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1 BBe.neHHe 

l'hBecTBo, '<ITO CHjlTlIe B036Y)l(,lJ;eHmi mep H,neT nyTeM HCnyCKaHIDI: pa3

JIlflIHhIX '<IaCTHU H/JiIIIH ,neIleHHeM. ECmI OrpaHlI'Il:IThCiI He CITHIIIKOM 60IlhIlm

MH 3HeprH.aM1I B036Y1K.nemUI 11 He paCCMaTpHBaTh 06I1aCTh ,nemIIIJ;HXCK .sI,nep, 

TO HcnycKaHJIe HeHTpoHOB JlBITileTCK IIo,z:plac HaH60JIee qaCTO BCTpe-qalOllUIMCX 

cnoco60M lleB036Y1KlleHHX. llen:cTBI:ITeJIhHO, eCJllI MhI paCCMaTpllBaeM 3HepnltI 

B036y)l{,lleHHK E* anep BhIIIIe IIopora OT,neneHRjI HeHTpOHa Q, TO HCIIycKaIIHe 

HeHTpoHa jJ:BHO npe,nnOqTI:ITeJIhHee HcrryCKaHHil1'-:rrnaBTOB B CI:IIIY OTHOCHTem.

HOH nOllaBJIeHHOCTH 3J1eKTpOMarHBTHoro B3a1:IMOneHCTBJIj[ no CpaBHeHHIO C 

CHIIhHbIM. C llpyro:il CTOpOHhI, eCJIH 3BeprHH E* He CJUIIIIKOM BeJIllKH, ncnycKa

HRe 3apjOKeHHhlX qaCTIIII (npOTOHOB, aJIhepa II .up.) MO:JKeT 6h1Th CHJIhBO IIo.n;a

BIIeBO 3a c-qeT HaITHqHJI KYnOHOBCKoro 6aphepa. TaKlIM 06pa30M, eCJIH Be HBTe

peCOBaThCK BeKOTOphIMl:I CnelUIaJIhHhIMlI COCTOHIIIUIMII K.nep, B KOTOphIX HCnyC
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KaHBe HeRTpOHOB MO)f{eT 6h1Tb nOnaBJIeHO B ClIny KaK1IX-mr60 npH'llIH ,URHaMII

'tJeCKOrO XapaKTepa, B 60JThnmHCTBe TjIiKeJlh1X mep IIMeeTCSI 06naCTb 3Heprlril 

B036YiK,nemUI, nplI KOTOphIX ncnycKamIe O,nHOrO lIJIlI HeCKOJIbKlIX HeRTpOHOB 

KBJIjIeTCjI rnaBHhIM cnoco6oM CHSlTRjI B036y)K,llemu. TaK, .n;JIjI jI,nep C A ,...., 100 
TaKOe yTBep)KJleHHe, IIO-BW(nMoMy, BepRo npn 7M ;}B < E* < SOM;}B. 

Ecnn MaTepHH~Koe jI,UpO 06pa3yeTcSI B036y~eHlleMMaJIOrO 'tlncJIa CTene

Heft CBo6o'u!>I, TO B03MOXHO npe.n;paBHOBeCHoe ncnycKaIDIe HeHTpOHOB, KOTopoe 

llpHBOAlIT K o6oramemno xeCTKOR qaCTR cneKTpa HeUTpOHOB (CM. HanpHMep, 

pa60ThI [1]-[5]). CIITyaJunI CTaHOBHTCJI 6JIH3KOH K TepMo,ZJ;HHaMH"'ieCKoMy paB

HOBecmo Ha 60rree n03)l;HRX CTa,lUUIX 3BOJIIOIlHB CnCTeMhI, T.e. BTOpaJI CTa.nRSI 

- paBHOBeCHoe ncnycKamIe HeHTpoHoB - Bcer,na npHcyTcTByeT B llpou;eccax 

,UeBo36YiK,neffiljI 1I,lIpa. OJlHaKO B pjJ,Ue cnyqaeB MexaIDI3M B036Y)K,ZJ;eBHjI jI,Upa 

TaKOB, 'tlTO ncnycKam:te HeHTpoHoB npaKTHtI'eCKH neJIHKOM onpe,neJIjIeTc.sr Tep

MO,UHHaMH'tJeCKII paBHOBeCHhIM nponeccoM. K TaKHM cJIY'tIaJIM MOXHO OTHeCTH 

ncnycKaHHe HeiTpoHoB OCKOJIKaMH .neJIemu mep. 1 

B aaCTom:ueH pa60Te MhI 6y.neM 06CY:lK,IlaTb mmn. nepexonbI Me~y COCTO

KHIUMH B036Y:>K.D:eHlILIX JI,nep, npe.zmorraraJI, qTO JlApa aaxo,ruITCX B TepMO,nu

HaMH'tJeCKH paBHOBeCHhIX COCTonmxx. B 3TOM cJIYYlae HcnycKaIDle HeHTpOHOB 

llpHo6peTaeT nocne.n;OBaTeJIbHhtil XapaKTep. 

CneKTpbI HeHTpOHOB, B03HHKa.K>IIlliIX Ha TepMOllHHa.MlftIeCKOH CTa.rum: neB03

6YiK,ll;emHI jIJ],ep, o6cYiK.naJIHCh B 4>n3lI'tleCKOH JmTepaType B Te"tJemm: f(orrroro 

BpeMeHH. C TeOpeTI'I'tJeCKOH Toqxn 3peHlU 4JopMa pacnpe,nerremu no Kl:IHeTUqe

CKOH 3HeprIDI c HeHTpOHOB HCCJIe)l;OBanaCh B OpHI'HHaJThHhIX pa60Tax JIe Ky

Tepa [7]. OCHoBHhIe pe3ynbTaThI [7] H3JIO)KeHhI BO MHor:o:x MOHorpaquuIX no 

anepHoH .pB3HKe, CM., HalIpBMep, [8, 9]. 
HapJIllY co cneKTpoM HeHTpoHoB- B03MO)KHO 1I3yqeHBe n ,llByxqacTIl"tffibIX 

KOppeJIXIUloHBhIX aenTpoHHbIX $yHKIUlH R(E*, £'1, £'2). TaKaJI 3a.n;a-qa 3Kcne

pllMeHTanbH~ XBJIJleTCjI HeCOMHeHHO 60JIee CJIOiKHOH, 'tJeM onpelleneIDIe cneK

Tpa HeHTpOBOB p(E*, £'). B nocne.n;Hee'npeMX ,nByxqacTH'tIHaJI KOppeJIJlIJ;HOHHU 

ep)'HKlUUI IDHpOKO HccrrellOBaJIaCb B epH3lIKe 3JIeMeHTapHhIX "tJaCTlln H a,npOH

mepHbIX B3aJlMo,neHCTDlIKX npn BbICOKlIX 3Hepnux, CM., nanpHMep, [HI]-[12]. 
IIpll 3TOM 06bI"tJRO peamnyeTCjI TaKaJI nOCTaHOBKa 3KcnepHMeHTa, qTO ReT 

nplPlIm: npellnOJIaraTb HaJIKlIllK KaKHX-JIH60 KoppemlIum MeJK.n;y HcnymeHHhI

MIl qaCTHuaMlI, eCJIH IlX HMnyrrbchI He 6JlH3KH .npyr K .lI.pyry. B cnyqae 6J1H3KHX 

RMIIYJIhCOB TaKHe KoppemrUmI 06hIqHO Cml3aHbI co CTaTllCTIPleCKBMH CBoii

lHMeJOTCg If llpyrue npUMepbl lUIepHblX peaxuufl, B KOTOpblX lI11PO 06paJyeTClI npeHMywecTBcHHO B TepMI? 

.nHHaMH'leCKH paBHOBeCHOM COCTOllHHH (THna KOMnayHJl-lUlpa). HaopHMep, paC'IeThI peaKUHH C HecoxpaHeHHeM 

qeTHOCTH B npeJlnOnOlKeHHH 06pa30B3HHlI KOMnayH.ll-lUIpa xopowo cornacYIOTCjf C 3KcnepHMeHToM (CM. 0630p 

[61 H CChUlKH B HeM). 
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CTBaMR TO)K,neCTBeHHhIX -qaCTHn U B3a.HMO,nenCTBUeM B KOHeqgOM COCTOmRH 

,nml KoppemrpyroIIUIX -qaCTIm, CM., HanpHMep, pa60ThI [13], [14] H CCbIJIKR B 

HlIX. 

06paTHMCg K Bonpocy 0 KOppemUtHOHHOn <!>YHKIUIH ,UByx HeHTpoHoB, Hcny

IIleHHhIX B npon;ecce ,neB036y~em'!j{g,npa. B OTJIlPme OT nOCTaHOBKH 3a,naTIlI 

npu BbICOKlIX 3Hepnux 3,UeCh MOJKeT cymecTBonaTh KOppeJUnBK IIcnyrueHHblX 

qacTHU ,naJKe npn: ,nOCTaTO"tlHO 6011bIIIlIX OTHOClITeJIhHhIX HMnyJThcax. O.ZJ;HaKO 

TaKHe KOppemITuru B03IDIKaIOT He B CHJIy KBaHTOBOH nplIpO.lIhI ucnymeHHhIX 

06'beKTOB, a B cuny KnaccH'tIeCKIlX KOppeJIKnmI, 06yCJIOBJIeHHbIX OrpaRJIlIeH

HhtM <!>a30BbIM 061>eMOM 11, lITO 60nee cyruecTBeHHo, MeXaHl:I3MOM nOCJIetJ;ona

Tem.HOro HcnycKamur 'tIacnIU. 

3KcnepHMeHTanbHO HBTerpaJILHaK no nceMY cneKTpy KoppenKURoHHaH 

,nByxneihpoHHM <PYHKIl;II.lI H3yqanach n pa60Tax [15]-[17). EOJIee ,neTam.Hoe 

Hccne,z[OBaHHe KoppemrrUIOBHon epYHKIlIDI B CnoHTamIOM .n;enemm: .a.n:pa 252Cf, 
BKnIOqaIOwee 1I3MepeHHe 3Heprmi 060HX perHcTpl1pyeMLIX aeiiTpoaoB, 6LIJIO 

He,naBHO npOBe,neHO B HT3<t> [18]. TIPE: 3TOM 6hIJIa o6Hapy)KeHa HeKOTOpaJI 3a

BIICl{MOCTh epyHKUIDI R OT 3Heprnii HeE:TpOHOB B .n;OBOJIbHO mlIpoKoH 06JIaCTlI. 

