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OBID:AH XAP AKTEPIICTIIKA PABOThI 

AKTYaJibHOCTb TeMbI 

B HacTo.a~ee BpeMH op;Ho:a: Im rnaBHblX ::mp;a'I npII IIccnep;oBaHIIII npoQec

coB paCCeHHIIH 'JaCTIIQ B o6naCTII HII0KIIX II cpep;HIIX :meprIIH (µ;o 1-2 I'~B) 
.!IBJI.!IeTC.!I oap;a'!a Bbl.!IBJiemrn II OQeHKII pOJIII KBapKOBblX CTeneHeii: CB06op;bl 

B ap;poH-ap;poHHbIX Boa11Mop;e:a:cTB1rnx. IIocnep;oBaTeJibHblH y'IeT KBapKOBbIX 

cTeneHe:a: cBo6op;bI B ap;poHHblX BOaIIMO)l;e:a:cTBIIHX BO0MO)KeH JIIIUib Ha ocHoBe 

TeopeTIIKO-IlOJieBoro rrop;xop;a. B 'JaCTHOCTll TeopeTHKo~noneBbie ypaBHeHIIH 

JJ;ll.!I t-MaTpIIQbl pacceHHll.!I IlO0BOJI.!IIOT B o6~eM BIIp;e c<f>opMyJIIIpOBaTb aTy 
' ' 

oap;a'Iy, T. K. B TaKIIX ypaBHeHIIHX oap;aIOTCH He TOJibKO nponaraTopbI 'IaCTIID;, 

HO II onpep;en.aeTc.a cnoco6 nocTpoemrn noTeHQIIana 'Iepeo BepUIIIHHbie q>yH

KQHII. 

O6~HOCTb TeopeTIIKO-IlOJieBbIX q>opMynnpoB0K ypaBH~HIIH ~JIH t-MaTpIIQ 

pacce.aHIIH 'IacTo np1rnop;n:'l' K oHa'IHTeJibHOH CJIO)KHOCTH II rpoMoop;xocTII 

q>OpMyn, 'ITO oaTpygHHeT HX npaKTH'JeCKOe IICilOJib0OBaHHe. IIoaToMyoap;a'!a 

nocTpoeHHH Han6onee KOMilaKTHo:a: II yµ;o6Hmi µ;mi peUieHIIH q>opMbI penHTII

BIICTCKIIX ypaBHeHIIII IlpIIBeJia K paopa60TKe MHOrO'IIICJieHHbIX Bap~aH;OB Ta

ImX ypaBHemui. OT penHTIIBIICTCKHX ypaBHeHIIH p;nH t-MaTpIIQbI pacceHHIIH 

JJ;lIH IIX npaKTH'IeCKOro npnMeHeHIUI npe)Kp;e Bcero Tpe6yeTCH CBOHCTBa KO

BapIIaHTOCTH OTH0CIITen:6Ho npeo6paooBaHIIH JiopeHQa II TpexMepHbIH BHJJ;. 

B 0aBHCIIMOCTII OT cnoco6a Bb:IBOp;a TpexMepHbIX TeopeTIIKO-IlOJieBbIX ypa

BHeHIIJI HO 6onee o6~IIX COOTHOUieHIIH TeopIIII IlOJIH 9TII ypaBHeHIIH MO)KHO 

ycnoBHO paop;emtTb Ha TpII KaTeropIIII: 1) YpaBHeHIIH nony'IeHHhie IIO KOBa

pIIaHTHbIX 'IeTblpexMepHbIX ypaBHeHIIH BeTe-ConnIITepa npII noMO~II KBa

mmoTeHQIIaJibHoro nop;xop;a; 2) TeopeTHKO-IlOJieBbie o6o6~emrn: ypaBHeHIIH 

llipep;IIHrepa II 3) PeJIHTHBIICTCKIIe ypaBHeHII.!I Jioy, KOTOpbie npeACTaBJIHIOT 

co6o:a: TeopeTmm-noneBoe paoJIO)KeHne aMilJIIITYAbI pacceJIHHH no nonHmi cn

cTeMe aCHMilTOTH'IeCKHX COCTOHHHII. B Ka)KJ];OM II0 BapHaHT0B TpexMepHbIX 

penHTHBHCTCKHX ypaBHeHn:a: JICKOMM t-MaTpnQa pacceHHIIH, a TaK)Ke noTeH

QHaJI n'nponaraT0pbI IIMeIOT paoJIH'JHOe BHe MaCCOBOe H BHe aHepreTH'Je

CKOe IlOBep;eHHe. TeM CaMbIM .B 9THX ypaBHeHI~ oap;aeTCH He TOJibKO CBOH 

cnoco6 KHHeMaTII'!ecxoro onucaHHH paccMaTpuBaeMoro npoQecca, HO n e~e 

cBoii peQenT nocTpoeHHH nponaraTopo~ u noTeHQHana, K0Topbie onpep;e

JIHIOT BCIO JJ;HHaMHKJ BOaIIMop;en:CTBIIH. IlpII 9T0M peUieHII.11 H noTeHQllaJibl 

paoJIII'IHhIX pen.aTHBHCTCKIIX ypaBHeHuii B0aHM0CB.II0aHbI T. K. 0HH ocHOBbI

BaIOTCJl Ha 0JJ;HHX u Tex :lKe o6~ux IICXOJJ;HbIX Il0JIO:lKeHIIHX KBaHTOBOH Te<r 

pIIII nmrn. IIoaToMy conocTaBJieHIIe paoJIH'IHhIX BapIIaHT0B peweHHH II no

TeHQHaJI0B peJIHTUBIICTCKHX ypaBHeHIIH p;aeT B00M0:lKH0CTb' cpaBHHTb pao

JIH'IHbie MexaHII0MbI BOaIIMop;eiicTBH.!I. PenHTIIBIICTCKHe ypaBHeHHH Jioy He

nocpep;CTBeHHO cnep;yIOT II0 cpopMyJI pep;yKQIIH p;mI S-MaTpIIQbI paCCeJIHIIH ll 

~~ 
i r:1, -t ... .,, , 
! ;.}\J ,A !~ t 

' j 
,) 

'l , , 
{ ~~:~-, 

7 ;:,·~:· ,;~.-~=,· .. 1 ,,.,a,,y, 

-:·~• .~-t; ··~'i:,ff 
1- • ~ ' 



OHII C Ca.Moro Ha'!ana .lIBlI.lIIOTc.H TpexMepHbIMII. HcKOMOe peweHIIe ypaBHeHUll 

Jloy All.ll 0aAa'III pacce.lIHII.lI ABYX '!aCTHQ .lIBHbIM o6paooM 0aBIICIIT lIIIWb OT 

HMIIYllbCOB Tpex BHeWHHX '!aCTHQ Ha MaCCOBOII IIOBepXHOCTH T. e. AlIH clTIIX 
u u ,,J. 

ypaBHeHIIII xapaKTepeH MHHHMaJibHbIII BbIXOA BHe ::rnepreTil'IeCKYIO II BHe 

MaccoByro noBepxHOCTb. HecMoTpH Ha PHA npnBrreKaTeJihHhIX cB011cTB pe

ll.HTIIBHCTCKHX ypaBHeHIIII Jloy, 11:x npaKTH'!ecKoe npIIMeHeH11e oaTpYAHHrrocb 

uo-oa KBaApaTH'IHOII Herr11HeIIHOCTII. C Apyroii cTopOHhI B HeperrnTilBIICTcKoM 

crry'!ae, corrraCH0 Teop1111 paccen:irnn, ypaBHCHIIH Jloy OAHO0Ha'IHO CBOAHTCH 

K clKBIIBaJieHTHbIM lIIIHCIIHbIM IIHTerpanbHbIM ypaBHeHIIHM Tima JI11nnMaHa

IllBmi:repa. IloaToMy npeACTaBrrneT HHTepec o6~aJI npoQeAypa rrnHeapnoa

QHII ypaBHeHIIII Jloy 11 ux co,nocTaBrreH11e c APYrIIMH TeopeTIIKo-norreBhIMII 

o6o6~eHH.HMII ypaBHeHIIII JiimnMaHa-illBIIHrepa. 

Hoy'!eHIIe o6~ux CBOIICTB BtmHMOAeiicTBHH aApOHOB npu noMo~u Teo

peTHKo-norreBhIX ypaBHeHuii Ba:lKHO npoBeCTH Ha npnMepe oaAa'I 7r N, N N n 

id pacce.lIHIIH. 8TH peaKQIIH aKcnepIIMeHTaJibHO AOCTaTO'IHO IIOlIHO IICClleAO

BaHbI Ha ceroAHHWHIIII AeHb H AlIH IIX IIIICaHII.lI cy~eCTByeT MHOro paolIIl'IHbIX 

MOAeJieri. KpoMe Toro CBOIICTBa MOAerreii 7r N, N N II 1rd paccenmrn Ba:amhl AITH 

IIOHIIMaHH.lI AIIHaMIIKII BOaHMOAeIICTBIIH nn-Me0OHOB II HYKlIOHOB C HAPaMII II 

MoryT 6bITh o6o6~eHbI AJIH Apyrux aApOH-aApOHHhIX BoanMoAei'rcTBIIIi. 

Il;eJib . pa60TbI COCTOIIT B 4>opMyrrnpOBKe TO'IHbIX TpexMepHbIX perrn

TIIBIICTCKIIX ypaBHeHIIII AlIH A~YX'IaCTII'IHhIX aMIIlIIITYA BoanMOAeiicTBIIH Ha 

OCHOBe KBaHTOBOH; TeopIIII nomr II B IICCJieAOBaHIIII npII IlOMO~II peweHIIII 

aTnx ypaBHeHIIII oaAa'I 7r N, N N II 1rd pacceirHIIH. 

Hay'!Hall HOBIIt3Ha II npaKTII'IeCKaJI QeHHOCTb pa6oTbI 

B HacTon~eii pa6oTe HoBoii HBJIHeTCH 4>opMyrrIIpOBKa paorrII'IHhIX Ba

pIIaHTOB TeopeTIIKo-norreBhIX ypaBHeHIIII Jloy All.ll 0aAa'III paccenmrn ABYX 

'!aCTHQ II BbIBOA aKBIIBaJieHTHbIX JIIIHeIIHbIX TpexMepHbIX pelIJITIIBIICTCKIIX 

ypaBHeHIIII. TeM caMhIM norry'IeHa HenocpeACTBeHHaJI CBH0h Me:lKAY penHTII

B.IICTCKHMII ypaBHeHIIHMII TIIIIa JI11nnMaHa-illBIIHrepa II C0OTBeTCTBYIO~IIMII 

KBaApaTII'!Ho-HemrneiiHhIMII ypaBHeHIIHMII Jloy. HoBbIM .lIBrrneTc.lI TaK,Ke TO 

o6CTOJITellbCTBO, 'ITO TeopeTHKO-IIOJieBbie ypaBHeHirn Jloy .lIBlIHIOTc.H MaTpU'I

HbIM npeACTaBrreHIIeM onepaTopHbIX ypaBHeHuii MeABeAeBa-IlorrIIBaHoBa, Ko

TOpbre CJieAYIOT Il3 npIIHQIIIla MIIKponpH'IIIHHOCTII Bororr1060Ba. 

BnepBbie BbIBeAeHhI · ypaBHemrn Jloy II IIX lIIIHeapIIoIIpoBaHHhIII aHanor 

All.ii IIIIOH-HyKrrOHHOII n HyKrroH-HYKlIOHHOII oaAa'IH pacce.HHII.lI c BHeWHIIMH 

HYKlIOHaMII BHe MaCCOBOH II0BepXHOCTII. 

BnepBbie norry'IeHbI ypaBHeHII.lI Jloy C ABYMH BHeWHIIMII '!aCTIIQaMII BHe 

MaccoBoii noBepxHoCTII. 

BnepBbie BhIBeAeHbI TeopeTIIKO-IIOJieBble ypaBHeHH.H Jloy II IIX mrneapu-

3IlpOBaHHbIII aHarror oaAa'III pacce.HHil.lI ABYX cocTaB.HbIX '!aCTIIQ. 
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IlpaKTil'IeCK~ QeHH0CTb peoyrrhTaTOB AIICCepTaQIIII onpeAell.lleTc.H B OCHO

BHOM TeM, 'ITO 

1. IlpeArro:a(eHHbre TpexMepHbie peJIHTIIBHCTCKIIe ypaBHeHil.lI TIIIIa Jinri:n

MaHHa-IDBirnrepa AlIH t-MaTpIIQbI pacCe.lIHII.lI ABYX '!aCTHQ B Ka'!eCTBe nepe

MeHHbIX COAep:lKaT lIMilYllhCbI Tpex BHeWHIIX '!aCTIIQ Ha MaCCOBOII noBepxHo

CTU II IICKOMOe pewemre ypaBHeHIIII. Jloy .lIBJI.lieTC.lI nopeHQ-KOBapIIaHTHhIM. 

IlponaraTopbI B aTnx ypaBHemrnx lIHH~IIHhI u onpeAeJI.lIIOTc.H aHeprH.lIMII '!a

CTIIQ Ha MaCCOBOII IIOBepXHOCTII. BorrHOBble <l>YHKQIIII, .lIBlIHIO~IIecJi pewe

HIIHMII norry'IeHHbIX mrneapnonpoBaHHbIX ypaBHeHIIII YAOBJieTBOpHIOT ycrro

BIIHM IIOlIHOTbI II opTOHOpMHpOBKH. Bee 9TH CBOIICTBa lIIIHeapnonpoBaHHbIX 

ypaBHeHmi Jloy 'IIO0BOlIHIOT IICClleAOBaTb IIX no xopowo paopa6oTaHHOii B 
HeperrHTIIBIICTCKon Teopun paccenHHH MeTOAHKe All.ll ypaBHeH1111 JinrrrrMaHa

illBHHrepa C HelIOKRJlbHbIM, lIIIHeIIHO oaBHCH~eM OT aHeprnH IIOTeHQilaJIOM. 

2. PeweHil.lI npeAJIO)l(eHH!'>lX TpexMepHbIX peJIHTIIBIICTCKHX ypaBHeHIIH H~

rrocpeACTBeHHO c~H0aHhI c pewemrnMu ypaBHeHnii BeTe-Corrm1Tepa n nx KBa-

0IIIIOTeHQIIaiihHhIX npeACTaBlleHIIII, a TaK:lKe C peweHHHMII Apyrnx pelI.lITII

BHCTCKHX ypaBHeHHII. 

3. B rroTeHQnane norry'IeHHhIX ypaBHeHnii BhIAerreHa '!aCTh, KOTOpaJI cooT

BeTCTByeT BCeB00MmKHOMY o6MeHHOMY BOaUMOAeIICTBIIIO BHeWHIIX 'IaCTIIQ c 

npoMe)l(yTO'IHbIMII '!aCTHQaMH Ha MaCCOBOII IIOBepXHOCTH. BTOpall )l(e '!a

CTb noTeHQIIaJia COOTBeTCTByeT o6MeHy BHe MaCCOBbIMH '!aCTIIQaMH n T. H. 

KOHTaKTHbIM Bt3aIIMOAeiiCTBH.lIM, KOTOpbie HeBO0MO:lKHO CBeCTII K o6MeHHOMY 

MexaHH0MY BoauMOAe1icTBH11. 

