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1 DBgaeneune

WsBectro, 90 cHATHE BO30YXKIeHWS Anep MEET MyTeM HCHOYCKAHAHA paid-
JMYHEIX JacTUX ¥/mid feneHneM. Ecim orpaEmdnTses He ciammkoM Gonsmm-
ME 5HepIHAME Bo30yXIeHAS W He PaCCMATPHBATH OGIACTS MENAIAXCE SAep,
TO NCIIyCKaHZe HeHTPOHOB ABJISETCE MONYac Hamboslee JacTO BCTPeTalOmIIMCS
crnoco6oM neBo3byxneEnd. JleCTBATENBHO, €CIIM MBI PACCMATPABAEM SHePrUX
Bo3byxnerus E* szep BIe mopora oTZelleHmd HeiTpoHa (J, TO HCImycKanue
HeHTPOHRA SBHO NPeANOITHTEIbHEE HCITyCKARN A Y—KBaHTOB B CAIY OTHOCATEIb-
HOH IIONaBJIEHHOCTH JICKTPOMATrHATHOI'O B3aEMOJEACTBAL WO CPaBHCHHAIO C
cunsHEEIM. C Zpyrolt CTOPOHE!, eciiu sHeprud E* He cimmikoM BesMKH, ACIMYCKa-
HEe 3aPs2KeHHBIX 9acTAN (IPOTOHOB, allbda | Ap.) MOoKeT 6LITh CHIILHO HONA-
BIIEHO 32 CYeT Hanwdus KyIoHOBCKoro 6apsepa. TaxuM o6pa3soM, ecim He HHTe-
pecoBaThbCf HEKOTOPHIME CHENHAILHEIMA COCTOSHAIME 41lep, B KOTOPHIX HCIyC-
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KaHHEe HEUTPOHOB MOXeT OHTH HONaBIeHO B CHIIY KaKAX-Iu60 IpIImE NuEaMn-
9eCKOro XapakTepa, B 60IBIIAHCTBE TAXKEIRX 1hep HMeeTCs o6IacTh 3HepraiA
BO36yX/IeHEd, IPU KOTOPHIX HCIYCKAaHHe ONHOI'O WJIH HeCKOIBKHX HeATPOHOB
ABJIgeTCs TIABHBIM cOocoboM cHATHS Bo3Oyxnemus. Tak, niaa sgep ¢ A ~ 100
Taxoe yTBepxkJeHHe, IO-BANEMOMY, Bepro npa TMaB < E* < 50M5B.

Ecnm MaTepuackoe fmpo obpasyeTcs Bo3byXmeHWeM MAaJIOro 9UCIa CTeme-
Hel cBOGOIEL, TO BO3MOXHO IIpeNpaBEOBECHOE HCIYCKAHNE HeHTPOHOB, KOTOpOe
IPUBOOAT K 06OTAIlIeHAIO XKECTKOM YaCTH CHeKTPa HeHTPOHOB (CM. HaIpHMep,
paboTu [1)-[5]). CrTyanus cTaHOBETCA GIH3IKOE K TEPMOAAHAMUIECKOMY PaB-
HOBECHIO Ha (oree MO3XHEX CTANEALX 3BOJIONMA CHCTEMEI, T.€. BTopas CTalus
- paBHOBECHOe HCIycKaHOe HEHTPOHOB - BCErZJa IPHUCYTCTBYEeT B IPONECCAX
neBo3byxneams ampa. O@HAKO B PAfe CIIydIaeB MEXaHA3M BO30YXKIEHAS AXPA
TaKOB, ITO ACIyCKaHWe HeATPOHOB MPaKTAYECKN HEIAKOM OOpenesseTca Tep-
MOIMEAMAIeCKA PABHOBECHRIM mpomeccoM. K Takum cirygasM MOXHO OTHeCTH
HCIOycKaRwe HeTPOHOB OCKOJIKAMHY JeleHAd Sfep. .

B vacToseilr paboTe Mu GyaeM o06CyKAaTh ML HePeXONBl MEXIY COCTO-
AHAAMI BO36YKIEHHLIX Anep, MPENonaras, 9T0 SApa HAXONITCA B TEPMONHA-
HaMHAIeCKH DABHOBECHBIX COCTOSHHAX. B 3TOM ciIydae HCIOyckaHWe HEMTPOHOB
upHEOOpeTaeT mOCIeNOBaTEIbHKIL XapaKkTep.

CrexTpsl HeXTPOHOB, BO3HAKAIOIIMX Ha TePMOIAHAMEIECKON CTAIHA NEBO3-
O6yxnenms gnep, o0CyXKAAINCH B (UIMIECKON JINTEPATYPE B TeUEHHH HOIIOT0
BpeMenu. C TeopeTuaeckoil TOUKH 3peHES $OpMa pacHpeneleEAd IO KUHETAYe-
CKOM HEpPTr'HHE £ HEHTPOHOB MCCIENOBANIACH B opurmHaibHEX paborax Jle Ky-
Tepa [7]. OcsoBHbIe pe3ynbTaTH [7] H3TOXKEHH BO MHOTHEX MOHOTpausax Io
anepHO# ¢uamke, CM., HampEMep, [8, 9).

Hapany co cnekTpoM HeATPOHOB™ BO3MOXHO H3y9€HAE M ABYXIaCTHUHBIX
KOppeNISNHOHEHLIX HeATpoBHERX bynaxumi R{E*, €, €3). Takas 3anaqa skcime-
PHMEHTAIILHO ABJIfeTCS HECOMHEHHO 6ollee CI0xHOM, IeM ompelesieHHe CIeK-
Tpa HeiliTponos p(E*, €). B nocnennee BpeMs AByX9acTHIHAS KOPPEIAIIAORHAL
$YHKUMS IDAPOKO MCCIENOBAdach B GH3MKe 3IEMEHTAPHBEIX JaCTHI H aXpOH-
A0ePHEIX B3aUMOAEHCTBALX IPH BBHICOKEX JHEPTEEX, CM., Haupmmep, [10]-[12].
IIpm 3TOM O6HYHO peanmM3yeTCs TakKad IOCTAHOBKA 3KCIEPHIMEHTA, YTO HET
IPUYMH HPeANoIaTaTh Halwdnd KaKBX-TH60 KOppeNanail MeX Iy HCIylIeHHR-
MM JaCTHEDAMH, €C/IH AX MMIYJIBCH He 013K APYT K apyry. B cayuae 6nm3kux
MMITYJIHCOB Takme KOpPPEJSNnA OOKYHO CBA3aHB! CO CTATICTHYMECKAMH CBOM-

‘HMeI0TCH W ApYTHE NPUMEPH! SAEPHLIX PeaKliMii, B KOTOPLIX AAPO 06Pa3yeTca NPEUMYLIECTBERHO B TEPMO-
ANMHAMHEYECKH PABHORECHOM COCTORHMY (THIA KomOayHa-iapa). Hanpumep, pacueTn peaxuuit ¢ HecoxpaHeHHeM
YETHOCTH B MPEANONOKeHHN 00pa3oBaHHA KOMIIayHA-ANPa XOPOLIO COTTACYIOTCH ¢ 3XcllepumeHTOM {cM. 0b30p
[6] u ccuanku B Hem).



3

CTBaMH TOXAECCTBEHHHIX JACTHN W B3aWMONEHCTBHEM B KOHETHOM COCTOSHUN
I7I8 KOpPeNHPYIOIMX YacTHI, CM., HanpuMep, paborst [13], [14] w cchukn B
HEX.

O6paTuMcs K BOOPOCY 0 KOPPEIALMOHEOR GYHKIHA ABYX HEATPOHOB, MCIy-
IMeHHLIX B Oponecce nepo3fyxnenns gapa. B oTamdue 0T ODOCTAHOBKY 3aXadl
LUpH BLICOKEX 3HEPIHAX 3LeCh MOXKET CyIeCTBOBATH KOPpPeIinus HCIYIHeHRRIX
J2CTAN XaKe IPH AOCTATOTHO GOMBIIAX OTHOCHTENLHEIX IMIYIbcax. ORHako
TakHe KOpPEIAIMH BOIHAKAIOT He B CHITy KBAHTOBOM NPHPONE! ACHYIIEHHBIX
06BEKTOB, a B CHIY KIACCHYeCKMX KOppelnanmi, oGyCAoBIeHHHNX orpaHudeH-
HEIM ¢a30BRIM 06beMoM H, UT0 bolee CymiecTBEHHO, MEXAHH3MOM LOCTIENOBA-
TeIbHOTO MCHYCKaHMa JacTHIL.

OKCUepHMEeHTAILHO HWHTErpalibBad T0 BCeMY CHOEKTDPY KOPpPendllHOHHAS
OByXHeATpoHHaZ (yHKIHS m3ydanack B paborax [15]-[17). Bonee meTamsmoe
HCClIeNoBaHne KOPPENAIMONHOR (YHKINA B COOHTAEHOM Ne/leHuy 41pa B0,
BKIIOYamplllee H3MEpPeHne YHEPrail o00EX PEerHCcTpUpPYeMBIX BEWTPOHOB, OHIIO
HemasHo nposegero 8 UTO® [18]. Ilpu sToM 6mta 06HapyxeHa HEKOTOpAd 3a-
BACHUMOCTS Gyakuwa R 0T 3Hepruil HeUTPOHOB B.XOBONLHEO IIAPOKOH oftacTH.

