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BseneHHe 

npouecc 3aMenneHHH HeHTpOHOB MQ)!(HO paane.nHTb H8 nse Y8CTH: CO OCTBeHHO 

aaMenneHHe B ~H:repBane aHeprHH o:r as no 2 M 9 B /cpen HHH 9H GprHH 

pacwenneHHH/ H :repMa!lH38UHH B HHTepBane OT HY!lH no ,_ 1 .3 B . B nepBOM 

HHTepsane cpenHHH 9HeprHH Hel1TpOH8 B e !lHK8 ITO cpaBHeHHIO C 9HeprHeH XHM.HYeCKOH 

CB5l3H aTOMOB 3aMennHTe!l5l H HX Teii!lOBOH 9Heprnei1 . noa:roMy Hnpa 3aMen!lHT9!15l 

MO)!(HO CYHTaTb CBOOOnHh!IViH, IIOKOHWUMHCH H He3aBHCHMb!MH. CBvOOnHh!MH -nO'rOMy 

'-!TO 9HeprHH o:rnaYH 3HaYHTe!lbHO OO!lbWe 9HeprHH XHMHYeCKOH CBSI3H H cnenosa·renr:

HO, Slnpo IIOC!le CTO!lKHOBeHHSI C HeHTpOHOM OTpb!B8eTC5l OT M:>!leKy!lhl H CBOOOnHO 

OTne:raeT; IIOKOHWHMHCH .. :raK KaK OTHOCHTe!lbH8SI CKOpOCTb TO!lbKO He3H8YHTe!lbHO 

H3MeHH0TCSI Teii !lOBb!M nBH)!(eHHeM Slne:.p; He38BHCHMb!MH -IIOTOMy '-!TO nnHH8 BOJlHbl 

HeHTpOHa TaK Mana, '-!TO MO)!(HO rrpeHe6peYb SIB.TieHHeM HHTepcpepeHUHH H CYHT8Tb 

Hnpa He38BHCHMhiMH paccensaJOWHMH ueH:rpaMH. B a:roM 9HeprenPieci<OM HHTepsane 

pacceHHHe B CHCTeMe ueHTpa M8CC MO)!(HO CYHT8Tb H30TpOIIHhiM H MO)!(HQ IIOCTpo-

HTb BCIO :reopHIO 3aMenneHHH, I'ICXOnH H3 38KOHOB COXp8HeHHSI 9HeprHH H HMIIY!lbCa. 

Paapa6o:raHhi Ma:reMaTHYeCKHe Me:ronhi :rpaKTOBKH rrpo6neM aaMe nneHHSI /1.2 I, rroa-

BO!lHIOWHe OrrpenenHTb 9HepreTHYeCKOe pacrrpeneJieHHe 38MennSieJ.fb!X Heli:Tp OHOB . 

B YBCTHOCTH, nnH cnyqav. aHep!'HH HeH::rpoHoB 3H8YHTenbHO MeHbweA 9HeprHH Hc:roq-

HHKOB, ¢lepMH II01lyYH1l 8CHMIITOTH '1eCKOe Bbipa)!(eHHe nnH CIIeK:rpa HeHTpOHOB B 

BHne E F(E) s Cc~. , rne F(£) - !10TOK Hei%TpOHOB. 

06nac:rb :repManaaauHa xapaK:repHa :reM, tr:ro o6MeH aHeprHeA Me)!(ny Hei1:rpo-

HOM H HnpoM He HB!lSieTCSI onHOCTOpOHH.HMj Hei%Tp0H MO)!(eT K8K o:rnaTb YaCTb 

csoei% 9HeprHH, :raK H rronyYHTb aHeprHIO o:r Hnpa. PewaJOwyJO ponb ::snecb HrpaiOT 

HeynpyrHe CTO!lKHOBeHHH, IIpH KOTOpblX HeHTpOH MO)!( e T K8K IIOTepHTb, TaK H IIOlly

YHTb 9HeprHJO. B 9TOM cnyqae OOMeH 9HeprHei1: 38 BHCHT He TOJlbKO OT MaCC hi Hnpa 

H aMII!lHTYnhi pacceHHHH, K8K B cnyqae 38MenneHHH, HO T8K)!(e OT XHMHYeCKOH 

CB5J3H H TeMrrepa:ryphl 38MennHTell5l . 

06MeH 9HeprHeH Me)l<ny HeHTpOH8MH H 8TOM8MH 38MeL( JIJ1T eJ i>l rrpHBOnliT 

CHCTeMy B COCT05JHHe p8BHOBeCHH1 H :rorna HeHTpOHHhlH ra3 HMeeT pacrrp e neneHHe 

M aKcBenna c :reMrrepa:rypoli, pasHoi% :reMrrepa:rype cpeil hi . O n HaKo, Hac:ryrrneHHe 

paBHOBeCHSI 3aBHCHT OT MHOrHX cpaKTOpOB H Mory:r Ha6riiO.U8TbCSI OTCTyrrneHHH OT 
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paBHOBeCHOf'O pacnpen eneHHH . 3anay e J1 TeOpHH TepM 9 lli138UHH H BJlSle TC Sl KBK pa3 

onpeneneHHe netiC TBHTellbHOf'O CITeKTpa HetiTpOHOB, B e llH'-IHH bl OTCT ynneHHH OT p813JIO-

· secHo r o p ac npen eneHJ1H_ 

Korna Mb! f'OROpHM 0 CIT e KTp e T e iTJlOB b!X Hei1TpOHOB , TO cnenyeT HM e T b B BI! 

DY , '-ITO OH 06paayeTCSl DBYMH CI10C06aMH: Bo - rrepBbiX , CITeKTp B D8HHO i1 TOYK e , 

o6yCllOBJleHHBIM 11CTO"'HI1K8MH H e i1TpOHOB , KOTOp b lMH MOf'yT 6b!Tb 3 aMenne HH bJe Heti -

T pO Hb! CO CIT e KTpOM <:PepM!1 £ F(E) =fA>~ , BO - BTOphlx , CITeKTp o6ycnaBJ1HBa-

e T cH nHcj::>cpyaHeti c cocenHHX To •reK . B oo6 we roBop5! , HM eeM Hano* e HH e 9 THX .o.syx 

rrpou e ccoB, HOI KBK YBHDHM B § 8, MO>KHO BbiDenHTb CITeKTp , o6ycnonn e HH bT M DHcjJ

cPY311 eti. 

Heo6xonHMo aaMeTHTb , '-I TO B pHne cnyYaen rroToK Hci1TpoHoB HBnHeTc5! 

He3aBH CJ1MbiM OT KOOpDHHaT; 9TO HM eeT MeCTO TO"!HO 
DllSl 6eCKO H el.J H OM OD HOpon -

HOM CpeDbl C p8BHOMepHO pacrrpeneneHJ;!biMH 11CTO"'HI1K8MJ1 H eti TpOHOB H np u6n H -

>KeHHO T orna , Korn a 
B03MO >I< H O rrpt!M e HH T b M e T o ·1 roMor e HH3BUH H / 2aj . EcnH 

cpenHHH n nMHa npo6era 
Hei1TpOH8 6 0llbWe Hll H Cp8BHHM8 C p83 MepaMH H eOL( HO -

PODHOCTei1, T 0 f' L( 8 Hei1TpOH IIOClle OL(HOf'O C T OllKHOBeHHSl MO/!<e . rrepeti T H B npyryiO 

06llaCTb cpeDbi . np11 9 T OM IIpOHCXO L( HT IIepeHOC 9Heprl1I1 , TBK KBK ec m1 HeHTpOH 

1IpHo6pen 9 Hepf' I1IO B O D HOM '-IBCTH cpeL(bi , TO MO)!{eT OTL(8Tb ee Y*e B npyroi1 

'I BCTM . 3TO 03H8'-18eT , '-ITO pacrrpenen eH H e IIOTOKa H e tiTpOHOB IT O 9He prHH 11p8KTH -

YeCKH 6yneT He3 8BHCI1 M O OT K OOpL( HHBT . 

8 Clly"lae CHllbHOM 38BHCI1MOCTM ITOTOKa HetiTpOHOB OT KOOpL(HHB~ H811pHMep, 

D llH 0'-!eHb HeODHOpODHOM 
p eweTKH HJ1H B p e aKTOpe C OTpa >K aT e .JleM , MeTO D f'OMO -

f' eHH38UIUI H e !Ip1M 8 HHM H D O CHX IIOp HeT 9cj::>cpeKTHBHbiX M8TeMaT Hl.J 8 CKHX MeT OL(OB 

peweHHH 9TH X rrpo 6neM . 

no9TOMy B DB llbHetiweM paCCMOTpl1M rrpe )!{ne BCef'O BOIIpOCbJ , CB5138HHbl 8 

C OIIpeneneHHeM II O TOKB HeATpOH O B He38Bl1BHMO OT ITOllO *eHHH B 11pOC T p8HCT Be 

11 T Ollb K O B § 6 KpaTKO PBCCMOTpHM II OCT8HOBK y BOIIpoca B C lly'-lae IIO T OKa , 

38BHCHLUef' O OT KOOpDHHaT . 

Borrpoc TepManHaauHH HetiTpOHOB rrp encTaBnHeT HHT e p ec c nsyx ToY eK a pCIIHH, 

Bo - rrepBb iX , c TOYK I1 apeHHH T eopHH p eaKTopos , rroToMy lfTO orrpen e n e HH e cncKTpa 

HeATpOHOB H e06XODHMO D llH K O HKp eT H hlX u ene A paclfeTa H C T pO HT CllbCT Ba peaKTOpOR . 

B Teop1111 p eaK Topos o6bilfHO TerrnOBbJe H eti TpOH b i paccMaTpH BaJOT C}l B MHoror'pynno -
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BOH TeOpHH K8K'. 0.llH8 MOH03HepreTHtteCK8SI rpyrma; 'IT06br1 O.llH8K01 nonyttHTb 6onee 

:unn: MeHee aasKaaTHyro KapTHHY npon:cxoasnun:x npoueccoa, scjlcjleKTIIBHhre cetteHn:H 

paCCe5JHH5J H nornorueHIISI ycpe.llHSIIOTCSI B npeanono>KeHHH 1 'ITO HeJ1TpOHbi nO.lltiHHSIIOTCH 

MaKcaennoBcKoMy pacnpeaenean:ro c TeMnepaTypofi T cp~.llhi. 4To6br onpaaaaTb 

9Ty npoueaypy, H8.ll0 H8HTH aeficTBHTenbHhlH cneKTp Ii·T~MnepaTypy HefiTpOHOB C 

ytteToM XHMHtteCKOH CB5J3H n: apyrn:x cjlaKTopoB. CneaoaaTenbHO, onpeaenea~e cneK

Tpa H TeMnepaTypbi HeHTpOHOB stBnHeTCSI anSI Teopn:H peaKTOpOB 38.llattefi nepBOCTe-

neHHOfi B8>KHOCTH. 3aTeM, Teopn:H TepMann:aaun:n: HHTepecaa c TOttKn: apeH:ust 

cPH3HK~ TBepaoro Tena H ~oneKynH~Hrifi cPII3HKH, TaK K8K n03BOnsteT BhlSICHHTb Kap

THHY KOneflaHIIfi KpHCTann:tteCKOH pellleTKH H .llHH8MHKy .llBH>KeHHH MoneKyn B >KH.lli<O-
' ~ 

CTHX n:nn: raaax. 

Coaepllleaao HCHo, ttTo Me>Kay 9THMH .llBYMH acneKTaMn: Teopn:n: TepMann:-

aaun:n: c O.ll.IIO,fi CTOpOHbi n:cnonb30B8HHeM HeiiTpOHOB B KatteCTBe cpe.llCTBa HCcne-

aoBaHIIH cTpyKTyphr MaTepn::u, n: c apyrofi cTopoHhr -onpepenean:eM cneKTpa aefiTpo

HOB C ytteTOM BnHHHHH XHMHtteCKOH CBSI3H Ha npouecc TepManH38UHH 0 HeT pe3KOH 

rpaHHUhlo 3aecb Heo6XO.llHMO COTpy.llHIItteC!BO cPII3HKOB TBepaoro Tena H cneun:a

nn:CTOB no cPH~HKe peaKTOpOBo 

§ 1. CneKTp TennoBhlX aeATpOHOB 

PaccMoTpn:M caattana KattecTBeHHO aonpoc ycTaaoaneHHH crreKTpa aeATpoHoB 

B cpeae. Ecnn: n:MeeTcst 6ecKoHettHast oaHopoaHast cpeaa H HeT rrornorueHHSI n: 

HCTO'IHHKOB, TOT'.ll8 BpeMSI >Kiii:3HII HefiTpOHa OtteBH.llHO. 6eCKOHettHO, BpeM5I >Ke 38Mea-

nean:st - KOHettHast aennttnHa, n nosToMy no n:cTetteHn:n orrpeaeneHaoro apeMeHn: 

ycTaaoBnTcst paBHOBecHoe, MaKcBennoacKoe pacnpeaeneane. 

Ecnii >Ke cpeaa nornoruaeT, Toraa otteBH.llHO apeMH >KH3HH HeliTpoHa TO>Ke 

SIBnsteTCH KOHettHOH BennqHHOH H ecnH OHO cpaBHHMO CO BpeMeHeM 38MeaneHHH, Tor

.ll8 paBHOBeCHOe COCTOHHHe He MO>KeT HacTyiTHTb, TaK KaK 38Me.llnHeM hie HefiTpo-

Hhi nornoruaroTcst npe>Kae tteM ycneroT aocTn:rHyTb cocTOHHHSI paBHoaecn:st, n, cneao

BaTenbHO, ae:licTBn:TenbHOe pacrrpeaeneHne oTnHttaeTcst oT pacnpeaeneHI1H MaKe-

aenna. 
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B cnyqae HMIIynhCHOrO HCTO'iHHKa H 38XB8T8 IIO aa.KOHY "/v crreKTp TaK-

:me ycTaHaBnHBaeTCSI M8KCBe.'lnOBCKHfi 1 HO IIOnHoe 'iHCnO HefiTpOHOB y6biB8eT /eM, §8/ , 

4T06hl paCCMOTpeTh BOIIpOC KonuqecTBeHH0 1 YCT8HOBHM ypaBHeHHe, KOTOpOMy 

nonqHHHeTCSI IIOTOK HefiTpOHOB B cnyqae CT8UHOH8pHhli HCTOqHHKOB, 

PaccMoTpHM c sToii uenbw.6anaac HeiiTpoHoB B HHTepBane &HeprHH Jf 
4ncno HeATpOHOB, yxonHWHX H3 &Toro HHTepBana BcnencTBHe pacceHHHH H nornb-

weHHSI 1 paBHSieTcSI (~ (E} +lf;. (EJ]'f(f)Jf , rne t({E} H o;ce) 
- MaKpOCKOIIH'ieCKOe ScPcPeKTHBHOe ceqeaHe COOTBeTCTBeHHO IIOrnoweHHSI H pacceSI

HHSI 1 'f{l£.) IIOTOK TeiinOBb!X HeiTpOHOB Ha enHHHqHb!l HHTepBan SHeprHH, nycTh 

He1Tp0Hbl 1 IIpHXOnSIWHe El HHTepBan cf£ H3 BHeWHHX HCTOqH!lKOB1 KOTOpb!MH SIB-

nSIWTCst aaMennSieMbie Hei'!TpOHbi c &HeprHeA BbiWe aeKOToporo rpaaHqHoro 3Haqe

HHst Eww 1 paanenSIIOJ.Uero HHTepnan TepManHaauHH oT HHTepBana aaMenneHnH, naHbi 

qneHOM S(E) dE • Danhwe nyCTh HeATpOHbi, pacceHHHbie c npyrHx HHTepBa-

I 
noB df BHyTpH o5naCTH TepManH38UHH 1 IIpencTaBneHhl HHTe~panoM: 

E."~ 

J: t ~ 6"(E'>c.) 'f(E')dE'}· , 

rne 6"' (E '-7 E) - HHnHK8TpHCC8 pacceHHHst, T.e, TaKast cPYHKUI:lst 1 qTO 

a(Ef.:tcJ d£ 
a;(E') 

Ban £ 1 E +ciE 
naeT BepostTHOCTh paccestHHst aeATpoHa c &HeprneA £' 

• DeiicTBHTenhHO, HMeeM cnenywwee cooTHoweHHe: 

~ (E') 'f(E') ,JE 1
• W (E'..:, E.) = o(E ~E) f(£ 1} dE' 

B HHTep-

rne 6;(E') f(E') JE
1 

- qncno coynapeHHH B HHTepBane Je' 
I 

wf£ -"!e) JE. 

paccestaust B HHTepBan JE ; 
, a(E'-=n:1 

w(£-7E}JE = .. 
- Bepo SITHOCTh Torn a 

clE 

YcnoBHe HOpMHpOBKH BepostTHOCTH_ naeT: 
. t: ..... 

~(E'} = ) ~(E'-?E}d£ /1.1 I 

0 

CocTaBnHst 5anaac aeiiTpoaoB, nony'iHM ypaBHeHHe EonhuMaHa nnst cTaUHOHap-

HOro COCTOSlHHst: 
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Em ' 

[ o-~CEJ + 1i5 CE l] 'f(E} =: J ..-(EO,E) 'f(E~dE ~ S (E). 
11.2 I 

0 

VIa 9TOI"'O IrHTel"'panbHOI"'O ypaBHeHirH, 3HaH IrHAirKaTpnccy pacceHHHH r$"(E f..:r E), 

HBliHIOLUYIOCH HApOM IrHTel"'palibHOI"'O ypaBH9HirH, MO)KHO OIIpeaeJIHTb CII9KTp Tenno

BbiX He:iiTpOHOB 'f(e) • YfCTO'IHIIKir C'IIrTa!OTCH 38£l8HHbiMir Ir paBHbiMH: 

co 

5 (E)= j <f.CE'7 E) F(E') dE 1

1 

Crn ' 
I 1.31 

., 

·l"'ae F(E) 
- CII9KTp 38M9AliH9MbiX He:iiTpOHOB lcneK'tp ct:>epMHI. YfHAIIKaTplrCCa 

pacceHHII H <1"( E ~E) 
B 06JlaCTir 38M9.[lli9HliH OTJlli'IH a, KOH9'IHO, OT liHAirKaTpHc-

Chi B 06JlaCTII 'repMaliH38Uirir 1 XOTH OHir Ir 0603Ha'la!OTCH OAirHaKOBbiM o6pa30M. 

0THOCirT9J1bHO 9Hepi"'Irli Em , KoTopasr oTaensreT o6nacTb TepM&<IIaauuir OT 

05JlaCTli 38M9.[lli9HliH, 1Ip9.[liiOli81"'89TCH, 'ITO .. OHa AOCTaTO'IHO B9liiiKa, 'IT06bj pacceH-

Hire, npoircxoa H mee B IIHTenBane 0 - Em , He M OI"'liO nepe6pOCHTb HeiTpOH 

B o5nacTb aaMeaneHirsr. Oobi'IHo ansr aTol"'o aocTaTO'IHo npnHsrTs E...., ~ /0 kT . 
K aToMy Bonpocy BepHeMcH B § 6. 

Ecnii npoiiHTel"'pHpyeM ypaBHeHire 11.2 I no E , TOI"'Aa IIOliy'IHM YCJIOBHe 

COXpaH9HliH HeiTpOHOB: 

~ . E~ 

I"~. (£) '((0) dE - J 5(E)d E 

0 (I 

E>'k 

) 'f{E)c/E 

I) 

f....., E...., 

J dE ~ 6{€'>13) 'f(E•) dE'-

o 0 

o. 

3aecb Mbi BOCIIOJlb30B8liHCb COOTHOW9HH9M 11.1 I AliH acf:Jcf:JeKTHBHOI"'O C9'!9HHH 

pacceHHHH. 



CnenoBaTenbHO HMeeM 

E .... 
~ 6;,. CE) ifCE} c{£ 

0 

8 

e .... 
.f SCE} cl£ 

11.41 
u 

3TO ypaBH9HH9 Bbipa:>KaeT TOT cpaKT, 'ITO IIOnHoe 'IRCnO HeitTpOHOB liCTO'IHRKa 

paBHO 'IRCny IIOI'nOlU9HHbiX HeitTp.OHOB B liHTepBane 0 - E.wt IB RHTepBane 3aMen-

neHRH HeT rrornomeHRHI. 3To yciioBRe 1 HanaraeMoe Ha peweHRe· RHTerpanbHOro 

. xl B ypaBH9HRH • TO poe norronHRTenbH09 ycnOBRe 1 KOTOpOMy aon:>KHO y aoBneTBOpHTb 

Hnpo RHTerpanbHoro ypaBHeHRH 11.2 I, sTo, TaK Ha3hiBaeMoe 1 ycnoBRe neTanbHOro 

paBHOBeCRH: 

cr(E _.,E.'} MfE} 

_EIIfl 
E 

uC£'-7 E) /VI(£') 

' 
11.5 I 

rae M(E) :::"C"~(kT)z. e. pacrrpeneneHRe ~aKcBenna anH rroToKa Heit-

TpOHOB0 3TO ycnOBRe HBnHeTCH Bblp8lli9Hli9M COCTOHHRH paBHOB9CliH TerrnOBbiX 

HefiTpOHOB CO. cpeaofi IIpli OTCyTCTBlili IIOI'nOlU9HRH. 0HO HBnHeTCH rapaHTRefi TOI'0 1 

'ITO B rrpeaenbHOM cnyqae OTCyTCTBRH rrornol.UeHRH IR RCTO'IHRKOBI, paCCM8TpRBae

Mbl9 HefiTpOHbl aoCTRI'HYT TeiinOBOI'O paBHOBeCHH CO cpeaofi. 

)le1tcTBRTenbH0 1 rrycTb S == 0 R a;,. =:: 0 , Torna RMeeM 

E..,.. E...., . 

~.,-IE C., E) 'f (t: ')dE 
1 

- 'fiE} j '(t: -"1 e'}d E1 
"" o 

0 . 0 

rrpR'IeM HCIIOnb30B8HO orrpeneneHHe tr!J( c) no 11.1 I. EcnR J3ocrronb3yeMcH 

ycnOBReM paBHOBeCRH /1.51, TO 6yaeM RMeTb 

e""' 
) 6 (E.::, E.') L- '('(E.') 

0 

M(EI} 

l.f(EJl . f 
M(EJ J"M (E) cl E ::: 0. 

x/ 
0HO aon:>KHO BbiiiOnHHTbCH Upli nro60M 38XB8Te li RCTO'IHRKBX. 

11.2' I 
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TaK KaK 6 (£..=, £. ') l('C E) H M(E) BenH'IIIHbr cymecTBeHHo nono:m:IITenb • 

Hbre,· TO OTCIO.[la cne.uyeT: 

'f{ E') 'f( E) _ Cc~V~J.. - J. 
M(E') ::: MfE) 

.Deil:cTBHTeJibHo, o5o3Ha'IIIB .unst y.uoocTBa 

HeHIIe /1.2' / B BH.[le: 

E"-1 

, nepenuweM ypaB-

'#'IEJ J c-1£-.E') dE'= ..f{E}~fE} 

0 
() 

o(£-7£'/ ~{,E')ciE 1 

6's(E) -

11.2" I 

f{£). 

Ho , KaK obmo y:m:e oTMe'IeHo, ecTb BepostTHOCTb paccestHHSI 

'E' HeiJ:TpOHa B HHTepBaJI Q II CTano ObiTb IIMeeM YCJIOBIIe HOpMIIpOBKII 11.11: 
e-:> 

~ 
0 

q(£.-? £') c(£ I= 

6.s (E) 
1... 

Cne.uoBaTeJibHO npii STOM ycnoBIIII, ypaBHeuue /1.2" I IIMeeT e.uHHCTBeHHOe pewe

HHe: ""(E):::: 'f(£'} =- 1.. . Cne.uoBaTeJibHo, LlllSI 5ecKOHe'IHOil: Hen~rnomaro
meil: Cpe.[lhl Oe3 IICTO'IHIIKOB ClleKTp HeiJ:TpOHOB SIBJISieTCSI MaKcBeJIOBCKHM, He3aBH-

CIIMO OT BII.[la HHLliiKaTpiiCCbi pacceSIHHSI tf"(E 1-7 !:) 

Bo3MO:>KeH eme OLlHH cny'Iail:, Kor.ua Heil:TpOHbr npHHIIMaroT MaKcBemtoBcKoe . 

pacnpe.ueneHue He3aBHCIIMo oT BII.u.a ()(£'..:,E) , a HMeHHo, Kor.ua HCTO'IHHKH 

IIMe!OT paBHOBeCHOe pacnpe.ueneHue. nycTb sr~) ::= a"qfe) HfE} • TOI"'Lla H3 yc-· 

JlOBIISI COXpaHeHHSI HeHTpOHOB 11.41 cne.uyeT: r:0 IE) 'f(E)./E' 

0 

E' . 

J ;,: (E) M(E} dE, 

0 . 

OTKY .ua <f(E) ::= M(E) 
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Y1TaK, He nornor.uemie,' Boo6r.ue roBopH, caMo no ce6e SIBnsteTcsr npiPniHoil: Toro, 

'-ITO H8:i1Tp0Hbl He Ll0CTHI"8IOT paBHOB8CHOI"O pacnpe.ueJieHHSII HO TOT ·cf:JaKT, "'TO IICTO"'HH-

Kll He C03Ll8IOT paBHOBeCHOI"O pacnp8Ll81l8HUSI, 

Ha npaKTHKe Bcer.ua IIMeeM 11 nornor.ueHHe 11 HCTO'-IHIIKH, H3Jiy'-!aror.une 

ueil:TpOHhl He no paBHOBecuo~y pacnpe.ueneHH~ 11 noaToMy .ueil:cTBHTeJibHhlil: cneKTp 

ueil:TpOHOB 6y.ueT OT1lll'-!Hb!M oT cneKTpa MaKcBenna. CneKTp aaBHCHT oT nor.riOr.ue-

HHH 1 OT IICTO'-IHHKOB II OT IIHLlllK8TpHCCbl paCC8SIHIISI 1~ KOTOpaSI 1 B CBOIO 0'-18p8Llb1 

3aBHCHT OT MaCCb! 1 TeMnepaTypbl ll XllMH'-!8CKOil: CBH31l st.uep 3aMe.[lll!1T8.TIH. TaK 

KaK 9H8pi"HSI CBSI3H aTOMOB B MOJieKyJiaX nopHLlKa 1 SB., TO npu TaKoil: aueprHH 

ue.tiTpoHoB H81lb3SI paccMaTpuBaTb st.upa y:>Ke KaK cBo6o.UHbie; npouecc aaMe.une-

HHH cyr.uecTBeHHO YC1IO:>KHH8TCSI, 3cf:Jcf:JeKT XHM!l'-!8CKOH CBSI3H 3aB!lCHT • OT XHMH'-18-

CKOI"O CTpOeHHSI 3aMe.[l1lHTeJISI, B OC008HHOCTH OT BHOpaUHOHHhlX n Bpar.uaT8JibHhlX 

9HepreTU'-18CKHX ypOBHeil:, TaK KaK Heil:TpOH npH CTOJIKHOBeHHH 6y.ueT OOMeHHBaTbCH 

9H8pi"Hefi C aTOMOM 1 BXOllSll.UHM B COCTaB MOJI8KYJibl HJIH KpHCT81llla, ¢YHLl8M8HT8Jib

HOH oc'o6eHHOCTbiO gcf:Jcf:JeKTa XHMH'-!eCKOil: CBSI3H SIB1lSieTC5J. KBaHTOBaHHb!H OOMeH 

aHepruefi HefiTpoHa C aTOMOM. 3TO Be.[leT K CllO:>KHOMy H3M8H8HHIO ScPcP8KTHBHOI"O 

ce'-leHHH pacceHHHSI c aHeprueil: Heil:TpoHa. Ecnu aHeprHSI Heil:TpoHa £ <. -~r..~, 

TOI"Lla Heynpyroe pacceSIHHe C B036y:>KLl8HHeM MOlleKyJI HBB03MO:>KHO / -t~ 

KBaHT SHepi"IlH KOJieoaTellbHOI"O .[lBH:>KeHHSI/ 1 II TOI"Lla MOll8KyJia npOHBJISI8T ce6SI 

KaK e.[lHHaSI :>K8CTKaSI CHCTeMa, nOSTOMy cnehyeT paCCMaTpHBaTb CT01lKHOBeH!l8 

HBil:TpOHa He C OT.[lellbHhlM SI.[lpOM 1 HO C MOJieKyJIOH B uenoM. BCJIB.[lCTBHB STOI"O 

HM8eM, BO-nepBb!X 1 yMeHbWBHHe CP8LlH8H OTHOCHTeJibHOH 
~ 'h-. -

Ha OLlHO ynpyroe cTOJIKHOB8HHe J I j = 2 M = -91f . E 

noTepH SHeprHH H8HTpOHa 

M • I"Ll8 Macca pacceu-

Baror.uero U8HTpa 1 KOTopaSI B03pacTaeT 1 HOO BM8CTO MaCChi aTOMa HY)KHQ B3SITb 

Macey MOlleKyJibl/, II, BO-BTOpb!X 1 YB8JIH'-18Hil8 acf:Jcf:JeKT!lBHOI"O C8'-18HilH pacceSIHIH! 

no cpaBH8HiliO C acf:Jcf:JeKTHBHhlM Ce'-leHH8M pacC~SIHHSI CBOOOLlHOI"O aTOMa COI"JI8CHO 

cf:JopMyne ct>epM11: 

~ ( A -t1 )~ d' 
A ~I 

r.ue ~ - C8'-18HH8 paCC8SIHHH CBH38HHOI'O H.[lpa, 

CBOOO.[lHOI"O HLlpa, A= M;m - MaCCOB08 '-IHCJIO, 

6}. - C8'-!8HH.8 paCC8SIHHSI 

Dnst Bo.uopo.ua ceqeuue paccesruiisr B Bo.ue rrna napacf:JaHe BoapaaTaeT B 

4 paaa. DnH TSI:>K8JibiX H.uep STOT 

ua-aa TOI"O, '-ITO ~;-( )Z ~ i 
acf:Jcf:JeKT HM88T M8Hbll188 3H8'-18Hil8 1 '-!aCTli'-IHO, 

c pocToM A , qacTH'-IHO noToMy, '-ITO yMeu&-



... 
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w a eTcH tiacToTa Kone6aHrrii rrprr eospacTaHrrrr A 
yme 3H8'1HT8libHO IIp8BbllU8Tb £ 

.DnH Jl8I"KHX 8JI8M8HTOB BeJIHl:JHHa C8'18HIUI HCIIblTBlBaeT CK8'1K006pa2HOe H3Me

H8HI18 C 8Hepi"H8H, 0HO BO~pacTaCT 1 KOI".ll8 8Hepi"!1H H8HTpOHa He paBHa ft-ic.C4) 

H yMeHblU88TCH .llO 3H8'18HHH ~ , Koraa aHeprHH HeiiTpoHa paBHa 

Ho He BCHKOe CTOliKHOBeHrre B8.ll8T K B036y:m:aeHHIO MOJieKyJibi, aa:m:e KOI"'.ll8 

aHeprrrH HeiiTpoHa aocTaToqHa anH aToro, Toraa cTonKHOBeHHe MOlliHO paccMaTprr

BaTb KaK yrrpyroe, /Prrc,l /, KpoMe TOI"0 1 B OTlJHqrre OT pacceHHHH CB060.llHbiMH 

HapaMH, pacceHHHe CBH3~HHhlMH aToMaMrr aHH3oTporrHo. Tak KaK CBH3H aToMOB B 
"~' . 

MoneKyne pasnrrqHbi rro pasnrrtiHbiM HarrpaeiieHitHM /iJarrprrMep 1 B cnyqae Hz. 0 

Kone6aHHH aaonb 0- H rrporrcxoaHT c aHeprrreii: 0 1 4 ae B HarrpaeneHrrrr :m:e neprrew 

.llHKyliHpHOM - C aHeprrrefi "'"V 0,2 aB/ 1 . TO H BepOHTHOCTb pacceHHHH 38BHCHT 

OT Harrpa BJI8HHH, .Dpyrofi. rrprrqHHOH H3M 8H8HHH Yl"'liOBOI"'O pacrrpea en eHHH HeiiTpOHO B 

HBJIHeTcH poeT Macchi paccerrsaTenH1 o6ycnoeneHHbrii xrrMrrqecKoii: cBH3biO, ·HarrprrMap, 

0 
cso6oaHbre rrpoTOHbi paccerrBaiOT Heii:TpoHbr rroa yrnoM He 6onbwe 90 , Toraa KaK 

rrpoTOHhl 1 CBH3aHHhle B MoneKyn~x1 crroco6Hhl paccerrsaTb HeiiTpoH~ rioa ni06hlMH 

0 
yrnaMrr errnoTb ao 180 • 

OrrpeaennM ycnosrre rrprrMeHnMocTrr Teopnu cso6oaHoro aToMa. CpeaHHH noTe-

pH <lHeprHH H8 O.llHO CTOJIKHOB9HH9 paBHa ,.E aHeprrrH HeiiTpoHa 

.llO CTOliKHOB9HHH 1 } - cpe.llHHH liO!"'apH¢MH'18CK8H IIOTepH 8H8pi"HH Ha O.llHO 

CTOliKHOBeHrre, .DeiiCTBHT8libH0 1 qucno CTOliKHOB8HHH 11.. 1 B pesynbTaTe KOTOphlX 

aHeprrrH HeiiTpoHa rrsMeHHeTcH c Eo ao E.,_ , paBHO 

OTCIO.ll8 

.Dn¢¢epeHurrpyH 1 rronyqaeM rr
1

rronaraH 

HMeeM Tpe6yeM09 COOTHOlU8HH9o 

J.1TaK, MOlliHO Ccp0pMynrrpOB8Tb YCliOBHe: aTOM MO)!{HO cqUT8Tb CB060.llHblM 1· 

ecnu 1 HJIH u6o E ~7 kT ( .t. = i). 
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CnenoBaTeJibHo, ecnu &To ycnoBrre Bwnonaeao, Torna aTOMhl 3aMennrrTenH 

MOMHO cqHT8Tb CB050UHhlMH 0 8 38MenJIHTeJib paCCM~TpHB8Th K8K OUH08TOMHhll 

ra3. 

B cnyqae ·, Korna 3aMennnTeneM HBJIHeTcH TBepnoe Teno, Torna npoHBJIHIOT

cH KpHCTanniiqecKne scpcpeKTbi. nprr pacceHHHH aeiTpOHOB B KpHCT8JIJI8X B03MO)!{Hbl 

K8K ynpyrrre, T8K H Heynpyrne CTOJIKHOBeHHH. npn aeynpyrnx CTOJIKHOBeHHHX npo-. . 

'HCXOUHT o5MeH cpOHOH8MH MeMny HeiTpOHOM H KpUCT8JIJIOM. npH ynpyrHX CTOJIKHO-

BeHHHX He MeHHeTCH HH COCTOHHHe KpHCT8JIJI8 0 HH 8HeprHH HeiTpOHa, H3MeHHeTCH 

TOJihKO aanpaBneane nanMeHHH aeiTpoaa B • cornacHH c cpopMynol Epsrra: 

rne ).. -~ - p 

2 Cc.. S i H ,9-- = l'l ). I. 

- UJIHH8 . BOJIHhl aeiTpoHa. 

nocKOJibKY M8KCHM8JihH8H qacTOTa 

onpenenHeTcH TeMnepaTypol .[le5aH ~ 
ne5aeBCKOro cneKTpa B KpHCT8JIJI8X 

( ~= k & ) , TO B cnyqae KpHCTanna 

YCJIOBHe1 qTo BTOM MOMHO cqHTBTl:> CB050UHbiM npH pacceHHHH HefiTpOHOB, 

MOMHO npencTaBHTb B BHUe 

J · k'T' ,7 k e HJIH ~ r /...., e 
3To yCJIOBHe rapaHTHpyeT, qTo aanpaBneHHH pacceHHHH no cpopMyna Epsrra 

pacnonoMeHbi TaK Tecao onao K npyroMy, qTo B cpenaeM yron pacceHHHH 5yneT 

TBKOI Me, KBK UJIH CB05onaoro BTOMBj nprfl''cTOJIKHOBeHHH HeiTpOHB C BTOMOM 

B03MOMHO JII050e HBDp8BJieHHe paCCeHHHH 0 qTo CBOICTBeHHO CB050UHOMy 8TOMy. 

Torna KpHCT8JIJI MOMHO cqnTBTh arperaTO.M CB050UHbiX BTOMOB, 

Ecnn )\ << 2a, To nnH nocnenoBaTerihHhlX yrnoB pacceHHHH nonyqaeM 

H3 cpopMynw Bpsrra s iH~tt-ti - s j.,_, !r.-. .( < 1. 1 CJieUOBSTeJibHO yrJibl 

~ ... 
1 

H ~"'- HMeiOT oqeHb 5JIH3KHe 3HaqeanH. 

nocKOJihKy' nanee 
2T1 

)\ = ~kT')'Iz 0 TO YCJIOBHe A 44 2a. naeT 

271 .(.< 2 Q.... 
(2Jc'T)'Ii 

Macey aeiTpoaa nonaraeM paBaol I. , rne 

( 2. )'4 At.) /rne AMITJIHTYUB. KOJie5aHHH HUp8 B COCTOHHnH .-&=J. , ·PBBHBH 

A - MaccoBoe qncno/ Bcerna MeHhW e .nocTOHHHOI pew eTKH a.. 
2 ( ~/ ) -1f2 \ ( kT ) '/z. . 

TeJihHO I ct. >7 ~~A ~ /\ ~ . YqHTbiBBH, qTo l·A =2 
ycnoBne ).. "'< 2 ~ nonyqnM, ecnu J kl "77 Ul 

CnenoBa-
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VJTaK, ycnoBITe naeT rrpaBo, KaK B cny'lae MoneKyn 1 

TaK IT B cny'lae TBepnoro Tena, paccMaTpiTBaTb 3aMenJIITTeJib KaK cocTo.HmiTii: IT3 

cBo5onHbiX aToMoB 11 rrpHMeH.HTb TeopHIO onHoaTOMHoro ra3a. Monenb onHoaToM

Horo raaa Heii.110XO OTpa)KaeT neii:CTBH:TeJibHOe COCTO.IIHITe B CJIY'lde 50Jibll!ITX 

;eMrrepaTyp, HO nn.H o5bi'lHbiX TeMrrepaTyp aTa Monenb ·He rronxonHT, rroaToMy 

Heo5xonHMO y'leCTb XHMIT'lecKyiO CB.II3b IT KpHcTaJIJIIT'leCKHe a¢¢eKThl. 

CKa38HHOe OTHOCITTeJlbHO YCJIOBITH pacce.IIHIT.II B KpiTCTaJIJI8X crrpaBenJIHBO 

nn.H yrrpyroro pacce.IIHIT.H, Korna Hnpa He ITCIIbiTbiBaiOT oTna'liT, "'TO rrpenrronaraeT 

5eCKOHe'lHYIO Macey .Hnep. Ha CaMOM nene 9TO, KOHe'lHO, He TaK, IT II09TOMy 

HY:IKHO y'leCTb B3aHMHb!ii: o5MeH 9HepsHeii: Me:tKny Heii:TpOHOM n .HnpoM, KOTOpa.II ., 
aaTeM rrepexoniTT B aHepriTIO Kone5aHITii: pell!eTKH. Borrpocbi Heyrrpyroro pacce.HHIT.II 

B KpHcTannax 5ynyT paccMoTpeHhl B § 7. 

nn.H KpiTcTannoB 5bmo rronTBep)KneHo SKcrrepiTMeH-

TaJibHO EpoK;ayaoM IT XapcTOM /3/; rrpiT TeMrrepaType T , 5onbll!e TeMrrepaTy-

pbl .[{e5a.H e , KpiTcTann MO)KHO paccMaTpiTBaTb KaK arperaT cBo5onHbiX aTo-

MOB. 

YpaBHeHITe /1.2 I MO)KHO rreperriTcaTb ITHa'le, a ITMeHHO, o5oeniTHITB 'lJieH S (E) 

c HHTerpanoM, rroTpe5oBaB, onHaKo, 'lT05bi nn.H E ":17 kT IIOTOK Heii:TpOHOB ~(E) 

coBrranan co crreKTpoM <:PepMIT F(E) 

Torna HMeeM 
v.:J 

raJ G) 'fiE) =: ~ t1(E~E) <f(Et)dE t

i) 

BBens:i rrnoTHOCTb aaMenneHIT.II qfE) 

&-:7 

'f'(E) j rr(E--"' E') rl E 
1 

0 

..0 

''" * 
1/.) ' 

~ afE~E) '('IE1}ciE
1

- 'f'( E J j r; { E-7 E') d £ 1 
-

I) 

lf#M 

~ a- fE'-? E) l.f (E'}.I E
1 
+ 

(U) I 
j 0' ( E ~ E} F {E 1

) cl £ -

0 ~ .... 
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c~ ~ 

lfCE:J ) a-cc:...,e.'Jdf 1
- F(eJ ~ ur£..:;-E'J de/= 

o E -~ EK-1 

_) lf(E'-'IE/'f!E'}dt:' -'f(FE} J .rf£-7E1}dE'+ 

0 a 

3amuueM ypaBHeHHe 11.2 I B BH.ne: 

d'f 
2E 

q; (~) Cf(E). 

sf E) 
I 

11.6 I 

E6nH HCTOqHHKH s - 38Me,nnHBMhle HeiTpOHhl H~HeT ,npyrHX BHeWHHX HCTOqHH

KOB, TO ypaBHeHHe 11.61 crrpaBe.UnHBO ,nnH 6ecKOHeqHol cpe.Uhl 4 

OTciO.na rronyqaeM 
E 

q(EE) = J <f0 (E) <f{l! /J €, 
11.7 I 

0 

CnenoBaTenbHo,rrnoTHOCTb 3aMenneHHH, orrpenenHeMaH KaK qHcno HeiTpoHoB, 

3aMenneHHhiX B 1 ceK B 1 cM
3

, HH.>Ke <meprHH E , paBHa rronHoMy qHcny 

G B cnyqae, ecnH nMeiOTcsi UOrnoweHHhiX HefiTpOHOB C 9HeprHHMH MeHbWe 

BHeWHHe HCToqHMKH S(E) 1 ypaBHeHwe I 1.6:f~ rrepexonuT B ypaBHeHne 

dq 
dE aQce} r.rle.)- s Cc). · 

§ 2. 0,nH08TOMHhii ra3 

I 1.81 

PaccMoTpHM pacceHHHe HeiTpOHOB aToMaMH HnH MoneKynaMH, o6nanaiOWHMM 

TOnbKO TpaHCJIHUMOHHhiMH CTerreHHMH CB060.Ubl. npHMeHIIM 3.lleCb TeOpii!O B03Mywe-

HHI B. 6opHOBCKOM rrpii6nH.>KeHIIII. Bo3HIIKaeT Tpy.UHOCTb rrpii rrpiiMeHHII 9TOrO 

rrpii6nii.>KeHIIH 0 T8K K8K 9HeprHH HellTpOH8 ITOpH.UK8 1 9B B TO BpeMH 0 K8K 9HepriiH 

B03MyllleHIIH 0 KOTOpofi HBnHeTCSI ITOTeHUII8IT B38HMO,nefiCTBIIH Me.>K,ny HefiTpOHOM II 
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HYK.1IOHOM B Hnpe, rrop.HnKa 8 Mae. cDepMH 141 o6owen aTy TPYLlHOCTb rrpn rroMo-

UlH cne.uyromero paccy:m:.ueHHH, rrpHBOLlHMoro ·3.uecb a coKpameHHOM BH.ue. Heo6-

xonHMO y'IeCTb TOT 'cfJaKT, 'ITO Ll.1l.H HefiTpOHOB M8.1IOH 9Hep!"'HH 1 a, C.Tl8LlOBaTe.1lbH0 1 

6onbwofi LlJIHHbi BOJIHbi, pacceHHHe He'IyBCTBHTeJibHO K c!JopMe rroTeHuHana. Pac-

ce.HHHe orrpenen.HeTc.H LlJIHHofi pacce.HHH.H COI"'Jl8CHO IIpOCTOMy COOTH01UeHHIO 

o:= .frne/· . 

Cne.uoaaTeJibHo, Hy:m:Ho H3t-4eHHTb rroTeHuHan. B.3aHMoneficTBM.H Me:m:.uy HefiTpo

HOM li .HLlpOM T8KliM o6pa30M, 'ITOf>br MO:/KHO 6biJIO IlpMMeHMTb TeOpli!O B03MyUleHM.H 0 

A MMeHHO: B03bMeM rroTeHuHan, 

CTBM.H .H.[{epHbiX CHJI f'O , HO 

pa.uuyp .ueficTBH.H KOToporo 6onbme pa.uayca nefi -

"" . 
MMe!Oll!liH I"'Jiy6MHY MeHbll,le 9HeprHM HefiTpOHa, TaK 

'IT06hl nnuHa pacce.HHMH ocTanacb 6e3 H3MeHeHMH. Bae.ueHHhlA TaKMM o6pa3oM 

rrcea.uorroTeHuuan cDepMM HMeeT BMLl /npuno:m:eHue 11.· 

12.1 I 
~ 

rne - Macca HefiTpoHa, u rJc:: Pl:lLlHYC 

aeKTop HefiTpoHa u cooTaeTcTBeH~o H.upa B na6opaTopHofi c~cTeMe· L • nonHbiH 

IIOTeHUli8.1l B38HM OLl efiCTBli .H HeilTpoHa C MOJieKyJIOH 6y Ll e·T: 

V(f., ) --
211 
~ 

N 

~ o.v Jct-.. -1-,). 12.2 I 
~=-~ 

ScfJc!JeKTHBHoe rrorrepe'!Hoe ce'Iekue pacceHHM.H ~ na6opaTopHofi cucTeMe L 
B rrpa6nu:>K eHMM BopHa 6y Ll eT 

it, k MMrrynbc HeilTpoHa no u rrocne pacce.HHMH 1 

cPYHKUHli M0.1leKynhl B H8'I8.1lbHOM li KOH8'IHOM COCTO.HHli~X, 

l.J-, 1 L/f B0.1IHOBbi8 

(;} yron pacce.HHMH. 

12.2 I 

·~ 'k-k, ECJili BBeCTli BeKTOp "' , II OLlCTaBMTb IIOT8HUH8.1l 

li Ir36aBMTbC.H OT 
[_ 

cPYHKUliH rryTeM HHTe!"'plipOBaHM.H 

vr:.,) B BliLl8 

-T 
ITO rt\ , TO 

.~~ 

I tl-:1 ) ( ~ J e L .k ·rv' I ~ ) 
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npocyMMRpyeM Terrepb IIO KOHe'IHbiM COCTOSIHRSIM paccenBaiOrueii MOJieKyJihl 

co 

;c.(u} ::::. [ 6"f~(e) =l ( tS(£,·- E.;- c) dt£ Vf-~(B). 
12

•
31 ' + . f J . 

-E 

Vf HTerpan rapaHTnpyeT 3aKoH coxpaHeHRSI aHeprnn Bo BpeMSI coy napeHnSI 
1 

€ =·2A.""' (k
2

- k:f )= Ec.- E} - aHlprnSI o6MeHa; E'~ n E..J - HatianbHaSI 

E 
ko . 

li"'KOH8'1H8SI 9H8pi"RSI MOJI8KYJibi, . :: ~ - H8'18J!bH8SI 9H8p!"RSI H8HTpOHa, rrpn:-

'·, tieM ·O'IeBnnHo, 'ITo· ·E- 7t - E 

¢opMaJIR3M, pa3BRThlH B pa6oTe 

• B' nanbHeiirueM ncrronb3y:eM MaTeMaTntiecKnii 

• 3eMaxa n rnay6epa /5 I. 

' LfT~fibi' IIpOR3B8CTII CyMMRpOB8HII8 B /2,3/, BB8ll8M rrpeo6pa30B8HII8 ¢ypbe -~ 
• b ;_ ¢YHKURII -. 

+c-0 .• ( 

r(ei-e-1 -E-J ...{ 

211 

(' • 1. E~ - t.f- E) -1:: 

J e. ' cl+. 
-~ ,· 

To rna 
. ao oo 

0[ ( e J ==- ~ I ) J f ~ di 
-l.f.f.· ~(E.·-E-f)-1: 

.f. -f -"' 

Q. e Of.· (0) 

lY.) co '"'-' 'H' ·~~ . .L ( ( k. - ' "''t;" c. -c- c.).( r~ - L H -c 

Jd e: J cr-!- k.. e <'f.: /e e. e It)-j_ [ 2: QVQV I 

2TJ f 1111 I 

-f' -0 . 

1:-"' .~~ 

( ~ 'r e- C. .I( r~, I t~ ) . 

3necb Mbl BOCIIOJib30B8JIRCb TeM, 'ITO 

- i.H+ 
Q. lf--:J. 

_i.ff+ 
e. Y--:1 

rne H - raMn:JibTOHn:aH MoneKynbi, Terrepb MO:>KHo rrpocyMMn:poBaTb rro KOHetiHhiM 

COCTOSIHHSIM, rrpeniiOJIO:>KRB, 'ITO OHII o6pa3yiOT IIOJIHy!O CRCTeMy 

£: 14-7 > < *:f I = i . 
f . ' .~~ . .~~ 

VfTaK, n:MeeM: tO +Gd -c.Ef-~ . ltl-l-~Jtr~ -'-H!- -'.Kr~,H'· \,. 

cv_ 
.--;;a 
-~ 

( ). 
A. ' r (de L~t Q, k < '( le. e e.. L /. cr ~ e .::::: rr; ~ 

1 
a~ a~ J ) o 

vv - £ -rA /2.41 
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TaKHM o6pa3oM. Mbl nony'IHJlH onepaTOpHyiO cpopMynHpOBKy .umr npu61iHlli:eHIHI Bop

Ha C HCTIOJ1h30B8HH8M TIC8B.[l0TIOT8HUH8Jla cflepMH. 

LlHcpcpepeHuHaJlhHoe nonepe'!Hoe cetJeHHe, CBH3aHHoe c o6MeHoM sHeprHefi E 
1 

nony'IHM H3 /2.4 I 

co /2.5 I 

a; (e)~ J .-, (a~ c) J c . 
-E" 

.LlaJlbW8 y6e,UHMCSI 1 'ITO H8T Heo6XO.[lHMOCTH 3H8Th SIBHyiO cpopMy H8lJ8JlhHbiX MOJle

KYliHpHbiX cpyHKUHH ~.: 

MomeM Tenepb npHMeHHTh .usa MeTo.ua .unH Toro, lJT06bi ynpocTHTh npoHa-

B8.[l8HH8 onepaTopoB, a HM8HHO: 

-7 
1. Mo:>KHO ClJHTaTh, ;1 1, on 'I :.lTop rv - cpyHKUHSI BpeMeHH H Y.UOBJ18TBOpHeT 

ypaBH8HHIO .UBHM8HHSI refi3eH6epra 

l. 