4. IIorry'IeHHhie perr11THBIICTCK11e ypaBHeHHH Jloy II nx mrneapnoupoBaH

Hoe npeACTaBrreHIIH coxpaH.lIIOT cBmi BIIA II CTPYKTYPY ecrru. BMecTo B0aIIMO

AeticTByro~ux arreMeHTapHbIX '!aCTIIQ B311Tb COCTaBHhle KrracTepbI IIlIII CBH-. 

0aHHhle CIICTeMbI. 

5. Beo IICIIOllb0OBaHirn cerrapa6errbHOro paorro:lKeHH.H IIOTeHQUaJIOB rrap

HbIX B3aIIMOAe11cTBH11 rrorry'IeHbI ABYX'!aCTil'!Hhle perrHTIIBIICTCKne ypaBHeHIIH 

AITH 3aAa'III CB.lI3aHHhIX 1rd-N N-N 6 KaHanoB. 

,Il;JUI oarn;HTbl BhIABHraIOTC.H CJieAYIOrn;~e OCHOBHbie peoyJihTaTbI, 

noJiy'leHHbie B AHCcepTaQHH 

1) TeopeTIIKO-IIOlleBoe crreKTpaJibH0e paorro:lKeHII.lI aMIIlIIITYAhI pacce.lIHIIH 

ABYX '!aCTHQ no IIOlIHOII' CHCTeMe' aCIIMIITOTII'IeCKIIX COCTOHHHII, KOTopoe 

IIMeeT 4>opMy KBaApaTWIHO-HemIHeIIHbIX yp. Jloy, CBCAeHo K pelI.lITIIBIICTCKIIM 

ypaBHCHil.lIM TIIIIa JI1mIIMaHa-illBIIHrepa. OnpeAerreHa B3aIIMOCB.lI3b peweHiiii 

mrneap1mupoBaHHhIX yp. Jloy c peweHneM yp. BeTe-CorrnnTepa n c peweHH

HMII KBatlIIIIOTeHQilaJibHbIX ypaBHeHIIII. ,Il;rr.lI TeopeTIIKO-norreBbIX 0606~em1ii 

yp. illpeAIIHrepa IIOCTpoeHbI COOTBeTCTBYI<>~He yp. Jloy II IIX mrneapnanpo

BaHHbIII aHanor. 
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2) IloKanaHa aKBHBaJieHTHOCTh yp. Jloy n orrepaTopHhIX ypaBHeHni'1 Meµ;

Beµ;eBa-IlomrnaHo.aa, "ITO Bhl.!IBll.!ICT CB.!I0h 9TIIX ypaBHCHllll C IIpllHl.l;HIIOM Mll

KporrpH"IIIHHOCTH. 

3) ,D;aHo 06061IJ;eHue TeopeTnKo-rroneBoro crreKTpaJihHOro panno:iK~~mr aM

IIllIITmhl paCCC.!IHIIJI Ha cny-qa:n B3aHMOp;CHCTBH.!I COCTaBHhIX "<IacTill~.- B -qa

CTHOCTlI p;n.!1 aµ;poH-ap;pOHHoro pacceJIHHJI cy"<IeTOM KBapKOBhIX CTerreHen CB0-

6op;hl rrony"<IeHhl yp. Jloy, pewemrn KOTOphIX moBneTBOp.!IeT ycnOBIIIO aµ;poH

HOll yHIITapHOCTII. 

4) IloKanaHo, "ITO B 3aBIICIIMOCTII OT Bhl6paHHOro crroco6a BhIXOp;a 3a MaC

C0BYIO IlOBepXHOCTh BHeWHIIX "<IaCTHIJ;, IlOTeHIJ;HaJI yp. Jloy II COOTBeTCTByI0-

11.l;HX HM yp. JlnnnMaHa-lIIBIIHrepa nMeeT panHhIH BIIp;. Oµ;HaKO He cMoTp.!1 Ha 

COBepweHHO panHyIO <f>opMy IlOTeHIJ;HaJIOB, peweHHJI TaKHX ypaBHeHmi Jloy 

COBnaµ;aIOT. 

5) ,D;nJI 3ap;a-qu HH3KO-aHepreTII"!ecKOro 7r N pacce.!IHII.!I "IIICJleHHhle pewe

HHJI llIIHeapimIIpOBaHHhIX ypaBHeHIIll Jloy, nony"<IeHHhle B Moµ;enII op;HO"!aC

Til"IH0-06MeHHOro IlOTeHIJ;HaJia, OilIIChIBaIOT He TOllhKO s II p <f>anhI pac

CC.!IHHJI, HO II BOcnpoimBop;.!IT 6 (HllII P33 pe30HaHc). Ilpn aTOM peweHH.!I 

aTHX ypaBHeHIIll ygoBneTBOp.!IIOT HimKOaHepreTH"!eCKIIM TeopeMaM. IloKa-

3aHO, "ITO p-Me:JOHHhlll o6MeH µ;ocTaTO"!eH µ;nJI OillICaHH.!I aKcnepnMeHTaJihHO 

Ha6n10µ;aeMoro noBeµ;eHHJI P 1i-<f>anhr n Ba:iKeH p;n.!1 oCTaJihHhIX P-<f>an 1rN pac

ceJIHHJI. 

6) ,D;nJI 3aµ;a-qn HH3KO-aHepreTH"!eCKOro N N pacceJIHHJI nyTeM "IHCJleHHOrO 

peweHHJI llllHeapII3HpOBaHHhIX ypaBHeHHH Jloy 6hlll0 nony"<IeHO on11caHne aKC

nepHMeHTaJihHhIX <f>an pacce.!IHH.!1 B Moµ;enn oµ;Ho Me30HH0-06MeHHOro B3aII

MOp;encTBHJI. IloKanaHo, "ITO npll on11caHI1ll N N <f>an paCCC.!IHHJI OCHOBHYIO 

pom. HrpaeT op;HOMe3eHHO-o6MeHHhIH IlOTeHIJ;llaJI C BHe MaCCOBhIM npoMe:iKy

TO"IHOM Me:JOHOM. Ilp11 aTOM a<f><f>eKThl OT BHe MaccoBoro Bhlxoµ;a BHeWHIIX 

HYKJIOHOB OKruJaJIHCh Ba:iKHhIMII. 

7) Ilony"<IeHhl ABYX"<IaCTil"IHhle pen.!ITIIBHCTCKHe ypaBHeHII.!1 p;JIJI CBJI3aHHhIX 

KaHaJIOB rrA - N(A - 1) - D.(A- 1) pacceJIHII.!I. Ha ocHoBe.•pe~eHII.!I aTHX 

ypaBHeHIIH BocnpoH3Bep;eHhl HYKllOH-HYKJIOHHhle <f>anhl pacceJIHIIJI B o6nacTH 

WIIpOKIIX µ;116apHOHHhIX pe30HaHCOB II ou;eHeH BKJiaµ; IlllOH-µ;eiiTpOHHOro Ka

HaJia B MHoroKaHaJihHOM 1rd - N N - ND. peaKIJ;IIII. 

8) ,IJ;JIJI 3ap;a"!II ynpyroro 1rd pacceJIHII.!I IlOlly"<IeHhl KBruJIIIlOTeHIJ;HaJihHhle 

ypaBHeHIIJI C miHeHHhIMII nponaraTopaMII. Ha OCHOBe "IHCJieHHOro peweHIIJI 

aTIIX ypaBHeHIIH 6h!Jia ou;eHeHa ponh peJI.!ITIIBIICTCKOlI KIIHeMaTIIKII B peaK-

1.l;IIII ynpyroro 1rd pacce.!IHII.!I n noKanaHo, "ITO nepepacce.!IHHeM D.-pe3oHaHca 

B ynpyroM 1rd pacceJIHIIII B _o6naCTII HII3KIIX II cpep;HIIX aHeprnii MO:iKHO npe

He6pe"Ih. 
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Anpo6au;1rn µ;nccepTau;un u ny6m1Kau;11n. 

OcHOBHhie pe3yllhTaThl µ;nccepTaD;llll Heop;HOKpaTHO µ;oKnap;hIBaJIHCh Ha 

ceMHHapax· lIHcTnTyTa cI>1mnKn BhicoKHX 8Hepru:ii T611nnccKoro rocmap

cTBeHHoro YmrnepcnTeTa, Jla6opaTopuu TeopeTH"<Iec~oii cI>nmIKn•O6eµ;eHeH

HOro lIHcTHTyTa JIµ;epHhIX IIccneµ;oBaHIIH (r. ,IJ;y6mi), T106I1HreHcKoro Ym1-

Bepc11TeTa ( ct>Pr). Om1 6hlmI TaK:iKe npeµ;cTaBneHhl Ha Me:iKµ;yHapoµ;Hoii KOH

<f>epeHIJ;IIH MaJIOHYKllOHHhIX c11cTeM (T611n11c11 1984; ToKIIO 1986; Y:iKropoµ; 

1991), Ha Me:iKp;yHapop;HOM ceMHHape no <1>1m11Ke BhICOKIIX aHeprIIii (,D;y6Ha 

1990; 1992), Ha Me:iKp;yHapop;HhIX CllMn03llYMax no nIIOH-HYKJIOHHOMY II HYKJI

OH-HYKJIOHHOMY B3aHMoµ;eiicTBIIIO (1984; 1986; 1989). 
Ilo MaTepIIaJiaM µ;11ccepTau;1111 ony6nIIKOBaHO 20 CTaThII. 

CTpyKTypa µ;11ccepTaIJ;HH. ,D;nccepTau;uJI COCTOHT Im BBeµ;emrn, CCMll -qa

cTeii, 3aKJIIO"<IeHHJI n Tpex npuno:iKeHIIII. O611.l;nii o6'eM pa6oThl 150 Maw1mo~ 

IIIICHhIX CTpaHIIIJ;, B Hell coµ;ep:iKIITCJI cnIICOK JIIITepaTyphl 148 HaIIMCHOBaHHll 

n 19 pncyHKOB. 

CO.IJ:EP)KAHHE PABOThI 
B . BBeµ;eHHH KpaTKO 113llO:iKeHa nocTaHOBKa 3ap;a-qn H o6oCHOBaHa aKTY

aJihHOCTh 3aµ;a"<IH. 

B nepBoii ThaBe µ;nccepTau;nn Ha npIIMepe 3aµ;a-qn nnoH-HyKnoHHoro • pacce.!IHII.!I c<f>opMynnpoBaHhl Teop_eTHKO-IlOllCBhIC ypaBHeHIIJI Jloy II aKBII-

BaJICHTHhie IIM pen.!ITIIBHCTCKHC ypaBHCHII.!I JIIInIIMaHa-IIImrnrepa • .[(nJI onII

CaHH.!I 3aµ;a•m 7r N pacce.!IHII.!I IICilOllh30BaJIHCh t-MaTpIID;hl pacce.!IHH.!I ABYX 

TIIIlOB C pannH"IHOll 3aBIICHMOCThIO OT HMilYllhCOB BHCWHIIX "!aCTHIJ;. B -qa

CTHOCTII B c. u;. M. paccMaTpHBaeTC.!I nIIOH-HYKllOHHM t-MaTpIIu;a t~~!(p',p), 
KOTOpa.!1 3aBIICHT OT IIMnynhCOB HYKJIOHOB 113 in(N) II out(N') ccocTOJIHnii, 

a TaK:iKe OT IIMnynhCa nll-MC30Ha 113 in( 7r) COCTOJIHH.!I 

t~~!(p',p) =< out;p's'lj;,(0)lps, qi; in> (1) 

II t-MaTpIIu;a t~~!(P',p), KOTOpa.!1 HeTpIIBIIaJihHhIM o6panoM 3aBIICIIT OT IIM

nynhCOB 1r'(out),1r(in) II N(in) "!aCTHIJ; 

t~~!(P',p) =< out; q'i'IJp•s•(0)lps, qi; in> (2) 

rµ;e j;(x) = (Ilx + m;)<p;(x) u Jp•s•(x) = u(p's')(iV x - mN }IJ!(x) reii3eH6epro

BCKHe onepaTOphl IICTO"IHHKOB nHOHHoro II HYKllOHHoro non.!I, ps, qi II p's'' q'i' 
o603Ha"!aIOT Tpex-uMnynhChl, CilllH II II30CilIIH HYKllOHa II. nII-MC30Ha COOT

BeTCTBCHHO B Ha"!aJihHOM (in) II KOHC"IHOM (out) COCT0JIHIIII, a IIHµ;eKChl a II 
a' COOTBeTCTBYIOT COBOKynHOCTII cnHH-II30CnHHOBhIX KBaHTOBhIX -qucen 7r N 
CIICTCMhl -qaCTHIJ; B aTIIX COCTO.!IHII.!IX. ~aCTIIIJ;hl, KOTOphle B Bhlpa)KCHIIH ( 1) 
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II (2) BbIIIHCaHhl B o6Krra;a;Kax C'IHTaIOTCH HaXOp;Hll.\lIMIICH Ha MaCCOBOH no

BepxHOCTII. Ba:)KHO OTMeTHTh, 'ITO t-MaTpIIQa 1rN pacCeHHIIH (1) He aaBHCIIT 

OT 'IeTbipex-HMnyJihCa nH-Me30Ha B KOHe'IHOM COCTOHHHII p', a t-MaTplll.~a (2) 
3aBHCHT OT Tpex-nMnyrrhca KOHe'I_Horo HYKJIOHa llllllih qepe3 cnHHOpHyIO q>yH

KQIIIO u(p' s'). IloaTOMY '!eTbipex-nMnyJihCbl 3TIIX qacTIIQ BhI6npaIOT- TaKIIM 

o6pa30M, 'IT06bl t-MaTpIIQhl 7r N pacceHHIIH (1) II (2) C'IIITaTh Haxo;a;HmH

MUCH Ha 3HepreTII'!eCKOII noBepxHOCTH, HO BHe MaCCOBOll o6rracTII,T. e. B (1) 
C'IIITaeTCH, 'ITO 

q: = Pµ. + qµ. - p~ II q'2-/= m; (3) 

a B Bbipa,KeHim (2) 

I I p12 -/= mt (4) Pµ. = P,, + qµ. - qµ. II 

IloaToMy Bhrpa,KeHne t(I l ( 1) o6bI'IHO Ha:JhIBaIOT 1r N t-MaTpIIQe:ii c BHe Macco

BhIM Bhrxo;a;oM 1r'-Me:J0Ha, a Bh1pa,KeHi1e t<2) (2) - t-MaTpHQe:ii c BHe MaccoBhlM 

Bhrxop;oM N':HyrrnoHa. 