B HaCTogmen pa60Te 1I3yqaIOTCK CBOE:CTBa epyaKIIHH R 1Ip1I <!>llKCHpOBaH

HOH 3HeprlIH B036y)K,neHuK HCXO,I(Horo .a.n:pa E*. B CJIyqae 3KcneplIMeHTOB C 

,neJIeHHeM, KaK D pa60Te [18], BeJIlflIHUa 3Heprn B036Y)K.lleHIDI OCKOJTI(OB He 

<plIKcapyeTCx 1I Tpe6yeTCg npOBO.llHTh ycpe,nHeHHe HaGmo,naeMliIX BeJIlflmH no 

E*. IIoCJIe.n;mIK npone.nypa ,nOJDKHa npHBO,IUlTh K crJI8.)IQf]3am:UO CTpyKTyp B 

KoppemIIUIoIl1IMX ~YHK.mUlX, no~eHHhIXnpH q,lIKcnpOBaHHOH E*. MhI npe.z:i

nonaraeM o6cYAnT:b 3TY npo6JIeMY B AaJILHelbmIx ny6JllIKa.n;n:gX. 

TaKllM o6pasoM OCHoBHon neJIhIO pa60ThI JmJUleTCg H3yqeHHe cBoncTB KOp

pemIIllIoBHoK q,yHKIUm nBYX HeHTpoHoB B npocTeinneii nOCTaHOBKe 3TOH 3a,na

"tffi, Korna He 06CY2K,D;aIOTCg KOppeJIgI1,HH, 3aBllc.aIIIHe OT OTHOCHTeJIhHOrO HM

nyJIhca, a ~IIlh 3HepreTlflecme KoppemnUIR. 

B pa3,nene 2 MhI 06cy,nHM OCHOBHhIe CBonCTBa HeHTpoHHoro cneKTpa H no

KaJKeM, 'lTO YCJlOBHe HOpMllpOBKH npnBO.DlIT:K OTJIHlIIDO HeHTpOBBoro cneKTpa 

B MKrKOH 06JIaCTH no CpaBHenIDO C TeM, lITO CJIe,nyeT H3 q,OpMyJIbI ile KyTepa 

(7,8]. 3TOT acneKT paHee B JIliTepaType He 06tY)l(.naJIcg. Pe3YJThTaThI pa3,n:eJIa 

2 II BBeneHHhIe TaM 0603Ha-qeHHg IICnOJI:b3YIOTCg B pa3,neJIe 3, r,n:e norry"tJeHO 

BhIpaJKeHlle nng KoppemuUIoHHoH $YHKIJ.l'llI u o6cy)KJlaKJTCK ee CBoHCTBa. B 
pa3neJIe 4 npImel1eHhI OCHOBHbIe BhIBO,nhI, a TaK.lKe 06CYJK.naIOTCg B03MO)KHhIe 

CJIe,nCTBHg .nmI cneKTpoB II KOppeJIgUHOHHbIX $YHKunH 3a C'tIeT KOHKypeHUmI 

neHTpoHHOro KaHana C npyrllMH MOnaMH pacna.,na. 
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06mue CBoHcTBa HeHTpoHHoro cneKTpa B npH6JIH:>Ke

HUH TepMO,nUHaMUqeCKOrO paBHOBeCHJI 

B o6meM cnyqae 6aJIaHC 9Hepnm npD nepexo,nax A -+ B +n C IIcnycKamIeM 

HeHTpOHa HMeeT cne,nJIOII(Hii BM 

E* (A, Z) = E*(A-I, Z) + Q + €, (1) 

r,lIe Q-3HeprIDI CBjJ3D HeHTpoHa B MaTepBHCKOl4. jJ,ZJ;pe II E - 3HepnuI ncny

IneHHoro BeBTpoHa. TIYCTb W(q, E) eCTb nJIOTBOCTb BepOHTHOCTII IIcrrycKaHlU: 

HeiiTpoHa C 3HeprneiI c D q = E* - Q - MaKCIIMa.JlbBO B03M02K.RaJl 3BeprIl.H 

HeHTpOHa. Tor,lIa W(q, E) onpe,nemleTCg CYMMOii: eepO.KTHOcTeii: rrepeXO,lIOB Ha 

pa31IH'1ffibIe YPOBIDl ,nOl:lepBero .K,npa B(A - 1, Z). Ecmr pe% MeT 0 BhICO

KOBo36y~eHBhIX YPOBHlIX, TO OIDI paCrrOJIOEeHhI nnOTHO, nepeKphIBaIOTCg II 

MOEBO roBOpltTb 0 HenpephIBBoH 4>ymanm: w(q, E). O,lJ,BaKO 06JIacTliI 6om.umx 

3Heprmi: HeHTpOHOB OTBe-qaeT 3aCenemIe mnnmx ,nBCKpeTHhIX ypoBHen s.r.n;pa 

B(A -1, Z), n03TOMY B cneKTpe HeHTpoHoB npDcYTcTBJIOT TaIOKe ,lJ;liICKpeTBhIe 

JDml:l1I. Cne,lJ;OBaTeJThHO, B o6meM cny"tJae lPymaoIJI 'w(q, E) HMeeT BH)J, 

w(q, £) = W"enp(q, f) + E
n 

Ci(q)h(q - E i - f), (2) 
i=O 

rne Ei - 3Heprnn B036Y)l{.D;eBBhIX ypOBHeft D Ci(q) - BepO.KTBOCTlt nepexo.n:OB Ha 

HHX. IIpH 3TOM ep~ w(q, E) HopMHPoBaHa yCJIOBHeM 

~q w(q, £)dE = 1, (3) 

T .K. MbI npe,nno.rraraeM, "tJ1'0 Bee ,neB036Y)J(,UeHDe ocym:eCTBJHleTCK J'IlUIIb 3a CqeT 

DcnycKamu HeRTpOHa II ,n;pyr.lI:MH KaHaJIaMll ,lJ;eBo36y)K,IJ;eHWI npeae6peraeM. 

B03M02KHble BJIRSIImK KOHKypnpYIOIIJ;HX KaHaJIOB ,neBo36yE,neHHR, HanpHMep, 

3a c"tJeT r-KBaHTOB, OOCY2KllaIOTCJI HaMIl B 3aKmoqeHlllI. 

BH)J, 4JyRK:IOU! w(q, E) B.o6m;eM cJJY'lae He JIB.rrgeTCj£ YHHBepCaJIbHhIM II 3aBII

CRT OT Toro, KaKHe YPOBHliI B036YJK.IIeHhI. O,ZtHaKO, eCJIlI 3HeprIDI B036y:JK,neHIDI 

.n:OCTaTOl:lHO BeJIHKa, E* >> Q, MOJKBO rrpeHe6pel:l:L BKJIa,nOM nepeXO,ll,OB Ha mI

ImH .IIHCKpeTHoro cneKTpa, C"tJHTaH «pymmmo w (q, €) BenpepbIBHoit B 3TOM 

c~e BII,D; 4JJHK:UDlt 'W (q, €) B MJIrKOH qacTn cneKTpa j1BJIjJeTC.SI .1l0BOJIDBO 

ymmepCaJThRbIM II MOJKeT 6hITb OllHcaH 4loPMYJIaMn Tlma TeMllepaTyplIbIX. 

IIpn 3TOM «PYHK.I::UUI 'w(q, f) ,lIOJDKHa 3aHYJIRThCSI npIf c -+ 0, 'lTO yqnThIBaeT 

06pam;eHHe B HOJIh '!>a30Boro 06'beMa A -+ B +n npD MaKClIMaJIhHO B03MOJKHoii: 

3Hepnm: B036y:JK,n;emur Jl,1l;pa B. IIpH 60JIbllIllX 3HeprIDIx € <pymnJ;luI w(q, £) 
,n;oJDKHa 3KcnOHelIIOIam.HO na.z:xaTb. B c.rryllae MaJILIX 3Heprd B036Y.JK,neHIIK 
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(MaJ1ble q) <PYHKumI W(q, E), Rao6opOT, COCTOHT ll3 na60pa )lI:lCKpeTHblX JUI.

mnI, OTBeqaIOrn;nX nepeXO)l3M na pa3JIHtIHhle .IUICKpeTHhIe YPOBHlI ,noqepnero 

SI)lpa. IIepeqncneHHhIe CBOHCTBa $YHKIUnI 'W eCTeCTBeHHO He <PIilKCRPYIOT ee 

O)lH03Ha'llHO. OLlHaKO np01I3BOn B BhI60pe w( q, E), Kor)la )lllCKpeTHbIH ClIeKTp 

CTaHOBlITCH nOMIrHllpYIOIIUIM, ~lIHeTCSI necym;ecTBeHHhlM )lna: OCHOBHbIX pe

3YJIbTaTOB CTaThlI. lIeBcTBllTeJThHO, <pOpMllpOBaIme Ha6JIIO,l(aeMOrO q.lI3IIQe

CKoro ClICKTpa HeBTpOHOB II B03M02IillhIX KoppcmnUIOBBbIX ~YHKI:Urii: B 06meM 

cnyqae n0J!Y"'1aeTC.SI 3a CqeT HeCKOJThlillX IIOCJIe,nOBaTem.HhIX rrponeCCOB THIIa 

(1). HecMoTpSI na TO, QTO BlI,l( $YHKI:l.lril w(q, c) )lJUI BCCX mep, BXO,IUIIIJ):iX B 

TaKyIO ncnO"tlKY, MO:JKeT 6bITh pa3HbIH (pa3JIlItIHble 3H3-qeHIIK Qi, pa.3JIH'tffibIe 

nOn02KeHIHI JIHIIl!ll1: ,D;lICKpCTHoro cneKTpa 11. T •.n.), Han60JIce B32KHbIM <paKTOM, 

npJilBO,l(KII.UIM K nOHBJIeHl:lIO KoppemIIum JIBJIa:eTCSI TO, QTO nOCJlenOBaTCJ1J:>HOe 

lIcrrycKaHlIe HCHTpOHOB IlpImO,IOIT K YMCHhmeHHIO 3Hepr1llI B036Y2K.UeHlIK aupa 

11 TeM CaMbIM K R3MeHeHHIO cBoHCTB HCTO'IHKKa HeHTpoHoB. nI06bIe ycnO)KHC

mUI Bl:I,Ua $YHKIlHH w (q, c), lIepeqnCneHHbIC BbIIIIe, MorYT n3MeHIITh KOHKpCT

B:bIH BH,lI KOppeml:!Ul.OHHon: <PYHKD;Hll, HO Be YCTpaHHTh ee OCHOBHhIe CBO:HCTBa, 

CBSI3aHBbIe C 1I3MeHe~eM 3HeprHlif B036y:>KneHIDI II YCJlOBH€M HOpMHpOBKn (3) 
B3 Ka:JK,nOM 3Tane HcnycKamIH HCHTpOHOB. IIo3ToMY OCHOBHhIe pe3YJII>T3TbI 

pa60ThI nOJIy-qeHhl C BCIIOJII:.30BaRReM HenpephIBHoH $YHKIUlli w( q, E) BO BceR 

06nacTlI 0 < f < q. Brm:.SIIDIe ,lUICKpeTHoro cneKTpa B Tex cnyqa.srx, r,ue 3TO 

He06xo,l(IIMO, 6y.neT OTMeqeHO lIO Xo.n;y H3nO)J(emnI. 

