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cmumyme Raep'H'btX UCC/Leaoea'HUU ( Jla6opamopUR U'HtpOpMaU,UO'H'H'btX mex

'HO/l02UU} no a,n:pecy: 141980, 2. 4y6na, Mocicoecicoil 061tacmu, y1t. )/(01tuo
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C ,n;nccepTau,nefi MO)KHO 03HaKOMlITbCR B Hay'!HOfi 6n6JilIOTeKe O63eaune'H

'H020 U'HCmumyma .11,aep'H'btX UCC/Leaoea'HUU. 

ABTopecpepaT pa3ocJiaH << ___ » ________ 2010 r. 

Y'leHbIH ceKpeTapb ,n;nccepTaU,lIOHHOro COBeTa 

aoicmop tpU3U'ICO-Mame.MamU"iCC'ICUX 'Hayic, 

npotfieccop tt/4-_ Jfeatt"iettico Jfocutfi Mouceeeu"i 

1. 06rn;a.a xapaKTepMCTMKa pa60Tbl 

AKTyaJibHOCTb pa6oTbl. ,D;nccepTaU,lIR IlOCBRIIl,eHa pa3pa6oTKe 3<p<peK

TlIBHbIX BapliaU,lIOHHO-npoeKU,lIOHHbIX MeTO,Il;OB, 3KOHOMlI'!HbIX aJirOplITMOB lI 

KOMTIJieKCOB nporpaMM ,Il;JIR 'llICJieHHOro lICCJie,n;oBaHIIR nrnpoKoro KJiacca Ma

TeMaTII'leCKlIX Mo,n;eJiefi <plI3II'leCKlIX npou,eccoB, rrpoTeKaIOIIl,lIX B MaJIO'laCTlI'l

HbIX KBaHTOBbIX ClICTeMax aTOMHoro lI MOJieKyJIRpHoro TlIIIa npII lIX B3alIMO

,n;efiCTBlilI C BHeIIIHlIMlI 3JieKTpOMarHlITHbIMH IlOJIRMlI lIJilI nyqKaMII qacTIIU, 

[1-3]. B paMKax ccpopMyJIIIpOBaHHbIX MaTeMaTn'!eCKlIX :r..rn,n;eJieJ1 HCCJie,n;oBaHbI 

cJie,rzyroru,ue cpn3uqecKIIe rrpou,eccbr: 

1. <pOTOlIOHII3aU,lIR lI peKOM6UHaU,lIR aTOMa Bo,n;opo,n;a B o,n;Hopo,n;HOM Mar

HlITHOM IIOJie rro,n; B03,n;efiCTBIIeM Jia3epHoro lI3Jiy'leHuR; 

2. B036y)K,n;eHIIe II ,n;eBo36y)K,n;ettue BOJIHOBOrO naKeTa aTOMa Bo,n;opo,n;a B 

o,unopo,n;HOM MarHIITHOM IlOJie no,n; B03,JJ;ettCTBUeM IIOCJie,n;oBaTeJibHOCTlI 

CBepxKOpOTKlIX Jia3epHbIX UMTIYJibCOB; 

3. UOHJI3aU,lIR ,Il;ByxaTOMHbIX MOJieKyJI lI lIX UOHOB 3JieKTpOHHbIM y,n;apoM. 

MaTeMaTU'leCKHe MO,JJ;eJIH II3y'leHHbIX rrpou,eccoB o6'he,n;nneHbI ofo,eKTOM 

qncJieHHOro lICCJie,n;oBaHIIR, KOTOpbIM RBJIReTCR KpaeBbie n Ha'IaJibHO-KpaeBbie 

3a,n;a'III ,n;JIR cTau,nottapnoro n necTau,nottapnoro ypaBneHHR lllpe,n;nnrepa B 

MHOrOMepHOM KOop,n;nnaTHOM npoCTpaHCTBe,' OilllCbIBaIOru,ne ,n;nnaMIIKY MaJIO

qacTH'!HbIX KBaHTOBbIX ClICTeM. 

MaTe:t..IaTH'leCKHe Mo,n;eJIH npou,eccoB 1 n 2 IIrpaIOT cpyn,n;aMeHTaJibHYIO 

pOJib B n3yqeHHlI MexaHH3MOB o6pa3oBaHIIR aTOMOB aHTHBO,n;opo,n;a B XOJIO,Il;

HOH II03HTpOHHO-aHTHnpoTOHHOH TIJia3Me B Jia6opaTOpHbIX MarHlITO-OilTH'le

CKHX JIOBYIIIKax [2]. 9TH Mo,n;eJIH OTHOCRTC.H K nepBOMY KJiaccy 3a,n;aq, Tpe6y

IOIIl,lIX TO'IHOCTH perneHII.H, npnH.HTOH B Jia3epnoit cneKTpOCKOillllI. HccJie,n;o

BanIIe 3THX 3a,n;aq anaJIIITH'IeCKHMlI lI Ka'!eCTBeHHbIMII MeTo,n;a:r..m B03MO)KH0 

JIHIIIb B qacTHbIX CJiy'la.HX. Hepe,n;Ko H3-3a CJIO)KHOCTH MaTeMaTII'leCKOH ~o

CTaHOBKII COOTBeTCTBYIOill,lIX KpaeBbIX II naqaJibHO-KpaeBbIX MHOroMepHbIX 3a

,n;aq rnpe,n;nnrepoBCKoro TIIIIa e,n;IIHCTBeHHO B03MO)KHbIM .HBJIReTC.H lIX 'IHCJieH

Hblll aHaJIH3. Crreu,n<pIIKa ,n;annoro KJiacca 3a,n;aq COCTOHT B TOM, 'ITO HaJilI'!He 

HeCKOJibKlIX IlOTenu,naJIOB B3alIMO,n;eiICTBII.H Me)K,rzy 3apR)KeHHbIMII qacTIIU,a:r..m 

HJIH qacTHU, C BHeIIIHHMH 3JieKTpnqecKIIM II MarHHTHbIM IlOJI.HMH npHBO,JJ;HT K 

pa36nenIIIO Koop,n;nnaTnoro npocTpancTBa na rro,n;o6JiacTn, B Ka)K,n;ofi n3 KO

Topux, B 3aBHCHMOCTlI OT 3Ha'leHHR <pH3H'leCKHX rrapaMeTpOB II 3HeprlilI, ,n;o
MHHHpyeT TOT HJilI HHOH IlOTeHU,HaJI. Ilo3TOMY B paMKax Bapnau,nonno-npoeK

U,HOHHbIX MeTO,Il;OB Tpa,n;MU,IIOHHO HCilOJib3YIOT, nanpnMep, MHOronapaMeTpnqe

CKHe BapIIaU,IIOHHbie lIJilI COCTaBHbie 6a3HCHbie <PYHKU,HH, Y'llITbIBaIOru,ne 3TO 

o6CTO.HTeJibCTBO. O,n;HaKO 3TlIMH MeTo,n;aMH He Bcer,n;a y,n;aeTC.H nplI 3a,n;aHHbIX 

3Ha'IeHlIRX <plI3H'IeCKlIX rrapaMeTpOB, nanpnMep, HaIIp.H)KeHHOCTH MarHIITHOro 
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noJrn: HJUI 3Hepnrn, peIIIIITh C Tpe6yeMOll ToqHOCTh!O 3a,n;aqII ,n;aHHOrO KJiacca 

II3-3a HaKonJieHmI onrn6oK, CBH3aHHhIX C nJIOXOll o6ycJIOBJieHHOCTh!O B03HIIKa

IOII.l,IIX aJire6paIIqecKIIX 3a,n;aq 60JibIIIOll pa3MepHOCTII [4, 5] HJIII 6oJihIIIOro IIH

TepBaJia llHTerpttpOBaHHH no BpeMeHHOll nepeMeHHOll [6]. Tio3TOMY pa3pa60TKa 

cneu;IIaJihHhIX 3cpcpeKTHBHhIX qncJieHHhIX MeTO,!l;OB, 3KOHOMIIqHhIX aJirOpIITMOB 

ll KOMnJieKCOB nporpaMM ,!l;JIH llCCJie,n;oBaHHH C KOHTpOJIHpyeMOll TOqHOCTh!O 

,n;aHHoro KJiacca 3a,n;aq HBJIHeTCH aKTyaJihHOfi npo6JieMofi. 

MaTeMaTnqecKHe MO)l;eJIII npou;ecca 3 HBJIHJOTCH TeopeTIIqecKHM cpyH,n;a

MeHTOM ,!l;JIH aHaJIH3a 3KCnepHMeHTaJihHhIX ceqeHHll IIOHH3aD;Hll ,!l;ByxaTOMHhIX 

MOJieKyJI ll IIX IIOHOB 3JieKTpOHHhIM y,n;apoM [3]. 9TH MO)l;eJIH OTHOCHTCH K BTOpo

MY KJiaccy 3a,n;aq, Tpe6yIOII.1,llX TOqHOCTII peIIIeHHH, npHHHTOll B 3JieKTpOHHOll 

llMIIYJihCHOll cneKTpOCKOnIIH. B OTJillqIIe OT MaTeMaTIIqecKIIX MO)l;eJiefi npo

u;eccoB 1 n 2 cpyHKI.l;llll naqaJihHOro n KOHeqHoro COCTOHHIIfi, OIIHChIBaJOII.1,He 

npou;ecChl HOHH3au;nn, ,!l;OJI)KHhl 6bITh 3a,n;aHhl B aHaJIHTHqecKOM; BH,n;e, a,n;anTH

poBaHHOM ,!l;JIH BhrqncJieHIIH MHOrOKpaTHhIX IIHTerpaJIOB, onpe,n;eJIHJOII.1,IIX ceqe

HIIH IIOHII3aD;IIII [3]. O,n;HaKO II3BeCTHhie npo6Hbie BOJIHOBhie cpyHKI.l;llll KOHeqHo

ro COCTOHHHH HenpephIBHOro cneKTpa 3JieKTpOHOB He yqIIThIBaJOT KOppeKTHO 

,!l;Byxu;eHTpOBhlll xapaKTep KYJIOHOBCKoro B3aHMO,!l;eficTBIIH 3JieKTpOHOB C 3apH

,n;aMII H,n;ep MOJieKyJihl, HaXO,!l;HII.1,IIMIICH B paBHOBeCHOM nOJIO)KeHHll B MOMeHT 

y,n;apa 3JieKTpOHOM [7, 8]. Tio 3TOll npnqnHe BhrqncJieHHbie ceqeHHH HOHII3au;nn 

qacTO He COBna,n;aJOT C 3KCnepnMeHTaJihHhIMII. Tio3TOMY B o6cy)K,!l;aeMOM KJiac

ce 3a,n;aq oco6bill IIHTepec Bhl3hIBaeT nocTpoeHHe npo6HhIX BOJIHOBhIX cpyHKD;IIll 

KOHeqHoro COCTOHHHH HenpepbIBHoro cneKTpa 3JieKTpOHOB ,!l;Byxu;eHTpOBOro Tll

na. TaK KaK MHOroKpaTHhie IIHTerpaJihl co,n;ep)KaT KOOp,!l;IIHaTHbie MHoroMep

Hhie KYJIOHOBCKHe cpyHKI.l;llll HenpepbIBHoro crreKTpa 3JieKTpOHOB, TO pa3pa-

60TKa 3KOHOMIIqHhIX aJiropHTMOB II KOMIIJieKCOB nporpaMM ,!l;JIH Ha)l;e)KHOro 

BbJqIIcJieHIIH TaKIIX HHTerpaJIOB TaK)Ke HBJIHeTCH aKTYaJihHOll rrpo6JieMofi. 

B CHJIY YKa3aHHhIX BhIIIIe cpaKTOB pa3pa6oTKa 3cpcpeKTHBHhIX MeTO,!l;OB, 

C03,!l;aHIIe 3KOHOMIIqHhIX aJiropHTMOB II rrpo6JieMHO-OpHeHTHpOBaHHhIX KOM

nJieKCOB nporpaMM )l;JIH qncJiemmro aHaJIH3a C KOHTpOJIHpyeMofi TOqHOCTh!O 

KpaeBbIX ll HaqaJihHO-KpaeBhIX MHOroMepHhIX 3a,n;aq IIIpe,n;IIHrepoBCKoro TIIna 

HBJIHeTCH aKTyaJihHOll n cpyH,n;aMeHTaJihHOll npo6JieMOll B o6JiaCTII MaTeMaTH

qecKoro MO)l;eJIHpOBaHIIH ,!l;HHaMIIKll MaJioqacTIIqHbIX KBaHTOBhIX CllCTeM. 

3,n;ecb n ,!l;aJiee ypaBHeHHeM IIIpe,n;nHrepoBCKoro THna Ha3hIBaeTCH ypaBHe

HIIe lllpe,n;IIHrepa, B KOTOpOM onepaTop JianJiaca 3aMeHeH CaMOCOIIPH)KeHHhIM 

,!l;II<pcpepeHI.1;llaJihHhIM orrepaTopoM. 

.Il:JIH qIIcJieHHOro peIIIeHIIH KpaeBhIX MHOroMepHhIX 3a,n;aq IIIpe,!l;HHrepoB

CKOro TIIna H3 nepBoro KJiacca 3a,n;aq, BKJIJOqaJOIII;ero MaTeMaTnqecKIIe Mo,n;eJIII 

npou;ecCOB 1 ll 2, B ,n;nccepTau;nn pa3pa6oTaHhl 3cpcpeKTHBHhie BapIIau;ttOHHO

npoeKD;llOHHbie cxeMbI Ha OCHOBe nOHII)KeHHH pa3MepHOCTll llCXO,!l;HhIX 3a,n;aq 

MeTo,n;oM KaHTopoBnqa (MK) - npIIBe,n;eHne K o6hIKHOBeHHhIM ,n;ncpcpepeHu;II-
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aJihHhIM ypaBHeHIIHM [9]. KaK H3BeCTHO [10, Q1-Il), 3TOT MeTO,!l; n03BOJIHeT pe

aJIII30BaTh 3KOHOll,IHqHhlll aJiropIITM BhJqIICJiemrn o,n;nonapaMeTpnqecKHX 6a-

3IICHhIX cpyHKI.l;IIll, HenpepbIBHO 3aBIICHII.1,IIX OT o,n;noro ll3 npocTpaHCTBeHHhIX 

apryMeHTOB 3TIIX ypaBHeHIIll KaK OT napaMeTpa ll yqHThIBaIOill,IIX H YKa3aH

Hhie BhIIIIe oco6eHHOCTH, ll KpaeBhie ycJIOBIIH llCXO,!l;HOll 3a,n;aqn, KpoMe Toro, 

MK ,n;aeT B03M0)KHOCTh nocTpOHTh OIITHMaJihHhie aCHMIITOTHqecKIIe pa3JIO)Ke

HHH peIIIeHHll MHOrOKaHaJihHOll 3a,n;aqn pacceHHHH, Heo6xo,n;HMhie ,!l;JIH nepeno

ca acHMIITOTHqecKIIX KpaenhIX ycJIOBIIll Ha rpaHIID;Y KOHeqHofi o6JiaCTII B BH,n;e 

ycJIOBIIll TpeThero po,n;a. 9To no3BOJIHeT BbI6paTb IIO,!l;XO,!l;HIII;YIO. napaMeTpll-

3aD;IIIO II OnTIIMaJihHYJO o6JiaCTh II3MeHeHHH npocTpaHCTBeHHhIX nepeMeHHhIX. 

Tio3TOMY, OCHOBHOe npeHMyII.1,eCTBO MK no cpaBHeHIIJO C ,n;pyrHMII rrpoeKD;llOH

HhIMII MeTo,n;aMII COCTOHT B TOM, qTo C ero IIOMOill,h!O HeTpy,n;Ho anrrpOKCHMII

poBaTh KpaeBhie YCJIOBHH, 3a,n;aHHhie Ha rpaHIIu;ax CJIO)KHOll o6JiaCTII. TiocJie,n;

Hee o6CTOHTeJihCTBO Kpail:He Ba)KHO ,!l;JIH IIOCTpoeHIIH onTIIMaJihHOll ,!l;llCKpeTH-

3au;IIH B03HHKaJOII.1,efi IIOCJie)l;OBaTeJihHOCTII KpaeBbIX 3a,n;aq B KOHeqHOll o6Jia

CTH no npocTpaHCTBeHHhIM nepeMeHHhIM, B KaqecTBe KOTOpoti B ,n;nccepTau;mr 

npHMeHHeTCH MeTO,!l; KOHeqHhIX 3JieMeHTOB (MK9) BhICOKoro rropH,n;Ka TOqHo

CTII [11] . .Il:JIH qIJcJieHHoro peIIIeHHH HaqaJibHO-KpaeBhIX MHOrOMepHbIX 3a,n;aq 

IIIpe,n;mrrepoBcKoro TIIrra, BKJIJOqaJOIII;IIX MaTeMaTIJqecKyJO 11,10,n;eJih npou;ecca 2, 
B ,!l;IICCepTaD;IIll IIOCTpoeHhI CIIMMeTpnqHhie HeHBHhie orrepaTOpHO-pa3HOCTHhie 

MHOrOCJIOllHhie cxeMbI ,n;o IIIeCToro nopH,n;Ka -r:oqHOCTII no IIIary BpeMeHHOll ne

peMeHHOll. TiocTpoeHIIe BhIIIOJIHeHO Ha OCHOBe HBHOro pa3JIO)KeHIIH MarHyca 

orrepaTopa 3BOJIIOI.l;llll [12] II annpOKCIIMaD;IIII Tia,n;e [13] C ,!l;OIIOJIHIITeJibHhIMII 

orrepaTOpHbIMII rrpeo6pa30BaHIIHMII. 9TII CIIMMeTpIJqHhie cxeMhI cneu;naJihHO 

a,n;anTnpoBaHhI ,!l;JIH arrnpoKCIIMau;nII BOJIHOBoro rraKeTa B MK II MK9 no rrpo

CTpaHCTBeHHhIM nepeMeHHhIM. 

.Il:JIH qIICJieHHoro llCCJie,n;oBaHHH BTOporo KJiacca 3a,n;aq, nopO)K,!l;eHHhIX 

MaTeMaTIIqeCKIIMll MO,!l;eJIHMll npou;ecca 3, B ,!l;IICcepTau;IIII IIOCTpoeHhI HOBhie 

rrpo6Hbie MO,!l;IIq>IID;HpOBaHHhie KYJIOHOBCKIIe cpyHKI.l;IIII c BapIIau;noHHhIMll rra

paMeTpaMII, OIIIIChIBaIOill,IIe KOHeqnoe COCTOHHIIe nenpephIBHoro crreKTpa o,n;no

ro llJIII ,!l;BYX 3JieKTpOHOB II yqIIThIBaIOII.1,He IIX KYJIOHOBCKOe B3aIIMo,n;eficTBIIe 

C H,n;paMII MOJieKyJihI. Bo3HIIKaIOII.l,He npII pacqeTe ceqeHIIH IIOHII3au;nn MHOro

KpaTHhie IIHTerpaJihI C nOMOII.l,hIO npeo6pa30BaHIIH <I>yphe CBO,!l;HTCH K BhJqnc

JieHIIJO nocJie)l;OBaTeJihHOCTII TpexKpaTHhIX llHTerpaJIOB. Om1 co,n;ep)KaT KOM

IIJieKCHhie rnrrepreoMeTpIJqecKHe cpyHKD;HH, ,!l;JIH BbJqHcJieHHH KOTOphIX rrpe,n;

JIO)KeH 3cpcpeKTIIBHhlll aJiropHTM. 