B macrosmieit pa6ore m3ydarwoTcs cBoiicTBa ¢ynknmE R npm ¢dmxcapoBaH-
HOit Hepruu Bo30yxknesus ucxoxsoro fapa E*. B cmywae skcmepuMeHTOB €
meneHmeM, Kak B paGote [18], penmuuna sHEprmit Bo3GYKNEHMI OCKOIIKOB He
duxcmpyerca u TpebyeTcs NPOBOTUTH YCpeNHEeHNE HAOMIONAEMEX BeTHYIH 1O
E*. Tlocnenmsas npouenypa MOMXKHA MPHBOLUTH K CriIaXkKMBAHWIO CTPYKTYP B
KOppeNsAmMONHLIX GYRKINIX, NoTyJeHnsrx npn ¢ukcapoBarHod E*. Mu npen-
nonaraeM obcynuTh 3Ty OpoblileMy B RajlbHeAmMX ny6nmxanmax.

TaxmMm 06pa3oM OCHOBHOM HesTbI0 PAbOTH. ABAAETCS W3YUeHHE CBOMCTB KOp-
PendnmoHHOR GyBKITUR ABYX HEUTPOHOB B IpoCcTelInefi IOCTAHOBKE 3TOK 3a1a-
91, KOrAa He 00CYyXNaloTCAd KOPPESnua, 3aBUCALINe OT OTHOCHTEILHOTO UM-
Iysbca, a JUUlb HepreTAIecKne KOppeliyn.

B pasnene 2 Mu o6cyamM OCHOBHBIE CBOMCTBA BEHTPOHHOIO CHEKTPa M HO-
KaxKeM, YTO yC/oBAE HOPMHPOBKH IPHEBONAT K OTIIMYMIO HEATPOHHOI'O CHEKTPA
B MATKOHA 00JIaCTH IO CPABHEHMIO ¢ TeM, 9TO cnenyeT u3 dopmysnt Jle Kyrepa
[7, 8]. OToT acnekxT panee B nuTepaType He o6cyxnancs. Pe3ynsTaTs pasmena
2 m pBeneHHRE TaM 0003HaUeHHA HCHONB3YIOTCA B pa3felie 3, THe HOTYYeHO
BHIpaXKeHWe NNIf KoppensanuoHHOH (pyHKuwmm W obcyxmaioTcs eé cBoicTBa. B
pasnene 4 NpuBeneHb OCHOBHBIE BHIBOOE!, a TaKXe obCYyXAai0TCA BO3MONKHEIE
CHE[CTBHEA L1 CIeKTPOB H KOPDEeIANUOEHEIX QYyHKORA 33 CIeT KOHKYpPeHIHU
HeIITPOHHOrO KaHAaja ¢ OPYTHMH MOOAMU pacmala.
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2 O6mue CBOMCTBA HEMTPOHHOIO CHEKTPa B npulimxe-
HMM TE€PMOXMHAMMYECKOr'0 PaBHOBECHUS

B ofutem cnygae Gananc sEepraw npu nepexonax A — B+n ¢ ucnyckarmeMm
HeATpPOHA EMeeT CHEeNYIOUTHA BAN

E'(AZ)=E(A-1,2)+Q+e, (1)

rie ()-3HeprHA CBA3WM HEUTPOHA B MATEPUHCKOM fApe W £ - SHCPrEi UCIHY-
menHoro BefirpoHa. IlycTs w(g, £) eCTh MIOTHOCTL BEPOATHOCTH ACHYCKAHUL
HeHTPOHa C 3Heprued ¢ m ¢ = F* — () - MaKCUMANbHEO BO3MOXHAsA SHEPIHd
BeiirTpora. Torna w(q, €) onmpenensieTcs cyMMoll BepOSTHOCTEH mepexonoB Ha
pa3nAdHbie YpoBHH modepuero snpa B(A — 1,Z). Ecam pews mmeT o BEICO-
KoBO36YXK/IEHABIX YPOBHIX, TO OHA PACHONOXKEHH [IOTHO, MePeKPHBAOTCI O
MOXHO TOBOPHTH 0 HellpephBHOM dyrkrmn w(g, ¢). Onnaxo obnacte GobImmEx
3HEPIEH HEATPOHOB OTBEYaeT 3aceneHue HE3IINX OUCKPETHHIX YPOBHEH A1pa
B(A—1,Z), noaToMy B CIeXTpe HeHTPOHOB NPACY TCTEYIOT TakXe AUCKPETHEIE
mumze. CenoBaTestbHO, B obmem cirydae dyaxmus wig, £) EMeeT B

w(g, €) = Wnenp(q, €) + zo Ciq)8(g - Ei — ), @)

roe E; - sneprum Bo36yxnerrex yporreit u C;(q) - BepOSTHOCTH IePeX0IoB Ha
rmux. [Ipu s>ToM dyrxmus w(g, £) BOPMUPOBAEA YCIOBEEM

fwe e)de =1, 3)

T.K. MBI IPEINONIaraeM, 9T0 Bee JeBo30yxKNeHre OCYIeCTBIISETCS JAIh 3a CIeT
HCOyCKaHnd HEeHTPOoHa W APYTHMHU KaHajlaMu ZeBo30yxheHWs mpesebperaeM.
Bo3sMmoxnALle BINIEUSA KOHKYPHUDPYIOIHX KAHAJIOB IeBO30YKImeHus, HaupuMmep,
3a C9eT Y-KBAHTOB, 06CYKHAAIOTCA HAME B 3aKITIOYeHNN.

Bun ¢dysxnmm w(q, €) B o6meM caydae He ABISETCS yHUBEPCAIbHAIM U 3aBH-
CHT OT TOr0, Kakme YpoBHY B0o30yxknernsl. OmEaxo, eci sreprus Bo30yxIeHRL
IOCTATOYHO Beymka, E* >> (J, MoXHO mpeReGpeds BKIIaOM NepexXoHoB Ha /IH-
HU¥ NJECKPETHOIO COEeKTpa, cIuTads $yEkmmio w(g, £) HempephBEOE. B aTom
ciydae B ¢yHknwE w(g, €) B MITKOA 9aCTH CHEKTPa ABJIAETCY JOBOIBHO
YHUBEpPCATTHHBIM B MoXeT ObITH ommcaH GopMyaMm THUa TeMIepaTypPHBIX.
IIpu 3toM dyskuas w(g, €) DOMKHA 3aHYIAThCA OpH & — (), 9TO yIATHBaAET
obpalmerue B HOJIL Ga3oBoro 06béMa A — B+4n Opm MaKCEMAJIbHO BO3MOXHOM
sgeprum Bo30yxmenus snpa B. Ilpu Gonsmmx srepruax ¢ dymxmms w(g, €)
JOMKHA SKCHOHEHNMAIBHO HajaTh. B cilydae Manelx sHepruil Bo30yXKIeHES
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(mansie ¢) ¢ymsmms w(g, &), BaobopoT, COCTOAT U3 Habopa MUECKPETHBIX JIH-
HEt, OTBEYAOIIAX TepexonaM Ha Pa3IddYHble AUCKPeTHRE YPOBEM J0GIEPHEro
anpa. IlepeuncieEBrle CBOHCTBa QYHKIWM W eCTECTBCHHO HE bukcHpyoT €é
omro3HauHo. OnHAKO IPOM3IBON B BRGOpe w(g, €), KOTZa TUCKPETHHIX CHEKTP
CTAHOBETCH NOMUWHMPYIOLINM, ABIAEeTCS HECYINeCTBEHHBIM 14 OCHOBHBIX pe-
3ynpTaToB craThi. HeficTBuTembBEO, popMmposanye HabmionaeMoro gmsmie-
CKOTO CIeKTPa HEHTPOHOB W BO3MOXKHBIX KODPEJANHONHEIX (pyHKIWA B obmeM
cliydae IOTydaeTcs 33 C9eT HeCKOIBLKHEX IIOCIef0BATeTbHRIX OPOIeCcCoB THOA
(1). HecmoTps Ha To, wTo BuA QyHKOWE w(g, €) O BCeX Afiep, BXOMIILIAX B
TaKylo MeNouKy, MOXeT ObITh DasHHI (pa3IHdHbIe 3HATeHHS (), PasnuMIHbIC
HO70XKEeHN JUHAE [ECKPETHOTO COeKTPa | T.1.), Hanbosiee BaXXHBIM PaxToM,
TIPABONAIIIEM K HOSBICHWIO KODPEJSIHI ABAAETCE TO, 9TO HOCIEHOBATEIbHOE
ACIYCKaHWe HeTPOHOB MIPUBONKET K YMEeHbIIEHMIO 3HEPTr A BO30Y KIeHAA ANPa.
7 TeM CaMHM K W3MeHEeHWIO CBOMCTB MCTOTHUKa HeATPOHOR. JI100BIe yCioxEe-
Bus Bana QyEKuAn w(g, £), IepeavicieHAble BEIe, MOTYT A3MEHATH KOHKpeT-
HBIA BUJ KOPPEeIEIWOBHOR QyHKIUT, HO He YCTPAHUThH €€ OCHOBHEIE CBOECTBA,
CBS3aHHBIE C A3MEeHEHUWEM >Hepruy Bo30yXIeHUS U yCAOBHEM HOPMUDOBKH (3)
Ha KaX[0oM 3Talle mCOycKaHns HeHTpoHoB. Ilo3TOMYy OCHOBHEIE pe3ynbTaTH
paboTHI MOJIydeHbl ¢ MCIOIL30BAHRUEM HelPepRIBHOM PyHKImE w(q, €) BO BCel
obnactu 0 < ¢ < ¢. BamgEme UCKpeTHOro COEKTpa B TeX CAydasX, I'e 3TO
HeobxogmMo, GyZeT 0OTMeTIeHO IO XOAY A3NOXEHUA.

