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X-RAY ANALYSIS OF SIC EPITAXIAL FILMS GROWN
BY METHOD OF ATOM REPLACEMENT
ON LOW DISLOCATION SILICON SUBSTRATE

Abstract. In this work, SiC films were synthesized by method of atoms replacement in the silicon lattice of on
the surface of low dislocation silicon substrates M-5168 brand. By methods of X-ray diffraction, ellipsometry and
profilometry, the surface roughness, phase composition, thickness and quality of SiC films synthesized through the
substitution of atoms in high-resistance monocrystalline (111) oriented n-type silicon wafers in a mixture of gases
CO and SiHy, were studied. It is shown that the films contain the both nanocrystalline and single crystalline 3C-SiC
layers with B-SiC crystallites of high degree of perfection. Dimensions of silicon carbide nanocrystals in the
transition region "film-substrate" constitute values of 3—5 nm. Dimensions of large crystals of silicon carbide or
monolayers reached values within 35-365 microns with a thickness of SiC films ~ 95-110 nm and the quantity of Si
vacancies about 5 — 6.5 %. The results can be used in nano- and microelectronics and in the production of solar cells.

Keywords: thin films, silicon carbide, structure, crystallization, X-ray diffraction.

Introduction

Silicon carbide is a wide gap semiconductor which has a high thermal conductivity, hardness and
high values of intensity breakdown of electric field. It is one of the most promising materials for use in the
electronics industry. The physical and electrical properties of SiC led to great interest in electronic devices
and sensors on the basis of silicon carbide for use in high temperature and radiation [1-4]. Amorphous and
crystalline SiC films are also used in photovoltaic [5,6].

In recent years, it was theoretically developed and experimentally implemented a new method of
growing thin low defective SiC films on Si [7-9]. The method is based on the replacement of matrix part
of silicon atoms to carbon atoms with formation of silicon carbide molecules: 2Si + CO = SiC + SiO. SiC
films were synthesized in special equipment described in [9]. SiC films investigated in [8,9] were grown
on standard silicon substrates p- and n-type conductivity. In [8] it was shown that the higher quality of the
original substrate Si, the higher the quality of the grown SiC layer structure. In this regard, in this study
there was investigated the formation of SiC films on the surface of low defective M-5168 grade silicon
substrates.

Experiment

For this purpose, a series of films was prepared (# I), grown at 1250 ° C and at pressure of CO gas at
264 Pa low dislocation silicon surface. The growth time of these films was 15 min. Another series of 11
films was synthesized for 7 minutes at a temperature of 1330 © C and at gas pressure of 395 Pa CO [10].

The substrates were silicon wafers of high quality n-type (111) with a resistivity of 1987 - 3165
ohm-cm, 1300 microns in thickness and 20 mm in diameter. By bilateral grinding and polishing there been
removed 100 mm on each side of the silicon wafer. Further II Series samples were subjected to chemical
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etching in acid mixture in a ratio of HF:HNO3 = 1:10 to 870 micron, and then in an alkaline KOH
solution. Samples of I series were subjected only in the alkaline etching solution KOH.

The roughness of the films was investigated with the help of the profilometer NewView 6000
(company Zygo). Phase composition and structure of the films were studied by a highly sensitive
photographic X-ray diffraction using narrow collimated (0,0541.5 mm?) monochromatic (CuKa) X-rays
directed at an angle 5° to the sample surface [11, 12]. The intensity of X-ray reflections was measured
every 0,1° on MD-100 microdensitometer. In order to determine the physical parameters of the films we
used ellipsometer M-2000D J.A. Woollam, which allows reading the ellipsometric spectra in the range of
0,7-6,5¢V.

Results

As research shows, the roughness on the profilometer NewView 6000 (company Zygo), at
considerable area of silicon 701 Y 526 mm (Fig. 1 a), in the treatment of the mixture of I series sample
acids leads to an increase in the average surface roughness R, of the silicon surface in the 88.5/3 7 =24
times and an average surface roughness of synthesized silicon carbide films on I series sample estimated
to 21.168 / 5.684 = 3.72 times. Thus, chemical treatment in a mixture of HF acid: HNO; removes the deep
scratches (Figure 1 b), but leads to increase the average surface roughness R, (figure 1).

Figure 2 a, b clearly shows the X-ray debayegrams for the samples of SiC series I and II contain
almost all of the known B-modification of silicon carbide (3C-SiC).

With Jones method [13] of the x-ray line broadening (Fig.2 c¢) by the Scherrer formula (1) [14] we
determined average size of B-SiC nanocrystals in different planes:

RA
E=—-—,
f-cosf
where & — average crystallite size (nm); R =2,86 cm — camera radius (cm); A = 0,1540 nm — wavelength
of CuK,-ray (nm); 6 — Bragg angle; § — line broadening. The value of the x-ray line broadening f is

determined from meaning g =./g,4, [15], By =B-b [14], B, =V B> b’ [16], where B — half-width

of the X-ray line adjusted for doublet line CuK,, b — instrumental half-width component of line.
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Figure 1 — The surface profile and roughness of the SiC films of II series sample (a)
and II series sample (b) at areas 3504263 microns

Nano crystallite size SiC for sample I comprised values of 4,5 nm in planes (111), 3,1 nm in planes
(220) and 3,0 nm in planes (311).
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As it was shown in [9], SiC layer consists of SiC film layer covering triangular and shrink pores. At
larger value of super saturation, the critical radius of nucleus pore has a size of a few nanometers, the
critical pore radius shrinkage is of the order of atomic dimensions. This means that SiC embryo is
surrounded by vacancy clusters that can merge into thin cracks surrounding the seed embryo. [9] Thus,
measurement data on the nanocrystals of silicon carbide indicate that SiC nucleation sizes in the transition

region "film-substrate" constitute value of 3-5 nm.
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Figure 2 — X-ray powder patterns of thin film of silicon carbide I (a) and II (b)
and the intensity of the X-ray reflections /(20) (c), synthesized by substitution of atoms

Some lines of nanocrystalline phase B-SiC show single reflex overlay resulting from a large crystal
reflection of silicon carbide formed in the area of X-ray beam insertion into narrow collimated surface.
The method of Clark and Zimmer, based on the measurement of the size of spots and described in [15] is
used, according to this method, changes in reflex sizes from 0.20 to 1.20 mm corresponds to a linear
change from 0.010 to 0.085 mm grain size. With this method we determined size of B-SiC large crystals.
For a sample of [ series, sizes of large crystals or monolayers of silicon carbide totaled value of 130435
mm in the plane (111), 70460 mm in the plane (200), 85470 mm in the plane (311) and 60485 mm in the
plane ( 420). In contrast, for the sample of II series, we observed reflex, comparable in size to the reflex of
the Si substrate and the beam size. This reflex, which lies on a line §-SiC (333) corresponds to a crystal
3654220 mm and indicates the presence of the layer of f-SiC monocrystalline. Thickness of SiC films
synthesized by substitution of atoms not normally exceed 100-150 nm [9].

Fig. 3 a, b shows elliptical plots, in other words dependence of €; real and imaginary s, parts of
samples I and II series of the SiC film. Elliptical plots show that there are differences in structure of the
SiC films of samples I and II series. According ellipsometric spectra of SiC layer thickness is
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approximately on a sample of series I - 95 nm, on a sample of series Il - 110 nm. Calculations using
ellipsometric model [17] have shown that series of samples I contain only 5% Si vacancies, in the samples
of II series - about 6.5%.
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Figure 3 — Dependence of & real and &,imaginary parts of dielectric permeability
of films SiC / Si (111) from the photon energy for the samples of Series I (a) and II (b)

Conclusion

With the help of the method of substitution of atoms in the silicon lattice we synthesized two series of
SiC samples on the surface of the low defective silicon substrate of n-type (111) orientation (mark M-
5168) grown in a mixture of gases CO and SiH4. A series of samples (Ne I), was synthesized at a
temperature of 1250°C and at gas pressure of CO 264 Pa on the narrow dislocation silicon surface. The
growth time of these samples was 15 min. Another series of samples (Ne II) was synthesized for 7 minutes
at a temperature of 1330°C and at gas pressure of CO 395 Pa.

With the help of the method of profilometry it was found that treatment of HF acid in a mixture:
HNO3 = 1: 10 silicon substrate results in the removal of deep scratches, polishing their surfaces. On the
other hand, the chemical treatment causes etch pits and the increase in roughness in the whole surface.

With the help of the method photographically XRD it was showed that the synthesized film
comprises a single crystal, nanocrystalline layers and p-modification of silicon carbide (3C-SiC).
Dimensions of nanocrystals of silicon carbide in the transition region "film-substrate" constitute values of
3-5 nm. The dimensions of large crystals of silicon carbide or monolayers reached values within 35-130
microns up to 365 microns.

Calculations performed using ellipsometric model [17] showed that samples of I series only contain
5% of Si vacancies and in series of II samples - about 6.5%. According to ellipsometric spectra, the
thickness of SiC layer on the sample of I series is 95 nm, on a sample of series I is 110 nm.
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! Kazakcran-bpuran TexHUKaIbIK YHUBepCcHUTETi, AnMatel, Ka3akcras;
2PFA Mammuarany Mocenenep nactutyThl, Cankr-TletepGypr, Peceit

AKAYbI A3 KPEMHHAA MATPULIAJIAPBIHIAFBI ATOM/IAP/IbIH OPHBIH
BACY 9JICIMEH AJIBIHFAH IIUTAKCHAJLJBI SiC KABBIPINAKTAPBIH PEHTTEHAIK TAJIJAY

AHHoTammsi. Akayel a3 M-5168 mapkanbl KpeMHHH MaTpHLIAIAPBIHBIH O€TiHe, KPEMHHUHIIH KPUCTAJIBIK TOPBIHIAFHI
aToMIapablH OpHBbIH Oacy omici apkputbl SiC KaObIpuiakrapbl cuHTe3denni. PeHtrenaik audpakims, npodHIOMETpHs KoHE
ancoMeTpust aaicrepi apkpuibl, CO xoHe SiH4 ra3 kocnanapbiHbIH aTMOC(hEpachiHIa )KOFAPIOMIb MOHOKPHCTAJIbI N-TUIITI
Si(111) marpunazna cunte3aenrer SiC KaObIpIIaKTapBIHBIH (a3aiblK KypaMbl, KaJbIHIBIFEI JKOHE camachl 3epTreninai. CuHTes-
JIeNTeH KaObIpIIakTap KYpaMBIHAA, JKETUTy Adpexeci skorapel B-SiC KpHCTAJUIMTTEpiHE M€ MOHOKPHCTAIABI YKOHE HAHOKpHC-
tanabl 3C-SiC kabatrap 6ap exenairi kep-cetingi. «KaOpIprak-MaTpHIa» eTIeNi aitMaKkTarsl KpeMHHH KapOuIi HaHOKpHCTalia-
PBIHEIH ememaepi 3 — 5 HM Kypaiinsl. SiC KaObIpmaK KaabHABIFE ~ 95—110 HM koHe Si BakaHcus Meumepi ~ 5-6,5 % Oonran
KaFiaiiia, KpeMHHI KapOUIiHIH ipi KPUCTaIIapbIHBIH HEMECE MOHOKAOATTAphIHBIH eueMaepi 35-365 MM Kypaiabl. Kymbic-
TBIH HOTVDKEIIepl HAHO- JKOHE MUKPODJIEKTPOHUKA/A, KYH JIEMEHTTEPiH OHIIpyAe NaiijaJaHburybl MYMKiH.

Tyiiin ce3mep: jxyka KabObIpIIaKTap, KPeMHHI KapOHIi, KYpbUIbIM, KPUCTAIIaHy, PEHTTeHIIK AP paKius.
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PEHTTEHOBCKHI1 AHAJIM3 SIIUTAKCHAJIBHBIX IJIEHOK SiC, BBIPAIIEHHBIX METOJA0OM
SAMEHIEHUA ATOMOB HA TOAJIOKKAX HU3KOAE®EKTHOI'O KPEMHUA

AnHoTanus. B paGote Ha moBepXHOCTH HN3KOAE(DEKTHBIX IOUIOKEK KpeMHuUst Mapku M-5168 cunresupoBans! mwieHkH SiC
METOJIOM 3aMEILeHHUs] aTOMOB B peleTke KpeMHHUs. MeToJaMu peHTIeHOBCKOH TU(paKIiy, JUTUIICOMETPUH U IIPOPHUIOMETPHI
HCCIIEI0BAaHbl IIEPOXOBATOCTh ITOBEPXHOCTH, (Pa30BBIH COCTaB, TOJIIMHA M KadyecTBO IUIeHOK SiC, CHHTE3MPOBAHHBIX B
BBICOKOOMHOM MOHOKpPHCTaJUTH4eCKOM KpeMHHH n-tuna opuentamuu (111) B cmecu razoB CO u SiH4. Ilokazano, uTo
CHHTE3MPOBaHHBIC [UICHKU COAEPXkKAT B cebe MOHOKPHCTAILI-TMYECKUH U HaHOKpucTaiumueckue ciou 3C-SiC ¢ kpucTaamuraMu
B-SiC BBICOKOW CTETeHH COBEpLICHCTBA. Pa3Mephl HAHOKPHCTAUIOB KapOWIa KpPEeMHHS B IEPEXOAHOW 00JacTH «IUIeHKa-
MOAJIOXKKA» COCTABIISIOT BENUYUHBI 3—5 HM. Pa3sMepsl KPyNHBIX KPHCTAIOB MM MOHOCIOEB KapOuaa KpPEeMHHUS COCTaBHIN
BEJINYMHBI B nIpefenax 35-365 mxm npu tommune mieHok SiC ~ 95 — 110 HM 1 konndecTBe BakaHcui Si~ 5-6,5 %. Pe3ymnbrars
MOT'YT OBITh UCIIOBE30BAHBI B HAHO- U MUKPOAJIEKTPOHUKE, B IPOU3BOJICTBE COIHEYHBIX JJIEMEHTOB.

KnroueBble cj10Ba: TOHKHE IUIEHKH, KapOH KPEMHHUS, CTPYKTYpa, KPUCTAJUIU3ALHs, PEHTTCHOBCKas! TU(PpaKIHs.
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SYNTHESIS OF CARBON NANOTUBES BY PLASMA ENHANCED
CHEMICAL DEPOSITION METHOD IN RADIO-FREQUENCY
CAPACITIVE DISCHARGE

Abstract. In this work a synthesis of carbon nanotubes by plasma enhanced chemical deposition method in
radio-frequency capacitive discharge is considered. As a result of the experiment, two samples were obtained — a
silicon substrate with a small bright deposition on its surface and soot inside the heating element. These samples
have been studied by using Ntegra Spectra Raman spectroscopy and scanning electron microscopy Quanta 3D 200i
(SEM, FEI company, USA). The results of analysis indicate that carbon nanoparticles were deposited on the surface
of the silicon substrate, whereas SEM and Raman spectroscopy analysis of soot indicates the presence of carbon
fibers and nanotubes. The formation of CNTs and other carbonaceous nanostructures inside the quartz tube is
explained by the fact that the heater material is nichrome (Ni + Cr) and the heating leads to evaporation of a small
fraction of nickel, which served as a catalyst for CNT growth.

Keywords: carbon nanotubes, plasma chemical deposition, plasma.

Introduction

Synthesis of carbon nanotubes (CNTs) by chemical vapor deposition with plasma enhanced
(PECVD) is used to produce vertically aligned CNTs on substrates at relatively low temperatures [1,2]. In
accordance with the type of gas discharge, there are various PECVD reactors of glow discharge [3,4],
radio-frequency discharge (RF) 13.56 MHz [5-8], microwave discharge 2.56 GHz [9]. For synthesis of
CNTs are also used other methods, such as electric arc spraying (EAS) of graphite [10], laser ablation
[11], method of chemical vapor deposition (CVD) [12]. The advantage of PECVD method compare with
other methods is an ability to control and obtain vertically aligned CNTs due to the electrical field of
plasma. CNTs have a wide range of applications: in electronics (flexible displays, sensors, high-speed and
efficient diodes and transistors) [13,14], in medicine (treatment of cancer, biocompatible functional drugs
and markers) [15-17], in energy (creation of solar panels, fuel cells, effective cathode electrocatalyst) [18-
20] and etc. Due to these facts, nowadays scientists pay great interest to the research and synthesis of
CNTs. Thus, in this work a synthesis of carbon nanotubes by plasma enhanced chemical vapor deposition
method at radio-frequency capacitive discharge is considered.

Experiment

In this work the synthesis of CNTs by PECVD method was carried out in the experimental setup, the
structure of which is shown in Figure 1. Experimental setup consists of working chamber (1), two parallel
electrodes (2), where upper one is RF electrode and lower electrode is grounded, RF generator (3), heating
element (4) — quartz tube with nichrome spiral, heater power source (5), pumping system and injection
system of reaction gas into the working chamber.

— ) ——
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1 — working chamber, 2 — electrodes, 3 — RF generator, 4 — heating element,
5 — heater power source, 6 — silicon substrate with a catalytic nanolayer

Figure 1 — Structure of experimental setup for synthesis of CNTs by PECVD method

On the basis of proposed scheme the experimental setup of combined radio-frequency discharge with
a thermal heater was installed for the primary initiation of pyrolysis process. Figure 2 shows photos of
working mode of RF plasma combustion with nichrome heater at different electrical parameters.

el

Figure 2 — PECVD process in working mode

a — morphology of Si substrate with Ni . b — thickness Ni film

Figure 3 — SEM analysis of silicon substrate with a catalytic nanolayer of nickel
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It is known, that growth mechanism for CNTs can be explained by widely-accepted vapor-liquid-
solid (VLS) model, where catalyst plays a main role for CNTs growth. Therefore, in order to synthesis of
CTNs on silicon (Si) substrate a catalytic nickel (Ni) was deposited on the surface of silicon substrate (6)
by electron-beam deposition. After deposition, obtained sample was investigated by scanning electron
microscopy (SEM). SEM analysis shows that surface of silicon substrate has a uniform nickel nanolayer
with thickness ~ 50 nm. SEM images of Si substrate with Ni are shown in Figure 3.

Thus, the obtained silicon substrate with catalytic nanolayer is loaded into working chamber on the
surface of lower electrode and then an air is pumped out from chamber, after vacuuming, a flow of
working argon gas (Ar) is supplied up to the pressure of about 4 Tor and then heating element is switched
on. As soon the heating element is reached the temperature of 750°C, a RF voltage is supplied to the upper
electrode with power of 5-15 Wts by RF generator; as a result the argon RF plasma is ignited and held for
15 minutes. At this stage, nanoclusters (islands) of nickel are formed on the surface of the silicon substrate
due to the plasma and heat treatments. These nanoclusters are the basis for the growth of CNTs on the
VLS model. Indeed, Figure 4 shows a SEM image of resulting nickel nanoclusters on the surface of
silicon substrate. The Figures 3 and 4 show, that before plasma and heat treatment, the surface of silicon
substrate had a continuous nickel nanolayer, but after plasma and heat treatment process a separate islands
of nickel nanoclusters with an average diameter of 20-70 nm were formed. According to the VLS model,
the diameter of these nanoclusters determines the diameter of the synthesized CNT.

-

Figure 4 — SEM image of nickel nanoclusters on the surface of silicon substrate

For the formation of nickel islands on the surface of silicon substrate 15 minutes is enough, then for
CNTs synthesis the working chamber was filled with an additional reaction carbonaceous gas — methane
(CH4) up to the pressure of 5 Tor, the synthesis process takes 15-30 minutes.

Thus, two samples were obtained from the experiment — a silicon substrate with deposited carbon
nanoparticles (Figure 6) and soot into the heating element (Figure 5).

§

Figure 5 — Quartz tube before (a) and after (b) synthesis of CNTs by PECVD method
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Figure 6 — SEM images and chemical composition of carbon nanoparticles deposited on the surface of silicon substrate

Figure 7 — SEM images of CNTs
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The study of obtained samples by scanning electron microscope and Raman spectroscopy (RS) shows
that formation of carbon nanoparticles during PECVD process is true ant they are deposited on the surface
of the silicon substrate. Figure 6 shows the SEM images of deposited carbon nanoparticles, while the
SEM and RS analysis of soot indicate the presence of carbon fibers and nanotubes (Figure 7). Initially, the
purpose of this work was to synthesize of CNTs on the surface of silicon substrate, but as obtained results
show, there is no CNTs on silicon substrate. Perhaps, the reason is still low temperature of environment
near the substrate for the growth of CNTs, but sufficient for the formation of nanoclusters of nickel.

Due to the high temperature of nichrome heater, the Ni nanoparticles were formed because of the
thermal emission from heater, which led to CNTs growth and formation of soot in heating element.

Raman spectra of soot are shown in Figure 8. Raman spectrum shown in Figure 8a corresponds to the
typical spectrum of multiwalled CNTs (MWCNTs) with main G, D and G' (2D) bands at frequencies of
1591 ecm™, 1360 cm™ and 2719 cm™, respectively, and also G+D band at frequency 2950 cm™. G-band of
this spectrum corresponds to a tangential vibrations of two adjacent carbon atoms in the CNT lattice, G'
(or 2D) band corresponds to overtone of D-band, caused by two-phonon inelastic scattering. The presence
of D-band and G'- band in the spectrum enables to indicate the defects in the structure and its perfection.
Thus, to assess the structure the following formula of G and D bands intensity ratio can be used: L, =

44 - ;—G, where L,- area of homogeneous dispersion in the carbon structures. The value of bands intensity
D

ratio for the spectrum is L,= 4,7, indicating that the synthesized MWCNTs has not so bad quality. Also,

the expressed 2D band in spectrum says about good quality of obtained CNTs. But fusion of D and G

bands indicates the presence of amorphous phase in sample. Raman spectrum represented in Figure 8b is a

typical to spectrum of Few-layer graphene (FLG). This is evidenced by the weak D band (1359 cm™) and

relatively narrow and intense G bands (1581,8 cm™) and 2D (2733.6 cm™).
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Figure 8 — Raman spectra of obtained CNTs by PECVD method

Conclusion

In this work the synthesis of carbon nanotubes by plasma enhanced chemical vapor deposition
method in a radio capacitive discharge was considered. As the result of the experiment two samples were
produced — a silicon substrate with a small and white deposition on its surface and soot inside the heating
element which have been investigated using SEM and RS analysis. The results of the analysis indicate
that the carbon nanoparticles were deposited on the surface of silicon substrate, whereas SEM and RS
analysis of soot indicate the presence of carbon fibers and nanotubes. The formation of CNTs and other
carbon nanostructures inside the quartz tube is explained by the fact that the heater material is nichrome
(Ni+Cr), during heating, a small fraction of nickel, which served as a catalyst for CNT growth, was
allocated.

This work was supported by the Ministry of Education and Science of the Republic of Kazakhstan
under the grant 3214 / GF 4.
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JKOF APBI JKMLIIKTI CHIMBIMIBLIBIK PA3PSIIBIHJIA I'A3JIBIK ®A3ATAH
IIITASMOXUMUAJIBIK 9AICIMEH KOMIPTEK HAHOTYTIKIIEJIEPIH CUHTE3JIEY
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AHHOTanMsi. BYJ1 JKYMBIC >KOFaphl JKUUTIKTI CHIMBIMIBUIBIKTBL Pa3psiaTa ra3ablk (asafaH 1a3MOXHMUSITBIK
omiciMeH KeMipTeK HaHOTYTIKIIEIEePiH CHHTE3ICY TaKbIPHIOBIHA apHAIFaH. DKCIEPUMEHT HOTIDKECIHIE €Ki YIri
anpHIB — OeTTiK KabaThiHOa KaHmail na Oip amblK KOHABIPMACH 0ap KPEMHHIIK TOCEM J>KOHE KBI3IBIPY
QJIEMEHTIHIH ilmiHzeri kyie. Aranran yarinep Pamanipik Ntegra SPECTRA cniektpockonusicbiMeH jxoHeQuanta 3D
200i (SEM, FEI company, USA) 351eKTpo/ibl CKaHepIIeyIli MUKPOCKOIHNS KOMETIMEH 3epTTe/Ii. AHaIN3 HOTHKENepl
KPEMHHII TOCEMHIH OCTTIK KabaThIHIa KOMIPTEKTI HAHOOOIIIIEKTEPIiH KOHABIPbUIFAHbIH, all KyheHiH DCM xoHe
PC ananu3i KeMIpTeKTi TaNIBIKTapIbIH KoHE HAHOTYTIKIIENEpiH 0ap eKeHAairin aanenneiai. Kapureik TyTikime-
uig iminge KHT xoHe Oacka a KeMIpTEKTI HAHOKYPBUIBIMIAP/BIH Makaa 00iysl Kei3AbIprbiiml HEUXpoM (Nit+Cr)
MaTepHalibiHAH OOJFaHBIMEH TYCiHAiIpUIeHi. KbI3IBIPFBINITHIH TEeMIIEpaTypachlH >KOFapbhUIaTKaHIa MaTepHalIaH
KHT ecyinine ceben 60s1aThIH HUKEIb KaTaau3aTopbl OeiHe .

TyiiiH ce31ep: KOMIPTEKTi HAHOTYTIKILIENep, TIIa3MOXUMHUSUTBIK KOHIBIPY, I1a3Ma.

YK 621.039.6, 537.523/.527
JI.T. Batpbimes'”, T.C. Pamasanos’, M.K. ocGonaes’, M.T. [aéaysmn’, E. Epianyanr'™

! JTaGoparopus umkeneproro mpodums, KasHY um. ans-Dapabu,
2Hay‘{H0—I/ICCJIC,Z[OBaTCHbCKI/Iﬁ MHCTHUTYT 3KCIIEPUMEHTAIbHON 1 TeopeTnueckor ¢pusuku, KasHY num. anp-Dapabdu,
*HarmoHanbHast HAHOTEXHONOTHUECKAsT naboparopust oTkpeiToro tuna, KasHY um. anp-®dapadw,
Kazaxcran, 050040 Anmartsl, nip. ans-Dapadu, 71

CHHTE3 YIVIEPOJAHBIX HAHOTPYBOK INTASMOXUMHUYECKUM METOAOM OCAKIEHUSI
N3 I'A30BOU ®A3bI B BBICOKOYACTOTHOM EMKOCTHOM PA3PSJIE

AnHoTanu./[aHHas paboTa TMOCBAIIEHA CHHTE3Y YIJIEPOJHBIX HAHOTPYOOK ITa3MOXMMHYECKUM METOIOM
OCa)XJCHUSI M3 Ta30BOH (pa3el B BBICOKOYACTOTHOM EMKOCTHOM paspsane. B pesynbprate sKcliepuMeHTa ObLIH
MOJTydYeHbl Ba oOpasla — KpPEeMHMEBasl MOUIOKKA C HEKHM CBETJIBIM OCa)KJCHHEM Ha €€ MOBEPXHOCTH M caxa
BHYTPU HarpeBaTEIbHOIO 3JIEMEHTA, KOTOPbIe OBIIM HMCCIIEAOBAHBI C TOMOIIBI0 PaMaHOBCKOW CIEKTPOCKONHUEH
Ntegra SPECTRA wu ckanupyromeii anexrponHor mukpockonueii Quanta 3D 2001 (SEM, FEI company, USA).
Pe3ynbraThl aHanmi3a CBUIETEIBCTBYIOT, YTO HAa MOBEPXHOCTH KPEMHUEBOH IOUIOKKHU ObIIIM OCAXKICHBI YTIIIEpOJHbIC
HaHoyacTunbl, Torga kak COM u PC aHanmu3 caxu CBHUIETENbCTBYET O HAJIMYUM YIJIEPOIHBIX BOJOKOH U
HaHOTPYyOOK. OOpazoBanne YHT u apyrux, yriepopocolepikalinX HAHOCTPYKTYP BHYTPU KBapLEBOH TpyOKH
0OBsCHSIETCSI C TEM, 4TO MarepuajioM HarpeBateist siBiusgercs HuxpoM (Ni+Cr), mpu HarpeBaHHHM KOTOPOTO U3
Marepualia BBIIEISUIach MaJlast IOl HUKEJs, KOTOPBIH CITyHJ Katanu3aropoM pocta YHT.
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EXOTIC STATES OF C NUCLEI WITH ABNORMAL RADII

Abstract. Differential cross-sections of the elastic and inelastic o+"C scattering were measured at E(a)) = 90 MeV. The
root mean-square radii (<R,e>) of °C nucleus in the states: 8.86 (1/27), 3.09 (1/2") and 9.90 (3/27) MeV were
determined by the Modified diffraction model (MDM). The radii of the first two levels are enhanced compared to
that of the ground state of '*C, confirming the suggestion that the 8.86 MeV state is an analogue of the Hoyle state in
"2C and the 3.09 MeV state has a neutron halo. Some indications to the abnormally small size of the 9.90 MeV state

were obtained.
Key words: radii of excited states, modified diffraction model, neutron halo.

Introduction. In the last few years evidences of the existence of nuclei with abnormally large radii of
excited states were obtained were obtained. In our previous experiments on inelastic scattering *C (o, o)
at energies E(a) = 29 and 65 MeV [1,2], we have seen three of the excited state of 3.09 MeV (1/2 1),
8.86 MeV (1/2°) and 9.90 MeV (3/2"), radii of which differ from the ground state. Because of the
importance of this result, a new dimension on the scattering of alpha particles °C were carried out at the

energy E(a) =90 MeV.
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Figure 1 - The differential cross-sections a+'>C of elastic and inelastic (1/2, 3.09 MeV) scattering at E()=90 MeV.
Optical model calculation results are shown by the dashed curve. The solid line corresponds to calculations by DWBA (L=1).
Positions rainbow lows are marked by vertical arrows
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Discussion and results. The differential cross-sections of elastic and inelastic scattering of a+"C
were measured in the K-130 cyclotron of the University of Jyviskyl4, Finland. The data for the elastic and
inelastic scattering (3.09 MeV), one of the most interesting of the excited state of '*C nucleus), are
presented in Figure 1. The diffraction minima and maxima (connected by straight lines) must be in phase
if the elastic and inelastic diffraction radii are equal. The observed shift of the diffraction minima and
maxima in the scattering cross-section in the direction of smaller angles in the inelastic scattering points
to the increase in the radius of 3.09 MeV excited state as compared with the ground state. Estimation of
the mean square radius was carried out by three independent methods: the modified diffraction model
(MDM) [2], the method of the nuclear rainbow (MNR) [3, 4] and the method of using the asymptotic
normalization coefficients (ANC) [5, 6]. Of the three approaches similar values, confirming the validity of
the used methods, were obtained (Table 1) and confirm the existence of the neutron halo in the first
excited states of the "*C nucleus [1, 5].

Table 1 - R, mean square radii for different state of BC nucleus

E’,MeV,J* | Structure MDM, 65 MeV | MNR, | ANC, MDM , 90 MeV MNR,
65 MeV | 65 MeV 90 MeV
0.00, 1/2° Shell model
3.09, 1/2° Neutron halo 2.98+0.09 >2.711] | 2.620.10 [5] 2.882.62+0.19 26
2.68 [7], Teopust
8.86, 1/2° Diluted cluster 2.68+0.12 [1] 25" 2.632.62+0.16 >25"
9.90, 3/2° Compressed 2.02+0.14 [1] 1.76+0.23 [8]
cluster
*this work

The differential cross-section of inelastic scattering of a+'"°C excited state 1/2° (8.86 MeV) at E(a) =
65 and 90 MeV are shown in Figure 2. As can be seen from this figure, the observed identity of the
structure of the front angles (up to 45 degrees) confirms diffraction origin of the oscillations and the
similarity of the diffraction radii measured at different energies. Minima at g~2.5 fm™ in the experimental
data at 65 MeV and q=2,0 fm™' data at 90 MeV were identified as rainbow minimum (Airy). The use of
MDM and MNR methods in the state of 8.86 MeV showed that the latter has increased radius (Table 1),
close to the mean square radius of the Hoyle state (07, 7.65 MeV) in the '°C nucleus [2].

10" 5

a+"°C, 1/2- (8.86 MeV)

=
o
G)
|

= 65MeV, *1/10
A 90 MeV

do/dQ (mblsr)
8A
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10? E

10° ’ ,

q (1/fm)

Figure 2 - the differential cross-section of inelastic scattering of a+"C excited state 1/2 (8.86 MeV) at energies 65
and 90 MeV, depending on the ¢ momentum transfer. Rainbow lows items are marked with arrows
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An evaluation by MDM has given the state radius value of 3/2° (9.90 MeV), which proved to be less
than that of the ground state of °C nucleus (Table 1). This conclusion is confirmed by comparing the
various inelastic scattering cross-sections with the transfer of angular momentum L=2 (Figure 3). The
diffraction structure for the differential cross-section of the 3/2° (9.90 MeV) is shifted to larger angles,
indicating its smaller radius. This result contradicts the predictions that have been proposed in [9],
according to which the state 3/2° (9.90 MeV) must have a radius comparable to the Hoyle state. The

physical reason for this decrease of the nuclei size is not yet clear.
Thus, the dilute state at 3.09 and 8.86 MeV and compact at 9.90 MeV coexist in a °C nucleus with

other normal radii states.
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Figure 3 - the differential cross-section of inelastic scattering '*C(a,0))'*C* at energies 65 and 90 MeV, at L=2 for states
3.68 MeV, 7.55 MeV and 9.9 MeV of "*C nucleus depending on the ¢ momentum transfer. The vertical line are drawn through
the minima and maxima of the differential cross-sections of the excited levels of 3.68 and 7.55 MeV. The corresponding minima
and maxima of sections of 9.9 MeV state are indicated by the arrows. The solid curves correspond to calculations
by DWBA (L=2). The data are taken from [8]

The work was supported in part by grants from the Russian Foundation for Basic Research 14-02-
00560 and 15-02-01503 and grant of MES RK Ne1640 I'd4.
REFERENCES

[1] Demyanova A.S. et al., Spectroscopy of exotic states of '*C // EPJ] Web of Conferences 66, 02027 (2014).
[2] Danilov A.N. et al., Determination of nuclear radii for unstable states in 'C with diffraction inelastic

scattering // Phys. Rev. C 80, 054603 (2009).




Uszeecmus Hayuonanvuot akademuu nayx Pecnyonuxu Kaszaxcman

[3] Ohkubo S. and Hirabayashi Y., Evidence for strong refraction of *He in an a-particle condensate // Phys.
Rev. C 75, 044609 (2007).

[4] Demyanova A.S. et al., Radii of cluster states in ''B and '>C // Int. J. Mod. Phys. E 20, No 4, 915 (2011).

[5] Liu Z.H. et al., Asymptotic normalization coefficients and neutron halo of the excited states in '*B and "*C //
Phys. Rev. C 64, 034312 (2001).

[6] Belyaeva T.L. et al., Determination of neutron halo radii in the first excited states of °C and ''Be with the
asymptotic normalization coefficients method // Phys. Rev. C 90, 064610-1 (2014).

[7] Yamada T. and Funaki Y. Cluster states and alpha particle condensation in °C // Int. J. Mod. Phys. E 17,
2101 (2008).

[8] Ornobmur A.A. u 1p., Bosmoxuoe Habmonenne B sape “C BO3OYKIEHHOTO COCTOSHHS C AHOMAIBHO
ManbiM panuycom // TTucema B XKOT®, V. 102, No 4, 199 (2015).

[9] Furutachi N., Kimura M. Bent three-o linear-chain structure of '>C // Phys. Rev. C 83, 021303 (2011).

A.C. I[eMbsmona', A.H.ﬂammon', H. BypTeﬁaeBZ, JA.M. I[manceﬁTOBZ’3,
X. KepnMKmeBz, JI.K. Anmamos?, E.C. MyXileemlcaHOB2

' ¥30 Kypuaros MuctutyTs, Mackey, Peceit;
2Haponbn< O®uszuka UnctutyTthl, Anmatsl, Kazakcran;
3 Eypasus ¥uTThiK YHuBepcuTeTi, Actana, Kasakcran

3C IAPOCBHIHBIH DK30TUKAJIBIK KYWJIEPTHIH PAJAYCTAPBI

Aunoramusi. Ochl xymbicta 90 M>B smeprusnapaa o—Gemmexrepain ~C sIpoNapblHAa CEPIiMmi KoHe
CepITiMCi3 MambIpaybHBH AU GepeHIanabpl KIMATapelHBIH HOTIDKENepi KepceTinreH. MomudukanusianFran
nudpakupsbik Mozen mrenGepinme °C supocsiabE 8.86 (1/27), 3.09 (1/2 1) sxome 9.90 (3/27) M»sB KosraH
Ky#IepiHiH opTama KBajapaTTanFaH pagmycrapsl (<Rrms>) ecemremmi. C SAPOCHIHBIH KO3FaH OipiHIN exi
KYHJIepiH pafuycTapbl, HeTi3ri Kyil paJiyChIMEH CajlbICThIpFaH/a, aHarypibiM yikeH. Koceimina, kosradn 9.90 MaB
KYHiHIH paJuycChl YILIiH aHOMaJIb/IbI Killli [IaMachl aJIbIH/IbI.

Tipek ce3nep: Ko3FaH KyiJepiiH paauycrapbl, MOAN(GHUKALMIAHFAH AUPPAKIHSIBIK MOJIENb, HEHTPOHIBIK
rajo.
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IK30TUUYECKHUE COCTOSHUS SIJIPA “C C AHOMAJIbHBIMHA PAJINY CAMHU

AnHoTanusi. B nanHo# paboTe npeacTaBiIeHbl pe3yJIbTaThl U3MEPEHUs TU(depeHIMaNbHBIX CeUSHUH YIPYTOTro U
Heynpyroro paccesuus o+"°C mpu E(o) = 90 MsB. B pamkax Moau(HIMpPOBaHHOH JUMPAKIMOHHOH MOIEIH
(MJIM) onpeieneHs! cpelHEKBaApaTHUHbIE paanychl (<Rrms>) Bo36ykeHHBIX cocTosHuiA: 8.86 (1/27), 3.09 (1/2 1)
1 9.90 (3/27) MaB siapa C. Paamychl nepBbiX ABYX YpOBHEi YBEIHUEHBI 10 CPABHEHHIO C PAAHYCOM OCHOBHOTO
coctosiamst sipa *C, 4TO MOATBEPKAACT MPEATOIOKEHIE, YTO COCTOSIHIE 8.86 M9B SBISCTCS aHATOTOM COCTOSHS
Xoiina B sape °C u cocrosrre 3.09 MsB mMeer HeifTpoHHOE Taio. JlONOIHHTENBHO, MOJTy4YeHbl aHOMAaJIBHO
HeOOobIIHe pazMepsl s cocTostHUS 9.90 MaB.

KioueBble cioBa: paanmychl Bo30YXIEHHBIX YpOBHEH, MoauduiupoBaHHas IUQpaKUUOHHAS MOJEb,
HENTPOHHOE Tajo.
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ANALYTICAL SOLUTION OF HEAT EQUATION WITH MOVING
BOUNDARY NOT TANGENT TO AXIS BY HEAT POLYNOMIALS

Abstract. It was found the analytical solution of heat equation with moving boundary with a method of heat
polynomials for finding the coefficients.
Key words: Integral Error Functions.

Introduction

It's well known that a wide range of transient phenomena in fields of low-temperature plasma,
filtration and other evolutionary processes which are associated with phase transformations lead to the
necessity of solving heat and mass transfer problems with free moving inter-phase boundaries.
Development of analytical methods of solution of free boundary problems are very important for analysis
of dynamics of mentioned phenomena specifically phenomena occurring in electrical contacts.

The well-known analytical method is based on the representation of a solution in the form of heat
potential with following reduction of the given problem to integral equation [1]. However if the domain
with moving boundary degenerates into a point at the initial time, the integral equations become singular
and cannot be solved by Picard’s iteration method. Asymptotic properties of such equations have been
investigated in [2]. Auto-model case when the boundary «(f) is moving according to the law

a(t):c\/; is considered in [3] where analytical solution is found. Solution of the problem with

a(t ) =t is represented by Heat potentials method in [4]. In this study we use heat polynomials which
are elaborated from Integral Error Functions and its properties to solve given boundary value problem.

Problem statement

Definition: The class functions M B is defined by formula: f(¢)e M B (h) if f(¢) is continuous on

. . t .
the interval (0,7) and thnb SO = h = const, where g is any real number.

%
t

The main problem can be formulated as following. It is required to find the solution of the heat
equation
ou 2 62u
—=a"—
ot Ox
in the domain D:(¢>0,0<x<a(t)), where «a(t)=ct, degenerates at the initial time: «(0)=0,

(M

¢(0) = 0 and satisfies the initial condition

u(0,0)=0 2)

and the boundary conditions
u(0,1) = o(t) (3)
u(a(t),t) =U — const 4)
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Problem solution:
Solution of equation (1) can be represented in the following form

2n+1
X
+ By, -t 2 |:i2n+lelfc——i2n+leifc(

_x 5
2a\t 2avt )} ©

o0
u(x,t)= X 14y 1" [i2neifci+i2nerﬁ:(
ne

=0 2a\t
or in the form of heat polynomials

% o 2n-2m,m o 2n-2m+l.m
u(x,t) = nZO {Azn mz:()x g 'EZn,m + A2n+l mz:()x ! ﬂ2n+1,m} ©)

>

u(x,t)= A0 ﬁ0,0 +
2
A2 (x [5’2’0 +t ,32’1) +

4 2 2
A4(x ﬂ4’0+x tﬂ4’1+t ﬂ4’2)+...

2n

2n -2 2.n—1 n
+A2n(x ﬂ2n,0 +X tﬂZn,l +..+x"t ﬁZn,n—l +t 'BZn,n)+"' (7

Alxﬂl,O +
3
A3 (x /5’3’0 + xt ,83,1) +

5 3 2
+A5(x [5’5’0+x tﬁ5,1+xt ﬁ5,2)+...

2n+l 2n 3 n-1

-1 n
Ay (% Bopirg Tt Bypiin XU By )t

Popi10t*
where

|
MMl 2 m)

It’s easy to see that if we use expression (6) for x=0, expand function ¢(t) into Maclaurin’s series and
combine like terms on the left side in (3), then we have

(n)
& n_ X9 (0) n
nEOAZnﬂZn,nt a £

An,m) =

n=0 n!
which implies following formula for A2n

A2nﬂ2n,n =%n ®)

™ (0)

where ¢, =
n!

Utilizing (7) for x =ct from (5) we have
u(et,)=Ag Sy o+

2.2
A2(c t ﬂ2’0+tﬂ2’1)+

4 4 23 2
Ayt ﬂ4’0+c t ,84’1+t ﬂ4’2)+...

2n 2n cZn—2 t2}1—1 2 .n+l

+A2n(c t /32n’0+ /)’2n’1+...+ct

ﬂZn,n—l +t" ﬂZn,n)+"'
AlctﬁLO +

4@ Py e’ B+

+A5 (c5 tSﬁS,O +c3 t4 ﬂS,l +ct3 ,35’2)+...

2n+1 2n+l1 2n-1.2n 3 .n+2
+A2n+1 (c t ﬂ2n+1,0 +c t /32n+1,1 +..+ct

)

n+l _
Ponsin-1tet’ Poyynp)t-=U
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If we expand y(t) into Maclaurin’s series combine like terms of left side and then take derivatives of

both sides of (8) it is easy to derive from below relations following recurrent formula (10) for coefficient
A

2n+l1

APy =Y

Ao+ Ayfy =0

Azczﬂz,o + APyt Ayfy o =0

As“}ﬂs,o * A4°’2ﬂ4,1 +Ascfs 5+ AgBg 3 =0

4 3 2 _

Age By o+ Asc™ Py + Agc™ B o + APy 3+ Agfig 4 =0

..... L
e B+ A€ Puarg T Apaac

n+l
An+lc p

Bpioptet Ay, 1Bop 101 4pnPonn =0

+ A4 " + A4

n—1 _
n1,0 Y Ap2¢ Bpiog T Api3¢ Buizo et Ay 1Ppiin T ani2Ponians =0

B 1l 2n+2-m
bni1Poniin =~ oni2Poniopn = X Ame Brp.m—n-1

(10)
Convergence
Let’s take ¢ = ) to prove convergence of series (3) in the interval 0 < x < a(¢) . From (8) and (10) we

get following even and odd coefficients respectively

P () ,3n-1
= =
ﬂZn,n n:

n1(2n=2n)1 = o 23171

B 1 (n) ,3n-1 2n 2n+2-m
Ayl = f [_A2n+2¢ 2 ﬂ2n+2,n+l B m_Z An¢ 'ﬂm,m—n—l
2n+l,n -

where
1

(+1)!(2n+2 - 2(n+1))!

p ) I
mm=n=l =5 2m=n=2 1\ 1)1(2n+2—m)!

To prove convergence of (3) we have to demand convergence of
0

n 2n=2m+1,m 2n—2m+l m
néo A2n 1 mzzo( % ) ﬁZn +lm and Z (ctO ) X ,an +lm respectively

By d’Alambert’s convergence test from last sentence of series (9) we get
2n+1

Pon+antl = 3012

g 2220+ 1) 1
2n+1,0 _02 (2n+ D! = 2_ -2n)(2n+1) = c -n(2n+1)<1
2n—1ﬂ 22n+1 (2n—1)! 2
2n+l,1 '

1

\Jn(2n+1)

=c<

For ¢t = A series (3) is bounded and let

n+l L m
A p+10 mZZOtO ﬂ2n+1,n—mc

2m+1 < Cl
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C
y 1

2m+l
0 Zot ﬂZn+1n m€

For any value t < t, let’s multiply both sides of latter expression by

n+l L 2m+1
Z t '82n+1 n—m¢
n+l m 2m+l n+l
t Zz ! 'B2n+1,n—mc t

n+ m 2m+1 m
onetl 2 P <G ey i <G

4 [z
0 Zt'6'2n+1nm

fo
Take the sum of the both sides
n+l

t
C2m+1 Cl Z r
=01 ¢,

2n+1
= Z A2n+1 Z !

Thus convergence is proved
Conclusion

'82n+1,n—m

Problem (1)-(4) is solved by heat polynomials. Coefficients AZn’ AZn 4 can be calculated from

recurrent formulas (8) and (10) respectively. Convergence of solution series is proved.

In the second problem, we introduced the heat equation with a moving boundary, which degenerates
at the initial moment of time represented in explicit analytic form. The developed method is based on the
integral functions of the error and its properties. The main idea was to find the coefficients of the linear
combination of the integral error functions that a priori satisfy the heat equation.
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MICRO-PHOTOLUMINESCENCE IN SILICON NANO-WIRES

Abstract. Silicon nano-wires are a new material with a very attractive for many different application optical
properties. The main aim of the presented study is to investigate photoluminescence (PL) properties of silicon
nanowires in as a function of temperature and excitation power. In this work silicon nano-wires (SiNWs) were
prepared by wet chemical metal-assisted method. Monocrystalline silicon plates with p and n-type conductivity
served as a substrate. Micro-photoluminescence spectra of obtained SiNWs samples measured by confocal
microscopy setup. It is shown that strong PL signal centered at about 700 nm is observed only from SiNWs.
Temperature-dependent PL measurements acquired for a range of temperatures 4K - 300K. It was shown that above
40K, PL signal decrease in intensity due to the increasing effect of non-radiative processes taking place causing
carrier thermalization. It is also observed pronounced spectral redshift of PL spectra with increasing temperature,
which is probably related with thermal de-trapping and possible migration of excitons from trapped states to lower
available ones. From analysis of the PL dependence on excitation power we found that above 4 uW of input power,
quenching of PL from carrier recombination in the region >750 nm is observed (slope changes from 1.23 to 0.22).
The almost linear power dependence of the emission becomes sub-linear above 4 pW which could be an indication
of saturation of Si-NC states (inherently low density of states). At the intermediate to high pump power regime,
Auger recombination for example is possible in Si-NC structures as the Auger lifetime is shorter than the single
exciton radiative lifetime.

Keywords: silicon nanowires, photoluminescence, temperature dependent photoluminescence, optical
properties.

Introduction. Silicon nano-wiser with low light reflectance and high light absorbance values attract a
huge interest of researchers during last 10 years because of their great application potential for
microelectronics, optoelectronics, photonics, photovoltaics, bio- and chemical sensing [1-6]. One of the
wide spread ways to form SiNWs that allows to control growth and structure of nanostructures is a metal-
assisted chemical etching (MACE) [7-9]. There are many papers devoted to investigations of SiINWs
optical properties [10-14] but only a small part reports photoluminescence studies [15-18]. We have
therefore investigated temperature dependence of photoluminescence of SINWs. Here we report on our
recent results on the characterization of SINWs micro-photoluminescence spectra.

Experimental. SINWs samples obtained by MACE, which performed in a few steps. First silicon
surfaces dipped into 2% hydrofluoric acid (HF) aqua solution to remove the thin native silicon oxide layer
and dried by argon blow, then silicon they were immersed into the first solution (thermostateted by 20°C)
containing SM HF and 0.01 M AgNO;. After a uniform layer of Ag nanoparticles was coated, the wafers
were then immersed in the etchant solution composed of HF, H,0O,, and H,O (the volume ratios HF/H,0,:
1:10) at room temperature in a sealed Teflon vessel. In the last step Si wafers were immersed in a solution
of concentrated nitric acid solution in order to remove the excess Ag nanoparticles and rinsed with
deionized water, and then dried in vacuum at 60°C. As substrates, we have used heavy doped n-type,
monocrystalline silicon plates

Micro-photoluminescence (micro-PL) measurements were conducted using a confocal microscopy
setup. The sample mounted on a continuous-flow liquid-helium microscope cryostat, which enabled
25
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cooling from 300K down to 4K. A microscope objective lens, which was mounted on a piezoelectric XYZ
stage, was used to focus and collect the excitation laser light (405 nm) and the emitted PL, respectively.
The laser spot size on the sample was about 2 micron in diameter. Power- dependent PL data were
recorded whereby the laser power was measured before the microscope objective (actual light power on
the sample is about 2.6 times less than measured). A broadband polarizing beam splitter was used to
transmit the laser light into the objective lens axis and to reflect the emitted PL light into a 0.3m
spectrometer where it was dispersed by a 300 line/mm grating. The entrance slit of the spectrometer was
kept at 50 microns. The PL was detected by a Peltier-cooled Si charge couple device (CCD) [19].

Results and discussion.

Micro-PL spectra at room temperature. Figure 1 depicts room temperature spectra from three
different samples: heavily n-doped SiNWs on Si substrate (A), weakly p-doped SINWSs on Si substrate (B)
and weakly p-doped Si-NWs (C) on glass substrate transferred in solution. The spectra recorded at room
temperature under similar experimental conditions within an excitation power range of 215-245 W/cm’.
The spectrum from the SiNWs on glass is presented for qualitative comparison as a different CCD was
used for its detection. Overall, strong orange-coloured PL signal centred at about 715 nm was observed,
which was visible by naked eye particularly for Sample A. Furthermore, the PL peak from all samples
was broad with a FWHM of the order of 200 nm. The spectra exhibited periodic fringes, which were not
due to a filter or detector etalon effect confirmed by using a front-illuminated detector. We suggested that
the fringes originated from light interference effects possibly due to the difference in refractive index
between air, etched region and substrate. It should be mentioned that the PL recorded from different
positions on the same sample presented small variations, which confirmed a degree of structural
inhomogeneity in the samples.
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Figure 1 - PL measurements recorded at 300K from 3 different type samples: Sample A (black), Sample B (red) and Sample C
(green). The input power density was 215-245W/cm?. Inset: luminescence spectrum from initial bulk c-Si wafer

The spectrum from the SINW solution on glass exhibited similar spectral features to the spectra from
the other two etched Si wafers, albeit a less intense shoulder at about 700 nm. This suggests that the
observed signal from Samples A and B (black and red) in the resulting etched structures. The origin of
these luminescent quantum confined states is most likely multi-fold. According to the diameters of the
SiNWs (>10nm), from quantum confinement theory no shift in PL peak energy compared to the bandgap
of c-Si is expected. Tests have been conducted on similar structures which showed no influence of
residual (if any) Ag atoms on the PL observed. The effect of native oxide on the PL (SiOx-related states,
Si/Si0, interface states) was confirmed by HF post processing which resulted in a part of the higher
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energy tail of the spectra (>1.5 eV) to be quenched. Based on previous structural studies [20] and
consistent etching test series, the charge carrier confinement is attributed to arise in Si nano-crystals (Si-
NCs), in particular core-shell Si-NCs/SiO, resulting from nanowire sidewall roughness (of the order of 1-
Snm) and within the porous structure of the samples, (particularly the heavily n-doped sample).

Temperature-dependent PL emission. Temperature-dependent PL. measurements were acquired from
Sample A for a range of temperatures 4K - 300K. Figure 2 shows two typical PL spectra at 4K and room
temperatures. For analysis purposes and easier comparison, the data was smoothed using Fast Fourier
Transform filter (30 points) and normalized.