AKTyaJihHOCTh rrpe,n;cTaBJieHHhIX B ,n;nccepTaD;IIII llCCJie)l;OBaHIIll o6ycJIOB

JieHa noTpe6HOCTHMll pOCCIIllCKHX II Me)K,n;yttapO,n;HhIX nayqHh!X nporpaMM II 

rrpoeKTOB. I1ccJie)l;OBaHIIH BhIIIOJIHHJIIICh aBTOpOM B COOTBeTCTBIIH C HayqHo-Te

MaTHqecKIIMII IIJiaHaMH nayqHO-IICCJie,n;oBaTeJihCKHX pa6oT OI151I1 tt B paMKax 

rrpOTOKOJIOB O BhIIIOJIHeHIIII COBMeCTHOll HayqHO-llCCJie)l;OBaTeJihCKOll pa6oThl C 
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MottrOJihCKIIM rocy,n;apcTBeHHhIM yttIIBepcIITeTOM ( r. Y Jiatt-BaTop, MottrOJIII.H), 

c l1HCTIITYTOM MaTeMaTIIKII II IImpopMaTIIKII BonrapcKotl: AKa,n;eMIIII HayK (r. 

Coq>II.H, BonrapIIR) II Jia6opaTopIIetl: MOJieKyn.HpHhIX CTOJIKHOBeHIItl: YHIIBepcII

TeTa IIM. IIon.H Bepnetta (r. MeTIJ, <I>paHIJII.H). l1ccne,n;oBaHII.H nOMCP)KIIBaJIIICh 

rpaHTaMII P<I><I>l1 ir BonrapcKoro q>ott,n;a HayqHbJX IIccne,n;oBam1tl:. 

ll;eJib ,n;nccepnw;nottttoii pa6oTbI. <l>ytt,n;aMeHTaJihHa.H npo6JieMa, tta 

pernettIIe KOTopotl: ttanpaBJieHa HacTomIJ;a.H ,n;uccepTaIJII.H - c03,n;aHIIe II pa3BII

TIIe 3q>q>CKTIIBHbIX BapIIaIJIIOHHO-npoeKIJIIOHHbIX MCTO,ll;OB, 3KOHOMIIqHbIX aJI

ropIITMOB II npo6JieMHO-OpIIeHTIIpOBaHHbIX KOMnJieKCOB nporpaMM ,ll;Jl.H qIIc

JICHHOro aHaJIII3a KpaeBblX II HaqaJibHO-KpaeBbIX MHOPOMepHbIX 3a,n;aq rnpe

,ll;IIHrepOBCKOro TIIna, a TaK)Ke npIIMCHCHIIe 3TIIX MCTO,ll;OB ,ll;JI.H IICCJie,n;oBaHII.H 

MaTeMaTIIqecKIIX Mo,n;enetl: MaJioqacTIIqHbIX KBaHTOBhIX CIICTCM. 

OcHOBHhie IJCJIII ,ll;IICcepTaIJIIII ,ll;OCTIIraIOTC.H perneHIIeM CJIC,n;JIOIIJIIX 3a

,n;aq: 

1. pa3pa6oTKa 3q>q>eKTIIBHbIX BapIIaIJIIOHHO-npoeKIJIIOHHhIX MCTO,ll;OB qIIc

JICHHOro perneHII.H KpaeBbIX II HaqaJibHO-KpaeBbIX MHOPOMepHbIX 3a,n;aq 

rnpe,n;IIHrepOBCKOro TIIna; 

2. pa3pa6oTKa 3KOHOMIIqHbIX anropIITMOB II nporpaMMHa.H peaJIII3aIJII.H 3q>

q>eKTIIBHbIX MCTO,ll;OB ,ll;IICKpeTII3aIJIIII, a TaK)Ke ,ll;OKa3aTeJibCTBO OIJCHOK 

norpernHocTetl: npII6JIII)KCHHhIX perneHutl:, o6ecneqIIBaIOIIJIIX Heo6xo,n;II

MYIO ToqHOCTb u ,ll;OCTOBepHOCTb qucJieHHbIX peayJibTaToB; 

3. C03,ll;aHue KOMnJieKCOB nporpaMM ,ll;JI.H qucJieHHOro perneHU.H C KOHTpOJIU

pyeMotl: ToqHOCTbIO KpaeBbIX U HaqaJibHO-KpaeBbIX MHOrOMepHbIX 3a,n;aq 

rnpe,n;uHrepoBcKoro Tuna; 

4. BbIIlOJIHCHIIe qucJieHHbIX UCCJie,n;oBaHutl: OIJCHOK CKOpOCTU CXO,ll;UMOCTII 

pa3JIO)KCHU.H MCTo,n;a KaHTOpOBIIqa no qIIcJiy 6a3UCHbIX q>yHKIJUH u Toq

HOCTU BbJqIIcJieHU.H npu6JIII)KCHHbIX perneHUH B paMKax npe,n;JIO)KCHHbIX 

anropUTMOB U C03,ll;aHHhIX KOMnJieKCOB nporpaMM Ha UHTerpupyeMbIX 

MO,ll;CJI.HX, 6JIII3KUX K peaJibHbIM 3a,n;aqaM, UJIU C noMOIIJbIO qucJieHHbIX 

3KCnepUMCHTOB Ha cryIIJaIOIIJUXC.H ceTKax; 

5. nocTpOeHue HOBbIX npo6HhIX KYJIOHOBCKUX q>yHKIJUtl:, onIICbIBaIOIIJUX KO

HeqHoe COCTO.HHUe HenpepbIBHOro cneKTpa o,n;Horo UJIU ,n;Byx 3JieKTpOHOB 

B ,n;ByxaTOMHbIX MOJieKyJiax u B ux UOHax C yqeToM ,ll;BYXIJeHTpOBOro 

xapaKTepa KYJIOHOBCKoro B3aUMO,n;etl:CTBU.H 3JieKTpOHOB C .H,n;paMU, BKJIIO

qa.H co3,n;aHue 3q>q>eKTUBHbIX anropuTMOB U KOMnJieKCOB nporpaMM ,ll;JI.H 

BbJqIIcJieHU.H MHOroKpaTHblX UHTerpaJIOB OT TaKUX q>yHKIJUH, onpe,n;eJI.H

IOIIJIIX ceqeHU.H IIOHU3aIJIIU. 

Hayqmu1 HOBH3Ha ,n;uccepTaIJUU COCTOUT B CJIC,n;JIOIIJeM. 
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1. BnepBbie pa3pa6oTaHbl 3q>q>eKTUBHbJe BapIIaIJUOHHO-npoeKIJIIOHHbie Bbl

qucJIIITeJibHhie cxeMbl U opurUHaJibHbJe 3KOHOMUqHbJe anropIITMbl ,ll;JI.H 

qIIcJieHHOro perneHII.H KpaeBbIX II HaqaJibHO-KpaeBbIX MHOroMepHbIX 3a

,n;aq rnpe,n;uHrepOBCKoro Tuna Ha OCHOBe MeTo,n;a KaHTOpoBuqa, TeopuII 

R-MaTpUIJhI, acuMnTOTIIqecKUX MeTO,ll;OB, pa3JIO)KeHII.H MarHyca YHIITap

Horo onepaTopa 3BOJIIOIJIIII, nocne,n;oBaTeJihHOCTU onepaTopHhIX npeo6pa-

30BaHutl: U MeTo,n;a KOHeqHbIX 3JieMeHTOB. 

2. BnepBbJe B paMKax MeTo,n;a KOHeqHbIX 3JieMeHTOB ,ll;OKa3aHbl oIJeHKII no

rpeIIIHOCTU annpOKCUMa11utl: nepBotl: npOU3BO,n;ttOtl: no napaMeTpy OT co6-

CTBeHHbIX 3HaqeHutl:, co6CTBeHHbIX q>yHKIJUH napaMeTpuqecKotl: caMOCO

np.H)KeHHOH 3a,n;aqu lllTypMa-JiuyBIIJIJI.H U UHTerpaJIOB OT npOU3Be,n;eHII.H 

co6cTBeHHbIX q>yHKIJIIH u IIX nepBbIX npoU3BO,ll;HbIX no napaMeTpy. 

3. BnepBhie B paMKax CUMMeTpIIqHbIX He.HBHbIX onepaTOpHO-pa3HOCTHbIX 

MHOPOCJIOHHhIX cxeM ,ll;OKa3aHhl OIJeHKII norpeIIIHOCTU annpoKCIIMa11utl: 

pewettIItl: HaqaJihHO-KpaeBotl: 3a,n;aqu wpe,n;IIHrepoBCKoro Tuna. 

4. IIocTpOeHbl HOBbJe MO,ll;llq>UKaIJUII npo6HbIX KYJIOHOBCKIIX q>yHKIJUH Hen

pepbIBHOro cneKTpa 3JieKTpOHOB B ,n;ByxaTOMHbIX MOJieKynax U B ux 

UOHax, B Bu,n;e JIUHetl:Hotl: KOM6uHaIJUU npOU3Be,n;eHU.H MO,ll;Uq>UIJUpOBaH

HbIX KYJIOHOBCKIIX q>yHKIJUtl:, annpoKCUMupyIOIIJUX B aHaJIUTuqecKOM BU

,n;e q>yHKIJIIU HenpepbIBHOro cneKTpa 3a,n;aqu ,n;Byx KYJIOHOBCKUX IJeHTpOB. 

Pa3pa6oTaHhl cneIJIIaJihHhie anropUTMbl u C03,ll;aHbl KOMnJieKCbl npor

paMM ,ll;JI.H pacqeTa ceqeHIIH UOHU3aIJUII O,ll;HO- U ,ll;BYX3JieKTpOHHhIX ,n;Byx

aTOMHhIX MOJieKyJI U ux UOHOB 3JieKTpOHHbIM y,n;apoM, KOTOpbie CBO,ll;.HTC.H 

K BbJqUCJieHUIO MHOPOKpaTHbIX UHTerpaJIOB ,n;o TpIIHa,n;11aToro rrop.H,n;Ka 

KpaTHOCTU C UCIIOJih30BaHUeM TeXH0JI0PUII pacrrapanJieJIUBaHirn. 

5. C II0M0IIJblO pa3pa6oTaHHblX cxeM iI C03,ll;aHHbIX rrpo6JieMHO-opueHTUpo

BaHHbIX K0MIIJieKC0B nporpaMM, BIIepBbJe II0JiyqeHhl CJie,n;yIOIIJUe q>U3U

qecKIIe pe3yJihTaTbI: 

(a) IICCJie,n;oBaH pe30HaHCHhIH MeXaHU3M q>OTOUOHU3aIJUU U Jia3epHO

CTIIMYJIIIpoBaHH0H peKOM6utta11uu aT0Ma Bo,n;opo,n;a B 0,ll;H0p0,ll;H0M 

MarHUTH0M II0Jie, peaJIU30BaHHhIH qepe3 KBa3UCTaIJU0HapHbie co

CT0.HHU.H, norpy)KeHHbJe B HerrpepbIBHbIH crreKTp u rrpe,n;CKa3aHhl 

3q>q>eKTbl pe30HaHCHoro rrpoXO)K,ll;CHU.H U II0JIHoro ·oTpa)KeHU.H pa.3-

H0UMeHH0 3ap.H)KeHHbIX qacTUIJ B o,n;Hopo,n;HOM MarHIITHOM II0Jie; 

(6) BhIII0JIHeH0 qIIcJieHH0e uccne,n;oBaHue Mo,n;enu 3B0JIIOIJIIU HaceJieH

H0CTetl: B036y)K,n;eHHbIX COCTO.HHUH aT0Ma Bo,n;opo,n;a B O,ll;H0P0,11.H0M 

MarHIITHOM II0Jie no,n; B03,n;etl:cTBUeM II0CJie,n;oBaTeJibH0CTU CBepxKo

p0TKUX Jia3epHbIX UMIIYJibCOB U II0Ka3aHa B03M0)KH0CTb CTa6UJIII3a

IJUII 3eeMaHOBCK0ro B0JIH0B0r0 rraKeTa U K0HTp0JI.H HaCeJieHHOCTetl: 
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BapIIa:U:lieH MarttMTHOro IIOJrn; 

( B) BbIIIOJIHeHO 'IMCJieHHOe MCCJie,D;OBaHMe MO)J;eJieH MOHM3a:U:MM a TO Ma re

mrn, MOHOB M MOJieKyJI BO,D;opo,n;a, a30Ta 3JieKTpOHHbIM y,n;apoM lI 

)J;OCTllrttyTo xopornee corJiaCMe TeopeTM'leCKMX M 3KCIIepMMeHTaJib

HhIX ce'!eHMH MOHM3aIJ;MM; BIIepBbie TeopeTM'leCKM KOppeKTHO OIIMCa

HbI MHTepcpepeHIJ;lIOHHbie 3cp<peKTbI KorepeHTHOro pacce.HHmI 3JieK

Tpotta Ha ,D;Byx KYJIOHOBCKMX :u;ettTpax MOJieKyJihI, npO.HBJI.HIOIIJ;MeC.H 

B ycTaHOBJieHHOM cpyHKIJ:MOHaJihHOM OTHOIIIeHMM ,D;M<pcpepett:u;MaJib

HhIX ce'!eHMH lIOHM3a:u;MM aTOMa remrn M MOJieKyJihI BO,D;Opo,n;a. 

IlpaKTHqecKa.H 3HaqHMOCTh. Pa3pa6oTaHHbie MeTO)J;bI M aJiropHTMbI 

I103BOJI.HIOT 'IHCJieHHO pernaTb C KOHTpOJIHpyeMOH TO'IHOCTbIO KpaeBhie lI Ha'la

JlbHO-KpaeBhie MHoroMepHbie 3a,n;aqn rnpe,n;nHrepoBcKoro TIIna, 6oJiee 3cpcpeK

THBHO IIO cpaBHeHHIO C Tpa,D;H:U:HOHHO npnMeH.HeMhIMH Bapna:u:noHHO-IIpoeKIJ;H

OHHbIMH MeTO,D;aMII. Ha OCHOBe 3THX MeTO)J;OB H aJiropHTMOB C03,li;aHbI npo6JieM

HO-opneHTHpOBaHHhie KOMIIJieKCbI nporpaMM 'IHCJieHHOro perneHII.H CJie,D;yIO

I:u;HX KpaeBhIX H Ha'!aJibHO-KpaeBbIX 3a,n;aq: 

(a) 3a,n;aqn Ha CB.H3aHHbie COCTO.HHH.H H MHOrOKaHaJibHOH 3a,n;aqn pacce.HHH.H 

)J;Jl.H CHCTeM CTa:u;noHapHbIX ypaBHeHHH rnpe,n;nHrepOBCKoro THrra; 

(6) HaqaJihHO-KpaeBOH sa,n;aqn )J;Jl.H CHCTeM ,D;lI<pcpepeH:U:IIaJibHbIX ypaBHeHHH 

B qacTHbIX IIpOH3BO)J;HbIX rnpe,n;IIHrepOBCKoro THrra; 

( B) sa,n;aq BbI'lllCJieHH.H peIIIeHH.H O)];HOIIapaMeTpH'IeCKOii: KpaeBOH 3a,IJ,a'IH Ha 

co6cTBeHHbie 3Ha'!eHH.H ll MaTpll'IHbIX 3JieMeHTOB, .HBJI.HIOIIJ:HXC.H rrepeMeH

HbIMll K03<pq>H:u;MeHTaMH B ClICTeMax ,n;ncpcpepeHIJ;llaJibHbIX ypaBHeHHH 

KpaeBbIX ll Ha'laJibHO-KpaeBhIX sa,n;aq. 

OHM )J;OCTYIIHbI ,Il,Jl.H IIIllpOKOro llCIIOJlb30BaHH.H ll ycneIIIHO npnMeH.HIOTC.H B p.H- · 

,n;e pOCCHHCKHX ll 3apy6e)KHbIX Hay'!HbIX opraHH3aIJ;M.HX )J;Jl.H HCCJie,n;oBaHH.H Ma

TeMaTH'leCKHX MO,D;eJieii <pll3lI'leCKHX rrpo:u:eccoB B MaJIO'laCTll'IHbIX KBaHTOBbIX 

CllCTe1'taX. 

BbIIIOJIHeHHOe B )];llCCepTaIJ;Illl 'lllCJieHHOe llCCJie,D;OBaHne pa3Jill'IHbIX Ma

TeMaTH'leCKlIX MO)J;eJieii MaJIO'laCTll'IHbIX KBaHTOBbIX CllCTeM C llCIIOJib30BaHH

eM pa3pa6oTaHHbIX MeTO)J;OB, aJiropHTMOB, IIOCTpoeHHbIX BOJIHOBbIX cpyHKIJ;MH n 

C03,D;aHHbIX KOMIIJieKCOB rrporpaMM .HBJI.HeTC.H rrpaKTH'leCKHM ,IJ,OKa3aTeJibCTBOM 

3<p<peKTHBHOCTll ll B03MO)KHOCTH HX IIIHpOKoro rrpnMeHeHH.H. 

KoMrrJieKChI rrporpaMM KANTBP, POTHMF, ODPEVP n TIME6T nc

IIOJih3YIOTC.H B 0115!11, CapaTOBCKOM rocy,n;apcTBeHHOM yHnBepcIITeTe (r. Ca

paToB, Poccn.H), 11HcTnTyTe MaTeMaTHKII II nHcpopMaTHKH BoJirapcKoii AKa,n;e

MHH HayK (r. Cocpn.H, BoJirapn.H), 11HcTnTyTe .H,IJ,epHoii cpnsnKn (r. AJIMaThI, 

Ka3axcTaH), EpeBaHCKOM rocy,n;apcTBeHHOM yHnBepcnTeTe (r. EpeBaH, ApMe

mrn), PY,I.I,H (r. MocKBa, Poccn.H), YHnBepcnTeTe TeMrrJI (r. TeMIIJI, CIIIA) 
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ll 11HCTHTyTe <pll3HKH (r. KyepHOBaKa, MeKCHKa) )J;JI.H 'lllCJieHHOro perneHH.H 

KpaeBbIX ll Ha'laJibHO-KpaeBhIX MHOroMepHbIX sa,n;aq rnpe)];llHrepOBCKOro TlIIIa. 

KoMrrJieKChI rrporpaMM ZHYPG2, INFUN, INTEG n OUTFUN ncnoJib-

3yIOTC.H B COBMeCTHbIX Hay'!HbIX rrpoeKTax C MottrOJibCKlIM rocy,n,apCTBeHHbIM 

YHMBepcnTeTOM (r. YJiaH-BaTOp, MoHroJin.H), Hl1115I<I> MrY (r. MocKBa, Poc

cn.H), Jla6opaTopneii MOJieKyJI.HpHbIX CTOJIKHOBeHHH YHnBepcnTeTa HM. Ilo

Jl.H BepJieHa (r. MeT:u;, <I>paH:U:tt.H), Jla6opaTopneii aTOMHhIX n MOJieKyJI.HpHhIX 

CTOJIKHOBeHHH (r. Opc3, <I>paHIJ;ll.H) ll 11HCTHTYTOM MOJieKyJI.HpHbIX HCCJie,n;OBa

HllH (r. OKa3aKH, 5IrroHn.H) )J;Jl.H 'llICJieHHOro llCCJie,D;OBaHII.H MO,D;eJieii HOHH3a:u;nn 

,D;ByxaTOMHbIX MOJieKyJI ll HX HOHOB 3JieKTpOHHbIM y,n;apoM. 