Ilpu nmansbEefimmx pacueTax Mbl GymeM HCIONB30BATH paclpenestesde Baii-

ckonda [8, 9]
w(g, €) = ¢(g)c exp(2y/a(q — €)) , (4)

rze ¢(q) - HOPMEPOBOUHLIN MHOXKETEb, a TapaMeTP @ ONpeelseT MIOTHOCTh
yposHe# B Momerm ®PepMm-rasa, a Takxke ero MOOH(PHKALIIO

w(q, €) = &(q)elexp(2\/e(g — €)) — 1], (5)

CymIecTBeHHO OTIIMYAIONyIocH oT (4) aums B o6nacte € — ¢g. HopMurpoBoaasie
MHOXHTeTH c(q) u ¢(g) npuBenern 8 Ilpanoxennn 1.

B mpenesne ¢ < ¢ oba pacopenenerns (4) u (5) nepexonaT B pacipeneneHne
THIA MaKCBEIIIOBCKOTO

wulg, €) = 7z exp(—7) (©)

rae T = \/q/a. : : .
Bun ¢ymxmmi (4), (5) yxe comepxuT mEQOpManmic o Koppeasmusx. [led-
CTBHTE/ILHO, IOCTIe ACIYCKaHWs IePBOTO HeHTpoHa 3Heprus Bo3OyxkneHms (a
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3HAYAT W ¢) CTAHOBETCH MeHLIIE U TOITOMY CIEKTP BTOPUYBEBIX HEHTPOHOB
OmpeneNFeTCs yxe M3IMEHEHHOH QYHKNHUeH paclpeleeEns, 9TO X UPABOTAT K
kxoppensumam. Taxmm obpasoM m060d BAA QYyHKNUA pacupeneTeHns w(g, €).
HeCyIIHil B SBHOM BEIE HH(DOPMANMIO O SHEPIHHE BO36YKIeHNS CHCTeMbl, GyaeT
OpHEBORYTE K KoppelanmaM obcyxnaemoro Tuuna. Oxa3nBaeTcs, 9TO XOTH Oe-
TaJIlil KOPPENIAUHOHHON (yHKIAY U 33BHCAT 0T KOHKDETHOTO BHIA w(q, £), ee
obmmme cBOMCTBa €l1alo MEHSIOTCS HPH Hepexofie oT ONHOTO pacIpeIelleHas w
K xapyroMmy. B nampEeitmmeM Mut nojaraeM napaMeTp! 4 B () HEW3MEHHBEIMY B
Temo9YKe g71ep, BO3HAKAIOIMX IPA HoCIeN0BATEILHOM HCIYCKaHHN HEHTPOHOB.
OTH TexHIYeCKHE yOPOLIEeHM He SBIISIOTCS KPATHIHRIMA IS HAIero paccMo-
TpEeHH ¥ JIWINE IO3BOISIOT HaM Gollee aKKyPaTHO aHATHTAYECKH HCCIEAOBATD
0c0obE€HHOCTH BXOOALIMX B Pa’ljIMIHbIe BHIpaXeHns GyHKOMEA, 9TO UPHB JHMCIIeH-
HOM pacdeTe COelaTh He CTONb mpocTo. PasymeeTcs B KaXmoM KOHKPETHOM
cyqae pasi@ddd B Berwamuax (J; W a; IpU TPaHCMyTAIUIX f1ep BCIeACTBHE
HeATPOHHRIX IEPEXONOB MOTYT OHITH JIEFKO y9UTeHEI.

HabmonaeMslil Ha oHbITe NOIHEIA cuekTp BeirTporoB p(E*, €) ymobHO mpen-
CTABATEH B BHEJIe CYMMEI ONHHOYHHX CIEKTPOR O BCeM HOCHeXOBATEIbHBIM Pac-

magaM faep

p(E" ) = 21 pil(B"6) | (7)

roe pi(E* €) - LNOTHOCTH BEPOLTHOCTH HCIYCKARUA HCXOZHHIM ANIPOM, BO3-
6yxmeHHRIM RO 9Hepruy F*, HeATPOHA C 3HeprHel £ (mepBoro HEATDOHA B
kackazne). Ogesnnro, aro p1(E* ) = w(q,¢). ARanormuso py(E*, €) — mmoT-
HOCTH BEPOYTHOCTH HMCIYCKaHWS B Kackale BTOPOTO HETpOHA C SHepruem €
10CIIe MCIyCKaHuWs HEepPBOro HedTpoHa ¢ mooboi momycrmMoi SHeprmey. Oupe-
IeneHMe OCTATHHBIX GymEKumi pi( £*,¢)wouennnao. Kpome dyuxumi p;(E*, )
yno6HO BBecTH BcmoMoraTenbHnie dyEkmmm F;(E* z), casamune ¢ p;(E*, ¢)
COOTHOMIEHUIMU:

n(ESe) = /Pk_l(E*,I)w(q;, ~z,e)dr . (8)
s dyexmmit P;( E*, £) mMeeT MecTo peKyppPEHTHOE COOTHOIMEHIE
P(E",2) = [ Pia(B*,p)w(qe — 9,7 — y)dy (9)

¢ ycnosuem Py(E* &) = w(gy,€). Benmauna g, = E* — k@), a n ~ MakcuMalIb-
Hoe 3HadeHme k, myis KoToporo g > 0. O6nactu meTerpupoparns B (8) u (9)
oUpeNeNA0TCS U3 YCIOBHH, UTO Gyukumn pi(E* z) u Py(E*,z) oTau4sEr oT
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wyng npn 0 < z < g. 3ameTum Takxke, aTo coriacHo (8) Py(E*, x) ecTs mnoT-
HOCTH BEepOSTHOCTH TOTO, ITO IEPBEIE k HEATPOHOB HCIyCTATCE C CYMMapHOU
KHHeTUIECKOH 3Hepruey z.

Benmunra p(E*,€) ompenenser @ cpenHee 9HCIO HEHTPOHOB < V >, HCIYy-
LIeHHLIX IPH TeBO30YyXIeHAH Apa,

[p(E* e)de =<v> . (10)
lIJIﬁ MOKa3aTeJIbCTBa 3TOI0 YTBEPXIOCHHA 3aMeTUM, 9T0O BEJINIAHA
Se= [pe(E* e)de - (11)

€CTh, 09€BUIHO, IOJHAL BEPOSTHOCTH TOro COBEITHL, YTO B Opolecce IIEeBO3-
OyXneHAZ ACOYCTHIOCH He MeHbme k HedTpomHoB. Torma semmamna Z; =
(Sk — Sky1) eCTH HOITHAS BEPOATHOCTH HCIYCKaHUA POBHO k HEATPOHOB H

n
<V >= Z kZ; . (12)
k=1
Orcrona nerko cnenyet ytBepxnerue (10).
CrmekTpaM 9acTHIN, WCIYLIEHHRX BO36YXIEHHHIME SAIDaMH, NOCBAILEHO
MHOTO paboT, cM. moHorpadmm [8], [9]. Jle Kyrep [7] momysmn nns mommoro
HEHTPOHHOTO CHeXTpa NPUGIMKEHHOEe aHAIHTAYECKoe BHIpaxeHde (HOPMHEDO-

BAHO Ha COUHRANY)
-1

PE",e) = Spayesp(=) (13)

roe 7 = (11/12)T m 1 = 16/11. 3necs T - "MakcBeiutoBckas” TeMOepaTypa,
XapaKTepH3ylodiad CIIeKTD ONHOTO HEATPOHa NPH HadajIbHOH >Heprum Bolby-
xkneaas BE* u I'(l) - ramma-dysxmas. Popmyna (13) 6buia nonydena B npen-
TOJIOXKEeHWH, YT0 HCOYCKaeTCs B CpelHeM MHOTO HEATPOHOB, < v >>> 1, m Ha
KaXKJIOM 3Talle IIpoIecca CHEKTP {-0T0 HeHTPOHA SBIIFETCH MaKCBEINIOBCKAM C
HekoTopoit Temmeparypoit T;, T; = \/m, ¢ = FEi — Q, rne E; - cpenmas
3Heprus Bo30yxIeHNs AIpa, UCIYCKAIOLIETO -l HEXTPOH.

