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Bs ene aa e 

B oiSY'IROM 6 eTa-pacnane Sl.llep , a KoTopo M oTp><naTerrhHblll aneKTpoH po>KnaeTC P. coaMec-r

ao C aHTRRBliTpRHO npH npeap ame ltRH Ue l\TpOH8. B npOTOH, KaK U3B9CTUO, CUBKTp 3ll9KTpOHOB 

a e npepbiaea. OnaaKo MOJKBO, B npaauane , paccMaTpaaaTb nponecc K - po>KJlenaSI, B KOTopoM 

a neiTPOH p0~A 89TC SI B CBH3 BHHOM COCTOHHRH 8 TOMB 1 8 BHTH He ATpHHO HMeeT AHCKpeTRy~ 

a aeprHJO / I 
1

• B THM<e rrblx paA RoarreMellTB.X o6bi'IBCll, ne aonaaosannoll rronaocTbJO MaT epHa, 

K -pO>K.ll e HHe , KOH e qHo, HSB03MO>KBO, Tax x ax K -o5onoqKa aanonHeaa. B cny qae He"A.TpoHa 

.U TpHTHSI npOU9CCb1 K -pOJK,0 9 HH H B03MO>KHbJ , H O BGp OSITHOCTb HX, KBK MO)t(HO nerKO y6e.nHTb-

C>l, 0'19Bb Mana no CpABHBHH!O C aepOIITROCTb!O o 6 bi'IRb! X npOUSCCOB 6eT8.-p8.Cll8.1!A. no CI!X 

nop npoueccw a neKTpoaaoro K -pO>KJlBRBSI ae aa6n iOAanac b . 

B aacToruue ll cTaTbe o6pamae TC H BBHMaa a e a a T o, 'ITO npouecc ''"'oaaoro K -poM<ne-

HBH B cnyqae THJKenoro rauep-smpa, uanpoTKB, .non>KeH HMeTb sepOSITHOCTb, cpaaHHMYID c non-

noll sepoi!TnOC ThiO MJOoaaoro pacna)la ranep-Sillpa. 

npouecc, KOTOpb!ll "'"' p8.CCM8.TpBB8.9M, cne)lyiOmalt. T>!>Kenoe !1. -rHnep -SIIIpO aanyqa-

9T 8HTHHe aTpHHO AHCXpeTBOA SH9pi'BH, A 1\.fJOOH llO SIBJTSJSTCSI B CBSI38Hl10M C OCTOHHHH Me30B. T o-

M8., 3TOT npOUBCC OTBOCBTBILbBO B9p011T9B, UOCKOILbKy panayc MIOOHHOll Op6HTbl M8308.TOM8. 

MRoro M9BbnJe, 'IBM p8AHYC COOTBBTCTBY!Olll&ll 3.19K'IpORHOll op6H T bl , B, BO-BTOpb!X, npHHUHIT 