The data was de-convoluted into 3 peaks (at 640 nm, 716 nm, 822 nm) using multi-Gaussian peak
fitting as shown in the inset. The 4K spectrum exhibits a broader FWHM compared to the room
temperature spectrum which shows a pronounced narrowing in intensity from 750-900nm. As previously
mentioned, the low energy tail of the spectra is linked to quantum confined Si-NC states whereas emission
from the higher energies is attributed to a range of oxide-related states. The broadness of the 4K spectra
reflects the size distribution of the Si-NCs. At such temperatures, carriers are expected to be localized in
traps, defects and NCs in the form of excitons (electron-hole pairs) as their binding energy exceeds the
thermal energy of the system.
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Figure 2 - Normalized PL measurements from etched Si-NWs in Sample A recorded at 300K and 4K. The input power was 4-5
puW and laser spot size was about 2 pum in diameter. Inset: The 4K spectrum is de-convoluted into 3 Gaussian peaks
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Figure 3 - Integrated PL from the de-convoluted peaks centred at 716 nm and 822 nm as a function of temperature (Sample A).
Inset: Temperature-dependence of the emission wavelength of the two peaks.
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Figure 3 shows the integrated PL intensity of the de-convoluted peaks 716 nm and 822 nm as a
function of temperature from 4-120K. With increasing temperature a gradual quenching of the radiative
contribution from the Si-NC complexes (peak 822 nm) is observed. An anti-correlated behaviour between
the two peaks observed between temperatures 20-40K, whereby peak 716 nm shows an increase in
intensity. Above 40K, both peaks decrease in intensity due to the increasing effect of non-radiative
processes taking place causing carrier thermalization.

According to the inset of Figure 4, both peaks exhibit pronounced spectral redshift with increasing
temperature. This differs from the expected temperature dependence of the bandgap of bulk Si which
exhibits minimal redshift below 100K. The quenching of intensity, the spectral redshift and the reduction
of FWHM for peak 822 nm suggest that thermal de-trapping and possible migration of excitons from
trapped states to lower available energy states occurs. Also, the anti-correlated increase in PL intensity for
peak 716 nm may suggest carrier transfer between Si-NCs and oxide/interface states.

PL emission as a function of excitation power. Figure 4 depicts normalized power dependent spectra
from Sample B at room temperature. Sample A exhibited similar power-dependent PL behaviour. The
main feature of the room temperature spectra is the spectral blue-shift accompanied by the relative
intensity drop observed mainly for wavelengths > 750 nm. At 4.4K, a similar behaviour is observed in
both samples with a more prominent drop in relative intensity in the long wavelength tail with increasing
excitation power.
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Figure 4 - Normalized power-dependent PL emission measurements from etched Si-NWs
(weakly-doped p-type Si wafer) recorded at 300K. Spot diameter: 2 um.
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Figure 5 shows the log-log plot of PL intensity of the low energy de-convoluted PL peak from the
data presented in Figure 4 as a function of power. Above 4 uW of input power, quenching of PL from
carrier recombination in the region >750 nm is observed (slope changes from 1.23 to 0.22). The almost
linear power dependence of the emission becomes sub-linear above 4 uW which could be an indication of
saturation of Si-NC states (inherently low density of states). At the intermediate to high pump power
regime, Auger recombination for example is possible in Si-NC structures as the Auger lifetime is shorter
than the single exciton radiative lifetime.

The samples produced by varied etching times using the two step WCE process are composed of
differently shaped SiNWs that all show strong visible PL in the red-orange wavelength regime (1.5 ... 1.6
eV). The measured and normalized spectra of photon flux distribution vs. photon energy are shown in Fig.
6. Measured spectra corrected by taking into account the transfer function of the calibrated setup. It is
visible that PL peak energies increase monotonically with increasing of etching time in the second step.
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Figure 6 - Measured (left) and normalized(right) PL spectra of Si-NW samples produced
by varying etching time during second etch step 2

Conclusions. We have performed detailed studies of photoluminescence properties of SINWs grown
by MACE on n- and p-type silicon wafers at room and low temperature. We have shown that strong PL
signal centered at about 700 nm observed only from SiNWs. Temperature-dependent PL measurements
acquired for a range of temperatures 4K - 300K. It was shown that above 40K, PL signal decrease in
intensity due to the increasing effect of non-radiative processes taking place causing carrier
thermalization. It is also observed pronounced spectral redshift of PL spectra with increasing temperature,
which is probably related with thermal de-trapping and possible migration of excitons from trapped states
to lower available ones. From analysis of the PL dependence on excitation power we found that above 4
uW of input power, quenching of PL from carrier recombination in the region >750 nm is observed (slope
changes from 1.23 to 0.22). The almost linear power dependence of the emission becomes sub-linear
above 4 uW which could be an indication of saturation of Si-NC states (inherently low density of states).

REFERENCES

[1] Foll H., Hartz H., Ossei-Wusu E., Carstensen J., Riemenschneider O. (2010) Sinanowire arrays as anodes in Li ion
batteries, Phys Status Solidi RRL, 4(1):4-6. DOI: 10.1002/pssr.200903344

— 29 ——



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

[2] Bronstrup G., Jahr N., Leiterer C., Csaki A., Fritzsche W., Christiansen S. (2010) Optical properties of individual silicon
nanowires for photonic devices, ACS Nano, 4(12):7113-7122. DOI: 10.1021/nn101076t

[3] Mussabek G.K., Timoshenko V.Yu., Dikhanbayev K.K., Dzhunusbekov A.S., Taurbayev T.I., Nikulin V.E., Taurbayev
Ye.T. (2013) Antireflections coatings for silicon solar cells formed by wet chemistry methods. KazNU Bulletin, physics series.
2(45):14-19.

[4] Wang X., Ozkan C.S. (2008) Multisegment nanowire sensors for the detection of DNA molecules, NanoLetters.
8(2):398—404. DOI: 10.1021/n1071180¢

[S] Spinelli P., Verschuuren M.A., Polman A. (2012) Broadband omnidirectional antireflction coating based on
subwavelength surface Mie resonators, Nature Communications. 3:692(1-5).DOI: 10.1038/ncomms1691

[6] Berthing T., Sorensen C.B., Nygard J., Martinez K.L. (2009) Applications of Nanowire Arrays in Nanomedicine,
Journal of Nanoneuroscience. 1:3-9. DOI: 10.1166/jns.2009.001

[7] Huang Z., Geyer N., Werner P., de Boor J., Gosele U. (2011) Metal-assisted chemical etching of silicon: a review, Adv.
Materials. 2011. 23:285-308. DOI: 10.1002/adma.201001784

[8] Li X., Bohn P.W. (2000) Metal-assisted chemical etching in HFOH202 produces porous silicon, Applied Physics
Letters. 77(16):2572-2574. DOI: 10.1063/1.1319191

[9] Huang Zh., Zhang X., Reiche M., Liu L., Lee W., Shimizu T., Senz S., Gosele U. (2008) Extended Arrays of Vertically
Aligned Sub-10 nm Diameter [100] Si Nanowires by Metal-Assisted Chemical Etching, Nano Letters. 8(9):3046-3051. DOI:
10.1021/n1802324y

[10] Gonchar K.A., Osminkina L.A., Galkin R.A., Gongalsky M.B., Marshov V.S., Timoshenko V. Yu., Kulmas M.N.,
Solovyev V.V., Kudryavtsev A.A., Sivakov V.A. (2012) Growth, Structure and Optical Proper ties of Silicon Nanowires Formed
by Metal-Assisted Chemical Etching, Journal of Nanoelectronics and Optoelectronics. 7:1-5. DOI: 10.1166/jn0.2012.1401

[11] Jarimaviciute-Zvalionienea R., Prosycevasa 1., Kaminskienea Z., Lapinskasb S. (2011) Optical Properties of Black
Silicon with Precipitated Silver and Gold Nanoparticles. 40th “Jaszowiec” International School and Conference on the Physics of
Semiconductors, Krynica-Zdroj. Acta Physica Polonica A 120(5): 942-945.

[12] Matsui Y., Adachi S. (2013) Optical properties of “black silicon” formed by catalytic etching of Au/Si(100) wafers,
Journal of applied physics. 113:113-123. DOI: 10.1063/1.4803152

[13] Bett A.J., Eisenlohr J., Héhn O., Repo P., Savin H., Blasi B., Goldschmidt J.C. (2016) Wave optical simulation of the
light trapping properties of black silicon surface textures, Optics Express A. 24(6):1-12. DOI: 10.1364/0OE.24.00A434

[14] Koynov S., Brandt M.S., Stutzmann M. (2006) Black nonreflecting silicon surfaces for solar cells, Applied Physics
Letters. 88: 203107-1-207103-3. DOI: 10.1063/1.2204573

[15] Baumanna A.L., Guentherb K.-M., Saringc P., Gimpela T., Kontermanna S., Seibtc M., Schade W. (2012) Tailoring
the absorption properties of Black Silicon. SiliconPV conference: 02-05 April 2012, Leuven, Belgium, 480-484. DOI:
10.1016/j.egypro.2012.07.097

[16] Osminkina L.A., Gonchar K.A., Marshov V.S., Bunkov K.V., Petrov D.V., Golovan L.A., Talkenberg F., Sivakov
V.A., TimoshenkoV.Yu. (2012) Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching:
evidences for light localization effect, Nanoscale Research Letters. 7(524):1-6. DOI: 10.1186/1556-276X-7-524

[17] Colli A., Hofmann S., Fasoli A., Ferrari A.C., Ducati C., Dunin-Borkowski E.R., Robertson J. (2006) Synthesis and
optical properties of silicon nanowires grown by different methods, Appl. Phys. A. 85: 247-253. DOI: 10.1007/s00339-006-
3708-8

[18] Sakurai Y., Kakushima K., Ohmori K., Yamada K., Iwai H., Shiraishi K., Nomura Sh. (2014). Photoluminescence
characterization in silicon nanowire fabricated by thermal oxidation of nano-scale Si fin structure, Optics Express A. 22(2):1-10.
DOI: 10.1364/0E.22.001997

[19] Mullikin C., van Vliet L.J., Netten H., Boddeke F.R., van der Feltz G.W., Young L.T. (1994) Methods for CCD camera
characterization, SPIE Conference, San Jose, CA, 2173:73-84.

[20] Dikhanbayev K.K., Sivakov V.A., Talkenberg F., Mussabek G.K., Taurbayev Ye.T., Tanatov N.N., Shabdan E. (2015)
Electron backscatter diffraction in the silicon nanowires, Physical Sciences and Technology. 2(2):4-11.

V]IK: 538.958
K.K. Jlnxan6aes', [.K. Myca6ek', B.A. CuBakos’, JI. Epmyxamen’, A.T Meiipam'

! Kasaxckuii HalMOHAIBHBIH YHHBEpCHUTET UM. aib-Dapadwu, r. Anmmatel, Kazaxcran;Ne
? JleitGuui MuCTHTYT GOTOHHBIX TexHONOTHI, I.Mena, Tepmanus

MHUKPO-®OTOJIOMUHECHEHIINS KPEMHUEBBIX HAHOHUTEMR

Annoranusi. KpeMHIEBbIE HAHOHUTH TIPEICTABISIOT COOOH HOBBIM MaTephall ¢ OYCHb INPHUBIICKATEIFHBIMU
ONTUYECKUMH CBOWCTBAMH TSI MHOXKECTBA PaszIHYHBIX MPUIIOKeHHH. OCHOBHOW LENBIO MPEACTABICHHON PabOTHI
SIBJISIETCSI McCleoBaHne (DOTOTIOMUHECHCHTHBIX CBOUCTB (DJI) KpeMHHEBBIX HAHOHHUTEH B 3aBUCHMOCTH OT TEM-
HepaTyphl OKPYKaroMmel cpesl M 1 MOLIHOCTH BO30OYKAAIOMIETo U3Ny4eHus. B nanHo# paboTe KpeMHHEBBIE HAHO-
nut (KHH) Obiin mosryueHsl METOI0M MOKPOTO XMMHUYECKOTO METaJI-CTUMYIMPOBAHHOTO TPpaBiIeHH. MOHOKpHC-
TaJJIMYeCKUe KPEeMHHUEBBIE TUIACTUHBI C P- U N-TUMA IPOBOJUMOCTH CIYXKHIU B Ka4eCTBE MOJIOKEK I BhIpalliBa-
HUSI HAHOCTPYKTYpP. MHKpO-CIIEKTpBI (POTOTFOMUHECIEHIINH TOTy4eHHbIX 00pa3noB KHH, namepsuuch ¢ noMmonipto
YCTAHOBKH C KOH(OKAILHBIM MUKpOCKONoM. [Toka3aHo, uTo mHTeHCHBHBIN curHan PJI ¢ MakcuMyMoM Ipu JUTHHE
30
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BomHel 700 HM HaOmomaercss Tombko or KHH. M3mepenms cmektpoB @©JI B 3aBHCHMOCTH OT TeMIIEPaTypHI
MPOU3BOAMIKCE B Auamna3zone temneparyp 4K-300K. Beuto mokazano, uro mpu temmeparypax Boie 40K, rabmoga-
eTcs yMEHBIIIEHHE WHTEHCHBHOCTH curHana PJI B CBA3M ¢ yCHJIEHHEM BIHSHUS HEpaJHalMOHHBIX NPOIECCOB, B
pe3ynbTare NPUBOSIIMX K TepMalu3alul HocuTened. Kpome Toro, ¢ pocToM TeMrepaTypsl OTMEUAEeTCsl BEIPAXKCEH-
HbIA caBur cnektpoB @JI B kpacHylo 001acTh CIIEKTpa, YTO, BEPOSTHO, CBSI3aHO C TEPMHUUYECKUM 3aXBaTOM M BO3-
MOJKHOW MHUTparmeil SKCUTOHOB M3 JIOKAIM30BaHHBIX COCTOSIHUN K Oosiee HU3KUM. 3 ananu3za 3asucumocta @JI ot
MOIIHOCTH BO30Y)KICHHUsI Mbl OOHApyXXHJIH, YTO NPH MOILIHOCTH BO30Y)KIaroulero uanydeHus: oonee 4 MkBT, B
obnactu ¢ auHaMu BosiH > 750 HM HaOmonaercs yracanue ®JI, cBsizanHOe ¢ pexoMOMHanmel Hocutenei. [loutn
JIMHEIHAsT 3aBHCUMOCTb MOIIHOCTH M3JIy4€HHs CTaHOBHTCS CyO-TMHEHHOW NpW MOIMHOCTAX Bblme 4 MKBT, 4ro
MOJKET OBITh IIPU3HAKOM HachIIeHNs cOCTOSTHUN Si-NC (HH3KOM TUIOTHOCTU COCTOSHUIA).

Ki1roueBble ci10Ba: KpeMHHEBBIE HAHOHUTH, (POTOIMIOMHUHECIICHIINS, TEMIIEpaTypHast 3aBUCHMOCTh (hOTOTIOMH-
HECLICHIIUH, ONITHIECKHE CBONCTBA.
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KPEMHHI HAHOTAJIIIBIKTAPBIHBIH MUKPO-®OTOJIIOMAHECIIEHIINSACHI

AnjaTna. KpeMHMII HaHOTANIIBIKTAaphl alyaH TYpJi KOJIAaHYJIap YIIH ©Te KaXEeTTI ONTHKAJbIK KacHeTTepre ue jkaHa
MaTepuan 0oJbIn TabbuIaabl. bepinreH sKyMBICTBIH HETI3T1 MaKcaThl OOJBIN KOPIIaFaH OpTa TEMIEepaTypachkl MEH KO3AbIPhUIATHIH
CoyJeseHy KyaTblHa Toyelai OONaThiH KPEMHUH HaHOTANIBIKTaPBIHBIH (HOTOMOMUHECIEHIMSIIBIK KacueTTepin (DJI) seprrey Ta-
OblTagsl. ATanFaH xKyMmblcTa kKpeMHHH HaHoTanmbIKTapsl (KHT) cyibIK XMMUSIIBIK MeTall-eHTi3UITeH sKeMipy 9iCiIMEeH aJIbIH/BL.
P- XKOHE N-THITI OTKI3MIIITITi 6ap MOHOKPHUCTALTIBIK KPEMHHH TUIaCTHHAIAPB! HAHOKYPBUIBIMIAP/BI ©Cipyre apHaIFaH TOCEHI-
Tep perinae nainanansuiasl. Ansiarad KHT yurinepidid GOTOMOMHHECIICHIMACHIHBIH MUKPO-CIICKTPIIePi KOH(POKAIBI MUKPOC-
KOITbI Oap KOHIBIPFBIHBIH KeMeriMeH emreHi. MakcumyMbl 700 HM TONKBIH y3bIHABIFBIHAA OonaTeiH DJI-1bIH MHTEHCHUBTI CHT-
Hanel KHT-naH rana Gaiikanateibl kepcerinni. Temneparypara Toyenni @JI cnexrpnepin emuey 4K-300K temneparypanap
JIrana3oHbiHaa xKyprizimiai. 40K-HeH xorapsl Temiiepatypanapaa paaialisuiblK eMec MPOLECCTEePIiH KYIeroiMeH OaiIaHbICThI
HOTIDKECIH/IC TaChIMAJIAFbIIITAPABIH TepPMaNU3aluschiHa oKeneTiH PJI curHaiel MHTEHCHUBTUIITIHIH a3al0bl OalKalaThIHIBIFBI
kepceTinai. COHBIMEH KaTap TeMIlepaTypa jKorapbuiaraH cailbid ®JI criekTpiiepiHiH CHEKTPAIH KbI3bUT OOJBICHIHA aliKbIHIAIFaH
JKBUDKYBI aTaNIBII OTeAl, OYIT TEPMISIIBIK KapMayMeH XoHe SKCHTOHap IbIH JOKaIH3alisIIaHFaH KYHIepieH TOMeHIpeK Kyinepre
MYMKIH OOJIaTBIH MHTpanysichIMeH OaitmanbicTel. Ko3apIpaThiH coyieHiH KyarsiHa OattanbicTsl DJI-Hbl Tanmayxan 6i3 > 750 HM
TOJIKBIH Y3BIHIBIKTAPB! OOJBICHIHAA KO3JBIPAThIH CayieneHy KyaTsl 4 MKBT-TaH >korapbl OOJIFaH Ke3e TaChIMalIarbIIITapabIH
pekoMmOMHanusicbiMeH GaiinanbicTel DJI-HBIH emryi OaiiKanaTHIHIBIFBIH TanThIK. 4 MKBT-TaH jXOFapel Kyarrapia CoyJeleHy
KyaThIHBIH CBI3BIKTBIK TOYENIUIiri cy0-chI3bIKThIK Oonansl, Oy Si-NC (KyiiaiH TeMeH THIFBI3/BIFbI) KYHJICPiHIH KAHBIFYBIHBIH
6eurici 00Tybl MYMKIH.

Tipek ce31ep: KpeMHHH HAHOTAILIBIKTAPBI, (OTONIOMUHECHCHIHS, (OTOTIOMUHECLCHIMSIHBIH TEMIIEPaTyPalIbIK Toyes-
IITIT], OITUKAJIBIK KaCHETTeP.
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X-RAY ANALYSIS OF SIC EPITAXIAL FILMS GROWN
BY METHOD OF ATOM REPLACEMENT ON LOW DISLOCATION
SILICON SUBSTRATE

Abstract. In this work, SiC films were synthesized by method of atoms replacement in the silicon lattice of on
the surface of low dislocation silicon substrates M-5168 brand. By methods of X-ray diffraction, ellipsometry and
profilometry, the surface roughness, phase composition, thickness and quality of SiC films synthesized through the
substitution of atoms in high-resistance monocrystalline (111) oriented n-type silicon wafers in a mixture of gases
CO and SiHy, were studied. It is shown that the films contain the both nanocrystalline and single crystalline 3C-SiC
layers with B-SiC crystallites of high degree of perfection. Dimensions of silicon carbide nanocrystals in the
transition region "film-substrate" constitute values of 3 — 5 nm. Dimensions of large crystals of silicon carbide or
monolayers reached values within 35 — 365 microns with a thickness of SiC films ~ 95 — 110 nm and the quantity of
Si vacancies about 5 — 6.5 %. The results can be used in nano- and microelectronics and in the production of solar
cells.

Keywords: thin films, silicon carbide, structure, crystallization, X-ray diffraction.
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PEHTTEHOBCKUM AHAJIN3 SIIUTAKCUAJBHBIX INIEHOK SiC,
BBIPAINEHHBIX METOJOM 3AMEIIEHUA ATOMOB HA
HOIAJOKKAX HU3KOJAE®EKTHOI'O KPEMHUA

AnHoTtanus. B pabore Ha MOBEPXHOCTH HU3KOASPEKTHBIX MOUTIOKEK KpeMHUs Mapku M-5168 cuHTe3npoBaHbI
wieHkd SiC MeToIoM 3aMelleHHs aTOMOB B pelleTke KpeMHusA. MeTomaMM pPEHTI€HOBCKOH Au(paKiuy,
3JUTUIICOMETPUH U NPO(UIOMETPUH HCCIEAOBAHBI IIEPOXOBATOCTh MOBEPXHOCTH, (Da30BBI COCTaB, TONIIMHA U
KadecTBO IUIEHOK SiC, CHHTE3MPOBAHHBIX B BBICOKOOMHOM MOHOKPHUCTAJUIMYECKOM KPEMHHH N-THIIA OPUEHTALMN
(111) B cmecu razoB CO u SiH4. [Toka3aHo, 4TO CHHTC3UPOBAHHBIC IUICHKH COICPKAT B ce0C MOHOKPHUCTAIULIH-
yeckuit 1 HaHokpucTayumaeckue citon 3C-SiC ¢ kpuctayumuramu B-SiC BBICOKOI CTENEHN COBepIleHCTBa. Pa3-Mepsl
HAHOKPHUCTAIJIOB KapOWJa KPEMHUs B TEPEXOJHON 00JIaCTH «TUICHKA-IOAJIOKKa» COCTABIISIIOT BEIMYMHBI 3—5 HM.
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Pa3mepr! KpyIMHBIX KPUCTAJUIOB MM MOHOCJIOEB KapOuaa KpeMHHs COCTaBHJIM BEIMYMHEI B Ipezaenax 35-365 Mk
npu TommuHe mieHok SiC ~ 95-110 HM m konmdecTBe BakaHcuit Si ~ 5-6,5 %. PesynpraTl MoryT OBITH
UCIIOJIBb30BaHbI B HAHO- M MUKPOJICKTPOHUKE, B TPOU3BOACTBE COTHEUHBIX 3JIEMEHTOB.

KnloueBble cjI0Ba: TOHKHE IUICHKHM, KapOMI KpEeMHHs, CTPYKTypa, KPUCTaJUIM3aLMsi, PEHTTCHOBCKAs
Jdpaxius .

Beenenue

KapOun xpeMHHs — OTMPOKO30HHBINA MOIYTPOBOAHHUK, 00JIaIal0ONNil BRICOKOH TETJIONPOBOAHOCTHIO,
TBEPAOCTHIO W BBICOKUMH BEITMYWHAMH HAIPSKEHHOCTH 3JIEKTPUYIECKOTO TOJS MPOOOS, SBISIETCS OTHIM
3 HauOoJiee MEPCIEKTUBHBIX MaTepHUaioB MJs IPUMEHEHUS B O3JIEKTPOHHOW MPOMBIIIJIEHHOCTH.
Ousnyeckre U 3eKTpruecKre cBoiicTBa SiC 00yCIOBHIM OTPOMHBII HHTEPEC K AIEKTPOHHBIM MTPHOOpaM
M CEeHCOpaM Ha OCHOBE KapOuia KpeMHUS, MpeIHa3HAYCHHBIX /IS MCIOJBb30BaHUS B YCIOBUSAX BBICOKHX
Temreparyp u paauanuu [1-4]. AmMopdHusie n kpuctaumueckue mwieHkn SiC Takke HaXOIAT IPUMEHEHHE
B (hoToBONBTAMKE [5,6].

B nocnenHue ronsl ObUT TEOPETUYECKH Pa3padOTaH M IKCIEPUMEHTAIBHO Pean30BaH HOBBIM METOJ
pocta TOHKHX HH3KoAeheKTHhIX ieHOK SiC Ha Si [7-9]. MeTon 3akimodaercs B 3aMEHE YacTH aTOMOB
MaTpHIbl KPEMHUS Ha aTOMBI yTiepoia ¢ 00pa3oBaHUEM MOJeKyn kapouna kpemuus: 2Si + CO = SiC +
SiO. Ilnenku SiC ObUIM CHHTE3UPOBAHBI B CIELUAJIbHOM ycTaHOBKe, omucaHHoi B [9]. Ilnenku SiC,
rcciemnyeMelie B paboTax [8,9], kak mpaBuito, OBUTH BBIPAIICHEI HA CTAHAAPTHBIX KPEMHHUEBBIX TTOTOXKKAX
p- ¥ n-tumna nporoauMocty. B [8] ObLIO MOKa3aHO, YTO YeM BBIIIE KAYeCTBO MCXOIHOW MOJJIOKKHU Si, TeM
BBIIIIE KAa4eCTBO CTPYKTYpbl BblpameHHOro cioss SiC. B cBs3m ¢ »TuM B Hacrosamei pabote
HCCIIeZIOBaNIoCh 00pazoBaHue MIeHOK SiC Ha OBEPXHOCTH HU3KOME(EKTHBIX MOMIOKEK KPEMHHUS MapKU
M-5168.

JKCHepUMEHT

Jns 5TOM menu ObuIa NPUTOTOBJIEHA CEPHs IIEHOK, OTMEUYEHHBIX HOMEPOM I, BBIpAaIICHHBIX IpU
temreparype 1250°C u maBnenuu raza CO 264 Ila Ha MOBEPXHOCTH HU3KOIUCIOKAIIMOHHOTO KPEMHHUSI.
Bpems pocTa 3THX TIIEHOK cocTaBisuio 15 mun. pyras cepust miuenok 1l Obuia cHHTE3MpOBaHa B TEUEHHE
7 vuH ipu Temmeparype 1330°C u manenuu raza CO 395 I1a [10].

B kavecTBe mMOUIOKEK OBLIM HCIOJNB30BaHBI BHICOKOKAYECTBEHHBIC IUIACTWHBI MOHOKPHCTAILIN-
4ecKoro KpemHusi n-tuna opueHtauuu (111) ¢ yaensHbM compotuBienueM 1987 — 3165 Owmecwm,
tommuaoN 1300 MxM u guamerpom 20 MM. J[ByxcTopoHHEN mUTM(OBKOIM M MOJIHPOBKOH IO OOpETEHHS
3epKaJIbHOTO Osiecka ObutH yaaeHsl o 100 MKM ¢ Ka)kIoi CTOPOHBI TUTACTHHEI KpeMHus. Jlamee oOpa3ibl
cepui Il ObUIH IOJBEPTHYTHI XMMUYECKOMY TPABICHHIO B CMeCH KUCIOT B cooTHomeHun HF : HNO; =1 :
10 go Tommuubl 870 MKM, a 3ateM B mienodHoM pactBope KOH. O6pasust cepun | ObTH mMOABEpTHYTHI
TPaBJICHHUIO TOJIEKO B IemogHOM pactBope KOH.

[IlepoxoBaToCTh MIICHOK MCCIIEAOBaNAch ¢ oMol npoduiomerpa NewView 6000 dupmer Zygo.
®Da30BbIll COCTAaB M CTPYKTYpa IUIEHOK HCCIEIOBAINCH METOIOM BBICOKOUYBCTBUTENBHOH (oTorpaduu-
4ecKOil PEHTreHOBCKOH mUMPAKIMH C HCIOIb30BAHHEM y3KoKomtuMuposanHoro (0,05U1.5 wmm)
MoHoxpomaruueckoro (CuK,) mydka peHTIeHOBCKHX JIydel, HalpaBJICHHOI'O MOA YIJIOM 5° K IOBEpX-
HOCTH oOpasma [11, 12]. UTHTEHCMBHOCTh PEHTTEHOBCKHUX OTPAKCHUU BAOJL JAeOacrpaMMBbl U3MeEpsIach
yepe3 kaxneie 0,1° Ha mukpomeHcutomerpe MD-100. Jlns ompeneneHus (pu3muecKkux mMapaMeTpoB
TUIEHOK MCTonb30BaH asumumncomerp M-2000D J.A. Woollam, mo3BOJSIFOIINA CHUMATE 3JUIMTICOMETPH-
YecKue CIeKTpsl B quamnaszone 0,7 — 6,5 eV.

Pe3yabTaTthl

Kak mokazanu uccnenoBanus mepoxoBaroctu Ha npoguiomerpe NewView 6000 dupmbl Zygo, Ha
3HAUUTENBHBIX MO TUIOIAAW y4acTKax MmoBepxHOcTH KpemHusi 7014526 mxwm (puc. 1 a), oOpabotka B
CMeCH KHCJIOT oOpasma cepud | IpHUBOIUT K YBEIMUEHHUIO CPETHEH IMIEpOXOoBaTOCTH R, MOBEpXHOCTH
kpemuust B 88,5/3,7 = 24 paza W cpelHEW IIEPOXOBATOCTH MOBEPXHOCTH CHUHTE3UPOBAHHOW IUICHKH
kapOuga kpeMHusi Ha oOpasue cepum | omenouno B 21,168/5,684 = 3,72 pasa. Takum oOpa3zom,
xumudeckas oopadorka B cMecu kucioT HF : HNO; npuBomuT k ynaneHuro riay06okux napanut (puc.l b),
HO K YBEJIMUEHUIO CPEeTHEH MEepOX0BaTOCTH OoBepxXHOCTH R, (puc.1).
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Pucynok 1 — IIpoduis moBepxHOCTH U I1epoxoBatocTh mieHok SiC obpasiua cepun I (a)
u o6pasua cepuu 11 (b) Ha yuactkax 3504263 mxm

Ha puc.2 a, b HarnsaHO OKa3aHo, YTO PEHTIeHOBCKUE Aebaerpammbl st oopasnoB SiC cepun [ u 11
cojepkat IMOYTH BCE M3BECTHBIC TUHUH B-Moaubukammu kapouaa kpemaus (3C-SiC).

C momompio Merona JxoHca [13] w3 ymupeHHs peHTTeHOBCKUX JHMHUHN (puc.2 c¢) mo dopmyie
[eppepa (1) [14] Obum ompeneneHbl CpedHHE pa3Mepbl HaHOKpUcTawioB [B-SiC B pa3mu4HBIX
IUIOCKOCTSIX !

RA
E=—",
p-cos@

Tae € — cpeqHuit pasmep kpucramumra (HM); R = 2,86 cm — pannyc kameps! (cm); A = 0,1540 am — mimuHA
BonHbl CuK,-m3nydenus (am); 8 — yron Byneda-bparra; f — ymmpenne nuanu. BennunHa ymmpenus

PEHTTEHOBCKOI THHHE [} onpeneneHa u3 Bupaxenust S =./B.p, [151, fs=B—-b [14], B, =B -b

[16], rne B — momymupuHa pEHTICHOBCKOW JHMHUHM C TONpaBKoW Ha AayOmerHocts nuHuu CuK,, b —
WHCTPYMEHTAIbHAS COCTABIISIONIAS MOy IIHPHHBI THHUH.

Pasmepnl nanokpuctamuioB SiC ans oopasua I cocraBuinu BenuunHbl 4,5 HM B tuiockoctu (111), 3,1
HM B tockoctd (220) u 3,0 uM B tutockoctu (311).

Kak 6puto mokaszano B [9], cioit SiC coctout u3 cnos mieHku SiC, MOKphIBalOLIeld TPeyroyibHbIE
MOPBI, HAXOMAIINECS TMOJ €€ MOBEPXHOCThIO, U yCATOYHBIX IOp, PACMOJIOKEHHBIX BJIOJb MOBEPXHOCTH
no/u10kku. [Ipu GoublleM 3HAUSHHWU TEPECHINICHNS, IPH KOTOPOM KPUTHYECKUi panuyc 3aponsima SiC
UMeeT pa3Mep MOpAIKa HECKOJbKUX HAaHOMETPOB, KPUTUUECKWH paauyc MOpbl ycaiakd OyIeT MOopsaKa
aTOMHBIX pa3MepoB. DTO o3HadaeT, 4To 3apoisiml SiC OymeT OKpYyKEeH BaKaHCHOHHBIMU KJIaCTEpaMH,
KOTOPBIC MOTYT CJMBAThCS B TOHKHE TPEUIMHKH, OKpYy)Karomue 3epHO 3apozpima [9]. Takum obOpaszom,
JaHHBIE TI0 HM3MEPEHUIO pa3MEpOB HAHOKPHCTAJUIOB KapOWJa KPEMHHUS IMOKa3bIBalOT, YTO pa3Mephl
3aponpiieii SiC B mepexoaHol 00IaCTH «IUIEHKA-TIOUI0KKa» COCTABIISIFOT BETMYMHBL 3 — 5 HM.

Ha HekoTOphIX IMHUAX HaHOKpHCTaUIHMUeckod (a3er B-SiC Tarkke HAOMIOMASTCS HAIOXKCHUE
€AMHUYHOTO peduekca, MOMYYEHHOIO OTpaKeHHEM OT KPYHHOTO KpHcTalia KapOuaa KpeMHHS,
c(hOopMUPOBAaHHOTO B O0ONACTH TIOMAJAaHUSA Y3KOKOJUIMMHUPOBAHHOTO PEHTTCHOBCKOTO TIyYKa Ha
moBepxHOCTh. Mcmonp3oBan meton Clark m Zimmer, OCHOBaHHBI Ha W3MEPEHUU pPa3MEPOB IIATCH H
ornucanHeld B [15], cormacHo koTopoMmy u3MeHeHue pasMepoB pedaexcoB ot 0,20 no 1,20 mm
COOTBETCTBYIOT JIMHEHMHOMY H3MeHeHHio pazMepoB 3epeH oT 0,010 mo 0,085 mm. C momMomipio 3TOTO
MeToma OBUIM OmpeneeHBl pa3Mepbl KpymHbIX KpucTtamioB B-SiC. Jlms oOpasma cepum [ pasmepbr
KPYITHBIX KPHUCTAJUIOB WM MOHOCIOEB KapOWJa KpeMHHs COoCTaBWwiM BenuuuHbl 130Y35 MM B

)
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mnockoctu (111), 70460 mxm B miockoctu (200), 85470 mxm B mimockoctu (311) m 60U85 mxm B
mwiockoctu (420). B otnuume ot sToro, mius obpasua cepum Il Habmromaercst pediiekc, CpaBHUMBINA TIO
pasMepy ¢ pediIekcoM OT TOIOKKH Si M ¢ pazMepaMu Iydka. IToT pedirekc, rexarmuii Ha auann B-SiC
(333), cootrBeTcTBYeT KpUCTALTy cedeHneM Bbime 365U220 MKM © yKa3blBaeT Ha HaIUYHE
MoHOKpucTajuaeckoro ciost B-SiC. Ilpu sTtom TommuHbl mWieHOK SiC, CHHTE3MPOBAaHHBIX METOIOM
3aMelIeHNns aTOMOB, 00bIYHO He mpeBocxoasT 100-150 am [9].
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Pucynok 2 — JlebaerpaMMbl TOHKUX TUICHOK KapOuma kpemuus I (a) u I (b)
1 MHTEHCUBHOCTb PEHTI'€HOBCKHX OoTpakeHuit /(20) (c), CHHTe3npOBaHHBIX METOJIOM 3aMEIIECHHs AaTOMOB

12 Variable Angle Spectroscopic Ellipsometric (VASE) Data
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Pucynok 3 — 3aBHCUMOCTH BELIECTBEHHOW €] M MHUMOI €, 4acTeil quasiekTpuieckoil nponumnaemoct mieHok SiC/Si(111)
ot sHeprun GpoToHOB AJst 00pa3uos cepuii I (a) u 11 (b)
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Ha puc. 3 a, b mpuBeAcHB IUIMIICOTPAMMEBI, T.C. 3aBUCHMOCTH BEIIECTBEHHON &; W MHHUMOH &)
YyacTei MUAIEKTpHUecKOr mnpoHunaeMoctu tuieHok SiC oOpasuoB cepuit [ u II. M3 smmuncorpamm
CIIEAYyeT, YTO HMEIOTCs pa3nuuusi B CTpykrype muieHok SiC oOpasuoB cepuit I u II. CormacHo
SJUTMIICOMETPUYECKUM CHEKTpaM TOJMIUHBI cioeB SiC mpuMepHO COCTABISIIOT Ha oOpasue cepuu I — 95
HM, Ha obpasue cepun Il — 110 HM. Pacdersl, mpoBeneHHBIE ¢ MCIOJIB30BAHUEM JILTHIICOMETPUIECKOM
Mmogenu [17], mokaszanu, 4yTo B oOpasuax cepun | cogepkutcs Tonpko 5% Bakancuit Si, B oOpa3uax cepun
II — oxo10 6,5%.

3aki0uenne

MetonoMm 3aMelIeHHUs] aTOMOB B peIIeTKe KPEMHHS CHHTE3WPOBaHHBI JBe cepur oOpasnoB SiC Ha
MOBEPXHOCTH HHU3KOJAE(PEKTHBIX MOIUIOKEK KpeMHHs n-tuma opueHTauun (111) mapku M-5168,
BhIparieHHbIX B cMecu ra3oB CO u SiH4. Cepus 06pa3ioB, oTMedeHHass HOMepoM I, Oblila CHHTEe3upOoBaHa
npu temmeparype 1250°C u gasnenun raza CO 264 Ila Ha MOBEPXHOCTH HHU3KOAMCIOKAIIMOHHOTO
kpemHus. Bpemss pocta 3tmx o0pasioB cocrtaBisio 15 muH. Jlpyras cepuss o6-pasuoB Il Obuta
CHUHTE3UpOBaHa B TeueHue 7 MuH npu temneparype 1330°C u naBnenuu raza CO 395 Ila.

MeronoM mpodHIOMETPUN yCTAaHOBIEHO, 4TO 00pabotka B cMmecu kucimor HF : HNO; = 1 : 10
MOJUIOKEK KPEMHHS MPUBOIUT K YIAJICHUIO TIyOOKHX IaparyvH, MOJMPoBKe uX moBepxHoctu. C apyroi
CTOPOHBI, XHUMHYECKas OOpabOTKa BBI3BIBAECT MOSBICHUE SIMOK TpPABICHUS M YBEJIMYECHHE CpEeIHEH
LIEPOXOBATOCTHU B LIEJIOM IO IOBEPXHOCTH.

doTorpaguueckuM METOJOM PEHTI€HOBCKOW MU(PPaKIUK MOKa3aHO, YTO CHHTE3UPOBAHHAS TUICHKA
COIECPKUT B ce0e MOHOKPUCTAUIMUECKHH M HAHOKPUCTAJUIMYECKUH cinon [B-moaudukanuu kapouna
kpemHust (3C-SiC). Pasmepsl HaHOKPHCTAIIOB KapOHJa KpEeMHHS B IEPEXOJMHOW OONACTH «IUICHKA-
MIOJUIOKKA» COCTAaBJIAIOT BEMUYUHBI 3 — 5 HM. Pa3mepsl KpyIHBIX KPUCTaJUIOB MJIM MOHOCJIOEB KapOunaa
KpPEMHMSI COCTaBMJIM BEIMUMHEI B Ipenenax 35 — 130 MKkM BIUIOTH 10 365 MKM.

Pacuetsl, npoBeeHHBIE C UCIOJB30BAHUEM JILIUIICOMETpUYECKO Moaenu [17], mokaszamu, 4yTo B
obpasnax cepun | cogepxurcs Tonbko 5% BakaHcuit Si, a B o0pasmax cepuu I — okomno 6,5%. Cormacuo
AIUTUIICOMETPUUECKUM CHieKTpaM TonmuHa cinos SiC Ha obOpasie cepuu | coctarnser 95 HM, Ha oOpasiie
cepun 11— 110 am.
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AKAYBI A3 KPEMHHI MATPULAJIAPBIHJIAFBI ATOMIAPJIBIH OPHBIH BACY 9IICIMEH AJIBIHFAH
SIUTAKCHAJIABI SiC KABBIPIHAKTAPBIH PEHTTEH/IK TAJLJIAY

AnHoTanusa. Axayel a3 M-5168 Mapkanpl KpeMHHH MaTpULaNapbIHBIH O€TiHe, KPEMHUHAIH KPUCTAJABIK TOPBIHIAFHI
aTOMIapIblH OpHBIH Oacy omici apkeuibl SiC KaObIpmiakrapsl cuHTe3nendl. PeHtrenaik mudpakims, TpodHIOMETPHs >KoHE
smmrcomerpust anicrepi apksutel, CO sxone SiH4 ra3 KocnagapbIHBIH aTMOC(EPaChIHAA XKOFAPBIOMIBI MOHOKPHUCTANIIBI N-THUIITI
Si(111) marpunana cunresmenred SiC KaObIpIIAKTApBIHBIH  (ha3ajiblK KypaMbl, KaJIbIHABIFBI JKQHE camachl 3epTTEeNiHII.
CHHTE3IeNITeH KaOBIpIIAKTap KYypaMbIHIA, KETiLTy mopekeci xorapbl B-SiC KpPHCTAIUIUTTEPIHE HE MOHOKPHCTAIBI KOHE
nanokpuctangpl 3C-SiC kabarrap Gap exenairi kepceringi. «KaOblpuiak-maTpuna» oTIeldi aliMakTarbl KpeMHHH KapOuii
HAHOKPHCTAIAAPbIHBIH eniiemaepi 3 — 5 uM Kypaiiapl. SiC kaObipirak KanblHABIFEL ~ 95 — 110 HM jxoHe Si BakaHCHS MeJIIIepi ~
5 — 6,5 % Oonran xargaiina, KpeMHHH KapOUAiHIH ipi KpHCTaIAapBIHBIH HEMece MOHOKA0aTTaphIHbIH ommieMaepi 35 — 365 MM
Kypaiapl. JKYMBICTBIH HOTIIKENIEP] HAHO- KOHE MUKPOAIEKTPOHHUKAA, KYH JIEMEHTTEPIH OHIIPYAe MaijaTaHbLTybl MYMKIH.

Tyiiin ce3mep: xyKa KaObIpIIaKTap, KpeMHHN KapOHIi, KYpbUIbIM, KpUCTaIIaHy, PeHTTCHIIK TU(PaKIAs.
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SYNTHESIS OF CARBON NANOTUBES BY PLASMA CHEMICAL
DEPOSITION METHOD FROM VAPOUR-PHASE
IN RADIO-FREQUENCY CAPACITIVE DISCHARGE

Abstract. In this work a synthesis of carbon nanotubes by plasma chemical deposition method from vapour-
phase in radio-frequency capacitive discharge is considered. As a result of the experiment, two samples were
obtained — a silicon substrate with a small bright deposition on its surface and soot inside the heating element. These
samples have been studied by using Ntegra Spectra Raman spectroscopy and scanning electron microscopy Quanta
3D 200i (SEM, FEI company, USA). The results of analysis indicate that carbon nano particles were deposited on
the surface of the silicon substrate, whereas SEM and RS analysis of soot indicates the presence of carbon fibers and
nanotubes. The formation of CNTs and other carbonaceous nanostructures inside the quartz tube is explained by the
fact that the heater material is nichrome (Ni + Cr) and the heating leads to evaporation of a small fraction of nickel,
which served as a catalyst for CNT growth.

Keywords: carbon nanotubes, plasma chemical deposition, plasma.
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CHUHTE3 YIVIEPOJIHBIX HAHOTPYBOK IIVIASMOXUMHNYECKUM
METOJA0M OCAKIEHHUSA U3 'A30BOUN ®A3bI
B BBICOKOYACTOTHOM EMKOCTHOM PA3PAIE

Annotanu. JlaHHash paboTa TOCBSIIEHA CHHTE3y YIVIEPOAHBIX HAHOTPYOOK IUIA3MOXMMHUYECKHM METO/IOM
OCaK/IeHUSI W3 Ta30BoH (a3bl B BBICOKOYACTOTHOM EMKOCTHOM paspsiie. B pesyneraTe sKkcrepumeHTta ObUIH
NOJTy4YeHBl JBa oOpasla — KpeMHHEBas IOUIOKKA ¢ HEKUM CBETJIBIM OCAXKICHHEM HAa €€ IOBEPXHOCTH U Caxa
BHYTPH HarpeBaTeNbHOIO DJIEMEHTa, KOTOpble OBUIM HCCIEHOBAaHBI C MOMOIIbIO PaMaHOBCKOI crekTpockomuei
Ntegra SPECTRA u ckanupyomieli 3iekrporHHoi Mukpockonueid Quanta 3D 200i (SEM, FEI company, USA).
Pe3ynpTaThl aHanN3a CBUIETENBCTBYIOT, YTO HA IOBEPXHOCTH KPEMHUEBOH IOIOKKH ObLIM OCaXICHBI YIJIePOIHbIC
HaHouyacTulpl, Torga kak COM wm PC anHamu3 caku CBHIETENLCTBYET O HAJMYMU YIJIEPOJHBIX BOJIOKOH H
HaHOTPYOOK. OOpazoBanne YHT u apyrux, yriepomoconepKamyx HAaHOCTPYKTYP BHYTPHU KBaplLEBOH TPYyOKH
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OOBSICHSETCS C TeM, YTO MaTepuanoM Harpematels sBisieTcs HuxpoMm (Ni+Cr), mpu HarpeBaHHH KOTOPOTO W3
MaTepHala BeIICISUIACH Maas JOJIsl HUKENs, KOTOPBIM ciy>Kui Katanu3zaropoM pocta YHT.
Ki1roueBble ¢j10Ba: yriaepoaHble HAHOTPYOKH, IIa3MOXUMHYIECKOE OCAKACHHE, TIIa3Ma.

Beenenune

Cuntes yrneponusix HaHoTpyOok (YHT) metomom ocaxkaenuss U3 ra3oBoil ¢asbl ¢ IIa3MEHHBIM
ycunenueMm (PECVD) npumensieTcs 11 co3qaHusi BEpTUKaNbHO opreHTHpoBaHHBIX YHT Ha moamoxkax
TP OTHOCHUTENIBHO HU3KOW Temmeparype [1,2]. B coOTBeTCTBHE ¢ THIIOM Ta30BOTO pa3psama, st
TreHepaluu IUla3Mbl  cymiecTByroT pasiauuHele PECVD  peaktopel  Tieromero  paspsaal3,4],
BbIcOkowacToTHOTO (BY) paspsiga 13,56 MI'nm [5-8], cBepxBBIcCOKOUacTOTHOTO paspsana 2,561 [9]. dus
cuaTe3a YHT Takke IpUMEHSIOTCS TaKWe METOIBI, KakK: AJIEKTpoxayroBoe pacmubiieHue (3/IP) rpadura
[10], nasepuas aGmsims [11], MeTON XHMMHYECKOTO OCAXKICHHUS VYIJICPOACOACPKAIIMX IapoB Ha
katanuzatopax (CVD) [12]. [IpeumymectBo PECVD merona, o cpaBHEHHUIO C IEPEUUCICHHBIMU BBIIIE
METOJ]aMH, 3TO BO3MOXXHOCTh KOHTPOIIS W TOJyYEeHHS BepPTHKaIbHO opueHTHpoBaHHBIX YHT 3a cuer
ANIEKTpUYecKuX cui TasMbel. YHT HMEIOT IMpOKyro 00NacTh NMPUMEHEHHUs: B DJEKTPOHUKE (THOKHE
JTUCILIICH, TATYUKH, OBICTPOJCHUCTBYIOINNE U 3KOHOMHYHBIC AWOABI U TpaH3ucTophl)[13,14], B Mequiune
(JIleYeHre OHKOJIOTUYECKHX 3a00JIeBaHUi, OMOCOBMECTHMEIE (DYHKIIMOHANBHEIE MperapaTbl U MapKephl)
[15-17], B sHepreTHKe (CO3MaHUE COTHEYHBIX IMaHENCH, TOTUTMBHBIC JIEMEHTHI, () (DEKTUBHBIN KaTOTHBIHA
anekTpokaranu3arop)[18-20] u T.1. brmarogapst sToMy, Ha CETONHANIHUN JEHb WCCICIOBAHWE M CHHTE3
YHT npencraBisitor OONBIION WHTEpEC ¢ HAyYHOW TOYKH 3peHHs. TakuMm o0pa3oMm, B IMpeICTaBICHHON
paboTe paccMaTprBaeTCs CHHTE3 YIIIEPOAHBIX HAHOTPYOOK IMIIa3MOXUMUYECKHM METOIOM OCAXKIEHUS U3
ra30Boi (ha3bl B BHICOKOUYACTOTHOM EMKOCTHOM paspsijie.

IKCHepUMeHT

B nannoii pabore cunte3 YHT metonom PECVD peanusyercs Ha 3KCIEPUMEHTAIbHONH yCTaHOBKE,
NpeACTaBICHHON Ha pHCYyHKEe 1, KOTOpas cocToMT u3 paboueil kamepbl (1), AByX mNapaielbHBIX
anekTponoB (2), Bepxuuii — BU anexrpon, HrkHAN 3a3emiieHHbIN, BU renepaTopa (3), HarpeBaTeI»HOTO
aneMeHTa (4) — KBapueBas TpyOKa C HHUXPOMOBOIl CHUpajibio, UCTOYHHMKA MUTaHWS Harpematens (5),
CHCTEMBI OTKAYKH U HAIlyCKa PEaKMOHHOTO ra3a B pabouyIo Kamepy.

Ar+CH4

o -
#
o

OTHaIYHA

1 — pabouas kamepa, 2 — BU snexrpoasl, 3 —BY renepatop, 4 — HarpeBaTenbHbIi 3JIEMEHT, 5 — HICTOYHUK IIUTaHKE
HarpeBaTeIbHOTO JIEMEHTa, 6 — KPEMHUEBasH MOUI0XKKA C KaTATUTHYECKUM HaHOCIIOEM

Pucynoxk 1 — [IpuHnunuanbHas cxema sKcrepuMeHTanbHoi ycraHoBku ais cuaresa YHT PECVD meronom

Ha ocHoBe mpencraBieHHOW cxembl Obia coOpaHa  yYCTaHOBKa  KOMOWHUPOBaHHOIO
BBICOKOYACTOTHOTO pa3psAfa ¢ TEPMHUSCKHM HarpeBateieM Uil TMEpBUYHOW HMHUIMAIMM Mpolecca
nuponusa. Ha pucynke 2 mpenacrarieHsl poto padodero pexxuma ropenus BU 1mia3Mbl ¢ HarpeBaTeieM B
Mmetone PECVD.
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Pucynok 2 —-PECVD nporecc B pabodeM pexxume

Kax u3BectHo, poct YHT ocymectBisercs cornacHo moaenu nap-xuaxkocte-kpucrami (IDKK), rae
OHOM W3 OCHOBHBIX 3JIEMEHTOB siBJsieTcs KaTtanuzatop. Ilostomy ans cunre3a YHT Ha xpemHueBoit
nmoIokKe (6) B Hadane SKCIIEpUMEHTa Ha €€ MOBEPXHOCTh METOIO0M 3JIEKTPOHHO-ITYYEeBOTO HABUICHHUS
HAHOCSATHAHOCIION KaTainu3aropa — Hukels. Jajgee mociie HanbUICHHS, TTOJyYeHHBINR 00pa3ell HCCaeLyeTcs
Ha CKaHUPYIOUIEM OJJIEKTPOHHOM Mukpockone (COM). PesynmbTaThl aHanmW3a TOKa3bIBAOT, YTO Ha
MOBEPXHOCTH KPEMHHEBOW TIO/UIOKKH TIIOCJIE HAlbUICEHUsT 00pa30BajCsi PaBHOMEPHBIH CILTONIHON
HUKEJIEBBI HAHOCJIOHN, ToNuHONW mopsaaka ~50aM. COM m300pakeHus IMOJIOKKH IPEICTaBlIeHb Ha
pHUCyHKe 3.

a — MOp(OIOTHs NOITIOKKHI 6 — TommuuHa rieHku Ni

Pucynok 3 — COM aHanm3 KpeMHHEBOH MOIOKKH € KaTATUTHICCKIM HAHOCTIOEM HUKEIS

Janee noimy4eHHYI0 KPEMHHEBYIO MOJUIOKKY C KaTaIUTUUYECKUM HAHOCIOEM 3arpykaioT B pabouyio
KaMepy Ha IOBEPXHOCTb HW)KHETO JJIEKTPOJAa M CO3JAl0T YCJIOBHE BaKyyMa, IOCJIE YCTaHOBIICHHS
BaKyyMa TOAaeTcsi MOTOK pabouero raza aproHa (Ar) no nasneHus mopsaka 4 Top W BKIIOYAIOT
HarpeBaTeNbHbIA dMeMeHT. Kak TONbKO HarpeBaTeNbHbIA 3JIEMEHT aocthraer temmeparypsl 750°C, ¢
nomoiipto BU reHepatopa Ha BepxHuil 3nekTpon nogaroT BU HampsbkeHue ¢ MouiHocThio 5-15BT,
BCIIEZICTBHE KOTOPOTO TODKUTAaeTcs aproHoBas BY ma3Ma u BeIZiep)KUBaeTcs B TeueHne 15 muayT. Ha
JTAHHOM 3Tarle 3a CUeT IIa3MEHHOW M TePMHUYECKO 00padOTKH Ha TIOBEPXHOCTH KPEMHUEBOU IMOJIOKKH
CKaTaJIMTUYECKUM HaHOCIOeM (HOPMHUPYIOTCS HAHOKIJIACTEPhl (OCTPOBKM) HHKENS, KOTOPBIE SBISIOTCA
ocHoBor mius pocra YHT mo momemm IDKK. J[lefictBurensHo, Ha pucyHke 4 mpencraBieH COM
n300paXKCHHUE MONYYCHHBIX HAHOKJIACTEPOB HUKENS Ha IOBEPXHOCTH KPEMHHEBOW NOIMOKKH. U3
pUCYHKOB 3 U 4 BHUAHO, YTO JOIJIa3MOTEPMHUYECKON 00pabOTKH MOBEPXHOCTh KPEMHUEBOW IUIACTHHBI

— 4) ——
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MMeJl CIUIOIIHOW HHKEJNeBBIH CJIOH, Ha KOTOPOH IOcie IUIa3MOTEPMUYECKO 00paboTku 00Opa3oBajuch
OTJIENbHBIC OCTPOBKH HAHOKJIACTEPOB cO cpemHuM muameTpoM ~ 20-70uM. CormacHo momemu [DKK
JIMaMeTp 3TUX HAHOKJIACTEPOB, B KOHEUHOM CUETE, ONpEAeIAeT JuaMeTp cuHTe3npyemblx YHT.