IIp:a .naJII:.Hennnpc pac.qeTax MhI 6y.neM nCnOJIh30BaTh paclIpe)leneHIle BaE:
cKompa [8, 9J 

w(q, £) = c(q)Eexp(2..ja(q - c)) , (4) 

r.n;e c(q) - HOpMRPOBO"lH:hI:iI MHOlKHTeJIh, a rrapaMeTp a orrpe.n;emleT nrrOTHOCTb 

ypoBBeu B MO.nCJm cDepMn-ra3a, a TaK)J(e era Mo.nnIPlIKa.D;mO 

w(q, c) = c(q)c[exp(2Ja(q - E)) - 1] , (5) 

cymecTBeHHO OTJIlIqaIOmyIOCH OT (4) JIHill:b B 06naCTlI E -+ q. HOPMIIPOBO"tJHhIC 

MB02KIITeJrn c(q) 11. c(q) nplIBc.neHhI B IIpHJIo)J(eHlm 1. 
B npenenc E <:: q ooa pacn:pc.ncneRIla: (4) II (5) nepexo.n;SIT B pacnpe.n;encmIe 

TmIa MaKCBenJIOBcKOro 

WM(q, E) = 
E E 

T2 exp(-f) , (6) 

rne T = ..jqja. 
BH.ll. ~YHKI:J;lrii (4), (5) Y)Ke co.n;ep)KHT :aRq.opMaunIO 0 KOppeJI.SIllHj{~. lleii 

CTBlITCJILHO, IIOCJIe HClIYCKaJIlIji rrepBoro HcnTpoHa 3Heprna: B036Y)K.n;eRJ2UI (a 
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3HalJHT II q) CTaHOnRTC.a: Mem.me II n03ToMY crreKTp BTOpUtIBldX HeiiTpoHoB 

onpe,ZJ;eJI.a:eTcjJ Y)Ke H3MeHeHHOH <PYHKIUIen pacnpe.lleJIelIIDI, "tJTO H npHBO.llHT K 

KoppemmIUIM. TaKlIM o6paaoM mo60R Bl!,Zl CPynKlUul pacnpe.n.eJIeImJI w(q, c), 
aecym;trii B KBHOM BWIe ImepOPMa:mno 0 3Heprn::o: n036y)KJleHIDI CIICTeMhI, 6y.n.CT 

npHBO,ZJ;HTL K KoppeJIJInID[M o6cy)K)laeMoro nma. OKa3LIBaeTcjJ, "tJTO XOTjJ .zxe

TaJIliI KoppemolHoHHoK tPymoum H 3aBHC.a:T OT KOHKpeTHoro nn.n;a w (q, £), ee 

o6:unre CBoHcTBa cna.6o MeHn<>TCX IIpH nepexo.lle OT O,ZJ;HOro pacnpe,IJ;eneB.HjJw 

K .n;pyr01vlY. B ,ZJ;a.J'!DHeiImeM M1J nOJIaraeM napaMeTphI a H Q HeH3MeHHhIMlI B 

n;eIIOlJKe .a:.nep, B03HHKaIOJIUIX IIpH lIOCJIe.n;OBaTeJIbHOM lIcrrycKamm: HeHTpoHOB. 

3TH TeXHIPIeCKlIe yupomeHRX He j[BJIjU()TCX KPIITH"tJHDIMlI .u.ml aamero paCCMO

TpeHH.SI II J1HIIU> n03BOJUlIOT HaM 60JIee aKKypaTHO aHaJIHTH"tJeCKH HCCJIe.o;OBaTl> 

oco6eHHocTlI BXO,nJJ:IIJ;1tX B pa.3JIH'lm.re B:bIpaJKeHIDI lPYJiKIUlR, TITO npJiI'tllICneH

HOM pac-qeTe c.u.enaTh He CTOm. npOCTO. Pa3YMeeTCll B KIDK,I{oM KOHKpeTHOM 

cnyqae pa3JIlJtlW[ B BeJIIrImHax Q1 1I aj IIpH TpaHCMyTa.IllIax i[,ZJ;ep Bcne.zxCTBlIe 

HeHTpOHHhIX IIepexo.u.OB MoryT 6HTL JIerRO yqTeHhI. 

Ha6mo.u.aeMLtii Ha OIILITe nOIIHLIH cneKTp HeiITpoHOB p(E*, e) y,IJ;06HO npe.n;

CTaBJ:lTL B BH.n;e CYMMhI o.n:mIO'tBbIX cneKTpOB no BceM IIocne.u.oBaTeJIbHbIM pac
na,naM JUlep 

n 

p(E* ,c) = ~ piCE* , c) , (7) 
1=1 

r,ne PI (E*, c) - IInOTHOCTh BepOSlTHOCTlI lIcnycKamIX lICXO,lJ;llhlM .a:.npOM, B03

6y)KJI.eHHLIM ,I(O 3HeprUlI E*, HeRTpoHa C 3Heprneii c (nepBoro HeRTpOHa B 

Ka.cKa,I:(e). OqeBllUHO, "tJTO PI (E* , c) == w(q, c). AHaJIOrHqfiO P2 (E* , c:) - IIJIOT

HOCTl> BepOgTHOCTH HCIIycKaJUU B KaCKa..!le BTOpOro HeHTpoHa C 3HeprlIeH c 

nocne HcnycKaHIfJI nepBoro HeihpoHa C mo60B: .llOnycTBMO:.B: 3HeprJ:len. Onpe
.u.eJIeHBe OCTaJThHhIX <PYHKIJ;lfI1 PiCE*, e)~qeBWIHO. KpOMe 4lJ'HKI:QriJ Pi(E*, c) 

y,n06HO BBeCTH BCIIOMOraTe1ILHhIe 4PYHKmnI PieE* , x), CBg::iaHHhIe C Pi (E* , c) 

COOTHomeInlXMR: 

(8) 

llITa: q>yHKI:UIE: Pi (E* , x) HMeeT MeCTO peKYPpeHTHoe COOTHomeIDIe 

(9) 

C yCJIOBUeM P1(E*,c) = w(qI,c). BeJIH'lHHa qk = E· - kQ, an - MaKCBMaJIL

Hoe 3HaqeHHe k, ,nna: KOTOpOro qk > O. 06JIacTJil HHTerpHJY.>BamIJI B (8) It (9) 
Onpen;emrIOTC.SI II3 YCJIOBna, -qTO fllYHKIJ;lIH Pie (E* ,x) n Ph (E* , x) OTJmTIHLI OT 
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HyJIJI rrplZI °< x < qk. 3aMeTHM TaK2Ke, "tITO cornaCHO (8) Pk(E*,x) eCTb nnOT

HOCT:b BepOHTHOCTH Toro, qTO nepBhIe k neHTpoHoB lICrryCTHTCK C CYMMapnOH 

KHHeTWIeCKOH 3HeprlIeiI x. 
BeJIKtum:a p(E* , c) onpe,lleJIHeT 1I Cpe,llHee q}lcrro HeHTpoHoB < v >, HCny

ll(eHHbIX nplI .n:eBo36Y2K,lleHlllI .anpa, 

Jp(E*,c)dc =< v > . (10) 

,UJIK .n:OKa3aTeJIbCTBa 3TOro YTBepJKlleHlU 3aMeTHM, "tITO BeJlII"Uma 

Sk = JPk(E*, c)dE - (11) 

eCT:b, OQeBl2I,1IHO, nOJIHaJl BepOJlTHOCT:b TOro C06hITlIK, "tITO B npouecce .n:eB03

6Y2K,Uemu[ HCnyCTHJIOCb He MeH:bme k HeHTpOHOB. Tor.n:a BeJ:I1fqJ'lHa Zk = 
(Sk - Sk+l) eCTb nOJIHasI BepOKTHOCTb HCnyCKaBlI,JJ pOBHO k HeHTpOIlOB H 

n 

< v >= L kZk • (12) 
Ie=l 

. OTCIO.n;a JIerKO CJIellyeT yTBep)l()l;emm (10). 
CneKTpaM "tIacTHII, Hcrryrn;eHHhIX B036Y2K.IleHHbIMlif K.IlpaMlI, nocmuu;eHO 

MHoro pafiOT, CM. MoaorpaepHH [8], [9]. JIe KyTep [7] nOnyqHJI ,llJIH nOJIHoro 

HeHTpoHHoro cneKTpaUpH6JIIDKeHHOe aHaJIHTlIQeCKOe BhIpa.JKeHHe (HOpMHpO

BaIlO Ha e,D;HHHllY) 
c/- l c 

p(E*, E) = Tir(l) exp(--;J , (13) 

r.n;e T = (11/12)T II 1 = 16/11. 3.n:ecb T - "MaKCBeJIJIOBCKaJI" TeMlIepaTypa, 

xapaKTeplI3yIOmas: cneKTp O,D;HOro HeilTpoHa rrpH HaqaJIbHOH 3Heprlim B036y

2K,lleHIDI E* H rei) - raMMa-£jlYHKIlIDl. ~oPMYJIa (13) 6hIrra nOJIyqeHa B npe,n:

llOJI02KeHHlZl, lITO ncrrycKaeTC.H B cpe,nHeM MHoro HeHTpOHOB, < v >~ 1, II Ha 

Ka.JK,UOM 3Tane npouecca cneKTp i-oro HeHTpoHa KBJIKeTCH MaKCBeJIJIOBCKlZIM C 

HeKoTopoH TeMnepaTypoft Ti , Ti = -.jqi!a, qi = Ei - Q, r,lle Ei - Cpe,llH.HH 

3HeprIDI B036Y2K,lleHHH K.Ilpa, ncnycKaIOmero i-bm: HeHTpoH. 

