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1 BBe~eHHe 

lIHTepec K HOY'iCHHIO BOaHMO)];CHCTBIUI HHOKrnmepreTH'iCCKHX IlHOHOB C .!I)];paMH 

cB.1maH co crreµ;y10~HM q>aKTOM. IlHOHbI HHOKOH :meprHH (T,.. $ 70 - 80 MaB) OTlIH

qaroTC.!I no xapaKTepy BOaHMO)];CHCTBH.!I OT peooHaHCHblX IlHOHOB, pacce.!IHHe KO

TOpbIX ocy~eCTBlI.!ICTC.!I npeHMy~eCTBeHHO noBepXHOCTbIO .!Iµ;pa. Brraroµ;ap.!I 60llb

IlICH )];lIHHe BOlIHbl, a TaK:iKe HO-Oa HC)];OCTaTO'iHOH aHeprHH HaJieTaro~ero nHoHa 

)];ll.!I Boo6y:iKµ;eHH.!I .!Iµ;pa nHOHbl HHOKOH 0HeprHH o6rraµ;aroT xopomeii npOHHKaIO

~eii cnoco6HocTbIO B .Hµ;epHoii cpeµ;e. Ilpoopa'IHOCTb .Hµ;epHoro Be~ecTBa µ;M nHo

HOB HHOKOH 0Heprim noOBOlI.!IeT HCilOllbOOBaTb HX B Ka'ieCTBe O'iCHb aq>q>eKTHIIHOro 

HHCTpyMeHTa np11: Hoy'leHHH cTpyKTYPbI .Hµ;ep. 

B xoµ;e pa:JBHTH.!I TeopHH nHOH-.!Iµ;epHoro BOaHMO)];CHCTBIUI 6bllIO npeµ;rro:iKeHO 

60llblliOe KOlIH'iCCTBO paolIH'iHblX TeopeTH'iCCKHX noµ;xoµ;oB [1]. OcHOBHble ycnexH 

B onHCaHHH )];aHHblX no nHOH-.!Iµ;epHOMY pacce.!IHHIO CB.!IOaHbl C HcnorrbOOBaHHCM 

MHOrO'iaCTH'iHOro onTH'ieCKoro nHOH-.!Iµ;epHoro noTeHQHaJia, nocTpoeHHOro npH-

6rrH:iKCHHO B TepMHHax )];BYX'iaCTH'iHblX aMnlIHTyµ; nHOH-HYKlIOHHOro paCCe.!IHIUI 

(cM. noµ;po6Hee (2] - (4]). 

Oµ;HaKo, HCCMOTp.!I Ha )];OCTH:iKCHH.!I, norry'leHHble B paMKax MeToµ;a onTH'le

CKOro noTeHQHaJia, yKa:JaHHblH noµ;xoµ; coµ;ep:iKHT p.!Iµ; npo6rreM, O)];HOH HO KOTOpbIX 

.!IBlI.!ICTC.!I HCO)];HOOHa'iHOCTb B OQCHKe porrH KaHaJia norrro~eHIUI IlHOHOB. 

B aToii CB.HOH OKa:JblBaeTC.!I a<I><I>eKTHBHblM nocTpoeHHe noµ;xoµ;a, HOHa'laJibHO 

corrracoBaHHOro C Tpe60BaHHCM YHHTapHOCTH TeopHH. K HX :merry OTHOCHTC.!I noµ;

xoµ;, ocHoBaHHblH Ha HcnorrbooBaHHH HeTpaµ;HQHOHHOH q>opMyrrHpOBKH KBaHTOBOH 

TeopHH pacce.HHIUI, npeµ;rrmKeHHOH ,II;. A. KHp:iKHHQeM (5, 6]. ,Il;aHHblH MeToµ; pac

CMOTpeHH.!I 0BOJIIOQHH CHCTeMbl no KOHCTaHTe BOaHMO)];CHCTBH.!I Hamerr npHMeHeHHe 

B CaMblX paoHblX oaµ;aqax KBaHTOBOH TeOpHH noll.!I H q>HOHKH .!Iµ;pa (cM., HanpnMep, 

(7] - [9]). 

PaoBHTHe )];aHHoro MeToµ;a npHMCHHTCllbHO K oaµ;aqe IlHOH-.!Iµ;epHoro BOaHMO-

µ;enCTBH.!I (10] - (16] npHBClIO K IlOCTpoeHHIO YHHTapHOH Teopuu MHOroKpaTHOro 

J;·a~~~,~~;3~; ~ 
lj t,.,. ,;,otl;;,A ~C.C.'i?,J".'.",:Ji!.P ,,; ', 
L 5i1silviOTCH ~-._.. t' 
~ .... ,_ .,_ ~ -~ ' 



paccemm.n, llOOBOMIO~eii npOBOl];HTb pac"!eT Henocpeµ;cTBeHHO llHOH-stµ;epHbIX <l>an 

paccemmJI. Ilpn 0TOM nocTpoeHHblH n~ep~noHHblH pHµ; µ;lll! MaTpHUbl pacceJIHHJl 

coxpaHSieT ee yHHTapHOCTb H npH"IHHHOCTb Ha Ka:iKp;OM ware HTep~nn H, 611aro-

• µ;apJI 6blCTpoii cxoµ;HMOCTH pJIµ;a, llO:JBOlllleT orpaHH"IHTbCJI B pac"!eTax HH:JWHMH 

HTep~. lkcneµ;oBaHHe cxoµ;HMocTH pHµ;a 6blna npoBeµ;eHo npn Bbl"IHCJieHHH 

nonpaBOK BToporo nopJIµ;xa [11, 16]. Cornacne npeµ;no:iKeHHoro noµ;xoµ;a c Tpe-

6oBaHHeM-YHHTapHOCTH TeOpHH o6ecne"!HBaeT xoppeKTHOe oTµ;eneHHe 04>4>eKTOB 

"IHCTO nbTeH~aJibHoro pacceJIHHJI OT HenoTeHQHa1lbHbIX, TaKHX xax HCTHHHoe no

rno~eHHe !IHOHOB JIµ;paMH H npaBH1lbHoe noporoBoe noBep;eHne noTeHunana B:Ja

HMoµ;eiicTBHJl B npeµ;ene HH:JKHX aHeprnii. 

IlocTpoeHHaJI yHHTapHaJI TeopHJI 6bl1la ycneWHO npHMeHeHa l];llll COBMeCTHoro 

aHanH:Ja H onHCaHHJI llHOH-aTOMHblX l];aHHblX H p;aHHblX no ynpyroMy pacceJIHHIO 

nHOHOB HH:J_KHX 0HeprHH Ha nerKHX JIµ;pax C eyneBblMH :JHa"!eHHJIMH CnHHa H H:JOC

llHHa 4He, 12C n 160 [16]. B HacToJI~eii cTaTbe npoBeµ;eHo o6o6ll.\eHne 4>op

Ma1IH:JMa YHHTapHoro noµ;xoµ;a Ha cny"laii B:JaHMoµ;eiicTBHJI nHOHOB C JIµ;paMH co 

:JHa"!eHHJlMH CnHHa n H:J~CllHHa,paBHbIMH 1/2. HeKOTOpble npeµ;BapHTC1lbHble pe

nynbTaTbl paC"!CTOB H:JJIO)KCHbl B pa6oTe [17]. 