· B o6i:u;eii CJIO)KHOCTH B rrepe'IHCJieHHbIX Bhirne KOMIIJieKcax rrporpaMM sa

,n;eiiCTBOBaHO OKOJIO 21 000 orrepaTopoB cpopTpaHHOrO KO,n;a. 

KoMrrJieKChI rrporpaMM KANTBP1, POTHMF2 n ODPEVP3 c rroJIHhIM 

OIIHCaHHeM n TeCTOBbIMH rrpnMepaMH c,n;aHbI B 6n6JIHOTeKy rrporpaMM )KypHa

Jia Computer Physics Communication. K 3THM rrporpaMMaM c ceHT.H6p.H 2007 

r., c .HHBap.H 2008 r. n c IIIOJI.H 2009 r. no ,n;eKa6pb 2009 r. 6hIJIO ocpn:u;naJibHO 

saperncTpttpOBaHO 305, 138 ll 49 o6pai:u;eHHH IIOJlb30BaTeJieii, COOTBeTCTBeHHO. 

KoMrrJieKChI rrporpaMM TIME6T
4 

n ZHYPG25 c rroJIHhIM orrncaHneM n 

TeCTOBbIMll rrpnMepaM rrpe,n;cTaBJieHbI B 6n6JIHOTeKy nporpaMM 0115!11. 

IlocTpOeHHbie MO,D;ll<pll:U:IIPOBaHHhie KYJIOHOBCKHe cpyHKIJ:llll KOHe'IHOro 

COCTO.HHII.H HerrpepbIBHoro crreKTpa O)J;HOro -llJlll ,D;BYX 3JieKTpOHOB ,D;ByxaTOM

HbIX MOJieKyJI n IIX HOHOB rrpIIMeH.HJIHCb aBTOpaMII pa6oT [14-16], B KOTOpbIX OT

Me'!aJiaCb BbICOKa.H 3cpcpeKTHBHOCTb llCIIOJlb30BaHH.H 3THX cpyHKIJ:MH. BbI.HBJieH

Hbie HOBbie llHTepcpepeHIJ;llOHHbie 3cpcpeKTbI [0"919], rrpo.HBJI.HIOIIJ;MeC.H B ycTa

HOBJieHHOM cpyHKIJ:llOHaJibHOM OTHOIIIeHHll ce'!eHIIH lIOHH3a:u;nn aT0Ma reJIH.H H 

MOJieKyJihI BO,D,Opo,n;a 3JieKTPOHHbIM y,n;apoM B HaCTO.HIIJ;ee BpeM.H llHTeHCIIBHO 

II3y'laIOTC.H ,n;pyrHMlI aBTOpaMII. 6 

Ha 3aID;HTY BhIHC>_C.HTC.H CJie,zurrow;ne OCHOBHhie pe3yJihTaTbI: 

1. B paMKax MeTo,n;a KaHTOpOBH'la ll MeTo,n;a KOHe'IHhIX 3JieMeHTOB paspa6o

TaHbI 3<pcpeKTHBHhie Bapna:u;HOHHO-IIpOeKIJ;llOHHbie cxeMhI ll aJiropHTMbI 

)J;Jl.H 'lllCJieHHOro perneHH.H C sa,n;aHHOH TO'IHOCTbIO KpaeBbIX ll Ha'laJibHO

KpaeBhIX MHOrOMepHbIX sa,n;aq rnpe,n;IIHrepoBCKoro Tnrra C O)J;HOpO,D;HbIMll 

KpaeBbIMH ycJIOBll.HMll. 

1 http://cpc.cs.qub.ac.uk/summaries/ ADZH _ vl _ 0.html 
2 http://cpc.cs.qub.ac.uk/summaries/AEAA_ vl_0.html 
3 http://cpc.cs.qub.ac.uk/summaries/ AEDV _ vl_0.html 
4 http:/ /wwwinfo.jinr.ru/programs/jinrlib/time6t 
5 http://wwwinfo.jinr.ru/programs/jinrlib/zhypg2 
6 3a 2008-2009 rr. Ha pa6oTy 1oq19J y)Ke HMeeTCH 16 CCbIJI0K B pecpepHpyeMbIX )Kyp

HaJiax. 
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2. IlocTpoeHbI HOBhie MO,D;llCpHKau;mr npo6HbIX KYJIOHOBCKHX BOJIHOBbIX cpy

HKD;Hii HenpepbIBHoro cneKTpa 3JieKTpOHOB B ,D;ByxaTOMHbIX MOJieKyJiax 

Il B HX IlOHax C yqeTOM ,D;Byxu;eHTpOBOro xapaKTepa KYJIOHOBCKoro B3aH
MO,n;eiiCTBil.H 3JieKTpOHOB C .H,n;paMH MOJieKyJI. 

3. ,l1,oKa3aHbI CJie,n;yroru;ue TeopeTH'IeCKHe ou;eHKH: 

(a) B paMKax MeTo,n;a KOHe'IHbIX 3JieMeHTOB noJiy'IeHbl norpeIIIHOCTH 

annpoKCHMau;uii nepBoii npoH3Bo,n;ttoii no napaMeTpy OT co6crBeH

HhIX 3Ha'!eHHii, co6CTBeHHbIX <pyHKu;Hll napaMeTpH'IeCKOll caMOCO

npmKeHHOll 3a,n;aqu lllTypMa-JluyBHJIJI.H H HHTerpaJioB OT npoH3Be

,n;eHH.H co6cTBeHHbIX <pyHKD;Illl Il HX nepBbIX npOH3BO,lJ;HbIX no napa
MeTpy; 

(6) B paMKax CHMMeTpH'!HbIX He.HBHbIX onepaTOpHO-pa3HOCTHbIX MHO

rOCJIOllHbIX cxeM BbIBe,n;eHbI norpeIIIHOCTH annpOKCHMau;uii peIIIeHHii 

Ha'IaJibHO-KpaeBOll 38,)];a'IH IIIpe,n;uHrepOBCKoro THna. 

4. C03,D;aHbI npo6;re.r,.rno-opueHTHpOBaHHhie KOMnJieKChI nporpaMM ,D;JI.H 'IHC

JieHHoro aHaJIH3a pa3JIIl'IHbIX npou;eccoB B MaJIO'IaCTil'IHbIX KBaHTOBbIX 

CHCTeMax. CJie,n;yroru;ue KOMnJieKCbI nporpaMM, npe,n;cTaBJI.HIOiu;He IlHTe

pec ,D;JI.H IIIHpOKoro Kpyra nOJib30BaTeJiei1, nepe,n;aHbI B 6tt6JIHOTeKH npo

rpaMM )KYPHaJia Computer Physics Communication u OI1.HI1: 

(a) KANTBP ,D;JI.H peIIIeHH.H 3a,n;aqu Ha CB.H3aHHhre cocTO.HHH.H u MHoro

KaHaJibHoii 3a,n;aqu pacce.HHH.H ,D;JI.H caMoconp.H)KeHHhlX CHCTeM o6bIK

HOBeHHbIX ,n;u<p<pepeHD;IlaJibHbIX ypaBHeHHH IIIpe,n;HHrepoBCKOro TH

na C KpaeBbIMil ycJIOBil.HMil TpeThero po,n;a; 

(6) TIME6T ,D;JI.H peIIIeHH.H Ha'IaJihHO-KpaeBoii 3a,n;aqu ,D;JI.H caMoconp.H

)KeHHhIX CHCTeM ,n;H<p<pepeHD;IlaJibHbIX ypaBHeHHH B qacTHbIX npOH3-

BO,D;HbIX IIIpe,n;HHrepOBCKoro THna C KpaeBhIMil YCJIOBH.HMH nepBoro 

Il (HJIH) BTOporo po,n;a no npocTpaHCTBeHHOH nepeMeHHoil:; 

(B) ODPEVP ,n;JI.H perneHH.H o,n;HonapaMeTpuqecKoii caMoconp.H)KeHHoii 

3a,n;aqu lllTypMa-JluyBHJIJI.H, H BhI'IHCJieHH.H nepBoii ITpOH3Bo,n;Hoi1 

ITO ITapaMeTpy OT co6CTBeHHbIX <pyHKD;Illl Il IlHTerpaJIOB OT ITPOH3-

Be,n;eHH.H co6CTBeHHbIX <pyHKD;Illl Il HX ITepBbIX ITpOH3BO,ll;HbIX ITO na
paMeTpy; 

(r) POTHMF ,D;JI.H perneHH.H o,n;ttoITapaMeTpuqecKofi 3a,n;aqu Ha co6cT

BeHHbre 3Ha'IeHH.H ,ll;JI.H yrJIOBbIX CITJIIOCHJTbIX ccpepOH,D;aJibHbIX <pyH

KD;HH, Il Bbl'IHCJieHH.H nepBOH npOH3BO,ll;HOH ITO napaMeTpy OT co6-

CTBeHHhIX <pyHKD;Illl Il IlHTerpaJIOB OT ITpOH3Be,n;eHH.H co6CTBeHHhIX 

<pyHKu;ttii Il MX nepBbIX ITpOH3BO,D;HhIX ITO napaMeTpy; 

(,n;) ZHYPG2 ,D;JI.H BhI'IHCJieHH.H KOMITJieKCHhIX runepreoMeTpuqecKHx 

<pyHKD;Hi1 2F1 ( a, 2; c, z). 

8 

5. C ITOMOiu;bIO pa3pa6oTaHHbIX MeTO,ll;OB, aJirOpHTMOB Il C03,D;aHHhIX KOM

ITJieKCOB nporpaMM ITOJiy'IeHhl CJie,n;yroru;ue <pH3H'IeCKHe pe3yJihTaThI B 

MaJIO'IaCTil'IHbIX KBaHTOBbIX CHCTeMax. 

(a) IlpoBe,n;eHO 'IHCJieHHOe IlCCJie,D;OBaHHe MO,n;eJIH pe30HaHCHoro Mexa

HH3Ma <pOTOHOHH3au;uu Il Jia3epHO-CTHMYJIHpOBaHHOH peKOM6HHa

D;Ilil aTOMa Bo,n;opo,n;a B O,D;HOpO,D;HOM MarHHTHOM noJie. BITepBbie 

ITpe,n;CKa3aHbl 3<p<peKTbI pe30HaHCHoro npOXO)K,D;eHH.H Il ITOJIHoro OT

pa)KeHH.H pa3HOHMeHHO 3ap.H)KeHHbIX 'IaCTHD; B O,D;HOpO,D;HOM MarHHT

HOM ITOJie. 

.. (6) IlpoBe,n;eHO 'IHCJieHHOe IlCCJie,D;OBaHHe MO,D;eJIH 3BOJIIOD;HH naceJieHHO

CTeii B036y)K,D;eHHbIX COCTO.HHHH aTOMa BO,n;opo,n;a B O,D;HOpo,n;HOM Mar

HHTHOM ITOJie ITO)]; B03,D;eiiCTBHeM ITOCJie,D;OBaTeJihHOCTil CBepxKopOT

KHX Jia3epHbIX IlMITYJibCOB. B pe3yJibTaTe ITOKa3aHa B03MO)KHOCTb 

CTa6IIJIII3aD;Hil 3eeMaHOBCKoro BOJIHOBOro naKeTa II KOHTpOJI.H Hace

JieHHOCTeii BapIIau;uei1 MarHIITHOro noJI.H. 

( B) BbIIIOJIHeHO 'IIICJieHHOe IICCJie,D;OBaHHe MO,D;eJieii IIOHH3aD;IIII a TO Ma 

reJIII.H, MOJieKyJI BO,D;Opo,n;a II IIOHOB, a30Ta 3JieKTpOHHbIM y,n;apoM. 

,lJ,ocTIIrHJTO xopornee cor;racIIe pe3yJihTaToB pac'IeTa TeopeTII'Ie

CKIIX Ce'IeHIIii C COBpeMeHHbIMII 3KCITepHMeHTaJibHbIMII ,n;aHHbIMII. 

BITepBbie TeopeTH'IeCKil KOppeKTHO onucaHbl IIHTep<pepeHD;IIOHHbie 

3<p<peKThI KorepeHTHoro pacce.HH1rn 3JieKTpoHa Ha ,n;Byx KYJIOHOB

CKIIX u;eHTpax MOJieKyJihI, npO.HBmIIOiu;IIeC.H B ycTaHOBJieHHOM <pyHK

D;IlOHaJibHOM OTHOIIIeHIIII ,D;II<p<pepeHD;IIaJibHbIX Ce'IeHHll IlOHII3aD;IIII 

MOJieKyJihI BO,D;Opo,n;a II aTOMa reJIII.H. 

,LJ;ocTOBepHOCTb pe3yJibTaTOB. KoppeKTHOCTb pe3yJihTaTOB no,n;TBep

)K,D;eHa 'IIICJieHHbIMII 3KCnepHMeHTaMH Ha MaTeMaTH'IeCKIIX MO,D;eJI.HX <pII3II'Ie

CKIIX ITpou;eccoB, ,n;onycKaIOiu;IlX TO'IHOe peIIIeHue, npoBepKoii BbIIIOJIHeHH.H Il3-

BeCTHbIX Il ,D;OKa3aHHhIX aBTOpOM TeopeTH'IeCKHX ou;eHOK norpeIIIHOCTefi 'IHC

JieHHbIX perneHHii B IlCITOJih3yeMhIX BbI'IHCJIHTeJihHbIX cxeMax, cpaBHeHHeM C 

pe3yJibTaTaMH ,n;pyrux TeopeTH'IeCKHX pacqeTOB Il 3KCITepHMeHTOB. 

Arrpo6au;m1 pa6oTbI. Pe3yJihTaThI ,n;uccepTau;uoHHoii pa6oTbI ,n;oKJia

,D;hIBaJIHCh Ha Hay'!HhIX ceMHHapax JIHT, JIT<I> OI1.HI1 u Ha c;re,n;yroru;ux 

Me)K,n;yHapo,n;HhIX KOH<pepeHu;u.Hx: "Fifth Conference on Numerical Methods 

and Applications", Borovets, Bulgaria, 2002; "Saratov Fall Meeting'', Capa

TOB, Poccu.H, 2003, 2005, 2006, 2007, 2008; "First National Conference on 

Nonlinear Sciences", Ulan-Bator, Mongolia, 2004; "International Conference 

on Contemporary Physics", Ulan-Bator, Mongolia, 2005, 2007; "International 

Conference on Mathematics", Ulan-Bator, Mongolia, 2006; "Computer Algebra 

and Scientific Computing'', Bonn, Germany, 2007; "Computer Algebra and 

Differential Equations", Turku, Finland, 2007; "International Conference on 
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Muon Catalyzed Fusion and Related Topics", Dubna, Russia, 2007; "Quantum 

Physics and Communication", Dubna, Russia, 2007; "Symmetries in Physics", 

Dubna, Russia, 2008, 2009; "Mathematical Modeling And Computational Phy

sics", Dubna, Russia, 2009. 

IIy6JIMKau;1u1. OcHOBHOe CO,IJ,ep)KaHIIe ,1],IICCepTaIJ,IUI ony6JIIIKOBaHO B 22 

pa6omx. lfa HIIX 7 pa6oT B pocc11iiCKIIX )KypHaJiax, peKoMeH,IJ,OBaHHhIX BAK 

[OlJl, OlJ7, OlJ8, OlJ9, OlJlO, OlJll, OlJ16); 13 pa6oT B 3apy6e)KHhIX )KypHa

Jiax, peKOMeH,IJ,OBaHHhIX BAK [OlJ2, OlJ3, OlJ4, OlJ12, OlJ13, OlJ14, OlJ15, 

OlJl 7, OlJ18, OlJ19, OlJ20, OlJ21, OlJ22] II 2 pa6oThI B 6II6JIIIOTeKe nporpaMM 

0115111 [OlJ5, OlJ6]. 

CTpyKTypa M o6'beM )];MCCepTau;MM. ,ll;IIccepTaIJ,mI, C0,1],ep)Karu;aa 244 

CTpaHIIIJ,, COCTOIIT II3 BBe,IJ,eHII5I, IIIeCTII rJiaB, 3aKJIIO'-leHII5I, cnIIcKa OCHOBHhIX 

ny6JIIIKaIJ,IIH (B ,IJ,IICCepTaIJ,IIII OHII IIMeIOT HOMepa OlJ1-OlJ22) II cnIIcKa IJ,IITII

pyeMOH JIIITepaTyphI, BKJIIO'-laIOiu;ero 147 HaIIMeHOBaHIIH. rJiaBbl pa36IIThI Ha 

naparpa<phI, naparpa<phI - Ha nyHKThI. HyMepaIJ,IIa cpopMyJI, · Ta6JIIIIJ, ( Bcero 

Ta6JIIIIJ, 11) II pIIcyHKOB (IIx 36) CKB03Haa B npe,IJ,eJiax Ka)K,1],0H rJiaBbI. 

JlM'IHhIM BKna.n; aaTopa. ABTop ,IJ,IICcepTaIJ,IIII B coTpy,IJ,HII'-lecTBe c KOJI

JieraMII II coaBTopaMII 113 JU1T, JIT<I> OI15U1 II ,IJ,pyrIIx (poccIIiiCKHX II 3apy-

6e)KHhrx) Hay'-IHhIX IJ,eHTpOB y'-laCTBOBaJI B MaTeMaTH'-leCKOH nocTaHOBKe pac

CMaTpIIBaeMbIX B ,IJ,IICCepTau;HII 3a,IJ,a'-I, C03,IJ,aHIIH, npoBepKe H YJIY'-IIIIeHIIH co

OTBeTCTBYIOIIJ;HX MaTeMaTII'-leCKIIX M0,1],eJieii, a TaK)Ke B pa3pa60TKe II o60CHO

BaHHH OIJ,eHOK TO'-IHOCTII BbI'-IHCJIIITeJihHbIX cxeM. 

ABTOp ,IJ,IICCepTaIJ,HII BHec onpe,IJ,eJI5IIOiu;IIH BKJia,IJ, B C03,IJ,aHHe npe,1],CTaB

JICHHbIX KOMnJieKCOB nporpaMM, B npoBe,IJ,eHIIe TeCTIIpOBaHIIH, B KOMnbIOTep

HOe MO,IJ,eJIHpoBaHHe KOHKpeTHbIX <pII3H'-leCKHX 3a,IJ,a'-I, B aHaJIH3 ,IJ,OCTOBepHO

CTH II yKa3aHHOii TO'-IHOCTII noJiy'-leHHhIX pe3yJibTaToB. Ofoop [Olll] HanIIcaH 

c cyiu:ecTBeHHhIM BKJia,IJ,oM aBTopa. Pa6oTbr [OlJ2, OlJ3, OlJ4, OlJ5] BhIIIOJIHe

Hhr C onpe,IJ,eJI5IIOiu;HM BKJia,IJ,OM aBTOpa B pa3pa60TKY BbI'-IIICJIHTeJibHbIX cxeM, 

aJirOpIITMOB II KOMnJieKCOB nporpaMM II B npoBe,IJ,eHIIII '-IIICJieHHoro aHaJIII3a; 

Bee pa3pa60TaHHbie aJiropIITMbI II KoMnJieKc nporpaMM B [OlJ6, OlJ7, OlJ8, 

OlJ9, OlJlO, Ollll] 5IBJI5IIOTca aBTopcKIIMII; Bee '-IIICJieHHbie pe3yJibTaTbI B 

[OlJ12, OlJ13, OlJ14, OlJ15, OlJ16, OlJl 7, OlJ18, OlJ19, OlJ20, OlJ21, OlJ22] 

noJiy'-leHbI aBTOpOM Ha OCHOBe pa3pa6oTaHHbIX IIM aJirOpIITMOB II KOMnJieKCOB 

nporpaMM. 