HcnoJih3JH pep;yKQHOHHhie q>opMJJibI p;rrH S-MaTpIIQhI pacceHHIIH B Teopnn 

noJIH, ;D;JIH t-MaTpHQhl pacceHHHH (1) MO)KHO IlOJIJ'IUTh crrep;yIOmue ypaBHeHirn 

Jloy 

(1) ( I ) y ( I ) V, '( I ) '°' J (1) ( I ) d3q (1)*( ) (5) ta'a P ,p = a1a P _,P + a1a P ,p + L.., ta'a" P, q E _ E _ • taa" P, q 
· a" q p tf 

r;a;e d3q = (;:53 mN/2wN(q)w1r(q), wN(q) = ✓m'j.,+q2 II w,r(q) = ✓m;+q2 

aHeprm-1 HJKJIOHa II nn-Me3oHa Ha MaccoBOII noBepxHOCTII, Eq = wN(q)+w1r(q) 
aHeprxrn 1rN cncTeMhI B c. Q. M., Y0 , 0 060:JHaqaeT ycpep;HeHHhIH no op;HoHy

I(JIOHHhIM COCTOHHIIHM O;D;HOBpeMeHHhlll KOMMyTaTop onepaTopa HCTO'IHHKa 

IlHOHHOro TI0JIH II onepaTopa aJ;(x0
), IWTOphIH npH x0 -t ±oo nepexop;IIT B 

cinepaTop pmK;a;emrn nn-Me:JoHa 

l~,a(P', p) =< p' s'I [j;,(0), a!;(o)] Jps > (6) 

8To Bhipa,KeHne B aJire6pe TOKOB II B pHp;e pa6oT no 7r N B3aHMOp;ei'ICTBHIO 

Ha3b1BaIOT qa:iirmo6pa3HhIM crraraeMhIM. Bbipa,KeHHe (6) MO)l(H0 onpe;a;eJIHTh 

npn noMomn ypaBHeHnii: p;BmKeHIIH B3aHMOp;eIICTByIOmero Ill-I-MC30HHOro TI0JIH 

II KaHOHII'-ICCKHX K0MMJTaQHOHHhIX COOTHOllieHIIII Me,Kp;y B3aIIMOp;e:iicTByIO-

mnMII TI0JIHMH. 

B noTeHQHaJI V0 , 0 ypaBHeHIIJI Jloy (5) BKJIIO'IeHhI s-KaHaJihHhie o6MeHHhie 

crraraeMhie c n. = N, 1r1r N, ... npoMe,KyTo'!Hhre cocTOHHIIH c qacTIIQaMu Ha 

Macc0Boi'1 noBepxHOCTH II u-I(aHaJihHhIC crraraeMble· c nu = N, 7r N, 7r7r N, ... 
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npm.1c;KyT0Trnhn.m cocTOHHn.1111.m Ha Macc0Boi'1 noBepxHOCTH. Ilpn 3TOM u
rrn.Ha.'IhHhni 'IJICH C 11-u = 7r N Il})Ol\le,KyTO'IHbIM COCTOHHIIeM MhI BKnIO'IIIJIII B 

noTCIIQIIan F0 ,". 8To crraracl\loc co;a;ep)KIIT rrpon:JBep;eHne p;Byx HCKOMbIX t
MaTpnQ pacceHHIIll ( 1) B ClICTCl\lC OTC'IeTa c IIOJIHbIM UMnyJihCOM P = p' - q, 
T. ·e. OHO KBa;a;paTU'IHO HemmeIIHO. TaKaH Hemme:iiHOCTb xapaKTCpHa p;JIH JII0-

60:i:'1 TeopeTnKo-rroJieBoiI q>opMymrpoBKII 3ap;aqu 7r N pacceHHirn, r;a;e J'IUTbl

BaCTCll KpoccnHr-cnMMeTpIIll no rrepecTaHOBKe BHemmnc nII.:Me30HOB. B qa,

CTHOCTII MO)KHO IIOKa:JaTb, '-ITO rroµ;o6HaH HeJIIIHeUHOCTb B03HIIKaCT u· B yp. 

BeTe-CoJIIIHTepa. 

PaccMaTp1rnaeMM q>opMymrpoBKa 3ap;aqu 1rN pacceHHIUI HBJIHeTCJI Tpex

MepHoi'r u cneµ;oBa.TeJihHO yrropnµ;o'ICHHoi'1 no BpeMem1. IloaToMy B Bblpa

)1,CHIIII Va,a IIOHBJIHIOTCH B HBHOM BIIµ;e· aHTIIHJKJI0HHbIC CTeneHII CB06oµ;bl B 

rrpo11.1e,KyT0TIHbIX COCT0lIHIIllX, K0T0ph!C C00TBCTCTByeT 7r N pacceHHIIIO B U 

II S-Imaam.1x. O;a;mum HCCMOTf>ll Ha TpCXMepHOCTb ypaBHeHnii: Jloy (5), IIC

K0M0C pcrneane ( 1) II Bxo;a;nmne B qa.cTII'IHO-o6MeHHOM noTeHQIIaJI. V0 , 0 t
MaTpIIQhI rrcpexoµ;oB llBJillIOTCll KOBapnaHTHbIMII. Op;HaKO nporraraTOpbI B yp • 

(5) II B V;,, 0 Ht' IIMCIOT lIOpCHQ-KOBapHaHTHblll BII)];. ,I{JIH npnp;aqn HBHO KO

BapI!aHTH0r0 BII/1,ll. yp .• Tioy ( 5) rrpep;bip;ymne BbIKJia)];KII MO,KHO rrpoBeCTII Ha 

. rnrrcpmmcpxHocTn . .\:i: = 0, r;a;e 'ICThlpexBeKTop ,\ xapaKTepu3yeT aTy rn

rrepm;BcpxnocTb. B 'la.CTH0CTH CCJIII B3HTb A = (p+ q)/ ✓(p + q )2 , TO B c. Q. 

M. r;a;e ,\ = ( 1, 0, 0, 0 ), llBHbIII Bnµ; npeµ;b1p;ymnx q>opMyJI He U3MeHIITCH. 

TpcXl\ICpHbIC pClllITUBIICTCKIIC yp. Jloy (5) HeCMOTpH Ha pHµ; nplIBJieKa

TeJibHbIX CBOIICTB, oGnaµ,aIOT TCl\l HC)];0CTa.TKOM,·'IT0 OHII KBa;a;paTII'IHO-HeJIII

Hei'mhI. KpoMe Toro B OTJIII'IUC OT HepeJillTIIBIICTCKlIX yp. Jloy, noTeHQIIaJI 

ypaBHCHIIII (5) He3pMIITOB U3-3a rrporraraTopoB B qacTII'-IHo-o6MeHHOM rro

TCHQUa.Jie Va'a u H3-3a 'Ia.IIKoo6pa3Horo cJia.raeMoro, KOTOpbii'I 3pMIITOB JIHllih 

B crrrrae npocTei'rmnx rrarpaH,1maH0B B:Ja.nMoµ;e11cTBIIH. B ;a;11ccepTau;noHHoi'1 

pa6oTe IIOKanaHo, 'ITO B noTeHQIIaJie yp. Jloy (5) He3pMHTOBOCTb MO)KHO Bbl

;a;eJIHTb rrpu IlOMOll.\II neca.MOCOIIpH)l{eHHOro MHO,KUTeJIH B BIIp;e noJIHOll 3Hep

rnu ClICTeMbl B KOHe'!H0M C0CT0HHUU Ep, -/= E;, T. e. MO:)KHO npeµ;cTaBUTb 

Heoµ;uopop;HbIII 'IJieH yp. Jloy •1epe3 cyMMY apMIITOBOII II neapMIITOBOII 'IaCTII 

H',,,(l(p',p) = )·~,a(P',p) + Va'a(P',p) 

= Aa'a(P',p) + Ep,Ba'a(P',p) (7) 

rµ;e A,,,,, II Ba'n :J})MIIT0Bbie MaTpUQbI. 

D npnno:+:cmm 2 n 3 p;IIcccpTa.QmI µ;ByMH panHbIMII crroco6aMn noKanaao, 

'ITO yp .• Tioy, Hcoµ;nopoµ;Hhlll '-IJICH KOTOporo TaK )l{e KaK n l-lla'a(P',p) (7), co

p;ep,KIIT nponopQnonaJibHYIO rrona01i aaeprnII cncTeMbI Ep, HeapMnTOB0CTh, 
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cBoµ;HTCH K mrne11HbIM IIHTerpan:bHbIM yp. Tirna Jl1mnMaHa-IllBnarepa 

Ta 1a(P
1

,p,Ep) = Ua•a(P',p,Ep) + z:=Jua'a"(P',q,Ep) E -~ij _. Ta"a(q,p,Ep) 
a" . q p _Zf 

(8) 
noTeHQilan: KOToporo oµ;ao::rna'IHO onpeµ;eirneTcH qepe:3 aeoµ;aopoµ;HbIII qneH 
yp. Jloy (5) 

Ua 1a(p1 ,p,E) = Aa1a(P1 ,p) + E Ba1a(P',p) 

Ua•a(P',p,E = Ep,) = Wa•a(P',p) {9) 

a peweaue mrneIIHoro HHTerpan:bHoro ypaBHeHHH (8), B CBOIO oqepeµ;b onpe

µ;enHeT lICKOMYIO i-MaTpHQY {1) H:3 yp. Jloy (5) 

ti~l(p',p) = Wa 1a(P
1
,p) + z:=Jwa'a"(P',q) E _d;ij _. Ta"a(q,p,Ep) (10) 

a" q p Zf 

IlpH aTOM Ha aaepreTH'IecKoii noBepxaocTII, Korµ;a Ep, = Ep, peweHirn yp. 

(5) H (8) COBnaµ;aIOT 

t~~!(p,p) = Ta•a(P,P,Ep) (11) 

YpaBHeHHJI Jloy µ;nJI t-MaTpHQbI 7r N pacceJIHHJI c HYKJIOHaMH BHe • 

MaCCOBOH noeepXHOCTH. Bbrnoµ; TeopeTHKo-noneBbIX ypaBHeHHH µ;nH t
MaTpUQbI (2) MO,KHO npoeecTH no TOH ,Ke caMoii cxeMe, 'ITO n yp. Jloy (5). 
B qacTHOCTH Mbl paCCMOTpHM peµ;yKQHIO II0 q>opMyne JIIDIJ; HYK1IOHa H:3 in 
COCT0IIHIIH e Bbipa,KeHIIH (1) u IIU-Me:Joi"ia II:3 in COCTOHHHH e (2). Torµ;a 

nony'III:M cneµ;y10my10 CIICTeMy ypaBHeHHII µ;nH HCKOMbIX t-MaTpHQ pacceHHHH 

(1) II (2) 

(a)( / _ ) _ v(o)( / ) v(a)( / ) "'""'J (a) ( / ) d3ij t'f3)*( ) ta'a P , P - ~ a1a P , P + a'a P , P + ~ ta1a11 P , q E _ E _ · aa" P, q 
. a" q p Zf 

(12) 
rµ;e a, fJ = l, 2 II O'. =I (J, a ya~:> 060:JHa'IaIOT cneµ;y10mIIe 'JaHKO-o6pa:3Hbie 

cnaraeMbie 

Y0~~(p1,p) = - < p's'l{j;,(O), bts(O)]lqi > 

Ya~~(p',p) =< q'i'l[Jp•••(O),aJ;(O)]lps > 

(13) 

{14) 

rµ;e b!.(x0
) reii:JeH6eproBCKHH onepaTop, KOTOpbIH npII x0 

-t ±oo nepexo

p;nT B cna6oM cMblcne B onepaTop po:a<:µ;eHHH HyKnoaa, a Va~:> 0IIIICbIBaeTcH 

'JaCTH'IH0-06MeHHbIMH µ;IIarpaMMaMH co BCeMII 'JaCTHIJ;aMII II:3 npoMe:a<:yTO'I

HbIX cocTOHHnii aa Maccoeoii noeepxHOCTII. fpaq>n'IecKoe npeµ;cTaei:i:eHire Va~~ 

0T1IH'IaeTCH OT 1mo6pa:a<:eHirn Va~~ TeM, 'ITO B v;.~~ BHe MaCCOBOH IIOBepXHO

C;H pa.ccMaTpueaIOTCH qacTIIQbI 1r' II N, a B Va~~ N' H 7r. OTMeTHM, 'ITO 
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HeCMOTpH Ha pa:3mI'IHbIII BHeWHHH BHµ; yp. (5) u {12), HX IICKOMble peweHHH 

t~~! (1) nµ;eHTII'IHbI. Cneµ;oeaTenbHO µ;nH oµ;Hux u Tex :a<:e t-MaTpIIQ 1rN pac

ceHHIIH MO:li<:HO nony'IIITb pa:3mI'IHbie yp. Jloy, T. e. pa:31III'!Hble TeopeTIIKO

noneBble cneKTpan:bHbie pa:3110:a<:eHIIH. 8TII ypaeHeHIIH OT1III'IaIOTCH µ;pyr OT 

µ;pyra CTPYKTypoi'1 Heoµ;Hopoµ;Horo cnaraeMoro unn noTeHI:i;IIan:a, KOTOpbIH B 

:Ja.BIICUMOCTII OT Toro, KaKIIe Im 'JaCTIIQ peµ;yQIIpOBaHbl no q>opMynaM JIIDIJ; 
Im aCIIMIITOTII'IeCKIIX COCTOHHHII, IIMeIOT pa:3HOe IIOBeµ;eHue B BHe MaCCOBOH 

o6nacTu. Jl:nH :3aµ;aqu N N pacceHHirn ·1m-:Ja To:a<:µ;ecTBeHHOCTII ecex a.cIIM

nTOTII'!ecKIIX '!aCTIIQ, noµ;o6HOII Heoµ;HO:JHa'IHOCTII He B0:3HIIKaeT. 

Jl:nH nuHeapunaQHH yp. (12) cneµ;yeT onpeµ;em1Tb nuHeiiHo oaeuCHmue OT 

aHeprnn, HeapMIITOBbie noTeHQHaJibl ul~} 

U(a)( I E E ) y(a)( I ) v(a)( I ) a'a P , P, = p' = a'a P , P + a1a P , P 

IWTOpbie o6na.µ;aioT cneµ;yIOI.UIIMII CBOHCTBaMII 

U(a)( I E - E ) - y(a)*( ') v<a)*( ') a'a P ,p, - p - aa' P,P + aa' P,P 

U<i>( , E ) _ u<2>*( , E )) a'a P , P, P1 
- aa! P, P , P 

(15) 

(16) 

(17) 

rµ;e o = 1, 2. 8Tux ceoiicTB noTeHQuan:a u!~} µ;ocTaTO'IHo, 'IT06bl µ;oKa:JaTb 

nµ;eHTII'IHOCTb nTepaQIIOHHOro pHµ; CHCTeMbl yp. Jloy (12) II µ;Byx, He0aBIICII

M;hIX yp. Tuna JI.-m. cneµ;yromero BIIµ;a_ . 

d3~ 
T..(a)( I E ) - u(a)( I E ) "'""'J u(a) ( I E ) q 7..(a)( E )" a'a P,P, P - a'a P,P, P + ~ a'a" p,q, PE -E _ · a"a q,p, P 

, a" q p Zf 

(18) 
npn'-ieM Ha nonyaHepreTn'!ecKoii noeepxHoCTII peweHirn yp. JI.-ill. onpeµ;e: 

1IHIOT t-MaTpIIQbI (1) n (2), HB1IHIOI.UHeCH peweHHHMll CIICTeMbI yp. Jloy (12) 

d3~ 
(a)( I ) u(a)( I E ) "'""'J u(a) ( I E ) q 7..(a)( E ) t 0 , 0 P,P = a'a P,P, p' +~ a•a•P,q, P1 E -E _. a"a q,p, P 

a" q p Zf 

(19) 

a Ha aHepreTH'IeCKOH noeepXHOCTH aTH peweHIIH COBnaµ;aIOT t~~2(p,p) = 
7,.~:>(p, p,Ep) 

IlpenMymecTBO yp. (19) npII a = l, no cpaBHeHHIO c yp. JI.-m. (8) 
· (cr-1) 

0aK1IIO'IaeTCH B TOM, 'ITO 'JaCTH'IH0-06MeHHM 'IaCTb noTeHJ:J;HaJia Va'a - He 

coµ;ep:a<:HT HenIIHCHHOCTII, KOTOpa!I BOOHIIKaeT B Teop~TIIKO-IlOneBbIX yp. Jloy 

(5) µ;n.s: oaµ;a'IH 7r N pacceHHIIH II:3-0a y'IeTa KpOCCIIHr-CHMMeTpIIH no nepe

CTaHOBKe BHeillHIIX nII-Me0OHOB. IJ;eHa KOTopy10 npuwrrocb oanrraTIITb oa aTO 

COCTOHT e TOM, 'ITO noTeHQIIaJI yp. (19) HeapMIITOB II KpOMe Toro p;nH no-
(a-1) 

CTpOeHIIH noTeHQHMa Va'a - Tpe6yIOTCH He T01lbKO MaTpHll;bl nepexop;a C 
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nn-Me30HOM BHe MaCCOBOH IlOBepXHOCTH, Ka.I( aTo HY)l{HO B V:.•a, HO eme H 

MaTpHQhI nepexO/JiOB c HYKJIOHaMH BHe MaccoBoii rroBepxHOCTH. 3aMeTHM 'ITO 

HeCMOTp.lI Ha HeapMHTOBOCTh IlOTeHQHaJIOB U1~ /JiOKa:JaHO, 'ITO pellieHH.lI yp. 

