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APEAUCHOBHUE KO BTOPOMY H3HAHUIO

Bropoe u3daHue 371001 KHHI'M CUABHO tieSePad0TAHO RO Cpas-
HEHHUIO C TepPBBIM uagaHuneMm, suientuum R 1948 v, B ocoGen-
HOCTH 3HAYUTEbIIL HU3MEHEHHs H AOTOAHEHHT B [EPBHIX [ORVX
11aBaxX, MOCBALIEHHHX B3aUMONEICTBHIO HEATPOHOB C NPOTOHAMH
H CTATUCTUYECKHM CBOUCTBAM TAWENHX A1ep.

TMomMumo MaTepuana, COAEPKAMIETOCA R [IEDPBOM  H3LAHUMY,
B HOBOE H3AAHUHE BRKAIOUeHA TeOopusi 3aMenjeHHA HEWTDOHOB
(rnaBa IV), a Takme PacCMOTPEH PAX HOBLIX BOIIPOCOB, HATIPUMED,
paccesHue OBICTPHIX HeRTPOHOB NPOTOHAMU U OGMEeHHHH Xapak-
TED HAAEPHHX CHJ, H3AyUeHUE MIPU OOMEHHHX CTOJAXHOBEHUAX,
pacienieHHe IE€HTPOHOB B KYJAONOECKOM NOJE, OCOBEHHOCTH
nonbapbepPHLIX peakuutl, BuISHBAeMLIX AefiTponamn, nuddpax-
LHOHHOE PacCesHHe 4YaCTUIl TOrAOMIAMIMMHE H IIOAYIIPO3DAYHbIMH
fagpamMy, pedpaklus HeHTPOHOB B HAMATHHYEHHMX KPUCTAAMAAX
uT. I

ITo cpaBHeHHIO ¢ MNEPBLIM U3JAHUEM WUBMSHEHO U3JONKEHUE
BOIIPOCOB O HEUEHTPANBHOM XapaKTepe SAeDHHX cui, of a¢dex-
TUBHOM pPanuyce NeAcCTBUA ANEPHHIX cua U OPp.

Agropsl Bbipawaor 6GaaromapHocTts npod. E. M, Jludmuuy
33 €ro LEHHBIE COBETH W NOMONL, ABTOPH GAaro0APHHE TAKKE
penakTopy kHurd B. A, JlemikoBuesy sa pesBHUAfiHO BHUMA-
TeJIbHOE OTHOMIEHUHe K KHHIE,

A Axuesep, M. [louepansyrx



MPEAUCIAGBUE K NEPBOMY H3JAHUIO

Teopetuuecxoe uayueHue CBOUCTB ATOMHEIX ANEP HAXORUTCA
B HACTOsliee BpeMA B CaMOH HauaAbHOH CTai¥H BBHAY OTCYT-
CTBHS TOYHOH TeOpHU ANEPHHIX CHII.

VimMeroTcsa, onHaKoO, TaKHe siAEpHHE npoueccu MHOTHE CBOl-
CTBA KOTODHX He 3aBHUCAT OT HETaAbHOH KapTUHH B3auMonei-
CTBHMS MeX1y siAepHBIMH udcTHUamu, Paccumorpenuio Takux I1po-
UeCCOB TNOCBAIllega HAcTOAWAR KH#ra. IIpH 3TOM [JaBHOE BHU-
MaHHe YHeseHO IPOIECCAM, B KOTOPHX YUYacTBYOT HeHRTPOHH.

ITepBre ueThipe TaBbI MPENCTABAAIOT COGOfl M3N0XKeHHE DANa
pabor, OMyGAHKOBaHHHX B PA3AMUHBLIX KypHandax. [locaenmss
(nArad) TAiaBa OCHOBAHA Ha YyXe ONyGJAUKOBAaHHEIX paHee pa6o-
TaX aBTOPOBR.

ABTOPH, He nOpeTeHLysl HU HA TOJHOTY, HH HA OPHTMHAMb-
HOCTb M3JIOXKEHHS, TEM He MeHee pPeIlHJHCh HAa W3LanHe STOH
KHMIH BBHAY OTCYTCTBHA MOHOrpaduu, comepXamefl CKOJbKO-
HUOYIb MOJIMOE M COBPEMEHHOE H3J0XeHHe paccMaTpHBaeMbIX
HHM(e BONPOCOB. )

Mw xortenu 6m 3saecs mneSaaronapurs JI. .. Jlannay,
HU. E. Tamma 1 5. A. CMOPOOMHCKOrO 332 HX IleHHbie KpPHTHYE-
CKMe 3ameyanus.

A, Axuesep, FH. TNomepanuyx



FT/TABAI
B3AUMOJIENCTBUE HEWTPOHOB C NMPOTOHAMHU

§ 1. Beenenne

Mexay snemMeHTapHBIMY 4acTHUAMM, OOpA3yIOUI¥YMH aTOMHLIE
anpa, ~—— HeATPOHAMH H TNPOTOHaMu — HeficTayOT cneundivecKue
AfepHbie CHJbL, KOTOpbIE He CBONATCHA HU K 3JEKTPOMaTHUTHLIM,
HH K TPaBUTAUMOHHBIM CHJIaM. DTH CUAB AeHCTBYIOT Mexiy anep-
HBIMM YaCTULAMM He3aBHCHMO OT TOro, 06nanal0T AU OHHU 3JeKTPHU-
yecKHM 3apsaaoM (OPOTOHB) UAH ABAAOTCS HeHATPAdbHBIMU (HeH-
Tponu). O npupone sdepHHX CHJ Mbl 3HaeM B HACTOAlLCE BpeMd
oueHb Majio, XOpOHIO M3BECTHO JMLIb, YTO 3TH CHJBI XapaKTepH-
3YIOTCA OYeHb MaAbiM DamuycoM HeHCTsua M 4YpesBRHYalHO O60/b-
ol MHTEHCUBHOCTHIO.

Ecnu xapakTepusoBaTb B3aUMONEHCTBHE MeXIy HeHTDOHOM H
APOTOHOM HeKOTOpOH moTeHuuanbHoH amolt, TO e€ addexTnuas
ray6nua OyneT pasHa npubansutejbHo 30—40 MeV, a mmpuHa
nopsaaka 2 - 10713 cx. [na OuLeHKH BeNHUUHBI MOMXHO CPaBHWUTH
rAyO6UHY 3TOH #MBI C 2HepiMelt 3JAEKTPOCTATHYECKOTO B3AWMO-
JEeACTBUS MeXIY ABYMA OPDOTOHAMM, HAXOAAUMMHCA HA PACCTONA-
npu 10713 ¢, KOTOpasA 10 MNOPAAKY BE€JAWYNHB PABHAETCHA
scero 0,6 MeV.

[To Bcell BepOATHOCTH AL¢PHBlE CHNIB B 3HAYNTENLHOH cTeneHH
HOCAT OOMeHHHIH XapakTep; 95TO 3HAUMUT, 4YTO B3auMoneiicTeue
Meny IHBYMA AXePHBIMH YaCTUIAMH CBOIOUTCS K MCOYCKAaHUIO OAHOH
H3 HHX HEKOTOPHIX HOBBLIX YaCTHIl M NOTJOLUEHUIO HX BTOpPOH
AnepHoft yacTuueli. 3TOT BHIBOX BHITEKAET W3 AHANU3A NAHHHIX RO
paccedHyio GblCTpHX HefATponor npoTowamu (cMm. § 8).

Tak Kak ajgepuric CHIB He CBOIATCA K 3JeKTPOMATHUTHEIM
cunam (MX BeJIMYMHA B CJaydyae napsl NMPOTOHOB ropasno Goabiue,
4eM (WJ/1d IAEKTPUYECKOro B3aHMOAEHCTBH MEXAY MPOTOHAMH,



8 . 1. B3AUMOJEWCTBUE HEUTPOHOB C TIPOTOHAMH

cu. § 10), 10, MOBURKMMOMY, HAJHYKE 3apsana Yy AIEPHOH yaCcTHILbE
HEe dABJAAETCH CyuIeCTBEHHbIM IJif NopAnKa REJHYHHBI SOEPHOro
B3auMoneticTausi. MOXHO AyMarb, UTO AXepHHE CHAH, AeHCTBYyIO-
Me Mexay An50# HapoH ANePHHX 4aCTHI, N0 MOPAIKY BEANUUHB
OLHHAKOBHI. K TaKOMY BHIBOLY NPHBOAUT aHAAH3 ONBITOB 110 pac-
CeAHHIO HEHTPOHOB NPOTOHAMH M MOPOTOHOB MPOTOHAMH,

$lnepHsie cuAml OGYCHOBAUBAKT paccesiHue HeATPOHOB MPOTO-
HaMd ¥ NIPUBOAAT K 06pa30BaHUIO CBA3AHHOTO COCTOSHYA B CHCTEMe
HeHTPOH —}- TpoTOH — nefitpoHa. OHU NPHBOAAT TaKXKe K clieludu-
4eCKOMY pacCesHHI0 TPOTCHOB NPOTOHAMH, KOTOPOE He CBOILUTCH
K p&3epdOpAOBCKOMY PACCedHH), 00YCHOBAEHHOMY MK TPHICCKHM
B3auUMOJieicTBUeM MEXAY IIPOTOHaMHU.

OTcyTcTBHE RETaNbLHONW TEOPHH fAEePHBIX CHJA AeJ4eT B HACTOA-
nige BPeMa HEBO3MOMHLIM CHCTEMATHUECKOE TEeOPETHUECKOE U3yye-
HHE pPa3IUYHHX fAZEPHBIX MNpolle.coB. B 3Tux ycaoeuax ocoboe
3HaueHHe MpPHOGPeTaeT H3YYeHHE MePeYyHCACHHHX BhIlle SASPHBIX
NPOUEeCcCOB, MPOHCXOOAWMX B ApOCTefillled CcuUCTeMe, cocTOsIef
U3 IBYX YACTHIL

HYpe3pnluafHO CYUIECTBEHHBIM SABASETCA TO OOGCTOATENLCTEO,
4TO B OGNACTH MaAblX 3Heprufl B3auMomeHCTBYHOUWHX HacTHN IJ4
ONHUCAHMUA DPABIHYHBIX ANEPHHX NMPOLECCOB He TpeGyeTcs MOCAenO-
BaTeJbHOH Teopuu AnepuHx cux 1, JTo yreepxiueHue crnpasen-
AMBO B TOM CJiyyae, ecqM JHeprus 4acTHU MaJia 110 CPABHEHHIO
¢ 3 PeKTHBHON BeNHYHHON SHEPTHH AXEPHOTO B3aumonmeicTeua V),
1 eClH, KpOMe TOrs, JUIMHA BOJHH X, OTBEYArUIas OTHOCHTENdb-
HOMY ABHXKEHHIO YaCTHL, BeJHKa O CPABHEHHIO C Ppanuycom
OERCTBUA HALEPHLIX CUA ry. B caydyie B3auMoneHcTBus HelTpoHa
C UPOTOHOM pAaBeHCTBO J{ ==7, UMeeT MecCTO NPH SHePrHu Heli-
Tpona ~ 20MeV. Tak kak 3¢dexruBHas BeAUYHHA IDHEPTUH
sOepHOro B3auMonelcraua 1V, cocraBiaser B ofnacTy OefCTBus
A0ePHBIX CHJ HEeCKOAbKO feCATKoB MeV, To npu BHIIONHEHMH
venosus X >>r, GylleT BHNOJAHEHO Takxke ycaosue E <€V,
IlosToMy BbICKazaHHQE Biillle YTBePXKIEHHE O BO3MOXHOCTH OMKCa-
HUA ALEePHBIX MPOUeccoB B 06JacTH MadmX 3Hepru#t 6e3 geTalb-
HOI TeOpHHU ALEPHHX CHJI OKAa3bIRAETCH CNPABEIJIHBLIM, €CJIH AJHHA
BOJHHE YaCTHL 3HAYMTEJIbHO GOnbIle, YeM paauyc nelcTBus apep-
HBIX CHJL.

B nocaeayoiuux maparpadax Mbl DOApPoGHO PACCMOTPHM 3TOT
CAyyait MAJIbIX OTHOCHTE/NBHEBIX 3HEPrufl AnepHuIX YacTHil (HeHTPOHa
Y 1IpOTOHA, @ TaK¥Ke IBYX MPOTOHOB) U Y6eXMMCS B TOM, uTo



§ 1. BBEREHHE 9

BEPOATHOCTH DARNHMUHLIX MPOUECCOB, NPOHCXOUAUINX B CHCTEME
HeHTPOH--npoToH (3aXBaT HeifiTpOHA npoToHOM, doropacmenne-
Hue IHefiTpoHa), 4 TaKXKe 2HEPrHd CBA3HM M OAPYTHe Be/MUYHHEL,
XapaKTepU3ywUIHE LeATPOH. BHPAXKAIOTCH Yepe3 HEGOMBLIOE YHCIO
‘MapamMeTpoB COBepHIEHHO HE2ABUCHMC OT MPHPONAL ALEPHHX CHIT.
CyiiecTBeHHEIM ABAASTCA JHIIbL TO, UTO ALEPHBIC CUJIHI XapakTep-
3VIOTCA OUYEHb MANBIM DIAHYCOM LleHCTBHH.

Kak Mbl yBHOMM Hajiee, iIePHbIE CHJBI 3aBUCAT OT B3aHMHOM
OpHEHTAUHUN CNHHOB B3AUMOAEHCTBYWIIUX “ACTHL, NIPUYEM B CBS-
3aHHOM COCTOSHIN CIIKHBl HEATPOHA H NMPOTOHA HMEIOT OLHHAKOBY W
OpHEHTALMUIO.

Mpi Gynem cHauala NpeXlIONaraTh, YTO CH/bi, HeHCTBYIOMmIHE
MeXIy HeHATPDOHOM W NMPOTOHOM, LEHTPANbHB, HO MOTYT, OHHAKO,
3aBHCeTh OT B3auMHOH OpHEHTaluH CMOMHOB OGeHx uactui. Ha
3TOr0 NPENNONIOKEHHUT ClefyeT, Yro paccesHHE MelJIeHHHX Hef-
TPOHOB MTPOTCGHAMH, KOTJa NJMHA BONHB, OTBEYalOlllasd OTHOCHTE/b-
HOMY ZBHXKEeHHIO YaCTHL, 3HAYATENBHO GoJjblie palHyca NEHCTBHS
SNEPHBIX CHJI, NOMKHO GbITh CHePHUYECKN CHMMETPHYHEIM (B CHCTEMe

TCuéTa, TAe NMOKOUTCA LUEHTP HHEPUMH vacTull, cM. § 3).

