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Hay4dHasa ctaTbs
YOK 537.226.4
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®DA30BbIE NEPEXOAbl HUTPATA LE3UA, BHEAPEHHOIO
B HAHONMOPUCTDIE NMJIEHKN OKCUAA AJTIOMUHUA

A. B. MNaBnoeB ', E. B. Crykoea 'Z, C. B. bapbIlLUHUKOB 2
1 AMYpPCKUI rocyaapCTBEHHbI YHUBEPCUTET, I. bnaroBelleHck, Poccus;
2 BraroBeLeHCKMIM rocyaapcTBeHHbIV Neaarormyeckmin YHMBEpCUTET,
r. bnaroseweHck, Poccus
= lenast@bk.ru

Annoranuga. C 1Ieibl0 CO3MaHMSI MaTepuaja C YIYYIICHHBIMUA CETHETOIJICKTPUUCCKUMU
CBOWCTBAMHU ObLIM U3TOTOBJICHBI HAHOKOMIIO3MTBI Ha OCHOBE HAaHOMOPHUCTBIX MJIEHOK Al O,
(c pa3HBIM pa3MepoM MOp), 3alOJHEHHBIX CErHETOJICKTPUKOM — HUTPATOM ILIE3Us CSN63,
M M3YYEeHBl UX 3JIeKTpoduzmyeckue cBoiicTBa. I[1OBEpXHOCTh IUIEHOK KOHTPOJMPOBaIach
METOIIOM 3JICKTPOHHOM MUKPOCKOIMHW. bBBIIM W3MepeHBl TeMIlepaTypHBIe 3aBUCUMOCTH
3((HEKTUBHON TUAIIEKTPUICCKON IPOHUILIAEMOCTH € M Ko3(pPUIIMeHTa TpeTheil TapMOHUKHU
IIJIsT HAHOKOMITO3UTOB. TemrtepaTtypa (pa30BBIX ITEPEXOIOB OIPEaesIach M0 MaKCUMaJIbHOMY
3HAYEHUIO Tpou3BomHON de'/dT. OOHapyXeHO, YTO yMEHBIIEHUWE pa3Mepa IOp BEIET K
cHIXeHMto TemriepaTtypbl Kropu (6onee yem Ha 30 K) m pasMmbiThio (ha30BOTO Mepexona, uTo
CBSI3aHO C BIMSIHUEM COOCTBEHHBIX pa3dMepHBIX 3(h(PeKTOB.

KioueBbie cJI0Ba: CErHETORNEKTPUK, HUTPAT LE3Usl, AMDJIEKTPUUECKas MPOHUIIAEMOCTb,
(azoBbIil TIepexos, HAHOKOMITO3UT

Jlna mutuposanns: I1asnos A. B., Ctykosa E. B., Bapeimankos C. B. ®a30Bbie miepexoabl
HUTpaTa Ie3us, BHEAPECHHOTO B HAHOIOPHUCTBIC IUICHKM OKcUma amioMuHus // HaydaHo-
texuuueckue Begomoctu CIIOITIY. ®dusuko-marematuyeckue Hayku. 2023. T. 16. Ne 2. C.
9—18. DOI: https://doi.org/10.18721/ JPM.16201

CraTbsl OTKPBITOrO J0CTyMa, pacrpoctpaHsemas 1o juueHsuu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Original article
DOI: https://doi.org/10.18721/JPM.16201

PHASE TRANSITIONS OF CAESIUM NITRATE EMBEDDED
IN NANOPOROUS ALUMINA FILMS

A. V. Pavlov ', E. V. Stukova 'Z, S. V. Baryshnikov ?
! Amur State University, Blagoveshchensk, Russia;
2Blagoveshchensk State Pedagogical University, Blagoveshchensk, Russia
= lenast@bk.ru

Abstract. In order to make material with improved properties, nanocomposites based on
nanoporous Al,O, films (having different pore sizes) filled with ferroelectric, namely, cae-
sium nitrate CsNO,, have been fabricated, and their electrophysical charactistics have been
investigated. The film surfaces were tested by electron microscopy. Temperature dependences
of the effective permittivity €' and of the third harmonic coefficient were measured for the
nanocomposites. The phase-transition points were determined by the maximum value of the
de'/dT derivative. The reduction in pore was found to lead to a decrease in the Curie temperature

© TIlaBnoB A. B., CrykoBa E. B., Bapeimnukos C. B., 2023. Uznarenp: Cankt-IleTepOyprckuii moJuTeXHUYECKUI
yHuBepcuret Iletpa Benukoro.
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(by more than 30 K) and a phase transition blur. This phenomenon is associated with the in-
fluence of intrinsic size effects.

Keywords: ferroelectric, caesium nitrate, permittivity, phase transition, nanocomposite

For citation: Pavlov A. V., Stukova E. V., Baryshnikov S. V., Phase transitions of caesium
nitrate embedded in nanoporous alumina films, St. Petersburg State Polytechnical Univer-
sity Journal. Physics and Mathematics. 16 (2) (2023) 9—18. DOI: https://doi.org/10.18721/
JPM.16201

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

BBenenmne

Kowmrmo3utHble MaTepuralbl HA OCHOBE IMMOPUCTHIX HAHOPa3MEPHBIX MaTpUll, TaKUX KaK Omal,
MOPUCTOE CTEKJIO, OKCUIIHBIE TNIEHKMA METAJUIOB U IPYTUE, 3aMIOJTHEHHBIX CETHETOIEKTPUKAMU,
MIPENCTABJISIOT MHTEPEeC IS MPAKTUUYECKOIo IMPUMEHEHMS C LeIbl0 MOIYYSeHUs] pa3HOOOpa3HbIX
3JIEMEHTOB HaHO3JeKTpoHuKU [1 — 3]. IIpu 3TOM BaxkHOe 3HAUeHME MPUOOPETalOT CBOMCTBA
YaCTUIl MaTepuaioB, BHEAPEHHBIX B MaTPUILIbI, BBUAY 3aMETHOIO BIMSHMS pa3MepHOro 3 dex-
Ta, a TAKKE B3aMMOACHCTBUSI TaKUX BKIIOYCHMI CO CTEHKAMU IOP MATPUILIbI; 3TH YaCTULIbI, KAaK
MIPaBWIO, OTIMYAIOTCS OT CBOMCTB OOBEMHBIX CETHETORJIEKTPUKOB. AHAIU3 3KCIEPUMEHTaIb-
HBIX TaHHBIX ITOKA3bIBAeT, YTO MJISI HAHOKOMITO3UTOB, IOJYUYEHHBIX ITyTeM BHEAPEHUS CErHETO-
9JIEKTpUKa B HAHOIOPUCTBIE MAaTPULIbI, pa3MepHbIe 3(PPEKTHl 0COOEHHO 3aMETHO ITPOSIBISIIOTCS
BOJIM3U CTPYKTYPHBIX CETHETOJIEKTPUUYECKUX (pa30BbIX MEPEXOIO0B.

W3yyeHN0 MOJISIPHBIX HAHOPA3MEPHBIX CTPYKTYpP, IMOJYUYCHHBIX ITyTeM BHEAPEHMST YaCTHII
CETHETORJICKTPUKOB B MIOPBI OKCHIHOM TuieHKU AL O,, mocBsieHsl crateu [4 — 11]. B paGorax
[4, 5] cooO11anoch 06 OOHAPY:KEHUM CTAOMIM3alM CETHETORJEKTpUUEeCKO (a3bl B HAHOpA3-
mepHOM Kommosure cerHetooi comu KNaC H,O4H O, BHEAPEHHOW B MOPUCTYIO TLICHKY
okcuna amomunus Al O,. CernerossekTpuieckas das3a B KOMIIO3UTE YACPXKUBAETCS BILIOTH 0
TeMIlepaTyphl pa3ioxeHus cerHeToBoil coiu (328 K), KoTtopas B CBOIO O4epedb BbIIIE TeMIIe-
patypsl Kiopu (mpumepHo Ha 30 rpamycoB) ojis pa3oBoro mnepexoaa cersHeroBoit conu (297 K).
B uccnenoBanuu [6] oGHapyKeHO, YTO AJISI KOMIIO3UTA CErHETOBOM COJIM B IMOPHMCTOI MaTpulie
Al O, HabmogaeTcsl yBeJIMYCHUE CETHETORIEKTPUICCKON (hasbl 3a CYET OJHOBPEMEHHOIO CHU-
KeHus1 temiepaTypbl Kropu mis mepBoro ¢asoBoro mepexona (255 K), compoBozkaaroiierocs
yBeJauueHreM Temiieparypbl Kiopu Broporo ¢azoBoro nepexona (297 K). ¥V cerHeroanekrpuue-
CKMX HaHOKOMIIO3UTOB B MOPUCTBIX MaTpuliaX HAOJI0IaIOCh CMELICHKUE TeMIlepaTyp (ha30BbIX
nepexonos g KNO, [8], TGS [4], SC(NH,), [7], NaNO, [9], KIO, [10], C.H NBr [11] n
psiia IPYTUX CEeTHETORJIEKTPUKOB.

Hutpar me3ust CsNO, obiamaeT CErHeTO3JeKTpUYECKMMHU CBOMCTBAMU C TeMIIEpaTypoi
Kiopu 7, = 425 K. BennunHa CIIOHTaHHO! MOJNAPU3ALMU HUTPATA LIE3Usl HEBEIUKA U, IO
pasHbIM JaHHBIM, cocTtaBisier oT 2 MkKur/em? [12] mo 3,23 mxKi/em? [13]. MccnenoBaHuio
CETHETORJICKTPUUECKUX CBOMCTB KOMIIO3UTHBIX CTPYKTYp Ha OCHOBE HUTpATa Lie3Us MOCBSIIE-
HO Ha CEeTOOHSIIHUI NeHb HeCKOJIbKO myOaukauuii [14, 15]. Tak, B padote [15] ObLI moiyyeH
U UCCIIeIOBAaH HAHOKOMIIO3UT HUTPAT 1Ie3Usl — MOPUCTOE CTeKI0. JIs yacTUll HUTpaTa Lie3us,
BHEJIPEHHBIX B MOPBI CTEKJIA, ITOBEPXHOCTHBIC MEXaHUYECKUE HAIPSKCHUS, BO3HUKAIOIINE
B HAHOKOMIIO3UTE CO CTOPOHBLI MATPMIIbI, IPUBEIM K MOBBILICHUIO 3HAYCHUSI TEMIIePaTyphl
Kiopu xommosura Ha 3 K. Kpome Toro, B paboTe yka3wiBaeTcsa Ha paciiupenne Ha 9 K Tem-
IepaTypHOTO THcTepe3rca (a30BOro Mepexoaa B 3TOM HAaHOKOMIIO3UTE.

B Hacrosieit pabote IpencTaBlIeHbl pe3yJbTaThl UCCIeOOBaHUS KO3(h(UILMEHTa TpeTheil
TapMOHUMKM U IUBJIEKTPUUECKOM MPOHUIIAEMOCT HAHOKOMITO3UTOB, MOJYUYeHHBIX ITyTeM BHE-
apenust yactuil HuTpata uesust CsNO, B IUIEHKM HAHOMOPUCTOro okcuaa amoMunus ALO, ¢
pasmepamu 1op 300 u 240 HM.

OO0pa3upl 1 METOAWKA KCIEPUMEHTA
Hutpat 1e3ust mpu KOMHATHOI TeMIlepaType MMEET TPUTOHAJIbHYIO PELIETOYHYIO CTPYKTYPY
¢ mapamerpamu a@ = 10,950 A u ¢ = 7,716 A [12]. TIpu temneparype T = 427 K Hutpar nes3us
© Pavlov A. V., Stukova E. V., Baryshnikov S. V., 2023. Published by Peter the Great St. Petersburg Polytechnic

University.
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MEePeXOAUT B KyouuecKyio ¢asy ¢ mapamerpom peuietku a = 8,980 A. CTOUT OTMETHTb, UTO, B
OTJIMYME OT HUTpaTa Kaius, TeMIepaTypHasl IPeAbICTOPYS He OKa3bIBaeT BIMSHUS Ha XapaKTep
MNPOTEKAHUsI CTPYKTYPHOTO (ha30BOro Iepexoia B HUTpaATe 1e3us.

HaHokoMno3uThl ObLIX MOJYYEHBI C UCIIOJb30BaHUEM XMMMUYECKU YMCTOTO HUTpATa LIe3Us U
HaHOITOPUCTHIX IJIEHOK OKCHa aJlloMUHUS (IIPOU3BOACTBO KMUTalicKoit ¢upmbl TopMembranes
Technology). Pasmepnl stueex coctaBisiid 450 HM, ToiainuHa IieHOK — 50 mMxM. B akcmepu-
MEHTE HCITOJIb30BaJIOCh ABa BUIA IIEHOK C pa3HbIMU mauameTpamu mop: 300 u 240 um. Puc. 1
MOKA3bIBAET 2JIEKTPOHHBIE MUKPOGhOTOrpadu MOBEPXHOCTEH UCCIenyeMbIX MIeHOK Al,O,

BueapeHue HuTpara 1e3us B IMOPbl IPOU3BOAMUIOCH U3 HACKIILIEHHOIO pacTBopa CSI%IO3 npu
temreparype 343 — 353 K. PactBopuMocTh HUTpaTa LIe3UsI 3HAYUTEIbHO HUXKE, YeM Y OPYIUxX
HUTPATOB, IO3TOMY CTEIIEHHU 3aIlOJHEHUS IIOp II0Ce 5 HUKIIOB BHEIPEHUSI U CYILIKUA COCTaBJISI-
nm okosio 15 u 12 % cooTBeTcTBeHHO Mg TUieHOK ¢ pasmepamu nop 300 u 240 um. B kauectBe
STAJIOHOB MCIIOJIB30BAIM LIMJIUHAPUYECKHE O0pa3lbl MOJUMKPUCTAUIMYECKOIO HUTpaTa LE3Us
(ux nuameTp 1 ToamuHa coctapisuind 10,0 1 1,5 MM COOTBETCTBEHHO), KOTOPBIE ITOIyYalnd IIyTeM
rpeccoBaHus moa gasieHueM 8-10° kr/cm?.

a) _ b)

154800 10.0k\V %50 Ol g ” : - 1.00um [ 54800 10.0kV x50.0k 1.00urln

Puc. 1. DnexrpoHtbie Mukpodortorpadun rmieHok Al O, ¢ pasmepamu mop 330 M (a) 1 240 HM (b)

Hst uamepeHust 3(ppeKTUBHON IUBIEKTPUUECKON ITPOHUIIAEMOCTU IIPUMEHSIICS LU(POBOii
ummutanc-meTp E7-25. s oOHapyxXeHus IOJsSIpHOU (a3bl B HUTpATe LIe3UsI MCIOJIb30BaIU
METOMbl HEJIMHEMHON! AUAJIEKTPUYECKON CIieKTpocKonuu. Ha oOpasel rmogaBajicss TapMOHMYE-
CKMIi curHaj yacToToit 2 k['1, ¥ ¢ IMOMOIIbIO aHaIM3aToOpa CIeKTpa (PUKCHUPOBAIUCH U 3alli-
CBIBAJIMCh Ha KOMITBIOTEPE CUTHAJIBI KPaTHBIX 4yacToT. [lo aMIummTyae u TeMiepaTypHOMY XOMY
MHOCJACIHUX MOXKHO OIIpeIessaTh Haauuue MHojsipHON (a3bl. HampsskeHHOCTh 3JIeKTPUYECKOIO
MOJISI OCHOBHOI'O CHUTHAaJja cocTapisiia rpuMepHo 10 B/MM 1151 00beMHBIX 00pa3loB U MOpsiaKa
10* B/MM [UTs TUIEHOK.

Hnst  panbHEMIIero aHajau3a Mbl  MCIIOJb30BaAM KO3(MGUIUEHT TpeThell TIapMOHUKU
(Y, =U,,/U,), KOTOpBIii HanbosIee YyBCTBUTENIEH K MOSBIEHUIO CETHETONEKTPUIECKOTO COCTO-
SIHUSL. I}prHuMan U3MEPEHUIN HEeJMHENHBIX IU3JIEKTPUUECKUX CBOMCTB ITOAPOOHO M3JI0XKEHBI B
crathsx [15, 16].

DKcnepuMeHTAJIbHbIE Pe3yJIbTAaThl M UX 00CYKIeHHE

I'padpuku Ha puc. 2 u 3 HNpeAcCTaBISIOT TeMIOEpaTypHbIe 3aBUCUMOCTU IUAJIEKTPUUECKOMN
MNPOHMUIIAEMOCTH U KO3GGULIMEHTa TPeTheil TapMOHUKM IS O0ObEMHOIO HUTpaTa Le3us U
HAHOKOMITO3UTHOI0 00pa3lla Ha OCHOBE MOPUCTONM OKCHUAHON IUIeHKU (pa3mep mop 300 HM)
C BHEIPEHHBIM HUTpaTOM lie3us. TemmepaTypa ¢a30BbIX IIEPEXOJI0B, ONPEACICHHBIX 10 MaK-
CUMaJIbHOMY 3HauyeHUI0 npousBonHoit de'/dT, cocrasnsier 428 K npu HarpeBe u 426 K mpu
oxytaxneHuu. KoaphulimeHT TpeTbeil rapMOHUKU MPOSIBISIECT aHOMAaJIUU IIPU ITUX K€ TeM-
nepaTtypax, 4To CBUIETENBCTBYeT O mepexone obpasua CsNO, M3 CErHETORNICKTPUYECKOI B
napasjieKTpU4ecKylo da3zy.

Kaxk cnenyer u3 rpacdukoB Ha puc. 3, IJsi HAHOKOMIIO3UTHOIO oOpa3ia (pa3oBbIil Iepexon
CYILIECTBEHHO pa3MbiBaeTcsd. HecMoTps Ha maHHBIA (hakT, MO aHOMAIMSM Ha 3aBUCHUMOCTU
Y5,(T) MOXHO OLEHUTH 3HAYECHUS TEMIEPATYPbl MCYE3HOBEHWs M TMOABJIEHUs CHOHTAHHOM
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Puc. 2. TemnepaTypHble 3aBUCUMOCTU IUDJICKTPUUIECKON MPOHULIAEMOCTU
1 Ko3(dunmeHTa TpeTheii rapMOHUKM 1ist 00beMHOro odpasia CsNO, npu Harpese n OXJTakICHUH
(KpacHble U CUHME MapKepbl COOTBETCTBEHHO).
Ha BcTaBKe moka3aHbl TEMIICPATYPHBLIC 3aBUCUMOCTU CKOPOCTHU U3MCHCHUA
,Z[I/IBJICKTpI/I‘{GCKOﬁ IIPOHNIACMOCTHU TIPU YKA3aHHBIX YCJIOBUAX

MoJIIpu3aluy B HUTpaTe Le3ust. Jdug mieHku ¢ nopamu 300 HM oHM coctaBisior 416 K mpu
HarpeBe u 405 K npu oxnaxneHun. Takum oOpa3oM, HaOI0maeTCsl yBeJIMYEHE TeMIlepaTyp-
HOro rucrepesuca dazoboro mepexona ¢ 2 1o 11 K.

’

€
8.3

8.1
7.9 A
7.7 ]
7.5 A
7.3 A
7.1
6.9 1

67 T T T T T T 00005
330 350 370 390 410 430 450 T,K

Puc. 3. TemnepaTypHble 3aBUCUMOCTU IUDJICKTPUUIECKOM MPOHULIAEMOCTU
1 KoaduliMeHTa TpeTbeil TapMOHUKM /11 00pa3lia HaHOKOMITO3UTa CsNO3/A1203
C pa3MepoM Iop HaHonopucToi rieHku 300 HM Mpu HarpeBe U OXJaxKACHUU
(KpacHble U CMHME MapKepbl COOTBETCTBEHHO)

Curnan Ttpertbeit rapmMoHuku y HaHokomnosutra CsNO,/AlL O, ¢ pasmepoMm TOp IUICHKH
240 HM HaxOOWJICS Ha YpOBHE IIIYMOB B CBSI3U C MEHbIIEH mojiel HuTpata ue3us. IIpouecc
¢a3zoBOro mepexoma pasMbIBaJCs Iaxe CUJIbHE, HO TeMIlepaTypa Ilepexoja, OIIpeacacHHas
[0 MaKCUMyMY MpPOU3BOAHONI de’/dT, cMmelianach B HU3KOTEMIIEpATypHYIO 001acTh (puc. 4).
Kak moxHO BuaeTh Ha rpadukax, sl INIEHKU ¢ pa3MepoM mop 240 HM Temmepartypa ¢dazo-
BOTO mepexoja Ipu HarpeBe cocTabisieT okouo (393 *+ 1)K, a nmpu oxymaxaeHUU — MPUMEPHO
(387 £ K.
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8.0

7.0
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b)

8.0
7.0
6.0

5.0

4.0 1

387K

0.2 A

3.0

320 3;0 42‘0 T,K
2,0 T T T T T T 1
320 340 360 380 400 420 440 T,K

Puc. 4. TemneparypHble 3aBUCMMOCTH AUBJEKTPUUECKON MPOHULIAEMOCTHU
IJ11 obpasua CSNO3/A1203 C pa3MepoM Iop 1ieHKu 240 HM
npu HarpeBe (a) U oxnaxaeHuu (b).
Ha BcTaBkax moka3aHbl COOTBETCTBYIOIIME TeMIIEpaTypPHbIE 3aBUCUMOCTU dg’/dT

PasmbiTHEe U cMelleHUe TeMIepaTyphbl (ha30BOTo mepexoja B 00JacTh 0oJiee HU3KUX TeMIIe-
paryp ObUTO paHee OOHApYXkeHO Y TOHKUX IUieHOK Ba St TiO,, 4ro aBTOpbl OOBSICHSUIM HAU-
YMeM B TUIEHKaX HeIepeKITI0YaeMbIX JTUIJIEKTPUIYECKUX «MEPTBBIX cJIoeB» [17, 18], BRI3BAaHHBIX
MMHHUHIOM JOMEHHBIX CTEHOK, T. €. 3KpaHUPOBaHWEM BHYTPEHHETO I10JIsI 00eIHEHHBIM CI0EM
[19 — 23]. CHuxeHue TemnepaTypbl Kiopu 1 pasMmbiTie (Da30BOro mnepexoaa OTMEYaInuch TakKe
mwiss DTGS B menkax Al O, ¢ mopamu 300 u 100 um [24], tae a1oT adekT 0ObsICHSIN COO-
CTBEHHBIM pa3MEpPHbIM S(i)(I)CKTOM. st komnosura CsNO,/ALO, (300 u 240 HM), BeposiTHO,
peanunsyeTcs mogo0Hasi CUTyaLus.

Ymenblenue temreparypsl dasosoro nepexoxa B CsNO,, BHempenHoro B mieHKy Al O,,
COOTBETCTBYET IIpeIcKa3aHMUsIM, BBIBEACHHBIM U3 TeopeTuuyeckux moneneir Jlanmay m M3uHra
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[25 — 27]. DT Momenn OCHOBaHbI Ha KOHUEMNLMU KOPPEISILIUOHHOIO 00beMa, OIPeAeIsIOLIero
KOJIMYECTBO YIIOPSIIOUCHHBIX OUITOJEH, HeOOXOOMMBIX JISI BO3SHUKHOBEHHUSI CETHETOJIEKTPU-
yecTBa. CUJIBHBIE B3aMMOIEICTBUS BOOJb IOJISIPHON OCH U MEHEe CHJIbHbIE MEPIIEHIUKYISIPHO
K Hell BeoyT K aHM30TPOIIUU KOPPEISILMOHHOTO 00beMa.

Panee B pabGorax [25 — 27] ObLIO IpeAcKa3aHO CHMXXEHHE TeMIepaTypbl (pa3oBBIX IIepe-
XOJIOB C YMEHBIIEHUEM pa3MepoOB YAaCTUI. DTU YTBEPXKIECHUSI ObUIM BBIBEICHBI U3 TEOPETUUEC-
ckux Mmozeiaei Jlanmay u M3uHra, 0a3supyromuxcsi Ha KOHLEILUY KOPPEISLMOHHOIO o0beMa.
IMocnegHuii 3amaeT YMCJIO YIOPSAOUYCHHBIX OUMOJEH, KOTOpoe (hOpMUPYET CErHETORJICKTpUIE-
CKO€ COCTOSIHHE.

[Mony4yeHHbie HaMU 9KCTIEpUMeHTaNIbHBIE faHHbIe Uit CsNO,, BHenpeHHOro B 1ieHKy Al O,,
JIOKA3bIBAIOT IIPABOTY 3TUX MpenckKasaHuii. Haiim pe3yabTraTbl MOXHO OOBSICHUTH ITOSIBICHUEM
aHU30TPOIMU KOPPEJISILIMOHHOIO 00beMa BBUAY TOr0, YTO CHJIbHBIC B3aUMOAEHCTBUS HaIIpaBJie-
HBI BIOJIb MOJISIDHOI OCH, a MEHee CHJIbHbIE — IePHEHIMKY/ISIPHO K Heil.

Korma pasmepsl yacTull yMEHBIIAIOTCS HMXKE KPUTUUECKOTO 3HAYeHUsI, OajlaHC MEXIY Jajlb-
HOIEHCTBYIOIIMMU U KOPOTKOACHCTBYIOIIUMY CUJIaMU HApyILIAeTCsl U IMPOUCXOAUT pa3pylleHNe
CEeTHETORJICKTPUUECKOIO COCTOSIHUSI, KaK CJIeACTBHE, MMEEeT MeCTO (hOpMHpOBaHME ITapasjieK-
Tpuueckoil ¢a3bl. DTU MOACIM YKa3bIBalOT Ha CMeEIIeHHe TeMIepaTypbl (pa3oBoro mepexona
BIJIyOb CETHETORJIEKTPUUECKON (ha3bl MO Mepe YMEHBIICHUS pa3MepPOB U30JIUPOBAaHHBIX chepu-
YecKMX 100 HUIMHApUYecKuX HaHouacTull. [loaTBepxkaeHueM IpeAacTaBIeHHOIO OOBbSICHEHUS
MOTYT CJIY>KUTb pe3yJIbTaThl, MOJYyYEeHHbIE IJI1 M30JMPOBAHHBIX MaJbIX YaCTUIl TUTaHATa Oapus
(cM. paboty [28] 1 CCBUIKU B HEil).

BzauMopneiicTBusI MeXny MHOJSIPHBIMM 4YacTUIIAMU UM CT€HKaMH II0p, a TakxKe AUIIOIb-IM-
MOJIbHBIC B3aMMOIEICTBUS MEXAY YacTUIIaMU B COCEIHUX MOpax MOTYT OKa3bIBaTh BIMSHUE Ha
TeMmIiepaTypy (a3oBOro Iepexoia CerHeTOR3JEKTPUKA, HapsiAy C ero COOCTBEHHBIM pPa3MEPHBIM
apdexkTom [28 — 33]. HampaBieHUsI AUMOIBHBIX MOMEHTOB YaCTUIl, HAXOISIIUXCS B COCEIHUX
Imopax MaTpUIIbl, MOTYT CIIOCOOCTBOBaTh KaK ITOBBILICHUIO, TaK U ITOHMKEHUIO TEMIIepaTyphl
Kiopm.

B paborax [29 — 31] paccMmaTpuBajoCh BIMSIHME MEXaHWUYECKMX HAIIPSDKEHUM Ha CerHe-
TORJIEKTPUYECKME CBOMCTBA HaHOYACTUIL. BbLIO MOKa3aHO, UTO B3aUMOACHCTBHUE BHEAPEHHOTO
BEIIECTBA CO CTEHKAMM MaTpPUIIbl, KaK IIPaBWIO, IIPUBOIUT K MOBHILIEHUIO TeMIIEpaTyphl CETHe-
TO3RJIEKTpUuUecKoro (asoBoro mepexona. B ¢Bs3u ¢ 3TUM MOXHO MPEANOJ0XUTh, UTO POJIb MeXa-
HUYECKUX HanpspkeHui B HaHokomnosure CsNO,/Al O, MUHUMaIbHA U3-3a YACTUYHOTO 31101~
HeHus nop (He 6osee 12 — 15 %). C apyroii cTopoHbl, HU3KUI1 YPOBEHb CIIOHTAHHOM TMOJISIPU-
3allMd ¥ 3HAUYUTEbHbBIE PACCTOSIHUSI MEXKIY IOpaMU OCIAO0JISIOT BIUSIHUAE IUIIOIb-AUIOJILHOTO
B3auMoeicTBus. TakuMm o0pa3oM, MOXHO MCKIIIOUUTH AEHCTBHE MEXaHMYECKUX HAIpsDKEHU
U POJIb IUIIOJIb-AUIMOJLHOIO B3aMOAECHCTBYS Ha U3MEHEHUE TeMIIepaTyphl (Da30BOro Iepexona
B kommnosute CsNO,/AlL O,. Eciu xe 1omycTuTh, 4TO B II0OpaxX YaCTHUIIbl BHEAPEHHOTO BEIIECTBA
HaXOIsITCSI B BUJIE HEKOM COBOKYITHOCTU MEJIKMX KPUCTAJZIUTOB, pa3Mephl KOTOPHIX CYIIIECTBEH-
HO MEHbIIIe ArUaMeTpa Mop, TO MOXKHO IIPEAIOJOXUTh, UTO CHMXKEHHUE TeMIlepaTyphl (a30BOro
nepexozna B CsNO,/Al O, BbI3BAHO COOCTBEHHBIM pa3MepHBIM 3P dekToM.

ST CerHeTORIeKTPUISCKMX HAHOYACTULl, BHEAPEHHBIX B MAaTPUYHBbIC MaTepHajbl, XapakK-
TEPHO CYIIECTBEHHOE pa3MbITHE MaKCMMyMa (pa30BOro mepexoja, 4To oOCyxXKIajloch B psue Te-
OpEeTUYECKUX MccaenoBaHuii. JIaHHOE SIBJIeHME MOXKET OBITh BBI3BAHO LIEJIBIM DPSIIOM IPUYLH,
CBSI3aHHBIX C HEOTHOPOIHOCTBIO pacIipeaeeHUs YIPYrux aeopMaluii 1 BHYTPEHHUX 2JIEKTPU-
YeCKMX MoJjieii. AHAJOIMYHbBIE IIPOLECCHI XapaKTePHBI IJI Pa3ynopsiIOYeHHBIX CETHeTOIEKTPH -
YeCKMX CTPYKTYpP U TBEPABIX pacTBOPOB. B 1IMpOKOM TemIlepaTypHOM IMaIla30He, Ha3bIBAEMOM
obnacteio Kropu, HaOrogaeTcsl IIOCTeNIEHHBIN IIepPeXoa OT HEYIOPSIIOYEHHON K YIIOPSIIOYeHHOM
daze. [Ins ykazaHHOI 00JIaCTU XapaKTepPHO IIOCTEIIEHHOEe M3MEHEHHE TaKMX CEeTrHEeTOJIEKTPU-
YeCKMX CBOMCTB, KaK CIIOHTAHHAsl IOJsSIpU3alvsl, 3HaUYeHUSI Mbe30K03(MOUILIMEHTOB, aHOMAaIUS
YAEJIBHOM TETUIOEMKOCTU U JIPYTHUX.

3aknoyeHue

PesyabTaThl AuaIeKTpUYECKUX MCCAeNOBAaHUM YacTUILl HUTpaTa 1ie3usl, BHEIPEHHBIX B HAHO-
MOPUCThIC TUIEHKU OKCHIAa aJIFOMUHUS, MOKAa3bIBalOT, YTO YMEHbLIIEHUE pa3Mepa IOop BeAeT K
CHIKeHMIO TeMmItepatypbl Kiopu 1 pa3MbITHIiO (ha30BOro IIepexoaa, UTO CKOpee BCEro CBI3aHO C
BJIMSTHUEM COOCTBEHHBIX pa3MepPHbBIX 3(P(PEKTOB.
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Annotanusg. PaccmarpuBaeTcsl XMMUKO-TEXHOJOTMYECKUI TMPOLECC peakUuyd BTOPOTO
Mopsiika B XMMHUYECKOM pPEakTOpe WIeaJIbHOTO BBITECHEHMS, ONMCHIBAEMbIN HEJTMHEHBIM
nuddepeHIIMaTbHBIM YpaBHEHMEM B YaCTHBIX TTPOM3BOIHBIX TEPBOTO Mopsiika. B pamkax
MPeIOKEHHOW MOJIeSIM TTIOCTaB/ieHa 00paTHas 3amada Mo OTNpeie/IeHNI0 KOHCTAHThl CKOPOCTU
XUMUYecKoil peakuuu. I[lpm >ToM 3amaeTcsl MOMOJTHUTEIBHOE YCIOBME OTHOCHUTEIHLHO
KOHIIEHTpAllMM peareHTa Ha BbIXOoAe M3 peakTopa. s pelleHUs] MOCTaBICHHOW oOpaTHOI
3aayMd CTPOMTCS €€ AMCKPETHBIM aHajor W IpeajaraeTcs crelualbHOe IpeacTaBlIcHUE
IIUIST pellieHus] TTOJyYeHHOM CHUCTeMbl JTUHEWHBIX alredpandyeckKux ypaBHeHWit. B pesynbrare
MoJryyeHa siBHast (hopMyJia 1Jisl oTipeieSieHus TPUOIMKEHHOTO 3HAaYeHUST KOHCTAaHThI CKOPOCTH
XUMMYECKOM peaknu. Bo3MOXHOCTH MPEMIOKEHHOTO YUCIEHHOTO METOIa MJLTIOCTPUPYIOTCS
YHUCJICHHBIMM pacyeTaMU Ha MOJCIbHBIX 3aJavyax.

KioueBble cj0Ba: XUMUUYECKUI peakTop MIACaJbHOIO BBITECHEHMSI, KOHCTAHTA CKOPOCTHU
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Abstract. A chemical-technological process of a second-order reaction in a chemical reac-
tor of an ideal displacement, described by a nonlinear partial differential equation of the first
order has been considered. Within the framework of the proposed model, the inverse problem
of determining the rate constant of a chemical reaction was defined. In this case, an additional
condition was set regarding the reagent concentration at the outlet from the reactor. To solve
the inverse problem, its discrete analogue was constructed and a special representation was
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proposed for solving the resulting system of linear algebraic equations. As a result, an explicit
formula for determining the approximate value of the rate constant of a chemical reaction was
obtained. The possibilities of the proposed numerical method were illustrated by numerical
calculations on model problems.

Keywords: chemical reactor of ideal displacement, chemical reaction rate constant, identi-
fication problem, coefficient inverse problem
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BBenenmne

W3BecTHO, UTO IJIABHBIM 3JIEMEHTOM B JII000M XMMUKO-TEXHOJIOTUYECKON CUCTEME SIBIISIETCS
XUMUYECKUI peakTop, B KOTOPOM IIPOTEKaeT XMMMUUYECKMI IPOLECC B COOTBETCTBUM C LIEJIbIO
MOJIyUeHMST OIPEACICHHOIO peareHTa ¢ 3aJaHHbIMU CBOMCTBaMU. B XMMMYECKON TEXHOJOIMU
MIPUMEHSIETCSI 00JIBIIOE KOJUUECTBO PA3IMUYHBIX TUIOB U KOHCTPYKLMI XUMUYECKHIX PEaKTOPOB
[1 — 3]. OnHako KMHETUKY IIpoliecca, IIPOTEeKalllIero B peakrope, B OCHOBHOM OIIPENEISIIOT
TUAPOAMHAMMYECKUI pPEeXUM TEUCHUs pPeaKIMOHHOM Cpeabl U TeMIepaTypHBI pPeXuM B pe-
akTope. B cBSI3M ¢ 3TUM B OCHOBY KJacCU(bUKALIMM XUMUUECKUX PEaKTOPOB IIOJOXKEHBI IIpe-
JeJIbHbIe TUAPOANHAMUYECKUE PEKMMBI: MACaIbHOIO BBITECHEHUSI U MIAEaJbHOIO CMEIICHUS B
U30TePMUYECKUX, aTMa0aTUUYECKUX WIN ITOJIUTEPMUUECKUX YCIOBHUSIX.

B nHacrtosiuee BpeMmst Ijis MCCIeNOBaHUS PabOThl XMMMYECKUX PEAKTOPOB IIMPOKO MPUME-
HSIIOTCSI METOABl MaTeMaTHM4ecKoro MoaenaupoBaHus [4 — 6]. [Ipu MomennpoBaHMU IIpoliecC-
COB, IIPOUCXOMSIINX B XMMUIYECKHUX PEAaKTOPax, BaXKHBIM 111arOM CUMTAETCSl CHaOXeHMEe MO e
HEoOXOAMMON KOJMYEeCTBeHHOI MHpopMalueit, T. €. uaeHTU(UKaALUs MapaMeTpoB MaTeMaTu-
YECKUX MOJIEJIEN.

OOBIYHO MMapaMeTpbl MaTeMaTUUYECKON MOAEIN KOJIMYECTBEHHO XapaKTePU3YIOT T€ WU UHbIe
CBOICTBAa XMMMKO-TEXHOJIOrMYeCcKoro Ipouecca. Heo6xogumMo oTMETUTh, UYTO ITapaMeTphl BCeX
MaTeMaTUYECKMX MOJeNell XMMUKO-TEXHOJIOTUYECKUX IIPOLIECCOB B OCHOBHOM OIIPEIE/ISIIOT Ha
OCHOBE 9KCIIEPUMEHTAIbHBIX UCCACA0BAHMIA, UTO CBSI3aHO C OIPeAeICHHBIMU CIOXHOCTIMU. B
CBSI3U C 3TUM BO3HMKAeT HEOOXOAMMOCTb B MCHOJb30BaHUM IMOCTAHOBOK M METOMOB PEILIEHUS
oOpatHbIX 3amayd [7 — 9] mig uaeHTUUKAIUM MapaMeTpOB MaTEeMaTUYECKUX MOJIEeH XUMU-
KO-TEXHOJIOTUYECKUX IIPOLIECCOB.

B HacToseit padbote 11 naeHTU(UKALIMY KOHCTAHThI CKOPOCTU XUMUUYECKO peaKMy BTO-
pOro Imopsiaka IpeajaraeTcss YMCACHHBIM METOA, OCHOBAaHHBII Ha pelleHUr OOpaTHOU 3amadu
HUJICAIbHOTO BHITECHEHUSI B XUMUYECKOM PEaKTope.

ITocranoBka 3amaum U MeTO pemieHusa

IIpeamnonoxum, 4YTO paccMaTPUBAETCSI XMMMYECKUII peakTop UACaJIbHOIO BLITECHEHUS,
MIPENCTABJSIONINI cO00l TpyOuaThlii ammapaT ¢ OOJBIIMM OTHOILIEHMEM IJMHBI TPYOKU K ee
IuamMeTpy. B peakTtop HenmpepbhIBHO MOCTYHAIOT PeareHThbl, M 00pa3yIoLIUiicsS MOTOK IBUXKETCS B
pexXrMe IIOJIHOTO BBITECHEHMsS TOJIbKO B OOHOM HaIlpaBieHUM Mo IIMHe peakropa. I[Ipu stom
IpeamnojaraeTcs, 4To IepeMelIMBaHMsI PEeaKIIMOHHON CMeCH BIOOJb peakTopa, a TakXKe IO ero
CEUYCHMIO HE MPOUCXOIUT M 3HAYCHUS ITapaMeTPOB PEaKIMOHHOM CMECHU 110 CEUYCHUIO OIMHAKO-
Bbl. PeakTop paboTaeTr B MB0TEPMUUECKOM PEXUME, UMEET MECTO peaklius BTOPOTO MOpsiIKa, ,
B COOTBETCTBUU C 3aKOHOMEPHOCTSIMU MPOTEKAHUS 3TOI peaklnu, M0 JJIMHE peakTopa yCTaHaB-
JIMBAETCsI OMpeNeIeHHOE paclipele/ieHe KOHLIEHTpalllil peareHTOB, YYaCTBYIOIIMX B PEaKIIMU.

MaTeMaTu4ecKyo MOJIE/b IIpoliecca IpeBpalleHUsI OMHOIO0 M3 PEarcHTOB B pe3yJbTaTe XU-
MMYECKOIl peakliMd BTOPOTO MOpSAKa, MPOTEKAIOIIEro B JAHHOM XMMMWYECKOM pEaKTOpe MIe-
aJIbHOTO BBITECHEHMUSI, IPEICTaBUM B BUOAE HEJMHEHOro auddepeHIInalbHOr0 ypaBHEHUS B
YACTHBIX MPOU3BOIHBIX IIEPBOrO MOPSIIKA:

© Gamzaev Kh. M., Gamzaeva N. Kh., 2023. Published by Peter the Great St.Petersburg Polytechnic University.
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6C( t)+kC2( 1)=0, 0<x<1,0<i<T, )

v(?)
rae C(x, f) — KOHIECHTpALUS BbI6paHHOFO peareHTa; v(f) — CKOpPOCTh IOTOKa B peakTope; k —
KOHCTaHTa CKOPOCTU XMMUYECKOM peakluu; / — JIMHA XUMUYECKOIO peakTopa; X — KOOpIMHA-
Ta, BAOJb KOTOPOM ABUXKETCS PEAKLIMOHHBINA TTOTOK; [ — BPEMS.

[Ipeamonoxum, yto ajas1 ypaBHeHuUs (1) 3agaroTcsl HaYaJabHOE UM TPaHUYHOE YCJIOBUS

oC(x,t) N
ot

C(x,0)=0(x),0<x<]1, (2)
CO,H=p@),0<t<T. 3)

OueBunHO, YTO eciu 3anath GyHKUUU V(f), O(x), p(f) U 3HAUEHUE KOHCTAHTHI k, TO, PELINB
3amauy (1) — (3), moxno Haiitu pyukuuo C(x, ), T. €. pacrpeae/ieHue KOHIEHTpAlluK pearcHTa
0 JUIMHE peakTopa.

Tenepb npennoioxXuM, 4to Hapsay ¢ pyHkuueir C(x, f) HeM3BeCTHA TaKXKe KOHCTAHTa CKOPO-
CTU XMMMUYECKOM peakuuu k. BzameH 3TOro 3agaeTcsl HOMOJTHUTEIbHOE YCIIOBUE OTHOCUTEIBHO
KOHIICHTpallMX peareHTa Ha BBIXOAE U3 peakTopa:

Cl,t)y=r(),0<t<T. 4)

3amaya cocToUT B HaxoxaeHun pyHkunu C(x, f) u mapamerpa k, yIOBIETBOPSIOIINX YpaBHe-
Huto (1) u ycnosusim (2) — (4).

IMoctaBnenHas 3agavya (1) — (4) oTHocUTCSl K Kiaccy KOA(P@UIIMEHTHbIX OOpaTHBIX 3amay
MaTeMaTtudeckoi ¢uszuku [9 — 11]. Cneayer OTMETUTh, UYTO BOIPOCHI CYILIECTBOBAHMS PELLICHUS
1 OJHO3HAYHOI pa3pelIMMOCTd KO3((ULMEHTHBIX OOpaTHBIX 3amad mist auddepeHInaaIbHbIX
YpaBHEHUI1 B YACTHBIX TPOU3BOIHBIX M3yUeHBI B padoTax [12, 13].

[Ipenmonaras cyiiecTBOBaHME PELIEHUS M OJHO3HAYHYIO pa3pellnuMOCTh KO3(G(GUINEHTHOMN
obpatHoi1 3agauu (1) — (4), MOCTPOUM €€ AUCKPETHBIM aHaJoI METOAOM Pa3HOCTHON amIpoK-
cumaru. st aToro BBenem B mpsimoyrosnbHoit obnactu {0 < x </, 0 <¢ < T} paBHOMepHYIO
MPOCTPAHCTBEHHO-BPEMEHHYIO Pa3HOCTHYIO CETKY

o={(x.t):x, =iAx, £, = jAt, i=0, 1, 2,.., n, j=0, 1, 2,..., m],

rae Ax =/ /n — 1ar pa3HOCTHO# CETKU MO MepeMeHHOo x, At = T/ m — 11ar pa3HOCTHOI CETKU
10 BPpEMEHU f.

s Toro 4troObl IOJIYYUTh JUHEHHYIO Pa3HOCTHYIO 3aJadyy B KauyeCTBE AUCKPETHOIO aHa-
Jora 3agauu (1) — (4), ucnosib3yeM SIBHO-HESIBHbIE annpoKcuMaluu rno spemenu. C aToii 1e-
JIbI0 KOHBEKTMBHBII WieH B ypaBHeHMHU (1) anmmpoKCUMHUpYeM HESIBHO, a HEJIVMHEHHBIM 4IeH
kC?(x, ), KOTOPBIii OMUCHIBAET MPOLIECC XUMUIECKON PeaKIii, alllPOKCUMUPYEM SIBHO IO Bpe-
MeHU. B pesynbraTe OymeM UMETh CIASAYIONIYIO CUCTEMY:

¢-c c-c

TV J_rk(c,j =0,i=1,2,..,n-1, )
Gl =r ©)
cl=r, 7
i=1,2,
C'=g, ®)

J o~ J — J— — J—
rae C[ ~ C(x[atj)a v _V(tj)a p _p(tj)a ; —(P(x,-), r —F(tj).
MoXHO BUAETh, UTO AMCKPETHBIM aHajor 3amauu (1) — (4) mpencraBisieT coOoil cucre-
My JIMHEWHBIX airedpanyeckux ypaBHEHU, B KOTOPOW B KauyecTBE HEU3BECTHBIX BHICTYMAIOT
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KOHCTaHTa CKOpOCTH Xxummueckoit peakumu ku C/, i=1,2,...,n—1,j=1,2,...,m, 1. e.
MpUOIMKEeHHbIe 3HaYeHUsT uckoMoil pynkuuu C(x, 1) B y3/1aX pa3HOCTHOI CETKU .

s pereHUs TOJyYeHHON CUCTeMbl ypaBHeHUM (5) — (8) ucmosb3yeM MIeH0 pacllellIeHUs
JAHHOM CUCTEMbl Ha B3AUMHO HE3aBMCUMbIC ITOACUCTEMbI, KaXkKaask U3 KOTOPHIX MOXET pelllaTh-
Csl HE3aBUCHUMO OT APYroil IMOACUCTEMBbI caMocTosTeabHo [9, 12]. Torma pelieHue cuCTEMBI
ypaBHeHuit (5) — (8) mpu kaxaoM GUKCUpOBaHHOM 3HayeHuu j = 1, 2, ..., m MOXHO TMpeacTa-

BUTH B BUIC . . .
C/=U/+kW/, i=0,1,2,....n, 9)

>

rne U/, W/ u k — HensBecTHbIe mepeMeHHBIe.

1

IMoacraBuB cootHoueHue (9) B ypaBHeHue (5), OyaeM UMETh:

Uij + kVVij - Cij_1 +v/ Ui/ + kVVij — Uil;l — kWZ

L+ k(C/)? =0,
At Ax
wim
i_ci' iyl j j
il +v/ Ui ~Ui, +k W, +va W L+ (C/Y [=0.
At Ax At Ax

CootHouieHue (9) Takke oACTaBUM B hopMyary (6) U MOJyduM
Ul +kwj =p’

YuuTeiBas Mpou3BoNLHOCTH epemennbix U/, W/, u3 nByx mociaeqHux cooTHOIIEHWIA Oy~

1

YUM CJIELYIOLIME HE3aBUCUMBIE CUCTEMBI JIMHEMHBIX are0pandyecKnux ypaBHEHUI T OTHOCUTEIBHO
nepemennbix U/, W/ :

1 1

U[j B Cij_l J Ul] B Uijl

+v = =0,i=1,2,...,n, (10)
At Ax
Ul=p. (11)
J J
il +va Ve Ly(C/ Y =0, ,i=1,2,...,n, (12)
At Ax
W/ =0, (13)
j=12,...,m

OueBUIIHO, YTO pelIeHUs] cucTeMbl JuHelHbIX ypaBHeHuit (10), (11) u (12), (13) MoxHO
C/7'+ U/ VAt Ax

HAWTH 10 pe eHTHbIM opmynam U/ = ,i=1,2,...,n
PEIYPP oy CT T levA Ax
Ul=p. (14)
 WIVIAL Ax—(CTTY At 4
W) == 1+vjAt/(A)lc VAL o0, n Wy =0. (15)
j=1,2,...,m

A mojcraHoBKa cooTHolueHus (9) B gonosiHUTeIbHOE ycioBue (7) AaeT cienyiollee paBeH-
CTBO:

j Jo_

U ' +kW/! =r'.
OTclofa MOJIyduM pacuyeTHYIO (I)opMyJIy IUIS OIIpelesIeHUs 3Ha4YeHUs mapaMerpa k IIpu Ka-

K10M (DMKCUPOBAHHOM 3HaueHuu j =1, 2, ..., m:
¥ =U/!
k= — (16)
W, J

Taxkum obOpas3oM, Il ONpPeNeIeHNs IEPEMEHHBIX kK 1 Cl- i=12,...n—1;j=1,2,...,m)

U3 CHUCTeMBbl JIMHENHBIX ajreOpamyeckux ypaBHeHUMl (5) — (8), KOHCTpyUpYyeTCsl CIeMyIOLIniA
BBIUMCJIUTEJIbHBIM aJITOPUTM.
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Hlae 1. ng puKCMPOBAaHHOTO 3HAYEHUSI BDEMEHHOTIO CJI0S1 j OMPEAEIISIIOTCS PELUEHUST CUCTE-
MbI JIMHEHHBIX ajireopanueckux ypaBHeHuit (10), (11) u (12), (13) mo peKyppeHTHBIM ¢opMyIaM

(14) u (15).
1lae 2. Tlo dopmyne (16) onpexensieTcss MPUOIMXKEHHOE 3HAYCHUE NCKOMOTO Tlapamerpa k.
Llae 3. Boraucnsiores 3HaueHus nepemennsix C/, i=1,2, ..., n, no dopmyne (9).

1llae 4. ITpu nepexoae Ha CAeAYIOLINI BpeMEHHOM CJIOM oIucaHHas Mpoleaypa BhIYMCISHUN

CHOBA IIOBTOPSIETCS.
Pe3yabTaTbl YHCIEHHBIX PACYETOB

s neMOHCTpalMU MPAKTUYECKOM MPUMEHUMOCTH MPEII0XEHHOTO YMCICHHOIO METoAa OH
ObLI arpoOMPOBAH Ha Pa3IMYHBIX MOACJIBHBIX 3agavyax. YKuciIeHHbIe SKCIEPUMEHTHI IIPOBOIMIIN
MO CJIENYIOIIEN CXEME.

I. Jlns 3aaHHbIX 3HAYEHMIT TIEPEMEHHBIX K, V/, P/, @, OTIPEIENAETCA PELIEHUE CUCTEMBI JIMHEN -
HbIX ajredpanueckux ypaBHeHui (5) — (8):

o 2 G+ CLY AL A — k(G A
" 1+V/At/ Ax o
CiO =0,C =p’.

,i=1,2,..,n,j=1,2,...,m,

II. 3naueHus1 nepemMeHHoI 7/, onpenensieMble Kak 7/ = C/, MPUHUMAIOTCS B KAYeCTBE BXOJI-
HBIX JAHHBIX [UISI BOCCTAHOBJICHMSI 3HAYCHMS MapaMeTpa k 1Mo IpealoKEHHOMY BBIYMCIUTENb-
HOMY aJITCOPUTMY.

YuciieHHbIE 3KCICPUMEHTHI MPOBOIMINCHL HA IPOCTPAHCTBEHHO-BPEMEHHOM Pa3HOCTHOM
cetke ¢ maramu At =1c¢,At=5c¢, Ax=0,04 M I ClaenyrOIIUX TOYHBIX 3HAYCHUI KOHCTAHThI
CKOPOCTH XMMUYeCKoil peakumu: k = 0,25, 0,55 m*/(kr-c).

Hns octanbHbIX MapameTpoB Mojenu (1) — (4) ObUIM UCMOJAb30BaHbI CAeAYIOLIUE JaHHbIE:

o(x) = 0,1 xr/™?, p(¢) = 0,8 kr/M?, v=0,4 m/c, [ =2 m.

[Ipu poBeneHUN YUCACHHBIX 3KCIIEPUMEHTOB, HapsIAy ¢ HEBO3MYILICHHBIMU BXOAHBIMU JTaH-
HBIMU, OBUIM TaKXKe MCIOJIb30BaHbl BO3MYIIEHHbIC BXOAHBIC JAHHBIC.

Tabnuna

Pe3yJIbTaTbl YUCJIICHHOI0 NOMCKAa 3HAYCHUA KOHCTAHTDI
XUMHYECKOH peaKumu k NPy BAPbUPOBAHUM BXOJHBIX JAHHBIX

Brrunciennoe 3Hauenue k, M*/(Kr-c), IpA pa3HbIX BXOJHBIX JaHHBIX
[Ipu HEBO3MYILIEHHBIX | IIpu BO3MYyIIEHHBIX

he k=025 | k=055 k = 0,25 m*/(kr-c) k = 0,55 m*/(kr-c)

wi(kree) | MY(kre) | Ar=lc | At=5c | Ar=1c | At=5c
5 0,235 0,250 0,532 0,545
10 0,245 0,250 0,543 0,544
15 0,276 0,242 0,584 0,545
20 0,261 0,247 0,563 0,542
25 0,249 0,247 0,548 0,546

0,250 0,550

30 0,266 0,244 0,570 0,542
35 0,226 0,246 0,515 0,540
40 0,263 0,248 0,579 0,544
45 0,225 0,246 0,515 0,544
50 0,246 0,246 0,542 0,538

3agaHHBIC TapaMeTpBhl: ke — TOYHOE 3HAueHMEe KOHCTAHTHI k, ! — Bpems,
At — 11ar Ha IPOCTPAHCTBEHHO-BPEMEHHOM Pa3HOCTHOM CETKeE.
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Z[J'[fl BO3MYUICHUA BXOAHBIX NJAHHBIX 7 J MCII0JIb30BAJIOCH COOTHOIIEHNE

>

=1 +88r,

rae & — cyvaitHas BeMYMHA, MOAEIMPYeMasi C TIOMOIIBIO IaTYMKA CIyJyalHbIX YUcel; O — ypo-
BEHb MOTPELIHOCTH BXOAHBIX JaHHBIX (MCMOIb30Basoch O = (0,002).

PesyabpTaThl YMCIEHHBIX 3KCIEPUMEHTOB, MPOBEACHHBIX C HEBO3MYILIEHHBIMU 1 BO3MYILEH-
HBIMM BXOOHBIMU JaHHBIMU, IIPEACTaBICHBl B TaOJIUIIE.

AHanu3 npeacTaBIeHHBIX Pe3Yy/bTaTOB ITOKA3bIBAET, YTO IPU KUCIIOJb30BAaHUMU HEBO3MYILEH-
HBIX BXOJIHBIX JAHHBIX, HE3aBMCUMO OT 1lIara Pa3HOCTHOM CETKU I10 BpeMeHU Af, 3HaYCHUE UC-
KOMOII KOHCTAHThI CKOPOCTU XMMUYECKON peakiiy BOCCTAaHABIMBAETCS TOYHO (BTOPOM U Tpe-
TUI CTOJOLBI TabauLbl). OMHAKO MCIIOJb30BaHUE BO3MYILIEHHBIX BXOIHBIX JAHHBIX, B KOTOPHIX
MOTPELIHOCTh HOCUT CHAyYallHBI XapakTep, BAUSIET Ha TOYHOCTb BOCCTAHOBJICHMSI 3HAUYEHUS
WCKOMOUM KOHCTAHThI (OCTajibHble CTOJOLLI Tabuulbl). [1pr 3TOM MOrpeirHOCTh BOCCTAHOBIIE-
HUS 3HAYEHUS MCKOMOI KOHCTAHTHI 3aBMCUT OT IlIara pa3HOCTHOM ceTKu o BpeMeHu Ar. U3
JAHHBIX TaOJIULIBI CJIEAYET, YTO MPU UCIIOIb30BAaHMM 1Iara 1o BpeMeHU At = 1 ¢ OTHOCUTEIbHbBIC
MOrPELIHOCTU BOCCTAHOBJIECHUS 3HAYEHUI ke = 0,25 u 0,55 m*/(xr-c) nipesoiator 10,0 u 6,5 %,
COOTBeTCTBeHHO. OHAKO MPU MCHOJb30BaHUM 11ara At = 5 ¢ MaKCUMaJIbHbIe OTHOCUTEJIbHBIC
MOrPELIHOCTU BOCCTAHOBJICHUSI 3HAYEHUM ke = 0,25 u 0,55 m3/(kr-c) He mpeBbIIAIOT 3,5 U
2,2 %, COOTBETCTBEHHO.

PesyabpTaThl UMCICHHBIX 3KCIIEPUMEHTOB CBUICTEIbCTBYIOT, UTO 1Al pa3HOCTHOI CETKU IIO
BpeMeHM Af BBICTyIaeT B KayeCTBE MapaMmeTpa peryispuszauuu (camoperyisipusanus) [8, 9],
IIpUYEM C pOCTOM 3HaueHUsI Af yBEJIMUYMBACTCI TOYUHOCTh BOCCTAHOBJICHUSI UICKOMOI KOHCTAHTHI.

AHanu3 TIOJYyYEHHBIX PE3yJbTaTOB IIOATBEPXKIAET, UTO C IIOMOIUBID CaMOPETyJSpU3alluu
MOXHO YMEHbIIATh BIMSIHUE IOIPEIIHOCTH BXOOHBIX IaHHBIX Ha TOYHOCTb BOCCTAaHOBJICHUS
3HAYCHMUS MCKOMOI KOHCTAaHTBI M TeM CaMbIM 00OeCIeYMBATh YCTOMYMBOCTb MPEII0XEHHOTO
BBIUMCJIUTEJIHOTO aJITOPUTMA K MOIPEIIHOCTSIM BXOMIHBIX JaHHBIX.

3akioyeHue

PaccmotpeHa 3amava uaeHTMPUKALIUU KOHCTAHTBI CKOPOCTUA XMMUYECKOU peaKlih BTOPOTO
MopsiAKa, IMPOUCXOMSIICH B peakTope MOAeaJbHOIo BbITeCHEeHHUS. s pelleHMs] 3aJadu Ipel-
JIOKEH YMCJIEHHBIM METOJ, OCHOBAaHHBII Ha AUCKPETU3ALMU 3aJaud U MCIIOJIb30BaHUU CIICIM-
aJIbHOM JEKOMITO3UIIMM IJIsl pelleHUs] TTOJIYYEHHON CUCTEMBI JUHEMHBIX aJireOpandyecKux ypaB-
HeHuii. JIaHHBIII METOH IO3BOJISIET OIPeessaTh 3HAYEHME KOHCTAHTHI CKOPOCTH XMMHWYECKON
peaklMM ¢ JOCTAaTOYHO BBICOKOI TOYHOCTHIO. I1pemoskeHHbIN YUCIEHHBIM METOJ TaKXKe MOXKHO
MIPUMEHSTD IJIS MACHTU(DUKALINY TUIPOAUHAMUYECKON XapaKTePUCTUKH MOTOKA B XMMUUYECKOM
peakTope MOAeaJbHOIO BHITECHEHMSI.
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Annoranusg. VccienosaHo BiusiHue Tuma jeruponanust (mosepxHoctHoe (I) 116o oobemMHOe
(IT)) Ha xapakTep AMIIOJbHON IJIA3MOHHON MOIBI B IOJYIPOBOAHMKOBBIX HAaHOKPHUCTAJLIAX
CdSe. YcraHoBaeHo, uTo B I ciayyae (ZOHOPHI pacIioioXKeHbl Ha MTOBEPXHOCTU HAHOKPUCTAJLIA)
KOJUTEKTUBHAs MOJa MMEET BpalllaTeJbHBIM XapakTep M BO30YXKIAIOTCS TOJBKO YIJIOBBIC
crerneHu cBobonasl. Hampotus, Bo Il ciydae 3apsin perupytonmx mpuMmeceid pacripeiesieH 1o
BCEMY 00BEMY CHUCTEMBI M INIA3MOHHOE BO30YXKIEHUE — CYTh KOoJIeOaHME AeI0KATM30BaHHBIX
HOCUTeJIell 3apsiia B HaIlpaBJIeHUM HOpPMajiud K IoBepxHOCTU. [loka3zaHo, 4TO IIOJIOXEHHUE
PE30HAHCHOW JIMHUU OOYCJIOBJIEHO HE TOJbKO KOHIIEHTpAallMeid CBOOOMHBIX 3apsiioB, HO U
XapaKTepoOM MX KOJUIEKTMBHOTIO IBUKEHUS, KOTOPBI OMpeaeasieTcsl TUIIOM JIeTMpOBaHUsI.
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Abstract. The effect of the type of doping (surface (I) or bulk (II) doping) on the charac-
ter of the dipole plasmon mode in semiconductor CdSe nanocrystals has been studied. It was
found that in case I (donors located on the surface of the nanocrystal) the collective mode had
a rotational character and only the angular degrees of freedom were excited. On the contrary,
in case II the charge of the dopant impurities was distributed throughout the system and plas-
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mon excitation was the oscillation of delocalized charge carriers in the direction normal to the
surface. It was shown that the position of the resonance line was determined not only by the
concentration of free charges, but also by the character of their collective motion determining
by the type of doping.