(19) n (12) YAOBJieTBOp.lIIOT ycJIOBHIO YHHTapHOCTH KaK B cnyqae y'leTa Bce

B03MO)l{HhIX npoMe)l{yTO'IHhIX COCTO.lIHIIII, TaK II B cnyqae y'leTa JIHllih 0/JiHO
'laCTH'IHhIX npoMe)l{yTO'IHhIX COCTOJIHHH. 

YpanHeHHJI Jioy /VIJI t-MaTpH~ 1r N pacceJIHHJI c /liBYMJI BHeIIIHHMH 

'laCTHtiaMH BHe Macconoii IIOBepXHOCTH npe/JiCTaBJIJIIOT co6oii cneK

TpaJihHOe pa:3JIO)KeHue t<1> MaTpHQ pacceJIHHJI (1 ), KOTOpoe Y'IHThIBaeT BHe 

MaCCOBhIH BhIXO/Ji Bcex 'leThipex BHellIHHX 'laCTHQ. 8To o6cTOJITeJihCTBO npu

BO/JiHT K 3Ha'IHTeJihHOMY H3MeHeHHIO HeO/JiHOpO/JiHOro cnaraeMoro aToro THna 

ypaBHeHuii Jloy. Tax 'laiixoo6panHoe cnaraeMoe aTux ypaBHeHHH cocTOHT H3 

Bcex 'leThipex 'laIIKo-o6panHhIX cnaraeMhIX xaxne B03MO)l{HhI B 1r N ciicTeMe. 

KpoMe Toro 'laCTH'IH0-06MeHHaJI qacTh TaKoro cneKTpaJihHOro panJIO)KeHH.lI 
CO/Jiep)l{IIT s, u, t, s, u, t-KaHaJibHhie /JiHarpaMMhl. 

TaimM o6panoM B nepBOII qacTu /JiHCcepTaQuu BhIBe/JieH /liJI.lI O/JiHOH tt Tot'i 

)Ke aMnJIJITYAhl 7r N pacceJIHH.lI Tpu J)a:JJIH'IHhIX BH/Jia yp. Jloy HJIH TeopeTHKO

IlOJieBhIX cneKTpaJihHhIX pa:3JIO)J(eHHH no nOJIHOll CHCTeMe acuMnTOTH'leCKHX 

cocTOHHHH. Bee aTu ypaBHemrn aKBIIBaJieHTHhI yp. JiunnMaHa-lIIBIIHrepa c 

JIHHe11Ho naBHCJill{HM OT aHepruu noTeHQHaJIOM. IloTeHQIIaJihI paccMoTp.eH

HhIX ypaBHeHHH OTJIH'laIOTCJI /Jipyr OT /lipyra BHe MaccOBhIM noBe/JieHI1eM B,He

llIHIIX 'laCTIIQ, 'ITO onpe/JieJIJieT panJIII'IHhIH cnoco6 IIX nocTpOeHH.lI II3 Bep
llIIIHHhIX <f>YHK~HH: 

Bo BTopoii ThaBe /JiHCcepTaQnn /JiaHa <J>opMynnpoBKa ypaBHeHni'1 JToy 

B S-MaTpH'IHOM MeTO/Jie /liJI.lI 3a/Jia'lu N N pacceJIHHJI. Knro'leBhIM o6'heKTOM 

' npu <J>opMynupoBKe S-MaTpH'IHoro MeTO/Jia Teopnu nonJI JIBJIJieTCJI onepaTop 

TOKa, KOTOphIH /liJI.lI .HYKJIOHHoro nonJI onpe/JieJIJieTcJI <J>opMynoii 

. 8S S*; 
J(x) = -i 8~in\x) . 8S S* 

J(x) = i 8w(in)(x) . (20) 

r/Jie S 060,:maqaeT onepaTop S-MaTpHQhI, w(inl(x )-onepaTop HYKJIOHHoro nonJI 

un in cocTOJIHHJI, a BapnaQnJI S-MaTpIIQhI no aToMy nonro 3a/JiaeT BhIXO/Ji S
MaTpHQhI BHe MaCCOBYIO o60JIO'IKy. 'l!epen TaKue pacmupeHUJI S-M;aTpIIQhl B 

BHe MaccoByIO o6naCTh CTpOJITCJI OCTaJihHhie KBaHTOBhie nOJI.lI lJ'. IIX XpOHOJIO

rH"IeCKJie npo1mBe/JieH11n. TaK KBaHTOBoe none BnanMO/JieiicTByromero HYKJIOHa 

B S-MaTpWIHOM MeTO/Jie onpe/JieJIJieTCJI npu nOMOll{H yp . .ffHra-<l>eJih/JiMaHa, 

npn nOMOll{JI ImTOJ)hIX ner1m nony'IHTh CJie/liyIOmee COOTHOllieHne /liJI.lI onepa-

TOJ)OB HYKJIOHa bt,(x0
) B npe/JiCTaBJieHnn B3aHMO/JieHcTBHJI 

bj.(x
0

) = bj.(in) - iZ;-112 j d4yexp(-ipy)J(y)0(x0 -y0 )u(ps) (21) 
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,Uanee ecnn paccMOTpeTh 0/JiHOBpeMeHHhII'i aHTHKOMMyTaTop onepaTopoB 

HYKJIOHHhIX nonc{1 (20) II (21), TOr/Jia MO:lKHO nony'IHTh CJie/liy10mue onepaTop

Hhie COOTHOllleHIIJI 

J d4y exp( -ipy) [s!i~~ly) - iZ;1120(-y0
){ J(0), J(y)} - A(0, y)] u(ps) (22) 

r/Jie 
A(x, y) = -8(x0 

- •y0 ){J(x), '11(y)·y°} (23) 

C /Jipyroi"1 CTOpOHhI cornacHO ycnoBU.lIM MHKponpU'IHHHOCTU l1 panpemn:

MOCTH B S-MaTpll'IHOM nO/JiXO/Jie HMeIOTC.lI onepaTOpHhle ypaBHeHU.lI Me/JiBeµ;eBa

IIomrnaHOBa, KOTophie /liJI.lI N N cncTeMhI noneii MO)l{HO npe/JiCTaBHTh B cne

/JiYIOll.leM BH/Jie 

8J(x) = iz;1120(xo -yo){J(x), J(y)}-A(x,y) 
8\ll(in)(y) 

(24) 

r/Jie A( x, y) HeKHi°I KBa:JHJIOKaJihHhlii onepaTop c HocnTeneM npn: x = y. B pa-

6oTax Me/JiBe/JieBa II IIomrnaHoBa noKanaHo, 'ITO ypanHemrn (24) MO:lKHO pac

CMaTp1rnaTh KaK /Jil!HaMH"IeCKile ypaBHeHHJI KBaHTOBOH Teopuu noJIJI, KOTO

pble n03B0JI.lIIOT /JiOOnpe/lieJIIITh BapnaQHIO TOKa B 06JiaCTH COBna/JiaIOll{HX Bpe

MeH. Ponb narpaH:lKUaHa H nepCHOpMHpOBO'IHhIX KOHTp'IJieHOB B Ka:lK/JiOM no

P.lI/JiKe Teopnu BonMymeHIIJI MmKeT I1rpaTh KBa:JHJIOKaJihHhIH onepaTop A(x, y), 
KOTOphli°I TeM CaMhIM onpe/JiemreT BCIO /JilIHaMHKY npoQecca. EcnH B Ka'le

CTBe A(x,y) B3JITh Ol];HOBpeMeHHhIII KOMMyTaTop (23), TO MO:lKHO BH/JieTh, 

'ITO ypaBHeHIIJI ( 24) u ( 22) rnBnaµ;aroT. II pH aToM n106oii µ;pyroii OTJIH'IHhIH 

OT (23) Bht6op Bhlpa)l{eHHJI l];JI.lI KBa:JHJIOKaJihHOro onepaTopa yp. Me/JiBe/JieBa

IIomrnaHOBa (24) np1rneµ;eT K npOTIIBOpe'IUIO C ypaBHeHH.lIMH .ffHra-<l>enhµ;

MaHa. IloaTOMY ypaBHeHIIJI IIomrnaHoBa-Meµ;Beµ;eBa (24) 11 ypaBHeHH.lI (22) 
OTO:lKµ;ecTBJIJIIOTC.lI. 

BhIBoµ; ypaBHeHuii Jloy µ;nJI naµ;aqn N N pacceJIHHJI MO:lKHO ocymecTBHTh 

nn ypaBHeHH11 Meµ;Beµ;eBa-IloJIHBaHoBa (24), ecnu paccMoTpeTh aTn onepa

TopHhie ypaBHeHirn B oµ;HOHYKJIOHHhIX o6xnaµ;Kax n Me)l{/JiY onepaTOpaMH TOKa 

HYKJIOHOB_noµ;cTaBHTh ycnoBne ac11MnTOTU'lecxoii noJIHOThl. Tor/Jia ucnonwyJI 

llHTerpanbHOe npe/JiCTaBJieHne CTyneH'laTOH <f>YHKQHH 0(-y0
), nocne HHTerpa

QHll no y nony'IHM cneµ;yromee ypaBHeHne /JiJI.lI t-MaTpHQhl N N pacceJIHHJI 

< p~s~p;s;!tlP1S1P2S2 >= 'Pi 121 < out;p~s~IJp;s;(O)IP1S1P2S2;in >c 

=< p~s~p;s;IY + Vlp1s1p2s2 > 

~ 1 , 1 'I I (27r)38(3l(p1+p2-Pn) I t1 • 
+ L <J>1S1P2Sztn> ( ) ( ) po . <nt P1S1P2S2> (25) 

d,NN WN PI +wN P2 - n +u 
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rAe 'P1•2• o60:JHa'iaeT onepaTop aHTIICIIMMeTp1man;1m TO:lKAeCTBeHHbIX HY

KllOHOB 1' u 2', xoTophlii onpeAeJIJieTcJI 'iepro onepaTop nepecTaHOBKII P1, 2, 

B BIIAe 'P1 121 = 1/2(1 - P1,2, ), onepaTop Y onpeAeJieH 'iepro aHTIIKOMMyTa~ 

Top (23) II HaKOHen; V IlOA06Ho CllY'iaIO 1r N pacceJIHIIJI, ecTb cyMMa o6MeH

HbIX CJiaraeMbIX C npoMe:lKyTO'iHbIMII 'iaCTIIIJ;aMII Ha MaCCOJlOH IlOBepXHOCTII. 

B 'iaCTHOCTu B Bbipa:iKeHIIe V coAep:iKaTCJI Me:JoHHo-o6MeHHbie AIIarpaMMhl, 

xoTopbie cocTo.aT II:J npoII:JB~eHIIH MrooH-HYKllOHHbIX BepwIIHHbIX <pyHxn;n11 

C OAHIIM II::3 BHeWHIIX HYKllOHOB BHe MaCCOBOii IlOBepXHOCTII II OTllH'iaIOTCJI 

Apyr OT APYra BpeMeHHOH IlOClleAOBaTellbHOCTbIO IIcnycKaHIIJI If norllOll_\eHIIJI 

m =;= 1r, a, p, N N, ... -'iaCTHIJ; Ha MaccoBoii noBepxHOCTII. 

YpaBHeHIIe Jloy (25) All.II :JaAa'iII N N pacceJIHIIJI, TaK :lKe xax u All.II :JaAa'iu 

1rN ·pacceJIHHJI, CBOAIITCJI K ypaBHeHHIO JlIInilMaHa-ffiBIIHrepa npH IlOMOll_\II 

npoD;eAypbI npuBeAeHHOii B npIIllO)KeHIIII 2 AIICCepTaIJ;IIII. CooTBeTCTBYIOU\IIe 

ypaBHeHIIJI UMeIO_T <popMy llIIHeMHbIX CIIHryllJipHbIX IIHTerpMbHbIX ypaBHe

HIIM, a IIX peweHIIJI BocnpoII:JBOAJIT ucxoMyro llopeHIJ;-KOBapIIaHTHYIO aMnm1-

TJAY N N pacceJIHIIJI (25). KpoMe Toro peweHIIJI llIIHeapII3IIpoBaHHoro yp. 

Jloy (25) JAOBlleTBOp.lIIOT YCllOBH.IIM IlOllHOTbI n OpTOHOpMIIpOBKII, "ITO Tax 

:lKe xax II B HepellJITIIBIICTCKOM CJiy'iae IlO:JBOllJieT IICKllIO'iIITb II::3 IlOTeHD;IIMa 

N N B:JaIIMOAeiicTBIIJI CJiaraeMoe c OAHO AeiiTpoHHbIM o6MeHoM. 

B a-roii )Ke 'iacTu AIICcepTan;nu 06cy:iKAaeTcJI CBJI:Jb Me:lKAY TpexMepHbIMII 

PeJIJITIIBIICTCKIIMII ypaBHeHIIJIMII, nolly'ieHHbIMlf B KOBapIIaHTHOll raMHllbTO

HOBOH <J>opMyllHpOBKe Teopun IlOll.lI u 6ecKOHe'iHOMepHbIMII ypaBHeHIIJIMII All.II 

R = S - 1-MaTpIID;bI pacceJIHIIJI Me:lKAY npOimBOllbHbIMII nu m 'iaCTII'iHbIMII 

COCTO.IIHII.IIMII 

< in;'mlR(0)ln; in>= - < in; mlH(0)ln; in>-:-

-~< in; mlH(0)l11:; in > (
21r1:s~>C:,."_-i;n) < in; 11:IR(O)ln; in> (26) 

rAe H ( x) oaAaHHbIH raMHllbTOHIIaH cucTeMbI. 

