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MATEMATNYECKOE MOAE/TMPOBAHUNE
PUSNYECKWMX MPOLIECCOB
DOI: 10.5862/JPM.237.1
YAK: 539.3
A.A. KoxaHoG

Hu>xeropoackum rocyaapCcTBeHHbIM yHuBepcuteT um. H.N. JlobaueBCKoro

OCOBEHHOCTU KOHEYHO-2JIEMEHTHOIo MOAIEJINPOBAHUA BUAA
CTPYKTYPHOI'O 3JIEMEHTA N'MBKUX TKAHbIX KOMIO3UTOB

Ha IIPUMEPE CTPYKTYPHOI'O 3JIEMCHTA TMOKUX TKAHbIX KOMITO3UTOB npeacraBjic-

HBI OCOOEHHOCTH KOHEUHO-3JIEMEHTHOTO MOIEIUPOBAHMS KaK CaMOTO 00BbEeKTa, TaK
M €ro MoBeAeHUsI MPU OJHOOCHOM pacTskeHuU. [Ipy MomenupoBaHUU CTPYKTYPHO-
ro 3JIEMEHTa pacCMaTpUBAJIMCh OCHOBHBIE COCTABJISIIOLIME MaTepualia: apMuUpylolLas
TKaHb U €ro MaTpula. ApMUpYylollas TKaHb NpeAcTaBisieT COO0 MOJOTHSIHOE Mepe-
IUIETCHWE HUTE. DTU HUTH CUYMTAJIMCh YIIPYTMM MaTepuasioM. Marpuiia paccma-
TpUBaeMOro mMaTepuana Obljaa MpeAcTaBlIeHa MITKUM MOJMMEPOM C BO3MOXKHOCTBIO
BO3HMKHOBEHUSI B HEM HeOoOpaTUMBIX nedopmanuii. [Ipyn MogenmpoBaHUM ITOBee-
HUS KOMIIO3UTA TOJ NE€UCTBUMEM HArpy30K yYT€éHa BO3MOXXHOCTb BO3HUKHOBEHMS
MOBPEXIEHU B ero CTpyKType. IlocTpoeHBI mojiss HampskeHui, medopMamuii u
MoKa3aHbl 30Hbl BHYTPEHHUX MOBPEXIEHUIT MaTepuaja Mpu OJHOOCHOM JedopMuU-

pOBaHUNU. BrisiBiieHBI OMacHbBIE 30HBI TEPCIICTCHUSA.
TMBKUU TKAHBIM KOMITO3UT, METO/Jl KOHEYHBIX BJIEMEHTOB, BOSHUKHOBEHUE
MMOBPEXIEHWI, HEMTMHEWMHOE JE®OPMWPOBAHUE.

BBenenune

OCHOBHBIE MOJEIN, WCHOJb3yEMbIC I
OIMMCAHUSI CTPYKTYPhl TKAHBIX MaTepHajoB,
NPUMEHUMBI JIUIIb K <«KECTKOMY» KOMIIO3U-
Ty, KOrjia B Ka4eCTBE HAITOJHUTEJIS BBICTYIA-
IOT TBEpHAbIC MOJMMEPHI, HAIIPUMEP SIMOKCHUII -
Has CMOJIa IIOCJieé BO3IAEMCTBUS OTBEpPHAUTEISI
[1 — 6]. dag Takux MaTepualioB AONYCTHMO
npeHedpedb TeOMETPUYECKON HEJIMHEWHO-
cThiO [5, 6], Tak Kak AedopMalui, BO3SHUKAO-
1Ye Mpu HarpyXXeHWW, HEBEJUKU. boJibioe
pacnpocTpaHeHUEe TTOJYYUIN MOJEIN, CO3AaH-
Hble B JIEBEHCKOM KaTOJMYECKOM YHUBEPCHU-
tere (benbrusi) HaydyHO-MCCIIeIOBaTEIbLCKOMN
rpynmnoit CMG (Composite Materials Group)
[7 — 11]. HanHas TpyIIa aBTOPOB IIPOBE-
JJa TOJHOLICHHBIE HCCJIEAOBAaHUS ITOBEACHUS
TKaHBIX KOMIIO3UTOB, HA4YMHAas OT JKCIIepU-
MEHTAJbHOI COCTaBJISIOLIE, A0 pa3pabdoTKu
COOCTBEHHOI'O0 IIPOTPaMMHOIO OOECIICUECHMS
WiseTex [10], KoTopoe MO3BOJISIET MOISIUPO-

BaTh TOBEJEHNE paccMaTPUMBaeMbIX MaTepua-
JIOB Ha OCHOBE ME€TOJa KOHEUYHBIX 3JIEMEHTOB
M BHM3yaJbHO OIIpelessiTh HamboJjee OIlacHBIe
00JacTH apMUPYIOLLEeH TKaHMU.

I'eomeTpryeckass HEIMHEWHOCTh OKa3bIBa-
€T CYILLEeCTBEHHOE BJIMSIHME Ha MEXaHUYECKUe
XapaKTepUCTUKU TUOKMX TKaHBIX (TKaHEBBIX)
KOMITO3UIIMOHHBIX MatepuaioB [12, 13]. OHa
CBSI3aHA C TUIIOM HAMOJHUTEISI KOMIIO3UTA U
0COOEHHOCThIO Ae(POPMUPOBAHUS HUTEH ap-
MUpYIOLIE TKaHW, KOTOPbIE PACIPSIMIISIIOTCS B
npoiiecce n1eopMUPOBaHUS, U3MEHSIIOT XKeCT-
KocTh [14], mepexoaar u3 cOCTOSIHUSI M3rnba
B LICHTPAJIbHOE PACTSKEHWE U BBIYWICHSIOTCS
M3 MaTPUIIbI, YTO IPUBOAUT K MTOBPEXKICHUSIM
W HapylIeHWIO aire3uy MEXTy BOJOKHaMU U
MaTpUIIEl B CTPYKType MaTepuaia.

I TOCTpOEHUSI MOACIU CTPYKTYPHOTO
nepuonuyeckoro synemeHrta (mamee OIS —
SJIEMEHTapHas Nepuoandeckas sdeiika) BO3-
HUKAaeT HeoOXOOMMOCTh TOYHOIO OIMCAaHUS

7
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BHYTPEHHUX TapaMeTpoB cocTosgHus [15]. U3
aHaJIr3a TeOMETPUYECKUX XapaKTePUCTUK pac-
CMaTPUBAEMOTO IIOJIOTHSIHOIO MEPEIUICTCHMS
clieAyeT, 4TO JUIMHA HUTE OCHOBHI U YTKa II0
OTHOIIIEHUIO K TOJIIWHE HUTU OTJIWYAETCS HE
OoJsiee yeM Ha OOMH MOPSIOK; OTCIOJAa MOXKHO
3aKJIIOYMUTh, YTO HEOOXOIUM YUET U3TUOAIOIIIMX
MoMeHTOB B HuUTSX [15 — 17]. Kpome Toro,
HaJaW4Me U3rnda BBI3BIBAET BOZHMKHOBEHHE B
HUTSX TKAHW O0JIacTel CxXaTusl, a 3TO Tpedy-
€T MCIIOJb30BaHUSI KMHEMAaTUYECKOIO YIIPOY-
HeHHUsI (BMECTO M30TPOIHOTIO) IS OMUCAHUS
BO3MOXHOTO YIIPYTOImIacTUIE€CKOro Ae(opMu-
poBaHMs, TaK KaK B pacCMaTpUBaeMOM ClIydae
HUTh TKAaHU CUUTAETCS KOMITO3UIIMOHHBIM Ma-
TEpUAJIOM, COCTOSIIINM U3 YIIPYTUX BOJIOKOH U
YIIPYTOILTACTUYECKON MaTPHUIIBI.

B nmaHHOI1 cTaTbe Ha IIpUMEpPe KOHEUHO-
5JIEMEHTHOTO  MOJEIMPOBAHUS  TOBEACHMS
OITA ob6pas3ua rMOKMX TKAHBIX KOMITO3UTOB
MpU HAJIOKEHUN HArpy3Ku, ITOKa3aHbl OCHOB-
HbIe 0COOCHHOCTH IIOCTPOCHUSI MOAEIU nehop-
MUPOBaHUS MEPUOANIECCKUX PJIEMEHTOB TMOKIX
TKAHBIX KOMITO3UTOB U BM3YaJIbHO OIIpelese-

HbI HanboJjiee omacHble 00JACTH IMOJOTHSIHOTO
nepervieTeHUs. [lomydyeHbI OIS HaNpsDKeHUINA
U aedopMaiuii, a Takxke 00JIaCTU MaKCUMaslb-
HOTO CKOIUICHUSI BHYTPEHHMX TOBPEXKICHUIA
Marepuaja, BO3HUKAIOIIMX M3-3a HApYLICHUS
aire3uy B CTPYKTYpe Marepuala.

Ilepronuyeckuii 31eMeHT U 0COOEHHOCTH
MOCTPOEHUSI CTPYKTYPHOH MOJEH

[leproguueckne CTPYKTYPHI TO3BOJISIIOT
OITMCHIBaTh MOBEJAEHNE BCETO MaTepraia Yepes
TUITOBBIE TIEPUOINYECKIE 3JIEMEHTHI BHYTPEH-
Hel CcTpyKTyphl. PaccmaTpuBaeMoe MOJOTHSI-
Hoe meperuieTeHue (puc. 1), mMeer peryisip-
HYI0O TIEPUOAMYECKYIO CTPYKTYpPY, B KOTOpO
MOXHO BBIIEIUTH JIEMEHTAPHBIN IIEpUOINYC-
CKUi sneMeHT-a4ueiiky (DI14). ITpuHaTo cum-
TaTh, 4TO UISI pacCMaTpMBAaEMBIX MaTepUAIOB
yKa3zaHHas s4eiiKa COOEpP>KUT HUTh OCHOBHI,
HUTh yTKA W apXUTEKTYypy IIepeIIcTCHUS HU-
Teit; Ha puc. 1 TIPUHATHINA BUJ STYEHKU BbIIE-
JICH IIPSIMOYTOJIEHUKOM.

be3 orpaHumuyeHust OOIIHOCTU, C YYETOM
0COOEHHOCTH BUAA MeperieTeHus: OyneM cuu-

Puc.1. Cxema moJIOTHSIHOTO TIeperuieTeHusl (BUI CBEPXY):
I — HUTH OCHOBBI; 2 — HUTH yTKa; 3 — 2JIeMeHTapHbIN mepuonnieckuii ameMeHT (DI151)
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=
g

Puc. 2. IIpomoiapHOE ceueHNE BAOJb HUTU OCHOBBI:
1, 2 — HUTU OCHOBBI M YTKa COOTBETCTBEHHO; 3 — JIMHEHAasl anlpoOKCUMalIUsI CUHYCOUAAIbHOM (hOpMBbI
HUTU OCHOBBLI, 4— Marpuia (3aHOJ'[HI/ITeI[b) TMOKOIro TKAHOTO KOMIIO3MTa

TaTh, YTO 3aKOH M3MEHEHUS (pOPMBI IIeperLie-
TeHWSI HUTEH COXpaHsEeTCS MO BCEW 00JacTh
TKaHu. Paccmorpum Bum crpykrypbl OIS
BIOJIb HAIlpaBJIECHUS HUTEW OCHOBBHI. B Tmpo-
noibHOM ceueHuu IIIA (puc. 2) apmupyto-
1I1asl HUTb NepeTUIeTeHUsI uMeeT popmy, OIu3-
KyI0 K CHMHYCOMAAJIbHOW KPUBOMU, KOTOPYIO
IUTI YOPOILIEHWS MOJEIMPOBAHUS CTPYKTYPHI
MOXHO amlIlpOKCUMMUPOBaTh HaOOPOM MPSIMO-
JIMHEMHBIX YYaCTKOB (aHAJOTMYHO CII0CO0Y,
HCIIOJIb30BaHHOMY B paboTtax [1, 14]).
DIIUNCOUIHOE MOMEPEYHOE CEYCHUE HM-
Teil anmpoKcuMHUpyeM (OpMOI IIPSIMOYTOJIb-
HuKa [12]. Pe3ynbTaToM BBIIEIEHUST CTPYK-

TYPHOIO B3JIEMEHTa W YIIPOILICHUSI T€OMETPUU
neperuiereHus spiasierca DI, npencrabieH-
Has Ha pucC. 3, KoTopas u OyIeT OIUCHIBATh
MOBENeHNE BCETo MaTepuaja B LIEJIOM.

OIS rubkoro TKaHOro KOMITO3UIIMOHHOIO
Marepuajia COCTOUT U3 HUTEM apMUPOBAHUS U
zanonHutenst. Hutu apmupoBaHusi (OCHOBBI U
yTKa) SBJISIIOTCSI OMHOHAMPABICHHBIM KOMIIO-
3UTOM, COCTOSIIIMM M3 MATPHULIBI HUTEH (3a-
MOJHUTENSl HUTEH) U apMUPYIOIIUX BOJOKOH
(xryToB). [JIsi KOpPpeKTHOro MOIEIMPOBaHUS
apMUpyIOlE TKAaHM apMUPOBAHME HUTEH
BBOAUTCS MHIMBHUAYaJIbHO IS KaxKIOIO JIM-
HEMHOTro yyacTKa M COBMIAJacT C OpHEHTa-

Puc. 3. I'eometpus BI1A apMmupyrommx HUTeit THOKOro TKAHOTO KOMITO3UTA!
1, 2 — HATH OCHOBBI ¥ yTKa COOTBETCTBEHHO; / — JUIMHA TOPU30HTAIBHOTIO y4acTka Hutu B OIS /, [, — 3HaveHus
IUTMHBI HAaKJIOHHBIX YYaCTKOB HUTHA OCHOBBI M HUTU YTKa COOTBETCTBEHHO

9
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uuel HampaBieHUsT HUTH. C ydeToM MHpUpo-
OBl apMUPYIOIINX HUTEH (TPOILUEHBIE XKTYThI),
MpearojaraeTcsd, 4YTo wMaTepuaa 3JIeMEHTOB
apMUpOBaHMS (BOJIOKOH HUTHM) — YIIPYTUii, C
MOCTOSIHHBIM COJepXKaHUEM OOBEMHOM HOIU
BOJIOKOH apMMPOBaHUSI.

Ha ocHoBe mpoBeAeHHBIX 5KCIIEPUMEHTOB
[16] BBOmMTCS MpeNNOJOXEHHE OO YIIPYro-
IUTACTAYECKOM IIOBEACHUM 3aIlOJTHUTEIS HU-
Teil u 3amonHuTenst Bceit DI Kommosura.
Hns onMcaHus yOpyroilacTU4ecKOoro moBe-
JIEeHUST yIOOHO IIPUMEHUTh TCOPUIO TCUCHUS
C JMHEWHBIM KUHEMATUYECKUM YIIPOYHEHM-
eM. Torma 5To MOBemeHUE BHIpaXaeTcsa IIpU
OIIHOOCHOM PACTSIKEHUM BAOJb HUTU OCHOBBI
CIICAYIOIIEH CBSI3bI0 MEXIY HAIPSOKCHUSIMH U
nepopMalusSIMu:

Ee, e <g,

o, +E(e—¢g),e>¢,’

Ime o, ¢ — TEeKyllMe HampsokeHne n aedop-
Mmaiust, E — momynab ymnpyroctv, E — MoO-
OyJdb YIPOYHEHUS IPU YHPYTOIIACTUYECKOM
1e(OpMUPOBAHUN; G, — TIPelesl TEKY4eCTH;
e, =o,/E — nedopmannu, coOTBETCTBYIOLIME
Mpeaeny TeKy4eCTH.

B npouecce nedbopMupoBaHusi TMOKMX TKa-
HBIX KOMITO3WIIMOHHBIX MaTepuajoB, B CBSI3U
C HapylleHHWeM aAre3uyd MeXAy BOJOKHAMU
apMUPOBAHUS U CBSI3YIOIIUM, BO3MOXKHO BbIU-
JICHEHWE BOJOKOH B HMTIX apMUPOBaHUS U
BO3HUKHOBEHNE MOBPEXKICHUI B MaTpUIIe HU-
Tel. DTU IPOLECCH MOXHO ONMCATh «pa3Ma-
3aHHBIMU TpelnHamMu» [18 — 21]. Takoe orm-
CaHMe OCHOBBIBAeTCS HAa M3MEHECHUH MaTPUIIbI
JKECTKOCTH Marepuaja IpU IIOSIBICHUM pa3-

A X

pbiBa. TpenimHa sIBHbIM 00pa3oM HE BBOIUT-
cd. [osiBneHue pa3pbIBOB BO3MOXHO TOJLKO B
MaTpulie KOMIIO3UTa, a BOJIOKHA apMUPOBAHMS
He pazpyuratorcs. g yyeta BO3MOXHBIX BHY-
TPEHHMX MOBPEXIEHUN BBOAUTCS CIAEAYIOIINIA
KPUTEPUI pa3pyllieHUs] MaTpUIlbl KOMIIO3UTa
¥ BO3HUKHOBEHMSI «pa3Ma3aHHOM TpPeIIMHbBI»
B y3Jie MHTerpupoBaHus [19]:

£—SZO,

1

rne F = F(c,,0,,0;) — QYHKUMS IJIaBHBIX Ha-
NPSDKEHUI; f, — mpezes NpOYHOCTU MaTepua-
Ja; § — NOBEpXHOCTh OTKa3a, KOTopasl oIpe-
JesIeTCss M3 MEeXaHWMYECKMX XapaKTepUCTUK
HaIOJTHUTEIS.

Pacuer BIIA rubkoro TKaHOroO KOMIIO3U-
Ta 1eJIeCOO0pPa3HO OMucaTh B MPUPAILICHUSIX
B CBSI3M C I'€OMETPUYECKON HEIMHENHOCTBIO
3aJ1auM M1 BO3MOXHBIM M3MEHEHHUEM 3KECTKO-
CTU MaTepualia B IIpoliecce aeopMUpoOBaHUs,
CBSI3aHHBIM C TIOSIBJIEHUEM <«pa3dMa3aHHBIX
TPELIUH».

I'panuynbie ycaoBus

g MoaeavMpoBaHUsS OIHOOCHOIO pacTs-
xkenust OIIS1 rubxkoro TKaHOro KOMIIO3UTA,
noje HampsokeHUR u gedopMauuii, BAOJIb
HUTel OCHOBHI Ha rpaHulie A 3ampelaeTcs
nepeMellleHUe B HaIlpaBICHUM pPaCTSKEHUS
”x| , =0, Ha TpaHuie B 3amaeTcsa mepemelie-
HUE ux| p = U, Ha Tpanunax C u D 3amaerca
YCJIOBHUE CUMMETPUU.

ITocTaBneHHas 3amada pelnraeTcss METOI0M
KOHEUYHBIX 2jieMeHTOB (puc. 4). Marpuna (3a-
noaHutensb) OIS rmbkoro TKaHOTO KOMIIO-

D

B
vy
~y
<
~y

Puc. 4. BT rubkoro TKaHOTO KOMITO3UTA IPU OHOOCHOM PaCTSIKEHUMN
(HampaBJieHUE pacTsSKEHUs MoKa3aHo cTpejikaMu); A, B, C, D — rpaHullbl 00beKTa

10
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Tabauma
MexaHnyecKue XAPAKTEPUCTHKH HUCNOJIb3YyEMbIX MATECPHAIOB
Tun marepuana E, MIla v o, MIla | E, MIla
ApMupymolINe BOJOKHA HUTEe ocHOBBI M yTka D14 | 1,510 | 0,20 - -
Marpuua (3arnmoJHuTeb) HUTE OCHOBBI M yTKa 40 0,35 20 20
Marpuna DITA rubkoro TkaHOro KOMIIO3UTA 30 0,30 18 16

O6GosHaveHUsa: E — HaYalbHBIA MOIYJIb YIIPYrocTH, v — KoaduumneHt Ilyaccona, o, — mpenen Tekyde-
cti, E, — MOIy/b yIPOYHEHUSA NIPU YIPYTOILIACTUYECKOM Je(OPMUPOBAHUH.

31UTa MOMACIUPYETCSI OCHOBHBIMU 8-Y3JIOBHIMU
KOHEYHBbIMU 3jeMeHTamMu  solid-185. Otot
BJIEMEHT IIO3BOJISIET MOIEIMPOBaTh TBEPIO-
TeJbHbIe 00BbEKTa B IPOrPaMMHOM KOMILIEKCE
ANSYS u y4uThIBaTh BO3MOXKHBIE OOJbIIINE
nedopmanmu [19]. Hutu apMupoBaHuMsI MO-

—

136.978
.213E+07

IEeUpPYIOTCS  8-Y3JIOBBIMA KOHEUHBIMU DJIE-
MeHTamMu  solid-65. VYkasaHHble 2JIEMEHTHI
MO3BOJISIOT yYECTh HaJIMYME DJIEMEHTOB ap-
MUWpPOBaHUs C 3aJaHHOM OpUeHTaluell BHyTpH
MOJAEIUPYEMOTO TeJla U ¢ 3aJaHHON 00bheMHOI
JIOJIeH colepKaHWUS apMUPYIOIIMX BOJIOKOH.

L42TE+0T
.640E+07

Puc. 5. Ilone pacnpeneneHust 3KBUBaJIeHTHBIX HanpspkeHuil (ITa) mo Musecy
JIJIST TMOKOTO TKAHOTO KOMITO3UTA TIPH OTHOOCHOM pacTSKeHUN ((PPOHTATBLHBIN BUM)

a)—
I 000

.601E-02
22.0295

44,053
66.0765

b)_
I 200000

0
7.0063

14.0127 21.019

Puc. 6. Ilons pacnipeneneHuii ynpyrux (a) u miactudeckux (b) pedopmaruin
JIJIsT THOKOTO TKAHOTO KOMITO3UTa MPU OJHOOCHOM PACTSKEHUM ((DPOHTANBHBIN BUIL)

11
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Puc. 7. Pesynbrat MoaenupoBaHus BHYTPEHHMX MOBPEXACHUI CITIOCOOOM «pa3Ma3aHHbBIX TPEILIMH»
B 00BEKTe (2/UTUIICAMM TTOKa3aHbl 00JIACTY MaKCMMAaJbHOTO CKOTUIEHUST TTOBPEXIECHMIA)

Kpome Toro, ectb BO3MOXHOCTh y4eTa 3apOXK-
JIEHUS U BIIMSTHUS «pa3Ma3aHHBIX TPEIIUH» Ha
MeXaHMYeCKHe CBOMCTBA MaTrepuaja BHYTpU
MaTPUILIBl ApPMUPYIOIIUX HUATEH.

MexaHn4ecKrue XapaKTepUCTUKU  MaTe-
pUAJIOB, MCITOJb3YEMBIX MPU MOACIUPOBAHUM,
MpeacTaBIeHbI B TaOIMIIE.

[TosryyeHHBIE MOJISI HANTPSLKEHWH 1 1edop-
Manuii (puc. 5, 6) MO3BOJSIIOT HAWTU HAUOO-
Jilee OoracHbIe 30HbI B 00J1aCTIX TEperieTeHUs
HUTe TKaHU. IMEHHO 5T 30HBI OIpeaess-
0T MPOYHOCTHBIE CITIOCOOHOCTM Marepuaja u
KOHCTPYKIIUIA, CO3JaBaeMbIX Ha €r0 OCHOBE.

Ha puc. 7 mpeacTaBieHsl pe3yabTaTbl MO-
JIeIMPOBaHUs 00BEKTA, TTOABEPTHYTOTO OJHOO-
CHOMY PACTSIKEHMIO, METOIOM «pa3Ma3aHHbIX
TPELIWHY.

AHanmu3 pes3yabTaToB, TPEACTaBIEHHBIX
Ha puc. 6 u 7, IPUBOIUT K 3aKIIOYEHMIO, UTO
HanboJIee OMACHBIMU OOJIACTAMU TTOJOTHSHO-
TO TepeIUIeTeHUs SIBJISTIOTCSI 30HbI HAKJIOHHBIX
YYaCTKOB apMUPYIOIIMX HUTEH. DTO MOATBEPK-
JaeT HeOOXOOMMOCThb yueTa M3THOAaroIIUX MO-
MEHTOB M JETAJTbLHOIO OTIMCAHUST APXUTEKTYPBI
neperuieTeHUs: apMUpylolleit TKaHu. Jlaxe s
MaTepuaioB, HE UMEIOIIMX TPeaBAPUTEIbHBIX
JIOKAJIbHBIX MOBPEXIeHUN (IIPOMyCcK WUIU 00-
PBIB HUTEI apMUPOBAaHUS, UCKPUBJICHUE HUTEH
TKaHM), HAIIPSDKEHMST HA HAKJIOHHBIX y4acTKax
neperuieteHust (cM. puc. 5) B 4 — 5 pa3 mpe-
BBILIAIOT HATIPSDKEHUS B MaTepuaje B LIEJIOM.

12

Yrpyrue u yrnpyromjacTuyeckue nepopMaluu
B TIEPBYIO OUYEpeIb pa3BUBAIOTCS TaKKe Ha Ha-
KJIOHHBIX y4acTKax HUTEH.

CormacHo pesyibTaTaM, TIPUBEICHHBIM Ha
puc. 7, HauOOJbllIee KOJUYECTBO pa3Ma3aH-
HBIX TPEIIMH BO3HUKAET B 30HAX MAKCHUMAaJlb-
HBIX HampsokeHWi v aedopMaidii, 4To elie
pa3 TTOATBEPKIACT OMACHOCTh MePerpy3KM Ha-
KJIOHHBIX yY4aCTKOB HUTEHA.

3akinouenue

B pabGote mpencraBieH IpUMEpP U OCO-
OCHHOCTU IIOCTPOEHHUSI MOAEAU IIOBEACHUS
3JIEMEHTApPHOM MEepUOJNYECKON STYEUKU TUO-
KOr0 TKaHOTO KOMIIO3UTa KaK CTPYKTYPHOTO
3JIEMEHTAa, OIMMCBIBAIOIIErO Ipolecc aedop-
MUPOBaHUSA 0O0Opa3lOoB T'MOKMX TKAHBIX KOM-
no3uToB. IIpuBeaeHBI MO HANpPsSLKEHUN M
JedopMaluii  IpeacTaBUTEIbHOrO 00beMa
HCCIIENyEMOTO MaTepMajia, IToKa3aHbl obJa-
CTM MaKCHUMAaJIbHOTO CKOIUICHUS «pa3Ma3aH-
HBIX TPEIH».

OCHOBHBIM BBIBOJOM JAHHOIO MCCJIEHO-
BaHUS SBJISIETCSI HEOOXOMMMOCTh IE€TAIBHOTO
ydyeTa HaIpsKeHHO-Ae(POPMUPOBAHHOIO CO-
CTOSTHUSI HAKJIOHHBIX YI4aCTKOB HUTEH ITeperie-
TeHUSI apMUpYIollleli TKaHU IpU MOCTPOSHUM
Monesiel n1ehopMUPOBAHMS IPEICTABICHHBIX
MaTepualioB. AHAJIU3 CXOAMMOCTU YHCICHHO-
To pelIeHusI MoKa3ajal yCTOMYMBOCTD PEIIeHUS
K BXOIHBIM ITapaMeTpaM MOIEIU.
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Kozhanov D.A. THE FEATURES OF FINITE ELEMENT MODELING OF A STRUCTURAL
ELEMENT OF FLEXIBLE WOVEN COMPOSITES.

The features of finite element modeling of both an element itself and its behavior under uniaxial tension
have been demonstrated with a structural element of flexible woven composites. The main material partials
such as reinforcing fabric and material’s matrix were examined in modeling. The reinforcing fabric is a
plain weave. These threads were taken as an elastic material. The matrix of the material was considered as a
soft polymer with the possible occurrence of irreversible elastic-plastic deformations. Moreover, the possible
occurrence of damages in the structure of the material under high loads was taken into account in modeling.
The fields of stresses and strains were built; the zones of material internal damages under uniaxial tension

were demonstrated. The risk zones of weave were revealed.
FLEXIBLE WOVEN COMPOSITE, FINITE ELEMENT METHOD, STRESS-STRAIN FIELD, DAMAGE.
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B.A. Konn', A.Jl. Kapmauwio6?, M.B. 3amopéHoB', B.IO. KnwokuH?

"CeBacCTOMONbCKMMN rOCYAAPCTBEHHBIN YHUBEPCUTET;
2TocypapcTBeHHOe aBTOHOMHOE yupexxaeHue
«CeBacTononbCKas TenepagmoKoMnaHms»;

3 CaHkT-eTepbyprckui NOAUTEXHUUYECKUI

yHuBepcuTet lNetpa Benukoro

NMOJTYMAPKOBCKAA MOZEJ/1Ib CTPYKTYPbI
TEXHOJIOTMYECKASA AYEMKA - HAKOMUTE/b

IIpu mocTpoeHUU MoOnIEIU CTPYKTYPhl TEXHOJIOTMYECKas siueiika — HaKOIUTEIb
(TM—SD) wmcmons3oBaiach TeopHsT MTOJYMapKOBCKUX TporeccoB. Ha 6ase moiry-
YEHHbBIX BbIPAKEHUN HAWAEHBI CTALIMOHAPHBIC XAPAKTEPUCTUKU JJISI ONPEICICHUS
CTallMOHAPHOTO pacTlpenesieHus BJIOXeHHOW 1enu Mapkosa. IIpoBeneHHOe uccie-
JIOBaHUE TI03BOJIMJIO OIPEICIUTh CTallMOHAPHOE pacIipeiesieHre TOIyMapKOBCKOTO
MpoI1ecca U BBIUUCIUTh KO3(MGUIIUEHT TOTOBHOCTA YKA3aHHON CTPYKTYpbI; MpUBE-
JIeHa pacyeTHasi ¢opmysa. PellleHbl ypaBHEHUsS MapKOBCKOTO BOCCTaHOBJICHUS IS
cucteMbl TM—SD ¢ ygetom otkazoB TM u SD 1ipn momymmeHnr 06 3KCITOHEHITNAITb-
HOM ITOBeIeHUM OTKa30B. [TorydeHHBIe BBIPAXKEHUS OIMMCHIBAIOT Ipoliece (PYHKIMO-
HUPOBAHWS TAaKOW CUCTEMBI U TO3BOJISIIOT €€ 3aMEHUTh SKBUBAJIEHTHBIM 3JIEMEHTOM,
MMEIOIIMM JIBa (haKTOPHBIX COCTOSIHMS; 3TO CYIIECTBEHHO YIIPOILIAeT 3agadyy Moje-
JUpoBaHUs 6ojiee CIOXHBIX CUCTEM. PaccMOTpeHa MpaBOMEPHOCTh MCHOJIb30BAHUS
9KCIIOHEHLIMAIbHBIX 3aKOHOB paclpene/ieHUs CIydailHbIX BEJIMYUH (3TO BpeMeHa
HapaboTku Ha otka3sl TM um SD). IlpoBeneHHOE MMUTAIMOHHOE MOJIEIMPOBAHNE
nokasajo, yto yxe misg TM (unu SD), cocTosiei U3 1ecTu y3J0B, MOXHO IpH-
HATh TUTOTE3y 00 3KCIMOHEHIIMATBHOM PacCIpeaeeHU BpEMEHN HapabOTKU Ha OT-

ka3 TM B uenom (unu SD).

MMOJTYMAPKOBCKAS MOJEJb, YPABHEHUE MAPKOBCKOI'O BOCCTAHOBJIEHUA,
BJIOKEHHAA LEITb MAPKOBA, CTAHMOHAPHOE PACITIPEJEJIEHUE.

BBenenune

BpemeHHOe pe3epBUpOBaHUE ITO-TIPEKHEMY
ocTaeTcsl ofHUM M3 HauboJjiee 3¢ GEKTUBHBIX
CPEICTB IIOBBIIIEHUSI HAAEXXHOCTU TEeXHUYE-
CKMX YCTPOMCTB, OCOOEHHO aCHUHXPOHHBIX
ABTOMATU3UPOBAHHBIX JIMHUH, B KOTOPBIX
TEXHOJOTMYECKHME SYEHKM COEOUHEHBI APYr C
JIPYyroM uepe3 HaKomuTeau. JlaHHOMY BOIIPOCY
MOCBSIICHO 3HAYUTEILHOE YUCIO UCCIEN0Ba-
Huit [1 — 7], BO MHOTUX U3 KOTOPBIX aBTOPHI
OrpaHMYMBAIOTCS, KaK IIPaBUJIO, OIPEACICHU -
eM Ko3(pduireHTa ToTOBHOCTA paccMaTpu-
BaeMoil cucteMbl. OMHAKO 3aME€TUM, 4YTO IIpH
MOIEJIMPOBAHUM CJIOXHBIX CTOXaCTUYECKHUX
CHUCTEM BO MHOTHX CIy4asiX MCITOJb3YeTCs re-
papXu4yecKuii Moaxod K MOCTPOSHUIO MX MO-
neneir [8§ — 11], mpu KOTOpoM HEOOXOIUMO

16

CTBHIKOBAaTb OTHEJAbHBIE BJIEMEHTb CHCTEMBbI
Ipyr c¢ npyrom. g sTtoro TpebyeTcsl 3HATh
(GyHKIIMK pacripenecHusT BpeMeH HapaOOTKU
Ha OTKa3 U BOCCTAHOBJICHMSI ITUX 3JIEMEHTOB.
K npyrum HemoctaTkaM MpemiaraéMbIX MO-
Jeseil ciaeayeT OTHECTM WTHOPHMpOBaHWE Ha-
JIeXXHOCTU HakormTensl [12 — 14], MOCKOJIbKY
3TO CYILIECTBEHHO YCJIOXHSET 3amady. OgHaKo
MIpY TTOCTPOSHUM MojeJieil MHOTO(a3HbIX CH-
CTeM HEOOXOIMMO OIepupoBaTh (PYHKUIUSIMU
pacnpeneiaeHUl BpeMEHM MEXAy OTKa3aMu U
BOCCTAHOBJICHUSIMA 3JIEMEHTOB C BPEMEHHBIM
pe3epBupoBaHueM. [Ipu 3ToM BpeMeHHOI pe-
3epB B 00llleM ciayyae OyaeT 3aBUCETb OT Ha-
JIEXKHOCTA HAKOIIUTEJIS.

Ilenpbio paHHOI paboOTHI SBASETCS TI0-
CTpOEHME MOJyMapKOBCKON MOAEIM Mpoliecca
(bYHKIIMOHMPOBAHUS CTPYKTYPBI TEXHOJIOIM-
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SDy

— TMj4

b)
SDy

TM¢

Puc. 1. Ctpykrypa TexHonorndeckas sueiika (TM) — Hakonurenb (SD), pabotatomas Ha Bbiavy (a)
U Ha npueM (b) mpoayKiuu; kK — MOPSAKOBBII HOMEP

yeckas f4eiiKa — HaKOMUTEb, ITO3BOJISIONIEH
ornpeaesisiTh e¢ KOo3((OUUMEHT TOTOBHOCTH, a
TaKkXKe yKazaHHble (PYHKIUM pacripeneecHUs
JUISI paccCMaTpUBaeMOM CTPYKTYpPbl B IIEJIOM.
dakTr4ecKu 3TO 03HAYAaeT IKBUBAJICHTHYIO 3a-
MEHY YKa3aHHOM CTPYKTYPbl OJHUM MPOCTEii-
LIKM 3JIEMEHTOM, MMEIOIIMM ABa (haKTOPHBIX
COCTOSTHUMSI: OTKAa30BOE€ M pabOTOCTIOCOOHOE.

Bo3MoOXHBIE  CTPYKTYpbl — TEXHOJIOTHMYE-
ckux siueek (manee TM, ot anmi. technological
module) ¢ HakonuTeasmu (gaiee SD, oT aHTJI.
storage device) MPOMEXYTOUHON MPOIYKIINH,
KOTOpbIe 00eCIeYnBalOT BPEMEHHOI pe3epB
(cTpyKTypsl paboTaloT B COCTaBe aCUHXPOH-
HOIl aBTOMATU3UPOBAHHOM JIMHUM), TIPEICTAB-
JIEHBI Ha puc. 1.

Paznuune cTpyKTyp, NpeAcCTaBIeHHBIX Ha
puc. 1, oOyCIIOBJIEHO Te€M, UTO OJUH U TOT Xe
SD moxeTr paboTaTb COBMECTHO C TIpEabIay-
M TM Ha BeIgayy MpoOayKIIMKA U COBMECTHO
¢ mocienywomuM Ha ee npueM. C TOUKU 3pe-
HUS MaTeMaTUYeCKOro OIMUCAHUS CTPYKTYpPHI,
npeacTaBieHHbIe Ha puc. 1, a u b, MIeHTUY-
HbI, TO3TOMY MOJIEJIb OyJIET CTPOUTHCS TOJTHKO
JUISL cIydasi, MpUBEACHHOTO Ha puc. 1, a.

ITocTaHoBKa 3amaum

[TocTaBuM 3amady clieayloiuM 00pa3oM:
MyCTh W3BECTHHI (YHKIIMM pacIpencacHus
F, () n F,(?) ciayyaiiHbix BemuuH & u 1y,
KOTOpBIE SIBISIOTCS BpeMEHAMU HapaOOTKH Ha
OTKa3 M BoccTaHOBIeHUS TM COOTBETCTBEH-
HO, a Takke (GyHKUMM pacnpeneneHus F,(7)
u F,(f) ciayyaiiHbix BeqmuuH & U M3, , AB-
JISIIONIMXCSI BpeMeHaMM HapaOOTKu Ha OTKa3
U BOCCTaHOBJIEHUSI HakonuTessi. Kpome 3To-
ro, u3BecTHa QyHKUMS pacnpenenaeHust F,(r)
CIIy4allHOU BEJIWYUHBI, &,, ABIAIOLIENCA Bpe-
MEHEM pe3epBa.

BBoaum cienymooliye TOMYIISHUS:

npeHeOpexKeHNe BEPOSITHOCTBIO OTHOBpE-
MEHHOTO OTKa3a SYeHKM U HaKOIUTENs (BBU-
Iy MaJIOl BEPOSITHOCTU 3TOIO COOBITHS);

SKCIMOHEHUMANbHBIA BUA (PYHKLIUNA pac-
npenenenus F (1) n F (7).

B mnpoBoguMOM WCCIENOBAaHWM HEOOXO-
IUMO ONpeAeanuTh (PYHKIMU pacIpeacaceHus
BPEMEH MEXIY OTKa3aMM U BOCCTAHOBJIEHU-
SIMHA y4acTKa B LIEJOM, TO €CTb SKBMBAJICHT-
HO 3aMEHUTH €r0 TIPOCTEUIINM 3JIEMEHTOM,
MMEIOIIMM JIBa (DaKTOPHBIX COCTOSTHUSL.

CraBuTcsl 3amaya OINpeAeseHUs] CTaluo-
HapHBIX XapaKTEPUCTUK CUCTEMBI U TIOJY-
yeHrne Ko3(p@UIIMeHTa TOTOBHOCTH Yy4acTKa
™ — SD.

ITocTpoenne monenn

I'padp cocTossHMII CcUCTEMBI IIpEACTaBIEH
Ha puc. 2. OnucaHue BepIIMH MOCTPOCHHOTO
rpacda (puc. 2) npeacrapjieHo B Tadi. 1.

Bpemena npeObiBaHus 6, — 0, B COCTOSIHU-
ax S, S, S, ¥ §,, COOTBETCTBEHHO, OIIPEETUM
W3 CJICIYIOLIUX BhIpAKECHUIA:

0, = (@l /\Fa}); 0, = (Tll /\Faz);
0,, =x; 0, =n,,

IIe A — 3HaK, 0003HAYAIOIIMI MUHUMYM CIIy-
YalHBIX BEJIUYVH.

Torma dyHkuMM pacnpeneiacHusT BpeMeH
npeObIBaHUSI B COCTOSIHUSX MUMEIOT BUJ, MPU-
BeIICHHBINA B Ta0O. 1.

CrauuoHapHoe pacnpeneneHue p(x) BIO-
KeHHOM Lienmu MapkoBa OIpeaessieTcs o
dopmyie

p(x) = [ p(x, Y)p(y)dy,
x

rae p(x, y) — IJIOTHOCTb BEPOSITHOCTU IEpe-
Xo4a BJIOXKEeHHOM uenu Mapkosa.
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F‘Ol(t)’E.:l N
L@,

So

S1

EZ(t)s %2

> SZx

A

Fy (1,1, Fis (1),

A

Ss3

Puc. 2. I'pad cocrosinuii cucrembl TM — SD

Taoamuma 1

Bun ¢yHkumii pacnpeneieHns NpoMeKYTKOB BpeMeHHN NpPeObIBAaHUS B PA3JMYHBIX COCTOSHUSAX (puc. 2)

CocrostHue OnucaHue COCTOSTHUS @yHKuUUs pacnipeNeNeHus BpeMeH
npeObIBaHUS
TM wucnpasHa, SD ucnpaseH, _ _ _
S BpEMEHHOM 3azien &, B SD, Fy(2) = F, (1) - Fi5(1)
COCTOSTHHE pabOTOCHOCOOHOE
TM orkasana, SD ucnpaseH, _ _ _
S, BpEMEHHOM 3azen &, B SD, cocTosanue E(t) = F, () - F,(1)
paboTocriocobHOe
TM otkazana, SD ucnpaseH,
. F() = 1,(), e
pe3epB BpeMEHU M3PacXOI0BaH, x x
S, MOCKOJIbKY 3arac NpoayKIuu 1 () = 0,7 <x;
B SD ucuepnan (&, = 0), cocrosaHue ST L > x.
HepaboTOCIOCOOHOe
TM wncnpasHa, SD oTkasain,
S, P F(1) = Fy (1)
COCTOSIHME HepaboTOCIIOCOOHOE
CokpameHusg: TM — TexHonorudyeckas sgdeiika, SD — HaKONUTENb.
Boipaxenust ang P(x, y) umeror cienyio- — p(x) [15 — 17]:
LIWA BUA;

R < &) = | Fy () fin(0ds,
B, > &) = [ Fu() fy (1),
0

B = [ R fi 0, (1)

pl2x = Tflo(x +1) f,(1)dt,

0
Pz(;c:l’
P30=1.

Ucnonn3yd cuctemy (1), 3anuiieM cuctemy
YpaBHEHU TSI ONIpene/IeHUsI CTallMOHAPHOTO
pacopeneieHus BIOXEHHON Lienu Mapkoba

18

Po = szx 1 (1) - dx +py - 1+

+ oy [ Fo0) fis(w)dw,

by = Pu] Fy (@ fir2)dz = p, PIEy < &, (@)
0

Pax = plelo(x +1) f,,(1)dt,

Ps = poJ- Fyy(u) fo, (u)du.
0
YcinoBrue HOPMUPOBKU:

[P+ py + o[ FoO0) fu(widw + (3)
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+ poojZ Fy(2) fos(2)dz +
+T Plem(x + 1) fi,(t)dtdx + (3)

+ PO_TEB(U)fm(M)du =1.

Peiag cucreMy ypaBHeHMI (2) ¢ UCIIOJIb-
30BaHMEM YyCJIOBUS (3), MOTYYUM:

—_— 1 .
=5,
[ By (@) 35 (2)dz
p =2 .
! 2+C ’
p— C .
p2x - C’
f 1(2)foa(2)dz
p, =2
’ 2+C ’

me C = [ Fy(2)fis Q] £ Fy (01t

Ornpees M CTallMOHApHOE paclipe/ie/icHe
MoJyMapKoOBcKoro mpoiecca. CrauyoHapHbIe

BCPOATHOCTU IIOJIYMAapKOBCKOTI'O Imporecca
CJIENYIOT BBIPAXKEHUSIM:
_ P8 P9 P 6
T[:() - =~ b 7t] - b~ bl TCZ - i~ bl
0 0 0
P - 6,
T, -,
0

rne 6 =p, -0, +p, -6 +p, -6, +p;-0;.
CpenHue BpeMeHa IpeObIBaHUS B COOTBET-
CTBYIOIIIUX COCTOSAHUAX BbIpazKalOTCAd KaK

= [ FuF (0,

©

61 = on(t)Ez(t)dt: 63 = TEo(t)dt,

=]

©

jl (t)dt = j

0

Rt

L(Ddt;

0=py-0y+p -6 +p,-6,+p;-0; =

(t) E)3(t)dt + pojE)l(Z) Jos(2)dz x

O'—;S

©

XJ. Eo(t) : Ez(t)dt + po_‘- Fy(2) - s (2)dz x

=

o Fole+ - Sty - [ By (t)dr+

+ po] o) fy(wdu- | Fy oy

YuuteiBast, yTo (YHKIWM pacIpencacHus
BpeMeHU HapaboTku Ha oTtka3z TM u SD npu-
HATBHI IPOCTEHIIINMMU, T. €.

F () =1=0e™, Fy(t) = 1-h,e™,
P =Py | Fou(2)/s(2)dz =
0

b

= 1-e™)n,e ™ d7 = p, —L—
po'!( M, Po A+

p; = pOTEB(U)fOl(U)dL{ =

T A
— 1 _ e—xzu )\. e—kludu — 2 ,
po!;( ¥ Po o+

MHTCHCUBHOCTb ITOTOKOB OTKAa30B MOXKHO 3a-
MCHUTDb UX MAaTEMAaTUYCCKUMU OKHNIAHUAMMU:

1
A m m,
Mtdy, LT mam,
m.m,
1
A o oom o om
Mty Lo mm
m.m,

C y4yetoM onpeneseHHBIX BbILE p, U p,
CpelHee BpeMS 3aMChIBAETCS KaK

[T Fy(OF,(0dr +

":T Jio(x + t)flz(t)dtT va2x(l‘)dtj +

m 7=
E.(H)dt.
+mQJMOd

0

+ py | Foy(DF(D)dt + p, p
0

CranmmoHapHbIe BEPOSITHOCTA B 3TOM CIIy-
yae CJAeAYIOT BhIpaXKeHUSIM

Fy, (1) Fyy(1)dt

[l

S
Il
O 8

(1)F, ()dr +
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+T Jio(x + t)flz(t)dt]gﬁzx(t)dtj +

©

2 <r>dt] :

1+m'zo

+T E)l (I)E)3(t)dt +

(

+Tf10(x + t)flz(t)dtT sz(t)df] +
TE;(t)dtJ_ :

m %

T, = TE)I(z)fm(z)dzT Sio(x + 1) f,(t)dt x
T FE_(t)dr - {

+T Jio(x + l‘)flz(t)dt]E sz(t)dtJ +

F,(t)F,(t)dt x

O'—-S

[T (OF (0t +

175 (nE m
+[ E (H)F,,(t)dt +
2'; 01 03 m] +

(j Fo(OEF,(t)dt +
Mm%

+T Fy (DR (dt + Fy (t)dt j :

O 8

m + mQ

F,(t)dt

my + m,

+Tf10(x + t)flz(t)dtT sz(l‘)le +

-1
m s
[ Fys (t)dtj :
1 TS
[TonyyeHHbIe BBIpaKE€HUs CTAlMOHAPHOTO
pacmpeneneHus IOJIyMapKOBCKOIO IIpolecca
(ITMII) no3BoOJSIOT OompeAessiTh TaKuhe BaxkK-

HBIE XapaKTePUCTUKN CUCTEMBI, KaK Ko3(Pdu-
LIMEHTHI TOTOBHOCTU U MPOCTOSI:

( [ Ro@F,()dr +

+ BuOF(dr +—
0

K,=n,+mn, K, =n,+m,.

a
Hns ompeneneHus QYHKIUU pacIipeaciie-
HUSI BpeMeH HapaOOTKM Ha OTKa3 CHCTeMBbI B
LIEJIOM HEOOXOAMMO COCTABUTHb U PEIIUTh CH-
CTeMY ypaBHEHMIT MapKOBCKOTO BOCCTaHOBJIC-

20

HUus. A Ul HaxoxXneHus (YHKIIMU pacrpe-
JeJIeHUs] BPEMEHM BOCCTAaHOBJIEHUSI CUCTEMBI
JIOCTaTOYHO BOCITOJIb30BaThCs popMyoii [18]:

> (Z P,-,-pi]Gj(t)

jeM,_ \ ieM_

DAY

JjeM, ieM_

= 4

OpHako BBUIY TOrO, YTO COCTOSIHHME S,
SIBIISIETCS HETIPEPBIBHBIM, IS HaXOXKACHUS
¢GYHKUIMU pacrnipenesieHus] BpeMeHM HapaboT-
KM Ha OTKa3 (BpeMeHU HEMpPepbIBHON pabOTHI
CHCTEMbI) HEOOXOIMMO BOCHOJIb30BaThCS CTa-
LIMOHAPHBIM aJIrOPUTMOM (Pa30BOTO YKPYITHE-
HUS YCTOMYMBBIX cOCTOSTHUI [16, 17] miist Toro,
YTOOKI TIEPEHTH OT CUCTEMBI C HEITPEPHIBHBIMU
COCTOSIHUSIMU K CHUCTEME C OUCKPETHBIMU CO-
crossHusIMU. M300paxeHue rpaga Takoi cu-
CTeMBbI TTOJOOHO MpPEeACTaBIEHHOMY Ha pucC. 2,
HO BMECTO COCTOSIHUSA S, BBOAMTCSI COCTOSTHUE
S,.