CTaTb.11 IlOCTpOeHa CJle,!l,ylOII.\HM o6pa30M. B pa3,!J,eJJe 2 npHBC,!l,CHbl OCHOBHble ypaBHCIIH.11 

ym!Tapttoro ITO,!J,XO,!J,a c J13JIO)KeHJleM nepsoro nop.11,!1,Ka Teopm1. B pa3,!1,ene 3 npe,!1,cTaBJ1e11a 

cxeMa pactJern <pa3 ITJIOH-.11,!1,epttoro pacce.11ttJ1.11 JI nony'leHHbie Bb1pa)KeHJ1.11. BLIBOJlbI JI 3aKJ110-

'le~J1e npJ1Be,!1,eHb1 B pa3,!1,ene 4. 

2 YHHTapHhIH no~xo~ 

Iloµ;po6aoe H:3110:lKCHHe yHHTapHOH TeOpHH nHOH-Jip;epHoro pacCeJIHHJI npHBe+i;CHO 

B (16]. Bocno1Ib:JyeMCJI 0THM H orpaHH"IHMCJl nµ;ecb 1IHl.llb xpaTKHM H:3110:lKCHHeM 

o6ll.\ero 4>opManH:JMa Teopnn. 
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2.1 OcHOBHble ypaBH8HHJI 

B YHHTapHOM noµ;xoµ;e, OCHOBaHHOM Ha HCll01lb30BaHHH 0B01IIOQHOHHOrO no KOH

CTaHTe CBJI:JH MeToµ;a Knp:iKH~a, llOTCHQHa1lbHOe llHOH-JIµ;epHoe ooanMoµ;eiicTBHe 

onHCblBaeTCJI raMH1lbTOHHaHOM 

A 

1£ = Kir +HA +AV, V = ~v;, (1) 
i=l 

rµ;e HA - raMH1lbTOHHaH JIµ;pa, K,r - onepaTop KHHCTH"!ecxoii 0HeprHH nHOHa, V; -

noTCHUHa11 B:JaHMoµ;eiicTBHJI nnoHa C i-bIM HYK1IOHOM JIµ;pa, a A nrpaeT p01Ib KOH-

cTaHTbl 1r N-BnanMoµ;eiicTBHJI. Ilpeµ;nono:iKHM HnBecTHblM peweHHe "IHCTO JIµ;epHoii: 

MHOro"!aCTH"IHOH naµ;a"IH C K~Ha1lbHblM raMH1lbTOHHaHOM h 

h=K1r+HA (2) 

H pacCMOTpHM 0B01IIOQHIO llHOH-JIµ;epHOH CHCTCMbl c H:JMCHeHHeM A OT Hyllll µ;o 

peanbHoro nHa"leHHJl A = 1. IlapaMeTp A nµ;ecb BBOµ;HTCJI 4>opManbHO H B KOHQe 

Bbl"IHC1IeHHH nonaraeTCJI paBHblM {'+J;HHHQe. 

I(eHTpa1IbHYIO ponb B p;aHHOM noµ;xoµ;e HrpaIOT MaTpH"!Hble 01ICMCHTbl (M0) 

V,,v = (t/J,,IVlt/Jv} noTeHunana B:JaHMoµ;eiicTBHJI V, B:JJIToro B 06x11aµ;xax co6cTBeH

HblX <l>YHKUHH t/J,,, TPv H T.n. raMH1lbTOHHaHa (1). Ha61110µ;aeMble Be1IH"IHHb11 TaKHe 
. -

KaK <I>anbl pacCC;HHHJI H 0HeprHH CBJl:JaHHblX COCTOJ!HHH, Bblpa:>KaIOTCJI _"Iepro 0TH 

MaTpH"IHble 011eMeHTbl, 

BBep;eM apMHTOB onepaTop V(A), onpeµ;elllleMblii cneµ;y10~HM o6panoM: 

Vµv = (t/J,,IVlt/Jv} = (rp,,IV(A)l<Pv}, (3) 

rµ;e rp,,, <Pv - co6CTBeHHble <l>YHKQHH raMH1IbTOHHaHa (2). Ha npocTpaHCTBe 0THX 

acnMnTOTH"leCKHX, He 3aBJIC.llll.\JIX OT A COCTOJIHHH MO:lKHO nocTpOHTb cneµ;y10~ee 

0Bo1110unoHHoe onepaTopHoe ypaBHeHHe Allll S-MaTpHUbl pacceJIHHJl 

i S(E, A)= -21riS(E, A)t5(E - h)V(A) 
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c rpaHH'IHhIM YCJIOBHeM S(E, A = 0) = L CooTBeTCTBeHHO µ;JIJI T-MaTpHUbI, onpe

µ;eneHHoii Ha ::mepreTH'l'.eCKOH IlOBepXHOCTH COOTHOWeHHeM 

S = I - 21ri8(E - h)T, 

. Il~lIY'l'.HM ypaBHeHHe 

~ T(E, .\) = V(.\) - 21riT(E, .\)8(E - h)V(.\) 

c rpaHH'IHbIM ycnoBHeM T(E, ,\ = 0) = 0. 

0BOlIIOUHOHHOe ypaBHeHHe µ;JIJI onepaTopa V(,\) HMeeT BHµ; 

d ". H d,\ V(.X) = L.,[Pu V(.\)G (Eu )V(,\) + h.c.] 
" 

(5) 

(6) 

c o'l'.eBH1J:HbIM rpaHH'IHbIM ycnoBHeM V(,\ = 0) = V. 3µ:ecb G(±) - cJ>yHKUHJI IpnHa 

KaHMbHoro raMHllbTOHHaHa h 

GC±l(E) = (E- h ±ia)-1 (7) 

n Pu = l</>u)(ef>ul - onepaTop npoeunpoBaHHJI Ha 1J:aHHoe cocTOJIHHe raMHllbTOHH

aHa (2). TaxHM o6paooM, Pu B (6) cJ>nxcn:pyeT npocTpaHCTBO BeKTopoB cocToJI

HHH, Iro KOTOpbIX Ha'IHHaeTCJI 0BOlIIOUHJI CHCTeMbI. IlpHBeµ;eHHbie ypaBHeHHJI (4) -

(6) JIBJIJIIOTCJI.OCHOBHbIMH ypaBHeHHJIMH ironaraeMoro noµ;xoµ;a, o6ecne'IHBaIOll\HMH 

nonHoe onncaHHe mmH-JIµ;epHoro· pacceJIHHJI (xax ynpyroro, Tax H Heynpyroro ). 

CTaHµ;apTHoii npoueµ;ypoii BbIµ;eneHHJI ynpyroro xaHana peaKUHH JIBJIJieTcJI BBe

µ;eHHe B OCHOBHbie ypaBHeHHJI 0BOlIIOUHOHHOro MeToµ;a onepaTopoB npoeunpoBa

HHJI Ha ocHOBHoe P = J0)(0I H B036y)Kµ;eHHbie Q = 1- P cocT_OJIHHJI JIµ;pa. MmKHo 

noxaoaTb, 'ITO noµ;MaTpnua T0 = PT P, onncbIBaIOll\8.!I ynpyroe pacceJIHHe, yµ;o

BneTBOpJieT ypaBHeHHIO 

d • 
d,\ To(E, .\) = Uo(E, ,\) - 21riTo(E, .\)PS(E - h)U0(E, .\). (8) 

4 

0cJ>cJ>eKTHBHbIH, 3aBHCJill\HH OT aHeprHH onepaTop U0(E, ,\) onpeµ;enJieTCJI rncTe

Moii ypaaHeHnii: 

U0(E, .\) = V(.\) - 21riK(E, .\)QS(E - h)V(.\), . (9) 

:,\ K(E, .\) = U0(E, .\) + 21riUo(E, .\)Pa(E - h)K(E, ,\) (10) 

c rpaHH'IHbIM ycnoBHeM µ;nH BcnoMoraTellbHoro onepaTopa K: K(E, ,\ = 0) = ·o. 
C noMOll\bIO onepaTopa U0(E, ,\) CJIO)l{Ha!I MHoro'IaCTH'IHa!I 3aµ;a'l'.a pacceJIHIUI cBe

nacb acJ>cJ>eKTHBHO K µ;Byx~acTH'l'.Hoii. 