B . TpeTbeii ThaBe nolly'ieHa cBJI:Jh peweHuii ypaBHeHIIii BeTe-CollmI

Tepa u 11x KBaounoTeHIJ;IIMbHhlX npeAcTaBlleHIIM c peweHIIeM ypaBHeHIIH 

J!oy. 
C aToii D;ellbIO · paccMOTpeHa BepWIIHHaJI <f>YHKIJ;IIJI <J>epMIIOH-aHTil<pepMII

oHHOH CIICTeMbI (Hanp. N N IIllII qq), AJIJI KOTopoii corllacHO peAYKIJ;IIOHHbIM 

<popMyllaM JlffiD; IIMeeM 

< PaSalJp.(0)IKi >= -iz;12u(K - Pas)[K - Pa - m] 

j d4pexp(-ip[K - Pa])< ~p, -~Plx'Ki > [-Pa - m]v(pasa) (27) , 

_12 

\ 

.h . , I 

l,i 
I 
i 

I 
~I 

r: 
I 

I l 

rAe ps, Pa Sa II /{ i 060:::rna'iaIOT 'ieTbipex-IIMilYllbC II KBaHTOBbie 'ilIClla co

OTBeTCTBeHHO q>epMIIOHa, aHTH<pepMHOHa II HX CBJI:JaHHOrO COCTO.IIHIIJI-Me:JOHa, 

XK; ecTb BOllHOBaJI <pyHKIJ;IIJI yp. BeTe-CollnIITepa CBJI:JaHHOM <J>epMIIOH-aHTII

<J>epMIIOHHOH CIICTeMbI 

< XplxK, >=< 0IT(\Jl(x1)\Jl(x2))IKi > (28) 

II X = 1/2(x1 + x 2 ), p = 1/2(x1 - x 2 ) "leTbipexMepHbie xoopAIIHaTbI n;eHTpa 

Mace II OTHOCIITellbHOrO ABil:lKeHIIJI aHTII<pepMIIOHa II cpepMIIOHa. Tax :lKe KaK 

II All.II clly'iaJI 1r N II N N pacceJIHIIJI, All.II paccMaTpIIBaeMOii cIIcTeMbI ( N N_ 
IIlllI qq), MO:lKHO BbIBeCTII ypaBHeHIIJI TIIIla Jloy II IIX llIIHeap:w.mpoBaHHblll 

attanor. PeweHIIJI llIIHeapII3IIpOBaHHbIX ypaBHeHIIii Jloy < \JI mlK, qssa > II 

BOllHOBble <f>YHKIJ;IIII yp. BeTe-ConnIITepa (28) JAOBneTBop.lIIOT CBOIIM ycno
BIIJIM HOpMHpOBKII, COilOCTaB1IeHIIe KOTOpbIX npn IlOMOll_\II COOTHOWeHIIJI (27) 

AaeT HCKOMYIO CB.II:Jb Me:lKAY 0TIIMH <l>YHKIJ;IIJIMII 

< 'P~.IP >=< XK,liKµ/2M 2 O~µ {G01 + v)IP > (29) 

< 'PI(ilP >= -iz;12 L J d3qN(K,q)TI(K - Pas)[K - Pa....: m] 
.. a 

< \JI Ki IK, qssa > [ A ] ( ) ( • [ ] 

E(K, q) _ WM(K) -pa - m V PaSa exp -ip K - Pa ) (30) 

rAe Pa= ½I<+ q, Bbipa:lKeHHe Go1+v JIBJIJieTCJI o6paTHbIM K Il01IHOH <pyHKD;IIll 

I):nIHa All.II ypaBHeHuii BeTe-ConnIITepa, 

<l>opMynbI (27)11 (30) onpeAeJIJIIOT B3aIIMOCB.II3b Me:lKAY BOllHOBbIMH <pyH

KIJ;II.IIMII ypaBHeHIIM B.-C. II Jloy. <l>opMylla (30) :JHa'iIITellbHO ynpoll_\aeTCJI 

A1I.II OAHOBpeMeHHbIX BOllHOBbIX <pyttKD;IIH B KBa:JIIIlOTeHD;IIa.'lbHOM MeTOAe Jlo

ryHOBa-ThBxeJIIIA:Je. IloMIIMO aToro B TpeTbeH rllaBe IlOCTpOeHbI TaKIIe KBa

:JIIIlOTeHIJ;IIMbHbie ypaBHeHIIJI, KOTOpbie IIMeIOT B Ka'ieCTBe IICKOMhlX pewe

HIIH Bhlpa:iKeHIIJI Tima (25). 

CpaBHIIBaJI TpexMepHhle TeopeTIIKO-IlOlleBhle ypaBHeHII.II Jloy. II IIX JIII

HeapII3HpOBaHHOe npeACTaB1IeHIIe C TpexMepHhlMII KBa:JIIIlOTeHD;IlaJibHhlMII 

ypaBHeHHJIMII, MO:lKHO OTMeTIITb, "ITO: I. ,il;llJI nocTpoeHIIJI IlOTeHD;IIMa 

TpexMepHhlX yp. Jloy II IIX lllIHeapII31IpOBaHHOro 0KBIIBa1IeHTa Tpe6yeTCJI :Ja

AaTb 'iaHKOo6paoHhle CllaraeMhle II BepwHHHhle <pyttKIJ;IIII, KOTOpbie OaBUC.IIT 

OT TpexHMnynbcoB· 'iaCTIID; Ha MaccoBoii noBepXHOCTII, A oaAa"la HWCO:lKAe

HIIJI KBaounoTeD;IIMOB II:J IICXOAHOro noTeHn;nana yp. B.-C. Tax :lKe CllO:lKHa 

xax II caMII yp. BeTe-ConnIITepa 2. B ypaBHeHIIJIX J!oy BHe MaccoBoii no

BepxHocTII paccMaTpIIBaIOTCJI llIIWb BHeWHIIe 'iacTIIIJ;bI, a B yp. B.-C. BHe 

MaCCOBOll noBepXHOCTII paccMaTpIIBaIOTC.II KaK BCe BHeWHIIe qacTHD;bI, Tax 
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M qacTHIJ;hl n:J npoMe:lKyTo'lHhIX cocTOHHnii. IIoaToMy nponaraTophl II3 yp. 

Jloy onpeµ;errHIOTCH qepe3 aHeprm1 qacTHIJ; Ha MaCCOBOH noBepXHOCTil, T. e. 

npu nocTpOeHUil 0THX nponaraTopoB, TaK :lKe KaK B HepelIHTIIBIICTCKOll Teo

pun pacceHHIIH, He B03HIIKaeT ClIO:lKHOCTeH B CBH3Il C IIX nepeHopMIIpOBKOll. 

3. PemeHHH yp. Jloy II BeTe-CorrnnTepa Ha MaccoB011 noBepxHOCTH c0Bna

µ;a10T. Borree Toro BHe MaCCOBa.H noBepXHOCTII, corJiaCHO q>opMyJie (27) IIlIII 

(30), 0TII pemeHIIH CBJI3aHhl Me:lKµ;y co6o:ii. 

B qeTBepToii ThaBe paccMoTpeHa MHoroKaHMbHruI q>opMyrrnpoBKa 

ypaBHeHIIH Jloy. 
MHoroKaHarrbHble IIHTerparrbHble ypaBHeHIIH (26) c orpaHn'leHHhIM qn-

CJIOM qacTIIIJ; B npoMe:lKyTO'!HhIX COCTOHHIIHX II C Hanepeµ; 3aµ;aHHhIM q>e

HOMeHorrorII'leCKIIM noTeHu;narroM < mjVln :>= - < m!H(O)ln > qa,cTo IIC

norrb:JyeTCH B HeperrHTIIBIICTCKOH TeopIIII pacceHHIIH Ha Hµ;pax. CIIcTeMbl ypa

_BHemli'i THna (26) C 6ecKoHe'!HblM 'lHClIOM rrpoMe:lKYTO'lHblX COCTOHHIIll II3BC

CTHbl KaK ypaBHeHirn TaMMa-.D:aHKOBa . .D:rrH onpeµ;erreHHOCTII paccMoTpeHa na

µ;aqa 7r N pa~CeHHIIH, rµ;e µ;rrH rrpoCTOTbl II3lIO:lKCHIIH yqnTblBalIIICb crreµ;yIOl.ll;Ile 

B:JaIIMOCBH:JaHHbie KaHarrbl n, m =· N,1rN, 1r1rN, 1r1r1rN,NNN, 1r1rNNN 
= 1, 2, 3, 4, 5, 6. Ilocne aToro, npnHIIMa.H BO BHIIMaHIIe apMIITOBOCTb noTeHIJ;II

arra, II3 CIICTeMhl ypaBHeHllll (26) H3BeCTHbIM B HeperrHTIIBIICTCTCKOH TeOpIIII 

pacceHHUH crroco6oM MmKHO norry'lIITb crreµ;yrolll;IIe ypaBHeHIIH Jloy nrrII· cneK-

TparrbHoe panrrmKeHIIe t MaTpIIIJ;bl pacceHHIIH 

. . . 6 T. (E )T.t (E ) 
Tmn(En) =< m;mlR(O)ln;m >=< mlVln > + L ml< ,. 1<n . ,. (31) ,.=1 E,. - En - it: 

Hn aTIIX MHOroKaHaITbHblX ypaBHeHIIH MO:lKHO norryqIITb UHTepecyIOl.ll;Ile 

Hae ypaBHeHHH µ;rrH 1r N pacceHHIIH npn m = 2' = 1r' N' n n = 2 = 7r N 

T2,2(E2) = W2,2(E2) + L T2'2"(E2" )Tl»iE2") 
2" E2" - E2 - it: · 

(32) 

W2,2(E2) =< 2'jVl2 > + t T2,,.(E,.)T!i~,.) 
1<,f.2"_ E,. - E2 - Zf 

(33) 

CpaBHIIBa.H ypaBHeHIIH Jloy (32) c noTCHIJ;IlalIOM (33) II aHanOrll'!Hble Te

opeTIIKo-norreBble ypaBHeHIIH (5), BHµ;IIM 'ITO 0TH COOTHOllleHIIH 6yµ;yT nµ;eH

Tll'!HblMH, ecmI cµ;erraTb TpII 3aMCHbI: 1) BMeCTO V2'2 B3HTb qa11Ko06panHoe 

crraraeMoe ( 4). Torµ;a no cBoeMy cMblcrry Bblpa:lKeHne V2,2 6yµ;eT cooTBeTcTBO

BaTb t-KaHaJibHOMY (J' p, .. - MC30HHO o6MeHHOMY BnauMoµ;ei'icTBUIO. Ecrru B 

Ka~1eCTBC npOMC)KYTO'lHbIX COCTOHHllll B (33) µ;oIIOlIHUTelibHO yqeCTb COCTOH

HHH 7f(J N ' 7r pN' TOrµ;a (J' p-o6MCHHbIC 'llICHbl C npoMe:lKyTO'!HbIMII MC30HaMH 
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Ha MaCCOBOH nOBCpXHOCTH BOCIIpOI13Beµ;yTCJI BTOpbIM ~araeMbIM (33) II µ;JIH 

OKBIIBalI~HTHOCTH yp. (33) H (5) crreµ;yeT µ;onycTIITb, 'ITO B ½•2 coµ;ep:lKaTcir 

lilllllb BHe MaCCOBble BKITaµ;bl OT CJ, p Me30HHbIX B3aIIMOµ;eHCTBllH B IIpOMe:lKy

TO'!HbIX COCTOHHIIHx; TaKa.H rrpou;eµ;ypa IIpH Bb16ope MaTpll'IHOro 0JICMCHTa 

raMIIJibTOHUaHa B3aHMOµ;eiicTBIIH 03Haqae.T B3aIIMOOa.MeHJICMOCTb aToro ra

MIIJibTOHimHa H(O) 11 KBannrroKanbaoro crraraeMoro A(x, y) (23), KOT0pa.H 

6bma IIOKa□aHa B pa6oTax Meµ;Beµ;eBa.:IIon11BruioBa. 2) BMCCTO T2•n(En) =< 
2'IR(O)ln > B3HTb < p's'jj;,(O)ln >c u 3) B rrponaraTope rroTeHu;11ana (33) 
aHepruIO IIII-MenoHa q6 = W,r(q') naMeHHTb Ha qfi = wN(P) + W,r(q) - wN(P'.), 
HecMoTpH Ha TaK11e panmt'!HH yp. Jloy (32) M0:lKHO mrneapunupoBaTb no TOH 

)KC cxeMe, 'ITO u ypaBHeHirn (5), 'ITO Ha.M µ;acT 

7;,2(E2) = U2,2(E2) + L U2•2·(E,.)7;»2(~) 
· 2· E2· - E2 - it: 

(34) 

rµ;e peweHillt yp. (32) u (34) Ha aHepreTII'lecKon n MaccoBoH rroBepxHOCTll 

COBnaµ;aIOT. 

. C µ;pyroi'1 cTopoHhl B MHoroKaHMbHhIX :Jaµ;aqax aµ;poH-JIµ;epHhIX BnaIIMO

µ;eiicTBHII 'IaCTO HCIIOlib3YIOTCJI xopowo llQBCCTHble IIpOCKD;llOHHbIC MCTOµ;hl 

<I>ew6a.."'{a-OKy6o, npu IIOMOl.ll;II KOTOpbIX ypaBHeHUJI (26) MO:lKHO CBCCTll K 

crreµ;yI<>Ill;IIM ypaBHeHHHM .Tuna JlnnnMaHa-illBirnrepa 

< in; 2'IR(O)l2; in >=< in; 2'IKl2; in > + 

+ L < ~n;2'IKl2";in > (21r)
3
c5(3l(P2

• -_Pn) < in;2"IR(O)l2;in > 
2.. E2" - En - it: . 

(35) 

< in; 2'IKl2; in>=< 2'IVl2 > + L ½,,.[G(E2)],.t½2 (36) 
t<,l,f.2" 

f'rraBHOC OTJIII'IIIC IIOTCHD;Ilarra (36) yp; THIIa JlllIIIIMaHa-ffiBIIHrepa OT 

COOTBCTCTBYIOl.ll;ero IIOTeHu;naJia rrirneap11nupoBaHHoro yp. Jloy (34) 3aKJIIO

. ~iaeTCH B· TOM, ~ITO: IIOTeHu;naJI yp. Jloy onpeµ;erreH qepen t-MaTpll'IHhle ane

MCHThl < nlR(O)lm >c H cBo6oµ;Hbie q>YHKIJ;IIII f'p1rna, a rroTeHu;nan yp. (35) 
cTponTcH ?epen noTeHu;nan <nlH(O)lm > 11 norrHy10 q>yHKD;HIO f'pnHa. 