Torma BepOATHOCTU TIEPEXOAOB TPUMYT
BUI;

P()l{‘:l < é3} = jﬂ)](Z)E)S(Z)dZ;

0

RE > &) = [ B0 fn0ds
~ [ £l Pty

P = [ Ry()fi(0dt; B =1; P =1.
0

A cTallMoHapHOe pacripeneieHre BIOXEeH-
Hoit nenu Mapkosa (BLIM):

__L.
P2y B’

j () ()l
i T
= B N
P 2y B’

[ For@) fis(2)dz
p, =2
’ 2+ B ’

te B = [ By () fin(2dz[ S Fyt)d.

0
DyHKIMS pacrnpeneieHss BpeMeHHU IIpe-
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Taonunpa 2

IToaymapkoBckue siapa
1 macKpeTHo# cucteMbl TM — SD

CoctosiHue ITonymapkoBckue siapa
00 (1) = [ o (x) Fyy (x)dx
S, ’
0 (1) = [ Fy(x) fiz(x)dx
00(1) = [ fiy(x)Fua(x)dx
S ’
0,(1) = [ Fy(x) fi5(x)dx
S2 szo(t) = lx(t)
S3 0,(1) = F, (1)

ObIBaHMSI CUCTEMbI B YKPYIIHEHHOM IHUCKPET-
HOM COCTOSHUM S, UMEET CIIEAYIOLIMIA BUL:

Fa(t) = ( [ By (@) fys(2)dz | (1 + ymz(y)dyJ x

X(I%I(Z)fm(z)dzf Eo<y>ﬁ2<y)dyj :

IMonymapkoBckue siapa miast rpacda mauc-
KPETHOM CHCTEMBbI MPeACTaBICHbI B Ta0JI. 2.

CocTaBUM ypaBHEHHUSI MapKOBCKOI'O BOC-
cranosieHust (YMB) [16, 17, 19]:

0o(1) = [ Oy (@dX), (¢ = x) + Qs (1);
; (5)
(1) = [ 0 (dx)g, (t = x) + 0,y (7).

[ToncTaBUB MOTYMapKOBCKME simpa TaoOir. 2
B ypaBHeHUS (5), MOTYyYUM:

90(1) = [ 0,1 = ) £y, (x) Fyy (x)dx +

1

+ By (3) fi()dx;

0

z i ®)
0, (1) = J(Po(t - X) f10(x)F,(x)dx +

+j Fy(x) £, (x)dx.

CrenaB 3aMeHY MEpEMEHHBIX U TIOICTABHB
¢,(f) B BBIpakeHue s ¢, (f) B cucreme (6),
MOJTyYHM:

0o(1) = [ fyut = X)Fyy(t - X)dx x

< 00 o = 1)y = )y +
1 ' X (7)
+[ St = ) F(t = x)ax [ Foy(0) fio(0)dly +
+I Fyy(x) o3 (x)dx.

IIpeoGpa3oBaB BbipaxeHue (7), uMeem:

00 (1) = [ @u(fo Fp) * (o F)I( = y)dy +
+]€ Eo(.)/)flz(_V)dy:[ ﬁ)l(X)E)a(X)dX + (8)

+f B0 a0,
0

rme * — 3HaK onepanny CBEPTKU.
BBeneMm 0003HaYeHUS

K(x) = [(me)z) * (floFlz)](x);

(1) = | o) s )y [ fy () iy +

+f By ()

Torna BeipaxkeHue (8) Oymer UMETh BUI
Py (1) = ltpo (OK(# - x)dx + ©(f).  (9)
Beenem omepatop [20, 21]:
A1) = [ CoK(r )

Torna BeIpaxeHue (9) mpuMeT BU,

0y (1) = [Ag, (1) + O(7).
Peirasg ypaBaenue (10), moayuum:

(10)

@y (1) = [I - AJ0(7) = ©(7) + i[A"CD] (.

ITpoutepupys, NOay4YnM:

¢y (1) = @(1) + jh(f - x)0(x)dx, (1)
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me h(x) = Y1 Fi) * o Pl o)
o) = [ Fs0) 0y [ () F()dx +

+j‘ E)l (%) fo3 (x)dx.

[MonyyeHHas dyHKuUMS pacrnpeneseHust
(11) omuceiBaeT Bpemsi HapabOTKU CHUCTEMbI
Ha OTKa3.

Haiinem ¢yHkiuio pacripeneneHusi Bpe-
MEHU BOCCTAHOBJIEHUSI CUCTEMbI, MCMOJb3YS
bopmyiy (4):

F(0PYp, + F() PYp,

EX(t) =
# onpz + P30F)3

(12)

MMockomeky P’ =1 u P’ =1, dyHkuus
pacnpenenerus (12) mpuHUMAET BUL

FyOZEMm+Emm.
Py +P;

IHonyyennsie dopmynsl (11) u (13) maroT
HaM BO3MOXHOCTb ITOJTHOCTbIO OMMUCATh MOBE-
JIieHle CUCTEMBI B LIEJIOM, TO €CTb IIPEICTaBUTh
€€ B BUJE BKBUBAJEHTHOIO €Il MPOCTEMIIEro
3JIEMEHTa, MMEIOIIero ABa (PaKTOPHBIX COCTO-
SHUS: OTKaza u pabodee. PesyiabTaThl Moje-

(13)

JIMPOBAHUS C UCMOJb30BaHUEM PopMybl (11)
MpencTaBieHbl Ha puc. 3.

HcxomHbIMM JaHHBIMM JJISI MOJAEJIUPOBA-
HUS ciyXaT GyHKUMM pacrpeneneHust Fy (),
F,(t), E,(f) n F,(f); oHU pacripenesieHbl 10
0000IIIECHHOMY 3aKOHY DpJlaHra BTOPOTO IIO-
psllKa ¢ mapaMeTpaMu Ay, Ay Wy, Has Uy,
L, COOTBETCTBEHHO; MPUYEM

—Xot
Jon(0) = Ao,

rae Ay, = 0,1250 u™;
Jos(®) = hge™,
rae Ay, = 0,0625 u7';
fo() = iy (e™ —e™)
Hy = 1y
rae p, = 0,3333 47!, p,= 1,000 4.
£, = VY, (e —e™) ,

5

Ly =Y

rme v, = L,1 4!, v, = 10,9 47"
OO0cyKaeHne NoJTy4eHHbIX Pe3yJIbTaToB

CpaBHMM 3HayeHUsT MaTeMaTUYECKOTo
OXMAAHUS ToJiydeHHOW Hamu (yHKumm (11)
W MaTeMaTUYECKOTro OXWAaHWUS, omnpenessie-
MOTO C IOMOIIIBIO BhIpaxkeHus [16]:

@o(?)

0.8 1

0.6

0.4

0 10

Puc. 3. Bun ¢ynkuuu pacnpeneneHus ¢, (f) — BpeMEHU HapabOTKK Ha 0TKa3 (cM. Gopmyiy (11))
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z mp,;

ieM,
Y C S
DIEDIN )
ecEcM, jeM_

MateMaTuyeckoe OXuaaHue IOJIy4eHHOM
HaMM (PYHKIMU paclpeieIieHUsI COCTaBIIsSICT

6,453680520695,
TOrJa KakK OIpENEIsIeMOe aBTOpaMu pabOThI
[16] —

6,453680520781.

HetpynHo KOHCTaTHpOBaTbh, YTO pa3iuyue
HaOMI0JaeTCsT TOJBKO B YETHIPEX ITOCIICTHUX
3HavalIuX Iudpax, T. €. GaKTUIECKHU MOIy-
YeHHbIe 3HAUCHUsI COBMNAAAIOT.

PaccmoTpuM BIMSIHME TIPUHSITOTO HaMH
JIOIYILIEHUST 00 3KCIOHEHIIMAJIbHOM XapaKTe-
pe otka3zoB TM u SD Ha TOYHOCTb MOZIEIN.

BBeneHHbBIC TOMYILIEHWST O TOM, YTO (PYHK-
MM pacrpenciaeHus BpeMeHU HapaOOTKU Ha
otka3 TM u BpeMeHM HapabOTKM Ha OTKa3
HakoruTensa (SD) SBISIOTCS SKCIIOHEHTaMMU,
CYIIECTBEHHO VYIIPOIIAIT MOIeIb. AHaIN3
YCJIOBUM, KOTOpPBIE TPUBOIAT K IIPOCTEHIIE-
My IIOTOKY OTKAa30B, MOTYT IIPUBECTH K BHI-
BOMy, YTO MPOCTEHINEe ITOTOKM TOCTaTOYHO
penku. KoHeyHO, MOTOKM OTKa30B 00JagaloT
nocneneiicteueM. [IpuMepoM MOXET CIyXUTh
TO HaOJIOAEHME, YTO OTKa3 TOT0 WM MHOTO
y3na TM Bener, Kak IMpaBujo, K OTKa3y CTpO-
TO ONpPEACIIEHHOTO psla NPYTrux y3joB. Bos-
MOXHO TakKXKe M HapylleHHEe OpAUHAPHOCTU:
OMHOBPEMEHHBII OTKa3 HECKOJIbKUX VY3JIOB
BO3MOXEH, XOTS TIPW CO3MaHUM MOJEJei Ta-
Kas CUTyalus NPUHUMAETCS MaJIOBEPOSITHOM.
YciaoBue ke CTallMOHAPHOCTU IIPAKTUYECKU
BCEIa BBITIONHSCTCS, ITOCKOJIBKY WHTCHCUB-
Hoctu oTtKa3oB TM u SD ¢ TeyeHUeM Bpeme-
HU HE U3MEHSIOTCSI.

OnHaKo MCHOoJb30BaTh MPOCTEHIIINE TTOTO-
KM JUISL OIIMCAaHUS OTKAa30B BO MHOTMX CJIy4asix
ponyctumo. JIrobag TM npeacrapisieTr coboi
CJIOXKHYIO TEXHUYECKYIO CUCTEMY, COCTOSIIYIO
M3 OOJIBIIOTrO YMca y3710B U netaneit. IToTok
OTKa30B OTAEJIbHOM MEXaHUYECKOU NETAIN BbI-
paxaercsl, KaK IpaBWIO, 3KCIIOHEHTOM. 3aKOH
HapaboTKu1 Ha oTka3 mig TM, cocTosieil u3
Y3JIOB M AeTajeii, HapaboTKa Ha OTKa3 KOTO-
pPBIX TIOAYMHSIETCS DKCIIOHEHIMAJIbHOMY 3a-
KOHY, TaKXXe OYAET BBIpaXXaTbCs SKCIOHEHTOM

[22]. B cnyyae, eciu Kakoi-1mb0 U3 MOTOKOB
OKAa3bIBaCTCSI OPAMHAPHBIM M CTAllMOHAPHBIM,
MOXHO BOCIMOJIB30BaThCsl TeOpeMOoii XMHUMHA
[23].

AJS. XMHUYMH B CBO€ BpeMs JoKasaj, 4To
€CJIM MOTOK IIPEeACTaBIISIET COO0O CyIeprno3u-
LIMIO CTAllMOHAPHBIX, OPAUHAPHBIX U B3aMMHO
HE3aBUCUMBIX IIOTOKOB, U A, — MHTEHCUBHOCTb
i-ro TOTOKa, TO CYMMAapHBI IIOTOK OyaeT
CTPEMUTHCS K IIPOCTEHIIeMy IIOTOKY C MHTEH-
CUBHOCTBIO

ESSECE)

r
8 GPsS World - [Untitled Model 1]
| Eﬁe Edit Search View Command Window E:Ip ”- 2| K |

Dl 3|l 82w |
ToF1 EQU 1200 -
TeF2EQU 500
TeR1EQU 1
TeR2EQU 1
RESTAB QTABLE GMF.100,100.50
GENERATE .1
GATENURRAOM
GATENURRAOD
LABl SEZE POI
ADVANCE 10,1
RELEASE FMMI
SPLIT  1LABI
TERMINATE 1
GENERATE 1

LABR1 SEIZE REF1
ADVANCE (Exponential(l.0.Tof1))
ADVANCE (Exponential(
RELEASE REF1

LO0.TofF2))

SAVEVALUE COUNT_REF.1
SEIZE  RFMMI
ADVANCE  (Exponential(2.0;
RELEASE RFAMMI

SPLIT 1LLABR]
TERMINATE
GENERATE .1
LABR2 SEIZE RER2
ADVANCE (Exponential{1.0,
ADVANCE (Exponential
RELEASE REF2
SAVEVALUE COUNT_REF.l
SEIZE FFMMD
ADVANCE (Exponential(2.0.TofR1))
RELEASE RAMMD
SPLIT LLABR2
TERMINATE |
GENERATE .1 |
LAB2 ADVANCEOD
QUEUVE GWF |
|
|
|

TEST E XSCOUNT_REF.1

DEPART GWF

SAVEVALUE COUNT_REF.0

SPLIT LLAB2

TERMINATE b
Results Clock

For Help, press F1
|

Puc. 4. Jluctunr niporpammsl st TM,
COCTOSILEN U3 IBYX Y3JIOB
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24

1000

0 1000 2000 4000 ¢ min

b)

2500

1250

3000 4000 £, min

10000

0 1000 2000 3000 4000 ¢, min

Puc. 5. Tuctorpammel BpemeH Hapabotku ans TM, coctosinux u3 AByX (a),
Tpex (b) u uiectu (c) y3/10B; TIOJyYeHbl HA OCHOBE 3aKOHAa DpJiaHra BTOPOro MopsiaKa
(AN — KOIM4ecTBO OTKA30B B MPOMEXYTOK BPEMEHU)
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A= 0+t ot ),

€CJIA 1 TOCTaTOYHO BEJIUKO.

Bo3Hukaer Bompoc, HACKOJIbKO BEJIU-
KO JOJDKHO OBITb 3HAY€HWE H, YTOOBI MOXXHO
OBbLJIO MPUHSITh MOTOK 0TKa30B TM 3KCITOHEH-
LIMaJIbHBIM.

I OLEeHKMA 3TOTO 3HAYEHMSI IOCTPOUM
MMUTALIMOHHYIO MOJENb, UCHOJb3YSI CUCTEMY
GPSS World. B xayecTtBe 3akoHa HapaOOTKHU
Ha OTKa3 IpuMeM OO0OOIlLIEeHHBI 3aKOH Bp-
JIaHTa BTOPOTO IMopsiaka. JIMCTUHT IIporpaMMbl
11 TM, cocTosiieii u3 ABYX y3/10B, IIPUBEIEH
Ha puc. 4.

MonenpoBaHue  OCYIIECTBISLIOCh IS
TM, coaepxauieit oT ABYX OO0 LIECTU Y3JIOB.
Psan rucrorpaMMm BpeMeHM HapaOOTKU Ha OT-
Ka3 MpUBEIEH Ha pucC. 3.

Kak BMOHO U3 pe3yJbTaToB MOMAEIMPOBA-
Hud, yxe 111 TM, cocTodlleil U3 1eCTH y3/10B
(cM. puc. 5, ¢), MOXHO TIPUHSTh TUIOTE3y 00
SKCIOHCHIIMAJILHOM paCIpeneeHU BpeMe-
HU HapaboTku Ha oTka3 Bceit TM. ITockonabKy
TM peanbHO COOEPXUT 3HAUYUTEIBLHO OOJIbIIICE
YHCJIO Y3JIOB U ACTaJICH, NONYIIEHUE, IPUHSITOE
HaMUW B MOJEJIM, BIIOJHE IMpUEMIIEMO. AHAJO-
TUYHBIC PACCYKIEHUS CIIpaBeUIMBLI U 1711 Ha-
pabOTKM Ha OTKa3 HAKOITUTEIbHBIX YCTPOICTB.

3aKkioyenue

B pesyiabrare MOpoBeOEHHOrO MCCIIE-
JOBaHWS TIOCTaBJIeHHAas 1eJib, a WMEHHO

— TIOCTpOEHHE TIOJyMapKOBCKOW Mojaenu
npouecca (PYHKIMOHUPOBAHUS CTPYKTYPHI
TEXHOJIOTUYECKas siYeiika — HaKOIUTEb, 10-
CTUTHYTA: IIOJIYYeHBbl BhIpaXKeHUS IJIsI OIIpe-
nejqeHuss (pyHKIUMI paclpenejceHUus BpeMeH
HapaObOTKM Ha OTKa3 M Ha BOCCTaHOBJICHHUE
cucrteMbl (cM. popmyasl (11) u (13) coot-
BETCTBEHHO).

IIpoBeneHHOE cpaBHEHUE 3HAUYCHUU Ma-
TEMAaTUYECKOTO OXUIAHUSI BpeMEHM Hapa-
OOTKM CHUCTEMbl Ha OTKa3, OIIpeleIeHHO-
ro0 C MCIOJb30BaHMUEM IIOJIYYeHHON HaMM
(GyHKIIMM pacrmpenesieHUs, U IOJYYEHHOTO
no ¢dopmyie, MpuBeAcHHO B pabore [16],
M0Ka3ajio MpakKTUYEeCKU TMOJHOE COBIAAcHUE
pe3yJIbTATOB.

[TonydyeHHBIe BBIpaXKeHMSI TO3BOJISIIOT 3a-
MEHUTb HCCIeNyeMYyIO CTPYKTYpPY 9KBUBAJICHT-
HBIM TPOCTEUIIIMM 3JIEMEHTOM, 4YTO 3HAYM-
TEJbHO VYIIPOILIAeT MOIEIMPOBaHUE CUCTEM
BEPXHETO YPOBHSI UEePAPXUMU.

B nanbHelieM miaHUpyeTcsl UCIIOIb30Ba-
HUE TOJyYeHHBIX BIpAXEHUI MPU MOJEIUPO-
BaHMM AaCUHXPOHHBIX aBTOMATU3UPOBAHHBIX
JIMHUMN.

HccnenoBaHusl BBIIOJHEHBI IIpU  (MHAHCO-
BOIl mommepkke MwuHUCTEPCTBA 0O0pa3oBaHMST U
Hayku Poccuiickoit @enepaninu mo 6a30BOii YyacTu
rocymapctBeHHoro 3amaHust Ne 2014/702 (mpo-
ekT No 3858) m mpu mommepxkke rpaHTa Poccuii-
ckoro doHma ¢GyHIAMEHTATbHBIX WCCIeIOBAHUI
Ne 15-01-05840.

CNMUUCOK JINTEPATYPbI

[1] Yepkeco I'.H. HanexXHOCTb TEXHUYECKMX
CHUCTEM C BpeMEHHOI M30bITOUHOCThIO0. M.: CoBeT-
ckoe pamuo, 1974. 296 c.

[2] YepkecoB I'.H. CoBpeMeHHOE COCTOSIHHUE
TEOpMM M IPAKTHKM HAJEKHOCTU MHOroga3HbIX
CHCTEM ¢ HakomurelsiMu // HameXHOCTh M KOH-
Tposb KadecTBa. 1986. Ne 10. C. 3—7.

[3] Tanun H.M., KatkoBuuk B.fI. CeteBbie MO-
neau dyakunonupoBanust ['TIC ¢ orpaHmYeHHBIMU
HakonuTeasiMu // MammHocTpoeHue. 1988. Ne 2.
C. 26—32.

[4] Obzherin Yu.E., Boyko E.G. Semi-Markov
Models. Control of Restorable Systems with Latent
Failures. USA, Elsevier, Academic Press, 2015.
214 p.

[5] Peschansky A.I. Semi-Markov Models of
One-Server Loss Queues with Recurrent Input.
Germany: LAP LAMPERT Academic Publishing,
2013. 138 p.

[6] Kapramos JI.LE., Komn B.{., Oo0xepun
IO.E., 3amopénos M.B. K Bompocy 06 MCIToan30-
BaHUM 3aKOHA DpjaHra npyu MOAeJIUpPOBAHUMU IIPO-
M3BOACTBeHHBIX cucteM // CUSDII. C6. HayyH.
Tp. CeBacrononb, 2002. Beim. 7. C. 220—225.

[7] ®ummmosny O.B., Komn B.SI., 3amopénon
M.B., I'amxut6ekos A.H. Vcnosib3oBaHue ypaBHe-
ausg ®okkepa — Ilnanka npu aHammze CMO trma
G/G/1/K  //OnTumu3aumsi NPOU3BOACTBEHHbIX
npoueccoB. C6. HayuyH. Tp. CeBacrononb, 2000.
Brim. 3. C. 56—60.

[8] YnpaBnenne I'TIC: Monenu u aropuT™msl /
IMon o6wr. pen. akag. AH CCCP C.B. EmenbsgHoBa.
M.: MammHocTtpoeHue, 1987. 368 c.

[9] Coabnunes P.U., Kononwok A.E., Kynakos
®.M. ABroMmaTM3alMsl IPOSKTUPOBAHUS THOKUX
NpOM3BOJACTBEHHbIX cucteM. JI.: MaimHocTpoe-
Hue, 1990. 415 c.

[10] Banskos B.M., Bepmmn B.E. ABromaru-

25



4 HayuHo-TexHuueckmne Begomoctn CI16ITY. Pusmko-maremarmueckme Haykm Ne 1(237) 2016

3UPOBaHHBIC CHUCTEMBI YIIPABJIECHMST TEXHOJIOTHYE-
CKMMM TIpolleccaMu. 2-e¢ U3M., Jom. 1 nepepad. Jl.:
MaiuHocTtpoeHue, 1977, 240 c.

[11] Kpon I'. UccnemoBaHue CIOXHBIX CHCTEM
no yactaM. nakontuka. M.: U30-Bo MHOCTD. JIUT.,
1965. 542 c.

[12] Komn B.fA., O6xepun O.E., Ilecyanckmii
A.M. MonenupoBaHue aBTOMAaTU3MPOBAHHBIX JIH-
auii. Ceacrononb: M3n-Bo CesHTY, 2006. 240 c.

[13] Komm B.S1., O6xepun IO.E., Ilecuanckuii
A.M. CroxacTuuyecKre MOJIEI aBTOMaTU3MPOBaH-
HBIX TIPOM3BOJACTBEHHBIX CUCTEM C BPEMEHHBIM pe-
3epBupoBaHueM. Cepacrononb: M3a-Bo CesHTY,
2000. 284 c.

[14] ®Pumanosuy O.B., Komn B.{., Tankuna
JI.B. MogaenupoBaHue yd4acTKOB aBTOMAaTU3UPO-
BaHHBIX JIUHUN C YYETOM CTOXaCTUYECKOTO XapaK-
Tepa MexKOoIlepallMOHHBIX 3ameoB //CO. HaydH. Tp.
CHUABuII. Cesacronons: CUADull, 2001. Beim. 5.
C. 213217.

[15] Baiixeasr ®P., ®panken II. HamexxHOCTH
M TeXHU4YecKoe oOciykuBaHue. MarteMaTudyecKuii
nonxon. Ilep. ¢ Hem. M.: Paguo u cBa3b, 1988.
392 c.

[16] Kopomok B.C., Typoun A.®. IIpouec-
Chl MapKOBCKOI'O BOCCTaHOBJIEHUsI B 3aJadyax Ha-

nexHoctu cucrteM. KueB: HaykoBa aymka, 1982.
236 c.

[17] Kopomok B.C. CroxacTmyeckue MOAEIU
cuctem. OtB. pen. A.®D. Typoun. Kues: Haykosa
nymka, 1989. 208 c.

[18] Paiinmke K., Ymakos M.A. Ouenka Ha-
JIEXKHOCTU CUCTEM C MCMoJb3oBaHUeM rpagoB. M.:
Pamguo u cBs3b, 1988. 208 c.

[19] Bpomu C.M., Baacenko O.H., Mapuen-
ko B.I'. Pacyer u nnaHupoBaHue MCHBITAHUI CHU-
cTteM Ha HagexHocTb. KueB: HaykoBa aymka, 1970.
192 c.

[20] Koamoropos A.H., ®omun C.B. DieMeHTHI
Teopun (PYHKIUN M (DYHKIIMOHAIHHOIO aHalu3a.
YueOHUK 11 YH-TOB. 6-€¢ u3m., ucrp. M.: Hayka,
1989. 623 c.

[21] Muxaun C.I'. VIHTerpajibHbIE ypaBHEHMS
M MX IPWIOXKEHUS K HEKOTOPBIM IIpo0JieMaM Me-
XaHWKM, MaTeMaTHIeCKOM (PU3UKKM U TeXHUKU. M.:
TI'ocrexusnar, 1949. 380 c.

[22] Bentmear E.C. Teopust BeposITHOCTEN.
Vue0. p1st By30B. 6-¢ u3., ctep. M.: Briciias mko-
na, 1999. 576 c.

[23] Xununma A.fl. MaTtemaTtuyeckue MeTOIbI B
TeOpUU MaccoBoro oocayxkuBaHusi. M.: M3a-Bo
AH CCCP, 1955. 123 c.

CBEAEHUA Ob ABTOPAX

KOIIIT Bamum SkoBieBuY — dokmop mexuuueckux Hayk, npogeccop kageopsi npubOpHbuIX cucmem U ag-
momamu3ayuu mexuoaoeuveckux npoyeccos Ce8acmonoabekoe0 20Cy0apcmeeHH020 YHUGepcumema.
299053, r. CeBacTonojib, YHuUBepcuTeTcKas yi., 33, Poccuiickas ®enepanusi.

volkov-and@yandex.ru

KAPTAIIIOB Aunexkceit JleonunoBny — umuoicenep locydapcmeennoeo agmoHOMHO20 yupedcoeHuss 20poda

Cesacmonons «Cegacmononsckas menepaouoKoOMnanus».

299011, r. CeBactonoib, 4-s1 bactuonnas yi., 1, Poccuiickas ®enepanysi.

kartashov.alekseyy@rambler.ru

3AMOPEHOB Muxaun Bagumosnu — xandudam mexuuueckux Hayk. 0ouenm Kageopsl UHPOpMauuoH-
HbIX mexHoA02Uull U KomnvromepHuix cucmem Cesacmononbckoeo eocydapcmeenHoe0 YHugepcumema.
299053, r. CeBacTonojib, YHuUBepcuTeTcKas yi., 33, Poccuiickas ®enepanusi.

zamoryonoff@gmail.com

KJIIIOKUH BAJIEPUM IOPBEBUY — kandudam mexuuueckux Hayk, doyenm xagedps «Aemomanoi
Cankm-Ilemepbypeckoeo noaumexnuueckozo yHueepcumema Ilempa Beaukoeo.
195251, r. Cankr-Ilerepoypr, Ilonurexanueckas yi., 29, Poccuiickas @enepaiimsi.

volkov-and@yandex.ru

Kopp V.Ya., Kartashov A.L., Zamoryonov M.V., Klyukin V.Yu. THE SEMI-MARKOV
MODEL FOR THE ‘TECHNOLOGICAL MODULE — STORAGE DEVICE’ STRUCTURE.

The theory of semi-Markov process has been used to design the model of ‘technological module —
storage device’ (TM-SD) structure. Stationary characteristics based on obtained equations were determined
to find stationary distribution of the Markov embedded chain. Relying upon performed studies the stationary

26



4 MaTtematmnueckoe mogenupoBaHme hmM3nMUeCKnMx NpoLeccoB

distribution of semi-Markov process was determined. This allowed calculation of the availability ratio of
TM-SD structure and the design formula was given. The Markov restoration equations for TM-SD system
with taking into account TM and SD failures were solved assuming the exponential behavior of these failures.

The obtained expressions describe operating of such a system and allow substitution of TM-SD

system

with an equivalent element with two factor states. This result significantly simplifies the modeling problem
for more complex systems. The legitimacy of using exponential distributions of random variables (error-free
periods for TM and SD) was analyzed. The performed simulation modeling disclosed that the hypothesis for
an exponential behavior of error-free periods for TM as a whole (and SD as well) can be accepted even in

the case that TM (or SD) consists of six nodes.

SEMI-MARKOV MODEL, MARKOV RESTORATION EQUATION, EMBEDDED MARKOV CHAIN, STATIONARY

DISTRIBUTION.
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INFLUENCE OF QUANTITY OF SPRAY SOLUTION
ON THE PHYSICAL PROPERTIES OF SPRAY DEPOSITED
NANOCRYSTALLINE MgSe THIN FILMS

Nanocrystalline MgSe thin films have been prepared by varying the quantity of
spray solution using the spray pyrolysis technique. The effect of the varying quantity
of spray solution on the structural, electrical, morphological and optical properties
of MgSe thin films was investigated. The X-ray diffraction studies revealed that
the deposited MgSe has a cubic lattice with (111) as the preferred orientation. The
optical studies showed that the deposited MgSe exhibited direct optical band gap
which varied from 2.45 to 2.75 eV depending on the quantity of spray solution. The
electrical resistivity of MgSe decreased with an increase in temperature indicating its
semiconducting nature. The electrical resistivity, activation energy and optical band gap
energy were found to depend upon the quantity of spray solution. The measurement
of thermo-emf with applied temperature gradient across the film confirmed its p-type

conductivity.

THIN FILMS, X-RAY DIFFRACTION, OPTICAL PROPERTIES.

1. Introduction

The alkaline earth chalcogenides such as
MgSe, CaSe, SrSe, etc., have attracted the
scientific community due to their potential
applications in various optoelectronic devices,
especially luminescent ones. M.W. Wang, et
al. [1] have studied the growth of MgSe films
of zinc-blende structure on ZnTe substrates by
the molecular beam epitaxy (MBE) method.
The surface reconstructions of MgSe under
different flux ratios and growth temperatures
were studied. A.L. Rouff, et al. [2] have
studied MgSe using the energy dispersive
X-ray diffraction to 202 GPa and local density
approximation to ultra-soft pseudo-potentials
to 500 GPa. It was reported that MgSe
underwent continuous phase transformation
from rocksalt to FeSi. P. Prete, et al. [3]

have reported growth and characterization of
ZnMgSe and MgSe on (100) GaAs by low-
pressure metallorganic vapour phase epitaxy
(MOVPE). The crystallographic phases of as
grown MgSe and ZnMgSe were investigated.
F.A. Sahraoui, et al. [4] have reported the
structural and electric properties of MgSe
at high hydrostatic pressure by the pseudo-
potential plane wave method. R. Pendey, et
al. [5] have studied structural phase transition
on MgSe from wurtzite zinc-blende to rocksalt
phase by the periodic Hartree-Fock method.
As compared to low pressure, the MOVPE and
MBE methods used for the deposition of MgSe
thin films, the spray pyrolysis method has
many advantages, such as high deposition rate,
control of various deposition parameters and
low cost [6 — 12]. The spray method has been
used for several decades in glass industry and
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in solar cell production to deposit electrically
conducting electrodes. Thin film formation
using this technique involves spraying a metal
salt solution onto a heated substrate. The
sprayed droplet reaching the hot substrate
surface undergoes spyrolytic decomposition and
forms the desired product. The other volatile
by-products escape in the vapour phase. The
quality and properties of the films depend
largely on substrate temperature, precursor
solution concentration, spray rate and substrate,
etc. Previous studies have shown that very few
reports are available on growth of MgSe films
by solution growth [13, 14] by the metalorganic
vapour chemical deposition (MOVCD) [5] and
MBE [1] methods. The effect of triethanolamine
(TEA) on the physical properties of MgSe thin
films grown by the chemical bath deposition
method has been reported in our earliear report
[15]. The purpose of this work is to investigate
the effect of the quantity of spray solution on
the physical properties of MgSe thin films. This
paper reports structural, electrical and optical
properties of MgSe thin films prepared by
varying the quantity of the spray solution from
5to 30 ml.

2. Deposition of MgSe thin films

MgSe thin solid films were prepared using
the versatile spray pyrolysis technique, which
is simple and economic as compared to the
MBE and MOCVD methods. The properties
of the film can be controlled by adjusting
the preparative parameters such as substrate
temperature, spray rate, quantity of spray
solution, pH of spray solution, etc. Aqueous
solutions of magnesium chloride (MgCl,),
selenium oxide (SeO,) and triethanolamine
NH (CH,-CH,), (TEA) were prepared using
double distilled water. The glass substrates were
ultrasonically cleaned and purged with acetone
prior to the deposition. The spray solution was
prepared by mixing 10 ml of 0.12 M MgCl,,
10 ml of 0.10 M TEA and 10 ml of 0.13 M SeO,.
The MgSe thin films of various thicknesses were
deposited by spraying 5, 10, 15, 20, 25 and
30 ml of spray solution onto preheated
amorphous glass substrates, maintained at
a temperature of 523 K. The spray rate was
kept at 4 ml/min. The distance of 25 cm was
kept between the substrate and the nozzle. The

30

MgSe film thickness was measured using weight
difference method (by sensitive microbalance
for thin films) and considering bulk density of
MgSe.

The X-ray diffractogram was recorded using
PANalytical X’Pert PRO MRD diffractometer
with CuK line in 26 range from 20 to 90°. The
compositional analysis of the deposited film
was carried out by Energy Dispersive X-ray
Spectroscopy and microstructure aspects of
the films were studied with a JOEL’S JSM-
7600F Scanning Electron Microscope with
the resolution of 1 nm and an Atomic Force
Microscope (AFM) from Park Scientific
Instruments. The optical absorption spectrum
was recorded using the JASCO V-530 UV/
Visible Spectrophotometer at normal incidence
in the wavelength range from 300 to 900 nm.
The electrical resistivity of the film was measured
in the temperature range from 300 to 550 K
by employing the two point probe method;
quick drying silver paste was used as a contact
material. A chromel-alumel thermocouple
was used to measure the temperature of the
sample. The type of electrical conductivity of
the films was determined from the sign of the
thermo-emf developed across the hot and cold
junction.

3. Results and discussion

Film formation mechanism. The aqueous
solution containing Mg?* ions complexed with
TEA, ie. [Mg (TEA)] ** along with SeO,,
was sprayed onto hot substrates kept at a
temperature of 523 K. The sprayed droplets
underwent thermal decomposition and well-
adherent milk-white colored MgSe thin films
were deposited. The film formation takes place
according to the following reaction:

SeO,+ H,0 — H,SeO;; (1)

[Mg(TEA)** + H,SeO, +
+4Cl- >(523 K) = MgSe| + ()
+ TEA + HCI 1 + 20,1

The deposited films were uniform, pinhole-
free and adherent to the glass substrate. Fig.
1 shows the variation of film thickness as
a function of the quantity of spray solution.
The film thickness is 145 nm for a 5 ml spray
solution and it increases to 188 nm as the spray
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Fig. 1.The plots of MgSe film thickness versus the volume of the spray solution

solution becomes 10 ml. However, a slight
decrease in the film thickness was observed
with a further increase in the quantity of the
spray solution. This may be due to incomplete
thermal decomposition of the spray solution.
Here, the optimum quantity of the spray
solution was found to be 10 ml and above it
the film surface started becoming somewhat
powdery, giving lower thickness [16].
Structural studies. The grown films were

characterized by X-ray diffraction (XRD) using
CuK, radiation, for structural identification and
changes in the crystallinity of MgSe. Fig. 2
shows XRD patterns of MgSe films deposited
by varying the quantity of the spray solution.
The films are nanocrystalline in nature with
cubic lattice (see Table). The XRD pattern
exhibits the major (111) orientation which
becomes prominent with an increase in the
thickness. Beside this, other diffraction peaks

(111)

(200)
(220)

20 30 40 50

- (400)

60 0 S0 90

Fig. 2. X-ray diffraction patterns of MgSe thin films deposited changing the spray
solution volume, ml: 5 (1), 10 (2), 15 (3), 20 (4), 25 (5), 30 (6)
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Table
The obtained physical properties of MgSe thin films depending on the spray solution volume
Spray solution Film Band gap Activation Grain size, | p x102, Q-cm,
volume, ml thickness, nm | energy, eV energy, eV nm at 373 K

05 145 2.75 0.97 11 23
10 188 2.45 0.86 24 11
15 184 2.50 0.87 21 13
20 179 2.60 0.88 17 14
25 168 2.65 0.90 13 07
30 157 2.69 0.92 10 20

a)

)

e)

Fig. 3. Scanning electron microscopy images of MgSe thin films deposited by changing the spray
solution volume, ml: 05 (a), 10 (b), 15 (c), 20 (d), 25 (e), 30 (/)
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of (200), (220) and (400) are observed. These
patterns clearly demonstrate that the film
thickness of 188 nm deposited by spraying 10
ml of the solution is more oriented than others.
The variation in the peak intensity with respect
to the quantity of the spray solution may also be
attributed to the variation in the film thickness
and the grain structure. The average crystallite
size of the deposited material was determined
using Debye-Scherer’s formula:

d = 0.9%/(Bcoso), (3)

where B is the peak width at half-height (in
radians), A is the wavelength of CuK radiation

0 1 2 3 -
ull Scale 7323 cts Cursor: 0.000

(A = 1.5418 A), 0 is Bragg’s diffraction angle at
peak position (in degrees).

The average crystallite size was found to vary
between 10 to 24 nm as the film thickness was
changed from 145 to 188 nm (see Table). Above
10 ml of the spray solution, the film thickness
and the grain size gradually decrease due to
the formation of powdery film. Consequently,
the thicker films consist of larger grains as
compared to the thinner ones.

Surface morphology. Fig. 3 shows scanning
electron microscopy (SEM) micrographs of
spray-deposited MgSe thin films. The SEM
micrograph reveals that the substrates were

Spectrum 1

kel

Energy, keV

Fig. 4. Typical energy dispersive X-ray analysis spectrum of MgSe thin film of thickness 188 nm
(the volume of the spray solution is 10 ml)

a)

0.00nm

14323 nm

b)

171 48 nm

0.00 nm

Fig. 5. AFM images of MgSe thin films deposited by changing the volume of the spray
solution: 5 ml (@) and10 ml (b)
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well-covered with a uniform distribution of a
large number of fine grains. As the quantity
of spray solution increased from 5 to 10 ml, a
remarkable grain growth is observed. The film
deposited using 10 ml spray solution has well-
defined MgSe nano-rods along with spherical
grains showing spikes on the surface. However,
this type of morphology is suppressed as the
quantity of the spray solution is increased
above 10 ml. This fact confirms that films
deposited with the optimum quantity of the
spray solution, i.e., 10 ml, are more useful due
to their porous nature.

A typical energy dispersive X-ray analysis
(EDAX) spectrum of MgSe thin film deposited
using the spray solution of the volume ranging
from 5 to 30 ml is shown in Fig. 4. The
formation of MgSe is confirmed from the
elemental analysis. Other peaks appearing due
to glass substrate can also be observed.

Fig. 5 shows an atomic force microscopy
(AFM) image of MgSe films deposited with 05
and 10 ml of the spray solution. It is evident that
the film surface is uniform and homogenous.

Optical properties. The optical absorption
spectra of the films of different thicknesses
were recorded and analyzed to estimate
band gap energies of MgSe. The variation in

absorption density af with a wavelength A for all
the samples is shown in Fig. 6. It is evident that
the absorption coefficient of the MgSe film is
of the order of 10* cm™.

To confirm the nature of the optical
transition in these samples, the optical data was
analyzed using the classical relationship [17]:

ahv = A(E, — hvy', (4)

where « is the absorption coefficient, A is the
constant, 4 is the Planck constant, v is the
photon frequency, Eg is the optical band-gap
energy, and n is 1/2 and 2 for the direct and
the indirect transition, respectively.

Fig. 7 shows the variation of (akv) 2 values
versus Av values for MgSe thin films of various
thicknesses. The extrapolation of the straight-
line portion of the plot to zero absorption
coefficient gives the value of the band gap
energy E.

Fig. 8 shows the changing of the optical
band-gap energy of the MgSe thin film with
the volume of the spray solution. The energy
gap increases from 2.45 to 2.75 eV as the
film thickness decreases from 188 to 145 nm
[18, 19]. The red shift observed in the absorption
edge of MgSe thin film results from the smaller
grain size of the nanostructured material as the

0Lté
——145nm
—£—188nm
05 ——184 nm
——179 nm
04 - ——168 nm
| —e— 157 nm
03
02 +
350 450 550 650 750 850

Wavelength A, nm

Fig. 6. Plots of the optical absorption «f versus wavelength A for MgSe thin films deposited
by changing the quantity of the spray solution (see Table)
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Fig. 7. Plots of (aAv)? values versus /v values for MgSe films. Volumes of spray solution are given in Table
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Fig. 8. The dependence of the optical band gap energy of the MgSe film
on the volume of the spray solution

quantum size effect becomes prominent [20].
Electrical properties. The d.c. electrical
resistivity of all the deposited samples was
studied in the temperature range from 300
to 500 K using the two-probe method. The
variation of the log p value with the reciprocal
of temperature (1000/7) is shown in Fig. 9.
The electrical resistivity follows the relation

p = p,exp(—E, /(kT)), (5)
where p is the resistivity at temperature 7, p, is

the constant, k is the Boltzmann constant, E_ is
the activation energy required for conduction.
The electrical resistivity of thinner film was
found to be 2.3:10° Q.cm and it decreases
to 1.1:10° Q-cm as film thickness becomes
188 nm. The improvement in crystallinity and the
grain size with thickness induces conductivity.
Fig. 10 shows the dependence of electrical
resistivity on the volume of the spray solution
for the MgSe thin film. For all the samples it was
obtained that the electrical resistivity decreases
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Fig. 9. The plots of Log (p) value versus (10°/7) for MgSe thin films deposited varying
the quantity of the spray solution (see Table)
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Fig. 10. The dependence of the resistivity of MgSe thin films obtained at 373 K
on the volume of the spray solution

with an increase in temperature, confirming the
semiconducting nature of MgSe. The thermal
activation energies were calculated and were
found to vary from 0.97 to 0.87 eV depending
on the film thickness (Fig. 11).This variation in
the activation energy with the film thickness is
due to the changes in the crystalline structure
and the density of dislocations in the film.

36

Thermo-emf measurement. The temperature
difference applied across the film causes the
transport of carriers from the hot end to the cold
onethuscreatingan electric field. It wasconcluded
from the polarity of the thermoelectric-emf that
MgSe film exhibited p-type conductivity. Fig. 12
shows the variation of thermo-emf with applied
temperature difference.
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Fig. 11. The dependence of the activation energy of MgSe thin films on the volume of the spray solution
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Fig. 12. The plots of thermo e.m.f. versus temperature differences applied across the MgSe thin films

It is evident that the thermo-emf increases
linearly with the applied temperature difference.
The thermo-emf developed across the film
increases with thickness, which may be due to the
improvement in the crystalline structure of the
film [21]. At lower thickness the grain boundary

scattering is prominent which may decrease with
thickness due to the grain growth.

4. Conclusions

Magnesium selenide thin films of thickness
from 145 to 188 nm were deposited onto glass
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substrates at 523 K using the spray pyrolysis
technique with varying the quantity of the spray
solution. The grown films are nanocrystalline
in nature with cubic structure. The crystallinity
and the grain size of MgSe is improved with
thickness. The films deposited by spraying 10
ml of the solution are porous, showing growth

of nano-rods. The optical band-gap energy
decreases with an increase in film thickness.
It is, therefore, concluded that the physical
properties of the magnesium selenide films can
be customized by merely controlling the film
thickness, which in turn becomes suitable for a
particular application.
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Caxape E.C., Takape H.P., Y6ane A.Y. BMUAHUNE KOJTMYECTBA PACIbIJIAEMOTO
PACTBOPA HA ®U3NYECKME CBOMCTBA TOHKMX HAHOKPUCTANIIMYECKNX
NIEHOK CENEHUIA MATHUSA, OCAXIEHHbBIX METOAOM CMNPEN-MUPONTN3A.

ToHKkMEe HAHOKPUCTAUTMYECKME TUIEHKM CejieHuAa MarHuss MgSe ObIIM TPUTOTOBJIEHBI METOIOM
CIIPEN-TINPOJIN3a C WCIOJIb30BAHMEM PA3JIMYHOTO KOJWMYECTBA DPACHBUIIEMOTOo pacTBopa. PaccMoTpeHo
BJIUSTHYE U3MEHEHUSI KOJMYECTBA 3TOTO PACTBOpPA Ha CTPYKTYpPHBIE, DJIEKTPUUYECKUE, MOP(DOTOTUIECKUE U
ONTUYECKUE CBOMCTBA TJIEHOK MgSe. MeTonoM peHTTeHOBCKOW AMMPAKINN YCTAHOBJIEHO, YTO OCAXIECH-
HBIE MgSe nMmeer KyOMYECKYI0 KPUCTALTMYECKYIO PEIIeTKY C MpeuMylliecTBeHHOW opueHTtauueit (111).
OnrTryeckre MCCIENOBAHUS MOKA3aJIW, YTO IJIsI MOJYYEHHOTO OOBEKTa XapaKTepHa 3ampelleHHass 30Ha
C MPSIMBIMM OINTUYECKMMHU TIEpeXOmaMy, IIMPUHA KOTOpOUM MeHsieTcs or 2,45 mo 2,75 3B, B 3aBUCHMO-
CTH OT KOJINYECTBA PACIBUISIEMOrO pacTBOpa. DJIEKTPUYECKOE COMPOTHUBICHUE TUIEHKU MgSe cHMxaeTcs
C TIOBBIIIEHWEM TEMIIepaTyphl, YTO yKa3bIBaeT HA €€ TMOJyIIPOBOAHUKOBYIO MPUPOAY. YCTAaHOBJIEHO, UYTO
3JIEKTPOCOTPOTUBIIEHUE, SHEPTUS aKTUBALIMM U IIIMPUHA 3aMPEIIEHHON 30HBI 3aBUCST OT KOJIMYECTBA pac-
MbIISIEMOTO pacTtBopa. M3mepeHue TepMo3c TyTeM CO3MaHUST TEeMIEePaTypHOTrO TPaaueHTa Yepe3 TICHKY

TNOATBEPANIIO, YTO OHA NPOSBIISACT IIPOBOJIUMOCTD JIBIPOYHOTO THUIIA. B
TOHKME TNIEHKH, ANOPAKL A OIITUYECKUX JTYYEHN, OIITUYECKHUE CBOMCTBA.
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SYNTHESIS AND LUMINESCENCE PROPERTIES
OF Ca (PO,),Cl:Eu** PHOSPHOR FOR SOLID STATE LIGHTING

A novel method to prepare Eu** doped chlorapatite phosphor Ca,(PO,),Cl useful
for solid state lighting has been given in this paper. The phosphor was synthesized
by the Pechini (citrate gel) method which turned out to be more efficient than the
conventional high temperature solid state reaction. The results of the photoluminescence
(PL) investigation revealed that it was possible to efficiently excite the phosphor by a
UV-visible light from 220 to 430 nm; the phosphor exhibited a bright blue emission
at the wavelength A, = 456 nm for the excitation wavelength A = 350 nm of near-
ultraviolet light. The developed phosphor emits in blue and, hence, could provide
one of the three (RGB) primary color components in a phosphor-converted LED-

producing white light.

SOLID STATE LIGHTING, PECHINI (CITRATE GEL) METHOD, BLUE PHOSPHOR,

PHOTOLUMINESCENCE.

1. Introduction

White-light emitting diodes (W-LEDs) are
one of the most promising eco- friendly light
sources due to their low energy consumption [1].
W-LEDs offer benefits in terms of reliability,
energy saving, and safety and therefore have
drawn much attention in recent years [2,
3]. To increase the efficiency of W-LEDs,
special attention has recently been paid to
the development of new phosphors with good
luminescence properties that can be excited
in the long-UV range (300 — 420 nm). Blue
phosphors are an important part in those new
phosphors. Recently, W-LEDs have been used
in many applications due to the developments
in GaN-based chips and phosphor technology.
The most popular products in the market
are obtained by the combination of a blue-
emitting phosphor (YAG:Ce*"), which suffer
from the low color rendering index(CRI)
and high color temperature 7 (usually above
5500 K). These drawbacks can be overcome by
the use of triband W-LED, utilizing RGB (red,
green and blue) tricolor phosphor coatings
on the near ultraviolet (near-UV) LED chip.
Blue phosphor BaMgAl O,.: Eu** (BAM:Eu**)
has been intensively studied [4, 5]. However,

BAM:Eu?** has two major drawbacks: thermal
degradation and UV damage, which lead to a
color shift and loss of brightness [6, 7]. Apatite
phosphors, which are naturally occurring
materials, have recently been used for field-
emission displays (FEDs) and would be suitable
for white LEDs in the near future because of
their low price, environmental friendliness,
thermal stability and good photoluminescence
properties [8]. W.N. Wang, et al. [8] reported
synthesis of a chloroapatite blue phosphor
(Ca,Mg),(PO,),Cl:Eu  with high quantum
efficiency using a spray pyrolysis method. The
color of the present W-LED depends completely
on phosphors because the eyes are not sensitive
to the UV output from the W-LED. The
market share of the three-band W-LEDs based
on near-UV chips has been steadily increasing.
Eu?* ions doped alkaline earth halophosphates
are efficient blue-emitting phosphors used for
triband W-LEDs. The hosts have been paid
more attention in many studies because of their
high quantum efficiencies and the excellent
physical and chemical stabilities [9, 10]. At the
time they show very interesting physical, and,
in particular, optical properties [11, 12]. Several
solid solutions of alkaline earth halophosphates
like Ca (PO,),Cl, Sr,(PO,),Cl and Ba,(PO,),Cl
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are known [13]. The substitution of Eu?* for
Ca?* is facilitated by the similarity in ionic radii.
These phosphors are normally synthesized by
solid state reaction which requires very high
temperature and it is time consuming also. This
prompted us to go for alternative method for
the synthesis of such phosphors which would
be easy, needs low temperature and less time
consuming than solid state reaction.