3aMeTHM, lITO cneKTp (13) o6pamaeTcH B IlYJI!> rrpH E = °H 3aBHCIIT OT 

3HeprllH B036Y.iK,ZJ;eHH.H E* JIlIIIIb Qepe3 napaMeTp T - "3epepeKTnBHyID" TeMne

paTypy. 

HaH,neM, KaK BbIrnUHT cneKTp (7) npH yCJIOBRR (3) C BbIpa2KeHHKMn (4), 
(5) llJIK Bl'l.n;a £jlynKII;lHI w(q, E). ITpe2K,Ue Bcero 06paTHM BHHMaHHe Ha IIOBe.n:eHlIe 

cnCKTpa B o6rracTH MaJIb1X 3Heprlrii: HeHTpOHOB c ---+ 0. HMeeM COOTHorneHlIe: 

n 

p(E*,O) = E Pk(E*,O) (14) 
k=2 



8 

q To6hI BhPDICJI1lTh PTe (E* , 0), pacCMOTpHM no,npo6Hee BhIpaEenne (8) ,nmI 

PI.: (E ,£) B npe,neJIe Ma-JThIX £: 

(15) 

3.lleCb npo1I3Be,nena 3aMeHa nepeMeHHbIX x' = qk - x. Pa306beM TeneplJ IIHTe

rparr (15) Ha CYMMY ,llBYX 

6 qt
pl.:(E*,£) = LP lc - 1 • w· dx' + 1 P1c - 1 • w· dx' , (16) 

r,ne e < 6 < qlc. BH,IIHo, ~TO npH CTpeMJIeHBlI £ K HyJIIO BTOPOH mITerpaJI B 

(16) o6pamaeTcK B HYJIb. qTo Ee KacaeTcH rrepBoro lIHerparra, TO, YTIHThiBaJI: 

HenpepbIBHOCTb <pyHlOUfiI Pl.:-l (E* , X) npB X < qk-l' a, CJIe,llOBaTeJIbHO, 1I B 

TO"tlKe X = qk < qk-1, nOJIy~aeM 

(17)
 

KaK OTMe'IarrOCh B:bIIIIe, epJIIKI\WI Pk - 1( E* , x) OTJlH'qHa OT HyJIK :0: HMeeT npo

CTOH q>H3]1fqecKH::i CMhICJI. qTO KacaeTC.s: KOHCTaHThi C, TO MO)KHO nOKa3aTh, 

~TO ,llJIK ;ll:OCTaTO'!HO lIDIpOKOro KJIacCa. <pyHKIJ;l!li pacnpe.lleJIeHliI.H" W ( q, e) C pa

3YMHhIM nOBe;D;eHlIeM no c B HyJIe BMeeT MeCTO COOTHomeHlIe 

(18) 

ITPH HaJIll"'llllI ,lllICKpeTHOrO cneKTpa KOHCTaHTa C = 1 BHe 3a.BHCHMOCTH OT 

KOHKpeTHoro pacnOJIOEemU ypoBHeH Ej If: BepoKTHocTeH rrepeXO.lla Ha HJ!IX C j • 

Pacnpe,neJIeHIDIM (4) IiI (5) OTBe'tlaIoT KOHCTaHThl C = 2 He = 5/2 COOT

BeTCTBeHHO. lIoKaJaTeJIhcTBo 3TlIX YTBep~eIm:J1i: rrpHBe.lleHO B IIpHlIoJKeHBH 

2. 
TaKHM o6pa30M, ecJm lICXO,nHTb B3 c,neJIaBHhIX HaMIl rrpe.nnOJIO}KcHHi:i, TO 

cneKTp HeHTpoUOB B HyJIe KOUe'tleH, Kor,lla 3HeprJiIH B036Y2K,neHIDI TaKOBhI, 'ITO 

B03MO.lKHO lIcnycKamIe XOTH 6h1 ,llByx HeHTpOHOB. STOT <paKT MoxeT 6hlTb 

npOBepeH B 3KcnepmmHTe. OT.1lFIJIe p(E*, 0) OT HYJIH eCTb CJIe,llCTBlIe YCJIOBB.i: 

HOpMIlpOBKH (3) epyllKIUfil w (q, £). 2 

3aMeTlilM, o,nuaKO, 'tITO IIplI BhIBo,ne q>OpMyJIhI JIe KyTepa [7], XOTK II npeHe

6peraJIOCh .llpyrm.m: KaHarraMH pacna,na, BepOKTHOCTh W (q, c) yCJIOBHIO (3) He 

y.nOBJIeTBOpKJIa. lIeHcTBHTeJIhHO, B [7] RCrrOJIh30BaJIOCb MaKCBeJIJIOBCKOe BhIpa

}KeIDIe ,nJIH W(q, E) (6) C TeMITepaTYPOB: T =Jq/ a. B 06JlaCTlI BhlCOKlIX 3HeprIrii 

2B patiOTe (19] 6hIlIa OTMeqeHa .n:pyraJI B03MOlKKOCTb KeHyJleaoro 3HaqeliHH cneKTpa HCHTpOHOB npH e ~ O. 
TaKoe OOB~eBHe B03HHK8JlO npH ycp~HeHHH coeXTpa aCHTpoHoB no :mcpnm B036Y:.K.lleHHJI E* TaKlKC B cHny 
yCJI08IIJI HOpMHpOBKH. MbI 6JIaro.n:apHbI E.A.CeperRHoH, YK8.3aBmeU RaM Ha 3TY pa.60Ty. 
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B036yJKneHHH T ~ q H (5) npaKTH'IeCKR COBnanaeT C HamHMH pacnpen:eJIeHH

HMlI (4,6). O,ZlHaKO npH MaJIbIX q OKa3bIBaeTCH, "tlTO T :;}> q, qTO ~H3H"tIeCKH 

6eCCMhICJIeHHO, II npIIBOnHT K npoTHBOpe"'IllIO 

foq WM(q, c)dq q-tO -+ 0 . (19) 

TaKIIM 06pa30M yCJIOBHe HOpMllpOBKR (3) HapymaeTcH H HeHTpoHbI npH Ma

m.rx 3HeprHKX B036y)K,lleHH.sI npaKTIPleCKII He IICnYCKaJOTCK. Ha Ham B3rJIJIn 

3TO ilBlli[eTCH CJIa6IUM MeCTOM pa60TbI [7] II npllBOnHT K HenpaBlIJIbHoMy no

Benemno cneKTpOB npH MaJIbIX E < T. 
PaccMoTpHM Tenepb, KaK 3aBIICIIT p(E*, 0) OT 3HeprHH B036Y.iK,IleHill[ E*. 

PaCCMOTpHM CHaqaJIa CJIytlaiI, Kor,z:J;a M01KeT HcnycTIlTbCH JIHIITh JJ;Ba HeHTpo

Ha, T.e. E* = 2Q + ~ (~< Q). B 3TOM crryqae p(E*, 0) = Cpl(E*,~) = 
Cw(q}, ~). TaKHM 06pa30M nOBeneHHe p(E*, 0) B 3TOM cnyqae onpenerrlleT

CH nOBeJJ;eHHeM 4»JHKIOllI w(ql, c). ECJIlI MI.I HaxonHMCll B "MaKCBeJInOBCKOM" 

pe1KHMe, aQ ~ 1, TO w(q}, ~) ~ w(Q, ~) H H3MeHeHHe ~ymaum B OCHOBHOM 

orrpenemreTCH 3aBHCRMOCTbIO W OT BToporo aprYMeHTa. ITpH 3TOM lPYHKIlHil 

W HMeeT pe3KHH MaKCHM)'M npH MaJIbIX ~ ~ JQIa < Q, a 3Ha"tlIlT HMeeT 

MaKCHMyM H lPYHKnH.sI p(E*, 0). ECJIH xe ~ He MaJIa, iPyBKUHH W(ql,~) 3KC

nOHeHIJ;Ha1ThHO nOJJ;aBJIeHa H, CJIenOBaTenhHO, p(E*, 0) TaJOKe 3KcnOHeHIlHaJIhHO 

nOnaBJleHa. TaKllM 06pa30M, €PYH:KI.UUI p(E*, 0) pe3KO B03pacTaeT B6nH3H no

pora HCnyCKaHllil BToporOHeHTpOHa 1I 3KcnOHelIIllIaJIbHO nO,D;aBJIeHa BnaJIII OT 

Hero. TIO,Uo6HaH KapTlIHa lIMeeT MeCTO 1I npH npoxo.lK,D;eHHH Ka2Knoro cJIe.n;yIO

m;ero n-l"O nopora. IIoBeneIDIe q.ygKI(HJiI p(E*, 0) B 3aBHClIMOCTH OT 3HeprJiIB 

B036Y:iK,neHllH E* nOKa3a:HO na pHC•. !. IIon:"tIepKHeM, OnnaKo, qTO -qeTKHe MaK

CHMYMhI 4>YHKUBH p(E* , 0) B6mr311 noporoB npOHBJlSIIOTCH JIHIIIh npH yCJIOBHB 

aQ :;}> 1. C pOCTOM n nonOJKemur MaKCHMYMOB CnBHraIOTCll B CTOpOHY 60JThmnx 

3Heprm no OTHomeHBIO K 'OtIepelIHoMy nopory. CaMH .IKe lIHKH cTaHoBSlTcH Bce 

60nee pa3MblThIMll. BblcoTa mIKOB y6bIBaeT KaK f'V lin, a lIX illlIpmUJ pacTyT 

C pOCTOM n H npH n rv nzap , rne 

(20) 

Q?YHKlUIK p(E*, 0) CTaHOBHTCJI rJIan:KoH, 60JIce nonpo6Hoe H3JIO.lKeHlife 3Toro 

4>aKTa nano B IIpRJIo.IKeHIDI 3. 
Ha pRC. 2 npIIBe.n;eHhI cneKTphI p(E* , E) nJIJI Pa3JIH'IHh1X 3HaqeH:mI E*, no

