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Pedepar

TecnuiH yHaacnan (LUuHXNax yxaaH, 3aguinH 3acar, HUArMUKH a4 xonboraon) *
CypanraaHbl axsblH 30pUNro

XonbupbIr n3otonoop Basbkyynax LMH3 aprbir cygnax sopunroton 6amncaH Gereepn
YyHAO: OavranuiiH GONOH C3praarasax Heel, TYYHUMA 30XUCTOW X3pPIrnaar HaMarayynax
0oanorbIr WWAASH, LWKMHY yxaanar matepuvan 6um BGonox epreH uap XypaaTan cyypb
cyganraa sasyynnaa. img OXY-biH TomckunH Ux CypryynuinH apasamMTagTan XamTpaH
XWNC3H Hb CTpPaTErnnH H3H Yyxan ad xonborgonTon, OpYMH LarninH Ganrannini LNHXIIX
yxaaHbl canbapblH cyanaayablH aHxaapnbir Tatax 6ym cyganraa tom. Maw TecTan WuHX
YaHapTan GeemMcuir casnrax Hb 3eBX6H Pe30HaHCbIH Heneereep 6oromxTon 60NCoH eHee
ven wuHe Oavranbg 93MTaN yxaanar martepuan-wyyntyyp OyTaaxTtanm xonbooTtoun
cyganraaHyyg Hb awurt mantman,yyn, yypxan, 6anranviH Xun, LUeMUWAH TEXHOSOrMMH
awurnax mx Heeuten OXY, MoHron yncyyablH XyBbA YH3TOM OyTIaraxyyH rapraH asax

Gonomxuir bypayynax, 6askyynax yH3 epTrMir XafaH 3yy AaxuH 4 6aracrax 601oMKTOMN.

TecnuiH Tyxan

Yxaanar matepuan-wyyntyyp 6uni 6onrox Tyxawnban, GauranumH XuMAHI3C
cTpaTermnH anemeHT Bonox renuinr rpadpeH yxaanar WyynTyyp- yxaanar matepuan 6uin
6onroH snraH aBsax, 6eemMcuiir 3eBxeH pe3oHaHCbIH Hereereep canraH asax cyganraa oM.
Monekynap AMHaMUKUIAH apryyabir XaparnaH /TepMogMHaMUKUNH TIHLUBIPUNH TenesB A3X
6eOeMCUINH CUCTEMUINH TapXxanTbir 6uunx, MakcBennunH apra/, caagblH CUCTEMUNH XyBb[,
LWpeauHrepblH MHTErpasn Har XaxaacT cTauMoHap TIrWMTrANIMAH WWAANAT aHX yaaa OfiCOH
6a Typwunrtaap 6atanraaxyyncaH oM, LWBapua-KpuctoddenunH wmHTErpanbiH
TOrTMonyyabir Togopxonnox KydapeBbiH aprblH X3parnaar eprexyyrmk AMHaMUK CUCTEM

OOnroH , maremaTuk 3arsap 6OJ'IOBpryJ'I)K TypLwunTaap 6aTanraa>KyyncaH.

OVHaM1K CUCTEMUNH OHOMbIH YHOCOH X3CTUWH HAr Hb 3proauk oHon oM. LLUnHraHum

AVHaMMK, KOAONOX OHOJI, KOMMMEKC AMHAMWK, 3C3H OYTUMMH aBTOMaT, AMHAMMUK XaOCblH
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OHOJ, AMHAMWK CUCTEM, SHTPOMUMH OHOM 33P3ArT JProAMK OHOMbIM X3pParnax 6anHa.
AnHaMuk cucTeMninH OHOMbIH TeopeMyya 6a WKHX YaHapyyn ynam TeresiaepXxvH camxkupy
BarHa. TuMMaac 3apuM Har vyxan Teopemyyn 06a WNHX YaHapblH 6aTtanraar camxpyynax,
OHOJSIbIH YP OYHI HArTrax, XonbLbIr n30Tonoop 6asikyynax LWWHA aprbir Cygnax 30punroTon
OancaH OGereen 6GavranuH OGOMNOH COPraaraax Heeu, TYYHUA 30XUCTOM X3Parnas pyy
YUrancaH Goanorbir TomckninH Vix CypryynuiH apasaMTaaTan XxamTpaH MaTtemaTuk 3arsap

XUWX, YaHapblH cyganraar XMNCaH oM.

Tynxyyp yrc: MatemaTuk 3areapynarn, yxaanar matepvar, MaTeMaTuk pusuk



Tanapxan

OHa Tecen Hb OXY-bIH Cyypb cyganraaHsl caH 6a MoHron yncelH bonoscpon,
LUNHXNAX YXaaHbl 9aMm, LLUMHXINaX yxaaH TEXHOrONUMH CaHMMMH XaMmTapcaH
CaHXYYXXUNT33p XUNIAC3H TOCOI oM.



XamTapcaH TeCnUMH rynyaTrardymg

MOHronbIH TanbIH rynuaTraryug

1. K. ConnHbasp MoHron yrcbiH UX cypryynuiH 3esnex asg npodeccop, AoKTop,

TOCINNH MOHIOfbIH TanbIH yaupaoard

2. [1. LispnaHbGasp LUYTUC-uinH Mpodeccop, AOKTOP

3. 1. Fanxysr LUYTUNC-uitH Mpodpeccop, AOKTOp

OXY-bIH TanbIH rynyaTrarymg

1. BybeHuukoB Anekcenn Muxanmnosud, LLUY-bl urs.-mat. okTop, npodeccop, TOMCKUIAH

NX CypryynuinH 6ycumnH matemMaTtumk a3pasM LUNHXMUNT33-60noBcponbiH TeBnnH SLUTA.

2. bybeHuunkoB Muxamn Anekceesud, LWLY-bl n3.-mat. AOKTOP, TOMCKUAH NX
CYPryySfiMiH OHOSbIH MEXaHUKUINH TOHXMUNH 034 npodeccop, OXY-bIH TanbIH

TOCNUNH yaupaard

3. MamoHnToB [MuTpuin Bnagnmmposmy, TOMCKUIH UX CYPryysnMnH BycumH mateMaTuk

3pO3M LUNHXMNIA3-60n10BCponbIH TeBnnH SLLLA.

4. YenHokoBa AHHa CepreesHa, TOMCKUIAH UX CYPryynitH OHOSbIH MEXaHUKWIAH

TIHXMUNWH axfiax darw



TecnUnH XypaaHA X3BNIra4caH OyTI3NMKH XKarcaanTt
OnoOH yncbIH C3Tryyna X3aBNaracaH eryynnyya

OnoH yncbiH WEB of SCIENCE 6a SCOPUS -unH Q1, 2, 3 UHAEGKCTIN M3PraXXnUnH
CaTryyna 6w eryynan xaBnyyncaH(xascpant 1-6):

1. V A Poteryaeva , M A Bubenchikov, S Jambaa , D Gankhuyag, D
Tsedenbayar, Quantum tunneling of molecules through compound barriers,
Journal of Physics: Conference Series, 1537 012008, 22 June 2020.
https://iopscience.iop.org/issue/1742-6596/1537/1

2. Alexey Mikhailovich Bubenchikov, Mikhail Alekseevich Bubenchikov,
Soninbayar Jambaa, Aleksandr Viktorovich Lun-Fu, and Anna Sergeevna
Chelnokova, Low-temperature separation of helium-helion mixture, Reviews
on Advanced Materials Science, volume 59; Issue 1, 361-370, 10 Aug 2020.
https://www.degruyter.com/view/journals/rams/59/1/article-p361.xml

3. Bubenchikov M.A., Bubenchikov A.M., Jambaa S., Lun-Fu A.V., Chelnokova
A.S., ANALYTICAL SOLUTION OF THE SCHRODINGER INTEGRAL
EQUATION, Tomsk State University, Jornal of Mathematics and Mechanics,
Ne67, - pp.5-17, DOI: 10.17223/19988621/67/1, Tomsk, Russia, -2020.
http://journals.tsu.ru/mathematics/&journal_page=archive&id=2030

4. Lun-Fu A.V., Bubenchikov M.A., Jambaa S., Tsydypov S.G.-Ts. Determining
frequencies of transverse vibrations for crossovers and dead ends of gas
pipelines, Tomsk State University, Jornal of Mathematics and Mechanics,
Ne68, - pp.95-105, DOI 10.17223/19988621/68/9, Tomsk, Russia, -2020.

5. Alexey Mikhailovich Bubenchikov, Mikhail Alekseevich Bubenchikov, Anna
Sergeevna Chelnokova ,* and Soninbayar Jambaa, An Analytical Solution to
the Problem of Hydrogen Isotope Passage through Composite Membranes
Made from 2D Materials, Mathematics 2021, 9(19), 2353, 22 September
2021. https://doi.org/10.3390/math9192353

6. Valentina A Poteryaeva', Alexey M Bubenchikov'?, Michael A Bubenchikov'?,
Alexandr V Lun-Fu* and Soninbayar Jambaa*, Helium isotope separation by
bi-layer membranes of g-CsN,, Published 22 December 2021 « © 2021
Vietnam Academy of Science & Technology, Advances in Natural Sciences:
Nanoscience and Nanotechnology, Volume 12, Number 4.
https://iopscience.iop.org/article/10.1088/2043-6262/ac4108




KomnbloTepuiH 5w nporpammbiH 6ypTranuinH OXY-bIH rapumnras

1. Ne 2021680776
2. N2 2021680468
3. Ne 2021680775,
4. N22021666867,
5. N22021666869 (OXY-bIH TarnblH XamTpardy HapblH H3p 433pP) aBcaH
(xaBcpanT 20-24).

Fapaapan OoNoH yncbiH 3pA3M WUHXUAM33HUM Xypana 41 unTran TaBbcaH

1. Jambaa S. [10TOKM TSKenon HeckXnmaemMmon xuakoctu, MexayHapogHas
KoHepeHuus «[dekabpbckue yteHnsa B Tomcker, 10-15/XIl, 2019, r.Tomck , PO.

2. Jambaa S. O6TekaHne NpenaTCTBMIA NOTOKOM TSXKENOWN HECXKMMAEMOW XXUAKOCTH,
the International Conference "Dynamics in Siberia”, February 24-29, 2020, Novosibirsk,
Russia.

3. Valentina A. Poteryaeva, Alexey M. Bubenchikov, Michael A. Bubenchikov and
Soninbayar Jambaa. Hydrogen isotope separation via carbon nitride bi-layer
membrane, the 3rd International SNAIA2020 Conference- Smart Nanomaterials:
Advances, Innovations and Applications, Online Conference, the Book of Abstracts pp
116, 8-11 December 2020, Paris, France.

4. Jambaa S, Dynamics of Inverse Vertex Images in the Schwarz-Christoffel Integral:
Kufarev's Differential Equations and Initial Conditions, 2023 INFORMS Annual meeting,
the Book of Abstracts, octomber 13-18, 2023, Phoenix, Arizona, USA.( 2023 oHooC
XK.CoHnHbasap AHY-biH The Institute for Operations Research and the Management

Sciences (INFORMS) MHCTUTYT, HUNraMNarMnH ruwyyH 6ok “Aviation Applications
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Section”, “ Computing Society” cekTopyyablH 6alHrbIH Xypan, ceMuHap, Xananuyynart
online-aap TOrTMon oponuoX 6aHa XUMUC3H axnaa cypTanynax, 43nrapyynax, aw

nunTran Taeuxaap 2023 oHA OPOSILHO).

JoTtoonon onoH YNCbLIH 3pA3M LUMHXUITTI3HUN Xypan 3w unTran TaBbCcaH

1. Jambaa S. Applications of the Kufarev method to a conformal mapping using the
Christoffel-Schwartz integral, First International Conference on Applied Science and
Engineering-Proceeding 2019, Mongolian University of science and technology,
Ulaanbaatar, Mongolia, 05-06/1V, 2019.

2. Jambaa S. Kufarev’s method for conformal mapping with the Schwarz-Chisoffel
integral in some practical problems, the 6" International Conference on Optimization,
simulation and control (cosc2019), program and abstacts, pp.64-65, 21-23/06.2019,

Ulaanbaatar, Mongolia.

3. Jambaa S., Conformal mapping using the Christoffel-Schwartz integtal,
transformations and appications, “The 7th International Conference on Optimization,

Simulation and Control - June 20-22, 2022 | Ulaanbaatar, Mongolia.

[oTtoonon OnNOH yncbiH Xypan 30XMOH Oanryynax axnblH Xyp3aHa 3w xypan

30XMOH Gainryynaxag oposucoH

1. First International Conference on Applied Science and Engineering-Proceeding 2019,
Mongolian University of science and technology, Ulaanbaatar, Mongolia, 05-06/IV,
20190H, onoH yncbiH xypang O.UagsH6asp, O.MaHxyar Hap 30xuoH Gawnryynardaap

OPOLICOH(Yr TECMNeec CaHXYYXXUNT aBaaryim).

2. “The 6th International Conference on Optimization, Simulation and Control
(COSC2019)” VYnaaHbaatap, MoHron ync, 20-22/VI 2019oH, [.LlagsHbasp,
XK.CoHuHbasp Hap 30xMOH Gawryynardaap opoLCOH(Yyr TECNeec CaHXYYXWUMT aBaarym)

3. “The 7th International Conference on Optimization, Simulation and Control
(COSC2022)” VYnaaHbaatap, MoHron ync, 20-22/VI 2022oH, [O.Usganbasp,

XK.CoHunHbasap Hap 30xmoH Banryynardaap OpOLCOH.



HdoTooAablH yNCbIH X3aMX33HUM Xypana 3w UnTran TaBbcaH

1. )Kambaa C. Weapu-KpuctodpdenunH nHterpanaap kogopm GyynranTt Xunx, 3apum
Xaparnag, “XaparnaHun matematuk 2019” apasm WNMHXMNa3HUN xypan, MYUC, 23/11
2019, YnaaH6aatap, MoHron ync.

2. XXambaa C. KoHdopm 6yynrantag KydapéBblH aprbir XaparfaH caagbir TOMPOX
LUMHI3HUI ypcrasibiH WyraMmyyabir TOAOPXOMNoX, “XaparnaHun matematuk 2020” apasm
LWMHXUrasHmn xypan, MYUC, WYTUC, 15/05 2021, Ynaanbaatap, MoHron ync.

3. Jambaa Soninbayar. Relationship between ergodicity and mixing in the ergodic
theory of dynamical systems, “XaparnaHun matematuk 20217 3pasMm LUMHXUIITI3HUIA
xypan, MYUC, WYTUC, 17/01 2022, YnaaHbaaTtap, MoHron ync.

[oTooAblH YNCbIH X3aMX33HMM 1w Xypan, 2l ceMUHap 30XMOH GauryyncaH

1. X3parnasHunm matemaTtunk-2022, 2022 oHbl 12 capbiH 10, XK.CoHnHbGasip Hap 30XMOH
Gawvryynar4aap opoLCOH.

2. “llabopaTopuiH Hexuenn CUMHTE3UAH NPOLEeCCbiH OaBTaMXWWr XaHrax rpadyeH
XaBTaHr raprax asax TEeXHOSIOTMWH TOPUMbIH Tyxanh cyganraa sasyynax’ WO3BXUTIN
aargax WYTUC-nnH XWWYC-aaap “AuHamuk cuctem” cemunHapyyn 2020 oHbl 04 cappg
30XMOH Oaunryyrmk ssyyrncaH. HunWT 2w cemumHap 30XMOH OauryyncaH (yr Tecneec

CaHXYY>XMUNT aBaarym 605Ho).
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TecnuuH yp AYHIMWUH faanraBap, TYYHUMU Ouenant



Fapax yp AyH

1. OXY-bIH xamTpaH
axunnacaH TyHLLU
TOMCKMIH 9pa3aMTaaTamn
xamTtpaH WEB of
SCIENCE 6a SCOPUS -
niH Q1, 2, 3 nHOekcTan
M3PraXNUWH CITIyyna
3PA3M LUNHXUITTI3HUMN
411 eryynan HANTNYYIax.
2019-20220H.

MapcaH yp AyH(xascpant 1-24):

1. 6w eryynan xaBnyyncaH:

1.

V A Poteryaeva , M A Bubenchikov, S Jambaa , D
Gankhuyag, D Tsedenbayar, Quantum tunneling of
molecules through compound barriers, Journal of
Physics: Conference Series, 1537 012008, 22 June
2020. https://iopscience.iop.org/issue/1742-
6596/1537/1
Alexey Mikhailovich Bubenchikov, Mikhail Alekseevich
Bubenchikov,  Soninbayar Jambaa, Aleksandr
Viktorovich Lun-Fu, and Anna Sergeevna Chelnokova,
Low-temperature separation of helium-helion mixture,
Reviews on Advanced Materials Science, volume 59;
Issue 1, 361-370, 10 Aug 2020.
https://www.degruyter.com/view/journals/rams/59/1/art
icle-p361.xml
3. Bubenchikov M.A., Bubenchikov A.M., Jambaa S.,
Lun-Fu A.V., Chelnokova A.S., ANALYTICAL
SOLUTION OF THE SCHRODINGER INTEGRAL
EQUATION, Tomsk State University, Jornal of
Mathematics and Mechanics, Ne67, - pp.5-17, DOI:
10.17223/19988621/67/1, Tomsk, Russia, -2020.
http://journals.tsu.ru/mathematics/&journal_page=archive
&id=2030
Lun-Fu A.V., Bubenchikov M.A., Jambaa S., Tsydypov
S.G.-Ts. Determining frequencies of transverse
vibrations for crossovers and dead ends of gas
pipelines, Tomsk State University, Jornal of
Mathematics and Mechanics, Ne68, - pp.95-105, DOI
10.17223/19988621/68/9, Tomsk, Russia, -2020.
Alexey Mikhailovich Bubenchikov, Mikhail Alekseevich
Bubenchikov, Anna Sergeevna Chelnokova ,* and
Soninbayar Jambaa, An Analytical Solution to the
Problem of Hydrogen Isotope Passage through
Composite Membranes Made from 2D Materials,
Mathematics 2021, 9(19), 2353, 22 September 2021.
https://doi.org/10.3390/math9192353
Valentina A Poteryaeva1, Alexey M Bubenchikov1,2,
Michael A Bubenchikov1,3, Alexandr V Lun-Fu4 and
Soninbayar Jambaa4, Helium isotope separation by
bi-layer membranes of g-C3N4, Published 22
December 2021 « © 2021 Vietham Academy of
Science & Technology, Advances in Natural Sciences:
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2. XaparnasHuii
LUMHXKMN3X yXaaHbl 60N0H
X3pParfagHum
MaTeMaTUKUNH 3pL3AM
LUMHXXUIT39HMI Xyparn
30XMOH Banryynax, 3w
untran taeux. 2019-2022
OH.

Nanoscience and Nanotechnology, Volume 12,
Number 4.
https://iopscience.iop.org/article/10.1088/2043-6262/a
c4108

2. Fapaagan OY-bIH 3pA3M LWUMHXUAT33HUIA Xypana
TaBbCaH 4w uNTran:

1.

Jambaa S. T[loTokn Taxenom Hecxnmaemom
XWAKOCTH, MexayHapogHas KOHpepeHums
«[Jekabpbckne uteHna B Tomcke», 10-15/XIl,
2019, r.Tomck , PO.

2. Jambaa S. Ob6TekaHuMe NpensTCTBUA NOTOKOM
TSXKENomn HECXKMMaeMou XUOKOCTH, the
International Conference "Dynamics in Siberia”,
February 24-29, 2020, Novosibirsk, Russia.

3. Valentina A. Poteryaeva, Alexey M.
Bubenchikov, Michael A. Bubenchikov and
Soninbayar Jambaa. Hydrogen isotope separation
via carbon nitride bi-layer membrane, the 3rd
International SNAIA2020 Conference- Smart
Nanomaterials:  Advances, Innovations and
Applications, Online Conference, the Book of
Abstracts pp 116, 8-11 December 2020, Paris,
France.

4. Jambaa S, Dynamics of Inverse Vertex Images
in the Schwarz-Christoffel Integral: Kufarev's
Differential Equations and Initial Conditions, 2023
INFORMS Annual meeting, the Book of Abstracts,
octomber 13-18, 2023, Phoenix, Arizona, USA.
(2023 oHooc XK.CoHuHbasap AHY-biH The Institute
for Operations Research and the Management
Sciences (INFORMS) WHCTUTYT, HUNraSMN3rumH
rmwyyH ©Gork  “Aviation Applications Section”,
“Computing  Society”, “Natural Resources”
CekTopyyablH BGanHrbIH Xypan, ceMuHap,
Xananuyynart online-aap TorTMos1 oponuox GanHa
XWAC3H axnaa cypTanynax, Qganrapyynax, auw
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UNTran TaBmxaap ypuracaH 20230H4 oporiLHOo)

OotooablH OY-blH X3p3rn3a3HuMA  MaTeMaTUKUMH
3pA3M WMHXUIT33HUN Xypana TaBbCaH 3w UNTran:

1. Jambaa S. Applications of the Kufarev method to a
conformal mapping using the Christoffel-Schwartz
integral, First International Conference on Applied
Science and Engineering-Proceeding 2019, Mongolian
University of science and technology, Ulaanbaatar,
Mongolia, 05-06/IV, 2019.

2. Jambaa S. Kufarev’s method for conformal mapping
with the Schwarz- Chisoffel integral in some practical
problems, the 6th International Conference on
Optimization, simulation and control (cosc2019),
program and abstacts, pp.64-65, 21-23/06.2019,
Ulaanbaatar, Mongolia.

3. Jambaa S., Conformal mapping using the Christoffel-
Schwartz integtal, transformations and appications, “The
7th  International Conference on  Optimization,
Simulation and Control - June 20-22, 2022 |
Ulaanbaatar, Mongolia.

[JoTtooablH ONOH YyNCblH MaTeMaTUKUAH 3pA3M
WMHXUAMI3HUA 2l Xypan 30XMOH OGauryynaxap
OPOLICOH:

1. First International Conference on Applied Science and
Engineering-Proceeding 2019, Mongolian University of
science and technology, Ulaanbaatar, Mongolia, 05-06/1V,
20190H, onoH yncbiH xypang .LagaHbasp, O.MaHxyar Hap
30XMOH Bariryynardyaap OpouCOH(Yr TOCNeeC CaHXYY>XUNT
aBaarymn).

2. “The 6th International Conference on Optimization,
Simulation and Control (COSC2019)” YnaaH6aarap,
Monron ync, 20-22/V1 20190H, [.UsgsaHbasp,
XK.CoHnHbasap Hap 30xMOH Banryynardyaap opoOLCOH(yr
TOCNeecC CaHXYYXXUNT aBaaryin)

3. [HOotooAablH YINCbIH X3MX33HUW  XIPIrN33HUKN
MaTeMaTUKUWH Xypang 3w UNTran TaBbCaH:
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3. TecnuinH OXY-bIH
TanbiH xamtpary, OXY -
bIH TanblH yaupaard M.A.
By6eHunkos LY —bi
AOKTOPbIH 33par
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4. MOHronbIH TanbIH
MYWNC, WTUC-unH
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OXY-blH XamTpaH
axunnax TyHw TOMCKUIH
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TYPLUUATBIT ABYYyrax
Aagnara, Typwnara
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LWYNTYYP Matepuanbir

1. )Kambaa C. LUsapu-KpuctodpdenninH nHterpanaap
Kochopm ByynranT Xunx, 3apum Xaparnas, “XasparnaHum
maTemaTuk 2020” apasam WNHXUNrasHum xypan, MYUC,
23/11 2019, Ynaanbaarap, MoHron ync.

2. XXambaa C. KoHdopwm byynrantag KydapésbiH apriir
X3P3rnaH caaabir TONPOX LWMHIAHUI ypcranbiH
LyraMmyyabir TOOOPXOMNOX, “X3parnasHum maTteMaTuk
2020” apgsm WnHxXmMnrasHum xypan, MYUC, WWYTUC,
15/05 2021, YnaaH6aatap, MoHron ync.

3. Jambaa Soninbayar. Relationship between ergodicity
and mixing in the ergodic theory of dynamical systems,
“XoparnaHun matematuk 2021” 3p4sM LLMHXUTI3HUN
xypan, MYUC, WWYTUC, 17/01 2022, YnaaHbGaaTap,
MoHron ync.

3. TecnunitH OXY-bIH TanblH XamTpardbiH XyBba OXY-bIH
TanbiH yanpaard M.A. by6eHnunkos 2020.07.10 —HA
“‘MaTemaTnyeckne Mogenu B3anMogencTns Monekyn

ra3oBblX KOMMNOHEHT C HAHOYaCTMLLAMWN 1 HAHOMOPUCTLIMMU
cTpykTypamun” LY —bl JOKTOPbLIH 39p3ar XxamraancaH.

4. NloTooaon ONOH YNCbIH, YNCbIH X3MX33HUI Xypan,
CeMUHap 30XUOH Gauryynaxag oOporiLCOH:

1. X3parnasHun matematumk-2022, 2022 oHbl 12
capblH 10, X)K.CoHnHbBasp 30xmoH BGaunryynaryaap
OpPOLICOH.

2. “The 7th International Conference on Optimization,
Simulation and Control (COSC2022)”
YnaaHn6aatap, MoHron ync, 20-22/VI 20220H,
O.LsgaHbasap, XX.CoHnHbasap Hap 30XMOH
Ganryynaryaap OpOLICOH.

3. “llabopaTtopuiiH Hexueng CUHTE3UNH NPOLLECCLIH
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YMNOBapnax xepc AaBTaMXWUIT XaHrax rpacpeH XaBTaHr raprax aBax
cyypbTan 6onox Tanaap TEXHOJSIOrMIMH rOPUMbIH Tyxan cyganraa asyynax”
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G6anryynHa. 20200H. “‘OunHamuk cuctem” 2w cemuHap [.LaasHbasp,
A.Maxyar 2020 oHbl 04 capa 30XMOH Banryyrx
ABYYrCaH. (Yr TOCneec CaHXYYXunT aBaarym
60onHo).
5. KomnbioTepbiH
nporpaMmmbIH
GypTranuitH 3'—”_ 5. OXY-bIH KOMMNBIOTEPUINH 5L NpOrpamMmMbIH GYPTraNmMiiH
ropHANTas aBax. rapunnras Ne 2021680776, Ne 2021680468, Ne
1.x3T Gara TeMnepaTypT 2021680775, Ne2021666867, Ne2021666869 (OXY-biH
caagpir pe3oHaHc TarnblH XamTpard HapblH HOp [33p) aBcaH(xascpanT 20-
cuctemg XuiiH Tenesten | 24).
renu, refInoHbl Tyynax,
OMX TOOLL00SS100p
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Opwun

Tecen Hb xonbubllr M3oTonoop 6Gaskyynax LWWH3 aprbir gapaax YurnanunH
XypasHa: OavranunH OOMNOH C3Praaraax Heeu, TYYHUM 30XUCTOM X3parnaar cygnax

30pUSITOTON.

KBaHT MeXaHUKUH YHOC3H Hexunyyd 60M10H MoneKyn AMHaMUKUAH TOOLLOOSbIH
COHrofor apryyn Aosp YHA3CN3H X3T Oara TemnepatypT HUMNM3N caagyyn n3sp
eepeep Xx3anban AONMMOHIION YaHapblH XYYTaW UNP3NUAH HexXUena aToMbIr Tycraapnax
cypanraar 9H3 Tecneep caHan 6onrox 6avHa.YHIMMaxyh Tar (NPakTUK O33pP LUMHIGH
renuap xeprex 60MOMXTON Hexueng ) —MiH opunmp 6eemcunr xypgaap Hb aHrunax
MakCBENNMMH TapxanTblH XOHX Yycax 6a TagHun pebpovnuvaH [OonrMoHyyablH
XOOPOHOOX 36pYYy WUXIHXO33 TOOHWUA XXUHIUAH 36pyyrasp TOLOPXOMNOr4oX 3Xanaar.
WiHxyy xaprans3ax AoNrMoHbl (OYHKUbIH XyBbA XWIWMWH HOXUWAM XaHrax ©6anx
lWaapanarbiH yrMaac X0€p 3HeprumMH caagbir Tyynax siH3 OypuiH maccTtam Xoép
GeeMcuiiH cuctemMa xaparnargax bawraa JlangayrmnH gamkyynax KoaggULUMEHTbIH
coHrogor 604M0ro Hb AamXyynanTblH Pe3OHaHCUH ropum erger. ©epeep xanbdan,
XOpaB CaagyydblH XOOPOHOOX 3al Hb gebpounvaH yptag XxyBaarggar 6on caagaH
CUCTEMIIC rapax Geemunr unpyynax Mmaragnan unyy mx 6anx 605Ho. TUNHXYY XeHreH
aToOMyyAblH XOnbLbIr cCaadblH PE30HAHCbIH CUCTEMUH TyCnamXTaln sanraH asax 3amaap
COHrOCOH OYypangaxyyH XOCTMH XyBb[ XapbUaHryW WX HIDKUWAH XyBaarasfibiH
KO3(ppMUMEHTLIr Ok 6onox 6a TyyHMI yTrbir TOOH TypLuMnTaap OMporiLoormk 60mnHO.
Knwas Hb, KOHAEHCAUMAH USMMAH OMPOSiLOO TemnepaTtypT renu-refiui CUCTEMUIAT
rennum refniMoHbl CUCTEMUMH AnrapyynantbliH Xybd WWM Pe30HAHCUH cuctem OOnroH
X3T HUMIAH XOEp rypBaH [aBxapraap XWUWCAH ©OanaH xaBTaHr (9H3 cuctemp
XaBTaHryyablH XOOPOHOOX 3aW Hb AyHOX AynaaHbl Xypd Oyxum renviH aTtoMbiH

0ebpounoH OOMrMMoHbI ypTTaKn Aar Taapaar) aBy 60M0oXbIr YHINragHyyA y3yymk 6arHa.

OHaxyy Tecen Hb HDT, He4-He3, Li6-Li7, Be8-Be9, B10-B11-unH uoruyynaap
AaMXMX LWyyn TOOH 3arBapunansir caHan 6onrox 6anHa. YyHa: [laBxapryyn XOOpOHAbIH
ONOH XyBUNGapT 3anTan (XaT Xy4Tan gapantaHg 6anraa 6anaH xaBTaHrMnH 3areap) C-

C 6a C = C xonboocblH (sp3 rmbpuamsaunnH bangantan HIraH TepnvMnAH Hargan gax 4
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BaneHTTanm HyypcTeperymnH 2S22P6 3aHrunaaHyyn) ragHax opbutanuyabliH 6yTumir
TOOUOH OGanryynargcaH 3 9SHIMMMH aCc Oyxui 3ypraaH eHuert TancT 2-3 aTOMbIH
JaBxapryyaram 3arBap CUCTEM, xapransax Koago@uUMEHTYyabIr XaMrnH 36B
TOAOPXOWNOXbIH TYNA4 CTauuoHap 3-X3MXKA33CT KaHOHMK ramunbTOHWaHTOM 60noBYy
TapxanTblH XY4MIATr TOOLCOH XOCOJSICOH XapunuaH YANYNanuiH HAMNMan rnoteHuyuanTtan
LWpeanHrepuinH TarlwmMTranmMinH TOOH WMAASNMIAH [BLag, ONACOH LorubiH (Bypaan xacrunr
Aanrax) 4sg cuctema xapransax AonrmoHbl YHKLYyAbIr awmrnax 6onHo. ToouoonsbiH
acap WX XOMXI9HUMMA  XYHOPSNTOM  Xapbuyyrnaxag OpOH 3aWH noTeHuuarnblH
XyBaapunanTtblH XaMrMiH HapuMH TOOLIOO Hb 36BX6H aTOMbIH XOrbl 4 6uWw (34MNH
3aCrMH XyBbA alumMrtam 6uwl) xamrumH vyyxan Hb M30TOMbIH XONbLUbIH X3T KPUOTEHUNH
TycraapnantblH  Kpuctann OyTuMWH COHrONTOA 3aunwryr Laapanaratam XamriH

HangBapTaun yp QyHr erger.

XonbubIr N30TONOOP BasiKyynax WKMHI aprbir cyanax sopunroton bereeq yyHA:

GanranninH 6oMOH CIPraargax Heew, TYYHUN 30XUCTON X3Parnaa oM.

Malu TecTan LWMHX YaHapTan 6eemMcuir canrax Hb 36BXeH Pe30HaHCbIH

Heneereep 6010MXTON GOSCOH.

LWnHa Ganranbg 3aNToM yxaanar Mmatepuan-wyyntyyp 6yTaaxTon xonbooTon
cyfanraaHyypg Hb awurtT Mantman,yyn, yypxan, 6anranviH Xxmim, LOMUIAH TEXHONOMMIH
awwmrnax nx Heeuten OXY, MoHron yncyyablH XyBbf YHITAM OYT33raxyyH rapraH aBax

BGonomxunir Gypayynax oM.
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HArAYraaP BYNAr. CYOANTAAHbI TOUM

1.1 LUnnaB3apnaxaap 30pbXK OyN LWMHXN3X yXaaHbl CYypb acyyanblH

TOOOPXOMUNONT

Tecneep WMNOBIPNAIXUNT 30PbCOH LUMHXMNAX YyXaaHbl Cyypb acyydan Hb x3T bara
TemnepaTtypT AaH aTOMblH [aBxapraap YYCroracaH 3HepruiH caafblH CUCTEMI3p
TYHHEN3H  WWMUUATUIAH  TycnamxTtanWraap Wu3oTonbir Tycraapnax eep aprbir
GonoBcpyynax segan tom. YyYHUMR Tyna M30TONbIH Tycraapnax MnpouLeCcCUiAH YHACAH
cypanraar KOMNbOTEPUIH 3areapynanaap rynudTraHa. JH3 TOXMONAONA X3parnargaar
MaTeEMaTUKUNH 3arBapyyd Hb COHrogor oHosn (OHonbiH OM3MK) GOMOH MM TepIIMIH
acyyanyyablH TOOH LWWMAAMWMAH (TOOLIOOMOX KBAHT XWMW, TOOLIOOSIOX MOJEKYbIH

OVWHAMUK) OPYUH YEUNH O3NXUAH TypLunarag HUnU3x 6onHo.

CypanraaHbl uar yea orficoH 6anpgan

OpuuH yeq refiMoH Hb XanyyH LUeMWUWH ypBasblH UP33aQymnTanm Tynw rargaar Gereef
OHOMbIH XyBba JloyceHarMmH LWNHXYYP33p wWnyy Taatah ad XonborgonTonm rax

TooLoraaor.

lenninH atomyya Hb 12 MeV-aac ux aHepru anrapyyngar xanyyH LeMUnNH CUHTE3NNH
ypBarng eep X0OpoHA0O OOMOH AerTepu 3CBaN TPUTUTaM Oponuaor TN OHOMbIH XyBb
XYH TOPONXTeHUN OHEPrUmMH XIPIrLUISHUM WXIHX XICTUUr XaHraxapg X9parnax

©onoMXuUInr onrogor.

[3BY TYYHUI X3Parnaar xa3raaprax Xy4yuH 3ynncyyg 6ac 6uin. XamruiH ron Hb renvoH
aryyricaH xyypaw raspbiH HeeL, oM. OH3 Hb 36BX6H onponuooroop 45 Tapbym ky6 metp
toM. Ma3ap 039pX TYYHUI UNPaN Hb O3NXUN YYCCIHUIM gapaax aHxgard 6oaucbiH Heew,
6uw xapuH ogoo Gawraa uaupar MASIBXT IMEMEHTUAH OUWM3HX X3CrMhH  anbda

B6eemMcuiiH, eepeep xanban renunH UeMuiH TycraapnantTan xondooTon 3agparn oM.
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OpunH yeng BHXAY capaH [33p33C renmoHbir onbopnox XxeTenbepuinr Xapankyyrmk
Ganraar gonxmm HUAT M3aA3X BUN33. M3BY XKMHXIHIAIS renn 6a rennoHbl WaBxaraaluryn

9X YycBap 60 HapHbI alMIMiH XMIAH cynep aBapra bapxacbanb, CaHunp rapuryya om.

Wpasgyng awurt mantmanbiH ONbopnonTbiH OPruSl Hb 39X O3NXUAM33C XanbX eprexmx
Hb rapuaarym 6onoBY capHbl ragapryy 6a HOnutepuinH TorMpor opymooc GanranuinH
XWUAH gaxvH O0NoBCpYynanTbiH YANABIPT FENMMUOHbIN XUYHI3H raprax aBcaH 4 TYYHUIT

Tycraapnax yp AYHTa1 TexHonoruton 6anx waapanaraTtamn.

OHee yen Oyyp O9NXUNH 2-p AavHbl yed 60mnoBcpyyncaH MW30ToN Afrax TEXHONOMMIM
epreH xaparnax 6anHa. OH3 TEXHOMNOM Hb XMWH Bangantan xonbuog LeHTpudyrmnr

alumrnaH ueHTpudyrmnH TyHagacxkunT cyypunaar.

OOrasp apryya Hb M30TOM YANABIPMAX CTpaTerniH acyyansir wuiaaar 60nosyY apymm
XYYHUA X3PIrnas uxTan, TynwHun ynn ssubiH EROEI-uir apc 6aracragar. Xagunraap
LEeHTPUMYIMAH TyHaOacKUNTUAH XyBba ypaH-235 6a ypan-238-uir 60aBoNn mMaccblH

MaLl MX 3epyyraac xamaapaH Fenn 4 6a renn 3-biH MacCblH Xapblaa Hb XaBbryn Unyy

TaaTanm 4 Tycraapnax MpPOLECCUNI XIPIANKYYSIAX 3pUYUM XYUHUA 3apuyynanT apau

GaraTtan apryya 6ui rax saoxmordmng y3ax bainraa om.

INaszepblH ragapryyr awwurnaH m3oTton Tycraaprnax apryyn 6ac 6avpgar ©60mnoBY 3H3
apraap raprax aBcaH wu3otonbiH EROEIl ragapryy p[99p ragaprbiH  6050H
MOHOXPOMAaTbIH LauparMiH 3x YYCBIpYYAUMH (X34 X349H XyBb) Yp HeneeTtan 6angan Ho

Xsi3raapnaraman Gangar.

©OHeefep M30TOMbIH TycraapnanTtblH acyygan ynam 6yp xypuaap TaBurgax 6ainHa.
Yuunp Hb TyNwWHWA (ra3pbiH TOC, BanranuinH Xun, Hyypc) ynamxnanTt 3X YYCBIpyYyA Hb
O9NXMA AaxvHg TapxcaH gekapboHnauuinH xeTenbepuinH Heneereep LeMuiH 60MoH
COpraargax JpuYMMm XyYuMHA aaxmaap 3anraa TaBbX erd OanHa. TepmocTtaT apuum
XYYHUN LWIMHXIIAX yXaaHbl A3BWNA Xenkun Hb ynawmknant U235-U238 teguiryn He4-

He3 rax MaT n3oTonbIH Baskyynax TEXHONOMMIT XeNKYYIaXWir lwaapaaar.

OH3 4urnanalp cypanraa ABYYymK Oawraa eHeerMnMH 6Oampana XWUCIH AYH
WWHXWII3 (LWMHXN3X yXaaHbl HOM X3BMan4 rapcaH HUMTRANYYA33C 3l TaTaH

3H3 canGapT XMUrAC3H cypanraaHbl TOMMbIT XapyyraB)
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OH3 TecnuiH XYP3asHA4 MOHOATOMbIH AaBxapryyn 6yly MOneKyrnbliH CyBIpxar 6yTuaap
YYCC3H 3HEPrMnH XaanTyyAblH CUCTEM aluurfaH refnvMoHbl aTOMbIT COHrOX TYHHEN3H
AamKyynanTtaap TaTax acyyanblH COHUPXONTOM Tanbir cygnaxaap Tenesnex OaricaH.
OMHe Hb CyOHAHO HYX33p  TefnMNUH aToMyy[d HOBYMH ©Hrepex MaTeMaTUKUnH
3arBapuynanbiH Yp OYHI33p TYYHWUA HUANMAN caagaap AaMXKUH OHrepex KoadduumeHT
Hb WXMN OYTOLUTOM HAr caagbir eHrepexeec unyy damk 6onox TorrooracoH 6unas [1].
OH3 Hb OugHuir renuiAr 60OBON  TENMWOHbI  XYBbA WYY ©HO6P AamXkKyynax

KO3(P(PMUMEHTTIN HUANMIN caagbIr YYCrax GONOMXKTOM rACIH AYrHANTI4 XYprax 6anHa.

OXHUM 3apyuMa TynryyprnacaH TOOLOOMSMbIH Tycramkrawraap rpadpeHbl HUTpug (r-
C3N4) Hb H2, N2, CO, 6a CH4 aryyncaH xonbuyynaac ragHa renunH Ne 6a Ar Tan
XUAHYYAIIC renunr anraxag Hb Unyy yp AyHTanm 6onoxbir [2]-T1 xapyyncaH. MeH 3He /
4He xonbubIr KBAHT WuUrumnTaap 49 K-unH TemnepatypT TycraapranTbiH TyBWUHI 18
HOMK XYpraxk 6onoxeir ToouoonsnbiH apraap xapyyncaH r-C3N4 membpaH Wnx39xoH

COHMpxon TaTtax banHa.

[3] -4 xumunH ypBanblH SBUbIH AWHAMUKUMWAT  TOOLIOONON awumrnax apryyabiH
6onoBCcpyynanT Hb, TYHHEN awurnaxbir opyynaH, XMMUIH y33ranuinH Tanaapx ouaHui
OWMroNTLIr camkpyynaar 6onoxelr xapyyrmk 6anHa. XuMWnH ypBanblH XypAHbl Tanaapx
M34N3r Hb XMMUMH TON C343B OM. [9C3H Y KBaHT UAIBXXKUMUWH Heneereep X3aBUWH
G6aragnaacaa Tenes Garagan Hb eepynergaer ypasblH TOO HAMAraax 6anHa. beemcuiiH
AONMMOHbI X0€pamon Gananaac TyHHenunH Henee yycaar. [laBaH Tyynax yYagsaprtau
9CIX33C YN XamaapaH BONOMXKUT caafdHbl Heree Tang 6eemc ongox maragnan ypramx
G6angar. Tnnmaac gaspx caag 433ryyp LWKMIMKUX (COHrogor WUmMKUNTUAH) 60N0H caaablH
AYHAYYP TYHHEN33p HOBTPAIX (KBAHTMEXAHWKUWH LUWMITHKUIT) LWWIMKUITUAH XOOPOHA
XUMUNH ypBan sBarfgax 3aMbll COHroXo4 epcengeeH yycd 6onox oM. YpbauunaH
Taamarnantan xapbuyynaxazg ypBanblH XypAbIr XsiHaX acyyasiblH XyBbJ caablH ©preH
Hb (UeMUWIMH caagblir gaBaH Tyynax 3am) TYYHUA XMMWWH YN SBUbIH MO3BXKUMNAH

SHEpruac unyy yyxan ad xonoéorgonrton 6amxk 60no0x oM.

CoHrogor 6a KBaHT MeXaHUK TOXMONAMbIr sifrax ron OHUSOr Hb Temnepatypaac
Xxamaapax ypsanblH XypAHbl Xamaapan toMm. COoHrogor Toxvodos&1 Hb TemnepaTypaac
(Arrhenius xamaaparn) xyy4Tan xamaapgar 605 9XHUIA OMPTONTOOP TYHHENWMH apra Hb
TemnepaTtypaac xamaapaxryn oM. TYHHENMNH Henee 3eBXeH KPUOreHUnH TemnepaTypT

yyxan ad xonborgonTton ragar Oypyy onnront HuATNAr 6angar. OpunH yen TyHEenuinH

26



HeNeeHWIn XyBb HOM3P Hb TacarnraaHbl TeMMepaTypT Y4 M3A3rAdXYNML, a4 Xon6oraonTom

OONOXbIr TOFTOOX33.

[4] -0 caagblH TycnamKTanraap KBaHT MEeXaHUK LWWMIMKUATUAH acyyasiblH TOOH WWAOANAT
aB4y y3gor. OH3 wunaan Hb WpeauHrepunH tarwuTtran assp Tynryypnagar. Canan
B6onrox Oyn aprbir 3apym TacananbiH 60NOMXUT TapXxanT 433p TypLuXK y3caH. KBagpaTt
caag OOMOH UOOHOMMWH TOOUOOMMbIH YP AYH Hb AaMXyynanTbliH KO3I(MUUNEHT
(kBagpaT caag Ao0TopXx) -blH Xxanb6ana3nuiH TeneB 6OMOH Xxapransax pe3oHaHC
LWWIDKUNTYYAUAT OpYyYynaH TOOLCOH HAapWH TOOL,00oNTOM Toxmpy Ganraa tom. CaagblH
yp4 Tangax xanban3an Hb caafdblH ap Tangax siBX ©HrepCeH AOSMMOHbI XaBTram
TenBeec sanraatan Hb yHax Oyn 60noH omx 6yn 6eeMcunH XOOPOHAOX XOHANOHTMNNH

Heneenneec yy4anTan.

[5]-0 3He / 4He, H2 / D2, H2 / T2 xeHreH n3oTonbIlH TycraapnanT Hb U30TOMbIH LLOLIO,
LUOMWUAH YypBan, KpuUOreHHol GOMOBCPYYynanT, 9pyYMM Xyd YWAB3PIIAX 339par Tepen
OYypuiH O9BWMATAT TexHonormg maw 4yxan ad  xonborgonton oM. OHOIMbIH
cypanraaraap KBaHT LWWMUUATUIAH Tycrnamxkramraap HYYPCTOPOrYunH HUTPUTIIP
XUArOCoH cyBapxar rpadeH martepuanbir awwurnaH 3He / 4He-bir yp awwurtanraap
Tycraapnax 605oxbIr Xxapyymkaa. bara 3apar gehopmauminH ynMmaac aH3 matepuarnaac
MeMbpaHbl TapxanTtbir ToxupyynaxelH Tyng 3He / 4He-winH Tycraapnax eHaep
COHIrONTTOM M6H WM30TONbIr Yp AYHTIA uyrnyynaxag awuuvrnagar eHgep HIBYMNTTIN

XaanT 6yxuin TemnepaTypaH LOHX YYCrax 605Ho.

[6] -0 H2 /T2, 3He / 4He, CH4 / CD4, H2 / HD racaH xonbLublir cyanas. HaHo Hyxyyaag
KBaHT LUMMUWATI3C TAr JapanTbiH Yed COHroNTbIr TOOLOOMOX SHIMAH OHOMbIT Y3YYraB.
M3oTton 6a HaHO XOOMOWHYyAblH XOOPOHAOX XapwuruaH YWUNYNanunH xyBbd 604MTOMN,
YHOH 36B NoTeHuuanyya awwvrnargcaH 6wmnaa. OQHrMnH oHon GONoH HapuBYMNCcaH

TOOLIOOSSbIH XOOPOH/, CalH HUIALI3N rapraxk aBcaH oM.