Tor.ua 

.::, 

t;,• ( o) He 38BHCHT OT BpeMeHH, HO .[lJlSI CHMM8TpUH TIHW8M apryMeHT 0 • 
• ~ -'1 
"~ rv 

Q... 2. ¢yHKUHSI 
.[l8HCTByeT Ha HMTIYJlhC KaK ,QJI_fP8TOp ,zwgeM8IU8HHSI 

~-=~ .:,-'1 • LJer.::, -l¥1' .:, ~ I ... p - p ~ = L. 1·. e. p e. = p- .H:' BCJ18.[lCTBHe npaBHJla KOMMyTaUHH • ' 

..::,. 
OT P 

H(p -ie) 

H 8H8JlOI'HlJHO .UJlSI J1 I06oii: cpyHKUHH 

i. ~ 1 {?l) - i iff 
e. Hre.. = 

I 
npH'!8M 9TO cnpaB8.[lJ1HBO TOJlhKO .[lJlSI H8TIOCp8.UCTB8HHOI'O pacceSIHHSI, KOI'.[la V:\), 

OCh.eJlRHeHHIJit HHcnnyT f 
.llJ(epHWX IICCJJe)lOBa••;.;l' 1 

6H6JIHOTEKA j 
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Cne.uoBaTe.TibHO, cornacHo 8TOMy MeTo.uy rrocne CTOJtKHOBeHHSI HMeeM aqJCpeKTHBHbiH 

~ ~ ~ 
raMHJtbTOHHaH , B KOTopoM BMecTo f"y CTOHT Pv -orf!. IHeH:TpoH rrony'fHJt oT .., 
sr.upa v HMrrynhc Jl. I 

I H(7 ~ ~) H
11 

.:::::. Pv -~ , r ... 

n Tor.ua 
HMeeM<fd eiHv-i e__iHy'~~f~>. 

PaccMoTpHM Terre pb O.llHOaTOMHbiH ra3. B cn.y'Iae He6onhwHx rrnoTHOCTeH: MO*eM 

He. IIpHHHM8Tb BO BHHMaHHe B03MO:>KHOCTH TpOHHb!X coy.uapeHHH /cTOllKHOBeHHe pacce

HBarow:ero 8TOMa C .UpyrHM aTOMOM BO BpeMsr pacceSIHHSI/. no8TOMy. MO)f(HO C'IH-

TaTb aTOM hi CB060.UHblMH, HMeiOW:HMH raMHllbTOHHaH, BKTJIO'Ia!OW:HH TOJtbKO KHHeTH-

'IecKyJO 8HeprHJO u He y'IHTbiBaTb 

A 

H =- _e: 
2M 

H'= 
HHTepcpepeHUHOHHhle 

(p-Ji)2. 
2M 

acpcpeKThi. Tor.ua 

I 
v=v =1. 

P - HMIIYllbC rvf - Macca aToMa. TaK KaK aTOMHbie cpyHKUHH tf,: cyTb co6-

CTBeHHb!8 cpyHKUHH 9HeprHH H HMIIy.TibCa /s SIBHOM BH,lle OHH HaM He 6y.uyT HY>KHbi/, 

TO .llllSI cpe.UHHX 3H8'IeHHH orrepaTopoB B /2.4/ IIOlly'IHM 

'Hi i.H'i ~~-t: -fM[P1 - 2 P~ +cJ.C-z]C.t-< t \e.~ e.- I r > = <:tIe e ·.· I if 

r.ue p 

. i.i (2-.!'1..::; 
elM p~- Je2) 

- SIBJtSieTCSI y:>Ke C06CTBeHHhlM 3Ha'IeHHeM 
~~ 
; 

HMnynhca aToMa, 

>-

~ 

EcnH cyw:ecTByeT Tennosoe paBHOBecHe, To pacnpe.ueneHHe HMnynhCOB aTo-

MOB ra3a cne.uyeT cpopMyne EonhuMaHa: 

p~MkT 
~T( p) =:: 

,.f e (2nMkT)312 

Ha'f8J1bHhle COCTOSIHHSI 8TOMOB He06XO.llHMO ycpe.uHHTb !10 8TOMy pacnpe.uene-

HHIO: 

i.Hi _i.H'fJ > 
(.l{' I e. Q_ l/' T =:: 

e_ 2M V -( - hHI<T 

J 
Li (2 7.. :k_ - ~7..) pz/ 

. (.J..lll'fkT)>~;_ e cf3p 
_ ~z. (i.-1: + t.2 kT) . 

(2. ~M 

I 
/2.6/ 
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EyaeM 0603HB'IBTb B llBJihH8Hlll8M MCKOMyJO B8JIM'IMHy MaTeMaTM'I8CKOf'O O)Kif.llBHHSI, 

ycpeaHeaayJO ITO paBHoBecaoMy paciTpeaeneHHJO, '!epe3 ({:>T . CneaoBaTenhHo, 

. + ll.11Sl TpaHC.T1SlUHOHHOf'O llBll}K8HHSl COOTB8TCTByiOJ..UaSI B8J1H'IHHa 6yaeT <t.:? M aaeTC$1 

cpopMynoil: /2.6' I. 

n OllCTaBJISlSl 

<o(O,c)). ==
T 

12.61 

~ 
:/ YfTaK, Mbl ITOJIY'IMJIH llHcpcpepeHUHBJibHOe ITOITepe'!HOe C8'!8HM8 pacceSIHMSl BTOMaMH 

. . 
f'B38 HhH CIT8KTp Heil:TpOHOB ITO!l Yf'JIOM e 

N 
/ 

M HHTerpHpySI ITO Yf'JIBM, ITOJiy'IMM 

MaKpOCKOITH'I8CKyJO B8JIM'IHHy - MHllHKBTpllCCY pacceSIHHSl; 

<J(E..:,E') N J <<r(~lt)/T JSl 

- 2W1[E'+E- 2Cry£J(EE')'Iz] 

' 2n.-t E, E' 

2""' E, 

12.7 I 

DnH oaaoaTOMHoro raGa MHllMKaTpHcca pacceSIHHH 6hlna ITepBoHa'!a.1lbHo ITony-

'!89a 8MrHepoM-8HJihKMHCOM M HOCHT H83B8HHe Hllpa 
Bnraepa-BHJihKHHca. Pa6o-

TB 9THX BBTOpOB He OITy6.1IMKOBBHa• M3B8CTHO TOJibKO, 'ITO OHH ITOJlY'IHJIM .pe3yJibT8T 

KJI8CCH'I8CKHM ITyTeM, KB8HTOBO-M8X8Hll'I8CKHM )K8 ITyTeM ITOJiy'IHJI ee BIT8pBbl8 

Kneil:Maa 161 ITo)Ke aeoiTy6nuKoBaHHaH pa6oTal • .YfaTerpupoBaaue B /2.7 l aaeT 
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1} 2E _ 
o (E-? E u.., 1_2- -

x2 -x'2-
e [ W'~ ( '1_X -~X1 ) + vrJ ('1_X + ~ x')] + 

~ 
r 

E~E 

/2,8/ 
+ Q/1"~ (~X I- ~ X) - e4 ( '1_ X 

1 
+ ~ X) 

~(~t.x'- 5x) -t-er.f-(.'t.x'-r ~x) + 

xz-.x'z. 

·+e. [e-r:f ('1_x- ~ x') -~ C'1_x + 5 X')] 
~ E7E' 

rne ~ - ac:PcPeKTHBHOe rrorrepe'!HOe Ce'!eHHe pacceHHIUI CB060LlHbiM aTOMOMi 

narrbwe o6o3Ha'!eHHH c.nenyiOI1lHe: 

,.( A +1 E = )('2. kT ·7_ = 2 VA 

E'-== x' 2 -kT 1 A-1 
5 == 2.. V"A 

A 1:i 
J-'111 

Macca Hnpa 

Macca HeiiTpoHa 

X 2. 

2 ~ -· J ll. ~ex) ~ ~ e. HHTerpaJI OWH60K raJCC8, 

v 

TaKHM o6pa3oM, Mbi rrony'!HJIH nnH H·au·6onee rrpocTo~o cny'laH O.llHOaToMHoro 

ra3a HH.llHKaTpHccy pacceHHHH o( E ...q E1 . 0Ha HMeeT .llOBOJibHO C.TlO)KHb!H BH.ll H 

peweHHe HHTerpanbHoro ypasHeHHH /1,2/ O'[j!OCHTeJibHO tf(E} rrpencTaBJIHeT Tpyn-
• . 

Hyro 3ana'ly. M o:>KHo rrorrbiTaTbcH rrony'!HTb, rrpe*ne scero, '!HcneHHbie peweHHH B 

.llBYX KpaHHHX C.Tly'!aHX: Bo-rrepBb!X 0 .llJ15l pacceHHHH BO.llOpO.llOM, Korna A=i 
H, BO-BTOpbiX, .llJIH pacceHHHH TH:>KeJib!MH aTOMaMH, KOrna t' = 1/A- ManaH Be.nn-

'!HHa. PaCCMOTpHM OT .lleJibHO 9TH .llBa C.Tly'!aH, · TaK KaK OHH Hrpa lOT Ba >KHY!O 

ponb B nanbHeiiwux 6onee C.TlO*HbiX rrpo6neMax. 

PaCCMOTpHM CHa'la.Tla CJiy'laH pacceHHHH BO.llOPO.llOM; OK83b!BaeTC5l 1 'ITO HHTe-

rropH.llKa. Ecnu ssecTH eenn'!HHY 

tr( E '-7 E) 

rpa.TlbHOe ypaBHeHHe /1,2/ MO)!{HO CBeCTH K 1lHcPcPepeHUH8JibHOMy ypaBHeHH!O 

~(EJ = ~Ye7 
BToporo 

1 TO H.llpO HHTerpa.TlbHOrO ypaBHe· 

HHH CT8HOBHTC5l CHMMeTpH'!HblM H.LlpOM, KOTOpoe, KaK liO.llMeTI1.TIH 

BnrHep H BH.TlbKHHC, HM eeT BH.ll cPYHKUHH rpnHa nuc:Pc:PepeHuHa.TlbHOro ypaBHeHHH II 

rropHnKa: 



12.91 

J_. 
-xz. 

e..q.cx) rn.e pc)() - Q., +'lil·x 

-><'" ~(E) V("J [1+ b] ~ex) e.. 
+~ 

xVJf uo X 

Rex) [ -x1- J pCX') pCx') e.. ' - xl.. 

"" 
3TO ypaBHeHHe IIOJty'IeHO IIpH CJteLJ.yiOI.UHX rrpeLJ.IIOJtO)KeHHHX 0 6eCKOHe'IHOM 

OLlHOpOLlHOM 3aMeLJ.JtHTeJte: 1 I Macca aToMoB 3aMeLJ.JtHTeJtH paBHa Macce HeiiTpo-

HOB~ 21 aTOMbi 3aMeLJ.JtHTeJtH CB060LJ.Hbi, 31 OHH IIOLJ.'IHHHIOTCH MaKCBeJtJtOBCKOMY 

pacrrpen. e.rreHH 10, 4 I acpcpeKTHBHoe rrorrepe'!Hoe ceqeHHe pacceHHI1H rrocTOHHHO , 

5 I a cp cp e K T H B H oe rrorrepe'IHoe ce'!eHHe rrornomeHHH H3MeHHeTcH o6paTHO 

IIpOIIOpUHOHBJtbHO CKOpOCTH HeiTpOHa. npH BhliiOJJHeHHH 8THX YCJJOBHI HHTerpaJJbHOe 

ypaBHeHue 11.2 I MO)KHO rrpeo6pa3oBaTb B n.ucpcpepeHunanbHoe ypaBHeHne 12.81. Pe-

weHne 8TOf'O ypaBHeHHH B BHLJ.e CTerreHHOf'O pHLJ.B _MO)KHO IIOJJy'IHTb LlJJH Q'IeHb 

MBJJbiX 8HeprHH HeiiTpOHa, a 38TeM IIpOLlOJJ)KHTb ero HB TeiiJtOBbie 8Heprl1!1 C rro

MOI.Ub!-0 MeToD. a KoHe'!HbiX pa3HocTeA. B rrocnen.Hee BpeMH AMcTep 17 I pacc'IIITan 

pew eHHe 9TOf'O ypaBHeHHH HB 6biCTpon.eiCTByiOI.Uel C'IeTHOI MBWIIHe I1 CpBBHHJJ pe-

3YJJbT8Tbi C 8Kcrrep!1MeHT8JtbHbiMII LlBHHbiMH, IIOJJy'IeHHbiMH nyneM 181 LJ.JJH BOLJ.bi. 

XoTH LJ.JtH rrpoTOHOB, CBH3aHHbiX B Bon.e, ycnoBHH 2,3 H 4 He BbiiiOJJHHIOTcH, on.HaKo 

IIMeeTCH COf'JtBCHe Me)KLJ.Y TeopHel !1 8KCi1epHMeHTOM, non.po6Hee 8TOT BOrrpoc 6yne1 

paCCMOTpeH B Ll81lbHelweM 0 nepeXOLJ.H KO BTOpOMy Clly'IaiO, KOf'LlB BTOMbi TH)Kellbi, 

HY)KHO 3aMeTHTb cnen.yiDmee. 113 Teo pH II 38MeLJ.1leHHH !13BeCTHO, 'ITO ecnii HLJ.pO 

HHTerpaJJbHOf'O ypaBHeHHH pa31lO)KIITb B pHD. ITO CTerreHHM M - Jo\1 - ..., /" 
I - 11- /ft 

TO MO)KHO II01ly'IHTb ypaBHeHHe B03p8CT8 <PepMH, o6opBaB pa31lO)KeHHe Ha '!1leHaX 

IIOpHLJ.KB ~ !1 ~~rrs • CymecTBOBBHHe IIpOCTOI CBH3!1 Me)KLJ.Y IIOTOKOM HeiTpOHOB 

!1 II1lOTHOCTbiO 3aMen.neHHH B 8TOM IIp!16JJH)KeHIII1 n.erraeT ero O'!eHb IIOJJe3HbiM, KBK 

B KB'IeCTBe pacqeTHOf'O MeTOLJ.B B CJiy'Iae CJIO)KHOI reoMeTpHH paccMaTpHBaeMol 

CHCTeMbi, TaK !1 B Ka'!eCTBe opy.D.IIH B Yf'Jty6neHHI1 IIOHHMBHHH cfJH3H'!eCKOf'O MeXBHH3-
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Ma MHOf'HX HBJieHHH, He6JIIOA810illHXCH B 6onee CJIO:IKHb!X IIp06JieMaX TO'!HOH TeOpllH 

3aMenneHaH. TaKoil: ITonxon B03MO:tKeH If a Teopnlf TepMaJJH3auHn, ecna aTCMJbi 3a

MennlfTenH AOCTaTO'lHO TH:>i(eJibl H 8CJI!f MO:IKHO ITpeHe6pe'lb XllMH'leCKOiJ: CBH3bl0 

If paccMaTpHBaTb 3aMennuTenb a Ka'lecTae arperaTa cao5onHbiX aToMoa. TaKoi1 

ITonxon HaxonlfM y BanbKHHca a 1944 r. OH pa3Bll.TI MeTon nnH 6ecKoHe'!Hofi 

OAHOpOAHOH cpenbl 11 BbiBeJI AHcpcpepeHUI18JibHOe ypaBHeHHe BTOpOf'O ITOpHn'Ka B 

ITpeneJibHOM CJiy'lae 60.ribWOH M8CCbl 8TOMOB 3aMennnTeJIH. 3aTeM pewun sTo 

ypaBHeHHe nnH nayx KpaifHux cnyqaea 6onbwofi If Manofi 9Heprrm Heil:TpoHa If o6-

cynnn crroco6 ITepexona oT onHoro peweHHH K npyroMy. 

B nanbHeil:weM ITPif BbiBone ypaBHeHHH 6yneM cnenoaaTb 6onee ITo 3AHHM 

pa6oTaM 19,1011 TaK KaK pa6oTbi BHrHepa- 3HJibKI1HCa ue oiTy6nnKoBaHbi, 

YfTaK ITpeniTono:tKnM, 'ITO B HHTepaane 

ceHHHH c; CE} = a;OcT} ::: Cf.s = w,.,..,/.. , 
0- 13._, IToiTepe'!Hoe ce'!eHue pac-

~ ITorrepe'!Hoe ceqeHue rrorno-

illeHHH o6paTHO ITpOITOpUHOH8JibHO CKOpOCTll· 

<r;.CE) 

rne C..=- Eft<T 
) 

BaeneM nanee aenH'lHHy 

1/kT o;, ( k:T) 

Lfe 

d"Q (E) V€ ::::: ~ {kT) 1 

o~ {E}·X ::= ~ (J<:T) . 

X := ve_ , II ·Be.TIH'lHHY 
U> 
' 

Ll::::: 

KOTOpaH AJIH ITOf'JIOilleHHH ITO 38KOHY 1/v He 38BHCHT OT X ~ 

L\_ 2 CJ~(EJ .x :::: 
~~5 

rne 5 .:= 2 f1 . 

2 d"a (kT) 

f~ 
Lto-~(!cT) 

J OS, 

2a;rE) £'e I r a;rt:) 

/2,10/ 

Benn'lHHa Ll 5IB.TIH8TCH OTHOWeHHeM ABYX HaH60Jiee XapaKTepHb!X AJIH 38Men-

JI!fTeJIH Be.TIH'lHH, a HM eHHO ITOITepe'lHOf'O ce'leH!fH IIOf'.TIO Ul8HH51 AJIH 9'1Eplf'HH kl li 

3aMennHiometl: ciToco6HOCTH nnH Toil: Me sHeprHH kT . 3aMennaTenb, aoo6we ro-

BOpa, XapaKTepH3yeTCH '!eTb!pbMH ITapaMeTpaMH a:
5 
~ kT 

I J lA. A; 
9HepreTu'lecKoe :>Ke paciTpeneneHue 38BHCHT oT nayx ni06biX rrapaMeTpoa, HarrpHMep, 

A H A lecnu 9HepruiO 6yneM !13MepHTb B enummax ItT , T,e. aaeneM 
6e3pa3MepHyiO aenH'lHHY X I. 
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DnH orrpeaeneuuH HHaHKaTpucchl pacceHHHH, ueo6xounMo BhlrronHHTh HHTerpu-

poBaun:e no yrnaM B cpopMyne /2.7/ · 

o-(E_,. c') "' 2" N J <.~(e, t) 'JT ~,;.e dB _ 

*-
10 ~., i Et .i: (Lf+ t~ kT) 

1 Ka .. ( ~'Yz J Jt- ) Jz e- e -2
,., 

-(/,) _.., 
rae ~ ::: E ~ E - f!;;, (k~- k~) . 

' 
BeeaeM ScpcpeKTHBHOe rronepe'IHO"g CB'Ieun:e a;; BMeCTO aJIHHbl pBCCBHHHH "a", 

cornacuo cpopMyne <1"0 = Ltna2 1V '"' f1 IM/M 
1 

o~-)
10

. -iE-.f +fj. ·-r[E'4£-2z {E'Et'z-](ii:+t2k.T). 
O'o (E')'~ Jf e. Jz e 6(E-7E'}=--
Lfn E _ 0 _.., 12.111 

nepeiTHLUeM ypaBHeH:a:e /1.2/, rronaraH BepxHHH rrpeaen £,.,.-7 ~ B BHae: 
(/;1 

o"'Ce} trE) == j dE'a{E-7E'} [lfre'J- tfr~:[J., 
v 

rae cpyHKUHH iffE}::::: 'f{%(E} aaeT OTKJIOHBHHe OT 

\fre; 
crreKTpa MaKcBenna MfE} . 

npearrOJIO}KHM Teneph, 'ITO 

o-(6-? E~ , H pa3JIO}KHM ee B pHa 
MBHHeTCH MeaneHHO B HHTepBaJie H3MeHeHHH 

Teunopa: · 

HJIH 

rae 

d~ f[E'l ::= ff£} .f- ( E'- E) dE + 

Jf 

( / 1 )2 cflcf 
2 c£-E dEz 

"'2 c./-

+ - . - .. 

~(E) 'YfE) .f-.!.. - Llf clE LJ£1. c{ £2. +. - - I 2 <t; (E) 
co 

~. LJE"' 
J 11'(0-?E'}(E '- E Jtl JE 1 

0 

12.131 
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HBJ1SI8TCH MOM8HTaMH HHDHKaTpHCCbl pacceHHHH. ,LlJIH BbJqHCJI8HH5! MOM8HTOB pa3.TIO-

)!{11M IIp8)l<ll8 BC8I"'O 9KCIIOH8HUHaJibHYIO cpyHKUHIO- B 

U orpaHHqJ1MCH qJieHaMH IIOpHnKa f 
12.11 I B pHn no cTen eH HM f 

napaMeTpOM pa3.TJO)K8HUH HB.TIH8TCH BenuqnHa itt £-1: +f' E-t:Z..kT . Cor.TiaCHO 

BuKy I 11 I nponoJIX{HT8JibHOCTb CTOllKHOB8HHH -b- - nopHnKa 1/£ ; . c.rrenoBaTenb-

Ho1 napaMeTp pa3l!O)K8HUH 5yneT itt+ f'4 Kr/E • '-:IToobi pa3nomeHne MOX{HO obmo 

OoOpBaTb Ha II8pBOM q,TJeHe, 'HY)!{HO npeniiOJIO)!{HTb, qTo f' ..t<( ::f_ II ~ /c% ~..( 1_, 

nocnenHee yC.TIOBH8 MO)!{HO npencTaBHTb KaK OTHOW8HH8 cpenHefi T8II.TIOBOfi 

CKOpOCTH aToMa hfT K CKOpOCTH HefiTpOHa V 
kT - 1M JeT 

l"fE" -M''E- wf ~"' i vz.. 
3To 3HaqnT, qTo cpenHHH cKopocTb TennoBoro nBnmeHnH aToMa nonmHa obiTb 

Ma.TIOfi IIO CpaBH8HHIO CO CKOpOCTb!O H8fiTpOHa. TaKHM oopa30M, HHDHKaTpHCCa pac-

, M 
ceHHHH onpenenHeTcH nBYMH cpn3nqecKnMn napaMeTpaMn: OTHoweHneM Mace f1.::::. M 

ll OTHOW 8HH8M CKOpOCTefi. 

npHM8HHH 9TO pa3l!0)!{8HH8 0 IIp8DIIOllaraeM, Cll8DOBaTeJibH0 0 qTO f1 ~<: j_ 

H CKOpOCTb H8fiTpOHa OOllbW 8 CKOpOCTH aTOM OB 0 9H8pi"'ll H )!{8 H efiTpOHa MO )KeT 

obiTb nopHnKa S~HeprHn aToMa. 

Torna 12.11 I npHHHMaeT cnenyJOmnfi ~n: 
1 

6: ( E 'J'' ( +( _ it ( E - E) 
cr( e.~ f ') == If~ E z. J Ji J cJz e._ 

-c,a - .... 
4-v.1 +1 • I 

( 

11/. j ( -ttfE-E} 

:~ ~) 2 
j{ /z e rf!-'>E-.~z{EE')'~](ii#'-kT} ~ 

-v? -1 12ol2 I 

( 

1)1/., -. I (c')'/. - I ' i1 ~ ~ z. JCE-E)+fdio -g z.(E4t:)L5 (E!-E)+ kTJ''(t!...E)J; 

rne HCIIOJ!b30BaHO HHTerpaJibH08 IIpencTaBJI8HH8 ~- cpyHKUHH H 88 IIpOH3BODHbiX: 
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.... J14 
_i-/;(e!.e) 

o(E!..E) = ./n Q. cl-! j 

+v.J ' I . 

c.,, J _ d-{e-e:J s- (E!.. E)= ~ (-i.t}"'- e_ J-(. 
-0 

Onpe.ll enuM MoMeHTbi, ncnonbayg BH.ll v(E-7/3 1
) H3 /2.12/. C aToil: 

ueJibiO npe:m..lle ncero npe.llcTaBHM KoacpcpnuneHT npn npOH3BO.llHb!X !) -cpyHKUHH 

2E {1+ 2~){1+ fE 
' iiV 

r.lle 

npe.llDOJiaraeM, ~TO H3MeHeHHe 9HeprHH Heil:TpOH8 DpH CTOliKHOBeHHH He 

SIBJISieTcSI 6onbiUHM n noaToMy Mo:m.eM orpaanqHTbCSI qneaaMH. - E2.. Tor.lla 

t €t..) 
fCE,t:).::: 2£(.1+ E -t 8 EZ .. 

Vf HTerpnpyg no qacTSIM, HM eeM .llJISI HHTerpanoB cne[lyiOiuHe Bbipa:m.ean:n: r ~IE, f} 5 1( E-J ,J.; - - f' ( E, o} 

-e 
~ J %1E,f)b"(E),It 2 f"(E,o}. 

-f 
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Tor;:ra 

a; = <5"0 - fv>=> .f'(E, o) + fq;,kT J"fs o) . 

I--1 o .f(E,o) = 2£; .f'(E,o) = 2 ; .f'1
fE,o):::::: :IE 

II OKOH'iaTe.TJbHO 
kT) 

<fs =- 6"~ ( 1- 2 r + f1. 2£ (}., + o_ ( /'1 ). 

..., 
Tenepb onpe;:re.THieM 'ineHbi (},,.' L1 E. 

oJ ) 

€ b ( €-) = (J E 'S I (6) =- - [" ( €) 
' 

HCTIO.Tlb3YH CBOICTBa S- tPYHKU1111 

11 T,Ll. 

at:} n-::::1.. .-
o;.LJE 

v.J 

~ f'"o j frc, o) Ji t/ ,/ G 

-E 
- 2 t' 0, h T J {f E, t) J 'f't-J d t = 

-E. 

- f'lO'_,j(E10) +2ft~ kT f'(E,o) 2 fttT.:, (2kT- E). 
¢ 

jtt:::::2. £-+ ~ . I vo j cr~.LJ£2 = )(~ E2 Srt:)J.f: +flo., fr£,~) E2 b (E).cf€ + 
-E -E KJ 

+ r"" kT ~~IE IE) <:' S"( E) de -== 2 f'OukT j frt, t) s (~Jd~ -== 
, -£ -E 

=. 2tt<5"0 kT.fCE,oJ - ~/II' Du k T· E . 

MoMeHTbl Bb!Cwero nopHDKa oynyT conep>KaTb Bb!CWHe CTeneHH t' 

o_;. A Ert. l o Crt) 
0 ( ~;) 

VJTaK, Mb! TIOJiy'iH.TIH Ll.TIH nepBb!X MOMeHTOB 

a; -:::: u., -t- D( f") 

c:r~. J1 £ ::::: 2 tt a-" ( 2 k T - E) 

0 . Jl Ez == L; tt a-" E. . k T 
5 

LlJlH 

Ll.TJH 

Y'l = 3, "· 

V1. :::= 5' / . I b. 
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Ec.rm oT6pocnM 'IJieHbi co cTerreHHMII f 6onhwe rrepBofi, Tor.na rro.Tiy'IHM 

LIE 2 f1 (2kT- E) 

L1Ez. = 4f1EkT . /2,14 I 

. npH rrpeHe6pe)K8HHH T8IIJIOBb!M LIB!VKeHH~M aTOMOB 38M8LIJIHT8.TIH MOJI(HO rro

JIY'IHTb IIO TeOpHH 38M8LIJI8HHH LIJIH Cpe.nHeA 8HeprHII Ha OLIHO CTO.TIKHOB8HIIe 

E' = E 
~ 4-0(. (A -1 )2 - ~ 'A+i . 2 r.ne -

I 

o< -1 r -{ 2 (A >'71) 
£-£ LJE rif.# 

~ Torn a - --.. ---. --- --. 
2 

_...... 
1+ A A E E z 

C Lipyroji CTOp0Hbi1 LIJIH Cpe.nHefi .TiorapHcpMH'IeCKOfi IIOTepH 8HeprHU lfMeeM B T0!\1 

A >7 :i Me 1IpH6Jl!UK8HHHH 

v13 ypaBHeHuH /2.14/ rrpH E /7 kT 

LJE = £·2/'1 = E·J 

CpaBHHBaH &To c 12.14/1 MOMHo yqecTh BJIHHHIIe TerrnoBoro LIBini<eHnH, rronaraH 

cj:Jop:-.1 8.TihHO 

Llf - f.. 5T 1 ~ T 

no.ncTaBJIHH Terrepb /2.14/ B ypaBH8HI!e /2,13/ , IIO.Tiy'IHM 

T.,(E} l/-'fE) = (2kT- E)~+ 
2r cr" 

12.14'/ 

12.15/ 

3'to )Ke ypaBH8HHe MO>KHO rrepe!IIIC8Tb !IpH IIOMOUlH 6e3pa3M8pHofi rrepeMeHHOli 

e - E/kT 

/2,16/ 
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E CliH cpe.ua IIOf'llOIU89T IIO 38KOHy 1/v , TO 6onee y .ll06HO BB9CTH rrepeMeHHYIO 

x1.:: e.. H rrapaM eTp A 113 /2.1 o{ KOTOpbrii: B 9TOM CllylJae H938BHCHM OT X. 

Tor.ua HMeeM ypaBHeHue 

L\. I}Cx) ::::::: "l.) J l/; (3- 2x '(!;<' 
J2~ 

+ X dx2. • 12.17 I 

YpaBHeHue 12.17 I uccne.uoBan BHllbKHHC .llllfl .llBYX cnyqaeB: Manbre u 6onbwue 

3HalJei'l:ug X • B Ka:>K.uoM cnyqae HMeeTcg .uBa He3aBHCHMbiX peweHHfi u Hy:>KHO 

B3f!Tb T0 1 KOTOpOe COOTB9TCTByeT 38KOHY COXp8H9HHfi H9tl:TpOHOB • .llllfl M81lbiX X 
) 

HM9IOW99 cpH3lilJ9CKHii: CMbiCll peW9HH9 COOTBeTCTByeT TOMy, lJT06bi .llllfl X;:: 0 

BhliiOllH~llOCb ycnoeue paBeHCTBa Hynro rrnoTHOCTH 3aMe.uneHHfi 9 {o) = I) ; 9TO 

peweHHe HMeeT BH.ll : tYCX'):: fa"" X'"l. .llpyroe peweHH9 Hy:>KHO OT6pOCRTb/ 

TaK K8K OHO .uaeT OTpHU8T91lbH09 3H8'19HH9 'f ( 0) . .llnfl 6onbwHx X HY:>KHO 

B3f!Tb TO p9W9HRe, KOTOpoe IIpH X ....Y ~ .uaeT pacrrpe,ll9119Hli9 cl>epMH H IlllOTHOCTh 

3aMe.i:rrreHHfi 'f(co), He paBHyro Hymo. 

YpaeHeHue 12.17 I 9KBHBaneHTHo, KaK nerKo rroKa3aTb 1 cne.uyroweMy ypaeHe-

HHro .ung rrnoTHocTu Hetl:TpoHoB IV(x) , CBfi38HHoii: c t(f"K) cooTHoweHHeM 

IVCx l .:::= x-i e.- x'L tc" l = 14 (JC} ~( x) ' 

JN(x} { . ) ( + ( 2 x2 
- -1) -ax -t- lf;x - .a N x} X 

a\7 NC t} o. 
c:t )C'Z. 12.18/ 

3KBHB8119HTHbl9 ypaBH9HHfi 12.151-12.181 IIOllY'19Hbi 113 HHTerpallbHOf'O ypaBHCHHfi 

111 21 B rrpe,lliiOllO:>K9HHH 60llbWOtl: M8CCbi fl.ll9p 38M9.llllHT91lfi • .llllfl a;.:::: tNW?{ 

peweHH9M ypaBH9HHfi 12.161 fiBllfi9TCfi BblpO:>K,ll9HHllfi f'HIIepreoMeTpR'19CK8fi cpyHKURfi 

F(c<, 2, ~J , r.ue oC.= ~ft,-o. O.uHaKo Ha rrpaKTHKe 6onbWHHCTBO 3aMe.unu-

Tenetl: rrornowaeT cornacHo 3aKoHy 1/v . .llnfl qn:cneHHbrx paclJeToB BunbKHHc 

rrpeo6pa3oBan ypaBHeHue 12.17 I K HenHHeiiHOMy ypaBHeHHro rrepBoro rropfi.llKa rryTeM 

IIO.llCTaHOBKH ':).:;:::: Jf1lJ' /J ef )C , lJTO .uaeT lrrpe,lliiOllarag H938BHCHMOCTb 

OT aHepruul 

:tJ_ 1 ~' Ll + 2{x- ><. )J---
12.191 dX - X X 

~ ~!.! B 9THX rrepeMeHHhlX ~(x]:::: e_x p 1:;-
\) 
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H1 cneaoBaTenbHO ITnOTHOCTb HefiTpOHOB Ha eaHHHUy CKOpOCTH paBHa 

- x"- f (x '{c(f l 
rJ(x) = x'le_. . e.xp l Jv T) 

IV<x) H IT'1TOK HefiTpOHOB 'f{ E} Ha" eaaHnuy SHepraa coBrraaa lOT 

C TO'IHOCTblO ao HOpMHpOBKH. 

· YpaBHeHne /2.19/ MOmHo pewHTh 'IHcneHHO , HarrpHMep, MeTa aoM PyHre-

KyTTa; · 3HaSI lfCx) HaiiaeM fV(x.) ana, 'ITO oaHo H To me, '((e) . LlnSI 

Manhix 3Ha'leHaii X (x "-< 4) BHnbKHHC Haw en y(x) B BRae pSiaa no cTene-
HSIM X 

Ll'Z. 
- x-z. + 
36 ' 

anH 6onbwax me 3Ha qeHnii 

~2.{x) = 
X ( X'>? :f..) 
2><2_'1 + ~ 

pHa HMeeT Baa: 

.x.-1 _ Ltx-Z + "14 x-3-+ .... 
4 

B npeaenhHOM cnyqae o'leHb 6onbLUHx 3Ha'leHafi X ( X~ co) 
cpyHKUHH LJ-CX} 

HMeeM anH 

2 
'J~(.>e) = 2x - 4 . 

npeacTaBHTh B cneayiOmeM Bna·e: X. 

'l. 2 -x?., J ( ~z''l-l 
x - 'l~x . N(xJ = x= e. eJCf l J -;:: J. 

Bhi'IHcneHne HHTerpana npHBoaaT K cneayiOmeMy pe3ynhTaTy: 

IV(x1 = 

T.e., KaK rr cneaoBano O)!illaaTh, Mbi nony'IHnH pacnpeaeneHHe ¢epMH ansr nnoT

HOCTH HeiiTpoHoB. B apyroM KpaiiHeM cny'lae BecbMa ManhiX 3Ha'leHHii X (x -:r' 0), 
HMeeM COOTBeTCTBeHHO anH cpyHKUHH ~ j ~,{x)::::: 
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Tor.ua X l( 

)~ - ) ~ df = Ll X 
3 

0 
I) Ll_.{ 

2.. -xt. x :; 2 - x?.. [ 1 Ll J f\Jcx) == X e. <2.. ....... )<e. +3'X • -
Cne.uoBaTenbHO, HMeeM cneKTp JV\ aKcBenna .uns:r nnoTHOCT.II Heil:TpOHOB n.ruoc He-

6onbwas:r .uo6aBKa I B cnyqae Manoro nornomeHns:r, T.e, Manoro A I. 

J.1TaK, ypaBHeHHH 12.17 I .II 12.181 Mom:Ho pewHTb npn6nn>Keli.Ho- .iws:r pa3HbiX 

npe.uenbHbiX cnyqaeB, .uns:r Manbrx nnn 6onbwHx 3Ha'IeHnil: X. Hn.II .uns:r Manbrx .II 

6onbwHx 3Ha'IeHnil: napaMeTpa nornomeHHH L1 ITIOMHH npH 3TOM, 'ITO 3TH ypaB-

HeH.IIH y>Ke HBnHmTcH npn6num:eHHeM HHTerpanbHOI'O ypaBHeHHH B cnyqae 6onblUOH 

Macchl aToMoB aaMe.unuTens:rl. OcTaHOBHMCH Tenepb Ha noy'IHTenbHOM npnMepe 

ManbiX 3H'"I'IeHHil: napaMeTpa Ll 
1 KOI'.llB MO)KHO O)K.II,ll8Tb, 'ITO .[leil:CTB.IITenbHb!H 

cneKTp Heil:TpOHOB 6y .[leT HeMHOI'O OTnH'IaTbCSI OT CTIEKTpa M 8KCBenna .II TIOTib!TaeM

CSI Hail:TH ero npu TIOMOLU.II Teopnu B03MyLUeHuil:, T.e. B BH.ue cyMMbi pacnpenene

HHSI !v\aKcBenna fvf(E) mime He6onbwaSJ .uo6aBKa. 

C 3Toil: uenbm npeo6paayeM .uu¢¢epeHuuanbHOe ypaBHeHue 12.16 I B HHTerpanb"" 

HOe ypaBHeH.IIe IKOTOpoe1 O'IeB.II.llH01 He COBna.uaeT C nepBOHa'IanbHbiM, .IICXO.llHb!M 

ypaBHeHHeM 1,2 I. 1"' 

e.. 
f(e) ::: 1 + 

(~ 
) z.Z.. 
c) 

z 
e.. 

z 

) Jf ·i 
I) 

-t 
e. 

~(t} 

.2/1 Vo 
tf(-f) 

12.201 

ct>yHKUHSJ 'f; ecTb 1 no onpe.ueneHHK} OTKnoHeHHH OT cneKTpa M aKcBenna, 

u6o tY = lf/ M , cne.uoBaTenbHo1 .IIHTerpan Y'IHTbiBaeT OTKnoHeHHe oT paBHo-

Be CHoro _pacnpe.ueneHHSJ I .unSJ ManbiX 3Ha'IeHHil: napaMeTpa Ll I . 

.[lnSJ Manb!X 3Ha'IeH.IIil: ~ Mom: eM npuMeHHTb .unSJ pew eHHH aToro HHTe-

rpanbHOI'O ypaBHeH.IIH MeTO.ll .IITepaU.II.II ; TOI'.ll8 C TO'IHOCTb~ .llO nepBOH CTeTieHU 

'/'fl:} = j_ 

( <To,Cl:)::::: U'c.(kT}/V[. ), 

MO)KeM B3HTb 1/v u Y'IHTbiBas:r nornomeHue no aaKoHy 

UMeeM: 
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z e. 

r(eJ::: i + .dJJzl ~ ~~.-t vr dt - 1 + 4· ~(e.) 
4 zZ 

0 C) z /2.21 I 

1 

!0 
olz. z ~ t-t v:r d! Q(e):::: 7j zz.. e, 

/) 

11TaK, .ueifcTBHTe.11hHO, cneKTp MO:>KHO npe.ucTaBHTh 8 cny<rae Manoro nornomeHHH 

B BH.ue cyMMbi pacnpe.ueneHHH MaKcBenna nnroc .uo6aBKa, o6ycnoaneHHaH nornome-

/2.22/ 

H1IH 

M eTo.u npe.ucTaaneHHH cneKTpa a BH.ue TaKoif cyMMbi HB1I.HeTcR, no-BH.llHMOMy, 

6onee H8.ll e:rKHblM .ll1IH pac<reTa cpe.llHHX acpcpeKTH BH b!X (:e<reHHif,_ <reM -M8TO.ll- acpcpeK-

THBHOH - TeMnepaTypbi; KOTopbiii 6y.ueT paccMoTpeH a cne.uyromeM naparpacpe. 06a 

STH MeTO.ll8 MO:>KHO O.llH8KO npHMeH.HTh T01IhKO B C1IY'I88 He001IhlllCI"O OTK1IOHeHHH 

OT paBHOBeCHOI"O COCTOHHHHo K CO:>KaneHHI0 0 MeTO.ll TeOpHH B03MyllleHHif· paapa6oTaH 

.uo CHX nop T01IhKO .an.H cny<ra.H T.H:m.enoro o.uHoaTOMHoro raaa. EcnH cpaBHHTh KpH-

Bbie £ 'f( E} .an.H paanH'IHbiX aHa<reHHif Ll , HanpHM ep, ,6. =0,1; 1; 5, TO MO:>K-

HO aaMeTHTh cne.uyromHe aaKoHoMepHOCTH • .UnR cna6oro nornomeHHH B HHTepaane 

aHeprHH OT 0 .llO 5 kT t pacnpe.ueneHHe, aoo6me roaopR, HMeeT xapaKTep MaKcBen-

noacKoro pacnpe.ueneHHH H nocTeneHHO nepexo.nHT 3aTeM =B pacnpe.ueneHHe <PepMH 

E 'fCE} = Cow,f • no Mepe pocTa nornomeHHH noTOK HeifTpoHoB, no.u<rHH.HIOlllHACH 

pacnpe.ueneHHIO ¢epMH CT8HOBHTCH cpaBHHMblM no Be1IH'IHHe C MaKCHMa1IbHblM 3Ha<re· 

HHeM TennOBOI"O noTo~a0 Ten1IOBOI cneKTp nepe.UBHt'aeTCH K BhlCWHM SHeprHHM H no

CTeneriHO yTpa<rHBaeT caoif KBaanpaBHoaecHhlA xapaKTep. B aTOM cnyqae .ll1IH 4 =1 

cymecTByeT eme aaBHCHMOCTh cneKTpa oT TeMnepaTypbi aaMe.llnHTemt, HO yme 

;:~Ha<rHTenhHO 6onee cna6aH, <reM .ll1IH ~ = 0,1 • .UnH eme · 6onhlllHX aHa<reHHA 4 rop5 

pacnpe.ueneHHH Hc<reaaeT' coaepmeHHO H E '{'( E} 5IB1IHeTCH y:m.e MOHOTOHHO B03pa-
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CT810lUefi tPYHKUHefi <lHeprHH, CTpeMHCh K IIOCTOHHHOMy 3Ha"'eHHIO £ '(fc):::: ~W?I.. 

H y)Ke He 38BI:!CHT OT TeMrrepaTypbi 38MenmrTe.TIHo 3TOT XOD 38BHCHMOCTH II0DTBep

)l(naeTCH aKcrrepuMeHTOM, o "!eM ewe 6yneT peqh Brrepenu. /Puc. 2.{ 

M hi paccMoTpenn M eTonbr pew eHHH HHTerpanhHoro ypaBHeHnH B nByx rrpe-

nenhHbiX c.nyqaHx: A= 1 n 6onhrune 3Ha"'eHI1H A • .UnH 3aMennnTeneil: cpenHero 

M8CCOBO!"'O "'HC.TI8 He CylUeCTByeT IIpOCTbiX 8H8?IHTH"'eCKHX MeTODOB H He06XODHMO 

IIpHMeHHTh HeiiocpencTBeHHO K HHTerpa.TibHOMY ypaBHeHHIO "'HC.TieHHhle MeTODhl pe

llleHHHo VJMe!OTCH DB8 IIODXOD8 K BOIIpOCy B HBCTOHWee BpeMH, Bo-rrepBbiX 0 MeTOD 

HTepaUHH H) BO-BTOpbiX, MeTOD M OHTe-K apno. 

npn IIOMOlllH MeTODa HTepaUHH IIOCTyrra!OT Cneny!OlUHM o6pa30M: HCXODHM 

H3 rrpo6HOH tPYHKUHH ro)(E) , KOTopy!O Bbi6upaeM li3 tPH31i"'eCKiiX coo6pam~-
HUH fHarrpHMep, MO)l(eM B3HTb perueHne 0 y)l(e IIO.Tiy"'eHHOe IIpli IIOMOWH Monem1 TH-

)l(enoro 3aMennnTenH/ n rrpliHHMaeM ee 3a peweHue liHTerpanbHoro ypaBHeHnH 

11.21. PeweHne aTo non)KHo ynoBneTBOpHTb no6aBo"'HOMy ycnoBHIO coxpaHeHHH Heil:-

(o) E) . f ( . npn TpOHOB /1.4/ 1 "'TO II03BO.TIHeT orrpeneJIHTh HOpMHpOBKy tPYHK UHH 

"" {o) 
IIOMOlllli y)l(e IIpOHOpM1ipOB8HHUf'O perueHHH '(' MO)l(eM ITO.TIY'lHTh HO BOe liTe-

(1} 
pnpoBaHHOe peweHne 'f -H TaK nanee, cornacHo cxeMe 

(E...., 
lffKJ ) srEJcl £ 

D "' f(K) i# . 

J ~(E) f(k.JfE)dE 
. 0 £,., 

ik-HJ 
S(E}+ jurE~EJ!Vr"J(E')dE 1 

() 

~rE) + Oj(E) 

k =:. o, 1, 2 .... 

Ha rrpaKTHKe HHTerpan&Hoe ypaBHeHne o6br"'HO 3aMeHHeTcH cacTeMoil: nnHeil:HhiX 

8JI!"'e6pau"'eCKHX ypaBHeHHfi, IIyTeM Bhl6opa "' 3Ha"!eHHH 9Hepf'Hii B Ka"'eCTBe 

TO"'eK ceTKHo 

M eTon aToT 6biJI rrpaMeHeH K pa3HbiM KOHKpeTHbiM rrpo6neMaM, HarrpuMep, 

HncTJIH H EepMaHOM /12/ K 6epnnu10, EpoyHoM H .UmoHcoM, a TaKme EpoyHoM /13; 

nnH yqeTa xnMnqecKoil: CBH3H B H20 a 1>2 0 , Hen&KHH /14/ )l(e Monn<PnuupoBan 

ero H ITpliMeHHJI K lfCC.TienoBaHHIO KpliCT8.Tl.TlH"'eCKOf'O a<}Jc}JeKT8 B 6epi1!11ilio 
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BTopoii MeTon, 6onee cl:Ju3uqecKII HarJHinHbiH - 8TO MeTon MoHTe-K·apno. 

B 8TOM MeTone uccnenyJOTCH HCTOpHH Ml!3HH HeiiTpoHa, rrpoHcxonHLUI!e coynapeHI!H 

C aTOMaMH, IIOTepH Hlll! UpH06pe-,·eHHH 8HeprHH HefiTpOHOM H, HaKOHeU, IIOf'JIOIUeHHe. 

M Horo TbiCHq TaKHX naHHbiX rpynnHpyeTcH H onpenenHeTcH nnoTHOCTb HeiiTpOHOB 

B 3aBHCI!MOCTH OT 8HeprHH, 

Pa6oTHHKH HauuoHaJibHOH Jia6opaToprru B OK-PHnMe /Oc6opH u npyrHe/ 

/15/ npHMeHHJIH 8ToT MeTon nnH MonenH OnHOaTOMHOf'O ra3a B WHpOKOM l!H-

TepBane Mace aToMoB 3aMennHTenH II napaMeTpa nornomeHHH fl • TaKHM o6pa-

30Mt OHH npoBepHJIH pe3ynbTaTbi BurHepa -BHnbKHHca nnH npenenbHOro cnyqag 

TSIMeJIOf'O 3aMenJIHTeJISI I! naJIH cl:JeHOM~jlOllOf'HqecKHH peuenT nnSI 8clJclJeKTHBHOH 

TeMnepaTypbi, o qeM 6yneT HnTH peqb nanbwe. 

HenocTa'IK'OM MeTona MoHTe-Kapno SIBnSieTcH CJII!WKOM 6onbwoe BpeMH, 

Heo6xonl!Moe nns:~ nonyqeHHSI pe3yllbTaToB 'naMe npH ynoTpe6neHHH MaTeMaTI!qe

CKHX MaWHHo noaToMy Ka)KeTCSI, qTo nnH 6eCKOHe'JHOH onHoponHOH cpenbl MeTon 

l!TepaUI!l! 6b!CTpee npl!BOnHT K uem'! I! l!MeeT TO npeHMyiUeCTB0 1 qTo MOMeT 6b!Tb 

o6o6meH nnH yqeTa xuMn:qecKofi CB.H3H, M eTon M OHTe-K apno 6yneT 6onee nonxo

nSIIUl!M nnH pac'JeTOB IIOTOKa Heti.TpOHOB 13aBHCHIUero OT KOopnUHaT, 

§ 3. TeMnepaTypa Heti.TpoHoB 

B cnyqae cna6oro nor-nomeHHH HMeeM nBa MeTona nnH HaxoMneHnSI crieKTpa 

Heti.TpOHOB, KOTOpb!e MOMHO npHMeHHTb B TeOpi!H peaKTOpOB nJIH HaXOMneHHH cpen

HHX 8clJcPeKTI!BHbiX Ce'JeHl!H l! KOTOpb!e nocTaToqHo npOCTbl B MaTeMaTI!'JeCKOM OTHO

weHI!l!, HaH6onee nonxonSIIUHM HBnHeTCH paccMoTpeHHbiH BbiWe MeTon TeopnH 

B03MymeHn:ii. BTopoii MeTon - 8To MeTon · acj:lcl:JeKTHBHoii TeMnepaTypbi HeiiTpoHOB, 

npennonaraeTCH, qTO pacnpeneneHHe HeiiTpOHOB npH61IH3HT81IbHO cnenyeT 3aKOHy 

MaKcBenna, HO .c TeMnepaTypoii, oTnHqHoti. oT TeMnepaTypbi cpenbi, a HMeHHO BbiWe 

TeMnepaTypbi cpenbl. ToT cl:JaKT, qTo TeMnepaTypa Heti.TpOHOB nonMHa 6biTb Bbiwe 

TeMnepaTypbi cpenbi, cnenyeT H3 Toro, qTo npnxonHmHe HeiiTpOHbi 3aMenneHl!H 

HMe!OT 8Heprl!IO Bb!We 8HeprHH TenJIOBb!X Heti:TpOHOB, Jlanee
1 

B § 8, Mbl paCCMoT

pHM S1B1IeHHe, KOf' na TeM nepaTypa Heti.TpOHOB HI! )K e TeM rrepa Typ bl cpen b!, l-13110 MHM 

Tenepb cnoco5 BBeneHHH acl:JciJeKTl!BHOti. TeMnepaTypbi Heti.TpoHoB B cnyqae THMenoro 
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3 8M9.UnHT91HI, T.e. K0f'Ll8 MO:>KHO BOCIIOnb30B8TbCH ypaBH9HH9M BHrHepa-BHnb

KHHC8 1101. 

CrrepBa ycTaHOBlfM 3aBHCHMOCTb Me:>K.uy I1nOTHOCTbiO 3aMe.uneHHH 11 · rrnoTHOCTbK 

H efiTpOHO B, 

DnH sToro Bocrronb3yeMcH orrpe.ueneHHeM rrnoTHOCTlf 3aMe.uneHH H I I. 7 I. 