The present work reports for the first time
the synthesis of Cay(PO,),Cl:Eu** phosphor
via the Pechini (citrate gel) method and
the investigation of its photoluminescent
properties.

2. Experimental

For synthesis of Eu?" activated chlorapatite
phosphor Cay(PO,),ClI stoichiometric amount
of the precursors Ca(NO,),*4H,0, EuO,
converted to Eu(NO,),*6H,0, CaCl,-2H,0
and (NH,)H,PO, were taken in a china clay
basins and dried in a desiccator. All the dried
precursors were then finely milled and mixed
together. Stoichiometric amount of Citric
monohydrated and Ethylene glycol along with
2 drops of Glacial acetic acid were added to

dried precursors and stirred continuously.

On slow heating up to 140 °C for ~1 h,
the solution boils with the evolution of pale
yellowish brown fumes and the process of
gelation started. The mixture was then allowed
to cool leading to a thick pale yellow gel. The
gel was further heated slowly up to 350 °C
in air. The polymerization took place and a
pale yellow resin/foam was formed and was
pyrolysed into stunning black foam at 450 °C,
which started burning at 600 °C. The complete
pyrolysis took place at 750 °C for 2 h. The
white powder so obtained was slowly reduced
first at 600 °C for 1 h and then at 970 °C for
3 h in presence of charcoal in order to reduce
the trivalent activator to divalent state. Thus
white crystalline Cay(PO,),Cl:Eu** phosphor
was prepared.

3. Results and discussion

XRD-Studies. X-ray diffraction (XRD)
pattern of as prepared Cay(PO,),CL.Eu**
phosphor obtained using Rikagu Meniflex II
X-ray diffractometer is shown in Fig. 1. The
XRD pattern of calcium apatite suggests the
formation of a crystalline Cay(PO,),Cl:Eu**
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Fig. 1. X-ray diffraction pattern of Ca,(PO,),Cl:Eu** phosphor
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Fig. 2. Scanning electron microscope image
of as-prepared Ca,(PO,),Cl:Eu*" phosphor

matrix. The results of the XRD analysis indicate
that almost all diffraction peaks can be indexed
to a pure hexagonal Ca,(PO,),Cl in JCPDS file
with file No. JCPDS 33-0271.

Surface Morphology. The phosphor surface
morphology was investigated using a Hitachi
S-520 scanning electron microscope (SEM).
Fig. 2 presents the SEM image of as prepared
Ca,(PO,),Cl:Eu** phosphor. It can be seen that
the particles have some irregular shape and the
particle size lies in the range from 5 to 10 pm.

Photoluminescence (PL) study. PL
measurements were performed at room
temperature, using a Hitachi F-7000

Spectrofluorimeter equipped with a 450 W
xenon lamp, in the range from 200 to 700
nm, with spectral width of 2.5 nm. Spectra
were corrected using Rhodamine B standard
by following the procedure prescribed by
Hitachi. Prepared phosphors for W-LED
meet the basic requirement that exhibits
a bright emission under the excitation of
near-UV light. Thus, the excitation and
emission spectra of the prepared phosphors
Ca,(PO,),CL:Eu** were studied in order to
assess their potential to be used for near-UV
LED based W-LEDs. The photoluminescence
(PL) and photoluminescence excitation (PLE)
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Fig. 3. Photoluminescence emission (/) and excitation (2) spectra of Eu?* activated Ca,(PO,),Cl
phosphor; A, = 456 nm, 1= 350 nm
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PL Intensity, a.u.

Fig. 4. Photoluminescence emission spectrum of Ca,(PO,),Cl with different concentration
of Eu?*, mol: 0.001 (1), 0.002 (2), 0.005 (3), 0.010 (4), 0.020 (5)

spectra of phosphor prepared are shown in
Fig. 3. There are two broad bands in the PLE
(A, = 456 nm) spectra of phosphors, which
are due to the transition from *S, , (4/') ground
state of Eu?* to the 4f °5d" excited state. The
weaker band is located at about 299 nm, and the
stronger one is located at around 350 nm with
shoulders at 386 nm, which matches well with
the emission of commercially available near-
UV LED chips. The bright blue emission band
with peak at about 456 nm is observed in the
PL (1, = 350 nm) spectra of this phosphors,
which could be attributed to the typical
4f°5d' (1,) — 4f7 ¢S, 1) transition of Eu?* [14].

The concentration of the activator has an
impact on the performance of a phosphor.
Therefore, it is important to determine the
composition of the Ca,(PO,),Cl:Eu** phosphor
with optimal PL emission intensity. A series of
Ca,_(PO,),CI : xEu** phosphors with various
Eu?** content x was prepared and studied for
the effect of activator concentration. The
emission spectra of Ca,(PO,),Cl:Eu** phosphor
(A, = 350 nm) with different activator
concentration are shown in Fig. 4. No
obvious changes were observed for all the
samples in our experimental wavelength range,
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except the fact that the emission intensity of
phosphor increases with the increase in Eu?*
concentration and reaches the maximum at
x = 0.01 then concentration quenching occurs
as the concentration of Eu?" increased above
1 %. This type of quenching may be attributed
to the fact that energy transfer between two
identical ions occurs because the average
distance between the activator ions becomes
short enough for the energy to migrate and for
the killers to reach [15].

CIE color coordinates. Fig. 5 shows color
coordinates CIE (Commission internationale
de T’éclairage) 1931 as (0.1551, 0.0849) for
Ca,(PO,),Cl1:0.01 Eu** where as the commercial
blue phosphor BaMgAl, O, .: Eu** (BAM:Eu*")
has color coordinates as (0.1417, 0.1072 ) thus
showing better purity of Cay(PO,),Cl : 0.01
Eu?** as compared to BAM:Eu?* phosphor.
Moreover, the color coordinates of the above
synthesized phosphor are nearer to those
for blue color suggested by the color system
EBUPAL/ESCAM, RGBs Blue as well as
Adobe blue (0.15, 0.06). Thus the synthesized
phosphor is a potential candidate for blue
emitting phosphor for solid state lighting using
near-UYV based W-LED:s.
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Fig. 5. CIE chromaticity coordinates of Ca (PO,),CI : 0.01Eu** phosphor

4. Conclusions

For the first time Eu?" doped chlorapatite
phosphor  Cay(PO,),Cl was synthesized
by novel Pechini (citrate gel) method.
Photoluminescence measurements showed that
Eu?* doped chlorapatite phosphor Ca,(PO,),Cl
synthesized by this method exhibits intensive
blue wide-band emission with maximum
intensity at 456 nm under near-UV excitation.
Both blue and white LEDs can be fabricated by
pre-coating the above synthesized phosphors
onto 395 nm-emitting InGaN chips. Moreover,
the strong absorption of phosphor in the range
of 300 nm to 410 nm makes this Eu?*-activated

chlorapatite phosphor a potential candidate as
a blue component (one of the three primary
color components) for fabrication near-UV
based phosphor converted white LEDs.
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leiim [].H., Uneane H.b., OmanBap LL.K. CUHTE3 U NKOMUHECLIEHTHBIE CBOW-
CTBA COEAMHEHMA Ca, (PO ),Cl:Eu?*, MEPCMEKTUBHOIO A/14 CO30AHNA TBEP-
AOTEJIbBHOTO MCTOYHUKA OCBELLEHNA.

B crarbe pencTaBieH HOBBIM METO/ TPUTOTOBJIEHN TIOMUHO(pOpa Ha ocHoBe xyopanarura Ca,(PO,),Cl,
aKTUBUPOBaHHOTO Eu?*, KOTOPBINF MOXHO MPUMEHSTh KaK TBEpAOTEIbHbI UCTOUHUK OCBelleHUs. JIroMu-
HOGoOp OBUT CMHTE3MpOBaH MeToAoM I[ledywHM (LMTpaTHBIM METOM), KOTOPHIM okasaics Ooiyee 3ddex-
TUBHBIM, YeM TPaJULIMOHHBIA METON BBICOKOTEMIIEPATypHOW TBEPAOTENbHOU peakuuu. M3yuyeHue nomu-
Hodopa TMoKa3ajgo, 4To ero (HOTONOMUHECIICHIIMIO MOXHO BO30YXIaTh MCTOYHUKOM CBETa B JAMAIa30HE
220 — 430 HM, YTO BBI3bIBAET APKO-CHHEE CBEYEHUE HA JUIMHE BOJIHBI A, = 456 nm (IUIMHA BOJIHbBI BO30YX-
nenus A, = 350 nm nexunT B 6mkHe Y®-o6nactn). [lpennaraemerii IOMUHOMOP UCIYCKAET CUHMM 1IBET
U, CJIeOBATEIbHO, MOXKET CIYXXUTh OMHUM M3 TPEX UCXOAHBIX IIBETOBBIX KOMIOHEHTOB (RGB — kpacHbIii,

3eJIEHBI, CUHWI) CBETOAMO/IA, NAIOIIEeTO Oesblii CBET.
TBEPHOTEJbHBIY MCTOYHMUK OCBELIEHHWA, METOJ MEYUHU (LIUTPATHBIM METO/), CUHWU JIIOMHUHO-
®OP, POTOJJIOMUHECHEHILINS.

46



Pusnyeckoe mMartepuanosegeHune

CNMUUCOK JIUTEPATYPbI

[1] Mikami M., Watanabe H., Uheda K., et al.,
New phosphors for white LEDs: Material design
concepts // IOP Conf. Ser. Mater. Sci. Eng. 2009.
Vol. 1. No. 1. P. 012002.

[2] Bredol M., Kynast U., Ronda C. Designing
luminescent materials // Adv. Mater. 1991. Vol. 3.
No. 7—8. Pp. 361—367.

[3] Yen W.M., Shionoya S., Yamamoto H.
Phosphor Handbook. New York: CRC Press, 2007.

[4] Ekambaram S., Patil K.C. Synthesis and
properties of Eu?' activated blue phosphors // J.
Alloys Compd. 1997. Vol. 248. No. 1—2. Pp. 7—12.

[5S] Rao R.P., Devine D.J. RE-activated
lanthanide phosphate phosphors for PDP applications
// J. Lumin. 2000. Vol. 87—89. Pp. 1260—1263.

[6] Wu Z., Dong Y., Jiang J. Thermal treatment
effects on degradation of BaMgAl, O, .:Eu** phosphor
for PDP // Mater. Sci. Eng. B. 2008. Vol. 150.
No. 3. Pp. 151—156.

[71 Zhu P., Zhu Q., Zhu H., et al., Effect of
SiO, coating on photoluminescence and thermal
stability of BaMgAl O, .: Eu?* under VUV and UV
excitation // Opt. Mater. (Amst). 2008. Vol. 30.
No. 6. Pp. 930—934.

[8] Wang W.-N., Iskandar F., Okuyama K.,
Shinomiya Y. Rapid synthesis of non-aggregated
fine chloroapatite blue phosphor powders with high
quantum efficiency // Adv. Mater. 2008. Vol. 20.
No. 18. Pp. 3422—3426.

[9] Kottaisamy M., Jagannathan R., Jeyagopal

P., Rao R.P., Narayanan R. Eu>* luminescence in
M,(PO,) X apatites, where M is Ca**, Sr** and Ba*",
and X is F~, CI-, Br- and OH~ // J. Phys. D. Appl.
Phys. 1994. Vol. 27. No. 10. Pp. 2210—2215.

[10] Zhang Z., Wang J., Zhang M., Zhang
Q., Su Q. The energy transfer from Eu?*' to Tb**
in calcium chlorapatite phosphor and its potential
application in LEDs // Appl. Phys. B. 2008. Vol. 91.
No. 3—4. Pp. 529—537.

[11] Parren R., Carvajal J.J., Solans X.,
Dnaz F., Aguily M. Crystal structure and optical
characterization of pure and Nd-substituted type 111
KGd(PO,), // Chem. Mater. 2006. Vol. 18. No. 1.
Pp. 221—-228.

[12] Parreu R., Solii R., Gavalda J., et al.,
Crystallization region, crystal growth, and phase
transitions of KNd(PO,), // Chem. Mater. 2003.
Vol. 15. No. 26. Pp. 5059—5064.

[13] Gahane D.H., Mungmode C.D., Moharil
S.V. Development of blue phosphor for white light
emitting diode // Bionano Front. 2013. Special
Issue. Pp. 38—40.

[14] Yu J., Guo C., Ren Z., Bai J.
Photoluminescence of  double-color-emitting
phosphor Cay(PO,),Cl:Eu**, Mn*" for near-UV
LED // Opt. Laser Technol. 2011. Vol. 43. No. 4.
Pp. 762—766.

[15] Blasse G., Grabmaier B.C. Luminescent
Materials. Berlin: Springer Science & Business
Media. 2012.

CBEAEHMA Ob ABTOPAX
TEVIM Jleopao H. — compyonux kagedpor ¢usuxu yuusepcumema Camm Tadxwc Baba Ampasamu,

Hnous.

Camp Area, Near Tapovan Road, Amravati, Maharashtra 444602, India

deorao.game@gmail.com

NHT'AJIE Hutun B. — compyonux Hucmumyma mexnonoeuu u uccaedoeanuti Ilpogp. Pama Meexe,

Ampasamu, Huous.

Anjangaon Bari Road, Badnera, Amravati, Maharashtra 444701, India

cbp.2702@gmail.com

OMAHBAP Ilpunusac Kepoa — Ph.D., npogeccop, 3asedyrowuti kaghedpoii pusuxu ynusepcumema Canm

Taoxc baba Ampasamu, Huous.

Camp Area, Near Tapovan Road, Amravati, Maharashtra 444602, India

shreeniwasomanwar@gmail.com

© CaHkT-lNetepbyprckuim nonmtexHuueckni yHmepcutet Netpa Benunkoro, 2016

47



A

BUODPUN3INKA N MEANUNHCKAA PU3NKA

DOI: 10.5862/JPM.237.5
YOK: 577.35, 577.25

A.B. bonvwakoBa', E.O. KykaHoBa', A.H. latiHyaauHa',
B.A. XXemkoB'2?, C.A. KopbaH'?, N.b. beanpo3BaHHvbil'>

"CaHkT-TeTepbyprckmMm NoOANTEXHUUYECKUMN

yHusepcutet lNetpa Benukoro, Poccuinckas Pegepaums,
2MeTepbypPrckKMM MHCTUTYT S4€PHON PU3NKHU
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3 lOro-3anaaHbin MeAULUMHCKUI LEeHTP YHMBepcuTeTa Texaca, CLLUA

PELENTOP CUIMA-1 KAK NOTEHUUAJIbHAA ®PAPMAKOJIOTMYECKAHA
MMULUEHb NMPU NEYEHUU HEMPOMATOJIOTUU

Curma-penenTopsl KiIacCU(MUIINPYIOTCS KaK OTOEIbHBIN KJIACC BHYTPUKIICTOU-
HbIX pelienTopoB. Cpeau HUX PEelenTop curMa-1 Jiydiie BCero M3y4eH CO CTOPOHBI
¢$apMaKoJIOTMIeCKOTO IIPUMEHEHUS. DTOT PEleITOP CO CpeaHeil M BEICOKOM CTe-
MeHbI0 aOUHHOCTY CBSI3BIBAET IIMPOKUM CIEKTP XMMUYECKUX COCIUHEHUM CaMbIX
Pa3HBIX CTPYKTYPHBIX KJIACCOB M Pa3HOOOPA3HBIX TEPANIEBTUICCKUX U (PapMaKOIOTH-
YecKMX CBOMCTB. Perientop curma-1 mnpeacrapiseT co0oi TpaHCMEMOpPaHHbIN 6eJloK
SHAOIUIa3MaTU4IecKoro petukyayma (DI1P), roe o peryaupyet GyHKIIMIO MHO3UTOI-
3-¢ocdaTtHoro peuenTtopa, CTaOUIU3UPYS KaJblLMEeBYIO CUTHaau3auuio mexay DITP
¥ MUTOXOHApPUEN. YKa3aHHBIIA PeLenTop Y4acTBYeT B (pOPMUPOBAHUU MHOTUX HEMi-
POJIOTMYECKUX U TICUXMATPUUECKUX cocTostHUi. [IpenronaraeTcsi, YTo OH ACCTBYET
KaK CEHCOp HOPMaJIbHOTO (DYHKIIMOHMPOBAaHUS KaIbliKs. B McciemoBaHusIX mocie-
HUX JIET ObLIa MOKa3aHa poJib HapylLIeHUs KaJblIMEBOU CUTHAIM3AlMY B MTaTOreHE3e
Ooire3Heit AsblreiiMepa M XaHTMHITOHA. B dyacTHOCTHM, M3MEHEHMSI KaJbLIMEBOTO
roMeocrasuca B 3HIOIUIa3MaTUYCCKOM DPETHUKYJIyMe BeIyT K HapyIIEHWIO CUHAIMTH-
YeCKMX CBsI3el B HelipoHaxX. TakuM o0pa3oM, pelenTop curma-1 siBiaseTcst mepcreK-
TUBHBIM OOBEKTOM, KOTOPBI MOXHO pacCMaTPUBaTh KaK MOTEHIMAIbHYIO TepareB-

TUYCCKYIO MUIICHDb AJIA JICUCHUA HeﬁpOHaTOJ’[OFH‘IeCKHX 3a00JIeBaHUIA.
PELIETITOP CUTMA-1, DHIOTUIASMATUYECKHNI PETUKYIIYM, KAJIBIIUEBASI CUTHA-
JIN3ALIMA, ITATTEPOHHAA AKTUBHOCTD, HEMPOIIATOJIOT M.

Beenenne BYIO pOJIb B IMpEAOTBpPALCHUM HEBPOJOTHUYE-
CKUX 3a00JIeBaHUIA.

B 11e;10M MOXHO ¢ YBEPEHHOCTBIO CKa3aTh,
YTO pElEHNTOp CUTMa-1 BBICTYIAET B KayeCTBE

BHYTPUKJIETOYHOI'O MOAYJIATOpA:

MHorouncjaeHHbIe MaHHBIE JOKJIMHHUYE-
CKMX HCCJeNOBaHUI, MPOBEACHHBIX Ha pas-
JIMYHBIX MOJEJISIX HAapyIIeHUs NaMsITH, ITO03BO-

JISTIOT paccMaTpyBaThb arOHMCTHI PELIENTOPOB
curMa-1 kak MHorooOeuwawllue IpernapaThbl
IJIST JIedeHUsT KOTHUTUBHOM aucyHkunu |1,
2, 20, 61 — 63]. Perynsauuss Bo30yIMMOCTH
I1a3MaTMyeckoil MeMOpaHbl HelpoHa uYepes
pelLenTop curma-1, BeposSTHO, UTpaeT KiIoye-
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MeXIy DSHIOIUIa3MaTUYECKUM PETUKYIY-
moM (ER) m mutoxoHapusmu,

mexay ER v sapoM KJTeTok,

mexay ER u memb6paHoi,

a TakXe MOAYJSITOPOM MEXKIETOYHOTO
CHUTHAaJIMHTA.



bnodmsmka n megnumHckas umsmka

ITockonbky peuenTop curma-1 CBSI3bIBAET
IIAPOKUMA CHEKTP XUMHUYECKUX COCIUHECHUUN
OYEHb PA3HBIX CTPYKTYPHBIX KJIACCOB U pa3-
HOOOpa3HBIX TEpPaneBTUYECKUX CBONCTB, OH
MpeacTaBiasgeT OOJbIIONK WHTEepec miad dap-
makonoruu. CoTpymHUKHU J1abOpaTopuu MoO-
JIeKyJsipHoii  HelpoaereHepauuu  (JIMH)
Caskr-IleTepOyprckoro  MoOJIMTEXHUYECKOTO
yHuBepcuteta Iletpa Benukoro moamaepxXu-
BalOT KaJbIIME€BYIO TUIIOTE3y pa3BUTHUS HeEil-
ponatonoruu. [laHHasg TUMNOTe3a YKa3bIBAET
Ha KJIIOYEBYIO POJIb HApYIICHUS KaJIbIIMEBOTO
CUTHAJIMHTa B Pa3BUTUM W BO3HUKHOBEHUU
HelpoaereHepaTUBHbIX 3aboJjieBaHMii. I[lpu
3TOM peuenTop curMa-1 (mpeaMeT ucciaeno-
BaHUsI HACTOSIIEro 0030pa) peryaupyer pyHK-
M0 WHO3UTOATPpU(OCGHATHOIO peLenTopa,
CTaOWIM3UPYS KaJIbIMEBYID CUTHAIM3ALIMIO
MEXIY SHAOIIA3MAaTUYECKUM PETUKYIYMOM M
MUTOXOHIPUEN.

Takum obpazom, Halll HAMOOJbIUUIA UHTE-
pec K M3y4YeHMIO pelenTtopa curma-1 BbI3BaH
ero omodusnyeckoi poJibio B GOPMUPOBAHUU
HEHUPOJIOTUYSCKUX M TICUXUATPUIECKUX COCTO-
STHUM, a TAK3Ke B PETYIISIINN BHYTPUKIICTOYHOMN
KOHIIEHTPALUM NOHOB KaJIbIIASI M KaJIbIIMEBOM
CUTHAJIA3aLWM.

Llens maHHOTO 0630pa — aHAIWU3 CBEICHUN
B COBPEMEHHOM JUTepaType, ITOCBSILIEHHBIX
peuenTopy curMa-1, ero cTpykType u OuUO-
(pusnyeckoil poau B KJIE€TKaX, YY4aCTUIO 3TOIO
peuenTopa B HOpMaJbHbBIX M IATOJOTMYECKMX
mpolueccax.

Curma-peuenTophl U3Ha4aJbHO CUYUTAIUCH
Pa3HOBUIHOCTBIO OIMOMIHBIX PELENTOPOB,
OIHAKO ceiyac OHM KJIaCCU(MUIMPYIOTCS KakK
OTHEJIbHBIN KJIACC PEUENTOPOB, YHUKAIbHBIX
MO CTPYKTYpe M HabOpy CBS3bIBAIOLINXCS C
HuMU Jura’aoB. Cpenm pelenTopoB AaHHO-
ro Tura Hanbosee GhapMaKoJIOTUUECKHU U3yYeH
peuenTtop curma-1.

Penientop curma-1 BBIMOJHSIET 3alIUTHYIO
(GyHKIMIO B pa3sIMyYHBIX TKaHSIX. JleiicTBue
3TOrO0 pPeLeITopa OCYLIECTBIISIETCS Yepe3 pery-
JISIIWI0 OMO3HEPTeTUKU KIIETKM, YTO IIPEIIIO-
JlaraeT ero y4yacTue B pa3IMYHbIX HEHpOIICHU-
XuaTpuiyeckux 3aboseBaHusx [1]. YkazaHHbIe
peLeNTOPhl PEryaupyloT pa3jiuyHble MOHHBbIE
KaHaJbl, BKJIIOYAas KajueBble, KaJlbIIMEBbIE U
xjopHble, a Takke NMDA-peuentopbl, BbI-
CBOOOXIAIOT pa3jIMyHble HENUPOTPaHCMUTTE-

pBI, 00ECMEeYnBAIOT TPAHCTOPT JUMUIOB, TE-
penady curHajia HeilpoTpodudyeckoro akropa
rojosHoro Mosra (BDNF), muennnuzaiuio,
HEWpPUTO- U CUHAITOIEHE3, YTO 3aK/II0YaeT B
cebc¢ BBICOKMI TepamneBTUUECKUI TMOTCHLMAN
JINTaHAOB pelenTopoB curma-1. Moayaupyto-
muit 3PEPeKT peuenTopoB curmMa-1 Ha Heiipo-
TPAaHCMUTTEPHBIE CHUCTEMBI BKJIIOYAET yCUJe-
HUE TJIIOTAMaTePruieCKOr, XOJUHEPTUYECKOM,
CEpOTOHMHEPIrMYECKO  HEWpOTpaHCMUCHUU.
HanpotuB, aktuBauusg peuenTopoB curma-1
CHIDXKaeT HWHTEHCHUBHOCTb BBICBOOOXKICHMS
HOpAaIpeHaJNHAa W TraMMa-aMUHOMACIISTHOW
KHMCJIOTBHl. YCUJIEHHE WJIM OCjalJeHue Kajb-
LIMEBOro TOKa Oyiaromapsi paboTe peLenTopoB
curMa-1 OOBSICHSET, IIOYEMY CEJICKTUBHBIC
arOHUCTbl 3TUX PELENTOPOB MOTLYT MOIYJIM-
poOBaTh LIMPOKUIA CHEKTP HEMPOHAIBHBIX 3(-
(bexTOB, B TOM 4yuclie KIIOUYEBOW MeXaHU3M
BIMSHMS PEUENTOpPOB CUrMa-1 Ha MHpoLEeCChI
00y4yeHUs U mamsTu [2].

MonekynspHas 0Ouosiorus penenropa curma-1

JlaHHBI peuenTop IpeAcTaBisieT Co-
00lf BBICOKOKOHCEPBAaTMBHBIN O€IOK MIe-
konuTaowmux [3, 4]. BelpaBHMBaHMWE MoOC/e-
JOBaTeJIbHOCTEM ITOKa3ajo, YTO OeaKoBas
rocjenoBaTeIbHOCTh Ha 30 % maeHTHYHA (TO-
MOJIOTUYHOCTh COCTaBIisgeT 67 %) IpoXKeBOM
crepos-uzomMmepase C8-C7, HO MpU ITOM cam
pelienTop He obJamaeT 3Toi (hepMEeHTATUBHOM
AKTUBHOCTBIO.

T'en penenTopa curma-1 pacmosoxkeH Ha
JIEBSITO XpOMOCOMeE, JIoKyce pl3, m3BeCTHOM
BBUIIy CBOEM CBSI3M C NCUXOTUYECKUMM pac-
crporictBamu [6]. Peuentop curma-1, mmest
HebosblIe pa3Mmepnl (223 a.K.0. (aMUHOKUC-
JIOTHBIE OCTAaTKM)), CO CPeAHEeil I BBICOKOI
CTerneHbI0 aP(PUHHOCTU CBSI3BIBACT IIUPOKUIA
CIIEKTP XUMUUYECKUX COCIMHEHUI OUYeHb pas-
HBIX CTPYKTYPHBIX KJIacCOB M pPa3HOoOOpas-
HBIX TepaneBTUYECKUX U (HAPMaKOJIOIrMYECKUX
cBoiicTB. Cpeau ero JUraHAOB TakKue COEIu-
HeHus1, Kak OeH3omopdanbsl (SKF-10047,
MEeHTa3011H, ACKCTpoMeTopdaH), aHTUIICH-
XOTMKM  (TaJomepuao), aHTUACIIPECCAHTHI
(pmroBoKCaMuH), cTepounbl (IIPOreCTEpPOH),
AHTUTUCTAMUHHBIE TIpernapaThl (XJopheHu-
paMUH), JUTaHObl SOEPHBIX PeLenTopoB (Ta-
MoKcudeH), aHTaroHUCThl KaHainoB Ca?* (Be-
panamMui, B5MOIaMWi), IPOTUBOIPUOKOBBIC
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npenapatbl  (peHnponuMopd, TpuadIMOp(d)
M HapKOTHYeCKHue cpeacTBa (MeTaMgeTaMUH,
KokauH u N,N-guMeTuntpuntaMun) [7]. Tem
HE MeHee, XM3HECIIOCOOHBI MBI, HOKAyT-
HbIE II0 T€Hy pelenTopa curMa-l1, oHu Tak-
Ke (pepTUJIBHBL U HE IIPOSIBIISIOT KaKMX-JIM0O
SBHBIX M3MEHEHMI B (DEHOTHUIIE, 3a HCKIIIO-
YEHUEM MOHMXCHHOM THUIIEPMOTOPHOM peak-
muu B oTBeT Ha ctumyasuuio SKF-10047, no
CPaBHEHMIO C MBIIIIaMU JUKOTO TUIlA. JJaHHBIN
(bakT CBUAETENLCTBYET B MOJB3Y WAEHU O BO-
BJICUEHHOCTU pelenTopa curMa-1 B OTBET Ha
MCUXOCTUMYJIMpPYIOLLIME BO3AeHACTBUS [8].

Penienrophl curMa-1 mmpoko pacrpocTpa-
HEHBI B IEHTPAJILHOU HEPBHOM CHCTEME, TeYe-
HU, TIOYKaX, JErK1X, B 9HIOKPUHHBIX, UMMYH-
HBIX M PEeNpONYKTUBHBIX TKaHSX [9]. JlaHHBII
pelenTop IIpeACTaBiIsieT CO0OM TpaHCMEM-
OpaHHBII O€NoK, CHNEeU(PUIHO PACTIONOXKEH-
HBIA B 0OraThIX LIEpaMUIOM U XOJECTEPOJIOM
JIMIIMAHBIX MUKPOAOMEHAX, acCOLMMPOBaH-
HBIX C MUTOXOHIPHUSIMU YYACTKOB MeMOpaHbI
ER. TaM oH peryaupyeT (pyHKIUIO WHO3UTOJI-
3-pocpatHOrO  pelenrTopa, CTaOMIM3UPYS
KaJIBIIUEBBI CUTHAIUHT Mexny ER m muto-
xoHgpueit. IlokazaHo, 4To pelenTop curma-1
dopmupyer Ca?t-peryImpyronii TpuMepHBIN
KOMILIEKC C aHKupuHoM B u umHO3uTON-3-
(ochatHBIM perlenTOopoM B KJIETKax HeWpo-
omactombl NG-108 [10].

Kpowme Toro, peryaupyst ypOBHM peaKTHB-
HBIX (POPM KUCIIOpOAa, pelenTop CurMa-1 KoH-
TposnpyeT ypoBHU Rac-I'Tda3wl B mia3sMaTu-
YecKol MeMOpaHe M TaKuM 00pa3oM OTBeYaeT
3a (hopMUpPOBaHME IIUITMKOB B TUITIIOKAMIIEC —
LICHTPaJIbHOM OT/eJe MO3Ta, OTBETCTBEHHOM
3a ¢opmupoBaHue mamatu [11]. Yepes pery-
JISIIIUIO YPOBHSI PEaKTUBHBIX (DOPM KUCIIOopoaa
peuenTop curMa-1 Takke akKTUBUPYET TpaHC-
KpunuuoHHbI  ¢akTop NF-xB, KoTopsblit
KOHTPOJIMPYET IKCIIPECCUI0 aHTUAIIONTOTUYE-
ckoro Oenka Bcl-2 [7] u, 3HAYUT, y4yacTByeT
B MOAJIep>XKaHWM XW3HU HelipoHoB. Ha kop-
TUKAJIbHBIX KJIETOYHBIX KYJbTypaxX IIOKa3a-
HO, 4TO aroHMcCT peuenrtopa curma-1 SA4503
YBEJIMUYMBAET KOJUYECTBO BBIKMBIINUX KJIETOK
rnocjie OKCUAATUBHOTO cTpecca uepe3 Moja-
BieHue MAP-KMHa3HOTO MyTHM U 9KCIIPECCUU
IJIyTaMaTHBIX penenTopoB [12].

XOTd peuenTop curMa-1 U He B3aUMOIEi-
ctByeT ¢ G-0eMKoM HermocpeacTBeHHO [13], Bce
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K€ MOKa3aHO, YTO CYIIECTBYIOT (DYHKIIMOHAJIb-
Has ¥ pu3nIecKas CBI3M pelenTopa curMa-1 c
KJIOHMPOBAHHBIM OIMMOUIHBIM [I-PELIEIITOPOM
(oH cBa3biBaeT G-0eyiok) [14]. DT B3aumo-
JNENCTBUSI, KOTOPBbIE BO3HMKAIOT TOJBKO Y
(opmnbl perienTopa curma-1, cBsi3aHHOI C aH-
TarOHUCTOM, IIPOSIBIISIIOTCSI B 3HAYUTEIHHOM
oOseryeHnu akTuBaluu G-0ejKa arOHUCTOM
p-peuentopa DAMGO. Takoe oOneryeHue
noaTBepxaaeTcss 3¢G@GEeKTOM ycusieHus (Ha-
Omomaercs in vivo) MOpGUH-00YCIOBICHHOIO
HapKo3a aHTarOHUCTaMU pelenTopa curma-1.

DyHKILIMOHAIbHASA aKTUBHOCTb U PACIIOJIO-
JKEeHMe pelenTopa curMa-1 B KJI€TKe 3aBUCST
OT OOLLEro COCTOSIHUS KJIETU, CTUMYJISILIUU €TO
JIUTAHJAMU U YPOBHSI KOHLIEHTPALUU KaJIbLIUS
B ER. Peuentop curma-1 moxer OBITH Kak B
AKTUBHOM, TaK M HEAKTUBHOM COCTOSIHUSIX.
Cambie IOC/IEeIHNUE MCCASIOBAHUSI CBUIIETEIIb-
CTBYIOT O TOM, 4TO 3TOT PELIENITOP B3aMMOICii-
CTBYET C IIalIepOHAMM 1 caM SIBJISICTCSI Iarie-
poHoM ER [3]. B HeaKTUBHOM COCTOSIHUM WJIN
Ipyu CTUMYJISIIUM aHTaroOHMCTaMu (HaIIpu-
Mep, NE-100 unm rajonepumoaoM) pelenTop
curma-1 cBsg3aH ¢ Apyrum oenkom DITP — ma-
nepoHoMm BiP [10]. ITpu cTUMynsiLuu aroHu-
cTaMM (HampuMmep, KOKauHOM WJIY TeHTa30-
LIMHOM) B KOHLIEHTpalUMM HACHIILEHUS WU
Mo BO3ACHCTBUEM JIUTEIBHOTO KJIETOUHOIO
cTpecca, BbI3BAHHOTO, HalpUMeEpP, TUIIOTJIUKE-
MMEH WIM MCTOILEHUEM KaJbLIMEBBIX 3aracoB
B ER mop nmeficTBuMeM TaricurapruHa, peleri-
TOp curMa-1 TpaHCIOIUPYETCS B MPUOITMKEH-
Hble K IIIa3MaTUYeCcKOoil MeMOpaHe o0JacTu
ER wmiu HenmocpeacTBEHHO B IJIa3MaTUYECKYIO
MeMmOpany [15, 16].

Caepxaskcmopeccuss  pelenropa curma-1
TaKKe IPUBOAUT K €ro YBEJIMYCHHOM TpaHC-
JIOKallMM Ha IriazMaThdeckoil MmemoOpane [17].
Ha wmpmmmHoit momenm [18] moxaszaHo, 4TO
XPOHUYECKOE MOTpeOIeHUe aJaKOroysl BBI3bI-
BaeT MOBBIIICHHYIO 3KCIPECCHUIO (M ITO3TOMY,
BO3MOXHO, TPAaHCJIOKALIMIO B IJ1Ia3MaTUYECKOU
MeMOpaHe) peuenTopa curma-1 B mosre. Bme-
cTe ¢ TeM HegaBHUe ucciaenoBanus X. Slo ¢ co-
TpyoHuUKamMu [19] mpomeMOHCTpUpOBaIM, YTO
KOKaWH BBI3BIBACT IIepeMelllcHUE pelenTopa
curMa-1 ¢ ER Ha munmupgnable padThl 11a3Ma-
TUYECKONM MeMOpaHBl, Ie 4Yepe3 aKTHBAaLUIO
Src-KrMHaA3bl OCYIISCTBISICTCSI MHIYKIMS Xe-
moknHOB CCL2 B mukpornuu. Takxke moka-
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3aHO, YTO B KOPTUKAJIbHBIX HEMPOHAX OBEPIK-
cIpeccHsi pelLenrTropa curMa-1 yBeauduBaeT
CBSI3BIBAHME TUPO3UMHKMHA3HOTO perenropa B
u docdonumnassl C [20].

TpaHcIOLMPOBaBIIUCH HATIIa3MaTUIECKYIO
MeMOpaHy, peLienTop curMa- 1 B3auMoIeiiCTBY -
€T C pa3sHOOOpa3HBIMM WMOHHBIMM KaHaJaMH,
penienitopaMu U KuHazamu [21]. JleiicTBUTEIb-
HO, C TIOMOIIbIO MATY-KJIaMIla Ha MeJIaHO-
TPOITHBIX KJIETKaxX Tuio¢u3a ObUIO IOKa3aHo,
YTO aroHUCT pelernropa curMa-l1 meHTa3oLuH
MHTAOMpPYET BBIXOMSAIIMI TOK HOHOB Kayus
K* 1 maHHOe sIBJI€eHME MOXHO OOpaTUTh, BO3-
JIEMCTBYSI aHTarOHUCTOM pelerTopa curma-1
NE-100 [22]. TToMuMoO TipsiMOTro (PU3UYECKO-
ro B3aUMOACHCTBUS U PETYJISLMNA aKTUBHOCTHU
noteHuuan-3aBucuMbix (I13) kanamoB K* B
MBIIIUHBIX HEPBHBIX TEPMUHAJISIX 3adHEN T0JIN
runocdusza [23], peuentop curma-1 peryaupyer
aKTUBHOCTh KaHayia K* 1 B KpBICMHBIX cpe3ax
TUIIIOKaMIIa, MHTpaKapaAuaJlbHbIX HEWPOHAX U
OITyXOJeBbIX KjaeTKax [24]. Jluranmel peuemn-
Topa curma-1 MoayIMpyIOT HECKOJBKO TUIIOB
MepcUHANTUYeCKUX KaHajioB Ca’" B KpBICH-
HBIX CUMIIATUYECKUX M IapacUMIIaTUYEeCKUX
HelipoHax [25]. PeuenTtop curma-1 Ttakxke
MOIYJIMpPYET aKTUBHOCTH perientopa NMDA
[26] 1 Bo3meiicTBYeT HA CMHANTUYECKYIO ILIa-
CTUYHOCTh 4Yepe3 Ca?*-akTUBUpYeMble KaHAJIbI
K* manoit mpoBomumoctu [27]. Ha kierkax
HEK?293 cells 1 COS-7, TtaKk e, KaKk U Ha
HEOHATAJIbHBIX MBILIMHBIX KapIMOMMOLIMTAX,
MOKa3aHo, YTO pelenTop curMa-1 Momyaupyer
kapauanbHble [13 xkaHanbl noHOB HaTpus Na*t
[28]. B KyJIbTUBUPOBAHHBIX KJIETKAX TaHIJIUS
CeTYaATKU MOJ BO3ACUCTBMEM arOHUCTA pelleli-
topa curma-1 SKF10047 uHruoOupyroTcsl TOKU
MOHOB Kajblus. [IpsiMast cBSI3b MEXIy pelern-
topoM curMma-1 n Ca?"-kananoM L-tuma Oblta
JI0Ka3aHa C IOMOIIbI0O UMMYHOIIPELIUITUTALIIN
[29].

CyllecTBYIOT TakKXKe MaHHBIE, yKa3bIBalo-
1IKE Ha TO, YTO PELENTOp curma-1 peryaupyer
penu3 HeilpoTpaHCMUTTEpa B A0(AMUHOBOIM,
CEPOTOHMHOBOI M M-XOJIMHA3PTUYECKON Iepe-
Jlaye, y4yacTBYeT B KJIeTOYHON AuddepeHia-
LIMK, KJICTOYHOM OTBETE Ha BOCIIAJICHHE U B
MaToreHe3e SKCTpalMpPaMUIHBIX PACCTPOMCTB
[21].

WHTepecHo, 4yTo peuentop curma-1 Obul
00HapyXeH BO BHEKJICTOUYHOM IIPOCTPAHCTBE B

kierkax NG-108, moaBepraeMbix BO3IEMCTBUIO
KOKauHa, YTO MOKa3bIBAeT BO3MOXHYIO aKTHB-
HOCTb pelienTopa curma-1 B KauecTBe Iarepo-
Ha 1 BO BHEKJIETOYHOM IPOCTpaHCTBe [7].

CrpykTypa penentopa curma-1

Penientop curma-1 sgBiasgeTcsd HHTErpaib-
HBIM MEMOpaHHBIM pELEHTOPOM M IIPEAIro-
YTUTEJIbHO JIoKanu3yeTcss B MemOpaHax ER,
ACCOLIMMPOBAHHBIX ¢ MUTOXOHApUSIMU [16].

HecmoTpst Ha TO, 4TO AeTajbHaAsl aTOMHas
CTPYKTypa peLenTopa Ha HACTOSIIMI MOMEHT
€llle HE yCTaHOBJEHA, ObUI MPEANPUHSAT Ps
WCCeA0BaHUI, HaIpaBIeHHBIX Ha YCTaHOB-
JICHHWE TOITOJIOTUHU OesiKa U KapTUPOBAHUE €ro
akTuBHOro cairta. [lepBoHauanbHO peLenTop
curMa-1 ObUT OXapaKTepM30BaH KaK TpaHC-
MeMOpaHHbI 6€710K NEPBOro TUMNA, UMEIOLIMI
JIMLLIb OOMH TpaHcMeMmOpaHHBIM gomeH [30].
B Hacrosiiuii MOMEHT AOCTaTOYHO OO0JblIOE
YHCJI0 SKCIIEPUMEHTAIbHBIX TaHHBIX YKa3biBa-
0T Ha TO, YTO MMEETCS JBa TpaHCMeMOpaH-
HBIX IOMEHA, MPEACTaBISIOIINX c0b0il anbda-
cnipaan. JTo JaHHbIe OMOMHMPOPMaTUIECKOTO
aHajau3a, MOJIEKYJSIPHOTO MOIEIMPOBaHUS,
METOIOB MEYEHMsI SIIUTOIOB, OrPAHMYECHHOTO
npoteonusa u AMP-cnekrpockonuu (NMR).

Yucao 1 JoKaau3ausl TpaHCMEMOpPaHHBIX
JIOMEHOB OKa3bIBalOTCS Pa3IMYHBIMU U 3aBU-
CSIT OT KOHKPETHOI'O aJITOpUTMa IIpeacKa3aHMs
TUIPO(POOHBIX TOMEHOB 0 aMUHOKHMCJIOTHOM
nociaenoBateabHocTu (puc. 1) [31 — 37]. bonab-
IIMHCTBO aJITOPUTMOB YKa3bIBaeT Ha HaJIW4dKe
IBYX WIKU TpeX Tuapo@OOHBIX y4acCTKOB (CM.
puc. 1). IlepBrle nBa JOMeHa ObUIM OIIperde-
JICHBI KaK TpaHCMEeMOpaHHBIC BBICOKOYIIO-
psnouyeHHble anbda-cnupanu  (TM1, TM2).
BTropas TpancMeMOpaHHas Cupaib O00JIagaeT
aMmbunarnuyeckumu cpoiicteamu [38]. JlomeHbI
91 — 109 u 176 — 194 a.x.0. comepKaT BHICOKO-
KOHCEepPBaTUBHBIE MOCJIEA0BATEIbHOCTU, TOMO-
JlornyHbie cTepoti-uzomMepase C8-C7 npoxckei
¥ rpu6oB. biaromaps cBoeil roMOJIOTMYHOCTH,
5TH MOCJIEN0BAaTEIbHOCTH TTOJYYMIN Ha3BaHMS
Kak cTepoua-cBs3biBatoive nomeHbl SBDLI u
SBDLII (Steroid Binding Domain-Like I, IT)
(puc. 2, a) [39].

PesynbraThl MeYeHUS SMUTOIOB M OIpa-
HUYEHHOTO IpPOTeoJiM3a TaKXe COIacyroT-
csd ¢ pe3yJbTaTaMM KOMITbIOTEPHOIO aHajlu3a
nocienoBateabHOCTU. Ha HacTosiuii Mo-
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19 28 81 101 176 203 223
TMPred  HoN|[|——§ fe—— ——] |coon
19 31 223
TMHMM1.0 H2N [fe———— | cooH
19 31 223
TMHMM2.0 H2N [——] | coon
1M1 37 83 107 223
HMMTOP  H2N|je—— je——— | cooH
19 30 112 176 192 223
MEMSAT  HaN[——] —] | cooH
113 34 108 223
SOSUl  HaN||——] — | cooH
19 30 81 111 223
PHOBIUS H2N|[—— fe———— | cooH
19 30 107 223
NMR HaN|| | | | cooH

Puc. 1. Tononornyeckre Moaeau peuenropa curma-1,

TMIOCTPOEHHBIE HA OCHOBAHUM aMUHOKUCJIOTHOM ITOCJIEN0BATEIBHOCTY PELIENITOPA C UCIIOJIBb30BAHUEM
pa3IMYHBIX TIpecKa3arebHbIX aroput™MoB: TM Pred [31], TMHMM [32, 33], HMMTOP [34],
MEMSAT [35], SO SUI [36], PHOBIUS [37] u metona IMP (NMR).

H,N, COOH — coorBercTBeHHO N- 1 C-KOHIIEBbIE Y4aCTKM aMMHOKHUCJIOTHOM IOCIEN0BATENHOCTH; YUCIIA
COOTBETCTBYIOT IOPAIAKOBBIM HOMCPAM aMUMHOKMUCIIOTHBIX OCTAaTKOB; CTPCJIKM YKa3bIBAalOT HaIllpaBJICHUA
TpaHCMEeMOpaHHOI criupaiv B OMOJIOTMYECKOi MeMOpaHe (— M3 LIUTOIUIa3Mbl, < B LIMTOILIa3My) (CM. puc. 2)

MEHT OBLIM MPEMIOXEHbI NBE ajJbTepHATHB-
HBIE TOIOJIOTUYECKUE MOMEIM, KOTOPBIE OT-
JIM4aloTCA Ipyr OT Apyra HalpaBJICHHOCTBIO
BCTpaMBaHUS peLeNITOpa B JUMUIHBINA OMCIION
(puc. 2, b, c¢) [16, 23]. D. Diimap ¢ coTpya-
HUKaMM [23] TpesaoXuiad TOMOJIOTUYECKYIO
MOIEeJIb pelentopa curMa-1, CorjaacHoO Ko-
TOPOI ABa TpaHCMEMOpaHHBIX JOMEHA 3TOrO
peuentopa, TM1 u TM2, coeaguHeHbl BO BHE-
KJIETOYHOM IIPOCTPAHCTBE IIETJCH IIPUMEPHO
B 50 aMMHOKMCJIOTHBIX OCTaTKOB, TOIIa Kak
ero N- m C-KOHIIBI OOpallleHbl B IIATOIIIA3-
My (cM. puc. 2, b) [23]. C-KoHLEBOI y4yacTOK
IpocTupaercss IpuMepHO Ha 125 a.k.0., a
N-TepMUHAIbHBIA — OTHOCUTEIBHO KOPOTKUIA
U BKJIIouaeT B ceds1 Bcero 10 a.k.o.

AJIbTEpHATHMBHASI ~ TOIIOJOrMYECKass MoO-
nenb Obima mpemnoxkeHa T. Xasmm m T.I1.
Cy, corinacHO KOTOpOW pelentop curma-l
Jokanu3oBaH Ha MemoOpaHax ER, a ero N- u
C-KoOHlIeBbI€ YY4aCTKU obpalleHbl B ioMeH ER
(cM. puc. 2, ¢) [16].