B nnT011 ThaBe paccMoTpeHbl TeopeTHKo-rroneBble ypaBHCHHJI µ;rrJI na

µ;aqn pacceHHHH COCTaBHbIX CllCTeM. OcHOBOH µ;JIJI BhIBoµ;a TpexMepHbIX pe

lIHTIIBHCTCIOIX ypaBHeHHlf µ;rrH pacceHHHH COCTaBHhIX CUCTeM B::lHTa Ca.MOCO

rnacoBaHHM II 061.ll;M q>op'MyJIHpOBKa COCTaBHhIX, HCJIOKa.JlbHbIX orrepaTOpOB 

Teoptrn rrorrH, npeµ;rro:lKeHa B pa6oTe XyaHra u Berrµ;oHa (XB), rµ;e 6hIJIH µ;aHhl 

cooTBeTCTBYI<>Ill;IIe 06061.ll;eHIIJI yp. BeTe-CorrrrHTepa µ;nH cocTaBHhIX KJiacTe

poB. BMecTo JIOKMbHoro reii:JeH6eproBcKoro rronJI MenoHa 4>(x) B Moµ;enn XB 

paccMaTplIBaeTCH 6ImOKaJibHOe KBapK-aHTIIKBapKOBblll onepaTop 

4>(x1,x2) = T(q(i1)q(x2)) (37) 

15 



KOTOphlii no rrepeMeHHoii u. M. X = 1/2(x1 + x2) II rrpn mo6oii :Ja)l;aHHOII 

OTHOCIITeJibHOII KOOp)l;IIHaTe p = 1/2(x1 - x2), orrpep;em1eT Ha OCHOBe yp. 

JIHra-<Penbp;MaHa acIIMIITOTII'IeCKlle nomI 

<I>in(out)(X,p) = <I>(X,p)- j d(4)yaret(adv)(X _ Y)(a:, + m;)<I>(Y,p) ·(38) 

rp;e aret(adv)(X .:_ Y) II3BeCTHall B TeopIIII IlOJIH 3ana:J)l;bIBaIOlll;all IIJlll onepe

)KaIOlll;all <f>YHKUIIH f'p1rna. 
Ba)KHO OTMeTIITh, "'ITO onepaTOpbI CBH3aHHOII CIICTeMbl "'!aCTHU H B -qa

CTHOCTII onepaTop IICTO"'IHHKa KJiacTepa 

jK;(X) :::::= j d(4>p <·cpK;IXp > [81 + m;]<I>;(X,p) (39) 

B OTJIH"'IHH OT onepaTopoB ITOKaJibHbIX onepaTopoB IIOJIH, 3aBIICHT He TpIIBH

aJibHbIM o6pa:JOM OT "'!eThrpexIIMnynhca K = (wM(K), K), T. e. onepaTopbI 

(39) cop;ep:arnT K B Bnp;e nepeMeHHOII B BorrHoBoii <f>YHKUHII CBH:JaHHoro co

CTOHHHH (30). Taxaa :JaBHCHMOCTb OT qeTblpeX-IIMIIYJibCa KJiaCTepa HBJIHeTCH 

cnep;CTBHeM HeJIOKaJibHOCTII ero CTPYKTYPhl II OHa xapaKTepHa TaK)Ke )l;JIH 

p;pyrnx MOp;enei'I cocTaBHhIX orrepaTopoB nonH. II00T0My Me:JoH-eyxnoHHaa 

BepwHHHall <f>yHKUIIH < p' s'lj9;(0)lps >, nocTpoeHHaa npII noMOlll;II Heno

KaJihHoro onepaTopa llCTOqHuKa (39), cop;ep)KIIT )l;OIIOJIHHTeJihHYIO 3aBHCH-

MOCTb OT qeTblpexHMIIYJibCa q = ( Jm~ + q2, q) ITO cpaBHeHHIO C BepWHH

HOH <f>yHKUHei'I c noxanhHbIM onepaTopoM ncToqHnKa nn-Me:JoHHoro norrH 

< p's'ij;(0)lps >, xoTopaa He 3aBHCHT_ OT HMnynhca nn-MrooHa u cocToHT 

H3 <f>opMq>aKTOpOB C ep;HHCTBeHHbIM apryMeHTOM t = (p' - p )2
• Cn~)l;OBa

TeJibHO nnoxoe cornacue c 0KcnepIIMeHTaJihHbIMH p;aiIHhlMII B pacqeTax ocHo

BaHHhlX Ha 7r N N BepwHHHbIX <f>yHKUHHX MO)KeT 03HaqaTh He TOJlbKO nrro

xoii Bbl6op <f>eHOMeHOJIOrHqecKIIX napaMeTpOB, HO ew;e MO)KeT HBJIHTbCH cnep;

CTBIIeM KBapxoaoi'I cTpyKTYPhl nIIoHa. AHanorIIqHoe :JaKnroqeHIIe MO)KHO cp;e

naTh n p;nH aepWIIHHOH <f>yHKUIIII p;e11Tp0Ha, IIMeH B BII)l;Y :JHaqIITeJihHOe pac

XO)K)l;emie npn pacqeTe BhICOK00HepreTuqecxo11 peaKUHII 0neKTpOHHOH p;e3IIH

Terpau1m p;eiiTpoHa ed 1-t enp. Taxaa pa3HIIUa B03HHKaeT B :JaBIICIIMOCTII 

OT HBHoro aup;a penHTHBHCTCKOH BepwIIHHOH <f>YHKUHH p;eihpoHa, KOTopaa 

MO)KeT cocTOHTh H3. op;Ho nepeMeHHbIX <f>opM-q>aKTopoB ( ecnII B iiei'I B3HTh 

noKaJihHble onepaTopbI HYKJIOHHoro norrH < p' s'IJ0 (0)IPdsd > ), IIJIH cop;ep)KIIT 

6onee CITO)KHYIO :JaBHCIIMOCTb OT Bcex Tpex llMIIYJibCOB BHeWHHX qaCTIIU Ha 

MaCCOBOil IlOBepxHOCTH. 
OnepaTop pO)K)l;eHIIH HJIII YHllqTO)KeHHH CBH3aHHOrO COCTOHHHH CTpOHTCH 

qepro acnMnToTnqecxm'i npep;en onepaTopa non.11 Ai;(X0
), KOTOphlii onpep;e

n.11eTcJ1 qepro 6ImoKaJihHOe none (37) B aHanornqHoM noKaJihHOMY onepaTopy 

BH)l;e Ilocne 0Toro npu IlOMOlll;II ypaBHeHH.11 JIHra-<t>eJib)l;MaHa (38) MO)KHO 
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onpep;emITb acnMIITOTHqecrore onepaTOpbI YHllqTO)KeHHH CBH3aHHbIX COCTO

.!IHIIII Ain(out)(I(i), KOTOpbie cornacHo pa6oTe XB Y)l;OBJieTBOpHIOT KaHOHH

•recKIIM KOMMyTaUIIOHHbIM COOTHOWeHIIHM, XOTH TaKHe )Ke O)l;HOBpeMeHHble 

ImHOHuqecKne KOMMyTaUIIOHHbie COOTHOWeHHH )l;JIH rei'I3eH6eprOBCKHX one

paTopoB cocTaBHhIX noneii AK;(X0
) He 6yp;eT BhlIIOJIHHTCH. 

B paccirnTpHBaeMOM cnyqae B:JaIIMop;ei'IcTBIIJI HenoKanhHhlX noneii p;ayx 

KrracTepoB ycnOBIIe MHKponpuqnHHOCTll He HMeeT MeCTa. ·Op;HaKO llCilOJib-

3YJI ypaBHeHne JIHra-<t>eJib)l;MaHa (38), )l;JIJl onepaTopa IICTOqHnKa COCTaBHOro 

nomI, aHanornqHo (22) MO)KHO BblllIICaTb O)l;HOBpeMeHHblH KOMMyTaTOp 

[iK•;•(0), AL(o)J = [iK•i•(0), A]n(Ki)]

-i j d(4
) X0(-X 0 )[iK•;1 (0), jK;(X)] (40) 

B OTJIIIqIIII OT cnyqaH JIOK
0

aJibHbIX nonei'I, onepaTop HCTOqHnKa COCTaBHOro 

nomI 3aBHCIIT OT qeT-bipex-HMIIYJibca qacTIIUbI II He HBJIJleTCJl 0pMHTOBbIM T. 

K. y,Ke 6ImoKaJibHOe none.(37) He:3pMHTOBO. JlcHo, qTo O)l;HOBpOMeHHblH KOM

MyTaTop B ( 40) He HBITHeTCH KBa:JllJIOKaJibHbIM onepaTopoM II OH HeTpIIBII

aJibHO 3aBHCIIT OT HMIIYITbCOB ](' II K. 
PacCMOTpeHne 7r Me30Ha ImK KBapKOBoro KliaCTepa npHBO)l;HT K 3aMeHe 

1r N aMrr~IITY)l;hI pacceHHirn ( 1) Ha 6orree cJIO)KHOe Bblpa)KeHne 

(l) ( 1 ) / 'I . (0)I .. ta'a p , p =< out; p s ]q'i' ps, qi; in > (41) 

KOTOpoe B OTJIHqnn OT (1) HBHO 3aBHCllT OT qeTblpex-HMIIYJibCa nn-Me30Ha B 

KOHeqHoM COCTO.!IHIIH. OrrepaTOpHble ypaBHeHHH ( 40) o6ecneqnBaIOT BbIBOp; 

ypaBHeHIIH Jloy B Bnp;e COOTHOWeHIIH (5), B KOTOpbIX JIOKaJibHble onepaTOpbI 

IlHOHHbIX none11 3aMeHeHbl COCTaBHbIMII onepaTopaMH .. 

Jl:arree ucnorrh:JYH npouep;ypy mrneapu3at:J;nn yp. Jloy nony-qHM yp. · Tuna 

JlHnnMaHa-illBnHrepa. IlpH :)TOM peweHUH 0TIIX ypaBHeHHil Y)l;OBITeTBOpJII~_T_ 

ycnoBnro ap;poHHOH yHHTapHOCTH u cop;ep)KaT aero nH<f>opMaunro o x'Bapxoaoii 

C;pyKType B onepaTopax (41) II At(X0). 0TMeTIIM, qTO <l>opMyna B3aIIMO

CBJl3II peweHuii yp. BeTe-ConnnTepa 11 yp. Jioy (30) no:JBOJIJIIOT nony~HTh 

npocTyro TpexMepHyro pep;yKUIIOHHYIO ·<f>opMyny p;nH· S-MaTpHUhl pacceHHHJl 

COCTaBHbIX CHCTeM, a p;n.11 Me30H-KBapKOBOil BOJIHOBOII <f>YHKUHH mmeapII3II

poBaHHble yp. Jioy p;aIOT p;ocTaToqHo ppoCTble ypaBHeHHJl. B qacTHOCTH p;rrH 

IIX BbIBOp;a He Tpe6yeTCH npnMeHHTb CTaTnqecxoe IIJIII KaKOe nu6o p;pyroe 

npII6m1)KeH11e, KOTopoe qacTo npnMeHHeTCJI B ypaBHeHHHX BeTe-Conn11Tepa 

p;n.11 pacqeTa cneKTpa Mace ap;poHoB. 

B 6 ThaBe p;uccepTauuu Ha ocHoBe qucneHHoro peweHHJI mrneap11311po-

BaHHbIX ypaBHeHnii Jioy paccMoTpeHa :Jap;aqa 1r N II N N pacceJIHIIJI B Mop;enn 
op;HoqacTnqHo-o6MeHHOro -B3aIIMO)l;eIICTBIIH. . 
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B 'leTbipexMepHoii qiopMym1poBKe TeopIIu rromr o;a;Ho'!aCTII'!Ho-o6MeHHO

MY rroTeHQIIaJIY yp. BeTe-CorrnuTepa cooTBeTCTByeT o;a;Ha ;a;uarpaMMa, co

;a;ep:lKarn;M BepIIIIIHHbie q>yHKQHII co BCeMU '!aCTHQaMU BHe MaCCOBOH,_IIOBep

XHOCTII. O;a;HaKO BO BpeMeHU yrropHµ;O'leHHbIX, TpexMepHbIX q>opMyrrupoBKaX 

o;a;Ho'laCTII'IHO o6MeHHbie ;a;narpaMMbI B03HHKaJOT HeCKOJibKO pan. B '!aCTHO

CTH B yp. Jloy o;a;Ho'laCTU'IH0-06MeHHbIH IIOTeHQUaJI COCTOIIT II3 µ;Byx OCHO

BHbIX -qacTeii. _ O;a;Ha -qacTb 1rN 11 N N rroTeH:u;uaJia B yp. Jloy, KOTopy10 MhI 

060:::iHa'IUJIH -qepe::i V' COOTBeTCTByeT o6MeHHbIM ;a;uarpaMMaM C rrpoMe:lKy

TO'IHbIMII '!aCTHQaMU Ha MaCCOBOH IIOBepXHOCTII II COCTOIIT II3 BepIIIIIHHbIX 

q>yHKQIIlI c o;a;Hoii u::i BHeIIIHIIX '!aCTIIQ BHe MaccoBOlI rroBepXHOCTII. IIoaToMy · 

aTy '!aCTb IIOTeHQIIaJia yp. Jloy II nx JIIIHeapmHpOBaHHOro aHaJiora MO:lKHO 

TpaKTOBaTb KaK o6MeHHbIH IIOTeHQIIaJI c pean:bHbIMH -qacTII'IHO o6MeHHbIMII 

CTeneHHMH CB06oµ;bI. Ilpn 0TOM BpeMeHHM yrropH;a;o'!eHHOCTb q>opMyrrIIpOBIUI 

rrpnBo;a;nT K _oT;a;erreHHIO B rrpoMe,KyTO'IHbIX COCTOHHlIHX 'laCTU'IHblX II aHTII

'-qacTU'IHbIX' cTerreHei'x cB06o;a;b1. HarrpnMep ;a;rrH HH:JK00HepreTn'lecKoro 1r N 
pacceHHUH H3BeCTHO, 'IT<;> HYKITOHHbie u aHTIIHYKITOHHble rrpoMe:lKyTO'IHble co

CTOHHHH o;a;11HaK0Bo BmKHbI. Barree Toro, Ha qin::iu-qecKOM ~opore 1r N pacce

HHHH BbI)KIIBaeT JIHlllb aHTHHYKJIOHHbie CTerreHH CBo6o;a;bI B o;a;Ho'!aCTII'IHO

o6MeHHOM IIOTeHQIIaJie. 

,I(pyrM '!aCTb IIOTeHQHaJia yp. Jloy onpe;a;errHeT'CH o;a;HoBpeMeHHbIM KOM

MyTaTopoM HITII aHTHKOMMyTaTopoM µ;Byx orrepaTopoB B:Ja:1-IMo;a;ei'ICTByIO

rn;ero rrorrH BIIeIIIHIIX -qacTHU, 'KoTopbIH ycpe;a;HeH no acHMIITOTH'leCKHM co

CTOHHIIHM ocTarrbHbIX '!aCTHQ. TaKne '!an:Ko-o6panHble crraraeMble rroTeH:u;n

aJia yp. Jloy rrporn;e Bcero orrpe;a;emITb npu IIOMOll.l;II KaHOHII'leCKHX KOMMy

TaQIIOHHbIX COOTHOIIIen:uii Ha OCHOBe q>eHOMeHOJIOrII'leCKIIX rrarpaH:iKHaHOB. 