Pucynok 4 — COM n300pakeHns] HAHOKJIACTEPOB Ha MOBEPXHOCTH KPEMHHEBO MOTI0KKI

Jns o0pa3oBaHMsS OCTPOBKOB HHKENSl Ha IOBEPXHOCTM KPEMHHEBOH IOIJIOKKH AOCTATOYHO 15
MUHYT, nocne ansi pocta YHT B pabouyro kamepy HamyckaeTcs IONOJIHUTENBHBIA pEaKIMOHHBIN
yraeponoconepxkamuii raz3 — meran(CH4) no nasnenus 5 Top, 3arem mpouecc cuntesa mmtes 15-30
MHHYT.

TakuM o0pa3zoM, B pe3ysibTare SKCIEpUMEHTa ObUIM MONyYeHBl JBa oOpaslila — KpeMHHUEeBas
MOJUIOKKA C OCaXIEHHBIMH Ha €€ MOBEPXHOCTH YIJIEpOJHBIMH HaHOYacTHIaMU (PUCYHOK 6) W caxa
BHYTPH HArpeBaTEIbHOTO dJIeMEeHTa (PUCYHOK 5).

Pucynok 5 — KBapuesas TpyOka 110 (a) u nocie (6) cunresa YHTmeronoMPECVD

HUccnenoBanne nomydeHHBIX 00pa3lioB HA CKAHUPYIOIIEM 3JIEKTPOHHOM MHKpOCKoIe u PamMaHoOBCKOM
cnekrpockonuer (PC) moka3seiBaroT, uTo AeiicTBuTenbHO B mporiecce PECVD o0pasyrorcst yrieponHbie
HAaHOYACTHIBI, KOTOpbIE OCaKJAIOTCS Ha IIOBEPXHOCTH KPEMHHMEBON mnoanoxkku. Ha pucyHke 6
npezacraBieHbl COM n300pakeHus OCaKISHHBIX YIIIEPOAHBIX HaHOo4YacTHll, Torna kak COM u PC ananus
CaXM CBUICTENBCTBYET O HAIMYHMU YTJICPOTHBIX BOJIOKOH M HAaHOTPYOOK (pucyHOK 7). M3HauanbHO,
npennonaraiocs cuHTe3 YHT Ha MOBEpXHOCTHM KPEMHHEBOM MOIJIOKKH, HO KaK pe3yJbTaThl aHAIN3a
MOKa3bIBAIOT OTCyTCcTBUE OocaxacHus YHT. Bo3moskHas mpuunHa - 3TO Bee €lle HU3Kasg TeMIileparypa
cpenl BOM3M moanoxku s pocra YHT, Ho nocraTounast st GopMUpPOBaHUS HAHOKJIACTEPOB HUKEJIS.
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B — XMMHYECKHI1 COCTaB

Pucynok 6 — COM u300pakeHHsT M XUMUYCCKUI COCTAB OCAXKICHHBIX YTICPOIHBIX HAHOYACTHIT
Ha ITOBEPXHOCTH KPEMHHEBOM MOJIOKKHI

braromapss nOCTaTOYHO BBICOKOW TEMIIEpAType HHUXPOMOBOIO HArpeBATENsl, U3 IMOCIECTHETO H3-3a
TEPMUYECKOW 3IMHUCCHH 00pa30BaUCh HAHOYACTHIBI, KOTOpPBIE M SIBWINCH OCHOBOW pocta YHT u
00pa3oBaHMs Ca’ki BHYTPH HarpeBaTeIbHOTO 3JIEMEHTA.

Pucynok 7 — COM uzobpaxenns nonyueHHslx YHT PECVD meronom

— 4) ——
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CriekTpsl PaMaHOBCKOTO PacCesHUs TOJYYEHHBIX OOpa3IloB CakKW MPEICTAaBIEHBI Ha PUCYHKE 8.
PaMaHOBCKHMIT CIeKTp, TpPEACTABICHHBI Ha pPUCYHKE 8a, COOTBETCTBYET THIIMYHOMY CIIEKTPY
muoroctenssix YHT (MYHT) ¢ ocrosrbiME G, D 1 G'(2D) — nonocamu npu gactotax 1591 em™', 1360
em’ m 2719 cm' cooTBercTBeHHO, a Takke G+D — monocamu mpm uyactotax 2950 cm’. G-monoca B
JTAHHOM CIEKTPE COOTBETCTBYET TAHTEHIIMAIBHBIM KOJEOAHUSAM JBYX CMEXHBIX aTOMOB YIIepoaa B
pemerke YHT, G' (mum 2D)-mmostoca cOOTBETCTBYEeT 00epTOHY D-TI0JI0CHI, BRI3BAaHHOHN NBYX()OHOHHBIM
Heynpyrum paccessuueM. IlpucyrctBue B cnektpe D-momockl 1 G'- mOJOCE MO3BONSET CYIUTh O
NeeKTHOCTH CTPYKTYPHI U €€ COBEepIIeHCTBE (KadecTBe). TakuMm o0pazoMm, IUIs OIEHKH Ae(PEeKTHOCTH

. I
CTPYKTYpPhl MHOTO NpHOYTHYTh OpMyJie OTHOLICHUH MHTeHcHBHOCTel nmoioc D u G: L, = 4,4 -ﬁ, rae

L,- 00macTb TOMOTEHHOTO pAaccesHUs B YIVIEPOAHBIX CTPYKTypax. 3HAuUe€HHE Ui JAHHOTO CIIEKTpa
COO0TBETCTBYET L,= 4,7, 4TO TOBOPUT O JOBOJBHO HE miIoxoM kauectee MYHT. CBuaerenscTBo 3TOMy U
BeIpakeHHas mosnoca 2D.Ho cmusane momocst D m G roBopuT o Hanmmunu amMop(HOH ¢a3bl B
oOpasie.PaMaHOBCKUH CIIEKTp, MPENCTABICHHBI Ha pUCYHKE 80, Ooyiee TUIHMYEH CHEKTPY MHOTOCION
nororpadena (FLG — Few-layergraphene). O6 3ToM cBUIeTenbCTBYIOT c1abas D monoca (1359 em™) u
JOBOJIBHO y3KHe 1 nHTeHcHBHbIe moxock G (1581,8 em™) m 2D (2733,6 em™).
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Pucynok 8 — Pamanosckue cniextpsl noaydeHHbx YHT metonoMPECVD
3akiro4eHne

B nanHoli pabote OblT pacCMOTPEH CHHTE3 YIJIEPOJHBIX HAHOTPYOOK IIa3MOXMMHYECKUM METOAOM
OCaXIICHHUs M3 ra30BOH (a3sl B BHICOKOYACTOTHOM €MKOCTHOM paspsne.B pesynbrare skcrepumeHra
Obuln moNy4yeHbl ABa oOpasla — KpEeMHHMEBas IOJUIOKKA C HEKUM CBETJIBIM OCaKACHHEM Ha ee
MOBEPXHOCTH M Ca’ka BHYTPH HarpeBaTeJIbHOTO 3JIEMEHTa, KOTOphle ObLIIM MCcieNoBaHbl ¢ moMouisio PC
u COM ananuza Pe3ynbraThl aHanns3a CBUACTENBCTBYIOT, YTO HA NOBEPXHOCTH KPEMHHEBOW IMOJIOKKU
ObUIM OCaKAEHBI yIIEpOAHBIE HaHOUYacTUIBl, Toraa kak COM u PC aHanu3 caxu CBHIETEIBCTBYET O
HaJIMYMHU YTJIEPOAHBIX BOJIOKOH M HaHOTPyOOK. OOpasoBanme YHT u mpyrux yriepomocoaepsKamux
HaHOCTPYKTYp BHYTPH KBapLEBOH TPYOKH OOBACHSETCS C TeM, YTO MAaTEPUAIIOM HarpeBaTens sBISETCS
HuxpoM (Ni+Cr), npu HarpeBaHUM KOTOPOTO M3 MaTepualia BBIACISIACH Majiasl J0Jisi HUKEJs, KOTOPBIH
ciay>kuia katanuzatopom pocta YHT.

Jannas paboTra BBHINOJNHEHAa NpH MoAAepkKke MuHHcTepcTBa 00pa3oBaHus M Hayku PecmyOmuku
Kazaxcran B pamkax rpanta 3214/T'® 4.
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JKOFAPBI )KALTIKTI ChIMBIMBLIBIK PA3PSIBIHIA FA3JBIK ®A3AJAH IIJIASMOXUMUSAJIIBIK
9JIICIMEH KOMIPTEK HAHOTYTIKIIEJIEPIH CUHTE3JIEY

AHHOTAamMsA. Byl KyMBIC >KOFapbl XXHUTIKTI CBIHBIMIBUIBIKTBI pa3psiiTa TasnblK (azafaH IUIA3MOXUMILUIBIK 9JiCiMEH
KOMIPTEK HaHOTYTIKLIEIEpiH CHHTE3[ey TaKbIPbIObIHA apHaiFaH. ODKCIEPHUMEHT HOTWIKECIHAe €Ki YITi alblHAbl — OeTTik
Ka0aThIHAa KaHJai 1a Oip aniblKk KOHIBIPMAChl 0ap KPEMHHUIIIIK TOCEM >XKOHE KbI3IBIPY dJCMEHTIHIH IIHICTI Kyite. ATaiFaH
yiarinep Pamannsik Ntegra SPECTRA cnekrpockomnusceiMer sxoneQuanta 3D 200i (SEM, FEI company, USA) anexkrpomst
CKaHepJIeyIlli MUKPOCKOIHMSI KOMETIMEH 3epTTelili. AHalM3 HOTIKENepi KPeMHHUilI TeceMHiH OeTTiKk KabaThlHAa KOMIpTEeKTi
HaHOOOIIIEKTepAiH KOHABIPBUIFaHbIH, al KyiieHiH DCM xone PC aHann3i keMipTeKTi TaIIIBIKTApABIH KOHE HAHOTYTIKIIETIEePIiH
Oap exennirin gonenaeiai. Keapureik Tyrikmeni imriage KHT xone 6acka a kKeMipTeKTi HAHOKYPBUIBIMIAPABIH Maiina 0orysl
Kb3AbIpFEIT HUXpoM (Ni+Cr) MarepuasbiHaH OoJFaHBEIMEH TyciHmipineai. KeI3apIpFEIITHIH TeMIIepaTypacklH KOFapblUIaTKaHAA
Matepruangad KHT ecyiHiH kartann3aTopbl 00JIaThIH HUKEIBIIH MIAFBIH 06T albIpbUIIbL.
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EXOTIC STATES OF C NUCLEI WITH ABNORMAL RADII

Abstract.. Differential cross-sections of the elastic and inelastic a+'"°C scattering were measured at E(o)) = 90
MeV. The root mean-square radii (<Rns>) of °C nucleus in the states: 8.86 (1/27), 3.09 (1/2") and 9.90 (3/27) MeV
were determined by the Modified diffraction model (MDM). The radii of the first two levels are enhanced compared
to that of the ground state of *C, confirming the suggestion that the 8.86 MeV state is an analogue of the Hoyle state
in '?C and the 3.09 MeV state has a neutron halo. Some indications to the abnormally small size of the 9.90 MeV
state were obtained.

Key words: radii of excited states, modified diffraction model, neutron halo.

YK 539.171

A.C. I[eMb;mOBal, A.H.I[aﬂn.ﬂosl, H. BypTeﬁaeBZ, J.M. I[maﬂceﬁTOBZ’3,
K. Kepumkynos’, I.K. Anmumos’, E.C. Myxamexxkanos’

"HUL Kypuarosckuii UnctutyT, Mocksa, Poccns;
2I/IHCTMTyT SAnepunoit ®uzuku, Anmartsl, Kazaxcran;
Epazuiickuii Hanmonansuerii Yausepeuter, Actana, Kasaxcran

SK30TUYECKUE COCTOSIHUS SIAPA “C
C AHOMAJIbHBIMH PAINYCAMHU

AHHOTanusi. B nmaHHONW paboTe mpencTaBieHBl pe3ynbTaThl H3MEpeHHS ANGGEPEHINATBHBIX CEUECHUH
ynpyroro u meynpyroro paccesaus o+ °C mpu E(o)) = 90 MaB. B pamkax MoAu(pHIEPOBAHHOMN IH(PPAKIIMOHHONR
moaenu (MJIM) ompenenensl cpeiHeKBanpaTHYHble paauychl (<Rrms>) B0o30yKAeHHBIX cocrosHuii: 8.86 (1/27),
3.09 (1/2 ) m 9.90 (3/27) MaB siapa C. Paauycsl mepBeIX IBYX ypOBHEl yBENHUEHBI [0 CPABHEHUIO C PaIAyCOM
OCHOBHOT'O COCTOSIHUS SiApa 13C, YTO HNOATBEPXKIAET MPEAIONI0KEHNE, UTO cocTosgHue 8.86 MaB sBnsercs ananorom
cocrostuust Xoitma B sape °C u cocrosume 3.09 M>B mMeeT HeHTpoHHOE raio. JIOMONHUTENBHO, MONyYCHBI
aHOMAJIBHO HEOOJBIIHE pa3Mepsl s coctosaus 9.90 MaB.

KaloueBble cioBa: paguychl BO30YXICHHBIX YpOBHEH, MomuduiupoBaHHas AU(PAaKIUOHHAS MOIEb,
HEHTPOHHOE Tajo.

Benenue. 3a nocieqHue HECKONBKO JICT ObIIM MOJYYESHBI TOKA3aTeNbCTBA CYIIECTBOBAHUS SCP C
aHOMAJILHO OOJIBIIMMU pafnycaMu BO30Y>KICHHBIX COCTOSHUM. B HammMX mpeaplaylminX dKCIepUMEHTax
o Heynpyromy paccestauio -C (o, o) mpu suepruax E(a) = 29 u 65 MaB [1,2], Mbl HaGmogatH Tpu
B030ykKIeHHBIX cocTosgHus 3.09 MoB (1/2 ), 8.86 MaB (1/27) u 9.90 MsB (3/2°), paauychl KOTOPhIX
OTJIMYAITUCh OT OCHOBHOTO COCTOSIHUS. 13-3a BaXKHOCTH TOJYYEHHOTO pe3yiIbTaTa, HOBbIE U3MEPEHHUsI IO
paccesHUIO anba-4acTHIl Ha sapax C npoBoaMINCh pu dHepruu E(a) = 90 MaB.
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Pucynox 1 — Jluddepenuuansrbie cedenns o+ C ynpyroro u meymnpyroro (1/2, 3.09 MaB) paccesus mpu E(0)=90 MaB.
Pe3ynbTaThl pacueTOB ONTHYECKOI MOJIEIIH ITOKA3aHbl IyHKTHPHOH KprBoi. CIIOLIHAS JIMHUS COOTBETCTBYET pacyeTam
o DWBA (L=1). [lo3umuu pagy>XHbIX MUHIMYMOB 0003HAa4€HBI BEPTHKAJIBHBIMU CTPEIKAMU

O6cy:xxnenue u pe3yabtarsl. [uddepeHnansabie ceUeHusl YIPYyroro U HEYMPYyroro paccesHus
o+'°C Gbutn m3Mepensl Ha upkiIotpore K-130 yruBepcurera IOBsickronms, ®unmsamms. JJaHHbIE IS
yIpyroro u Heynpyroro paccesus (3.09 MsB), onuH 13 HHTEPECHBIX BO30YKICHHBIX COCTOSHUH B sIIpe
(), npencrapnens Ha pucynke 1. JIndpakIHOHHBIE MHEHEMYMBI H MAKCHMYMBI (COSIMHEHHBIE TIPIMBIMH
JTUHHUSIMHA) JOJDKHBI COBMAAATh 1Mo (a3e, eclii yIpyrue U Heynpyrue ITudpakimroHHbIE PaTuyChl PaBHBI.
Habnronaemoe cMenieHne qudpakMOHHBIX MUHIMYMOB B MAKCUMYMOB B CEUEHHH PACCESIHUS B CTOPOHY
MEHBLINX YIJIOB B HEYNPYIOM paccesHHM, YKa3blBaeT Ha YBEJIMYEHUE paauyca sl BO30YKIEHHOTO
coctostans 3.09 MaB 1o cpaBHEHHIO ¢ OCHOBHBIM cocTostHHEeM. OIeHKa CpeaHEKBAIPATHIHOTO paanyca
Obula TpoBeZieHA TpeMsi HE3aBHCUMBIMH METOAaMHU: MOIWGUIMPOBaHHAS AU(PAKIHOHHAS MOJENb
MIM) [2], meron spepHoii pamyru (MAP) [3, 4] u MeTon ¢ MCHOIB30BAaHHEM ACUMITOTUYECCKUX
HOpMUPOBOUHBIX Kodpdunumentor (AHK) [5, 6]. U3 Bcex Tpex MOmXoJ0B OBUTH IMONyYEHBI CXOHBIC
3HAYCHWs, TOATBEP)KIaromue 000CHOBAaHHOCTh HCIOJIb3yeMbIXx MeTonoB (Tabmuma 1) m moaTBepauTh
CYIIECTBOBAHME HEHTPOHHOTO rajlo B IEPBOM BO30Y:KIeHHOM cocTosHuit sapa ~C [1, 5].

Ta6mura 1 — CpeHeKBaAPATHIHEIC PATHYCH Rpe JUT pasHOTO COCTOSHIS siapa °C

E*, MeV, J* Crpykrypa M/IM, 65 MaB MJIP, AHK, M/IM, 90 MaB MJSIP,
65 65 MaB 90 MsB
M>»>B
0.00, 1/2° O6oioueunas
MOJICITh
3.09, 1/2° Heiitponnoe ramo 2.98+0.09 >2.7 2.62+0.10 [5] 2.882.62+0.19 " >26"
[1] 2.68 [7], Teopust
8.86, 1/2° Pasz0aBneHHbIH 2.68+0.12 [1] >25" 2.632.62+0.16 >25"
KJ1acTep
9.90, 3/2° CoxaThlil KJ1acTep 2.02+0.14 [1] 1.76+0.23 [8]
* nanHast pabora

JInddepeHimanbHble cedeHns Heynpyroro paccesaus o+ C Bo36yxaeHHOro coctosaus 1/2° (8.86
MbB) ipu E(a)= 65 u 90 MaB, nokazanbsl Ha pucyHke 2. Kak BHIHO W3 3TOTO PUCYHKA, HaOIt0maeMoe
TOXKAECTBEHHOCTh CTPYKTYpBl TlepenHuxX yrioB (mo 45 rpang) mnoarBepkaaeT AW(PaKIHOHHOE
MPOMCXOXKICHUE OCLUWUIALUM U CXOACTBE NU(PAKUUOHHBIX PAaTUYCOB, M3MEPEHHBIX MpPU PA3IMYHBIX
SHeprisix. MUHIMYMEI Tpi q~2.5 M~ B SKCIIEpHMEHTaTBHBIX TAHHBIX IIpH 65 MoB 1 mpu q =~ 2,0 bm™' B
naHHbIX Tpu 90 M»aB 6buH onpeneneHsl kKak MUHUMYMBI panyru (Diipu). [Ipumenenue metogoB M/IM u

— 4 ——
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MSP B cocrosiHue 8.86 M»sB mokasanu, 4To MOCIEAHWN MMEET YBEIHMYeHHBIH paaumyc (Tabmuma 1),
OIM3KHIT K CpeIHeKBaAPATHIHOMY paanycy coctosuus Xoitta (07, 7.65 MaB) B siape '*C [2].

10’

a+"°C, 1/2- (8.86 MeV)

-
o
©

= 65 MeV, *1/10
A 90 MeV

do/dQ (mbisr)
SA

10?

q (1/fm)

PrcyHok 2 — s depeHimalibHble CeYeH s Heypyroro paccesuus o+ C Bo36yskaeHHOro coctosiaus 1/27 (8.86 MaB) npu
sHeprusix 65 u 90 MaB B 3aBUCHMOCTH OT Iepenays UMItyjbea . [1o3umn paayKHbIX MUHIMYMOB 0003HAYCHBI CTPEIKaMU

Onenka, npoBeaeHHas mo MJIM, mano 3HadeHwe pamuyca coctosHus 3/2° (9.90 M»aB), xoTopsrii
OKa3aycs MeHbIIE, YeM y OCHOBHOTO COCTOSIHHMA aapa ~C (tabmuma 1). DTOT BBIBOJ NOATBEPKIACTCS
MyTEM CpPaBHEHUS Pa3IMYHBIX HEYNPYTHX CEUEHUH paccesHusl ¢ MEepeHOCOM YIJIOBOro MoMeHTa L=2
(pucynoxk 3). JIudpaknumonHas cTtpykrypa nuddepeHnuanTsHoro ceueHus s coctosaus 3/2° (9.90 MaB)
CMemaeTcss B CTOPOHY OOJBIIMX YITIOB, YKa3bIBAIOIIMX €ro MEHBIIWH paanyc. DTOT pe3yibTar
NPOTUBOPEUUT TMpPEACKa3aHHUsAM, KOTOpble OBLIM MpeiokeHbl B pabore [9], cormacHo KOTOpomy
cocrosare 3/2° (9.90 M»hB) momxHO WMETh pajuyc, CpaBHUMOHN ¢ cocrosHneM Xoina. dusmueckas
IPUYKMHA TAKOTO YMEHBIIEHHS pa3Mepa sapa IoKa He SICHa.

Takum oOpa3zom, pasbaBneHHble coctostHUS TpH 3.09 u 8.86 MbdB u kommaktHas mpu 9.90 MsB
COCYILECTBYIOT B siIpe "C BMeCTe ¢ APYTMMHU COCTOSHHI ¢ HOPMAIbHBIMH PAJIHyCaMH.

"""" LI L B L B L L R B B AL B A 102—: P
E b) a+"°C, E_=90MeV

= 3.68MeV,*10
w " .n

3.68 MeV
B
]

: %
E 104 & 7.55 MeV
~ o [ 1]
% a 10" S .I - L
B S E
T <}
T

0 1 ' 2 ' 3
q (1/fm) q (1ffm)
Pucynok 3 - muddepeHnnanbabIe ceUeHNs HEYIPYToro pacCesHIs 13C(a, (x)13C* mpu 3Hepruax 65 u 90 MsB, npu L=2 s
cocrosHuii 3.68 M»aB, 7.55 MaB u 9.9 MaB snpa 13C B 3aBucuMocTH oT nepefadu UMITyibca q. BepTukansHele 1uHUN
MIPOTATUBAIOTCS Yepe3 MUHUMYMBI M MAKCUMYMBI TU(depeHInatbHbIX Ce4eHHI BO30yXKICHHBIX ypoBHel 3.68 u 7.55 M»aB.
COOTBETCTBYIOIIE MUHUMYMBI U MAaKCUMYMBI cedeHui cocTosiHust 9.9 MaB 0603Hauens! crpenkamu. CIUTONIHbIE KPUBEIE
COOTBETCTBYIOT pacueTaMm o DWBA (L=2). Jlannsie B34THI U3 paboTHI [8]
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BC s1IPOCBIHBIH, SK30TUKAJIBIK KYWJIEPIHIH PATAY CTAPBI

Annoramusi. Ocel kymbicta 90 MbB sHeprusmapna o—Oemmektepain °C sIpONapsIHIa CepIiMai KOHE CepriiMcis
LIAIIBIpAYBIHBIH UG QepeHInanabpl KUMalapblHBIH HOTIDKeNepi KepceTiireH. Moaudukanusananran AUQPaKISUIBIK MOIET
men6epinge °C smpocsEsE 8.86 (1/2), 3.09 (1/2 ') xome 9.90 (3/2)) MsB Ko3FaH KyiiIepiHiH opTama KBajpaTTaIFaH
pamuycrapsr (<Rrms>) ecemrenai. C sSIpOCHIHBIH KO3FaH GipiHII eki KYHIEpHiH pajHycTapl, HErisri Kyl paxuyChIMEH
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COMPUTER SIMULATION OF TRANSPORT PROPERTIES OF
NANOCONTACT "NIOBIUM - CARBON NANOTUBES (5.5) - NIOBIUM"

Abstract. Within the framework of the density functional theory using Atomistix ToolKit with Virtual
NanoLab program by simulation, transport properties of nanocontact "niobium — carbon nanotube (5,5) — niobium"
were studied. At computer simulation of nanocontact the method of non-equilibrium Green's function and the local
density approximation was used. The current-voltage characteristics, the differential conductivity, the transmission
spectra and spectral current of considered nanocontact at different values of the bias voltage and temperature were
calculated. The nature of electron transport through the reporting nanocontact shows that despite the small
correlation between the size of nanocontact and the coherence length, such systems at low temperatures behave like
Josephson structures. This makes possible to conclude about decreasing the size of Cooper pairs in low-dimensional
systems, where the correlation between the electrons due to the absence of a periodic structure on the surface of the
system is due to phonon transmitted through its volume. In these contacts at low temperature there is the coincidence
of the transmission spectra at different values of the bias voltage. The obtained results may be useful for calculating
of the nanoelectronics elements.

Keywords: nanocontact, carbon nanotube, current-voltage characteristic, differential conductivity, transmission
spectra, spectral current.
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KOMIIBIOTEPHOE MOJIEJIMPOBAHUE TPAHCIHHOPTHBIX
XAPAKTEPUCTUK HAHOKOHTAKTA «HUOBUM —
YIJIEPOJHASI HAHOTPYEBKA (5,5) - HHOBUI»

AnHoTtanus. B paMkax Teopun QpyHKIIMOHANA IUIOTHOCTH C IPUMEHEHHEM nporpaMmbl Atomistix ToolKit with
Virtual NanoLab MoznenpHO nccnenoBaHbl TPAHCIIOPTHBIE XapaKTEPUCTUKH HAHOKOHTAKTa «HUOOHMH — yriiepojHast
HaHOTPYOKa (5,5) — HuoOMid». IIpyM KOMITBIOTEPHOM MOJICIMPOBAHUM HAHOKOHTAKTa HCIOJIBb30BAJICS METO/
HEPAaBHOBECHBIX I'PUHOBCKUX (YHKIWI M amIIPOKCUMAIMS JIOKAIBHOM IUIOTHOCTH. PaccuuTaHbl BOJIbTaMIIEpHBIE
XapaKTepUCTUKH, AudepeHaIbias MPOBOAUMOCTb, CHEKTPHI MPOIMYCKaHWsS M CIEKTpalibHas IUIOTHOCTh TOKa
paccMaTprBaeMOro HaHOKOHTAKTa MpPU Pa3IMYHBIX 3HAUCHUSAX HANPSHKCHUSI CMEICHUS U TeMIepaTypbl. XapakTep
AJIEKTPOHHOTO TPAHCIIOPTa 4Yepe3 paccMaTpUBaeMblii HAHOKOHTAKT IIOKa3bIBAaCT, YTO HECMOTpPS Ha Mayoe
COOTHONICHHE MEX/Ty pa3MepOM KOHTaKTa U JUIMHON KOI'€pPEHTHOCTH, IOZ0OHBIE CUCTEMBI IIPH HU3KOH TeMIIepaType
BeAyT ceds Kak JKO3e()COHOBCKHE CTPYKTYphl. OTO TMO3BOJISET CHENIATh BBIBOA OO0 YMEHBIIEHHH pa3Mepa
KyIIEPOBCKOM Tapbl B HHU3KOPAa3MEpPHBIX CHCTEMax, IJE KOPPEALUs MEXKIy 3JCKTPOHAMH H3-32 OTCYTCTBHSA
NEePHOJUYECKON CTPYKTYphl Ha IIOBEPXHOCTH CHCTEMBI NPOMCXOIHUT 3a cueT (POHOHaA, mepemaBaeMoro 4epes ee
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00beM. B mogoOHBIX KOHTaKTax MpH HU3KOW TeMIIepaType HaOoAaeTcs COBIAACHUE CHEKTPOB MPOIYCKaHUS MPH
Pa3IUYHBIX 3HAUCHMSAX HANpPsDKCHUS cMelneHus. [loydeHHbIe pe3yapTaThl MOTYT OBITh MOJIE3HBIMH JISI PAacUETOB
3JIEMEHTOB HAHORJIEKTPOHHKH.

KnroueBble c/10Ba: HAHOKOHTAKT, YIJEepoIHas HAHOTpyOKa, BOJNbTaMIIEpHAs XapaKTepUCTHKa, IudgepeH-
LIUajbHAas TPOBOAUMOCTb, CIIEKTP MPOIMYCKaHUs, CIEKTPajbHasl INIOTHOCTh TOKA.

Beeoenue

B HacTosmee BpemMs HMHTEHCHBHO UCCIEAYIOTCS DSJEKTPOGU3NYECKHE CBOMCTBA Pa3IMIHBIX
HAaHOPa3MEPHBIX KOHTakTOB (cM. Hampumep [1-3]). OTo cBsizaHO ¢ pa3paboTKaMH Ha WX OCHOBE
MUHHUATIOPHBIX 3JICKTPOHHBIX KOMIIOHCHTOB MUKPO- U HaHO3JICKTPOHUKH [4, 5]. B 3TOM miaHe oqHUM U3
HIMPOKO KCIIOJIE3YEMBIX MATCPUANIOB JUIA CO3JaHMs MOJOOHBIX HAHOKOHTAKTOB SIBIIICTCS YTJIICPOJHBIC
HaHoMaTepuanbl — yriaepoanbie HaHOTPpYOkH (YHT mim CNT — carbon nanotube), ¢pymiepensl, rpadeHs
Y UM POJICTBEHHBIE CTPYKTYPHI [6-8].

WzBectHo, uto YHT 001amal0T TakMMH YHUKAJIGHBIMH CBOWCTBaMH, KaK CBEpXMAllble pa3Mephl,
XOopomiasi 3JIeKTPONPOBOJHOCTh, BBICOKHE OSMHUCCHOHHBIC XapaKTEPHUCTHUKH, BBICOKAS XUMHUYECKas
CTaOWIBHOCTh W CIIOCOOHOCTH TPHCOCTUHATH K cebe pa3HoOOpa3Hble XUMHUYECKHE paauKaibl (CM.
Hanpumep [9, 10] u nuTUpyemMbie B HUX pabOThI), KOTOPBIC MO3BOJISIOT Ha UX OCHOBE CO37aBaTh HOBBIC
TUIBI TEPCHEKTUBHBIX MUHHUATIOPHBIX 3JeMEeHTOB anekTpoHuku [11, 12]. CnemyeT OTMETHTH, 4YTO
omaocteHHsie YHT (OYHT) obmagaroT KBaHTOBBIM OaUTHCTHYECKAM MEXaHU3MOM TIPOBOJIUMOCTH, T.C. B
HUX TPU HU3KOHM TEMIEepaType SJIEKTPOHBI, ABJSIOIIMECS OCHOBHBIMU HOCUTEISMH 3apsija, ABHIKYTCS IO
HAHOTPYOKe, He WchbIThIBas paccesHus [9]. [loaTomMy 0COOBIN HMHTEpEC NPEACTABISIIOT CTPYKTYPHI,
cocrosimue n3 komOuHarmii YHT ¢ MaTepuanaMu ¢ pasmTUYHBIMH THUTIAMH ITPOBOAMMOCTH, HAIpUMED,
YHT — wmerann, YHT — nonympoBoanuk, YHT — cBepxmpoBoaHuk, koHTakThl YHT ¢ pasHbiMu
3HAYCHHUSIMH XUPAILHOCTU U T.. B pabore [13] mokaszano, 4To 3a cuer uamMeHeHus xupaibHoctu OYHT
MyTeM BHEJIPEHUS B €€ CTPYKTYpy HedekTa (aphl MATHYTONBHUK — CEMUYTOJNBHUK) MOYKHO U3MEHHUTH €e
JIEKTPOHHBIE CBoO¥cTBa, Hampumep, OYHT c¢ xwupampHOCTBIO (8,0) SBISIETCS TOTYIPOBOIHHKOM C
mUpUHON 3ampemnieHHo 30HBI 1,2 3B, Torma kak OYHT c¢ xwupampHOCTBIO (7,1) BBICTYymaeT Kax
MOJyMeTaJlI (C NIMPUHOMN 3alpelieHHON 30HbI paBHOU HYI0). A B pabote [14] myTem BHeApeHus nedekra
B cTpykTypy OYHT momydeHsl rerepomnepexoisl MOIYIPOBOJAHUK — IONYHIPOBOTHUK C Pa3IHIHBIMA
3HAYCHHUSIMU  INUPHHBI  3alpeIIeHHONW  30HBIL.  AHAJOTHYHBIM  00pa3oM  MOXHO  IOIYYHTh
CBEPXMUHHUATIOPHBIC TETEPONEPEXOIbl MOTYNPOBOAHUK — MeTaul. CIeayeT OTMETUTh, YTO YCTPOMCTBA,
cocrosimue u3 AByXx coeanHeHHBIX OYHT ¢ pasnuuHbMH 3HAYEHUSMHU XUPATBHOCTH, MPEICTABIISIOT
c000¥i AIEKTPOHHO-IEIPOYHBIN TIEPEXO0T pa3MepOM HECKOJIEKO HaHOMETpOB [15, 16]. Takue p-n mepexombt
Ha ocHoBe YHT npumenstorcs Ui pa3pabOoTKH TPAaH3UCTOPA, & TAKKE COTHEUHBIX AJIEMEHTOB U CEHCOPOB
[17].

B pabotax [18-20] uccnenoBanbl KOHTAKTHI CBepXIpoBOAHUK — YHT, T/ie OCHOBHBIM MEXaHH3MOM
TPaHCIIOPTa CBEPXIPOBOJISIIEIO TOKA (KyMEPOBCKUX Map 3JEKTPOHOB) CIYKUT 3(P(EeKT MHOTOKpPaTHOTO
anapeeBckoro orpaxenus (MAR — multiple Andreev reflections). OTmeTrM, 9TO B 3THX paboTax pa3mep
CBEPXIPOBOJISIICH CUCTEMbI d MHOTO OOJbIIIE, YeM JUIMHA KOTEPEHTHOCTH (pa3Mep KyNepOBCKOW Mapsbl
anekTpoHoB) &, T1.6. dlJ &, 9TO He TPOTHUBOPEUUT CYIIECTBOBAHUIO KYIIEPOBCKHX Tap B TOIOOHOI

cucteme. B Hamem ciydae, pasMep paccMaTpUBacMOr0 HAHOKOHTaKTa d MHOIO MEHBIIE, YeM AJIUHA
KOT€pPEHTHOCTH (d 0 & ) , TO3TOMY BO3HHKAET BOIIPOC O BO3MOXKHOCTH ()OPMHUPOBAHHUS KyTIEPOBCKHX TIap B

NOOOHBIX CHCTEMaXx, a Takke Kak BEAyT ceOs Takue CHCTEMBbl B HU3KOW Temmeparype. B manHo# pabote
NpPEINPUHATA TONBITKA OTBETHTH HA 3TH BOIPOCH, OCHOBBIBASCH HA PE3YJIBTaTaX KOMIIBIOTEPHOTO
MOJICIIMPOBAHUS TPAHCIIOPTHBIX XapaKTEPUCTUK HAHOKOHTAKTa «HHOOMI — yriepoaHas HaHOTpyOKa (5,5)
— HHOOMiN» ¢ mpuMeHeHueM nmporpaMmel Atomistix ToolKit with Virtual NanoLab.

Onucanue obvekma u Memooos UCCie008aHUs.

I'eomeTpus uccieayeMoro HaHOKOHTaKTa «HUOOWN — yriepojgHas HaHOTpYOka (5,5) — HuOOMI
npuBenieHa Ha puc. 1 a-r. J{nmHa HHOOMEBBIX 31ekTpoaoB 1o ocu C cocraBnser ~4,67 E, a mmua YHT
~4,922 E. Pa3mep KOHTaKTHPYIOIIEH (IeHTpabHOM) o0mactu cocTariseT ~21,6 E.

KomMmbloTepHOe MOETUPOBAHME HAHOKOHTAKTa MPOM3BOJIMIOCH B paMKax Teopuu (YyHKIIMOHAIA
wiotHoctH (DFT — Density Functional Theory) ¢ mpuMeHeHHeM MeTOAa HEpaBHOBECHBIX T'PHHOBCKHX
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¢ynkuuit (NEGF — Non-Equilibrium Green's Functions) u annpokcuManuu jJokaiabHo# miaotHoct (LDA
— local-density approximation) [21].

OCHOBHBIE MapaMeTPhl BHIYUCIUTENBHOTO pecypea: 8 saepHbiit npoieccop Intel(R) Core(TM) 17-4790
CPU @ 3,6 GHz, O3Y 8 I'6, tun cucrembl — 64-pa3psiHasi ONEpallMOHHAsS CUCTEMa, OIepallOHHAs
cucrema — Windows 8.1. OcHOBHBbIC BpPEeMEHHBIC 3aTPaThl BBIYUCIUTEIBHOTO Pecypca Ui Pa3sIHYHbBIX
BUJIOB OIIEPAITUH NIPU pacueTe XapaKTepPHCTHK, TIOKa3aHHbIC Ha PUC.2, IPUBENICHEI B Ta0uIIe 1.

X
o Nb
Left © . Right
v electrode ec . electrode
Left Right
clectrode w—rz electrode

.|- ~4.6675A ~21.6 A ~4.6675A

BL4_(«.75/\ | ~216 A | ~4.6675A
I

a) 0)

B) r)
Pucynok 1 — I'eomeTpyst HAHOKOHTAKTa «HHOOUH — yriaeponHas HaHOTpyOKka (5,5) — HHOOHH»:
a) Z-Y plane; 6) Z-X plane; B) X-Y plane; r) 3D.

MonenupoBaHue TPAHCIOPTHBIX XaPaKTEPUCTHK HAHOKOHTAKTAa C MOMOIIBIO MPOrpaMMbl Atomistix
ToolKit with Virtual NanoLab ocymiecTBIsI0Ch Ha OCHOBE HIDKEITPUBEIEHHBIX ypaBHeHu (1-10).

Jns pacdera TpPaHCIIOPTHBIX CBOKMCTB pacCMaTpPUBaeMOr0 HAHOKOHTAKTa COCTAaBISETCS MaTpulla
TUIOTHOCTH COCTOSIHUH JIEBOTO M MTPABOTO AJICKTPOJIOB:

D=D:+ DR, (1)
rae D!, D® — maTpuna IIoTHOCTH JIEBOTO M IIPABOTrO JIEKTPOIOB, COOTBETCTBEHHO.
Dt =[pt(e)f| E=EL |ae, @)
kBTL

rae & — oHeprus, pt (g) — CIIeKTpalibHasl Marpuia, f (.9) — QepmueBckas GyHKIUS pacrpeaeieHust
KBa3WYacCTHL TI0 PHEPIHAM, kp — MOCTOsHHAS bojiplmaHa, f; — 3JEKTPOXUMHYECKUH MOTeHUMal, 1; —

TEKyIlask TEMIIEpATypa JIEBOrO 3JIEKTPoa. Marpuiia MIOTHOCTH JUls paBoro snekrtpoga D? naxogutes
aHAJIOTUYHBIM criocoOoM. CrieKTpasibHas MaTPHIIA ONIPECIIICTCS ¢ MIPUMEHEHUEM TPUHOBCKUX ()yHKIIUH:
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pL(g)zéG(e)FL(g)GT(g), 3)

rne I''(¢) — marpuua ymwmpenus (ynxkums ymmpenus), G(e), G'(e) — sanasnbiBaromas u

onepexatomas (GyHkuuu I'puHa. MaTpuua ymmpeHusi J€BOTO 3JIEKTPOJa OIMCHIBACTCS CIEAYIOLINM
YpaBHEHUEM:

M (e) =<z ~(z)), “@

rae i — MHUMAas CAHHNIIA, ZL — coOCTBEHHAs SHEPrus JICBOI'O 3JICKTPOJA. Amnangornusoe YpaBHCHUC

CyLIeCTBYeT JUIsi MAaTpHUIBl IJIOTHOCTH NPaBOro OdIieKTpona. 3amasapBaromias ¢GyHkuus [puna
NpeACTaBieHa B BUIC

G(g):m, 5)
G(e)=[(s+i5,)S-H-X (s)-X*(e)] . (6)

rae o, — OEcCKOHEYHO Malioe MOJOXKHUTEIBHOE YHCIO, S — MaTpHhla UHTErpajoB MEpeKpuITHs, H —
raMHJIBTOHOBA MaTPHIIA.

Ta6n1/111a 1- BpeMeHHLIe 3aTpaThbl BBIMUCIIUTEIILHOI'O pecypca MJid pa3jIMYHbIX BUJOB OIl€paliun

Ne HaumenoBanue onepanuu Hrorosoe Bpems, cex 3a ofuH 1Iar, cex
1. Martpuna miotHoctu (Density Matrix) 438968,09 495,45
2. Cnextp npomyckanus (Transmission Spectrum) 73585,89 728,57
3 ﬁ?sge;ﬁ?n BellecTBeHHOTo npoctpancTia (Real Space 11567.71 10,69
4. [TnotHocts BanentHocTH (Valence Density) 3536,28 3,27
5. Oomennas koppemsius (Exchange-Correlation) 1230,22 1,14
6. (}éﬁ;ﬂ;ﬁgzlﬁfypﬁirgomocm 1028,79 257,20
7. TTocTostable TepMel (Constant Terms) 713,54 7,00
8. [lorennman Xaptpu (Hartree Potential) 561,11 0,52
o 5:21;110 SB;;I(,I:ZCET;;:?SI){OFO NIPOCTPAHCTBA 533.14 5.13
10. JTuaronanusanus matpuiisl (Diagonalization) 498,64 5,42
11. CwmemmBanue (Mixing) 252,53 0,26
12. CoxpaHeHue B (aiis 22,54 0,22
13. ["eneparus 6a3ucHoro komiuiekra (Basis Set Generation) 7,51 0,07
14. Paznocts motHoCTH (Difference Density) 6,53 0,07
15. OcnoBHas otHOCTH (Core Density) 3,25 0,03
16. [Totenuuan Heirpansaoro aroma (Neutral Atom Potential) 3,22 1,07
17. 3arpy3ka moayneit (Loading Modules) 1,69 1,69
18. 'VcranoBka cimaoBoii Tepmsl (Fixed Spins Term) 0,01 0,00
19. OO11ee BpeMsi pacyera XapaKTePUCTHK HAHOKOHTAKTa 539102,52

Jst pacdera BonbTaMIiepHoi xapaktepucTuku (BAX) u muddepeHnmanbHOH TPOBOAMMOCTH CHadaIa
B pamkax DFT ompenensercs (yHKOusi mpormyckaHus O0apbepa HaHOKOHTaKTa. Pacuer 3aBHCHMOCTH
(GYHKIMH TpoITycKaHUA Oapbepa OT SHEPIUH MPOU3BOAMTCS HA OCHOBE YPaBHEHHS:

— §) ——
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T(e)zZtZtké'(g—gk), (7)
k
HJn
T(¢)=tr[TtAR |=t[ R4l | = tr[ TEGTRG! | = e[ TRGTEGY ], ®)
r1e ¢, — aMIUIMTYJa POIyCKaHus, O (5) — nenbra QyHKIus, A — CrieKTpanbHas (yHKITHSL.
B stom ClIy4ac JaHHbI HAHOKOHTAKT MO>KHO paccMaTpuBaTh KakK MOJYIIPOHHUIACMYHO MeM6paHy,
pasmeNsIoNIyIo ABa JICKTPoaa, Toraa (YHKIHS mpormyckanus 7 (5) OyIeT ompeneNsiTh MPOHUIIAEMOCTh

3TOW MeMmOpaHbl JUIs 3JeKTpoHOB ¢ 3Hepruedt ¢ [1]. Ilpm Takom packmane, BAX HaHOKOHTakTa
PACCUUTHIBACTCS C YUETOM CIIEKTpa MPOMYCKAHUS Ha OCHOBE YPaBHEHUSI:

2 +00 _ —
I(V,, Vo T, TR)=7€7J T(s)| f nggR —f ng;L‘L de, ©)

rae 7} 5 71 — TEKyIHUEe TEMIICPATYPhI IIPABOro U JICBOI'O 3JICKTPOAA, iy, 4, — XUMHUYCCKHUC INOTCHIHAJIbI
IMpaBoOTo U JICBOT'O 2JICKTPOJA.
I[I/I(I)(l)epeHLII/IaJ'ILHaﬂ MMPOBOAUMOCTb HAHOKOHTAKTA ONPCACIACTCA C MIOMOIIBIO YPAaBHCHUA:
IV, +a, 6V, Vi—a, 0V, T,, Ty)
T L L > "R L > “L> °R
oV, Vio Ty, Ty, aR)—dl’}r_I)lO 5 , (10)
rae «;, &, — KOHCTAHTHI CBA3HU, IIPHU 3TOM BBIIIOJIHACTCS YCIOBUE &, + ap =1.

Onucanue u ananu3s pe3yibmamos
Ha puc. 2 mpencraBineHBl pe3ysbTaThl MOJCTHPOBAHHS OCHOBHBIX XapaKTEPHCTHK HAHOKOHTAKTa
«HUOOUHI — yriepopHass HaHOTpyOka (5,5) — HuoOumil» mpu HanpsbkeHun cmemenus V,, =0,01B u

temmepatype 4,2 K. Ormernm, 4TO TemmepaTypa mepexoja HHOOHMS B CBEPXIPOBOAALICE COCTOSHHE
(xputnueckas Temneparypa) 7, 9,2 K. PacueT TpaHCIIOPTHBIX XapaKTEpUCTUK HAHOKOHTAKTa JJI 3TOr0

ias

Ciydasi IpOU3BOIUIICS B TeUeHnu 6 nHEH 5 yacoB 45 muH. 2,52 cek.

Kak Bumno, BAX HaHokoHTakTa HamomuHaeT BAX mxo3zedcoHoBckoro 3nementa (puc. 3) (cm.
Hanpumep [22]). HyneBoit Tok HaOmomaeTcs B WHTepBaje HamnpsbkeHHH =~ —6-+ 6 MB. Ilpu stux xe
3HAYEHUAX HampspkeHus npoucxomut mnepexmoueHne BAX ¢ OFF pexuma B ON pexum, Kak B
HAHOCTPYKTYpax IUIsl [BYXTEPMHUHAILHOTO TEePEeKIoYaroniero ycrpoiictea (puc. 4) [23]. OTo HaBoaAUT HA
MBICJIb O TOM, YTO, HE MPEACTABISET JI pacCMaTPUBAEMbI HAHOKOHTAKT JK03e(DCOHOBCKOTO Tepexo/a
SIS crpykrypsl (S — superconductor, I — insulator), XoTs CBEpXHpOBOAMMOCTb B HH3KOpa3MEpHOIi
CTPYKTYpE MOXKET CyIECTBOBATh IPU YCIOBHH, €CIIN pa3Mep HAaHOCTPYKTYPHI d OOJIbIIE U COM3MEPUM
C pa3MepoM KyIIepOBCKOU mapsl & , T.€.

d>¢&. (11)

Bce kimaccuueckue CBEpXIpPOBOJHHMKH, OMHUCHIBaroImecs teopued bapauna-Kynepa-Llpuddepa
(BKILI), uMeroT OTHOCHTENBHO OOJBLIYIO JUIMHY KOT€pPeHTHOCTH (CM., Hampumep, Tabda. 2, rue
NPEeACTaBICHbl MapaMeTpbl HUOOMEBBIX CBEpXNpoBOAHUKOB [24]). Ilpu 3TOM ¢ yMeHbLIEHHEM pa3Mepa
KyTIEpPOBCKHX AP YBEIWYUBACTCS KPUTHUECKAs TEMIIEpaTypa MaTepuaa.

B paborax [25, 26] uccrnenoBaH 3IeKTPOHHBIA TPAHCTIOPT Yepe3 CBEPXIPOBOMSIIYI0 HAHOYACTHILY C
YYETOM TIOBEPXHOCTHBIX COCTOSIHMM, MpPU 3TOM PACCMOTPEHBI CIEAYIOIIME BO3MOXHBIE BapUAHTHI
¢dbopMupoBaHUs KyNEpOBCKUX IAp B 3aBUCHMOCTH OT COOTHOLICHUS MEXAY AJIMHOW KOT€PEHTHOCTH U
pa3MepoM HaHOYACTHUIIBL:

a) mpu d ] & cBepxXmpoBOASAIIEE COCTOSHUE HE BO3HHKAET, ITOCKOJIBKY 00pa3oBaHHE KYIEPOBCKUX

nap HEBO3MOXKHO;

0) mpu yBeNIMUEHUH pa3Mepa HaHO4YacTHILBI 10 d =& B mporecc (OPpMHUPOBAHUSI CBEPXITIPOBOISIIETO
COCTOSIHUSI BCTYTIAIOT 3JIEKTPOHBI, JJOKATH30BaHHbIE B TIOBEPXHOCTHBIX COCTOSHUSX (pHC. 5 B);

B) ipu d 2 & B (JOPMHUPOBAHUU CBEPXIPOBOJMMOCTH HAUMHAIOT Y4aCTBOBATh TAKXKE U DIICKTPOHBI B

00BEMHBIX COCTOSIHUAX, MMEIOT MECTO BCE BO3MOXKHBIE CIICHAPUM 00pa30BaHuUs KyNepoBCKuX map (puc. 5
a-B);
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I') B MAKpOCKOIMMYECKOM Mpenese, korma d [I £, Bkiaasl oT BToporo (puc. 5 0) u tpetsero (puc. 5 B)

cueHapueB 00pa3oBaHMS KYNEPOBCKHUX Iap CTaHOBSTCA IPEHEOPEKUMO Majbl BBHUAY Majod HONH
MOBEPXHOCTHBIX ATOMOB II0 CPaBHEHUIO C OOBEMHBIMH, U B (POPMUPOBAHUU CBEPXIPOBOIUMOCTHU
YYacTBYIOT TOJIBKO AJIEKTPOHBI B 00BEMHBIX COCTOSIHUSIX (pHC. 5 a).

Taxoke B 3THX paboTax ¢ MOMOLIBIO BO3MYLIEHHOH TemneparypHoil ¢pyHkuuu ['pruHa, paccuutaHHoil B
paMKax HpUOIIKCHHOTO METOJla KPUCTAUIMYECKUX OpOuTajnel, NMpOU3BENCH pacdyeT BEJIMYMHBI IIETH
CIEKTpa CBEPXMPOBOSAIICH HaHOYacTUIBL. B pesynbprare BBIABICHO, YTO BEJIWYMHA IIENU CIEKTpa
CBEpXIIPOBOMAILIEH  HAHOYACTHIBI  CYLIECTBEHHO  MpPEBBIIIAET  BEIMYMHY  MaKpOCKONHYECKOH
CBEPXIPOBOJISIICH IIENH, YTO CBHIETEIHCTBYET 00 YMEHBIICHUH & TIPH YMEHBIICHUH pa3Mepa CUCTEMBI.

OTMeTHM, YTO B3aMMOJCHCTBHUE MEXIY JSJICKTPOHAMHU MHPOMCXOIUT 3a CueT (OHOHA, IepeaBacMOoro
yepe3 00beM HAHOCUCTEMBI, TaK KaK Ha MOBEPXHOCTU (PAKTUYECKH HE CYIIECTBYET MEPHOAUYCCKON
CTPYKTYpPBI, TO3TOMY TIPOUCXOJIUT PacCesHUE STIEKTPOHOB JHO0 3aXBaT MX B TIOBEPXHOCTHBIE COCTOSHUSL.
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Pucynok 2 — Xapakrepuctukyu HanokoHTakta Nb — CNT (5,5) — Nb npu Hanpspkernu cmernenns 0,01 B:
a) BAX; 6) criextp npo3paunocty; B) auddepeHnnaabHas IpOBOIUMOCTE; T') CIIEKTpaIbHas INIOTHOCT TOKa
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Pucynox 4 — BAX 110 nocTOSSHHOMY TOKY JBYX-

Pucynok 3 — BAX cBepXIpOBOJAIIEro TYHHEJIBHOTO IIepexoa:
TEPMHUHAIBHOTO NEPEKIIIOYAIOUIET0 YCTPOUCTBa [22].

1 — tunnunas BAX SIS-nepexona; 2 — paccuuTanHas B paMKax
teopun BKII s nneansuoro SIS-nepexona

[Ipu TakoM mMoOJX0ME, MOXKHO MPEIIIONI0XKUTh, YTO B pacCMaTPUBACMOM HAHOKOHTAKTEe HHOOWEBBIC
Oepera HaxoJsTCS B CBEPXIPOBOASAIIEM COCTOSIHUH, a caM HAHOKOHTAaKT BeleT cels, Kak mko3edco-
HOBCKHI 3nemeHT SIS Tuma. Torma, B HamieM ciiydae, Majoe 3HAQYCHUE TPAHCIIOPTHOTO TOKA, MpPOTee-
KaloIIero uepe3 HAHOKOHTAKT, HE pa3pyllacT CBEPXMPOBOIMAIICE COCTOSHHE HUOOHMEBBIX CBEPXIPO-
BOJAIINX OEperoB, 3a cueT 4ero BAX nMeer «Kk03e(hCOHOBCKUN BHI.