[71-5 monekyn pguHamukunH 3arsapynan, MonTe KapnormniH apra 6a 30-150 K
TeMmnepaTypblH MHTepBang Leonut [oTop ycTeperdy 6GO0NMOH AEUTUYMbIH LUMHIISMT,
TapxanTbir cygnaxblH Tyng HEWTPOHbI TapXanTblH TYPLWWNTLIH erergnyyq awvrnargcad
banvHa. KBaHT 3anpyynrag 3opuyncaH ®enHmaH — XuBOCUWH ONOH XyBunbapt
anraatan  aprblH  XypasHA4  awwurnax  6onoxymy — ycteperymiH  GONOMXUT
napameTpyyauviH LWWHS Uyrnyynreir caHan 6onrox 6anHa . bara TemnepatypbiH yeq
M30TOMbIH AamXXyynanTtaH KBaHT MWA3BXKUIT  MIL3rO3XYWL, Heriee  y3yynaxuur
Toouoonnyyaaap xapyynHa .
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[8] myraap unTtrang 6ara TemnepatypT ueonut MmembpaHaap AamxyynaH ycteperdy 6a
OEeNTEPUNH MOSEKYN LUUIMUMNTUAH TyXan HWUWTNAraAcaH. KBaHTbIH Herneer xamapcaHd
aToMbIH 3arBapbir PenHmaH — XubbcunH apra awwurnargada. bara temnepartypran yea
TapxanTtblH YpPBYY KMHETMK Hemnee yycaar 6Gereen XyHA4 W30TON, OeyTEPUYM Hb
ycTeperdyeec xypAaaH Tapxgar. 65 K TemnepatypT TapxanTblH COHIonT 46 Hankug Xypaar

OalnHa.

CyynuuH xunyyasg 50-70 K-unH 6ara TemnepatypT X3T HUMIAH HaHO HyXT O6yTu33p
XOHIOH XWNH M30TONYyyabIr AaMXyynaxblH Tyng TYHHENUAH yp Henee Gyxuin 3HeprumH
caajaap AONMMOHbI JaMXKUX OHOSbIN UO3BXMTIN alUrfiaX MPCIH. OHI3 OHOM Hb Har
XoMXa3acT LpeauHrepuH TarnTrannnH HapUH LWWAONAH XULLSAHYYOUNT XapyyncaH
n.a.Nanvpay, E.M.JIndownunminH HOMOHA HUNTNArACAH 6anHa. 9CaH X3aun Y, IHIXYY
SHrMH Gereen yp AYHTOM OHON Hb AaBTardax LUMHX YaHapbIr XapyyncaH HUWNMan

caabir AaBax OOJITMOHbIT TO,EI,OpXOIZJ'IOXO,EI, aLumrnar,u,aaryﬁ OancaH oM.

[9] -o 1D LpeavHrepuinH TArWUTIONUAT WAAOCIHUN VP LYHO €PeHXUA X3n63apuinH
Xaanrtaap MaccCbIl LWWIDKYYN3X  KoadduumeHTyyn ongcoH.  KomnbioTep  A33p
anropuTMUIAT X3P3NKYYNaX aprbir TaHunuyyncaH 60nHO. JQH3 apra Hb TArw eHuerT
XonbapuinH caadblH XyBbAd LWMAO3X HapuH wungnyyauir  erger. XKnwaanban,
AppeHunycbiH XxyynbTah agunaap XypAa Hb eepunergex 6avagar XvMUWAH ypBanbir

3areapuuncaH 6anaar.
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TecnuuH 3opunro, 30punTyyn

TecnunH 30pUSITO Hb 3HEPrMWH caafblH CUCTEMI3P AYHAYYP aTOMbIH TYHHEn XWX
MaTEMaTUKUAH 3arBapuynianbir raprax, TYYHYM3H T3Ara3pT aTOMbIr OHOBYTOM canraxaj
TOXMPCOH Xapransax yun SBUblH Y3YYN3NTUIr Xapyynax ToOopXOoW Mornekyn 6ytumir

3aacaH caafblH cucteM, 60auT BYTLMIT COHIoX siBAan oM.

3oxuoryapiH y3ax Oyirraap S4rasp 30punTYyA Hb Aapaax ye LaTyygaap X3pankux

E€CTON IOM:
1) CaagyyablH CUCTEMUINH NOTEHUMAnNbIH OPOH 3alH XyBaapunanTbiH 6anryynamx

2) KaHOHWK raMunbTOHTOW, TapxanTblH XapuiuaH YANYIanTanraadp 3-XaMXKI3CT

LWpeanHrepminH TOrTMon TarwmnTranuur 6anryynax.

3) laprax aBcaH LWpeanHrepuiiH TOrWUTIONUAH Yp AYHMMAH TOOH wuingan 6a

LIMrnracaH 6eemcuiiH xapransax gONrMoHbl (PYHKUMAT TOAOPXONIIOX.

4) Mapy MPCaH OONMMOHbI OYHKL 033Pp33 YHOSCNAH 666eMCUNH XOOPOHOOX 3aKn 33praac
XamaapcaH caafblH CUCTEMI3P BeeMcuiiH oNgox MaraasianbiH Tanbapbir TOAOPXOWSIOX.
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5) beemcuiiH Tepen OYypuH XyBbAd T3AM3PUMAH XOOPOHAOX 3an 6a T3Ara3puiH
xan6apaac XamaapcaH caagblr Tyynax AaMKyynanTbliH Xapransax

KO3 (PULMEHTYYONNH XamMaapsibir TOOOPXOMUNOX

6) TecnunH Xypa3HA XUWrO3X33p TOneBneceH TypwunTbiH ereranyyaran  aBcaH

cydanraaHbl Yp AyHr XapbLyynax.
7) 30TOMbIH KBAHT LUUILUUATUIAH OHOBYTOW MOSEKYN BYTLUIT COHIOX.

8) HeneennunH eHpep 33parnan Oyxun X3Bnanyy4a A33p rapcaH yp OYHMMAH Tyxaw

HUNTNAX.

Tecenpa TycraracaH cyaanraaHbl WAHINAT 3yUN (WKWMHXN3X yXaaHbl LWWHI caHaa
Hb GonoBcpyynaracaH, caHan GONrocoH acyyanbir WUAA3X LWHIMA3M apra Hb

HOTNOrACOH)

TOCNUAH LWIMHXIAX YyXaaHbl LMHAMAM 3YWNA Hb H3H TYPYYHA TaBUr4CaH  30pwUNnToA
Ganraa oM. Yunp Hb BGeemcunr Tycraapnax 30punroTon HUWNM3N caafaH AyHayyp

TYHHeN Masiraap Tyynax yin siBUbIlr aHX ygaa cyanargax lom.

BeemcuiiH aHeprnH caag AyHayyp gamxyynax Tyxan 6oanoro Hb coHrogor [1] 6onoBuy
ONOH AdaBxpaaT caafblH XyBbZ TYYHUWI X3PIrfnax Hb OHOMbIH 3apym 63pXLI3anTan
Tynrapgar 6ereeq TOOUOOMMbIH Malwl WX XyHAPanNTanm Gampar. QH3 OyxXHI3C ragHa,
TOCINUAH XYP33HA TYPWMNTbIH Cydanraar ragaagblH TYHWYYAUAH XYYUH YapmannTtaap
rynuaTrax 6a WMHracH33p OfK aBCaH OHOMbIH Yp AYHr Garartrax, 3H3 ABuUag XWMWArAC3H

mMaTeMaTUKUIAH 3areapyyablir 6atanraaxyynHa.

OHepruH caagaap Aamkyynax KpWOreH LWWMUMATUAH TYPLWMATYYL XUWArACAH  [2]
6onoBY, caagblH AaBTaMXWUT CUCTEM [33P KBAHT LUMIUUAT XUAX TYPLMAT aHX yaaa

XUNrO3X HOM.

OUACT Hb, U30TOMbIr KBAHT KPUOreH3dp Tycraapriax TOXeepeMXUIH LUMHXMIAX yXaaH,
TEXHVKUWH y33n GapuMmTnanbir aHx ygaa aB4y Xananuax 6bereeq 9HO Hb Maragrym
Npa3qyna NpakTUKT HIBTPAxX BonHo. MapcaH yp ayHryya Hb Acta Cristallographica (Q1),
Hanmong 6a Xonborgox matepman (Q1) rax 39par eHgep 39parnan 6yxui CaTryynumnH
HUMTNANA3p 6Gartnargax 6onHo. RISC 6onoH SCOPUS caTryyng XaBnargcaH
HUNTNANYyY433p 6atanraaxcaH OSIOH XWUIWWH axInblH TypLunaratam, XaMrmnH CyyJimiH

YEUNH TOHOI TOXEepPeMXK, NMPOorpaM XaHramxTal, TYYHYN3H wwaapanaratam oyxun n
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YyagaBxuMTam 3H3 TecnUMH 6Gar Hb TOCHUNH 3YyraaC TaBbCaH 30puUNTyyabIr 6Vp3H

LUMAOBIPNAX YaaBapTan ragart UTrantan 6anHa.

TecnuinH TOrTOOCOH 30pMNTYYAbIr WMNABIPNAX Maragnan gapaax 6ampgantan 6anHa.
HAMNM3N caagjaap gaMxux 6GeeMcunr cyganraa Hb HangBapTan YN axunnaraa tom.
YU4up Hb TYYHUM WWRO3NA 30pUYyricCaH apra TEXHUKYYO Hb 3HO TOPrMWH 30pUNThbIr
LWMAOBIPNAX3A aMXkunttan awwurnargax Oanraa OpyuMH yeumrH KBaHT MexaHuk 6a
TOOLI00SIOX MaTeMaTuKUH Gyxuin n annapatebir 6artaagar 6ereegq M.byb6eHumkos
30xMoryapiH Har Hb 6arvicaH [3] eryynan ga3p Garaapaa axunnax siBuag 4033pX apra
TEXHUKYYAUUT aMXUITTTan X3P3ANKYYIIC3H IOM. OHS TOCINUIMH Anraa Hb, TYYHI3C Y Unyy ad
xonboraon He rapcaH yp AYHryya AaH aToOMblH JaBxaprblH Pe30HaHC CUCTEMA3P U30TON
Tycraapnax LWWHS MNPOLECCUAH OHOMbIH CydanraaHg awuvrnargaxag OpLUMHO. 3H3
TeCnunr 3oxuorygbiH 6ar Hb ogoo Gawvraa HyypcteperumiiH 6ytusg H-D-T, He4-He3,
Li6-Li7, Be8-Be9, B10-B11 mnsotonyyaunr yp awmrran Tycraapnax tepMoanHaMUKUIAH
HOXLIIIMIAI ONIOX 3CB3ST O4OOXOHA0O0 NpakTukaap rapraaryn 6anraa 6ytuyyasg taBuraax

Laapanarbir To4opXonnox 60IOMXKTON oM.

1. na. nNanpay, E.M. Jludpwwuy. Teopetnyeckas duaunka. KBAHTOBAA
MEXAHWKA (HepenatmBucTckas Teopus). 4-e mnsg., ucnp. -M.: Hayka. 'n. peg. dus.-
maT. nuT. 1989. - 768 c. ISBN 5-02-014421-5 (7. Ill)

2. Qu Y. et al. Highly Efficient Quantum Sieving in Porous Graphene-like Carbon
Nitride for Light Isotopes Separation // Scientific Reports. 2016. 6:19952.DOI:
10.1038/srep19952.

3. A.M. byb6eHumkoB, M.A. Bbyb6enHunmkoB, A.N. TlotekaeB, 3.E. JInbun, HO.I.
XyoobuHa B.B. KynarumHa. [MpoxoxgeHne MMKpo4vacTul, 4Yepes3 CIiOXKHble COCTaBHble
noteHumaneHble 6apbepbl // 3BecTus BbICWMX y4ebHbIX 3aBeaeHun. dusmka, T. 60,
Ne , 2017, c.: 119-126.

CaHan 6onrox 6yu apra 6apun, T3Ar33puMH 30PUIIFO, 30PUNTLIN X3PINKYYN3X
yHAacnan (CaHan OGonrox OyW cyaanraaHbl AO3Nr3P3HIYW TOAOPXOWIONT;
TaHWUILYYJra Hb 30puUnro, 30puUnT, Yp AYHIMAH HanaBapTam 6anaan, cyaanraaHbl

apra 6apun, cyaanraaHbl aprbir YH3N3X 605IOMXUWUT LUMHXK334MA OFITOHO)

Teceng 3aacaH 30pUNTYyAbIr WWWAB3PNAXUMAH Tyng Qapaax aprbir awurnaxaap

Tenesnex banHa:
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- KBaHT MexaHMKUMMH COHrogor apra: caafblH CUCTeM3dp 6GeemMc OdamXux SBLbIF
TOAOPXOMMNOX TOFTMOJT HAI X3MX33CT BOMOH TOrTMOM rypBaH XamxaacT LUpeanHrepunH
TarwmnTran, Xaptpu- ®ok-Pytanbl apra, MO LCAO onponuoo, 3nekTpoH Koppensaum |,
caag Yycrard gaH aTtoMblH  AaBXaprblH 3MEKTPOH HArTparnblH XyBaapunanTbir Oflox

3NEKTPOH HArTpanbliH oyHKUMoHanb oHon (DFT) rax mar;

- Monekyn wu3nkunH coHrogor apryyn - LpeavHrepuilH TarwmTtrang  KyrnoHsbl,
TapxanTtblH, MHAYKUSH XapunuaH YAN4YnanuMnur ToouoxX MOJSEeKyn XOOPOHAbIH XapuruaH
YANUNanunH noTeHuManblH apra -TaHwunuyynax, atombliH apra 6apun Hb (Mopc,
Nennapa-xoHe, lNNewna-TennepunH eepyneraceH noteHuuan- 3arBapyyd Hb 3HD
TecnuinH OCD wartaHa TypwunTbiH erergnyyoron  wanrargax om) , MOMeKyfblH
OYTUMMH uaawdbliH noTeHuuanbir Ganryynax Xunn- KuTanropoackumH aTtom- aTom
XOOPOHAbIH XapunuaH yunynanuiH apra, 6eemcuiiH umnynsc (4e6pounnaH AOMrMoH)

TapxanTbir Toouox Makceenn xysaapunant 6onoH 6ycag;

- ToouoH 6000Xx MaTtemaTukuMrH coHrogor apryyad: PyHre-KyTTblH apra (6eemcuitH
X646MnreeHnn TarlwmnTranMnH wningan), MNaycc-3anaenunH 60noH ypByy AaBTanTbiH apra
(MOnekyn XOOpPOHAbIH XapwiuaH YANYNanuMAH XyYHUn TanbapblH XyBaapwunanTbiH
WHTerpaneir Toouoonox, LWpeanHrepuiH TarwmTtran, MoHTe Kapno (rymH wupax
B6eemcuiiH 6annncTuk TypwmnTyyn) 6onoH 6ycag 33paruas ToouoonsibiH anroputm (HA
TIY-ruiH KOMNbIOTEP KNacTep A33p [O33p I3XHW XaBcapcaH ©004anorbiH  XyBbAa),

TYYHYJ13H MaTeMaTUuK (bVISI/IK roX MAT TArLWNTIANUIAT LIJI/IIZLI,BSpJ'ISX coHrogor apryyn.

- MaragnanbiH OHON, MaTeMaTuK CTaTUCTUKUWH COHrogor apryya: MOMeKyn
cratuctukunH  6ognoryygan TapxcaH 6anH Tyxam 6opnoro, MoHTe-Kapno apra)

TYYHYN3H KBaHT CTAaTUCTUKWUIAH COHroaor apryya 6onoH 6ycag.

LnHxnax yXaaHbl cyaganraaHbl Yp AYH, T3,D,r33p|llﬁH WUHXINIX YyXaaH4,

X3pP3rnasaHumM ay xonodoraon

1. TooH 6onoH 60anT TYpWMNTBIH ABUAa 433p AypAcaH apraap U3OTONbIr yp awurtam
Tycraapnax ©6onowmxyyn OGaTanraaxcaH TOXMONZONA UOMWAH  YUNABIPNANUAH
XOParudsHA KBaAHT KPUOreHUM LUUMLMATUAH aprbir HOBTPYYI/MK 6onHo. Laawwng U238-
U235 wu3oTonbliH TycraapnanTtblH YW 4BUbIH KOMMbIOTEP 3arBapynansir alurnaH
TOOLL00NOX00p Tenesnex 6arHa. OH3 npouecchir 3areapynax yed caablH pe3oHaHC
CUCTEMIZP YpaHbl AamMXyynanTblH Yp alrmnH KO3MOUUUMEHTUNH Tyxan erergnyyn

onpox 6onox 6Gereea WM aprblH X3T Gara TemnepaTtyp rapraH aBax 6a LWyYNTUIAH
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VEUWNH aTomMuynarnblH 3apAafbil TOOLUCOH 34UMH 3acCrMH Yp alurmnur TOOLOOSIOX 3XHUN

TOOL00r OSIK aBax OonHo.

2. AXIbIH Yp OYHr39C y33X34 COHroAor apraap XMMC3H TOOH TYPLUMNT O33P YHOICNSH
xaT Oara TemnepaTypT caadblH PE30HAHC CUCTEMUWAH TYHHEN3H HIBUUMATUMAH Tyxaun
Taamarnan, MeH TYYHYSI3H 9HO apraap M30TOMbIr yp awurram Tycraapsiax 6onoMXuinH
Tyxan Taamarnan 6atnargaHa. OHS yp OYH Hb CaablH Pe30HAHC CUCTEeMUUIr aluurnax
Tan [39p aHxgary 6ornox 6ereen eHeepep anb X3AWWH renu-renin XMAH XOnbLbIl
HYYPCTOPOrYMnMH HAHO HYX3H [daH caaj A93p Tycraapnax axmnyyn XUUrgasg 3XasicaH

6arHa.(cyganraaHbl eHeernnH bangan Gynrmir ya).

3. basxxyynax yunn axwunnaraaHbl MakpO LWWHX YaHapbIr renu-refiMHUM XonbLblH
XWLLA3H 093P TOAOPXOWNHO: TemnepaTtyp, caafblH pPEe30HAHC CUCTEM YYCrary
HYYPCTOPOrynnH BYTUMINH MONEKynbiH B6aryynamx; TYYHUA X3MX33; caaablir yycrax oym
MOHOATOMbIH  gaBxparyyn ©Oanpnax pesoHaHC TeneB; XOnblblH Tycraaprax
KO3 PULMEHT. JHI yp AYH Hb OYpaH aHxpard 6anx 605HO. YUMp Hb KBAHT MEXaHuK
LWMHX YaHap (xaT 6ara temnepatyp) -blH HOXLONA aTOMbIH Pe30HaHC AndpakL, Hb aHX

yAaa U30TONbIl TyCraapiiaxag aluurnargaHa.

4. [eomMeTpuUrH OONOH SHEPrnnH Y3YYNaNTYYA33p 9Aradp caag [O33pP refMOHBDI
TycraapnanTblH OHOBYTOM GananbiH acyygan LWWMAASrA3H3. 3H3 yp OAYH TEXHOSMOMMH

Tycran napameTpyyaunr Tycrax Tyn 6ypaH aHxgard Hb 600X oM.

5. YYH33C ragHa MOHOATOMBbIH AaBXaprblH CUCTEMUMH aTOMbIH HOBTPASTUMAT TOOLLOOSOX
uory XxeTendepunH TOOH Y3YYNaNTUWAr alurnaH TOO4OPXOWSCOH caadblH pe3oHaHC
CUCTEMI3P [JaMXMH ©Hrepex aTtoMblH XapunuaH YWUNYnanuur  TOOOPXOWMOX,
TOOLI00SI0X04, HAraAcaH apra 6apun 6un 6onHO. Xaaunraap Monekyn wyyntyyp 6onoH
GeeMcuiiH 3HeprurH caagTan KBAHT MEXaHWK XapunuaH YWNYNanunWH ONOH TOOHbLI
3areap xaHranttam 6anraa 4 rocoH 3HO yp AYH TOLOPXOW acyyanbir WWMWA3X Lory
LWMAONUAH XKULWS3 BOMOXBIHXOO XYBbA, LUMHXMI3X yXaaHbl HAAMAMIAMMNH  COHUPXMbIr

Tatax oM.
Tecnuir xapankyynax siBuaj rapcaH yp AyHA YHASCNIH TeneBneceH 605Ho:

1. WuHxnax yxaaHbl 3eBleeperaceH (BAK xarcaantaac) xagnanyygag gop xasx 12
6apumTt 6murumr, SCOPUS 6ytoy WEB of SCIENCE-1IH NMHOEKCKUNTTIN CITryynyyasq

0004 Tan Hb 4 eryynan, TOAradpuiH 4op xasx 3 Hb 1-2 Xacraac 6ypasx , HUMTAYYaX.
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2. TecnunH xapuyucaH rynuatraryaap 1 AOKTOpbIH guccepTtaumnr xamraanax (M.A.

Bbyb6eHumnkoB).

3. TecnuiH rynuaTroryaMmH 3 Hb  HOP [A3BLUMIMMUAH  OuccepTauuir xamraanax

(MamoHToB [1.B., Ykornos A.B., YenHokosa A.C )
4. KoMmnbloTEPUIH NporpamMmMbiH BYPTranunH 3 rapunnrad aBax:

1) xaT Gara TemnepaTypT caaiblH PE30HAHC CUCTEMA XWWH TONOBTAN Fenu, resiMoHbl

Tyynax, oMx TOOL00M100p.

2) XaT 6ara TemnepaTypT caablH Pe30HaHC CUCTEM, XWUIAH TeneBTan renn 6a renmnoHbl

Tycraapnax uHterpan koamuULMEHTbIH TOOLIOONTIO0pP.

3) ONpTOH npax renun 6a rennoHbl atoMyyabIr HyypcTeperdnini 6u-gaexaproiH OyTUMIAH
XyBaapunantbiH (MONEKyNlT XOOPOHAbIH  XapwunuaH YUNYNanunH XydyHun Tanbapyya,

3NEeKTPOH HArTpanbiH Tan6ap) TooLoos100p.

1.2 TecnunuH X3parkunTuMH aBuan MoHron-OpocbiH TanbiH GaryyAblH ruwyyn

605n0H MoHron-OpocbIH TYHLWYYAUWH XapunuaH yangaa xonb6oo, soxuuyynant

TecnuiiH MoHronblH TanblH XaMTpaH TYAUSTraryguMiH ron oponuoo 6on renuraac
refIMOHbIr ganrax Tycraapnax Xaantbir ryuuaTragar gedekTtan rpadeH xaBTaHMMnH
CUHTE333p xunx axnyyn 6ereen xaT Gara TemnepaTypT TOAr33pwunr Tycraapnax
TYPLUNNT XUNX3, OPLUNHO.

XamTapcaH axnblH XaMrMnH 3pYMMTan ye wat 6on gedeKkTTan rpadpeH XaBTaHryyablH
6a TOOrodpUMH CUHTE3NWMH BONMOH M30TOMbIH TycraapnanTt XWX TYPLUMATbIH aprbiH
TEXHVKUWH Waapanarbir 60noBcpyynax, TYYHYM3H TypwMNTbIr eepee sByynaxaj
OpLUMHO.

TomckninH ux cypryynb, MoHron YnceliH Ux CypryynuinH 3anHbl cyprantaj xapwunuaa
XONOOoOHbI  BGONOMXUWI  awwurnaH ragaagblH  XamTpaH ryAUSTrarYyauMnH - XaMTbIH
axunnaraar oHnanHaap siByynaxaap Tenesnex 6arHa.

Monron YncelH Ux Cypryynba ancbliH 3anHaac xaHgax 60noMXTOM Tyn Xoép Tanaac
TIY-nnH KoMMbIOTEPUNH KracTep A33p OGonoBcpyyncaH MaTtemaTuk 3areapuynanbir
axunnyynx 6osHo.

AXIblH sIBUAL COHFOH LWanrapyynanTt , cemMuHap 3o0xumoH Gawnryymk, OpocbliH 605oH

ragaafblH X3BMan4 XamTpaH rapracaH yp AYHryyas3 HUATNSX33p Tenesnex 6aiHa.
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MYWUC-g XuArgcoH axnblH  yp AYHA KBaHTbIH  XMMWWH canbapT MartemaTuk
3arBapunanblH  WWHXN3X YyxaaHbl 60NM0H GO0MOBCPOMbIH LUMHY  YUMNSMNUAT HI3X,

CTpaTErMnH TYHLLN3NUAH TyXanm Xananuaap banryynargaHa.

Tecnuir x3pankyynax 3XHUWA XWANA LWWHXN3X yXaaHbl Yp AYH rapHa (tecenpg
AypAaracaH cypanraaHbl TONeBrereeHUn XapankunTUMH 60NMOMXUT TYBLUMH, YP

OYHI cyanax,YH3anax 60fTOMXUNT LUMHXK334KA onroxynuaap 6uumrgcaH 6amx)

TecnunH aaryy XMArgcaH axrblH Yp AYHrA3p COHrodor apraap XMMC3H TOOH TYPLUNITLIT
YHOSCNAH X3T Gara TemnepatypT caafblH Pe30HaHC CUCTEMIIP reSiMOHbl TYHHEN3H
HOBYMNTUMH TyXaln , TYYHUYNOH 3HAXYY apraap refimraac TYYHUUr yp AYHTAaW Tycraapnax
6onomxunH Tanaapx Taamarnanyyn 6atnargax 60nHO. 3H3 yp AYH Hb caafblH
pe30HaHC CUCTEMWWT aluurnax Tan g3sp aHxgard b6onox 6ereen opooruiH 6avanaap
renn-reny XUMH XonbLbIr HYYPCTOPOrYMinH HaHO HYXT AaH XaanT 433p Tycraapnax axun

Xunrgax 6anHa (cyganraansl eHeerniH 6angan Gynrmir ya).

CynanraaHbl axHu xung OpocblH Tanaac gapaax yp OYHA XYpaxaap Teneenex baiHa.

YyHA:

1. HaHo 6yTL23p M30TOMbIH KBAHT LUMILIUAT XX candapT OHOSbIH 60MOH TYpPLUMATBIH
cyfanraaHbl eHeernnH Tenes GananbiH TonM. CyganraaHbl TakTuUKyyabir 6un 6onrox,
acyyanbir WMNA3XUAH Tyng TOLOPXON TOOH anropuTMbIr 6uin 605rox.

OH3 ye WwaTtaH4 MaTemMaTuK 3arBapbiH uyriyynra 6a Tecen xapankyynardng aBy y3ax
GONOMXTOM  TOOLIOONOX CTaHUblH TOOUOOMSMbIH  XYYMH Yajar, KOMMbITEPUNH
KnacTepunH TOOL0OMSbIH XYYUH Yagan 39prunr XxapranacaH KoMnbiTep 3areapynanbiH
ToouoonMbiH apryya 6um 6onHo. YyHUW yp AyHO ToouoonfblH Hapuiednan 6a
BONOMXNUT YagaMXUNH XOOPOHAbIH TAHUBIPUIH YHINA3M TOOLIOOSHO.

XapuvyuaH rynuatraruma: bybenumkos M.A., YenHokosa A.C

2. CaafblH 9NeKTPOH HArTpanblH XyBaapunanTbiH Aaryy noTeHunarblH COHIONTbIN XUNX
acyyanbiH Togopxounont. padeH yypHun XyBba OOMOH XapunuaH YANYMNUKUH 3X
YYCB3PYYAMAH OPOH 3alH HArtTpanbiH MaragnanbiH TanbapblH XyBb[, TOOLOOSON Hb
XOOAUNHI3  XUWTAC3H  ONEKTPOH  HArTpanbiH - XyBaapunanTtyyabir  xapbUyyrax.

BonoBcpyyncaH KOMNbIOTEPUMH 3areBapuynanaap SHIMAH rpaddeH YYpHYYOUNH XyBba
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9NEKTPOHbI HArTpanbiH XyBaapunanTtbir cygamk OAOOrMiH Gananaap OofK aBcaH yp
AyHryyaumr HarTrax. Ab initio caagTanm 6eemMcuinH xapunuaH YUnynanumr TogopxXomnsox.
OH9 ye wartaHg 63n3H 6anraa HAATNANYYOUWH ereraneec cyaanraa XMmMxa3p COHrOCOH
HYYPCTOPOrYMnH OYTUMNH XaMIMMnH Gara XOMXKI3HWN CErMEHTUMH MNOTEeHUMan 30XMOH
OyToargox Gereen xapaB Waapanaratam 6on  Toouoonnoop ©GasikyynHa. OHIMMAH
rpadpeH YYPHUM KOMMbIOTEPUWH 3arBapbIr XK 2-3 faBxaprbiH CUCTEM, ©PreTreHs.

XapwuyuaH rynuatraryma: bybeHumkos M.A., MamoHToB [1.B.

3. Toouoosnox KBaHT MeXaHUK aprbir aliurinaH Xoép AMPAKOBCKUA caafblH pe30oHaHC
cnctemaap He3, He4 atomyyabliH pe3oHaHC TyynanTbliH xanbapyuncaH 3arsapynarbiH
acyyanbIr TOMbEOSI0X

XapuvyuaH rynuatraruma: bybenumkos M.A., Ykonos A.B.

4. Unb + Ueb + Uee 6ypaH noteHuman Gyxun xapransax atomyyablH XyBbad BOpH-
OnneHreimepuniH  HapumBdnantauraap LpeguHrepuinH HAIr  XSMXK33CT  TOMTMOI
TArWUTIAIMAH TOOH LIMMAAS3N: NMOTEHUManblH XxapunuaH ynunanyya He : Unb —caag +
uem, Ueb — caag + anekTpoH, Uee — 3MeKTPOH + 3MNEeKTPOH, AWUCNEePCUNH XY4YMnr
TooucoH. Caagyyatanm xamaapantan He3 / He4 6eemcuiniH GanpwinbiH MaragnanbiH
TapXanTblH OYHKLMAT TOLAOPXOMNSTOX.

XapuyuaH rynuatrarumg: by6enumkos M.A., MamoHToB [1.B.

94raap 2 ye wartaHa matemMaTtukuMiH 3areap 6ytaargax 6a He3, He4-ninH xoép anpak
caafblH PE30HaAHC CUCTEMMUI Tyynax Tyxah 1-X3aMXK33CT acyyAsiblH TOOH LWWWA3N
rapHa. 3oxuvorygblH 6ar aHaxyy acyyanbir Cyypb Y3MuiH YYAH33C Mall COHMPXOSTON
rax ysgar Oereen rapracaH yp AYHMA3 1-2 ynupnblH - CITIYYN  O33p HUWATRAX
TenesnereeTan 6anHa. YyHa:

1. ActaCrystallographica Section A: Foundations and Advances,

2. Nanoscale,

3. Advanced Materials,

4. Diamond and related materials,

5. Journal of Physical Chemistry Letters,

6. BeeMWH KMHETUK 3HeprunH (Temnepartyp) AamxXyynanTbiH KO3PULNEHTISC
XamMaapax Xamaapsnbir Togopxonrnox 6a caag xoopoHablH 3an. Ab initio pe3oHaHc

LWIYYATUAH NPOLECCLIH MaTEMATMKUIAH 3areapunianbir aproir 6uin 6onrox.

36



XapuyuaH rynuatraryng: bybeHumkos M.A., Ykonos A.B.

OH3 WwartaHa caagyyablH XO0OpoHOoX 3aunr 6onoH He3 6a He4 6eemcuiiH xaMrmnH yp
AYHTOM TycraapnanTtblH TemnepaTypbIr TOOOPXOWNHO. 3aaracaH y3yynantyyasac He3
6a Hed-nnH pamxkyynantbiH KO3(PPUUNEHTYYOUAH XamMaapax Xamaaprbir OJfHO.
[MpakTUKT 3H3 aprblH X3P3rfa3HUN Yp Heneer yHanax 60mnHo. JH3 ye waTbliH Tercreng
Tecen 6ar Hb 3-D Toxnongong xaparnargsx KoMnbloTEPUH 3areapTtan 6onox 6a HUP -

WAH aapaarviH waTtyyaan caagblH unyy HapuinH 6yTauTar 60n0x oM.

OpocbiH Tan MOHronbiH TYHWYYAT3M XaMTpaH cyaanraa LWUHXANI3S XUKX
3aANWIryn waapanarbiH YHA3CN3M (ONIOH YICbIH XaMTbIH aXuraraaHbl yen onx

aBax 6onomx)

TYUNC Hb 9HO TOCHUWH OHOMbIH Ye LWaTbIlr X3P3anKyynaxaa waapgargax 6yx ToHor
TOXOOPOMXKTIN 6OMOBY M30TOMNbIH Tycraapfnax CTaHublH nabopaTopuiiH 3areapbir oui
Gonrox TOHOr TOXeepPeMXryh oM. TeCnuMWH YHOCSH LUMHX YaHapbir yn xapransaH
TYYHUIA 30XMOryng OHOMbIH Yp AYHr Typwuntaap 6atanraaxyynaxbir Xxycd ©Oaviraa
OMN33. OH3 30pUArblH XYP33H 9pASM LUMHXUIT3Y, cydanraaHbl YWN axunnaraa

asyyngar Moxron YncbelH Vx CypryynuinH Yagamkuir alimriax oM.

Tomck YncblH Vx CypryynuiiH apasm LWMHXUITISHUA aXINblH aMXKUNTTanm rynudTrafininH
aapaa OKP watbir MYUC rynuatrax 60nHo. MeH OHOSMbIH 3aBCPbIH YP AYHIMAH XYBbA,
HI9NTTAN X3BMANWUMAH erergeng TYLWMrnax G0noMXKIyrn Hexueng, 30XMOCOH MaTeMaTuk
3arBapaa 3acBapriax 60noBCpPOHryn 60nrox TypwunTTan ye ye xapbuyynax Hb Malu

yyxarn oM.

MapaagblH TYHWUAT COHroxX Hb OXY, MoHron yncblH XOOPOHAbIH XapunuaaHbl
X6PKINUNH cTpaTerninH acyygantan xamaartam . ©Hee yeg TYNC 6a MYUC-bIH XWWYUNC-
WAH XOOPOHAObIH XaMTblH axwunnaraa Hb LUWHXMI3X yxaaH, GOMoBCPOSbIH YUMIAN33P

XONKMXK DalnHa.

TYWC-g MoHron YncbiH VX cypryynuiH acnupaHT, OYTHYYAbIH cypanujar X3 X343H
6onoBCcposibiH Yrnan 6uin . MeH 3H3 TeCNUNH YMrNANa3aP LWMHXINAX yXaaHbl XamTapcaH
axumn xenkmx 6anHa. TomckuiH Ux CypryynuiiH KBaHT XUMUIH, Napanenb TOoL 0001,
MOSEKYIbIH AUHAMWK MaTEMATUMKUMH aprblH OHOSbIH XyBbA Xamaaryn gasyy Tantam 9

TOCNUMAH 30xmoryabiH y33X OGanraaraap OXY, MoHron YncbiH cTpaTerMmH XamMTbiH
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axunnaraaH MOHIOfbIH 3anyy MIpProXunTHYYOUMWAT cydanraadbl Tandapt TaTaH
oponuyynax Hb  AHY, XdatagblH 3pasM  LWWHXKMAM3S, OO0NOBCPOSbIH TeBYYA33C
X3pankyyrmk 6yn (ayHO cypryynvygaac axfnaH OOKTOPbIH Japaax ye wat agyycrtan)

xeTenbepyyaniiH acpar MaLl vyxarn oM.

TecnUNH WKMHXN3X yXaaHbl YHA3CNAN (rapcaH yp AYHryya , GonoBcpyyncaH
apraunan, xetenbep, TYpPWUNTbIH TOHOI TOXOOPOMX, TOCIIMWAI XIPINKYYNIX34
cyanaayabiH  6arMiH magang  Oyn  mMaTepuanyya,M3a33siIMAH - HOOLMKUT

GarTaacaH)

-TecnunH cyanaauvg

Cypanraanbl 6ar 2008 OHOOC XxOMW MOSEKYSNbIH ANHAMUKWUWAH acyyanblH canbapT
axunnax banraa (bybeHunkoB) 6ereen 2016 oH roxeg TecnUWH BarninH GypanaaxyyH
aucunH 6angnaap 6ypacaH 6anHa (MenHokoBa, Ykonos, MamoHTOB). baruiiH ron yimn
axunnaraa Hb — HYypCTeperimiH HaHo 6yTtay Oyxuh XuMhH Op4vHbl aTom 6a
MONEKynyyablH  XapunuaH YUNYNanunH  MOMEKynblH AMHAaMUK acyyanyyablH TOOH

LWMO3N oM.

“MD-simulation of rotation fullerenes in the plastic phase of fullerit” racaH HapTan
XaMIMAH CYYNUWH yeurH axun Hb  7.93 HeneennuuH 33parnantan Q1 Acta
Cristallographica- catryyng xaBnaraaxaap 3eslleeperaceH banraa 6ereeq 2019 oHbl 4-

p ynupang rapax 60osnHo.
OMHeX axIblH siBUaj :

- COHrogor MoOnekynblH AMHAMWKUAH  aprbif  alurinadH XWUMH  OopyYvMH  Byxun
HYYpCTeperyumH HaHobeeMcuiiH xefenreeH 6a xapurnuaH YANYIanummr TogOpPXonnox,
TOOL00M0X apraynan (oHos, Toouoonon) - bif 6BypaH Gonoscpyynargax, TypLumraax
GancaH. [1-21]

- COpOH30H OpHblI Heneereep XWWH OPYUHO COPOH30H arwmnHTarW HaHO XOONOWH

rMPOLAVHAMUKUIH TOOLIOONSbIM aHX yAaa XMAC3H. [2]

- OynneputunH 6yTusg C60 dynnepeHun rmMpoavHaMUKUAH TOOL0OMON XUNTAC3H
Gereeq TSAr33PUNH 3Prax SHEPrUAH OaBTAMXKYYAbIH TYPLUMATLIH Yp OYHTAM OaBXuax

Ganraar OHONbIH XyBbA TOAOPXONSICOH . [3]
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- #H3 OypurMH HaHO-66OMCUMH MEXaHVK YNYUPIIdHUN  XYBUAH  OaBTaMXWUAT

TOOOPXOMNOB. TaAr3a9pUNH aHaNMUTUK UNIPXUANSNUIAT OSK aBcaH [4].

- XWMH OpYUH Aaxb Tepesn 6ypuinH HaHOBGeeMCUNH Xanb63pPa3acad Xxamaapy LWNIMKUATUAT
3CIPryyuax KoadppuUNEHTYYOUNUT TOAOPXOWNCOH. AHX yAaa TOAra3purH aHanuTuk

NNIPXUNANUIAT OSK aBcaH [5].

- XUrH OpyunH Byxmi monekynyyatam siH3 6ypuiH xanbapuiH HaHoOGeemc OpOH 3ang
Meprenaex  MONEeKyIblH CTaTUCTMK (KNacTepT MOMeKyn OpoX) — WWH acyyanbir

LWUMAOC3H [6].

- XWH opuunHA Tepen BypuiH HaHObeeMCuH TepModOpPeE3NNH TIArIPUNH X3aN63paac
XamaapcaH Xypabir TOLOPXOWNCOH. T3AraspunH aHanuTuK UNIPXUASIIUAT Hb OHOJbIH

XyBbg4 [7] rapracaH tom.

- TatanunbiH 6onoH TeBeec 3yrTax TyHagackunT [8], ueHTpudyrkux [9], uaxunraaH
TanbaH OpHblI Heneereep Xwin OOTOP HaHODEEMCUWH TycraapnanbiH TOOLoOMNyya

xuuracaH [10].
- X3T HapumxaH HaHOyTaCHbl MOJSEKYsl XOOPOHAbIH XapunuaH YWIYnanunuH Xy4YHUn

noTeHuunarnblH aHaNUTUK UN3PXUANITUAT aHX yaaa rapracaH [11].

- HaHocyeryygblH 6ary, cyeBapxar rpadeH, dynnepyya 6a HaHobGeemcuiH 3areap
ayHayyp Tepen OypuiH XUWAH aTOMYyyAd,MONEKynyyn H3BYMH rapax Toouoo [12-

14]XMnrocaH.

- MaccwumknnTuinH cynepaamikux YaHapaap TOAOPXOMNOrACOH Anddy33ac YaHapbIH

AnraaTal HIBUYUNTUIAH FOPUMBIT aHX yaaa ok aBcaH [15].

- XWH yp AYHT3N Tycraapnantag 3opuyncaH gH3 6ypuintH HaHO6eeMCUNH HYXHYYAUNH

3CBaN aToM 6yTUMH AedekTuiiH HArT 6a napameTpyyaunr Togopxonnos [16-18].

- ATom / MonekynbiH Tepen OypunH xan6apunur HaHoOGeeMCcyyald3p LUMHIA3X

LUMHIA3NTUNT QHEPraaC Hb XamaapyynaH TOOLO0OSCOoH. [19]

- OnoH paBxap 6a WWN3H HaHO OYTUYYAUMNH XWAH OPYHOOP aTOM/MOMEKYNyyablH

HOBYMX YaaBapbIlr TOOL0O0MCOH. [20]

- OHIMAH HIX33CT HaHoTop 60MoH aToM/MONeKkynyyablH XWUAH X3an6apTon dasblH
XapunuaH YRUNYnanunH noteHuuarnbiH aHanUTUK UM3PXUAIIUAT aHX yaaa Ok aBcaH.
[21]
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TecnuinH xapuyuaH rynuatrard bybeHyumkosbliH M.A. raspblH 6anranvimH XMmMHIdC renur
Anrax TEXHOMOMMUH y33n GapuvMmTnanbir 60NoBCpyyrcaH eMHeX cyaanraaHbl yp AYHT
«lMasnpom» komnannn TY3-unH gapra A.b. Munnep AOKTOpbIH AnccepTaum xamraanax
3opunroton Tycram TaTranar xan6apasp(OAO "Tasnpom" 02.13.2015-HM Ne61
Tywaan), TyyH4naH OXY-bIH WKMHXN3X yxaaHbl caH (byuantryn tycnamxk Ne 14-01-

31365) OXY-bIH caH (byuanTtryn Tycnamx Too 16- 19-00089) aamxkuB.

Cypanraanbl yp OyH OumumraocaH 70 rapyi axun LWMHXIISX yXaaHbl 36BLUOSPeraceH
CATIYYNyyasq HuMMTNaracaH 6ereen yyHaac 20 rapym Hb SCOPUS 6onoH WEB of
SCIENCE -33p uHAeKkcxyynargcoH 6anHa. ©MHe Hb rapracaH yp OYHMMWUHX33 YHACSOH
093P Tecen xapuyuaH rynuaTtrard apaMUNH 33p3ar ropunordunH gucepraum xamraanx,

MeH 1 cypranTblH rapblH aBnara 6anTraxas.

TecnuinH xapuyunaratan rynuaTrardy M.A.ByGeHYMKOB Hb LUMHXNAX yXaaHbl ULLMANNAH
nHaekc (nHpgekc Xupwa) - 9, elibrary.ru —miH paryy , (SCOPUS-uiH paryy 6)-uiar

933MLLAAT.

M.A. BybeHunkoB 3 nNaTeHT 30XMOMYUNH IpXTan : "LINKNOHOH kamep, KCEHOH sinrax apra
6a Texeepemx" OyT33an (gaBamramnax orHoo 01.07.2011), "Metann cyypbTau
TI3BIPNAY A33p XaTyy UCAWWH TYMWHWA 3NEMEHTUIH yypunr 6anTrax apra" 6yTaan
(oaBamramnax orHoo 11.12.2014), “Xun gamxyyrnax XOOSIOMH KpaHbl OCfblH aBTOMaT
xaant” 6yTaan (Tapryynax orHoo 04/06/2015) mMeH KoMMbOTEPUH MporpaMmmbiH 8
YNCbIH OYypTranunH rapumnraad: «S-RimplyGraphen-2.0 Ypurap rpadeHuii ragapryytan
MOJEKYNbIH XapuiuaH YUYIax SHEPrMiH TOOL00 XMIX NporpamMm " gaBamMrannax orHoo
- 04.02.2016, , "S-ThinLayer. XaT HapuiH WKNPX3rTan amopd sinTacHbl HIBTPYYNAX
YaHap ToouOoX nporpamm "gaBamramnax orHoo - 04.02.2016, « S-RimplyGraphen 1.0
Ypurap rpadpeHnin HeneennumH SHEPrumr TooLoOooX nNporpamMm "gaBamramsnax orHoo -
04.02.2016, " ®ynnepaH HaHOGEEMCUH MOMEeKynTan XapunuaH YWnynanuimH

ToouoONMbIH nporpamm”- . gasamMramnax orHoo 04.08.2015 Monuaucnepc
HaHoGeeMcuiH Wwnryy 6GarnaaHbl 3NEMEHTUNH HIBTPYYNAX YaaBapbir TOOAOPXOMIIOX
nporpamm" - gasamravnax orHoo 08.04.2015 , “ [dynneTuinH HOBTPYYNax 4YagBapbir
ToAopXomnox nporpamm " gasamravnax orHoo 16/06/2015, OXY - 04.08.2015-eec
16/06/2025," BembepLer xandapTo HAHOBEOMCOH TYHHENWUNH HABTPYYAX YagBapbir
TOOOPXOMNOX nporpamm"gasamrannax orHoo - 06.16.2015, "HaanTTa HaAHOXOOSOMH
MOMeKynTan xapunuaH YANYNanuur — Toouox nporpaMmm "gaBamramrniax OrHoo -

04.07.2015.
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M.A. By6eHunkoB cyganraaHbl rapcaH yp LYHra3pa3 OSl0H YICbIH 9p43M LUNHXUTI3HUI

Gara xypan gs3p nnTran TaBbcaH 6arHa, Tyxannban:

1) Monumep 6a HUMNMan matepuanbiH 2015 oHbl 43NXUIH Yyynra yyn3ant (PCM 2015)

5-p capblH 16-19, BaaxunH xoT, Xatag;

2) UaxunraaHbl MHXeHepunan. Opuum Xxy4. MexaHuk wuHxeHepunH axun | 3anyy
9pOSMTAUNH ONOH YNCbIH 3PA3M LWMHXMAr3SHUN Bara xypan. Hosocubupck xot, 2014

OH;

3) OnoH Tant reomeTp 6a TyyHMA Xx3parnad3: ONOH YNCbIH OPOSILOOTON 3pPOdM

LUMHXUITagHM B6ara XyprblH MaTepuan, Ynaas-Yg xot, 2014 oH;

4) 3anyy apasMTaH, MIPraXXUNTHYYAUNH 3pA3M LUNMHXMUATI3HUIN BOMNOH NPaKTUKUAH 7-p

xypan, Tomck xoT, 2015 oH, Nasnpom TpaHcras Tomck XXK;

5) 3anyyyyyablH LWWWMHXM3X yXaaH, NPakTUKUAH ONnoH yncblH VI 6ara xypan "XunH ax
YANAB3PUMH  WMHG  TexXHONorn: Typwnara, TacpanTryin ©Gangan. WMMIopTbiH
opnyynanTtbiH XaTuiH Tenes., acyygan ", XXK lNasnpom BHUUIA3, Mocksa xoT, 2015

OH;

6) byx OpOCbIH 3p43M LUMHXUNT33HMI ONOH YNCcbliH oponuooTton VI 6ara xypan "Opunm

XYYHUN TEXHOMOMMWH AynaaHMU3ankumH yHacyya”, Tomck xot, 2015 oH;

7) "OpUMM XYYHUIN XIMHIMATUNH TEXHUK, TEXHOMNOIMMMNH TOHOMOMbIH AyraaHbl FOpUMbIF
XaHrax CUCTEMYYAWWH AynaaH Macc WWIDKMNT S OFIOH YICbIH 3anyydyydblH 3p4oMm

LWMHXUIragHMn 6ara xypan", Tomck xoT, 2016 oH.