OueHp Manag BelMUYMHA pannyca AeHCTBUA ANEDHHEIX CHA Na&T
BO3MOXKHOCTb TIPH PaCCMOTPEHHH Pa3/IMYHBIX MPOLECCOB, B KOTOPHX
yUYacTBYIOT MeJUIeHHBI® SiIePHble YACTHUbL, HCXOAMTb M3 3afayH
0 CBOGOAHEIX YaCTHLAX, B3aMMONENCTBHe e MEXKAY HHMH YUHUThI-
BATh B BHIE HEKOTOPOTO FPAHHYHOTO YCAOBHA, KOTOPOMY AOJKHA
YIOBAETBOPATH BOJAHOBAs (yHKUMA 4YacTuu (§ 3). Dro rpaHuyHoe
yCJAOBHE COCTOMT B TOM, 4TO JOTapHdMHUeCKas MPOU3BOAHAS
panuanbHoR BOJAHOBOH (YHKUWH CHCTeMBl HeRTPOH — NpOTOH
LONKHA MMETh OfipefeNéHHOe 3HAYEeHHe, KOTNa PACCTOAHHE MeXIY
4aCTHUAMH 110 MOPSAAKY BeJMUMHB DaBHO Damuycy INeHcTBHS Anep-
HBX CcuJ (B nepBOM MPHGIHXKEHHH MOXHCO NPOCTO CYMTATh, 4TO
pandyc JeHCTBUA S/AePHLIX CHA paBeH Hya o). Be/muuHa 3TCH
JAorapudMHUYecKOf NMPOU3BOMHON ONpenenseTcs. ANEPHLIMH CHAAMH
U ABAAETCH OCHOBHBIM MapaMeTPOM, ONpeNeAIONUM pa3/inuHbie
OpoLecch B cucteMe HEHTPOH ~}-TPOTOH. BakHO OTMETHTH, UYTO
5TOT TNapamerp oOfpenenseT W CEYeHHe DPACCesTHHN MeIJ/ISHHBIX
HEHTPOHOB (MIpOTOHAMH U DAa3JiMUHBIE BEJAMYAHBI, OTHOCALIMECS
K CBSI33HHOMY COCTOSIHHIO CHUCTEMH HeHTDOH -} NPOTOH.

Tak Kagk sigepHbe CHAB 3aBHCAT OT B3aUMHOA OpDMEHTANHH
CIHHOB 4YacCTHL, TO BBEAEHHHA BbIIIE [TapaMeTP HMeeT pasHEIe
3HAYEHHS IS IBYX BO3MOXHBIX OPHMEHTallufl COMHOB HEHTPOHA U
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npotona. Tlpu 3aTom OxasbiBaeTcs, YTO TOABKO OTPHULATENbHBIM
3HAaYSeHHAM BBEeNEHHOrO TNapaMeTpa MOXeT OTBeYaTh CBA3aHHOE
COCTOSIHHE CHUCTEMbI HEATPOH -} npoTOH. [103TOMY BeCbMa BaXHO
BHIACHUTD, KaKOH 3HAK uUMEeT 3TOT mapaMeTp NpH NapannenbHOH
H AHTHNApannenbHON OPUEHTAUWH CMHHOB HEHTPOHA W MPOTOHA.
TeopeTHueCckH HA 3TOT BONPOC NPH COBPeMeHHOM COCTOAHHH TEODHH
fOEepPHBEIX CHJ OTBEeTHTh HENb3H.

OneiTel TO paccessHHI MeaJeHHBIX HeHTDOHOB CBOGOAHLIMH
NPOTOHAMH TaKXE He naloT BO3MOXHOCTH OTBETUThL Ha 3TOT BOMpOC,
TaK Xak B HOPMyay a8 ceYeHUsa PacCesHHS MedJeHHBIX HEefATPOHOB
NpOTOHaMW BXOIMT KBANpaT 3TOro napamerpa. Huxe Mm ysuaum
(cM. § 6), uTO, U3yuas paccesHNe MeNJIEHHHX HeATPCOHOB B MOJe-
KYn8pHOM napa- ¥ OPTOBOAOPOJe, MOXHO MyTéM CPAaBHEHHA TEC-
peTHYECKHX BBIBOAOB C 3KCNEPHMeHTa/lbHbIMU pe3yAbTaTaMi MOKa-
3aTh, YTO CBA3aHHOE COCTOAHME CHCTEMbl HeHTPOH -} MPOTOH
BO3MOMNHO TOJBKO OPH NapaineibHolt opHedraunu cnuHos., MHumu
C/lOBaMH, B NEHTPOHE CIHHEI 4YaCTHIL MMEIOT OXHMHAKOBYIO OpHeH-
TAUMIO.

Okxka3aniBaeTcs, yTO NeATPOH He MOMET HAXONUThLCH B Boséymnéﬂ—
HBIX COCTORHHAX H YTQ 3HEPIrus ero €XMHCTBEHHOrO YpDOBH4, T. €.
3Heprua CBaA3M NEHTPOHA, OUeHb NMPOCTO BbIpAKAETCH uepe3 3Ha-
YEHHE YKa3aHHOro Bhlllle MNapamerpa, OTHOCALLETOCH K CAY4YAlO
napannenpEofi OpHeHTaUMd CnUHOB vacThHu. TakuMm o6pasom, pac-
cesdHHE MENNEHHEIX HEHATPOHOB NPOTOHAMH C ONMHAKOBOH OpuUeH-
Talved CHHHOB OfNpelenseTcs B KOHeUHOM cuéTe SHepTHeH CBA3HM
nefATpoHa.

Ecau mcxomure H3 LeHTPAIbHOFO XapaKTepa fgepHBIX CRHJ,
TO BOJIHOBYIO (PYHKUHIO AeHTPOHA C/HeAyeT CUHTATH cq)epnqecxn
cummerpuuHoli. KHade rosops, OCHOBHOe coOCTOAHMe neHTpoHa
LOMXKHO OBITH S-COCTOAHNEM.

OnbiTEl MOKA3bIBAIOT, UTO HNEHTPOH O0NaAZeT KBaAPYNOJAbHBLIM
3MeKTPHUECKHM MOMEHTOM. 3T0 OO6CTOATeNbCTBO NPOTHRBOPEUUT
CHeJTAHHOMY BhIHIE NMPENNOJOXKEHHI0O O TOM, YTQO OCHOBHBIM COCTOA-
HHeM f€HTpoHA dAB.feTca S-COCTOfHHe, TAK KaK B MOCASOHEM
pactipeleneHHe 3apanoB o6nalaeT chepHueCKOH CuUMMEeTpuel, u
fIO3TOMY KBaNPYNOJLHBIA MOMEHT HOJKEH PaBHATHCA HyAw., UToGH
OOBPACHHTE CYUIeCTBOBAHHE KBAAPYMOJALHOTO MOMEHTa HeHTpOHa,
He06X0IMMO NPENNOJAOXHTE, 4TO OCHOBHOE COCTOAHHE neHTpoHa
HE OMUCHBAaeTcAd 4YHCTOH S-BOMHOK a ABAsS2TCH CymeprnosHnue
S-BOJMHH N ONHOH MAN HECKOAbKHX BOJIH OTBEYaOUWIUX 3HAYEHUSIM
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YIOBOrG MOMeHTa, OT/AMYHEM OT Hyad, Humke Mu  ysu-
znu (Cm. § 5), 9TO OCHOBHHIM COCTOSHHEM IeHTpoHa ciaelyeT
CUuTaTh cynepnosuuuid S- W D-BOAH, npHYEM «npuUMECh»
D-BonHE K S-BOJHE COCTaBJAET BCEr0 JMIIL HECKOABLKO MpO-
UEHTOB.

Hanuuue D-BONHE B OCHOBHOM COCTOSIHMM NeHTPOHA NOKa3H-
BaeT, 4TO NPEAMNOJOXKEHHE O IEHTPANLHOM XapaKTepe AmepPHHX
CHJI ABJIACTCS HEBEPHbIM. B AeHCTBUTEILHOCTH CHJIH, HeHCTByOmMue
MeXAy HEeHATPOHOM M MPOTOHOM, HE ABJAMIOTIA CTPOrO UEHTPAIb-
HHIMH. JTO 3HAYWT, YTO OHM, MOMHMO DPACCTOSHUS MEXAY 4YacTH-
aMH, 3aBHCAT el OT OPUEHTANMM OGLIero CNHHA MO OTHOIIEHHIO
K paguycCy-BeKTOpDY, coenuHaouieMy of6e uvacthunl. OTKIOHeHHeM
OT UEHTPANLHOrO XapaKTeépa CHA U OGDBIACHAETCA CYLISCTBOBaHHE
KBaApyNOJAbHOIO MOMEHTa AeHTpoHa.

Ounnako 3TO OTK/IOHeHHe B O6JACTH ManibX SHepruH (KOTOpOH
Ml OyldeM riaBHEM oGpa3oM 3aHHMarhcs B 3TOH riaase) B 06illeM
HEeCYIIeCTBEHHO (&CJAM He CYMTaTh KBaIPYNOJAbHOrO MOMEHTa Hei-
TPOHA); NOITOMY IPH pPacCMOTPEHHH LEJOr0 psAa BONPOCOB
BMOJIHE 32KOHHQ [MO/NL30BATLCA MPEANOIOKEHHEM O UEGHTPAJILHOM
x¥apakrepe aaepHBIX CHA H CUMTATH OCHOBHHIM COCTOsHHeM nel-
TPOHa S-cocTosiHue,

[Mpuctynas ce#luac ¥ noapoGHOMY pacCMOTPEHHIO pa3any-
HHIX MPOUECCOB, CBA3AHHBIX C CYLIECTBOBaHHEM B3aUMOZeHCTBHA
MeXIy HeATPOHOM M NpPOTOHOM, Mu OyIeM BHauyalde HCXOMHTHL
H3 MpeinoNOKEHHS O LEHTPAILHOM XapakTepe cHJA, AeHCTBYIO-
UIHX MEXAY HeHTDOHOM M NPOTOHOM. .

HaunéM c Bonpoca O CBA3aHHOM COCTOSIHMM CHCTEMH Hel-
TPOH —~ MPOTOH.

§ 2. OcuoBHOe cocroaHHe XeHTpoHa

EC.’IH QTBJ€e4YLCa OT CNHHa H CYUTAThH, UTO Mex(ny HeﬁTpOHOM
H MPOTCHOM AeHCTBYIOT UEHTPANbLHEIE CHIAH, TO MOXHO YTBEDM IATh,
4YTO OCHOBHOMY COCTOSHMIO AefiTPOHa OTBeYdeT MOMEHT OTHOCH-
TeJbHOI'o KOoOJn4YecTrBa HABWXKEHUA HeﬁTpOHa H HpOTOHa, paBHHﬁ
Hymo *). VHbIMH CTOBaM4, OCHOBHbIM COCTOsHMEM aefiTpoHa GyneT
S-cocrosHue,

#) CM. mo6oii Kypc KBAHTOBOI MEXaHUKH,
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Bontosas ¢yHKuds 3TOro COCTOAHHA MOMET ObiTh NpencTa-
RJeHd B BUIe
u (1)

r 7

—_c

rae u(r)-—uexkoropas $yHKIWS OT PacCTOSHHA Mexdy HeHrpo-
HOM M TIpOTOHoM. [loacTaBass 3TO BHpaXeHHe B ypaBHEeHHE
[Tlpenunrepa mas OTHOCHTE/NBHOTrO ABUMEHUS YaCTHLL

../ll -
Aq“*‘ 73 (E— V(r)]'{a==0,
re E-— 3HePIHA CHUCTEMbi, PaBHAA — &, € — SHEPrusi CBA3M geH-
Tpoua, U m— npuBelEHHas Macca 4acTHu, npubamKEHHO pas-

Ham - (M—Mauca HefATpoHAa), Mbl MPUAEM K C/leAyOlIeMy ypar-

HeHHIO nnag u:

d2u
T { +V(”)]“ (2.1)

BenvuyHa sHepruu CBaA3u geHTpoHA MOxmeT GHTH ONpeleneHa
IKCHMEPHMEHTANBHO W3 OTNHTOB N0 $OTOpPACHIeNNeHHI0 NeATPOHOB
M oka3biBaeTcs pasmof 13

g~ 2,19 MeV.

B o6nactn amefictBua sanepublX cun (7 < 7y) NMOTEHIHANbHAR
sHeprus V (r) ropasmo Gosblue e (CM. HUXE), MOSTOMY TIPH 7 < 7y
B ypasBHeHnu (2.1) MOxHO npeneGpeusr & no cpaBHeHuio ¢ V (r):

dr?

BHe o6mactH nedCTBUS SAEPHHX CHJ (r>r0) MOXHO, Ha-
npoTus, B ypasHeHnu (2.1) npenebpeur V (7) no cpaBHeHHIO C e,
IToatomy B aTO#i 06NAaCTH MH TIOAydYaeM ypaBHeHHe WA «CBOGOX-
HHX» YaCTHL, KOTOpHe, OQHAKO, He YAAJASIOTCA H2 GeCKOHEYHOCTh

d2u M .
arz fb:"“o r>ro (2.17)

ﬂ__%{/(r)us_—o, rr,. » (2-1,)

Pewenue ypasHenus (2.17) umeer Bux

w=const.-e # , ‘ (2.2)
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9TO peuieHHe DOMKHO GHThL «CIIHTO» C HEM3BECTHHIM HaM pelue-
HueM ypaBHeuns (2.17). Takoe «cuMBaHue» O3HA4YaeT, 4TO Dewle-
Hus ypasHeHnit (2.17) u (2.17), a TakKe HX nepBHe NPOH3BOAHHE
Mo 7 AO/KHBI HEMDEPHBHO MEPEeXOAMTs APYT B Apyra NpH r ==r,.
HBIMH COBaMH, NOMKHO BHINOJHATHCA YCJAOBHE

=, = T e

r=r,

rae &« — cOxpamiéHnoe oc603HayeHne AMA JorapupmHuecKol Mpous-
BOIHOH pewmienMs ypasseHus (2.1°) npu r=r, 3ITa BeNnunHA
onpejaensercs MOTeHunansHOH sHepruefl V (r), HO NMpPH cOBpeMeH-
HOM COCTOfHHH TEOpDHH sAhpa He MOxeT OnTb HallmeHa TeopeTH-
yeckH ¥).
BennunHa 1 & XapakTepusyeT pasMepm MHAeATpPOHA u
&

VM

MOXeT GHITh Ha3BaHA «PaANycOM» NeHTPOHa. DTa BeJUYHHA B HE-
CKO/MLKO pa3 6onbiue, ueM panuyc IOeHCTBHUS AAEPHBIX Cul, Tak
4TO MOXHO CKa3aTh, YTO YaCTHUE B AeHTPOHE NPOBONAT 3HAYU-
TeJAbHYI0 (MoxeT OHTh nawe O6OAbLIYIO) YacTh BpEMEHH BHeE
06j1acTH AeHCTBUR sAAECPDHHX CHA.

TaxkuM oGpasom, BHe o06aacTH [peHCTBHA SILE€PHBIX CHJ BOJ-
HOBass (PyHKuus HAefiTPOHA SKCMOHEHUMANLHO yOBIBaeT C pacCTos-
nueM. BryTpu o6nactu melicteus saaepHuX cua dydxuus (2.2)
He nepenaéT HCTHHHOrO XapakTepa pelueHud ypasdenns (2.17).
[eAcTBHTENBHO, NPU MANBIX 7 TOYHAS (PYHKIHS TOMAKHA GHITh PO
NOPUHOHA/IBHOR 7 (panruanbHas (GyHKUUsA, OTBEUAIOMAs MOMEHTY KO-

JHYecTBa ABUKEHHA ﬁl BeA ST cebs npu r —> 0 Kak #¥+1 *¥) rtoraa
kak (2.2) npu r— O nepecraér 3asucersh OT 7. Tem He MeHee,
dbynkuns (2.2) npu HaanexauieM BHGOpEe TTOCTOAHHOH MOMeT ObIThb
HCMO/B30BaHA B KayecTse HPUONMKEHHOTO NPEeACTaBJEHHA UCTHH-
HOH BOJHOBOH ¢yHKUMW AeHTPOHa mnpu BCex r. ITO CBA3AHO
C TeM, 4TO «paguyc» AeATPOHA NPEBOCXOAHT PAAMYyC LeHCTBH#
agepHuix cua. Puc. 1 cayxut ans mamocTpauun 3Toro o6crod-
TeabCTBa. Kak BHAHO M3 3TOro pucyHka, 60aslas 4acry IJ10-
Ianu, orpaHu4eHHof KpuBo# u (r), OTHOCHTCH K OGAacTH r > r.