Ha  N-koHue Oejika pacloJIOXEH Iu-
apruanHoBbIil (R7R8) MOTHB, KOTOpPEIN SIBJISI-
€TCS CUTHAJIOM YyAEepXKaHUs pelenTopa B MeM-
opanax ER [30, 40].
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B HacTosiee BpeMsi M3BECTHO HECKOJBKO
CIUTAICMHTOBBIX BapMaHTOB ITOJIHOPa3MEpPHO-
ro peuenrtopa curma-1. OgHa u3 opMm Mpen-
CTaBJIsIeT COOOI BapuaHT, UMEIOLINK ACICLINIO
TpeTbero 3k3oHa (119 — 149 a.x.o0.) [41]. Hpy-
ras oxapakTepu3oBaHHas ¢opMa — 3TO YKOPO-
YEeHHBI peuenTop curMa-1, aabTepHaTUBHBIN
criaiicuir MPHK xoToporo mpuBoauT K 00-
pPa30BaHMIO MPEXAEBPEMEHHOIO CTOIT-KOAOHA
(BapuanT 12 x/la) [42]. WU3BecTHO, 4TO 00€
(opMbI HE CIOCOOHBI K CBSI3BIBAHUIO JIUTAH-
noB. Vx ke pyHKIIMOHAJIbHOE 3HAaYeHNE OCTa-
€TCSl HEU3BECTHBIM.

beio  mokazaHo, YTO  M30JMPOBAH-
Hble TpaHcMeMOpaHHbid (1 — 116 a.k.0.) u
C-konueBoii (116 — 223 a.k.0.) AJOMEHBI pe-
LIENTOpa TaKKe€ JMUILIEHBI CIIOCOOHOCTH CBSI-
3bIBaTh JIMTAHAbI, XOTS 4YacTb (PYHKUMUI pe-
LIENITOpa MpY 3TOM COXpaHEHa (B YaCTHOCTH,
CIIOCOOHOCTh aKTMBMpPOBaTh peuentop Ins3P
WIM 1IanepoHHas aKTUBHOCTb (C-KOHIIEBOrO
dparmenTa) [16, 43]. [Toka3aTeabHO, YTO U30-
JpoBaHHBIN C-KOHIIEBOW ITOMEH IIPU 3TOM
TakKe Jiokanudyercss B memoOpaHax ER, uto
COIJIACYETCS ¢ HATMYMUEM TPETHETO TUaApod00-
HOro MeMOpaHOCBSI3aHHOTO ydacTKa B paiio-



‘ buodusmka n megnumnHckas usmka

Aydar et al., [23]| Haya
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(L) (A)
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D126 (R) v) Y173
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for ligand binding)
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Puc. 2. IIpenmnomaraeMast CTpyKTypa perenrtopa curmMa-1 1 aMIHOKHACIIOTHBIE OCTaTKH,
OTBETCTBEHHBIE 34 CBA3BIBAHUE €TO JIMTAHAOB, COIVIACHO JAHHBIM, MOJYYEHHBIM PA3JINYHBIMUA
MeTOHaMM: CaWT-HaIlpaBJICHHOTO MyTareHe3a M MEUYEeHUSI CBETOUYBCTBUTEILHBIMU JIMTAHIAMU (a),
a TakxKe MeMOpaHHasi OprMeHTalLMsl peLeNITopa COracHO pe3yabTaTaM MedeHUst anutonoB [23] (b)
U OrpaHUYEHHOTrO mpoTeou3a [16] (¢).

Ext — BHekJieTouHOe npoctpaHcTBO; Cyto — 1uroruiazma; ER — soMeH aHAOmIa3MaTiyeckoro peTukyjiyma;
TM1, TM2 — tpaHcMeMOpaHHbIE BBICOKOYIIOPsIIOUEHHBIe anbda-crmpanu; SBDL I,

SBDL II — crepoun-cas3eiBaromue qomeHbl I u I1; ER Signal Peptide — curHanbHast mocienoBaTebHOCTE ER,
AA-r-LB — aMMHOKMCJIOTHBIE OCTaTKH, yYaCTBYIOLLME B CBSI3bIBAHUM JIMTAHAOB pelienTopa curma- 1.
Yucia cCOOTBETCTBYIOT MOPSIAKOBBIM HOMEpaM aMUHOKHUCIIOTHBIX OCTATKOB
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He SBDL II. Metonom SAMP-cnekrpockonuu
OBUIO IMOKa3aHO, YTO 3TOMY MeMOpaHOCBSI3aH-
HOMY YyYacTKy OTBEYalOT aMUHOKMCIOTHbBIC
octatku 198 — 206 [44].

HemaBuno Mx.JI. Oprtera-Ponman ¢ co-
TPpyOHUKAMU onpeaeawnn meromamu AMP-
CIEKTPOCKOIIUM BTOPUYHYIO CTPYKTYpY pe-
uentopa curma-1 [44]. 'mapodoOHBI yyacTok
TM?2 naxomutcst B paiioHe 91 — 107 a.x.o.,
Torga Kak amM@umaTuyecKuii MeMOpaHOCBSI-
3aHHBIA y4acTOK — B auamasoHe 198 — 206
a.x.0. ®parmenter SBDL I u SBDL II (cMm.
puc. 2, a) ObUIM MASHTUPUUUPOBAHBI Kak
anbda-cnupanbHble. IleTnsd, oOpaumieHHas
B 1IMTO30Jib, OOpa3oBaHa HECKOJbLKUMHU KO-
POTKUMU anb(pa-cOoupaibHBIMU Y4acTKaMU U
y4acTKaMM IMeTellb. DTUM X€ KOJIICKTUBOM
aBTOPOB OBIMM M3Y4YeHBI KOH(MOPMALIMOHHBIC
nepecTpoiiku, mpoucxoidinue B C-KOHIIEBOM
dparmenTe (112 — 223 a.K.0.) Ipu CBSI3BIBA-
Hun ¢ OenkoMm-manepoHom ER GRP78/BiP
[38], xoTophle, Kak OBLIO ITOKAa3aHO, 3aTpa-
TMBAIOT TPAaKTUYECKU BCE aMUHOKMCIOTHBIC
OCTaTKM pelenTtopa curma-1.

Ha HacTos1uii MOMEHT C TTIOMOILbIO CaiiT-
HaIpaBJICHHOTO MyTareHe3a, MEYeHUsI CBETO-
YYBCTBUTEIbHBIMU METKAMM U METOJOB MOJIE-
KYJSIPHOTO MOJIEJIMPOBAHUS YCTAHOBJEHO, YTO
B (hOpMHMPOBAaHME KOMITAKTHOTO CaiiTa CBA3bI-
BaHMS pelenTopa Tak WIM WHAYe BOBJICUEHBI
BCE €ro JOMEHBI (CM. puc. 2).

[lepBbie BSKCMEpUMEHTHI IO KapTUpOBa-
HUI0O aKTHBHOIO cCaliTa ¢ UCIIOJb30BaHUEM
calT-HampaBJIEHHOTO MyTareHe3a TO3BOJI-
I UAeHTU(GUIMPOBATh OCTAaTKA BO BTOPOM
TpaHCMEMOpPaHHOM JOMEHE, KPUTUYHBIC IJIsI
JIMTaHI-CBS3bIBalOlIel (YHKLMU pelernTopa:
S99, Y103, L105 u L106 [45]. C momonibio
CUHTE3UPOBAHHBIX CITEeLU(PUUISCKUX JIUTAaHIOB
CO CBETOYYBCTBUTEJIbLHBIMM METKaMu OBbLIO
MOKa3aHO, YTO CaiiT CBI3bIBaHUSI OOpa3oBaH
aMMHOKHUCJIOTHBIMU octatkamu SBDL I peru-
oHa 91 — 109 a.x.0., KOTOpbIe OKPYKaIOT KpU-
TUYECKUI aTOM a30Ta, OOHAPYKEHHbBIN BO BCEX
creu(pUIEeCKNX peLenTopy cUrMa-1 aroHu-
cTax 1 aHTaroHucrax [46 — 49]. Kpome Toro,
B 00pa3oBaHUU caiiTa CBSI3bIBAHUS Y4aCTBYIOT
amuHoKucoTel SBDL II pernona 176 — 194
a.K.0., OKpyXas (eHWIbHOE KOJbIO JUTaHMA.
M. YeH ¢ coaBTopamu B cBoeil padote [49] mo
XapaKTepUCTUKE caliTa CBS3BIBAaHMUS KOKauMHa
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B peuenrtope curma-1 mpu momoiuu ¢GoTo-
YyBCTBUTEIBHOIO 3-liomo-4-a3umoKoKauHa
U PaguoCeKBEHUPOBAHUS MIACHTUDUIIMPOBA-
Jm octatok D188 (pacnosaraercsi B pervoHe
SBDL II) kak onHy M3 KJIOUEBbIX aMUHOKUC-
JIOT, YYacTBYIOIIMX B OOpa3oBaHWUM JIMTaHI-
CBS3BIBAIOILETO CaifTa.

g momaepxaHWS CTPYKTYPhl aKTUBHO-
ro caiiTa BaxXHyio pojib urpaetT C-KOHIIeBas
nocjenoBaresibHOCTh 209 — 223 a.k.o., gene-
MM KOTOPOIO IIPUBOASAT K MOTEpEe JIMIaHII-
CBSI3BIBAIOIIMX CBOMCTB [49].

KapOoKCcunbHbIlA KOHEI[ MEePBOro TpaHC-
MeMOpaHHoro goMmeHa TM1 takxke npuHHUMAa-
€T yJacTHe B 00pa30BaHUM CaiiTa CBSI3bIBAHMS
yepe3 0JM3KOe B3aMMOACHCTBHE C pPEeruoHa-
mu SBDL I u SBDL II, paccrosHue Mexmy
KoTtopbiMu coctaBisger 8 A [46, 50]. Takum
o0pa3oM, TUMNOTeTUYECKasi IIPOCTPAHCTBEH-
Has OpraHM3alMs JIMTaHI-CBS3BIBAIOIIETO
caiiTa peuenropa curma-1 ocHoBaHa Ha BHY-
TPUMOJICKYJISIPHOM  CONMMKEHUM  YYAaCTKOB
TM1/SBDL I ¢ peruonom SBDL II.

B HenmaBHeli cepuu cTareil OBLIO OMMCAHO
MOCTPOCHNE MOJEINU perenropa curma-1 m
KapTHMpOBaHUE €ro akKTUBHOIO caliTa MeToaa-
MU in silico n caiT-HaIIpaBJICHHOTO MyTarcHe-
3a [51, 52]. HauanbHag Monenb ObLia MOCTPO-
€Ha METOIOM MOICIMPOBAHUS IO TOMOJIOTUU
(PDB 3CIA, 1124, 2727, 2Q8I), a Heromo-
JormyHasg 9acTb (N-KOHIIEBOM y9acTOK) ObLIa
nocTpoeHa de novo. Pe3yabTaTbl KOMIIBIOTEP-
HOTO MOIEJIMPOBAHUS ITOCTATOYHO XOPOIIO
COIVIACYIOTCS C MMEIOLIMMUCS Ha HACTOSIIUIA
MOMEHT 3KCIEPUMEHTAILHBIMUA HAHHBIMU, a
cama MoJieJib OblJla UCMOJIb30BaHa ISl OU3aii-
Ha ¥ pa3pabOTKM HOBEIX, 00Jiee CrIe(pUIHBIX
CHMHTETUYECKMX JUTaHIOB pelienTopa curma-1
[53, 54]. KaptmpoBanue aKTHMBHOTO caiiTa
MO3BOJIMJIO HASHTU(MUILMPOBATh KIIOUYEBBIE
OCTaTKM, BOBJICUCHHBIC B CBSI3BIBAHWE arOHM-
cTa peuenTopa curma-1— meHrazourHa. OcTa-
TOK acIlapariHOBO#l KuciaoTel D126 oGpa3syer
KJIIOUYEBYIO CBSI3b — COJIEBOMI MOCTMK C aTo-
MOM a30Ta MOoJIeKyJibl nmeHTazonuHa; E172 06-
pa3yeT BOOOPOMHYIO CBSI3b C TMIPOKCHUIHHOM
rpynmoi auranaa; ocratku R119, 1128, Y173
dopMUpyIOT TUAPOGOOHBII KapMaH aKTUBHO-
ro caura. Myraumd 1o OCTaTKaM B ydJacTKe
SBDL Il He3HaUUTENbHO BIMSUIM Ha CBSI3bIBa-
HUE JIMTraHgoB, omHAaKo C-KOHIIEBOIM y4acTOK
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200 — 223 a.K.0. oKa3aJics HEOOXOAMMBIM IS
CcTaOWIM3alMUd CTPYKTYPHI caliTa CBSI3bIBAHMSI.
JaHHasg MOJEb XOPOIIIO COOTHOCUTCS C TMIIO-
T€30M O HAJIMYUU CaliTa CBSI3bIBAHUS, B KOTO-
PBIiA BOBJIEYEHBI BCE PELIENITOPHBIE TOMEHBI.

CyllecTBYIOT JaHHbIe, 4YTO pELEINTop
curma- 1 sipisieTcst pyHKIIMOHAIbHO-aKTUBHBIM
M CIIOCOOEH CBSI3BIBATH JIMTAHIBI TOJBKO B
OJIMTOMEPHOM cocTosHUU [55, 56]. BrepBble
BBICOKOMOJIEKYJISIDHBIE  (POPMBI  peliernTopa
curma-1 (MonexkymsapHbie maccel 97, 130 u
147 x/1a) 6bUIM OOHAPYKEHBI B MUKPOCOMAb-
HBIX MeMOpaHax MeYeHU KPBICHI C IIOMOIIbIO
PagUOAKTUBBIX (DOTOUYBCTBUTEIBHBIX METOK
[46]. loka3aTenbCTBa CYLLIECTBOBAHMUS peliem-
Topa curma-1 B Buae pas3iIM4HbIX PopM (Kak
MOHOMEPHOI1, TaK U OJIUTOMEpHOI) ObLIMN TaK-
K€ TTOJTyYeHBI ¢ IPUMEHEHNEM CIIEKTPAIbHOMN
texHoiorun FRET Ha knetkax muaun COS-7
B KyJabType [57].

DKCNEPUMEHTHI N Vitro ¢ OYUILEHHBIM pe-
KOMOMHAHTHBIM OenkoM ciausiHusg MBP-S1R
MOKAa3ajyd, 4TO TOJIBKO OJIMTOMEpPHEIE (POPMBEI
peuentopa curma-1 (rekcaMepbl, TeTpaMephl,
OKTaMephl) CIIOCOOHBI CBSI3BIBAaTh MEYEHBIN
TputreM aroHuct [3H]—(*)-neHTa3zouuH, Torna
KaK MOHOMEPHI SIBJISTIOTCS (PYHKIIMOHAJILHO He-
akTUBBIMU [55]. Takoi1 U3BeCTHBIN aHTAaTOHNCT,
KaK TaJIoIepuaIo, OJIaropHusITCTBYET BBICOKO-
MOJIEKYJIIPHBIM OJIMTOMEPHBIM ¢hopMaM, HO
TIPY 3TOM arOHMCT TIEHTA30IIWH CTAOWIM3HUPY-
eT IUMephl pelenropa curma-1 [57].

CrnocoOHOCTh K OJIMTOMEPU3allM CBSI3aHa
CO CTPYKTYPHBIMM OCOOEHHOCTSIMM pelielTopa
curMa-1. B mocnenoBaTenbHOCTH pelienTopa
OoOHapyXeHbl JBa IIpelarnojaraéMblx MOTHBa
auMmepusannn GxxxG [56, 58, 59]. Ilepsolii
M3 HUX pacmoiiokeH B pomeHe TM2 (87 — 91
a.K.0.), Torga Kak BTopoit — B C-KOHIIEBOU
obmactu SBDL II peruona (108 — 112 a.x.0.).
Bo3MOXXHO, 4TO TEpBBIII MOTHUB OIIOCPEIYyET
IUMEepU3alliIo pelierTopa curma-1, a BTopoit
oTBeyaeT 3a (hOPMUPOBAHUE BHICOKOMOJIEKY-
JISIPHBIX OJIMTOMEPOB. Bce ToueyHble MyTallun
B OoMeHe ojuromepuszauuu 87 — 91 a.x.o.
GQWMG mnpuBenu K 3HAYUTEIbHOMY CHU-
>KEHUIO 9KCIIPECCUM pelienTopa B KJIeTKax, a
TaKXe K CIBUTY OJIUTOMEPHBIX (DOPM pELIeTITO-
pa B CTOpOHY MOHOMEePOB [55]. YKopoueHHas
Bepcust peuenrtopa curma-1 (1 — 122 a.x.o.)
crocoOHa K 00pa3oBaHUIO TETEPOMEPOB C

MOJIHOpa3MepHOM (hOpMOI pelienTopa, Hera-
TUBHO peryaupysl GyHKIHUIO MOJTHOPa3MePHOMI
¢dopmel [42].

V.b. YUy ¢ coTpynHMKaMu B CBOEi CTaThe
MPEMTOXWIN MOIEIb, COINIACHO KOTOPOM pe-
Henrop curma-1 oOpasyer roMomumep WIN
OJIUTOMEP, COCTOSIIMNIA U3 TUMEPOB, a CTEXUO-
METpHs CBSI3BIBAaHMSI pelLenTopa C JUTaHIOM
cleayeT IMpaBUily, IO KOTOPOMY OIHAa MOJe-
KyJla JIMTaHda IPUXOOUTCS HAa OOWH AUMEDP
peuenropa curma-1 [56]. B mpoTuBoImomox-
HOCTb 3TOU MOEIU B psiAe IPyTux padoT mo
KOMITBIOTEPHOMY MOJEJIMPOBAHUIO IMOKa3aHa
BO3MOXHOCTh CBSI3BIBAaHMS JIMTAHIOB C MOHO-
MepHOU (opmMoii perientopa curma-1, 4ro co-
OTBETCTBYET CTEXUOMETPUM OAWH JIUTaHA Ha
oguH peuentop [51 — 53].

B nomnbiTke 0OBSICHUTH (DU3MOJTOTMYECKOE
3HauYeHUE OallaHCa OJUTOMEPHBIX U MOHOMEP-
HBIX (hopM pelienTopa curMa-1 ObLIO BbIABU-
HYTO IPENMNOJOXEHHUE, UTO OJUTOMEpHU3alIus
pelienTopa curmMa-1 peryiudpyer ero JIMIaHI-
onocpegoBaHHbele (yHkun [57]. Tlpenmno-
JIOKUTEJIbHO, JIMTaHObl pelenTopa curma-1
MOTYT BJIUSITh Ha KUHETUKY B3aMMOIEICTBUS
peuenropa ¢ APYIMMM, TaK Ha3bIBAEMbIMU
KJIMEeHTHBIMM OejKaMy (MOHHBIMM KaHaJlaMu
W OPYTMMM) TOCPEACTBOM M3MEHEHMS COOT-
HOIIIEHUSI MEXXAY OJIUTOMEPHBIMU I MOHOMED-
HBIMU (hOopMaMM, CABMUTas OajaHC B TOJIb3Y
TICPBBIX.

Ha ceromHsgirHuii neHb pelentop curma- 1
MpeacTaBieH KaK BBICOKOIMHAMMWYHAS MOJC-
Kyna, criocoOHass oO0pa30BbBIBATH TOMOMEpPHEBIE
KOMITJIEKChI, KOTOpbIe M 00ECITeUrMBaIOT MHO-
roszamayHble (PYHKIMU pelernTopa.

Y1o0bl 00JE€e TOYHO OTBETUTH HA BOMPO-
Chl O JOKajau3allMM, OpraHu3aluyd JIMIaHI-
CBS3BIBAIOIIETO caiiTa, a TakXe OMNpeaeuTb
CTEXMOMETPUIO CBSI3bIBAHMUSI PA3IMYHBIX JIM-
TaHAOB C peLeNnTOPOM cUrMa- 1, TpedyroTcs 10-
MOJIHUTEJIbHbIE UCCIIEIOBAaHUS C IPUMEHEHUEM
BBICOKOTOYHBIX METOJIOB CTPYKTYPHOI OMOJIO-
MM, HaIlpuMep TaKUX, KaK PEHTITEHOCTPYK-
TypHbII aHanu3 U AMP-criekTpocKonus.

Poub penentopa curma-1 B HeiiponaToJoruu

Kak u3BeCTHO, OAHMM U3 HEHAPOICUXOJIO-
TMYECKMX 3a00JIeBaHUI, B KOTOPOM KIIIOYE-
BYIO POJIb UTPaeT pelenTop curma-1, siBiseT-
csg pemnpeccus. B aToM ciydae HaOIomaeTcs
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TUCPYHKIUSA CTPYKTYp Mo3ra. OHM MOOyIu-
pyIOTCSI MOHOAMMHEPTMYECKHMU CHUCTEeMa-
MU, TAKMMM KakK JIOOHas KOopa W TUMITOKaMII.
HekoToprsle  aHTHMOENpecCaHThl  00JamaroT
CBOMCTBaMM JIMTaHAOB pelenTopa curma-1,
MOIYJIMPYIOIIUX MHOTYME HEHpPOTPaHCMUTTEP-
HbIE CHCTEMblI, 4TO IIpeAriojaraeT Haaudue
aHTUIAETIpeCCUBHOTO 3(deKTa, CBSI3aHHOIO C
peuentopoM curMa-1. JIeiCTBUTENLHO, aro-
HUCTBI PELIENITOPOB CUTrMa-1 JeMOHCTPUPYIOT
3HAYNMBI aHTUACTIPECCUBHBIN 3(P@PEeKT Ha
pasiandHbix Moaeasx [60]. B Hacrosiuee Bpe-
MSI MMEIOTCSl J0Ka3aTesibcTBa TOro, 4TO 3TU
peLienTopbl BAUSIOT HA HacTpoeHue, Oiaroaa-
P YCUJIEHUIO CEPOTOHMHEPTUYECKOW U TITI0-
TaMaTepruyeckoil HelpoHaabHOM (PyHKLIMH, a
TakKe 3a CUeT HEMPOTPO(UIECKOTO ACHCTBUSI.
BaxHbiM 3¢@deKToM aroHMCTOB pelernTopa
curMma-1 SBISIeTCS YCWICHME aKTUBALMU CeE-
POTOHMHEPIUYECKUX HEWPOHOB OOP3IHLHOIO
sgapa IBa. AKTABALIMS CEPOTOHMHEPIrUIECKOMN
TPAHCMUCCUM ITIOA BAMUSIHUEM TaKMX aroHM-
CTOB HAUMHAETCS YK€ MOCJe ABYX JHEU Jeye-
HUS, B TO BpeMsI KaK KIIMHWYCCKHM 3HAYMMBIC
W3MEHEHUsI, NUHAYLIMPOBAHHbBIE TOPMOXEHUEM
00paTHOTO 3axBaTa CEPOTOHMHA, TOSIBISIOTCS
TOJBKO MOCJE ABYX-TPEXHEIEJbHOIO IIpHeMa
aHTUIEIPeccaHTa. bBEICTPEINN CcepOTOHMHEP-
ruyeckuii  3¢p¢eKT aroHUcCToB pelenTopa
curma-1 mpenmojaraer 0ojiee paHHee Havyayio
AHTUIEIIPECCUBHOIO AEWMCTBUS II0 CpaBHE-
HUIO C TPaguIIMOHHBIMM aHTHUACIIpeCcCaHTa-
mu. bonee Toro, KoMOMHALMS CEIEKTUBHOTO
aroHucTa pelernropa curma-1 npamurmnexkcosa
M aHTUJETIpeccaHTa cepTpajiuHa B cyoaddex-
TUBHBIX J03aX Ha 3KCIIEPUMEHTAJIbHON MOE-
JIU JENpPecCUur OEeMOHCTPUPYET CHUHEPrMYHOe
aHTUIENpecCUBHOe neiicTBue [61]. Y manu-
€HTOB, CTpajalolluX Jelpeccueil, HMeeTcs
CHMXXeHue yMcia peuentopos NMDA B npe-
(bpoHTAILHOI KOpe M TUIIINOKaMIle. DKCIe-
pUMEHTaJbHAasg MOJENIb IEIpecCu (3KTOMMUS
OOOHSTENbHBIX JTYKOBUIL Y KPbIC, TPUBOSIIAS
K cHIDKeHMIO uncia perentopoB NMDA) co-
MPOBOXAAETCS IIOBENCHUYECKUM Oe(UIIMTOM,
KOTOPHIA HAIOMMHAET IICMXOMOTOPHOE BO3-
OyXaeHue, MOTepI0 MHTepeca 1 KOTHUTHUBHYIO
IUCPYHKIWIO MPU KIMHUYECKON HEIPEeCCUM.
ATOHMCTBI pELEeNnTOpOB cHIMa-1 yiIydilnaroT
MOBEACHYECCKII Ne(ULNT M TaKKe YBEJIUUM-
BalOT 3Kcrpeccuio penentopoB NMDA. Btu
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HAXOAKY MOATBEPKAAIOT CBSI3b MEXAY OeIpec-
cueil u peuenTopamu IByX Buaos: NMDA u
curma-1 [20].

Hapsny ¢ woaynaupyiolieii pojblo  pe-
LIETITOPOB CUrMa-1 B INIIOTaMaTepPruyecKoi U
CEPOTOHMHEPTUUECKOM TPaHCMUCCUM, accCo-
LIMAPOBAHHON C Jempeccueli, OHM O0JagaloT
JOITOJIHUTEJbHBIM ~ MEXaHU3MOM JIeiCTBUS,
CBSI3aHHBIM C IIpolieccaMU HeWpoIIacThd-
HocTtu. Heiiporpoduyeckoe neiicTBUe HEKO-
TOPBIX AHTUAEIIPECCAHTOB 3a CUYET MHIYKIIUH
(pakTOopa pocta HEHPOHOB MOXET PEryJIMpPO-
BaThcd pelienTopamu curma-1 [62]. Bricokas
CBs13b (hIyBOKCAMMHA B TeparneBTUYECKUX JO-
3UPOBKaX C peLeNTopaMu curMa-1 rojIoBHOro
MO3ra CBUIETEILCTBYET O TOM, YTO HEKOTOPbIE
3(P@deKTh 3TOTO aHTUIEIIpeccaHTa CBI3aHBI
MMEHHO C paccMaTpUBaeMbIMU PELECITOPAMU.

Takum oOpa3om, aHaMM3 AOKIMHWUYECKUX

WCCIENOBAHMI  TO3BOJISIET  IPEAMNOJOXUTD
BO3MOXHBIC HOIOJHUTEIbHBIE KIMHUYECKUE
a(@deKThl aHTUIAENPECCAaHTOB, O0O0JaJaOIIUX

CBOICTBAaMM aroHMCTOB PELIEIITOPOB curma-1.
KiauHuuuctel (GOKyCUPYIOT CBO€ BHUMaHME
Ha CJICAYIOIINX SIBJICHUSX: YIYYIIEHNE KOTHU-
TUBHBIX CIIOCOOHOCTElN; YCKOPEHUE pPa3BUTUS
aHTUIEIIPECCUBHOIO 3 deKTa; HEHPOIPOTEK-
TUBHBINA 3hdekT [63].

Taxcke UMEIOTCsI JaHHbIE, YKa3bIBAIOIIUE HA
(pusrogOoTMUECKYI0 POJIb pelenTopa curma-l1
B MOTOHeWpoHaX. bbl1o, B 4yacTHOCTH, yCTa-
HOBJIEHO, YTO MyTauus B peuenrope E102Q
MPUBOAUT K ayTOCOMHO-PELECCUBHOI (opMe
IoHOLIecKoro mapamuuya [64]. IIpu pasButuun
JaHHOTO 3a00JIeBaHUSI MOTOHEMPOHBI CIIMH-
HOTO MO3Ta ITOru0aroT. ¥ MyTaHTHBIX MBIIICH
C yIaJleHHBIM T€HOM pelienTopa curma-1, mpo-
SIBJISTIOIIMX CUMITOMBI ITapajimda, ITPOHOJIKM -
TEJBHOCTD XKM3HU 3HAYNTEILHO YMEHbBIIIACTCS,
W CHMIITOMEI ITapajimya HaCTyIamT paHbIe,
YyeM y MBIIIei, 3KCIPECCUPYIONINX PELeNTOP
curMa-1. DTO CBUOETENLCTBYET O TOM, YTO
Jaxe y MBIIIeH YKa3aHHBIN peLenTop 3aMe/l-
JIdeT pa3BUTHE JAeTeHEPATUBHBLIX IIPOLIECCOB
[65]. Tounaa posib peuenropa curma-1 roka
HE BBISICHEHA, HO BBICKA3bIBAIOTCSl Pa3M4YHbIC
TUIIOTE3HI.

[Ipy WMMYHOTMCTOXMMHWYCCKOM HCCIIe-
JOBAaHUM OBLIO BBISIBICHO, 4YTO pELEITOP
curMa-1 pacmosaraeTcs IIoA XOJIMHEpPIruye-
ckuMM OyToHamu. PaHee ObLIO MOKa3aHO, YTO
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B ITIOCTCUHAINITUYECKO MeMOpaHe XOJTWHEPIU-
YEeCKMX CHHAIICOB MOTOHEHMPOHOB pacIIOJIO-
JKEHBI JBa TUIIAa KaJaueBbIX KaHajoB: Kv2.1 m
SK. DTu xaHajnbl BEIBOAAT MOHBI Kanug K u3
KJIETKA Y TaKUM 00pa3oM CHIKAIOT BO3OyIM-
MOCTb MOTOHEHMPOHOB, UTO OCOOEHHO BaXXHO,
MOCKOJIbKY MOTOHEHPOHBI MPU CTPECCE MOTU-
0aroT mepBbIMU. BBLIO IMOKAa3aHO, YTO JIUTaH-
Ibl pelenTopa curmMa-1 MoOryT BAMSATH Ha aK-
TUBHOCTb KalneBbIX KaHajmoB Ttuna Kv2 u SK
[21]. Bo3dMoxHO, TTOmI00OHAsT pPeryasauus cylle-
CTBYeT U B MOTOHEMpoHax. MexaHu3M BiIHSI-
HUS pelenTopa curMa-1 Ha KaJveBble KaHa-
JIBL MOXET OCYILIECTBISIThCS HEMOCPEACTBEHHO
yepe3 B3aMMOIEUCTBUE MO0 Yepe3 IIEMOUKY
B3aMMOJIECTBYIONIUX OeakoB. Tak, perentop
curma-1 crmoco0eH B3aMMOJEIMCTBOBATh C MHO-
3UTOATPUPOCHATHBIM PELIETITOPOM, KOTOPBII
HaxoauTcsl Ha MeMOpaHe ER, a akTtuBaToOphl
pelernrTopa IpUBOASAT K 3HAYMTEIbHOMY YCU-
JeHuto BbIOpoca kKanbius U3 ER B IMTO30b.
Kanpuuii akTUBUpPYeT KaIbMOIYJIUH, a aKTUB-
HBI KaJIbBMOAYJIMH B CBOIO OUEPEIb OTKPHIBACT
HEIOCPEeNCTBEHHO KaHajl KaJlueBbIX MOHOB SK
B IUIa3MaThYecKoir MemOpaHe. Kpome ToroO,
KaJIbMOAYJIMH CIIOCOOEH BIMSTh Ha KaHajl
Kv2.1 yepe3 akTuBaLMIO KaJlbLIMHENPHUHA, KO-
TOpasl BhI3bIBaeT nedochopuairpoBaHue KaHa-
JIa 1 IPUBOIUT K €ro JaJbHEMIIe aKTUBALlUN
[66]. Takum obpa3om, 00a KalMEeBHIX KaHalla
MOTYT OBITh MOIYJIUPOBAHBI IMMOCPEACTBOM aK-
TUBallUM pellenTopa curma-1 depe3 Kackai
OEIKOBBIX B3aMMOIEHCTBUIA.

Peuienirop curma-1 urpaeT BaxXHYyIO poyib U
B ApPYIMX OTHAEJIaX LEHTPAIbHON HEPBHOM CH-
crembl. Tak, OBLIO IMOKa3aHO, YTO T'aHIJIMO3-
HbIE KJIETKM PETUHBI IIPU HOKAyTe pelenTopa
curma-1 mormbamT B OOJBIIEM KOJUYECTBE,
YyeM TaHIJIMO3HbIE KJIETKM 3I0POBBIX >XKUBOT-
veix. Ilpm aktmBaumm peuernropa curma-1 y
MBIIIEN MOCIe UHBEKINU aMUJIOMIHOTO ITeM-
TUIA U MPUOOPETEeHUS TaKUM OOpa3oM CHM-
NTOMOB 00Jie3HU AJblrefiMepa, 3HAYMTEIBHO
YIIYYIIAIOTCS pe3yJbTaThl TECTUPOBAHMS HaMsI-
™ [67]. B ucciaenoBaHUSX C KUCITOJIb30BaHM-
€M ITO3UTPOHHO-3MUCCUOHHON ToMorpahuu
MOKa3aHO, YTO IIPU HOPMAaJbHOM CTape€HUM
YYBCTBUTEJIBHOCTh pPELENTOPOB cuUIMa-1 He
MEHSETCS. DTO KOHTPacTHMPYeT C BO3pacT-
3aBUCUMBIM CHIDKCHHUEM XOJMHEPTUYeCKOM,
DIyTaMUHEPIMYECKONW U J0(haMUHEPTUIECKOMN

peuenunu. Ho y ITallMeHTOB, CTpagarolInX
00se3HbI0 AJblreriMepa, OOHApPYKEHO CHU-
xeHue (yrpara Ha 26 %) perenTopoB curma- 1
B peruoHe runmokamia CAl, mo cpaBHEHHUIO
CO 310poBbIMU JoabMu. IIpryemM ykKazaHHOE
CHIXEHME KOPPEJIMPOBAJIO C AeTpagaliueil Imm-
paMuaanbHbIX HeiipoHoB [68]. HemaBHO OBLIO
00HapPYXEHO, YTO arOHUCTHI TUX PELIEIITOPOB
MOTYT MPOTUBOAEHCTBOBATh MUKPOTINAIBHOMN
akTuBaluu. B pesynbrare 3TOro ociaadisieTcs
BOCITAJIMTEIbHBIE KOMIIOHEHT HeWpomereHe-
pPaTUBHBIX 3a00JIeBaHUIA.

Kpome Toro, B HemaBHUX HCCIEIOBAaHUSIX
ObUla TIOKa3aHa pOJb HAPYLICHUS KaJIbIIME-
BOI CUTHaJIM3allMd B IIaTOreHe3e OoJIe3Hei
AnbureiiMepa u XaHTMHITOHA. B 4yacTHoOCTH,
M3MEHEeHMEe KalblimeBoro romeocrasuca B ER
BeIeT K HApYIICHUIO CMHAIITUYECKUX CBSI3Ei B
HeiipoHax [69]. IIpenmonaraeTcst, 4YTo peren-
TOp curMa-1 SBISIETCSI CEHCOPOM HOpPMab-
Horo (yHKIIMOHMpPOBaHUS Kaiblusa. HemaBHO
CTajJj0 TakKke H3BECTHO, YTO 3TOT pPeUeHTop
SIBJISIETCSI MOTEHIIMAJIbHON MUIIEHBIO IS Jie-
KapCcTBEHHOTO cpeacTtBa TpugoaunuH [70].
HaHHBIMA TIpernapaT oKa3ajl HEKOTOpPhIE I10JIO-
KUTeJIbHBbIE 3PMEKTHI B TpeTheil hase JeueHUs
0osie3HM XaHTUHITOHA, M B HACTOSIIEE BpeMs
OLICHMBAETCS BO3MOXHOCTb €r0 MCIIOJIb30Ba-
HUS B JaJbHEHIINX KIMHUYSCKUX UCIIBITAHU-
gax [71]. Ha ocHOBe MOJIy4eHHOI0 BO3AEUCTBUS
mnperapaTa B 3KCOEPUMEHTaX Ha >XKUBOTHBIX,
NPUOOAUIIMH pacCMaTPUBAETCI MCCIEIOBA-
TeJSIMM KaK «cTabwiauszarop podamMuHa». Om-
HAKO TOYHBI MOJIEKYJISIPHBIA MEXaHU3M €ro
JIeicTBUSA Ha O0o(aMUHOBBIE PELIENITOPHI ellle
MOMJIEKUT YTOUYHEHUIO [72].

3akinouenue

B naHHOM 0030pe OBLIM PACCMOTPEHBI
OCOOEHHOCTU CTPOCHHUSI U CTPYKTYpPhI peleM-
Topa curma-1. Mpr oOCyaunmu BO3MOXHBIE
0ro(U3NYECKNE MEXaHU3MBl PEryJIslvM JaH-
HOTO PELENITOpPa U €ro y4acTUus B Pa3IMYHbIX
KJIETOYHBIX Ipolieccax, a TakXKe €ro pojb IIpHU
Pa3BUTUM pa3IMUHBIX HeliponartoJjoruii. Kpo-
Me TOro, HaMu OBbLIM OITMCAaHBI BO3MOXKHBIE
IMyTX TpUMEHEHHUs pelenropa curMa-1 Kak
TepaneBTUYECKON MUILIEHU MPU JICUCHUU JaH-
HOTO BHUJIA 3a00JIEBAaHUMA.

YuuteiBasg IIMPOKME IEPCIIEKTUBBI MC-
MOJIb30BAaHUS peElenTopa curMa-1 kKaxk Tepa-
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MEBTUYECKONM MUIIIEHM Ha OCHOBE Oe€jKa, B
JJabopaTopuy MOJIEKYJISIpHON HelpoaereHe-
pauuu (JIMH) Cankr-IletepOyprckoro moyim-
TeXHUYeCKoro yHuBepcuteTa Iletpa Benukoro
MPOBOISTCSI KOMIUIEKCHbIE OuOo(pu3NIecKue
WCCJIeI0BaHMS TI0 U3YYEHUIO POJIM pelenTopa
curMma-1 B KOHTEKCTE MCCIEI0BAaHUI Pa3BUTHS
HEeNMpomnaToJa0ruY, ¢ IPUMEHEHNEM TaKMX Me-
TONOB, KaK KOMITbIOTEPHOE MOJIECJIUPOBAHUE,
PEHTIEHOCTPYKTYPHBIN aHaln3 U KOH(OKaJb-
Hasi MUKPOCKOIIHSI.

baarogapHocTu

ABTOpBI BBIpaXamoT OJarogapHoOCTb OU-
pekrtopy HaydyHo-00pa3oBaTesibHOTO I1IEHTpa
«DyHIaMeHTaJIbHbIE OCHOBBI MEIUIIMHCKUX

¥ OMOMEAMLIMHCKMX TEXHOJOTHI», TOKTOpY
¢usuko-maremaruyeckux Hayk O.JI. Bnaco-
Boii, HayuHoMmy coTpyaHuky JIMH CIIGITY,
KaHougaty (QU3MKO-MaTeMAaTHYSCKMX HaykK
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Bolshakova A.V., Kukanova E.O., Gainullina A.N., Zhemkov V.A., Korban S.A.,
Bezprozvanny 1.B. SIGMA-1 RECEPTOR AS A POTENTIAL PHARMACOLOGICAL
TARGET FOR THE TREATMENT OF NEUROPATHOLOQY.

Sigma receptors are usually classified as a separate class of intracellular receptors. Among them sigma-1
receptor has received the most study in respect to pharmacology application. This receptor with average or
high affinity binds a wide range of chemical compounds of very different structural classes and a variety of
therapeutic and pharmacological properties. The sigma-1 receptor is a trans-membrane protein placed in
the endoplasmic reticulum (ER), which regulates the function of inositol-3-phosphate receptor, stabilizing
the calcium signaling between ER and mitochondria. The receptor in question is involved in the formation
of many neurological and psychiatric states. It is assumed that the sigma-1 receptor acts as a sensor of
normal calcium operation. The studies over the recent years have shown the role of a disturbance in
calcium signaling in the pathogenesis of Alzheimer’s and Huntington’s diseases. In particular, changes in
calcium homeostasis of the endoplasmic reticulum lead to the break of synaptic connections in the neurons.
Thus, sigma-1 receptor holds promise in application as potential therapeutic targets for the treatment of

neuropathological diseases.
SIGMA-1 RECEPTOR,
NEUROPATHOLOGY.

ENDOPLASMIC RETICULUM, CALCIUM SIGNALING, CHAPERONE ACTIVITY,
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CRYSTAL ACCELERATION EFFECT FOR COLD NEUTRONS
IN THE VICINITY OF THE BRAGG RESONANCE

A new mechanism of neutron acceleration is studied experimentally in detail
for cold neutrons passing through the accelerated perfect crystal with the energies

close to the Bragg one.

The effect arises due to the following reason. The crystal

refraction index (neutron-crystal interaction potential) for neutron in the vicinity of
the Bragg resonance sharply depends on the parameter of deviation from the exact
Bragg condition, i.e. on the crystal-neutron relative velocity. Therefore the neutrons
enter into accelerated crystal with one neutron-crystal interaction potential and exit
with the other potential. Neutron kinetic energy cannot vary inside the crystal due to
its homogeneity. So after passage through such a crystal neutrons will be accelerated
or decelerated because of the different energy change at the entrance and exit crystal

boundaries.
NEUTRON  ACCELERATION,
ACCELERATED CRYSTAL.

1. Introduction

The possibility to control the energy of
neutron beams is of great interest because
of the wide neutron applications in various
scientific fields from material science to nuclear
physics, particle physics and astrophysics. The
acceleration effect for neutrons scattered by
exited isomeric nuclei was first predicted in
1959 [1] and was discovered experimentally in
1980 [2, 3]. The acceleration of neutrons in
an inversely populated medium [4, 5] turned
out to be very important in processes of stellar
nucleosynthesis. In Ref. [6] acceleration of
neutrons by vibrationally excited nitrogen
molecules was observed.

Acceleration of neutrons in the uniform
magnetic field by means of radio-frequency
flipper is well-known and successfully used in
physical experiments (see, e.g., Ref. [7]). The
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NEUTRON  DIFFRACTION,

phenomenon of neutron acceleration in a strong
alternating magnetic field (of amplitude ~ 0.4 T)
was observed in Ref. [8]. The acceleration
of neutrons in a weak alternating magnetic
field (of 0.1—1.0 mT) was measured using
anomalous behaviour of the velocity dispersion
for neutrons, moving in a crystal close to the
Bragg directions [9]. The foundations of the
neutron acceleration in a laser radiation field
were considered in Ref. [10].

Also acceleration and deceleration of neu-
trons by reflection from moving mirror [11, 12]
or by Doppler-shifted Bragg diffraction from
a moving crystal [13, 14] are well-known and
used in experiments with ultracold neutrons.

Recently a new interest has arised in the
acceleration of neutrons, passing through ac-
celerating media [15, 16]. This effect was first
observed by the authors of Ref. [17] and was
described in detail in Ref. [18]. It was noted in
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Ref. [18] that “the observed effect was a mani-
festation of quite a general phenomenon — the
accelerated medium effect (AME) inherent
to waves and particles of different nature”. In
Ref. [19], the acceleration and deceleration of
neutrons were observed by applying a specific
time-of-flight method. In Ref. [20], some new
special features of the effect for a birefringent
medium were discussed with the applications
to neutron spin optics and evolution of flavor
states of neutrino, propagating through a free
space. The acceleration of the samples in the
mentioned experiments reached several tens of
g units, and the value of the energy transfer AE,
to a neutron with energy E,

(AE, = 2(Av/v ) E [(1 — n)/n])

fell within the range of (2—6)-107'° eV [18] for
ultracold neutrons (UCN), so up to now AME
was observed only for UCN and by only one
research group (see Refs. [18, 20]). Here v, is
a neutron velosity, Av is a value of a relative
neutron-matter velocity variation during the
neutron time-of-flight through the sample, # is
the refraction index for a neutron.

In the present paper, a new much more
effective mechanism of acceleration effect is
proposed [21], which has been tested and con-
firmed experimentally for cold neutrons pass-
ing through the accelerated perfect crystal. An
energy transfer to a neutron in this case can be
at the level of ~ 4.107® eV. This value in con-
trast to AME is determined by the amplitude Vg
of the corresponding harmonic of the nuclear
neutron-crystal periodic potential, but not by
the value of a relative neutron-crystal veloc-
ity variation during the neutron time-of-flight
through the crystal. For a cold neutron

(1 —n)/nl=V,/2E,
so AME in our case has an order
~ (Av/v )V, ~ 1075, V, ~ 1072 eV

that is negligible in further consideration (V]
is zero harmonic of neutron-crystal interaction
potential, i.e. averaged crystal potential).

The essence of the crystal acceleration effect
is as follows. The crystal refraction index for
neutrons in the vicinity of the Bragg resonance
sharply depends on the crystal-neutron relative
velocity (see further). The neutrons enter into

accelerated crystal with one potential of a
neutron-crystal interaction and exit with the
other potential, so the kinetic energy change at
the crystal boundaries will differ, and neutrons
will be accelerated or decelerated after passage
through such a crystal, in this case the energy
transfer to a neutron being at the level of ~
4-107% eV.

Neutron wave function significantly
modifies for neutrons moving through the
crystal under conditions close to the Bragg ones.
As a result neutrons concentrate on “nuclear”
planes or between them [22, 23]. We take the
term “nuclear” planes to mean the positions
of maxima of periodic nuclear potential for
corresponding system of crystallographic planes.
The neutron-crystal interaction potential can be
written as a sum (the reciprocal lattice vectors
expansion) of harmonic potentials (harmonics)
corresponding to all nuclear plane systems
described by reciprocal lattice vector g normal
to the given plane system, |g| = 2n/d (d is an
interplanar distance):

Vry=>V.e* =V, +>2v, cos(gr+o,). (1)
g g>0

Here V., are the amplitudes of g-harmonics
of the crystal nuclear potential, which are
determined by neutron scattering amplitudes
for crystal elementary cell (structural
amplitudes). In general, V are complex values,
Le. V. =v exp ¢,

Hgowever if“ the crystal is nonabsorbing
and centrosymmetric, one can make all
phases vanish at once, i.e. make all Vg real,
putting the coordinate origin at the centre of
symmetry. When neutron is moving through
the crystal under conditions close to the
Bragg ones for a plane system g, only one
harmonic with amplitude V will be essential
and should be taken into account. That is due
to a very narrow width of the Bragg reflection
of neutrons. For one harmonic, the origin
of coordinates can be always placed at its
maximum making V, amplitude real. Just the
same we can make with the crystal electric
potential. So for centrosymmetric crystals the
positions of «nuclear» and <«electric» planes
always coincide.

But if the center of symmetry is absent
the maxima of electric potential for some
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crystallographic planes will be shifted relative
to the nuclear maxima. That will lead to
gigantic electric fields, acting on the neutron
inside the crystal [23—25], because the neutrons
concentrate in the vicinities of the maxima and
minima of nuclear potential where electric field
is just nonzero in this case. So the whole class
of new neutron optics phenomena arises (see,
for example,Ref. [26]).

2. Neutron crystal optics

Interest in neutron optics in the perfect
crystals has quickened in the past few years. It
is caused first by new outstanding possibilities
for studies of neutron fundamental properties
and its interactions. The case in point is, for
instance, a search for a neutron electric dipole
moment, as well as a search for CP-violating
pseudomagnetic forces due to exchange of a
pseudoscalar axion-like particle, using neutron
optics in the crystals [27—32]; these are now
the most important tasks.

The admixture of the waves reflected by
crystallographic planes to the neutron wave
function significantly changes the pattern of
neutron propagation in the crystal and leads
to new phenomena, which manifest sharply
defined resonance character with the Bragg
(Darvin) width. For example, a small change
of the neutron energy within this width
(AE/E ~ 1073 for thermal and cold neutrons)
results in significant changing the neutron
mean velocity in the crystal (the anomalous
velocity dispersion), and so the sharp energy
dependence of the neutron-traveltime through
the crystal on neutron energy exhibits [33].

In the present paper we discuss one more
phenomenon related to the change in the
neutron wave function in the crystal, namely
the resonant behavior of the neutron refractive
index (i.e. kinetic energy of the neutron inside
the crystal) depending on the difference of
the initial and a Bragg neutron energies. If a
neutron passes through the non-absorbing
perfect crystal and Bragg conditions are not
satisfied for any crystallographic planes, the
neutron propagation through the crystal can be
described by refractive index, which depends
on the ¥, amplitude of zero harmonic (average
crystal potential). In this article, by a perfect
crystal it is meant the crystal with the dispersion
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of the interplanar distance much less than the
intrinsic width of the Bragg reflection. But when
the energy or velocity direction of a neutron ap-
proaches the Bragg values, the waves reflected
by the corresponding plane system start arising.
The amplitudes of these waves are determined
by the corresponding V. amplitudes of potential
harmonics and by the deviations from the ex-
act Bragg condition. When this deviation being
more than the harmonic amplitude we can use
the perturbation theory [28, 34]. In this case
if the neutron has an initial energy equal to £
and the wave vector k; (£, = 7k /2m), its wave
function inside the crystal will be written as

4 ,
8 erkgr = e:kr 1_Le:gr , (2)
E, - E, Ay

g

Y= ezkr +

where
Ay =(Ek—Ekg)/Vg =2(Ek—EB)/Vg

is the dimensionless parameter of deviation
from the exact Bragg condition for some g
system of planes; Kk, kg =k + g are the wave
vectors of incident and reflected waves inside
the crystal with the mean refraction index taken
into account; E, and E, are the unperturbed
neutron kinetic energie§ in states |k) and

k).
E, =1k’ /2m= 1k} | 2m-V,,
E = n’k; / 2m;
E, =n’g’ / (8msin® 0;)
is the neutron energy that corresponds to exact
Bragg condition. The presence of reflected
wave with the amplitude equal to 1/A; leads
to localization of neutron density in the crystal

on (or between) reflecting planes depending on
the sign of A; :

() P= 1 - cos(gr). 3)
AB

The concentration of neutron density in
the vicinity of maxima or minima of nuclear
potential, as in the case of Laue diffraction,
leads to additional changing the neutron kinetic
energy Ek and, respectively, the value of the
wave vector and the refractive index » inside
the crystal depending on the magnitude of
this concentration, i.e. on deviation parameter
Ay from the Bragg condition. Notice that the
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neutron refraction index n is determined as
usual:

nw=1-E, /E,.