2. Co,u,ep)l<:amrn ,u,11ccepTau;1111 

Bo aae,n;eHMM ,IJ,aHa o6iu;aa xapaKTepIICTIIKa pa6oThr, o6ocHoBaHhr ee aK

TyaJibHOCTh II Hay'-1Ha5I HOBII3Ha, onIIcaHbI IJ,eJIII ,1],IICCepTaIJ,IIII, ee CTPYKTypa II 

ofrbeM II npe,IJ,CTaBJieHO CO,IJ,ep)KaHIIe ,1],IICCepTaIJ,IIII no rJiaBaM. 

rnaaa I nocBaru;eHa onIIcaHIIIO cpyHKIJ,IIOHaJihHOii cxeMhr MK, scpcpeK-
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TIIBIIOH ,IJ,JI5I '-IIICJiennoro IICCJIC,1],0BaIIH5I KpacBbIX MHOroMepIIblX 3a,IJ,a'-1 rnpe

,1],IIIIrcpOBCKOro TIIna, onIICbIBaIOIIJ;IIX ,IJ,IIHa:MIIKY MaJIO'-laCTII'-IHbIX KBaIITOBhIX 

CIICTCM. B 3TOH rJiaBe ,IJ,CTaJibHO cpopMyJIIIPYIOTC5I OCIIOBHbIC npo6JieMhI, B03HH

KaIOIIJ;II€ npII perneHIIII MK KpaeBhIX MHOrm.rnpHbIX 3a,IJ,a'-I, KOTOpbIC Tpe6yIOT 

pa3pa60TKII 3<p<peKTHBHhIX Bbl'-IIICJIIITeJibilbIX cxeM, II o6ocnOBbIBaeTC5I Bbr6op 

MCT0,1],0B HX pcrneHII5I. 
B napa2pa<fie 1.1 npe,IJ,CTaBJiena cpynKIJ,IIOHaJihnaa cxeMa pernemrn Kpa

CBhIX 3a,IJ,a'-1 MK. ,Il;aHhI cpopMym1pOBKII KpaeBhIX 3a,IJ,a'-I ,1],JI5I CTaIJ,IIOHapnoro 

ypaBHCHII5I Illpe,IJ,IIHrepa B KOHC'-IHOH o6JiaCTII KOOp,Il,HHaTIIOro npocTpaIICTBa 

Rd' onIICbIBaIOru;ero ,1],IIHaMIIKY MaJIO'-laCTII'-IHOH KBaHTOBOH CIICTCMbI 

H(r, fi)w(r, fi) = E\JJ(r, fi), (1) 

1 a a 1 ( A 2 ) 
H(r, n) = - fi(r) arh(r) ar + h(r) -An+ U(r, n) . 

3,IJ,eCb Ai - caMoconpa)KeHnhri1 ,IJ,II<pcpepenIJ,IIaJihHhiii oneparop SJIJIHnTII'-le

cKoro THna c qacTHhIMII npQII3BO,Il,HhIMII B KOHe'-lnoii o6JiaCTH X c Rd-l, 
n = {f2j}1;;;;f EX - na6op ne3aBIICIIMhIX nepeMennhrx, r E (r1, r 2) EB c R 1 

- ne3aBIICIIMaa ncpeMennaa, X = B ® X c Rd - Kone'-lnaa o6JiacTh Koop

,IJ,IIHaTnoro rrpocTpaIICTBa Rd; E - crreKTpaJibilbIM napaMeTp, COOTBCTCTBYIO

IIJ;IIH aneprHII KBaHTOBOH CIICTCMbI. Ilpe,IJ,IIOJiaracTC5I, 'ITO cpynKIJ,IIII fi(r) > 0, 
fz(r) > 0, h(r) > 0, arf2(r), U(r, n) II arU(r, n) - nenpepbIBHhI II orpaHH

'-ICilbI npH BCCX (r, fi) E X. fipe,IJ,nOJiaraeTC5I TaK)KC, 'ITO CaMOCOIIp5I)K€IIHhIH 

onepaTop L(fi; r) = -Ai+ U(r, n) HMeeT TOJibKO ,IJ,IICKpeTHhIM Beru;ecTBennhiii 

cneKTp i;;(r). 
Perne1rne \JJ(r, n) E L2(X) ypaBnenHa (1) no,IJ,'-IIInaeTca KpaeBhIM ycJio

BIIaM TpCTbero po,IJ,a: 

aw(r, n) - >.1 \JJ(r, n) = 0, 
µz ar 

aw(r, fi) _ b(r)\JJ(r, n) = 0, 
a au 

r=r1, fiEaXUX, 

f2 E aX, r E [ri,r2), 

l = l, 2; (2) 

r,IJ,e µ1, >.1, µ2, a - Beiu;ecTBCHHhie KOHCTaHThI; >.2 = >.2(r2) - Beru;ecTBCIIHa5I 

cpyHKIJ,Irn, 3aBIIC5IIu;a5I OT r2; µf + Af =j. 0; <pyHKIJ,IIH b(r), arb(r) - HenpcpbIBHbI 

II orpaHII'-ICHhI; n - €,IJ,IIHH'-IHbIM BCKTOp HOpMaJIII K rpaHHIJ,€ ax o6JiaCTH X. 
B MK pernerrne \JJ(r, fi) HIIJ;eTca B BII,IJ,e pa3JIO)KCHII5I no o,IJ,norrapaMeTpII

'-ICCKOMY na6opy 6a3IICHhIX cpyHKIJ,IIM Nj(n; r)}1::;,r E Fr~ L2(X): 

\JJ(r, n) = ~:; 'I/Jj(n; r)xj(r). (3) 

B pa3JIO)KCHIIII (3) BCKTOp-<pyHKIJ,II5I X(r) = (X1(r), ... , Ximax(r))T - IICKOMa5I. 
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Ba3IICIIhJe q>ynKI.I,IIII 7Pi(0.; r) - pernenmr napaMeTp1P1ecKoiI 3a,11,a'III na co6-

CTBenuh1e 3IIa'!enmr 

L(0.;r)'l/Ji(0.;r) = €j(r)'l/Ji(0.;r), (4) 
8'1j;i(0.;r) , 

a on - b(r)'lj;j(n; r) = 0, n E ax, r E h, r2]-

O1rn o6pa3JIOT opTonopMIIpOBam1b1H 6a3IIC no ua6opy nepeMennh1x n E X 
,11,Jrn KaJK,n;oro 3naqe1ma r E (r1, r 2 ) E B, KOTOphiii paco.mTpIIBaeTca KaK na

paMeTp, II Y,11,0BJieTBOpaIOT ycJIOBIIIO HOpM1IpOBKII 

L 7Pj(n; r)'l/Jj(n; r)d0. = l. (5) 

3,11,ech c1(r) < · · · < €jmax(r) < · · · E e(r) - IICKOMbIH na6op BeII.J,eCTBeHHbIX 

co6cTBeHHbIX 3Ha'!eimii, pacnoJIO)KeHIIbIX B nopa,!],Ke B03pacTamrn. 

IlocJie no,11,cTaHOBKII pa3JI02Ke1rna (3) B ypamre1me (1) II yMH02KeH1Ia CJie

Ba ua q>ynKI.I,IIII '1/Jj(n; r) c noCJie,11,YIOII.J,IIM 1IIITerpIIpOBa1meM B o6JiacTII X, IIc

xo,n;uaa KpaeBaa 3a,n;aqa (1), (2) CB0,11,IITCa K 3a,l),a'!e na CBa3aHHbJe COCTORIIIIa 

( OTIIOCIITCJibHO IICKOMbIX E, x(r)) IIJIII K MHoroKaHaJibHOH 3a,l),a'le paccea1ma 

( OTHOCIITCJibHO na6opa IICKOMbIX { A2,i
0

} z~l, {Xio ( r)} z~l npH q>HKCIIpOBaHHOM 

3IIa'!eHIIII E) ,11,mI CIICTCMbl H3 ima:x 06bIKHOBCHilbIX ,11,IIq>q>epeIII.I,IIaJibHbIX ypaB

HCHIIH 

H(r)x(r) = Ex(r), (6) 

µ1(1!-Q(r))x(r)->.1x(r)=O, r=r1, l=l,2, (7) 

r,n;e I - e,11,IIHII'!Haa MaTpIII.J,a, H(r) - ca:Moconpa2Kem1b1ii MaTpII'IHhiii onepaTop: 

l d d h(r) d l df2(r)Q(r) 
H(r) = - f1(r/drh(r) dr + V(r) + fi(r) Q(r) dr + fi(r) dr · (8) 

Co6cTBennaa q>ynKI.I,IIa x(r) 3a,l),a'III ua CBa3aHHhie COCTORHIIR (6)-(8) HOpMII

poBaHa: 

llx(r)llo = 1, llx(r)II~ = f~ fi(r)x(rf x(r)dr. (9) 

,z::t;Jia l\1HOrDKaHaJibHOH 3a,l),a'III pacceaHHa (6)-(8) 'IIICJIO OTKpbITbIX KaHaJIOB 

N0 = maxj ~ ima:x onpe,n;eJiaeTca ycJIOBIICM E 2: limr2 -+oo Vjj(r2), ecJIH 

limr2 -+oo f2(r2)/ f1(r2) = const, a uop1mpoBKa pemeuna <I>(r) = {xdr)}Z~1 -
ycJIOBIIeM: 

<I>(r2) = <I>reg(r2) + <I>irr(r2)K, 
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(10) 

r,11,e K - IICKOMaa MaTpIII.I,a peaKI.I,IIII pa3MepuocTbIO N0 X N0 , a <I>reg(r) II <I>irr(r) 
- aCIIMnTOTIIKH peryJiapHbIX n ueperyJiapHbIX perneHHH ypaBHCHIIR (6). 

B cncTeMe (8) nepeMennhie 3JieMenThI MaTpIII.I, V(r) II Q(r) pa3Mepuo

CTbIO ima:x X imax onpe,11,eJiaIOTCa cpopMyJiaMII 

½-( )=Vi·( )=€;(r)+t:j(r) 0 __ h(r)I 8'1j;;(0.;r)8'1j;i(0.;r)d0. (ll) 
•J r 1' r 2h(r) IJ + fi(r) x or or ' 

Q ( ) ( ) 
I 

( )
8'1/Ji(0.;r) 

ii r = -Qi; r = - x '1/J; 0.; r or d0.. 

IlpOIIqBO,l),Haa OT co6CTBCHHOH Q>YHKI.I,HH Or'l/Jj(n; r) E Fr ~ L2(X) - pemeHIIe 

napaMeTpH'IeCKOH HeO,l],HOp0,11,HOH KpaeBoil: 3a,l],a'III, noJiyqaeMOH ,11,IIcpcpepeHI.I,II

poBaHIIeM no napaMeTpy 3a,11,aqn (4), (5): 

(L(0.;r)-t:i(r)) 8'¢i~~;r) = (&at) - 8L~~;r)) 'l/Ji(0.;r), (12) 

8
2
'¢j(0.; r) _ b( )O'l/Jj(n; r) = ob(r) ·'··('"'· ) n !ix' [ l 

a 8r8n r 8r or 'f/J H, r ' HE u ' r E r1, r2' 

L 'l/Ji(n; r)°'l/Ji~~; r) d0. = o. 

TaKIIM o6pa3oM, peanII3aI.I,Ha MK npIIB~,11,IIT K neo6xo,11,HMOCTII pa3pa6oT

KII 3q>cpeKTHBHbIX BbI'IIICJIHTCJibHbIX CXCM ,l),Jia pemeHIIil: CJie,11,YIOII.I,IIX npo6JieM: 

• Ilpo6JieMa 1. BbI'IIICJieHIIe KOHe'IHOro na6opa co6CTBeHHbIX 3Ha'leHHH 

II co6CTBCHHbIX cpynKI.I,IIH napaMeTpH'ICCKOil: KpaeBoil: 3a,l),a'III ( 4), (5) . 

• Ilpo6JieMa 2. Bbl'IIICJICHHC nepBoil: npOH3BO,l),HOH co6CTBCHHbIX cpyn

KI.I,HH no napaMeTpy II3 neo,11,uopo,11,uoii KpaeBoil: 3a,l),a'III (12). 

• Ilpo6JieMa 3. BbI'IHCJieuHe 3JieMeHTOB MaTpIII.I, Q(r) II V(r) no cpopMy

JiaM (11). 
• Ilpo6JieMa 4. PemeHIIe 3a,l),a'IH Ha CBa3aHHhie COCTORHIIa ,l),Jia CHCTeMbl 

o6bIKHOBeHHbIX ,11,HcpcpepeHI.I,HaJibHblX ypaBHCHIIil: (6)--(9). 

• Ilpo6JieMa 5. PemeHIIe MHoroKaHaJihttoil: 3a,n;aqrr pacceauIIa ,n;Jia CIICTe

MbI o6bIKHOBeHHbIX ,Il;IIq>q>epeHI.J,HaJibHbIX ypaBHeHH'll (6)-(8), (10). 

B napazparfie 1.2 060CHOBb1BaeTca BbI6op MeTO,Il;OB, HCnOJib30BaHHbIX ,Il;JIR 

'IIICJICHHOro pemeHH.H rrpo6JieM 1-5 B paMKaX COOTBCTCTBJIOIIJ;IIX BapIIaI.I,H

OHHbIX cpopMyJIIIpOBOK, IICnOJib3JIOII.I,IIX cpynKI.I,IIOHaJibl P3Jiea-PIITI.I,a, PIITI.I,a 

[11] II XIOJibTCHa [1], a TaK)Ke BbI'IHCJIHTeJibHbIX CXCM. CJie,11,YeT OTMCTIITb, 'ITO 

CHCTCMa (6) co,n;ep)KHT caMoconpa)KCHHbiil: onepaTop B BH,n;e cyMMbI ,n;Byx CJia

raeMbIX, BKJIIO'laIOII.I,IIX aHTHCHMMCTpH'lHYIO MaTpIII.I,y Q ( r) npH nepBoil: npo

H3BO,Il;HOi-i no nepeMennoit r Hee nepByIO npoH3Bo,n;nyIO no nepeMenuoit r. IlpII 
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Henocpe,II,CTBeHHOH ,II,HCKpeTH3all,Hil COOTBeTCTBYIOID;IlX 3a,II,aq Tpe6yeTCR qllc

JleIIHO ,II,mpcpepem1,HpOBaTh MaTpIIey Q(r) no nepeMeHHOH r, qTo npHBO,II,IIT 

K ,II,OnOJIHIITeJihHOMy orpaHnqeHIIIO Ha 011,eHKII norpeIIIHOCTII npII6JimKeHHOro 

pernemrn. 11cnOJih3ye1mR BapHall,IIOHHaR cpopMyJIHpOBKa 3TIIX 3a,II,aq CB060,II,Ha 

OT 3TOro He,II,OCTaTKa. 

Lf:ncKpeTH3all,IIR II MIIHIIMH3all,IIR COOTBeTCTBYIOID;IIX CIIMMeTpnqHhIX Ba

pna11,IIOHHhIX <PYHKll,IlOHaJIOB peaJIII30BaHa MK8 [11] BhICOKOro nopR,II,Ka Toq

HOCTII. Bhr6op nopR,II,Ka annpoKCHMall,IIII p 3aBIICHT OT rJia,II,KOCTII IICKOMOro 

pernemrn. Tor,II,a rrpo6JieMbl 1, 4 II 5 CBO,II,RTCR K perneHHIO o6o6rn;eHHhIX 

3a,II,aq Ha co6cTBeHHhre 3HaqeHHR, rrpo6JieMa 2 - K perneHIIIO anre6paHqe

CKHx 3a,II,aq, a rrpo6JieMa 3 - K YMHO)KeHHIO MaTpIIll,hI Mace C ,II,Byx CTOpOH 

Ha COOTBeTCTBymrn;ne qHcJieHHhie perneHHR rrpo6JieM 1 H 2. CJiemR TeopHII 

R-MaTpHlJ,hI [1] II IICnOJih3YR KpaeBhie ycJIOBHR TpeThero po,II,a (7) Il aCHMnTo~ 

THqecKHe pa3JIO)KeHHR perneHHH (10), rrpo6JieMa 5 pem11,npyercR K perneHHIO 

anre6pallqecKHX 3a,II,aq OTHOCIITeJihHO IlCKOMhIX MaTpHlJ,hI JIOrapII¢1rnqecKHX 

npoH3BO,II,HhIX perneHntt R == R(r2), MaTpIIll,hI peaKll,HII K II perneHHH <I>(r). 

Bo BCex CJiyqaRx MaTpIIlJ,hI )KeCTKOCTII Il Mace RBJIRIOTCR CHMMeTpllqHhI

MlI n HMeIOT 6JioqHo-JieHTOqHym cTpyKTYPY c Han6oJihllIIIMH no MomJim ,II,Ha

roHaJihHhIMH 3JieMeHTaMII (c MaKCHMaJihHOH llIHpHHOH JieHThI ]max X (p + 1)), 
qTo o6ecneqnBaeT ycTottqlIBOCTh qHcJieHHOro npo11,ecca perneHHR COOTBeTCTBy

IOID;HX anre6pallqecKIIX 3~aq Il 3HaqHTeJihHYIO 3KOHOMHIO KOMnhIOTepHhIX pe

cypcon. 8To n03BOJIReT cyrn;eCTBeHHO yneJinqlITh qifCJIO pernaeMhIX ,II,H¢¢e

peH11,HaJihHhIX ypaBHeHHH ClICTeMhI (6), II TeM CaMhIM, nOBhICIITh ToqHOCTh an

npoKCIIMall,HII qncJieHHoro perneHHR lICXO,II,HhIX KpaeBhIX MHOroMepHhIX 3a,II,aq, 

OTCIO,II,a BhITeKaeT OCHOBHOe Tpe6oBaHIIe K nocTpOeHHIO 3KOHOMilqHhIX BhJqllc

JIIITeJihHhIX cxeM - IICnOJih30BaTh qHcJieHHhie MeTO,II,hI, KOTOpbie He Tpe6yIOT 

6oJihllIHX pecypcoB onepaTIIBHOH naMRTII KOMnhIOTepa. C 3TOH 11,eJihIO ,II,JIR pe- -

rneHHR anre6paHqecKnx 3a,II,aq HcnoJih30BaJIHCh L D LT ¢aKTOpH3all,HR MaTpH-

11,hI )KeCTKOCTH H MeTO,II, o6paTHOH nO,II,CTaHOBKil [17]. TiocKOJihKY Hll)KHRR Tpe

yroJihHaR MaTpH11,a L noJIHOCThIO coxpaHReT 6JioqHo-JieHToqnym CTPYKTYPY, 

TO TaKaR ¢aKTOpH3alJ,HR ne Tpe6yeT 60JihllilIX ofo,eMOB onepaTHBHOH naMRTlI 

KOMnhIOTepa. 