nayna ae aanpemaeT o6pa30B8.BHSI MIOOB8. B IS -COCTOliHHH JTI06oro M9308.TOMa. 

~~~JO~O~B~B~09~--K---~p~O~lK~U~B~HB~~e~C~B~0~5~o~u~n~o~n _!1. ___ -_'l_a_C_T_H_U_bl_ 

!1. 0 
fpy6aR oueHKB. aepo!ITBOCTB ,. .w K POlKA MJOOHHoro K -pOJK)leHHH cso6o)lHOll !1. - '!ac-

TBIIbl MOlKBT 6b1Tb CU9U8.H8. npOCTe AmHW o6p8.30M nyT eM Cp8.BHBHH<l )l8.liHOrO • UBYX'<llCTH'JHOrO 

nponecca• 

,\ _, M930 BOUOPOU + V + 71 ~38 (1) 

C XOpOWO H3y'!eHBb!M UpOUBCCOM 06bi'IHOr O 38.XB8T8 MJOOH8 npOTOHOM 

MB30BOAOPOil "' n + v + 104 ~aB , (2) 

B9pO>ITHOCTb 1/ r 
/ 2 / 

KOToporo 
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(3aecb Wt+/~600 CeK -
1/ H 

-1 
Wtt I ~ 10 ceK I , cooTBeTCTBeHHo, aeponTHOCTH norno-

weHH!I MJOOHa npoTOHOM H3 llBYX cocTO!IHHfi CBepxTOHK oli CTPYKTYPbi Me3oBoaopoauoro 

8TOM8 ), 

EcnH npeanoao>KHTb , 'IT O B npouecca x (I) u (2) A - qacTuua " uertTpoH yqac TBYJOT 

COBep weHHO CHMM8Tp1.PIHbiM o6pa30M 1 TO MBTpHlfHbl€ 3neMeHTbl anst ll.BYX npoueCCOB O.UHHB-

KOBbl. OnHaKo H3BeCTHO, "t.J:TO a e postTHOCTb nenTOHHbtX npoueccoa pacna.aa A -l.J: BC T:HU bl Ma-

na no cpaBHeHHJO c BepO!!THOCTbJO n enTOHHbiX npoueccoB pacnaaa uyKllOHa . 3TOT ¢aKT aon-
/ 3/ 

>KeH 6b!Tb Y'ITeH anocTepuopH Ko3¢¢mmeHTOM a ( a ~ 1/20) • nonyqaeM 

A wo 
u K pO>KJl 

~ Wt +a ( Ev 
Ev 

2 

) ' 

rae E; , E 11 - aHeprHH BHTHHeHTpHHO H HeilTpHHO, cooT BeTCTBeHHO a npoueccax ( 1) H 

A o -1 
(2) . TaKHM o6pa3oM, nonyqaeM I' W K PO>·Jl ~ 14 ceK 

BepOHTHOCTb "o6bJ qHoro' MIOOHHOro pacnana .\ /3/ A o ~ 5 -1 
-'18CTHUbl U W Henp 4 •10 CeK , 

TBK YTO OTHOlli9HH9 aepOSITHOCTe~ paCTI8ll.OB 1 B 
/\wo . 

H D CB060JlHOM COCTOSIHHHX , -!. ICpo)f{n 

u.wo Henp 

KOTOpbiX MlOOH pO>K,ll89TCS1 B CBH38HHOM 

-5 
3.10 • 

3necb npennonaranocb, 'ITO B npouecce ( 1 ) cocTO!IHHe Me3oBonopona - cocTo!IHH e IS 

H npeHe5peranOCb pO>Kll8HH8M MlOOHB B npyrux COCTOSlH IHlX M9308TOM8. 
A z w 

Hu>Ke Mbi o6cy>KnaeM 38BHCHMOCTb oT Z OTHoweHHH J\ Kz P0 1K0 Bepo!!THOCTH w 
u Henp 

po>KaeHHH MJOOHa B IS - cocTOHHHH Me3oaTOMa rHnep-!IJlpOM c 38p!IJlOM Z K Bepo!!T-

HOCTH pO >K)leHIHI rHnep-!IJlpOM M!OOH8 Henpepb!BHOrO cneKTpa, 

!1cnyCK8HH9 MO!OOHOB TH>K9Jlb!MH runep-Hilp8MH.~HUHn ll~ 

>!apo ( Z + ·1) npH pacnane runep- !lllpa MO>KeT 6hiTb o6pa30B8HO B pa3HbiX B036y>K-

.neHHbiX COCT051HHSIX. 

3aMeTHM Cp83Y >Ke , "'TO 38BHCHMOCTb 

c TeM, 'ITO po>K)J.eHHe npoTOHOB npu pacnane 