8) OnoH yncblH OPOSILOOTON 3pA3M LWMHXUNra3HMK IV yynsanT "OnoH Tant reomeTtp 6a

TYYHUIM Xaparnaa", YnaaH-Ya xot . WWy4vbe Hyyp, 2016 oH

9) WwnHa TexHonoru, HangBapTan 6anryynamxuiiH watancaH 6ytay 6yxmi A3BLWMNTAT

maTtepuan, OnoH yncelH 6ara xypan, Tomck xoT, 2016 oH

10) FO.A. larapuHbl HUCNAMMH 55 XunuiH ong 3opuyncaH "OpyYnH YEUNH MEXaHUKUIH
cyypb 6a xaparnasHun acyyanyya" byx OpocbiH 3paaM WNHXUNraaHun | X 6ara xypan ,
Tomck xoT, 2016 oH. 11) "OpUnM Xy4HUI TEXHOMNOTMWH AynaaHbl pusnk" byx OpocbiH
3pO3M LUMHXUNII3HMI ONOH yrcblH opornuooton VII 6ara xypan, Tomck xoT, 2016 rax

M3T.
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M.A. by6eH4nKkoB cyaanraaHbl TOCNYYA3L OPONLOX, yanpaax Typwnaratan. YyHA:

1) OpocbliH Cyypb Cypanraanbl caH " Tortmon v COpPOH30H OPOHA HyypcTepery
HAHOXOOMOWH 3Prangax xenenreeHnn guHamukunr cygnax Hb" 14-01-31365 mon_a,
2014-20150H. (youpgary).

2) WnHXNax yxaaH, TEXHUKUAH candapT Tycnax OyTaargaXyyHUM XUXKUr xanbapuimr
XOPKYYN3aX CaHMWH Tycnanuaaraap 3acruiH raspblH rapa3d  "HaHo martepuan 6a
TYYra3p XWMWCAH  BYTI3ArgdXyyHUA LWIMHX YaHapbIr cyafiax nporpamMm  XaHramx

TOXOOPOMXUNH 3arBapbiH 6onoBcpyynant” ca3asasp "YMHUK" xeTenbepuinH xypasHAa

(yavppary)

3) OXY-biH Wurxnax YxaaHbl CaHrviH gamxknar "oHbl nnasMmblH apraap HUMIGH

XarnbCaH xaTyy OKCUA TynwHui anemeHTurr 6anryynax”"Ne 16-19-00089 (rynuatrary).

4) OpocbiH Cyypb CypanraaHbl caH AHeBpuM3MTan apTEPUNH  CyaacHbl
rMOPOAVMHAMUKbIH - KMHEMATUK ©0a 9nekTpoU3nKUIAH  MEeXaHu3MyyAblH MaTemaTuk

3areapuynanbir COpoH30H opoH Ganx yen" Ne 08-01-00484-a (rynuaTrary).

5) 2009-2013 oHyygaa "LUMHXNaX yxaaH, LWUMHXNAX YyXaaH-CypraH XyMyyXyyriardy
OPOCbIH M3PraXnnTaH" XonbooTblH 30pUATOT Tecen. 3acruiH raspbliH rapad Ne 8345

(rynuaTrary).

6) [onxumH WKHXN3X yxaaH, GonoBcponbiH Tapryynard teByyaunH ayHa OXY-biH
TOPryynax ux CypryynuyablH epcengex YagBapbir A33LUMYYnAaxX 30pUNroTon TepuiiH
O9MXKIIArTan  Tecen "BavranMnH  XMMH  XONblUbIH  Tenn,  HyYpCyCTeperymmH
OypangaxyyHUn XyBbAd HYX3H rpadeHbl HIBTpyynax 4vagsap" ®rAOy BO HU TIy
09.08.2016 - 31.12.2016 (rynuaTrary).

7) OonxvinH WKWHXNAX yxaaH, 60noBCponbiH Tapryynard teByyaunH ayHn OXY-biH
TIPryynax WUx CypryynuyablH epcengex Yansapbir A33LWYYSaX 30pUNroTon TepuiiH

O9MXKIIArTan  Tecen Xun wyyn anrapyynax 3opuynantram X3T HUMISH HYX3H
AaBxaprblH 6onoscpyynant 6a wWuHX 4YaHapblH cyganraa" OFAOY BO HU Try

01.01.2015 - 31.12.2016 (rynuaTrary).

8) [anxuiH WWHXMN3X yxaaH, G0noBCPoONbiH Tapryynary teByyaunH ayHa OXY-biH

TIPryynax WX CypryynuyablH epcenaex YaaBapbir O33LUNYYN3X 30pUNTOTON TepuiH
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O9MXKNArTan Tecen "banranuinH XMnHaac renu 6a renuoH anraxag 3opuyncaH membpaH
TexHonornyn" ®rAOY BO HA Ty 01.01.2014 - 31.12.2014 ( rynuaTrary).

Opooroop M.A. bybeHunkoB TYUC-unH MM® JLWIX-uiiH  OHONbIH MexaHuk (TM)
TOHXUMMUIH Barwaap axunnax, MonekynbiH punsnk, HaHOMeXaHNKNUAH YMrnanasp neku
yHLwaar.

OpOsM LUMHXMAraad-cyaanraaHsl 6ar Hb TOOLOOMOX MaTemMaTuKMiAH BONoH napannernb
TOOLI00SIOX anropuTMyyAabIr X3parnax npaktuk yp Yagsaptan 6ereeg TYNC-unH WX —
nnH "SKIF Cyberia"cynepkoMnbioTEPUAH KNacTePT HAIBTPAX OONMOMXKTOWN. 64-6UTUH
epreTrenunr 43MXcaH X86 knactep; (Westmere) 3aHrunaa 6yp 0aap xoép 6-uemt Intel
Xeon 5670 2.93 GHz npoueccopTon 358 ToouoonnbiH 3aHrMnaaTan, 6a xoép uemt Intel
Xeon 5150 2.93 GHz npoueccopoop (Westmere) ToHornorgcoH 282 TooL0OsbiH
3aHrunaa aryyngar. CucremunH cymkaa Mellanox Infiniband QDR 40 GB / sec.
XamruiH eHgep 6ytaamx Hb 62 TFlops tom. Tyc 6ar Hb MeH GAUSSIAN-09, FIREFLY,
GAMESS-US, TURBOMOLE, MOLPRO, COMSOL MULTYPHISICS racaH Tycrau
3eBLIeepenTan nporpammblH nakeTtanm 6ereeq TYUNC-nnH SLLUX-rMnH WNHXI3X yXaaHbl
HOMbIH CaH Hb LUMHXI3X yXaaHbl TOrTMOJS X3BMANYYOUNH apXUBbIH CYJDKI3HUIN ©preH
Xypaar xamapcaH 6ereen Springer, Institute of Physics, American Mathematical
Society, Elsevier rax MaT WWHXI3X yXaaHbl TIPryynax TEBYYA34 HIBTPIX IPXTIN.
TecnuinH 6ar MeH gapaaxb TOHOI TEOXEOPOMXKYYANNT awmnrnax GonoMKTOMN:

CnexTtpodoTtomeTp UV-1800
Mponssogutenes: Shimadzu (AnoHus)
"og BbINycka 1 BBOAA B akcnnyaTauuto: 2013

JInHenka rasosbix xpomaTorpados "Xpomatak Kpuctann 500.1 n 5000.2"
Mponssogutens: 3A0 CKB «XpomaTtak» (Poccus)
"og BbINycka v BBOAA B aKkcnnyaTauuto: 2007

KBagpynonbHbln Mmacc- cnektpomeTp API 2000
Mponssogutens: Dionex (CLUA)
o BBOAa B akcnnyartauyuio: 2013

KBagpynonbHO-BPEMANPOSIETHLIM MacC-CNeKTPOMETP BbICOKOro paspelueHust Agilent
1260/6550

Mpounssogutens: AgilentTechnologes (CLUA)

lNog Beinycka: 2015

OudppaktomeTp peHTreHoBcknin X PERT PRO MRD (PANalytical)
dupma-usrotosutens: PANalytical (Philips Analytical)
lNog Beinycka: 2012

PeHnTreHoBckui gngppakrometp Shimadzu XRD 6000
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Mpoussogutens: Shimadzu (AnoHusa)
"og BbINycka 1 BBOAA B akcnnyataumo: 2004

Komnnekc aHanutnyeckum mccrieqoBaHUa CTPYKTYpbl U ¢hasoBoro coctaBa Advanced
AZtecHKL Ha ocHoBe getekTtopa NordllysMax
lNog Beinycka: 2012

Cuctema ans onpegeneHns rasonpoHMUAEeMOCTU MaTepuarioB MaHOMETPUYECKUM
MeTOA0M
lNog Beinycka: 2012

Mukpockon gna nabopartopHbix uccrniegosaHuin Axio Imager.M2 (Carl Zeiss)
"oa Bbinycka: 2013

CkaHupytowmi 3oHoBbINn Mukpockon SPM 9600 SHIMADZU
dupma-nsrotosutens: Shimadzu (LLnmagay)
"og Bbinycka: 2012

[1] Dynamics of nanoscale particles in gas [in Russ]. PhD Thesis. Tomsk, TSU, 2011

[2] Bubenchikov M.A. Ideal nanotube vibrations in natural magnetic field [in Russ].
VestnikTomskogogosudarstvennogouniversiteta. Matematikaimekhanika [in Russ].
2010. N 2 (10). Pp. 45-52.

[3] Calculating permeability of the low-temperature phase of a fulleriteBubenchikov
M.A., Bubenchikov A.M., Tarasov E.A., Usenko O.V., Chelnokova A.S. Diamond and
Related Materials. 2018. T. 86. C. 146-158.

[5] A.l. Potekaev, A.M. Bubenchikov, M.A. Bubenchikov New Physical Ideas and
Method of Description and Calculation of Resistance to Motion of Small Particles in a
Gaseous Medium // Russian Physics Journal. — 2013. — Vol. 55, Ne12. — P. 1434—-1443.
DOI: 10.1007/s11182-013-9977-8.

[6] M.A. Bubenchikov, A.l. Potekaev, A.M. Bubenchikov Three fundamental problems of
molecular statistics // Russian Physics Journal. — 2013. — Vol. 56, Ne3. — P. 341-348.
DOI: 10.1007/s11182-013-0038-0.

[71 M.A. Bubenchikov, A.l. Potekaev, A.M. Bubenchikov Thermophoresis of Ultrafine
and Nanosized Particles // Russian Physics Journal. — 2013. Vol. 56, Ne7. — P. 785—
790. DOI: 10.1007/s11182-013-0100-y.

[8] Bubenchikov M.A. Nanotube motion in air under electromagnetic field effect [in
Russ].  VestnikTomskogogosudarstvennogouniversiteta. Matematikaimekhanika [in
Russ]. 2010. N 4 (12). Pp. 68-77.

[9] Sedimentation of nanoparticles in the field of centrifugal forces Potekaev A.l.,
Bubenchikov M.A. Russian Physics Journal. 2011. T. 54. Ne 2. C. 211-220.

[10] Bubenchikov M.A. Motions of ultradispersed particles in a twisted section of a ring
channel. VestnikTomskogogosudarstvennogouniversiteta. Matematikaimekhanika [in
Russ]. 2010. N 2 (10). Pp. 38-44.

[11] Bubenchikov A.M., Bubenchikov M.A., Malozemov A.V., Ovcharenko V.V. Selective
permeability of carbyne membranes. Russian Physics Journal. 2019. V. 61. N 11 (731)
(in press)
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[12] Mathematical modelling of permeability for materials composed of spherical
nanoparticles Sherstobitov A.A., Bubenchikov M.A. BcbopHuke: Proceedings of 2014
International Conference on Mechanical Engineering, Automation and Control Systems,
MEACS 2014, 2014. C. 6986905.

[13] Permeability of nanonet structures constructed on the basis of carbon tubes
Bubenchikov M.A., Chelnokova A.S., Nikipelova T.l., Tsyrenova V.B. BcGopHuke:
Journal of Physics: Conference Series 6. Cep. "6th International Conference Current
Issues of Continuum Mechanics and Celestial Mechanics, CICMCM 2016" 2017. C.
012020.

[14] Permeability of ultra-thin amorphous carbon films Bubenchikov M.A., Bubenchikov
A.M., Usenko O.V., Ukolov A.V. BcbopHuke: EPJ Web of Conferences Cep.
"Thermophysical Basis of Energy Technologies 2015" 2016. C. 01078.

[15] Permeability of nanonet structures constructed on the basis of carbon tubes
Bubenchikov M.A., Chelnokova A.S., Nikipelova T.l., Tsyrenova V.B. BcGopHuke:
Journal of Physics: Conference Series 6. Cep. "6th International Conference Current
Issues of Continuum Mechanics and Celestial Mechanics, CICMCM 2016" 2017. C.
012020.

[16] Separation of gases using ultra-thin porous layers of monodisperse nanoparticles
Bubenchikov M.A., Bubenchikov A.M., Usenko O.V., Poteryaeva V.A., Jambaa S.
BcbopHuke: EPJ Web of Conferences Cep. "Thermophysical Basis of Energy
Technologies 2015" 2016. C. 01014.

[17] A thin carbon film as a separator of light gases Bubenchikov A.M., Bubenchikov
M.A., Potekaev A.l., Libin E.E., Khudobina Y.P. Russian Physics Journal. 2014. T. 57.
Ne 8. C. 1126-1131.

[18] The effect of graphene shape on its ability to separate gases Bubenchikov A.M.,
Potekaev A.l., Usenko O.V., Zhambaa S., Bubenchikov M.A., Kulagina V.V. Russian
Physics Journal. 2016. T. 58. Ne 12. C. 1711-1719.

[19] The potential field of carbon bodies as a basis for sorption properties of barrier gas
systems Bubenchikov A.M., Bubenchikov M.A., Potekaev A.l., LibinA.E., Khudobina
Y.P. Russian Physics Journal. 2015. T. 58. Ne 7. C. 882-888.

[20] The interaction potential of an open nanotube and its permeability: molecular
dynamics simulation Bubenchikov M.A., Potekaev A.l., Bubenchikov A.M., Usenko O.V.,
Malozemov A.V., Tarasov E.A. BcbopHuke: EPJ Web of Conferences Cep.
"Thermophysical Basis of Energy Technologies 2015" 2016. C. 01061.

[21] Ukolov A.V., Bubenchikov M.A. Permeability of carbon nanofabrics. Proc. 10th Int.
Sci. Conf. of Students and Young Scientists ‘Prospects of Fundamental Sciences
Development’, I.A. Kurzina, G.A. Voronova6 Eds., 2018. Pp. 307-309.

- MOHronbIH TanbiH cyanaavyuva

MOHronbIH TYHWYYA AH3 BYPUIH X3MXKI3TON HAHOBEOMCUINH CUCTEMTAN MOMEKYNyYAbIH
(aTom) xapunuaH yMnunanuur saareapynax Yyagsaprtan, HyXaH rpadeH XyyaacHbl COHIoxX
LWMHX YaHapbIr YHAN3aX 6a H3BYMX YaHapblH TOOLIOOMNbIF XMIAX yp Yaasap, Tyxaunban,
XWUAH anrax YageapTtan rpadeH XyyacbliH X3n03puUnH HONeenIMnr LWMHXN3X YaaBapTan
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Garaar. YyHaac ragHa, To4 canaancaH HaHO XOOMoOWHyyA aryyrncaH CUCTEeM O9X XWUIH

BYpPaNadXYYHUN LUNITHKUATUIAT TOOLIOOSIOX apBUH TypLunaratam toMm.

YYHUIM 33paruda CYYuMWH Xunyyasg Ynaan6aatap XOTblH TYHWYYA Hb MeTansbliH
cybecTpaT 093p XMMWUWH yypLlyynax aprbir awmrnax 6onomkTon 60ncoH. OHA3 apraap
MaKpO X3MXK33CT rpadpeHunr ymnnaBapriax G0MoMXKTON oM. QH3 apra Katanum3aTopblH
ragapryy 4aap HyypcTepery aryyricaH eep Har Xmin 3CBaf MeTaHbl KaTanuTuk 3agpanbiH
ynn aBy, g3sp tynryypnagar. Karanusatop (cybctpart) Hb MX3BYN3H 33C antac Ganaar.
NPEKYPCOP-XUIT Waxax waxyyproiH TemnepaTyp Hb 1000 ° C 6anHa. Mnm TemnepatypT
XU Hb 3agapy 33CUWH ragapryy 093p rpadeH Oypxyyn yycax 6a cybectpat 6ypaH
OypxaracaHu gapaa npouecc 30rcaor. OHO apra Hb AedekTryrm xyyacyyn rpadeH
XyYACYyd, TOITMOJST HYXTAM HyypcTeperymiH 2D maTtepuanbir HIrtrax 6GonoMXTon
Gonrox 6a MeH TyyHunaH cybcTpaT A33pX YYpblH Hamprarbii ©epynieHree CyBIpXar

rpadpeH matepuanbir raprax asax 60fTOMXUIT ONroaor.

OH3 TecenT 3XJNIIX33C OMHeX XaMIMWH UX XonbooTon Gampar OpoCbIiH TasnblH
6arMMH rMwyya OONMOH MOHronbiH TanblH  cyAnaadyMartan xamMTapcad
X3BMANYYNyyncaH 6yT3aanuiH xarcaanT

1. Wepctobutos A. A. HaHO 6eeMChinH CUCTEMTAN MOSEKYNbIH XapunuaH ynnunan / A.
A. lepcrtobutos, C. Xambaa, O. B. YceHko, B. b. LbipeHoBa, O. K. ®dupcos //
M3BecTus BbiCLUMX y4eBHbIX 3aBeaeHun. dusmnka. — 2014. — T. 57, Ne 8/2. — xyy 210
214

2. bybeHumkoB A. M. MpatheHnn XnnHyyguimr Tycraapsiax 4agBapT xanbap Hb Heneenex
Hb / A. M. BybeHuukos, M. A. BybeHuukos, A. U. lNoTekaes, O. B. YceHko, C. XKambaa,
B. B. KynaruHa // N3BecTusa Bbiclunx y4yebHbix 3aBegeHun. dusmka. — 2015. — T. 58,
Ne12. — xyy. 39-45.

Web of Science caTryynuiH MHOEKCXKCaH OpYyynrbiH XyBunbapaap:

Bubenchikov A. M. The effect of graphene shape on its ability to separate gases / A. M.
Bubenchikov, M. A. Bubenchikov, A. |. Potekaev, O. V. Usenko, S. Jambaa, V. V.
Kulagina // Russian Physics Journal. — 2016. — Vol. 58, is. 12. — P. 1711-1719. — DOI:
10.1007/s11182-016-0706-y.

3. bybeHunkoB M. A. O cenekTuBHbIX CBOMCTBaxX HaHopa3mepHon budpypkauumn / M. A.
bybeHunkoB, A. B. Ykonos, P. K. Ykonos, C. >ambaa // BectHuk Tomckoro
rocyaapcTBeHHoro yHnsepcuteta. MatematukanmexaHuka. — 2018. — Ne 51. — C. 104—
116. — DOI: 10.17223/19988621/51/9.

Web of Science:

Bubenchikov M. A. On the selective properties of nanoscale bifurcation / M. A.
Bubenchikov, A. V. Ukolov, R. Yu. Ukolov, S. Jambaa // Tomsk state university journal
of mathematics and mechanics. — 2018. — Vol. 51. — P. 104-116.

CraTtbs B 3apybexxHoM Hay4HOM n3gaHun, nHaekcupyemom Web of Science:
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4. Bubenchikov M. A. Separation of gases using ultra-thin porous layers of
monodisperse nanoparticles / M. A. Bubenchikov, A. M. Bubenchikov, O. V. Usenko, V.
A. Poteryaeva, S. Jambaa // EPJ Web of Conferences. — 2016. — Vol. 110 : conference
on Thermophysical basis of energy technologies. Tomsk, October 13-15, 2015. — Article
number 01014. — 6 p. — DOI: 10.1051/epjcconf/201611001014.

5. Jlyn-®y A. B. OnpegeneHne 4actoT nonepeyHbiX KonebaHmn nepexogHuKoB WU
TYNUKOBbIX OTBETBNEHUn rasonposogos / A.B. JlyH-®y, M.A. bybeHuukos, C. XXambaa,
C. I'.-4. Ubigbinos // BecTHnk TOMCKOro rocyfapCTBeHHOro yHmBepcuteTa. MatemaTuka
n mexaHuka. — 2019. (npuHATa B Neyatb)

Tecen 3XN3axX33C ©OMHOX CYYNUWAH 5 XWUNUUH Typluua TOCHWUWH yaupaaryvmmH
M3PraXnNuUnH CITIyyna XaBraracaH ronl HUATNAanNyya

[1] Bubenchikov A.M., Bubenchikov M.A., Potekaev A.l., LibinA.E., Khudobina Y.P. The
potential field of carbon bodies as a basis for sorption properties of barrier gas systems.
Russian Physics Journal. 2015. T. 58. Ne 7. C. 882-888. (Q3)

[2] Bubenchikov A.M., Potekaev A.l., Usenko O.V., Zhambaa S., Bubenchikov M.A.,
Kulagina V.V. The effect of graphene shape on its ability to separate gases. Russian
Physics Journal. 2016. T. 58. Ne 12. C. 1711-1719. (Q3)

[3] Bubenchikov M.A., Bubenchikov A.M., Tarasov E.A., Usenko O.V., Chelnokova A.S.
Calculating permeability of the low-temperature phase of a fullerite. Diamond and
Related Materials. 2018. T. 86. C. 146-158. (Q1)

[4] Bubenchikov A.M., Bubenchikov M.A., Malozemov A.V., Ovcharenko V.V. Selective
permeability of carbyne membranes. Russian Physics Journal. 2019. V. 61. Ne 11 (731).
(Q3)

[5] Bubenchikov M.A., Bubenchikov A.M., Mamontov D.V. MD-simulation of rotation
fullerenes in the plastic phase of fullerit. Acta Cristallographica: Section A. 2019. (in
press) (Q1)
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- Contact phone (976) 95006512
- Email jsoninbayar@yahoo.com

- Tecen 3xnaxaac ©MHOX CYYNUMH 5 XXuna X3BnaracaH 3/W eryynsiMnH xarcaanT
(2013 - 2018)

1. M. A. Bubenchikov, A. M. Bubenchikov, O. V. Usenko, V. A. Poteryaeva and S.
Jambaa Separation of gases using ultra-thin porous layers of monodisperse
nanoparticles // EPJ Web of Conferences , 110, 01014 (2016) DOI: 10.1051/ epjconf/
201611001014

2. Bubenchikov A.M., Bubenchikov M.A., Potekaev A.l., Usenko O.V., Zhambaa S.,
Kulagina V.V. The Effect of Graphene Shape on its Ability to Separate Gases Russian
Physics Journal, Volume 58, Issue 12, 1 April 2016, Pages 1711-1719 DOI:
10.1007/s11182-016-0706-y

http://link.springer.com/article/10.1007/s11182-016-0706-y

3. XXambaa C., KacatkmHa T1.B., bybeHunkos A.M. O6 onpegeneHuMnM KOHCTaHT B
nHterpane Kpuctodpdens-leapua no metoay [1.M. Kydapesa // BectHuk TIY.
MatemaTtuka n mexaHuka. 2016. Ne5 (43). C 21-27. DOI: 10.17223/19988621/43/2

XOEPOYIAAP BYNAr. YP AYH BA X3MN3NUyYYnar
2.1 CypanraaHbl aXJblH COHFOCOH apra, ron yp ayH

1. CaagblH cuctemuiiH XyBbA LpeanHrepblH WMHTErpan Har Xa)a3CcT CTauuoHap

TArWMTIONNAH LUMWAMIAT aHX yaaa 0ncoH B0MHO.
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2. WpeaunHrepblH MHTErpasn Har XaMxaacT CTaunoHap TarlwmTrannnH WNOAMnUr onnT
6a gaMXWH eHrpYYNaNTUNH KO3 OUUNEHTYYObIH XyBbAaX UNIPXUINAN Hb WYYya
rapy upax xanb6aptan 6ognoryynan anddepeHumnan- onepatop xandapTanrasp ok

raprax ascCaH.

3. TecnunH aBuag aH3 BypuinH 60NOMXUT NoTeHunan caaablH (6apbep) xXyBba rapy
npx 6yn LpeanHrepuinH TarwmnTranyyaunH WRayyaumr onox yp AyHTAM TOOH

anropnTmyyabir COHrocoH.

4. CawnH Tanurgcan Agamc - bawdopt, Agamc - MoynTOH HapblH ONOH WaTnanT
CXEeMUIT 0epeBayrasp apamMobuiiH HapumreunanTam coHrogor PyHre - Kytta cxemTan

xapbLyyrcaH 601Ho.

5. OXY-biH TanblH TecnuinH yanpaard M.A. by6eHunkos 2020.07 capg LUY-biH

OOKTOPbIH 33Pp3ar XxamraarsicaH.

6. OXY-blH KOMNbIOTEPUNH S NporpamMMblH BypPTranuiH rapunnrad Ne 2021680776, Ne
2021680468, Ne 2021680775, Ne2021666867, Ne2021666869 (OXY-bIH TanblH

XaMTpary HapblH H3p A33p) aBcaH. (xaBcparrT)

7. OnoH yncebiH WEB of SCIENCE 6a SCOPUS -uirH Q1, 2, 3 MHAEKCTAN MIPraXnnmnH

CaTryyna 6w eryynan XaBnyyrcaH.

8. OnoH yncbIH 3/w xXypang 7w, 4oaoonbiH 3/w xypang 3w UTran TaBbCaH.

9. OnoH yncbiH 3/Ww 4oTooAblH 3w Xypan, 40TOoAbIH 3/Ww 1w Xypan 30XUOoH

Ganryynaxag OposiLCOH, 4OTO0A04 21 CEMUHAP 30XMOH BawnryyncaH.

10.lMagaagbiH 05oH yncbiH 3w xyparn, cemuHapT: 2020 OHOOC 0400r XYPTan X0ep 4000
XOHOIT Har yaaa sisargax 6arraa onoH yncblH «Beijing-Novosibirsk seminar on
geometry and mathematical physics» online cemunapT >K.CoHnHbanp nasaBxmTamn
oponuoXx npnaa. https://srmc.pku.edu.cn/pyc/xzyj/kylt/128485.htm, 2023 oHooC
XK.CoHnHbasap AHY-biH The Institute for Operations Research and the Management
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Sciences (INFORMS) MHCTUTYT, HUNramMnarMnH ruwyyH 6ok “Aviation Applications

Section”, “ Computing Society” cekTopyyabiH 6anHrbiH 3L Xypan, ceMuHap,

xananuyynart online Torrmon oponuox 6anHa. https://connect.informs.org/

2.2 MaTeMaTUKMMH Tanaac COHroCcoH apra, ron yp AyH

banranbg 29nTaM 9OUWMH 3acrMAH eHAep a4y XonoborgonTton yxaanar martepuan-
LWYYATYYP XMIAX cyganraar axnax yeg sMap MateMaTuKUMinH TarwmnTranasap 6uumx tanaap

xanuyynar OXY-g OpocblH TanblH cyanaadnatanm xuixk LpeanHrepuinH TarwmTranasp
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Ouunxasp wuracaH oM. Ynmaap LpeauHrepuiiH TarwmTranasp OpocbiH  TanTan
XaMTap4y OpoC X3Nn [33p TyxaWH LWaTHbl CydanraaHbl axmiblH yp AyH Onuurgax,
TypwunTtyygaap 6GatanraaxcaH, ragaafgblH OfOH cyanaayablH  aHxaapnbir TaTax

Oalraa axxun 6ONCOoH.

AHANWTUYECKOE PELLEHUE UHTEIPAINIbHOIO YPABHEHUSA LUPEOUHIEPA

[TocmpoeHo aHanumu4yeckoe peuweHue 3adadyu O B0/IHOBOM MmpaHcropme
gewiecmea 4epe3 CcocmasHble C8epPXMOHKue bapbepbl. [lokazaHo, 4mo Ons
cocmasHol membpaHbl, cocmosiwel u3 08yx 00UHaAKO8bIX C8EPXMOHKUX Ccrioes, eceada
cywecmesyrom paccmosiHUsi Mexo0y Cri0siMU, rnpu KOMOopPbIX peanu3yemcs pe30HaHCHoe
rnpoxoxoeHue O0OHOU U3 KOMMOHeHmM. Pe3oHaHc no3gonssem  pasoenisamb
OebpolinescKkue 8051HbI Yacmuuy, 0OUHaKOo8bIX Mo ceolcmeamM U pasfiudarouuxcs nullb
maccamu. [Npu memnepamype 25 K HalideHa wupokasi nosioca 2urnepcesieKmueHo20
pasoernieHus 2enuoH-2ennuesol cMecu.

KnioueBble cnoBa: uHmezpasibHOE ypasHEeHUe, 8bIPOXOeHHOoe 5I0pOo, orepamop
cdsuea, aKCroHeHyuarnbHble hyHKUUU, moxdecmeo ®Pypebe.

BBepeHue

B kayecTBe 3neMeHTOB COCTaBHOMW MeMOpaHbl Haunyywum obpasom noaxoauT
NOPUCTBLIN rpadpeH wunuM nopucTbin HUTpUL Gopa. Takne maTepuanbl MOryT ObiTb
nonyyeHbl meTogom anutakcum [1,2] unn cnocobom ocaxaeHust n3 naposon ¢asbl Ha
NoanoXKy, cogepxawyo 6es3gedekTHbIn rpacdeH unm nopucTblin HAUTpKUL Gopa [3,4].
OpHako cyulecTByeT elle Lenas rpynna cTabunbHbIX JIMCTOB TOSMWWHON B OAWH aToM,
KOTOpble Ha 3Tane cuHTe3a WM MOCle MEeXaHW4eCcKoro OTCoeHust Moryt ObiTb
npeBpaLleHbl B nopuctbin 2D-matepuan. Tak B paboTte [5] coobuwiaeTtcs o nuctax GeH,
KOTopble SIBASAITCA TepMuyeckn ctabunbHbiMu o 75°C. N3BeCcTeH Takke CUSTUKOH —
rpadpeHoBbIN 3KBUBANEHT KPeMHUA [6], nmerowmn 6onblune nepcnekTuBbl Ans HOBbIX
npumeHeHun. B paboTte [7] aBTOpbI yKa3blBalOT Ha YepHbIN POChOop Kak Ha CIIOUCTbIN
MaTepuan M3 KOTOpOro MoxeT ObITb nonyyeH ¢ocdopeH — OAHOATOMHbLIN CIIOW,
dm3myeckme CBOMCTBaA KOTOPOro 3HAYNTESNbHO OTANYAKTCSA OT ero 06BbLEeMHOro aHarsora.
B pabote [8] coobuwiaetcs 06 ycnewHoOM W3roTOBfEHUM ABYMEPHOrO CTaHEeHa Ha
OCHOBE SC MeTOAOM MOMEeKynspHo-nydeBon anuTtakcun. B [9] oTnnyaetcqa, yTo
yHKUMaHanu3auusa rekcaroHanbHoro Hutpyaa 6opa mornekynamm amuHa Bbi3Bana
paccnoeHne CroucTon CTPYKTYpbIl, YTO NpuBesio kK obpasoBaHUo NUCTOB HUTpuaa bopa.
B pa6ote [10] roBoputcs, 4UTo “paspaboTka HOBbIX CIIOUCTbIX MaTepuanoB npertepnena
aBONLUMIO  OT rpacdeHa K MeTasIM4eckuMm  okcuaam U MeTannnyecknm
XanbKoreHngHblM HaHonuctam”. B [11] Takke ynoMmnHaeTcs meTtannguxanbkoreHnbl
Kak HoBenwwme 2D-maTepuwanbl M NpuUBOAMTCA MpUMep Martepuana, CO3[4aHHOro Ha
ocHoBe MoS,. B [12] wu3y4aloTCcss  3MEKTPOHHbLIE  CBOWCTBA  CrnegylroLmx
MeTannamMxanbKoreHM4oB, UMeLWMX OBYMEPHY CTPYKTypy: MoS,, WS,, WTe,, TiSe,
NbS,, VSe,, NbSe,, TaS,. Bce maTtepmanbl npu COOTBETCTBYHOLLEM CNOCOOE UX CUHTE3a
unu nocnegywowen obpaboTkn, npueoaswien K obpasoBaHMO MNOp MOryT ObiTb
npucnocobneHbl Ana pasgenexHus rasoB. B [13] coobuiaetca o CrioMcTton ABYMEPHOM

' UccnenoBanye BHIMOMHEHO mpH (PUHAHCOBOM mopmepxkke PODU u MUHUCTEPCTBOM KyNbTYpPHI, 0Opa3oBaHus,
HAyKH U criopTa MOHronuu B paMkax HayyHoro npoekra Ne 19-51-
M Ne 19-51-44002
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ceTyaTtom CTPYKType, KOTOopasi COAEPXUT PaBHOMEPHO pacnpefernieHHble AbIpKA U
NMeEeT B CBOEN ocHoBe ctexmomeTpuio C,N.
Taknm obpasom, yxe CUHTE3NPOBAHO AOCTAaTOMHO MHOrO ABYMEPHbLIX MaTepuaros,
KOTOpble MOryT OblTb MPMMeEHEHbI B paboTax no KBAHTOBOMY NPOCENBAHMIO N30TOMOB.
Llenb HacToswen paboTbl COCTOMT B HaxXOXAEHUM YCroBuKW, obecneyvmBatoLmx
pPe30HaHCHOE NPOXOXAEHNE KOMMOHEHT ra3oBOM CMeCK Yepes CoCTaBHble Bapbepbl.

OunddepeHumnansHoe ypaBHeHue LpeauHrepa

AnddepeHumanbHoe ypaBHEHNE BOTHOBOW ANHAMUKM UMEET BUA;:

i i e _.-'-|'
— MM+ LYY+ ——-=10

:'II i
(1)
3gece W — BonHoBasi yHKuma, h — noctosHHasa [lnaHka, U — aHeprus
B3aMMOAENCTBUSA YacTuLbl C OKPY>XEHMeM, m— macca 4actuubl, A — onepaTop
Jlannaca, i — MHUMas eguHnLa.
B yactHoMm cniyyae, korga noteHumanbHas aHeprnst U SBHO He 3aBUCUT OT BPEMEHW,
peLLeHne ypaBHeHus (1) uwietcs B Buae:

W=ye ikt it
(2)
rge E - QHEeprmna 4Yactuupbl.

Toroa pns HaxoxaeHust amnnuTyabl BonHbl W OyaemM MMeTb CcTauMoHapHoe
ypaBHeHue LpeauHrepa:

3)

B 3apavax Hu3koTemnepaTypHOro MemOpaHHOro pasgeneHus rasoBbiX CMecew
onpegenswollee 3HavYeHMe MWMeeT HanpasrfieHuMe nepeHoca, nepnenaukynsapHoe
NoBEPXHOCTN MeMbpaHbl. BBMay manbix pasmepoB HaHOMOpP 06O MakpoOCKONUYECKUIA
pparMeHT meMbpaHbl MOXHO cyuMTaTb OECKOHEYHO MPOTSXKEHHbIM B HanpaBreHusix,
napannenbHbix MeMmbpaHe. Onpegensasas no  HEKOTOPOMY  npeacTaBUTESNIbHOMY
bparMeHTy NOBEpPXHOCTU MeMbpaHbl cpeHee 3HaYeHWe 3Hepruv B3anMoLenCTBUSA U
ncnonb3ys OOHOMEPHOE BOMHOBOE YpaBHEHWE MepeHoca BeLwecTBa, Mbl MOXEM
roBopuTb 0 HapbeEpPHON TEOPUN NPOHMLIAEMOCTN MEMBPaHDI.

Takum o6pasom, npu nonyvyeHuum pesynbTata Mo MNPOHMLAEMOCTN OTAENbHbIX
KOMMOHEHT CMeCuM WnM MO CENEKTUBHOCTM ee pas3feneHuss MOXHO WCXOAUTb U3
ypaBHeHus (3).

Hwke 6yayT npeactaBneHbl HEKOTOpble aHanUTU4ecKue MOCTPOEHUs, KOTopble
oKasanucb BecbMa a(ppeKkTUBHbIMM NpU aHanu3e 3agay NPoOXoXAeHUs1 N30TOMOB Yepes
COCTaBHble MeMbpaHbl. B ¢BA3n ¢ 3aTuM yaobHen 6yaeTt umetb 6e3pasmepHyto opmy
ypaBHeHMs nepeHoca BeLlecTBa.

Ecnu maccy yactuubl OTHECTU K My — Macce atoma Bogopoaa, 3a maclutab aHeprum
B3aTb U, — rnybuHy noTeHuManbHOM HAMbl B pacnpefenieHun SHeprun napHbIX
B3aMMO4enCcTBU BeLLecTBa MeMbpaHbl U NOABMXHBLIX YacTul, a B kKadecTBe MacluTaba
OJIMHbBI NPUHATL BENUYUHY

L= .' fomr L7
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TO Be3pasmepHoe ypaBHEHME BOJSIHOBOM OMHAMUKM He OyaeT coaepaTb MOCTOSHHOM
MNnaHka h:

—+2miE=Lixywy =0

B 3anucu (5) Bce BennumHbl 6e3pasmepHble, BKNKOYasa KoopauHaTty X.
Takum 06pa3om, Mbl YMEHbLUMAN KONMMYECTBO KOHCTaHT 3adayn Ha eauHuuy. 370
SIBMNSIETCA CYLLECTBEHHbIM MPU NPOBEAEHNM AanNbHENLLNX aHANUTUYECKMX BbIKIagoK.

MHTerpanbHoe ypaBHeHue LLipeauHrepa n ero npeobpasoBaHus

Peanusaumna 4ncneHHblx MeTOOO0B pelweHna auddepeHumanbHOro ypaBHEHUSA
WpeouHrepa opueHTMpOBaHa Ha KOHEYHY o00nactb W3MEHEeHUs He3aBUCUMMOW
NepeMEHHON, a TaKkKe Ha NPUMEHEHNE «CLUMBKUY MOMNYYEHHbIX YUCMEHHbIX OaHHbIX C
acCUMNTOTMYECKUMWN  pacnpeneneHnsaMm  BblumMcnsemon BenuumHbl. OB6blMHO nofg,
YCNOBUSIMM  «CLUMBKM» TMOHMMAIOTCS paBeHCTBA CaMOW BOSIHOBOM (OYHKUUM N ee
npounssogHon. OpgHako OTCYTCTBYHT Kakue-nmbo o06OCHOBaHWA B OTHOLUEHWUM
NCNonb30BaHMs 3Ton opMmbl ycnosun. Takke TpebyeT o6OCHOBaHMA M caMm pasmep
KOHEYHOM obnacTu WHTerpupoBaHus. B CBA3M C 9TUM BaXXHbIMU SABASKOTCA MOMbITKA
NpoBeAEHUS WHTErpupoBaHus MO BCen AeuctsuTenbHonm ocu. [lo-Bngumomy, 310
BO3MOXHO cAenaTb aHanuTuyeckum metogamu. BrnonHe nogxogdwum ansi 3T1oro
ABNSAeTCA MHTerpanbHoe ypaBHeHue LpeanHrepa:

T
i |1

Lid i
L I__”' -|-|__“\.|__\,

(6)

3pecb m — Ges3pasmepHass macca 4YacTuupbl, k=N2mE napameTp BOMHbl, E —
BespasmepHasa aHeprna yactTmubl.

B kHure ®.M. Mopca un [. Pewbaxa [14] p[okasbiBaeTCs 3IKBMBANEHTHOCTb
anppepeHumManbHOro M MHTEerpanbHOro  noaxo4oB B ONUCaHMKM  MPOLLECCOB
pacnpocTpaHeHUs BOSIH MaTepuun.

YpaBHeHne (6) eCTb WHTerpanbHOE YypaBHEHWE C BbIPOXKAEHHbIM sgpom. [ns
npoBefeHnsa aanbHenWwmnx ero npeobpasoBaHnn Bocnonb3yemcs gudpdepeHumanbHbiM
onepaTtopom casura:

(7)
[lokasaTenbLcTBO NOCnegHEro paBeHCTBa MOXHO MPOBECTN C NMOMOLLbIO Pa3JyiIoXXeHUA

9KCMOHEHTblI B psia Tewnopa, a Takke MNOCPEeACTBOM MPUMEHEHUSI YXe JUHENHbIX
onepaTtopoB K yHKUMM f(X) N HaXOoXaeHUs HOBOW CyMMbl psiga. lNpumeHsis paBeHCTBO

k=g
(7) K © , NICXOOAHOE ypaBHEHNE MOXEM NepenncaTtb B BUOE!

LITA i |'-. [Cyyillu dl |- ¢ L LA —_ = —
f L 2 1A : i T

(8)
O6patuMm BHMMaHME Ha BblpaxXeHne B CKOOkax. OTO BblpaXeHWe MOXHO

paccMmatpvBaTb Kak guddepeHumanbHbIin onepaTop WMAM aHanUTUYecKyt (YHKLMIO
napametpa p=d/dx:
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(9)
C yyetom BBeAeHHOro o0603HayeHus1 ypaBHeHMe (9) MOXHO nepenucatb B
crnegytwoLiemM Buae:

wix)—h-Lip)c

(10)

Bua ouddepeHumnansHOro onepartopa, 4ENCTBYIOLWEro Ha CTOSLLYKO OT Hero crnpasa
9KCMOHEHLManNbHY (YHKLMIO, NoKa YTO HaM HeusBecTeH. OQHAKo ero MOXHO HanTwu.
YMHoxas (10) Ha U(x)exp(—xp) n uHterpmpysa B 6€CKOHEYHbIX Npeaenax Hangem

[ [ Lixywixy o Ty |— 200 I-'.';--' [ MUy e Py | =) [ U xy o |
(11)

3pecb nosiBnsTCA ele ABa AnddepeHLmanbHbiX onepaTopa, A1 KOTOpbIX BBEAEM
cnegytowme o603HavYeHUs:

Hi ) [ P s |1 av. 0 Fi)] [ L iy |1 .-:n':'.'
(12)
C yyeTom aTnx 0603Ha4YeHUN onepaTtopHoe paBeHcTBO (11) npumeT BUA;

Lip)-[1-401 pi]= Bip)

(13)
OTtcioga nonyyaem

(14)

MHorga wHTerpanbl (12) moryT ObiTb BbIMMCAEHBI aHaNUTMYeckuMm crnocobom. B
obLem criydyae Hy>XHO NPOBOAUTb YMCFIEHHOE MHTerpupoBaHue. B nobom cnyyae atu
WHTEerparnbl 3aBUCAT TOSbKO OT hOpMbl NoTeHumaneHoro 6apbepa. MNogcrasnsasa (14) B
BblpaxkeHue (10), nonyyaem pelleHne nHTerpanbHOro ypaBHeHUs B BUAE:

3B p)

l—nOipy de’ Tk
(15)
Ecnn 6bl gudpdepeHumnanbHbin onepatop L(p) AenctBoBan Ha nokasaTesnbHYyo
dYHKUMIO 0OLIYHOMO BMAa, TO pesynbTaT Obin 6bl creayowmm:

A (16)

OpHako B chopmyne (10) aTOT onepaTop OENCTBYET Ha SKCMOHEHTY OT MOAYIS
aprymeHTta. [loaTomMy HenocpeacTBeHHoe npuMeHeHue (16) HeBo3MOXHO. Ho
9KCMOHEHTY OT MOAyns aprymeHTa MOXHO NPUBECTU K OBbIYHOW 3KCMOHEHTe, ecnu
BOCMNOJSIb30BaTbCA TOXAECTBOM Dypbe:

i i al oo
| | L L L a LEdy o
-

(17)
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MpumeHss npasuna (16) n (17) k dopmyne (15), nonyyunm:

| r ,
Wix) —_ | | L= L L e
T w v

L

(18)

BoipaxxeHne (18) u npegcrtaBnsieT cobon pelleHne WHTerpanbHOro ypaBHEHUS
WpeaounHrepa, 3anucaHHoe B BuAe OBOWHOINO MHTerpana rno cnektpanbHon ocu. Kak
BMAMM, B OTnn4me OT (6), B ero npaBoW 4YacTU HAaXOAATCHA BCE M3BECTHblE BENUYMHDI,
nockonbky dyHkumn B(w) n Q(w), Ha3sbiBaemble crnekTpamun bapbepa, onpenensioTcs
nnWb ero oopMon, T.e. ABNAITCA U3BECTHBIMW (PYHKLMSIMU NOCTaHOBKKU 3aga4vn. Kpome
dopMbl Bapbepa 40 NOSTYYEHUSA peLleHMs HaM U3BECTEH XapakTep acMMNTOTUYECKOro
NoBeAEeHUS peLLeHns No OCn PU3NYECKON NEPEMEHHON X.

Ha aTtom atane vHTerpmpoBaHmsa Mbl yXe ocBoboaunucb oT guddepeHumnanbHOro
onepatopa L(p), 3ameHuB ero c wucrnornb3oBaHveMm npasuna (16) dyHkumen L(w).
dyHkumio L(-iw) o6o3Haumm 4yepes G(w). Torga ¢ yuetom (14) nonyymm:

. A —im)
i )

| =& —im) T,
=3 [t

(19)
B pesynbTate 6yaem nmetb
| . ,
Wlvh=e" +— | | e G e
(20)
G(0) y K(x)
Ecnu dyHKums ABIISIETCA CNEKTPOM HEKOTOPOW (PYyHKLUK , TO
If-llll:- [ ."\-I.'.':-". i, -'I\-I.'.':- — [ f-.llu:- L m
B (21)
Torpa peweHune (20) 3anuweTcs B BUAE NocrefoBaTenibHOCTN TpeX MHTerparnos:
| - - - :
Wixh=c¢ t tJ L ' | i (|3 “ | e .I..ﬂ'.ll:-illlli g
t [ A} [ L - [ L o |dfoa|d .
' ' (22)

MHTerpan, crosawmi B ckobkax nocrnegHero BblpaXkeHusl, npeacTtaBnseT cobon
aenbTa yHkumo Jupaka. [NoaTomy ganee Moxem 3anucarb:

Wirh=u -|."~L'||i;-;."|i|-_ Ol ==

[ Kipy- et 1.
(23)

Takum o6pas3om, Hambonee koMnakTHas 3anuCb peLlleHusi, B KOTOPOM MWHTerpan
GepeTca MO HanpaefeHUlo U3MEHEHUSI (U3NYECKOM MNEepPeMEHHON, BbIrMsSanT
cnegytowmm obpasom:
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(24)
Mpn peweHnn ypaBHeHusa LpeauHrepa MeToooM MHTErpanbHOro ypaBHEHUS He
NpegyCMOTPEHO BbINOSTHEHWE YCIOBUIA «CLUMBKWY». MO3TOMYy HEobxoguMmo npoBepuUTb
BbIMOSIHEHNE YCMOBUI NpKU X = . [1Ns 3TOro nepenuwiem pelueHne (24) B cnegyoowme
BUae:
Wixh=¢ [ | 4 [ ."1-I_'_L:". --Cll._._\, |+« | |'."1.I_'_L:". '-:n'._-_ |
(25)

Onupasice Ha nocnegHol GOpMy peLLeHusi, MOXHO caenaTtb 3akntoveHne o6
acUMMTOTUYECKOM MOBEAEHUN BONTHOBOW (PYHKLMM CrieayoLmmMm o6pasom:

(26)

Kak Bugum 13 aTux COOTHOLLIEHUI, nocne 6apbepa Mbl UMeeM NPOXOASLLYIO BOSHY, a
Ao bapbepa MMelTCs M nagarlas, n oTpaxeHHas BOMHbl. Takum obpa3om pelueHune
(24) BepHO OTpaxkaeT acMMMTOTMYECKOE NOBeeHNEe NCKOMON dDYHKLUMN.

