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1.BBEJIEH11E 

YITpyroe KorepeHTHoe 
KOHliBHClipOBaHHhlX cpenax 
B3aliMOne:0:CTBlifl/l/ 

U=UN+Um=(n 2!2m)4iNb-µB, 

pacceHHRe 
OITliCbIBaeTCH 

HB:0:TpOHOB B 
IIOTBHUliaJIOM 

(1) 

rne UN lib - ITOTBHUliaJI li aMITJlliTyna KorepeHTHOro HnepHoro 
pacceHHlifl COOTB8TCTB8HHO, N - qHCJIO aTOMOB B enHHHUB OOneMa, 
um - MarHHTHhl:0: ITOTBHUHaJI, µ - MarHHTHhl:0: MOMBHT He:0:rpoHa, a B 
- MarHHTHOe ITOJie B roqKe pacceHHHH. B COOTBBTCTBHH C 
BhlpameHHBM (1) cBepxITpoBOliHHK Broporo pona, conepmamn_:0: 
BHXp8Bhl8 JIHHliH MarHHTHOro IIOJIH, rrpencraBJIHBT cooo:0: BemecTBO C 
HBOliHOpOliHhlM ITOTBHUliaJIOM, KOTOphl:0: rrpliBOliHT K MaJioyrJIOBOMY 
pacceHHHID HB:0:TpOHOB. 

EOJibillHHCTBO 8KCII8pHM8HTOB ITO pacceHHllID npOBO~HTCH C 
ITOMOmbro TBITJIOBhlX HB:0:TpOHOB . .lIJIH 8THX HB:0:TpOHOB ITOTBHUliaJI (1) 
MaJI ITO cpaBHBHHID C liX KHH8TliqecKo:0: 8Heprne:0:, IT08TOMY 
pacceHHli8 Ha HBM C OOJibill0:0: roqHOCTbID MOlKBT OhlTb paccqnra~o IIO 
TBOplili B03MymeHH:0:. 11MBHHO TaK H ITOCTyITaIDT B OOJibillHHCTBe 
paoor, ITOCBHmeHHhlX nsyqeHliID MaJioyrJIOBoro pacceHHHH121 OnHaKO 
ITpli 8TOM YITYCKaIDTCH HBKOTopwe neraJIH, 0 KOTOphlX H rro:0:neT 
snecb peqb, 

MaJioyrJIOBOe pacceHHHe, OITHChlBaeMoe IIO T80pliH B03MymeHli:0:, 
ITpencraBJIHeT cooo:0: nmtipaKUliOHHoe pacceHHne, H xapaKTepnsyercH 
yrJiaMn ~~hll, rne h=Al2i, A - nJIHHa BOJIHhl paccenBaeMoro 
HB:0:TpOHa a l - xapaKTepHhl:0: pasMep H80liHOPOliHOCT8:0:. B 
qacTHOCTli, HeonHoponHOCTli, cosnaBa8Mhl8 MarHliTHhlMli BliXp8BhlMH 
TPYOKaMH B CBepxITpOBOliHHKax BTOporo pona, xapaKTepH3YIDTCH 
nnaMeTpOM i~100 HM, li yroJI nn~paKUHH liJIH HB:0:TpOHOB c liJIHH0:0: 
BOJIHhl A~Q.6 HM COCTaBJIHBT 10-3 pan. Mhl ITOKalKeM, qro B CJiyqae 
KPYIIHhlX HeonHoponHOCTe:0: KpOMB nn~paKUliOHHoro pacceHHlifl 
HBOOXOliliMO yqnThlBaTb TaKlKB li pe~paKUHOHHOe, KOTOpoe 
xapaKT8pli3J8TCH 3HaqRT8JlbHO OOJibillliMH yrJiaMli. 

BCJIBliCTBlie MarHHTHOro B3aliMOne:0:CTBlifl ITOTBHUliaJI MarHliTHhlX 
TPYOOK liJIH HB:0:TpOHOB co CITHHOM IIO (IIpOTHB) ITOJIH OKa3hlBaeTCH 
OOJibme (M8Hbme) ITOTBHUHaJia OKpymarome:0: cpenhl. 3TO liOJllKHO 
CKa3hlBaTbCH Ha IIOJIHpH3aUHH pacceHHHhlX He:0:TpOHOB . 
.llli~paKUliOHHOe pacceHHHe HeqyBCTBHTBJlbHO K 3HaKy IIOTBHUHapa 
HeonHoponHOCTH H ITOTOMY He ITpliBOliHT K IIOJIHpH3aUHli pacceHHHoro 
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nyqKa. Pe~paKQllOHHOe me pacceHHlle qyBCTBllTBRbHO K 3HaRy, 
no3TOMY pacceHHHU8 nyqoR ORa3UBaercH nonHpll30BaHHUM. 

Pe~paKQllOHHOe pacceHHlle B oouqHoR onTHRe npnBonnT R 
TaRHM HBReHHHM, RaR panyra ll rnopHH. AHanornqHue HBReHHH 
HMeIOT M·ecro ll B He8TpOHH08 ~ll3llKe. Ilpll pacceHHllll Ha RpynH08 
HeonHoponHOCTll qacTb HeRTpOHOB aepRan&HO OTpamaeTCH OT 