.rryqeHHhIe -qHcneHHO. BhI"tIHCJIeHHll npOBO,UlUIHCh MeTon:OM MOHTe-KapJIOBCKOro 

Mo,neJIBpOBaHHH npon;ecca nocne;n;OBaTeJIbHOrO HcnycKamDI HeHTpoHoB B COOT

BeTCTBlIH C pacnpe,neJIeIDleM (5) Ha Ka:lK,l:LOM 3Tane. IIpB 3TOM llCnOJIh30Ba

JIHCh 6mI3KHe K "peaJrncTlPIeCKlIM" 3Ha"tIeHHJI napaMeTpOB a = 10M3B-1
, 
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Q = 6M :JR. Kax Crre,llyeT 113 plIcyHKa, B 06rraCTl1l MaJlblX E aa6mo,llaeTCX cy

m;eCTBeHHasI 3aBlICHMOCTb l}>oPMbI CneKTpOB OT E*, KOTOpaJl npOHCXO.n;HT npe

HMYJIJ:eCTBeHHO OT CrraraeMhIX, OTBeqaIOlI(HX. BKJIa.n;y nOCJIe,llHerO neHTpOna B 

noJIHhIl1i CrreKTp. 3KCnepRMeHTaJIbHhIe JJ:aHRbIe, nplIBe,nenHhIe B pa60Te [20], 
TaIOKe YKa3LIBaIOT na TO, qTO CneKTphI HeHTponOB RMelOT pa3JI]I'qBYJO l}>opMY 

npH pa3RhIX. E*. OTMeTlIM, OJlHaKO, qTO HaH.neHHhle HaMIl OTJIlPllH[ B CneKTpaX 

HeHTpOHOB OT CneKTpa JIe Kyrepa cymecTBeHRhI JUIlIIb npR He o-qeHb 60JIbIIIl:IX 

3Hepr:wrx: B036YJK..lIeHIDI mep E*, KOr,lla n HeBeJIIlKO. lIeHcTBRTeJlbRO, BKJla,ll B 

nOJI1IbIH cneKTp HeHTpoHOB B6JDI31I ero MaKCHMyMa ,llaIOT Bce n HeHTpoHOB II 

BhICOTa cneKTpa B MaKCHMyMe .;ri. 3naqeHlIe )Ke MaKCHMYMOB «pymnl;HII B"-J 

HYJIe p(E·, 0) na.n;aeT C pOCTOM n 06paTHO nponopIUlOHa.JILHO n. Ta.KHM o6pa

30M npE: n » 1 cneKTphI HeBTpoHoB B cpeJlHeM ,nOJDKBhI MaJIO OTmPlaTbCX OT 

crreKTpoB JIe KyTepa (13). Han60nee xpKHe OTJIIPIlH[ Ha6mo.n;aeMhIX cneKTpOB 

OT (13) JlOJDKBLI HMeTb MeCTO npH MaJIhIX n. 

3	 llByxueHTpOHHaJI KOppeJIJlD;UOHHaJI «I»yHKIJ;HJI H ee 
CBoHcTBa 

PaCCMOTplIM Tenepb TaxyJO rrOCTaHOBKY 3alla"tJB, Kor.n;a B KaJKnOM KacKa.D;e 

.MoryT perUCTpBpOBaTbCg ,n;Ba neHTpoHa I:l lI3Mepj[J{)TCj[ RX 3HepI'RH. TIo aBaJIO

nm C (7) onpeneffiIM ,llBOD:uOi: nei:Tp01lRbIR cneKTp p(E·, e1, c2) COOTHOmeIDIeM 

p(E"Cl,C2) =	 E[Pij(E*,cl,c2) +Pij(E*,c2,cl)] , (21)
i<j 

r.n:e Pij(E*, C1, c2) - nJIOTHOCTb BepOKTHOCTB Toro, qTO npH HCnyCKamm: Hei

TpOHOB X.n:pOM C HaqaJIbHoit 3Hepnreit B036YiKJIeHlIJl E* 6y.n:YT HcnymeHhI neil 

TpOHLI C 3HeprIDIMl! C1 II C2 Ha i-OM II j-OM 3Tanax nponecca. 3aMeTlIM TaK)I(e, 

qTO 

Pj(E*,c) = JPij(E*,cl,c)dcI , (22) 

Tor.n;a, COrJIacHo (11), nOJIy-qaeM 

JPij(E*,cI,£Z)dc l dc2 = Sj	 (23) 

l-h (21) II (23), yquThIBaJJ:, 'lTO Sj = E~j Zi, lIMeeM 

Jp(E*, cI, c2)dcldc2 = 2 EU - l)Sj = 
j=2 

n i 

= 2 L Zi . E (j - 1) = 
i=2 j=2 . 
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=L
n 

i(i - I)Zi =< v(v - 1) > (24) 
i=2 

BBe,IJ;eM KOppemIIJJIOHHYIO <p)'HKIm:IO R(E*, EI, c2), Onpe,IJ;erreHBYIO COOTHO

meHHeM 

R(E* ) 1 p(E"', E1, E2) (25) 
, Ell E2 = R (E* ) (E* )'op ,EI P ,E2 

r,IJ;e Ro ==< v(v - 1) > / < V >2. TaKHM 06pa30M onpe,IJ;erreHHaJI <pymmlI~ 

R(E*,EI,£2) 06pa.ruaeTC~ B e,Zuumny npB He3aBHClIMOM HcnyCKa.HIDiI HeHTpo

HOB, Korna Ha KaE,IJ;OM 3Tane KacKana HeHTpoHhI HcrrycKaIOTcH C o,IJ;noft II TOft 

xe <pOPMOH cneKTpa wee). neHCTBBTeJIhHO, B 3TOM CJIyqae ,IJ;JIH cneKTpa HeH

TpOHOB BMeeT MeCTO COOTHomeHHe 

p(E*, E) =< V > 'W(e) (26) 

<l>yJIKlUfi[ w(e) Orrpe,IJ;eIDIeTCH CBOHCTBaMB BCT01:lHBKa, KOTOphIli He MeHSIeTCSI B 

llpOn;ecce HcnycKaHlIH HeHTpOHOB (cpaBlm, nanpHMep, c apryMeHTaMliI pa60T 

[13], [14]). 
B COOTBeTCTBHH C (24) B 3TOM c~ae nonyqaeM 

(27) 

H OTCIO.n;a crrenyeT, qTO B crry"tlae nOJIHOH He3aBHClIMOCTH OT,IJ;eJIbHliIX aKTOB 

HcnycKaHHSI HeiiTpoHoB MhI HMeJm 6hI R(E* , e 1, E2) == 1. KaK 6y,IJ;eT BH,IJ;HO 1I3 

,IJ;aJIbHe:mnero paccMoTpeIDIJl, <PYHKIJ;H~ R(E*, El, E2) SIBJIHeTCSI ")KHBoft" <PYHK

UHei CBOHX aprYMeHTOB. 

IIycTb E* = nQ + ~ (~ < Q, n ~ 2). Tor.na <pyHKD;BH R OTJIH~a OT 

HyrrJl BHJTpH Tpeyrom.HoH 06rraCTH £1 + e2 ~. q2 Ha IDIOCKOCTH (EI, E2), CM. 

pRC. 3. 3Ta 06rraCTb COCTOHT B3 nO.Il06rracTeii 2,3,... ,n, pa3,IJ;erreHlIhIX npKMhIMlI 

£1 + £2 = qk(2 < k ~n).B k-OH nO,IJ;o6JlacTJiI ,llBOBHOH cneKTp (21) COnep2KHT 

BKJI3Jl OT cnaraeMhIX,· OTBeqaIOm;HX "tIlICny v lIcnymeHHhIX HeHTpoHoD 2 ~ v :s; 
k. 

PaccMoTpHM nOBe.IleHHe <pymmHH R Ha rpaHm:J;e. CHaqarra orpaHIiflUIMCJI 

B03M01KHOCTbIO BhUleTa TOJIbKO ,D;ByX HeHTpoHoB, n = 2. B 3TOM cny'tJae IIIMeeM 

OTCIO,IJ;a CJIe.llyeT, "tJ:TO <pymaunl P (28) paDHa HyJIIO Ha rpammax E2 = 0 H 

o ~ el < q2 H £} = 0 , 0 ~ £2 < q2, TaK KaK <pyHKIJ;HH W(q,O) = O. IIpH 

3TOM R(E*,£1,C2) TaK2Ke panHa HJJIIO Ha 3TIIX JIHHIDlX B ClIrry Toro, "tITO, KaK 

nOKa3anO B pa3,D;eJIe 2, 3HaMenaTem. D (25) B YKa3aHHhIX 06JIaCTjIX B HyJIb He 



06pamaeTCK. npn £1 + c2 = Q2, cl < Q2, c2 < Q2 cflymannt p(E*, c1, c2) 

H R(E*, cl, c2) 06pamaIOTCK B HYJTh (OTJmqHhI OT nYJIj[), eCJIH 'PYIiKIUUI W 

06JIa.naeT CBORCTBOM W ( q, q) = 0 (w (q, q) i= 0). 
PacCMOTpBM Tenepb nOBe.n;eHlIe cflYH:ranm: R(E*,cl, c2) npn cl = £2. 3a

MeTHM, qTO -PYHKIJ;m[ R CliIMMeTpK'IHa OTHOCHTeJIbHO npKMOH £1 = c2. IIycTb 

W(q,c) -+ A£.B npn £ -+ 0, r.ne f3 > -1(f3 = 1 .n;JIll q.ymaoriI BH,1la (4), -(5». 
Tor.n;a IIpH A -. O(c S ~/2), nonyqaeM 

(29) 

p(E*, c) -+ AA.Bx.B + AAtJ . i\l - y)tJ f(x/y)y-1dy , (30) 

r.ne x = c/ti. (0 S x S 1/2).3Aecb BBe.n;eHa q.ymanur 

I(x) = limqw(q,qx), (31)
q-O 

KOTOpaJI onpe,lleJUleT <}lopMY' crreKTpa neiTpona rrpH q -+ 0 ,x = c/q (CM. 

