frequency simulation of fractal antennas

The design of microwave electronic equipment has its own specifics, which is mainly determined by
its ability to receive high radio technical characteristics. In the market, there are many software products
for simulation of microwave devices. They offer a variety of approaches for computer solution of electro-
dynamics problems. Modern computer-aided design (CAD) systems of UHF allow developing at various
stages of the device concept design and, to the simulation of system behavior, using a wide range of
modeling tools. This article provides an overview of the electrodynamics analysis software and design
of microwave devices, including fractal antennas. Ansoft Corporation company system High Frequency
System Simulator (HFSS) of is the most optimal system for our task. HFSS is the most advanced in the
industry of RF & microwave and high-speed digital electronic devices. We conducted an analysis on the
use of these programs by various researchers. Also presents its own results of computer simulation of
fractal antennas of three different types.

Key words: computer programs, the fractal antenna simulation FEKO, Microwave Office, HFSS,
Microwave Studio.
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(dDpakTaAAbIK, aHTEHHaAAPAbI XKOFapbl XKMIAIKTI MOAEAbAEYre apHaAFaH
nporpammanabik, eHimAep

AXOK AManasoHAbl PaAMO3AEKTPOHABIK, arnapatypaHbl >Ko0aAayAblH epekeweAikTepi Ker, e
AAAbIMEH, OHbIH, XKOFapbl PAAMOTEXHMKAABIK, CUMATTaMAAAPbIH aAyFa MyMKIHAIK 6epeTiMeH aHbIKTaAaAbl.
AXOK KyparsapAbl MOAEAbAEYTE apHaAFaH BGipHelle NporpaMmanblk, eHIMAEP 6ap, oAapAbiH GapAbIFbl
KOMIMbIOTEPAIK GaraapAaManap apKblAbl SIAEKTPAMHAMMKAABIK, ECENTEPAI LLbIFAPYFa O3relle TOCIAAEPAI
YCbIHbIAQ. MOAEAbAEY TOCIAAEPIHIH, KEH >KMbIHTbIFbIH KOAAAHYFa apKbiAbl AXKDK aBTOMaTThl >Kobaray
3amaHaym Xyneaepi pasroKypasAapAbiH MPUHUMITIK CXeMacbiH 6HAeY 6acTarnkbl KasamblHaH 6acTari,
>KYMeHiH TopTibiH MOAEAbAEyre AeMiH >KYMbICbIH KapacTblpyFa MYMKIHAIK Gepeai. By makarasa
IAEKTPAMHAMMKAABIK, Taraay >kaHe AXOK KypaaaapAbl, COHbIH iWiHAE (hpakTaAAbIK, RHTEHHAAAPADI,
MOAEAbAEY YLLiH GarAapAamasapra LLOAY >KacaAfaH. bisaiH ecebiHe can, eH Tuimaici 60AbIn Ansoft
Corporation mMekemeciHiH High Frequency System Simulator (HFSS) >xyieci Tabbiapabl. HFSS XOK/
AXOK KoHe >KoFapbl XKMIAIKTI CaHABIK, SAEKTPOHABIK, KYPaAAAPAbl >K00aAay >KYMEAEPIHAE aAAbIHFbI
Karapaarbl Garaapaama. OcbiHAAM GafaapAaMaapAbl 8PTYPAI 3epTTeyliAepMEH KOAAAHYbIH capaay
oTKi3inAl. CoHbIMEH KaTap, YW e3rewle (pakTaAAblK, aHTEHHAAAPAbIH, KOMIMbIOTEPAIK MOAEABAEYAIH,

HOTMXKEAEPI KEATIPIATEH.

Ty#iH ce3aep: KOMMbIOTEPAIK GaraapAama, pakTaAAblK, aHTeHHA, MoaeAbaey, FEKO, Microwave

Office, HFSS, Microwave Studio.

BBenenne

B Hacrosimiee Bpemst Uil aHTEHH, HCIOJB3Y-
eMbIX B OecnpoBOIHBIX cpezactBax cBsizu (GSM/
UMTS/WiFi) makmanpBaroTcsl ONpeacsieHHbIE yC-
soBust. OCHOBHO# MpPO0JIeMOM OOBIUHBIX KJIACCH-
YeCKMX aHTEHH SIBIIETCS TO, YTO OHH paboTaroT
TOJIBKO Ha OJTHOW WJIM JIBYX YacTOTax, OTpaHWYH-
Basi KOJIMYECTBO IOJIOC, KOTOpPOE O0OpyaoBaHUE
CrocoOHO TmozyepkuBaTh. Jlpyroii mpobiemoi
SBIISIETCSL pa3Mep aHTeHHHI. V3-3a oueHb CTpOTroro
NPOCTPAHCTBA, HAIPHMED, B COTOBBIX TeledoHaX,
YCTaHOBKa OoJyiee OJJHOW aHTEHHBI OYCHH CIIOXKHO.
Jls TOro 9TOOBI pa3pemnuTh TH TPOOJIEMEI, pas-
JMYHBIE HMCCIEIOBATENd U3y4yaroT M Ipeylaraior
WCIIOJIb30BAaHME TaK HAa3bIBAEMBIX (PpaKTaIbHBIX
aHTEeHH, KOTOphIe OoJiee KOMMIAKTHBI M CIIOCOOHBI
paboTaTh B pa3nUuHBIX Juana3zoHax. dpaxTaib-
HBbIC AaHTCHHBI — 3TO aHTEHHBI, KOTOPbIE CKOHCTPY-
MPOBaHBl Ha OCHOBE DPA3IMYHBIX T€OMETPHUECKUX
¢duryp, obiagaoIMx CBOWCTBOM CaMOIMOI00HS, TO
€CTh COCTABIICHHBIC U3 YaCTeH, KaXKasi U3 KOTOPBIX
mogoOHa Bcel urype menukoM. biaromapst cBoe-
My CBOKMCTBY camomnomoOusi (ppaxTaibHBIE CTPYK-
Typbl MHOTOJMANA30HHBI M IIUPOKOIOJOCHBI [1],
MMO3TOMY WX BechbMa d(DPEKTUBHO HCIIOIH30BATH B
AHTEHHBIX pelleHHusX. B nurepaType ecTh Hemano
WCCIICJIOBaHNH, B KOTOPBIX W3BECTHBIC (PPaKTalIb-
HBbIE KPUBBIE U MHOXKECTBA MCTIOIB3YIOTCSI B OCHOBE
AQHTEHHBIX YCTPOUCTB [2-5].

ISSN 1563-034X

[lepBEeHCTBO B TEOPETHUYECKUX HCCIIEIOBAHUIX
BO3MOXXHOCTH TPUMEHEHUs! (hpakTaibHbIX (HopMm
uis pOpPMHUPOBAHKSI MHOTOIIOJOCHBIX IO 4YacToTe
AQHTEHH NPHUIUCHIBAIOT YYeHOMY TeXHOJIOrHYecKo-
ro ynuepcuteta Kartanonuu K.Ilyente. Kosn 3a-
MATEHTOBAJ CBOE OTKPBITHE M CTaJl OCHOBATEIEM
(bupMBI, 3aHUMArOMIEHCS pPa3padOTKOW W TIPOEK-
TUpOBaHHEM (pakTajabHBIX aHTEHH. B Hacrosiiee
Bpems kommanusi Fractal Antenna Systems, Inc.
(«Dpaxrany), pa3pabaTeIBacT, MPOU3BOAUT W JIH-
[EH3UPYET caMble KOMITAKTHBIE U MOIIHbIC aHTCH-
HBI B MUpE. DTH aHTEHHBI HCIOJIb3YIOTCS B CaMbIX
CJIOKHBIX KOMMEPUYECKHX, BOCHHBIX U IIPaBUTEJIb-
CTBEHHBIX MTPHIIOKECHUSX.

B nacrosmee Bpemst pazpaboTka gppakTaabHBIX
AQHTEHH aKTUBHO BEJETCS M0 TPEM HalpaBJICHHUSIM:

- (hpaxTanbHBIC AHTEHHBIE PEIICTKH,

- IIUPOKOMOJIOCHBIE ¥ MHOTOYacTOTHBIE (paK-
TaJIbHBIC U3JTy4aTelH,

- aniepTypHbIe (paKkTaNIbHbIC AaHTCHHBI.

@OpaxTanbHas aHTEHHAS! PELETKa — 3TO PeIeT-
Ka, COCTOsIAsl M3 CaMONOJOOHBIX HOAPEIIETOK C
(pakTanbHBIMU TPaHUIIAMH, KOTOPBIC MOKPBIBAIOT
IUTOCKOCTH (MJIM 9aCTh MIIOCKOCTH) 0€3 epeKphIBa-
HUS ¥ IPOMEKYTKOB. K TakuM aHTEHHaM OTHOCSITCS
pemerka [leano-I'ocniepa, Tepaparos, 6-TepaparoH,
MICEBIOMYILINHKH.

MHoroobpasne BHIOB (PPAKTAIBHBIX KPHUBBIX
OTKPBIBAET JIOTIOJIHUTEIbHbIE KOHCTPYKTUBHBIE U
JNEKTPOANHAMUYECKHE BO3MOXXHOCTH B TIPOCK-
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HpOI‘paMMHI)Ie HOPOAYKTHI IJI1 BBICOKOYAaCTOTHOTO MOACIUPOBAHUS @paKTaHBHLIX AHTCHH

TUpOBaHMU aHTeHH. Ho Ui co3maHus peaibHBIX
AHTEHHBIX YCTPONCTB, MCIOIB3YIOUIMX CBOMICTBA
(dpakTanoB HEOOXOIUMO MPOBECTH HX TEOPETHYE-
CKOE€ HMCCIICOBAaHNE U MojenrupoBanue. OCHOBHBIM
COZIEp)KAHUEM HACTOAIICH CTAaThH SIBISIETCS 0030p
NPOrPaMMHBIX TPOAYKTOB C II€JbI0 BBISIBICHHUS
HaunOonee 3pPeKTUBHBIX peIIeHUH 1715l TPOBEICHHUS
pacuéra, NPOEKTHPOBAHMS, DICKTPOMATHUTHOT'O
MOJICTTMPOBAaHUS (PpaKTANbHBIX AHTEHH W aHAIU3
MOCJICIHUX PabOT 1O KOMITBIOTEPHOMY MOJIEITHPO-
BaHUWIO aHTECHH C (PPaKTaIHHON CTPYKTYPOH.

Ha nepBom mrare uccienoBanusi Obutd 0TOOpa-
HBI CHCTEMBI MOJICIIMPOBAHHS IS AJIEKTPOJHHAMH-
YeCKOr0 aHaJIM3a aHTEHHBIX YCTPOMCTB U MpOBEe-
Ha UX Kjiaccuukarus.

Knaccupukanusa KoMnbOTEPHBIX IPOrPaMM
IJIsl  dJeKTpoAnHaMHuYeckoro anaamsa CBUY
YCTPOICTB

B Hacrosimiee BpeMsl CyLIECTBYIOT MHOXECTBO
Pa3IMYHBIX KOMITBEOTEPHBIX MPOTPAMM MPOSKTUPO-
BaHMs U pacyera cBoiictB CBU-ycTpoiicTB, B TOM
yuclie aHTeHH. X Ha3bpIBaroT Crieuajin3nupoBaH-
HbiMu EDA-niporpaMMamu i1 3JICKTPOMarHUTHBIX
(EM)-pacdeTos.

WX yCIIOBHO MOKHO pa3jieiiuTh Ha JABE TPYIIIIbL:

1. IpoTrpaMMBI AIEKTPOIMHAMHUYECKOT O MOJICITH-
poBarns o6beMHBIX cTpYKTYp (FEKO, Microwave
Office, HFSS, Microwave Studio);

2. IpOrpaMMbI MOJICTTHPOBAHUS TOHKUX MTPOBO-
nouHbIX cTpykTyp (NEC2, NEC4, MININEC).

B ocHoBe paboOTHl NaHHBIX MPOTPaMM JICKHT
YHUCICHHOE peIllCeHuEe ypaBHeHWH MakcBemia B
MHTETPaTbHON Wiu  auddepeHIHaIbHON  hopMme.
VYpaBHenuss MakcBeiila MOKHO peniaTh CIEAyro-
IIMMHA YUCIICHHBIMH METOJaMH: METOJIOM MOMECH-
ToB (MOM), MeTOOM KOHEUHBIX 351eMeHTOB (FEM)
n metogoM koHewyHoro uHrerpuposanus (FIT). Oc-
HOBOIIOJIATAFOIIUN METOJ| PEIICHUs BIUSET Ha 3¢-
(heKTUBHOCTH U TOYHOCTbH, C KOTOPBIMH MOTYT OBITH
CMOJICJINPOBAaHbl AaHTEHHBIE YCTPOHCTBA.

B mporpammax mepBoi TpymIbl UCHIOIB3YHOT-
Cs BCE€ TPU YUCIICHHBIX MeToAa. BTopoil rpyrmrsl —
ToJIbkO MeTos L MoM. IlpuBenem oO1yro nxHhopma-
IIUIO W CBOJIHBIN aHAJHN3 MEPEUNCICHHBIX METOJIOB,
MIPUMEHSEMBIX B JIAHHBIX MIpOrpamMMmax, U MpeJcTa-
BHM ero B Tabiuiie 1. B [6] mokazaHo, uTo Hanbosee
ycnemHoe EM-MoenupoBaHue st aHTEHH MaJbIx
pa3MepoB TOAXOMAT TPOTPAMMEI, OA3HPYIOMIHXCS
Ha FEM u FIT meronax. [Toatomy moapoOHbIii aHa-
JIU3 TMPOBENIEH TOJIBKO TEX MPOTpamMM, KOTOPHIE UC-
MOJIB3YIOT 3T METOJBI.

Ha BTOpOoM miare Hammx HCCICHOBAHUM OBLT
npoBezieH Oosee MOAPOOHBIH 0030p MPOrpaMMHBIX
MIPOIYKTOB, OTHOCSIMMXCSA K TepBomy THiry. [lpm
3TOM OBUIM PACCMOTPEHBI KaK MX OCHOBHBbIC (DYHK-
[IUH, HA3HAYCHHE, TaK U PE3yJIbTaThl MOJICTTUPOBAHHS
KOMITaKTHBIX aHTEHH Ha OCHOBE KJIaCCHYECKUX (hpax-
TaJbHBIX 00BEKTOB, IPUBEICHHBIX B JIUTEPATYpE.

Tadmuua 1 — O0mas nHbOpMAIHS 0 TPOTPaMMHBIX Cpelax MeKTpoauHaMuueckoro ananmsa CBY ycrpoiicts

Hazpanue IIpousBoaurens n
Hasnauenue Vcrionb3yemble METObI
TIPOTpaMMBbI azpec
FEKO JLi1st YMCIIEHHOTO 2JIEKTPOMAarHUTHOTO MeTog MOMEHTOB. MeTo/ KOHEUHBIX Altair
MOZICJIMPOBAHUS, OCHOBaHHAs Ha 2JIEMEHTOB. Engineering, Inc.
COBPEMEHHBIX BBIYHUCIIUTEIIBHBIX Mertozbl pU3HUECKON ONTHKH.
texHonorusix (CEM). MeTo/1bl FeOMETPUYECKOH ONTHKH. http://www.altair.
MeTobl yHUBEpCATIbHON TEOPUN com/
nudpakun.
MeTto/1 KOHEYHBIX PAa3HOCTEIl BO
BPEMEHHOI obiacTu.
Microwave IIporpamMmHoOe pemenne st pa3paboTKu Mertox rpaHnYHOTO OanaHca. AWR (Applied
Office BCEX BHJIOB pagrodacToTHbIX 1 CBY OnHOYaCTOTHBIN 1 MHOTOYAaCTOTHBIN MeToxt | Wave Research)
YCTPOKMCTB, HAUMHAA OT cIOKHBIX CBY rapMOHHYECKOro OanaHca. Corporation
cO0OpoK 1 KoHuYas uHTerpansHeiMu CBY Psnpr Bonsreppa.
MHKPOCXEMaMH. BBICOKOCKOPOCTHOW METOA TMHEHHOTO http://www.
aHanm3a. awrcorp.com
BbICOKOCKOPOCTHON METO/1 IIIyMOBOTO
aHanm3a.
HFSS Jliis pacuera S-napamMeTpoB, CO3IaHUs Meto KOHEUHBIX 3JIEMEHTOB. ANSYS Inc,
SPICE-moneneii 1 TpeXxMepHOTO http://www.ansys.
MOJICITIPOBAHUS DIIEKTPOMArHUTHOTO TOJIS com/
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Ipooonocenue mabauywr 1

Ha3panue [IpousBonurens u
Haznauenue Hcnonb3yembie METO/IBI
MPOrpaMMbI azpec
Microwave JIJ1s1 YUCIIEHHOTO MOJICIMPOBAHUS MeTo NOHWKEHUS TIOPsi/IKa MOJIeIeH Computer
Studio BBICOKOYACTOTHBIX YCTPOWCTB M aHAIN3a (MOR). Simulation
1po0JIeM LIEIOCTHOCTH CUTHAJIOB U Merton koHeuHbIX HHTerpasoB (FIM). Technology
3H€KTpOMaFHI/ITHOﬁ COBMECTHUMOCTHU BO MeTO}l AMTIPOKCUMAaIU JIJI UACaJIbHbIX
BPEMEHHOM M 4aCTOTHBIX 00JACTSX rpaHuvHbIX ycioBuit (PBA). https://www.cst.
Merton toukux cetok (TST). com/
Merton noacerox (MSS).
Numerical Jlnst MozenupoBaHus aHTEHHBIX Meton momentos (MoM) Lawrence
Electromagnetic | KOHCTpYKIHii, 0COOEHHO OOBIYHBIX W TepaionHbIit METO [UTs pacueTa TOkoB | Livermore
Code 2 KOHCTPYKLMH, TAKMX KaK JJIsl TENIEBUACHUS U National
paro, Ha KOPOTKHUX BOIHAX Laboratory
NEC2 http://www.nec2.
org/
Numerical Jlyist MOzIeTMpOBaHUS OUCHD MaJICHBKHUX Metox momenToB (MoM) http://linsllc.com
Electromagnetic | anteHH Ha cotoBsle Tenedonsl u WiFi
Code 4 MapIIpyTH3aTOPbI
NEC4
MiniNumerical | HezaBucumas peanusanysi KOHIEIIIAN B Meton momenToB (MoM) http://www.
Electromagnetic | NEC. [IporpaMma aHanm3a aHTEHHBI IS blackcatsystems.
Code Windows, Macintosh com/software/
mininec-antenna-
MININEC analysis-
modeling-
software.html

IIporpaMma 3/1IeKTPOAUHAMUYECKOT0 AHAJIM-
3a FEKO

Haspanne mporpammer FEKO mpoucxoaur ot
Hemeukoit gppaszel «FEldberechnung bei Korpern mit
beliebiger Oberflache» (PacueT momnst ¢ yuetom ten
npou3BoJibHEIX (opm). Ilporpamma FEKO mnpen-
Ha3zHadeHa /Ui pellleHus IMPOKOro Kpyra 3ajaad,
CBsI3aHHBIX ¢ mpoektupoBaHueM CBY ycrpoiicT
W aHTEHH, PacCesHHEM 3JIEKTPOMArHUTHBIX BOJIH
Ha CIIOKHBIX 00BEKTAX, pacpoOCTPaHEHUEM paino-
BOJIH B FOPOJACKHUX yclOBUAX U T.A. [7]. Ilpeumy-
mectBoM FEKO sBasiercs TO, 9YTO OH ITO3BOJISICT
MOJIEIMPOBaTh AHTEHHBl C MHOTOCJIOMHBIMH Mar-
HUTHO-AMAIEKTPUICCKUMHU TTOI0KKAMHU.