3ameTum, aTo cuexTp (13) obpamaercs B Hynb Opu € = () X 3aBACAT OT
3Heprum Bo3dyxnerus F* mums gepes mapamerp 7 - 3¢ ¢GeKTHBHYIO" TeMIle-
paTypy.

Hasinem, kakx BHragaaT cuekTp (7) opa yciomm (3) ¢ BrpaxenaaMu (4),
(5) mns Buma ysxnmm w(g, £). [Ipexne Bcero o6paTum BHAMaHNE Ha HOBENEHAEe
cOeKTpa B 001acTH MaJIBIX 2Hepruil HedTporoB ¢ — (. UMeeM cooTHomreHme:

p(E*,0) = gm(E*,O) ~ (14)
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Yrobu saramcmats pi(FE*,0), paccmorpuM nonpobHee BHpaxenme (8) mius
px(E,€) B mpeneste MaJIBIX €£:

pe(E* ) = /:" Pi_1(E*, gk — 2" )w(z,€)dz’ - (15)

3mech npomaBeneHa 3aMeHa mepeMeHHEX &' = ¢ — 2. Pa3zobbeMm Temeps mBTe-
rpai (15) mHa cymmy mByx

§
(B8 = [ Powed + [Py weda (16)

rme € < ¢ < ¢p. BEOoHO, 9TO IpH CTpeMIIeHEH € K HYJIIO BTOPOM HHTErDAI B
(16) obpamaercs B Hyms. UTo ke KacaeTcd DepPBOro HHErPalia, TO, YIMTHBAL
HenpephBEOCT, GyrKumA Fj_1(E*,z) upa £ < ¢x_1, a, Cllel0oBaTebHO, A B
TOIKEe T = @ < Q¢—1, DOITyIaAEM

pk(E*,O) =C- Pk_l(E*, qk) . (17)

Kax orMmewamnocs Brume, pyaxmas P (E*, z) ornaasa oT Hyns B mMeeT Opo-
cToit pusmueckmit cMuch., UTo xacaeTcs koHCTaHTH C', TO MOXHO ITOKa3aTh,
YTO AJIf ZOCTATOYHO UIEPOKOrO Kiacca PyHKUmi pacupenerenus w(g,£) € pa-
3YMHEIM HOBeNeHHEM IO £ B Hylle IMEET MeCTO COOTHOIIeHUe

c>1 .- (18)

Ilpz Hanw<WA OACKPETHOTO CHEKTpa KOoHCTaHTa ' = 1 BHe 3aBACHMOCTH OT
KOHKPETHOTO PacmonoxeHns ypoBEeid E; u BeposTHOCTel nepexona Ha Hux Cj.
Pacnpenenenmam (4) m (5) orBewaror xorcTarTH C = 2 m C = 5/2 coor-
BeTcTBeHHO. J[0Ka3aTebCTBO STHX yTBepXKOeHM IpuBenero B IIpmioxennn
2. '

Taxmm obpa3oM, eclIE HCXONUTH B3 CHCITAHHLIX HAMM IPENIOJIOXKEHMH, TO
CIEKTD HEATPOHOB B HyJle KOHEJeH, KOTla SHEPrUHA Bo30yxKIeHNS TaKOBBI, ITO
BO3MOXHO WCIOyCKaAWe XOTd OR IBYX HEMTDOHOB. JTOT (GAKT MOXET 6m'ri~.
upoBepeH B 3xciepaMerTe. Otimmaue p(E*,0) oT Hyng ecTh CEACTBHEE yCIOBAL
HopMEpoBKH (3) bynkmmm w(q,<). ?

3amernM, ogHako, 9T0 Ipa BEBoae dhopmyin Jle Kyrepa [7], xors u npere-
6peraiock OPYTAMHA kaHATaME paclafa, BEPOSTHOCTE w(g, &) yciropmo (3) He
ymoBneTBopaiIa. JleAcTBATENBHO, B [7] MCHOIB30BATIOCH MAKCBEIIOBCKOE BEIpa-
xenme s w(g, €) (6) c TemuepaTypoit T = \/q/—a. B o6is1acTE BHCOKHX 3HEPrEl

2B pabote [19] 6Li1a OTMeYeHa APYTas BOIMOKHOCTE HEHYJIEBOIO IHAMEHUS CIEKTPA HEATPOHOR NpH € = 0.
Taxoe nosefenre BO3AMKANO OPH yCPeAHEHHA CIEKTPA REHTPOHOB 1O SHEPIEH Bo30yXneHHs E* Takxke B caxy
ycioBEA HopMupoBku. Mut Graronapas E.A.Cepernnol, ykasasmei naM Ha 3Ty paboTy.
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Bo36yxknernns T < ¢ u (5) OpakTHIecKH COBIANaeT ¢ HANIAMHE PaclpeneneHA-
gvu (4,6). OnHako mpw MalhIX ¢ OKasmiBaercs, 9o T > ¢, 9To QU3HIECKH
6eccMEBICIeHHO, ¥ IPABOAUT K HPOTHBOPETMIO

Fwna,)dg 4 —0 . (19)

Taxum obpasoM ycnoBze HOPMEpPOBKH (3) Hapymaercs A HeHTDOHH IPH Ma-
AKX 3HEPrUIX BO3GYXKNeHU OPAKTHIeCKH He HCOyCkKaioTcif. Ha Ham B3rTIan
3TO fBIgeTCE Cl1absM MecToM paboTH (7] ¥ HPHBOOWMT K HEOPAaBHILHOMY IO-
BeJEHWIO COEKTPOB IpH MAJIEIX € < T

PaccMmoTprM Teneps, xak 3asucut p(E*, 0) or smeprum Bo3byxuenns E*.
PaccMoTpnM cHagasa cirygaif, KOra MOXeT HCOYCTATHCH JIHIOE IB3 HEHTDO-
Ha, T.e. B* = 2Q + A (A < Q). B s1oM cayqae p(E*, 0) = Cpi(E*A) =
Cw(q, A). Taxum o6pazom mosenenme p(E*, ) B aTOM ciydae ompenenser-
ca noBenenreM ¢yEkmmd w(qy, €). Ecam Mer HaxonmMca B ” MaKCBEIIIOBCKOM”
pexmMe, aQ) >> 1, To w(gy, A) ~ w(Q, A) n m3MeHeHNe QYHKUWA B OCHOBHOM
onpenengeTcs 3aBECHEMOCTBHIO w OT BTOPOro apryMeTa. Ilpm sTtoM dyHKOmS
W EMeeT Pe3KmH MAKCEMYM IIpE Mamhix A ~ /Q/a € Q, a 3HaumT WMeeT
MaxcaMyM r ¢yexnas p(E*,0). Ecnz xe A He Mana, pysxuousg w(gy, A) 3kc-
IOHEeHIWAILHO OKABIeHa U, clefoBaTeasHo, p(E*, () Takke sKCHOHEHUEATLHO
monaBnera. Takum obpasoM, dyHkmus p(E*,0) pesko BospacTaeT BGIE3HE Ho-
pora HCOYCKaHWs BTOPOro HEWTPOHA W SKCHOHEHNZAILHO HONABICHa BIAIE OT
gero. [logo6Has KapTHHA AMeeT MECTO U IPH IMPOXOXKIEHUA KaKIOTO CIeNyIo-
mero n-ro mopora. IloBemerne ¢pymxnmn p{E*,0) B 3aBHCEMOCTHE 0T SHeprmH
Bo36yxmerng E* nokasamo ma puc..1l. onguepkaeMm, omEaxo, 9T0 TeTKAe Mak-
coMymsl ysxnen p(E*,0) B61m31 H0pOros IPOIBRILIOTCS JINIIL OPH YC/IOBUH
a@ >> 1. C pocToM n IONOKEHAL MAKCAMYMOB CIBATAIOTCSA B CTOPOHY 60NnbIIHX
3HEeprHii 0 OTHOMIEHA K ‘0uepenHoMy mopory. CaMu e MHKH CTaHOBITCS BCe
Gonee pasMBITEIME. BricoTa TMKoB y6uIBaeT Kak ~ 1/n, a X MIAPHHE! PacTyT
C POCTOM 7 B TIPH 7t ~ Ny, TOE

m < Nzap b \/;- ) (20)

¢yaxmas p(E*,0) cTaBOBETCA ri1ankoil, 6oiee DOOPO6GHOe H3JIOXKEHHe 3TOTO
taxTa mago B llpmmoxernu 3.