OnepaTop U0(E, ,\) BbipaiaeTCJI 'Iepe3 V(,\) nocpeµ;cTBOM cncTCMbI CBJI3aH

HbIX ypaaHeHHH (9) - (10), ;a;onycKa10meii HTepaunoHHoe pewem1e no cTeneHJIM 

V(.\). IIepBbie µ;aa 'IJieHa aToro paono)KeHHJI HMeIOT BH;a;: 

A 

U0(E, ,\) = V(~) - 21ri j d,\1 V(.\i)QS(E _:_ h)V(.\). (11). 
0 

HeapMHTOBa 'l'.aCTb onepaTopa U0(E, ,\) cooTBeTCTByeT BKna;a;y Heynpyrux Ka

HMOB B npouecc pacceJIHHJI (HMH'l'.He onepaTopa Q a ypaBHemrnx). B npe;a;r.'lr 

HH3KHX 0Heprnii, xorµ;a 0HeprHJI IlHOHa MeHbWe 0HeprHH nepBoro B036,Y)lq:i;eHHoro 

cocTOJIHHJI Hµ;pa, BTopoii 'IlICH B (11) HC'Ie3aeT. B 0TOM cny'l'.ae onepaTop U0(E, ,\) 

CTRHOBHTCJI apMHTOBbIM H Tpe6oaaHHe YHHTapHOCTH ;a;m1 MaTpUUbl paCCC.!IHlUI Bbl

IlOlIH.!IeTCJI TO'IHO. 

IlpH napUHMbHOM paolIO)KeHHH BClIH'IHH, BXO;IJ;.!Ill\UX a ypaBHCHUP (8), MO)KHO 

nony'In:Tb cneµ;y10my10 cJ>opMyny µ;n.11 cJ>ao nnoH-JIµ;epttoro pacce.11Hn.11 

1 

8,,(k) = -1rt:,.A(k) j d,\ { (fi; 0IUo(E, .\)Jk; 0)},,, (12) 
0 

rµ;e £,.A = k2/[21r2dE(k)/dk] - nnoTHOCTb ypoBHeii cocTO.!IHHII pacce.11Hu.11, E(k) 

H k (fi) - nonHa!I aHeprnJI nnoH-JIµ;epHoii CHCTeMbI H ltMilYllbC mmHa ;a;o (nocnc) 

pacceJIHH.!I B c.u.M. nnoH-JIµ;po, a= (L, J, I) - ltHµ;eKc µ;nJI o6o3Ha•1eHHJI napunallb-
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Horo KaHana peaxn;1m, L, J, I - op6nTaJibHblH MOMeHT, nonHblH MOMeHT n nnocnnH 

nnoH-.!Iµ;epHOH CHCTeMbl, COOTBeTCTBeHHO. 

B proynbTaTe npo611eMa Haxo}Kµ;eHH.!I nnoH-.!lµ;epHbIX q>an pacce.!IHH.!I CB01];HTC.!I 

K Bbl"IHcneHHIO MaTpH"IHOro aneMeHTa (k'; OIU0(E, >.)ik; 0) onepaTopa U0(E, >.), KO

TOpblii B npeµ;no}KeHHOM noµ;xoµ;e nrpaeT ponb onTH"lecxoro noTeHn;nana. 

2.2 IlepBbIH nop.aµ;oK TeOpHH 

CaMblM npOCTblM MeT01];0M peweHH.!1 CHCTeMbl ypaBHeHnii (8) - (10) .!IB11.!leTC.!I 

panno}KeHne U0(E, >.) B p.!1µ; no cTeneH.!IM MHoro"lacTn"IHoro 3pMHTOBa onepa-

.. Topa V(>.). YpaBHeHHe (6) µ;11.!I V(>.) TaK}Ke MO}KeT 6b1Tb peweHo nTepan;noHHblM 

MeToµ;oM nyTeM panno}KeHH.!I B p.!1µ; MHoroxpaTHoro pacce.!IHH.!I no cTeneH.!IM µ;Byx

"laCTH"IHoii u;(). )-MaTpHIJ;bl, OTBe"1a10meii B:JaHMoµ;eiiCTBHIO nHOHa C i-bIM HYK110-

HOM .!l~pa. IIony"leHHble TaKHM o6panoM .!IBHble Bblpa}KeHH.!11];11.!I nHOH-Hµ;epHbIX q>an 

pacce.!IHHH BnnoTb µ;o BToporo nopHµ;Ka npnBeµ;eHbI B pa6oTe [16]. 

B nepBOM nop.!lµ;Ke pa:31IO}KeHH.!I nHOH-JIµ;epHbie q>WbI pacceJIHHH HMeIOT BHµ; 

1 · A 

oi1>ctc) = -11"t:,.A(k) j d>.{(k';oJV<1>(>.)ik;o)L, v(l>(>.) = Eu;(>.). (13) 
O i=l 

IlocxonbKY M8 B (12) n (13) aHanOrH"IHbI no CTpyxType cooTBeTCTBYIOll\HM M8 

OT onTH"leCKHX noTeHIJ;llalIOB, ncn01Ib:JyeMbIX B Teopnn pacce.lIHH.lI, MO}KHO BOC

nonb:JOBaTbC.lI p.lIµ;OM npn61IH}KeHHH, o6bl"IHO npnMeH.!leMbIX B paMKax onTH"lecxoii 

Moµ;enn ( CM., HanpHMep, [4], [18] - [21]). licnom~:JY.!I ll:JBeCTHOe B onTH"leCKOll MO

µ;enn npn611n}KeHne q>aKTopnnaIJ;Hn [19], 1];JI.lI <5(1)( k) MO}KHO nony"IHTb cneµ;y10mee 

Bbipa}KeHne [11] 

1 

o<1l(k) = -11"t:,rA(k)Ap(Q) j d>.u(k', k; >.), (14) 
0 

rµ;e p( Q) - q>opMq>aKTop JIµ;pa, Q = k' - k - nepeµ;aHHbIH nMnynbc B nnoH-JIµ;epHoM 

CTOJIKHOBeHHH n fl( k', k; >.) - ycpeµ;HeHHaJI no oµ;Ho"lacTn"IHoii nnoTHOCTH napH8.ll 

6 

u-MaTpnn;a 71" N-pacceJIHH.!I. 3µ;ecb Mb! onycTHJIH HHµ;eKc a, OTBe"laIOll\HH onpeµ;e

JieHHOMY napn;HaJibHOMY KaHany peaKIJ;HH. 