*) VIafOMEHHEH HONXOA K paccMQTpeHnio npodienbl IZeHTpOHa
npuxanieknt Bere u Naitepacy (131,
#*) CuM. A1000H KypCc KBaHTOBOH MeXaHHKH.
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ITokaweM cefluac, Kak cilefyer NMPOHOPMHUPOBATL QYHKIHIO
(2.2). Tlpu peuieHuu »To#t 3amaunm MH He GyIeM MOJb30BATHCA
KOHKPETHHM BMIOM MMOTeHUManbHo# Pyvkuun V(r).

Paccmotpum ypasHenue *)

af M '
Eﬁ——%"glv(r)-"’ﬂf:o, (2.4)
rae V(r)—-aHepmﬂ B3aUMOOSHCTBHA HeHTPOHAZ H INIPOTOHAE,
7—TUapaMeTp, NMpUHUMaIOUHHE TIPONU3BOJIbHbIE 3Havenns. Ha dyHk-
uMio f(r) Mpl He HakJajHBA&EM HHKAKHX orpaHuyeHuft Ha Gec-
KOHEYHOCTH, NO3TOMY HanmHCcaHHOe YDaBHEHHE HMeeT peilieHne

}

lvHaR gyrkyus a(r) -
Sl Byrkuun const -& % wopmuposannan

—
e ——
T —

= S
(7’,,/’79 Fad

Puc. 1.

npa mo6om 7. Cuurtas [ ¢yuxkudeH r u 7 U auddepeHUHPY
ypasueHHe (2.4) 1m0 7, MOAyYHM MOCAE YMHOXeHHS Ha f

f%%*%/v(r)%—{—%(fg—}‘ﬂf%):o' (2.4

Hcnonbvays (2.4), npusengm (2.4°) K crenyomemMy BuIy:
2=E<ﬂ?ﬁ'_ AV S N AN |
A= o1 072 farzaq)— war/ On(f ar)>

OTKyZAa clIeAyeT, 4TO

r=R

R
B2 0 (10f 9 47
affgd’— Mf26n(f0r (2.47)

=0 )

*) Hume mbi ciegyem 5. CMopopuHCKOMY [4]
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[IpuMeHHUM 3TO COOTHOUIEHHE K TOYHOMY DEUIEHHI0 ypPaBHe-
uns (2.1). Tax Kak 370 peweHue oGpauaeTcs B HyJb nipu 7 =0, TO

B
f uldr = ﬁ—}ﬁb—f‘z(u?%%%)n:_s' o (2.4")
PaccMOTpuM Temeph pelieHHe YPaBHEHHS
§%+%hv=m (2.5)
y10OBAETBOPAIOIIEE DaHUIHOMY YCIOBUIO
(%)= @

rae y — HeKoTopas KOHCTaHTa.

OTHM pemieHMeM NpH HalJdexaleM Bbui6Ope BeJHYMHBI Y MBI
6yneM TOJL3OBATHCA B KauecTBe NPUOGMMKEHHOrO NpeACcTaB/IeHHs
TOYHOrO pellleHus ypasHenus (2.4). Takoe npubanKeHne OCHOBAHO
Ha MaJOCTH paauyca HAeHcTBHa safepHuIX cua, Onaromaps ueMy
saga4ya o IBHXeHWH B CHJIOBOM NOJA€ CBOAMTCA K 3amaye O CBO-
604HOM IBHXEHUM C HEKOTOpPbIM I'DaHHU4HLIM ycaoBueM. Tak Kak
MB XOTHM [O/ML30BaTHCA pellieHdeM v (r) BMIOTH Lo r==0, TO
rpaHHYHOE YCJAOBHE MbI mnpeAnojaraeM uMewwnM BHL (2.5%).
Bxomsmas cioAa kOHCTaHTa + OfpellenneTcs He YUUTHBAeMOHR
B ypaBHEHHH IJd U sHeprueil Baaumoldelcrtsus V (r). Bupaxasch
TOYHee, ClleJyeT CKa3aTb, YTO Y IOMKHA 3aBHCETb TaKXKe W OT W,
TaK Kak B o0JacTu nOeACTBud sA€PHLIX CHA B TOYHOE YypaBHe-
Hue (2.4) noredumanpHas SHePrus BXOOMT B BHAE CYMMEl C BelH-
yuHoH v. Mu Gynem, nanee, npeanonaraTh, 4To B HHTepeCyiOLIEM
Hac caydae wmanaeiX sHepru#l (COOTBeTCTBEHHO — MAJHX 3Hade-
HUH 7)) BeaMuMHA | WUMEeT CHeAYOmMA BHI:

1 =A- B, (2.57)

rae A, B He 3aBUCAT OT 7. B cuaexyiomem naparpage mb yGe-
IMMCSl B 3aKOHHOCTH BhIpaxeHus (2.57), npeacrasasiomero Co60#
pasnoxedue Y B Psjd 1o creneHav 7). Tam OyaeT nokasaHo, yTo
BEAMYHHA | OmpedenseT B KOHe4HOM cuéTe CeueHue pacCesHusi
Me[JleHHBIX HefTDOHOB NPOTOHAMH, NO3TOMY H3 CPaBHEHHs 3KCre-
PUMEHTANBHLIX U TEOPETHUYECKUX AAHHEIX MO PACCEAHHI0 HEHTPO-
HOB NpOTOHAMH MOTYT ObiTh HafAeHn BeddunHe A u B. ImH
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BEJAWYUHBl 33BUCAT OT OTHOCHUTENLHOH OPMEHTalWH CHHHOB Hefl-
TPOHA W NPOTOHA. [l napaineisHoll OPHEHTANMH, OCYIECTBIMI0-
welcs B medTpoHe, A U B umewor ciepyowmue 3xadeHus [¢:

A=1,58.1016 ¢cy~1, B=-—0,15 cu~1.(MeV)-1,
3aMeTuM, YTO 3TH BeAUYHHLI CBA3AHBI C SHEPruel cB43Hu Heii-
TpOHa & COOTHOLIEHUEM

oc=-‘—/—7,l_/~—f Y(—e)=A—B:.

BosBpatumMcs k ypaeresuto (2.4”) u nozcrasuv B Hero dyHx-
uno o (7), OTBEUAIOIYIO 3HAYEHHIO 7], DABHOMY — &.
Hcnoabsys (2.5") u (2.5”), noaydum:

R
9 __E_ o __ﬁ_ 20 _l_a_v)
offu ar 74 2(0) By=—- an<v O JymR, mme —s

(2.6)

Mui npennonoxuM Tenepb, YTO HOPMHUDPOBOUHLIH MHOKUTENb C
VR,

B OYHKUHY ¥ (r)g=—c=Ce #  BHGpaH TakuM 06pa30M, 4ToOH

Ha OOCTATOYHO OC/bIUMX paccToaHuAx o¢yukaun z{r) n v {(r)

cosnananu, Cuntas R AOCTaTOYHO GOMBIINM, Mbl TOAYUEM H3 (2.4"")

u (2.6):

[ugdr— (-vgdr::—%CQB, (2.6

0

.

I[Ipeanonaras ¢yHkinuo© # (7) HOPMHPOBAHHOA COTAACHO yCJiO-
BHIO

il R o
4TO COOTBETCTBYET HOPMHPOBKe QYHKIHH ¢ ==— BO BC&M o0béMe

HA eauHUUy, H 3amedasd, 4TO

foe} O
7 A~ ? - l 62 YV 4"/16
2dr =0C2 | e-%gdy = C%, g=- ]
. Za ’
a

1]
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Haltnem us (2.6")
1

2
G

IToncrasass cioma yKasaHHOe BHIUE 3Ha4eHAe B, noayumm
OKOHYaTeNbHO!
Y 3a

V=
[TosToMy npasunpHO HOpMUpOBaHHas nNPubAMKEHHAd QyHKIUS
aeliTpoHa umeer Bug (4]

¢ —

a(r)y= —e~, (2.7

; 1
2
c,‘__4

C=

Beitie MBI HEOQHOKPAaTHO FOBOPHUJAH, HTO MOTeHUHaNbHAA 3Hep-
rusi B3aUMO1efCTBUA MeXAy HeATPOHOM M npoTtoHoMm V (r) moctu-
raet oueHb OOMBUIUX 3HauyeHutt B 006/1aCTH AEHACTBUS SAOEPHHX
cun. [lokameMm ceHyac, Kax OUEHHUTh BeJUYHHY 3SHEDruH 3TOro
B3aumoneidcTeug. C 3TOH LesBI0 pacCMOTPHUM BOJHOBOE YpaBHE-
Hue (2.1) 119 OCHOBHOTO COCTOAHMUA IeATPOHA M NMPOHHTErpupyeM
ero no r ot r=0 10 r==r, (MH npeanojaraeM, 4TO sAEPHBIE
CHJIB SIBJIAIOTCA KODOTKOLEHCTBYIOUIMMHM M YTO MpuU r =sr, HyHK-
uufg V' (r) npakTH4YeCKH CT2HOBUTCH paBHoﬁ Hynio). B pesyanrare
HHTErPUPOBAHHT NOJYUUM:

(u,),.=,a_(u/),,=0=ﬁ_f‘gofV(r) udr+%6fu dr. (2.8)

3HayeHue TPOM3BOAHON u’ B ToYKe r==r, MeHhllle 3Haue-
Hust &’ B Touke r =0, Tak Kaxk Npu r = r, QYHKUMA & HauuHaeT
y6mBaTs (U o6paulaeTcs B. HyJAb npH 7 — o). Ilockonsky npu
Manbix r ¢ysxknusa z pengrt ceba Kak const. .7, 3HaueHHe MOAY IR
neBOY uacTH He npesocxomdtr 2 - |const.|. B npaBo# wactu ypas-
Hennst (2.8) MOXHO mpeHeGpedb BTODHIM HHTErpajoM IO CpaBHe-~
HHIO C TNepBhIM, TaK Kak B oOO/1acTH J[eHCTBHS SLEDHHIX CHJ
| V (r) | <, =>> e (970 HepaBeHCTBO GyleT MOATBEPKIEHO B AaJb-
nefimem). TlosTomy us (2.8) caeayer, uto

‘0 ﬁ2
J V) rar=—2 N, 2.8
1]

2  3ax., 1800, A. Axuesep.
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rie /V 0o nopaakKy BeNUUHHB PaBHO eauHuie. Bxoasmuit B (2.8")
WHTErpal Mel 3aMeHUM Ha — Vory, Tie V,— HeKOTOpas CPenHsd
addexTUBHAA BENMUMHA SHEPrUM sfepHOro B3aumoneicTens. Takum
ofpasoM, MH npuadM K BECbMa BaXHOMY COOTHOIUEHHUIO

3
Vor‘(;%ﬂ, (2.9)
CBAI3HBAIOIIEMY 110 NOPAAKY BEAWYHHE S(dekTUBHHE TIyGUHY H
WHPKUHY TOTEHUMA/NLHOA «aMbI», XapaKTepusyiolled B3aHMOLeN-
CTBUE MexAY HeHATpOHOM u NpPOTOHOM B aeHrpone. OGpatum
BHUMaHue Ha TO O6CTOATEILCTBO, YTO 3TO COOTHOIIEHHE NMOAYYEHO
u3 camMoro ¢aKra CyuleCTBOBaHHMA JAeHTpPOHa W HHKaK He CBH3aHO
C KOHKDeTHHIM BHIOM dyHKuuu V (r), T, e. He 3aBHCHT OT (bopmm
ROTeHUHa/MbHOR aMu ),

Ecau caurars N0 MOPSAKY BEAHUHHEl ro~ 2. 10-13 cu, To
Mbl moayduM aas V), BeauunHy mnopsaxa 40 MeV, koTopas
3HAYUTEALHO MPEBOCXOANT SHEPrHIO CBA3K gefitpona e =~ 2,19 MeV.

B 3akaoyenue 3Toro mnaparpada OCTaHOBHMMCA Ha BONpoce
0 BO3OYMAEHHLX COCTOAHUAX HeHTpoHa,

Jlerko mokasatk, 4TO B npeAnoJOXKeHHH u;em'panbﬂoro Xapak-
Tepa fAEPHLIX CHA Y OeliTpOHa He MOXeT OuiTb BO3GYMAEHHBIX
COCTORHHH, OTBEYaOmMWX B3HAUEHHUSIM OTHOCHTENBHOTO MOMeHTa
KOJIMYeCTBAa HBMKeHHS HeHTPOHA H MPOTOHA, OTIUYHEIM OT HYJS;
HHade TOBOpA, HEBO3MOWHBI P, D, ... -cocToAHus meHTpOHA.
DTO 03CTOATENbCTBO CBA3aHO C TeM, 4TO YpoBHH ¢ /-~ 0 nexar
ropasfgo Bhillle, uyeM ypoBeHb ¢ /=0 (S-cocTrofHue), TaK Kak
B COCTOSHHAX C OT/JHYHHIM OT HYJAsd OPOGUTaNLHBIM MOMEHTOM
no6asndetcs uenrpobexnast sueprus. Cpennee 3HaueHHe 3TOH
R+ 1)

Mr?

€CAH BMECTO 7 MNOACTaBHUTb «pajyc» HAeHTpoHa, T.

IHEPrUH, PaBHOH, KaK U3BECTHO, , MoXeT GLITh JUEeHeHO,

VM
Ilpu /=1 mb nosyyum BeJHUYMHY, DPaBHYI0 22, HHaye rosops,
yxe P-cocTosiuue [OO/MKHO Jiemarb B 006JacTW HenpepuBHOTO
CrexTpa.

*) B cayuae ambl npAMoyroasHoii ¢opmHu cmpasa B (2.9) cTout emd
. =2 (2]
YHCTCHHbIHl MHOXHUTENb — .
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TakuM o6pa3oM, MOXHO CKasaTh, 4TO. OTCYyTCTBHE BO30y-
WIEHHBIX COCTosHuit y AeATPOHA, OTBeyalomMux 3HaueHuam / £ 0,
CBA3aHO C aHOMa/JbHO MaJOi BeJWYMHOH sHepruMm ceBa3u AefiTpoHa
B Macmtafax sAepHBIX 3Heprui.

Craesaunblt HaMM BHBOA 06 OTCYTCTBHH BO3GYXKIASHHHX
cocroauuii ¢ [0 y neATpoHa OCHOBaH Ha NPEANONOKEHHH
O LEeHTPalbHOM XapaKTepe siIepHHX cua. B nedcTBuTenbHOCTH,
KAK Mbl YBHIMM Jajiee, siA€PHHE CHJAH He ABJAAIOTCA CTPOro
HeHTPaJbHBIMH; 3Heprus B3AUMOJAEACTBHUA MEXAY HEHTPOHOM H
NPOTOHOM, IOMMMO PacCTOSHUA MEXJY HHMM, 3aBHCHT eHIg Of
OpMEHTaUMH CNHHOB He#TPOHA H NPOTOHA MO OTHOLIEHHUIO K panuyc-
BEKTOpY, COSNMHAIOMIEMY 3TH dYacTuuul. Fuade rosopsa, umeer
MecTo B3aumoneHcTBHEe MexAy OPOHTA/NbHEIM ABHXEHHEM YacTHI
u ux cnuHOoM. Toab':0 B TOM cayyae, ecnd Onl 9TO B3auMOme#-
cTBHE NPHBOAHNIO K MOYTH NOAHOH KOMMeHCAMU AeiCTBHS HEHTPO-
GexkHOH 3HEepru, MOXHO Obl10 OB OXHAATL CYUIECTBOBaHHUSA
BO36Y IEHHHX COCTOSHHH ONEHTDOHA C OTAMYHHM OT Hyas oplu-
TaNbHBIM MOVEHTOM, DKCNEePHMEHTHl HE YKashiBalOT Ha CyllleCTBO-
BaHue BO3OYWAEHHBIX COCTOsHHN, OTK Ia clHeayer, 4TO Takad
MaJOBepOATHAA KOMIEeHcauua HAeHCTsHa NeHTPosdexHoH sHepmn
He HMeeT MecCTa.