. rpaHHUU paanena. Mu 6yneM Ha3UBaTb TaKOe paCCBHHlle 
orpam!)HHUM. llpyraH qacT& npenoMnHercH Ha r.paHnue paanena n 
nocne pacnpocrpaHeHHH BHYTPH HeonHoponHocrn Buxonnr na Hee, 
BropnqHo npenoMnBmnc& Ha rpaHnue pasnena.B npyroa roqRe. 3ro 
pacceHHHe MU 6yneM HaSUBaTb rrpenoMneHHUM. HaROHeU, TpeTbH 
qaCTb,. nonaB BHYTPb HeonHoponHOCTll, Mamer HeCRORbKO pas 
orpaSHTbCH llSHYTPll OT rpaHHUU paanena, npemne qeM, 
npenOMllBIDHCb, BhlfiTH HS HeonHoponHOCTH, HMeHHO 3TO pacceHHHe 
HaSUBaeTCH panymHhlM. KonnqecTBO BHYTPeHHHX orpameHHfi rrepen 
Bh1xonoM ns HeonHopcrnHocrn onpenenHeT rropHnoR panymHoro 
pacceHHHH. 3aMeTHM, qro BCe 3TH. Tpll THna pacceHHllfl HMeIOT 
Mecro nnH HeonHoponHocrea n c nonomnren&HhlM, ll c 
orpnuarenhHhlM noreHQllanoM, onHaRO HHTeHCHBHOCTb orpameHHoro 
pacceHHllH Han6onee BhlpameHa nnH rronomnren&HhlX noreHunanoB, 
nnH KOfOphlX npH onpeneneHHhlX ycnoBHHX llMeer MeCTO nonHoe 
orpameHne, a panymHoe pacceHHHe Han6onee a~~eKTHBHO nnH 
OTPHU8Ten&HhlX noreHQHanoB. rnopHH - 3TO qacTHhlfi cnyqafi 
panymHoro pacceHHHH, xorna Bumenmee ns HeonHoponHocrn 
nsnyqeHne pacnpocrpaHHeTcH noqrn roqHo Hasan .. 

3aMeTllM, qro noHHTHe panymHoro pacceHHHH naBHO 
ncnon&ayeTCH B MoneKYRHpHOfi ~H3HRe ll npOHHRRO name B HnepHyIO, 
rne non 3THM yrnoM apeHHH paccMarpnBaIOTCH He TORbRO ynpyrne 
npoueccu, Ho H npoueccu c nepesapHnRoa1.31 

IIOCRORhRY Hae snec& 6ynyr HHTepecoBaTb QHRHHnpnqecKHe 
rpy6KH BHXpeBoro MarHHTHoro nonH BHYTPH CBepxnpoBonHHKOB 
BToporo pona, ro nnH srnx HeonHoponHocrea cnenyer paccMorper& 
eme onHH THn pacceHHHH - BORHOBOnHoe pacceHHHe, KOTopoe 
CBHSaHo C npoHHRHOBBHHeM H88TpOHa BHYTPb rpy6RH qepea ee 
ropeu H nocneny10mnM pacnpocrpaHeHHBM BHYTPH rpy6RH KaK B 
He8TpOHOBOne. 3TOT THn pacceHHHH xapaRTepeH nnH cnyqafl, Rorna 
noreHQHan BHYTPH rpy6KH HHme IlOTeHQHana 0Rpyma10mea cpenu. OHO 
Ha SB a HO BORHOBOnHhlM 
nepneHnHKYRHpHOM OCH, 

nOTOMY, 
HefirpoH 

2 

qro B HanpaBneHHll, 
MOmHO · paccMaTpHBaTh RaR 

noxannsoBaHHYIO qacTHUY C nncRpBTHUMH KBaHTOBUMH 
COCTOHHHHMH141 . IlpH 6on&mHX nnaMerpax HB8TpOHOBoia B HeM 
BOSMOmHu. oqeHb BUCOKHe BORHOBUe Monu, KOTOpue MOmHo 
paCCMaTpHBaTh B npll6nnmeHllll reoMeTpnqecROfi_onTHKH, OTBneKaHCb 
OT BORHOB08 npnponu H88TpqHa. HHSRHe BORHOBOnHue MOBU 
rrpHBOBHT R qHCTO BH~paKUHOHHOMY pacceHHHIO C xapaRTepHUM yrnoM 
pacceHHHH AID, rne D=2R - nnaMeTp HBfiTpOHOBona. 

B OBHOpOBHOM CBepxnpOBOJHHRe BTOporo pona HeonHoponHOCTH 
HMBIOT MarHHTHU8 xapaxrep:. llnH HefiTpOHOB co cnHHOM Bnonb 
MarHHT.HOro no.nH IIOTBHQHan BHXPH HBnHe TCH OTTanKHBaIOmHM I a nnH 
HeRTpOHOB co cnHHOM npOTHB nonH - npHTHrHBaIOmHM. B 
nan&HefimeM npn nccnenoBaHHH pe~paRUHOHHoro pacceHHHH MU 6yneM 
OTBRBRaThCH OT HnepHoro noTeHUHana RaR BHYTPH HeonHo~onHOCTH, 
raR H cHapymH, nocRORhKY OH BCIOny OBHHaROB, H non noTeHQHaROM 
u BHXpeBoa rpy6RH nOHHMaT&

0

qHCTO MarHHTHUfi noreHQHan u (1). . .m 
2. PE~PAKUHOHHOE PACCEHHHE HA EECKOHEqHo llRHHHOH 

UHRHHllPHqECKOH TPYEKE IIPH IlAllEHHH IIEPilEHllHKYRHPHO EE OCH 

PaCCMOTpHM pe~paKQHOHHOe pacceHHHe Ha 6eCKOHeqHo nnHHH08 
unnHHnpnqec~oa o6nacrH c noreHUHanoM u. IlpH pacceHHHH nnocxoa 
BORHU Ha raxoa o6nacTH KOMnoHeHTa BORHOBOro BBKTOpa, 
napannen&HaH 06pasy10mea UHRHHnpa, He MBHHBTCH. Il03TOMY· MOmHO 
OTBneq&cH OT nBnmeHHH Bnonh 06paay10mea H orpaHHqHTbCH 
pacceHHHeM HBfiTpOHOB, nanaromHx nepneHJHRynHpHO OCH QHRHHnpa. 

lln~~epeHQHan&Hoe ceqeHHe pacceHHHH unnnHnpnqecRoa 
o6naCTll panHYCa R BRHH08 L paBHO 

do=Ldlw(l), (2) 

rne l - npnuen&Hhl8 napaMeTp OTHOCHTen&HO OCH UllRHHnpa: 

l=Rs1n~, (3) 
~ - a3HMYTanbHU8 yron roqRH coynapeHHH HeRrpoHa C UHRHHnpoM 
(CM. pHC. ), H w xapaRTepnsyeT BepoHTHOCTb pacceHHHH npH 
sanaHHOM npnuen&HOM napaMerpe naneHHH l. Hs COOTHOmeHHH (2) 
cne;zyeT 

dl=Rcos~d~. (4) 