Averaging the potential over the wave
function (2), using (3), one gets
- 12
E="K g v L @
2m AB
The last term in Eq. (4) increases infinitely
approaching the Bragg condition (E, = E, ),
so it becomes incorrect (and the perturbatfon
theory is inapplicable as well) already for

E ~E -V,

The precise fulfilment of the

condition

Bragg

E -E_=0

means the equality of energies for two neutron
states with momenta 7k and #n(k + g), i.e. the
neutron energy level E, becomes doubly de-
generated. Amplitudes of these neutron states
become comparable in value, and one should
solve well-known two-level problem that cor-
responds to the two-wave approximation of the
dynamic diffraction theory. The result is the
following. Neutrons with the energies within
Bragg (Darwin) width |E, — E| <V/2 cannot
penetrate into the working K, crystal (Fig. 1),
they will completely reflect from the crystal
entrance face which is parallel to the crystal-
lographic planes. So only the neutrons with
|E, — Ey| >V,/2 (Ay> 1) can pass through this
crystal and can be accelerated. Using expan-
sion of the exact two wave dispersion equation
over 1/A; one can get the following result for
the kinetic energy of neutron after its entrance
into the crystal:

Ay
E—E V+Vg A2+1 (5)

The last term in Eq.(5) describes the
additional potential neutron energy due to
neutron localization. It significantly changes
with small variation of neutron energy within

the Bragg reflection width A, =1, i.e. in the
narrow energy range
EB—Vg <E, <EB+Vg.
For  thermal and cold neutrons

V,/ E; =107, The amplitude value it-
self is comparable to tflat of the mean crys-
tal potential V. Hence changing the incident
neutron energy in the vicinity of Ej, one can
observe a well-defined resonance-type energy
dependence of the neutron refraction index
in the crystal. For example, for (110) plane of
quartz V, = 4. 10%eV, ¥, =10"eV and E
=3.2.10V for dlffractlon angle close to n/2

It is worth to notice that in our case the
Eq. (4) can also be quite good approximation,
the infinities can be removed by overaging over
neutron spectrum within A, ~ 2, because it is
formed by two crystals K, and K,. When A, =0
for the central part of the spectrum only the
left and the right wings, having opposite po-
tentials connected with the neutron concentra-
tion, can penetrate to the crystal so that aver-
aged potential for this neutrons will be zero as
in accordance with Eq. (5).

3. Experimental setup

Our experiment was carried out at the
horizontal neutron beam of the WWR-M
reactor (PNPI, Gatchina, Leningrad Region,
Russia). The energy change of a neutron passed
through the accelerating crystal near to the
Bragg condition was measured.

If a neutron moves through the accelerating
crystal, then the parameter of deviation from
the Bragg condition and correspondingly the
mean potential of neutron-crystal interaction
will be time-dependent (see Eq. (5)). As a
result, the refractive index will vary during a
neutron travel in the crystal. Correspondingly
the changes in the neutron Kkinetic energies
at the entrance and the exit surfaces of the
crystal will differ. Therefore, one should
observe either acceleration or deceleration of
the neutron passing through such a crystal,
because the kinetic energy E, of the neutron
inside the crystal does not change because of
the crystal homogeneity. It should be noticed
that it does not matter in which way a change
in the parameter of deviation from the Bragg
condition occurs over a time interval of the
neutron propagation through the crystal. For
example, instead of variation of the relative
neutron-crystal velocity one can vary the crystal
temperature or deform the crystal by squeezing.
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(110) .
2

PG (002)

w(t) = v, sin(wt)

S

Fig. 1. Scheme of the experimental setup:
K, is the monochromator; K, is the crystal-analyzer; K; is the working crystal; PG are the mosaic crystals of pyrolytic
graphite; 7,, T,, T, are the crystal temperatures; » is the neutron beam; (002), (110) are the reflecting planes; v(#) is
the time-dependent speed of crystal K; D is a neutron detector inside a neutron shield .§

Both actions will cause a change in the crystal
interplanar dimensions and so to the shift of
the Bragg energy. The crystal movement was
chosen due to the convenience of its realization
(the above-mentioned accelerated medium ef-
fect [18] is negligible in this case). Numeri-
cal estimations show that for the quartz crystal
plane (110) the Bragg width in the neutron-
velocity units is equal to Avy =9 mm /s, i.e.
if the crystal velocity changes by 9 mm/s over
the time interval of neutron transit through the
crystal, the deviation from the Bragg condition
will vary by one Bragg width.

The scheme of our experimental setup is
shown in Fig. 1. Preselected neutron beam
(the beam size is about 3x1 cm), reflected
by the mosaic crystal of pyrolytic graphite
(PG) with reflecting plane (002), falls on the
monochromator K, made from perfect quartz
crystal. Reflected by K, highly monoenergetic
(within Darwin width) neutrons pass through
the working crystal K, (the size is 5x5x10 c¢m)
and then are reflected by the crystal-analyzer
K,. The second PG crystal redirects these re-
flected neutrons to the detector. The quartz
crystals K, K, and K, with the same working
reflecting planes (110) were arranged to have
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their plane orientations in the parallel direc-
tions. The diffraction angle was close to the
right one: 6,= 89° (A ~ 4.9 A). Scanning over
the Bragg wave length performed by varying
temperature difference 7, = T,— T, between
crystals K, and K|, the temperature 7, of the
crystal K, being a reference one. An example of
a scanning curve is shown in Fig. 2, when the
crystal K; is absent. We have scanned the shape
of neutron reflex from the K| crystal changing
T,, and so the relative interplanar distance for
the K, crystal-analyzer. The width of this con-
volution scanning curve is close to that calcu-
lated (solid line) for two perfect crystals.

There wasapossibility to vary the temperature
of the crystal K, and so its interplanar distance
too. Also we could move it in the direction
parallel to the reciprocal lattice vector g for
the working plane. To carry out an experiment,
the crystal was set in harmonic motion by a
piezoelectric motor. The frequency of crystal
vibration was v. = 4.5 kHz and the period
t,= 222 ps. Vibration amplitude reached a value
of 0.15 pym. The crystal length was L = 5 cm
and neutron time-of-flight through the crystal
was t = 62 ps that was about a quarter of the
crystal vibration period.



fAnepHas pusmka

N, 1/s |
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Fig. 2.The experimental (symbols) and the calculated (solid line) two-crystal reflection curves.
They reach their maxima when interplanar distances for K, and K, crystals (see Fig. 1) coincide
(T,, = T,— T,= 0); N is the neutron intensity. The width W (in Kelvin) corresponds to Ad/d = 1.8+107
(in d units of the interplanar distance)

If the speed of the working crystal K,
depends on time as

v(t) =, -sinw ¢, (6)

the deviation from the Bragg condition for
neutrons moving through that crystal will also
depend on time in the same way:

M) =By, #4200, ()

n g

where v is the speed of incident neutrons,
Ay, is the deviation from the Bragg condition
for resting crystal at v(r) = 0. This deviation
A, is determined by the T, difference of
temperatures (interplanar distances) between
K, and K, crystals 7,, = T, — T,. So further
we will use this temperature difference 7, as a
parameter of deviation from the Bragg condition
for neutrons passing the resting K, crystal. The
relationship between parameters Ag, and T, is
given by the expression

E
Ag, = 4730% T, (8

g
where o, =1.3-10° is the linear thermal
expansion coefficient for a quartz crystal in
the direction perpendicular to crystallographic
planes.
The effect of the neutron energy change

after passing through the crystal boundaries is
determined by variation of the crystal velocity
and so the averaged potential (5) is done
during the neutron time-of-flight through the
accelerated crystal:

AE(tO)ZV[ 2AB(t2) _ 2AB(tl) J:
SAALt)+1 AL +1
Az )
_ 1-Ay, 4E, AV(E,),

(1+A3) v,
where Av(f)) = v(t,) — v(f, +1,); t,is the entry
time of the neutron into the crystal, t, is the
neutron time-of-flight through the crystal.
Notice once more that the neutron kinetic
energy (wave vectors) inside the crystal cannot
change because of homogeneity of the averaged
crystal potential.

The change (9) of neutron energy (as well as
the wavelength) after accelerated crystal results
in a shift of the scanning-curve maximum (see
Fig. 2). This maximum will be found for some
other temperature difference 7, of the K, and K|
crystals. Such variations of the scanning curve,
depending on temperature and movement of
the K, crystal, were studied to find how the
crystal acceleration effects. Time-of-flight
technique was used for this purpose.
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The main systematic error of this experiment
associates with the dependence of the neutron
transmission through the K crystal on the
deviation from the Bragg condition in this
crystal, that results in the spectrum distortion
for neutrons passed through the crystal.
Therefore, the position and the shape of the
scanning curve can change for neutrons passed
even through the resting K, crystal, when
the acceleration effect is absent. Examples
of the neutron intensity distribution over the
wavelength after such passage through the
resting K, crystal with different deviations T;,
from the Bragg condition are shown in Fig. 3.
It is evident that both intensity of transmitted
neutrons and maximum position of the
scanning curve can change in different ways.
In particular, for 7, = 0 K the neutrons after
reflection from K| crystal cannot penetrate into
K, crystal. They will be completely reflected
(due to the exact Bragg condition) and cannot
reach the K, crystal. So the last will reflect only
background neutrons. In the other case, for
T, >> 5 K, crystal behaves as a homogeneous
medium and practically does not distort the
spectrum. In an intermediate case, the spectrum

N, 1/s
30~

25
20

15

will be distorted, because the neutron K crystal
reflectivity (and so its transmittance) sharply
depends on the neutron wavelength.

However, unlike the sought crystal
acceleration effect (9), the curve distortion
is determined only by the deviation from the
exact Bragg condition at the entry time #, of
neutron to crystal, but not by variation of the
deviation during the time-of-flight through the
crystal.

So the position E(#) of the maximum and
the maximum intensity N(#) of the scanning
curve (see Fig. 2) in the absence of the crystal
acceleration effect will be some functions of
deviation Ay(f,), depending on the crystal
speed w(f,) :

E (1) = F(Ap(%)), (10)

N(t,) = G(Ag(%)). (11)

For further consideration and comparison
with the experimental results expressions (10)
and (11) can be expanded by Taylor series
over w(f,) about the point w(f)=0 (ie.
Ag(fy) = Ag). Taking into account that the
crystal speed was significantly less than the

Fig. 3. Two-crystal scanning curves for neutrons passed through immovable working crystal with
different deviations 7}, from the Bragg energy. T;,, K: 0 (1), +1.5 (2), —1.5(3), > 5 (4). The arrows
point to exact Bragg positions for K, crystal
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typical Bragg widths, it is enough to leave
expansion terms up to the second order over

v(t,) :
E(t)=A+B-v(t,)+C-v(1,), (12)

N(t,) = N, + N, -v(t,) + N, - v(t,)*, (13)

where A4,B,C,N,,N, and N, are the free
parameters depending on Ay, to be found from
experiment.

As it follows from Eq. (9), the crystal
acceleration effect contains a term phase-
shifted with respect to the false effect (12) by
the value of wt, /2. This shift is approximately
equal to n/4 for our experimental conditions.
Furthermore, the presence of acceleration
effect does not change the intensity of the
line, but gives its additional shift. Thus there
is a phase shift between time dependencies of
Nexp(to) = N(tO) and Eexp(to) = Ex(to) + AE'(Z‘O)
that represents the crystal acceleration effect.

4. Results and discussion

An example of experimental dependence
of the line positions on its maximal intensity
E,,(N,,)is shown in Fig. 4. In the absence of

exp

E . anu.

exp’

0.10 5

0.05 1

the acceleration effect it should be observed a
bijection between the maximum positions and
the intensities shown by a dashed line. The
presence of the neutron energy change after
passage through the accelerating crystal leads to
dependence E, (N,,) described with a closed
curve like Lissajous figure, where the figure
square is determined by the crystal acceleration
effect. Curved arrows in Fig. 4 show the sweep
direction over time. The relation between a line
shift in units of the crystal temperature and a
change in the neutron energy is given by the
following expression:

AE =2Ey -o,AT. (14)

The splitting marked by arrows in Fig. 4
corresponds to AE, =35 neV.

Examples of the time dependencies of the
scanning curve maximum position are shown
in Fig. 5 for different deviations 7|, from the
Bragg condition. Those are the results of fitting
the experimental curves under the assumption
that the maximum position is determined by a
sum of two effects: see formulae (12) and (9).

Dependence of the maximum value for an
energy change (9) due to the acceleration effect on

0.00

-0.05 +

-0.10

2000 2500

3000

Fig. 4.The plots of the line positions versus its maximum intensities E,_ (N, ).

exp

The initial deviation from the Bragg condition for the working crystal T, = +1.5 K. Numbers inside
the experimental points correspond to the channel numbers of the time spectrum. Solid curve is the result
of fitting the experimental data; the dashed line indicates a bijection between the maximum positions
and the intensities; curved arrows show the sweep direction over time
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Fig. 5. The experimental dependence of the line position on the entry time # of neutrons into the crystal
for various 7, — initial deviations from the Bragg condition; 7}, , K: +1.0 (1), —1.5 (2), —=2.5 (3).
Horizontal axis £, in time-of-flight (TOF) channel units. One channel is equal to 25.6 s
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Fig. 6. The experimental (symbols) magnitude of energy variation of a neutron passed through
the accelerating crystal as a function of the deviation from the Bragg condition for incident beam,
and this function approximation (solid and dashed lines);
measurements were carried out at two different crystal oscillation amplitudes, corresponding
to v,= 1.5 mm/s (/) and 3.0 mm/s (2)

the deviation from the neutron Bragg energy for
the working crystal (temperature difference 7,)
is shown in Fig. 6. Measurements were carried
out at two different crystal oscillation ampli-
tudes, corresponding to v, =3.0 mm /s and
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v, =1.5mm /s (see Eq. (6)). Curves show the
results of approximating the experimental points
by the theoretical curve (9). Thus, one can see that
the neutron energy change after passage through
the accelerating crystal can reach ~20 neV.
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Fig. 7. The behaviour of the interaction potential £, — E, (see Eq. (5))
of neutrons with the crystal in the vicinity of the Bragg energy.
Calculated and reconstructed from Fig. 6 curves coincide in error limits; the curves for different v,
(v, = 1.5 mm/s (/) and v, = 3.0 mm/s (2)) coinside also (vertical bars show the scale of the experimental error)

The mean potential energy of a neutron-
crystal interaction (see Eq. (5)) can be obtained
from the experimental dependence shown in
Fig. 6, because that is actually a derivative of
function (5) (see Eq. (6)). One should take
into account that far from the Bragg condition
the correction to the mean interaction potential
due to the presence of g-harmonic V, tends to
zero (see Eq. (4)), and so neutron refraction
will be determined only by the average potential
V,. The result of the interaction potential
reconstruction for neutrons moving in a crystal
with energies close to the Bragg one is shown
in Fig. 7. It is easy to see that the relative
change of the neutron energy by several units
of 1073 leads to the variation of the interaction
neutron-crystal potential by £20 %.

5. Summary

The features of refraction of a neutron wave
moving in a crystal close to the Bragg condition
has been studied. The energy dependence of
the refractive index was shown to exhibit an
evident resonance shape in the vicinity of the
Bragg energy with the corresponding Bragg
(Darwin) width (for thermal and cold neutrons
AE / E =107). The variation of the interaction
potential of the neutron with the crystal in this
energy range can reach about +20 %.

The resonance behaviour of the neutron-
crystal interaction potential results in one
more new phenomenon. That is the neutron
acceleration, which is found experimentally for
neutrons passed through the accelerating perfect
crystal for neutron energies, close to the Bragg
one. The effect arises due to a change in the
parameter of deviation from the exact Bragg
condition during the neutron time-of-flight
through the accelerating crystal. As a result the
refraction index for neutron changes as well and
so does the velocity of the outgoing neutron.

This crystal acceleration effect has been
observed for the first time. One should take
this phenomenon into account in precision
neutron optical experiments such as mentioned
above, because the neutron refraction index
is determined not only by averaged crystal
potential, but also by its harmonics, which
have the same order of value as the average
potential itself.
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bpazuHeuy 10.11., bepdHuko8 H.A., ®edopoB B.B., Ky3zHeuoB WN.A., Jlacuua M.B.,
CemeHuxuH C.IO., BexneB E.O., BopoHuH B.B. DPDPEKT YCKOPEHUA XONO4HbIX
HEWMTPOHOB B KPUCTAJJIE BBJIN3U BPIITOBCKOIO PE3OHAHCA.

[IpoBeneHo AeTaIbHOE WCCIETOBaHEe HOBOTO MeXaHM3Ma YCKOPEHUS XOJIOIHBIX HEMTPOHOB, IIPOIIEH-
LIMX Yepe3 YCKOPEHHBIN COBEPILIeHHBIN KPUCTAJI C SHEPTUSIMU, OIU3KUMU K Op3rTOBCKUM. DPPEKT BO3-
HUKaeT 1o cienyromeil mpuunHe. KoadduimeHT nperoMiieHUsS HEHTPOHOB B KpUCTAIIIe (M COOTBETCTBEH-
HO TTOTEHIIMAaJl B3aMMOACHCTBUSI HEUTPOHA C KPUCTALIIOM) PE30HAHCHO 3aBUCAT OT MapamMeTpa OTKJIOHEHMS
ot ycnoBus bparra, T. €. OT CKOpoCTH HEMTPOHA OTHOCUTETHHO IBYIKYIIIETOCS KPUCTALIA, TaK YTO HEUTPOH
BXOIUT B YCKOPEHHBIN KPUCTA/UI IPM OJHOM 3HAYCHMM ITOTEHLIMAJa B3aMMOACICTBUS, a BBIXOAMUT IIPU
npyrom. CiiemoBaTeIbHO, M3MEHEHNSI KWHETUUECKOM SHEPTUU HEHMTPOHA Ha BXOTHOUM M BEIXOMHOM TpaHSX
KpHUcTajljia OyayT pa3HbIMU. A MOCKOJIbKY KWUHETUUECKasl SHePTysl HEHTPOHOB BHYTPU KpHUCTaUla HE MOXET
M3MEHUTBCS BCIECACTBHE €0 OMHOPOIHOCTH, TO TTOC/E MMPOXOXACHMSI TPaHWIl KpUCTAJIa HEUTPOHBI OYIyT

JIN0O YCKOPUBIIUMMUCS, JIMOO 3aMEIIMBILIMMUCS.

YCKOPEHUE HEUTPOHA, UAEAJIBHBIN KPUCTAJLI, HENTPOHHAS TU®PAKIIVS, YCKOPEHHbBINA KPUCTAJLIL
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MATEMATUYECKAA MOAEJIb ®JTYKTYALMUOHHbDbIX MOMEX

HA OCHOBE BEUBJIETHOIO NMPEOGPA3OBAHMA

IIpennoxeHa HoBasg MOJENb O€JIOTO IlIyMa Ha OCHOBE BEWBIETHOTO mpeodpa-
30BaHUs. JlaHHasT MoOnEeNb SIBISIETCSl Oojiee aJeKBATHOW MPU PEIIEHWH HEKOTOPBIX
pannodu3NYecKuX 3a1a4, HapuMep 3aaad 00 OTpakeHUU JIEKTPOMArHUTHBIX BOJIH
oT noHocdepbl. [ToMrMMO 3TOro, MOKa3aHO, YTO C TOYKU 3PEHUST BEPOSITHOCTHOTO
OMUCAHUS TPACKTOPUI CIydallHOTO TIpoilecca MpU TMOMOIIM (hyHKIIMOHAA TUIOT-
HOCTHU BEpOSITHOCTEM, TipensioxxeHHoro M.H. AMraHTOBBIM, BEMBIETHAST pean3anust
JAHHOTO Cly4yaiiHOro mpouecca Oosnee BepositHa. [lpu monydeHMM Monenud ObuIU
WCTIOJIb30BaHbI CBOMCTBA BEWBIIETOB, a4 TAKXKE U3BECTHBIE TEOPEMbBI MATEMATUYECKO-
ro aHaJin3a M TEOPUM BEPOSITHOCTHU (TeopemMa O CpelHeM 3HA4YeHUU, IeHTpaJIbHAS
npenenbHas Teopema JIssmyHoBa). B pe3ynbprare OblTa mogydeHa TeOpeMa O pas3ioxe-
HUM pacCMaTPUBAEMOrO CIY4alHOTO Mmpolecca Mo BeiBaeTHOMYy Oasucy. B pabote
MOKAa3aHO, YTO TOJYYEHHBIE PE3YIbTaThl COTJIACYIOTCSI C COOTBETCTBYIOLIMMM pe-

gynsratamu B.A. KotenbHukoBa.
BEJBIN IIYM, ®JIYKTYALIIMOHHBIE TTOMEXHU, BEVBJIETHOE ITPEOFPA3OBAHUE.

HopmanbHble GIyKTyallMOHHBIE ITOMEXU,
cormacHo pabotam B.A. KorenbHukosa [1],
XapaKTepPU3YIOTCS TeM, YTO COCTOSIT M3 OOJIb-
LIOr0 KOJMYECTBA HMITYJbCOB, CJICIYIOIINX
JIPYT 32 IPYTOM 4epe3 CIydarHbIC ITPOMEXKYT-
KM BpeMEHU, TIpUYeM TaKue MMITYIbChI MOTYT
HaKJIaabIBaTbCA APYT Ha Jpyra.

B pa6ore [1] u B psne apyrux myoauKanuia
(cM., HammpuMmep, [2 — 4]) aHaTUTHYECKOE 3a-
JaHue MoMeX MPeICTaBICeHO B BUIEC pasiioxkKe-
HUSI 10 TPUTOHOMETpUUecKoMy Oasucy. OgHa-
KO B HEKOTOPHIX 3aadyax paguodU3NKN TaKast
MOJE/Ib, KOTOpasl XapaKTEepU3yeTCsl AUCKPET-
HBIM CIIEKTPOM, HE BCErJa SIBJISICTCSI aleKBaT-
Hoit. Tak Hampmmep, B 3amayax o0 oTpaxke-
HUM PagUOBOJIH B HUWXHEH (TypOyJI€eHTHOI1)
noHocepe 1eIeCOOOpa3sHO paccMaTpUBaTh
(bAyKTYyalmum co CIUIOLIHBEIM CIIEKTPOM.

Bo3bMeM 3a OCHOBY BEpOSATHOCTHOE OITH-
CaHMe BO3MOXHBIX TPACKTOPUI CTalIMOHAPHBIX
CIAY4YalHBIX IIPOLIECCOB IIPU IMOMOIIU (PYHKIIU-

OHaJia MJIOTHOCTU BeposiTHocTel F(x(7)), Bep-
Bble TIpeajiokeHHOoe B padorte [5]. B ciyuyae
PaBHOMEPHOTO CIIEKTpa MOLIHOCTH IIpolecca
¥ 1pu (PUKCUPOBAHHON IIIMPHUHE €ro IOJIOCHI
YKa3aHHbIN (PyHKLIMOHAT UMEET BUI

T

F(x(t)) = hexp —% j x(Hdt |, (1)

rae x(f) — TpaeKTOpMHU, 3aBUCSIILINE OT Bpe-
MEHM f; h — BeJIMYMHAa, 3aBUCAINAs OT paHra
JIpo0JieHUs IIPOMEXYTKa, Ha KOTOPOM paccMa-
TPUBAIOTCS TpPaeKTOpUM (OHA OJMHAKOBA JJIsI
BCEX TPACKTOPUIA IIPU CTPEMJICHUH paHra Jpo-
OsieHus K Hy/I10); N — BbICOTa CIEKTpa MOIII-
Hoctu; T — paccMaTpuBaeMbIli BpeMeHHOI
MHTEpBaJl.

HetpynHo yOemwWThCsd, 4YTO IIpU YKa3aH-
HBIX YCJIOBUSIX, KOrda (pyHKLMOHAI BhIpaxkeH
dopmynoil (1), BeliBiaeTHas peaau3auus Mpo-
1ecca 0oJjiee BEposiITHA, YeM CHUHYCOMOAIbHAs.
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DTO caeayeT U3 TOTO, YTO IJII CUHYCOUAATb-
HOIi (pyHKUMU Xx(f) HHTErpaj B BbIpaxXeHUU
(1) pacxomutcsl ¢ pocToM 3HaueHus T, a ajs
BEUBJIETA OH KOHEYEH.

C unenbio pa3BUTUS Pe3YIbTATOB, ITOJIY-
YeHHBIX B MOHorpaduu [1], B HalieM Hccie-
JOBaHUM TOJYYEHO aHAIMTUYECKOE 3aJaHue
NOMEXH, MPEACTABISIONIE OO0 cynepno3un-
LIMIO 3JIEMEHTAPHBIX CIIyJyailHBIX MPOLIECCOB B
BUIE pas3loXeHUs II0 BeliBIeTHOMY Oa3ucy. B
KayecTBe HOBOTO pe3y/bTaTa JaHHOW pabOThI
mpemiaraeTcsl J0Ka3aTeJbCTBO TEOPEMBI O pa3-
JIOKEHWM CTallMOHAPHOTO CJIy4allHOIO IIpO-
1ecca o BeMBIeTHOMY Oa3ucy.

Jns pajabHeMIero M3J0XKEHMS IeIecoO0-
Opa3HO IEpedTH OT pa3MEpPHBIX BEIUYMUH 7,
T (uMeroT pa3sMepHOCTh BpeMeHM) K Oe3pas-
MEPHBIM, MOIEIUB UX, HAIPUMED, Ha f,= 1 C;
JUTISL 9TUX BEJIMYMH Jajiee OyayT MCIIOJb30BaHbI
MpexHue 0003HAUCHUsI, a UMEHHO ¢, T.

Teopema. Ilycmv na npomexcymke [—1/2,
T/2] nomexa WAf) 3adana cynepnosuyueil «ne-
MeHmapHvix» cay4ainsix npoyeccog F (1) :

=3 F)

U BBITIOJIHSIIOTCS YCJIOBUSL:

1) F.(f) — HexoppeaupoeanHnvie cayuaiitbie
npoueccul;

2) N — koauuecmeo umnyabcos, NONAGUIUX 6
npomexcymok |—T/2, T/2|, — cayuaiinas éeau-
yuna, npuyem N >>1;

3) aHepeus npoyecca

T

2
j W2(t)dt
I
2
ocmaemcst HeU3MeHHOU 6 Kaxcoou peaiusayuu
cayuaiino2o npoyeccad.
Toeda ¢ mouku 3peHus cxodumocmu 6

cpedHeM K8AOpamu4yHOM CHpaABeoauso paszno-
JHceHue:

W) = Y327 0,3 M) -

: . )
= Xijg ZM((qg)z) ¥, (Tjj,
k=1
ede C, — Kkoncmanma Hopmuposku [4], pas-

HaAd
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N 2

aolPO(o‘))

c -[—Lg
o

7

U3a8UCAUAS OM BbIOPAHHOR0 MAMEPUHCK020 BeliG-
aema; cayuainoie eeaununvt 0, .7y, . € N(0,1),
4;,4, — COOMGEMCMEeHHO NAOWA0U NOAOIICU-
MeAbHbIX U OMPULAMENbHBIX N002PAPUK0E pea-
auzauut F (1).

Jloxa3aTelbCcTBO. bymeM ucronb3oBath
OOIIETIPUHSATOE TSI BeBJIETOB 0003HAUCHUE

_i t—j
lPi’j(t) = 2 2\{]0 (TJ

[7]1 w paccmatpuBath BeiBneTol W, () u
¥, (#), yILOBJIETBOPSIOIINE CIEAYIOLIUM YCIIO-
BUSM nipu T — oo :

T

T\Po(t)dt -0, (3)

2

Y, (1) dt > 1. 4)

—_—o N

Nl

3anumeM kKoadduumeHtel W (i, j) pasno-
xeHus W (t) mo 3TuM BeiiBiaeTaM [6]:

—_— N

W(la.]) = Z

F (0¥, (t)dt.

N
k=

N

Peaqmsauusa F (f) ectb, BoOOLIE roBops,
3HaKomepeMeHHast QYHKILKS ¢ MPOU3BOJIbHBIM
YUCJIOM HYJIel (Ha CBOeM HOCHUTEJE), KOTOPYIO
MOXHO MPEACTaBUTb B BUIE KOPTEXKEH MOJIO-
2KUTCJIbHBIX 1 OTPULATEIbHBIX BCIIVIECKOB, TaK
YTO CIIPaBEIJIVBBI BbIPAKCHUS

N N
W(l: .]) = Z(’WI;r - ZCI;
k=1

k=1

¢l = _TE:(I)W,',j(t)dt,
7 (5)
C = j.E:(t)\Pf,j(t)dt-

2

PaccmoTpuM MosioXHUTEbHbIE BCILUIECKU U
MPUMEHUM K TepBOMY MHTerpany (5) u3BecT-
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HYIO U3 MaTCMaTU4YCCKOI0 aHajJIn3a TCOpEMY O
CpC€IHEM 3HAUYCHUMN:

|~

Ci =Y, (Zk]q;,q; = [ F @yt

T

2 (6)

- T T
th e| ——,—
272
OueHUM MOIyJb KOPPEISLIMOHHOIO MO-

MeHTa R ciyyailHbIX BEJMYUH g, U ¥, (tkj

C HUCMoJib3oBaHMeM HepaBeHcTBa Komu — by-
HsikoBckoro — IlIBapua:

R <D (‘P ; [ZB D(qy),

R- M[[xpw (;kj _
M [xp [ik ]D(q; - M[qZ])}.

3ameTum, yto ipu 1’ — oo

T
- L2, (). 1
D(‘Pu (tk]}T jrwf,j [tkjdrk —> 50
2

IMonaras, 4ro nucnepcus g,
UMEEM:

rac

KOHEYHa,

mpu T > o R* >0,

4YTO AOKAa3bIBA€T HEKOPPCIMPOBAHHOCTL BCIU-

YMH g, 1 ¥, ;| 1k

Hajee TIpUMEHUM I CIyYalHBIX BEJIU-
yuH € LEHTPAJIbHYIO IPENEIbHYI0 TEOPEMY
AM. JlanyHoBa:

Z i - Z M(C))

lim £ =0, (7)

N > N
IS D(C;)
k=1

rme 0 e N(0,1).

Haiinem  maTemaTuuyeckoe  OXuIaHUE
M(C}) Xak MareMaTH4eCcKoe OXHUIaHue Ipo-
M3BeACHUsI HEKOPPEIMPOBAHHBIX CIyYalHBIX
BEJIUYMH:

M(C)) = M[‘P,-,, [’D M(q;) =
r ®)
dl‘k
= M(q;) jw ( ] -

2

C yueroM cBoiicTBa (3) UHTErpai B IpaBoit
yacTu paBeHCTBa (8) paBeH HYJIIO, CJIEIOBa-
tesibHO, M(C[) =0

Tenepsb onpenenum aucnepcuto D(C) :

D(C;) = MI(C; - M(C{))’] = MI(C;)’].
C y4eToM BHIIlIE TOKA3aHHOM HEKOPPEIM-

poBaHHOCTH ¢, U V¥, ; [fk] MOJTy4acM:

D(C))=M |:le',]'2 [;k j:| M[(‘];)Z]

[lepenuiiem mnocieaHee BbIpakeHUE, MC-
MOJIb3ysl CBOUCTBO (4):

D(C)) = M{\Pi,ﬁ [h H Ml(g;)'] =

it 1L o o[ o - M0

2
N3 dopmynsl (7) ¢ yueToMm paBeHCTB (8) u
(9) HaxoouMm:

©))

ZC* 0 ZM[(qk 21,0 € N(0,1). (10)
k=1 \/_

IIponenaB aHajoruyHble MpeoOpa30BaAHUSI
IUIA CIydaHbIX BeJqU4uH C,, TOJIY4UM CJle-
JIyIollee:

SC; = \/—x ZM[(qu] € NO,1). (11)

k=1

IlepenuiueM (5) B cootrBercTBUU ¢ (10) 1

(11):
U I P ER
W(I:J)_\/T|:ei,j kZ:;,M((flk))
- X,-‘“,ZA_[:M((C[,CV):I.

®opmyna (12) onpeaensieT kKo3hGUITMEHTHI
pasioxeHus mpouecca W(f) mo BeilBIeTHOMY
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Oasucy. BoccranaBnuBas W(f) mo HaliieHHbIM
koaddunuentam Wi, j) [7], norydaem (2).

Teopema moxkazaHa.

Paznoxenue (2) gBasieTcsl KaHOHUYECKUM
pasyiokeHUEM OeJIoro Iyma II0 BEUBJIETHOMY
0as3ucy, TO €CThb TIPEICTABISIET COOOU CyMMmy
MPOU3BEICHUN CIyJyailHbIX BEIMYMH Ha JeTepP-
MUHUPOBaHHBLIE (YHKLMM BpeMeHU. B nmaH-
HOM cJlyyae 3TO BEWBIETHbIE (DYHKIIMHU.

B pabore M1.H. AMmnanToBa [5], B yacTHO-
CTH, TOKA3aHO YTBEPKACHUE, YTO IPU PABHO-
MEPHOM CMEKTPe CTAllMOHAPHOIO CJIy4YailHOTO
npoiiecca (PyHKIIMOHAJ IIJIOTHOCTU BEPOSITHO-
ctu umeeT Bund (1). Eciu mpoaHanu3upoBaTh
BeIBOA (popmynbl (1) B pabore [5], mpounTan
€ro B OOpaTHOM IIOPSIAKE, TO MOXKHO 3aMe-
TUTh CJEYIolIee: M3 YCJIOBUSI ITOCTOSIHCTBA
SHEPTUM TIpoliecca 3a OOJBIION MPOMEXYTOK
BPEMEHM U HEKOPPEJIMPOBAHHOCTU 3JIEMEHTOB
KOppeIsIUMOHHON MaTpuubl [5] mosydaeTcs
paBHOMepHBII ciiekTp. [Ipu 3TOoM BaxkHO, YTO
MaTpMlla COCTaBjieHa JISl CEYEHUI CIiydaii-
HOro Tipoiuiecca [5], B3SITBIX B MOMEHTHI Bpe-
MEHH, COTJIACOBAaHHbIE C TEOPEMON OTCUETOB
KorenpHuKOBa.

Ilpu pemeHuM TMpakTUYECKMX 3amad (Mo-
JeIMpOBaHUE  CJIydyallHbIX TIPOLECCOB  Ha
KOMIIbIOTEpE) 1IeecCO00pa3HO NMPUMEHSTh Te
BEIBJIEThI, KOTOPBIE XOPOIIO JIOKAJIMU30BaHbI
Kak IO BpeMeHHU, TaK U Mo vacTtoTe. Takue

BEMBIIETHl pacCMOTpPeHbl B paborax [6, 7] u
Ipyrux. B xauecTBe MaTepMHCKUX BEUBJIETOB
MPY Pa3JIOKEHMST BEILIECTBEHHBIX CIyYalHBIX
MPOLIECCOB MOXHO MCITOJIb30BaTh, HAIPUMED,
BEILIECTBEHHYIO 4acTh BeliBiera Mopiie:

t2

1
¥, () =m * cos(ow,t)e ?,

rIe o, — MapaMmeTp, Ju0O BELIECTBEHHYIO
yacThb BeliBnera Ilayns:

2" m!
Jrn(2m!)

rae m — rapamerp.

3aMeTHM TakXKe, YTO €CIM paccMaTpuBaTh
MOMEXM TOro K€ THUIa, YTO paccMaTpuBall
B.A. KorenrHukoB B pabotre [1], To pa3zio-
XKeHue (2) MOXHO 3amucaTh CJIeAyIIIUM 00-
paszom:

¥, (t) = Re (1 —iry ™|,

W0 = [SM(G)) - X30,,%,,0-03

®opmyna (13) aHajgoruyHa MOJyYEHHOMU
B.A. KorenbHUKOBEIM [1], HO OoT/IMYaeTcs OT
Hee 0a3rcoM: BMECTO TPUTOHOMETPUYECKOTO
B ¢opmye (13) cTouT BEHBIETHBIN, a TaKXKe
HaJIMYMeM [JBOMHOIO CYMMUPOBaHUsSI, KOTO-
poe MOXXHO 3aMEHUTDH (C YYeTOM M3BECTHBHIX B
MaTeMaThKe CBOMCTB CUYETHBIX MHOXECTB) Ha
CYMMHUPOBaHHUE 10 OMHOMY UHIEKCY.
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Lobanov I.D., Denisov A.V. A MATHEMATICAL MODEL OF THE FLUCTUATION
NOISE BASED ON THE WAVELET TRANSFORM.

A new model of white noise on the basis of the wavelet transform has been put forward. This model is
more adequate for solving some radiophysical tasks such as the problem of electromagnetic waves reflection
from the ionosphere. Moreover, it was shown that in terms of probabilistic description of the random-process
trajectories, the wavelet implementation of this random process is more likely (using the probability density
functional offered by I.N. Amiantov). The wavelet properties and the famous theorems of mathematical
analysis and theory of chances were used to develop our model: the mean value theorem and Lyapunov’s
central limit theorem. Our study resulted in a theorem on random-process expansion in terms of wavelet

basis. It was also shown that the obtained results were in agreement with those of V.A. Kotelnikov.
WHITE NOISE, FLUCTUATION NOISE, WAVELET TRANSFORM.
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MHOIO4YACTUYHbIE KOPPENALUU NPU ONMUCAHUU
OOTOMNOINOLLEHNUA ATOMA HATPUA

B pabGote mcciemyercs: pojib MHOTORJIEKTPOHHBIX KOPPEJSIIUiA B Ipolieccax ¢ho-
TOTIOIJIOIIEHUST MHOTORJICKTPOHHBIX aTOMOB. IIpWBedeHBI Pe3yJIbTaThl YMCICHHBIX
pacyeToB ceueHUi (hOTOMOHU3ALIMU aTOMa HAaTPUs B MPUOIDKCHUH CIIydailHBIX (a3
¢ oOMeHOM. BrrumciieHns MpoBOIMINCH C YIETOM MHOTOYACTUUHBIX 3(Pp(PeKTOB, Ta-
KMX KaK MeXKaHaJIbHbIE KOPPEJSILUU, TMPOSBISIONINECS B MOSBICHUM ITMKOB aB-
TOMOHU3AIMOHHEIX PE30HAHCOB, a TaKKe B3aMMOICHCTBUS, CBSI3aHHEIC C IOJISPU-
3alMeil 2JIEKTPOHHOTO ocToBa aToMma. [lomsipu3alimoHHbIE TTOMPAaBKUA K SHEPTUSIM U
BOJTHOBEIM (DYHKIIMSIM 3JIEKTPOHOB YVUWUTHIBAJINCH C MCIIOb30BAHNEM CTaTHMYECKOTO
¥ IMHAMUYECKOTO MOJISIPU3ALMOHHOTO TTIOTeHIIMAaNa. Takke UCCIeIOBAIOCh BIUSHUE
KOppeIIuuii Ha TToJIoXXeHne M GopMy pe30HAHCHBIX ITMKOB B CEYEeHUU (DOTOITOTIIO-
LIEeHUS. YUeT MOISIPU3aLMOHHBIX TTOMPABOK MTO3BOJIMII JOOUTHCS JIYUYIIEro COTIacus
pe3yIbTAaTOB pacyeTa C 3KCIEPUMEHTAIBLHBIMM JTaHHBIMUA B IITMPOKOM JWAaIla3oHE
9HEPIruii, B 0COOCHHOCTH IPU MCIOIb30BAaHUU TUHAMUYECKOTO MOJISIPU3ALOHHOTO

NOTEHLIMAIa Ha OCHOBE ypaBHeHus [laiicona.
[CPO, ATOM HATPUS, YPABHEHUE NTANCOHA, CEHEHUE ®OTOIIOIJIOIIEHUS.

BBenenne

bypHoe pasBuTME paaMOACTPOHOMMH,
JIJa3€pHON TEXHUKU U METOIOB ONTUYECKOM
CTIEKTPOCKOIIMU TPEOYIOT HAAEXHOIO Teope-
TUYEeCKOro (yHAaMeHTa, Ha OCHOBE KOTOPO-
ro MOXHO paciiipoBaTh 3KCIIEPUMEHTaIbHO
MOJYYEHHBIE ONTUYECKUE CIIEKTPbl aTOMOB,
MOJIEKYJI, aTOMHBIX KJIACTEPOB, BKIIOUYCHUM,
KBAHTOBBIX TOYEK B TBEpIbIX Tejax U T. II. B
npoleccax B3auMOJEUCTBUS C Y4aCTUEM MHO-
TOYaCTUYHBIX CUCTEM CYILUIECTBEHHYIO POJb
UTPAIOT KOPPeIIUMOHHBIE 3(p(PEKThI, yUeT KO-
TOPBIX HEOOXOAWM MpPHU ITOCTPOSHUM COOTBET-
CTBYIOLLIEH TEOPETUUYECKOU MOJEIIN.

B npencraBineHHoii paboTe ucCiIemyeTcs
BIMSHUE MHOTO3JEKTPOHHBIX KOppeIsLui
Ha OIITMYECKHE CBOICTBa aTOMOB. B KauecTBe
KOHKPETHOTO MprMepa MPUBEICHBI pe3yabTa-
THI YMCJIEHHBIX PACYETOB CeUeHUIl (hOTOMOIIO-
LLIEHMS aToMa HaTpus. BeruMciaeHus: mpoBoau-
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JIUCh C yY4eTOM MHOTIOYaCTUYHBIX 3(P(PeKTOoB,
TaKMX KaK MeXXKaHaJbHBIE KOPPEISIIUM, TIPO-
SIBJISIIOLLIMECS] B MOSIBJICHUU ITUKOB aBTOMOHMU-
3alIMOHHBIX PE30HAHCOB, W B3aUMOMACHCTBUS,
CBSI3aHHBIC C IIOJISIpU3ALME 3JIEKTPOHHOIO
OCTOBa aToMma.

JaHHBIe O cIeKTpax (DOTOMOMNIOLICHUS U
M3JIy4eHUSI aTOMOB JAIOT KJII0Y K ITOHMMaHUIO
MX CTPOCHUSI W TIPOIECCOB, ITPOMCXOMSIINX
MpU WX B3aUMOJCUCTBUU C DJIEKTPOMATHUT-
HBIM MoJieM. IIpu 3TOM CTPYKTYpy 3JEKTPOH-
HBIX 000JI0Y€K MOXKHO OIIPENeNINTh TOJHKO B
paMKax TeopuM, obOecrieuMBalollell ageKBaT-
HYIO TPAKTOBKY 3KCIICPUMEHTAIbHBIX JTaHHBIX.
B cBoe BpeMs KIIIOYeBEIM MOMEHTOM K IIO-
HUMAaHWIO CTPOEHUS aTOMOB M MOJIEKYJI CTaJlo
CO3JaHUEe KBAaHTOBOM MEXaHWKU, BOJHOBOIO
ypaBHeHud IlIpenuHrepa u ero o000LLEHNS HA
MHOTO2JIEKTPOHHBIE aTOMBI B BUJE YpaBHEHUI
Xaptpu — ®oka (XD) [1 — 3]. OgHoUacTHY-



Teopetnueckas pusnka

Hoe npubdamkeHne XP mo3BoJIsIeT pacCYnUTaTh
BOJIHOBBIE (DYHKIIMM M DHEPTUU OCHOBHOIO U
BO30YXKIEHHBIX COCTOSHUII MHOTO3JIEKTPOH-
HbIX cucTeM. OmIHAKO JAaHHBII ITOAXOH HMeE-
€T CYIIeCTBeHHbIe HeaocTaTKh. COOCTBEHHBIE
3HAYEHUSI XapTpHU-(POKOBCKOTO IaMIJIbTOHMA-
Ha MMEIOT CMBICJ 3HEPruil MOHU3ALUU COOT-
BETCTBYIOLLIMX 3JIEKTPOHHBIX O0O0J0YEK, HO,
KaK IMOKa3bIBAIOT Pe3yJIbTAaThl pACYETOB, IaH-
HbI€ BHEPTUM BCErIa CyLIeCTBEHHO OTJIMYAIOT-
CS1 OT COOTBETCTBYIOIIMX KCIIEPUMEHTABHbBIX
3HaueHuii. Kpome Toro, pacuer BO30YyKIEH-
HBIX COCTOSIHUI MPOU3BOAUTCS B CyMMAapHOM
MoJIe «3aMOPOKEHHOTO OCTOBa» U 00pa3oBaB-
IICHCSI BAKAaHCUU, T. €. BBIYMCIICHUE BOJIHOBOM
(GyHKIMKM BO30OYXIEHHOIO 3JIEKTPOHA IIPO-
HUCXOOUT 0€3 yuyeTa MEepecTPOrKM caMocorjia-
COBAHHOIO MOJs, CBSI3aHHOW C MOSIBJICHUEM
IBIPKM B CTPYKTYype 3JEKTPOHHOIO OCTOBa, a
TaKXe C MOJSIPU3ALMEN SJIEKTPOHHOIO OCTO-
Ba BBIOUTBHIM 3JeKTpoHOM. ClenyeT OTMe-
TUTbh, YTO TIpeICTaBJI€HHbIE B JaHHOW paboTe
METOJbl NPUMEHUMBI K OIMCAHMUIO OITHUYEC-
CKMX CBOWCTB HE TOJIbKO OTAEJIbHBIX MHOTO-
BJIEKTPOHHBIX aTOMOB, HO M 00Jiee CJIIOXHbBIX
CTPYKTYP.

B pabore ncnonab3yeTcsd aTOMHas cUCTeMa
enunmi: m, =|ef=h=1.

TeopeTnyeckmii MoaXx0x
CeueHue (OTOMOITONIEHUS aTOMa OMpee-

Jgercs caenymwoueit popmynoit [2]:

o(®) = 4@—“22 [lev M) 1)

i<F

x ow—-E, + E)dv,

2
X

(1

rae F — HauBbICILIMI 3aMOJHEHHBIA YPOBEHb
(YpOoBE€Hb CDep/I\gn) CUCTEMBI B OCHOBHOM CO-
crositiud, (v | M (o) | i) — MaTpUIHBIA 3JIEMEHT
nepexo/ia aTOMHOTO 3JIEKTPOHA M3 COCTOSTHUS
I B COCTOSIHUE V TIOJ BO3JAECHUCTBUEM BHEIIHETO
3JIEKTPOMArHUTHOTO TOJS B AUIIOJBbHOM MpU-
OMKEeHUU.

DTN OXHOYACTMYHBIC aAMILIATYIBI IIepe-
XONOB YYWUTBHIBAIOT W3MEHEHUE COCTOSHUS
TOJIbKO OJHOI'O BJIEKTPOHA, 4 MMEHHO B3aM-
MOJAEWCTBYIOLLIETO C B3JICKTPOMArHUTHBIM I10-
JieM. PacueTnl ¢ MCNoOb30BaHUEM AUMOJIBHBIX
AMILIMTY/I, YYUTHIBAIOLIMX TOJbKO B3aUMOICH-
CTBUE 3JEKTPOH-AbIpKa, MOKa3aJii, 4TO JaH-

HBII MMOJAXOM JaeT aJeKBaTHOE KaueCTBEHHOE U
KOJIMYECTBEHHOE OIMMCAaHUE MPOLECCOB (OTO-
TOTJIOIIEHUSI TOJIBKO B OTPaHWYEHHOM psiie
ciyyaeB. Tak, METOIBI, B OCHOBE KOTOPBIX JIe-
KUT OAHOYACTUYHOE MPUOIKEeHNE, HE MOTYT
JaXke KauyeCTBEHHO OOBSICHUTH psii HaOIIogae-
MBbIX SIBJICHUI, B YACTHOCTU TMOSIBJIECHUE TTMKOB
ABTOMOHU3ALIMOHHBIX PE30HAHCOB B Maplv-
aJIbHBIX CEYeHUSIX (DOTOMOHMU3ALMN HAPYKHBIX
000JI0UueK aTOMOB. B CBsI3U C 3TUM BO3HHUKIIA
HEOOXOIMMOCTh JaJIbHEMIIero pa3BUTHUS Me-
TOIOB KBAaHTOBOI TCOPUU MHOTHX TEJI.

OpHuM u3 Haubojee 3(PEMEKTUBHBIX MOJ-
XOJI0OB K IOCTPOEHHIO OIlepaTropa B3auMOAeii-
CTBMSI aToMa C BHEIIHUM IIOJIEM, B paMKax
KOTOPOTO MOSBUJIACH BOBMOXHOCTD y4eTa MHO-
TO2JIEKTPOHHBIX KOPPEISLUiA, CTaJ0 MPUOIM-
XKeHUe ciydaiiHeix a3 ¢ ooMeHoMm (ITCDO),
i no-anmmiicku — Random Phase Ap-
proximation with Exchange (RPAE) [2, 3, 3,
6]. B sToM IpUOIMKEHUMU BIEPBbIE YIAJOCh
paccuuTarth cedeHus (QOTOMOIVIOIICHUS [IJis
3HAYUTEJbHOTO YMCJIa aTOMOB, IOOMBIIMUCH
XOPOIIEro COOTBETCTBUS MEXAY pe3ybTaTaMU
pacueToB U BKCIEPUMEHTAIbHBIMU JaHHBIMU.
B ocHoBe IICPDO nexuT IpeArnooXeHue o
TOM, YTO BO30YKIaeMBbIii 2JIEKTPOH HE Cpasy
MEePEeXOIUT B KOHEUHOE BO30YXKICHHOE COCTO-
SIHUE, a MOXET MPOXOIUTh Yepe3 psl Ipome-
JKYTOUHBIX KOPOTKOXUBYIIUX (BUPTYaJIbHBIX)
coctosiHuii. [Ipu 2TOM BUpTyajbHBIE BO30YXK-
JEHHBIC COCTOSIHMSI THUIIa BJICKTPOH-IbIPKA
B3aMMOJICICTBYIOT C paccMaTpUMBaeMbIM pe-
aJIbHBIM BO30Y:KICHHEM MO KYJIOHOBCKOMY 3a-
KOHY C y4eTOM OOMEHHOTO B3aUMOACHCTBUSI.