Ha puc. 2 npuBenesn cnektpsl p(E*,¢) nng pasimdHatx 3Had9eHun E*, mo-
TydeHHHE YACHEHHO. BRYNCIeHAS TPOBONWINCH METOINOM MOHTe-KapIIOBCKOIo
MOZEeIMPOBAHEA IIPOIIECCa MOCIeNOBATEIIEHOTO HCYCKaHny HEETPOHOB B COOT-
BETCTBHH ¢ pacmperneiiermeM (5) Ha kaxmoM sTame. Hpnm sToMm Hcmoss3oBa-
nmch Gnmskme K 7 peanmcrmdeckny” 3HadeHms IapaMeTpoB a = 10MaB!,
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@ = 6M5B. Kak cinenyer m3 puCyBKa, B 06/1aCTH MaJHX £ HabiIoOoaeTcs Cy-
IECTBEHHAA 3aBACUMOCTL (POPMHE CHEKTPOB 0T E*, KX0Topas MPOUCXONAT Lpe-
AMYIIECTBEHHO OT CIIAraeMbIX, OTBEYAOIMY BKIaXy MOCHEIHEro HEMTPOHA B
DOJIHHIA COeKTP. DKCIIepEMeHTAIbHEE AaHHLE, IpuBeficEHELe B pabore [20],
TaK¥e YKa3sBalOT Ha TO, 9TO CHEKTPH HEHTPOHOB UMEIOT PasImdayIo dhopMy
upu: pasHux E*. OTMeTHM, 0ODHAKO, 9TO HalifieAELle HaMW OTIMYRS B CHEKTpax
HeATPOHOB OT ciekTpa Jle KyTepa cyrmecTsesHHM iuuns Opa He 09€Hb HOIBIIAX
SHeprugx Bo3byxmemms anep E*, xorma n HeBenuko. [lelicTBATENLHO, BKIAH B
IOJHBIA CHEXTP HEXTPOHOB BOIH3HE ero MaKCHMyMa HAlOT BCe N1 HEHTDPOHOB I
BRICOT2 CIIeKTpa B MakKCEMyMe ~ /n. 3HadeHHe ke MAaKCHMyMOB GYHKIHE B
Hyre p(E*,0) magaeT ¢ pocToM n 06pATHO NPONOPUMOHATLHO 1. TakmM o6pa-
30M IpHA 7 3> 1 CHeKTPH HEHTPOHOB B CpeNHEM HOJDKHEI MaJI0 OT/IAYATHLCSE OT
cuexTpos Jle Kyrepa (13). Hanbonee spkue oTimams HabmonaeMhIx CIeKTPOB
oT (13) moIPKHEI mMeTHh MeCTO IPH MAJIkIX 7.

3 IIsyxHeATpPOHHAA KOPPEIANNOHHAS QYHKIUA H ee
CBOMCTBA

Paccmo'rpm Teneph TaKy:o MOCTAHOBKY 3aladl, KOrJa B KaXXAOM KacKalie
"MOT'YT PETACTPHEPOBATLCA IBa HEHTPOHA U W3MepaioTcs ux sHepruu. Ilo arano-
rux ¢ (7) onpemenmy nBofHOM HefTporANE cuekTp p(E£*, €1, €2) COOTHOMEREAEM
p(E* e1,62) = ) [pi(E*, €1, €2) + pij(E®, €2,€1)] (21)

<7
roe p;;(E*,€1,62) ~ NIOTHOCTH BEPOATHOCTY TOro, ITO MpH MCIyCKAHWN Hel-
TPOHOB SPOM ¢ HadaldbHOA 3Beprueil Bo30byxnenns £* 6yoyT mCOymmeH:L Hel-
TPOHKI C 3HEPTHAME £1 4 £9 HA $-OM H j-OM 3TailaX Opoliecca. 3aMeTHM TakKxe,
9T0

pi(B*€) = [ pii( B* e1,8)dey (22)
Torxa, cornacHo (11), monygaeM
/Pij(E*,El,Ez)dfldEZ =5; . (23)

Ws (21) u (23), yamTaBag, uro S; = LI ; Z;, mMeeM

[ P(E" €1, 2)derdey =2 Zg(j -1)8; =
J:

=2Z":Zi' i(]‘“l) =
=2 j=2

— -



11

n
=Y i(i—-1)Z;=<vir-1)> . (24)
=2
BeeneM koppensumorHyo ¢yskmmw R(E* ¢1,£9), onpemeneEHyI0 COOTHO-
meHmeM

" _ 1 p(E*ee) '

R(E*,e1,69) = Rop(B e )p(B*rea) (25)
rre Ry =< v(v —1) > / < v >2. Takum o6pa3oM ompeneseHHas GyHKOHS
R(E*,€;,€7) ofpamaeTcs B €IAHHENY IPA HE3ABHCAMOM HCIYCKaHEW HEHTpPO-
HOB, KOTZ[a Ha KaXXIOM HTale Kackaa HEATPOHE HCOYCKAIOTCH C OIHOE B TOH
xe opmoit cmekTpa W(e). HeACTBATENLHO, B 9TOM Clydae OJIf CHEKTpa Hei-
TPOHOB EMeeT MeCTO COOTHOIHCHHE

p(E*,€) =< v > -i(e) . (26)

Gynxmms w(e) onpenenseTcs CBOACTBAMA ACTOYHNKA, KOTOPEIA He MEHSETCH B
TpoIlecce MCIYCKaHWS HefTPOHOB (CPaBHH, HaIpHMep, ¢ apryMeHTaMu paboT
23], [14]).

B cooTBercTBmE c (24) B 5TOM Cilydae MOIydaeM

p(E* e1,e2) =< v(v — 1) > w(e1)w(eq) (27)

H OTCIOA CllefyeT, 9T0 B CiIIydae IOJIHOH HE3aBHCAMOCTH OTHEILHEIX aKTOB
HCIyCKaHMS HeATPOHOB MH mMenm 661 R(E™, e1,€9) = 1. Kax Gynmer Bumro u3
DmajbEelmero paccMorperns, pyrkmus R(E*, €1, €y) aBngeTcs ”xuBoi” QyHK-
Oyeill CBOMX apryMEHTOB.

Oycrs E* = nQ + A (A < @Q,n > 2). Torna ¢ysknus R oTimmdEa OT
Hy7lf BHYTDE TPeYyTOIbHOH 06i1acTh £ + €2 < ¢o Ha INIOCKOCTHE (€],€2), CM.
puc. 3. DTa 061acTh COCTORT W3 momoGmacTeit 2,3,...,n, pa3suelleHHLIX P IMEIMA
€1+ €2 = qx(2 < k < n). B k-oit momobaacTe mBokiHOA cnekTp (21) comepxuT
BK7al OT CjlaraeMBIX, OTBeYalOLINX YHUCITY V MCOYINeHHRIX HeATpoHOB 2 < v <
k. : :

PaccMorpaM moBemenme ¢ymkmum R Ha rparume. CHadala OorpaHWIUMCH
BO3MOXKHOCTHIO BBUIETA TOJIBKO ABYX HEHTpoHOB, 2 = 2. B 3TOM crygae mMeeM

p(E*,e1,€9) = w(q1,€1)w(qa — €1, €2) + w(qu, €2)w(qa — €3,61)  (28)

Otcrona cnenyer, uro ¢pysxmus p (28) paBHa Hymo Ha rpaBunax £, = 0 u
0<e1<qgpue =0, 0 < e < ¢, Tak kak pysknms w(q,0) = 0. lpu
atoM R(E*,€1,€2) Takxke paBHa HyIO Ha 3THX JIRHHAX B CHILY TOrO, 9TO, KAK
IOKa3aHO B pa3sfielle 2, 3HAMEHATEND B (25) B yKa3aHHBIX 06/1acTAX B Hylb He
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obpammiaetcs. Ilpw €1 + €2 = ¢s, €1 < o, &2 < g2 pymxmmm p(E*, €, &)
u R(E*, &1, €2) obpamaioTcd B HylIs (OTIMYHEI OT HYNL), €CIE QYHKIUL w
obianaetr cpoicteoM w(q,q) =0 (w(g,q) #0).

PaccMoTpnM Temeps moBenenume dyHkmmm R(E* ey, €3) npm €; = &;. 3a-
MeTHM, 9T0 $yHKIug R cEMMeTpHIHa OTHOCATEIHLHO IPIMOH € = &2. IlycTh
w(g,e) — Aef mpu e — 0, rne f > —1(6 = 1 nns pysxmmt Buma (4), (5))-
Torma mpe A — 0(e < A/2), monygaem

P(E", 5,€) = 2u(as, Jw(A - e,¢) = 2407~ 2P(1 - 2) 7 f (5 z ) (29)
n
P(E', &) — AN + AN [\ P Sy Ty, (30)
roe z = €¢/A (0 < z <1/2).3nech BBenena QyEKIHUS
f(2) = lim qu(g, ¢2), (31)

KoTOpas ompeneiseT $popMy cmekTpa HeliTpoHa npm ¢ — 0 .z = €/q (cM.
IIpmnoxennme 2). lIpm A — 0 ameeM Taxxke

Ry=<v(r-1)>/ <v>¥528 - 24(8+1)"1a%! (32)
Us coorHOmenmi (29) & dopmymsr (25) mmeem
R(E"&, €)a0— A1) F(2) (33)

roe F(z) — HekoTropas HeCHHTYNgpHas GyEkmas ot r. TaxmM obGpasom
R(E*,e,e) — co mpu A — 0 m z = Const. Ha puc. 4a w3o6paxeHnl npoduim
¢yaxumm R Ha mpaMoit ¢ = e ong E* = 2Q + A m pasmeix A(A £ Q),
TOTydeRHRE JHECIEHHEM IyTeMm. M3 3TOro puMcyHKa BHIOHO, 9TO 3HAYEeHHS
R(E*, ¢,€) B MakCEMyMe BO3pacTaioT TPE yMeHbIIRAR A.