A z 
U W Henp OT 

A -'18CTHUbl 

Z npemne acero CBH38Ha 

no cxeMe A ~ p +." -+.;; 
BHyTpH TSUKenoro I"Hnep- SI.Jlp8 CHnbHO fl0.08Bneno 11pHHUH110M TiaynH: npoTOHHbie COCTORHHSI 

KOH e t.tHOrO 5lllp8 38110nHeHbl annOTb 00 aenH1.fHHbl MBKCHMBnbHOI"O HMI1ynbC8 4>epMH 2QQ M ::m/c, 

D TO Bp9MH K8K cpe)J.HHi! HMnyllbC A - '18CTI!Ubl B TH>KellOM runep-S!npe paBeH TOJlbKO 

"" 50 Maa/c, a MBKCHManhHhlti HMnynhc npoTOHOB OTIJ.Bl.IH a CHCTeMe noKoSI A -qacTHUhi 

~ 130 MaBle . Auanorii'!Hbln a<!>¢eK T, KOHe'lno, HMeeT MecTo T8K>Ke: 

a) nnH npouecca MJOOHHoro K -po>KneHH5l B ru nep- !IJlpax ( B 3TOM cnyqan HMnynbc 

npoTona OTJ18'1H ~ 70 MsB/c); 

6) )lllH nHOHHbiX pacn8Jl0B rHnep- !IJlep, rne IIMnyllbC npOTOH8 OT)J.8'1H B CHCTeMe nOKOSI 
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A -'lllCTHII hl ~ 100 /1\aa/c . TeopeTH'IeCKH rrouaaneune liHOHHbiX pacrrauoa r nnep-sl!lep rrpHH

UHITOM naynH 6binO p aCCMOTp e HO npHMllKOBblM
141

. B enH'IHHa ITOUBBI19HHSI BblplllKll9TCSI rpy6o 

-2 / S/ OTHOWeHHeM R aepoSITHOCTell rrHOHHbiX pacrrauoa nerKHX u TH>KenbiX rurrep-Sillep ( R ~ 10 ) • 

!lnSI HllC C9Jl '!a C BBlKHO ITO!l'19pKHYTb, 'ITO <jJyHKUHH nayneBCKOrO IT OIIBBI19HHH B CITy'lae 

pom.neHHH CBH38HHOro H CB060JJHOf'O MlOOHOB f'Hnep-smpOM Z H0Jl06Hbl , H Mbi He COB9pWHM 

60I1bWOJl OWH 6KII , 9CI1H llrrnpOKCHMHpye M HX O)lHOJl H TOfl lKe <jJy HKUHeit f( Z) • 

OueHKa 
A z A z 
ll w KPO?!<A IJ. w l!efl!l 

T aKKM o6paaoM, a npn6nH )KBHHH, a KOTopoM He Yl.IH T btsaeT CH aasHCHMOC Tb ¢aaoaoro 

o6beMa oT 3Heprm-t: CBH31i A -qacTHUbt, HMeeM 

A z 
lfTO >Ke KBCB BTCH W , TO BBpOSlTHOCTb 06p830BBHHR Ml0-M9308TOM8 rrpH IJ. K ]:iO>K)l 

MJOOHHOM pacuaue nerKoro r Hnep-S!Jlpf· aapSI.Ila 

<jJy HKUHH MIOOHa B611 H3H HUPB j cp(O)j • n pH MBliblX 

z npOnOpUHOHBllbHB fTllOTHOC T H BOllHOBOA: 

z 3 T B fTllOTHOCTb nponopUHOH8JlbH8
1 3 

K BK H3B9CTHO, ( Z + 1 } 
• E cn H >Ke pettb H,aeT o Tsr>KenoM rHnep-SUJ.pe, TO paaHyChi sr.npa 

H MIOOHHOli op6H T bi C p8BHHM bl H HB06XOllHMO Y'-IH T biBB T b KOH9'-1Hb19 pa3M9pbl st.npa. 8 3 T OM 

Cllyl.f.Be B03HUK89T CHTYBUHH1 XOpOWO H3YY:BHHBH 8 T BOpBTH\.fBCKHX U 8KCnepHMeHTBJlbHbiX l:fCCJle

.UOBBHHRX npouecca aaxaaTa MiOOHa pll3HbiMH H.ll. PBMH
161 • CaoH.cTaa MeaoaToMa MOX<Ho onH-

CB Tb IlpH flOMOlllH H9KOTOporo K08 ¢<.lJHUH9HT8 Z a¢ ¢ • 

B epo.s:rTHOCTb pO.>K.£l 9 HH51 MIOOHOB JJ CBH38 HHOM COCTOHHHH Y*9 He nponopUHOHBJlbHB 