IJ;eJiblO 1];aHHbIX pac"leTOB .!IBJI.lieTC.lI nony"leHne Bbipa}KeHH.!I µ;JI.lI nuoH-JIµ;epHbIX 

q>an pacCe.lIHH.!I '9'.epen nuoH-HYKJIOHHble q>a:JbI. ,I(JI.lI aToro BbipaGHM napHbie u

MaTpHIJ;bI, BX01];.!111\Ue B (14) H onpeµ;eJieHHble B C.IJ;.M. nuoH-.lIµ;po, "lepen napHbie 

U-MaTpHll;bl, onpeµ;eJieHHble B C.IJ;.M. nuoH-HYKJIOH: 

(k', Jllu(>.)lk,p) = 1('2lu(>.)IK), (15) 

ncnoJib:JYJI KHHeMaTH"lecKuii q>aKTop 'Y, BBeµ;eHHbIH B [18, 20]: 

"( = [w,r(11:)w,,(11:')w;(11:)wN(11:')/ E.-(k)E.-(k')EN(p)EN(p')]112, 

rµ;e K ('2) u p (JI) - HMnynbcbI nuoHa u HYKJioHa µ;o {nocne) pacceJIHH.!I B c.n;.M. 

nnoH-HYKJIOH H nuoH-.lIµ;po, COOTBeTCTBeHHO. 

BHeaHepreTU"leCKOe noBeµ;eHue napHbIX U-MaTpHIJ; B (14) MO}KHO y"leCTb ,B MO

µ;eJiu cenapa6eJibHoro 71" N -B:JaHMoµ;eiicTBHJI: 

u(11:,11:';>.) = u(11:,11:;>.)g(11:')/g(11:) , (16) 

rµ;e g(11:), g(11:') - q>opMq>aKTOpbI cenapa6eJibHOro 71"N-noTeHn;uana, onpeµ;eJI.lieMble 

noµ;roHKoii no µ;aHHbIM q>anoBoro aHanuna 71" N-pacceJIHH.!I. 

IlpoBeµ;eM pa3JIO}KeHue napHbIX U-MaTpH"IHbIX aJieMeHTOB no napIJ;HaJibHbIM BOJI

HaM. B penyJibTaTe Ha aHepreTH"lecKoii noBepXHOCTH K=K' napn;uanbHbIH MaTpu"I

HbIH aneMeHT u,.,(11:, Ki>.) onpeµ;eJIHT coOTBeTCTBYIOll\YIO q>any 71" N-pacceJIHHJI: 

,\ 

6,.,(11:) = -11"t:.-N(11:) j d>.u,.,(11:, 11:; >.); {17) 
0 . 

rµ;e t:.-N(K) = 11: 2 /(271" 2dE,.N(11:)/d11:] - nnoTHOCTb ypoBHeii cocTO.lIHHH 71"N-pacceJIHH.!I, 

. E,.N(K) = w,.(11:) +wN(K) - noJIHaJI aHeprll.!I 71"N-cucTeMbl Bee c.n;.~., a'= (l,j,i) 

- uHµ;exc, o6onHa"laIOl1\HH nuoH-HYK1IOHHblH napIJ;HMbHblH KaHaJI. 
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ThKHM o6paooM, Bhlpa)KeHWI (14)- (17) IlO:JBOJIJIIOT BhlplUlIITb riIIoH-JIµ;epHhle 

q>aohl pacceJIHWI B nepBOM nopJIµ;Ke TeopIIII 'lepm mmH-HYKlIOHHhle q>aohl pacceJI

HWI II cf>opMq>aKTOp .ii:µ;pa. 

3 CxeMa -TeopeTH"ieCKHX pac'l:!eTOB 

3.1 PacqeT .HAepHhIX <1>ao pacce.s:au.s: 

IlpIIMeHIIM YHIITapHhIH noµ;xoµ; µ;nJI paCCMOTpeHIIJI pacceJIHWI IlIIOHOB Ha JIµ;pax co 

:JHa'leHIIJIMII CilIIHa II lIDOCilIIHa,paBHhIMll 1/2. B :3TOM cny'lae CilllH-lIDOCilIIHOBaJI 

CTpyKTypa MS (14) HMeeT cneµ;y10~IIH Blip; 

A 3 

(!,.Al L u;(-\)li1rA) =AL p13(Q)uf3(K, ;;,·;-\),, (18) 
i=l /3=0 

rµ;e li1rA), lf1rA) - coCTOJIHHJI nIIoH-JIµ;epHoii cncTeMhl µ;o 11 nocne B:JanMoµ;eiicTBWI. 

Ilpeµ;ii:ono)KHM, 'ITO onep11:Top u(,\) q>aKTopII:JyeTcJI Ha µ;Be 'laCTII u/3(,\) 11 Q/3 

(/3=0,1,2,3), rµ;e it/3( ,\) - cinepaTop B npocTpaHCTBe HMnynbCOB 1r N-cIIc-reMhl, 6/3 = 
{i, (t- f'), i(u • m), (t• f)i(u • m)} - onepaTop B CilllH-II:30CilIIHOBOM IlpOCTpaH

CTBe COCTOJIHlIH 1rN-CIICTeMhl. 3µ;eci, t II f/2 - onepaTOphl 11:JOCilllHa IlIIOHa 11 

HYKlIOHa, m = [ K x ;;,] / I[ K x '2] 1. 'lbrµ;a 

3 

u(K, ;;,; -\) = I: ufJ(K, ;;,; -\)6/3. (19) 
/3=0 

C µ;pyroii cTopoHhl, onepaTop U0(,\) B cnIIH-IIDOCilIIHOBOM npocTpaHCTBe cocTOJI-

HIIH IlIIOH-JIµ;epHOH CIICTeMhl B paccMaTpIIBaeMOM cny'lae IIMeeT BIIµ; 

A 1 ➔➔ A ➔➔ 1 
U,rAIU(.\)li"A) = (2M;1uc(k, k'; -\)1 + u·(k, k';-\)i(u. n)l 2M .. ), (20) 

rµ;e uc II u• - [leHTpallbHaJI 11 CilIIH-:laBIICJI~aJI 'laCTb MS noTeH[IIIaJia IlIIOH

JIµ;epHoro B:JanMoµ;eiicTBWI, M. II M! - npoeKQIIII_ cnIIHa JIµ;pa µ;o II nocne pacceJIHWI, 

n = [k X k']/l[k X k']I. Mo)KHO IlOKlUlaTb, 'ITO 
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rµ;e 

Uc(f, k'; ,\) = p(Q),[Au0(x:, x:'; ,\) + fi1(x:, x:'; ,\),(I)], 

u•(f, k';-\) = p(Qh[u2(x:, x:';-\) - u3(x:, x:';-\),(I)], 

o(I) - (I(I + 1)- T(T + 1) - t(t+ I)) - l 1, npn I= 3/2, 

-2, npII I= 1/2. 

(21) 

I = {3/2, 1/2} - nonHhIH II:JocnIIH nIIoH-JIµ;epHoii CIICTeMhl, T = 1/2 - 1mocmrn 

JIµ;pa, t = 1 - II:JOCilIIH IlIIOHa. 