Jlasee KOpPOTKO paccMOTpUM pe3yNbTaThl MO-
JeTUPOBaHusl (PpaKTaJbHBIX aHTEHH, MOJyYEHHBIX
C MOMOIIBIO AAaHHON NMPOrpaMMbl Pa3InYHbIMU HC-
CJIeIOBATEIISIMHU.

B pabore [2] ¢ 1enbi0 co3qaHus MHOTOIMAIA-
30HHOH aHTEHHBI PACCMOTPEHA AHTEHHA Ha OCHOBE
canderkun CepnuHCKOTO. BhIMoOmHEHO €ro mome-
JUpPOBaHUE AHTEHHBI B MaKeTe JIEKTPOJUHAMHYe-
ckoro aHanuza FEKO. TTonyuens! 2-x u 3-MepHbIe
nuarpammbl HanpasienHoctn ([IH) ams pasHbix
yacToT. [IpencraBnenHbIe pe3ynbTaThl HOKAa3bIBAIOT
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yBenuueHue HepasHomepHocTu JIH mo mepe yBenu-
yeHust pabodeil 9acTOTHI.

B pab6ore [3] mpencraBieHbl pe3yiabTaThl TpPo-
CKTUPOBaHUS (PpaKTajIbHONH aHTEHHBI HA OCHOBE
cuexxunkn Koxa B FEKO. Anrenna Oblia ONTH-
MH3UpPOBaHA IS pabOTHI Ha HECKOIBKUX YaCTOTaX
1,24 I'T'u nns npumenenust GPS, 1,42 nns npume-
Henudd L-auanazona u 2,92 I'T'n quist npusioxeHui
S-nnanasona.

Cucrema High Frequency System Simulator
(HFSS)

High Frequency System Simulator (HFSS) —
npoaykt komnannu Ansoft Corporation. Mnorga B
nutepatype k abopeBuarype HFSS noGasnsioT Ha-
3Banue (upmbl Ansoft. Ansoft HFSS Gasupyercs
Ha FEM-metone, ¢ TeTpasapaibHBIM pa3OneHHeM
MOJICIIUPYEMOM  CTPYKTYpPBI, TaKkKe HCIONb3yeT-
Csl aJJaTUBHOE TeHEPUPOBAHHE U JEJICHHUE SUEeK.
Jia mepBOHAYaIbHOTO pPa3OHWEHUs Ha TETPadAPHI
HCTIONB3YIOTCSI CTAaHIAPTHBIE METOJIBI ITPOTPAMMBI,
nMmeromuecs B 0nOnnoreke. Tak MOXKHO IpencTa-
BUTh MH(OpPMAIIMIO O TI0JIE, C BBIICICHHBIMH 00-
JACTSIMH C BBICOKOHW HANpsKEHHOCTBIO MU 0OJIb-
LIMMHU TpajJueHTaMH. 3aTeM pa3OHeHue Ha SYeHKH
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VIUIOTHSIETCSL TOJIBKO TaM, I MOJe MpeTepreBactT
3HAYUTEIbHbIE M3MEHEHUS, TaK BBIYMCIICHUS CTa-
HOBSITCSI MEHEe 3aTpaTHbIMU. B paboTe [4] ¢ momo-
mpio Ansoft HFSS cmonenupoBana ¢paxranbaas
aHTEHHa Ha ocHOBe KpuBoM Koxa st 1ocTHKEeHUs
MHOTOIIOJIOCHBIX CBOMCTB. IIpencraBieHa aHTeHHa,
crocoOHast paboTaTh C MIECTHIO MOJIOCAMHU YaCTOT C
npuemiieMoit motepeit Bo3Bpara. Ilpennoxena cie-
JyIoIasi KOHCTPYKIMS (PpaKkTaibHOM IEIeBON aH-
TEHHBI, IOKa3aHHAasl Ha pUCyHKe 1.

(a)

Pucynox 1 — Mozens ¢ppakTanbHONW aHTEHHbI HA OCHOBE
kpuBoii Koxa HyneBoii (a), mepsoii (b) u Bropoii (¢) ureparuii

[Tomy4ueHs! 9acTOTHBIE XapaKTEPUCTHUKH JJIST UC-
cienyemoil anteHHbl. [lokazaHo, 4TO aHTEHHA UMe-
€T o0paTHBIE MTOTepH MeHblle, 4eM -10 ab B mectn
nojiocax: 2,37 I'Tu, 4,00 I'Tu, 5,57 I'Tw, 6,11 I'T'1x,
7,27 I'Tu u 8,95 I'T1, obparHeie nmotepu -22.28dB,
-18.43 nb, -14,85 nb, -25,05 nb, -18,43 nb n -11,88
b, COOTBETCTBEHHO.

B crnenyromeii padore [5] mpemioxena ¢pak-
TaJlbHasi MOJIeJIb AHTEHHBI HA OCHOBE 2-11 U 3-i uTe-
pammii kBagpaTta CepnHCKOTO (PUCYHOK 2).

6)

Pucynok 2 — KommbrorepHas Moaens (GppakraibHON aHTEHHBI
Ha ocHOBe kBajpara CepnuHCKoro (2-as a) u 3-1 0) ureparyn)

Taxxe B [1, 8] uuCICHHBIM MOACTUPOBAHUEM
B HFSS nccnenoBanbl 21eKTpoMarHuTHBIE Xapak-
TEPUCTUKN (PPAKTANBHBIX aHTeHH CeprmuHCKOTO
8-o0i1 ureparuu, Koxa 4-oii utepanuu u aHTCHHBI Ha
OCHOBE JIByMEPHOTO HEpEeTyJSIpHOW (pakTambHON
CTPYKTYPHI (TICEBAOCTYUalHbIN (DpaKTATBHBIN KiTa-
CTep C TOTMOJIOTUYECKOW Pa3MEepHOCTHIO, PaBHOM 2,
u 3a1aBaeMoil (paxTaiabHON pasmepHOcTbiO). [lo-

Ka3aHo, 4TO (pakTanbHble aHTeHHBI CEepIUHCKOTO
u Koxa sIBISIFOTCS. MHOTO/IMAIa30HHBIMH, [T 00SHX
aHTeHH HaOJrofaeTcs 3PQPEKT yCeueHHUs, CBsI3aH-
HBIN C KOHCUHBIM YHCIIOM (DPAKTATBHBIX UTEPAIHH.
OH MPOSIBIIACTCS B 3aMETHOM HCKaKEHHUHU JHArPaMM
HaIIPaBJICHHOCTU M PacIpeIeiIeHUI OISl Ha BbICO-
KHX 4acToTax.

Cucrema Microwave Studio (CST MWS)

CST Microwave Studio (CST MWS) npemna-
3HaueHa st Mopenuposanus 3D EM Breicokoua-
CTOTHBIX COCTaBIIIONIMX. B nmaHHOW mporpamme
HCIIOJIB3YIOTCS BCE TPU YMCIEeHHbIX MeToaa EM mo-
JIeTTUPOBAHUS.

CoBpeMeHHasi BepcHsl TaKkeTa BKIIFOYAET CIeITy-
fore (pyHKIINU MOACITUPOBAHUS:

- BBIYUCJIUTCIIN 06111er0 HAa3HAUYCHUA BO Bpe-
MEHHOU W B YaCTOTHOM OOJIACTSIX I MOJICIHPOBa-
HMST HU3KOYACTOTHBIX M BRICOKOYACTOTHBIX 3a/1a4;

- MOJIHOBOJIHOBOM BBIUMCIIMTENIb C HCIIOJIb30Ba-
HUEM MHTETPATBHBIX YPaBHECHUH.

B pabote [8] mpemmoskeHa IIMPOKOTIOIOCHAS
(dpakTaibHas aHTeHHa, uUMerolias (GopMy Trekca-
TOHAIBHON. ABTOpaMHU PacCMOTPEHBI TPH IEPBBIC
utepanuu (pucyHok 3). MoaenupoBaHue MpoBee-
Ho B Microwave Studio.

Pucynoxk 3 — IlepBbie Tpu utepanuu Gppaxrana
reKCaroHaIbHOM (OPMBI

IToxazaHo, 9TO aHTEHHBI IEMOHCTPHUPYIOT XOPO-
e oOpaTHbIe MOTEPH, U MHOT'OMIOJIOCHBIE YaCTOTHI
noaxoast aist IEEE Bluetooth / WLAN (2.4-2.484
I'T1), WIMAX (3.4-3.69 I'Tm) m WIFI (5.1-5.825
I'Tu) npunoxenuid OecnpoBogHoil cBs3u. Cre-
JIaH BBIBOJI O TOM, 2-asi HTEPAIUs MIECTUYTOIbHBIX
(hpakTaTbHBIX aHTEHH 00J1a7aeT CBOWCTBOM MHOTO-
JIMana3oHHOCTH, T.€. C YBEJIMUCHHEM YHClia uTepa-
U YBEITMYUBAETCS YUCIIO PE30HAHCHBIX YacTOT.

Bovi6oo. Takum 00pa3om, Ha PEIHKE CYIIECTBYIOT
HEMaJI0 KOMIBIOTEPHBIX MPOrpaMM CIEHUATBEHOTO
Ha3Ha4YeHHUs AJI MOAEIUpoBaHus ycTpoiicts B CBY
Iuamna3oHe. Bce 3TH mporpaMMbl 1O-CBOEMY YHH-
KaJbHBI U TIOMOTal0T B PEHIEHUH MHOTHX 3a/1a4 MO-
JIeNTUPOBaHUs. BrIOOp mporpaMM mosbp30BaTensiMu
3aBHCHT OT OOJIBIIOTO YHCJa KPUTEPHEB, KOTOPHIE
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MOYKHO pa3JefuTh Ha JIBE TPyNNbl: 0a30BbIC BO3-
MOKHOCTH M CpENICTBA MX pacimpenus. Hamm s
AJIEKTPOMArHUTHOTO aHANN3a PpaKTabHBIX AHTECHH
Obuta BeIOpana nporpamma HESS, kotopas aganTu-
pOBaHa HIMEHHO Ha MOJIEITMPOBAHUE YCTPOHCTB Ma-
JBIX pa3MepoB, KOTOPBIMH M SBISIOTCS (ppaxTaib-
HbIE aHTeHHBI. Tak, 3-M marom Hamux pador, ObLIO
MIPOBEJICHHE KOMITBIOTEPHOTO MOJISIIUPOBAHUS aH-
TEHH Ha OCHOBE Pa3NIMUHBIX T€OMETPUICCKUX 00B-
eKTax.

YuciieHHoe wucciaeg0BaHne (PaKTATBHBIX
aHTEHH

Mpl n3yyanu 3 BHIa aHTEHH Ha OCHOBE (pax-
tana Koxa (2 wuTepamum), M30TPONHOrO (paxrana
MHUHKOBCKOTO (3 HTEpanyi) ¥ aHH30TPOITHOTO (PpaK-
tana YKanabaesa [9] (3 urepanmu). nunb! Beex 3-x

Return loss S, dB

-27 T T T T T
00 03 06 09 12 15 18 21 24 27

Frequency, GHz

a)

AHTEHH COCTaBISIFOT 14,5 CM C y4eTOM pacCTOSIHUS
MEX]y M3IydaTessiMi. MoennpoBaHrie MPOBEACHO
B niporpamme HFSS 13.0 B auamasone yactor, pas-
veM 0,1 — 2,7 I'Tu. beuin paccuuTaHbl YaCTOTHBIC
XapaKTEPUCTUKH, T.€. 3aBHCUMOCTH BXOJHBIX KO-
(umenToB otTpakenus S| 0T 4acToThl. M3 pucynkos
9-5 BUJHO, YTO C yBENUYEHHEM HOMepa mpeadpax-
TAJIOB PE30HAHCHBIE YAaCTOTHI CMEIIAIOTCS BIIEBO, B
CTOpPOHY 00JaCTH HM3KHUX YacTOT. 3a CYET ITOTO Y
AHTCHH TIOSIBIISTIOTCSI HOBBIC PE30HAHCHI B BBIOPAH-
HOM JIMalla30HEe, YMEHBIIAIOTCS 3HAUSCHUS 00paTHBIX
MOTEPh PE30HAHCHBIX YaCTOT MO0 CPABHEHHIO C TIpe-
JBIIYIIAMU, KPOME TPEThel UTEePaIliy JIJIsl aHTCHHBI
C aHM3OTPOIHOW CTPYKTypoil. 3meck Kodpduiu-
€HT OTpaKEHHs S|, JUIs TMEPBOTO PE30HAHCA PABEH
-12,8305b (ans1 BTOpO# nrepamuu S =-13,18 05), Ho
y BTOPOT0 PE30HAHCA TOH JKE UTEPALNHU 3HAYEHHE S,
MEHBIIIE, YEM Y MPEIbIIYIICH.

Return loss S, dB

- AF_3

T T
0.0 03 06 09 12 1.5 1.8 21 24 27

-15 T T T

Frequency, GHz
0)

PucyHok 4 — YacTOTHBIC 3aBHCHMOCTH BXOJIHBIX KOI(D(UIIHEHTOB OTpasKeHHs
(dpakranpHOi aHTeHHBI Koxa (a) n anTeHHbI XKanabaesa (0)

Return loss Sw dB

@
L

214 - = |F_1
—IF_2]

-24 T T T T T T T T d
0,0 03 0.6 09 1.2 1.5 18 2,1 24 27

Frequency, GHz

Pucynok 5 — YacToTHas 3aBUCUMOCTH KOI(PHUIIUCHTOB
OTpa)KeHUSI AaHTCHHBI MHHKOBCKOTO

ISSN 1563-034X

3akiaouenue

B nanHOoM o0030pe mpeacTaBiIeHbl OCHOBHBIC
M3BECTHBIE M YaCTO MCIIOJIb3yEMbIEC NPOrpaMMHBIE
KOMIUIEKCHI ISl IPOBEJCHUS KOMITBIOTEPHOTO MO-
nenupoBanus u pacu€étoB CBY ycrpolicTB, B ToM
YKCJIC U AaHTCHH.

Bce ykazaHHbIE IPOJYKTBl OTBEUAOT CIIEAYIO-
LIUM YCIIOBHSM:

HO3BOJISIIOT OCYLIECTBIATE MMUTALIMOHHOE
MOJIeTMPOBAHNE AaHTEHHBIX YCTPOMCTB;

— MOJIIEPKUBAIOT B TOW MM MHOM CTETEHU HH-
TErpaLuIo BU3yaJlbHOI'O U UMUTALIMOHHOTO MOAEIIH-
poBaHMUS;
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— IIHUPOKO PACHPOCTPAHECHBI U MOJNB3YIOTCS MO-
TyJIIPHOCTBIO.

Ho nauOosiee amanTUpOBaHHON JJisi KOMIIAKT-
HBIX (DpaKTalbHBIX AHTCHH 0 CBOUM BO3MOXKHO-
ctaMm sBasiercs HFSS. B gannoit nporpamme Hamu
ObLIa TIPOBEJCHA CepUsl PACUETHBIX MCCIIETOBaHUI
SJCKTPUUECKH MallbIX aHTEHH, Pa3Idvyaroluecs
CBOCH reoMerpuen oT TpaaulUoHHbIX. [lokazaHo,

YTO CpPelM PaccMaTpPHUBAEMBIX MOJICJICH TMPH OOM-
HAaKOBBIX JAJIMHAX aHTCHH CaMO€ HU3KOE OTPAKCHHE
(OombIIIe OTIIONICHUH AJIsl IPUEMHOM aHTEHHBI ) Ha-
OmroaeTcs y M30TPONHOro (hpakrana MHUHKOBCKO-
ro.