I1pH perneHHil o6o6rn;eHHOH 3a,II,aqn Ha co6CTBeHHhie 3HaqenHR 60JihllIOH 

pa3MepHOCTII, ,II,JIR BhJqHcJieHHR OTHOCIITeJihHO He60JihllIOro qifcJia ]max co6-

CTBeHHhIX 3HaqeHIIH Il COOTBeTCTBYIOID;HX HM co6CTBeHHhIX <PYHKll,IIH rrpo6JieM 
1 lI 4 HCnOJih30BaJICR MeTO,II, HTepall,Illl B no,II,npocTpaHCTBe. 8TOT MeTO,II, y,II,o-

6eH noToMy, qTo na Ka)K,II,OM mare ,II,JIR Bh16panHoro no,II,npocTpaHCTBa perua

eTCR 0606rn;eHHaR 3a,II,aqa Ha co6cTBeHHhJe 3HaqeHnR cyrn;ecTBeHHO MeHhruett 

pa3MepHOCTH, qe;I Pa3MepHOCTh HCXO,II,HOH MaTplllJ,hI. Tio 3TOH npHqHHe 3TOT 

MeTO,II, He Tpe6yeT 60JihllIIIX ofo,eMOB onepaTHBHOH naMRTII KOMnhIOTepa. Lf:JIR 

BhJqncJieHHR co6CTBeHHhIX 3HaqenHH B no,II,npocTpaHCTBe npIIMeHRJiaCh 6apbep-
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HaR MO,II,IIcpnKall,HR o6o6rn;eHHOro MeTo,II,a 51Ko6H, B KOTOpOH qlJCJIO onepall,IIH 

cyrn;eCTBeHHO MeHbllie, qeM B CTaH,II,apTHOH BepCHil 3Toro MeTO,II,a [18]. CJiem

eT OTMeTHTh, qTo pemKll,IlR rrpo6JieMbl 5 K aJire6paHqecKIIM 3a,II,aqaM no3-

BOJIReT H36e)KaTh perneHHR o6o6rn;ennm1 3a,II,aqH Ha co6CTBeHHhie 3HaqeHIIR 

6oJihllIOH pa3MepHOCTil MeTO,II,OM HTepall,HH Il ,II,aeT cyrn;ecTBeHHYIO 3KOHOMHIO 

BhJqlICJIHTeJihHhIX 3aTpaT BpeMeHII. 

Pe3yJihTaThI nepBOH rJiaBhI ony6JIIIKOBaHhI B pa60TaX [Qql, Qq7, QqlQ]. 
rJiaBa 2 noCBRID;eHa onHCaHIIIO nocTpoeHHhIX CilMMeTpnqHhIX HeRBHhIX 

onepaTopno-pa3HOCTHhIX MHOrOCJIOHHhIX cxeM 7 qncJieHHOrO pe.qieHHR naqaJih

HO-KpaeBOH MHOroMepHOH 3a,II,aqH rnpe,II,IIHrepOBCKoro THna. 11MeeTCR ,II,Ba oc

HOBHhIX Tpe6onaHHR ,II,JIR qHcJieHHhIX MeTO,II,OB, KOTOphie npHMeHRIOTCR na npa

KTHKe npll qncJieHHOM perneHIIIl TaKOH 3a,II,aqll: OHH ,II,OJI)KHhI 6hITh ycTottqlIBhI

MII Il o6ecneqHBaTh BhICOKYIO TOqHoCTh ,II,IICKpeTH3all,Hil 3~aqH KaK no npeMeH

HOH, TaK Il no npocTpaHCTBeHHhIM nepeMeHHhIM. B 3TOM OTHOllieHHil MeTO,II,hI 

pacrn;enJieHHR HMeIOT Ba)KHhJe npeHMyrn;eCTBa: YHHTapHOCTh 3BOJIIOll,IlOHHOro 

onepaTopa coxpaHReT HOPMY BOJIHOBoro naKeTa H rapanTHpyeT coxpaHeHHe 

BepORTHOCTil Il 6e3yCJIOBHOH CTa6HJihHOCTII MeTO,II,a [19]. B KaqecTBe nepnoro 

rnara ,II,JIR perneHHR 3TOH npo6JieMhI B pa6oTe [20] 6bIJIIl nocTpoeHhI HeRBHhJe 

onepaTopnhre cxeMhI ,II,O rnecToro nopR,II,Ka ToqHocTn no npeMennott nepeMeH

HOH Ha ocHoBe pa3JIO)KeHHR MarHyca ynHTapuoro onepaTopa 3BOJII011,IIH H YHH

TapHott annpOKCHMall,HH I1a,II,e. CJiemeT OTMeTHTh, qTo 3TH cxeMhI CO,II,ep)KaT 

KpoMe CIIMMeTpnqHoro onepaTopa, ern;e H 'aHTHCHMMeTpIIqnhIH onepaTop, na

qnHaR C qeTnepToro nopR,II,Ka annpOKCHMall,HH, T. e. npH qHcJieHHOH peaJIIl-

3all,Hil TaKHX cxeM Tpe6yeTCR perneHHe CIICTeM anre6paHqecKHX ypaBHeHIIH C 

HeCHMMeTpHqHhIMil KOMnJieKCHhIMil MaTpHll,aMII. I103TOMY nocTpOeHHe 6oJiee 

3KOH01fHqHhIX Il ycTottqllBhIX ClIMMeTpHqHhIX onepaTOpHhIX cxeM, a,II,anTHpO

BaHHhIX ,II,JIR annpoKCHMall,HH BOJIHOBoro naKeTa MK H MK8 no npocTpaH

CTBeHHhIM nepeMeHHhIM - aKTYaJihHaR npo6JieMa, pernaeMaR HH)Ke, 

B napa2pa<fie 2.1 npe,II,CTaBJiena cxeMa nocTpoeHHR CIIMMeTpHqHhIX HeRB

HhIX onepaTopHhIX cxeM qIJcJiennoro peruenHR HaqaJihHO-Kpaenott 3a,II,aqIJ ,II,JIR 

HecTa11,Honapnoro ypaBHenHR lllpe,II,Hnrepa Ha KOHeqnoM HnTepnaJie t E [to, T]: 

aw(t) 
ifit = H(t)\Jl(t), H(t) = Ho+ f (t), w(to) = Wo. (13) 

3,II,eCh Ho - noJIO)KIJTeJihHO-onpe,II,eJieHHhIH, JIIIHeHHhIH caMoconpR)KeHHhIH one

paTop, ne 3aBHCRID;Illl OT BpeMeHH, a <PYHK11,II5! f (t) HMeeT orpaHIJqeHHhie rrpo

Il3BO,II,Hhie no BpeMeHHOH nepeMeHHOH t ,II,O rropR,II,Ka 2M rrpH M = 1 -;- 3. 
Lf:JIR qIJcJieHHOro perneHHR HaqaJihHO-KpaeBOH 3a,II,aqIJ (13) IICIIOJih3YeTCR 

paBHOMepnaR ceTKa Dr[t0 , T] = {t0 , tk+I = tk + T, tK = T} c rnaroM T no Bpe

MeHHOH rrepeMeHHOH t. Tipe,II,IIOJiaraeTCR, qTo na Ka)K,Il,OM IIHTepBaJie [tk, tk+I] 

7 ,IJ;a.nee Mb! 6y)J,eM Ha3hIBaTb HX orreparopHb!Mll cxeMaMH. 
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crrpaBe,1.1,JIIIBbI CJie,IIyIO~He ou;eHKII: 

ll(adH(Ts)) · · · (adH(Ti)) amftt0 ) 7/JII $ C1IIH;12¢II, 

TIIH~12 II < C2, 117/JII $ IIHo7/JII, 7/J E D(H5M+1), (14) 

r,1.1,e T; E [tk, tk+1l, i = 0-;- s $ 2M; m = 0-;- 2M; C1, C2 - rroJio:>KHTeJihHbie 

K0HCTaHThI, He 3aBHca~He OT rnara T. 3,1.1,ech JIHHeil:Hhiil: orrepaTop (adA) : 
.C(Y) - .C(Y) (.C(Y) - rrpocTpaHCTB0 JIHHeil:HbIX orrepaTOpOB) orrpe,1.1,eJieH ,1.1,JlH 

orrepaTopoB A, BE .C(Y) B BH,1.J,e (adA)B = AB-BA II 06Jia,1.1,aeT cJie,rry10ru;HMH 

CBOIICTBaMH: (adA) 0 B = B, (adA)i B = (adA)i-I (adA)B. 
l.facJieHHoe perneHHe \JF(tk+i) orrpe,1.1,eJiaeTca KaK o6pa3 perneHHa \JF(tk) c 

II0M0~bIO YHHTapHoro orrepaTopa 3B0JIIOIJ;IIII U(tk+l, tk) [20] 

\JF(tk+i) = U(tk+I, tk)\JF(tk), U(tk+I, tk) = expM (-iTAkM)) + 0 (T2
M+

1
). (15) 

3,1.1,ecb AkM) = AkM) + zAiM) - ::i¢¢eKTHBHhie orrepaTOpbI aBHoro pa3Jio:>KeHua 

MarHyca yHHTapHoro orrepaTopa 3B0JIIOIJ;HH ,1.1,0 rropa,1.1,Ka 0( T 2M) B M0MeHT 

BpeMeHH tc = tk + T /2, K0T0pbie Bbipa:>KaIOTCH qepe3 rrp0il3B0,1.l,Hbie IICX0,1.J,H0r0 

orrepaTOpa H(t); AkM) - CHMMeTpH'IHhie orrepaTophI; AiM) - aHTHCHMMeTpH'I

Hhie orrepaTopbI (B qacT0CTH Ai
1l = O); expM(B) - [M/M] arrrrpoKCHMau;Ha 

Ila,1.1,e orrepaTOpa exp(B). 

,lJ;Jia BbIB0,1.J,a CHMMeTpH'IHbIX HeaBHbIX orrepaTOJ)HbIX cxeM npH Af = 
2, 3 HCn0Jib30BaJiaCb nocJie,1.1,oBaTeJihH0CTb onepaTopHbIX npeo6pa30BaHIIll 7P = 
exp (zsiM)) \JF(tk) C HCK0MbIMH CHMMeTpll'IHbIMH onepaTopaMH SiM)_ TaKaa 

npou;e,rrypa n03B0JiaeT Ha Ka:>K,1.J,0M HHTepBaJie [tk, tk+il HCKJIIO'IHTb aHTHCHM

MeTpH'IHbie onepaTophI AiM) c T0'IH0CThIO ,1.1,0 nopa,1.1,Ka 0( T 2M) II BhI'IHCJIHTh 

B aBH0M BH,1.1,e H0Bhie CHMMeTpH'IHhie onepaTophI AkM): 

AkM) = exp (zsiM)) AM) exp (-isiM)) + 0 (T2M). (16) 

Ha'IHHaa c M = 2, onepaTophI SkM) 3aBnrnT OT rnara T KBa,1.1,paTn'IH0. Ilo-

3ToMy orrepaTOp exp1 ( ±zSkM)) = exp ( ±zSkM)) + 0 (T6
) y:>Ke nMeeT Tpe6ye

Mb1il: nopa,1.1,oK annp0KCHMau;HH. B pe3JJibTaTe nocTpoeHbI H0Bbie CHMMeTpnq

Hhie HeHBHbie onepaT0pHbie cxeMbI 

\JF(tk+1) = expl (-zsiM)) expM (-zTAkM)) expl (zsiM)) \JF(tk)- (17) 

OHM 0606iu;a10T cnMMeTpH'IHJIO cxeMy KpaHKa-HHKOJICoHa [21] ,1.1,0 rnecToro 

nopa,1.1,Ka T0'IH0CTH, 2M = 6, no rnary T BpeMeHHOll nepeMeHHOll t. 
ABTOpOM ,1.1,0Ka3aH0, 'ITO HMeeT MeCT0 CJie,rry10iu;aa ou;eHKa: 
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TeopeMa 1. llycm'b 'I-ta x:a:J1CJ0M u'l-tmepea.1te [tk, tk+i] paB'l-tOMep'l-toil cemx:u 
nr[to, T] 6'btn0.l!'/-t.Jl10mc.n YC.l!OBUJI, (14), To2aa npu aocmamO"l'H,O Ma.l!OM T cnpa
eeJ.1tuea C.1teJy10w,a.n 0'4e'l-tx:a a.f!Jl, no2peumocmu annpox:cUMa'4uu 

ll1Jrext(tk+1) - \JF(tk+i)II $ CT2M(tk+I - to) max IIHJM+Iwext(t)II, (18) 
to:S/:S/k+J 

2Je Wext(tk+I) - mo"l'l-tOe pewe'l-tue 'l-ta"la.1t'b'l-to-x:paeeoil aaJa"tu (13}, a C - no
.1to:J1Cume.1t'b'Ha.n x:o'l-tcma'l-tma, '1-te aaeuc.nw,a.n om T u M . 

B napa2pa<fie 2.2 rrpHBe,1.1,eHa cxeMa pe,rryKIJ;HH MK CHMMeTpH'IHhix HeaB

HhIX orrepaT0pHb!X cxeM 'IHCJieHHoro perneHHH Ha'IaJibHO-KpaeBOll MH0r0Mep

HOll 3a.,1.J,a'IH rnpe,1.1,nHrep0BCKoro THIIa Ha K0He'IH0M HHTepBaJie t E [to, T]: 

z 8\JF(r, n, t) = (H(r, n) + J(r, n, t)) \JF(r, n, t), 
at 

\JF(r, n, to) = \JF0 (r, D), (19) 

r,1.1,e H(r, n) - onepaTopa B (1). I1cKoMoe pe1UeHHe \JF(r, n, t) E L 2(X 0 [to, T]) 
II0,1.1,'IHHHeTca KpaeBbIM ycJI0BHHM rrepBoro II (HJIH) BT0poro po,1.1,a (2) npH Ka:>K

,1.1,0M t E [to, T]. IJpe,1.1,IIOJiaraeTCa, 'ITO BhIII0JIHeHbI JCJI0BHH TeopeMbI 1, a <pyHK

u;HII U ( r, f2), j ( r ,f2, t) HMeIOT HerrpepbIBHhie H orpaHH'IeHHbie qaCTHbie IIp0H3-

B0,1.J,Hbie no BpeMeHHOll II npocTpaHCTBeHHbIM nepeMeHHbIM ,1.1,0 rropa,1.1,Ka 2M 
rrpn Bcex (r,D) EX, t E [t0 ,T]. 

B MK perneHHe \JF(r, n, t) npn Ka:>K,1.1,0M 3Ha'IeHnH t E [to, T] uiu;eTca B 

BH,1.1,e pa3JI0:>KeHHa (3) no 0,1.1,H0napaMeTpH'IeCK0MY Ha6opy 6a3HCHb!X <pyttKu;Hil: 

{7Pj(f2;r)}1:r 3a,1.1,aqn (4). IJocJie II0,1.J,CTaH0BKH pa3JI0:>KeHHH (3) B ypaBHeHHe 

(19) II JMH0:>KeHHH CJieBa Ha <pJHKu;HH 7Pj(f2;r) C nocJie,1.J,YIOIIJ;HM HHTerpHp0Ba

HHeM B o6JiaCTH X, 3a,1.1,aqa (19) CB0,1.1,HTCa K CHCTeMe H3 ]max ,1.1,H<p<pepeHu;naJih

HhIX ypaBHeHHil: B qacTHbIX rrp0H3B0,1.1,HbIX 

Bx(r, t) 
z Br = (H(r) + Z(r, t))x(r, t), x 0 (r) = x(r, t0 ), (20) 

Z;j(r, t) = L 7/J;(D; r)J(r, n, t)7/Jj(n; r)dn 

C KpaeBbIMH YCJI0BHHMH rrepBoro H (HJIH) BT0poro po,1.1,a (7) rrpn Ka:>K,1.1,0M t E 

[to, T]. Ha'IaJihHhie ycJI0BHa xJ(r) BhI'IHCJIHIOTca KaK 

xJ(r) = L 7Pj(n; r)\Jro(r, D)dn. (21) 

TaKHM o6pa3oM, ,1.1,JIH peaJin3au;Hn MK Heo6xo,1.1,HM0 pa3pa6oTaTh ::i¢¢eK

THBHYIO BbI'IHCJIHTeJibHJIO cxeMy ,1.1,JIH perneHHH e~e 0,1.1,HOll rrpo6JieMbI 6. 

• Ilpo6JzeMa 6. PerneHne cHcTeMbI ,1.1,n¢¢epeHIJ;HaJihHhIX ypaBHeHnil: B 

'IaCTHbIX rrp0H3B0,1.J,HbIX C KpaeBhIMH YCJI0BHHMH rrepBoro H (HJIH) BTO

poro po,1.1,a no npOCTpaHCTBeHH0ll rrepeMeHHOll r. 

-------· .. -1 
Q6'Jie)];HHeHll1,Ili HHCTMTYT i 
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; BHBTTI1OTEKA I 
I -------- - ~-----======.! 