CoBepwHB rrepexo.u oT e \/ v 
K 6e3pa3MepHoti rrepeMeHHOfi X = "" =:: V2'kT 

lf OT IIOTOK8 r(f} 
'f (E} ;:::. ~ (\/(X) 

K rrnoTHOCTH HefiTpOHOB W(i<.) lcornaCHO COOTHOW9Hlf10 

0/ 
I, rrony'IHM: 

X 

q (X J ~ fV(-/:J + o,. rt) c<-t. 
0 13,1 I 

Danee rrpoHHTerpnpyeM rro X 

Ilplf " -7 0 . 

ypaBHeHHe 12.181 rrpn ycnoBHH ~{X}~ 0 

X 
Tor.ua 

.<:! J N Ct I J.f- . 1 
>< N (x) + 2( x1- 1) /V('J<} 13.2/ 

0 

np11 rrornoweHnu rro 3aKoHy 1/v liMe eM Cia {K) ::: d"c:r 
!'"' X 

, cne.uoBaTenbHO H3 

13.1 I rrony'IaeM X 

L\) 
0 

13.31 \ 

X 

'1 (X)= 6c:>f j Nff:-}cl-/:- -
;;) 

~ Cf-o --L( 
Nff/c(/:-

1160 <faCk.T) = ~:· Ll rro orrpe.ueneHnu rrapaMeTpa Ll 

CpaBHUBaH Terrepb 13.21 11 13.31 ) Haxo.uHM 

qc)(J { -
2. ~ 0o L i x N 1

()() + (~--1} N'Cx~. 13.41 

B cny'Iae 6onbwnx aHa'IeHnfi X , T,e, Kor.ua 9HeprnH HefiTpoHa Benf!Ka rro cpaBHe-

HiliO c TerrnoBofi 9Heprnefi 3aMe.unnTenH, I'ITO HMeeT MecTo B TeopH!l aaMe.uneHHHI, 

9Tofi rrocne.uHefi BenH'IIlHofi, T,e. TerrnoBoti 9Hepruefi, MO:>KHO rrpeHe6pe'Ib 11 Tor.ua 

.UnH HefiTpOHOB lfM99T M9CTO pacrrpe.ueneHlfe ¢epMH E F(E}=~ , OTKy.ua cne-

Ll yeT LlnH IInOTHOCTlf COOTHOlll 9Hlfe: 

x2 NCx) = C.. . ,.. 



.35 

.Dn<PcpepeHunpySI sTo cooTHou. eHrre, rronyquM ! X. N' (X) == - /V(x) 
1 

qTO COBMeCTHO C ypaBHeHHeM 13,41 IlpHBOLlliT K CJleLlyiOIUeMy aCIIMilTOTHqecKOMy 

3HaqeHH!O Il1lOTHOCTli 3aMeLlJieHn:SI: 

q (X:) :::: ~ 6;,! x 2 IVCx). 

<f:JopMyny 12.14' 1: 

5 = 2,... (1- ~z-), 
rronyqaeM nmi 6oJibll1HX 3HaqeHnii: X 

9 ( )(} = f" O"'o (x 1._ 2.) (\} (X) 1 

nnn:, rrepexonSI K rrepeMeHHoii: V= XV", , rne 
.;u 

cpenbr: 

~(v) = r-ca-.,(vl.- 2vJ) N(v), 

V 0 ::: V2tir , T - TeMrrepaTypa 

13.5 I 
Terrepb rrpenrrono)Kn:M, qTo ypaBHeHne 13.51 crrpaaennnao TaK)!{e n B CIJyqae 

CKOpOCTefi, 6JIIi3KliX K TeiTJIOBhlM CKOpOCTSIM, qTo, KOHeqHo, He COBCeM rrpaBHJlbH~ 

rr6o OHO rronyqeHo rrpn ycnosnn: V
1 '>7 vt ~ .Danee rrpenrrono)Kn:M, qTo crreKTp 

Heii:TpOHOB MO)KHO rrpencTaBHTb c rroMOIUbiO pacrrpenenean:SI MaKcaenna c TeMrrepa-

TypoH: Tr\. a IIHTepsane Cl <. V ..::. 'j VK. , rr c ITOMOIUbiO crreKTpa ¢epMH a 

IIHTepsane 

tv(v)dv 

BseneM 

rne 

Torn a 

d v.., <: v 
4 y2. 

Vjj . v.:3 <2.. .. 
v2/ z. tv.., 
. dv 

IV( v J tft:t ( v J · v 

crc. (v}.v 

~ L\. 
2 

cf ou N(v}. 

13.6 I 

13.1 I 

13.7 'I 
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l-13 ypaBH8HliH 
I 

13.51 n 13.7 I cne.nyeT .nn¢cj:JepeHunaJibHOe ypaBHeHne .nnH 

qivl= f (v'"- 2V'l}~~ 
'f{ll)i 

Y1 HTerpnpyH 8TO ypaBH8HHe, llOJIY'IHM 

r 
~ 

V<> 1/2 - V O(k v- V2 vL7 
~ 1 ::. :z.vrr-cv~ -

V0 '/i -tV V -t 1/2 Vo I 

0 ( v- vr v~) o( 
o/.. = 2 vr j"t Vo ; cne.noBaTeJibHO 9 Cv) = V+V'!Vo · 

I 3,81 

Tenepb onpe.nenuM H3 ypaBHeHHH 13.5 I nnoTHOCTb HeiiTpoHoB: 
CJ(·1 

( ) A ( v- 'fl. v~ )\o<;; -1 (v- V.Z v"} 
Nv =~ v+V'i'Voji (v+lfiVo)(v-Yivo) =p., (,_,.J..v2V.\a(+~ 

2 
Vo 

1 --BBe,neM BeJIH'IHHY "t:: - VJ' - OTHoweHue TeMnepaTypbi 3aMe.nnnTe.nH 

K TeMnepaType aeiiipoHHoro ra3a: 

NCv)-
. 1 

("f<fo v~ 

(f~- m)ot-1 
c ~ + Vff )o<-+1 

13,9 I 

npu i :::: 0 Mbi .noJI:>KHbi nony'IHTb OObi'IHoe ypaBHeHne ,nJIH n.noTHOCTII HefiTpo--

HOB .nnH cny'laH, Kor.na npeHe6peraeM TennoBbiM ,nBIOKeHneM 3aMe.nmrr ens; II neti""' 

CTBHT8JlbHO, llOJIY'I88M Cll8KTp (f)epMII: 

IV(v) = ti 
~(j., y'Z. 

uo, 

" 

PeweHHe 13.91 .non:>:KHO y.noBneTBOpHTb ycnoBHIO HenpepbiBHOCTH B nepexo.nHoil. 

TO'lK8 V = ~ \lr\. H ycnoBHIO coxpaHeHHH HeiiTpOHOB, YcnoBne HenpephlBHOCTH 

Tpe6yei, 'lT06hl B TO'IK8 v~~v..,. B8JIH'lHHbl 13,61 H 13,91 6biJlH paBHbi: 

N( ~v~) = :n _i: e. _,'Z. 
.JJ . v~ -

0(-1 
1 (d-VU) 

ftJD II! ( d + V21) o< +1-

0TKy,na -';}z. (~-Vii) o( -1 

( 1-t VH-) o( -+1 

4' V37 fO., v.,_ ~~e. 

Tor.na nnoTHOCTb 3aMe.nne'THH B sToit TO'!Ke: 



l:t -~ )-< 
( d- + V2i )o<. 
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I 3.10 I 

VI 3 ycnoBrr H coxpaH eHHH H efiTpoHoB rronyqaeM, rrpeJl nona raH, qTo rrorno meHrre rrpo

HCXOJliiT TO.TibKO Ha yqacTKe crreKTpa MaKcBen.iia: 

,v ~v~ 

q(!.Jvl-1} .=.. ~ ~(v) 6;;,{v) vdv :=. j IV(v) o
01

(v..,) \lVI dv -

o ~vV\. o Jv~ J--o.; W ~ 1\((v) a;(v..,) v,,dv == \r.f' JV(v}clv. 

v ~ 0 

no)lCT8B.TIHH IVCv) Jl.TIH crreKTpa MaKcBenna H IIHTerprrpyH rro qacTHM: 

y z'-
'-!§-uo J z; e.- dz 
VJft 0 

06a Bbipa.tK eHHH )l.TIH '1 ( 'JVvr) 
2. 

L( 'J? ( y-7.- 2l:) e.-d 
v.nt [e.-1(~)- ~e.-')J 

0 VJi 

2~ -(1-z] --e. v:n . 13.11 I 

)lO.TIMHb! 6biTb paBHbi Me./KJly C06ofi; STO )l8eT 

• 
) ./3.12 I 

napaMeTp t - OTHOWeHHe TeMrrepaTypbi HefiTpOHOB K TeMrrepaType 8TOMOB 

38Me)l.TIHTe.TIH 1 HyMHO' eme OIIpe)le.TIIITb H3 KBKIIX-TO JlOIIO.TIHIITe.TibHb!X YC.TIOBHH. 

MoMHn, HarrprrMep, rroTpe6oBaTb, qTo6br pacrrpe)leneHrrH, JlaBaeMbre 13.61 11 /3.91 

COBII8)l8.TIH C pacrrpe)l e.TieHHeM, KOTOpoe MOMHO IIO.TiyqHTb H3 ypaBHeHIIH BrrrHepa

BH.TibKHHCa Jl.TIH rrpe)le.TibHoro cnyqaH TH.tKenoro 3aMe)lnHTenH. 

JlnH TaKoro cpaBHeHliH B03bMeM pew.eHrre ypaBHeHrrH 12.1'7 I B BIIJle pHJla rr o 

CTerreHHM X: IJl.TIH M8.TibiX 3H9.qeHllll X 

l/-'(x) = ~a~xYL 
1: 

r)le 

a_., = -1. I OVI .::: _j__(i [Ll ·0 1-1-'1 + 2 (,. -2.) Q,_,_;J . 
h 111-+Z) ~j. 

. 13.131 ·' 
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0TCIO.'<a: 
2 - x2. t/, 

NCx) ::::=. X e. .'fCx). 

Cal\! bl:.'vl ny"'WIIM cnucoooM rrpHpaBHHBaHIHI Me)!{ny co6oi1 aTux peweHni1 HBliHeTcH crroco6 

rrpupaBHHBaHHH MoMeHTOB w N { V} -; 

MJ<..::::: ) vK IV{v) clv, 
0 

rrpntieM cnenyeT rroncTaBHTb NCv) H3 13.61 B HHTepBane oT 0 no ;JV11 n: f\/(v) 

113 13.9 I B HHTepBane ~VI'\.. no oo 

TaK KaK B rrepBoM n:HTepBane N ...- v"Z... , TO nnH cxonn:MOCTH Heo6xonu-

MO k 7-3 ; nnH CXOnHMOCTH BO, BTOpOM HHTepBane He06XO.lJ.HMO k <. j_ 

T8K K8K N "- 1/vZ . Y1TaK -3 <. k < :1. • 

T aKHM o6pa30M, M bl He MO)!{eM orrpenenHTb cpenHeH B9li!1"1HHbl CKOpOCTH, 

1160 B 8TOM cnyqae k = -i , a TaK)Ke cpenHei1 BeliH"!HHbi aHeprun:, u6o k. =2, 

Ho MO)[<Ho orrpenenHTb npyryiO XapaKT9pHCTH"!9CKyiO Be.TIH"'I1Hy, a HMeHHO C rro-

MOlllbiO OTpn:uaTellbHblX MOM9HTOB: 
(/.} 

) ~~ E -

t;O 

~ N(v}d~ / 
0 

IVCv}dv. 

0!1 
" 

DnH pacrrpeneneHHH BrrrHepa-BHnbKHHCa 13.131 HHTerpupoBaHHe HymHo BhliTOliHHTb 

B rrepBOM 11pH6llH}K 9HHH OTHOCHTellbHO ~ , 11pHHHM8SI 

ao := 1. 
. ' 

.-{ 
a,== 3 A , 

2{"'-2.) 
n.(~-t+z) a"'--Z . a,.,== 

B aTOM cnyqae 

E -{ 2. [ ;rv., -i+ 
L\ + ... J . -VJj 

I 3.14; 
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J:lmi pacrrpe.neneHHH /3.6/ H /3,9/, HHTerpupyH B COOTB9TCTB9HHbiX liHTepaanax, 

f -

r.ne 
P = ( ~ - V2i )o< - so( 

~ +vu 

13.151 

P - aepOHTHOCTb Toro, 'ITo ·ueii:Tpou IlQ.PTHT'HeT Terrnoaoil: suepruu. Terrepb .noaonb

HO T'pOM03!lK8H IIpoue.nypa IIpHpaBHHB8HHH /3.14/ H /3,15/ !l89T CB5I3b Me)K.ny :J 
H ..f: s a 38T9M H3 ypaBH9HliH /3.12/ MO)KeM OIIp9!l9llHTb t 

0 ( 6a(ICr) <. 0 c- 0 ~ A < -f. 
B rrpe.nenax f"ttT!# 1 cJ , T.e.. HMeeM nuueii:uyro 

38BHCHMOCTb Me)K.ny TeMrrepaTypoH: ueii:Tpouoa Tn II TeMrrepaTy.poH: cpe.nhr T : 

~ == T [ 1 + o, 2 o. ~.J _. 
/3.16/ 

LlnH O'I9Hb M8llbiX 3Ha'I9HIIH .t1 
rrony'IaeM H3 /3.12/, /3.14/ II /3.15/ 

a H8l1HTH'I9CK09 Bbip8)K9HHe 

T [ 1 + o, S G t.; . .6] . 
/3.17/ 

YrroMHHyTbre y)J{e aBTOpbr /15/ II3 OK-PII.n)Ka orrpe.neniinH TeMrrepaTypy ueii:Tpou-

uoro ra3a ¢opMynoH: 

17,-
13.18/ 

!lllSI A= 1,2,9,12,16,19,25 
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B cnyqae 6onblllOH Maccbi aToMOB aaMennnTeJIH J = 2/1 , n Torn a 

T"' = T [ 1 + "' 91 
:2·~(1<T) J == T [ 1 + 0( L( 55"· 4_]. 

! a-., 
/3,19/ 

CnenoBaTeJihHO, aHatfeHne aci:JcpeKTHBHOH TeMrrepaTypbi rro cf::iopMyne /3.19/ ne:mnT 

Me)!<ny rrpenenbHbiMH aHatfeHHHMH TeMrrepaTyp 13.16/ n /3.171. BpoyH n C.ll:mca1 

a TaK)!<e BpoyH B unTHpoBaHHbiX y:me pa6oTax. BBOLlHT aci:Jcf::ieKTHBHYIO TeMrrepa-

TYPY nnH TH)!<enoil. BOLlbi :0.2. 0 c rroMOLUhiO cf::iopMyJibi 

~ = T [ 1 + 1, 92 Vc. (J<T) ] 
Oo . 

Ha KoHcf::iepeHuHn B )KeHeBe B 1958 rony 6bm rrpencTaBneH BapHauHo~'HbiH MeTon 

orrpe.o.eneHH$1 acf::icpeKTHBHOH TeMrrepaTypbl H8HTpOHHOf'O 1'838 /16/. 

npH IIOMOLUH YCJIOBH$1 .0.8T811hHOf'O paBHOB8Cll$1 /1.5/, $1Llp0 HHT8f'p811hHOf'O 

ypaBH8Hll$1 /1.2/ MO:>KHO CHMM8TpH3llpOB8Tb CJ18LlYIOLUHM o6pa30M: 

K(E,E'):::: I((E~ E) = MCE') 
MCE) 

o(E'-7 E) 

'f(E)= cP(E)VHfEJ M (E)- Wtv?l-. E e-~E 

Torna HHTerpanhHoe ypaBHeHne rrpHHHMaeT BHn: 

Cl) 

(% ;- os) <f(e} ) k(E,E'}</>rE'} dE' 

0 

) f= ..d... 
k'T' 

/3.20/ 

ECJIH H8T II0f'JIOLU8HH$1 1 TOJ KaK Mbl BH.0.8JIH
1 

IIOTOK H8HTpOHOB rrpHHHM88T pacrrpenene-

HHe MaKcBenn·a M /E I c TeMrrepaTypoil. T • .DnH Haxo:mneHHH IIOToKa Heil.TpoHoB 

C yqeTOM IIOf'.TIOLU8HHSI rrpHM8HHM BapHaUHOHHbiH M8TO.O. £1.11$1 pelll8HH$1 HHT8f'p811hHOf'O 

ypaBHeHHH /3.201. Orrpe.o.enHM cPYHKUHOHaJI 1 /¢/ cnenyiOLUHM o6paaoM: 
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co (I() 

I( cp) ) </>fE )d f [co.;+ cr5 ) </>(E) - ~ kCE1 E? #E') JE J . 
0 ~ 

K aK MO:>KHO I10K838Tb 1 TOqHoe pewemie HHTerpaJibHOT'O ypaBHeHHSI /3,20/ MHHHMH3II-
. .. . 

pyeT cPYHKUIIOHaJI .!.. /¢/ lcM.rrprrno:>KeHrre 31. Ecnrr BBe.neM rpaHrrqHyiO aHeprrriO 

LlJISI CI18KTpa T8IIJ10Bh!X HeiiTpOHOB £.,.., , Bhlllle KOTOpofi HMeeM CI18KTp 38M8LlJI8HHSI 

c'PepMII, TO r /¢I IlpiiHHMaeT BH.[l : . 

~ ~ ~ 

T (<!>) == ~ ;CeJJE [c6'~tUs J <l>feJ i k~E, e ') .Pre•JJe 
1
-2lle(E,E'J<P"ce 'J dE] 

13
•
211 

~ _L lD*(E) r.t>~(E) = e.xp - (. _&.__ l 110j <r"'(E')clE 
1 

) 

rne cp (f)== l l fEcrsrEJ · E ~E'r.:ce'Jj VMCf) , '"S 

\1)/fr 

1 - crreKTp c'PepMn: c yqeToM peaoHaHcHoro aaxaaTa. B Kaq ecTBe rrpo6Hofi 

cpyHKun:n: B03bMeM pacrrpe.neneHn:e MaKcBenna c acj:Jcj:JeKTUBHofi TeMrrepaTypofi Hefi-

TpOHOB T;,~T. 

-ctE' 
"f(E] :::::- c E ~ ..L f = kT11 

E ~ £111 . 
/3,22~ 

Hy )KHO orrpenennTb rrocTOSIHHYIO HOpMIIpOBK H C II aHeprn:IO E..,.. . LlnSI aToro Harrrr-

weM ycnoauSI HerrpephiBHOCTII B ToqKe E11.1 II ycnoarre HOpMIIpOBKII. 

E...., lf (E..,) -:::: 'f* (E,., 1 

~ I.(>(E}~(E}d.E + J~'f~(£J<ia(E] dE:= d_. 
o E..., 

13.231 

0TciO.na rronyqrrM aaan:caMo~Tb C II. £..,., oT t' , T.e. oT TeMrrepaTyphi T., 

Ecm1 rrornor.ueHHeM B IIHTepaane aaMe.nneHrrSI rrpeHe6peraeM, TO ycnoan:
51 

/3,23/ 
Ll8IOT: 

c- I 

0 /3,25/ 
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Ec.rm rrpe.anono:>KuM, qTo rrornoweHne rrponcxo.auT no 3aKoHy 1 /v , T.e. 

<S;,. (E)= r/re 11 ec.TIH c:rQ, ( k.~ ) <:<. ) ~ (E .... ) I E""' '?7 k T 

TO HHTerpan /3 251 • paBeH: 

IX) 

C f E'12 e.- a- E' dE ::: C _r Yfi r J 2</''" 
Jrf""' ·=-e.. t"~ 

. ~ E!., 65 (E,...}. 2JJ/z. 
1.., -- 13.261 

0 

OTKy,aa c-
Vl CIIO!lb3YH orrpe.aeneHH8 IIOTOKa 'f(E) ITO /3,22/, a TaKHCe BBODH <PIE! H 

KIE,E'I, Mo;KeM cpyHKUUoHa.TI I I<PI rrpeLT.CTaBHTb B sn.ae: 

I(A)= 
(f..., [ - ( ~- 2 ~ ) E A. E { f""' ( (!, ~J I I 

C.'l. ~dE' Coc.t+~s)Ee.. -e. )a-(e~EJE'e- ,-- Eel£ 

0 

(~ 4·E f 1 
- 2C.JdEQ \ <J"(E~EJ ~'*(E 1}clE 

0 . e.,.. 

1.'3.2i I 

4 ~~-ct. 

no.acTaBJIHH B ·f3,2il 3HaqeHH8 C II yMHO~HB Ha (.Yfi t:!)Z. . HM88M: 

E ' 2 

I(A)r.J:frn]1-== (f.>-~)'~; (EJ e Q..-cf-'-2~, £ 
[ 2 ) · 

01 JE + 
. 0 

Ehf E""' fwt 
fn. 1 ( -((-'-24)E ( A·E ( 13.28/ 

+\J"'-A) ~ o;ce1 E Q ·codE- (f?-~J'J"- dE J<rr£!=,£)E'Q-({b-aJ~;, 

(ft'H ( 0 D 

f'1fii ((b -ll)}/2 ) <2 ~·f J£) o(E!.:y E) 'f~ {E 
1
) dE.' 

0 f...., 
PaCCMOTpHM HHTerpB!lbl BXO.QHLUI18 B Bblpa)K8HI18 /3,281: 

E~ E.... E..., 
{ -((l-24]E ~ A·E ( -({~-4}E 1 

'J ( il) =: } Clj IE J E Q. . J f - t JE )""( £ _!;, E} E 
1 e J E 

1 

0 ~ 
0 
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, "'TO COOTB8TCTByeT M8JIOH B8JIH"'HHe TIOPJIOLUe-

HHH, TO Mbl He c.nenaeM 60JibillOH 0IlJH6KH 1 ecnH BepXHHH rrpe.nen HHTerpHpOB8HIHI 

{;,.., 38M8HHM Ha 6ecKOH8"'HOCTb. Tor.na MO:>KeM IIOAHHTerpa!IbHOe Bbip8:>K8HHe pa3· 

JIO)!{HTb B pHA 110 CT8118HHM 4 11, BOCI10!Ib30B8BillHCb COOTHOI118HI:IeM I 

C15 (E)=. j7r-tE ~ E1) dE', 

11ony"'aeM /cM.11pHno)Keane 3/ 
0 :JC.o) -- ~ ~"'.' M"' 

1 
H=Z 11pH"'eM 

M1 ::: o 

M1.:: o;r,J~3= 
~ (l) . 

2) f 2e-(H J£ J <fiE-'fE'}(E~E}d E' 
o rn ""o (7) 

o;r oo) ~l = -3 IE'"--(l~ dE .J.<T"(E-;. E)l ( E~ E ]• J f '. 

/3.29/ 

011pe.nenHB OCT8!IbHble AB8 HHT6;-pana BXOAHILUie B /3.28/ /cM.11pUJIO:>K8HI:Ie 3/, 

HMeeM: 

co 

" ..,_ 1.1+2 J . e (" J~~'L - L. !, ~ 1_11 - o< ··-:z FCx,r} 
1 , ... z . /3,30/ 

r.ne _.t!VT ~ ..- '2 ~ ~s(~J 

F( r, x) 

LlHcpcpepeaunpyH 110 2 H 11pnpaBHUB8H K HY!Il0 1 HMeeM 

r.ne 

.·, .. 
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Torna, nnst .. onpeneneHnst 'Z lid: 
i ·-. .;o·•, ... ,. . ~..:. 

nonyqaeM OKOHIJaT9JlbHO .ll Ba 
.... ·~ 
$L < ~ 

ypaBHe Hl1 st:; .: 

,,_. 

'"': ,'} / c~~~·t~~:t~.~·.~~2~-· ~" c~ -,,;~~lf!) +,~1;;~;:~-I·:~ 
,, :: 'i/3,31 I 

.;:; .~, 

~ e- Pi-[ t:.J 1 ~- ~j'~j~ i_ F'] r :':;' 
'.H _ "'»•. tF'. if. 2. 

V'f ( t -''.if'/z . 
t->< e ,c·-; . . 

"'\ -~-~t ·:~ .. ' e·<} \_;.,, .;.:,.- -··' ': ,· i -:)~. }.q-·-~··.,r·,.:::} i~ 
noc'I9,llHee ypaBH9Hife·'nonyiieHO 113 '13,26!1 0'' llO,llCTaH0)3KOii: 

a E:: ~ = ~--':.0) ?Hot = i i.x . 

e 

,._ ·~ _. ·~ :, \ \ .·:.? :'. j L "'f) .• , .. j 
1 t 

B cnyiiae ::Z ~ < :1. , ypaaaeHHst /3,31) MO:>KHo ynp~cTHTb: 
u 

:)t' :!t':,_: 

\ t,~, ·1 .~Ce 
r. 

\; 

.!\ 
.f 

t· ~ 

~"-~ r ;·-/· 

t::' 2.( " - ntS"t,. ) - ..... - 11 ('~I=- 2 )· ·. ~.~. > .(t.~2., .1· ·(~ . 2 ~"'1.2. .+ J OJ:z,( 1 f§:z.) ;, "'~' ::c"7>x1 'nz.clf.. ~'' '-; 
ll_ =- .L'Le,-t .. , ... ,·.;, .. v ~ . ' .. , ·-· !~ 

y ~ . :,., .... ,. ,. > L \ {~ . , ~ , ~,: 1. ~-J ,.. -~ * : . ~: (j ... } t • \ .'" . . u 

. T a_!{HM' o6pa3oM1 B · cnyqae ~ n?cTaTo~Ho Man oro no,\~ome~~,, OTHOCM·:TI.~':Il~Hhlli 
.. ' 

C.llBHf' TeMnepaTypbi onpenensteTCst nepBbiMH, OTllliiJHbiMH OT Hyrf~, MOM9HT8MH HH.llli-

KaTpHCChl paccestHllst, npH'I9M 8TOT pe3yllbT8T He 38BllCifT OT Bll.ll8 HH.llllKaTpliCChl 
f!" t 1 : i :~::.. 

\ ~ ' 

! 
~~ p acce stHrur. 

§ 4. BnHst~He XHMHIJecKoii: CBst3H Ha cneKTp 

PaCCMOTpHM Tenepb BllllstHHe XHMlltt9CKOii: CBst3H Ha llOTOK ueii:TpOHOB cnepaa 
: . .:.t: i. 

ua npuMepe :>KH.llKHX 3aMenmiTeneil TaKrrx KaK o6bttiHast u Tst:>Kenast aona. ToT cpaKT
1 

'-ITO pacceHBaiOmee stnpo CBst3aHo B MoneKyne, anusteT ua cneKTp nocpencTBOM 

HH.llHKaTpHcchr. pa.ccesrHHst. ,nornomeHue :>Ke cBst3aHHhiM stnpoM BnHsteT ua cneKTp 
t •'•? _l.' -"" -~,[· "i i: ~'I i 'tf '.~':"·_:~~. ·} <• -· 

H.e ttepe3." HH.llllKaTpHCCY ,,paccestHllst, T,e. H9,llOCTaTO'lHO 3HaTb HH,llllK8TpHCCY 1 'lT06bi 
I ,J '.... ~ / . '" a 

onpenenHTb 8TOT scpcpeKT, lcM.AxHe3ep li noMepaH'lYK 117 I • 3cpcpeKT XHMH'!e-

CKOii: CBst3H Ha T9pM.::..-:H3aUH!O HefiTpOHOB HCCJ19,llOBa,fiH M9}K.llY llP,O'HIM EpoyH H 
.. ·' 

c.n}K')H, a TaK}Ke EpoyH B Jll-ITHpOB8HHbJX y}Ke pa6oTax 1131, 3aTeM Kpurep H 

HenbKHH 1171, H npyrue. BnHstHHe Me:>KnyMoneKynstpHhiX cHn Ha TepManH3aurriO 
1181 . 

6brno paccMoTpeno KaiJeCTBenHo DapneneM • 
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3cpcpeKTHBHhiH MeTO.[{ yqeTa XHMH'IeCKOH CBH3H 6hiJI pa3pa60T8H eme B 

1941 r. CaKcoM 11 TennepoM /19/, pa3BHT ueJihiM pHAOM 

,apyrHX aBTOpOB. 3TOT, TaK H83hiBaeMhiH1 MeTO.[{ TeH30pa Mace, COCTOHT B TOM, 

'ITO BBO.[{HTCH 9cpcpeKTHBH8H M8CCa pacceHB8IOLUero H,apa, HMeiOLU8SI CBOHCTBa TeH-

30pHOH BeJIH'IHHhi, 'ITO II03BOJISieT yqecTb XHMH'IeCKYIO CB.H3h .H,apa. 

PaccMoTpnM B Ka'IeCTBe rrpHMepa paccew•ne Hei1TpoHoB rrpoToHoM, CB.H3aH

HhiM B MOJieKyJie BO.[{hio EcJIH HefiTpOHhi II8.[{8IOT rreprreH,aHKYliHpHO K II.T!OCKOCTH 

MOJieKyJihi, TO IIpH coy,aapeHHH C IIpOTOHOM MO)KHO ero C'IHT8Tb CB060.[{f!biM H 

rrosToMy scpcjJeKTHBHa5I· i\.racca- rrpbTc5Ha paBHa 1.- Ecnu -:tK e neiiTpoH rra.aaeT Ha rrpo

TOH B.[{OJib JIHHHH, HAymefi OT IIpOTOHa""k ueHTpy MaCChi MOJieKyllhi, TOr,aa BCSI MO

JI eKyna, KaK uenoe 1HCIIhiThi BaeT bT,aa'Iy H scpcpeKTHBHaSI Mace a rrpoToHa paBHa 1 8. 

B HarrpaBneHua,· rreprreH.aimyJIHpHOM K rrp~,ahiAYLUHM HarrpaBJieHHHM, 3Ha'l"eHne. scpqJeK

THBHOfi MaCChi 6y,aeT K8KHM'-TO IIpOMe)KyTO'l"HhiM. nosToMy MOMHO C'IHTaT;.,, 'ITO 

M acca IIPO"'OH8 SIBJI.HeTCSI TeH30pHOfi BeJii1'IHHOfi H OIIpe,aeJISieTCSI IIpH IIOMOLUH cpop-

..L 
Mo 

rae - f'JI8BHhie MOMeHThi HHepUHH MOJieKyJihi 1 - K00p.[{HH8Thl rrpoTOHa 

OTHOCHTeJibHO UeHTpa M8CChi MOJieKyllhi, M., - Macca MoJieKyJihi • 

.Dn>~ o 6&I'IHOfi BOA hi scpcpeKTHBHaH Mace a CBH3aHHoro rrpoToHa paBHa 2, I Mac-

Cbi IIpOTOH8o 8 CJiyqae THX<eJiofi BO.[{hi f'JI8BHbie COCT8B.T!SIIOLUHe TeH30pa M8CChi 

-lf
CJie,ayromn:e: 2; 3,157; 20; scpcpeKTHBHaH Mace a * e .aei1TpoHa paBHa t11 = 3,596 

IIpOTOHHOH MaCChi • .D.TIH KHCJIOpo,aa 9cpcpeKTHBH8H M8CC8 paBH8 17,607 H B rrepBOM 

IIpH6JII1)i{eHHH MOX<HO rrpez.Ie6pe'Ih 06MeHOM 8HeprHH IIpH coy ,aapeHHH HefiTpoH-KHC

JIOpo.a • .DJIH 06hi'IHOH BO.[{hi 8TO IIpH6JII1X<eHHe 6onee rrpaBHJibH0 1 qeM .[{JIH THMeJioil: 

BO.[{hi, Bo-rrepBhiX 1 H3-38 p83HHUhi B M8CCaX KHCJIOpo,aa H BO.[{Opo,aa, BO-BTOphiX, 

IIOTOMy 'ITO 9cpcpeKTHBHOe ceqeHHe pacceHHHH .[{JIH rrpOTOH8 3H8'IHTeJibHO 60Jibllle 

ce'IeHHH pacceHHHH KHCliOpo,aa~ 9TO Be,aeT K TOMy, 'ITO B BO,ae HMeeM rrpe)K,ae 

Bcero pacceSIHHe Bo.aopo.aoM. 

Ecnn:, cne.aoBaTeJihHO, sHeprHH HeifTpoHa 6oJibllle, '!eM SHeprHSI ocHOBHoro 

ypOBHH pOT8UHOHHOf'O .[{BHX<eHHH, IIO Me!Ibllle 'IeM 8HeprHH KO.Tie6aHHH MO.TieKyJihi, 
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TOI'.lla IlpOTOH IIIJIII Heil:TpoH/ MO:>KHO C'IHT-8.T:b--CB06o.z:rHhiM--c-TeM,O.llHaKo, 'ITO ero 

* ..1 - " s (m-1 ) "YY1 9cpcpeKTIIBHaH Macca paBHa I"Vl s I'.lle 111* - "3 f , a flU(... -

TeH30p MaCChio YJHa'Ie f'OBOpH 0 .llHHaMII'IeCKHe ScpcpeKThi TpaHCJIHUHOHHOI'O II pOTa

UIIOHHOI'O .llBII:>KeHHH H.llpa /apOTOHa, .ueil:TpOHa/ Ha pacceSIHIIe Me.uneHHhiX Heil:Tpo

HOB MO:>KHO CBeCTII K .llHHaMH'IeCKOMY ScpcpeKTy CB060.llHOI'O TpaHCJlHUHOHHOI'O .ll BH

:>KeHIIH1 HO C H3MeHeHHOll MaCCOll H.llpa /3aMeHa rasa :>KeCTKIIX poTaTOpOB O.llHO

aTOMHhiM rasoM c scpcpeKTIIBHoii Maccoit m * I. 

B 1951 r. TeopHro CaKca-Tennepa o6o6mHn Meccua, ayTeM yqeTa TaK:>Ke 

KOJie6aTe.11hHOI'O .llBII)l<.eHIIH /20/. 

BhiBe.ueM · ~e-To.u TeHsopa Macchi, HCIIOJih3YH cpopManHsM, Bbme.ueHHhiit paHee1 

H y:>Ke IIOJiy'IeHHbie pe3y.11hTaThi. 

r.ue 

):lJIH .lliicfJcpepeHUIIaJihHOI'O ScpcpeKTHBHOI'O ce'IeHIIH Mbi HMeJIII BbipameHHe /2,5/: 

·') o-{0, e) 

(}YV I (8 1 c) 

<{v"')T 

. 
y(t.) 

-uw' 

[. 
v v' I 

Ovv' (e, e:) 
-t"' . t i < {.vv' >r e_- "' d-b' k. ,_ 

Ov av j:nko 
- ,.,0 

~ ciJ - ~ ·/. 
. { vv' e. &;J<T 
t. 

--c-- - £. ·-r 
~ Q.. 'lkT 

I. 

.-7-'1 ) ·7~ (. +~ I e;" ,}t. r, ft- e- t-x r..,, (f) / f,. ) . 

3·.ueCh {vv'' ycpe.llHHeTCH IIO TeiiJIOBOMY pacrrpe.ueneHIIIO Ha'IaJibHhiX COCTOHHIIll 

MOJieKyn; HymHO ycpe.llHIITb eme OTHOCHTeJibHO HarrpaBJieHIIll OCII BpameHIIH 

MOJieKy.11hi 1 HO STOT BOIIpOC 6onee CJIO:>KHblll H BepHeMCSI K HeMy ll03)!{e. 

I 
Lln SI Heaocpe.ucTBeHHor-o pacces:JHHH, T.e • .uns:J V = v IIMeeM OvCiv' ==A~-+(:, 

a .ll.11H IIHTepcpepeHUIIOHHbiX 'IJieHOB, a.v Cf..,,:::::: A., Av 1 -- , r-ile A - aMrrJIIITY.lla 

KOr-epe:_fl:'J'HOro, C---=- aMIIII~Ty.lla HeKor-epeHTHOI'O pacceHHIISI, He 6y.ueM s.uech 

Y'IIIThiBaTh KOppeJISIUIIII Me:>K.lly CIIIIHaMII SI.llep. 
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Ecnu HeT canaa M92KLlY CIIHHaMH H.llep 38M9LlllHTenn H OTCYTCTByeT B38HMO-

.ueti:CTBHe CIIMH-op6nTa, TOP.lla COCTORHMe paccenBaiO!lleti: MOneKynbi M02KHO OIIHCaTh 

C IIOMO!llh!O KBaHTOBbiX 'IHCen , COOTBeTCTBY!OlllMX LlBM:>KeHM!O 

B cnyqae BpamaTenhHOf'O LlBM2KeHHH KBaHTOBOe 'IHCnO J CBR3aHO C MOMeHTOM 

KOllH'IeCTBa LlBH2KeHHR/ H COBOKYIIHOCThlO ~ -cocTaBllR!O!llHX CIIHHCB R.llep. 3cpcpeKT 

KOppenRUHH IIpHBO.llHT K LlOIIOllHHTenhHOMy HHTepcpepeHUHOHHOMy 'IlleHy Me2KLlY 

aMIInHTY.llaMH TO:>K.lleCTBeHHbiX H.uep. By.ueM C'IIITaTh,. 'ITO COCTORHHe H 9HeprHH 

paccerrBaiO!lleti: MOneKyllbi 3aBHCHT TOnhKO OT 'IHCna .. 
By.ueM .uanhwe C'IHTaTh, 'ITO HefiTpOHbi rrMeiOT 9HepraiO 6onbwe paccToH-

HUH Me2K!lY BpamaTellhHbiMH ypOBHHMH u,; rrpe.lliiOll02KHM, KpOMe TOPO, 'ITO 9HeprHR 

TeiillOBOf'O LlBH:>KeHHH MoneKy.TI 6onhWe 
. •-""' B xl 

IIOCTO HHHOll poTaUHH B, T.e. K. I 7 0 

Tor.ua BpamaTellhHoe .uBrr:>KeHae MoJteKynbi M02KHO paccMaTpHBaTh KBaaaK.rracca-

'IeCKH, 'ITO ~3BOllHT OIIpe.uenHTh cfJYHKUH!O -{vv 1 rrprr .uaHHOM IIOllO:>KeHHH OCH 

spamermn JL MoneKynbr. , 

np e.ucTaBHM BOllHOBY!O cfJYHKUHKi M oneKy n bi B BULle rrpOH3 BeLl eHHR cfJYH KUHll, 

OTBe'Ia!O!llHX TpaHCllRUHH, KOne6aHHRM H BpauieiJ:HRM, T0f'Ll8 !1 <{v"'~ 6y.ueT 
T 

IIp0!13Be.ll9HHeM COOTBeTCTBY!OlllHX 'IneHOB: 

/4.1/ 

~ 

3aBHCHMOCTh OT J2 y'ITeHa B 'IlleHaX COOTBeTCTBY!OlllHX KOne6aTellhHOMY 

a spamaTenhHOMY LlBH:>KeHHIO. Ecmr He npHHHMaTh so BHHMaHHe Kone6aTenbHOe 

Ll BH}KeHHe, IIOCKOnhKY C'IHT·aeM, 'ITO 9HeprHH HefiTpOHOB Mana H He MO:>KeT B03-

6y.llHTh Kone6aHHfi, TO COOTBeTCTBYIOr_;-rafl: cpaKTOp B /4.1/ He IIOHBHTCH H B peaynh-

TaTe nony'IHM o6o6meHHbifi MeTo.u CaKca-Tennepa, TaK KaK 

HHTepcpepeHUHOHHbie 9cpcpeKTbi. 

yqHTbiBaiOTCR 

PaccMoTpHM spamaTenbnoe .usa:m:eHae. PacceusaiOmafi aToM V LlBIO!.<eTcH 

IIO cciJepe pa.uuyca lt,,({;-)1, KOTOpblll 3aBHCHT OT BpeMeHHo ,[lJIH COOTBeTCTBY!OUl8ll 

cpyHKUHH HMeeM COPJiaCHO /2.4/ 

x/ nocTOHHHaH poTaUHH 

MOJieKyllblo 

h'" -2) , r.ue -MoMeHT HHepunn 
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<X.:v' /T < t.-/ e_: Ht "-~~ "tro) 1!.--i fit e _ i ie l,, ro1 / '/''" / = 
. 7 7 

• • ~ • ~ -&. 
iH-!- - dill-t ~.ue~.~ -'-~< .-'[~tr) z. tr I e e.. e e. I I 

14.2 I 

rne H- raMHJihTOHHaH BparueHIHI :>KeCTKOll MOJieKyJibi; 3JleCh HCIIOJ1h30B8HO 

OIIepaTOp~ ery KaK orrepaTQ?a CJlBHra: CBOHCTBO 

• 
4 e · H' · -'1 o · H t. ' U ... II - l "C' - I. ~ "b V - · · · · - 1- v 

e e. Q... ::::::e 
c: :eev -;. H~ _ i- H,,-1: ~.· 1<.l., 

e. e. =e e. OTC IOJla 

3nech Hv eCTh H , B KOTOpOM Pv 3aMeHeHO Ra 
"6 --):' 
rv-J< • noJIHblll 

M OMeHT KOJIH'-IeCTBa JlBH:>KeHHH MOJieKyJibl paBeH: 

7 - ~ ~ 

2: Lv = ~ ~" X Pv ; 
11 v 

t = 
cyMMUpOBaHHe ITO BCeM aTOMaM, BXOJlHIUUM B COCTBB MOJieKyJibL 

rne 

rne 

raMHJihTOHHBH BparueHHH 
.:; -7 

H - w1w 
- 2 ~ z. ?~-1 r 

:J - MOMeHT HHepUHH. 
..::, 

noncTaBJIHH B H HBHOe Bbipa:>KeHHe JlJIH L 

H ~ [ ~ct,.p,Jr'(~, lv,xP,·)] = :i 

X vii' 
'B+ :~-1 8 - x·t - 1)/JI - II ,_1 -

0 - ez e'J 
1311 ~ - !3: == { ez 0 -e X 

-e':J ex (] 

, rronyqaeM: 

f .::, 1) ...:} 
Pv .1\vv' Pu 1 

1111 I 

Tor.lla ::1.. -7 ,., / -7. 
.1- ~ "'-vv tfe . 

7 
~ "k 13:,-:1-1 L + Hv = H + f L :r' Sv Je 

I . 

/4.3/ 
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M bi He Mo:tKeM, onHaKo, rrpHMO rroncTaBHTb H u H11 B /4.2/, n6o OHH 

conep>KaT BenuqnHbi, He KOMMyTrrpyiOmrre Me>Kny co6oii. OnHaKo M bi roBopnnn, 

qTO BparuaTe.TibHOe nBH>KeHHe B naHHOM IIpH6.TIH>KeHHH MO>KHO paccMaTpHBaTb KBa3H

K.TiaCCHqecKH, 3TO CBOnHTCH K TOMy, qTo OIIepaTOpb! paCCMaTpHBaeM KaK BeJIHqJ1Hbl 

•Lr 
KnaccrrqecKrre, cpyHKUHH >Ke 1 3aMeHHeTCH BparuaTe.TibHb!M BO.TIHOBb!M rraKeTOM, 

KOTOpb!H MO:tKeT HMeTb OnHOBpeMeHHO OIIpeneneHHOe 3Haqeune MOMenTa KOJIJ{qecT

Ba nBn>KeHHH u orrpeneneHnoe rrono:tKenn:e ocn: BpamenuH B rrpocTpaHCTBe. Cyme-

CTBOBaHHe BOJIHOBbiX IIaKeTOB B03MO>KHO B TOM C.Tiy_qae, KOrna pOTaTOp B nocTaToq• 

JeT "? 7.13 , Torna HMeeM neno 

C 6o.TibWHMH KBaHTOBbiMH qHc.TiaMH, C!]jKTp rroqTH HerrpepbiBeH H IlpOnOJI>KHTe.Tib

HOCTb CTOJIKHOBeHHH Ma.Tia ITO cpaBHeHHIO C rreprronoM BparueHHH, 

OCH BparueHHH n 
B IIpOCTpaHCTBe H OTHOCn:Te.TibHO MOMeHTa KO.TI.HqecTBa nBH>K eHHH t , KOTOpb!H ~ 

,Lr fl. 

TerrnoBoe cpennee HY:tKHO B3HTb OTHOCHTe.TibHO IIOJIO>KeHHH 

pacrrpenenen rro 3aKoHy EonbUMana. TaK Kav cpyHKUHH T To>Ke 3aBncnT oT , 

TO B3HTHe cpennero ITO J2 OCTaBiiM Ha n a.TlbHeHlll.HH 9Tarr, TaK qTo CHMBOJI 

< IIOKa 03HaqaeT TO.TibKO cpenHE:e ITO OTHOWeHHIO K 

83HTHe cpenHero OT 9TOH cpyHKUH.H ITO OTHOJir eHHIO K 

HOM IIpH6JIH>KeHHH IIpHMO K .HHTerpH~OBaHHIO ITO pacrrpeneJieHHIO 
- !;... 'J-1!_ 

Moro cpopMynoii EonbUMaHa e.. Z.kT 

BBeneM noByiO II epeM eHHY 10 

1 j '12 j'/2. -e 
cP1 = 

t 

CBOnHTCH B nan-

t.. , orrpenenHe-
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Toraa HHTerpan npHHHMaeT BHa lnprr aaMeHe Bv 
zt 7 -t :r''z. -z 

( - Lf2kT Li-J< 'Bv !. 7 
J Q.. e cl' e 

( - t%.kT 7 
J e.. d3 e 

i" 
Ha - 'B I· " . 

BhlnonHHB HHTerprrpoBaHne cHaqana no yrnaM lnonaraH 
~~ 
Jt .e. == ~ e enB 

3aTBM no Je , nonyqaeM oKoHqaTenhHO lnprrno:>KeHrre 1 Y 1: 

~7 '"11 ~ ~r .:~ [e.,-e", -~ ~ 1(~" ~ i-1:. +-t'l.kT). 
Q.., e._ <{::'/r = 

.DnH cpyHKUHH TpaHcnHUHOHHoro ABH:>KBHHH Mhi HMena cpopMyny /2.6' I 

i . - rr; (if + -/}. kT) 
<t~~~·>.:::: e.. 7 

rae M - Macca MoneKynhi. 

I, a 

14.4 I 

/4.5/ 

Toraa cneay10mee npouaaeaeHne aaeT HaM nonHyiO cpyHKUIIIO MoneKynhi: 

r -t ....., 
Z-\v"'~T (-\:vv' /T :::: 

2 . 
-~ (·t J.'2 '·T)"' .~ -~ ~ 

2M ll:+'-·f<. l~LC-G,] e v ~ e ~ 

I 7 'rr/ ~ c·J 1'2 -z~J\vvJ( ~..-c+-r.·kTl 
X e /. 

noKaaaTBJ!b CTBnBHII npeo6paayeM K BIIay: 

J-{1. - + l -7 "11 .=J 
2M 2 ~ .K.vu J.< 

~I-'~ 
-1 J( cK + 
2 fr 

rae BBBAP.H TBH30p MaCChi . -orr1 
\1 

I 1 - earrHHqHhifi TeHaop I. 

i j,_ '1< VII fe 
2 

i ~ m-1 7 
2 v ,}{ 

1<vv + M-1 I 

Tenepb MO£KBM B3HTb cpeaHee OTHOCHTBnbHO BBKTOpa fl 

14.6/ 



I ~ )?(7-1 ~ 
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/4.7/ 

CnenyeT OTM8THTb, qTo BTopoil: qJieH - CTaT:uqeCKHH HHTepcpepeHUHOHHh!H qJieH, -7 

KOTOph!H MO)f(8T 6h!Tb 6hiCTpo H3M8HSII0ll{8HCSI cpyHKUH8H OpH8HT8UHH MOJieKy.rihi J2 • 
4neH C T8H30pOM MaCChi 1Ip8.QCT8BJISieT C06oil: LlHH8MHqeCKHH 9cpcpeKT Bp8ll{8HHSI H 

TpaHCJISIUHH rrpn paccesrHnn srnpoM V • K aMLlhiH H3 9THX qJieHoB He3aBHCHM 

OLlHH OT Llpyroro, H II09TOMy MOMeM B3S!Tb cpenHee ITO OTLleJibHOCTH • 

. -7 i 
'J' ~vv' \ 

(e. h = 
Jl 

. 
ii/7 

nerKo ycpenHsreTcsr 

..i r e.i k -e.,y, J.Q 
477 J 

cpyHKunsr Beccensr. 

nepBh!H qJieH /4.7/ IIOCJie ycpenHeHHSI naeT 

- K_ (it + ·fZ-kT) e zH: , 

14.81 

r ne ~ = f S p ( 'O'(}'L
1
.,} , M; - SIBJisreTcsr acpcpeKTHBHoil: M accoli. 3cp-

n.,. M* 
cpeKTHBHaSI Macca Bhlq!fCJIHeTCH COI'JiaCHO pe3yJibTaTaM 9TOI'O IIaparpacpa 

c n eny fOlllHM o6pa3oM. 

~~ == f 5p( m-~ 
nycTb J - I'llaBHhie MOMeHThi 

, I'Lle m - TeH30p MaCChi, 

HHepu:u:u MoneKynhr, Tcrna 

M - Macca MoneKyJihi, 

m -1 == J.< + ::r.; f\1 , 
- en:uH:uqHhiH TeH3op, a TeH3op X 

orrpe.uenHeTcH 
cnenyiOmnM COOTHOWeHHeM: X.::: -p,+:J-t B 

• Torna HMeeM: 

0 ez e'j 0 
e'l. e';) - :Jx 1/11( 0 0 Jx 

i:J ez () e)( ez - e,. 'J-' B () 0 - 0 1; 
'j 

~) .. h ex 0 () 0 

-~ e.: 2 
0 -'J:z_ :lz. 
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e - e'Z.. ey e~ e: _ e,. e, _ e')4 ez. 

tz. -C'J 
~+- -

~ 0 J,c T ')1 ::lz 1 ':3z ' 
l( 

t·r' B ::j-ez 0 ex e'Z. 0 -e)(' - _e" e "~ !~ + gJ(.2. _ e, ez. 
"1'1 <]1 

- 'J;z.. ' 'J.I( ':lz I :Jx 

e~ -e 0 _e') e)C -Cx ez. _ e., (,z. e2 e1.. 
" 0 ---. 

~:z. 'Jz. 
....]!_ -+.-!.. 

~ J :'J I 'jd 1x 
:1 " 

CnenoBaTeJibHO, 9JleMeHTbi TeH3opa 

m_ .. 
paBHbi: 

~ 1..) m--1 ( ~ +e~ + 1; .. -'"· JK. :J~ . 
-1 e ~ e~· m_ .. - -LJ -9K 

Bbi"lllCJIHH cyMMY nuaroHaJlbHbiX 9JieMeHTOB, nony"!HM cpenHee 3Ha"!eHHe n 9cPcPeK-

THBHYID Macey MOJ19KYJihl: 

_i. - -( r e~ +e:z.2. 
M~ - '5" L <J" + 

e;+e: 
'J + 
r 

-{ 
+{\1( 

TaKHM o6pa30M, -M hi nony"!HJlH npH6J1H:>KeHlle CaKca-Tennepa , B KOTopoM .llllHaMnKa 

TpaHCJl!i!UHOHHOI'O H Bp8Ul8T9JlbHOI'O .llB!OKeHHH CBO.llHTCH K LlHH8MHK9 TpaHCJlHUHOH-

HOI'O nau>KeHllH c TeM, onHaKo, "!To Macca Hnpa Mv 3aMeHHeTcH 9cPciJeKTHBHofi 

* Maccofi H., . 3necb npu BbiBOne nony"!eH norronHnTeJibHbiH "!neH, Bbrpa:>K aeMhifi 

cPY'TKUHefi Eeccenst ii)C J< e.,.., I) 
cpeKTbi. 