IIpHJIo.JKeHue 2). npR ~ -+ 0 HMeeM TaJGKe 

Ro =< 1I(1I- 1) > / < 1I >2-+ 282 -+ 2A(fl + l)-l~.B+l (32) 

1'.13 COOTHomeIIHH (29) 11 epoPMYJThI (25) HMeeM 

R(E*,c, c)~_o -+ A-2(l+.B>. F(x) , (33) 

rne F(x) - HeKOTopaa HeCl:IHI'Y~Hasr epymarwt OT X. TaKHM 06pa30M 

R(E*,£,£) -+ <X> npR A -+ 0 H X = Const. Ha pRC. 4a R306paiKeHLI npoq.JilIDI 

epymaom R ua npntlOH £1 = £2 .nmr E* = 2Q + A H P83HhIX A(.1. ~ Q), 
norryqellHhte "tiHCJIeHBhIM nyTeM. 113 3TOro pHCyHKa BlU{HO, "'ITO 3HaqemUI 

R(E*, c, c) B MaKCIilMyMe B03paCTaIOT ·npH YMerimemm .1.. 
IIpe.n;cTaBJleHHe 0 npoepHJIe Koppemm;UOHHOH q.ymnum: BO BceR 06JIaCTH 

onpe,lleneHHK ,naIOT 3aBRClIMOCTR R(E*, £1, c2) OT c1 rrpR pMHhIX C2, rronyqeH

HhIe trI2lCJIeHHMM nyTeM. OHll npe.n;CTaBneHbI Ha pRC. 46. Pe3KBe MaKCl:lMYMhI 

fllymannt DpE: MaJIhIX U 60JIbnntX £2 (ipHBble 1 H 6) OTpa)KaroT TOT epaKT, 

"tlTO yrJIOBhIe TOllKlI An B (pRC. 3) KBJIKIOTCjf cymecTBellHo Oco6DIMH TOqKaMB 

epymanm R. llJI.il ,nOKB3aTeJIbCTBa 3Toro epaxTa paCCMOTpnM IIOBe,lIeHHe 'PYHK

:r:um (28) B6JUl3.H TO'IKB £1 = q2, C2:::: 0 (TO"tlKa A Ha pRC. 3). B 3TOH Toqxe 

BTopoe CJIaraeMOe B (28) 06paIJJ;aeTCK B HYJIb, a nepBoe B6Jll131I nee RMeeT no

Be,n;emre"J !(€2/q)/q, r,ne q = q2 - Cl (q.yHK1:UIjf j(x) onpe.n:eJIeHa paBeUCTBOM 



13 

xOt(31)). IIycTL I(x) r-.J (0: > O)rrpn x -+ o. Torna, IIpn6JIIDKaJICL K TOqJ{e A 
B nJIOCKOCTn (c1' c2) no 3aKOny E2 r-.J (q2 - EI),8 npn {3 ~ 1, llMeeM 

0 (/3 > Po) 
R(E*, cI, c2) -+ canst > (/3 = Po) ,. (34)

{ 
00 (1$13<130) 

r,ne /30 = (ex + l)/ex. TaKlIM 06pa30M nOKa3aHO, "'ITO A - cyrueCTBeHHO OC063JI 

TO"tIKa. <IlymanlJIM BHlla (4), (5) OTBe~aIOT 3Ha-qemUl 0: = 1 H/30 = 2. ITpoqUUIH 

4-~ R Ha puc. 46 npenC1'aBneHhl nmr BapHaBTa cneKTpa (5). ITpe,nBapll

" TeJILHhlii aHaJm3 nOK83hIBaeT, -qTO y-qeT ,nllcKpeTHoH COCTaBmIIOm;eH HeHTpoH

HOro cneKTpa npHBo,ll;HT K MaJlhIM B:lMeHeHHni KoppennUJOHHoH ~YHKJUIlil B 

6om.meH qaCTB 06naCTlI ee ODpe.nenemu, cymecTBeHHble H3MeHeHIDI 6y.nyT 

JIlIIITh B 06JIaCTB B6Jm311 MaKClIMaJILHO B03MO./KHhIX 3HaqeIllIB: Cl + c2. 

npH n ~ 3 CBOHCTBa «PYIIKJ:I;HR R OTJIl2PlaIOTCi[ OT cnY"t!u n = 2 TeM, qTO 

R(E*, el, £2) f:. 0 Ha rpaImIJ;ax 0 < cl < q3, c2 = 0 II 0 < c2 < Q3, cl = O. 
3TO CBi[3aHO C TeM, "'ITO IIpIl n ~ 3 HeayneBoi BKJIa,n B ,nBOWIOH cneKTp (21) 
nOSIBJIKeTca: OT CJIaraeMhIX Pij C j ~ 3. lln.sI ImX M02KHO 3aIllICaTL 

rne <pymantK Pu:(E\ E, x) ecT:E. nnOTHOCTL BepoRTHoCTH Toro, -qTO nep

Bble k HeHTpoHoB HcnyCT.sITC.sr C cyMMapHoH :meprl1Ien x, a i-hIi HeHTpoH 

(i ~ k) - C 3HeprHei c. OTcIO,na aHanOrlflHO $opMyne (17) nony"tJHM, "tJTO 

Pij(F!', eb 0) = C· Pi,i-1(E*, El,qj) =I- 0 npB 0 < CI < qj. OTMeTBM TaJOKe, 

qTO Pij(E*, E1, c2) = 0 B TO-qxax C1 = 0, E2 = qj II C1 = qil C2 = 0 npH j ~ 3, 
T.e. 3TH TOTIKH He SIBnmoTC.sI "cymecTBeHHO OC06:bIMH" B OTJnPnle OT To~eK 

A H B (pIlC. 3). IToBeneHl'Ie JKe <pymaum R Ha npfimH C1 = C2 aHaJIorJI1mO 

IIOBe.zIemno <pymaum: R Ha npnwH ,I(JIg n = 2. 3TO npOneMOHCTpnpOBaHO Ha 

pHcyHKe 4B ,nml cn:yq:a.sr n = 3. BH,ll;HO, qTO DOBeneIDIe <pyHKUmI B 3TOM CJIyqae 

MaJIO -qeM OTJIRQaeTCK OT nOBe.n;eHH.sI ~YHKIUm DpH n = 2 II oCTpLlii MaKCHMYM 

np:a M8JIhIX A(E* = 3Q +A) TaIOKe npHcyTcTByeT. 3aMeTlIM, QTO llJH£ 3Toro 

Tpe6yeTcJI BbIIIOJIHemre ycnoBIIK aQ >- 1. 

4 3aKJlIOQeUHe 

ITpe)f(,ne Bcero eme pa3 nOnqepKBeM, qTO o6cy)K,L(a.eMhle BhIIlle CBOHCTBa 

4»YllKnlIH p(E*, c) ]I R(E*, Cl, €2) OTHOC.srTC.sI K $HKCHpOBaHHOH 3Hepnn'I B036y

*,neHB.sI .sr,npa E* ]I II03TOMY MoryT 6hITb Hccne,nOBa.md JIHIlTh npll CneIlDaJThHhIX 
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nOCTaHOBKax 3KCnepHMeHTOB no B036yE,lIemno mep. B 60nee 06m;en IIOCTaHOB

Ke 3a.na1{H, Kor.na 3HeprHJI E* He 4tHKc1IpyeTca: TO~HO) HanplIMep, UpH Hccne

.nOBamDr OCKOJIKOB lleneHIDI, Heo6xo,lJ;HMO npOH3Bo,n;nTh ycpen;neHlile no 3HeprHH 

B036y}K,nemUL Torna o6HapyJKeHHhIe HaMB pe3KRe CTPYKTyphI B epymmIDlX P 
11 R npH E* - nQ = ~ « Q MoryT 6bITh CllJThHO CrllaJKeHbI. qTO Kaca

eTCJI IPYHKlllm p(E*, E), TO ee OTJIHtnIe OT CTaH.n;apTHoro BlUla (13) OK83hI

BaeTCK cymecTBeBB:bIM B o6nacTH Ma.JIMX 3Heprri HcnycKaeMhIX neHTpoHoB. 

Ih6:&ITOK TaKBX HeHTpoHoB H8JII6onee OTQeTmIBO npOXBlIKeTCX npB 3Hepr:I1UlX 

B036y)K.I(emr.i: E* = nQ +~, ~« Q H He OQeBb 60JIDIIIRX n. ECJIlI Ta

Koe CBoiicTBO 6y,n;eT o6Hapy2KeHO Ha Om.ITe, OHO MillKeT JilMeTh npaKTlPIeCKHe 

llpHMeHeHWl, HanpBMep, B HeHTpOHonpOH3BO.n;JlIIUIX yCTaHOBK8X ,ItJUl TpaHC

MYTaIUm (CM., HanpHMep, [21.]). KpoMe TOro, H36hITOQBhI:i! ClII'HaJI OT WlI'KBX 

HeHTpOHOB M02KeT Cny1KHTh He3aBHCBMhIM HH,ZJ;HKaTOpOM o-qepe.n;HoH noporo

BOB 3HeprHB B036YiK,n;eHWr E(n) =Er Qi, "tTO MO)KeT 06ner"IHTh onpelleneHHe 

BeJ:[HqHH Qi, nOCKOJIhKY, B oTmrtme OT Henocpe.n;cTBeHHoro B3MepeHl2UI Tpe6yeT 

perHcTPa.Il;Dl1[ TOJIDKO O,l(Horo aenTpOH&. 

KaK BH;l{HO 1iI3 pB3.llena 3, KOppeJIKI(lIOHHaJI .pym<:umt R(E*, e1, e2), onpe

.n;emreMaJI: COOTHOmeHlileM (25), SIBJIKeTca: "xamOH" cPYHK~HeH 3Heprm £1 n 6'2 

H lIMeeT xapaKTepHYIO CTPYKTypy. YCpe,AneHHe 3TOH epyliKIUDI no E*, TaK 2Ke 

KaK II B cnyqae $YHKWIB p(E*, E), Be,n;eT K crnaJKlilBaH:mo BCex 3aBHCHMOCTeH. 