Onuexo HAAO HMETb B BHAY cjelyloillee O6GCTOATENBRCTBO.
Haxe npy UeHTPAJbHOM XapaKTepe CHA MOCAeJHHE MOTYT 3aBH-
ceTh OT B3aHMHOH OpHeHTauuMM CHAHHOB HEHATPOHI M NPOTOHA.
[TosToMy B npHHUKNE BO3MOXKHO CyUleCTBOBaHHE ABYX S-coCTOf-
HuH JeATpOHA ¢ napa/uieNbHOH M aHTHNapaaneJbHON OpueHTauHeH
CMUHOB YaCTHLL. JTH COCTOSHHUA MOTYT GHTH Ha3BaHH TPHUMIETHHIM
(cymMapHbiff CNMH YacCTUll paBeH €AMHHIE) H CHHIVIETHHIM (CyM-
MapHLIA CNUH YacTHIL paBeH HYJI0). DKCIEPUMEHTaNbHEE HCCAeH0-
BaHMA pacceanus Me[JEeHHHX HeHTPOHOB B mapa- H OpTOBOAOpOIE,
a TakXe JaHHHE [0 3aXBaTy He{TPOHOB NPOTOHAMH NPHBOAAT
K OIHO3HAYHOMY 3aKJAI0YEHHIO O TOM, YTO CHHIJIETHOE COCTOSIHHE
B IEATPOHE HEe peannsyercd, T. €, He CyulecTBYeT COCTOAHHH
nefTpoHa ¢ NPOTHBONONSKHO OPUEHTHPOBAHHEIMY CIIUHAMH 4aCTHIL.

Taxum 06pasoM, nNeHTpoH MOXKET HAXOAMTLCA TOJNLKO B OLHOM
COCTOSIHUH, XapaAKTEPU3YEMOM NapanienbHoH OpHeHTauuel CIHHOB
# 3Ha4YeHuem oPGHTANBHOr'O MOMEHTA, PaBHBIM HYJIIO. 3TO COCTOA-
HHe o6osHauvaeTcs kaK 3S, B OT/IMUKME OT CHHIVIETHOTO COCTOSAHMS,
o0osnayasmoro 15:(06 ycAOxHEHUH, BHOCUMOM HeleHTPAILHOCTHIQ
AAEPHLIX cua, cM. § 4).

2k
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Mu nokaxem cefluac, 4to, COGCTBEHHO roBOps, HYKHO IOKa-
3ath, YTOOH y6eHTLCA B HERO3MOMNHOCTH DeadH3aluH B NEHTPOHe
yposua !S. Brime Mul roBOpuJH, YTO 3aJaya O IBYX B3aUMO-
OefiCTBYIOIIMX YacTHUIAX NMPH YCJAOBHH KOPOTKOLEHCTBYIOMMUX CHJ
CBOAUTCA K 3ajgaye O cBOGOAHOM HABMXMeEHUH C ONpPeAeNEHHHIM
IPAHUYHBIM YCJAOBHEM, KOTOPOE MOKHO MPEICTABHTL B BHIE

u'
—_— (-—-) = &,
u 1‘=7’0

[pu QuHATHOM ABHIKEHMH YAaCTHI, COOTBETCTBYIOLIEM CBA3AHHOMY
COCTOAHHIO, BOJHOBaA QYHKUMA B ciaydae r > r, UMeeT BHI
VMe
——

u=conist..e ®

rie & — SHeprus cesA3y NeHrpoHa. ['paHHuUHOe yc/iOBue, HamuCaH-
HOe BHIIEe, MPHBOAHT K H3BECTHOMY YXe HaM COOTHOLIEHHIO

M
o= Vﬁ %, M3 KOTOPOTO cieiyeT, uTo & > 0. Takum 06pasom,

ARS CBA3aHHHX COCTOAHMH BeJH4YHHA @ NOMKHA OHITL MOJOXKM-
TenbHO#. 3JTa BeauyHHa OmMpene/sercd, Kak YKashHBaJoCh BHILle,
NOTEHUHAIbHOH SHeprHed B3auMoaeRCcTBUA yacTuu. [TosTgMy OHa
MOxeT 6HTb, BOOGule ToBOPS, pasaHuHOH Ana napannedsHo#t u
aHTHNApaJJIeNLHON OpueHTaluul cnyHOB, Mub 6yaeM 0003HauaTh
3HayeHHs & B 3THX IBYX CAy4asaX COOTBETCTBEHHO 4epe3 &, H a,,
CnenosaresbHO, 4TOOH yOeAMTbCA B CNPaBeMJMBOCTH yTBepKie-
HHSI O HepeaTH3yeMOCTH COCTOSHHA 1S, HyXHO AOKa3aTk, YTO

2, >0, a,<0. (2.10)

B § 6 6ymer passura Teopus paccesHus HeHTPOHOB B MOJe-
KynsapHOM BOIOpOHe, KOTOpas LacT BO3MOXHOCTb NMyTEM COMO-
CTABNEHUS SKCMNEPHUMEHTANbHHX M TEOPETHUECKHX HaHHHX yGe-
AHTbCA B CNPaBeAJHBOCTH HepaBeHCTB (2.10).

§ 8. Pacceanue MeqJaeHHbIX HEeATPOHOB MPOTOHAMH

[Tepefiném K paccMOTpeHHIO pacCesHus MeIJeHHHX HeATPOHOB
MPOTOHAMH.

HanomHum cHavana, xak peuwiaercsa oflyas 3amaya O pacces-
HHH YaCTHL, HeKOTOPBM CH/IOBHM LEHTPOM.
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[IpennoaoXdM, 4YTO Ha YacTHUY ZREHCTBYIOT UEHTPAILHHE
cuas. B 3ToM cayuae audhepeHuHManbHOe ceyeHHe paccCesHus
onpeneaserca cieaymomelt dopmyaon 6],

£8 2
22| Y 2+ 1) Py(cos B) (¢ —1) | sin 6, (3.1)

4o =77 | a

rae K& — BOJHOBO# BEeKTOp 4acCTHIUH, 6 — yroa  paccesnus,
P, (cos §) — nonuHoM Jlexannpa l-ro mopsnka, a 8, — Tak Ha3ml-
paemMels (a3l Ha OGeCKOHEYHOCTH, ONpere]silHe aCHMOTOTH-
yeckO? TIOBeJeHHe BOMHOBON MYHKIUHMH BAanyu OT CHJIOBOro LeHTpa.

BoanoBas GyHKUMA 4aCTHHH MOXeT ObThL NpPeACTaBNeHA B BUIE

b= 2} 40 p, (cos 8),

THe 4; YAOBIETBODSET YPaBHEHHI

_;_!;,i(dzu,_l(l—l-l) uz)+(5—v) =0 3.2)

2m\ dr? r2

(E —o3Heprus 4YacTHULl, V —e& mNoTeHUHaNbHas JHEpPTHa H

m — Macca 4acTHIH). S
Branu OT CHJIOBOrO LEHTPa, mpH Goabuiux r, GYHKuus &;(r)

onpejenseTcs ClAenylomel acHMNTOTHYeCKOH ¢opmyof:

u, (r) = const. - sin (kr —Ig +8l> (3.2)

. I
(B apryMeHT sin BXOAWT — - , Gaaroaaps dewy dasa § oGpa-

iaercss B HYJb IJA CBOJOHOrO nsnmenm).

[TpuBendnueie Bhitlie GOPMYIH MOIyT OBITH HCIIOAL3OBAHLl TPH
PacCMOTPEHHH paccesiHH HeHTPOHOB NMPOTOHAMHM, €CJiH Tpeanona-
raTh, YTO CHJIH, AeHCTBYIOLIMEe MEXKAY HUMH, ABJIAIOTCA LUEHTPa/lb-
HBIMH,

OuddeperunasbHoe ceyeHne paccesiHH HeTPOHOB NMPOTOHAMHK
B CHCTEeMEé KOOpAuHaT, TJe IIOKOHTCH UEHTDP HHeplLMH CTanKu-
BAIOLUIMXCA 4acTull, ompeneasierca obme# dopmyaot (3.1). Boa-
HOBOH BeKTOp £ paBeH TNpH 3ITOM

1
_vm_l/5’”fo
—VE_Z

k (3.3)
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Tae E — 3Heprua OTHOCUTENbLHOTO ABHMEHHA HeHTpoHA M TIpPO-
TOHA B CHCTeMe LieHTpa HHeplwmy, E,—3Heprus HeATpoHa B na6opa-
TOpPHOM CHCTeMe, rAe O CTOJKHOBEHHS TIPOTOH T[OKOWACH, H
M — macca HefitpoHa.

" Mgl paccMOTPHM TOT ciaydall, Korna JJHHa BOJHH HeHTpOHa x
(38 cucreMe UEHTpPA UHepHHH) 3SHaAuuTeJbHO O60Jbllle pazdyca
Ae#cTBHA ANepHHX CHA (~ 10713 ci). DToMy ycaoBu YyaoBae-
TBODAIOT HEHTPOHBI C 3Heprueil, He mpeBOCcXoAsuei#t 20 MeV,
Jlerko BWAeTh, YTO AJAfA TAKHX HeHTPOHOB, KOTODHE MH Oylem
Ha3bIBaTh MEQJIeHHHIMH, B cymMme (3.1) BCe uJeHBl, KpOMe mep-
BOFO, TIPAKTHYeCKH DAaBHH Hy/M0. Yrobm yO6eanTiCs B 3TOM,
OLEHUM TaK HasblBAEMB# mapameTp cOoynapeHHs dacTul, B xjac-

CHYECKOH MexXaHHKe OH paBeH b=mv ', rae L — OTHOCHTENb-
(&)

HBIl MOMEHT KOJHUYeCTBAa NBHKeHHA HACTHI ¥ Ts — HX OTHOCH-
TelbHas CKOPOCTh Ha 6eCKOHeYHOM PACCTOAHHU MEXAy YaCTHLAMH.
B kBasuknaccuueckoM nNpHOaMXKeHnu BMecTO L caemyer mopcra-

13

puth /h. Tak xak
. mv@

paBHSeTCs pasfeqéHHOM Ha 2w NiHHe

BonHu nae BpoAna, TO okoHuarennHOo Mbl HMeem & =/[X. flcmo,
4TO B33aUMOASHCTBHE MEX Y YacCTHHAMH MOKET HMETh MECTO TONLKO
B TOM CIyuae, eC/lH mnapaMeTrp CTOJAKHOReHHs & He 6yder npe-
BOCXOIUTb panHyca ZZe#CTBHA SAePHBIX CHJI. DTO 3HAYHT, YTO
3PPeKTHBHBIMH B CMbICJIe B33aUMOZEHCTBHA OyLYT TOJIBKO Te
3HaueHHA OTHOCHTE/LHOrO MOMEHTa KOJHYeCTBA IBHXEHHA [,
KOTOpHE He IMPEBOCXOAAT o Eemm K >>>ry TO TaKuM 3Hade-

X

HHEM OYAET OJHO eHUHCTBEHHOe 3daueHue /== 0. MuuiMu caosamy,
npu X ->>r, Bce dasu §; 3a HCKIIOYEHUEM O,, MPAKTHYECKH
MOXMHO cYuTaTh paBHeMH Hyal0. [lHddepernnanbHoe ceueHne
paccesanHs npuobperaeT NpH 3TOM BHI
da =27 sin® 3 sin B . (3.4)
Kak BuaHO 13 dopmynnt (3.4) NpH BLINIO/HEHHHA YCIOBAR X S 7,
B CHCTeMe [eHTpa HHepIMW paccedHHe HABAAeTCd CPepHuecKH
CUMMETPHYHBIM. '
D1a Gopmyna OTHOCHTCA K ONMpeneNEHHOH OpHEHTAUHA CMHAHOB
HefiTpoHa u mnpPOTOHA. [IO3TOMYy MOXHO CKasaTs, 4TO OG6ulas
3aaYa O DACCESHUH MEANEHHHX HEeATPOHOB MPOTOHaMH CBOLMTCA
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K HaXOMXIEHHI0 [BYX BEIWYHH — 4 M 3y, NpeacTaBaAsouUIdX
coSoft dasy 8, MpH Mapanie/bHOH M aHTHMApaMIeNbHON OpHeH-
Tau¥H COHHOB 4YacTHU. OTH BeNH4MHBl ABAKIOTCA QyHKUMAMH
3HepTHUUM OTHOCHTENbHOTO IBHXKEHHS HeHTpoHa W DPporoHa, Mu
‘[IOKaweM Tefepb, KaK onpeneNdTs BUA 3THX PyHKuu#i B Cayuyae
MenJeHHBX 4acTHLU.

Byxem UCXOQHTh K3 YypasHenua (3.2) a1 /==0, nouumas
nog V (r) 3HeprHio B3auMONEHCTBHA MeXNy HeHTPOHOM M Ipo-
TOHOM, 4 1onx E — 3Hepruio UXx OTHOCHTE/AbHOIO ABMXeHHs. Hac
HHTEpECYIOT Te 3HAa4YeHHs 3HeprHH, KOTODHE [ropasgo MeHbile
a(peKTHBHOR BEJTHYUHE! NIOTEHUHANLHOH 3Heprum vactuu B 06Ja-
CTH AeHCTBHA ANepHBIX CHA. B 3ToM ciydae, Tak ke Kak U npH
pacCMOTP2HHM 3aJ1ayd OO OCHOBHOM COCTOSHUM NEHTPOH3, B 06-
AaCTH HeACTBHA AASDHHX CHJ ypaBHeHHE 1J8 U, TPUHUMAeT BHI

da? M
7%0—%?‘/(’) uy=0, r<r, (3.5)

BHe o6/racTu ReACTBHA sJepHHIX CHJA MH TIO7yuaeM ypaBHe-
HHE JJIA CBOGOIHOrO ABHXeHUs

& E ,
TR+ u =0, r>ro (3.5")

PelneHuss 3TUX ypaBHeHHH HNOMXKHBI OHTh «CUIHTH» TIPH 7 == rj.
Mnumn coBamu, peuieHue ypasHeuus (3.5”) LOMKHO YAOBAETBO-
pATH I'DAHHYHOMY YCJAOBHIO
. .

— () =s, (3.6)

Ug/ r=r,

rge « onpefdeisercf cBofcTBamd dynkuun V(r) (B uacTHocTu,
3aBHCHT OT OTHOCHTEJIbHOH OpUEHTALMH CNHHOB He#ATPpOHA W Mpo-
TOHAd) M B TIePBOM NPHOMHXEHHH MOXKET CUHTATLCA He 3aBUCHA-
e oTr sHepruu E.

Hama samaua ¢dopmynupyeTcs Temepb CleXylomwaM o6pazom:
HeOOXONMMO HafTH pellleHHe ypaBHeHus (3.5'), oTBeualoiiee pac-
CeAHHIO YacTHL, T. e. MMelollee acuMnroruueckywo dopmy (3.2")
H yIOBJETBODAKOIEe TDAaHUYHOMY YycaosHio (3.6).