Yron ~ onHOSHaqHo CBHSaH C yrnoM pacceHHHH151 ~ (pHCYHOR). B 
orpameHHOM pacceHHHH ~=i-2~, B npenoMneHHOM - ~=-2(~-~1 ), rne 
~ 1 yron npenoMneHHH. 3HaK MHHYC anec& osHaqaeT, qro 
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n • f'Nu. ) ~ 

f b1 

frr 

OTRROHeHRe OT nepBnqHoro 
HanpaBReHRH npollCXOHllT B 
COOTBeTCTBlill C pllCYHROM no 
qacoBo8 cTpenRe, ecRR 
noTeHunan npRTHrRBaromna 
(q>>q>1), ll npOTRB qacoB08 
CTpeRRll (q><q>1), eCRll noTeH
unaR OTTaRRRBaromna. MHOlKll
Tenb 2 noRa3hlBaeT, qTo OT-
RROHeHRe nyqa npollCXOHllT Ha 
yron -(qHj>l) npn RalKHOM ne
peceqeHRll rpaHnuu pasHena. 
Ilpll paHylKHOM pacceHHllli p-ro 
nopHHR8 npORCXOHRT BHYTpeH-
Hee OTpameHRe OT rpaHRUhl 

pa3HeRa p pas. Ilpll RalKHOM TaROM OTpameHRll nyq OTRROHHeTCH no 
qacoBo8 cTpenRe Ha yron i-2q>1. TaRRM o0pasoM, nonHu8 yron 
pacceHHllH MOlKHO npeHCTaBRTb B BRHe eHRH08 WOPMYRU 

~=i(1-m)+2(mq>1-q>), (5) 

rHe m=p+1 - qncRo npo0eroB He8TpOHa BHyipR UllRliHHpa HO BhlXOHa 
ll3 Hero. Ilpll m=O (p=-1) RMeeM OTpameHHOe pacceHHRe. 
BepOHTHOCTb W B ceqeHRll (2), ROTOpaH B 3TOM CRyqae 0yHeT 
0003HaqaTbCH wrl' onpeHeRHeTCH R03W®llUReHTOM OTpameHRH 

wri(O=lr(q>)l 2, (6) 

rHe aMnRRTYHa OTpameHRH r(q>) paBHa 

r(q>)=[C0Sq>-(cos 2q>-a) 112 J/[cosq>+(cos 2q>-a) 1/ 21, a=ull? • (7) 

u - IlOTeHuRaR UllRllHHpa OTHOCRTeRbHO ORpymaromen cpeHhl, k -
BORHOB08 BeRTOp He8TpOHa CHapymn UllRllHHpa. (BCIDHY HlllKe 
IlOTeHURaR npRBOHRTCH B eHRHRUaX h2/2m, T.e. BeRnqRHa a 
0espasMepHa.) 3aMeTRM, qTo u, a 3HaqnT ll a, MoryT 0UTh 
OTpRUaTeRbHUMll, 

Ilpll m=1 (p=O) RMeeM npeROMReHHOe 
pacceHHRe, ll BepOHTHOCTb w B ceqeHRll (2), 

(pewpaRUROHHOe) 
0003HaqaeMaH RaR 

Wrr' 3allRCUBaeTCH B BRHe 

wrr(Z)=l1-r2(q>)l 2=16cos 2q>(cos 2q>-a)/[cosq>+(C0S 2q>-a) 1/ 214• (8) 

Ilpll m~2 (p~1) RMeeM paHYlKHOe pacceHHRe nopHHRa p. IlRH Hero 
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BepOHTHOCTb pacceHHRH paBHa 

wbp(Z~=l1-r2(q>)l 21r(q>)1 2P. (9) 

qroou BupasnTb ceqeHne (2) qepes yroR pacceHHRH, 
BOCnORb3YeMCH COOTHomeHReM (4) HRH HllW®epeHUllaRa npnueRbHOro 
napaMeTpa ll saMeHRM dq> Ha (dq>/d~)dt. H3 BUpameHRH (5) HRH 
yrRa pacceHHRH.cReHyeT 

dq>/dt=-1/2(1-dq>1/dq>)=-1/2(1-mcosq>/(cos 2q>-a) 112). (10) 
C noMombID BCex 3TllX COOTHOmeHRfi ceqeHRe (2) npeHCTaBRHeTCH B 
BRHe: 
da=2RL/(t)dt, (11) 
rHe HRH oTpameHHoro, npeROMReHHOro n paHYlKHoro pacceHHRH 
RMeeM 

/r 1 (1)=C0Sq>lr(q>)l 2/2, ( 12) 

/rr(~)=C0Sq>l1-r 2(q>)l 2/2(1-C0Sq>/(cos 2q>-a) 112), (13) 

f bp (~)=CO sq> 11 -r 2 ( q>) I 21 r ( q>) I 2P /2 ( 1 - (p+ 1 ) cosq>/ ( cos 2q>-a) 112), 
( 14) 

a yroR q> BupamaeTcH qepes yroR pacceHHRH 1 c noMomnro 
COOTHOmeHRH (5), B ROTOpOM 

q> 1=arccos [ (cos 2q>-a) 1/ 2; ( 1-a) 1121. (15) 

B BUpameHRll HRH Hll®®epeHUllaRbHOro ceqeHRH (11) Ha OCHOBaHRll 
CllMMeTpllfiHUX coo0pameHRfi BBeHeH HOnORHRTeRbHUfi MHOlKRTeRb 2, 
qTo0u B HaRbHefimeM paccMaTpRBaTb TORbRO o0RaCTb yrROB 
05q>5i/2, T.e. ROrHa OCBemeHa TORbRO BepXHHH qacTb UllRliHHpa. 