TeM He Menee OqeBn,nHO, 'tITO H3MepeHBe epYHKIUIH R llaJKe rrpH nOCTaHOBKe 

3a.n;aqn C ycpe.n;HeHHeM no HeXOTOpoMY ImTepBaJIy 3HeprIDi B036Y)KJJ;eHIDI Ma

TeplmCJwro g,u;pa .llOJDKHO npllBOllHTL K 06HapYJKemno HeKOTopOH $YHKlllIH 
< R >, OTJIKtmOH OT e,Il:o:B::lnlhI B 3aBHC.KIIl;ei! OT t} 11I t2 B nmpOKOH o6nacTl1I 

3neprDif HCIIyIIJ;eHHhlX HeHTPOBOB. 3TOT $aKT CJIe.n;yeT HMeTL B BJiI,lI;Y, eCJm 

HHTepeCOBaThcj[ BOnpOCOM Koppemnnm: ,IlBYX HeHTpoHOB B nOCTaHOBKe 3a.1la

"tlH, Tpa,uHD;HOHHOH ,AJur ~R3lIKH qacTmlBhICOKHX 3Heprllii. B TaKOB rrOCTaHo:i3

Ke o6hPlHO C1:fiITaeTCj[, "tJTO CKOppeJIHpOBaHlIhIMH MoryT 6ld:Th mIIIlh qaCTlIllhI, 

IIcnymeHHhIe C 6JIl13KBMH mmyJIDCaMl:I. BCIO.n;y :>Ke, rne HMllYJIbChI He 6J'IB3KB, 

KOppeJInum: OTCyTCTByIOT. MhI npOneMOHCTpHpOBa..mI, "tJTO B HameM cnyqae -
nOn06Hoe BhICKa3lJBamre He lIMeeT MeCTa H KoppemrrUIOHHaJI epymrn;n:K neTpH

BHaJIbHa B nm:pOKOM mIana30ue CBOID( nepeMeHHhIX. B03MOEHOCTL BJIBJllIlUI 

IIOllo6HOro TRIIa KJIacClPIeCKBX KOppeJIKIlltii aa liIHTepnpeTanmo KOppeJIKIUlOH

HLIX 3KCnepHMeHTOB, nOBHllIIMOMY, cephe3HO He o6CYE,Ilan:acb B JIBTepaType. 

113 HameH pa60ThI CJIenyeT, -qTO B 3aBHCHMOCTH OT nOCTaHOBKH 3a..na;qn: B pme 

cnyqaeB KJIaCCH"Iec:rrn:e Koppemnnm MoryT ,ZJ;arsaTL cym;ecTBeHHoe HCKa,)KeIDIe 

4JoHa ,IJ;JIj[ "KBaHTOBbIX" KoppeJIsnnrii II lIX yqeT MO)KeT 6hITh cyrnecTBeHen. 

Eme pas BepneMCJl K ycnoBHIO (3). OHO 03Ha'tIaeT, "tJTO HcllycKa.HBe neBTpo



15 

HOB JrnJHleTC.ll e,ZU!IHCTBe.IIHhIM MeXaHR3MOM .n;eB036Y)K,1lelm.sI a.n;pa. OTBJIeXaJICb 

OT 3apX2KeHHJllX -qaCTlm:, IIcnycKaHHe KOTOphIX nO.n;aBJIeHO 3a C"tIeT KYJIOHOB

CKOrO 6apbepa, OCTaHOBlIMCa Ha KOHh.TIe.HI:{lllI HeHTpoHHOro KaHa..rra C .lleBo36y

2K,D;eHHeM 3a 'CqeT ,-KBaRTOB. IIpH rrocne.n;OBaTeJIhHOM HCIIyCKaHlII!l Heii:TpoHoB 

,-KBaHTfaI MoryT cymecTBeHHO KOHKypHp0BaTb TOJIbKO C HcnycKaHHeM nOCJIe.n;

Hero HeiiTpoHa B Ka.cKa..n;e rrpH MaJIblX Be.JnPII!IHax fj-npeBLIIIIe:IDUI 3HepnIH B03

6y)l{,ZJ;eHB.B. ~pa, HcnycK8JOIllero nOCJIe,lUUm ReRTpOH, Ha.n; noporOM ero OT.n;eJIe

HIDI. 06H"tlI1o C"tIRTaeTCJ[, "tITO npR fj B HeCKOJIbKO COTeR 3JIeKTpOa-BOJThT x.n;po 

npaKTlMeCKH pacnanaeTCH nyTeM HCnyCKa.HHlI HeHTpoHa, a He nyTeM R3JIyqe

HnX ,-KBaHTa (CM., HanpHMep, KIDITy [22], rJIaBy 17). 3TO yTBep)K,l:(emIe OCHO

BaRO sa KOHcepBaTHBHhIX on;eHKax Cpe.llHHX BpeMeH pa.n;lilaIJ:liloHHDlX nepexo.n;OB 

("-J 10-14 -;- 10-15 eeK) II cpe.n;HHX BpeM~H )KH3Hlil COCTaBHOrO lmpa (I'V 10-22 

ceK). KOHe"tlHO, npH pa.ccMoTpeHlillil KalK.ll0ro KOHKpeTHoro x.n;pa OneHKa rrepe

XO.1lHOE: o6naCTH 6, rne l'-panHamiJ[ KOHKypeHTHa C HcrrycKaHHeM HeHTpOHOB, 

M02KeT 6hITb yBeJIH"tIeHa RJDI YMeHbmeaa. 3TO Mo.~eT 6bITb CB.H3aHO C B03MOX

HOCTLID cymecTBOBaBlIi[ KaKB:X-Jm60 .n;l:IHaMIJ:1r"eCKHX 3anpeToB Ani[ HcnyCKaHlUI 

aeHTpOBOB (HanpHMep, 60JThIDOH yrJIOBOH MOMeHT HeUTpOHa). 

B TO xe BpeMK MO)KeT CJ!O)JQ1[ThCK CHTya.nwr, qTO B6JIlI3H nopora OT.n;e.rre

HIli( HeHTpoHa MO:>KeT HaXOllHTbCX rpynna ypoBHeH, COCTaBJIXIDIIJ;HX .ppaKllIDO 

rlITaHTCKOro .n;.anOJIbHOro pe30HaHCa. B 3TOM cny"tIae KOHKypeHTHocnoco6HoCTb 

ReiiTpoHHhIx nepexo.n;OB H 1'-.n;eBo36Y)K,IleHllH MoxeT peaJIH30BbIBaTbCK B 3Haql!

TeJIbHO 60JIee mHj)oKoH 06JIacTH cneKTpa, r.n;e yCJIOBHe HOpMHpOBKH (3) 6y.n;eT 

HapymaThCK. 

,UJI.H BeJIHqHH t < '8 B paCCMOTpeHHe HeH36e2KHo .n;OJDKH.LI BOnTH CJIyqaH 

c (j < 6, nplI 3TOM oco6eHHOCTH o.n;HOqaCTlPIHOH 11 KOppeJIKIlHOHHOH <!>YHK

mm, o6ey:JK.n;aeMhIe B HaCTO.H.IneH pa60Te, .ll0JDKHbI MeHKTbCX. B qacTBoCTH, 

$yHKD:Wl p(E* , c) rrpH c < '8 .n;OJDKHa cna.n;aTL no HyJU[ 11 TOJIhKO up» £ > b 
ee 3HepreTlI"tlecKJrii XO.ll rrO.ll'tJHH.HeTCK BhIBe.n;eHHbIM HaME: 3aKOHOMepHOCTJlM. B 
TO JKe BpeMK .n;OJDKHbI CrJIa2K.HBaTLCH H oco6eBBOCTH ~YHKD;Jm R(E*, tl, £2) 

B6JIH3H rpamrn; KHHeMaTII"tIeCKOB o6nacTR B cnoe TOnmmIOH 1>. 
CJIe.zxyeT OTMeTlITb, QTO H3MepeHlile cneKTpOB HeHTpOHOB 1I3 B036y)K,l:(eHHhIX 

.a:.n;ep llpH MaJIbIX 3HeprH.SIX HeHTpOHOB OJIKeTCg CJIO)KI[OH 3a.n;aqen: 3KcnepH

MeHTaJIbHOH $1l3HKH. HanpHMep, cneKTp ReHTpOHOB .n;eneHIDI 113MepeH TOJIbKO 

,n;JIK 3Heprmi HeHTpOHOB ~ 10 K3B. B 3TOH 06JIacTH KOHKypeHIlIDI "'(-KaBaJIa 

HecymecTBeHHa H o6cY2K,llaBIIDIecx B CTaTbe CBoHcTBa <!>YHKIlJiIH p(E*, f) H 

R(E*, el, c2) .n;OJDKHbI HMeTb MeCTO. 
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IIpBJIoJKeHBe 1 

HOpMHpOBOqJIbIe K03$$HlIlleHThI c(q) n c(q) B BhIpaJKemHIX (4), (5) RMelOT 
BH,IJ; 

2c(q) = 8a2 [(2x2 
- 6x + 6) exp(x) +x - 6(1 (IT.I) 

2c(q) = 8a2[(2x2 
- 6x + 6) exp(x) - x 4/4 + x - 6r1 

, (IT.2) 

r.n;e x = 2..;aq. B npe,lleJlI>HlillC C~POJIbIIQIX 1I MaJIhIX 3Ha-qemlli aq BMelOT 

MeCTO paBeHCTBa 

c(q) = c(q) = (a/q) exp(-2yaq) , (aq» 1) , (IT.3) 

c(q) = 2q-2 , c(q) = (15/8)a- 1/ 2q-5/2 (aq « 1) (ITA) 

IIpH aq >> 1 BhIpa2KemU (4), (5) RMelOT BlI,ZJ; 

w(q, e) = (e/T2)exp[-2y"tiq + 2/a(q - c)] , (IT.5) 

r.n;e T = -/q/a. OTclO.z:r;a IIpH MamJX € nonyqaeM MaKCBemlOBCKoe pacnpe,n;erre

HRe (6). IIPlI aq <t.:: 1 ~ymaum (4), (5) c yqeTOM (ITA) HMeIOT BlI,l{ 

w(q, c) = 2cq-2 ,f}l-na (4) , (II.6) 

w(q,c) = (15/4)c(q - e)1/2q-S/2 ,ep-JIa (5) , (ll.7) 
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IIpBnoJKeHBe 2 

IIonyqlIM BhIpa.IKeHRe Jl.JU KOHCTaHThI C B ~opMYJIe (17). IIpe.n:lloJIoxllM 

CHa.-qana, -qTO cneKTp W (q, e) HenpephIBea. BBe,l(eM q,yma:un<:> 

I (x) = lim qw (q, xq) , (II.8)
q-O 

KOTOp8Jl onpe.uemleT <popMy cneKTpa HethpoBa npH q --4 0, X = E/q. 113 
yCJIOBlIJI HOpMlIpOBKH (3) CJIe,ll;yeT, 'tJTO f6 I (x )dx = 1. B03M02KHOCTb BBe,ZJ;e

HBB: tPJRKD;lm I(x) (II.8) 03Ha'tJaeT, qTO pacnpe,ZJ;erreHHe no x He 3aBJ2ICHT OT 

3HepnUI Boo36y)K,I(emu[ npH 3HaQeHll.HX q, MHoro MeHbnmx mo6oro napaMeTpa 

tPymmmI w C pa3MepHOCThIO 3uepnIH ( T.e. npll q <t:: a-I B CJIyqaa:x epyHKnHH 

(4) H (5) ). YlllITbIBaB: (n.S), norryqaeM H3 (16), QTO 

. . 11 dx ~1 dxC = lim{hm I(x)-} = I(x)- > 1 (II.9)
6--0 <......0 <./fJ x 0 x 

BeJI:HTmHa C IIMeeT KOHe"tffiOe 3BaqeHHe, ecJU! I (x) rv xCI: (a > 0) npH x - o. 
Pacnpe,ll;eneHIDlM (4) II (5) OTBeqaJOT ¢IYH:KIlHR f (x) = 2x (C = 2) H I (x) = 
(15/4)x~ (C = 5/2) COOTBeTCTBeHHO. 