OanHouYHbIN Gapbep B Buae umnynbca Maycca

MycTtb Gapbep onpegenseTca npoctenwen oopmMyon:

U=¢"
(27)

Bblumncnvm rpadounkun cnektpanbHbiX (PyHKUWIA:
Mo+ & i |1 ix M TR .'Ig..llll Kl [ iy T ey
Oy =&, (n) | Ly e Me™adlr

(28)

Mpamkn aTnX Tpex (PyHKUMK, pacCYMTaHHble YUCIEHHLIM METOAOM, NoKa3aHbl Ha
puc. 1.
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Puc. 1. Npadumkn Bi(w+k), Bz(w-k) n Bs(w)
Fig. 1. Graphs B; (w+k), B2 (w-k) and Bs (w)

PyHKUMN Bi(w+k) n Bx(w-K) ABNAIOTCH BeLWEeCTBEHHbIMU (PYHKUMSAMWU YacTOTbl W U
COOTBETCTBYIOT CABUry crekTpa Oapbepa Ha BenuumHy k. YTo Kacaetca dyHKUMK
Bi(w), TO OHa gBNseTCA KOMMMEKCHOW. Jlerko 3amMeTuTb, Y4TO BeLleCTBEHHad 4acTb
dyHKUMN Bs(w) paBHa nonycymme BenuunH By n B,. lNpu 3aToMm, BCA KOMMNEKcHast
dYyHKUMA Bs(w) ABNSETCA YeTHOW (PYHKUMENW OTHOCUTENbHO 4acToThl w. Kpome Toro,
BMAHO, YTO BCE TPU (PYHKUMM OOCTATOYHO BbICTPO yObIBAKOT C yBENUYEHNEM MOOYNSA W.
lMocnegHee o6CTOATENBLCTBO MO3BOMSET, MOCMe BblYUCNEHUs cnektpa G(w), nerko
BOCCTaHOBUTb U GyHKUMo K(x) no cdopmyne (21). MNpadukn dyHkumn G(w) n K(x)
npuBedeHbl Ha puc. 2.

0s ] ]
0
= 05 - .
c)“?' . —reallG) |
. i T imag(G) | |
. | | | | :
5 B ) 2 o 2 2
w
1 T T T T T T
real(K) eFmm— : :
P e imag(K) | R o e H i
>< :
T et S . N
z H H H
Y] I S R . N i i i i
. : : : : : :

Puc. 2. 'padnkm BeLLECTBEHHbBIX U MHUMbIX YacTen oyHKLUIN
G(w) n K(x), BbluncrieHHble ans 3HadeHnn: m=3 mn E =0.5
Fig. 2. Graphs of the real and imaginary parts of the
functions G (w) and K (x) calculated for the values: m = 3
and E=0.5

BuaHo, 4to 06e dpyHkuMn G(w) 1 K(X) OTNNYHBLI OT HYNSA TOMBbKO HA OrpaHUYEeHHbIX
yyacTKax, kak no nepeMeHHON w, TaK U No PacCTOSHUIO X.

Koadh¢pmumeHT oTpaxeHus
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OuyeHb BaXkHbIM NPENMYLLLECTBOM TOYHOIO PELUEHUS, NO CPABHEHUIO C PELUEHNSMN,
nofny4YaemMbIMU C MOMOLLIbI YMCIEHHBIX METOOOB «CLUMBKMY», SIBMISIETCA TO, YTO TOYHOE
pelleHne no3BONSAET BbIYUCIIATL MOMHbIA  KO3(MUMEHT nNpoxoxaeHus S wnu
oTpaxeHunsas R pgns noTeHumanbHoro 6Gapbepa U(x) 3agaHHouM dopmbl. U3
pacnpegeneHus (25) cpasy e HaxoauM KO3 MUUMEHT OTpaXKeHUS:

I :.[ M ;:'; |_h‘
- ' (29)
KoahpmumneHT npoxoxaeHns 6yaet paBeH:

(30)

OTW MHTerparnbl 3anucaHbl ¢ 6eCKoOHeYHbIMM NpegenaMn u, no KpamHen mepe, oauH
M3 HUX MOXHO BbIpa3nTb Yepe3 chnekTpanbHyl QyHkuMw G(w). denctBuTtensHo,
dopmynbl (21) n (19) patoT:

(31)

WHTterpan, Bxogawmn B dopmyny (30), He BblpaxaeTcs NogOoOHbIM Xe MPOCTbIM
obpasom 4yepe3 cnektp G(w), ogHako B kHure ®.M. Mopca u . Pewbaxa [14]
AoKasbIBaeTCcs, YTO Mexay koadpduumeHtamm S n R BbINOMHSAETCA PaBEHCTBO:

S+R=1
: (32)

MockonbKy cnpaBeaniMBo COOTHoWeEHue (29), TO MeemM crneayrowme hopmynsl ang
KOO PULMEHTOB MPOXOXKAEHUA U OTPaXEHWUHA, BblpaXXeHHble B SBHOM BuAe 4epes
WHTerpanel OT NoTeHUMansHoro 6apbepa:

(33)

®opmynbl  (33) ymobHbI gnsa  cniydaeB, Korga  CnekTtpanbHas  PyHKUMS
noTeHuManbHoro 6apbepa HaxoAUTCA aHaNUTUYECKUM MyTEM.

HaxoxaeHue HyneBow cnekTpanbHOWN (PyHKLUN

,D,J'IFI 6apbepa B Bnae nMmnyrnbca Faycca HyrneBad CneKkTpalbHas beHKLI,I/IFI nMveeT Bna:

AN npsMoyronibHOro umnysnbca ¢ WUPUHOW h, OCHOBHOW CMEKTp onpegendeTcs
cneayoLwmm obpasom:
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A m)

" w
4

[
1

(35)
[na 6apbepa obpaTHOro kBagpaTy runepbonmyeckoro KOCMHyca, UMeemM:

M
| 2 5
LB = — :
chitiox) T W
| R |

w
(36)
MoxHO HanTu 1 gpyrue npumepbl cnektpa Bo(w) B cnpaBoyHuke [paglitenHa u
Pbikuka [15]. Bce OHM ABNAKOTCSA YETHBIMU BELLECTBEHHBIMU (DYHKUMAMU W U BbICTPO
ybbIBalOT, KOraa w CTpeMUTCA K 6ECKOHEYHOCTW.

CBoucTBa COCTaBHbIX NOTEHUMANbHbIX 6apbepOB

B un3BecCTHbIX NuUTepaTypHbIX UCTOYHMKAX HUKOrga He 3a0CTPANoCb BHUMaHWE Ha
ocoboM noBefeHM COCTaBHbIX NOTeHUManbHblXx Gapbepos, T.e. Takux, Korga asa vnu
HeCckonbko 6apbepoB HaxOAATCA Ha HEKOTOPOM PacCTOsHWMM ApYr OT Apyra, U Mexay
HAMK oBpasyeTca noTeHuManbHas sma. Mexagy Tem, npu YUCNEHHbIX peLUeHUsX,
MCNONb3YIOLWNX METOA «CLUMBKWY», ONsi COCTaBHbIX GapbepoB 4acTto Habnioganucb
3HauuTenbHble konebaHua  kKoadpduumeHTa oTpaxkeHus R n  KoadduumneHTa
NPOXOXAEHUA S C UBMEHEHMEM 3Heprum Yactuubl E. MeTton «CLUMBKM» HOCUT cyry6o
YUCIIEHHbIN XapaKTep U NpU ero NpUMMEHEHUU TPYAHO MOHATb MPUYUHY TOro, noyemy
yacTuya nerde npoxoauT vepe3 ABOMHOM Gapbep, 4yeM yepe3d Gapbep OAWHOYHbLIN,
BCNEACTBUE YEro CKMOHANUCb K TOMY, 4TOObl OTHOCUTL Takon 3pdekT K owwmbkam
cyeTa.

CHavana 3ameTuMm, YTO eCnu OAMHOYHbLIN Bapbep CABWMHYTb Ha paccTtosiHue d oT
Hayana KoopAuHaT, TO ero CrMeKTP NPOCTO YMHOXUTCA HAa MHOXUTENb €7, T.e.

j1 Dlix—dye™dx =™ - B,(m)
| (37)
CnekTp gBonHoro 6apbepa Toraa 6yaert paBeH:
| [f | X+ iy —d ] T || o | B A
(38)

®dyHkumna G(w), onpeagensemaa dopmynon (21), NSMEHUTCHA NpPU 3TOM CrieayoLmm
obpasowm:

(39)

EctectBeHHO, 4TO 1 hyHKUMA K(X), BXOASLAa B pelleHmne (24), Takke NOMEHSIETCH C
n3meHeHnem pyHkunn G(w).
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MoactaBnas B (39) w = k, nonydyaem criegyrollee BblpaxeHue Ong koadduuneHTa
OTpaXKeHUs::

(40)

dopmyna (40), npeacraensawas KO3OPUUNEHT OTPaAXKEHNST COCTAaBHON MeMOpaHbI,
onpeaensieT OCHOBHOM MaTemaTuyeckui pesynbTaT paboTbl, MOCKOSbKY MO3BONSET
BbISIBUTb PE30HAHCHbBIE PEXMMbI MPOXOXAEHMSA KOMMOHEHTOB ra3oBow cMecu. Hanunume
MHOXMTeNs (1+e?*?) cyllecTBEHHO YCMNOXHAET ChekTp [OBOWHOro Gapbepa, Mo
CPaBHEHMIO CO  CMNEKTPOM  OAMHOYHOro Gapbepa, UM 3TUM  OObsCHAETCH
YyBCTBUTENBHOCTb KOIULIMEHTA OTPaAKEHNS K NnapaMmeTpam hopMbl MOTEHLMANbLHOro
Gapbepa.

MpucyTtcTtBre MHoxuTens (1+e?*) B uucnutene dopmynbl (40) o3HayaeT, 4To
KO ULMEHT OTpaxeHus R pomkeH obpawaTtbCsd B HOMb MNpU  onpeaeneHHbIX
3HauyeHusix paccTtosHua d mexay H6apbepamu. lNMpupaBHMBasi 3TOT MHOXMWUTENb HYIHO,
Haxoanm:

(41)

OTctoga BUAHO, YTO KO3 PULMEHT OTpaKkeHnsa obpallaeTcs B HOMb HE NPU O4HOM, a
MNPY MHOMMX 3HAYEHUAX PAcCTOAHUS d MexXay OANHOYHbIMU Bapbepamu.

Bblbupas Takum cnocobom pacctosHne d B oopmyne (40) mbl gocturaem acbgekta
n3bupaTtenbHOCTH, T.€. TOrO, YTO YacTmLa C Maccon m un c aHeprmen E 6yaet csobogHo
npoxoauTb, 6e3 BCAKOro OTpaxeHus, Yyepe3 noTeHumanbHbin 6apbep, COCTOALWMN U3
ABYX OMHAKOBbIX YacTeMn.

Ecnu umeeTcs BO3MOXHOCTb M3MEHATb paccTodHue d Mexay [AByMms
noTeHuManbHbIMM Bapbepamu, TO NpeacTaBnseT UHTepec NpocneanTb 3aBUCUMOCTb
KoappuumeHta npoxoxaeHus S(d), BbIMUCNEHHOrO C WMCMNOSIb30BaAHMEM (PopMynbl
(40), npn 4YacTHbIX 3HA4YeHUAX Maccbl U aHeprn. Ha puc. 3 nokasaH pesynbraT
Takoro pacyerta, BbIMOJSIHEHHOro Ans crny4yas, korga: E=0.5 n my=3, my,=4.

1
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Puc. 3. Npadumkn koadpdpurumeHta npoxoxgeHua S(m,E,d), npm 3HayeHmum
aHeprumn E = 0.5 ona aByx 3HavyeHun macc: m=3umum=4
Fig. 3. Graphs of the transmission coefficient S(m,E,d), at an energy value of
E = 0.5 for two mass values: m=3and m=4
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N3 atoro pacyeta BuOHO, 4TO cyuwecTByeT 9ddeKkT cenapaumm 4YacTuu,
pasnuyarowmxcss no macce. Perynupys pacctosiHne d mexagy 6apbepamu, MOXHO
A0BUTBCA NPOXOXAEHMS OOHOW M3 YacTul U npu 3TOM MNpoxoxaeHue apyron Gyper
NMONHOCTbO 6NOKMPOBaHO.

BnoknpoBaHue renvoHa onpefensieTcsl ydacTkamu ChfOWHON KPUBOW, Nexalumu

Ha TropusoHTaneHoOM ocu. [lpy 3ToM ecnu (/E[S‘O], TO BOfHblI KO3dbpuumeHTa
NpoxoXxaeHus wnayt B npotvBodase. IOTO O3HavaeT, 4TO Ha OGonblwen yactu
OTMEYEHHOIO0 UMHTEpBana Mbl WMMEEM CBEPXBbICOKME 3HA4YeHUa KoappuumeHTta
pasgeneHus renuin-rennoHoBot cmecu. B Tom, 4yTo umsoton “He npoxoguT uepes
cocTaBHble Gapbepbl nyylle, 4em *He, HeT HUYero yameuTenbHoro. MockonbKy gaxe no
MepKaM KrnacCUYeCcKOM MEexXaHUKM YacTuua, umerowas ToT Xe 3pdeKkTuBHbIN pasmep,
HO B6onbLUYO Maccy, AOMKHA NPOXOAUTb fy4Lue.

3aknyeHune

lMony4yeHO aHanuTUyeckoe pelleHne WHTerpanbHoro ypasHeHusa LpeawHrepa, us
KOTOPOro cpady CcnegywT BblpaXeHna ans  Ko3MUUMEHTOB OTpaXeHusa u
npoxoxaeHusi. bnarogaps Hanuuuio BTOporo Gapbepa, KOIPPUUMEHT OTpakeHus
obpawjaeTca B HOMb B MOCNefoOBaTENIbHOCTU 3HAYEHU MO PaACCTOSHUAM  MeXay
MOHOAQTOMHbIMW  CNOAMM  MeMOpaHbl. OTO O3Ha4YaeT, 4YTO Ha 3TUX AUCTaHUMAX
KO3(ppMUMEHT NpoXoxaeHnsa renus OyaeT paBeH eauHuue. B TO e Bpems renmvon,
UMELNn Opyryio Maccy He ByaeT nmeTb pe30HaHCHOro NMPOXOXAEHUA Ha yKasaHHbIX
ANCTaHUMAX MexXay Cnosmn membpaHbi.

Taknm obpasom, ogHa M3 KOMMOHEHT OyaeT npoxoauTb 4epe3 cuctemy 6apbepos,
apyras >xe He OygeT npoxoguTb BoBce. B pesynbTate Mbl nonydaem adeKTUBHYHO
cucTemMy [Ans  npocemMBaHWa W30TOMOB. JTYy CUCTEMY MOXHO HacTpavBaTb Ha
pasgeneHne rasoB, MeEHsis paccTtosHue wmexay Oapbepamu. [lpy 3TOM BbIBOAbI
OKa3blBalOTCA CnpaBeanMBbIMU ANA CBEPXTOHKMX OAMHAKOBbIX ©apbepoB pasfvyHomn

dopMmbl.
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Crtatbs noctynuna

Bubenchikov M.A., Bubenchikov A.M., Jambaa S., Lun-Fu A.V., Chelnokova A.S.
(2020) ANALYTICAL SOLUTION OF THE SCHRODINGER INTEGRAL EQUATION.
Vestnik Tomskogo gosudarstvennogo universiteta. Matematika i mekhanika [Tomsk
State University Journal of Mathematics and Mechanics].

The present paper considers the use of wave dynamics in solving problems of
membrane separation of helium isotopes in a gas state at cryogenic temperatures. The
dimensionless form of the stationary Schrddinger differential equation is obtained.
Following that, the integral representation form of the wave function which is equivalent
to the classical equation is written. This form is similar to the integral equation with a
degenerate core; however, it contains a modulus of the argument with a shift along the
real axis. Using the shift operator, the existing exponential function in the Schroédinger
integral equation can be split into a differential operator and an exponential function of
the argument module which does not contain a shift. The Fourier identity allows
reducing the exponent of the modulus of the argument to a regular exponent. Next,
basing on the general ability of the differential operator acting on the exponent, it is
possible to calculate the spectral functions of the problem and write down the
distribution for the wave function. This distribution is ultimately expressed through the
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spectra of the potential barrier. Thereafter, the structure and the spectrum of the
composite barrier are considered. With the expression determining the reflection
coefficient it is found that the double-barrier system can have a resonant passage of
one of the components in the sequence of distances between the layers of the
membrane.

Keywords: integral equation, degenerate kernel, shift operator, exponential functions,
Fourier identity.
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B paboTte paccmoTpeH BOnNpoc O NPUMEHEHUN BOSIHOBOW OMHAMWMKW LN peLLeHus
3a4ay MemOpaHHOro pasgeneHusi U30TOMOB rennd, HaxXOASWMXCA NPU KPUOTreHHbIX
TemMmnepaTypax B ra3oBoM COCTOsAHUU. [lonyyeHa Be3pasmepHasn popma cTaLmMoHapHOro
andepeHunancHoro  ypaBHenust LpeaunHrepa. [locne aToro  3anucbiBaeTcd
9KBMBAarEeHTHasa Knaccu4eckoMy ypaBHEHUIO MHTerpanosHas popma npeacrasneHns ons
BOSIHOBOW (pyHKUMK. [lo cBoemy Buay 3Ta d¢opma aHanormyHa WHTerpasibHoMmy
YPaBHEHNIO C BbIPOXOEHHLIM SIAPOM, OOHAKO COAEPXMT MOAYfb OT aprymeHTa co
COBMIOM MO BellecTBeHHOW ocu. Mcnonb3ya onepaTop CABUra, MWMEKOLLYCS
9KCMNOHEeHUManbHyto (YHKUUIO B WHTerpanbHOM YypaBHeHun LUpeanHrepa ypnaetcs
pacliennuTe Ha guddepeHumnanbHbli onepaTtop M 3KCNOHeHUMarnbHyt QYHKUUIO OT
MoLynsa aprymeHTa, He cogepallyto casur. Toxaectso dypbe No3BONAET IKCMOHEHTY
OT MOAYNSA aprymeHTa npuBecTn K obbl4HOM aKcnoHeHTe. [anee, onupasicb Ha obLiee
CBONCTBO AuddepeHumnansHOro onepaTtopa, AeNCTBYIOLEro Ha 3KCMOHEeHTYy, yaaeTtcs
BblYUCIIUTb CMNeKTpanbHble YHKUMM 3agayun W BbiNUcaTb pacnpegeneHve ang
BOMMHOBOW (PYHKUMKW. ITO pacnpefeneHne B UTOre BbIpaXaeTCa 4Yepe3 ChnekTpbl
noTeHuManeHoro 6apbepa. Nocne 4Yero paccmoTpeHa CTPYKTypa M CNEKTp COCTaBHOro
B6apbepa. o BbipaxeHuto, onpegensowemMy KOIPOUUMEHT OTPpaKeHUs, HangeHo, YTo
AByxbapbepHass cucTtemMa MOXET WMETb pPe30HaHCHOEe MNPOXOXAEeHWe O[HOM U3
KOMMOHEHT B NocrneaoBaTefibHOCTN PacCTOSAHUIN MeXay CrosiMu MemopaHbl.

KnoyeBble croBa: MHTerpanbHOe ypaBHEHME, BbIPOXAEHHOE S4p0o, onepaTop CABWUra,
9KCMOHEHUManbHble YHKUMK, TOXOeCcTBO Pypbe.
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TecnuitH 3opunro 6mMencaH Tanaap: Vsotonyyabir, eepeep xanbdan, Maw TecTaun
LUMHX YaHapTan 6eeMcuir canrax Hb 36BXeH pe30HaHCbIH Hefneereep 6ONOMXKXTOMN
60nCoH. TMMM33C 3H XYHA, X3LYY aXIbIlr OSNIOH YNCbIH XamTapcaH Tecen 6onroH OXY,
MOHron yfncblH XOEpP X3CArT XyBaax, Xacar Tyc 6yp axnaa 100 xyBb rynuaTracaH
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Quantum tunneling of molecules through compound barriers
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Abstract. The usc of hydrogen and helium as a fuel requires well-developed technologices for
the separation of gas mixtures, in particular, separation of isotopes of an clement. The presence
of quantum effects makes such processes possible, and the proposed system of two potential
barriers enhances the differences in the passage of isotopes through two layers of matter
providing high separation efficiency. The probability of atoms passing through composite
barriers is derived from the solving of stationary Schrodinger equation,

1. Introduction

The investigation of the separation of helium isotopes using a system of double energy barriers is
presented. The presence of the second potential barrier that is located at a certain distance from the
first barrier can have a critical impact on the permeability of the system, even in the case of atoms
which differ only in mass (isotopes of an element)[1-4]. It causes a resonant transmission mode. Such
an effect is possible if the distance between the potential barriers is chosen in such a way that it is a
multiple of the de Broglic wavelength of the moving toward the barrier particle. Thus, it is possible to
choose the distance between the barriers so that some isotopes pass through the system while others do
not.

2. Mathematical model
The motion of waves in the space of the potential barrier’s U(z) influence is described by the
stationary Schrodinger equation:

\y”+%(5—o(;n‘v:0. n
%

where 'V is the wave function; ‘P is the sccond derivative of z; m is the mass of the particle; # is the
reduced Plunk constant; £ is the energy of the system. Equation (1) is reduced to the following form
at a distance from the barrier:

2m

2
¥k =0, I(=h—1E. @
The form of the function ¥(z) depending on the interval is as follows:

(.'\mlenl from this work may be used under the terms of the Creative Cammons Attribution 3.0 licence, Any further distribution
|of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOT
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W(zy=e™ 1 Ce™™, 220,

W(z) =AY (2)+ BY¥,(2), O<z<L, 3)

W(z)=De*l

We can obtain the transmission coefficient [D° by solving the system of equations based on

conditions of equality of the values of the function W(z) and its derivative F'(z) at the points of the
solutions’ crosslinking [5].

Y0 W, 0 =1 4) (1

Wi0) WLy O ik ||B ik

[winy wyy -1 o|lc| o

L\‘I’[(L) wy(Ly -k 0)\D 0

“4)

3. Results

The exact solutions for the cases of rectangular potential barrier U(z) and a smooth barrier of the form
U(z)=1/ch?(ax) have already been received [6]. First of all we compared our results calculated via
(4) with the analytical solution (figure 1). Here, the curves correspond to the analytical solution, the
markers correspond to the solution of the problem described above. The results are indistinguishable.
A single potential barrier does not provide the necessary degree ol isotopes mixiure separation as in
the case of rectangular barrier, so in the case of a smooth barrier.

0z
sl oF
30 50 o0 120 150 30 o) %0 120 150
T.iK) T.iK)

Figure 1. The wansmission coefficient 2 of helium isotopes passing through
the rectangular (left) and smooth (right) barriers.

However, a system of two identical potential barriers located at a certain distance from cach other
stimulates a more intense passage of one of the isotope, while the permeability of the system for the
other isetope 1s significantly reduced (figure 2). In both cases the helium-4 prevails over helium-3, but
the degree of separation varies from 0.7192 ((.7357) in the case of a single barrier to 396.7333
(22,8519} in the case of double rectangular (smooth) barrier. The ratio of the given values is 550/ (31).
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4. Conclusion

The systems of the double barrier that correspond to the usage of bilayer membranes provide very
efficient separation of isotope mixtures. Thorough adjustment of the parameters will provide a degree
of separation suitable for industrial needs, which will increase the productivity of membrane gas
separation,
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fect [18]. Mixtures of H2/T>, > He/“He, CH,/CD4, Ho/HD are
studied in [19]. The work presents a simple theory for calcu-
lating selectivity at zero pressure due to quantum sieving
in nanopores. In [20] the authors use molecular dynamics
modelling, as well as the Monte Carlo method and exper-
imental neutron scattering data, to study adsorption and
diffusion of hydrogen and deuterium in zeolite in the tem-
perature range of 30-150 K. In [21] molecular sieving of hy-
drogen and deuterium through a zeolite membrane at low
temperatures is observed. There occurs an inverse kinetic
scattering effect which consists in the fact that the heav-
ier isotope, deuterium, diffuses faster than hydrogen. At
65 K scattering selectivity reaches 46 units. A number of
works suggest that a porous graphene of a certain structure
can be used for quantum screening of a helium-helion
mixture [22]. Naturally, porous boron nitride, as well as
any nanoporous membrane with a thickness of one atom
of a given substance, is also suitable for these purposes.
Several pore structures for separation of hydrogen from
methane or helium from other noble gases are presented
in [23-26]. The authors in [27-32] mainly analyse single-
layer materials. There are works on controlled separation
[33]. These studies assume that temperature plays the role
of the control parameter. In addition, the case of a tunable
potential barrier is analysed in [34]. In [35, 36] diffusion
membranes are considered. In [37, 38] authors investigate
membranes for industrial applications. Bimaterial is con-
sidered in [39]. Helium enrichment by resonant tunnelling
through bilayers is presented in [40]. Works [41-52] con-
sider application of classical mechanics in molecular siev-
ing problems. However, at temperatures of the order of 50—
60 K, the Schridinger wave dynamics should be used for
the problems under consideration.

2 The Schrodinger differential
equation
Passage of matter waves and their reflection from a

potential barrier U(x) are described by the stationary
Schridinger differential equation:

‘fT‘f + [kl = zmu(x)} W=o0. 1)

Itisassumed that the barrier U(x) and the desired func-
tion 1(x) are defined on the entire real axis x, and the wave
which isincident on the left side of the barrier has the form:

o = eikx 2

DE GRUYTER

If the values m and E represent the dimensionless
mass and the energy of the material particle, the wave pa-
rameter k is equal to:

k =+2mE. 3)

Numerous literature sources devoted to solving the
Schridinger equation (1) [53, 54] describe various methods
of solution. Exact solutions are known for a potential bar-
rier U(x) of arectangular shape, as well as for a barrier hav-
ing the form:

Ux) = (@)

1
chi(ax)’

For barriers of other shapes approximate numerical
methods of calculation are usually used. They are based
on the assumption that, firstly, it is necessary to calculate
two linearly independent solutions @(x) and @;(x) of dif-
ferential equation (1) within a certain interval 0 < x < L
adjacent to the U(x) barrier region. Such solutions can be
found by various numerical methods, using, for example,
the Runge — Kutta method, or other modifications of finite-
difference schemes. Figure 1 shows one of the results of
such calculations for a barrier of a numerically specified
shape.

Figure 1: Fundamental solutions of stationary Schrodinger equation
for barriers of given shape

It should be noted that the process of finding the func-
tions @, (x) and @;(x) from equation (1) written in the dif-
ference form can be significantly facilitated by using the
null(M) subroutine which is available in the MatLab sys-
tem. Factually, the difference form of equation (1) is as fol-
lows:

M. =0, M=D2+diag [kz +2mU(x)], (5)
P - the vector of grid values of the desired function,
D2 - the matrix analogue of the second derivative with
respect tox.

If we remove the first and the last rows of the matrix
M obtained in such a way and apply the null(M) opera-
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tion, we will, asaresult, chtain two desired column vectors
@y (x) and @;(x). Moreover, they are immediately issued
by the null{M) program in an orthonormal form.

The graphs of linearly independent functions & (x)
and @ (x) satisfying the Schridinger equation (1), shown
in Figure 1, were calculated by this method. This methed
completely replaces the “sweep method” known incompu-
tational mathematics and even surpasses it in terms of the
salution aceuracy.

On determining the functions &, (x) and @;(x) we con-
tinue the solution with reference to the entire real axis x by
cross-linking with the solutions outside the barrier inter-
val. It is assumed that the solutions in different areas have
the following form:

Yix) =™ D™ xeo, (6)
Plx)=A-dy(x)+ B-dylx) O=zx<l,
IJJ{X] T EIIﬂll’- L)

The latter expressions imply that within the region in
frent of the barrer there are both an incident and a re-
flected wave, and behind the barrier there is only one pass-
ing wave, The problem of cross-linking the solutions con-
sists in determining the four coefficients A, B, C, D from
the condition that the ¢ function values are equal to its
derivative at the contact points of the adjacent solutions.
This leads to a system of four linear algebraic equations:

o) @yi0) o -1y [a] |1
&) @00 o -ik| (B ik »
iL) I

x=L.

dL) -1 0 ||| |o
@ (L) (L) -k o0 1] o

Since the coefficients A, B, C, [} obtained from sys-
tem (7) are complex quantities, the function (x) ex-
pressed by formulas (6) is also a complex quantity.

In guantum mechanics the function ix) expressed by
formulas (6) and (7) is less significant than the square of its
module g = ||* because it is equal to the density of proba-
bility that the particle is at a point with the coordinate x. I
the graph of the function p(x) is displayed, it usually fluc-
tuates strongly with a doubled spatial frequency equal to
2k due to the interference of the incident and the reflected
waves. Therefore, such a graph is rarely presented on the
screen, [nstead, more informative parameters appear to be
the current transmission coefficient a = |C|* and the reflec-
tion coefficient b = | 2.

The system of equations givenin (7) is particular asthe
following equation is always observed:

€+ D) =1 (8)

That is, the sum of the transmission and the reflection
coefficients is equal to unity, and this equality can be used
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as acontrol tool for calculations. The current values of Clx)
and D{x) can be determined from the same system of equa-
tions (7) in which the letter L is replaced by the letter x.
Figure 2 shows how the graphs of the functions p(x) =
|¢|1 and al(x}look against the background of the composite
potential barrier U(x) given in the numerical form.

[ - - . -
Tt “"‘\1 {| — L)
.!_ ! pix) i

i

i

i

Figure 2: Result of numerical solution of Schridinger differential
equation

Il
'iﬂ|

o o0 pe) )

The calculation was carried out according to formu-
las (6) and (7) observing that the mass m and the energy
E of the particle had the following dimensionless values:
E =0.5; m = 4,

Thus, the described method of cross-linking applied
for linearly independent solutions gives acceptable results
in some cases. However, since it is only numerical, it does
not allow for complete evaluation of the shape of the bar-
rier influencing the transmission coefficient of particles.

3 The Schriodinger integral
equation

In addition to the cross-linking method of solutions, there
is also an approach based on the fact that the Schridinger
differential equation (1) can be reduced to the correspond-
ing integral equation, which has the form:

w0 - 35 [ AvOpdc= et o)

—

Such an integral equation is given in the well-known
book by Morse and Feshbach [53).

This large book pays much attention tothe description
of various approximate methods for solving equation (9),
such as the iterative-perturbation Bormn approximations,
the Fredholm seres, long-wave approXimations, short-
wave approximations, and WKBJ-approximations. The ab-
breviation WKB] stands for the first letters of the names G,
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Introducing (19) in (17) we obtain:

AT ety dx
o) =e | = (20)
1-A [ e U(x)dx

o
1 = .
o WX gy /‘ezmaerk]a\da

o
o A [ eXE9y(x)dx
:eikx+ 21_" /efl‘wx *r—zw dw
Al ll A e""("“")U(x)de
. /Eikm .

For further transformations of formula (20) it is con-
venient to introduce the concept of the spectrum of the po-
tential barrier B(w) and calculate the integral over the vari-
able a in the explicit form:

Blw) - / U0el® dx, Q1)
j oiklal, giwa g, _ klz_ﬁ:,,l

oo

Then formula (20) takes the form:

Plx) = e @
1 T [ A-Blw+k) | 2ik
i Eim[l—i-B(c.Hk)] e e

This is the solution of the Schridinger integral equa-
tion (9) written as an integral along the real axis w in the
spectral region. The factor enclosed in square brackets is
responsible for the influence of the shape of the barrier on
the de Broglie wave passing through it. Since the integrand
has two poles w = +k and possibly other poles of the de-
nominator of the fraction in square brackets, the integrand
is considered to be meromorphic. If we knew all its poles,
integral (22) could be found as the sum of the residues. In
numerical integration, integral (22) should be taken along
a line parallel to the real axis and lying slightly below it.

4 Further transformations of the
solution

A solution of form (22) can be transformed in such a way
that it is expressed as an integral along the real axis x. To
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do this we need to introduce a new function K(x) related to
the spectrum of the potential barrier U(x) by the relations
known from the theory of integral Fourier transforms:

AB(w + k)

Ly f K() - €%dx, @)

1 AB(w + k) i
K"‘):ﬂ_f [m}e dw

Then formula (22) can be written as a sequence of three
integrals:

i) = e (24)
e % / eil-wxdﬂ} /K(ﬁ}eiwﬁdﬁ / elk\a\eiwada

¥ f K(B)dp 7 oMl dg (% ]ﬂei“’("”ﬁ‘“’dw) .

—oo

The last integral in this formula, with respect to the
variable w, is the Dirac delta function, therefore, we ob-
tain:

W00 - s [ k@B [ &8 (a(c-p) da @)

_ ek, /‘K(ﬁ]'eikx—ﬂ\dﬁ_

oo

Thus, instead of formula (22), to find the wave function
1(x) we can use a more compact expression:

P = e 4 [ K- e*x¥lag (26)

For its calculation it is necessary to find numerically
the function K(x) associated with the barrier spectrum by
formulas (23).

5 The reflection and transmission
coefficients

Solving the Schrodinger equation using the integral equa-
tion method does not provide observation of the cross-
linking condition. Therefore, it is necessary to make sure
that the boundary conditions are satisfied at x = = e<. For
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this purpose, we will rewrite equation (27) in more detail:
X
P = & [1 . / KQe ™ d{} @)
s [ Kgetag
X

From here we see that at a great distance |x| — oo the
function (x) behaves as follows:

W) = ek [1+ / K(()e-“‘id(}, X oo, (28)

P(x) = ke 4 pikx /K(()e”((d(, X — —oa,

That is, behind the barrier only the incident wave is
preserved, and in front of the barrier there are both the
incident and the reflected wave of the matter. Therefore,
the boundary conditions of the problem at infinity are sat-
isfied.

We can now immediately get the expression for the re-
flection coefficient:

2
(29

b= Vx(oe"‘fd(

Further, we note that the reflection coefficient (29) can
also be written explicitly through the spectrum of the po-
tential barrier B(w). Applying formula (23) we find:

ABRK) |*

T-2B2H (0

3

After the reflection coefficient is found, the passage co-
efficient can be determined by the formula:

a=1-b. (31)

6 Examples

There are cases when the spectral function of the potential
barrier is found analytically.

For example, for a barrier in the form of the Gaussian
pulse we get:

Bw)= YE. o5 (2)

Ulx) = e ¥, i
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In this case, formula (30) for the reflection coefficient
takes the form:

2

1k
b(m, E) = M where k = 2mE, (33)
1-Ap-tme #*
2m
A= 3ik

Figure 3 shows the shape of the potential barrier and
the graphs of the reflection coefficient bh(m, E) calculated
by formula (33).

Figure 3: Single barrier (left) and reflection coefficient depending en
particle energy (right)

These graphs demonstrate that particles with a larger
mass at the same energy E are reflected more strongly for
this type of barrier, while smaller particles with a very
small mass pass through it being weakly reflected at suf-
ficiently high energies.

Let us now consider the question of how the com-
pound potential barrier which, for example, consists of
two identical barriers spaced apart by a distance of d af-
fects the reflection coefficient. The shape of such a barrier
is as follows:

U(x) = e #% 4 g 0e-a? (34)

Calculating its spectrum, we obtain:
B(w) = e FX X gy +f e Pl giwx gy (35)

—oo

/e ﬁlx’eiwxdx+efwd /efﬁz(}rf:ﬂ2 eiw(xfd)dx
/ e Py . [1 + emd}

w?
VA -

=Y"e

B

Thus, the addition of a new barrier introduces only an
additional factor in its spectrum.

. [1 + e‘“"] .
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Figure 7: Change in permeability and selectivity with increasing
distance between barriers

Figures 8, 9 show that at low temperatures there are
areas that correspond to super-permeability of the compos-
ite membrane with respect to helion. Moreover, the system
as a whole is characterized by hyper-selectivity. In addi-
tion, with a decrease in temperature, an expansion of the
super-permeability bands is observed.

1000
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Figure 9: Selectivity at particle energy E = 0.3

zero reflection coefficient at the found values of the dis-
tance between the barriers. Thus, one of the components
passes through the system of barriers, while the other does
not pass at all. Asaresult, we get an effective system for sift-
ing isotopes. This system can be configured for screening
by changing the distance between the barriers. Moreover,
the conclusions turn out to be true for ultrathin barriers
made of any materials.
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Figure 8: Selectivity at particle energy value E=0.375

7 Conclusion

The solution of the Schrodinger integral equation in the dif-
ferential operator form was obtained. The expressions for
the reflection and transmission coefficients immediately
follow from this form. Due to the presence of the second
barrier, the reflection coefficient vanishes in a sequence
of values along the distances between the barriers. This
means that at these values the transmission coefficient of
helium is equal to unity. At the same time, the helium iso-
tope, helion, has a different mass; therefore, it has a non-
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AHAJIMTHYECKOE PENIEHHE
HHTETPATIBHOI'O YPABHEHHS IIPETHHI EPA!

ITocTpoeHO AHATHTHIECKOe PellleHHe 3aJa9H O BOIHOBOM TPAHCIIOPTE BellecTBa
Yepes cOCTABHEIE CBEPXTOHKHe Oapbeprl ITokazaHo, UTO A cOCTaBHOH MeMGpa-
HBI, COCTOMIEH H3 ABYX OTHHAKOBHIX CBEPXTOHKHX CIOEB, BCEIJld CYIIECTBYIOT
PACCTOAHHA MEXKIY CAOAMH, IPH KOTOPHIX PeaTH3yeTcd Pe30HAHCHOE TIPOXOKIe-
HHe OJHOH H3 KOMIIOHEHT. Pe30HaHC MO3BOMET PA3endrs JeGpoiineBcKHe BOTI-
HEBI YACTHI[, OJHHAKOBEIX II0 CBOHCTBAM H PA3IHIAIONIHXCS JIHINE MaccaMH. 1IpH

TeMmepaType 25 K HalineHa IHpoKas [ONOCa THIEPCENSKTHBHOTO pazleleHHA
TeTHOH-TETHEBOH CMecH.

KiroueBble CJI0BA: uUHINEZDATLHOE YPASHEHUE, BbIPONCOEHHOE A0PO, ONepaniop
co8l2a, SKCNOHEH I ATbHbIE VHRYLUL, MOXHCOeceo Pypue.

B xadecTBe 3MeMEHTOB COCTABHON MeMOpaHB! HAHIYUITHM 06pa30oM MOAXOMHT TI0-
PHCTEIH TpadeH HIH MOpHCTHI HATPHA Gopa. TakHe MaTepHATHI MOTYT GBITh TIOTy'e-
HBl METOAOM SIHTAKCHH [1, 2] HIH cmocoGoM ocakIeHHA H3 IIapoBoi (a3el Ha Ioj-
JMOKKY, cofepikamryo GesmedexTHsii rpadeH HMmTH TOpHCTEIX HHTpHI Gopa [3, 4].
OJTHAKO CYIIECTBYET elle Telad TPYIa cTaGHIbHBIX JTHCTOB TOJINTHHOH B OJTHH aToM,
KOTOpBIE Ha 3Talle CHHTe3a HIH IIOCTIe MEXaHHUeCKOTO OTCIOSHHA MOTYT GBITH mpe-
BpAaIeHsl B MOPHCTHIH 2D-Matepran. Tak, B paGoTe [5] cooSmaerca o mictax GeH, xo-
TOpHIe ABIAIOTCA TePMHIECKH CTAaOHIBHBIMH Jo 75 °C. I3BecTeH Taioke CHIHIEH —
Tpa)eHOBEIH IKBHBAJEHT KpeMHHA[6], HMeIOINHH OOIbIIHE NePCHeKTHBBI I HOBBIX
npHMeHeHH. B pabore [7] aBTOpB! YKa3BIBAT Ha YepHBL (ocop Kak Ha CIIOHCTHIH
MaTepHAI H3 KOTOPOTO MOXKET OBITh IOIy4eH (rocopeH — OMHOATOMHEIH CIIOH, (H3IH-
YecKHe CBOICTBA KOTOPOTO 3HAYHTETBHO OTIHYAKTCA OT €70 0OBEMHOTO AHATOTA.
B patote [8] coobimaeTcs 06 yclenHOM H3TOTORIEHHH JBYMEPHOTO CTAHEHA Ha OCHO-
Be S¢ METOIOM MOIEKYIAPHO-TyIeBoH 3nHTakcHH. B [9] otMedaercs, dTo dyHKITHAHA-
TH3AIHA TeKCarOHANBHOTO HHTPHAA Gopa MOTeKyTaMH aMHHA BBI3BAla DPACCIOSHHE
CIIOHCTOH CTPYKTYDBI, 9TO TIPHBENO K 0Gpa30BaHHIO JHCTOB HHTpEZa Gopa. B paGote
[10] roBopHTEA, ITO «pa3paboTKAa HOBEIX CIOHCTHIX MAaTePHATOB IPETEpIIENa 3BOJIIO-
LHIO OT Ipad)eHa K MeTalUIHIeCKHM OKCHIAM H MeTALTHYeCKHM XaJbKOTeHHIHEIM Ha-
HomEcTaM». B [11] Takke YIOMHHAROTCA METALTIHXAIbKOICHH/IB KaK HoeHmme 2D-
MaTepHAIBl H MPHBOJHTCA NMPHMEP MAaTepHAla, CO3JaHHOTO Ha ocHOBe MoS,. B [12]
H3Y9AKOTCA MEKTPOHHBIE CBOHCTBA CIEYIONIHX METANITHXATBKOTEHHIIOB, HMEHOITHX
JIBYMEPHYIO CTPYKTYPY: MoS,, WS,, WTe,, TiSe;, NbSs, VSe,, NbSe,, TaS,. Bee ma-

! HecregoBaHHe BHNOMHEHO TIpH (HHAHCOBOM Hoaep&ke PODH 1 MuHnCcTepeTBOM KyIBTYPBL 00pasoBa-
HHA, HAYKH H crIopTa MOHTOTHH B paMKaX HaygHoro npoekTa Ne 19-51-44002.
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TepHAIE! IIPH COOTBETCTBYIOMIEM cIocobe HX CHHTe3a HIH IocTeaylomeli oGpaGoTke,
TpHBOAMEH K 06pa3oBaHHIO TIOP, MOTYT GBITh IPHCTIOCOGIEHEI [T Pa3Iele U Ta30B.
B [13] coofmaercsa 0 CIOHCTOH ABYMEPHOH CeT4aToH CTPYKTYpE, KOTOpas COICPAKHT
PaBHOMEpPHO paclipe/ieTeHHbIe JBIPKH H HMEeT B cBoelf ocHOBe cTeXHoMeTpHio C;N.
TaxmM oOpa3oM, yie CHHTE3HPOBAHO JOCTATOYHO MHOTO JABYMEPHEIX MAaTEpPHAIOB,
KOTOPHIE MOTYT OBITh IPHMEHEHbI B PaboTax 110 KBAHTOBOMY IIPOCEHBAHHIO H30TOIIOB.
Uemp HacToAmel pabOTHI COCTOHT B HAXOXKJCHHH YCIOBHEH, 00eCIIcUHBAIOMIEX pe-
30HAHCHOE TIPOXOK/IeHHe KOMIIOHEHT Ta30BOH CMEeCH Uepe3 cOoCTaBHble Gaphephl.

Tuddepennuanbuoe ypapHenne IlIpexnarepa

IuddepeHmanmbHoe ypaBESHHE BOTHOBOH THHAMHKH HMEET BHI

2 2
—E—A‘P+U‘P+ﬁ—_ﬂ=0
i ot

2m
3necs ¥ — BomHOBaA GYHKIHA, /i — TocToAHHAA [[manKa, U — 9Heprua B3aHMOJeHCTBHA
YACTHIIBI ¢ OKPY)KEHHEM, M1 —Macca JacTHIBL, A — onepatop Jlannaca, i — MHHMAas eIH-
HHIIA.

B "acTHOM cTydae, KOT[a MOTeHITHATRHAS YHeprasd [/ ABHO He 3aBHCHT OT BPEMEHH,
pelIeHHe ypaBHeHHA (1) HIeTca B BHIS

W oy B )

2

6]

rae E —3Heprya 4acTHIEL.
Toraa A7 HaXOXKIEHHA aMILTHTYIB BOTHBL ¥ 6yeM HMeTh CTalTHOHApHOE ypaBHe-
gHe [IIpeguHTepa:

2m
Aw+?(E—U)w:O. 3)

B 3amavax HH3KOTEMIIEPATYPHOTO MeMOPAHHOTO pa3leleHHA Ta3oBRIX cMecefl om-
pefeionlee 3HaYeHHe HMEeT HallpaBIeHHe IIePeHOCa, NIEPIICHIHKYIAPHOE II0BEPXHO-
¢TH MeMOpaHbL. BBHAY MalbIX pa3MepoB HAHONOP TIOGOH MaKpOCKOMHYecKHH dpar-
MEeHT MeMOPaHEl MOKHO CYHTATh GecKOHEeYHO NPOTSKEHHEIM B HAIIPABIEHHAX, Mapan-
IenbHBIX MeMGOpaHe. Onpeselsis 0 HEKOTOPOMY IIpeJICTABHTEIBHOMY (parMeHTy IIo-
BEPXHOCTH MeMOPAHHI CpeflHee 3HAUeHHe JHEPTHH B3aHMOASHCTBHA H HCIIONB3YA Ofl-
HOMEPHOE BOJIHOBOE YDaBHEHHE [IEPEHOCA BELIECTBA, MBI MOKEM I'OBOPHTb 0 Dapbep-
HOH TeOPHH IPOHHIACMOCTH MeMOPaHBL.

TaxuM 00pa3oM, IPH [OTY9eHHH Pe3ylbTaTa 110 IPOHHIIAEMOCTH OT/ENIbHBIX KOMIIO-
HEHT CMeCH HITH 10 CeNeKTHBHOCTH e Pa3fieNleHHs MOJKHO HCXOJHTh H3 YpaBHeHH (3).

Hmxe GyayT DpefcTaBlIeHbl HEKOTOPBIE aHAIHTHYECKHE IIOCTPOEHHA, KOTOPEIE OKa-
3amHch BechbMa 3(GQeKTHBHBIMHE IIPH aHAIH3E 3aJa4 IMPOXOXKICHHA H30TOIOB Uepes co-
CTABHBIE MeMOpaHbL. B cBA3H ¢ 3THM yao6Heit GygeT uMeTh Ge3pasMepHyio (GopMy
YPaBHEHHA [ePeHOca BEIeCTRa.