, KOTOpb!H Y"!HTb!B89T HHTepciJepeHU!IOHHbie 9cP-

BcTae1' BOITpOC 0 TOM, KaKQe BJIHSIHH9 OK8}K9T KOJie6aTeJ1bH09 LlBH>KeHH9 MO

neKyJibl H8 ITOJly"!eHHbie Bb!We pe3yJ1bT8Tb! 1 eCJlH 9H9pi'HH nefiTpOHOB 6yneT MeHbW9 

noporoaofi 9Heprrm B036y>KneHHH 9THX Kone6aHnfi /a cny"!ae BOLl hi hi)= o,2~!. 
PaccMoTpHM c 9TOfi uenhiD rronpo6Hefi Kone6aTeJ1hHOe nan:>KeHne Hnpa '\1 oKono 

ITOJlO)KeHHH paBHOB9CH5l ZV 
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~ 

7 B cny'lae BpamaTeJTbHOf'O .D.BJ.DK9HIHI e.,~ 6bmO cpyHKunefi BpeMeHn, Terrepb 

lli:e ttl IlOCTOHHHbiH B9KTOp 1 liM99M TOJ1bKO KOJ1e6aHIIH H.Qpa Y OKOJ10 IlOJ10:>K9HIIH 
~ ~ 

p8BHOB9CIIH b11 C 8Milni1TY.D.Ofi U.,ff-} 

7 
-&v + 

Tor.ua 

M oneKynHpHbie Kone6aHIIH 
B PH.D. ITO HOpM8J1bHbiM 

K OJ1e6aHIIHM, 

-=? ().) 
r.ue c. -v B9KTOp 8MilJ11ITY.D.bi HOpMaJlbHb!X KOJ1e6aHIIfi .A 

DIIHaMIItiecKaH HesaBIICIIMocTb HopMaJlbHhlX Kone6aHIIfi rrossonHeT paccMaT

PIIBaTb OT.Q9J1bHO acpcpeKT, Ilp0lf3B'o.uiiMbiH Ka:>K.Qb!M 1!3 KOJ1e6aHIIfi Ha pacceSIHHe Hefi-
.. 

TpoHos. T aK KaK HOpManbHbie Koop.uiiHaTbi pasnii'!HbiX Kone6amrfi KOMM YTIIpyiOT 

Me:>K.uy co6oii, To 

i "k dll (+} 
e. 

• -=1 c-q (I:J. t 0.} 
LJ<L ). v 

e. 

OrrycKaH IlOCTOHHHbiH cpaKTOp2 IIMeeM 

HJ1II 

,· 7. t (>-J q (+} • 7 
"'"" v > _1..1< 

e. e 

t[~i~' q,.(t--) 
e 

3.d E.'Cb RcrronbsosaHo cne.uyromee orrepaTopHoe TO:>K.D. ecTso 
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M TOT tj>aKT, 'ITO KOMMyTaTop [A, 'I.?] He co.nep:>KMT tj>aKTH'IeCKM orrepaTopoB 

q/~) VI 'f,,JcJ} t H IIOTOMY He IIO.ll1I8:>KHT ycpe.nHeHHIO• 

Tor.ua, IIOIIb3YSICb TeopeMoii Bnoxa /21/ .nnst MaTeMaTHtiecKoro o:>Kn.naHHSJ 

SKCIIOHeHuMaiibHOti ¢yHKUHH KOOp.llMHaT rapMOHM'I8CKOI'O OCQH1IIISJTOpa
1 

ycp8.llH8HHOfi 

rt o pacnpe.n en eHn ro Bon buM aHa: 

<e6l>T -
1 ( 6l 2 )T 

e 

MM88M /rto.npo6HOCTM CM.llpliiiO:>KeHMe Y / .iiiiSJ O.llHOI'O Tlilla KOIIe6aHMfi: 

lfr/tt("'>'z.+(let.r~>J JZ]<q~to>" +(jZ<>-1)(~-'l/~1) (.q (-t}a foJ~ - 2.l' v v' /' vr v v ~ '-" 7 . 
. <~"~'/T :::e. . 

npe.ncTaBMM Terrepb q (f) IIpli IIOMOI!lli onepaTOpOB liCIIYCK8HliSJ tj>OHOH8 Q..f 
li IIOI'II0lll8HMSJ tj>OHOHa Q.. : 

( J -1 . [ -i.t.>-1: ' ~ 
· ~ f == (21Vifw)'lz ae + a+e""] 1 

r.ne M - Macca st.npa V , (...) - tiacToTa Kone6aHnfi, i. = :/.. N - 'lliCliO 
+ 

aTOMOB. OnepdTOpbi Q. li Q IIOIIHOCTbiO onpe.nenSJIOTCSJ H3B8CTHbiMM COOTHOll18HMSI-

Mli: 

Cl.-t a == n. 

". " 

aa-t= i+a-ta = i.+vt 

[a ,q] == [at 
1 
aj =0, 

r.ne ~ - tiMcno tj>oHOHOB .naHHoro copTa. Cne.uosaTenbHo, ycpe.nHeHne senntiMH 

~U)'f{cJ] H qYoJ CBO.llliTCSJ K Ortpe.neneHMIO. cpe.nHero 'lliClia tj>OHOHOB B .naH

HOM KBaHTOBOM cocTOSJHMH npn TeMnepaType T . l1MeHHo
1 

q{f11(o} == 21V~w [ oe- ,·,_.t -ra+ e...:..,-1'] (a+ a+) = 

__ aae -ra.+0+e +------ (1.+k)e +~~te J. [ -ic..)-1:- c.'~] .-f ~ -t"w-1: ~""f-j 
- 2fVHc.v 2NNw · 
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npH y'IeTe TOJibKO O.[lHOcpOHOHHbiX IIpoueCCOB rrepBbiH 'IJieH Hac He IIHTepecyeT; • 

Tor.aa 

rae - d ~ 
clx 1 -x -e.. 2: e_ -"'"'/"I 

,f 
~ . 
z-1 -' 

X= wjJ<T 
1 :z =ex:.. 

0KOH'IaTeJibHO IIOJiy'IaeM: . 
"'" . t 1 [ - l.l..J ze 

2NMw(z--t) 

An anorrr'!Ho .anSI < q2(o)~ rrMeeM: 

Z+f < q'Z(o) ~ 
.T Z-1 

-v 

+ C.:c...li-1 e... . 

rrpe.acTaBIITb 

< { vv' >r LlJISI KOJie6aTeJibHbiX CTerrenrr CB06o.a bi MO:>KHO 

" 

14.9 I 

EcnH neiiTpOHbi HMeiOT aneprrrro, ne.aocTaTo'Inyro .anSI Boa6y:>K.aenuSI xone6aTenbnoro 

LlBU:>KeHUSI
1 

TO KOJie6aT8libHOe COCTOSIHIIe MOlieKylibi He 6y.aeT H3MeHSITbCSI C Teqe

HHeM BpeMeHH, Clie.[lOBaTeJibH0 1 'IT06br IIOJIY'IHTb TaKyiO Heii3M8HHYIO cpyHKUlii0
1 

HY:>KHO B /4.9/ IIOliO:>KHTb -f; 7 00 • .Danee rrpe.[liiOJIO:>KHM, 'ITO B Ha'IalibHbiH Mo

MeHT Bee MOlieKylibi HaXO.[lSITCSI B OCHOBHOM KOJie6a'i'elibHOM COCTOSIHHH; 9TO 03Ha

'IaeT, 'ITO .anSI Kone6anHli T = 0 H HMeeM TOlibKO nyneBbre Kone6anHst Monexynhr. 
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T=O -f ) z -7 0 n t ~co rronyqaeM H3 /4.9/ 

.({~v'fT=o 
_ i [ (~ t~J )2.+ ( ~ t~~ )z.]2~>NM - n e. 

>. /4.10/ 

Y'-IHTbiBaSI, '-ITO TO'-IHaSI cpyHKUHSI MoneKy.Tibi SIBJISieTcSI rrpoH~BeaeHHeM Tpex cpyHK-

unii, rrony'-laeM , 

I (-9 'Y'f7-l -7 ){ '1 J_? T) . .=, ~ j ) I r .., ~{).}) z r.·-7 .:J().J} z]__i_. . 
-I .1< v'r..v .u t.t:-1-'t • k. tH(~;-vv' -rl(Jt '~' + ;ec"' 2l4JAN"1 

(-\\lv 1
). = e. e n e 
T > . 

nepBbie aaa '-!Jlely):Ke ycpeaHeHbi ITO OpHeHTBUHH MOJleKyJibi .n_ • nocneaHHfi 
..!1 ()..) 

'-!JleH 3BBHCHT OT '-!epe3 CV , 9Ta 3BBHCHMOCTb CBSI3aHa C BHH30TpOITHhlM 

xapaKTepoM KoneoaHnfi. YcpeaHSISI noKa3aTenh cTerreHH, rronyqaeM BbrpameHne 

"t.V ' @._- K 0 IIV I 

ra.e _ )_ -1 I( C~) p -f ( C.(~l )~ 
/tvv.' - >- 12.co>- N M L1 

• " 

CpeaHSISI KBaapaTH'-IHa~ aMITJ1HTyaa HyJleBhlX KOJieoaHHii. 

0KOH'IaTeJ1bH 0 
-:" 

HMeeM: 
'Z M2 

( l(v>• )'T =: o'o(><.e.,.,,) e__.- O.:.v• e_- 2Mv" ( ii + -/.~ kT) 

/4.11/ 

H aHcpcpepeHuHaJlbHoe rrorrepe'IHC\e ce'IeHne pacceSIHHSI Bhrpa):KaeTcSI aHaJIOI'H'-!Ho 

/2.6 I 
-4-W 

G..,v' (~,E) 
Js.. 

aVV
12r7ko.:> 

( - ,; t:-1: '-, J e oi(J{vv' /T d.-1: 

-&4 /4.12/ 

a , v k . -><'cr.; " . ,..,_ 
(s 

M~ )'1z H ~ 
•• ,x>2nl<r KoJ•<"'e ... )a.. vv' e_-z.-•kT(fc+iH}•)~ 
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VfTaK, Mbi nony'IIUUI TaKo:ii: :m:e peaynhTaT, KaK .llnSI O.llH08TOMHOT'O raaa; y'IeT Bpa

I.UeHirSI MoneKynbi HaXO.llliT CBOe Bbipa:m:eHrre B TOM,_ 'ITO BMeCTO M8CCbi SIJlpa BXO-. "* 
Ll rrT acpcpeKTHBHaSI Macca Mil 

Ecnrr BBeneM aenrr'IHHbr:. 

)vv' 

~vv' 

( 

T 

.:{ 

[ 1+fl Ovvl Mv*kT]'12-

1- ) VV I 

2kT~vv 1 

T )vv' 

To BKcnoHeHurranhHhl:ii: 'IneH nepexonrrT '2. 
M I ·c··- . .}(2-) 

L - V e+--. e_~'fvv 1 e xizk.T 2M/ 

rr anSI HenocpeacTBeHHoro pacceSIHHSI SI.llpoM Y 

) 
t-~VLI I I ) 

(}VV 1 (tJ, f e.. (} YLI { f)f f" I 

rae v COOTBeTCTByro-

T
l 

O.llH08TOMHOT'O !'838 C cpliKTliBHO:ii: TeMnepaTypo:ii: li cpHKTliBHO:ii: r.u ee MOLl enrr 

Mv
l 

M 8CCOil: • 3TO O'IeHh Y .ll06Hbiil: Bli.ll nonepe'IHOT'O Ce'JeHHSI
1 

KOTOpbi:ii: II03BOnSieT 

CBeCTli 38.lla'Iy TepManH38Qlili Heil:TpOHOB C y'IeTOM XliMH'JeCKOil: CBSI3li K liCCnenoaa

HHIO CB060.llHOT'O raaa. 

L{To KacaeTCSI BnliSIHliSI B )KHJlKOCTli Me:m:nyMoneKynSipHbiX Clin Ha CIIeKTp He:ii:

TpQHOB, TO 9cpcpeKTbi 3TH CBO.llSITCSI, rnaBHbiM o6pa30M, K TOpMo:m:eHHIO Bpar.ueHHSI. 

Bonpoc aToT er.ue 6yneM paccMaTprrB-'.lTh nocne Toro, KaK paccMo.TprrM HeKoTopbre 

9KCnepUMeHTbi, OTHOCSII.UlieCSI K H8XO)KJleHHIO CIIeKTpa Heil:TpOHOB. 
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§ 5. CpaBHeHne aKcrrepnMeH:ra c Teopnefi H .uaJibHefii.L ee yToqHeHn:-e 

Teopnn: 

PaccMoTpMM Terrepb aKcrrepnMeHTaJibHym· cTopoHy Borrpoca o crreKTpe HefiTpo-

HOB, B oco6eHHOCTH B 06bJqHofi Bone H BO.UOpO.UHCTOM un:pKOHIIH z~ N J...- XOTH 

BOrrpO Cbl KpllCTaJIJIOB 6y .UyT paceM OTpeHbl II03 )Ke. H eo6xo.u HM 0 OTMeT HTb Tpy .UHOCTb 

IIOCTpOeHHSI TeOpHH B CJiyqae )i{II.UKOCTH 1 B ,UaHHOM CJiyqae BO.Ublo ECJIII B CJivqae 

ra30B 1 OC06e.HHO MaJIOH IIJIOTHOCTH 1 ll KpHCTaJIJIOB MO)KHO pa3BHTb .UOBOJibHO TOqHym 

TeOpHm, TaK KaK 3.[leCb 5IC8H H IIOHSITeH MeXaHII3M II .UHHaMIIKa SIBJieHIIH, TO .Ui15I 

)KM.UKOCTefi II3-3a ClJO)KHOCTII .UIIHaMHKII 9TO He TaK IIpOCTO; TeOpiim B03MO)KHO 

IIOCTpOIITb TOJibKO rrpii 60JibllliiX yrrporuamiUHX rrpe.UrrOJIO)KeHIIHX. noaToMy 3.UeCb 

MO )KHO 0 )KH;iaTb BCHKIIX "H errpiiHTHOCTefi 
11 

rrpii CpaBHeHHH C 9KCrrepHMeHTOM. 

VJ3 pa3BIITOH y)Ke MO,UelJII MO)KHO COCTaB!1Tb ce6e o6ruym 'KapTHHy IIOBe.UeHHSI 

rrpn: pacceSIHIJIJ BO.UOH HefiTpOHOBo .D.nsi HefiTpOHOB C 9Hepriiefi 60JibWOH IIO cpaBHe

HIIm c 0,4 aB. IKone6aTeJibHaH aHeprnH rrpoToHa B MorreKyne BO.Ubi paBHa 0,2; 0,4aB/ 

pacceSIHIIe .UOJI)KHO rrpOHCXO.UI!Tb TaK, KaK B CJiyqae CB060.UHOI"O O.UHOaTOMHOI"O ra

Ga. Kor.ua 9Heprn:H HefiTpoHa Haxo.uiiTCH. B rrpe.uerrax OT 0,2 9B .uo 1 aB, T.e. 

KOI".Ua ORa cpaBHIJMa C 9Hepriiefi KOJie6aTeJibHOI"O .UBH)KeHII5I 1 rrpOTOH HY)KHO cqn

TaTb cBSI3aHHbiM B MoJieKyrre BO.Ubi n: rrorrepeqHoe ceqeHne yBeJIIJqn:BaeTcH B 4 pa3a. 

.D.nH erue MeHbllleii aHepriiii Mbi IIMee'M p~eceSIHIIe )KeCTKofi MOJieKynofi 

HyJieBbie )Ke KOJie6aHH5I yqTeHbl IIOIIpaBOqHb!M K09cPcPIIUIIeHTOM. 

H~ 0, 

HaM He II3BeCTHO B .ueTaJIHX .UBII)KeHIIe MOJieKyJibi B )KII.UKOCTII, no crre.uyeT 

O)KII.UaTb, qTo Ha MoneKyrry .ueficTBymT Me)K.uyMorreKynHpHbie CIIllbi. EpoKray3 /221 

IJ3Mepgrr anepreTIIqecKoe pac'rrpe.uerreHIIe rra.uamruiix XOllO.UHbiX HeiiTponoB, .paccesiH-

HhlX Bo.uofi rro.u Yrrro~ 90° n o6aapy)KHJI rriiK B pacrrpe.uerrenn:n opii aHeprHII 

0,06 9B; 9TO I"OBOpHT 38 T0 1 qTo HefiTpOH B35IJI TaKym BeJIHqiiiry 9Hepi"HH 3a cqeT Ga

TOpMO)KeHHOI"O BparueHHH MorreKyJihi. Cne.uoBaTeJibHO KBaHT aHeprHII 3aTopMo)KeHHo

ro BparuaTeJibHOI"O .UBII)KeHHH MOJieKyJibl BO.Ubl paBeH 0,06 9Bo VJ3 9TIIX )Ke OIIb!TOB 

CJie.uyeT, qTo 3a BpeMSI 3aMe,UJieHH5I Tp&HCJIHUIIOHHOe .UBH)I{OHIIe MO)i{HO cqiiTaTb 

CB060.UHb!M 0 

Vl3 9THX .UaHHblX CJie.UOBaJIO 6b! 1 qTo Me)K.UYM0JI8KYll5IpHbie CHJibl H'e IIrpamT 

poJIII .urrH nefiTponoB c anepriiefi Bhillle 0,1 sB 1 uo rrperrHTCTBymT o6MeHy aHepriiii 

Me*.UY HefiTpOH8MII. II BparuaTeJibHblM .UBH)KOHIIeM, KOI".Ua 9Hepr!IH H8HTpOHOB MeHb-
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rue IHaHHIT3WIIfi BparuaTeJibHhlll ypoBBHb CB060LlHOfi MOJieKyJihl BO.[lhl paBeH 0,006 <:mi. 

nepexo.n OT CBo60LlHO!'O npoTOHa K CB060.[lHO Bpamaromeficg :>KeCTKOfi MOJIBKy

ne f-12. 0 , aaTBM K • aaTopr.:ro:>KeHHOMY BpaUlBHIIIO, HO CB060LlHOMy TpaHCJIHUIIOHHOMy 

LlBII:>KemiiO, MO:>KHO o'nucaTb c nOMOUlbiO .HOHHTHH scpcpeKTIIBHOfi MaCChi npOTOHa, KOTO' 

pag 3aBIICHT OT SHepriiH na.naiOUliiX HBfiTpOHOB. D,ng SHeprHU HefiTpOHOB OT 1 SB 

no 0,2 sa, acpcpeKTHBHaH Macca aoapacTaeT c 1 no 2,1 lsTo SHalfeHue. onpe.nengeT

CH TeHsopoM Macchi MoneKyJihi H.z. 0 I. 

npn: SHepriiii HefiTpOHOB 1-IIi:>KB 0,2 SB HB06XOLliTMO ylfeCTb KaK TeMnepaTypy 

3aMB.OJIIITBJIS'l 1 TaK H: TopMO:>KBHIIB BpaUlBHHH, IT ScpcpeKTIIBHaH Macca LlJIH SHepriifi
1 

M eHbruiix 0,06 aa1 aoapacTaeT no 18 e.nlf\mu. 

06MeH SHepriieil: Me:>«:.ny HefiTponaMII II MoneKynaMu npii sHepriirr Tennoaoro 

Ll BH::>KBHITS'l CBO.[lHTCS'l npe:>«:.ne BCero K o5MeHy C BpamaTeJibHh!M LlBIVI<eHIIeM MOJie

KyJlhi. YJ ecmt STO BpamaTeJibHOB LlBH::>KBHIIe CUJibHO TOpMOSHTCH, a 8T0 1 no-BII.[liiMO

My, CJie.nyeT HS OnhiTa, TO Ka:>Ke TCH HeCOMHBHHh!M 60JiblllOe BJIITHHHe CBOMCTB•.:m:rr.n

KOCTII Ha IIHLlHKaTpiiCCY pacceHHIIH, a 1 CJIBLlOBaTBJibHO, H: Ha cneKTp uefiTpOHOB. Yfs 

STHX K8'IBCTBBHHh!X paccy:>K.L(BI!Hil: CJie.[lOBaJIO 6h!1 'ITO IIH.[lliKaTpHCCa pacceHHUH 

HefiTpOHOB B BOLle 6y.neT OTJIII'I8TbCH K8K OT IIHLliiKaTpHCChl pacceHHIIH .[lllH O.[lHO

a TOM!!OrO rasa, TaK H OT IIH.[liiK8TpiiCChl paCCBSIHIIH LlllH arperaTa CB060.[lHh!X Mo-

neKyn BOLlhi. 

t{TC> :>Ke .[laeT SI<CnepHMeHT? YJs OnhiTa cne.nyeT, 'ITO CBOllCTBa SaMBLlJIBHIIH 

BOLlhl LlJIH Me.[lJIBHHh!X HBil:TpOHOB 6on.ee nOXO:>KH Ha CBOfiCTBa o.nHoaToMnoro rasa, 

q eM STO CJIBLlOBaJIO 6hz HS nprrBeLl eHHhiX Bhillle KalfeCTBBHHhiX paCCY:>KLlBHIIll lf MOLle-

n.eil:. 

B yrroMHHyToil: y:m:e pa6oTe 181 Oyn rrsMepHn saMe.nneHne neiiTpOHOB B ao.ne, 

II3MBHHH npn STOM ee nornoruaiOUlliB CBOHCTBa nyTeM .[l06aBJieHHH 6opHOH KI!CJIOThi. 

nonyqeHHhifi liM cneKTp COCTOHJI US LlBYX lfaCTefr - MaKCBeJIJIOBCKaH lfaCTb II cneKTj) 

<:PepMrr npii 6onee BhiCOKHX aneprrrHx. YcnoBHH onhiTa 6hrnii TaK no.no6paHhi, 'IT06hr 

B MaKCHMaJibHOH CTeneHII BOCC03.[laTb H.[lBanbHYIO CUTyauiiiO 6eCKOHB'IHOH O.[lHOpOLl

HOll cpe.nhi nornomarorueii no saKony 
1 fv . Bhrna nonyqena o.nuopo.nuag cMecb 

aaMB.[lJIHTeJIH C norJIOTHTeneM II nOCKOJibKy yTE:'IKa HBifTpOHO:O MaJia IIO cpaBHBHH:IO 

c nornomeuiieM, To aTo .naeT rrpaao aaTopy yTBep:m:.naTb, 'ITO TeoprrH II SKene-

pHMeHT OTHOCHTCH K nO'ITII OLliiHaKOBh!M cfJIISH'IeCKHM YCJzOBHHM. Bee HSMepeHIIH 
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nymt Haxo.D.HTCH a xopoweM cornacnn c pactieTaMn AMcTepa /7 I c noMOI!lbiO Mo 

.o.enn cao5o.o.Horo onHoaTOMHoro ra3a /Pnc. 3/, 

BpoKray3 /22/ H3Mepsn BH~reTntiecKoe pacnpe.o.eneHne HelTpoHOB c Ha'Ianb

Hoii BHeprneii a HHTepaane 0,03-0,06 sa npn pacceHHHH no.o. pa3HhiMH yrnaMn 

TOHKHM cnoeM BO.llhi, n nony'Inn pe3ynbTaT hi T·o:>Ke a cornacnn c Teopneii o.o.Ho

aTOMHOr'o ra3a, HO c aennqnaoii M_acchi, paaaoii Macce MoneKynhi H:1 0 • 3To yKa-

3hiBaeT Ha TO, 'ITO TOJlbKO TpBHCJlHUHOHHOe .lJ.BH:lKeHHe MOJleKyJl HM88T .D.OCT8TO'IHO 

ManyiO aHeprniO, T-ITOObi Mor. npon3oiiTn o5MeH c TennoBbiMH HeiiTpoHaMn, Kpnrep /23/ 

npe.D.CTBBHJl Ha KOH¢epeHUlili B raTJlliHOypre pe3yJlbT8Thl CBOHX paC'IeTOB, B KOTO

pbiX IIpliHHTa .D.OBOJlbHO CJlO:lKHBH KapTHHa B38HMO.D.efiCTBHH H8ii.TpOHOB CO cpe.o.oii, a 

HM8HHO: 38Me.lJ,JlH8Mbi8 .D.O 9Heprnn1 0Jlll3KOH- K I<T , HefiTpOHbi HM8IOT pacnpe.o.e

ne-Hne, xapaKTepaoe npu 3aMenneHnH cao'5o.o.HhiM ao.o.oponoM, a npouecce :>Ke TepMa

JlH3aunn H8HTpOHbl B38HMO.lJ,8HCTBYIOT CO .CBOOOLlHhiMll 8TOM8Mli ra3a, HO C MBCCOH, 

p BBHO:f!: M8CCe MOJICKYJlbi 18. nony'IeHHbiH HM pe3yJlbTaT, no-BII.lJ,llMOMy, YK83biBaeT 

Ha 3H8'IHT8JlbH08 OTKJ10H8Hli8 OT Cll8KTpa~ xapaKT8pHOrO .lJ.JlH CBOOOLlHOro BOLlOPOLl8. 

qToobi noHHTb nyquie BTO coananeane Me:>K.ii.y onbiTOM n Mon.enbiO onaoaTOMHoro 

rasa, aeo6xo.o.HMO rnyo:>Ke paccMOTpeTb MexaHH3M o6MeHa aaeprHefi Me:>Kny HeH:

TpoaaMn li TpaHCJlHUHOHHbiM .lJ.BH:lK8Hli8M,_ - 38TOpMO:lK8HHbiM Bp8Ul8HH8M H KOJ1808T8JU-.-

HbiM .o.an:>KeaneM. KaK y:>Ke o5 aToM roeopHnocb, H3 .o.aHHbiX BpoKray3a cne.o.yeT, 
- ~" .. 

'ITO Tp8HCJ1HUHOHH08 .lJ.Bli:lK8Hli8 MO:lKHO C'IHT8Tb CBOOO.D.HhiM. qaCTOThl MOJI8KynHp

HbiX KOJ1808HHH LlJlH BOLlbl HM8IOT T8KH8 :>Ke xapaKT8pliCTH'I8CKH8 3H8'I8HHH 0,2; 0,4; 

0,43 BB.· K8K .D.JlH CBOOO.D.HbiX MOJleKyJl. 

Kor.o.a BHeprnH HefiTpoHa yMeHbwaeTcH .o.o 0,2 BB 7 To a¢¢eKTHnHoe pacceH

HHe H3M8HH8TCH OT 3H8'18HHH LlJlH CBOOO.lJ.HOrO npOTOHa LlO 3H8'I8HHH LlJlH :lKCCTKOH 

MoneK:ynhi 1-12 0 • 3To H3MCHeHne CBH3aHo c pocToM a¢¢eKTHBHor-o cetieHnH _ paccest

HHH H C YM8Hblll8Hli8M Cp8.llH8fi J1orapn¢MH'I8CKOH llOT8pH BHeprHH H8 O.D.HO. CTOJlKHo-

B8Hli8 J , npoH3B8Ll8HH8 :>Ke BTHX B8JlH'IHH, T,e, 3BM8.lJ.JlHIOUl8H CllOCOOHOCTb }•o; 

.lJ.JlH BO.llbl, OCT88TCH llO'ITH raKOH )K8 K8K .D.Jl H CBOOO.lJ.HOrO ,,BO.D.Opona, 3To He HB

JlH8TCH0 no-BH.lJ.HMOMy, pesyJibTaTOM llO.lJ.OOIIH 060HX 38M8LlJlHT8Jl8H, HO B8pOstTH88 

ecero-cnyqafiHofi KOMneHcaurreii pocTa Gj n yMeHbWGHHH J 
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# 

norrh!'r8eMCH paCC'Il:!T8Th rrpOI:!3B8L(eHHe 6$ • J c Y'WTCM 3aTopMo'KeHHOCTH npa-

3Ha'!etme OS·! ll1HI BOLJ,bi Hel·.1HOI'O MeHhiUe ll3MepeHHOH BeJil:!'IHHhi, HO IIOKa He 

BbiHCHeHa Ilpll'!l:!Ha 8TOI'O pac;xo::K.Q8HHSI, 

.0LJ,H8KO IIp•.:DKLJ,e '!eM rrepeil:ueM !{ STHM pac'!eTaM H HCCJieLJ,OB8HHIO MeXaHH3M8 

TepMaJIH38UHH 6onee IIOLJ,p06HO llJIH BO!lbi, OCTaHOBil:MCH He llPYf'OM xapaKTepHOM 

IlpMMepe npo·:t'HBOITOJIO:>:KHOI'O CBOHCTBa, a UMeHHO- H8 OTJIH'IHI:! CT MaKCBeJIJIOBCKOro 

CIIeKTpa B CJiy'!ae BO.U:OPO!lHCTOf'O UHpKOHHH; STO TeM 6one~ He06XO!lHMO, q~o pao-

BHTb!il: 3!lBCh cpopM8JIH3M rrpnMeHHM 3EIT9M K BOLJ,e, B CJiy'!ae. Cp8!lb! KpHCTa.rwu-

'!eCKOf'O CTpOeHHH nerri:e pa3Bl:!Th It0JlH1::J:I!!(;TBeHHYIO KC:ipTHHY If y'!eCTh Me:>:KLJ,yaTOMHyiC 

cBHSh rrprr p~c'!eTe rrpouecca TepMannaaunn. OnhlT HaxoanTcH B nonHoM cornacnn 

c ·reopeTn'IeCKHM npeacTaaneuneM o MexaunaMe HBJIBHr.:H; cornacuo sToil: MO!l8JII:! 

aTOM BO!lOpO!la LJ,BHMeTCH B H30TpOOHOft TIOTeHUll8JihHOil: SIMe rapMOHH'I9CKOPO 

ocunnnHTopa 1 nMeromeli yponun. El1. = l'l.c.J , rae W =0,13 sa. 31'a MO nenh 

/ 6 COOTBeTCTByeT peanhHOMY IIOJIOMeHl:!IO Beruen, I:! 0 aTOM BOLJ,OpOLJ,a HaXOLJ,l:!TCSI B oK-

py:>:KeHl:!ll aTOMOB UllpKOHllH, a l:!MeHHO B UeHTpe TeTpaSLJ,pa, o6pa30BaHHOf'O aTOM8MH 

unpKOHHH. B TaKofi cnTyaunn aToM noaopoaa MoMeT o6MeHnBaThCH SHeprne:ii c He:ii

TpoHOM TOJlhKO KBaHT8Mll Co:) =0,13 SB,, T·,e. 3Ha'!HTeJihHO 60JihiUe, 1::J:eM TeiiJIOB8H 

aHeprnH KT. 

:via STOI'O cneayeT, 'ITO CIIeKTp HefiTpOHOB He MO:>:KeT H8XOLJ,l:!ThCH B paBHOBeCl:!ll 

c aToMaMn aaMeAnnTenH, T.e. ue 6yaeT crreKTpoM MaKcnenna. Toraa anSI peaKTopoE 

3aBl:!CHMOCTh peaKTHBHOCTH OT TeMrrepaTypbi 3aMeLJ,Jll:!TeJISI He MOMeT 6b!Th, K8K 

sTo o6bi'IHO MO:>:KHO caenaTh, aaMe rrpn6nnMeHHO /rrpn cna6oM rrornomeHnn/ orrncana 

c rroMOlllhiO TeMrrepaTyphi ueliTpoHoB. PaccMoTpHM cny'!a:ii Z r H2 , Koraa rrpoTOH 

CBH3aH B KpHCTaJIJie, I:! cny'!a:ii BOLJ,b! BMecTe, 'IT06hi MOMHO 6biJIO JIY'IIUe IIOHHTh 

MexaHH3M pacceHHHH n aaMeaneHnH. 

npeo6paayeM cpopMyny /4,9/ LJ,JIH CJiy'!aH, Koraa paccenaaroruee H!lpo HBnHeT-

CH IIpOTOHOM, T,e, KOI'!la 1'1 = M , 3aTeM paccMOTpHM TOJlhKO HerrocpeLJ,CTBe?HOe 

pacceHHne . V = V 
1 

n orrycTnM aHa'IoK v . Tor a a cpyHKUHH Kone6aTenhHoro !lBH .. 

;xeHnH 6yaeT: cfe"lC>-1)2 :Z+-1 {~~~"~z. vz (vz e.-iwJo~ +~ Q.-it..J,_t-) 
2 """ "', N z:::t ,. (2_ 2 tv~ G.)>- IV (-z- -t) 

/5,1/ 
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rne 'Z 
w(kT 

e. . 

BocnonbayeMcH Tenepb ¢opMynon nnH ¢yHKUHH BeccenH c noMOWbiD nponaBO~Hwen 

¢YHKUHH /24/ 

£C~+t) 
¢ L ~YL I"' (xJ. 

h::'-V-7 

BBonH o5oaHa'IeHuH: 

..L lkl~ 
}= vz: e. 

n y'IHTbiBaH, 'ITO 

X= 

'{i 

( fe_cO·> )2. VZ 
WIW). N( z- -1) 

----. = 1 
.2 ).;.,. k "'ftkT 2--t 

7+1 
Z-1 

w. 
c:.l-' k ikT' 

/5.2/ 

nony'IUM C llOMOWbiD npOH3BOJlHWeH ¢YHKUHH JlnH 6ecceneBbiX::¢yHKUHH OT MHHMo-

1"'0 apryMeHTa: 

(X...v)T 

'7 7 ( ')'Z. _ (~ c '~- d k. ~ ~ L n,. c..),_ f- -~ -n e 2Wt~~rv 1 2kT ~ · C2. Q. 2/<.T" 

~ ~~~~ 

£" 
" 

IVI>- ( x) . /5.3 I 

DnH Manbrx aHa'IeHHH. X 5ecceneBbl9 ¢YHKUHH MO:>KHO pa3nO:>KHTb B pHJl H B3HTb 

TonbKO nepBbiH 'IneH paano:>KeHHH: 

r"'(xJ -

C() 

~ - . 
k=o 

(;)~+2k 
~ ( x)l.,l_i_ ' 

2 l~ttf! 

!IpH'I9M y_""(xJ::::: f:.1)VII..,Cx). 

PHn /5.3/ npencTaBnHeT co5oa paano:>KeHne Kone5aTenbHOH ¢YHKUHH B pHn 
~..,,.,.. w,. i-

ct>ypbe; Koa¢¢HUH9HTbl npH Q. HBnHIDTCH BepoHTHOCTHMH H8XO:>KJl9HHSI 

CHCT9Mbi B ·cocTOHHHH V\,). C 9H9pf"H9H n)l CN)o. H nonHaSI 9H9pl"'HH 05MeHa € =lVl_,.lo) 
HBnHeTCH CyMMOH BKnana BC9X Kone5aHHHe 

cl>yHKUHH KOne5aTenbHOI"'O JlBH:>K9HHH <xV>T MO:>KeT 6biTb aanncaHa T8K:>Ke 

B cnenyroweM BHne, KOTopbrft 5yneT y no,6eH nnH nanbHeHILHX pac'IeToB 
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--
15.4 I 

I" .ll e cpyHKUHH 

nonyqeHa H3 15.1 I nyTeM nepexo.na oT nepeMeHHoH: Z K nepeMeHHoH: Vl. npH 

ITOMOlllH COOTHOllleHHSI ~::: f-1 • noKa.>KeM, qTo H3 cpop~ynbi 15.41 nyTeM COOTBeT

CTBYIOlllero npe.nenbHoro nepexo.na nonyqaeTcst Bbipa.>KeHHe, onpe.nen~romee paccest-

HHe CBOOO.llHbiM BO.llOPO.llOM • 

c k9 
.[lnst CBOOO.llHOI"O npOTOHa, T.e. KOI".lla 9HeprHH. HefiTpOHa BenHKa no cpaBHeHHIO 

H T77 e ' pacceHHHe onpe.nensteTcH T03lbKO cpyHKUHeii TpaHC31SIUHOHHOI"O .llBH-

£: (ii + {2: kT) -zWI - e 
15.51 

B cpopMyne 15.41 Mbi .non.>KHbi nono.>KH:r'b -1:. -7 0 

03HaqaeT, qTo npO.ll03l.>KHTe3lbHOCTb CT031KHOBeHHH Mana ITO. CpaBHeHHIO C nepHO.llOM 

KoneoaHHH., Tor.na c ToqHOCTbiO .llO qnenoB nopst.nKa -1;2. oy.neM HMeTb: 

r.ne -~ ( .("'7T -t i) - cpe.llHSISI 9HeprHSI OCUH3131SITOpa ~ , KoTopast npH T"J78 
n epexo.nHT B E = I<T 

Ha CBOOO.llHOM IIpOTOHe 

• Cne.noBaTenb'Ho1 15.41 B rrpe.nenbHOM cnyqae paccestHHSI 

rrepexo.nHT B' cpopMyny: _ } 

l \ (~ fo.J )2. ( i.+ + .g k.T 
-AIL 2""1 e.. 15.6 I 

YJ CII03lb3YH H3BeCTHOe COOTHOllleHHe II031HOTbi .ll31SI HOpM83lbHbiX KoneOaHtdi: B KpH-
CTanne /25o/ · lcM.TaK.>Ke rrpHno.>KeHHe Yll · 

-- ---~-
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A - 2. i 
~ 2.. C.). = I ,_ 

38KniO"'aeM, "'TO cfJOpMyJibi 15.51 H t5.61 COBrranaroT. 

B cny"'ae, ecnH "'BCTOTbi Bcex Kone6aHHii. onnHaKOBbi I sliHwTeiiHoacKaSI 

M onenb KpHCTannal Torn a, BbiHocsr f sa sHaK cyMM hi, rrony"'aeM H3 15.4 I 

<{v)T 
K'Z.=fCc..), T, -1:) 

e. 15.7 I 

06paTHMCSI Terrepb K KpHcTanny 2 r Hz. OH HMeeT CTpyKTypy T8KOf'O pona, 

"'TO Ka:>Knbill aTOM aonopona OKpy:>KeH 4 8TOM8MH UHPKOHHSI, HBXOnSIIUHMHCst B 

aepwnHaX TeTpasnpa. 3KcrrepnMeHTanbHbre naHHbie nnsr sToro K pncTanna MO:>KHO 

XOpOWO OIIHC8Tb C IIOMOIUbiO MOnenH OCUHJIJISITOpa 3iiHWTeliHa nnsr OIITH"'eCKHX 

Kone6aHHii peweTKH. KaK H3BecTHo, nayxaTOMHaSI KpHcTannn"'ecKaSI peweTKa HMeeT 

aKyCTU"'eCKHH CIIeKTp lcrreKTp [le6asr/ , SIBJISIIOIUHHCSI p·esyJibTaTOM KOJie6abnil: Bono+ 

pona B onHHaKOBOH cfl83e C 8TOM8MH UHpKOHHSI I9HeprHSI B HHTepBane 0.- 0, 025 9B~ 

u orrTH"'ecKnii crreKTp I B naHHOM cny"'ae rrpHHHMasr onHy "'acToTy, 9To rrpocTo 

6yneT ypoBeHb C 9HeprHeii 0,13 9BI, SIBJISIIOIUHHCSI pe3YJibT8TOM KOJie6aHHli Bonopo

na H aTOMOB unpKOHHSI c rrpoTHBorrono:>KHOii ¢asoil:. ToT ¢aKT, "'TO Bonopon pac-

IIOJIO:>KeH B cepenHHe TeTpasnpa BIIOJIH9 CHMMeTpH"'HO, 38CT8BJisteT rrpenrronaraTb 

"'TO TpH HOpM8JibHbie Kone6aHUSI 8TOM8 ;!30nopona, COOTBeTCTBYIOIUHe TpeM B03-

MO:>KHbiM rrepeMerueHHSIM H3 IIOJIO}KeHHSl: paBHOBeCHSI, HMeiOT OnHH8KOBYIO "'8CTOTy. 

M O:>KHO IIpHHSITb 0 "'TO aTOM Bonopona HaxonHTCSI B IIOTeHUH8JibHOM IIOJie H30TpOIIHO

HOf'O rapMOHH"'eCKOf'O OCUHJIJISl:TOpa. 

CnenoBaTenbHO, OIITH"'eCKOH "'8CTOTe Kone6aHHll Bonopona ~ o COOTBeT-

CTByeT cfJYHKUHSI 

<-t'ov)T 
J<'Z. f (G.)o' T, -1:} 

Q... • 
15.81 

npHMeHeHHe MoneJIH OCUHJIJISITOpa 3tl:HU1Teii:H8 nJIH nHH8MHKH BonoponHOf'O 

aToMa B orrTH"'eCKHX Kone6aHHSIX Pt;WeTKH 2.- Hz Tpe6yeT HeKoToporo orrpaBna

HHH. C 9TOH ueJibiO paCCMOTpHM H8f'JIHnHyro, HO He TO"'HYIO KapTHHy JIHHeHHOll ue

IIO"'KH TH:>KeJibiX H nerKHX aToMoB, pacrrono:>KeHHbiX rrorrepeMeHHo. Ecnn Macca TSI

:>K enbiX 8TOMOB MHOf'O 60JibW e M aCCbi nef'KUX 8TOMOB 0 T01 O"'eBHnHO 
1 

KOJie6aHHSI 

aTOMOB o6oero BHna B IIpOTHBOIIOJIO:>KHOH, cfJ83e MO:>KHO CBeCTU K KOJie6aHHS1M 
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nerKHX aTOMOB B qmKcHpoBaHHOii: peweTKe-uenoYIKe TfDKenbiX aToMoB. Tor.na H Yia

cToTa 6y,neT O.UHa, XOTH, B006.me I'OBOpH 1 6y,neM HM8Tb H8KOTOpoe pacnpe,neneHHe 

YiaCTOT C WHpUHOH IIOpH.UKa OTHOWeHUH MaCCbi nerKOI'O aTOMa K Macce TH:>Kenoro, 
/ 

'ITO .nnH Zr H2. cocTaBJIHeT 1 191 1 nnH npnM epHo 1%. .Lln H TpexM epHoii: pew eTKll Kap-

THHa YCJIO:>KHHeTCH H CJie,noBano 6bi CKa3aHHOe IIpH6.1Ill:IK8HJie YTO'lHllTb. 

DoBOJibHO TPY.UHbiM .nenoM HBnHeTcH TpaKTOBKa .nnHaMIIKII npoToHa B aKycTn

YiecKIIx KOJie6aHll5IX peweTKll 0 .[lnH cnyYiaH .UJillHHOBOJIHOBbiX KOJie6aHIIH MOM<:HO IIpe.n

IIOJIO:>KHTb,· 'ITO aTOM BO.UOpo,na 6y ,neT CJie.[lOBaTb 3a Ll BII:>KeHIIeM COCe.[lHei'O aTOM a 

UHpKOHHH 0 T.e. KOJie6aTbCH B cpR38 C aTOMaMII UIIpKOHUH 0 3TH KOJie6aHll5I MO:>KHO 

yYieCTb B .ne6aeBcKOM npn6numeHIIII II.OYiaCTb cyMMbi B noKasaTene :aKcnoHeHurranb-

. HOM cpyHKUIIll 15.41 MO:>KHO Bbi'lHCJillTb t BOCII0.1Ib30BaBWllCb nMeiOillllMllCH TeopeTnYie

CKllMH M8TO.[laMll peweHllH BOIIpoca Heynpyf'OI'O pacceHHHH Me,nneHHbiX Heii:TpOHOB 

KpllCTaJIJIOM ,De6aH /25/. 

O.nHaKo .nnH KopoTKOBOJIHOBoii: YiacTn cneKTpa npe.nnonomeHne o .nnnmeHnn 

Bcex aTOMOB :aneMeHTapHOH f!qeifKif KpllCTaJina B O.UHOH cpase HenpaBllJibHO TaK :me, 

KaK H IIpiiMeHeHH8 MO,neJIU ,De6aH. 0,nHaK0 1 'TaK KaK .UO CIIX IIOp Mbi He llMeeM pas

pa6oTaHHOH LlllHaMHKU .UBH:>K8Hll5I IIpOTOHOB B KOpOTKOBOJIHOBOH YiaCTH aKyCTU'leCKOI'O 
. . . 

CIIeKTpa 1 TO IIpHMeHllM IIpe,nbi.UYillYIO cpopMyny .UJIH .UJlllHHOBOJIHOBOH qacTH H B 9TOM 

CJiyYiae, Y'lllTbiBBH, O.[lllHaKOBbiM o6pa30M BeCb aKyCTll'leC.KllH CIIeKTp. 

,DJIH HenpepbiBHOI'O aKyCTHqeCKOI'O CIIeKTpa B KpHCT8JIJie .UHHaMHKa IIpOTOH8 

yqHTbiBaeTCH cpyHKUHeif 1 KOTOpy!O IIOJiy'liiM H3 cpopMyJibi 15.4 I, nepeXO.[lH OT cyMM bi 

K HHTerpany /eM. npHnomeHne YI/: 

! 1(61 
P(w) /u{~J r, -fjdc.v 

0 ' 

nocKOJibKY KOJJ:e6aHHH aTOMa BO.UOpo.na IIpOHCXO.[lHT B O.UHOH cpase C aToMaMH unp-

KOHHH1 TO 3.[leCb BXO.[lHT cpyHKUHH {o 
/5.4 I, nMeeT B SHaMeHaTene Macey M 

, KOTopaH B oTnnqHe oT cpyHKUHH f ns 

aToMa rinpKOHIIH. Ho x 2= 2M[E4-E-2z{eerJj 

CO,nep:tKIIT W1 - Macey H8HTpOHa, II09TOMy HMeeM 

Jt.2..fo - f" ~1. f 1 

r.ne y:me rrs 15.41. 
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Tor.ua kiJ 

<{:>,-
e_"-'-f' l P(w).} Jw 

. J /5.9/ 

r.ue e n "' "-'1-~-J. - Te~mepaTypa J-J.euaH I I . - M -91 • 
3 2 

P(w):::~; - pacnpe.ueneHn:e 
k!JO 

qacToT aKycTn:qecKoro cneKTpa. 

O.uHaKo, B sToM an:.ue /5.8/ H /5.9/ Ohmo Obi Tpy.uHo n:cnonb30BaTb .unH 

npoae.ueHRH KOHKpeTHhiX pacqeToa. rlpoBe.ueM LlMbHeiirnee ynporueHn:e, cqnTaH 

qTo aKyCTRqeCKR9 KOD908HRH Bhl3hlB8IDT TODbKO yrunpeHR9 SHepreTnqeCKOI"O 

pacnpe.ueneHRH H9tl:TpOHOB0 KOTOphle OOM9HRB8IDTCH BHeprnefi DRillS C OllTRqecKrr-

MR KOD908Hl!HMRo D,ns:r 9TOI"O pa3JIO:>KHM B pHLl no CT9ll9HHM C4Jt 
TOJibKO qJieHbi BKliiDqHT9DbHO C -/;.'2. : 

P((,.') T. t}- ~ ..L L-i.t + tz(J1+t) , .. ). 
,... I I - 2M J 

Tor.ua 

({~>,. 

kl}' . J" . 
.>t4 H·J 'P(w)dG.:J -~ t;Z. P(w} w (tr +~)dw 

-2M 2M 
~ D e_ . (} • 

~"' " 

R coxpaHrrM 

yqRThiBiH• qTo pacnpe.ueJieHRe p HOpMHpOB8HO K 9LlRHRU9 0 R 0003Haq~H 
E = j '}.,pft.>)fh+f)cft.J_ cpe.uHroro sHeprnro Ha o.uHy cTeneHb caooo.uhr aKycTrrqecKn:K 

0 
KOJieOaHRtl:, RMeeM: 

<C.{~~ -

K'l. e. -2M (ii+i'Z.. £) 
15.101 

Ecnn: 9 ~ T ,To f oy.ueT HeMHOI"O OOJiblll9 kT , HO MO:>KHO npHHHTb, qTo 

B KnaccnqecKOM cnyqae E = kT , Tor.ua .unH nonHoii cpyHKurrrr, T.e • .uns:r 

npOR3B9Ll9HHH /5.8/ R /5.10/, a oy.ueT: 

xl-~(w.,,T,i-) - ~ (if+i'{ t<T) 
( '(v)T = e. Q. 

/5.1 1/ 
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AKyCTH'leCKaSI "'aCTh cpyHKUHH /5.10/ HMeeT TaKOH Me BH.ll, KaK .llJISl CB060.llHOT'O 

TpaHCJIHUHOHiioro .llBHMeHHH c Macco:li: M aTOMa Ullj:rKOHHH, HO He ITpOTOHa /oHa 

y"'HTbiBaeT .llHHaMHKy npoToHa,cBSI3aHHoro c aToMaMn unpKOHHH H cne.z:iyromero sa 

HX KOJieoaHHSIMH/ • 

· .llnH .uncpcpepeHuHaJihHoro nonepetzHoro ce"'eHHH pacceHHHH nonytzaeM 1'13 12.q I 

00 

2:.. < 6.: (8, t)>,. 
11.:::-P<" 

~'Z.~(c.Jo 1 T1 
~) 

3.uecb Bbl BB9JIH BM9CTO e ee BbipaMeHHe "'epea 

/5.3/ H KpOMe Toro, Y"'JIH TOT cpaKT, "'TO 06MeHy aaeprueii 114>o 

HetiTpOHOM H OITTH"'eCKHMH KOne6aHl'!SlMH peweTKl'I COOTBeTCTByeT "'JieH J1.. 

B cpopM yne 15.3 I. nonepe"'HOe 

HetiTpOHOM, oy.ueT <O""-vt). 
Ce"'eHl'!e, COOTB9TCTBYIOillee ITOJiy"'eHHIO aaeprl'Il'I 

VI HTerpupyH l'I no.ucTaBJIHH 
., cs-Q 

a.._ = """i{ii , l'IM eeM: 

15.121 

r.ue 

Cne.uoBaTenhHo, aKycTH"'ecKnii tzJieH npuaen K ywnpeHHIO aHepreTH"'ecKor.o pac·npe

.ll eneHHH lnostBJieHHe B aKcnoHeHTe "'JieHa .IC;'z M I • .llnst. HHTepecyromero aac 

l'IHTepBana TeMnepaTyp, Kor.ua """/lcT >7 :f. 
1 -W~/KT 

HIIe lf.l2 I !lo .:;T:FB:·tn\i e. 
MOMHO pa3JIOMRTb BbipaMe-
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PaonaraA Tenepb B pRA no CTeneHRM 

vO (cu., .)211. ~ 

- w,fk-r e. . HMeeM an& 

c.~3h,~~ = ~~ 2ia" (2vr)! - i + _i_ (w._. )2. . 
Z! Zk.T + .... 

CneaoaaTenbHo, B3RB TOnbKO nepahlA rnaBHhlA qneH, nonyqHM 
t. . d-(2. 

-o~ - --Q... = Q. 2H-tWc.> • 

PaanoiKeHne 5ecceneaoii cpyHKUHH aaeT: 

- (2s/ k~ ~ w 21<.T 
I- .. ~~::Siwh t<>:lza) '2. )'"'' 

X ,f 
-~0 • j;i~ 

r 

G
).-(2 )'"'ij_ .( 1 ) lnl 

= 2W!4Jo lVII! 2)-;"'lt, 2~ G
)<2. )fJ-1/ _/11/&.Ju ...... -- ..( e 2KT' 

"'2 ---I'I-1Wo · · {11/.' 

0KoHqaTenbHO an& nonepeqHoro ceqeHHR BMecTo /5,12/ HMeeM 

< a.., { e, e-) >r. == ~ (£')'~ ( M \'/2. ( x.-z. .\ IJ-1 t ,-f 
J.fT7 E 2nk.T xi} 2 W!Woj l-;:;T! 