IlpllMeHeHIIe CHMMeTpil"IHblX HeHBHblX onepaT0pHbIX cxeM (15) npll M = 
1 Il (17) npn M = 2, 3 Ha Ka)K,l.J,0M IlHTepBaJie [tk, tk+1] paBHOMepHoti ceTKil 

f2r[to, T] ,l.J,JIH CllCTeMbl ypaBHeHHH (20), (21) CBO,LiIIT ee, COOTBeTCTBeHHO, K no

CJie,l.J,0BaTeJibHOCTil O,l.J,HOH, qeTbipex I1 nHTil HeO,l.J,HOpO,l.J,HbIX KpaeBbIX 3a,n;aq ,l.J,JlH 

CIICTeMbl caMOCOnpH)KeHHbIX o6hIKHOBeHHblX ,n;mpcpepeHIJilaJlbHblX ypaBHeHIIH 

BTOporo nopH,n;Ka no npocTpaHCTBeHHOH nepeMeHHOH r. 8Tll CllCTeMbl KaK Il Cll

CTel\rn (6) co;J,ep)KaT ,n;onomrnTeJihHbiti caMoconpH)KeHHhIH onepaTop. Ilo::iTOMY 

,l.J,JIH 'IIICJieHHOro perneHHH 3TllX 3a,n;aq HCnOJib30BaJII1Cb ,l.J,IlCKpeTil3aIJHH MK8 

I1 MeTO,l.J,bl perneHHH aJire6pall'IeCKilX 3a,n;aq I13 rJiaBbl 1. 
Pe3yJibTaTbl BTOpOti rJiaBbl ony6JIIlKOBaHbl B pa6oTax [O1-I8, O1-I9, O1-Il 7]. 
I'JiaBa 3 nOCBHIIJeHa onllCaHillO npo6JieMHO-OpHeHTI1pOBaHHblX KOMnJieK

COB nporpaMM, IlCnOJib30BaBIIIIlXCH ,l.J,JIH 'IHCJieHHOr0 aHaJIH3a nepe'IllCJieHHbIX 

B rJiaBax 1 u 2 npo6JieM 1-6. 
Kol\mJieKChI nporpaMM KANTBP, TIME6T Il ODPEVP oplleHTilpOBaHhI 

Ha 'IllCJieHHOe perneHile KpaeBblX I1 Ha'IaJibHO-KpaeBbIX MHOroMepHbIX 3a,n;aq 

rnpe,1.J,IlHrepoBCKOro Tuna MK. OHII TaK)Ke npllMeHilMbl ,l.J,JIH ,n;aHHOrO KJiacca 3a

,n;aq Il B paMKax cTan,n;apTHbIX npoeKIJilOHHhIX MeTO,l.J,OB. IlporpaMMa POTHMF 

cneIJHaJlbHO OplleHTilpOBaHa ,l.J,JIH aHaJIIl3a MO,[ieJieti <pll3Il'IeCKI1X npoIJeCCOB, 

paccMaTpllBaeMblX B rJiaBaX 4 Il 5. C IJeJiblO 3KOHOMI1Il onepaTilBHOH naMH

TII KOMnbIOTepa BO Bcex nporpaMMax IlCnOJib3JIOTCH ,l.J,IlHaMil'IeCKOe pacnpe

,n;eJieHile onepaTHBHOH naMHTH B Bll,l.J,e O,l.J,HOMepHblX MaCCilBOB Il BllPTYaJibHOH 

naMHTil. Ha Puc. 1 noKa3aHa CTPYKTypHo-<pyHKilll0HaJibHaH cxel\,rn perneHIIH 

npo6JieM 1-6 B paMKaX COOTBeTCTByIOIIJilX BapuaIJilOHHblX cpopMJJIIlpOBOK Il 

Bbl'IllCJlllTeJibHbIX cxeM, npe,n;cTaBJieHHblX B rJiaBax 1 u 2. 
B napa2paifje 3.1 ,n;aHo onllCaHue KOMnJieKca nporpaMM KANTBP ,l.J,JIH 

qllcJieHHoro perneHilH npo6JieM 4 u 5. IlocTpoeHHaH 'IllCJieHHaH cxeMa o6ec

ne'IIIBaeT ,l.J,OKa3aHHbie B [11] OIJeHKII CJie,1.J,YIOlllllX norpeIIIHOCTeti 'IllCJieHHOro. 

perneHilH Ha HepaBHOMepnoti ceTKe Ofh [r1, r2]: 

I Ej - Ej I :S C1h
2
P, llx1(r) - xJ 11 0 :S c2hp+t, (22) 

r,n;e E
1 

u XJ ( r) E 7-{2 - IICKOMbie co6cTBeHHbie 3Ha'IeHHH u cooTBeTCTBJIOIIJHe 

co6cTBeHHbie cpyHKilllll 3a,n;a'Ill Ha CBH3aHHbie COCTOHHHH; Ej Il xj E 7-{
1 

-

COOTBeTCTBJIOIIJHe 'IHCJieHHbie perneHHH; h - MaKCHMaJibHblH mar KOHe'IH03Jie

MeHTHOH ceTKil Ofh [r1, r2]; p - nopH,LiOK annpOKCHMaIJilll; a Ct Il C2 - noJIO)Kll

TeJibHbie KOHCTaHTbl, He 3aBilCHIIJile OT h Il p. Ilo,n;o6Hble OIJeHKil BepHbl TaK)Ke 

,l.J,JlH 'IllCJieHH0ro perneHilH, MHOrOKaHaJibHOH 3a,n;aqu pacceHHilH, r,n;e >,.j - co6-

CTBeHHbie 3Ha'IeHirn MaTpllllbl peaKIJilll, a xj - COOTBeTCTBJIOIIJile co6CTBeHHble 

<pJHKilllll. 

IlpllBe,n;eHHbie TeCTOBbie pacqeTbI, ,n;eMOHCTpupyIOT CKOpOCTb CXO,LiIIMO-

CTil pa3JIO)KeHIIH MK no qucJiy 6a3IlCHhIX cpyHKIIIlH npu BbI'illCJieHilll 3Haqe

Hllti 3Heprllll, ,l.J,JIIlHbl pacceHHilH Il MaTpllIJbl peaKIJilll IlHTerpllpyeMOH MO,[ieJIIl 
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npo6neMbr 1, 4 

<l>yHKll110Han P3neR
P1n11a A11" J3A3411 Ha 

co6CTBeHHbl8 3Ha'-leHMR 

0606. anre6pa114ecK11e 
Ja,Qa41t Ha co6. JHa4. 

npo6neMa 2 

Cl>yHKll110HM P1tTll3 ,Qr1R 

He0AH0p0AH0H J3A3411 

npo6neMa 5 

<l>yHKll110HM XtonbTeHa 
,Qtlff MH0r0KaHMbH0H 

33,[13411 pacceH1tR 

A11cKpernJa1111R MeT0A0M K0He4HblX 3neMeHT0B 

anre6pa114ecKHeJa,qa411 
c eb1po>KAeHHblMl1 11 anre6pa114ecK11e J3A3411 

MaTPl1ljaM_l1 _ 

npo6neMa 6 

<l>yHKlll10HM Pl1T113 ,QtlR 

He0AH0P0AH0H33A3411 

nocneAoBaTeflbH0CTb 
anre6pa114ecK11x Ja,Q34 

Cl>aKTop11Jal11tR LDL T 11 MeT0A o6paTHOH n0ACTaH0BK11 

npo6neMa 3. ac11MnT. peryn. Heperyn. 
peweH11ii 

npo6neMbl 1-3: ODPEVP npo6neMa 6:TIMEGT 

npo6.neMbl 4,5: KANTBP 

PIIc. 1. CTpyKTypHo-cpyHK~IIOHaJibH8J! cxeMa perneHII51 rrpo6JieM 1-6. 

Tpex TO)K,l.J,8CTB8HHblX 6030HOB Ha npHMOH C rrapHblMil nOT8HllllaJiaMil B3all

MO,l.J,eHCTBilH HyJieBoro pa,[illyca. Mo.n,eJibHbIMil pacqeTaMu noKa3aHO CTporoe 

C0OTBeTCTBile 'IllCJieHHbIX OIJeHOK TeopeTil'IeCKilM ,l.J,JlH nocTpOeHHbIX cxeM ,l.J,O 

nHToro nopH,l.J,Ka TO'IHOCTil no rnary h KOHe'IH03JieMeHTHoti ceTKil Of h [ r1, r2]. 
B napa2pagje 3.2 ,n;aHo onucattue K0MnJieKca nporpaMM TIME6T ,l.J,JIH quc

JieHHoro perneHHH npo6JieMhI 6. B paMKax MK8 Ha KOHe'IH0-3JieMeHTHOti ceT

Ke f2fh[r1, r2] I\Ie)K,1.J,Y TO'IHblM X(r, tk) Il npH6JIIl)K8HHbIM Xt perneHilHMil IlMe

eT MeCTO 0lleHKa norpeIIIHOCTil (22). IlpuBe,n;eHbl T8CTOBbie pac'IeThI, ,n;eMOH

CTPilPYIOIIJile 3<p<peKTilBHOCTb Il ycT0H'IHBOCTb nocTpoeHHbIX cxeM (17) nyTeM 

'IllCJieHHOro aH8Jlll3a IlHTerpupyeMbIX MO,[ieJieti O,l.J,HOMepHoro OCillIJIJIHTOpa C 

'IaCTOTOH, 3aBilCHIIJeti OT BpeMeHil, Il ,l.J,ByMepHoro OCilllJIJIHTOpa BO BHernHeM 

noJie, 3aBilCHIIJeM OT BpeMeHil. B IlTOre MO,l.J,eJibHblX pacqeTOB nOKa3aH0 CTpO

roe C0OTBeTCTBile 'IllCJieHHblX 0IJeH0K TeopeTH'IeCKilM ).J,JIH nocTpOeHHbIX cxeM 

BTOporo, 'IeTBepToro Il rnecToro nopH.n,Ka TO'IH0CTil OTHOCilTeJibHO rnara paB

HOMepnoti ceTKil no BpeMeHHOH nepeMeHHOH Il BOCbM0ro nopH,l.J,Ka T0'IHOCTil OT

HOCHTeJibHO rnara HepaBHOMepnoti ceTKil no npocTpaHCTBeHHOH nepeMeHHOH. 

BbinOJIHeHo 'IHCJieHHOe HCCJie,l.J,OBaHile CK0pOCTil CXO,l.J,IlM0CTH pa3JIO)KeHilH BOJI

H0Boro naKeTa no 'IllCJIY 6a3IlCHbIX cpyHKIJilH. 

B napa2pagje 3.3 ,n;aHo onucaHue KOMnJieKca nporpaMM ODPEVP B paM

Kax npo6JieM 1-3 ,l.J,JIH 'IllCJieHHoro perneHilH O,l.J,HOnapaMeTpll'IeCKOH 3a,n;a'Ill 
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lllTyp.Ma-JlttyBIIJIJUI Ha KOHe'IHOM lIHTepBa.Jie Z E nz = (z1, z2): 

( 
1 d d ) 

- g1(z) dzg2(z) dz+ U(r, z) 1Pi(z; r) = €.j(r)'I/Ji(z; r). (23) 

3,n;ecb r E fir = [r1 , r 2] - Beru;ecTBeHHhiit napaMeTp, f.i(r) - co6cTBeHHhie 3Ha

qemrn, 3aBttcau.we OT napaMeTpa r. Ilpe,n;noJiaraeTc.H, 'ITO <pyHKI.J;IIH g1(z) > 0, 
g2(z) > 0, dzg2(z), U(r, z) II 8rU(r, z) - HenpephIBHhI II orpaHII'IeHhI npII Bcex 

Z E fiz II r E fir. IJapaMeTpII'IeCKIIe co6cTBeHHbie <pyHKI.J;IIII 1Pi(z; r) no,D;'IIIH.H

IOTC.H KpaeBbIM YCJI0BII.HM TpeTbero po,n;a Ha K0HI.J;ax IIHTepBa.Jia Z E Oz: 

( )d'I/Ji(z;r) ( ) ( ) a1g2 z dz + b1 r 1Pi z; r = 0, z = z1, l = l, 2, (24) 

II y,n;oBJieTBOp.HIOT YCJIOBIIIO H0pMIIp0BKII 

I
z2 

11'1/Ji(z; r)llo = 1, llv(z)II~ = g1(z)v(z)2dz. 
z1 

(25) 

3,n;ecb a1 ~ 0, a2 ~ 0- Beru;ecTBeHHhie K0HCTaHThI, <pyHKI.J;IIII b1(r) :S 0, b2 (r) ~ 
0, 8rb1(r) II 8rb2(r) - aenpephIBHhI II orpaHII'IeHhI rrpII r E fir, al+ bl(r) =/- 0. 

Ilpe,n;cTaBJieH 3KOHOMH'IHbii1 aJiropttTM BhI'IlICJieHtt.H C 3a,D;aHHOit TO'IHO

CTbIO Ha6opa imax co6cTBeHHhIX 3Ha'!eHtti1, co6CTBeHHhIX <pyHKI.J;Hit II MX nep

BhIX np0II3B0,Ll;HbIX no rrapaMeTpy r II IIHTerpa.JI0B 

I
z2 8'1/J;(z; r) 8'1/Ji(z; r) Iz2 8'1/Ji(z; r) 

P;i{r)= g1(z) a a dz, Q;i{r)=- g1(z)'I/J;(z;r) a dz.(26) 
~ r r ~ r 

,lLJI.H BhI'IlICJieHtt.H KOHe'IHOro Ha6opa co6CTBeHHhIX 3Ha'!eHtti1, Ha'IttHa.H C Hatt

MeHbIIIero, B paMKax MeTo,n;a ttTepau;ttit B rro,n;rrpocTpaHCTBe Tpe6yeTC.H noJIO

)KlITeJibHa.H orrpe,n;eJieHH0CTb MaTpttI.J;hI )KeCTK0CTlI. KpoMe Toro, ,Ll;JI.H 3KOHOMHH 

'IlICJia HTepau;ttit HY)KH0 3a,n;aTb HlI)KHttit C,Ll;Bttr crreKTpa ,Ll;JI.H HattMeHhIIIero co6-

CTBeHH0ro 3Ha'IeHtt.H. PaccMaTpttBaeMhiit B ,n;IIccepTau;tttt KJiacc 3a,n;aq He rrpe,n;

noJiaraeT II0JI0)KttTeJibHYIO orrpe,n;eJieHHOCTh MaTplII.J;bI )KeCTKOCTII. Ilo3TOMY aB

T0p0M rrpe,n;JIO)KeH tt arrpo6ttpoBaH crreu;tt8JihHhii1 a.JiropttTM ,Ll;JI.H HaXO)K,Ll;eHtt.H 

HlI)KHeit rpaHHI.J;bI HattMeHhIIIero co6cTBeHHOro 3Ha'!eHH.H KaK ,Ll;JI.H II0JI0)KlITeJih

H0 orrpe,n;eJieHHbIX, TaK II HeII0JIO)KttTeJihHO orrpe,n;eJieHHhIX MaTpttu; )KeCTK0CTH. 

9TOT a.JiropttTM II03BOJI.HeT aBTOMaTtt'IeCKlI orrpe,n;eJIHTh C,Ll;Bttr crreKTpa lI C3K0-

H0MHTh 'IlICJIO IITepau;nit rrptt BhI'IlICJieHttlI Ha6opa rrptt6Jitt)KeHHhIX pemeHttit 

rrpttMeH.HeMbIM MeT0,Ll;OM HTepau;ttit B rro,n;rrpocTpaHCTBe. 

B MK9 ,n;JI.H 'IttCJieHHoro pemeHtt.H f.j tt 1/JJ ,n;oKa3aHhI cJie,n;yroru;tte ou;eHKtt 

rrorpemHOCTeit [ ll]: 

lf.i(r) - f.JI :S c1h2P, ll'I/Ji(z; r) - 1/JJllo :S c2hp+1, (27) 
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r,n;c €.j(r) lI 1Pi(z; r) E 1{2 - TO'IIIbie pemeHII.H; f.j II 1/JJ E 1{1 - C0OTBeTCTBYIO

ru;IIe 'IIICJieIUihie pemeHII.H; h - MaKCIIM8JibHhii1 mar KOIIC'IH03JieMCHTH0it ceTKII 

fi~h [zmin, Zmax]; p - II0p.H,Ll;OK annp0KCIIMaI.J;IIII; C1 II C2 - n0JI0)KIITeJihllbie K0H

CTaHThI, ne 3aBIIC.HII.J;IIe OT h II p. 
ABTOpOM ,n;oKa3aHa cJie,n;yroru;a.H TeopeMa. 

TeopeMa 2. Ilpu aaaa11,1-to.M a1-ta"ie1-tuu napa.Mempa r no2pew11,ocmu annpo1,,
cu.Mau,ui1 nepBoi1 npouaBoa11,oiJ, no napa.Mempy om co6cmBe1i1i'btX a11,a<ie11,ui11 

co6cmBe1-t1i'btx rfiy11,1,,u,ui1 1,,paeBoi1 aaaa"iu (23)-(25} u u1-tme2pa.1LOB (26} O2pa-
11,u"ie1i'bl 1-tepaBe11,cmBa.Mu: 

8€.j(r) - 8€.j I < c3h2p, a;:- 8r -
8'1/Ji(z; r) 81/JJ 

a;-- 8r 
0 

jQii(r) - Q~j :S c5h2
P, jPij(r) - ~}I :S C<;h2

P, 

:S c4hp+1 , (28) 

2ae 8r€.j(r) u 8r'lj;j(z; r) E H\ Q;j(r) u P;j(r) - mO"i'H,'bte rfiy11,1,,u,uu; 8rf.J u 
8r1/JJ E H1, Qt u ~] - coomBemcmByww,ue "iUCJ1,e11,11,ue 311,a"ie1iu.R; c3, c4, c5 
u Cf; - nOJ1,O:J1Cume.r,,'b1i'bte 1,,O11,cma11,mu, 11,e aaBucRw,ue om h up. 

TaKIIM o6pa3oM, npc,n;cTaBJieHHhie Bhime K0MnJieKChI nporpaMM KAN

TBP, TIME6T II ODPEVP rro3BOJI.HIOT pemaTh c 3a,n;annoit T0'IH0CThIO Kpae

BYIO II Ha'I8JibHO-KpaeByro 3a,n;aq ,Ll;JI.H ,Ll;ByMepnoro ypaBIIeHII.H B qacTHbIX npo

II3B0,Ll;HhIX 3JIJIIInTtt'IeCK0ro TIIna B paMKax MK C ,Ll;IICKpeTII3aIIIICH IIOCJie,n;oBa

TeJihH0CTII KpacBhIX 3a,n;aq MK9. 

B napa2parfie 3.4 ,n;aHo onncanIIe KOMnJieKca rrporpaMM POTHMF 'IIIC

Jiennoro peIIIeHII.H rrpo6JieM 1-3 ,Ll;JI.H yrJIOBhIX cnJIIOCHYThIX ccpepOII,n;8JihHhIX 

cpynKu;IIit [22]. IlpII ne6oJihIIIIIX 3Ha'IeHII.HX napaMeTpa r E [ri, Tmatch) co6-

CTBeHHhie <pyIIKI.J;IIII IIII.J;YTC.H B BII,n;e pa3JIO)KeJIIIit no H0pMnpoBaHHhIM II0JIIIIIO

MaM Jie)KaH,n;pa [22J c neII3BeCTHhIMII K03<p<pIIIIIIeIITaMII c8 (r), r,n;e 0 :S s :S 
Smax· B ,n;aHH0M rro,n;xo,n;e ncxo,n;na.H KpaeBa.H 3a,n;aqa CB0,Ll;HTC.H K a.Jire6panqe

CKOi1 3a,n;aqe na co6CTBeHHhie 3Ha'!eHH.H C Tpex,n;naroH8JihIIOit MaTpnu;eit. ,l];JI.H 

3K0II0MHH 3aTpaT C'ICTII0r0 BpeMeHH nocTpoen a.JiropIITM BhI'IHCJieHII.H ,Ll;JI.H 3Ha

qenn.H napaMeTpa r E [O, T match), onTHM8JibHOro 3Ha'!eHH.H 'IHCJia Smax qJieHOB 

pa3JI0)KeHH.H rrpII ,Ll;0CTII)KeHHil OTIIOCIITeJibHOit T0'IH0CTH eps = 2-52 
:::::: 2. 10-15 

( aptt<pMeTIIKa ,Ll;BOitnoii: TO'IHOCTH). II pn 6oJihIIIIIX 311aqenH.HX rrapa.MeTpa r co6-

CTBeHHhie <pyHKI.J;IIII IlII.J;YTC.H B Btt,n;e pa3JI0)KeHHi1 no nopMHp0BaHHhIM IIOJIHHO

MaM Jlareppa (22] c nett3BeCTHhIMH Ko::i<pcpnu;nenmMH d1(r), r,n;e O :S l :S lmax· 
IIocTpOeHhI acnMnT0TII'IeCKIIe pa3JIO)KCIIH.H pemeHHit Il MaTpH'IHhIX 3JieMen

TOB ,n;o nop.H,n;Ka O(r-16 ) npn lmax = 16, c noM0II.J;hIO K0T0phIX nporpa.MMa aB

TOMaTII'IeCKH BhI'IHCJI.HeT 3Ha'!eHH.H T0'IKH CIIIHBKH r match ,Ll;JI.H BhI'IIICJI.HeMoro 

na6opa imax pernennit npn 3a,n;annoit T0'IH0CTII eps. 
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Pc3JJihTaThl TpCThCH rJiaBhl ony6mIKOBaHhl B pa60TaX [Qq2, Qq3, Qq4, 

oqs, oq12, oq11J. 