EcIH Macey YacTHITH OTHECTH K Mg — Macce aToMa BOJOPO/a, 3a MaclITal YHEPTHH
B3ATh Up — IIyOHHY NOTEHUHANIBHOIT AMBI B PaclpeleleHHH YHEPIHH IIAPHBIX B3aHMO-
neHicTBHI BellecTBa MeMOPAHbL H MOJBIDKHEIX YacTHII, a B Ka4ecTBEe MaclITaba JIHHEI

MIPHHATE BEJIHIHHY
L=n/mU, , @)

To Ge3pasMepHOe YpABHEHHE BONHOBOH JHHAMHKH He GYIET COJEp/KaTh MOCTOSHHOMN
IL1asxa i
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AHanuTyyecKoe peluesne HTerpansHoro ypaskenna Llipegnarepa 7

d-}
Y S om(E-U(x)w =0. (5)
dx~

B 3amucH (5) Bce BENMUIHHBL He3pa3sMepHBIE, BKIIIOYasd KOOPIHHATY X.

Taxum OSPBBOM. MBI YMCHBIITHIH KOITHYECTBO KOHCTAHT 3aJdavHd Ha €OHHHITY. 310
ABIMACTCA CYINECTBEHHBIM MPH MPOBEACHHH Ila.ma]-xe}"ulum AHATHTHYCCKHX BBEIKIAI0K.

HaTerpaiabHoe ypaBHeHHe [IIpequHrepa u ero mpeodpa3oBaHusa

Peanmsanysa 9HCIEHHBIX METOJOB pelleHHA OHpdepeHnnansHoro ypasHeHns Ilpe-
JHHTepa OPHEHTHPOBAaHA Ha KOHEYHYIO 00llacTh H3MeHeHHs He3aBHCHMOI IlepeMeHHOH,
a TakKe Ha IPHMeHeHHe «CIIHBKH» IIOJydYeHHBIX YHCISHHBIX JaHHBIX C aCHMITTOTHYE-
CKHMH pacIIpeJIelIeHHAMH BBIYHCIIEMOH BeTHYHHEL OOBIYHO O] YCIOBHAMH «CIIHB-
KH» IIOHHMAalOTCA paBeHCTBa caMoOi BOJHOBOH (YHKIIHH H ee IIPOH3BOIHOH. OgHAKO
OTCYTCTBYIOT KaKHe-THOO 000CHOBAHHA B OTHOIICHHH HCIIONIb30BAHH 3ToH (PopMEI ye-
noBHi. Takke TpeGyeT oGOCHOBAHHA H caM pasMep KOHEYHOH 00IIacTH HHTETPHpPOBa-
HHA. B CBA3H ¢ 3THM BaKHBIMH ABJIMIOTCA INOIBITKH INPOBEISHHA HHTETPHPOBAHHA IO
BceH JeficTBHTeNnbHOH ocH. ITo-BHIHMOMY, 3TO BO3MOJKHO C/Ie/IaTh aHATTHTHIECKHM Me-
TomaMH. BIIolHe MOAXOOAINHM JJIA 3TOrO ABIsIeTCA HHTerpalbHoe ypaBHeHHe Lllpe-
OHHTepa:

W20 [ 0 () wedE = ®)

3nech m — BGe3pa3MepHas Macca 9acTHUBL, k =~/2mE — mapamerp BoiHBL, E — Ge3pas-
MepHad 3HEPrHA 9aCTHIIBL.

B xuure ®.M. Mopca u I'. @embaxa [14] nokasblBaeTcA SKBHBAICHTHOCTE TH(de-
PEHIHAIBHOIO H HHTETPANBEHOrO IIOAX0J0B B OIHCAHHH IIPOLIECCOB PacIpOCTPaHEHHA
BOJIH MATEPHH.

‘VpaBHeHHe (6) €CTh HHTETPAIBHOE YPaBHEHHE C BBIPOMKIEHHBIM sAIpoM. I Ipo-
BeJeHHA JalbHEHIHX eTo Ipeolpa3oBaHHH BOCHoONb3yeMca JH(epeHIIHATLHEIM OIle-
pPaTopoM CIBHIA:

d

e
e Ff(x)=f(x—h). @)
JloKa3aTeIbCTBO IIOCIEAHETO PABEHCTBA MOKHO IIPOBECTH C TIOMOIIBIO Pa3IoyKeHHs:
IKCIIOHSHTH! B paa Telinopa, a Takke [IOCPEACTBOM IIPHMEHEHHs yKe ITHHEHHBIX OIle-
paropoB K QYHKIHH f{x) H HaXOXKIESHHA HOBOH CyMMbI psfa. [IpuMeHss paBeHCTBO (7)
k=]

K e , HCXOHOE YPaBHEHHE MOJKEM IIEPEIHCATh B BHS

m 1 2m
o ®)

. _d
-2 [T B B T
v)-2| [ U@ wge Tdg |- = k 2iVE

—=
OOpaTHM BHHMaHHE Ha BBIPAKEHHE B CKOOKAX. DTO BHIPAyKEHHE MOKHO PAcCMAaTpH-

BaTh Kak JudepeHHaIPHBIA ONepaTop HIH aHAIHTHYECKYIo (PYHKIHIO IapaMmerpa
p=dldx:

o _.d o .
J U@ w@ e Fac= [ U@ v eFdc =), p=o. ©)
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C ydeToM BBeJIeHHOTO 0003HaueHHsA ypaBHeHHe (9) MOKHO IeperHcaTh B CIe/IyIo-
IIEM BHIE:

W) = -L(p)- e = g | (10)

Bun maddepeHnHaTsHOTO OomepaTopa, AeHCTBYIOMETO Ha CTOAIIYH0 OT HeToO CIIpaBa

3IKCIIOHEHITHATIGHY0 (DYHKITHIO, TIOKA 9TO HaM Hem3BecTeH. OJIHAKO ero MOYKHO HAifTH.
Vuuoxai (10) Ha U(x)exp(—xp) H HHTEIrPHPYA B GeCKOHEUHBIX IPeaeTaX HaiineM

[ T U(x) w(x) e”pdx]f AL(p) ( T &My e*"f’dx} :[ T &P U (x) e*xpdx] (1)

-0 —x -0

31ech NOABLAIOTCA ellle JBa AH((epeHITHATEHBIX ONepaTopa, A1 KOTOPBIX BBEIEM
CIeayOITHE 0003HAYCHHA:

B(p)= T U (x)e Pdr, O(p) = T MU ()e P dx . (12)

—oc -

C yueToM 3THX 0D03HaYEeHHH OTIePaTOPHOE paBeHCTBO (11) IpHMET BHT:

L(p)-[1-20(p)]=B(p) . (13)
OTcroga momydacM
__Bp)
UP) = o (14)

HMuorga muTerpamsl (12) MOryT OBITH BBIMHCIEHBI AHAIHTHYECKHM CIIOCOOOM.
B o6meM caydae Hy:KHO IIPOBOJHTE YHCICHHOE HHTETPHPOBAaHHe. B moGoM cioydae 5TH
HHTETPANEl 3aBHCAT TOJBKO OT (OPMBI TOTeHIHaTEHOTO Gapsepa. [ofcTansaa (14) B
peIpaskeHHe (10), IoJyHgaeM pellleHHe HHTerpaIbHOIO YPaBHEHHA B BH/E

wo , MBP) it d m
I G M p=2  p=vamg, 2=Z. 15
y(x)=e —0(p) & i " 7 (15)

Ecmu Oel muddepernmansHbii omeparop L(p) AeficTBOBAT HA TOKA3aTENBHYHO
(hyHKIHIO OOBIMHOTO BH/IA, TO PE3YIBTAT ObLI GBI CIIEAYIONIHM :

L(i]-eW:L(p)-ew‘. (16)
dx

Opnaxo B ¢opmyne (10) 3ToT omepaTop AeHCTBYeT Ha 3KCIOHEHTY OT MOIYITA ap-
rymenTa. [To3TOMy HemocpejicTBeHHOe NpHMeHeHHe (16) HeBo3MoKkHO. Ho 3KCIoHEHTY

OT MOAYTA apryMeHTa MOKHO TMIPHBECTH K OOBIMHOH 3KCIIOHEHTE, €CIIH BOCIIONB30BATh-
¢ ToxkaecTBOM Qypbe:

ik L 7T —iax_jeaiklo|
e 72nj‘_[e e dadom . (17)
TIpumenss npasiia (16) u (17) k dopmye (15), moayaum
y(x) =™ e f _[ Li—ieye e oldoeg gde . (18)
2n
Bripaxenue (18) u npeacraBnser codoif pelleHHe HHTerpanbHOTo ypaBHeHH: [lIpe-

JHHTEpa, 3allTHCaHHOE B BHIS ;[Boi'moro HHTETpamna 1mo CHCK‘I‘paJ]]:HOﬁ ocH. Kak BHIHM, B
OTIIHYHE OT (6), B €TI0 HpﬂBOﬁ HacTH HAXOOATCA BCE H3BECTHBIE BEIIHYHHEI, IIOCKOIIBKY
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Ol'ﬂipaﬂc]: Ha IoCJIC JHHOHW l];)OpMY PEIICHHA, MOKHO COCNIaTh 3aKIIOYCHHE 00 acHM-
TTOTHYECKOM TIOBEJEHHH BOJTHOBOH (by]ﬂ(ll}ﬂi CIEIYOIITHM OSPBBOMZ

lu(x)ae’k{hr IK(C_) e_’k;dfg} X >0
- (26)
y(x)~e Fr etk _[K(C) dride, x— -

—

Kak BHIHM H3 3THX COOTHOIIEHHIH, ocle Sapbepa MBI HMeeM MPOXO0,JAIIYIO BOIHY,
a Jo Gapbepa HMEIOTCA H IaJAalomias, H OTpakeHHas BOJHEL TakuM o0pa3oM, pellleHHe
(24) BepHO OTpakaeT aCHMIITOTHYSCKOE TIOBEICHHE HCKOMOH (DYHKIIHH.

OgnHOYHBIH 0aphep B BHIe HMIyabca I'aycea
IIycTh Gapbep ompefenseTcs npocTeiinei GopMyIoH:
Ux) = e (27

BrrHcmM TpadEKH cIeKTPATBHEIX (hyHKITHIL:

B(o+k) = f U(x)e™ 0 gy,

B,(o—k) = ]3 U(x)e™ @ Py, (28)

—x

O(0) = B, (0) = T Ux) eMleor gy

I'paduku 3THX TpeX (YHKIHH, pacCUHTAHHBIE YHCIEHHBLIM METOIOM, ITOKa3aHLl Ha
pHc. 1.

%

B1(I(,\)+k)

! By(w-k)

Bi(w+k), Ba(w—k)

Bi(m)

Puc. 1. lpadaru By(w+k), Bx(w—k) H B3(m)
Fig. 1. Graphs By (o+k). B2 (0—%) and B; (o)

Oyuxuui B1(o+k) # By(©—k) ABIAIOTCA BeIECTBEHHEIMHE (YHKITHAMHE JacTOTEL ( H
COOTBETCTBYIOT CIBHTY CIIKIpa Gaphepa Ha BelMHMHHY +k. UTo KacaeTcs (yHKuHH
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B3(m), To OHa SBIAeTcA KOMILIeKCHOH. JIerko 3aMeTHTh, UTO BellleCTBEHHAT YacThb
¢yEKIHE B3(®) paBHa momycyMMe BeldHYHH B H B>. IIpH 3ToM BcA KOMIUIEKCHAS
¢yEKIHA Bi(m) ABIACTCA YeTHOH (YHKIHEH OTHOCHTEIBHO YacTOTH @. KpoMe Toro,
BHJIHO, 9TO Bce TPH (YHKIHH J0CTaTO9HO GBICTPO YOBIBAIOT C YBEIHIEHHEM MOLYIA (.
TlocneHee OOCTOATENBCTRBO IIO3BOILIET IIOCHTEe BEIYHCIEHHA CIleKTpa G(m) JerKo Boc-
CTAHOBHTH H (pyHKIHIO K(¥) o dopmyne (21). I'paduxu ¢pymxmuit G(o) 1 K(x) npuse-
JICHEI Ha pHC. 2.

G(w)

Puc. 2. I'padHKH BellleCTReHHBIX H MHHMEIX JacTeH dyHKIHHE G(w) H K(X).
BEIYHCJICHHEIE A4 3Ha4YeHHH: m = 3 HE = 0.5
Fig. 2. Graphs of the real and imaginary parts of the functions G (@) and X (x),
calculated for the values: m =3 and £ = 0.5

BuHo, 9T0 06e QyHKIHE G(®) | K(¥) OTIHIHEI 0T HYJIA TOJEKO Ha OTPAHHYEHHBIX
yUacTKax, KaK [0 MepeMeHHOH @, TaK H 110 PacCTOMHHIO X.

KorddunuenT orpaxkeHns

OueHp BaKHBIM NIPEHMYIIECTBOM TOUHOTO DEISHHS, 10 CPABHEHHIO ¢ PEIlleHHAMH,
TIOTy9aeMBIMH ¢ TIOMOIIBI0 YHCICHHBIX METOJO0B «CIIHBKHY, ABIACTCA TO, YTO TOYHOE
PelIeHHe T103BOIAST BEMHCIATE MOJIHBIH Ko3(h(HITHEHT IPOXOKISHHA S HIIH OTpaske-
HHS R 178 MoTeHIHamsHoro G6apsepa U(x) 3amanHO# (opMEL 113 pacmpegeneHus (25)
cpa3sy ke HaxoTHM Ko3(h(pHITHEHT OTpaKeHHA:

2

R T K(©e'*tdg B (29)

Ko3¢ puiHeHT Ipox ok IeHHA OyIeT paBeH

2
S=1+ j K(&)e k| . (30)
DTH HHTETPAJHI 3aIlHCaHbl ¢ GeCKOHETHEIMH peielaMH H, TI0 KpaiHeil Mepe, oJTHH

H3 HHX MOXKHO BEIpa3HTh depe3 CIeKTpalbHyio pyHKIHIO G(m). JelicTBHTEIbHO, (op-
wmyJst (21) u (19) maror
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A _[ U(x) ™ ax

T K(x)e™dx = G(k) =—= . (31)
B 1-A _[ U(x) & Mle® gy

Hnrerpan, Bxomanruil B popmyny (30), He BEIpasKaeTcA MOJOOHBIM K€ IIPOCTHIM 00-
pasom uepes cnekTp G(w), onHako B kHure ©@.M. Mopca u I'. ®emdaxa [14] nokassiBa-
€TCH, 9TO MEXIY Ko3(dHImenTaMu S H R BRIIONHASTCA PABEHCTBO

S+R=1. (32)

ITOCKOIBKY CIIPaBEIHBO COOTHOIICHHE (29), TO HMeeM CIIeIyIOIHE GOopMYIEL 1
KO03()HITHEHTOB POXOMKICHHA H OTPaKCHHA, BBIPAKCHHBIE B ABHOM BHIE Yepe3 HHTE-
TpalBl OT IOTEHIHATIBHOTO Gapbepa:

‘ 7\._[U(x) ™ dx
R=|Gk)| =|—=

1-4 _[ U(x) *Me™ gy

33)

@opmy sl (33) yIOOHE IS cIydaeR, KOTJa CIIeKTPaTEHAS (DYHKITHS TTOTEHITHAIb-
HoTo Gapbepa HAXOJHTCS aHANHTHISCKHM ITyTeM.

Haxo:xIeHHe HYJIeBoI CIIeKTPAaabHOH Q) YHKIHH

Jlnst Gapbepa B BHIE HMITYIIbCca [aycca Hylepas CleKTpanbHas (YHKITHA HMeeT BH]
x i
Up(m)=e ™, By(0)= [ U(x) eax :J% e 1B (34)

JInst psSIMOYTOTBEHOTO HMITYNECA ¢ IIHPHHOH /i, OCHOBHOH CIIEKTp OIpelenieTcs
CIIeTYIOIIHM 00pa3oM:

0, X< 7;_"
2 . . 0Oh
h h hi2 SIHT
Up()=11 -><xs. Byo)= J' ey =h- 2 |. (35)
= 7 —hi2 _—
i
0, x> = 2
3,

JInst Gapbepa, 06pAaTHOTO KBAPaTy THIIEPOOIHYECKOTO KOCHHYCA, HMeeM

E
1 2
U,(x)= , B(w)==|——|. (36)
E ch?(c:x) 0 O] coq R
G

MoskHO HAHTH H JpYyTHE NPHMEPEH! clieKTpa By(m) B cnpaBouHHKe IpammnreiiHa H
Prrkuka [15]. Bee OHH ABIAIOTCA YETHHIMH BeIeCTBEHHBIMH (YHKITHAMH O H GBICTPO
yOBIBAIOT, KOTJIA (0 CTPEMHTCA K GECKOHETHOCTH.



87

AHanuTHYecKoe pellenie HHTerpansHoro ypasnennd LipeanHrepa 13

CEBOHCTBA COCTABHBIX NOTeHNHAILHLIX DAPEEPOB

B H3BEeCTHBIX JHTEPATYPHBIX HCTOYHHKAX HHKOT/A HE 3a0CTPAIOCh BHHMAaHHE Ha
0co0OM MOBEIEHHH COCTABHBIX NOTEHITHANBHBIX 0APhEPOB, T.€. TAKHX, KOTJA JBA HIH
HECKOIIBKO $aphepOB HAXOMATCA HA HEKOTOPOM DACCTOSHHH JAPYT OT APYTa H MEXIy
HHMH o0pasyeTcd MOTEHIHANbHAA AMa. MexIy TeM, IIPH HHCIICHHBIX PEIICHHAX, HC-
TIOJTB3YIONITHX METOJ] «CITHBKHY, TS COCTABHRIX GAaphEPOR HACTO HABGIIOATHCE 3HAYH-
TeJbHBIE KoneGaHua KoaddumHeHTa oTpaskeHHA R H Koa(hHIHeHTa TPOXOKIeHHA S ¢
H3MEHEHHEM 3HEPTHH JacTHIEL E. MeTo «CIIHBKH» HOCHT cyTy00 YHCIEHHBIH Xapak-
TEp U OPH €r0 MPHMEHeHHH TPYIHO MOHATh NMPHYMHY TOTO, TOYeMy YacTHIIA Ierde
TIPOXO/IHT depe3 ABOIHHOMH Gapbep, deM depes Gapbep OTHHOIHBIH, TOITOMY Hallle BCETO
OTHOCHJIH TakoH 3¢dekT Kk ommbkam cueTa.

CHauama 3aMeTHM, 9TO eCITH OJHHOYHBIH 6aphep CABHHYTH Ha paccTosHHe d OT Ha-
9aja KOOPAHHAT, TO MOMYYHM, 9TO €r0 CIIEKTP HyKHO MPOCTO YMHOKHTh Ha MHOXKH-
Teh €%, Tee.

T U(x —d) e dx= e . B(). (37)

CrexTp JBoifHOTO Gaphepa Tora OyaeT paBeH

j [U()+U(x-d)] € dx=(1+€"")- By (o). (38)
OyukiHA G(o), onpegeniemad GopMyiIoH (21), H3MEHHTCH IIPH 3TOM CJIEIYHOLIHM
obpazoM:

7\'_[ U(x)erx(w+ﬂ')dx .(1+ gk )
Gip)e=== . (39)

1-2 [ [U()+U(x-d)] PP
EcTtecTBeHHO, uT0 H (yHKIHA K(x), BXoMilIaA B pemieHHe (24), Takke IOMEHAETCA C
H3MeHeHHeM (QYHKIHH G(o).
TToacraBnad B (39) o =k, modydaeM clIeqyioliee BRIpaKECHHE A Kod(dHIHeHTa
OTpayKeHHA:

2
‘ A _[ U(x)e’™dx .(1 + e?a‘kd)
:c_x ., S=1-R. (40)
1-1 [ [UG)+Ux—d)]eie™ax

—c

R=|G®)| =

@opmyna (40), mpeacTaBistoman Ko pHITHEHT oTpaKeHHs COCTABHOH MeMOpaHEI,
OTIpeIeTIAET OCHOBHOH MaTeMaTHIeCcKHH pe3ylIbTaT PaboTHI, HOCKOIBKY II03BOIAET BEI-
SIBHTH Pe30HAHCHBIE PEXXHMEBI IPOXOXIECHHT KOMIIOHEHTOB Ia30BOH cMecH. Hammume
muoxHTeN (1+€°™) CymecTBeHHO YCIOKHAST CIEKTP ABOMHOTO Gaphepa IO CpaBHE-
HHIO CO CIEKTPOM OJHHOYHOTO 0Gaphepa, H 3THM 00BACHAETCA TYBCTBHTEIBHOCTH KO-
3¢ GHITHEHTa OTpa’keHHA K [TapamMeTpaM (opMbI IIOTEHI[HAIBHOTO Gapbepa.

IIprcyTcTBHE MEOKHTENA (1+6”™) B uncinTene dopmymsr (40) o3HaUacT, 9TO KO-
s drHeHT OTpakeHHA R T0MKeH 00paIaThes B HOMb TIPH ONMpPE/IeNeHHBIX 3HAUEHHAX
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14
paccTosaHuA d Mexay 0apsepaMH. IIpHpaBHHBAA 3TOT MHOKHTENH HYIIO, HAXOIHM
N B
T H+; T H+;
2ikd _ _ I (2n+]) _ &) Z _
ekl —_1=¢ e (I NN SN NN B SRS SR |
k N2mE

Ortcrof1a BHIHO, UTO KO(QGOHIMEHT OTpakeHHs o6palaeTcsa B HOMb He TIPH O/THOM, a
TIPH MHOTHX 3HAUEHHSX PACCTOMHHA d MeKIY OIHHOTHBIMH GapbepaMH.

BriOHpas TakHM criocoboM paccTosuue d B ¢hopmyie (40), Mel gocTHraeM 3¢ exta
u30HpATENLHOCTH, T.€. TOTO, 9TO YACTHIIA C Maccoil m H ¢ SHeprueil E Gyaer cBo60/IHO
MIPOXO/IHTE, (€3 BCAKOTO OTPayKEHWs, depe3 IOTEHIHANBHEI Gapbep, COCTOMIHI H3
JIBYX OJHHAKOBBIX dacTei.

EciH HMeeTcs BO3MOMKHOCTb H3MEHATh PACCTOAHHE d MEX[Y [BYMA IIOTEHIH-
aNBHBEIMH OaphepaMH, TO TIPEACTABIET MHTEPEC MPOCIeJHTh 3aBHCHMOCTH KO3(-
¢dbuHeHTa MpoXokaeHHA S(d), BEITHCISHHOTO ¢ HCIONB30BaHHeM GopMymsl (40),
TIPH YaCTHBIX 3HAYEHHAX Macchl H 3Heprud. Ha pHc. 3 moKasaH pe3ylIbraT TaKOTO

pacueTa, BBIIOJIHEHHOTO 1A caydad, Korga: E=0.5uam; =3, m =4.

|

~0.5,d)

S(m, E
s 2 P

i SO

I

T T

2 4 6

Puc. 3. I'padrrs ko> HITHEHTA IpoxoxkaeHH S(m, E.d),
TIPH 3HA4YeHHH 3HepTHH £ = 0.5 11 IBYX 2Ha4eHHH Macc:m =3 Hm =4
Fig. 3. Graphs of the transmission coefficient S(m,E.d),
at an energy value of E = 0.5 for two mass values: m=3 and m = 4

U3 3TOTO pacdera BHIHO, 9TO CyIIecTByeT 3(eKT cemapalHH JacTHI, pa3IHIaro-
mrExXcs 1Mo Macce. PerymHpys paccTofHHe d MeXXny OaphepaMH, MOXHO JOOHTBCA IIPO-
XOKJeHHA OJHOH H3 JacTHI H IIPH 3TOM IPOXOXK/IeHHe ApPYrof GyIeT MOMHOCTEIO 6110-

KHPOBAaHO.
broxupoBaHHE TelHOHA ONpedeldercd y9acTKaMH CIIIONIHOH KPHBOH, JeKalllHMH

Ha TOPH30HTaNBHOH ocH. IIpH 3ToM eciH d €[5, 6], TO BONHBI K03 HITHEHTa IPOXOK-
JeHHd HOYT B IPOTHBOGA3e. DTO O3HAYAET, YTO Ha DOMBIISH YaCTH OTMEYSHHOI'O HH-
TepBala ME HMEEM CBEPXBBICOKHE 3Ha4eHHA KO3(p(HIHEHTa pasfeleHHA TelHii-
TEHOHOBOH cMecH. B ToM, uro m3oromn ‘He IPOXOJHT 4epe3 cOCTaBHEIE Gapbephl Iyd-
1re, gem “He, HET HHYETO YIHBHTENBHOTO. [TOCKOIBKY [aje M0 MepPKaM KIIacCHIecKoi
MeXaHHMKH 9acTHIIA, MMEKIasd TOT ke 3((QeKTHBHELI pasMep, HO GONBILYIO Maccy,

AOJIZKHa MPOXOOHTD JIYHIIE.



89

AHanuTHYecKoe pellenie HHTerpansHoro ypasnennd LipeanHrepa 15

JaKIHYeHHE

IlonydueHO aHANHTHYECKOE PellleHHe HHTerpalbHOro ypasHeHHA Illpenmurepa, H3
KOTOPOrO Cpa3y CIeTYIOT BBIPaXKEHHA A K03 (GHITHEHTOB OTPaKEHHA H TIPOXOXK]IE-
HHs. brarojiapsA HATHUHEO BTOporo Oaphepa, Ko(HIIHEHT OTpaKeHHsA oOpamniaeTcs B
HOJb B IIOCNIEIOBATEIEHOCTH 3HAYeHHH 110 PACCTOAHHMAM MKy MOHOATOMHBIMH CIOfA-
MH MeMOpaHBI. 3TO O3HadaeT, YTO HA 3THX JHCTAHITHAX KO3(h(HITHEHT MPOX0XKICHHA
renuaA OyJeT paBeH eHHHNE. B TO e BpeMd IelIHOH, HMEIOIIHH APYTYIO Maccy, He Oy-
JeT HMeTh Pe30HAHCHOTO TIPOXOKIeHHS HA YKAa3aHHBIX JHCTAHIIHAX MEXIY CIOSMH
MeMOpaHBL.

TaxuM oGpa3oM, 0JHA H3 KOMIIOHEHT Oy/JeT IPOXOJHTH Uepe3 CHCTEMY Oapbhepos,
IOpyraf ;ke He OyJeT NPOXOAHTH BoBce. B pe3ynbraTe MBI morydaeM 3¢ deKTHBHYIO
CHCTEMY A IPOCEHBAHHS H30TONOB. STy CHCTEMY MOXHO HACTPAaHBATh Ha pazielne-
HHe Ta30B, MeHAA PACCTOSHHEe MeKIy OaphepamH. I[IpH 3TOM BBIBOABI OKA3BIBAIOTCS
CIPABENIHBLIMH JJIA CBEPXTOHKHX OJHHAKOBEIX 6aphePOB pa3IHIHOH (OPMBL
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In this paper. the question about the use of wave dynamics for solving problems of membrane
separation of helium isotopes in the gas state at cryogenic temperatures is considered. The
dimensionless form of the stationary Schrédinger differential equation is obtained. Following that,
the integral representation form of the wave function is written. This form, which is equivalent to
the classical equation, is similar to the integral equation with a degenerate core; however, it
contains a modulus of the argument with a shift along the real axis. Using the shift operator, the
existing exponential function in the Schrodinger integral equation can be split into a differential
operator and an exponential function of the argument module which does not contain a shift. The
Fourier identity allows reducing the exponent of the modulus of the argument to a regular
exponent. Next, based on the general property of a differential operator acting on an exponent, it
is possible to calculate the spectral functions of the problem and write down the distribution for
the wave function. This distribution is ultimately expressed through the spectra of the potential
barrier. Thereafter, the structure and the spectrum of the composite barrier are considered. With
the expression determining the reflection coefficient, it is found that the double-barrier system can
have a resonant passage of one of the components in the sequence of distances between the layers
of the membrane.
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OIIPEJEJIEHHE YACTOT INOIIEPEYHBIX KpJ]EBAI—[ﬂfI
NEPEXOJHHKOB H TYIIHKOBBIX OTBETBJIEHHH I'A30IIPOBO/ZTIOB

C mOMOIIBIO BOAHOBOIC YPaBHEHHA I yOpyroH medopMarHH oceBoH ITHHHH
TpyOLL, a TakuKe MeTOJa pa3fefIeHHsI MepeMeHHbIX H hyHKIHE KpbUioBa, HafiteHO
TOUHOE peNleHHe 3aJadH O PacIpoCTpaHeHHH ManbIX JedopMarHi mo TpyOe,
HMelolleH pa3IHdHble cIoco0bl 3aKPeIlIeHH:A Ha KOHLIAX BRLJelIeHHOro ¢dparmMeHn-
Ta TpybompoBona. IIpeacTaBIe Bl Taloke KOMITAKTHBIE IIPOTPAaMMBI pactieTa dopMm
H 9JacToT KoneGaHHH BO BceX paccMAaTPHBAeMBIX CIyYafX 3aKpelUIeHHs KOHIIOB
TPYOBI.

KImodeBBIe CJI0OBA: pacieqin mpyoonpoeoodd, Ynpyeaa e0IHd, CIoAYAs 80IHA
oceaoll TUHIUL, CHEKNP YACINOMN, OCHOBH O THOH KOTeDAHUII.

Bubpanna TpyOGOIPOBOIOB ABIAIOTCA OCHOBHBIM (PAKTOPOM, KOTOPBIH BBIBOJHT
CHCTEMY Ta3oIoJadH H3 cTpos. I103ToMy BasKHBIMH JBIIAIOTCA YITYOJICHHOE IIOHHMA-
HHe SIBIICHHH, IPHBOIANIHX K BHOPAITHAM, H IMOCTpocHHE 3¢(h(heKTHBHEIX MaTeMaTHIE-
CKHX Mofelne# konebaHHH cTeHOK TPYOBL. B paGoTe [1] Ha ocHOBe 3KcIepHMEHTATBHBIX
HCcIeI0BaHHI OMHCAHBI BO3MOKHBIC IPHYHHEL AKyCTHUYECKH-HHIYIIHPOBaHHOH BHOpa-
IHH H IpeJI0oKeHBI Mepbl II0 CHHJKEHHIO BHOpPAaIlHOHHOH Harpys3KH I'a30IpOBOJA.
B [2] paccMoTpeHa MOAeNbs BHOPAITHOHHOTO aHATH3a TPYOOIIPOBOJAa MOX AeHCTBHEM
IIyJIBCAITHOHHOH My(]THI JaBleHHA Taza. [IpHBOOUTCA YpaBHEHHE BERIHYKICHHOIH BHG-
parH TpyGOTIPOBO/Ia, TIO3BOTAIOINEE OMPEIETHTE CKOPOCTH BHOPAITHOHHOTO CMEIIE-
HHA TpyOOIpoBOJa B 3aBHCHMOCTH OT CKOPOCTH IIoJadH rasa. B [3] ommcaH meTon
KOHEUHBIX 3]IeMEHTOB, IPHMEHAeMEIH 1A OIpeIelleHHA BHOPOaKyCTHISCKHX XapaKTe-
PHCTHK TpyOGOTIPOBOMHOH cHCTeMBbl. Pa3paGoTaHHBIE METOJHKH OPHEHTHPOBAHBI Ha
JHaMeTp TPYOOINpoBOAAa, 3HAYHTEIBHO MEHBIIHIH, deM IIHHA aKycTHIecKoi BOIHBI B
JKHOKOCTH. Pe3ylbTaThl TeOpeTHYeCKHX HCCIIEIOBAHHH IIONTBEPKICHBI 3KCIIEPHMEH-
TaJIbHBEIMH JAHHBIMH, ITOJYIeHHBEIMH Ha THIPaBIHIeCKOM cTeHne. PaboTa [4] mocesame-
Ha OOCYXIEHHI0 MEXaHH3MOB, IPHBOJANTHX K BHGPAaIlHAM TPYOOIPOBOIOB, a TAKKe
pa3paboTke Mep KOPPEKTHPVIOMIETO OOCTYKHBaHHA TpyOomporo/ioB. B [5] mpeanara-
eTcA HOBEIH MeTO[ IIOHCKA H YIUIOTHCHHA OTIIHYHTEIBHBIX IPH3HAKOB aKyCTHUYCSCKHX
CHIHAJIOB, IIOCTYIAIONIHX C MHKPO(OHHEIX JaTYHKOB, YCTAHOBIEHHBIX Ha CHCTEME OX-
TasKIeHHs aTOMHOH 37IeKTPOCTaHITHH JabopaTopHOTo MacmrTaba. IlpennaraeMselii MeToq
TO3BONAEST YIYUIMHTh TOYHOCTHh KIAcCHGHKAITHH JaHHBIX, HECMOTPA Ha TPOMKHE Ma-
TITHHHBIE TTYMBI TIOGITH30CTH.

TakuMm oOpa3zoM, H3IMEHAONIeecA NABIICHHE B CHCTeMaX IIONAdYH Cpelpl, ra3sa HIH
JKHAKOCTH, ABIIMETCA IIPHIHHOH BO3HHKHOBEHHs BHOpanHii B TpyOOIIpOBOAE, KOTOPBIE
TIPH OIpedeiIeHHEIX YCIOBHAX MOTYT IIPHBOJHTE K PEe30HAHCHBIM ABICHHAM H pa3py-
TeHHIO y371a TEXHHIeCKOH CHCTEMEBL.

XABCPAIT 4
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JuddepeHIHATBHOe YPABHEHHE CTATHYECKOI0 MIPOTHOA TPYOBI
noJ AelicTBHEM MONEepeYHOH HAIPY3KH

Ha puc. 1 mokazaH TpHuMep TPYOBI JUIHHEI L, 3aKpelNIeHHOH ¢ OJHOTO HITH JBYX
KOHIIOB, Ha KOTOPYIO AcHCTBYET IOIIepeUuHaA Harpyska ¢(x). Tpebyerca HalTH aHbbe-
PEHIHAJIPHOS YpaBHEHHE, OIIHCEIBAIONIEE MPOrH0 w(x) OCH 3TOH I10J10H KOHCTPYKIIHH.

q(x) J,

L

Puc. 1. 3ckH3 GanKH, BEINTOTHEHHOH KOHCTPYKTHBHO B BHIE
HIHHOPHYEeCKOH TPyOhl, 3aKPeIUICHHOH ¢ OOHOIO HIIH JIBYX KOHIIOB
Fig. 1. Beam design represented constructively
as a cylindrical pipe fixed at one or two ends

IIpubmH:KeHHAA HEZKSHepHAA TSOPHA, TIPHTO/IHAA 1A MaJBIX dedopMalrHii, ocHOBa-

Ha Ha MPEOIONOKEHHH O TOM, 4YTO IIOTEHIHATIbHAA SHEPTHA YIPYTHX NehopMamHi
MPOMOPITHOHATBHA KBaApaTy KPHBH3HEI OCEBOH JIHHHH H BRIPaKAaeTCsl HHTeTPaloM

1L d*w ’
U:E_L'EJ[ ] dx. 6))

dv?
B HeMm ¥ = w{x) — HCKOMOe ypaBHeHHe OCeBOH JTHHHH, a BEIpakeHHe EJ Ha3pIBaeTCa KO-
3¢ PHITHEHTOM JKeCTKOCTH Ha H3THO H COCTOHT H3 IPOH3BedeHHA Moayna IOHTa E H
TeOMETPHIECKOI'0 MOMEHTA HHEPITHH J IIONEPEedHOTO CEeUeHHA GalKH OTHOCHTEIBHO
OCH, TIpOXoJiANIeH depe3 IEHTP TAKECTH CeUeHHA, H NMEPNEHTHKYIAPHOH K MIOCKOCTH
H3rHoa.

Taxk, HalIlpEMEp, B CIIPABOYHHKAX MOXKHO HAHTH, 4To AJA cTalH Moayns FOHra pa-
BeH E = 20.6 10'° HA. s KpyTiioH IHIHHIPHYEeCKOH TpyObl, IOKa3aHHOH Ha pHC. 1,
IUIOIIAIb IIOIIEPEIHOI0 CEYeHHs .S H MOMEHT HHEPLIHH J

n a 4 4 2 2
S= 71:(ar2 sz). J= _l.dq)_l.sin2 q)rsdrzna . i Ei
0 b

4 4

C gpyroii CTOpPOHBI, IIOTEHIIHAJIBHAA YHEPrus ynpyrHx aedopmammi (1) obpasoBa-
Tach 3a c4eT paboTHI A CHI ImomepedHol Harpy3kH ¢(x) Ha mepeMeneHHH w(x)

L
A= _[qwdx. 3
0
TaxuMm o0pa3oM, NIpHpPaBHHBasA BeIpakeHHs (1) H (3), MoIydaeM paBeHCTBO
L 252 L
1 d“w
E-[[EJ[ = ] dx = _{[qu-'dx. (4
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113 HHTeTPaIbHOTO BEIpaKeHHA (4) HY:KHO OIpeIesIHTh (QYHKIHIO W(X), TaKyIO, KO-
Topas MpHJaeT MHHHMAaTbHOE 3HaueHHe (hYHKIHOHAIY (4). DTO JOCTHraeTcA MpPHMeHe-
HHEM Cpe/ICTB BapHAITHOHHOTO HCUYHCIIEHH. BEMHCIAI BapHaLHIO OT 00eHX JacTeil pa-
BeHCTBa (4), HAXOIHM:

L L
[ EJ w's(w") dx= [ g(x) 3(w) dx. (5)
0 0

ITox Bapuamueii 6(1) OGBIMHO TOgpazyMeBaeTcA IIPOHIBONBHAA (DYHKIIHA OT Iepe-
MEHHOH X, KOTOpad OTpaHHYeHa TeM YCIIOBHEM, UTO JO/DKHA ofpamiarkea B HONIb Ha
KOHIIaX HHTepBala HHTerpHpoBaHHA. KpoMe TOTo, OnepallHsa BapHAILHH IIePeCcTaHOBOY-
Ha ¢ onepanHer JH(depeHITHPOBAHHA, T.€. BHIIOIHAETCA PAaBEHCTBO

! —i )
s(w) = = 3(w). (6)

VUHTEIBaA 3T0 OGCTOATENBCTBO, MOKHO HHTETPal B JIEBOH YacTH (5) IIPOHHTETPH-
poBaTh JBa pa3a 1o gacTAM. HHTerpHpyA NePBEIi pa3. MOITyIHM

L L L
J.EJ“"B(H")dI == J‘Eﬁf"iﬁ(‘ﬂ")d\f = E]u”ﬁ(u")ié - J-i(E]lr'}B(v.-")d\’. (N
i 5 dx : dx

TogHO Tak e, ocie BTOPOI'O HHTSTPHPOBAHHA II0 YACTAM, IIOTYYa€TCA BhIPAKCHHE

L L g
IEJH"S(H"’) dx = EJ‘H-‘"S('H-")E' - i[EJ‘.i-‘"] 8(11‘)|g + Id—,} (EJw")8(w)dx. ()
0 dx o dx”

Taxmm obpa3zoM. dopmyia (5) mocse moacTaHOBKH (8) mpHOOpeTaeT BHI

d_‘:'!]—q(x):| S(wydx=0.  (9)
dx

LT 42
E.ﬁ1='8(1‘-”)|§ = %[E‘ﬁ"]‘s("‘)hf * I|:j_2[ =
2 oL dx

BHe-HHTeTpalbHBIE WISHBl B YpaBHeHHH (9) oGpamaioTcs B HOMNb, TAK KaK CUHTAETCA,
UTO BapHaItHH 6(w) H 6(w') paBHEI HYIIO Ha KOHIIAX paccMaTpHBaeMoi o6macTH (npH
X=0unpux=1L).

DTO NMPHBOAHT K PAaBEHCTBY HYMIO HHTerpaabHOTO wieHa B dopmyne (9), uto, B
CBOIO O4epe/b, TpeOyeT paBeHCTBAa HYIIO BRIDaKEHHA B KBaJpaTHBEIX cKoOkax. B pe-
3yIbTaTe IPHXOOHM K JH((epeHIHaIbHOMY YPaBHEHHIO, ONpedeNAtomeMy GYHKITHIO
nporuba w(x):

d?
dx’

Taxum obpa3zoM, ecTH HaM H3BECTHA TOTIEpedHas Harpyska Ha Tpyoy g(x), To mna
IONydeHHA Iporuda w(x) HYKHO MpOCTO pemarthk AH(depeHIIHATEHOe YpaBHeHHe (10)
AHAJIHTHYECKHM HJIH YHCJIEHHBIM CIIOCOOOM € COOTBETCTBYIOIIHMH I'DaHHYHBIMH YCIIO-
BHAMH Ha KOHIAX. [TocKoIBKY 3T0 ypaBHeHHEe YeTBEPTOro MopAIKa, TO HYKHO 3a1aBaTh
YeThIpe IPAaHHYHEIX YCIOBHA, B KadecTBe KOTOPHIX MOJKHO 3aJaBaTh 3HA9eHHA ()YHKIITHH
Ww(x) H ee IPOHU3BOIHBIX, HIH HX JIHHeHHBIe KOMOHHAIIHH, IPH X = 0 H x = L. VpaeHe-
#ue (10) ABIAeTCA OCHOBHBIM YPAaBHEHHEM, OIMHCHIBAIONIHM IIOIEpedHEle KoneOaHHA
(pparmenTa TpySonposoaa. OHO 0OBIYHO NMPHBOAHTCA B YUeOHHKAX MO COMPOTHBISHHIO
MaTepHanos 0e3 moapoOHOro BEIBOJA, TaK Kak ypaBHeHHe (10) MOXKHO MOTYYHTh MHO-
THMH Pa3JIHYHBIMH CIIOCOOaMH.

‘:;;‘;’] = 4. (10)

(&
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OTMeTHM clIeAyIoNIHe BaKHEIe I pacdeTta (opMymsl. M3rubarontai MoMeHT M(x)
H momnepedHas cuia F(x), KOTopble TIPHJIOXKEHH K TPyOe B CeUeHHH X = COHST, oIpeje-
JAOTCA BRIPAKCHHAMH:

d>

EJ d; - M (%), i{EJ d“} - F(x). (1D

dx ax’

@opmynsl (11) MOXKHO HCIIONB30BATh A pacdeTa STHX BEIHYHH, €CIIH H3BECTHA
¢ yHKITHA IpoTHGA W(X).

Takas 3IeMeHTapHaA TEOPHA IPOTHOA IMIHPOKO MPHMEHACTCA B CTPOHTEIbHOH Me-
XaHHKE TIPH H3YYEHHH IPOrHOa MOCTOB HIH JAPYTHX DalOYHBIX KOHCTPYKIHH HO Jeii-
CTBHEM HEIOIBIKHEIX HIH IIOJBIDKHBIX IPY30B IIPH Pa3lHYHBIX YCIOBHAX 3aKpeIle-
HHS KOHIIOB KOHCTPYKITHI.

I'paHHYHEIE YCIIOBHA IIPH pelleHHH THb(epermatsHoro ypapHeHHA (10) J0DKHBI
BHIGHPAThCA B 3aBHCHMOCTH OT CIIOc00a 3aKpeIUICHHA KOHIOB TPYOHL Tak, HaIpHMED,
eciH 00a KOHIIA KECTKO 3aKaThl, TO JO/DKHBI BBIIONHATECA CIEIYIOIIHE YETBIPE Ipa-
HHYHBIX YCIIOBHA:

w(0)=0, w(0)=0, w(L)=0, w(L)=0. (12)

Ecin Bropoit KoHell cBoGOAeH, TO Ha HEM JOKHEI OBHITh paBHBI HYJIHO CHIA H MO-
MEHT, IPHIOKEHHBIE B cedeHHH X = L. Torna u3 (11) cnemyer, 4ro i TpyObl IOCTO-
STHHOTO CeYeHHs TPaHHYHBIE YCIOBHA GVIVT HMETh BH]I

w0)=0, w(0)=0, w"'"(L) =0, w"(L)=0. (13)

To ecTh Ha cBOGOTHOM KOHIIE BTOPAA H TPETHA MPOH3BOHAA OT (DYHKITHH TporHGa w(x)
JIOJIKHBI 00 o0pararscs B HOMb.

KoHe4Ho, BcA TeOPHA NPOrHGa 3HAYHTEIBHO YCIOKHACTCA, SCITH IHOIepeTHOe cede-
HHe TpyOBI He CHMMETPHYHO. B 3TOM ciIydae He CyNIECTBYIOT YHCTO H3THOHBIE Jedop-
MallHH, TOCKONBKY HOSABIMIOTCA ellfe KPYTHIEHEIe Nethopmaru. [TomepeyHsle cedeHusn
TpYOBI IIPH 5TOM HOIyJaloTCA He IUIOCKHMH (GHTypaMH. B TakmX ciydadx TpyOHI co-
BEPIIAIOT COBMECTHBIE YIIPYTO-KPYTHIBHEE Jed0pMaIHH.