B omnepatopHoii (opMe BbIpaxkeHUe IS
amraTyabl B3anmopaeiicteust B [ICPO 3amm-
ceIBaeTcs B Buae [5]:

4 2)
1 - y(0)U

B maTpryHOM BHjIE 3TO BBIPAXKEHUE MOXET
OBITH TaKXe 3aIrmrcaHo B ¢opme

(k| D(w) | iy =k | d | i)+

D(o) =

(3)
+ Z - Z DU (@) 5

k'>F i'>F
i'<sF k'sF

rae
D, = (k| Do) | i),
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Uy = (k| U0) | ik,
1
o-FE.+E.+i5

X@) 0 =

OTO Xe BBIpAXXEHHE MOXHO IIPEICTaBUTh
Ha SI3bIKE€ AMarpaMMHONM TE€XHWKM, KaK MOKa-
3aHO Ha puc. 1 [5, 6]. Eciu yopaTh U3 CyMMBI
BhIpaxxeHus: (3) oOMeHHbIE WIEHBI, TO IOJY-
yuTCI NpubImkKeHue ciydaiiHeix ¢asz (IICD,
i RPA), 1Mpoko ucnojb3yeMoe B TEOpUU
3JIEKTPOHHOTO raza [7].

CrnenyeT OTMETMTb BaXXHYI0 OCOOEHHOCTH
[N®CO — nosBIeHUE B ONEPATOPHOM OIMCA-
HUM TaK Ha3bIBaeMOro 3(p@eKTHUBHOIO B3au-
MOJIIEICTBUSI, KOTOPOE OTIMYAETCSI OT YMCTO
KYJIOHOBCKOTO B3aUMOJEMUCTBUS C BJIEKTPO-
HaMHM OCTOBa BBEICHHEM IOIIPABOK, CBSI3aH-
HBIX C MOSIBIEHUEM BUPTYAIbHBIX SJIEKTPOH-
JIBIPOYHBIX BO30YXIeHUi [2]:

U
1 - y(0)U
B wmarpuunoii ¢opme BBIpakeHUE IS
2JIEMEHTOB 3(M(OEKTUBHOIO B3aMMOACHUCTBHUS
MOXET OBITh MOJIydeHO M3 (3) myTeM 3aMeHBI

JUIIOJIbHOM OOHOYACTUYHOM aMIUIUTYAbL KY-
JIOHOBCKMM B3amMmopeiicTeueMm [8, 9]:

a)

r= 4

(kk' | T(w) | iy = U,y ., +

©)
+ Z - Z Cierion Ui rierio @) o
kKF ISF
i'SF K'<F

e
Ukk'ii' = <kk' | ﬁ | ii '>,

Ty = (kk™ | T(w) | ii ",
U."k'k"k' — <l~nkv | l/} | k”i’),

12(0) =(@—E,.. + E.+1i8)".

Kak yxe ymomunanocb, [TCDO mo3Bo-
JISeT ommcath NpodWIM JIWHUN aBTOMOHU-
3alIMOHHBIX PE30HAHCOB B cHeKTpax (oTo-
MOTJIOIIEHUSI. OTU SBJIEHUS OOYCIOBIECHBI
MeXKaHaJIbHBIMU KOPPESIIUSIMU W MPOSIB-
JISIOTCS B CIUIOIIHOM CITeKTpe (OTOMOHM3a-
IIUM BHEIIHUX 000JIOUEK B 00JIACTSIX DHEPIUIA,
ONM3KUX K SHEPIUSM IMCKPETHBIX IIEPEX0I0B
U3 BHYTpeHHUX o0ojouek. Popma KOHTypa
MMKa MOXET OBITh ommcaHa dopmyinoin MaHo
[3, 4]:

0=60(1—p2+pzﬂ} (6)

g2 +1

b)

Puc. 1. JlnarpaMmMHoOe TIpencTaBieHNe aMIUTATYAbl B3auMoneicteus B [ICPO:

a — OlHOYaCTUYHAas JUIOJbHAs aMIUIMTYaa; b, ¢ — MpsAMoe 1 OOMEHHOE B3aMMOIEUCTBUS VISl TIPOLIECCOB «BIEPE.
BO BPEMCHMN», d, e — MpAMOE n oOMeHHOe B3aHM0lICI71CTBHH I TIPOLECCOB «HAa3all BO BPEMCHMU», » — 4YacCcToTa
dorona; k', i' — COCTOSTHUS TIPOMEKYTOUHBIX (BUPTYAIBHBIX) 2JIEKTPOHA U OBIPKU; k, [ — COCTOSIHUS 3JIEKTPOHA
U JIBIPKU, 00pa3ylolIuXcsl B pe3yabTaTe nmpolecca (GOTOMOIIOLIECHUS
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rme o, — cedyeHue (POTOIOIIOIIEHUS B OKPECT-
HOCTU TNUKa, p° — UHAEKC MHTephEepeHLHN,
MOKAa3bIBAIOIINI, HACKOJIbKO CHJIBHO KaHaJbI
BOBJICUCHBI B PE30HAHC; ¢ — MHACKC (POPMBEI,
OIpeAeISIIoIMi TPpoPUiIb pe30HAHCHOM Jiv-
HUU.

Bbe3pasMmepHast BeMUMHA & OMpenessaeTcs
COOTHOLIEHUEM

__AE-E,)
,Y b

rie y — LUMPUHA Pe30HAHCHOM JquHuu; E, —
SHEPTUsl IUCKPETHOIO Ilepexoaa, B3auMOICHi-
CTBME C KOTOPBIM YUYMTBHIBAe€TCSI B IIpOIEcCe
MOHU3ALUY BHEIIHE 000JIOUKU.

IIpr ommcanum (HOpMBI TTHUKOB aBTOMO-
HU3aLMOHHBIX pe30oHaHCcOB B paMkax I1CPO
3HaYeHMsA Yy, E,,p’,& M ¢ BBIPAXAIOTCS Yepe3
NEHCTBUTEbHBIE M MHUMbBIE 4acTU MaTpuy-
HBIX 3JIEMEHTOB onepaTopoB D u I' u uX JIu-
HelHbIe KoMOMHauuu [3].

CoOOTBETCTBHE PacCUYETHBIX M SKCIIEpUMEH-
TaJIbHBIX JAHHBIX TAKXKE MOXKHO YIYYIIUTH ITy-
TE€M BKJIIOUEHUS HOIOJIHUTEIbHBIX 3((dEKTOB,
0O0YCJIOBJIGHHBIX TOJIsIpU3aliueil 3JeKTPOHHO-
IO OCTOBa CHUCTeMEL. Bo30yXIeHHbII 3JIEKTPOH
co31aeT COOCTBEHHOE MoJie, KOTOPOEe MCKaKaeT
CaMOCOIJIAaCOBAaHHOE T0JIe aTOMHOTO OCTOBA U
MOPOXKIAeT BUPTYaJIbHBIC SJIEKTPOH - IIPOYHBIE
napbl, B3aMMOACHCTBYIOIINE C JIEKTPOHOM.

OovH M3 METONOB YydYeTa ITOJISIpU3aluu
aTOMHOTO OCTOBa M, COOTBETCTBEHHO, €€ BJI-
SHUS Ha BOJHOBBIE (PYHKIIMM OCHOBHOIO U
BO30YXKIEHHBIX COCTOSIHMIA, OCHOBaH Ha WC-
MOJAB30BAaHUM CTaTUYECKOro 3(P(EKTUBHOTO
MOJIIPU3ALMOHHOIO TIOTEHIMajla B CledyI0-
et popme [3]:

(7

o

b* +r*)?*’ ®
Irme o — CTaTA4YecKas OWUIIOJbHas TOJSIpU-
3yeMOCTb aroMa; b —(heHOMEHOJOrMYeCKUi
napamMmeTp, IO3BOJISIONIMI 130eKaTh pacXoau-
MOCTHM Ha MaJjIbIX pacCTOSHUIX OT aToMa. [1pm
5TOM 3HAQUYE€HUE MUITOJBHOW IOJSIPU3yEeMOCTH
OepeTcsi, KaK IpaBUJIO, U3 3KCIEPHUMEHTAIb-
HBIX MOaHHBIX, a MapaMmMeTp b mnomoupaeTcs
TaKMM 00pa3oM, UYTOObI SHEPrusl HapyKHOM
000JIOUKM OCHOBHOIO COCTOSIHUSI HauboJiee
TOYHO COOTBETCTBOBAJa 3KCIIEPUMEHTAIBHOMN
SHEPTMU UOHU3ALIUH.

Vr)=-

Hpyroit monaxona, TIO3BOJSIOIIUIA y4ecTb
NOJISIpU3allMOHHEIE TIOMPaBKM, OBLUI paHee
IIIMPOKO HCIOJb30BaH IIPU TEOPETUUECKOM
M3Y4eHUHU IIPOLIECCOB pacCEesTHUSI MeIJICHHBIX
3JIEKTPOHOB Ha MHOTO3JIEKTPOHHBIX aToMax [§].
JAuHaMWYeCKUI MONSIPU3aALMOHHBIN ITOTeHII-
aJl OMMCBHIBAETCSI COOCTBEHHO-3HEPreTUYECKOM
yacteio (QyHKumM I'prHa BO30YXIEHHOTO
silekTpoHa X(FE,r,r'), 3aBUCSIIEHl OT SHEPIUU
HaJICTAIOIIEro 3JIEKTPOHA U IBYX KOOpIWHAT,
T. €., B OTJIMYME OT CTATUYECKOro MOTEHIIMA-
na (8), aBasieTcsl HeJOKaIbHBIM. Bo BTOpoM
MOpPSIAKE TEOPHUM BO3MYIIEHUM IO MEX3JEK-
TPOHHOMY B3aMMOACHCTBUIO BBIPAXKEHME IIJIsI
MaTpUYHOTO 3eMeHTa X(E,r,r') MOXeT ObITh
MpencTaBIeHO B BUIIE

GPTAINEIDIDILDIPDIN e
GSFSF  <FheF 9
ky<F ky>F

x V

N1 (C) P
rae
Uy = ks | U | ko),
Visoior = (ki | V | ki),

X(m)klk2k3 =
= ((0 - E/q - Ekz + Ek3 + IS(I - 2nkl ))71'

31ech MEepBOE CllaraéMoe B CKOOKax COOT-
BETCTBYET AUarpamMMam <«BIIEPE BO BpeMEHMN»,
a BTOpOe — «Ha3am BO BpeMeHu» [3, 5, 6].

Ha s3bike guarpamm BeipaxkeHue (9) cxe-
MaTUYECKU U300paKeHo Ha puc. 2. J11s1 HaxoxX-
JIeHUSI HOBOI BOJHOBOM (DYHKIIMM 3JIEKTPOHA,
JIBWCKYILETOCS B I10JI€ TOJISPU30BAHHOTO OCTO-
Ba, UCIIOJb3yeTcs ypaBHeHUe JlalicoHa:

(H" - EY¥,(r) = [S(E.r,r')¥ (), (10)

rane F — sHeprust (oTO3JeKTpOoHA (ABIPKH),
V¥, (r) — ero BosHOBas GyHkuus, (E,r,r') —
HEIpUBOIMMAs COOCTBEHHO-3HEpreTUYeCcKas
yacth pyukuum I'punHa [3, 5, 6].

VYpaBHenue (10) MOXHO Ilepemnucarbh B
dopme

10 - v [ ] 2O,

(1)
% Z(r'E (e,
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I

Puc. 2. JluarpamMmMHoe TIpeicTaBiIeHe MAaTPUUYHOTO 3JIEMEHTa COOCTBEHHO-9HEPTeTUYECKOM YacTH
dynkuuu I'puHa: a, b — npssMoe U1 OOMEHHOE B3aMMOACUCTBUS ISl IIPOLIECCOB «BIEPE] BO BPEMEHU»;
¢, d — mpsiMoe ¥ OOMEHHOE B3aMMOIEUCTBUS IJISI IPOLIECCOB «HAa3ad BO BPEMEHI»

rae v, (r) — olHOYaCTUYHbIE BOJTHOBbIE (DYHK-
1y B npubmmkeHun X@P, COOTBETCTBYIOILINE
~ HF

raMmuibToHuMaHy H 1 o0pa3syroliye MOJIHbINA
HaOoOp BOJHOBBIX (DYHKIUI, IO KOTOPOMY
MPOU3BOAUTCS MHTETPUPOBAHKUE, BKJIIOYAs BCe
3ar0JHEeHHbIC W BO30YXIEHHbBIE COCTOSTHUS.
C nomouwto dopmyn (10) u (11) Beipaxke-
HUE Ui MaTPUYHOTO BJIEMEHTA AMIIOJIbHOIO
oreparopa d MOXKHO IpPEACTaBUTh B BUJE

-~ 1
wyldley-— L,
g 1+ln<\VE |ZE |WE>
$ 4 (12)
x| d,, +jﬁdgy :
rae
dEn = <\VE | C/Zl\l \Pn>>
iEy =y | iE | \VY>,
d =(y,|d|¥,).
3mech ¥, — TpuBoaMMAas COOCTBEHHO-

SHepreTuyeckas 4yactb pyHkuum ['puHa; vH-
TErpyUpOBaHME BHOBb BEAETCS IO BCeMy Habo-
py cocTosiHUil XD.

Takum 06pa3oM, ¢ TTOMOIIBIO YPaBHEHUS
(12) MOXHO HaWTU aMIUIMTYAbl IUIIOJbHBIX
MEePeXo0B C YYE€TOM IOJSIPU3ALIMOHHBIX TO-
MPaBOK B paMKaX MOACIU JUHAMUYECKOIO I10-
JIIPU3ALMOHHOTO MOTEeHIIMAA.

CrnenyeT OTMETHTb, UTO HAHHBIA ITOAXO
NPUMEHUM IS HaXOXICHUSI BO3MYIIEHHBIX

90

COCTOSIHUI KaK (DOTOB3JIEKTPOHA, TaK U ABIPKH,
T. €. IIO3BOJISIET YTOUYHUTh SHEPTUHU DJIEKTPOH-
HBIX 000JI04€K OCHOBHOTO COCTOSIHMSI CHUCTE-
MBI II0 CPaBHEHUIO C MX XapTpU-(HOKOBCKUMHU
3HAYCHUSIMU.

[MonoxeHne NHUKOB aBTOMOHM3AILMOHHBIX
PE30HAHCOB B CIIEKTpe (POTOMOTIOIICHUS 3a-
BUCUT OT DHEPIUI AUCKPETHBIX MEPEXOI0B U3
BHYTPEHHUX 000JI04eK aToMa. DTU SHEPIUMH,
B CBOIO O4Yepelb, OOBIYHO 3aBMUCSIT OT CIIM-
HOBOI'O COCTOSIHUSI BO30YXIECHHOM CUCTEMBbI.
Tak, B ciiyyae aToMa HaTpus, JIMHUSL aBTOUO-
HU3ALMOHHOTO pPe30HaHca, OOYCIOBJIEHHOTO
IUCKPETHBIM TIEpexogoM 2s — 3p, paciie-
IUISIeTCST Ha JBa NHKA, ITOJIOKEHWE KOTOPBIX
COOTBETCTBYET KOHEUHBIM TPUILUIETHOMY U
CHUHIJIETHOMY COCTOSIHUSIM. YUeT 3TOro pac-
LIETUIEHNUSI MOXHO OCYIIECTBUTh B TaK Ha3bl-
BaeMOI CIMH-TOJsIpU30BaHHON Bepcun XD u
[CP®O — CIIXD u CIIIICPO (SPHF, SPR-
PAE) cooTBeTcTBEHHO, IlIe Kaxaash aTOMHas
000J104Ka pasneseTcs Ha ABe IOoA000JI0UKH,
KOTOpBIE 3aIlOJHAIOTCS 3JCKTPOHAMU C OIU-
HaKOBbIMU TIpoeKusiMu criuHa [10].

Oo0cyxaeHne pe3yabTATOB YHCJIEHHbIX PACYETOB

[lepeuncieHHbIe BbIIIE METOANMKU UCIIOIb-
30BajiMCh 15 pacuera cedyeHuil (hOTOMOrao-
1IeHUs atoMa HaTpus. BonHoBble GyHKIIUU
U DHEPTMM OCHOBHOIO M BO30YXIEHHBIX CO-
CTOSIHMI OBLIM BBIYMCIEHBI B paMKax Hepe-
agTuBUCcTCKOTOo npuodmrkenus X®. B taba. 1
NpUBEACHBl 3HAYEHUS DHEPruii MOHMU3ALUU
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Tabauma 1
CpaBHeHHe PacYeTHBIX 3HAYEHUIl SHEPrUii HOHU3AMHN ATOMA HATPHUSA C SKCHEPUMEHTAIBHBIMI JTAHHBIMH
OHeprus, 3B
DyeKTpOHHAas 6e3 yaera
0

000J104Ka HoAspH3ALIT c yuerom CIIIT | ¢ yyetom HAIIIT | Bxcnepument [11]
s —1101,48 — 1101,66 - —1079
2s — 76,11 — 76,30 —71,95 —70,90
2p — 41,31 — 41,50 —38,70 —38,46
3s — 4,955 — 5,14 —5,14 —5,14

Ilpunsareie cokpamenus: CIIII — cratuctuueckuii monsipu3auoHHbii moreHuuan, Il — nuHa-

MUYECKHUIA HOHHpI/ISaHI/IOHHBIﬁ OTCHLIMAJI.

aTOMHBIX 000JI0UEK, pacCUMTaHHbIE Oe3 yuera
MOJISIPU3AIIMOHHBIX TOIIPABOK M C UX YYETOM,
a TaKKe COOTBETCTBYIOIIME SKCIIEPUMEHTAb-
HBIe 3HaveHus [11].

Hnsg noctpoeHus: 3(PEOEKTUBHOIO CTaTH-
YECKOro MOJISIPU3AlIMOHHOIO IoTeHInana (8)
ObLIO  HCIIOJIb30BAHO  BKCIEPUMEHTATbHOE
3HAYEHUE CTATUYECKON TUTIOJIBHOM TIOJISIPU3Y-
€MOCTH OCHOBHOTO COCTOSIHUSI aTOMa HaTpus,
162 a.e. [Tapamerp b =11,687 a.e. mogbupa-
cd TakuM o0pa3oM, 4YTOOBI pPacYeTHBIA II0-
TEHIIMaJl MOHU3ALIMKU O00JIOUKH 35 C BhICOKOM
TOYHOCTBHIO COBIIaJal C 3KCIEPUMEHTATbHBIM
3HaYeHUEM, paBHEIM —5,14 3B.

Bbutn BbhIYMCIIEHBI TApLUMalbHBIE M IIOJ-
HBIe cedeHUsT (POTOIOIIONICHUS I DHEPTUil
¢oronoB g0 100 3B. Ilpu 3ToM OBIIM OOHa-
PYXEHBI SIPKO BBIpaKCHHBIE AaBTOMOHMU3ALIM-
OHHBIC IMKM, YTO II0KA3aJl0 OIPaBIAHHOCTH
yJgeTa MEXKaHAaJbHBIX KOPPEISIILNi IIpu IIpo-
BEIEHUU PacyeTOB CEUEHUil (POTOMOHMU3ALIUU
HapyXHbIX obonouek. [Ipu yncieHHom mMope-
JIUPOBAHUM TIpoliecca (OTOBO3OYKICHUS aTO-
Ma HaTpUs YYMTHIBAJIIOCh YEThIPE ITaplHaIb-
HBIX KaHajla UOHU3ALMU: 25 — np, 2p —> HSs,
2p — nd v 3s — np (xaHan 1s — np He npu-
HUMaJIC B pacyeT, TaK KaK SHeprus. MOHM-
3aun 15-00070YKM BBITTAIAET U3 pacCMaTpU-
BacMOro IMaria3oHa SHEPIuil).

AMITIATYIBI TIEPEXOAOB U TaplLMajbHEIC
ceyeHUs BhIUKUCISINCE B pamkax [TCDO mis
sHepruii poroHoB g0 100 3B. /i yrouHeHMs
YUCJIEHHBIX PE3YJbTaTOB ObUIM TaKXe MPOBE-
JIeHBI pacYeThl aMIUIUTY 1 CEUCHUI C UCITOJIb-
30BaHMEM BOJIHOBBIX (DYHKIIMIA, TTOJYYEHHBIX C

y4eTOM MOJISIpU3aLMOHHBIX MomnpaBoK. Pacyer
(opMBI 1 TOYHOTO IIOJIOKEHUSI aBTOMOHM3A-
LIMOHHBIX TMKOB, OOYCJIOBJICHHBIX JIUCKPET-
HbIMU iepexogamu 2s — 3p(*P), 2s — 3p('P)
2s > 4p(*P) u 2s —> 4p('P) nmpousBoauics B
pamkax noaxona CIIIICDO.

OmHuM U3 KpUTEPUEB AOCTOBEPHOCTU
pacuera SIBJISIETCSI CTENEHb COBHAACHUS pac-
YETHOTO M OKCICPUMEHTAJIbHOIO TIOJIOXKE-
HUM KylepoBckux MuHUMyMOB [3]. Ha puc.
3 mpeAcTaBieHbl 3aBUCUMOCTH CEYEeHUil (o-
TOIIOTJIOIIEHUSI aTOMa HAaTpUS OT DHEPrUuu
(potoanekTpoHoB. M3 mpUBEeNeHHBIX 3aBUCH-
MOCTE€Hl BUIHO, YTO YYET ITOJISIPU3ALMOHHBIX
MOMPaBOK ITO3BOJISIET YAYYIIUTb COOTBETCTBUE
pacyeTHOro M 3KCIepUMEHTanbHOro [12, 13]
MOJIOXKEHMI KYyIIEPOBCKUX MUHUMYMOB. OnHa-
KO CYIIECTBEHHOE YJIy4llleHWe COOTBETCTBUS
SKCHEPUMEHTANIbHBIX M PACYETHBIX CEYCHMI
(oTomornonieHNsT OBUIO JTOCTUTHYTO JIMIIb
MpU UCIIOJIb30BAaHUM MOJAEIN AUHAMUUYECKOTO
MOJISIPU3aLIOHHOTO ITOTEHIIMAJIA.

Ha puc. 4 mokazaHbl 3aBUCUMOCTH TOJHO-
ro CeYeHUs OT dHeprum ¢GoroanekTpoHa. Kak
BUIHO M3 3KCIIEPUMEHTAJbHON 3aBUCHMOCTH,
OITyOJIMKOBaHHOI B pabote [14], mis sHeprui
¢oroHa Huxke 38,5 3B uHTEeHCUBHOCTB (hOTOU-
OHM3AalIMU MaJjla, IOCKOJIbKY B 9TOM JUara3oHe
SHEPTHUil B IIpoliecce MOHM3ALUM 3a1eiiCTBOBaH
TOJILKO BJIEKTPOH C Hapy>XHOU 35-000JI0UYKU.
HckmioueHneM SBISIIOTCS 00J1aCcTU SHEPruii, B
KOTOPBIX PACHOJIOXEHBI ITMKM aBTOMOHU3ALIM -
OHHBIX pe3oHaHcoB. Tak, npu sHepruu 31 5B
HaOogaeTcsl OYeHb MHTEHCUBHBIN MK, 00Y-
CJIOBJICHHBII PE30HAHCHBIM B3aUMOACHCTBUEM
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0 2 4 6 8 10 12 14 16
E, eV
Puc. 3. PacueTHble (IMHUM) U DKCIIEPUMEHTAIbHAs (TOUKM) 3aBUCUMOCTU TOJTHOTO CEYEHUsI
¢oTOMOTIOLIEHNST aTOMa HATpUsl OT 3Heprumn porosnaekTpoHa. Mcnoab30BaHbl pa3inyHbIe TTPUOIUKEHUS:
II®CO ¢ yueroM cTraTideckoro mojspusanonHoro noreHunana ( /), CIIIC®O ¢ yuyerom
JUHAMUYECKOTO IMOoJjspu3aluoHHoro noreHuuana (2), [IICPO 6e3 nonsgpusauuu (3)

o, Mbarn

12

10 <

LI B B B B B R B | T T T L B R A R R AR N LA R RARRRE L Rl

30 40 50 60 70 80 90 100
E, eV

Puc. 4. DxcriepumenranbHas [14] (/) 1 pacueTHBIC 3aBUCMMOCTH TIOJTHOTO CeUeHUS (DOTOITOTIOIICHUS
aToMa HaTtpus oT 3Hepruu ¢oroHa. Mcronb3oBanbl paznnuHble puomkeHus: IIOCO 6e3 nomsapusanuu (2)
n CIITICDO ¢ yyeToM TUHAMUYECKOTO IIOJISIPU3allMOHHOTO noteHumnana (3)
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Tabauma 2
Paccuntannbie napamMeTpsl AJjid NOCTPOCHUA KOHTYPOB ®ano
DIEeKTPOHHBIN DHeprus I[upuna ITapameTp
nepexon nepexona E,, 5B | smHum vy, 107 5B acMMETpUU ¢
2p — 3s 30, 96 0,14 —754,34
2s — 3p(2P) 66,37 34,4 —1,60
2s — 3p('P) 67,59 39,6 —1,64
2s — 4p(2P) 70,29 8,2 —1,80
2s — 4p('P) 70,18 6,1 —1,70

C IMCKPETHBIM BO30YyXXAeHUEM 2p —> 3s.

Bein mccnegoBaHbl hopMa U TTOJIOKEHUE
3TOrO MHKa, a TAKXKE BbIYUCICHBI MapaMeTphl,
HEOOXOIUMBIE IS IIOCTPpOeHUSI KOHTYpa PaHo
(6) (tabi. 2).

PacuerHoe moyOXKeHME TIMKA HAXOMUT-
Csd B XOpOIIEM COIJIACUU C 3KCIEPUMEHTOM,
OIHAKO, K COXaJICHWUIO, M3-3a €r0 Y30CTU U
BBICOKOM WMHTEHCHBHOCTU HENb3Sl YTO-JIM0O0
KOHKPETHO YTBEpPXKIaTh OTHOCUTEILHO CO-
BITaJIcCHUST BBICOTHI M (OopMEI. PaccumranHbie
PE30HAHCHBIC JIUHUM U COOTBETCTBYIOLIME UM
KoHTYypbl PaHO MpeacTaBleHbl Ha puC. 5.

B o6mactn 33,0 — 38,5 3B nabOmogaiorcs
OYEHb Y3KME U TECHO PACIOJIOXEHHBbIE TMUKH,
00yCJIOBJICHHbIE PE30HAHCOM KaHaia 3s — np
C JUCKPETHBIMM TIepexojaMu 2p —> ns u
2p — nd. Boiue sHeprum 38,5 3B, cooTBer-
CTBYIOLIEH DHEPIUM CBSI3U 2p-000J0YKM, Ha-
YUHAETCA €€ MOHU3aLMsI, KOTopasi IIPOMCXO-
IWT TI0 ABYM KaHamaM: 2p — ns U 2p — nd.
B obmactu snepruit 38,5 — 45,5 3B B sKkc-
MEePUMEHTAIbHOM CEUEHUM HaOJIIoAaeTCsl P
MUKOB, HAJIMYME KOTOPBHIX MOXET OBITH 00b-
SICHEHO ABYX2JICKTPOHHBIMU BO30YKACHUSIMMU,
MPU KOTOPBIX OJHOBPEMEHHO C 3JICKTPOHAMU
2p-000/104KM BO30YXKAAeTCSl 3JEKTPOH  3s-
obomouku [14].

Hamee, mocie 70,9 3B HaumHaetcst ¢oTo-
MoHM3aIMsa 25-00071049Kku. [Ipm 3TOM BO30OYK-
JeHUsT 25-2JIEKTPOHOB B 00J1aCThb HEINpPEPhIB-
HOTO CIIEKTpa HAlOT HE3HAYMTEIbHbIM BKJIAJ
B obOuiee ceyeHWe (OTOMOHM3ALMU, OAHAKO
OUCKpETHBIE mepexoabl 25 —3p u 2s — 4p
MPUBOAAT K IMOSIBJAEHUIO TTHKOB aBTOMOHM3a-
LIMOHHBIX PE30HAHCOB B OUANa30HE SHEPIUid
63 — 71 3B.

Brum mpoBeneHBI YUCICHHBIE pacyeThl U
HCCIeIOBaHbl (POPMbI U TOJIOXEHMSI ITHKOB
ABTOMOHM3ALIMOHHBIX PE30HAHCOB, OOYCJIOB-
JICHHBIX B3aMMOIEHCTBUEM C IMCKPETHHIMU
nepexogamMu 2s —> 3p um 2s — 4p. Ha sxkc-
nepuMeHTalbHONM KpuBo#t [14] BUIHO, 4YTO
KaXIBI M3 JTUX IIMKOB B CBOIO OYepelb
paciierieH Ha JBe JIMHUM, COOTBETCTBYIO-
Ie OIpelieICHHOMY CIIMHOBOMY COCTOSIHUIO
— TPUIUIETHOMY U CHUHIJIETHOMY. B cBs3u ¢
STUM pacyeT TMOJIOXKEHMUSI 3THUX IUKOB IIPO-
ponwics B pamkax CIIIIC®O. BrruuciaeHus,
MPOBEACHHBIE B 3TOM IPUOJIKEHUU, ITOKa-
3a/IM, YTO DSHEPIrUM OMCKPETHHIX IIePEeXOJ0B
2s - 3p(*P), 25 »3p('P), 25— 4p(*P)
u 2s — 4p('P) pasuwl 70,53, 71,75, 74,45 u
74,34 3B, coorBerctBeHHO. Ilocmemyrommii
y4eT JMHAMUUYECKOIrO MOJISIPU3aLMOHHOTO I10-
TEHIIMAJIa TI03BOJIMJI CIBMHYTH ITOJIOKCHUE 25-
ypoBHs ¢ 3Hepruu —76,11 na —71,95 3B, T. €.
SHEPIUM MEePeXoJ0B YMEHbIIMIUCH Ha 4,16 5B
U craad paBHeIMU 66,37, 67,59, 70,29 un
70,175 3B, COOTBETCTBEHHO.

[IpumMeuareabHO, 4YTO, COIVIACHO IIPOBE-
IEHHBIM pacdeTaM, UISI Iiepexoma 25 — 4p
SHEPIUSl CUHIJIETHOTO COCTOSIHUSI OKa3ajach
HIKE, 4YeM TPUILIETHOTro. DTOT (PakT TpeOyeT
MepenpoBEPKU ¢ UCIIOIb30BaHUEM MHOTOKOH-
¢urypauronHoro npubamkeHuss XapTpyu —
®oka. B skcnepuMeHTaNbHBIX M PacyeTHHIX
(opMax MMKOB eCTh HECOOTBETCTBHSI. Paccum-
TaHHBIE MOJIYYWINCH O0Jiee UHTCHCUBHBIMU, U
MOoCIe KaxXAO0To ITMKa HaOJII0JaeTcsT XapakTep-
HBIII MpPOBaJ B CEUECHUSIX (POTOMOITIOIICHMSI.
Bo3MoOxxHO, 3TO CBA3aHO C TeM, YTO IIPHU IPO-
BEICHUU SKCIEPUMMEHTAa B TaHHOM JHEPreTH-
YeCKOM [Mana3oHe OBUI B3ST HEIOCTaTOYHO
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MaJIBId 11Iar MO 3Hepruu. B 4yactHOCTH, 3TO
OOBSICHSIET OTCYTCTBME Ha 3KCIIEPUMEHTAJb-
HOl KpUBOM TIMKOB aBTOMOHU3AIIMOHHBIX
PE30HAHCOB, OOYCIIOBJIICHHBIX ITUCKPETHLIMU
rnepexomaMu 2s — 5p, 2s — 6p U T. 1.
CrnenyeT OTMETUTb, UTO Yy4Y€T MOJSIpHU3a-
LIMOHHBIX TIOMPAaBOK HE MNPUBOAUT K Cyllie-
CTBEHHOMY VJYYILIEHHIO COOTBETCTBUS 3KC-
MepUMEHTAIBHBIX U PACUETHBIX CEYCHUI B
nuarazoHe sHepruii 30 — 100 3B, omHako 1o-
3BOJISIET YTOUHUTD IOJIOXEHUE TTMKOB aBTOMO-
HU3aIMOHHBIX PE30HAHCOB U MOPOTU MOHMU3A-
nuu obojsiouek. B nuamazone 5,14 — 20,14 3B
BKJIIOUEHNME ITOJISIPU3allMOHHBIX IIOMPAaBOK C
WUCITOIb30BAHUEM JIUHAMUYECKOTO  IOJISIPU-
3allMOHHOIO IIOTEHIIMAaja OKa3ajJoCh BIIOJIHE
OIpaBIaHHBIM C TOYKU 3pEHUS JOCTUTHYTOIO
VIIYYIIEHHUSI COOTBETCTBUS PAaCUETHHIX U 3KC-
MepUMEHTAIBHBIX cedyeHuil. Takum obpaszom,
MOXHO 3aKJIIOUUTh, YTO 3(PpPEKTHI, CBSI3aHHBIE
¢ moJisipu3alneil aTOMHOTO OCTOBA, OKa3bIBAIOT
3aMETHOE€ BIUSHUE Ha aMIUIUTYAbI IIEPEeXOI0B
JIAIIIb TIPU MaJIbIX 9HEPTUSIX (POTOIIEKTPOHOB.
K coxaneHuro, IMoJiyueHHOE pacyeTHOE ceue-
HUe (OTOIOIJIONIEHUS OTJIMYAeTCSl OT 2KC-
NEePUMEHTAILHOIO, IIpUYeM BeJIMYMHA pac-
XOXACHUST YBEJIMUYMBAETCS C POCTOM DSHEPTUU
(¢otona. B guanaszone sHepruii 45 — 64 3B
cooTBeTCcTBUE ceueHmit cocTaisieT 80 — 90 %,
a B nuanasone sHepruit 70 — 100 3B cHmxka-
etcst 10 70 %. T1pearmonoKuTeIbHO 3TO MOXET
OBITB CBSI3aHO C TEM, YTO pacueT IPOBOAUJICS B
HEPEJIITUBUCTCKOM MpUOIKeHUU. Bo3moxk-
HO, UCIOJb30BaHUE MPUOIKEHUSI XapTpUu —
®oka — Jlupaka sl pacyeTa 3JICKTPOHHBIX
BOJIHOBBIX (DYHKIIWI1 ITO3BOJIUT YAYYILIUTH CO-
OTBETCTBME pacyeTa C IKCIIEPUMEHTOM.

3akinouenue

Jns1 HaxOXIeHWSI BOJHOBBIX (DYHKIIMNA M
OJTHORJIEKTPOHHbBIX 3HEPrMil aromMa HaTpusl B
OCHOBHOM M BO30YXXIEHHBIX COCTOSTHUSIX UC-
nojb3oBajcs Meron Xaptpu — Poka. Pacuer
aMIuIUTyA (POTOMOHM3ALIMU U CeUyeHUi (poTo-
TIOMJIOIIEHUS U YKa3aHHOTO aroma IpOu3-

pomwicst B pamkax [ICPO, ydynTHIBAOIIETO
MeXKaHaJIbHbIe KOPPESIIUU U O0BSICHSIIOIIETO
MOSIBJIEHNE SKCIIEPUMEHTAIBHO HaOII0IaeMbIX
MNYKOB aBTOMOHU3AIIMOHHBIX pe30HAHCOB. 11
YTOYHEHUSI BSHEPTUil 1M BOJHOBBIX (DYHKIIUIA
OCHOBHOI'O 1 BO30YKIEHHBIX COCTOSHUI aTO-
Ma OBbUIM MCHOJI30BaHbBI Pa3IMYHbIE METOMILI
ydyeTa MOJISIpU3allMOHHBIX ITOIPaBOK, B YacT-
HOCTH MoJedb 3(PE(EKTUBHOTO CTaTUYECKOTO
MOJISIPU3alIMOHHOIO MOTEHIIMala W MOJIEb,
WCIONb3yIolasi AMHAMUYECKUI MOISIpU3alim-
OHHBIM mnoTeHIUan. CpaBHEHHE pPacCUETHBIX
JAHHBIX C 9KCIIEPUMEHTAJbHBIMU TTOKa3bIBACT
HEO0OXOAMMOCTD y4eTa MeX3JIEKTPOHHBIX KOp-
PeSALMiA 119 KAYeCTBEHHOTO OMUCAHUS ONTH-
YeCKMX CBOMCTB aTOMOB M IIOJIE3HOCTb ydeTa
MOJISIPU3ALIMOHHBIX TTOMPABOK IIPU YTOUHEHUM
ceueHU1 (hOTOMNOIIOIICHUS M SHEPTUIL OCHOB-
HOTO COCTOSIHMSA. B 4YacTHOCTH, BKIIIOUYEHUE
JIUHAMUYECKOTO IIOJISIPU3ALIMOHHOIO IIOTEeH-
1Maja TI03BOJIMJIO CYIIECTBEHHO YJIYYIIUTH
COBITIaJieHNE ITOJIOKEHUSI ITMKOB aBTOMOHM3Aa-
LIMOHHBIX PE30HAHCOB C 3KCIEPUMEHTAIbHBI-
MU JIaHHBIMM, OJHAKO IJISI KOPPEKTUPOBKU
ceyeHuil (POTOIMOMIONIEHUSI UCIOJb30BaHUE
JaHHON METOOWMKM OKa3aJoCh OIpaBIaHHBIM
TOJBKO IS clydas HU3KUX sHepruii. Ilpen-
MOJIOXXUTEIBHO, YIYUIIUTh COOTBETCTBUE pac-
YETHBIX M OKCIEPUMEHTAIBHBIX CEYCHUI B
00JIaCTSAX BBICOKMX BHEPIUM MOXKHO IIPU KC-
MOJIb30BaHUHU PEJISITUBUCTCKOTO Oa3uca. Takxke
IJI JaJbHEHIIeTo YTOUHEHUS TTOJI0XEeHUS M-
KOB aBTOMOHM3ALMOHHBIX PE30HAHCOB TPeOy-
€TCS BBIXOJ, 32 paMKU MeTona Xaprpu—®dPoka, B
YaCTHOCTH, MYTEM MCITOJIb30BAaHUS MHOTOKOH-
(urypailuoHHOro NpUOIIKEHUST XapTpu —
®oka M ero peJSITUBUCTCKOTO 000OIIEeHUS.
Meton [ICPO MoxXeT MPUMEHSIThCS IIPU OTIH-
CaHUU HE TOJBKO aTOMOB, HO U MOJIEKYJI, KJia-
CTEpPOB M IPYTUX HAHOCTPYKTYp [14 — 17].

ABTOpPBI BBbIpaXkalT 0JIATOAAPHOCTb JAOKTOPY
(¢u3uko-MareMaTuyeckux Hayk, mpodeccopy B.K.
MBaHOBY 3a OKa3aHHYIO ITOMOIIb B ITIOATOTOBKE
CTaTbU M TIOJIE3HOE OOCYXIEeHUE MOJyYEHHBIX pe-
3yJIbTATOB.
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T.A. l'a6pukoBa, B.A. 3vikoG, []. A. Pupcob

CaHkr-lNetepbyprckuin nonutexHnueckmm yHuepcuter lNetpa Benmkoro

UTOIM XVIl BCEPOCCUMUCKOU MONOAEXHOU KOH®EPEHLIUMU
Nno ®U3UKE NOJZTYNPOBOAHUKOB U HAHOCTPYKTYP,
noJZ1YNPOBOAHUKOBOMU OMNTO- U HAHOSNNEKTPOHMUKE

IMonsenenuto uroros XVII Becepoccuiickoii MooaexkHO KOHGpEepeHIUU Mo (hu-
31KE TIOJTYIIPOBOOTHUKOB M HAHOCTPYKTYP, ITOJIYIIPOBOTHUKOBOI ONTO- M HAHODJICK-
TpoHuke (23 — 27 Hog6psa 2015 roma, CII6ITY, Caukr-IleTepOypr) mpeniiecTByeT
TepeunciIeHe OpraHN3aToOPOB W CIIOHCOPOB KoH(MepeHnu. [IpuBeneH aHaauTHUe-
CKUi1 0030p paboT, NMpeACTaBACHHbBIX Ha LIECTU CeKUUSAX KoHdpepeHU. [ToumMeHHO
Ha3BaHBI pabOTHI, OTMeUYeHHBIE [IporpaMMHBIM KOMUTETOM KOH(MEpEeHLNU TUTLIO-
MaMU U AeHexXHbIMU TpeMusiMu. [IpencraBieH CIMCOK AOKJIAIOB, PEKOMEHIOBaH-
HBIX JUIST y9acTUsS B KOHKypce 1o IlporpamMMe «Y4YacTHMK MOJIONCKHOTO HAyYHO-
MHHOBALIMOHHOTO KOHKypca» («YMHWMK») B HomuHanuu «HayyHble pe3ynbTarhl,
o0JTamaroIre CylIeCTBeHHON HOBU3HOM M MEPCIIEKTUBOM MX KOMMEPIINAIU3ALNI» C
MOCJIC YoM UX hrHaHCUpoBaHUeM POHIOM CONCHCTBUS Pa3BUTUIO MaJbIX (DopM

MPEATNIPUSATHAIM B HAYYHO-TEXHUYECKOI cepe.
DU3NKA TTOJYITPOBOJAHUKOB, HAHOBJIEKTPOHUKA, OIITOBJEKTPOHUKA, T'ETE-

POCTPYKTYPA, HAHOCTPYKTYPA.

B Cankr-Iletepbypre ¢ 23 mo 27 HOS0ps
2015 roga mpomna CemMHanLaTass BCEpOCCUI-
cKas MoJjofexHas KoHpepeHLMsT Mo (usuke
MOJIYIIPOBOOHUKOB M HAHOCTPYKTYp, IOIY-
MPOBOJHUKOBOIM OINTO- W HAHOB3JEKTPOHUKE.
OpranmuzaTopaMu KOH(MEpeHIIUN BBICTYIIHU-
qu  Cankr-IleTepOyprckuii  MmojauTexHUYe-
ckuii ynusepcureT Ilerpa Benukoro, CaHKT-
[leTepOyprckuii akaaeMU4eCKuii YHUBEPCUTET
— Hay4YHO-00pa3oBaTeJbHbIN LIEHTP HAaHOTEX-
nonoruit PAH, Cankr-IleTepOyprckuii rocy-
JapcTBeHHBbIN yHHBepcuteT 1 OTU um. A.D.
HNodde PAH. KoHpepeHius npoBeneHa npu
¢uHaHcoBo# momuepxkke Poccuiickoro ¢oH-
Ia pyHmaMeHTaJdbHBIX ucciemoBanuii (PODOU
rpaHT 15-32-10297 mon_r) u 3A0 «Iloxympo-
BOJHUKOBBIE TTPUOOPHI».

bonpiryio paboTy 1Mo opraHum3aluyd KOH-
(epenuuu nposenu IlporpaMMHBINM KOMUTET
(mpencenarenr — akagemMuk PAH, nokrop
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¢u3mko-marematnueckux Hayk P.A. Cypuc,
DOTU um. A.®. Nodpdpe PAH) u Opranusza-
LIMOHHBIA KOMUTET (Tpeacenareib — JIOKTOP
¢u3MKo-MaTeMaTUUeCKUX Hayk, Mpodeccop
JI.E. Bopo0nes, CIIOITY).

B pabore KoHdepeHUUU TIPUHSUIM y4a-
ctue Ooyee 200 dYeloBeK, KOTOpHIC IIpel-
craBisiid 30 BY30B M HAy4YHBIX LIEHTPOB U3
13 ropomoB Poccum, BkIO4Yas KpyMHHbIE
Hay4YHO-oOpa3oBaTenbHble LeHTphl Cudupu
(HoBocubupck, Tomck), Ypama (ExarepuH-
oypr) u EBpomneiickoii yactu Poccuu (Mo-
ckBa, Cankr-Ilerepoypr, Huxuuii Hosropon,
Bonrorpan, Boponex, Kazanb, Capatos, IleH-
3a). BriepBble B paboTe KOH(EPEHIIMMU TpU-
HSUIM ydacTue MoJjoable ydeHble Poccuiicko-
ApmsHckoro CraBsSHCKOTO yHuMBepcurteTa (T.
Epesan).

B mporpamme CemHammaToil BCEpOCCHIA-
CKOI MOJIOJEXKHOM KOH(EepEeHLIMHU ITPeACTaBIe-



KoHgepeHUnHn

Hbl OCHOBHBIC HayyHbIe HaIlpaBJICHUS] pa3BU-
THUSI COBPEMEHHOM (PU3MKU IMTOJIYIIPOBOIHUKOB
¥ HAHOCTPYKTYP, IMOJYINPOBOIHUKOBON OMNTO-
Y HAHOBJIEKTpOHUKM B Poccuu. DT1o uccueno-
BaHUS DJIEKTPUYECKUX, MArHUTHBIX, OMNTUYE-
CKMX, TIOMUHECIUEHTHBIX, (POTOATEKTPUUECKIX
CBOMCTB 00BEMHBIX MAaTEPUAIOB U TICHOYHBIX
CTPYKTYp, U3Y4CHHE MOBEPXHOCTH MOJYIPO-
BOIHUKOB U TPaHMIL pa3nesia. boJbIilioe 4ncio
paboT IpeACTaBiICHO MO IpobieMaM HaHO-
3JIEKTPOHUKHM. B yacTHOCTH, Ha KOH(DepeHINU
ObUIM TIpENCTaBJCHBI pe3yJbTaThl DKCIIEpU-
MEHTaJbHBIX U TEOPETUUYECKUX MCCIEeAOBaHUM
CTPYKTYpP C KBAHTOBBIMU SIMAMM, KBAHTOBBIMU
HUTSAMU, KBAaHTOBBIMM TOYKaMU M HaHOKJIA-
cTepaMM, HCCICHOBAHUI HAHOKOMIIO3UTOB U
JIPYIMX HOBBIX MaTepuajoB M CTpykTyp. Ilo-
MpexXHeMy He ocjabeBaeT MHTepeCc K CTPYK-
TypaM Ha OCHOBE YIJIEPOAHBIX MaTepUAIOB
(bymnepeHsl, yriepoaHsie Tpyoku, rpadeH), a
TakKe K HAHOMOPUCTBIM U KOMMO3UIIMOHHBIM
MarepuaniaM, 0COOEHHO ¢ HAHOMACIITAOHLIMU
BKIItoUeHUSIMM. OTMeyaeTcsl 3aMETHBII pPOCT
yuciaa pabdoT, MOCBAIIEHHBIX IIpo0IeMaM TeX-
HOJIOTMY M3TOTOBJIEHUS MOJyIPOBOIHUKOBBIX
CTPYKTYp U IIPUOOPOB HA MX OCHOBE.

B mporpamMmmy KoHpepeHIIMN ObUIM BKIIIO-
YeHBbl [Ba MPUIJAIICHHBIX IOKJIAna, IIPOYM-
TaHHBIC BEAYIIMMMN POCCUMCKUMU YICHBIMU U
3HAKOMSIIINE MOJIOIBIX YUYEHBIX C COBpPEMEH-
HBEIM COCTOSSHMEM MCCIIeIOBaHUI B 00JacTh
(pU3MKN TIOTyITPOBOOTHMKOB W HAHOCTPYKTYP,
MOJYNPOBOAHUKOBOM OITO- M HAHO3JIEKTPO-
Hukud. C TpUrialieHHBIMUA IOKJIaJdaMU BbI-
CTYIWIN: AOKTOp (U3UKO-MaTEeMATUIYECKUX
Hayk C.A. Tapacenko (OPTHU um. A.®. Modde
PAH), tema noknaga — <«J/IByMepHBbIE U TpeX-
MEPHBIE TOIOJOTMYECKUE U30JIATOPEI»; TOKTOP
¢u3mKo-maremMaruyeckux Hayk M.B. Mak-
cumoB (PTHU um. A.d. Modpde PAH, Axa-
JEeMUYECKUIA YHUBEPCUTET), TeMa JoKjIama —
«[TonmynpoBOIHUKOBBIE JIA3e¢Phl CO CBEPXY3KOI
IvarpaMMOM HaIlpaBJICHHOCTU».