PaCCMOTplIM Teneph CJI~aii, KOr,l(a cneKTp Jl,ZlepHhIX ypoBHen .n::aCKpeTen 

npn 3UeprH.KX B036y)K.l(emu E* < Eg• B cornaCHH C 3KcrreplIMeHToM Eg ;5 Q. 
Tor.na 4>yma:J;RB: W ( q, £) npH q - E < Eg onllCbIBaeTCB: BTOpbIM CJIaraeMbIM BbI

paJKeHIDr (2). B03BPaIIlaJICb K paBeHcTBy (16), nOJIO.lKHM 6 = Eg + E. BTOpOH 

HHTerpaJI B (16) npH 3TOM co.uep)JillT TOn.bKO BenpephIBBYJO <PJRK:O;mo w(x' , E) 
II 06pamaeTCSI B HOJIL npH E -+ O. B rrepBLIII lIHTerpaJI BLlpa)KeHIISI (16) cne

.uyeT nO,ll;CTaBIITL <pymaJ;.mO w(x', E) .uHCKpeTHoro BlIna, oTKy.ua nonyqlJM 

JPk-lWdx' = Li JPk-1(E*, qk - x')C.(x')6(x' - Ei - e)dx' = 
(II.lO) 

= Li Pk-l(E*, qk - Ej - e)Gi(Ei + c) 

3a.MeTlIM, "CITO BeJIlPIHBhI G.(x) (BepOB:THOCTII nepexO,l(OB Ha i-hIe ypOBHH 

smpa) TIpH i 2 1 o6na.uaIOT CBOHCTBaMl:I 

(II.ll) 

OTCIO,IIa ycnoBHe BenpepbIBHocTH .n:aeT 

Gi(Ed = 0 (i ~ 1) (II.12) 

JlJll[ BeJIlMmn.I Co(x}. B CHJI)" yCJIOmHI HOpMHpOBKH (3), HMeeM 

Co(x) = 1 IIpl:l X < E1 (TI.13) 
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IIepeXO,lJ;i1 K npe.ueny E ~ 0 B BhIpaJKeH1llI (II.lO) n: 3aMe~IaSI, qTO <PYHK.l:UIl! 
PIc-l (E*, x) HenpephIBHI:.I B TOqxaX x = qlc - E i (.uenCTBliITeJThHO, 3HeprIDI: B03

6YElIemnl OCTaTOqnoro anpa noene DcnyCKaIDlK (k - 1) HeB:TpOROB C CYMMap

HOH 3neprneii (qk - Ei ) eCTb Ej = q" - (qk-l - E i ) = Q + Ei ~ Q ~ Eg , T.e. 

JIe)l{BT B o6nacTR nenpephIBHoro cneKTpa), IIOrrytIRM C yqeTOM (1l.12) II (II.13) 
paBeHcTBo (17) I B KOTOpOM C = 1. 
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npUnO)KeBUe 3 

IIOKaJKeM, npR KaKRX XapaKTepHhIX 3HalIeHlHlX n xap nHKH HaqHHaroT crrra

2Kl:IBaThC.a C pOCTOM n. MMeg BBlUlY paBeHcTBo (17), HaM 6YIleT IlOCTaTOlIHO 

HaRTH cpeIlHee 3HaqeHHe 9Hepnm: En - = cl + ... + Cn -1 (11, - 1) HeRTpoHoB1 
2< En-I> II BeJIR"tJRHY IlnCnepCmI O'(En-I1, rne a2(x) =< x > - < X >2. 

3anmneM 

< E:-1 >= S;;~l . JW(ql,cdw(q;,£2) ...W(Q:l_l,En-l)E:_ldcl ...dEn-l , 
(II.I4) 

r,ne Sic - BepO.HTHOCTh HcrryCKamIJI He MeHee k HeHTpOHOB. Enm npeHe6pe-rn. 

3aBlIClIMOCTLIO rrepnLIX apryMeHTOB <pymm:HH W OT IIepeMeHHhIX liIHTerpnpo

BaBBJl B BhIPaJKeHlI1I (II.I4), qTO MOXHO CIlenaTb npn yCJIOBRHX 

< Ek- 1 >-< qk , < tk >~ qn-l , cr(ck) ~ qn-l (II.15) 

nmI Bcex k < 11" TO M02KHO 3aIIB:CaTh, qTO 

n-l n-l 
< E n - 1 >= L < ck > , (72(En _ 1 ) = L (T2(€k) , (II.16) 

1 1 

rIle < ck >= fcmW(qk,C)dc. IIcnoJIb3YH Bll,D; '!lymHom w(q", E) (4) llpII yCJI(}-

BlIlI aQ > 1, MO~HO 3allaC3Th 

< ck >= 2Tk , a 
2(ck) = 2T; , (11.17) 

r.n;e Tk = /qk/a. QTcIO,na npH n > 1 IIOJIyqaeM 

4 2 2 ~ < En - 1 >= 3nT , (T (En-I) = nT ,T = vnQ/a (II.I8) 

TIepBoe H3 yCJIOBI:IH (II.15) nOCTaTO"tlHO BhillOJIHHTh llpH k = n - 1 (T.K. 

< Xk-l > < < X n-2 > H qk > qn-l npn k < 11, - 1). Torna IiI3 (II.18) 
CJIellyeT, qTO 

11,3/2 -< v;Q . (II.I9) 

llpR 3TOM BI:.IIIOJIBHIOTCg Bce YCJlOBIi!H (ll.I5). 

PaCCMOTpRM nOBeneHIIe IPyHIHUm: p(E*, 0) IIpII yCJIOBlIH (II.19). 3Ta 4lYHK
IDUl liIMeeT MaKCHMYMhI illRplIHOH IT(En- 1) IIpII E* ~ nQ+ < E n- 1 >. 3TH 

MaKCIIMyMbI HalIHYT CJll:IBaThC1l nplI a(En-d I"'V Q, T.e. IIplI n ..;aq. OUHaKOI"'V 

YCJIOBlre (II.19) BhIIIOJIHJIeTCH IIpH Mem.mnx 3HaQeHHHX n. TaKHM 06pa30M, C 

pOCTOM 9HeprlIH B036YlKJIeHIIH E* "tlepe,ZIOBamIe Y3Irn:X MaKClilvlyMOB iPyHKII;HH 

p(E* ,0) npH E* < Ei CMemITCH r rra.n:KIiIM rrOBeueHHeM IIpH E* > Ei, a HHTep

BaJl E; S E* ~ Ei eCTb rrepexoIlHaH o6rraCTb. 3uech E; = n 1Q II E2= n2Q, 
nl rv .raJ:J II n2 '" jaQ. 
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PUC. I. 3aBHcHMoCTb .p(E*, 0) OT 3Hepnm B036YiK,neHlul E* (CTIIIOillHaJI Kpn

Ball). TIYHKTBPHbIM KplIBhIM C nB¢poH k OTUelIaIOT BKJIa,ZlhI B p(E*, 0) OT k-ro 
HenTpOHa (cM.(14)). Pe3YJlbTaT tIHCneHHOrO paCqeTa .D:JI.K pacnpe.lleJIeHIUl (5) 
npR 3HalIeHlUIX a = 10M3B-1 n Q = 6M3B. 

I, 
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Pnc.2. llOJIIlhIe HeHTpOHHbIe CneKTpbI p(E*, c) .uml pa3JIHQHhIX 3Ba-qeHnR 

E* (CnJIOIIIHbIe KpHBhle). TIYHKTHpHble KpHBbIe C UH4JPOH k OTBeqaIOT OT

.ueJIbHhIM BKJIa.uaM Pk(E*, c:). KpHBbIe nOJIyqeHhl nyTeM MOHTe-KapJIOBCKOrO 

MOneIDIpOBaHHH npouecca nCnYCKaHI:UI HeHTpOHOB B COOTBeTCTBHH C pacnpe

.n;eJIeHlIeM (5) na Ka)K,llOM 3Tane. llCIIOJTh30BaHhl 3Ha-qeBIHI a = 10M3B-
1 

H 

Q=6M3B. 
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PRc.3. 06nacTR onpe.neneHHS 4PYUKwnr R(E*,cl,c2)' qUCJIaMlI 2,3 n 060

3ua-qeHhI no.n06nacTH, COOTBeTcRBylOIIIHe HcnycKaImlO He 60JIeee 2,3 n Heii-

TpOHOB. 



a) E*= 2Q +A 

~Ol * 'r:!. 
R,(f;e4)EA,) a) £:=2Q..-A J ll.=£ 
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! 2. 3 ,~ e, M38 

PliCA. a) BIIA KoppemnUiOHHOH 4lYHKIlWI R(E·, £, i) B cIIyqae E· = 2Q+~ 
npH pa3HbIX 3HaqeHiHIX ~. 

6) 3aBHCHMOCTb 4lYHKIJ;IDI R(E\cI, £2) OT £1 rrpH E· = 2Q + 
~, ~ = 2M3B II pa3ml'ql{bIX 3UaQeHlIJIX £2. KPHBhlM OTBe"IaIOT 3Ha"IeHHjI 

E2(lvf3B) : 1 - 0.14; 2 - 0.22; 3 - 0.46; 4 - 0.70; 5 - 1.22; 6 - 1.74. 
B) BK,Il lJ>yHKIlIDI R(E*, £, c:) rrpH gt< = 3Q + ~ U Pa3lIU'tIHl>IX 

3UaQeUHJlX ~. 

Bce KpnBbIe nonyqelW qHCJleBHO (eM. nO,llmICb K pHc.2). 

I 

I 

~ 
~ 

s
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