EcRR yqecTb yrRoBoe pacnpeHeReHne N(X) nanaromnx 
HettTpOHOB, TO ceqeHRe pacceHHRH 0yneT RMeTb BRH: 

da=2RLfdXN(X)/(1-X)dt. (16) 

PaCCMOTpllM HBa npeneRbHUX CRyqaH. ECRll noTeHURaR u paBeH 
HYRID, TO r(q>)=0, q> 1=q>, ll OTRRqHhlM OT HYRH ORa3UBaeTCH TORbRO 
pewpaRUROHHoe pacceHHRe, onpeneRHeMoe BUpameHReM (13), 
ROTOpoe, RaR ll CRenoBaRO OlKRHaTb, npRBOHllTCH R BRHY 

/(~)=frr(1)=6(~). ( 17) 

Hao0opoT, npn u~m RMeeM lr(q>)l=1, ll OTRllqHUM OT HYRH 
ORa3UBaeTCH TORbRO OTpameHHOe pacceHHRe, onpeneRHeMoe 
BUpameHneM (12), ROTopoe npllBOHllTCH R BRHY 
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/(~)=fr1 (~)=0.5s1n(~/2). (18) 

MererpllpOBaHll8 (18) no~ OTO no I npBBOlllT K enllHBU8, KaK ll 
nonmeo 6hlTh npll OTCYTCTB00 TIOT8pb na~aromero nyqKa. 

Orpameeeoe pacceHene 

Ilpll Koeeqeofi ll nonomllT8RhHOH 
TORhKO qacTb eettTpOHOB orpamaeTCH 
onpenenHercH ns ycnoBHH lr(,)1=1, 
cos 2,!>C(, Ilpll o:«1 samimeM llHnllKaTpllCY 
eettTpOHOB B Blll8 

Bennqnee noreeunana u 
noneoCThID. 3Ta qacTh 
ns Koroporo cnenyer 
3TOH qacTll pacceHHHhlX 

lr1 (~)=0.5s1n(~/2)0(s1n 2 (~/2)!>0:)"'(~/4)0(~ 2<4o:). (19) 

MererpnpyH (19) no yrnaM pacceHHllH ~. nonyqaeM nonro qacrnu, 
pacceHHHhlX nyreM rroneoro orpameenH: 

vr 1=ol2RL=ffr1 (~)d~=al2. (20) 

Ilpll pacceHHllll Ha M rpy6Kax OHO BOSpacraeT B M pas. 
MaKcHMan1eb18 yron noneoro orpameenH pa Bee 2-la. 

Cpenn orpameHHhlX HBHTpOHOB llMBIDTCH TaKme ll re, njH 
KOTOpbIX r 2 <1. Ilpll ManbIX a Bblpameene (12) nnH llHlllKaTpllChl 
orpameeeoro pacceHHHH Momeo arrrrpoKCHMHpoBaTh cnenyromHM 
o6pasoM: 
lr1 (~l=(~/4){(4o:) 2/[~+(~ 2-4o:) 112 l 4+e(~ 2 <4o:)}. (21 l 

MHTerpHpOBaHHB no~ rrpllBOIHTK vr1=7o:/12, qro OTnHqaeTCH OT 
llHTBHCHBHOCTH noneoro orpameHHH (20) TORhKO ea o:/12. Cpenenn 
yron orpameeeoro pacceHHHH f"'1. 6-/a OnnsoR. K 2-la, rrosroMy Oes 
6on1mon OIDH6Kll HHT8HCHBHOCTh orpameeeoro paCCBHHHH M rpy6KaMll 
,I\JlMHOi1 L B cnyqae ueanhHO KORRllMllpOBaHHblX MOHOXpOMaTHqecKHX 
rranarom,x eettrpoeoB Momeo rrpencraBHTh B BHne 

Nr 1 (~)=J 02RLMo:◊(~
2-4o:)d~. (22) 

Bo CHX rrop Mhl rronaranH noreeunan U nonomllTBRhHhlM. B 
cnyqae u~O o6naCTh noneoro orpameHHH OTCYTCTBYBT, HHIBKaTpllca 
orpameHHH naercH BhlpameeneM 

/r1(~)=(~/4)(4o:)2/[~+(~2+40:)1/2]4, (23) 

ll BCH llHTBHCHBHOCTh orpameeeoro pacceHHBH COCTaBnHeT 1/6 OT 
BennqHHhl HHTBHCllBHOCTll noneoro orpameHHH , yKasaeeon B (20). 

Ilpll rraneHllll non yrnoM ,, 6nllSKllM K eynro, llM8BT M8CT0 
qacrnqeoe orpameene easan. 3ro naer BKnan B pacceHHHe, 

6 

;_. 

,. 

aeanornqeoe rnopnH. oneaKo Bep0Hreocr1 raKoro pacceHHHH npn 
Manwx a nporropunoean1ea .o: 2/32, qro seaqnren1eo Mee1me 
Bennqneu nereecnBeocrn rroneoro orpameHHH, yKasaeeon B (20). 

IlpenoMneeeoe pacceHene 

PaCCMOTpllM rerrepb HHIHKaTpllCY npenoMJIBHHOro pacceHHllH 
(13). BOCilOJihSYBMCH BBpOHTHOCThID npeJIOMJieeeoro paCCBHHHH (8) 
ll nepennmeM (13) B Bline 

/rr(~)=8cos 3,(cos 2,-o:) 31 2/o:[cos,+(cos 2,-o:) 1/ 2 13 , 

rne 'CBHSaH C yrnoM pacceHHllH ~ ypaBHBHllBM 
BOCIIORhSOBaBllillCh ypaBHBHlleM (5), B KOTOpOM 
npenOMRBHllH cnpaBennHBO COOTHOIDBHlle (15), nonyqHM 

(5) C 

IJIH 

(24) 

m=1. 
yrna 

cos[,-arccos([(cos 2,-o:)/(17o:)J 112 )}=cos(~/2), (25) 

OTKyna CJienyer ypaBHBHllB 

· s1n 2,+cos,(cos 2,-o:) 112=A, (26) 

rne BBBIBHhl o6oseaqeeHH A=Bcos(~/2), B=(1-o:) 11~. YpaBHBHlle 
(26) HMeer pemeene 

COS~=(1-A)/[2(1-A)-o:J 112 • (27) 

Orcrona cnenyer, qro 

(cos 2,-ai 1l 2=(1-A-o:)![2(1-A)-o:J 112. (27a) 

IloncraBHB 3TH COOTHOIDBHllH B llHIHKaTpHCY npeROMJieeeoro 
pacceHHllH (24), noJiyqHM 

f (~)=8(1-A) 3(1-A-o:) 3/[2(1-A)-o:J 912 • (28) rr 
Hs (28 )' cnen-yer, qro npenoMneeeoe pacceHHHe xapaKTepnsyercH 
MaJihlMll yrRBMll t:,,C(, 

Panymeoe pacceHHHe 

HHBHKarpnca panymeoro pacceHHHH naercH BhlpameeneM (14). 
PaCCMOTpHM p-n nopHIOK panymeoro pacceHHHH. HHTBHCHBHOCTh ero 
orqacTH onpenenHercH seaMeeareneM 

1-(p+1 )cos,/(cos 2,-o:) 112 . 