Ta6nuua 1 — OcCHOBHBIC ITApaMeTPbl CBEPXITPOBOISIIMX MAaTEPHAIOB U3 HUOOUS

Kpuruueckas Ty6uHa MPOHUKHOBEHHUS JMHA KOTepPEHTHOCTH
CBepxnposoaHuK temneparypa 7, , K A(0),E £(0),E
Nb 9,2 450 380
NbTi 9,5 1600 50
NbN 16 2000 50
NbsSn 18,4 800 35
Nb;Ge 23 — 35

a) 0) B)

Pucynok 5 — Cuenapun o0pa3oBaHHs KyIepOBCKHUX map (coraacHo [25])

CnekTpbl pomyCcKaHusi 0apbepa COBIANAIOT NPH Pa3IMYHBIX 3HAUYEHHsAX HanpspkeHws oT -0,01 1o
0,01 B (puc. 2 6), yTO CBUACTEIBCTBYET 00 YIOPAIOYCHHOM B3aUMOICHCTBIM KBAa3UYaCTUI. MaKCUMYyMbI
CIIEKTpa TNPOIYCKaHUs HaOMIOAIOTCS MPH OTpHLATeNbHOH sHeprun ~—0,73B U mpu MmoioxuTensHOM
sHeprun = 1,8 3B, a MurUMyMBI — IpH = —1,6 3B u ~ 0,9 3B.

Huddepenumanbaas mpoBOIUMOCTh HAHOKOHTAKTA UMEET JBa MakCUMyMa (IpHUCYIIe TyHHEJIbHBIM
nepexonam) npu Hanpsokenusix +0,01 B. MakcumansHoe 3HaueHne ang¢epeHnnansHOiH TpOBOAUMOCTH
cocrapnser 5-107 uCwM (puc. 2 B).

CnekTpanbHas IUIOTHOCTh TOKAa HAHOKOHTAKTA YBEIWYMBACTCS C YBEJIMUCHHEM IPHIOKEHHOTO
HATNpPSOKEHHUS ¥ MMeeT MaKcuManbHoe 3Hadenne 2-107 A/»B (puc. 2 1).
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Ha puc. 6 a-r mpuBeJeHbl pe3ynbTaTbl MOJCTUPOBAHUS XapakTEPUCTUK HaHOKOHTakTa Nb — CNT
(5,5 — Nb npu Hanpskennu cmemeHus 0,5 B. BAX kBasuiwHelHass W TMOXOXKE Ha OMHYECKYIO
3aBUCUMOCTb. Omuueckas 3aBUcUMOCTh BAX cBf3aHa ¢ TeM, YTO BEIMYMHA TPAHCIOPTHOI'O TOKa,
MPOTEKAIOIIEr0 Yepe3 HAHOKOHTAaKT, JOCTaTOYHA JUId pa3pyLICHHsS CBEPXIPOBOJAIIETO COCTOSHUS B
JIEBBIX U MPaBbIX Oeperax.

CriexTpel TpomyckaHusi Oapbepa (IYKTyHpyeT NpU pasiM4HBIX 3HAYCHUSX NPHIOKEHHOTO
HanpspkeHus. Ha puc. 6 6 moka3zaHbl CIIEKTPHI IPOITYCKaHU ISl OTMeueHHBIX Touek BAX Ha puc 6 a.

MakcuMmyMbl auddepeHINAIBHOR TTPOBOAUMOCTH HaOmMoAaroTcss Tpu HampsokeHusx +0,42B u

cocrapnsroT 3-107 Cwm.

CriexTpanbHasi TWIOTHOCTh TOKa — HEOAHO3HAYHASI M 3aMETHO MEHSIETCS] P Pa3lUYHbIX 3HAUCHHSIX
NPUJIOKEHHOTO HANpPsKEHUs. MakcUMalbHOE 3HAYEHHE CHEKTPaIbHOM MIoTHOCTH Toka 2,2-107 A/>B
nposiBisieTcs mnpu sHepruu 0,3 3B.

[MonoOHble XapakTepucTHKH HaOmonaroTcss y HaHokoHTakta Nb — CNT (5,5) — Nb u mpum
yBenmmueHnn Temnepatypsl Ha 10 K u 20 K, 4ro oO0BscHseTcsS pa3pylmIeHHEM CBEPXIPOBOJISIICTO
COCTOSIHUSI OeperoB HAaHOKOHTAKTA.
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Pucynok 6 — Xapakrepuctuku Hanokontakra Nb — CNT (5,5) — Nb npu Hanpspkernu cmentenus 0,5 B:
a) BAX; 0) cnekrp npo3paunocty; B) dI/dV-xapakTeprucTrKka; T) ClieKTpaibHas INIOTHOCTh TOKa

Bvi6o0wsi

CpaBHHBas XapaKTePHCTHKA HAHOKOHTAKTA JUIS PA3JIMYHBIX 3HAYCHUH HANPSDKCHUS CMEIIEHHUS (pHC.
2, 6), MOKHO cZeNaTh 3aKII0UYEHHE O BO3MOXKHOCTH CYIIECTBOBAHHS CBEPXIPOBOJSIIEIO COCTOSHHS B
HU3KOpa3MEpHBIX CHUCTEMaxX NpW HEBHIMOMHeHWH YycnoBuu (11), T.e. B HHU3KOpa3MEepHBIX CHUCTEMax
BO3MOJKHO CYILIECTBEHHOE YMEHBIIIEHHE JIMHBI KOrepeHTHOCTH. [Ipn TakoM moaxone B paMKax TEOPUH
K03epcOHOBCKOrO Tepexona xopouio oObsicHs0Tcs ¢opma BAX u cnektpa auddepeHnnanbHol
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MIPOBOAVMOCTH HAHOKOHTAaKTa, COBIAJECHUE CIEKTPOB IPOIMYCKaHWS HAHOKOHTAKTa IMPHU pPa3IU4HBIX
3HAYCHHUAX HaNpsDKEHHA, MOHOTOHHO ITOBBIIIAIOIIAACA CHEKTpaJbHAs IIOTHOCTh TOKAa HAHOKOHTAKTA C
YBEJIMYECHUEM NPUIIOKEHHOTO HAIPSKEHHUS.

Takum o0OpazoMm, B AaHHOH paboTe MOJENBHO HCCIEIOBAaHBl TPAHCIOPTHBIE XapaKTEPUCTHKH
HAaHOKOHTAaKTa «HUOOMH — yrieponHas HaHOTpyOka (5,5) — HUOOMIl» NpU HANPsDKEHUH CMEIIEHUU
V,..=0,01B; 0,5 B 1 npu HU3KUX TemMnepaTypax 1 HOITy4YEHbI CIEAYIONNE PE3YIbTATHL:

bias
- PacunTanbl BonmbTamMnepHble u dI/dV-xapakTepuCcTUKH, CHIEKTPHI MPOMYCKAHHUS M CHEKTpalbHast

IIJIOTHOCTb TOKa HAHOKOHTAKTA IMPH PA3JINYHBIX 3HAYCHUAX NPHUIIOKCHHOI'O HAIIPAXKCHUA U TCMIICPATYPCE;

- Hpe,[[CTaBHCHa BO3MOXHOCTb YMCHBIICHHSA JJIWHBI KOICPECHTHOCTU f B HU3KOPAa3MEPHBIX

CTPYKTypax IO CPaBHEHHIO C MAaKPOCKOIMUYECKOW, BCIEJACTBHE YEro IPH HHU3KUX TEMIEpaTypax
CTPYKTYpa BeJeT cedst Kak K03e(COHOBCKas CTPYKTYpa;

- BbIfBIEHO, YTO MPU TEMIEpaType HUKE KPUTHUCCKOM, CIEKTPhI MPOIyCKAHUS HAHOKOHTAKTa
COBITAIAIOT TPH PA3INYHBIX 3HAYCHUSAX HAMPSIKEHHS.

Paboma wacmuuno noooepoicana epanmom MOH PK (npoexm Ne4903/I' @4).
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J.M. Ceprees, K.111. [llynkees

'K. JKy6aHoB arbiHarsl AKTeGe OHIpIIK MEMICKETTIK YHUBEpCUTET], AKTO0E K.
T.51. BerenbauHOB aTEIHAAFbl Oye KOPFAHBIC KYLITEPIHIH OCKEpH HHCTHTYTHI, AKTO6E K.

«HAOBUM — KOMIPTEKTI HAHOTYTIKIUIE (5,5) - HHOBUI» HAHOTYMICHECIHIH TPAHCIIOPTTBIK
CHUITATTAMAJIAPBIHBIH KOMITIBIOTEPJIIK MOJEJIBJIEYI

AnHOTamusA. Maxkanaga (QyHKIHOHAIIB THIFBI3ABIK Teopuschl aschiHma Atomistix ToolKit with Virtual NanoLab
OarapiaMachblH KOJIaHy apKbUIbI «HHOOMH — KeMipTekTi HaHoTtyTikme (5,5) — HHOOMiD» HAHOTYHICIIECIHIH TPaHCIOPTTHIK
cUnaTTamMayiapsl MOJEIbl 3epTTenii. HaHoTyliceHi KoMIbIoTepIlik MoJelbaey OapbIChIHAA Tele-TeHCI3AIK [ puH GyHKuusIapst
QIici MEH JIOKaJIb/bl THIFBI3JBIK ANMPOKCUMALMACH! KOJIJaHbULIbI. bIFBICY KepHeyl MEH TeMIepaTypaHbIH opTYpii MOHIEpiHe
KapacThIPbUIBIN OTHIPFaH HAHOTYHICIICHIH BOJbTAMIICPIIiK CHUIATTaMachl, AudepeHInanblK OTKI3TIIITIrI, OTKI3y CIeKTpiepi
JKOHE CIIEKTpalib/i TOK THIFBI3ABIFBI ecenTeninai. Hanotyificne apKpUIbl ©TETIH 3JIEKTPOHIBI TPAHCIOPT CHITaTTaMachl TyHicie
oJLIEMi MEH KOTepEeHTTUIK Y3bIHIBIFBI KATHIHACHIHBIH a3 IIaMachlHa Kapamai MyHzal jkyifenep TeMeH Temieparypaja
J0K03e(DCOHBIK KYPBUIBIMBI T3/l KaCHETiH KopceTeTiHaAiri oenrini 6omabl. Byt Temenri emmemni xyiienepae Kynep xyObHbIH
oJIIIeMi a3asTHIHIBIFEI TYPAJIBI TYHIH jkacayFa MYMKIHIIK Oepeni. MyHnail xxarqaiina sxylHeHis OeTiHie epuoaAThHl KYPbUIBIMHBIH
KOK OoJTybIHa OailIaHBICTHI MJICKTPOHIAP APACBHIHIAFBI KOPPEISILMS OHBIH KeJieMi apKbUIbl (JOHOHIAp eceOiHeH jKy3ere acassl.
ATaJMBIII HAHOTYHicCHeIep/ie TOMEHI] TeMIlepaTypaa bIFbICY KepHEYiHIH opTYpIli MOHEPIHE OTKI3y CIEKTPIIEPiHiH YKCACTHIFbI
Gaiikanapl. AJNBIHFAH HOTHIKENIEDP HAHOBIEKTPOHUKAHBIH IEMEHTTEPIH ecenTeyre naiaansl 60Iybl MyMKIH.

Tyiiin ce3mep: HaHOTY#icIe, KOMIPTEKTI HAHOTYTIKIIE, BOJIbTAMIIEPIIiK cUIIaTTaMa, TuddepeHHanIbIK OTKI3MIITIK, OTKI3Y
CHEKTPi, CHEKTPAJIbIi TOK.
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DYNAMIC PROPERTIES OF PULSE PLASMA FLOW AND DUST
FORMATION IN THE PULSED PLASMA ACCELERATOR

Abstract. This paper presents the results of the experimental investigation of the pulsed beam characteristics.
Dynamic and transport properties of a pulsed plasma flow was considered. With high-speed camera of Phantom
v2512 a video plasma beam was held, after the processing, the speed of the pulse stream was determined. Materials
with fractal surfaces, similar to materials obtained in tokamaks were obtained.
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JTAHAMMWYECKHE CBOMCTBA UMITYJIbCHOTI'O
IIJIASMEHHOTI'O IIOTOKA U IBIV/IEOBPA3OBAHUE B UITY

AnHoTanusi. B JaHHOW paboTe MpPEACTaBICHBI PE3YJIBTAaThl IO HSKCICPUMCHTAIBHOMY HCCIICIOBAHUIO
XapaKTePUCTUK UMITYJIbCHOTO TUIa3MEHHOTO My4Ka. BplIu paccMOTpeHbl TUHAMUYECKUE U TPAHCIIOPTHBIE CBOMCTBA
UMIOYJIBCHOTO IUTa3MEHHOTO MOTOKa. C TOMOIIBIO BBICOKOCKOPOCTHOM Kamepsl Phantom Bepcum v2512
MPOBOIMIIMCH BUICOCHEMKH IDIA3MCHHOTO ITyYKa, M3 KOTOPOTO IOCie OOpabOTKM ObLIa OmpeielicHa CKOPOCTh
HMIYJIBCHOTO TMOTOKA. JKCIICPUMEHTATBHO OBLTH IONYyYCHBl MAaTEpUANBl C (PaKTATGHBIMHA TIOBEPXHOCTSIMH,
AQHAJIOTMYHO MaTepualiaM, OJy4yaeMbIX B TOKaMaKax, BCIEICTBUE DPO3UH.

KiroueBble c€10Ba: WMITyJBCHBIN TUTA3MEHHBIN YCKOPUTENb, TOKAMAaK, KAHIOWIATHBIA MaTepwai, IbUIeBas
1a3Ma, ppakTanbHas CTPYKTYypa.

BBenenne. OpHoil W3 3a7a4 (U3MKK YOPaBISIEMOTO TEPMOSAEPHOTO CHUHTE3a, OTHOCSIIHUXCS K
YOpPaBICHUIO TOTOKAMHU IUIa3MBl, SBISETCS MHMHHMMU3ALUSA DPO3UM BHYTPUKAMEpHBIX JeTalei, B
YaCTHOCTH, MEPBOH CTEHKH pPEaKTopa, YTO NPUBOIUT K OOPA30BAHUIO MbUIM (YAaCTHL MHKPOHHOTO
pasMepa) 1 HAHOCTPYKTYPHBIX IIPOIYKTOB.

Haxkomnenne meutn B 00beMe peakTopa B OCHOBHOM HTPaeT OTPUUATENBHYIO pOjb. Bo-nepBhIX, 3TO
MPUBOAUT K HEYCTOMYMBOCTH TOPEHMSI BBICOKOTEMIEPATYpHOW IUIa3MBl M 3apOKICHHUIO CPBIBOB, BO-
BTOPBIX, K 3aXBaTy ¥ HAKOIUICHUIO TPUTHUS, YTO IPEACTABIAET IpodiieMy sl 0€30IacHON KCIUTyaTaluu
peaxTopa 1 ero 3KOHOMHYHOCTH [1-5].

Ha cerogusmHmii 1OeHP B KayecTBe  KAHAWIATHBIX  MaTEepPHajloB, OOpAmIEHHBIX K
BBICOKOTEMIIEPATYPHOI IJIa3Me, NPUHST YIJIEPOAHBIH MaTepuan WIH €ro KOMIIO3UT Ul OOJIMIOBKU B
oOmacTu cenapaTpuchl B auBeprope. KanaunaTHeIMM MaTepuagaMy Ha3bIBalOT T€ MaTepHalibl, KOTOPHIE
MOTJIM OBl OXapaKTEepU30BaTh MPOLECCH], MPOUCXOSNIINE C MaTepraJaMyd U3 KOTOPBIX CHellaH PeakTop U
JUTSL HAXOXKIEHHSI HAMTY4Iero KOMIIO3UTa, KOTOPBIH MOT Obl 3aMEHUTH MaTepual AeTalei peakropa.
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Jannas paboTa MOCBSILIEHAa W3YyYEHHIO (OPMUPOBAHUS MBUIM MPH B3aHMMOJEHCTBUU YCKOPEHHOTO
UMITyJIbCHOTO IUIa3MEHHOI'O IIOTOKa C IpaUTHBIMU IUIACTUHAMU M IMHAMUKUA CaMoro mnotoka. [lus
UMHUTAllMd M HWCCIENOBaHWS JAHHOTO Tipolecca OBUI HCIMOJb30BaH IJIa3MEHHBIH YCKOPHTENb
KOaKCHAJIBHOTO THUMA. YCKOPUTEIN KOAKCHATBLHOTO THIIA SIBISIOTCS YHUBEPCAIbHBIMU YCTAaHOBKAMH IS
TeHepaluy UMIYJIbCHOTO IUIA3MEHHOTO MOTOKA M Ul U3yYCHHS B3aUMOICUCTBHS €ro C KaHIUIATHBIMU
MaTepHaiaMy epBOH CTCHKH TEPMOSAIEPHBIX yCTaHOBOK.

JKCNepUMEHTAIbHAS YCTAHOBKA. OKCIEPUMEHTAIbHAS YCTAaHOBKAa HMITYJLCHOTO ILIa3MEHHOTO
yekopurenst UITY-30, coopannas 8 HUMDT®, cocTonTt u3 TpeX OCHOBHBIX YaCTEH: CHCTEMBI 3JIEKTPOIOB
(mna3ma oOpaszyeTcs B MEXIJICKTPOAHOM IPOCTPAHCTBE IMPHU IMoJlaue Ha HUX Pa3psIHOTO HApsDKEHHS),
BaKyyMHOH CHCTEMBI U CHCTEMBl KOHACHCATOPOB (AJs1 HAKOIUICHHS SHEPTHU AJIEKTPUYECKOTO IO C
BBICOKOBOJIETHOTO MCTOYHUKA NMUTaHuUsA). [ [puHIIMIIMaBHAS cXeMa YCTaHOBKHY ITOKa3aHa Ha pUCyHKe 1 [6].

B skcnepuMmeHTax B KadecTBe IIa3MOOOpa3yIONIero ra3a ObUI HMCIOJIb30BaH BOJOPOA M aproH,
HanpspKeHHe 3apsiaku KoHaeHcatopHoi Oatapen (C=100 mMx®) yckopurens BapbHpoBaioch oT 3 mo 14
kB.

HmnyabcHbINH I1a3MEeHHbIH
TaHeIb re’eparop H3MEPHTEJIbLHBIE
yIpaBleHHs AMITYTBCOB |1 pHbOpPLI YCKOPHTEIb
J] T ‘ CIIEKTPOMETP ‘ COJICHOH

CHCTEMA

J— JIEKTPOIOB
JNCKTPOJHHAMHYCCKHH

Knaman -~

30H],

HAIlyCK rasa KaJIOPUMETP

{ BHJICOCBEMKA

BaKyyMHBbIH
! 1 I _ N HACOC
| | HMIHHTPOH BaKyyYMHBIH p=10"-6 Topp
(paspsiHHK) PpaspsIHHK
) 1 |
SapATIHOC T KOHJEHCATOPSI

YCTpOHCTBO —m’

Pucynoxk 1 — [IpunnunuansHas cxema UMITyJIbCHOM IIa3MEHHOM YCTaHOBKH

Ha pucynke 2 moka3zaHa NPHUHIUMHANBHAS CXeMa TMOJIOKEHHM MUIICHW U KOHTeiHepa s cbopa
MaTepHaoB 3pO3HU BHYTPH ra3opaspsIHOrO peakTopa.

Pucynok 2 — [IpuHunnmanpHas cxema 3KCIepUMEHTaIbHON yCTaHOBKU:
1 — cuctema AIIEKTPOIOB; 2 — HANPABICHHBINA UMITYJIbCHBIN IJIa3MEHHBII MOTOK; 3 — MUILIEHB; 4 — KOHTEIHEp 1151 cCOOpKH
MaTepHaIoB IPO3NU
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[IpuHIMT nEHCTBUS yCTaHOBKM OCHOBaH Ha YCKOPEHHWHM IUTa3MEHHOro cryctka (2), cdhopmupo-
BaHHOTO B MEXDJIEKTPOAHOM TIPOCTPAHCTBE MPH JNEKTPUIECKOM paspsige COOCTBEHHBIM MarHUTHBIM
nosem, Bo3aeiictBueM cuiioi Jlopenna:

F=j-B,
0]
9KBHUBaJIEHTHOMN MAaroHuTHOMY JaBJICHUIO
BZ
P=_— 2
240

TZie j — IUIOTHOCTh TOKA; B — HaNpspKeHHOCTh MAarHUTHOTO TIOJIS; g — MarHUTHAs IPOHULIAEMOCTb.

J1s 3TOT0 K KOAaKCHaIbHO PACIONIOKEHHBIM AteKTpoaam (1) mpukiragsiBaeTcsi BRBICOKOE HaIpsDKEHUE,
a B pabodyell kKamepe CO3/IaeTCs BBICOKHH BaKyyM, JOCTATOYHBIM JJIsl pa3BUTUS paspsnga. Paspsn Ha
MEKAJIEKTPOIHOE MPOCTPAHCTBO MoJaeTcsl ¢ moMoulbio paspsaauka (R). Paspsanuk npencrasmisier coboit
JIBa KPYIJIBIX IUIOCKONAapalIebHbIX MEIHBIX IUCKOB, pa3AeiICHHBIX H30JSITOPOM U3 KarposioHa. Bakyym
co3maercsl OTHEIBHBIM (hopBaKyyMHBIM HacocoM. [IpoOoii BakyyMHOTO MPOMEKYTKa OCYIIECTBISAETCS
3aKUTaHUEM WHHULUHUPYIOUIETO HCKPOBOIO pa3psiAa Ha IOKHTaroleM s3Jekrpoie. Hampspkenwe s
MOJKUTA TIOAAETCSI OT CHELUAIBHOIO HCTOYHUKA BEICOKOBOJIETHOT'O MMITYJIbCA.

JuHamMuyeckde W TPAHCHNOPTHbIE CBOWCTBA NJIa3MEHHOT0 MOTOKA. Vcciemys nWHaMU4ecKue
CBOWCTBa UMITYJIbCHOTO TUIA3MEHHOTO MOTOKA, HAMH OBUIO PACCMOTPEHO IBH)KEHHE MOTOKA C MCTEUEHHEM
BPEMEHH.

Ha pannoM atame pa0oThl OBUI HMCCIEAOBAaH IMEPEHOC ILIA3MEHHOIO IOTOKA, a TakKXKe ObLIM
MPOBENICHBl SKCIEPUMEHTH 10 OMNPEACTICHUI0 CKOPOCTH. DKCIEPUMEHTHI MO HM3YYEHHUIO IIa3MEHHOTO
noroka oOpazoBanHoro B MIIY-30 mpoBoOMIuCh € MOMOIIBIO BBICOKOCKOPOCTHOM Kameps! Phantom
Bepcun V2512 ¢ MakcuMalbHOW CcKopocThio yacToTel 677000 kampoB B cekyHmy. Hms wn3ydeHus
JUHAMHUKH TJ1a3MEHHOTO TTOTOKa Ha HallleM JKCIIEpHMEHTE OBUTU 3alyCcaHbl BUICO3AIHCH CO CKOPOCTHIO
470000 kagp/cex. Bupeochemka IUIa3MEHHOTO WIHYypa IPOM3BOAMIACH 4YEpe3 CBETOBOW (QUIBTP.
Pesynbratel onpezneneHusl CKOPOCTH IIOTOKAa IOKa3aHbl Ha pUCyHKe 3. BuaHo, 4TO Ha mEpBOM Kazpe
HayaJlo My4Ka OBUIO PaCIOIOKEHO Ha PAacCTOSHHUU ~ 5 cM (pucyHok 3a) u Ha ~ 10 cM, KaK BHAHO U3
CIIeIyFOIero kajapa (pucyHok 30).

a)

6)
Pucynok 3 — ®oTtonzobpakeHre IIa3MEeHHOTO Iy4Ka HalPaBJICHHOTO OT CUCTEMBI 3JICKTPOJIOB K MUIICHH U3 TpaduTa, KoTopas
pacrooxeHa Ha paccTosHUU 16 cM: a) — IIepBhId Kazp; 0) — CIeayromuil Kaap

Takum o00pa3oMm, 3Has BpeMsi MEXKAY TOCIEAYIOIUMHA KaapaMH, OIpelesisuiach CKOPOCTb
TUIa3MEHHOTO MTOTOKA MU HanpsbkeHuu 8 KB, koTopas coctaBuia ~23 KM/Cek.
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Taxke Mo pe3ynbTaTaM BUIACOCHEMKH OBbIT OMpENETeH JUaMeTp IUIa3MEHHOTO IMIHYpa, KOTOPBIH
cocTaBmI ~ 4 cM (PUCYHOK 4):

il i i |

PucyHnok 4 — ®oTtonzobpakeHue mIa3MeHHOTO IIHypa

IIs1eo6pa3zoBanna B UIIY. B HacTosmiee BpeMs TPyAHO HE CUMTAThCs C TeM (DaKTOM, 9TO BO
MHOTHX COBPEMEHHBIX IUIa3MEHHBIX JHEPTeTHYECKHMX YCTaHOBKAX, M3-32 B3aMMOJAEWUCTBHUS IUIa3MBl C
MOBEPXHOCTHIO MAaTepHajoB, B IUIa3My IMOMAJal0T MAaKpOCKOINHMYECKHE YacTHLBl (pa3Mepamu 10
HECKOIIKHX COT€H MHKPOHOB) M3 00padaThiBaeMOro marepuaia (WM W3 MEepBOM CTEHKH TOKamaka). B
pe3ynpTaTe obpasyercs Ijia3mMa CIIOKHOTO COCTaBa: TaKyl IUIa3My Ha3bIBAIOT IBUIEBOW WM TIA3MOM C
KOHICHCUPOBaHHOMW AMCIIEpCHO# (a3oii (0030psI [7-9]).

Ha paboty Tokamaka NbUIb BIUSET CIEAYIOMIMM 00pa3oM:

1) TBUTMHKH OXJAXIAIOT IJIa3My, ToMajasi B IEHTPaIbHYIO 9acTh;

2) YacTUIBI MBI WHULUUPYET Majble BUXpH B mepudepuiiHON IMmia3me, YCHIUBAIOT TPAHCIOPT
YaCTHI U YHEPTUH Ha CTEHKY, TEM CaMbIM CIIOCOOCTBYIOT OXJIaXIEHHIO IJIa3Mbl M CPbIBA IIA3MEHHOTO
HIHypa,

3) crabmimm3arys pa3psiaa 3a cueT HHKEKITUH BTN I HHEPTHBIX Ta30B.

B cBsa3u ¢ 5THM, M3y4YeHHE MNBUICBOHM IUIa3Mbl HANpPaBICHO Ha HMCCIEIOBaHUE Mpolecca 3apiaKd
YacTHUI], CTPYKTYPbl U YCTOMYMBOCTH ILIA3MEHHO-TIBIJIEBBIX 00pa3oBaHWil. MHOTO BHHMAaHHUS YUYEHBIX B
chepe (GU3UKM TIA3MBI YAETSIOTCS BBIACHEHHIO XapakTepa B3aWMOJIEHCTBHS IMBUIEBBIX MaKpPOYACTHIL
MEXIY co00ii, a TakXKe CHUII, ISHCTBYIOINX Ha MAaKPOYACTHUIY CO CTOPOHBI OKPYKAIOIIEH ee TIa3MBbl.

Taxoke CpbIBBI pa3psiia B TOKaMakax SIBIIIOTCS CEPhE3HOM MPOOIEeMOH, OrpaHUMYMBAIONIEH CPOK HX
cyx0b1. [loaTOMy K HCCIEIOBaHHMIO CpPBIBOB paspsia MOCBAIIEHO HeMano HaydHbeix pabort. Tak,
Hanpumep, B pabote [10] mpemcraBiaeHBl pe3yJbTaThl SKCIEPUMEHTAIBHBIX HCCICIOBAHUNA BIIMSHUS
HaIycKa OJIarOpoJIHBIX Ta30B Ha IMHAMHUKY Pa3BUTHUS CpbIBa paspsaa B Tokamake T-10. B skcriepumenTax
CPBIBBI pa3psiia BHI3BIBATNCH PA3HBIMH CITOCOOAMH: HapalUBAaHUEM IJIOTHOCTH IUIa3MBI 10 TpeAeTbHON
W/WTN WHXKEKITUEH MedTeprueBOM WM MPUMECHOH (yriepoaHoi) MakpodacTuibl. OOHAPYKEHO, YTO CIal
TOKa npu cpeiBe paspsina B T-10 npoucxoaut B aBe (asbl, KOTOphIe OTIMYAIOTCS CYIIECTBEHHO JAPYT OT
JIpyra pa3HbIMH XapaKTepHBIMUA BpeMEHaMHU.

Ha ocHoOBe BBIIIEyKa3aHHOTO MOYKHO TBEPAO yTBEP)KIATh HACKOIBKO BaXKHBI 3HAHUS O MEXaHU3Max
nbUIe00Pa30BaHMS B TEPMOSICPHBIX YCTAHOBKAX.

B nHamewm ciydae juis ucciaeoBaHMs UCIIONB30BAJIC TpadUT KaK OJAWH U3 KaHJAUJATHBIX MaTEPHAJIOB
MEPBON CTEHKH COBPEMEHHBIX TePMOSIEPHBIX ycTaHOBOK. [ImactuHa u3 rpadwuta (3) Obuia pacmonoxeHna
OT MCTOYHHWKA IJIa3MBI Ha paccTossHUM 10 cM, o yriom 45 rpaaycoB K OCHOBHOH OCH, Kak MOKa3aHO Ha
pucyske 2. Takoe pacmoyioskeHre MUILIEHH CAENaHO C LebIo 00Jiee TOYHOTO MOJEIUPOBAHHS TEOMETPHU
U TIpollecca 3PO3UU B YCTAaHOBKAaxX TOKamMakK. MeTOAHMKH AMAarHOCTHUKU W cOopa MbeUtH cienyromue. [Ipu
B3aMMOJICHCTBMH yCKOPEHHOTO IUTa3MEHHOTO CTyCTKa C IUIACTHHKOW TrpaduTa Ha TOBEPXHOCTH
00pa3yloTcs HAHOCTPYKTYPHPOBAHHBIE TUIEHKH W YaCTHUIIBI MBUIH, KOTOPBIE 332 CUET TEIUIOBOW YHEPTHU
MOMaJaloT B KOHTEHHep g cOopa oOpasnoB (4). beumm ciyuyaw, Koraa BHYTPU KOHTeWHepa
00HapyXMBAINCH IUICHKH, BBHIPBAHHBIE C MOBEPXHOCTH TPadHUTOBHIN IIacTWHEL. BHyTpu KoHTelHepa
KOJUIEKTOpa PACIOJIOKEHBl TPU CEKIIMOHHBIX (WIBTPa U3 CTaJbHON CETKH JIsi MpEeAOTBpAIleHHS YX0/a
MBI 00PaTHO B BAKYYMHYIO Kamepy.

— ) ——
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Takum 00pa3oM, monay4yeHHbIE 00paslpl MOATBEpKIaTN 00pa3oBaHHE IJICHOK C CHIBHOPA3BUTHIMU
MOBEPXHOCTSIMU U (ppaKTANBHBIMH IBUTMHKAMH, TOYHO TaKHe K€, KaK B TEPMOSAEPHBIX ycTaHOBKax. Ha
pUCYHKE 5 TOKa3aHa pacIUIaBlieHHass 0o0JacTh rpadUTOBOW TUIACTHHBI IOCHE OOJTYy4eHHUsS BaAlATH
HUMIYJIbCaMH IIJIa3MEHHOT'O CTyCTKa.

Pucynok 5 — [ToBepXHOCTH TpaUTOBOI IITACTHHBI TTOCIIE OOTYYEHHS TIIa3MON

Kak BuaHO M3 pHCyHKa IOBEPXHOCTb HMMeEET YIiIyOneHHe, KOTOopoe o0pa30Bajioch BO BpeMs
JUINTENIBHOTO (IIOBTOPSIIOIMECS HECKOIbKO COTEH MHKPOCEKYHI) B3aUMOJEWUCTBUS C IUIA3MEHHBIM
MOTOKOM. Takye BUHO, 4YTO OHA MMEET HECKOIBKO CJIOEB, TO €CTh ABIAETCS CIOMCTON TUIEHKOH.

Tenepp paccMOTpUM TJIEHKH U IBUIH, OTOPBAHHBIE OT TAKUX MECT M yNaBIIME Ha KOHTEWHep, Kak
MIOKa3aHO Ha pUCYHKe 6 — 0011as KapTHHa IPYMIIEI TAKUX MJICHOK M YaCTHIL Ha MOJIOKKE.

Pucynox 6 — OGmuii BUJ INICHOK U YacTHI] (TIBUIH) ¢ HAHOCTPYKTYPHPOBAHHEIMU [TOBEPXHOCTSIMH

KpacHbIMH Kpy>KKaMH BBIJICJICHBI IJICHKH C HAHOCTPYKTYPUPOBAHHBIMU MOBEPXHOCTAMH. B
OOJIBIIMHCTBE CIIy4YaeB IUICHKU C Pa3BUTHIM pelbe()OM UMEIOT IPaHyJIbl C HECKOJIBKHMHU HEPApXHUIECKUMU
ypoBHAMHU. KpyIHBIe rpaHysl COCTOAT U3 00JIee MENKHX JIEMEHTOB, KOTOPBIE, B CBOIO OYepe/lb, COCTOST
u3 eme Oonee Menkux. Takoe oOpa3oBaHWe XapakTepHO Uil (paKTalbHBIX CTPYKTyp. PaHblie
Ipeanonaranoch, 4ro OOpa30BaHMIO TAaKOro BHJA CTPYKTYp CIIOCOOCTBYET HOSBIECHHE IPUMECH,
HarpuMep, Ha MOBEPXHOCTH BOJIb()PaMOBOii TIIEHKH 00pa3zoBaiach (pakTaibHasl CTPYKTYpa U3 IPHMECH
C, J, Ca Fe, Cr, Cu [11]. Ogua u3 npumepoB (paKTalbHOW CTPYKTYphl COOCTBEHHOTO Marepualia
NpeACTaBlIeH HAa PUCYHKE 7, KOTOpbIe ObUTH MOJYYEHBI B XOJ€ JAHHOTO dKCIEepUMeHTa. Takke 3aMETHO,

— 63 ——
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YTO 3TH CTPYKTYPBI COCTOSIT M3 PAa3BETBICHHBIX CTPYKTYp THIA «IBETHOM KaIlyCThI», POCT TaKUX
CTPYKTYp MOXeET OBITh CBSI3aH KaK C MPOIECCOM OCAXKJCHHUS, TaK U C TpoleccoM TUPPy3un aiaToMOB.
st aTOor0 TpebyeTcs OAHOBPEMEHHOE BBIITOTHEHUE CIIETYIOUINX YCIIOBHA:

a) [ToTok aTOMOB JTOJKEH OBITH U30TPOITHBIM, TeMIepaTypa moatoxkku mana (~300 K).

06) HeoOxogumo Hanmuuyue HavyadbHOH HEPOBHOCTH, TaKHE YCJOBUS CO3IAlOTCS B  HAIIMX
IKCIIEPUMEHTAX.

Pucynok 7 — ®dpakranbHas CTPyKTypa 4acTuilbl rpadura

[TpynanHOM TOSBICHNS IUICHKH C PA3IMYHBIMH penbedamu (TJIAJKne, CIOUCTBIE, ¢ (hpaKTaabHOU
CTPYKTYpO#) MOXKET OBITh MOSIBJICHHUE YCTOHYMBBIX KIJIACTEPOB, JIMOO B pe3yibrare (QIyKTyamnOHHOTO
00pa3oBaHMs 3apOABIILIEH KPUTHUECKOTO pa3Mepa. IIpu BEICOKHX Temmeparypax MOBEpXHOCTH, BO3MOXEH
NEepeHoC aJaTOMOB K Ooiee TopsayuM 3jeMeHTaM penbeda (K MOBEPXHOCTH IUIEHKH) BCIIEICTBHE
yOBIBaHUS PHEPIHH aKTHBaUU MU(G(GY3UH C POCTOM TEMIIEpaTypbl. JTO CIIOCOOCTBYeT 00pa30BaHUIO
Pa3BUTOH CTPYKTYPHI HA IOBEPXHOCTH, KaK MOKa3aHO HA PHUCYHKE 8.

— 4 ——
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HV |mag O] mode | WD | HFW |
15.00 kV| 50 000 x | Custom [14.7 mm |5.97 pm KazNU NANOLAB

PucyHnok 8 — Bua noBepXHOCTH YITICBOAOPOIHBIX YACTHLL,
MOJIyYEHHBIX C IOMOIBIO 3EKTPOHHOIO0 CKaHUPYIOIEr0 MUKPOCKOIIa

Kpome Toro, pocry KiIacTepoB «CHH3Y-BBEPX» MOXKET CHOCOOCTBOBATh WX KPHCTATMIECKAS
CTPYKTypa: MPEUMYIIECTBEHHO PACTyT KPUCTA/UIB, y KOTOPBIX OCh MEPICHIUKYJIIPHA TpaHU C
HauMeHbIel m1oTHOCTEIO (3akoHBI LllyOHMKOBaA U bpaBd), a Takke dydllee 3aKperuieHHe Ha BEpIIUHAX
KJIACTEPOB B CHITY OOJBIIEH KPUBU3HBI (M CICACTBEHHO, OONBIIET0 KOJIMYECTBA JOBYIIEK IS aaTOMOB)
TaKUX Y4aCTKOB IIOBEPXHOCTH.

Takum 00pa3om, MPUBEACHHBIC 3KCIIEPUMEHTAIBHBIC PE3YJIbTaThl XapaKTEPU3YIOT CBOMCTBA (COCTaB,
pa3Mepsl U T.I.) TUIGHOK W TBUJICBBIX YAacTHI[ B TOKaMakaxX M JIPYTHX TEPMOSACPHBIX YCTaHOBKax. Tem
CaMbIM JIal0T BO3MOXKHOCTBH TMONy4yaTh Oosiee TiryOoKyto WH(popManmio 00 WX CBOWCTBAX M MOTYT
00BSICHUTH MEXaHU3MBI IBLICO0pPa30BaHus U 00Pa30BaHUs TICHOK ¢ CHIIBHOPA3BUTHIMU TOBEPXHOCTSIMU.

3akuaouenne. bpun wccnenoBaHbl TWHAMHYECKHWE XapaKTEPUCTHKH WMIYJIBCHOTO ILIA3MEHHOTO
motoka B MITY-30 ¢ momMombio BEICOKOCKOPOCTHOW BHACOKaMephbl. B pe3ynbraTe OBLIO BEIIBICHO, YTO
WUMITYJIbCHBIN TUTa3MEHHBIN MOTOKa UMEET CKOPOCTh ~23 KM/CEK C JHUaMeTpOM IUIa3MEHHOTO CrycTka ~ 4
cM nipu HanpspkeHnn 8 KB. Takoke ObLTH MMOJTydeHBbI 00pas3iibl, MOITBEPKAAIOIINE 00pa30BaHKE TICHOK C
CHJIBHOPA3BUTHIMH TOBEPXHOCTSIMH ¥ (DpakTalbHBIMA TBUIMHKAMH, TOYHO TakWe J>Ke, KaK B
TEPMOSIICPHBIX YCTaHOBKaxX. BbIsBIEHO, 4TO oOpa3oBaHHe (PAKTANBHBIX CTPYKTYp, COCTOSAIIME W3
Pa3BETBJICHHBIX CTPYKTYP THIIA «I[BETHOW KaITyCThI», CBA3aHBI C IporieccoM quddy3un ajaTOMOB.

Paboma 6wina evinoanena npu noodepoicke Munucmepcmea obpazosanus u Hayku Pecnybnuxu
Kazaxcman ¢ pamxax epanma 3112/ D4.
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M.K. docOonaeB, A.Y. Yterenon, A.b. Taxen, T.C. Pama3zanos, M.T. I'adayiiun

HUMITYJIbCTIK ILTA3SMAJIBIK AFBIHHBIH TUHAMHUKAJIBIK KACUETTEPI MEH
UMITYJBbCTI IVIASMAJIBIK YAETKIIITEI'T TO3AHHBIH TAUJIA BOJIYbI

AnHoTanus. bepinreH >KYMBICTa WMIYJIBCTI AFBIHHBIH CHIATTAMANIAPBIH SKCICPUMEHT XY3IHIC 3epTTCY
HOTIDKENepi KenTipinreH. VMIynmbCcTi IDIa3MaiblK aFbIHHBIH JIWHAMHKAJTBIK JKOHE TPAHCHOPTTHIK KACHETTepi
KapacTeIpsUIFaH. Phantom v2512 BepcHsuTBI KOFaphl JKBULAAMIBIKTEI KaMepa apKbUIbl IUTa3Mallbl aFbIH Tacliara
TYCIpUTiI, HOTHXKENEepAi eHACY apKbUIbl UMITYJIBCTI aFbIHHBIH JKBUIJAMIIBIFBl aHBIKTAIIBL. OKCHEPUMEHT XKY3iHIC
TOKaMaKTap/a albIHATHIH MaTepraigapra coiikec paxran OeTTi MaTepuanaap aabIHABL.

Tyilin ce3mep: UMIyIbCTI IMJIa3MaNblK YASTKIN, TOKaMaK, KaHIUAATTBIK Marepuall, TO3aHJAbl IUIa3Ma,
(hpakTanabl KypbUIbIM.

Caeenus 06 aBTopax:

Jocoomaes M.K. — AcconuupoBanssiii ipodeccop, KasHY um. anp-Papabu, AnmaTturckas 06., nocenok Kokosek, yi.
JKubek-xomsl, 1.29a, Anb-Dapabu 71a, pus-tex, 125 kab. +77022144020 merlan@physics.kz;

VrerenoB A.Y. — Hayunsiit corpyauuk, HUMIT® npu KasHY um. anp-Papadu, Anp-Dapabu 71a, dus-tex, 121 kad,
+7(707)-112-35-74 almasbek@physics.kz;

Taxen A.b. — Jlabopant, HUNDT® npu KasHY um. anp-Papadu, Anp-Dapadu 71a, ¢pus-tex, 118 kad, +7(747)-706-74-
06 aigerim_tzh@mail.ru;

PamazanoB T.C. — npodeccop, wreH kopp. HAH PK, KasHY um. ans-®apabu, Ans-Papabu 71a, dpusz-tex, 331 kab., 240-

46-28, 292-58-66(22-21) ramazan@physics.kz;

Tabgymmmu M.T. — c1. npenopmaBarens, KasHY wum. amp-®apabn, Anp-Papabu 7la, ¢us-tex, 427 ka0,

gabdullin@physics.kz;




ISSN 1991-346X Cepusi usuxo-mamemamuyueckas. Ne 6. 2016

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X
Volume 6, Number 310 (2016), 67 — 73

UDC 521.1
M.Zh. Minglibayev'?, T.M. Zhumabek'

'Al-Farabi Kazakh National University, Almaty, Kazakhstan
“Fesenkov Astrophysical Institute, Almaty, Kazakhstan
minglibayev(@mail.ru

ON THE ISOSCELES RESTRICTED THREE-BODY PROBLEM

Abstract. In this work there has been investigated the classical spatial restricted three-body problem in the
barycentric reference frame when all three bodies form triangle during all the time of motion. In the barycentric
reference frame, there has been emphasized a particular case when the Newtonian total force of attraction of two
primary bodies acting on a massless body is central during all the time of motion. It has been proven that in order to
make the Newtonian total force of attraction of two primary bodies acting on a massless body central, it is needed
and sufficient triangle formed by three bodies to be isosceles and a massless body should be on the vertex of this
triangle. It is shown that in this particular case all three bodies are form isosceles triangle and massless body is on
the vertex of this triangle. It is proven that orbit of the isosceles restricted three-body problem is planar.

Keywords: restricted three-body problem, barycentric coordinate system, isosceles solution.

YK 521.1
M.JI:x. Munran6aes'?, T.M. KymaGek'

'KasHY umenu anp-Papabu, Anmatel, Kazaxcran
Actpodusuueckuii macTHTYT HMern B.I.Mecenkosa, Anmarel, Kasaxcran

K PABHOBEJIPEHHOI OT'PAHUYEHHOM 3AJIAUE TPEX TEJ

AnHoTanus. B HacTosme# pabore nccienoBana Kiiaccuieckast MPOCTPAHCTBEHHAsS! OTPaHWYEHHAs 337a4a TpexX
TeJl B OApUIICHTPUYECKOI cucTeMe KOOpIAMHAT, KOT/Aa TPH Tela, BCE BPEMs ABMKEHHS, 00pa3yloT TPEyroibHUK. B
OGapHULEHTPUIECKOH CHCTEME KOOPAMHAT BBISBICH YacTHBIM CIydad, KOrjJa HBIOTOHOBCKAash CyMMapHas CHIa
INPUTSDKEHUS. JBYX OCHOBHBIX TeNl JEHCTBYIOIIas Ha Oe3MaccoBOE TENO, BCE BpEMs JBIDKEHMS LIEHTPAJIbHAs.
JlokazaHo: i TOro, 4ToObl HBIOTOHOBCKAs CyMMapHasi CHjla IPHUTSDKEHHS ABYX OCHOBHBIX Tell, AEHCTBYIOIIas Ha
Oe3MaccoBoe Tesno, OblIa LIEHTpalbHasi, HEOOXOAUMO M JOCTaTOYHO, YTOOBI TPEYrONBHHUK, 0Opa3OBaHHBIA TpeMs
TenaMy, ObUT paBHOOEIPEHHBIM, Ha BEpIIMHE KOTOPOro HaxoAuTcsa Oe3maccoBoe Teno. Okasanoch, YTO B TOM
YaCTHOM Clly4ae TPH Teja BCE BPeMsl ABIKEHHs 00pa3yloT paBHOOEIPEHHBIH TPEYTrOJbHUK, Ha BEPIIMHE KOTOPOTO
HaxoAuTcs 0e3MaccoBoe Telo.

CcdopmynupoBaHa paBHOOEAPEHHAsI OTrpaHUYEHHAs 337ada TPEX Tell, TO €CTh 33/1a4a TPeX TN, KOTAa TPH Tena
BCE BPEMsl ABIKEHHS 00pasylOT paBHOOEIPEHHBIH TPEYTOJIFHHK, HA BEPIIMHE KOTOPOTO HAXOAWTCS Oe3MaccoBoe
Terno. JlokazaHo, 4To opOHTa B paBHOOEAPEHHON OrpaHUYCHHON 3a/1a4€ TPEX Tell IIOCKasl.

Ki1roueBble cj10Ba: OrpaHHUCHHAS 3aa49a TpeX Tel, OapHuIeHTpUIeCcKast CHCTeMa KOOPANHAT, paBHOOEIPEHHbIE
pemIeHus.

1. BBenenne. JIBUKeHHS Majoro €CTECTBEHHOI'O WM HCKYyCCTBEHHOIO HEOECHOro Tela B IOJe
TATOTEHUS ABYX OONBLIMX HEOECHBIX T (Aajee OCHOBHBIE TEJIa) XOPOIIO OMUCHIBAETCS MaTEMAaTHIECKON
MOJEIBI0 LIUPOKO HM3BECTHOM OrpaHWyYeHHOW 3amaueil Tpex Ten [1-6]. [Ipu mpou3BOJIBHBIX 3HAYEHUSAX
Macc OCHOBHBIX TeJ 3aJada HUMEeT IISITh TOYeK JMOpanuu - TOYHbIE YacTHbIE pelleHus. J[Be u3 Hux
pemenue Jlarpamka, Koraa TpHU Tesa BCe BpeMs ABIKEHUS 00pa3ylOT PaBHOCTOPOHHHUH TPEyrobHHUK.
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Tpu xomuHEapHBIe pelieHus Diepa, Korna Tpu Tela Bce BpeMs IABMKEHUS PacIoNIOKEHB Ha OJHOHN U
TOH Xe TpsiIMOH. VI3BECTHBI TaKkKe pelieHus B popMe paBHOOEIPEHHOTO TPEYTOIbHUKA IIPH YCIIOBUH, UTO
Macchl OCHOBHBIX Tell, PACTIOJIOKEHHBIX Ha OCHOBAHWHM PaBHOOEIPEHHOTO TPEYTOJLHUKA, PABHBI MEXKIY
coboit [7-9]. B cBsi3u ¢ OTCyTCTBHMEM OOIIEro aHAJIUTUYSCKOTO PEUICHHS 33Ja4d B KOHCYHBIM BHJIC
MHOTHE aCIeKThl 33]]a91 U3yUeHbl Pa3IUYHBIMA KaueCTBEHHBIMH W YMCIeHHBIMH MeTofamu [1-9].Ilounck
HOBBIX TOUHBIX YaCTHBIX AaHATUTUICCKUX PEIICHUH 3aa9d MPEACTABIIICTCS aKTyaTbHBIM.

OTMeTHM, YTO BO BCEX BBIIICYKA3aHHBIX W3BECTHBIX TOYHBIX YACTHBIX PEIICHUSIX OrpaHUYECHHOU
3aa4n TPEX Tell HBIOTOHOBCKAs CyMMapHas CHJIA MPUTSKEHHS IBYX OCHOBHBIX TEJ, JACHCTBYIOINAs Ha
Majoe Tello, B OapHIICHTPUUYECKON CHCTEMe KOOPAMHAT BCE BpeMs NBYIKCHHS yenmpaivhas. B cBsI3H C
OTUM MPCACTAaBIAIOT HMHTEPEC BCC Cllydau OFpaHI/I‘IeHHOﬁ 3agadyd TpEX TEJI, KOrjJa HbBIOTOHOBCKasA
CyMMapHasl cujia MPUTSHKEHUS IBYX OCHOBHBIX TEJ, ICHCTBYIOIICE HA MAJIOE TEJIO, [ICHTPaIbHAs.

B nacrosmieit paboTe paccMOTpeHa KilacCHIecKas MPOCTPAHCTBEHHAS OTpaHUICHHAS 3a7a9a TPEX Tel
B OapHIIEHTPUYECKOW CHCTeMe KoopAuHAaT. MccnenoBaHn ciiyuai, KOrjja TpHU Teja BCE BPEMs JBHIKCHUS
00pa3yrT TPEyroibHUK, TO €CTh TPEYrojibHas OrpaHHuYEHHas 3ajadya Tpex Tel. B TpeyroiapHOU
OTPaHWYEHHOHN 3aJauél TpeX TeN HCCIIEeOBaH YACTHBIM CIy4ail, KOrna TpW Tella BCe BpeMs JIBU)KECHUS
00pasyoT paBHOOCAPEHHBIH TPEYroJbHUK, Ha BEPIIMHE KOTOPOTO HAXOAWTCS Maloe Telo, TO €CTh
paBHOOE/IpeHHAsT OTpaHUYCHHAs 3ajgada Tpex Ten. Jloka3aHo, 4TO B paBHOOCAPEHHOW OrpaHUYCHHOM
3aaye TpeX TeN CyMMapHas HBIOTOHOBCKAas CHJIA TPUTSHKEHUS JBYX OCHOBHBIX Tell IIEHTPalbHasl.
[Tokazano, 4To opOuTa B paBHOOSAPEHHOM OTpaHIMYCHHO 3a7ade TpeX TN ITOCKas.

2.YpaBHeHHs ABUKEHHSI OTPAHUYEHHOI 321a4M TPeX TeJl B Pa3IHYHbIX CHCTEeMAaX KOOPAUHAT.

2.1. Knaccuueckne ypaBHeHHMsl JBHKEHHsI OTPAaHMYEHHOW 3aJauyM TpPeX TeJl B a0COJIOTHOWM

CUCTEME KOOpAUHAT. PaCCMOTpI/IM JABHOKCHHA MaJIOro Teja, HMCUYE3arolce MaJIOM Maccou m2 (z[anee

Oe3maccoBoe TCJ'IO) B ITOJIE TATOTCHHUA ABYX OCHOBHBIX T€JI C IIOCTOSITHHBIMH MaCcCaMH ml n m3 . HpI/I 9TOM

Tela paccMaTpUBAIOTCA Kak MaTepualbHblE TOYKH. MareMaTHUecKue YCJIOBUS OrPaHUYEeHHOM
MTOCTAaHOBKY 3a7a4M TpeX Tl [1-4] MoryT OBITh HAITMCAHBI B BUIE

m, <<m,, m, <<my, m,~0.(2.1)

Juddepennmansapie ypaBHEHHS MPOCTPAHCTBEHHBIX JIBKEHHH AITHX TpPEX TNl B aOCONIOTHOM
cucreme koopauHat OX 'Y Z umeer LIMUPOKO U3BECTHBIN BU]L

R = fm,———1, R, = fim, ———, 2.2

1 f 3 R133 3 fl R3f ( )
. R —R R —K

R,=f m ]R*3 =+ m, 3R*3 =, (2.3)

21 23

rneR =R, ( XY, Z;‘)- panuyc-BeKTOopa Tel, R; (i # j)— paccrosuue Mexay Teld. Toukodl B 5THX

1 1
ypaBHEHUsX M jgajnee oOo3HauaeTcss auddepeHnmpoBanne 1Mo BpemMeHn . M3 cucTeMsl
JuddepeHInanbHbIX ypaBHEHUH (2.2) IOIyYruM H3BECTHOE COOTHOIICHHE

mR +mR,=d’t+b",d =const, b =const. (2.4)

Orcrofla TOJMyYUM XOpOIIO HM3BECTHOE AHAIMTHYECKOE BBIPAKEHHE paauyc-BekTopa Touku G -
OapuIleHTpa IBYX OCHOBHBIX T€J B a0COJIOTHON CHCTEME KOOPAUHAT

. ﬁ* I_é* % 5
Roombitmt @ . 2.5)
m, +m, m, + m, m, +m,

*
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Cucrema muddepeHInanbHbIX ypaBHeHu (2.2) omumchiBaeT 3amady naByx Ten. M3 (2.5) cmemyer

R, =0, To ecTb OapULEHTPHYECKAs CHCTEMa KOOPAMHAT MHEpUMalbHas. YpaBHEHHs IBrKeHus (2.3 )
OIUCHIBAET JIBMKEHUSI 0€3MacCOBOrO Tella B HBIOTOHOBCKOM II0JI€ TATOTEHUS IByX OCHOBHBIX T€J /M, , M, -

KJIACCHYECKYIO IIPOCTPAHCTBEHHYIO OTPAaHUYEHHYIO 3a/1a4y TPeX Tel B a0COIIOTHOM cUCTeMe KOOpAUHAT.
2.2. YpaBHeHHe [BH:KeHHUSI B OapHUEHTPUYeCKOW cHucTeMe KoopauHart. llepexogum Ha
0apHLEHTPUUECKYIO CUCTEMY KOOPIUHAT 1Mo GopMyiam

ok jg — .