Keywords: semiconductor nanocrystal, cadmium selenide, doping, plasmon resonance, mul-
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BBenenmne

B TeueHue mociieAHMX AECATWICTUI IMPOUCXOIUT MHTCHCUBHOE Pa3BUTUE HAHOTEXHOJIOTUIA,
HAHOBJICKTPOHUKU YU HAHO(MOTOHMKH, YTO, B CBOIO ouepedb, TpeOyeT CO3JaHus HOBBIX MaTepu-
ajoB, (pu3MYECKUE U XMMUYECKUE CBOMCTBA KOTOPBIX OTJIMYAIOTCSI OT CBOMCTB COOTBETCTBYIO-
IIUX O00BEMHBIX KOMIOHEHTOB. OIHO M3 IMEPCIEKTUBHBIX HAIlpaBJICHUI MUCCIEIOBAHUM — 3TO
KBaHTOBas ILJIa3MOHMKA, KOTOpPas OPMEHTHMPOBAHA HAa M3y4YeHME KBAHTOBBIX CBOIMCTB CBETa U
MEXaHM3MOB €T0 B3aMMOJICHICTBUS ¢ MaTepueil Ha HaHopa3MepHoM ypoBHe [1 — 3]. Xapakrep-
HOI1 0COOEHHOCThIO HAHOPA3MEPHbBIX ITPOBOASIINX YaCTULL SIBJIICTCS HAJIW4YUE OUIOJBHBIX PE30-
HAHCOB B MX OINTUYECKUX CIleKTpax [2, 4 — §]. JlerupoBaHHbBIE MOIYIIPOBOIHUKOBBIC HAHOKPU-
CTaJIJIbl MOXKHO OTHECTM K MEPCHEKTUBHOMY TUITY MOTOOHBIX MaTepuanos [4, 5,9 — 15]. [Ipu
9TOM HEMAaJIOBaXKHO, YTO MOJIOXEHME PEe30HAHCHOU JIMHMHU B CIEKTpax IIOJYyIPOBOIHMKOBBIX
HAHOYACTUII 3aBUCUT HE TOJIBKO OT KOHIEHTPALMX HOCUTEJICH, HO U OT TUIIA JICTUPOBAHUSI, KO-
TOPBII MOXXHO YCJIOBHO ONPEICIUTh MO0 KaK 00bEMHBIN, MO0 KaK MOBEPXHOCTHHIA [16 — 20].
B nmepBoM ciyyae ITIOTHOCTH 3apsiia CBOOOTHBIX HOCHUTEJICH paclipelesieHa IO BCEMY O00beMy
KpHUCTajUla U IIPU 3TOM HEMTpaJU30BaHa 3apsIoM JICTUPYIOIIUX IIPUMeECeii, a BO BTOPOM — CBO-
00IHbIE HOCUTEIM WMHXEKTUPOBAHBI B 00BEM IOJYIIPOBOJHUKOBOM HAHOYACTUIILI JOHOpPaMM/
aKIIeNTOpaMU, PacHoJOXEeHHBIMU Ha ee MoBepxHocTu [21, 22]. B ciydae moaynpoBOIHUKOBBIX
HaHOYACTHUII, IETUPOBAaHHBIX 0 00beMHOMY THILY [18 — 20, 23], B anuadbaTuyecKoM IpUOIVKEHUU
[24, 25] IUMONBHBIN MIa3MOH MOXHO OIIMCATh KaK KBa3MYaCTUILy, COBEPIIAIOIIYIO TapMOHUYE-
CKMe KOoJIeOaHMSI CUCTEMBI AeI0KAIN30BaHHBIX 3JIEKTPOHOB KaK €IMHOTO 1I€JI0r0 OTHOCUTEIbHO
LICHTPA MOJIOXXKUTEJILHOTO OCTOBA B HAlpaBJeHUM HOPMAaIU K €ro IMOBEPXHOCTU.

C npyroii CTOpOHBI, KaK ObUIO IIPOIEMOHCTPUPOBAHO B paborax [26, 27|, y HAHOKPUCTAJUIOB
C MOBEPXHOCTHBIM THUIIOM JIETUPOBAHUS CUTyalldsl OKa3bIBACTCS MPUHIUIMAILHO MHOU. [Ipu
B3aMMOJICICTBUM C BHEIIHMM D3JICKTPOMATHUTHBIM IIOJIEM, OCOOCHHOCTM 3JICKTPOHHOM KOH-
¢urypaunu, oOyCIOBJICHHBIEC MOBEPXHOCTHBIM MEXaHU3MOM JIETUPOBAHUS, MOPOXAAIOT y -
MOJIbHOM KOJIJIEKTUBHOI MOJIbI COCTOSIHUSI BO30YKIACHUSI TOJBKO YIVIOBBIX CTEIEHE CBOOOIHI.
JBUKeHNE Xe 3JEKTPOHOB B paauaJbHOM HaMpaBA€HUM HE BKJIIOYAETCS, U 3JIEKTPOHBI OCIIMII-
JINPYIOT TAHT€HLMAIbHO IO OTHOILICHUIO K T'PaHUIIC CHUCTEMBI BHYTPU CPABHUTEJIBHO TOHKOIO
chepuyeckoro ciaost. OnucaHHOE sIBJIeHHE IMOJOOHO AUIOJbHBIM IUIAa3MOHHBIM KOJIeOaHUSIM B
¢ymnepenax [28 — 30].

Lenamu maHHONM pabOTHI SIBISIOTCS MOMCK UM aHAIW3 BJIMSHUS TUIIA JISTUPOBAaHUS, YuUCIIa
JICJIOKAIM30BAaHHBIX HOCUTEJNICH 3apsiia, a TakKe FeOMETPUUYECKUX Pa3MEepOB CUCTEMbl Ha Xa-
pakTep MHOTOYACTMYHBLIX BO30YKICHHBIX COCTOSIHUI B 3JEKTPOHHOM CUCTEME JETMPOBAHHBIX
MOJIYIIPOBOJHUKOBBIX HAHOKPUCTA/UIOB Ha MpUMeEpPe HAHOKPUCTAUIOB cejeHuaa Kagmust CdSe.

Ham nmoaxon x aHanmu3y (eHOMEHa OCHOBaH Ha CaMOCOIJIACOBAHHOM KBAaHTOBOMEXaHUYE-
CKOM OITMCAaHWY MHOTOYACTUYHBIX BO3OYKICHUI B CUCTEME NeIOKATU30BaHHBIX HOCUTEICH 3a-
psipa. PacyeTbl OCHOBHOTO COCTOSIHMS CUCTEMbI IPOBOAUINUCH B IpubkeHun Xaprpu — Doka,
C YYETOM HEJIOKAJIbHOIO MEXYaCTUYHOTO OOMEHHOTO B3amMOACHCTBUA. 1151 cpaBHEHUS pacue-
Thl OBLIM TaKKe MPOAYOJMPOBAHBI BEIYMCICHUSIMU, BBIIIOJHEHHBIMU B MPUOIMKEHUU JIOKAJIb-
HOI IUIOTHOCTHU; CHEKTPHI (DOTOMOIJIOLIEHUSI HAHOKPUCTAJIOB, COAEPXKAILIMX Pa3IMYHOE YUCIIO
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CBOOOIHBIX HOCUTEJICH 3apsa, ObLIN ITOIYYeHBI B paMKaxX IpuoIKeHus ciydaitibix a3 (ITICD,
anen. Random Phase Approximation (RPA)) kak ¢ HenokaibHbIM (RPAE), Tak 1 ¢ JoKajlbHBIM
(RPAX) obMenHbIMM B3aumoneiictBusmu [31, 32].

>

TeopeTnyecKuii Moaxo

B mpencraBireHHOM HCCIeNOBAaHMM MBI pacCMaTpuBaeM 71-JeTMPOBaHHBIE HAHOKPMCTAJUIbI
CdSe B 1U31eKTPUYECKOM OKPYXKEHUU C Pa3IUYHBIM TUIIOM JIETUPOBAHUSI, KOTOPBIA, COTJIaCHO
Moaxoay K mpooyeme B cTaThsx [19, 20], onpenenseT Bua 3(p(peKTUBHOTO BHELIHEIO MOTeHIIA-
Jla, B KOTOPOM JOBMKYTCS J€I0KaIM30BaHHbIe HOCUTEIN 3apsida, U, COOTBETCTBEHHO, UX pacipe-
JIesieHrue B o0beMe HaHOKpHUCTalIa.

PaccMoTpuM 251€eKTpOHEUTPANIbHYIO CUCTEMY B3aMMOIEHCTBYIOLIMX (PEPMMOHOB, CBSI3aHHBIX
MeXIy COO0O KyJIOHOBCKMM B3auMMOIEiCTBHMEM. byneM B majibHeilllleM Ha3biBaTb OTPULATEIIb-
HbIE YACTULBI B 30HE MPOBOAMMOCTH 3JIEKTPOHAMU € 3((HEKTUBHON MacCoit m .

[lonHbBIII raMUIBTOHMAH OIMCHIBAEMOI CHUCTEMBI IIPEICTAaBJISIET COOOI OIepaTop MOJHOK
SHEPruM CUCTeMbl U3 N 3JEKTPOHOB, B3aMMOIEICTBYIOIIUX APYT C APYTOM IIOCPEICTBOM KYJIO-
HOBCKOTO IMoTeHInana V, Bo BHelHeM noteHumane U, (r), paauaibHasi 3aBUCUMOCTb KOTOPOTO
OIIpeIesISICTCS] TUIIOM JIETUPOBAHUSI:

n N ﬁi N 1 N ,
H—ZEJrZUext(;;)qLEZV(r[,rj). (1)
i e i LJ

ITockonbKy OBUKEHHE 3JIEKTPOHOB BHYTPU 00beMa HAHOYACTUIIBI JMMUTUPOBAHO T'paHUILIEH
30HBI TIPOBOAMMOCTH BOMM3M moBepxHOcTH [13], Oymem omuckiBath U, (1) Kak cheprdeckyro
MMOTEHLIMAJIBHYIO SIMY, T€OMETPUUYECKUI TTapaMeTp R KOTOPOIi ompeaesieTcsl 3aJaHHbBIMU pa3Me-
paMy HaHOKpMCTajuia, a mpoduiab — BbIOpaHHBIM TUIOM JieTupoBaHUs. [lapHOoe KyJTOHOBCKOE
B3aUMOJICHCTBIE MEXIY DJICKTPOHAMH B TOYKAaxX I U I, 9KPaHUPYETCs B pe3yJibTare MOJsipu-
3allMMd KaK COOCTBEHHO CaMOro MaTepualia IOJYyIpPOBOAHMKA, TaK M OKpPYXKaIOIIE Cpelbl, TaK
4TO MYJIBTUIIONIBHOE PA3IOKCHUE TOTEHIMAIA MEXYaCTUIHOTO B3aUMOJECHCTBYS TIPU 7, r, < R
MOKET OBITh 3aIlMCaHO B ciaeayrolieM Buae [33, 34]

.
r,r)= Z o (0)Y, (1)), )
2 L 1 .
V . 4TC€ r< (81 —& )(L+ )(VJ"A)
L= 2L+1 (2
€ Le, + L+1 R
rae 7 _ — HauOOJIbIIMIA U HAMMEHBIUUIA U3 PaanyCOB ¥, » COOTBETCTBEHHO; &, £, — NUAJIEKTPH-
yeckile MIPOHMUIIAEMOCTU MAaTepuajoB HAaHOKPUCTA/UIa U €ro OKPYKEHUS, COOTBCTCTBGHHO L,
M — monHbIA YIIIOBO MOMEHT M €r0 MPOEKIUsI, COOTBETCTBEHHO; ¥, , ¥, = — KOMILIEKCHO-

COMpSIKEHHBIE chepuueckre GYHKUMHU; T, I, — PaluyChi-BEKTOPBI BSaI/IMOL[eI/ICTByIOLLlI/IX ya-
CTHII.

[Ipu mpoBeAcHUM YUCIACHHBIX PAacYeTOB MbI MOJIarajy AMDJICKTPUYECKYI0 KOHCTAHTY Celie-
HMJIA KaJIMUsl PABHOW €€ 3HAYEHUIO /Il COOTBETCTBYIOLIETO 00BEMHOTO Matepuana: & = 6,25,
a IU3JIEKTPUUECKYIO TPOHUIIAEMOCTh OKPYKEHUSI HAHOYACTUILI BIOMPAIM TUITMYHOM IS psina
9KCMEPUMEHTATbHBIX U TeopeTudeckux pabor [19, 21, 22]: ¢, = 2,25, Jlna cpaBHEHUSA C He-
KOTOPHIMM BBIBOIAMHU, CACIAHHBIMU B pabdote [19], umciaeHHBIE pacyeThl IPOBOAMWIMCH IIpU
3HaYeHUU R = 2 HM.

[Ipu 3TOM BaXkKHO OTMETUTb, UTO ITOCKOJIBbKY 3((eKTUBHAs 3JeKTPOHHASI Macca 3JIEKTPOHOB
B CeJICHUAC KaIMUs CPaBHUTEIbLHO MaJla IO OTHOIICHMIO K Macce CBOOOIHOTO 3JICKTPOHA, a
umenHo m, = 0,11m, a abbekTnBHbIA GOPOBCKUI panuyc a, OKa3biBaeTCs OOJIbIIE, YEM PAIUYC
HCCIIeIyeMbIX HAHOYACTULL R,

a,=he, / me’> =3 um,

e
9TO MPUHIUNUAIBHO OTIMYAETCS OT CUTYalluM ¢ HAHOKPUCTaJIaMU oKcuaa uuHKa ZnO, onTu-
YECKUM CBOIMCTBaM KOTOPBIX ObUIM MOCBSIIEHBI cTathu [21, 22, 26, 27].

Hnsa onucaHuss MeXKYaCTUYHOTO B3aMMOICHCTBUS B OCHOBHOM COCTOSIHUM CHUCTEMbI ObLIO MC-
nojb3oBaHo npubmekeHue Xaprpu — ®oka (HF), B pamkax KOToporo omHOYaCTUYHBIC BOJIHOBBIC
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(YHKINU 3J1€KTPOHOB ¢(1',») YIOBJIETBOPSIIOT CAaMOCOIJIACOBAaHHBIM ypaBHeHUsIM [35 — 37]:
A,
- : (I)i(l.i)+[Uext(I.i)+UH(l'i)+Ux(ri)]¢i(ri):Ei¢i(ri)’ (3)

rae £, — OIMHOYaCTUYHbIE SHEPIUU DJIEKTPOHOB, U, (r) — COOTBETCTBYIONIMI XapTPUEBCKUIA 11O~
TEeHLIMAJL.
B cnyuae cucrembl, UMeIOIIEH 3al0JIHEHHBIE 000JI0YKY, OHU 3aluchiBaloTcsa B Bune [37]:

Uy (r) = [V (r,x") p,(r)dr, )

rme oobeMHas KOHICHTpauusd 3JIEKTPOHOB

p.(r) =2 ¢;(r)9,(r)

BBIUUCIISIETCS] TTYTEM CYMMUPOBAHUS MO BCEM 3arOJIHEHHBIM OJTHOYACTUUYHBIM COCTOSIHUSIM.
[Mpu aTOM BKJIAI HENOKAIBHOTO 0OMEHHOTO moTeHumata U (r) onpenessieTcs: Kak

“(r"é. (r"dr'
U, 00, r) =y [ L )
~ r—r|

PesyabpTaThl pacueToB CpaBHUBAIUCh C COOTBETCTBYIOLIMMU 3HAUEHUSIMHU, ITOJIyUYEHHHIMU B
MPUOIVKeHUM JIOKaJIbHOM IuioTHOCTU (awnen. Local Density Approximation (LDA)), B pamkax
KOTOPOTO OJHOYACTUYHbIE BOJHOBBIE (DYHKLMU 31EKTPOHOB ¢ (I) YIOBIETBOPSIOT YPAaBHEHUAM
Kona — Illema [38], rme, B omimune OT ypaBHeHUs (3), UCIOJb3YIOTCS JIOKAJIbHBIE OOMEHHbIE
noreHuuansl U (r) B npubmmxkennu upaka — Cioarepa [38]:

U,(r)=—(e’ /2 )(3p,x)/m)". (6)

Jnst chepruuecKr-CUMMETPUYHBIX CUCTEM C 3aMKHYTBIMU 3JIEKTPOHHBIMU OOOJOYKAMU U
M30TPONHBIMU YIJIOBBIMU 3aBUCUMOCTAMU p(r) U U, (r) COBOKYNMHBIA MHIEKC [ 00O3HAYaeT
i=(n,l, m, o), Tne n — pamuaibHOEe KBAHTOBOE YUCIIO; 7, m — OpOUTAIbHBIN YIJIIOBOI MOMEHT U
€ro Mpoexius; G — MPOEKIUsl CIIMHA, & CAMU OJIHOYACTUYHbIE BOJIHOBbIE (DYHKIIUU 3aMUChIBA-
I0TCS KaK MPOU3BeIeHNUE paaluaabHOM, YIJI0OBOM U CIIMHOBOM KOMIIOHEHT [39]:

¢ (l') — Pnl (I")
nlmc
r
Z[J'[H OonmucaHMvsdad MHOTI'O3JICKTPOHHbBIX KOppeﬂfILlI/Iﬁ 6]::[.]'[0 HCITOJIB30BAHO HpI/I6JII/I)KeHI/IC CIl1y-
YyalHbIX (1)8.3 C HECJIOKAJIbHBIM O6MCHHI:>IM BSaMMOﬂﬁﬁCTBI/IeM. B paMKax 3TOro 1moaxoja BOJIHOBAasA
(DYHKLII/IH B036Y)KH,CHHHOFO COCTOSIHU S |(Dk>Hpe,Z[CTaBJIHCTCH B BUAC CYIIEPHO3UIIMM OJHOYA-
CTUYHBIX BO36y7K)leHI/IIL;I TUIIA YaCTUlla-BaKAaHCUSI:

>

Y, (8,9)x;- (7

|q)k> = Z(Xi(rf)&;&i + }Ii;k)&;&m )|q)0>a (8
m

rmue |(DO> — OCHOBHOE COCTOSIHME KOMIIEKCA, d', d — ONHOYACTUYHBIE ONEPATOPhI POKIEHUS
U YHUYTOXEHUS; UHASKCHI I, M UCIIOJb3YIOTCS (34eCh U Iajiee) MIsl 0003HAUSHMsI 3aII0JIHEHHBIX
U HEe3alOJHEHHBIX OJHOYACTUYHBIX COCTOSIHUI 3JCKTPOHHOM ITOACUCTEMbI; KO3(h(GULMEHTHI
X ;’1‘), ank)— aMIUIATYObl «BIIEpEI-BO-BpeMEHU» U «Ha3ald-BO-BpPeMEHU» COOTBETCTBEHHO (OHU
OIIPEeNEeJISIIOT BKJIaAbl COOTBETCTBYIOIIEH Maphbl YacTUIa-BaKaHCHUsS B MHOTOYAaCTUYHOE BO30YXK-
JIeHHoe cocTosiHue (8)).

Bo30y:xxaeHHBIE COCTOSIHMSI MHOTOYAaCTUYHOM CHCTEMBI C 3aIllOJIHEHHBIMU 000J0YKaMu, 00-
Jagarouieil cpepuyeckoit cummerpueii, B mpubmkenun Paccena — Caynuepca (LS) cBs3u xa-
PaKTEPU3YIOTCS IMOJHBIM YIJIOBBIM MOMEHTOM L U ero rnpoekuueit M [41], mosTomy Bce ogHOYA-
CTUYHBIC BO30YKIEHUS YaCTUIIa-BaKaAHCHUSI B CYIIEPIO3ULIMU (8) UMEIOT Ty K€ MYJIbTUIIOJIbHOCTD.

Jst onmycaHusl ONTUYECKUX CBOMCTB MCCIEAYEMbIX KOMILJIEKCOB AOCTATOYHO PacCMOTPEThb
TOJIBKO AUIIOJIbHBIE MEPEXOIbl 13 OCHOBHOTO COCTOSIHUS |CD0> B BO30YKIEHHbIC MHOIOYaCTUY-

HbI€ COCTOSIHUS |(I)k> cL=1,M=0.
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AMmmrynable Ko3dduumrentsl X® u Y® B cynepnosuumu (8) onpenensiorcs myTeM peliie-
Hug MatpuyHoro ypaBHeHus [TCDO:

UZ® =hQ Z®, )
rae €, — cobcTBeHHbIe uncaa Matputibl U,
A B X®
_ (k) _
U=lp car ) 2 =lyw ) (10

DJIEMEHTBI OPMUTOBBIX MaTpull A, B BbIpaxaioTcs yepe3 OMHOYACTUYHBIC sHeprun £ U Ky-
JIOHOBCKME MaTPUYHBIE 2JIEMEHTHI ITapHOr0 MEXYaCTUYHOTO B3aMMOJIEIICTBUSI, KOTOPbIe BhIpa-

2KAKTCA Kak . .
(aB |V () =3, 8, [@n ()0, ()W (r,r ), (r)g, (r)drdr! (11)

C OJHOYACTUYHBIMM (PYHKIMSIMU, ITOJYYEHHBIMU B pe3yybTaTe pelleHus ypaBHeHuit (3), rme
noteHuuan V(r, r’) onpeneseH CoOmiacHO pa3oXeHuIo (2).
Matpuuisl A 1 B CBA3BIBAIOT MEXIY COO0I OMHOYACTUUHBIE BO30YXKIEHUS BHYTPU CUCTEMBI
aJIeKTpoHOB [31, 37]:
Aim,jnza“8 (En_Ez)+<ln|U|m.]>’

ijmn

(12)
B[m,jn = <ZJ | U | mn>s
1 BKJIIOYAIOT B ce0sl Kak mpsiMoe (XapTpUeBCKOE), TaK M HeJOKaJbHOe OOMEHHOEe B3auMOACH-
CTBUS, T. €.
(aBlUyn)=2(aB |V |yn)+(aB|V [nY), (13)

IJIe MHOXUTEIb 2 Iepel MpsIMOii KOMIIOHEHTOH B 3TOM PaBEHCTBE IOSIBISIETCS B pe3ysIbTare
CYMMUPOBAHUS 10 CIIMHOBBIM ITePEMEHHBIM.

[Ipu mpoBeneHUM pacyeTOB BO30YKIECHHBIX COCTOSIHUI CUCTEMbl B MPUOIVKEHUU ClIydaii-
HbIX (a3 ¢ JokaabHBIM 00MeHHBIM siapoM (RPAX) [38], ciaraemoe, comep:kailiee HeJIOKaJIbHOE
oOMeHHOe B3aumopeiicTBue, B (popmysie (13) 3aMeHsIOCh MATPUUYHBIM 3JIEMEHTOM

(aB|U |my=2(aB |V |y)+(aB|V,|yn), (14)
e V.(r,r" :MS(r—r'), (15)
op(r)

(3mech IOKaIbHbBIA OOMEHHBIH moTeHMan U_onpeneneH B COOTBETCTBUM C BbIpakeHUEM (6)).

[MonoxuTenbHbIE COOCTBEHHbIE Ynca 2, €CTb DHEPTUU MIEPEXOIOB MEXIY OCHOBHBIM COCTO-
SIHUEM |CI)0> U KOPPEJMPOBAHHBIMU BO30YKJIEHHBIMU COCTOSIHUSIMU |<I)k>. CriekTpbl dHEpruit
BO30YXJIEHHBIX COCTOSIHUI M COOTBETCTBYIOLIKME BOJHOBBbIE (DYHKIIMU, TMOJYYEHHbIE TMPU pe-
meHun ypaBHeHuii (9), (10), IO3BOJISIIOT OMUCHIBATh IPOLECCHI, CBSI3aHHbIE C BO30YXIeHUEM
CUCTEMbI TOJ| Pa3IMYHbIMU BHEIIHUMU BO3NEUCTBUSIMU. Tak, OTKJIMK CUCTEMbl Ha BHEIIHEE
9JIEKTPOMArHUTHOE TMOJIe OMpeiesieTCs] CIIeKTPOM JAUIOIbHBIX BO30YXIEHUI.

Cuitbl OCUMILIATOPOB f, UTs IMTIOJIbHBIX TIEPEXOIOB MEXKILY OCHOBHBIM U k-M BO30YXKIEHHBIM
COCTOSITHUSIMU PaBHbI

f, =2m,D;Q,, (16)

U YIOBIETBOPSIIOT IpaBuily cyMmMm Tomaca — Paiixa — Kyna [37], T. e. Zk f. =N.

JurosibHbIe MaTpUYHBIEC 3IeMEHTHI D, (B KaTUOPOBKE UIMHBI) BEIYUCIIAIOTCS ITYyTEM CyMMU-
poOBaHUs MO BCEM OIHOYACTUYHBIM BO30OyxKIeHUusM |35, 36, 40]:

_ (k) (k)
Dk _Z(sz d1m+},1m dmt)’ (17)
im
rme daﬁ = <a |z | B>— OJHOYACTUYHbBIE JUMOJIbHBIE aMIUIUTYbI IJ1s Mapbl YacTHUIa-BaKaHCHS.

Amrmutynable KoadduumenTsl X® u Y® HopmMupoBaHbl B COOTBETCTBUM € ycioBueM [37],
a UMEHHO
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> (sl )=t (18)

OO0cyxaeHne pe3yJabTaToOB

CB0oOOIHBIE HOCUTEIU 3apsiia B IIOJYIPOBOAHMKOBBIX HAHOUACTULIAX (POPMUPYIOT 3JIEKTPOH-
HbIe 000JIOUKM BHE HE3aBUCHMOCTU OT MeXaHM3Ma JerupoBaHus [42, 43]. B 1o xxe BpeMs, Kak
ObUIO TTOKAa3aHO B cTaThe [19] mpu aHamu3e pacmpeneieHus 3JeKTPOHHBIX IIOTHOCTEH OCHOB-
HBIX COCTOSIHMIT HAaHOKPUCTAJUIOB ceieHuaa U cyabduna kaagmust (CdSe u CdS), tun erupona-
HUSI OIIpenelisieT CTPYKTYpY OOOJOUKM U IIOPSIIOK €€ 3aIlOJHEHUS, a 3HAaUUT — pacrpeneyieHue
IUIOTHOCTHA CBOOOIHBIX HOCUTEJIEH 3apsiaa B 00beMe KPUCTAILIOB.

IIpu moOBEpPXHOCTHOM JIETUPOBAHUM KYJOHOBCKOE OTTAJIKMBAHME MEXIY CBOOOTHBIMU 3JIEK-
TPOHAMM CMeEIlAaeT UX MO HAIlpaBJICHUIO K BHEIIHEN I'paHUIE CUCTEMBI, 8 OCOOEHHOCTU dJIeK-
TPOHHOI KOH(pUTypallui, OOYCIOBJICHHbIE MOBEPXHOCTHHIM MEXaHM3MOM JIErMpOBaHUs, 00e-
CIeYrBalOT BO30YKIEHNUE TOJIbKO YIVIOBBIX CTEIeHEeil cBOOOAbI Mpy (pOPMUPOBAHUM AUIIOJIBHOMK
KOJUIEKTMBHOI MOJIbI B pe3yJbTaTe B3aMMOIEHCTBUS C BHEIIHMM 3JIEKTPOMArHUTHBIM IIOJIEM.
JBUKeHME K€ 2JIEKTPOHOB B paauajJIbHOM HampaBIEHUU HE BKJIIOUAETCsI, TaK KaK OTCYTCTBYET
a¢deKkTUBHAS BO3Bpallamllasl cuia, AeHCTBYIOIIAs Ha JeJOKaJIN30BaHHbIC 3JIEKTPOHBI CO CTO-
POHBI MOJIOKUTEIBLHO 3apsisKEHHOTO OCTOBa [26].

Hamnpotus, st 00beMHO-JIETMPOBAHHBIX ITOJYIIPOBOAHMKOBBIX HAHOKPHUCTAUIOB XapaKTePHO
OoJsiee paBHOMEpPHOE pacIpeleseHre 3JIeKTPOHHOM IUIOTHOCTH II0 BCEMY 00beMy, a KojiebaHue
CBOOOIHBIX 3apsII0OB HOCUT TPAHC/ISIUOHHBIN XapakTep, IOA00HO TOMY, KaK 3TO IIPOUCXOIUT B
MeTaJUIMYECKNX HaHOYaCTUIIAX.

HOBCpXHOCTHOC JIErupoBaHue

B pamkax mopenu cTymeHYaToro noteHuuana [44, 45], roe moTeHUMAIbl OTAEIbHBIX aTOMOB
3aMEHSIIOTCSI HEKOTOPBIM 3(P(OEKTUBHBIM MOTEHIIMATIOM, B KOTOPOM IBUTAIOTCS AEI0KAIN30BaH-
HbIE BJICKTPOHBI MPOBOAUMOCTH [46 — 48], mpy MOBEPXHOCTHOM THUIIC JISTUPOBAHUS 3JICKTPOHBI
JKECTKO OTpaHUYEHBI B CBOEM IBMXKEHUU BHYTPU 00beMa HaHOYACTUILIBL.

IIpumepoM MOBEPXHOCTHOTO TUIIA JIETMPOBAHUS CIYKUT METO (POTOJIETMPOBAHUSI HAHOKPH -
CTaJIJIOB, MCIOJIL30BaHHLIN B pabdoTax [21, 22].

IIpu 5TOM BHEILIHUI MTOTEHLIMAI MOXHO MpPEeACTaBUTh B BUuAe cHepruuecKoil ITOTeHIMAIbHOI
SIMbI C HEITPOHULIAEMBIMU CTeHKaMu [19, 22, 26]:

2
—Ne , O<r<R;
&R
U (r) = s (19)
_ e +U,, r>R,
&R

rae U0 — HEKOTOpPHIN (PeHOMEHOJOTMYECKUI TTapaMeTp, UMEIOIIUNI TOT e MOPSIIOK BEJTUUYMHEI,
YTO M paboTa BhIXOAA 3JEKTPOHA M3 OOBEMHOro MaTepuaia MOJIYIIPOBOIHUKA.

IIpoBeneHHbIE pacyeThl OCHOBHOIO COCTOSIHMSI CUCTEM C 3aMKHYTBIMU 3J€KTPOHHBIMU 000-
JIOUKaMHU MpY Ppa3IdyHOM 4YHCIE 3JEKTPOHOB N ITOKas3ajau, YTO paclipeleieHrue 3JIeKTPOHHOM
IUIOTHOCTU B TTIOBEPXHOCTHO-JIETMPOBAHHBIX HAHOKPUCTAJIaX UMEET CYILECTBEHHO HEOIHOPO/I -
HOE pacIpenesieHle, CMELIeHHOe 10 HaIIPaBJIEeHUIO K IIOBEPXHOCTU (CM. pUC. 1), YTO KaueCTBEH-
HO corjlacyeTcs ¢ IpeacKa3aHUsIMU, cAeJaHHBIMU B padote [19] mo pe3ynbTaTaM BBIYMCICHUI,
OCHOBaHHBIX Ha TeopuU (PYyHKIIMOHAIA IUIOTHOCTU. DTO CBSI3aHO KaK C KYJIOHOBCKUM MEX3JIeK-
TPOHHBIM OTTAJIKMBAHUEM, TaK U C OCOOCHHOCTSIMU 3JICKTPOHHOM CTPYKTYPHI CUCTEMBL.

B 0CHOBHOM COCTOSIHMM MPOMCXOOUT MEPBOHAYAJIBHOE 3aIIOJIHEHUE 3JIEKTPOHHBIX 000JI0UeK
C MaKCHUMAaJIbHBIMU OpOUTAJIbHBIMM MOMEHTAMU U 00pa3yeTcsl CTPYKTypa BUOa

2(2/ 0 +1
1S22p 3d10 maxlm(axm“ )’
T. €. BCEM OIHOYACTUYHBIM BOJHOBBIM (pyHKIMAM (7) 3aMKHYTBIX 060youeKk mpu N <102 co-
OTBETCTBYIOT PaMajibHble KBAHTOBbIE YMCIa 1. =71 — [ = 1, TIpU KOTOPBIX paaMajibHble YaCTH
BOJIHOBBIX (DYHKLMIA P (7) HE UMEIOT KOPHEH.
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DTa 9J1EKTPOHHAsI CTPYKTYpa COOTBETCTBYET «MarndyeckKumM» yucaaMm N Uit CUCTEM € 3aMKHY-
TBIMU 3JIEKTPOHHBIMU 000JI0UYKAMU:

>

N=2(_  +1),

rue Zmax — YIJIOBOII MOMEHT BBICILIEH 3aIloJJHEHHOM MojeKy/spHoil opoutaau (B3MO) (auen.
Highest Occupied Molecular Orbital (HOMO)).

1.5x10°
& —N=8

— N=50

Reduced charge density, nm

T
0.5 1.0 1.5 2.0
r,nm

Puc. 1. PacnipenesieHusi IpuBEJEHHOM MJIOTHOCTH 3apsijia DJIEKTPOHOB
p(r)/ N B 00beMe MOBEPXHOCTHO-JIETMPOBAHHOTO KpucTaia CdSe
IUISl PA3TIMYHOTO YUCIIA 3JIEKTPOHOB N

ArR, 8rR 4 ——ArlR
4 ——3rR

0.4 4

0.3 4

0,2 4
01 1 \\‘\\\\

0 L LA DL L B N R B |
20 40 60 80 100 120 140 160
N

Puc. 2. 3aBucuMocTy NpUBEAEHHOIO CMEILEHMs CPEOHEro paauyca
9JIEKTPOHHOM cuctembl Ar =(r)/ R W NpuBeAcHHON 3((HEKTUBHON IUPUHbI
BJIEKTPOHHOTO €108l &7 =,/(r*)=(r)’ /R B 0OBEME TOBEPXHOCTHO-JIETUPOBAHHOIO
kpuctasuia CdSe oT uncia 3J1eKTPOHOB

Ha puc. 2 npuBeneHO OTHOIIEHUE CMEIIEHUSI CPEAHETo 3JEKTPOHHOIO paaudyca K pamauycy
HaHOKpucTamia Ar =R—<r>/ R u mnpuBeneHHast 3¢ geKTuBHas IIUPUHA paclpeacIeHUs

o 2
BJIGKTPOHHOI IJIOTHOCTU Or = <r2>—<r> / R. BugHO, 4TO Aucnepcus 3JeKTPOHHOIO paauyca

yObIBaeT IO Mepe YBEIMYECHMSI 4YKCIa 3JICKTPOHOB /N, a 3JIEKTPOHHAs CHUCTeMa MproOpeTraer
CPaBHUTEJIbHO Y3KO€ paauvajbHOE pacIIpelesieHHe, YTO U OIIpeaessieT ee ONTUYEeCKUEe CBOMCTBA.
[Ipu 3ToM GyHKLIMM pacmpencacHus pe(r), paccunutaHHble B npubmkeHnn Xaptpu — Poka (3)
U C UCIIOJb30BaHUEM JIOKAJILHOIO OOMEHHOro noTeHuuazia Jupaka (6), okazaauch IpaKTUICCKU
UIEHTUYHEI TIPU BCEX BHIOPAHHBIX 3HAUCHUSIX NV.
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B pa6ote [19] 6bUIO BRICKA3aHO MPEANOI0XEHUE, YTO TUMOJIbHBIA Pe30HAaHC, HAOII0JaeMbIi
B CIIeKTpe (POTOMOIJIOLICHNSI HAHOKPUCTAJUIOB CeJieHrIa KaaMusi, OyaeT TpaHC(hOPMUPOBAThHCSI
IIpY YBEJIMYEHUHN YKMCa CBOOOIHBIX HOCUTENICH 3apsiia B CUCTEME M3 BO30Y:KIEHHOIO COCTOSI-
HUSI, mapaMeTphl KOTOPOTO OIPEAC/ISIIOTCS pa3MepHbIM KBAaHTOBaHMEM, B BO30YXKIEHMUE ILIa3-
MOHHOTIO TUIIA Aaxe IIPY CPaAaBHUTEJIbHO MaJoM paauyce Kpucrtamia (R = 2 HM). HeiicTBUTeIb-
HO, B CIIEKTpax IUIIOJbHBIX BO30YXIEeHUI (DOTOJIerMpoBaHHBIX HaHOKpUCTauioB ZnO [21, 22],
UMEIIINX CXOAHOE paauajbHOe pacipeaeieHue 2JIeKTPOHHON IIOTHOCTH, TAKXKe JOMUHUPOBAI
rapMOHUYECKUI IUIa3MOHHBIA pe30HaHC BpallaTeabHOro Tuiia. KoJieKTuBHasI Mpupoaa 3TOro
pe30HaHCa XOPOIILO OIMKMChIBAJach KaK B paMKax MOJEIN KOJeOaHMil KBAHTOBOM XXMIKOCTHU, TaK
U B paMKax KBaHTOBOMEXaHMYECKOro mojaxoaa Ha ocHoBe ITCDO [26, 27].

OnpHako cuTyalusl ¢ CEJICHUAOM KaaMusl KapAuHaJabHO oTiamyaercs. Kak Obuto mokaszaHo B
cratbe [27], HEOOXOOUMBIM YCJIOBUEM [JI1 BOZHUKHOBEHUSI TapMOHMYECKUX KOJIeOaHUI 3JIeK-
TPOHHOI1 IVIOTHOCTHU I10 TUILY BpalllaTeJIbHOTIO IIa3MOHA SIBJISIETCSI IIPEBHILICHUE pa3Mepa HaHO-
YaCTUIIBI OTHOCUTEIHO 3HaYeHUs 3(h(HEeKTUBHOTO GOPOBCKOTO PAIMyCa d, YTO BBITIOIHSIOCH
IIJIsI BCEX HAHOYACTUII, pACCMOTPEHHBIX B padoTax [21, 22]. A misg HaHoKpucTtayuioB CdSe aTo
YCJIOBUE HE BBIMOJHSIETCS, TaK KaKk R = 2 HM.

C y4eToM 3TOil pa3HUIBI Mbl IIPOBEIN aHAIMU3 ONTUYECKMX CBOCTB HaHOKpucTauioB CdSe,
KOTOPBIIA MBI IprUBOAUM najiee. OH MO3BOJISIET CAENaTh 3aKII0UEHNUE O MIPUPOAEC JOMUHUPYIOIIE-
ro IUTOJBLHOIO pe3oHaHca B criekTpax ¢doromnoriomeHus CdSe.

Kak Oymer moxkaszaHo B cleayolleM pasaeie, IUIsI HAaHOYAaCTUL ¢ paBHOMEPHBIM pacrpeie-
JIEHHMEM DBJIEKTPOHHOH IIJIOTHOCTH, TaKMX KaK OO0BbEMHO-JIETMPOBAaHHbBIE MOJIYIIPOBOIHUKOBHIS
HAHOKPUCTAJLIbI, BKJIAaA B KOJUIEKTMBHOE BO30YXKIEHHOE COCTOSIHME, OIMCBhIBAEMOE BOJHOBOM
¢yHKILIMEeI |‘P k> (cM. popMyny (8)), mJaeT IOCTAaTOUHO OOJIBIIIOE YKCIO Map YacTUlla-BaKaHCUSI,
a pacmpenesieHle CUJl OCUWIISITOPOB B ONTUUYECKOM CIIEKTPE IOJIyJyaeTCs B pe3yJibTaTe YMCIICH-
Horo peureHus: ypaBHeHus (10) ¢ yueTom BKJIaga BceX OJHOYACTUYHBIX BO30OYKACHUIA.

B cnydae ke ¢ MOBEpXHOCTHO-JIETUPOBAHHBIMU HAHOKPHUCTAUIAMUA CUTYalldsl MTPUHIMUII-
anbHO MHas. PacueThl mokasamu, 4to, Ojaromapsi 3p@peKTUBHOMY pa3aejeHUI0 paagdalbHOTO U
VIJIOBOTO JBM:KEHUI 3J€KTPOHOB, B CYNEPIIO3ULNU (8) MOSIBISIETCS JOMUHUPYIOIIUI YIeH pa3-
JIOKE€HHUSI, COOTBETCTBYIOLLMI AUIIOJbHOMY MEPEXOAy MEXIY OJHOYACTUYHBIMU COCTOSIHUSIMU
Ha Husiel ceoboaHol (LUMO) u Beicuieii 3anosHeHHol (HOMO) MosekyasipHbIX opOUTasix
C DHepruei Bo30yKaeHust A:

A= ELUMO - EHOMO'

JpyruMu cloBaMH, TOJbKO COCTOSIHMSI C HAaMMEHBIIMMU paduaJbHBIMU KBAHTOBBIM 4YHC-
JamMu n = | MPUHUMAIOT yyacTue B MpoLecce (OTOMOMNOIEHNs, U I AUMONbHBIX BO30YXK-
IeHU oKasbiBaeTcsl 3(h(EeKTUBHO pa3pelllieHHBIM TOJbKO Iepexon Mexny HOMO- u LUMO-
9JIEKTPOHHBIMU YPOBHSIMU C MaKCUMAaJIbHBIMU YIJIOBBIMU MOMeHTamu [ wu [+ 1 coorBeT-
CTBEHHO, a KOPPEISIINN MEXIY OJTHOYACTUYHBIM BO30YXKIEHUEM HOMO-LUMO u JpyTUMU
3JIEKTPOHHO-IBIPOYHBIMU MapaMM OKa3bIBAIOTCSI IPEHEOPEKMMO MaJIbIMU. DTOT (PaKT ITO3BOJISIET
IIpY OIMCAHUM TIJIA3MOHHOI MOJbI MCIIOIb30BaTh ABYXYPOBHEBYIO MOMEJb (IIPEAJIOKEeHA B CTaThe
[27]), B paMKax KOTOpPOiI1 OKa3bIBa€TCSI BO3MOXKHBIM IPEeHEOpeub BCEMU OIHOYACTUYHBIMU Mepe-
XoJaMu, 3a UCKIoUeHueM omgHoro eauHcTBeHHOro HOMO-LUMO-Bo30y:kaeHusI.

B stom ciyuae ypaBHenue [TCDO (10) cBoAUTCS K CUCTEME U3 IBYX JUHCHMHBIX YPaBHEHUIA:

(A+Vyy —HQ) X +V,,Y =0,

20

(A+Vy +hQ)Y +V,, X =0, 20

rae V. = <in |v| mj> — MaTPUYHBIIA 3JEMEHT «BIIepeI-BO-BPEeMEHN» MEXIY JABYMS OJHOYACTUY-

HBIMU JUIIOJbHBIMU BO30YXIEHUSAMU <«4aCTULA-IAbIPKa»; Vi, :<ij |v| mn> — MaTpUYHBIN 2Je-

MEHT «Ha3a/I-BO-BPeMEHW» MEXIy OCHOBHBIM COCTOSIHUEM U BO30YXXICHUEM TUMA «IBE YaCTH-

LIbI-JIBE JTBIPKU».

B ciayuae nokanbHOrO 0OMEHHOro B3auMozeicTBus (15) 3TM MaTpUUHbIE 2JIEMEHThl OKa3bl-

BAIOTCS PaBHBIMU MeXay coboit, V. =V, =V, u cucrema ypaBHenuit RPAX (20) 2x2 umeer
MPOCTOE aHATUTUYECKOE pellleHUE:
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=
I

hQ =~\A* +2AV, (21)

oA nQ-A 22)

NI 2JhOA

Kak yxe ynoMmuHanoch, B ctatbe [19] ObLT MOAHAT BOIPOC 00 U3MEHEHUM XapaKTepa AUIIO0JIb-
HOTO pe30oHaHca B HaHoKpucTauiax CdSe ¢ pexuma pa3MepHOro KBaHTOBaHMS K KJIACCUUECKOMY
IJIA3MOHY I10 MEpe YBEJIMUCHUS 4YMCIa HOCUTENIEH 3apsiia B CUCTEME JaXe IPU CPaBHUTEILHO
MaJIbIX ee reoMeTpuueckux pasmepax (R = 2 HM). Kak Obulo IIpogeMOHCTPUPOBAHO B paboTax
[26, 27], UHOIMKATOPOM BIUSHUS KYJIOHOBCKOTO B3aMMOACHCTBUS, KOTOPOE OIpeIeisieT BKJIal
MEXKYaCTUYHBIX KOPPESILuiA B GOpMUPOBAHUE KOJUIEKTUBHOIO BO30YXXIECHHOIO COCTOSIHUSI, CIIy-
KUT Oe3pa3MepHBIl IapamMeTp, KOTOPbIil ¢ UCMOJIb30BaHUEeM 00o3HaueHuli (20) 3amuchiBaeTcsl B
BUJIC:

A=A*/2AV=A/2V.

B xiaccuyeckom mpepese, Ipu pa3Mepax CUCTEMbI, 3HAUYUTEJBbHO IIPEBBILIAIOIINX OOpPOB-
CKWil pamuyc, T. €. R >> a, KyJOHOBCKOE B3aUMOJICICTBIE MpeobiafaeT u A << 1. Hamporus,
B PEXMME PasMEpPHOro KBaHTOBaHI/IH korma R << g, yactora () B OCHOBHOM OIPEIENAETCS
oIHOYaCTUYHOI 3Heprueit A (A >>1). [1pu atom aHanm ypaBHeHUs (21) mokKa3bIBaeT, YTO y4eT
KYJIOHOBCKUMX Koppesaiuuii 2AV npuBoAUT K CMELIEHUIO YAaCTOThI IUIA3MOHHOIO pE30HAHCA B
CTOPOHY 00Jiee BHICOKMX 3HAYEHUIA, IO CPAaBHEHUIO C DHEPIUEH OMHOUYACTUYHOTO BO30YKIACHMS
A. BaxHO, 4TO CIBUI DHEPrUM BO30YXKICHUS HE COIPOBOXKIACTCS KaKOM-1Mb0 TpaHcdopma-
LIMEH BOJTHOBOM (DYHKIIMU |‘Pv>, IMOCKOJIBKY OHA COHEPXKUT TOJbKO 3JIEKTPOHHO-IBIPOYHbBIC MAPhI
HOMO-LUMO, 4uro He NpOTUBOPEUYUT KOJUJICKTUBHOI IIPUPOIE 3TOI0 BO30YKIEHHOIO COCTOSIHMSL.
HeticTBUTeNbHO, cyneprio3uiys (8) comep:KUT OOJbIIOe KOJMYECTBO UICHOB, XOTSI paaudaibHbIe
KBAaHTOBbIE YMCIa 7. = 1 W YIJIOBbIE MOMEHTHI [ = l — 1 ocraiorcs (pUKCHUPOBAHHBIMU, 4 CyM-
MMPOBaHUE npomcxonm 10 IPOCKILIUSIM yrﬂosoro MoMeHTa. Takum 00pa3oM, ITUIIOJIbHOE BO3-
OYXIIEHHOE COCTOSIHME MOXET pacCMaTpUBATbCS KaK KOJJICKTMBHAs MOJA, €CIM KOJUYECTBO
CBOOOIHBIX 2JIEKTPOHOB B 3arnojHeHHoi HOMO-o06oy0uke, yJ4acTBYIOLINX B KOJeOaTeIbHOM
JBMXEHMU, JOCTATOYHO Benuko: 2(2 7  + 1) >>1.

JpyruM BaskKHBIM IIapaMeTPOM, KOTOPHII IT03BOJISIET OLICHUBATh BKJIA/ KYJIOHOBCKUX KOPPEIIsi-
LM B IIpOLIeCC BO30YXKICHMUS AUITOIbLHOM MOJbI, CYXKUT OTHOLICHUE aMILIUTY] «Ha3a1-BO-Bpe-
MEHMW» U «BOepea-Bo-BpeMeHn» (Y 1 X, COOTBETCTBEHHO):

Y  mQ-A JA+2V —JA

—=- =- . (23)

X mQ+A  JA+2V +4A

B ciyyae manbix pasMepoB HaHOKPMCTALIOB, Koraa R << a, (A >> 1), poib KyJOHOBCKHMX
Koppensauuii npeHeopexumo mana, X =1, ¥ << 1, mOCKOJbKY Maﬂa DHEPIUS MEXDJIEKTPOHHO-
IO B3aMMOJEICTBUS, IO CPABHEHUIO ¢ KMHETUYECKOM SHEPrueii 3JIECKTPOHOB, JIOKAIM30BaHHBIX
BOJIM3M HEMPOHUILIAEMOI0 IOTCHILIMAILHOIO Oapbepa y ITOBEPXHOCTU 4yacTMIbl. Poib ykazaH-
HBIX KOppeJsiuuii 0cOOeHHO BakKHa B paccMaTpuBaeMOM ciaydyae HaHoKpucTauioB CdSe, korma
a2 heKTUBHASL Macca HOCUTEJIEH 3apsiIoB Majla, IO CPaBHEHUIO C MAaCCOil CBOOOMTHOTO 3JIEKTPO-
Ha.

B sTOoM pexume pasMepHOTO KBAHTOBAaHMS IMPUOIIKEHUE HE3aBUCUMBIX OIHOYACTUYHBIX
BJICKTPOHHBIX COCTOSIHUIA XOPOILIO OMUCHIBAET KaK OCHOBHOE COCTOSIHME, TAK U CIEKTP JUIIOIb-
HBIX BO30yXaeHuid. B npyrom npenenbHom ciywae, npu R >> a; (A << 1), MEX3JIEKTPOHHOE
B3aUMOJICICTBUE UTPACT 3HAYUTEIHHYIO POJb, YTO HOL[TBep)KL[aeTCH cootHouieHnem X =-Y =1,
Bo3pacranue aMIUIMTyObl «Ha3al-BO-BPEMEHU» CBUICTCILCTBYET O CYLICCTBEHHOM BIMSHUU
KYJIOHOBCKMX KOPPE/ISILIMA B OCHOBHOM COCTOSIHUU |0> TpaHnchopmanst HEeKOppeJIUpPOBaH-
HOTO OCHOBHOTO COCTOSIHUSI CHUCTEMbI, C(OPMMPOBAHHOIO M3 3aIlOJIHEHHBIX OJHOYACTUY-
HBIX DJICKTPOHHBIX COCTOSIHUI HIUKE YpoBHS DepMu, B KOPPEIUPOBAHHOE MHOTIOYaCTUUHOE
OCHOBHOE COCTOSIHME HPOMCXOAMUT IIyTeM OJHOBPEMEHHOIO BO3HUKHOBEHUSI BO30YXIECHHBIX
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BJICKTPOHHO-ABIPOYHBIX Iap, KOTOPHIEC B ClIydae IBYXYPOBHEBOM MOJIEIM COOTBETCTBYIOT IIepe-
XomaM MexXIy ogHodyacTMYHBIMU cocTtogHuaMu HOMO u LUMO. Brta tpaHchopmanust npu-
BOAMUT KaK K 3aMETHOMY CIABUTY DHEPrUU BO30YXAeHUs /L), TaK U K U3MEHEHUIO JUIIOJIbHOIO
MATPpUYHOTO 3JieMeHTa [ — mepexoja U3 OCHOBHOI'O COCTOSIHUSI |0> B KOJUICKTMBHOE BO30YXK-
JIEHHOE COCTOSTHUE |l> B coorBeTcTBUU ¢ hopMmyiioit (21), KyTOHOBCKHME KOPPEISLIAU IIPUBOIST
K CYILIECTBEHHOMY YBEJIMUEHUIO SHEPIMM repexoaa 7€), 1Mo CpaBHEHMIO C €€ OJHOYACTUYHBIM
3HaueHreM A. MIX COOTHOIIEHNE MOXHO OLEHUTh Kak hQ) /A =2V /A=1/A.

B 10 Xe Bpems, Kak cieayeT M3 ypaBHeHus (16), caM OUMOJBHBIA MATPUYHBIA 3JIEMEHT
yMeHblaeTcs. TToCKOAbKY NP HaIUMYMM KOPPEJSLMA BBIOJHAETCS cooTHolueHne X =-—Y,
JIBa cllaracMbIX B IPABOI YaCTU 3TOTO YpaBHEHMSI KOMIICHCUPYIOT APYT APYyra, 4TO IIPUBOIUT K
YMEHBIICHUIO MHOTOYaCTUYHOTO MAaTPUYHOIO 3jIeMeHTa [, 0 CPaBHEHMIO C €ro OJHOYACTUY-
HbIM 3HaueHueM d. CornacHo ¢opmyite (21), cymma amrumutyn X U Y TakoBa:

xiv= |2 (24)
hQ

TakuMm o00pa3oM, OTHOBPEMEHHOE YMEHBIIEHME OUIOJLHOIO MATPUYHOTO 3JIEeMEHTa U
yYBEJIMUECHUE SHEPTUU Ilepexona |O> - |l COXPaHSIIOT HEM3MEHHBIM 3HAU€HUE CUJIbl OCLIMJLISI-
TOpa, T. €.

_2m,Q
h

|2 _ 2meA

2 2
ey

=ZN. (25)

! 3

| |

IIpu sTOM cuila OCUMJUISITOpa Iepexoaa |0> —>|1> cocTaBjIsIeT 2/3 OT mpaBWIa CYMM, YTO
SIBJISIETCSI XapaKTepHBIM IIPU3HAKOM TOIO, UYTO 3TOT IEPeXOHd OIMChIBAaeT BKJad POTALIMOHHOTO
JIUIIOJIbHOIO IIJIa3MOHA B ONTUYECKUI CIIEKTP CUCTeMbl. Takoe 3aKJII0ueHHEe OCHOBBIBACTCS Ha
CBOICTBE BpalllaTeJIbHOI MOJIBI: OHA BKJIIOYAET B Ce0SI TOJIbKO YIVIOBOE ABMXKEHUE DJIEKTPOHOB;
paguabHbIe XK€ CTEIIEHM CBOOOABI OCTAIOTCS HEBO30YKIEHHBIMMU.

ITo Toii e mpuuyrHe KBaapaT YaCTOThI POTALIMOHHOTO IJIa3MOHA COCTaBiseT 2/3 OoT KBaapara
YaCTOTHl TPAaHC/ISIIMOHHBIX IUIA3MEHHBIX KOJie0aHUM, HAOII0IaeMbIX B CIydyae O0bEMHOIO THUIIA
JIETUPOBAHUSI.
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Puc. 3. DHepreTuueckoe pacnpenesieHue CUl OCLUJUISITOPOB B OKPECTHOCTU JUTOJBLHOIO pe3oHaHca
HaHokpucTasuia CdSe (N = 98), coriacHo pa3HbiM MoaeisaM: npubaukeHuss RPAE u ogHoyacTuuHOe
Xaptpn — @oka (KpacHBIE XKMPHbIC CIUIOLIHBIE M YepHBIC TOYEUYHBIE JTUHUU COOTBETCTBEHHO), a
Tak>Xe ABYXypPOBHEBasl MOJeJb (YepHasl >KUpHas 1TPUXOBask JUHUS).
CrnexTpaibHble TUHUM IIPOHYMEpOBaHLL: kK = 1, 2, 3
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Puc. 4. PanuasbHble pacrpeesieHust 2JIEKTPOHHON TUIOTHOCTH p (7) U IUIOTHOCTH MEPEXOI0B p® (1)
IUTST CTIEKTPAJIbHBIX JIMHUM ¢ k =1, 2, 3 (cM. puc. 3), a Takke MepeKPhITUE BOTHOBBIX (YHKIIMI P (r)
JUISI MOJIEKYJISIDHBIX OpOuTaeit ll(HOMO) u IJ(LUMO)

B xauectBe mpuMepa Ha puc. 3 IIPEACTaBICHO paclpencieHue CUI OCHUIIITOPOB B OKPECT-
HOCTHU IMIIOJBHOIO pPe30HaHca IJis HaHOKPUCTaJla CeJIeHMAa KaaMus, comaepxkaiiero 98 memo-
KaJIM30BaHHBIX 2JIEKTPOHOB (N = 98) ¢ KoH(purypaluei 3aMKHYThIX 000JI04eK

1S22p63d104f145g186h2271-26

1 MaKCHMAaJIbHBIM OpOUTaAIbHBIM MOMEHTOM I =6 mig HOMO-opoutanu. IIpeacraBieHbl
rpacduyecku pe3yJbTaThl pacueTra B paMKax an6J1M)KeHM51 cayvaitieix (a3 [ICDO (RPAE),
MOJIy4eHHBIE uyepe3 pelieHue ypaBHeHUs (10) ¢ moaHbIM HaOOpOM Iap yacTulla-BakaHcus. JIis
CpaBHEHMSI Ha 3TOM K€ PUCYHKE IITPUXOBOM JIMHUEH MOKa3aHa CIEKTpajbHas IMO3ULIMS CUJIbI
OCLIMJLISITOPA, COOTBETCTBYIOLLEH AByXypoBHeBol Monenu (20) mis nepexonra HOMO — LUMO
7i — 8j. ToHKO# KpacHOI JIMHUEH YCIOBHO MoKa3aH Npoduiib ceyeHusi HOTOMOIIOLIEHHUS, CO3-
JaHHBIA IIyTeM HCKYCCTBEHHOIO VIIMPEHUS CIIEKTPAJIbHBIX JUHUI JOPEHLEBBIMU MPODUIIMU
¢ mwmpuHoit 0, 2Q. DHepreTUYecKoe MOJIOKEHUE Ha CIEKTPE MTOMMHMPYIOLIEH pe30HAHCHOM
JMHUU (OTMEYeHa HOMEPOM 1) C BHICOKOM TOYHOCTBHIO COBIIANAET C AaHAIMTUYECKUM pellleHUEM
(21), yTro momTBepxKIaeT BO3MOXHOCTb OMNMCAHMS PE30HAHCHON MOMIBI KaK KOPPEIMPOBAHHO-
ro BO30YKIEHHOI'O COCTOSIHMSI, BKJIIOUAIOIIETO B CE0S TOJIBKO IEPEeXOAbl MEXIY OpOUTAISIMU
HOMO u LUMO npu ydyeTe CyMMHpPOBaAHMSI IO BCEM BO3MOXKHBIM IIPOEKIIUSIM YIJIOBOIO MO-
MEHTA.