OnpeneRHM, rrpH KaKHX pH' SHaMeHaTeJih o6pamaeTCH B HORh. Hs 
noJiyqaromerocH npH 3TOM ypaBHBHHH eaxonHM 
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COS 2<pp=-a/p(2+p). (29) 

0Tcrona, B qacTHOCTH, cnenyeT, qTo 3HaMeHaTenb o6pamaeTCH B 
HORb TORbKO npH OTPHUaTenbHUX a, T.e. B cnyqae npHTHrHBaromero 
noTeHUHana. Bupa3HM c noMombro ypaBHeHHff (5) yron <p qepe3 yron 
panymHoro pacceHHHH p-ro nopanKa il , B pesynbTaTe nonyqHM: 

. p 

il =2[p(p+2)al 112 . (30) p 

RnH OUeHKH HHTeHCHBHOCTH pacceHHHff 3anHrneM HHnHKaTpHCY 
panymHoro pacceHHHH B cnenyromeM BHne: 

d/bp(il)=fd<pcos<pl{1-r 2(<p)lrP(<p)l 25(il+'ll:p-2(p+1 )<p1+2<p)dil. (31) 

BenHqHHa ~=~~p+2(p+1 )<pl-2<p HMeeT MaKCHMYM B TOqKe <p=<pp (29). 
PasnomHM ee B6RH3H 3TOil TOqKH. B pesynbTaTe apryMeHT 
a-~YHKUHH npHMeT BHn 

'6-'6p-(p+1 )<pi(<p-<pp) 2, (32) 

rne <pi - BTOpaH npOH3BOnHaff no <p B TOqKe <p=<pp: 

<p1=-as1n<p/(cos 2<p+a) 312<0. (33) 

BunonHHM B HHTerpane (31) HHTerpHpOBaHHe no <p. B pesynbTaTe 
nonyqHM HHnHKaTpHCY panymHoro pacceHHHff B BHne 

fb (il)=cos<p 1[1-r2(<p )lrP(<p )1 2/2[(p+1)1<p'1'i(il -il)l 112. (34) p p p p p 
IlpOHHTerpHpyeM (34) no il OT O no il , nonyqHM nORHYID 

p 

HHTeHCHBHOCTb p-ro uopHnKa panymHoro pacceHHHH: 

fdil/b (il)=COS<p 1[1-r2(<p )lrP(<p )1 2[il /(p+1)1<p'1'11 112. p p p p p (35) 

nna COS<pp=[a/p(p+2)1 112 HMeeM 

( cos 2<p-a) 112= (p+1 )[a/p(p+2) l 112, il =2 [ap(p+2) 1112, 
p 

r(<pP)=p/(2+p), l<p11,,,[ap(p+2)J 112p(2+p)/(p+1 )3a. (36) 

IloncTaBHB Bee 3TH COOTHOllieHHff B HHTerpanbHYID HHTeHCHBHOCTb 
(35), nonyqHM 

obp=2RLaC, 0=29/2(p+1 )3p2p-l/(2+p)2p+5. (37) 

IlpH p=1 HMeeM 20=(2/3) 723/ 2,,,,0,15. 
nna OTTanKHBaromero noTeHUHana yron panymHoro pacceHHHH 

onpenenHeTCff He oco6eHHOCTbID 3HaMeHaTenH (10), a MaKCHMYMOM 
BCero BUpameHHff /bp(-6): 

8 
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.~, 
' !J ·,1_ 
./ 

{ d [ co S<p I [ 1 -r2 ( <p) l rP ( <p) I 21 / d<p }<p' 2 + co s<p I [ 1 -r 2 ( <p) l rP ( <p) I 
2<p" =0, 

rne <p~=d<p/dil, <p"=d 2<p/dil 2.· H3 o6mHx coodpaieHHil HCHO, qTo H 
xapaKTepHUil yron pacceHHHff H HHTeHCHB~OCTb panymHoro 
pacceHHHH p-ro nopanKa nna OTTanKHBaromero pacceHHHH MeHbrne 
COOTBeTCTBYIDmHx BenHqHH nnH npHTHrHBaromero noTeHUHana. 

IlpH HanHqHH M Tpy6oK pacceHHHe nponopUHOHanbHO M, a B 
cnyqae cTporo ynopanoqeHHoro HX pacnonomeHHH npH HeKoTopux 
nnHHax BORH MomeT npoHcxonHTb KorepeHTHOe ycHneHHe, H Torna 
nonHaH HHTeHCHBHOCTb nponopUHOHaRbHa N2

. 3TO YTBepmneHHe 
cnpaBennHBO H nna npeno1,rneHHoro H nna oTpameHHoro pacceHHHil. 