(t'l-lvrt)Wo 

" e 2kT 

M. ( e_- u;;:;;;.. E + >t «>o + ;-~ )2· 

U' 
; 

X 

/5,13/ 

B 9TOH cpopMyne coaep)KHTCH OAHOBpeMBHHO H Macca M 8TOM8 UHpKOHHH 

H Macca VJ1 8TOMa BOAOpoaa, l.J:neH, COOTBBTCTBYIOUlHA nepeaaqe aHeprrm 

HBHTpOHOM KoneoaHIIRM MOneKynbi anR rt//o, He 38BHCHT B nepBOM npn:-

onii)KBHIIII, KBK cneayeT H3 /5,13/ , OT TeMnepaTypbl 0 

~aTeMaTHqecKaR cpopMa /5.12/ oKaaanacb yaooHoii an& nporpaMMn:poBaHHR pac-

qeToB Ha aneKTpOHHoii MalllHHe, .DnR aaHHoft 9Heprn:H E naa 810UlHX HBATpOHOB 

H yrna pacceRHHH 9 , MO:>i{HO paccquTaTh pacnpeaeneHHe no 9HeprHHM pac-

ceRHHbiX HeftTpoHoB cr( 61 6) • 

PacqeTHoe Bbipa)KeHHe HMeno BHA 
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/5.14/ 

-[c!...£+11tU., +r ;]2 

r -VI (3/s Je 2t'lcT/'f3 , 

noJ1b3YSICh IIpiiBe,ll eHHbiM II 3Ha qeHIISIMII rrapaM eTpoB, M O:>KHO 6binO C IIOM OU.lhiO 

6biCTpO,lleHCTByiOllleil: 9lleKTpOHHOH M8WliHbi 0 Moryrueil: B TeqeHIIe O.llHOH MIIHYTbi 

paccquTaTh cTo 3HaqeHIIA ~(e,~J , cpaBHIITh rronyqeHHhle TeopeTnqecKne .llBHHhle 

c OIIbiTHbiMII .ll8HHbiMII .llliSI 2t"' H2 . Coarra.lleHne pe3yllhTaToB oKa3anocb arronHe 

x opo wee. Cuaqana pacqeTbi 6b!liii rrpo aep eHbi .llliSI pacrrpe.ll en enH SI xonO.llHbiX HeiiTpo-

o 
HOB C 9HeprHeii 0,004 9BJ pacceSIHHbiX IIO.ll Yf'liOM 90 0 npn HeyrrpyrHX COy.llapeHIISIX 

H eiiTpOHbi rronyqaroT aH eprH ro OT KpHcTannnqecKoii pew eTKH H Tor .lla aH epr eTHqecKoe 

pacrrpe,llelleHHe pacceSIHHhlX HeiiTpOHOB I103BOll5IeT C.llellaTb 38KJ1IOqeHHe OTHOCHTeJlbHO 

MexaHII3Ma coy.llapeHIISI H .lliiHaMIIKII peweTKH. 

nonyqenHaSI aKcrrepnMeHTallhHaSI KpHBaSI xopowo cornacyeTcSI c pacqeTHoil: 

KpiiBOii: fpHc.4/. 

H errpepbiBHbie aH epreTuqecKne cocToHHIISI pew eTKII B IIHTepaane aneprHrr 

OT 0 .llO 0,025 aa o6pa3yroT aKycTHqecKnii crreKTp. 3aTeM rrpn aneprrm 0,13 aa 

cymecTByeT MaKCIIMyM, COOTBeTCTByiO.lllHii OIITIIqecKIIM KOne6aHIISIM• illiipiiHa 9TO-

f'O MaKCIIMyMa o6ycnoaneHa aKyCTIIqecKHMII Kone6aHIISIMII ISianeHne Dorrrrnepa/ H 

rrporropunonanhHa KBa.llp&THOMY ~opHIO H3 TeMrrepaTyphl. TaK KaK BepoSITHOCTh 
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IIOJiy'IeHHH HefiTpOHOM SHeprHH OT KpHCTaJJJJH'IeCKOH pemeTKH 3aBHCHT OT 3aiiOJIHe-

HHH OIITH'IeCKOro ypOBHH, a STO IIOCJteauee B03pacTaeT 8KCIIOHeHuHaJibHO C TeM

rrepaTypofi, TO anH cpaBHeHnH peaynbTaToB naMepeHHH aenanncb npn aByx TeMne-

o 0 0 
paTypaX, a HMeHIJO 24 C H 393 C. npn TeMrrepaType 393 C B030y)KaaeTCH 

TaK}Ke BTopoii suepreTH'IecKnii ypoBeHb 2G.>o n, cneaoBaTeJibHo 1 Ha sKcnepnMeu

TaJtbHOW KpHBOH aOJI)KeH Ob!Tb BTOpOH MaKCHMYM rrpH TaKOH SHeprHH pacceHHHbiX 

HeiiTpoHoB, 'ITO aeiicTBHTeJibHO n Ha5nroaaeTcH. Benn'IHHa MaKcnMyMa coBnaaaeT 

C TeopeTH'IeCKHM 3Ha'IeHHeM, HO illllpHHa 3H8'IHT8~bHO 50Jibill e pacqeTHOH illHpHHbl. 

3TO MO)KHO OOi>HCHHTb TeM, 'ITO BTOpOH MdKCHMyM Ha 8KCrrepHMeHTaJibHOH KpHBOH 

o5yCJJOBJieH TaK)Ke HeiiTpOHaMH, HCIIb!TbiBaiOIUHMH aBOHHOe pacceHHHe, Toraa KaK 

TeopeTn'IecKaH Bennqnua He y'IHTbiBaeT MHoroKpaTuoro pacceHHHH. DnH nepBoro 

·MaKCHMyMa rrpH 8HeprHH 0,13 SB BepoHTHOCTb. 6onbme qeM oaHore- CTOJJKHOBeHns:. 

Mana n rrosToMy aaech Mbi ue ua5nroaaeM uononHnTenbHoro, KpoMe aommepoB

cKoro, ymnpemrH KpiiBOli pacnpeaenemrii. DnH o'IeHb MaJibiX suepruli pacceHHHbiX 

HeiiTpOHOB IHII*e 0,03 SBI Mbi He MO)KeM TeopeTII'IeCKH pacC'IHTaTb pacrrpeaene

HHH 8HeprHH 0 n5o HeT TO'IHOrO yqeTa B3aHMoaeiicTBHH HeHTpOHOB C aKyCTH'IeCKH-

M H Kone6aHHHMli rrpoToHa B peru eTKe, KaK o5 9TOM Y*e roi:lopnnoch. Ho orrTH'Ie

CKHe KoneoaHHH npoToHa e pemeTKe Zr H2. · npaBHJihHO oTpa*aiOT neiicTBHTenb

HbiH MexaHH3M BaanMoaeficTBHH Me)lneHHbiX HeiiTpoHOB c npoToHoM. OrrbiT noa

TBep*naeT Moaenb, COrJtaCHO KOTOpOH OOMeH SHeprnefi B03MO)KeH TOJibKO KB8HTa

MII W" , OOJibillHMH IIO cpaBHeHHIO C TemrOBOH 9HeprReH kT , 'ITO HMeeT CBOHM 

cnencTBHeM HeB03MO)KHOCTb p13.BHOBeClHI CII~KTpa HeHTpOHOB C aTOMaMff 38MennHTe"" 

nH. DeiicTBHTenbHhlii crreKTp ueftTpouoB B BonoponncToM unpKoHIIH 6yneT aHaqn

TeJibHO oTnnt!aTbCH oT crreKTpa · M aKcBenna. YIHnnKaTpncca pacceHHHH <F(E -=1 E'}1 

KOTopyiO IIOJIY'IHM II3 /5.13/ HHTerpHpOBaHHeM ITO yrnaM, oyneT ¢yHKUHeif JlHCKpeT-

HOH rrepeMeHHOii: € = fl. C.)" , KOTopaH naMeHHeTcH cKa'IKaMH tN o , 6onbillHMH 

110 cpaBHeHHIO C SHeprnefi TerrJJOBoro llBH)KeHIIH kT . nosTOMy BITOJJHe HCHa , 

rrpH'IHHa HeB03MO)KHOCTll llOCTH)KeHHH paBHOBeCHH CO cpenoii: B CJty'Iae KpHCTaJJJta 

1..- H2 • 

nepefineM Terrepb K MeHee CTporoMy paCCMOTpeHHIO rrpouecca TepMaJJH38UHH 

B Bone, rne, KaK HaM y)Ke H3BeCTHO, OIIbiT IIOKa38Jl OTCYTCTBHe BJIHHHHH XHMH-

qecKOH CBH3H Ha pacceHHHe Heii:TpOHOB, B rrpOTHBOIIOJJO)KHOCTb TOJlbKO 'ITO pac-

CMOTpeHHOMY rrpHMepy BOllOpOllHCTOrO UHpKOHHHo 
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qTOObi npHM9HHTb pa3BHTbiH BbiliJe MaTeMaTH'l9CKHH cpopMaJIH3M, H8.ll0 COOT-

B9TCTB9HHO MO.llHcfJIIUIIpoaaTb MO.llenb. B aToM cnyqae MO.llenb i5y.lleT aano>KeaiieM 

.ll Byx KapTIIH: M OJieKyJISipHOH II KpiiC~8JIJIH'l9CKOH 0 OOCKOJibKy CTpyKTypa >KH.llKOCTII 

SJ'BJISJeTcSJ KaK 6br nepexo.llaoil: oT O.llHOi!: KapTMHbi K .llpyrou.- Ope.llnonaraeM, 'ITO 

cfJYHKUIISJ t SJBJISJ9TCSJ npOII3B9.ll9Hll9M Tpex cpyHKUIIH, OOHCbiB8IOIUIIX KonefiaTenb-

aoe, Bp8IU8T9JlbH09 H TpaHCJISJUHOHHOe .llBH>Kearre: 

/5.15/ 

. 0<. 

Ycnoarre aopMrrp"oBKH TenepE. 6y.lleT }~ + \t- + >-r -= i • B STOll MO.ll9JIH 

npe.llnonaraeTcSJ, 'ITO aToM BO.llOpO.lla aaanMaeT anonae onpe.lleneaaoe nono>Kearre 

paBHOB9CHSJ B npOCTp8HCTBe, II OTKJIOH9HH9 OT 8TO!'O OOJIO>K9HHSJ OO.ll'IHHSJ9TCSJ 

.llHHaMHKe rapMoarrqecKoro ocunnnSJTopa. Moner<yna H~ 0 npn aTOM nMeeT cprrKcn

poaaaaoe oKpy>Keane, KaK B cnyqae KprrcTannrrqecKoil: pelileTKrr. MoneKynSipHaSJ Kap

Trraa .ll89T B03MO>KHOCTb npe.llCT8BJI9HHSJ BOJIHOBOii cpyHKUHII B BH.ll9 npOH3B9.ll9HHSJ 

cpyHKUHH, OTB9'18I01IJHX pa3HbiM BH.ll8M .llBH>K9HIISJ. ¢yHKUHSJ .llJlSI K8>K.ll0r'O BH.ll8 

.ll BH>K9HHSJ 6y .ll9T 00p9.ll9Jl9H8 nprr paCCMOTp9HHH .llBH>K9HHSJ 8TOM8 BO.ll0p0.ll8, HCXO-

KaK OCHOBHOH .llHH8MH'l9CKOH SJ'leHKII. 

HOCTb Bp9M9HII B T9'19HH9 KOTOporo Hy>KHO 3H8Tb .llBH>K9HH9 8TOM8 BO.llOPO.ll8 yae

JIH'IIIBaeTcSJ, cornacao .llOKaaaaaoMy nono>KeauiO BnKa o caSJan. Me>K.llY saeprneil: 

H npO.llOJI>KHT9JlbHOCTbiO CT01JKHOBeHHSJ. ,DnSJ O'l9Hb M8JlbiX saeprnii OOM9H8 MO.ll9Jlh 

pelileTKH, cornacao KOTopoi!:_ oKpy>KeaHe .llaaaoil: MoneKY•"Ibi H2.D SJBnSJeTcSJ cpuKcn

poaaaahrM, cTaHOBHTCSJ ae B.llSKBBTHofi .lleiicTBHTencaocTn. B STOM cnyqae Hy>Kao yqecTI: 

6onee .ll9T8JibHO .llHH8MHKY >KH.llKOCTH, 'ITO He SJBJISJ9TCSJ BOOJIHO B03MO>KHbiM. 008TOMY 

npH nocTpoeHHH cpyHKUHH )( , 6y.lleM ace >Ke HCXO.lliiTb na SToi!: ynporueaaoii MO.llenn .llJISI 

BO.llbio YJTaK npe.llOOJiaraeM, 'ITO KOne6aTeJibH09 .llBH>KOHHO 6y.lleM HMOTh B OCHoB

HOM TOT >Ke C8MbiH .llHH8MH'l9CKHH XapaKTep, K8K B cnyqae CBOOO.llHOH MOJieKyJibi. 

BparuaTenbaoe .llBH>Keane aaMeHHM KpyTUJibHbiMH rapMoan:qecKnMn Kone6aHHSJMH oKo· 

n 0 cfJHKCHpOB8HHOr'O OOJIO>K 9HHSJ M OJieKyJibi 0 Tp8HCJISJUIIOUHOe >Ke .llBH>K 9HHO 0 rpyoo 
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I'OBopg, COOTBSTCTByeT aKyCTIPiecKnM Kone6aHHHM pew eTKH, K a:>«:.uoMy BH.llY Ko-

ne6aHHfi rrpnrrnweM o.uHy 'l~CToTy H aMrrnnTy.uy. KaK y-BH.llHM, aTo . .uoBonbHO xopo-

wee rrpn5nn:>«: eHHe K .u eficTBHTenhHOCTH I 38 ncKn IO'!eHIIeM BpawaTenbHoro .UBH)Ke-

Hngl B HHTepecyiOIUeM Hac .unH rrpouecca TepMann3aun.u HHTepBane aHeprnn. 

Ka:>K.llhifi: li3 cPBKTopoB B 15.151 IIMeeT .UBa rrpe.uenbHhiX 3Ha'!eHHH. Bo-rrepBhrx, 

B cny'lae 6onbwofi 9Heprnn, T.e. Kor.ua ~i- <.< :i 

cPYHKUHIO ~ 

r.ue 

B pg.u, rrony'laeM: 

- 4<:z. )..o<. (it + i:Z- ~) 7 
Q.. 2k1 

E~ == woe. (11-+ 1:_) kT c ~ I<T 

Pa31Illi'aH , KaK rrpe:>«:.ue, 

15,16 I 

<<i). 

BTopofi rrpe.uenbHhlfi cny'lafi HMeeM, Kor.ua rrpn cTonKHoreHHH HeT o6MeHa 

aHeprHH lyrrpyroe cTonKHOBeHnel. Tor.ua B clJopMyne 15.31 Hy:>«:Ho rrono:>«:HTb n= 0 

9TO .uaeT: 

-~'2.0:: 
e.. "' 1~.171 ': 

r.ue roe. :::= ~ cJk.~ 2»1c.Jo<_ ~ 2'f<r 

nepefi.ueM '!'errepb K OIIpe.ueneHHIO BH.llB OT.uenbHhiX 'llieHOB IIpOH3Be.UeHHH 

15.15/ o qTO KBCBeTCH Kone6aTe1IbHOfi cP~HKUHH 0 TO MO:>KHO IIpiiHHTb C XOpOlllHM 

rrpn.6nn:>Keun.eM, 'ITO Kone6aHHH He oTnH'IBIOTcg oT Kone6anrrl cBo6o.uHofi MoneKynhl 

HMeiOIUefi 'IBCTOTbi 0,2; U14 H 0,43 9B, Cne.uoBaTenbHO .llliH HefiTpOHOB C 9Ueprn-

eft MeHblllefi 0,2 9B .ung 9TOfi cPYHKUHH MO:>KHO B3gTb rrpe.uenbHhifi cny'lair yrrpyroro 

c T<'liKHOBeHng 15.171. 3ToT Borrpoc 6hrn paccMoTpeH TaK:>«:e · KpurepoM n HenbKn

H hiM I 17 I, KOTOphre rrpnmnn K ToMy *e BH.llY BOnHoBoti cPYHKUHH Kone6aTenbHoro 

n BH:>KeHng MoneKynhr Hz.. 0 • TaKHM o6pa3oM: 

i.J(v/T 
-~2.Y ':::: e. 0 \/ . 

15,181 

H 8.[1.0 yqecTb TO o6cTogTelibCTB0 1 'ITO B HB'IBlibHhifi MOMCHT BpeMeHH Bee MoneKyliht. 
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MOI"YT H8XO,aiJ:TbCSl· B OCHOBHOM COCTOSIH!Ui KOJI808T8JibHOI"O ,aBIOKeHHH, "'eMy COOT' 

B8TCTByeT npHHSlTIJ:e AJISl 9TOI"O ABIJ:lli8HIJ:Sl T=O. Toraa c.~.k~ = 1.. 
(f ' 2kT" 

Ov:::::: }.v/Zt11'-"v • 3TO MOlliHO noJiy"'IJ:Tb HenocpeaCTB8HHO T8Kllie IJ:3 cpop-

MyJibi /4.10/. CneaoaaTenbHo, KoneoaTeJibHast cpyHKUHH Y"'HTbrBaeT B 9TOM npn:6nn:

meHn:n: JIIJ:lllb ~yneBbie KOJI808HIJ:SI MOJieKyJI • .lJ,JIH 9Hepi"I1IJ: H8HTpOHOB M8Hbll18M 0,2 9B 

Mbi aonlliHbi 3H8Tb TOJibKO oTHollleHn:e ~v / '-"v . Ecnn: HYlliHo y"'eCTb TaKme 

H8HTpOHbi C 9H8rJI"H:8M 0,2 9B1 TO H800XOAIJ:MO npH:HHTb BO BHIJ:M8HIJ:e OOM8H 9H8pr'n:ei 

C Kone6aHIJ:SlMIJ: H8IJ:M9Hbll19M "'8CTOTbi 0,2 9B1 Y"'IJ:TbiB-ast npn: 9TOM BKJia,a KOne6aHIJ:M 

BbiClllHX "'acToT B ynpyroe ·pacceHan:e • .lJ.nH HeiiTpoaoB c saeprueil 6onbllleii 0,4 sa, 

Bepo5ITHOf MOlliHO npH:H5ITb 1 "'TO. Bee Kon~15amm H:M910T KaKyiO-TO cpeaHIOIO "'8CTOTy. 

Wv ~ M bi 6yaeM paccMaTprrBaTb AliH npocTOTbi TOJibKO cnyqail: aeil:TpOHOB c saep

rrrel'l: MeHblllel'l: 0,2 sa. 

0THocrrTenbHO cpyHKurrrr, onrrcbrBarorueil: apamaTeJibHOe .nar-rmeaue MoneKyllbi H2 0 

HYlliHO 38M8TUTb 1 "'TO TO"'HOe YCT8HOBJI8HIJ:e ee BU,aa C y"'eTOM TOpMOlli9Hli5I Bpame

HU5I CO CTOpOHbi ,apyr'UX MOlleKyll B CUny Mem,ayMOJI9KYJI5IpHOI"O B38UMOA9MCTBII5I 1 

K8K yllie OTM9"'8JIOCb, noKa He y ,aaeTC5I npn: A8HHOM COCT05IHIJ:IJ: Teoprrn: lliUAKOCTU. 

nosTOMY BBO,aUTCH npUOJIIilli9HU9 1 COI"JI8CHO KOTOpOMY IIOT9HUiiBJI 38TOpMOlli9HHOI"O 

apameHrrH saMeaHeTcH noTeHurranoM :r.apMOHH"'eCKoro ocun:nnHTopa. O.naaKo sTo HB

nsteTcH rpy6biM npu6nn:memreM 1 u6o noTeHurran saTopMollieHHOI"O apameHIIH CB5I38H 

c HenpepbrBHoil saepreTrr"'ecKoii nonocoii, n: ,cneaoaaTellbHo,- n:MeeT 6onee cnomayro 

AUH8Mll:Ky 1 "19M ,all:H8~UK8 M8JibiX KpyTIJ:JibHbiX KOJI808HIJ:il: OKOJIO cpUKCiipOB8HHOI"O 

nOJIO):K9HJI5I p8BHOB9CU5I 1 KOTopoe BBOAIJ:TC5I AJI5I yrrpOUl9HIJ:5I KapTUHbl, 

CornacHo BpoKraysy /22/ HymHo npn:nr-rcaTb "'acToTe KpyTIIJibHhlx Kone6aHirii' 

3H8"'8HH9 0,06 9B1 nony"'9HH09 nprr pacceHHll:H: CJIOeM BO,abi XOJIO,aHbiX IJ9il:TpOHOB 

noa yrnoM 90°. AMnJIIrTyily ~r MO~Ho nony"'H:Tb, paccMaTpH:BaH ri:pe.nenbHbril: 

cny"'a:li: 6oJiblllOil SHeprrrrr HeilTpoHoB E '?7 c:.4>r 1 KOI",aa MOlliHO omu.qaTb TBKOI"O 

me pacce5IHH:5I• KaK B c.rrytJae cRo6oaHo apamaromeiicH mecTKoii MoneKyJibi Hz 0 . 

TaKoe pacceHHUe MOlliHo onrrcaTb c noMOUlbiO Moancpuurrpoaaaaoro MeTo,aa TeHsopa 

M accbr CaKca-Tennepa, paccMoTpeHHOI"o KprrrepoM n H enbKirHbiM 1 KOTopbre nony-

"'IrJIIr anH ~.... =0,43. 3To nony"'eHo nyTeM B35ITUH cpeaHero no aceM oprreHTa-

UirHM MOll9KYJibi J1 , T8K "'TOOb! UM9.Tb 9KBUB8JI8HTHOe Ir30TpOnHOe ,aBirlli9HUe. 

npn6numeHrre /5.18/ nony"'eHo nyTeM noao6Hoil npoue.nypbi, nprrMeHeHHOit K Kpy

TUJibHbiM Kone6aHH5IM mecTKoil MoneKynhr. BsHTUe cpeaHero no aceM oprreHTaurrHM 
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MOneKynbi .D.nH nony'I9HHSI 9KBHBaneHTHOI'O H30TpOnHOI'O .D.BH>K9HHSI HBnHeTCSI H9COBep • 

W 9HHOit npo ne.n.ypolt H no9TOMY H9nb3SI 0 )J{H.D.aTh 1 'ITO MO>KHO TO'IHO onpe.n.enHTh 

pacnpe.n.eneHH9 MOM9HTa KOnH'I9CTBa .D.BH>K9HJ;ISI 1 nepe.n.aHH9I'O 3aTopMO>K9HHOMY Bpa~ 

m eHHro, c noMOlllhiO Haw eli Mo.n.enH H30TponHoro ocuHnns:rTopa. Bcne.n.cTBHe aT oro 

Henh3H o>KH.n.aTh xopowero cornacHs:r npii cpaBHeHHH nony'IeHHbiX pacqeTHbiX pe3ynh· 

TaTOB .D.nst 6((},(:) B 3a~HCHMOCTH OT yrna pacceSIHIISI C 9KcnepHM9HTOM. nyq-

wee corn acHe oy.n.eT HaBepH09 .n.nst HHTerpanhHOI'O nonepe'IHOI'O C9'I9HIISI. 
I J. 

Cne.n.oBaTenhHO B cnyqae 3aTopMo>KeHHoro BpameHIIH nonyqaeM cne.n.yromee 

Bbipa>KeHH9 .n.nst cpyHKUHH <>(r )'T 

. <.'(r/T 

~ 'l ~r I I t.>r • I 
-- c.~~t tt. p co l..l't. "'r "t:" 

e., 21'HWr o "' 2.. (!. 

~=-'? 

1'\Wr 

e.- 2kT I -k Cx) 
15.191 

HaKOHeu, nepett.n.eM K onpe.n.eneHHIO cpyHKU IIII TpaHcns:ruHoHHoro .n.BH>KeHHSI. 

M bi y>Ke OTMe'IanH, 'ITO .n.ns:r KpHCTannOB '9TOMy .D.BII>KE!HHIO COOTB9TCTByiOT aKyCTII

'I9CKH9 KOneoaHIISI1 n09TOMY B .n.aHHOit MO.D.9nH BO.llbi nO.D.CTaBIIM .n.ns:r cpyHKUHH TpaH

CnHUHOHHOI'O .n.BH>KeHHSI cpyHKUHH BII.n.a 15.11 I 

-~ (it+i 2
· kT) 

< t>- 2.18'IVI ~"' ,.X T = e_ ... • 15.201 

$TO onpaB.D.biBaeTcs:r eme II TeM, 'ITO .n.n:s:r Bo.n.br TeMnepaTypa De6as:r 0 Mana 

l 9.=300°K I II n09TOMY TpaHCnSIUl10HH09 .D.BH>K9HII9 MO>KHO paCCMaTpHBaTh KaK 

cBooo.n.Hoe, a oHo KaK pa3 HMeeT BH.ll 15,201 c Maceo A M = 18 M. CpaBHHBas:r 

9Ty cpyHKUHIO C npe.n.bi.D.YIUIIMH 15.191 IInii 15.181, nonyqaeM .n.ns:r )._+ 3H8'I9HH9 

1 118. Cne . .n.oBaTenhHO, H3 aToro BH.n.a cpyHKUIIH TpaHcnHUHOHHoro .D.BH>KeHHSI HBCTBy

eT, 'ITO pacnpe.n.eneHH9 paCC9SIHHbiX H9itTpOHOB C 9HeprHeil: M9HhW9A '19M 

· ~r = 0,06 9B, oy.n.eT TaKoe >Ke, K8K .n.n.s:r pacceSIHHSI H.n.eanbHbiM O.llHOaTOMHbiM 

ra3oM c MaccoA 18, 'ITO no ..a. TBep>K.n.aroT aKcnepnMeHT bi BpoKray3a. 

0KOH~aTenhHO .n.ns:r nonHOil: cpyHKilHH 

-x"2(t;_ +"Y ' !::2 ~"'e.>+ ~ v II r J- 1..- r n 2KT =e. L-e. \::... 
"'-:::-'<7 

<)\/'T 

<::~:>T MoneKynbi BO.llbi oy.n.eM 

. - ;t:Z (i.f + t,'Z kT) 
J_".,(x) e._ 2M · 

HM9Th: 
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Bbipa.>KeH.He1 aaanor.H'IHoe /5.12/1 ~o cne.llyiOIU.HM.H aHa'leH.HSJMII napa

HY.>KHo aaMeH.HTb Ha 0 v -+ Or 
,, II 

18 """' . 

npeo6pa3ySJ K B.H.llY /5.14/f Y.ll06HOMY .llnSJ pac<JeTOB 1 .HMeeM cne.llYIOIU.He 

napaMeTpbr .llnst BO.llbi: 

w,.:::: 

o,2o 3 3-G. 

+ 

A= 

kT - o,o 2 5'5 :.e. 

nony'leHHbie TeopeT.H'I9CK.He peaynbT8Tbi cpaBH.HBaiOTCSJ C OfibiTOM B cne,llyro

UI91t Ta6n.Hne: 

Teop.HSJ 3Kcnep.HM9HT 

E 
(EJG.) 

Cso6o.llHbiii H B o .ll a BO.ll8 

Of~. J·u J·u ~o-b ~crt 

0,02 21,7 54,8 56,7 

0,0537 20,9 4,9 2,7 36,6 39,2 

0,0860 20,7 9,5 11,7 34,0 34,5 

0,1170 20,6 11,9 11 t 7 31,4 31,7 

0,20 20,5 12,7 13,0 27,5 27,7 
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11MeeT MecTo xopowee ·coerra.neH:rre Teoprur c aKcrrep:rrMeHTOM. 113 Ta6JII!Uhi 

BH,nHo, ;"'TO· .ami ·ceo6ouHoro eouopoua 11 eouopoua, CBSJ3aHHoro B eoue
1 

HMeeM 

rro"'TH ou:rrHaKoeoe 3Ha'leH:rre 3aMeunHrowen: moco6HocTH. TaKHM o6pa3oM, TeopeTH

qecKaSJ KapTHHa, y'leT TOpMOlli eHHSJ Bp8IU9HHSJ II yT eM BBe}l9HHH H30Tp0IIHOI'O rapMo

HH'leCKOI'O OCUHJIJISJTopa c acpcpeK'I'HBHOH Maccotl: rn* == j 5p(m-1 =.2,1 0 H yqeT 

HyJieBbiX KOJie6aHHH MOJieKyJibi IIpHBOJlHT K XOporueMy CO:i"JI8CHIO C 8KCIIepHM9HTOM, 

11HTepeCHO 6biJIO 6bi paCCMOTpeTb HHTepBaJI 8H9pi'HH Bhllll e 0,2 88 , KOI' LW 

Heo6xou:rrMo Y'lHThiBaTh Heyrrpyr:rre Kone6aTeJibHhre rrepexouhr. YrrporueHHhiH pac'leT 

rrpoee.neHHhiH .QapueneM I 181, He BhiSJBHJI 6orr'bworo BJIHHHHSJ aToro acpcpeKTa Ha 

rrpouecc 3aMeuneHHSJ. Y'leT rrornorueH:rrH B aToM HHTepeane 1 rro-SHLIHMoMy, H3Menarr 

A 239 . 0 
6br pe3yJibTaT. H arrp:rrMep, U - ·:rrMeeT pe3oHaHcHoe rrornorueHHe rrpH ,3 ae; 

6hlJIO 6hl HHTepeCHO HCCJie}lOB8Tb BJIHHHHSJ XHMH'leCKOH CBSJ3H Ha a6cop6u:rrro. 

. . 
npoH3BOJlHJIHCb TaKme H3MepeHITSJ CIIeKTpa Heii:TpOHOB B peaKTOpax, B KOTOpb!X 

aaMeun:rrTeneM SJBJISJJiacb TSJllieJiaSJ eo.na. 113Mep~~HSJ uenarrHCb Ha peaKTope C.P~3 

B AproHHe 1261 :rr Ha HOpeemcKoM peaKTope 11 eHep 127 I • .QnH o6oux peaKTopoe 
. N -

OTHOWeH:rre COCT8B8 6biJIO IIO"'TH OJlHH8KOBOe: (.4/NP, O = 0,084. ' 
~ 

113MepeHHSJ IIOK838JIH, "'TO B o6o:rrx CJIY'l8HX crreKTp HeHTpOHOB SJBJISJeTCSJ MaR-
• . . 0 

ceennoBCKHM c TeMrrepaTypoii: Ha 20-25% 6onbwe TeMrrepaTyphr 3aMeJlJIHTeJISJ 325 K. 

CpaeHeH:rre c TeopeT:rr'lecKofi cpopMynoii: 13.191 He_ 6yp: eT coeceM TO"'HO, u6o aTa cpop· 

Myna IIpHMeHHM8 K OJlHOpOJlHOMy 0JlH08TOMHOMy peaKTopy, TOI'Jl8 KaK B Jl8HHOM 

CJiy'lae HMeeM reTeporeHHbie peaKTOpbl C TSJllieJIOH BOJlOH B Ka'leCTBe 38M9JlJIHTeJIH, 
-:~ 

0JlH8KO , eCJIH IIpHMeHHTb 8Ty cpopMyrry JlJISI oueHKH BeJIH'lHH, C'lHTaH, 'ITO B cpen-

HeM ceoiicTea D2 0 COOTBeTCTByiOT 0JlH08TOMHOMY I'a3y, TOI'Jl8 JlJIH rrapaMeTpa 

IIOI'JIOIUeHHSJ Ll HMeeM 

L\ 
L('~(32S") l./. o, o 8l!. 6, G • Oj 7 0,29 

/ ·o;: I 2 .3;3, Od·2S + L/o/125"-

I'Jle IIpHHSITbi CJieJlyiOIUHe 3H8'leHHSJ: JlJISI }leii:TepHSI ? = 0,725, 65 -=3,3 6apHa; 

JlJISI KHcnopoua -_ { =0,125. US.,. =2 6apHa; LIJIH. ypaHa-0~ =6,6 6apHa; K08cp-

cpHUHeHT 0,7 Y 'IHTbiBaeT TOT cpaKT, 'ITO B reTepore!I'c!•.J:\.1 peaKTOpe IIJIOTHOCTb TeiiJIO-
. . . - I ~ • . 

BhiX HeHTpOHOB B ypaHe paBHa 70% IIJIOTHOCTH TeiiJIOBh!X Heii:TpOHOB B 3aMeLIJIHTef!e. npn+ 

MeHSJSI Terrepb cpOpMyJiy 13.191, ·nonyqaeM JlJISI 8cpcpeKTHBHOH TeMrrepaTypbl HefiTpOHOB: 
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T.e. Ha 13% 6onbllle TeMnepaTypbi cpe.llbi, TOI'Lla KaK· aKcnepiiMeHT -.aaeT Ha 

20-25% 6onblll9. 3TO pa3HOI'naciie yKa3biBaeT liaCTii'!HO·; BO BCSIKOM. · cnyliae, 

O.llHOaTOMHOI'O I'aaa · B · npiiMeHeHIIII K TSIMenoif BO,lle, 

B cnyliae aKcnepiiM eHTOB nyna c oobiliHoii Bo.cioii nonyliaeTcSI, liTO nim TeMne

paType cpe.z:ibi 291 °K II acpqJeKTIIBHOM celieHIIII noi'nomeHIISI -~~ = 4,6 6~p~a Ha 

0 LliiH aTOM BOLlOPO.lla, 3Hali9HH9 TeMnepaTypbi Heii1'pOHOB Ha 

n epaTypbi cpen bi• 

cPopMyna Me /3.19/ B aToM c.Tiynae .aaeT 

~- = 
z.~c 

2o 

7;, 1,21 T 

26 % 6onblll e TeM-

J 

T.e. Ha 21% Bbillle TeMnepaTypbi cpe.llbi, 'ITO B. npenenax OllliiooK aKcnepiiMeHTa, 

OU9HHBaeMbiX nynoM 
0 

B 35 K, .aaeT Hennoxoe coi'nacHe~TeopiiH c aKcnepHMeHTOM~!~ 

YliHTbiBaSI TlllaTenbHOCTb 8Tll:X OITbiTOB, TOT' cpaKT,·, liTO ITOI'nOlll9Hll:9 · M9HSI9TCSI B .llO-:-· 

BOnbHO llli!:pOKIIX npe.aenax OT_ 1,5 .llO 7,6 oapHa Ha O.llll:H aTOM BO.llOpOrta II liTO 

0 0 
H3MepeHHSI .aenanHcb npH .aByx TeMnepaTypax 291 K II 369. K , coBna.aeHHe_ MeMny 

TeOpHeif II· OITbiTOM I'OBOpll:T 3a TO, .liTO .anSI OObiliHOH BO.llbi ITfJil:M9Hll:Ma cpopMyna 

.anSI T9MnepaTypbi HSHTpOHOB, a~ Cn9.llOBaTenbH0 1 II MO.ll9nb O.llHOaTOMHOI'O I'83ao 

T aKHM o6pa30M, KaK HI!: CTpaHHO, HO XIIMI!:li9CKaSI CBSI3b B 8TOM cnyliae Mano BJIHSI

eT Ha cpopMy cneKTpa • 

.[!eno, nO-Bll:Llll:MOMY, B TOM, 'ITO IIH.llll:KaTp!ICCa pacc;eSI,~Il:SI <r(£'-7 £') 
nony'ISHHaSI nyTeM Il:HT9I'pi!:pOBaHHSI BbipaMSHI!:SI Tll:na /5,13/; _SIBnSie:rcSI ITO'ITH 

",:· 

HenpepbiBHOH cpyHKUIISH t -:!: l'tc.lr , ROO 8Hepi'IISI ~r- BpamaTenbHOI'O .llBI!:MSHIISI 

OLlHOI'O nopSirtKa c TennoBoii 9Hepi'Heii, noaToMy B peaynbTaTe o6MeHa aHepi'Heii 

M OMeT YCT8HOBI!:TbCSI paBHOB9Cll:9 CO cpe.aoii, B npOTIIBOllOni:>)KHOCTb. cny'IaiO .anSI 
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§ 6. npocTp8HCTBeHH8H 38BMCHMOCTb noTOKa HefiTpOHOB 

3aBMCMM OCTb nOTOKa HefiTpOHOB OT KOOpLlMH8T MMeeT Ba:>KHOe 3H8'!eHMe 

.unH peaKTopoB c oTpaX<aTeneM. Bnaro.uapg nornow:eHHIO HefiTpOHOB ypaHoM, KOTo· 

poe He cne.uyeT TO'IHO 38KOHY ·nornOW:eHMH ifv • , xapaKTepHCTH'IeCKHM cneKTp aK

TMBHOH 30Hbi 3H8'IHTeJ1bHO nepe_LlBMHYT B CTOpOHY 60J1blliHX CKOpOCTefi no cpaBHeHHIO 

co cneKTpoM MaKcBenna. UeHTpanbHaH qacTh aKTHBHOii 30Hbi xapaKTepnayeTcH 

cneKTpoM, aaBMCHW:HM OT cocTaBa aKTHBHOH 30Hbi. Ha nepu!}Jepun :>Ke aKTHBHofi ao

Hbi H8'IMH8IOT MrpaTb pOJlb HefiTpOHbi, TepM8J1H30B8HHbie B OTpa:>KaTene, B KOTOpOM 

6naro·.uapg ManoMy nornow:eHMIO nponcxo.uuT npouecc TepMannaaunn H npu6mr:>KeHne 

K COCTOHHHIO paBHOBeCHHo 3TO CK83hlBaeTCH TeM, 'ITO no Mepe nepeXOLl8 OT ueHTpan·

HOH 'IacTM aKTMBHOH 30Hhl K nepn!}Jepuu BoapacTaeT .ueneHHe H.uep , o6ycnoBneH

Hoe TennOBbiMH Hei1:TpOH8MH. 

npoCTp8HbTBeHH8H 38BHCHMOCTb nO!OK8 HefiTpOHOB B03HHK8eT TaK:>Ke rrpH co

ITpHKOCHOBeHMH LlBYX Cpe.u C p83HOM TeMnepaTypofi. noKa HeT HCH06TH OTHOCHTenb

HO aaBHCMMOCTH cneKTpa oT paccToHHHH oT rpaHH'IHoA noBepxHoCTH. HHTepecHo 

6 binO Obi onpe.uenHTb paccToHHHe, xapaKTepnayiOw:ee. nepexo.u OT paBHOBecHoro 

COCTOHHMH B OLlHOft cpe.ue. K paBHOB8CHOMY COCTOHHMIO· B .upyroii cpe.ue. 

HaKoHeu, B03HMKaeT Bonpoc npocTpaHCTBeHHofi aaBHCMMOCTH noToKa B cnyqae 

HeO.UHOPOLlHbiX 'cpe.u • .do CHX nop paCCMOTpe~i TOJlbKO HeKOTOpbl~ rrpocTeil:mHe 
. . a 

npo6neMbi 1 M aenanMCb nonbiTKM orrpe.ueneH~H nOTOKa HefiTpOHOB B 9THX CJ1Y'I8HX• /27 /. 

BorrpOCbi npOCTpaHCTBeHHOft. 38BHCHMOCTH ITOTOK8 H8XOLlHTCH noKa ew:e B Ha

'I8JlbHOM cTa.unn paapa6oTKH. Cno:>KHOCTb pemeHHH sToii npo6neMbi .uonycKaeT rrpu

MeHeHue ynpOW:eHHOM Mo.uenn, Bpo.ue, HanpHMep, MOLl8JlH TH:>K8J10f'O OllH08TOMHOf'O 

raaa • .Oa)Ke TaKaH ynpow:eHHaH Mo.uenb, HaBepHoe, He oTBe'IaiOri.raH .ueil:cTBHTenbHOMy 

o6MeHy s~eprneil: Me:>KLlY HefiTpOH8MH H 8TOM8MH 38Me.U.TJHT.enH, 6y.ueT cyrueCTBeHHbiM 

sneMeHTOM B nonbiTKaX pemeHHH 9TOf'O ·Borrpoca. 

Y'IeT npocTpaHCTBeHHoA aaBHCHMOCTH no~oKa HefiTpOHOB LlJlH 6ecKoHe'!Hofi 

OLlHOpOLlHOA cpe.Ubi B03MO:>KHO H8M6onee npOCTO npoBeCTH B LlHtlJtlJY3HOHHOM npn-

6nu:>KeHHH. 3TO Tpe6yeT 0.UH8KO LlOK83aTeJlbCTBa, 'ITO 38KOH ct>UK8 cnpaB8ll.fiHB 

OTLl8JlbHO LlJlH K8:>KLlOM BeJlH'IMHbl CKOpOCTH. 3TOT Bonpoc o6cy:>I<ll8JlCH /9/ Ll.riH 

npH6J1H:>KeHHSI 1?, B TeOpHH Tp8HCnOpTa 1 HO B o6rueM CJlyqae He LlOK838HO 
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IIpRM9H9HH9 38KOH8 ¢RK8 ami Ka>Kaofi rpyiiiibi HefiTpOHOB B MHOT'OT'pyiiiiOBOll TeOpRR,, 

YpaBHeHRSI TpaHcrropTa I 1.2 I B rrpu5nu>KeHRR ~ anSI oaHor6 R3MepeHRSI RMeroT 

BRa lc TO'IHOCTbiO ao 'IJieHoB rropSiaKa f:::: wt/M I 

- -- uq - 7Jii 

) J~ 1 

cr,- (u 1-7 u) 'f, (z, u'J 
1 16.1"1 

rae 

_ ~ _ j J«A'CJ;,(u 1-7~} 'f0 (2,u~) <JS{~) 'f0(z,uJ 
'7) u -

+1 
16.21 

G(_(u'-'7u) _ 2TI ~olza-(u1-'7u,zJ~Cz) e~o,:J. 
16.31 

--1 

H eaaBRCRMofi rrepeMeHHofi BMecTo SHepruu B3SITa neTaprHSI E -L{ 

I- = e I. 
kT 

DnSI Toro, 'ITOOhl H3 aTux ypaBHeHRfi rrony'IRTb uasecTHoe ypaBHeHue BoapacTa

UHcpcpyauu, Hy>KHO aOK838Tb, 'ITO BO BTOpOM ypaBH9HRR 16.1 I B9JIR'IRHa RHTerpana 

rr opSiaKa f" l{', (z, u} . DnSI aoKaaaTenocTsa Haao ucrronoaoBaTo Bbipa>KeHRe , . 
anSI ()(U ~ U 1 Z) , aaHHOe cpopMynofi 12.121. Danee

1 
T.K. UQ (E) TO:>Ke HMeeT 

IIOpSiaOK ~ 1 T0 1 IIpeHeOperaSI 8TRMH 'IJI9H8MR 0 IIOJiy'IaeM 38KOH c:t>RKa: 

lf, (-z,u) == - :!- ~ • .,o_; 0 z 

Toraa rrepsoe ypaBHeHue 16.11 rrepexohRT 

Ha TpR R3MepeHRSII 

16.41 

B ypaBHeHRe aucpcpyauu lo5o5maeM 

16.5 I 
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Ypaaaeaue AHcpcpyaHH MO)KHO nony'IIITh, He npeae6peraH 'lneaaMII nopHAKa f 
1 

a HMeHHo, Ha BToporo ypaaaeHHH 16.11 nony'laeM TpaacnopTHoe ceqeHHe 

.( 1 ~lfo 
.~-:--if; 3 iZ = ~ ... o-& 

'ITO B9.[l9T K 3aKOHy ¢lHKa B BH.[le: 

I'Lle 
D-e 

~. ( '2',1.1) -

i ~ 

....:L 'U'fo 

3~ 7>Z 

3 <Y$(-1-&;;-l))+~ 

~ J~ 'u, (« '-'lu) f. (u', z) 
'f. ( u, z) 

:::: D (J 'fo 
"-1:- () z 

,, 

d. ----. 
·3~ 

D.nH cpeAHetl: aenH'IIIHhi Gn 9 . nonyqaeM ua cpaaHeHHH 16.7 I c 16.61 

<fe : o;, + OS (:1- c;;;1) == <>, +<>; [1- <T6-' ) du 'Clj ( u"-uJ 

C., !:I = <lf,-1 ( dv' Clj(«'-Tu) <f,(u: zJ 
· J 'f,(u,z) 

lt/e 
; 

a TaK)Ke ypaBH9HH9 LlHcpcpy3IIH - B03p8CTa: 

( ~ v-!-·~z + (}Of) 4-fu (f 1 u) -
() '1 ( -;, 1.() 

dl.f 

«f, (u~ z) J 
'f, ( U 1 Z) 

t{T06bi MO)KHQ 6binO llpO.[lBHHyTbCH AanbUJe B paapa60TKe TeOpHII, H906XOLliiMO 

16.8/ 

16.7 I 

16.81 

16.9 I 

BepHyTbCS H9MHOI'O K llp9.[lbTllYI.UHM ypaBH9HHHM H onpe.[lenHTb nnOTHOCTb 3aMe.[lne

H~H. 'l• C ,.TIOMOI.UbiO llOTOKa Heti:TpOHOB lf 

Via ypaBHeHHH 12.181, nepexOLlH oT X 

AnH N lunu lf lypaaHeHne: 

K E lu6o E = x'Zkl1, nony'IHM 

lf + e-5t + E kT ~~~ - Clc. - 5~ 'f - .i.Ll·f 
4 16.1 01 
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6ecKoHe'IHOil: cpe.uhr Mbi IIMenn . E 

q (E)== ~ <lal e)'fiE)d £ 

0 

COOTHOllieHIIe I 3.1 I 

d'f -dE 
o;_,(E}lfCE) ) 

/6.1 1 I 

Ho na /6.10/ rronyqaeM: 

CpaBHIIBaH /6.10/ n /6.11 I HMeeM: 

a; (E} V'(E) .; '!.fJ d [c.P (E-kT) +E kT .:____ 3 ei; 
df l' dE 

'ITO .llaeT .llJlH IIJlOTHOCTH 38Me.uneHHH CJle.lly!OIUHe Bbipa:>KeHI:Ia: 