[Ipu sTOM cleayeT OTMETHTh, YTO B OOOMX CIIydasiX CUJa OCLHUJIIATOpA C JIOCTaTOYHO BhI-
COKOI1 TOUHOCTBIO BKJIIOUAET B ce0s1 2/3 OT mpaBuja CyMM, YTO ITO3BOJISIET KIacCU(PUIUPOBATDH
PE30HAHCHYIO MOAY KaK YMCTO BpalluarelbHble KonebaHusi. Ha rpaguke puc. 3 Takke NOKa3aHbI
CWIbl OCHWJIIATOPOB, PacCUUTaHHBIC B ONHOYACTMYHOM MpuOIKeHnu. CIBUT Pe30HAHCHOM
JIuHUU 1 B CTOpOHY 00jiee BHICOKMX DHEPTUil, O CPAaBHEHUIO C MCXOOHBIM I1OJOKEHUEM BHep-
run A, cortacHo (opmysie (21), CBUIETENCTBYET O BKJIALE MEXYACTUYHBIX KOPPEIALUii B
CbOpMI/IpOBaHI/IC PE30HAHCHOI MOIBI 1 YKa3bIBaeT Ha €€ KOJUIEKTUBHYIO MpUpoay. JuIoabHbIe
Mepexobl, JUMHUM KOTOPBIX OTMEYeHBI HoMepaMu 2 1 3 (comepxat 6 u 5 % oT mpaBujia CyMM,
COOTBETCTBEHHO), OTBEYAIOT IlepexolaM C BO30YXKICHUEM paauajbHBIX CTEIIeHEil CBOOOIBI U,
CyIs 10 MajioMy OTJIMYWIO MX DHEPruid OT 3HAYCHUI B mpuoOImkKeHun Xaprpu — PDoka, HOCAT
OJHOYACTUYHBIA XapaKTep.

B xauecTBe momosHeHMSI K aHAIWU3y AMUIIOJBHOIO CIIEKTpa Ha puC. 3, Ha puc. 4 IpUBEICHBI
IJI CpaBHEHMSI paauajbHOE paclpenesicHUue 2JIEKTPOHHON IIJIOTHOCTM OCHOBHOIO COCTOSIHUS
CUCTEMBI p () ¥ PaanaIbHbIE PACTIPENETIEHUS TIOTHOCTU MEPEXOIOB JUIS CIIEKTPATbHBIX JIMHUIA
1, 2 u 3, 4TOOBI MPOAEMOHCTPUPOBATH NMPUHIUIINATLHOE PA3IMIMe MEXIY IBYMSI TUIIAMU BO3-

OYKIEHHBIX COCTOSIHUI. YKa3aHHBIC pagudalbHble pacIpeiaeieHus Wi duHuil 1, 2 u 3 onpene-
JISIIOTCST KaK
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(1) = (X000 (1) + T (), (), 20

Ha »stom xe rpaduxke (cM. puc. 4) mpeacraBieHa IUIOTHOCTh AUIOJLHOTO Ilepexona IJis
JIBYXypPOBHEBOM MOJEJIM, KOTOpas B pacCMaTpMBAEeMOM CiIydae OIpeAessseTcs Kak

(HOMO|LUMO) = P,,(r)R,,(r).

W3 mpencraBieHHBIX 3aBUCHUMOCTEl BHUIHO, YTO IUIOTHOCTh MEPEXOJ0B PE30HAHCHOM JIM-
HUM 1 IpakTUUYECKU IMOJHOCThIO COBIIAJAET C JaHHBIMU ABYXYPOBHEBOI MOIEIU U COCPENOTOYE-
Ha Ha BHEIIHEN rpaHulie paclpencieHus JIEKTPOHHON IIJIOTHOCTH, B TO BpeMsl KaK INIOTHOCTU
OQHOYACTUYHBIX IIepexomoB 2 U 3 Oojiee paBHOMEPHO pacIlipeleieHbl 110 BceMy 00beMy CHUCTe-
MBI, TIOCKOJIBKY COOTBETCTBYIOT BO30YKIECHUIO paauaJbHbIX CTEIIeHEe! CBOOOIHI.

B T0 Xe BpeMms1 u3MeHeHHe xapakTepa Pe30HAHCHOM AWUMOJBLHOI MOIbI B HAHOKPUCTAJLIax
CdSe o mepe yBeIMYeHUs YKCcJia 3JeKTPOHOB IIPU CPAaBHUTEILHO MaJIbIX T€OMETPUUECKUX pa3-
Mepax CHUCTeMBI HeJIb3sl OXapaKTepu30BaTh, I10 HAIleMy MHEHMIO, KaK IIepexol OT KBaAaHTOBOTO
K KJIACCUYECKOMY peXuMYy, KakK 3TO caejiaHo B pabote [19]. HecMoTpst Ha yBenuueHue cOBuUra

a) 35

E RPAE

3.0

1.0

b) |« -YIX
) & C)'o.11- i

3.5
0.10 /
3.0 0.09 /

- \ 0.08-
\ 0.07 /

20 N
~__ 008y
1.5 ; ; ; 0.05 : - :
0 50 100 150 0 50 100 150
N N

Puc. 5. 3aBUCMMOCTI OCHOBHBIX ITapaMeTPOB PE30HAHCHOI'O BO30YXKIEHHOTO
COCTOSTHUSI HAaHOKPHUCTAJJIa OT YMCIa 3JIEKTPOHOB N: SHEpruu Iuta3MoHa 7€),
MOJTyYeHHBIC B PA3HBIX MPUOIKEeHUSIX (a); mapameTpa A (b) n orHommeHus amrutyn —X / Y (c).
Wcnonws3osansl npubdmmkennss RPAE, nByxypoBHeBast Moneib (2 x 2) 1 OMHOYACTUIHOE
npubmkenue (A) (puc. 5, a)
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MO3ULIMK PE30HAHCHON JTMHUM OTHOCUTEIBLHO SHEPIrMM OJHOYACTUYHOTIO Iepexoaa A, Habmoma-
eMOe Ha pHUC. 5, a, MOJyYeHHbIE 3HAYCHUS TTapaMeTpa A U OTHOIIeHUs aMIunuTyn — X/ Y (cM. puc.
5, b, ¢), npu Bcex N <10 Bce ee He ynoBieTBopsiior yeoBusim A << | 1 X =—Y =1, xapak-
TEPHBIM [JIJIsI KJIACCUYECKOro IJIa3MOHHOIO KOJIeOaHMSI, KOIIa SHEPIUsI KYJIOHOBCKOIO MEXIJIEK-
TPOHHOTO B3aUMOICHCTBUS B KOPPEIMPOBAHHOM MHOIOYACTUYHOM BO30YXICHUU MpeobjiamzacT
HaJl OJHOYACTUYHOI DHEPIUeil pa3sMepHOro KBaHTOBaHUSI A. DTO eCTh CJIIEACTBUE CPAaBHUTEILHO
MaJoil 3¢ GeKTUBHONM Macchl ayeKTpoHa B CdSe 1, COOTBETCTBEHHO, 00JbLIOr0 3(p(PeKTUBHOIO
6opoBckoro paguyca. OTHOCUTEJIbHOE BO3pacTaHME aMIUIMTYAbl «Ha3al-BO-BpeMEeHU», HAOJIO-
JaeMoe Ha puc. 5, ¢, CBUACTEIALCTBYeT 00 YBEJIMUYEHMU BKJIala KYJOHOBCKMX KOPPENSLUi B
ocHOBHOe coctosHue |D;) Mo mMepe pocTa uuciaa yacTull N, HO OKa3bIBaeTCsl HEJOCTaTOYHBIM
JUISL TIepexoda K KIaCCUYECKOMY PeXXMMY KOJIeOaHMi 3JeKTPOHHOM CUCTEMEI.

B TakoMm ciy4yae mJisi OCYLIECTBIICHUS Iepexofa Pe30HAHCHOM MOJbI OT KBAHTOBOTO K KJIac-
CUYECKOMY PEXUMY HEOOXOAMMO YBEJIMYCHUE FeOMETPUUYCCKUX pasMepOB HAHOKPUCTAJUIA, IIpU
KOTOPOM, KaK MUHUMYM, BBITIOJIHAIOCH Obl ycioBue R > a,. Ha puc. 6 npuBeneHbl 3aBUCUMOCTH
OCHOBHBIX ITApaMETPOB PE30HAHCHOIO BO30YKIEHHOIO COCTOSIHUS OT paauyca R 1 HAaHOKPU-
cTajia, couxepxaiero 98 snektpoHoB (N = 98), mis pe30HaHCHOW MOIBI, COOTBETCTBYIOLLEH
crnekTpajabHolil muHuU 1 Ha puc. 3. BugHo, 4To 0 mepexone BpallaTe/bHON IIJIa3MOHHOI MOJIbI
B Kj1accu4yecKuii pexxuM B cirydae CdSe MOXHO TOBOPUTH IIpU 3HAYEHUSAX R CBBIIIE 6 HM, T. €.,
KaK MUHUMYM, Tipu R 2 a,.
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Puc. 6. 3aBucumocTu OT pamuyca R IOTEHLMAJbHON SIMbl OCHOBHBIX IAapaMETPOB PE30HAHCHOIO

BO30YXKIECHHOTO cocTossHMSI HaHokpucTtayia CdSe (N = 98): sHeprum OUITOJBHOTO pe3oHaHca /2

M pa3sHOCTM YHEPIUil OMHOYACTUYHBIX ypoBHe A(a), orHomeHus hQ / A (b), mapamerpa A (¢) u
oTHomIeHUs —Y / X mis pesoHaHcHO uHuM 1 (cM. puc. 3) (d)

39



4Haquo-TeXqueCKme BegomocTu Cr6rny. dunsmnko-matematnyeckue Hayku. 16 (2) 2023

=
I

O0beMHoOE JIerupoBaHue

B cnayyae oObeMHOro Tuma JIeTMpOBaHUS MOJYIIPOBOIHUKOBBIX HAHOKPUCTAJIOB ITOJIOXKM-
TeJIbHBII 3apsi IIpeamnoaracTcss paBHOMEPHO pacIipeaeeHHBIM 10 BceMy 00beMy cUCTeMBI [19]
U CO3JaBaeMbIii UM BHEILIHUN MOTEHLIMAI B paMKax MCIIOJb3yeMOM MOAENM HOJIKEH UMETh BUI
MOTEHIIMaJla paBHOMEPHO 3apsi>KEHHOTO 11apa ¢ 3apsaoM Z = Ne B IU3JIEKTPUUESCKOM OKpYKe-
HUU:

2
N_e3 P - 1+£ R*|, 0<r<R;
2¢.R g,
U (r) = Vo (27)
——e+U0, r>R.
€,r

M3MmeHeHMe Buaa BHEIIHETO ITOTEHIMAJA B Cllydae 0ObEeMHOIO TUIA JISTUPOBAHUS, 10 CPaB-
HEHMIO C TTIOBEPXHOCTHBIM, IIPUBOJIUT K CYLIECTBEHHOMY M3MEHEHMIO CTPYKTYPhI SJIEKTPOHHBIX
000JI0YEK CHUCTEMbI, ITOPSIIKA UX 3aIOJIHCHUSI U, KaK pe3y/ibTaT, pacIpeAc/ieHUs JICKTPOHHOM
IUIOTHOCTA B 0oObeMe HaHoKpuctamia. I[IpoBeaeHHbIE pacyeThl MOKa3alau, 4YTO ISl OOBEMHO-
JIETUPOBAHHBIX CUCTEM IOPSIIOK 3aIlOJHEHUSI 000J104eK Kak B IpubmmkeHun Xaprtpu — doxa,
TaK U IPU KUCIOJIb30BAHUM JIOKAJIBHOTO OOMEHHOTO IoTeHIuana (6), J0JKeH OBITh ITOA0OHBIM
TaKOMY HOPSAAKY IJIsl IEeJIOKAIM30BAaHHBIX 3JICKTPOHOB B KJIACTEPaX aTOMOB 1LEJIOYHBIX METAJIJIOB
B paMKax mMoneiu xele [6, 9, 46, 49, 50], korma aea0Kaln30BaHHBIE 3JICKTPOHBI IPOBOAUMOCTH
JIBUTalOTCS B 1oyie 3(G@PEKTUBHOIO MOTEHIIMAAa PAaBHOMEPHO 3apsDKEHHOTO MOHHOTO OCTOBA.
Tak, 3JeKTpOHHAas CTPYKTYpa OCHOBHOI'O COCTOSIHUSI 00beMHO-JIETUPOBAHHOTO HAHOKPUCTAJLIA,
conepkaiiero 124 sjiekTpoHa, 3allMChIBACTCS CASAYIOIIMM 00pa3oM:

1s°2p°3d"°2s*4 3 p°5¢" 4d " 607 35> 7i*° 4 p°.

dpyrumMu cjioBaMu, B OTJIMYME OT CUTyallMd C MOBEPXHOCTHHIM THUIIOM JIETUPOBAHUSI, pac-
CMOTPEHHOI B IpeIbIAyllleM IIoApasaeie, MpU 3aIlloJHEHUM O000J0YeK IIPOMCXOAUT Yepeldo-
BaHKE OpOUTaedl ¢ GECKOPHEBBIMU PaaUaIbHBIMKU BOJHOBBIMU GyHKIMAMU P (r) u opbuta-
JIeii, BOJTHOBBIE (PYHKLMU KOTOPBIX MMEIOT KOPHHU, YTO, B CBOIO ouepelb, IIPUBOOUT K OoJjiee
PaBHOMEPHOMY DACMPEIEICHUIO DJIEKTPOHHOM TIIOTHOCTH P (7) MO 00beMy CUCTEMBI (puUC. 7).
Ha puc. 8 ciemyer oOpaTuTh BHMMaHKWE€ Ha HEMOHOTOHHYIO 3aBHCHUMOCTb CPEOHEro pamuyca
3JIEKTPOHHOI CUCTEMBI OT uMcia yacTull. IlosiBieHue cryneHek Ha (poHe MeIIEHHOIO Bo3pacTa-
HUs (1) CBSI3aHO C YepeaOBaHMEM 3alOJIHEHUSI 000J0YeK ¢ OECKOPHEBBIMU PaauaIbHBIMU BOJI-
HOBBIMU (GyHKUMAMU P (7), JUISL KOTOPBIX XapaKTePHO GOJIbliiee 3HAYEHUE CPENHETO pajanyca u
000104€K, BOJTHOBbIE (DYHKIIMY KOTOPBIX UMEIOT KOPHU (3TOT0 He OBLIO B ClIydyae IIOBEPXHOCTHO-
JIETUPOBAHHBIX CUCTEM).

-3

Reduced charge density, nm

Puc. 7. TlpuBeneHHble paJrajibHble paclpeeeHUs] 2JEKTPOHHON MIOTHOCTU pe(r) / N B 00beMHO-
JIEeTUPpOBaHHbIX HaHOKpuUcTa1ax CdSe, MMeIOLIMX pa3IUUHOE YUCIIO JIEKTPOHOB N
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Puc. 8. 3aBUCMMOCTb OTHOLIEHUS CPEIHETO pajuyca 3JI€KTPOHHOU CUCTEMbI
K pauycy HaHOKpUCTajia (r)/ R OT UMCJIa ee YaCTUIl

Kak 1 B c1yyae ToBepXHOCTHOTI'O JISTUPOBAHUS, B CIICKTPE TUMOJIbHBIX BO30YXIECHUI 00 BEMHO-
JIETUPOBAHHBIX HAHOKPHCTA/UIOB TOMUHUPYET pe30HAHCHASI MOJa, Y4aCTOTa KOTOPOI CYILIEeCTBEH-
HO CABMHYTA OTHOCUTEILHO ITOJOXEHUS YaCTOT OJHOYACTUYHBIX IIEPEXOIOB.

Ha puc. 9 nokaszaHbl pacnpeneneHus: il ocUuuIsITopoB Kpuctamia CdSe ¢ 90 aiaekTpoHamMu
(N = 90) u koH(puUrypaireiit OCHOBHOTO COCTOSIHUS

1s2219636171025‘24f143pé5g184a’106h22

B OKPECTHOCTU AUIIOJBHOTO PEe30HAaHCA, pACCUMTAHHBIC B MPUOIVDKCHUU CIIydailHbIX (a3 Kak ¢
YUETOM HeJIOKaIbHOrOo obmeHHOoro B3auMmojeiictBusi (RPAE), Tak v ¢ JlokaibHbIM OOMEHHbBIM
noreHuuaioMm (15) (RPAX). CrenyeT oTMETUTDb, YTO IIpU OOBEMHOM JIETMPOBAHUM, B OTIMYME
OT IIOBEPXHOCTHOIO, IIPU IUITOJILHOM PE30HAHCE IMPOUCXOAUT ABVKCHUE DJIEKTPOHOB B HAIIPaB-
JICHUM HOPMaJIM K IMOBEPXHOCTU CHUCTEMbI IPU HE3HAUYMTEJIbHBIX OTKJIOHEHUSX pacipeacieHUs
5JICKTPOHHOM IIOTHOCTU OTHOCUTEJIBLHO €€ OCHOBHOIO COCTOSIHUS. [Ipy MOBEPXHOCTHOM K€
TUIIE JIECTUPOBAHUS KOJeOaHUS 3JICKTPOHHOM CUCTEMBI HOCIT KOMIIPECCUOHHBIN XapakTep, Ipu
KOTOPOM B IIpOLIECCe IBUKEHUSI IMPOUCXOIUT CYLLIECTBEHHOE M3MEHEHUe IIJIOTHOCTH 3apsiaa [27].
DTO CBA3aHO C TEM, YTO, KaK YKAa3bIBaJOCh BbIIIE, IPU ITOBEPXHOCTHOM TUIIC JICTUPOBAHMUSI,
IIpY BO30YKIEHUM KOJUIEKTUBHOI MOJIBI IIPUHUMAIOT yY4acTUE TOJBKO YIJIOBBIE (BpalllaTeJIbHbIE)
CTENEHU CBOOOIEI.

JBrKeHUe 3JIEKTPOHOB B HAMNpPaBICHUM HOPMAIUd K MOBEPXHOCTU CUCTEMBI B cliydae O0b-
€MHOTO JICTMPOBAHUS CBSI3aHO C TEM, YTO B I1apabOoJIMUECKOM IOTEHLIMANE, CO3JaBaeMOM O0b-
€MHBIM paclipeleJIeHUeM I10JI0XUTEIbHOTO 3apsiia B HAaHOKPUCTaJUle, BO3HUKAeT 3(p(eKTUBHAS
BO3Bpalllaloliasl Cuia, JeMCTBYIOIIAs Ha AeJIOKaJIN30BaHHBIE 3JI€KTPOHEI.

B ammaGatumuyeckom mnpubmmkeHuun [24, 25] Takoe KOJUIEKTMBHOE BO30YXKIEHUE WICHTUYHO
10 CBOCH IIPUPOJIE TTOBEPXHOCTHOMY ILUIA3MOHY B CIIEKTpaX METAIMYECKUX KJIACTepoB [6, 9, 46]
U MOXET ObITh OIMCAHO KaK TapMOHMYECKME KOJIeOAHMSI LICHTPa Macc 3JIEKTPOHHOTO objiaka B
mapaboJYecKoM ITOTEHIMANe MOJOXUTEIbHO 3apsbkeHHoOro octoBa. Ilpu stom (cMm. puc. 9) y
PE30HAHCHON JTMHUU Ha0MIomaeTcs 3aMeTHas (pparMeHTalusl, o0yCIOBIeHHAS B3aUMOICHCTBUEM
rapMOHUYECKOI MOMBI ¢ OMHOYACTUUYHBIMU BO30OYXICHUSAMU. B oTIMuMe OT cUTyalluu, paccMo-
TPEHHOI B MPEIbIOyILIEM pasieie, MOSBWIOCH pa3iddyre B IOJIOXKEHUU OOKOBBIX MaKCHUMYMOB,
CBSI3aHHOE C MPUMEHEHMEM pPa3HBbIX OOMEHHBIX IMOTECHIIMAJIOB, IPU COXPAHEHUU MPAKTUYCCKU
HEM3MEHHOTO ITOJIOXKEHUSI LIEHTPAJILHOIO IMKAa U €r0 CHJIbl OCLHULISATOPA. DTOT Pe3yJbTaT MOI-
TBEepKIaeT CBsI3b (pparMeHTALMM PE30HAHCHOI JMHUU C MEXYACTMUHBIM B3aUMOICHCTBUEM,
BKJIIOYAIOIIMM OOMEHHYI0 KOMIIOHECHTY.

Ha puc. 10 moka3aHbl paauajbHbIe paclpeAeaeHNs] JIEKTPOHHON IIOTHOCTA OCHOBHOIO CO-
CTOsIHMS P (7) U TUIOTHOCTU JUTONBHBIX MEPEXOIOB ISl CIIEKTPAIbHBIX JTUHUIA, TPOHYMEPOBAH-
HbBIX Ha puc. 9. BaXXHO OTMETUTD, YTO ISl BCEX TPEX CIEKTPAIbHBIX JIMHUI, BKIIOYAsi OCHOBHYIO
oA, HOMepoM 1, TUIOTHOCTD IIEPEXO0B 3aMETHO OTJIMYAETCS OT HYJISI BO BCEM 00BbEME CHUCTEMBL.
DTO CBUACTEILCTBYET O TOM, UTO B (POPMUPOBAHUHU KOJUIEKTUBHBIX MOJ (8) y4acTBYIOT, KaK MU-
HUMYM, HECKOJIbKO I1ap «4acTUIa-BaKaHCHUsI» 1 IBYXypOBHeBas1 Moaesb (20) yxke He IpuMeHUMa.
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40
hQ, eV

ol i M I:

25 3.0 35
Puc. 9. DHepretnueckue pacrpeneaeHusT CUI OCHMIIITOPOB B OKPECTHOCTH JUITOJIBLHOTO pe30HaHca
B CIIeKTpe oObeMHO-jJeruposaHHoro HaHokpuctamuia CdSe (N = 90), mojyyeHHble B pPa3HbIX
npuonuxenusx: RPAE u RPAX (BepTukajibHble KpacHble U CUHUE OTPE3KU COOTBETCTBEHHO),
OIIHOYACTUYHOE TpubImkeHne XapTpu — Poka (4epHbIe TOYCUHBIC BEepTUKAIbHBIC JIUHUN).

CrexTpajibHbIC TUHUM IIPOHYMEpoBaHbL: k = 1, 2, 3
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Puc. 10. PajmasibHble pacipeaeneHns 1eKTPOHHOI IIIOTHOCTH p (1) ¥ IUIOTHOCTH TIEPeX0noB pi” ()
IUTIST CTIEKTPaNIbHBIX TUHUM ¢ k = 1, 2, 3 (cM. puc. 9)

Tabnuna

PacuyeTHble 3HaYeHHS AMILTUTY] OCHOBHBIX OJHOYACTHYHBIX NEPEX0I0B,
JA0IHUX BKJIAA B CHEKTP BO30YXKIEHHbIX COCTOSHMIT HaHOKpucTawia CdSe

(cm. puc. 9)
3Hauenue AMIUIUTYAbI, OTH. €1.,

HOMep WJIN UX OTHOLICHUEC JIA Mepexoaa

;‘z‘;f;‘a 6h — Ti 4d — 5f
X Y -Y/X X -Y | -YX
0,60 | 0,12 0,20 | 0,54 [0,07| 0,13
2 0,36 | 0,05 0,14 0,44 10,04 | 0,09
3 0,22 | 0,05 0,23 0,15 10,03 0,20

OO0o0O3HaAUYEHU: X, Y — AMILUIMTYAbl «BIIEPEA-BO-BPEMCHU» U <«HA3ad-BO-BPECMCHN» COOTBCTCTBCHHO.

IIlpumevanue. Yucmo 3aeKTPOHOB B 3JIEKTPOHHOU 00010uKe ObLI0 mpuHATO N = 90.

42



4 AToMHas du3nka, hu3nKa KIacTeEPOB U HAHOCTPYKTYpP

=
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B TtaGmmie mnpuBeneHbl 3HAYEHWS aAMIUIMTYI <BIIEPEN-BO-BPEMEHN» U <«HA3aId-BO-BpEMeE-
HU» JUISI OCHOBHBIX OJHOUYACTUYHBIX IIEPEXOA0B, JAIOLIMX BKJIA[ B COOTBETCTBYIOLIME JIMHUU B
CIIEKTPE BO30YKICHHBLIX COCTOSIHMII HAHOKPHMCTA/UIa CeJIeHUAAa KaaMMSI C YKMCJIOM 3JIEKTPOHOB
N = 90, npencraBieHHoM Ha puc. 9. Kak BUOHO M3 JaHHBIX TaOJMIILI, BCE TPU IUITOJBbHBIX
BO30YKIeHMS (BKJIIOUasi MIABHYIO PE30HAHCHYIO JuHUIO 1 ¢ sHeprueit AQ = 2.8 3B u cumoii
OCLUMJIISITOPA, COCTABJISIIONIYI0 mpuMepHO 52 % OT IpaBwiIa CyMM) IPEICTaBJISIOT COOOM JIM-
HeiiHbple KoMOMHauMM (8), OCHOBHOM BKJIAJ B KOTOPBIC NAlOT JBAa OJHOYACTUYHBIX IIEPEXOJa:
6h — 7iu 4d — 5f. BnusiHue Apyrux nap 4acTulia-BaKaHCUSI OKa3aJoCh He3HAUUTeTbHBIM. [1pu
9TOM, CYIs MO 3HAYEHUSIM OTHolueHMui amiuiutya —Y / X ~ 1, Bo Bcex cliydasix 3aMETHYIO POJib
WUrpaloT KOPPEeIsaly B OCHOBHOM COCTOSIHMM, Y 3HAYUT MOXKHO 3aKJIIOYUThH, YTO BCE TPU JIMHUU
MOXKHO paccMaTpUBAaTh KaK pe3yJbTaT (hparMeHTAlMU OJHOM rapMOHUYECKOI MOJIBI.

Ha puc. 11, ¢ npencrtaBieHbl 3aBUCMMOCTA dHEPTrUM PE30HAHCHON MOJIbI hQRPAE OT yucia
JIEJI0KAIM30BaHHBIX 3JICKTPOHOB, PACCUMTAHHON B MPUONIMKCHMU CIy4alHBIX (a3 ¢ IOJHBIM
06a31ucoM OJHOYACTUYHBIX BO30YXKICHMIA, a TaKKe pe3yabTaThl PACUETOB B paMKaX ABYXYPOB-
HEBOU MOJIENIU IS MEPEXOJOB ¢ MAKCUMAJIbHOW CUJIOW OCLMJLISTOpA Qm U DHEPTUEN COOT-
BETCTBYIOLLIMX OJHOYACTUYHBIX IIEPEXOAOB A OT 4uUCjIa JIEKTPOHOB B 0O0BEMHO-JIETMPOBAHHBIX
HaHoKpucTtaiax CdSe. B ornuume oT cuTyaluuu ¢ MOBEPXHOCTHBIM TUIIOM JIETUPOBAHUS, TIE,
COIJIACHO JAHHBIM, MPEICTAaBICHHBIM Ha pUC. 5, pe3yabTaThl ABYXYPOBHEBOM MOJEIN U pacyera
C YYETOM ITOJTHOTO 0Oa3uca MpaKTUUECKM COBITaJaIu, 31eCh HaOII0AaeTCs CYILIECTBEHHOE PACXOXK-
JeHUEe MEXIY STUMU ITOAXOJAMU IIPU JIIOOOM YHCJIe 3JEKTPOHOB B CUCTEME. DTO IOATBEPXKIACT

a)

Energy, eV

b)
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Puc. 11. 3aBUCMMOCTH OCHOBHBIX IapaMETPOB PE30HAHCHOTO BO30YKIEHHOTO COCTOSIHUSI O0OBEMHO-
JieTupoBaHHOTro HaHokpuctaaia CdSe oT yucia 37eKTPOHOB N: YacCTOTHI JUIIOJBLHOTO pPe30HaHCa
(), ToJlydeHHBbIC B Pa3HBIX MPUONIMKEHUAX (a); OTHOIICHMST aMIUIuTyd —Y / X (b) M OTHOIIEHUS
hQp,, /A (0).
Ucnons3oBansl npubamkenus RPAE, nByxypoBHeBas Mozeib (2X2) M omHoyacTUYHOE IpubimkeHue (A)
(puc. 11, a)
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CYILIECTBEHHOE BIMSIHUE KOPPESILUI MEXIy OJHOYACTUYHBIMU KaHallaMUd Ha (OpMUpPOBAHME
KOJUIEKTUBHOTO BO30YXJIeHHOTro cocTosiHug (8). Ha Takoe BiMsiHME yKa3bIBaeT U HaAOJII01aeMOe
MOYTH JBYKPATHOE TMPEBBIIEHUE YACTOTBI () = TIO OTHOLIEHHIO K YaCTOTE OAHOYACTMYHOTO
nepexoga A, a Takxxe 0oJjiee BEICOKOE, YeM BIBOE (IO CPaBHEHUIO C pe3yJbTaTaMMu Ha pUcC. 5, a)
3HAUYEHME OTHOILIeHMST aMIUIuTyd —Y / X 171 OCHOBHBIX AWIOJBHBIX IepexoaoB. HamoMmHuM,
YTO 3TO OTHOIIEHHUE CIIYKUT MHAUKATOPOM KOPPEJSILMNiA B OCHOBHOM COCTOSIHUM.

TakuMm o0Opa3oM, KOJUIEKTMBHasl OMIIOJIbHAass Moda B HaHokKpucramwiax CdSe ¢ o00beMHBIM
TUIIOM JIETUPOBAHUSI MPOSIBJISIET BCE CBOMCTBA KOPPEIMPOBAHHOIO MHOTOYACTUYHOIO BO30YXK-
JIIEHHOTO COCTOSIHMSI. 3HAauMT, €€ MOXKHO OIlMCaTh KaK ITOBEPXHOCTHBIN IUIa3MOHHBIM Pe30-
HaHC, HECMOTPA Ha HeBbInosnHeHue yciaoBusg X =—Y =1 qig paccMOTpeHHOTro ciaydas, Koraa
R=2ummpu N <10°.

Kak u B ciayyae MOBEpXHOCTHOTO JIETMPOBAaHMUS, IIPU YBEIUUCHUN T'€OMETPUUECKUX pa3Me-
pPOB 00BEMHO-JIETMPOBAHHOIO HAHOKPUCTAaJla KOJJIEKTUBHAs pPEe30HAHCHAs MoAa II0 CBOUM
CBOICTBaM Bce OoJjiee IMpUOIMKaeTcs K Kilaccuueckomy IasMoHy. Ha puc. 12, a mpuBeaeHbI
3aBMCMMOCTHM SHEPTMM PE3OHAHCHOTO BO30YXKIEHHOTO COCTOSHMSA /Y., . ¥ Pa3HOCTH OJHOYA-
CTUYHBIX YPOBHEW 3HEpruu A [jIs1 OJHOYACTUYHOIO nepexoma 64 — Iﬁ %HOMO—>LUMO) oT
paguyca R misi HaHOKpucTaia, comepxaiiero N = 90 3JIeKTpOHOB IS pe30HAHCHOI MOJIFI,
cooTBeTcTBYyIOIIEH auHuM 1 Ha puc. 9, a. Ha puc. 12, a npuBeneH Takxke rpaduk aHaaIUTHU-
YeCKOM pamuajabHON 3aBUCHUMOCTHM KJIACCUUYECKON 4YacTOThI IJIa3MOHHBIX KOJeOaHUI Qd TS

a 55
3.0 1
2.5
?
.2.0
>
o
215
L
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i T T T T T g
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b) c) R, nm
LS . =YX
) 0.40
2.8
2.6 0.351
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2.21 /
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Puc. 12. PaguanbHble 3aBUCUMOCTHA OCHOBHBIX ITAPAMETPOB PE30HAHCHOTO BO30YXIE€HHOTO COCTOSIHUS
00beMHO-JIErMpoBaHHOro HaHokpucrauia CdSe (N = 90): sHepruu JUNOJILHOIO pe3oHaHca /Q
IO Pa3HbIM MOJEJISAM (a), & TaKXKe OTHOWIEHUH AL, ./ A (b) n ammutyn — Y / X (c).
Wcnonw3oBansl npubmekeHuss RPAE 1 omHowacTruHOe (A), a TakKe MOKa3aHbl COOTBETCTBYIOIIME 3HAUCHUS
KJIACCUYECKOM 4aCTOThI IJIA3MOHHOTIO pe3oHaHca Q , (puc. 12, a)
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MPOBOAIIETO c(hepruIeCKOro IMPoOBOIHUKA B IUAJIECKTPUUECCKOM OKPYKEHUH; TpaUK IMOCTPOECH
B COOTBETCTBUU C popMyoii [12]:

o 3e’N
“ \m(e +2¢,) R (28)

M3 sroro rpacduka BUAHO, YTO IpU R = 2 HM elle HaOMI0ZaeTCsl 3aMETHOE pacXOXKIeHHE
MEXIY YacCTOTOM OUIIOJBHOTO Pe30HAHCA, MOJYYEHHON ITyTeM KBAaHTOBOMEXaHMYECKOTO pacyue-
Ta, U KJIACCUYECKON OLIEHKOM, OHAKO €ro BeJMYMHA ObICTPO YObIBaeT, U yxke npu R =>4 Hm
MOKHO TOBOPUTH O TOM, YTO IPOM3OLIE] Iepexo] OT KBAHTOBOTO PEXMMa ILJIa3MEHHBIX KOJIe-
0aHMII K KJIACCMYECKOMY, KOIJa BIMSHME MEXYAaCTMYHOIO B3aMMOICUCTBUS B 3JICKTPOHHOM
cucteMe IpeobiagaeT Haa 3¢ ¢GeKTaMyu pa3MEepHOTO KBAaHTOBaHUS, a OCHOBHOE COCTOSIHHE IIpU
5TOM MPEICTABIISICT COO0M CUILHO KOPPEeIUpOBaHHYIO cucTteMy. OO 3TOM XK€ CBUACTEIBCTBYIOT
¥ TIPEICTABIEHHBIE Ha pUC. 12, b ¥ ¢ 3aBUCMMOCTY OTHOLIEHMsI SHEPruii Q). . . /A v ammuTyn
—Y / X nns aneKTpoHHOrO Iepexona 64 — 7i, maollero OCHOBHOI BKJam B cymmy (8).

Takum 006pa3oM, MOXHO CIEJIaThb BBIBOI, UTO YCJIOBMS JUISI IEpPeXola KOJUIEKTMBHOTO M-
MOJILHOTO BO30YXICHUS OT KBAHTOBOIO PEXMMa K KJIACCUYECKOMY B 3HAYUTEJIBbHOI CTCIEHU
3aBUCAT HE TOJIBKO OT TEOMETPUUYCCKUX pa3MEpOB HAHOKPUCTA/LIA U YMCIa CBOOOIHBIX HOCUTE-
JIel 3apsda, HO M OT TUIIA JIETUPOBAHMSI HAHOKPUCTAJIA, IIPUYEeM IIpU 00bEMHOM JIETUPOBAHUM
repexol HabMoaaeTCs IIPU CPAaBHUTEILHO MEHBIINX 3HAUYCHUSIX paglyca CUCTEMBL.

3akiaoyenue

B paborte TeopeTruecKu UCCAeAOBaHbI ONITUYECKHE CBOMCTBA MOJIYIIPOBOIHUKOBBIX HAHOKPH-
CTaJIJIOB C pa3JIMYHBIM TUIIOM JIerMpoBaHUs. B KauecTBe 00beKTa uccienoBaHus ObUIM BHIOpaHbI
HaHOKpUCTaJLIbl cejaeHuaa Kagmust CdSe, comepxkallye pazIMIHOE YMCIO ASI0KATM30BaHHBIX
HocuTeJieil 3apsaa. st omucaHusl IPOLIECCOB B3aUMOACHCTBUS 3JEKTPOHOB MEXIY COOOI M ¢
BHEIIIHUM 3JIEKTPOMAarHUTHBIM I10JIEM ObLI MCITOJIb30BaH TEOPETUUECKUI ITOAX0A, OCHOBAaHHBIN
Ha npuoOmkeHun XapTpu — @oka M MpUOIKeHUM ciaydailHbIX ¢a3 ¢ oomeHoMm (ITCDO).
[t cpaBHEeHUSI TakKe OBLIM MPEACTaBICHBI Pe3y/abTaThl PACYETOB B IPUOIMKEHUU JIOKAJIBHOMN
IUIOTHOCTHU ¢ moTeHnuanoMm dupaka — Ciatepa.

Bri10 ycTaHOBJIEHO, YTO B ONTUYECKMX CIEKTpPaX HAHOKPUCTAJIOB, ITOJYYEHHBIX C IPU-
MEHEeHHEM O0OHMX MOAXOIOB, HAOMIOAAETCsS NOMUHUPYIOIIAs pe30HAHCHASI JTUHUS, ITOJOXKEHUE
KOTOPOI MpPaKTUYECKU HE 3aBHCUT OT METOAa OIMCAaHUSI OOMEHHOIO B3aMMOIEMCTBUS MEXIY
BJICKTPOHAMM IIPU BCEX PACCMOTPEHHBIX 3HAUEHMSIX UMCia 4acTull B cucreme. Bo3OyxkaeHHOe
COCTOSIHME, COOTBETCTBYIOIIEE PE30HAHCHOMY AUIIOJILHOMY IIE€PEX0ay, UMEET IIPU 3TOM KOJLIeK-
TUBHYIO NPUPOAY KaK MpU IOBEPXHOCTHOM, TaK U IIPU OOBEMHOM MeXaHM3MaX JITUPOBaHUSI,
0 UYeM CBMIIETEJbCTBYET CYLIECTBEHHBIN BKJIaJ MHOTOYAaCTUYHBIX KOPPEISILUil B (DOpMUPOBAHNUE
BOJIHOBOM (DYHKIIUM.

B cnydae ke moBepXHOCTHOI'O TUIIA JETMPOBAHMS 3JIEKTPOHHASI CTPYKTYpa OCHOBHOI'O COCTO-
SIHUSI UMEET CYLLIECTBEHHO HEOMHOPOMIHOE pacrpenesieHre IIOTHOCTH 3apsiia, KOraa MakKCUMyM
(yHKLIMK pacmpeneeHus] OKa3bIBaeTCsI CMEIIEHHBIM K ITOBEPXHOCTM HAaHOKpHCTaIa, YTO, B
CBOIO OYepedb, ONpeaeseT XxapakTep KojebaHUil AUNOJbHON PE30HAHCHOW MOJBI.

AHanu3 pacrnpeneeHus] CU OCHUJUISITOPOB B OKPECTHOCTH PE30HAHCHON JIMHUM, a TakxKe
COOTBETCTBYIOLLIMX AUMOJbHBIX aMIUIATYI U paclpene/ieHUs] IVIOTHOCTU IUIIOJbHBIX MEPEXOI0B
IoKas3aj, 4To KojeOaHuUsl 3JeKTPOHHON IUIOTHOCTU KOJIJIEKTUBHOM MOJBI HOCSIT BpalllaTeIbHbIN
XapakTep, IIpU KOTOPOM OKAa3bIBalOTCSI BO30Y:KACHHBIMHU TOJIBKO YIJIOBBIE CTEIIEHU CBOOOIBI, B
TO BpeMsI KaK ABMXKEHUE B paavajJIbHOM HaIlpaBIeHUM MPaKTUIECKU 3aMOPOKEHO, IIOCKOIbKY BO
BHEIIIHEM ITOTeHIIMaje OTCYTCTBYET NEiCTBYIOIas HAa HOCUTEIM 3apsiia BO3Bpalllaloliasi cuja,
HaIlpaBJCHHas 110 HOPMaJi K IMOBEPXHOCTU.

DTOT Xe BBIBOI ITOATBEpKAAETCS pe3yJibTaTaMM, IIOJYYEHHBIMU B paMKaxX IBYXYPOBHEBOI
MOJIe/Id, KOTOpasl OMNMChIBACT AUIMOJbHBIN PE30HAHC IIPU ITIOBEPXHOCTHOM JIETMPOBAHUM KakK
KOppPEIMPOBAaHHOE BO30YKICHHOE COCTOSIHME, COCTaBJIEHHOE M3 ITap YacTUlla-BaKaHCUSI, BKIIIO-
YapIIUX TOJAbKO nepexoansl Mexay opoutansimu HOMO u LUMO npu BceX BO3MOXKHBIX IPO-
eKIIMSIX YIJI0OBOro MOMeHTa. PacueThl mokaszajiu, 4TO 3HAYeHHUSI PE30HAHCHOM 4YacTOTHI, ITOJIY-
YeHHbIE IIPU y4yeTe BCEX BO3MOXHBIX OJHOYACTUYHBIX II€PEeXOJOB M B paMKax IBYXYPOBHEBOI
MOJIEJIM, OKA3bIBAIOTCS MPAKTUYECKW MACHTUYHBIMHU UISI BCEX PACCMOTPEHHBIX HAHOKPHUCTAI-
noB CdSe, comepxammx oT 8 mo 162 nmemokanu3oBaHHBIX 3JeKTpOHOB. Ciabas CBSI3b MEXIY
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BpalllaTeJIbHON MOJION M OJHOYACTUYHBIMU BO30YXKIECHUSIMU, B KOTOPBIX 3a1€ICTBOBAHbI paau-
aJIbHbIE CTEIIEHU CBOOObI, IIPUBOAUT K TOMY, YTO pe30HAHCHAS JIMHUS OKa3bIBaeTCs MIPaKTUye-
CKM He (pparMeHTUpoBaHHOI. [Ipy 3TOM 00HapyKEeHO, YTO IS CPAaBHUTEILHO MaJIbIX pa3MepOB
CHCTEMBbI, KOITIa paluyCc HAaHOKPHUCTAa/lJIa OKa3bIBaeTCsl MeHbllle 3¢(h(HEeKTUBHOIO OOPOBCKOIO, IIPU
YBEJMUEHUH YHCIa 3JEKTPOHOB €llle He IIPOUCXOAUT Iepexoaa Pe30HAHCHON MOIBI OT pexXuma
pa3MepHOro KBaHTOBAaHMsS K KJIACCMUYECKMM ILJIa3MOHHBIM KOJeOaHUsSIM, HECMOTPSI Ha BO3pac-
TalOLIMKA BKJIAA KYJIOHOBCKOIO MEX3JIEKTPOHHOIO B3auUMOACHCTBUS. TeHACHLMSI K MEPEXOMy
B KJIACCUMYECKUI pexXUM MPOSIBISIETCS JIMIIb P YBEJIIMYEHUU paauyca CUCTEMBI OO0 pasMepa
3(HeKTUBHOr0 OOPOBCKOIO paauyca, U IIpU 3TOM COXpPaHsSETCs BpalllaTeJbHBINA XapaKTep KoJje-
0aTeIbHOTO IBIKEHMSI.

IIpu 0O0beMHOM JIETMPOBAaHMHU, KaK ITOKa3ajayd pacyeThbl, 2JIEKTPOHHAsI CTPYKTypa OCHOBHOTIO
COCTOSIHUSI OKa3bIBaeTCsl CYIIECTBEHHO MHOM, IO CPaBHEHUIO C IOBEPXHOCTHO-JIETMPOBAHHBI-
Mu cuctemMaMu. Ilpu 3ToM pamuaabHOE pacHpeae/ieHUe 3JIEKTPOHHON IUIOTHOCTU IO O0BbeMY
HAHOKPUCTaJlJla CTAHOBUTCSI O0Jiee paBHOMEPHBIM, a IapabOoJMYECKUil XapaKTep MHOTeHIMaia
MMOJIOKUTEILHO 3apsSKeHHOIO OCTOBA IPUBOAUT K BOZHMKHOBEHUIO paaMalbHO HAIlpaBICHHOM
BO3BpallAOIIEii CUJIbI, JEMCTBYIOIIE Ha 3JIEKTPOHBL. B pe3ynbrare KOJIEKTUBHOE BO30YXKICH-
HOE COCTOSIHME€ MOXHO OIIMCaTh KaK FapMOHMYECKHE KOJeOaHHUsI 3JEKTPOHHOIO O0jaka Kak
eIHOI0 1IeJIOr0 B HAMpaBIeHUM HOPMaJIU K IMOBEPXHOCTU CHUCTEMBI IPU HE3HAYUTEIbHBIX OT-
KJIOHEHMSIX paclipelesieHUs IJIOTHOCTU, MO CPAaBHEHUIO C OCHOBHBIM COCTOSIHUEM.

TakuMm o6pa3oMm, Mpu OOBEMHOM JIETUPOBAHUM IMUIIOJbHBIA PE30HAHC MOXHO OIIMCHIBATh
KaK KOJUIEKTUMBHYIO MOAY TPaHCJSLIMOHHOIO THUIIA, B KOTOPOI, B OTJIMYME OT CUTyallMU C IIO-
BEPXHOCTHBIM JIETUPOBAaHUEM, OJHOBPEMEHHO CKOPPEIMPOBAHBI HECKOJHKO OTHOYACTUUHBIX
JIUIIOJBHBIX MEPeXoJ0B. DTO IIOATBEPXKIACTCS TeM, YTO Pe3yJbTaThbl, MOJIYYECHHBIC Ha OCHOBE
JIBYXyPOBHEBOM MOJEJU, CYLIECTBEHHO OTJIMYAIOTCS OT TAKOBBIX, YUMTHIBAIOLIMX TOJIHbBII OQHO-
YaCTUYHBIM 0a3uc, mpuYeM pas3HHUIlAa BO3pacTaeT MO Mepe YBEIMUECHUS YuCjia YacTUIl B CUCTe-
me. Kpome Toro, B3auMoaeicTBue TapMOHMYECKONM MOJBI C OMHOUYACTUYHBIMU BO30YKIEHHBIMU
COCTOSIHUSIMU TIPUBOAUT K (hparMeHTallMM Pe30HAHCHON JIMHUM, TIOCKOJIbKY CTEIIEHU CBOOOIDI,
KOTOPBIMU 00J1afaeT KojaebaTeabHas 3JeKTPOHHAS CUCTeMa, B TaHHOM CUTyallMy He pa3aesIeHbI.
B dbopmupoBaHUM KOJIEKTUBHON MOMABI TaKKe Mpeo0/analoT KBaHTOBBIE 3¢ GEKThl IIPpU CpaB-
HUTEJbHO MaJIbIX padMepax HaAaHOKPUCTAJJIOB, OMHAKO IEPeXol B PEXXUM KJIaCCUYECKOro ILIa3-
MOHHOTIO KOJieOaHUS MPOUCXOAUT MPU MEHBIINX pamuycaX CUCTEMBbI, YeM IIpU ITOBEPXHOCTHOM
TUIIE JIeTUPOBaHUs. B pesynbTaTe yxKe Ipu padmMepax, COIMOCTaBUMBIX ¢ 3(P(PeKTUBHBIM OOPOB-
CKMM pagulyCcoM, TUIIOJbHBIE KOJeOaHUsI 2JIEKTPOHHOIO 00Iaka MOXHO OMMcaTh KakK IJIa3MOH-
HYI0O MOy, 4acTOTa KOTOPOH CTPEeMUTCSI K KJIACCMUYECKOM 4YacTOTe IUIa3MEHHBIX KoyieOaHWiI B
cheprueckoM TIPOBOTHUKE.

Wrak, MOXHO caeiaTh BBIBO/, YTO BHE 3aBUCUMOCTH OT MCIIOJb30BAaHHOIO METOa JIETMpPOBa-
HUSI OJIYIIPOBOIHUKOBBIX HAHOKPUCTAJUIOB, B UX ONTUYECKOM CIEKTPE JOMUHUPYET Pe30HAHC-
Hasl IUIIOJIbHAS Moja. XapaKTep IIOCJIeaIHell onpeaesieTcsl pa3MepaMu caMOli CUCTeMBI, a TaKXkKe
TUIIOM JIETUPOBAHUSI M €r0 CTENEHBIO, T. €. YMCJIOM JeJ0KaJM30BaHHBIX HOCHUTEJIeH 3apsiaa.
ITo mepe yBeaMueHMSI TEOMETPUUECKUX Pa3MEpPOB BJICKTPOHHOI CUCTEMBI (B MEPBYIO Ouepeib)
U 4uCjia €€ 3JICKTPOHOB IIPOMCXOAUT MOCTEIIEHHBINM Iepexol KOJICKTUBHOTO BO30YXKIEHHOTO
COCTOSIHUSI OT peXrMa pa3MEpPHOT0 KBAaHTOBAaHMS K KJIACCUUECKOMY IIJIAa3MOHHOMY KOJeOaTesIb-
HOMY IBIZKEHMIO 3TOM cUCTeMBbl. I1pu 5ToM XapakTep ABMKEHUsI, 3aBUCSIILUNI OT YKCIa BO30YXK-
JIIEHHBIX CTEIeHe CBOOOMIBI, OIPEASsIeTCs 3JEKTPOHHOUN CTPYKTYPOil OCHOBHOIO COCTOSIHMUSI.
DJIeKTpPOHHAasI e CTPYKTypa 3TOr0 COCTOSHUS (POPMUPYETCSI B COOTBETCTBUM C pacIipeAcaeHUEM
MOTeHIIMAaJIa MOJOXUTEILHOTO 3apsiaa, T. €. C TUIIOM JISTUPOBAaHUSI.
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AnHotauus. [IpoBeleHO 3KCIEPUMEHTAIbHOE MCCIeAOBaHWE TPAHCTIOPTUPOBKU TyukKa
3apsKEHHBIX YaCTUIL B MOHHOM UCTOYHUKE C KOPOHHBIM Pa3psiioM, ¢ (hOKYCUPYIOIIEH CUCTEMO
Ha OCHOBE TOHKMX auadparM B cTosiueM rasze npu armochepHom nasineHuu. [lTokazaHo, 4To
5 HEKTUBHOCTh TPAHCIIOPTUPOBKM MOHHOTO Iy4YKa 4epe3 cucteMy (hOKYCUPOBKM 3aBUCUT OT
PACCTOSTHUSI MEXKy KOPOHUPYIOIIIMM OCTPUEM U CUCTeMOM nuadparm, pa3HOCTH MOTEHIIMAIOB
Mexny avadparmamu (QOKycHUpyIollel CUCTeMbl M BEJIMYMHBI TOKA KOPOHHOTO pas3psija.
IMpencraBnenbl pe3yabTaThl cpaBHEHUS 3DGEKTUBHOCTU TPAHCTIOPTUPOBKU MOHHOTO MyYka B
VOHHOM UCTOYHUKE ¢ (DOKyCUpYIOlllel cucTeMoii u 6e3 Hee. Mcrionb3oBaHue hOKyCUpYIolei
CHCTEMBI TIO3BOJISIET B HECKOJIBKO pa3 YBEIWYUTH TOK, MPUXOMSAIIMN Ha KOJUIEKTOP Yepes
nuradparMy HaMMEeHbIIIeTo TMaMeTpa, 1 MOBBICUTD Ha MOPSIIOK TOK, MPUXOASIIINIA Ha IJIOCKOCTh
3TOM auadparmel.
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Abstract. In this work, a charged particle beam transport in an ion source with a corona
discharge, the source being equipped with a focusing system based on thin diaphragms in the
standing gas and at atmospheric pressure, has been studied experimentally. The efficiency of
the ion beam transportation through the focusing system was shown to depend on the distance

© TIlomo3zoB T. B., MypamgsimoB M. 3., Txkau E. A., 2023. Wznartens: Cankt-IleTepOyprckuii MmoJuTeXHUYECKUI
yHuBepcuret Iletpa Benukoro.

52



4 dusnyeckas a71eKTpoHuKa

between the corona needle and the diaphragm system, on the potential difference between the
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BBenenne

HcToyHMKM MOHU3AUMU HpU aTMOC(HEpPHOM AABICHUU JABHO M IIMPOKO MCIIOJB3YIOTCS B
MAacC-CIEKTPOMETPUH TIPY PelIeHUU 3a1ad OpPraHUYeCKOoil M GMOOpPraHMYeCKOM XuMuu, apma-
KOJIOTMHU, TIPOTEOMUKHU, 3KOJOruU U T. 1. [1 — 3].

UyBCTBUTELHOCTh MACC-CIIEKTPOMETPA 3aBUCUT OT 3(P(HEKTUBHOCTU TPAHCIIOPTUPOBKU NOH-
HOTO MydYKa M3 00JIaCTH MOHOOOpa30BaHUSI ¢ aTMOC(EPHBIM NaBICHUEM B BBICOKOBAKYYMHYIO
o0sacTh Macc-aHalM3a 4epe3 ra30AMHaAMUYeCKUl MHTep(PENcC, COCTOSIIUN U3 CUCTEMBbI Aud-
¢epenuuanbHoii otkauku (CHO) ¢ pa3MelieHHbIMUA B HEll MOHHO-ONTUYECKUMMU 3JIEMEHTAMU.
IToTepu noHOB cyiiecTBYIOT Ha Beex ctyneHsax CO, ogHako MakCMMaIbHbIE ITOTEPU MOHHOIO
IMy4Ka MPUXOIATCS Ha Iepexod U3 00JIacTh ¢ aTMOC(EPHBIM JaBIeHUEM Yepe3 COIUIO B MEPBYIO
cryneHb CI1O 1 MOTYT COCTaBJIATh IBa MOPSAKA U 60Jiee OT CYMMapHOI'O TOKA UCTOYHMKA MOHOB
[4].

[lepcrieKTUBHBIM CITOCOOOM CHMKEHMS IIOTePh MOHOB SIBJISICTCS (DOKYCUPOBKA MOHHOTO ITy4-
Ka Ha comio. B pabote [5] Takyio DOKycHMpPOBKY OCYILIECTBISUIM pa3MelleHreM Iojaychepude-
CKOTI'0 CETOUYHOIO 3JIEKTPOJa MEXIY PaCHbUIMTEIbHBIM KAaIWUISIPOM M COILIOM. Takoe pelleHune
MMEJIO LEbIA psii HEJOCTATKOB, B YACTHOCTM OrPaHMYCHHYIO IPO3PAayHOCTh CETOK U MCKa-
JKEHHUE II0JIEBOM CTPYKTYpHI M3-3a OCaXKIECHUS MUKpoKarieslb. B paborax [6 — 8] ¢okycupoB-
Ky MOHHOIO MyYKa OCYIIECTBJSUIM C IOMOIIBIO IOMOJHUTEILHOTO 3JeKTpoaa (muadparmsl),
YCTAaHOBJICHHOI'O Tepell COIUIOM; IPY 3TOM OTHOIICHME ITraMeTpa OTBEpCTUS Auadparmbl K ee
TOJILLIMHE COCTaBJsUIO OT 1 1o 5.

OnHako pe3yJbTaThl YHUCICHHOIO MOISIMPOBAHUS MOHHBIX TPAGKTOPUI B 3JIEKTPOCTATHYE-
CKUX TOJISIX B IJTOTHOM ra3e IOKa3bIBalOT, YTO C TOYKHU 3peHUs 3 PEKTUBHOCTU (POKYCUPOBKU
MOHHOTO Iy4Ka HaubOoJiee MEePCIEeKTUBHBIMU SIBISIOTCS (POKYCUPYIOLIME CUCTEMBI Ha OCHOBE
TOHKMX auadparMm (yKazaHHOE BBIIIC OTHOIICHMWE JOJDKHO COCTABJSTh HECKOJILKO JIECITKOB).
HNoHHo-onTryeckass cxemMa Takoil (OKyCHUpYIOLIEel CUCTEMbI paccMOTpeHa B pabote [9], rme
IpenjoxkeHa 3JeKTpoaHas KOH(pUrypamus Ha OCHOBe TOHKUX auadparm (tomiuHoi 0,1 MM) ¢
YMEHbIIAIOIINMUCS AUaMeTpaMu OTBepCTUil. BEIOOpP B IMOJIL3Yy NMPUMEHEHUSI KaK MOXHO 0oJjiee
TOHKMX AuadparM AUKTYeTCS 0oJjice BBIPAKEHHBIMM (POKYCHUPYIOIIMMMU CBOICTBAMU CUCTEMBI
BBUIIY OTCYTCTBUSI JIOKAJIbHBIX 00JIacTell Ae(pOKYCMPOBKM B KaHajax areprTyp.

B Hacrosieit paboTe 3KCIepUMEHTAIbHO HCCIEIyeTCsI BO3MOXKXHOCTD yBeIMYeHUS dPdeK-
TUBHOCTHM TPAHCIIOPTUPOBKY MOHHOIO ITy4Ka C MOMOIIbLIO (POKYCUPYIONIEH CUCTEMbl HA OCHOBE
TOHKMX JuadparM B UCTOYHUKE C KOPOHHBIM pa3psiioM B cToguyeM rasze. Takum obpazom, 3¢-
(peKTUBHOCTb TPAHCIOPTUPOBKU JOKHA IOBBICUTLCS MCKIIOYMTEILHO 3a CUeT (POKYCUPOBKU
MOHOB B 3JICKTPOCTAaTMYECKOM Itojie. B razommHamMuueckoMm MHTepdeiice Macc-CIIEKTpoMeTpa

© Pomozov T. V., Muradymov M. Z., Tkach E. A., 2023. Published by Peter the Great St. Petersburg Polytechnic
University.
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nnagparma OKyCHUpYIOLIell CUCTeMbI ¢ HAMMEHBIIIMM AUaMETPOM CTAaHOBUTCS COILJIOM, OTHEJISI-
I0IIUM 00J1acTh aTMOC(epHOro AaBjieHUs OT nepBoit ctynenu CJ0O.

>

HNonno-ontuyeckas cxema Goxycupyomeii CHCTEMbI
HA OCHOBE TOHKHX JuadparM B UCTOYHHUKE C KOPOHHBIM Pa3psioM

HoHHo-onTHyecKass cxema 3KCIEPUMEHTANIbHO HCCIIeAyeMOoii (hOKYCUPYIOLLIEil CUCTeMbl Ha
OCHOBE TOHKMX auadparM B MCTOYHUKE C KOPOHHBIM pa3psaoM TTokazaHa Ha puc. 1. Cxema
COCTOUT U3 KOPOHMPYIOLIETO OCTpUS (UIJIbl), YEThIPEX TOHKUX Auadparm (d, — d ,) TOJILMHON
0,1 MM ¢ yMECHBIIAIOIIUMUCS pa3MepaMy OTBEPCTUM M IUIOCKOIO 3JICKTPOJA, BBIIOJHSIIOLIETO
¢yHKLMI0 KoJteKTopa. PasMmepsl oTBepcTuii auadparM 1o yObIBarolleil cocTaBisiior, MMm: 4,00;
2,65; 1,20 u 0,50. PaccrosgHust MexXny TOHKUMU auacdparMaMyu U PacCTOSTHUE MEXKIY ITOCICIHEH
aradparMoil U KOJUIEKTOPOM cocTaBisiioT 1 MM. K KOpoHUpyIOlleMy OCTPUIO MPUKJIAIbIBACTCS
noreHuan U [Uist 3aKUraHust pa3psiia, a K KOJUIEKTOPY — HEKOTOPbIi THymi nmoteHuunan U .
B cucreme ¢ muddepeHnanbHONM OTKAYKOM, alepTypoii, OTHelsIollell 00JacTh ¢ aTMochep-
HBIM AaBiieHHeM oT nepBoil ctyneHu CIO u BBIIOJHSIONIEH PoJib coIlia, OyaeT nuadparma 4,
HMMEIOLIas HAaMMEHBIIWI JUaMeTp.