3aMeTnM, uTO 3Ta 3axada aHaJOrHYHa 3ajgaye OO OCHOBHOM
cocrosniHuH JleHTpOHA; 60/Jlee TOro, ecaW COHHEL HeHTPOHA H
NPOTOHA TIapa/VIeNibHB, TO BeJHUYMHA o HMeeT OJHO H TO Xe
3HaueHue B oQedx 3amayax,
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Pasauune Mexay 5THMH 33aK3auaMy 33K1I0Y3eTCs JUIUbL B TOM,
4YTO TIPY PaCCMOTPEHHH paccesHHst HeATPOHOB NPOTOHAMH CHCTEMaA
HeHTPOH -~ IPOTOH HMeeT MOJOXKUTEJBHYIO 3HEeprHio, B TO BpaMs
KaK NPH PacCMOTPEHMH 3ailauyd OO OCHOBHOM COCTOSAAHMH AeHTpOHa
MHEl HMeeM Jneno ¢ oTpullaTelbHOH 3Hepruefi. C 3TUM CB#3aHO
pasaxuyHOe aCHMNTOTHYECKOE MOBefeHue BOJHOBHIX GYHKUHH oDenx
3amay. B zamave O paccesnnu BONHOBag ¢yHKuMA HAa OecKOHeu-
HOCTH OCUMJIIHPYET H OT/HYHA OT HYJdA, B 3a1auye ke O6 OCHOB-
HOM COCTOSHWH AeHTpOHa OHa 006pamiaercas B HYJb.

flonyepxHéM, 4TO HUCNOIL30BaHHe OJHOr0 W TOrO K€ rpaHuy-
HOrO YCJAOBHA C OZHOH H TOM e KOHCTAHTOH & sABJAAeTCA CJen-
CTBHEM MAJOCTH 3HEPruu CB43M J1eHTPOHA H 3HEPTUH OTHOCHTE/ILHOTO
ABH)XeHHA HEHTPOHa H MPOTOHA [0 CPaBHEHHIO -C 3ddexkTHBHON
NOTeHIHAJLHOH 3Heprusi B3auMoZeHCTBHs HeHTpPoHZ H TIPOTOHA.
B cuny 3Toro @ BHICTYMaeT KaK HEKOTOpas KOHCTaHTa, XapaKTe-
pusyloHias B3auMozeHcTBHe HeATpoHa u mnpoToHa [,

BoaBpatiMca x pemennio ypaBHenus (3.5°). HHrepecyiomee
HaC pemieHHe HMeeT BHE

uy == Csin (kr -4 3).
YcanoBue (3.6) naér
lI, ,
(390-)= — ket (krg4-8) = —a, (3.6")
OTKYy1a
8 = —arcctg —g— — kry.

Tak Kax npeanonaraercs, YTO AJAKHA BOJHbI HEHTPOHAa 3HAYM-
TelbHO GOJbllie, YeM paduyC AeHCTBHS sidepHBIX CWI, TO B nep-
BOM mpubadxenuu B ¢opmyae (3.67) MOXHO npeHeGpedh UYJIEHOM
kr, no cpaBHeHul0 ¢ 8. Mbl moaydum npH 3TOM:

kR
YN

kcetgd=—a, sin6—= — ———
(&2 + a2

ro—0. (3.7)

OTHMH COOTHOLIEHHAMH oOnpegensercd & Kak QYHKIua 3Hep-
1
rum (k =z V ME) B Np2AeJbHOM C/lyyae GeCKOHEeYHO Majoro

paaHyca nefiCTBHS AZePHBIX CHJ.
PaccMotpuM Gollee NOApoGHO 5TOT mpefenbubi#t cayuait. Kak
Mel TOBODHAM Bhillle, Cllejgyer pasiuyaTh 3HAYEHUs O J/A mapaj-



§ 3. PACCEfiHHE MEAJIEHHHX HEMTPOHOB MPOTOHAMM 25

JenbHOH M AHTHapa/elsHOR ODHEeHTaluud CNMHOB. DTH 3Haue-
HHS, Opp M Dpy, Ompenensiorcs coraacHo (3.7) gopmysnamu

\ ketgdy =—a;, kcighy=—uoy ro—0, (3.7)
e @, W ®y— BEIMYAHBI, BXOAAUIME B TPaHHYHOE YC/IOBHE -

u’
——(—-) = @&
u Pr=0

¥ OTHOCAINHEeCd K [ABYM ODHEHTAUHAM CHHHOB.

HupdepeduuansHoe cedeHye pacCessHMs MeLJIeHHHX HeH#Tpo-
HOB MOPOTOHAMH AJA o6enx OpHeHTAMHA CMUHOB onpelensercd
cornacHo (3.4) u (3.7) dopmyaamu

2m ; 2n :
d04\4\ =m$lﬂede, dd4\* =m51ﬂ6de, r0—>0. (3.8)

HuTerpanpHeie CeHYeHUs HMeT BHI

Cap = 4r ‘ 4rht
A= 3 — ’
B4ad <_E2_o + s)
4x 4k’ (3.8")
Spy == 7 = ,
K+ ag M (%0 —l'e')
()2 ("'07{;’)2
rae e ===, g’ H E,— sHeprua HeHRrpoHa B aaGo-

paTopHOH cucreme Koopnm{ar (B aTo#i cucreMe IO CTO/NKHOBEHHS
APOTOH MOKOHJICS ).

3aMeTuM, UYTO & TIpPeACTaBJAgeT COOOH 3SHeprHio CBA3U Jefi-
TPOHA; OTCIONA CJeNyeT, UTO B MpeRNoN0KeHUH 6eCKOHEUHO MalIoTo
panuyca geficTBus AlePHBEIX CHJ, pacCesHHe MelJleHHHX HeATpo-
HOB [POTOHAMH NpU MNapasefbHON OPHEHTANMH CIHHOB omnperne-
JAgeTcd TOABKO OZHUM MapaMeTpoM ~— 3HeprHell cBsa3u nelTpona.

BenyunHa ¢/, uMerommast pasMepHOCTh, 3HEPrdH, He TIpencTa-
BAsieT COOOH 3HEPrHH KaKoro-1HG0 peaJbHO CYHIECTBYIOUIEro
YDOBHS; MOXHO JHIIb CKa3aTb YTO eCAH OH AeHATPOH MOr Haxo-
KUTBCA B BO3GYKIAEHHOM COCTOSIHHHM C NMPOTHRONO/OKHON opHeHTa-
HHeil CMHHOB YacTHL., TO BelWYdHA &’ MPEACTaBAANa GH IHEPruio
3TOro BO3OGYXAEHHOrO cocTtoduus. Hamomuum, yro Bonpoc O BO3-
MOXHOCTH CYHIeCTBOBaHWA TaKoro cocroauua (1S) B nefiTpoHe
CBOAHTCA K OMNpele/ieHUIO 3HaKa BeJHUHHE @, Kak BHIHO u3
dopmyas (3.87), 3Hak BeJHUHHB @ He MOXeT OHITh omNpelensH,
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€C/AH. HIBECTHO CedeHHe Opy. [IO3TOMY ONHITH TO pACCEAHHIO
HEHTPOHOB CBOGOAHHIMH MPOTOHAMH He MOTYT NPHBECTH K BEIBOLY
O HeBO3MOXHOCTH peajn3auum cocrosnus 1S B 1eATpoHe.

dopMynsl (3.8") onpenensioT ceuyenus paccedHus Las obenx
OpMEHTallu#t CMHHOB HeHATPOHA M TPOTOHA,

Yro6H NOMYyYdTh CeueHHe PACCesHHA HeNnoJAAPH3OBAHHHIX Hel-
TPOHOB M[OTOHAaM¥, HYXHO HMeTb B BHAY, 4TO CTaTHCTHYE-
CKHR BeC COCTOsiHMA C OONIIWM CMHHOM, DAaBHHIM eIWHHLE, B TPH
pasa 60Jblle Beca COCTOAHMA CO CHWHOM, paBHhM Hyaw. Ilo-
aToMy cpenHee 3¢ddexTHBHOE cevueHue paccesHus HeHTPOHOB
nporonamu (ycpemauénHoe no 060uM HanpaB/ieHuAM CITHHOB) MOxeT
ORITH MpPenCcTABASHO B BHAS

- 3 1 nh? 3 1
T=EM T T =7 T I
5 Eo +e g E+¢

, ro—> 0. (3.8")

$opmynu (3.8”) u (3.8”) oTHOCATCA K NpenelbHOMY C/AY4Yalo
ro—> 0. TlokameM Tenepp, Kak y4eCTh XOHEYHOCTh paauyca Heii-
CTBYS SAEPHBIX CHJI. 3aMeTuM fpedBapuTensno, yto dopmyna (3.67),
Kyia BXOIMT BEAHYMHA 7y, HE MOXeT ObiThb HENOCPEeHCTBEHHO
npuMeHeHa [OAA PelleHHs HHTEpec) iouiero Hac Bonpoca, IT0
CBI3aHO € TeM, YTO, HCAOML3YH TrpaHnuHoe ycaoswe (3.6), Mb
CYHTaa¥, 4YTO & ompefensercs TOALKO V (r) M He 3aBHCHT OT
sneprun E. B mefcTBUTENBHOCTH B BOJHOBOe YypaBHenue (3.2)
BXOAMT pasdHocTs V (r)— E, M no3tomy, CTpOro roBOpS, TIpH
«CII{BAHHM» pellleHUR .HYXKHO YUYWUTHIBATH 3aBHCWMOCTb BHYTDEH-
Hero pellleHHsi, 3 CAefORATENLHO, W BeJUYMHH &, OT 3SHEPrHH.
CymecTBeHHBIM $BAAETCd TO OGCTOATeJAbCTBO, 4TO Y4&T 3TOH
3aBHCHMOCTH NMPHBOAUT K NONPAEKAM TOTO Ke MOPANKA BeJIUYHHBI,
YTO M Y4Y&ET KOHEUHOCTH pasuyca AeHCTBUsE SAEPHHIX CHA [ecan
MPOM3BOANTE 3TOT Y4&T, MO/AbL3YyACh COOTHOmenueMm (3.6) u cum-
TaTh HPH 3TOM & He 3asucsuMM OT saepruu]. ITostomy yuér
KOHEUHOCTH paauyca AeficTBUA SAEPHBIX CHUA CAELyeT MpPOW3BO-
OATb BMecTe ¢ Y4€TOM 3aBHCAMOCTH KOHCTAHTH o, BXOAALLEH
B TPaHUYHOE YCJOBHe, GT 3HEPTHH.

JokaxeM, 4TO B CaMOM cGuweM cJiydae, He3aBHCHMMO OT Cne-
uuanpHoro sHuaa ¢Gyukuuu V(r), HMeeT MecTO cJenyloulee
COOTIHOMWEeHHE:

kelgd=— atf o (a2 F4) g0 (&%), (3.9)
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roe @ W Iog— KOHCTaHThbl, He 3aBHCALME OT 2 ¥ ONpene/solnecs
pugom V (r).

BeauuuHa ry nMeeT P3I3MEPHOCTh MJIHHBL M MOXeT OHTh Ha-
3aHa 3QQPEKTHBHBIM paAuyCcOM AeHCTBHA alepHLIX CHIA. [MHOXH-

1 .
Ten - BBEASH B MPaBYW dacTh (3.9) gas Toro, uroGH 3TO

cooTHOuleHHe (OpMANLHO HMeNO TaKOH e BHA, KaK U B Cayudae
«AMBI» TPSMOYTOJBHOH dopye!.] :
[TocTosiHHBIE @ ¥ Iy, €CTeCTBEHHO, 33aBHCHAT OT B3aUMHOM
OpMeHTallWH CIHHOB HeHTPOHA u npoToHa. [TosToMy He TOMBKO a,
110 H 3QdeKTHBHHHA panuyc AefCTBHA ANEPHBIX CHI r, pa3ndyeH
ana cocroaxuit 3S; m 1§, B cayuae cocrosmus 3§ BeaunumHa
o (=a,) CBs3aHa C 3reprHefl CB#3M NEATPOHA & MpEeKHHUM CO-

OTHOLIEeHNEM
VM
al = ﬁ, .

Unen nopsaka k73, BXoasumit B (3.9), ouedn Maa B o6iaacTd
sHepruit, He mnpeBocxoasmux 10—20 MeV. [lo3tomy, -ecan
OTKN2AbIBATh 3KCHEPHMEHTaNbHO ONpeleseMyl0 BeMHYHHY K cig
KaKk QYHKUMIO 3HeprHd HeHATPOHA, TO Mbl JO/MKHBI [OJYYuTH TpA-
MYI0, HAKJOH KOTOpO# XapakTepusyer 3p¢peKTHBHHIA pamuyc
geficTBust sdepHeix cwia. OTpe3ok, oOTcekaemMbit npsaMoi Ha ocu
kctg 8, onpemenseT TaK Ha3nlBAGMYIO AMIMIUTYAY paccesdHuA
npu E =0, piBHyIO

i
a=— ————

a(l-——%—aro)

Jra BenHuMHa CBA3aH4 C cedyeHueM pacoesHusa npu E =0 coor-
HOleHHeM

o = 4ma®.

IMepefinéM K aoKasaTeAbCTBY coorHowenua (3.9)*). Bmmu-
mem ans 3Tor0 ypasuenus (3.2) npu /=0 ansa msyX sHaueHuH

adeprun E = KOTOpbie MBI OGO3HaunM uepes Ey u Ej.