Ha npeBaru miaeHapHBIX 3acefaHMSIX ObLIU
MpeacTaBiaeHbl 42 YCTHBIX HOKJIAga CTYIEeHTOB
u acnupaHToB. CocTosiIach TaKXe CTEHIO-
Basl cecCUsl, Ha KOTOPOil ObLIO IIpeaCTaBICHO
88 MoK/IamoB MOJIOABIX YUEHBIX IO pa3ieiaMm:
«O0BeMHBIE CBOWCTBA IIOJIYIIPOBOIHUKOB»,
«[Ipouecchl pocra, MOBEPXHOCTh, TPaHULIBI
paszgena», «IeTepoCTpPYKTYphI, CBEPXPEIIETKH,

KBAaHTOBBIC SIMbl», «KBaHTOBbIC TOUKU, KBaH-
TOBBIE HUTU U APYI'MEe HU3KOPA3MEPHBIE CH-
creMmbl», «[IpuOOpEl oONTO- M HAHOBJIEKTPO-
HUuKu», «HoBbIE MaTepuabl».

COopHUK Te3ucoB [1], a TakKe IMporpaMma
KoHdepeHUUU u3gaHbl TupaxkoM 200 3k3.

AHajmTHYecKHii 0030p
NpeICTaBJIEHHbIX T0KJIAI0B

AHanu3 BOIPOCOB, pPAacCMOTPEHHBIX Ha
cekiun «OOBEMHBIE CBOMCTBA TOJYIPOBOJI-
HUKOB», TIIO3BOJISIET OTMETUTb IIOBBILICH-
HBI MHTEpeC ucclieqoBaTeeli K MarHUTHBIM
cBolicTBaM MaTepuaioB. MIHTepec BBI3BIBAIOT
B paBHOM Mepe KakK CIIMHOBBIE CBOMCTBA HO-
cuTeleil 3apsiia, TaK U IPOSIBICHMUSI MarHuUT-
HBIX CBOWMCTB aTOMOB B MOJIyITPOBOJIHUKOBBIX
COCIUHEHUSIX M TBEpPIbIX pacTBopax. 3IecCh
cJenyeT OTMETUTb JKCIIEpUMEHTaJbHbIE WC-
CJIedOBaHUSI CTPYKTYPhl, OCOOEHHOCTEI 3JIeK-
TPOHHOIO TPaHCIIOPTa, MAarHUTHBIX CBOMCTB
B JIETMPOBaHHBIX MaHraHurax PrSMnO.Y,
LaMnO,:Sr u CeMnO,:Sr — marepuanax, mep-
CMEKTUBHBIX [JI1 CO3MaHUS MarHUTOYHpPaBJIs-
€MbIX YCTPOMCTB 2JIEKTPOHUKM; UCCJIeI0BaHNE
MmarHuTHbIX cBoiicTB CdHgTe:Mn u HgSe:Cr;
HCCIeA0BaHUSI MAarHUTOIPOITyCKaHUS M Mar-
HUTOOTPaxXE€HUSI B KpUCTaJIax TBEPIbIX pac-
tBopoB HgCr,Se,-CdCr,Se, co crpyKrypoii
LINKAHEIW, KOTOPHIM CBOMCTBEHHBI BBICOKAasI
CTEeTeHb TOJSIpU3alMd CIMHOB 3JIEKTPOHOB,
ruranrckue >ddexktel Papages u  Keppa;
TEOpPEeTUYECKUE UCCIeA0BaHMUs, ITOKa3aBIlINe
BO3MOKHOCTh CITMHOBOM TOJISIpU3alluid HOCH-
TeJe CIUHOBOW (QUIbTpaleil 3JEKTPOHOB
napaMarHUTHBIMM TIPUMECHBIMM IIeHTpaMM B
00BEMHBIX MOJYITPOBOJHUKAX; TEOPETUYECKIE
uccienoBaHus apdekra Xosia npyu pacCcestHIU
HOCHTEJIEll ToKa Ha MarHUTHOM CKHPMUOHE,
aKTyaJIbHbI€ TIPU PEIICHUM 3a1ad YBEIUYCHMUS
IUIOTHOCTU MH(pOpMAallMd B MarHUTHBIX CH-
CTeMax; H9KCIEPUMMEHTAIbHbIE MCCAEI0BaHMS
CIIMHOBBIX IIIYMOB.

3aciyXuBalOT BHUMaHMSI Pe3yJbTaThl pa-
00T, MOCBSIIEHHBIX M3YYCHUIO (DUINIECKUX
CBOICTB M TEXHOJIOTUM MaTepuajoB U CTPYK-
Typ Ha OCHOBE HUTPUAOB sjeMmeHTOB III B
nonarpymnmsl [leproannyeckoil CUCTEMBI:

TEOpPETUYECKNe U  DKCIepUMEHTAIbHbIE
HCCIeA0BaHUS BIUSHMS I1a3MOH-(OHOHHOTO
B3aMMOJICMCTBUS HaA OINTHYECKUE CBOMCTBA
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B Hutpuae raumsa GaN B MHGppakKpacHOM U
TepareplLiOBOM IMAaIla30Hax CIIEKTpa, MoKa3aB-
1IKe, B YAaCTHOCTU, YTO CIEKTPbI OTPakKeHUS
B 00JIaCTH ILIa3MOH-(OHOHHBIX MOJ CIIyXKaT
YYBCTBUTEJIbHBIM MHCTPYMEHTOM JJIs1 OECKOH-
TAKTHOM XapaKTepU3alluyd 00paslia;

HU3y4yeHHUe CIEKTPOB U KMHETUKU (POTOBO3-
OyXXIeHUS B HUTPUIC UHIUS;

BKCMEPUMEHTAIbHOE HCCIeI0BaHNE BUH-
ToBBIX Auciaokanuii B GaN Kak 3(pDeKTUBHBIX
WCTOYHUKOB YIbTPa(MOJIETOBOIO U3TyYeHHUS.

HHTepecHBI pe3yabTaThl SKCIEPUMEHTAIb-
HBIX MCCJICIOBAHUI, OTHOCAIIMXCSI K BIUS-
HUIO IPUMECHU UHINS Ha 3JIeKTpoPU3nIeCcKUe
csoicTBa rieHoK Ge,Sb, Te,, KoTopbie UCTIONb-
3YIOTCS B OHEPrOHE3aBUCUMBIX YCTPOMCTBAX
(azoBoii mamATU; CBA3aHHBIX C H3YyYECHHEM
CTPYKTYPHBIX CBOMCTB TBEPABIX PacTBOPOB
GaP(As)N B kauecTBe COCTaBISIOLIEH 4YacTh
cucteMbl InGaPAsN (xopoiiio coriacyeTcs I1o
nmapameTpy pelleTKr ¢ KpeMHUEM); TTOCBSIIEH-
HbIX u3yyeHuio crapenus TiO,, rerupoBaHHO-
ro a30TOM; MHTEPECHBI Pe3yJbTaThl KCIIePU-
MEHTAJIbHOTO M3YYEHUSI ITaCCHUBALIMU ITyOOKHX
JIVCIIOKAlIMOHHBIX YPOBHEN B KPEMHUU BOJIO-
pOIOM — TIPOLEAYPHI, KOTOpasl CYIIECTBEHHO
MOBBIIIAET KAueCTBO MOHOKPHUCTAJUIMYECKUX
IUTACTUH KPEMHMSI, UCIIOJIb3yeMbIX IJISI M3T0-
TOBJIEHUSI COJTHEYHBIX DJIEMEHTOB.

PaGotel, mpeacraBieHHbIE Ha CEKILUU
«[Ipouecchl pocra, MOBEPXHOCTh, TPAaHULIBI
pasmesia», OXBaTbIBAIOT IIMPOKMI KpYyr MUC-
CJCIOBaHM, IMOCBSILEHHBIX M3YYEHUIO MOp-
¢osoruM MOBEPXHOCTU, OOpa30BaHUS Ha-
HOKJIACTEPOB, MAaCCHBOB KBAHTOBBIX HUTEU
¥ KBAaHTOBBLIX TOYEK; M3YYECHHUIO HAa aTOMHOM
YPOBHE HaYaJIbHBbIX CTaIMii pOoCcTa, B TOM YUC-
JIe YYUTHIBAIOIIEMY PEKOHCTPYKILMIO ITOBEPX-
HOCTH, (DOpMUPOBAHUE TPAHUIL pa3aeia B Te-
TEPOCTPYKTYpax.

B mpeacraBaeHHBIX paboTax MCIIOIb30Ba-
JIUCh CaMble COBPEMEHHBbIE TEXHOJIOTUYECKUE
METObl: MOJIEKYJISIPHO-IYYKOBasg SIMUTAKCUS
(MI19D), razodazHas u xuakodazHas 3MUTAK-
cust ('O n 2KPH), MarHeTpOHHOE pacnblie-
HUE, TJ1a3MOXUMUYECKOE OCAKACHUE U APYTHE.
HaubGonee sgpkue paboThl B 3TOM HampasJe-
HUM TIOCBSILEHBI 3KCIIEPUMEHTAIBHOMY WC-
CJIeIOBAaHMIO BO3MOXHOCTH CUHTE3a MAaCCUBOB
TOJIYIIPOBOJTHUKOBBIX HUTEBUIHBIX HAHOKPU-
crajuioB apceHuaa ramiuss GaAs ¢ MCIIOJIb30-
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BaHMEM KOJIJIOMIAHBIX HAHOYACTHI] 30J10Ta Me-
TOAOM MOJIEKY/ISIPHO-ITYYKOBOI 3IMTaKCUMU;
W3YyYEHUI0 MarHUTOONTUYECKUX 3(P(PeKTOB B
JBYMEPHBIX ILIa3MOHHBIX CTPYKTypaX, Ipen-
CTaBJISIOLINX COOON KBaJpaTHbIC PELISTKHU ya-
CTUII 30JI0Ta B IUIEHKAaX >KeJe30-UTTPHUEBOIO
rpaHara; UCCAeNOBaHUIO CIMHOAAIBLHOTO pac-
nmaga TBepAbix pactBopoB InGaAsP, BeIpalieH-
HBIX METOAOM Ta3o(a3HOil AMUTAKCUMU C yya-
CTHEM METaJUIOPTaHUYEeCKUX COEAMHEHUI Ha
nomioxkax ¢pochuna rannust GaP; pazpaboTke
aJIrOpUTMa y4eTa peKOHCTPYKIIMHU ITOBEPXHOCTU
tuna (2x1) mpu pocte 3MUTAKCUATBHBIX CJIOEB
Ha momioxkax ¢ opueHTaumei (100); mcciue-
JIOBaHUIO CTPYKTYPHBIX U ONITUYECKUX CBONCTB
2D-nna3MOHHBIX  CTPYKTYpP; MCCJIEIOBAHMIO
MPOLIECCOB CaMOOpraHM3allMd U MepeHoca
coctaBa  (py/uiepeH-MeTaLIONOp(MUPUHOBBIX
KOMIUIEKCOB MpPW BaKyyMHOM HaIlbIJICHUU, a
TakKe MX 3JIEKTPOHHOU CTPYKTYphI, ONTHYE-
CKMX U MarHUTHBIX CBOMCTB; MOAECIMPOBAHUIO
CaMOKaTaJJUTUYECKOI0 pocTa IO MEXaHU3MY
nap — XUOKOCTb — KPUCTaJI HUTEBUIHBIX
KPUCTAJUIOB apCeHMIOB MHAWS W Trajulus W3
KaTaIMTUYECKUX Kameab-3aTPaBOK 3JIEMEHTOB
MSITOM TPYIIIbI; SKCIIEPUMEHTAaIbHOMY HCCIe-
JNIOBAaHUIO ONTUYECKUX U CTPYKTYPHBIX CBOICTB
OJHOCJIOMHBIX M OBYXCJIOMHBIX IUICHOK CEpe-
Opa u 30JI0TA.

Psan pabor mocBsiieH pa3paboTKe TEeXHO-
JIOTUY TIOJYTIPOBOAHUKOBBIX CTPYKTYP:

TEXHOJIOTMM BbIpAIllMBaHUS BBICOKOKaYe-
CTBEHHBIX 3MUTAKCUAIbHBIX CJIOEB T€pMaHMUS
Ha MOMIJOXKAaxX KPEMHMSI METOIOM <«TOpsiueid
TMPOBOJIOKI»;

HU3KOTEMIIEPaTypPHOMY METOAY IL1a3MOXU-
MMYECKOTO OcaxaeHus ciioeB (ochuaa rai-
JIVSI HA KPEMHUM;

TEXHOJIOTMM POCTa HAHOPa3MEPHBIX CJIO-
€B OKCHIa MeIu METOIOM BBICOKOYACTOTHO-
T0 MarHeTPOHHOTO PACIBIICHMS, aKTyaJlbHOU
IJIS CO3MaHUSI HOBBIX TUIIOB COJHEUHBIX 3Jie-
MEHTOB;

BKCIIEpUMEHTaJIbHBIM HUCCJIeA0BaHUSIM
MpeBpalieHUsT Pa3ynopsiAOUeHHBIX HaHOIM-
CIIEPCHBIX IUICHOK I'eépMaHUSI Ha ITIOBEPXHO-
ctu kpeMHus Si(001) B rerepoctpykTypnl Ge/
Si(001);

0CO0EHHOCTSIM (POPMUPOBAHUSI HAHOKPU-
crayuioB CdS B Tmipoliecce OTKMIa MaTpWIIbI
JIsurmiopa — biaogkerr.



KoHhepeHuUH
-

IIporpaMMHBEIM  KOMHMTETOM  OTMEUEHa
MpakTAdecKass 3HAYMMOCTb pPe3yJbTaTOB WC-
cJeloBaHUI TIPOLIECCOB Jerpanaliy 3amnaccu-
BUPOBAHHOI BOAOPOAOM aib(a-KpeMHHUEBOMI
MOIJIOXKA Tpu (OPMUPOBAHUU THLIBHOIO
aJIIOMUHMEBOr0 KOHTAKTa, aKTyaJdbHbBIX IS
MOBHIIICHUST 3(P(GEKTUBHOCTA KPEMHUEBBIX
COJITHEYHBIX 3JIEMEHTOB.

TpaauiMOHHO O0OJbIIIOE KOJIWYECTBO J0-
KJ1agoB ObLIO MpeacTaBieHO Ha ceKuuu «Ie-
TEPOCTPYKTYPBI, CBEPXPEIIETKH, KBAaHTOBBIC
sMbl». Ha 3TO# cexumuy mpeacTaBieHbl 1 Hau-
Oonee spkue pabOTBI KOH(PEPEHIUH. DTO B
MEPBYI0 O4Yepedb OTHOCUTCS K COOOIIECHUIO
0 pesyjbTaTax HCCAEAOBaHUS ONTUYECKUX
CBOIMCTB TMOPUIHBIX CTPYKTYp (peppomMarHe-
TUK — TIOJYNPOBOAHUK B CHUCTEME KOOAJIbT —
KBaHTOBas sIMa Ha OCHOBE TEJUTypYIa KaaMus,
YKa3aBIIMX Ha HOBBII MEXaHW3M OOMEHHOTO
B3aMMOJICCTBUS, HE CBSI3aHHBIA C MEPEKPHI-
THEM BOJIHOBBIX (DYHKIIMI IBIPOK B KBAHTOBOM
sIMe U d-3JIeKTPOHOB B (heppoMarHeTuke (Ipe-
musi I'pocca). DTO MccienoBaHWe HAXOIUTCS
B psny paboT, CBSI3aHHBIX C MOMYJISIPHBIM Ha-
MpaBJIeHUEM CIIMHTPOHMKN, COCTOSIIUM B
MHTETPUPOBAHMM MarHeTHM3Ma B ITOJIYIIPOBO-
JTHUKOBYIO apXWUTEKTYpy COBPEMEHHBIX KOM-
MBIOTEPOB. DTa IpobieMaTuKa HaxXOAWUT OT-
paxeHWe U B psae APYTUX IIPEICTaBICHHBIX
pabor:

B BKCIIEpUMEHTaJbHOM M3yYeHUU KOre-
PEHTHOII CIMHOBOM IMHAMWKU JBYMEPHBIX
BJIEKTPOHOB B peXuUMe KBaHTOBOIo 3ddekra
XoJi1a Mpyu HEYeTHBIX (PaKTopax 3aIllOJITHEHUS;

B ucciegoBaHuM 3(p¢GeKToB OOMEHHO-
r0 B3aUMOJCHCTBUS B TPAHCHOOPTHBIX CBOM-
CTBaX MarHUTHBIX TerepocTpyKryp GaAs/In-
GaAs/GaAs ¢ TIpoCTpaHCTBEHHO-OTIEICHHBIM
JebTa-CJI0EM MapraHiia B pexkxume apeiihoBoii
MPOBOJVMOCTH;

B U3YyYEHUM KOHBEPCUM IIOJISIpU3aLUMN
CBeTa IIPU OTpPaXXeHUM OT CTPYKTyp ZnSe/Zn-
MgSSe ¢ ogMHOYHOI KBAaHTOBOU SIMOIA.

[To-nipexxHemMy O0JbIIIOE BHUMAHUE YaEsI-
€TCs IIOJYYEHUIO U MCCIAEAOBAHUIO CTPYKTYP
Ha OCHOBE IOJYIMPOBOJHUKOBBIX COEAMHE-
Huit A’B> u A’B°® 1 TBepabIX pacTBOPOB Ha UX
ocHoBe. Psanm paboT mocBsileH ONTUMM3ALUU
MmapamMeTpoB HAHOCTPYKTYP JUISl Pa3InYHBIX
NpuOOpHLIX MpuaoxeHuil. Cpenu 3KCIepU-
MEHTaJbHBIX PadOT ClieAyeT OTMETUTh U3yYe-

HUE TIOTJIOIIEHUSI cBeTa U (DOTOIIOMUHEC-
LEHIUN B CUWJIbHBIX DJIEKTPUYECKUX IIOJSIX B
MHOXECTBEHHBIX TYHHEJIbHO-CBSI3aHHBIX KBaH-
ToBBIX sIMax GaAs/AlGaAs; oTpabOTKy TE€XHO-
Jlormyeckux pexumoB MIID pocta CcUIbHO
HaIpsSDKeHHBIX KBAHTOBBIX SIM HA OCHOBE CJIO-
eB InAlGaAs Ha nomioxke InP ¢ uensio gop-
MUPOBaHUsI aKTUBHOM OOJIACTU TE€TEPOCTPYK-
TYp Ha JUIMHY BOJIHBI 1,55 MKM; UcCCaea0BaHUS
JJIMHHOBOJHOBOM JIIOMUHECLICHIIUY B 3ITMTaK-
CHAJIbHBIX CJI0SIX TBepabIX pacTBopoB HgCdTe,
MOKa3aBIlIlie IIePCIIEKTUBHOCTh MCIIOJIbh30Ba-
HUS CTPYKTYp IJis CO3JaHUs JJIMHHOBOJHO-
BBIX JIAa3epOB; MCCIAEAOBaHMS, IIOKA3aBIINE
BO3MOXXHOCTh CO3JaHMSI M3Iy4arolIUX CTPYK-
Typ Ha OMara3oH MUIMH BoJaH 1,3 — 1,5 MKM
¢ MeTaMOp(pHBIMU Oy(pEepHLIMU  CJIOSIMU
GaAsSb u kBaHTOBOI1 simMoli InGaAs.

Cpenu TeopeThyeckux paboT ciieyeT OT-
METUTh HCCJIEHOBAaHUS NUCIEPCHBIX CBOWCTB
(POTOHHBIX KPHUCTAJUIOB C OOJIBIINM KOJIMYE-
CTBOM CJIOEB MEPEMEHHOTO Iepuoaa; U3lyde-
HHUE TIOIJIOLICHMSI CBeTa IbIPKAMU B IIYOOKHX
KBaHTOBEIX siMax AlSb/InAlSb/AISb B pamkax
yeThIpex30oHHOM Moaenu KeiiHa; ucciaenoBa-
HUs TTapaMeTpoB Jia3epa ¢ MaCCUBHOI CUHXPO-
HU3aLUMel MOJ Ha MOJyIPOBOIHUKOBBIX IeTe-
POCTPYKTYpax; MOJAEIMPOBAHNE CTALIMOHAPHBIX
COCTOSIHUI 3JIEKTPOHOB B HAHOTETEPOCTPYK-
Typax ¢ IJIaBHBIM IpoduiaeM IOTeHIUala U
CJIOXKHOM TIE€OMETPUEN B BJIEKTPUUYECKUX U
MAaTrHUTHBIX IOJISIX; MCCIIEAOBAHUE IOJISIPHBIX
(pbOHOHOB B MHOKECTBEHHbBIX KBAHTOBBIX SIMaX
CO CJOSAMM HUTPUAOB TaJUIMS W aJTIOMUHMUS
MpU TIepexoje OT OAMHOYHON SIMBI K CBEpPX-
peleTke ¢ Leablo pa3pabOTKU METOJOB KOH-
TPOJSI CTPYKTYD.

[Ipu paccmorpeHuu paboT, MpeacTaBiIeH-
HBIX Ha ceKuuu «KBaHTOBbIE TOYKM, KBaH-
TOBBIE HATU U APYI'Me HU3KOPA3MEPHBIE CU-
CTEMBbI» 110 MaTepuajJOBEeIISCKOMY ITPUHIIAITY
SIBHO IPOCMATPUBAIOTCSA ABa HAIpaBJICHUS B
U3y4YeHUU HAaHOCTPYKTYP: HA OCHOBE YIJIEPO-
HBIX MaTepuajaoB (dyiepeHbl, YIJICPOIHbIC
HAHOTPYOKM) M HAa OCHOBE IPEUMYIIIECTBEHHO
aJIMa30M0A00HbBIX MOJIYIPOBOAHUKOB. M3 pa-
00T MO «yIJIEepOOHONW» TeMaTUKe HEeOOXOAMMO
OTMETUTH CJIeAYIOIINE:

SKCIIEpUMEHTAIBHBIE MCCJICIOBAHUS DJICK-
TPOHHOI CTPYKTYPHI YABTPAKOPOTKOM YIJIEPOMI-
Hoit HaHOTpyOKM (0, 9) B 2JIeKTpUYECKOM TOJIE;
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uccienoBanus arperaunu gymaepeHos C
u C,) B HEPaBHOBECHBIX YCIOBUSIX;

pa3paboTKa METOAVMKM MPELM3UOHHOIO
BBIpAIIMBAHUSI OAWHOYHBIX YIJIEPOAHBLIX Ha-
HOTpYOOK;

pa3paboTKa KOHCTPYKLIMUA MEMPUCTOPHOMI
CTPYKTYpPhl HA OCHOBE BEPTUKAIBHO OPUEHTHU-
POBAHHOM YIJIEPOIHON HAHOTPYOKMU;

WCCEA0BAHNUSI BO3MOXHOCTU MOIU(UIIM--
POBaHUS 30JIb-TelIb-CUCTEMBI Ha OoCHOBE SiO,
n SnO, myTeM BBENEHUST BOIOPACTBOPUMBIX
dopm dymnepena — dyiepenonaos C,(OH), .

ITo maHHO¥ TeMaTHWKe MpPEACTaBICHO 3HA-
YUTEJIbHOE KOJNYECTBO TEOPETUUECKUX PadOoT.
Cpeny HUX OTMETUM CJIEAYIOIIE:

HUCCJIeA0BaHNUE CIIMHOBBIX CBOMCTB 3aKpHhI-
TBIX YIJIEPOAHBIX OMHOCTEHHBIX HAHOTPYOOK
0, 9); )

U3yyeHUe pacripefiesieHnus] BJeKTPOHHOM
IUIOTHOCTHA HAHOTPYOOK NP B3aMMOIEHCTBUU
C DJIEKTPOMATHUTHBIM TIOJIEM;

MOCTPOCHNE MOIEIN ABYMEPHBIX CBETO-
BBIX ITyJIb B OP3ITOBCKOM Cpele ¢ TapMOHMWYE-
CKOI MonyJisIuueil mokasaressi MpeJoMICHUS
C YIJIEPOTHBIMM HaHOTPYOKaMu;

HUCCJIeNOBaHUS BUOpalMOHHOTO 3(ddeKTa
rapka B ¢ymnepenax C, u C . Cioma xe
MOXHO OTHECTM TEeOpeTUYEeCKUEe MCCIeIoBa-
HUSI MEXIUIOCKOCTHBIX PAaCcCTOSIHUM B CXKaTOM
MyJbTUTpageHe.

Hns KJIacCUYeCKUX IOJIYIIPOBOIHUKOBBIX
HAHOCHCTEM CIEKTP 3KCIIEPUMMEHTAJIbHBIX KC-
CIIeAOBaHMUI JOCTATOYHO IIMPOK M BKIIIOYAET
KaK HeIOCpeACTBEHHOS M3YYeHNE CBOMCTB Ha-
HOOOBEKTOB, TAK U U3yUYCHUE YCIOBUII UX U3-
TOTOBJICHMSI.

K uucny Haumbojiee HMHTEpeCHBIX pabdboT
MOXHO OTHECTH CJICAYIOIIME:

WCCIeOBaHUS JMHAMUKM  peJlakcaluu
OINTUYECKOTO TOIJIOLIEHUSI B KBAHTOBBIX TOY-
kax Ge/Si;

pa3paboTka Merona (popMuUpoBaHUS YIIO-
PAIOYCHHBIX METAJUIMYECKUX U AUBJICKTPUYEC-
CKMX HAHOYACTHUIL C MCIOIb30BaHUEM (HeMTO-
CEKYHIHBIX UMITYJIbCHBIX JIa3€POB;

HCCIeN0BaHNS OCOOEHHOCTe  (Pa3oBBIX
MepexoJ0B MEPBOr0 poaa B HUTEBUAHBLIX Ha-
HOKpHMCTa/JIaX UHAMS, OJIOBAa U LIMHKA B ITOpax
a”oxHoro ALO,;

HCCIIeIOBaHUS (hoTO3MEKTPUYECKUX
CBOICTB CTPYKTyp Ha OCHOBE KOJUIOMIHBIX
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KBAaHTOBBIX TOYEK CYyJb(praa CBUHIIA;

SKCIIEpUMEHTAJIbHOE  U3yYeHue  DJIeK-
TPOHHOTO CTPOE€HUSI MACCHBOB HUTEBUII-
HOIro KpeMHHUS, C(hOPMHUPOBAHHBIX MeETaJLI-
ACCUCTUPOBAHHBIM XMMHWYECKUM TPaBJIECHUEM;

HUCcea0oBaHUe pojud AedPeKToB B (opMU-
poBaHUM (POTOOTKIMKA MacCuMBa KBaHTOBBIX
Hureit GaAs/AlGaAs co CTpyKTypoil sapo-
000JI04YKa;

HCCIeq0BaHNE (OTOBIEKTPUIECKUX
cBoiicTB retepocTpykTyp InGaN/GaN c nare-
paJibHBIM OrpaHUYEHUEM;

WCCJEAOBaHNWE Ja3€pHOM TeHepaluu B
MUKPOIVCKOBBIX InAlAs-pe3oHaropax ¢
PEIIETOYHO-COIJIACOBAHHBIMM ~ KBAaHTOBBIMM
toukamu InP, oOpasyioimmmucs mpu meTasi-
OpPraHMYEeCKOl Ta30BOM 3muTakcuu ciaos InP
Ha nmoBepxHocTU InAlAs.

Kpome Toro, ciaeayeT OTMETUTD psii TEXHO-
JIOTUYECKUX padoT, IMOCBSIIEHHBIX pa3padoTKe
METOIMKNA CHUHTE3a OJHOMEPHBIX (HOTOHHBIX
KPUCTAJUIOB, JIa3epHOI IeYaTH Pe30HAHCHBIX
TOJIYIIPOBOTHUKOBBIX YacTHUIl, OecKaTaau3-
HOIO Y aBTOKATAJIMTUYECKOTO MeEToda pocTa
YIIOPSIIOUYEHHBIX MAacCMBOB HUTEBUIHBIX Ha-
HOKPHMCTAJUIOB Ha OCHOBE apCeHMa rajuius.

B uucne TeopeTmueckux pabOT OTMETUM
WUCCJIEA0OBAHUS CBOMCTB YIPABJISEMOM KBAHTO-
BOIl TOYKM Ha rpaHuie 2D-TOIoJornyecKkoro
M30JIITOpa KaK HOBBII TUIT KyOWTa; pelleHure
3aJauM 00 OCOOEHHOCTSIX DSHEPreTUYECKOro
CIIEKTpa BJICKTPOHOB B KBAaHTOBOM IITPUXE B
(opme mapanienenunena; pasBUTHE MOJAEIb-
HBIX TIpeAcCTaBleHUIl O (usnmyeckux 3dpdex-
Tax, BO3HUKAIOIIMX IPU Pa3IMYHOM COOTHO-
IIIEHWY MEXAY 4YacTOTOi (byHIaMEHTAIbHOTO
U3Jy4aTebHOIO Mepexoaa B KBAaHTOBOI TOUKe
M YacTOTOM IUIa3MOHHOIO pe30HaHCa MeTal-
JIMYECKUX HAHOYACTUIl, PACIIOJOXEHHBIX Ha
Pa3IMYHBIX PACCTOSIHUSIX OTHOCUTENIBHO CJIOSI
KBAHTOBBIX TOUEK.

B mokmnagax, TipeacTaBiIeHHBIX HAa CEKLIWU
«IIpubGopsl ONTO- M HAHORJIEKTPOHUKMN», OT-
paXeH WIMPOKMIA CIIEKTp ITPUKIIATHBIX Ha-
MPABJICHUN COBPEMEHHOM OIITO- M HAHO-
BJIeKTpOHUKU. CO CTOPOHBI ITPAKTHUYECKOTO
MpUMEHEeHUSI HauOojiee 3HAUMMbBIMU IIpel-
CTaBJISIIOTCS pa3pabOTKM M MCCIIEAOBaHMS Jia-
3epHBIX CTPYKTYp. B 3TOT UK paboT MOXHO
BKJIIOYWUTh TaKWe MCCIIeTOBAaHUS:

BIMSHME CYJIbGUIHONW IMacCHMBallUM Ha
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JIIOMUHECLHIEHLIMI0O MMKPOIMCKOB C aKTHUBHBI-
MU 00JIaCTIMU, COCTOSIIIMMU JIMOO U3 Cepuu
KBaHTOBBIX M GaAs/AlAs, nubo U3 cjos
KBaHTOBbIX Touek InAs/InGaAs;

aHAJIM3 XapaKTEePUCTUK U3JIydeHUs Jia3ep-
HBIX IMOIOB Ha OCHOBE CTPYKTYphI p-AlGaAs/
GaAs/n-AlGaAs B yCI0BUSIX OTHOOCHOTO CXa-
TUSL;

HCClIe0BaHe CTaOMIM3alMKU TOJsIpr3a-
1IIMA  BBIXOJHOTO W3JYYEHUS] BEPTUKAIBHO-
MU3JTyYalolnX J1a3epoB ¢ POMOOBUIHON TOKO-
BOU anepTypoi;

U3yyeHHue IapaMeTPOB aKyCTOONTHYECKX
MOJYJISITOPOB C PA3IMYHBIMU TUTIAMU BO30YX-
JE€HUS YIbTpa3ByKa — YCTPOMCTB yIpaBIeHUS
XapaKTepUCTUKAMMU JIa3€PHOTO M3ITYYECHUS;

YUCJIEHHOE MOJEIMPOBaHNE MOJIOBOIO CO-
CTaBa KOJIBLIEBEIX MHKPOPE30HATOPOB, CPop-
MUMPOBaHHBIX Ha JIa3€PHBIX TEeTEPOCTPYKTYpax
InGaAs/AlGaAs/GaAs;

TEOPETUYECKOE HCCIeJOBaHUE BIIMSHUS
adpdekra Ilapcemna Ha reHepalulo TpPeThei
TapMOHMKM HEJIMHEHHBIM CJIOE€M, pa3MelleH-
HBIM B pe30HATOpeE.

[Mo-npexxHeMy He ocnabeBaeT MHTEpEC K
NMpUOOPHBIM CTPYKTYpaM Ha OCHOBE IIMPO-
KO30HHBIX TIOJIYITPOBOAHUKOB. 3/1€Ch CleIyeT
OTMETUTDH IKCIIEPUMEHTAIbHBIE MCCICTOBAHUS
CIIEKTPAJbHOTO COCTaBa M3JIyYEHUs] MOIIIHBIX
yIbTPaUOIETOBBIX CBETOM3IYYAIOIIUX IUO-
JIOB Ha OCHOBE HUTPUIA TaJIUS; PE3yJIbTaThl
U3y4eHUs] BIUSHUS TEKCTYpUpPOBaHUS Ha 3(P-
(peKTUBHOCTb BBIBOIA U3IYYCHUS U3 HUTPUI-
HBIX CBETOM3IIYYaIOIINX CTPYKTYP; pa3paboTKy
TexHoJ0orurd MOIIHBIX CBY-CUI0BBIX TpaH3U-
CTOPOB HAa OCHOBE HUTPUAA TaJlJIUSL.

Ha xoHdepeHumn ObUIa IIMPOKO MpPENI-
cTapjieHa MpobjeMaThKa IpeoObpa3oBaHUS
COJTHEYHOI DHEPIUU B 3JEKTPUUECKYIO.

Cpeau sKCIepMMEHTAJIbHBIX PadOT 3aciy-
KMBAIOT BHMMAaHMSI Pe3ybTaTbhl HMCCIIEeI0Ba-
HUSI MHOTOIIEPEXOAHBIX COJTHEYHBIX 2JIEMEHTOB
InGaP/Ga(In)As/Ge, mo3BOJMBILNME CO31aTh
CTPYKTYpHI ¢ Knn 6ojiee 35 % mpu KpaTHOCTH
KOHILICHTPUPOBAHUS COJTHEYHOTO HU3JTyYeHUSI
10 — 100; pa3paboTKka TEXHOJOTMU U3TrOTOB-
JeHus1 MetamMop(dHBIX OydepHbIX obnacreit
GalnAs Ha mommoxkax GaAs Ha ocHoBe MOC-
TUIPYUIHOW 3MUTAKCUU JJISI MHOTOIIEPEXOTHBIX
COJIHEUHBIX 3JIEMEHTOB (JOCTUTHYThHI 3HAYCHMS
kg 34%); paspaboTka ¢OTONpHEMHMKA Jia-

3epHOTO M3JIyYE€HUSI HA OCHOBE TeTePOCTPYKTYP
InGaAsP/InP mns OGecripoBomHON Iepenayu
3JIEKTPOIHEPTUU; U3yYeHUEe BIMSHUSI MaTepua-
JIOB U KOH(MUTypalluM OMUYECKMX KOHTAKTOB
Ha (OTOZJIEKTPUUECKNE XapaKTePUCTUKU COJI-
HeuHbIX 31eMeHTOB GalnP/GaAs/Ge.

Cpenu Teopetuueckux pador [lporpamm-
HBIM KOMMTETOM OTMEUYeHa IIpaKTUYecKas
3HAYUMOCTb  PE3yJbTaTOB  MOACIMPOBAHUS
TaHIEMHBIX COJIHEUHBLIX 3JieMeHToB GaPN/
Si ¢ MaccMBOM HUTEBUIHBIX HAHOKPUCTAJJIOB
HUTpUIA TaJUIUSI B KauyeCTBE BEPXHEIO 3MMUT-
TEPHOTO CJIOSI.

Psan paboT HampaBjieH Ha pelleHue KOH-
KPETHBIX MPUKIAIHBIX 3a7a4. DTO UCCIeN0Ba-
HUS UUPKYISIPHO-IIOISIPU30BAaHHOI 3JIEKTPO-
JIIOMVWHECLIEHIIMU CBETOM3YYalOIINX JIUOIOB
Ha OCHOBE TIeTepOCTPYKTYpP CO CJIIO€M Mar-
HuTHoro mnonaynpoBoaHuka GaMnSb/GaSb/
InGaAs, a TakXe CIMHOBBIX CBETOOMOIOB C
(eppomarnutHeiM uHXekTopoM CoPt, mpen-
CTaBJSIIOIINX MHTEPEC KaK 3JEMEHThl HOBBIX
NMpUOOPOB HA CIMH-TIONSPU30OBAHHBIX HOCH-
TeJIsIX; pa3paboTKa TeXHOJOTMHM M3rOTOBICHUS
TPaH3UCTOpa C KaHaJOM Ha OCHOBe rpacdeHa;
HCCIeA0BaHWE BO3MOXHOCTU YJIYyYIIEHUS M-
HaMMUYECKUX XapaKTePUCTUK TIePEKITIOYEHUS
CWJIOBBIX BBICOKOBOJIbTHBIX  p—i—H-IUOJ0B
GaAs 3a cyeT NPUMEHEHMS TeTepO3MUTAK-
cuanpbHoro smurrepa AlGaAs BMeCTO TOMO-
snutakcuanbHoro (GaAs; pa3paboTKa OmTo-
3JICKTPOHHOIO JaTyhKa BOAOpPOJa Ha OCHOBE
orrronapsl Pd-okcun — InP-cBeTtommon.

CrnenyeT OTMETUTb BBICOKOE KayeCTBO U
MPaKTUYECKYIO MEPCIIEKTUBHOCTD PadoT, Mpe-
CTaBJIEHHBIX Ha YKa3aHHOM CeKIIMU: 1BE PaOOThHI
ObUIM TIOAAEPXKaHbI TPAHTAMM 1O Pe3yJbTaTaM
KOHKypCca B paMKax IIpOrpaMMbl «YUYaCTHHUK
MOJIOJIEKHOT'O HayYHO-MHHOBAIlMOHHOTO KOH-
Kkypca» («YMHMHWK») B HomuHauum «Hayu-
HbI€ PEe3yJbTaThl, 00JIaNaI0IIUE CYIIIECTBEHHOM
HOBHU3HOM U CBEPXCPOYHOM IIEPCIIEKTUBOMN HX
KOMMeEpLMaIn3alu», BOCeMb paboOT ObUIM
nonaepxanbl rpaHTamMu PODU, MunobpHay-
KA 1 IpYyTUMMU.

ITpakTyecku Bce padOTHI, MPEICTaBICH-
Hble Ha cekluu «HoBble MaTepuaibl», IMMOCBS-
IIEHBI pa3paboTKe M HMCCIECIOBAHUIO CBOMCTB
KOMITO3UIIMOHHBIX MaTrepuanoB. Cremnubpu-
YeCKON OCOOEHHOCTHIO HOBOIO ITOKOJEHUS
KOMITO3UIIMOHHBIX MaTepUaJIOB SIBJISIETCS Ta,

103



4 HayuHo-TexHMueckmne Begomoctun CI6ITY. ®dusmko-maremarnueckme Haykm Ne 1(237) 2016

YTO OHM TMPEACTABIISIOT COOOW OTHOPOIHBIE
MaTpUIbl C HAHOPa3MEPHLIMM BKJIIOUCHUSI -
MU 7100 0OoJyiee CIOXHBIE O00pa30BaHUSIMMU,
00s13aTeJIbHO COIepKalllMMU HaHOpa3MEpHBIH
0OBEKT.

B kaudectBe mpumepa MOXHO IIPHUBECTU
paboTHI, MOCBIIIEHHBIE CO3MAHUIO U MCCIIe-
JOBaHUIO HOBBIX MeTaMaTepuajoB Ha OCHOBE
MOJAYyNpOBOIHUKOBOI MaTpuubl AlGaAs, co-
JIepKallleii HeynopsimioYeHHbIE MAaCCUBBI Me-
TaJUIMYEeCKUX HaHOBKJIIoueHUit AsSb; uccie-
JOBAaHUIO 2JIEKTPOHHOTO CTpOeHUs, (pa30BOro
COCTaBa W ONTUYECKUX CBOWCTB THIPHPOBAH-
HBIX aMOP(HBIX IUIEHOK CYOOKCHIAa KPEeMHUS
C HaHOKpUCTaZITaMU KpEMHMUS; pa3paboTke
MEIHO-aJIMa3HbIX KOMIIO3UTOB Ha OCHOBE HM-
TUTAHTHBIX ajMa30B, aKTyaJbHBIX IS CO34a-
HUS KpHUCTaJUIoAepXKaTessl sl OTBOJAA TeIlia
OT MUKpocXxeM TeparepuoBoil 1 CBY-texHuku;
CHHTE3Yy U UCCIEIOBAaHUIO CBOMCTB KOMIIO3UT-
HBIX MaTEepHUaJIOB Ha OCHOBE aMOP(hHOIO IU-
OKCHMIIa U1 KOPOTKUX YIJIEPOMHBIX HAHOTPYOOK
MaJjioro AuamMmeTpa.

Bonblioit MHTEpec BBI3BAIU Pe3yJIbTaThl
HuccaeaoBaHuil 3(p@PEeKTOB Pe3WCTUBHOTIO TIe-
PEKJIIOUEHMS U MaMSITU B KOMIIO3UTHBIX ILJICH-
Kax Ha OCHOBE MOJU(PYHKIIMATbHBIX MOJYIIPO-
BOJIHUKOBBIX U JUBJIEKTPUYECKUX IOJIUMEPOB,
WCIIOJIB3YIOIIMXCSI B KAayeCTBE MAaTPHUIIBI I
yenryek rpadgeHa M okcuua rpadeHa, moka-
3aBII€ BO3MOXHOCTh IIOCTPOECHHUST CTPYKTYP C
SHEPrOHE3aBUCUMOMN OJHOPA30BOW IMaMSTHIO.

Bornpockl, KoTophiM ObLla MOCBSIIEHA
KOH(pepeH1INsI, 0XBaThIBaIOT OCHOBHEIE 00.1a-
CTH (PU3UKHU TTOJYTIPOBOIHUKOB, MOIYIIPOBO-
JTHUKOBOI OIITO- M HAHOBJEKTPOHUKMU. B mx
YHMCJI0 MOXHO BKJIIOUUTh M3YYEHHE KBAaHTOBO-
pa3MepHBIX CTPYKTYpP, T€TEPOCTPYKTYP U IIPU-
00poB Ha UX OCHOBE. I1OBBIICHHBIN WHTEPEC
MPOSIBIISIETCS K IMpobieMaM CIIMHTpOoHUKU. He
MEHEE BaXXHBIM HampaBJICHWEM SIBIISIETCS pas-
paboTKa HOBBIX MaTepHUajiOB: OPraHUYECKHX
TOJIYIIPOBOIHUKOB, HAaHOTIOPUCTBIX MaTepHa-
JIOB, a TaK:Xe€ KOMIIO3UTHBIX, B TOM YMCJIE C
HaHOBKJTIIOUEHUSIMU.

IIpencraBneHHble Ha KOH(MEPEHUMU CO-
00IIEHNS OTpaXkaloT MPUOPUTETHHIE HAaIlpaB-
JICHHUSI B MUPOBOI HayKe B 00JIaCTU MOJIYIIPO-
BOIHUKOBOM 3JEKTPOHUKHU. DTO, B YaCTHOCTH,
MOATBEPXKIAETCA TeM OOCTOSITEJIbCTBOM, 4YTO
psa pa®oOT BBHIMOJHEH B paMKaX IpaHTOB, MOI-
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JEPXXaHHBIX POCCUMCKMMHU U WHOCTPAaHHBIMU
HaydyHbIMM ¢oHmamMu. bBBLIO MpencTaBiaeHO
20 pabot, moaaepKaHHbIX PoccuiickumM ¢oH-
IoM (yHIaMEHTAJIbHBIX MCCIeIOBaHuM, 14 —
rpaHTaMM MuHUCTEpPCTBA 00Opa3oBaHMS U Ha-
yku Poccuiickoit @enepanuu, 6 — rpaHTaMu
Poccuiickoro HayyHoro ¢onHaa. Psa yyacTHU-
KOB KOH(EpeHIUU IOJydYmin (UHAHCOBYIO
MOIEPXKKY 3a CYET NPYTMX (DOHIOB, IMpaBU-
TEJbCTBEHHBIX 1 BEOOMCTBEHHBIX IIpOrpaMM
(3 paboThl), 2 pabOTHI BHIMOJHEHbI B paMKax
MPOrpaMMBl MO0 MEXIYHAPOTHOMY COTPYIHM-
YEeCTBY.

CrnenyeT OTMETUTb BBICOKUII YpPOBEHb I0O-
KJIaJ0B U aKTyaJbHOCTh MX TEMAaTUKHU, a TaK-
K€ MOAYEPKHYTh, YTO PSI JYYIIMX JOKJIAIOB
SIBWICSL PE3YJbTAaTOM COBMECTHBIX MCCIEIO0-
BaHUM NpPENCTABUTENIE BY30B U MHCTUTYTOB
PAH. VYyacTHUKM KOH(pepeHLUM KOHCTaTH-
PYIOT BaXHOCTb IMPOBEICHUS HAyYHOU KOH-
(epeHIMM TI0 (PU3MKE MNOJYIPOBOIHUKOB U
HAHOCTPYKTYp, MOJYIIPOBOAHUKOBOM OMNTO- U
HAHORJIEKTPOHUKE [JII CTYACHTOB U acCIlM-
pPaHTOB KaK C TOYKM 3pEHUS IIpeACTaBICHUS
U OOCYXIEeHUS HaydyHBIX pe3yJabTaTOB, TaK U
YCTAaHOBJICHUSI HAyYHBIX KOHTAKTOB U OpraHU-
3allMM COBMECTHBIX HAyYHbBIX UCCJICIOBAHUIA.

Jlokyiaapl, OTMEYEHHbIE
IIporpaMMHBIM KOMHTETOM

IIporpaMMHBIII KOMUTET OTMETUJI AUILIO-
MaMU ¥ TIPEMUSIMU CJIeAYIolIe padOThl acIu-
PaHTOB U CTYACHTOB.

Ipemueit um. E.@. I'pocca 3a Jydinyio
paboTy B 007aCTU OINTUKU ITOJYIIPOBOIHUKOB
ObLlIa HarpaxieHa

Kamuryxo WuHa BukTopoBHa, CTyIeHT-
ka Cankr-IlerepOyprckoro rocymapCcTBEH-
HOro  2JIEKTPOTEXHUYECKOTO YHMBEpCUTETa
(«JIDTH»), pykoBoguTENIF — JOKTOP (PU3UKO-
mateMatuyeckux Hayk B.JI. KopeHes, Be-
aymii HayyHbiii cotpynHuk OTU um. A.OD.
HNodde PAH, 3a moknan «Dddext O0im3ocTn
B TMOpUAax heppOMarHeTUK-MOJTYITPOBOTHUK
(mpemusg 5000 py6.).

Humnomamu I crenmenu u npemueit (4500
py0.) HarpaxaeHbI:

JlenncoB Koncrantun CepreeBuu, acnu-
panT PU3NKO-TEXHUYECKOTO MHCTUTYTA HM.
A.D.Uodpde PAH, 1. Cankr-IletepOypr, pyKo-
BOJIMTENb — JOKTOpP (PM3UKO-MaTeMaTUIECKUX
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Hayk H.C. ABepkueB, 3aBeAyIOLIMIA CEKTO-
pom ®THU um. A.®. Uodde PAH, 3a nokinan
«AHOManbHEBIN 3P dekT Xoyia Npyu paccestHUU
HOCHUTEJISI HA MAarHUTHOM CKHUPMUOHE»;

®anees Muxamn AlEKCAaHAPOBHY, CTYICHT
Hiuxeropomckoro rocyaapcTBEHHOIO YHUBEp-
cUTeTa, PYKOBOAUTENb — KaHAWAAT (PU3UKO-
mateMaTtudyeckux Hayk C.B. Mopo3os, 3aBe-
ayommin  aboparopueit MMHcTUTyTa (DU3UKU
mukpocTtpykryp PAH, 3a moknan «nuHHO-
BOJIHOBAsI (DOTOTIOMUHECHEHIIUS U CTUMYJIM-
pOBaHHOE U3JIy4YeHUEe B CTPYKTypax Ha OCHOBE
TBepAbix pacTBopoB HgCdTe».