[Ipy npuiokeHUU OOMHAKOBOM Pa3sHOCTU IOTCHILIMAJIOB MEXIY COCCOAHMMU auadparMamu
AU<0AU=U, —U,i=1-3) u1s NONOXUTEIbHO 3apSKEHHBIX MOHOB paccMaTpvBaeMast
cucTtema ob6ianaeT (OKYyCUPYIOIIMMU CBOMCTBAMM, ITOCKOJIbKY HAIPSOKEHHOCTh 3JICKTPOCTATHU-
YECKOro IOJISI B IPOMEXYTKAX MEXIY COCCIHUMHU auadparMaMy YBEJIUYMBACTCS BCIICACTBUE
YMEHBIIIEHUST TuamMeTpoB ameptyp. Ha puc. 1 mokazaHbl TakKe SKBUITOTCHIIMAJIbHBIC JTUHUU
BJICKTPOCTATUYECKOTO MOJISI B INIOCKOCTHU, IIPOXOISIIIC Yepe3 ONTUIECKYIO OCh, TPACKTOPUU MO~
JIOKUTEJIbHO 3apsKeHHBIX MOHOB; B IOAMNUCH IIEPEUNCICHBI T€OMETPUUYECKUE U BJICKTPUUECKIE
rapaMeTpbl MIOHHO-ONTUYECKON CXEMBl Y YKa3aHbl UX 3HAYCHMSI.

YuciaeHHOE MOJEIMPOBAHUE 3JIEKTPOCTATUYECKOIO IOJISI M TPACKTOPUM 3apsKEHHBIX YaCTHII
B TUIOTHOM Ta3e (Bo3myx) mpu HopMaibHbix ycioBusix (T = 300 K, p = 760 Topp) 6e3 yyera

\

e TR R |
SN W
R XA \ il [ il
YA g [

A [

I

il

i
‘M

|

|

N

Puc. 1. MoHHO-onTHYeckas cxeMa (hOKyCUPYIOLIE CUCTEMbl HA OCHOBE TOHKUX AuadparMm (a)
U TPACKTOPUHU TIOJOXMUTEIBHO 3apsiKeHHBIX MOHOB (b):
CP — koponwupyouiee ocrpue (uria), TD — Habop ToHkux muadparm (d, — d,), C — xoiiekrop, a
Takke dKBUIIOTEHIIMAIbHBIC JUHUU 3JIEKTPOCTATUIECKOTO TOJsT £ B TUIOCKOCTH, MPOXOASIIEH yepe3
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ONTHYECKYI0 OChb. ['eOMeTpuyecKkre M 3JIEKTPUYECKME MapaMeTphbl cxeMbl: L = 5 MM, L, = | mw,
d=4wmm,d,=2,65um, d, = 1,2mm,d, =0,5mum, U =7 kB, U =3 kB, U, =2xB, U, = 1 kB,
U,= 0B, U, = —1 kB. TonuuHa gnadparm / — 4 cocrasmsier 0,1 Mmm
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3 HEeKTOB, BHOCUMbBIX O0OBEMHBIX 3apsIIOM, IIPOBOAMIOCH B mporpaMmMHoM makete SIMION 8.0
[10] ¢ ucnonp3oBaHUeM craTucTUUecKoi nuddysnonHoi monenu SDS [11], KoTopas mpencras-
JIeHa B KaueCTBe MO0JIb30BaTeIbCKOI MPOTrpaMMBbl K MakeTy. B KauecTBe MOAEIbHOTO My4YKa ObLIU
B3SITHI IIOJIOKUTENbHbIE MOHBI a3oTa (m = 14 a.e.M.) ¢ HayaJlbHBIM C(EepUUYECKUM IIPOCTPaH-
CTBEHHBIM pacripeaeieHueM (d = 1,5 mm).

3aMeTuM, 4TO (POKYCUPYIOILINE CBOMCTBA MCCIEAYEeMOl MOHHO-OITUYECKON CXeMBbI 3aBUCSIT
OT BEJIMUMHBI pa3HOCTU IoTeHIManoB AU, mpuKiIaabBacMbIX MEXIy TOHKUMU AuadparMaMu:
npu yBeandeHun AU (oKycupylolme CBOMCTBA YCUJIMBAIOTCS, a IIPU YMEHbBIIIEHUU — OcJiabe-
BaloT. Pe3ynbTaThl pacueToB MOKa3bIBalOT, UTO B pacCMaTpUBaeMOil MOHHO-OITUYECKON CXeMe
JIOJISI HOHOB, TIPUXOASIIMX Ha KOJIJIEKTOP, COCTaBIsIeT 0KoJIo 4,2 %, a Ha IJIOCKOCTh AuadparMbl
C HauMeHbIIMM auameTpoM (d, = 0,5 mm) — okomno 27 %.

SKCﬂepI/IMeHTaJIbHaﬂ YCTaHOBKA

JJ1s1 5KCIepUMEHTAIbHOTO UccaeaoBaHus 3¢ (GEeKTUBHOCTU TPAHCIIOPTUPOBKM MOHHOIO ITy4-
Ka B UCTOUYHHUKE C (POKYCUPYIOLIEH CUCTEMOI OblIa CO3IaHa yCTaHOBKA, CxeMa KOTOPOI MOKa-
3aHa Ha puc. 2.

Puc. 2. Cxema sKcriepyMeHTaIbHOU YCTAHOBKU € (POKYCUPOBKOM MOHHOTO Ty4yKa
B CHUCTeM€ TOHKMX auadparm:
1 — 4 — ToHKHMe AuadparMbl, 5 — KOJJIEKTOp, 6 — KepaMUUYECKUe BCTaBKU, 7 — KOPOHUPYIOIllee OCTpue (Uria),
8 — 13 — BAEKTPOMETPHI, /4 — 19 — IMDPOBBIE UBMEPUTEIN TOKOB, 2(0) — 24 — BICOKOCTAOUJIbHbIE BHICOKOBOJIBTHBIE
osioku nutaHus. TonumHa ToHKuX auacdparm cocrasiser (0,1 MM, KepaMUUYeCKUX BCTAaBOK — | MM

B nmaHHOII ycTaHOBKE peajnM3oBaHa ONMCAHHAS BbILIE MOHHO-OITUYECKAs cxeMa (POKyCUpy-
IOIIEH CHUCTEMBI, COCTOsSIIAsT U3 KOPOHUPYIOLIETO OCTpUSl (MIJIbI) 7, COOCHO PacIiOJOXEHHOMN
cUCTeMbl TOHKMX auadparm / — 4 tomuuHoii 0,1 MM 1 KoyiekTopa 5. JluaMerp oTBepCTUS B
nepBoit nuadparme (/) cocrabisgeT 4 MM, Bo BTopoii (2) — 2,65 mm, B Tpetbeit (3) — 1,2 MM,
B ueTBepTOil (4) — 0,5 mMm. Bce muadparmbl M30aupoBaHbl APYT OT Apyra M OT KOJUIEKTOpa 5
KepaMMYEeCKMMM BCTaBKaMM 6 TOMILMHON 1 MM. Dnektponsl [ — 3 u 5, 7 3KcnepUMeHTaIbHOM
YCTAHOBKM MMEIOT HE3aBUCHUMOE JJICKTPOIIUTAHUE OT BBICOKOBOJIBTHBIX YIIPABISIEMbIX BbICO-
KOCTaOMIbHBIX 0IoKOB ruTanust 20 — 24. YerBeprasg nuadparma 4 HAXOOUTCS MO HYJIECBBIM
IMOTEHIIMAIOM.

Bce aiekTpoabl CUCTEMBI TAKKE TTOAKIIIOUEHBI K 3JIEKTPOMETPUYECKUM YCUJIUTEISIM C KOA(D-
dumentamu yernenus ot 1076 1o 10® A/B, uto mo3BosisIeT U3MEPATH MTPOTEKAIOIINIA 10 DJIEK-
TpomaM ToK. KopoHupylolliee ocTpye yCTaHOBICHO Ha IIaTMOpMe ¢ MEXaHUYSCKUM IIPUBOIOM,
MMO3BOJISIIOIIMM BapbUpPOBaTh PACCTOSIHUE OT OCTpMS A0 Onmkaiiieil auadparmbl (OKYyCUPYIO-
IIEN CUCTEMBI.
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DKcnepuMeHTAIbHBIE Pe3yJIbTAThl M HX 00CYKIEeHHe

B xome skcrepuMeHTa MCCIeAOBAIMCh OCOOCHHOCTU TPAHCIOPTUPOBKM MOHHOIO ITyYyKa B
OIMCAaHHON BHILIE cucTeMe (CM. puc. 1 u 2) mpu BapHalMU €€ DJIEKTPUYECKUX U TeoMeTpUue-
CKHUX MapaMeTpoB, a UMEHHO:

AU — BelIMuMHA pa3HOCTU MOTECHIIUAJIOB MeXAy AuadparMamu,

I, — TOK KOpOHHOTO pa3psja,

f — paccTossHUEe OT KOPOHUPYIOIIETO OCTpUs 10 OnyKaiiiieil nuadparmel.

B xome Bcex 3KCHEpPUMEHTAIbHBIX M3MEPEHUII KOHTPOJIMPOBAJIOCH BBIMOJHEHHUE YCIOBUS
OajlaHca TOKOB B CHCTEME, KOTOpOe IIoJpa3yMeBaeT PaBEHCTBO TOKA paspsiia CyMME TOKOB,
MNPUXOOSIIIMX Ha avadparMbl U KojuieKTop. IlojaydeHHBIC 3KCIEpUMEHTAIbHbIC 3aBUCUMOCTU
¢ I0CTaToYHOI TOUHOCTBIO (< 10 %) BOCHIPOM3BOIMINCEH B HE3aBUCUMbIX CEPUSIX U3MEPEHUIA.

Ha puc. 3, a u b npeacraBieHbl 3aBUCMMOCTH TOKA Ha KOJUIEKTOpe / M CyMMBI TOKOB Ha
ueTBepTON Auadparme u Koiekrope I, + [ or moteHimnana Kojiekropa U, Npu pasHbIX Beju-
YyHaX pa3HocTU noteHunanoB AU mexny nuacdparMaMu IIpU TOKE ITOJI0XUTEIBHOIO KOPOHHOTO
paspsaa [, = 1 MKA u paccrosgHuu L = 6 mM. [ToTeHIIMAaI KOJJIEKTOpa BapbUPOBAJIA B IUAIIA30HE
0- —1006 B, a Benmmunny AU — B npeaenax ot —300 no —900 B. MakcumanbHOE 3HaYeHUE
AU = —-900 B mpakTtnyecku OrpaHUYMBAJIOCH YCIOBUEM 3JICKTPUYECKOTO MPOOOS MEXIY dua-
¢dparmamu npu aTMOCHEPHOM IaBICHUU.

a) 1,nA —.—AU=-300V b) IL+l.wa —.— AU=-300V
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Puc. 3. TokoBble XapaKTepUCTUKN MOHHOTO MCTOUYHMKA C (POKYCHUPYIOIIEH CUCTEMOI IIpy Bapualuu
napametpoB AU (a, b), L (¢, d) u I, (e, f).
ITpencraBieHbl 3aBUCMMOCTU TOKa Ha KoJuiekTope I, (a, ¢, e) u cymmbl T0KoB I, + I (b, d, f) oT moreHumana
KOJUIeKTOpa U, 1py (PUKCUPOBAHHBIX 3HaYeHUsAX [, = 1 MKA u L = 6 MM (a, b),
AU=-900 Bul,= 1 MKA (¢, d), AU=-900 Bu L =7 mm (e, f)
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AHaIu3 IOJYYEHHBIX 9KCIIEPUMEHTAIbHBIX Pe3yJbTaTOB MOKAa3bIBa€T, UTO PAa3HOCTh MOTEH-
nuajgoB Mexny auadparmamu AU okasblBaeT CYILLIECTBEHHOE BIMSHHUE Ha IepepacrpencieHue
TOKOB Ha nuagparMax CUCTEMbI, YTO COIJIACYETCsI ¢ pe3yJbTaTaMU YMCASHHOTO MOJASIUPOBAaHUSI.
[Ipu yBenuueHUM pasHOCTU MOTEHLMANIOB Mexny auadparmamu AU ¢oKycupyroliie CBOicTBa
CHUCTEMbI YCUIIMBAIOTCS: TOKM [, U [,, MPUXOJSALINE Ha TIEPBYIO U BTOPYIO AMadparMbl, CHIXKAIOT-
Csl, TOT/IA KaK TOKM [, ¥ /,, TIPUXO[ISIIIME HA TPEThIO U YETBEPTYIO Auadparmpl, a Takxke ToK [,
NpUXOASIIUIA Ha KOJ'IJICKTOp, BO3pacTaloT. YBeJlnueHue pa3zHocTu norteHuuanoB AU ot —300 mo
—900 B mosBosisieT 10CTUYb POCTA TOKA HA KOJUIEKTOPE [, TIPUMEPHO B 2,5 pa3a U CyMMBbI TOKOB,
NpUXoAsAInX Ha quadparmy 4 u Kojuiekrop [, + [, — npumepHo B 3,5 pasa Npu HanpsOKEHUU
Ha koyuiekrope U, = —1000 B.

CrenyeT OTMETUTh TakKKe, YTO U3MEHEHME HaIpsLKeHMST Ha KOJUIGKTOPE He OKa3bIBaeT BUIM-
MOTO BJIMSIHUSI Ha IepepaclpenesieHre TOKa MEXIy IepBBIMU TpeMs auadparmMamu, a BIMSET
JIMIIB Ha TIepepacIipefeeHue ToKa MEXIy YeTBepToi auadparMoil U KOJJIEKTOPOM.

Ha puc. 3, ¢ u d npuBeaeHbI 3aBUCMMOCTH TOKA Ha KOJUIEKTOpe / ¥ CYMMBI TOKOB Ha YETBEP-
Toit nacparme u Koyutekrope /, + I ot moreHImana Kojekropa U, IUist pa3HBIX pacCTOSTHUA L
OT KOPOHHUPYIOIIETO OCTPUs IO TIEPBOii radparMbl MpU TOKe KOPOHHOTO paspsiia [, = 1 MKA
M Pa3sHOCTU IIOTEHIMAIOB Mexay auadparmamu dokycupytomeit cucremsl AU = —900 B.
Kak ciaemyer u3 mpeacTaBlIieHHBIX 3aBUCUMOCTel, 3(p(GeKTUBHOCTh TPAHCIOPTUPOBKU MOHHOIO
IMy4ykKa K 4eTBepToil auadparMe M Ha KOJUIEKTOpP YXYAIIAeTCsl ¢ POCTOM BEJIMYMHBI L: Makcu-
MaJIbHbIC 3HAYEHUsI TOKA Ha KOJUIEKTOpE [ 1 CyMMBI TOKOB /, + [ TIpU yBEeJMYCHUM PACCTOSTHUSI
MeXIy KOPOHUPYIOIIUM OCTpUeM U auadparmMoit oT 5 10 9 MM yMEHBIIAIOTCS IIPUMEPHO B 2,5
paza. DToT 3(PpPeKT OOBICHSICTCA YBEIMYEHUEM MPOTSKEHHOCTU Ae(POKYCHPYIOIIEro ydyacTKa
IOJISI B OKPECTHOCTU 00JIaCTM MOHOOOpa30BaHMS IIPU YAAJIEHUU KOPOHUPYIOIIETO OCTPHUs OT
cucTeMbl guadparm.

Ha puc. 3, e u f ipencraBieHbl 9KCIIEPUMEHTAIbHbBIE 3aBUCUMOCTH sl TOKOB [ 1 [ , T 1 or
noTeHIrana Kouiekropa U, Juist pasHbIX 3HAYEHUA TOKa KOPOHHOTO paspsina /. [pu yBennye-
HUM TOKA KOPOHHOTO pa3psiia B [iBa paza — OT 1 10 2 MKA — TOK Ha KOJUIEKTOpe / 1 cymMma
TOKOB [, + [ yBEeJIMYMBAIOTCS MO aOCOMIOTHOM BEJIMYMHE, HO BeChbMa He3HauurtesnbHO (B 1,15
paza). OL[HaKO OTHOLICHUST TOKOB / ¥ [, + [ K TOKYy KOPOHHOrO paspsiia /, mamaior an6J11/1—
3UTeNbHO B 1,7 pasa. Ha6monaemoe yxyz[menue 3 HEKTUBHOCTU TpaHCHOpTI/IpOBKI/I MOHHOTO
IMy4yKa C YBEeJIMYEHHEM TOKa KOPOHHOIO pa3psiza 0e3yCIOBHO CBSI3aHO C ycuieHHeM 3¢h¢heKTOB
00BEMHOTI0 3apsiia, COMPOBOXKIAIOIIMXCS IIPOCTPAHCTBEHHBIM YIIUPEHUEM MOHHOIO ITyYKa.

Puc. 4. Cxema MoaubULUMPOBAHHOU 3KCIIEPUMEHTAIbHON YCTAaHOBKU
C KBA3UILJIOCKUM IMTPOTUBORJIEKTPOIOM:
1 — 4 — Toukue auadparmul, 5 — KOJJIEKTOp, 6 — (DTOPOTUIACTOBBIC MPOKJIAAKKA, 7 — KepamMuieckasl BCTaBKa,
8 — KopoHupytolee octpue (uria), 9 — 14 — snekrpomeTpsl, 15 — 20 — uudpoBble U3MEPUTENN TOKOB, 21 U
22 — BbBICOKOCTAOMJIbHBIE BBICOKOBOJBTHbBIE OJIOKM MUTaHUs. TojimHa TOHKUX auadparM U (pToporiacToOBbIX
MpoKJanok coctasyuser 0,1 MM, KepaMUIeCKON BCTaBKU — | MM
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=
I

DD PeKTUBHOCTH TPAHCIOPTUPOBKY MOHHOIO IIyYKa B MOHHOM MCTOYHUKE C KOPOHHBIM pa3-
psimoM ¢ (DOKYCHpYIOLIEH CUCTEMOI JIOTMYHO CPaBHUTb C TaKOBOM B MCTOYHHUKE 0e3 (hOKy-
cupyroieil cuctembl. st aToi mean (okKycupymolas cxeMa ¢ TOHKMMU auacdparMamMu Oblia
MoIM(MUILIMPOBaHA ITyTeM 3aMeHbl KepaMUUEeCKUX BCTAaBOK MexXIy auadparmMamuy Ha ¢pTopoIuia-
cToBBIe TTpokjaaaky ToiamuHoi 0,1 MmM. Takum 00pa3oM U3 UCXOMHOM CUCTEMBI AuadparM ObLI
c(opMHUpPOBaH KBa3UILIOCKMIA KOHIEHTPUUYECKMIA KOJbLEBON IIPOTUBORJICKTPOI, HAXOMSIIMUI-
csl IO, HYJIEBBIM IToTeHLMajaoM. Cxema MoAU(ULMPOBAHHON 3KCIIEPUMEHTAIbHON YCTAaHOBKU
NpuBeAeHa Ha puc. 4.

CpaBHeHue 3((HEKTUBHOCTY TPAaHCIIOPTUPOBKKM MOHHOTO My4yKa B MCXOOHON (CM. puC. 2) U
MoauduLpoBaHHOK (puc. 4) cucTeMax MPOBOAUJIOCH IMPU PaBHBIX PACCTOSHUSX L OT KOpo-
HUpPYIOLLIEro ocTpus a0 Omvkaiiiein muacdparmel. Ha puc. 5 mpeacraBieHO cpaBHEHHE TOKOB
Ha KOJUIEKTOpEe [ W CyMMbI TOKOB /, + [ B MOHHOM HCTOYHUKE C (HOKYCHPYIOLIEH CUCTEMOM
(mpu 3HayeHuu AU = —900 B, koTopoe obecrieynBaio MAaKCUMaJIbHO BO3MOXHBIN 3hdeKT do-
KYCUPOBKM) U 0e3 Hee /Uil Pa3HbIX 3HAYCHUIl TOKA KOPOHHOIO paspsiia [, M paccTosiHusix L

b) 1,+1.ua

a) I.nA
7] / 0254
20 0.20 - //,”V

0.15

v 0104+ dr—eeeeemr—"" T

o e A o054

I

o HA

Puc. 5. CpaBHeHue 3aBMCMMOCTEii TOKa Ha KOJUIEKTOpe / (a) U CyMMBI TOKOB
I, +1 (b) B MOHHOM MCTOYHUKE OT TOKa paspsiaa / » TIOJIyYCHHBIX
¢ (okycupytoieit cucremoit (AU =-900 B, criiouiHbie JMHUK) U 0e3 Hee
(TOYeuHble JIMHUM) MPpU paccTOSAHUAX L =7 MM (A) u 5 MM (V)

OT KOPOHHUPYIOILIETO OCTpUs H0 Oivkaiiiiein nuacdparMmbl. [IlpuBeneHHbIE 3KCIIEpUMEHTAIbHbBIS
pe3yJibTaThl CBUIETENBCTBYIOT O 3aMETHOM POCTE BEJMYMHBI TOKA [ , TIPUXOMISIIETO HA KOJIIEK-
TOp, B cxeMe ¢ (DOKYCHMPOBKOM MOHHOIO ITyuyKa, KOTOphIi yBennuuBaeTcs B 3,0 — 3,7 pasa (B
3aBUCUMOCTHU OT yCJIOBUU 3KcrepumenTta). Cymma TOKOB /, + [, NPUXOASIINX HA YETBEPTYIO
auagparMy M KOJUIEKTOp, B (POKYCHPYIOIIEH T€OMETPUU IIPEBOCXOAUT MPUOIU3UTEIBHO Ha I10-
psimox (B 8,3 — 11,1 pa3a) TaKOBYIO JJI1 MOHHOI'O MCTOYHMKA 03 (hOKYCHPOBKHU.

B uenoMm, ¢okycupyroliasi cuicTeMa B MOHHOM MCTOYHUKE ¢ KOPOHHBIM Pa3psiaoM IT03BOJISIET
OCYILIECTBIISITL TPAHCIIOPTUPOBKY 10 2 % OT TOKAa KOPOHHOIrO paspsaa K KOJUJICKTOpPY 4Yepes
nuradparMy HauMMeEHBIIEro aguameTpa (detBepras auacdparma) u g0 15 % ot Toka paspsma Ha
IUIOCKOCTb YeTBEPTOi AuacparMbl B CTOSTYEM rase.

3akioyenue

B paborte skcneprMeHTalIbHO MCCIIeAOBaHbl CBOMCTBA (DOKYCHPYIOIIEH CHUCTEMBI HAa OCHO-
Be TOHKMX IuadparM B MOHHOM MCTOUHMKE C KOPOHHBIM pa3psaoM (CHUCTeMa IpenjioXeHa B
pabore [9]). dnst paccMaTpuBaeMOil CUCTEMbI IIOJYYEHBI 3KCIEPUMEHTAIbHbIE 3aBUCUMOCTH,
XapaKTepU3YIOILINE BIMSHUE €€ TeOMETPUUYECKUX U DJIEKTPUUYECKUX MapaMeTpoB Ha 3(deKTUB-
HOCTb TPAHCIIOPTUPOBKU MOHOB. DTa 3((EeKTUBHOCTh BO3pacTaeT IIPU YBEJMUYEHUU Pa3HOCTU
MOTEeHLIMAJIOB MeXXAy nuadpparMaMyd M CHUKAETCS MPU YBEJIMUYEHUM TOKa KOPOHHOTO paspsiia u
pACCTOSTHUST OT KOPOHUPYIOIIETO OCTpUS 10 cucteMmbl nuadpparm. CpaBHeHUe 3(h(PEeKTUBHOCTU
TPaHCIOPTUPOBKY MOHOB B MOHHOM MCTOUYHMKE C MCIOJIb30BaHUEeM (POKYCUPYIOLLIE CUCTEMBbI 1
0e3 Hee MOoKa3bIBaeT, YTO (DOKYCHMPOBKA MOHHOIO MMy4YKa MPUBOIUT K TPEXKPATHOMY YBEIUUCHUIO
TOKAa Ha KOJIJIEKTOPEe 1 BO3PAaCTaHMUIO CYMMbl TOKOB, IIPUXOISIINX Ha AuadparMy HaMMEHbIIErO
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IMaMeTpa U KOJUJICKTOP, MIPUMEPHO Ha MOPSIAOK. DTOT pe3y/bTaT IMOATBEPXKIaeT MPaBUIbHOCTD
IOIX0Ja K BEIOOPY IreoMeTpUu (DOKYCUPYIOIIEH CUCTEMBI.

JlornuyHbIM TPOJOJLKEHMEM HacTosIIell padoThl OymeT uccliefoBaHUE TPAaHCIOPTUPOBKU
MOHHBIX MYYKOB B CUCTeMe IuadparM ¢ y4eTOM ra30JMHAMUYECKOIrO TeUCHMUSI, BO3HMKAIOILIETO
B OKPECTHOCTH COILIa Ta30AMHAMUYECKOT0 MHTepdelica MacCc-CIIeKTpOMETpa.
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Abstract. In the present paper, a single host phosphor for a white light emitting diode
(W-LED) Sr (VO ), :Eu’*, prepared by the co-precipitation method and combustion one, has
been reported Formatlon of the compound was confirmed by studying the X-ray dlffrac-
tion pattern. The photoluminescence (PL) properties were studied by fluorescence spectro-
photometer F-7000. The Sr,(VO,), :Eu®" exhibited a broad emission band covering the entire
visible region centered at 550 nm wavelength and a sharp peak at 613 nm, when excited by
350 nm. The excitation spectrum at 520 nm emission wavelength was found to be suitable for
pc-W-LED application.
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CHUHTE3 U POTOJIIOMUHECLEHTHOE UCCJIEAOBAHMUE
NTIOMUHODOPA Sr3(VO4)2:Eu3+ C ULE/NIbKO NPUMEHEHMUA
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AnHotanusa. B crarbe ucciemoBaH JoOMUHOGOp St (VO) :Eu®", mepcreKTUBHBIN 118
co3naHus 6enoro ceerousnyyvatouiero auoaa (W-LED) Ha OCHOBC 3TOF0 OJIHOTO COEAMHEHMSI.
OO0pasikl JTaHHOTO MaTepraia ObUTH MOJIYICHBI IBYMS CIIOCOOAMU: COOCAXKACHUS U CXKUTAHUSI.
O06pa3oBaHMe TPeOYeMOro BelllecTBa OBIIO IMTOATBEPXKICHO peHTTeHorpadmuecku. [1pakTnyeckmn
BaxXHbIE CBOIMCTBA OOBEKTa M3Yy4YaJCh METOAOM (DOTOIOMUHECILIEHTHONM CIEKTpocKonuu. B
CIIEKTpax COCAMHEHMSI OOHApYKEHbI LIMPOKasi 3MUCCUOHHAs I10JI0Ca, OXBAaThIBAIOLIAsS BCIO
BUAMMYIO OOJIaCTh CIIEKTpa C LIEHTPOM Ha JUIMHEe BOJHBI 520 HM, a TakKe OCTPBI MUK Ha
613 M. B ciekTpax Bo30y:KIeHUST TIOMUHECLIEHITMY HAOJTI01a]1ach LIMPOKas MOJI0Ca C LIEHTPOM
Ha qHe BojiHbl 350 HM. [lpeacTtaBieHa COOTBETCTBYMOIIAs AuarpaMma SHEPTETUYECKUX
ypoBHeli. IlomydeHHBIE SKCIEpUMEHTAJIbHBIC pPE3YJIbTaThl TIPUBEIM K 3aKJIIOUYCHHUIO, YTO
METOJ COOCAXKIEHUs IPEAIIOYTUTEeIeH, a (POTOJIOMUHECLEHTHbIE CBOICTBA IOJyYEHHOIO
JIIOMUHOMOpaA YIOOHBI VISl CO3MAHMST IUTYYHbBIX OCJIBIX CBETOM3IYYAIOIIMX TUOIO0B.
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Introduction

White light emitting diodes (W-LEDs) have been found wide use especially for solid state
lighting and backlight of liquid crystal display (LCD), traffic signals. W-LEDs have a number of
advantages such as long lifetime and lack of pollutant, higher energy efficiency, compactness and
reduced power consumption [1]. In a W-LED, white light can be produced either by combining
a blue LED with a yellow phosphor or combining the ultraviolet light emitting diodes (UV-LED)
with a blend of blue, green and red phosphors. White light emission resulted from a single-phase
phosphor compared to combination of two or three phosphors expected to give high luminous
efficiency, because it reduces the probability of multiphosphor reabsorption of emission colors [2].

In recent years, vanadates have been used in many high-technology fields, such as biological
materials, electrochemistry, optical lasers, catalysis, etc. [3]. Luminescence materials have been
widely studied and used in white light emitting diodes and flat-panel displays (FPDs), such as
YVO, :Eu®*, etc. [4]. At ambient pressure orthovanadates exhibit oxygen ionic conductivity and
high electromc conductivity, i. e., the migration of electrons between V*- and V>-centers, but
electronic conduction is absent in 1sostructura1 orthophosphates and orthoarsenates [5]. Vanadates
with general formula M,(VO,), (M = Ca, Sr, Ba) have been proved to be good candidates for the
luminescent hosts, because they have strong absorption band in the UV region and then transfer
the energy to rare-earth activator ions efficiently due to good match of energy levels in the wide
region and strong interaction between states of [VO 4]3* and rare-earth ions. In addition to this,
vanadates have the self-activated emitting properties and better chromaticity [6]. [VO 4]3’ group
consists of the central metal vanadium ion coordinated by four oxygen ligands in the tetrahedral
symmetry and is known to be an efficient luminescent center with broad band emissions from
400 to more than 700 nm with UV or near-UV light excitation [7]. Vanadium oxides have
different complex groups of ortho-, meta- and pyrovanadates. Vanadates generally show a short
wavelength of the optical absorption edge. This makes them suitable as hosts to accommodate
active rare-earth ions [8]. The ytterbium ions Yb*" doped with Sr (VO,), provide characteristic
near-infrared (NIR) emission in the range of 970 — 1050 nm whlcfl are su1table to get rid of the
spectral mismatch problem of c-Si solar cells [9].

In the present work, photoluminescence of Sr,(VO 4)2:Eu3+ phosphor synthesized by co-
precipitation and combustion methods has been studied in the context of its application as
W-LED phosphor.

Experimental part

Strontium nitrate Sr(NO,), (99.9% A.R.), europium oxide Eu,0, (99.9% A.R.) and ammonium
vanadate NH, VO, (99.9% AZR) all from Sigma Aldrich, were used.

Synthesis. 4The synthesis of phosphor Sr, (VO,), (Eu3*) was attempted using two methods:
co-precipitation one and combustion one.

Co-precipitation method. The phosphors Sr, (VO,), (Eu3*) (x = 0.002, 0.005, 0.010) were
synthesized by co-precipitation method (Fig. 1) The precursors Sr(NO,), (99 9% A R.), Eu,0O,
(99.9% A.R.) and NH, VO, (99.9% A.R.) were weighed in proper stoichiometric ratio and used
for synthesis of the phosphor The starting chemicals NH, VO, (99.9% A.R.) were dissolved in the
double distilled water and heated on a hot plate at about 100 °C. The nitric acid HNO, was added
drop by drop in Eu,0O, and a DD water mixture in separate beaker was so as to convert it into

© Harnype I1. A., Xepne H. 1., bapne B. C., 2023. Uznarens: Cankr-IleTepOyprckuii MoJuTeXHUIECKUN YHUBEPCUTET
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Eu(NO,),. The hot solution of NH, VO, then added dropwise to the aqueous transparent mixture
of nltrates with constant stirring. "IA”he entire homogenous solution was then placed on the hot
plate maintained at a temperature of 90 °C for slow evaporation of water. The dried precipitate
was finally crushed and heated at 800 °C for 1 hour and 950 °C for 2 hours in order to get white
crystalline powder of Sr, (VO 4)2:(Eu3*)x (x = 0.002, 0.005, 0.010).

Strontium nitrate DopantxEu,0;
%=(0.002,0.005,0.01)

Add dilute HNO; dropwise and heated at70°C

Aq.Soln.of35r(NO;), xEu,04

Add hotsoln of NH,VO, Adddoubledistilled
dropwise and stirr water 10ml

Heated at 90°C brown colored powder obtained

Annealed at 800°C for 1hr and 950°C for 2hr and quenched
at room temperature

White color Sry(VO,); Eu?*

Fig. 1. Flow chart of synthesis of Sr, (VO,),:(Eu*)_via co-precipitation method

Combustion method. The stoichiometric amount of precursors, namely, strontium nitrate
St(NO,),, ammonium vanadete NH,VO,, urea and Eu, O, converted to Eu(NO,), (x = 0.002,
0.005, 0 010) were taken in a china clay %asm and few dzrops of DD water added to the mixture.
This mixture was heated at 90 °C till the precursors dissolved completely, then it was kept into the
preheated furnace at 900 °C, and then warmed for 5 min. The self-heat generating redox reaction
was completed in 2 min and the fine powder of Sr,(VO,),:Eu’" was obtained (Fig. 2). This raw
powder was sintered for 2 hours at 950 °C and quenched to room temperature.

Urea,Strontium DopantxEu,0,

nitrate,ammonium X=(0.002,0.005,0.01)
vanadate

Add double
distilled water

Kept on hot plate at 90°C for half an hour

Keptinto preheated furnace at 900°C for 4-5 minutes

Annealled at temp 950°C for 2 hours

White colored Sr5(VO,),:Eu3*

Fig. 2. Flow chart of synthesis of Sr, (VO,),:(Eu*) via combustion method
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Characterizations. Formation of the required phase of the compound was confirmed by the
X-ray diffraction pattern. The photoluminescence (PL) properties were studied using Hitachi
(F-7000) fluorescence spectrophotometer.

Results and discussion

X-ray diffraction (XRD) analysis. The formation of Sr,(VO,), host in the crystalline phase
synthesized by both co-precipitation and combustion metflods was confirmed by XRD pattern
taken from Rigaku miniflex II X-ray diffractometer with scan rate of 2.000°/min and Cuk
(k = 0.15406 nm) radiation in the range from 10° to 90° (see Fig. 3). The XRD pattern for
Sr,(VO,), agreed with the ICDD file (01-081-1844) very well.

Sr3(VO4)3 :Eu3+-CP

uJ. Jlia ALK

Sr3(VO4)32:Eu3-CS

Intensity

A.,,l | N TP
Sr3(Vo4)2  ICDD-01-081-844

10 10 30 10 s 60 T8 50 T
2 theta

Fig. 3. X-ray diffraction pattern of Sr,(VO,),:Eu*"

Photoluminescence characterization. The photoluminescence (PL) emission and excitation
spectrum of Sr,(VO,) :Eu®" phosphor synthesized by co-precipitation and combustion methods
are shown in Fig 4, lz-Tor the both cases the nature of emission spectra are almost the same but
there is a slight difference in the excitation spectra. The emission spectrum exhibits a green broad
band centered at 520 nm which is attributed to *7, , — '4, transition of [VO,]*" group, and with
a sharp peak at 613 nm in the red region correspondmg to a characteristic g —>7F transition
of Eu** [6, 10].

The PL emission spectra of the phosphor shows maximum intensity for 0.002 mol doping
of Eu when synthesized by the co-precipitation method and for 0.001 mol doping of Eu when
synthesized by the combustion one. The overall intensity of PL emission is greater for the
phosphor synthesized by the co-precipitation method than that for the phosphor synthesized by
the combustion one.

Fig. 5. presents the simplified energy level diagrams of [VO, 1*~ group and Eu®* ion and emission
transition processes in the Sr,(VO,), :Eu** phosphor as well.

a) 90 — — b) %0
— Excitation emission d —Eu.002
80 80 itati issi —— EU0.002

—— Eu0.005 — EXC1tation eMiSSION m—
— Eu .01

——Enl.005
Eu0.01

70

mo o=
= =

=
=

Inensity (a.u.)

Intensity an.

[T
= =

=

& . o
200 300 _ 400 00 600 200 300
Wavelength(nm)

Fig. 4. Photoluminescence excitation and emission spectra
of Sr; (VO,),: (Eu™)_synthesized by co-precipitation () and combustion (b) methods

600

Wavelngth(nm)®"®
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JS—f transition
600 - 640 nm
640 - 675 nm
675-720 nm

1‘“&1 /V/ IFG
] I I F
Vo~ Eut ’

Fig. 5. The simplified energy level diagrams of [VO,]*" group
and Eu®* ion and emission transition (ET) processes
in the Sr,(VO,),:Eu*" phosphor

Summary

A series of Sr,(VO,) :Eu** phosphors were successfully synthesized by co-precipitation and
combustion methods 2l'he XRD patterns confirmed the pure crystalline phase of Sr,(VO,),.
The photoluminescence excitation spectra showed the broad excitation band with maximum at
350 nm. The photoluminescence emission spectra showed the broad band (400 — 650 nm) with a
maximum at 520 nm attributed to the 7| ,—'4, transitions of [VO,]*" group and a sharp peak at
613 nm attributed to the °D  —'F transition of Eu®*. The co- prempltatlon method was found to
be suitable and efficient for synthesis of Sr,(VO,), :Eu®*.

The photoluminescence spectra of the é (VO ), :Eu’* exhibited a potential application of the
prepared phosphor in energy-efficient sohd’S state hghtmg, optoelectronic devices and organic
composite solar cells.
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SJIEKTPUYMECKUE U TEPMODJIEKTPUYECKUE CBOUCTBA
KOOPAUHALIUOHHOIO NOJIUMEPA HA OCHOBE ®EHA3UHOBbIX
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Annoranuga. B cTtaTbe mpemcTaBlieHBI pe3yJbTaThl SKCIIEPUMEHTAIBHOTO HCCICIOBAHUS
3JIEKTPOIPOBOIHOCTU U TEPMOBJICKTPUIECKUX CBOMCTB HOBOTO KOOPAMHALIMOHHOTO TTOJIMepa
(KIT) Ha ocHoBe ¢eHasuHoBbIX JuraHaoB (Phz) u cepedbpa (Ag), CUHTE3UPOBAHHOIO
ONHOCTAAUWHBIM METOIOM. DTOT METO/ MO3BOJISIET MOay4YaTh (DeHA3UH ITyTeM OKUCIUTEIbHOMN
AMMEpU3aLMK aHWIMHA Tox jedcTBreM AgNO, ¢ BblieeHHMEM HAHOYACTUIL MeTauia U
rmocienyiomeil camoopranmsanneii Phz ¢ M30BITKOM AgNO3 B KII. YcraHoBieHo, 4TO
HCIIOJIb30BAaHHBIM MeTon cuHTe3a Phz-Ag mosBoaster moaydate KII ¢ mpoBoamMocCThIO
npumepHo 1300 C/cMm, 4TO COM3MEPUMO C COBPEMEHHBIM peKOpAHBIM 3HaueHueM st KII.
ITonyyeHHBIe AKCIIEpUMEHTaIbHbIE TaHHbIE MO3BOJIMIN 3aKIOUNTh, 4YTOo HOBbIN KII oGnamaet
METaJUTMYECKUM TUITIOM TpoBoauMocTU. IlpemnoxeH dusndyeckuit MexaHusM GopMuUpoBaHUS
3TOr0 CBOMCTBA.

KioueBbie cia0Ba: MOJIMMEPHBIM KOMMO3UT, (DEHA3UHOBBIN JIMIaHI, KOOPIMHAIIMOHHBIN
MOJIMMEP, TEPMOIJIEKTPUUECKHUE CBOICTBA
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Abstract. The paper presents the results of an experimental study of the electric conductivity
and thermoelectric properties of a new coordination polymer (CP) based on phenazine ligands
(Phz) and silver (Ag) synthesized by a one-step method. This method produces phenazine
by oxidative dimerization of aniline under the action of AgNO, followed by release of metal
nanoparticles and subsequent self-organization of Phz with excess AgNO, into the CP. The
used method of the Phz-Ag synthesis was found to make possible obtaining CP with conduc-
tivity of about 1300 S/cm commensurable with the modern record value for CPs. The obtained
experimental data led to the conclusion that the studied CP Phz-Ag possesses a metallic type
of conductivity. A physical mechanism of forming this property was put forward.

Keywords: polymer composite, nanocomposite, thermal properties, coordination polymer,
phenazine ligand
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BBenenne

B nocnegHue rombl 3HAUMTENIbHOE BHUMAaHUE YIACASICTCS M3YUYCHUIO METAJUI0OOPTaHUYECKUX
KoopauHalMOHHBIX monuMepoB (KII), koTophie mpeacTaBisSOT cOOOM OpraHM30BaHHYIO Me-
TaJJIOOpPraHUYeCKyo MaTpuly [1 — 4], cocTosinyr U3 OpraHMYeCKuX JUTaHIOB U aTOMOB WJIU
HMOHOB IIePEeXOIHBIX METaJLI0B. JIuraHasl cogepkaT pa3jinyHbie (PyHKIIMOHAIbHBIE ITPYIIILI (Kap-
OOKCUJIaTHBIE, TUPUANHOBBIEC, a30JIbHbIE U T. II.), BKJIIOYAIOIIME 3JIeKTPOHOAOHOPHBIE aTOMBI
(0, N, S), koTopbI€ 3a CUET JOHOPHO-AKLIENITOPHOI CBSI3M 00€CIIeUMBaIOT B3aUMOACHCTBUE -
raHgoB ¢ nepexomHbiM MeTauioM. KIT crmocoOHBI 00pa30BbIBaTh OOHO-, ABYX- WJIM TPEXMEPHBIE
KPUCTAJUIMYECKUE CTPYKTYPbI, JU3aiHBI KOTOPBIX OCCKOHEYHO Pa3HOOOPA3HBbI.

OnekrponpoBogHocTs KII BapbupyeTcss B IIMPOKUX Ipeaesax. bolbIIMHCTBO U3 HUX IIpeld-
CTaBJIIeET COOOM MUIEKTPUKU ¢ mpoBomuMocThio 107'% — 10* Cm/cm, HO usBectHbl KII,
obnamaroliue 3HAYUTEJIbHONM IIPOBOAMMOCTBIO ITOJYIIPOBOAHMKOBOIO U METAZIMUECKOIO THUIIA
[3]. Hanmpumep, yaeabHasi IPOBOAMMOCTb KOOPAMHALIMOHHOTO IOJMMepa Ha OCHOBE MEIU U JI-
raHIoOB OCH30JIreKCaTHoJIa, MOJIYyYeHHOIO B BUIE IUICHKU Ha MHTepdelice NByX HeCMEIIMBAEMbIX
pactBopuTtesieil, cocrasisier nopsiaka 1500 Cm/cm [5].

BoisicHeHue npuuuH BbIcOKO# mpoBoaumoctu KII siBisiercst BaxkHOI (hu3MUYeCcKOil 3agadeid.
Kak ormeuanoch BhIlIe, B HacToslee BpeMms: cuHTe3npoBaHbl KII, neMoHcTpupylolue MeTa-
JINYECKUI XapaKTep IPOBOAMMOCTH. B 3THX coemMHEHUSIX OTCYTCTBYET 3allpellicHHAas 30Ha U
HOCHUTEJIM 3apSI0B 3aIIOJIHSIOT COCTOSIHUS BILIOTh 10 ypoBHs Depmu [6]. Haubonee apdexTun-
HBIM CITOCOOOM ITOBBIIIEHUS 3JeKTpornpoBogHocTy KII cunTaercs: BBeneHHe aTOMOB METAJJIOB
B MEXMOJIEKYISIPHOE IIPOCTPAHCTBO 3TUX ITOJMMEPOB. BBeleHHBIE aTOMBI CIIOCOOHBI 00pa3o-
BBIBATh IPOBOISIINE KJIACTEPhI, 00ECIIeUNBaOIINEe CKBO3HYIO IIPOBOIUMOCTh oopasuoB KII [7].

PasHooOpasue anexkrpodusndeckux cBoiictB KII ompenesnseT MMUpOKUA CIIEKTP BO3MOXKHO-
cTeil ux npaxkruyeckoro npuMmeHeHusi. Ha ocHoBe KII MoxXHO co3maBaTh IIOPUCTHIE MaTepUaIbl
C 3aJaHHBIMM (PU3MKO-XMMUUYECKMMU MHapaMeTpaMM OOCTYITHOTO MEXMOJEKYJISIPHOro oobeMa
[5], moaTtomy KII Moryr ucrnoyib3oBaThbCsl B Ka4eCTBE OPraHMYECKUX KapKacoB IJIS XpaHEHUS
JINTUSI B COBPEMEHHBIX aKKyMYJISITOpHBIX OaTtapesx [8]. KII, obinamaroline BBHICOKON 3JIEKTPO-
IIPOBOMIHOCTBIO, PaCCMATPUBAIOTCSI KaK IePCIEeKTUBHbBIE MaTepuabl 111 U3TOTOBJICHUSI IIPOBO-
ISIIMX KaHAJOB B IIOJIEBBIX TpaH3ucropax [9]. OOcyxmaeTcss BO3MOXHOCTh nmpuMmeHeHus: KIIT
KaK JeTEeKTHUPYIOIIMX MaTepraioB B HOBBIX CEHCOPHBIX ycTpolicTBax [10].

Takum oOpaszom, cuHTe3 HOBbIx KII, oOmamaroliux BBICOKOM IPOBOIAMMOCTBIO M HEOOBIU-
HBIMM (DM3UKO-XUMUYECKHMU CBOMCTBAMM, IIPEICTABISICTCSI aKTyaJlIbHOM 3agadeii, a U3ydeHHe

© Tretyakov A. A., Kapralova V. M., Sapurina I. Yu., Sudar N. T., Shishov M. A., 2023. Published by Peter the Great
St. Petersburg Polytechnic University.
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BJIEKTPO(GU3NYECKUX CBOMCTB TaKUX ITOJIUMEPOB UMEET CYILIECTBEHHOE HayYHOEe U IIPaKTUYECKOe
3HAUYCHHUE.

ABTOopamu ctaTtbu [11] ObUI pa3paboTaH MeTOn OmHOCTamuiitHOro cuHrte3a HoBoro KII Ha
ocHOBe (heHasnHOBHIX uraHnoB (Phz) u cepedpa (Ag). DTOT METOI COCTOSII B MOJIyYeHUU he-
Ha3uHa IIyTeM OKUCJIUTEIbHON AuMepu3alluy aHWIMHA II0J IeiCTBMEM HUTpaTa cepedpa U I10-
cleylolleM BhIICJICHUN HaHOYacTUIl MeTajia. B utore camocbopka (peHa3MHOBBIX JIUTAHOIOB B
KPUCTAIMYECKUN METALUIOOPTAaHUYECKUIA KapKac MPOUCXOAMIA 32 CYET B3AUMOJECHUCTBUS C U3-
ObITKOM HUTpaTa cepedpa. B komnosunuu Phz-Ag cepedpo BbIIOIHSET ABe (PYHKIUIMU: €T0 MOHBI
Ag" cayXaT CBSI3YIOLIMMU 3JIEMECHTAMU JUISL JIMTAHIOB, a KJIaCTephl METAJZIMYECKOro cepebpa, 1o
MHEHUIO aBTOPOB paboThl [11], ompenessitoT BRICOKYIO MPOBOAMMOCTh MaTepuaa.

3agauell HacTosIIel pabOThl OBUIO BBISICHEHME XapakTepa mpoBoaumoctu ganHoro KII, ko-
TOPBI MOXHO YCTAaHOBUTb HA OCHOBAaHUU 3KCIIEPUMEHTAIbHBIX JaHHBIX IO 3JEKTPOIIPOBOIHO-
CTU U TEPMODJIEKTPUIYECKUM XapaKTePUCTUKAM.

06p33]lbl N METOAUKA 3KCIIEPUMCEHTA

Cunre3 coenuHeHuss Phz-Ag ocyllecTBIsIM IIpU HOPMAaJIbHBIX YCJIOBUSIX B 00beMe BOMHO-
opraHmyeckoi a3bl KakK enuHbIi mpouecc. CorjiacHo JaHHBIM CTaTbU [12], mpolecc HaUMHAIICS
¢ oOpa3oBaHusI MOJIeKysbl Phz mmyTeM okuciauTenbHOU AUMEpU3alluy aHWJIMHA I10J ASHCTBUEM
asotHokucioro cepebpa AgNO,, 4TO COMPOBOXIATOCH BBIICJICHUEM JBYX aTOMOB BOCCTAHOB-
JieHHoro cepebpa. CoOTBETCTBYIOLLIASI XUMUYECKasl peakKls UMeeT CICIYIOIINIA BU;

|
C H active H new C-N bond

2AgNO3 + @( D ©: j@ + 2Ag + 2HNO3

C-H actlve
new C-N bond H

[MapayenpHO TpoTeKain mpoueccel camoopranusaimu Phz u usbeitka AgNO, ¢ dhopmu-
pOBaHMEM KPUCTANIMYECKOU META/JIOPTAaHMYCCKOM MATpUIIbI, a TaKXKe HACBILLIECHUS MaTPULIbI
HaHOYACTULIAMU METaJUIMUeCcKOoro cepedpa. I1pomyKr, Ioay4eHHBI MO 3aBeplIeHUM IIpoliecca,
BBIACISIN (DWIBTPOBAHUEM, IIPOMBIBAJIM BOMOM M BBICYLIMBAIM IIPU HOPMAJIbHbBIX YCIOBHUSIX.
[Tocne BbICHIXaHUS TIPOAYKT MPEACTABISI COOOM KEATO-KOPUYHEBBII MOPOILOK.

H3zydeHue cocraBa MOJYYCHHOTIO COCAMHEHUS METOIOM KOJIMYECTBEHHOIO 3JIEMEHTHOTO aHa-
JIN3a TI0KAa3ajio, YTO ero OpraHMyYecKas 4acTh XOPOIIO COBHAmacT ¢ (POPMYIOil OKMCICHHOM
MOJIEKYJIbI (heHa3MHA.

ConepxaHue 3JIeMEHTOB, %:

C-60,0,N-13,0; H-3,3; O—-19,8.

BemectBo comepxano rpynmy NO,” B KauecTBe MPOTUBOMOHA, a Colepx)aHue cepebpa co-
cTaBisio 63 — 65 % Macchl.

OGruast popmysia MpogayKTa MOXKET ObITh MpecTaBieHa B Buie Ag, . (Phz+ NO,").

Mopdomoruio o6pasioB Phz-Ag uccienoBaam ¢ MOMOIIBIO CKAHUPYIOLIETO 3JIEKTPOHHOTO
mukpockona (COM) Carl Zeiss Supra 55 VP (I'epmanust).

Ha puc. 1 npencraBieHo nzo0OpaxeHue Mopdosoruu oopasuob Phz-Ag, mojiydyeHHoe ¢ I0-
Mouislo COM. Bunno (puc. 1, @), yto arperatHasi cTpykrypa ucciaenyemoro KII xapakrepusy-
€TCsl HaIMYMeM TOHKUX ABYMEPHBIX IUIACTUH (MUKPOKPHUCTAJUIOB), JaTepajbHbI pa3Mep KOTO-
pbix cocTaBisgeT 5 — 8 MkM. Cyns 1Mo pa3mepaM Toplia U IIPO3pavyHOCTU IUIACTUH, MX TOJIIMHA
He npeBblIaeT 5 — 10 HM. DTO CBMAETENLCTBYET O TOM, UTO MUKPOKPUCTAJIbI COCTOSIT JIMIIb
U3 HECKOJIbKMX IOJMMEpPHBIX ciaoeB. IIpy yBenmnMyeHUM MHTEHCHUBHOCTHU 3JIEKTPOHHOIO ITy4yKa
(puc. 1, b) cTaHOBATCS pa3IMUYUMbIMM HAHOYACTULILI cepebpa (CBeT/Ible OOBEKTHI), JTOKAIU30-
BaHHBIE KaK MEXIy MUKPOKPUCTA/IaMU, TaK 1 Ha IOJUMEPHBIX IUIOCKOCTIX. YacTuliisl cepedpa
pacrojaralorcsl psigaMu, oOpamMJISIIOIIMMM KPOMKY ITOJMMEPHBIX IUIACTUH; pa3Mep OOJIbIIMH-
CTBa 3TUX YACTUILl COCTABJISIET NECSITKM HAaHOMETPOB.
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OnHOBpeMEHHOE U3MEpeHUe MPOBOIMMOCTH 00pa31ioB U KoadduimeHTa 3eedeKa OCyIIecT-
BiIsid Ha ycraHoBKe SBA 458 Nemesis dupmbl Netzsch (I'epmaHus) B TeMmIiepaTypHOM Iua-
mazoHe oT 293 mo 393 K. M3MepeHHne 371eKTpUUYECKOil IMPOBOAUMOCTU MPOBOAMIOCH YEThIPEX-
TOYCUHBIM METOIIOM.

b)

Signal & = SE2
EHT=2000KV  Gu

VS Supra55vP-3249 Mag = 4000 KX wp=62mm

Puc. 1. COM-uzobpaxeHnusi Mopcoiaoruu oopasios Phz-Ag npu ymepeHHOM (a)
1 MaKCUMAaJIbHOM (b) yBeIMUYEHUN WHTCHCUBHOCTU 3JICKTPOHHOTO TTyJYKa

VYIeabHYyI0 2JIEKTPOIIPOBOAHOCTD OIPEACIIsUIM Ha 00pa3lax, CIIpeCCOBAaHHLIX B BUAE TaOJIETOK
auameTpoM 16 MM U TommuHO# 1,5 — 2,0 MM ¢ KMCIIOJIb30BaHMEM TI'MAPABIMYECKOrO IIpecca.
brliu moaroToBieHBI cepur 00pa3LoB (IO TpU OOpaslia B CEpUM) IPU PA3IMYHOM IaBICHUU
npeccoBaHusl. JJoCTaTOYHO MPOYHBIC W MIPUTOAHBIC IS U3MEPEHUI 00pa3Lbl MOJyYaauch yXe
npu nasjaeHuU npumepHo 3 MIla.

J 151 u3mMepeHus MOIYJIS AIEKTPUUECKOro uMrenanca Z v (ba3oBoro yria (¢ UCIoJIb30BaJIU U3-
Mepurean ummurtanca E7-20 (B yactorHoM nuarmaszose ot 25 1o 5-10* I'u) u E7-29 (B nnamasoHe
or 5:10* mo 1,5-107 I'). M3mepeHunsT TIPOBOAMIN TIPU AMIUIATYAE MEPEMEHHOTO HAIPSIKEHUS
1 B. IIpu usMepeHUsIX UCIOIb30BaIM TUIOCKUE TMPUKUMHBIC 3JI€KTPOAbI U3 MOJIUPOBAHHON Me-
TN,

SKCﬂepl/IMeHTaJIbeIe pe3ybTaThl U UX 06cy)|meﬂue

B tabnuue mpuBeneHbl cpeaHME 3HAYCHMS IUIOTHOCTH, YACJABbHOI 3JIEKTPOIPOBOIHOCTU U
koo duimenta 3eedbeka (IIpUd KOMHATHOM TemIiiepaType) oOpas3uoB Phz-Ag, M3roToBIeHHBIX
IIpY pa3InYHOM JaBICHMM IpeccoBaHus. Kak ciaemyeT u3 NpeacTaBlIeHHBIX TaHHbBIX, IIPU YBe-
JIMYEHUU OaBJieHUsl IpeccoBaHUs KoadduuueHT 3eebeka IIPOSBISIET TEHACHLMIO K He3Ha-
YUTEJIbHOMY YMEHBIICHUIO, a IPOBOAMMOCTh OOpAa3LOB YBEJIMUYMBACTCS IIPOMOPLIMOHAIBHO
YBEJMUECHUIO NaBJICHUsI, ONHAKO Jaxke IpM HaWOOJIbIIEM IaBJICHUM, pealu3yeMOM B JaHHOM
9KCIEPUMEHTE, TIPOBOANMOCTEL 00pa3iioB Phz-Ag okaswiBaeTcs mpuMepHo B 500 pa3 HIKe TTpo-
BOIMMOCTH 4MCTOTO cepedpa (o = 6,7-10° Cm/cm). TI1oTHOCTH 06pa3LioB BO3PACTAET 10 TEX IO,
IoKa JaBjeHue IpeccoBaHusl He IpeBocxoaut 17,7 MIla. Ilpu Oojiee BHICOKOM OaBJIEHUM €€
3HAYEHME CTAOMIM3UPYETCS U cocTaBisieT 2,4 — 2,5 r/cm?. Takasa BeMYMHA IJIOTHOCTH 00pasia
Phz-Ag cooTBeTCTBYET TEOPETUUECKU paCCUUTAaHHOM, €CIU IIPUHSIThH IVIOTHOCTh cepedpa paBHOM
10,5 r/cm® pu comepxanuu 63 % Beca, a MIOTHOCTH (peHasuHa — 1,2 r/cm® nipu 37 % Beca
oOpasna.

3aBHCUMOCTD IIPOBOAUMOCTH OT TeMIIepaTyphl IJIsl uccieayeMbix oopasioB Phz-Ag, dopmo-
BaHHBIX IIpU 3HaYeHusx masiaeHus 1,9 u 17,7 MIla, npencrasieHa Ha puc. 2, a. BugHo, 4To
IIPY MOBBILICHUN TeMIIEPaTyphl UX IIPOBOAUMOCTb CHUXKACTCSI IMIPUOIU3UTEIILHO 10 JIMHEITHOMY
3aKOHY, T. €. do/dT = const, 4TO MO3BOJISIET IIPOCTO PACCUMTATH TEMIIEPATYPHbI KOI(DPULIMEHT
conpotupneHus: (TCR), onpenenseMblii Kak
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TCR = (1/p,)dp/dT,
TIe p, — YAEIbHOE COTMPOTUBIEHUE UCCIENYEMBIX 00pasiioB mpu 1" = 296 K.
Tadoauua

3aBucuMocTh 3HAYeHMiT mapamMeTpoB o0pa3noB Phz-Ag
OT JaBJIEHHS TPECCOBAHUS

Hasnenne, MITa | p, r/em’ o, Cm/cm | S, MmxB/K
38,0 24+0,1 | 1300+10 | 2,1+0,1
17,7 2,5+0,1 550+4 1,9+0,1
1,9 1,9+0,1 30+£1 2,8+0,1

O603HaueHUd: P — IJIOTHOCTb, G — yIeJbHas 2JIEKTPONPOBOJHOCTD,
S — koo dunment 3eedeka.
[IpuMevaHMe: U3MEepEHUS BBITTOJTHEHBI IPY KOMHATHOM TeMIIepaType.

Oxasanoch, uro 3HaueHuss TCR cocrasisior 1,6:107 u 2,0-10°3 K!' coorBeTcTBEHHO, TSI
00pa3loB, CIIPECCOBAaHHBIX NMPU MeHbIIeM M OojbiieM aaBieHuu. TCR yucTtoro cepedpa paBeH
4,3-103 K! [13], 1. e. TCR Phz-Ag u Ag ABIsIOTCA BEIMYMHAMK OJIHOTO IOPSIKA, B TO BPEMS
KakK yaeJbHbIe TIPOBOAUMOCTH 3THUX MAaTEPUAIOB Pa3IMYalOTCd Ha 2 — 3 IopsiaKa BEIUYUHBL.

Ha puc. 2, b npeacraBieHa TeMIiepaTypHasl 3aBUCUMOCTb KoadduiireHTa 3eebeka UCCIen0-
BaHHBIX 00pa3uoB. M3 mpenctaBieHHBIX JAHHBIX BUIHO, YTO IPU KOMHATHOM TeMIIepaType OH
SIBJISIETCS MAJIOM TIOJIOXKUTEJILHOU BEJIMYUHOM, JIMHEWHO BO3PACTAIOIIEN C POCTOM TEMIIEPATYPHI.
YcraHOBIIGHHBIE HAMM 3HayeHUs1 S U JIMHEUHBIA xapakTep 3aBucumoctv S(7) mis obpas3los
Phz-Ag cootBerctByioT S u S(7T) mist 0dbpa3LoB yucroro cepedpa [14].