ITonepeuHble H3IrHOHBIC K0J1€0AHHS YOPYT0il TPYObI

JuddepeHipansHoe ypaBHEHHE TONEPEYHBIX KONMeDaHHE yIpyroH TpyOE MOMKHO
TIOJIYYHTE H3 OCHOBHOT'O CTATHYEeCKOTo ypaBHeHHA (10), 3aMeHAT B HeM Harpy3ky g(x)
CHIJIOH HHEPITHH e JHHHYHOTO (hparMeHTa TpyOHI:

&*w
q(x)=—pS—-. (14)
ot-

31ech S — ILIOMAIb CEYEHHA, a p — IUIOTHOCTh MaTepHana TpyOsl. Jd cTalH 3Ta ILIoT-
HOCTB IPHOIH3HTENIBHO paBHa p = 8-10° kr/nr’.
Taxkum 00pa3oM, YpaBHEHHE H3THOHBIX KoleGaHHH TPy Obl HMEET BHI

-

x
8-

oy’

- o
ErZY lhps S~ (15)
ax” ot*
Ecmu tpy6Ga HMeeT IIOCTOSHHOE IIONEPEIHOE CEYEHHE, TO K03() (DHITHEHT JKECTKOCTH
EJ M0XHO BRIHECTH 3a CKOOKY H ypapHeHHE (15) ympoIaercs:
o*w pS o*w N

+— =
e EJ @’

(16)
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Pemenne ypaBHeHH (16) MOXKHO HCKAaTh B BHJIE IIPOH3BEJICHHA JBYX MHOKHTEIeH,
OJIHH H3 KOTOPHIX ABIAETCA MepHOJHIECKOH (pyHKIHeH BpeMeHH H KoleOlercd ¢ yIio-
BOH 9aCcTOTOH :

w(x,1) = cos(of+ &) W(x). (17)

Torga m1a GYHKIHH W(x) momydaeTca oOBIKHOBeHHOS MH( hepeHITHATbHOS YPaBHECHHE,
OIIPE/IEIIAOIIEE CTOAYYI0 BOJHY OCEBOH JIHHHH:

d‘w 1 (pSe’l!
dr? _154[ ET
BrIpakeHHe B KPYITEIX ckoOkaX B dopmyne (18) mpeactansaeT coboit Ge3pazMepHYIO
BenHIHHY. IT03TOMY HMeET CMBICT BBECTH AJIA HETO CIEITHATbHOE 0G03HAYCHHE!
pSm?L4 _ad
EJ
Eciu 3HaYeHHE ITapaMeTpa A HaM H3BecTHO, To u3 (19) MoykHO HafiTH 9acTOTy Koleda-

HHIf TpYOHI @:
4 2
o’ = E”: . (’FI\F\F (20)
pSL LNS\p

Pagmkansl B hopmyne (20) HMEIOT CIeAYIOIHA GH3HIeCKHH CMBICT: +/J/S — pagH-

]Wz(). (18)

(19)

yC HHepIHH IIONIEPEYHOTO CeUeHHA TpPYOHI, Bemmm{am HMeeT DPa3MepHOCTE
CKOPOCTH H OTIPEJIeNAeT MOPSI0K BETHIHHEI CKOPOCTH TIepeMeNeHHA TOYeK Moreped-
HOTO CeYeHHA TpyOBl IpH H3THOHBIX Jedopmanmax. Jmd crameHOH TPYOHI
m ~ 13622 M/c. 13 hopMymsI (2) Takke UMEEM, UTO [UTS IUIHHIPHIECKOH TPYOHI
¢ BHEIIIHHM PaJHycoM ¢ H BHYTPeHHHM b pajHyC HHEPIIHH IOIEPEIHOIO CEYeHHA KOH-

2 2
CTPYKIIHH GyJIeT paBeH +/J/S =va +b‘/2 = a/v"_?. Taxum oOpa3zoM, YTI0Bas 4acTOTa
TIoTIepedHbIX KonebaHui Tpy OBl 3aBHCHT OT € Pa3MepoB H 0T Ge3pa3MepHOro IapaMeT-
pa A, KOTOPEIH MOXKHO HAHTH H3 YCIIOBHH 3aKpelllIeHHs €¢ KOHIIOB.
CranHoOHapHOE YpaBHECHHE JTIA CPEJHHX ITOTOMKCHHH KOIeOMONIHXCA TOUCK 0ceBOi
THHHH ¢ ydeToM 00o3HadeHHA (19) 3alHCcEIBacTCA B BHIC
a‘w
T =0 (1))
" L
Ero ob1ee perreHHe ¢ MPOH3BONEHEIMH KOHCTAaHTaMH A, B, C, D BEIpakaeTcs depe3
THIepOOIHIecKHe H TPHTOHOMeTpHUYeCKHe (DYHKITHH H 3aIIHCHIBASTCS B BHIIE

W(x)=AchAX+ Beosh X+ CshA X+ Dsina X, (22)
L L I L

PelllenHs 1151 YACTHBIX CJIy1aeB 3AKPeIl/IeHHd KOHIOOB prﬁhl

PaccMoTpuM pellieHHs ypaBHeHHA (21) s TpeX CIydYaeB 3aKkpeIUISHHA KPaeB TPy-
OBl 00a KOHIIA JKECTKO 3aKaThl; 00a KOHIA ABILIOTCA CBOOOIHBIMH, OJHH KOHEI JKecT-
KO 3a3KaT, a BTOPOIi ABIAESTCA CBOOOIHBIM.

B 1mepBoM ciIy4ae JODKHBI BBIIONHATHCA TPAHHYHbIE YCIOBHS:

w)=0, W'0)=0; W(L)=0, W'(L)=0. (23)
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OHH 03HaYal0T, YTO OCeBas THHHA V = IV (X) colpHKacaeTcs ¢ IPAMOIHHEHHEIM OTpe3-

KOM JITHHHE [ Ha ero KoHIax. B aroMm ciydae pemnreHne BHja (22) MOXKHO COCTABHTH B
BH/JI€ cIeIyIomel THHeHHOH KOMOHHAITHH H3 JBYX () YHKITHIA:

W(x)=A[chkifcosk.i]JrB{sh?\.ifsin?\.i]. 24)
L e L L

31eck, 04eBHIHO, 00e (JYHKIIHH B KBaJpPaTHEIX CKOOKAaX, Ha3plBaeMble OOBYHO (DYHK-
nusaMeE KphIToBa, VIOBIETBOPAIOT ypaBHeHHIO (21) H obpammaioTci B HOIIB BMeCTe ¢
nepBoi mpoH3BoAHOH mpH x = 0. I'paHHdYHEIe ycloBHA (23) Ana BelpakeHHA (24) Ha
BTOPOM KOHIIE TPYOHI (TIpH X = L) 3alIHIIEM B BHAE ABYX PaBEHCTE:
W(L)=A[chh—cosA]+B[shi—sin A]=0,

25
W'(L):A%[shh+sin7&]+ B%[ch?\.—cos?\.]:o. (23)

TaxuM o00pa3oM, IIOIydaeM OJHOPOIHYIO CHCTEMY ABYX alre0paHdecKHX YpaBHeHHI
OTHOCHTENIEHO K03() pHITHeHTOB A H B:
A[chA—cosi]+ B[shA —sinA]=0,
A[sha+sin]+B[chA—cosi]=0.
JI1 Toro YTOOHI 3TAa CHCTEMa HMeNa HeHyleBoe PelleHHe, HeoOX0HMO, YTOGH ee OTl-
peaemHTeNs OBLT paBeH HYIIO, H, KDOME TOTO, MOKHO BBIPA3HTh KO3 GHITHEHT B depe3
ko3¢ dHITHEHT A TIo dhopMyTIe

(26)

4 chA—cosA
shi—sini
Tloxcrapmsaa (27) B (24), moiydaeM clleyiollee BEIPOKEHHE IUIA MONEPEUHOro IIporHoa
TPYyOBL, XKeCTKO 3aKPEILICHHOH Ha e KOHITaX, ¢ TOYHOCTHIO 10 IIOCTOAHHOTO MHOMXKHTENA A
i}—i‘:m_c_‘m [shli—sinki}. (28)
L| shi-sini L L
TTapameTp A HafieM H3 YCIOBHA PaBEHCTBA HYIIO OIPeelHTeNII CHCTeMEI (26):
chiA—cosi shi-sink
shi+sind chi—cosh
ITocne BEIMHCIICHHA H YIIPOLICHHA 3TOT0 OIPEIETHTENA, IOTydaeM
(chi —cos 7\.)2 —(shA+sini)(shi —sini) =
ch?A—2chicosA+cos’A—sh*A+sin?A=2-2chicosk =0.
XapaKTepHCTHYIECKOE YPaBHEHHE J71A ONpeeIcHHA lTapaMeTpa A HMeeT BHI
chl-cosh=1. (29)
VpaeHenHe (29) mveeT GeckoHeuHoe MHOXKecTBO KopHeH. KopHio A = 0 cooTBeTCT-
ByeT pemeHHe W(x) = 0. OcTalbHBIC TMOMOKHTEIBHBIC KOPHH ypaBHeHHA (29) MOKHO

BBIYHCIIHTh KAKHM-THOO YHCIEHHBIM CII0cO00M. OHH HMEHT CICAYIOITHE HpHﬁJ]IDI{eH-
HEBIC YHCJIOBBIC 3HAYCHHA!

A =4.730, &, =7853, A; =10.996, A, =14.137, A;=17279..  (30)

HqueM AT GOTBINX 3HAYEHHH 1 > 3 ¢ xopome}“i TOYHOCTEH) BEITIOIHACTCA CIIE-
AYHOIIES COOTHOIICHHE!

@7

x
W(x)=| chA——cosh
(x) {c 7 cos

Apog =, +7

n+1
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Tak Kak I8 KakKIOr0 3HAYEHHS KOPHA A, CYIIECTBYeT CBOA YacTOTa KoNeOaHHI,
BEMHCIAeMad 1o Gopmyie (20), u cBoa dopma konedanui (cm. (28)), To

W,(x)= [chl” X cos Ay i]—w [sh Ay X sin . i]. (31)
L L] shh,—sini, L L
TTogo0HBIE (POPMYIIBI MOYKHO TIOJYHHTh H JIJIA APYTHX CIOCOD0B 3aKPEIUICHHA KOH-
1I0B TPy OBL
Bo BropoM ciIydae 3aKpellieHHA, Korja 00a KOHIa ABITHOTCA CBOGOIHEIMH, TDAHHY-
HBIE YCTIOBHA CBOMATCA K PaBEHCTBY HYIIO CHJIBI H MOMeHTa (11), T.e. Ha 060HX KOHIAX
JIOIDKHBI PABHATHCA HYIIFO BTOpPasA H TPEThA IIPOH3BOIHAA 110 X OT QYHKIHH W (x):
w'oy=0, w"0)=0; w"(L)=0, W"(L)=0. (32)

JImd 3Toro clIydad pellicHHe YpaBHeHHA KoleOaHmHit (21) cileyer HCKATh B BHIC
W(x)=A[ch?&£+cosk£]+3[sh7\.£+sin7\.£]. (33)
L L L L

JIeHCTBHTENBHO, 31ech 00e (ODYHKITHH B KBAaJPaTHBIX CKOOKAX YIOBIETBOPAIOT YCIOBHIO
paBeHCTBa HYJIO BTOPOH H TpeThell IMpOH3BOAHOM IpH X = 0. YToGH! 3TH YCIOBHA BHI-
TIOJHATHCE TAKKe H IPH X = L, HMeeM CIeyIONIyI0 OJHOPOJHYIO CHCTEMY JTHHEHHBIX
ypaBHEHHI 0THOCHTENBHO K03() (pHIIHEHTOB A H B:

A[chA—cosh]+B[shA—sin L] =0,

A[shi+sin L]+ B[chi—cosi]=0.

OHa oKa3alack B TOYHOCTH COBIAJAOIIEH ¢ aHATOrHUHOH cHCTeMoi (26) mis TpyOsI
C IByMA 3aKaTHIMH KOHIAMH. [T03TOMy KOpPHH XapaKTepHCTHUECKOTO YPABHEHHA A,
O6yayT coBmadatk ¢ gHcaaMH (30). OTo TOBOPHT O TOM, YTO YaCTOTHI KolcOGaHHI I
TpyOBl cO CBOOOMHBEIMH KOHIIAMH OYIYT TAKHMH K€, KaK H Ui TPyOBl C 3a)KaTBIMH
KoHIaMH. OHako (opMEI HX KoJleOaHHH B 3TOM ciaydae OyayT apyrumu. OHH, B OTIH-
gHe 0T popMyIsI (31), HMSIOT CIeYIONTHI BHI:
W, (x)= [ch A, X 4 cos A, i] _chh, —cosh, C.OS a
L L] shi, —sink,
113 3TOrO pereHHs BHTHO, UTO (YHKITHA W,(X) H ee MPOH3BOIHAA 10 X HE PABHEI HY IO
npux =0Hmpu x=L.
TpetHit ciydaii: Tpyba 3ameMieHa B Touke x =0, a Opyroi ee KoHel cBoGodeH.
Tor1a rpaHHYHBIE YCIIOBHA JUIA YpaBHeHHA (21) HMEHOT BH]I
W 0)=0, W'(0)=0; W"(L)=0, W"(L)=0. (35)

B 3ToM cIIydae pellleHHe cleAyeT HCKaTh B popme (28), T.e.

. X
[sh A, E+sm A, E] (34)

(%) =A[ch?\.ﬁ—coski]+3[sh7\.£—sin xi]. (36)
& I L L

IIpHpaBHHBAaA K HYIIO B TOYKE X = L BTOPYIO H TPETHIO IPOH3BOJHEIE OT (YHKITHH
(36) o mepeMeHHOH ¥, MOIYYHM CHCTeMY JBYX THHeHHBIX VpaBHEHHH OTHOCHTEIEHO
K03(dHHeHTOB A H B, KOTOpasA HMeeT CIeyIOIHA BHA:

A[chi+cosi]+ B[shi+sini]=0,

. 37
A[shA—sini]+B[chi +cosi]=0. 2

U3 ee IIepBOTO YpaBHEHHA HaXoquM K03 bHiHeHT B:
BZ_AW—C_OS?”. (38)

shi+sinA
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PackphIBas H yIIpoIasd ONpeeIHTe b CHCTeME! (37), mMeeM

(chA+cosh)? —(sh®A—sin®A)=2+2chA-cosh = 0.

Otcrofia cle/yeT, YTo BEITHUHHEI A, ARJIAIOTCSA KOPHIMH XapaKTePHCTHYECKOTO YPARHEHHA
chi-cosh =-1. (39)

OHH He COBIAJAIOT ¢ KOpHAMH (30). BEIMHCIIEHHbIE YHCICHHBIM METOJ0M, OHH HMEIOT
CTIEIYIONTHE TPHOIIDKEHHBIE 3HAUCHHA:

A =1.875, A, =4.694, A;=7.855, A,=10.996, As =14.137, As =17.279...(40)

CpaBHeHHe 3THX 3HA4YeHHH C JaHHBIMH NPeJbayImEx 3aqad (30) mokaseIBaeT, UTO
OTJIHYHA KacaloTcA TOJNBKO IIEPBBIX TpeX KOpHeH, a OocTalbHBEIE KOPHH IPAKTHIECKH
coBmagatoT. TakuM o6pa3oM, 1A TpyObl, ¥ KOTOPOil OJTHH KOHEI 3aKPEIUIEH, a ApYyToi
cro0o/ieH, TIepBhle TPH TOHA KoJleGaHHH HMeroT Gojee HH3KYIO 9acTOTY, 4 OCTAlIbHBIE
TOHEI HMEIOT T€ JKe YaCTOTHI, YTO H TPyDa ¢ JBYMA 3aKaTHIMH HIH C JBYMA CBOOOIHEI-
MH KOHITaMH.

@opMel KoneGarui TpyObI, ¥ KOTOPOH OJHMH KOHEI 3aXKaT, a APYToi KoHell cBoGo-
JIEH, OIIPENENAROTCSA CIEAYIOIIHM BbIPaAKEHHEM:

E : hi, +cosh X g
W,(x)= [ch A, 2 _cos A, i]_c"—c-os” [sh A, 2 _sin A, 1]. (41)
L L] shi,+sini, L L

IIpamep pacueTa

IIpeamonaraeTcA, IT0 HaM H3BECTHEL YHCNA A KaK KOPHH COOTBETCTBYIOITHX Xapak-
TepHCTHYeCKHX ypaBHeHHH (cM. (30) u (40)):
chi-cosh=1 m chi-cosi=-1.

JlnA pacdera coGCTBEHHRIX 9acToT /= /27 1o (opmynam (20) H COOTBETCTBYHOLIHX
thopM xonebanui 1o BeIpakeHHAM (31), (34) u (41) cocTaBleHa mporpamMma.
PesynpraThl paboTh! mporpaMMe! (1) mpecTaBIeHB! Ha pHE. 2 H 3.

~ i e s i ~ { f=6138Tn .
L] 0.5 Frommrmmm e ks 0 . : ; .
& - J-sissiw ™ B T~
0 : : : : ] i : : ;

0 2

4 6 8 X 0 2 4 6 8 X

\\_//f— 1i69.19 fn

W(x)
)

f=169.19 T

-1 -1 i
0 2 4 0 2 4 6 8 x
1 ; : i ; 1 : : : :
s NN L A 4 N
S ’ ’ j : = : ' ' :
f=331.72 1"1;\/ | \/}” 331.72 r}\/
_1 H H H H _] H H H H
0 2 4 6 8 X 0 2 4 6 8 x

Puc. 2. DOpPMEL H HaCTOTEL KoIeGaHHH TPyGbl ¢ ABYMA 383KaTBIMH KOHITAMH (ClIeBa)
H ¢ IBYM:A cBOOOJHBIMH KOHITAMH (CIIPaBa)
Fig. 2. Shapes and frequencies of vibrations for a pipe with two fixed (at the left)
and unfixed (at the right) ends
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| | ! ! ! |
i Cf=964Tum i
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0 2 4 6 8 b
1 T T T ) ) ! T T
S : f f : ’
i i | f=6045Tn | § i
2y | 1 L 1 1 i 1 i i I
0 2 4 6 8 X
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'~ i ;
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Puc. 3. DopMEeI H 9acTOTEI KoneGaHHH TpyObl, 3a:KaTOH Ha OJHOM KpAar H CBOOOIHOH Ha IPYroM
Fig. 3. Shapes and frequencies of vibrations for a pipe with one fixed and another unfixed ends

HaubGomnee Hu3kuit ToH f= 9.64 T'11 cOOTBETCTBY ST KopHIO A = 1.875 (eM. puc. 3)

3aKkaTHYeHHE

B pamKax TIPEJIION0KEHHA O MAIOCTH H3THOHBIX AedopMaIriii TpyGbl, IPH KOTOPBIX
¢dopma cedeHHH, HaXOOANMXCA B IUIOCKOCTAX, NEPIECHIHKYIAPHBIX OCEBOH ITHHHH [e-
¢ opMupoBaHHOTO (hparMeHTa TPyOOIIPOBOAA, OCTAeICsA NOCTOAHHOMH, ONYISHO YpaBHe-
HHe 1A H3THOHBIX JedopMaipii. Takoe ypaBHeHHe H paHee IOIYyJaloch Pa3IHIHBIMH
criocobamu. B naHHOH paGoTe OHO BHIBEJECHO ¢ IPHMEHEHHEM CPEJCTB BAPHAITHOHHOTO
HcUHCNeHHA. | Huep6onHdeckoe ypaBHEHHE 1A CMEIIEHHA TOYeK OCEBOH IIHHHH TPYOBI
HHTETPHPYETCsS aHAIHTHYECKH C IPHMEHEHHEM MeTo[a pa3leleHHd IIEpeMEeHHBIX H
¢byrxui Kpbriosa, ABIAIONTHXCA (yHIaMEeHTaIbHBIMH PEICHHAMH COOTBETCTBYIOLIETO
CTAITHOHADHOTO YPaBHEHHA A7 OceBOH MHHHH. EcTecTBEHHO, ITO IOTydaroIIHecA 9acTo-
THI H QOpMBI K0TeGaHH it 3aBHCAT 0T KOHKPETHBIX CIIyJaeB 3aKPEIUIEHHA KOHIIOB TPy OBL.

HccnenoBaHe! Bce BO3MOXKHEIE BaPHAHTHI 3aKpeIIeHHA KOHIIOB, CIIeJ0BaTelbHO, H
pacnpocTpaHeHHA YIPYTHX BOIH IO OTASIBHOMY IPAMOYTOIEHOMY (parMeHTy Tpy6o-
npopofa. CHeTHBIE MHOKECTBA KOPHEH XapaKTEPHCTHYIECKHX YPaBHEHHH A CTOATHX
BOIH, OTBEYAONIHX KOHKPETHBIM CIIOCO0AM 3aKpelIeHHA KOHIIOB, ONPEdeiAIOT CHEK-
TpHI YacToT KoneOanuH. ITo HaHaeHHOH B paboTe CBSA3H YACTOTH ¢ KOPHAMH XapakTe-
PHCTHYECKOTO YPAaBHEHH: JIETKO ONPEAENIIOTC] OCHOBHOH TOH YIPYTHX KoJleOaHHI H
BCE APYTHE MOBI KoneOaHHH (parMeHTa TPyOOIpoBO/Ia.
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Abstract: An analytical solution to the problem of wave transport of matter through composite hy-
per-fine barriers is constructed. It is shown that, for a composite membrane consisting of two iden-
tical ultra-thin layers, there are always distances between the layers at which the resonant passage
of one of the components is realized. Resonance makes it possible to separate de Broiler waves of
particles with the same properties, which differ only in masses. Broad bands of hyper-selective sep-
aration of a hydrogen isotope mixture are found at the temperature of 40 K.

Keywords: wave dynamics; compound barriers; resonant transmission; the Schrédinger equation;
analytical solutions

1. Introduction

It becomes necessary to solve the Schrédinger equation, which is one of the most
important equations of mathematical physics in modeling the processes of low-tempera-
ture separation of gas components. A fairly large number of modern works are devoted
to solving the nonlinear Schrédinger equation (NLSE). In particular, a method for con-
structing a class of exact analytical solutions of the NLSE model with varying dispersion,
nomnlinearity, as well as gain or absorption, is developed in [1]. Using the Lie symmetry
method, new solutions for nonlinear Schrédinger systems are constructed in [2]. Two
cases of exact solutions of the NLSE and an analytical solution of the three-dimensional
time-independent equation for a charged particle in the field of an exact electric dipole
are found in [3,4]. A functional integral, representing the solution of the wave equation,
is obtained in [5]. Various properties of solutions of the extended nonlinear Schrodinger
equation, the fractional nonlinear diffusion equation, and the fractional nonlinear Schro-
dinger equation are studied in [6,7]. A number of works are devoted to the study of soli-
tons [8] and their stability [9], as well as to the question of soliton perturbations [10]. In
[11], the authors suggest an exact analytical resolution method for stationary Schrodinger
equations with polynomial potentials.

On the basis of various types of potential used in the equation, it is possible to single
out works on solving the NLSE for an inseparable complex potential [12], the potential
function of the Morse oscillator for a periodic external field [13], an arbitrary potential that
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determines bound states [14], a non-central generalized inverse quadratic potential of Yu-
kawa within the Nikiforov-Uvarov framework [15]. Analytical solutions of the Schri-
dinger equation for some diatomic molecular potentials with any angular momentum are
obtained in [16]. Using the Nikiforov-Uvarov method, an exact soliition of the N-dimen-
sional radial Schradinger equation with a generalized Cornell potential is obtained in [17],
and one- and two-dimensional NLSE solutions with a double-well potential and a Stark-
type perturbing term are presented in [18]. The work presented in [19] proposes a solution
to the one-dimensional Schrodinger equation for a potential of a special form. The solution
is presented in terms of non-integer order Hermite functions, Finally, in [20] the authors
find and analyze the analytical Schrodinger equations with a singular potential of frac-
tional degree called the potential of the second Exton.

The Linear Schrodinger Equation (LSE) is considered learned. However, the problem
of wave transport through composite barriers is of great interest for membrane technolo-
gies of low-temperature gas separation.

2. Materials and Methods
2.1. The Schridinger Differential Equation
The differential equation of wave dynamics is:

&

L L (1)
2Zm i ot
where W is the wave function; I is the Planck’s constant; U is the energy of interaction
between the particle and the environment; m is the mass of the particle, A is the Laplace
operator; i is the imaginary unit.
In the special case in which the potential energy Ll is clearly independent of time, the
solution to Equation (1) is found in the form:

"P:\p'e‘-mh, (2)

where E 1s the particle energy and 4 is the wave function of coordinates,
Then, the following stationary Schrodinger equation can be used to find the ampli-
tude of the wave U~

Aw%w—mw:o. 3)

Below, we will present some analytical constructions which prove to be very effective
in analysing problems of isotope transmission through composite membranes. With prob-
lems concerning the low-temperature membrane separation of gas mixtures, the direction
of transfer, perpendicular to the membrane surface, is of decisive importance, Therefore,
only a one-dimensional Schrédinger equation is enough to consider.

It is also convenient to have a dimensionless form of the equation of wave transter of
matter,

If the particle mass is referred to as mo, which is the mass of a hydrogen atom, the
energy scale is Lo, which is the depth of the potential well in the distribution of the energy
of a pair of interactions between the membrane substance and mobile particles, and the
length of the scale is taken as:

L=n/\fmU, . ()
then the dimensionless equation of wave dynamics does not contain the Planck’s constant

h:

::.-—T- 2m(E~U(x)y = 0. &

X

In record (5), all quantities are dimensionless, including the coordinate x,



105

Mathematics 2021, 9, 2353

3 of 11

Thus, we reduced the number of problem constants by one. This is essential for fur-
ther analytical calculations.

2.2. The Integral Schrodinger Equation and Its Transformations

The implementation of numerical methods for solving the Schrédinger differential
equation is focused on the finite region of variations of the independent variable, as well
as on matching the obtained numerical data with asymptotic distributions of the calcu-
lated value. Normally, the conditions of matching are understood as the equality of the
wave function itself and its derivative. However, there is no justification for using this
form of conditions. The size of the finite region of integration also requires substantiation.
In this connection, aiming to carry out integration along the entire real axis is important.
This can be done analytical methods. The Schrodinger integral equation is quite suitable
for analytical analysis:

®

[ e UE) vode=e™. (6)

—=

2m
X)——
2ik

where k =+/2mE . In their book, Morse and Feshbach note the equivalence of the differ-
ential and integral description of propagation of matter waves [21].

Equation (6) is similar in form to an integral equation with a degenerate kernel. How-
evet, in fact, it is not the same. In order to separate the variables in the integral term of
Equation (6), it is necessary to use the operational calculus. A function of one variable and
a differential operator d/dx can be distinguished in the kernel of the equation. To do this,
one is only required to use the definition of the shift operator:

s
e “f(x)=fx-h). (7)

It is easy to verify that (7) is true if the operator exponent on the left is expanded in a
Taylor series in a neighborhood of zero, and the function f (x — h) is expanded in a neigh-
borhood of the point x. Applying equality (7) to (6), we can rewrite the original equation
in the following form:

= d
- ’ L [2m
0-i [U e Ege | gt =M S
w(x) {j (©) w(©) f;} e ®)

Let us pay attention to the expression in parentheses. This expression is a differential

operator and, at the same time, is an analytical function of some parameter p:

ES

o -
[U@w© e mde = [UQ) w(&) e¥de =L(p). p:%. )

Taking into account the introduced notation, we can write Equation (8) in the follow-
ing form:
w(x)—AL(p)e*H = e (10)

The form of a differential operator acting on the exponential function on the right of
it is still unknown. However, it can be found. Multiplying (10) by U(x)exp(—xp) and per-
forming integration in infinite limits, we obtain:

[ I U(x)w(x)e"’"dx} - ?\.L(p){ I efklxlU(x)e"‘deJ = { I ef"’U(x)e"”dx] : (11)

—x —x

Two differential operators appear here, for which we introduce the following nota-
tion:
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B(p) = Tef*’U(x)e"de, O(p) = T MU (e)e? dve . 12)

Taking into account these notations, operator equality (11) takes the form:

L(p)[1-%0(p)]=B(p)- (13)
Hence, we get:
B(p)
L(p)=——"—.
P o) £

Sometimes integrals (12) can be calculated analytically. In a general sense, the result
of numerical integration obtained on the basis of the simplest quadrature formulas of the
trapezoid method is suitable. In any case, these integrals depend only on the shape of the

potential barrier.
Using (14), Equation (10) can be rewritten as:
c, AB(P)
(x) = ™ + "2 gHRl 15
M 1-70(p) )

The operators B(p) and Q(p), which are included in the last equation, as can be seen
from (12), can be determined based on the given shape of the barrier U(x). In principle,
relation (15) already determines the desired distribution of Ux(x). However, it still has an
operator form, so let us return to relation (10).

If the differential operator L(p) acted on an exponential function of the usual form,
the result would be as follows:

d It Gy
L[a]e =L(pye". (16)

However, in formula (10) this operator acts on the exponent of the modulus of the
argument. Therefore, direct application of (16) is impossible. Nevertheless, the exponent
from the modulus of the argument can be reduced to the usual exponent if we use the
Fourier identity:

et = ﬁ [ [e=e=e"™dade . (17)

Applying rules (16) and (17) to formula (10) we obtain:

w(x)=e™ +ﬁ I J. L(-io)e ™ ™ dade . (18)

—x =

Expression (18) is exactly the solution of the Schrédinger integral equation written as
a double integral along the spectral axis. As can be seen, in contrast to (6), its right-hand
side contains all known quantities since the functions B(—iw) and Q(-icw) which make up
L(~icw) and are called the spectra of the barrier are determined only by its shape, ie, are
known functions of the problem statement. In addition to the shape of the barrier, we
know the character of the asymptotic behavior of the solution with respect to the physical
variable x.

By this stage of integration, we have already got rid of the ditferential operator L(p)
having replaced it by the function L(—iw) using rule (16). Let us denote the function L(—icw)
by G(w). Then, taking into account (14), we get:
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_— M [ Ulxye™ Py
GO = == : (19)
= 1- AI Ulx)e™Me™ dx
As aresult, we have:
y(x) =™ +%£7J; e Glo)e e dudo . (20)

Let us also suppose that function G(w) is the spectrum of some function K(x). This
means that the following conditions are observed:

G(w) = T K(x)e'“dx, K(x)= 2—111 ]E. G(m) e "™dwm . (21)

—=

Introducing (21) in (20), we find:

e 17 —iox K iop T ila| ioa
)= +— K dudpde =
y(x)=e 211_J;e _J; (@) e _J;e e**dadpdo
« & [ = (22)
=g"h+ K em’|u| Pl em(—x+p+n)dm dadp .
L (B)L Mi B

The integral in parentheses of the last expression is the Dirac delta function. There-
fore, we can further write:

®

w(x)=e™ + j K@) dBT elg (0 —(x—B))da = e + _TK(;S) & Algp . (23)

= = -=

Thus, the most compact form of the solution, in which the integral is taken in the
direction of variation of the physical variable, is as follows:

wix) = + [ K() et @

—x

When solving the Schradinger equation by the method of the integral equation, the
fulfilment of the matching conditions is not provided. In this case, it is only necessary to
check how the solution behaves at x = +eo. For this purpose, we will rewrite solution (24)
in terms of integrals with a variable upper or lower limit:

w(x)=e" [1 + I K(C)B’M&’C] +e® [J K(C)BMG’C] - (25)

Based on this form of writing the distribution {x(x), we can draw a conclusion about
the asymptotic behavior of the wave function:

w(x) =™ {H I K(C)e"“d(;], x— o
e (26)
y(x) = e 4" I K(&)evds, x— -

As can be seen from these relations, atter the barrier, there is a passing wave, and
before the barrier there are both the incident and the retlected waves. Thus, solution (24)
correctly reflects the asymptotic behavior of the desired function.
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2.3. The Reflection Coefficient
It was found in [22] that the Fourier spectrum for the wave function 1\ has the form:

LB(w.k)

1-A B(w, k)~ @7

Glek) = Iw(x)e'“"d_x:

Here, parameters k and A are determined by the particle mass m and the energy E:

k=VamE, h=2. (28)
i
As for expression B(w,k), this depends on the shape of the potential barrier U(x) and
is represented by the following integral:

Blank)= j U (x)e™ @D dy (29)

The reflection coefficient R of the particle flux has the following formula:
rBlok) [

1-AB(w, k) 30)

R(k.2) =|

o=k
In particular cases of forms of the potential barrier U(x) integral, (29) can be calcu-

lated explicitly; then, the corresponding final formulas can be obtained for the reflection
coefficient R.

3. Results
3.1. Determining the B(w,k) Integral
It is convenient to distinguish between even and odd forms of the potential barrier

U(x), since formulas (29) are then written in the form of one-sided integrals. For example,
in the case of an even function U(x) integral, (29) is written in the form:

Ble.k) = 2[U(x)cos(e+k)xdx . (31
0

Formula (31) means that it is enough to know only one function, Bo(w), which is the
cosine Fourier transform for the potential barrier. Using it, we can calculate function
B(w,k):

Ed

Bo(o)):J'U(x)cosmxdx, B(w,k)=2B,(0+k). (32)

0

In this case, the reflection coefficient (30) is equal to:

1B,k |

R(k.3) =
1- B, (2k)

, By(o)= 2J.U(x)cos oxdy . (33)
0

If we carry out similar transformations of integral (29) for an odd function U(x), we
get the following result:

WiB, (2k)

Bo(c))=£U(x) sinoxdx, Bl(o.k)=iB(w+k), R(ki)= m

‘ (34)

Thus, the difference between an odd barrier and an even one is that the cosine Fourier
transform of the barrier is replaced by its sinus transformation and the imaginary factor i
appears at parameter A.

There is a significant difference in writing analytical formulas between the cosine and
sine Fourier transform of the same function. For example:
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o 2 1 3,
J-e'ﬁx cosardy=— | = g
2\p

SN
e'B’“zsinmxdx:EZ; .-
BEs—itl 4p

St o

3.2. The Double Potential Barrier

By a double potential barrier, we mean such a function U(x) which for an even barrier
has the form:

Ulx) =U,(x+d)+Uy(x—d). (35)

That is, the double potential barrier consists of the sum of two separate symmetric
barriers Uo(x) which are shifted relative to each other by a distance of +d, as shown in
Figure 1.

: Ml
;\ 2d

- 6 E -z

o

Figure 1. Shape of double potential barrier.

It is clear that, in this case, the value B(w.k d) depends, apart from the parameters w
and k, on the distance d between the barriers.
In order to find the dependence of the integral B(cw k.d) on the distance d, we use the
formula for the shift of the argument which has the form:
IUo(-x+d) 2B gy J‘Uo(u) e.(m;—)(u-d)du: gkl J.Uo(x) 2 gy (36)
This means that the spectra of the shifted and the non-shifted barrier momentum
differ only by the factor exp[-i(cw + k)d].
For a barrier of form (35), therefore, we obtain:
Blk+o,d) = j [Ty (x+ d) + Uy (x—d)] € ey =
= - = (37)
— I U, (x)e"“" dx [e"(‘“m . gltoriM ] =2cos(o+k)d j U, (x)e"“ ™ dx.
—x =A

Let us introduce the so-called basic spectral function Bo(w,d) for the barrier Uo(x) as
follows:

Bo(m,d):lcosdeUo(x) ¢dx . (38)

Then, the spectrum of the double barrier and the reflection coefficient are equal to:
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B(o+k.d)=B,(0+k.d), R=

7B, (2k.d) |
L—AB,(2k.d)
As can be seen, for a double barrier, the basic function Bo(w,d) is a periedic function

(39)
of the distance d between local barriers. Therefore, the reflection coefficient is repeated by
increasing the distance d with a period equal to 7t/k.

2

Noticing that A = —im/k we can write the reflection coefficient R in the following form:
| -2 B, (2k.d)
R-|_k

(m/k) B} (2k.d)

1+f£30(2k,d’)‘ L+(mfk)” B; (2k,d)
inthe interval 0 < R<1.

(40)
From formula (40) it can be seen that the reflection coefficient R is always included
3.3. An Example of Calculations

For model calculations, it is convenient to use a potential barrier:

U, (x) = et
The basic functions Bo(w,d) for this is equal to:

B,y (@,d)=2cos wd\/ge"“%ﬂ ;
local barriers.

(42)
Using formula (40), it is possible to construct graphs of the reflection coefficient R(d)
or the transmission coefficient of particles C =1 - R, depending on the distance d between

41

Figure 2 shows an example of calculating the transmission coefficients of a double

were taken to be equal to the following: E=0.8, 3=4.

barrier for particles with masses nz1 =2 and m2 = 5. Such masses correspond to Ha and DT
molecules. The particle energy E and the barrier width parameter (3 in the calculations

1
%
riers.

. 5
Figure 2. Two graphs of dependence of particle transmission coefficient on distance d between bar-
line—tom=5,E=08, =4

The solid line corresponds to the graph for a particle with a mass m = 2; the dotted

Since the oscillation periods of these graphs (depending on the distance d) do not
coincide, there is a possibility of such a choice of the distance d between the barriers that
double barrier.

gives an advantage for one of the substances under consideration to pass through the

110
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It is possible that other graphic information is more suitable for a comparative anal-
ysis of the permeability of two substances with different masses equal to n1 and m>, for
example, when graphs of relative values are displayed on the screen:

5@ SD-G@ o G@-GW)

a@ @) (3

Under the condition, Si(d) > 0, the graph of the function Si(d) shows how better the
first substance passes through the double barrier than the second at the same distance d
between the barriers.

The same can be said for the graph of the function Sa(d).

Figure 3 shows graphs of relative deviations for the same calculations, as shown in
Figure 2.

g

n&

Qi fremmemenens

s,(d)

il o A

03

06 -

04 f----

s,4d)

02

Figure 3. Graphs of relative deviations of transmission coefficients for particles with masses m =2
and 1 =5.

It is clearly seen in Figure 3 that it is possible to adjust the distance d between the
barriers in such a way that only particles with the required mass will pass through the
barrier well.

Therefore, it can be stated that there is an effect of separation for particles that differ
only in mass. By adjusting the distance d between the barriers, it is possible to provide
passage of one of the particles, while passage of the other will be completely blocked.

4. Discussion

In its form, the Schrédinger integral equation is analogous to an integral equation
with a degenerate kernel. In the kernel of this equation the variables are not separated due
to the presence of the modulus of the difference between the two available variables.
Along with this, in relation to the required function, it is a recursion. Thus, in the course
of constructing a solution, it is necessary to solve two subproblems: to remove the modu-
lus of the variable difference and to eliminate recursion. The key to implementing these
steps is the use of the shift operator. With the use of this operator, the exponential function
of the modulus of the variable difference, which is available in the record of the Schro-
dinger integral equation, is divided into two parts. In case of such a separation one of the
variables falls into the operator part, with the other falling into the usual functional de-
pendence. At the operator level it is possible to get rid of recursion with respect to ' in
the original equation.

For this purpose, the original wave equation in integral form is multiplied by
L(x)exp(—xp) and integrated in infinite limits. As a result, an operator relation is obtained
which allows tinding L(p) as an operator function determined only by the value of the
barrier energy. Using the Fourier identity and the properties of a differential operator act-
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ing on the exponential function the transition from operator relations to ordinary func-
tional dependences is carried out and the integral representation for the wave function is
written in terms of the shape of the barrier. As a result, an integral relation for ordinary
functions, in the integral term of which there is no recursion in 1\, is obtained. The last
relation determines the solution of the Schrédinger integral equation. The solution is valid
on the entire real axis and does not require boundary conditions. Therefore, it only re-
mains necessary to check its asymptotic behaviour. The check allows for finding a com-
pact formula for the total reflection coefficient R. A very important advantage of the exact
solution, in comparison with solutions obtained using numerical matching methods, is
that this solution allows for calculating the total reflection coefficient R for the potential
barrier L(x) of a given shape.

In the case of composite barriers consisting of monolayers of the same shape, accord-
ing to the formula obtained for R, the zeros of the reflection coefficient are found. It ap-
pears that the reflection coefficient vanishes not for one, but for many values of the dis-
tance d between single barriers.

The result is an efficient isotope screening system. This system can be configured to
separate components by varying the distance between the barriers.
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Introduction

Despite the widespread occurrence of helium in the universe, its terrestrial sources are
limited. Currently, helium is extracted from natural gas using cryogenic distillation,
pressure swing adsorption as well as the membrane method. The latter appears to be
preferred due to its lower cost and simplicity.

In turn, isotope separation is also an urgent problem. The *He isotope makes up
the main part of helium, while *He is a very rare and valuable element. At present,
helium-3 is obtained in the process of tritium decay (1), which is far from satisfying
the demand for it. Outer space provides great prospects for production of 3He since
this isotope is contained in the Sun and the atmospheres of giant planets in much
larger quantities than on Earth. *He finds applications in eryogenic industry, medicine
(magnetic resonance imaging), neutron detection. The use of helium-3 in reaction with
deuterium as a thermonuclear fuel looks promising, yet underdeveloped. The advantages
of this type of fuel include low radioactivity, which does not require special precautions
and does not entail catastrophic consequences in an accident, low degradation of reactor
materials, and the possibility of further use of protons as the by-product of the reaction.

Isotopes of one element have identical chemical properties so their separation is
only possible with the use of mass-dependent processes, for example, using quantum
effects. In contrast to the classical method for determining membrane permeability,
when it is unambiguously known whether a molecule with given kinetic energy will
overcome the potential barrier or not, in the quantum-mechanical case, there is always
a probability of a molecule passing through the membrane. Separation is achieved due to
small differences in the probabilities of two isotopes passing through a narrow potential
barrier of a suitable shape, which directly depends on the choice of the material and the
design of the nanomembrane.

The probability of an atom passing through the barrier is determined from the
solution of the stationary Schrédinger equation. The equation is usually solved
numerically using the finite difference method (2). However, this paper proposes a
different way to obtain a solution for the Schrédinger equation which provides a more
accurate solution compared to other methods because it is mostly analytical.

Isotope separation is more demanding in terms of the choice of membrane material
and design, in contrast to gas mixtures separation due to their similar dimensions and
properties. The aim is to find the potential barrier which will enhance the differences
in the tunneling permeabilities of isotopes and, at the same time, will correspond to
the real synthesized material. To adjust the potential energy in this way, pores of a
material are often functionalized, that is, functional groups which provide the necessary
properties are added. An example is the passivation of pore edges by attaching hydrogen
atoms or replacing structure atoms with nitrogen atoms. Stretching of a membrane can
also be used. Such methods can reduce the height of the energy barrier by allowing for
a more intense flow through the pores (3-9).

Recent studies show thapporewsrgrapheeand esaphengdike membranes, as well
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as zeolite membranes and polymeric materials, can successfully separate isotopes (10,
11). Various designs of carbon allotropes (nanotubes, nanowires, and nanohorns) also
show good performance (12).

Graphene membranes with pores obtained by removing one or more atoms of the
structure allow mobile particles to overcome the energy barrier and pass through the
pores (13-15). At the same time, the creation of nanoscale pores by removing only one
carbon ring of a graphene sheet is not enough to ensure the separation of helium isotopes
(). Best results are obtained by removing two rings at the same time as passivating
the pore edges and replacing several carbon atoms with nitrogen atoms. In recent years,
new carbon allotropes, which are favourable in terms of membrane gas separation, have
also been synthesized, for example, graphdiyne (GDY) (16).

Graphene-like materials suitable for the separation of isotopes and gases include
membranes made of carbon nitride (g — C3Ny) (17, 18), (CoN — h2D) (19) and
boron nitride (20). Two-dimensional carbon-nitride (2DCN) allotropes show a chemical
formula O, N,,, where n and m represent the number of ' and N atoms in the primitive
lattice, respectively. Layered nanomaterials composed of € and N atoms form strong
covalent networks. For different configurations of the atoms, these nanomaterials can
exhibit diverse and promising electronic, optical, and mechanical properties (21-23).
Carbon nitride material is used for visible-light-driven and photochemical C'O5 reduction
in recent studies (2/-26). Separation of hydrogen isotopes in single-walled carbon and
boron-nitride nanotubes was investigated in (27). Carbon nitride membranes are highly
tunable for gas and isotope separation and hydrogen purification (28-51).

The two-dimensional polymer, polyphenylene, which is a porous analogue of
graphenes, is also proposed as a membrane (32). It has a graphene structure with the
addition of a hydrogen atom to each carbon atom. The resulting material is expressed
by the formula C,H,. It is thermally stable and can be synthesized and used for gas
separation (33). Also, membranes made of porous zeolite have good selective and
sorption properties.

However, monolayered membranes do not provide a sufficient degree of isotope
separation at the flow density required for industrial needs. In addition, there can be
difficulties in obtaining pores of the same size graphene sheets. Double-layer and multi-
layer membranes can solve this problem. Mandra et al. (34) investigate enrichment of
helium by resonant tunneling through bi-layers. Multilayer membranes are used for gas
separation (25), for instance CO3/Na (36), membranes of defective and functionalized
graphene desalinate water (57, 38).

The simulation results show that at low kinetic energy the probability of *He passing
through the barrier is higher; however, at energy exceeding the barrier peak the situation
changes and the *He tunneling prevails. However, a low temperature also provides a low
flow through the membrane, which negates the possibility of using the technology on an
industrial scale, which requires a separation degree equal to at least 6 and membrane
permeahility of 6.7¥107® mol/s/cm?/bar. Maintaining a balance between the degree of
isotope separation and the figwsdensitrisprevidad by aofporeasain the potential barrier,
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which, in turn, has its limitations, or the use of double membranes. The resonant effect
arising using bi-layered membranes changes the smooth dependence of the membrane
permeability on temperature and increases selectivity.

A Hauser et al. (3), (/) found that hydrogen-passivated single-sided nitrogen-
doped pores provide permeability of the order of 107 and a separation degree of 19 at
the temperature of 10K. Y. Qu et al. (28) worked with a graphene-like carbon nitride
membrane (CyN — h2D) which had larger pores (0.551 nm) than porous graphene
adjusting its potential energy by stretching. The required selectivity equal to 7 and
permeability of 4*10~7 nlol,;"'s_;-"cnlg_;-"bar were achieved at 7' = 15 K and the degree of
membrane stretching equal to 3%. J. Schrier et al. (J) considered the separation of
helium isotopes using a two-dimensional polyphenylene (2D-PP) membrane. The paper
concludes that the structure can be used to separate light isotopes, such as isotopes
of helium and hydrogen. A. Kumar et al. (39, 40) showed the ability of Rho zeolite
to separate hydrogen isotopes. At T = 30 K the degree of separation reaches 5.81. S.
Challa et al. (/1) clearly showed a strong dependence of the separation degree of isotopes
HD-H,, Ty-Hy, *He-*He, and CD,~CH, using a nanotube membrane on temperature, as
well as the need to select the diameters of nanotubes depending on the selected mixture
of isotopes. A. Gijon et al. (42) proposed calculations of quantum permeability of
graphdiyne and porous graphene membranes in three-dimensional space. Taking into
account the zero point energy effect (the ZPE effect) led to new results differing from
the previous, namely, the predominance of the *He isotope flow even at T' = 20 K and
the degree of separation of helium isotopes equal to about 2.5, but not in favour of *He.

Orthogonal polynomials or special functions are used in numerous physical and
engineering problems which contain differential and integral equations. Many methods
for solving them are based on Hermite polynomials, i.e. a classical sequence of orthogonal
polynomials (49). The fact that Hermite polynomials form a basis makes it possible to
arrange various functions in a series, which facilitates solutions of many problems (44,
45). Hermite polynomials played a decisive role in the theory of light fluctuations
and quantum states and, in particular, in problems of coastal hydrodynamics and
meteorology (46). They are used in biological and epidemiological sciences. For
instance, the epidemiological SIR model estimates the number of people who can become
infected (47). The use of Hermite polynomials has also found a place in economic
problems. J. Perote et al. (48-30) use Hermite polynomial methods to describe
the behaviour of financial variables. Also, these polynomials can model non-Gaussian
excitations which reflect models of numerous phenomena surrounding us. The wind
pressure in areas of flow separation on the surfaces of buildings usually has non-Gaussian
characteristics, as well as modelling wind speed in complex areas (51). Additionally,
polynomials can be applied in the field of engineering marine structures when assessing
the reliability of a hull beam for floating, production, storage, and unloading blocks (52).
Such problems are solved using the Hermite impulse model of nonlinear non-Gaussian
random oscillations (57).

Expansion in Hermite pehsamialnerenthy fasitpdosselitiens of integro-differential
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(54) and integral equations. Such problems result from analyzing processes of reflection
and passage of waves through given potential barriers, that is Schrodinger wave dynamics
problems. Solving these problems allows for finding the probability of passage of atoms
and molecules in the form of De Broglie waves through various membranes. The work
given in (55) presents a numerical solution of the Schrédinger equation for a tunable
potential barrier.

Theoretical model

The Schrédinger differential and integral equations

The differential equation for the Schrodinger wave function ¢(x) in the one-dimensional
case is given as:
)
da?