/6.12/ 

nnn 

JJ.nH pacrrpe.ueneHnH MaKcBenna lf{E) :::: ~~. 
, cne.uoBaTenbHO 'f:::: 0 

/rrpn paBHOBeCIIU 'IHCJIO YCKOpHe.MblX Heil:TpOHOB paBHO 'IIICny 38Me.llnHeMbiX Heil:Tpo-

~~~ kT 'T"' -u 
HOB/. BBe.ueM neTaprniO U = d £ HJIH E = k • e. • Tor.ua rronyqacM 

COOTHOllieHne .llJlH q(u) : 

q ( w) ~ V0 [ 'f( u} ( 1- 2 e. L-1) - e u f I (LA i] 
/6,13/ 

C.A ( ") ( u (f/. ) 6;;. /: 2e. tp(u)+ -1-3e Lf(t.t}-e 'f llA =---'flU} 
~(/Q 

3TH COOTHOllieHIIH BbiBe,lleHbl .llnH IIO,TOKa He3aBIICHMOI'O OT KOOp.lliiHaT, HO OHII 

CIIpaBe.llniiBbl B 06IUeM CJly'lae, Il08TOMy
1 

IlO.llCTaBnHH IIpOII3BO.llHYIO IInOTHOCTU aa

Me.nneHUH B ypaBHeHne /6.9/, IIMeeM /a.uecb 'fo OTBeqaeT rrpe:>«:HeMy 'f I 

(
<JC4- DV

2
) UJ c~ } _ 2 ~tD -c1 _ 3 ~)'i>'fu + kT 7l<fo 

5<r.., 10 t,u- E 1° E C>u E ~ /6.14/ 
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Ecmr Tenepb nepei1Tn K npe.aeny 6onbllloi1 SHeprnn Hei1TpoHOB, nonarast kT ~ ", 

nnn E/kT -7 c.c , To nony'lnM o6hr'1Hoe ypaBHeHne BospacTa -.an¢¢ysnn: 

(- :D ~7. +<1;:. ) lf.., =:: -<To~;~ :::::'- 'UC( I 
'C)U 

n6o q = ~ 0 0 lfo , 'ITO cne.ayeT ns /6.13/ B npe.aene tcr -710 

O.aHaKo B o6llleM cnyqae ypaBHemre /6.14/ He MOlli.eT 6biTb cBe.neHo K ypaB

, HeHlliO Bll.ll8 .llllciJciJY3llll C COOTBeTCTBeHHO ll3MeHeHHbiMll napaMeTp8Mll, n6o OHO co

.ll ep;.KllT BTOpyro npOll3 BO.ll HYIO TIOTOK8 Hei1TpOHOB. 

Ero MO:lKHO npnBecTn K TaKoMy BII.llY nocne ynpomeHnst, He nepexo.ast K npe-

.a eny kT-7 0 

A nMeHHo, .anSI Ha.nTennoBoro llHTepBana SHeprnn MO:lKHO cHa'lana pelllllTb 

ypaBHeHne, OTiyCTllB '11leH CO BTOpOii npOll3BO.llHOll 0 a 3aTeM .ll0K838Tb, 'ITO .ll115I 
LD II -i LD I 

nony'leHHOI"O pellleHHSI To ..,._ L lt> , TO!'.ll8 1TIO.llCT8B1lSIH STO.COOTHOWeHHe B ypaB"" 

HeHne /6.14/, llCK1liO'IaeM BTOpyro npOll3BO.llHYIO: 

...i. () 'l 
~u., -DU 

= - 2eCA fo + ( 1 ~ :3, 5' Q. (.(} tfo 1 

ll nonyqaeM ypaBHeHlle .llllcPciJY3llll C MO.llllciJllUllpOB8HHbiMll napaMeTp8Mll: 

rne 

I ) I {)"tf. 
(- D '\7 2 +~ lfo = - ~ <'o 0 ,; , 

I 
(}"' ()~- 2~ 1F .} 

J I= ~(1-3(5"~) 
/6.15/ 

B aTo~ nsMeHeHHOM ypaBHeHnn BospacTa-.nn¢¢ysnn TerrnoBhle s¢¢eKThl yq

TeHbi B HeKOTOpoii: CTeneHH C ITOMOillbiO MO.llllciJllUllpOB8HHbiX napaMeTpOB, 38BHCH:.unx 

oT TerrnoBoii SHeprnn. 

B o6nacnr ewe 6onee HH3KHx SHeprnii Hei1TpoHOB, T.e. B TerrnoBofi o6nacT.rr, 

ypaBHeHne /6.14 I Tpe6yeT oco 6oro non xo.aa .nnH ero pelll eHnn. B Teopnn peaKTo-

poB TeiTJlOBbie HefiTpOHbi TpaKTyiOTCH K8K O.llH8 MOH09HepreT:U'IeCK8H rpynrra, 'ITO 

~OOTBeTCTByeT pas.aeneHlliO SHepreT:U'IeCKHX ll rrpOCTp8HCTBeHHhlX nepeMeHHhlX 

Lf.,C1,~.-c)::: 'fCt')4(tA}, 
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B peayJihTaTe '191"'0 ypaBH9Hll9 16.141 npiiHIIMaeT BII,U: 

npoiiHT9I'piipyeM Tenepb no d~..~ I .UJIH TOI'O 'IT06bi nepeiiTII K O.UHOI'pynnoaoii 

Teopiiii I: 
tn 

II Jill 

I'll9 

co 

.i- ( 6a(IA >fr"' ]clu 
~(fo J 

1..1~ 

V'z. -- ) Df~<J.fr~]du _ 

u_. "'' 

- ~ - 7J - :p vzt[>cr) -+ (/"go. 'fCr - '1 Cf, U~J I 

D )";(,.) ~(«} du 

u-t (;() 

~ O~(u) ~!u) o/14 
"'-~: 

HOpM IIpOBaHa K e.u liHHUe: 

'ITO BhlT9K89T 113 Tpe6oBaHHR 

11 ~ C1, Ll"'=) onpe.ueneHo cne·.uyiOI.UHM o6paaoM: 

n pii HHT9I'piipOB8Hllll no ellA M bl IIM9JIII CnpaBa Bblp8)K eHIIe: 

r (2eu ·f.Ci,u) - u- 3eu) ~ -~- ~" 1Til du 
Lit 

16.16 I 

16; 17 I 
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VI a ypaBH9HIISI 16.16 I MO)!{HO orrpen9JHITh 'fCf) , 9crru HaM H3B9CTHa cpyHKUHH 

PI - - ') -ttU) nnsr orrpen9JI9HI~sr cp9DHHx aHa'leHHii, napaM 9Tpoa ~ J J) , a TaE:)!{9 q 6',~) 
ua 16.17 I. CnenoBaTeJibHo1 aanaqa caonuTcsr K orrpen9JI9HUIO cpyHKUHH Jrl,() . B 

cny'la9 cna6oro rrornoru9HUH ~{LA) 6yneT crr9KTpoM MaKCB9JIJia H Torna JI9rKo 

Hatl:Tu cp9DHH9 3Ha'l9HUH napaM9TpoB. B cny'la9 )!{9 CHJibHoro rrornoru9HHH, KaK Ha

rrpuMep B peaKTop9 693 oTpa)!{aT9JIH, Korna lfC~} ynoBJI9TBOpH9T ypaBH9HUIO: 

v-z ~ + 132 c.p = o 

nmt ~(CA} rrony'la9M 

( 0:. - D 'V 1.) lf" l i, LA) 4 (LA) [ <f"a- 0 ~2.] l('C~) 

~(~)[o-a-t B2 P] Lp(~} 
~ v1(r{ l..c J. 

0'-1 
--

oTcrona 

c~ + l~)LD) fc~-t] 1 o 1 cit L1 J 
- 'fCV) "u 

16.1 81 

~ 
; 

CJI9DOB8.T9JlbH0 0 9CJlU .[lJlH IIOTOKa H93aBHCHMOrO OT IIOJ10}K9HHH Mhi UM99M 

COOTHOlll 9HU9 

6;,. ( lA) '{' (Li) 
aC( 

-uu 

TO B .ll8HHOM CJly'la9, 'lT06bi 16,181 HM9Jl0 "TOT )!{9 CaMbiH BUD, H906XODHMO C.[l9Jl8Tb 

aaMeHy ~ -7 ~ + V 62 
u 1 KpOM9 Toro, 

HaJlbHO rto 
'"Dq /uu non)!{HO 6hrTb rrporropuuo-

YJTaK, TO'lHoe paaneneHH9 rrep9MeHHhiX B ypaBHeHHII 16.14 I B03MO)!{HO, ao-

rrepBhiX, Torna, Korna lf{t?) co6cTBeHHaH cpyHKUHH orr9paTopa ~z , H 1 Bo-

BTOphrx, KOrna 01 /vf.A IlpOIIOpill:!OH8JlbHO 'f (V) 

cPopM8JlbH0 0 'lT06bi rrep9HTH OT ypaBH9Hl:!H 11.21 K ypaBH9HHIO.[lJIH IIpOCTpaH-

CTB8HHO 38BHCl:!MOrO IIOTOKa, Hy)!{HO IIpOH3B9CTH 38M9Hy: 

-1 [ ' J-1 .v = 3 u"' -t- <>; ( -1 - Ccs, e) <T'CI' -7 oar - D Vi' z 

~(E) -7 'f(E,i), 
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qTo aaeT ypaBHeHne 

/6.19/ 

B CBH3H c pellleHneM ypaaHeHnH an:¢¢yanH ocTaeTcH orrpeaenHTb aepxHroro 

rpaHHUY TeiTJIOBOf'O HHTepBaJia E..... . npH Bbi6ope 9TOil: 9HeprHH Heo6xoaHMO rrpH-

HHM8IT'b BO BHHM8HHe UB8 MOMeHT8 1 KOTOpbie MOryT apyr apyry IIpOTHBopeqHTb. 

Bo-rrepBbiX, Tpe6yeTcH, qTo6br Ern .,;nMeno aoBOJibHo 6onbllloe 3HaqeHne1 TaKoe, 

qT06bi MQ)KHO 6biJIO rrpeHe6peqb BepoHTHOCTbiO pacceHHHH Heil:TpOHa B BbiClllyiO 

aHepreTrrqecKyro rpyrrrry. I1Haqe roBopH, Heil:TpOHhi He MoryT yil:Tn na HHTepsana 

0- E~, paase TOJibKO MoryT 6brTb rroniorueHhr. Ha ocHOBaHHH pa3Hhrx coo6pa)Ke-

Hrril: aenrrqrrHa 20 kT 6hlJI8 6hl LlOCT8TQqHQll UJIH T0f'0 1 qT06hl BhliiOJIHHTb 9TO yc-

n oane. OaHaKo, Toraa E.,._, uaxoarrTcH Y*e B o6nacTn crreKTpa ¢epMn. Bo-sTopbiX 1 

Hy)KHO TIOTpe6oB8Tb 1 qT06bi ITOTOK Heil:TpOHQB MO)KHO 6hiJIO C XOpOlllHM rrprr6nrr)Ke-

H!IeM rrpeacTaBHTb B BH.Qe IIpOH3Be.QeHHH: 

H o .aTo MO)KHO caenaTb c xopolllHM rrprr6nrr)KeHHeM TOJibKO B o6nacTn MaKcBennoa-

CKOf'O ~rreKTpa, .T.e. B HHTepBaJie 0-4kT , B o6nacTn )Ke crreKTpa ¢epMn aTo-

ro xopolllo caenaTb Henb3H. 0Tcroaa cneaoaano 6br, qTo anH E,., HY*HO B3HTb 

4 I<T • Ho Tor a a ue BbiiTOJIHHeTcH rrepaoe ycnosne rr B ypaaHeHnn /6.19 I anH nc

rrpasneHHH IIOJIQ)KeHHH H8UO ao6aBHTb qneH, yqHTbiB8IOIUHll pacceHHHe 38 liHTepBa.n 

0-E ..... 1 qTo ycnO)KHHeT CBH3b Me*aY arr¢¢ysn:eil: 11 aaMeaneHneM. Ka*eTcH rro

aToMy paayMHbiM B3HTb anH E~ 3HaqeHne B03MO)KHO 6onbllle, n .QJIH ynyqllleHnH 

yCJIOBHll .QJIH pasaeneHHH rrepeMeHHhlX BBeCTH BTOpyro rpyrrrry HH3K09HepreT~qeCKHX 

ao E"M= 20kT . 

KaK oTcroaa snaHo, B~rrpoc rpaHrrqHoil: aueprnn Ewr He HBnHeTcH rrpocThiM; 

STO OTpa)KaeT TOT cpaKT, qTQ Me)Kay o6naCTbiO 38MeaneHHH li 06JiaCTbiO TepMa

JII138Ullll HeT pe3KOll rpaHHUbi 0 H IIpli pellleHUH KOHKpeTHbiX 38.Qaq Heo6XO.QllMO B 

Ka:x<aoM cnyqae orrpeaenHTb rrepexoaHyro o6nacTb. Borrpoc o Bbr6ope Em CBH3aH 1 c 

apyroil: CTopOHbi, c orrpeaeneHneM BospacTa rro ¢>epMrr. 
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0o onpeneneHIII{) BospacT paBeH: 
Eu 
( ...1- d.E' 
) 't().~ £ 1 
E ) s 

to-1 

/6.20/ 
-z;_ 

'2. 
rne E~ = Xo kT - aHeprHH HefiTpOHOB ncToqHnKa. EyneM cqnTaTh, qTo a¢-

cfl 8KTHBJHhifi B03paCT non:>K 8H paBHHTbCH pa3HOCTFI KBanpaTOB TIOUHOfi nnHHbi 

M nrpaunn H nnHHhi nn¢¢ysFIH B qncToM cneKTpe M aKcBenna: 

17 = M2 Cx.,) - L2 == M2(Xo)- ....L 
3(1"_,oA /6.21 I 

CornacHo pesym.TaTaM KoreHa /28/1 HMeeM nnH M 2 

M2{X'o) _i_ 4-
3

--1 
2 

[ ~ x-" - 0 1 1121106 +a, 5"6 ?J 'Is A +· .. J . 
~~ r~ . 

Torna ns /6.20/ nonyquM: 

-r; 3. ~ ~<f~2 [ £., (x~ kT) ~ E ~] = 3 ~ o.-z. [~Xu -t i ~ ~T J 
' f1 s Ho-t 

CpaBHHBaH Me:>Kny cooofi Bbipa:>KeHHH /6.20/ H /6.21 I' HMeeM 

[ 

o1 ~21108 -0 1 5631() ~] 2 
Eh-1.:::: kT e. . 

S, -IG:f kT e..- :1.,12-:f 4 

OnHaKo, pas.cteneHH:e KBanpaTa nnuHbi MHrpauuu Ha KBanpaT nu¢¢ysuu u Bos

pacT HBUH8TCH HeOnH03HaqHofi npouenypofi .H TI09TOMy nouyqeHHOe 3HaqeHH:8 nnH 

Em TO:>Ke HeonH03HaqHo. ct>usuqecKH peanhHOfi BenuquHofi. HBUHeTcH TOUhKO nnuHa 

M urpamm B uenoM, 
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§ 7. KpHcTannnqecKHe 3aMe.anHTenn 

Borrpoc B3aHMo.aeiicTBHH Me.aneHHbiX HefiTpOHOB c pell!eTKofi KpHcTanna cBo-

D:HTCH rrpe)!{.ae Bcero K D:HHaMnKe Kone6aHHfi KpHcTanna, T.e. K TeopHH TBep.aoro 

Terra. CKOJihKo-Hn6y.ah rro.apo6Hoe MaTeMaTnqecKoe paccMOTpeHHe aToro Borrpoca 

3D:8Ch TpyD:HO IlpDB8CTH, I:! H806XOD:I:IMO D:JIH ycTaHOBJI8HI:IH I:IHT8pecyiOll!8rO HaC 

Cll8KTp~ H8HTpOHOB orpaHHqi:!ThCH HaH6onee IlpOCTOfi KapTI:IHOfi KOJie6aHI:IH Kpi:!CTanna. 

B o5rueM cnyqae HY)!{HO pa3nHqaTh .a:Ba THrra pacceHHHH, KOTopoe rrpeTeprreBaiOT Heii

TpOHhl B KpHcTannax, a HM8HHO, KorepeHTHoe H HeKorep9RTHOe pacceHHHe. CornacHo 

KB8HTOBOH M8X8HI:IK8 BCHKOe p8CC8HHI:18 1 COilpOBO)!{Ll8!0lU88CH I:I3M8H8HI:I8M BHyTpeRHero ca

CTOHHHH /cllHH, 8HeprHH H T.D:. / paCC8I:IB8Rl~ero HD:pa HBJIH8TCH HeKorepeRTHbiM, T.K. H3-

M8H8HI:I8 BHyTp8HHero COCTOHHHH HBJif.!eTCH IlpH'ii:IHOtf OTCYTCTBI:IH HRTepcpepeRUI1I:I M8)!{D:Y 

Il8D:8!0lU8H H paCC8HHHOH BOJIHOH. 3To IlOHHTHe KorepeHTHOCTI:I OTHOCHTCH K OTD:8JlhHOMY 

pacceaBaTeniO. 

CyruecTByeT HeKorepeHTHOCTh .apyroro BH.aa rrpH HBJIIfqHa MHOrHx paccea

BB!OIUHX U8HTpOB~ a I:IM8HHO IlpH OTCTyllJI8HHH OT n.aeaTlhHOH pell!8TKH 0 OT IlpaBI:IJih-

HOrO p8CllOJT0)!{8f{HH aTOMOB, HJIH IlpH OTCyTCTBHH TO)!{D:8CTB8HH0CTH paCC8HB8T8Jie:ii:; 

H3-38 H8IlOCTOHHCTBa cp830Bb!X COOTH0lll8HHH M8)!{LlY BOJIH8MH 1 pacCeHHHblMU pa3-

Hb!MH U8HTp8MH, B03HHK88T H8E:OrepeHTHOCTh 1 IlpUBOD:HIUaf.! K D:Hcpcpy3HOHHOMY pac

C8HHHIO. TaKasr IIeKorepeHTIIOCTh Mo)!{eT 6biTh Bbi3BaHa TerrnoBbiM D:BH)!{eHneM 

sr.aep B y3nax pell!eT-KH, HeperynsrpHbiM pacrrpe.aeneHHeM H3oTorroB, Heyrropsr.a:oqeHIIbiM 

p aCilOJI0)!{8HH8M KOMilOH8HT B CllJIBBaX H T.Ll. Hac 3Ll8Ch 1 IlOHHTH0 1 5y Ll8T HHTe-

peCOBaTh IIeKorepeHTHOCTh, o5ycnoBneHHaH TerrnoBbiM D:BH)!{eHHeM sr.aep. HeKore

peiiTIIoe paccesrHue B cBoiO oqepe.ah MO)!{eT 6biTh yrrpyrHM nnn HeyrrpyruM~ ecnn 

9H8prUH He:ii:TpOHa H8 M8HH8TCH 1 TO UM88M yrrpyroe paCC8HHU8, HO OHO M0)!{8T 

6b!Th H8KOrepeHTHb!M 0 8CJIU HM88M H3M8H8HHe CllHHa, KOTopoe 6y.aeT pa3Hb!M OT 

HD:pa K HD:py, HJIH )!{e H8KOrepeHTHOCTh M0)!{8T 6b!Th o6ycJIOBJI8H8 H30TOilHb!M 

cocTaBOM. Ecnn )!{e uMeeM H3MeHeHne aHepruu rrpu paccesrHUH rrpu B3aHMo.aefi

CTBHH HefiTpOHa C T8IlJIOBblMU KOJie6aHHHMH aTOMOB pell!eTKU, KOr.aa H8HTpOH OT.aa-

8T nnu rrornoruaeT cpOHOHbi, Tor.aa aTo IIeyrrpyroe IHeKorepeHTHoe/ TerrrroBoe pac

cesrHne. B cnyqae IIeKorepeHTHoro pacceHHHH cKna.abrBaiOTCH HHTeHCHBHOCTH · 

paccesrHIIbiX BOJIH /Ho He aMrrJiuTy.ahr/, n cyMMapHoe ceqeHue HeKorepeiiTHoro 

paccesrHnH 6y.aeT orrpe.aensrThCH Bhlpa)!{eiineM 

r.eUBBIOUJHX aTOMOBo 

N qucrro pac-
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KorepeHTHoe Me pacceHmre, o6ycnonneuuoe HHTep¢epeuuneii nanaromeii H 

paCCBHHOH BOJlHhl, OIIpBLlBJlHBTCH KBanpaTOM CYMMhl aMIIJlliTYLl pacceHHHH OTLlBJlb

HbiX aTOMOB. B pe3yll&TaTe Toro, 'ITO np11 cuoMeH!IH aMIIllHTYLl BBOLlHTCH pa3nnq

Hbie clJa30BblB YI"'llbl, KOr'BpBHTHOB pacceHHHe 6yneT HMBTb pe3KO BblpaMBHHyiO yr

llOBYIO aHli30TpOIIHIO li MaKpOCKOIIll'IBCKOe 8clJclJBKTHBHOB CB'IBHHB KOI"'BpBHTHOI"'O 

paCCBHHHH 6y LlBT CllO)I{HOH clJYHKUHeii CTpyKTypHOI"'O clJaKTopa li LlllliHbl BOJlHbl Heif-

TpOHa, Ynpyroe KorepeHTHoe pacceHune npHBOLlHT K cooTHOllleHHIO Bparra, nasaH 

p 83KO Bblpa.>KeHH biB MaKCHM yM bl B onpen BllBHH b!X Hanpa BJl BHHHX, y Ll OBll BTBOp HIOUlHX 
_, 7? ~ -7 
1(' 0 - K = 2:11-c:: , I"'LlB -y; T,H, BBKTOp o6paTHOH pelllBTKH, ycno BH ro 

KaK H3BecTHo H3 Teopnn paccBHHHH nyqeif PeHTreHa, LlllH LlllHHbi BOllHbi 6on&llleti 

. LlBYXKpaTHOH BBJlli'IHHbl IIOCTOHHHOH pellleTKli, KOrepeHTHOe paCCBHHHe OTCYTCTByeT, 

3TO 03HB'laeT, 'ITO HBIIpHMep, B cnyqae 6epHllllHH, HBHTpOHbl C LlllliHOH BOJlHbl 
0 

~ =3,95 A HllH c 9Heprnei1 0,0052 an, He HCIIhiTbiBaiOT noo6me KorepeHTHoro 

paCC9HHHH. 3TO HBJlBHHB CBH3aHO C T,H, XOJlOLlHb!MH H9HTpOHaMH, .[lJlH LlOCTBTO'IHO 

MallhlX aueprnii ueiiTpoHa HBJ1b3H BhliiOllHHTb ycnoBl!H Bparra H ynpyroe pacceHHHe 

HC'IB3aeT, YfMeeTCH TOJlbKO OLlHO 3Ha'l8HHB BBKTOpa o6paTHOll pellleTKH, YLlOBJlBTBO-

pHIOUlee eme 8TOMY YCllOBHIO, 9TO TO 3HB'IBHHe, KOTOpOMy COOTBBTCTByeT yrrpyroe 

pacceHHHe B npHMOM HanpanneHHH, KOTopoe ncerna pa3pellleHo, Heyrrpyroe pac

ceHHHe 6yneT II08TOMy B03MOMHO TBK}KB!JirOJlbKO B6J1H3H IIpHMOI"'O Haiip8BT19HHH , 

0TCTYIIllBHHB BTOMOB KpHCTalllla OT MecTKOH KOHclJHI"'ypaUHH B pe3yn&TaTe 

T9IIllOBOI"'O LlBHMBHHH H Hyne~hlX KOne6aHHll IIpliBOLlHT K OCJla6neHHIO KOI"'BpeHTHOI"'O 

ynpyroro pacceHHHH Bparra /ocna6neHne y'IHThlBaeTcH T,H. ¢agTopoM .Lle6aH -

Yonnepal, n noHBllBHHIO ueyrrpyroro pacceHHHH, rrpn KOTopoM ueti:Tponhl o6MeHn

naiOTCH 9Heprneii C KpHCTBJlJlOM, 3To T9MIIepaTypHoe LlHcPcPY3HOB pacceHHHe,"Ouo 

MOM9T 6hlTb KOI"'epeHTHhlM li ~eKOI"'epeHTHhlM, .[lJlH HBKOrepeHTHOI"'O Heyrrpyr'OI"'O 

OLlHOcPOHHOI"'O paCCBHHHH, HMBBTCH TOllbKO BLlHHCTBBHHOB YCJ10BH9 , a HMBHHO: 

HBHTpOH IIOCJle pacceHHHH MO}J{BT 

'188 IIOI"'JlOUlBHHH cPOHOHa/ 

HMBTb nro6yro aueprnro B npenenax /n cny-

£:::: k~ 
2Wi 

~ E' <. 
....: ' 

2 

ko + ~ ..... ~..:. 1 
21'H 

I"'LlB cv '"""t. - MaKcnMan&HaH qacToTa Kone6aunfi KpncTanna, panuaH, uarrpnMep, 

B cnyqae crreKTpa ,Cle6aH, TeMrrepaType Lle6aH kO y 
/<" - Ha'li1JlbH blii 

x/ 
K - ITOCTOHHHaH BollbUMaHa, 
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HMTIY.TibC HBHTpOHa. Dmi KorepeHTHOI'O :lli:e Heyrrpyroro paCCBHHHH HHTepcpepeHUIIH 

MB)K.llY BO.TIH8MH, paCCBHHHbiMII pa3HbiMII H,llpaMII, H8K.TI8,llbiB88T BIUB yc.rrOBIIB .ll.TIH 

IIMrry.rrhca: 7 -7 '1 + 2.:n""C 

Y1 HTepcpepeHUHH HBn5IBTCH pe3y.Tib'f8TOM Koppe.TIHUHR MB:lli:.llY Ko.rre6aHIIHM,I! H,llep; 

B c.rryqae 3ifHIUTBHHOBCKOH MO.llB.TIII KpiiCTa.rr.rra HBB03MO:lli:HO KorepeHTHOB paCCBHHIIe, 

!10CK01IbKy MB:lli:.llY KOne6aHIIHMII 8TOMOB HBT KOppe.TIHURII. l-13 YC1IOBI!H ,ll.TIH IIMTIY.Tib

ca C.TIB.llYBT, 'ITO 'Ie~mepaTypHOB .lllirflcfJY3HOB paCCBHHI!B IIMBBT IIHTepcpepeHUI!OHHblB 

MaKCIIMYMbi B6JIII3H narrpa'BJIBHIIH Eparra. Pac'IeT rroKa3biBaeT, qTo .nnH cKopocTII 

HBlfTpOHa 60.TibillB CKOpOCTH 3ByKa B r;.P.IICT8.TI1IB, Heyrrpyroe paCCBHHIIB BB,llBT K 

TIOHB.TIBHIIID MaKCIIMYMOB BO BCBX HarrpaB.TIBHIIHX, HO_OHII Harr6onee liHTBHCIIBHhl B Ha

rrpaB.TIBHIIHX Eparra. DnH cKopocTeii :lli:e neiiTpoHa, MBHbillii'\ cKopocTn 3ByKa, ne

yrrpyroe pacceHHIIe neihpona B03MO:lli:Ho · T01IbKO B6.TIII3II narrpaB.rreH'nii Eparra. 3To ' 

CBOHCTBO KOI'BpBHTHOI'O paCCBHHIIH MO:lli:HO TIOHHTb, y'IHTbiBaH TOT <f:JaKT 0 'ITO Harr6o-

11 ee 8cflcfJBKTHBHb!MII B 
..:, 

&HepriiH . ./Ma.rroe '( 

rrpouecce neyrrpyroro pacceHHIIH 

I I CM, npnno:lli:~~IIe YI I. 
HB1IHIDTCH cfJOHOHbi ManoiJ: 

Pac'IeT neyrrpyroro KorepenTnoro pacceHHIIH, Tpe6ymmiiii 6onbiUoii Bbr'IrrcnH

TBJlhHOii pa6oTbi /cyMMIIpOB8HIIB TIO BBKTOpaM o6paTHOH peiUeTKII/) OK83biB88TCH 

B HHTBpBCYIDIUBM HaC HHT8pBa.rre T8!11IOBbiX 8H8p!'I!H HBHTpOHOB M81IOfi BB.TIII'IHHOfi, 

nrparomefi ponb rrorrpaBKrr. 

l-13 8THX BH.llOB paCCBHHHH H8C '6y.neT HHTepeCOB8Tb 11p8:lli:,ll8 BCBI'O Heyrrpy-

!'08 HBKOI'BpBHTHOB paCCBHHRB 0 KOTOpoe COOTBBTCTByeT o6MBHY 3H8p!'HI! MB:lli:.llY., 

HBfiTpOHOM IT T8!1.TIOBhlMH KOJIB68HHHMR peiUBTKRi OHO 3aBHCHT OT TeMrrepaTyphl 

peiUeTKR II CBH3ano c rrpnponoil Kone6aniiii peiUeTKII KpncTanna. Heyrrpyroe 

pacceHHIIB MO:lli:HO Bbip83RTb K8K B38IIMO.llBHCTBIIB MB:lli:.llY HBHTpOHOM II cfJOHOH8MR 

c rroMOLUbiD rrceB.norroTenunana ct:>epMII. DnH TI01Iy'IBHRH TO'IHOI'O Bhlp8:lli:BHIIH ne-

yrrpyroro ceqennH pacceHHIIH paspa6oTau crreunanbHhll MaTeMaTrrqecKrrfi cpopMa.rrrraM 

/6,25, 29, 31/; CB'IBHIIB pacceHHHH Bbrpa:lli:BHO C l10MOIUbiD_ 'I8CTOTbi K8K cfJYHKUIIII 

BO.TIHOBoro 'IIIcna Ko.rre6aHIIii KpiicTa.rr.rra. Terrepb BepHeMCH K Borrpocy o6paaoBaHIIH 

crreKTpa HefiTpoHOB. B c.rry'Iae rasoBoro TH:lli:e.rroro _aaMe.nniiTe.rrH, rrprr peiUBHIIII 

I!HTBI'p81IbHOI'O ypaBHBHI!H .ll.TIH TIOTOKa HBHTpOHOB 'f(G} Mbi orpaHR'II!.TIIICb He

TIO.TIHbiM 3H8HHBM IIWlURKaTpRCCbi paCCBHHRH <J(E -Y £f) a liM BHHO TO.TibKO 
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nepBbiMII .llBYMSI MOMeHTaMII. Mo*HO npe.nnonO)KIITh, 'ITO no.no6Hoe npii6mt)KeHIIe 

6y.neT TaK)K8 .llOCTaTO'IHO ,llnfl TeOpiiii TepManiiSaUIIH H8HTpOHOB B Cny'!ae TSl)K8nOI"O 

KpiicTannii'lecKoro saMe.nniiTenSI. Cne.noBaTenbHO MO*HO npe.nnono)KIITh, '!To pas-

no*eHIIe no cTeneHSIM fl /oTHoweHIIe Mace/ nosnoniiT nony'IIITb pasyMHoe npa-

6nii)K8HIIe .nnSI cneKTpa HefiTpoHoB. BnepBbie npoue.nypy pasno*eHIISl no cTeneHflM 

OTHoweHIISl Mace npiiM8HIIn nna'leK /32/ .nnSI nony'leHII,Sl nonHoro Heynpyroro acp

- cpeKTIIBHOI"O Ce'!eHIISl nOniiKpiiCTannOB , npii'I8M 9TO c.nenaHO ,llnSl H8KOI"epeHTHOI"O 

pacceflHIISl, B KOTOpOM npeHe6peraeTCSl IIHTepcpepeHUIIOHHbiMII 9cpcpeKTaMII. 3TH 

9cpcpeKTbi Y'IT8Hbl B pa6oTe nna'leKa II BaH ,rocpcpa /33,34/, a TaK)K8 B pa6oTe 

CIIHI"BII II KoTapii /29 I. M hi orpaHII'IIIMCSl HeKorepeHTHhiM npi16nii)KeHIIeM .nnSI 

BhlSlBn8HIISl OCHOBHhlX SaKOHOMepHOCTefi, nOCKOnhKY KOI"epeHTHOe paCC8SlHII8 SlBnfl

eTCSl TOnhKO nonpaBKofi. HeKorepeHTHoe npii6nii)Kelme, O'leBH.llHO, SIBnSieTCSl o'leHb. 

nnoxHM .nnSI ynpyroro paccmiHHSI, KoTopoe npe*.ne scero o6ycnosneHo HHTepcpe

peHUHOHHhiMII 9cpcpeKTaMH, HO ,llOBOnbHO XOpOWHM ,llnSl ueynpyi"OI"O pacceflHIISl /6/. 

MOM 8HTbi G""(E -7 E'} y6biBaro:r B cny'lae O,llHOilTOMHOI"O rasa KaK ~ 

nocKonhKY nepe.nasaeMaSI 9Hepri1Sl 6hlna Mana. B KpHcTanne nepe.nasaeMafl aHep-

I"HSl He Mana, a Mana sepoSlTHOCTh 

noaTOMy IICnOnbSOBaHIIe MOMeHTOB 

I """f I pacceSIHIISl c HSMeHeHIIeM aueprHfi. 

(}(£ '-=? E ') H saMeHa uuTerpanbuoro 

ypasneHHSl .nHcpcpepeuuiianhHbiM .nnfl KpiicTanna ue npoxo.nHT. 

Y'leT BnHSlHIISl ,lliiHaMHKII KpiiCTanna ua~pacceSIHHe uefiTpOHOB II pac'!eT 9cpcpeK-

THBHOI"O ce'leHIISl pacceSIHHSl BbinOnHSliOTCSl o6b!'IHO C llOMOlUbiO ynpOLUeHHOH MO,lle

nH De6afl, B KOTopofi cKopocTb sByKOBhiX sonH cpououos npe.nnonaraeTcSI uesasHcH

Mofi oT .nnHHhl BOnHhl 1 HanpasneHIIfl pacnpocTpauenHfl H nonSipHsauHH. 3Ta Mo.nenh 

XOpOWO annpOKCHMHpyeT acp¢eKThi, npH onpe.neneHHH KOTOpb!X npOBO,llHTCSl ycp~.n

HeHHe no seeM Kone6aHIIflM. Mo)KHo O*H.llaTh, 'ITO nony'IHM xopowHe pesynbTaThi 

.nnSI senii'IIIHhl H saBHCIIMOCTH OT sueprHH nonHoro ueynpyroro ce'!eHHSl .nnfl ueKo= 

repenTHoro pacceSIHIISl. O.nnaKo, .nnSI pac'leTa .npyrHx scpcpeKToB, KaK, uarrpHMep, 

yrnOBOI"O Hnii 9HepreTH'l8CKOI"O pacnpe.neneHHSl H8HTpOHOB, He06XO,llHMO y'leCTb 

.neTanH Kone6aTenhHOI"O cneKTpa, H s.necb npocTaSI Mo.nenh De6afl ue SIBnSieTCSl 

Bnonue no.nxo.nSILUefi. O.nnaKo pa.nH npocTOThi 6y.neM npH.nep)KHBaThCSl 9Tofi Mo.nenH. 

npn paCCMOTpeHHH 06MeHa cpOHOH8MH Me)K,lly HefiTpOHOM H KpHCTannoM 

6y.neM Y'IHThlB8Tb TOnbKO O,llHOtPOHOHHhle npOUeCChl. llnfl MHOI"OcpOHOHHOI"O pacceg

Hl!Sl KaK KOI"epeHTHOI"O, TaK H He KOI"epeHTHOI"O. CBSlSb M8)K,lly pacceflHHeM HefiTpo-

'-
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HOB H LlHHBMH'I8CKHMH CBOHCTBaMH KpHCTBllllOB 6onee CllO:>KHaH l3a HCKlliO'I8HHeM 

cny'IaH HefiTpOHOB 60llblliOH 9HeprHH 1351 I. noaToMy c TO'IKH 3p8HHH orrpenene

HHH CII9KTpa 'IBCTOT KpHCTBllliB ITO LlBHHhlM pacceHHHH HefiTpOHOB 9TH IIpOU8CChl 

x/ 
M 8Hee HHTepeCHbi • 0nHaKo, B03HHKaeT BOIIpOC, KBKHM o6pa30M MO:>KHO OT Ll9llHTb 

0LlHOcPOHOHHbi8 IIpOU8CCbi OT MHOI'OcpOHOHHbiX. D,nH Clly'IaH IlpOCTOI'0 KpHCTBllllB, 

0LlHOcpOHOHHbi8 KOrepeHTHbi8 _IIPOU8CCbi MO:>KHO OTllH'IHTb OT BC9X Llpyi'UX IIpouec

COB, H3y'IaH pacnpe.ueneHHe HefiTpOHOB IIO 9H8pi'HHM .[lllH KB:>KLlOI'O HanpaBll8HHH 

paCC8HHHHi 9TO pacrrpe.ueneHHe COCTOH~ H3 KOH8'IHOI'O 'IH:CllB pHcKp8THhlX 3Haqe

HHH 9HeprHH B BJ?I,Ue pe3K:J?IX II:J?IKOB Ha CIIllOlliHOM• .cpoHe OLlHOcpOHOHHOI'O HeKorepeuT-

HOI'O I?I MHOI'OcpOHOHHOI'O pacceHHHH. CnenoaaTenbHo, rrocnenHue nBa BHLla cneKTpa 
W:? 

H8llb3H Me:m:ny co6oii oTnH'IHTb. OnHaKo HY)KHO yqecTb, 'ITo BKnan MHorocpoHOHHoro 

pacceHHHH B 9LpcpeKTHBHOe ceqeu~re HBnHeTcH acerna rrpeo6nanaromHM B cnyqae 

60llblliHX 9HeprHH IIBLlBIOlllHX H8HTpOHOB H "!aCTO 3HB'IHT8ll8H ,Ua:>Ke B npe,UellbHOM 

cnyqae HYll8BOH 9H9pi'HH H8HTpOHOB 1361, II09TOMY MO:>KHO 6brnO 6bi IIPOH3B8CTH 

OIIhlT IIO pacCeHHHIO B TBKHX YCllOBHHX, KOTOphle II03BOllHllH 6hl HllH rrpeue6pe'Ib 

acpcpeKTBMH MHOI'OcpOHOHHbiX pacceHHHH, HllH yqecTb HX KaK He60llblliYIO nonpaBKy, 

'ITO LlB8T B03MO:>KHOCTb Bbi.[l8llHTb O,UHOcpOHOHHOe HeKorepeHTHOe pacceHHHe. 

B § 5 Mbi rrony'IHllH 

17 .I I 

rne 

3necb (.:)).. - 'IacToTa HOpMallbHbiX KO~e6aHHH THrra ). • npH paCCMOTpeHHH pac-

ceHHHH orpaHH'IHMCH 'Ill8.HBMH IIOpHLlKB ,.., H OLlHOcpOHOHHbiMH npoueccaMH /rroCKOllb-

KY orpaHH'IRBaeMCH HeKorepeuTHbiM rrpu6mJ;:>KeHHeMI; c aToii uenbiO paano:>KHM 

B pH:a-- IIO CTerreHHM t' H OCTBBHM TOllbKO 'IlleHbi 0 COOTB8TCTBy• 

IOlllHe HeynpyroMy pacceHHHIO H8HTpOHOB C IIOI'llOllleHH8M HllH H3llY'I8HH8M O,UHOI'O 

cpOHOHBo 

--------------------xl 
MHorocponoHHhie rrpouecchr ManoaepoHTHbi rrpn HH3KHX TeMrrepaTypax H 

MBllbiX 9HeprHHX H8HTpOHOBo 
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· 3a 9TH npoueccbi OTBeTcTBeHeH cne.nyiOu.udL "'JieH pasno:m:emiH 9KcnoHeHuiiaJ1b

Hofi ¢yHKUITH B pH.Q: 

( -:'1 ~ )2 Vi. ( . -i.w,_-1:. 1 Lc..;)"t-) 
' ~ c,. VZ e + 117 e. f 2·c.:J.,_ N M Cz--tJ 2 

To rna Bbipa)f{eHrre 17.1 I npHMeT BH.n: 

+v.;, ~ iw t- i w { )~ E' 'lz -1 - i E f ~ c ) z ( z e- >- + e >-
i_6(9,<1>r == 02(oJ in)~ '!' l{ > z.,;. N N(>-~) 

-&4 

17.21 

B cnyqae KpncTanna-Hy:m:Ho BMecTo nrrcKpeTHoro cneKTpa "'acToT BBecTrr cneKTp 

Lle6aH c HenpepbiBHbiM p~cnpeheneHrreM "'acToT 1'( w) ::=. ?N.u%~(J 3, Torna cyMMa 

no A nepefi.neT B HHTel;'pan lnpeHe6peraH nonHprrsaurrefi BOJIH, cM,npuno)KeHne Yl /: 

+c.o • . · kB ·-iwl: jhfJ · i ~ 
<6(8 c-J). == a'-{-E')'Iz j_ { e- tE~ttJ~-z. T 2 e P(wJclv.J .!!.-z.. e '"' Pfw)cf~ 

' T E zn J . · L2M) VJ(z.- 1 ) + 2~ c.olz-1) J 
-(/.} 0 17,31 

. kO k9 o 

t/E')lfz£ ~ ( 2 P(w) 5(e-+w)dw + J P{wJS( 6-w) dt.-V) 
0 tE 2M ) c..J ( 2 --1) to ( z- -t) 

. " <.) 

d', 

I ke I - TeMnepaTypa Lle6aH, B - :XO.QHI.l.IHH B u{ e, t} yron pacceHHHHI. 

Vi HTerpupysr no yrnaM, cornacHo 12.7 I nony"'HM: 

3 (E 1)'/t..{ 1 1 j 
<1(E-1E 1}-::=: 3e> f16"o E E'-fE){E-13}--r-rn k . e. ~·t~<._ .i 

/E'- E{ ~{j 
17.41 

0 
\E~E 17fc6 

nony"'eHHOe Bblpa:>KeHUe 17,4/ .QJIH HH~ITKaTpHCCbl pacce51HII51 6y.QeT .QOBOJlbHO 

xopowHM npH6mi:m:eHneM, ecJIH cneKTp cjJoHOHOB .daeTc51, rro Kpa:HHefi Mepe, Ka"'ecT-

BeHHO pacrrpen en eHrreM .[le6a51 H eCJIH MO:>KHO rrpeHe6pe"'b s¢¢eKTaMH HHTep-

¢epeHurrrr. 3TH ycnoBrr51 BbiiiO.TIH51IOTC51 6onee TO"'HO .QJIH 6epHJIJ1H51, "!eM .QJ151 .npyrux 

KpHCTaJIJIH"'eCKHX 3aMe.QJIHTeJiefi , .QJ151 KOTOpb!X 1o.nHaKO, 9TO IIpH6JIJI)KeHHe MO)KeT 
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HeifTpOHOB. 

C IIOMOI.UbiO /7.4/ MQ)!{HO OIIpe.neJIIITb MOMeHTbl IfHLliiKaTpiiCCbl pacceHHIIH 

E..., .> 

_ ) tr(E-'1 E'} (E 1- E)"' dE
1

, "17 .5./ 

" 
Bee OHII 6y LlYT rropH.nKa f< 

:EK eJIOI'O 38MeLlJIIITeJIH /2.14/, LlJIH KOTOpOI'O rrepBbiH If BTOpoif MOMeHTb! IIOpHLlK8 

t OCT8JibHbie :EKe 6onee Bb!COKOI'O ~OpH.[lK8 OTHOCIITeJibHO 

·~ f 
lf /M(E/ YJHTei'p8JibHOe ypaBH9HII9 :UJIH cpyHKUIIIf 

£..., 

o,;; ( EJI/'(EJ - ~ <r( E-i' E'} ( '/'(E').., <f(Elj dE 
1 

D 

UMeeT BII:U: 

17.6/ 

3TO ypaBH9HII9 IIO Cp8BHeHHIO C ypaBH9HIIeM /2.15/ }:lJISI TH:rK9JIOI'O I'830BOI'O 

KaK cne.nyeT II3 TeopeTIIqecKoro paccMoTpeHIIH, rrpiiBe.neH!fOI'O B § 1, II KaK 

IIOLlTBep:rKLl89TCH SKCIIepiiM9HTOM /3/, KpiiCT8JIJIIIqecKIIMII scpcpeKT8MI1 MOFKHO rrpe-

ue6peqb B TOM cnyqae, Kor.na TeMrrepaTypa KpiicTanna Bbrl!le TeMrrepaTypbr .Lle6aH 

~. B cnyqae rpacpiiTa II 6epiiJIJIIIH STO YCJIOBIIe HeBbliiOJIHIIM0 1 IIOSTOMy pe-

1141 
aynbTaT H enbKIIHa DJIH 6epiiJIJIIIH FK9H9BCKOM 

o6aope HeJibKIIHa II KoreHa /37 I rrpiiBO.QIITCH .npyroii peayn~Ta~, a IIMeHHO aanii

qiie MBKCBeJIJIOBCKOI'O CII9KTpa C TeMrrepaTypoif 465°K LlJIH KpiiCT8JIJia If C TeMrre

paTypoif 395°K .QJIH CB060.QHOI'O £'838 /Pac.5/ • .LlaJibHeiil!liie coo6pa:rKeHIIH IIpiiBe

ll eabr B cne.nyror.ueM rraparpa¢e. 

§ B. 3cbcpeKT p;rrcpd:Jy3HOHHoro oxna:rKp;eHHH 

.Llo ciix rrop Mbi paccMaTpiiBBJIII .cTauiioHapHoe cocTOHHHe 6ecKOHeqaoro o.nao

po.naoro 38Me.QJIIITeJISI C IICTOqHIIK8MII, KOTOpb!MII 6hiJIH 38Me.nJieHH',Je Heil:Tp0Hbl 1 

J1 IIOJiyqHJIH ypaBHeHHH, II03BOJIHIOI.UII9 OIIpe.nemiTb IIOTOK If TeMIIepaTypy HeifTpOHOB, 

KOTOpaH B STOM CJiyqae OK83b!BaeTCSI Bbil!le TeMrrepaTypbl cpe.Qbi. 



94 

ECJIH HefiTpOHhl HaXOUHTCH B TeiTJIOBOM p~BHOBecrrH C aTOMaMH 3aMBUJIHTeJIH 1 

To OHH rrpHHHMaiOT pacrrpeueneHne MaKcBenna c TeMITepaTypoA T cpeubi, OunaKo 

Ha ITpaKTHKe COCTOHHHB paBHOBeCHH He UOCTHraeTCH, 1160 BCJIBUCTBHB ITOrJIOWBHHH 

ll yTe'IKH 1 KOTopaH ITOHBJI3IBTCH B CJiyqae CpBUbl KOHB'IHb!X pa3MepoB, HBfiTpOHbl llC'IEt-

3aiOT H3 CpBUbl 0 ll3 HCTO'IHHKOB :>Ke ITOCTyiTaiOT HefiTpOHbl C 60JihWBH SHeprnefi, 

KOTOpb!e Jlllllih ITOCTBITBHHO 3aMBUJIHIOTCH UO TeiTJIOBb!X SHBprHfi, BCJIBUCTBHe STOrO 

pesynhTHpyiOWHH CITBKTp TBITJIOBb!X HBHTpOHOB OTJlll'I&eTCH OT CITe.KTpa MaKCBenna, 

B cny'Iae xopowero saMeunnTenH B peMH saMeunennH Mano ITO cpaBHeHniO co Bpe

M eHeM :>Kll3Hll TeiTJIOBoro nefiTpOHa /BpeMeHeM TepMaJIH3aUHH / 1 ITOSTOMY ll OTKJIOHe

HHe OT paBHOBeCHH HeBBJIHKO, OunaKO B CHJlhHO ITOrJIOWaiOWBH cpeue ll B CJiy'Iae 

3aMeUJIHTeJiefi MaJib!X pa3MepoB, rue CKa3biBaBTCH CHJlhHO yTe'JKa nefiTpOHOB, crreKTJ• 

M o:>KeT 3Ha'InTenhHO oTKJIOHHThCH OT paBHOBecnoro. B STOM cny'Iae nrpaeT ponh 

ITpOUBCC UHc}:Jcpy3Hll ll TaK KaK KOScPc}:JiiUHeHT UHcPcPY3HH ITpOITOpUHOHaJieH CKOpOCTH' 

TO 6onee 6biCTpb!e HBfiTpOHbl UHcPcPYH":O:HPYIOT 6biCTpee ll ITOSTOMy Bb!COKOSHepre

TH'IeCKaH 'IaCTh CITeKTpa CTaHOBHTCH 6eunee, a TeMITepaTypa HefiTpOHOB HH:>Ke 

TeMITepaTypbl cpeUblo 3TO HBJieHHe Ha3b!Ba!OT UllcPcPY3HOHHb!M OXJla:>KUeHHeM. 

4T06b! paCCM?TpeTb STOT BOITpoc, o6paTHMCH K HBCTaUHOHapHOMy ITpoueccy 0 

B pesyJihTaTe KOTOporo HefiTpOHbl ITOCTerreHHO ITpH6JIH:>KaiOTCH K COCTOHHHIO paBHO

BeCHH CO Cpeuofi, 3TO HMeeT MeCTO B HMITy.TihCHOM MBTOUe, pa3pa60TaHHOM Llap
#,1!'. , 

ueneM n CnocTpaHUOM /38, 39( , a TaK:>Ke coBeTcKnMn c}:lnsnKaMH /40/, MeTou 

3aK~~~~eicH B TOM 0 'ITO B Ha'IaJibHhlfi ~OMeHT BpeMeHH E 3aMBUJIHTeJib BITYCKaeTCH 

MrnoBeHno HMITyJihC HefiTpoHoB, KoTopbifi saTeM B npouecce saMeuneHHH ITornowaeT

CH ii hil:cpcpyHunpyeT. YTe'!Ka n ITornowenne Bbi3biBaiOT yMBHhweHHe ITnoTnocTn Hefi-

TpOHOB CO BpeMeHeM ITO :9KCITOHeHunanhHOMY saKOHY C ITOCTOHHHOA BpeMeHH, paB~OH 

, - -t o." + v e 2 J · 
cyMMe BepOHTHOCTefi ITOrnoweHHH H yTe'IKH: e . B :9TOM MeToue 

B OTJlll'IHe OT CTaUHOHapHOro MeTOUa, rue HCTO'IHHKH BCe BpeMH HCITYCKaiOT nefi

Tp0Hb!1 ITOTOK HefiTpOHOB 3aMeunHeTC5I ll TepMaJIH3yeTCH 1 ITpn6nn:>KaHCh 0 B. cnyqae 

6ecKOHe'IHOfi cpeubi, K paBHOBeCHOMY COCTOHHHIO CO cpeuofi, B 8TOM CJly'Iae 

ITJlOTHOCTh saMeuneHHH UJ1 H 60J1hillllX SHeprnfi paBHa HyJIIO, ITOCKOJlhKY HeT HCTO'I-

HHKOB 3aMeUJIHeMb!X HefiTpOHOB, 

PaccMoTpnM cHa'Iana 6ecKoHe'IHYIO cpeuy B oTcyTCTBne ITornoweHHSI n 

ITpeuiTono:>KnM, 'ITO B ITpouecce TepMannsaunn nefiTponhl nMeiOT paciTpeueneHne 
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M aKcBenna c TeMnepaTypoii T..,. , oTmP:moii OT TeMrrepaTypbr cpe.a:hr. PaccMoTpn:M 

BOIIpOC C IIOMOI.Ub!o' ypaBHeHM.II LI:McPcPY3MH:. 

Kn:ooTn:qecKoe ypaBHeHn:e BonhuMaHa B o6r.ueM cnyqae MM eeT Bn:.a: I .a:n.H n:ao

TporrHoro pacce.HHn:.H/: 

~ ~ ~E,J!/,il _,.]J_ 'f",J~ (E,Q, ~. t} +<>;,CEJ:{(E)l), t} = 
= H dE' JJ2'.f( E,'..ii; :,t I f5 (E!, E) -If dE'.JJZ'f(E;J}~ P,t)tYfE-'7 £') +,$ (c,Jl,f,ij 

npOMHTerpn:pyeM 8TO ypaBHeHn:e IIO BCeM HanpaBJieHH:.IIM 

cne.a:yror.un:e o6oaHa'IeHn:.H MHTerpanoB: 

IIOTOK HeiiTpOHOB tp(E,f,fJ J tCE,.fl.,~.i)dJ2 
IIJIOTHOCTh IIOTOKa JCe,~,tl - )Jf.fCt), f, -t) Jfl . 

Tor.a:a rrony'In:M 

M BBe.a:eM 

(Y.) 

~ dE
0
'('(E::,f)ofE'-?E) 

+ J .ft r:ftE,.i1,1,t)J.Il = 

'f(~,E,i-) J tr(E-?E')dE
1 + S(E,l-,t}. 

0 0 

npeo6paayeM Teneph MHTerpan B JieBoii. 'I8CTM 
1 

MCIIOJih3y.II COOTHOllieHn:e 

To rna 