252
M ?

*) Ilpu pokasareabcTBe Mul caegyem bBere [7].
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CoorseTcTByIomHe HM GYHKUMH O0O3HAYNM 4Yepes 4y M Uy IDTH
YDaBHeHHS HMEIOT BHJ

” 2 ——
;- kju, — V(r)u; =0, |
” 9 . _—
g+ - V(r) u;==0.
YMHOXas mepBOe M3 ITHX ypaBHeHHH Ha 4, BTOPOe—Ha u, H

HHTEIDHDYA Da3HOCTh MONYYEHHHIX BbHIpaXeHHH no r or r=0
oo r= R, Hahtném:

R
4 4 B 3 03 )
(aguy — upu)) y = (k3 — %7) f ugy dr. (3.11)
0o

(3.10)

rn

Beengm temep» B paccMoTpeHue GYHKNMH v, H U, YIOBAe-
TBOPAOULAE YDABHEHHAM
v 4 kg, =0, | -
vy - Fo, = 0. Jf (197
M COBMagaolixe NMpu GOJBLUIHX I COOTBETCTBEHHO C (DYHKUMAMH &,

M u;. TIpoHOopmHpyeM 5TH QyHKUMM TakuM 0Gpasom, 4TOG6H!

npu r =0 oHu OoOpawanuce B eAuHHLY, T. e.
1l 1 s
U =gng " (or +38),  vy= sins,; " (fyr =4-35),  (3.107)

rae 8, u 8 — dasw pacceauns i sHepruk E; m E|. Pop-

myast (3.10”) onpenenflOT OAHOBDEeMEHHO HODMHPOBKY .- dyHK-
uat &, ¥ uy, W60, MO YCHOBHIO, NP OGONBINAX 7 GYHKUHH &

M v COBRNaaaoT.
®yHKUMH U, U Uy YAOBASTBOPAOT COOTHOWeHNO Buaa (3.11)
2 R
’ ’ — 2 B2 ’
C ) [o = (B — k) [ ar.  (3.11)
[}

Boiuutas (3.117) w3 (3.11) u sameuas, uro 2 (0)=0, Mul mo-
Ay4uM MpH foCTaTouHo GoabwioM R [korma u# (R) =~ v (R)]

B
(00— 0y 0)mq = (Rl — #)) f (o9 — @y4yy) dr.
1}
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Jlepas 4acThb 3TOrO DAaBEHCTBAa MOXKET ObITh BBHIYHCJEHA COI/JacHO
(3.10”). Mu noaydum TakuM oGpasoM ciaeayiomee ofiugee co-
oTHOMUIeHHE:

kg ctg 8y — By ctg 8= (By— &) [ (woy—uuy) dr. (3.12)
0

Monoxum B (3.12) 2{=0. B aroMm cayuae — kictg 8; momxHO
6LiTh 3aME€HEHO Ha ~—a~1, rae a — BBen&HHas BelIE AJHHA pac-
ceanus Npu Hyneso#t sueprun. Takum o6pasoM, MBEl NOAYUUM
u3 (3.12): .

kctg 8=~ = 4% (E), (3.12")

roe

1
P (E)= f (vyv — ugu) dr.
0

3aMeTnM TeNeps, 4TO QYHKUHA © H @& OTAHYATCA APYr OT
Apyra TOJNbKO B O6uacTd AeiicTBHa azepHHX cwil. [Tostomy noxn-
pHrerpanbHas GYHKuMA B BHPaXeHHH [Jd p OTAHYHA OT HyJsd
ToAbkO B o6aactu nAeficTBUA siRepHbIX Ccua. B aroft o6GaactH
YHKIHU & ¥ © C1a60 3aBHCHT OT DSHepruu, TaK Kak kr << 1
u EL|V(r)|. MNostoMy B BHpaXeHHH I p TOX 3HAKOM
HHTErpaaa MOXHO NMPAGAHXKEHHO 3aMEHHTh 4 Ha Uy U U Ha v,
Takum o6pa3oM, MH TIOAYUHM:

1 1 1
—Q—p(E)%—fp(O)E?r():f('vg—ug)dr. (3.13)
(4]

3Ty BeNHYHHY ro, He 3aBUCAULYI0 OT SHEPriM, MH Ha3hHBaeM
3¢ deKTUBHEIM PanuycOM AeHCTBHS AAepHLIX CHA.
Moacrasaaa (3.13) 8 (3.12°), noayuum:

1 1 ”
kctg 8 = — -5 £%r,. (3.127)

3TO COOTHOLIEHHE MOXHO PACCMATDHBRATL KaK Da3NoKeHHe GyHK-
mMH kctgd B pax mo CTenmeHAM 3HeprHd WM, HHAYe roOBOpH,
no 42 (pasnoweHHe MPOHCXOAHT HMEHHO MO CTemeHaM k2, a He R).

Hesuinucanueie ufeHnl pas/OxeHHd HMET MAOPAROK k‘fg H B
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obaactn sdepruft, He npesocxomawux 10—20 MeV, moryr ObiTh
oTOpoOLIeHsl. _

Hasg toro wrobu npusectd (3.127) k suay (3.9, nam ocra-
JA0CH [0OKasaTh, YTO JJISi TPUINIETHBIX COCTOSHHM (CHNUHBI Hel-
TPOHA W MPOTOHA Nape/Jes]bHbl) HMEET MeCTO COOTHOLUIeHHe

L g (1=t an), (3.13)

M
roe a, == L4 (¢ — 3Heprusa CB#3M HeATpOHA).

YTO6H IOKAa3aTh 3TO YTBEPKIEeHWe, CJAeIyeT JHidb 3aMeTHTb,
YTO BCE PACCYXAEHNS, NpejiecTByOUIMe BHBOXY dopmyas (3.127),
OCTAHYTCA B Cuje, eclH BMecTO dYHKUWH 4y NMONCTABHTb BOJHO-
By0 $yHKHHIO OCHOBHOTO COCTOAHMS AeHTpOHA3, a BMECTO 11 —
dyHKIHIO e~ KOTOpas acuMOTOTHYeCKH mpH GOJBUIMX 7 CO-
BrajfaeT ¢ 4;; (HOPMHDOBOUYHLIH MHOXKHTENb BHISpail TakuM 0b6pa-
aoMm, uTo6n oy (0)==1). Ipn atom B (3.12"”) HywHO BMECTO
kictg 8y moacrasnTe ——da;, a BXOJAWLYX® B MNPaBYyi YacTh
paBeHCTBA BEIHYUHY k?l 3aMEHUTh HA — b Takum o6pasoum,
Mbl TIONYYHUM COOTHOUIEHHE

a——l lagr
l_dl 2 o

OTKyJa u BelTekaeT BbipawxeHnue (3.13') aas AnuHB paccesHus
HeHTPOHOB. C HY/IeBOH 3seprued (unnexc 1 nmpu a yKasniBaeT Ha
TPUIIeTHOS COCTOAHHE, CTPOTO TOBOPH, HHAeKC 1 HomkeH OBITH

Npunucal Takxe ¥ K rg).
3avernM, uTo cooTHowenne (3.9) monmyckaer emé caenywo-

my TpakTosky. IIpu paccMOTpeHWu 3agaym O pPaccesHHH HeH-
TPOHOB MPOTOHAMH, a TaKkkKe 3amay# o6 OCHOBHOM COCTOSIHHA
NEeHTPOHA, MOXHO HE yYWTBIBATE KOHEUHOCTH panuyca HeHCTBHA
ANepHBIX CUJ, ecAH HCXOJUTh H3 OO60O6UWEHHOrO rPaHHYHOTO
ycaoBus (6]

__(\_lzlz:>r_—=o=,-7(5)’ (3.19)

re Y -—HeKoTOopasa QGYyHKU4S 3Heprun; B HHTEPBAJE 3Heprul
oT Hyags a0 10—20 MeV y(E) wuoOxeT paccMaTpMBaTbCa Kak
AuHelHas (pyHKUMS 3SHepruu

Y(E)=A+BE=a——_l2_(a2+k2) ro (3'14)



§ 3. PACCEAHHE MEIJIEHHHX HEATPOHOB IIPOTOHAMH 31

(n1vHeHHOCTBIO Y Mb yxe M0Ab30BANNCE B MOpeAblAyllev napa-
rpade npH H3yUEHHH HOPMHDOBKH nefiTpoHHO# ¢yHKuun). Be-
amanEe A # B, TaK Xe KaK M & W I, PasiuduHb a9 1S u
85-cocTOHHUM.

Crenaev eun§ crleiyiouiee 3aMeuanHe IO MOBOLY pasioxe-
nua (3.9). B 9TOM DasjOMeHHH MH COXpaHsieM BTOpOH 4JaeH,

) 1 a2rg

TaK KaK nepBbiii wieH, DasHbA — = —2 -} —0, AHOMANBHO Mal.
B TpunieTHOM COCTOAHHH O TPOINODUHOHANBHO V; (e — 3Heprna
casm meATpoHa). B soepHOM 3HepreTHdecKoM MacuitaGe 3Ta

JHEPrua aBJsIeTCsd OTHOCHTE/ILHO MaJOAd BeINUHHOH; IIO3TOMY -;—

raKe OTHOCHTenbHO Mana. OTcioa caexyer, YTO Aaxe B TOM
cyuae, KOTAa BTOPOH u/eH B (3.9) cocraBnger 3aMeTHYIO0 YacTh
flepBOr0  «MaJOro» u/leHa, BKJaZ OTOpOLIeHHEIX 4/1eHOB, MpPO-
nopuMoHanbHEX kY, OyneT em@ nesameTHeiM. Te“we coobpawxe-
Hus B emé 6oJbliel CTeNeHH MPUMEHMMB K CHHIVIETHOMY COCTOS-
HMIO, TAK KaK [OaHrble N0 DAacCenHdio HeATPOHOB IPOTOHaMH

1 . .
MOKA3LIBAIOT, UTO — B STOM Cyuae MeHblle, YeM B TPHMIIETHOM

COCTOAHHH,

Hcnoansya dopmyay (3.9), onpenensiomyo dasy 8, Mul nony-
yaM Ha OcHoanuy (3.4) cienymooulee BbIDaXKEeHHe 019 CEYEHHd
pacceaHus He#ATPOHOB NMPOTOHAMHU (npn onpexenduHo#t opuenTa-
LA CNAHOB) C Y4Y€TOM KOHEYHOCTH panuyca NeHCTBHA sXePHBIX
cun:

4m a8 4m
G = 3 sin B_kz-{—k'-’ctgm—

4n 1 2 o, 2 2.8, 171
=FEra [1"’“’0+Z(°‘ 4 &%) a4 O(akrg)| . (3.15)
O6LIYHO A/ G NPHBOAKHTCA BhIpaxenue %3
: __A4n (1 4 arpy)
o= k2 4-a2
KOTOpOE, KaK MH BHAMM, SBJASEeTCH CNPABEMJHBbIM NPH BHIMIOAHE-
nuu ycaosufi |arg| <1, kry<€1. B kBampaTHofi cKoOke
Bripaxenns (3.15) MOXHO NpeHeGpeub UY/IeHAMH NOPAAKA ak’r,

1 2
OJHAKO u/IeH T(aﬁ—{— %2) r;, BooGule roBOps, HeOGXOAHMO COXpa-
HHTb.
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Yro6H HAATH ceueHHe PacCesHU HENOAIPH3OBAHHLIX HeATpO-
HOB TIDOTOHAMM, HYXHO CJOKHTL Buipaxedus (3.15), oTHocH-
aHecd K TPHIVIETHOMY ¥ CHHIVIETHOMY COCTOSIHHAM, YMHOMEHHbie

: 3 1
NMpelBapUTENLHO COOTBETCTBEHHO HA -7 W —. Taxoe ycpeaH&HHOE

CeYCHHEe pacCCessHHd HEMOJAPH3OBAHHBIX HeATPOHOB IMPOTOHAMH
onpeneaserca caenyioutei dopmyaof [5]:

o==1,3.10"2 3 —+
(1,22 — 0,06Eq)? -+ =2

! V5 cH?,  (3.157)
(0,27 + 0,06 Ep)? + 5

rie Ey-——3neprus HedATpOHa B JNaB0OPaTOpHON CcHCTeMe, BbIpa-

xewHada B8 MeV.
B 3akaioueHue 3TOro maparpada npHeeAEM 3HAYeHHS KOH-

crauT, sxomsuwx B dopmyay (3,9) 1. DddexTusHuf pamuyc
IefiCTBUS SAePHBIX CHJ B TDHIIETHOM COCTOSHUM DaBHsAETCH

raR L6 1078 —1,8-107" cu,
B CHHI'ZIETHOM COCTOfAHHMHM paluycC JelcTBUd CHA paBHAETCH

Ty = 2,7 . 1072 cu

(210 3HaueHHME TMPHHMMAeTCd TAKMM Xe, KakK panuyc xeHcTsus
SIAePDHBIX CHJA MEXAY ABYMS NPOTOHAMH B CHRIVIETHOM COCTOf-
HuH). Pannyc nefiTpOHa, €C/iM CUMTaTb SHEPrHi0 CBA3H AeATpPOHA
e =2,19 MeV, paBHseTcd

1 —13

—=4,33.107" cu.

ay
Cpennee 3HAueHWe CceyeHHs DaccesHAS HENOJSPH3OBAHHHIX HER-
TPOHOB MpOTOHaMH Npn E,— O pasHseTcs

o ==20,36 - 107 ¢4’

Benuunna s’ pasHa 69 keV {81,
PaccmoTpenue paccesiHus MeLJIeHHHX HefATDOHOB IPOTOHAMH

C TOYKM 3peHHA oOuiefi TEOPHH paCCeAHHT MeNJIEHHBIX YaCTHIl
6yner cnenaHo B § 24, rie Oyner nan Apyro#t Bmsox ¢op-

myan (3.9).
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§ 4 Heueurpanbubplii xapaxktep SAepPHBIX CHJ
H KJIACCHPHKALUA COCTOAHHH CHCTEMBI
HeHATPOH - NMPOTOH

B npeABAYLIHX Naparpapax Mbl MCXOAHIH U3 TIPEANOIONKEHHs
0 IeHTPAaNbHOM XapakTepe #AepHHX cui. M3 storo mpenmoso-
JKeHHS BHITEKaeT, YTO OCHOBHEIM COCTOSiHHEM AeHTPOHA [O/KHO
6LiTL S-COCTOFHHE.

Ji3BecTHO, 4TO BOJHOBax (QyHKUMS S-COCTOSHUA 3aBHCHT
TOMLKO OT PACCTOAHMA MewAny uactHuami. [1ostomy, ecnu sepuo
CHeNaHHOe TIPelIOJIOKEeHHe, TO pachpelefieHne 3apafga B lefi-
TpOHE ROKHO OHTB CdepHuecKH CHMMETDHUYHEIM, U ASHTDOH He
nomxeH 0061alaTb KBaAPYNOJBHHM MOMEHTOM, CYIUeCTBOBAaHHe
KOTOpOrO BCEria CBHAETeNbCTBYeT O0 OTKJIOHEHHH paclpelese-
Hug 3apana oT cdepryecKH CHMMETPHYHOTO.

Mexny TeM, ONBIT NMOKasLlBaeT, uTO AeHTpon OGJIaxaeTr Ksa-
apynmoabHbiM  MoMentoM 8. Orcioma " creayer, 4TO OCHOBHOe
coCTosHNe NeHTPOHAa He MOXKEeT OIHCHIBATHCA YuCTOi S-BOJHOU.
OHO HOMKHO NPelCTaBIdaTh COGO#t Cymepnosuuuio S-BOJHH H
8OJIH, OTBeYalOmMMX OT/IHYHHIM OT HYJd MOMeHTaM KO/Au4ecTBa
ABHKeHHA, KOTOpble M CO3LAI0T OTKJOHEHHE B pacnpelefieHHH
sapafa OT C(epHYeCKH CHMMETPHYHOrO.

TakoOe C/AOWKHOE COCTOIHHE MOXKET BOSHHKHYTL TOAbKO B TOM
ciyyae, €C/iM SAEpHEIE CHJABI HE ABAAIOTCA UYHCTO LEHTPAABHBIMH.
970 0O3HayaeT, uTO AAEpHbie CHIH AOMKHE 33aBHCETh HE TOJBKO
OT pacCTOSAHMA MeXAY 4YaCTHUAMH, HO TaKXKe W OT OpHEeHTAaIuH
CMHHOB HEHTPOHAa ¥ INPOTOHA MO OTHOIIEHHIO K paiuMyC-BeKTapy,
coenuusiomeMy obe 4acTHUH. Yu&T TakuX CHJ, KOTODHIE HOCAT
HA3BAHWE TEH3OPHHX, AAET BO3MOMHOCTL OOBACHHTL CYHIECTBO-
BAHHE KBAaAPYMOJABHOrO MOMeHTa AeHTPOHAa, a TakKke TOT axT,
YTO MATHHTHLIH MOMEHT HAefiTPOHA HeCKOJBKO OT/JIHYaeTcs OT
CYyMMbl MarHHTHEIX MOMEHTOB NPOTOHAa H HefitpoHa [% 101,

Mul uaun&M mnayueHue 3@ddexTOB, CBA3aHHHX C CYIIECTBOBA-
HMeM HeHEeHTPaNbHHX CHA, C paccMOTpeHusa oO0liero BOMPOCA
0 KJAacCU(HUKAUMA COCTOAHHA CHCTeMBl HeATPOH -~ MPOTOH.