Ipencrasneame o mpodmie KOppensnmoEHOM GYHKIHE BO Bcelt obiIacTm
ompeneneHAd naloT 3aBucuMocTu R(E*, €1,€2) OT €) UPH Pas3HBIX £2, HOIyYeH-
HHe YnCcieHAbM nyTeM. OHR TpeXcTaBieHH Ha puc. 46. Peskme MakcmmyMer
GyHKIEE OpH MaibIX B GoubImmx €y (KpEBHe 1 M 6) oTpaxalT TOT dakT,
9TO0 yrioBhie Touk# A u B (puc. 3) spnsioTcs cymecTBeHHO 0COBKIME TOTKAME
dyrkman R. Iins mokasaTemscTBa 5TOro $hakTa PacCMOTDPEM LOBELEEHe (QyHK-
nom (28) BO/MA3M TOUKH €1 = g2, €2 = 0 (Togka A Ha pmc. 3). B aroit Touke
BTOpOe ciaraeMoe B (28) ofpamaeTcs B Hy«Ib, a HepBoe BO/IM3A Hee uMeeT 10-

senerne ~ f(ea/q)/q, rme ¢ = g2 — &1 (dyHKuHMs f(r) onpenenena paBeERCTBOM
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(31)). Oycts f(z) ~ z* (a > 0) opm £ — 0. Torna, nprbmxasce K Toake A
B IUIOCKOCTH (£1, £2) TO 3aKOHY €2 ~ (g2 — €1)° mpm 8 > 1, mMeenm

0 (8 > Bo)
R(E", €1, €3) — { const > (B = fo) ’ (34)
00 (1< B < fBo)

roe fo = (@ +1)/a. Takmm 06pa3oM IOKa3aHO, 9TO A - CYIIECTBEHHO 0C0Gas
Touka. @ymEKIMAM BUOa (4), (5) oTBewaloT 3Hadenus o = 1 u §y = 2. llpodpumm
¢yaxmum R Ha prc. 46 mpencTapieHEHl A4 BapHaHTa coekTpa (5). lIpemsapn-
TeTHHLIA aHAJM3 NOKA3KIBAET, ITO YIeT OUCKPETHOHR COCTaBISIONe HEXTPOH-
HOTO CIEKTPa OPWBOLAT K MAJKM HK3MEHEHUSM KOPPEIALFOHHON (yHKINE B
Gonmpmelt 9acTH 06IACTH ee onmpenelleHME, CyIIeCTBeHHEle H3MeHeHMA GynyT
IEmb B 00j1acTA BOIN3A MaKCHMAIBHO BO3MOXHEIX 3Ha4eHHAR €] + £2.

Ilpr n > 3 croficTBa QpyEKmmE R OTIMYIAIOTCA OT COydas 1 = 2 TeM, 4TO
R(E*,e1,69) # 0 ma rpaFmmax 0 < €1 < g3, €2 =0m 0 < &3 < g3, 61 = 0.
JTo CBA3aHO ¢ TeM, YTO OpH n > 3 HeHyNeBoi BK/Ial B IBOAHOA cuekTp (21)
MOSBISETCH OT ClaraeMbix p;; ¢ j > 3. Ilnd X MOX<HO 3aIFCaThH

p,'j(E*,El, 62) =/P,-,j_1(E*, €1, :c)w(qj -z, Eg)d.’L‘ ’

roe ¢yskmms Py(E*, ¢, ) ecTh IIOTHOCTE BEePOSTHOCTA TOro, 94TO Hep-
BHe k HeATDOHOB HCOYCTATCE C CyMMADHOM JHeprued I, a i-Eii HEATPOH
(i < k) — ¢ smeprmeit e. Orciofa asanormaro opmyne (17) momydaM, aTo
pij(E*, €1, 0) = C - P ;o1 (E*, €1, ;) # 00pn 0 < g < ¢;. OTMeTnM Takxke,
aro p;;(E*, €1, €2) =0 B Touxax €; =0, e2=g; m€) = gj, €2 =0mpz j > 3,
T.e. 3TH TOYKH He SBIHIOTCEL ~CYHMIECTBEHHO OCOGBIMH’ B OTiHIHE OT TO9EK
A u B (puc. 3). lloBenenme xe ¢pyrrnam R Ha mpaMoit £; = g7 aHAJIOTAIHO
nosefleEwIo ¢YHKIEA R Ha npaMoit mig n = 2. OTo IPONEMOECTpHPOBAHO HA
pucyEKe 4B ni1g cnydas n = 3. BmuoHo, 9ro nosenenne QyHEKuum B 3TOM CIydae
MaJIo 9eM OTIAYAeTCE OT MOoBefeErd GYHKIMH OPH N = 2 B OCTPHIA MaKCAMYM
npr Maisx A(E* = 3Q + A) Taxxe mpACYyTCTBYeT. 3aMeTHM, 9T0 IJIf 3TOTO
TpebyeTcq BhOJIHEHHNE YCIoBHE a@) > 1.

4 3axkJdodYeHHe

Ilpexne Bcero eme pa3 mOTIepKHEM, 9TO 06CYXaeMble BHIIIE CBOMCTBA
dyuxnmii p(E*,¢) u R(E*, €1, €;) 0OTHOCSTCS K (PUKCAPOBAHHOMA SHEPIAH BO3GY-
Xeans anpa E* # m03ToMy MOTYT 6HITh HCCIENOBAHE! JIMHTb IPH COEIUAIBHBIX
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MOCTaHOBKAaX 3KCHEPAMEHTOB 0 BO30yXaeHmio suep. B Gosee obmieit mocTaHoB-
Ke 3aI1a9W, Korna 3Heprugd E* He dukcmpyeTca TO4HO, HaIpEMED, OIPH HCCIIe-
HOBAHIH OCKOJIKOB IeJleHHS, HeoOX0XHMO IIPOX3IBORUTE YCPeNHeHEE O SHePr Al
BO30yxgerns. Torna obHapyXeHHEEe HaMHi Pe3KHE CTPYKTYPH B QYHKIHALX P
7 R opm E* — nQQ = A << Q MoryTr OHTh CANBLHO criaxens. UTo kaca-
ercs ¢yrkmma p(E*, €), To ee oTIMuMe OT cTaHAapTHOro BEAA (13) OKa3kl-
BaeTCAd CyMIeCTBEHHBEIM B 00/IacTH MaibIX SHEPr'mi MCIyCKaeMEIX HEATPOHOB.
H36uTOK Tak?AX HEHTPOHOB Hambollee OTUETIMBO HPOYBIEAETCE HPHE SHEPIHAX
Bo3GyxJiemns E* = n@QQ + A, A << ¢ = He odessr Gompmux n. Ecmm Ta-
Koe CBOMCTBO OynmeT o0Hapy:XeHO Ha OOBITE, OHO MOXET MMeTh IpaKTHIECKHe
IpEMeHeHRd, HaIPEMep, B HEHTPOHONPOW3BONAIINX YCTAHOBKAX IS TPAHC-
MyTanum (cM., HanpuMep, [21]). Kpome Toro, m36EITOIBEL CATHAI OT MATKEX
HEATPOHOB MOXET CIYXWTh He3aBUCUMEIM UHIWMKATOPOM OYePEeNHOH IOpOro-
BOH SHeprua Bo3byxienus E{n) = ¥ Q;, 9T0 MOXeT 006/eTIATH OompelelleHue
BeawawH ();, TOCKOTIBKY, B OTIIHYHAE 0T HENOCPEICTBEHHOIO N3MepeHns TpeGyeT
PermcTpandy TOJIBKO OXHOTO HEHTPOHA.