3 3 3 

(Z+ · l) , B (Z+ [)a<jJ¢ ~ Z3 $<jl , r ne Z 3 $<jl. CTp9WITCH K OOCTOSIHHOii B911H'IHII9 Z a¢<I>.MaKC. 

npH 6onbWOM Z . Teo pH SI H onbiTbi no MIO-aaxaaTy Sl.llPBMu rrpuaoaSIT K ToMy, 'ITO Z
3

q,¢.MaKc. 

~ 30. CneAoaaxen~uo, 

u w K PO"'..l 

w 
ll HQ11p 

npH 60ITbWOM Z 

A 
1J. W K 

1\i<> 
u 

Jl>OlKil 

lienp 

( z ) 
(Z ) 

-5 3 
3.!0 Z aif,¢ 

113 a Toro rpy6oro pacqe Ta au.a. uo, qTo .neii.CTBHT enbHO npouecc MK>OUHoro K -po.>K..QeHHH 

a T5Dt<enbiX rHnep-H.npax 
coaceM o6bi'IHhJA cnoco6 MIOOHHoro pacna11a rHnep-Sillpa. 

3HeprHSI CBSI3H TSilK9110ro rHnep- SillpB 

Ilo CHX nop Mhi rrpeHe6perana 3 HeprHeli CBSI3I: 1\ -'IBCTHUhJ S 
11

• Teop e TH'Iecxue B 

3 KCIIepHM 911TB!IbHb19 .0.8HHbi9/S / Il03BOn 51JO T rpy6o OU9HHTb 8 
11

, KOTOpB R B TSI>K9ROM 
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semecTae paaHa 25-30 M9B. nocKOllbKY nponecc MIOOHHOro K -pOlKJleHH!I nponopnHOHanes 

xaanpaTy ocao60JI(Il89MOJ! 9HeprHH, a npo necc pac u a a a rHnep-ll.llep c acnycxasaeM MJOOHOa 

He npepbiaHoro cneKTpa nponopnHoHaneH nwroJ! CTeneHH 9HeprHH, !ICHO, 'ITO y'!eT B n npii

A z I A z 
a O)!HT It 1l81lbHel\llleM)' yaenH'I9HHIO OTHOW9HHR I' W polKJl f'\YHenp (K8K 9TOro MOJKHO 

O>KH1l8Tb H8 OCHOB8HHH DpOCTb!X <!>H3H'IOCKHX COOOp8JI(9HHll ). 3TO OTHOW9HH9 MO>KQT 3H8'1H ... 

TenbHO npeabllll8Tb 91lHHHilY • 

MIOoHsoe L -poJK,o.enHe 

!lo cHx nop paccMaTpHaanocb MIOOHHoe po>KJl&HHe TOnbxo a IS -cocTOHHHH. O'!eaHn

HO, 'ITO 9TOT THD pOlKJl9HHH rrpeo6naaaeT a nerKHX rHrrep-SI.Ilp8X, (B epO!ITHOCTb po)f{JleHHH 

M!OOH8 B 2S -COCTOHHHH IMH nerKHX Sl.ll9P COCT8all!19T ~ 1/8 OT aepO!ITHOCTH K -pOJI(1l9 HH!1) , 

B T H>KenbiX r nnep- ll.llpax, onHaKo, pa3Mepbl ll.llP8 cymecTaeHHO yMeRbW8!0T aepOHTHOCTb polK

neHH!I M!OOH8· a CaH38HHOM COCTOHHHH (DO cpaaHeHH!O CO cnyqaeM TO'Ie'!HOrO Sl.llp8) npe)f{Jle 

acero JIJIH IS -cocTO!IHHH. TaKHM o6pa30M, a THlKenhlx rHnep-ll.llpax M!OOHHoe L -polKJle-

x) 
HHe a 2 S - COCTORHHH CTaHoaHTCH cpaaHHMbiM c K - polKJleHHeM • 

0 a03MOlKHOCTH Ha6n!Oil&HHH M!OOHHoro K- H L- polK,O.eHHH 

nng TH>Kenoro rHneo-RSP" 

CnpamHsaeTCH, KSK MO}f{HO o6aapyJKHTb SJBneuae MJOOHHoro K - po>K..O.eHHH? 0TMeTHM, 

'ITO aHeprHR, coOTaeTCTBYlOIIlBSJ paauaue Mace CBH38HHoA A -qaCTHUhi B uyKnoHa a aToM 

npouecce , HCIIYCK89TCH, rnaBHblM o6p830M, B BHll,9 HeftTpRHO: MIOOH B nepBH'IHOM npouecce 