IlpoBeµ;JI paono)KeHIIe MaTpIIQ UfJ(i?, ;,,, ,\) no napQIIa.JlbHhIM KoMnoHeHTaM, no

ny"IIIM 

fio( K, ;2; ,\) = E ½[(2u;:3/2 + u;:1/2)(1 + 1) + (2u;:3/2 + u;:112)/]P,, 
1=0 

fi1(K, ;2; ,\) = ~ ![( i=3/2 - i=l/2)(1 + 1) + ( i=3/2 i=l/2)/]P ~ 3 U1+ U1+ u,_ - u,_ I, 

l=0 

ul{K, ;2; ,\) ~ ![(2 i=3/2 + i=l/2) - (2 i=3/2 + i=l/2)]P' ~ 
3 

U1+ u 1+ u 1_ u1__ 1 , 

1=0 

uJ(K, ;2; ,\) = ~ ![( i=3/2 _ i=I/2) _ ( i=3/2 _ i=l/2)]P' 
~ 

3 
U1+ u1+ u 1_ u1_ 1 , 

l=0 
(22) 

rµ;e P1 = P1(cos81rN ), P; = dP,(cos8,rN )/d81rN• ThKIIM o6paooM, nocpeµ;cTBOM Bhlpa

)KeHIIH (20) - (22) Mhl BhlplUlIIJIII IIcxoµ;HhIH MS U1rA IU(-\)li1rA) 'lepe:3 napQUMbHhlc 

KOMilOHeHThl ui± = u~=l±l/2(x:, x:'; ,\) U-MaTpII[lhl 7r N-pacceJIHIIJI. 

BBeµ;eM 060:JHa'leHIIJI 

u,'+ 

uc ,_ 

Ui"+ 

u,•_ 

! [-i=3/2(2 + 7(/)) + -i=l/2(l - 7(/))] 
- 3 u,+ A . U1+ A ' 

- ~ [u;:3/2(2 + 7~)) + u;:1'2(1 - 7~))]' 

½ [u;:
31

2(2 - 7(/)) + u;:112(1 + 7(J))j , 

_ ½ [u;:312(2 - 7(/)) + u;:112(1 + 7(/))j 

9 

(23) 

·~ 



"' 

11 nepen11weM Bhipa)KeH11e (20) B c11eµ;y10meM B11µ;e 

{J,rAIU(.X)lilfA) = Ap(Q),(~M;I f { [U1':+-(l + 1) + U/:..l] P,(cos (J"N )i + 
l=O 

[u• u·]P'( o )i(a·m)}l1M) 
I+ - 1- I cos ,rN A 2 •. (24) 

MolKHO noKaoaTb, 'ITO B np1161111)KeHHll ".oaMOpOlKeHHhIX11 HYKlIOHOB: 

,,,2 -
P,'(cos0,rN)i(u. m) = k2 E d1•1(u. l')P1•(cos0,rA), 

1'9 

(25) 

rµ;e d1,1 - q>aKTop, OTBe'la10m11n oa npeo6paooBaHne yrnoB npn nepexoµ;e 110 c.n.M. 

n110H-.1I)l;pO B c.n.M. IlllOH-HYKlIOH (18]. Torµ;a (24) nepennweTC.II B Bll;:,;e 

U"AIU(>-)li"A) ·= Ap(Qh(~M;1f:Ed1•1{[ut+<1 + 1) + U1:.1]i + 
l=01'9 . 

. 2 ( - • I') 1 
[u1~ - U,'_] :2 T}P1•(cosOlfA)l2M.). (26) 

IlpoBep;.11 pao11o)KeH11e no co6cTBeHHhIM q,yHKUll.lIM onepaTopa (u • i1) 11 µ;naroHan11-

00BaB µ;aHHhill M0, nony'lnM 

{J,rA IU( .X)li,rA). 
00 00 ·' ·' 

- }: ~ J m,1 • I 3 m ., = Ap(Qh '"' '"' ~ c1, , 1 , Y,, , (n )C1, ,\ y;, , (n) x ~ L..J m22m• m2 m12m., ml 
j' M; 1=0 t' 9 m; m~ 

' 2 

d1,1 { [ C C ] [u· u· ] ,,, ( ·') 1} 
21, + 

1 
u,+ c z + 1) + u,_ z + 1+ - ,_ k2 , 1 A , (27) 

rµ;e 

,(j') = { ,. l', np11j' = z' + 1/2, · 

-(l + 1), npn j' = z' _ 1/2. 

Ecnn Tenepb paono)KHTb M0 n q,opMq>aKTop .11µ;pa no napnnanbHhIM BOlIHaM, 

npoBeCTH HHTerp11poBaHHe no yrnOBhIM nepeMeHHhIM ll cBepTKY cyMMhI npo110Be

µ;eHllll Koaq,q,11nneHTOB Kne6wa-ropµ;aHa, a TaK)Ke HHTerpnpoBaHne no KOHCTaHTe 
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.1 .. , 

j 

CB.11011 .>., TO nony'lllM, B COOTBeTCTBllll C Bbipa)KeHlleM (13), Bbipa)KeHlle )1;11.II nap

UllallbHhIX q,ao n110H-.II)l;epHoro pacce.lIHll.lI B nepBOM nop.lIµ;Ke Teopllll 

8)L(k) 
(k) oo oo •oo ( z" 

= ::;(,,,)A,
1
~/'"(Q)(2z" +1)~~7d,,, 0 

{ 

J ; l" }2 
-
3
\2£ + 1)(2j' + 1) · 

1 
X 

l' L S 

{ [ [a;~3
~

2c2 + ,~)) + a;~112(1 - ,~))] (l + 1) + 

[af'.'.'.312(2 + ,~)) + a;:112(1- ,~))Jz] + 

[ [a;~312(2 - ,(I))+ a;~112(1,+ ,(I))] -

[af'.'.'.312(2 - ,(I))+ a;:112(1 +,(I))]]::,(/)½}· 

3.2. 8q>q>eKThl BToporo nop.H~Ka 

z' L )2 X 
0 0 

(28) 

B np1161IH)KeHHH nepBoro nop.11µ;Ka 71'-.IIµ;epHhie cpaobI pacce.11HH.1I .IIBll.lIIOTC.II 'IHCTO 

BemecTBeHHhIMH, 'ITO He npeµ;cTaBll.lieTC.II peanHCTH'IHhIM. IlponeccbI c Boo6y)Kµ;e

HHeM .11µ;pa B npoMe~yTO'IHhIX COCTO.IIHH.IIX, OTBe'laI<>mne oa BOOHHKHOBeHHe MHH

MhIX 'laCTeii q,ao pacce.lIHH.II (napaMeTpbI HeynpyrocTn), npo.lIBll.lIIOTC!I BO BTOpOM 

nop.11µ;Ke Teopnn. B HacTo.11men CTaTbe MhI Y'!TeM aTn aq,q>eKThI npn611n)KeHHo. 

* IlapaMeTpbl HeynpyrocTH. 

lfo (11) n (12) cneµ;yeT, 'ITO MHllMa!I 'laCTb nonpaBKH BTOporo nop.11µ.Ka paBHa: 

1 ,\ 

. Im8<2>(k) = 27l'2t:"A(k) j d>. j d>.1(k', oiv<1>(>.i)Q8(E - h)v<1>(>.)lk, 0) 
0 0 

J dk'' = 271'
2€,rA(k)}: (

2 
)3 8(Eo(k) - En(k")) X 

n>O 71' 
1 ,\ 

J d>. J d>.1 (k', oiv<1>(.>.1)lk'', n}(k'', niv<1>(>.)lk, 0), (29) 
0 0 

. 11 



rµ;e E0(k) = w,..(k) + WA(k), En(k") = Eo(k") + en, en - :meprIUI BO:J6y)Kµ;eHHoro 

COCTO.!IHIUI .11µ;pa, OTC'lllTbIBaeMM OT :meprnn OCHOBHoro COCTO.llHll.ll. 