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npnMeHHB aaKoH ct:>nKa Teopnu nucpct>yaui\ 1 = - V ~tf , nony'IHM nucpcpy

auoHHoe ypaBHeHue nnSI t5ecKoHe'IHOii cpenbi t5ea IICTO'IHUKOB /nonaraSI S = 0/ 
H oea 3aM9JJ.JISl9Mb!X H9HTpOHOB 1 'ITO paBHOCUJibHO 'f (CO) = CJ /eM. 8,33/ 

[ ~ ;l.- + o;,_ CE) - DiE) '<:7~ 'fCi', £,-1:) - U 'J (E, 'l;f) 

/8.1 I 

rne 

E .... 
""()~ _ ( ciE'ufE~ E) lf'(E: -:, t) 

'OE - J 
(EJ01 

'f(E},t) J 1i(E-'1E
1)dE

1 

I) 0 

B cnyqae onHoponHoi\ t5ecKoHe'IHOH cpenbi , Korna HeT nornomeHIISI 1 IIMeeM 

c n eLIY KHU e e ( yJ'.::"" eaa e Lin a a ec Ta uow a apaoro np(~:c•' 

!~ = )dE 1
0(E4EJ'f(E:&) --'('(E,t} J <r{E-1E'}dE

1
, 

0 D 

/8.2 I 

B nanbHelhueM Mo:>KeM nnSI BepxHero npenena BMecTo E....., B3SITb t5ecKoHeq-

HOCTb, nOCKOJibKY HeT 3aM9JJ.JISI9Mb!X H9HTpOHOB, 

npennoJIO:>KUM 1 'ITO 'f(£1-t} naeTcSI pacnpeneneHneM N\aKcBenna c TeMne-

paTypoi\ 1;, ( t J 
(lf.t):::: 1- TIT~~~. J 

CBSI3aHHOH c TeMnep~~ypoi\ cpenbi T 
" . 

rae BBen eHa HOBaSI BeJI!l'I IIHa (3 f.l: I 
COOTHOlll9HH9M 

• YMHO:>KUM 3aTeM 

ot5e cTopoHw ypaBHeHUSI /8,2/ Ha E u npouHTerpnpyeM no elf . 

CneBa uMeeM Torna naMeHeHHe qncna Hei\TpoHoB co BpeMeHeM, yMHO:>KeHHoe 

Ha aHeprnro Hei\TpoHOB E H npOHHTerpUpOBaHHyiO no BCeMy cneKTpy, 3TO paBHO 

H3M9H9HHIO CO BpeMeHeM cpenHefi SHeprHH H9HTpOHOB /HJIH TeMnepaTypbl Hei\Tpo

HOB, Bbipa:>KeHHofi c noMOlllbiO napaMeTpa (3 I. 

B peaynbTaTe nMeeM: 

J ( 1 . )-
el-l:- ,.f- ~(l-J ::-

2v0 Mz. {!: 
:?\In ' 

/8.3/ 

(?CC,O 

rne uirJ' } ) liCE -7 E1)(E!...Ej2 M IE) aeJ£' 
I 8.4 I {V11 

0 j) 

Vo - \[2kT . 
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.Mz. - cpe.QHIIH KBa.o:paT 8HepriUI o6MeHa Me:m:.ny HeilTpoHaMII 

l1. Cpe.nofi II xapaKTepH3yeT B3aiiMO.Qei1cTBil8 Me:tK.Qy T8ITJIOBbiMII HefiTpOHaMII II 

BTOMaMH 3aMe.QllHTeJIH, 

B cny•rae MaJibiX 3Ha"!eHHil (3 

ITonyq aetv;~, . 

I T.e. He6orrbworo OTllii"!HH Tvt oT T 

' .; 

I 

I"I-Le £f 18.5 I 

Cne.nosaTeJibHO , ITO 8KCITOH8HUH8JlbHOMy 38KOHY 

C ITOCTOHHHOH BpeMBHH , H83biB88MOH ,BpeMeHeM TepMBllHdaUHH, 3TO Bpe~ 
~; ' . 

3HB'IHTeJibHO 6orrbwe BpeMeHH 3aMe.nrreHHH, HaiTpHMep, ITpH6JJIOI<eH!ciH K paBHOBBCH!O 

an 11 T mr~ enofi BOLl bi 1/ ~ paBHO. 58 r C9K, TOI",lla. KaK Bp8MH 38M.8.QJI8HHH COCTaB.:.. 

nHeT ·Bcero 10 

EcrrH ITpe.niTollO)KIITb 'HaJIII"!}Ie ITOrrromeHHH B cpe.ne, Tor.na ITyTeM cpopManh-
->.t-

HOI'! 3aMeHbl <f(E,t) =: lfo e. ypaBHeHII8 .llHcpcpy3HII MO:tKHO CBBCTH K ypaB-

HBHH!O 18.21 LlJIH tfoCE,t) II ITOJiy"!HTb aHB!JOI"WIHo TeMITepaTypy T"' HeilTpoHoB. 

nornowemre ITo 3aKoHy 1/v He BHOCIIT HIIKBKOI"O II3MeH8HIIH B ITpOUBCC 

TepMBllii38UIIII II ITpOCTpaHCTBeHH0-8HepreTII"!8CK08 paciTpe.nerreHIIe ITOTOKa, a TOJib-

KO BeneT K 8KCITOHeHUII8JlbHOMY yMeHbW8HIIlO BO BpeMeHII ITOTOKa C ITOCTOHHHOH 

PaccMoTpHM Teiiepb 3aMe.nniiTeJib, B KoTopoM rrapH.ny c 3aMe.nrreHIIeM IIMeeT

CH .Q1Icpcpy31IH 1 TaK "'TO ITOTOK HeATpOHOB M8HHeTCH He TOJlbKO BCJie,llCTBHe CTOJIKHO-

BeHIIH, HO Ta!OK8 !13-38 .Q1Icpcpy3HII HeitTpOHOB, ECJIH B 8JI8MCHT o6'beMa H9HTpo-

Hbi ITpiiXOLlHT HJIII yXO,llHT, TO B HBM M8HH8TCH paciTp8,ll8JI8HH8 HeHTpOHOB ITO CKO-

pOCTHM, ITOTOMY "'TO ITOTOK HefiTpOHOB IIMeeT IIHOe paciTpe.nerreHH8 "'BM ITJIOTHOCTb 

HefiTpOHOB, B CJIY'Iae' :m:e .QHcpcpy3HH pOJib HrpaeT ITOTOK HeitTpOHOB, noTOK IIM88T 

Bcer.na 60JibWYlO Cp8.QH!Ol0 8H8pf'HIO, "!eM ITJIOTHOCTb HBfiTpOHOB. no8TOMy 9JI8M8HT 

0 6'beM a TepHeT 9H8pr'IIIO, 8CJIII II3 H8I"O YXO,llHT HefiTpOHbi 0 T.e. BCJIII naiTnacHaH 

HB.l'IHBTCH ITOJIO)KHTellbHbiM, H BCJie.QCTBIIe 9TOI"O · ITOHII)KaeTCH TeMITepaTypa HBHTpo-

HOB ITO cpaBHeHiif I!D C T8MITepaTypofi Cpe.Qbl, Ecnii T8IT8pb Me)J{,lly HeitTpOHHb!M 

ra30M H cpe.o:otl HMeeTCH CHllbHOe B38HMO.Q8HCTBHe, TO T8MITepaTypbl 6b!CTpO 

BbrpaBHHBaiOTcH ITyTeM o6MeHa aueprun, B ITpOTHBHOM cnyqae Tpe6yeTcH 6onee 



98 

.llllHTenhHOe BpeMH. TaKoe HBJt9HHe aHcpcpy3HOHHOI"O oxna:>KaeHIISI Ha6JIIO.llaeTCSI B He~ 

CTaUHOH8pHbiX npoueccax, K8K HanpHMep, B CJly"'ae HMllyllhCHOI"O pe)KHMa If B CJiy-

"'ae cHcTeM, anSI KOTOpbiX na:nnacHaH BZ ll0Jl,O:>KHT8Jl8H H Ollp8.ll8JlSI8TCSI !"SOMe-

TpH"'9CKHM napaMeTpOMo 

EcnH )Ke B aneMeHT o6oeMa HMeeTcH npHTOK Hei1TpoHoB, To aHeprHH Hei1Tpo

HOB llOBbiW88TCSI If TeMnepaTypa H8HTpOHOB CT8HOBHTCSI BbiW9 T8i.JnepaTypbl Cp8.llbl, 

TaKoe SIBJteHne HMeeT MecTo , KaK Mbi y:>Ke BH.ll81IH, B Clly"'ae 6ecKOH8"'HOH 

O.llHOpO.llHOH Cp8.llbl H .llllSI .llpyi"HX CHCT8M 2 KOTOpbre HM810T 118llJ18CH8H OTpHU8T8Jib

HbiH H paBHbii!: MaTepHallbHOMy napaMeTpy 1:' 2 . PaccMoTpHM 6aJiaHc 8HeprHH H 

ycnoBHSI paBHOBSCHH no MeToay DapaenH, B KoTopoM BBOLJ.HTCSI noHHTHe Tennone

peaa"'H M9:tl<.lly H8i!:TpOH8MH If 8TOM8MII 38M8.ll1IHT8JlSI, B8LlYIU8H K Bblp8BHHB8HHIO 

TeMnepaTyp. Bonee cpH3H"'eCKHi1 noaxoa HMeeTcH B y:>Ke UHTIIpoBaHHOil: pa6oTe 

AHTOHOBa H LlPo 2 I"'Ll9 BB9.ll8Hbl .llB8 l"pynnbl H8HTpOHOB l.llBYXI"pynnoBaSI T80pHHI, 

M bi paccMoTpHM noa)Ke 6onee conepweHHYIO TeopHIO, B KOTopou Y"'UTbiBaeTcH 

3aBIICHMOCTh napaMeTpoB cpe.llbi oT 9Hepi"HH, HO MeTO.ll DapaenH, aononHeHHbii1 

3aTeM BeKypTcoM 141 I SIBJtSieTcH cpu3H"'eCKH Hai"JlSI.llHbiM. 

PaccMoTpHM 6anaHc 9HeprtrH B aneMeHTe o6beMa B cpeae 6e3 nornomeHHH. 

noTepSI 9H9pi"'Iilf BCll9.llCTBH9 .llllcpcpy3UH 6yaeT Ollp8.ll8JlSITbCSI B8Jllf"'HHOH H3M8He

HHSI llllOTHOCTH Hei1TpOHOB D V 2 f lyMHOm:;HHOU Ha cpe.llHIOIO 9H9pi"HIO, Ha KOTo-

- '3 T. 
py10 noToK npeBbiwaeT 9Hepr-HIO Hei1Tpona, T,e. Eel- :zk 11 • 3Ta noTepSI 

9H9pi"'HH B paBHOB9CHH .llOll:>KHa paBHSITbCSI 9H8pi"'HH, npuo6peT9HHOH H8UTpOH8MH 

BcneacTeue Tennonepeaa"'H oT 3aMeamrTeJIH, T.e. J'· ~ k (T- T~-t) ftJ, 
rae 0 - K09cpcpHUH9HT Tennonepeaa"'H. 

YJTaK, HM99M 

N ~ f k (T- T"') p 'V z 'f' (Ed - { k T..,) . 
nona!"aSI 

DV'2 tf = -.82 D <(' = - 132 D v N , 
I 8.6 I 

nony"'aeM 3 ( -z-ko i""- T) =- .DB'l.. v(EJ - 3/'2. kT.,). 
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CpeaHroro aHeprrrro noToKa oony~rrM, opeaoonaraH pacopeaeneHrre 
DO 

) 0("') ~ v7.. 1\J(v) c\v 
0 "?, '2. _ 2 kT11 -t kT..., -· 
) ~D(v) N(v) clv 

0 

clT..., 

MaKcBenna 

18.7 I 

nonaraH aanbrue KoacpqmurreHT aacpcpy3HH D (7;.)::: D · V 
, HMBBM 

18.81 

B oepBoM opa6nHMeHHH anH KoacpcprruueHTa aa¢cpy3HH B03bMeM JJHHeii:Hyro .. ; 
3aBHCHMOCTb OT TBMDepaTypbi 

Toraa,ooacTaBJJHH H3 ypaBHBHHH 18.81 B nocneaHee ypaBHBHHe: 

18.91 

DOCTOHHHaH OX.Tia:>KABHHH. 

'1)'2 ~ 0 
YJTaK, BCJJH .D I' • TO TBMDepaTypa HBHTpOHOB MBHbillB TBMDepaTypbi 

CPBAbi r . ecmr )KB "B2 < 0 ' TO T.,., 00J1billB T . 06paTHMCH Teoepb K 5o-

nee DOJ1HOH MaTeMaTH~BCKOii: XBOpHH, KOTopaH y~HThlBaeT 3aBHCHMOCTb KoacpcpHUHBH

Ta AHcpcpy3HH H apyrHX BBJJH~HH OT 9HeprHH 1421 • npeaDOJJO:>KHM, ~TO DpOCTpaH

CTBBHHOe pacopeaeJJBHHB DOTOKa HBHTpOHOB MO:>KBT 6biTb ODHCaHO ·c DOMOll.{biO Teo

piTH aHcpcpy3HH c cooTBBTCTBYIDu.tHM naonacrraHoM 132. , xapaKTepH3YIDu.tHM 

pa3MBpbi CHCTBMbi. 

By ABM HCXOAHTb H3 ypaBHBHHH 18.1 I, DpH~BM BBBABM pa3ABJ1BHHB oepeMeH

HbiX H 7 KpOMB TOr<:>, CBBABM 3aaa~y cpOpM8J1bHO K CTaUHOHapHoii: 3aaa~e: 

( .=J J...} tO ~ ->.t Cf E,.-,·r. = T>-rE) {Cv )e . 

nonaraH 38TBM 

'\7z XJf?) + 1F tt?) - o, 
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nony'IHM ypaBH8Hll8 nnH onpeueneHHH C06CTB8HHOI"O 3H8'I8HHH napaMeTpa ~ . r~ , 
(- ~ +lfa(E) :-+ .v·~'l.J lf>.C!) :=: J <T(E~ E) 'f). (E')clE -

[ o I 
. --: 4'>- ( E} J 6"( 13 -7 r; I) cl f . 

c) 

I 8.10/ 

Dn H nonyqeHHH HH3lllero co6cTBeHHoro 3Ha'!eHHH nocToHHHO:ii ~ npHM8HHM 

BapuaunoHH!:>I:ii npnHunn PeneH-PHTUa /43/. L.fTo6bi MO:>KHO 6bmo c¢opMynnpoBaTb 

BapnaUHOHHYIO 38UB'Iy, Hy:>KHO 'IT06bi HHTerpaJibHOe ypaBH8HH8 HMeno CHMM8TpHq-

H08 HUpO. TaKoe HUpO MO:>KHO o6pa30B8Tb, HCIT0Jlb30B8B npHHUHTI ueTanbHOI"O paBHC-

B8CHH, 

BBeueM cPYHKUHIO cp).( E J == lf)o.(E J / VFirEJ , y noBneTBopHIOIIlYIO ypaBHe-

HHIO 18.10/. ecJIH HUPO o(E1:.:1; EJ. nepexouHT B. cie.n.xeTpH'Ici n H..:Iy:>: 

I((E E')- o(E'-TEJ'{Ij(E'J' 
I - M(EJ 

YMHO:>KHM Y!J3.3'·l:,.HJT3 c HOBbi:\:1 HupoM /( {£, E~ Ha cpA { E} 11 npoiiHTer':::>II-

nyo:,1 rJ.') 3Ha'1r:ci: ..._... 
• ~ • v~ ~ 

->-1 ~ cj>:CE)</b + )6afE) cp~~CEIJE :) 6"5 C£) cj>;CE)JE + 
v (7) o ~C(J •D 

+ ,:B"- ~ D(E} 4>~CE) J£ o: ~ ~ c/EJE' k(E,E'} <1>/E') c/VE) 

o ""vo 

~ } 
I 

<Y(E E 1 clE 
llpH'I8M BB8U8HO cssf£)= -7 ' 

0 

n epexouH o6paTHO K cPYHKUHH V',.. (E) I nonyqaeM 

C/0 2 
f .i lf). ( E } dE -

~) v MCE) 
r ( o;. -t <>, + D B "- ) 'fi c E_ 

1 J E 

0 (} 

v:J co 

~ )6(E'-'tE1 . 

0 v 

I 
dE dE 
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BaeneM o6oaHaqeHnH 
tO 

'J =:: 'B"'- ) D(E) 

(;0 

lffCE} dE _ ~ 'B2 (Ah(E) 

k 

I= 

i) 

co 

~~ 

MCE) :;) j 

l(>;{£) elf 
MCE) 

0 

"' .Jco I ' 

~ \ o ( E -7 E 1} lf ( E} [ lf;J E ) _ 'f>- ( E) J cl f dE . 
) ) . A MCE~ MCO 
0 \) 

B cnyqae nornorueHHH no aaKoHy 1/v 
;u HHTerpan 

a 

(~v == (V·CJ.,) ) 

(.) 

'f;reJ cl E 
MCE) 

n oncTaBJIHH, noJiyqaeM OKQHqaTBJibHOe Bbip8)!{9Hlle nnH A 
<J- I 

+ K 

I 8.12t 

/8.13/ 

DnH npnMeHeHnH aapnaunoHHoro npnHunna a KaqecTae npo6Hol ¢YHKUHH B03hMeM 

pacnpeneneHne N\aKcaenna c TeMnepaTypol HeiTpoHOB ~ 

B8pll8llHOHHhlM napaMeTpOM /aHaJIOf'HqHQ K8K -B § 3/. 
t KOTOpaH 6yneT 

€. .= E(t<T ~-..I.-i. ll napaMeTp (- - T~ • npo6-
HBH ¢YHKUHH HMeeT Torna Bnn: 

l('>-CE) = MCE) e-~E 
E - E/KT 

1'1 (E} = (kT)7.. e.. 
I 

C T8UHOH8pH09 H8HHH3ru ee 3Ha q BHH e >.. llOJiyqHMs MllHllMH3HpyH ypaBH9Hll9 
/8.13/ OTHOCHTBJihHO nap aM eTpa (3 
x, J,I 

• npe)!{ne BCBI'O HY)!{HO HaiTH llHTerpaJibi 

noncTaBJIHH npo 6Hyl0 ¢YHKUHIO, llOJiyqaeM aJIH 1( 
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K= 
("" . -2~ t: r I E - c( -1+2~} 
) ~ M (E-) ~ J E = ) v (leT) :t ~ ol f" ::: 

c) . 
0 r f - f:(-1+2/J) 

-==)-ve... clt-
- ~ €'/-z. e,_ I - .i. (-1+2A}- 1

2.. .@_ .J fd~ - r::(~+2(3) 3' 
- V21<T G\ (:- - V 0 ,- 2. 

0 

CnenoBaTenbHO HMeeM 
I 

0 

K = !ii. (1+2A)-?Jh. /8,1'1/. 
2\{, ,- . 

.Oanee nn g HHTerpana :J nony'IHM 

"' 
:1 = fB.,_ ) A,,(E} WE) e.-2.~e dE 

0 «J 

- (k T )o<'B' ( ( E.o< 
- ?, J (kT)o( 

- ~(l+ 2f.J} 
€: e.- ole: -

0 

co 
(_kT)ot.. ( o(+1 - t:(-1+2.~) -::::. -r- 112. ( ) t e.. . J f 

0 

.:• cEo< 
3necb npHHSITo, 'ITO TpaHcnopTHaSI nnHHa "· A!r (E) = · 

VJ HTerpan, KaK H p8HbW9 ]( , Bbl'IHCnSieTCSI 9neMeHT8pHO! 

:1 == ~>0(1>-z.c. [-t+2~]-pc+ 2J r(o(-+2). 
Tenepb, HCllOnb3YSI HHTerpanbHOe npencTaBneHHe ~YHKUHH r (o< + 2) HM~eM 

¢ kJ I 

~ o( j_ ( -€ 01+-1 c. { o( -€-
;(kT) C.: (o< +2) :::: :3 (kT)o<( ) e. E d t- ;::: 3 ) E € e. df ~ 

( 0 0 

= ~ ) )..,"ce} M(E}clE = ])., ~o 
0 

OnpenengeM cpenHee sHa'leHHe 
C/,) 

Do c noMOlllbiO 
«J 

Do 

T8K KaK co 

.l (}.. (E) v . .l. 
3 J h v 

0 

~,;:, -b M(E]c:l£ 

0 

M(E)clE 

i ~0 - - 1/2. .:..~ 
V!ZkT E e Je: _ 

0 
~ i- M(E)dE 

0 

t ) >-tv(~) M(E}clf 

0 

r:ir/2v,., 

vn -2-Vc 
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0KOH'IaTeJibHO rrony'IaeM .ang HHTerpana J 

18.15 I 

BenH'IHHa HHTerpana I 38BHCHT OT MexaHH3Ma o6MeHa saeprHe:il: Mem:.ay ae:il:TpoHa

MH H 3aMe[lJIHTeJieM. nocKOJibKY B 06IUeM cnyqae HH[lHKaTpHcca HaM He H3BeCTHa, 

H Mbl BhlHYlli.lleHbi OI'p8HH'IHTbC5I 
IIepBhlMH ee MOMeHT8MH, BOCIIOJib3yeMc5I pa3JIO-

m: eHHeM HHTerpana I rro cTerreHSIM (3 . qneH rrporropuHoHanbHhiH HyneBoli cTerre-

HH ~ , KaK Jiei'KO BH[leTb, paBeH Hymo • .0aJibllle 'IJieH rrepBOI'O IIOpSI[lKa OTHO-

CHTeJibHO (3 rrporropuHoHaneH HHTerpany 

fJ 6"( E -=? E I J M ( E} { E ~ E }d Ed E I I 

KOTOphi:il:, KaK MOm:ao IIOK838Tb BOCIIOJib30BaBlllHCb IIpHHUHIIOM [leTaJibHOI'O paBHOBe-

CH5I 0 paBeH Tom:e HYJIIO 

(.12. 0TJIH'IHhlM oT HYJIH 5IBJI5IeTcn 'IneH rrporropuHoHaJibHhl:il: l' 

r.ae M2 orrpe.aeneHo ypaBHeHHeM 18.41. 

H Tor.aa 

18.16 I 

no.acTaBJigg IIOJiy'IeHHbie BeJIH'IHHbi HHTerpaJIOB B ypaBHeHHe 18.131, .llHcpcpe

peHUHpyg H IIpHpaBHHBa5I K Hynro, rrony'IaeM .ang A 
A= (v.o-"') + 'Do lP· (1- C. 13 2

), 18.171 

~ 1 )2. ITi1 Do r.ae c. - o<-+-
- Z M:. Vu - IIOCT05IHH85I OXnam:.aeHHSI. 

Ilpem.ae 'IeM cpaBHHTb rrony'IeHHhre pe3yJibTaThr c 8KcrrepHMeHTaJibHhiMH .aaa

HhiMH, Hym:ao IIpOBepHTb, C K8KO:il: TO'IHOCTbiO IIOJiy'IeHbi 8TH pe3yJibT8Tbi, [lJIH 'Iei'O 

rrepe:il:.aeM K cny'IaiO T5Im:enoro ra3a. 

T5Im:enoro ra3a1 cornacao pe3YJibTaTaM § 2, HMeeM co 

~o(E-'1E'}(E 1-E} 2 dE.'_ =- _ Ltfiq; EkT. 
Tor.aa rrapaMeTp 

VI HTerpan pasea 
PO 

0 17.) 

) M(E) £ JE 
f) 

~ E MCE/d£ -

" 
2kT, 
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V!TaK, napaMeTp M2. nJHI nnKenoro ra3a paBeH Ltj 6;, == 8r6'., . PaccMaTpiiBaH 

M onenb TI'!)Kenoro f'838 C nOMOIUb!O D8HHOI'O B8p1I8UHOHH0f'O MeTODa, DJII'I IIHTe

rpana I nonyqael\lf 

T = -1 ~2(-t+z~r3 
nonCT8BIIB Tenepb B ypaBHeHIIe /8.13/, IIOJIY'!aeM DJII'I rrapaMeTpa ).. 

rne 

f.:(v.6",J-+ Do B-z.[r~-c.'B2- +2o<(o<-+ir 3 Cc'az)1.. +·. J 
I 

' c. (o<+{)z 
\f1j D.., 

M; Yo 

/8.18/ 

/8.19/ 

Tenepb Hano npiiHHTb KaKoe ··To 3Ha'!emre nn11 Co( • l.f acTo B cornacHII c aKcnepiiMeH+-
1 . 

TOM npHHHMaeTcH o(. = 0 HJIH 0( = 2: . HarrpHMep, nn11 6ep1IJIJIHH II rpac\iHTa npii-

HIIMaeTCI'I o(: 0 J DJII'I BOD hi )!{e ' o(:z: B npyrHx cny'!aHx >.-cv (E) HMeeT, soofi-

me roaop11, 6onee CJIO)KHYIO 38BIICHMOCTb OT 9Hepr1IH. OrpaHH'!IIMCH npocToii: 38BII-

CHMOCTb!Ot nonara11 o( ::: () II o(::.L 
2 

B cnyqae 

B cnyqae 

0(.. = 0 
I 

}.. :::;(V·~) + J>o~1-[-t- C.o.13 2
] 

I D., co = v( Lfl.f3 - 1 VuM1 

' o< - -- '2-

~ = (V·<1a} +.D.., 'Bt.. [i- ~/'Bz -r(c/:Bzyz.] 

' c, 
:Po z ---1 J 1-1 v., 1'12..' 

18.20 I 

/8.21/ 

n ony'!eHHbie 3Ha'!eHIII1 B CJiy'!ae TH)!{eJIOf'O ra3a BapnaUHOHHbiM MeTOD OM Hy)!{HO 

cpaBHIITb !'errepb C TO'!Hb!MII 3Ha<JeHII11MII, IIOJiy'!eHHbiMII rryTeM peli:IeHIII'I ypaBHeHHI'I 

/8.10/ DJII'I co6CTBeHHbiX 3Ha'!eHIIll }.. KOTOpOe 38IIIIWeM B BHDe 

( J)(€) 'B2. _ S)..] 4':::: . clq>-
v dE 

s~;::::. 
, rne >. - ( """' • v) . /8.22/ 
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1-05 

,Dnst TSI:>KeJIOrO ra3a Mbl lfMeJIH nnst IIJIOTHOCTH 3aMenneHHSI: 

rne "'(E} = c.ereJ 
MlE) 

Torna rrpenhinymee ypaBHeHHe 18.22/ rrpHHI:!MaeT Bl:ln: 

J>. 
]2J)(E)-- · c;( d~] 
. v '/'(E} M(£) = d£ [E kT M(E} dE 

'5 <1" 0 

CnenaB 3aMeHy rrepeMeHHoro c = E(kT lf. cPYHKUHH 

€*. +(2- e:] p(E-) + - 2(€) I 

'B2 .]) - o>./v 
rne 

18,231 

I 8.24 I 

~ccnenoBaHI:Ie 9TOro ypaBHeHI:ISI rrp01:13BeneHO B pa5oTax rypBHTUa 1:1 HeJibKlf

Ha /4'3/ • B 'IaCTHOCTH) OHH IIOJIY'IH;ITI:I perueHI:Ie MeTonoM TeOpHH B03Myll.leHHH 

nnst cny'Iast, Korna l Mano no cpaBHeHino c 1. · 

I 
Torna nnst a< = 0 1:1 o< = 2 

IIOCTOSIHHastAc TO'IHOCTb!O no :B 1.( 

.On st eX :::0 

l{').(E) rronyqaeTcst c TO'IHocTbiO no 13 2 
, a 

).. = (v. ()q) + .Du J32. [ 1- c.~ 1P] 

.D" 
18.251 

(~ - 01S'JZ.. V 1'1' 
0 z 

.Dnst o( - .L 
2 

18.261 
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Cpa:eHeHHe nony'IeHHbiX .uaHHbiX :a cnyqae O(~Y:z. , T.e. 18.211 H 18.261, noKa-

3b!BaeT 1 'ITO .lllJSI ).. ITOlly'IaeTCSI npaBHllbHblll nopSI.llOK .llllSI Bb!CWHX nonpaBOK; 

'ITO me KacaeTcSI nocTOSIHHoii oxnam.ueHHSI, TO B cnyqae :eapHaUHOHHOro MeTo.ua 

3Ha'IeHHe ee MeHbWe Ha 12% 3H8'IeHHSI' ITOllY'I.eHHOI"'O C ITOMOUlb!O TeOpHH B03My-

weHHllo B cnyqae <X= 0 pa3HIIua Mem.uy 3Ha'IeHIISIMII nocTOSIHHOii C. .uocTII

raeT yme 25%. Yfs 9TO!"'O cne.uyeT, 'ITO TeMnepaTypa HefiTpOHHO!"'O rasa He COBCeM 

TO'IHO OTpamaeT OTKlJOHeHHe ITOTOKa H9llTpOHOB OT p8BHOB9CIISI, IT0.9TOMY He COBC9M 

npaBHllbHO IT01Jb30BaTbCSI Bh!pameHH9M .llllSI 9TOll TeMnepaTypbl 1;, 1 IT01IY'I9HHb!M 

ll3 YCllOBIIH MHHHMyMa ~ • 06paTIIMCSI Tenepb K CpaBHeHHIO IT01IY'I9HHb!X .ll8HHb!X 

C 9KCnepHM9HTOM. nocKOllbKY HaC B .llaHHOM Clly'Iae HHTepecyeT BlJHSIHlle XllMH'Ie

CKOll CBSI3ll Ha ITOTOK H ITOB9.lleHH9 OOfiTpOHOB, TO BelJH'IHHOll, KOTopaSI xapaKTepH

syeT B3aHMo.ueiicTBHe HeiiTpbHoB co cpe~ou1 SIB1ISieTcSI M~ 

PaccMoTpHM noaToMy oTHoweHHe aToii :eenH'IHHhl, onpe.ueneHHoii ypaBHeHHeM 

I 8.41 .llllSI n106oii cpe.ubr., K ee 3Ha'IeHIIIO .llllSI TSimenoro raso:eoro saMe.uniiTenSI 

L{Jcr;, 

B. cnyqae 6epHnnHst H rpaqmTa saBHCHMOCTb ,\tY oT 9HeprHH nos:eonSieT 

npHHSITb _.llllSI ()(. 3Ha'I9HHe Hyne:eoe. 3TO ITO.llTBepm.ueHO Ollb!TaMH, B 'IaCTHOCTH 1 

ToncTOBb!M II COTp. 1441. noaToMy II3 Jf.'paBHeHHSI 18.25 I HMeeM .lllJSI 9TOI"'O 

OTHOWSHHSl! 

M~. Mz. -4'~11'.:» Do 
- o,-f¥3 Voc:r., :JC.. 18.27 I -M/-

YfsMepeHHSl Be1JH'IHH
1 

BXO.llSIUlHX B 9TO OTHOWeHHe , npOH3Be.ueHHb!e AHTOHOBb!M 

II coTp. 1401, BeKypcToM 141 I , .ua10T 

Hb!e 3Ha'IeHIISl! 

6epH111JHll 0,22 ±_ 0,07 

rpa¢HT 0,32,.!0,05. 

.llllSl 6epH111JIISl II rpa¢1ITa COOTBeTCTBeH-

Yf3 9TO!"'O cne.uyeT 1 'ITO ipHCTallllH'IeCKaSl CBS13b B 6epii111JIIH II rpa¢HTe yMeHb~ 

ruaeT Cp9.llHIOIO KBa.upaTH'IHYIO nepe.uaqy 9HeprHn B 3-5 pas. 

TeopeTH'IeCKOe 3Ha'IeHHe 9TO!"'O OTHOWeHHSl MO)KHO ITO.llC'IHTaTb, HCIT01Jb3YSI 

IIH.llHKaTpHCCY pacceHHIISl no MO.llelJH .Lle6a,g: 
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/8.28/ 

9Ta cpyHKUIHI fi/T /rne B - TeMITepaTypa .[le6aSI/ 6&ma pacc'IHTaHa 

c ITOMOlllhiO sl!eKTpoHHoii MawHHhi nrrSI pa3HhiX 3Ha'IeHnii 0/r . B crryqae 6epnrrrrnSI
1 

ITpHHHMaSI llllSI & 3Ha'IeHH8 930°K, 'ITO crrenyeT 113 3Ha'IeHHSI T8IT1l08MKOCTH ITpH 

T ~293°k, ITorryqaeM · nrrSI· F(ff/r) 3Ha'IeHne 0,6. 3To cooTBeTCTByeT 3Ha'IeHHIO 

2 
C =1,1 eM , ITony'IeHHOMY c ITOMOlllhiO ypaBHeHHSI /8.27 I, SKciTepnMeHTanhHOe :>Ke 

2 ' 3Ha'IeHne C = 3 ±..1 eM • CnenoBaTenhHO iirHMeeTcSI pacxo:>KneHne Me:>Kny Teopneii II 

aKciTepnMeHTOM B cnyqae 6epHnJIHSI, KOTopoe IToKa He ycTpaHeHo. HenhKHH C'IHTaeT, 

'ITO OIThiT naeT crrHWKOM 6onhwoe sHa'IeHne, 1160 B cny'Iae rp.acpnTa, KaK ceiiqac 

y6ennMcSI, HeT pacxo)KneHHSI Me:>Kny Teopneii n SKCITepHMeHTOM. OnHaKo Hano sa

MeTHTh, 'ITO COBITaneHne B CJiyqae rpacpnTa MO:>KeT Oh!Tb CJiy'IaHHhiM, ITOTOMy 'ITO, 

BO-ITepBbiXs HCITOJ1b30BaHHaSI B ypaBHeHHH /8.28/ HHllHKaTpHCCa . pacceSIHHSI CT(£-7£'} 

ITOJiy'leHa 6&ma ITpe:>Kne Bcero nnSI 5epnnnHSI, 'H nrrSI rpacpnTa ITpHMeHSieTcSI ITO Ka

qecTBeHHhiM coo6pa*eHHSIM; BO -BTOphiX CnHrBH n KoTapn /45/ ITorryqnrrn nnSI 6e-

pHJIJIHSI eme MeHbwee 3Ha'IeHne C. '!eM snecb , ITpHHHMaSI, 'ITO ~ -!r 3aBHCHT OT 

aHeprnH 6onee cno:>KHhiM o6pasoM, Tbrna KaK Mhi ITpHHSillH snecb ot= 0 , T.e. 

A.~r:: eowrl- • nocTOSIHHaSI c. O'IeHb 'IYBCTBHTe.TibHaSI K saBHCHMOCTH Ai., OT 3Hep~ 

.[lnSI rpacpHTa cornacHo Monenn EpyKca II KpyMraHcnSI, HY:>KHO ITPHHSITh, 'ITO 

KOJieOaHHSI 2 ITepiTeHnHKYllSipHbie K ITJIOCKOCTH perueTKH KpHCTanrra, HMe!OT TeMITepaTy

py .[leOaSI gz. =900°K 0 Torna KaK KOll~OaHHSIM 1 . ITapanrreJibHhiM IIJIOCKOCTH perueTKHJ 

COOTBeTCTByeT e~~ =2500°K • Torna ITO cpopMyrre /7.28/ HMeeM 

Mz. _ ~ F ( gTz) + ~ F( e;') = o,z B . 
ltja-Q .J .J 

0IThiT :>Ke naeT 0,32 ±_0,05. 

.[lrrSI BOllhl ITpHHHMaeTCSI , T.e. o<::: '/z H llJ151 

Hy:>KHO IT03TOMY B351Th 3Ha'IeHHe H3 /8.26/. nocnenHHe OITbiTHbie naHHbie naiOT 

nnSI M1 3Ha'IeHne 48-t._ 7 6apHOB Ha onnH aToM Bonopona. 
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TaK KaK caM bill HIISKHii Kone6aTeJibHbiii ypoBeHb MoneKyJibi H2 0 paBeH 0,2 a11 

TO TeiiJIOB:Jie HeiiTpOHbl He IIMeiOT llOCTaTO'-IHOll 8Hepriiii niHI BSaiiMOllellCTBIIH C KQ

ne6aTeJibHb!M llBII:>KeHIIeM II BSaHMoneiicTBYIOT TOJ1bKO c H2. 0 KaK c :>KeCTKOii cH

cTeMoli:. 009TOMY 8KC!lepHMeHTaJibHOe SHa'!eHIIe BeJIII'!IIHbl L MO:>KHO IICIIOJibSOBaTb 

llJ151 OUeHKII CTeiieHII TOpMO:>KeHIIH MOJ18KYl151pHOrO BpaiUeHH51 0 

Ecnii BpameHIIe cBo6onHoe, Torna <>:; • Lif2 MO:>KHo pacc'!IITaTb noBOJibHO 

TO'!HO C IIOMOIUb!O MeTana TeHSopa MaCCbl 2 IlOJ1araH VVJ-* :::::2,, II Cf0 = 8 0 6apH. 

3To naeT SHa'!eHIIe Mz. = 80 6apH. B cny'lae HecBo6onHbiX IIOJIHO-CTb!C Bpame-

HIIii, HO cBooonHbiX TpaHCJIHUIIii nony'!aeTcH nnH Mz. =33 5apa 3KcnepiiMeHTaJ1b • 

Hoe :>Ke sHa'!eHHe M2. =48±.7 ne:>KIIT Me:>Kny 8THMII SHa'!eHIIHMII, 3To IIOllTBep:>Kna-

eT, cnenoBaTeJibHO, npennono:>KeHHe o saTopMo:>KeHHOCTII BpameHuii. Teope-

TII'!ecKoe SHa'!eHIIe .IIOCTOHHHOll TepMaJIIISaUHII (( llJ151 BOllbl, paCCM8TpP·· 

BaeMoli: K8K OllH08TOMHblll ras C .. MaCCOll 18, paBHOe 6 jL ceK, IIOllTBep-

)KlleHO ro:>Ke 8KCIIepHMeHT8J1bHO .LJ.apneJieM 1381, 

06paTIIMC51 K BOTipocy BJIH51HH51 XHMII'!eCKOll CBHSH Ha IlOBeneHIIe HeiJ:TpOHOB 

B CJiy'!ae KpHCT8J1JIOB. K aK cnenyeT IIS paCCMO"I:peHHH B § 7 I OTHOWeHHe napa-

MeTpa M2 ., onpeneneHHoro y~aBHeHHeM 18.41 ~ nnH KpiicTanmi'!ecKoro saMennuTe-

JIH K TOM y ·)!{e nap aM eTpy M2 nnH c Bo 6onHoro TH :>Ken oro rasa, Benii'!HHa aT oro 

OTHOWeHHH YK8Sb!B88T Ha BJ1H51Hlle KpHCTaJ1[m:'!eCKOll CBHSH H8 MeXaHH3M OOMeHa 
' ; 

aHeprneii HeiiTpoHa co cpenoii, TaKoe :>Ke 3aK.TIIO'!eHne MO:>KHO cnenaTb IIS paccMoT

peHIHI MOMeHTOB HH~1.HKaTpHCCbl pacceHHHH CT(E~ E.'} , 06pasyeM MOMeHT nepBoro 

IIOPHllK8 

<'s·Ll£ 

IY-J 

J G(E-7E.'}(E'-E}cfE
1

• 

i) 

.LJ.ng CBOOOllHOrO TH)!<enoro rasa, cornaCHO pesyJibTaTaM § 2, HMeeM 

o;·LlE ~ 2rg-5 (2kT- E) :::::: 2 t'US £{2e- -:t.). 

B cny'!ae KpiicTanna Hy)!<Ho HaiiTH HHTerpan 

. ~ JE' 
'3~6!; ((~')'lz.(E 1-4-E)(E!..E)2. E.'=E 
k~e!l ) £ e. R -1 cr;.LIE 

0 

I 8.291 

I 8,30! 
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CooTBeTcTBeHHo MOMeHT BToporo nopHnKa B cnyqae CBo6onHoro ra3a paBeH: 

4fiGS E kT. 

B cnyqae :IKe KpiicTanna, IIMeeM: 

cr 4E~ s· 

co 

~ 
JE' 

(!_')I~ ( E '-t E} ( E '- E )3 --:tr=!..-:::E.--
,. f" Q_ k.T - i 

~ 

18.31 I 

18.32 I 

.[liiarpaMMll 38BIICIIMOCTII OTHOilleHHH COOTBeTCTBeHHb!X M.OMeHTOB DJIH Kp.,!!_QTaJI

na II cBo6onHoro ra3a, a IIMeHHO.OTHOilleHIIe MOMeHTOB rrepBOrO 
"-£ 

rropHnKa 2rE 
Ll£2. 

II OTHOilleHIIe MOMeHTOB BToporo I!OpHnKa 1,/f(EKr I I!piiBeneHiiaH B 063ope ny.TIH, 

H enbKIIHa II CToyHa lpnc.61, yKa3biBaeT Ha To, KaKoe cymecTBeHHoe BJIHHHHe n:Me-

eT KpHCTaJIJIHqecKaH CBH3b Ha BeJin:qHHy MOMeHTa, 

CnenCTBHeM TaKoro BJIHHHHH KpHCT8JIJIIIqecKHX 9¢¢eKTOB Ha IIHDHKaTpn:ccy pac

ceHHHH, HBJIHeTCH 6onee :IKeCTKHI CI!eKTp ~(E) B cnyqae KpHCTBJIJia ITO CpaBHeHHro 

CO CB060DHhlM raSOM, 3TOT I!pOBepeHO DJIH rpa¢n:Ta H 6epHJIJIHH 1371. 

3ToT pe3yJibTaT rrpoTn:BopeqHT paHee rronyqeHHbiM pe3yJihTaTaM Tex )!{e no 

cymecTBY aBTopoB 1141. 3To roBopn:T o Heo6xonn:MOCTH nanbHelwero TUlaTeJibHo-

ro KaK TeopeTIIqecKoro, TaK II 9KcnepiiMeHTaJihHoro n:ccnenoBaHn:H, 

Mo:IKHO npe'nrrono:IKHTh, qTo norronHHTeJibHb!e YCJIOBIIH, HanaraeMb!e Ha u(E-?E'}, 

a HMeHHO-I!pHHUHII neTaJibHOrO paBHOBeCHH ll YCJIOBHe COXpaHeHHH HeiTpOHOB 0 Hrpa-

JOT p011b B BOI!pOC8X yCTBHOBJieHIIH CI!eKTpa , II 9TY p01lh Hy)KHO BbiHCHHTb, 

BTopoe ycnoBIIe norronHHeTcH Tpe6oBaHn:eM, qTo6hi acn:MrrToTn:qecKn: nnH 

60Jibll1HX 9Heprnl IIOTOK 'f(E} CTpeMIIJICH K crreKTpy Q:>epMII C/£ , npnqeM I!OCTOHH" 

HaH C. orrpenenHeTcH cnenyiOUlHM o6pa3oM • .[lnH rrnoTHOcTn 3aMenneHn:H B cnyqae 

ra3oBoro TH)Kenoro 3aMennHTeJIH IIMeeM: 

c:y{E) = _so-o [CE-kT) f(E} +Eki ~~] . 

.[lnH E '?'7 kT I!JIOTHOCTb 3aMenneHHH 

C npyrol cTopoHhi' q orrpenenHeTcH H3 ycnoBHH coxpaHeHnH: 
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<j(co) == ~~(E}'f(E}cfE ~ 
npupaBHllBaSJ, nony"!aeM 

fY,) 

E'{'CE} = C :: 
( ~CEJ 

) 3 (}""" 
0 

lf(EJdE 
18,33 I 

B cny"!ae, KoPaa aeT llCTO"!HHKOB 6b!CTpb!X He:ll:TpOHOB, TOI'aa q(co) = 0 I 

"!To npeanonapanoch npH ancKyccnn ypaBHeHHSI 18.1 I n aanhwe 1 B aToM napappacpe. 

§ 9. 3 a K n 10 'I e H u e 

Bee pacTywaSJ aanaTepecoBaHHOCTh npoueccaMH TepManuaaunn u npHaaaane 

3Ha"!eHHSJ cneKTpa TennOBhlX He:ll:TpOHOB anSI onpeaeneHHSJ noBeaeHIISJ HOBhlX npOeKTH· 

PJ':eMbiX THnOB peaKTOpOB, CTHMynnpyiOT pa3BllTHe HOBb!X ll yny"!WeHHe cywecTByiO

WllX MaTeMaTH"!ecKnx MeToaoB 137 I. Heo6xoauMo oTMeTHTh aanhHe:ll:wee UHTeHcnB

Hoe Hcnonh30BaHne Moaenn cBo6oaHoi'o Boaopoaa, a TaK*e Moaenn TSI*enopo pa

aoBOI'O 3aMeannTenSI anSI pac"!eTOB nOTOKa He:ll:TpOHOB ll cpeaHHX no nOTOKY 3Ha"!e

Hllfi acpcpeKTHBHbiX ce"!eHnfi. 3TH pac"!eTbi. BechMa noneaHhi anSI ueneii npoeKTnpoBa-

HllSI HOBbiX peaKTOpOB, npHMeHeHHe )Ke MaTeMaTn~ecKHX MaWHH npnBeno K TOMY 1 

'ITO TaKne pac"!eTbi SIBnSIIOTCSI y *e cTaHaapTHhiMH. K opHI'Onha 146 I B EpyKXaBeHe 
~ 

paccMaTpHBan npouecc TepManuaaunn B 6ecKoHe"!HO:Il: oaHopoaHoii cpeae c TO"!KH 

apeHHSI. nony"!eHHSI M8KlaiMYMI:i llHcpOpMaUHII H3 aHanHTH"!eCKOii TpaKTOBKll ypaBHeHHSI 

BonhuMaHa; pyKoBoaSiweii MhlCnhiO SIBnSieTcSI nccneaoBaHne ypaBHeHHSI BonhUMaHa 

anSI noTOK8 HefiTpOHOB, 6e3 nprrMeHeHHSI "'HCheHHhlX MeToaOB Unll OI'paHH"!eHUSI cny-

"!aeM O"'eHh TSI)KeJlOI'O 3aMeanHTenSio' nony"!eHHbie peaynhTaTbi OTHOCSITCSI K acHMnTO' 

TH"!ecKoMy paano*eHniO noToKa HeiiTpOHOB no o6paTHhiM cTeneHSIM kT/£ • PaHee 

paapa6oTaHHbie MeToahi nna"!eKOM /351 rr BHKOM 111 I anSI -TpaKTOBKH acpcpeKTrrB

HOI'O ceqeHHSI pacceSJHHSI B aCHMnTOTU"!e~KOH o6nacTH pacwnpeHbi H npHMeHeHbi 
, ' I 

K HHTePpany coy aapeHnfi j o{E-7 E) 'f'(£? c/E • B cneuHanhHOM cny"!ae Haeano· 

HOI'O oaHOaTOMHOI'O paaa npnMeHeHne paano)KeHUSJ no CTeneHSJM OTHOWeHHSI Mace 

npnBoanT B nepBOM npn6nn*eHHH K Y*e naBecTHOMY ypaBHeHniO BnnhKllHca n aaeT 

6onee TO"!Hoe ancpcpepeHunan&Hoe ypaBHeHne, KoPaa y"!TeHhl "!neHhl c 6onee Bhlco

KHMH CTeneHSIMll 9TOI'O OTHOWeHrrSI. no cywecTBY yTO"!HSIIO'l'CSI ll aanowe pa3pa6aThi" 



111 

Ba!OTCH MeTO.llbl t KOTOpbte flOKaaamr y:>Ke CBOIO npHI"O.llHOCTb B KOHKpeTHbiX cnyqagx, 

Paapa5aTbtBaiOTCH TaK:tKe npo5ne'-1bi TepManuaauun .unH cnyqag npocTpaHcTBeHaoti 

3aBH:CH:MOCTH ITOTOKa HetiTpOHOB 1 TaK KaK 3Haqeaue 8THX BOITpOCOB BCe 5onee B03pa

CTaeT BMeCTe C pOCTOM pomr peaKTOpOB1 B KOTOpblX H:Me!OTCH 50llbll1He rpanHeHTb! 

TeMnepaTyphl. B cnyq~e MallhlX peaKTopoB npouecc TepMannaauun nponcxo.un~ rnaB

HbiM o5pa30M 1 B OTpa:tKaTelle 1 HMe!OuteM H:Hy!O TeMnepaTypy, qeM aKTH:BHaH 30H8j 

B T8KH:X YCllOBHHX ITOHBJIHeTCH .llOITOllHHTellbHaH npH:qUHa OTCTyrrJieHHH OT crreKTpa 

M aKcBenna. 

H enaBHO KoTTBHTU /47 I B Xaacpop.ue rronyqun aaanuTuqecKoe pellleHue .llllH 

c ne.u y IOuteti u.u eanuaupoBaHHOH aa.ua 'l'ii: HaiiTH aaepreTaqecKoe u npoc'I'paHcTBeHHoe 

pacnpe.ueneHue noToKa HeiiTpoaos .UJIH aenornomaiOmeii · 5ecKoaeqHoii cpe.ubi, co

CTOHuteti H3 TH:tKeJIOI"O O.llH08TOMHOI"O raaa, TeMnepaTypa KOTOpOI'O UMeeT ITOCTOHH-

aoe aaaqeaue B o.uaoM nonynpocTpaHCTBe u .upyroe nocToHaqoe aaaqeaue s .upyroM 

nonvnpocTpaHCTBe. npuMeaeaue Mo.uenn TH:r.Kenoro raaa u npu5nu:tKeauH ~ npuBo

LlHT K .llHcpcpepeHUH8llbHOMY ypaBHeHHIO B qacTHbiX rrpOH3BO.llHbiX, B KOTOpOM MO:IKHO 

paa.uenHTb nepeMeHHbie .llllH Ka:tK.uoro nonynpocTpaHCTBa. Ka:tK.uaH co5cTBeaHaH 

cpJHKUHH 9Hepruu aToro ypaBHeHHH HBJIHeTcH npouase.ueHneM pacnpe.ueneHHH MaKc

Benna H M HOroqneHOB n Hreppa rrepBOI'O rropH,llKa. K oacpcpuuueHT bi paano :IKe HUH B pH.ll 

onpe.ueJIHIOTCH H3 YCJlOBHH Henpepb!BHOCTH ITOTOKa H ITJIOTHOCTH ITOTOKa HetiTpOHOB 

Ha rpaHnue TeMnepaTypHoro cKaqKa. YiHTepecHoe o5mee aaKrriOqeHue MO:tKHO nony

qnTb, ecnu npouHTerpuposaTb .uucpcpepeHunanbHoe ypasHeHue; Tor.ua acuMnToTuqe

CKHe 3HaqeHHH noToKa1 npoHHTerpupoBaHHhle no 8Hepruu
1

o.unHaKoBhl .llllH o5oux nony

npocTpaHCTB .llllH 5oJiblllHX paCCTOHHHH OT rpaHH:Uhlo 

XoTH npo5neMa, paccMOTpeHHaH KoTTBHTUeM, HBJIHeTcH CllHlllKOM a5cTpaKTHoii, 

qTo5bi MO:»{HO pe3yllbT8Tbi ee npH:MeHHTb B TeopHH peaKTOpOB, O.llH8KO caM cpaKT 

ITOllyqeHHH 8H8JlHTHqecKOI'O pellleHHH .llllH npoCTp8HCTBeHH0-3aBtiCHMOI'O ITOTOKa HB-

llHeTCH oqeHb ITOJie3HbiM .llllH KOHTpOJIH rrpHMEiHHeM b!X qucJieHHbiX MeTO.QOB B CJiyqae 

5onee cno:tKHbiX sonpocoB. B oco5eHHOcTH noHBJIH eTcH B03Mo:tKHOCTb onpe.ueneHHH 

ToqHoCTH MHOrorpynnoBoro MeTo.uafnpuMeHHeMoro npa pacqeTax Tennosoro noToKa, 

38BHCHutero OT KOOp.llUHaT • 

.llpyroti npu5nu:tKeHHbiH MeTo.u pacqeTa cneKTpa, 3aBHCHutero OT KOOp.llHH8T, 

pa3BH'll rpHcpcpHH B noc- AllaMoce. M HororpyrrrrOBOH MeTO.ll K apncoHa /48/ npu-

MeHHeTCH .llllH pacqeTa ITOTOK8 B IIOJiy5eCKOHeqHQH cpene KaK cpyHKUHH paCCTOHHHH 
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OT rpaHH'lHOfi DOBepXHOCTHo ~CTO'lHHK- nanaiDWHX Ha rpaHH'lHYID DOB8pXHOCTb Hefi

TpOHOB MOHoxpoMaTn'!ecKne • Pacc'lHTwBaiDTCH ~Hororpynnonwe B~~eKTHBHhle ceqe

HHH KaK UJIH yCKOpHeMhlX, TaK H UJIH aaMennHeMhlX HefiTpOHOB B TeDJIOBOM HHTep

Bane. 0THOCHTen&HO aaMennnTenH nenaeTcH nna paaHhlX npennonomeHHH: 

1. 3aMennnTen& - raa MaKcBenna c Maccofi M n TeMnepaTypofi T 