Ri :RG +7;5 l :19273a (26)
rac RG - paanycC-BEKTOP TOYKU G - 6ap1/1ueHTpa ABYX OCHOBHBIX TCJI B a0COJTIOTHOM cucTeMe KOOpAWHAT,
7}— paanycC-BC€KTOpPBI TCII B GapHHeHT‘pI/IquKOfI CUCTCMC KOOpAWHAT. HyCTL ocHu GapI/IlleHTpI/I‘IGCKOﬁ
CHUCTEMbI KOOpAWHAT nyZ nmapa/uI€JIbHbBIE COOTBETCTBYIOIIUM OCSAM a0COJTIIOTHOM CHUCTEMBI KOoOpauHaT

OX'Y'Z" . Ilpeobpazopannble ypaBHeHus ABmkenus (2.2) u (2.3) UMEIOT BUL
s=h—hL R=fm =, By =1, (27)
31

1y =[x _x1)2 +(s _y])z +(z, Z) ]1/2 N3
= r—r i
’7' :f m 1 2 +m 3 2
S e

: (2.8)

21:[(x2_x1)2+(y2 y1) +(z, _Z) ]1/2 12’
A23:[(x2—x3)2—|—(y2 y3) +(Z _Z) ]1/2 32-

B GapunenTpuueckoii cucteMe KOOpAMHAT COOTHOIIEHHUs (2.4) mpeoOpa3yercsi B MHBAPHAHT LIEHTpa
Macc
m7, +mr, =0. (2.9
VYpaBuenue (2.8) onmuchIBacT MPOCTPAHCTBEHHYIO KIIACCHUECKYI0 OIPaHUUYEHHYIO 33a7ady TpeX Tel B
OapHLEHTPUYECKON CHCTEME KOOPIUHAT.
2.3. Pemrenue 3a1aum aAByXx Tesi. U3 ypaBHeHI/Iﬁ (2.7) cienytrot

:_fm +’"~ (2.10)

31
W3 unTerpana mowmaaei

X T, = C,, = const (2.11)
ClleflyeT, 4To B 3ajade JBYX Tell OpOMTa TUIOCKas, 0e3 MOTepH OOIIHOCTH, MOYKHO CHHTATh, YTO
opbura nexut Ha miockoctu Gxy .Pemienne aubepeHInanbHOro ypaBHEHHs JABMKEHHS 3a1aud BYX
Ten (2.10) B OTHOCUTENIBHOM CUCTeMe KoopAuHAT uMeeT Bu1 [10]
p

iy
r=r=———, 1rf=c, =c=const, 2.12
31 1+€COS€ 31 ( )

p=a(l=¢), & =pp, p=f(m+m). (2.13)

3.Teopema o paBHOOeIpeHHOIl OrpaHMYeHHOM 3amave Tpex Tea [lepenuinemM ypaBHEHHE
JBIKEHHS TPOCTPAHCTBEHHOM OTpaHUYEeHHOH 3a/1a4M TpeX Tesl B OapULIEHTPHUUECKON CHCTEME KOOpAUHAT
(2.8) B BUIIE

r=F, 3.1)

— 69 ——
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. 7 —F v, — 7
Fo=flm-*—2+m, 22 (3.2)
2 1 A3 3 A3
21 23
BeeneM o003HaueHue ISl IUHUYHOTO BEKTOPA
v
- 72
e, =—=. (3.3)
r

3.1 Onpenenienus.

Omnpenenenue 1. OrpaHUUYeHHYIO 33J]a4y TpeX TeJ HA30BEM TPEYTOJbHOM, €CIIM TPU Tesia BCE BpeMs
JIBUKEHUS 00pa3yeT TpeyroibHUK.

Omnpenenenue 2. TpeyroabHYI0 OrpaHWUYEHHYIO 3a7ady TPeX Tel Ha30BeM PaBHOOCIPEHHOW, €CIH
TPEyroiibHUK 00pa30BaHHOTO TpeMsi TElNaMH BCE BpeMs [BWKEHHS o0pasyeT paBHOOCAPEHHBIN
TPEYTOJIbHHK, HA BEPITMHE KOTOPOTO HAXOAUTCSA O€3MacCOBOE TEIO.

Omnpenenenne 3. B GapuueHTpuueckoit cucrteme koopauHat GXyz , B TPEYTrOJbHOH OrpaHUYCHHON

3aa4c TPEX TCJI HBIOTOHOBCKYIO CUITY IMPUTSAKCHUA ABYX OCHOBHBIX TEJI F2 Ha30BEM HeHTpaHBHOﬁ, €CJIn

BC€ BpEMs IBUIKCHUA OHA HAIIpaBJICHA K HaAYaJly KOOPAUWHAT U IIpE€ACTaBuMa B BUAC
F,=-Fg, F,=|E|. (3.4)

3.2 Teopema. B TpeyronpHOHl OTrpaHWYCHHON 3amade TpeX TeJ, B OApUIIEHTPUUIECKOM CHUCTEME
KOOpJIMHAT, A7 TOro 4roObl cuiaa [, Bce BpeMs IBMKEHUs Oblla IEHTPalIbHOH, HEOOXOAMMO M

J0CTAaTO4YHO, LITO6I)I BCC BpEMs IBUIKCHUA BBITIOJIHAIOCH YCIIOBUE
A, =A, =A, (3.5)

TO €CTh TPEYTOJbHUK OOpa30BaHHBIN TpeMs TellaMH BCE BpeMs ABHIXKCHHUS — PaBHOOCIPECHHBIN, Ha
BEPIIMHE KOTOPOTO HAXOUTCS 0€3MacCOBOE TEJO.
Jloka3aTeabCTBO.

Heobxo0umocms. JlonyctuMm, 4To ﬁz - IEHTpaJIbHA.
JlokaxkeM, 94TO TOTIa UMEET MECTO
A=A, =A, (3.6)
TO €CTh TPEYT'OJIBHUK 00Pa30BaHHOTO TPEMsI TEJIAMH BCE BpeMsI IBHKEHHS PaBHOOEIPEHHBIN.
Tax kak cuia F’z - [IEHTpajbHasi, UMeeM
F,x7, =0. (3.7)

Hcnonp3yst aHamuTHYEeCKoe BhIpakeHue cwibl (3.2), ypaBHeHue (3.7) B pacKpBITOM BHIE MOXKHO
HaIMcaTh B CIEAyIONIeH Gopme

m - Moo mo s s
fA—3}’i—|—A—3}”3 Xl"z—fA—3 A—37”2><I” =V. (3.9)
21 23 21 23
J4 K3 MOCJICAHECTO YPAaBHCHHUSA CIICAYCT

m m
1 7 3 7 A

A_3r1 +A—3}’3 xr,=0. (3.9
21 23

B OapuneHTpudeckoil cucreMe KOOpAMHAT WMeEEeT MECTO HHBAapHaHT IeHTpa macc (2.9). U3
ypaBHeHU (2.9) moyInm
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mr. =—mr,. (3.10)
Ioxacrasmss (3.10) B ypaBHernus (3.9) momyuum

1 1 — —
m |~ 5 X% = 0. (3.11)
21 23
Tak Kak Mbl paccCMaTpHBAaeM TPEYroOJbHYK OIPaHMYEHHYIO 3amady Tpex Ten’, X7, =0, a Tawke
yuutsiBast, yto m, = 0, u3 paBenctso (3.11) momyunm
A=A =A.
Htak, HEOOXOMUMOCTh TEOPEMBI JT0Ka3aHa.

JHocmamounocme. J|omycTHM, 4TO TPEyroOJbHUK, 0Opa30BaHHBIN TpeMs TeJaMH PaBHOOEIPEHHBIH,
TO €CTh BBIIIOJIHAETCS paBEHCTBO

A=A =A. (3.12)
JokaxeMm, 4To Toraa cuia F, - LeHTpajbHas, TO CTh
F,=—Fe,. (3.13)
[epenuiiem aHamMTUYECKOE BRIpaXkeHue (3.2) st cuibl [, B BUIE
- m m m m
_ 1 = 3 = 1 3 |
E=f AT r1+—A3 nl—f A —|——A3 7. (3.14)
21 23 21 23

Ucnonb3ys paBerctso (3.12), mpeobpasyem npaByro 4acTh NOCIEIHETO PAaBEHCTBA

@=é(mlﬁ+maﬁ)—é(ml+m3)72- (3.15)

CornacHo WHBapuaHTy LeHTpa cuil (2.9), KOTOpPbI BBINOJHAETCS B OapUUEHTPUUYECKON cUCTeMe
KOOpIMHAT, UMEEM

mi +m7, =0. (3.16)

W3 coornomenwmii (3.15) u (3.16) nomyunm

—

F, :—é(ml+m3)l7;. (3.17)

VYuureiBas o6o3nauenue (3.3), Beipakenue (3.17) nepenuiiem B BUae

f

F,=—F¢,, FQZE(WZI-FW%)VZ (3.18)

TO €CTh cuia F, LEHTpabHas.

Takum 06pa3zoM, TOCTaTOYHOCTH TEOPEMBI JOKa3aHa.

3.3. CaencrBus.

Cnedcmeue 1. B paBHOOEIpEeHHON OrpaHMYEHHOW 3ajadue Tpex Tell, B OapULEHTPUUYECKOH cHCTeMe
KOOPAMHAT, HBIOTOHOBCKAs CHJIA MIPUTSDKEHHUS IBYX OCHOBHBIX TEJI UMEET BUJT

F;:_A3 (m1+m3)r2, A:A21:A23. (319)
Cneocmeue 2.YpaBHCHHE IBIDKCHUS paBHOOCIPEHHONW OTPaHWYCHHOW 3amaddl TpeX Tel B
OapHUIEHTPUUECKON CHCTEME KOOPIMHAT UMEET BHT
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77;:__<m1+n13)’7;a A=A, =A,. (3.20)

Cneocmeue 3. V3 ypasuenuit (3.20) crnenyer, 4ro 7, X7, = ¢, = const, CilefoBaTeiIbHO, opOuTa B

paBHOOEAPEHHOMN OrpaHUYCHHOM 33a]jaue TPeX T II0CKasl.
3.4. IIpeoOpa3oBaHue ypaBHeHHe ABUKEHUSI PABHOOEIPEHHON OrpaHUYEHHOI 3a]a4u TpeX TeJl

3
K yao6Homy Buay. [lanee, ucrons3ys Teopemy Iludaropa, Beipasum A° wepes 7y, 1,, m, u m,. U3

COOTBCTCTBYIOIIUX NPAMOYTOJBHBIX TPCYT'OJIbHUKOB MOJTYYHUM

mm
=N ——12 (3.21)
(ml +my )
U3 paBenctsa (3.21) cnenyer
32
N :<02r321 —I—rf) , 0 :&32 . (3.22)
(m, +m, )

YuurteBas (3.22), w3 (3.20) nonyunm auddepeHransHoe ypaBHEHHE IBUKEHUS OTPaHUYCHHON
paBHOOEIPEHHOM 3a/1aUl TPEX Tell B OApHUIICHTPUICCKON CHCTeMe KOOPIUHAT B BEKTOPHOU (hopme

r
: )3/2 ) M=f<m1 —|—m3), (3.23)

== 2 2 2
or,{t)+r,

W3 ypaBHenutii (3.23) cnemyeT HHTETpa IUIOMIAACH

7, X T, = ¢, = const (3.24)

CIIeIOBATEIBHO, OpOUMa NiOCKAsL.
4. OO0 o0gacTH BO3MOKHBIX ABH:KeHWil. Takum o0pazoMm, 6 Oapuyenmpuueckol cucmeme
koopounam GXyz MOXeT OBbITh IOCTABICHA TaKas 4aCTHAs 33jada B OTPaHMYEHHO 3a/1a4e Tpex Tew, B

KOTOpO# Bce BpeMsi IBWKECHHUS TPH Tena o0pazyeT paBHOOEIPEHHBIN TPEYTONBHUK, Ha BEPIIMHE KOTOPOTO
HaxoauTcs: 6e3MaccoBoe TeJo.

Kak ciemyeT 3 mHTETpaNoB ImIomaseii, oporra B 3amade 1ByX OCHOBHBIX Ten (2.11), a Takxke opOuTa
B OTpaHUYEHHON paBHOOENpEeHHOH 3amaue Tpex Ten (3.24) kaxaas B OTACTBHOCTH, TUOocKas. [Ipu sTom
TUIOCKOCTh OpPOMTHI 337a4K ABYX OCHOBHBIX TN M IJIOCKOCTh OPOMTHI OTPaHWYEHHON paBHOOEAPEHHON
3a7ayyl TPeX TeJ B 0OLIEM ClIydae HE COBHAAAIOT

B Toxxe Bpems 3T Tpu Tena Bce BpeMs IBIDKEHHsI 00pasyloT PaBHOOEIPEHHBIH TPEYrOJbHUK,
KOTOpBIi B OOIIEM cllydyae MEHSeT pa3Mepbl, (GopMy M OpHEHTaUui0 B mpocTpaHcTBe. lloaTomy
HEOOXOOMMO AaHAJM3UPOBATH COYETAHHUS ATHUX CBOMCTB M B 00JAaCTH BO3MOMKHBIX ABHMKECHUH ITHUX TpEX
TeJI, YTO SIBJIETCS IPEAMETOM OTAEIBHON PabOTHI.

5. 3akawuenue. B Hacrosimeid paboTe aHANMTHYECKH HCCIIEAOBaHA MPOCTPaHCTBEHHAS
OorpaHWuYEHHas 3ajada Tpex Ten. lccnemoBaH ciyyail, Korja TpH Tella Bce BpeMs 00pasyloT
paBHOOEAPEHHBIN TPEYTOJbHUK, Ha BEPIIMHE KOTOPOro HaxoIuTcs Oe3maccoBoe Teno. JlokazaHo, 4TO B
3TOM YaCTHOM CIIydae CyMMapHasi HbIOTOHOBCKAsl CHJIa MPHUTSHKEHUS IBYX OCHOBHBIX TEN LEHTpaJbHas.
CrnenoBarensHO, OpOUTa B paBHOOEAPEHHO!N OrpaHUYeHHOH 3a/1aue TPEX TeJl IJIOCKasl.

Pabota yactnuno ¢unancuposansl rpantamu MOH PK Ne0069/T'®4 1 Ne0003-1/ITLD.
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TEHBYMIPJII INEKTEJITEH YIII JEHE MOCEJECI

AnHoTtanusi. By jxyMmbicTa OapUIEHTPIIK KOOpJHMHATANAp JKYHeCiHJIe KIACCHKAJBIK IIEKTENIeH YII JieHe
Maceneci KapacteipbuiraH. Ocbl MaceleHIH JepOec jkaFdaibl KO3FAIbIC Ke3iHAe YII JieHe OapiblK YyakbITTa
TeHOYHipl YIIOYpBINI JKacalThlH Karmailbl 3eprreninreH. bynm nepOec jkarmaiina, OapHIIEHTPIIK KOOpAMHATA
JKYHECIH/Ie, HeTi3ri €Ki JNEHCHIH Maccachl3 JICHETe oCep CTCTiH KOCBIHIBI HBIOTOHIBIK TApTy KyIi OpKallaH 1a
HEHTPJIIK KYIII €KeHI HaKThUTaHFaH. Herisri exi IeHeHiH Maccachl3 ICHEre 9Cep €TETiH KOCHIHIBI HBIOTOHIIBIK TapTy
KYIIl SpKallaH Jla LEHTPIIK KYII eKeHi OONybl YLIIH YII JA€HEe TeHOYHipJi YIIOYpBIII jKacaybl KaKETTi JKOHE
JKETKUTIKTI eKeHi jaanengeHreH. by skarmalina OapiblK yakpITTa TeHOYHipil ymOyphIITHIH TeOeciHAe Maccachl3
neHe opHamackaH. Ocwl JepOec JKarmalplH TCHOYHIpIN IMEKTENTeH YII JCHE MOCcelieci pEeTiHIe MOCEICHIH
KOUBUTBIMBI  KanbinTackad. lllekrenreH TeHOYHipii YII ACHE MOCENECiHIE OpOMTAHBIH JKa3bIK KHCHIK CKEHi
JIOIIECIICHTCH.

Tyiiin ce3aep: meKTeNnTeH YII JeHe ecedi, OapuIeHTpIIiK KOOpAWHATA Kyiieci, TEHOYHipai memiMaep.
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EXPERIMENTAL RESEARCH OF LUMINOUS EFFICIENCY
OF DUSTY PLASMA LAMP

Abstract. In this work experimental results of the influence of the synthesized carbon nanoparticles in the
argon/methane gas discharge on the intensity of the plasma glow are presented. A spectral analysis of plasma was
conducted. Study of surface and chemical composition of the obtained particles was carried out using the scanning
electron microscope Quanta 3D 200i (SEM, USA FEI company). Also dependencies of plasma glow intensity from
discharge parameters (power of discharge and gas pressure) and gas composition were obtained. It was
experimentally determined that the intensity of the plasma glow slowly increases at concentration of methane in the
gas and the gas pressure. Also the glow intensity quickly rises with increasing discharge power. The obtained data
provides an opportunity to develop a technology of a discharge lamp with a high intensity glow.

Keywords: dusty plasma, nanoparticles, gas discharges.
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CBIHAKTA TO3AH/IBI-TIJTA3MAJIBI IIAMHBIH
"KAPBIK BEPY KACUETIH 3EPTTEY

AHHoTamus. byn KyMmbIcTa ra3mplk paspsaTaFbl aproH/METaH IUIA3MAaChIHBIH JKapbIK WHTCHCHBTIIITIHE, CO
opTajia CHHTE3/IeJIETiH KOMIpTeri HaHOOOIIIIEKTePAiH SCEepiHiH SKCIEPUMEHTTIK HOTIKeNepi kepceTired. O yuriH
Iula3Mara CIHEKTpJIiK Tajjay kyprisimai. JKymbicra ra3nmelk (azazaH HaHOOIIIEKTEp CHHTE3NCHTIH IuIa3Ma-
XHMISDIBIK 9lic KOJIAHBUIIBL. [1na3sManaH MIBIKKaH OeJIIEKTepAiH oNIeMi MEH XUMHUSUIBIK KYpaMbl 3JIEKTPOHMIBI
ckanepieymi Mukpockorn Quanta 3D 200i (SEM, USA FEI company) kemerimer anbIKTangsl. COHBIMEH Kartap,
TUTa3MaHBIH XKaHy MHTEHCUBTUIITIHIH pa3ps mapaMmeTpiiepine (pa3psa KyaTbl, ra3 KbICHIMBI) )KOHE TUIa3Ma KypayIibl
razJiap KOCIAaChIHbIH YJIECIHE TOYEAUTIrIMEH yaKbIT OOMBIHIIA e3repici adbHbl. [1n1a3mMaaa MeTaH ra3bHbIH YIIECiH
apTTHIPFaH/Ia JKOHE ra3 KbICHIMBIH apTThIPFaH/a TUIa3MaHbIH JKapblK UHTEHCUBTUIITIHIH ©3repici 0asyIalThIHIIbIFbI,
an paspsl KyaTblH apTThIpFaH/a IJIa3MaHbIH JKapblK WHTEHCHBTUIITIHIH ©3repici apTaThIHIBIFbI DKCIIEPUMEHTTI
TYPJC aHBIKTAJIbI. AITBIHFAH FHUIBIMH MATIMETTEp KapPbIK MHTCHCUBTLIIT KOFAPhI ra3pa3psAThIK IaMIbI XKacay IbIH
’KaHa TEXHOJIOTHUSCHIH KacaKTayFa MYMKIHIIIK Oepet.

Tyiiin ce3aep: To3aHbI M1a3Ma, HAHOOEJIIIEKTED, Fa3bIK PA3Ps.

Kipicne

Kazipri ke3ne xemrereH FBUIBIMH-3EPTTEY OPTAIBIKTAPBIHAA HAHOOOJIIIEKTEp alyIbIH SIiCTepi JKOHE
oJlapbl MPAKTHUKAIa KOJIaHy XKOJIAAPbIKApKbIHbI 3epTTeayae. OnapabiH 0ipi HAHOOOMIIEKTEP/Il MIa3Malbl-
XMMUSITBIK SfIiCTICH cuHTe3/1ey [ 1-4]. Byt oficTiH HeTi3iH/Ie KONTEreH TeXHOIOTHSIIBIK KO IaHOATbI CallaHbIH
HETi31 KaJIaHAbl, MBICAIBI, (DU3UKAIBIK JKOHE OHMOJIOTHSUIBIK OOBEKTIIEpI (amMa3 oHe MeTall aObIHap,
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KaH[bl Tazalay, CTepPUIIU3aTOp KoHE T.0.) OHIeYy, BAKyyMJIa TO3aHIAHIBIPY (PKYKa KaObIKIIamap KOHIBIPY),
HaHOMaTepHaliIap MEH KOMITO3UTTEP CHHTE31 (HAHOYHTAKTap, rpadeH, HaHOTYTiKIIe, dhymieper). ComapapiH
0ipi — DHEpPreTHKa cajachl, SSFHA PHEPTUSHBI YHEMJIEY YKoHE JJEKTPIIIK HIaMIap/IbiH KapblK HHTCHCUBTLIITH
apTTHIPY JKoHE T.0. Macenenep MaHbI3ABl Oosbin TaObUIaasl. COHFBI FHUIBIMU 3€pTTEYJIepIiH HOTHXKECIHAEe
TUIa3Ma KeJIeMiHJeTi HaHOOeIIeKTepIiH OHBIH JKapblK WHTEHCHUBTLIITIHE 9Cep €TETIHIr aHBIKTAIIB [5-8].
l"a3apIK pa3psiara aproH/MeTaH ra3apbl KOCIIACHIHBIH TIa3Machl JKaHFaH a Oenrii — Oip yaksITTaH KeHiH
KeMipTeri OemnmiekTepiHiH cuHTe3neneTiHi Oenrini [9-11]. Paspsararsl HaHOOeIIEKTEPAiH CHHTE31 ras
TYpiHE, KbICBIMBbIHA, pa3psi KyaTblHa >KOHE KaHy yakpIThiHA Toyenndi. [lnasmana HaHOOeMIIEKTEpaiH
nmaiina OOJNFAaHABIFBIH ITUIA3MaHBIH JKaHY WHTEHCHBTUII >KOHE IIa3MaHBIH CIEKTPIiHIH e3repiciHeH
Oaiikayra Oomanel. HanoOemmektepi Oap T1uUla3MaHBIH —WHTEHCHBTUINE  Oydepii  Imia3MaHbIH
WHTEHCHUBTLIITIMEH CaJbICTBIPFaHAa >KOFapbl OOJBIHABIFBl SKCHEPUMEHTTIK KYMBICTap OapbICHIHIA
ampIkTanabl [12-14]. [Inmasmama maiima OoiFaH HaHOOONIEKTEPAIH JKapblK WHTECHCHBTIIITIHE ocepi
TUTa3MaNbIK OPTAaHBIH ONTHKAJBIK KACHETTEPiH JKCIIEPUMEHTTIK 3epTTey HETi3iHAe aHBIKTaNIbl. by
TOXKIPHOEIIiK KYMBbICTa Ta3abIK (a3agaH HaHOOONIIEKTEePAi CHHTE3AeY d/ici KonganbFad [15-17].

Toxipn0esik KOHIABIPFbI

TozanapI-Tu1a3Maibl MIAMHBIH KapbIK Oepy KacueTi 1-CypeTTe KopCeTireH TaXipruOenik KOHIBIPFhIIa
3eprTenmi. by ToxipuOemK KOHIBIPFBI HETI3T YT O6NKTeH TYpaabl: BaKyyMIBIK JKyie, KOPEKTCHIIpY
ONOTHI JKOHE Ta3 pa3psAThl TyTikme. Bakyymuwlk xyiieHi ¢opBakyymusik (1) skoHe muddysuonnsr (2)
COpPFBLIAp, COHBIMEH KaTap BaKyyMJBIK JdaTduk (60) skoHe knananaap (7) kypaiabel. Kopekrennipy 6morst (8)
apKeUIBI dekTpoarapra (3) skuimiri 20 k[ kepHey Oepinenmi. Herisri mia3MansiK mporieccTep MIBIHBIIAH
JKacaJlFaH ra3/iblK Pa3psIThl TYTIKIIEAE )KYpelli, OHIa dpTYpIl JUarHOCTHKA )KacayFa apHaJFaH caHbuiay (4)
JKOHE ONTHKAIBIK JUAarHOCTHKara apHaJFaH KBapll Tepese (5) opHaTbuiraH. TyTikmieHiH auameTpi 33 M,
Y3BIHIBIFBI 533 MM, SIFHA TYPMBICTA KOJIIAHBLIATHIH Ta3pa3psaThl IAMHBIH 36PTXaHAIBIK YIITICI JKacaJlFaH.
Omnpa ra3 xKeiceiMBIH 0,1-1 Topp apamarsiHaa, an pa3psn KyareiH 5-30 BT apansireiHma e3repTyre 601ahl.
[Mna3mana HaHoOeJIIEKTEpAl aly YIIIH JXYMBIC Ta3bl PETiHIE aproH/MeTaH Ta3’apblHBIH KOCHAChI
KOJIIAaHBUIIBI.
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1 cypet — ToxipnOeik KOHIBIPFBIHBIH TPUHIUITHAIIBIK CYJI0ACHI

AJIBIHFAH HITHUKeJIep
IImasmanelk opTama CUHTE3neNreH HaHoOenmekTepmiH COM OeitHeciMeH OJapIablH XUMHSIIBIK
Kypamsbl 2-cyperte kepceTinreH. Ockl HAHOOOIIICKTEPIIH 6Cyl 0apbIChIHIA Ta3/IbIK pa3psi IJ1a3MachIHbIH
JKapblK MHTEHCHUBTLJIIT ©3TepeTIH/ITT SKCIIEPUMEHTTE 3ePTTEI.
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2 cyper — CHHTE3eIreH KoMIpTeK HaHOOOIILIEKTePi KIHE 0JIapIbIH XUMHUSUIBIK KYPaMBbI.
(P=30 Bt >xo1ep=0,6 TOpD)

3-cypeTTeHaHoOeIIIEKTepl Oap paspsa IUIa3MachlHBIH CHIEKTpi KepcerinreH. CyperTeH Kepil
OTBIpFaHBIMBI3[Al, Oedrimi Oip yakbITTaH KeHiH pa3paaThIH KapBIKTBUIBIFBI apTaibl, O — Iula3Manaa
HaHOOOJIEKTEeP/IiH KOHIICHTPAIUSICHl apTKAHABIFBIH OLIIipeti.

=0 cek T,=70 cex T5=110 cex

3 cyper — HanoGenmexrepi 6ap ra3abik pa3psj mia3MachiHbH crekTpi. (p =0, 5 Top, W =15 Br)

Byn cyperre t=0 cekyHa yakpITTa IUIa3MaHbIH HMHTCHCHBTUIITT TOMEH, SFHU HAaHOOOJIICKTED
ra3maja maiga oonmarad. An t=70 ceKyHJ yakKpITTa Ila3Majia HaHOOeIIIeKTep naina 0ona GacTansl,
colikeciHIlle, IUIa3Ma MHTEHCHBTUI Jne apTambl. t=110 cexkyHI yakpITTa HaHOOOJIIEKTEePIiH
KOHIICHTPAIUSICHI CAJIBICTBIPMAIIBI TYPJIC KOIT OONFaHIBIKTaH, MHTCHCUBTILIITI JIE )KOFaphl O0JIaIbl.

Ar+CH, xocriackIHIaFbl METEH T'a3bIHBIH YIIECiHEH OOIMIeKTepAiH KYPhUIBIMBI J]a TOYEI Il eKeHi, SFHH
Kocmana 1%-10% metan 6oca, HaHOOOMIIIEKTEp Taiiaa 60aTeIHE, erep Kocnana 10%-15% meran Oorica,
OHJIa HaHOKJIacTepiep, ail 15%-1an kem 0oJica, OHJIa HAHOKAOBIKIIANIAp Makiaa 0onaTeiHbl 3epTTeiai [18-
20]. An, 6-cyperre mnasmasbl Ty3ymi aprod (99%-93%) xone wmeran (1%-7%) KocmachlHOAFrbl
ra3gapblH OPTYPJi YJECIHIAE TOyeli IUIa3MaHBIH JKaHy WHTCHCHUBTLUIITIHIH yakKbIT OOWBIHIIA Tpaduri
KepceTinreH. ['padukTeH Kepim OTHIpFaHBIMBI3Nal, MeTaH Ta3bIHBIH Yieci apTKaH caifblH Tuazmana
HaHOOOJIIEKTEP CANBICTHIPMANBI TYPJE Y3aK yakKbITTaH KeHiH maiyna Oonajbl, SFHU IUIA3MaHBIH JKaHY
WHTEHCHBTLJIITI Jie OipHelle yaKbITTaH KeiliH KaHBIFyFa KeTe/Il.
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—o— A1(99%)+CH4( 1%)
—0— Ar(98%)+CH,(2%)
—0— Ar(97%)+CH,(3%)

WuteHcuBTimik, cai. 6ip.
i
1

—9— A(95%)+CH,(5%)
—0— Ar(93%)+CH,(7%)

+ T
0 40 80 120 160 200
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6 cypet — To3aH/bI-1I1a3Malbl IAMHBIH JKapbIK HHTEHCHBTLITIHIH Ar/CH,4 ra3napbIHbIH yiIeciHe ToyemaiIiri

7-cypeTTe yakpIT OOMBIHINIA IIa3MaHBIH KApHIK WHTEHCHUBTUITIHIH Ta3 KBICBIMBIHA TOYEJILIIK
rpaduri kepcetinreH. Kepinm OTBIpFaHBIMBI3NAN, Ta3 KBICBIMBI apTKaH CaWblH IUIa3MaHBIH JKapBIK
WHTEHCHUBTLIriHIH e3repici Oasynaigsl. Ce6ebi ra3 KbICHIMBIH >KOFapbUIaTKaH CalblH IJ1a3MaJaFrbl
HEUTpan aToMIap bl KOHIIEHTPALUACH APTaThIHIBIKTAH, OJAPIbIH HOHIATYHI YIIIiH XKETKUTIKTI YaKbITThI
KaxeT erezi. COHABIKTaH OOIMIEKTEPAiH Maina 00Ty yakeITH Texkeneai. ColfkeciHie, ia3MaHbIH JKaphIK
WHTCHCUBTLIIITI Oasy apTajpl.
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7-cypet — To3aHbI-IT1a3MalIbl IAMHBIH JKapbIK HHTCHCHUBTLUIITIHIH I'a3 KbICBIMBIHA TOYCIILTIr

8-CcypeTTe yakbIT OOMBIHIIIA TO3aH IbI-TUIA3MaJIbI IIAMHBIH JKapblK MHTCHCUBTUIITIHIH pa3ps]] KyaThIHa
TOYENIUTIK Tpaduri KepCceTiIre .
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8-cypet — TozaHABI-TUIa3MaIbI IAMHBIH JKapbIK HHTEHCUBTLIITHIH pa3ps/] KyaThIHa TOYeJIIeNiri

CyperTe KepceTireHaen, pa3ps/ KyaThlHbIH apTyblHa OailaHBICTHI TUIa3MaJaFrbl 3JICKTPOHIAPIbIH
SHEPTUSCHl apThIN, Ta3[blH HOHIATY JKbUIIAMABIFBI apragbl. OchiFaH OaillaHBICTBI HMOHAAp MEH
pajuKanIap/IblH KOHIIEHTPALUSICH apTa/bl )KOHE HOHIAP/bIH OeJiiek OeTiHe KOHYBI JKOFapbuIaibl. by
addext GenmexTepniy Te3 ocyiHe anbin kenexdi. Colikeciniie, pa3psa KyaThl apTKaH calfblH IIa3MaHbIH

JKapbIK MHTCHCUBTLIITI 1€ TE3 apTaJbl.
OcHBI FBUTBIMHA MOJIIMETTEP JKaphIK MHTEHCHUBTUIITI KOFaphl Ta3 pa3psATHIK IaMIbl JKacayIbIH KaHa

TEXHOJIOTHSCHIH JKacaKTayFa MyMKIHIIK Oepei.
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9KCHEPUMEHTAJIBHOE HCCHEZ[OBAHHEVCBOﬁCTBA
CBETOOTJAYY NJIASMEHHO-IIBIJIEBOU JIAMITbBI

AnHoTamms. B nanHoit paboTe npencTaBieHbl SKCIIEPHUMEHTAIbHBIE PE3YJIbTaThl BIUSHUS CHHTE3UPOBAHHBIX YIIIEPOIHBIX
HAHOYACTHUI] B Ta30BOM paspsi/ie aproH/MeTaH Ha HHTEHCHUBHOCTb CBEUEHHS IUIa3MbL. J[JIs 9TOro MpoBe/ieH CHEeKTPAJIbHBIN aHAIIN3
U3IIy4eHHUs Iu1a3Mbl. B pabore ObUT MCIOIBb30BaH IUIA3MOXMMHYECKHH METOJl CMHTE3MPOBAHUS HAHOYACTHI] M3 Ia30BOM (a3bl.
HccnenoBanus MOBEPXHOCTH M XMMHYECKOTO COCTaBa IOJYYEHHBIX HAHOYACTHUIL MPOBOAWIIMCH C IOMOLIBIO CKaHUPYIOLIETro
anekTporHoro mukpockomna Quanta 3D 200i (SEM, USA FEI company). Takxe ObUIH HONXyYeHBI 3aBUCHMOCTH HHTEHCHBHOCTH
CBEYCHUSI IIJIa3Mbl OT TapaMeTpoB paspsia (MOIIHOCTh pa3psa U JaBlICHHE ra3a) M OT COCTaBa raza. BbUIO IKCHEPUMEHTAIBHO
OIIPE/IEJICHO, YTO MHTEHCHBHOCTh CBEUCHUS IIa3MBI MEIUICHHO BO3pacTaeT HpH IOBHINICHNHM KOHLIEHTpAlUH MeTaHa B rase u
JaBJECHHUS Ta3za, W OBICTPO BO3pacTaeT IPH IOBHIIIEHHMHM MOIIHOCTH pa3psiia. IlomydeHHBIE NaHHBIE MAIOT BO3MOXHOCTD
pa3paboTaTh TEXHOJIOTHIO I'a30pa3psiTHON JIAMITBI C BBICOKOI HHTCHCHBHOCTBIO CBEUCHUSI.

KnioueBble cJI0Ba:HaHOYACTHIBI, ITbUIEBAs IUIa3Ma, Ta30BbIE Pa3psibl.
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MODELING THERMAL BARODIFFUSION WITH
CHEMICAL REACTIONS IN LIQUIDS AND GASES

Abstract. This article presents inductive method of the universal law of conservation of mass diffusion
equation for the density of diffusing particles involved in chemical reactions, which speed is referred to mass unit
and volume unit. On the basis of the Fick's law, this equation is formulated for concentration of mixture components.
This equation is for the relative speed difference component with a carrier medium speed. The various forms of the
equations diffusions for compressible and incompressible media are given. Inappropriateness of known laws on
thermal barodiffusion over the law of conservation of mass is proved. Adequate laws of pressure and thermal
diffusion are proposed and justified. Relevant equations of thermal barodiffusion with chemical reactions in liquids
and gases are formulated. The problems of equations of thermal barodiffusion in an incompressible fluid are given.

Keywords: thermal diffusion, barodiffusion, mass, law, chemistry, reaction, pressure, equation.
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WucTuTyT MaTeMaTnky u MareMatrdeckoro mogenupoannss MOH PK, Anmartsr, Kazaxcran

MOJEJUPOBAHUE TEPMOBAPOJIUD®Y3UN
C XUMHNYECKUMHU PEAKIIUAMMU B AKUIKOCTAX U T'A3AX

AHHOTanusi. BeIBOAWUTCSI MHIYKTUBHBIM METOJOM M3 3aKOHA COXPAaHEHHSI MacChl YHHUBEP-CAIbHOE ypaBHEHHE
I dy3un A1 IWIOTHOCTH TG YHAUPYIOINX YaCTHL], YYaCTBYIOIINX B XUMHYECKHX PEAKIUAX, CKOPOCTH KOTOPBIX
OTHECEHBI K eMHMIIC MacChl U K eauHuie oobema. Ha ocHoBanuu 3akona ®duka naHHOE ypaBHEHUE HOPMYIHpPYyeETCs
JUIsl KOHLEHTpaluuil KOMIIOHEHTOB cMecH. llonyueHo ypaBHEHHE X OTHOCUTENIBHOM PAa3sHOCTH CKOPOCTEH
KOMITOHEHT CO CKOPOCTBIO Hecyuiel cpenbl. [IpuBoasitcs pasnuuHble Gopmbl ypaBHeHWi nuddys3uid ans cxumMae-
MBIX U HECX)KMMaeMBIX cpell. JlokazaHa HeaJleKBaTHOCTh M3BECTHBIX 3aKOHOB TepMobapouddys3uii 3akoHy coxpaHe-
HUsI Macchl. [Ipe/utoskeHbl 1 000CHOBaHBI a/IeKBAaTHBIE 3aKOHBI Oaponuddysuit u repmoauddysuii, npu KOTOPBIX
BBITIOHSIETCS] 3aKOH coXpaHeHHs1 Macchl. COpMyIMPOBaHbI COOTBETCTBYIONINE ypaBHEHHs TepMobaponuddysuii c
XUMHUYECKHUMH PEakIMsIMH B XKHUIKOCTAX M Tazax. YKa3aHbl IpOOJIeMbl ypaBHEHHH O6apo-1uddy3uii B TMHAMHUUECKUX
HECKMMAEMBIX KHIKOCTSIX.

KuaroueBsie ciioBa: Tepmoauddysus, 6apoauddys3us, Macca, 3aK0H, XUMUS, PEaKIHs, JaBICHIE, YPaBHEHUSI.
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JIOTHOCTh YACTHII 3aJaeTCd CYMMapHOH M W JacTHIL "= m, K o0beM =—
IT;moTHOC ac 3a71aeTcs C apHO accou yac om A

or

Sm' = p'or, - Z” = 25’" =om.

Konuenrpaimu i —ro copra yactuu: C, zﬂ’ZCI, =1. B ocroBHOII Hecymieit cpeie OT YacTHIIBI
P =

; [ [
My muddynmupyror u3 061acTH ¢ GOJBIION IIOTHOCTHIO P max g paiioH ¢ MeHsmeii /) min
WIOTHOCThI0. Kak Toka3aHO Ha pUCYHKE, BEKTOp IMOTOKA YacTHIl MapajulelieH W HalpaBJieH
MIPOTUBOIIOJIOKHO IPATUCHTY KOHIICHTPALINH.

CnepoBareibHO, ITOTOK (jp,- YaCTHIL m}'{ CBs3aH C TPAJAMCHTOM KOHIIGHTpauuh (opmysioi

AHTUIIAPAJTIIICIIBHOCTHU BEKTOPOB - 3aKOH ®duka:
1
qp[ = —D,ogma’i =-DpgradC, (1)
Yo,

ITo dmsmgeckomy xe cmpicty D > 0 ssnsercs kodddurmentom nuddysum.
1°. YuuBepcanbHoe ypaBHenue 1udpysuu

HpI/IMGHCHI/Ie 3aKOHa COXpPAaHCHHA MACChI B 00BeMe 52- :

N

dom _ z 2)
dt =1

i
3aKOH COXpaHEHUsI MacChl om' g o6veme OT nomxen COXPaHSITh SKBUBAIECHTHBIM B UCXOIHOTO
3akoHa (2) W y4uThIBaTh AUGQPY3HI0, XUMUYECKHE W Jpyrdue BHUIBI peaknuid. TakuM TpeOOBaHHSIM
COOTBETCTBYET 3aKOH COXPAHEHUS MacChl
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dom'’
dt

divg J =3 Jk s Jh
rae q pi — ):[I/I(b(l)y3l/l$1 qyacTun, - s CKOpOCTL N3MCHCHUS MACChI BCJICACTBUC peaKLII/II/I ,
k

= —5rdivqpi +om'J +orj', (3)

N

N
i Ji _ i Jki _ O J[
IIPUYEM JOJIKHO BBIIOJHATHCA YCIOBHE P - P - . HO,H IIOHUMAECTCSA OTHECCHHAs K
i=1 i=l k

CANHULIC Mmaccbl CKOPOCTb IMPUPOCTA MACCHI i-i KOMIIOHEHTHI 3a CYET peaKHI/Iﬁ nepexoaa oOtT k-x

. ki 4
KOMIIOHEHT K I-U CO CKOpOCTHMH J . AHaIOru4HO ] CKOpPOCTh HM3MCHCHUA MACChl BCJICACTBUC
N ol
i /=2 ’
peaxuuii J J z J Zp 7* =0, 1o 3nec mox J rmoHEMaeTcs OTHECCHHAS K ¢IMHHIC

obovema CKOpPOCTh IMPUPOCTa MACCHI i-i KOMIIOHEHTHI 3a CUYET peaKquI nepexonaa oT k-X KOMIIOHEHT K -t
i
CO CKOpPOCTAMU .]

[IpocymmupoBas (3) 1o BceM i , HAXOIUM BLIpa)KeHI/Ie

3 MTT——é‘erzvq +Z§m J’+§TZ] o)
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TC B HpaBOﬁ 4aCTH BCC CYMMBI paBHbI HYJIIO:

N N N
—Zdivc?p,. :dinngdei = div(Dpgrad ZQ) =div(Dpgradl) =0,

i=1 i=1 i=1
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B pesynbrare (4) nepexoaut B (3), 3aKOH COXpaHEHHSI MACChI BBIIOIHEH:

N i
Zdé‘m _ —Zé‘m _0, dém 0
o dt dt
IMEIOT MECTO MOHSATHBIE MPEOOPA3OBAHKS:
dp'or _ - i
GPor _ —ordivg , +om'J" +otj',
dt r
do  ds B - .
sc &P + p' ‘- —ordivqg . + p'orJ' +or ]’
dt dt P
do i
IMoacTasss 7 L ordivw' | nonyuaem
t
dpi i . =i .= i i .
577+ pordivw' = —5szvqp,. +p'otJ +07] (5)
[ToncranoBka 3akona @uxka (1) B (5) u cokparenue gaer YHI/IBepcaJ]LHOG ypaBHeHue nuddy3uu:
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‘ P

— §) ——



ISSN 1991-346X Cepusi usuxo-mamemamuyueckas. Ne 6. 2016

dp' _op’
ot

+(V',gradp')

rae nmojaHas nmpou3BOJHAsA paBHa

oo , S i . ,
ai L (7, grad p') + pldivi' = di(Dpgrad L)+ p'J" +
t P
CaepTbiBaHHe (‘—}»i,gr Cldp i) + pidiv‘_;i = div(pivi) HPUBOAUT K JUBEPIEHTHOMY BHIY
ypaBHeHus nuddyzun

%+div(pi\7i) = div(ngradﬂ) +pJ + (6)
o,

B [1,3] ana ycTaHOBIEHHUSA CBSI3U AUHAMHUKMA JAHHBIX YacTHUILl C JUHAMUKOW HECyIIed Ccpenbl
*

e e A
=V —=V,V =V +V.

B pesynbrare ypaBHeHUIO (6) mpuIaeTcs BUI

BBOJIUTCSI Pa3HOCTh CKOPOCTEH V

aa% +div[p' (7 +V)] = div(Dpgrad 2+ pl + ©)
Yo,

]

. =i R
Teopema 1. Pasnocms ckopocmeii V- =V —V sensemcs pewenuem ypaguenus div(v p)=0.
JoxazarenscTBo. [Ipocymmupyem (8) o BceM copTaM 4acTHIT

N ap, . . N pi .. .
2 (o +dilp! (7 + 9} = X {div(Dpgrad )+ plJ' + '}
i=1 i=1 ,0

3HaK CyMMHUPOBAHUS OTHOCHUTCS K HHICKCY «i»:
a N ) . N ) N ) N pi N o N )
52,0’ +div(V" Y p)+div(vY p') :div(ngde;)+Zp’J’ +7®
i=l i=1 i=1 i=l i=1 i=1

B nomryyeHHOM BBIpasKeHUH
N pi N .. N .
div(Dpgrad Y *—) = div(Dpgradl)=0,> p'J" =0,>j' =0
i=1 i=1 i=1
B pe3yibTare (8) mepexoauT B ypaBHEHHE

op

— div(¥" p) +div(p¥) =0,

0, _
U3 KOTOPOTO, B CHJIy yPaBHEHHsI HEPA3PHIBHOCTH 8_p +div(pv) =0,
t

BBITEKAET [I ) ’ YPaBHEHS B YaCTHBIX MPOU3BOTHBIX
div(V p)=0 ©)
Urto TpeboBaNOCH TOKA3aTh.
Jns Hec)kuMaeMoil )KMAKOCTH TOJIy4aeTca YypaBHEHUE (fiyy 2.
VYpasuenue (9) nMeeT 0YEBHUIHOE pPEIIeHIe V' p =rot L_IJ, divrot L—I} =0,
e P — \il(f, t) — MPOH3BOTIbHAS muddepernupyemast GyHKITHS, KOTOPOH MOKHO MaHHITYJIUPOBATEH MTPH

MoenupoBaHud Au(Py3uii KUBBIX CYIIECTB (OaKTepHit).
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BaKTepI/II/I B IIOUCKaAX KOpMa MOFYT ABUTI'aTbCA B CTOpOHy 6OJIBHIGI>'I KOHI_[eHTpaHI/II/I IIUTATCIIBHBIX
BEIIECTB B CpeJIe.
2°. McKyccTBEHHOE ypPaBHEHHE KOHIEHTPAHH
HckycctBennoe ypaBHeHue muddy3um IS KOHIEHTPAMHM TIOMydaeTcs M3 ypaBHeHUS (6)
noncranoskoit £ =Cp
OCiP , d4iv(C.pv") = div(D pgradC )+ C.pJ' + j'
7+ iv(C.pv')=div(DpgradC,)+ C,pJ" + j

—] % —
ITo cBsizu ' =7 <+ NOIyYaeTcs UHAs 3aMuCh

aC.p

+div(C p(¥" +7)) = div(DpgradC,)+ C,pJ' + j,

g€ IIOKa3aHoO JacTue CKOPOCTH HEC eif cpempl y B u 3un. OTCyTCTBHE
a y P ym pel v a (bq)y y OTHOCHUTCIIbHBIX

ok .k
ckopocreir V = 0 saseres TPUBHAIBHBIM pelieHreM ypapaeHHA TCOPEMBI div(y p)=0- 70
O3HAYaeT COBMAJICHUE CPEAHEMACCOBOM CKOPOCTH MU(DGYHIUPYIOLIMX YaCTHI[ CO CKOPOCTBIO HeCymieil
Cpenbl.

3°. YpaBHenusi 1u(py3un npu COBNAJEHHUU CPETHEMACCOBOI CKOPOCTH YACTHIl CO CKOPOCTHIO
necymeii cpexst ¥ = ()

[Tpu coBmaieHUH CPEHEMACCOBON CKOPOCTH YACTHIL CO CKOPOCTBIO HECy e

— - ¥ — —
cpenel V' =V,V =V' —V =0, gro npumeHsercs Hanboee yacTo, ypapHeHue (7) IPUHEMAET BUJT:

L div(p's) = div(Dpgrad £y ' 4 '
yo,

i

COOTBCTCTBCHHO, YPABHCHUC KOHLICHTpa]_[I/II‘/'I

a(ajip— +div(C,pV) = div[DpgradC,]+ C,pJ" + j'
t

B nanHOM ypaBHEHUHM JENar0TCs YIIPOILAOIINE TPeoOpa3oBaHMsL:

oC. S
C Lt p ot 5, grad(C )+ C vy =i DpgradC) +CpJ +

IJie ypaBHEHHE Hepa3pbIBHOCTH HECYIIEH Cpelbl paBHO HYIIIO:
0 . - d -
C aan C.(v, grad p)+ C, pdivv = Q[—p+pdzvv] =0
ot dt
Takum o0Opa3om, ucxoaHoe (GyHaaMeHTalbHOE ypaBHeHHe auddy3un (6) nepexoquT B ypaBHEHUE
KOHIICHTPAIIUH C YYaCTHEM TUIOTHOCTH M CKOPOCTH HECYIIeH Cpebl:
oc , o
pa—’—i-p(v,gradCl.) =div(DpgradC,)+C pJ' + j' (10)
t

4°, YpaBHeHHe KOHIIEHTPAIMU B HENMOABUKHOM cpene 1 = ()

Ypasuenne auddy3un B HEITOABIKHONW OCHOBHOM cpene y = () U MepeMeHHOM ITOTHOCTH P

Cp

+div(C.pv') = div(DpgradC,)+ C.pJ' + j'

— Q4 ——
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i =

S
B naHHOM ypaBHeHMHM V' =1V , CIEIOBaTelbHO, CKOPOCTH V  YaCTHI] JOJDKHBI OBbITh BHIMMCIICHBI

U3 ypaBHEHUs TeopeMbl 1 div(ﬁip) =0.

B 0CHOBHOM HCIIOJIB3y€eTCs MPENONOKEHNe, uTo yacTuisl Henoaswxkuel V' =0 u quddynmupyror
B TOKofAleHcs cpene V= 0. IloaToMy ypaBHEHME KOHLEHTPALMM JJIsl IEPEMEHHOM IUIOTHOCTH
P # const MPUHUMAET BU:

8(35_“0 = div(DpgradC )+ C pJ' + j
t

5°. YpaBHeHHsI KOHIIEHTPAIMH B HENMOABUKHOM H HEC:KHUMAEMOii cpeje
Jnsg  HemoaBMXHOU v=0 HecxuMaeMoii L = CONSt Hecyliel cpeAbl TMOCIE  COKpAIeHUM
MOJIy9aeTcsl ypaBHEHUE KOHIICHTPAIIUU
oC. . - . 0C, 1 ‘ i
p—t=dDpgradC)+Cpl'+ ], —- = —div(DpgradC,)+ CJ' + L
¢ toop p

i
IMoxcrasisist B mpaByto yacte O = O / C, , HAXOJTUM ypaBHEHHUE

oC. C, . C
——=—div(DpgradC,)+C,J" +—j",
at pl pl
M3 KOTOPOro IMOCJI€C YMHOXKCHHA Ha IMOJTy4acTCsA
. 0C, S .
ol a—t’ =C.div(DpgradC.)+ p'C.J" +C, '

VYpaBHEHUE KOHLICHTpAMy IPUHUMAET YIPOILICHHBINA BUJI, €CJIUM HET XUMUYECKUX PEAKLUN U IPYTUX

BKJIIOUCHUI J' = 0, ji =0.
% = div[DgradC,]
t

oC,
Ilpu D = const BHITEKAET MapabOIUYECKOE YPABHEHHUE @_ = DAC..
t

7°. Ilapagokcel ypaBHeHuii repmoauddysuu
Fpa;meHT TEMIICPATYypPbl, HECCOMHCHHO, OKAa3bIBA€CT BJIMAHUC Ha Z[I/I(i)(i)y?:I/IIO 110 BIIOJIHEC ITOHATHBIM
NpUYMHAM MOJIEKYJSIpHOTro mepeHoca. Tepmomauddysus (3¢pdpext Cope) B 3aKOHE COXpaHEHHUs] MacChl
TpeOyeT AOITOTHEHUS
5t L.\ i Sediy' =—Stdivg | + p'St) +51 ] — Srdivg
i P T (11)

r/ie BBeJeH 3aKkoH TepMoauddysuu no JIeikory [3]:

i

_ k
qr = —D,O?Tgde (12)

OcHoBHOE ypaBHEHHE TepMoAN(HY3UN TToITydaeTcs B Buae [3]:

%+div(pi17i) - div(ngmdﬂ)+div(Dpk7Tgde)+piJ )
¢ p

Vpasnenue Tepmoauddysun 1is konnentpauiin v =0

p— -+ P, gradC) = di(DpgradC)+di(Dp= gradl) +CpJ +]
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[TapamokcanbHOCTE HW OMMOOYHOCTH ypaBHEHWH TepMmomudy3uli, npuBeAeHHBIX B [3]

OCHOBAaHHBIX Ha 3akoHe TepMmomuddysmm (12), 3akimrodaeTcsi B HEBBINIOJHCHWN 3aKOHA COXPAHCHUS
N

MAacchl, TO €CTh MOIY4aeTCs —Z om' # 0 . JlelicTBUTENBHO, CYMMHUPOBAHHE TIO0 BCEM KOMIIOHEHTaM i
i=1
ypaBHeHus (11) B mpaBoii 4acTH ypaBHEHHUs JaeT HEPAaBESHCTBO HYJIO IO 3aKoHy TepMmoanddysun (12)

[31:
N N k
—5TZ divg, = 52'2 Dp?Tgde =0
i=1 i=1

B cuny mannoro dgakra ypaBHeHus TepMmoauddysuu ¢ nmanaeiM B [3] Tepmommupdysmer (12)
HeaJeKBaTHBI 3aKOHY COXPAHEHHUS MaCCHI.