Hacmoswasa paboma evinonnena npu gunan-
cosoti noooepacxke Komumema nayku MOH PK.
Ipaum No 3837/ 4.
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Kazaxckuii HaMOHAILHBIA YHUBEPCUTET UM. aib-Dapadu,
. Anmartel, Kazaxcran e-mail: iskander-bek56@mail.ru

YHUBEPCAAbHAS OINMTUYECKAA ®OTOIPHUCTABKA

LleAb nccaepoBaHusi — pa3paboTka YHUBEPCAALHOIO ONMTUYECKOro YCTPOMCTBA AAS YBEAMUEHMS
BO3MO>KHOCTE COBPEMEHHbBIX KOMMAKTHbIX LUMMPOBbIX (POTO M BuAeoKamep. YCTPOMCTBO MO3BOAUT
CYLIECTBEHHO MOBbICUTb MacluTab rnoAyydaemoro umsobpaxeHus, 6yaeT o06AapaTb  BbICOKMMM
TEXHUYECKUMU M MOTPEOUTEABCKMMM xapakTepuctukamu. DoTonpuctaBka BKAKOYAeT MepeAHui
CMEHHbI1 0ObEeKTMB, 3aAHUI CMEHHbIN 0OBEKTMB, CMEHHbINA OKYASIP, CMCTEMbI M3MEHEHUSI PACCTOSIHMIA
MexAy HUMK. DoToNprCTaBKa MOXKET CAYXKMTb TaK>Ke MHCTPYMEHTOM AASl BU3YaAbHOMO HabAIOAEHMS 3a
o6bekTamu. bbia paspaboTaH 1 CKOHCTPYMPOBAH PabouMin MakeT, KOTOPbIN MPeAHasHaueH AAS paboTbl
B MMKPOCKOMHOM, TEAECKOMHOM M (DOTOCHAMMEPHOM pexkmMmax. B 3Tux pexmmax OblAM MOAYYEHbI
M3006paXKeHMs Kak ABMXKYLLMXCS, TaK M CTaTUYHbIX M306paykeHuit xopoluero kavecTsa. Ha makeTe 6biaa
oTpaboTaHa MeToAMKa paboTbl. MeToaMKa paboTbl BKAIOYAAQ MbICAEHHbIN 3KCMEPUMEHT, (DU3MKO-
TEXHWYECKOE MOAEAMPOBAHWE, KOHCTPYMPOBAHWE U HATypHble CbeMKW. YCTPOMCTBO MOXKET ObITb
MCMOAb30BaHO B Hay4YHbIX, a Tak>Ke B ObITOBbIX LeAsiX. B TOM cAyuae, ecan npomnsBoamTEAN LIMDPOBOI
POTOTEXHUKM 3aMHTEPECYIOTCS Hallern PaboToM, Mbl FOTOBbI K AlOOOI (hopme COTPYAHMYECTBa.

KAtoueBble cAOBa: 06bEKTUB, OKYASP, MUKPOCKOTM, TeAecKor, hoToCHamnep.

Shakirov A.L.

Al-Farabi Kazakh national university, Almaty, Kazakhstan,
e-mail: iskander-bek56@mail.ru

Universal optical camera adapter

The aim of the study is to develop a universal optical device to increase the capabilities of modern
compact digital cameras and camcorders. The device, possessing high technical and consumer charac-
teristics, will allow substantially improving the scale of the obtained images. Camera adapter includes
front interchangeable lens, rear interchangeable lens, interchangeable eyepiece, the system for changing
the distances between these. The camera adaptor may also serve as an instrument of visual examina-
tion of objects. A working dummy compatible with microscope, telescope and designed to operate as
fotosniper was developed. These capabilities allowed obtaining high quality images of both moving and
static objects. The methods of work were tested using the dummy. The method of work included mental
experiment, physicotechnical modeling, designing and outdoor shooting. The device can be used for
scientific as well as for domestic purposes. In case the manufacturers of digital photo equipment get
interested in our work we are eager to cooperate in any form.

Key words: lens, eyepiece, microscope, telescope, fotosniper.

LLlaknpos A.A.

OA-Dapabu at. Kasak, yATTbIK YHMBEpCUTETI, AAMaThI K., KasakcraH,
e-mail: iskander-bek56@mail.ru

OMbeban onTukaabiK, (hoTOKOCbIMLLIA
3epTTeyAiH MakcaTbl — Ka3ipri 3aMaHfbl WaFblH CaHABIK, )OTO >kaHe GeliHekamepaAapAblH, YAFANTY

MYMKIHAIKTEPIH apTTbIPy MaKcaTbiHAQ aMbeban OnNTUKaAbIK, KYPbIAFbIHbI 83ipAey. KypbIAFbl aAbIHATbIH
GerHeAepAiH ayKbIMblH apTTbIpyFa aMTapAbIKTal MYMKIHAIK GepeAi, COHbIMEH Kartap >KOoFfapbl
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TEXHUKAAbIK, XK8HE TYTbIHYLUbIAbIK, cMiaTTamaAapra ne. GOoToKOChIMLLA AAAbIHFbI YbICbIMAbI OObEKTHB,
apTKbl aybICbIMAbI 0ObEKTUB, aybIChIMAbI OKYASIP )K&HE OAAPAbIH, aPACbIHAAFbI APAKALLBIK TbIK Thbl 63repTy
sKyreciHeH Typaabl. CoHAaii-ak, (POTOKOChIMLLA HbICAHAbI K©36eH GaKblAay KYPaAbl PETIHAE A€ KbI3MET
atkapaabl. OAapAbIH YKYMbICbI MMKPOCKOMTbIK, TEAECKOMTBIK, >X8He (POTOCHaMMepAiK pexxumaepre
ApHAAFaH MaKeT peTiHAE 83ipAEHAI YKaHe yacan LWblFapbiAAbl. OCbl PEXMMAEPAE aAbIHFaH KO3FaAaTbIH
CypeT peTiHAe, COHAAl-aK, CTaTMKaAblK, CypeTTepAiH Ae canacbl »Kakcbl. OCbIHAAA OMTUKAABIK,
acnanTap yM >KarAamlbIHAQ KOAAQH >KacaAybl MYMKiH. YKyMbICTbIH, 8AiCTEMECI OlAQy 3KCMEPUMEHTIH,
(PU3MKO-TEXHUKAABIK, MOAEABAEY, KYPACTbIPYFa >kaHe TabuFn KecKiHAep aAyFa HerizaeAreH. KypblAfbl
FbIABbIMM, COHAQI-AK, TYPMbICTbIK, MAKCaTTa NanAaAaHbIAybl MyMKiH. OcbiFaH 6aiA@HbICTbI, erep CaHAbIK,
doToTEXHMKA BHAIpPYLLIAEPi Bi3AIH XKYMbICbIMbI3Fa KbI3bIFYLLbIAbIK, TaHbITHIMN XaTca, 6i3 CepikTeCTIKTIH,

Ke3 KeAreH TypiHe AanblHObI3.

Ty¥iin ce3aep: 06beKTHB, OKYASIP, MMKPOCKOT, TEAECKOT, (DOTOCHAMMep.

BBeaenue

Lenp uccaenoBanusi — CO3JaHNE YHUBEPCAIb-
HOTO OINTHYECKOTO YCTPOWCTBA IS YIIyHIICHHS
TEXHUYECKUX XapaKTePUCTUK LUPPOBOH (oTOTEX-
HUKH, KOTOPOE IMO3BOJIUT TOJIYyYaTh yBEINYCHHBIC
M300paKeHUST 0OBEKTOB.

B uctounuke [1] mpeanaraeTcst cxema 3pUTEIb-
HOMW TPYOBI C COCTaBHBIM OOBEKTHUBOM, COCTOSIIEM
U3 IBYX KOPOTKO(OKYCHBIX OOBEKTHBOB. lIpmBO-
JUTCSl TEOpPETHUYECKasi MOZCTb 3PUTEILHON TPYyOBI,
KOTOpasi CPaBHHMBAETCS C KJIACCUYECKOH CXEMOM.
[Ipennoxernas MOJENb UMEET P/ CYIIECTBEHHBIX
MPEUMYIIECTB — MOMKHO paccMaTpuBaTh NPsSMOE
M300paKeHWEe, MEHATh YBEIUYCHUE B IIUPOKUX
Tpeienax, paccMaTpuBaTh OJIM3KOPACTION0KEHHBIE
MpeMEThl W CYIIECTBEHHO YMEHBIIUTH ee Tada-
puThl. B aKcrnepuMeHTaIbHONH YacTH MPHUBOJSATCS
(hoTorpadum AEHCTBYIOMNX MAKETOB 3PHUTEIHHBIX
TpyO ¢ coCcTaBHBIMH OOBEKTHBAMHU.

B ucrounukax [2] u [3] mpeanaraercst Moaeib
MHUKPOCKOTIA C TPEMsI CTYTICHSIMH yBEITNYECHNUS, B KO-
TOPOH YCTpaHEHBI HEIOCTATKH, IPUCYIINE TPAIUIIH-
OHHOI MOJIeIM MUKPOCKOIIa — TaKue, KaK IepeBep-
HYTOCTh M300payKeHUH, HEBO3ZMOKHOCTD TIJIABHOTO
W3MEHCHUS CTETIICHU YBEIIMYEHUSI, CIIOKHOCTh KOH-
cTpykiun. [Ipu peanuzanuu npeioKeHHON CXeMbl
TIOSIBJIAIOTCA  BO3MOXHOCTH (hOpMUPOBaHUS TIpsi-
MOT0 M300pakeHHsl, IJIABHOTO U3MEHEHUs padoye-
ro OTpe3Ka BIUIOTH JO OECKOHEYHOCTH M COOTBET-
CTBYIOIIIETO M3MEHEHHs YBeInueHus. B pesynprare
YBSJIIMYMBAIOTCS Ccepa MPUMEHEHHUS U YI00CTBO
WCIIONIb30BAHMSI, YMEHBINAIOTCS Ta0apuThl U YIPO-
maercs KOHCTPYKIUS MHUKpockoma. [IpuBeneHsr
¢dororpadum AEHCTBYIOIIMX MAaKETOB, H3JIOXKEHA
MeTo/IuKa paboThl. MUKPOCKOT MOXKET HAWTH MPH-
MEHEHHE B HayYHBIX HCCIIEOBAHUAX, B O(TAIEMO-
JIOTUU ¥ MUKPOXUPYPTHH.

JlaHHOE HcceoBaHue SBISICTCS TIPOIOJDKEHU-
€M TIPHUBEICHHBIX BBIIE padoT. beura pazpadorana
TEOpeTHYecKasi cxema (OTONPHCTABKH, KOTOpPast

BKJTFOYACT TEPEIHNN CMEHHBIH OOBEKTHUB, 3aTHUH
CMCHHBII OOBEKTHUB, CMEHHBIH OKYJISIP, CHCTEMBI
M3MEHEHUs] pacCTOSTHUM MeX1y HUMHU. bbul CKOH-
CTpyHpOBaH pabodmii MakeT (OTONMPHCTABKH, KO-
TOpBIA OBLT UCIPOOOBAaH Ha Pa3HBIX OOBEKTaX H
MOJTBEPINI BCE TOJIOKUTENbHBIE Ka4eCTBA TEOpe-
THYECKONH MOJENH. YCTPOHCTBO MOXKET OBITH WC-
IMOJIb30BAHO B HAYYHBIX U OBITOBBIX OeIsax. KpOMe
TOr0, TIOZOOHBIE CXEMBl MOTYT HCIOJb30BaThCS B
JTab0OpaTOPHOM TPaKTUKyMe. Y CTPOMCTBO TIPOJIE-
MOHCTPHPOBAJIO CBOM BBICOKHE TEXHHYECKHE Ka-
9YeCTBa, HEBBICOKYIO C€0ECTOMMOCTb M MOKET OBITh
[IPE/ICTABICHO BHUMAHMIO CIELUATUCTOB — OITHU-
KOB B IIEIAX IlaJIbHCI;'IHICFO COBCPIICHCTBOBAHUA.

OnrTuyeckas cxeMa

[TpuBeneM onTHUYECKYIO cXeMy (DOTONMPUCTABKU
(puc.1). 3mecy 1 — mepenanii 0OBEKTUB, KOTOPHIH
obpasyer O, wusobpaxenue obbekta O,. 3anHuii
o0bektuB 2 Qopmupyer O, — uzobpaxenue O,.
Oxkymsap 3 dhopmupyeT MHIMOE H300pakeHne 00b-
exta. udposoit ¢horoanmnapar 4 ciayxuT s Quk-
calmu u300pakeHust 00BEKTa Ha MaTPHLIE U €T0 CO-
XpaHeHUs B IU(PPOBOM BHUJIE.

Jist mydiero moHUMaHUs pPaboThl ONITHYECKOM
CHCTEMBI IPUBEJEM YPaBHEHUE TOHKON JIMH3BI TPH-
MEHUTENHHO K IepeTHeMY OOBEKTHBY.

(1

1 1 1
_— = —
h L L

[Ipumem L, paBHBIM paccTosHUIO OT 00beKTa O,
0 mepeaHero oobekTuBa 1, a paccrosnue L, pas-
HBIM PAcCTOSHMIO OT IepeAHero oobekTuBa 1 10
n300paxenus o0bekra O,. U3 ypasnenus (1) cre-
JYET, 4TO MpH oOpamenuu L, K 6eCKOHEYHOCTH f, =
L, u poTONpHCTaBKy MOKHO HCIOIb30BATh B Kave-
cree Teneckona. [lpu L = L, paccTosiHue OT 00BEK-
Ta JI0 MEpeHEro 00bEeKTHBa | paBHO YJABOCHHOMY
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(doxycHOMY, pa3Mep U300pakeHUsI PaBeH pazMepy
00BeKTa, U B 3TOM ciy4ae (pOTOMPHCTaBKY MOMXKHO
HCIOJIb30BaTh B KaueCTBE MUKpockona. [Tpu 60:1b-
ieM yIaJleHUW TIepeHEeT0 0ObEKTHUBA IMOSBISICTCS
JIOTIOJTHUTENIbHAS BO3MOXHOCTh YBEIIHMUYEHHS] Mac-
mrada B MUKPOCKOITHOM pexume. TakuM oOpasom,
TOSIBJIICTCS. BOBMOYKHOCTh YIPABJICHUS Pa3MepOM
pabodero oTpes3ka BIUIOTH O OCCKOHEYHOCTH. B
Cllydae CHATHS MEpelHero OObEKTHBA MbI MMEEM
CXEeMy TPaJUIMOHHOTO MUKPOCKOMA ¢ (oTorpadu-
YeCKOW TPHUCTAaBKOHW, KOTOpas TakKe MOXKET OBITh
UCIIOJIb30BaHA.

4
2

o

f17 ’
<] 1

== 0,

1 — mepenHuit 00bEKTHB; 2 — 3aJHUI OOBEKTUB; 3 — OKYJISIP;
f, — dboxyc nepesmero oobexTHBa; f, — hoxyc 3anHeTO
o0bekTHBa; f, — Pokyc okymsipa; O, — 00beKT;

O, — n300paxenue 0ObEKTa, ABAEMOE MIEPETHUM OOBEKTHBOM;
O, — n300paxenue 0ObEKTa, TABAEMOE 3a/[HUM O0BEKTHBOM,;
O, — MHUMOE U300pakeHHe 0OBEKTA, IABAEMOE OKYJISIPOM;

4 — unudpoBoii poroamnmapar, Ha MATPHUILy KOTOPOTO
MIPOCIUPYETCS ICHCTBUTEIBHOE N300paKEHHE O0BEKTA.

Pucynoxk 1 — Onrudeckast cxema (hOTOIPHUCTABKH.

ISSN 1563-034X

Baok — cxema ycerpoiicTBa

Juist u3rotoBieHus pabovero makera Goronpu-
CTaBKH Obla pa3paboTaHa ee OJOK — cxema, Mpu-
BEJICHHAs Ha PUCYHKeE 2.

Tlepememii
obbekTne

Habop
06BEKTUBOB

doToTexHUKa
Haoop
OKYNApPOB
CTaHMHA

Pucynoxk 2 — biiok — cxema (oTorpucTaBKu

i

Cnctema SamHrit Cuctema
dorycup 06beKTHB || dORycHp.