Kax puamo u3 pasnena 3, xoppensunonsas ¢pyaxmas R(E*, €, €2), oupe-
nengeMas cooTHOmeHHeM (25), sBnderca ”xkuBod” QYHKIMeR SHePrui £1 U &2
E FMeeT XapaKTepPHYIO CTPYKTYpY. Ycpensennre >Toll Gysknmm no E*, Tak xe
Kak 1 B ciydae dyskmud p(E*, €), BemeT K CrilaXuBaEAIO BCEX 3aBHCEMOCTE.
TeMm He MeHee 04eBARHO, 9To mMiMepenme dyHKNAE K maxe npu MocTaHOBKE
3aa49u ¢ ycpelHeHEeM II0 HEKOTOPOMY MHTEpBAJY HEprmi Bo3byXJeHAs Ma-
TEePHHCKOrO £Ipa NOJ/DKHO OPABONUTE K OGHADYXEHHMIO HeKOTOpOH (yHKITmH
< R >, oTiA9HON OT eIWHWOE U 3aBACAIIEA OT £; ¥ £ B MIAPOKOH obacTH
9HepPruii ACIYINEHHKX HEATPOHOB. DTOT GakT clefyeT HMEThL B BHIY, €CiId
HHTEPECOBATHCH BOIPOCOM KOppeJSIMA ABYX HEHTPOHOB B IIOCTAHOBKE 3aM1a-
9, TPAIWIHOHHON Nis GWIMKY GaCTHI BRICOKEX SHeprmii. B Taxoil mocTaBos-
ke OOBITHO CIMTaeTCHd, ITO CKOPPEIHPOBAEHLIME MOTYT OHITH ITHIND YACTHIIEI,
HCHyIlleHHBIE ¢ OA3KUMEA IMOyIbcaMd. Beiomy e, Ifte MMIYILCH He OIM3KH,
KOppPesIn@sE OTCYTCTBYIOT. MH HpONeMOHCTPUPOBANIH, ITO B HallleM CIIydae
nono6Hoe BEICKA3KBAHWE He MMeST MeCTa H KoppelldnuoHHas GyHKIOES HEeTPU-
BHaJIbHa B IIMPDOKOM MOHAI330HE CBOMX HNEpEeMEeHHBIX. BO3M0}KHOCTL BIIMAHNA
monoGHOro THNa KIACCHIeCKAX KOPPEJIANiii Ha FHTEPOPETALRIO KOPPEJISIACH-
HBIX 3KCOEPHEMEHTOB, MOBHIUMOMY, Cepbe3HO He o6CyXIaacs B IETepaType.
W3 mamei paGoTH cleqyeT, 9TO B 3aBEHCHMOCTH OT IIOCTAHOBKE 3aJa<Yd B PAIE
Cy492eB KaccH9eckye KOPPENAmiy MOTYT HABATh CyIHEeCTBEHHOE HCKajKeHme
dora m1a "KBaHTOBKIX” KOPPEIANHA W WX Y9eT MOXKeT GLITH CylNeCTBeHEeH.

Eme pas sepreMcs k ycnosmo (3). OHo 038agaeT, 9T0 UCHyCKaHUe HEATPO-
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HOBR SBJIFETCH eNMHCTBEHHEIM MeXaHHW3MOM NeBo30yxneHas anpa. OTsrexascs
OT 33pAXEHHLIX YACTHI, ACHYCKAaHWE KOTOPHIX NONaBJIEHO 3a CYeT KyJIOHOB-
cxoro 6apbepa, 0CTAaHOBAMCSE Ha KOEKYDEHNEY HeHTPORHOTO KaHajla C HeBo36y-
X[IEHWEM 3a CUeT Y-KBaHToB. [IpH mocienoBaTebHOM HCIIyCKAaHUN HEHTPOHOB
~-KBaHTH MOI'yT CYIIECTBEEHO KOHKYPHPOBATH TOIBKO C MCHYCKAHAEM IOCTeN-
Hero HeATpoHa B KacKaJe TPH MAJIHIX BeIMINAAX §-IpeBHITEHN SHePI A BO3-
GyxkmeEws 1pa, HCIyCKaIOIIero NOCIeXHAN HeWTPOH, Hal HOPOrOM €ro OTHele-
#ug. OGHYHO CIATaETCH, ITO OPHE § B HECKOIBKO COTEH 3JIEKTPOH-BOILT AMPO
OpaKTHIEeCKA PacOagaeTcs Oy TeM HCOYCKaHrd HeHTPOHA, a He MyTeM H3JIyde-
HES Y-KBaHTA (CM., HanpaMep, KEUry [22], raasy 17). OTo yTBepXKIeHHAe OCHO-
BaHO Ha KOHCEPBATHBHEIX OlleHKAaX CPEJHEX BPEMEH PaJRaldoHHBIX HePeX0I0B
(~ 107 = 10715 cex) m cpenEMX BpeMeH XW3HE cocTaBHOTO snpa (~ 10722
cek). Koreuno, npn paccMoTpeHAM KaxkAOro KOHKPETHOIO AApa OHEHKa Iepe-
XOIHOHK o6aacTH & , TIle -panuamas KOHKYPEHTHA ¢ MCTyCKAaHMeM HeHTpOHOB,
MOXKeT GBITH yBeJIM9eHa MIIA yMEHbINEeHa. OTO MOXKET GHTH CBA3aHO C BO3MOX-
HOCTBIO CyIIECTBOBAHAA KAKAX-TAG0 THHAMBIECKHX 33PETOB /1S WCILy CKAHAS
HeHTPOHOB (HampuMep, GOJIBIION YTIIOBOR MOMEHT HEATPOHA).

B To ke BpeMs MoXeT CAOXETHCH CETYalldd, 9T0 BOIA3M MOpora oTHele-
HAf HEHTPOHA MOXEeT HAaXOHTHCH TPYINIa yPOBHEH, COCTABIMIOIIMX GPaKImio
TUFAaHTCKOT'O TUUOJILHOTO pe3oHaHca. B 9ToM cirydae KOEXYPeHTHOCIIOCOGHOCTD
HeHTPOHHBIX IEPEXONOB K -y-1eBo30yXIeHui MOKET Pealu30BHBATHCE B 3JHATHA-
TesIbHO Golee MEPOKOHE 067IaCTH CIIEKTPa, Te YCIOBHe HOPMAPOBKY (3) GyneT
HapyIIaTHCA.

Hns pemmaun € < 6 B paccMoTpeHEe Hem36eXHO NO/DKHL BORTH CIydadl
¢ 6 < 6, Ipm >TOM 0COGEHHOCTH ONHOYACTHYHOM W KOPPEeIsSIHOHHOH (yHK-
o, obcyxkmaeMile B HacToimel paboTe, NOJDKHBI MEHAThCE. B dacTHOCTH,
¢yexnms p(E*, ) upm € < § mOMXHa CIAmaTh O HyJs M TOJbKO OpH € > &
ee SHepTeTHIeCKWH X0l ONINHAETCE BHIBEICHHEM HaMH 3aKOHOMepHOCTAM. B
TO e BpeMs JIOIKHH CIVIAXHBATHCE W ocobemHocTH dymxmum R(E*, £, £9)
BO/MM3R rpaHWll KAEEMATHIECKOH OOJIACTH B CI0€ TOILIAHOH 5.

CraenyeT oTMeTHTD, YTO H3MepeHMe CIIEKTPOB HEXHTPOHOB W3 BO30YKIEHHBIX
dpep OpHM MaJIkIX YHEPLHIX HeWTDOHOB HBJISETCA CIOXHOM 3amadell 3KCIIepH-
MeHTaJIbHOH ¢m3mky. HampraMmep, coekTp HeATPOHOB HeleHUS H3MEPEH TOIBKO
g sHeprmi HeiTpouos 2 10 x3B. B sToit 0o6nacTa KOHKypeHmHA -y-KaHaAJa
HeCyINeCTBeHHA B o0CyxnaBmimecs B cTaThe cBoicTBa ¢ymxmmi p(E*, £) m
R(E*, ¢,, €2) DOIDKHBI HMEThH MECTO.
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Ilpanoxenne 1

HopmupoBoursie koadpumuerTh ¢(q) u ¢(g) B Bupaxerusx (4), (5) mmeioT
BUO . ' .
¢(g) = 8a%[(22® — 6z + 6) exp(z) + 2% — 6] (I1.1)
&(q) = 8a?[(2x? — 6z + 6) exp(z) — 2'/4 + 22 — 6] , (11.2)
roe r = 2,/aq. B npenelbHEBIX coydasx Go/bIIAX I MAJIKIX 3Ha9eHAR aq AMEIOT
MeCTO DaBEHCTBa I

c(g) = &(q) = (a/q) exp(-2y/ag) , (ag>>1), (11.3)
o(g) =207, &g)=(15/8)a™ %  (ag<<1) - (g

Hpm ag >> 1 srpaxenns (4), (5) mveloT BAx
w(g,e) = (¢/T)exp|-2v/ag + 2//a(g —¢)] , (IL.5)

rie T = \/q/a. OTciona UpA MAIIKIX £ HOTyIaeM MaKCBeIJIOBCKOe pacipereie-
aue (6). IIpa aqg < 1 dysxmuz (4), (5) ¢ yzerom (I1.4) nmeroT BuL

w(g,e) = 2¢7% ,d-na (4) , (11.6)
w(g, &) = (15/4)e(q — £)2¢75? | @-na (5) , (1.7)
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IIpunoxenne 2

Monywma prpaxenme nig xoucrasTH C B popmyine (17). Ilpenmonoxmm
CHaYaJsa, 9T0 CUeKTp w(q, ) HempephiBeH. BBenem dyHxmazo

f(z)= lim qu(g,zq) , (I1.8)

KOTOpad ompenenger GopMy CleKTpa HeiTpoma mpm ¢ — O, z = ¢/q. Us
ycrosrs HopMmuposku (3) crexyeT, aro [ f(z)dz = 1. BosmoxsOCTH BBeme-
Erg hyExnmz f(z) (I1.8) o3magaeT, 9TO pacopeXeseEme OO I He 3ABHCHT OT
3Hepruu Boo30yXaeRud IpH 3SHAYEHWIX ¢, MHOTO MEHBIIHX JI000ro napaMeTpa
byBEKIIM w ¢ pa3MepHOCTHIO 3Heprau ( T.e. IpE ¢ < a~! B cnyvasx dyEKIHH
(4) 7 (5) ). YunTemsas (I1.8), mosyqaem u3 (16), uro
. e f1 dz 1
C=lim{lm [ f()>} = [ f(2)

dr
6—0 "0 T

>1 (11.9)

Bemrumaa C' nMeet konegHoe 38adenne, ec f(z) ~ z* (e > 0) opaz — 0.
Pacopenenermsm (4) u (5) orseqator ¢pyrxmuu f(z) = 2z (C = 2) u f(z) =
(15/4)zy/1 — = (C = 5/2) cooTBercTBeHHO.