Teopema 2. 3axon coxpanenus maccol (2) yodoeremeopsiemcs Oisi 3aKOHA MepmMooud@ysuu c
Qusuueckum yyacmuem KOHYeHmMpayuy 0aHH020 Oup@yH-oupyoueco KOMNOHeHMA.

&% + p'Stdivy = ~5tdivg , + p'5t)' + 57" ~ Srdivg,,

iy =~Dp(1- N -C) L gradT (13)

HoxkazatensctBo. CymmmupoBanue B (13) mo BceM KOMIIOHEHTaM MAaeT Ui TIOCIIEAHEro 4ieHa
YpaBHEHUS BBIPAKEHUE paBHOE HYJIIO:

N N }%
->. divg,, =Y Dp(1-N ~Cl.)?TgradT =
i=1 i=1
Z kT > kT
:ZDp7gde—DpN-ZCi7gde:
i=1 i=1

k k
= NDp?TgradT—DpN-l-%gradT =0

Ymo mpebosanoce dokazams. JJoKa3aTeIbCTBA PAaBEHCTBA HYJIIO CyMM OCTAJIbHBIX WICHOB B IPABOU
yacTH ObUIO ocymiecTBieHo paHee. C mpuMeHeHHeM 3akoHa TepMoauddysuu (13) ypaBHeHHS
NPUHAMAIOT MPUKIIAIHBIC BHIBL:

i

9P| div(p's') = div(Dpgrad L) +

ot P

+ div(Dp(1 - N-Cl.)kTTgradT) +pJ +
oC. » )

pa—t‘ + p(v',gradC ) = div(DpgradC ) +

+div(Dp(1— N - Cl.)k?rgradT) +CpJ + '
8°. Ypasuenue repmodapoauddysun
B [3] yuuTsiBaetcs 6apoauddysus:

or dd—f +p'8edivy' ==6tdivg , + p'6t) + 67 —Srdivg, —Srdivg,,

1

—— 86 ———
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. k -
re no JIEIKOBY nonokeHo g =—P p?T gradT, G,=-— Dp—Lgradp . Herpymso Bbrmcauts
p b

4YTO IJId JaHHBIX 3aKOHOB TepMO6apO,Z[I/I(I)(1)y3I/II/I 3aKOH COXpaHCHHA MACChI HE BBIIIOJTHACTCS.

N N k
JlercTBUTENIBHO, —Z di Vq p = Z D P £ gra d p #* 0. [TosTomy YpaBHEHUS
i=1 i=1 p

- k -
tepmobapomudPysun ¢ maHHbIMA B [3] 3akoHamu 9r =—D,07Tgde, q, =—Dp;pgradp

HCAACKBATHLI 3aKOHY COXpPaHCHUA MACCHL.

Teopema 3. 3axon coxpanenus maccol (2) yoosremeopsemcs 05 3aKOHO8 mepmoobapooughghysutl ¢
Quzuyeckum yuacmuem KOHYeHmpayuu 0aHH020 OupGyHou- pyroujeco KOMNOHeHma:

P\ pidive = —divg  + p'J' + j' — divg, — divg 14

7+p wy = — lvqp,.+p +J —divgy —divg ,, (14)

i

B} k B} k
G =—Dp(1-N- Ci)%gde . 4, =—Dp(1-N- C,-);”gmdp

HokazarensctBo. CymmupoBanne B (14) mo BceM KOMIIOHEHTaM JaeT Uil MOCIEIHEro 4ieHa
ypaBHEHUS BBIpa)KEHNE paBHOE HYIIIO:

N N k N k N k
g, =2 DA1=N-C)~L gradp =3 Dp-L gradp~DpN-3-C -~ grudp =
i=l i=1 i=l i=l

k k
= NDp—Lgradp—DpN -1-—=gradp =0
P p

Ymo mpebosanoce dokazamo. JloKa3aTenbCTBA PABEHCTBA HYJIIO CYMM OCTAJIbHBIX YWICHOB B MPABOM
JacTu ObUTM OCyIecTBICHBI paHee. C MpUMEHEHHEM HOBOTO 3akoHa Tepmobapomuddysuit nuddepen-
UAJIbHBIC YPABHCHHSA IPUHUMAIOT MMPUKIAAHBIC BUBIL:

, N ; k
88i +div(p'v') = div(Dpgrad 2-) + div(Dp(1- N -C)) L gradT)+
t p
k -
+div(Dp(1— N -C)~L gradp)+ p'J"' + j',
p
ac . . : ky
p— AV, gradC) =diDpgradC)+d(Dp(-N-C)- gradl) +

k S
+div(Dp(1- N -C,)—* gradp)+C,pJ" + '
p

Ipumeuanne 1. YpaBHeHus ¢ Oapoauddys3mell UMET CMBICI TOJIBKO I CKUMAEMBIX Cpel C
ypaBHEHUSIMU cocTostHUSL Tuma Kraneipona-Menneneera P = PRT . B YpPaBHEHUS JUHAMUKHA
HECKUMAEMOU >KUIKOCTH JaBIICHWE BXOJIUT Yepe3 TPaJUCHT, TIOITOMY OIPENEISETCS C TOYHOCTHIO 10
aAUTUBHOW  (QYHKIMM BpPEMEHH, TO €CTh MOXET NPUHUMATh [POU3BOJbHBIE  3HAYCHUS
- ©0< p < +OC o JaBiieHue B 3akoHe Oapoauddysuu crout B 3Hamenatesne. Ilo 3Toii npuynHe B
HeCXKUMAEeMOi KMAKOCTH YpaBHeHus ¢ 0apoauddys3ueil He moaj1eKAT NIPUMEHEHUIO.
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K.B. Kakbin
KP BFM Marematuka >koHe MaTeMaTHKAJIbIK MOJIECY HHCTUTYThI, AnMaTel, KazakcTan

CYHMBIKTBIKTAP MEH I'A3/IAPJAFBI XUMMSIIBIK PEAKIIASIJIAPBI BAP
TEPMOBAPOIU®®Y3USIJIAPAbI MOJEJJIEY

AHHOTanusi. XUMUSUIBIK peaklusuiapia, KbULIaMIbIKTapbl Macca MEH KeJIeMHIH OipHiriHe KenTipijires,
muddynaupnaran OeJIIEKTEp/iH THIFBI3IBIFBIHA Macca CakTaly 3aHblHaH AuG(Y3UsSHBIH YHHBEpCal TEHAECYI
KypbutFaH. UK 3aHBIHBIH HETIi3iHAEC OChl TEHJCY KOCHAHBIH KOMIIOHCHTEPiHIH KOHIICHTpAIMsIAphl YIIiH
oenrineneni. KoOMIOHEHTTEp KBUIIAMIBIKTAPBIHBIH TACYIIBl OPTaHBIH JKBULAAMIBIFBIHAH — CAJBICTHIPMAITBI
afbIPBIMIBIFBIHA TCHCY anbiHFaH. CHIFBUTATHIH JKOHE CHIFBUIMANTBIH OpTajapra colikec Auddys3us TeHAeyIepiHiH
op TypJli TypmaTTapsl KenTipinreH. bypoianan Genrini repmobapoauddys3us 3aHIApBIHBIH Macca CakTaly 3aHbIHA
COMKECTIriHIH JKOKTBIFBI panenieHreH. bapomuddysus meH Tepmonuddy3usiHbIH coiikec 3aHAaphl OEPIIreH JKoHE
HETi3leNreH, olapAa Macca CakTaly 3aHbl opblHmanathiH. OchkUTapFa apHalFaH XHMISUIBIK peakuusuiap Oap
CYMBIKTBIKTapJa JKoHE Tazmapaa Ttepmobapomudy3usHelH colikec TeHaeylepi KypburraH. ChHIFBUIMAWTHIH
KO3FaJIBICTaFbl CYUBIKTRIKTapa Oapomuddy3us TeHIeyIepiHiH Mocenenepi KOpCeTiIreH.

Tyiiin ce3aep: repmoanddysus, bapomuddysus, Macca, 3aH, XUMUS, PEaKIUs, KBICHIM, TCHICYIIEP.

Caeenus 00 aBTope:
Jxakynos Kenec baxxkeHoBHY — TOKTOp (HU3HKO-MaTeMaTHUYECKUX HAyK, Ipodeccop, wieH-koppecnonaeHT PAE
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THE INFLUENCE OF GAS TEMPERATURE ON SIZE
AND STRUCTURE OF THE DUST NANOPARTICLES

Abstract. In this work the influence of the gas temperature on the size and structure of the dust nanoparticles
was studied. The gas temperature ranged from 100 ° C to 30 ° C. Plasma and chemical method of synthesis of
nanoparticles from gas phase was used. All experiments were conducted at constant plasma parameters: gas pressure
and discharge power. Dependencies of self-bias voltage and electron density on the gas temperature were obtained
on the basis of mathematical calculations and graphics. Time graphs of nanoparticle nucleation dependent on the gas
temperature at different plasma parameters and diameter distribution and concentrations of nanoparticles dependent
on synthesis time in Ar/CH,4 plasma were obtained. It was determined that the time of formation and growth of the
nanoparticles increases at heating of plasma forming gas and decreases with decrease in temperature.

Keywords: nanoparticles, dusty plasma, nanomaterials, gas discharges.

YK 537.523/.527

C.A. Opa3sbaes, /I.b. OmMupoexos,
M.T. I'aoayiun, M.K. loc6osaes, T.C. Pama3anon

HHIJIOT, Ka3sHY um. anp-®apabu, Anmartsr, np. anb-Papadu, 71

BJIMNSAHUE TEMIIEPATYPBI 'A3A HA PASMEPBI
N CTPYKTYPBI IBIVIEBBIX HAHOYACTHUI]

Annotanusi. B nannoii paborte ObII0 M3y4eHO BIMSHNE TEMIIEPATYpPhl I'a3a Ha pasMephl U CTPYKTYPBI IIBUICBBIX
HaHouacTull. Temmeparypa raza BappupoBanack B npenenax ot 100° C mo - 30° C. B pabore GbLI HCIOIB30BaH
TUIA3MOXUMHUYECKHH METO/ CHHTE3MPOBAaHUSI HAaHOYACTHIl U3 ra30Boi (a3l Bee skcneprMeHTHI TPOBOIMINCE TIPH
MIOCTOSIHHBIX TTapaMeTpax IUIa3Mbl: JIABJICHWW ra3a ¥ MOIIHOCTH paspsna. Ha ocHoBe rpaduyeckux M MaTreMaTH-
YECKHX PacdeToB OBLIM MOCTPOCHBI 3aBUCHMOCTH HAINPSHKCHUSI CAMOCMEIIEHHS M KOHLEHTPALMH DJIEKTPOHOB OT
TeMIepaTypbl Tasza. Takke ObUIM TONy4YeHBI Tpa(UKH 3aBUCHMOCTH BpPEMEHH 3apOKACHUS HAHOYACTHI[ OT
TeMIepaTyphl ra3a IpU pa3HbIX MapaMeTpax IUIa3Mbl U PacOpefeseHle AuaMeTpa U KOHIEHTPALUU HaHOYACTHUI] OT
BpeMeHn cuHTe3a B asme Ar/CHy bBeuto ompeneneno, yro Bpemst (GOpMHpOBaHHMS W pOcTa HAHOYACTHIL
YBEIMYMBACTCS IPH HArpeBaHMUH IIIa3MO00PA3yIONIEeTo Ta3a, a IPH CHIKEHUH TEeMIIepaTypbl OHO YMEHBINAETCSI.

KiroueBble cj10Ba: HAHOUACTUIBL, TBUIEBAS IJIa3Ma, HAHOMATEPHAIIbL, Fa30BbIE Pa3PSIIbL.

BBenenue

Ha CeFO)Z[HHIIIHI/Iﬁ JCHb HAHOYAaCTHUIblI U HaHOMaTepI/IaJ'ILI HalIn HH/IpOKOC HpI/IMeHeHI/Ie B
YEJIOBEYECKON JESTEbHOCTH, HauyuHas OT JIAKOKPACOYHOM NPOAYKLUUH, 3aKaHYMBas MHUIIEBOMN
MPOMBIIUICHHOCTh0. HaHouacTULbl M HAHOCTPYKTYpPHBIE MaTepuajbl CTald OCHOBOM MEIHULMHBI M

(apMalneBTUKH, DJHEPTeTUKH, O3JCKTPOHUKH, aBTOMOOWJILHOW MPOMBIIUIGHHOCTH H T.A. IloaTomy
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aKTyaJIbHO M3ydYaeTcs BIMSHHE IMapaMeTPOB TUIA3MbI U Ta3a Ha (hOpMHUpOBaHUE W POCT HaHOYACTHII [1-4].
U Taxoke B pabotax [5-9] ObTH HCceaoBaHbI BIMSHUE CHHTE3a HAHOYACTHUI] HA MHTEHCHUBHOCTH CBEUECHHS
mwia3mel. bosiee riy0okoe moHuMaHue (HPOPMUPOBAHUS YACTHI[ MOXKET MOMOYb HaM TOHSATh OCHOBHBIC
npo0ieMsl uccieayemMon miasMel. C Apyrod CTOPOHBI, HHTEPECHO UMETh BO3MOXKHOCTh KOHTPOJIUPOBATH
NPOM3BOACTBO 4YacTWll. BrusHue Temmeparypel Ta3a Ha (OPMHpPOBaHHE W POCT YACTHUL OBLIO
WCCIIeIOBAHO BO MHOTHMX paboTax B IUla3Me cMecH Tra3oB aprona u cwiana [10-13]. Kak mokazaHo
IKCIEPUMEHTATIbHO, HEOOMNbINE OTKJIOHEHUS MapaMeTpOB IUIa3Mbl M ra3a (JaBieHUs, MOIIHOCTh U
KOHLIEHTPAllUH DJIEKTPOHOB) MOTYT TIOJHOCTBIO HM3MEHSATH 3aKOH pPOCTa KIAacTepoB, (OPMHUPOBAHHE
JacTHIl ¥ ux noBeaeHwus [14-16].

3KCHepHMeHTa.T[I)Haﬂ YCcTaHOBKa

[Tna3mMa BEICOKOYACTOTHOTO EMKOCTHOTO pa3psijia 3a)KHraeTcs B IMIMHIPUIECKON TpyOKe (pa3mMepom
130x30 MM) pacmoIOXeHHOI B BaKyyMHOW kamepe. /|11 oXJmakIeHns 1 HarpeBaHMsl ra3a COCTABIISIONIYIO
TU1a3My, BJIOJIb IIMJIMHAPUYECKON TPYOKM pacHojiokKeHa CHUCTeMa OXJIaXJICHUs W HarpeBa. Harpem rasa
MPOUCXOAUT 3a CUET ICUKH, a OXJIAXKICHUE 3a CUeT JKUIKOro azora. [ KOHTpOJS W ympaBieHUs
TEMIEpaTypOi Ta30BOH Cpebl MCIONB3YIOTCS CHelHnaabHble naTuuki. Cxema yCTaHOBKH Ui HarpeBa |
OXJIAKACHUS TUIa3MOOOPA3YIOIIEro ra3a Moka3aHo Ha pUcyHke 1. B HacTosmied skcnepuMeHTanbHOU
paboTe TMpeACTaBICH IUIa3MOXUMUYECKHI METOJ CHHTE3a YIIICPOAHBIX HAHOYACTHIl M3 ra3oBod (as3bl B
m1a3Me BEICOKoYacTOTHOTO eMkocTHOTO (BUE) paspsima [17-20].

Cuerema narpesa
Kamepa

I Cucrema oxaasaenns

75,2 —
100 -10,5
20 [ ]
B a ( )
o
X T
Kuakmii
a3oT
BIl
S —

Pucynok 1 — Cxema yCTaHOBKH JUIS HarpeBa U OXJIXKIECHHS IIa3M000pa3yIoIero rasa

OcHoOBHBIE Pe3yJabTAThI
Ha Hwxe mpencraBieHHBIX pHCYHKaX 2,3 MOKa3aHBI HANPSDKEHUS CAMOCMEINEHMS M KOHIEHTPAIHH
9JIEKTPOHOB OT TMapaMeTpPOB IUIA3MBI, XapaKTEPU3YIOIIHE 3apOXKICHUS M POCT YacTHll. M3 pHCYyHKOB
BUJIHO, YTO MPU YMEHBIIECHUEM TEMIIEPaTyphI I'a3a, BpeMsl KpUCTAITM3AaLUU YaCTUL] YCKOPSIETCS.




ISSN 1991-346X

Cepusi usuxo-mamemamuyueckas. Ne 6. 2016

L L 1 L L L 1 L L L
0 L
{12 Br; 0,6 Moap |
1 20 i
10
-30 4 OoC L
m 25
s ] 50°C :
o
> — 75°C
-60 4 100°C -
904 _
e ™, -
0 20 40 60 80 100

t,c

PI/ICyHOK 2 — 3aBUCHUMOCTH HaIpsKEHUA CaMOCMEIICHU OT TEMIIEPATYPEI ra3a
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Pucynok 3 - 3aBHCHMOCTb KOHIEHTPALIHH 3JIEKTPOHOB OT TEMIIEPaTyphI ra3a
YMeHbIlIeHne KOHIEHTPAIMH 3JICKTPOHOB XapaKTEpU3yeT yBEIHUEHHE Pa3MepOB YaCTHIl, TO €CTh

4yeM OOoJIbIle pa3Mep J9acTHIl, TeM OOJNbIIe WX TTOBEPXHOCTh M OOJbBIIEe YHCIIO SJIEKTPOHOB TOTIIOIMIAETCS,
U TakKuM 00pa3oM, 3TO NMPUBOJUT K YMEHBIICHUIO KOHIICHTPAIIUH AJIEKTPOHOB. [lorydeHHbIe pe3ynbTaThl
COOTBETCTBYIOT pe3yjibTaraM paboThl [12], e MpeacTaBiIeHbl pe3ysibTaThl KMHETHKH POCTAa YacTHUIl B
TUTa3Me CMECH Ta30B aproH/cuiiaH. DTOT dKCIEPUMEHTAIbHBIN (haKT MOKa3all, YTO AWaMeTp HaHOYACTHIL
MOPSMOJIMHEWHO 3aBUCUT OT 3HAUEHHUs OTHOIICHHUS HANpPSOIKEHUS CAMOCMEIICHHUSI K KOHILIEHTpaIluu
3JMIEeKTPOHOB. 3 PHUCYHKOB BHJHO, YTO MPH TMOBBIIMICHUM TEMIEPaTyphl IUIa3MOO0Pa3yIOIIEro rasa,
YBEIMYEHHNE HAIMpPSDKEHUS] CAMOCMEIIEHUS W TaJeHHe KOHIIEHTPAIlMU JJIEKTPOHOB TpebyeT Ooibiie
BPEMEHHU, KOTOPBIE XapaKTEPU3YIOT MapaMeTpbl (POPMUPOBAHUS M POCTA YACTHIL.

Ha pucynkax 4-6 npeacTaBiieHbl 3aBUCUMOCTH 3apOKIACHUS YaCTHI] OT TeMIIepaTyphl ra30BOM CpeIbl
TIPH Pa3IAYHBIX ITapaMeTpax: JaBIEHIS ra3a ¥ MOIIHOCTH pa3psaa.
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Pucynok 4 — 3aBHUCUMOCTH BpEeMEHH 3apOXKICHHUS HAHOYACTHUI]
OT MOIIIHOCTH pa3psijia IPH PasHbIX TeMIepaTypax
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Pucynok 5 — 3aBHCHMOCTH BpEMEHH 3apOXKIECHHS HAHOYACTHIL
OT TEMIIEPaTyphl I'a3a IPU Pa3sHbIX MOILIHOCTSIX pa3psaa
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Pucynok 6 — 3aBUCMMOCTH BpEeMEHH 3apOXKICHHUS HAHOYACTHUI]
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W3 pUCYHKOB BUAHO, YTO TpPH IOBBIIICHHN TEMIIEPATyphl Ta3a BpeMs 3apOKIeHHS HaHOYACTHII
YBEIMYMBAETCA. ITO MOKHO OOBICHUTH MIOBEJCHUEM OTPHUIIATEIHHO 3aPSDKEHHBIX YaCTHIT TPH PA3IAIHBIX
napamMeTpax I1jaa3Mbl. Taxxe MmoxxeM 3aMETUTh, BPEM KPpUCTAJIIIU3AlUN YaCTUL] YCKOPACTCA, UTO CBA3aHO
C YBEIMYCHUEM JaBIICHHUS Ta3a W MOINMHOCTU pa3psja. [Ipu yBequveHWW AaBIEHUS Ta3a U MOIIHOCTHU
YCKOPSIETCSI MPOIECC NOHHU3AINH, COOTBETCTBEHHO YBEIMUNBAETCSI KOHIIEHTPAIHSI HOHOB M PaUKaIOB, a
TaKke MpUINIaHue MOHOB HA MOBEPXHOCTh YacTHIl. JIaHHBIN IMpoliecc BO3JAEHCTBYET Ha OBICTPHIM POCT
YacTuIl.

C moMomIpio BBIIIE TPEACTABICHHBIX HANPSHKEHWH CaMOCMENICHHS M KOHIIEHTPALUW SJIEKTPOHOB
OBITH TTOCTPOCHBI 3aBUCUMOCTH JHAMETpa YaCcTHIl M MX KOHIICHTPAIlMH OT BpeMeHH cuHTe3a B Ar/CHy
a3me (pUCyHOK 7,8) MpH pa3HbIX TEMIEpaTypax.
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Pucynok 7 — Pacnipenenenne nuaMeTpoB HAHOUACTHLL
0T BpeMeHH cuHTe3a B m1a3me Ar/CH, mpu pa3sHEIX TeMmepaTtypax rasa
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Pucynox 8 — Pacnipenienenue nuaMeTpoB 1 KOHICHTPAUH HAHOYACTHUI] OT BPEMEHH CHHTe3a B mnazme Ar/CHy
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Brime mepeuucneHHble pe3yibTaThl IOKa3ald, YTO BpeMs CHHTE3a, (OPMHUPOBAHHE M POCT
HAHOYACTHUIL[ 3aBUCHUT OT IIapaMETPOB IUIa3Mbl, TO €CTh OT MOIIHOCTH pa3psla, AAaBJICHUS Ia3a, BPEMEHU
CHHTE3a M TeMIIepaTyphl IiazMoo0pasyromiero raza. beuio onpeneneHo, 4To ¢ yBelIUYeHHEM MOITHOCTH
paspsga M AaBieHMsl ra3za Bpems (OPMUPOBAaHHMS M POCTa HAHOYACTHII YMEHBIIACTCS, TarKkKe, MpH
HarpeBaHuM Iua3Moobpasyromero raza or 25°C  (komHatHOW Temmeparypbl) g0 100°C  Bpewms
(OPMHUPOBAHKS YACTHI[ YBEIUYHUBAETCS, a IIPU CHIKEHHH TeMIleparypsl oT KomHaTHOU 25°C mo -30°C
OHO YMEHBIIIaeTCsl.
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I'A3 TEMITIEPATYPACBIHBIH TO3AH/bI
HAHOBOJILIEKTEPAIH OJIINEMI MEH K¥PbIJIBIMBIHA 9CEPI

AHHOTAUMsA. ATajaFaH )KYMBICTA Ta3 TEMIICPATyPACHIHBIH TO3aHIbl HAHOOOJIICKTEPIIH OJIIIeMi MCH KYPbUIbI-
MbIHa ocepi 3eprrenred. ['a3 temmeparypacsl 100°C men — 30°C apanbirbiaaa e3repriim. JKyMbicTa HAaHOOOIIIIEK-
Tel Ta3nblK (a3agaH CUHTE3ACYIIH MIa3Ma XUMIBUIBIK 9/iCi KOJIAHBUIIBL. BapIblK ToxiprOe MiTa3MaHbIH TYPAKThI
nmapaMeTpIIepiH/e KYPTi3ili: ra3 KbICBIMBI JKOHE pa3psii KyaThl. | paduKabiK )KOHE MAaTEMAaTHKANBIK CCENTEYJIep
HOTIDKECIHIC ©3JIiK BIFBICY KEPHEYI MCH 3JICKTPOHIAp KOHIICHTPAIUSACHIHBIH TeMIIepaTypara TOYEJIUIIri TYPFbI-
3pumbl. COHBIMEH Karap, OpTypJi IDIa3mMa MapaMmeTpiiepiHie HaHOOeJNIIeKTep maiiia OOy YaKbITHIHBIH Ta3
TEeMIepaTypachlHa TOYCIAUTIK Tpaduri KoHe HAHOOOIIICKTEp TUaMETPi MEH KOHIICHTPAIUACHIHBIH CHHTE3 YaKbIThI
OOWBIHIIIA Tapalybl albIHIBL. [[Ma3MaHbl TY3YIIi Ta3abl KbI3ABIPFaHIa HAHOOOIICKTEP/IiH makaa O0oysl MEH ecCy
YaKBIThI aPTHUIATHIHBI, a1 CYBITKAH/Ia — a3asIThIH/BIFBl AHBIKTAJIIBI.

Tyiiin ce3mep: To3aH bl Ta3Ma, HAHOOOJIIIICKTEP, HAHOMATEPHAIIAP, Ta3bIK Pa3pPsi.
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MODELING HOOKE’S LAW IN THE THEORY OF ELASTICITY.
UNSYMMETRICAL STRESS TENSOR

Annotation. Directly from Hooke's law derived stress tensor components tions of deformable body. A direct
link, and tangent normal stresses with Hooke's law. asymmetrical stress tensor is proved tions of deformable body.
We derive new equations of elasticity theory.It is shown that the Lama hypothesis is only symmetrical half
incompletely the offset differential, anti-symmetric half of which is discarded, resulting in a symmetric tensor Lama
stresses. For new equations constructed explicit scheme 2nd order accuracy with which the Numbers elastic state of
a flat bar with the current in the middle of the upper verge of normal and tangential stresses. The same scheme is
applied to the equation Lame tions. These pictures demonstrate displace ment distribution making a difference
compared systems of equations of elasticity, as well as inadequate solutions of the Lame equations of this
deformable body.

Keywords: tensile, shear stress , normal stress, tensor, equations .
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WuctutyT MaTemMaTHku 1 MateMaTrdeckoro moaenupoBaand MOH PK, Anmatsl, Kasaxctan

MOJAEJIMPOBAHHME 110 3AKOHY I'YKA B TEOPUHA YIIPYT'OCTHU.
HECUMMETPUYHOCTD TEH30PA HANIPSI)KEHUI

AnnHoranusa. HenocpenctBeHHO M3 3akoHa ['yka BbIBEJEHBI KOMIOHEHTHI TE€H30pa HANPSKEHHUN TBEPAOIO
nedopmMupyemMoro Tena. Y CTaHOBICHBI MPSMBIC CBS3M KAacaTENbHBIX M HOPMAJBHBIX HaNpsDKeHUH ¢ 3akoHOM ['yka.
JlokazaHa HecummempuyHocmb TEH30pa HANpsDKCHWH TBEpAOro AedopMHUpPYyeMOro Tena. BhIBeleHBI HOBBIC
YpaBHEHUSI TEOPUH yIIPYTOCTH.

IMToka3aHo, uTo B runoTese JlamMe UCIOIB3yeTCs TONBKO CHMMETPHYHAS MTOJIOBHHA HeMoJIHOTro Auddepenimana
CMEILCHUS], aHTHCUMMETPHYHAsI TI0JIOBUHA KOTOPOro OTOpachIBaeTcs, CIEICTBIEM Yero SIBISETCS CUMMETPUYHOCTh
TeH3opa HanpsbkeHuit Jlame. i1 HOBBIX ypaBHEHMH IOCTpOEHA SBHAs CXeMa 2-To MOpsIKa TOYHOCTH, C IpHUMe-
HEHHEM KOTOPOM pacCUMTaHO YIPYroe COCTOSHHUE IUIOCKOTO OpycKa Mpu ASHCTBYIOIIMX B CEPEIMHE BEPXHEH rpaHH
HOpMaJIbHOM M KacaTelIbHOM HampspKeHusX. Takas ke cxeMma mnpuMeHeHa s ypaBHeHui Jlame. IlomydeHHble
KapTHHBI paclpeesieH!s] CMEIIEHUI HarfIaAHO IEMOHCTPUPYIOT pa3iuyKe pelieHUi CpaBHUBAEMbIX CHCTEM YpaB-
HEHUI yNpyrocTH, a TakKe HEaJeKBaTHOCTH pPEIIeHHs ypaBHEeHWIl Jlame maHHOMY COCTOSHHIO Ae(hOpMHpPYEMOro
Tena.

Ki1roueBble ¢10Ba: pacTSHKEHUE, KACATEILHOE HANPSDKEHNE, HOPMAJIBHOE HANPSDKEHNE, TEH30D, YPAaBHEHHSL.

CBsi3b KacaTeJbHbIX HANIPSIZKeHUH ¢ 3akoHoM ['yka
[To 3akony ['yka «kakoso Hamsicenue maxoso pacmscenuey cunbl F =kui , nefictByrorue

napanjiejibHO IJIOCKOCTH XZ B MOJIOXKHUTCJILHOM HaIlpaBJICHHMHM OCH X, BbIZBIBAKOT PACTAXKCHUA u , rac
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1. CBs3b HOPMAJBLHBIX HANPSIKEHUI ¢ 3aKoHOM ['yka
—0
AHANOTHYHBIMHE PACCYKICHUAMH yCTaHAaBIMBaeTcs (GopMysia cocTaBisiomieii 7%y, HOPMAIbHOIO

HaIpsKeHU 7T e — Adivui + 7 ;)x . IIycte cuiel I'yka paBHBI: E Zklxﬁi B TOYKe X| U F 2 = kuzi

B Touke X, =X, + X, & =E—F, u=u,—~u)>0,0F =kdu i . Umeer mecTo mapamiensHocTs
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1
Takum 00pazom, 3akoHy ['yka COOTBETCTBYET HeCUMMEempuuHbill TEH30p HAMPSHKCHUH B TBEPAOM
nehopMUPYyEMOM TeJIe:

- oy, .
7T, == A0, divii + g, &, = Ty # 7y, 6, j =1,2,3, (2.1)
j

—

u=ul +u,j +u3k — BEKTOp MepeMelieHusi. B HOpMajbHBIX HAMPSUKEHHAX YIICH iéijdivﬁ,

yYCTaHOBIICHHBIN Jlame, coxpaHsieTcs, 6ij - cuMmBoJ KpoHnekkepa.

3. YpaBHeHHUsI TeOpHH YNPYIOCTH /UI HeCHMMETPHYHOI0 TEH30pa HANPSKEHHH B TBEPAOM
nedopmMupyeMoM TeJie

YpaBHEHHUs ynpyrocTy TBeporo Aegopmupyemoro tena [1], [2], [3]
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t
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- Ou, Ou; .
7 == A0, divii + pg &, =—+—", w,=m; i,j=123, (3.2)
ox; O
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J
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0% - _ _
Lo e = p I + Agraddivu + uAu (3.3)
t

3HAUUTEIRHO OTJIMYaroieecs ot ypasHeHus Jlame (3.1).
[Ipoeknnu gaHHOTO ypaBHEHUS B IEKAPTOBBIX KOOPAWHATAX UMCIOT BH/I:
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3. O runore3se Jlame

Jlame, mpu BbIBOjie cBoero ypaBHeHus (3.1), HCXOIWI W3 THIOTE3Bl O TOM, YTO JJIEMEHTH &
TE€H30pa HaNpsKEHUN

1 ou, Ou, 1 Ou ou .
du, =[— / L) ]dx . 4.1
= G ) 2 G @)

1

JIOJDKHBI  OBITH  MIPOIIOPIIMOHATBHBI YABOSHHOW mepBoit mojoBuHe (opmynsl (4.1) [1] (BTOpas

aHTHCUMMeETpUYHAas 4acTh (4.1) urHopupyercs). @opmyna (4.1) uckycctBeHHO 00pa3oBaHa U3 HETOJIHOTO
muddepennnana cMeeHuH

c?u,:%dx, i=123

%5 42
o (42)

ox;
TEH30pa HaNpsHKSHUH MPONOPIIHOHANBEHEI Kodd dhuinerTaM HenoaHoro auddepennmana (4.2)

ou,
Beitekaroruue u3 3akona ['yka necummempuunsie snementst (2.1) €,; = —

5. sIBHas cxemMa ypaBHeHHIl TeOpUH YIPYTOCTH

PaccmarpuBaercs 3amada Komm-/{upurxiie ajig HOBbIX ypaBHEHUM
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C COOTBCTCTBYIOUNIMMU HadaJIbHBIMU YCJIIOBUAMHU B MOMCHT BPEMCHU t= OI/I KpacBbIMHU YCJIOBHUAMU Ha
rpanune S -

B O6J'IaCTI/I HUHTCTPUPOBAHUA 3a0aCTCA paBHOMEPHAA CETKa
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I[aHHaSI sSIBHasA cxXeMma HUMECT MNOrpeIHOCTb 2-To nopsgaaka 10 BCEM NEPEMCHHBIM

O(r 2) + O(hj )+ O(hi )+ O(/’lz2 ). VYcroiiumBoCcTH cdyeTa 1O SBHOH CXeMe  OBGecredMBaeTCs

BBITIOJIHCHHUEM YCIIOBUS KypaHTa:
2

T u
2 2 2
hy + h, + h;
6. CpaBHeHHMe YMCJCHHOIO pelIeHHsl ypaBHeHMii Jlame ¢ 4YHMCJICHHBIM pelIeHHEM HOBBIX
YPaBHeHUit

Jlna cpaBHeHus pelieHui ypaBHeHus Jlame ¢ peleHreM ypaBHEHUS C HeCUMMempUyHbiM TEH30POM
HanpspkeHui (3.3) BBIMONHEH pacyeT NepeMelleHui B MII0CKOM JeopMupyeMoM Opycke pazmepom 0.5M
Ha 0.1m.
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BekTop BHEIIHEH CHJIBI HANpABIEH MEPIEHAMKYISPHO K IUiockoctd Opycka. Ha ¢ur. 1 u 2

[pe/ICTaBJICHBI MOJIsSi BEKTOPOB MmepeMenieHnii U = U7 + Vj B IJIOCKOM Opycke, Ha Qur. 3 u 4 3HIOpbI
MOTIEPEYHOM CKOPOCTH Ha BepXHel cTopoHe Opycka, Bc€ Ha MoMeHT Bpemenu t=121.38 c. [ImotHoCTH

tena p, = 7800kr/ M’ . Ha BepxHel ctopone Opycka y=0.1M ot 0.2M 10 0.3M NpHIIOKEHO HampsbKeHHe

ﬁy :7TYX7+7fyyj. Koukperno monoxeno 7T ,=-1 HM™’, 7T =1 H/™’. Ocranbueie Tpanu 6pycka

KECTKO 3aKpETUIEHBI, CMEIIEHHU Ha HUX PaBHBI HYJIIO.

Kooddummentst Jlame BoiOpans! pasusivu A = 1kr/(c’m), 1 = 100 kr/(cm).

O0e cucrteMbl ypaBHEHUH pealn30BaHbl MO SBHBIM cxemam [5] Ha cetke 100x100 ¢ mrarom mo
Bpemenu paBHbIM 0.00051c. Hanumo siBHOE paznuyre MexIy YHCICHHBIMH PEIICHUSMH, B 0COOCHHOCTH
¢ur. 3 u 4. Ha ¢ur. 4 3amedeHo napaookcanvroe TiepeMenieHne BBepx: Ha ydacTke [0.2m, 0.24m]
UMEIOTCS TIOJIOKUTENFHBIE 3HAUCHHS MOMEPEYHBIX TepeMenienuit v>0, Torna kak Ha ¢ur. 3 Ha JaHHOM
y4acTKe NepeMelIeHus oTpuiarenbapie v<0.

ﬂ'v -HANMpEEEHHE
) a7 -HOpMATBHOE
¥ wanpoxenne

KACATEIEHOE
HampEeHHe- T .
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- i § 2 2 R
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0 [ I | g I |. I ,I | : S I L Sl |:: I | | E I L I X
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-0.0006mMm - ]
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JleTanpHbIl BBIBOA W3 3aKOHAa ['yka HOpMalbHBIX M KacaTeIbHBIX HANpPSDKEHUM JOKa3bIBAIOT
HecuMMempuyHOCmb TEH30pa HAIpPSIKEHUN B TBepAOM aedopmupye- MoM Tene. KoHkpeTHbIM mpumep
YHCIEHHOTO pacyeTa COCTOSHHUS YIOPYroro Tejla IpH HAIOKEHHBIX HANpSKEHUIX yOequTeIbHO
MOKa3bIBalOT HEAJAEKBATHOCTh U HECOCTOSITEIBHOCTh TUIIOTE3bI O CUMMEMPUUHOCMY TEH30pa HaNpsKEHUN
CIUIOIIIHOM Cpenbl U COOTBETCTBEHHO YPABHEHUH TEOPHH ynpyroctu Jlame.
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I'VKTbBIH 3AHBIMEH CEPIIIVIIMAIK TEOPUSICBIHAA MOJEJIJAEY.
KEPHEYJIEP TEH30PBIHJIA CUMMETPMUS ) KOKTbIFbI

Annoranus. Tikeneir ['yk 3aHpIHAH KEpHEYJIEP TEH30PBIHBIH KOMIIOHEHTTEpPI UIBIFAPBIIFAH. OHE OCBIFaH
coiikec MalbICKaK KAaTThl JEHEHIH CEePHiTIMIIK TEOPUSCHIHBIH TEHJAEYJepi jkacaibiHraH. JKaHama KepHEylepIiH
JKOHE TIK KepHeynepniH ['yk 3aHpIMeH Typa OalaHbIcTap KYpbUIFaH. MaWbICKaK KaTThl IE€HCHIH CEepIiUTIMIIK
TEOPHUSACHIHBIH KEpHEyJiep TEH3OpPBIHBIH OeTTecnereHniri monenaeHreH. CepnuliMaiK TEOPUSACHIHBIH JKaHA
TEHJIEYJIepi KOPBIThbUIFaH.. JlaMe THmoTe3achlHaa TONBIK eMeC JKbUDKY TU(QepeHIHanbHbIH OSTTECKeH JKapThIChI
KaHa MaiaJaHFaHbl KOPCETUIreH, eKiHIII aHTHOETTECKEeH JKapThIChl JIAKTHIPBUIBIHFAH, COHBIH cajnapbiHan Jlame
KEpHeyJIep TeH30pBIHBbIH OeTTeckeHAiri mbIKkaH. JKaHa TeHjeyyiep YUIH 2 peTTi HAaKThUIBIFBI 0ap aiKbIH cxema
JKacallbIHFaH, COHbI MalJanaHbIl Ka3blK JKOJNAKTBIH CEPHNUTIMAIK KYWi caHaJFaH, YCTIHI )KaKTaybIHbIH OpPTACBHIHBI
KaHaMa KepHEyJiep KOHE TiK KepHeyJep oacep eTkeHne. Jlen conmaii cxema Jlame TeHaeyepiHe e KOJJTAIbIHFaH.
CaHanraH KbUDKYJIApAbIH YJIECTIPYTK CypeTTepi CalbICTHIPBIHBIN JKATKaH TEHJACYJIEPIiH albIpMalIblIbIKTaPbIH
Oelinenelini xaoHe Jlame TeHeynepiHiH MafbICKaK KAaTThI AEHEHIH KYHiHe Colfkec eMEeCTIriH KopceTesi.

Tipek ce3ep. CO3bLTY, JKaHaMa KEPHEY, TIK KepHEY, TCH30p, TeHICYIIep.

Caegenus 00 aBTope:
JbxakynoB Kenec bakkeHOBHY — TOKTOp (DH3HKO-MaTeMaTHYECKUX HayK, podeccop, wieH-koppecoHaeHT PAE
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DETERMINATION OF PARAMETERS OF PROTON "“N
INTERACTION POTENTIAL AT LOW ENERGIES

Abstract. A review and analysis of existing literature data on elastic scattering of protons by "*N nuclei in the
framework of optical model has been carried out. On the basis of these results and analysis of recently obtained by
us experimental data on the “N(p,p)'*N cross sections at low energies, the optimal parameters of the optical
potential required for the calculations of the processes taking place in hybrid nuclear reactors and fusion devices
have been found.

Keywords: clastic scattering, light charged particles, diffuseness, optical potential, FRESCO.

H. Bypre6aes', JI. Anumos'?, .M. 3azyaun'?, )K.K. Kepumxynos'?,
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ONPEAEJEHUE ITAPAMETPOB IIOTEHIIUAJIA
B3AUMOJIEMCTBUS ITPOTOHA C "N ITPU HU3KUX SHEPTUSX

AHHOTanusi. BeinonHeH 0030p ¥ MPOBE/IeH aHAIM3 UMEIOIUXCS INTEPATYPHBIX JaHHBIX MO YIIPYroMy paccesi-
HUIO MPOTOHOB Ha sApax N B paMKax onTHyeckod Monenu. Ha OCHOBe 3THX Pe3y/bTaTOB M aHajK3a, HEJAaBHO
MOJTYYCHHBIX HAMH SKCIICPUMCHTAIBHBIX JAHHBIX IO CCUCHHSM IMPOIecca 14N(p,p)“‘N MIPU HU3KHUX SHEPTHSIX Haii-
JICHBI ONTHMAJIbHEIC MapaMeTpPhl ONTUYCCKOTO MOTEHIIMANa, BOCTPEOOBAHHOTO JJIsi PACUETOB IPOIECCOB MPOUCX-
OJIAIINX B THOPHUITHBIX SAJCPHBIX PEAKTOPAX U TEPMOSICPHBIX YCTaHOBKAX.

KirodeBble ci1oBa: ynpyroe paccesHue, JETKHE 3apsDKCHHBIC YacTHIEL, TU((y3HOCTh, ONTHYCCKUA MOTCH-
muan, FRESCO.

Beenenue. I13yueHne npouneccoB ynpyroro paccesHusi IpOTOHOB Ha JIETKHUX A1paX, B TOM 4HCIIE Ha
"N npu HM3KMX HEPruAX HeoOXOAMMO JUisl ONpENENeHHs HapaMeTpPOB MOTEHINATIOB POTOH-SIEPHOr0
B3aUMOJICHCTBHSI. DTH MOTEHIMAIBI HYKHBI JJISl PAaCUETOB SIIEPHBIX PEaKUUi, KOTOpbIE OYIyT MPOUCXO-
JIUTh B IPOCKTUPYEMBIX THOPUAHBIX ANEPHBIX PEAKTOPAX U B TEPMOSAIECPHBIX YCTAHOBKAaX, KaK BO BpeMs
TOpeHHs TOIUIMBA, TaK U B TMOBEPXHOCTHBIX CIIOSIX, HEMOCPEACTBEHHO COIPHKACAIOIIUXCS C IIa3MOU
KOHCTPYKIIMOHHBIX 3JIEMEHTOB.

YHUBepCaJIbHBIM METOIOM H3BICUECHHUS MH(POpMALMK O MOTEHIMAIaX B3aUMOACHCTBUS MPOTOHOB C
AapaMH SABIAeTCs (PEHOMEHOIOTHUECKUH aHaIu3 HKCIIEPUMEHTAIbHbIX JaHHBIX 10 YIIPYTOMY PAacCEesIHHIO
Ha OCHOBE ONTHYECKOH MOJeNnu sapa, oO0OCHOBaHWE W JeTanbHas MaTeMaThdyeckas (OpPMYyIHPOBKa
KOTOpOW H3JIOKEHBI B psge pador [1, 2]. B pamkax 3Toro momxoja paccesHHe Ha MHOTOYaCTHYHOU
CHCTEME spa MpPEeACTaBIAeTCs Kak Ooyiee IPOCTOH MPOLECC - paccesHHE B I0J€ KOMIUIEKCHOTO
OINTUYECKOr0 IIOTCHLIUAIA.
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DKCIepHMEHTAIbHBIE JaHHBIE [0 YIPYrOMY PACCESHHIO MPOTOHOB Ha supax "N B HacToseit
paboTe aHATU3UPOBAINCH C MCIOJIB30BAaHUEM HM3BECTHOH pacueTHo¥ mporpamMmbl FRESCO. ITapamerpst
MOTEHIMalIa, OTBEYAIOIINE ONTHUMAJIbHOMY COOTBETCTBHIO 3KCIIEPHUMEHTANbHBIX M PAaCUeTHBIX 3HAYCHUN
muddepeHIHANBHBIX CeUCHHMIT, HAXOMUIHCh MUHHMH3AIEH BEIMIHHbL ).

Aunamms auddepenuuanbubix cevenmii npomecca N(p,p)'*N. [lns monydenns mnapameTpoB
ONTHYECKOTO TIOTEHIMAIa B3aMMOJEHCTBHA cHCTeMBl p-''N Ha mepBoM dTame GbLT IPOBEIEH aHAIN3
YITIOBBIX pacIpe/eeH il YIPyroro paccesHus MPOTOHOB Ha ''N B HHTepBame sHepruii or 8.6 10 142
M5B [3 - 8]. BHauane BapbHpOBAIUCH BCE MapaMeTpsl 10 JOCTIDKEHHS Hauboyiee TOYHOTO COTIIACHS C
dKcIIepuMeHTOM (Tabmmma 1 a)). 3aTeM BEIOMpaNWCh CpeTHUE 3HAYCHUS PAJAUYCOB ICHCTBUTEIHLHOM,
MHHMOH M CIIMH-OpOHMTANBHON YacTell M (UKCHPOBANUCH AJsl BeexX dHepruit. [locne aToro mpoBoamics
MOWCK ONTHUMAJBHBIX MMAPaMETPOB ONTUYECKOTO MOTEHIKANA, KOTOPBIE MPUBOAATCS B Tabnuue 1 (BapuaHT
0).

3arem ObLTa MCcieqoBaHA dHEPreTHUECKash 3aBHCUMOCTh JCWCTBUTENBHONW YacTH MOTEHHIUaNa (CM.
pucyHok 1). Kak BugHO U3 pucyHKa 1, anmpoKCHMUpPOBaTh IyOHHY MOTEHIMANA IHHEHHOH QyHKIMEeH He
yZAaeTcs BO BCEM pacCMaTpUBAacMOM YHEPTETHUECKOM HHTepBaie. JInHelHas anmpoKcuManys Ipyu HU3KUX
SHEPrusiX TAKKE OKa3bIBACTCS HE BIIOJIHE NPUronHOW. JlaHHBIE (DaKkThl TOBOPSAT O TOM, YTO BKJIAJ OT
XBOCTOB PE30HAHCOB, PACIOJOKEHHBIX MPH HU3KUX JHEPTHSX, CYIIECTBEHEH BO BCEM IHEPreTUYECKOM
uHTepBaje. [103ToMy MOKHO CKa3aTbh, YTO MapaMeTPhl ONTHYECKOTO MOTEHIHANA B 00IaCTH CBEPXHHU3KHX
SHEPruil MOIyT HECKOJBKO OTJIMYAaThCsl OT MapaMeTpoOB, IIOJYYEHHBIX B PAaCCMOTPEHHOM HHTEpBaie
sHepruil. Ha pucyHke 2 B kauecTBe MpuMepa NPUBOJUTCS CPABHEHHE PACUETHBIX U SKCIIEPUMEHTAIBHBIX
JAHHBIX IIPH 3HEPrUU MPOTOHOB E, .5 = 18 M>B [8]. Buano, 4To momy4eHHbIH INOTEHIMAI XOPOIIO
onuceiBaeT auddepeHnanbaple ceueHus yIpyroro paccesHus BO BCEM YITIOBOM JHAaIla30HE.

Ta6muria 1 a) - [TapaMeTpbl ONITHYECKOTO MOTEHIHMAIA TS YIPYTOTO PACCESHMS MPOTOHOB Ha sipax N (mepBbiii HaGop).
O6o3HaueHus kak B padorax [1, 2]

Ep, na6.> Vg, (MaB) | 1z, ag, Wp, T'wp, awp, Vso, 150, (PM) | aso, (hm)
(MaB) (pm) (pm) (MaB) (Gm) | (dm) (MsB)

8.6 49.84 1.205 0.605 1.61 1.03 0.53 5.32 1.205 0.605
10.6 51.71 1.205 0.605 2.44 1.03 0.53 6.48 1.205 0.605
12.6 51.61 1.205 0.605 3.59 1.03 0.53 5.83 1.205 0.605
14.6 53.05 1.205 0.605 6.38 1.03 0.53 3.21 1.205 0.605
18 56.21 1.10 0.712 3.97 1.36 0.5 6.0 1.10 0.712
21 47.27 1.20 0.688 4.32 1.36 0.5 6.0 1.20 0.688
23 4591 1.20 0.660 3.96 1.36 0.5 6.0 1.20 0.660
26 44.46 1.20 0.610 431 1.36 0.5 6.0 1.20 0.610
31 46.7 1.20 0.63 12.4 1.20 0.5 6.7 1.20 0.63
49 .4 38.52 1.13 0.766 1.75 1.33 0.433 8.77 1.07 0.632
122 18.3 1.20 0.65 10.6 1.30 0.64 18.3 0.9 0.5

TaGmuua 1 6) - [JapaMeTpsl ONTHYECKOrO MOTEHIHATA IS YIIPYTOro PacCesHis IIPOTOHOB Ha sapax ' *N (Bropoi HaGop).
O6o3HayeHus kak B padorax [1, 2]

Ep, na6.5 Vi, (M3B) | 13, ag, Wp, T'wp, awp, Vso, 130, (hM) | ago, (Pm)
(MsB) @) | (dw) (MsB) [ (dw) |(dw) | (MoB)

8.6 46.66 1.25 0.65 1.74 1.25 0.65 6.19 1.25 0.65
10.6 48.26 1.25 0.65 2.73 1.25 0.65 6.42 1.25 0.65
12.6 48.99 1.25 0.65 3.75 1.25 0.65 4.67 1.25 0.65
14.6 49.41 1.25 0.65 6.28 1.25 0.65 2.84 1.25 0.65
18 50.44 1.25 0.62 6.05 1.25 0.33 5.21 1.25 0.62
21 48.50 1.25 0.62 5.61 1.25 0.44 4.24 1.25 0.62
23 46.03 1.25 0.62 4.96 1.25 0.477 5.74 1.25 0.62
26 44.1 1.25 0.62 4.33 1.25 0.602 5.59 1.25 0.62
31 43.68 1.25 0.62 4.0 1.25 0.718 5.59 1.25 0.62
494 35.25 1.25 0.62 3.47 1.25 0.61 4.51 1.25 0.62
122 15.12 1.25 0.62 5.01 1.25 0.717 5.31 1.25 0.62
142 13.61 1.25 0.62 13.22 1.25 0.42 2.87 1.25 0.62
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T T T T T T T
14 14
N(p,p) N
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V,=57.49 - 0.45*E (18 - 50 M3B)
0 n 1 n 1 n 1 n 1

n 1 n 1 n 1
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Pucynok 1. DHepreTuueckas 3aBUCUMOCTb JEHCTBUTEIILHON YacTH
OITHYECKOTO MOTEHIHANA YIPYTOr0 PACCEsHUs MPOTOHOB Ha sapax N,
Touku — pe3ynbpTaThl aHaNM3a 10 onTHYecKo Mmoxenu. KopoTkas nuHust —
Pe3yJIbTaT SKCTPATIONSINH ST HI3KO3HEPTeTHIECKOro HHTepBana. JnHHas
JIMHHUSA - PE3yJIbTAT SKCTPALOJISLUY Ul BCErO SJHEPreTUYECKOro HHTEepBala.

®  Jlanuble paOoThI [8]

— Hacrosmuii pacuer

101'_I L 1 L 1 L 1 L 1 L 1 L 1 L J
20 40 60 80 100 120 140 160

6, . - (TPaLyCBI)

PucyHok 2 - [TuddepeHnpanbHble CEUSHUs YIPYToro paccesHust IPOTOHOB Ha
sapax "N npu E,. na6. = 18 MaB (nanbl B popMe yIriioBOro pacrpeiencHus).