Takum 00pa3oM, CHWXKEHME YISIbHOM MPOBOAUMOCTU C POCTOM TEeMIIEpaTyphbl, 3HAUCHUE
TCR nnsa obpasuoB Phz-Ag, 6auskoe k TCR cepebpa, a Takxke BeanunHa KoadduireHra 3ee-
Oeka 1 BUJ ero TeMIlepaTypHOIl 3aBUCMMOCTH JAI0T OCHOBAaHUE MPEAIOI0XUTh, YTO B UCCIIEIY-
eMoM coeauHeHun Phz-Ag peanusyercsi MeTaUIMYECKUI TUM IIPOBOJUMOCTH.

a) b)
s, Slcm 7] S, uVIK 7

500 4
25
450

40

“—H‘o—o—.—._ﬂ_._.i 1

20 A

T T~ T T T T T L S L L L AL E L B B
300 320 340 360 7, K 300 320 340 360

Puc. 2. TemnieparypHble 3aBUCUMOCTH YAEJIbHOU 3JI€KTPONPOBOAHOCTU (a)
n koa(pdunmenta 3eedeka (b) oopa3ioB Phz-Ag, cipeccoBaHHBIX MO MaBICHUEM
1,9 MTIla (/) u 17,7 MIla (2)

72



dusmyeckoe maTepuanoBeneHme

a)
o, degrees o ® ® oo
L[]
80 °
L]
60 -
L]
L]
40 - .
L]
20
[ ]
0l o oman o
0.01 0.1 1 10 100 1000 f, kHz
ZmQ 4
L]
L]
L]
100
L]
L]
L]
L]
104 54
® 000 000 0o O d
0.01 0.1 1 10 100 1000 f kHz
¢)
Im Z mQ ,
P
*
5000 - «
L)
1
4000 ’
I
!
3000 !
J
]
1
2000 «
1
1
10004
*
(3
ok
0 50 100 5000 5500 Re Z mQ
Puc. 3. YacroTHblie 3aBUCMMOCTM  MOIYJIS

aJleKTpuueckoro mummenaHca Z (a) v dazoBoro
yria ¢ (b), a Takke UMITeAaHCHAs quarpamMma (c)
o6Opasziia Phz-Ag, cripeccoBaHHOTO 1O/ 1aBJIeHUEM
38 MIla (maHHbIE Ip¥ KOMHATHOI TeMIIepaType)

st yTouyHeHUSI OCOOCHHOCTEil IpOBOIM-
MOCTH OBLI MCIIOJIb30BaH METOA MMIIeIaHCHOMK
CIIEKTPOCKOITMH, YYBCTBUTE/IBHEII K IIEPEHOCY
3apsiIOB B I'eTEPOreHHBIX CHUCTeMaX, BKIIIOYa-
fomx (azoBble U BJCKTPOAHbIC T'PAHULIBI, a
TAKXKE JIEMEHTBI MUKPOCTPYKTYPHI.

Ha puc. 3 npencraBieHbl 4YaCTOTHBIE 3aBU-
cumocTty ($a3oBoro yriaa ¢ (a), MOLyJsl 3JIeK-
Tpudeckoro mmMmnenanca Z (b) u umieaaHcHas
nuarpamma (c) oopasua Phz-Ag, crpeccoBaH-
Horo nona gaBiaeHuem 38 MIla. BunHo, yto BO
BCEM MCCJICIOBAaHHOM Ouana3oHe 4acToT (a-
30BbIil yroj jexuT B uHtepsaie 0 < ¢ < 90°.
IIpn 3Havennm 4vactorel HKe 1 kI 3Haye-
Hue @ ~ (0°, a MOIy/ib 2JIEKTPUUECKOTO MMIIe-
JaHCa IPAKTUYECKU HE 3aBUCUT OT YACTOThI
U paBeH okojio 8 MOM, T. €. IIPOBOIMMOCTh
oOpa3ua SBJSIETCS OMUYECKOH U COCTaBJIsI-
eT npuMmepHo 125 Cm. YacTOTHBIM MHTEpBal
or 1 mo 100 xI'm MoXHO paccMmaTpuBaTh Kak
nepexogHy obOmactb. B Hell HaOmomaer-
¢ OBICTPOE U HEJIMHEIHOE BO3pacTaHUE Be-
JUYUH @ U Z, mipuyeM (KakK 3TO CIEAyeT W3
puc. 3, ¢) pocT 3HaueHUs1 Z MpU YBEJIUYCHUU
4acTOThl 0OYCJIOBJICH, B OCHOBHOM, BO3pacTa-
HUeM MHHUMOI1 yactu umnenaHca ImZ. Hako-
Hell, B 00JaCTU BBICOKMX YACTOT 3HAYEHUE
crabunusupyercs BOau3u 90°, omHako BesM-
yyHa Z TIpU YBEJIMYEHUM 4YacTOThl JIMHEHHO
Bo3pacraet. Takoit xapakTep 3aBUCUMOCTH Z(f)
B BBICOKOYACTOTHOI 00JIAaCTU CBUIETEILCTBYET
00 MHAYKTMBHOM XapakKTepe IIPOBOIUMOCTH,
nockonbKy Z = 2nfL (L — WHIYKTUBHOCTb
oOpasua). Mcroab3yss 3T0 COOTHOIIEHUE, MO-
JIyuuM, 4Tto Ha yactoTrax cBbime 100 kI Be-
JuunHa L coctaBUT mpubnusutenbHo 60 HI.
JInHelHbIN XapakTep UMIEOAHCHOM auarpamM-
MBI HCCIIeIyeMOoro oOpaslia CBHUIETEIbCTBYET
O TOM, UTO €ro IIPOBOAMMOCTb HE CBSI3aHa C
KakKuMu-1u6o aucp¢Gy3MoHHBIMU —IIpoliecca-
MU WIHA C BIUSIHUEM MexX(as3HbIX rpaHull (B
paccMaTpUBaeMoOil CUTyallMM — 3TO T'PAaHULIbI
MUKPOKPHUCTAJIUTOB, KOHTAKTUPYIOLIUX IPYT
¢ apyroM) [15]. DaeKTpUUecKylo 3KBUBaJICHT-
HYI0O CXeMy JaHHOTO oOpasla MOXHO IIpel-
CTaBUTh KaK ITOCJEI0BAaTEJIbHO BKIIOYEHHbIC
AKTUBHOE COIIPOTUBJICHUE U MHIYKTUBHOCTD.

PaccMoTpuM BO3MOXHBIC IIPUYUHBI BO3-
HUKHOBEHMSI METANINYECKOH ITPOBOAUMOCTU

B MCCeq0BaHHBIX oOpa3uax Phz-Ag, a Takxke OMMYECKOro U MHAYKTUBHOIO XapaKTepa UX IIpo-
BOIMMOCTH, COOTBETCTBEHHO B HU3KO- 1 BHICOKOYACTOTHOM OOJIACTSIX.

Ckopee Bcero, IMpUYMHON SIBISIETCSI 00pa3oBaHME TOHKMX IUICHOK cepeOpa Ha ITOBEPXHO-
CTSIX MUKPOKPUCTAJIOB. BhIllle 0TMeUasoch, UTO Ha ITOBEPXHOCTSIX MUKPOKpUCTALUIOB Phz-Ag
MIPUCYTCTBYIOT KOHIJIOMEpaThl METANIMYECKOIO cepedpa pasMepaMu Ipuoau3uTeabHO 10 HM.
ITostomy Hanmuuue Oojiee MEJIKUX KJIacTepoB cepebpa, He ¢ukcupyeMblx COM, HO dopmupy-
IOIIUX IIPOBOASIINE METAININUECKUE TUIEHKU B BUAE OTICSIbHBIX I0JI0C, IIPEACTaBISIeTCS BeChMa
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BEPOSTHBIM. OTMETUM, YTO aBTOPLI CTAThbU [16] yKa3bIBalOT Ha BO3MOXHOCTh 00pa30BaHUs MPO-
CJI0eK cepedpa v MexXAy OTACAbHbIMU (PeHA3MHOBBIMU JUTAaHAAMU, 00PA3YIOIIMMU MUKPOKPU-
CTaJUIUT. 3[eCh CleAyeT MOMYEPKHYTh, UTO IIPOBOASIINE CBOMCTBA METANIMUECKMX KJIACTEPOB
COXPAaHSIOTCSI MPU YMEHBIIEHUU UX pa3MepoB BIUIOTh A0 1 HM [17]. Mi3BecTHO, UTO yaeabHas
BJICKTPOIIPOBOIHOCTh METAIMYSCKUX IUICHOK, 00pa30BaHHBIX M3 HAaHOPa3MEPHbBIX KJIACTEPOB,
CYILLECTBEHHO HIXE UX 00beMHbIX aHaJIoToB. I1pu TomuHe mieHoK MeHee 40 HM OHa OlLleHMBa-
erca He Oosee yeM B 10* CM/cM 1 ¢1abo 3aBUCUT OT TOJIIIMHEI TieHKu [18, 19]. B paccmarpu-
BaeMOIl CUTYaLIMd MOXKHO IIPEANOJOXUTh, YTO B IIPOLIECCe MIPECCOBAHMS IIJIACTUHBI MUKPOKPU-
crajioB Phz-Ag ykiaabiBaroTCsl JIaTepaJibHBIMU TIOCKOCTSIMM IPYT Ha Apyra, o0ecrieunBasl Xo-
poliee IepeKphbIBaHNE METAUIMYECKUX IT0JI0C U JOCTATOUHO BBICOKHUIA YPOBEHb IIPOBOAUMOCTH.
[Ipu yBenmyeHWU OABJICHUS MPECCOBAHMUS YMCJIO MEePEeKPhIBAHUI BO3pAcTaeT, UTO MPUBOAUT K
BO3HMKHOBEHUIO ITPOBOASALINX HUTEOOPA3HBIX MUKPOKAHAIOB, HACKBO3b ITPOHU3BIBAIOIIUX M0~
JIMMEPHBII 00pa3el. Takue KaHajabl MOXHO pacCMaTpUBaThb KAK MUKPOIIPOBOAA, COCIUHSIOLINE
MIPOTHUBOMOJIOKHBIC CTOPOHBI TAOJETKM, U UMEHHO OHU OIIPEACIISIIOT IPOBOIUMOCTb U MHIYK-
TUBHOCTb HUCCJIEAYEMbIX 00PAa3LIOB.

3akioyenue

BrinonHeHO 3KCcnepUMeEHTaIbHOE MCCAeA0BaHNE BIMUSHUS TeMIepaTyphl Ha YIEJIbHYIO 3JIeK-
TPOIIPOBOAHOCTh U KO3(¢uiuueHT 3eedbeka HOBOro koopauHauuoHHoro mnonumepa (KII) Ha
OCHOBe (DeHA3MHOBLIX JIUTAHOAOB M cepeldpa, KOTOpOoe I10Ka3ajlo, YTO IIPOBOAUMOCTh JTaHHOTIO
KII HOCUT MeTamnmuyeckuii xapaktep. BennumHa mpoBOAMMOCTHM 3aBUCUT OT JaBJEHUS, IIPU
KOTOpOM mpeccyeTcs rmopoinok Phz-Ag, u nocturaer 3HaueHus: npumepHo 1300 Cm/cMm, 4To co-
IMOCTaBUMO ¢ HauOoJblieil BeanunHoi rpoBoauMocTtu KII, mocTUrHyTOI B HacTosIIIEe BPEMSI.

MeTtaminyeckuii XapakTep MpOBOAMMOCTUA OOYCJIOBJEH BBIIEJICHHEM aTOMapHOIO cepedpa B
npouecce cuHTe3a KII, ocaxkneHneM ero Ha MOBEPXHOCTU MUKPOKPHUCTAILJIOB U 00Opa3oBaHUEM
Ha UX MOBEPXHOCTU METaIM3UPOBAaHHLIX Iojoc. [Ipu mpeccoBaHUM 00pa3lioB, MEXAY OTIEIb-
HBIMM MUKPOKPHUCTA/UIAMU BO3HUKAET 3JICKTPUIECKUI KOHTAKT U B oopasue KII dopmupyrorcs
MPOBOISIINE KaHAJbI.
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Abstract. In the paper, films of higher manganese silicide Mn,Si, have been made and a lot
of their properties have been investigated. The composition and structure of the films formed
by ion-plasma magnetron sputtering were examined by scanning electron microscopy and
X-ray analysis. The temperature dependences of film resistivity (by the four-probe method), of
their Seebeck coefficient (by the two-probe method), as well as their Hall constant and optical
reflectivity spectra (at room temperature). Their thermoelectric figure of merit, the energy-gap
width (0.66 e¢V), charged-particle density and mobility, etc., were calculated. The properties
of the films in the amorphous and polycrystalline phases were compared. The thermopower
of the Mn 4Si film was established to increase by about 6 times during the transition from the
amorphous pflase to the polycrystalline one. The results obtained indicate that it is possible to
use this film in heat wave detectors.
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AnHoTtamuga. B paGote ObUIM M3roTOBAEHBI IUIEHKM BBICIIETO CUJAMIMIA MapraHia
Mn,Si, u u3y4eH WHMPOKMiA CHEKTP MX CBOWCTB. COCTaB M CTPYKTypa IUICHOK, IMOJYYCH-
HBIX METOJOM MOHHO-IUIa3MEHHOTO MarHETPOHHOIO PACITbIICHUS, UCCIIEIOBATNCH METOIAMU
CKaHUPYIOUIEH 3JIEKTPOHHON MUKPOCKOIINY M PEHTTeHO()A30BOro aHainm3a. belinm M3MepeHsI
TeMIIepaTypHbIe 3aBUCHUMOCTU YIEJIBHOTO COIPOTHBJICHUS ILICHOK (YETBHIPEX30HIOBBINA Me-
Tonm), ux KoadduumneHta 3eedOeka (IBYX30HIOBBIM METON), a TAaKXKe IOCTOSHHAs XoJja u
CIIEKTPHI ONTUYECKOTO OTpaxkeHus (IIpM KOMHATHOI TemIiepatype). PaccuMTaHbl TepMO3JieK-
TpUYECKasl JOOPOTHOCTD, IIMPUHA 3anpelieHHoi 30HbI (0,66 3B), KOHLIEHTpALMs U MOABMX-
HOCTb 3apsS>KEHHBIX YACTHIL M JIp. TTapaMeTphl. [IpoBeIeHO cpaBHEHNE CBOMCTB TIJICHOK, HaX0-
ISIIAXCS B aMOP(MHON M TTOJUKPUCTAIIINYECKOM (pa3ax. YCTaHOBJICHO, UTO TEPMODIC TUIEHKHN
IIpU TIepexoe 13 aMOP(GHOTO COCTOSHUS B MOJIUKPUCTATINUCCKOE YBEIUUNBACTCS ITPUMEPHO
B 6 pa3. [ToayyeHHbIe pe3yJbTaThl J0KA3bIBAIOT, YTO IJIEHKY MOXHO IIPUMEHSTh B I€TEKTOpaxX
TEILIOBOJIHOBOTO M3JTyYCHMSI.

KioueBble clioBa: MarHeTpOHHOE pacTbUIeHWEe, BBICIIWN CWIMIIMI MapraHiia, yaeJbHOe
comnpoTuBIieHUE, Ko3dhduimeHT 3eedeka, TEPMOIIEKTPUIECKIE CBOMCTBA
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Introduction

Many research centers around the world are currently conducting studies on the creation of
environmentally friendly and low-cost energy sources. In this regard, great results have been
achieved in the conversion of wind, light and heat energy into electrical one, which has led to
an increase in the efficiency of the generated photovoltaic and thermoelectric elements [1 — §].
In addition, scientific research on the creation of new types of photo- and thermoelectric films
has been constantly developing [9 — 14]. Among these materials, the most promising one is a
film based on a higher manganese silicide (HMS), whose thermoelectric figure of merit can
reach 0.4 in the temperature range of 20 — 700 °C [15 — 21]. A Mn Si, thin film can be used for
fabrication high-quality thermal elements and show the possibility of creating nanostructures with
high thermal properties based on fundamental research on various physical properties, quantum
effects, and size factors. Sensitivity cells based on HMS structures are also promising when using
highly sensitive receivers of electromagnetic waves in visible and IR fields.

The goal of the present paper is to form the Mn,Si, film by the ion-plasma magnetron
sputtering method and to study its thermoelectric properties.

© bexknynaros U. P., Jloboga B. B., Hopmypanos M. T., JonaeB b. 1., Typanos W. X., 2023. Uznatenn: CaHKT-
[MetepOyprckuii moauTexHudeckuii yausepcureT [lerpa Benunkoro.
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Material and methods

Magnetron sputtering synthesis of HMS films is carried out using SiO,/Si substrate. Before the
formation of the HMS film, the SiO,/Si substrate was cleaned in two stages

1. The cleaning of the SlllCO[l wa%ers surface SiO,/Si (d = 60 mm) was carried out using an
ammonia-peroxide mixture at a temperature of 60 — 70 °C, washing in deionized water, drying
in a centrifuge;

2. The vacuum treatment (cleaning) of the silicon wafer surface was carried out using an argon
plasma flow on EPOS-PVD-DESK-PRO magnetron sputtering machine. The plasma flow was
created by a source of ions with a cold cathode at a voltage of 2 — 3 kV and a current of up to
100 mA during 3 — 5 min. A group of plates (2 — 4 pieces) was located on a rotating tool during
the treatment.

HMS films were formed using an EPOS-PVD-DESK-PRO magnetron sputtering machine
at a pressure of 10* Pa and room temperature. The purity of Mn,Si, target was 99,5 %. The
diameter and the thickness of the target were 76 mm and 6 mm, respectlvely [22, 23].

The composition and structure of the target were studied by Quanta 200 3D scanning electron
microscope (SEM) from the Dutch Company FEI before placing the target into the magnetron
machine (Fig. 1).
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Fig. 1. The results of studying the Mn ,Si, target with a scanning electron microscope (SEM):
the surface image (a) and energy dispersive X-ray spectrum (b)

The thermoelectric properties (the resistivity and the Seebeck coefficient) of the manufactured
Mn,Si, film were determined by placing it in a vacuum of 10 Pa, using the four-probe method
and two-probe one, respectively [24].

It is known that the thermoelectric figure of merit ZT of thermoelectric materials is a
dimensionless quantity determining by the following formula:

ZT = o206 T/x, (1)

where a, uV/K, is the Seebeck coefficient; ¢, S/cm, is the electrical conductivity; k, W/(m'K),
is the thermal conductivity; 7, K, is the temperature [25 — 27].

Results and discussion

The Mn, Si. film formed by magnetron sputtering is in an amorphous phase before thermal
annealing; this was identified by electron microscope. Fig. 2 presents the SEM-images of the
Mn Si. film before and after annealing. Silicon and manganese atoms deposited on silicon oxide
almost completely cover the substrate. The annealing of the Mn Si, film was carried out at
620 K for 1 h. at a pressure of 10 Pa using an equipment. The annealed film was cooled in
vacuum to room temperature.
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Fig. 2. SEM-images of the Mn,Si, film surface before (a) and after (b) annealing at 620 K and 10~ Pa

The resistivity of the formed Mn,Si, film was 2-107° Q-cm at room temperature; when heat-
ed to a temperature of 750 K, its resistivity rose to 5-107° Q-cm (see Fig. 3, a). The electrical
conductivity of this film was 5.0-10* S/cm at room temperature. As evident from Fig. 3, b, its
electrical conductivity dropped to 1.2:10* S/cm when heated to 750 K.
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Fig. 3. Temperature dependences of the resistivity (a)
and electrical conductivity () for the Mn,Si, film in amorphous phase

The graphs of the resistivity and electrical conductivity versus temperature for the Mn,Si,
annealed film are presented in Fig. 4. It was 7.86-107° Q-cm at room temperature, and when heated
to 700 K, its resistivity dropped to 3.90-10° Q-cm (see Fig. 4, a). The electrical conductivity of
this film was 1.2-10° S/cm at room temperature. When heated to 700 K, it rose to 2.7-10° S/cm
(see Fig. 4, b).

As can be seen from these graphs, a decrease in resistivity with increasing temperature (see
Fig. 4, a) and an increase in electrical conductivity (see Fig. 4, b) confirm that the film has a
polycrystalline structure.

Fig. 5 presents temperature dependences of the Seebeck coefficient for the Mn, Si, film in
amorphous and polycrystalline phases. As evident from these graphs, the Seebeck coefficient in
the case of the polycrystalline phase turned out to be approximately 6 times higher than that in
the case of the amorphous one.

The thermoelectric figure of merit of the Mn, Si, film was calculated by Eq. (I). Thermal
conductivity value of the Mn,Si, film was taken from Ref. [28].

The purification process concurrently enhances the ¢ and S values, and decreases the k value
for the Mn,Si, samples, leading to an extraordinarily high thermoelectric figure of merit Z7. The
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Fig. 6. Temperature dependence of ZT for the Mn,Si, film in polycrystalline phase

82



4 Physical materials technology >

corresponding curve for the Mn,Si, film exhibits the maximum ZT ((Z7) ), namely, about 0.5
at 800 K, and this is the highest value currently known and reported for thermoelectric systems
(Fig. 6).

As a result of the experiments conducted with the HMS film, it was found that the thermoelectric
properties of the film are better in the crystalline phase than in the amorphous one. This is due
to the fact that the bond between manganese and silicon atoms is very weak and there are surface
defects on the areas that are not completely covered of material. Surface defects of the film are
disappeared as a result of structural relaxation and forming new bonds between the manganese
and silicon atoms during the annealing, and the total structure acquires semiconductor properties.

Optical properties of the Mn,Si /SiO, film were measured using an HR-4000 high-precision
spectrometer according to the law of light reflection (Fig. 7). The graphs showed that the Mn,Si,
film had a high sensitivity in the visible and IR regions for the corresponding wavelengths. In
addition, it is possible to determine the band gap of the Mn,Si, silicide film from these data, using
the Kubelka — Munk equation. The band gap of the film is 0.66 ¢V. Here a is the absorption
coefficient, v (eV) is the photon energy, R (%) is the reflection coefficient, A (nm) is the light
wavelength [29, 30].
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Fig. 7. The Mn,Si, film: the graphs of the light reflection coefficient versus the light wavelength (a)
and of the absorbed photon energy versus the incident photon one (b)

The probability of absorbing a photon depends on the likelihood of having a photon and an
electron interact in such a way as to move from one energy band to another. For photons which
have an energy very close to that of the band gap, the absorption is relatively low since only those
electrons directly at the valence band edge can interact with the photon to cause absorption. As
the photon energy increases, not just the electrons already having energy close to that of the band
gap can interact with the photon. Therefore, a larger number of electrons can interact with the
photon and result in the photon being absorbed.

The absorption coefficient a is related to the extinction coefficient £ by the following formula:

o = 4nk/\, 2)
Electrophysical properties of the Mn,Si./SiO, film were measured on HMS-3000 Hall

Measurement System. Obtained electrophysical parameters of the Mn,Si, thin film are listed in
Table.
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|
Table

The obtained results on electrophysical properties of the Mn,Si, film

Parameter Unit Value
Volumetric
concentration of cm™ 4.5-10%

charged particles
Mobility of charged

cm?/(V-s) 1.65

particles

Surface resistance Q 313
Resistivity Q-cm 7.83-10*
Hall coefficient cm?®/C 1.28-1073
Magnetoresistance Q 1.73-107!
Surface concentration 5 1nl7
of charged particles cm 1210
Electrical conductivity S/cm 1.28-10°

Summary

The paper has been studied a formation of Mn,Si, (higher manganese silicide) films and their
electrophysical properties. It was established that the thermoelectric power (the Seebeck coefficient)
of the film increased during the transition from the amorphous phase to the nanocrystalline
one. This effect is associated with the selective scattering of charge carriers at the boundaries of
nanoclusters. The Seebeck coefficient of the film in the polycrystalline phase turned out to be
approximately 6 times higher than that in the amorphous phase. The thermoelectric efficiency of
Mn, Si, film exhibited the maximum value ZT _ of approximately 0.5 at 800 K.

Moreover, it was revealed that Mn Si_ films grown on a SiO,/Si substrate had the highest
conversion coefficient, and this is explained by the low thermal conductivity k = 149 W/mK of
Si0,/Si. The films of Mn,Si, on SiO,/Si exhibited the high response speed, high sensitivity.

'fhe results obtained indicate that the Mn Si_ films can be recommended for use in thermal
wave radiation detectors in the visible and infrared electromagnetic ranges.
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Abstract. In order to search for materials with improved semiconductor properties, thin
films of GalnP have been fabricated on the GaP surface (the molecular beam epitaxy and
ion implantation procedures were used). These films were investigated by the Auger electron
spectroscopy, ultraviolet photoelectron and light absorption ones. The energy and angle de-
pendences of the secondary-electron-emission coefficient (SEEC) were obtained as well. An
analysis of the experimental data allowed for the first time to determine the main energy-band
and emission parameters of the Ga In  P/GaP(111) nanofilm. The energy-gap width was
found to be 1.85 eV, which was signiﬂcanf'ly less than that of the substrate GaP, and thus, the
maximum value 6 of the SEEC and the quantum yield K of photoelectrons (at hv =10.8 eV)
values of the Gao'zfno_ ,P/GaP system decreased slightly relative to the pure GaP.
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Annotanug. C 1edpl0 IOMCKa MaTepuana ¢ YJIYYIIEHHBIMU MOJYINPOBOAHUKOBBIMU
CBOMCTBAMM OBUIM WM3TOTOBJIEHBI ToHKMe InreHKn GalnP wa mosepxHoctn GaP
(MCcTI0TE30BaHBI METOIBI MOJICKYJISIPHO-JIYIeBOM SMUTAKCUUA WM MOHHOW MMILIAHTAIIUM). DTU
IUICHKW OBUIM M3yYeHBI METOAAMH OXE-3JCKTPOHHOM CIIEKTPOCKOINH, YIbTpaduoaeTOBOM
(GOTORJIEKTPOHHON CHEKTPOCKOMUM, a TaKXKe OINTUYECKON CIEeKTPOCKOMUM IOTIOIIESHUS
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cBeta. bbuim Takke MOJlydeHbl DHEPTETUYECKHUE M YIJIOBbIE 3aBUCUMOCTH KO3Gh(MUIIMEHTOB
BTOPUYHOU 3JIEKTPOHHON B3MUCCUU. AHAIU3 TOJYYEHHBIX OKCIMEPUMEHTATbHBIX JaHHBIX
MO3BOJIAJI BIIEPBBIE OMPEACIUTh OCHOBHbBIEC MMAPAMETPbl SHEPTETUYECKUX 30H U SMUCCUOHHBIE
napaMeTpbl HaHorieHkKu Ga 6111 P/GaP (111). YcraHoBiaeHO, YTO IIMPUHA 3aMpPeLICHHON
30HBI TJIEHKM paBHa 1,85 3]§ qTo CYIIIECTBEHHO MEHbIIIe, YeM TakoBas y Tomioxku GaP;
CJIeIOBATEJIbHO, MAKCUMAaJIbHOE 3HAaUeHNEe KOA(DUIIMeHTa BTOPUUYHOUN 3JIEKTPOHHOM IMUCCUM
G .. ¥ KBAaHTOBBIN BBIXOI (OTOSIEKTPOHOB K (TIpH hv = 10,8 3B) cucremsr Ga JIng P/GaP
HEMHOTO YMEHbIIIAIOTCSI OTHOCUTENIbHO yncTtoro GaP.

KnioueBble cjioBa: rpuHa 3apelieHHON 30HbI, DOTOMOIJIOIEHNE, 30HHO-9HEPreTUYeCK1e
rnapaMeTpbl, HAHOIUIEHKA, TeTePOCTPYKTYypa
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Ne 2. C. 89—97. DOI: https://doi.org/10.18721/ JPM.16208

CraTbsl OTKPBHITOTO AocTyma, pacrnpoctpaHseMas no jguneH3uu CC BY-NC 4.0 (https://
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Introduction

A"BY binary semiconductors and multicomponent heterostructures based on them are widely
used in the creation of various opto-, micro-, and nanoelectronic devices. In particular, multilayer
structures with GaP, GalnP, AlGalnP layers are used and hold promise for the manufacture
of laser diodes, solar cells, photovoltaic and optoelectronic devices. Particular interest is the
preparation of ternary solid solutions such as Ga,_ Al As, Ga In_P with an adjustable band
gap [1 — 4]. At present, the composition, structure, optical and electronic properties of
Ga, Al As / GaAs multilayer structures fabricated by various epitaxy methods are well studied,
whlc)h is associated with their wide use in various micro- and optoelectronic devices [5 — 10].

Ga In,_P alloys with a large band gap can potentially be used for high junction in tandem
solar cells and yellow-green light emitting diodes [5, 6]. Due to the weak luminescence emission,
studies of the optical properties of Ga In, P alloys near the intersection of straight and 1nd1rect
bands and in the region of indirect bands are more difficult than those for straight bands [5 — 7].
In addition, the absence of lattice-matched substrates and the ordering of effects complicate the
studies. The authors of Ref. [8, 9] provided detailed information on the electronic structure of
Galn P(0<x<1l).

txpenmental results obtained in Ref. [10] showed that the luminescence efficiency of LEDs
based on Ga In_P significantly decreases at an emission wavelength shorter than 590 nm
(<2.1eV). Desplte the problems of carrier confinement for Ga In, P alloys with a large band gap
[11, 12], a simplified approach has been developed to simulate the degradation of luminescence
intensity depending on the energy separation between direct and indirect bands [13].

In Ref. [14], Ga In, P films were doped with tellurium ions with a concentration from 7-10'¢
to 2:10" cm™. The stuéy of the photoluminescence spectra showed that the transition from the
indirect band to the direct one occurs at the temperatures between 40 and 100 K, and the direct
emission of the band dominates in the photoluminescence (PL) spectra at room temperature.

In recent years, the most common method of fabrication nanofilms on the surfaces of
semiconductor and dielectric films has been the low-energy ion implantation in an annealing test
[15 — 19]. It has been established in private studies that when high-dose bombarded with argon
ions Ar"*, the surface is enriched with gallium (Ga) atoms, and when bombarded with metal ions
(Me = Ba* and Na"), Ga and Me atoms are enriched. However, such studies have not yet been
practically carried out for the case of gallium phosphide (GaP) implanted with low-energy In*
ions [20 — 22].

This paper is devoted to investigation of physical properties of GalnP/GaP(111) nanofilms
formed by means of implantation of In* ions into GaP.

© Mupunos I'. M., onaes C. Bb., YmupzakoB b. E., Jloboga B. B., 2023. Wzmartens: Cankrt-IletepOyprckuii
nojutexHudyeckuit ynusepcuret Ilerpa Benukoro.

90



4 Physical materials technology >

Materials and research methods

GaP(111) single-crystal samples were chosen as target of research. Prior to ion implantation,
they were degassed under conditions of ultrahigh vacuum: the pressure P = 1077 Pa at the
temperature 7 = 900 K for about 4 hours.

Molecular beam epitaxy (MBE) is the most promising method for growing these structures.
In the process of MBE being a vacuum deposition, the film growth is determined mainly by the
kinetic interaction of beams with the crystal surface, in contrast to other methods. Prior to MBE,
the GaP(111) samples were degassed under conditions of ultrahigh vacuum (P = 107 Pa).

Ultraviolet photoelectron spectroscopy (UVPS) was used, and the energy and angular
dependences of the secondary electron emission (SEE) coefficients were obtained. Ultraviolet
photoelectron spectra were recorded at photon energies #v = 10.8 eV. The photon source was a
standard hydrogen-discharge lamp.

Results and discussion

The GalnP thin films with a thickness of 30 — 50 A were formed by implanting In* ions into
GaP(111) followed by annealing at 7= 950 K. Fig. 1 shows the photoelectron spectra of GaP
implanted with In* ions with an energy E of 1 keV at a dose of 6- 10'* cm™ and annealed at
T'=950 K for 40 min. In this case, a nanocrystalline film of the Ga  In P type with a thickness
of d = 30 — 35 A was formed. These spectra reflect well the density d1str1but10ns of electronic
state in the valence band. One can see that the pure GaP spectrum exhibits maxima at binding
energies £, ~—0.8, 2.2 and —4.0 eV, probably due to the excitation of electrons from the 4p and
(4p + 4s) states of Ga, as well as the hybridization of the 4s state of Ga with the 3s one of P
(see Fig. 1, curve /). In the case of the GalnP film, the spectrum (see Fig. 1, curve 2) contains
intense peaks with £, = —1.2, -3.3 and —5.6 €V, apparently associated w1th the excitation of
electrons from the hybrldlzed electromc states of 4s(Ga) + 5p(In), 4s(Ga) + S5p(In) + 3d(P), and
45(Ga) + 5s(In) + 3d(P).

Fig. 2 presents optical absorption spectra (graphs of the relative intensity I of the light passing
through the sample versus the photon energy 4v) for GaP(111) and GaP(111) with a Ga, In P
film with a thickness of d ~ 50 A. '

As Fig. 2 suggests, at first the / value does not change practically with an increase in Av,
and then sharply decreases approaching zero. For the GaP(111) and GalnP/GaP nanofilms, a
decrease in the / value is observed from Av = 2.2 eV and hv = 1.7 eV, respectively. Extrapolation
of the sharply decreasing parts of the curves to the /v axis gives the value of the band gap Eg of

N

4p(Ga)+ 5p(In)

45(Ga) + S5p(In)+3p(P)
I

45(Ga) + S5s(In)}+3p(P)

H i
4p+ds 4p(Ga)

(Ga)

(15(Ga) 13p(P)

1/ AE=0 9

Eb: eV -4 -2 EV =0

Fig. 1. Photoelectron spectra of the samples under study:
GaP(111) (curve 7); GaP(111) with the Ga In P film about 50 A thick (curve 2).

Identification of peaks 1s given
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Fig. 2. Optical absorption spectra of GaP(111) (/) and GaP(111)
with the Ga In P nanofilm about 50 A thick (2)

the material. As can be seen from Fig. 2, the E value for GaP(111) is approximately equal to
2.36 €V, and for the Ga, In P film it is about 185 eV.

Table presents the obtameé values of main energy band parameters and emission characteristics
of the samples under study. The photoelectric work function and electron affinity are determined
by the formulas:

O =hv-AE,

where AE is the width of the photoelectron spectra, and

nw=0-F .

In heterostructural systems, the degree of crysteﬁlinity and epitaxiality of a nanofilm is of
particular interest. For the film thickness d < A (A is the photon wavelength), the degree of
epitaxiality can be estimated from the angular dependences of the secondary electron emission
(SEE) coefficients. Fig. 3 shows the dependences o, ((p) for pure GaP(111) and for GaP with
a GalnP film 50 A thick formed by ion 1mplantat10n in combination with annealing and MBE.
Here o, is the value of ¢ at electron energy E = 800 eV. The angle ¢ was determined with
respect to the normal of the sample.

Table

The obtained values of main energy-band parameters
and emission characteristics of the samples under study

) ) Parameter value
Parameter Notation | Unit
GaP(111) | Ga, In P

Photoelectric work function o 53 5.5
Band gap E, eV 2.36 1.85
Electron affinity ® 2.94 3.65
Coefficient gf §econdary - 195 170
electron emission (max) max
Quantum yield s P
of photoelectrons (at #v=10.8 eV) K 6-10 10
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Ggoo
rel. unit

=20 -10 0 10 20 30 40 P, degrees

Fig. 3. The angular dependences of the secondary electron emission coefficient for pure GaAs (/),
for GaP with the Ga Al As film (50 A thick) formed by ion implantation (2) and MBE (3).

Crystallographic directions are shown

As evident from Fig. 3, a nonmonotonic increase in the value of 6., with increasing ¢ occurs
in all cases. Maxima and minima are observed on the o, (@) curves, and their positions are
related by certain crystallographic directions.

The angular positions of the peaks for GaP and the GalnP nanofilms formed by ion
implementation are in well arrangement with each other. From this observation, we can conclude
that a strict epitaxial growth of the Ga  In P film takes place in this case. As for the MBE case
(see Fig. 3, curve 3), the peak intensity on the o, (¢) curve significantly decreases as compared
to the corresponding GaP one, and new peaks appear near these peaks. The processing of the
o(¢) dependences taken at different £ values made it possible to establish that the exit depth was
about 50 A at E ~ 200 eV. In this casé, the GaP peaks completely disappeared on the o(d) curve,
while the intenszity of the GalnP peaks increased significantly.

Conclusions

The information about the state density of valence electrons and the energy bands parameters
of Ga In P nanofilms has been presented. The nanofilms were fabricated by In* implantation in
GaP with subsequent annealing; in this case, a strict epitaxial growth of the film took place. The
crystallographic orientations of GalnP and GaP were established to coincide completely at the
interface. Moreover, the energy gap of the GalnP nanofilm was found to be 1.85 eV.
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Abstract. In the paper, a theoretical study to calculate the value of the radioactivity of
nitrogen-13 isotope required for use in positron emission tomography (PET) has been present-
ed. The isotope is produced by deuteron beams from NX2 dense plasma focus device. First the
effect of three factors was studied, namely, the deuterium gas density, exposure time and the
repetition rate of the device. The results showed an increase in radioactivity as deuterium gas
pressure decreased. It was next possible to obtain four radioactivity values, suitable for use in
PET, by varying the two rest factors.
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ONPEAENIEHUE YCJIOBUMA NOJTYYEHUA PAAUOAKTUBHOCTHU
M30TOMNA A30T-13, TPEBYEMOW AJ191 MEAULMHCKOIO
NPUMEHEHUA NPU UCNOJIb3OBAHUU YCTPOUCTBA
NNASMEHHOU ®OKYCUPOBKU NX2

A. Haccueg ' =, B. Caxbronu 2, O. 3erpgaHn ?, H. Kada 2
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AnHotamus. B pabote mpeacTaBieHO TeOpeTUUYECKOE MCCleNOBaHWE, HallpaBjeHHOE Ha
pacyeT 3HaYeHWI PagUOAKTUBHOCTU M30TONa N, HEeOOXOAUMBIX I MEIULMHCKOTO MpPHU-
MEHEHMSI B TO3UTPOHHO-IMUCCHOHHOU ToMmorpaduu (I1DT). M3oTonm MoXHO ToaydaTh Iy-
TeM saepHoii peakiuuu 2C(d, n)'3N, peanusyeMoil myuykamu AE€ATPOHOB U3 ycTpoiicTBa (o-
KYCUPOBKM IUIOTHOM 1asmbl NX2. Ha mepBoli cTaauu MCClIeAOBaHUS M3y4yaJloCh BIUSHUE
Ha ypoBEHb PaIMOAKTUBHOCTHU TpeX MapaMeTpoB ycTpoiicTBa NX2: maBjieHMsI ra3000pa3HOTO
nevitepust (A1), BpeMeHM BKCMO3ULIMM U YACTOThI CJIEIOBAHUSI MMIYJIbCOB. Pe3yabTaThl
MMoKa3aJ POCT YPOBHSI paguOaKTUBHOCTH IO Mepe cHikeHus JIJI. Ha BTopoit cramum yma-
JIOCH TIOJIYIUTD YeThIpe 3HAUCHUSI pafOaKTUBHOCTH, IIPUTOAHBIC TSI MCIOIb30BaHus B [19T,
MyTeM noadopa 3HaYeHUI ABYX APYTUX (PaKTOPOB.
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Jng matupoanus: Haccud A., Caxpionu B., 3eiiman O., Kada H. Onpenenenne ycaoBuid
MOJIYUEHUST PaJMOaKTUBHOCTU M30TOIa a30T-13, TpeObyeMoil Jjist MeAMIMHCKOTO TTPUMEHEHUS
IIPY MCIIOJIb30BaHUM YCTPOICTBA IJIa3MeHHON (hokycupoBku NX2 // HayuHo-TexHUUECKHUE
Benomoctu CIIOI'TTY. dusuko-mateMatuyeckue Hayku. 2023. T. 16. Ne 2. C. 98—110. DOI:
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Introduction

Since the initial design of the dense plasma focus devices by J. W. Mather [1] and N. V.
Filippov et al. [2], a large number of studies have been conducted on this phenomenon due to its
distinction in terms of obtaining very hot, very dense plasma that constitutes a source for a large
number of radioactive emissions and ion beams and electrons, depending on the type of gas used
in the operation process [3].

In Fig. 1 one can see an elementary scheme of this
4 device. In the process of evolving plasma, a focus known
I as "pinch" is formed; it is a small column of plasma that
3 collapses after a very short period (ns) due to the instability
of the plasma [4, 5], leading to beams of ions and electrons
moving in opposite directions [6]. The properties of these
beams have been studied and characterized with a view
to their practical application such as thin film deposition
- 1 [7 — 11], material synthesis [12 — 15] and the production of
S | | short-lived radioisotopes [16, 17].
! In the case when deuterium gas is used in a dense plasma
device, it is possible to take advantage of the energy ion

Anode

Switch beams produced after the collapse of the plasma pinch
— and its collision with a suitable target in order to cause the
Capacitor desired reaction. For this purpose, many researches have

Bank

been conducted experimental and computational studies
Fig. 1. Scheme of the dense plasma aimed at the possibility of benefiting from the ion beams
focus device able to cause the emitted by the collapse of a plasma column formed in the
nuclear reaction required for the dense plasma focus device, especially when using deuterium
production of short-lived radioactive ~ as working gas in order to bring about the nuclear reaction
isotopes, €. g. ®N required for the production of short-lived radioactive
isotopes. M. Sumini et al. [18] designed a 150 kJ dense
plasma focus device operating in a 1 Hz frequency mode to produce the '8F radioactive isotope
(1 Ci in a time of 2 hrs) and put the engineering designs of the electrodes and the parameters
of the electrical circuit, and 128 shots were carried out. B. Shirani et al. [19] also studied the
possibility of obtaining the radioactive isotope *N from a low-energy dense plasma focus device,
and a radioactivity value of 10 kBq for one shot was obtained. In the process, the radioactivity
value increased to several tens of MBq at an operating rate of /= 1 Hz with an operating time of
600 s. Since the medically required radioactivity is about 4 GBq, the idea to change the design
of the electrodes or the pressure of deuterium gas was put forward. In order to increase the
energy of the outgoing deuterons spectrum, M. Akel et al. [20] conducted numerical experiments
using the Lee code for calculating the characteristics of the ion beams emitted by a number of
dense plasma devices with different operating energies and for calculating the radioactivity of the
2C(d, n)"*N reaction. As a result, they found that the device should operate in a repetitive mode
(the repetition rate was f = 25 Hz for an operation period of 600 s) to reach the value of the
medically required radioactivity and came to the conclusion that this possibility of operation was
not available in the current devices. In addition, there was a problem of endurance of targets to
resulting thermal loads.

© Haccud A., Caxpionu B., 3eitman O., Kada H., 2023. Uzparens: Caukr-IleTepOyprckuil MoJMTEeXHUYECKUI
yauBepcutet Iletpa Benaukoro.
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In 2019, H. Sadeghi et al. [21] developed the idea of adding magnetic lenses in order to focus
and direct the outgoing ion beams, as well as to reduce the scattering ratio. Simulations were
carried out on 16 different plasma incinerators with different energies (from 400 J to 500 kJ) and
a radioactivity value of 0.016—7.71 GBq was reached. It was established that 9 of the devices
studied were able to achieve the medically required radioactivity value of the isotope '*N by using
this technique.

Research technique

Firstly, the number of deuterium ions emitting from the collapse of the plasma pinch was
found, then the radioactivity of the isotope was calculated for the 3 Torr pressure deuterium gas.
Secondly, the effect of changing the pressure of deuterium gas on the value of radioactivity was
calculated. Thirdly, the advantage of repetitive operation of the studied plasma focus device NX2
was taken in order to explore the effect of the exposure time and repetition rate on radioactivity.
The results obtained are presented next.

Results and discussion

Finding deuterons beam properties emitted by a NX2 dense plasma focus device. The number
of generated ions was calculated by taking advantage of the parameters of the plasma pinch (the
source) that were found using the Lee code, by taking advantage of the following device features
[22]:

Operating potential V' = 14 kV;

Capacitor bank capacity C; = 28 pF;
Inductance L, = 20 nH.

The value of the total discharge current produced by the capacitor bank can be calculated as
follows:

3
4-10 =523.83 KA. (1)
\/20 107
28-10°°
The capacitor bank discharge time is
t, =JL,C, =/20-10°-28-10° =74.8 ps; )
T=2nt,=2mn-74.8:10° = 469.98 ps. 3)

The time of movement of the plasma sheath through the axial phase is given by Ref. [23]:

2 (e 1)] VI Zolp @)
y, Inc 1y ’

()

where c is the ratio of the cathode radius b to the anode one a (¢ = b/a = 4.1/1.9 = 2.2); y, is
the permeability of the plasma, p, = 4n-107 H/(m-Z); Z, is the anode length; f , f are the factors
of mass and current losses in the axial phase, relatively, fm = 0.06 f =0.70 [2 ].

The time of movement of the plasma sheath radially at the top of anode until reaching the
stage of pinching is given by Ref. [23]:

t, = L \/_ )

HO(Y"'I) f

Bl
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where v is the specific heat capacity of deuterium plasma, y = 5/3.
The density p (kg/m?) of deuterium gas is calculated by the formula

p=P-M/(R-T). (6)

Our studies showed that about 60 % of the total discharge current will form the peak current
1 . Which continues to push the plasma sheath until reaching the stage of the formation of the
plasma pinch [24]. Deuterium gas has P =3 Torr where this condition is met by Lee code. Thus,
we get that the pressure is

P=3-1.013-10°/760 = 400 Pa.

The temperature 7= 273 + 20 =293 K; the gas constant R = 8.31 J/(K-:mol); the molar mass
of deuterium gas M = 4.027 kg/mol.
Substituting these values into Eq. (6) for the deuterium gas density, we obtain that

p=0.661 kg/m>. (7)

The values obtained were taken to calculate the velocity values of the plasma sheath in the
axial and radial phases by using Lee code. The following are the results obtained:

The axial velocity v, = 1290 km/s, (8)

The radial velocity v_ = 327 km/s, )

The ion current density is calculated using the Langmuir — Child formula [25]:

3/2
J, =l.86-[gj80 /%-q;—z, (10)

where € is the permittivity of free space, £ = 8.854:10'; e is the electric charge, e = 1.6:107" C;
m, is the mass of the deuterium ion, m = 3,34 1027 kg, d is the width of the formed plasma
sheath @ is the induced voltage w1th1n the plasma pinch,

o=1 (de/dt). (11)
We calculate the induction within the plasma pinch de/dt by using Ref. [26]:

dL
S Mol Dy 2 (12)
dt 2m r, r,

where b, r,are the radii of the cathode and plasma pinch, relatively, » = 4.100 cm, r,= =0.302 cm;
z is the length of the plasma pinch, z = 2.806 cm.

Substituting these values, we get that dL /dt =0.674.

Thus, according to Eq. (ll) the induced potential within plasma pinch is

® =523.83-10*0.674 = 353 kV.

Now let us calculate ion current density:

3/2
Ji:l.86-(ijso 2.2 _19 kam,
9 m.d’

Thus we get the number of deuterium ions ejected from the plasma pinch:
2

Nl_n—Jr =6.5-10" (ions). (13)

Calculation of the radiative yield. The energy distribution f (E) of the ions emitted from the
plasma pinch is given by Ref. [20]:

f(E)=dN./dE=CE™, (14)

where C is the constant, power coefficient m takes values within the range 2.0 < m < 3.5;
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E o Em Enax
N,.=_[CE‘"’dE=C{ } .

£ 1-m N

‘min

Consequently, the function f(E) is of the form

1-m o
e e "

where £, E . are the maximum and minimum energies of the emitting deuterons.
The radiative yield of the reaction is given by Ref. [27]:

Q 1I-m ™ E"c(E)
<y>:9_l(E;;;"—E;:]I" & Y
w2

where Q , Q. are the solid angles of the source (the pinch) and of the target, relatively; 7 is the
density of graphite target, n = 1.129-10% m=; dE/dx is the stopping power of the graphite target;
o(E) is the experimental cross-section of the reaction '*C(d, n)"*N.

There are two angles Q and Q. that need to be calculated: the former is the angle of emission
of ions from the pinch, and the latter is the angle of arrival of ions to the target.

Deuterium ions are emitted in the form of a cone whose top rests on the grip and its base does

on the target. The solid angle of a cone is given by
Q =2m(1 —cos 0)). (17)

If we assume that the angle 6, = 25° = 0.436 rad, then Q = 0.587 sr.
The portion of the released ions falls on the graphite target. The angle of arrival of ions to the
target is proportional to the surface area and is given by the following relationship:

Q, =70, = n(r/R), (18)

where r is the radius of the source, R is the distance between the target and the source (the grip).

If we assume that » =1 cm and R = 20 cm, then Q = 0.0078 sr.

Calculation of the stopping power dE/dx of a graphite target. The 2013 SRIM (The Stopping
and Range of lons in Matter) program (see Ref. [28]) was used to find the stopping power of
deuterium ions within the energy range 0.6 — 3 MeV within the graphite target. By drawing the
matching curve, we obtained the formula for the stopping power: dE/dx = 51408E 01,

The results obtained are shown in Table 1 and Fig. 2.

Table 1
The ion energy — the stopping power
relationship obtained using SRIM

Ion kinetic energy, MeV | Stopping power, GeV/m
0.60 71.6
0.70 65.0
0.90 55.5
1.00 51.9
1.10 49.0
1.50 394
1.70 36.0
1.80 34.5
2.00 32.0
2.50 27.1
2.75 25.3
3.00 23.7
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8.00E+04

7.00E+04 b

6.00E+04
Stopping 5.00E+04 - %
power, 4.00E+04 - ®
MeV/m  300E+04 -

2.00E+04 -

1.00E+04 -

0.00E+00 -~

lon energy, Mev

Fig. 2. The dependence of the stopping power of deuterium ions within the graphite target
on their kinetic energy

Finding the experimental cross-section 6(E) for the reaction '*C(d, n)"*N. To find this cross-
section, the Experimental Nuclear Reaction Data (EXFOR) of the International Atomic Energy
Agency (IAEA) (see Ref. [29]) was used. This result is presented in Fig. 3 and Table 2. Thus, we
obtained the formula giving the cross-section:

o(E)=-T72.771E* + 314E — 164.78.
Table 2

Experimental dependence of cross-section values on the ion energy
for the '2C(d, n)"*N reaction (taken from EXFOR database)

Ion kinetic energy E, Mev o, mb
0.65 12.37
1.04 82.29
1.52 130.2
2.00 186.5
3.00 119.9

Substituting the previous relations to calculate the yield value at the values m = 2.0, 3.0, 3.5,
we can find three (y) values. They are equal respectively:

9.3100-10°°, 1.4534-10°°, 3.1420-10>.

The radioactivity is calculated by Ref. [20]:
A =N (y) In2/T

1/2°

where T, is the half-life of the radioactive isotope "N, T, = 10 min = 600 s.

Therefzore the value of the radioactivity for m = 2 is: A 6.99-10° Bq.

The effect of the density of deuterium gas on the value of radioactivity. The density of deute-
rium gas is considered as one of the factors affecting the formation of the plasma sheath, its axial
and radial velocity, and the parameters of the plasma pinch formed at the end of radial phase, and
thus, its effect on the induction generated within the pinch and the voltage generated within it,
and later on the current density and the number of ions emitting from the collapse of the pinch.

The calculations of the density of the gas when changing the pressure of deuterium gas from
the value P =1 Torr to the value at which focusing does not occur, and then finding the values of
the velocities of the axial and radial plasma sheath, the dimensions and the duration of the formed
plasma pinch using the Lee code were performed. The results obtained are presented in Table 3.
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Fig. 3. Cross-section of the >C(d, n)"*N reaction (taken from (EXFOR) database)
Table 3

The dependence of some key plasma parameters
on the deuterium gas pressure and density using the Lee code

Deuterium gas Plasma sheath velocity Plasma pinch
Pre%‘ssure, Densi;cy, Axial, Radial, km/s Radius, | Length, | Duration,
orr g/m km/s mm mm ns
1 220 176 457 3.01 28.06 13.5
2 440 145 371 3.02 28.04 16.7
3 661 129 327 3.04 28.06 19.1
4 881 118 297 3.05 28.04 21.0
5 1102 111 274 3.06 28.05 22.8
6 1322 105 257 3.08 28.03 243
7 1543 100 243 3.09 28.02 25.8
8 1763 95 231 3.11 28.05 27.3
9 1984 92 221 3.12 28.03 28.6
10 2204 89 211 3.13 28.03 30.0
11 2424 86 203 3.15 28.05 314
12 2645 83 195 3.17 28.02 32.6
13 2865 81 189 3.18 28.04 33.9
14 3086 79 183 3.20 28.03 35.2
15 3306 77 176 3.22 28.04 36.5
16 3527 75 171 3.24 28.05 37.7
17 3747 74 166 3.26 28.04 39.0
18 3968 72 161 3.28 28.04 40.3
19 41885 71 157 3.30 28.02 41.6

The value of the plasma pinch induction, the voltage generated within it, the density of the ion
current and the number of the ejected ions were calculated using Eqgs. (10) — (13) (see Table 4).
Then, using Eq. (19), the value of the radioactivity was calculated with changing in the deuterium
gas pressure. The results are shown in Fig. 4.
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Table 4

The dependence of some plasma pinch and deuterium
ion beam parameters on the deuterium gas pressure using the Lee code

Deuteriun Plasma pinch Deuteriun ion beam
gas pressure, Induction Voltage | Current density, Number of
Torr in it, kV kA/m> ejected ions
1 0.9439 494.5 31.64 660
2 0.7645 400.5 23.09 595
3 0.6707 351.4 18.95 559
4 0.6074 318.2 16.35 530
5 0.5599 293.3 14.46 509
6 0.5221 273.5 13.04 489
7 0.4924 257.9 11.95 475
8 0.4656 243.9 10.97 462
9 0.4444 232.8 10.24 452
10 0.4237 221.9 9.534 441
11 0.4056 212.5 8.919 432
12 0.3872 202.8 8.336 419
13 0.3747 196.3 7.924 414
14 0.3608 189.0 7.495 407
15 0.3457 181.1 7.022 395
16 0.3341 175.0 6.668 388
17 0.3230 169.2 6.342 382
18 0.3116 163.2 6.010 374
19 0.3023 158.4 5.753 369
8.00E+05
7.00E+05
6.00E+05
5.00E+05
Activity, , 5oE405
Bq
3.00E+05
2.00E+05
1.00E+05
0.00E+00 T T ]
0 5 10 15 20
Pressure, Torr

Fig. 4. The plots of the radioactivity values versus the deuterium gas pressure

An analysis of the obtained results allows us to note that an increase in the pressure of deu-
terium gas has led to an increase in the time of movement of the plasma sheath both axially and
radially and consequently decreasing of axial velocity of the plasma from 176 km/s at a pressure
of 1 Torr to 71 km/s at the highest pressure value (19 Torr), and the plasma velocity at the top of
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the anode radially decreased from 457 km/s to 157 km/s, and thus, the decrease in the value of
the energy coming from the capacitor bank to the plasma pinch, and as a result the decrease in
the value of the induction inside the plasma pinch and the voltage generated within it, and thus,
the number of ions ejected from the plasma pinch according to Egs. (11) — (13), the value of
the radioactivity of the isotope *N decreases, as shown in Fig. 3, from 710 kBq to 397 kBq. So,
decreasing the gas pressure led to an increase in the radioactivity value of the isotope >N, but in
order to make it suitable for use in medicine, rather in PET, the radioactivity value must be with-
in the range 370 — 740 MBq [30] and therefore it is necessary to search for additional methods
for increasing the value of radioactivity, apart from the low pressure of deuterium gas, such as
increasing the device’s operating rate, i. e., exposure of the target to a number of successive shots
(i. e., increasing reaction yield) or by increasing the operating power of the device.

Calculation of the radioactivity value when changing the frequency of operation and exposure
time. The value of the radioactivity of the isotope '*N was found at repetition rates equal to 1, 5,
10, 16 Hz and the exposure time of the graphite target to deuterium ions equal to 30, 60, 100,
200, 300, 400, 500 s.

The value of the radioactivity was calculated according to the formula given in Ref. [20]:

4,= N, ) v[1 - exp(-h)]. (20)

where v is the frequency of shots, A = (In 2)/T, , (T, is the radioactive half-period); 7 is the ex-

posure time.
The calculation results are presented in Table 5 and Fig. 5.

Table 5

The dependence of the radioactivity values
on the exposure time at different values of the repetition rate

) Radioactivity value, MBq
Exposure time, s
1Hz | SHz | 10Hz | 16 Hz
30 189 | 94.3 189 302
60 349 174 349 558
100 53.8 269 538 861
200 97.8 489 978 1560
300 133.0 | 666 1330 2130
400 164.0 | 818 1640 2620
500 189.0 | 944 1890 3020
3.50E+09
3.00E+09
Activity
Bq 2.50E+09 -
2.00E+09
—e—1Hz
e 5, LSO0E+09 -
—e—10Hz 1.00E+09
—=—16 Hz 500E+08 /
0.00E+00 LS — :
0 100 200 300 400 500 600
Time, s

Fig. 5. Plots of the radioactivity values versus the exposure time at different repetition rates
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Table 6

The radioactivity values that meet the requirements for use in PET

Radioactivity value, MBq | Exposure time, s | Repetition rate, Hz
489 200 5
538 100 10
558 60 16
666 300 5

It is evident from the results shown in the Table 5 and Fig. 5, that there are four values for
the radioactivity of the isotope for use in a PET technique. We specially listed these values in
ascending order in the separate Table 6.

Conclusions

This study presents a visualization of the operational conditions that should be met in the
NX2 dense plasma focus device as a medium-energy apparatus for the possibility of producing
BN isotope suitable for use in PET. The results also determined the values of the repetition rate
and the exposure time required in order to obtain the value of the required radioactivity, where
four values were obtained.

This study can be expanded in order to study the effect of the geometric dimensions of the
vacuum chamber and the possibility of modifying them for increasing the radioactivity.

We expect that in the current operational conditions, the operating energy of the dense plasma
focus device should not be less than 100 kJ in order to obtain the required radioactivity of N
isotope.
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Abstract. In the paper, a comparative analysis and a search for the optimal machine learning
model have been conducted. The model should predict the values of unobservable centrality-
related quantities based on the experimental data for observable quantities, namely, the number
of charged particles and the number of neutral ones born in the interactions of both heavy and
light ultrarelativistic nuclei. The sought-for unobservable values were the numbers of wounded
nucleons involved in the interactions and of the binary nucleon-nucleon collisions. Linear and
polynomial regressions of various degrees, a decision tree (DT), a random forest (RF), and
a multilayer perceptron (MP) were chosen and considered as machine learning models. The
prediction accuracy of the models was characterized and tested by the coefficient of determi-
nation. The DT, RF, and MP models were found to predict the desired values with the highest
accuracy, i.e., they gave equally good results.
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BBenenne

HMHTepec K MeTomaM MalIMHHOTO OOy4eHUsT 00YCIOBJICH MX XOPOILIUMU pe3yIbTaTaMU B pa3-
JIMYHBIX O0JIACTSIX, HAYMHASL OT PeUeBbIX MOALJCH U J0 TeHepaluy M300pakKeHUI.

BcnencrBue 3TOro CTOMT MCIIOJAb30BaTh U3BECTHBIE M pa3pabaThiBaTh HOBBIE aJlTOPUTMbI Ma-
LIIMHHOIO OOy4YeHMsI B simepHoi dusuke, (pU3MKe dJIeMEHTapHBIX YacTUL U (PM3UKE BBICOKUX
SHEPIUi.

®dusuka yIbTpapeIsITUBUCTCKUX CTOJIKHOBEHUIA siiep — OIHA M3 MHOTOO0OCIAIOINX U UHTE-
pecHemnx obdjacTeil COBpeMEeHHBIX (DyHIaMeHTaIbHBIX UCCIeIOBAaHUI, CBSI3aHHBIX C HEOObIU-
HBIM COCTOSIHMEM BellleCTBa — KBapK-IJIFOOHHOM Mmartepueit [1].