Tor;a;a 'lai'xrm-o6panHbie crraraeMbie BOCIIpOH3BOµ;HT o;a;Ho'!aCTH'IH0-06MeHHble 

;a;narpaMMbl c o;a;Hon Im BepIIIHHHbIX q>yHKQHII B ;a;peBeCHOM'rrpu6rrmKeHIIH II 

c BTopo11 BepIIIIIHHOM' q>yHKQne11, KOTOpM co;a;ep:lKHT BHe MaccoBoii noBep

~HOCTII npoMe,KyTO'IHYIO -qacTn:u;y. KpoMe Toro B 0T01I 'laCTII IIOTeHQIIaJia 

B03HIIKa.IOT T. II. KOHTaKTHbie crraraeMble µ;Byx '!aCTIIQ, KOTOpbIC He CBO

·µ;HTCH K '!aCTH'IH0~06MeHHOII KapTIIHC B:JaHMo;a;en:CTBHH. EcmI )KC ncxo;a;UTb 

U3 KBapKOBbIX Mo;a;erreiI CTPYKTypbl a;a;poHOB, Tor;a;a B HU:lKaIIIIICM npn6m1:lKe

HIIU 'laiIKo-o6pa::iHbie crraraeMbie ;a;a10T KBapKoBo-o6MeHHble ;a;narpaMMbI Tnna 

Hll.l;UK. 

TaKHM o6pa::ioM B TeopeTHKO-IIOJleBoi'x qiopMyrr11poBKe yp. Jloy noTeH

QIIaJI B:JaUMo;a;eiicTBHH co;a;ep,KHT oT;a;errbHO q>II3H'leCKHe '!aCTII'IHO II aHTII

'!aCTU'IHO o6MeHHbie ;a;narpaMMbI u OTµ;eJibHO crraraeMble co BCeMII npoMe,Ky

TO'IHbIMU Bile MaCCOBbIMH CTeneHHMH CB06o;a;bl. 

ThaBHOe npeuMyrn;ecTBO <f>opMym1poBKII TpexMepHbIX perrHTIIBIICTCKH:x ypa

BHeHIIH Ha OCHOBe mrneap1mnpoBaHHhIX yp. Jloy m,pe;a; ;a;pyrHMH aHaJIOrU'l

HhIMH TpexMepHhIMII ypaBHCHUHMU 3aKJIIO'!aeTCH B TOM, 'ITO IlOTCHll;HaJI yp. 
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Jloy B npaKTII'leCKII paccMaTpUBaeMbIX crry'IMX CTpOIITCH -qepro BepIIIIIH

Hble q>yHKUIIII c o;a;ttoii BHe MaccoBoii -qacTn:u;eii. A B pac'!eTax 1r N II N N 
pacceHHHH B MO;a;errn o;a;Ho'!aCTH'IH0-06MeHHOro B3aHMo;a;eiicTBIIH Ha OCHOBe 

;a;pyrux ypaBHeHUII IICITOJib30BaHIIe TaKIIX BepIIIIIHHbIX q>yHKQIIH o6ocHOBbI

BaeTCH npu IlOMOll.l;U ;a;onorrHIITeITbHOro npu6JIII:lKeHIIH. 

MeooH-HYKJIOHHbie eepIIIHHHI,IC cf>YHKIJ;HH C µ;eyM.11 'iaCTHIJ;aMH Ha 

Maccoeo:n noeepxuocTH B pac'!eTax 1r N II N N pacceJIHIIH BO:JHIIKaJOT B 

;a;Byx pa::iHhIX Bn;a;ax. TaK µ;nH 1r N N iepIIIHHHOH <f>YHKQHII c HYKJIOHaMII Ha 

:tvmCCOBOII IlOBepXHOCTU UMeeM 

< p's'lj;(O)lps >= u(p1s')i-ysr;u(ps)g11:NG1r(t) (42) 

r;a;e t = (p' - p )2 ' 91rN IlIIOH-HYKITOHHaH KOHCTaHTa CBH3II II G,r( t) ;a;en:CTBHTeJih

HbIII <f>opM-<f>aKTop, KOTOphIII no;a;6upaeTCH o6bl'IHO q>eHOMeHOJIOrII'leCKII. 

Bbrpa,KeHue 1r N N Bep·IIInHHOI
0

1 qiyttK:u;nu c BHe MaccoBbIM HYKJIOHOM u 

o;a;HnM HYKITOHOM II IIII-MC30HOM Ha MaCCOBOlI noBepXHOCTH, IIMeeT 6onee 

CJIO;I(HbII'i: no cpaBHeHUIO c ( 42) BUµ; 

< Olu(p' s')ala(O)lpsqi >= (43) 

= 911:Nu(p' s')[( mN-i'YµPµ)/2mN H(+l( s )+( mN+i-yµpµ)/2mN HH( s )h5r;u(ps) 

r;a;e s = (p + q)2 11 qiopM<f>aKTOpbI H(±l(s) B OTJIII'IIIe OT G,r(t) BO BpeMeH11-

no;a;o6Ho11 o6rracTn, HBJIHIOTCH KOMnrreKCHbIMII q>yHKQUHMII, T. K. Y'IIITbIBaJOT 

HarrpnMep npoMe:lKyTo~Hoe 1r N pacceHHHH. lfo-::ia rrpoMe:lKyTO'!Horo N N B:Ja

IIMo;a;e11cTBirn <f>ym<QHH Grr(t) npn t > 4mi HBJIHeTCH KOMrrrreKCHOII, 'l~M npII 

npaKTH'leCKHX pac'leTax o6bl'IHO npeHe6peraeTCH. 

HHOKOOHepreTH'ieCKOe IlHOH-HYKJIOHHOe pacceJIHHe B6JIII3II q>II3II

'!eCKOro nopora BOCIIpOII3BOµ;HTCH C ;a;ocTaTO'IHO xopoIIIen: TO'IHOCTblO ycrro

BIIeM c11a6011 HapyIIIeHHOCTII KIIpaJibHOlI CIIMMeTpIIII. ThK B '!aCTHOCTII II3 

aToro ycrromrn crre;a;y10T qiopMyJihI ToMonaBbI-Bairn6epra· µ;nH ;a;1111H 1r N pac

cenmrn, KOTOpbIC npeKpacHO corrracyIOTCH C 0KcnepIIMeHT8JibHbIMII 3Ha'!eHII

HMII. C ;a;pY,roi°1 cTopoHbI q>opMyrrhr ToMo::iaBbI-Ban:H6epra BbIBOµ;HTCH ;a;nn 7r N 
aMTIJIIITy;a;bI B 6opHOBCKOM npn6rrmKeHIIII, a pn;a; MHOrOKpaTHoro pacCCHHIIH, 

B ::iaBHCHMOcTn OT Mo;a;errn noTeH:u;naJia 1r N B:JaIIMo;a;en:cTBHH, MO:lKeT ;a;aBaTh 

cyrn;ecTBCHHbie nonpamm K 6opHOBCKOMY npu6mI:lKeHIIIO aMilJIIITy;a;bI. 

O;a;HOlI Im npII'IIIH B03HUKHOBeHIIH 60JihllIHX nonpaBOK K 6opHOBCKOMY 

'IJieHy ( IIJIII 7r N IlOTeH:u;nany) OT pn;a;a MHOroKpaTHOro pacceHHIIH ,HBJIHeTCH 

TO, 'ITO oT;a;errbHble crraraeMbie IlOTeHQHaJia, KOTOpbie corJiaCHO ycJIOBIIIO CJia-

6oro HapyIIICHIIH KlipaJibHOII CHMMeTpirn Ha q>ImII'leCKOM nopore ;a;orr:lKHbI co

Kparn;aIOTCH ;a;pyr c ;a;pyroM, B BbI6paHHOlI Mo;a;emI 1r N B:JaUMo;a;eI°icTBIIH He . 

06rra;a;a10T 0TIIM CBOIICTBOM. Barree Toro, C pocTOM 0Heprun nonpaBKII OT 
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p.Hµ;a MHOrOKpaTHOro pacce.lIHil.lI BOnpacTaIOT II npeµ;cTaBmieTC.lI Ba)KHbIM Ta

Koe IIOCTpoeHIIe aToro pHµ;a, KOTopoe coxpaH.lilIO 6bl CBOHCTBO KHpallbHOro 

coKpall{eHirn crraraeMbIX noTemi;naJia BbIWe nopora. B paMKax yp. Jloy aTy 

IJ;eJib MO,KHO ocyll{eCTBIITb npu IlOMOLL{lI npori;eµ;ypbI BbI'lUTamrn B yp .. Jloy 

7r N aMIIlIHTJµ;bl B KnparrbHOM rrpeµ;erre ( TaK Ha:JblBaeMM M.lirKOIIUOHHruI aM

IllIIITyµ;a) J0 = limq-o,q-o < p's'lj;,(0)lpsqi >. lfo noTeHri;uarra yp. Jloy, 

TaK ,Ke KaK nn noTeHri;narra yp: BeTe~CorrrnITepa, aBTOMaTn'leCKII norryqa

IOTCR <f>opMyrrhl ToMonaBbl~ BaiiH6epra u .lIBHblH y'leT B 6opHOBCKOM '-meHe 

M.lirKOilHOHHOil 7r N aMIIlIHTJµ;bl Il03B0ll.lieT COKpaTUTb Bblpa,KeHirn 6oJibWUX 

crraraeMblX B HTepaIJ;HOHHOM p.Hµ;e clTIIX ypaBHeHHII 

J=<p's'lj;,(O)lpsqi>=/0 +(1- lim )[Y+V+JGoJt+(JGoJt)cr] (44) 
q-+0,q-+0 , 

rµ;e JO JierKO orrpeµ;eJI.lieTCjJ B .lIBHOM BIIµ;e IIpII IIOMOLL{II rHIIOTe:Jhl O .qacTH'lHO 

coxpaH.lIIOLL{eMC.lI aKCHaJibHOM TOKe. Ilpu aTOM )];lIR lIHHeapnnari;uu aTHX ypa

BHeHII}I Roy 6blrro npoBeµ;eHo ern.e oµ;Ho BbI'fHTaHne Ha <f>1muqec~oM rropore 

peaKIJ;Hll. 

Ori;eHKa HemrneHHbIX cnaraeMblX noTemi;uarra w ypaBHeHni'1 Jloy IIJIH ux 

n1rneap1mupoBaHHoro rrpeµ;cTaBnemrn U (9) 6blna ocyll{eCTBJieHa npn noMOLL{H 

cerrapa6eJibHOii Moµ;enu 7r N aMnnnTyµ; pacceRHH.lI B ocHOBHblX S 11, S31 u P33 

napIJ;UaJibHbIX BOJIHax. 1:JncJieHHbI}I pac'leT IlOKanarr, 'ITO cyMMa HeJIUHeUHblX 

cnaraeMbIX B noTeHri;uarre yp." ( 44) He BHOC.lIT cyll{eCTBeHHoi'1 rrorrpaBKH B S 
<f>anb1 1r N pacce.lIHH.lI B o6nacTn aHeprui'1 µ;o 300 MaB II norry'leHHbie nonpa

BKH B. OCH0BH0M onpeµ;eJI.lIIOTC.lI BKJiaµ;oM OT penoHaHCHOII P33. 1:JaCTblO 7r N 
noTeHri;narra, K K0Top01':i: oco6eHHO 'fYBCTBIITeJibHhl S q>anbl 7r N pacce.Hmrn, 

.lIBJI.lieTcR cKarr.lipHM 'laCTb qanKo-o6panHoro cnaraeMoro (6), T. H. a KOMMy

TaTop. HnMeHeHne HarrpnMep Ha HecK0JibKO MaB nHa'leHirn a. KOMMyTaTopa 

µ;enaeT HeBonMo,KHblM panyMHoe onucam1e S <f>an. IIoaToMy S q>anbl 7r N pac

ceRHH.lI MoryT CJIY)KIITb TeCTOM )];JI.II onpeµ;eneHIIR BeJIH'lIIHbI aToro KOMMyTa

TOpa. BTopoe cnaraeMoe qai'1Ko-06panHoro qneHa (6), KOTopoe M0)KHO cono

cTaBUTb C p Me:J0HHO o6MeHHOil µ;uarpaMMOil He µ;aeT 3Ha'lUTeJibHOro BKJiaµ;a 

B S q>a:Jbl 1r N paCCeRHH.lI u norrpaBKU OT yqeTa p Me:JOHHO o6MeHHOII qaCTII 

1r N noTeHri;narra, TaK )Ke KaK nonpaBKH OT HeJIUlleIIHblX cnaraeMhlX aToro 

IlOTeHri;uarra, MOJKHO CKOMileHcnpoBaTb npu IlOMOLL{H MaJibIX H:JMeHeHHII noµ;

roHO'lHbIX napaMeTpOB. 
Ilo cno,KHBWenc.lI ucTOpI1'lecKoi'1 Tpaµ;uri;un, onucamre !:::. 1mu P33 proo

HaHca 1r N cncTeMbI ocyll{eCTBJin:eTC.lI npu noMOLL{II peweHnn yp. Jloy. KpoMe 

Toro 6bIJIO IlOKa:JaHO, 'ITO µ;irn P BOJIH 1r N B:JaHMOµ;ei'IcTBHil CKall.lip-unocKa

Jillpmur. qacTb '-raiiKo-o6panHoro BnanMoµ;e11cTBH.lI He TaK Ba)KHa, KaK p;nH S 
BOJIH II Haµ;o6HOCTII B µ;onoJIHHTeJibHOil npori;eµ;ype BbI'fUTaHHR M.lirKO-IlIIOHHOil 

aMIIlIIIT)'"µ;bl )];Jill OilIICaHirn p BOlIH HeT. B pac'leTax yp. Jloy p;JI.lI p BOJIH 
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cKarr.lip-IlnocKarr.lipHM 'laCTb 'laI1Ko-06panHoro cnaraeMoro noTeHri;narra an

npoKCIIMilpoBarracb 'lepen oµ;Ii:o a Me:JOHHO · o6MeHHYIO µ;uarpaMMy. HoBblM 

MOMeHTOM npu onncaHIIU p BOJIH IlHOH-HJKlIOHHOro pacceRHH.lI OKa:JaJI0Cb TO 

o6CTOllTeJibCTBO, 'ITO o6MeH p Me:JOHOM 0Ka:JaJICjJ µ;ocTaTO'lHblM p;n.lI onu..' 

caHH.lI Pn q>anbI. TaK B npoBep;eHHblX pac'leTax U:JOBeKTOpHM 'laCTb qauKO

o6panHoro cnaraeMoro 6bma orrucaHa qepen p MenoHHO o6MeHHYIO µ;uarpaMMY 

II OKa:JaJIOCb, 'ITO UMeHHO ofo.feH p MenpHoM o6ecne'lUBaeT H3MeHeHue 3HaKa 

B aKcnepnMeHTaJibHO Ha6rr10µ;aeMoii: P11 <f>ane. 