Ha6op
06beKTMBOB

HeoOxonmmo obecriednTh BO3MOYKHOCTH 3Ha-
YUTENBHOTO TIEPEMEIICHUS] IMEPEAHEr0 OOBEKTH-
Ba OTHOCUTENIBHO 33JHEr0, a TAaKXKe IepeMeILeHHE
3aJIHETO OOBEKTHBAa OTHOCHTEIHHO OKyJsipa. [lms
9TOTO JIOJKHBI OBITh OCYIIECTBIICHBI JABE CUCTEMBI
(hoxycupoBku. Habopbl cMeHHBIX OOBEKTHBOB U
OKYJISIPOB JIOJDKHBI CITYXKUTH JUISl YBEIHUEHUS BO3-
MOKHOCTEW (DOTONPUCTABKM B pasHBIX PEKUMAax
pabotel. B xauecTBe mepenHero cMEHHOro OOBEK-
THBA MOJKET UCTIOIH30BATHCSA 0OBEKTUB ¢ TpaHC(hO-
KatopoM. JKenaTenbHo, 4TOOBI B HA0OpE OKYJISPOB
HUMEIUCh OKYJISpBI ¢ HHAeKcOM «K» (kommneHcanu-
onnble) i «®» (pororpaduyeckue), Ha onpase.
doToanmapar WIM BUICOKaMepa JOJKHBI KPEIHUThb-
csl cpasy 3a OKYJISIPOM U UMETb CUCTEMY KPEIlICHUS
C BO3MOXHOCTBIO perynupoBku. llenecooOpazno
MPUMEHSTH HUPPOBBIE HOTOKAMEPHI C ONTHYECKUM
u mudpossiM 3ymamu trma Nikon cepun Coolpix
950, 990, 4500, S10, HekoTOpbIe MozeaU Minolta,
Sony, n1b0 npyrue, ’KeaaTeNbHO C HEMOABUKHOM
IIPU 3yMMHUPOBaHMUU TepeHeH JTMH30i 00BEKTHBA.
B pexxumax OONbINOW CTENEHH YBEIUUCHHS WIIN
MpUOIMKEHUST HEOOXOMMO 00ECTICUUTh yYCTOWYH-
BOCTb (DOTOIPUCTABKU BO U30€kKAHUE CMA3bIBAHMS.
st 9TOTO HEOOXOIUMBI MHKPOCKOITHASI CTaHWHA
CO CbEMHBIM NPEAMETHBIM CTOJIMKOM W OCBETH-
TEJIEM JJIsl ChEMOK B OTPaKEHHOM M MPOXOASLIEM
cBere Wi (HoTOrpaupoOBaHUS MEIKUX OOBEKTOB
mpu paboTe B pexuMe MUKpocheMKH. [Ipu pabdorte
B TEJIECKOIIHOM peXuMe HeoOxoauMm mratus. s
JMaTbHEHIIero yBEIMYCHHUS MacimiTaba u300pake-
HUS U A0S ynoOCTBa MCHOJIB30BaHUS HEOOXOAMM
MOHUTOp. Bce coeanHenus y3inoB AOJIKHBI UMETh
YHU(QHUIMPOBAHHBIE KPEIUIEHUS IJIsl yA0OCTBAa WX
orepaTuBHOM cMeHbI. [locie cHsaTHs U poBoit Bho-
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TOTEXHUKU YCTPOUCTBO MOJHKHO CIY)KHUTh B Kaue-
CTBE MHCTPYMEHTA JIJIsl BU3YaJbHOTO HAOIIOICHUS
3a 00BEKTAMMU.

Onucanye MaKera

JIns TMPOBEPKH TPAKTHUYECKONH BO3MOMXHOCTU
co3maHus W PabOTOCTIOCOOHOCTH TEOPETUICCKOM
MOJIeNI OBLT M3TOTOBIICH U UCIBITaH pabounii Ma-
keT ¢ortompucTtaBku. Ha pucyHke 3 maHo ero u3o-
OpaxeHue.

PaccMmoTpuM yCcTpoiicTBO MakeTa, n300paxeH-
HOTO Ha pucyHke 3. 3xech 1 — nudposoit doro-
annapar NIKON COOLPIX L25. Bugso, 4o 005-
eKTHB (poTroanmapara TPUMBIKAET MPAKTHYCCKU
BIUIOTHYIO K OKYJIsApY. JIJisi mpaBUIBHON YCTaHOB-
K (Qoroarmmapara CIyKUT CHUCTeMa KpCIUICHHUS,
npeaycMaTpUBaroias BO3MOXHOCTb €ro mnepe-

i
2

0nm

MEIICHUsI C TMOCcIeAyIomeld (GuKcanue mo Tpem
KoopauHaTaM. Bo m30exxaHue momagaHus MMOCTO-
POHHETO CBETa MECTO MNPUMBIKAHUS OOBEKTHBA
K OKyJsIpy OpukpeiTo Onmenmoit 2. Ilocpenctsom
TEIECKONMUIEeCKON (HOKYCHPOBKH 3 3aHUI 00BEK-
TUB coenHEH ¢ oKyJsipoM. Teneckonuyeckas ¢o-
KYCHPOBKa COCTOUT U3 JIBYX TyOyCOB — BHYTpPCH-
HEro ¥ Hapy>KHOT0, KOTOPBIE NMEIOT BO3MOKHOCTh
MepeMeIaTbcsi OTHOCUTEIBHO JIPYT Apyra u (uK-
CHUPOBAThCS MPU IMOMOIIHU CHIIBI TpeHwus. [lepenanii
3yM — OOBbEKTHB COEJIMHEH C 33 JHUM OObEKTHBOM,
PacCIOJIOKCHHBIM BHYTPH YUIMHUTEIbHBIX KOJICI]
4 mocpencteoMm (ortorpadudeckoro mexa 5. Mex
MOXXET W3MEHSTh CBOIO JIUHY W (DUKCHUPOBATHCA
npu nomoitu Oapaikos 6. Ha ¢pororpaduu npuse-
neH BapuaHT ¢ o0bekTBoM CANON c aganrepom
7, Ha KOTOPOM UMEIOTCSI OIIPAaBKU 3yMMUPOBaHHUS §
1 GOKYCHUPOBKH 9.

1 — uudposoii poroanmapar; 2 — OneHna; 3 — reneckonmyeckas GOKyCHPOBKA; 4 — YIUIMHUTENBHBIE KOTBLA; 5 — MeX;
6 — OGapamex Mexa; 7 — 0OBEKTUB C TPaHCPOKATOPOM; § — OTpaBKa 3yMMHUPOBAHUSL; 9 — ompaBKa (POKYCHPOBKH.

Pucynoxk 3 — ®ororpadus GpoTonpucraBku

MeTtoauka padoTsl ¢ (pOoTONPUCTABKOM

[Ipu pabote ycTpoiicTBa B pesKUME TEIECKOINa
HCHONB3YIOTCS. OOJIbIINE YBEJIMYEHUs, 3TO Hpea-
CTaBJISIET OIpENEIICHHBIE TPYAHOCTU IIPU ITOUMKE
00bEeKTa ChEMKH B TOJIe 3peHusi. PexoMeHmyercs
CHayasa UCI0JIb30BaTh MUHUMAJIbHbIE 3yMbI (OTO-
TCXHHUKH, a ITIOCJIC ITOMMKH o0BeKTa YBCINYUBATh
3yM 10 Heobxoammoro Mmacmraba. [Ipu cbemke
JIyHBl pEKOMEHAYEeTCs] MPOU3BOAHUTH HECKOJIBKO
MPOOHBIX CHUMKOB C pa3inyHoOi skcrio3unueit. [pn
CbeMKe HeOECHBIX OOBEKTOB JKEJATEIBHO HCIIOJb-
30BaTh ABTOCITYCK JJIsl yMEHBIICHHUS BUOpaLUi.

JlaHHO€ yCTpOMCTBO MO3BOJISIET MPOU3BOJIUTH
MaKpOChEMKY Ha 3HaYUTEIBbHO 0OJIee 1aleKoM pac-
CTOSSHUM OT OOBEKTa, YeM I03BOJIsIeT LU(POBOI

(oToammapart. [Ipu Takom peknMe HeoOX0IUMO 3a-
JIeHCcTBOBATh cHcTeMy (DOKYCHPOBKH B BHJIE MEXa.
[Ipn cbemke ¢ ONM3KMX M CPEIHUX PACCTOSHHUN
T10JI€ 3pEHMS U ITIyOMHA PE3KOCTH OYCHb MAaJIbl, [0-
3TOMY TPYAHO TOHMaTh 00BEKT cheMkH. CHauana
WCTIOJIB3YIOTCSI MUHMMAJIBHBIE 3yMBI, a IIOCJE MO-
HUMKHU 00BEKTA 3yM YBEIUIMBACTCS U IPOU3BOJUTCS
OKOHYaTeNbHas MOJICTpolika pe3kocTH. Lludposas
(oTOTEXHUKA MMEET CHUCTEMY aBTO(OKYCHPOBKH,
KOTOpasi camMa IIPOU3BOIUT OKOHYATEIbHYIO HABO-
Ky Ha pe3kocTb. [Ipu chemke ¢oTonzodparkeHun
JKeNaTeJIbHO MCIIONb30BaTh aBTOCIYCK IJISi YMEHb-
MICHUS BUOPAITHA.

[Tpu pabote B pesKUMe MUKPOCHEMKHU HUCCIIEIY-
eMbIi IpenapaT Ha MPEIMETHOM CTEKJIE TOMEIIAI0T
Ha pabouuil CTOJIMK MHUKPOCKOINA U BKJIIOYAIOT OC-
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BETUTEIb Ha MpocBeT. [locie HaBoAKU Ha PE3KOCTh
KOPPEKTUPYIOT MOJIOKCHHIE 00bEeKTa, BRIOMpAsT Har-
OoJiee MHTEPECHBIC JCTalld, U JOOWBAIOTCS JKelae-
MOT0 YBEITHUCHUS IIPH TOMOIITH 3yMa POTOTSXHHUKH.
B naHHOM citydae TakiKe )KenaTesbHO MOJIb30BAThCS
aBTociyckoM. [Ipu cheMke HENpo3payHbIX OOBEK-
TOB OHU OCBEIIAKOTCS OCBETHTEIEM Ha OTPAKEHUE.

Bo Bcex pesknmax npeyCcMOTPEHBI CIIe Iy oIHe
BO3MOYXKHOCTH U3MEHEHUS MacITada n300paKeHusl:

1. I3MeHeHneM pacCTOSIHUS MEXTy TepeIHUM
Y 33JHIM OOBEKTUBAMHU.

2. V3MeHeHHEeM pacCTOSIHUS MEXAY 3aJIHUM
O0OBEKTUBOM U OKYJISIPOM.

3. CMeHO# 00BEKTHBOB M OKYJISIPOB C pa3iind-
HBIMH KPAaTHOCTAMMU.

4. zmenenneM (hOKYCHOTO PacCTOSIHUS TIEpe/I-
HET0 3yM — O0OBCKTHBA.

5. Mcnonib30BaHueM COOCTBEHHON CUCTEMBI (PO-
KYCUPOBKH TIEpEHETO 00 BEKTUBA.

6. 3ymmupoBanueM (oToarnmapara.

7. IlpyuMeHEeHrEM MOHUTOPA WIIA TEJIEBU30pa.

D10 obecrieurBaeT OONBITYHO THOKOCTh U Y100-
CTBO oOpatieHus ¢ HOTOMPUCTABKOM.

Pexnm BHU3YyaJIbHOT'O HaGJ’IIOI[eHI/ISI MOXET IIN-
POKO HCHOJB30BaThCS B HAYYHBIX I[ENSIX TOCIE
custus (otoanmapara. Hampumep, 6nomoru mMoryT
IMPOU3BOJUTH Ha6HIOZ[eHI/I$I 3a MOBCIACHUEM TIpPYII-
MOBBIX HACEKOMBIX — ITYEJI, OC, MYPaBbEeB, a TAKKE
NTHII, )KUBOTHBIX, MPECMBIKAIOIIUXCS U JP. C yAa-
JIEHHOTO PACCTOSIHUSA. XHMHUKH CMOTYT IIPOU3BO-
JIUTHh HaOJIFOJICHUS 3a DKCIIEPUMEHTaMH ¢ Oe3orac-
HOT'O PACCTOSIHUS, TOT/Ia, KOTJIa UMEETCSl ONTACHOCTh
BO3ropaHus, B3pbIBa WKW BBIACICHUSA SATOBUTHIX
BemiecTB. CIICIUAINCTBI — SASPITUKHA CMOTYT TIPO-
W3BOJIUTH HAOJIOJICHHUS 32 SKCIICPUMEHTAMH C PajIH-
OaKTHBHBIMH BelecTBaMu. B oOmiem cinydae gporo-

NPUCTaBKa IO3BOJISICT MPOU3BOJUTH HAOIIOJICHUS
U ChEMKY TOI/Ia, KOT/Ia HEKENaTeIbHO TPEBOKHUTD
00BEKT HAOIIOACHUS, KOTOPBIH K TOMY XK€ MOXKET
MPE/ICTABIATH OMACHOCTb.

doronpucTaBKa OblIa UCIIBITAHA B MUKPOCKOII-
HOM, TEJIECKOITHOM M (POTOCHAMIIEPHOM pPEeKUMaX.
B atHX pexxumax ObUIM MOJIYYeHBI HU300pasKeHUS
KaK JIBH)KYILIUXCS, TaK U CTATUYHBIX U300pakeHUit
XOPOILETo Ka4ecTBa.

3ak/aouyeHne

B pesynbrare mponenaHHoi paOboThl ObLTa pas-
paboTaHa pu3mUeckas Moeb (POTOMPHCTABKH, OBLT
CKOHCTPYHPOBAaH pPa0OUYUil MakeT YCTpPOWCTBa, Ha
KOTOpOM OBUTH ONpOOOBaHbI OCHOBHBIC CBOWCTBA
TeopeTrueckoi Monenu. [locite oTpaboTKH METOIH-
KU pabOThl C MAKETOM B Pa3IMYHBIX PEKMUMaX ObLIa
MOJTy4YeHa KOJUICKIMS Ka4eCTBEHHBIX (DOTOM300pa-
keruit. [lpemrokeHHas GoTonmprucTaBKa MPOIEMOH-
CTpHpOBaJIa CBOM BBICOKHE MOTPEOUTEIBCKUE Kade-
CTBa, BBICOKYIO CTEIICHb TEXHOJIOTUMHOCTH, HAZKYIO
cebecronmoctb. [locne MOMONMHWUTENBHBIX JIOpa-
OOTOK YCTPOWMCTBO MOYET OBITh PEKOMEH/IOBAHO K
MIPOMBIIIJICHHOMY TIPOU3BOJICTBY Ha ONTHKO-MeEXa-
HudecKkuii 3aBofax. [lockonbky oronprcraBka (ax-
TUYECKH 3aMeHsIeT cO00i HECKOIBKO MPUOOPOB, OHA
MOKET CTaTh aTpUOYTOM MPaKTHYECKH JFOOO0W Ha-
YYHO-MCCIIEI0BATENILCKON JKCIICAUIINH, HaIpUMep,
apXeoJIOTUYECKON MIIN Te0JIOTHYECKON. DHTY3HACTHI
MOTYT TIONPOOOBATh CBOM CHITBI B KOHCTPYHPOBaHUH
T0JTOOHBIX poTONprCTaBOK. [1yTH OBBIIIEHNS Kade-
CTBa U300paKEHUH MPOCIICKHUBAIOTCS B TIOBBIIICHUN
Ka4yecTBa KaK CO3/IaBaCMbIX OITUYECKUX CHCTEM, TaK
1 KadecTBa ITUGPOBEIX (OTOAMITAPATOB — UX pa3pe-
IICHUS], OBICTPOICHUCTBHS, [IBETONIEPEIAYH U JIP.
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MCMNOAb30OBAHUE LM®POBOM ®OTOTEXHUKU
B OINMTUYECKOM CITEKTPAAbHOM AHAAU3E

LleAb MccAepOBaHMS — MOBbILWIEHWE BO3MOXKHOCTEN MMEIOWIMXCS M NepCrekTUBHbIX npubopos
ONMTUYECKOro  CMEeKTPAAbHOrO  aHaAm3a.  Pa3pabaTbiBaAMCb  CXeMbl  CMeKTporpapuueckmx
YCTaHOBOK AASl MOAYYEHWUS ONTUYECKMX CMEKTPOB MpU MomMolum LMdpoBbix (oToannapaToB. bbian
CKOHCTPyMpOBaHa yCTaHoBKa Ha ocHoBe ctnaockona CAT1-A ¢ umdpoBbiM hoToannapaTom. Takxke
ObIAM M3rOTOBAEHbI paboune MakeTbl CriekTporpaoB C UCMOAb30BaHMeM LMDPOBbIX (hOTOANMNapaTos.
BTropas ycraHoBKa MpeACTaBASIET COOOM KAACCMUYECKYKD CXemy MPU3MEHHOro criektporpada Ha
6ase umdposoro otoannapata SAMSUNG WB 500. BMecTo npm3mbl MOXKHO ObIAO MCMOAb30BaTh
CMEHHYI0 AMPAKLMOHHYIO pelleTky. TpeTbsl yCTaHOBKA COCTOMT M3 ABYX 4YacTeil — COOCTBEHHO
CMEeKTPOCKOMUYECKOM YaCcTu, COCTOSLIEN U3 MUKPOMETPUUECKON LLIEAM, OObEKTUBA, NPU3MbI AMUUK,
CbEMHOr0 KOHLeHTpaTopa M 3epKaabHoro umdpoBoro dotoannapata SONY mapkm ST A55V.
MeToamka paboTbl BKAIOHAAA (PM3UKO — TEXHUUYECKOE MOAEAUPOBAHME 1 KOHCTPYMpoBaHue., CHUMAAUCD
CreKTpbl CBETA, MPOXOASLLEr0 CKBO3b Pa3AMYHble CBETO(UALTPLI. [MoAyueHre LUMEPOBbLIX CMEKTPOB
HEOOXOAMMO AASI AAAbHENLLIEeN aBTOMaTM3aUMU M3MEPEHUid. YCTaHOBKM MOMYT HAaWTW NMPUMEHeHVE B
06AaCTIX crekTporpadmm, aCTPOHOMMM, KPUMUHAAUCTUKU U APYTUX. Tak)Ke OHM MOTYT NMPUMEHSTLCS B
AEMOHCTPALMOHHOM 3KCMEeprMEHTE 1 B AlOUTEAbCKOM KOHCTPYMPOBAHMM.