W3yuyeHre ocoOeHHOCTE!l B3aMMOIEICTBUIA s1Iep IIPU BbICOKUX SHEPIUsX, KaK MPaBWIO, OCYy-
LLIECTBJISETCS B KOJIJIAMIEPHBIX SKCIIEPUMEHTaX, B KOTOPBIX MU3MEPSIOTCS XapaKTePUCTUKU Ya-
CTUILI, POKISHHBIX B CTOJIKHOBEHMSIX ITyUKOB siaep [2].

DHeprusl mydyka sigep OObIYHO BbIpaXKAaeTCs BEJIUMUYMHON SHEPruM, MPUXOISIIECS Ha OIUH
HYKJIOH $1Ipa. DTO MO3BOJISIET COIIOCTABIISATh COyIApeHUs siAep ¢ MPOTOHHBIMU COYIApEeHUSIMU;
IIpY 3TOM IIpeAIlojaraeTcs, YTo IBIDKYIIMECS siapa IPeACTaBISIIOT COOOH Iy4OoK HYKJIOHOB, a
CTOJIKHOBEHUE SIACP — 3TO KOMOMHALIMS MapHBIX CTOJKHOBEHMII HYKJIOHOB OT pa3HBIX SIIEP.

Kaxk 6pu10 ycTaHoBieHO [3], BaKHBIM CBOMCTBOM COYIAapeHMII SiAep SIBUIOCH 3HAYUTEJIbHOE
yBeJIMUECHUE CpPeIHEeil MHOXECTBEHHOCTH (pacCuyMTaHa Ha OJHO IApHOE CTOJKHOBEHME BHYTPHU-
SIICPHBIX HYKJIOHOB) IO OTHOILIEHMIO K CpeAHeil MHOXECTBEHHOCTU, HaOJI0IaeMOi B MapHOM
CTOJIKHOBEHUM CBOOOMHBIX (HE BHYTPUSIACPHBIX) HYKIOHOB.

KonunuectBo HyKIIOHHBIX ap N, KOTOpbIE BCTYIAIN BO B3aUMOJICHCTBIE, U YUCIIO PAHEHBIX
HYKJIOHOB Npm MpU COYAAPEHUH SIIep COOTBETCTBYET MOHSTHUIO LIEHTPAJIbHOCTU coydapeHus [4].
LleHTpanbHOCTDL ompeneisieT 00beM 00JaCTU MEPEKPHITUS CTATKMBAIOIIMXCS SIep U CBSI3aHa C
MPULICIbHBIM ITapaMeTpOM coyaapeHust (puc. 1).

OGbeM MepeKphITUsI, B CBOIO OYepelib, CBSA3AH C KOMMYECTBOM N HYKJIOHOB-YYaCTHUKOB
B3aUMOJICCTBYSI U YMCIIOM PAHEHBIX HYKJIOHOB N, HAXOJSIIUXCSI B 9TOM 00bEMe U UCTIBITAB-
LIMX HEYIpyroe paccessHue. s Kaxaoro CTOJKHOBEHMSI sep (cobbrtust) Benmuuubbl N u N
HEBO3MOXHO OIIPEACIUTh 3KCIIepUMeHTaabHO. OMHAKO €lle paHHME JaHHbIE, ITOJyYEeHHbIE Ha
yckopuresisix RHIC (Relativistic Heavy Ion Collider — peassTUBUCTCKUII KOJIAAEp TSKEJIbIX
noHoB) u SPS (Super Proton Synchrotron — cynepnpoTOHHBII CUHXPOTPOH) [5, 6], moka3anu,
YTO MHOXECTBEHHOCTh YacTUll (MJIM MX CyMMapHasl MoIlepeuHasi SHEprus) IpsMO IPOIIOPLIIO-
HajlibHBL N, U Npm. DTO 03HayaeT, YTO TSI BBIACICHHBIX 3HAYEHUI MHOXECTBEHHOCTHU (WU
CYMMapHOU IMOMEPEYHOM SHEPIUH) MOXHO ONPENCTUTh BEIUYUHBL N 1 Npm.
© Lobanov A. A., Berdnikov Ya. A., Mitrankov Iu. M., 2023. Published by Peter the Great St. Petersburg Polytechnic
University.
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Puc. 1. Cxematuueckoe npencraBieHUe SAEPHON peakinu:
(Sp)s — cnekratopsl; (Prt)s — yuactHuku; 1P — npuliesbHbIi napaMeTp.
IlokazaHbl HYKJIOHBI, BCTYyNABIIME BO B3aMMOJCHCTBHE (YepHBIE KPYKKHU), 1
MPOJIETeBIINEe MUMO (Cepble KPYXXKHW); p — MPOTOHbI, # — HEUTPOHBI

Llenrio HacTosIIEel pabOTHI SIBJISLIACH pa3pabdOTKa ONTUMAIbHON MOIENIM MAllMHHOIO 00yYe-
HUsI, KOTOpasi Obl TI03BOJIsUIa IIpeacKa3blBaTh 3HAUCHMSI HeHAOII0JaeMbIX BeJIMUMH, XapaKTepu-
3YIOIIUX LIEHTPAIbHOCTD.

DTU HEeHaOMI0JaeMble BEIMUYMHBI — YHCJIO PaHEHBIX HYKJIIOHOB, YYaCTBYIOIIMX BO B3aMOIEii-
CTBUM, U YMCJIO OMHAPHBIX HYKJIOH-HYKJIOHHBIX CTOJIKHOBEHUIA.

OcHOBOI TpeAcKa3aHUsSl OOJKHBI CIYKUTb BeJIUYMHBI, HaOJII0JaeMble Ha BKCIIEpUMEH-
T€: YMCJIO 3apSLKeHHBIX YaCcTMIl M YHCIO HEMTPOHOB, POXKMAIOIIMXCS B KaXXIOM OTIEIbHOM
SIIPO-SIAEPHOM B3aUMMOICHCTBUU.

MeToauKka Moe/IMPOBAHUS M BbIYUCJIECHUI
Mogenb MallMHHOIO OOYyYeHMSI JOJKHA IPeACKa3biBaTh YMCIO PaHEHBIX HYKJIOHOB N U

YUCIIO OUHAPHBIX HYKJIOH-HYKJIOHHBIX CTOJIKHOBeHUH N, B SIPO-SIIEPHOM CTOJKHOBEHUU [ﬁtpu
3aJaHHOM HayaJbHOI 3Hepruu. B kKauecTBe mapaMeTpoB MOIEIM ObLIM BBIOPAHBI YKCIO 3apsi-
JKeHHBIX M YMCJIO HEHTpajbHBIX YaCTUIl B KaxKIOM COOBITUM, B MHTEpBalaX IICEBIOOLICTPOTHI
3<In|<4u5<|n| <8 coorBercTBeHHO. BHIOOP NMaMa30HOB NMKTOBAJICS IKCIIEPUMEHTAIBHBIMU
JaHHBIMU, W YKa3aHHbIE MHTEPBaIbl ObUIM B3SITHI OJIM3KUMU K UCIIOJb3YeMbIM B 9KCIIEPUMEHTAX
[2, 7]. C uenbto paciuupeHus: paboTOCIOCOOHOCTH MOIEIIN IJISl pa3IMUHbBIX CUCTEM (sIIep) CTOJ-
KHOBEHUI, K IepeUYrCICHHBIM BbIIIE ITapaMeTpaM ObLIM J00aBI€HBl YKUCIO IIPOTOHOB M YHMCIIO
HEUTpaJIbHBIX YACTULL BO B3aUMOAEUCTBYIOLIMX SIpaXx.

B cBs3u ¢ TeM, 4TO BEIMYMHBI N . AN HEBO3ZMOXHO OIPEACTUTh HA IKCIIEPUMEHTE, ISt
00y4deHUs ObLIU B3SThI N LN, npeﬂBapMTeanO MOJIyYeHHBIE B HACTOsIIE paboTe Ha OC-
HOBE MCIOJb30BaHUS reHepaTopa MOHTe Kapno PYTHIAS/Angantyr Bepcuu 8,307 [8].

Bo Bcex paccMmaTpuBaeMbIX SIIPO-SIACPHBIX B3aMMOICUCTBUSX DHEPrUs B CHUCTEME ILIEHTpa
MacC Ha OJHO HYKJIOH-HYKJIOHHOE CTOJIKHOBEHME Oblia BblOpaHa PaBHOM 4/s,, = 200 I'sB.
HaHHast 3Heprusl UCIOJb3yeTCsI B OOJIBIIOM UMCie 3KCIepuMeHToB Ha Koiuaiinepe RHIC [2].

Yucnao creHepUpOBaHHBIX CTOJKHOBEHMI simep cocTaisuio 100 Thic.

C TOYKM 3peHHUsI MalIMHHOIO O0y4YeHUsI, MpeacKa3aHue 3HaueHuil N o 1 N, B 3aBUCUMOCTH
OT MHOXXECTBEHHOCTEH 3apsSKeHHBIX YacTuil N , ¥ HEUTPOHOB N =~ — 3TO 3amaya perpeccun [9]
(oOyuyeHMe ¢ yuuTeaeM), IO3TOMY B KauecTBe MO,E[CJ'[CI/I MALIUHHOTO 00y4YeHUs ObLIM BHIOpPaHBI
U PacCMOTPEHbI METOIbI, HanboJee YacTO MCIOJIb3yeMble ISl JaHHOIO TUIIA 3aday: JUHeWHas
perpeccus [10], moJMHOMUANIbHBIE PETPECCUM pa3IMUHbIX cTereHeit [10], nepeBo pemenuii [11],
cly4yaiiHbIi jiec [12] 1 MHOTOCIOMHBIN nepuentpoH [13].

l'unepnapameTpsl Mozeeli (ITapaMeTphl, KOTOPbIe HE OMpPENeIsIIoTCS B X0e 00yuyeHUsT) ObLIU
mogoOpaHbl C UCIOJAb30BaHUeM Ouoamoreku Optuna [14]. B kayecTBe ajaroputMma ObLIT BhIOpaH
Tree Parzen Estimators [15].

XapakTepuCcTUKON TOUHOCTU MpeacKa3aHusl Mojesieill BhICTymnal KOo3(p(PUIIMEHT neTepMUHa-
uun R? [16], KOTOPBIi ClieAyeT BHIPAKEHUIO
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riae y, — STaJOHHbIE 3HAYeHUs (Hanpumep, N ), Y, — 3HaueHUs BEIMYUHBI N,
HbIE MOAEIbI0, N — YKCJIO 3HAUCHUIA.

Benmmuuna koadduumrenTa aerepMuHALUA R? MMeeT MakKCHMaJbHOE 3HayeHue, paBHOE 1.
Yem oHO Ommke K eAuWHUIIE, TeM OJIMKe K 3TaJOHHBIM OYIyT 3HaueHWUS, ITOJyYEeHHBIE C I10-
Molibio Mofenu. KauecTBo mpeackasaHusi MOIENbio 3HauYeHUit N, 1 Npm XapaKTepru30BalIOCh
CpeoHUM apu(METUUYECKUM 3HauyeHHeM UX KOo3(h(GUIMEHTOB AeTepMUHAIMU (TaK KaK B paboTe
MIPEITI0JIarajJoch MpeAacKa3biBaTh 3HAUEHUS ABYX BeJMunH). [lanee mox R? rmompasyMeBaeTcs 3TO
cpenHee apudMeTHUeCKOoe.

OmnpeneneHue 10BepPUTEIbHBIX MHTEPBAJIOB 1 MTOrPEeIIHOCTeN KO3 GULIMEHTa AeTEpPMUHALINI
R? BBITIOJIHAIOCH METOIOM OyTCTpaMN (anen. bootstrap) [17].

DTOT YMCJICHHBII METOJ IO3BOJISIET UCCEA0BaTh CTAaTUCTUUECKUE pacipeneaeHusi. OH OCHO-
BaH Ha MHOTOKpaTHOI reHepaluu BbIOOpOK MeTomoM MoHTe-Kapio Ha 6a3e MMEIIECs Bbl-
0opku (BBeaeH B 1977 rony bpamiu D¢poHOM M OCHOBAaH Ha reHepaluyd SMIUPUIYECKOrO pac-
npeneneHus1 [18] mo umeronieiicss BeIoOpKe). Mcnonb3oBaHue 3MIIMPUYECKOTO pacipeacaeHus
KaK TeOPEeTHMYECKOI0 pacIipeleeHNs] BEPOSITHOCTEN MO3BOJISIET CTeHepUPOBaTh OOJIBIIIOE YMCIIO
IICEBIOBLIOOPOK IIPOU3BOJILHOIO pa3Mepa ¢ IIOMOIIbIO FeHepaTopa ciaydaiHbIX yrcen. Ha momy-
YEHHOM MHOXECTBE IICEBIOBBIOOPOK IIPOBOIUTCS OLIEHKA CPeIHEro 3HaUeHUs, IIOTPELIHOCTA U
CTPOUTCS NOBEPUTEIbHBIN MHTEPBAJ JJISI UCCIECAYEMOU CIyYalHOW BEJIMUYUHBI C JOBEPUTEIBLHOMN
BeposiTHOCTBIO p = 0,997.

JJ1s1 Kaxkaoro siapo-siAepHOro B3auMoaeicTBus (ucmnoib3yercs: 100 Thic. CTOJKHOBEHUI sSIep,
creHepupoBaHbix B PYTHIA8/Angantyr) MOXHO ToTy4uTh 3HaueHust N, Npm, N . Ha aroii
OCHOBE CTPOUTCS 3aBUCUMOCTb N, Npm OT MHOXECTBEHHOCTHU 3aPSI>KEHHBIX YACTHIL Nch TSt
peakuMy CTOJIKHOBEHUs sA€ep 3070Ta Au + Au mnpu sHepruu ,/s,, = 200 I'sB (ucxonnbie naH-
HBIE).

Ha puc. 2, a npusenena 3aBucumoctb N, , oT N, OJIy4eHHAS OMMCAHHBIM 3I€Ch 00PA30OM.
Bunno, utro N, N, ¥MMEIOT HEKOTOpbIE paCTIpee/ICHUs], BOSHUKAIOIIKE TIPU MOJIEIMPOBAHUY B
nakeTe PYTH(IOAS/Angantyr. C 1uenpo yCKOpeHUsI 00y4eHUsI M ONTUMU3aUU pabOThl MOJEIEH,
9TU paclipenesieHUus] BeJIMYMH ObLIM pas3desiceHbl Ha S50 MHTepBajaoB, KaXIblil M3 KOTOPHIX ObLT
OXapaKTEepM30BaH CBOMM CpEIHUM 3HaueHueM (U3MYECKOoi BeaumuuHbl. Ha puc. 2, b npen-
CTaBJIcHA Takasi yCPeMHEHHAs 3aBUCUMOCTb YMCIIA HYKJIOH-HYKJIOHHBIX CTOJIKHOBEHUIA (N ) OT
CpEAHEN MHOXKECTBEHHOCTHU 3apPSKEHHBIX YACTUIL (Nch).

IMonyuenHsle 50 MHTEpPBaJOB ObLIM Pa3OUTHI Cayd4ailHbIM obpa3oM Ha 80 % mist oOyueHuUs
Mozeneit n Ha 20 % mig X IpOBEPKMU.

CxomHasl pacueTHasi KapTHHA MUMeEeT MECTO U [JIs1 3aBUCUMOCTHU Npm or N, .

;> TPE/ICKa3aH-

CpaBHeHHE JUHEHHON W MOJIMHOMHUAJIBHON MoJejieli MAIIMHHOTO
o0yyeHus A4 npeackasanus 3apucumoctd N, (V) B peakuun Au+Au

Kak ObL10 OTMEYeHO BbIlI€, B JAaHHOK pabOTe MCIOJIb30BaJUCh CJACAYIOIIME MOIASIA Ma-
LIMHHOIO O0Y4YeHMsI: IMHEHAsI perpeccusi, MOJMHOMUAIbHbIE PErPECCUM Pa3IMYHBIX CTEIICHE,
JIEPEBO PEUICHUM, CIyYaHBINA JIEC U MHOTOCIIOMHBINA MEPLETITPOH.

JInHeiiHag u moJMHOMHANbHASA perpeccun. /s Havyama pacCMOTPUM yKa3aHHBIE TIPOCTEHIINE
Monenu. B kauecTBe Momenu MOJIMHOMMAJIbHON perpeccuy ObLIM BBIOpaHbI KBagpaTU4YHas U
KyOuyeckasi (pyHKILIMM, YTOOBI M30eXKaTh MepeoOyUeHUsI MOIEIN IIpU 00Jiee BHICOKMX CTEIEHSIX
nosuHoMma [19]. g ux cpaBHEHHUSI ObLla pacCMOTPEHA CHCTeMa CTOJIKHOBEHMS SIIEp 30J0Ta
(Au + Au) 1pu 3HaUEHUU SHEPTUU B3aUMOIEICTBUS 4/s,, = 200 I'9B.

Ha puc. 2, a npuBeaeHa anmpoKCUMalMsl 3aBUCHMOCTU UYMCJIa HYKJIOH-HYKJIOHHBIX CTOJ-
KHOBEHUII OT MHOXKECTBEHHOCTH 3apsDKEHHBIX 4YacTHULl JUHEMHON, KBaIpaTUYHON M KyOude-
ckoit ¢yHkuusamu. Ha puc. 2, b npeacraBieHa anmpoKCUMAalUs TEMU Xe TpeMs (YHKIUSIMU
3aBMCUMOCTU YCPETHEHHOTO YKCIa PaHEHBIX HYKIOHOB (N ) OT cpeiHeil MHOXECTBEHHOCTH
3apsDKEHHBIX YacTull (N, ).
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Puc. 2. cxomgnas (06acTh ceporo 1iBeTa) (a) U ycpenHeHHas (CUMBOJIBI) (b) pacyeTHBIE 3aBUCUMOCTHU

YHclia HYKJIOH-HYKJIIOHHBIX CTOJKHOBEHWI SIep 30JI0Ta OT MCXOAHOW (a) M ycpemHeHHO (b)

MHOECTBEHHOCTH 3apsSI’KEHHbBIX YACTULL, a TAKXKE allIPOKCUMALIMU TaHHBIX PA3IMYHBIMU (PYHKIIUSIMU:
JIMHEWHON (CIIOLIHBIE TIPSIMbIE), KBAAPATUUHOW (MYHKTUPbI) U KYOUUECKOU (ILUTPUXITYHKTUPDI)

Kaxk crnenyer u3 aHajau3a JaHHBIX Ha puc. 2, IJis alllIpOKCHUMAaLIMK JUHEeHON (pyHKUMENH Ha-
OMrogaeTcsl CUCTeMaTUUEeCKOE 3aBBIIICHUE YMCiIa paHEHbBIX HYKJIOHOB IPY BBICOKMX 3HAUEHUSIX
MHOXECTBEHHOCTH 3apsKeHHBIX vacTull. IloaToMy manee OyayT paccMaTpUBaThCsSl pacueTHBIS
pe3yJbTaThl TOJIBKO IJIs IOJIMHOMOB 2-i1 U 3-11 CTEIEHEIA.

Pe3yabTaThl npeacka3zanus MOJAEISAMHA MAIIMHHOTO 00y4eHHs
sagucumoctu N, (N ) [isi CTOJIKHOBEHHI TSKEIbIX siiep

st Toro 4T0OBI OLIEHUTH BO3MOXKHOCTH MOJIEJIei M0 0000IIEHNIO 3aBUCUMOCTEI U UX OIpe-
JeJICHUIO, PAaCCMOTPUM OOYy4YeHHEe Mojeleli Ha CUMMETPUYHBIX CUCTEMaX CTOJKHOBEHUS TSIKe-
abix gaaep: meau (Cu + Cu), kceHoHa (Xe + Xe), 3oso0t1a (Au + Au), ceudua (Pb + Pb) u ypana
(U + U), a TakKe uX IMPOBEPKY Ha HECUMMETPUUHBIX cUcTeMaX (CM. Tabj. 1).

31ech MpeacTaBlieHa 3aBUCUMOCTh R? Ul pasiMYHBIX MOJENEH W pasIMYHbIX SIEPHBIX CH-
CTeM, Ha KOTOPBIX MoAeaIu He oOyuanuch. Kak ciaemyeT U3 aHanau3a JaHHBIX Ta0d. 1, oy 00Jb-
IIMHCTBA CUCTEM CTOJKHOBEHUI TSKENbIX SIIep MOJMHOMMANIbHASI 3aBUCHMOCTb 3-f1 CTeleHU
JlaeT pe3yabTaThl, 3aMETHO XYIIINWe U OTJIMYHBIC OT OCTaJbHBIX Moaeseil. JIis1 Takolt Momenu Ko-
shduLMeHT feTepMUHALIAA R? BO MHOTUX CUCTEMAX CYLIECTBEHHO MEHbIIIE €IUHULLI. B cBiA31
C 3TUM, €€ JajibHElIlee pacCMOTPEeHUe TIPEACTaBISIeTCST HelleJIeCOOOpa3HbIM.

[lonyyeHHble 3HaueHMsT Koa(ddulMeHTa AeTepMUHALMM COBIAZAlOT B Mpeaenax Iio-
IPEIIHOCTEeH IS BCceX Moesieil (KpoMme MoJMHOMAa 3-i CTeleHU) B paMKaxX OJHOM CHUCTEMBbI
(cM. Tabu. 1). MckmoueHue HaOmogaeTcs WIS MOJIMHOMMAIBHOM perpeccuu 3-i CTEIeHU, IJIs
KOTOpO# BeMurHa R? CTAaTUCTUYECKM 3HAYMMO OTJIMYAETCS OT OCTAIBLHBIX MOJIEIEA.

Pe3yJIbTaTbl npeacKkasaHus 1 CTOJKHOBEHUH JerKUX siiep ¢ TsKeJbIMU

B nanHOM pa3zmenie pacCMOTpeH ciay4yail oOydeHMs Mojeiell Ha CTOJIKHOBEHUSIX JIETKUX SIACP
C TAXKCJIbIMU:
p+Au,p+Cu,d+Au,d+ Cu, He + Au, He + Cu,

e p — MPOTOHBI, d — simpa neuTepus.

IIpu sTOM mpoBepsieTCsl KOPPeKTHOCTh MOJEIel Ha HeCUMMMETPUYHBIX CUCTEMaX, Iepeuuc-
JICHHBIX B TaOi. 2. DTa cuTyalusl MHTepeCcHa TeM, YTO OHa ITO3BOJISIET IIPOBECTU JajibHelillee
000011IeHIe Ha pa3IM4Hble (OTJIUYHBIE OT paHee PaCCMOTPEHHBIX) SIAEPHBIC CUCTEMBI CTOJIKHO-
BEHMII U IPOBEPUTH, HACKOJIHLKO XOPOIIO MOAEIN MOTYT paboTaTh B JAHHOM CJIydae.

B tabi. 2 nmpencrasieHa 3aBUCUMOCTh KO3 GUIIMEHTa JeTepPMUHALIM 111 pacCMaTPUBaEeMbIX
B JaHHOI1 paboTe Mopdelell U pa3IUYHBIX SIAePHBIX CUCTEM, Ha KOTOPBIX MOJAEIM He OOyJalluCh.
W3 maHHBIX TaOMULIBI CIEAYeT, UTO IJISI OOJBIIMHCTBA CUCTEM CTOJIKHOBEHUI ITOJIMHOMUAJIbHAS
3aBUCUMOCTb 2-i1 CTeIIeHU AaeT 3aMEeTHO XyIllne (CTaTUCTUYECKU OIpaBAaHHbIC) PE3ybTaThl, B
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N HECUMMETPUYHBLIX CUCTEM AOEp

Taonuua 1

3navenus KoaduupmenTa geTepMUHAINM JUIS PA3JMYHbIX Mojeei

>

3HaueHne Ko3hUIMEHTa AeTepMUHALMI R? [T MOIEIN
Cucrenma [TonrHOM cTerneHn HepeBo MHorocnoiHbIi
SAcp ~ peBo. CiyyaifHbIi Jiec
2t 3-i pelIeHni TepIenTPOH
0,990+ 0,175+ 0,979+ 0,981+ 0,967+
Cu + Xe
10,025 +0,005 10,030 10,021 10,023
0,986+ —2,301% 0,963+ 0,969+ 0,934+
Cu + Au
+0,023 +0,328 +0,024 +0,028 +0,025
0,984+ —0,087+ 0,960+ 0,963+ 0,926+
Cu + Pb
+0,026 10,442 +0,027 +0,026 10,024
CutU 0,982+ 0,460+ 0,960+ 0,961+ 0,921+
" +0,029 +0,769 +0,026 10,031 +0,024
0,997+ 0,155+ 0,991+ 0,992+ 0,987+
Xe + Au
+0,028 +0,004 +0,027 +0,030 +0,029
0,996+ —0,284+ 0,990+ 0,991+ 0,984+
Xe + Pb
+0,026 +0,013 +0,026 +0,027 +0,029
Xe + U 0,996+ —0,224+ 0,987x 0,989+ 0,977x
10,028 10,119 10,029 +0,026 10,022
1,000+ 0,999+ 0,998+ 0,999+ 0,999+
Au + Pb
+0,031 +0,025 +0,024 +0,026 +0,030
Au+ U 0,999+ 0,901+ 0,998+ 0,998+ 0,996+
u
+0,024 +0,024 +0,030 +0,027 +0,027
Pb+ U 0,999+ 0,963+ 0,998+ 0,998+ 0,997+
+0,027 +0,026 10,027 10,031 10,028
HpI/IMe‘{aHI/Ie. HpCZ[CTaBJ'ICHBI JAaHHbLIC TI0 ITPOBEPKE MOZ[CHCﬁ A AACPHBIX CHUCTEM, Ha KOTOPLIX

MOICIN HE 06y‘{aJ'[I/ICb.

Tadonunpa 2

3navenns kKo3(unmenTa neTepMHUHALNMN JJIsl YeThIpeX Mojaeei
W JJ151 CUCTeM CTOJIKHOBEHHUI JIETKHX fi/iep ¢ TSKeJabIMU

Cuictena 3HayeHue KoadduimeHTa nerTepMuHaIuy R? 111 MOJEIN

mep || pomera | Crviaii nee | M IOE0 P
p+tU 0,511 £ 0,016 0,988 + 0,031 0,965 + 0,026 0,953 £ 0,026
p + Xe 0,978 = 0,029 0,990 + 0,028 0,973 £ 0,026 0,947 £ 0,026
d+ Pb 0,856 + 0,022 0,996 + 0,028 0,987 + 0,027 0,983 + 0,027
d+ U 0,507 £ 0,015 0,996 £ 0,023 0,983 + 0,027 0,983 £ 0,026
d+ Xe 0,990 + 0,031 0,988 + 0,024 0,982 = 0,024 0,973 £ 0,022
He + Pb 0,863 £ 0,023 0,996 £ 0,033 0,990 £ 0,026 0,991 + 0,024
He + U 0,597 £ 0,016 0,993 £ 0,026 0,977 £ 0,026 0,992 + 0,024
He + Xe 0,989 + 0,030 0,989 + 0,026 0,982 + 0,024 0,983 + 0,023

IMpumeuanue. [IpeacTaBieHbl JaHHbIE MO MPOBEPKE MOAEEH IS SIAEPHBIX CUCTEM, Ha KOTOPBIX

MOJieJId He 00yJaluCh.
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OTJINYME OT OCTAJIbHBIX Mojeieit. g Hee KOa(PUIIMEHT TeTepMUHAIINM BO MHOTUX CUCTeMax
CYIIECTBEHHO OTIMYeH OoT eanHuIbl. Kak u B mepBoM ciyyae, ee majbHeilIee pacCMOTpeHUE
MIPEACTaBISICTCS HEleIeCO00pa3HbIM.

[MTonyuennsle 3HaYeHUS KO3 PUIIMEHTA TeTepMUHAIINM COBITAIAIOT B TIpejiesiaXx MOrpelrHo-
CTeil /11 BCeX OCTaJbHBIX Mojeiell (KpoMe pe3yIbTaToB IJIsl ITOJMHOMA 2-Ii CTEIeHM) B paMKax
OJIHOW CUCTEMBI.

O0600meHHbli cydai

HauGonpiinii muHTEpEC IpeAcTaBisieT BO3MOXHOCTh MPUMEHUMOCTU MOZEIEH IMPU pPacCMO-
TPEHUM B3aMMOJEMCTBUS KaK JIETKUX SIAEP C TSKEIBIMU, TaK U TSLKENbIX C TsoKeabiMu. O0yue-
HUE MoIeJieil IS TaKUX CUTyallMi IMPOMU3BOIMIOCH Ha COBOKYITHOCTU CHUCTEM CTOJKHOBEHUIA
KaK JIETKUX, TaK U TSDKEJIBIX SIep, paCCMOTPEHHBIX B ABYX MPEAbIIYIIMX pa3aeiax:

Cu + Cu, Xe + Xe, Au+Au, Pb +Pb, U + U;
p+Au,p+Cu,d+Au,d+ Cu, He + Au, He + Cu.

[IpoBepka TOYHOCTHU IIpeAcKa3aHUS IIPOBOIMIACH Ha CUCTeMaxX B3aUMOACHCTBUS, MEPEUMC-
JIEHHBIX B Ta0J1. 3. TaM Xe MpeacTaBlieHbl 3HaYeHUs R? [UIS pasIMYHbIX MOJEJIE B 3aBUCUMOCTH
OT CUCTEMbI CTOJIKHOBEHUS. AHAINU3 IMOJIYYEHHBIX PE3YyJIbTaTOB IPUBOAUT K 3aKJIIOUEHUIO, YTO
BCE MOJEJIM JAIT CXOAHBIC 3HaUeHUSI KO3 GULIMEHTa IeTePMUHALIMY C YIETOM ITOTPEIIHOCTENA.

Tadbnuna 3

O000menne pe3yJbTaTOB PacyeTOB 3HAYEHUil Ko3((uIHeHTa
JACTCPMUHALMH AJIA Tpex Moneneﬁ M PA3JIUYHBIX CUCTEM dAaep,
HA KOTOPBIX He MPOBOJIUIOCH 00yYeHHe

3HayeHune Koo duieHTa 1eTepMUHaIy R? 1711 MOIEIN

Cucrena . N MHorocnoitHbIi

anep Hepeso peuienuit | CiaydyaltHbIi Jiec TIepICIITPOH
p+U 0,984 + 0,030 0,954 £ 0,026 0,955 £ 0,026
p+ Xe 0,984 + 0,029 0,960 £ 0,024 0,956 £ 0,025
d+ Pb 0,996 + 0,027 0,982 £ 0,024 0,990 + 0,026
d+ U 0,990 £ 0,024 0,974 £ 0,025 0,987 = 0,025
d+ Xe 0,984 + 0,022 0,971 £ 0,023 0,971 £+ 0,026
He + Pb 0,997 £ 0,026 0,985 + 0,024 0,991 + 0,029
He + U 0,993 + 0,026 0,981 + 0,029 0,990 + 0,030
He + Xe 0,985 £ 0,024 0,987 £ 0,032 0,987 £ 0,026
Cu + Xe 0,980 £ 0,025 0,982 £ 0,031 0,990 £ 0,027
Cu + Au 0,969 + 0,023 0,965 + 0,025 0,983 = 0,023
Cu + Pb 0,965 + 0,027 0,961 £+ 0,025 0,981 + 0,029
Cu+U 0,959 + 0,024 0,959 £ 0,023 0,980 £ 0,027
Xe + Au 0,991 £ 0,023 0,992 + 0,029 0,996 + 0,024
Xe + Pb 0,991 £ 0,027 0,991 £ 0,029 0,995 £ 0,028
Xe + U 0,988 + 0,026 0,987 £ 0,025 0,993 + 0,026
Au + Pb 0,999 £ 0,027 0,999 £ 0,027 0,999 + 0,023
Au+ U 0,997 £ 0,028 0,998 + 0,026 0,998 = 0,025
Pb+U 0,998 + 0,025 0,999 + 0,030 0,999 + 0,028
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3akinoyeHue

B manHoif paboTe C 1ebl0 OMNpeaeieHUsI ONTUMAIbHOIO ajlfOpUTMa IJIs MOJIy4eHMsI HeHa-
OMtogaeMbIX B 3KCIEPUMEHTE IapaMeTpOB, XapaKTEPU3YIOLIMX LIEHTPaJIbHOCTb CTOJIKHOBEHUS,
a UIMEHHO — 4YHCJia paHEHBIX HYKJIOHOB U 4YKCjIa OMHAPHBIX HYKJIOHHBIX CTOJKHOBEHMII, HA OC-
HOBE HAOJIIOAAeMBbIX BEJIMYMH — MHOXECTBEHHOCTU 3apSKEHHBIX YACTUIL M YMCJIa HEUTPOHOB,
POXIEHHBIX B CTOJKHOBEHMHU, ObLI IIPOBEICH CPaBHUTEJIbHbBIN aHaIM3 MOIEIEi MalllMHHOIO
o0yueHus. [IpuBnaekannch MOOea IOJIMHOMUAIBHON PEerpecCuy pa3MYHBIX CTEIIeHEeH, AepeBa
PELIEHUI, CIyYalHOTO JieCa U MHOTOCJIOMHOTIO TIEPLENTPOHA.

B pesynbraTe aHanu3a yaajaoch YCTaHOBUTD, YTO AEPEBO PEIICHUIA, CIyJalHBIN JIeC 1 MHOTO-
CJIOMHBIN TIEPLENTPOH ¢ HAUOOJIbIIEN TOYHOCTBIO (R? 2 0,95) mpenckaspiBaOT 3HAYEHUST BEJIN-
YUH Npm uN_,, T.e. JAOT OMMHAKOBO XOPOIIWE PE3YJbTAThl (B MpejiesiaX OlMb0K), KOTOPbIE,
OIHAKO, ITOJy4YeHHbI IJi1 (PMKCUPOBAHHOI HAYaJIbHOI 3HEPIUU.

B xauecTBe €CTECTBEHHOTO IPOMOJLKEHMSI HACTOSILIE pabOThl MpearojaracTcss BBECTU H0O-
TIOJIHUTENIbHBIA MapaMeTp B BUIE HAa4albHON SHEPIUM /s, CTAJIKUBAIOLIMXCA SIEP C LEJbIO
pacluMpeHurs Auarna3oHa NPUMEHUMMOCTU PACCMOTPEHHBIX MOJENE Ha MPOM3BOJbHBINA Auana-
30H Ha4YyaJbHbIX YHEPTUN.

B 3akimoueHuMe OTMETHMM, UYTO pacueThl OBLIM IMpou3BeAcHBI Ha mporeccope Intel® Core™
19-9980XE u Buneokapre NVIDIA GeForce RTX™ 2080 Ti. O6beM onepaTuBHOUN MaMsTH COCTaBIISI
64 I6.

CINMUCOK JIUTEPATYPbI

1. IIypsak D. B. KBapk-rmoonHasa 1mia3ma // Yemexu ¢usmyeckux Hayk. 1982, T. 138. Ne 2. C.
327—328.

2. Morrison D. P., Akiba Y., Alford O., et al. The PHENIX experiment at RHIC // Nuclear Physics
A. 1998. Vol. 638. No. 1—2. Pp. 565¢—569c.

3. ATLAS Collaboration, Aad G., Abbott B., et al. Measurement of the centrality dependence of
the charged particle pseudorapidity distribution in lead-lead collisions at /s, = 2.76 TeV with the
ATLAS detector // Physics Letters B. 2012. Vol. 710. No. 3. Pp. 363—382.

4. Aguiar C. E., Andrade R., Grassi F., Hama Y., Kodama T., Osada T., Socolowski Jr. O. Comparison
between classification using impact parameter and using number of participants in relativistic nuclear
collisions // Brazilian Journal of Physics. 2004. Vol. 34. No. la. Pp. 319—321.

5. Adcox K., Adler S. S., Ajitanand N. N., et al. Centrality dependence of charged particle
multiplicity in Au-Au collisions at /SNN = 130 GeV // Physical Review Letters. 2001. Vol. 86. No.
16. Pp. 3500—3505.

6. UAS Collaboration, Alpgard K., Ansorge R. E., et al. Charged particle multiplicities at the CERN
SPS collider // Physics Letters B. 1981. Vol. 107. No. 4. Pp. 315—319.

7. Harris J. W., STAR Collaboration, Adams D. L., et al. The STAR experiment at the relativistic
heavy ion collider // Nuclear Physics A. 1994. Vol. 566. 3 January. Pp. 277—285.

8. Sjostrand T., Mrenna S., Skands P. A brief introduction to PYTHIA 8.1 // Computer Physics
Communications. 2008. Vol. 178. No. 11. Pp. 852—867.

9. ®épcrep D., Péan B. MeToabl KoppeaslMOHHOTO U perpecCMoHHOTo aHanm3a. [lep. ¢ Hem. M.:
®dunaHcol U cratuctuka, 1983. 303 c.

10. Yan X., Su X. Linear regression analysis: Theory and computing. Singapore: World Scientific,
2009. 348 p.

11. Quinlan J. R. Induction of decision trees // Machine Learning. 1986. Vol. 1. No. 1. Pp. 81—106.

12. Ho T. K. Random decision forests // Proceedings of 3rd International Conference on Document
Analysis and Recognition. Montreal, QC, Canada. 14—16 August, 1995. Vol. 1. Pp. 278— 282.

13. Xaiikun C. Heiiponnsie cetu. [Tomnsbrit kype. Ilep. ¢ anrn. 2-e u3n. M.: U3n-Bo «Bunbsmce»,
2019. 1104 c.

14. Akiba T., Sano S., Yanase T., Ohta T., Koyama M. Optuna: A next-generation hyperparameter
optimization framework // Proceedings of the 25th ACM SIGKDD International Conference on
Knowledge Discovery & Data Mining. 2019. Pp. 2623—2631.

15. Bergstra J., Bardenet R., Bengio Y., Kégl B. Algorithms for hyper-parameter optimization //
Advances in Neural Information Processing Systems 24 (NIPS 2011). Edited by J. Shawe-Taylor, R.
Zemel, P. Bartlett, F. Pereira, K. Q. Weinberger. 2011. Vol. 24. Pp. 1—6.

118



dne
4 aepHas du3mnka >

16. Barten A. P. The coefficient of determination for regression without a constant term // Heijmans
R., Neudecker H. (Eds.) The practice of econometrics. International Studies in Economics and
Econometrics. Vol. 15. Dordrecht: Springer, 1987. Pp. 181— 189.

17. Efron B. Bootstrap methods: Another look at the jackknife // The Annals of Statistics. 1979.
Vol. 7. No. 1. Pp. 1-26.

18. Shorack G. R., Wellner J. A. Empirical processes with applications to statistics (Classics in
Applied Mathematics, Series No. 59). Published by Society for Industrial and Applied Mathematics,
Philadelphia, USA, 2009. 348 p.

19. Tetko 1. V., Livingstone D. J., Luik A. I. Neural network studies. 1. Comparison of overfitting
and overtraining // Journal of Chemical Information and Computer Sciences. 1995. Vol. 35. No. 5.
Pp. 826 —833.

REFERENCES

1. Shurjak E. V., The quark-glyuon plasma, Phys. Usp. 25 (10) (1982) 760— 761.

2. Morrison D. P., Akiba Y., Alford O., et al., The PHENIX experiment at RHIC, Nucl. Phys. A.
638 (1—2) (1998) 565¢c—569c.

3. ATLAS Collaboration, Aad G., Abbott B., et al., Measurement of the centrality dependence of
the charged particle pseudorapidity distribution in lead-lead collisions at 4/s,, = 2.76 TeV with the
ATLAS detector, Phys. Lett. B. 710 (3) (2012) 363—382.

4. Aguiar C. E., Andrade R., Grassi F., et al., Comparison between classification using impact
parameter and using number of participants in relativistic nuclear collisions, Braz. J. Phys. 34 (1a)
(2004) 319—321.

5. Adcox K., Adler S. S., Ajitanand N. N., et al., Centrality dependence of charged particle multiplicity
in Au-Au collisions at /s, = 130 GeV, Phys. Rev. Lett. 86 (16) (2001) 3500—3505.

6. UAS Collaboration, Alpgard K., Ansorge R. E., et al., Charged particle multiplicities at the
CERN SPS collider, Phys. Lett. B. 107 (4) (1981) 315—319.

7. Harris J. W., STAR Collaboration, Adams D. L., et al., The STAR experiment at the relativistic
heavy ion collider, Nucl. Phys. A. 566 (3 January) (1994) 277—285.

8. Sjostrand T., Mrenna S., Skands P., A brief introduction to PYTHIA 8.1, Comp. Phys. Commun.
178 (11) (2008) 852—867.

9. Forster E., Ronz B., Methoden der Korrelations- und Regressionanalyse, Verlag Die Wirtschaft,
Berlin, 1979.

10. Yan X., Su X., Linear regression analysis: Theory and computing, World Scientific, Singapore,
2009.

11. Quinlan J. R., Induction of decision trees, Mach. Learn. 1 (1) (1986) 81—106.

12. Ho T. K., Random decision forests, Proc. 3rd Int. Conf. Document Analysis and Recognition,
Montreal, QC, Canada. 14—16 Aug. 1995. IEEE. 1 (1995) 278— 282.

13. Haykin S. Neural networks. A comprehensive foundation. Prentice Hall, New Jersey, USA,
1998.

14. Akiba T., Sano S., Yanase T., et al., Optuna: A next-generation hyperparameter optimization
framework, Proc. 25th ACM SIGKDD Int. Conf. Knowledge Discovery & Data Mining (2019)
2623—2631.

15. Bergstra J., Bardenet R., Bengio Y., Kégl B., Algorithms for hyper-parameter optimization,
In book: Advances in Neural Information Processing Systems 24 (NIPS 2011). Edited by J. Shawe-
Taylor, R. Zemel, P. Bartlett, F. Pereira, K. Q. Weinberger. 24 (2011) 1—6.

16. Barten A. P., The coefficient of determination for regression without a constant term, In book:
Heijmans R., Neudecker H. (Eds.) The practice of econometrics (International Studies in Economics
and Econometrics. Vol. 15). Springer, Dordrecht (1987) 181—189.

17. Efron B., Bootstrap methods: Another look at the jackknife, Ann. Stat. 7 (1) (1979) 1—26.

18. Shorack G. R., Wellner J. A., Empirical processes with applications to statistics (Classics in
Applied Mathematics, Ser. No. 59). Publ. by SIAM, Philadelphia, USA, 2009.

19. Tetko I. V., Livingstone D. J., Luik A. I., Neural network studies. 1. Comparison of overfitting
and overtraining, J. Chem. Inf. Comput. Sci. 35 (5) (1995) 826—833.

119



4Haquo-TeXqueCKme BegomocTu Cr6rny. dunsmnko-matematnyeckue Hayku. 16 (2) 2023

>

CBEAEHUA Ob ABTOPAX

JIOBAHOB Amnmpeii AnekcanapoBua — cmydeum — Dusuko-mexanueckoeo  UHCIMUMYMA
Canxkm-Ilemepbypeckoeo noaumexuuyeckoeo yuuseepcumema Ilempa Beauxoeo, Cankm-Ilemepbype,
Poccus.

195251, Poccus, r. Cankr-Iletepbypr, IToaurexHuueckas yi., 29

lobanov2.aa@edu.spbstu.ru

ORCID: 0000-0002-8910-4775

BEPIHUKOB flpociaas AjeKcaHapoBH4 — 0oKmop Qu3uKo-mamemamu4eckux Hayk, npogheccop
Boicuieti wikonst goyndamenmanvHolx gpusuueckux uccaedosanuii Canxkm-Ilemepoypeckoeo nosumexruye-
ckoeo ynusepcumema Ilempa Beaukoeo, Canxkm-Ilemepbype, Poccus.

195251, Poccus, r. Cankr-Iletepbypr, IToaurexHuueckas yi., 29

berdnikov@spbstu.ru

ORCID: 0000-0003-0309-5917

MUTPAHKOB IOpnii MuxaiinoBua — accucmenm Boicuieil wikonsl yyHOamMenmanvHolX usuie-
ckux uccnedosanuil Cankm-Ilemepbypeckoeo noaumexnuveckoeo yuugepcumema Ilempa Beaukoeo,
Canxkm-Ilemepbype, Poccus.

195251, Poccus, r. Cankr-ITetepbypr, IToaurexHuueckas yi., 29

mitrankovy@gmail.com

ORCID: 0000-0002-9774-2339

THE AUTHORS

LOBANOYV Andrey A.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
lobanov2.aa@edu.spbstu.ru

ORCID: 0000-0002-8910-4775

BERDNIKOYV Yaroslav A.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
berdnikov@spbstu.ru

ORCID: 0000-0003-0309-5917

MITRANKOY lurii M.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
mitrankovy@gmail.com

ORCID: 0000-0002-9774-2339

Cmamusa nocmynusa 6 pedaxyuto 18.01.2023. Odobpena nocne peyenzuposanus 30.01.2023.
Ilpunsma 31.01.2023.
Received 18.01.2023. Approved after reviewing 30.01.2023. Accepted 31.01.2023.

© CaHkT-MNeTepbyprckuii MoNMTEXHUYECKUI yHUBepcuTeT MeTpa Benukoro, 2023

120



A HayuHo-TexHuueckne Begomoctu Cr6IMY. dusuko-mateMaTnyeckme Hayku. 16 (2) 2023
St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2023. Vol. 16. No. 2

>

Hay4dHasa ctaTbs
YK 539.12
DOI: https://doi.org/10.18721/JPM.16211

MOAE/IN MALLULUHHOIO OBYYEHUA ANA HAXOXAEHUA
3HAYEHUM HEHABJIIOAAEMbIX MAPAMETPOB, ONMUCBLIBAIOLLUX

LLEHTPAJIbBHOCTb, NPU CTOJIKHOBEHUAX PA3JIUYHbIX AAEP
B SHEPTETUMECKOM AUANMA3OHE OT 40 A0 200 I>B
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CaHkT-MNeTepbyprckuin nonuTexHMYeckuii yHusepcuteT MeTpa Benukoro,
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Annoranug. JlaHHas paboTa IpoaoKaeT UCCIASIOBAHMSI BO3MOXHOCTEH MOJeIeii MalllH-
HOro 00y4YeHUsI, HallpaBJIeHHbIC Ha MOMCK ONTUMAJILHOTO ITyTU MpeAcKa3aHus 3HaYeHUI HeHa-
O1101aeMbIX BEJIMYMH, XapaKTepU3YIOIIUX LIEHTPaJbHOCTb, OCHOBBIBASICh Ha 3KCIIEpUMEHTab-
HBIX TaHHBIX IJI9 HaOII0JaeMbIX BEJMYMH: YKMCIa 3apS>KEHHbBIX YACTUIL U YMCJIa HEUTPOHOB,
POXIAIOIINXCS BO B3aMMOJICHCTBUU YIABTPAPEIITUBUCTCKUX saep. MICKOMBIMU HeHabJroma-
eMBIMHM BEJIMYMHAMM OBLIM YMCJIO PAHCHBIX HYKJIOHOB, YYACTBYIOIIMX BO B3aMMOICCTBUH,
1 YUCIIO OMHAPHBIX HYKJIOH-HYKJIOHHBIX CTOJKHOBEHHMI. B KauyecTBe Momeseil MalllMHHOTO
00y4eHHUs ObUIM MPOTECTUPOBAHBI AEPEBO PEIICHUN, CIyJaliHbIN JIeC 1 MHOTOCIOMHBIN Mep-
uentpoH (MII). TouyHoCTh NMpeacKa3aHus MOJAeJEH XapakTepu3oBajaach KOI(PGULIMEHTOM ae-
TepMuHauuu R%. TlonydyeHbl 3aBUCHMOCTM 3HAyeHU R’ OT HavanbHbBIX sHepruit (40 — 200
I'>B) s pas3HbIX CUCTeM CTaJKMBAIOLIMXCS siaep. YcTaHoBIeHO, 4yTo Moaeiab MIIT cnocoOHa
C XOpOIIeH TOYHOCTBIO MPeICcKa3bIBaTh 3HAUCHUS MCKOMBIX BEJIMUYWH B IIMPOKOM THAITa30HE
HavyaJbHBIX SHEPTUU IS Pa3IMUHBIX CUCTEM SIICPHBIX B3aMOICCTBUIA.
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Abstract. This paper continues studies in machine learning models capabilities aimed to
finding the best way to predict the values of unobservable quantities that characterize cen-
trality, based on experimental data for observable quantities: the number of charged particles
and the number of neutrons produced in ultrarelativistic nuclear interactions. The sought-for
unobservable quantities were the number of wounded nucleons involved in the interaction and
the number of binary nucleon-nucleon collisions. A decision tree, a random forest, and a mul-
tilayer perceptron (MP) were tested as machine learning models. The prediction accuracy of
the models was characterized by the coefficient of determination R?. Dependences of R? values
on initial energies (40 — 200 GeV) for different systems of colliding nuclei were obtained. The
MP model was found to be able to predict the values of unknown quantities in a wide range of
initial energies for different systems of nuclear interactions with good accuracy.

Keywords: machine learning, nuclei collisions, initial energy, R-squared, multilayer per-
ceptron

For citation: Lobanov A. A., Berdnikov A. Ya., Mitrankova M. M., Machine learning
models to find unobservable centrality-related parameter values in collisions of different nuclei
in the initial energy range from 40 to 200 GeV, St. Petersburg State Polytechnical University
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BBenenne

AJNTropuTMBI Ha OCHOBE METOJ0B MAIIMHHOI'O OOyYeHHUS YK€ JaBHO O0ECIIeUMBAIOT XOPOILINE
pe3ybTaThl B pa3JIMYHBIX 00JIACTSIX HAYKU M TEXHUKU U 3a4acCTyIO IIPEeBOCXOIST «CTaHIAPTHBIC»
anroputMsl [1]. B cBsI3u ¢ 3TuM 1iesiecooOpa3HO pacCMOTPETh MPUMEHEHNE MAIlMHHOIO 00yYe-
HUS K (QU3UKE YJIbTPAPEISITUBUCTCKUX CTOJIKHOBEHUI SIIED.

JlaHHas cTaThsl IIPOAOJIKAECT MCCAeNOBaHUS, IIpeaCTaBlIeHHbIe B paboTre [2], 1 HalleJeHa Ha
UX pa3BuUTHE. B yKazaHHOM MCCIE€OOBaHMU PACCMOTPEHO IMPUMEHEHME METOAOB MAIMHHOTO
00y4yeHUsI 111 OIpeneeHUsI 3HaUYeHNIT HeHaOII0JaeMbIX Ha SKCIEPUMEHTE BEJIMYUH OT HAOJIIO-
naembix. K mepBbIM OTHOCATCSI YMCIIO OMHAPHBIX HYKJIOH-HYKJIOHHBIX CTOJIKHOBeHUi N, B
SIAPO-SIAEPHOM CTOJIKHOBEHMU IIPU 3aJaHHOM Ha4yaJbHOM 3HEPIMU U YMCJIO PAaHEHBIX HYKJIOHOB
N TIpU COYIapeHUU siIep; KO BTOPBIM — YUCIIO 3apSKCHHBIX YacTUll N, U YUCIO HEUTPOHOB
N: o2 POKIAIOLIMXCST B KAXIOM OTIEIBHOM SIPO-SIICPHOM B3aUMOJICHCTBHIH.

Hamu 65110 YCTAHOBJIEHO, YTO TPU MOJIEIN, A UMEHHO — JIEPEBO PEILIEHUM, CIAYyYalHbIN JEC U
MHOTOCJIOMHBIN MEPLENTPOH, CIIOCOOHBI ¢ XOPOILIeil TOUHOCThIO IIPeACKa3bIBaTh 3HAUCHMUS Ncoll
u N B IIMPOKOM [IHATA30HE SIEPHBIX CUCTEM [2].

Onnako yKa3aHHOE BHIIIE IIPOBEICHHOE MCCAEAOBAaHKME OrPAaHUYMBAJIOCh PACCMOTPEHUEM
MPUMEHUMOCTU MOZEJIEW TOJBKO MPU 3aJaHHOW HAYaJbHOW SHEPTUU B CUCTEME LIEHTPA Macc
Ha OIIMH HYKJIOH /s, = 200 I'3B.

JaHHast cTaThsl SIBASIETCSI CACAYIOIIMM B3TallOM HAIIMX MCCACHOBaHUI: HEOOXOAMMO BbISIC-
HUTh BO3MOXHOCTb HCIIOJb30BaHMUSI PACCMOTPEHHBIX MOJIEJCH IPU BapbUPOBAaHUM 3HAUCHUIA
HaYyaJbHOM OHEPTUHU /s, . [l€I0 B TOM, YTO 3HAYEHUE HAYAIbHOI OHEPTUHU TIPH CTOJKHOBEHUU
sIIEP MOXKET OIPeNesiTh XapaKTep IPOTEeKaHUs IIPOLECCOB, 00YCIOBICHHBIX (PU3UKON B3aMO-
nevicteug sanep [3].

Hacrosiast paboTta mocssilieHa IPUMEHUMOCTHA MOJIEJIeil MalllMHHOIO OOy4YeHMUsI, KOTOphIe
ObI MMO3BOJIMIIM MPEICKA3bIBATh YUCIIO PAHEHBIX HYKIOHOB N . yYaCTBYIOLIMX BO B3aUMOJICii-
CTBUM, U YUCJIO OMHAPHBIX HYKJIOH-HYKJIOHHBIX CTOJIKHOBEHU I N, (mapameTpsl, Xapakrepusy-
IolIMe LIEHTPAIbHOCTh), MIPU 3HAYEHUSIX HavyaJlbHOI 3Hepruu B auamnaszoHe 40 — 200 I'=B.

OCHOBOI1 NOJZKHBI CIIYXKUTh 3HAUCHMSI BEJIMYMH, HAOMIOZAEMbIX 3KCIIEPUMEHTAIbHO: YUCIIO
3apsLKEHHBIX YACTULL M YMCJIO HEMTPOHOB, POXKIAIOLIMXCS B KaxKAOM OTIEIbHOM SIIPO-SIAePHOM
B3aMMOJICICTBUHU, B PA3IMYHBIX CUCTeMaxX CTAJKMBAIOLIMXCS SIAEP.

© Lobanov A. A., Berdnikov A. Ya, Mitrankova M. M., 2023. Published by Peter the Great St. Petersburg Polytechnic
University.
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MeTtoauka npoBeaeHHs PacueToB

B kxauecTBe BXOIHBIX ITapaMeTpPOB MOJECH (AepeBO pEIIeHUM, CIyYalHBIA JeC U MHOTO-
CJIOWHBII MEPLETITPOH), BBICTYMAIOT BEIMYMHBI MHOXECTBEHHOCTH 3apPSKEHHbBIX YacTull N, 1
HEUTPOHOB N .

MHOXEeCTBEHHOCTb 3apsDKEHHBIX YacTUIl OblIa 3aJaHa B MHTepBaje IICEBOOOBICTPOT
3 <|n| <4, a yncno HeNTpanrbHBIX YaCTUIl — B MHTEpBaJie MceBROOBICTPOT 5 < [n| < 8. Bribop
yKa3aHHBIX OUaIla30HOB ObLI OOYCJIOBJIEH 3KCIIEpUMEHTAIbHBIMU HaHHBIMU [4]. JonoJIHUTENb-
HBIMM BXOIHBIMM ITapaMeTpaMU MOJEJCH BBICTYNAIMd YMCIO IMPOTOHOB UM HEUTPOHOB B CTall-
KUBAIOIIMXCA SIpax M SHEPrusl B CHCTEME LiEHTpa Macc ./s,, [5]. Micnonb3oBaHue maHHBIX
ImapaMeTpoB o0ecIieurBaeT BO3MOXHOCTb MOJEINPOBATh CTOJKHOBEHMS SIAEP Pa3HOU IPUPOIbI
IIPY Pa3IMYHBIX HaYaJbHBIX SHEPIUsX.

PaccmoTpeHbl COOBITUSI CTOJIKHOBEHMSI IIMPOKOro Habopa siaep, UCIOJIb30BaHHBIX MCCIIEIO0-
BaTe/IsIMU B OOJIBIIIOM UMCJIE CaMBbIX Pa3HOOOPA3HBIX 9KCIIEPUMEHTOB [4]. OTo simpa Bogopona H
(npotonsl) p, reaust He, menu Cu, kceHoHa Xe, 30;10Ta Au, cBuHLa Pb u ypana U.

OOyueHue MoJesiell IIPOU3BOAMIOCh Ha CIEAYIOLIMX OMHAPHBIX CUCTEMaX, BHIOpAHHBIX CIIy-
YaiiHbIM 00pa30M M3 BBIILIENEPEUMCICHHBIX SIIEP:

p+ Cu,p+ U, He + Xe, He + U, Cu + Cu, Cu + Xe, Xe + Pb, Au + Au.

[IpoBepka mpeackazaHuil Mojeeil IIPOU3BOAWIACH HA CACAYIOIIMX OMHAPHBIX CUCTEMAX:

p+Pb,p+Xe, p+ Au, He + Cu, He + Au, He + Pb
(cucteMbl CTOJIKHOBEHUI JIETKUX SIIEP € TSKETbIMU);

Cu+Au, Cu+Pb,Cu+U,Xe+U,Au+Pb,Au+U,Pb+U
(HeCUMMETPUYHBIE CUCTEMBbI TSKENBIX SI/IEP)

Xe+ Xe, Pb+Pb, U+ U
(CMMMeTpUYHbIE CUCTEMBI TSIKEJIbIX SIIED).

BoiOpaHHBIl psii 3HAYEHWIl HA4YalbHBIX JHEPIHil ./s,, Jexanr B auanasoHe oT 40 1o
200 I'=B [4].

OOyueHue MozeIell BBIITOJIHEHO npu dHeprusx B nuamnazone 40 — 200 I'sB ¢ marom B 40 3B,
a MX MPpOBEPKa MPOBeJeHa B pacIIUPEHHOM dHepreTndeckoM auamnasode 20 — 260 I'3B ¢ marom
20 I'>B. B Ttabaunax ganee npuBeneHa TOJbKO YacTh ITOJYYEHHBIX JaHHBIX (He IUIST BCEX BHIOpaH-
HBIX 3HAYEHUI HayaJbHOM SHEPTUM) IJIsI SKOHOMHUU MECTa.

Kak u B pabote [2], misi mpoBeaeHUsT MpoLeaypbl 0OyUYeHUs] U TTPOBEPKU TOUHOCTHU TIpea-
cKa3zaHMUI Mojelieil ObLI0O HEOOXOIMMO MPOBECTU MOIEIMpOBaHUE (FeHepalllio) CTOJKHOBEHMIA
BBILICIIEPEUMCISHHBIX Tap sIep, HO yXKe MPU pa3HbIX HauyaJlbHBIX 9HEPIUsX, YKa3aHHbBIX BHIIIC.
[i1s1 reHepaluy CTOJIKHOBEHUI MCIIOb30Baicsl mporpamMMHbliil maker PYTHIAS/Angantyr Bep-
cuu 8,307 [5]. Yucno creHepupoBaHHBIX coObITUII cocTaBuio 100 Teic. M3 Kaxmoro coOBITHS
OBbUIM ITOJIyY€HBI YMCJIOBbIE 3HAYEHHUSI pAaHEHBIX HYKJIOHOB Npm 1 OMHAPHBIX HYKJIOH-HYKJIOHHBIX
CTOJIKHOBEHU M Nw”, a TakKXKe MHOXECTBEHHOCTEH 3apsKeHHBIX YaCTHUIl M HEMTPOHOB (3TaJIOH-
HbIe 3HAUCHUS).

B kauecTBe Mojeeil MAlIMHHOTO OOyYeHUs ObLIM pacCMOTPEHBI JePEBO pelieHuid [6], ciy-
YaiHbIi Jec [7] 1 MHOTOCJIOMHBINM MepLUEenTPoH [8], KaKk U B Ipeabiayllueil padote [2], roe gaH-
HbIE MOJEIM IT0Ka3aJy HaWIydlllie pe3y/IbTaThl.