IlpH pacceHHHH cTporo Hasan, qTo xapaKTepHo nna rnopHH, 
yron il paBeH -~. H Torna nna nepBoro nopanKa panymHoro 
pacceHHHH H3 BupameHHH nna yrna pacceHHHH (5) cnenyeT, qTo 
<p,:,,Q, B 3TOM cnyqae, KaK H npH OTpameHHH OT nepBOil rpaHHUU 
pasnena r(<p),,,a/4, qTo npHBOnHT K MHOmHTenro a2/16 B 
HHTeHCHBHOCTH pacceHHHff. OnHaKO 3HaMeHaTeRb (10) OKa3HBa8TCfl 

MaRUM (,:,,a), H noTOMY HHTeHCHBHOCTb rnopHH OKa3UBaeTCff 
nponopUHOHaRbHOil a/16: 

do=2RLad'6/16. (38) 
3HaMeHaTenb (10), onHaKo, Man npH yrnax 6<p, He npeBurnaromHx 
a112 , no3TOMY H HHTepBan yrnoB 6'6 orpaHHqeH TaKoil me 
BenHqHHOil, H 3HaqHT nonHaff HHTeHCHBHOCTb rnopHH HMeeT nopanoK 
a3/2, 

3. ITAREHHE rron OCTPHM YrHOM KOCH UHHHHRPA 

B 3TOM cnyqae BenHqHHa a, BBeneHHaH paHee, npencTaBnHeT 
co6oil a =U/&2, rne R - KOMnOHeHTa BORHOBoro BeKTOpa 

l. l. l. 

nanaromero HeilTpOHa, nepneHnHKYR~pHaff OCH UHRHHnpa. KOCHHYC 
yrna pacceHHHH onpenenHeTCH Be.nHqHHoil 

cosil=(k2+k2cos 2il )112/(&2+&2)1/2_ 01. 1. 111. 
EcnH 0603HaqHTb 

k
11
=&C0St, k =ks1nC 

l. 

TO 

COS'6=(COS 2t+S1n2tcos 2il )112=[1-s1n 2ts1n2
('6 )1

112
. 

l. l. 

IlpH Manux a yrnu pacceHHHH '61. TaKme Manu ('61."'Ba1.), 
Manu H yrnu '6, nna KOTopux nonyqaeM '6"'Ba1.s1nt=Ba. 
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CJienyeT, tITO rrpH MaJihlX a yroJI paccesrnirn Bb!palKaeTCSI onHHaKOBhlM 
oOpaaoM tiepea BeJIHtIHHY a, He3aBHCHMO OT Toro, non KaKHM yrJIOM 
K ocH UHJIHHnpa pacrrpocTpaHSieTcSI rranaromHn HenTpoH. 

4. CPABHEHHE C MAllOYfllOBHM PACCEHHHEM 

AMIIJIHTYna nH~paKUHOHHoro MaJioyrJIOBoro pacceSIHHSI nJISI 
TaKon lKe UHJIHHnpHtiecKon HeonHoponHOCTH HMeeT BHn 

/ 5 a('6)=uJexp(1qr)d3r=(21) 26(q 0)(u/q~)qLRJ 1(qLR), 

me J1 (x) - ~YHKUHSI EecceJISI rrepBoro rropSinKa, a 

qL=2kLs1n('6!2). 

llH~~epeHUHaJihHOe cetieHHe pacceSIHHSI paBHO 

~o (0)=(21) 3L(Ru/q )2J 2
1(q R)d06(q

11
). sa L L (39) 

IIpH MaJihlX yrJiax pacceSIHHSI '{j (B naHHOM CJIYtiae, IIOCKOJihKY yrJibl 
pacceSIHHSI a3HMyTaJihHhl, OblJIO Ohl TpanHUHOHHO Ha3blBaTh HX ~. HO 
IIOCKOJihKY yroJI pacceSIHHSI Ha pHCYHKe OOO3HatieH '6, TO Mhl OyneM 
rrponOJilKaTh IIpHneplKHBaThCSI 3Toro oOO3HatieHHSI) BblpalKeHHe (39) 
npencTaBJIHeTCSI B BHne 

do (0)=(21) 3L(u/k2'6 2
)(R

2u)J 2(k R'6)dO6(q
11
). (40) sa . L L 

llJISI cpaBHeHHSI C panylKHhlM pacceHHHeM rrpencTaBHM d-6 B BhlpalKeHHH 
nJISI nH~~epeHUHaJihHoro cetieHHSI (11) B BHne 

2 2 3 d'6=26(k -k
0

)6(k0-k O0 )d k. 

IIpoHHTerpHpyeM no dk, B pe3YJihTaTe IIOJIYtIHM 

d'6=6(q
0 

)k
0
dO. 

IIoncTaBHM 3TO BblpalKeHHe B nH~~epeHUHaJihHOe cetieHHe (11) H 
OIIYCTHM 3HatIOK O Y Ro· C ytieTOM BblpalKeHHn (34-37) nJISI IIOJIHoro 
ceqeHHH panYlKHOro pacceSIHHH p-ro rropSinKa IlOJIYtIHM 
nH~~epeHUHaJihHOe ceqeHHe B BHne 

do =20 RLa 314k6(q )dO/('{j -'6) 1/ 2 
bp p U p ' (41 a) 

20 p =1,6p2p-5/4 (p+ 1 ) 3; (2+p) 2p+5+1/4' (41b) 

IIpHtieM IIPH p=1 HMeeM 20 =0,04, '{j ,,,z,5a112 , a IIpH P=2 HMeeM . p p 
N _ ~ 1/2 2CP-O,08, '6P-5,7a . 

OTHOIDeHHe panYlKHoro pacceSIHHSI K MaJioyrJIOBOMY paBHO 
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V=20 .a 314kl[ ('{j -'6) 1/ 2 (21) 3R(u/k '6) 2J 2(k R-6}1. 
p , p L 1 L 

( 42) 

EyneM CtIHTaTb, tITO R"'RL H BBeneM nBa rrapaMeTpa: X='6!a 112 H 
Y=kR'{J. COOTHOIDeHHe ( 42) MOlKHO aarrHcaTh B BHne 