KAroueBble caoBa: cnekTpockon, cnekTporpady, umdpoBoin poToanmnapat, CnekTp.

Shakirov A.L.

Al-Farabi Kazakh national university, Almaty, Kazakhstan,
e-mail: iskander-bek56@mail.ru

Use of digital photo devices in optical spectral analysis

The aim of the study is to increase the potential of available and prospective devices for optical
spectral analysis. Mounting layouts for obtaining optical spectra using digital cameras were developed.
An installation on the basis of steeloscope SL11-A with a digital camera was designed as well as work-
ing dummies of spectrographs using digital cameras. The second installation is a classical scheme of a
prism spectrograph on the basis of digital camera SAMSUNG WB 500. A replaceable diffraction grating
may be used instead of the prism. The third unit consists of two parts — the spectroscopic part consist-
ing of micrometric slit lens, Amici prism, removable concentrator and reflex digital camera SONY SLT
A55V. The methods of work included physical — technical modeling and design. Spectra of light passing
through various filters. Digital spectra obtaining is required for further automation of the measurements
Such installations may be applied in the field of spectrography, forensics, astronomy, etc. These may also
be used in demonstration experiment and amateur construction.

Key words: spectroscope, digital camera, spectrograph, spectrum.
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OnTHMKaAbIK CMEKTPAIK TaAAQyAQ CaHAbIK (hOTOTEeXHUKaHbI NaiAAAAHY

3epTTeyAiH MakcaTbl — KOAAA 6ap XKoHe MYMKIHAIM 30p acnanTapAblH ONTUKAAbIK, CMEKTPAIK TaAAdy
MYMKIHAIKTEPIH apTTbipy. CrnekTporpausAblK, KOHABIPFbIAQPAbI aAy YLUIH OMTWKAABIK, CMeKTpPAep
KOeMerimMeH CaHAbIK hoToannapaTTbiH cbi3bacbl a3ipaeHai. Kypbiarbl CAT1-A caHabIK, poToanmnapar
CTUAOCKOIbI Heri3iHae KypacTbipbiAAbl. COHbIMEH KaTap, CaHAbIK oToannapatTbl ManAaAaHa
OTbIPbIN CNeKTPOrpadTbiH, XXYMbIC MakeTTepi AalblHAaAAbl. ExiHwi Kypbiarbl SAMSUNG WB 500
CaHAbIK poToarnmnapar HerisiHAe MPU3MaAbIK, CNeKTPorpadTbiH, KAACCUKAABIK, Cbi30acbiHa HEri3AEAreH.
[Mpr3MaHbIH, OpHbIHA aybICnaAbl AUPAKUMAABIK, TOP MaiAaAQHbIAYbl MYMKIH. YLWiHLWI KOHABIPFbI €Ki
GOAIKTEH TypaAbl: MUKPOMETPAIK CaHblAayAaH TypPaTblH CMEKTPOCKONTbIH Heri3ri 6eAiri, AuH3a, AMuum
npuamachl, SLT A55V mapkaabl SONY caHAbIK, hoToannaparbiHbiH alHAAbIK, >K8HE KYPacTbIPMaAbl Xabbi.
JKyMbIC icTey saicTemeci (hr3MKa-TEXHUKAABIK, MOAEAbAEYI XXOHE AM3alHbIHA Heri3peAreH. OpTYpAI
>KapblK, CY3riAepi apKbIAbl ©6TETIH >KapblK, CEKTPAepi TyCipiaai. KeaeluekTeri aBToMaTTaHAbIPbIAFaH
OALLEYAED YLUIH CAHADIK CMEKTPAEPIH aAy KaxkeT 6oAaabl. KOHAbIPFbI criekTporpacusi, acCTpoOHOMMS,
KPMMMHAAMCTUMKA >kaHe 6acka Aa cananapAa Koaaay Taba anaabl. CoHbIMEH KaTap, oAap Texipube

KOPCETYAE XHe 8yeCKOMAbIK, KYPacTblpyAapAa KOAAQHBIAYbI MYMKIH.
Ty¥iH ce3aep: CrnekTpocKor, crekTporpady, caHAbIK, hoToanmnapar, cnekTp.

BBenenne

Kak n3BecTHO, criekTporpad — 3TO CIEKTpalb-
HBI TIPUOOP, MPUEMHHUK KOTOPOTO PETHCTPUPYET
OJTHOBPEMEHHO BECh CIIEKTpP, pa3BEPHYTHIA B (¢o-
KaJIbHOW TUIOCKOCTU. PaHbliie mposiBka (oTornia-
CTHHOK, 3aKpeIUIeHHe, CYIIKa U JAalbHEHIINN aHa-
U3 JUHAKA OB OYEHb TPYNOEMOK W HE OTBedal
3alpocaM MPaKTHKH, 0COOCHHO B TEX CIydasix, KOT-
Jia TpeOOoBaJICs IKCIPECC — aHaAIU3. 3aTeM JIeNaIiCh
MTOTIBITKM aBTOMAaTH3aIMA ¥ MAITHHHON 00pabOTKH
CIICKTPOB MMYTEM aHalin3a HHHHﬁ, OCTaBJICHHBIX Ha
(hOTOIUIACTHHKE, OJHAKO, 3TOT ITyTh OBLI CIIpaBe-
JIMBO TIPU3HAH TYMUKOBBIM, OTHOCSIIIMMCS K TaK Ha-
3bIBAEMBIM «JIOKHBIM HpO6JICMaM>>. C pa3BUTUEM
TEXHOJIOTHH TIOSBUINCH (DOTOJMOIHBIC IJTUHEHKH,
CIoCOOHBIe (DHUKCHUPOBATH KApTHHY CBETOBBIX JIH-
Huit crektpa. C mosisinenuem [13C — maTpwuil mo-
SBWJIACh pealibHas BO3MOXKHOCTH aBTOMATH3AIUH
criektporpadudecknx usMepeHnil. CoBpeMEHHBIE
CHeKTporpapuuecKie MpuOOpsl OTINYAIOTCS BBICO-
KOH CTEIeHBI0 COBEPIIEHCTBA, HO OYEHb J0poru. B
TO k€ BpeMs IudpoBast GOTO — BHICOTCXHUKA TIE-
PEeKUBACT MepHoJl OYPHOTO Pa3BUTHUS U COBEPILICH-
cTBoBanus. BosmoxxHOCTH I (ppOBOH (HOTOTEXHUKH
HE WIyT HU B KaKO€ CPaBHEHHE C BO3MOKHOCTAMU
TUIGHOYHOH (OTOTEXHUKH, OCOOCHHO YepHO-Oe-
noii. IloMrMO OmNEpaTUBHOCTH TOJIYYCHHUS CHUM-
KOB, CyIIIECTBEHHBIE MTPEUMYIIECTBA JaeT JIETKOCTh
JanpHenend mupoBoii 00paboTKH M300pasKeHHS.
B nmanHO# paboTe mpejyiaraeTcs B CIEKTPOCKOIIAX
HCITOJIB30BaTh U(POBOH (hoToammapaT HEmocpe -
CTBEHHO 32 OKYJISIPOM, YTO MPEBpaIlaeT ux B CIeK-
Tporpadsbl. BelTO TakKe 3aMeUeHO, YTO ONITUYECKHUE
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CXeMBbI cIleKTporpad)oB TOCie AUCIIePTUpPYIOIIe-
ro 3JIEMEHTA MPEACTABISIOT CO0O0M, O CYIIECTBY,
(hoToanmapaTsl, BKIIFOUYAIOIIHE 00BEKTHBBI U (HOTO-
MaTpHIlEl. bblila mocraBieHa 3amada — pa3padboTaTh
psAa crieKTporpaUyecKuX yCTaHOBOK JUIs MOJTyYe-
HUs (HOTOM300paKEHUH ONTUYECKHUX CIIEKTPOB pa3-
JUIHBIX HCTOYHUKOB C UCITOJIb30BaHUEM ITH(DPOBBIX
(doroanmapartos.

MsBecten [1] crunockon CJI-11A, koTopbrit
MIPUMEHSETCS I DKCIPECCHBIX aHAJIM30B, K TOY-
HOCTH KOTOPBIX HE MPEIbSIBISCTCS BEICOKUX TPeOO-
BaHuH. [IpoOMKHUTEIBHOCTh aHANM3a OJAHOTO 00-
pasma 1mo BceM deMeHTaM — 2 ~ 3 MuHyTHL. [Ipubop
UCIIOJIb3YETCs Ha CKJIaJlaX MpU KOHTPOJIE MaTepHua-
JIOB, Ha IIMXTOBBIX JIBOPaX, B IIYHKTaX COPTUPOBKH
METaJUTHYECKOT0 JIOMa M SKCIIPECC — JIA00paTOPHSIX
TUTEHHBIX I[EXOB. AHAN3 HA CTHJIOCKONE HE CO-
MIPOBOXKJIAETCSI TIOBPEXKJICHHEM 00pasia, 3TO IIo-
3BOJIICT TIPOBEPATH TOTOBBIE JETaM Ha COOpKe, B
UHCTPYMEHTAJIBHBIX W TPOU3BOJCTBEHHBIX II€Xax
MeTaio00pabaTeIBarOIINX 3aBoA0B. [Ipudop Haxo-
JIUT TakKe MIUPOKOS NMPUMEHEHHE B HAYIHO — HC-
CJIeJIOBATEIBCKUX U YUCOHBIX J1TA0OOPATOPHUSX.

Onucanune ycranosku Nel

[lepBas ycTaHOBKa ObLia BBITIOJHEHA HA OCHOBE
crunockora CJI-11A myTtem ycTaHOBKH ITU(POBO-
ro ¢oroamnmnapara HaMPOTHB OKYJISPa TTOCPEICTBOM
KOOPJIMHATHUKA C TPEMSI CTETICHSIMH CBOOO/IBI.

Bo3MmoxHBI JiBa BapuaHTa yCTaHOBKH (OTO-
amrmapara — 4epe3 OKYJISIp U CO CHATBIM OKYJISIPOM.
B o00oux ciy4asx OCyIIECTBISJIOCH MOJIYUYSHHE
CIIeKTpoB. TakuM 00pa3oM, CIICKTPOCKOIT OBLT TIpe-
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Hcnons3oBanue III/I(prBOﬁ (pOTOTeXHI/IKI/I B OIITHUYCCKOM CIIEKTPAJILHOM aHaJIu3€

BpameH QaxkThyecku B HHU(POBOI crekTporpad.
[TosiBMIIaCH BO3MOKHOCTD HE TOJIBKO BU3YaJIbHO Ha-
OMofaTh CHEKTp M JIeNaTh MOITYKOJIHUYECTBEHHBIN
aHaJM3 CIUIaBOB METAJUIOB, HO U (pUKCHUpPOBATh pe-
3yJbTaT HAONIIO/IEHUS B IU(PPOBOM BHAE. DTO IIO-
3BOJIUT B JAajibHEHIIIEM aBTOMAaTH3UPOBATh IIPOIIECC
H3MEpPEHHs], TOBBICUT TOYHOCTH aHaIN3a, O3BOJIUT
COCTaBIISITh IH(POBOH IACIIOPT METATUTHYECKOTO
criaBa. B ciryuae ncnonb3oBaHus npubopa B Hayd-
HBIX L[EJISIX TTO3BOJIUT MOMELIATh PE3YIbTaThl SKCIIE-
PHMEHTOB B HAIJIIJTHOM BHUJIC B OTYET.

Xir, ™Y

5
g
8

1 — uudposoii poroanmapar; 2 — IPOCTast TpeXrpaHHas
npusMa; 3 — OCBETUTENb; 4 — ONTHYECKas! LIEIb;
5 — 00beKTUB; 6 — OJIeH A,

PucyHnok 2 — Buj cBepxy BTOpOi yCTaHOBKH € IPU3MOit

Onucanue yctaHoBkH Ne2

Ha BTOpoii ycranoBke (puc. 2) peanm3oBaHa
cXxeMa KIJIaCCHYEeCKOTO CHeKTporpada ¢ HCIOJb30-
BaHHeM IudpoBoro ¢oroanmnapara.

3mece 1 — mudpoBoi ¢doToammapaT Samsung
WBS500 [2], on umeer 10 — KpaTHBIN ONTHYECKUI
3yM U 5 — KpaTHbIi nudpoBoid. DToT (oToanmapar
nenaeT cHUMKY B popmare JPEG. JlanHbI hopmat
WCIIOJIb3yeTCs IS IIOOUTENBCKOM CheMKH, MTpoIiec-
cop (oroamnmapaTta Npou3BOAUT 00pabOTKy n300pa-
KEHHS, TTOTy4aeMOT0 C MaTPHUIIBL, U C)KUMAET €ro.
[Ipu 3TOM HEU30EKHO MU3MEHSCTCS IIBET, MO3TOMY
BTOpasi yCTAaHOBKA TPUTOIHA B OCHOBHOM TOJIBKO
JUTSL IGMOHCTPAITMOHHOTO dKcriepuMenTa. ChreMHast
npu3Ma 2 yCTaHOBJIEHA Ha TOBOPOTHOM CTOJIMKE,
OCBETHTEINh 3 B BUJE CBETOIMOIHOTO (pOHAPUKA 3a-
KpEIUIeH Ha 3aKUMe C BO3MO)KHOCTBIO PETYJINPOBKH.
CBeT 0T OCBETUTEINS MPOXOAUT Yepe3 ONTHUECKYIO
mens 4 ¥ majaeT Ha OOBbEeKTHB 5, KOTOPBIH UMeeT
BO3MOJKHOCTH TI€PEMEIIEHHs] 10 MHOT'03aXO0IHON
pe3bbe, OJieH1a 6 PENSTCTBYET MOMa[aHUIO TOCTO-
POHHETO cBeTa. DIeMeHTHI 3-5 coOpaHbI Ha TUIaT-
(opme, KoTOpast UMeeT BO3MOXKHOCTH BpAIIaThCs
Ha TIOJIIIUITHUKAX BOKPYT BEPTUKAJIBHON OCH C BO3-
MOKHOCTBIO (PUKCaIMy TpY TIOMOIIK Oaparika.

i
5 16 17 18 19 20 21 22 23 24 25
I |
(AT

2

1 2 3 475 678 00t 11 1241

A

1 — mu¢poBoii poroammapar; 2 — AUPpPaKINOHHAS PEIIETKA;
3 — 00beKTHB; 4 — ONTHYECKas MIENb; 5 — OCBETHTEIb.

Pucynox 3 — Buz cBepxy BTOpoi yCTaHOBKH
¢ MTUPaKIUOHHOMN peneTKON

Ha pucynke 3 B kadecTBe JHUCIIEPTHPYIOLIETO
3JIEMEHTa BMECTO HPU3MBI HCHOJIb3YyeTCs AU(paK-
IMOHHAas pemeTka. [IpexycMoTpeHa BO3MOXKHOCTD
ObICTpOIT cMeHbI AU(PAKIIMOHHON PEIIETKH Ha PH-
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3My. Oco0o cieyeT OCTaHOBUTHCS HA KOHCTPYKIMH
CaMO/IeJIbHOM ONTUYECKOM IIEIH, CMOHTUPOBAHHOM
Ha BTOpOM ycTaHoBke. Ha pucynke 4 pamka ¢ mpo-
PE3bI0 BHINOJIIHEHA U3 CTANbHON ((peppoMarHuTHOI)
TUTACTHHBL. BpUTBEHHBIE JI€3BHS 3 MPUKUMAIOTCS K
paMKe MOCTOSTHHBIMU MarHuTaMu. JIe3Bust n3Bieye-
HBI U3 OIHOPA30BbIX OPUTBEHHBIX CTAHKOB, B Kaue-
CTBE MArHUTOB UCTIOJIB3YIOTCSI MArHUTBI U3 QyTisipa
coroBoro Tenedona. Takast cuctema nmpeaycMaTpu-
BAaeT BO3MOXKHOCTb PETYJHMPOBKU LIMPHHBI ILEINH,
e¢ BEPTUKAIBHOCTH W O0CCHEeUMBACT HAJCIKHOE
yaepxkanue Je3Buil. OHa OTIMYaeTcsi KOMIaKTHO-
CTBIO, IPOCTOTOH U MOXKET OBITh PEKOMEH/IOBaHA K
UCIIOJIHEHHIO MTPU KOHCTPYHPOBAHUH CaMOICITIHHBIX
CIIEKTPAJILHBIX TPUOOPOB.

1 — cranbpHast pamka ¢ Mpope3bo; 2 — MOCTOSIHHBINA MarHuT;
3 — OpUTBCHHBIC JIC3BHSL.

Pucynoxk 4 — ®ororpadust OnTHYECKOMH 1IeTH

Omnucanue yctanoBkH Ne3

Jisg  mocTrkeHWs HaWiIy4lIero pe3ylbTaTa
CHHMKH CIIEKTPOB CIIeJyeT MPOU3BOANTH B HEC)Ka-
ToM ¢ortorpapuueckom popmare RAW, xoropsiit
ABIsIETCS MU(POBBIM aHAIOTOM HEraTHBa JJIs Te-
HOYHOH (ortorpapun. Kpome Toro, s3ToT Qopmar
oOnagaer OONBIIMMH BO3MOKHOCTSIMH, OYEHb TI'U-
00K M JIETOK B 00paboTKe (oTOpemakTOpaMHu THIIA
LIGHTROOM4. B 3ToMm 1utaHe npencTaBisioT UH-
Tepec Takue ONLMH JaHHOTO PEAAaKTOpa, Kak: Ha-
JIOKEHNE CHUMKOB, aHaJH3 IBETHBIX THCTOTPaMM,
paboTa ¢ IIBETOBBIMH CIIOSIMU H JIp.