pacnana A -'18CT Hilbi c a H3aH, a a nocneny10meM nponecce MIO-aaxaaTa ll.llPOM 9HeprHH, 

c o oTaeTCTay!OmaR ero Macce noKoH, npeapamaeTCSI a neJ!TpHHHy!O 9 HeprH!O. Bpll.ll nH 9 To 

o6cTOSITenbCTao ( ManaSI 'aHilHMBH' 9HeprHSI ) noMOJI(9T o6HapyJI(HTb paccMaTpaaaeMhiA npo

uecc, CKa)f{eM, apu ocTaHosxe K - Meaouoa a ¢OToaMynhCBB. 

Bonae pe811bH8H a03MOJI(HOCTb H801ll01l8Tb !IBJ!QHHe COCTOHT a c nenyiO!lleM. npencTa-

BHM eerie ny'IOK K - M930BOB, OCTSHOBHBUIHXCSI B OTHOCHT91JbHO TOHKOA MHWBBH TH)t{enoro 

9D&MeHTa. KaK Mbl aHnenH, M!OOHHbll! pacnan o6pa3oaaHHhlX rHne p RJ!ep c 6onbmol! aepoHTHo

CTbiO 6yneT nponeccoM MIOoHnoro K -po>KAeHHs. B 9TOM cnyqae 6ya eT HM&Tb \.I&CTO nocnenoaa

TenbHhiA aanaanblaaiOmHII 38XB8T MJOOHa ll.llPOM. TaKHM o6paaoM, a npHHilHDe, MOJI(HO Haoni0-

!18Tb aana3nblaaiOmBe co6hiTHH {xapaKTepaoe apeMH I0-
7 

cei<) npH OCTBHOai<e OTPH1l8TellbHblX 

K -M830H08 a OTHOCHTellbHO TOHKOl! MHW9HH TRlKenoro MaTepBana. npHMepaMH 38D83Abla8IO

!llHX co6wTull, I<OTOpble MornH Obi 6b!Tb 38perHCTpHpoaan hl, HBJIH!OTCSI HcnycKaHHH aell-rpouoa 

RnH 9nexTpoaoa, a Tax>Ke aana3LtbiB8lOlllee neneRBe. 

X) 38M9THM T8KlKe, 'ITO anSI TSIJI(QilbiX rHil8p-SI.Ilep CT8HOaHTCSI Cy!lleCTB8HHbiM pOJI(Il8HH8 

M!OOB8 B 2p-COCTO!IBHH, 
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OneHJta rroKa3biaaeT, 'ITO OIJbiT TaKoro Tana aeneroK (a3-3B Marroll a6corrJOTBol! se

POSITHOCTH MJOOHHbiX rrpoueccos pacrralla), ao a ae ¢aaTaCTII'!ecxa TPYlleH, 

B 3BKI1JO'!eaae XO'IeTCSI OTMeTHTb eme OllHO o6CTOSITerrbcTso. Kax OTMe'larrocb BhiWe, 

MIOOHH0/1 p0lKllllH119 B TSilK/liJbiX rHrrep-SJ.[lpBX CO 3HB'IIIT/111bHOlt BepOSITHOCTbiO IlPOHCXOlli!T 

B 2 S -COCTOSIHH/1, noCKOIJbKy 2 p -COCTOSIHI!e 11/llKIIT HlllK/1 2 S -COCTOSIHHSI, MIOOH IJOCIJ/lllQ

BBTerrbHblMH PBllHBUIIOHBbiMII rrepexOllBMH 6biCTpo rrorrallaeT a IS -cocTOSIHIIe, TaxaM o6pa-

30M
1 

npH pacrra.a.e TSDKenoro rHnep-Slll.p8 B03HHKB9T B03MO>KHOCTh JIORBneHHSJ 0JlH0Bp9M9HHO 

xapaxTepaoro peaTreaoscxoro MIOoaaoro H3liY'IIlHIISI 2S .. 2p 11 2p .. IS • 3MHCCHn 

3Toro H311Y'IIlHHSI, KOH/l'IHO, 6ylleT COl1p0BOlKllBTbCSI 3Bl1B3llblBBIOUlHM ( 10-7 CeK ) C06biTli9M, 

o THne KOToporo wna pel.Jh Bbtwe. 

B 3BKI1JO'!eaae HBM npHSITHo no6naronapHTb C.M. BnrreHbKoro H M.5I.LtaHbi Wa 3a 

o6cy>KlleHae. 
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