Hanuuve cwa, 3aBACAUIMX OT OPHEHTAUHWH CNUHOB HEWTPOHA
M NPOTOHAa, MPUBOIUT K CYLIECTBEHHOMY H3MeHEHHI0 CBOUCTB
CHAMMETDHH TaMHIbTOHHAHA CHCTeMbl. B chiyuae nedcTBusd OOhIU-
HHX LEHTPaALHBIX CHJ TaMulbTOHMAH CHCTEMEl, COCTOMIIeR U3
ABYX 4aCTMll, MHBADHAHTEH MO OTHOWIEHHIO K INPOCTPAHCTBEHHLIM

3 3ax. 1800, A. Axuesep.
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BpauieHusiM. C 3THM CBfi3aHH COXpaHeHHe OPOHMTAABbHOTO MOMeHTa
KOJH4YeCTBA MABHMKEHHS UYaCTHIL H BO3MOXHOCTb KAACCH(PUKALMH
COCTOAHU# CHCTeMHl 1O 3HayeHusM MoMmeHTa /. B o6uem cayuae,
KOrAa CHMJBl 3aBHCAT OT CI¥HA YaACTHI, TaMHJILTOHHAaH He HHBa-
pHAaHTeH [0 OTHOIIEHHIO K BpAlleHHIM OXHHX TOJbKO NPOCTPaH-
CTBEHHHIX KOODIWHAT.

HVHBapHAHTHOCTbL raMWJIbTOHMAHA COXpPaHsieTcd MO OTHOLIEHWIO
K BpaUIeHHAM KaK OOLIYHBIX, TaK M CMHHOBHX KoopauHat. C 3TOM
WUHBADHAHTHOCTLIO CBA3aHO COXpaHeHHe OOGWIero MOMeHTa KOJHu-
yecTBa ABMXKeHHs J, CKJaiBIBaiollerocs n3 OpOGHTAaJRHOrNO W CIH-
HOBOro MOMeHTOB. [locienHne HOpo3Hb, BOOGHIE roBOpA, He
COXPAHSIIOTCH, ¥ YO3TOMY BO3MOXHOCTb KJacCHMHKAN®H COCTOA-
HUM TO 3HAaYEHHAM OPOGHTAALHOTO MOMEHTa TpPH STOM OTNa-
kaerT.

Mu G6yanem B AajdbHelillleM NpeRNoONararb, 4TO IaMHALTOHHAH
CHCTeMH He#TPOH - NDOTOH CHMMMETDHYeH OTHOCHTENLHO CIHHOB
06edX YacTHl. 3TO 3HAUHT, YTO MH HCKJIOYaeM U3 PaCCMOTPeHHA
rakne 5¢dexTs, KakK, HANpHMep, MAarHUTHOe B3aMMOAeHCTBHE
OGOMX CINHHOB C OPGMTANBHEIM MOMEHTOM IIPOTOHAa. JTO B3aHWMO-
NefiCTBHe OYeHb HEeBEJHKO, M IMO3TOMY TpeHeGpexeHHe UM Npeld-
CTaBAAETCR BIIOJAHE 3aKOHHKIM.

Xora B ofiueM cayyae mM060ro yucaa 4acTHU, OPOGUTAALHEIH
H CIOAHOBHI MOMEHTH TMNOpO3Hb HE COXPAHAIOTCH, B CHCTeMe,

1
cocTofmefl U3 NBYX uacTHl, OOGJANAIOMIHX CMAHOM, PABHLIM -,

¥ ONHChHBaecMO# TaMu/AbTOHHMAHOM, CHMMETPHYHbLIM OTHOCHUTEJBHO
CIHHOB, BeJHYHHA OOLIEro CnuHa S npeacrasaseT CO6GO#t KOH-
CTaHTy IBHXKEHHS.

310 yTBepxkIeHHE Henocpencmex-mo BLITEKAET W3 CHMMETDHH
¢yskuud TaMHALTOHA OTHOCHTENLHO CHIHHOB OGEeMX uacTwil.
B cuay sToit cUMMeTpHHM CTAHHMOHADHLIE COCTOSHMA MOTYT ObLiTh
an60 CHMMeTpHUHBIMH, JHMOO aHTHCUMMETPHUYHHMH OTHOCHTEILHO
CMMHOBLIX KOOPIHHAT.

CuMMeTpHYHEIE COCTOSHHA SABJAAIOTCA TPHMISTHLIMH ¥ COOT-
BeTCTBYIOT 3Ha4eHHO cnuua S, PaBHOMY e[WHHLE, AHTHCHMME-
TPUYHBIE COCTOMHHA ABAAIOTCA CHHIIETHHIMH ¢ S ==0.

B copaBeaauBOCTH BHICKA3aHHOFO Bbillleé YTBEDXKAEHHA O IO-
crosucree S M yGemdMcA Takxe, YCTaHOBHB Hanbosiee obimee
BhIpAXEHHE AJIA FaMWIBTOHHAHA CHUCTEMEI, C KOTODWIM, Kak OyzdeT
MOKa3aHo nanee, KOMMYTHpyeT omeparop S2.
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[TokakeMm, 4TO TaMHAbTOHHAH CHCTEMH ABYX YaCTHU, 06Jja-

. 1
HAoUHX CIIMHOM, PaBHHM 9 MOXKET COZepKaTh CIMHHBI HacCTHU

TONBKO B ABYX KOMOHHaUHMAX:

(oqr) - (aor)
9,0, Sig==3 —1),#' — %1% (4.1)

rae @, do—MaTpuus [layan i ofemx wacTHU ¥ r— BEKTOp
paCCTOSHHA Mexay HUMH.

D10 yTBepXAeHHe CBA3aHO C Teu, uyro omepatopn (4.1)
WHBADHAHTHE MO OTHOIWIGHUIO K BPAlEHHAM HPOC FPaHCTBEHHBIX
¥ COMHOBBIX KOOpAWHAT, npuuéM moGoH omnepatop, XipakrepH-
3yloWMica TaKO# HHBADHAHTHOCTLIO, MOXeT ObiTb MPEACTaBNeH
B BHAE JHHEHHON KOMOWHALMA ENNHHYHOR MaTPHLLI M OMepaTo-
pos (4.1). Tax kaK ramyIbTOHHAH CHCTeMbl NBYX YACTHIL HHBa-
puaHTeH MO OTHOWIEHHIO K BPAlEHHSM MPOCTPAHCTBEHHBIX W
CIMHOBHX KOOpDAHHAaT, TO OH TaKke MOMKET GLITb MMpPelCTaB/AeH
B BHAE /AHHeHHON KOMOHHALlMH eAMHHYHON MaTpHUH ¥ ONlepaTo-
poB @,0 1 Sig.

Jokawem, uTO oONepaTopw (4.1) OTIMYAOTCA CAEAYIOLLUM
3aMeyaTeNbHLIM CBOHCTBOM: 1i06as Lesas MONOKUTENbHAA CTeneHb
KaXIOr0 H3 ONepaTopoB, TaK e KaK W NMpOH3BeldeHHe TAKHX
creneHelt, MOTYT ObiTb NPEACTaB/AEHH B BHAe JHHEHHOH KOMOu-
HalUuM¥ CaMHX ONEpPaTOpOB H EAHHWYHOH MATDHIH.

UroGu yGeanTsca B 3TOM, OTMeTHM INpexie BCero COOTHO-
utensue (11

(9,09)% = 3—2q,9,,
KOTOpOE JerKO BLIBOAUTCA, €CA¥ BOCIOAL30BATLCA CBOHCTBAMH
matpun flaynn 6, o4, o,. M3 3TOoro coornourenus caeayer,
4yTO Ni106ad LA NOJONKHUTENLHAA CTeNeHb ONepaTopa &,8y BHI-
paxaeTcsa B BHAE JMHeHHOH KOMOuHAUMH, cOZepikamlell omepaTop

GGy M ENMHHUHYO MATpHUY.
Hanee nerko noxasaTb, YTO HMEIOT MECTO COOTHOLIEHHS

0,05+ Sig=S1an Sia- 519 =S|q.
Je#icTBUTeILHO, HANPABUM OChb X BAOJIb BeKTOpa M ==r/r.

3%
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Onepatop @5, +S,, npHo6peraeT Npu STOM BHA

¢,y + Syp == 9,09 {30,,%,— 9,0, =
=3{l— G209z — clyGQy} —3 "l— 26132 =
= 30} 3%, — F;%2 = S,

4YTO U TpebOoBaJAGCh JOKAa3aTh,
ITokaxeM, HaKOHel, UYTO CTeneHH S, BHIPAKAIOTCA uepe3 Sig

1 ¢,0y. PaccMorpuM, Hanpumep, OnepaTop Sta:

Sty = 9(a,n)*(5,0)” — 6 (3,0) (30) 5,35+ (3,5,)".
Tak xag

3 (o,1n) (ogn) 8,0, = S (9,9,)%,
TO

Sh=9—25,— (?1“2)2 = 6 — 25,9 -} 20,9,.

Orciona crexyer, uTo Mwobag Lenas NMONOXUTENbHAs cTeneHs S
BHIpAXaeTcd 4eped S,y 9,9, H eAHHUUHYIO MaTpHLLy.
Hirak, MH NOKa3aJH, YTO HMMEIOT MECTO COOTHOIUEHHS

(5,99)%2 = 3 — 23,9,
Stz == 6 — 28,4 25,0, (4.2)
5199192 == Sy

KOTOpHIe H [JOK3a3WBAaOT OTMEYEHHOE BHINe CBOHCTBO omeparo-
poB S;5 H ©,0,.

STH COOTHOIUEHHS MOKasblBalOT, YTO HamboJsee OOuee BHIpa-
WeHHe OnepaTopa NOTEeHUHaNbLHOH SHEepruum CHCTeMbl HERTPOH -~
- MIPOTOH, CHMMETPHYHOrO B CHHHAX YaCTHI H HHBADHAHTHOTO
NO OTHOLIEHWI0O K BpJIeHUAM TPOCTPAHCTBEHHBIX M CHHHOBLIX
KOOpAauHaT, uMeeT BuL 9]

V=V,(r)+Va(r)s0s+ V3(r) Ssa (4.3)

rie V;, Vy, Vz— Hekoropbie ®MYHKUMH OT DacCTOAHHA MeXny
YacTHUAMH, MOTyUiHe TaKXe 3aBHCeTh OT OPOGUTaABHOI'O MOMEHTa

4acTHU.
BBOIst B paCCMOTpPeHHE BEKTOP OOWiero CHMHA CHCTeMb

S = 5 (3;:459),
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MOXHO MpexCTaBUTh ONEpATOPH &,3, U Si2 B BHIe

6162 == 282"— 3, }
g (8r)? ' (4.2)
Sig=16"3——25% |

[Toab3yace TNpencTaniendeM (4.2), Mu HenocpeaCTBEHHO
yGexaemcs B TOM, 4TO Omeparop §2 KOMMYTHpyeT ¢ omeparo-
pamu ;G U S,g, @ CIIEJOBATE/ILHO, H C TAMHILTOHUAHOM CHCTEMEL.
310 3HauuT, uTo S? HNpEnCTaBNSeT COGOM KOHCTAHTY IBHKEHHS,
yTO H YTBEPXKAANOCH BhimIe:

Coornouwenus (4.2') NOKA3HBAIOT, YTO B CHHI/IETHOM COCTOS-
nun (S = 0)S;p paBHO HyTi0. B TpumierHoM cocTosmuu (S = 1)
onepatop S;q MOXHO 8amucath B BHIe

S 2 V/4
Sa=680 4 (4.27)

OTMeTuM, UYTO COOGCTBEHHOE 3HaueHHe &,8, B TPHIIETHOM
cocroaHHu paBHo emmuuue (S2=2), a B cuaraeTHOM — 3 [cM.
nepsyto 13 dopmyn (4.27)].

CoGcTBeHHEIE 3HAaueHus omeparopa S, cyTh 2,2, — 4 [B sTOM
MOXHO Y6eAHTbCA M3 DPAaCCMOTPEHHUs BTOPOTO COOTHOmeHHus (4.2)).
CymMMa 3THX 3HAauYeHHR paBHa HyaI.

WTak, MB BHOMM, 4YTO CHCTEMY, COCTOSILYIO M3 HeHTPOHA H
MpOTOHa, MOXHO XapaKTepHu3OBaTh 3aJaHMEM KBaHTOBHX uucea J
nS.

Ciona crnenyer no0aBuTh MAarHUTHOe KBAaHTOBOE 4YHCJIO m,
T. €. NOPOeKUHI0 IONHOTO MOMEHTa KOJMYeCTBa ABMKeHHs J Ha
HEeKOTOPYIO OCb, a TaKxe Y8THOCTbL COCTOFHMA W, NpeNCTaBJliO-
wyto coboit cobcTBenHoe 3HAaueHHe OmMepaTopa OTPaXeHHs (3a-
MeHBl I Ha -—r). DTH ueTHIpe KBaHTOBHX uyucaa J, S, m, w
MOTYT CAYXHTL AJS KJACCHPUKAUMHM COCTOAHMH CHCTeMEl Hefi-
TPOH —}- MPOTOH.

B cunraetHoM cocTtosisun (S ==0), S;3=0 u V 3aBucur
TOALKO OT DACCTOAHHA MEXJAY 4YacTHLaMH; IIO3TOMY B 3TOM CO-
CTOSHHHM COXPaHAETCH OPOHTANLHHIA MOMEHT KOMH4eCTBa ABMXKe-
Husg /. OTcrona BHUAHO, YTO COCTOfHHA ¢ S =0 MOXHO KJaccH-
¢uuMpoBaTs nO BeJdUuMHe /.

TpunneTHoe cocTOAHHE, XapaKTepusylouleecst orpeleJEHHBIM
3HayeHHeM IOJHOTO MOMEeHTa J, MQXHO TPAKTOBAaTh Kak Cymep-
NO3KHMIO PAlla COCTOSHMI C PAas/IHYHBIMM 3HaueHusmu [, cosme-
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CTUMBIMK C OOLIAMH TNpaBUNAMH CHAOXEHHA MOMeHTOB. Tak, Ha-
IpUMep, TPHIIeTHOe cocToanue € J==1 npeacTtasaser co6oi
cynepncsuuuio cocrosHuit 8S,, 8P, 3D,. YéTHocTs cOCTOAHMA
onpenenseTcd, KakK M3BeCTHO, COOTHomeHHeM w == (— 1). [lo-
sTomy aia cocToanufl 3S; u 8D, uéTHOCT, wW==1, XA CoCTOA-
uus 8P, ydTHOCTL w =—1.

Hnxe npuBemexa knaccuduxauus HeCKOJBKHX MepBHX TpU-
nAeTHHIX COCTORHuH 9.

Karaccuduranusa TPpUNAETHHIX cOcTosHHA

Y&rHoCcTh
J
w=1 W = — 1
0 3P,
1 38y +9D, ip,
P 3D, 3Py +-3F,
3 8D; +3G; 3Fy

§ 5. KBagpynoabHbiii 4 MarHATHBH MOMEHTH mefATpoua

IepefinémM Temepb K paccMOTPeHHIO 3(deKToB, CBA3AHHLIX
C HEUEeHTPaJbHOCTLIO SIEPHHX CHJI.