[TonGop MomeabHBIX ITapaMeTPOB, KOTOpbIe MpOTrpaMMma He Ompeaeisia B XoAe OOy4eHUs
(runepnapaMeTpOB), OCYIISCTBIISICS ¢ IMomolubio aiaroputma Tree Parzen Estimators [9] u3
oubnuorexu Optuna [10].

[lepeuncnumM noapoOHOCTU MPOBEASHHOTO MOAeIMpoBaHusI. Moaesnb AepeBa pellleHU nMena
rIyouHy, paBHyIo 63. Moneib cay4ailHOTO Jjieca BKJIodyaja 37 OLEeHIIUKOB (estimators) ¢ MaKCH-
MaJIbHOM TJTyOMHOI Kaxaoro, paBHOI 84. MHOTOCIOMHBIN MEPLENTPOH COCTOSUI U3 7 BXOIHBIX
HEHPOHOB, 5 CKPBITHIX CJI0eB 10 512 HEMPOHOB B KaxIOM, C aKTMBaLMOHHON (yHKIUel RelLu
1 BBIXOAHBIM CJIOEM U3 IBYX HEHPOHOB C JIMHEHHON (pyHKIMEl akTuBauuu. Yuciao srox mis
00y4YeHUsI COCTaBIISLIO 45, a ONITUMM3aTOPOM TPaaUeHTHOIO cIycka ObL1 BhIOpaH Adam [11].

Jlyist XxapakTepUCTUKU KavyecTBa MPEICKa3aHusl MOIESIMU Bemuud N 1 Npm HCITIOJIb30Ba-
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JIMCh KO3((PUILIMEHTHI AeTepMUHALIUKI R u Rf, [12], KOoTOpBIE OMIpPEACSIOTCS CAeAYIOIIEH
hopMyJ0ii: g
N
A N2
> =3
2 j=
R =1-4 1 — ,

rae R? BKIIIOYAET R _ mbo R2 ; ¥, — OTAJIOHHbBIE 3HAYEHUS] PACCMATPUBAEMbIX BEJIMYUH; ) —
3HAauYeHMsI, IPEeACKa3aHHbIe MOIENbI0; N — 4MciIo 3HaueHuil [2].

TquOCTb npeacKasaHus 3HAYECHUI NapamMeTpos N ,u Npm XapakTepu30BaJIaCh CPEeIHUM
apudmMerueckuM R oT R wis N, v R JUTS N; o L1312
_ R2 +R:
2 il part
2

Yem 6mke R K eamHMIe (MAaKCUMATbHOE 3HAUYCHUE), TeM OJIXKe 3HAUCHMUsI, ITOJIyYCHHbIE
pPacUeTHBIM IIyTeM, K 3TaJIOHHBIM.

JloBepUTENIbHBIE MHTEPBAIBI U MOTPEIIHOCTH KO3(MULIMEHTa eTepMUHALIUKA R onpenesi-
JINCh C MTOMOIIBIO MeToaa OyrcTpan [14].

PBSyJIbTaTbI pacyeToB U UX oﬁcy)lmeﬂne

B tabn. 1 — 9 nmpeacraBieHbl pacueTHBIE Pe3yabTaThl 1S KOA(M(PUILIMEHTOB IeTepMUHALIUA B
3aBUCUMMOCTU OT HayaJbHOI SHEPTyMM CTAJKUBAIOIIUXCS SIACP JISI TPeX KIAaCcCOB CUCTEM SIIep,
Ha KOTOPbIX MPOM3BOAMIACH IIPOBEPKA.

PaccmoTpeHbl Moaear, KOTOphIe Aajdyd Hauwaydllne pe3yabTaThl (CM. padoty [2]): MHOIOCIIOM-
HOIO MEPLETNTPOHA, IEPEBA PELIEHUIN U CITy4YalHOIO Jeca.

Kak cnenyer u3 aHanmu3a DaHHBIX, IIPEACTABICHHBIX B TaOJMIIAX, MPU HAYaIbHBIX SHEPIU-
ax 40, 80, 120, 160 u 200 I'sB (rmpu KOTOpPBIX MPOBOAMIOCH OOYYEHME) BCE UCIIOJIb30BAaHHBIC
MOJIE/IN MOKA3a/IM XOPOLUNE PE3YLTAThI st JIFOOBIX pacCMaTpUBaeMBbIX CUCTEM CTaJIKMBAIOLIMX-
cs siiep, MOCKOJbKY 3HaueHuss R° > 0,95.

B cBsa3u ¢ TeM, 4TO omHOM M3 1iejeli paOOThl ObLUI aHAINU3 Pe3y/IbTaTOB MpeAcKa3aHUil Moe-
JIell B TOUKaX, MHTEPIIOJMPOBAHHBIX U SKCTPAIIOJMPOBAHHBIX [0 3HEPIUU, B TaOJMIIAX IIPpUBE-
JeHbl KO3GGUILIMEHTHI AeTePMUHALIMK NTPU 3HadyeHusax 3Heprum 20, 60, 180 u 220 I'>B.

Tabnuna 1
3aBucuMocTh 3HAYEHUI KO3(PUIMEHTA NeTepMUHANIMN MOJIEIN
NK)
NN

MHOTOCJIOIHOTO MEePUEeNnTPOHA OT HAYAJIBHBIX IHEPrHii
ISl CUCTEM CTOJIKHOBEHHH JIETKHX siep C TSKeJbIMH

\/— 3HaueHue Koa(duIMeHTa 1eTepMUHAIIIN R’ j1st cuctemsl aaep

N

r;\g’ p+ Xe p+ Au p+ Pb He + Au He + U
20 0,742+0,019 | 0,706%0,023 0,789+0,024 0,902+0,023 0,895%0,022
40 0,9544+0,022 | 0,956%0,025 0,954+0,028 0,984+0,023 0,988+0,025
60 0,967+0,025 | 0,965%+0,025 | 0,932+0,025 0,983%0,025 0,983+0,023
80 0,951+0,026 | 0,967+0,028 0,96910,024 0,987+0,026 0,988+0,026
160 0,957+0,025 | 0,957+0,021 0,965+0,027 0,989+0,025 0,989+0,026
180 0,957£0,027 | 0,960%0,026 | 0,961%0,026 0,989+0,024 0,990+0,024
200 0,955+0,029 | 0,948%+0,026 | 0,959+0,026 0,987x0,027 0,990+0,024
220 0,952+0,027 | 0,949+0,023 0,951%0,029 0,983+0,025 0,988+0,030
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ApepHas dpusmnka
AepHas ¢ >

Mojeu
sNN

JJId HECUMMETPHYHBIX CUCTEM CTOJIKHOBEHHM TSKeJIbIX anep

Taonuua 2

\/— 3HaueHne KO3(hGUIMEHTa JETEPMUHALIUN R’ JUTST CUCTEMBI SIIED
Saw s
I'sB Cu+Au | Cu+ Pb Xe + Pb Xe + U Au + Pb Au+ U Pb + U
20 0,860+ 0,846+ 0,725+ 0,733+ 0,679+ 0,689+ 0,685+
+0,023 +0,021 +0,019 +0,018 +0,014 +0,019 +0,016
40 0,978+ 0,978+ 0,988+ 0,994+ 0,999+ 0,998+ 0,999+
+0,023 +0,024 +0,023 +0,023 +0,024 +0,028 +0,029
60 0,969+ 0,949+ 0,995+ 0,951+ 0,980+ 0,971+ 0,975+
+0,028 +0,024 +0,026 +0,024 +0,025 +0,025 +0,028
30 0,993+ 0,990+ 0,998+ 0,993+ 0,998+ 0,994+ 0,994+
+0,029 +0,026 +0,025 +0,028 +0,027 +0,024 +0,028
160 0,996+ 0,994+ 0,999+ 0,998+ 0,998+ 0,998+ 0,998+
+0,028 +0,023 +0,025 +0,027 +0,025 +0,031 +0,030
180 0,995+ 0,994+ 0,999+ 0,998+ 0,999+ 0,998+ 0,998+
+0,030 +0,028 +0,022 +0,033 +0,026 +0,028 +0,023
200 0,994+ 0,994+ 0,999+ 0,997+ 0,999+ 0,998+ 0,998+
+0,024 +0,024 +0,024 +0,025 +0,035 +0,026 +0,029
220 0,996+ 0,993+ 0,999+ 0,997+ 0,999+ 0,998+ 0,998+
40,028 +0,030 +0,027 +0,028 +0,026 +0,025 +0,028
Taonunpa 3

3aBucumocTh 3HAYeHNIT KO3(huLHeHTAa JeTePMUHATIMN MO
A/S
NN

MHOTOCJIOIHOTO MEepPUEeNnTPOHA OT HAYAJIBHBIX IHEPrHii

AJid CAMMETPUYHBIX CUCTEM CTOJIKHOBEHHUM TsKeJIbIX aaep

\/— 3HaueHue KoadhUlMeHTa AeTepMUHALIUA R’ JUISI CUCTEMBI siep

S b

r;vg Xe + Xe Pb + Pb U+UuU
20 0,840 + 0,022 0,682 £ 0,020 0,627 £ 0,020
40 0,960 £ 0,028 0,998 + 0,025 0,998 £ 0,023
60 0,899 + 0,024 0,985 + 0,026 0,972 = 0,027
80 0,972 £+ 0,026 0,998 = 0,027 0,993 = 0,028
160 0,992 + 0,026 0,998+0,026 0,998 + 0,028
180 0,993 + 0,026 0,999 + 0,032 0,998 + 0,025
200 0,993 + 0,029 0,999 + 0,027 0,999 + 0,028
220 0,992 + 0,028 0,999 + 0,029 0,999 £ 0,024
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3aBucumMocTh 3HAYEHUI KO3 (UIMeHTa aeTepMu
MOJIeJIM JiepeBa pelieHUuid OT HAYAJbHBIX JHEPrui
JUIS CUCTEM CTOJKHOBEHMId JIETKUX SIJIEP C TSKeJbIMU

HALMU
sNN

Taonunpa 4

\/— 3HayeHue Koa(pduimeHTa neTepMuHaLIU R? JUISL CUCTEMBI SIIEp

N 9

F;vg p+ Xe p+ Au p+ Pb He + Au He + U
20 0,399+0,009 | 0,151+0,004 0,251%0,007 0,228+0,006 0,328+0,008
40 0,978%0,025 0,978%0,027 0,98610,025 0,975%0,028 0,983+0,029
60 0,577+0,014 | 0,672%+0,019 0,454%0,014 0,50240,013 0,611+0,019
80 0,969+0,034 | 0,973%+0,026 0,96410,023 0,972+0,025 0,970x0,027
160 0,985+0,026 | 0,995+0,028 0,988+0,027 0,98310,030 0,997+0,024
180 0,971+0,024 | 0,98340,024 0,985+0,026 0,964%0,026 0,980+0,036
200 0,982+0,027 | 0,98040,029 0,989+0,029 0,966+0,028 0,969+0,030
220 0,993+0,028 0,988+0,031 0,980%0,027 0,97440,026 0,953%0,029

Tadoauma 5

3aBucumMocTh 3HAYeHUI Ko3((unueHTa aerepMu
MOJIeJIM JiepeBa pelieHUuid OT HAYAJIbHBIX JHEPrui

HALUU
SNN

AJId HECUMMETPUYHBIX CUCTEM CTOJKHOBEHHUH TIKeJIbIX aaep

\/— 3HauyeHue Koa(dduimeHTa neTepMuHaLIUA R’ JUISI CUCTEMBI siep
SN o
B Cut+Au | Cu+Pb | Xe+Pb Xe+U Au+Pb Au+U Pb+U
20 0,260+ 0,268+ | 0,359+ | 0,304+ | 0,361%= | 0,398+ | 0,364%
+0,008 +0,008 | *0,008 | +£0,008 | +0,015 | £0,010 | £0,010
40 0,966+ 0,976+ | 0,981+ | 0,994+ | 0,996t | 0,992+ | 0,989+
+0,023 +0,027 | *0,028 | £0,033 | 0,024 | +0,027 | 0,028
60 0,293=% 0,173+ | 0,027+ | 0,557+ | 0,685+ | 0,732+ | 0,782%
+0,008 +0,004 | *0,001 | +0,016 | 0,018 | *0,022 | 0,021
80 0,989+ 0,980+ | 0,997+ | 0,994+ | 0,996+ | 0,991+ | 0,988+
10,027 +0,026 | 0,026 | £0,024 | 0,027 | £0,027 | 0,025
160 0,982+ 0,973+ | 0,990+ | 0,996+ | 0,989+ | 0,986+ | 0,978%+
+0,026 +0,026 | +0,028 | +0,028 | +0,028 | +0,026 | 0,023
180 0,966+ 0,968+ | 0,978t | 0,983+ | 0,990+ | 0,976t | 0,978%+
+0,027 +0,028 | +0,024 | +0,025 | 0,027 | *0,027 | 0,030
200 0,980+ 0,986+ | 0,983+ | 0,994+ | 0,996+ | 0,988+ | 0,982+
+0,025 +0,026 | +0,024 | +0,027 | £0,027 | 0,023 | +0,027
220 0,976+ 0,984+ | 0,964 | 0,987+ | 0,988%= | 0,979+ | 0,978%=
+0,026 +0,028 | 0,026 | £0,024 | 0,025 | £0,028 | 0,024
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Tadoaunoa 6

3aBucumMocTh 3HAYeHUIT KO3(uULHEeHTA AeTepMUHAIIUM
MOJIeJIM JiepeBa PelleHUuil OT HAYAJIbHBIX JHEPTUM /sNN

JJIAd CAMMETPHYHBIX CUCTEM CTOJKHOBEHHI TSKeJIbIX aaep

3aBuCHMMOCTh 3HAYeHUIT Ko3()(unueHTa AeTepMUHAIINN
MOJIEJIM CJIYYailHOTO Jieca OT HAYaJIbHbIX JHEPruid /s, .
JUIS CUCTEM CTOJIKHOBEHMIi JIETKUX SiIEP C TSKeJbIMU

\/— 3HaueHue Koa(pduimeHTa n1eTepMUHaLIUN R’ IUTST CUCTEMBI SIIEP

S b

F:g Xe + Xe Pb + Pb Uu+u
20 0,275 £ 0,007 0,383 £ 0,010 0,329 + 0,009
40 0,983 £ 0,025 0,996 + 0,029 0,983 £ 0,027
60 0,169 £ 0,005 0,715 £ 0,020 0,757 £ 0,021
80 0,981 + 0,027 0,994 + 0,028 0,970 £ 0,025
160 0,965 £ 0,023 0,994 + 0,026 0,965 £ 0,025
180 0,971 £ 0,025 0,984 £ 0,028 0,973 £ 0,027
200 0,978 £ 0,025 0,995 £+ 0,023 0,978 £ 0,025
220 0,979 £ 0,023 0,989 + 0,028 0,977 £ 0,028

Tao6numa 7

\/— 3HaueHUe Koa(pduiveHTa n1eTepMUHaLIMN R’ JUUISI CUCTEMBI sIiep

S 5

r;vg pt Xe pt Au p+t Pb He + Au He + U
20 0,311%0,008 0,098%0,002 0,205%0,006 0,19240,006 0,302%0,009
40 0,97910,026 0,980x0,024 0,985+0,025 0,980=x0,025 0,980=%0,025
60 0,628+0,016 0,705x0,015 0,508%0,012 0,589+0,016 0,661+0,019
80 0,973£0,024 0,989+0,032 0,988+0,028 0,983+0,025 0,979+0,030
160 0,990+0,023 0,991+0,029 0,987+0,025 0,981+0,027 0,992+0,028
180 0,989+0,028 0,994+0,031 0,993+0,025 0,990+0,029 0,992+0,032
200 0,994+0,029 0,993+0,027 0,997+0,025 0,984+0,02 0,984+0,030
220 0,98610,030 0,994+0,027 0,990+0,030 0,980x0,027 0,970%0,024
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Taonuna §

3aBUCHUMOCTh 3HAYeHUi Ko3()(pUnueHTa AeTepMUHAIINN
MOJIEJIM CJIYYailHOTO Jieca OT HAYaJIbHbIX JHEPruid /s, .
JUUISI HECUMMETPUYHbBIX CUCTEM CTOJKHOBEHUI TSXKEJbIX siep

VSN

D2
3HauyeHune KoahduLMeHTa neTepMuHann R° g cucremsl saep

B Cu+Au Cu+Pb Xe+Pb Xe+U Au+Pb Au+U Pb+U
20 0,270+ 0,274% 0,343+ 0,290x 0,338+ 0,378% 0,352+
+0,007 +0,007 +0,012 +0,007 +0,010 +0,010 +0,008
40 0,983+ 0,986+ 0,992+ 0,995+ 0,994+ 0,972+ 0,967+
+0,027 +0,026 +0,029 +0,027 10,024 +0,025 +0,028
60 0,501+ 0,393+ 0,282+ 0,709+ 0,754+ 0,793+ 0,806+
+0,012 +0,011 +0,007 +0,018 +0,020 +0,021 +0,020
20 0,988+ 0,984+ 0,997+ 0,994+ 0,992+ 0,974+ 0,968+
+0,025 +0,028 +0,026 +0,028 +0,031 +0,025 +0,025
160 0,988+ 0,987+ 0,996+ 0,998+ 0,995+ 0,985+ 0,981+
+0,031 +0,024 +0,033 +0,025 +0,028 +0,031 +0,026
180 0,985+ 0,984+ 0,983+ 0,995+ 0,992+ 0,984+ 0,983+
40,027 | 40,027 | 0,026 | +0,023 | +0,025 | 40,027 | +0,027
200 0,986+ 0,988+ 0,983+ 0,997+ 0,993+ 0,987% 0,983+
+0,025 +0,025 10,024 +0,028 +0,028 +0,024 +0,029
220 0,977+ 0,980+ 0,962+ 0,987+ 0,984+ 0,976+ 0,975+
+0,026 +0,024 +0,026 +0,026 +0,027 +0,028 +0,023
Tadoaunma 9

3aBucumocTh 3HAYeHMiT KO3 GuIHeHTa AeTepMUHALUM
MOJIEJIA CJIYYaiHOrO JieCa OT HAYaJIbHbIX JHEPruid /s, .
JUIS CAUMMETPHUYHBIX CHCTEM CTOJKHOBEHMIl TSKeJbIX sijiep

\/— 3HaueHne Ko3(PUIMeHTa JeTePMUHALINNA R? JIJISI CUCTEMBI SIAep

rsgvg Xe + Xe Pb + Pb U+U

20 0,277 £ 0,008 0,379 £ 0,010 0,311 £ 0,008
40 0,986 £ 0,023 0,990 + 0,029 0,947 £ 0,027
60 0,456 + 0,014 0,759 + 0,022 0,768 £ 0,022
80 0,977 £ 0,030 0,986 = 0,030 0,952 £ 0,027
160 0,985 + 0,026 0,995 + 0,029 0,968 + 0,027
180 0,986 + 0,032 0,991 £ 0,028 0,977 £ 0,027
200 0,988 + 0,027 0,992 + 0,025 0,973 £ 0,025
220 0,978 + 0,028 0,981 + 0,029 0,971 £ 0,027
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W3 cpaBHeHMSI MOJMYYEHHBIX NAHHBIX CJAEAyeT, UYTO MpPU MHTEPIOJIMPOBAHHON HayaJlbHOM
sHeprun 60 I'sB Momeslb MHOTOC/IOMHOIO IEpLENTpOHA 1oKasaa HAWIYILINE PE3YIIBTATDL, 110
CPAaBHEHUIO C OCTAILHBIMH, TaK KaK U1l Hee 3HaueHus R? 6nmke Beex K exuHuie. OTMETHM
TaKkke, 4TO BeIMuMHa R’ U151 MOZEJIeil fepeBa PeLICHUIA U CIYIaifHOTO Jleca 3aMETHO MEHBLIe
eIMHULBI (B Ipeneiax OLIMOOK, IMPUBEICHHBIX B Ta0IMIIAX).

B 10 Xe Bpems1 aHanM3 JAHHBIX TAOJMII MOKA3bIBAaeT, UTO IIPU BKCTPAIOJISLUUU IPUBEICH-
HBbIX 3HAYEHUN B CTOpOHY 06nbiux sHepruit (220 T’ 3B) BCE€ MOJIECJIM ITOKA3bIBAIOT XOPOLIUE
pe3yJIbTaThl (R > 0,9). OgHako mpu 3HEPrusix, KOTopble MeHblle obydaeMbix (20 I'3B), Bce
MOJIEJIM He CIIOCOOHKI B IOJIHOI CTENEHM OMNHMcaTh paccMaTpuBaeMble 3aBUcUMOCTU. Koadhu-
LIMEHT AeTepMUHALIMM [IJI BCEX TPeX Mojeeli, paCCMOTPEHHBIX B 3TOU pabOTe, MHOTO MEHbIIIE
eIMHUILBI. DTO O0YCJIOBIEHO Yepecuyp HU3KMMU 3HAYEHUSIMU MHOXECTBEHHOCTH 3apsKeHHBIX
vactu N, v HeiTpoHoB N Tipu HavanbHOU sHepruu 20 ['5B. BeencrBue cuibHbIX pasinyuii
B 3HaueHussix N, u N nipu 20 ['5B, a Takxke npu 9HEprusix, Ha KOTOPBIX MPOBOAMUIOCH 00Y-
YyeHue, HU OJHA M3 MOJEJIell, KaK 0Ka3alloch, He CIIOCOOHA BEPHO IIpeacKa3blBaTbh TPeOyeMble

3HAYEHUH N U N
part’

3akioyenue

HccnenoBaHus, IpoBeIeHHBIE B JaHHOM paboTe, MO3BOJIMIM YCTAHOBUTH ONITUMAJIbHYIO MO-
JeJib MallMHHOIO OOY4YeHUsI, KOTopasl CIIOCOOHa IIpeacKa3blBaTh HeHaOJIomaeMble B 9KCIIEPU-
MEHTE 4YMCJIO PaHEHBIX HYKJIOHOB Npa . U 4KMCIO OMHAPHBIX HYKJIOHHBIX CTOJNKHOBeHUH N
XapaKTepU3YIIINX LEHTPAIbHOCTh CTOJIKHOBEHUSI, HA OCHOBE HaOJIOIaeMBIX B :—)KcnepMMeH—
T€ 3HAYCHUN MHOXECTBEHHOCTH 3apSDKEHHBIX YacTull N, ¥ 4uClia HEUTPOHOB N ., POXIEH-
HBIX B CTOJKHOBEHUM, IJIS IIMPOKOIO AMara3oHa SIAepHBIX CHUCTeM B MHTEpBajie HayaJbHBIX
SHEePIruit ‘/SNN ot 40 mo 200 I'3B.

[Ipu HavyaTbHBIX YCIOBUSIX M BHIOPAHHBIX ITapaMeTpax (3HEPTUU U CUCTEMBbI siiep, IJIs1 KOTO-
PBIX IIPOBOIMJIOCH OOyUEHHE, a TaKKe SHEPTUMU MHTEPIIOJUPOBAHHBIX U BKCTPANOIMPOBAHHBIX
TOYEK) B paboTe ObLIO YCTAHOBJEHO, UTO MOJEJIb MHOTOCJIOMHOIO IEepLENTPOHa JaeT HaWIyd-
1IMe pe3ysbTaThl, MO CPABHEHUIO C MONEISIMU JiepeBa pelIeHU U cilydyailHoro Jieca. KpOMe
TOr0, MHOTOCJIOMHBIN IEPLENTPOH CIIOCOOEH IPeACKa3bIBaTh C BEICOKOM TOYHOCTBIO (R >0,9)
3HaueHUsI N U N B CTOJKHOBEHMSIX IIPU 00Jiee BHICOKUX (3KCTPAOJIMPOBAHHBIX) 3HAUSHUSIX
HavyaJlbHOM 3Hepr1/f)1/1 cronkHoBeHus: 220, 240 u 260 I'2B.

Mg pacueToB uMcnonb3oBaauch mpoueccop Intel® Core™ i9-9980XE, Bumeokapra NVIDIA
GeForce RTX™ 2080 Ti u 64 I'6 orrepaTUBHOIM MTaMSTH.
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Annoranus. Ha ocHOBe cnieniMasibHON TEOPUM OTHOCUTEBHOCTU B pabOTe MPOaHaTU3UPO-
BaHa JMHAMUKA PEJSITUBUCTCKONM YACTULIBI, HE UMEIOIICH 3JIeKTPUUEeCKOro 3apsiia, moji neu-
CTBUEM BHellHel cuibl. MccieqoBaHO YCKOpEHHOE JBMKEHKME TAKOW YacTUIIbl U B OTCYTCTBHE
BHEIIIHETO 3JIeKTPOMArHUTHOTO TOJIsl, 3aaHHOTO CKAISIPHBIM U BEKTOPHBIM MOTEHIIMATIAMMU.
PazpaboTan ananutuueckuit Metos 3 MEKTUBHON 3aMTMCH KJIACCUUYECKNUX YPABHEHUI PEJIATH-
BUCTCKOW TWHAMWKM W TIPOBeIeHa OIleHKAa WHTETPAJOB JABUKEHUS. YCTAaHOBJIEHO, YTO WHTE-
rpajl ABMKECHUSI CIIpaBEIUB U JUISI 3apSIKeHHBIX YacTUII, W JJIsl He3apsikeHHbIX. Kcronb3oBa-
HME MHTETPAJIOB ABMKEHHUS TTO3BOJIMIIO OMKCATh CBSI3b JMHAMUYECKUX MmapaMeTpoB. [TonyueHa
TaKXe 3aBUCUMOCTb MIPOCTPAHCTBEHHO-BPEMEHHOW KOOPIUHATHI & OT MHTErpaia ABIKEHUSI.

Kniouesbie cioBa: MHTCrpal IBUXKCHUA, DHCPIUA peHHTI/IBPICTCKOfI 4yaCTulbl, paanaliioH-
HO€ TPECHUE, NHTCHCUBHOCTDL U3JTYUCHUSA HC3apH)KCHHOI>i YaCcTULbI

®unancupoBanme: VccienoBaHue BBITIOJHEHO TP YaCTUYHON (DMHAHCOBOM IOANEPKKE
rpanToB Ne JC2020137 u JC2020138 IIpoekta HaHBTYHICKOTO HAyYHO-TEXHUYECKOTO TUIAHA,
a taxcke rpanta BE2021013-1 KitoueBoil mporpamMMbl ucciaenoBaHuil 1 pa3pabotok Kwuraii-
cKkoit mpoBuHLMM LI3gHCy.

Hdna matuposanusa: AxkuHioB H. C., Heseuepsa A. Il., MapteiHOB A. A. AHanu3 OvHa-
MUKW WHTETPUPYEMBIX WHTETPATOB IBUKEHUS HE3aPSIKEHHOW PEISITUBUCTCKOW YacTUIIHl //
Hayuno-texnnueckue Begomoctu CIIOITTY. ®usuko-marematuueckue Hayku. 2023. T. 16.
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Cratbsl OTKpPBITOTO goctyna, pacmpoctpansemas no juiieHsnu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The motion equation of a particle of mass m and a charge g in the electromagnetic field has
been studied extensively in classical relativistic electrodynamics, and has the following form [1]:

(1

)

The change de in the energy of the particle was widely established to be determined by the
equation

de

=qE-V, 3)
where dt

“4)

From Egs. (1) and (4) the relationship between the energy € and the longitudinal component
n'p of the momentum p of the particle can be represented as an integral of motion in the
following form:

mc(l1—n-p A%
S—H'pC:’YOC, Yo = ( )9 B:—, (5)
J1-p° c
where n is the normal vector directed along the particle’s trajectory.

© AxunuoB H. C., Heseueps A. [1., MapteinoB A. A., 2023. Usnatens: Caukr-IleTepOyprckuili moJnTeXHUIECKUI
yauBepcutet Iletpa Benaukoro.
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It was demonstrated in Ref. [2] that the integral (5) was the same for a plane monochromatic
electromagnetic wave and a constant uniform magnetic field.

The acceleration and radiation of relativistic particles were explored in several works [3, 4].
However, generally, the dynamics of particle acceleration was considered under the action of
external ponderomotive forces of electromagnetic nature [5 — 9].

In Refs. [2, 10 — 14], the motion integrals of a charged particle were obtained, and the
particle momentum was demonstrated to be written as an explicit function of the zero coordinate
§ (§ =t —z/c where t, z are the laboratory time and coordinate respectively, and c is the velocity
of light in vacuo).

In the absence of external forces acting on the particle, the particle's motion is free and obeys
the basic dynamics equation. In this study, we focused on the non-electromagnetic 2D force
action upon a particle. We intend to show that the motion integral (5) is valid for any particle
motion in free space.

The objective of this study is to analyze the dynamics of an uncharged relativistic particle in
the absence of external electromagnetic fields, i. e., E = H = 0, scalar ¢ = 0, and vector field
potentials F for the following force acting A = 0, on the particle is of the form

F= P #0, (6)
dt
where p is the relativistic momentum of the particle (see Eq. (2)).

Eventually, we show that the integral of motion is also applicable in the absence of fields
(E=H=0,9 =0, A=0). We consistently derive formulas for the space-time coordinate &,
coordinate r, velocity B, momentum p, energy € and radiation intensity / =— de/dt of the particle,
depending on the motion integrals QO and Q..

Finally, we demonstrate the dependence of the dynamic parameters (§, r, B, p, € and /) on
the motion integral vy.

The main goal of this work is to obtain invariant forms of the integrals of motion

y=y(r.1,0)and 0, = 0, (0, 1.)

in 1 + 1 dimensions, which are mutually expressed in terms of the coordinate n'r =n-r(z, O, v)
and proper time ¢ = #(n'r, O, y) of the particle, based on the law of conservation of energy —
momentum for a relativistic particle (4).

Moreover, the aim is to search for an invariant form as the motion integrals for energy
E=E(r,t,v, Q) and momentum n-P =n-P(r, ¢, y, Q) of the particle.

An analysis of the space — time coordinate &
We introduce the space — time coordinate & [1, 2, 10 — 15] such as

g=t- 2%, 7)
C

where ¢ is the laboratory time, n is the normal vector, r is the laboratory coordinate, ¢ is the speed
of light, and f characterizes the direction of motion of a particle or wave and takes a value of +1
or —1 when the particle moves to the right or left, respectively, relative to the observer located at
the initial space — time point (r, ).
Differentiating (7) with respect to time ¢, we obtain
dg dt n dr

Vv
—— f——=1-fa—=1-fn-B, 8
g a ea s ®)

where B =V/c, V = dr/dt.
From Eq. (7), we can express ¢ as follows:

t=é+f%}, ©)

and by differentiating (9) with respect to &, we obtain
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d d n dr n dr
=T R 12 (10)
dg dt " cdt dg
. L dg dt .
Multiplying Egs. (8) and (10), and considering that Ed_ﬁ =1, we obtain:

S Lo il (1)

By substituting % = Z_ﬁ% into Eq. (11), we can find out that the condition given by Eq. (8)
is satisfied, and the following equalities are true:
dr_ fnc@-ﬁj, (12
dt
a__v (13)
dé 1-f-p
dg g, d i)
—=fac—|1-—|, 14
dt / dr ( dt (14
1- -
ﬁ = ﬂ (15)
dr A\
Differentiating (11) with respect to d/dt gives the following:
2 2
1+l |- (l—lfnﬂ -0, (16)
dt d§ a’tdi c” dt
and similarly, by differentiating (11) with respect to d/d&, we obtain
2 2
dx f dr) drfy g, (17)
d@dt dg ) dg ¢’ dt
Adding (16) and (17) gives
2 2 2 2
I dr el pde) far, dx (1_lfnﬂj:0. (18)
dt® d&dt dg dtd& dg c” dt
We subsequently introduce new variables O, and Q such as
1 dé
Q. =1+— f—= Q———f— 1- fn- B— (19)
dg 1-fo-p’
Egs. (19) show that Q‘g and Q, integrals of motion, have a one-to-one correspondence, i.e.,
0.0-0,0.~1. (20)
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Invariant representation of Qé and Q in the Q;Q, and Qg o,

From Egs. (19), we propose the following notation for Q, and Qéz

00/ =00 =1,
00 (21)
:Q;'er =0, Qg =0, Qg =0, Qth an
where
1
Q:ZI—H'B, Qg:l—n-B’ (22)
1
G =t b O=y 0y
One can see from Egs. (22) that
2 + - 1
Q:QZZI_B and QgQ@ :W

are invariants and have direct and inverse representations, and that

O +0 =2 or O, +0; =200, .

We can express f in terms of OO, to obtain

B=ny1-0'0 . (23)

Relations of special relativity in the Q;Q, and Qg O, representations

Let us introduce the dimensionless momentum of a particle P = p/mc, and the dimensionless
energy of the particle £ = e/mc?.
Thus, Egs. (2) and (3) can be rewritten as

p-_2b (24)
1-p>

=1+P (25)
1-p

E* =

Substituting Eq. (23) into Eq. (24), we obtain the P representation of the momentum in terms

of 0/Q;, i.e,

P=n1-0/0 00, =nJ00; -1, (26)
and the corresponding representation for energy (following Eq. (25)) will be
E=,0!0;, (27)

where £ > 0.
The problem involving eigenfunctions and 9/, O;, O, O, 0;0;, 0;0;,

as well as B=n\1-Q'Q; from d/dt

We determine the eigenvalues with respect to time . We obtain the following:

d d d
Eq:mi:mﬁgazwq, (28)

dt dr
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where
dp
T=-n—0". 29
K dt O @
Similarly, we obtain the following eigenvalues for the O, O, O., 0'Q,, 0;0. and
B =n 1_Q1+Qz_ :
d dp ap .. .. _
_— =N——=n—0. = , 30
& Ty TN %Y =G G0
_ dp .
=n— . 31
g =n— 0. (31
d o> dB dp
20" =(1=-n- n—=n—0'0 =¢' 07, 32
2 ( B) o " 0.0 =¢4. 0. (32)
+ dB +
=n— . 33
q: o (33)
d o> dp ap .~
—Q0. =—(1+n- n—=-n—~0. 0. =q.0;., 34
- dap .-
=-n—-~0.. 35
d _ _ o dp
—( O =q'0'0 +0’ =-2p—. 36
dt(Qt 0, )=4,0/0,+04,0, B (36)
d + - + - - + 2B dl;
E(QéQ‘i):QéQ& (qi+qé):(1_l32)2 dt G7)
n—dB
dB 1 + - —~ d + - dt
- _ 1_ 2, =—p, 38
_dt 211( Qz Qz ) dt(Qt Qz ) \/@B ( )
where the eigenvalue of the velocity modulus is determined by the expression
dp
ni
p=——L— (39)

N

Substituting the values from Eq. (39) into Egs. (36) and (37), then taking into account that
B = np, we obtain:

%(QJQZ) =2(1-0'0 )2, (40)

d +)- + - 2 + - 1
—(oro)=2(0:0. 1) (0:0. ) (41)
Variables &, nr and 7 in the Q7Q; representation. We now represent Eq. (23) by the
c

following form:

poldr_1_ dr d(Qsz_):nm. )

Ccdt cd(QQ) di
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Substituting Eq. (40) into (42), and integrating over the d (Qth‘) from 0 to Q'Q;", we obtain

nr 1 .
T:Eln(l—Qt ). (43)
From Eq. (8), we now express dt as follows:
dt = d§+fn£. (44)
c
It is known that d€ = Q dt, O, = 1 — fn-B, and hence, substituting them into Eq. (44), we obtain
(1- Q)dt—fn—, or laart_ﬂ (45)
c
Substituting B from Eq. (23) and dr rom Eq. (42) into Eq. (45), we obtain
14{1-9,9
dt = Q (46)
(o0 )
Subsequently, integrating this over d (1 -0’0 ) from 0 to Q'Q, results in
t=1 —;. (47)
(1-0'0))
Finally, substituting Eqgs. (43) and (47) into Eq. (7) results in
1 1 e
e=l-——-/In(1-0'0); (48)
(1-0'0))

then, differentiating Eq. (48) with respect to d/dt gives a relationship between Q'O and 0, as

follows:
ﬁzl_f\/@:l—fn-ﬁzg- (49)

The relationship between Q7Q; and 0. Eq. (49) demonstrates the following relationship

between Q'Q; and Q;
J1-0/0; = f(1-0,). (50)
By considering Eq. (50), we can represent the following formulas:
B=ny1-0'0" = m(1-0). (51)
9y 50 -n(1-0). o

TZEIH(I QQ):-ln[(l—Q,)z], (53)
I D
Ji-oor  f(-0) >4
S LTy
£=1 o) len[(l Qt)]. (55)

Eigenfunctions and eigenvalues of Q, and Q We now take the derivative of & from Eq. (55)
with respect to time, i. e.,
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ﬁ:_f o do,
dt (1-Q,) dt

d
and substitute 7&' =(, into Eq. (56) to obtain
t

do, _
dt f( Q) Qtha
where
g,=-1(1-0) Q. =—f(0.-2+Q).
Using the relationship ( )
(09, dQ, a9 _
dt QE @ dt =
we can derive _ta as follows:
do, dQ,
‘;5§'= (QE) ’
d 2 2 2
%#(pg) (0.) =r(1-0) 0.

and finally, 5
9.=/(1-0) 0.= f(0.-2+0,).

Egs. (58) and (62) show that
q,+q. =0.

Differentiating Eq. (55) with respect to dié

40, (1-0)
d& - f QI Qng’
where
1-0Y 2
p=1! QQ’) 0. =-f(0.-1) .
Using the following identity
d(g’Qi) — th Qa_l_Qt%:O,
g dg dg
a’Qé
we find that d_é to be
do 1-0,
d; :f( 0 ) QgQg ngga
where
1-0Y 2
png( QQt) Qg_f(Qg 1) >
y2 + pg =0

, we obtain the following:

(56)

(37)

(38)

(39)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)
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Integrals of motion

From Eq. (5) we can introduce the dimensionless integral of motion y = yo/mc, and then using
Eq. (50) we obtain

(I-faB) [1-fnB_ 0 0, ! (70)

T VeaB o0 Jo-(o) V20T

Expressing O and Qé in terms of the motion integral y, we obtain:

2y2 1+ y2
== =) 71
Qz 1 + ’Y2 Qz’; 2'}’2 ( )
where
2
1-0 = (72)
1+ y

Substituting Eq. (72) into the obtained definition for laboratory time ¢ within Eq. (54), the
laboratory coordinate n'r/c in Eq. (53), and space-time coordinate & in Eq. (55), we obtain the
dependence of these parameters on the integral of motion vy:

DT S 1 f1+y

f(l—Qt)
[(inﬂa

1 yz ’
1- (1+y J ' (75)
The dependences of energy and momentum on Qé and y. By considering Egs. (21) and (50),
the particle energy, as shown in Eq. (27) dependent on both Qé and vy, takes the following form:

e 0 1
E=070; =—i=Q§y=2—(1+y2). (76)
\/2Qg -1 Y
In the absence of an initial velocity of the particle (p = 0, y = 0), the particle’s energy is

E=1,1i.e., equal to mc’.
Following the particle momentum as given by Eq. (26), we can substitute Egs. (21) and (50)

to obtain
P=n/0;0.-1=n /Q—é_l)—1=fn(ga—1)y=§—‘y'(1—y2). (77)

(73)

g=t—f1r=1
C

(20.
Subtracting the longitudinal component of momentum (as given in n-P, Eq. (77)) from the
energy E (see Eq. (76)), we obtain the integral of motion in the form

E-nP=y, (78)

where y* =40 /0, vy =1L o
Adding the energy E given by Eq. (76) and the longitudinal component of the momentum n-P
into Eq. (77), we obtain the inverse integral of motion:

E+nP=vy. (79)
We then use Egs. (78) and (79) to conclude that

E-faP=y. (80)

140



Theoretical physi
4 retical physics >

Assuming that the momentum P of the system is equal to the sum of the longitudinal and
transverse components, we can see from Eqgs. (25), (78) and (79) that the transverse component
of the momentum is zero for this P = 0 system.

For a freely moving particle with a sufficiently small change in energy and momentum, the
particle velocity is determined by the following expression:

dE_i(«/—HpZ):B:p=fn(1—Q[)=fn[1_y ] (81)

dP 4P E 1+ v?

Acceleration of an uncharged relativistic particle in a force field
and intensity of its radiation
We now investigate the dynamics of a relativistic charged particle in a force field (following

Eq. (6)), i. e.,
n =2 (Joro:-1)=le:e )0 p=rp. ®)
where
r=\(0:0. -1)0:0; =P\J0:0; = PE:

n-P, :\/(QgQg—l)QgQg =P,/0; 0. =PE. (84)
Differentiating Eq. (82) with respect to time and using Eq. (25), we obtain the radiative
friction acting on an uncharged particle as follows:

4P

rad dtz

=(2+3P")P°P. (85)

The radiation intensity of an uncharged particle is determined from the total energy (see Eq.
(27)), and without considering the radiative friction force in Eq. (85), the radiation intensity takes

the form
dE d | = e e 2\
I:__dt :_dt(\[ngQg ):_(QgQg _1) =-P :_8];3 (1—Y ) i (86)

where 1> 0.

Generalization of the obtained results

To generalize the above results to electrons accelerated by the transverse electromagnetic field
of an incident laser pulse on the frontal surface of the target and estimate the temperature of fast
electrons, similar to the authors of Ref. [16], we substitute the expression for the amplitude of an
electron oscillating in a field of a plane monochromatic wave, i. e.,

22
E
P =00 -1=-120 (87)
g =¢ m2 Cz (02
and obtain a formula for the kinetic energy of an electron oscillating in the transverse field of an
incident light wave as follows,

202 )2 2
_ q°E I\
I(e:l’l’lec2 1+(m202((1)2] -1 zmecz[ 1+W—1J, (88)

where m , g, is the electron mass; ¢, km/s, is the speed of light; £, V/m, is the amplitude of the
electric field of the incident electromagnetic wave; o, s’!, is the carrier frequency; I, W/cm?, is
the intensity of the incident wave; A, um, is the wavelength.
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A similar formula has been used to theoretically estimate the temperature of fast electrons on
the frontal surface of the target and to analyze experimental results [17 — 20].

Further, it is of interest to use this method to describe the dynamics of a relativistic particle
in stationary electrical, magnetic and electromagnetic fields [1 — 23], and to study the Doppler
effect of a particle displacement in high-intensity fields.

Conclusion

In this study, we have obtained the direct and inverse integrals of the particle motion and
demonstrated the advantage of using these approaches to investigate the dynamics of relativistic
particle dynamics. It was demonstrated that the relativistic root can be represented by the
form /1-p? = '{Qth_a and further calculation of the arbitrary partial in Q" and Q, considerably
simplifies calculations in relativistic particle dynamics. The total energy of a particle is related
to its momentum (25) through Qg Qg also simplifies the calculations since the total energy and
momentum can be represented as E :,ng o and P=n,/ g 0. -1, respectively. It was shown
that the energy (76) and momentum (77) could be separately eXpressed in terms of the integral
of motion vy, and their difference gave the direct integral of motion (78), while the sum did the
inverse integral of motion (79). Additionally, a relationship between QQ; and Q, was obtained.
A detailed analysis is given for the space-time coordinate § and its dependence on Q;Q;, O, and
the integral of motion y.

Furthermore, we demonstrated that as |[V| — ¢, t — 0, to interpret the dependence of the
physical quantities ¢ (47) and n'r / ¢ (43) on |B|, it is necessary to apply the following gauge
transformations, — ¢ — f and —n'r /¢ — n-r /c, its dependence on Qg Qg . The radiation intensity
of a particle in the far-field was obtained, and its dependence of y on Qg O, was shown. The
results appeared from the special theory of relativity. This approach can also be generalized for
tensor use, allowing a more detailed description of the dynamics of relativistic particles in a
medium.

The proposed approach has all the limitations of the special theory of relativity.

Further, the generalization of this approach to the Lagrangian and Hamiltonian formalism is
significant.

The future scope of this work will be to investigate the spectral-angular characteristics of
particle radiation and particle dynamics in a force field in the presence of radiative friction forces.
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AnHoTamusa. B craTbe paccMaTpUBAIOTCS YMCIIEHHBIC aJITOPUTMBI JIJIST OTIpeneIeHUsT KO-
(pUIIMEeHTOB MHOTOUJIEHOB C (DUKCUPOBAHHBIM CTapIIMM Ko3(duiimeHToM, KoTophie obecre-
YMUBAIOT HA 3aJJaHHOM WHTEPBaJie MUHUMAJIbHOE OTKJIOHEHUE OT HYyJISI B MUHMMAKCHOU HOpMe
C 3alaHHOI BecoBOU (pyHKIIMEN. YKa3aHHbIE MHOTOWIEHBI CJIYXKaT MOJE3HbIM UHCTPYMEHTOM
BO MHOTMX YHCJIEHHBIX METOJAaX, B YACTHOCTU B Tay-meToje JlaHilola, obecreynBaroiero
HaxXxoXJeHUe MPUOTMKEHHOTO YMCIEHHO-aHATUTUYECKOTO PELIEHUsI OOBIKHOBEHHBIX Audde-
PEeHIMAIBHBIX ypaBHEHUI ¢ KO3 GhUIIMEeHTaMX B BUIE MHOTOYJIEHOB OT HE3aBMCHMMOIi Tiepe-
MeHHOU. YacTHBIM CllydaeM TaKMX MHOTOUJIEHOB SIBJISTIOTCSI XOPOIIIO M3BECTHBIE MHOTOWJIECHBI
YeOnllieBa, ornpeensieMble aHATUTUUECKH, OHAKO B OOJBIIMHCTBE CIy4yaeB BECOBBIX (hyHK-
LU TaKWe MHOTOWIEHBI MOXKHO OIpPEAC]UTh U TaOyIUpOBaTh TOJIBKO YUCIEHHO.
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Abstract. The article considers numerical algorithms for determining the coefficients of
polynomials with a fixed leading coefficient, the algorithms supplying a minimum deviation
from zero in a minimax norm with a given weight function. The polynomials serve as a useful
tool in many numerical methods, in particular, in the Lanczos’ tau method which provides an
approximate numerical analytic solution of ordinary differential equations with coefficients as
polynomials in the independent variable. The well-known Chebyshev polynomials determined
analytically are the special case of such polynomials, however, in most cases of weight func-
tions, such polynomials can only be determined and tabulated numerically.
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BBenenne

IIpumeHeHMe anmpoKcUMaluii (PYHKIIMKM, ONTUMAJIbHBIX 110 MUHUMAKCHOI (paBHOMEPHOIA)
HOpMe, MMeeT CYLIECTBEHHBIC IPEUMYILIECTBa Iepel 0ojiee MPOCTO amIpoKcuManuein (pyHK-
LM M0 METOAYy HaMMeHbIIUX KBaapaToB [1]. s mpuOIMKeHHOro KOHCTPYMPOBAHUS MOI00-
HBIX allllPOKCHUMALIMI YacTO UCIIOJIb3YIOT pa3iokeHne (PYHKUMU B YCEUEHHBIN Psil, COCTOSILIMIA
13 MHOTOYJIEHOB, HAaMEHEee OTKJIOHSIOIIUXCS oT HyJd [2, 3, 5 — 7]. Kpome Toro, MHOTOWIeHBI,
HalMeHee YKJIOHSIOIIKMECS OT HyJIsI, 0Ka3bIBalOTCS MOJIE3HBIMU IIPU ONTHMAaJIbHOM BbIOOpE TOUEK
KOJUTOKALIMU JJISI UHTEPIIOASIUMY (PYHKUMI MHOrOWIeHaMU (3TU TOYKU €CTh HYJIU COOTBETCTBY-
IOIIMX MHOTOYWIEHOB [1]), a TakxKe IpU IOCTPOSHUM MPUOIMKEHHBIX PEIIeHUI IIST TMHEMHBIX
OOBIKHOBEHHBIX IUMdepeHINATbHBIX YpaBHEHUH ¢ KO3(hGULMEHTAaMU B BUAE MHOTOYWIECHOB OT
He3aBUCUMOI TIepeMeHHol [1, 2, 4].

K coxanenuto, Habop MHOTOWIEHOB, HaMMEHEe OTKJIOHSIIOIIMXCS OT HYJISI Ha 3aJaHHOM WH-
TepBaJe, IS KOTOPBIX UMEETCS SIBHOE ajire0pandecKoe MpeIcTaBIeHe B aHATUTUIEeKOl hopMme,
He CIIUIIKOM BeJIuK. B maHHOI paboTe ucciemyeTcss yTOUHEHHBIN BapruaHT ObICTPO CXOSIIIErocs
YHCJIEHHOIO aJITOPUTMa IJIsl BBIYUCICHUST KO3(P(PUIIMEHTOB MHOTOWICHOB, HAUMEHee OTKJIOHS -
IOIIMXCS OT HYJISI Ha 3aJaHHOM HHTEpBasie ¢ 3aJaHHBIM BECOM, KOTOPBII YaCTUYHO OBLI pac-
CMOTpeH B nokiane [8].

MHOI‘O‘IJIeHbl, HAUMCHEE OTKJIOHAKIIUECA OT HYJIA

3agaya 0 MOCTPOEHUM MHOTOWIeHA 3aJJaHHON CTeleH!, HauMeHee OTKJIOHSIIOIIErocs OT HYJIS
Ha 3aJaHHOM MHTEpBaJie C 3aJaHHBIM BECOM, BBHILJISIAUT CleayroluuM obpa3oM. IlycTh uMmeeTcs
HernpepbiBHAsE MYHKIUS f(X) M KOHEUHBI UHTEPBAT [a, b], 11 KOTOPOTO 3aaHa HelpepbIBHASI
BecoBas (PyHKUMS g(X), CTPOro IMOJOXMUTENbHAS HA 3TOM MHTEPBAJe; OAHAKO UCKIIOUYEHUSIMU
MOTYT OBITh KOHLIBI UHTEPBaJIA, rae GyHKIUS ¢g(x) MOXET oOpalarbes B Hysb . Tpebyercs Haii-
T MHOTOWIEH CTeIIeHU 7 BUAA

! Ty BecoBOI (DYHKIMU C HYJISIMU BHYTPU UHTepBaa [a, b] mOTpedyeTcs, YTOObl MAKCUMYMbl 1 MUHUMY-
Mbl YeOnlieBa (1 mpoOHBIE TOUYKM IJISI YMCJASHHOTO aJITOPMTMa) He COBIIAJalN C HYJISIMM BECOBOW (PYyHKUMU, a
3HAKU TMOIMEPEMEHHBIX MAKCUMYMOB 1 MMHUMYMOB M3MEHSIJTUCh B COOTBETCTBUM CO 3HAKOM BECOBOI (DYHKIIMHU.
Taxke nHTEepBa [a, b] MOXeT ObITh OECKOHEUHBIM CIpaBa W/WUJW CJeBa, HO TIPU 9TOM BecoBasi (hyHKUUS g(X)
JIOJKHA CTPEMUTBCS K HYJIO HA GECKOHEUHOCTH He MeIeHHee, yeM cTereHHas dyHkums 1/x5 [5 — 7].

© Berdnikov A. S., Solovyev K. V., 2023. Published by Peter the Great St. Petersburg Polytechnic University.
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| _
— 2 n—1 n

px)=a,tax+tax’+t..+a x"'+tax (1)

C 3apaHee HeolpeleNeHHbIMU Koaddutmenramu q, a,, a,, ..., @, _, ¥ CTapuinM KoabbuIneH-

TOM @, = 1, KOTOpBIi SIBJISIETCS PELIEHMEM OTITUMU3AIIMOHHOM 3a1auu
max |g(x)p(x)] — min. ®)

31ech MaKCMMU3allMsl BBITIOJTHSETCS 110 TIEpeMeHHOM X € [a, b], a MUHUMM3aUs — IO KO-
spdunuenram a, a,, a,, ..., a _,. Takoil MHOTOWIEH HA3bIBACTCSI MHOTOWIEHOM, HaWMeEHee
OTKJIOHSIIOIIIMMCSI OT HYJISI Ha UHTepBaie [a, b] ¢ Becom ¢(x).

Haumenbliiee oTkiioHeHUe OT HYJsl HAa uHTepBaie [—1, +1] ¢ Becom g(x) = 1 obecrieunBaioT

MHOrowieHbsl YeOrnilIeBa nepBoro poaa
T (x) = cos[n arccos(x)],

KOTOpBIE MaCIITAOMPYIOTCS C TTIOMOLIBIO MHOXUTEISA 2™ TAKUM 00pa3oM, YTOOBI CTapIInii KOI(D-
¢dunrieHT MHOTOWIeHA ObLT paBeH equHuUIle. HauMeHblllee OTKIIOHEHUE OT HYJIS Ha MUHTEpBaje
[-1, +1] ¢ Becom g(x) = (1 — x?)"? oGecreunBalOT MacIITabUpoBaHHbIe MHOTOWICHBI YeOblleBa
BTOPOTO poja
= qf _2\12
U (x) = sin[(n+1)arccos(x)]/(1 — x*)">.

MHOro4wIeHbl CTeeHU 71, 00eCcIieYnBalOlIe HAaMMEHbIIee OTKJIOHEHWE OT HyJISl Ha MHTEpBa-
ne [0, 1] ¢ BecoM g(x) = x, mosy4aroTcsi MpU BbIACICHUU MHOXMUTENS B BUE BECOBON (DYyHKIIMU
13 MHOTOWIeHOB YeOblllieBa IepBoro poja CTereHu 7 + 1, 1 KOTOPhIX HaJ0 BBITOJIHUTD TaKYIO
3aMeHy aprymeHTa x — ax + b, utoObl uHTepBan [x, + 1] 3HaYeHuii apryMmeHTa OTOOpA3UiICs Ha
uHtepsan [0, 1], tae

x, = cos[n(2n + 1)/(2n + 2)]

— 9TO MUHUMAJIbHbIA HYIb GyHKIWMN T | (X).

MHorouieHbl CTerneHu 7, obecreynBarolMe HauMeHbIllee OTKJIOHEHUE OT HyJsl Ha MHTep-
Basie [0, 1] ¢ Becom g(x) = x(1 —x), moayyaroTCcsl MPU BBIACTCHUN MHOXUTENSI B BUIIE BECOBOM
byHkumnu 3 MHorowieHoB YeObllieBa MEPBOTO poja CTENeHU 7 + 2, I KOTOPBIX HAIO BbI-
TIOJIHUTh TaKyl 3aMEHY apryMeHTa X — ax + b, yToObl MHTEpBan [x,, X | 3HAYEHMii aprymMeHTa
oTtobpasuicst Ha uHtepsan [0, 1], rue

x, = cos[n(2n+3)/ (2n+4)Jux = cos[n/(2n+4)]

— 9TO MMUHUMAJIbHBIA U MaKCUMabHbIA HyaM GyHkuun T (x).

B xHurax [6, 7] npuBeAcHBI U APYryue MpUMEpbl MHOTOWICHOB, HAMMEHEES OTKIIOHSIOIINXCS
OT HyJISI, HO B 1LIEJIOM TaKUX MHOTOWICHOB, IJISI KOTOPBIX UMEIOTCS SIBHBIC ajireOpanyeckue Bbl-
paXXeHus, U3BECTHO KpaliHEe MaJo.

Kpurepuii Yeobimena

DyHaaMeHTaJIbHBIE CBOMCTBA MHOTOYJICHOB, HAMMEHEE YKJIOHSIOLIUXCS OT HYJISI, OIIPeIesisi-
I0TCS CJICAYIOIIUM YTBEPKACHHUEM.

VYr1Bepxkaenue 1 (kputepuii YeOrlleBa 1151 MHOTOYWICHOB, HAaMMEHEe OTKJIOHSIIOIIMXCS OT HY-
ns1). s moeo umobsr MHO20YAEH P(X) CIeneHU N cO CIMapuum Kodg@uuyueHmom, pagHsim eouHuye,
Obin peuieHuem 3adaqu (2), Heo0X00UMO U 0OCMamo4Ho, 4moobl CyuLecmaosanl maxKou Haoop uz n + 1
mouek x, <x, <x, <...<Xx , npunadsexcauwux unmepeany [a, b[, u maxoe uuco & (noroxcumensroe
aubo ompuyamenvHoe), ymoobwvl ObiAU BbINOAHEHbL YCAOBUS

—le] < g(x)p(x) < |e| mpu x € [a, D], (3)
g(x)p(x) = (Dfenpu k=0,1,2, ..., n. 4)

JaHHBIA KPUTEPU SIBJISIETCSI YaCTHBIM CiydaeM OoJjiee OOILUEro yTBEp:KACHUS O paBHOMEP-
HBIX amIpoOKCUMALMSIX APOOHO-palMOHAIbHBIMUA (DYHKUMSIMUA, KOTOpbIE OBLIM MCCJIeI0BaHbI
I1. JI. YeObleBoIM B ero Memyapax [17] (cM. Takke pabotel [6, 7]). MeMyapbl He ObUIM OITY-
OJIMKOBaHBI, ITI03TOMY TOYHYIO AaTy, Korma ObLI ITOJyYeH MaHHBIA pe3yJbTaT, YCTAHOBUTH JI0O-
CTaTOYHO cJI0XHO. CiemayeT OTMETUTD, YTO 3aJadyeil 0 HauaydlleM paBHOMEPHOM MPUOIKEHUN
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mHorowieHamu I1. JI. YeObllieB aKTMBHO MHTEpecOBajcs M paHee (CM., Hallpumep, padboTy
[16]), a k uaesaM, BbICKAa3aHHLIM B [17], OH HEOOHOKPATHO BO3BPALLAJICS BIIOCICICTBUU (CM.,
HarpumMmep, ero Tpyasl [18]).

Janee mpuBOIMTCS COBPEMEHHOE 10KA3aTeJIbCTBO KpuTepusi YeOrblieBa Ij11 MHOTOWIEHOB,
HalMeHee OTKJIOHSIIOLIMXCS OT HYJISI, KOTOpOe IJIsl yIoOCTBa U3JIOKEHHUSI pa30UTO Ha HECKOJIbKO
BCIIOMOTIaTeJIbHBIX YTBEPXKICHUI 2 — 6: OllcHKAa HOPMBI (2) CBEepXy M CHM3Y, CYLISCTBOBaHUE
OITUMAJILHOTO PelIeHUs, TOCTATOYHOCTb KpuTepus: YeoOnlieBa, He0OOXO0AMMOCTh Kputepus Ye-
OblllIeBa, SAMHCTBEHHOCTD PELLICHUS.

OueBMOHO, 4YTO Ipu BbIOJHeHUU yciaoBuili (3), (4) cHOpaBeIUMBO PaBEHCTBO
max |g(x)p(x)| = |e|. Toukn x, < x, <x, <...<x  uHTEpBaNa [a, b| ¢ yepemyrOIMMHUCA T10-
JIOXKUTEIbHBIMA MUHUMYMaMHU U OTPULIATEIbHBIMM MaKCUMyMaMHU, PaBHBIMU 10 aOCOJIOTHOM
BeJIMUMHE MaKCUMYMY MOIYJISI HccienyeMoi (pyHKIIMM, Ha3bIBalOTCSl ajbTepHaHCOM YeOrlie-
Ba. CoracHo Teopeme YeOnlleBa 00 ajabTepHaHce [6, 7, 16 — 20], paccMaTpuBaecMoe YCJIOBUE
SIBJISIETCSI HEOOXOAUMBIM M AOCTAaTOYHBIM, YTOOBI MHOTOWIEH p(x) ObUI pPELIEeHUWEM ONTUMU3A-
LIMOHHOM 3agaun (2), mpyu4eM TaKoe PellecHME BCErga CYLIESCTBYET U SIBJISIETCS €IMHCTBEHHBIM.

a)

Puc. 1. Muorounenst Yebbiuesa 7' (x) ipu n =5 (a), 8 (b) u 16 (¢), KoTOphbIe
HauMMeHee OTKJIOHSIIOTCSI OT HyJis Ha oTpeske [—1, +1]

I'pacduku mHOrowieHoB YeOniiieBa nepBoro poaa [1 — 3], AeMOHCTpUPYIOLIKE BHIIIOJHEHUE
JaHHOTO ycoBusi Ha uHtepBaie [—1, +1] c Becom g(x) = 1, npuBeaeHsl Ha puc. 1.