It describes the passage of a particle with a mass of m and energy of E through a

+ [E —2mU(z)] v =0; k= V2mE. (1)

potential barrier noted as U(x). The boundary condition at a great distance consists of
two parts:
o= e Ae*ik‘r(x — —00); ¥~ Beikx(z — 00). (2)

This means that for large negative values of z the function ¥(z) represents the sum
of the incident and the reflected waves; for large positive values of z it approaches
the plane passing wave. Thus, to solve the problem it is necessary to find two linearly
independent solutions of the homogeneous differential equation given in (1) (numerically
or analytically) and then match these solutions so that the boundary conditions given in
(2) (56, 57) are satisfied. This is a common way of dealing with the problem of material
particles passing through a potential barrier. In this case, the function v¥/(z) appears
to be complex; however, it is not this function that has the physical meaning, but the
square of its module p = \u‘)(z)\g which is equal to the density of probability that the
particle is found in the section & = const. If only the graph of the function p(x) is under
consideration, it appears to be strongly oscillating in the region where the incident and
the reflected waves exist simultaneously. Such a graph complicates the interpretation
of calculations since it is practically impossible to correctly separate the amplitudes of
the incident and the reflected waves.

However, the differential equation is given in (1) is closely related to the Schrédinger
integral equation introduced in the work (58). It has the following form:

o

(z) — Tk /eiklj’_rnlU(zo)y}(ro)dzo — ik (3)

i
—od

Equations (3) and (1) are equivalent in the sense that if equation (3) is twice

differentiated with respect to the variable x, equation (1) is obtained. However, the

inhomogeneous integral cqﬁﬁgmgmg;ﬁams,{@ﬁtmap@mﬁmampndaty conditions (2).
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This can be seen if equation (3) is written in a more detailed form:

x o0
W(z) = e ”'Ex} ] R0 U (0 (o) darg | + e~ Ek f 0 T (a0 )ib(20)daro | . (4)
R K

In square brackets are the amplitudes of the incident and the reflected waves.
Equation (4) contains boundary conditions in (2) since for large positive values of x
the reflected wave disappears, and for large negative values of x the sum of the incident
and the reflected waves is obtained.

Naturally, to use formula (4) it is necessary to obtain the corresponding solution of
¥(x), either with the integral equation given in (3) or with the boundary value problem
formulated in (1), (2).

Solving the Schridinger integral equation

Using the expansion in Hermite polynomials formulas given in Supporting Information
we will find a solution to integral equation (3) in the form of a segment of a series with
unknown coeflicients ', in Hermite functions:

N

w(zx) = ZC’nDn(l‘): (5)
n=0

o

N
eik\m—rg\ o ZDn(-T) [ eik\#*TD‘Dn(u)dlu.;
n=_0 E
) N = .
etk — ZDn(x) [ D () d.
n=>0 R

Introducing () into integral equation (3) and equating the terms for identical
functions D, (x) we obtain:

Co=2 [ [ Utanwtene =D, ydudan = [ MDuGdn ()
i
Further, with an account of the equality ¥(xg) = Ei\:o C,.D,(zy), expression (6) takes
the form:

N L o0

=236 | [ [ Ut IDu Dy aopdudzo| = [ M Dt ()
K
r=0 —00 —00 —o0

Here the double integral (in square brackets) can be considered as a square matrix G
of an order N; and the righiphandosiderscapealvsnomefatafn That is, the following
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notations should be introduced:

Glknr) = [ [ Ulao)e =D, ) D (oo Pk = [ D,

(8)

In this case, equality (7) is a system of linear algebraic equations for determining the
column vector which is composed of the desired coefficients C,, in the expansion of the
function /. In the matrix notation this system of equations has the form:

[EN = gc] C-=F. (9)

The question of solving integral equation (3) is, thus, reduced to the most accurate
calculation of the integrals in formula (R).

Many integrals containing Hermite functions are calculated explicitly. A list of
such integrals is contained in the reference book by Gradstein and Ryzhik (59, p. 851).
Among them is the above-mentioned vector F, ie.:

F(k,n) = /eik”Dn(u)du = VAri"D,(2k). (10)

—d

Formula (10) is easily verified in various ways and can be derived independently.
The following integral can be explicitly presented in the same way:

/ Rl D (u)dp = VATi"Da(2k)e™*% 4 28, (o), (11)
where Sp(xo) = [ sink(zg — p) Dp(p)dpe. The integral given in (11) is not completely
expressed explicitly; the convolution S, (zg) is also added and it is usnally easily and

fairly accurately calculated numerically.
Thus, the elements of the matrix G and the vector F of the right-hand side in
formula (9) are now represented in the following form:

G(k,n, 1) = f U(z0) Dy (z0) \/E-inpn(%)e*““u+2-isn(:co)} dzo; (12)

F(k,n) = Vixi" D, (2k).

It is necessary to calculate only the one-dimensional integral that takes into account
the shape of the potential barrier which must be solved numerically. However, it can
also be calculated with high accuracy since the integration region is limited by the width

of the barrier. https://mc04.manuscriptcentral.com/vastansn
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Figure 1 shows one of the results of solving the Schridinger integral equation using
Hermite functions. The algorithm for finding the probabilities of helium isotopes passage
through the membrane is as follows. First, the matrix G and the right-hand side of F are
calculated by formulas (12). Then the expansion coefficients €y, are found as a solution
of the system of linear algebraic equations (9). After this, the density distribution of the
incident ppusseq and the reflected prefieerea De Broglie waves are obtained as the squared
modulus of amplitudes of the passed and reflected waves. Finally, the desired function
¥(x) can be found based on ().

U(x)

—_

0.8 ppassed (X)
' ==~ Prefiected ()

x
o
2
3
=
g
= 06
X 0.4
5 O
w
3 02
> S . B TR e e
= 0
5
02 i ; ; i ;
-6 -4 2 0 2 4
X

Figure 1. Graphs of potential barrier U(2) and amplitudes of transmitted ppassed(z)
and reflected prefiected(®) waves. Initial data: m =3, £ =0.25, k = vV2mE = 1.2247

The graph of the potential barrier shape is indicated in Figure 1 by a thickened line,
and the density distribution of the reflected wave prefiected 1s represented as a dashed
line. Calculations in Figure 1 show how the dimples at the ends of the potential barrier
affect the passage and reflection of particles. In addition, the well-known fact that the
sum of the transmission and reflection coefficients is equal to unity is confirmed. The
mass is expressed in units related to the mass of the hydrogen atom. Therefore, m = 3
corresponds to the helium-3 isotope. The dimensionless energy of the passing particle
E = 0.25 corresponds to a temperature of 12.5 K.

Since a large number of particles in various states participate in the movement
through the membrane, then the behavior of the system as a whole is an average
reflection of the movement of individual particles. Thus, it is necessary to take into
account the Boltzmann distribution for each of the components of the mixture. The
particle distribution function concerning the Boltzmann factor has the following form
(28):

1
ET)= —— ¢ F/F 13
f(E.T) \/47rk.TEe (13)

Then the permeability coefficient, taking into account all possible states of particles,
can be determined by the fﬁl‘ﬂ@%m’ﬁicm.manuscriptcemral.comfvastansn
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g = ] ppassed(E) [ (E, T)dE. (14)

Potential energy

A mixture of helium isotopes moves through a two-layer membrane in a direction
perpendicular to its plane 2.

@ g T
oy
L] L %
@ 2,
5
] 4%
[

Figure 2. The movement of helium isotopes through the bi-layer membrane

To separate a mixture of helium isotopes, a double membrane of graphitic carbon
nitride g — C3 Ny was used. The structure and the energy barrier of the membrane are
shown in Fig. 3 (a) and (b), respectively.

X, (nm)

Figure 3. The structure of the membrane of graphitic carbon nitride g — C3Ny (a)

and the potentigl guorgy harrier o Rislesek iR thin
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When obtaining a model of the energy barrier of a membrane in the spatial case,
it is acceptable to use the Lennard-Jones potential, which is often used to describe
moving helium atoms. However, to obtain a one-dimensional energy distribution, this
pair potential must be finite. In fact, this is exactly what happens, a helium atom,
falling into the pore of a graphene-like sheet, has a final cumulative impact from the
atoms of the structure. Therefore, the potential of pair interactions must be integrable.
The following modification of the Lennard-Jones potential has this property (60):

a T a5
Pi(p) = 42 tan [(ﬂ) (p)], (15)
where p is the distance between the force center of the membrane and the moving
gas particle, £ is the relative depth of the potential well, o is the influence radius of the
interaction potential. Parameters £ and ¢ are taken from the reference (61).

In a real three-dimensional system, waves can propagate in three spatial directions.
Let © be the main direction of mass transfer perpendicular to the membrane. Then the
coordinates y and z will be directed along with the membrane surface 2. Due to the
global homogeneity of the membrane, wave mass transfer along with the coordinates y
and z does not occur. Therefore, the modeling task is to ensure that the mass transfer
by x -waves in the one-dimensional problem corresponds to the total flux determined by
local transfers in the spatial system. This can be achieved by solving a spatial problem.
The barrier distribution of the interaction energy in a one-dimensional problem can act
as a means of reconciliation with a complete statement or experimental data. Not being
able to realize the complete set, we propose an approximate method for finding the
barrier energy.

The one-dimensional potential barrier of the membrane U(z) was obtained using
the following procedure. The atom-atomic interactions of a moving helium atom with
the carbon and nitrogen atoms that make up the membrane of a representative size were
summed up. Then, the obtained three-dimensional potential was averaged over surfaces
parallel to the membrane plane. As a result, the distribution along the Ox axis remains.

Each of the monoatomic layers of the composite membrane must be partially
permeable for the components of the gas mixture. Two reasons could lead to a distortion
of the average interaction energy in comparison with the local energy of the real state of
the system. The first is edge effects. However, they are negligible since any macroscopic
fragment of a composite membrane can be considered to be infinitely extended in
its plane without loss of generality. The second is the specific shape of the wave
propagation cell. The average velocity of wave mass transfer is determined in the
direction perpendicular to the membrane surface. Therefore, the shape, as well as the
size of the cell, are important only to the extent that they provide the passage or non-
passage of waves. When calculating the mass flux of a substance through a membrane,
the more important is the number of hollow cells per unit area of a monoatomic film.
Thus, the actual shape of the passage cell does not affect the mass flow of gas through

the wave membrane. The gresopanos aHcgisiplsonda antrdepansd on the shape of this
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cell since monoatomic films are infinitely extended and the natural frequencies of the
potential well of a composite membrane are determined only by the distance between
layers.

Results

Before using the proposed model for determining permeability of an ultrathin membrane,

the results of the permeability values D) were compared with the analytical solution in

the case of simple barriers of the square form Fig. 4 and the form of U(z) = —__ Tig.

ch?(ax)
5. The shape of the barrier considered and the probability of helium isotopes passing
through the membrane were shown. The results obtained with the model (indicated by

markers) are very close to the analytical solution (indicated by lines).

0951
250
< @ mar a— Shenﬂﬁ (GHe)
£ 150 0.85| — Sinayac(He)
o8l E‘%ennﬁ(dHe)
50 '
5 - s;nafﬂfc(dHe)
0.75 - . . !
-0.04 0 0.04 10 20 30 40 50 60 70
a x, (nm) b) T, (K)
Figure 4. Shape of square potential energy barrier (a) and membrane permeability
for helium isotopes (b). The results of the calculated solution are indicated by markers;
the results of the analytical solution are indicated by lines.
L 0.95
e 150 0.9
x ” = E':‘iermir {SHe)
% 100 0.85 [ S;tnamic (*He)
50 0.8 —— Spormir (He)
0.75 i SanaMl‘c (‘He)
0 . . i i
a) -0.1 0 0.1 b) 10 20 30 40 50 60 70

x, (nm) T, (K)

Figure 5. Shape of potential energy barrier of the form of U(z) = Tzl(ﬁj (a) and
membrane permeability for helium isotopes (b). The results of the calculated solution
are indicated by markers; the results of the analytical solution are indicated by lines.

The membrane permeability with respect to the ratio of helium isotopes was
calculated for various valugspef/iles istaneg betvaeaniwesdaysrs of thin sheets b at
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cryogenic temperatures in the range of T'= 10 — 60 K. The temperature dependence is
taken into account when calculating the kinetic energy of a moving atom / molecule E.
The energy E is included in the variable & when solving the Schrodinger equation. For
each value of b in the range from 0.1 to 6 nm the maximum separation degree R for the
mixtures 3He/*He and *He/?He was obtained as the ratio of corresponding values of
D(*He) and D(*He).

The parameters which determine the maximum selectivity of helium mixtures are
given in table 1. According to the results obtained, the selectivity value R = 1046
is achieved when helium-3 is released. The necessary conditions are the temperature
of T=12 K, the distance between membrane sheets of 6—=4.6 nm. The membrane
permeability, in this case, is shown in Fig. 6 (b). Fig. 6 (a) shows the permeability of
a single-layer membrane under the same conditions. The degree of isotope separation

here is 1.34.

Extracted com- Barrier retained component
ponent
‘He R=1045.8 | R=1959.323 | R = 734.349

T=12 K T=10 K T=13 K
b=4.6 nm b=3.6 nm b=>5.7 nm
‘He R =604.165 | R =518.721 | R = 506.001
T=20 K T=10 K T=22 K
b=3.1 nm b=4.4 nm b=3.8 nm

Table 1. The parameters which determine the maximum selectivity of helium mixtures

| — Ux) | —U(x)
b S He) e SCHe)
06} === 5 He) 06 — = = 5He)
“ 04} “r 04t
02t i)
0 0
3 2 -1 0 1 2 3 -5 0
a) %, (nm) b) x, (nm)

Figure 6. The membrane permeability in the case of a single-layer membrane (a) and
bi-layer membrane of graphitic carbon nitride (b), T = 12 K, b = 4.6 nm

The dependence of the separation degree of the gas mixture R on the distance
between the membrane layers b is shown in Fig. 7. It can be noted that the nature of

this dependence is periodigythg/nthe selagtbvitirenaalcdmaebigyed when the membrane
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layers are located at a distance that is a multiple of the de Broglie wavelength of the
component which we want to isolate from the mixture.

1000 = 1
——R(*He/ *He)
800 fH---"R(*He/ *He)
~ 600 i
400 frl
]
200 f 1 "
u\j\ 1!
0 . Ll - il i e
1 2 3 4 5 6

b, (nm)

Figure 7. The dependence of the separation degree of the gas mixture R on the
distance between the membrane layers b

To sum up, the successful isotope separation is feasible due to resonance effects in a
two-barrier system. However, it is realized when the natural frequency of the interlayer
space coincides with the frequency of the wave entering this space. Resonances in the
x or vy direction may or may not exist, but this does not affect the mass transfer in the
z-direction.

If z-waves enter into resonance, then the intensity of mass transfer through the
composite membrane increases by an order of magnitude. In this work, high-precision
calculations have shown that the resonant passage of matter occurs not at one specific
distance between single barriers, but a sequence of distances between monoatomic layers.

Certain conditions for the occurrence of resonance correspond to a specific energy
value. The data on the membrane permeability presented in the work were obtained
by studying the entire energy range to select the maximum value of the degree of the
isotope mixture separation.

Discussion

The paper shows the effect of the resonant passage of particles through two-layer
barriers. It provides high degrees of separation of isotope mixtures. This process will
help to create an efficient membrane isotope separation procedure for industrial use.

A method is proposed for obtaining the probability of particles passing through
the barrier from the solution of the Schridinger integral equation. The use of Hermite
polynomials allows getting an almost exact solution which is highly important when we
deal with the quantum tunneling in monolayered monoatomic membranes.

The conditions are found that correspond to the highest degree of separation of
helium isotopes using a two-layer carbon nitride membrane g — C3N4. The difference
in the passage of helium isotopes across the membrane turned out to be much greater

than in works using porousqgneaveradngaphanerlikempalyihenylene, carbon nitride
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membranes Cy N — h2D and g — C3Ny (35, 28, 42, 62), where it reaches the value
of 20. This is explained by taking into account the resonance effect. Moreover, it was
confirmed that the interlayer spacing of 4.6 nm provides the highest selectivity with
respect to * He both for the graphitic carbon nitride and nanoporous graphene (84).

Conclusion

In processes of wave separation of particles that are close in physical properties and differ
only in mass, selectivity of mixture separation can be increased only due to resonant
passage of individual components. This means that the mixture of isotopes must pass
through two (or more) monoatomic layers.

An analysis of the available solutions of problems related to the passage of De
Broglie waves through given potential barriers shows that all the suggested solutions
are connected with the use of numerical procedures implemented on a finite interval of
variation of the independent variable. However, taking into account resonance effects
requires a more accurate description of the solution behaviour. It is achieved by the
presented model since almost all improper integrals in the proposed procedure for
constructing the solution are calculated analytically.

The conditions which determine the maximum separation degree of the components
were found for the considered problem of separating helium isotopes using a carbon
nitride membrane.

Thus, the use of Hermite polynomials greatly simplifies the problem of solving the
Schrodinger integral equation and allows for finding a solution that is more accurate
compared to other known methods.
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Brief information from the theory of polynomials and Hermite functions

Hermite polynomials He, (x) were introduced as early as 1864. At present, information concerning them is published in
classical monographs and mathematical reference books'. The polynomial He,(x) is a polynomial of the degree n in x
with integer coefficients which contains only terms of the same parity as x”. The explicit expressions for the first Hermite
polynomials are:

W W wwMN N
W N = 00w

Heg=1; He\(x) =x; Hea(x) = 2% — 1: Hes(x) =x° — 3x; Heg(x) =x* — 62>+ 3; Hes(x) = x° — 10x° + 15x; ()

W w
[V =Y

For the generating function we get:

w
(=)

2pd" 2y
He,(x)=(—1)"¢" "zﬁe" 2, 2

w w w
O 0~

Hermite polynomials can also be written in the form of the determinant*:

S
=)

n—1 0 0 w0
X n—2 0
1 x n—3

PR Y
W N =
(=~
[=B~N -]

H{:’,, (’C) — (3)
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e
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Moreover, formula (3) is most suitable for practical calculations of coefficients of high order Hermite polynomials. In problems
of mathematical physics, they apply Hermite functions D, (x) which are connected with Hermite polynomials and are given by
the expression:

[F, IV
— O O w

\'2.;’4
Dy(e) = S Henlr), @

n\2m

These functions are easily calculated and form a complete orthogonal and normalized system on the entire real axis®:

[ IR B BV RV, R, ]
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1

3 This distinctive feature of Hermite functions allows for determining the expansion coefficients of arbitrary functions in a

4 series with respect to Hermite functions reducing them to calculations of the integrals:
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9 Figure 1 shows Hermite functions of a higher order.
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29 Figure 1. Graphs of functions Dyg(x), Dsg(x) and Dgp(x)

30

31 Considering such graphs of the functions D,(x) it is rather difficult to imagine that these functions form an orthonormal
32 system on the entire material axis. Nevertheless, a numerical verification shows the correctness of the above statement.

33 Note. The formulas given above are taken from the book by Kampe de Feriet* and they correspond to the so-called
34 mathematical or probability Hermite polynomials. However, it should be taken into account that in many works given in®*
35 other polynomials H,(x) used as Hermite polynomials. Both of these Hermite polynomial systems are related by the relation:
36 Hy(x) = V2'He, (’[ﬁ)
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MOTOKH TSIKEJIOM HEC)KUMAEMOM )KUJAKOCTH
KAMBAA COHUHBASP

B kauecTBe mNpakTHUUECKOrO MPUIOKEHUS MOXKHO  pacCMaTpuBaTh  TEUEHUS BO/bI,
HaIpuMep, B PeKe TEKYIIEH MO KaMHSM M TepekaTtaM. Mbl, KOHEYHO, HE IMEEM BO3MOXKHOCTH
pelIUTh TaKyro 3a7ady TOYHO, TaK Kak 3TO TPyAHAs MaTeMaTudeckas mpobjema o CTpyHHOM
TEYEHUU TOJ BIMSIHUEM CHIIBI TsDKECTU. M3JI0KEeHne MHOTHX HWHTEPECHBIX CIIOCOO0B peIeHus
MO>XHO HalTu B kHUrax [1], [2].

Uro0bl HalTH TPHOIMIKEHHOE PEIICHHE MBI, KaK OOBIYHO, MPHMEHSEM IOCTYJIAThI
JUHEHHOHN Teopuu BOJH [1], corslacHO KOTOPHIM IPaHUYHOE YCJIOBHE Ha BEpXHEH (CBOOOIHON)
TpaHUIle UMEET BUJI:

SR} o
L e I

O (.. rﬂ_l' .

(1)

1. PaccMoTpuM cHadana nmpocTedmii cirydail, Koraa MmoTOK JBHXKETCS 10 POBHOMY JHY, U
IIOCTaBMM BOINPOC O TOM, KaKOrO BHJa PEIICHHs BO3MOXKHBI MU TpaHudHOM ycioBuu (1) Ha
CBOOOTHOM TTOBEPXHOCTH.

Torna kpaeBas 3a7a4a Jist ONpPEICIICHNs MOTSHIMATa CKOPOCTH HMEET CIICAYIOIHIA BH/I:

iy o i S o i
i i 0 i 0 i oo

—_—t ——= —_— = —_— _— =1

B v (U ST .
' : ()
Pemenwe 3anaun (2) MOKHO 3aMucaTh B CHMBOJIMYECKOM BUJIE:
{0 {0 0
cos| v _ | . cos| v _ | - —sin| y |
. h ’ vy . I} e h ’ oy . I} o h ’ vy .
f]:'|i.".'._'|'_| =— ! i.".'_|. I e — ! ri.".']. e ! Il|i.".'_|
[, [, v [ &
cos| i | r cos| i | . cos| i |
N £ O R 4 W DX (3)

HeiicrBurensHo, u3 popmy: (3) BuaHo, yTo noreHuuan O(x,y) yI0BIETBOPSET yPaBHEHUIO
Jlannaca 1 yCJIOBHUIO HE MPOTEKaHMs Ha JHE moToka. Ilpuyem, 3To cripaBeyiuBo A7 QyHKIMU
f(x) nroboro Buma. HeusBectHyro ¢ynkuus f(x), Bxomsmyro B pemieHue (3), MOXKHO HaWTH,
nojictaBuB perienue (3) B rpannyHoe ycinoBue (1). Torma momyuuMm cieayrolee onepaTopHOe
ypaBHEHHE, OIPEEIIonIee ATy PYHKIHUIO:

P 1 I ¥
o oo |

fq R
——= g h——| | f{x)=0
axs LTy ax

. 4)

VYpaBHenne (4) MOXHO paccMaTpWBaTh Kak OOBIKHOBEHHOE au(depeHInanbHoe
ypaBHEHHE OECKOHEYHOTO TOpSAKA C TMOCTOSHHBIMU Kod(ddummenramu. OHO MMEET CUETHOE
MHOKECTBO COOCTBEHHBIX PENICHHI B BUJIE MOKa3aTeabHbIX QpyHKIMH f(X)=e", roe A — oauH u3
KOpHEH TPAHCIICHJICHTHOTO YPaBHEHUSI:

- o .
AT——=A tglih)=10
= : (5)
VpaBHenue (5) umeeT OECKOHEYHOE MHOXKECTBO BEIICCTBEHHBIX KOpHEW, B TOM YHCIE U
JIBOMHOM HyIeBOH KOpeHb A’=0, KOTOPOMY COOTBETCTBYET JuHEHOE pentenue f(x)=a+bx. Takue
pelIeH I, UMEIOIINE BUJI TMHEHHBIX WM MMOKA3aTeIbHBIX (DYHKIMA, HE MTOAXOIAT, ¢ PU3UIECKOM
TOYKH 3pEHHUs, TOCKOIbKY OHHM JaloT HEYCTONYMBYIO CBOOOJHYIO TpPaHHUIly, CHIBHO
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OTKJIOHSIFOLTYIOCSI OT MOJIOKEHUSI paBHOBECHS], M JINHEAPU30BaHHAs! TEOpHUs BOJH 3[1€Ch HE JAeT
MIPaBUWJIBHOTO pe3yJIbTara.
Ho uvacroTHOe ypaBHEHHe (5) MMeEET elle U Mapy YUCTO MHHUMBIX KOpHeW A=x ik; um

COOTBETCTBYET nuddepeHIranIbHOe YpaBHEHUE fr+rtf=0 , 1aloll[ee OTPAHUUEHHOE pPeIIeHHe
st pysakmun f(x). Takum oOpa3om, IS TOTO, YTOOBI MOTYYaTh TOJBKO YCTOWYHBBIC PEIICHUS
rpaHu4YHOM 3a1a4u (3), HY’)KHO B ypaBHEHHH (5) MCKJIIOYATh BCE BEIIECTBEHHBIE KOPHU. ITO
SKBUBAJIEHTHO TOMY, 4YTO TpaHU4HOe ycioBue (1) Ha cBOOOJHON MOBEPXHOCTU 3aMEHSETCS
CIEeYIOIINUM, O0JIee MPOCTHIM, YCIOBUEM:

SR .
L

Ay

: (6)
[oncrasnsis B (5) 3HaueHue A= ik, HOTy4IHM CBS3b MEXy BEIMUMHOM mapamerpa k u

CKOpOCThIO NoToKa C:

ke T ()
[TpakTyecku, B IMCIEPCHOHHOM ypaBHeHHUU (7) ynoOHee 3a/1aBaTh UMEHHO BEIUYHHY
napametpa k, a ckopoctb Teuenus C HaxoauTh U3 paBeHcTsa (7).

Jgh . .
[Tockonbky & 510 CKOPOCTh paclpoCTpaHeHUsl OeryIei BOJHBI B CTOSTUEH BOJIE B
KaHaJjie TIIyOHHBI h, TO 3TO COOTBETCTBYET ‘A03BYKOBOMY  CIy4ar0, KOTOPBIM Mbl BEIHYKICHBI
OIrpaHUYUTLCA, IPUMCHAA HHHeﬁHYIO TCOPHIO BOJIH.

C>[gh y 3
B ‘cBepx3BykoBOM’ cilydae, Korja ©"  BomHOOOpa3HbI TpoPuIL CBOOOAHOI
IpaHUIIBl HEBO3MOXKEH. TaM MOXET CyIIeCTBOBATh JUOO TIJaJAKUHA TOPU3OHTAIbHBIA IOTOK,
KOTODBI, OYEBWAHO, HEYCTOMYMB, IUOO TPOUCXOAUT PE3KOE pa3pylIeHHEe CBOOOIHOM
IIOBEPXHOCTH, COMPOBOXKIaeM0oe 00pa30BaHUEM OpBI3T, THAPABIMUYECKUX MPBDKKOB U IIEPEXO0I0M
B TypOyJIeHTHOE TeueHue. Bce 3TH sBIEHUS HE MOJIAIOTCS W3YYEHHUIO B paMKax JIMHEHHOMN
TEOPUHU.
SlcHo, uTo rpaHM4HOE ycioBue (6) Ha CBOOOJHON MOBEPXHOCTH IOJDKHO NPHUMEHSTHCS
TaK)Ke M JUIS IOTOKA TEKYILETO 110 HEPOBHOMY JHY.

2. Jlig moToka, TEKyLIero Mo HEPOBHOMY JIHY, KpoMe TpaHH4YHbIX ycioBui (1) wmm (6),
ClIeyeT elle BBINOJIHUTH YCIIOBUE He mpoTekaHust Ha gHe P,=0 u ycioBHE paBHOMEPHOCTU
NIOTOKa Ha JaJeKOM pacCTOSHUH, pu -+ —> ~* . UTOOBI BBHIIOIHUTD YCIOBHE HE MPOTEKaHUS Ha
JTHE, HYXXHO IMPOHM3BECTH KOHPOPMHOE OTOOpaKeHHE BBRIPSIMIISIONIEE ATO JHO. TakuM 00pazom,
3aady HY)KHO OJHOBPEMEHHO pellaTh B ABYX oOnacTsax: B (pusuueckol mnoijoce Z=x+iy, U B
y O=F4i y
IapaMeTPUYECKON I10JI0ce Q=c+ip , HuMewIned mnocrosHHyo mupuHy h. Ilpu sTOM
NpPEAIOoNaraeTcsi, 4YT0 BCE TOYKM CBOOOTHOW TpaHMIBI MEPEXOIAT B TOPU3OHTAIBHYIO JHHHUIO
n=h y
7 , @ BCE TOYKHM, JeXallue Ha KpPUBOJIMHEHHOM JHE ob6nmacth Z, MepexoisT B
=0

TOPU30HTAIBHYIO JIMHUIO 7 . OueBUAHO, YTO MpPHU OTCYTCTBUHM BBHICTYNIOB Ha JHE, 00€
obnactu Z u 2 coBmajaorT.

[TpakTudecku, Hy>kHOEe KOH(POpMHOEe oToOpaxeHHe obOiactu Z Ha obnacTb (2 Bcerja
MO>KHO BBITIOJTHUTH ¢ TomoIisio opmyiel [1Bapma-Kpuctoddens

i ) o

—=1li92-q,)

Ll o (8)
B HeM npooOpa3bl BEPIIMH MHOTOYTOJNBHUKA a, MOKHO 3()(EKTUBHO HAXOAUTH C IOMOILBIO
merona Kydapesa. ITycts, Hanpumep, MOTOK ABUKETCS HAJ| MPSIMOYTOIBHBIM BBICTYIIOM Ha JTHE.
Torma oToOpakeHHe Ha BEPXHIOKO TOIYIIIOCKOCTh OCYILECTBIAETCS (POPMYIION:
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ds dv v
_ 4 |I_

h=0, g=0.053

d€) WS i

9)
PesynbTat Takoro pacuera Ha ypoBHe n=h=1, moka3aH Ha pucyHke 1.
4 T T T I T T T
= 2
. . . . L . .
u] ] 10 14 20 X 28 30 35 40
1.5 T T T T T T T
=
o
:u-. 0& -
-~
>
as ! ! ! | ! ! !
-20 -15 -10 -5 u} g 4 10 14 20

Pucynok.1. [Ipumep pacyera KOHPOPMHOTO OTOOPaXKEHHS [HA C MPSIMOYTOJIBHBIM BEICTYIIOM Ha BEPXHIOIO
MOJYTIIIOCKOCTH TI0 popmye (9).

B Bepxsell monoBuHe pucyHka (9) moka3aHbl JUHUM TOKa NPU OOTEKaHUHM MHPSIMOYTOJIBHOTO
BBICTYyTa, a B HW)KHEH MOJOBUHE Moka3aHbl rpaduku BenwuuH: dx/dE , dy/dE u q(§)=d&/dx,
KOTOpbIE pacCMaTPUBAIOTCS KakK (QYHKLUH IepeMeHHoU & Ha ypoBHE 1n=h.

Bo Bpems pemieHHs TrpaHMYHOW 3ajadM I MOTEHLOHalda CKopocTH @D, HYKHO Takke

IIPUHHUMATb BO BHUMAHUC CJIICAYIOIIUC COOTHOIICHUA:

e (R i i i B
—=yfy— H —=y S g =—, npi f,'-'—h

X o r‘_1' r‘f‘.‘-‘ X (10)
OHM TTO3BOJISIFOT BbIpaXXaTb IMPOU3BOAHBLIC ITO MEPEMEHHBIM X Uy OT HCKOTOpOfI (1)YHKIII/II/I ucpes
IMPOU3BOJHBIC OT HEC 11O IECPEMCHHBIM E, un.

Ggi&)=cdfox

MHoxuTenb MOJyYaloMmuiics B mpormecce KOH(GOPMHOTO OTOOpaskeHH,
MOYKHO paccMaTpuBaTh JHO00 Kak (PYHKLHUIO MEPEeMEHHON X, MO0 Kak (PYyHKLHUIO MepeMEeHHON &,
B 3aBHCHMOCTH OT TOTO, KaKas M3 3THX BEIWYMH HCIOJIB3YyeTCS B KadecTBE aprymenra. M3
pucyHka (1) BuaHO, KaKk BBHITISAUT Tpapuk GyHKIuM q(E) 1 ciiydas 1Ha, UMEIOIero (Gopmy
HPSMOYTOJBHOTO BBICTYIIA.

( oy
3. Z[J'I}I HaXOXXJACHUA IMOTCHIIMAJIa CKOPOCTU D(b']] ) B noJioce 2 npeacrtaBum €ro B BU/C
CYMMBI JIBYX ITOTCHIIMAJIOB!
PiE =D (S.g)+ @ S8
blogl=m (c.ql+wlogh (11)

[epBbIil U3 HUX SABISAETCS W3BECTHOW (DYHKIMEW, yIOBIETBOPSIOMIECH YCIOBHUIO HE MPOTEKAHUS

=
. o (S,
Ha 1He (N=0) u Ha cBoOOAHOI rpanue (n=h), a BTopoii Plea) _ HEU3BECTEH, U OH OIIUCBHIBAET
OTKJIOHEHHE CBOOOJHOM I'paHUIBI OT HEBO3MYIIIEHHOTO ypoBHs. [lepBrlil moTeHIMal, 04E€BUIHO,

D (Sy)=C-< o
papen ' = . OH onHCBIBaeT OJHOPOIHOE TEUYEHHE ITIOTOKA cO cKopocThio C. Bropoii

=
G .7
MOTECHIUAI P(s.77) 3aIlMCBIBaEM, M0 aHAJIOTUH ¢ hopmynami (3), B CUMBOJIMYECKOM BUJIE:

-
|

i

- - |

LL‘lbl n.. |
e

ol o) = f(ZE)

-
|

cos| i j |
te) . (12)
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TMotennuman ckopoct (11) s TOTOKA HaZl HEPOBHBIM JIHOM B monioce 2 =E+in umeer,
TaKNM 06Pa3oM, CIIETy ONIHH BHIL:
[
cos| ;7 |
| dé

D g)=Ci+ ———— - f(Z}
|, i

cos ho |

dc )

* 4 . (13)

Pemenue (13) ynosnerBopser ypaBHeHHIo Jlamiaca ¥ ycjIOBHIO HE HMPOTEKAHUS Ha JTHE.

Jlis OKOHYATENILHOTO pelIeHMs 3aJayd Temepb ocTaeTcs JnUib HaWTtu BuA (QyHKuuu f(E),

KOTOpHﬁ AOJIKCH OIPCACIATHCA U3 T'PAHUYHOTO YCJIOBUA HA CBO60,Z[HOI>1 TIOBCPXHOCTH.

Ucnonp3ys ans cnaraemoro CE rpannyHoe ycioBue B ¢opme (1), a a1 BTOpOro 4ieHa
¢opmyner (13) rpanmuHoe ycinoBue B ¢opme (6), momyuum, uro ¢yskmus () momxna
yJIOBJIETBOPSITH HEOTHOPOJHOMY TUPPEepeHIIMATPHOMY YPAaBHEHHUIO:

d | odi . . iy
g—|g— |+ =— Lg—
dE\ dé ) de (14)
[Tpome, onnako, uckath pyHkiuio f(&) B TepMUHAX NMEPEMEHHOHN X, MOJIB3YSICH TEM, YTO
muddepennmanbapie oneparopsl d/dx u d/d§ cBa3ansl cootHomenunem: d/dx=q d/d&. Torma, mist
¢bynkuu {(x), iuddepennuanpaoe ypaBaenue (14) mpeodbpasyercs k 60yiee IpoCcTOMY BUAY:

i | b2 Ly
L

v dr | (15)
Pemenne HeonHopoaHOro ypaBHeHus (15) 3anuceiBaeTcs B BUIE€ HHTETrpasia:

% (-‘ [ . %\ [ T {:-‘ 1 N - [ 3 1

filv)= e [ sinklr—x)g'(r)dr= - [ sinkir=2Slg'in)dr
v v : (16)

CrnenoBarenbHo, pyHKIMS f MOXKeT ObITh MOJTyyeHa Kak (yHKIUS OT apryMeHTa X, WU OT

aprymeHra &, ¢ MOMOLIbI0 OJTHOM U TO e ¢popmyJisl (16).

Tak kak ¢ynkuus f(§) cumrtaercst m3BectHo u3 hopmynbl (16), To pemenue (13) mus
noteHImana O(&, 1) ABISIETCS KOHEYHBIM PE3YIbTaTOM, 3alTUCAHHBIM B CUMBOJIMYECKON opMme.

CumBonmueckast 3anuch pemenus (13) sBasercs ynoOHOW A MPOBEACHHSA
AQHAIUTUYECKUX BBIKJIAZOK, HO JUIsl BBIYUCICHUN Mbl JOJDKHBI HAWTH MHTErpajbHBIA aHajor
COOTBETCTBYIOLIETO MU HEPEeHIINATBLHOTO OnepaTopa. ITO MOXKHO C/IeIaTh, €CIH UCIOIb30BATh
M3BECTHBIE CBOMCTBA JenbTa GyHKImK J(upaka

, Lo e
Slx)=— [ de f=[ F1A) = A)di

Torma MoJIy4acTcCs CJICAYIOIICC €TI0 UHTCTPAJIbHOC ITPEACTABIICHUC!:

f | .'| I |_-' _,l_ll I-__'_ o _f._ll Y . |.-' _,T_."I;l' v
o

plEn)=——— =2 f(&) = [ fA) ————— L2 \dA ph
[, ' ’ h | TlE—A)] 7|
cos| b | '
' (17)
OOBIYHO BMECTE C TIOTEHIIMATIOM CKOPOCTH ((&,1)) UILYT TAKXKE U CBSI3aHHYIO C HUM
¢bynkuio Toka y(E,M). OHa noxyyaetrcs u3 cootHomeHus: Kommu-Prumana:
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Fa
1

Cd ] | |
. osinfp | sin| 7 |
O Fip LN d &) Vi)
— = = - T.L W= ~" . f[Z)

il (17

cos| & [If_ - cos| & [.f_ |
. dE) . ds . (18)
Takum 00pa3om, MOJTHBIE BRIpaXKEHUS UT GYHKIUH TOKA M oTeHnuana ckopoctH (13) B momoce
Q mproOpeTaroT creayomuid YI0OHBIH TS BEIYUCICHUS HHTETPATbHBIN BHUI:

o .
_. ~a'r: = |-sin| i |
. . ol 2 Lan .
Yic.pl=Cr+ [ fia) A=A el L0
" iIc-."i'; e~ A) | cos| 7 |
\ jl'li' A l 1” A (19)
I C ol S — A S|
. L-.fr: s - |- cos| ’:? |
. .. AU I T 7 L2n )|
D&, pl=CEH [ flal ——— ——, - = | A
- oo mlE— AL [
: ch) 5 |+ cos| |
Lo L 2h ) 20)

4. Yucnenubie pe3ynbTaThl pacdyeTa JMHMH TOKA, MONYYCHHBIC C IPHMEHEHHEM (OPMYIIbI
(19) moxazaHbl Ha MIPUBEJIECHHBIX HUKE PUCYHKAX.

Xapakrep JMHUH TOKa NMPU OOTEKaHWHM JTHA C DJUIMNTHYECKUM BBICTYIIOM, IOKa3aH Ha
pucyHkax 2 u 3. B sToM ciyuyae koH(OpMHOE OTOOpa)KEHHUE MOYKHO OCYIIECTBISATH O€3
npumenenus popmyinsl Kpucropdens-I1Isapua (8).

T NN
AR T

N &eh
Pucynok.2. O0TexaHue AN THYECKOTO BEICTYTIA CO CKopocThio C=0.564 8 .

gh

PucyHok.3. O6TekaHue IUTHIITHYECKOro BBICTyIa o cKopocThio C=0.879 V .
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N3 5Tux wu3zoOpakeHH BUAHO, YTO 0OIee CBOWCTBO TEUEHHUS TAaKOBO, YTO IIepes
NPENsITCTBUEM JIMHUM TOKa TMPAaKTUYECKHM HE BO3MYINAIOTCS HEPOBHOCTAMM JIHA, a 3a
NPEnsSTCTBUEM OHU UMEIOT BOJTHOOOPA3HbIH BU/I.

BonHooOpa3oBaHue BHU3 110 TEUEHUIO B OOJIBIION CTETIEHU 3aBUCUT OT CKOPOCTH TEUEHUSI.
JUliHa BOJIHBI 3a NPEMSITCTBUEM M €€ aMIUIMTYAAa BO3pacTaloT ¢ yBelndeHueMm ckopoctu. C
MpUOIMHKEHHEM CKOPOCTH K CBOEMY ‘I03BYKOBOMY TMpefeNly, PUCYHOK 3, MbI IOJydaeMm
KapTUHY IOXO0XKYI0 Ha TUAPABIMYECKUM NPBDKOK, WIM, 10 KpallHEH Mepe, Ha TO, KaK €ro
pa3BUTHE ONKMCHIBAET MPHUOIKEHHAs TUHEHast Teopust. VI3BeCTHO, YTO B TUApPABIUKE, B TEOPUU
BOJIOCIIMBOB, PACCMAaTPUBAIOTCS THAPABINYECKHE MPBDKKH, KOTOPbIE 00pa3yroTcs, €Clid B3SThb
C=z./gh .

, MOJOOHO TOMY, Kak B Tra3oBOH JuWHAMHMKe 0Opa3yloTcs YIapHble BOJHBI IPH
CBEPX3BYKOBOM TE€UCHUHU. TakuM 00pazoMm, JTMHEHHAsI TEOPHs TOATBEPKAAET 3TOT (HaKT.

Ha pucynke 4 nokasaH pe3ysbTaT pacdeTa T€UEHHs Haj IOJIOTOH IIOTUHOW, I TaKkKe

HaOJI0JaeTCsl HaYano 00pa3oBaHMsI THAPABIMUECKOTO MPBIKKA.

N gh
Pucynox.4. ITotok Hax nonoroii miotiaoit C=0.96 & .

Ha pucynkax 5 u 6 mokazaHo oOpa30BaHHME BOJH 3a MPEMSTCTBHEM B BUJE MOJHMTOHAIBHBIX
BBICTYIIOB, JUII YMEPEHHOW CKOPOCTH TEYCHHUsS. 3/eCh YXKe Hellb3si 000WTHUCH 0e3 (opMyIibl
Kpucroddens-IlIapua u 6e3 npumenenus metona Kydapesa nns omnpeneneHus mpoodopa3on
BEPIIUH.

W
e

Pucynok.5. IToTok Hax yeThipexyronbHbiM qHoM C=0.696 V g .

W
N

Jeh
Pucynoxk.6. [Totok Han nByrop6oit menpto  C=0.55 g .

B 3akitoueHue emie pa3 X04eTcss OTMETHTH MOJIE3HOCTh MPUMEHEHHUSI YUCIIEHHOTO METO/1a
KOH(OPMHBIX 0TOOpaKeHUH, TakK Kak 0e3 Hero mpou3BecTd pacuersl mo Gopmymnam (19) u (20)
JUIs. TIPOU3BOJIBHOM (OpMBI THA OBLIO ObI HEBO3MOXKHO.
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Conference "Dynamics in Siberia"

Wednesday, February 26 (Conference Hall of the Soblev Institute of Mathematics)
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4. A Tovsultanov. O sazave gupuxie gas JLTHITHYECKOTO QY HKIIHOHAIBHO - AHPPEPEHIHATEHOrO ypaBHOHHA C AQPHHHEIM IPeobpasoBaHHeM
apryMeHTa.

5. S.Zinina. Dynamics of systems with a finite hyperbolic chain recurrent set on n-dimensional manifolds.

OBTEKAHWE MPENATCTBUI MOTOKOM TSKEJIOI HEC:KUMAEMOM
KUJIKOCTH

KAMBAA COHUHBASP

Department of Applied Mathematics, School of Engineering and Applied Sciences, National University of
Mongolia, MONGOLIA
E-mail address: jsoninbayar@yahoo.com, soninbayar@seas.num.edu.mn

Yucnennoe koHpopMHOE 0TOOpakeHue, ¢ mpuMeHeHneM Metoaa Kydapesa, mo3BossieT
HOJYYHTh JIMHUM TOKA MPH 00TEKaHUH Pa3IMYHOIO poJia MpensaTcTBuil [3]. IToT ke crocod
MO>KHO MPUMEHUTH U K HE MEHEE MHTEPECHOMY CITy4alro, KOT1a MOTOK BOJIbI IITyOMHBI h
JIBMDKETCSI TI0 HEPOBHOMY JTHY €O cKopocThio C. CB0OOIHAS TOBEPXHOCTH KUAKOCTH B CIIydae
TaKOro MOTOKa MpeACTaBIseT COO0M HEM3BECTHYIO KPUBYIO JIMHUIO, BUJ KOTOPOI HYKHO HAaUTH
IIPU yCJIOBUH, YTO JaBJIECHHUE HA HEM MOCTOSAHHO. B KauecTBe MPaKTUUECKOIO MPUIIOKEHUS
MO>XHO paccMaTpHBaTh TEUEHHUs BOJIbI, HAIPUMED, B PEKE TEKYLIEH MO KaMHSAM U IIepeKaTaM.
MBI, KOHEYHO, HE IMEEM BO3MOKHOCTH PEIINTh TaKyl0 3a7jady TOYHO, TaK KaK 3TO TpyAHAast
MaTemMaThyeckas mpoodyiiemMa o CTpyHHOM T€UEHHUH MO/ BIUSHUEM CHIIbI TshkecTH. OHa 70 cuX
HIOp elIle He pelIeHa, XOTs ObUI0O MHOTO MOMBITOK €€ PEIIUTh, B TOM YUCIIE U BETUKUMHU
MaremMaTuKaMu, TaKuMu Hanpumep kak Crtokc, Penei, JleBu-Uusuta, Ctpyuk, Hekpacos,
XKyxoBckuii [2], u np. M310kKeHne MHOTUX HHTEPECHBIX CIIOCOOOB PELICHUS MOYKHO HAMTH B
kaure JI.H. Cperenckoro [2].

MatemaTtuueckas OCTaHOBKA 33J1a4 COCTOUT B OIIPEAEICHUH NTOTEHIMANIA CKOPOCTH
d(X,y), KOTOPBIN yAOBIEeTBOPsieT ypaBHeHHIO Jlamumaca @+ Dy, =0 B TOpU30HTAIBHOMN MOJIOCE,
OTPaHUYCHHOW HMKHHUM U BEpXHUM KpasMu. HrokHUI Kpall COOTBETCTBYET HEPOBHOMY JIHY
MOTOKA, U HA HEM JOJIKHO BBINIOJHATHCS ycioBue He npotekanusa: ®,=0. Ha BepxHem kpae
MOJIOCHI TEUEHHSI JOJDKHO BBITIOIHATHCS YCIOBUE ITOCTOSHCTBA AAaBICHHS, KOTOpOE UMeEeT OoJee
CIOXHBIN BuA. YTOOBI HAMTH MPUOIMKEHHOE PEIIeHNE MBI, KaK 0OBIYHO IPUMEHSEM MOCTYJIAThI
JUHEHHO! Teopuu BoJH [ 1], cormacHO KOTOPBIM TPAaHUYHOE YCJIOBHE HA BepXHEH (CBOOOAHOI)
TPAHMIIE ITOJIOCHI UMEET BU/L:
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Hydrogen isotope separation via carbon nitride bi-layer membrane

Valentina A. Poteryaeva', Alexey M. Bubenchikov',
Michael A. Bubenchikov' and Soninbayar Jambaa®
'National Research Tomsk State University, Russia
*National University of Mongolia, Mongolia

Email - bubenchikov_am@mail.ru

The technology of the hydrogen isotope extraction out of the Hs, D:, T: HD mixture was
considered. The extraction of rare components from a mixture of isotopes is an extremely
difficult process due to the similar properties of the considered components and the same values
of the interaction parameters [1]. However, quantum tunneling [2,3], as a process that depends
on the mass of particles, shows differences in their passage through monoatomic membranes.
These differences multiply if we consider membranes consisting of two layers. In this case,
resonance modes of motion of isotopes [4,5] take place. The resulting degree of separation of the
components makes it possible to use the compound membranes on an industrial scale.