2. 3aMennnTen& - KpncTann D.eoaH c Maccofi M , TeMnepaTypofi T n TeM

nepaTypofi DeoaH e 
B nepnoM cny'lae pacqeTbi nponeneHbi TO'lHO, no nTopoM cnyqae-n nepBoM 

npHOJIHrKeHHH OTHOCHT8JlbHO Wf/ftll B cny'lae HeKorepeHTHoro pacceHHHH. 

M bi yKa3aJIH Ha H8CKOrlbKO HanpaBJI8HHfi, B KOTOpblX DpOBOUHTCH HCCJI8UOBaHHH 

DO CD8KTpy HefiTpOHOBo 0HH HM8IDT U8JlbiD pa3BHTH8 M8TOUOB HCCJI8UOB8HHfi UJIH 

BODpOCOB oonee npOCTbiX, '18M B CJiy'lae peaKTOpa, HO BM8CT8 C TeM D03BOJIHIDT 

DOJIY'lHTb ~H3H'l8CK08 DOHHM8HH8 DpOHCXOUHWHX B peaKTOpe npouecCOBo 

0o03Ha'leHHH B8JIH'lHH H COOTHOlll8HHH Memny HHMH 
• . -

M acca HefiTpoHa M = 1. 

M acca Hnpa aaMennHTenH M. 

0THOlll8HHe Mace r= ~ 
M acconoe qncno aaMennHTenH A=.tl ...,- .::L ,... 
Hanoonee nepoHTHaH cKopocTb HefiTpoHa npn TepMn'lecKoM panHoBecnH c aToMaMn: 

aaMennHTenH: Vv : V2fT/w. V2i<T. 

CooTBeTcTnyrowaH BTofi 

EeapaaMepHaH nenH'lHHa 

cKopocTu BHeprHH HefiTpoHa : E 0 = ~ v Z 2. 0 

oTHOllleHHSI cKopocTefi: X :::: ~ =VEfkT 
\) 

3 c;p~eKTHBHOe ce'leHne nornoweHHH B cnyqae aaKOHa 

G,d~<.TJ ~ = 6"'o(k-nYf 
tfv 

()Dr (k7 J 

>< ~C€1= 

~(.X J.::::. 
a;· 

Q -.X 

= kT. 

' 
e. ::: x'Z = E!fa 
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napaMeTp nornoruemur B cnytrae nornoruemrsr no 3aKoHy};: 

n a paM eTp nornoruemrsr B o6rueM cnyqae mo6oro 3aKoHa nornoruemiH: 

Ll ==- L! <JQ r e 1 Yf .... 
~ G"u kT • 

CpeaHHH norapu¢MH'I8CK8H IIOTepH Sheprllll Ha OAHO CTOnKHOB8HH8 

nonepe'IHOe a¢¢eKTHBHOe CetreHHe CBH38HHOrO 8TOMa /srapo mecTKO CBH38HO C 

IIOnomeHH8M HAtrana KOOpAHHaT/: 

- AnHHa pacceHHHH, 

M aKpocKonuqecKasr BenHtrHHa nonytrHTCH yMHomeHHeM Ha N. . . 
u., ::::. 4n ~-z N. 

EcnH HApO MQ)KeT HCIIb!TbiBaTb OTAatry 1 TO a¢¢eKTHBHOe .C8'!8HHe pacceHHHH 

cBo6oaHoro aToMa MeHbwe B ( A/A+.-f)l. pa3a. PacnpeaeneHue MaKcBenna lansr 

nnoTHocTH HeiJ:TpoHoB/ Nfv}- .!:L ~ e_:-vz.lzkT 4 v2. ,., ~""lv., )Z-- rn (l.kTJ)/-z- == Vi1 v! \:,... 
PacnpeaeneHHe MaKcBenna B 3aBHCHMOCTH oT &HeprHH HefiTpoHa: 

N(EJ =: .k_ VE e_- EfkT 
Vii (I<T)JI:z.. 

noTOK HefiTpOHOB c pacnpeaeneHHeM MaKc,enna: 

l.f(V)~ -(v(vo)Z 
'f{v}- V· N(v} :::. Vff v

0 
Q... 

noTOK HeiJ:TpOHOB B 38BHCHMOCTH OT 8HeprHHi 

2.. E - E/I<T 
'f{EJ::::. v. NeE,== -rn vzkT (kTJ-z. e.. 

HnH STO )!{8 MO)KHQ nony'IHTb H3 '{'(v} 
. clv 2 E - E/k-r 

'f ( E J == tf ( v} TE ::: Vff Vik"T (lc-r I -z. Q.. . 

Te me BenHtrHHbi, Bbrpa)l{eHHbre c noMOIUbiO nepeMeH·Hofi X 

N (X" 1:::: N(v) :~ == in ~~ e.. -(vfv,,) ,_ ,.= * xz e.- x ~ 
0 -

dE 2. VE e.- E/kT 
IIJUI "''(X) - N( E} d)< 2 X kT Vii (kT)3/:z.. 

HnH Ci2 

z -x'Z. x e 
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CooTHOllleHne M e:>Kny 'fCE) n 'f( e._) nony'IHM H3: Lf' (E}cl E == tf(e}cfe_ 1 

E 'f(e} = e <f(e.} lf(e} =kT·lf(E}. 

Ecnu l(CEJ He HBJIHeTcH pacrrpe.ueneHneM M aKcse.rwa, Torna9 ssenH pacrrpe_.uene-

'f(E} HHe MaK'csenna MCE} , MOX{HO rrpencTaBHTh B sane: 'f{E}= /'1(c} 'ffEl 
' 

rne lf{E} .uaeT Mepy OTKJIOHeHHH oT crreKTpa MaKcsenna MfE} . 

lf(eJ::: kTM(EI 'f(E} · f'.1(e,J 4-(E} = N(e.J'I-(e) 1 

n6o M(e):::: kT MCE} == e. e_ -e.. == ~ e_ -E/kr 

Cn enosaTeJibHO -~ 

f(e.) = e Q.. tY(c.). 

n eTaprHH L.1 := (/a, kTf£ t 'OTCIOLl8 
- (..( 

E == kTe. · 

V:T3 ~(E1cl £ =- «f{c..l c{ Lf , rronyqaeM lf{~J = E cp(E} = e f(e). 

nnoTHOCTb HefiTpOHOB B 06IUeM CJiyqae HepaBHO·BeCHOrO pacnpen.eJieHHH: z. . 
N (X} == X z e.-X + ("} . 

~ i.( 
;[ln 51 pacapeneneHHH M aKCBeJIJia ~(>') =. WW?.J.. = vn luna MO)l{HO rrpomp-

MH'posaTb K ennHnue • T.e. C:::: :1;.' M e)l{LlY IIOTOKOM HefiTpOHOB Ha 8LlHHHUY 

aHeprHH 'f{E} H IIJIOTHOCTbiO HefiTpOHOB Ha e.[lHHHUY CKOpOCTH HMeeM COOTHOllJeHHe: 

'f(E}: .~ NCx) = v.~ NCx). 
V2f(T" o 

CrreKTp 3aMenneHHbiX HeilTpoHoB - crreKTp ct>epMH E F(E) = C rn,./7/. 

;[lJIH IIJIOTHOCTH HeHTpOHOB CIIeKTp cf>epMli 6y .[leT 'NCx) -= ~.f.. 
"2.. ti? 

nocT05IHH85l Cow,.J.. ::- ~·~ [,x'Z. N(xJ1 :=:: -~ ( N{l-/~f = ~ CJ(co} 
X7~ ) ,o 

.:> fY.I 

~(co) - FIJIOTHOCTb 38M enneHHH; q(oo} == .3~ 4 l N(l:} c<f.. 
Lf J . 

0 
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nP.l1nO/KEHI1H 

npHJIO.IKeHrre 1. nceBnonoTeHurran ¢epl'v:!II /17l!_/-

_ noKa-'KeM, 'ITO TeopHeiJ: B03MYIU9HIIH MO.IKHO llOJib30B8TbCH B CJiyqae pacceH

HHH HeifTpoHa cBooonHbiM HnpoM, ecnH onpeneneHHbiM 'o5pa30M BbropaTh noTeHuH

an B3arrMoneil:cTBHH • .DnH nprrMeHHMOCTH npHoJIH.IKeHirsi- BopHa iieo5xonHMo, 'ITOobr 

aaeprHH Heil:TpoHa obrna 5onhllle noTeHuHana B3aHMoneficTBHH MeMny !IeiJ:TpoHoM 

rr HnpoM. 3HeprrrH nanaroruero Heil:TpoHa B crrcTeMe 

'2. 
ueHTpa M:acc: -

E=~-2.,... rne 
M+IIIA 

nprrBe,QaHHaH Macca, 

H8'18JlbHblll IIMllYJib.C _HeilTpOHa. .0JIH MenneHHbiX HeifTpOHOB: ~ 

pa Mace 3Ha'IHTeJihHO, 5onbllle pannyca neil:cTBIIH HnepHbiX- crrn-. 

B ·CIICTeMe U9HT-

- -13 ro .-- 10 CM 0 

npenCTaBHM no,TeHUHaJI .B BIIne npHMOyr'OJibHOH, HM bli 8TO HBJIHeTCH .nonycTIIM biM, 

llOCKOJibKY npH ~ ~'7 r.:. pacceHHIIe H9'lyBCTBHT9JibHO K ¢opMe llOT9HUH8Jia. 

rnyoiiHa HMbi u 0 , paniiYC neiJ:cTBHH ro • EopHOBCKoe .npii5nrr.IKeHHe naeT nnH 

8MllJIIITynbi pac(eHHHH: t ~-:- { ~ ~ ~ -7 . 

~(e}=- :n )U(~Je.. 0 r 1 rne. K == k.-:J<o, 
onpeneJIHIOIUIIH OTHOCHT9JibH09 llOJIO.IK9HHe HeiJ:TpOHa II Hnpa. 

~ 
r. - panHyc BeKTop 

noncTaBIIM U (r-)= lAu 
il<f-

nonaraH f?.. <;:: -:1. 
1 xr~ << i 1 

nocKOJibKy neiJ:CTBIIT9JibHbiH noTeHuHan B3aiiMonei1cTBHH nopHnKa a· M 8B, TO H9Jib-

3H npuMeHHTh Teopuio B03MyrueaHH nnH TennoBbiX HeifTpoHoB. Mo.IKHO · BbropaTh 

nOT9HUII8JibHYIO HMY TOKHM Oopa3oM, 'ITOOhl nony'IHTb TO'IHOe 3H8'19HH9 aMnJIHTYnhl 

pacceHHIIH, KOTOpaH nnH MenneHHhlX HeiJ:TpOHOB He 38BIICHT OT yrna pacceHHIIH ~ 
noTpeoyeM, 'ITOObl HOBbiH llOT9HUHaJI ynOBJI9TBOpHJI COOTHOlU9HIIIO: 

a 

.0JIH TOI"'O, 'ITOObi 8MllJIIITyna paCC9HHIIH He 38BHCeJia OT yrna paCC9HHIIH 1 HOBbiH 

noTeHuHan To-'Ke ex << '>:. 
-10 ~ 

0Tcrona BHniiM, 'ITO ecnH · o( ~ 10 eM, oc·TaBaHch MeHbllle qeM ~ , Torna 

Vo ::: 10-8 Uo ~ 10-3 
9B, 'ITO KoHe'IHO Mano B cpaBHeHim co cpenHeil Tenno

Boif 8H9pr'H9ll H9UTpOH8 0,025 SB. npH TaKOH ¢opMe llOT9HUH8Jia MO-'KHO npiiM9HHTb 

TeOpHIO B03MYIU9HIIHo 
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- 3 ::::: Vo 
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60pHOBCKOf'O npH6JUI.IK8HHH 

<< 2~J)..'z_ I 

cne.ayeT, 'ITO Cl .( <, ~ • nocKOJibKY 
-12 

Q. ~ '10 CM, TO 9TO yCJIOBHe Bb!ITOJIHH-

8TCHo npHMeM .UJIH, ITOTeHI!IIaJia cpopMy 

V(V} =-~a.. S(rvt- R)~-r .. Ill 

r.ae ftt. H R _pa.anyc B8KTOpa H8HTpOHa H H,apa; 9TO 03fiatiaeT, 'ITO KOOp.UHHaTbl 

ITpOTOHa H Hapa .UOJI.IKHbl COBna.aaTb .UJIH TOf'O, 'IT06b! 9TH tiaCTHUbl B3aHMO.U8HCTBO

BaJIH M8.1K.Uy co6oi1; liHb!MH CJlOBaMH pa,aHyC .U8HCTBHH H,aepHb!X CUT! npHHHMa8TCH 

paBHb!M HYJIIO. 3To crrpaBe.anHBO, u6o' Mbi npHHHJIH, 'ITO ex. -J( < ~ . noJib3YHCb 

9Heprii~i1 ·B3auMo.aei1cTB_IHI B Bn.ae /1 I Mbi rronytiaeM ccj:JepiHecKI! cuMMeTpHtiHoe 

paCC8HHH8, KaK H .UOJI:l'KHO 6b!Tb B CJIY~Iae M8.UJI8HHb!X ~eHTpOHOB; .QJIH HCITOJib30Ba

HHH Tenepb hceB.QOITOT8HUHana' ¢ep~i hn~ pacciAHHH iei1ipOHOB Ha SB5!3~HHhlX H.a-

_pax, Hy>KHO npe.anOJIO.IKHTb, 'ITO pa.auyc .Q8HCTBHH o( aToro rroTeHuaana Man B cpaB-

H8Hllll C aMITJlHTY.UOH HyneBbiX KOJie6aHHH H.apa B MOJieKyne HJIH KpHCTaJIJie. Tor.aa 

BOJIHOBaH cpyHKUliH ·cHCTeM bl H8HTpoH-H.UpO Ha paCCTOHHHH 60JlbW8!'v( t{8M C.~ OT H.a

pa 3aBHCHT OT ITOT8HUHaJia B3aH_MO.U8HCTBHA tiepe3 .UJIHHy pacceHHHH. nceB.UOITOTeH

UHaJI .aaeT TaKHM o6pa30M TaKyiO 5Ke' acHMIITOTH'I8CKYIO cfJYHKUHIO pacceHHHH, a cne-
12'"' 

.UOBaTe.T"JbHO H TaKOe >Ke nonepetiHoe C8'I9H~e, KaK H HaCTOAWHH ITOT8HUHan. 

no.apo6Hy!O .UHCKyCCHIO CM. G. '3reit, Phys3ev. 71, 215 (1947). 

B.A. Lippmann and J. Schv:inger, Phys. Rev. 79, 469 (1950). 

PaccMoTpHM Tenepb rrorrepetiHoe cetieHue .anH CBH3aHHoro H.apa. Ecnu 9HeprHA 

HefiTpOHOB Mana ll H8.UOCTaTOtiHa .UnH TOI'O 'IT06b! .B036y,aHTb KOne6aHHH HnH Bpawe

HHH. Mo.T"JeKynbi, n ecmr TeMnepaTypa 3aMe.anuTenH cnnwKOM Mana, tiTo6bi Mornu 

urpaTb ponb Heyrrpyrue coy.a~beHnH BToporo·pona, rrpu KOTOphlx HeiiTpoH rrqnytiaeT 

9H9pf'HIO 3a C'I9T KOne6aTe.T1bHOT'O HnH BparuaTenbHOf'O .UBII.IK9HHA MOJI9Kynbi, TO 

MOneKyJia HCIThlThlBaeT rrpii CTO.TIKHOB9Hll~ C H8HTpOHOM OT.Qa'Iy KaK MaTepuanbHaA 

TOtiKa c Maccoi1 Mo
1 

paBHOH Macce MO.T1eKy.T1bi. Tor.aa rrpiiBe.aeHHaH Macca ciicTeMbi 

' ' . 
~eiiTpoH-MoneKyna-paBHa 

-1 
f1r. 

i.+..1.. 
1M Mu 

M u + l-'V1 

!MNu 



B cnyqae 6biCTphiX HeifTpOHOB HLlPO V 

H TOrlla DpHB81l8HH8H M8CC8 paBHa: 

..1. -
f'i-t -

.i+..i. 
1M Mv 

117 

MO~HO paCCMaTpHBaT~ KaK CB060LlHOe 

Tax xax OTBeTcTBeHHWif aa pacceHHHe nceBnonoTeHuHan B o~onx cnyqasrx OLlHHaKoB, 

TO OTHOW8HHe LlJlHHbi pacce.HHHH CBH38HHOrO Hllpa a., K LlJlHHe paCCeHHHH CB060ll• 

Horo Hllpa af paBHO 

("< ) VCv} J} r a, 1'1u /4v +HA a: ..:L - - Nv 
217 

Cl.f Mu + 11\.1 

,; 

B CJJyqae ~HLlKOCTH HJJH TB8pllOrO Tena, MO~HO C'IHT8Tb 'ITO 

T8K 'ITO 

rlle 

A+-i 
- A 

0TCI01l8 OTHOW8HHe nonepe'IHbiX C8'I8HHif : 

.[lnsr npoToHa , cBsraaHHoro, HarrpHMep, B rrapaqmHe, ()~ 

npH110~8HHe 11 

nony'IHM Bblp8)K8HHe LlJlH Cp81lH8if B8.TIH'IIIHhl LlHcpcpepeHUH8JlhHOrO .ceqeHHH 

cBo60LlHOro aTOMHoro raaa: 

< lf- I~ Hi- Q- i.H'-l- Ill' >T 

217 

e2M -..z:MkT 

\ 

Ji (2 p.K Co, e - x?.) _:p2. 

. e. 
0 
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rronHpHaH OCb BDOITb -7. -7't . . ~"-e . 
J(. I p tr- = pcK 1..-U;) 1 

211 +~ f H 
{J.n M kT).Nz J J Q'ZM 

'Z. 
(zp~-tt-~1..) _ __e.:_ 

21'11<1 . 

Q. p1 clp cl{1 =:-
+-1 IX) . • • . 

•J_ ~- ~ ~ ~+ p~ f1 t.t: 2M ' · e_ M · 

e .. 
--1 0 ~ 

- 2MkT 2 c/.p ofr_ e_ p . 2JT 

(zn NkT)~Iz 
-1 \) 

• • . J.<"Z. 

2T1 - i-1:-
:::: 2M 

(:z.n t-lf ~e.D'/z. e_ 

CCJ; 

M j 1- l- it eKe ..i: ~ f (2M e_2MI<.T 

. _i.{~p _..e.: 
M :Z.MI<T ~ 

p'l..c{p- e.. : e plc!~ 

0 

~z ~ • I .,.. r:/.J • 1 'Z. 1 • 

_ e._ -:-- Q . M 2Mkl 1"1 - 2 Mkl 2T7M _nz;; { L ~ ~ _L ) -~ _i!: · 
(?-nMICT")>ft dJ< 'o 'e pJ.p- o (!_ e.. pJ.a, 

Bo BTopoM HHTerparre cb'erraeM 3aMeHy nepeMeHHOro p -7 - p 1 dp .....:;>- dp, 

0 2 

-r/J 

~ -~ ..i: 
e_ M e_- 21'-fKT ( () pc p 

·(~ ~ --]Q.M - 2k1<T 
Q pc(p. 

To rna 
-1%1 

Co6npaH o6a HHTerparra B onrrH rr HHTerpHpyH 3aTeM ITO qacTRM rro.nyqnM 

• .I<'Z. +cP • 

_d:ZM t l t.iKp 
Q... -;---- Q M 

(2-r11''1 1<T)~Iz.. dx. 

.-e.:_ 
r"l - :z /VI I<. I l 
'<::... pep lnM 

+ 217 r-1 kT 
(2n M k.I)'J,f.z.. 

. - «J 

_ ·+xl e.. ~ iM -1 [ i.t<+<{'. -:-;- Q... M 
l.'t"J< 

('o x 
) e_ 2NICf 

-v.J 

~.f.K Q.. 
1\1 

+GO 

_e.:__ l 
e- U-t/<1 (- H kT} J 

-V.7 :-z... 
'f~ '- 2M i.t-cK.e 

e_M d.p. 

+ 

n epBblfi ITpOHHTerpHpOBBHHb!fi q.neH1 oqeBHDH01 paBeH Hymo, a DBHbWe HyX<HO B3RTb 

HHTerpa.n 
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dp = 

/nOCJI8LlHilH HHTerpaJI Ta6JIH'!Hb!H, CM. PbiiKHK CTp, 163, N!? 4/, !-1TaK
7 

OKOH'!8T8Jib-

HO 

Tor.na, ilCllOJib3YH TOT X<e HHTerpan, HMeeM 

+IP' '2.. 
Cl'2- ~ ( Q_-ii-(E-:::, ) -

2T1 l<o J 
M ( x2 ) 2. 

a'Z.. ( -;;, M )1/z. ~ e_- 2k.T;c,'2.. f -t- 2M 

d<'Z k,- kl) 
2Tl 

nprrJIO)f{8H!1e Ill 

1. noKaMeM, '!TO TO'!HOe peweHHe 11HT8T"p8JibHOT"O ypaBH8HHH MHHI1MH3HpyeT 

i:JyHKUHOHan 1 /ct> I. c;.o 

T(<f>) = r</>(E)dE~Ce').<j>Cel -' ~ k(F,E'}cf>Ce'JdEJ 

o D 

cr(eJ= 6a(E/ + o;rcJ. 

"" (lO 

err ( q,) ) cfcj>. dE [ O(E)· fCE) - ~ kCE, E '} c/>fe!'/Jt=J + 
i) c) 

co P:l 

-t- 1 q, dE[ o-re]. s<j>re) )k(E, E') cfc/>(E'}dE]. 

., 0 
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Enai'O,llaps:I TOMy, 'ITO s:!.llpO HHT9I'p81IbHOI'O ypaBH9HHS'I CHMM9Tpli'IHO, MO:>KeM c.nenaTb 

nepecTaHoBKY nepeMeHHbiX HHTerpupoBaHHH BO BTopoM HHTerparre, a uMeHHO E:;;;:. E' ' 
TOI'.ll8 HMeeM: 

~ 0 

.~ 4-tE'I ciE') k!E,E'J Scj>!E)dE -

C/0 co J l)cf>.d£ ~ k(E,E 1
} cj>CE')c/E

1 

"' 0 
0 0 

no.ncTaB1ls:Is:I lf rpynnupys:I 'l119Hbl, l1011Y'l89M: f:P 

0I ( <j>) , 2 p-cj>. <IE [o(E) cj>(E} - ~ I<(E,E ') cj>CE') dE 1 
0 0 

o· 
' 

0 TCIO.ll8 BC119.llCTBH9 npOH3B01IbHOCTH b cP II01IY'llfM HCKOMOe HHT9I'p81IbH09 ypaB-

H9Hlf9 ~ 

~(f) cj>(E) :: ) I< {E, E ') cj>(E') JE '. 

0 

E cnu paa.n enuM HHTepBan 9H epruu Ha .aBe '!acTu, a HM eHHO oT 0 .no £.t1-1- B KoTo-

poii. Hlll9M Cl19KTp T9II110BblX H9HTpOHOB, lf oiJnaCTb Et\1- ao - r.ne crreKTp aa-

M9,ll1l9HHS'I cPepMH, TOI'.ll8 cPYHKUHOH81l 6y.neT HM9Tb cne.nyiOUllffi BH.ll: 

I ( "') ~ ~E;JE l<i(E) <j>CE) ~ )E;('E, E') oj>(E ') JE
1

- 21 i((E,E') <j>*(£')"~ 
0 0 £1M 

r.ne 
q/ cneKTp ct:>epMu. 

il eii.CTBHT91lbHO, BapbHpys:I, II01IY'l89M: 

Ervt "' 
riE) cj>(E) -=- \ k(E, E') oj>(E'}JE 

1 
+ J k IE, E ') <f" (E') JE '. 

o E-

2. npe.ncTaBneHH9 HHTerpana '1 (4) B BU,ll9 ps:~na. CnenaB II O.llCT8HOBKY 

(t<7 4 I 

<r; c e ) = ) (}( e -7 E 'J c1 E 

rrony'laeM .nns:I J (A) Bbrpa!eHue: 

A·E ( Ll·E' Ll·E') 
J(A) == f~dfJE 1 Mft:}u(r-?E 1 )e e_ -e. 
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Paanarast riO.lll:!HTerpanbHoe BbipameHHe B pst.n: rro cTerreHSIM L\ H .rpyrrrrHpyg 

Ll·E 
.e (t·fi _:·E') =- [.a(E 1-E}_+fLl-z.t(E~E) 2 +4£(E~E)J + 

+ {f. £3 f (E'z- E-z) + E'3- E)J + ... ·l . . 
npl:! IIO,llCTaHOBKe B l:!HTerpan IIOJiyql:!M CJie,lly!Oll!l:!H peayJihTaT. nepBbiH qneH 

C.Z!_c' o 5pamaeT HHTerpan B Hynh • .UeiicTBHTenhHo, c.n:enaB _ aaM eHy · rrepeMeHHbiX '- .......- ._ 

I:! BOCIIOJ1h30B8Bllll:!Ch YCJIOBl:!eM ,lleTaJibHOrO paBHOBeCl:!SI 

M c E J u( e -'1 E ') -. M ( E 'J tr( E '-=r E) .,, 
H TeM ycnoBHeM, qTo rrpl:! aaMeHe· E~.E' BbrpameHHe MtE) <J(E-7 E'} He MeHSieTcH,. 

"fj::JE' M(EJ rr(E-'IE'} (EC.E) = -// JE.tE' H(eJ !T{E-TE'}{E(...E) ' 

OTKy.n:a CJie.n:yeT paBeHCTBO'HYJI!O aToro l:!HTerpana. BTopoA qneH COCTOHT l:!3 .llByX 

qacTeii, a HMeHHo 

H JEJE
1
MIE) .-(E-TE')(EC. E)' .... 4 if JEJ£

1£ M(E}<I""(E--'1 E')(E!..E]. 

BTopoii l:!HTerpan M02KHo rrpeo5paaoBaTh cne.n:yromHM o5paaoM: 

~~dEdE' MCE) a-(E; E '} E (E'- £) := ~ JJ dEclE' N(E)o(E-7£ 1) E(E!....E) -t 

+ t fJ dEJE' MIEJ "~'"~ E'/ (E-E'} e' = - Jf dEdE'Mre; aiE-"E 'J{E !..£ ;z.. 

Cne.n:oBaTeJihHO .n:nsr BToporo qneHa rronyqaeM BbipameHHe: 

_ )fdEJE 1 MCE}o-(E~E'}(E~E)z =. 2 jj dEciE 1 EMfEJcr(E~E'}~ELe). 

TpeTrrii qneH paccMaTpl:!BaeM aHanorHqHhlM o5paaoM: rrepBaSI qacTh rrpnBo.n:nT K He-

qeaHoBeHHIO HHTerpana, BTopoii me qneH .n:aeT: 

3 JJ dE dE 
1 M(E} cr(E -=u='J E(E'-t c) (E '-E) 

i ~~ctEdE 1 1'1CE}cr(E~E 1}E 1(E 1+E}CELE) = 
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= - ~ J) dcJE' MfE} ufE-7E '){E 1-+E)(E{..E) 2 =- 3 1Jdt:JE1E M(E} c·"(E-7 E'} { eLE )~ 

0 K OH'Ia T9JibHO HMeeM JlJIH r;JC A) 
co 

Ll.rt. J( A)= f M~, - -n! 
~='Z 

r11~ M1 ::: t? 1 M,_ :=. 2 J~dFJ£~E'MtE)cr(E-~E 1){E~E) 

M3 = - 3 JJ de: dE' E MiE) U(E"-T E"'}(E'- E JZ 

MOM9HTbi HHJlHKaTpHCCbi pacceHHHH
0 

3. Orrpe.lleneHue HHTerpanos. 

(~ -( P'-2 A) E 
) o&JI (EJ E Q.. dE -

0 

co -N-22-J~E t' fi7 
f' JUE e . dE = :Z(~-:z,.fl£~•1• 

v 

rronaraH <5;CE)= ;t/trE, £J'\1-7ca. fill 

PaccMoTpHM HHTerpan 
E~ ~ I 

~ e. LH Jf ~ <T(Ef_;, E) 'f"(E'}ciE . 

0 f~ 

Ecnu Eh1 .llOCTaTO'IHO BenuKo, To HH.llHKaTpucca pacceHHHH paBHa: 

~ I I I E 
crt E '-7 E J = CF_s {£ 1

} Ei j _ r E <: E < £ , £ "7 ,., , 

I'Jl9 
(M-r1f _ (·M-1 )2 

o(- r- ...., ..... 1 . - -4 J1 l .... ... 

Tor.ua HHTerpan rrpHHHMaeT BH.ll: v.J 

(Eh1 .1·E · l ~ 2.£ = .::::. { ~~ 
) e J f ) f E!2- 1 ) E' f 
o E~ E~ 

E.., 

~ ~.<H JE" 

0 
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YcTaHOBH:M 6onee TOqHo rrp e.o en bi H:HTerpnpoBaHnH. M hi nM ~eM cne.oyiOmne HepaseH-
CTBa: 

0~ E <. E~ I 
rE ~ E ~ El'\.1 

rE'< E < E , OTC IO)la 
EW\ .$ E'~ EK1/.,... 

VI TaK rrpe.oenbi ITHTerpnposaHnH paBHbi: 

( 

rE ~ E ~ 

E~ ~ E
1 ~ 

Tor.oa ITHTerpan paseH: 

~/r f 
c~.. { cJE' ( ""1 Ll·E .. 

T ) E'2. J e.. dE 
E""' rE' 

-1 

o( ( X~ ( r ) 1 

= y t 1- -1:- .~.' 
r 

X= 4· E""". 

npnnom:eHTie lY 

YiHTerpan B 3HaMeHaTene paseH: 

- 4Jl e. . .e-z J f. J
~ -eYzkT 

v 
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4n cnitTenb npencTaBitM · B cneny10weM B It·ne: 

( _ fz.h~<r U:.K :!3.,. 'J t. e. '2. 
5 

cJ.LD i-t~ef1 ~" 'J · z.- :Z1cr . .., + -1/. 7 I-+~1 + -1/., .eZ/ 

) e. e.. ;_ ae. .·"'~ J.D 1 = 211 e. e. e?.J.fdr-

• c) --i 

t 
vo ·L "'D.+ "-1/z. e.Y, } ., e11 +1-1'4 (.'Z/ 7 

_ 2 n ( Q.L•Kt.u., J Q..- tk.T fcle _ ;:'l:.X o 11 e.- /2.k.T -R.cUJl 
- i.l-x.:B:·r"t. ) · · 

I) c) 

.r:ianbwe npouenypa Ta me, 'ITO nnH nonytieHHH HHTerpana B npHnomeHiur 11. 

CnenaB saMeHy nepeMeHHoro BO BTopoM HHTerpane 11 co6paB o6a Bbipa:>KeHHH B 

CK06KaX B OLlllH HHTerpan, ITOJly'IHM 

"'jt.O _e.%kT iixe-a::r1'tz. 2 ~ _e"i(kT idei:R.£t-'1:..11z.J+OP 
2T1 Q e· f.Jn ,., F/ ) .., + 
--_,1 ~ = ,1 .,+1_;1~ ,I(T e. e. 

t+x. ]T J Z LT:X Dv 
~ . -~ 

-c-o 

.r~<? ~~ - ·J e + --tf.. +-¢ t; + -'!: 
( -C.IZkT t.tK j" 'J z. • + -1/.z) ( -e/ZkT itKeJJ.., J -z. 

+Ck'TJ J e. e.. Je . ,f.._»- a J = 2 11kr J e e . Je = 

-&/1 -":) 

t2 ~ ]+ 'J-1/, . 

- ~1/kT l'"- e_- - 2. '13• f< kT 
7 <'1/ ~ 

f" ·/}kT ~ ""-vv k 
. ~~- - 2. 

(2T1kT) z e 

nonCT8BHB, ITOJly'IaeM 

(>(:"' )T 

HCKOMYIO ~yHK~I110 

'~(ev-e",) 
- e. 

--f ~ '1<vv ~ (t't -t ·(Z.. k.T) 
e.. 

n p HJl. 0 :>K e H H e Y • 

TeopeMa Enoxa: ( 
l)t ~ j (G?z.>T 

e -e. T- rne ~ - J11068H cpyHKUHH 

Ci2 = ~ ~ + 'A"* Cl T I KOOpLlHH8T OCUI1JlJ1HTOpa. npenCT8BHM ~ B Bnne: 

llpHtieM )\; ).. ~ MOryT 38BHCeTb OT BpeMeHH KOJle6aHHH, 4T06hl H8ATH M8Tpi1ti-

H biA ::meMeHT cfJYHKUHH (X nano pacrrono:>KHTb B orrpenenennoM nopHnKe 



OITepaTOpbi C( ll Q"'f" • YfMeeM cne.nyiOwee COOTHOW9HH9 ,ll.THI H9KOMMyTHpyiOUlliX 

OTKy.na 

* +' ' >-. o ~·>-a 
Q.. . :::e.,; 

>."to-t ). et e.. , e 
;t 

..... 

,, ~ [,~ 12. 
e~ 
t:-. i-J ori 

Cne.noBaTenbno, ITPH TaKOM pacnono)KeHHH CiiTepaTop ITo:rnomennH a. CTOHT Bne-

pe.nH oiTepaTopa irciTycKaHHH':a,t\ .(M aTp~'IHbifi aneMenT B 1 n. Bo36y)Kneni:IoM co-

CTOHHHH Hafi.n~r-d:rr~Te.M ··ba3n~)K~~:51 ~o-f·, H 'd'CI. B p51,ll', o6opBaB HX Ha Vl.. 

'Inene: 

< t 6l >Ill 

To :rna 

Q 

11),12.. e. :z, • 

.... 
~:.\0,. Ha B9KTOp COCT051HH51 

\ j\ 

Vi1\" ~"'- -1 

I 
~. 

(!1-p)! ':r',. 
J'\ I 

£'~"(p!~7.·(,-p)! 
ll).\ 2 

I>-1 2
P e2

. · 

<)1, 

Ycpe.nnHH oiTepaTop e. ITO TeiTnoBoMy paciTpe.nenenHIO, ITony'IHM: 

H:6o 

nonO)KHM 

5 
- Ht cQ 

pe.... e.. 
Sp e..- R"f 

J. 

CyMMa _ITO 11. HBn51eTc51 :reoMeTpnqecKnM pHnoM, cne.noBaTenbno: 
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c ..f- '2..; f. t>-12p :z r d p ( 1 ) r '>-12-
r=o (r~ )2 dZP T:Z e. 

f"(p~)-1l.XI2.f' :zP {l>.l'l [f+~]l.>.lz 
I' . (-;----- e.. = e.. 1-z. 

d-z)P . 

< 6{2 >T ::: l ,>. \1. < 2 VI +"(IT 12. (i + z J 2 ( )\ ~ :;-:-z I 

CJ19!lOB8TeJibHO 

&) -(e. -
4 <~2.' e. . ,.. 

. T • 

B HaiUeM cnyqae HMeeM: 
e. a 'f(il ee 'f(oJ = e.aq{~J-re'lrol + 10 e [CJfl-J, Cf (o!] 

aq(t-1+6q(o) .i Cfg[afi-J, a(uj] 

rlle o6oaHa'leHo: 

=-e.. . e' , ( ' 

• -7 ~") 
a = "x. c.V' v 
, ,-i'..,O.] 
'U =-'~C. I v ·~~'~' 

no TeopeMe Enoxa nonyqaeM ll.llfl nepsoro MHOX<HT9JIS1: 

ctqfCJ +8q(o} . f < [ aqft-) +6q(oJ]'Z.~ <e ~ = e. T T 

a'f(i-1 6erfv)) ( a'ffH + 8q(o) \. fae ['lt~J,'f tofl 
Tor!la <e. e. =::. e. /., £. T T 

1- ([ aq(f}+ eq(o~r·>T + ;e ( ( '}(~}1 q(oj] ~ 
~e T, 

T8K K8Kt llOCKOJibKY KOMMyTaTop He ycpellHfleTCH, TO MOX<HO cpopM8JibHO T8KHM 

o6paaoM npellcTaBHTh peaynhTaT ycpe!lHeHHH. Tenepb oKOH"'aTeJibHO y'IHThlBaH, 

'ITO <ql(fJ)T::.<qZ(o)>T I 

< o.qUI Bq(uJ), i <o.zt:t?.f.I:J + ~z.'fz(oJ)T + (o.eqrtJ?(uJ/.r 
HMeeM: e. Q.. = e. 

T -i[(~ "l.~'Jl-t (ic1..~1 )z]<qVul>,- +C~t!:'J(JJ;~j(.q/H'ffolJT 
e . . 
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n p 11 li 0 )K e H lie Yl. K one6aHHSI KpliCTanna 

cPyHKUliSI KOJie6aTeJibHOr'O llBH)KeHHSI: 

.~ -"1 
( v ). . ( tL: I Q..l.~ r.,{i: J 
X""' T 1 .. 

-co 

,PaCCMOTpliM CYMMy 

nonarag 

7 
rue rv onpeuengeT nono)KeHHe paBHoBecHSI aToMoB B KpHcTanne, U.,ff-} 

A"-

Ill 

/2/ 

-cMe-

/3/ 

BocnOJih3yeMcSI TeopHe.H Enoxa llliSI HaXO)Kll8HHSI cpeaHHx BeJIH'HlH , 3aBUCSIIUHX oT 

KOOpllliH8T r'8pMOHHqecKOf'O OCUHJIJISITOP.a: ,.:;. (_., ~ J 7 M 

< I.K lA.,-u.,• \. \. vv' 
e .~.: = e. 

T 

noaCT8BJISISI STO B ypaBHeHHe /3/, IIOJiyqaeM 

-A A~ M,~,.t -Mv - M,.' 2 .... v
1 e.. e Q. 

YV''. 

Mvv 1 

/3aMeHHB e 

/4/ 

M.,.,, 
qepe3 i + [e - i] , 
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' A A~ -M ... _M.,' 
==L ~ "''Q. e. + 

Vll 1 

\ A A* - Mv - f.if,,' ( Mvv I ) 
L II v 1 e. e e - i. 
vv' · 

3aMeHIIM Av Ha aMIT.llliTY JJ.Y 
~ 

pacceHHIHI CIV 
.!'/~ 

-M, _,)(.e.,, . "'} -e e. t,.C. v r: a.,, e. " e.. La -Mv 
. v e. + 

yl ., 

+ l Ov e-Mv 
-Mv' 

a.,• e. 
~ 7 I 

~ i:C ce~- e.,, J (eM"·" -1) 
""' 

BaeneM T.H. aToMHbiii ¢aKTOp 
T 

ct"' 

- Mv 
ave... , TOrJJ.a IIOJiy"laeM OKOH"la-

TeJibHOe Bbipa:IKeHIIe: 
~ ~ .~e ' ~X ( e"'- 'I ( Mvv ( 

e. e. /5/ 
,-j i .... -

I 
' T ~ J.< t" I.. \- . T T L Ov Q + L CLv a"', i) 
v vv' 

nepBblH "!.lleH 9TO KOrepeHTHoe, ynpyroe pacceHHIIe, y JJ.OBJieTBOpHIOWee YCliOBIIIO . -Mv 
Epsrra; 38BIICIIMOCTb OT Te:MrrepaTypbl naeTCH ¢aKTOpOM ..QeoaH-Yo.nnepa e , . 

KOTOpbiii n.nH :IKeCTKoii peweTKil paaeH I. BToftoii "!JieH - aTo TeMrrepaTypHoe nn¢

¢ysHoe pacceHHIIe. Ecnn rrpe.o,rrono:IKIIM, "'TO Me:IKJJ.Y Ko.neoaHIIHMII aToMOB HeT Kop

pe.nsmnn, Torna cpenHee OT npon'saeneHIIH paBHO rrponsBeneHHIO cpeJJ.HIIX, T,e. Mvv' 

Torna paBHo: 7 ~ 7 ~ 
( .K U.,)T (J<. Uv•)T Mv .. ' :::: 

Ho cpenHee oT 
.!'!· 
Uv Hc"!esaeT. B caMoM nene, cpenHee 

. . «...- Ei.(kT 
paBHO: 

2. <:~~I u., I 'f .. > _ e: .11 , 
i. ~e... Jt<f 

J 

< Uv )'T .::: 

OJJ.H8KO <~.:I u., I ~h) = o t_ btv )T =- 0 , II09TOMY 

C.nenoaaTe.nbHO n.n51 V =f:. v 1 
, Mvvi == 0 , II Torna "!.neH B cKooKax B ypanHe-

1 I 
HHII /5/ paaeH Hy.nro u.n51 v-:f;.v • OcTaiOTcH To.nbKO "l.neHbi c v=v: 

Mvv ~. ( {~ t,.v )'2-)T ..=:: 2 Mv .. 

TeMnepaTypHoe pacce51HIIe orrpenen51eTcH Torna ¢op~y.noii 

f. 0~ (1 - e..- 2 H.., ) 
v ' 

/6 I 
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.QHcPcPY3HOe paccesiHHe 6onee ClfJibHO B TeX HanpaBJieHHSJX 2 B KOTOpbiX pacceSJHife 

Bparra ocna6neHo. O.n.HaKo .n.eiicTBHT.eJibHOCTH 6onee oTaeqaeT npe.n.noJio)KeHHe o Tc 

·'ITO 2 B006ll{e I'OBOpSI1 Me>K.n.y KOJie~aHHSJMif pa3Hb!X aTOMOB HMeeTCSJ KOppeJISJUHSJ 2 . . 

K~TopaSI o'nHCbiBaeTCSJ nnaBHO' y6biB8Ioll{eH cPYHKUHeH paccTOSJHHSJ Me)K.n.y aToMaMR 

v'-v . Tor.n.a cyMMa no' 8TOM8M pelUeTKif .lJ.JISJ TeMrrepaTypHOI'O .lllfcPcPY3HOI'O pac

ceSJHifSJ ~y.n.eT bo.n.ep)Ka~l HIITep¢epeHuHo.HHhi~. ~neHbi, no.n.o6H~I~ tJ:neHaM KorepeHT-
, / ' ~ l ;' • " . : . ' / • 

Hor'o pacceSJHifSJ B HanpaarieHHSJX Bparra, HO TOJibKO anSI TaKwo KpHcTa~m'a,' scp¢eK-

TlfBHhle.paaMephl KOTOporo onpe.n.eJISJIDTCSJ TeM, KaK 6hlcTpO cPiHKUHSJ KOppeJISJUiflf 

y6biB8eT C paCCTOSJHHeM. 

noaTOMy MO)KHO O){(H.lJ.8Tb illHpOKHX HHTepcfJepeHUifOHHbiX MaKCHMyMOB .lll~cPcPY3" 

Horo pacceSJHHSJ B HarrpaaneHHSJX Bparra. 

Onpe.n.eJIHM cefi'IaC BeJIH'IHHY Mvv~ c 8TO!f uenbiD pa3JIO)KlfM Kone6aHHSJ aTo-

MOB ITO HOpM8JibH b!M KOJie6aHHSJM pelUeTKH. 

. "" ' .¥e 
+ t' £.)' -i-) ~ 1 2:.:, L~ v _1_ c· -~c..;)i-

UvC-t) ==- <2 e. oe.. ·· "'· 
'{TiM ~ 'f. V2w, .-t- a Q 

""'~ 171 
1, I _:;7 iq e .... 

.::: V"NM e, J'l e ' 
~ 

_:;7 7 
r.n.e ~~ aMnJIHTy .n.a, e.'l - ~.llHHH'IHhlH BeKTop ITOJISlpH38UlfH, q - BeKTOp 

EcnH npeHe6pe'Ib ITOJISipH38UHeft BOJIH, TO HMeeM: 

. . = x' 'e'~ct.,- t.,,J <It iz' 
Mvv 1 HM L_ .Set 4-

'f 
18/ 

nepeii.n.eM K Herrpepb!BHOMY cneKTpy, 3aMeHSJSJ cyMMy· no q IfHTerpaJIOM If yM HO-
3 

)Kag Ha N l(na?J 1 ,.., , r.n.e q!Nt - MaKCHM8JibHOe 3Ha'IeHHe BeKTopa q , a 

'1J- 'ltw o 6oeM 

HHSJ ( 1tf' 
ccfJephl B npocTpaHCTBe ~ , 9KBHB8JieHTUhlH 06'beMy HHTerpHpOBa-

no Ky6H'!eCKOH pelUeTKe C nocTOSJHHOll (;\... Ia npocTefiilleM cnyqae 

K y 6H'I ecKoil peill eTKH I 
3 

N l(nqj!. 
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CneuoaaTenbHO · nMeeM: q...,. 

t{,~, ::; ~ 4:rl ~ < n., ~~ >T 

-'1' 
."'1 -1 /) ) 
~..'fcev-"&v' J~· 

e.. 1 
· ll Mvv 1 

3aMeHHM npH611H:lK9HHO €. Ha :J..-r M.,u 1 H noucTaBHM ·B cpopMyny 

unsi TeMnepaTypHoro paccesmnst: 

q...,. -1 ~) (i i ) 
-r J(.'Z. 3 ) ~;(~+1 <lv-L.vr ..!) 

2 a11T a", f.1 7;;iii3 e <..l}'f {~ 1 ol 'f 
vv' ... 1t<A -? T 

)

q..,. 0 .:c.>t..-iJgv 
)(_2 -; 

==M itnql 12 a: Q r· (13" 12
),. J1 

., v 

/9/ 

3Ta cpopMyrra cooTBeTcTByeT nornomeHHIO nnn H3nyqemPo ouHoro ¢oHoHa. Dnst 

MHOI"OcpOHOHHbiX npoueccoB HY:lKHO B3SITb ( Mvv' rt. . Vl3 cpopMynbi /9/ cneuyeT, 

'ITO B HanpaB119HHSIX 1 OT11H'I8IOlUMXCH OT HanpaBJ19HHii Eparra H8 B9JlM'IHHY HMnynbCa 

cpOHOH8 q , HM99M UHcpcppaKUHOHHbie' MaKCHMYMbi. 3cpcpeKTHBHOCTb 8THX cpOHOHOB 

< n .. 12>T onpeuenHeTcst cpeuHHM KBaupaToM aMnnnTyUbi , a MMeHHO 

' 
( \'f.,CfJ f"f(uJI/T = 2~ [ o e.- iw&ft- + c<-f- Q..,·~,,.t-] (a+ a+) -., 

-f [ -Lt.)"' -b 
.::: 2t.6) (z--t) 2 .e.. 

" 
-t e...: (.,)'f -i: ] 

~ 
oT6pachlBast MHorocpoHoHHhle npouecchl n nonaraH 4!:: 

wfi<.T 
e. 

Han6onee 8cpcpeKTHBHhl~H HB11HIOTCH cpOHOHhl HM3KOii 8HeprHH 0 

CneuoBaTenbHO, 

H ~ 

DnH onpeueneHHH MHTerpana /9/ Heo6xounMo ycTaHOBMTb CBH3h Me:lKuy l.Vq 

, 3TO UOB01lbHO TpyUHO llOTOMy, 'ITO 8Ta CBH3b 3aBHCHT OT Me:lKuyaTOMHbiX 

CI!n a KpncTanne, a cneuoaaTenbHO oT pbua KpncTanna. OuHaKo unst unnHHOBOnHo

aoro Cll9KTpa, KOne6aHHSI KpHCT811118 MO:lKHO paCCMaTpMBaTb C TO'IKH 3p9HMH Henpe

pbiBHOH cpeUbi, H Torua MO:>KHO npHHHTb, 'ITO w, ;::: cc=, 

rue C. - CKOpOCTb 3BYK8 · B KpHCTanne, KOTOpaH MO:lKeT 38BHC9Tb OT HanpaBJ19HHH 

pacnpOCTpaHeHMH H ll011SipH38UHH ynpyrMX B011H, HO npH611H3HT91lbHO He 38BHCHT 

oT qacTOTbi. Baoust TeMnepaTypy De6aSI unH KpHcTanna: kB = '-">..., <:::: c.qH-1 1 

ll011Y'IHM BM9CTO /9/ 

~
ker. _ ,:t.)-1: ~t..) .£) ·c ~ -=~ ~ !S:l \..z.e... ' +e ·; \" T "x+'f)t:.v ('Z. 1 J 

2M k')8~ ~ c 
1 

~a"~ w. Col. 
c:r 2-1 v . 

/10/. 

0 

.. 

' " 
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• 
no.acTaBmHI 9TO B cpOpMyny /2 I' rronyqn:M .an:cpcpepeHun:anbHOe ceqeHn:e pacceSIHIISI 

.anSI Heyrrpyroro o.aHocpOHOHHoro rrpouecca. Ecnn: B03bMeM rrpocTefiwn:il: cnyqafi HeKo-

l."'epeHTHOI."'O rrpn:5nJIJKeHIISI, TOI."',lla 
. . ~ ~ 

I~ a: Q..i. ctt+ crJe" 1'2. 
v 

- 2 - Mvv 2: a" e.. 
v ' 

1."' .a e JIM eeM 

-Mvv 
Ecnn: saMeHHM Q... e.anHn:ueil:, To TeM caMbiM rronyqHM .ancpcpepeHuHanbHOe ceqe-

~ HHe pacceSIHIISI B · rrpn5nnJKeHHII f'l = M 

Cne.aoBaTenbHO IIMeeM: 

/(fJ 

( w'S(f:-~Jd'-0 ~ 
J (e_"'fkT - i) ) 

HHTerpnpySI no yrnaM , rronyqHM IIHAIIKaTpHccy pacceSIHHSI: 

0 
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3HePrLL~ noiJRHJU{-Ero HEHTpOHa. 

-

5,5 

E 
7iV 

Pnc. I. TeopeTnqecKaH KpHBaH saBHCHMOCTH a~~eKTHBHoro ceqeHHH 
CBH3aHHoro npoToHa oT ::meprnn nan a IO!l.lHX Heii:TpOHOB. 

..--} ~· . 

- rnwenbti4 lr'pLJc-ronn 

---- TPH(enbtH ra.4o66/£i. aoMednu.f77en6 

~ ~ 
'a 
4s 

/00 

/0 

I 

O·t 

0·01 
0 

- IJ"'IOOO'H 
T:. ~9Jt 'J.t 
4~~~ai0-J 
~--

_.,_ 
.9 

/1 

11'7 
~ 

" \ 
'"'I 

f 2 3 

E;{(B 

.. 
--

4:5 
• 

.A•J 

-
.t~o.t -

~ 5 

0:l 
1\:) 

Pnc.2. BnHHHHe nornomeHHH Ha cneKTp Heii:TpoHoB B cnyqae 
TH)Kenoro saMennnTenH. 
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flllHUR - ·rneopenu.tl.lecHa.!l. 
Tbi.!NU.- ~ll't:n•pPteNhJQAII/.(bte. 

•, O·OJ ,_ __ _,_ __ -+--_,,_ __ -t-..:.•..------1 

0·()()/ '-----~-----~-----~.. __ ---.J..__ _ __, 
O·OOJ 0-01 O·t f·O to 

Pnc. 3. CpaBHeHne axcnepnMeHTanhHoil Kpnaou c pacqeTHoil xprraoil 

AMcTepa ami sapa BnrHepa-BnnhKHHca. H enpepbiBHag nnHns
Teopns, ToqKH-aKcnepnMeHT, Oornor..ueHrre UO 38KOHy 1/v /Oprr 
cxopocTn V = 2200 Mcex-f I. CeqeHne paccesmrs aoaopoaoM 
20 6apH c IHaaTepnoaoe 3HaqeHne/. CeqeHne nornor..ueHns aoaopoaoM 0,33 6apHa. ·· 
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O,fO 0.20 0,30 

~uepru R paccefiHHOro HetlmpoHa (98) 

Puc. 4. Pacrrpe.ueneHne Heil:ypoHOB rro SHeprHHM rrocne pacces:IHHSl rro.u yrnoM 

90° B o6pa3ue :Zr "z. . 3H eprHH rra.uaiOIUIIX Heil:TpOHOB 0,004 SB. AKy
CTIItiecKIIii. CIIeKTp paCIIOJIO:>KeH CJleBa, CIIeKTp OIITH'IeCKiiil: HJIII ypoBeHb 
3il:HwTeil:Ha - crrpaBa. 
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"" ,PHc. 5, CneKTp, paCC'IHTaHHbiUITO MO[lenH TSDKenoro ra30B0f'O H KpHCTannH-

tfeCKOf'O saMeLlnHTerr.H npH T =294°K, Lln.H napaMeTpa A =I. 
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