Tabmuma 2 — [TapaMeTpbl ONTHYECKOTO TOTCHITHANA, TIOJTyYCHHBIC B pE3yJIbTaTe aHAIH3a HAINX SKCIICPUMEHTAIBHBIX TAaHHBIX 110
ynpyromy paccesirmio *N(p,p)'*N. O6o3Hauenus kak B paborax [1, 2]

DHeprus Vo, MeV) To, (fm) ag, (fm) Wi, MeV) Iy, (fm) ay, (fm)
IIPOTOHOB, K3B
700 40 1.09 0.6 2.0 0.95 0.6
800 40 1.09 0.6 2.0 0.95 0.6
900 40 1.094 0.6 2.0 0.95 0.6
1000 35 1.2 0.6 2.0 0.95 0.6
1100 35 1.188 0.6 2.0 0.95 0.6

Ha BTOpOM 3Tane napameTpsl MOTEHIMANA, KOTOPBIE XOpolo onucanu auddepeHnranbHble cedeHus
npu sHeprum E, .5 = 18 MdB Oblin B3sTEI B KayeCTBE CTApTOBHIX JUIS ONPEAENEHUs apaMETPOB JIIs
s"epruil B, 5. = 700 — 1100 x2B. B pe3ynbraTe HaMH [OIy4EHBl ONTHMAJIBHBIE IIApAMETPhI TAKXKE U UL
E,, 5as. = 700, 800, 900, 1000 1 1100 k3B, xoTopele npuBeaeHs! B Tabnuie 2. Ha pucynke 3 npezncraBieHo
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" 14 14 .
onucanue aud¢epeHnnanbHeIX cedeHuil mporecca  N(p,p) N NPH HU3KUX SHEPTUSAX MO ONTHYECKOH

MOJIENA C TapaMeTpaMH TMOTEHIHala, B3STHIMU M3 TaOmuipl 2. V3 puCyHKa BHAHO XOpOIIEe COoriacue
9KCIEPHUMEHTA C PACUETOM.

100000 T T T T T T T T T T T T T T
14 14
N(p,p) 'N 14, 14
E, . =700 0B NEep) N
.. E, .. =800KB
E X 10000 "
Q = 4
& 10000 ¢ DKCIEpUMEHT E N
= PN - Pacuer o Gpopmyuie Pesepdopaa § * Dxenepument
5 Y. . p&bop = N Pacuer no dopmyae Pesepdopra
Pacyet mo onrideckoii Mozieri | N
S Q Pacuer 1o onTHyecKoii MoxeHn
ke)
o °
1000
© 1000 'g
100 ) ) ) ) ) ) - 100, . . . L P
40 60 80 100 120 140 160 40 60 80 100 120 140 160
0w~ (rpamycebr) 0, ™ (rpamycsr)
100000 T T T T T T T T T T T T T T
14, 14,
N(p.p)"N “N(p.p)"“N
= 10000 E
B, s = 900 0B E, e = 1000 0B
10000 | 4 T \
\S' ¢ DKCHEpHMEHT S . *  DKCnepuMeHT
§ ***** Pacuer o popmyie Peseppopra S % - Pacuer o ¢popmyiie Peseppopua
~ Pacuer 1o onTHYECKONH MOJENTH QI: 1000 X \ Pacuer no onruueckoii Moaenu
9, 1000 | 3
= b
S} kel
©
100 | e Y 100 F ]
1 1 1 1 1 1 1 1 1 1 1 1 1 1
40 60 80 100 120 140 160 40 60 80 100 120 140 160
0w ™ (rpamycsr) 0, " (rpamycer)
T T T T T T T
14 14
N(p.p) N
E .. = 1100 B
10000 P, a6 4
@ *  DKCNEpUMEHT
N
T I N Pacuer no dopmyre Pesepdopra P
S Pacuer no onTuyeckoi Moaenn HUCYHOK 3- I[I/Iq)d)epeHL[I/IaHBHLIe Ceg‘eHHH ynpyroro
Q1000 paccestHUs TPOTOHOB Ha N
RS
S}
©
100 |
1 1 1 B

. . .
40 60 80 100 120 140 160
Op . (rpamycsr)

3akimoyenne. B sHepretuueckoM auamnasoHe E, .5 = 0.7 — 142 MbB nomydeHsl ONTHUMAaJIbHBIE
rapaMeTpbl ONTHYECKOr0 MOTEHIMada JJisi CUCTEMBI P - N Ilpu u3yvyeHUU >HEPreTUYECKON 3aBHUCH-
MOCTH TIIyGMHBI PEabHOI 4aCTH ONTHYECKOrO MOTEHIHaNa p - "N B3aHMOJEHCTBHS YCTAHOBIIEHO, UTO
JMUHENHAs allpOKCUMAIUS 3TOW 3aBUCUMOCTH g nuamnazoHa 0 - 20 M»B okasbiBaeTcsi HEBO3MOXKHOM.
Bo3MoxHO, 3TOT (DaKT CBS3aH C CYIIECTBEHHBIM BKJIAIOM B P - "N paccesitHue XBOCTOB PE30HAHCOB,
PacroNOKECHHBIX B HH3KO3HEPTeTUYECKOH 00JIACTH. DTHUM, TaK e OOBACHACTCS TO, YTO IapaMeTphl
ONTHUYECKOr0 TOTEHIMANA B OOJIACTH CBEPXHHU3KUX JHEPIHil OTIIMYAIOTCS OT MapaMEeTpPOB, MOTYUYCHHBIX
IUIs1 UHTEpBaJla SHEPrUil HAJIETAIOLUX NPOTOHOB OT 8.6 10 142 M»B.
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Hacrosmas pabora BEIONHEHA TpH (PUHAHCOBOW MOAJEPIKKE IMPOTPaMMBI Pa3BUTHS ATOMHOM
sHepreTuku B PecnyOnmke KazaxcraH mo Teme: MoiaydeHHE SKCIEPUMEHTAIBHBIX W PACUCTHBIX CEUCHHI
SIIEPHBIX PEAKITN, BBIXOIOB OCKOJIKOB JICJICHHS Ha YCKOPUTEIbHOM KomIuiekce USD MO PK.
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TOMEHI'T SHEPTUSJIbI IPOTOHIAP/BIH "N SIIPOCBIMEH
I9CEPJIECY IOTEHIIUAJI TAPAMETPJIEPIH AHBIKTAY

Annotamust. [Ipotoumapsie *N sapockiHaH cepHiMAi MAIIBIPAYH! OOMBIHIIA 01eOHETTIK MATIMETTEpre MOy
JKacaJIbIHAA JKOHE MATIMETTEp ONTHKAIBIK YT TeHiperinae tanganapl. Ockl HOTIKENEp MEH Tajiayjiap Heri3iHze,
TeMeHri dHeprusmapaarsl 'N(p,p)'*N npomecci GoifbIHIIA aTbIHFAH YKCIEPUMEHTTIK KMMAIap YIIiH ONTHKAIBIK
MOTEHIMAIAPABIH ONTHMANIIBI TapameTpiaepi Ta0buiasl. TaOblFan nmapaMeTpiiep THOPHUTTI SAPOJIBIK peakTopapaa
JKOHE TEPMOSAPOIIBIK KOHIBIPFBUIAPA )KYPETiH MPOLIECTEP/Ii ecenTey e YIKEeH KYHABIIBIKKA He OO0JbI TaObLIa kL.

Tipek ce3mep: cepmiMIi IIambIpay, 3apsATaiFaH >KEHUT OKIIeKTep, TUPQPy3HOCTh, ONTHKAIBIK MMOTCHIIHA,
FRESCO.
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STUDY OF ELASTIC SCATTRING OF “N IONS FROM '°0
AT ENERGIES 17,5 AND 41 MeV

Abstract. Differential cross sections of elastic scattering of "N ions from ''B nuclei at an energy of 17.5 MeV
in the angular range from 10° to 160° in center of mass system were measured at the DC-60 accelerator. The total
error of experimental data does not exceed 10%. Insignificant oscillations of cross sections are observed at medium
and large angles. Analysis of the obtained and literature data (at energy 41 MeV) was made with in the optical model
and folding model. The optimal values of the optical interaction potential and normalization coefficients for the
studied systems were determined. It is shown that the cross sections calculated within both approaches correlate and
provide a good description of the experiment in the full angular range.

Keywords: elastic scattering, light charged particles, diffuseness, optical potential, FRESCO, folding potential,
cluster transfer.
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HCCJEJIOBAHUE YIIPYT'OI'O PACCESIHUSI MOHOB "“N
HA SIIPAX "'B ITPY DPHEPI'MAX 17,5 U1 41 M3B

Aunoranusi. Ha ycxopurene JII[-60 usmepens! nuddepeHimanbHble CeUeHNs YIPYroro paccesHus HOHoB N
Ha sapax B mpu sHepruu 17,5 MsB B yrinosom muamasone oT 20° 10 160° B cucteme meHtpa Mmacc. Ilommas
MOTPEITHOCT SKCIIEPUMEHTAIBHBIX JaHHBIX He mpesbimact 10%. B obmactn cpeaanx u OonpmMX yrioB HaOIOna-
I0TCS HE3HAYUTENbHbIC OCHWULALMU cedeHud. [IpoBeneH aHamM3 MOJNyYEHHBIX W JIMTEPaTYPHBIX ITaHHBIX (TIpH
sHeprun 41 M»B) B pamkax onTmyeckoil Monenu sapa U GoiaauHT Moaenu. HalineHsl onTuManbHbe, (GU3NIECKA
pa3yMHbIe 3HaYCHHS IapaMeTPOB ONTHYECKOrO MOTEHIHANA B3aUMOACHCTBUS 1 HOPMHUPOBOYHBIX KOI((PHIIMEHTOB
JUISL MCCIICZIOBAaHHBIX cUcTeM. [loKa3aHO, YTO CEYCHHs BBIYMCICHHBIE B paMKaX OOOHMX IOJXOIOB KOPPEIUPYIOT
MexIy co00H U JaloT XOpolliee ONMCaHNe SKCIIEPUMEHTA B IIOJIHOM YTITIOBOM JHAIa30HE.

KaloueBble cioBa: ynpyroe paccesHHe, JErKhe 3apsHKeHHbBIC YacTHLBI, TM(PPY3HOCTb, ONTHYECKHI MOTEH-
rman, FRESCO, dbonauaT moTeHman, nepegada Kiacrepa.

Brenenue. AKTyanbHBIM HampaBICHUEM HCCICAOBAHUM SJIEPHON acTPO(U3UKH MPOJOJHKAIOT
OCTaBaThCS MCCIIEIOBAHUS B3aMMOAECUCTBUSA sifiep 1p-000I0UKH, BXOAANINX B COCTaB SACPHBIX PEaKIIHA
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CNO-mmkina B 3Be3nax. OmHOW M3 OCHOBHBIX MPOOJEM COBPEMEHHOW sAepHON (DU3MKHU SBISCTCS
olpeieNieHNe XapaKTepUCTUK SOEpHO-SIEPHOTO B3auMoneicTBUs. 3HaHME NPUPOAbI (GOPMUPOBAHMA H
napaMeTpoB MEXbSIEPHOTO MOTEHIUANa B3aUMOACUCTBHS HEOOXOIMMBI JJisl pacuera CeueHHi
BCEBO3MOJKHBIX SJIEPHBIX PEAKIMA M CTPYKTYPHBIX XapaKTEPUCTUK CTAJIKUBAIOUIMXCS SAEPHBIX CHUCTEM.
IIpu sneprun B auamazone 0,4-1,75 MbsB/HyKIOH B3aMMOAEWCTBHE CPaBHUTEIHHO JIETKHUX sIIEp, TaKHX
Kak a30oT u Oop, OydeT NpOMCXOAWTh BONM3M WIM HIXKE KyJIOHOBCKOro Oapbepa. KymoHoBckoe
OTTAJIKWBAaHHE MPEISTCTBYET NIyOOKOMY IEPEKPHIBAHHIO CTAIKUBAIOMIUXCSA SJep W B3aUMOJCHCTBHE
HOCHUT, B OCHOBHOM, [TOBEPXHOCTHBIM XapakTep U ONPEAEISIETCs MOBEICHUEM MEXbIEPHOIO NOTCHIHAIA
Ha PACCTOSHUAX IMOPSAKA CYMMBI PaJdyCOB CTaJKHBAIOLIMXCS CHUCTEM. B 3THX YCIIOBHAX MOMHMO
YOPYTOTO paccesHus: TOMHHHUPYIOT KBa3UyIPyTHe MPOLECcChl, MPUBOIAIINE K COCTOSHUSAM CPAaBHUTEIHHO
MIPOCTOM CTPYKTYPHI 0€3 r1yOOKOH MepecTpOMKH SAEPHBIX CHCTEM. DTO MOTYT OBITh Kak BpallaTelbHbIC U
KoyiebaTenbHbIe COCTOSIHUS, BO30Y)KAAloOLIMecss B HEYNPYIOM paccesHWU, TaK OJHOYACTHUYHBIE H
KJIaCTEpHBIE COCTOSIHUSA, 3aCelII€MBIE B PEAKIIHMIX Nepeaadd HyKJIOHOB HIIN KIacTEpOB.

TakuMm o00pa3oM, K HAcTOALIEMY MOMEHTY, MEXaHU3Mbl (OPMHUPOBAHHS CEUYEHHH YNPYroro
paccesiHUS TSDKENBIX MOHOB Ha JIETKHUX SApaX OCTAIOTCS HE MOJHBIMH, MPOTHBOPEYHBBHIMH M TPeOyrOT
Oosee eTanbHBIX UCCIIEIOBAHHIA.

IKcnepuMeHTAJbHASI MeTOANMKA U pe3yJbTaTbl u3mepennii. Ha yckopurene JA11-60 PT'TI UAD
PK (r. Actana) usmepeHs! auddepeHyuanbHpe CedeH s yIPyroro paccesHus noHos "N Ha spax ''B
nipu sHepruu 17,5 MaB B untepBaie yrinos 20°-160° B cucteme 1ieHTpa Macc.

B skcnepumeHTe B KauecTBE MMIICHEH HCIIOIb30BAJIMCh TOHKHE CaMOIOAJIEPKUBAIOLINECS TICHKU
"B Tommmuoit 30-100 MKr/cM’, HM3rOTOBICHHbIC BAKyyMHBIM 3JIEKTPOHHO-IyYEBHIM HAMBUICHHEM.
YacTHilbl peruCTPUPOBATUCH KPEMHUEBBIM [TOBEPXHOCTHO-0ApPbEPHBIM JIETEKTOPOM TONIHHON 200 MKM.
Tox myuka BapsupoBaics B mpegenax 1 — 100 HA, B 3aBUCHMOCTH OT yIJIa pacCesHUs] U 3arpy3Ku
AIIEKTPOHHOM ammapaTypbl. CeKTpsl HAOMpaTUCh A0 TEX IMOp, MOKa CTaTHCTUYECKas OmMOKa B MHKax
craHoBunack MeHblne 2-3%. Koaddumment mnpocuera, 0O0yCIOBIEHHBIH MEpPTBBIM BpeMEHEM
3JIEKTPOHHOM anmapartypsl, He npessimai 1%. [lokazanns MOHUTOpA MOKa3aJly, YTO TOJIMHA MULIEHHU HE
MEHsJIach M YIJIEPOJHBIM Harap He yBeJIMUYMBAJICS. DHEprus Mmydka Obuta cTaOmibHa M pa3dpoc ee He
npesbiman 0,2 x3B. Bce u3MepeHus NpoOBOAMINCH HAa W3MEPHUTEIHHO-BBIYUCIUTENFHOM KOMILIEKCE
naboparopun saepHod ¢u3uku ActaHuHckoro ¢uiaunaiga MS®D, ocHOBOH KOTOPOrO CIYXHT CHCTEMa
MHOTOMEPHOT'0 aHalin3a mpolieccoB Ha Oa3e 3nekTpoHHbIX 010k0B ORTEC u PC/AT [1]. Ha pucynke 1
MpeJcTaBlieHa OJIOK CXxeMa 3JIeKTPOHHOM anmapaTyphl, HCIIOJIb30BaHHOM B 3KcriepuMeHnTe. OHa BKITIOYaeT
B ce0s TpU W3MEPUTENBHBIX JUHEHKH M3 KOTOPBIX IepBas NMpeJHa3HadeHa IJIsi U3MEPEHMS PacCesTHHBIX
MOHOB, BTOpas — JUId MU3MEPEHUS IOJIHOTO KOJIMYECTBA MOHOB MPOIIEINIMX Yepe3 MUILIEHb U TPEThs
(MOHHUTOP) — JUIA KOHTPOJI U3MEHEHHSI TOJIIIIMHBI MUIIEHH.

1 | o [1% o O p ALTT » KonomeoTep
2 & o HT » CH
3 | » I a O o O o CY

I — nerexropsl (ORTEC u [ly6na), [TV — npeasapurensusie yeuwaurenu (ORTEC), CY — criekTpoMeTpruIecKie yCUIUTEeH
(ORTEC 571 u ORTEC 471), ALIII — ammmuryaHo-nndpossie npeodbpazosarenu (ORTEC), d — mmmunp Papanes,
CY — cuetunku (CANBERA u ORTEC), UT — nnrerpatop Toka (ORTEC), OA - oqHOKaHATIBHBII aHATH3ATOP
Pucynok 1 — Biiok-cxeMa 2JIeKTPOHHKH, UCIIOIB30BABIICHCS B OKCIIEPUMEHTE

Ha pucynKe 2 npe/icTaBIIeH CIIEKTp paccesiHus HoHoB ''N Ha sapax ' B mpu yrie 30 rpaaycos.
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Pucynok 2 — CriekTp ympyroro paccestaust noHos *N Ha sapax ''B mpu yrie 30 rpaxycos

AHanu3 u 00cy:K1eHue pe3ybTaToB.

OmanM w3 HamOoliee pPacIpPOCTPAHEHHBIX METOIOB IOJIYYEHUS WHOOPMAIIMHO B3aUMOJICHCTBHH
CTAJIKMBAIOIIUXCS SICP SBISETCS ONTHUYecKas Mmojenb [2]. HecMoTps Ha HEOJHO3HAYHOCTH BBIOOPA
Habopa MmapaMeTpoB SIIEPHOTO MOTEH-IIMAaja MOJENb JOCTATOYHO XOPOIIO OMHCHIBAET SKCIIEPHUMEHTANb-
HbI€ JJAHHBIEYTJIOBBIX paclpe/leIeHUN.

B ocHoBe onrtrueckoit Moaenu nexxut ypasHenue Llpeaunrepa st 9acTHIIBL, IBIDKYIIEHCS B mofie U(r):

(—zivz FU@W () = Ey(r) M
7

rac ﬂ:ﬂ — [NpUBCACHHAsA Macca. A, )51 Ap — MACCOBBIC YUCJIA SAApa-MULICHU W dgJApa-CHapsaa
A L, 4,

COOTBETCTBEHHO. E — OHEPrust OTHOCUTCIIBHOI'O ABUKCHUS B CUCTEMC LICHTpA MaccC. ACHUMIITOTHYECKOE

MOBEJCHUE pEMICHUS JaHHOTO YpaBHEHUS W(r) C COOTBETCTBYIOIIMMH TPAaHUYHBIMH YCIOBHSIMH

OIMUCBHIBACT YIPYTO€ PACCCAHUEC YaCTHII. JIJIS[ IMPOCTOTHI PaCUY€TOB 3aBUCUMOCTL OT CIIMHOB 4YacCTHUI] HE

YUUTBIBACTCA. Hpe):[rwﬂaraeTc;I, 4qyTo BSaHMOI[eﬁCTByIOMHe AApa OCTar0TCAd B OCHOBHBIX COCTOAHUAX.

Kaxk npaBuJIO, OIPaHUYUBANOTCA PACCMOTPEHUCM C(I)epI/I‘IeCKI/I CUMMCTPUYIHBIX MOTCHIHUAJIOB.
OOBIYHO ACHCTBUTENbHAS YaCTh IMOTEHITHAIA BRIPAXKACTCS WIIH Yepe3 MMOTEHITHAIBI CBEPTKH, WIH B (popme
Byaca-CakcoHa co cBOOOAHBIMU MapameTpaMu. Pe3ynbpTaT (PeHOMEHOIOTHUECKOTO aHauu3a B OombLiel
CTCIICHU IPEAOIIPEACIICH BI:I60p0M paﬂHaﬂBHOﬁ 3aBUCHUMOCTHU IIOTCHIHAJIA:

U(r)=V.(r)=Vf,(r)—iWf, (r)+idW, difd (r) )
Xa

KynoHoBckas koMnoHeHTa oTeHIana Ve(r) onpeaenseTcs Kak B3aUMOJEHCTBHE TOUEYHOTO 3apsaaa
Z,e ¢ OJTHOPOJIHO 3apsiKEHHOM cdepoit, uMeromeil 3apsan Ze u paauyc Re, n 6epercs B BUJIE:

Z.7e*
the(.%—rz/Ré) st F <R, ;
VC(I‘)Z C2 ( )
yAYA
Zpt® s r> R,
r

Tne Z, 1 Z,— 3aps10BbIe YHCIIA AApa-CHAPAAA U Apa-MHIIEHN COOTBETCTBEHHO. KyIIOHOBCKMI paguyc oI-

peacisaeTCa CpeAHCKBAAPATUIHBIMUA 3apAJ0BbIMU paauyCaMU sAipa-CHapsaa <I" 2> " gapa-MUILICHU <I" 2 >t .
p
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1/2 1/2

5 5

2 2

R. =~ —<r > + —<r > 4)
3 p 3 !

Crnenmyromue TpH ClaraeMbIX B BhIpaXKeHHHU (2) ONpeNeNsioT saepHblii morenuman: V., W, W, —
ITyOUHBI JEHCTBUTENBHOM M MHHMMBIX 4YacTell COOTBETCTBEHHO SJIEPHOrO IMOTeHIHMana Tuma Bynca-
CakcoHa. W — MHMMast 4acTh NOTEHIMANIA, ONpPE/ICIONas 00bEMHOE HOIIIONIeHHE, W, — MHUMAast 4acTh
IOTEHIMAJIa, ONHUCHIBAIOIIAs MOBEPXHOCTHOE HOIJIONIeHHEe. ['eomMeTpudeckuii (hakTop sIEpHOro MOTEH-

"Ry wd

Ww.d )_1

unana — f,, (r)=1+e . aywaq — mapaMeTpbl AuGQPy3HOCTH, XapaKTEPU3YIOIIHE pa3Mbl-

TOCTh NOTEHIMANA. Ry g — PaiAycChl NEHCTBUTEIBLHON U MHUMBIX YacTEl NMOTEHIHAJA, BBIPAXKAIOIIUECS

1/3 /3,
qyepe3 NpUBCACHHBIC PAAUYCEI 7'y jy,g 1 MACChI CTAJIKMBAIOIIUXCA AACP Ap u At .

13 1/3
RV,W,d :rV,W,d(Ap +A; ) (5

B nmanHO# paboTe UCTONb3yeTcs SACPHBIN MOTSHIIMAT TOJIEKO C 00bEMHBIM MOTJIONICHUEM.

B ananm3 BKIIFOUEHBI SKCIIEpUMEHTANLHBIC JaHHBIE MOMyYeHHBIE B HACTOSIIEH pa0doTe W JaHHEIE U3
pab6otel [3] npu sHEeprun Eisn = 41 MbB. Teoperndeckue pacdeTsl BRITOTHUIACH MO mporpamme SPI-
GENOA [4]. Mapametpsr OIl moabupanuch TakuMm 00pa3oM, yTOOBI JOCTHYL HAWIYYIIETO COTJIACHS
MEXIy TEOPETHYECKUMH M SKCIIEPHUMEHTAIBHBIMHA YTJIOBBEIMH paclpeiefeHusIMA. ABTOMaTHYSCKHUN
MIOUCK ONTUMAJBHBIX MapameTpoB OIl npousBoaucs MyTeM MUHUMH3ALUU BEIUYUHBI 32 /N METOHOM

HaVMEHBIINX KBapaTOB. B KauecTBe MCXOAHBIX, OB B3STHI ITApaMETPhI MOTEHIIMANA, TPEJIOKEHHBIC B
pabote [5]. Jas yMeHbIIEHHS HEOJHO3HAYHOCTH MBI CTApalINCh HE YXOIUTH NANEKO OT PEKOMEHJO-
BaHHBIX 3HAYCHUU F€OMETPUIECKHIX MTapaMeTpoB (7y, ay) peaJbHOro MOoTeHInana. s JydIero corimacus
C IKCIIEPUMEHTANbHBIMH JIaHHBIMH TJ1yOMHAa MHUMOU dactu (Wp) Wb HE3HAYMTEILHO YMEHBIIAAC.
OxoHYaTeNnbHbIE TapaMeTphl MOTEHINAIOB MIPUBECHEI B Tabnuue 1.

DeHOMEHOJIOTHUECKUH TOaX0A 00JaaeT HECOMHEHHO IPOCTOTOH, HATIISIHOCTBIO, YIOOCTBOM
npuMeHeHns. Ho Xopomio M3BeCTHO, 4TO OJHO3HAYHO BHIOpATh MapaMeTphl ONTHYECKOTO MOTEHIIHAa,
KOTOpbIE YCIEUIHO OINMCHIBAIOT JKCIIEPHUMEHTAJbHBIC JaHHBIE B HIMPOKOH JHEPreTHYecKoil oOiacTtu
Pa3IUYHBIX CTAJTKUBAIOUIUXCS SIAEP — JOCTATOYHO CIOXKHAas 3a1ada. [[o3ToMy BO3HHMKAIOT HEONPEIENICH-
HOCTH (JTMHEWHast U IUCKPETHAs HEOJTHO3HAYHOCTH) B BRIOOPE MapaMeTpOB MOTEHITNAIa B3AUMOIEHCTBHS.

Jna orpaHuyeHHs HEOIHO3HAYHOCTEH ONTHMYECKOTO MOTEHIHala JOMOJHUTEIHHO ObUI MPOBEICH
aHamM3 B pamkax ¢onguHr wmopend. lloTeHuwman aABoiHOM cBepTku (PONOMHT MOTEHIMAN)
PacCUMTHIBAETCA C YUYETOM pACIpEleNeHUs SACPHONM MaTepuu Kak HaJeTaloulero sAapa, Tak W sapa
MUILIEHH C HCIIONb30BaHUEM 3(P(PEeKTUBHOrO MOTEHIHANa HYKIOH-HYKJIOHHOTO B3aHMOJCHCTBUS (V).
Taxum 06pazom, GOIAUHT TOTEHLIMAI IPEACTABISAETCS B BHIE:

Ve (1) = IdrlJ-erpp (), (r)v (1) 6)
rie p,(r)u p,(r,) - TIOTHOCTH SJEPHOM MaTePUM HANETAIOWIEr0 SAPA U SIPA  MHIICHH,
COOTBETCTBEHHO. I'ayccoBo pacrpe/enenue MIOTHOCTH i 000MX sAfiep onpeesseTcs Kak

p(r) = pyexp(=fr’) )
rie S KOppeKTHpyeTcs TakuM 00pa3soM, YTOObI BOCHPOU3BECTH HSKCIEPUMEHTAILHOE 3HAYEHHE I

CpeIHEeKBaAPaTHIHOro pammyca siep ' 'N=2,58 ¢m u ''B=2,42 ¢m [6]. 3HaueHns p, MOryT OBITH
MOJTyYEHBI U3 HIKECIICIYIOIIEr0 YCIOBHS HOPMUPOBKH

Ip(r)rzdr = A
4 )

rae A MaccoBoe uucio. B pacuerax 3 ekTHBHOE HYKIOH-HYKIIOHHOE (Vyy) B3aUMOJICHCTBHE OpaioCch B
dbopme M3Y -B3anMOAEHCTBYS, 3aJaHHBIM KaK

Vi () =7999@ exp(-2.5r)
r

~2134 +Jy,(E)5(r)M>B

©

TIE
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Joo(E) = 276[1-0.005E, , / A, IM>BDx’

(10)
Tabmuua 1 — [Tapamerps! ontuaeckoro (OIT) n ponaunr norenmana (PIT) s ynpyroro paccessHus HOHOB N na aapax ''B
E, MaB Mogens v, Ty, ay, Wp, Tw, Ay, Iv, Jw,
M»B dm M M»B dm dm MsB ¢m® | MaB oM’
17,5 OIl 98,3 1,195 0,59 6 1,195 0,8 494,4 33,5
oI 6 1,195 0,8
41 OIl 90,3 1,195 0.72 15,5 1,195 0,8 486,7 86,3
oI 15,5 1,195 0,8

Kax BuaHO W3 Tabmumbl 1, 00beMHBIE HHTETPAIBl peadbHO YacTh (Jyv) HaliieHHBIC HAMH, HAXOIATCS
B ipenenax 400 - 500 MaB ¢nm’. Ha pucyHke 3 IpeJcTaBIeHO CPaBHEHHE SKCIIEPUMEHTAIBHBIX JAHHBIX C
TEOPETUUECKH PACUUTAHHBIMHU CEUCHUSIMH.

—— 10 g——

I 11B(1I4N,14l‘ll)11B,

T T T T T T T ] 3

My 145y a1 1 3

o] B(“N,“N)"'B, E,, =17.5M3B ] E,,, =41 MaB
E E s 4

3 > - ixcnepuMeg‘ll‘w 3 10 > - DKCIIepUMeHT E

- Ananus no - Anamms no OM g

—— - Anamz o ®PM ¢ N=1,1 10° 3 —— - Anamz o ®M ¢ N =1 3

do/dQ, MGH/cp
do/dQ, MGH/cp

10wt
160 20 30 40 50 60 70 80 90

ewlm, rpag

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

0 rpag

c.um.’

TpeyroiabHUKH — SKCIIEPUMEHTANbHbIE JaHHBIC, CHHSISI KpHUBasi — CEYEHHMs1, BEIYHUCIICHHBIE 10 onTuyeckoi monenu (OM), kpacHast
KpHBasi — CEYEHHs1, paccyuTanHble o (onauar moaenu (OM)
PrcyHOK 3 — YIIIOBbIe pacrpeneseHus ynpyroro paccesuans '*N Ha sgpax ''B npu sueprusix 17,5 u 41 MaB.

OnTuMansHOE corjlache TeOPUH C IKCIEPUMEHTOM JIOCTUTANIOCh BapbUPOBAHHEM HOPMHPOBOYHOTO
kod(dduirenTa N BeleCTBEHHOW YacTH U MapaMeTpOB MHUMOM YacTH, HAIEHHBIX U3 aHAIM3a B paMKax
ontudeckoid moaenu (tabauua 1). Otnuyre N OT eIWHHILIBI MOXKET CBHICTENBCTBOBATH O BKJIaJe YJICHOB
BTOpOro TpsAka 1o 3((EKTHBHBIM CHJIAM B pEalbHYI0 YacTh OINTHYECKOTO MOTEHIHana. AHaIu3
MPOBOAMJICS ¢ Ucnob3oBaHueM mporpammel FRESCO [7]. Haitnenubie napaMeTpbl GOJIAMHT TOTCHIIMAA
W 3HaueHus: N mpencTaBiieHsl B Tabnuie-1.

3akmiouenue. [IpoBeIcHBI SKCIIEPUMEHTBI 10 YIPYTOMY PACCESHHIO HOHOB a30Ta Ha sapax ''B mpu
sHeprun Eiyw= 17,5 MbdB B mmamazone yrioB ot 20 mo 160 rpamycoB B cHCTeMe IIEHTpa Macc.
[MorpemHocTh MONYYEHHBIX NaHHBIX He mpepblmana 10 mpomenToB. [uddepeHnuansiple cedeHUs B
nmuanasoHe yrimoB 10 90 rpamycoB IutaBHO crnagaioT. B obOnmacth OONBIIMX YIIIOB HAOIIOJArOTCS
HE3HAUUTEIbHBIE OCHWIISILUN CEUCHHM.

W3 anHanmm3a 3KCIIEpUMEHTANBHBIX JAaHHBIX B PaMKaX ONTHYECKOW MOJEeNu sipa U (OJAWHT MOJEIN
HalIeHbl ONTHMAallbHBlE, (PU3MYECKU-pa3yMHBIe MNapamMeTpbl ONTUYECKOTrO0 MOTEHIHala W (OJIIUHT
MoTeHIMala B3auMonaeucTBus. [lokazaHO YTO CEYEHHMs], BHIYUCICHHBIE B paMKax ATHX NIBYX MOIXOJOB
KOPPETHPYIOT MEXKAY COOO0H M AT XOpollee OMUCAHUE IKCIICPUMEHTA B TIOJHOM YIJIOBOM JHAaIla30He
0e3 BKJIIOUCHHS B aHAIN3 OOMEHHBIX MEXaHHU3MOB. DTO YKa3blBaeT Ha TO, YTO ce4eHUs 37ech hopmupyer
YUCTO MOTEHIMAIIBHOE PACCESIHUE.

IlonyuyeHHbIe 3KCIEPUMEHTAJIbHBIE U TEOPETUUECKUE JAHHBIE HAWAYT MPUMEHEHUE MPU UCCIIEN0Ba-
HUSIX TPOIECCOB, MPOTEKAIOMINX B 3BE3/aX, PH pa3paOdOTKe HOBBIX TEOPETUUECKUX MOJEINEH B sIEpHON

—— 13—
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¢busmke, a Takke OYAyT MOJIE3HBI JJI XapaKTEPU3AIUK MPOIECCOB MPOUCXOIAIINX B BHICOKOTEMIIEPATyp-
HOU TI1a3Me TEPMOSJICPHBIX PEaKTOPOB.
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17,5 )KOHE 41 M>B SHEPTUSLIJIAPJA 'B SIZIPOJIAPBIHAH “N MOHJIAPBIHBIH,
CEPITIM/I INAIIBIPAYBIH 3EPTTEY

Annotanus. Maccanap rieHTpi xyitecinge 20° — 160° GypslmThiK auanazosmapaa 17,5 MoB sueprusuisr N HoHIapbIHbIH
"B sgponapsiman ceprimai mamsipaysiei auddepenmuanisk kuvack JI-60 yaerkiminge emmerni. Ommemaemaep 10%-
JlaH acHaHThIHAAN KoTelikTeH onmenai. Opramia )koHe YIIKeH OyphImTapia KHMa OCHIIIIHACH Oalkanansl. SIpoHsIH (OIIuHT
JKQHE ONTHKAIBIK YITi ToHiperinae aneouertik (41 MaB) jxoHe anblHFaH MaliMeTTepre Taljay jKacalbIHABL 3epTTereH Kyke-
Jiep YLIiH HopMmaiay Kod(QUIMeHTi kKoHe ONTHKA-JIBIK Scepiiecy IMOTEHIMAN ITapaMeTpIIepiHiH ONTHMabl (pU3HKAJIBIK MOHAEPI
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CERTAIN METHOD OF SOLVING ILL-POSED CAUCHY-ROBIN
PROBLEM FOR THE LAPLACE OPERATOR

Abstract. In this paper we consider the Robin-Cauchy problem for Laplace equations in a cylindrical domain.
The method of spectral expansion in eigenfunctions of the Robin-Cauchy problem for equations with deviating
argument establishes a criterion of the strong solvability of the considered Robin-Cauchy problem. It is shown that
the ill-posedness Robin-Cauchy problem is equivalent to the existence of an isolated point of the continuous
spectrum for a self-adjoint operator with deviating argument.

Key words: Laplace equation, Robin-Cauchy problem, self-adjoint operator, ill-posedness.

YK 517.956.29
Y.A. UckakoBa, B.T. Topedek

WMHCTUTYT MaTeMaTUKKU U MaTEMaTHYECKOro MOJIETUpOoBaHus, I. AnMatsl, Pecrry6nuka Kazaxcran

OB OJJHOM METO/IE PEHIEHUS HEKOPEKTHOM
3AJJAYU POBEHA-KOIIMN JIUISA OIEPATOPA JTAIIVIACA

Annoranusi. B Hacrosmieir pabore paccmaTpuBaercs 3amada PoOena-Komm pmns ypaBHenwst Jlammaca B
MUIAHAPUYIECKOr 001acTH. METOOM CIIEKTPaIbHOTO Pa3ioKEHHS IO COOCTBEHHBIM (QYHKIMAM 3amaun PobOeHa-
Kommm nuist ypaBHEHHUS ¢ OTKIIOHSIOIIMMCS apTyMEHTOM, YCTaHOBJIEH KPUTEPHI CHIIBHON Pa3pelInMOCTH PacCMaTpH-
Baemoi 3amaun PoGena-Kommu. [Tokas3siBaeTcs, 4To HEKOpPpEeKTHOCTH 3afgauu Pobena-Komm okaspiBaeTcs >KBHBa-
JICHTHOH CyIIECTBOBAaHMIO H30JMPOBAHHOW TOYKM HEIPEPHIBHOIO CIEKTPa AJISI CAaMOCOIPSKEHHOIO OIepaTopa C
OTKJIOHSFOLIIIMCSI apTYMEHTOM.

KaroueBbie cioBa: ypaBHenue Jlamnaca, 3agada PoGena-Komm, camoconpsokeHHBIH ornepaTtop, HEKOPPEKT-
HOCTb.

1. BBeieHne 1 OCHOBHOI1 pe3yJbTar.

Kax m3BectHO, XK. Anamapom [1] ObIT IOCTPOCH MpUMEP, MTOKA3BIBAIOIITNI HEYCTOHIHBOCTD PEITICHIS
3amaun Ko mist ypaBaenus Jlamnaca. B [2], [3] u npyrux, 3ta 3agada Komu cBeena K MHTETPaTbHBIM
YPaBHEHUSIM TIEPBOTO pOJia, M JaHbl PA3JIMYHBIC METOJbI PETyJSApU3alUM 33a/ladyd U yCTAHOBJICHA €¢
YCIIOBHAs KOPPEKTHOCTb.

B oTimuane oT mpuBENEHHBIX Pe3yJIbTaTOB, B HACTOAIIEH paboTe 0OOCHOBBIBAETCS HOBBIA KPUTCPHI
KOPPEKTHOCTH (HEKOPPEKTHOCTH) HAYaIbHO-KPACBOW 3a7auu JJIS SJUIMITHYECKOTO YPAaBHEHHUS BTOPOTO
MOpsJKa B TPEXMEPHOM IitnHApe. [IpuHIMnuansHoe oTiu4re Hamield paboTel OT pa0doT APYTUX aBTOPOB
3aKIIf04YaeTcs B MPUMEHEHNH CIIEKTPAIBHBIX 3a/1a4 JUIsl YPaBHEHUH C OTKIIOHSIOMIAMCS apTyMEHTOM TpH
WCCIIeIOBAaHNY HEKOPPEKTHBIX KPAaeBBIX 3a7ad. J[aHHBIH METOJ BIIEPBBIC MPUMEHSUTACH B [4] K PEIICHUIO
3agaun Komw ams iBymepHoro ypasHenus Jlamaca.

Iycts D=(0,1)xQ - mummnap, Q< R",n>1 - orpaHuyeHHas 061acTh ¢ TpaHuLei S .

B D paccmoTpuM cMelianHyo 3a1ady Kormu mist 3JTMITHYECKOrO YpaBHEHUS
Lu=u, (x,t)+Au(x,t)=f(x,t),(x,t)eD, (D)
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¢ ycnosusiMu PobGena g—u(x,t) +au(x,t)=0,xe 8,1 [0,1], 2)
14

(v — BekTop BHemHeH HopMaiu K S ) u Ko
u(0,x)=u,(0,x)=0,xeQUS. 3)
3nech a >0 - AeMCTBUTENBHOE YUCIIO.
Onpenenenne. Qynkyuio u € L, (D) Hasosem cunbhblm pewienuem cmewannol 3aoauu Pobena-Kowu

(1)-(3), ecnu cywecmeyem maxas nociedoeamenvrnocms gynkyuil u, € C’ ( ) Y008IeMEOPAIOUWUX VCIO0-

susm (2) u (3), u maxux, wmo u, u Lu, cxoosmcs 6 Hopme L, (D) coomeemcmsenno k u(x,t) u f(x,t).

B nmanpHelimeMm BaxkHYIO pojb OyAeT WUIrpaTh CIEAYHOMAs 3aqada Ha COOCTBCHHBIC 3HAYCHUS IS
AITUITHYECKOTO YPaBHEHUS C OTKIOHSIIOMIMMCS apTyMEHTOM.
HatiTi uncnoseie 3HaueHus A (COOCTBEHHBIC 3HAYCHHUS), TIPU KOTOPHIX 3aaa4a ais auddepeHimans-
HOT'O YPaBHEHUS C OTKJIOHSIONINMCS apTyMEHTOM
LuEun(x,t)+Au(x,t)=/1u(x,l—t),(x,t)eD, 4)
MMEET HEHYJIEBbIC pelieHus (COOCTBEHHbBIE (PYHKIIMU), YAOBICTBOpstoIIue yciaoBusMm (2) u (3).
OueBHIHO, YTO OKBHBAJICHTHAs 3amiCh ypaBHeHHs (4) wumeer Bux LPu=Au,(t,x)eD, rne
Pu(x,t)=u(x,1—t) - yHUTApHBIii OriepaTop.
PaccmoTtpum cnemyroniyro cieKTpanbHyIo 3anady Pobena miist oneparopa Jlamiaca
—Au, (x) = g, (x),xeQ, (5)
ou,
—~(x)+au, (x)=0,xeS. (6)
ov
WzBectHo, 4utO 3amaya (5)-(6) sBIAETCS CaMOCONPSHKECHHBIM, HEOTPHUIIATEIBHO OIPEIEICHHBIM
omeparopoM B L,(Q). Bce cobGcrBenHsle 3HadeHus 3amaqu (5)-(6) HEOTPULATEIbHBI M IUCKPETHBI, a
cHCTeMa BceX COOCTBEHHBIX (YHKIMII 0OpasyioT MONHYI0 OPTOHOPMHPOBAHHYIO CHCTeMy B L, (Q).

Ilycts 4, - Bce COOCTBEHHBbIC 3HAYCHMs (3aHYMEPOBaHHbBIC B HOpsJKe HEyObiBaHUA), a u, (x),keN -

MOJIHAS CUCTEMA BCEX OPTOHOPMHUPOBAHHBIX COOCTBEHHBIX (PYHKIMH crieKTpanbHO# 3anaun (5)-(6).
Teopema 1.1 Cnexmpanvhas 3a0aua Kowu (4), (3) umeem noauyro opmoHOPMUPOBAHHYIO CUCTNEM)
COOCTNBEHHBIX BEKMOPO8

u,, (x,0)=u, (x)-vkm (t), )
rae k,me N, v, (f) - HeHyJIeBbIC PeLICHHUS 3a1a491
lem (t)_lukvkm (Z) = lkmvkm (1 _t)’ 0 <t< l’vkm (0) = VIZm (0) = 0’ (8)

a /1, - cobocrBeHHble 3HaueHUs 3anaqn (4), (3). [Ipu 3ToM mist OonbIIMX k HauMeHbIee cOOCTBEHHOE
3HAUYEHHUE A,, UMEET aCUMIITOTUKY
A = de P (140(1)). 9)
Teopema 1.2 Cunvnoe peuwenue cmewannoi 3adauu Kowu (1) - (3) cywecmeyem mozoa u monvko
mozoa, ko20a f (x,t) yoosiemeopsiem HepaeeHcmey

kal

k=1

(10)

rae f,, =(ful=0,u,,(x,1)).

Ecmm BemmonasteTcs yenosus (10), To permenwne 3axadn (1) (3) MO’KHO TIpEICTaBUTH B BHJIC

u(x,1) z&ukl x,1) Zz—ukm (x,). (11)

k]m2 Ton

O6o3HaunM depe3 1:2(D) MONMPOCTPAHCTBO  L,(D), HATSAHYTOE Ha COOCTBEHHBIE BEKTOpa

{uy, (x,t)};pﬂ , pe N auepes £ (D) - ero oproronanstoe gononuenue L, (D)=L, (D)® £ (D).
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Teopema 1.3. [lua awboco [ eﬁz(D) pewenue 3aoauu (1)-(3) cywecmsyem, eouncmeeHHo u

npunaonexcum E, (D). Omo pewenue ycmoiruuso u umeem 6uo

Zium x,t +iif ukm xt (12)

k=1 k] k=1 :2

3. Some auxiliary statements

B s3ToM mnyHKTE npHBENEM HEKOTOpPbIE BCIIOMOTAaTENbHBIE YTBEPXKAEHUS A JOKa3aTelbCTBa
OCHOBHBIX Pe€3yJIbTaTOB.

Jlemma 1.1 IIpu kaxaoM (QUKCHpPOBAaHHOM 3HAUYEHHM MHIEKCAa k CHEKTpalbHas 3aaava (8) mmeeT

TOJIHYI0 OPTOHOPMUPOBaHHYI0 B L, (0,1) cHCTeMy COOCTBEHHBIX BEKTOPOB V,, (f), m=1,2,.., cooTBeT-
CTBYIOIIUX COOCTBEHHBIM 3HAUCHUSM A, . OTH COOCTBEHHbIC 3HAYEHUs J,, SBISIOTCS KOPHSIMHU ypaB-

HCHU

i, — Ach \/'uk2+/1 ch \/'ukz_/i =\, + Ash \/M‘ZJH% sh \/'ukz_/l =0. (13)

Joxa3areabcTBo. [leiicTBuTensHO, mpuMeHsist K 3anade Komm (8) obparHslii omeparop L. mpuxo-
JIMM K OTIEPaTOPHOMY YPAaBHEHHIO

Vi (t) =AL.Pv,, (t),
rae Pf(t)=f(1-1), a bynkuus ¢(¢)= L. f(¢) sBnsercs pemennem 3aga4dn Komrm
#"(t)- 1 p ()= £ (1),4(0) = 4'(0) = 0,9/ (¢) € L, (0,1).

Torna st oneparopa L. nMeeM MpecTaBlIeHIe

J—I (¢ 1-&)dEY [ (1) e L, (0,1). (14)
CHC}IOBaTeHLHO, COHpSI)KeHHLII/I onepaTop HUMECT BUL

(z2) 1 jf ~1)d&N f(1) e L (0,1). (15)

VYuureiBas npeacrasienud (14) u (1 5), HETPYIHO yOemuThCs, 4T0 L) Pf = P(L'C1 ) f.

Torna uemouka paBeHCTB L.Pf :P(L'C1 ) f :P”‘(L'C1 ) f :(L'CIP)* /.Y f(t)eL,(0,1), mno3Bomster
3aKJII0YUTh, YTO OMEpaTop L/ P SBISETCS BIOJHE HEMPEPHIBHBIM CaMOCOMPSHKEHHBIM ONEPaTOPOM
I'mume6epra-llImuara [5]. CnemoBaTenbHO MpU KakaoMm k =1,2,..., crekTtpanbHas 3amada (8)-(6) mmeer
TIOJIHY!0 OPTOHOPMHPOBAHHYIO cUCTeMY byHKIMiA v, (7),m =1,2,... B L,(0,1).

CooOcrBennbie pyHKIMH 3anaun (4), (3) uieM MeToI0M pa3aeieHHs IEPEMEHHBIX B BUJIC
w (x,1) =u, (x)v(1),

rae keN. Torna Juis ONpeneneHHs HEM3BECTHOH (yYHKIMM v(f) MMeeM CIEKTPAlbHYIO 3ajady Ui

YpaBHEHUS C OTKIIOHSIOMIAMCS apryMeHTOM (8).
Herpyano nokasate, 4to ob1iee pemienue ypaBHeHus u3 (8) uMeeT BUa

1 1
v(t)=c, chyu, +l(t—5j+c2 shyfu, —/I(t—aj ,
IJIE ¢, U ¢, — HEKOTOPBIE TIOCTOSIHHBIE.

Wcnone3ys HadanbHbIE yCIOBUS B (8), MPUXOIUM K CHCTEME JIMHEHHBIX OJXHOPOJHBIX ypaBHEHHH
OTHOCHUTEIBHO 3TUX MOCTOSHHBIX. Kak M3BECTHO, 4TOOBI 3Ta CHCTEMa MMeJla HETPUBUAIBHOE PEUICHHE,
BeIpakeHue (13) momkeH paBHATHCS HYNIO. TakuM o0pa3om, utst onpeneneHus napamerpa A umeem (13).

Jlemma 1.1 mokaszaHa MOJIHOCTBIO.

Ilycte
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@, ()= 1n[cth—”’k2+’1J+1n[cth—”"‘2_’1]—lln[“’f—”]=o. (16)

2 \yu -4

Jlemma 1.2 CymecTByer 4nucio 4, Takoe, 4To IIpH BCEX

0<A<i, < k>1,0€(0,1),

4u, +6
CIPaBeUIMBbI CICIYIOLINE YTBEPKIACHHS:
1) pynxyus @ (1) coxpanaem nOCMOAHHbIU 3HAK;
2) ona pynkyuu @, (1) 6bINOIHACMCS HEPABCHCMEO |/1yk w,f(/i)| <lLk>1.
JlokazarenscTBo. B cuiy nemMMbl 1.1 uMeeM BeIeCTBEHHOCTh COOCTBEHHBIX 3Ha4YeHHU 3amaun (8) -
(6), TO ecTh BEIIECTBEHHOCTh KOpHEH 4, ypaBHeHus (13).
[Ipu 3TOM JErKo mpoBepuTh, uyTO A, >0. JeHCTBUTENBHO, BBHINHMIIEM AaCUMIOTOTHKY HAaWMEHBLIMX
COOCTBEHHBIX 3HAUEHUH A, IPU k —> .
ITocne HeTpuBHANBHBIX TpeoOpa3oBanuii ypaBHeHus (13), nmeem
“ﬂk+/1=cth\/ﬂk+icth\/'uk_i. (17)
M, —A 2 2
Cumnras |/1| <1 u norapupmupyst obe yactu pasenctBa (17), momyuaem (16). Brruucnus 3aech

1
NPOM3BOJHYIO, IOIy4YaeM @, (O):-ﬂ—. Torma nckoMyro rpaHuIly MOHOTOHHOCTH (QYHKUMH @, (1)
k

MOYHO ONPEJENUTh U3 COOTHOWIEHHA @ (4,) =, (0)+@, (04,)4, <0. 30ech 0<A, <1 a 0e(0,1) -

IIPOM3BOJIbHOE YHCI0. TakuM 00pa3om, [UIs ONPEENeHHsl 4, HMEEM YCIIOBHE
Aoma] (04,) <1. (18)

Pacnmiem siBHO BTOpYI0 Mpon3BOAHYI0 QYHKUUHN @, (1) :
ch\p, +4 chy\p, —
+

" i —
7 4(,uk+/1 shz\/,uk+i 4(,uk—ﬂ, shz\/luk—
_ 221
\[ o+ A) sh‘/,u,( ,[ sh M, — —/12)2
h + 7
Tak kak 24,00, >— n SN 0< !
(#k_(/loe) ) (ﬂk+%9) s>\, £ 2,0 chau, £ 2,0 —
. 2+(1—e‘ =20 )2
Torna BepHO HEPABEHCTBO @] (4,60) <
ST (e~ 4,0) (1_e*W)2
3HauuT

1 3_2¢" Nty =0 21 =20

(1, —2,0) (1_e_m) (19)

@] (2,0)<

Hanee, npu 6onpmmx 3HaueHusAX & u3 (19) momyyaem crnpaBeqJIMBOCTh HEPABEHCTBA

4
@ (A40) S ———.
My =40
K nmocnemnemy nmpumensis ycimoue (18), momyunM TpeOyemyro rpaHUmy AusS A
A, < o i, >1,0<0<1. Jlemma 1.2 nokasana.
4u, +06
PaccmoTtpum Temneps Bonmpoc 006 aCHMITOTHKE COOCTBEHHBIX 3HAYeHUH 3a7a4u (8) mpu OONMbIINX k .

— 118§ ——



ISSN 1991-346X Cepusi ¢usuxo-mamemamuueckas. Ne 6. 2016

Jlemma 1.3 Acumnmomura cobcmeenHbix 3Havenull 3a0a4u (8), He npesocxooawux A,, npu OOTbLUUX

k umeem caedyrowuii 6uo (9).
Joxa3zareabcro. CormacHo nemme 1.2, MoHOTOHHas GyHKuus f, (A1) Ha nntepsane (0,4,) MOXKeT

UMETH TOJIbKO OJIuH HYJb. 110 dhopmyne Telinopa nmeem

7:(0) , , @OD)

@, (A)=,(0)+ " o

A7 <0,0<0<1.

[MoncraBmsst BEIYMCIICHHBIC 3HAYCHUS QYHKIMN U ee PON3BOIHOM, IoTydaeM

2
@, () =z1n(cth@]_i+w;(m,)*

Hy 2

oo A2
Torna wuynem nuHeiiHo# wactu QyHkuuu g, (A)=24,In {cth \/;T"J -A+ ﬂ"2 @, (64) Oymer

1+e V¥
Ay =24, In — | Ilpu mocraTouHO OONBIINX 3HAUEHUAX k€ N, yUuUTHIBAas ACUMITOTHUECKUE
1_ e— Hy

(bopMyIbI IocIegHEe MOXKHO 3amucarh Buae A, = 4,uke’JZ (1 + 0(1)).