I'JiaBa 4 nOCBRrn;ena 'IflCJICHHOMY aIIaJifl3Y MaTCMaTfl'ICCKUX MO,Il,CJICH 

¢u3uqecKHX npou;eccoB q>0Touonu3au;uu fl peKoM6unau;uu aroMa Bo,n;opo.n;a B 

o.n;nopo.n;noM MarrmTHOM noJie no.n; B03,IJ,CHCTBUCM Jia3epnoro f13JIJ'ICHUR. ,IJ,u

naMHKa 3THX npou;eccoB onHChIBaCTCR BOJIIIOBhlMH q>yIIKD;HRMH ,IJ,HCKpeTnoro II 

nenpephrnnoro cneKTpa TpexMepnoro (d = 3) CTau;uonapnoro ypamremrn Illpe

.n;unrcpa. IloTCHD;HaJihHaR q>yIIKD;HR onpe,n;eJIRCTCR CJMMOH IIpHTRI'HBaIOrn;cro 

KJJIOHOBCKOro II nonepe'IHOro OCD;UJIJIRTOpHoro noTeHD;HaJIOB: 

1 ,2 2 2 
U = Uc+ Uosc = - J + -(x + Y ). 

x2 + y2 + z2 8 
{29) 

3.n;ech 1 = 1-f/1{0 - 6c3pa3MepHhrii: napaMeTp (Ho~ 2.35 x 105 TJI), KOTOphrii: 

onpe,n;eJIRCT HanpmKeHHOCTh MarHHTHOro noJIR 1-l. Ilo3TOMY B Ha'IaJIC CHCTeMhl 

KOop,n;unaT ,IJ,OMUHHpyeT KJJIOIIOBCKUH noTCIID;flaJI Uc, a B aCHMIITOTH'ICCKOH 06-

JiaCTH - OCD;llJIJIRTOpHhlH nOTCHD;HaJI Uosc· CJie,IJ,OBaTCJihIIO, BOJIHOBhlC q>JHKD;HH 

,Il,HCKpeTIIOro II HenpephIBIIOro CIICKTpa flMCIOT COOTBCTCTBCIIHO B OKpCCTHOCTll 

Ha'rnJia CHCTCMhl KOOp,IJ,HHaT cq>epH'ICCKJIO CHMMCTPHIO, a B acnMnTOTll'ICCKOH 

o6JiaCTH - D;HJIHH,Il;pll'ICCKYIO. Pac'ICThl CC'ICIIHR q>OTOHOIIH3au;uu fl peKOM6H

nau;uu BhlIIOJIIICHhl npn MaJihIX nanpR)KCHHOCTRX MarHHTIIOro IIOJIR 1-l ~ 6 TJI 

(, ~ 10-
5
), ,IJ,OCTJIIIlhIX B Jia6opaTOpIIhIX ycJIOBHRX. 

B napa2parfie 4- 1 .n;ana nocTaIIOBKa KpaeBOH 3a,z:i;aqn B D;llJIHH,IJ,pH'ICCKHX 

KOop.n;nnaTax, KOTOphIC corJiaCOBaHhl C aCHMIITOTHKaMfl acuMnTOTH'ICCKHX co

CTORHHH MIIOI'OKaHaJihHOH 3a,n;aqn paccemrnR. IlpuBe,n;eHhl TCCTOBhIC paC'ICThl 

3Heprnii: CBR3aHHhIX COCTORIIHH B 3aBHCHMOCTll OT 'IHCJia ypaBHCHHH npn CHJih

HOM MarHHTHOM noJie (, ;::: 0.1). ,If,JIR 3TOro HCnOJih30BaJIHCh KOMIIJICKChl npo

rpaMM KANTBP n ODPEVP. qucJieHHhre pe3JJihTaThI IIOKa3aJIH IIH3KJIO CKO-: 

pOCTh CXO,Il,HMOCTH 3Heprnn no 'IllCJiy 6a3HCHhIX q>JHKD;HH. '.:ho RBHJIOCh CJie,n;

CTBHCM Toro, 'ITO KpaeBoe YCJIOBHC TpCThero po.n;a Tnna KaTO [23] B OKpCCTHO

CTH TO'IKH napnoro y.n;apa ,II,JIR BOJIHOBOH q>JHKD;llll IIC BhIIIOJIHRCTCR. 

Ilo3TOMY 6 napa2parfie 4-2 .n;ana nepeq>opMyJinpoBKa KpaeBoii: 3a.n;a'rn B 

cq>epnqeCKflX KOOp,n;unaTax. Ba3HCHhJe q>yHKD;Hll RBJIRIOTCR napaMCTpH'ICCKH

MH yrJIOBhlMH cnJIIOCHJThIMH cq>epOH,II,aJihllhIMll q>JHKD;HRMH. IlOKa3ano, 'ITO 

npfl YBCJill'ICHIIe 3Ha'IeHHR pa,n;ttaJihHOH ncpeMCHHOH cq>epH'ICCKH-CHMMCTpH'I

HhIC 6a3HCHhIC q>JHKD;llfl nenpephIBIIO rrepeXO)],RT B D;HJIHH,Il;pll'ICCKH-CHMMCT

pII'IHhJe 6a3HCHhlC q>yHKD;llll, II, CJIC,IJ,OBaTCJihIIO, Y'IHThIBaIOT o6a THna CHMMCT

puu KpaCBOH 3a,n;aq11. OTMCTHM, 'ITO B paMKax rrpoeKD;IIOHIIOro MCTO,n;a o6bI'IIIO 

IICnOJih3JIOTCR 6a3UCHhie q>yHKD;flH, COCTaBJICHHhIC ll3 ,II,Byx na6opoB Bapnau;u

OllllhlX q>JHKD;HH B D;HJIHH,IJ,pII'ICCKHX II c¢ep11qecKHX KOOp,n;nnaTax. Oun yqn

ThIBaIOT o6a Tuna CHMMCTpHII 3a,II,a'IH. O.n;naKO neopTOI'OHaJihHOCTh 6a3HCHhIX 

q>JIIKD;IIH npHBO,IJ,HT K aJire6pauqecKHM 3a,IJ,a'IaM C IIJIOXO o6ycJIOBJICHHhIMII 
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Puc. 2. CneBa: a6con!OTHble MaKCHMYMbl KOMIIOHeHT pemennii Xi(r) rrpn E = 6.0 
CM-1, 1t = 6.1 Tn H Jmax = 40. CrrpaBa: 3aBHCHMOCTH cKopoCTH peKoM6nna1wn ASRR 

HARR OT 3neprnn E rrpn 1t = 6.1 Tn H H = 0 Tn. 

MaTpflu;aMH np11 YBCJIH'ICHIIH 'IIICJia 6a3HCHhIX q>yHKD;llH c YMCHhlIICHHCM ,. 

Ilo3TOMY B cJiyqae I < 0.01 3THM MCTO,II,OM paC'ICT He BhlIIOJIHRJICR [5]. 

B napa2parfie -4-- 3 BhlIIOJIHCHa pe,IJ,YKD;IIR HCXO,Il;HOH KpaeBOH 3a,II,a'IH ( 1) C 

nOTCHD;llaJIOM (29) K CIICTCMe pa,n;HaJihHhIX o6bJKHOBCHHhIX .n;nq>q>epeHu;HaJih

HhlX ypaBHCHIIH C nepeMeHHhIMII K03q>q>flll;HCHTaMH. B paMKax rrpo6JieMbl 5 
nocTpOCHhl ac11MnTOTH'ICCKHe pa3JIO)KCHflR peryJIRpHhlX fl HeperyJIRpHhIX pe

lIICHHH (10) CHCTCMhl pa,n;HaJihHhIX ypaBHCHHH (6) np11 6oJihlllllX 3Ha'ICHHRX 

pa,n;HaJihHOH rrepeMeHHOH C TO'IHOCThIO .n;o nopR,n;Ka O(r-16 ) C Bhl,Il,CJICHIICM Be

,IJ,YII.J;HX acnMnTOTIIK B BII,n;e peryJIRpHbIX II HeperyJIRpHblX KJJIOHOBCKHX q>JHK

D;IIH [22]. IlOKa3aHo, 'ITO flMCHHO TaKoe npe,n;cTaBJICHIIC .n;aeT B03M0)KHOCTb cy

II.J;CCTBCHHO YMCHblIIHTb IIHTCpBaJI o6JiaCTll llHTerpnpoBaHHR no pa,II,IIaJibHOH 

nepeMCHHOH r Ha nopR,IJ,OK (HanpnMep, C 10000 .n;o 1000 a.e. B 3aBIICHMOCTfl 

OT 6JIH30CTH 3Ha'ICHHR 3Heprflll E K noporoBOMY 3Ha'ICHHIO), no cpaBHCHHIO 

C Tpa,n;nu;noHHbIM Bbl)],CJICHHCM JIHIIIb BC,IJ,Yiu;llX KJJIOHOBCKIIX aCHMnTOTIIK. B 

pe3JJibTaTe y,n;aJIOCb )],OCTll'Ib cyrn;ecTBCHHOH 3KOHOMllll Bhl'IllCJIHTCJihHbIX pe

cypcoB KOMnhIOTepa. 9TOT aJiropHTM peaJIH30BaH B BH,n;e BCTpoeHHOH no,n;npo

rpaMMbl ASYMFN B rrporpaMMe POTHMF n MO)KCT ncrroJih30BaTbCR TaK)Ke 

B rrporpaMMe KANTBP. Ilo.n;rrporpaMMa ASYMFN rrpe,n;Bap11TeJibHO HHq>op

MnpyeT IIOJib30BaTeJIR O peKOMCH,IJ,YCMOM 3Ha'ICHllll T2 IIpfl ,Il,OCTll)KCHHH OTHO

CHTCJihHOH TO'IHOCTH eps = 10-14 B 3aBHCIIMOCTll OT BhI6panHoro 3Ha'ICHHR 

3Heprnn E ,n;o BhIIIOJIHCHIIR ocHOBHhIX rrpou;e,IJ,Yp rrporpaMMhI KANTBP. 

B napa2parfie 4-4 rrpIIBC,IJ,CHbl COOTHOIIICHHR MC)K,Il,Y aCIIMIITOTll'ICCKHMfl 

pa3JIO)KCHHRMH peIIICHHH MHOI'OKaHaJibHOH 3a,z:i;aqf1 pacceRHIIR B cq>epH'ICCKHX 

II D;HJIHH,IJ,pll'ICCKHX K0Op,n;nHaTax rrpn 6oJiblllllX 3Ha'ICHHRX pa,n;ttaJibHOH rrepe

MCHHOH. 9TH C00THOIIICHHR neo6xo.n;m,Ihl ,II,JIR Bhl'IHCJICHHR MaTpnu; K03q>q>nu;n-
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Puc. 3. CneBa: KOs<pqrnu;rreHThI rrpoxo)K,n;eHHH ITl2 rr oTpa)KeHrrH IRl2 B 3aBrrcrrMocTrr 

OT sneprrrrr E rrprr 'Y = 0.1. CrrpaBa: rrpo<pHJih a6coJIIOTHoro 3Haqemrn BOJIHOBOii 

cpynKu;rrrr 1'1.il, ,n;eMoHcTprrpyroru;rrii rronHoe oTpa)KeHrre IRl2 = 1 rrprr pe30HaHCHOM 

3HaqeHrrrr 3Heprrrrr E = 0.11692 a.e. · 

eHTOB rrpOXO)K,JJ;eHirn If OTp8.)KeHII.H qepe3 MaTpIIrzy peaKu;IIil:. 

B napa2pa<fie 4.5 rrpe,n;cTaBJieH aHaJIII3 pe3yJihTaToB pacqeTOB npou;eccon 

q:>oTOIIOHII3aIJ;lflf If peKoM6IIHau;IIII noJiyqeHHhIX C noMOiu;hIO KOMnJieKCOB rrpo

rpaMM KANTBP II POTHMF, ,n;eMoHcTpIIpyroru;IIil TaK)Ke BhICOKYIO CKopocTh 

cxo,n;IIMOCTII p83JIO)KeHII.H MK no qifcJiy 683IICHhIX q:>yHKIJ;IIil npII BhrqIIcJieHIIII 

3HaqeHIIi1 ::meprIIII, MaTpIIIJ;bI peaKIJ;Hlf If COOTBeTCTBYIOiu;lfX BOJIHOBbIX <PYHK

IJ;IIH ,JJ;lfCKpeTHOro If HenpepbIBHOro cneKTpOB. 

Ha PIIC, 2 (cJiena) noKa3aHhI 3HaqeHII.H a6COJIIOTHbIX MaKCIIMYMOB KOMno

HeHT pa,n;IIaJihHhIX peIIIeHIIH Xi(r) npII 1i = 6.1 TJI ('y = 2.595 x 10-5
) II E = 6 

CM-1, no,n;Tnep)K,n;aroru;IIe CKOpOCTb CXO,n;IIMOCTlf nop.H,n;Ka j-5 p83JIO)KeHII.H (3), 

HaqIIHa.H C j = 28. PacqeTbI ceqeHII.H q:>OTOlfOHl:13aIJ;IIII If CKOpOCTlf lfH,n;yIJ;lf

ponaHHOil: pa,n;IIaIJ;IIOHHOH peKOM6IIHau;IIII BhIIIOJIH.HJilfCh C IUaroM no 3HeprIIII 

5 X 10-4 CM-l BO BCeM lfHTepBaJie, 3a lfCKJIIOqeHIIeM OKpecTHOCTeil: nIIKOB, r,n;e 

Illar BbI6IIpaJIC.H paBHhIM 5 X 10-6 CM-l' 

Ha PIIc. 2 ( cnpaBa) noK83aHa 3aBIICIIMOCTh CKOpOCTlf JI83epHO-CTIIMYJIII

ponaHHOi1 peKOM6IIHaIJ;lflf Ha 0,JJ;lfH aHTIInpOTOH ASRR no OTHOIIIeHIIIO K HaqaJih

HOil 3HeprIIII no3IITpoHa E. B 3TOM cJiyqae peKOM6IIHau;II.H MO)KeT 6bITh CTIIMY

JIIIpOBaHa TIITaH-cancpIIpOBhIM JI83epoM C qacTOTOH 3JieKTpoMarHIITHOi1 BOJIHhI 

W = E - ENlm, npII ycJIOBlfHX TlfnlfqHhIX ,JJ;JI.H n03IITpOH-aHTIInpOTOHOi1 nJia3-

MhI B MarHIITHOH JIOBYIIIKe [24]. ,nJI.a cpaBHeHII.H ropII30HTaJihHOi1 IIITPIIXOBOH 

JllfHIIeil: nOKa3aHa CKOpOCTh ARR cnOHTaHHOH pa,n;HaIJ;IIOHHOil: peKOM6IIHau;IIII BO 

Bee COCTO.HHlf.H MYJihTlfnJieTa c N = 3, KOTOpa.H npII BbI6pattHOil: lfHTeHCIIBHO

CTlf I = 24 BT/ cM2 Jia3epuoro II3JiyqeHII.H paBHa cKopocTII Jia3epHO-CTIIMYJIII

ponauuoro nepexo,n;a 6e3 MarHIITHoro noJI.H [24]. J,fa pIIcyttKa BII,n;tto,qTo IIMeIOT 
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MeCTO Y3Klfe pe30HaHChI, ,JJ;JI.H KOTOpbIX CKOpOCTb peKOM6IIHaIJ;lflf B COCTOHHIIH 

C q:>IIKCIIpoBaHHhIM l = 0, m = 0 B MarHIITHOM noJie 3HaqIITeJibHO BhIIIIe, qeM 

CKOpOCTb peKOM6IIHaIJ;Hlf BO Bee ,n;eBHTb COCTO.HHIIil: C pa3JIHqHbIMlf l II m, B03-

MO)KHbIMH npII N = 3 6e3 MarHIITHOrO noJIH. ,naHHbie ou;eHKlf YKa3hIBaIOT 

Ha B03MO)KHOCTh nOBhIIIIeHHH scpcpeKTHBHOCTlf Jia3epHO-CTlfMYJIIIpOBaHHOil: pe

KOM6nuau;nlf npu onTIIMaJibHOM no,n;6ope qacTOThI Jia3epa II Hanp.H)KeHHOCTlf 

MarHIITHoro no.irn. 

B pe3yJihTaTe npone,n;euuoro qifcJiettnoro IIcdre,n;onaHH.H, nnepBhre npe,n;

CKa3aHhI scpq:>eKThI pe3ouancuoro npoxo)K,n;eHII.H (ITl2 = 1) n nomioro oTpa)Ke

HIIH (IRl 2 = 1) pa3HOIIMeuuo 3ap.a)KeHHhIX qacTIIIJ; B o,n;uopo,n;ttoM MarHHTHOM 

noJie { CM. PIIc. 3)' KOTOpbre HMeIOT npIIHIJ;HnHaJihHOe 3HaqeuIIe ,JJ;JIH pacqeTa 

KIIHeTHKlf nJia3MhI B MarHHTHO-OnTifqecKOil: JIOBYIIIKe. 

Pe3yJihTaThI qeTBepToil: rJiaBhr ony6JIIIKOBaHhI B pa6oTax [OlJ13, OlJ14, 

OlJ15, OlJ16]. 

rJiaaa 5 nocn.aru;eua qncJieHHOMY aHaJilf3Y MaTeMaTIIqecKlfX MO,JJ;eJieil: 

q:>II3IfqecKIIX npou;eccoB no36_y)K,n;eHII.H II ,n;eno36y)K,n;ettlf.H BOJIHOBoro naKeTa 

aTOMa Bo,n;opo,n;a B o,n;uopo,n;HOM MarHIITHOM noJie no,n; B03,n;eil:CTBlfeM nocJie,n;oBa

TeJihHOCTlf nepIIO,n;IIqecKIIX CBepXKOpOTKlfX Jia3epHbIX lfMnyJihCOB. ,nlfHaMHKa 

3TlfX npou;ecCOB OnlfChIBaeTCH BOJIHOBhIMlf <PYHKIJ;lf.HMlf TpexMepuoro HeCTau;H

ouapuoro ypaBHeHIIH Illpe,n;IIttrepa. IloTettu;IIaJihHa.H q:>yHKIJ;II.H, He3aBIIcHru;a.a 

OT BpeMeHII, onpe,n;eJI.HeTC.H cpopMyJioil: (29) KaK II B mane 4. PacqeThI BhIIIOJI

H.HJllfCh npII Jia6opaTopHbIX 3Haqemrnx uanpH)KeHHOCTlf IIMnyJihCa 3JieKTpIIqe

CKOro nOJIH F = 2 X 10-3 a.e., HanpaBJieHHOro B,JJ;OJih OCH z Jia6opaTopuoil: 

ClfCTeMbI KOOp,JJ;IIHaT [6]. . 

B napa2pa<fie 5.1 ,n;aua nocTaHOBKlf uaqaJibHO-KpaeBOH 3a,n;aq1I B ccpepII

qecKIIX KOOp,JJ;IIHaTax no npocTpaHCT_BeHHhIM nepeMeHHhIM. 

B napa2pa<fie 5.2 BhIIIOJIHeHa pe,n;yKIJ;lf.H lfCXO,JJ;HOH uaqaJibHO-Kpaenoil: 3a

,n;aqlf (19) K ClfCTeMe ,JJ;lfq:>q:>epettu;lfaJihHbIX ypaBHeHIIH B qacTHhIX rrpOII3B0,JJ;HhIX 

(20) II (21). B paMKax MK 6a3IICHbre cpyttKIJ;IIII .HBJI.HIOTC.H napaMeTpIIqecKHMII 

yrJIOBhIMlf cnJIIOCHYThIMlf ccpepOII,JJ;aJihHbIMlf <PYHKIJ;lfHMlf rJiaBhI 4. 