MaTpn"IHhle aneMeHTbI B (29) attanorn'lHbI M8, B03HHKaIO!l\eMy B npn6JIH)Ke

Hllll nepBoro nop.11µ;Ka (13), no:3TOMY B npn6JIH)KeHllll q>aKTOpll:3aQllll no aHaJIOrllll 

c Bbipa)KeHHeM (14) OHll HMeIOT Bnµ;: 

A 

(fi,Ol:Eu';C.X1)lk'',n} = Apon(Q')u(fi,k11;>.1), 
i=I 

A 

(k'',nl:Eu;(>.)lk,O} = Apno(Q'')u(k'',k;>.), 
i=l 

(?0) 

rµ;e Pon(Q') ll Pno(Q") - nepexoµ;Hble q>opMq>aKTOpbI, Q' = fi - k'' n Q'' = k'' - k. 
HMnyrrbC nnoHa B npoMe)KyTo'lHOM COCTO.llHllll kn onpeµ;err.11eTC.ll ypaBHeHneM 

En(kn)-Eo(k)-en = 0. ,II;rr.11 oueHKll napaMeTpOB HeynpyrocTH 77 = exp(-2Im8{2l) 

BocnoJib:JyeMC.11 npn6JIH)KeHneM nOJIHOTbI, norraras: En(kn) = E0(k)+~, T'.e. 'ITO Bee 

npoMe)KyTO'lHbie COCTO.!IHIUI .11µ;pa .!IBJI.!IIOTC.ll BbipO)KgeHHbIMll ll llMeIOT aHeprHIO 

OCHOBHOro COCTO.!IHIUI. Torµ;a,noµ;cTaBJI.ll.ll (30) B (29) n ncnoJib:JY.ll TO)Ki];eCTBO [13]: 

L Pon( Q')Pno( Q'') = A-1 Poo( Q) + (1 - A-1 )Goo( Q) - Poo( Q')poo( Q''), (31) 
n>O 

nony'!aeM 

➔ 

J dn" ➔ ➔· ➔ 
lm8<2l(k) = 21r2e1fA(k)Ae,.-A(kA) -[poo(Q) -Apoo(Q')Poo(Q") + 

471" 
I ,>. 

(A - l)Goo(Q)] j d>. j d>.1u(fi, k''; >.1)fl(k11, k).), (32) 
0 0 

rµ;e Q = fi - k - nepeµ;aHHbIH HMnyrrbc, k'' = kAn'', n'' - eµ;nHH'lHbIH BeKTop, a 

HMnyrrbc kA onpeµ;eJI.11eTC.11 Bbipa)KeHHeM Eo(kA) - E0(k) - ~ = 0. 

fl:3 (32) cneµ;yeT, 'ITO Im8~~ ~ e,.-A(kA) ~ kA n, KaK 6blrro noKanaHo B [16], 

MHHMM 'laCTb q>an nnoH-.llµ;epHoro pacce.!IHIUI CllJlbHO :JaBllCllT OT ~ B o6rraCTll 

12 

Hll:JKllX ;meprm'i. (,II;onoJIHHTeJibHM :JaBllCllMOCTb OT ~ BXOgllT B lm8~~ TaK)Ke 

'lepe:3 IlO,ItbIHTerpanbHblC q>yHKUllll B (32)). 

IlapaMeTp ~ nMeeT CMbICJI HeKoTopoii cpeµ;Heii aHeprnn Bo:J6y)K;:i;eHn.11 .11;:ipa 

ll, B o6meM crry'lae, :JaBllCllT OT .aHeprllll HaJieTaIO!l\ero nHOHa. 3Ha'leHlle µ;rr.11 ~ 

MOlKeT 6bITb onpeµ;erreHO ll:3 aHaJill:Ja µ;aHHbIX pacce.llHll.ll. 

B [16] 6bIJIO noKa:JaHO, 'ITO BO BTOpOM :nop.11µ;Ke TeOplUI OCHOBHOll BKJiag B MHII

MyIO 'laCTb qian pacceJIHll.ll BHOCHT 'lJieH, rrnHellHbIH no p( Q). B aTOM npn6rrnJKeH1m 

BbipalKeHne µ;rr.11 lm8~~ norry'!aeTc.11 ll:3 (28) npocToii noµ;cTaHOBK011 

r;:i;e q>aKTop 

8~~-+ i2(0 ,(k,kA)(8~~)2,, 

(a,(k, kA) = e,.-A(kA)[ga,(kA)]2 
e,.-N(k) g0 ,(k) · 

(33) 

(34) 

3µ;ecb o.' = (l,j, i), e(k) - nrroTHOCTb ypoBHeii pacce.11Hn.11, g0 ,(k) - q>opM<paKTOpbI 

cenapa6eJibHoro 1r N-noTeHunana. 

** Ilonpaexa ua nornomeuae. 

KaHaJI norrromeHH.ll nnoHOB nrpaeT BalKHYIO poJib B HlI:3K0:3HepreTlt'ICCKOM· IlllOH

.11;:i;epHOM pacce.llHllll. ,II;n.11 y'leTa aToro KaHana B [12, 13] 6blno ,npoBegeHo 0606-

11\CHHe noTCHQllaJibHOll CXCMhI Ha crry'laii C HecoxpaH.!IIO!l\llMC.ll 'IUCJIOM 'laCTllU n 

B paMKaX YHHTapHoro noµ;xo;:i;a pat3BllT MCTO;:J; CB.ll:JaHHbIX KaHaJIOB, no:JBOJl.llIO!l\llli 

paCC'lllTbIBaTb nonpaBKY ii:a norrromeHllC 8!~ B IlllOH-.ll;:J;CpHbIX q>anax pacce.!IHU.11. 

B 0TOM crry'lae nHOH-.lli];CpHbIC q>anbI llMCIOT Bug: 

8,.-A = 8:~ + 8:~, (35) 

rµ;e 8:~ -pac~'lllTbIBaeMas: BbIWe q>ana 'IHCTO noTCHQllaJibHoro paCCt"JIHUJI. 

IlonpaBKa Ha norJIO!l\CHllC nlloHa HMCCT Bll;:J; [12, 13]: 

1 

8!~(k) = -11"€,.-A(k) j d17(tj,<+>(fi); 0IRo(E, 11)lt/J(+l(f); 0},, (36) 
0 
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rµ;e ip(+l(fi) 11 ip(+l(k) - 11cKa)KeHHbie ::m C"leT noTeHUHMbHoro B:JaHMoµ;eiicTBH.!l 

IlUOHHbie BOJIHhI, a onepaTop 'Ro(E, 11) BKJIIO"laeT B ce6.!l BCe µ;uarpaMMbI c npoMe

)KYTO"lHbIMll HYKJIOHHbIMll COCTO.!lHll.!lMll . .I(HHaMH"leCKa.11 nepeMeHHa.11 1/ OTBe"laeT 

:Ja BKJIIO"leHUe onepaTopoB po)Kµ;eHH.!l II YHH"lTp)KeHH.!l IlllOHa. To"!Ha.11 CHCTeMa 

ypaBHeH11ii µ;JI.II 'Ro(E, 1/) 11 11Tepau110HHa.11 cxeMa ee peweHH.!l npnBeAeHhI B [13]. 