Membranes suitable for light elements isotope separation are compound membranes of porous
graphene, graphynes (GYs), carbon nitride [6,7], boron nitride, etc. The bi-layer membrane of
carbon nitride g—CsNs was investigated in this work. The potential energy of interaction of a
membrane with a moving particle is built on the basis of the modified Lennard-Jones pair
potential.

The permeability of the membrane and the isotope separation degree were determined using the
method of “matching” the solutions of the Schroedinger equation at the ends of the considered
segment with asymptotic conditions. Calculations of the bi-layer g-C;N; membrane permeability
for hydrogen isotopes Ha, D2, T; and HD for the temperature T in the range from 30 to 50 K were
performed. The simulation showed that the best results are observed in the extraction of protium.
The degree of separation of protium from hydrogen deuteride and from tritium reaches the order
of 10", The degree of separation of the Hy/D; mixture is slightly inferior to the previously
described components. After the separation of protium, the separation of deuterium is expedient.
This process is very convenient since the degree of separation for all components reaches its
maximum under the same conditions. Then tritium is extracted. The separation of hydrogen
deuteride of a mixture of isotopes is ineffective in comparison with other components.
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LICATIONS OF THE KUFAREV METHOD TO A CONFORMAL MAPPING
USING THE CHRISTOFFEL-SCHWARTZ INTEGRAL

SONINBAYAR JAMBAA

DEPARTMENT OF APPLIED MATHEMATICS, SCHOOL OF ENGINEERING AND APPLIED SCIENCES,
NATIONAL UNIVERSITY OF MONGOLIA, MONGOLIA

E-mail address: soninbayar@seas.num.edu.mn

ABSTRACT. In this work, we consider a new technique of converting the system of Kufar
ev’’s ordinary differential equations describing the motion of the pre-images of the vertic
es, to a more convenient form for numerical analysis. The method determines the revers
e images of the vertices of rectilinear polygons and we discuss some of its applications to the
practical conformal mapping. Numerical experiments have been conducted and the results
show the effectiveness of the algorithm as it maintains the distances between the vertice
s in the process of making the cut which-is one of the main properties of the Kufarev’
s method.

1. INTRODUCTION

is well known fact that using the Christoffel-Schwarz integral
ZW) = ) (W — @) (w = )% (w = D(w — ag)™(w —ag)* dw,  (1.1)
a= % —1 and ¢ is an interior angle of the polygon, one can map points of the

r half-plane W to the region Z, which is the same half-plane, but with two cuts
luded as shown in Figure 1.

: /4\3
1

FIGURE 1. Mapping of the upper half plane on the polygon exterior

b

z 3 4

pen

integrand in such integrals consists of the product of factors with known exponents
_ But the values of the prototypes of the vertices a; are not known in advance, and
v must be selected so that they correspond to the lengths of the edges of the polygon in
region Z [1]. The main problem using the integral form (1.1) in practical applications
successfully solving it using the Kufarev method [1], which focuses on finding these
smages of vertices. As for the calculation of the Christoffel-Schwarz integral, we must
: the exponents in the integral form (1), as well as the pre-images of the vertices of

polygon.

~ words and phrases, conformal mapping of rectilinear polygons, direct images and counter images of vertices,
es, applications.
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APPLICATIONS OF THE KUFAREV METHOD TO A CONFORMAL MAPPING USING THE CHRISTOFFEL-
SCHWARTZ INTEGRAL

(-022114206162369%

i 0.168573604912442
0.052568456711253
0.500000000000000

= .0.500000000000000
0.052568456711253
0.168573604912442
0.778857938376304

-34.574452255045081)

-27.385896624565685
-18.601370435835754

-3.136695183541310

0.251160126999675 |

0.356303658674863
0.357571432527162
0.357633772546823

Figure 4. The current line after the release of the fourth cut.

4. CONCLUSION

Kufarev method allows high-precision determination of the inverse images of the
wertices of the displayed polygons having the form of cuts, and therefore, it significantly
wxpands the field of application of the Christoffel-Schwartz integral. With the help of the

merical implementation of the Kufarev method, its effectiveness was studied using a
er of examples of mapping of the given polygons to the outer and inner parts. Testing
the required software blocks was performed by comparing with known analytical

utions [5,6].

A feature of the Kufarev method is particularly useful - to maintain the distance
Between the vertices. It makes it possible to introduce additional fictitious pre-images for
‘carrying out future cuts through them. Applications of the Kufarev method allows to solve
warious scientific problems of practical importance, such as the flow of groundwater [6],
_ar the problem of forced convection.
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The purpose of economic growth is to increase living standards and decrease
poverty and in the bigger picture the quality of life will improve. If
macroeconomic indicators are rising, then the income distribution of the
population is unprepared, the unemployment and poverty are increasingly
degraded, the development agenda does not justify the goal but the negative
results.

ASSESSING STUDENTS’ KNOWLEDGE AND ABILITY
B gtokh. D and Tungalag. B

Mongolian University of Science and Technology, Mongolia
e-mail address: buyad@must.edu.mn, tungalag b@must.edu.mn

Abstract: In this article we have presented the issue of how to assess and evaluate
learners objectively. The reason is that a problem about student’s assessment and
evaluation has been the most conflictive so far. As well as there are not few
incidents, when teachers overestimate or underestimate students too much or they
misjudge their students. We think, this is due to the fact that the assessment is
caused by the personality of individuals. In some ways it shows that the
subjectivism affects to the assessment or evaluation of students,

Traditionally, the standard and nonstandard assessment principles were followed
and we consider that they are unilateral and insufficient techniques to properly
assess and evaluate students. At present the students’ knowledge and ability are
evaluated by the principle of knowledge- acquired habit (cum-savvy) - attitude
and formation. Our research goal is to establish advantages of this principle of
assessing individual’s value.

Key words: assessment, knowledge, acquired habit, attitude and formation.

KUFAREV’S METHOD FOR CONFORMAL MAPPING WITH THE
SCHWARZ-CHRISTOFFEL INTEGRAL IN SOME PRACTICAL
PROBLEMS

Soninbayar Jambaa

National University of Mongolia, Mongolia
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email address: soninbayar@seas.num.edu.mn

Abstract: The Schwarz - Christoffel integral has successfully been used in various
problems related to hydrodynamics, electrodynamics, and elasticity theory. The
main difficulty of its practical application is to find the parameters included in the
integral. In this work, we study the Kufarev’s method established in 1947 to avoid
such difficulties. We reduced the problem of parameter determining to an easier
problem which is the numerical integration of a system of ordinary differential
equations. The equations here represent the motion of the desired parameters. To
show the practical effectiveness of the method, we conducted some numerical
experiments.

Keywords: Schwarz - Christoffel integral, conformal mapping of rectilinear
polygons, images of sides and vertices, streamlines.

CLIQUE SEARCH BASED APPROACH FOR IDENTIFICATION OF
CANCER-ACTIVATED MODULES

A.Bayarbaatar and E.Binderiya

National University of Mongolia

e-mail: bayarbaatar@seas.num.edu.mn

Abstract: Cancer related activation of biomolecular networks are often
represented as a graph structure. Densely connected parts of the responsive
network represents the condition-specific activation of biological processes in
cancer. The identification of such activation is a challenging problem in
computational biology since it is difficult to distinguish condition specific
changes from random events under cancer.

The problem of finding the highest-scoring modules (subnetwork) in a responsive
network is in generally formulated as a combinatorial optimization problem.
However, molecular networks are normally large in scale. It is impossible to solve
such a large scale optimization problem within a reasonable time.

In this study, we propose a Clique search based approach method to reveal
condition-specific changes which are so-called cancer activated modules in the
responsive network. First, we applied a partial covariance selection model to
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Department of Applied Mathematics, School of Engineering and Applied Sciences,
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1. ABSTRACT. In this work, we consider a method that determines the inverse images of the
vertices of rectilinear polygons, the method of transforming the system of Kufarev ordinary
differential equations describing the movement of the inverse images of the vertices, to a form
more convenient for numerical analysis.

Numerical experiments have been carried out, and the results show the effectiveness of the
algorithm, since it preserves the distances between the vertices during the cut, which is one of the
main properties of the Kufarev method.

2. Introduction
Numerical conformal mapping, using the Kufarev method is a dynamical system.

It is well known fact that using the Christoffel-Schwarz integral
w

Z( W):,[ (W_ al)a. (W_ az)az(W_ )\)<W_a4)a4(w_as)a5dwa (L.1)
0

where a = % —1 and ¢ is an interior angle of the polygon, one can map points of the upper half-

plane W to the region Z, which is the same half-plane, but with two cuts excluded as shown in
Figure 1.

4
4 T3
1//\

Figure 1. Mapping of the upper half plane on the polygon exterior

-y

2 3w 4

pen

The integrand in such integrals consists of the product of factors with known exponents @,. But
the values of the prototypes of the vertices a, are not known in advance, and they must be
selected so that they correspond to the lengths of the edges of the polygon in the region Z [1].
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837 ['3c3H acyyaan 1By yI3XHHT 30pECOH BOMHO.

Tyaxyyp yr: Wlunner wx cypryymuynbin dancaa(Rank), manryyp ysyyasnt, WAIZST HX
CYPTYYIHYIBIH JKArCAANT.

BAMECHIH PEIPECCUIMH 3APUM OPIOTIOJI

Y.Cymbaanopxk, b.Kamesanmapas, O.1ponGar
MYHUC-XIIYHC
ch.sumyadorj@gmail.com

Baiiecniftn perpecc Hh 1166H ©rerieiTdHi perpeccHHH 3arpapT amMIiarijiar, 3arbapeiH
miapaMeTpHiiE npuop Gy aHXHBI Maraian ereracer Gaiix yeu MocTepHop TApXanTHIr Taprax
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(TOKBIH) VPCTATIBIH ITYTAMYY/IBIT TAPTAZK ABAX HOJOMAKTON M.

Kapas yeubt [ rynnsil yperan e Guiw pooatodi raspaap v Xy pataii xeuiex Daiisau a1
APIBIT XIPICa9K 500X 0M. ['aX139 yperai nb 139pescax TOITMO dapantTait Gaiix o 6ot
UIHHT3HHHE ragapryy Go10X Yo MIsrex myrasmyyasi xsa6sp, aypeuiic ok 6omio. Jdoos 6a
JE/L MPMSIHBD XAFAADIATICAH XABTID TYy3an J1axs JIammme rornmeraniir Xanracan Xy P/
i GOLI0T0 10M.

NOTEHIHATHIT TOAOPXOIION MaTeMaTH

wanr, Kydapessm apra, jpmamnk cuerem

Aumrsiacan Marepuast

|1] Mamdaa Conunbasp, Kacarkuna T.B.. ByGenunkon A M. 06 onpesenenin konctant g
unrerpaie Kpucrodpena-ITeapna no meroay ILIL Kydapesa, Becrunk TV, Maremarika
u Mexanuka, VK 512.541, Ne5(43), - C.21-27, r. Tomck, PO, -20161,

|2] Cperenexnit JLE. Teopusi sosmosbix geuskenuti sxukocri. M.: Hayka, @M, 1977, 816

&
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Relationship between ergodicity and mixing in the
ergodic theory of dynamical systems

Hamboa Conunbasp

M¥YHWC, XIIYHC, Xapormssaull MaTeMaTnkuflH TOHXHM

Some sequential theorems and properties of a measure-preserving transformation
of dynamical systems are considered, some generalization of such important
properties of dynamical systems as ergodicity, mixing and their interrelation

is made in the work

Tynxyyp yre: successive theorems and properties of a measure-preserving
transformation of dynamical systems.

j'\ ITATITACAH MATEPHAT

[1] LP Kornfeld, Y.G Sinai, 5.V Fomin, Ergodic theory. -M.: Science, 1980.
- p30.

[2] Anzai H, Ergodik skew product transformation on the torus.- Osaka
Math.Journ., 1951, v. 3, N 1, - p. 83-99.

[3] A.B Katok, Hasseblat B. Introduction to the modern theory of dynamical
systems. -M .: Factorial 1999. - P.156.

44

172

XABCPANT 17



173

MOHT0J1 YJICBhIH UX CYPTVYJIHWAH
XIPIIIIHUH HLIMHKIIX YXAAH
WHKEHEPWIJIHIAH CYPTY Vb
IPIIMHUITH 30BJOIHITH XYPIbIH TOMI31 11

ﬁﬂ OHBI Zuupmu[é\uop Jlyraap (A2OZ YnaanGaarap xo

r Xyp:mu TIMIDIINL =

XINYMC-witn apamuiin sesnenniin Xypaa 2023 orbet 5-p capbin 15-we1 16.00 uaraac 19.00
uarniin xoopoua MYUC-nitn xuusamuitn 3-p Gafipust 221 T00T 6peeH 1 30XHoH Gaiiryyiar/ias.

Xypangaann O3-ufin gapra o1 npodeccop JI.Bambaka, IpaMuii 3eBIeIMiiH THITYYL
npodeccop A barxyy, Jl.Baswxapran, B.lanGar, U.Tlausopur, U.Comomuarsa, A.DuxGasp,
A.Dpronsunmar o npodeccop  P.Yunsopur, L.Coén-3paous, C.barGuior, I'.Barrep,
X.Torunkapran, Hapuitn Onuruiin gapra npogeccop H.Ooyn-pnaus nap oponios.

Xoumauesn acyyaan Nel, Tecen Xonmoauyysx AyruaiT raprax Tyxai

XMT-uiin joa npodeccop JLIKambakamu ranmanyysiean: MVYHC-nitn Cyanraanb
CaHXYYXKHITHHH KypMaap canxyyscan P2019-3744 nyraaprait, Yyauuii 5BOMON XOIKHI
Xamaapairait Tponocdepuiin ye JaBXaprbiH 3apHM TEPMOAHHAMHKHITH Y3YYJISITYYHHH OJI0H
FKHJTMHH X30169113301 C39BT 3a1yy cyuiaauuniin Teces. Hor apaoM ITHHRHAMYHUIA 0Ty Y2 XYIH
30BIIOOPOrIOO XOBIITIHA, X0EP aXb OryY/UIHIH Xapiy Xy Gairaa. ['apasrasp Xyasscsu
YYPras Guenyynacsn Ty MuHHHA yaupacan P2019-3744 1oTooa TeCHHIT Xaaxbil' IMKHK 6THO
vy!

Iuiiasopmeon un: XMT-uitn o1 npodeccop JIKambaamubin yaupracan P2019-3744
ayraaprail, Yyamuil 2somon Xerkwijl xamaapaitail Tpomocdepuiin ye AaBXaprelH 3apHM
TEPMOJIHHAMHKHHH Y3YYIOITYYAHHH OIOH MKHIHAH X100033/1 €OIIBT 3alyy CYyMLIaaqHiln
TOCTHET TIPIITIIP XYIIICIH YYPras OHSTYYICIH IBK Y33K XAAXbI AIMIKUB,

Xammueon acyyaaa Ne2. b nart toonyynax

XMT-niin jon npodeccop JLIKamGamkami Tanuinyysacan: "Ye o xermmitn - Tyaxyyp"
YHJOCHHH XYPJIBbIH SMXOTrIHIH XsHaH oKmuiacad, "Ye XorKIHAN TYAXYYP" YHIDCHHA Xypibii
IMXITTHIH XaHaH axusnacad J1. Xambaxamu, 3. Menxuauoar, L. Orroxeypsu, b. 'anGona
Hapt B* 190p | Kp ToOLOXBIr 30BIIGOPHE YY!

[niiasopacon wb: "Ye XorkauAH TYAXyYp" YHAOCHHH XypIbiH SMXITTIHIH XAHAH
axmiiacad J1. amGakamu, 3. Menxuowor, L Orroxcypon, B. FanGona napt B uar 195p kpeaut
TOONOX Hb 3YHTH MK y3oB.

Xomuanesn acyyaan Ne3. MYMC-z1 opaoM mmkuarosHuii eotryya 6yprryyisx
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XMT-niin 10 npodeccop JLAKambamavu rammauyyacan: The Environment earryyamiir
MYHUC-niti caTryY IHITH Karcaarrani opyyiax

Iniiasapoern wb: “The Environment” carryymuiir MYHC-1 Gyprrasmaii catryy/n rasiriax
waapaiara Xauracan toxuoanon (Cyaanraa, wHHOBaULIH GOATOrBIH raspaap WANrYYIax)
MYHWC-n Oyprranmaii corryyauitn xKarcaanran opyyaaxsir A3MKHB.

Xomanern acyynan Ned. Tecen Xamdmyyx AyTHIIT raprax Tyxai
XMT —uiinn 30830X 104 npogeccop K.Connnbasp TaHIILYYICAH Hb:

Wlmmkaox  Yxaan, Texwonormitn  Camrniin  I'agaataii  xamrapcan  (Iyl'x  /OXY/-
2019/01rapasumii ayraapraii) “Xor Gara TeMIepaTypT SHepruiil CAaIbIH PEIOHAHCHIH CHCTEMMIT
TyHHE! Masruilli 3aMaap JaMKHH ©HTOPeX H30TONYYILIH KBAHT MMIIUMITHIAH MaTeMaTHK
sarsapwiar” 2019-2021 oubl Tocon. Tecmitn ryfinorrary Gatiryyinara Hs MYMWC-uiin XIITYHC,
yaupaardaap Hb MEHHI One XIWYHC -HilH 30BIIOX oanpodeccop
K. .Conunbanp arminax recnnitn 100 xysuitn Guemd il taiinanraa 20220m, 2023 ouni 1-p
capuin 26 na MYWC a33p upean LUYT Canruiin Tonoenerunon tapscan, (2019-2021 tocayyanir
covid19 -xonGoorofi 1 skun3ap cynracan tom) ¥r Tecan vb MYUC-1oproro opyyasar. Lnmxiox
Yxaan, Texnonoruiin Camraac: Tajnmanraa men XIIYHC -uitn Dpamuiin  3sesreneep
X3MMYYcan Gaiix, Mo XamTpary OXY-biH Tanaac Teces aMAHITTaH 1yyCedn TAlaap JyrHIaT
HpYY/IRX  waapararyyasir tapecan.  Mivp  XIOVHAC-wiin  opasuiin 3esienuiin spxam
riunyyaes: Ilunaonx Yxaad, Texunonoruin Canruiin Manaarai xamrapean (HHIyMx /OXY/-
2019/01ropaoumii ayraapraii) “XoT Gara TeMIEpaTYPT JHEPIHitH CAAABIH PEIOHAHCHIN CHCTEMHUII
TyHKBJ] MasruitH 3aMaap JamMiKHi Qurﬁpox Hm’ﬂnyy:llvlﬂ KBAHT [UHCIIHITHIAH MaTeMaTHK
sarsapuian” 2019-2021 reciuiin TaRIAHr X312/ JAYPHXIT Fapraxk erve yy?

[wiiasapmoem mb: XMT —niin 3esnox 191 npodeccop JK.Conunbaspem yaupacan, BLUIYSL,
WY TCanruitn ranaanraii xamrapean (IIyI'x /OXY/-2019/01rapasnuii ayraaprait) “Xar Gara
TEMMEPaTYPT SHEPrHIiH Caaibii PCIOHAHCHIH CHCTCMHHI TYHHE! MAArdil 3aMaap JaMaHH
OHNOPOX H3O0TONYYABIH KBAHT IUHTIIHATHIH MATeMaTHK 3arBapwian” Tecauiir rapsrasp
XYI133CIH YYPraa GHEIYYICIH I3 Y39K Xaaxbil 3pAMHiiH 30B101HiH ruuryy/itn 100% cananaap
JOMMKHB.

Xomanern acyynan NeS, Tecesn xauaiuyys AyrHa/IT raprax tyxai

XBHT-nitn  npodeccop H.Barxyy MYHC-uiin cyganraansl Canxyymurmuiin xypMaap
canxyyxcon P2021-4170 nyraaprail, Hyymonuuun  MOHFOMMyyAbIH  yTAMEILTT  MUINT
TYATYYpAaH G3m433piii TOKIIMIAK 32PIIOC YPraMibil 3yl J0XHCTON AUIMIIAX Hb CIBT OPTOr
XYBAILAX TOCTHIRH TaAanT TAHHILYY/1aB.

Wwiiasapmoern ub: XbHT-uitn npodeccop A barxyyruii yanpacan, P2021-4170 nyraapraii,
HYYAomHH MOHTOMUYY/IbIH YIAMAKNANT MIUDIT TYATYYpIan Gamdaopuiin T HiH 39piar
yPI'B.MITHT SFﬁ JOXHCTOH AINKIIAX Hb CIUDBT OPTOI XYBAWILAX TOCO/] Hb rI3poarasp XyJaasciH
YYPro9 GHeNYY/ICOH I3k Y39K Xaaxwir 3pAMUitH 30BenHiH rHiryyanita 100% cananaap JOMKHB.

Xamumeon acyynan Ne6, Teces Xana/ilyy® AyTHIT raprax ryxai
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XBHT-niin 31 npogeccop X.Tarmkapraa tanmnuyyacan ve: 2018-2019 ombl xoopora
xaparkeon Y TCanrnitn Tecimiin Tafinanr xanamyymk xaanrax. Iopoonnii jnaryy JCR
MHACKCTHH 1 eryynaun xoByyiox Oalican Hb XyJoaracap Oaiiraa eHrepcet 3 capil XIBJIAIACHH.

Wmiiaespiascrn up: LY TCanruiin "Baiiranuiin rapanraii 9X yycBIpasc raprad ascaH IHAPOKCH
ANaTHT-NOTHMEP KOMMO3HT MaTepHatnir 3D npuutepuin xopmoaTitn Tyyxuit 51 OGoaron
ammraax” [IyCe-2018/48] camaBT TeCHHHAD rapasrasp XyA33eoH yypras OHelyyICsH [k Y33k
Xaaxhir HpAMHITH 3oB10MHITH THITYYAHiH 100% cananaap 1oMKHB,

Xomaueon acyyaan Ne7. Tecen xaparkyynax Tyxaii

MKYT-nitn ma npodeccop B.Cymaaa tanmauyyacan mep: Y TCan (Mownron) Gonon
HImmrnax Yxaaw Texsonoruiin Yuaocuuit 3osaon (Tafipans) Gafiryyiacan canamx Ouurmiin
naryy Monros-Taitsaanit 2024 oHoOC X3p3rkuX XaMTapeaH Teciuiid Magyyasrt DXHT-uiin 1o
npodeccop C.Otronusuornitn "Iy cyprantsin apra 6oon VR TEXHONOH aUTHIIACAH TOXHOHEI
XITHHH XepByYJIanT" cyaairaadbl TOCIHHT 0pyyJnK Gaiina.

IIuiasapmem me: Y TCan (Monron) 6onon Ilunsonx Yxaan Texnonoruiin Y uaocuuii
3esnen (Taitpaup) Gaitryyncan camamk Guurnitn garyy Mouron-Taiianuii 2024 onooc
XIPArKHX XamTapean TeciniH Maayyirr DXHT-uitk aou npodeccop C.Otroniauaruiiy "I'ys
cypranteis apra 60108 VR TeXHOIOTH alIHrIacan AOXHOHBI XJHHI XepBYY 121" Cyaanraans
TOCITHHT JAIMAKHB,

Xaaucsn acyyaan Ne8. I'apaansl koMnauunit yin axkuiiaraansl Spi

XMT -niin 30B10X npodeccop A.IuXOAsp TANAILYY.ICAN N [apaanbl JIMAHTAT COMOMNC
KOMIanHin yin akunanaraainl ABLLIT TAHKHILY Y188,

Muiisopmen ue: MYWC-uitn j1opragex [apaaHsl AHWKHTAN COMIOWIRC KOMIAHHIH Yil
KH/araa X3puiid asarnax Gakna rok Qyruss.

Xouuueyn acyynan Ne9, JIoKTopbIH Japaax TITrIIT XOTeNGopHifH TaimaHT Xamayynx

XBHUT-nitn  opxaora H3paowd Dopnwitn  addexruiin  apraap anr  Gonon  MoHrenmii
HAHONAPTHKIMAT eepee 2poMOGaraox HuMron ye (Self assembled monolayer) mop ypryymx
XaB/IPBIH CEHCOP O3ATIIX Hb CHABT JOKTOPBIH Japaax TIIraarT xerenOepuiin raiianr
XYY OB,

Mwuiiasopmeon us:  XBUT-witn spxmord HAponaiin Dapauiin sddexrniin apraap ant
Gos0s MeHreHuit HaHONAPTHKIHIT eopae 3paMBIOrIRX HUMraH ye (Self assembled monolayer)
M33D YPIYYIK XABAPbIH CEHCOP OMITIIX Hb COAIBT JOKTOPLIH JApaax THTIINT Xerenbop
rainanr [IIYTCann Xyna3irsd erexwiir 3pJAMHAH 3eBneiHiiH ruwyyauis 100% cananaap
JIMIKHB.

Xommeon acyyaan Nel0. MYHC-a3paom mmHxuar»3Huii catryyn 6yprryynax

XBOOHT-uiin 134 npogeccop LL.Coén-Ipmromy rapmauyyincan ub: WY TUC-nitn spaom
WHHAWIrIIHU Ouunr carryymiir MYHUC-t Gyprranmaii corryyimiit xkarcaantanji opyyiax
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Wniinsspaesn vp: “LIYTHC-nitn I ouanr” cotryymuiir MYHUC-n 6yprranTait eatryynn
TaBHT/IaX Mmaapuiara Xadracan Ttoxwonzona (Cynmanraa, WHHOBAIBIH GOMUOTHIN  Traspaap
manryynax) MYHUC-a 6yprronTsit eotryyaniin xkarcaanraz, opyyaaxsir JOM#KHB.

Xomnnean acyynan Nell. Hom, cypax Guuur, rapein apiara

XbOMUT-uiin 15x npodeccop LL.Coéa-Dpaons rannamyyacan vb: Xasarian yc, YHIHBL YCHbI
TEXHOJIOIH, MEHEMMENT XHUYIUIHIH cypax duunr "Ycubl danap da Gonopcpyyrax Texnonori”
HOMBI' 3-00p XaMOMUYYndxX Xycontoil Gaiina. TOHXHMHIH Xypraap Xo/oMIOK JIOMIKCOH.
MapraxmiiH WHHK3IY TOMHIYYJICAH,

Wuiinsspmesn ub:  XBOWUT-nitn jon npodeccop L.Coén-Dpmaouuii "Yeusl uanap 0Ga
GonoBCpyyIax TEXHOMOTH" HOMBIT XasT/Ial Y¢, YH/IHBI YCHBI TEXHOMOTH, MCHEKMEHT XHUIMTHiTH
cypax 6H‘ll‘33p aumrriax, b warr roouoxsir TYC TYC [A3MIKHB.

Xomanesu acyynan Nel2. Hom, cypax Guunr, rapsid apiara

XMT-niin 6arm B Kavbanmapas tannauyysiacan b XMT-miin Garur b.OKambsuinapasbia
Guucon  Maremaruk  cratnetnk, XMT-mitn 3esnex mnpodeccop O.[[3paubarein  Guucan
Marapnansin onon HoMyyasir MYMC-H caHXyy*kHITI3p HOM cypax OHYHr GHYHH 30XHOSMiiH
IPXHAT IHIDKYYA9X rapaoranp OHucoH. 3 capi XyJauiran erex xyrauaa XrapeaH ssx Oaiiraa,
MVYHC-H cypax GHUHIT TABUIaX LIAAPIATLIT XaHracal GoN0XbIr TOAOPXOHIK erie yy!

Uniiasrpaocon ue: MYMC-Hiln 3aXHQIraT 1ocesi XaparkyyaoX, CaHXYYKYYIIX rapasrsap
CaHXYYKC3H, Mara/iafbin OHOJI, MATEMATHK CTATHCTHK CHAIBT Cypax GHUMI 30XHOX TOC/Hil
F3pPIrIAP XYABOCIH YYPrad BHEMYYICOH I Y39 Xaaxbil IMKHB.

Xomaaueon acyyaan Nel3. Howm, cypax Gudur, rapein apnara

XBHT-nitn axaax darm A.Boaabaarap HanoGyruor marepuan (NANO3035) xuuomnuiin
nabGopatopuin rapeii apnara 10 xapauitn Xyyaac OyTao/MHT Xy yiss,

Iniiasopmedn we: L. Homun, XK. BonnGaarap, H.9paou3, Y.I'aH30pur HapbiH 30XHOIYTOM
Hano6ytuar matepuan (NANO305) xuusanuitn naGoparopuifH rapsiH asjarsir cyprairazn
amHrIaK GONOXLIr JOMMKHB. 30XHOIY0A TOr OpPONO0TOlroop B 1art Kpeaut TOOLOXbIT
JIDMKHB.

Xomaneon acyyaan Neld. Howm, cypax Guaur, rapbin aBnara

XBHT-uitn joa npodeccop I''Tamupaa CHEN307 "Xumuniin wesKeHepaianmiin sabopatopy -
I" XHy33/MHH rapbiH aBIArbIc TAHUIILY YJIAB,

Wnitasapacon wp: CHEN307 "Xumuiin wmkenepwionuitn nadoparopu - 1" xuusonuiin rapeis

aBJIArbIl Cyprairaz X3pal TIIXHHAT 30BLISOPOB. b HArT KpearuT TOOLLY YJIaxbll JI3MMKHB. 'BUXHUI"IM,II
I".Tamupaa, A Jlanropxkapran, B.Avranan, B.Ounpxysr.

Xouaueon acyysan Nel5. Howm, cypax GHumr, rapein aBnara
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XBOOMT-niin 131 npodeccop LLBaruyyyn TaHminyy/ican Ho:

Ol IMHEAIIDX yXaakbl YHIII9P cyaairaa xuipor Vx Cypryyib, Xypaonsuryyauiin apaaMToH
CyUTaauIbIH CyanTaankl GYTIIHAT CypranT cyaanraa, oiH yHIIBIPAAI, TPAKTHKT HIBTPYYIIX
sopwiroop "OH TapeK ypryyinax tyxail" cypax OHUrMAr 9MXOJTI9H PEJaKTOp/IOH rapras. Ad
xonGoraom: Ol Tapex ypryynax IMHAIIX yXaaHbl YHI2CT3H apra Oapun asamumx, Ofir
YPryyiax rajaapx HHAIMHHH MOUISTHEL A990UTYYIX, OfH YHIABIPIAHKIH Tece] TOOLOO XHEX
apradian 23aMIMHX 39par oo, IHoXYy cypax Ouuur wb 7 Gynmortail, 534 xyynactai, naacHel
XomMakn3 172%245, Xopnamuitn xyynac 56xx, ISBN 978-9919-504-87-8 Oifn ax axyi
xerenbep Gonon Gycan xertenbepuiiH Xon0OrZoX XHUINIYYAPA AwHraax O0JIOMKTOH Ty
MOProAuIHiin cypax Guuroop Gatiax, peakTopiacaH Garil HApT LA TOOUOX HOTOMIKTOI.

IIniineapaean mb: "Of Tapeix ypryynax tyxail" cypax Guuruiir ofin ax axyii xetentep Gonon
Gycan xerenOepuiin X0a00IIOX XHUIYYIO/A AHIIAX GOMOMKTON Ty MOPrUKIHAN Cypax
6"“"'33;’ AUTATTaK GOIIDXI:IF,CLBM)KHB. b LAarT 30XHOr'4IblH OpoJILo0r Xapraji3al KpeAuT TOOUOXbIT
JIIMAHB.

Xamuuesn acyyaaa Nel6. Tocon Xoporkyynox Tyxai

XBOOUT-niin o upodeccop ILLBaruyayyn rapmmgyyncan nn:  Mmkenepuamnuiin
cynanraansl apra 3yl 2001 vomoo mmHwIsH caiixpy vk Guunx39p Tenesnex Oyii Gereen recen
OHuMIK, CAHXYYKHIT aBax Xycontoi Gaitna. Jlamunx erne yy!

Wniiasspaseon ne:  Miokenepunommiin  cynanraanst apra 3yit 2001 HOMOO HIMHIYIIH
CAIKPYYIIK, TOCO MY YIIXHIAT AIMIKUB.

Xomaneon acyynan Nel7, Hom, cypax 6udnr, rapsis aBiara
MEKYT-uitn 1o npogeccop b.Cysaaa TaHIIUY Y/ ICAH Hb!

KoMnBIoTephIH Xapariad YHACIH OFINOIT HOMBIH 3 JiaXb X3BIIHIAr FapblH aBIara 19K TOOLYYJIaH
b uarr roouyynaxaap opyymx OGaiina. 3oxuoruna b.Cysmaa, D.Illyponmowor, I'.Yyranbasp.
penaxrop X ITypas, b.Cysaaa. “Komnbiotepsin Xaparims Yuacon Oirontyyn” rapbiH aBiarsis
aryyarsir MAHYYI9H GHUKB. DHOXYY rapbii AB1ara Hb KOMITBIOTEPBIH YHCOH ORITOIT, HHTEPHIT
0a cymka, Word 2021, Excel 2021 6a PowerPoint 2021 racan yujeon tasan Gyaartit. Tapsin
aByarajl Opcod eepwient Hb bymor 1-uiir Windows 8" aryyareir “Windows 10"-pm aryyaraap
LIHHIYHIK, CHCTEMHUIH TOXHProo, aloynryi Gaiiumein Tanaap Hazok,Bymor 2-niir “Hutepuar 6a
CymK33” OYIrHiH aryyirsir WHHIYHGK Tyyradiin Goaomxyyn Oonon ChatGPT-uniin tanaap
HOMCIH, bynar 3, 4 6a 5-niir Microsoft Office 2010 nporpammeit Tanaapx aryyarsir Microsoft Office
2021-33p wnHauuncsH. Hurxms Gymar GypuitH USCHHH 3ypryyabir WHHAHWICOHH (6a H3MOIICIH
uaCYYAHHAT TaiinGaprian opyyacan. ©Muex x3enanuitn 308 wupxar sypar 335 6ok, Xyy/lacHsl TOO @MHe
Hb 158 Gaticnaac 167 Goncon. ISBN ayraap 978-9919-0-0990-8, xapnainiin xyysac 21. Yr rapein
apnarpir MYUC-nitn  cpenxuii cyypuiin  Majpammmiin  Texsonorniin  yumoce, Kommsiorep
TOOOOJUIBIH YHIC, Maioaan xapuiuaa Xon0o0Hb! TEXHOMOMHHH YHIC 39PIr XHUIIIYYIHAH
CeMHHAPBIH XHY32/1]1 aluraax 0o1oMKToH. MeH KOMIBbIOTEpBIH X3P3II33H cypasuax Oyil 0101
HHITI rapbin aBrara 5010 XoPIraornm,
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niiasapasesn wb: B.Cysuaa, D.11ypsnususr, .Y yraubasp soxuoruroii, K. Ilypss, b.Cysnaa
peakTopToiH “KoMIBIOTEpPBIH X3PIIring YHACIH OHIroAT” HOMBIH 34aXb XIBJIXIHIAT rapblH aBiara
raK Toouon b unart (3oxuoruaem oponuoor xapramsan b.Cysaaa-0.4xx,, 3.1yponmauer 1xx,
I.YyrauGaap 0.6XX ) KpeJIHT TOOLOXBIT IMKHB.

Xounamuesn acyynan Nel8. Hom, cypax GHUHT, rapelH aBara

XIWIYHC-miin  Ipamuiin  sopaoaniin  wapuiin  Ouurniin gapra  H.Owyn-Ipons
Tanuauyyacan ub: XbOOWUT-#itn mpodeccop O.Antancyx XypaanoH 6yit opuuH ¢y 1aibH HIp
TOMbEOHE! AHrnH — Mosrosn taiinbap Toib, Mouron — Axrnu toss 6uunr” Homsir MY HMC-uitn
cyprainTaj ammriax Tyxai, B nar Toomyynax GONOMKTONH 9¢3X99p IpAMUIAH 0B acyyaal
OpyyJax XycoITHiir upyysicon Gaitna.

IMwmiiasspasean ue: MYHC-niin npodeccop O.Antancyxuitn opuyyIaH IMX3Tr¢3H “Xypaonon
Oyi opuun cyananum mop ToMbEonbl Anrin — Mosnroa Taiiznfap Tons, Monron — Aurim Ton
GHYHI™ HOMBIT 3PAMHITH 30BIONOOD XAMIMIYYIIXII I0XHOTY Hb 00POS TAHMILYYIAX Hb 3yHTI
K Y338,

Xomaueon acyynan Ne 19. S1L-nuit corryyn MYUC-T Gyprrantait eoTryymiin skarcaarran
opyyJax Tyxait

XBHT-niin 1oa npodeccop L. Torcoo tanmanyyacan un: Y THC-nite XIIYC, Mouronsin
XHMHAH HHArIMAST T3 XaMTpan skii 6yp spxiisk raprajar “IITAM-sin xumu, Gonorepyynant 6a
IKOJOTHHH acyyuyyl” 3pJdM HIHHKMAT3HHA catryyuiir MYUC-T Oyprroataii corryyamiin
HKAICAWITAH OPYYIDK OTHO YY. YT CaTryyn Hb 0100rHiiH Gaiiviaap 10-H xyraap XaBI9r13H rapean
Gaiiraa Hereen 6yx ayraap b MYMC-uiin nombin cann Gaitnar. Catalog.num.edu.mn xasraap
opxk Xapxk Gosoxoop Gaiiraa.

Wniiasspmeon wp: “IIAM-pi xumu, Gonosepyynant 6a sxonoruitn acyymnyyn” apiom
WHHKHATHAA cotryymuiir MYMC-n Gyprromaii ¢oTryyna TaBurjax maapiuiara Xanracan
roxuonaona (Cynanraa, unopaubm Gotorsm raspasp wanryynaax) MYMC-a Gyprrarsit
CATTYY/IHIAH JKarcaaiTa OpyyJIaxeil' IOMIKHB.

Xomauesn acyynan Ne20. Byraonuiin qonee xyeox Tyxaii

XMT-nitn a3a npodeccop 2. Mouxipupr Tanumyysncan up: 2023 onst 9-p capbin 1-33¢ 2024
ol 8-p capbin 10 xypTanx xyrauaann Snos yacein Harosa, Uyo ux cypryyasa “Monronsis wap
WOPOOH IIYYPraHbl yypP amMbCrallbli HOXIIMIH cyaanraa” DYy MOpOOH UIYYPraHsl YHIIMIIIP
CyNANraanbl QKK TYRIOTraX33p Goscon 1ya MYMC-uitn Xegenvepuiia 10toos kypmbit 4.3.6,
4.4.10,7.1.1,7.1.3, 7.1.6, 7.4.1, 7.4.3.1 saantyyasir yuascaon 2023-2024 onbl XHU221MiH KU1
12 capein Xyrauaaraii OyTo9/MAH Y6100 OJIrOXLIT 30BIIOOPY ATHE YY.

Lniiaeapuasesn ue: XMT-nitn 11 npodieccop . Mouxipuort 12 capbii Xyrauaatait 6yao/miin
901100 ONITOXBIT JIIMAKHB.

Xomaueon acyyaan Ne21. Hom, cypax Guunr, rapbid agiara
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XMT-nitn on npodeccop I.Meouxiomr Tanmanyyiacan wb: XAALLY HOMBIr 3paMuiin
3eBJIe1eep opyyian b nart roouyyican /270 Xyycaap, Teame-11 Xyp/abiH wniimap 6onoon 2022
OH/l TOOLYYJICAH HOMBIH XYYAaCHbI OapuMTeIl Xascapraiaa/. 2022-2023 oHbl XHYIIMHH KL
HOMBIH XOHTOHTHHH IIYYTYHI YPraJKIyYJIaH HOMBIH pefakTopaap axuinacax Gereen 2023 ox
PEAKTOPBIH CaHalaap HIMINT 3acBap XHHCH3P, XYyAacHbl Too HamaracoH /340 xyyaac,
PenakTophIH 2 SProaTTIi yAaarniin caHan myymukHiiH xacrase xascapras/. Hamanr 70 nyyp
Xyyacaua b KpeauT Toouyynax xycsnrai daina.

MIuiigsspmen ne: XMT-nitn 101 npoeccop 3.MeHXUOUSIHIH HOMBIH HOMAAT 70 HYYp
Xyyacasa B uar ToOLOXBIT I9MKHB.

Xavmaueon acyyaaa Ne23, Hom, cypax 6uusr, rapeii apiara

XBHT-nitn o npodeccop O.0arapaa XoparimosHuil reHeTHK XHUIHITH rapbii apiarsic
TAHW/ILY Y7138,

Ilniiasspiascesn ub: XopornooHauil reHeTHK XUYI9MHIH rapbiH apmarelr cyprairai ammriax, b
1ar TOOUOXBIT IIMIKHB.

Tamasraan xetencen:

XITYHUC-uitn opaIMHAITH 30BXOTHIH HAPAIAH OHYHL ...o.vv.eees Ipodeccop. H.Ooyn-Opmna

Xamacan: XLUIYWC-uitn opaMuiin sontenuitn I.lﬂpl“{q’.. ............ T npoeccop. 1. bambaxas
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Omakie 0 coBmecTHoi padoTe no Monrono-Poceniickomy npoesty 2019-2021 rr.
POOH Ne 19-51-44002

Aas @onga HAYKH B TexHoaora Monroaun

HazsanHe NpoexTa (Ha pyceKom S3BIKE):

MaTemMaTH4ECKOEe MOJCTHPOBAHHE KBAHTOBONO NPOCEHBAHMA M3IOTONDE MOCPEACTBOM
TYHHEIBHOIO [POXOMIEHWA Heped pPe3oHAHCHYH) CHCTEMY IHEPreTHHecKx OappepoB mpH
CBEPXHHIKMX TEMIEPATYpAX
Ha3panne npoexTa (Ha aHraniickom AIbiKe):

Mathematical modeling of quantum sieving due to tunneling through the resonant system of
energy barriers at ultra-low temperatures
Haspanne npoexTa (Ha MOHIVILCKOM SI3bIKE):

Kot Gara TEMICPATYPT SHEPrHiH CaalblH PE3OHAHCHIH CHCTEMMIHT TYHHETMiiH Maaruiin

Jamaap TaM@¥HH OHTOPeX HI0TONMYYALH KBAHTLIH IHPIHITHRAH MATEMATHE 3areapynan

Pa3anenenne H30TONMOR, T.€. YACTHI] C OYEHE DIHIKHMH CEOHCTRAMM, OKE3ANOCH BOIMOMHEIM
NMUIE © NPMMeHEeHKeM pesoHaHcHoro addexra. [Mostomy sta croxuHas sanada Owina pasnenena
PYKOBOJIHTENEM COBMECTHOMD MEHCIYHAPOIHONO IPOCKTA HA B¢ YACTH. DTH YACTH BHIOTHATHCE
Poccniickoii rpynnoii nog pykosoacteoM ad.-s.u. M.A. ByGenunxoe 1 MoHronsckol rpynnoit non
pykoepogcTeoM K.p.-m.H. JKamOaa ConunOaspa. OOLeiMHEHHEIMH YCHIHAMM BUIM NONYUEHB!
BaKHEIE PE2YNBTATH 110 KBAHTOBOMY NPOCEMBAHHIO H30TOMOR renus. Cuuran, yto Mouroasckas

CTOPOHA YCNEUIHO BEIOMHHIA CBO paoTy B cpOK H B [0THOM 00 BEME.

Pyrosomurens Poccuiickoi rpynnel npoekTa M. A. ByGeHIHEOB
MM, A0ueHT Kadeapsl TEOPeTHHECKOR MEeXanHKH,
B.H.C. PEFHOHATEHOTO HAYYHO-00pa3I0BATENEHOTO
MaTeMaTHIEeCKOTO HeHTPa

HallHOHATEHOTO HECIEN0BATENBCKOrD

Tomcroro rOCY AaPCTRCHHOID )’HHI!EPCHTCTS

Tognance vaocrosersn
BEAYITHA ROKYMEHTORE]
. A RRFRERKO H. B,

CHr

7
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POCCHHUCEAR GENEPAIMS

CBUAETEJIBCTBO

0 rocyiapcTBeHnoil perncTpanuu nporpaMmel aags BBM

Ne 2021680468

Quantum sieving 2.0: MogemupoBaHne KBAHTOBOTO
NPOCEHBAHHSA U30TONOB Yepe3 ABYXCI0iiHbIC MeMOpaHbI
MEeTOA0M CINMBKH

Iparootnanatens: Pedepanvroe z0cyoapcmeeHHoe AGMOHOMHOEC
ofpazoeamensvHoe yupedicoeHue eblcuiezo 00pazosans
«Hauyuonanvusiit uccieocsamenwvexuii Tomckui
zocydapemeennstii yrugepcumem» (RU)

Asropu: ITomepaeea Banenmuna Anexcandpoena (RU),
Bybenuuros Muxaun Anexceesuy (RU)

3anexa No 2021669508

Jata nocTymneHna 02 .Ilel(aﬁpﬂ 2021 r.

Jata rocyHapcTBeHHON perncTpanHy

B Peectpe nporpamm nas 9BM 10 Oexaﬁpn 2021 2

Py o Dedep i cayHcOLE
no ALHOH €00
I'II. Heaues

2R B RA 2R

%ﬁm%&%m%ﬂ%%ﬁﬁﬁﬁﬁ%ﬁﬁﬁm&ﬁx&ﬁ%ﬁ%ﬁ%m%%w%%&%%&H%E&%E&%EK&

EEEREEEEEEEEEEEEFEEEEEEEEEEEEEFEET]
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POCCHMCKAS GENEPAIFAA
— SN (

CBUAETEJIBCTBO

0 rocyJapcTBeHHONH PETHCTPAIIHH MPOrpaMmMel ans DBM

Ne 2021680775

Quantum sieving 1.0: MozeanpoBanue KBAHTOBOTO
NPOCEHBAHUS H30TONOB YEPE3 JIBYXCIOHHBIE MEMOPAHBL

IpasooSranarens: PEOEPATBHOE 20CYOAPCMBEHHOE ABIMOHOMHOEC
obpazoeamensHoe yuUpeNcoeH e GbICiez0 00pazoeans
«Hauuonasnntii uccredosamenvckuii Tomcruit
2ocyoapcmeennstit yrueepcumem» (RU)

Aeropsi: [omepaeca Baaenmuna Anexcanopoena (RU),
Byfenunros Muxaui Anexceeenuu (RU)

Zansxa No 2021669466

Jlata nocryruieHns 02 nelcaﬁpn 2021 r.

Jlara rocy1apcTBEHHOH perHcTpalny

& Peccrpe nporpamy uis OBM 14 dexadpa 2021 2.

Pyrosodumene Pedepaproii cayxrcivt

O UNINEL

Bt T BB BT BX Bt B BE B KT RE KR X Bt KT BN RR BE NR Bt BR RROER BN B RR BN T BE BN RM B MR B BXOBR R BR NN OHR M B

LIl Henues

S0P B BR 52 BE S RE BROER RESF B NG R KYBE R RARCREBX KA BN HE R B NE KR KR R REER KR R RC AR HE R KR BE REHE KL XA R

SEEEEER R e e
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