Ha pucynke 5 npuBezieHa ontudeckas cxema Tpe-
TheW YCTAHOBKH, BBITIOJIHEHHAS C HCIIOJIh30BaHHUEM
3epkajipHOrO (poroammapata SONY SLT ASS5V [3].
3T0T hoTOANIApPAT UMEET KPYITHYIO MAaTPHLLy C OOJIb-
IITAM pa3peleHneM 1 noauepxkuBaeT popmatr RAW.

B KOHCTPYKIMH HCIOJB3YETCS TPEXKOMIIO-
HeHTHas npu3mMa Amuun. CTpesikaMu MoKas3aH XO0J
CBETOBBIX Jiyuel. B cOOTBETCTBUU C 3TOH CXeMOul
ObUIa CKOHCTPYHpPOBaHA TPEThSl YCTaHOBKA, (OTO-
rpadust KOTOpoil puBeaeHa Ha puc. 6.

3mech pykoaTka | CIHYXHUT UIA yOepKaHUS
criekTporpada B pyKax, MEKpOMETpUYECcKas IIeib
2 uMeeT BO3MOKHOCTb PEryJIMPOBKHU 10 HIMPHHE U
BeIcOTe. [lepemunii 00bekTHB «HOMHTEP-8» YKPBIT
onenpont 3. [lpusma AMUYM HE BUJIHA, TaK KakK 3a-
KperieHa BHyTpH kopiyca 4. B coctase ungposoro
3epKabHOTO (hoToarmapaTa 6 ¢ SKpaHOM 7 UCTIOITb-
3yeTcsl JUIMHHO(QOKYCHBIH 00BEKTUB 5 ¢ TpaHc(o-
KatopoM. [l yBeIMYeHUs CTENIeHN OCBEILEHHOCTH
MUKPOMETPUYECKOHN IIeNH Mepell HEl MOXKET MpH-
COCIMHSTHCS KOHIIEHTPATOP B BHJIE OOBEKTHBA.

5 6 7

1 — ICTOYHHK; 2 — MUKPOMETpPUYECKas IIelb; 3 — 00BEKTUB; 4 — Mpu3Ma AMHUYH; 5 — 00BEKTUB (oToaImapara;;
6 — mudpoBoii poTtoanmapar; 7 — MaTpHIa.

Pucynok 5 — Cxema criekrporpaga

ISSN 1563-034X

Recent Contributions to Physics. Ne2 (61). 2017 135



Hcnons3oBanue III/I(i)pOBOﬁ (bOTOTeXHI/IKI/I B OIITHUYCCKOM CIIEKTPAJILHOM aHaJIu3€

@

1 — pyKkosiTKa; 2 — MEKpOMETpHUeCKas IIeNb; 3 — 00beKTUB Mox OeH/0i1; 4 — mpu3Ma AMUYH, pacIIONoKEHHAs! BHYTPH KOpITyCa;
5 — UHHOOKYCHBIN 00BEKTHB; 6 — IU(PPOBOI 3epKaTBHBIH (hoToammapar; 7 — OTKUIHON YKpaH.

Pucynok 6 — ®ororpadus TpeTbeit yCTaHOBKH

YcTaHOBKHM HMCIHBITHIBAIMCHE B TECTOBOM PEKU-
Me, Ha HUX CHUMAJHCh CIIEKTPBl PA3IHYHBIX 00b-
eKTOB — JIa3epHBIE JIMHUH, CIIEKTP aTOMOB HATpHS,
CIIEKTP COJIHEYHOTO cBeTa ¢ (hpayHroepoBbIMH JIU-
HUSIMH TIOTJIOIICHUS, CHEKTPBI IIOJIOC TPOIYCKaHUS
I[BETHBIX CBETO(MIBTPOB H JP.

3akiouyeHne

B pesynbrare nponenanHoi paboThl ObLTH pa3-
paboTaHbl (HU3MYECKUE MOJCIH YCTAaHOBOK, CIIy-
KaIIUX Ul CO3JaHMUs, IEMOHCTPAIIMU U COXpaHe-
HUSI CHIEKTPoB B nudpoBoM Buje. b cozmanbl

3 cmekTporpaduueckue yCTaHOBKH, pa3padoTaHbI
METOJIMKH IOJIyUYCHUS] W HAONIOJICHUSI CHEKTPOB.
[IpennokeHHbIE YCTAHOBKH MTPOJIEMOHCTPHUPOBAIIH
XOpOLIME MOTPEOUTEIbCKUE KAaueCTBA, BBICOKYIO
CTETNICHb TEXHOJIOTMYHOCTH, HH3KyI0 cebecTon-
MOCTb M IIOCJIE€ JIOTIOJIHUTENBHBIX JOPaOOTOK MO-
I'yT ObITb PEKOMEHOBAHbI K MEJIKOOIITOBOMY IIPO-
W3BOJCTBY. Y CTAHOBKH MOTYT HANTH NPUMEHEHUE
B HAyYHBIX LIEJISIX, HAPUMED, B 00JIaCTH acCTPOHO-
MHUH, KPUMUHAJIUCTUKH U Opyrux. Taxxke oHH MO-
I'YT IPUMEHSTHCS B OBITY, B JIEMOHCTPAIIMOHHOM
9KCIEPUMEHTE M B (DU3MYECKOM MPAKTUKyME II0
OTITHKE.

Jluteparypa

1 http://paspro.ru/stiloskop-sl-11-a Onucanue ctunockona CJI-11 A craroHapHbIiA.
2 http://www.eldorado.ru/cat/detail/71038004/ Onucanue [{udpposoro poroanmapara SAMSUNG WB500
3 http://radojuva.com/2014/03/sony-alpha-slt-aSv/ ®oroanmnapar Sony Alpha SLT A55V ¢ o6bektuBom Sony DT 3.5-5.6/18-

55 SAM

References

1 http://paspro.ru/stiloskop-sl-11-a Description of styloscope SL-11 A stationary. (in russ.)
2 http://www.eldorado.ru/cat/detail/71038004/ Description of the Digital Camera SAMSUNG WBS500 (in russ.)
3 http://radojuva.com/2014/03/sony-alpha-slt-aSv/ Sony Alpha SLT AS5V camera with Sony DT 3.5-5.6 / 18-55 SAM lens.

(in russ.)
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HEKOTOPBIE BOINPOCbI BEPOATHOCTHOIO OMNMUCAHUSA
SHTPOIMNU NPU NU3YHEHUN MOAEKYAAPHOU ®OU3UKU

PaccMoTpeHa npob6aema OObSCHEHUS CTYAEHTaM BEPOSITHOCTHOrO OMMCAHMSI 3HTPOMWK Mpu
M3y4YeHMM BTOPOrO 3aKOHA TepMoAMHamuku. Hawe o6cyKAeHMe OrpaHMuYMBaeTCs OnMUcaHUeM
PaBHOBECHbBIX CBOWCTB, KOTOpble MOryT OblTb BbIYMCAEHbI KaK HaubOAee BeposiTHble BEAUYMHDI.
[MoAYEpKMBAETCS, UTO BKAQA B MPOM3BOACTBO 3HTPOMUM AQIOT TOAbKO HeobpaTuMble MPOLLECCh.
[NoKa3biBaeTCsd, UYTO 3SHTPOMUS SIBASETCS CAYYaMHOW MEepemMeHHOM, CpeAHee 3HayeHue KOTOpoK
MMEET MAKPOCKOMUYECKUIA (PU3MYECKMIA CMbICA. OOpallaeTcs BHUMAHWE Ha TO, YTO CUCTeMa B
pPaBHOBECHOM COCTOSIHMM (DAYKTYMPYET OKOAO HEKOTOPOro CPeAHero cocTosHusg. OTMmeuvaeTcs, 4to
MEXAY MaKpPOCKOMMYECKMM MOBEAEHNEM CUCTEMbI M (PAYKTYALIMAMM MMEETCS YeTKOe pasrpaHmyeHme.
[NMoka3zaHo, UTO METOAbI CTaTUCTUYECKOM MEXAHMKM AQIOT HEe TOAbKO OMMCAHME CPEAHEro NoBeAeHus
M crnocob BbIYMCAEHMS BEPOSITHOCTEN (PAYKTYaLMii AloOOM BEAMUMHBI OKOAO €€ CPEAHEro 3HaueHmsl.
O6paliaetcs BHYMaHWe Ha TO, YTO 3aKOH BO3PACTaHUs SHTPONMM boAbLIMaHa MHTEpNpeTUpyeTCs Kak
TEHAEHUMS K BO3pACTaHMIO Pa3yrnopsiAOYeHHOCTU. DTOT METOA MO3BOASIET OMPEeAeAuTb Hamboaee
BEPOSTHOE MAaKPOCOCTOSIHUE CUCTEMbI AW HaMbBOAEe BEPOSITHOE pacrpeAeAeHUe MOACUCTEM B CUCTEME.

KAtoueBble cAOBa: 3HTPOMUS, HEOOPATUMbIE MPOLLECCHI, BEPOSTHOE MaKPOCOCTOSIHME CUCTEMBI.

Moldabekova M.S., Asembayeva M.K., Fedorenko O.V.

Al Farabi Kazakh national university, Almaty, Kazakhstan,
“e-mail: mairamold@mail.ru

Some questions of the probabilistic description
of entropy in the study of molecular physics

The explanation problem of the probabilistic description of entropy in the study of the second law
of thermodynamics to students is considered. Our discussion is limited by the description of the equilib-
rium properties that can be calculated as the most probable values. It is emphasized that only irreversible
processes contribute to the production of entropy. It is shown that entropy is a random variable whose
mean value has a macroscopic physical meaning. Attention is drawn to the fact that the system fluctuates
near an average state in the equilibrium condition. It is noted that there is a clear distinction between
the macroscopic behavior of the system and the fluctuations. It is shown that the methods of statistical
mechanics give not only a description of the average behavior and a method for calculating the fluctua-
tions probability of any magnitude near its mean value. Attention is drawn to the fact that the Boltzmann
law of entropy increment is interpreted as a tendency to the disorder increase. This method allows us to
determine the most likely macrostate of the system or the most probable distribution of subsystems in
the system.

Key words: entropy, irreversible processes, probable macrostate of the system.
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MoaekyAaaabik, ou3MKaHbl OKbITYAQ
SHTPONMS bIKTUMAAADBIFbIH CUMATTayAbIH, Keibip MaceAeaepi

TepMOAMHAMMKaAHbIH  eKiHWIi  3aHblH OKbITyAQ CTYAEHTTEpPre SHTPOMUSIHbIH  bIKTUMAAADIK,
cunaTTaMacbiH TYCIHAIPY MeceAeci KapacTblpbiAFaH. Bi3AIH TaAKbIAQybIMbI3, €H bIKTUMAA MOHAEPA
ecernteyre 0OOAaTbiH Tene-TeH KacuMeTTepAi cunatraymeH LiekteAeai. OA 3HTPONMS OHAIPICIHIH
VAECIHAE KAMTbIMCbI3 MPOLIECTEP FaHa OOAATbIHbIH KOPCETEAi. DHTPOMMS OA, oOpTalla MoOHi
MaKpOCKONTbIK, (OU3MKAAbIK, Ma3MyHFa M€ Ke3AENCOK arHbIMaAbl peTiHAe KepceTiAreH. bya xxyrie
Terne-TeHAIK Kyiae Kenbip opTalla KyrMAep arHaAacbiHAQ ©3repin OTbipFaHbiHA Hasap ayAapTaAbl.
OA >KYMEHIH MaKpOCKOMTbIK, KYMiHIH apacbiHAAFbl >K8HE HaKTbl abIPMALLbIAbIK, aybITKybl 6ap eKeHi
KepceTiaai. CraTUCTUKAABIK, MEXaHMKa 8AICTEPI, OA opTalla KYMAEpAi CMMaTTayAbl FaHA eMeC OHAQFbI
aybITKYAQPAbIH bIKTMMAAAbBIFbIH ecenTey TOCIAAEPIHAE Ke3 KeAreH opTallla MOHHIH LiaMacbiHAQ
TepOeAeTiHAIT KepceTiAreH. boAbLIMAaH 3HTPOMMUACBIHbIH ©CY 3aHbl, OA PETCI3AIKTIH OY3bIAYbIH YAFANTY
YPAICi peTiHAe TyCiHAIpiAeAi, OYA LIbIH MOHIHAE Ha3ap ayAapyAbl KaXKeT eTeAi. bya saic eH bIKTUMaa
MaKpOXKyMeAep Hemece eH bIKTMUMAA TapaAyAbl, SFHW, XKYIe ilHAET KyMeAepAe aHbIKTayFa MyMKIHAIK

6epeai.

Ty#iH ce3aep: SHTPONMS, KAMTbIMCbI3 MPOLLECTEP, XKYMEHiH bIKTUMAAABIAbIK, MAKPOKYI.

BBeaenue

Conepxxkanue mpo(heCCHOHATBHBIX — yUeOHBIX
MPOrpaMM BBICIIIETO 00pa30BaHUS TPeayCcMaTpHBa-
€T M3Yy4YCHHC HHKJIIa 6330BBIX JUCHUIIIIMH, B KOTO-
pBI BXOAWMT MOJEKyIsipHast ¢usuka. B coBpemen-
HOW TEXHOIOTHH OOydeHHus B y4eOHOM mporiecce
HEO0OXOIMMO pa3BUBATh YUCOHYIO MOTHBAIUIO, UTO
MPEIIoiIaracT WCIOJIb30BaHUE PA3JIMYHBIX Me-
TOJOB OOYYEeHHS, KOTOpPbIe IOJDKHBI TPUBECTH K
VAYYIICHNIO Ka4yecTBa y4eOHO-METOHYECKOTO 00e-
criedeHusi. B 9TOH CBSI3M HEOOXOOMMO OOpPaTHTh
BHMMaHHE Ha Pa3BHBAOIINE PECYPCHI COAEPIKAHUS
¢usnueckoro oOpa3oBaHusi, B YaCTHOCTH, Ha CO-
JIepKaHUE OTJENBHBIX TeM IUCHUILIUHBL OTCrona
BBITEKAaeT HACyIIHas MOTPeOHOCTh IOWICKA ITyTen
1 croco0oB GopMupoBaHus 001IECIPOPECCHOHATb-
HBIX 3HAaHWUM, YMEHHMM M HABBIKOB B IPEIAMETHOMN
oOmacTu u yiydiieHue kauecTBa o0ydeHns. MHOTO-
JIETHUM OMBIT MIPENoIaBaHusl HAMU 3TOW JUCLUILIN-
HBI IT0Ka3aJl, YTO HEKOTOPBIC BOIPOCHI BHI3BIBAIOT Y
oOyJarommxcs 3aTpyJAHECHUS B MOHWMaHUH OCHOB
Teopuu. PaccMOTpuM, HACKOJBKO OIpaBJaHHbIM
ABJsieTcsl 0OCYKJICHHE HEKOTOPHIX BOINPOCOB Be-
POSTHOCTHOTO OMHUCAHMS SHTPOMUH TPU U3yUEHUH
TeMbl «CTaTUCTUYECKHI XapaKTep BTOPOro Hadasa
TEPMOJIUHAMUKU,

IlocTaHoBKa Npo0JIeMBbl H 00CYK/ICHHE
OOcyxneHne Ha4MHAEM CO BTOPOIO 3aKOHA
TEPMOJIIMHAMHKH, COTJIACHO KOTOPOMY, SHTPOTIHS

aZ[I/Ia6aTI/IquKI/I I/I3OJ'II/Ip0BaHHOI71 CHUCTCMBI OOJI2KHA
MOHOTOHHO BO3pacTaThb A0 TEX IOP, [IOKa B CUCTEME

ISSN 1563-034X

HE YCTAHOBHUTCS COCTOSHHE TEPMOANHAMHYECKOTO
paBHOBecus. CnenyeT MpoaHaIW3MPOBATH YJIEHBI,
BXOISIIME B MPUPALICHUE BHTPONHUM dS: NepBbIH
d S, OmMCHIBAIONIMH EPEHOC SHTPOIMH YEPE3 Tpa-
HUIIBI CUCTEMBI (IIOTOK SHTPOMHH, 00YCIOBICHHBIN
B3aMMOJICHCTBUEM C OKPYKAFOIIEH CPe/Ioif); BTOPOi
dS, O3HaYarOMMH JHTPONHIO, MPOM3BENCHHYIO B
cucreMe (4acTh SHTPONUH, 00yCIIOBICHHAs U3MEHE-
HUEM BHYTpH cucTeMsbl) [1]:

dS=dS+dSs. (1)

Janee HeoO6xonnMo OTBETHTH Ha Bompoc: «Kak
OTKPBITBIE CHCTEMBI OTIMYAIOTCS OT M30JIMPOBAH-
HBIX B BBIPKCHHUHM ISl U3MEHEHH SHTponuu?» U
€CTECTBEHHO OOCYIUTh B dS diieH, COOTBETCTBY-
oyt oomMeny. OOBSICHUTh, TOYEMY B MPOTHBO-
THOJIOKHOCTh BENMYMHE d.S, KOTOpas HUKOINA HE
OBIBAET OTPHUIATENLHOM, YIEH d S HE UMEET Orpe-
JICJICHHOTO 3HaKa, T.€. MOXET OBITb TOJIOXUTENb-
HBIM, OTPULATEIbHBIM WIM paBHBIM Hyto. OO0-
CYyIUTh B 3TOW CUTyallMd POJIb B3aUMOJEHUCTBUS
CHUCTEMBI C OKpy»karouiei cpenoit [2]. U nmpuiitu
3aKJIIOYEHHIO O TOM, YTO COIVIACHO BTOPOMY 3aKO-
HY TIPOM3BOZCTBO SHTPONHH BHYTPH CUCTEMBI, 00-
YCIIOBIIEHHOE HEOOPaTUMBIMHU MpOILECCaMU — TO-
JIO)KHUTEJIbHO; HUKOTJA HE UMEET OTPULATEIILHOTO
3HAYECHUS:

dS=0. ()

CnenyeT 00CyIUTh 3HaK PAaBEHCTBA, T.€. KAKOMY
COCTOSIHHIO OH COOTBETCTBYET. 3aTeM NpOaHaJIN3HU-
poBath cienctTsus u3 Beipaxkenuit (1) u (2) B cre-
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HexoTtopsie BOpochl BEPOSTHOCTHOTO OMUCAHHS SHTPOIHHU IIPU U3yIEHHH MOJEKYISAPHOH QU3UKH

nyrotem Buse. Ecim d S = 0, To u3 Beipaxenuii (1)
u (2) cnenyer, uto dS > 0 — hopma 3amcu BTOPOTO
HavdaJla TCpMOJUHAMUKMU. HHH 3aMKHYTBIX CHUCTEM,
KOTOpBIE MOTYT OOMEHHBATKLCS C OKPYKAIOIICH cpe-
JIO¥M TOJILKO TEIJIOBOM YHEPTUEH, COITIACHO TeopemMe
Kapno-Knay3uyca, cnenyer

as> 2. 3)
T

YTO SIBJSIETCS TAK)KE W3BECTHOW (POPMOI 3aIuCHB-
TOPOTO Havyasla TePMOAMHAMUKH.