B npeµ;nOJIO)KeHllll µ;oMHHHpoBaHH.!l ABYXHYKJIOHHoro MexaHH:JMa nornomeHU.!l 

IlUOHa ll llCilOJib:JY.!l np116JII1)KeHlle JIOKMbHOli IlJIOTHOCTH, np~MeHHMOCTb KOTOporo 

06yc:10BrreHa KopoTKoµ;eiicTBy10muM xapaKTepoM µ;eiicTBH.!l onepaTopoB nornome

HH.!l n po)Kµ;emrn r:rnoHa, <f>a:Jy 8~~ MO)KHO Bbipa:JHTb npn6JIH)KeHHO. nocpeµ;CTBOM 

"l:IeHa, nponopunoHMbHOro p2 (p - IlJIOTHOCTb .11µ;pa) [16]: 

o:~(k) = 10kp2(q)[B0(k) + Co(k)(11:' · ii:)], (37) 

rµ;e f = w,,J2mN, w" - :mepru.11 n110Ha, mN - Macca HYKJIOHa, j,2(q) - cpypbe-o6pa3 

oT µ2( r ), HOpM11poBaHHoii Ha eµ;HHHUY, if= fi - k - nepeµ;aHHhIII HMnynbc, ii: 11 ;, -

11Mnynbcbl n110Ha ~ 1rN N c.u.M., ,o = A(A -1)(1 + e.)/(1 + 2e./A). 3µ;ecb y"lTeHhI 

Ha11H11:Jw11e s- 11 p-BoJIHhI 7l" N N-pacce.11H11.11. 

B pa6oTe [16] 6bIJIO noKa:JaHo, "ITO KOMnneKCHhie napaMeTphI B 0 11 C0 MO)KHo 

C"lllTaTb IlOCTO.!IHHbIMll B o6nacTH HH:JKIIX aHepr11ii H BbI6paTb TaKHMH, "lT06bI 

on11cbIBan11cb aKcnep11MeHTanbHble µ;aHHhie µ;n.11 µ;n11tt (a0 = lim80(k)/k, k-+ 0) 11 

o6'beMoB (a1 = lim81(k)/k3 , k-+ 0) pacce.11H11.11: 

erp pot •2(0)B- erp pot [B- c + {3C- •2(0)/3] ao - ao = 'YoPo o, a1 - a1 = 'Yo o0 oPo , (38) 

rµ;e (3 = (l + e./2A)/(1 + e.), 8 = limM(k)/k2, k-+ 0. 

BeJIH"lllHbI ag~; BbI"lllCJI.!lIOTC.!l c IlOMOmbIO <f>a:J ( 12), a aKcnepnMeH'I MbHhie :JHa

"leHH.!l a~~[ MO)KHO H:JBJie"lb 11::3 aHanH:Ja IlllOH-aTOMHbIX µ;aHHhIX, 

OTMeTHM, "ITO napaMeTphI B 0 11 C0 OTJIH"laIOTC.!l OT cooTBeTCTBy10m11x napa

MeTpoB OilTll"leCKOro noTeHunana TeM, "ITO BKJIIO"laIOT B ce6.!l a<f><f>eKThI, CB.!l:JaH

Hbie C llCKa)KeHHeM IlllOHHOli BOJIHbI B ynpyroM KaHane. 
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3.3 Kyrro~oacxoe aoaHMOAeicTBHe 

Ilpll OilllCaHllll pacCe.!IHll.!l IlllOHOB il:a .!lµ;pax Heo6xoµ;11Mo Y"lllTbIBaTb KYJIOHOBCKOe 

B:JaHMOµ;eiicTBHe, oco6eHHO npll Hll:JKIIX :3Heprll.!IX, rµ;e o6JiaCTb ero BJlll.!lHll.!l pac

npocTpaH.!IeTC.!l Ha Beeb µ;uana:JoH yrnoB pacce.!IHll.!l. Hau6mibWHH BKJiaµ; µ;a10T a<f>

<f>eKThI, o6ycnoBJieHHhie npocTpaHcTBeHHhIM pacnpeµ;eneH11eM :Jap.!lµ;a B .!lµ;pe. Cne

µ;yeT TaK)Ke Y'IllTbIBaTb nonpaBKH, BO:JHl1KaIOm11e 11::3-:Ja "KOCBeHHOH" HHTep<f>epeH

UHll CHJibHoro II KYJIOHOBCKoro B:JanMoµ;eii:cTBHII: ll:JMeHeHHe TpaeKTOpHH 'IaCTHUhI, 

noµ;xoµ;.11meii K o6JiaCTH CllJibHOro B:JaHMoµ;eiicTBll.!l, oa C'IeT KYJIOHOBCKoro B0aIIMo

µ;eHCTBll.!l. H11)Ke MhI npHB~eM ocHOBHbie cooTH0WeHll.!l, no:JBoJI.1IIOm11e npoBecTH 

yqeT KYJIOHOBCKOro B:JaHMOµ;eiicTBll.!l B YHHTapHOM noµ;xoµ;e. 

,I(JI.!I y"leTa KYJIOHOBCKOrO B:JallMOµ;en:CTBll.!l Me)Kµ;y IlllOHOM II .!Iµ;poM Heo6xoµ;HMO 

BbI"lllCJIHTb IlOJIHYIO aMilJIHTyµ;y pacce.!lHll.!l 

ft!ta1(0) = JE(0) + f&c(0), (39) 

rµ;e f5(0) - aMilJIHTyµ;a 'IllCTO KYJIOHOBCKoro BOaIIMoµ;eHCTBll.!1 1 f&c(0) - .11µ;epHa.lI 

aMilJIHTyµ;a pacce.!lHll.!l, MOµ;H<f>HUHpoBaHHa.11 C y'IeTOM KYJIOHOBCKOro HCKa)KeHll.!l 

IlHOHHOH BOJIHhI, :JHaK +(-) OTBe'IaeT CJiy'IaIO pacce.llHIDI 7r+(7r-) IlllOHa. 

BocnonwyeMC.!l peoyJibTaTaMll pa6oT [22, 23], B KOTOpbIX 6bIJill mmy'IeHbI BbI

pa)KeHll.!l µ;JI.II Moµ;H<f>11u11poBaHHoii .!lµ;epHoii aMIIJIHTyµ;hI f"&c(0), np~cTaBJI.1110m11e 

co6oii on-shell annp0Kc11Mau1110 .11µ;epHoii aMIIJIHTyµ;hI, cKoppen11poBaHHOu KynoHo

BCKHM BOaHMOµ;eiicTBlleM. 

.I(n.11 KYJIOHOBCKOH aMilJIHTyµ;hI B o6JiaCTll Hll:JKIIX aHepr11ii MO)KHO BOC~OJlbOO

BaTbC.!l CJieµ;y10m11M HepeJI.!lTllBllCTCKllM npH6JIH)KeHHeM 

f5( 0) = fE,Born ( 0) exp [-i11± ln sin
2 

; + 2iol] , ( 40) 

rµ;e 1/± = ±Za/ f3 - napaMeTp 3oMMepq>enbµ;a, a=l/137 - nocTO.!llIHa.11 TOHKOH 

cTpyKTYPhI, Z - oap.11µ; .!lµ;pa, (3 = v!;'b /c - cKopocTb IIH0Ha B na6opa.TopHoii c11-

cTeMe Koopµ;HHaT, ol .- KYJI0H0BCKa.11 S-q>a:Ja pacce.!IHll.!l TO'Ie'IHhIX qacTHU. Bbipa-
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:iKeHHe µ;rui: 6opHOBCKOH aMilJIHTyp;bI, Y"lHTbIBRIO~ee npocTpaHCTBeHHoe pacnpeµ;e

JieHHe oapllga B llllOHe u llp;pe, BbI6HpaeTCll B BIIµ;e: 

f5.Born(8) = -2r/ \F;h(q2)F:l(q2
), 

q 
(41) 

rµ;e q2 = 2k2(1 - cos 8) - KBagpaT nepeµ;aHHoro IIMnynbca, F;h( q2), Ft( q2) - oa

pH)J;OBbie cpopMq>aKTOpbI llHOHa H Hgpa, COOTBeTCTBeHHO. 