VuuTBIBas pe3ysIbTaT JIeMMbI 1.2, Ha OKPYXHOCTH |1| =4 e (1+¢), Tae & - CKOJb YrOHOE Majoe
TIOJIOKMTENBHOE YHMCIO, VI JOCTaTOYHO OONBINMX k >k, (&) JIETKO TNPOBEPUTH CIPABELTMBOCTh

HEpPaBEHCTBA
1+ e_m

- <CRyIn| ————| -1 .
‘/1‘24;11167 e (1+€) k ( oM J
I-e |A]=4 eV (14€)

Toraa no teopeme Pymre [7] umeem, 4TO KonMuecTBO Hynell (yHKuuH 4@, (A) U ee JTHHEHHON

| (02) 1, 2°

YaCTH COBNAMAIOT H JIEKAT BHYTPH Kpyra |4 =4y eV (1+¢). CnenoBatensHo, GyHKuusS f,@, (A) TpH

0< A < 4, ©MeeT OAMH HYJb, aCUMIITOTHKA KOTOpOro 3axaeTca hopmyoii (9). Jlemma 1.3 mokaszana.

4. Proof of the main results
Joxa3zaTtenbcTBo Teopembl 1.1. Uepes uk(x),keN Mbl 00O3HAYWJIU TIOJHYIO CHCTEMY

OPTOHOPMHPOBAHHBIX COOCTBEHHBIX (yHKIMI 3anaun (5) B L,(Q). B cuty nemmsr 1.1 npu xaxmom

(HUKCHPOBAHHOM 3HAYEHHMH MHJEKCA k CHEKTpaibHas 3amava (8) UMeeT IOJHYK OPTOHOPMHUPOBAHHYIO
CHCTEMY COOCTBEHHBIX BEKTOPOB v, (1), m=12,.. B L,(0,1). Torma cucrema (7) obpasyeT MNOJHYO

OpTOroHaNbHyI0 cucteMy B L, (D). CrnenoBaTenbHO, APYTHX COOCTBEHHBIX 3HAYCHHH M COOCTBEHHBIX

¢dyHkuuit 3agaya (4), (3) He umeet. Teopema oka3aHa.
HokazareabcTBo Teopembl 1.2. Ilycts u(x,r)e C* (D) - pemenne 3amaun (1) - (3). Torma, B cumy

MOJTHOTH U OPTOHOPMHUPOBAHHOCTH COOCTBEHHBIX QYHKIWH u, (x,7) 3amaud (4), (3), GyHKUMIO u(x,f) B
npocTpaHcTBe L, (D) MOXHO Pasnokuth B s [6]

u(x,t) = iiamum (x,1), (20)

k=1 m=1
rae a,, —ko3pouuueHts Pypwe no cucreme u,, (x,¢) . llepenncas ypaBuenue (1) B Buze
LPu = P(ul,(x,t)—Lxu(x,t)) = Pf(x,t), (21)

U noacTaBuB pemieHue Buaa (20) B paBeHCTBO (21), ¢ y4eTOM COOTHOIIEHUS

62
P( 6”;;"' (x,0)— L, (x, t)] = A u, (.0,

_ f}cm

UMEEM q,, =

i€ fo = (£ (0, 1= 0,1, (x,0)) -

—— 19—
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Taxum 00pazom, Al pelieHns u(x,{) TMOIyYUM CIEAYIONIee sIBHOE MPECTaBICHUE

u(x,t) = ii/{ﬂum (x,2). (22)

k=1 m=t A
OTMeTHM, 4TO MpeacTaBieHue (22) ocTaeTes CpaBeIUBBIM JJIs JIFOOOTO CHIIBHOTO PEICHHS 3a1a49K
(1) - (3). D10 TpencTaBIeHNE HAMU TOMYYCHO B MIPEAIIONIONKEHUH, uTo permenue 3agaan Komm (1) - (3)
CYLIECTBYET.
EcTecTBEHHO BO3HHKAeT BOIPOC, Ui KAKOro MOAMHOXKecTBa GyHKumit [ €L,(D) cyuiecTtByer

cuibHOe pemeHue? s oTBeTa Ha ATOT Bompoc npeacraBuM dopmyiny (22) B Bune (11) uz xkoroporo, B
cuity paseHcTsa [lapceBans, cnenyer

0

ol =%

k=1

2 2
+;Z; . (23)

Ju
P

k1

A

km
1
B cuny nemms! 1.3 umeem 4,, > Z’m > 1. [ToaToMy TipaBast 9acTh paBeHCTBA (23) orpaHMYEeHA TOIHKO

ans tex f(x,t), Juist KOTOPBIX OrpaHuyeHa Becoas Hopma (10).

Tem cambiM J10Ka3aHa Teopema 1.2.
JlokazaTeabeTBo Teopembl 1.3. OueBnIHO, 4TO Onepatop L sBISETCS MHBAPHAHTHBIM B L, (D). B

cuty Teopemsl 1.2 mis moboit f eiz(D) CYIIECTBYeT eAMHCTBeHHOe pemeHue 3amadu (1)-(3) u ero

MOJKHO TIpeCcTaBuTh B Buje (12).

A

TakuM 00pa3oM onpesielieHHOe OECKOHETHOMEPHOE TIPOCTPAHCTBO L, (D) SIBIAETCS MPOCTPAHCTBOM

koppektHocTH 3aaauu Kommu (1)-(3). Teopema 1.3 gokasana.
PaGoTa BeImoNHEHA TIpU (UHAHCOBOW MOJIEPXKKE TPaHTOBOro (uHaHcUpoBaHWsh KoMmuTera Hayku
MOH PK 1o npoekty Ne 0820/T'®4.
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Y.A. UckakoBa, b.T.Tepedex
JIAIIVIAC OIIEPATOPBI YIINIH POBEH-KOIIIN KUCBIHCHI3 ECEBIH HIEITYAIH BIP 9ICI TYPAJIBI

AnHoTamms. By xymMmeicTa umuHApik obusicta Jlammac omepatops! ymin Po6en-Komm ecebi KapacTeIpbambl. AysIT-
KyJIbl apryMeHTTi Teraey yuin Poben-Komnm eceGiHiH MEHIIIKTI (yHKIMsUIapb! GOMBIHIIA CIICKTPAIBI JKIKTEY 9JIiCi apKbUIbL, Ka-
pacteipbuiral Poben-Korm eceGiniy o1l meminiMaIiriniy Kputepui ansiaFad. Pooen-Komm eceOiHiH KUCHIHCBI3IBIFBI aybITK-
yIIBl apryMEHTTi ©3-63iHe TYHiHAeC OmepaTOpABbIH Y3LTiCCi3 CIeKTPiHIH OKIIaylaHFaH HYKTelepiHiH O6ap OoiyblHa mHapa-map
EKeH/IIr KOpCeTiIreH.

Tipek ce3aep: Jlamnac Terneyi, Pooen-Komm ecebi, 03-e3iHe TyiiHaeC onepaTop, KUCHIHCHI3IBIK.
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A NEW VERSION OF THE PROBLEM OF TWO FIXED CENTERS

Abstract. When analyzing the motion of spacecraft we have to build adequate mathematical model of the true
nature of the movement [1].

In the case study of a space object movement in near-Earth space is necessary to build a model of the
gravitational field of the Earth and the nearest planets.

An attempt in this direction was made in R. Newton [2] who proposed to approximate the field spheroidal
planet gravitational force function of the problem of two fixed centers.

Further studies related to the problem of two fixed centers can be found in numerous works of V.G. Demin,
V.G. Degtyarev, E.P. Aksenov, E.A. Grebenikov, V.M. Alexeyev and up.

As [3, C.112] it noted, that the approximation of the Earth’s potential power function of the problem of two
fixed centers is acceptable only for sufficiently distant satellites.

But it seems to us that the power function of the problem of two fixed centers can be approximated by the
gravitational field of the Earth and in the case of close associates.

To confirm your ideas, we propose a new version of the problem of two fixed centers.

Key words: earth satellite, binomial series, the problem of two fixed centers, the gravitational field, test body,
the motion test body.

VYIK 629.195+531.1

M. IlIunubaes’, A.A. Bekos', C.C. I[anpﬁelconz, C.A. Koanacos’,
I'.E. Mbip3akacoa’, JI.P. Anmnackapos®, C.A. IllekepGexosa’, A.JK. Caabidex’.

'HaumonasnbHbrit LEHTP KOCMUYECKUX UCCIEeIOBAaHUIN U TeXHOJIOTuH, I'. AnmaThl, KazaxcraH;
zyHI/IBepCI/ITeT Coip-Hapus, r. xetricaii, Kazaxcran;

O HOBOI1 BEPCUHY 3AJAYM JABYX HEMOJABUKHBIX LIEHTPOB

AnHortanusi. [Ipy aHanmu3e JBIKCHUS KOCMHMYECKMX alapaToB IPHUXOIMTCS CTPOUTh MaTEMaTHYECKYIO
MoO/IeJb, a/IeKBaTHYIO X UCTUHHOMN Npupoje ABMKeHus [1].

B ciydae u3yueHust IBIKCHUSI KOCMHYECKOTO 00BEKTa B OKOJIO3EMHOM IIPOCTPAHCTBE HEOOXOANMO MOCTPOUTH
MO/IEJIb TIOJISI TATOTSHUS 3eMITA U OJIDKAMIIINX TITAaHET.

ITompITKa B 3TOM HampaBieHnH ObUTa caenana B pabore P. HeroToHa [2], KOTOPEIA MPETOKIIT alllipOKCHMHAPO-
BaTh M0JIE TATOTCHUs c(eponaaNbHON IUIAHEThI CUIIOBOM (QYHKIMEH 3ajauk JIBYX HETIOJBIKHBIX [IEHTPOB.

JanbHeiie uccie0Banus, CBSI3aHHbIE C 3a7a4ell IByX HETOJIBIKHBIX IEHTPOB, MOXKHO HaWTH B MHOTOYHC-
neHHbIX padotax B.I'. Jlemuna, B.I'. [lertsipera, E.I1. Akcenora, E.A. I'pebenukoBa, B.M. Anekceepa u nip.

B [3, c.112] oTmMe4eHO, 9TO ammpoKCUMaNs MOTeHIaa 3eMIIH CHIOBOW (PYHKITUCH 3a/1aud TBYX HEMOIBIK-
HBIX IIEHTPOB TpHEMIIEMa TOJNBKO IS JOCTATOYHO NANEKUX CITyTHUKOB 3eMud. Ho HaM KaKeTcs, 4TO CHIIOBOM
(hyHKIMEH 3amaud ABYX HETOABIDKHBIX IIEHTPOB MOXKHO aMPOKCHMHPOBATH TOJIE TSATOTEHUS 3eMIIM U B CiIydae
OJIM3KUX CITyTHUKOB.

Jist monTBepIKACHHS HAIllel HJIeH MBI IpeJylaracM HOBYIO BEPCHIO 33/1a4H JIByX HEIOJBM)KHBIX LIEHTPOB.

KaioueBble cioBa: cryTHUK 3eMiid, OMHOMMANBHBIN psijl, 337a4a JBYX HEINOJABM)KHBIX LIEHTPOB, TPAaBUTALM-
OHHOE T10JI€, IPOOHOE TEJI0, IBIKEHUE MTPOOHOTO Tela.
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PaCCMOTpHM JABHXXCHHUC HpO6HOF0 Tena P B mose MNPUTSIKCHUA ABYX HCTIOABUIKHBIX LHEHTPOB MuN
PpaBHBIX MacC m, KOTOPBIC PACIIOJIOXKEHBI CUMMETPUYHO OTHOCUTECIIBHO Haydalla KOOpJAWHAT HA OCHU Ox

(puc. 1).
Ha puc. 1:

my=m,my=m,OP=F, G=myg=myg=mg,
MN =2a, MO =0ON =a, mp =m,.

Honyctum, yto neHTpsl M u N coequHeHbl HeBecOMbIM cTepkHeM MN anunbl 2a. Takum o6paszom,
MBI TOJIyYHJIM a0COJIIOTHO TBEPHOE TEIO «raHTelb». lemepb MOJIb3YSACh JEMMOW O MapauleIbHOM

HiepeHoce CUIL, IpUBENEM My g W My, g K ueHtpy O (puc. 2). Mbl NOIyYuId «THIOTETHYECKOE TEIION,
LIEHTP Macc KOTOPOro COBMeIIEH ¢ HadajioM kKoopauHaT O W uMmeeT maccy, paBHywo M = 2m, Tak Kak

ero cuiia Tsbkectd Mg HampasiieHa 10 BepTHKanu BHU3 U Mg = 2mg .

A
P(x,y,z)
7
P
(x,y.2) ,
>y 0
>y
>\' —
P
X
x Pucynok 1 — K nocranoBke 3aiaun Pucynoxk ;fv'OTeTI/Il{eCK €J10
— 4

mg

Ha puc. 2 BBCJICHA HNUJIMHAPUYCCKAsA CUCTEMa KOOpPAHWHAT, KOTOpas CBA3aHa C MPAMOYTOJIbHBIMU
KOoOpaAuvHaTaMu:

X=PCOSA, y=psini, z=z,
rIie p — NOJSIPHBIN paanyc, A — MOJSPHBIN YTOJ, Z — anIuIiKaTra NpoOHoro Tena P.
[IycTh «runoTeTHYeCcKOE TEJI0» MPENCTaBIseT COOOH CKaThIi chepons
A=B=nC, n>0,
rae A,B,C - rnaBHsle 1leHTpalbHbIE MOMEHTBI HHEPIUHU CHEPOUA, 71 — MOCTOSHHBINA KO()PUIIUEHT.
Janee mpeAnonoxuM, 4To
1. «['umoreTnyeckoe Ten0» 00JIaAaeT OChI0 JUHAMUUECKOH cuMMeTpu, T.6. 4 = B = nC.

2. Teno BpamiaeTcsi BOKPYT OCH, COBMNAJAIONIed C HAaWUMEHBIIEH OChbIO IEHTPAJbHOIO JJLUIMIICOU]IA
uHepimy. Toraa cunoBast QyHKIHUS 3aJa4d UMEET BUJT

y_ M f(4=0)
7 2rS

WIH B IWJIUHAPUYECKON cHcTeMe KOOpAWHAT (IIPH MaJoM HAaKJIOHE OpOWTHI K OCHOBHOW IUIOCKOCTH

(x2 +y2 —222) (1)

z
s =—, s2 #0, st ~ 0) umeem
p

L
U:—+—3——32 __SZ s (2)
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1 1 9
rne L= fM, ;(ZECf(l—n), D=EL, E=§X

Huddepenumansapie ypaBHEHHS NPOOHOTO Tela B LIJIMHIPUYECKOH CHCTEME KOOPAWHAT HMEIOT
BUJ:

.. N ] d \ ! . !
p-pit=U), E(pzx)=m, i=U., (3)
rae: Ué=—%—%+%zz+%zz, U, =0, pzizocz:const, U;:—%z—%z
pT P p p p p

N3 cTtpykTypsl mpaBeiX dacteil (3) BHIHO, 9TO (3) HE WHTETPUPYETCS B KOHEYHOM BHC, MTOITOMY
ucrioskzyeM Metron [amunbroHa-SkoOu. Kunerndeckass sHeprusi opOUTANLHOTO IBMXKEHHUS MPOOHOTO
Tena

T:%(p2+p2i2+22), )

3/leCh KHHETHYECKasi 3HEPrusl OTHECEHA K Macce M.
Ucnone3yst (4), HaiineM BeIpaKEHUS IS UMITYJIbCOB

. 2 .
Pp:p,P)\’:p 7\4:0(.2, PZ:Z. (5)
Oynkuus ['amunbrona
H:T—U:l{Pp2+i2Pf+Pfj—£—l3+%zz+£5z2. (6)
2 p P p P p
OH
CrnenyeT oTMeTUTh, uTO H He 3aBHCUT SBHO OT BpeMEHH 5 =0, orcroza
l[Pp2+L2Pf+Pzzj—£—l3+£3zz+£522:hl, (7)
2 p P p P P

r1e /) — MOCTOSHHAs UHTErPaia SHEPTHU.
3anumem ypaBHenue [ 'amuibprona-koou

W oblpa VN ®)
ot op N’ oz

rae V — npousBozsimas GyHKIIHsL.
H
V Hac s =0, mosromy [3, C.38] umeem
V=-ht+W(p,Ar,z), 9)

rne W(p,\,z) ynosunerBopsier (8).
[Ipuanmas Bo BHEMaHue (7) 1 (6), UMeeM

2 2 2
ow +L2(5_Wj J{a_Wj J2L 2 2D 0 2B o gy (10)
op ) p*lon oz p p> P p’
Ilycte
W =W (p) + Wy (M) + W3 (2). (11
torma (10) mMmeer BuI
2 2 2
owm +L(5W2J +(6W3j _%_2_9(4_2224_222:2;11, (12)
o) p*lor 0z pp PP

YMuoxuM 06e gactr (12) Ha p
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2 2
Rl +(6W2J +(p5W3) Copp- 2y 2D 2 2B o gy 52
P a0 on oz P e

[Torpebyem cnenyromiee COOTBETCTBHE:

_ 12
3Z—h3,

— ==y =h, p
dz P p

2
aw, 2(dW3] 2D 2 2E 5
dh

2
pz(%j ek —2Lp—2X —op 2.
P

dp
W2 :hz)\,,
2x 2L (h +h)
W, :J’\/zhl = 2 a 3) g,
P p P
Otcrona
hy 2D , 2E ,
W3=I\/_2__3 ——5zd
P P P
B nocnennem BeIpakeHUH
Z2 S2 3 Z2 S3 4
2D—3=2D—:O(s)z0, 2E—5=2E—3:O(s)~0,
P p P p
IIO3TOMY Wy = I lh3dz = h3 I %
P

IToacraBus (14) u (15) B (11), Hatimem

W= h2x+h3j%+j\/[zhlp3 +2Lp? +(h? +h§)p+2x]~i3dp.
P P

(13)

(14)

(15)

B cootBercTBHM ¢ 00111I€l TEOPHH pellleHHe KAHOHUYECKHUX YpaBHEeHUH | 'aMuinbToHa nmeeT Bun [3]

aW ow

6h1 Bla _B29 %:B%
a_W:ij aW_pk’ a_W:pZ’
oo o oz

rae P, B2, B3 — MOCTOSHHBIE HHTETPUPOBAHNS.
[lepenumem (17) B sBHOM BUzE
9/2

_ p
t+Bl_I 3 ) D D dp,
J2mp® +2Lp% + (K2 + h)p + 2
p5/2
BZZM_J.hZ 3 2 (122 ap.
J2mp® +2Lp% +(h + hi)p+2
5/2h

dp.

B3—J

J‘\/2h1p L 2Lp? + (B2 +hD)p+ 2y,

— 24—

(17)

(18)

(19)

(20)
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1/2
p

2+ (hy +h)p+y

dp+

dz 3
P =—h|—+—=
p 3'[pz+2'[\/2h1p3+2Lp

3p"'? +2Lp°"? +;(h22 +hi)p’?

+ dp, (21)
J2mp® +2Lp? + (h3 + h2)p+ 2T
f)}L :hz, (22)
(1
P =h|—|—|dz. 23
z 3I@Z p ( )

W3 (18) moxHO onpenenuts P(t), u3 (19) moxuo Haiitu A(2) .
Vmuoxum (19) Ha ks, a (20) Ha h,, 3ateM B3sB audepeHnnansl U3 MONTYYCHHBIX BBIPAXCHHUI,

COCTaBUM HX Pa3HOCTH M TOT/Ia HaljieM

dt

_— (24
p() L

z(t)=Z—3jpd/1=h3

rae p(t) onpenenena panee u3 (18).
Takum o6pa3oM, pa3paboTaHa HOBasi BEpCHsl 3aqaqd JBYX HEMOIBI)KHBIX ILIEHTPOB, KOTOpas
HPHUTO/IHA JUTS UCCICAOBAHHUS IBIKCHHS OJU3KHX CITyTHHKOB 3EMJIH.
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EKI XKBLUI)KBIMAMTBIH HYKTE TPOBJEMACBHIHBIH )KAHA HYCKACHI

AHHOTamms: FapplInTeIK anmapaTrTapIbslH KO3FAIBICTAphIH 3€pPTTETCHAE, OJIApABIH MATEMAaTHKAIBIK MOJETIH KYpacTHIPY
Ka)keT 00JIa Ibl, ’KOHE OJT IIBIH KO3FaJIBICKA aJIeKBATTHIK KAJIBIITA OOyl KaxkeT [1].

Erep JKep mMaHbIHOarel KO3FAIBIC KapacThIpbuica, oHAa JKep jkoHe jKaKblH OpHaIacKaH IUIaHeTalap/AblH OpiCiHIH MOIETiH
coryra Typa keneni. Ocel 6arbiTTa P.Hpl0TOH [2] GacTama jxacaraH elii, o1 cepou ] TOPi3/li INIaHETAHBIH OPICIH €Ki KbUDKbIMAk-
TBIH HYKTE ece0iHiH epiciMeH anmpoKcHManusIaHa bl

byn 6areit B.I'. {emun, B.I'.Jlertsapes, E.Il. Akcenos, E.A.I'pebennkoB, B.M. AnekceeBTapabIH jxoHe OacKaaap/blH Korl-
TEreH 3epTTeyJIepiHe OPbIH Ta0a bl

MyHpaait MYMKIHIIUTIK TeK aibIc opHajacKaH JKep cepikTepiHe FaHa THeCLTl Aer ska3puirad [3, 6. 112].

Bipak 0i31iH 3epTTeynepiMiz GoHbIHIIA OYIT Uest *KaKbIH OpHAIAcKaH XKep cepikTepiHiH KO3FaIbICTaphIH 3epTTEyTe e KO-
naHyra O6omanpl. Jlonen perinae 6i3 )kaHa BepCHsl SHTI3/IK.

Tipexk ce3aep: JKep cepiri, OMHOM KaTapsl, €Ki KbUDKBIMAHTBIH HYKTE IPOOJIeMachl, TPaBUTANMSUIBIK KYII ©pici, CHIHAKTHIK,
JIeHe, CHIHAKTHIK JICHE KO3FaJIBICHL.
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RESEARCH OF MODIFIED REAGENT
ALS LIGNOSULFONATE (NPP «<AZIMUT»)

Abstract. To study the existing member modifying ALS clay lignosulfonates (St.f. = 10% by weight) and
weighed (p = 1900 kg / m) in the Nadym-Pur-Taz region, Valanginian and ACIM well story fracturing fluids used in
GPP complexing retende modified.

Increasing the viscosity of drilling fluids significantly reduces quality parameters of the drilling process,
reduces the life of the process equipment, increasing the power consumption. Increased viscosity due to operating
time of the solids in the drilling process and its subsequent dispersion, exposure to high downhole temperatures, the
coagulating action of electrolytes.

In addition, after drilling out cement grout glass entering the cement stone and the particles in the washing
liquid adversely affect its processing characteristics. In this regard, relevant is the use of high viscosity reducers
reagents, the use of which allows you to adjust and stabilize the technological properties of drilling fluids.

Currently, the most popular and widely used viscosity reducers are agents based on lignosulfonates, which are
offered by the Russian and foreign companies. However, under the influence of high temperatures downhole
efficiency lignosulfonate reagents significantly reduced, impairing the parameters of drilling fluids. Increasing
thermostability of drilling fluids can be achieved by treating them with reagents acrylic series, but they are
characterized by a low stability to salts of polyvalent metals. Improvement and stabilization of the technological
parameters of drilling fluids through the development and use of complex action of the reagent based on
lignosulfonates and acrylates. Solving these problems is possible by drilling fluids used in highly complex viscosity
reducers reagents action, which are composed of acrylic and components.

ALS complex of experimental studies conducted to compare the efficacy of specific conditions (a) Taking into
account by modeling the plant stand. It is used for the following functions: OFITE testing conductivity of the pore
channels 35 microns (80 ° C, P = 5 MPa); Roller oven is OFITE (130 ° C, 5 hours); Dynamic block (75 ° C, AR =5
MPa).

Key words: oil, surfactant, deposit, an aqueous solution, study, formation water, the core.

YK 622.276.4
X.A. Capceﬂﬁaenl, B.C. XaMSI/IHaZ, I'.A. KoszacoBa® , I'.b.Mcaesa’

M. Oye3oB ateiHnarsl OHTYCTiK Kazakcran memnekerTik yauBepeuteri, [lIsimkent, Kazakcran;
29n—<1>apa61/1 ateraaarel Kazak ¥TTeIK yHUBepeuTeTi, AnmMatel, Kasaxcran

MOJUPUKALNUAITAHTI'AH AJIC JIMTHOCYJIb®OHATTBI
PEATEHTIH (HIIIT «KABUMYT») BEPTTEY

AnnHoranus. Monudukarusuianrad surnocynbdonar AJIC kypambiaaa ca3 a3 6oibin kenetin (Ct.d. = 10 %
canm.) sxoHe aysipiaarsutra (p = 1900 kr/m) Hapev-ITyp — Ta3 aynaHbIHIa BaTaHKUHIK JKOHE a4MM YHFbIMaJIapbIH
KabaTThl THAPABIMKAIBIK JKapy YIIIH KOJIAAHBUIBII KYPIreH KaOaTThl THAPABIMKAIBIK JKapy epiTiHIUIepiH eHIeyre
apHaJIFaH KeIIeH[I peareHT peTiHjae MoAn(UKAIMsIIaHAbl. bypreulay epiTiHIUIEpiH TYTKBIPIBIFEl apTTHIPy alTap-
TBIKTal, OYpFBIIAY MPOIECiHIH CallachlH MapaMeTPIIePiH a3aiTaabl TEXHOIOTHSITBIK KaO0IBIKTH OMIpiH KBICKAPTAIbI,
KyaTThl TYTBIHYZBI apTTHIPY. cangapblHaH OYpFbIIay MPOLECIHIE KATThl )KOHE OHBIH KEHIHHEH ANCIIEPCHUS, KOFaphI
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YHFBIMAJIBIK TEMIEPAaTYPaHbIH dCEPiHEH, DJICKTPOIUTTEPAIH KOAryJUUUIIayLIbl iC-KAMBUT OIEPALHsIIBIK YaKbIThIHA
TYTKBIPIBIFBI ©cTi. COHBIMEH KaTap, CYWBIKTapAbl IIEMEHT TACHIH KOHE OOJIMIEKTEPiH €Hri3y IEMEHT epiTiHAl IIBIHBI
OypreIIay KeiiH jKaFbIMCHI3 OHJIEY CHUIaTTaMalapsl acep ereni. OcbiFaH OaliIaHBICTBI, THICTI Ci3 OYPFBIIAY epiTiH/I-
JIepiH TEXHOJIOTHSUIBIK KAaCHETTEPiH PEeTTey JKOHE TYPaKTaHIbIpy MYMKIHAIK Oepenl maiiialaHy OHBIH KOFaphbl
TYTKBIPJIBIFBI PEAYKTOPHI PeareHTTep, naiiaanany OOJbIT TaObIIaIbL.

Kazipri yakpITTa, €H TaHBIMAJ OHE KEeH MaiJajJaHblIaThlH TYTKBIPJIBIFBl OTKENCD PECEHIIIK HKOHE IETEN K
KOMITAaHMSUIAp YCBHIHBUIA/IBI, HETi3iHAe areHTTepi Oonbin TaObuIanbl. Ajaiija, »KOFapbl TeMIeparypa YHFBIMAJIBIK
tuimaiiri lignosulfonate peareHTTep ocepiHeH alTapiBIKTal OYpFBUTAY EPITIHAUICPIH MapaMeTpiIepiH HYKCAaH KbIC-
Kap/pl. OyprbuIay epiTiHIUIEpiH apTTHIPY BICTBIKKA PEareHTTEp aKpHJl CEPHSICHI Oap/Ibl eMIeY apKbUIbI KOJ JKETKi-
3yre Oosazapl, Oipak onap HMOJMBAJICHTTI METAIAAP TY34apbl TOMEH TYPaKThUIBIK curaTTanaiabl. lignosulfonates men
aKpWIaTTap HETI3/IeNITeH peareHT KEeIIeHIl iC-KMMBII AaMBITY XKOHE MaljajiaHy apKbeUIbl Oyprbulay epiTiHALIepiH
TEXHOJIOTUSUTBIK MApaMETPIICPiH JKETUAIPY KIHE TYPaKTaHIBIPY.

By mocenenepai menry akpril )KOHE KOMITOHEHTTEpi OOIBIT TaObUIATHIH 06Tt peTiHae, KemeH Il iC-KMMbLT
THIMALIIT] KOFapBhl TYTKBIPIBIFEI OTKEIICP PEareHT KbUIBI OYPFhUIAY epITIHALICpIH maianany apKbUIBI MYMKiH
OoJamsl.

AJIC THIMZLIITIH CalBICTBIPY MaKCATBIH/IA KYPTi3UIreH TOXIpHOeIiK 3epTTeyiep KelleHi HaKThl TepMOOapaIbIK
mapTTap/bl (YHFBIMANBIK) €CKepe OTBIPBIN CTEHATIK KOHBIPFBIIA MOAECIB/CY apKbLIbl )KYpriziai. On yIiH keneci-
nep xoinmanbuiel: oTK3rimTiKk Tectrepi OFITE, keyekti kanammapeiMer 35 mkm (80°C, P = 5 MIla); ponukri
tepmocTarTayibl KOHABIPFE - OFITE nemi (130°C, 5 caraT); AMHAMUKAIIBIK, CY3UITIIITIK KOHABIPFHICH (75°C, AP =
5 MIla).

Tipek co3nep: myHaii, BA3, KeHOpHBI, CyJIbI €pITIHII, 3epTTEYIIep, KabaTTHIK Cy, KEPH.

Moaudukanusinanran suraocynsponatr AJIC kypambinaa ca3z a3 Oomnsin kenetin (Ct.d. = 10 %
canMm.) skoHe aywipiateurrad (p = 1900 xr/m) Hagemm-Ilyp — Ta3 aymaHbiHIa BaTAHXAHIIK KOHE adlM
YHFBIMQJIAPBIH Ka0aTThl THAPABIMKAIBIK JKapy VIIH KOJJAHBUIBII JXYPreH KaOaTThl T'HIPaBIMKAJIBIK
JKapy epiTiHAUIEPiH OHJIEyTe apHAIIFaH KeIIeH I peareHT peTiHae Moaudukanusmanms [1].

AJIC THIMAUIITIH CaNBICTRIPY MAaKCaThIHAA >KYPTI3UITeH TOKIpHOCTIK 3epTTeysiep KelieHi HaKTHI
TepMoOapaNblK IapTTapAbl (YHFBIMAIBIK) €CKepe OTBIPBIN CTEHIATIK KOHIBIPFBIIA MOJENBICY apKbUIbI
xyprizingi. On ywin keneciizep xKongaHsuigsl: oTki3rimTik Tectrepi OFITE, keyekTi kanangapeiMer 35
MM (80°C, P=5 Mlla); pommkti Tepmocrarraymbl KOHIBIpFel — OFITE memr (130°C, 5 carar);
JMUHAMMKAJIBIK CY3UITIITIK KOHABIPFBICH (75°C, AP = 5 MIla).

YHFBIMa JiHI MAPTTapbIHAA KEYEeKTiK KeHICTIKTE CY3UITIIITIK MPOLeCTepAiH TOMEHEYiH KaMTaMachl3
ereTid AJIC Tuimaimiri aHsIKTaas! (1-kecTe).

1-kecte — JIurHocynbhoHaTTapABIH KYEeKTIK KEHICTIKTET1 CY3UITIIITIK poliecTepiHe acepi

Mopenbaik KabaTThl THAPABIUKAIBIK JKapy CPITIHIICIHIH JlnHaMuKabIK KeyekTik cy3iIrinrik,
cUnarramanapsl cysinrimrix, cm’ cM
1 2 3
1 AJIC ycremeci 0,5% memnmep/ie KOCBUIFaH a3 ca3/Ibl epiTiH/I 22 17
2 ®XJIC ycremeci 0,5% memmepae KOCBUIFaH a3 ca3zbl epiTiHIi 27 20
3 Borre-Thin F ycremeci 0,5% wmemmepae KOCBUIFaH a3 casfbl 30 19
epiTiami

- A3 cazzpl epitingi (-10 % canMars), ThIFBI3IBIFEL 1068 Kr/M’;

- CysinrimTik AuHaMHKaJbIK maptrapaa 75-80°C remneparypa sxone P=5 MIla aHbIKTanasr;

- Jlunamukaneik cy3imrimrtik YUB — 2 npuOOphIHBIH KOMETIMEH KEYEeKTiK CY3UITITiK OOoibIHIIA
OFITE Tectrepae aHBIKTAIIEL.
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Toxipubenik Momimerrep AJIC peareHTi oOcbl JKOFapblga aTajFaH IIapTTapAa KaOaTThl
THJIPABIMKAJBIK JKapy epiTiHAICIHIH CYHBIK (a3aHbIH OHIMAUTIKTI KabaTka OeplryiHe Kemepri xacai
amateiHABIFEIH KepceTTi [2]. AJIC peareHTi VImiH moiguMepca3apl KaOBIKIIA apKbUIBI EpITiHIIHIH
nmuHaMuKanblK cy3inyi @XJIC xone Borre-Thin F pearenrimen canbicThiprania, colikecinme 1,23 — 1,36
ece a3 MoHre me. MyHna artanm oteipfaH AJIC peareHTI KOCBUIFaH epIiTIHIINE, KEYeKTI KaHajiuapra
epPITIHIIHIH CY31Ty KBUIIaMIBIFRI (35 MKM KaHala) 63iHiH aHAJIOTTapbIMEH cajiblcThipranaa 12 — 17%-ra
TOMEH eKeHJIITiH kepcereai (1-kecre).

AJIC >xoHe OHBIH HETI3IHJAET] aHAJIOTTapJblH KYpaMbIHIA ca3 a3 OOJBIN KEJCTiH CYCICH3USHBIH
TEXHOJOTHUSIIBIK KacHeTTepiHe (KYPBUIBIM/IbI-MEXaHUKANBIK, PEONOTUSIIBIK, CY3UITIINTIK) CTaHAAPTTHI
Karmaiimapnma, coHeiMeH Karap 130°C  rtemmepatypama koHe Ty3mel arpeccus (NaCl, CaCly)
HIapPTTapbIHIAFbl 3€PTTEY HOTHKENIEPl KEITipiJIreH.

Toxipubeni typme myHna AJIC peareHTi ca3mbl KaOaTThl THIPABIUKAIBIK JKapy epiTIHAICIHIH
MIAPTTBI  TYTKBIPIBIKTBI ~ THIMII ~ a3aWTATBIHIBIFBI  JKOHE JKBUDKYJIBIH  CTATHKAIBIK  KEPHEYiH
TOMEHJICTCTIHIT KepceTiai (2 kecte).

2-kecte — JIMTHOCYTB(OHATTAPBIH CYUBUITYIIB! KaOLIETiHIH CalBICTRIpMAaIbl OaFaIaHybl

Cas bl epiTiHAIHIH TeXHOJIOTHSUIIBIK apaMeTpiepi
Mopenb ik epiTiHal Kypamsl
p, KT/M T, °C CHCi/io, alla MIla
1 K — ca3nbl cycniensust 1068 60 150/235 167,6
2K +0,5% AJIC 1065 24 10/67 35,9
3 K+ 0,5% OXJIC 1067 29 95/124 105,4
4 K + 0,5% Borre-Thin F 1068 28 91/151 81,4

AJIC e3iHiH aHanorrapeiMeH OipJieil Memiiepae JKYMCAFaH Ke3[e ca3[bl CYCIHCH3USHBIH
IHAMUKAIBIK KBUDKY KepHeyl mamackiH 167,6-man 35,9 MIla neitin (sruu, 4,7 ece) TOMEHIETETIHIH
kepceTTi. CanbICThIpy YIIiH KeNTipeTiH Ooscak, ockl maprrapaa @XJIC nuHaMUKaNbIK )KBUDKY KEpHEYiH
1,6 ece, an pearent Borre-Thin F 2,1 ece Temennereni (2-kecte). Mynaa AJIC pearenTi yiriH ke0ik Ty3y
Oenrinepi OaifKanajpl, O HETi3iHEH CyCIIEH3HS THIFBI3IBIFBIHBIH TOMEH/IEYiHe OAWIaHBICTBI OPBIH allajIbl

[3].

CaCLz TY3BIHEIH OYPFRIIAY ePITIHIIISPIHE acepl

30

- —— ANIC
25 / /
20 //' —l— DHX1C
15 /'

@ ¢v3/30nIH

Boire - Thin F
10

0] 0,1 0,2 0,3 0,4 0,5 0,6
CaClz KOHLEHTPaLAChI %o

1-cyper — Jlurnocysb(oHaTTap KOCBUIFAH Ca3/bl CYCIICH3USHBIH CY3UIrimTik kepcerkimrepine Ca Cl, acepi
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Kypambiaa 0,5 % AJIC >xoHe Tarbpl 0Oacka peareHTTEp KOCBUIFAH Ca3/bl CYCHEH3MSHBIH XJIOp-
KaJbIMiTi arpeccus kesinzeri canmacklHbIH o3repyi (CaCl, xonnentpanusiceineie 0,1-men 0,5 % macc.

IeHiHTi TUma30HBIHIA) TeMeHmeri 1 — 2-cyperrepae Kenripiaren [4].

KOCBhUIFaH cas3zipl epitingire 0,1

apaJbIFBIHAA OOJFaH a OYII KOPCETKIMT TYPaKTaHIBIPhUIATEIHIBIFEI aHBIKTAIFaH [5].

Kypamerama AJIC pearenTi
0,5 % wMenmiepne KaJblMi XJIOPUII KOCBUIFAH Ke37¢ OHBIH
CY3UITILITICiHIH eceTiHAiri, Oipak coNl peareHTTIH aHaJOrTapbIMEH CaJbICTBIPFaHAa CaJbICTHIPMAIbI
TOMEeH Jopexene eoceTiHairi anplkranmel. AJIC peareHTI KOCBUIFaH ca3lbl EPITIHIIHIH IIapPTTHI
TYTKBIPJIBIFBIHBIH QHAJIOTTApbl KOCBHUIFaH. EpITiHIiEpMEH calbICThIpFaHna OIPKAJBINTHl ©3TepeTiHi
oenrini 6ol AJIC peareHTi KOCBUIFaH epITIHAUICPIIH IIACTUKAIBIK TYTKBIPJIBIFBI KATBIIUH XJTOPHTIHIH
memmepi 0,1% Oonranma enoyip MejmiepAe ©3repeTiHAir >xoHe Ty3map wmemmepi 0,3
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Hlaprrer TyTKBIpABIKKAa HeriziHeH NaCl 0,1 % wmemmepi >xorapel Jopekene ocep eTeli, MyHIa
HETI31HeH epiTiHmiHIH TYTKBIpIbFel Borre-Thin F peareHTiH KockaH Ke3le WHTCHCHBTI ©celi, OIaH
kedinri opeiara AJIC peareHTi KOCBUIFaH €pITIHAI HWe, ajl IMAapTTHl TYTKBIPIBIKTBIH aHAFYPIIbIM
Oipkanbintel ecyi ®XJIC kockuiFaH epitiHaige Oailikamanpl. OcCbIFaH Kepl TOYyeNAUTiK epiTiHAiHIH
cy3urrimrik KacueriHe acepinme Oaiikamanpl. Epitiaginep cysinrimririne AJIC xone Borre-Thin F (ic
Xy3iHae Oipaelt mamama) peareHTTepi KOChUTFaH ke3nae eneyci3 acep eremi. An @XJIC KocbutFaH epiTiHmi
YIIiH CY3UITILITIKKE ocepi »OFapbl, acipece oy Ty3Aap KOHLEHTpauusichl 5 %-fa HeliH eCKeH Ke3zie
Oaiikamanapl [6].

Ca3apl KBIHBICTapFa KaTBICTHI EPITIHIUIEPIIH WHTHOMPIEYIIi KaOiJdeTiHe pearcHTTep OCEpiHiH
WBIFBIMBL 2,4 M/T OonaThiH TIOMEHb OOJBICHIHBIH COJITYCTITIHAErT KEH OpPBIHIAAPBIHBIH —Ca3/bl
JKBIHBICTAPBIHA JKAKbIH OOJIBIN KEJIETIH MUHEPAJIOTHIBIK KYpaM Ca3JapbIHBIH iCiHYiH Oaranay apKbUIbI
aHBIKTaABIK. 170 caraT KeJieMiHIE Ca3[bIH ICIHY KWHETHKACHIHBIH KHUCHIKTApBI 1-CypeTTe KenTipisireH,
myHaa AJIC pearenrinig acepi Borre-Thin F pearentimen canbicThiprania Oipiama temeH, Oipak GXJIC
KOCBUIFaH epiTIHAIMEH CaBICTBIPFaH/a KOFapbl OONATBIHABIFEI KepceTinai [7].

ToxipuOenik MomiMeTTepai Talaay ca3fbl epITIHAUIEPIiH THIPATAUACH JUCTUINEHTeH CyMeH
CaNBICTBIPFaHIaFbl 9Cepi peareHTTepAe caifkeciHmie kenecizeidr monre ue: Borre - Thin F — 18,6%; AJIC —
10,6% >xone OXJIC — 6,4%.

AJIC >xoHEe OHBIH aHAJOTTAPBIH Ca3bl a3 CYCMEH3Ws KYPaMbIHIAFbl TEPMOTO3IMIINITT HOTHXKeNIepi
Keleci 3-KecTene KeNTipiireH.

3-kecte — TepmocTtaTTamy KabineTi GOMBIHIIA TUTHOCYIb()OHATTAPIBI CATIBICTHIPMAIIBI Oaranay

Cas3sl a3 epiTiHAIHIH TePMOCTATTAYFa IeHiH JKoHE 0JjaH KeHiHT1 mapaMeTpiepi

Pearent T,c @, ov’ T, MIla-c To, alla
AJIC 24/26 9/11 10/14 36/33

DXIIC 29/80 10/12 6/10 105/167
BORRE-THIN F 28/37 8/11 8/15 81/81

1. Jluraocynbhonartap koHIeHTpamusics! — 0,5 % macc.;
Eckepty: 2. Tepmocrarray 130°C Temneparypana 5 caraT KeJEMiHIE POJHUKTI MEMITe KYPri3iami (repme-
TUKAaJbI, aifHaJIMaJIbl KOHTEHHED)

JKorapsr Temmneparypanap ocepinae (130°C) AJIC xoHe OHBIH aHAJIOTTaphbl CY3iy KOPCETKINIIHIH
e3repyine Gipeil Jopexe/e ocep eTeTiHIr ToKipuberni Typae aHbIKTaLIb! (CY3UIrimTiKTIH ocyi 2-3 cu’).
AJIC aifppIKIIanaymbsl epeKneniri 0omsir, Oyl peareHTTiH KabaTThl THAPaBINKANBIK JKapy epiTiHIICIHIH
TYTKBIPJIBIKTH KACHETTEPIH aHAFYPIIBIM JKOFaphl JOpEKeIe TYPAKTAHABIPATHIH/IBIFEI €CeNTeNe i, SFHA OYII
kepcetkim OoiibiHia AJIC e3iHiH aHanorel Oosbin caHanatein ®XJIC sxone Borre-Thin F kaparanma
JKoFaphl acepre ue (3-kecte). MpIcalbl, erep TepMoCTaTTayAaH KeWiH epiTiHAiHIH MapPTThl TYTKBIPIIBIFEI
AJIC xocwutraH xarmaiiaa 24-ten 26-ra ecce (srau 8 Y%-ra eceni), an GXJIC ymin 6yn 17,6 %, an Borre-
Thin F ymin 6y 32 % kypaiinsr [8].

Ocpiran ykcac 3eprrey HoTmkenepi AJIC peareHTIH aybIpiaThUIFaH Ka0aTThl THAPABIHKAIBIK JKapy
epITIHIICIHIH KYpaMbIH/Ia ChIHAY OapBICHIH/A aTbIHIBI, OJ EPITIHAIHIH THIFBI3ILIFE IaMaMmeH 1900 Kr/M°
(4-xecte) [9-10].

AysiprateiFas 1900 kr/m® KypaiThiH KaGaTThl FHAPABIMKAIBIK Kapy epitingicinae AJIC peareHTin
ChIHAy OapbICBIH/AA EPITIHIIHIH MAPTTHl TYTKBIPIBIFBIHEIH ToMeH eyl (20 ¢) aHBIKTaNAbI, JKOHE O IIaMa
TepMocTarTaynaH keilin 15 %-Fa JKOFapbUIAWTHIHABIFBIH Oalikayra Oomamgel. CanpICTBIpY  YIIIH
Kypriziiren 3eprreynepae, sirHu epitinaire KJICII sxone YHUQIIOK 9cepiH 3epTTey epiTiHIiHIH MIapTThI
TYTKBIPIIBIFBIHBIH 32-71eH 62 CeKyHKa JeWiH ©CETIHIITIH, SFHU €Ki ece IIaMaChIH/a ©CETIH/ITiH KOPCeTTI,
YKOHE MYHJIa CY3UITIIITIK KOPCETKIMT XKOHE CY3y KaOBIKITACHIHBIH KaIBIHIBIFEI )KETKLUTIKTI JKOFaphI OOJIBITT
Kaa Oepi, oJ1 OyJI epiTiHAIHIH carachlH apHalbl pEareHTTEPMEH OHJIEY apKbUIbI XKOFAPBUIATY KaXKETTITiH
KOPCETTi.
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4-kecte — AybIpiaThulFaH KaOaTThl THPABIUKAIBIK XKapy epiTiHAiciHiH Kypambinaa AJIC peareHTiHIH TepMOCTaTTaILy
KaOieTiHe ChIHAY HOTIXKEIepl

Teirb13- 3eprrey JKCK10
S 3 K, JIr, To,
Epitinal kypamsl JIBIFBL, TeMIepary- MUH, @, cm”/30MuH
3 o MM MlIla-c nlla
KI/cM pacsl, °C nlla
1 K+0,5% AJIC 1038 17,0 2,4 12,4 1,0 5,5 2,4
0,
2 K+0,5% AJIC + 1900 20,0 24 17,7 5,0 24,0 24
ayBIPIATHUIFAH TeMat
3 Epitini o 2 repmoctarraynan | g5 23,0 2,4 16,0 45 23,5 14,4
Keitin,. 110°C, I car
4 KC10,3 % Yuudmnok + 0,4 %
KJICTT 1037 30,0 4,8 6,0 1,0 17,0 62,3
5. K+ 0,3 % Yuauduok + 0,4%
KJICII + ayblpiaTbuFral remar 1880 32,0 37 48 2.0 52,0 100,6
6. Epirini No S repmoctarraynan | gq 62,0 2,4 5,0 2.2 70,0 1054
keitin, 110°C, 1 car
Eckepry: K — mibirbimsl 9,2 M>/T GonaTbin ca3/pl YHTAKTaH JalbIHIANIFaH CyCIIEH3Us

Toxipubenik momimertrepai tanmay AJIC pearenTiHiH ca3fsl >korapbl KOUDKBETBE KabaTTapsl
Ka0aTThl TUAPABIMKANBIK JKapyJa WHTHOUpJCYIi JKOHE CYHBUITYHIBI YCTeME peTiHIe KOJIaHbUIa
aNaTBIHABIFBIH, COHBIH imiHne HOpanblk (ra3gbl) yHFBIManapabl KaOaTThl THIPABIMKAJIBIK JKapynaa
naiianaHyra apHaJFaH YHFBIMaIapIbl JKYPri3y YIOIH KOJJIAaHbUIA AIATHIHABIFBIH KepcerTi. Keyekri
KOJUIEKTOPJIAPIBIH CY3UITIIMITIK JIACTAHYBIH TOMEHICTY, COHBIH IITiHAC BATAXHUHIIK KSH OPBIHIAPBIHIA
MyHaira3 yHreiManapbiH kyprizy ymin AJIC peareHTiHiH KojzaHy OoJamlarbIHBIH >KapKbIH E€KEHIIri
TOXKIpUOEIT ToNeNeH]II.
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X.A. Capceﬂﬁaenl, B.C. XamsunaZ, T.A. Koaxacosa® , I.B.HAcaesa®

"TOsxH0-KazaxcTaHCKkuil rocy 1apCTBeHHbIH YHUBEpCHTET UM, M. Ay»30Ba, IlIsivkenT, Kasaxcran,
?Ka3axcKuil HALMOHANBHEINA yHHBEpCUTET UM. anb-Dapabu, Anmarsl, Kasaxcran

HNCCIEJOBAHUE MOJU®UILINPOBAHHOI'O PEATEHTA AJIC IUTHOCYJIb®OHATHASI (HIIIT
«ABUMYT»)

KnioueBsbie cioBa: Hed1h, [IBA, MecTopokeHIe, BOAHBIN pacTBOp, UCCIIENOBAHMH, BOJIA TUIACTOBAsI, KEPH.

AnHoTanus: [ wccnemoBaHus CylecTByronme Momuduimpoanable ALS rmmHbl murHOCYib(oHatoB (St.f. = 10% Bec) u
B3BemuBaloT (p = 1900 kr/m) Hampmm-IIyp-TazoBckoro pernona BamamkuHe n1 ACIM Xopolro IBYXdTaxKHast HCTOPHS THIPO-
pa3pbIBa xxuakoctel, ncroibzyemsix B ['PIT komruiekcooOpaszoBaTeneil MOANPHUIMPOBAHHBIN.

YBenuueHue BSI3KOCTH IPOMBIBOYHBIX XXHMAKOCTEH 3HAYHUTENBHO CHM)KAET KaueCTBEHHBIE MOKAa3aTeNu Ipolecca OypeHus,
COKpAIIlaeT CPOK CIy>KOBI TEXHOJIOTMYECKOT0 00OpYAOBaHUS, MOBBIIAET SHEPro3aTpaThl. YBEIUUCHHE BSI3KOCTH 00YCIOBICHO
HapaboTKO# TBepmoi (a3l B mporecce OypeHHs W MOCIEAYIOIMNUM €€ TUCIICPIrHPOBAaHUEM, BO3ICHCTBHEM BBICOKHX 3a00MHBIX
TeMIlepaTyp, KOaryJIHpyIonIM AeHcTBHEM 1eKTponnToB. Kpome Toro, mocne pa30yprBaHUS LEMEHTHOTO CTaKaHA MOMAIaHHe
[EMEHTHOTO PacTBOPA M YaCTHI[ IEMEHTHOTO KaMHsS B NPOMBIBOYHYIO JKHAKOCTh HETaTHBHO BIMSCT HA €€ TEXHOJIOTMYECKHe
CBOMCTBa. B 3TOM CBSI3M aKTyanbHBIM SBISETCS HCIONB30BaHHE BHICOKOI((EKTUBHBIX PEareHTOB-IIOHM3UTENIEH BSI3KOCTH, IPH-
MEHEHHE KOTOPBIX ITO3BOJISIET PETYJIMPOBATh M CTAOMIM3HPOBATH TEXHOJIOTHIECKHE CBOMCTBA IPOMBIBOYHBIX JKHIKOCTEH.

B Hactosimee Bpemsi HanOolsiee BOCTPEOOBAaHHBIMU M IIMPOKO NPHMEHSEMBIMH IOHU3UTEISIMH BSI3KOCTH SBISIOTCS pea-
TeHTHl Ha OCHOBE JIMTHOCYJb()OHATOB, KOTOPBIE NMPEIAraloTCsl POCCHHCKUMH M 3apyOekHbIMM (Gupmamu. OnHAKO, MOJ BIIHSA-
HHEM BBICOKHX 3a00WHBIX Temreparyp 3()QEKTHBHOCTH JIMTHOCYJIL(OHATHBIX PEareHTOB CYLIECTBEHHO CHIDKACTCS, yXyAllas
MapaMeTphl MPOMBIBOYHBIX KUAKOCTeH. [IoBBIMIEHHE TEPMOCTONKOCTH MPOMBIBOYHBIX JKHUAKOCTEH MOXKET OBITh JOCTHTHYTO ITy-
TeM UX 00pabOTKM peareHTaMM aKpHUIIOBOTO Psifia, HO A HUX XapaKTepHA HU3Kas yCTOWYMBOCTH K COJISIM ITOJIMBATICHTHBIX Me-
TAJUIOB. YIIydIIeHHE U CTa0MIN3anys TEXHOJIOTHIECKUX MapaMeTpoB IPOMBIBOYHBIX JKUAKOCTEH IyTeM pa3pabOTKU U HCIIOJb-
30BaHUS peareHTa KOMIUIEKCHOTO AEHCTBHS Ha OCHOBE JINTHOCYIb(DOHATOB M aKPUIIATOB.

Pemenne ykazaHHBIX 3aJa4 BO3MOXKHO ITyTe€M HPUMEHEHHS B IPOMBIBOUHBIX XHIKOCTSIX BBHICOKOI((EKTHUBHBIX PEareHTOB
MOHM3UTENIEH BA3KOCTH KOMILIEKCHOTO JEHCTBHS, B COCTaBE KOTOPBIX HAXOIATCS aKpPHJIOBBIE W JINTAOCYJIH(OHATHBIE COCTaB-
JISTFOLIME.

AJIC KOMIUTEKC 3KCIEPUMEHTAIBHBIX UCCIICIOBAHUIA, IPOBEICHHBIX C LIENbI0 CpaBHEHUS YP(HEKTUBHOCTH CrICHUPHISCKUX
ycnosuit (a) [IpuHnMMas BO BHHMaHHE 4epe3 MOJCIHpOBaHHE CTeHHAa 3aBoja. OH HCHONb3yeTcs AN CIEXYIOIUX (yHKIIUH:
OFITE wucmeiTannii TpoBOAUMOCTH MOPOBBIX KaHAoB 35 mukpoH (80°C, P = 5 MIla); ponuxoseiii neus OFITE cocraBmser
(130°C, 5 gacoB); Aunamuyeckuii 6110k (75°C, AR = 5 MIla).
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