JIJis. OTKPBITBIX CHCTEM OOIIME YTBEPKICHHS B
BeIpakeHHsx (1) u (2) ocTaroTcs CripaBeIMBBIMHU.
Bxutag B Tpon3BOICTBO SHTPOMUH AT TOIBKO He-
oOparumbie mporeccel. [IpuMepamu HEOOpATUMBIX
MIPOIIECCOB MOTYT CIIY’)KHTh XUMHUYECKHUE PEaKIUH,
M y3ns, TETIIONPOBOIHOCTD, BSI3KOCTh, Paclaj
HECTAOWJIBHBIX YaCTHIl U JIp. Takke U3 BTOPOro Ha-
Yajia TePMOJAMHAMUKH CIIEAYET, YTO HeoOpaTuMble
MIPOIIECCHI TPUBOMAT K OJHOCTOPOHHOCTH BPEMEHH:
MOJIOKUTEILHOE HANIPABJICHUE BPEMEHH BTOPOE Ha-
4aJio CBSI3bIBAET C BO3PACTAHNUEM SHTPOITUH.

Jns1 n30IMpOBaHHON CHCTEMBI IOTOK SHTPOIHU
d S paBeH HYJIIO U MOJy4aeM:

dS=ds=>0,dS=0. )

Bripaxkenne (4) paBHOLEHHO KJIacCHYECKON
(hopMyIHpPOBKE BTOPOIO 33aKOHA TEPMOIMHAMUKHU,
YTBEPKAAOLICH, YTO SHTPOIHUSI HUKOT/IA HE YMEHb-
LIaeTCsl U 3TO €€ CBOWMCTBO JaeT KPUTEPHH, MO3BO-
JIIOIANA 00HAPYKUBATh HEOOpPATHMBIE TIPOIIECCHI.

Tonbko mociie 00CyKACHUsSI CBOMCTB 3HTPOTIHN
cucTeMbl oOpaliaeM BHHUMaHKWE Ha TO, YTO MPU Ma-
KPOCKOIINYECKOM ONHUCAHUM CHUCTEMbI Mbl HHTEPE-
cyemcsl OTpaHUYEHHBIM YUCIIOM NIEpEMEHHBIX, OIIH-
CBIBAIOIIMX MHMKPOCKOIIMYECKOE COCTOSIHHE. JTH
[IEPEMEHHBIE MOTI'YT OTHOCHTBHCS K 3KCTEHCHBHBIM
cBoiicTBaM (00BEM, SHTPOMHS U T.JI.) MAKPOCKOIH-
YeCKH OECKOHEUHO MaJbIX 00JlacTeil BHYTPH CHUCTE-
MBI, KOHEYHO, KOTOPbIC IOJKHBI UMETh TaKHE Pa3-
MEpBI, YTOOBI B HUX COIEPIKAIOCH OOJIBIIOE YHCIIO
MOJIEKYJI, COCTaBISIOMUX cuctemy. OObscHseTCs,
YTO HEKOTOPbIE PE3YJbTaTbl OTHOCHUTEJIBHO CpPEA-
HETo 0 BPEMEHH IOBEICHUSI ITUX YCPEIHEHHBIX
MEPEMEHHBIX MOKHO TIOJIYYUTh Ha CTPOTOM OCHOBE
CTaTUCTUYECKONH MEXAHUKHU.

ComnitacHo noctynaty bosbliMana 00 SHTPOMHH,
MEXy BEPOSTHOCTBIO COCTOSIHUSI W M €70 SHTPOTIH-
ell S cyllecTBYET CIEAYIOIIEE COOTHOIICHUE:

S=klnw, ®)

e k — nocrostuHas boipiivana.

OHTpOMNUs NPH ITOM SBJISIETCA CITydaliHOM nepe-
MEHHOM, TOJIbKO CpeJIHee 3HAY€HHE KOTOPOH MMeeT
MaKpOCKOIMYECKUH (uzndeckuii cMpIci. MBI 10-
Jy4aeM BO3MOXHOCTb HAa YPOBHE TEOPHUH CIlydai-
HBIX IPOLIECCOB 00CYKAaTh CBOMCTBA U IOBEJCHHE
SHTPONUU. B CTaTUCTUYECKOH MEXaHHUKE MOXKHO
JlaTb U Jpyroe OMNpeNeNIeHHe SHTponuu. B sTom
Cllydae 3HTPOIUS ompenesieTcss depe3 (QyHKLUIO
pacrpesneneHyss 1Mo BO3MOYKHBIM COCTOSIHUSM 10
TaKk Ha3blBaeMOMY «mocTtynary [ubbca o6 3HTpO-
NUM». DHTPONHUS, ONPENENICHHAs IO BBIPAKCHUIO
(5) orHOCHMTCA K COCTOSHUIO, XapaKTepHU3yeMo-
My MakCHUMaJIbHOW BeposATHOCThIO. CocTosHHUE ¢
MaKCUMaJIbHOH BEPOSITHOCTBIO, YacTO HAa3bIBACTCS
PaBHOBECHBIM COCTOSIHMEM. XOTSI MBI 3HAeM, 4TO
cUCTEMa B PaBHOBECHOM COCTOSTHHM (PIYKTYHPYET
OKOJI0O HEKOTOpPOro cpeaHero cocrosHus. Ciemyer
3aMeTUTh, YTO B TEPMOJMHAMUKE HE JIeJaeTcs pas-
JIU4YXS MEKIY PAaBHOBECHBIM COCTOSTHEM M PAaBHO-
BECHBIM paclpeesICHUEM.

[Mpu oObsicHEeHHH CTy/IEeHTaM BO3HHUKHOBEHHS
¢GyKTyanuii B cucteMe Mbl HCXOMM W3 TOTO, YTO
OHU OOYCJIOBJIEHBI T€M, UYTO B IPOLIECCE XaOTHYE-
CKOTO JIBUKEHHS MOJIEKYJIBI TIepeCeKatoT TPAHUIIBI
o0beMa, B KOTOPOM HAaxOISTCS M IMO3TOMY YHCIO
MOJIEKYJ T B KaXKJIOM HeOOJBIIOM 00BheMe SBISIETCS
CYIIECTBEHHO HempeackazyeMoi BenuuuHou. Ilo-
pOXIaeMble STUM MEXAHW3MOM OTKJIOHEHMs Ha3bl-
BaeM (QryKTyanusMu. braromapst 3TuM cirydaiiHbIM
GIyKTyanusiM TIOBEIEHHE CHUCTEMbI MEHSETCS, HO
MEXIY MaKpOCKOIMHMYECKUM IOBEACHHEM H (IyK-
TyalsIMA HMEETCsl yeTkoe pasrpanunueHue. Cra-
HOBHTCS TOHATHBIM, YTO TPU aHAJINU3E MPOOIEMBI
¢GyKTyanuii B CHCTEME €CTECTBEHHO BOCIOJIb30-
BaThCsl MOIXOAAMHU TEOPUH BEPOSITHOCTEH.

W) V.
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Pucynok — PacnipenienieHre MOJIEKyI B SIIHKE
¢ BOOOpakaeMoii IeperopoaKon
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3aKOoH BO3pPACTaHUSl PHTPONHMU HHTEPIPETUPY-
€TCsl KaK TEHJICHIIMS K BO3PACTAHHUIO Pa3ylopsio-
YCHHOCTH, IOCKOJIbKY B CTATUCTUYECKON MeXaHHUKe
SHTPOIUSI ACCOUMHUPYETCSI C YHUCIOM JOMYCTHMBIX
COCTOSIHUI TPH OMNpPEENICHHBIX YCIOBHUSX, HAllO-
JKCHHBIX Ha CUCTEMY. CHCILOBaTeJIBHO, YEM MCHbBIIC
JIOITyCTUMBIX COCTOSIHUI MMEET cucteMa, TeM Oojee
OHa ymopsyioueHa. Hampumep, B Ta3e MOJEKYJIbI
c11abo B3aMMOJICHCTBYIONIHE.

Paccmorpum simuk (puc), pa3neieHHbId BOOO-
pakaeMoM MeperopoJIKoi, rjie B Ha4aJIbHOM COCTO-
SHUA 8 MOJICKYJI HaXOAWJIMCh JIMIIb B OHHOﬁ I10-
JIOBHHE, TOTAA CO BPEMEHEM MOJICKYJbI MEPEeHIyT
K COCTOSIHHIO C PaBHOMEPHBIM pacIpelleliCHuEM
no Bcemy o0bemMy [3]. OueBUAHO, YTO KOIUYECTBO
Croco00B, KOTOPBIMH PEaTU3YIOTCS MEepeXobl,
MIPEACTABIIAIOT CO0O0H pa3muYHbIe KOMOWHAITHH,
nocturasi 70 mpu paBHOM pacrpelelieHndn MoJe-
KyJ, T.e. IO YETBIPE Ha Ka)xJ0i monoBuHe. fIcHO,
YTO KOHEYHOE COCTOSHHE C YEThIPhMsI MOJICKYJa-
MU B KOXJIOM 00beMe MPEJCTaBISIET MaKCUMAIlb-
HBIA OECTOPSIIOK U MEHEee CTPYKTYPHPOBaHO, HE-
JKEITM UCXOJHOE COCTOsIHUE. TakuM 00pa3om, eciu
OTIPE/ICTNTh YHTPOIHIO KaK MEpy YHUCia JOCTYII-

HBIX MHUKPOCOCTOSIHUM, CTAHOBUTCS OYEBUIIHBIM,
YTO MPOIIECC HAa PUCYHKE OTpa)kaeT TEHJIEHIINIO K
HEOOpaTUMOMY pOCTY pasymopsimoueHHOCTH. U3
U3JI0KEHHOTO CJIEAYET, YTO B M30JUPOBAHHOMN CHU-
CTEME, B OTCYTCTBUE BHEIIHUX BO3JICHUCTBUH, I0-
CJI€ TIEPEXOTHOTO MPOIIecca, OCYIIECTRISIIONIETOCS
HEOOpaTUMO, B CHCTEME YCTAaHOBHUTCS KOHEYHOE
COCTOSTHHE PaBHOBECHSI.

Tem caMbIM, CTaTUCTUYECKASI TEOPUS PACKPBIBA-
€T BEpOSITHOCTHBIN XapaKTep BTOPOrO 3aKOHA Tep-
MOJWHAMHUKH JJIT HEOOPATHUMBIX TIPOIECCOB.

3aKiIroueHue

B PaBHOBECHOM COCTOSIHMU SHTPOIIUSA MaKCH-
MajbHa, W, CJIEJOBaTEIIbHO, PABHOBECHOE COCTOS-
HUE OTBEYAeT MAKCHUMYMY HEOIPEIEJICHHOCTH IO
CPaBHEHHUIO C HEOIPEICIICHHOCThIO JIFO0Or0 HEpaB-
HOBECHOT'O COCTOSIHHSI, 4epe3 KOTOPOE CHCTEMa TIPO-
XONWIIa B TIporecce pa3BuTHs. B pesymnbrare, Oynet
oonee 3(p(EeKTUBHO HCIOIB30BAH 3HAYUTEIBHBIN
HAyYHO-TEOPETUYCCKHI MarepHall, MPEICTaBIISIO-
Ui OCHOBY JIs (pOpMHpPOBaHUS MPOQECCHOHAITB-
HOM KOMIIETEHTHOCTH.
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NMAASMA ®U3UKACbIH OKbITYADI
XY3ETE ACbIPYAA KOAAAHbBIAATBIH KALUbIKTbIKTAH
OKbITY TEXHOAOTUACDI

Kasipri TaHAQ NAa3Ma hm3mMKachl KYHHEH-KYHre ©3iHiH »KaH->KaK Tbl >KaHa allibIAMaraH KblpAApbIMeH
3epTTey ayMarblHAQ SAEM FAAbIMAAPbI CypaHbICbiHA Me n3mKa caracbl 60AbIN Tabbiraabl. COHAbIKTaH
A aTaAMblILL CaAaFa aKMapaTTbiH TAMLWbIAbIFbI, >XAHAAbIKTap MEH GOAXKAMAAPAbIH, KOMNTiri XKac yprakTbiH
caAa BOMbIHLLA KbI3bIFYLIbIAbIKTAPbIH TEXEYre MyMKiHAIK 6epmeyi Tmic. Maasma m3mnKacbiH OKbITYAQ
KOAXETIMA| OKbITY KYPaAbIH TaHAQr, 3epTTey CaAacbiHAA BOAbIMN KaTKaH ©3repicTepAeH LWeT KaAMayblH
Kasaraaay — Oi3AIH MiHAETIMI3.

Ocbl MaceAere 0GaiAaHbICTbl acakTaAfaH MAa3Ma KypcCblH KalbIKTbIKTaH OKbITyFa apHaAfaH
6eT — TyciHyre KaparaibiM api KOAXKETIMAI. KallbIKTbIKTaH OKbITY TEXHOAOTMSCbIH MarAaAaHa GiAiM
6epy ypAiciHe apHaiibl >KacaAfaH OKY-8AICTEMEAIK MaTepraspapmeH 6iAiM aAylUbIHbIH MaKCaTTbl
>kaHe BakpblAaHaTbiH ©3iHAIK >KYMbIC >Kacaybl aAblHFaH. KalbIKTbiKTaH OKbITYAbIH KOMIMOHETTEPi MeH
BAICTEMEAIK TOCIAAEPI OKbITYABI MYMKIHAIMHLLE bIHFAMAbI XKOHE TMIMAI eTyre GaraapAaHFaH.

Bya Makarapa naasmMa (puamMKacblH KAlbIKTbIKTAH OKbITYFa apHAAFaH OKbITY TEXHOAOTMSCbIHbIH,
Ma3MyHbl MEH ©3€eKTiAiri 6GasHAAAFaH.

TyHiH ce3aep: KAlbIKTbIKTAH OKbITY TEXHOAOTMSCHI, MAa3Ma (U3MKAChl, 3amaHayM OKbITY
TEXHOAOTUSACHI.

Turekhanova K.M.", Akimkhanova Zh.E., Nurzhanova M.S.

Al-Farabi Kazakh national university, Almaty, Kazakhstan,
“e-mail: kundyz@physics.kz

Application of remote learning in studying of plasma physics

Plasma physics attract scientists from different countries day by day with its still unknown aspects.
Therefore, the lack of complete information should not constrain the interest of our young generation in
the presence of many news and forecasts in the world on this part. Our task in the teaching of plasma
physics is to select an accessible teaching methodology that allows us to track all current changes in
plasma physics in a timely and complete manner. In connection with this problem, the site is developed
in present work for distance education by the course of plasma, which is accessible and convenient for
using and understanding. It has parts of lectures, practical tasks, feedback comments, list of literatures
and new articles about plasma. The objective and observing independent work is used on the basis of
distance learning, which is trained with special educational and methodological materials. The compo-
nents and methods of distance educations are directed to optimal and effective teaching.

This article describes distance learning on the course of plasma physics, the content and relevance
of training.