Moµ;uq>Hn;upoBaHHaJI HgepHM aMnJiuTyµ;a HMeeT cneµ;y10~u:ii Bug: 

00 . 

J'/Jc( 8) = I: e2i"f f&c,,( 8)(21 + 1 )P,( cos 8), (42) 
1=0 

rµ;e J'/Jc,,(8) = (7J&c,1exp(2ib&c,1)-1)/2ik - napn;HaJibHhie aMilJIHTyp;bI pacceJIHHH, 

T/&c,t = exp(-2w&c,1) - napaMeTpbI HeynpyrocTH. 

BocnOJib:JyeMCJI cneµ;y10~HMll 060:JHa"!eHHJIMH )J;JIJI napn;IIaJibHbIX cpao pacceJI-

c± cc±±_ ± c± ± v HIIJI VNC,I = VN,I + uR,1, WNC,I - WN,I + WR,I, rµ;e UNC,I H WNC,I - µ;eHCTBIITeJibHbie 

H MHlIMbie MO)J;Hq>HD;llpOBaHHbie napn;HaJibHbie cpaobI pacceJIHIIJI, bN,I II WN,I - µ;eii

CTBIITeJibHbie u MHHMbie napn;HaJibHbie "lIICTo HgepHbie q>aobI pacceJIHHH H ol1, wl, 
- COOTBeTCTBYIO~lle HM KYJIOHOBCKIIe nonpaBKH. 

KynoHOBCKHe nonpaBKH K HgepHbIM cpaoaM BbI"llICJIJIIOTCJI cneµ;y10~HM o6paooM: 

± ± [dbN,I 1 . -( ] 
bR,I = o:1 dk + 

2
k sm 2bN,1)cosh(2wN,t) , 

wl, = O:f [ ~t + 
2
~ cos(2bN,1)sinh(2wN,1)] , (43) 

rµ;e 

2 oo k'2 +1 
± ±k2 J dk'--1 d ( ) ch( 2) ch( 2) 1 a, = ;11 k2 - k'2 xP, x F1r q FA q q2. 

0 -1 

(44) 

,II;rui: KYJIOHOBCKIIX cpao pacceJIHH.S: MbI -lICilOJib:JyeM cne;a:y10~ue 060:JHa"!eHIIJI: 

O'f = Uf + D.Uf, rge Uf H Uf - HeperuITlIBHCTCKHe KYJIOHOBCKHe q>RDbI pacceJIHIIJI 

HeTo"le"!HbIX H TO"le"!HbIX "laCTHn;, COOTBeTCTBeHHO, t:i.ut - nonpaBKH K TO"le'IHbIM 
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KYJIOHOBCKHM q>aoaM Uf )J;JIJI y"leTa HeTO"Ie"!HOCTH pacnpegeneHIIJI oapH;a:a B H;a:pe. 

Pac"!eT nocneµ;Hux ocy~ecTBJI~eTCH cne;a:y10~HM o6paooM : 

Ret:i.4 = -y[I,(a)+ ldyP,(1-y)~(q2)sin(77In~-2u0 )], 

Imt:i.4 = ~'Y [J,(a)+ l dyP1(1.-y)~(q2)cos(77In~-2u0 )], 

rµ;e y = 1 - x, x = cos 8. 3;a:ecb 

1± 
I 

J± I 

a a a . 
±--2 [sin(77 In - - 2uo) - 77 cos(77 In - - 2u0 )] = ±I1(a), 

1+77 2 2 

1 
: 

112 
[cos(77 In i - 2uo) + 7J sin(77 In i - 2u0 )] = 11( a). 

(45) 

( 46) 

IlpnBegeM JIBHbie Bbipa:iKeHIIJI JJ:llH oapH)J;OBbIX cpopMq>RKTOpOB H;a:pa n nnoHa. 

,Il;JIJI CJIY"l8.ll Hgep .s- n p-o6oJIO"lKH oapH)J;OBbIH cpopMq>aKTOp H;a:pa MO:lKHO oanncaTb 

B rayccoBo:ii cpopMe: 

Ft(q 2
) = (1 - 4o:z)e-•, z = q2a;h/4, ( 47) 

r;a:e o: = (A - 4)/6A. IlapaMeTp oapH;a:oBoro pacnpe;a:enemrn ach <"BJI:JaH c ::ia

pH)J;OBbIM paµ;nycoM Hgpa Reh = (r2)~
2
, ll:JBJieKaeMbIM HO ;a:aHHbIX no pacceJIHUIO 

arreKTpOHOB, CJiegyIO~lIM o6paooM: 

2 2 2 
ach = 3[3A/(5A - S)]Rch 

B cooTBeTCTBIIII c onpe;a:eneHHeM: Fch(q2
) = 1 - R~hq2 /6, npn q2 -+ 0. 

Bhipa:iKeHne ;a:nH cpopMq>aKTopa nnoHa nMeeT Bn;a: 

F;\q2) = (1 - q2 /m;)-1
, m., = 0.462(12) (faB/c)2, 

'ITO OTBe"!aeT oapH)J;OBOMY pagnycy IlllOHa (r~) 1f2 = 0.711(9) q>M. 
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( 48) 

( 49) 



4 3aKJIIOqeHHe 

B HaCTOH!.ll,eH pa6oTe npoBep;eHo 0606mem1e q>opMaJill::JMa yH11Tapm>ro nop;xop;a, 

OCHOBaHHOro Ha aBOJIIOUllOHHOM no KOHCTaHTe CBH::Jll MeTop;e K11plKHllUa, )J;1IH on11-

caHI1H ynpyroro pacceHHllH IlllOHOB Hll::JKllX aHeprllH Ha Hp;pax co CilllHOM ll 11::JOCilll

HOM,paBHbIMll 1/2. II011y'leHO BbipalKeH11e )J;1IH pac'!eTa napullaJibHbIX q>a:J IlOTeH

UllaJibHOro IlllOH-H)J;epHoro pacceHHllH B nepBOM nopH)J;Ke Teop1111. IlpoBep;eH np11-

61111lKeHHbIH y'leT aq>q>eKTOB BToporo nopHp;Ka, CBH::JaHHbIX C B1IllHHlleM Heynpyr11x 

npoueccOB 11 KaHaJia nor11omeH1111, a TaKlKe KY1IOHOBCKllX nonpaBOK K JigepHbIM q>a-

::JaM. 

B noc11ep;y10meii pa6oTe MbI npep;norraraeM np11MeHI1Tb npep;rrolKeHHbIH q>op

MaJill::JM )J;1IH paccMOTpeHllH ynpyroro 1r
3 He pacceHHllH np11 Hll::JKllX aHepr1111x B 

nepBOM IIOpHp;Ke Teop1111. Ilpep;cTaB11HeTcH TaKlKe llHTepeCHbIM 11::JY'lllTb aq>q>eKTbI 

BToporo nopll)J;Ka 6011ee p;eTaJibHO. 0To MOlKeT OKa:JaTbCH oco6eHHO BalKHbIM np11 

11cc.11ep;oBaH1Ill. Be.1Ill'lllHbI CilllHOBOH aCllMMeTpllll. 
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