B cootBerctBUM ¢ ycaoBusimu (3), (4), 1Uis1 ONTUMAIbHOIO MHOToO4IeHa p(x) ¢ koadduumeH-
TOM IIPU CTapIleil CTENEHU, PABHbIM €IUHUIIE, UMEETCSl HAOOp U3 72 + 1 MPOOHBIX TOYEK X,, B
KOTOPBIX OTKJIOHEHHME OT HYJIS g(X)p(X) UMEET JOKAJIbHbIE YEPEAYIOLIMECS OTPULIATEIbHBIE MU~
HUMYMBI U TIOJIOKUTEIbHBIE MAKCUMYMBI, PaBHbIC *|€|, TpuyeM 3HAUEHUST STUX MUHUMYMOB U
MaKCHUMYMOB SIBJISIIOTCS IJIOOAJIbHBIMU Ha MHTEepBae [a, b].

JaHHBII KPUTEPUil SBISIETCS YACTHBIM ciydaeM Teopuu YeOblieBa 0 MMHMMAKCHON am-
MpoKCcUMaLUY (QYHKLUIA ¢ TIOMOILIBIO APOOHO-pAalMOHAIBLHBIX QYHKIMIA [6, 7], OQHAKO B CIIy-
yae MHOTOWICHOB, HAaMMEHEee OTKJIOHSIOLIMXCS OT HYJsSI, A0Ka3aTeJIbCTBO COOTBETCTBYIOIIMX
YTBEPKICHUN YIIPOILACTCS.
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YrBepxkaenune 2 (teopema Bamte — INyccena [6, 7, 21 — 23]). Ecau ¢hynkuus q(x)p(x) oasn Heko-
mopoeo MHO204AeHa p(X) cmeneHu n co CMapuum Kodp@duuuenmom, pasrsim eouHuye, NPUHUMaem
6 N nocaedosamenvioix mouxax x, < x, < ...<x, , unmepeana [a, b] omauunble om YA 3HAHEHUS
Ay Ay ooy M| € uepedyrowumucs 3naxamu, ede N > n + I, mo 05 1106020 0py2020 mHozourena r(x)
Cmenexu n co Cmapuum Kodgguyuenmom, pasrvim eouruye, cnpageoiluso cOOMHOULeHUe

max |g(x)r(x)| = min {{Al, [A,[, ..., [y [

HoxkaszatenbcTBO. [lycTh MMeeTCs MHOTOUIEH 7(X), AJII KOTOPOTO BBIMOJIHSETCS YCJIOBUE
max |g(x)r(x)| < min (A, A, ..., A [). Bynem cuurats, yro B mociemoBaTeNbHOCTH X, 1Sk
YETHBIX TOYEK 3HAYCHUS ¢(X,)p(X,) CTPOTO MONIOKUTEIbHbIE, & JUIST HEYCTHBIX — CTPOTO OTPUIIA-
TenbHbIe. (PaccykmeHus: aHaATIOTMYHbBI, KOTJA IS HEYETHBIX TOYeK 3HAYEHUS TTOJIOKUTEIbHBIE,
a Il YETHBIX — OTPUMLATEJbHbIE). DTO O3HAYAET, YTO B YETHBIX TOUKAX X, BBIIIOIHEHO yCJIOBUE

q(x)r(x) < b = q(x)p(x),

a B HEUCTHBIX TOUYKaX Xk — YCJI0OBUEC
Q(xk)r(xk) > _|7\'k| = q(xk)p(xk)'

B pesynbrare BemnmuuHa g(x)[p(x) — r(x)] — CTpOro mojioXuTeIbHA B YETHBIX TOYKAX X, U
CTPOro OTPHILIATEIbHA B HEYETHBIX X,. 3HAYECHUsI ¢(X,) HE OOPAIIAIOTCS B HYJb U, CIICI0BATENb-
HO, — CTPOTO MOJOXHUTEeIbHbI. He paBHBIN TOXIECTBEHHO HYJII0 MHOTOWIEH p(X) — 7(X) CTENEHU
n — 1 mornepeMeHHO MPUHUMAET ITOJIOXUTENIbHBIC U OTpULIATS/IbHBIC 3HAYCHMSI KAK MUHUMYM B
n + 1 Toukax v, B CUJIy 3TOr0, UMEEeT He MeHee n HyJeil. CiaenoBaTe/IbHO, MHOTOWIEH #(X), IJIs
KOTOPOTO

max |g()r()] < min (A, i, - oy D,
HE CYILECTBYET.

VYT1BepxkaeHue 2 10Ka3aHo.

3ameuanue. Teopema Bamie — IlyceHa mo3BOJISIET MOJYYUTh ST PEIIEHUS] ONTUMU3ALIMOH-
Hol 3anaum (2) oueHky cHmsy. Ecnmu A, A, ..., A | — 9TO JIOKaJIbHbIE MAKCUMYMBI 1 MUHUMYMbI
byHkunmn g(x)r(x) ¢ yepenyrolUMUCA 3HAKAMM, TO Takas KOHCTPYKLHMS HAa3bIBA€TCS albTep-
HaHcoM Bamne — IlycceHa, u ojis pellieHUsI ONTUMU3aLMOHHON 3amaun (2) oHa JaeT He TOJbKO
OLIEHKY CHM3Y, HO M OLEHKY CBEpXy, paBHyto max {[A |, [A [, ..., A [}.

YrBepxaenue 3. Cywecmeyem mHo2ouAeH p(X), KOmMOpblil obechnevugaem peuleHue onmumu3ayi-
onHOU 3adauu (2).

JaHHOe YTBEpXICHUE SIBISICTCS BaKHBIM, IMOCKOJIBKY MCKIIOYAeT M3 PACCMOTPEHUST Bapu-
aHT, KOTJa €CTh MHOTOWICHBI p,(x) cO Bce Oosee u Oojiee YMEHBIIAIOUIMMUCS 3HAYCHUSIMU
P, = max |g(x)p,(x)|, B TO BpeMs KaK MMHMMYyM 3TOii BEJIMYMHBI HUKOTAA HE JOCTUTAeTCs Ha
MHOXECTBE MHOTIOWICHOB (DMKCHPOBAHHON CTeleHU. B 4yacTHOCTM, HE CYILIECTBYET PEIICHMS
ONTUMU3ALMOHHON 3anauu (2) 6€3 anpUOPHOro OrPaHUYEHMS CTENEHU MHOTOWIEHA p(x).

lokasaTenbcTBO. 3HaYeHusa BeduuuMH P, = max |g(x)p (x)| orpaHMYeHbl CHU3Y HYJIEM,
TIO9TOMY /ISl 3HAYEHUI P, HA MHOXECTBE MHOTOWIEHOB CYLIECTBYET TOYHAsk HUXHSAS TPaHb P.
B cooTBeTCTBUM ¢ OIpeAcieHMEeM TOYHOM HUWXKHE IpaHM, CYLISCTBYET IIOCICHOBATEIHHOCTh
MHOTOUWIEHOB p (X) CTETIECHHU

pX)=a,ta x+ta, x>+ +ta ,x""+x",

js Kotopoid P < P, <2Pwu lim P, = P npu k—oo.

CrenoBareibHO, HauMHAsi ¢ HEKOTOPOro Homepa k, 3HAYeHUS] MHOTOYIEHOB p,(x) Ha WH-
TepBajie [a + 0, b — 8] (rme & MOCTaTOUYHO Mayio) OYIyT OrpaHUYCHBI CBEPXY U CHU3Y (MPU 3TOM
OT KOHILIOB MHTEpBajia MPUILIOCH CACIATh OTCTYII, YTOOBI YYECTh Cy4aii, KOrga HeIlpepbiBHAS
BecoBasg PyHKUMS ¢(x) HA KOHLIAX MHTEPBaAJIa MOXET ObITh paBHa HyJ10). M3 dopmyibl Jlarpan-
xa [15] mia MHOrOYNEeHa p(x) CTeneHu n, KOTOPbIA B 1 + | 3amaHHBIX TOYKAX X, TPUHUMAET

3HAYCHUA yk N UMECT BUL ( )
x—xi
p(x)z Z Y H ( x.) ’

Jj=ln+1 i=l,n+l,i#j xj -
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CJIEMyeT, YTO, KOraa B 72 + 1 GMKCMPOBaHHBIX TOYKAX X, 3HAYEHUsI MHOTOUWIEHA , OTPAHUYECHBI
CBEpPXY U CHU3Y, KaXIblii U3 KO3(M(PULIMEHTOB MHOTOUIeHA 110 OTACALHOCTH TaKXKE OrpaHUYCH
CBepXy U cHU3y. B coorBeTcTBUU ¢ TeopeMoil bonbuano — Beiiepiurpacca (iemma bonbliano —
Beiiepiurpacca) o npeneibHOM TOUKE, WIS J1I000i 0€CKOHEYHOI OrpaHMYEHHOM I10C/IeI0BaTeIb-
HOCTHM TOYEK IPOCTPAHCTBA R" MOXHO BBIICIUTH OCCKOHEYHYIO IOANOCICI0BATEILHOCTh, KO-
Topast OyAeT UMETh IpeaesibHOe 3HaueHue. [1oaTroMy B paccMaTpuBaeMoil IOCIEI0BATEIbHOCTI
MHOTOWIEHOB p,(X) (NPEACTABIEHbl B BUIE BEKTOPOB JUIMHBI 72 + 1, COCTOSAIIMX U3 OrpaHUYEH-
HBIX CBEPXY U CHU3Y KO3(P(PUIIMEHTOB MHOTOUYJIeHa) MOXHO BBIOPATh TaKyIO MOAMNOC/IEI0BATEIb-
HOCTb, B KOTOPO1 [IJIsT KaXKI0ro U3 KO3(POULUNEHTOB MHOTOWICHA UMEETCs IIpee)l.

Jpyrumu cioBaMu, UMEETCsl TakKasi MOCIEN0BATENbHOCTh MHOTOWIEHOB p,(X), s KOTOPOi
lim P = P npu k — o0, a y K0O3(GULIMEHTOB MHOTOUJICHOB P, (X) IMEIOTCs TIpe/ie/ibHbIe 3HaYe-
Hug b =lim a,, ipu k — oo. OYeBUAHO, 3TO YCIOBHUE BBIMOIHSAETCA B TOM YMCJIE U JUISl CTAPLINX
KO3 OULIMEHTOB MHOTOYJIEHOB P,(X), IO OTPE/Ie/ICHUIO PABHBIX €IUHUIIE.

PaccmoTrpum MHoOrowieH 7(x) ¢ koaddulmeHTaMu bj:

r(x)=b,+bx+bx’+...+b x"'+x"

Mockomeky b, = lim a,,, 1ist 1060r0 HUKCUPOBAHHOTO 3HAYCHHS X BBITIOIHSTCS YCIOBHE
lim p (x) = r(x) npu k—o0,

IIpUYeM CTpeMJIeHHE K IIpeaeiy sSIBSIETCsS paBHOMEPHBIM Ha paccMaTpMBaeMOM KOHEYHOM HH-
TepBaje 3HayeHuil x. I3 HepaBeHCTBa

max |g(x)r(x)| = max |g(x) {p,(x) + [r(x) - p,(O)]}] <
< max |g(x)p,(x)] + max |g(x)]-max |r(x)-p,(x)|

crenyet, 4to max |g(x)r(x)| = P.

JleiicTBUTEIbHO, max |g(x)r(x)| He MOXeT ObITh MeHbIlIe P; B TO Xe BpeMsi Mpu k — 0o mep-
BOE€ CjlaracMoe B IIpaBOM 4acTW HEpPaBEHCTBAa CTPeMUTCS K P, a BTopoe cjlaraeMoe — K HYJIIO.
TaxuMm obpa3oM, IJIs1 MHOrowieHa 7(x) BeJndrHa (2) JOCTUIaeT CBOSU HIUXKHEH rpaHuibl P.

VYTBepxaeHue 3 moka3aHo.

VrBepxknenne 4. Ecau das mHoeounena p(x) evinoarenst ycaosus (3), (4) kpumepus Yeobwviesa,
Mo ONMUMAAbHOE 3HAYeHUe 045 NPAGoll 4acmu ONMUMU3AUUOHHOU 3adauu (2) pasho |e|, a mHo2ou-
AeH p(x) (603M0CHO, 00UH U3 MHO2UX) 0becneuusaem 0OCMUNCEHUE dM020 ONMUMYMA.

HokazaTeabcTBO. lJIsi MHOrOWIEHa p(X), yAOBJIETBOPSIOLIETO KpuTeputo YeOblliesa, Bbl-
noJiHsieTcst yciaoBue max|g(x)p(x)| = |g|, Tak 4TO peleHUe ONTUMU3ALMOHHON 3amaun (2) He
MIPEBBIIIACT BEIMIMHBI |€|. OIHAKO TTOCKOJBbKY ajbTepHaHC YeObllieBa sIBISETCS CIeNUaTbHBIM
ciydyaeM anbTepHaHca Bane — IlycceHa, To, cormacHo TeopeMe Bamne — Ilyccena (cMm. YTBepxk-
JeHue 2), pelieHre ONTUMU3AIMOHHON 3a1a4u (2) He MOXeT ObITh MeHblle [€|. ClieoBaTe/bHO,
pelleHrue ONTUMM3AIMOHHON 3aiauu (2) paBHO |€|, a MHOTOWIEH p(X) 0OecreuynBaeT JOCTUXKe-
HHUE 3TOT0 ONTUMYyMa.

VYTBepxaeHue 4 noka3aHo.

VrBepxkaenne 5. Muoeounen p(x), obecneuusaroujuii peuieHue onMuMuU3ayuoHHoU 3adauu (2),
00s3an ydoeremeopams kKpumepuro Yeovimesa (cm. Ymeepaucoenue 1).

NokazatenbcTBO. PaccMoTpum moBeneHue dbyHkuuu F(x) = g(x)p(x) Ha otpeske [a, b].
OyHkuus g(x) MOXeT o0palllaThCsl B HYJIb TOJIbKO Ha KOHIIAX MHTEpBaja, MO3TOMY YMCIIO HYJei
¢yHkuuu F(x) BHYTpU MHTEepBaja KOHEYHO, HE MPEBIIIACT 7, a BCE HYJIM — 3TO U30JMPOBaH-
HbIC TOYKM.

IIyctp Vis Vo ey ¥, T OTO YHNOPSITOYCHHBIN Habop M3 HYyJIEW HEYETHOW KpaTHOCTU
IIJIsI 3TOM HEMpPepbhIBHON (PYyHKLUMU (BO3MOXKHO, OH HE COACPXKUT HU OZHOM Touku). Touku
V> Vys --e» ¥, PA3OMBAIOT OTPE3OK [a, b] Ha m + 1 UHTEpBAJIOB, HA KaXIOM U3 KOTOPBIX (DYHKIIMS
Fl (x) mpuHUMaeET MOIEPEMEHHO TO IIOJOXUTENIbHOe, TO OTpUlaTeIbHOEe 3HaueHue. Eciu xe y
dyHkunu F(x) HET HyJei, TO BeCh OTPE30K [a, b] mpeacTaBiseT co00il MHTEPBAJ, HA KOTOPOM
¢yHkuus F(x) monoxuTeabHa WM Ha KOTOPOM OHAa OTpHUIIaTesIbHa.

s MHTEpBaJIOB C MOJOXUTEIbHBIMM 3HAaUeHUSIMU F(x) BbIOMpaeM TOUKY C MaKCHMallb-
HBIM 3HayeHUEeM (PYHKLIMU HAa 3TOM MHTEpBaje (BO3MOXKHO, OHA HE €IMHCTBEHHAs Ha 3TOM
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UHTEpBaje), a 11 UHTEPBAJIOB C OTPULIATEIbHBIMU 3HAUCHUSIMU F(X) BbIOMpaeM TOUYKY C MU-
HUMAJIbHBIM 3HaYeHUEM (QYHKIMU Ha 3TOM WHTepBaje. [lomyyaem HabOp TOYEK V|, V,, -y V,
KOTOpbIE pa3dUBAIOT OTPE30K [a, b] Ha m + 1 UHTepBaIOB, HA KOTOPBIX (GYHKLIMS F(X)COXpaHSIeT
CBOI1 3HAK, HO U3MEHSET €ro Ipu Iepexoie Yepe3 rpaHully MHTepBajia. Habop ke mpuHapiexa-
IMX OTUM WHTEPBAIAM TOYEK X, X, X,, ..., X , X . , HE COBINANAMOIINX C KOHIAMH UHTEPBAJIOB,
COCTOMT U3 YEPEMYIOIIMXCS MONOKUTENBHBIX MAKCUMYMOB M OTPMLIATEbHBIX MUHUMYMOB A, A,
Ay, oo h byHKIMM F(X).

ITyctb A= max|A,|. Ecim Ha kakoM-1mM00 MHTepBajie MakCMMyM PaBeH A, a Ha COCEIHEM
(mocneayolieM WK MPEaLIeCTBYIOIIEM) NHTEpBajie MOAYJIb MUHMMYMa MEHbIIIEe A, TO TOT UH-
TepBajJ BMECTE C MOCJICAYIOIIMM UHTEPBAJIOM C ITOJOXUTEIbHBIM MAKCUMYMOM, HE3aBUCHMO OT
ero 3HayeHus, MPUCOEAUHSIETCSI K TeKylleMy MHTepBany (puc. 2, a). IlonyyeHHBII MHTEpBa
o01amaeT TeM CBOMCTBOM, YTO M3 (PYHKILIMU F(X) MOXHO BBIYECTh TAKyIO ITOJIOKUTEJIbHYIO KOH-
CTaHTY, YTOOBI IMOJIOXKUTEIbHBI MAKCUMYM (DYHKIIMK HA MHTEPBaJie YMEHBIIWICS, HO IIPU 3TOM
MOJIYJIb OTPULIATEILHOTO MUHUMYMa (DYHKIIMM Ha MHTEePBajle YBEJIUUWICS He HACTOJIbKO, YTOObI
MPEBBICUTH HOBBIM MOJIOXKUTEIbHBI MaKCUMYM.

a)
F

1.0

0.5

30 0 20 30 40 x

-0.5

-0.5

Puc. 2. Ilpoueaypa o0beIMHEHNSI OTPE3KOB C YePEeAYIOIIUMUCS 3HAKOIIEPEMEHHBIMA MaKCUMyMaMU
U MUHUMyMaMmu TIpU KOHCTPYMpPOBaHMU ajbTepHaHca YeObiieBa (AiMHA O0ObEAMHEHHBIX OTPE3KOB
nokKa3zaHa MeXJy BbIHOCHBIMU JTUHUSIMU):

a — OJMHOYHBINA MJIM HECKOJILKO I10CJIe10BATEILHO PACIIOIOXKECHHBIX MUHUMYMOB JIC2KAT BbILLIEC MMHUMAJILHOTO
ypoBHS GyHKIUM F(X); b — OMMHOYHBIN WJIM HECKOJIBKO ITOCIEI0BATEIbHO PACIION0XEHHBIX MAaKCMYMOB JIeXKaT
HMNXKE €€ MaKCUMaJIbHOI'0O YPOBH:I.

DKCTpeMyMBI YKa3aHbI CTpeIKaMU

To4HO TaK Xe, eC/Ii Ha KAKOM-TO MHTepBajie MUHUMYM PaBeH —A, a Ha COCEIHEM MHTEpBaJe
MaKCHMyM MEHbIIIE A, TO 3TOT MHTEPBal BMECTE C IMOCJIECIYIOIIMM MHTEPBAIOM, COACPXKALIUM
OTpULIATEIbHBIA MUHUMYM, IIPUCOEANHSIETCS K TEKYIeMy UHTepBany (cM. puc. 2, b). Jlist aToro
nHTepBaia K (GpyHKUuU F(x) MOXHO IpUOABUTH TaKyl ITOJOXKUTEIbHYIO KOHCTAHTY, KOTOpas
Obl YMeHbIIAJIa aOCOMIOTHOE 3HAUYCHUE OTPULIATEIbHOIO MUMHUMYMa (DYHKIIUM Ha MHTEpBaJie, HO
IIPY 3TOM ITOJIOXKUTEJIbHBIM MaKCUMYM (DYHKIIMM HAa MHTEpBaJie YBeJInMUrBaja Obl HE HACTOJIBKO,
YTOOBI IIPEBLIILIAJIOCH A0COIIOTHOE 3HAYeHUEe HOBOI'O OTPUIATEILHOIO MUHMMYMA.

B koHeuyHOM uTOTe Ha MHTepBajie [a, b| IS 3aMaHHOTO MHOTOWIEHa p(X) OydeT MoxydyeH
Habop 13 N MHTEPBAIOB U TMPUHAIEKAIIUX UM TOYCK X, X, X,, ..., X, | C YePEHYIOLUMMUCS
MOJIOXKUTEILHBIMU MAaKCUMYMaMU U OTPULIATEIbHBIMA MUHUMyMaM# (DYHKLIMU F(X), paBHBIMU
+¢, rae € = max |g(x)p(x)|. Eciu xe N Oonbiue mnm paBHO 7 + 1, To TaKoil MHOTOWIEH p(X)
YIOBJICTBOPSIET KpuTepuio YeOblllieBa 1, B COOTBETCTBUM C yYTBEpKACHUEM 2, OymeT pelieHUueM
OINTUMM3ALIMOHHOM 3amauu (2).

IIycts N Tenepb MeHbllie WU paBHO #. Ha aTane oO0beanMHEHMSI MHTEPBAJOB ObLIM OIIpee-
JIeHbI TPAHUIIBI HOBBIX MHTEPBAIOB — HA0Op TOYEK V|, V,, .-, ¥\ ;» B KOTOPBIX pyHKIMsS F(X)
oOpalaeTcsl B HyJIb U MEHSIET CBOM 3HaK. Takxke MMEIOTCS KOHCTaHTHI O, > 0 M yHUBepcasb-
Has KOHCTaHTa 0 = min Sk. OTU KOHCTAaHTBHl MOXHO BBIUMTATh M3 (yHKIUM F(x) HAa MHTEepBa-
JIaX C MOJIOXKUTEIbHBIMM MaKCHUMyMaMM WIM HpuOaBIsATh K (GyHKUMU F(X) Ha MHTEepBajax C
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OTpULIATEIbHBIMM MUHUMYMaMM, YMEHbIIasl Ipyd 3TOM MUHUMAKCHYI0 HOPMY Ha COOTBETCTBY-
IOIIIEM MHTEepBaJe.

IIycts Ha mepBoM uHTepBasie (YHKIUS F(X) IpUHUMAET IOJOXUTEIbHbIE 3HaUeHMS (pac-
CYXIEeHUSI aHAJIOTUYHBI, €CJIM Ha IIEpBOM MHTepBayie (PyHKUM F(x) MIpUHUMAET OTpULIaTEIbHbIE
3HaueHus1). Paccmorpum ¢dyHkuuio Q(x), KoTopas MpenctaBiseTr codoil mpousBeaeHue MHOTO-
YJieHa CTENEeHU He Bbile 7 — 1 ¥ BecoBOUl pyHKUIMU g(X):

O(x) = gy, =)y, =) = - (¥, = %).

Oyukuus Q(x) CTpOro MoJOXUTEIbHA HA TeX UHTEpBaax, IJe MMeeTcsl YeObIIeBCKUIT MaK-
cuMyM GyHKIUM F(x), 1 CTpOro oTpMuaTtesibHa Ha TeX, IIe MMEETCS YeOBIIIEBCKUIT MUHUMYM
9TOI (PYHKIIUU.

IMycts R = max |Q(x)|. Eciu Beruects u3 pyHkumu F(x) dynkuuo sQ(x) ¢ AOCTaATOYHO
MaJIbIM TIOJIOXKUTEIBHBIM MHOXMTEIEM s (HampuMep, MOXHO BbIOpath s = (6/R)), TO 3TO 6e30-
IMaCHBIM 00pa3oM YMEHBIIUT IOJOXKUTEIbHbIE MAKCUMYMbI (DYHKIUU F(X) 1 YMEHBIIUT €€ OT-
puIaTeIbHbIe MUHMMYMBI, M TEM CaMbIM YMEHBIINT BeJIMunHy max |[F(x)|. CiemoBaTebHO, pac-
CMaTpUBAEMbIii MHOTOWIEH p(X) HE MOXET CIYXUTh PELICHUEM [JIsl ONTUMU3ALMOHHON 3a1aun
(2), Tak KaK MOXHO IOJIyYMTb €llle MeHbIlIee 3HaUeHUe I max |[F(x)| mpu 3aMeHe TeKyIIero
MHOTro4JeHa p(Xx) creneHu n (ero crapuuii KoapdOUUUEHT paBeH €IMHULE) HOBBIM MHOTrOYJIe-
HOM 7(X) CTeeHU 7, y KOTOPOTO CTaplIMii KO3((ULIMEHT TakxKe OyIeT paBeH eAUHUIIL:

G(x)= Fx) = (3/R)Q(x) = g(x)p(x) = (B/R)g(x)(y, =x) - - (¥, = X) =
=q@)[px) = B/R) (v, =x) = - - (¥, =0)] = gX)r(x),

max |G(x)| < max |F(x)|.

Takum 00pa3oM, ONTUMAIbHBII MHOTOWIEH CTEIIEHU 7, PACCMOTPEHHBIN B YTBEPKIACHUU 3,
00s13aH yIOBJIETBOPSTh Kputeputo YeOnlliena.

VYTBepxkaeHue 5 1oka3aHo.

VrBepxkaenune 6. Muozounren p(x), yooeasemeopsarouuil kpumepuro Yebviesa u odbecneuusarouyuil
peuleHue onmumMu3auuorHou 3adauu (2), a64s1emcs eOuHCMEEeHHbIM.

HoxkazatenbcTBo. [lycTh MMEIOTCS nBa MHOTOWIEHA p(X) U 7(X) CTENMEHU 71, Y KOTOPBIX
crapuire Ko3(UIKUEHTH paBHbI ¢IMHUIIE ¥ KOTOPHIC SIBISIOTCS PELIeHUEM ONTUMU3aLMOHHOMN
3apauu (2). [TockonbKy MHOTOWIEHBI p(X) U #(X) HE paBHbI TOXAECTBEHHO HYJIIO, ¥ BBIPDAXKEHUI
q(x)p(x) m g(x)r(x) Ha uHTepBase [a, b| UMEIOTCST He paBHbIE HYJIO MAKCUMYMbl I MUHUMYMBI.

B cooTBeTcTBUMU € YTBEPXACHUEM S5, KaXIblii U3 MHOTOWIEHOB p(X) U 7(X) YIOBJIETBOPSET
kputepuio YebbieBa, npuuyeM 3HaueHue € # 0 Ik HUX OAHO U TO Xe. MHOroujieHbl BUaa

s(x, a) = (1 — a)p(x) + ar(x)

OyayT MHOTrOYJIeHaMM CTEIeHHU N ¢ eAMHUYHBIM K03(hGULIMEHTOM IIpU cTaplieil creneHu. [Ipu
0 <o <1 3TM MHOTOWICHBI TAKXKE SBIISIOTCS PELICHUSIMM ONTUMM3ALMOHHON 3amauu (2): u3
LIETIOYKY HEPaBEHCTB

lg(0)s(x,0)] = [g()[(1 — e)p(x) + ar(x)]| < (1 - a)|lg(x)p(x)] + alg)r(x)| < [¢|
cnenyer, yro max |g(x)s(x,a) < |g/, a mockoibKy ciydyail max |g(x)s(x,0)] < |&| HeBO3MO-

KeH B CWJIY TOrO, YTO || — 3TO pellleHWe ONTUMU3ALMOHHON 3amauu (2), Mmojaydaem, 4TO
max |g(x)s(x,0)| = [e].
[Mycte x|, X,, ..., X | — 9TO YEOBIIICBCKIE TOUYKU YKIOHEHHUS C YePEAYIOIIMMUICI MAKCUMyMa-

MU U MUHUMYMamu QyHKuuu g(x)s(x,0), paBHbIMU £&. Eciv X, — 3TO TOYKa OTPULIATETHHOTO
MuHUMyMa GyHKIMU g(x)s(x,0), paBHOrO —|€|, TO U3 yCIOBMIA

q(x)s(x,0) = (1 — a)g(x)p(x,) + ag(x)r(x,) =],
q(xk)p(xk) z _|8|’ q(xk)r(xk) = _’8‘7 0<a<l
CJIEAYET, YTO Cay4dail, Koraa
q(x)p(x,) = —fe[ m g(x )r(x,) = e,
— €IMHCTBEHHO BO3MOXKHBIN.
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AHaJOTMYHBIM 00pa3oM, eciM X, — 3TO TOYKa MOJIOXHUTEIbHOTO MakCUMyma (GyHKIUK
q(x)s(x,0), KOTOPBIi paBeH €|, TO U3 yCIOBUIA

>

q(x)s(x,,0) = (1 — )g(x)p(x,) + aglx)r(x,) = [¢],
q(x)p(x) < lgl, g(x)r(x,) <[], 0 <a <1,
cliedayeT, 4To
q(x)p(x,) = le| 1 g(x)r(x,) = [¢].
[TockonbKy 3HaU€HUSI MHOTOWIEHOB p(X) U 7(X) CTENEHU 1 CO CTapluUM KO3(pOULHUEHTOM,

PaBHBIM €IMHUIIE, ONUHAKOBbI B 72 + | PasiNYHBIX TOYKAX X, X,, ..., X, , 9T MHOTOWIEHbBI TOX-
JIIECTBEHHO PaBHBI APYT APYTY.

AJITOPUTM KOHCTPYMPOBAHUS MHOTOYJIEHA,
HanMeHee OTKJIOHSIOIErocs OT HyJis

n+1?

W3 npuseaeHHoro Bhille Kpurepus YeOolieBa (yrBepxkaeHue 1) ciaeayeT aJropuTM YUCICH-
HOTO IIOCTPOCHUSI MHOTOWICHOB, HAMMEHEE OTKJIOHSIOIIMXCS OT HYJISI, KOTOPBIA MpeACTaBiseT
c0o00lf UI3BMEHEHHBIN 1 ONTUMU3UPOBAHHBIN aaroput™m Pemesa [9 — 14].

Llae 1. ITpou3BOIBHBIM 0OPa30M BBIOMPAETCS HAYaIbHbIA HAOOP TOUYEK X, <X, <X, <... <X
MpUHAIJIeXALIUX UHTepBaiy [a, b].

llae 2. Jns Texyliero Habopa To4YeK

a<x <x <x,<..<x <bh
— 70 1 2 n—

71’

KOHCTPYMPYETCST MHOTOWIEH p(X) CTETEHU 71, JUISE KOTOPOTO BBITTOJHEHBI YCIOBHUST
g(x)p(x)=(1Y'npuk=0,1,2, .., n.

OueBUIHO, YTO TaKOW MHOTOWIEH CYILECTBYET, OIpeAesseTcs] €AMHCTBEHHBIM O0pa3oM U
MOKET OBITh BBIYMCJICH B SIBHOM Bue 1o ¢opMyse Jlarpanxa [15].

Illae 3. Inst MHOTOWIEHA p(X) HAaXOMATCS KOPHU, NMpUHAIJIexXalme uHTepsany [a, b]. Io-
CKOJIbKY Ha KpPasiX MHTEPBAJIOB [x, X, | 3HAYE€HUsI MHOTOWICHA p(X) UMEIOT Pa3Hble 3HAKHU, BHY-
TPU KaXIO0ro TAaKOrO MHTEpBaja CyLIECTBYET MO KpallHEe Mepe OJMH KOPEHb MHOTOWIEHA p(X).
WmeeTcst pOBHO 72 TaKMX MHTEPBAJIOB, MO3TOMY Ha KAXIOM U3 MHTEPBAIOB [x,, X, | MMeeTcs
POBHO OIIMH KOPEHb, a BCE KOPHU MHOTOYJIEHA p(X) — BELLECTBEHHBIC, TPUHAJIEXKAT UHTEPBATY
[a, b] n He aBasioTCa KpaTHBIMKU. OmpeaeeHrue dTUX KOPHEH ¢ MOMOIIbBIO MOAXOSILEro Ync-
JICHHOTO MeTOJa He MpPeACTaBJIsIeT TPYIHOCTHU.

llae 4. K criucky KOpHei

a<y <y,< __,<yn<b,

MpUHAIJIEXALIUX UHTEpBaly [a, b], KoTopble ObLIM HaiiieHbl Ha 1uare 3, MOOABISIOTCS Haya-
JIO M KOHel MHTepBana y, =a u y . = b. [1ocKoJIbKy Ha MHTepBanax [y, y,,,] MHOTO4YIEH p(X)
CTEIEHU 71 COXPAHSIET 3HAK, HA KaXIOM U3 UHTEPBAIOB [y,, v, | cyliecTByeT b0 riao0anbHbIi
MaKCUMYyM (IIPU MOJIOXXKUTEIbHBIX 3HAUCHMSIX MHOTOUYJIEHA), JIMOO IJI00AJbHbI MUHUMYM (IIpU
OTPHULIATEJIbHBIX 3HAYEHUAX MHOTOWIEeHA) 1U1sl PyHKUMM q(x)p(x). Eciu dpyHKus g(x) MeHsercs
JIOCTATOYHO MEUIEHHO, YTOOBI Ha MaJloM WHTepBase [y,, ¥, | € MOXHO ObLIO Obl CYUTATH KOH-
CTaHTOW (TUMUYHbINA CIIy4Yail), TO HA KaXIOM U3 UHTEPBAIOB [y,, V| CYIIECTBYeT POBHO OJUH
JIOKaJIbHBIM MaKCUMYM JINOO MUHUMYM, COBHAMAIOIINIA TEM CaMbIM C IJI0OAJIbHBIM MaKCUMYMOM
100 MMHMMYMOM Ha 3TOM MHTEpBaje, MOCKOJIbKY MPOU3BOAHAS MHOTOWIEHA p(X) UMEET CTe-
MeHb # — 1 U B CHJIy 3TOr0 He MOXET UMETh OoJiee, yeM 1 — 1 HyJIeid.

Hae 5. Mlyctb a <z <z <z,<..<z < b — 3TO CIUCOK U3 YepeAYIOIIMXCS TTOJIOKUTETbHBIX
MaKCHMYMOB M OTPULATEJbHBIX MUHUMYMOB (DYHKIMU ¢(X)p(X), KOTOpbIE ObUIM HaWAEHbI Ha
miare 4. PaccMoTpuM B 3THX TOUKaX 3HAYeHUS

a(z)p(z) = (-1)e, mpuk=0,1,2, ...n,

KOTOpPBIE, B COOTBETCTBUU C ILIAroM 4, MHOJDKHBI OBITh TO MOJIOXUTEIbHBIMMU, TO OTPULATEIIb-
HBIMU DKCTPEMyMaMu JUisi WHTEPBATIOB [y,, V,,,] ¢ YMCTO MOJOXWUTEIbHBIMU WM C YUCTO
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OTPULIATEJbHBIMUA 3HaUYeHUsAMU QyHKUMU ¢(x)p(x). Eciu B mpenenax 3alaHHON TOYHOCTU BbI-
MIOJTHEHO YCJIOBUE €, ~ cOnst, TO MOJYYeH MHOTOWICH p(X), HAMMEHEEe YKIOHSIOUIMICS OT HY-
JISI U yaoBjieTBopsitoluii Kkpurepuio Yeowiesa. Ilpu atom u3 teopemsl Bamie — Ilyccena o
HaWIyylieM MpUOIKeHU (GYHKLIMU MHOTOWIeHAMM (CM. yTBepxkaeHue 2) [6, 7] ciemyer, 4To
TOYHBIN ONTUMYM JUIsl 3a1a4H (2) JIEXUT B IMana3oHe MeXIy minje,| m max|e | (¢ monpaBkoil Ha
TeKYILIUI MHOXUTENIb Iepel CTapliuM Ko3(h(GUINEHTOM MHOroWwieHa BMECTO e€AuMHUIIbI). Eciu
K€ 3HAYCHMS €, 3aMETHO OTIMYAIOTCS APYT OT Apyra, TO 3aMEHsIEM OpOOHbIE TOUKU

a<x <x <x,<..<x <b
— 70 1 2 n—

rotKamu a<z <z <z,<..<z <b
¥ BO3BpallaeMcs K mary 2.

Illae 6. Octanoch HOPMHUPOBATbH MHOTOWIEH p(X) Tak, YTOOBI ero crapiuuii koadbduuueHt
CTaJl paBHbIM enuHuLEe. [10CKOJIIbKY y MHOTOWIeHa p(X) UMEETCS 7 KOPHEM, a caM MHOTOYIEH
HE SIBJISIETCSI TOXISCTBEHHBIM HYJIEM, €ro CTapluuii Ko3((ULMEHT He MOXET OBbITh HYyJIEM U,
clleJoBaTeIbHO, TaKasi HOPMUPOBKA OCYIIECTBUMMA. [{OMOMHUTENbHBIM MOJE3HBIM PE3yJIbTaTOM
SIBJISIETCSI TIPWJIOXKEHUE K MHOTOWIEHY p(X) CIMCKA M3 71 BELLECTBEHHBIX KOPHEN MHOTrOYJeHa,
pacnoiOXXEeHHbIX Ha UHTepBaie [a, b] (HaiimeHbl Ha 1iare 3).

AJTOPUTM CXOAUTCSI CO CKOPOCTHIO F€OMETPUUECKOI IIPOrPeCCUM B CIASAYIOIIEM CMbICIIE: IS
J1I000# HENIPEPBIBHOM BeCOBOI (DYHKLIMU U IS JIF00OM cTerneHu 1 HaayTes takue yuciaa C >0
n 0 <A<1, wig KOTOPhIX

max [g(x)p(x)| < 1+ CV,
rae i — HOMEp UTepaluu.
a) b)
g g
40000

20000

0 .
0.2 0.6 0.8 0 »
04 0 0.2 0.4 0.6 0.8 1.0
-20000 s

-40000

n

-10

) d)
Y
1.0 1.0
VANAS R VANAY
0.0 02 0.0
-0.5
-1.0
-1.0

Puc. 3. Pesynbratel utepauuii g(x) = g(x)p(x) npu BbIYUCIEHUM MHOTOWIECHA p(X) MSATOM CTEIEHU,
HavMeHee YKJIOHSIIoIIerocst oT HyJisl Ha uHtepBaie [0, 1] ¢ Becom g(x) = x: HauaJIbHOE COCTOSTHUE
rocye mara 1 anrroputMa (a), a Takke nepsast (b), BTopas (c¢) 1 TpeTbs (d) utepanumn
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Puc. 4. Ocuwuisiuuu dbyHkuuu g(x) = g(x)p(x), HaMMeHee OTKJIOHSIIOLIEHCS OT HYJISI HA UHTEepBaJle
[0, 1] mpu n = 5 1 g(x) = x* (CTUIOIIHAS TVUHUS).
MaciurabupoBaHHbIil MHOTOWIeH YeOnimeBa crereHn 5 + 3 = §, cABUHYTHIN ¢ uHTepBaia [—1, +1]
Ha uHTepBan [0, 1], umeronumii 1 B KayecTBe cTapiiero ko3dduiMeHTa, IoKa3aH ITPUXOBOI JIUHUEH

Joka3aTesbCTBO CXOAMMOCTH IIPEACTaBICHHOIO aJlrOPUTMa aHAJIOTMYHO TaKOBOMY JIJIsI aJiro-
putMma Pemesa B MmoHorpacguu [11]. YucaeHHbIe 3KCIIEpUMEHTHI I0Ka3aIi, YTO BO BCEX IPAKTU-
YeCKM IIPOBEPEHHBIX CAydasix Halll aJITOPUTM OYE€Hb OBICTPO CXOIUJICS.

Ha puc. 3 nokaszaH pe3yJbTaT IpOBEPKU pabOTOCIIOCOOHOCTY aJropuTMa ISl Caydast

— — — 3 — 2 3 4 5
a=0,b=1,q(x)=xp(x)=a,+ax+ax’+ax’+ax*+x.

Bunno, 4To yXe TpeThsl UTepalusl 00eCIIeUnBaeT BIIOJHE IIpUEMJIEMOe OTKJIOHEHUE OT HYJIS.
AJITOpUTM OKOHYATEJIbHO CXOOUTCSI Ha IISITOM UTEepallUu.
PeiieHuem sIBasieTCSI MHOTOWIEH ¢ KO3 GUINEHTAMU

a,=-0,018464, a, = 0,712942, a, = 2,851981,
a,=4,650795, a, = ~3,493237.

OtkioHeHHE OT HyJisg paBHO 5,5-107°. CpaBHeHME MEXIY OTKJIOHEHUSIMU OT HYJISI MHOIO-
yieHa ¢(x)p(x) u MHorouaeHa YeOrbilieBa NeEPBOro poAa TOW XK€ CaMOi CTeNEeHU MOKAa3aHO Ha
puc. 4.

[MockonbKy BecoBasi (GyHKIIMS ¢(X) HA KAaKOM-TO M3 KOHIIOB MHTepBaia [a, b|] Moxer 00-
palaThCsl B HyJIb, TO IJI FapaHTUPOBAaHHOM BO3MOXKHOCTHM BBHIIIOJIHEHUS 1lIara 2 moTpedyeTcs,
YTOOBI IMPOOHBIE TOYKM, BEIOMpaeMble Ha Iiare 1, Jiexxaju CTporo BHYTpU MHTepBaia [a, b]:

a<x,<x <x,<..<x <b. (5)

OueBunHo, uto eciu g(a) = 0 6o g(b) = 0 u ipu 3TOM coxpaHsieTcst TpeboBaHue (5), TO HA
mare 5 TOYKU z, OYIyT yAOBIETBOPSITH YCIOBUIO

a<z <z <z <..<z <)h
0 1 2 n 2

B pe3yjbTaTe yero ycjoBue (5) COXpaHMTCS KakK Ha ClAeAylollell MTepallnu, TaK U Ha BCEX I10-
ciaenyomux. [ToaToMy m10oCcTaTOUHO 00ECIIEUUTDh BBHIIOJIHEHME YCI0BUs (5) Ha IEpPBOM Iliare aja-
ropUTM™Ma.

Hnst yayuineHus: paOOTHl ajlropuTMa Ha 1iare 1 peKoMeHIyeTcsl BhIOMpaTh B KayeCTBE Ha-
YyaJbHBIX TOYeK (5) Hyau MHorowieHa YeObllleBa MepBOro poja creneHu n + 1, nubo Mu-
HUMYMbl U MaKCHUMyMbl MHOrowieHa YeOblllIeBa BTOPOrO pola CTENEHU #, CMEIICHHBbIC U
MaciuTadupoBaHHble ¢ MHTepBana [—1, +1] Kk uHrepBany [a, b]. Ha 1mare 2 BMeCTO yCIIOBUS
qx)p(x,) = (—1)* pexomeHIyeTCA UCIONB30BaTh YCIOBHE

q(x)p(x) = (1)“[(b - a)/A]",

YTOOBI M30€XaTh HEOMPABIAHHO OOJIBLIIMX KOIDOUIIMEHTOB y MHOTOWIEHA p(x). Takoil BEIOOP
MaciuTadba COOTBETCTBYET OCLMJLISIIMSIM MHOTOWwIeHa YeOkrlleBa IepBOro pojaa CTeeHu 1 (Mu-
HUMAaJIbHO OTKJIOHSIIOLIETOCs OT HyJsl Ha oTpe3ke [—1, +1] ¢ Becom ¢(x) = 1), nepecurTaHHOTO
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oT uHTepBana [—1, +1] x untepsany [a, b] 1 MacIITAGUPOBAHHOTO TaK, YTOOBI CTapIINii KO3(D-
uLMeHT ObUI paBeH eIUMHUIIE?.

J1s1 HaxoXIeHUsl Ha 11are 2 MHOrouywileHa p(X), KOTOPBbIi MPUHUMAET B 3aJaHHBIX TOYKaxX
3aJaHHbIC 3HAUEHHUSI, HE PEKOMEHIYETCsI MCIIOJIb30BaTh MPSIMOE PEeLIeHUEe CUCTEMbI JIMHEIHBIX
ypaBHeHUit g(x )p(x,) = (—1)* oTHOCHTEIBHO HEM3BECTHBIX KOI(DDHUIIMEHTOB a. Marpuua Takux
JIMHEMHBIX ypaBHEHUH Ipu Oonbliux 7 (MaTpuua BaHmepmoHma) xapakrepusyeTcsl OOJIbLIMM
YHCJIOM OOYCJOBIEHHOCTH, B CUJIy Yero pe3y/IbTaT pellieHUs YpaBHEHUII BeChbMa YyBCTBUTEICH
K olIMOKaM OKPYIJICHMSI YuCes C IuiaBatolieii Toukoit [15]. @opmyna Jlarpanxka [15] misg MHO-
rouyjcHa CTeMeH!U 71, MPUHUMAIOIIETO B 3aJaHHbIX # + 1 TOUKax 3amaHHbIe 3HAYCHUSI, CBOOOIHA
OT NomO0HOI HeyCcTOMYMBOCTU. Ha mpakTuke BMecTO SIBHOI (hopMy:ibl JlarpaH:ka Ipyu OOJIbIINX
CTEMNEHSIX MHOTOWIEHA MOXHO IMPUMEHSTh UTEPAlMOHHYIO0 cxemy ONTKeHa [15], mo3Bosiio-
LIYIO 1Iar 3a IIaroM IpUOaBIsATb K yXe CYILISCTBYIOIIEMY MHTEPIIOJSILIMOHHOMY MHOTOWICHY
HOBYIO CTE€IIeHb 1 HOBYIO MHTEPIIOISILIMOHHYIO TOUKY. OIHAKO, 0 BCell BUAUMOCTHU, Jy4llle BCe-
ro MCIOJb30BaTh Ha 1are 2 OJHY M3 CXeM KOHEYHBIX pasHocTeil HbioToHa [15] BMecTO SIBHOIM
¢dopmyinnbl Jlarpanxka. ITockonbKy Bce, YTO TpeOyeT ajJrOpuTM, — 3TO BO3MOXKHOCTDH BBIUMCISTh
3HAYeHME MHOTOWIEHA p(X) B 3alaHHOM TOYKE X, 10 OKOHYaHUS pabOThl aJITOPUTMA HET HEOO-
XOIMMOCTH IIePeCcUUThIBaTh (hOpMY KOHEUHBIX pa3HocTeil HbloToHa B MHOrOYIeH, MpeacTaB-
JIEHHBIN B siBHOH opme (1).

CrenyeT Takxke OTMETUTDb, UTO BCE BBIUMCJIECHUSI HYKHO 110 BO3MOXHOCTH BBIIOJHSTH C BbI-
COKOIl TOYHOCTBIO, MTOCKOJIbKY OIIMOKM OKPYIJICHUSI, BHOCUMBIE Ha IMPOMEXKYTOYHBIX 3Tarax,
CIOCOOHBI MCKA3UTh Pe3yJbTaThl BBIUMCIACHUI CaMbIM HENPUSITHBIM 00pa3oM U IIPUBECTU K
HEYCTOMYMBOCTU aJITOPUTMA.

IIpu mpoBegeHMM BBIYMCICHMI HCTONb30oBanach mporpamMma Wolfram Mathematica Bepcun 11
[24].
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YCJIOBUS NYBJIUKAIIAUA CTATEN
B xkKypHaine «Hay4Ho-TexHn4ecKHe BeIOMOCTH
Cankr-IleTepOyprckoro rocynapcTBEHHOTO HOJINTEXHUYECKOTO YHUBEPCHUTETA.
DU3UKO-MaTeMaTUYECKUE HAyKI»

1.0BIIIME NOJIOKEHUA

Kypnan «Hayuno-texanueckue Beromoctu CankT-IleTepOyprekoro rocyjapcTBEHHOTO ITOJMTEXHUYECKOTO YHHBEP-
curera. OU3NKO-MATEMAaTUUECKUE HAYKW SBISIETCS MEPUOANYECKUM MEUaTHbIM HayYHBIM PELEH3UPYEMbIM U3JIaHHEM.
3aperucrpupoBan B DenepanbHoi ciayxOe 10 Haa30py B chepe MHPOPMAIIMOHHBIX TEXHOJIOTHH M MAacCOBBIX KOMMY-
nukanuit (CuperensctBo [T NedC77-52144 ot 11 nexabps 2012 r) m pacnpocTpaHseTcs 10 IOAIMHCKE areHTCTBA
«Pocrieuars» (nHnekc n3nanus 71823).

C 2008 roma »ypHaJl M3aBAJICS B COCTaBe cepHanbHOro m3nanus "HayuHo-texHmueckue Bemomoctu CITOITIV™.
CoxpaHsisi IPeeMCTBEHHOCTb M NPOJ0/IKAS HAy4YHble M NMYOIUKANUOHHbIC TPAAHLIHH CEPHATBHOIO HM3JaHUS
«Hayuno-texuudeckue Begomoctu CIIOITIY», :xypHa u3naBajiu noj cIBOCHHbIMU MeKAYHAPOIHbIMU CTAHAAPT-
HBIMH cepHaJbHbIMH HOMepamMu ISSN 1994-2354 (cepuaabhbrii) 2304-9782. B 2012 rogy oH 3aperucTpupoBaH Kak
camocrosTenbHoe nepuoanueckoe n3nanne ISSN 2304-9782 (Ceunerenserso o perucrparmu [TH Ne dC77-52144 ot 11
nexadps 2012 r). C 2012 . HavaT BBITYCK )KypHaJIa B ABYSI3bIYHOM O()OPMIICHUH.

Wznanme Bxoaut B IlepedeHb BeayIIMX HAay4HBIX PELEH3MPYEMBIX JKypHAJIOB M m3nanui (nepeueHr BAK) u npu-
HUMAaeT JUIsl TIe4aTd MaTepralibl HAy9HBIX MCCJICIOBAHUM, a TAKXKE CTaThH IS OMYOJIMKOBaHMSI OCHOBHBIX PE3yJIbTaTOB
JUccepTaluil Ha COMCKAHUE YUYEHOH CTENeHM JIOKTOpa HayK M KaHJIuAaTa HayK 110 CIEAYIOIIMM OCHOBHBIM HayUHBIM
HarpasieHusiM: @u3nka, Maremarnka, MexaHuka, BKIIo4as cieayronye mudpsl HayyHbIX crierpanbHocTei: 1.1.8.,
1.19,13.2.,133,134.,13.5,13.6.,13.7,13.8,1.3.11., 1.3.19.

XKypnan npencrasien B Pedeparusnom xypuaie BUHUTU PAH u BritoueH B ()oHA HayuHO-TEXHHUUYECKOW JIMTEpa-
typsl (HTJI) BUHUTU PAH, a takxe B MexxayHaponHo# cucteMe 1o nepuogundeckuM mananusm «Ulrich’s Periodicals
Directory». MnnexcupoBan B 0a3ax nanHbIX «Poccuiickuii nHaekc HayuHoro nutuposanus» (PMHIL), Web of Science
(Emerging Sources Citation Index).

[lepuoauuHOCTb BEIXOMA KypHAJIa — 4 HOMEpa B TOJ.

Penakius xypHaia coOioaeT npaBa MHTEILIEKTYaJIbHON COOCTBEHHOCTH M CO BCEMH aBTOPAaMM Hay4HBIX cTarei
3aKJIFOYAeT U3JaTelbCKUN JINIEH3UOHHBIN TOTOBOP.

2. TPEBOBAHMUS K TIPEJCTABJISIEMBIM MATEPUAJIAM
2.1. OdopmieHue MaTepHaJIOB

1. Pekomenayemslii o0beMm crareit — 12-20 crpanun ¢popmara A-4 ¢ yuerom rpaduueckux BiroxeHuid. KonmuectBo
rpaYecKuX BIOKCHUH (uarpamm, rpa)uKoB, PUCYHKOB, (oTOrpaduil U T.I1.) HE IOIKHO MPEBBIIAThH HIECTH.

2. Yucno aBTOPOB CTAaThH, KaK MPABHUIIO, HE JIOJDKHO NPEBBILIATH MSTH YEJIOBEK.

3. ABTOpBI JOIDKHBI MPUIEPKUBATHCS ClIeyIONIeH 0000IEHHOI CTPYKTYpBl CTaThH: BBOJHAS YaCTh (AKTyaJbHOCTB,
cylecTByouHe npoodiuemsl — ooseM 0,5 — 1 cTp.); OCHOBHAS YacTh (IOCTAHOBKA M ONMCAHUE 3a/la4H, METOANKA HCCIIe-
JIOBaHUS, U3JIOKEHNE U 00CY’KIEHHE OCHOBHBIX PE3YJIBTaTOB); 3aKJIIOUUTENIbHAS YaCTh (IPEUIOKEHMS, BBIBOIBI — 00BbEM
0,5 — 1 ctp.); cimcok muteparypsl (opopmierue o FOCT 7.0.5-2008).

B criucku nmureparypsl peKOMeHAyeTcsl BKIIIOYaTh CCHUIKM Ha Hay4HBIC CTAaThbH, MOHOTrpaduu, COOPHHMKU CTarew,
COOpHHKH KOH(]EPEHIHH, EKTPOHHBIE PECYPCHI C YKa3aHUEeM AaThl 00OpaIieHus, ITaTeHThI.

Kak npaBuiio, HeKeJ1aTeJbHbI CCHUIKM Ha JNCCEPTALMK U aBTopedepaTsl JuccepTanunii (Takue CChUIKH IOy CKal0T-
Csl, €CITM PE3YJIbTaThl HCCIICOBAHMHN ellle He OITyOJIMKOBAaHbI, MIIN HE TPECTABICHBI JOCTAaTOYHO TTOIPOOHO).

B crmcku nuTeparypbl He peKOMEHAyeTcsl BKJIIOYATh CCHUIKM Ha y4eOHHMKH, y4eOHO-METOIMYECKHE HOCOOUs,
koHcrekTs! Jekuuit, [OCToI u ap. HOpMaTHBHBIE IOKYMEHTBI, HA 3aKOHBI M [IOCTAHOBJICHHS, @ TAKXKE HA apXUBHBIC JIOKY-
MEHTBI (€CJIH BCE K€ HEOOXOMMO yKa3aTh TaKHe HCTOYHHKH, TO OHU O(OPMIISIOTCS B BHJIE CHOCOK).

Pexomentyemblii 00beM crMcKa JUTEpaTypsl st 0030pHBIX cTaTteldl — He MeHee 50 MCTOYHHMKOB, ISl OCTalIbHBIX
crareii — He MeHee 10.

JloJist KICTOYHHMKOB JJaBHOCTBIO MEHEE 5 JIeT JOJDKHA COCTABIISATh HE MEHEE MOJOBHHBL. J{OMyCTHMBIN IPOLIEHT caMo-
uutuposanust — He Boinie 10 — 20. O6beM cchlIOK Ha 3apyOeKHbIE HCTOUHHUKH JIOJDKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercs u popmupyercst B coorBerctBuu ¢ [OCT 7.90-2007.

5. Habop Tekcra ocymectsisiercs B peaakrope MS Word.

6. @opmyanl Habupatorces B penakrope MathType (He Bo BctpoenHoM penakrope Word) (Meskue popMyItbl, CHMBO-
JI6I 1 0003HAYECHUS HAOMparoTcs 6e3 NCIoIb30BaHMs peakropa Gpopmyi). Tadauubl HabuparoTces B ToM e (hopMare, 4To
1 OCHOBHOH TeKcT. B Texcre OykBa «&» 3amMeHsieTcst Ha OYKBY «€» M OCTaBIISICTCS TOJIBKO B (DaMIIIHSX.

7. Pucynku (B ¢popmare .tiff, .bmp, .jpeg) u Tadmunnr opopmisirorest B Buse otaenbHbiX daiiios. pudt — Times
New Roman, pazmep mpu¢ra ocHoBHOTO TekcTa — 14, uarepBai — 1,5. Tabnuie! 0016110T0 pa3mMepa MOryT ObITh HaOpa-
Hbl kernieM 12. [TapameTpsl cTpaHULBL: OIS ClIeBa — 3 CM, CBEPXY M CHU3Y — 2 cM, crpaBa — 1,5 cM. Tekct pasmemiaercs
0e3 3HaKOB NepeHoca. Ad3anHbIi oTCTyI — | cM.
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2.2. lIpeacraBiieHne MaTePHATIOB

1. [IpeacraBneHre BCex MATEpPHaliOB OCYIIECTBISICTCS B AJICKTPOHHOM BHJC Yepe3 JICKTPOHHYIO PEIaKIHIo
(http://journals.spbstu.ru). [Tocie perucrpamnuu B cucteMe 3JIeKTPOHHOM peaKIMK aBTOMAaTHYeCKH (GOPMUPYETCS
MePCOHANBHBIN IPOQUIL aBTOPA, ITO3BONSIOLINI B3aUMOICHCTBOBATh KaK C pelaKIUeH, TaK U C PELIEH3EHTOM.

2. Bmecte ¢ marepuanamMu CTaThbH JOJHKHO OBITH MPECTABICHO YKCIEPTHOE 3aKIIOUCHHE O BO3SMOXKHOCTH OILY-
OJMKOBaHMS MAaTCPHAIOB B OTKPBITON TeYaTH.

3. daiin cTaThy, MOJABACMBIIl Yepe3 AIEKTPOHHYIO PEAAKIIMIO, TOJKEH COEPKATh TOIBKO CaM TEKCT Oe3 Ha3Ba-
HUS, CIIMCKA JTUTEPATyphl, aHHOTAIMH U KIFOUEBBIX CIIOB, (aMHINi U cBeJeHUN 00 aBTOpax. Bee aTu mons 3amod-
HSIIOTCS OT/ACIBHO Yepe3 DICKTPOHHYIO PEAaKIHIO.

2.3. PaccMoTpeHHe MATepHAJIOB

[Ipenocrasnennsle Matepuaisl (1. 2.2) nepBOHaYalIbHO PACCMATPHUBAIOTCS PEAAKIMOHHONW KOJUICTHEH M Iepeaa-
10TCsl JuIsl perieH3upoBanus. [locie ogoOpeHns MaTepHalioB, COIIACOBAHUS PA3IMYHBIX BOIPOCOB C aBTOPOM (IIpH
HEOOX0IMMOCTH) peJaKIMOHHAast KOJUIETHsl COOOMIAaeT aBTopy penieHue od omyOnnkoBaHUM cTaTbu. B ciydae oTkasa B
IyOJIMKAIMK CTaThH PEIAKIUsl HAllPaBJIsieT aBTOPY MOTUBHPOBAHHBIN OTKa3.

[Ipu oTKIIOHEHNN MaTepHajIoB U3-3a HAPYLICHHUS CPOKOB I10/1auH, TPEOOBAHMH 110 OOPMIICHHUIO MM KaK HE OTBEYa-
IOLIMX TEMAaTHKE JKypHaJla MaTepuallbl He IyOIHKYIOTCS U HE BO3BPALIAIOTCS.

PepakunoHHast KOJUIETHS HE BCTYMAET B JIMCKYCCHIO C aBTOPAMHU OTKJIIOHEHHBIX MaTepHaJIOB.

[Ipu mocTyIuieHNH B PEAAKIMIO 3HAYUTEIBHOTO KOJIMYECTBA CTATEH MX MPHUEM B OUEPEAHON HOMEP MOXET 3aKOH-
yutca JOCPOYHO.

E-mail: physics@spbstu.ru,
Caiir xypnana: https://physmath.spbstu.ru/
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