B napa2pa<fie 5. 3 npe,n;cTaBJieH aHaJilf3 pe3yJihTaTOB pacqeTOB 3BOJIIOIJ;lfII 

HaceJieHHOCTeil B036y)K,n;eHHbIX COCTO.HHIIH B paccMaTpIIBaeMOil: MO,JJ;eJIII, noJiy

qeHHhIX c noMOiu;hIO KOMnJieKCOB nporpaMM TIME6T II POTHMF. PacqeThI 

,n;eMOHCTpIIpyIOT TaK)Ke BhICOKYIO 3q:>q:>eKTlfBHOCTh MK If 3KOHOMifqHOCTh no

CTpOeHHbIX ClfMMeTpIIqHhIX He.HBHbIX onepaTOpHbIX cxeM (17). IloJiyqeHHbie 

pe3yJihTaTbI B OTCYTCTBlfe MarHIITHoro nOJI.H (-y = 0) xopoIIIO corJiacyroTC.H C 

pe3yJihTaTaMII pa60TbI [6], r,n;e IICnOJih30BaJilfCb pa3JIO)KeHIIe BOJIHOBoro naKe

Ta no yrnoBhIM ccpepIIqecKIIM q:>yHKIJ;IIHM II annpoKCIIMaIJ;IIH MK9 no pa,n;II

aJihHOil: nepeMeHHOil: C JiarpaH)KeBbIMlf 3JieMeHTaMII TpeThero nop.a,n;Ka If cxe

Ma KpauKa-HIIKOJicoua no BpeMettnoil: nepeMeuuoil:. IlpII 3TOM TeopeTIIqecKIIe 

ou;eHKlf 3KOHOMifqHOCTlf cxeMhl IUeCTOro nop.a,n;Ka TOqHOCTlf (M = 3) no Bpe-
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Puc. 4. CneBa: ttaceneHH0CTh cocTO.HHIIil PN(sT) c N = 9 II N = 10 -,1.~JI.H HaqaJih

Horo MarHHTHoro cocT0.HHH.H IN = 9, Nr = 0, m = 0) B 3aBHCIIM0CTH OT H0Mepa s 
HMITYJibca 3JieKTpHqecKoro IT0JI.H. CrrpaBa: COOTBeTCTBY!Olll,H11 cpparMeHT 3B0JIIO~HH 

3eeMaH0BCKoro B0JIH0B0ro rraKeTa B M0MeHT BpeMeHII 25 T. 

MeHHOH nepeMeHHOH 6bIJIIl no,D,TBep)K,D,eHhI pe3yJibTaTaMM pac'leTOB C 3a.n,aHHOH 

TO'IHOCTbIO Ha C~TI~e C rnaroM T ~ 21{/F < l npM CyIIJ;eCTBeHHO MeHbIIIMX BbI

'IIICJIMTeJibHbIX 3aTpaTax BpeMeHII ( ~ 20 pa3), no cpaBHeHMIO C npMMeHeHIIeM 

cxeMhI KpaHKa-HMKOJICoHa (M = 1) c rnaroM T
3

. · 

I1ccJie,D,OBaHbI B03M0)KHOCTb peaJIM3aIJ;Mll pe3oHaHCHOro pe)KMMa 3BOJIIO

IJ;Illl 3eeMaHOBCKIIX COCTO.HHMH npII Jia6opaTopHbIX 3Ha'leHM.HX MarHMTHoro no

JI.H 7-t ~ 3.5 TJI ('y ~ 10-5). Ha Pnc. 4 (cJiena) noKa3aHa 3BOJIIOIJ;M.H Hace

JieHHOCTM cocTO.HHMH PN=9 (t) M PN=rn(t), T. e. nepexo.n,on Me)K.n,y .n,nyM.H co

CTO.HHII.HMM N = 9 II N = IO B 3aBMCMMOCTM OT 'IMCJia MMnyJihCOB s B MO

MeHThI npeMeHM t = sT ,D,JI.H Ha'laJibHOrO BM6pau;MOHHOrO 3eeMaHOBCKoro co

CTO.HHM.H IN = 9, Nr = 0, m = 0). Ha'laJihHOe cocTmrnne, cooTBeTCTBYIOIIJ;ee 

MMHMMaJibHOH nonpaBKe K_ 3HeprMM cno6o.n,Horo aTOMa Bo.n,opo.n,a B COCTO.HHMM 

N = 9, BhI'IMCJI.HJIOCh c noMOIIJ;hIO nporpaMMhI KANTBP. CornacHo ycJioBMIO 

TN= 2n /[1/2N2 -1/2(N + 1)2] nep110.n, nMnyJihca paneH T = 5357 a.e. MaKcn

MaJihHoe 'IMCJIO IIMnyJihCOB paBHO s =· 300, T. e. 3a.n,aqa pernanacb Ha 6oJibllIOM 

npeMeHHOM MHTepnaJie [O, TS]~ [O, 1.6 x 10
6
]. 

B pe3yJibTaTe 'IMCJieHH0ro aHaJIII3a ,ll,OKa3aHa B03MO)KHOCTb CTa6MJIII3a

IJ;Illl 3eeMaHOBCKOrO BOJIHOBoro naKeTa B KOHe'!HOH o6JiaCTM KOOp,D,MHaTHOro 

npocTpaHCTBa Il KOHTPOJI.H HaCeJieHHOCTeH Bapnau;11ei1 MarHMTHoro nom1. 

Pe3yJihTaTbI mITOH rJiaBhI ony6JIMKOBaHhI B pa6oTax [OlJl 7, OlJ18]. 

I'JmBa 6 nOCB5IIIJ;eHa aHaJIM3Y MO,D,eJieH O,ll,HOKpaTHbIX Il ,D,ByKpaTHbIX npo

u;eccoB, npII KOTOpbIX npOMCXO,ll,MT IIOHII3aIJ;Il.H aTOMa reJIII.H, MOJieKyJI.HpHoro 

MOHa Il MOJieKyJihI BO,ll,Opo.n,a Il a30Ta 3JieKTpOHHbIM y.n,apoM B COBpeMeHHbIX 
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3KcnepIIMeHTax, BbIIlOJIHeHHbIX B Jla6opaTOpMH aTOMHbIX II MOJieKyJI.HpHbIX 

CTOJIKHOBeHMH ( r. Opc3, <I>paHIJ;Il.H). )J;JI.H 3TOro cneu;IIaJibHO nocTpOeHbI HO

Bbie MO,ll,MCpIIu;MpoBaHHhie KYJIOHOBCKIIe cpyHKIJ;MII KOHe'IHOro COCTO.HHM.H Henpe

pbIBHoro cneKTpa O,ll,HOro IIJIM ,D,Byx 3JieKTpOHOB, Y'IIIThIBaIOIIJ;IIe .n,nyxu;eHTpo

Bbie 3cpcpeKTbI B3aMI\-IO,D,eticTBM.H C 3ap.H.n,aMM .H.n,ep MOJieKyJihI. Co3.n,aHhI 3KOHO

Mll'IHbie anropIITMbI n npo6JieMHO-OpMeHTIIpOBaHHbie KOMnJieKCbI nporpaMM 

BbI'IIICJieHM.H MHOroKpaTHbIX MHTerpaJIOB, onpe.n,emIIOIIJ;MX Ce'leHM.H IIOHM3aIJ;IIM 

3JieKTpOHHbIM y.n,apoM, C MCnOJib30BaHIIeM 3TMX npo6HhIX cpyHKIJ;MH Il C npM

MeHeHMeM TeXHOJIOrMM pacnapaJIJieJIMBaHII.H BbI'IMCJieHMH. Bo ncex npe.n,cTaB

JieHHbIX HII)Ke pe3yJihTaTaX MCnOJib30BaJIMCb BOJIHOBbie cpyHKIJ;Illl Ha'laJibHOro 

cocTOHHM.H ,D,MCKpeTHoro cneKTpa B nn.n,e pa3JIO)KeHnti no Ha6opy 3KCnoHeHu;II

aJibHhIX 6a3MCHbIX <pyHKIJ;MH [25, 26]. 

B napa2parfie 6.1 ccpopMyJIIIpoBaHbI B paMKax nepnoro 6opHOBcKoro npII-

6Jitt)KeHM.H MaTeMaTM'leCKIIe MO,D,eJIII O,ll,HOKpaTHOH II ,D,ByKpaTHOH IIOHM3aIJ;MII 

MOJieKyJihI II MX MOHOB 3JieKTpOHHbIM y.n,apoM. 

B napa2parfie 6.2 nocTpOeH aJirOpMTM ,ll,JI.H BbI'IllCJiemrn BOJIHOBOH <pyHK

IJ;IIM, onMCbIBaIOIIJ;eH ,ll,BII)KeHMe ncnyIIJ;eHHOro 3JieKTpona B noJie .n,nyx KYJIOHOB

CKMX u;eHTpOB. <l>yHKIJ;Il.H npe.n,cTaBJieHbI npOII3Be.n,eHIIeM ,D,Byx MO,ll,Mq)MIJ;MpO

BaHHbIX no BTopoMy apryl\IeHTY KYJIOHOBCKIIX cpyHKIJ;MH HenpepbIBHOro cneK

Tpa. IlpenMyIIJ;eCTBO TaKOH cpyHKIJ;IIII B TOM, 'ITO MO,ll,Ilq)IIIJ;IIpoBaHHhie apry

MeHTbI IIcnOJib3YIOTC.H KaK HeJIMHeHHbie napaMeTpbI, KOTOpbie MO)KHO 3a,D,aTb 

113 ycJIOBII.H CTaIJ;II0HapHOCTM no,D,XO,ll,.HIIJ;ero napnau;110HHOro cpyHKIJ;MOHaJia MJIM 

Il3 annpOKCIIMaIJ;IIII 3KCnepMMeHTaJibHOrO ce'!eHII.H MOHM3aIJ;MII. 

B napa2parfie 6. 3 npe.n,cTaBJieH aHaJIM3 pac'leTOB ce'!eHMH MOHM3aIJ;MII 

IIOHa BO,ll,Opo.n,a 3JieKTpOHHbIM y.n,apoM. IloKa3aHa 3cpcpeKTMBHOCTb np11MeHe

HII.H nocTpoeHHbIX cpyHKIJ;MH npII BbI'IMCJieHMil ce'!eHM.H IIOHII3all;Mll no cpaB

HeHIIIO C o6pe3aHHbIM nOJIHbIM Ha6opoM 'IIICJieHHbIX napu;IIaJibHbIX ,ll,Byxu;eH

TpOBbIX KYJIOHOBCKIIX cpyHKIJ;Mti, no KOTOpoMy pa3JiaraeTC.H nJIOCKa.H BOJIHa B 

HanpaBJieHIIM ncnyIIJ;eHHoro 3JieKTpOHa [27]. IlocJie,D,HMH MeTO,ll, BbI'IIICJieHII.H 

.n,aeT npaBIIJibHbie pe3yJihTaTbI ,D,JI.H IIOHII3aIJ;IIII MOJieKyJrnpHoro IIOHa BO,ll,Opo

.n,a, HO ero npIIMeHeHMe C pOCTOM 3Ha'!eHII.H nepe.n,aHHOro IIMnyJihCa Tpe6yeT 

cyIIJ;eCTBeHHOro yBeJIM'leHM.H Ha6opa napIJ;MaJibHbIX cpyHKIJ;MH, 'ITO n CJiyqae 

,ll,BYX3JieKTpOHHbIX MOJieKyJI npMBO,ll,IIT K 3Ha'IMTeJibHbIM 3aTpaTaM BbI'IIICJIII

TeJibHbIX pecypcoB KOMnhIOTepa. Bo3HIIKaIOIIJ;IIe npn pac'!eTe MHoroKpaTHbie 

IIHTerpaJibI OT npOII3Be.n,eHII.H nocTpoeHHbIX npo6HhIX II 3KCnOHeHIJ;IIaJibHbIX 6a-

3IICHbIX cpyHKIJ;MH CBO,ll,.HTC.H C npeo6pa30BaHMeM <I>ypbe K TpexKpaTHbIM MH

TerpaJiaM, co.n,ep)KallJ,IIM npoII3Be.n,eHII.H KOMnJieKCHbIX rnnepreoMeTpM'IeCKMX 

cpyHKIJ;MH 2Fi ( a, 2; c, X ). ,lI,JI.H IIX BbI'IIICJieHM.H aBTOpOM cneIJ;MaJibHO npe,D,JIO

)KeH Il pa3pa60TaH 3cpcpeKTMBHbIH anropIITM. 9TOT anropHTM no3BOJI.HeT C3KO

HOMMTb BpeM.H BbI'IMCJieHM.H MHOrOKpaTHbIX IlHTerpaJIOB, .H,D,po KOTOpbIX co

.n,ep)KIIT r11nepreoMeTp11qecKMe cpyHKIJ;MII, npIIMepHO B 10-60 pa3 (B 3aBIICM-
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Puc. 5. CneBa: ce'leHIIH II0HII3au;1m aT0Ma reJIIIH II M0JieKyJihl B0,n;opo,n;a KaK <pyHKIJ;llll 

yrna BhIJieTa ucrryrn;eHH0ro 3JieKTp0Ha 81. CrrpaBa: Kpy)KKII - 0TH0IIIeHIIe 3KCrrepu

MeHTaJibHbIX ,!l;ll<p<pepeHIJ;llaJibHbIX ce<J:eHIIit R. CrrJIOIIIHaH JIIIHIIH - llHTepcpepeHIJ;ll-

0HHblit <paKTOp [29]. OKCIIepIIMeHTaJibHbie ,n;aHHhie B3HTbl ll3 pa60Tbl [Qql9j IIpll 

3Ha'leHIIHX 3Hepniu E 1 = 37 3B (a,d), 74 3B (b,e) II 205 3B (c,f). 

MOCTII OT TO'lHOCTII BbI'lIICJieHIIR 10-4 - 10-14) no cpaBHeHIIIO C Il3BeCTHOH 
nporpaMMoit HYPGEO [28]. ABTopcKilfi anropIITM peaJIIl30BaH B nporpaMMe 
ZHYPG2. ,ll;JIR pac'leTOB ce'leHilfi IIOHil3aI.J;IIII TaK)Ke IICnOJih30BaJIIICh aBTop
CKile KOMrrJieKChI nporpaMM INFUN, INTEG II OUTFUN. 

B napaepatjjax 6.4, 6.5 u 6.6 nocTpoeHHaR BOJIHOBaR <PYHKI.J;IIR II ee MO
,n;I1cpI1KaI.J;III1 IICnOJib30BaHbI ,Il;JIR pac'leTOB Ce'leHIIH IIOHil3aI.J;IIII MOJieKyJihI BO
,n;opo,n;a II a30Ta npII 60JibIIIIIX 3Ha'leHIIRX Ha'laJibHOH 9HeprIIII (,n;o 2000 ::iB). 
BhIIIOJIHeH aHaJIIl3 II ,Il;OCTilrHyTo xopornee onI1caHI1e COBpeMeHHbIX 9KCnepI1-
MeHTaJibHbIX ,n;aHHbIX. TeopeTil'leCKile IICCJie,n;oBaHIIR O,Il;HOKpaTHOH IIOHil3aI.J;IIII 
MOJieKyJihI Bo,n;opo,n;a [29] ,1l;OKa3aJIII, 'ITO yrJIOBOe pacnpe,n;eJieHile IICnyII.J;eHHbIX 
9JieKTpOHOB ,n;eMOHCTpilpyeT IIHTepcpepeHI.J;IIOHHyIO CTPYKTYPY, RBJIRIOII.J;YIOCR 
CJie,n;CTBileM KorepeHTHOro BJIIIRHIIR ,n;Byx MOJieKyJIRpHbIX n;eHTpOB. IlOKa3a
HO, 'ITO IIHTepcpepeHI.J;IIOHHaR CTPYKTypa tta6JIIO,n;aeTCR B yrJIOBOM pacnpe,n;e
JieHIIII Ce'leHIIR ,n;a)Ke nocJie ycpe,n;HeHIIR no OpileHTaI.J;IIII MOJieKyJihI: .,n;I1cpcpe
peHI.J;IlaJibHOe ce'1eHI1e ae2e(H2) ,n;JIR MOJieKyJihI Bo,n;opo,n;a OTJIIl'laeTCR OT ceqe
HIIR ae2e(H) ,Il;JIR aTOMa BO,n;opo,n;a HaJIII'lileM IIHTepcpepeHI.J;IIOHHOro cpaKTOpa 
ae2e(H2) = 2Fae2e(H), F = 1 + sin(pkrec)/(Pkr:ec), r,n;e 3Ha'leHIIe napaMeTpa 
p = 1.4 a.e. IIHTepnpeTIIpyeTCR KaK paBHOBeCHOe pacCTORHile Me)K,n;y R,n;paMII 

28 

B MOJieKyJie BO,n;opo,n;a, a krec - IIMnyJihC OT,Il;a'lII. 
B IITOre o6pa60TKII 9KCnepIIMeHTaJibHbIX ,n;aHHbIX II TeopeTil'leCKIIX IIC

CJie,n;oBaHIIH, BbIIIOJIHeHHbIX npII yqacTIIII aBTOpa, BnepBbie BbIRBJieHbl ,n;Byx
n;enTpOBhie IIHTepcpepeHI.J;IIOHHbie 9cpcpeKThI, KOTOpbie onpe,n;eJIRIOTCR OTHOIIIe
HileM R = ae2e(H2)/ae2e(He) BhI'lIICJieHHhIX ,n;I1cpcpepeHI.J;IlaJihHhIX ce'leHIIH 
IIOHil3aI.J;IIII MOJieKyJihl BO,n;opo,n;a II aTOMa reJIIIR KaK B 3aBIICIIMOCTII OT yrJIOBbIX 
nepeMeHHbIX, TaK II OT 9HeprIIII IlcnyII.J;eHHOro ::meKTpona II xoporno onIICbIBa
IOT noBe,n;eHIIe OTHOIIIeHIIR COOTBeTCTBYIOII.J;IIX 9KCnepI1MeHTaJibHbIX ce'leHIIH. 

Ha PIIc. 5 npe,n;cTaBJieHbl ,Jl;I1cpcpepeHI.J;IlaJihHhie Ce'leHIIR IIOHil3aI.J;IIII aTO
Ma reJIIIR II MOJieKyJihI Bo,n;opo,n;a ( CJieBa) ll IIX 9KCnepIIMeHTaJibHbJe OTHOIIIeHIIR 
'R, ( CIIpaBa). ,ll;aHO cpaBHeHile OTHOIIIeHIIR 'R, C COOTBeTCTBYIOII.J;IIMII 3Ha'leHIIR
MII IIHTepcpepeHI.J;IIOHHOro cpaKTOpa F. 

Pe3yJihTaThI rnecToit rnaBhI ony6JIIIKOBaHhI B pa6oTax [Ol.!6, Ollll, Ol.!19, 
Ol.!20, Ol.!21, Ol.!22]. 

B 3aKJIIO'IeHJUI ccpopMyJIIlpOBaHbI OCHOBHbie pe3yJihTaTbl ,Il;IICCepTaI.J;IIII. 
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