Onucamie P33 penoHaHca 6blno nony'leHo u npn noMOLL{H pewemu'i nonHo

cTbIO mrneap1mupoBaHHoro yp. Jloy (18), B noTeHri;narre KoToporo BHe Macco

BOII noBepxHOCTH pa~cMaTpnBaeTc.lI oµ;nH HYKJIOH u oµ;uH Iin-MenoH. Ilpu aToM 

BocnpmmBeµ;eHue !:::. prooHaHca Ha ocHoBe peweHHR yp. (18) npoucxoµ;nT na 

C'feT µ;pyroro MexaHH:JMa B:JaIIMOp;eii:cTBH.lI, 'leM B peweHH.lIX ypaBHeHIJil (12) 
C op;HHMII BHe MaCCOBblMII i:in-Me:JOHaMH. 

HHOKOOHepreTH'leCKOe HYKJIOH-HYKJIOHHOe pacce.HHHe B MOp;eJIH 

op;Ho-6oooHHO o6MeHHOH (OBO) Moµ;enH. B aToii Moµ;enH noTeHri;narr 

N N BnanMoµ;e11cTBirn cornaCHo TpexMepHoii. <f>opMyrrHpOBKe yp. Jloy (25) 
OilHCbIBaeTC.lI µ;uarpaMMaMH p;Byx THil0B: ~BYMR op;HO-Me:J0HH0 06MeHHbIMH 

p;IIarpaMMaMU C MenoHaMII Ha MaCCOBOil 0 IlOBepXHOCTH, K0T0pble COOTBeT

CTBYIOT panmI'lHOlI BpeMeHHOil nocrreµ;oBaTeJibHOCTH norrroll{eHHR II ucny

CKaHH.lI np0Me:lKYTO'fHoro MenoHa II TaKOil ,Ke p;HarpaMMe C BHe MaCCOBblM 

MenoHoM, K0Topan: nonyqaeTCH 1m: N N qanKo-o6panHoro 'lJieHa Ha ocHoBe 

narpaH)KIIaHOB B:JaIIMoµ;e11cTBII.lI. KpoMe Toro un-na HaJIII'lII.lI npoII:JBOp;HbIX 

none11 B nceBµ;ocKaJI.lipH0M II BeKT0pH0M narpamKnaHax, B qanKo-o6panHoe 

cnaraeMOM B03HHKaIOT Bbipa,KeHirn, KOT0pble He CBOµ;.lITCjJ K Me:J0HHO o6MeH

HbIM II0TeHIJ;HaJiaM II HMeIOT KOHTaKTHblll xapaKTep. OTMeTHM 'ITO Hec1pMH

TOBbUI noTeHIJ;Harr B (25) MmKHo npeµ;cTaBHTb qepen c1pMHTOBhle W1 II W2 
IIOTeHIJ;HaJibl B crreµ;y10Il{eM BHµ;e 

W(p',p) = vVi(p',p) + (Ep, - Ep)W2(p1,p) (45) 

rµ;e aTH MaTpHIJ;bI Herrocpeµ;cTBeHH0 CB.lI:JaHbl c A. II B MaTpHIJ;aMH (7) nn 

rroTeHIJ;IIa?Ja nnHeapmmpoBaHHoro yp. Jloy. 

1:JucneHHble pac'leTbl II0Ka:Jarru, 'ITO BKllap;OM OT HeapMHTOBOil qacTH N N 
noTeHri;narra (Ep, - Ep)W2(p',p) B HH:JKOaHepreTU'lecKue q>anbI pacceRHHR 

MO)l(HO npeHe6pe'lb. Op;HaKo o6MeHHoe crraraeMoe V, KOTopoe onpeµ;ell.lieTcR 

BHeMaCC0BbIM Il0Bep;eHHeM BHeWHUX HYKlI0H0B, MO)KeT BH0CIITb cyll{eCTBeH-

Hble rrorrpaBKII. . 

CpaBHUM OBO N N IlOTeHIJ;IlaJI C aHarrorU'lHbIMII II0TeHIJ;UaJiaMII IIOCTpo

eHHbIMH B paM.KaX KBa:JIIIIOTeHIJ;IlaJibHOro noµ;xoµ;a. OcHOBHble panJIII'lll.lI na

KJIIO'laIOTC.lI B cneµ;y10Il{eM: 
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1) HyKJIOH-HYKJIOHHhIII rroTeHu;nan B (25) rrocTpoeH 'Iepea MeaoH-HYKJIOH

Hbie BepUIIIHHhle cpyHKI.J;HH C BHe MaCCOBhIM BhIXOp;OM JIIIlllb O):J;HOH 'laCTHI.J;hl. 

IIoa;oMy B :lTOM IIOTeHI.J;HaJie pa:Jµ;eneH~ BHe MaCCOBhle HYKJIOHHhle ll Me:JOH

Hhle cTerreHH cBo6oµ;hl. B 'laCTHOCTH B (25) Bbip;eneHa Ta 'laCTb rroT~I.J;Hana 

V, KOTOpa!I coµ;ep)KHT acp<peKThl o6MeHa peaJibHhIMH Me:JOHaMH Ha MaCCOBOH 

II~BepXHOCTH ll KOTOpa!I orrpeµ;emieTCJI BHe MaCCOBhIM IIOBeµ;eHHeM BHellIHHX 

HYKJIOHOB. A OBO rroTeHu;Hanhl Hri µ;pyrHx pa6oT cocTO.IIT H:l BepIIIHHHhIX 

cpyHKI.J;llll B KOTOphIX BHe MaCCOBOII IIOBepXHOCTll paccMaTpHBaIOTCJI Jllllllb 

Me:JOHhl. Oµ;HaKo cornacHo ncxoµ;Ho11 TeopeTHKo-rroneBoii: cpopMynnpoBKe ypa

BHeHn11, Ha OCHOBe KOTOpbIX rrony'leHhl 0TH N N IIOTeHI.J;llaJibI, OHH µ;omKHbI 

c~cTOHTb rm BepIIIHHHhIX cpyHKI.J;HH co BceMII TpeM.a IIJIH µ;ByM.a 'laCTIII.J;aMn 

BHe tmccoB011 rroBepxHocTn. Cnep;oBaTeJibHO B MOp;en.11x OBO N N rroTe~u;n

aJIOB BHC MaCCOBbIMII acpcpeKTaMH HYKJIOHOB rrpeHe6peraeTC.II. 

2) B OBO Mop;emx µ;pyrnx pa6oT p;ByxrrnoHHbIM_06MeHoM, p;aiKe B paMKax 

npocTeIIlllHX Me:JOH-HYKJIOHHbIX_ narpam1maHOB H_eT OCHOBaHHII rrpeHe6pe'Ib. 

B paccMaTpf.maeMoii: cpopMynnpoBKe N N rroTeHu;uana (25) 1m~aa Bhl6paH

HOit cpopMbI JiarpaH)KHaHOB B 'laH·Ko-o6pa:JHOM cnaraeMOM y,. µ;ByxMe:JOHHO" 

o6MeHHbIX BaanMop;e11cTBHII He. BO:JHHKaeT. A B Me:JOHHo-o6MeHHOH 'lacTH 

N N noTeHu;nana V p;ByxrrnoHHhle cTerreHH cBo6op;bI y'IHThIBaIOTC.ll rrpu rro

MOili;II BepUIHHHhIX cpyHKI.J;IIII c ·µ;ByM.11· rrII-MeaoHaMH II op;HHM HYKJIOHOM Ha 

MaccoBoii noBepxHocTH N {::=:} N 11"11"; KOTOphle B HH:JKoaHepreTII'lecKoii o6na

CTH MaJibI no cpaBHeHHIO ·71" N MaTpnu;eii: pacce.l!HII.II .. ,nn.11 caMocornacoBaHHo

cT1i: iiacTH'IHO~o6MeHHoro MexaH~mMa B:JaIIMoµ;eii:cTBn.11 , cneµ;yeT µ;orrycTHTb, 

'ITO BepO.IITHOCTb BHPTYaJibHoro rrepexoµ;a II:l O,D;HOHYKJIOHHoro BHe Macco

BOro cocTO.IIHH.II B 71" N N cocTO.IIHHe co BCeMn '!acTnu;aMn Ha MaccoBoii: rro

BepxHoCTH 3Ha'IHTCJibHO MeHbllle Bepo.lITHOCTII rrepexoµ;a B p;Byx 'laCTII'IHOe 

11" N cocTOHHne Ha MaccoBoii noBepxHocTn. Cnep;oBaTeJibHO p;ByxnnoHHhIH 06-

MeH B IIOTeHu;uane yp. Jloy (25) n ux JIHHeapna.upoBaHHOM aHanore B paMK~ 

OBO Moµ;enbHbIX narpaH)KHaHOB, He ii;omKeH nrpaTb :JHa'lnTeJibHOII ponn. 

3) lfaCTb N N IIOTCHI.J;HaJia (25), KOTopaa coµ;ep)KHT Bee BKJiap;bI OT rrpqMe

)KYTO'IHbIX BHC MaCCOBbIX COCTOflHHH, onpeµ;eJI.IICTC.II rrpn IIOMOili;H O,D;HOBpe

MeHHbIX aHTHKOMMyTaTopoB. I1a-3a HaJIH'IH.II npOH:lBO,D;HhIX B MC:lOH-HYKJIOH

HblX narpaH)KHaHax, B aT011 'lanKo-o6pa:JHoii 'laCTII N N rroTeH~nana BO:JHII

KaIOT cnaraeMbie, KOTOpble He HC'le:JaIOT B µ;peBeCHOM :npII6Jin)KeHHII. l!aCTb 

:lTUX cnaraeMblX rrpHHI.J;IIIIHaJibHO He CBO,D;HTC.ll K Me30HH0-06MeHHbIM B:laUMO

µ;ei'rcTBIIHM H onpeµ;eJI.IIIOT T. H. KOHTaKTHOe B:laUMOp;eii:cTBH.ll p;Byx HYKJIOHOB. 

TaKHM o6pa:JOM B TpexMepHoii: BpeMeHu · yrrop.11µ;o'leHHOH cpopMynnpoBKe 

yp. Jloy (25) N N rroTeHu;uan, nocTpoeHHbIH B paMKax OBO Moµ;enu rroai30-

n.11eT y'leCTb p.11µ; cnaraeMhIX, KOTOphle He B03MO)KH0 Bhlµ;eJIUTb B 'leTblpex

MepHhIX ypaBHeHU.IIX BeTe-ConnuTepa unu B COOTBeTCTBYIOili;HX KBa:JHIIO

TeHI.J;IIaJibHhIX ypaBHeHH.IIX. 
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13 cc)!bMOII rm.me paccttoTpeHa aaµ;a'la pacce.11Hn.11 B N N - N !::. - 1rd 
CBfl3UHHb!X IrnHanax. CormlCHO IIOCTpOeHiIIO .orrepaTOpOB CB.II:laHHOro COCTO

lIHIIfl XI3, ge11TpOH u 6 pe;:JOHaHC MO)l{HO TpaKTOBaTb KaK op;HO'laCTll'IHhle 

COCTaBHbIC COCTOflHU.II. IIo::iTOMY II;:) ypaBHeHIIII (26) MO)KHO Bhlp;eJIHTb p;Byx

'IaCTJI'IHbie KaHa.'Ihl N N - N.6 - 1rd = u, µ;n.11 KOTOphlx aHanorn'IHO (36) 
MOn,HO nony•mTb µ;syx'laCTII'IHbie ypaBHeHII.ll. Ilpn ;)TOM ecnu C CaMoro Ha

'laJia B:lflTb nep·eHOpMnpoBaHHhIC oµ;HO'laCTH'IHhle rrporraraTopoM T1•1, rrmi

'-IUM ycnosne Ha IIOJIHhle <pyHKI.J;IIII rpuim T1•1, Tt•u II IIOTeHI.J;HaJihl w~:i., w1:l 
µ;nn rrepexoµ;os 1 -+ 1'. n 1 -+ u cneµ;y10ui;ero Bnp;a. 

T1•1 = 61 1191 

'°' (2) '°' r. (2) 
L.., Ql'wI'I"Tl"l + L.., ~l'WI'u Tul (46) 
I" tT 

Ycnosue (46) O:JHa•meT, 'ITO rrepeHopMnpoBKa y)Ke rrepeHopMnposaHHoro 

nponaraTopa µ;aeT HYJib. 8To ycnosne no0son.11eT 1m6asIITc.11 · OT pacxoµ;.11-

ui;uxcn )l,UarpaMM B TpeXMCpHbIX speMemryrrop.lI)l,O'leHHhIX ypasHeHH.IIX. Ilo

cne ::iToro II;:J (26) cJie)J,yIOT )l,BJX'lacTn'IHhie ypasHeHn.11 µ;n.11 N N - N !::. -
7l"d CBIT;:JaHHbIX KaHaJIOB H y'leT B 3THX y'paBHeHIUIX µ;eii:TpOHa II 6 peao-

HaHca HC np1moµ;uT K Heo6xoµ;IIMOCTII paCCMOTpeHII.II Tpex-'laCTII'IHhIX ypa

BHCH11ii. l!ncnCHHOe peIIIeHIIe 3TOI'O ypaBHeHH.II Bhl.lIBIIJIO Ba)KHOCTb y'leTa 

IIIIOH-)l,ciiTpOHHOI'O Ka.Hana ,D;Jifl socnpmmseµ;eHH.II IIIIIpOKUX µ;n6apUOHHhIX pe

;:JOHaHCOB B N N - NI::,, nepepacce.amrn. 

Tpex•mcTII'IHbie ypaBHCHIIH )l,JIH ynpyroro IIHOH-µ;eiiTpOHHoro pacce.lIHH.II 

6bIJIU nony'leHbI s KBa:JHIIOTCHI.J;IIaJibHOM no;a;xo)J,e. B MOp;enH cenapa6eJib

HhIX rrapHblX B:laIIMOp;eIICTBHII 6bIJIH Haiiµ;eHhl 'IIICJieHHhle peIIIeHH.II _aTIIX ypa

BHeHIIII n 6bIJIO IIOKa:JaHO, 'ITO rrepepacce.lIHUeM 6 pe:lOHaHca·MO)KHO rrpe

He6pe•1b. Ilpn ::lTOM BO scex pac'JeTax y'leT peJI.IITHBIICTCKOH KiiHeMaTHKH 

IIHOHa )l,aeT cyui;ecTBeHHhle rrorrpaBKU. 

B rrpnnmKemrn 1 )l,aH Bbmoµ; pHµ;a CBOHCTB 'laiiKoo6pa:JHhIX cnaraeMhIX 

ypaBHCHIIII · Jloy. B npunmKeHnn 2 rrpuseµ;eH 06ui;Hi'1 cpopMaJibHhIII BhIBoµ; 

11;:3 ypasHeim11 Jlunm,mmt-Illmrnrepa c n11He11Ho naBHC.IIIli;IIM OT aHeprnn rro

T,eHu;1mnou ypasHe~nii Jloy n o6cy)Kµ;aeTc.lI sorrpoc 06 eµ;uHcTBeHHOCTH pe

IIIe11u11 yp. Jloy. B npunmKCHIIII 3 npoµ;eMOHCTpupoBaHa TO)Kµ;ecTBeHHOCTb 

IITCpau;noHHbIX p.llp;OB TCOpCTIIIm-noneBhIX yp. Jloy H COOTBCTCTBYIOili;HX yp. 

Jlrmm1:mua-Illmrnrepa. 
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