Humomamu Il cremeHM M mpeMusIMHu
(3500 py6.) HarpaxkaeHbl:

Poioanbuenko JImutpuii Bacuibesny, acru-
paHT DU3UKO-TEXHUYECKOTO WHCTUTYTA WM.
A.®. Nodbde PAH, r. Cankr-IleTepOypr, py-
KOBOAUTEIb — KaHAMIAT (PU3UKO-MaTeMaTH-
yeckux Hayk C.A. MuHTaupoB, Hayy-
HeIM coTpymHuk DTU um. A.D. Hodbdde
PAH, 3a noxmam «Mertamopdubie GalnAs-
(oToanexkTpuueckre mpeobpazoBaTesiu, MoOJy-
yeHHble MeTogoM MOC-ruapuaHONU 3MUTAK-
cuu Ha nopjoxkax GaAs»;

ITaiimanoB Anekceii Hwukomaesmu, acmu-
paHT MOCKOBCKOTO TrOCYIapCTBEHHOI'O YHU-
Bepcutera umeHu M.B. JlomoHocoBa, pykKoBo-
IUTENIN — KaHAuAaT (PU3NKO-MaTeMaTUIeCKIX
Hayk A.B. BapsllueB, HayaJbHUK ONTUYECKON
J1abopaTopuu  HAYYHO-UMCCJIEIOBATEIbCKOTO
otaena «Jlaboparopmsa pa3pabOTKM OITHYE-
CKHUX YCTPOICTB HOBOIO TOKOJieHus» Bce-
POCCUIICKOTO Hay4YHO-UCCJIeAOBATEILCKOTO
nHctutyTa aBromMatuku um. H.JI. Jlyxosa,
U JOKTOp (U3MKO-MAaTEeMATUYECKUX HayK
T.B. Myp3uHa, HayaJbHUK J1abOpaTOpUM He-
JIMTHEHOI OIITUKY HAHOCTPYKTYP Y (DOTOHHBIX
kpuctauioB MI'Y, 3a noknan «MarHUTOOITU -
yeckre 3(@PEeKTh B ABYMEPHBIX IJIa3MOHHBIX
CTPYKTYpax»;

Crenanen-XycceiitH Dabaap, ctyaeHT Mo-
CKOBCKOIO  (pM3UKO-TEXHUUYECKOIO MHCTHU-
TyTa, PYKOBOOWUTENIbh — KaHIMAaT (HU3UKO-
marematuyeckux Hayk A.B. JlapuoHoB,
CTaplIMii HAay4YHBIA COTPYAHMK JiabopaTopuu
HEepPaBHOBECHBIX 3JIEKTPOHHBIX MpoiieccoB UH-
ctutyta pusuku TBepaoro teaa PAH, 3a go-
kian «CrnMHoBasg KOT€PEeHTHOCTh B KBAHTOBO-
XOJIJIOBCKOM (peppOMarHeTHUKE»;

Xa0apor Kupman MuxaiiioBud, CTYICHT
MocKOBCKOTO (pU3MKO-TEXHUUYECKOTO WHCTH-
TyTa, PYKOBOOWTENb — KaHIMIAT (HhU3UKO-
MmaremMarnyeckux Hayk A.B. bapwoiies, Ha-
YaJJbHUK OINTHUYECKOM JIabopaTOpru Hay4yHO-
HCCeA0BaTeIbcKOro  otaena  «Jlaboparo-
pusi  pa3pabOTKM  ONTHUYECKUX  YCTPONCTB
HOBOT'0O MOKOJIeHUsI» Becepoccuiickoro HaydHo-
HCCIEA0BATEIbCKOTO WHCTUTYTa aBTOMATUKM
uMm. HJL. dyxoBa, 3a mokman «CTpyKTypHBIE
M ONTHUYECKUE CBOMCTBA 2D-mia3MOHHBIX
CTPYKTYp».

Humnomamu 11l cteneHM W TpeMUSIMU
(2500 py6.) HarpaxKaeHHI:

ITaBnoB Hukonaii BaagumupoBwy, acmiu-
paHT @PU3UKO-TEXHUYECKOTO MHCTUTYTa HM.
A.®. Uodpde PAH, r. Cankr-Ilerepoypr, pyko-
BOIMTEIb — JHOKTOp (PM3UKO-MaTeMaTUIEeCKUX
Hayk I'.T'. 3erps, rmaBHbIf HayYHBI COTPY.-
Huk ®TU um. A.®. Nodbde PAH, 3a moknan
«BHYTpHM30HHOE TIOTJIOIIEHME U3JTyYEHUS AbIP-
KaMH B ITyOOKHX KBAaHTOBBIX SIMax»;

IMunsesa IOmma MropeBHa, acmupaHTKa
HaunonansHOro nccienoBaTeibcKOTo YHUBEP-
cuteta «MOCKOBCKUI MHCTUTYT 3JE€KTPOHHOM
texHuku (MHWUBOT)», pykoBoauTelb — JOKTOP
texunyeckux Hayk C.A. T'aBpwioB, 1po-
deccop, 3aBenywolnmnii Kadeapoil MaTepuaaoB
(ysKUMOHaNBHOI 32ekTpoHuku MMUOT, 3a
noknan «MccremoBanue ocobeHHOCTel ha3o-
BBIX IlepexonoB | poga B HUTEBUAHBIX HAHO-
KpHCTaljiax B mopax aHoaHoro AlLO,»;

Bruicorckmii Huxkura BaagumupoBwd, CTy-
neHT Cankrt-IleTepOyprckoro rocymapcTBeH-
Horo yHuBepcurera (coaBtop — A.C. Jloma-
yeHko, acnimpant CIIOI'Y), pykoBomurtenp —
TIOKTOP (pu3MKO-MaTeEMaTUYECKUX HayK
O.®. BriBenko, mnpodeccop CIIGIY, 3a mo-
KJaa «DKcnepuMeHTaIbHOe HAOJI0eHUE KO-
JiebaTeIbHOM MOAbI MOHOAQTOMHOIO BOIOpoAa
Ha IUCIOKALUSIX B KPEMHUU»;

Nabkus Hrops BiaagumupoBwd, CTYIEHT
Cankr-IleTepOyprckoro  MoJMTEXHUUYECKOTO
yHuBepcutera Ilerpa Benmkoro, pykoBoau-
TeJIb — JOKTOpP (PU3MKO-MaTeMaTUUECKUX HAyK
A.Jl. bypaBneB, ri1aBHbI HAyYHBII COTPYIHUK
Cankr-IleTepOyprckoro akageMU4ecKoro YHH -
Bepcutera PAH, 3a mokmanm «MIID-cuHTe3
OMHOPOAHBIX MaccuBOB (GaAs HHUTEBUIHBIX
HAHOKPHCTAJIIIOB».
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[MoompuTtebHBIMM  AUTLIOMAMU  Harpax-
JICHBI:

AnucumoB Annpeit HukonaeBwu, acnu-
paHT DPU3UKO-TEXHUYECKOTO WHCTUTYTa HM.
A.®. Nodpdpe PAH, r. Cankr-IleTepOypr;

I'ynusa Haana IOpseBHa, acnupanTKa Poc-
CHUICKOTO TOCYAapPCTBEHHOTO TMEAarorniyecko-
ro ynusepcuteta uMm. A.M. TI'epuena, CaHKT-
ITetepOypr;

3apun Makcum  AJleKceeBHY, — acIid-
panT PU3NKO-TEXHUYECKOTO MHCTUTYTA WM.
A.®. Modpde PAH, r. Cankr-IlerepOypr;

Matomkud JleB bopucoBud, acnvpaHT
Cankr-IleTepOyprckoro rocy1apcTBEHHO-
ro  2JIEKTPOTEXHUYECKOTrO  YHMBEPCUTETA
(JIDTH»);

Mensenes Ouger CepreeBny, acrmpaHT
Cankr-IleTepOyprckoro  rocygapCTBEHHOIO
YHUBEPCUTETA;

Mypomen Anactacusi BaaaumupoBna, acriu-
paHTKa MOCKOBCKOTO IrOoCy1apCTBEHHOTO YHU-
Bepcuteta uMeHU M.B. JIoMOHOCOBA;

OsemnukoB Jleonnn HukosiaeBud, acriipaHT
HaunonaapsHOro McciaenoBaTelbcKOro LeHTpa
«KypuaTtoBckuii UHCTUTYT», I. MOCKBa,;

CubupmoBckuii IOpwmii JImutpueBuy, acrnu-
panT HanumoHaabHOTO MCCIeIOBaTEIBCKOTO
gaepHoro yHuBepcuteta «MUD®HW», r. Mo-
CKBa;

Tyunn Angpeii BuranabeBnu, aciipanT Bo-
POHEXCKOIO TOCYyIapCTBEHHOTO YHUBEPCUTE-
Ta;

®poaos Jdmutpuii CepreeBnd, acrimpaHT
Cankr-IleTepOyprckoro rocy1apCTBEHHO-
ro  9JEKTPOTEXHUYECKOTO  YHMBEPCUTETA
(«JIBDTW»);

Jleoenes Amutpuii Bragumuposuy, Moioa0i
yUYeHBI, KaHauaaT (pU3NKO-MaTeMaTUYeCKUX
HayK, Hay4yHblii  coTpymgHuk  Puszuko-
TexHuyeckoro mHctutyra M. A.D. HModde
PAH, r. Cankr-IletepOypr;

BaGenko fIna AnekcaHapoBHa, CTyIEHTKa
Cankr-IleTepOyprckoro  rocymapCTBEHHOTO
YHUBEPCUTETA;

JImurpues IlaBenm AliekceeBHY, CTYACHT
HayuHo-ucciaenoBaTesbCcKoro yHUBEpCUTETA
VH(GOPMALIMOHHBIX TEXHOJOTUIl, MEXaHUKU U
ontuku, r. Cankr-IleTepOypr;

Kacnep IOmua BukropoBHa, cTyneHTKa Bo-
POHEXCKOIO TOCYyJapCTBEHHOIO YHUBEPCU-
TeTa;
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Kupunenko Ouner MWropeBu4, CTYIEHT
Cankr-IleTepOyprckoro  MoOJIMTEXHUYECKOTO
yHuBepcuteta Iletpa Bennkoro;

Komapos Anekceit Baagumuposud, CTyIeHT
MoCKOBCKOTO (QU3MKO-TEXHUYECKOIO WHCTH-

TyTa;
KoroBa Jl1000Bb BuKTOpOBHA, CTyIeHTKa
BanTuiickoro TrocymapcTBEHHOTO TeXHHMYE-

ckoro yHuBepcutera «BoeHMex», r. CaHKT-
ITetepOypr;

Kpbutop IlaBen CraHucCIaBOBHY, CTY-
JIeHT AkameMuyeckoro yHuBepcutetra PAH,
r. Cankr-IlerepOypr;

®etncosa Mapuna BaaumoBHa, cTyaeHTKa
Cankr-IleTepOyprckoro  MoJMTEXHUUYECKOTO
yHuBepcutera Ilerpa Benukoro;

IIymunoB Anekcanap AlleKceeBHY, CTYICHT
Cankr-IleTepOyprckoro  MoJUMTEXHUUYECKOTO
yHuBepcutera Ilerpa Benukoro;

Avunukos Jlennc IOpbeBM4, CTyaeHT
Cankr-IleTepOyprckoro  MoJMTEXHUUYECKOTO
yHuBepcutera Ilerpa Benukoro.

[Iate moknamoB peKOMEHAOBaHbBI JJIST y4a-
CTUS1 B KOHKypce 1o Ilporpamme «YdacTHUK
MOJIOJIE’KHOTO HayYHO-MHHOBALIMOHHOTO KOH-
kypca» («YMHWK») B HommnHaumu <«Hayuy-
HbIe pe3yJbTaThl, 00JamalolIue CylleCTBEHHOMN
HOBU3HOM U CBEPXCPOYHOU IMEPCHEKTUBON MX
KOMMepIaau3alu» ¢ TOCAeayomuM Gu-
HaHcupoBaHueM MOHIOM COACHCTBUS MabIX
dopM TIpennpuATHI B HAYYHO-TEXHUYECKON
cepe.

Haitee mpeacTaBjieH MepeyeHb 3TUX JTOKJa-
JIOB.

banezun Muxaun AjekceeBH4, CTYICHT
Cankr-IleTepOyprckoro MOJIMTEXHUUECKO-
ro yHuBepcurtera Ilerpa Benukoro, noknian
«BausgHue cynbhumHON maccuBallMd Ha JIiO-
MUHECHEHINIO MUKPOAVMCKOB C KBaHTOBBIMM
sIMAaMM ¥ KBaHTOBBIMU TOYKAMU»;

Hdepryn Kapuna WMabaapoBHa, CTyIeHTKa
Cankr-IleTepOyprckoro MOJUTEXHUUECKO-
ro yHusepcutera Iletpa Benukoro, moknan
«MccnenoBanue mMeTonoM (hOTOTIOMMHECIIEH-
MM Aerpajallvy 3araccuBUpoBaHHOUN a-Si:H
KPEeMHUEBOI IOMIOXKU MpU (HOpMUPOBAHUMN
TBIJTBHOTO aJTIOMUHHEBOTO KOHTAKTa»;

Kotnsap Koncrantun IIaBioBu4, CTYIEHT
AkageMu4yeckoro yHuBepcurera, I. CaHKT-
IlerepOoypr, mokmam  «ONTO37IEKTPOHHEIE



cBoiicTBa rerepocTpykTyp InGaN/GaN c na-
TEepaJIbHBIM OTPaHUYCHUEM»;

Jlepunkuid fApocnap BaaumoBu4, acnu-
pant @®THU um. A.®. Modde PAH, r. Cankr-
ITerepOypr, mokian «YmpaBlieHUe cejleKUuuen
MOJI KOJBLIEBBIX MUKPOPE30HATOPOB»;

MoxapoB Ajekceii MuHXaiJ0BHY, aCIIH-
paHT AKaeMHUYECKOro YHUBEPCUTETA,
r. Cankr-IletepOypr, noxkian «MoaeapoBaHue
TaHAEMHBIX COJIHEYHBIX 3yeMeHTOB GaPN/Si,
C MACCHMBOM HHTEBHIHBIX HAHOKPHCTAJIJIOB
HUTpUIA TAJUIUSI B KaUyeCTBE BEPXHEIO 3MMUT-
TEPHOTO CJIOST».

KoHhepeHuUH
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0T 0JIaromapHOCTh COTpyaHUKaM HaydHo-
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PAH» 3a co3maHue Bcex yCIOBMIA IJIsT pabOThI
KOH(EpEeHLIUH.
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Gavrikova T.A., Zykov V.A., Firsov D.A. RESULTS OF 17-TH ALL-RUSSIAN YOUTH
CONFERENCE ON SEMICONDUCTOR AND NANOCTRUCTURE PHYSICS, AND
SEMICONDUCTOR OPTO- AND NANOELECTRONICS.

The paper summarizes the results of the 17th All-Russian Youth Conference on Semiconductor and
Nanostructure Physics, and Semiconductor Opto- and Nanoelectronics that took place in St. Petersburg on
November 23 — 27, 2015. The organizers and the sponsors of the conference have been listed. The reports
presented in the 6 sections of the Conference have been reviewed analytically. The participants whose reports
were awarded certificates and money prizes by the Conference Program Committee have been mentioned.
The list of reports recommended to take part in the ‘UMNIK’ contest (the acronym for the youth science
and innovation contest means “a clever person” in Russian) is presented in the nomination “Scientific
results which have significant novelty and the prospect of commercialization” and shall be further funded by

the Foundation for Assistance to Small Innovative Enterprises in Science and Technology.
SEMICONDUCTOR PHYSICS, NANOELECTRONICS, OPTOELECTRONICS, HETEROSTRUCTURE,
NANOSTRUCTURE.
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B.K. BaHoB

NMAMATU HUKOJIAl MUXAUJTIOBUYA KOXXEBHUKOBA

27 aupapg 2016 roga IlonuTexHUYECKMIA
YHUBEPCUTET MOHEC HEBOCIOJHUMYIO yTparty.
[Tocne Tsokenoir 601e3HM Ha 69-M romy yimmes
M3 XM3HM ITOTOMCTBEHHbIN MOJUTeXHUK Hu-
Konaii MwuxaitnoBnu KoxeBHUKOB, mpodec-
cop Kadeapbl 3KCIEepUMEHTAIBHON (PU3MKU
Cankr-IleTepOyprckoro  MoOJMTEXHUYECKOTO
YHUBEpPCUTETA ITetpa
Benukoro. He crano
OuThCA cepaue M3BECT-
HOTO  yYEHOTO-OIITHKA,
MpeKpacHOro Iejarora,
SIPKOTO ¥ TaJaHTJIHNBO-
ro 4ejoBeKa, BHECIIEro
OrPOMHBIN BKJIAJ B AEJIO0
¢usmueckoro obpa3oBa-
Hust IlomuTexHmueckoro
YHUBEPCUTETA U BCEH
coBpeMeHHoI Poccum.

Huxkonait Muxaiino-
B4 KoXeBHUKOB po-
mwicd 2 utons 1947 rona,
B ICHb POXICHUS CBOE-
ro orua Muxauna Ile-

TpOBHYA KoxeBHu-
koBa (1908 — 1971),
npodgeccopa TUAPOTEX-

HU4YecKoro (axynsTera
JleHuHIrpaacKoro mnoau-
TEXHUYECKOIO HHCTUTY-
ta uMm. M.M. KanuHwu-
Ha (ubiHe CIIOITY Ilerpa Benukoro). Matb
Hukonag MuxaitnoBuua Mapus IleTpoBHa
(1920 — 1998) B 1941 romy mOGPOBOJIBHO YIILJIa
Ha ¢poHT. B 1945 romy Muxaun IlerpoBuy
n Mapug IleTpoBHa BCTPEeTUJIUCH BO BpeMs
ocBoboxaeHus1 KanuHuHrpaga (KenHurcoep-
ra), MOXEHWINCh U BEpHYJIUCHh B JIeHUHrpan.
B 1953 romy M.I1. KoXeBHUKOB C XKE€HOH M
IByMs AeTbMU yexasl B Kutaiickyio HaponHyto
Pecnybnuky HamaxxuBaTh YYEOHBIU MPOLIECC B

1947 - 2016

uHcturyte Hunxya (Ilekun). Tam Konst mo-
IIeJ B IEPBBIA KJIAcC CpEeAHEN IIKOJbI IIPU
nocosbctBe CCCP B KHP.

ITocne BosBpamienuss Ha Pomuny Huko-
Jail Tpu roma yuuicd B 239-if mkone (B Ha-
CTOsIIIEe BpeMSI 3TO W3BECTHBIA (PUIUKO-
MaTeMaTuJyeckuii nuueit). Toroa xxe B TeCHOMU
KOMHaTe Ha ynuue Maii-
opoBa B ceMbe KoxXeBHU-
KOBBIX MOSIBWIOCH MHa-
HWHO, UTPpe Ha KOTOPOM
Komio Havanum oOy4daTh.
Mapuga IleTpoBHa XOpo-
1110 Teja M MedTaua Ipu-
OOIINTL K MY3BIKE CBOUX
JIeTe.

B 1958 romy Ilomm-
TeXHUYECKUN  MHCTUTYT
OTPEMOHTHUPOBA U TIpe-
JIIOCTaBUJI  HECKOJBbKUM
CBOUM TIperojaBaTessiM
KBapTUpbl B OJHOM U3
OBIBLLIMX OOLLIEXKUTHUIA.
KoxXeBHUKOBEI Tepeexa-
JIM B OIHY M3 3THX KBap-
tup. Konst cran yuurtbcs
B 001Ie00pa3oBaTeIbHOMU
mwkone Ne 121 u omHo-
BPEMEHHO TIOCTYIWJI B
My3bIKaTbHYIO LIKOTY
s B3pociabix uMm. H.A.
Pumckoro-KopcakoBa. 1 B 06enx 1IKojiax oH
ObUT cpeau JaydlliuxX y4eHUKoB. JlocTaTroyHo
cKa3aTh, YTO 1Koy KoJjiss OKOHYMI ¢ 30J10TOM
MeIablo, a IMocJe OKOHYaHUs MY3bIKaJIbHOU
LIKOJIBI €r0 PEKOMEHIOBaJM K ITOCTYILJICHUIO
B KOHCEPBATOPUIO, MUHYS MY3bIKAJIIbHBIN TeX-
HUKYM.

Yueba Ha «1Ba (hpoHTa» MPOIOIKATIACH U B
nanbHeimeM. B 1965 rogy Hukomnait moctynun
Ha (dakynereT pagmolniekrpoHuku JIIIU wuwm.
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M.U. KamununHa, a B 1968 romy — Ha ¢op-
TerMaHHOe oTnelieHue JIeHMHrpaacKoil KOH-
cepBatopuu uM. H.A. PumMckoro-KopcakoBa B
kjacc npodeccopa B.B. Hunbcena. B reuenue
HECKOJBKMX JeT HuKomaio nNpuxoauioch caa-
BaTh o 10 3K3aMEHOB B CECCHUIO, 1 ITOYTU HU-
KOrZa OH He MEPEHOCUJT UX Ha 0oJiee MO3THUMA
CPOK.

ITonutexuuyeckuit mHctutyr H.M. Ko-
>KeBHUKOB OKOHYMI C oTimuueMm B 1971 romy,
M B TOM Xe romy B ZKypHajge TeXHWYECKOM
(bu3MKY TOSIBUJIACh €ro IepBasl HaydHasl cTa-
Ths. Yepes aBa roma, B 1973 romy, oH ycHeni-
HO OKOHYMJ JICHMHTpaACKyI0 KOHCEPBATOPHUIO
M Havaja ydyeOby B acmMpaHType Ha Kadeape
KBAaHTOBOM 3JIEKTPOHMKHU IOHA PYKOBOACTBOM
npodeccopa B.}O. IleTpyHbKMHA.

Kangupnatckast auccepranus, KOTOPYIO
H.M. KoxeBHukoB 3aumtwi B 1976 romy,
ObUla IIOCBSIEHA ITOJISIPU3ALIMOHHBIM CBOM-
CTBaM HM3JIyYEHMsI TBEPIOTEIbHBIX ONTUYECKUX
KBAHTOBBIX I'eHepaTopoB. OOHUM M3 MEPBBIX
OH IpUMEHWUJ MAaTpPUYHBIE MeETOHm pacuera
AHU30TPOIIHBIX ONTUYECKUX PE30HATOPOB, KO-
TOPBIA IIUPOKO UCIIONB3YETCH CeMYac BO BCEM
mupe. B uzBectHol MOHOTpaduu Mo MOISIPU-
3alIMOHHOI ONTHUKE €CTh CCHUIKM M Ha PabOThI
H.M. KoxeBHUKOBA TeX JIET.

ITocne oxoHuyaHus acnupaHtypbl H.M.
KOXeBHMKOB IIepeXOAUT Ha IOJKHOCTH ac-
CHCTeHTa Kadeaphl 3KCIIepUMEHTaIbHON (hU-
3UKM, U B 3TO BpeMsI aKTUBU3HUPYETCS €ro
001IeCTBEHHAS ACSTENIbHOCTh: CHavyajla Ha I0-
cTy Tipeacenarefis XyIoXeCTBEHHOIO COBeTa
MHCTUTYTa, a 3aTeM 4WieHa HIeO0JOrMnYeCcKOoro
cekTopa naptuiiHoro komureta JIIIHU, otse-
YaoIIEro 3a HPaBCTBEHHO-3CTETUYECKOE BOC-
NUTaHWe CTYACHTOB. Bropoe, My3BIKalbHOE,
obpazoBaHue Hukosnasg MuxaitioBruua okasa-
JIOCh 371€Ch OYEHb BOCTPEOOBAHHBIM. DTO ObLI
Mepuo pacliBeTa CaMOMAESATENbHOIO XyIOXe-
ctBeHHOro TBopuecTBa B JIIIM. ExeromHsie
CMOTPBI-KOHKYPChI, (aKyabTeTcKue (ecTu-
BaJIbHBbIE Bedyepa, KOHIEPTHI M CIIEKTAKJIN CTY-
JEeHYECKNX KOJIJIEKTUBOB 10 CHUX IOP OCTaJINCh
B IIAMSITH T€X, KTO YUMJICSI M pabOTaI B T€ TOIbI
B IloJMTeXHUYECKOM MHCTUTYTE.

Hecarb et (1976 — 1985) oTman aToii 06111e-
crBeHHOI AedarenbHocTu H.M. KoXeBHUKOB,
a 3aKOHYMB €€, CHOBa BEpHYJICS K aKTMBHEIM
Hay4dyHBIM ucciiegoBanusaM. B 1991 roay oH 3a-
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BepLIWI padoTy HaJ JOKTOPCKOW JAUCCEpTallM-
el Ha Temy «/IlMHamMMnyeckas rojiorpapuyeckast
mukpodazometpusi». Ero rcciengoBanue oka-
3aJ10Ch Ha CTBIKE Cpa3y HEeCKOJIbKUX 00JIacTel:
OINTUKU, PamnoPU3NKA M OMOOPraHMYECKOU
xuMuM. OH 3a710X1UJI OCHOBBI T€OPUU AVHAMMU-
yeckoir rosorpadun  HazoMoayIMPOBAHHBIX
CBETOBBIX MMYYKOB, ITO3BOJISIONIEH peali30BbI-
BaTh YHUKaJIbHBIE BO3MOXHOCTH PEBEPCUBHBIX
(bOTOUYBCTBUTEJILHBIX CPed II0 MOBBILICHUIO
TMOMEX03aINIIEHHOCTY 1 YyBCTBUTEJIBHOCTH
ONTHUUYECKUX U3MepeHuii. Uaen n MeToasl aToit
JUcCepTalMi 10 CHUX TOP MCIOJb3YIOTCS HE
TOJbKO B (pyHAAMEHTaJbHbIX MCCIEIOBAaHUSIX,
HO ¥ B IPUJIOKECHUSIX TMHAMUYECKOM rojiorpa-
¢uu B cucreMax OINTUYECKON 0OpabOTKM MH-
¢dopmanuu. B 3TH rogsl OH MOATOTOBWI TPEX
KaHAMAATOB (PU3MKO-MaTeMaTUUECKUX HayK.

ITpenogaBaTenbckoil nesATeabHOCThIO Hu-
Kojali MuxaitaoBU4 3aHMMAJICSI C MOMEHTa
nepexoga Ha Kadeapy 5SKCIIEPUMEHTAIbHOMI
¢usuku. B teuenme 40 ner oH IIPOBOIMI
MPaKTUISCKUE 3aHSATUS U YUTaJ JSKIMKU CHa-
yaja Ha BJIEKTPOMEXaHUYECKOM, a 3aTeM Ha
paguodusmueckom ¢axkynbTeTe. Ero nmexmum
OTJIMYAJIACh HE TOJBKO SICHBIM M3JIOXKECHHEM
MaTepuaa, HO MMPOBOAMINCH C TAKUM MacTep-
CTBOM M U3SIIECTBOM, KOTOPOE MOKa3bIBAJIO
KpacoTy pa3idyHbIX (PU3NYECKUX SBICHUN M
MPOLECCOB. DTO IIPUBJIEKAJIO CTYACHTOB €ro
MOTOKOB K HCCJIEIOBATEIbCKON padboTe, U yXe
Ha MEpPBOM M BTOPOM KypcaxX OHU C YIAOBOJb-
CTBUEM BBICTYIIAJIM Ha IIPOBOJUMBIX B YHUBEP-
CUTETe HEeAeNsIX HayKM C COOCTBEHHBIMM I0-
KJIaJaMu 1 pa3pabOTKaMU.

Muoro cun Binoxun H.M. KoxeBHUKOB
B MoaepHH3aluio KadeIpalbHOro KaOWHeTa
(pu3nKM, KOTOpPHIM OH OECCMEHHO pPYKOBO-
auin ¢ 1977 roma u roe cobpaHa yHUKaJbHast
KOJUICKIIMS JEMOHCTPAIIMOHHBIX (PU3NIEeCKUX
akcrepuMeHTOB. OH OepekHO OTHOCWIICS K
JIEMCTBYIOIIMM YCTaHOBKAaM Hadaja XX Beka,
BOCCTaHaBJIMBaJl UX, HO B TO X€ BpeMs OCHa-
IIaJ MHOTHE pas3feibl Kypca (PU3MKM HOBHI-
MU COBPEMEHHBIMU AeMOHCTpalusaMu. Tak,
YCTaHOBKa IO Tojiorpaguyeckoii nHTephepo-
MeTpuu OblTa npeacrasieHa Ha BJJHX CCCP
B paszene JOCTIKeHWU royiorpaduu M ObLIa
OoTMeueHa OpOH30BOI Menanblo. B HacTogiee
BpeMsI JIEMOHCTPAlIMOHHBI KaOWMHET (u3N-
KM Ha Kadeape dKCIepUMEeHTATLHONH (U3MKHU



CIIGITY mo mpaBy cuuTaeTcsl OOAHUM U3 JIy4-
11X B poccuiickux By3ax. Hukomnait Muxaii-
JIOBUY CaM PETYJSIPHO BOAWI SKCKYPCHHU IO
KaOMHEeTY; 3[1eCh MPOBOAUINCH MHOTOYMCIICH-
HbIE BCTPEYU CO IIKOJbHUKAMU U YUUTEIIMU
(u3uKy ¢ 00s3aTeNIbHON TeMOHCTpaLuel hu-
3UYECKUX OIBITOB.

C 1995 roma H.M. KoxeBHUKOB IIpe-
nomaBajl MO COBMECTUTENbCTBY B CaHKT-
IleTepOyprckoM rocymapcTBEHHOM YHUBEPCH-
TeTe dKOHOMMKU M ¢uHaHcoB (CIIOI'YDD),
SIBJISISICH BEOYIIUMM JISKTOPOM HOBOM MUCIIM-
winHbl — «KoOHIenus COBpeMEHHOIO ecTe-
crBo3HaHus (KCE)», koropas Obuia BBemde-
Ha ¢ 1994 roma B y4yeOHBIE MpOrpaMMBbI BCEX
TYMaHUTApHBIX HAIlpaBJICHU U CIeLHaIb-
Hocteil. Hakormenuwiii 8 CIIOI'YD® omnbit
npuromwica u B CIIOITIY, rme mporpamma
H.M. KoxXeBHMKOBa MO 3TOH AWUCHUILIMHE
ceilyac peaan3yeTcs Ha HECKOJBbKUX (haKyilb-
T€TaX TYMaHUTApPHOro Tpodwiss. DTOT Kypc
KCE coBepilieHCTBOBaJICAd UM B T€UCHUE NBYX
JecaTuiieTuii, ero yueoHoe nocooue no KCE
BBIIEPKAJIO HECKOJIBKO M3OAHUM U UCIIONb3Y-
€TCS BO MHOTMX By3aX CTpaHBbI.

B 2001 romy H.M. KoXeBHUKOB cTaj 3a-
MECTHUTEJIEM 3aBEIyIOIIeTo Kadeapon 3KCIe-
pUMEHTaJIbHOI (U3UKU 1o ydyeOHON padboTe
M TIPOSIBUJI Ha 3TOM CJIOXHOW TOKHOCTU HeE-
3aypsiAHble aAMUHUCTPATUBHBIE CIIOCOOHOCTH.
MHorue roabl OH PYKOBOAWI METOAWYECKOM
paboroli Ha Kadenpe, IPOBEICHUEM METOIM-
YEeCKMX CEMUHApPOB, U3MAaHUEM METOINYECKUX
noco6buii. B 2002 romy oH CTAaHOBUTCSI YYEHBIM
cekperapeM HaydHo-MeToaMUYeCKOro coBeTa
(HMC) no ¢usuke MunHucTepcTBa 00pa3o-
BaHMSI U Hayku Poccuiickoit @enepaunu, BO
1aBe KoTtoporo Haxomuics HobGeneBckuii ja-
ypear akagemuk K.M. Andeposn. boaee 10 et
CIIGI'TIY saBnstics 0a30BbIM YHUBEPCUTETOM
3TOr0 COBETa, OIPENE/sass YPOBEHb IIperoaa-
BaHus ¢us3uku B ctpaHe. H.M. KoxeBHUKOB
yIEJIS1 MHOTO BPEMEHM OpTraHU3alliu PabOThI
3TOr0 COBETa, MOATOTOBKE MPOrpaMMbl U Ma-
TepuayioB K 3acemaHusM Ilpesmauyma HMC,
I[TnenymoB HMC. B stu rogst Hukonait Mu-
XalJoBUY TIPUHUMAET aKTUBHOE y4yacTUE B pa-
00Te MHOTHUX HAy4YHO-METOAMYECKUX BCEPOC-
CUIACKMX M MEXIYHApOIHBIX KOH(MEpEeHIINI,
CTAaHOBUTCSI YWICHOM MX OpPraHM3allMOHHBIX U
MpPOTpaMMHBIX KOMHUTETOB, BBICTYIIa€T C JO-

KJagaMM Ha IJIEHApHBIX U CEKIIMOHHBIX 3ace-
JaHUSIX.

C 2009 roga Huxkomaii MuxaitnoBud sB-
JIsIIcs mpencenareneM I'ocymapcTBeHHOM aTTe-
craroHHolt komuccuu (I'AK) dusmueckoro
dakynprera PITIY um. A.M. T'epuena. Csou
00513aHHOCTH OH BBIMOJHS C MPUCYIIEH emMy
JOOPOCOBECTHOCTBIO U IMOIXOOMJI OYEHb OT-
BETCTBEHHO K OpTraHM3aluu paboThl KOMUC-
cuu. 3avactyio 3acegaHus 'AK nmepexonuiu B
HACTOSIIE HaydHbIE TUCKYCCUM, Ha KOTOPBIX
Huxomait MwuxaiiioBUd OTIMYAICSI CBOUMU
OOIIMPHBIMU MO3HAHMUSIMUA HE TOJBKO B 00-
JacTu (pU3MKU, HO U B OOIIEYETIOBEUECKOMN
KYyJBTYpE, a TAKXKE B 00JACTH MEAArOTUYECKUX
TEXHOJIOTUH.

Yepe3 Bclo cBow ku3Hb Hukonain Mu-
XalJoBUY IIPOHEC JII0OOBh K KJIACCUYECKOM
MY3bIKE, CaM YacCTO BBICTYMaJ C KOHIEPTHBI-
MU HOMEpaMM Ha MEPOIPUATHUSIX Pa3TUIHOIO
ypoBH#. Ero nocienHee BBICTYIUIEHUE COCTOS-
Joch B benom (akroBom) 3aie TlonutexHuue-
CcKoro yHuBepcuteTa B gekadbpe 2014 roga Ha
Beuepe, IMOCBSIIIEHHOM I00WIeI0 MePBOro Iu-
pekTopa IToMuTeXHUYECKOrO UHCTUTYTA KHSI3s
A.T'. T'arapuna.

3a MHOTOJIETHIOIO HAYYHO-MEAarOrn4eCcKyIo
1 ob1IecTBeHHYIO paboTy Hukonait Muxaiiio-
BUY OBLI OTMEYEH MHOTOYMCJICHHBIMU OJ1aro-
JapHocTssMH 110 IlonuTexHuyeckoMy yHUBEp-
cutety. Ykaszom Ilpesunenra P® npodeccopy
H.M. KoxeBHukoBy B 2004 romy OBLIO IIpH-
CBOEHO TIOYETHOE 3BaHUE «3aciay:KeHHBIN pa-
OOTHUK BhICHICH 1IKOJEI Poccuiickoit Mene-
pauun». B 2007 romy, B rom ero 60-ietud,
Huxomaro MuxaiiioBudy OBLIO IIPUCBOEHO
MOYeTHOE 3BaHUE «3acly>keHHBIN mpodec-
cop CII6I'TIY». B 2013 romy oH CTaHOBUTCS
naypeatoMm Ilpemun IlIpaButenbctBa CaHKT-
ITerepOypra «3a BbIHAOIIMECS YCIIEXU B 00-
JIACTU BBICIIETO U CPETHETO IMPOoheCCUOHATb-
HOro o6OpasoBaHus». OH SBIIJICS YJIECHOM
Poccuiickoro ontuyeckoro oOllecTBa MMEHU
J.C. PoxnmectBeHckoro. H.M. KoxeBHUKOB —
aBTop Oosiee 120 HaydyHBIX TPYAOB, 3 U300pe-
TeHUNl u 7 y4yeOHBIX MOCOOMUi, TJIaBHBIMU U3
KOTOpBbIX sABIA0TCSA «KoHIemmu coBpeMeH-
HOTO €CTeCTBO3HaHMS» (5 u3nanmii), «Dusuka.
HMHTEepHET-TeCTUpOBaHWE 0a30BBIX 3HAHUM»,
«KoHIIenIuy COBpeMEHHOIO €CTeCTBO3ZHAHUSL.
HMHTepHET-TeCTUpOBaHWE 0a30BBIX 3HAHUM»,
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«JleMOHCTpallMOHHBIE 3KCIIEPUMEHTBI MO 00-
el (pU3NKe».

Haubonee spko BBICOKME YeTOBEYECKHUE
KauectTBa Hukonas MuxaitioBuya — moOpo-
KEJIaTeIbHOCTh, UHTEJUIMTEHTHOCTD, IIIMPOKas
Hay4yHasl 3pyOuLvs — MPOSIBJSUIMCh B TaKOM
HEOThEMJIEMOIl YacTU KM3HEAESITeIbHOCTU
Y4eHOro M IleJarora, Kak HaIlliCaHUE OT3bI-
BOB Ha IMILJIOMHbIE PabOTHI, MarucTepcKue,
KaHOWOATCKUE U OOKTOPCKUE IUCCEPTalLUU.
Mogonple ydyeHble, acCIMpPaHTHI, COMCKATEIN
oxoTHO obOpamanuck K H.M. KoxeBHUKOBY 3a
pelieH3MsSIMU U OT3bIBAMU OMIIOHEHTA M BCET-
Ja IoJy4Yaad OOBEKTUBHYIO M BBHICOKOKBAJIM-
(pUMpOBaHHYIO OLIEHKY CBOMX TPYIOB U J0O-
CTIDKEHMI. 3a4acTylo OOILIEHHE COMCKATEs
YU OIMOHEHTA IlepepacTajo B MHOTOJIETHIOIO
TBOPUYECKYIO IpyKOy. MHOIrOYMCII€HHBIE OT-
3bIBBI M PELEeH3UM, HamucaHHble Hukomaem
MuxaiiioBuyeM 3a MHOTIO JIET, HECOMHEHHO,

MpPEeACTABISIIOT CO00I CaMOCTOSTEILHYIO YaCTh
€ro OOJIBIIIOTO HAYYHOTO HaCJIeICTBA.

Mmuoro ner H.M. KoXeBHUKOB ObLI 4jie-
HOM pEIKOJUIETMM HaIllero KypHaja, Tpu-
HUMasl aKTMBHOE ydJacTue B peLeH3UpoBa-
HUM cTaTtedl mo (u3MKe, TPEICTaBICHHBIX K
onyoaukoBaHuoo. Ero peleH3uu OTINYaIuCh
ITyOOKUM TIPOHMKHOBEHUEM B CYTh 3aTparu-
BaeMbIX MpoOJeM, OHM TOBBILIAANA ABTOPUTET
HaIllero XypHaJa.

Bceg xu3up Hukonag MuxaiiioBuda Obuia
npoBeleHa B IOCTOSHHOM Tpyne Ha 0Jaro
OTE€UeCTBEHHOI HayKu, MeJaroruku U cBoeit
Alma Mater. CBeTiiast maMsIThb 0 HEM KakK Ta-
JIAHTJIMBOM YY€HOM, He3aypsiAHOM Mejarore u
HEOpAMHAPHOM TBOPYECKOM JMYHOCTU OyIeT
OCTaBaTbCS B CepAllaX TeX, KTO MMEJ CYaCThe
0o0IIIaTLCS ¢ HUM, BMECTe paboTaTh, TOTOBUTH
CHelUalrMCTOB M JOCTUraTh HOBBIX Hay4YHbIX
pe3yJIbTaTOB.

© CaHkT-letepbyprckum nonmtexHnueckni yHmBepcutet Metpa Benunkoro, 2016
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YCJOBUSA NYBJIMKAILIAUA CTATEM
B )kypHaie «Hay4no-rexuuueckue Beomoctu Cankr-IlerepOyprekoro rocy1apcTBEHHOIO MOJIUTEXHHYECKOTO YHHBEPCUTETA.
DHU3UKO-MaTEMaTHIECKHE HAYKI»

OBIIHUE IMOJIO)KEHUSA

Kypnan «HayuHo-TexHnueckue Beqomoctu Cankr-IlerepOyprckoro rocy1apcTBeHHOTO HOJMTEXHUYECKOTO YHUBEpcUTeTa. DH3UKO-
MaTeMaTHYeCKUe HayKu» SIBISCTCS MEPUOANYECKMM IIeYaTHBIM Hay4HbIM PELeH3HPYEeMbIM H3JaHHeM. 3apeructpupoBan B denepaib-
HOH ciyx0e 1o Haa3opy B cdepe MHPOPMAIIMOHHBIX TEXHOJOTHHA M MaccoBbIX KommyHukauui (CBungerenbctBo [T NedC77-52144
ot 11 nexabps 2012 r.) u pacnpocTpaHseTcs 10 NoAIKcKe areHrcTa «Pocrneuars» (nHaeKe u3aanus 71823).

C 2008 r. BBIMYCKaeTCs B COCTaBe CEepHANBHOro mepuomnueckoro usmanusi «Hayuno-texuuueckue Bemomoctu CIIOITTY»
(ISSN 1994-2354). CoxpaHsis NpEeeMCTBEHHOCTh M IPOJOJDKAs HAay4yHbIE M IMyOJMKAIMOHHBIC TPAIMIUHM CEPUABHOTO H3JaHUS
«Hayuno-texunyeckue Benomoctu CITIOITTY », u3aaercst moJi cCABOCHHBIMH MEXKTYHAPOIHBIMH CTAHIAPTHBIMU CEPUATIbHBIMUA HOMEpaMU
ISSN 1994-2354, (cepuanbhblii) ISSN 2304-9782. C 2012 r. Ha4aT BBINYCK )KypHAaa B ABYS3bIYHOM O(POPMIICHHH.

Wznanue Bxoaut B [IlepeueHb BeAyIIMX HAyYHBIX pELIEH3UPYEMBIX )KypHaJIOB U u3nanui (mepedens BAK) n npuHuMaer jyis nedatu
MaTepHaibl HayYHbIX HCCICIOBAHMI, @ TAKXKE CTATHH JUIS OIyOJINKOBAHHSI OCHOBHBIX PE3yJIbTATOB TUCCEPTAlUil Ha CONCKAHHUE YUCHON
CTENEHH JOKTOpa HayK M KaHIHMAATa HayK IO CJEeIYIOIMM OCHOBHBIM Hay4YHBIM HanpasieHusiM: ®Pusuka, MaTtemaTnka, Mexanuka,
AcTtponomusi. HayuHsle HanpaBieHus xypHana yuautbsiBatorcst BAK Muno6pHayku P® npu 3amure JOKTOPCKHUX ¥ KaHIUIATCKUX JTUC-
cepTaluii B cooTBeTCTBUM ¢ HOMEHKIAaTYypoli crielaibHOCTEeH HayuHbIX PaOOTHHUKOB.

XKypuan npencrasnen B Pepeparusrom sxypuane BUHUTU PAH u Brmtoden B Gponn HayqHO-TexHHUecKo# nuteparypsl (HTJI)
BUHUTU PAH, a taxoke B MexIyHapoHOH cucTeMe 1o nepuoanueckuM uzaanusm «Ulrich’s Periodicals Directory». nnexcupoBau B
6a3e nanubIX «Poccuiickuii nHAeKe HayaHOTO HUTHpoBaHusy (PUHLI).

[TeproanyHOCTH BBIXOMA )KypHaNa — 4 HoMepa B rof.

Penaxuust sxypHana coOoaeT paBa MHTEIUIEKTYaIbHOH COOCTBEHHOCTH U CO BCEMH aBTOpaMHU HAyYHBIX CTaTeH 3aKiIlovaer u3-
JATEeTBCKUI TUIIEH3UOHHBIN JJOTOBOP.

2. TPEBOBAHMUS K TIPEJICTABJIAEMBIM MATEPUAJIAM

2.1. OopmiieHHe MaTEPHAJIOB

1. Pexomennyemsblii 00beM ctateit — 12-20 crpanun ¢popmarta A-4 ¢ yderom rpaduueckux BioxeHui. KoaudecTBo rpaduueckux
BIIOXKEHUH (Iuarpamm, rpaKOB, PUCYHKOB, (hoTOrpadmil ¥ T.I1.) HE JODKHO IMPEBBIIATH IIECTH.

2. Yueno aBTOPOB CTAaThH, KaK IIPABUIIO, HE JOJDKHO MPEBBIIIATH IIATH YENOBEK.

3. ABTOpBI IOJDKHBI ITPUJICPIKUBATHCS CIIEAYIOIIEH 0000IEeHHON CTPYKTYpPBI CTaThU: BBOJHAS YacTh (aKTyaJIbHOCTb, CYLIECTBYIO-
mue npobiuemsl — o6seM 0,5 — 1 cTp.); OCHOBHAs 4acTh (IIOCTAaHOBKA U ONHCAHUE 3a[a4H, METOJMKA UCCICIOBAHUS, H3JI0KCHUE U
00CyX/IeHHE OCHOBHBIX Pe3yJIbTAaTOB); 3aKJIFOUYHUTENbHAs YacTh (MPEIOKEHHs, BBIBOABI — 00beM 0,5 — 1 cTp.); CIHCOK JHUTepaTypsbl
(opopmienne o 'OCT 7.0.5-2008).

4. YJIK (UDC) odopmustercst u popmupyercst B coorBerctBuu ¢ 'OCT 7.90-2007.

5. Habop tekcra ocymiectsisiercs: B perakrope MS Word 2007 — 2010, dopmyn — B penakrope MS Equation wnn MathType.
Tabmuisl HaGMparoTCs B TOM ke (hopMaTe, YTO U OCHOBHOM TEKCT.

pudr — Times New Roman, pa3mep mpudta ocHoBHOTO Tekcta — 14, unrepsan — 1,5. TaGuuib! 601bIIOr0 pa3Mepa MOTyT OBITh
HaOpaub! keryieMm 12. [TapameTpbl cTpaHuUIBL: OIS ClIeBa — 3 €M, CBEPXY U CHU3Y — 2 cM, ciipaBa — 1,5 cM. Tekcr pa3meraercs 6e3 nepe-
HOCOB. AG3aLHbIi oTCTYI — 1 CM.

2.2. IlpencraBjieHue MaTePHAJIOB

1. IpencraBneHne Bcex MaTepHaIoB OCYLIECTBISCTCS B JIGKTPOHHOM BHIE Uepe3 dJIeKTPOoHHYIo peaakiwio (http:/journals.spbstu.ru).
Tocne peructpayu B CHCTEME IEKTPOHHOMN PeAaKIMK aBTOMaTHYECKU (hopMHpyeTCs epCOHaIbHBIN MPOQHIb aBTOPA, TTO3BOJISFOLIMN
B3aMMOJEHCTBOBATH KaK C pellakIMeil, TaK U C PEIIEH3EHTOM.

2. Bmecte ¢ MarepuaiaMi CTaThH JOJDKHO OBITH MPEICTABICHO SKCIEPTHOE 3aKII0UEHNE O BOBMOXKHOCTH OITyOJIMKOBAHHSI MaTe-
pUaoB B OTKPHITOM MEeYaTH.

3. daiin craThy, 10JABACMBII Yepe3 EKTPOHHYIO PeIaKIHIO, TOJKEH COACPKATh TOJIBKO caM TeKCT 0e3 Ha3BaHUsl, CIIHCKA JITe-
paTypbl, aHHOTAllMK U KIIFOYEBBIX CJIOB, pamMmuinii u cBeneHuit 06 aBropax. Bee 9TH MO 3aMONHSIOTCS OTASIBHO Yepe3 3JIEKTPOHHYIO
PpenaKiuio.

2.3. PaccMoTpeHnne MaTepuaJioB

[IpenocraBneHnbie MaTepraisl (1. 2.2) IepBOHAYAIBHO PACCMATPUBAIOTCS PEAAKIIMOHHON KOJUIETHEN M TIEPEIatoTCsl AU PELCH3H-
poBanus. [locie onoOpeHnst MaTepraioB, COTJIACOBAHUS PA3IMYHBIX BOIIPOCOB C aBTOPOM (IIPH HEOOXOIMMOCTH) PEIAKIMOHHAs KOJI-
Jerusi coodiaer aBTopy peleHue o6 omyOJIMKOBaHUM CTaThH. B ciiydyae oTkasza B ImyOIMKAlMK CTaThbH PEJAKLMs HANpPaBISIET aBTOPY
MOTHBHPOBAaHHBIN OTKa3.

[pu OTKIOHEHHHU MaTepUaOB U3-3a HAPYLIEHHs CPOKOB MOJa4Hu, TPeOOBaHH 11O 0(OPMIICHHUIO HIIN KaK HE OTBEUYAIOIINX TEMAaTHKE
JKypHaJIa MaTepHabl He MyOJIMKYIOTCS ¥ HE BO3BPAILAOTCS.

PenakimoHHas KOJIETHs HE BCTYIAET B IUCKYCCHIO C aBTOPAaMH OTKJIIOHEHHBIX MaTEpPHAJIOB.

[Ipu mocTymyieHny B peaKIMIO 3HAYUTEIIFHOTO KOIMYECTBA CTaTel UX MpueM B odepeaHoi Homep MoxeT 3akoHuuThest JJOCPOYHO.

BoJiee nogpodHy10 HH(POPMALHIO MOKHO MOJIYYHMTH 10 TeJe(OoHY peIaKIuu:
(812) 294-22-85 ¢ 10.00 xo 18.00 — HaTtanbst AjiekcaHApPOBHA
uiu no e-mail: physics@spbstu.ru