Key words: distance learning, plasma physics, modern technology of teaching.
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McnoAb3oBaHMe AUCTAHLMOHHOIO 00y4eHust
npu U3yyeHnu (pU3MKM NAa3mbl

Dusmka nAasmbl 30 AHS B A€Hb MPUBAEKAET YUEHbIX PasHbIX CTPaH CBOMMM elle HEM3BECTHbIMU
acnektamu. [103TOMy HEAOCTATOK MOAHOM WMHGOPMALMM MPW HAaAMUMM MHOXKECTBa HOBOCTEN W
NMPOrHO30B B MMPE, MO 3TOM YacCTH, He AOAXKHO CAEPXKMBaTh MHTEPEC HALIEero MOAOAOIO MOKOAEHMUSI.
Hawa 3apaua B 06yueHun hmankm naasmbl — nopobpatb AOCTYMHYIO OOyYaloLlyl0 METOAOAOIMIO,
KOTOpasl NO3BOASIAQ Obl CBOEBPEMEHHO U B MOAHOM OObEME OTCAEXMBATbH BCE TEKyLME U3MEHEHMs
B (pusmke naasmbl. B cBsi3M ¢ atoit npobaemoit — pa3paboTaH CalT AAS AMCTAHLIMOHHOIO OOyuyeHwms
Mo KypCy TMAasmbl, KOTOPbIA AOCTYNeH U YAOBEH AASl MOAb30BaHMS M MOHMMaHus. Ha ocHose
AVCTAHUMOHHOTO 00yuYeHMsl MCMOAb30BaHa LieAeBas M HabAlOAAEMasi CamoCTosiITeAbHas pPaboTa,
00yualoLLerocsl C CrneuvabHbIMK y4ebHO-METOAMUECKUMM MaTepraramu. KOMMOHEHTbI 1 METOAbI

ANCTAHLUMOHHOT O O6yLIeHl/l9[ HamnpaBA€Hbl Ha ONTUMAAbHOE U 3q)q3€KTVIBHO€ O6yLIEHVIe.
B aToM cTaTbe onmncbhiBaeTCa AMCTAaHLMOHHOE O6yLIeHVIe Mo Kypcy Cbl/l3l4Kl/l NMAa3Mbl, COAEP>KaHNE 1

AKTYaAbHOCTb O6y‘—IeHMH .

KAroueBble cAOBa: AMCTaHLMOHHOE o6yqume, Cbl/l3MKa NMAa3Mbl, COBpPEeMeHHasa TeXHOAOI'Ma

006yyeHus.

Kipicne

Bykinonemaix MHTEpHET KEIICiHIH KOKETIM-
IUTriIMEH TiKeJIeH OaiIaHbICThI, KAIIBIKTHIKTaH
OKBITY KYHHEH KYHI€ KOJJIaHBICKA CHIIl, JlaMy
ycringe. Kazipri 3amania »orapbl KbUIIaMIbIKThI
WHTEPHETTIH OKYIIBl — I3IEHYII VIIH MaHBI3bI
JKOFaphl. KallbIKTBIKTaH OKBITY/IBIH apThIKIIBUIBIK-
Tapbl KOI, COHBIH illliHAE MaHbI3AbUIAPbl — YaKbIT-
TBl YHEMII MNaiijanaHy, ayMakTbIK ILIEKTCYAiH
0oJIMaybl, OHIMIUTIKTIH KOFApbUIaYhl, HIBIFBIHHBIH
a3 kymcanybl. byrinri kyni Eypomnaparbiiait
Kazakcranga na OKbITY OpBIHAAPHIHIA: MEKTEINTE,
koiuemkaepae, KOO-mapeiHga OarmaapiaMaibik
KaMTaMachl3 eTy Xypriziizyae. bi3aiH 3amaneIMbI3a
OKMMBIH JIell TaJIbIHFAaH aJaMfa KeNTEereH KO-
Jainel  oKarjadnap oxacaneiHFaH.  Kazakcradna
Jla KAIIBIKTBIKTaH OKBITYIIbI JTaMbITy YIIiH bimim
caiachlH 0Oackapy JKYyHeciHiH akKMmaparThlK HH(pO-
KYpBUIBIMBIH Kacay YChIHbUIFaH [l]. OnemHiH
JKaH-)KaKThl MaMaHJAapbl OKBITYAbIH Oyl TypiHe
e3 yiectepiH Kocynaa. «KalIbIKTBIKTaH OKBITY»
TYCIHITT OKBIPMaHJAAP/JbIH OKYy ayJUTOPHUSICHIHAH
Oenek OKyFa OoOJIaTBIH OKBITYIBIH TYpi JereH
MarbIHaHbl Oepesi. KambIKThIKTaH OKBITY TYCIHITI
MEH MYMKIHJIKTEPiH KapacThIpalibIK.

KambIKTBIKTaH OKBITY TYCIHIri

KalbIKThIKTaH OKBITY — OKBITYIIBI MEH OiTiM
aTyIIBI apachklHAa OenTisi O0ip KaIIbIKTBIKTaH OKBITY
YpZiCiHE KaXeTTi KOMIIOHETTepAl (MaKcaTTapblH,
Ma3MYHAApbIH, OKBITY 9JICiH, YHBIMIACTHIPY (op-
MAachIH) CaKTail OTBIPHIN, HHTEPHET apKbUIbI 63apa

ISSN 1563-034X

KaTblHAC »kacall OKbITY. SIFHH, IeJarornuKajbIK
Ko0amay Ke3eHiHiH MiHAETTepl MbIHAIAP: JJIEKTPOH-
IBIK KypcTap, SJEKTPOHIBIK OKYIBIKTap, OKy Ky-
pangapbIHBIH ~ KeIMIeHACPIiH KYpacThIpy, IKENiae
OKBITY YPAICIH YHBIMJIACTBIPYABIH MEIarorHKaIBIK
TEXHOJIOTUACHIH kacay [2].

KalbIKThIKTaH OKBITY JKYHECIHIH TEOPUSIBIK
HETi371epi alKbIHIAJbBII, KANIBIKTHIKTAH OKBITYIBIH
aCmanThIK KypaJiaphl apKbUIBI TIOH Ma3MYHBIHA
cail KaIIBIKTBIKTAH OKBITY KYpajapbl >Kacalbll,
KaIlIBIKTBIKTAH OKBITYJBI 0ackapy Ky3ere acca,
OHJIa KAIIBIKTaH OKBITY apKbUIbI OKBITYJa OiTiM
AITYITBIHBIH MIBIFAPMAITBUTBIK 1C-0pEKETIHIH KaJIbIIT-
TaCKaH/BIFBIH KOPE aJlaMbl3, OUTKEHI KallIBIKTHIKTaH
OKBITYJIBIH ~aCHaNThIK KypalJIapblH IaiganaHy
JKaraaipiHaa OiTiM Oepy JKYHECIHIH CanaybUIbIFbI
KamTamachI3 erineni [3].

KampIKTBIKTaH ~OKBITY CEMHUHapiapbl  OKY
cabakTapbeIHBIH OenceHai Typi OONbIN TaOBLIaIbI.
Omap mikipTajlacka OHBIH JIaMYBIHBIH Ke3 KEJITeH
JKepiHJe KipyiHe MYMKIHIIK Oepesi >koHe OylaH
OYPBIHFBI AU THIIFAH CO3IEPI1 OKBII, OipHEIIe Kagam
apTka Kaita opananubl. OKBITYIIBI MaTepPUAIIBIH
MEHIepiTyiH TiKipTalacka KaThICYIIbIHBIH OeJ-
CeHAUTIK mopekeci OoifpiHIIa Oaranmail  ajasnsl.
OKpIpMaHAapAbIH apachlHAa ©3apa iC-OpeKeT eTy
CaHbl apTajbl, aJl OKBITYIIBl TeH KYKBUIBI dpinTec
petiane kepineni. Ilikip OermiMi moHAI €3 OeTiMEH
OKBIIl YHpeHyAe OUIiM alymibuiapra KETCKIIUTiK
JKYMBICBIH Kacay JoHe oOJjlapFa KOMEK Kepcery
TYpJiepiHiH Oipi 6ombIn TaObiIa bl XKenimik OKbITY
MoiesTi OOMBIHIIIA KAIIBIKTHIKTAH OKBITY KYHECIHIe
I1a3Ma CalachblH KAlIBIKTBIKTAaH OKBITYJBI Kapac-
ThIpabIK.
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Ilmazma (1)I/I3I/IK8.CI)IH OKBITYJbI )KY3€I'€ acbIpyda KOJAaHbUIATbIH KAIIBIKTBIKTAH OKBITY TEXHOJIOTUACHL

ILnazma (])1/13mcac1)m KAalIBIKTBIKTAH OKBITY
TI:RipHbeci

JKanmer, Oykin anemeri 3aTThiH 99 %-bI 11a3mMa
KYHiHJe O0IaTBIHIBIFBI TYPaJIbl Ui €CTyTe 00Ja bl
[Tnmasma (u3UKAaCHIHBIH OaMybIHa TYPTKI OoiFaH
Tarel Olp HOpce acTpoU3MKANBIK 3epTTeyIiep.
[lIetH  MOHIHAE,  KYIABI3NAD JKOHE  OJap/IbIH
aTMocepanapbl, Ta3Ibl TYMaHABIKTap )KOHE XKYJIIIBI3
apaJbIK Ta3/IbIH alTapsbIKTai 0eJiri miazma 0ok
Ta0buTa bl [4]. OchIFaH opaii Ka3ipri TaHIa ria3mMa
3epTTENYII KYpAei TYpAe KaXeT eTeTiH PU3NKAHBIH
Oip Typi OosbIn caHanaabl. FanbiMuap rmia3MaHbiH
KOMETIMEeH CapKbplIMac JSHEprusi Ke3iH aiyra
OonaTeIHBIH OoipKaMmaiiapl. [lmasManbIH 3epTTenyi
FBUIBIMJIA €JICYJIi YKaHANBIKTAP/bIH AlIbUTybIHA 30p
yuiecin kocyna. Enimizne 6ipaen-0ip mia3ma cana-
CBIMCH aiHaibIicaThIH — on-Papabum  aTBHIHAAFHI
Kazak yITTBIK YHUBEpCHTETIHIE TUIa3MaHbl 3€pT-
TeiTiH «[lmasma mpomecTepiH MaTeMaTHUKAIBIK
Mozenbney», «llmasmagarsl OCHCHI3BIK KOHE KOP-
PENSILIUSIBIK  KYOBLIBICTapY, «MMIyIbCTHI I1a3-
MaJblK yreTkimy, «lllaHTo3aHIpl TUTa3Ma KoHE
IIa3MalIbIK TEXHOJIOTHSIIAp» 3epTXaHalapsl Oap.
3epTxaHanap/a 3epTTey HOTHXKEJepl alTapiIbIKTan
HOTHXE Oepyae.

AramaifTkanaa eTKkeH KbeUThl Ka3¥ Y rasreimaapbl
ujeal emec rmiasma Gu3ukachl OOMbIHIIA 6TKEH 15-
i XanslKapaiblk KOH(pepeHIusia o3 3epTTeyIepin
VYCHIHFaH OOJIATBIH. XaJBIKApabIK KOH(MEPCHITUIFA
30 emmen 120-maH acTaM IKETEKII MaMaHjap
KaTbicKaH. Ka3zakcraHma MYHJIAll TaKbIPBIITAFbI
mapa TYHFBIII PeT YHBIMIACTHIPBUIFaH, al OyFraH
neitin on  AKI, T'epmanus, Peceii, Wcnanws,
Opanmus xoHe Mramus ceiHIBI enjepae OolraH.
XapIKaparbIK YHBIMAACTHIPY KOMHTETiHIH
MYHJIail >KOFapbl JIOpekeeri FhUIBIMUA (hopyMbl
Kazakcranna eTki3y Typaslbl MIEIIiMi — OTaHJBIK
FaITBIM/IAP IBIH QJIEMJIIK FRUTBIMFA KOCKAH YJIECTEPiH
JKOFaphl OarayiaraH IbIFbIH Olnipeni. [lakpipbuiran
KOHAKTapIbIH iMIiHAe Mmia3Ma Gu3uKachl OOHbIHILIA
eciMIepi oJemMre OWTUN  KJIACCHUK  FalbIMIap
Oap. Omap: Bepuep DOenunrkone ['epn Pemnke
(I'epmanus), J[oitu Kiox (®panmus), [abop
Kamvan (AKIL), Ocamy HWmmxapa (OKamonwsi).
KoH(pepeHIusaHbIH KYPMETTi KOHAFbI — Peceil FhUTbIM
aKaJIeMHSICBIHBIH TTPE3UICHTI, (U3nKa-MaTeMaTHKa
FBUIBIMAAPBIHBIH OKTOPHI, mpodeccop Bramnmup
@opToB. POPYMHBIH MaHBI3ABUIBIFEl OTE KOFApPbI
JIeHrel e OaraaHFaH, OUTKEHI, KOIITETeH 3aMaHayH
JKOFaphl TEXHOJOTHSIIBIK OHIIpIiCTep IUIa3MalTbIK
TEXHOJIOTHsFa HeTi3NeNreH (4unrep eHuipici,
MUKPO KOHE HAHOTEXHOJIOTHUS, SJIPOJBIK IKOHE

TEPMOSIPOJIBIK SHEPTETHKA, FAPBII TEXHOIOTHSICHI
JKoHEe Tarbel Oackamap). OmapablH FBUIBIMH HETi3i,
opuHe 1a3Ma ¢usnkacel. Alita kerenik, « ToMmrcon
Poiitepcy mepeKKOPBIHBIH MANiMIEMECiHe ColKec,
mia3Ma (U3WKAchl callachlHAa CHOCK eTeTiH
Ka3aKCTaHJIBIK FaBIMIAP/AbIH AJNJBIHFBI KaTapiibl
QJIEMJIIK FBUIBIMH 0achUIBIMAAp/AA JKapHsUIaHFaH
eHOCKTepiHe KYHi OyTiHTe NeHiH MEeTeNIiK FATBIMIap
TapanblHaH 2 MBIHHAH aca CUITeME )KacalbIINThL.
Byn xepcetkim OTaHIBIK 3epTTEY HOTHXKEIEpi
JKOFaphl JCHrelne ekeHAiriH kepceremi. Ilmazma
cajachl MEH OKBITY/IbIH 3aMaHayd KallbIKThIKTaH
OKBITY TYPiH yIITacThIpa xacakranran http://plasm.
kz/ caittel emiMi3giH OimiM cajacklHa 30p YJIECIH
KOCATBIHBIHA HEIK cenemis. JKammel, CalTTHIH
KYPBUIBIM, EPEKIICTIKTEPiHe TOKTala KETCEK:

EH anjipIMeH, KalbIKTBIKTaH OKBITYFa apHAIIFaH
http://plasm.kz/ caiitbet — TyciHyre KapamaibiMm
opi komkerimai. [Ina3zma camacel OolibIHIIA OiTiM
I3IeHymIIep ©e3AepiHe KaXeTTi aKmapaTThl aia
amazpl. CaifTTa >KaIbl 1a3Ma OOMbIHIIA JAdpicTep,
CeMUHapiap, Makajiaiap jKOHE KaHaJBIKTap Oap.
KoceiMmma mikipiep KanaplpyFa, cypakrap KOIOFa,
KypcTa OKUTBIH HEMece Iula3Ma KypChblHa KbI3bI-
FYIIBUIBIK TAHBITATHIH 9pOip KOJIaHYIIBIHBIH CPKiH
TMiKip anMacybIHa JKETKIJIKTI AeHTreine xaraaimap
JKacaJbIHFaH.

Y ChIHBUTFaH TUIa3Ma (DU3UKAChl Typajbl CauT
Ka3ipri OKBITYIBIH «YII TYFBIPIBI Til cascaTb»
MEMJICKETTIK OaraapiaMachbiHa OalIaHbBICTBI YII
TinAl ae TonblK KamTeiFaH. (l-cypet). CaWTThIH
EPEKIIeNIiTri e OChl — Ke3-KEJITeH i3JCHII, KbI3bI-
FYIIBUIBIK ~ TAHBITKAH  aJaMHBIH  TaJlalTapbiH
KaMTH/]IBI.

Hopicrep 6emiminge (2-cyperTe) Ka3ak TiTiH/er1
eHJIeNIreH JopicTep KentipuireH. JKoHe op mopic
imiHge oneOuerTepre cinteme jkacanbiHFaH. O
onebuerTepai OenTiieHy TOpTiOiHE Colikec CalTTHIH
«onebuerrep Oemiminen» Kapad amangsl. CalT
KOJIJIAHYIITBICHI 9P JIopic OOHBIHIIA 63 OUTIMIH TEK-
cepyre Hemece OUTIMIH XKeTinaipyiHe — aapic 00ii-
BIHIIIA PETTEreH CEMHHAD CYPaKTaPbIH (€CenTepiH)
naianaHa  OTBIpBINI  OarajayblHa  MYMKIHJIIK
kacanpiarad. COHBIMEH Kartap, >KalbuiamMa Oimim
JICHTeliH aHbIKTay OapbIChIHJA TECTTEP, CypaKrap
KaMTBUIFaH.

KBI3BIFYIIBUTBIK TAHBITY KACHETIH alry Makca-
TBIHJIA TUIa3Ma JKAHJIbl KbI3BIKTBI BUIC0JIAP, COHFBI
JKaHANBIKTap KentiputreH. [lnasma aymarbiHaa
Ka3bUIFaH Makanaiap MEH KOHQepeHIUsuap, xa-
HaJaH ambUIylap Ja [IeT KalMalabl. 3-cyperre
T1a3Ma JKaljbl COHFBI JKaHAIBIKTAp OCHHEJICHTeH
CalTTBIH OPBIC TUTIHAETI OCTi KENTIpIATeH.
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NMITASMA ®PU3SUKACDIH
KALWBbIKTbIKTAH OKbITY KY,

bisre xatapnaMaHbib!
KanabipbiHbI3.

N
CAEBAKTAP CEMWHAPNAP MIKIP JKA3Y MAKANANAP SOEBWETTEP BA Jvochat
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