V=1 ,6x1O- 4x3/(2,5-x) 112yJi(Y), (43) 
HaHOOJiee BhlronHh!Mll nJIH HaOJironeHHH panyru SIBJISIIDTCSI rrapaMeTphl 
x,,,z, 5 u Y"'3, 83, IIOCKOJihKY B 3THX TOtIKaX 3HaMeHaTeJih ( 43) 
HMeeT ocoOeHHOCTh_ (KBanpaTHhln KOpeHh H ~YHKUHSI EecceJIH161 

oOpamaIDTCH B HOJ!h), H BblpalKeHHe (43) MOlKeT CTaTh OOJihIDe 
enHHllUhl. 3THM nBYM COOTHOIDeHHSIM MOlKHO ynOBJieTBOpllTh 
onHoBpeMeHHO, ecJIH IIOTeHuHaJI HeonHoponHOCTH ynoBJieTBOpSieT 
COOTHOIDeHHID Ru112=3,83/2,5=1 ,55. B CJiyqae CBepxrrpoBOnHHKOB 
BToporo pona BeJIBtIHHa Ru 112 paBHa 

Ru 112=[(2m/h 2)µ<li O/1J 112=1,361, (44) 
rne muµ- Macca H MarHHTHh!n MoMeHT HenTpoHa, a <Ii O - KBaHT 
IIOTOKa. H3 (44) CJienyeT, tITO panyra B CBepxrrpOBOnHHKax Jiyqme 
Bcero HaOJIIDnaeTCSI B oOJiaCTH rrepBoro MllHHMYMa MaJioyrJIOBoro 
pacceSIHHH, rne OTHOIDeHHe panylKHOro pacceSIHHSI K MaJioyrJIOBOMY 
MOlKeT CTaTh OOJihme enHHHUhl, IlpH 3TOM BhlneJieHHe panylKHOro 
pacceSIHHSI rrpOH3BOnHTCH IIO IIOJISipH3aUHH pacceSIHHoro IIYtIKa. 

PanylKHOe pacceHHHe MOlKeT llCIIOJih3OBaThCSI H rrpH 
HCCJienoBaHHH npyrHX HeonHoponHOCTen, Harrp_HMep, rrop17 /. ECJIH 
BemecTBO, KaK 3TO oOhltIHO Oh!B3eT, OOJianaeT IIOJ!OlKHTeJihHOn 
nJIHHOn pacceHHHSI, TO rropy MOlKHO paccMaTpHBaTh KaK 
HeonHoponHOCTh C OTpHUaTeJihHhlM IIOTeHUllaJIOM. 3TOT IIOTeHUHaJI 
COCTaBJIHeT BeJilltIHHY 781 rropHnKa 10-7sB, IIO3TOMY rrpH 3HeprHH 
rranaromHx HenTpoHoB ~1 MsB yroJI panylKHoro pacceSIHHSI rrepBoro 
rropSinKa COCTaBJISieT 0,03 pan, T.e. 1,5°, rrpHtieM 3TOT yroJI He 
3aBHCHT OT pa3Mepa HeonHoponHOCTH. MaJioyrJIOBOe pacceSIHHe 
KpHTHtIHO K pa3Mepy HeonHoponHOCTH. HarrpHMep, rrpH panHyce 
c~epHtiecKon rrop1,1 "'1OOOA H sHeprHH HenTpoHa "'1 MsB xapaKTepHun 
yroJI MaJioyrJioBoro pacceSIHHSI cocTaBJIHeT Bcero 0,0015 pan. 
OnHaKo nalKe B oOJiaCTH 0,03 pan panylKHOe pacceSIHHe, KaK 
CJienyeT H3 OTHOIDeHHH (43), B oomeM CJiyqae COCTaBJISieT noJIID 
MaJioyrJIOBoro ~OHa. ECJIH rrophl HMeIDT onHHaKOBble paaMepbl, TO 
MaJioyrJIOBOe pacceHHHe HMeeT MHHHMYMhl, B KOTOphlX panylKHOe 
pacceSIHHe MOlKeT rrpeBaJIHpOBaTb. ECJIH lKe paaMepbl rrop 
xapaKTepll3YIDTCSI nocTaTOtIHO IDHpOKHM pacrrpeneJieHHeM, TO 
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ManoyrnoBoe pacceRHHe OIT~CUBaeTCR nocTaToqHo rnanRon 
MOHOTOHHon RpHBon, H BUn~RHTb panymHOB pacceRHHe Ha ~OHe 
ManoyrnoBoro ORa3UBaeTCR TpynHo, TaR RaR name B 
aCHMITTOTHqecRon odnaCTH dORbIDHX t OTHomeHHe (43) nnR p-ro 
rropRnRa panymHoro pacceRHHR, ROTOpoe, 
aCHMITTOTHqecRHM pasnomeHHeM Jl(X), MOmHO 
BUpameHHeM 

V ~0,01/[p(t -t)J 112 , 
p p 

nORb3YRCb 
npencTaBHTb 

ORa3UBaeTCR B odmeM cnyqae 3HaqHTeRbHO MeHbIDe enHHHUU, RpoMe 
oqeHb Y3Ron odnacTH yrnoB BdRH3H t . 3Ta Y3RaR odnaCTb, . p 
onHaRO, crnamHBaeTCR 3RcrrepHMeHTaRbHUM paspemeHHeM H ITOTOMY 
He BunenReTCR Ha odmeM ~OHe Ma~oyrnoaoro pacceRHHR. 

5. BOllHOBOnHOE PACCEHHHE 

CnenyeT paccMoTpeTb eme onHH ocoown cnyqan, Rorna 
nepBHqHun HenTpOH nanaeT Ha TOpeu BHxpeaon HHTH. B 3TOM 
cnyqae HHTb, ecnH ee noTeHUHan HHme noTeHUHana ORpymaromen 
cpenu, npencTaBRReT codon HenTpOHOBon. ECRH HenTpOH BReTaeT 
BHYTPb HenTpOHOBona non yrnoM ~ROCH, TaRHM, qTo s1n~<a, TO 
OH nonHOCTbID OTpamaeTCR OT CTeHOR HenTpOHOBOna H 
pacnpocTpaHReTCR B HeM HO BhlxonHro OTBepCTHR. Bwmenmee 
HsnyqeHHe npH qHCTO sepRaRbHOM OTpameHHH OT CTeHOR TaRme 
HanpaBneHO non Y3RHM yrnoM ~- no OTHOIDeHHID R OCH 
HenTpOHOBona, TaRHM, qTo s1n~'5a, IlpH 3TOM yron pacceRHHR t 
saBHCHT OT nnHHhl TPYdRH H saRnroqeH B HHTepBane 05t52a. ECRH 
OTpameHHe sepRaRbHO, TO Bhlmenmee H3 TpydRH HsnyqeHHe paBHO 
BomenmeMy B Hee. TaRHM odpa30M, npH RORRHMaUHH nepBHqHoro 
rryqRa (5a HHTeHCHBHOCTb pacceRHHoro COCTaBnReT 

dNw(k,X,t)=J0~R 2M00(05t52a), 
rne M0 - qffcno BHxpeaux TpydoR, nepeceRaromnx enHHHqHyro 
nnomanb BXOnHon noaepxHOCTH. 