PaccMoTpmM Temeps Ciiy9ail, KOT[a COEKTD AHEPHLIX YPOBHEH NHACKPETEH
npu 3Eeprusx Bo3byxneams F* < E,. B cornacmm c sxcmepumenTom E, < Q.
Torna ¢ynknms w(g,€) opa ¢ — e < E; onucuBaeTcs BTOPHM CIIAraeMBIM BH-
paxerus (2). Bosspamascs x pasescTsy (16), monoxum § = E, + ¢. Bropoit
mHTerpai B (16) Iph 3ToM CONEPXUT TONLKO HENPEPHBHYIO GyHKIMO w(2', €)
u obpainaeTcs B Holb npu € — (. B mepsbni mETerpas sripaxenus (16) cie-

ayeT moncTaBuTh $yHKumio w(z',€) DECKPETHOro BALA, OTKYHa IOJYIHuM
I Peywdz' =55 [ Po1(E*, g — 2')Ci(2")0(2' — E; — €)dz’ = (1110)
= 5i Poo1(E*, & — Ei — €)Ci(Ei + €) '

3amermM, 9To BemamEn Cj(x) (BepOSTHOCTH mEPEXOOB Ha i-ke€ yPOBHE
ampa) opu 7 > 1 o6naganT cBOACTBAMY

Ci(z) #0 mpm z > E;; Ci(z)=0 mpm 2 < E; (IL.11)
OTcoma ycinoBre HENPEePRIBHOCTA HaeT
CiE)=0 (i>1) (IL12)
g Besmramaer Co(z),B CATY YCIOBES HOPMUPOBKH (3), IMeeM

Co(z)=1 upm z < E) (11.13)
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Hepexons x mpemeny ¢ — (0 B Bupaxkenud (I1.10) m 3ameuas, 910 QPyHKIEM
P,_;(E*,z) HenpepsiBEL B TOYKaXx T = ¢ — F; (aeficTBuTeBHO, SHEPTHL BO3-
6yXKIeHUsA OCTATOYHOrO SApa mocie Hemyckanas (k — 1) HeATPOHOB ¢ cyMMap-
moit sEeprmedt (g — E;) ectb B} = qp — (1 — Ei) = Q+ E; > Q > Ey, Tee.
NeXUT B 06J1aCTH HEOPEPHIBHOIO CIEKTPa), moiyumM ¢ yaerom (I11.12) = (I1.13)
pasencTso (17), B koTopoM C = 1.
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IIpanoxenne 3

ITokaxeM, UpA KAKAX XaPAKTEPHRIX 3HAUECHNIX 7)., THKH HATHHAIOT CIia-
XEBATECA ¢ pocToM n. VMes BBuay pasenctso (17), Ham OymeT JOCTATOTHO
HalTH CpelHee 3HaveHne d>Hepru £, | =€+ ...+ 6,1 (n —1) HeATpOHOB
< E,_; > u semuumry amcnepcnn (E,_;), tme o%(z) =< 12 > - < z >%
BanuimeM

<EM >=872- fw(ql,el)w(q'z, £2).. (g _1,En—1)E (dey..deny
(I1.14)
roe Sp — BeDOATHOCTH HCIYCKAaHAL He MeHee k HeiiTpoHoB. Ecim npenebpeun
33aBUCHMOCTBIO IEPBHIX apryMeHTOB QYHKIHR w OT MePeMEHHBIX HHTEeIPHpO-
BaHms B BeIpaxeRnZ (I1.14), 9T0 MOXHO coenaTh IPHA yCIOBASX

<E 1> @, <& > Gnot s 0(6k) € gnt (IL15)

Iiig Beex k < m, TO MOXKHO 33IIMCaTh, ITO

n—1

n—-1
<E,1>=3 <er>, 04Ea ) =Y. 0exr) , (11.16)
1 1

rae < €7* >= [e™w(qgr, €)de. Ucmons3ys sua pyskman w(ge, ) (4) npr ycno-
Bu# 6} >> 1, MoXHO 3anmCaTh

<ep>=2T, o(ex) =2T7 (I1.17)
rue Ty = \/qi/a. Otcona opu n 3> 1 monyvaem

< BEpq>= gnT , 02(E,,_1) =nT?, T = /nQ/a (I1.18)

Ilepsoe u3 ycmoemit (I1.15) mocraTodno BhnOIEATH OpH k =71 — 1 (T.K.
<Th-1 > < < Tpg > HG > ¢p1 0pA k < n —1). Torna u3 (I1.18)

clefiyeT, 9TO
n? < \/aQ . (IL.19)
IIpm sroMm sumonmsioTcs Bee yenosrg (I1.15).

PaccmoTpnm nosenenne ¢yrkuwn p( E*, 0) npar ycaosmn (I1.19). Ota dpyrx-
s EMeeT MaKCAMYME mmpuHol o(E, 1) mpu E* ~ nQ+ < E,_y >. Otn
MaKCHMYMBI HauHy T caBaThcs 0pu o(Ey,_1) ~ @, T.e. mpa n ~ +/a@. Onnaxo
yenosme (I1.19) BrImomHAeTCH PR MEHLIIMX 3HaUeHHIX n. TakmMm obpasoM, €
pocToM 3Heprmit Bo3byxnaerns L* depemoBabme y3kmx MakCEMyMOB (yHEIEH
p(E*,0) mpu E* < E} cmeBwTCA riankuM nosenermeM upz E* > Ej, a maTep-
Ban B} < E* < EJ ecTh mepexongas o6macTe. 3meck FBf = n1Q 1 B = ny@),

ny ~ JaQ n ny ~ /aQ.




1.4

1.2 [

*0), Mev 1
Q
[o]

p(E
o
®

Pnc.1. 3aBucamocts p(E*,0) ot >neprim Bos6yxnesns E* (cunomuas kpu-
Bas). IlyExTupHNM XpEBEIM ¢ Oudpoi k oTBevaloT Bknaast B p(E*,0) ot k-ro
mefiTpora (cM.(14)). PesynsTaT qucinensoro pacgera Nis pacupenenesns (5)
Ip¥ 3Hadennsx ¢ = 10M3B~' 1 Q = 6M5B.

114
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. &, MsB
Puc.2. Tlonnnie HefitporEble cOeKTpHl p(E*, €) Ad pasimIHBX 3HAYeHHH
E* (conomgwnte kpmpsle). [[yEKTUpHbIe KpHBHIE C mudpoii k£ 0TBEYAT OT-
nempEbM BknanaM p( E*, £). Kpupsie nomydeHs myTeM MOHTE-KAp/IOBCKOTO
MOZeTHpOBaHAA PONecca HCOyCKaRns HeTPOHOB B COOTBETCTBHU C pacipe-
menenmeM (5) Ha Kaxmom yTame. McmomniopamR 3HAYEBHS @ = 10M3B~ ' mn

Q=6M3B.
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Purc.3. Obnacra onpenenenus ¢yaxman R(E*, €1, €2). Yncmama 2, 3...n obo-
3HaYeHH nomo6aacTH, COOTBETCHBYIOIME ACHyCKAaHMIO He Gomeee 2,3..n welr-
TPOHOB.



R.(Ef; &£,€)

4=1

10

R(E}e,6)  8) E-2q+8,4:2

~r
™
(2]

Y E,--HaE

Puc.4. a) Bun xoppensuuonnoit pynxmuun R(E*, ¢, €) B cnyqae E* = 20+4+A
OpH Pa3HBIX 3Ha49eHASX A,
6) 3apmcumocts dymxmm R(E*,e;, &) ot & mpm E* = 2Q +
A, A = 2M>3B 1 pasTUYHHIX 3HAYEREAX €3, KPUBHIM OTBEYAIOT 3HATEHEL
eo{MsB):1-0.14; 2-022; 3—0.46; 4 0.70; 5-—1.22; 6~ 1.74.
B) Bun dysxmm R(E*, ¢, €) npu E* = 3Q + A ¥ pasnwasmix
3HaYeEHaX A.
Bcee kpmpEle momy<eHH gmcienHo (cM. moamack X puc.2).

A
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