PacnpocTpaHeHHe B TpydRe MOmHo paccMOTpeTb H C qHCTO 
BORHOBOnHon TOqKH speHHR. B 3TOM cnyqae HBHmeHHe HenTpOHa 
Bnonb OCH RBRReTCR CBOdonHhlM, B TO BpeMR RaR HBHmeHHe, 
nepneHnHRYRRpHoe OCH, - CBR3aHHuM141 BORHOBaR ~YHRUHR. 
HenTpoHa sarrHChlBaeTCR B BHne 

~=Cexp(1k1 z)exp(1n~)[Jn(kip)0(p<R)+cln(k:p)0(p>R)J, 
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rne Ru - KOMnoHeHTa BORHOBoro BeRTOpa BnORb OCH z, 
HanpaBneHHon napannenbHO OCH HenTpOHOBona,- p - panHaRbHOe 
paccTORHHe OT OCH HenTpOHOBona, J HI - ~YHKUHR EeccenR n-ro 
nopRnKa Hee MOnH~HUHPOBaHHhln BapHaHT, R, R" - panHaRbHhle 

i i 
ROMnoHeHThl BORHOBOro BeKTOpa BHYTPH .H BHe BORHOBOHa 
COOTBeTCTBeHHO, C - ROHCTaHTa, onpenenReMaR rpaHHqHUMH 
YCROBHRMH, a C - HOpMHpOBOqHaR noCTORHHaR. KoMnOHeHTU k '. R" 

i i 
CBR3aHU npyr C npyroM COOTHOmeHHeM 

k"=(v-k2)1;2 
i i ' 

rne V pa3HOCTb noTeHUHaROB BHe H BHYTPH TpydKH, T.e. B 
paccMaTpHBaeMOM cnyqae CBepxnpOBOHHHKa 3TO MarHHTHun 
noTeiiuHan BHYTPH TpydKH, 3HeprHR CBH3aHHoro COCTOHHHR k~ 
onpenenReTCH H3 YCROBHR HenpepUBHOCTH Ha rpaHHUe TpydKH: 

J~(kip)/Jn(kip)=I~(k:p)II~(k:p), J~(X)=dJn(x)/dx. 

QqeBHHHO, qTo k 2 <v, nosTOMY yrnoBoe pacnpeneneHHe BUXOHHmHx 
HenTpOHOB xapaK*epnsyeTCH BenHqHHon t ~ki/kn~~1D~a 112

. 

Ilo OTHOmeHHID K ManoyrnoBOMY 3TO pacceHHHe no 
HHTeHCHBHOCTH npoHrpuBaeT B OTHOmeHHH LIR, HO OHO OTnHqaeTCR 
no yrnOBhlM xapaKTepHCTHKaM. EcnH B ManoyrnoBOM pacceRHHH OCbID 
CHMMeTpHH pacnpeneneHHH pacceRHHUX HenTpOHOB RBRReTCR 
BORHOBon BeKTOP nanaromHX, TO B BORHOBOHHOM - OCb 
UHRHHHpHqecKHX HeOHHOPOHHOCTen. CpeHHRR me BenHqHHa yrna 
pacceRHHH B odOHX cnyqaHX OHHHaKoBa. B cnyqae 
CBepxnpoBOHHHKOB BUHeneHHe BORHOBOHHOro pacceRHHR H3 
ManoyrnoBoro onRTb me B03MOmHO no nonRpH3aUHOHHUM npH3HaKaM. 

6. OECYlKnEHHE 

nonH panymHoro pacceHHHR B ManoyrnoBOM nocTaToqHo Mana, 
qTodu ee MOmHO 6uno nerKo saMeTHTb npH cymecTByromen TeXHHKe. 
Ee BUHeneHHe Tpedy~T onpeneneHHOro HCKYCCTBa, H snecb MOmHO 
paccqHTUBaTb Ha ycnex, ecnH sapaHee H3BeCTHO, rne HCKaTb 3TO 
pacceRHHe H KaKHM CBoncTBOM OHO HORmHO odnanaTb, IlpH 
HOCTaToqHo BUCOKon HHTeHCHBHOCTH HCToqHHKa HenTpOHOB 
BUHeneHHe panymHoro pacceHHHH B CBepxnpOBOHHHKax BTOporo pona 
MOEeT OKa3aTbCH He desHanemHO TPYHHUM, 3TO pacceRHHe, dynyqH 
H3MepeHHUM,n03BORHeT: BO-nepBUX, H3MepHTb BenHqHHY 
caMUM nonyqHTb HH~OpMaUHID O pasMepax ,BBXpeBUX 
BO-BTopux, HCCReHOB8Tb ~OPMY TpydoK H odHapyZHTb 
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Kpa THl,IM tJ:HCJI0M ilJJIIOKC0H0B: H' B-TpeTbHX' C II0M0nibIO rrpoue CC0B C 
rrepeBopoT0M CIIHHa ~aCTHtJ:H0 HCCJienoBaTb pacrrpeneJieHHe II0JIH 
BHYTPH BHXp8BhlX Tpy60K (CM., HarrpHMep, rrpouecchl rrepesapHnKH B 
pa6ore131 i. ECT8CTB8HH0, tJ:T0 HaH60JI88 qy~CTBHT8JibHhlMH C 
paccMa±pHBaeMon T0tJ:KH 3p8HHH HBJIHIOTCH X0JI0nHhl8 HeilTp0Hhl C 
nJIHH0il B0JIHhl rropHnKa 101. 
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