M3 caMeiX pa3anyHBIX DKCNEPAMEHTAJLHHX NaHHBIX CJexyeT,
4TO OCHOBHOE COCTOfHHe AeHTpPOHA fABAAETCH TPHINETHHM, B KO-
TOPOM CyMMapHbI CNHMH YacTHl paBHAeTcs eaunuue. (DTo Clie-
AyeT, B 4aCTHOCTH, U3 NMOYTH TOYHO BHMNOJHAIOWEHCS AXANUTHB-
HOCTH MAarHWTHHIX MOMEHTOB HefiTPOHA M NPOTOHA B IHeHTpPOHE H,
KpoMe Toro, H3 caMmoro ¢Gaxrta CymecTBOBaHH® JKBaAPYTOALHOIO
MoMeHTa LeATPOHA, KOTOPHIH paBHANCH Obl HyJ/iO B CHHI/IETHOM
COCTOAIHHH, CM. HHKe.)

B OCHOBHOM COCTOSiHHH 6€3yCJOBHO IOMKHA APHCYTCTBOBATH
S-BOMHA, TaK KaK M3 CPaBHHUTEALHO MA/O# BeaHYMHBl KBaIpY-
NOJLHOTO MOMEHTa NeHTpOHAa MOXKHO 3aKMIOYHATL, YTO acHMMeTpug
B pacnpele/leHHH 3apalOB OYeHb HeBeJuKa (OHA cCoOCTasaseT
okono 49, cM. Huxe). Mb [OMKHH NOSTOMY CYUTATH, YTO
o6Guiufi MOMEHT KOJMYECTBA ABUIKEHU] NeHTpOHA PaBHAETCA eaU-
Huue, J=1,
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Jlasee, MBI ROAXHB CYHTATBL OCHOBHOe COCTOAHHE HelTpoHa
yéTHHM (@ == 1), u60, KaK BUAHO M3 NPuBeIAEHHOA B npenbiay-
uieM Maparpade Ttab6auuel, OpU w=— — 1 OCHOBHOE COCTOAHME
He coAepxkajo O S-BOJHBL.

Hrak, oCHOBHOE COCTOsHUE HelTPOHA XapaKTepH3yeTCs Chae-
AYIOUHMH KBaHTOBBIMHM 4YHCHAMH:

S=1, J=1, w=1.

Hs npuBeN€HHOH TabauHH B TaKOM Ciay4ae C/JeAyeT, YTO OCHOB-
HHM COCTORHMeM fBAAeTCH CynepHo3uuMa cocrosuu#t 85, n 8D,.
Hannune 3D,-BOAHE NPUBOAUT K OTKJIOHEHHIO pacupeneseHHs
3apaia B neﬁ‘rpox—xe OT CdhepudeCKH CHMMETPHYHOIO, HHEIMH C/AO-
samu, Onaromaps npucyrcteuio D-BosHE AeHTpoH o6aajaer
KBaADYMO/IbHHM 3JIEKTPHUECKHM MOMEeHTOM.

3Hasg BeJUYHHY KBaADYMOJBHOIO MOMeHTa IeHTPOH3, MOMKHO
OlLleHHTb Beca cocToauuft 3D, u 8S,. Hro6B mMpOU3BECTH 3TY
OlieHKY, PaCCMOTDHM BOMHOBYIO (QyHKUMIO cocTofHns 35, -4-3D,.

[ToxaxeM, YTO HOpPMHPOBaHHA# 4HacTb BOJIHOBO# GYHKIHK
8D -cocTonnud, COXepiallas#s CHMHOBBIE W YIJIOBLIE TNepeMeHHHe,
MoXeT ObiTb NpeAcTaBjicHA B Buje

1 ;
= (27~ Sy, (5.1)

Fie Y — HODMHDOBAHHAas CNMHOBaA (QYHKUHMA, OTHOCALIAACS
K TPHINETHOMY COCTOSHHIO ¢ MAarHATHHIM KBaHTOBLIM YUC/IOM M
(m —npoexunss o6wero MOMEeHTa Ha OCb KBAaHTOBAaHMA, NMPHHHN-
Maolas 3HaveHus m==-—1, 0, 4 1).

3aMeTHM I/ STOTO, 4TO MO ONPeAefeHHi0 TPH QyHKuun ¥
peolGpasywTCa NPH BPAUEHHAX CMHHOBHMX KOODIHHAT 110 Hpen-
CTaB/IeHUI0, ¥aDAKTEPH3YIOUEMY MOMEHT, pPaBHbHH eaunuue. Tak
KaKk onepatop S;, HHBAPDHAHTEH IO OTHOLIEHHIO K BPAIMEHHAM
OGBIYHBIX M CMIHHOBHX KOOPAMHAT, TO TPH PYHKUMH SiYP Takxke
npeobpasyoTcs N0 NpeacTaB/]eHHIO, XapaKTepuaylomeMy J=1.
NHbiMKu c10Bamu, SmX{" ONNCHIBAET TPHILIETHOE COCTOAHHE C 00-
IWHM MOMeHTOM J=1.

Ocragrca moka3aTh, 4To GYHKUHA S, X OMHCHIBAET WMEHHO
D-poany, H3BecTHO, uTO ecan HEKOTOpas QYHKUHMA OT YriCB
Y (8, ¢), ymHoxenHas Ha r!(/-—uenoe u4HC/O0), yIOBNeTBOPHET
ypasHenuto Jlamnaca, TO OHa OMNMCHBAET BOJHY C OPOUTANAbLHLIM



40 rA. 1. B3AUMOAEACTBUE HEHTPOHOB C TPOTOHAMM

MOMEHTOM, .paBHbIM /. TIODTOMY HaM JOCTaTOYHO [OKA3aTh,
uTo S,,%* YAOBAETBODPAET yDPaBHEHHIO

A (r2812x;‘”) =0,
rae A~ omneparop Jlannaca. IToacrasass ciona Beipamedue nIs
Sig, MOAYHHM:
A(Scli' - @ r —rig,9,) yp = (69,0, —635,9,) ¥ =0,
YTQ ¥ Tpe60oBaJNIOCL AOKa3aTh.

Hrak, dyuxuus S, x7* onnceiBaeT HMeHHO 3D, -cocTosnne

¢ MoMeHTOM J =1,
Hoxaxem, Hakoueu, 4to ynkuus (5.1) ymosrersopser cae-
AyiolleMy YCMOBHIO HOPDMHDOBKML

YVdo=1, 5.1
=fivi (5.1

rae HHTerPDHPOBAaHWE [NPOH3BOLUTCA 0[O YIJIOBHM [epeMeHHLIM
B OGBLIUHOM MPOCTPAHCTBE, a CYMMHDOBaHUE — IO CMHHOBEIM
NepeMeHHbIM, T. €. N0 TPEM COCTOSHUAM, OTHOCSIIAMCH K Pesy/ib-
THpylouleMy crnuHy S ==1. 3aMeTHM IJg 3TOr0, YTO HHTErpa.
no yraam ot S,, paBen Hymwo. eHcTBuTesnbHO, coriacHo (4.27)
AMeeM:

fsmdo=j {6(Sn)9—4}do=4n<652-—%—-4>=0

(S%==2); moaToMy M3 BTODPOr0 COOTHouieHWs (4.2) caenyer, uTO
B TPHOJETHOM COCTOSIHHU

fS;-).'g do==8 . 4xn
B, CJAeNOBaTeJsHO,

- ~1n =1,
[V Rdo=Zpprff =1
mg mg

4T0 M TPe6OBaNOCh ZOKA3aTh.
Hcnoabvays Beipaweune (5.1) mns Y u dopmyny (4.27),
MOXHO [pPeACTaBuTh BOIHOBYI0O OYHKIMIO CHCTeMbl HeHTPOH -+
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- MpOTOH B TPHUJAETHOM COCTOSHWM ¢ J==1 8 creayouem
BHIE!
b= (4m)7" { 4+ Sm'w} =

=@ a2 [F 8 —1]ely, 62)

rge 4 W w-— pafjHaJibHHe ¢yuknus S- u D-BoJH, 3aBuUCALIHE
TOJNLKO OT 7.
Mbl noguHHEM ¢ OGHIYUHOMY YC/IOBHIO HOPMHDOBKH

S [ lypredrdo=1

(CYMMHpPOBaHHe NpPOH3BOAUTCE NO TPEM COCTOAHHAM, OTHOCHA-
umMc Kk o6memy crnuHy S==1). V3 aToro ycnoBHus BMecCTe
¢ ycnosuem (5.17) BriTekaer, 4TO

f|a|2dr+f|w|edr=1. (5.3)

BxoaduiMe ClOIa HHTErpaNkl MOXHO, O4YeBHAHO, TPAKTOBATb Kak
BePOATHOCTH HAXOXIAEGHWS CHUCTEMHl B COCTOAHuSX 3S; u 3D,.

[Tokawem Tenepp, KaKWM ypaBHEHUSM YAOBJAETBODAIOT pa-
onanbHele GYHKUMH # ¥ w. DynmeM HCXoIWTh H3 ypaBHEHHs
[lIpenunrepa:

Ay — 4 (V—E)y=0, (5.4)

M MOACTABHM Cl0da BMecTO |/ BeipaweHue (4.3). B TpunaeTHoM
COCTOSIHHH &;Fy == 1, nosaromy

V=V ()4 Va(r) +S1aVa (")

TakuM o6pa3oM, B TpHIVIETHOM cocrosHuM V onpegeasercs
nBymsi GyHruuaAMH OT paccrosHus U, =V, -+ V, n U=V,

V= U, (") + S;Us (). (5.4")

Tak kak B8 CHHIrIETHOM coCTOsfHHH S;o==0, TO MOTeHUHAMb-
Has SHEPTHs B8 3TOM COCTOSAHHHM ONpefensieTcs TOJLKO ONHOH
byuxune ot r: V=V, ~4-6,08,Vy= V, —3V, == Uy (r). B atom
caydae BOAHOBas GYHKIHNS He COAEPKUT Oneparopa Sy, H ABAAETCH
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YUCTO CPEepHYECKH CHMMETPHYHOH. B CHHIIETHOM COCTOSHHH HeT
npumecdk D-BOJHH, [I03TOMYy B 9TOM COCTOSHHH CHCTeMa Hefi-
TPOH —|- IPOTOH HE MOXKeT 006/anaTh KBaAPYMOAbHHM MOMEHTOM.
ITockoabky AeHTpoH 3aBesoMo 06aanaeT KBaAPYNOJbHHM MOMEH-
TOM, 5TO OGCTOATENLCTBO JMLIHMHA Pa3 MOATBEPHAAET OTCYTCTBHE
CBABAHHOTO cocTosHus S y mefATpoHa.

Bosspamasce k ypasHeHnio (5.4) u ucnons3dys (5.2) u (5.4),
MTOTYUHM

(A—(r‘— ASm 7 )x’“:

M Y2 .
=W(U1+SI2U2—E)<'§-+ SI2 7 )X;”- (5.4,)
3ameuas, 4TO
1 4 dR LI+ 1)
RO Yon = [ (2 45) = 2552 R] s,

(Yym — cepuyeckas dyHkuus), u BCMOMHHARA, YTO Sy BesET
ce6a Kkak Y,,, nmepenuiiem jesyio uyacts (5.4”) B Buge

1[du | 2%/ d%w 6
7[d—,z+-4— TE— ) Sw] I
Mpasas vacte (5.4”) cornacHo (4.2) pasHsercs

L M{(Ul-—-E)u—]—.? 2" Uy -

/:l 2/2
-+ [T (Uy—E) w—5-Uw+ Uz“] 512} X

[MpupasHuBasg B 3THX BHIPAXKEHWAX 4YJIeHH, He COHepKaulue orne-
patopa Sy,, a Takxke KospduumenThi nNpu S, MOAYYHM CAeLYIO-
HIyIO CHCTeMy YpDaBHeHMH [/i8 onpelefleHHs OYHKUMH 4 U w:

L M F2 ([U(N—Elu+2V 2 Uy ()w) =0, ]

dar?
Ty S MU, (1) —E—20U, () w— '} (5.5)
—2V2 U,(r)u}=0. )

Mbl BupuM, TakuM 06pasoM, yTO GAArozapsd HeUEHTPAaAbHOCTH
ANEPHBHX CHA B TPHIVIETHOM COCTOSHHHM YCTAaHAB/IMBaeTCH CBA3b
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mexay 3S;- u 3D,-BONHaMH; B CHHIJIETHOM K€ COCTOSHHH
osiHBl 1S B 1D Moryr cyuecrBosaTh He3aBHCHMO.

Tak kak Tounuft BuL ¢yukumit U; n U, Ham HeusBecTeH,
TO TOYHOE pelleHHe CHCTeMbl ypasBHeHWR (5.5) BO3MOXKHO IHIlb
AAS ONpelenéHHHX Moaene# saepHbHX cua (B 4aCTHOCTH st
IpAMOYTONILHON siMbl, cM. [B]).

Mpencrasnserca, oaHako, 6GoJee PpasyMHHM HCHOJbL30BaTh
TOT K€ METOM, KOTODHM MH IM0Jb30BAaHCh MPH PACCMOTPEHHH
3agady 06 OCHOBHOM COCTOSHHH MAEHTPOHA H DACCETHUH MeIJ/IeH-
HHX HeATPOHOB MNPOTOHAMH B TPENNOJNONKEHHH UHEHTPAJILHOrO
XapaKTepa SIIEPHBIX CHII.

B sTomM Merome, OCHOBAHHOM Ha TOM, YTO silepHEIE CHJEI
ABASIOTCE KOPOTKOACHCTBYIOWIHMH, B BOJHOBOM YDaBHEHHUHM He
YYHTHIBACTCH SHEPrus B3aWMONEHCTBHS, HO 3aTO Ha HCKOMYIO
(YHKIHIO HAKJAABBAETCS HEKOTOPOE IPAHHYHOe yCJaoBue. B HHTe-
pecyomemM Hac chayyae MH GyaeM BMecTO cHcTemul (5.5) pac-
CMaTPHBAThL yDaBHeHHS, OINUChLIBalOUIKe CBOGOAHOE IBHKEHHE

du | M
2T Tz B4 =0, }
(5.5")

d*w 6w ME
T e=0 I

pelleHHe KOTODHX YAOBIETBOPAET CASAYIOUIUM I'DAHMYHBIM yC/IO-
usam [10]:

— u =au-ta,w, 4
1 %y } (5.57)

4
— ' = a5 u -+ tpw.

3necs OGYHKIMH ¥, W H HX HEepPBHE MpPoOW3BOAHbIE O6epyTcs
B TOYKE r==r, DBBeleHHe B rpaHHUHBIE YCAOBHA BeNUYHH ;o
H a,, ofecrnieynsaeT HEOOXOAMMYIO CBA3b Mexay S- u D-co-
CTOSIHUAMH.

3ameTHM, YTO HCNOJAb30BAHUE 3(PPeKTHBHHMX I'DAHUUHEIX YCJ/O-
BHH, B KOTODHIX 7, MPHHHMAETCA PABHHIM HYJIIO, HO 3aTO YUHTHI-
BaeTCA 3aBHCHMOCTb &,; OT 3HEPrdu, B LAHHOM CIIy4a€ HeBO3-
MOXHO, TaK KaK pellleHHe BTOpOro ypasHeHus (5.57) o6Gnanmaer
OCO6EHHOCTBIO B TOuke 7 ==0 (ocobeHHocTr tHma r-3).

UetHipe BeJHUHHB a;; He ABJAITCA HE3aBUCHMHMH. Yro-
6u yGemANThCS B 3TOM, 3aMETHM, 4YTO MOKHO pacCMaTPHBATH
KOMMJEKCHEEe QYHKIUHH # H W, IOJAd KOTOPHX H3 yDaBHEeHHs
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HEMPEPLIBHOCTH JO/IKHO BHITEKaTh PpABEHCTBO HY/IIQ [MOTOKA
yepe3 cdepy MPOH3BOABLHOrO paauyca. DTO NPHBOAHT K COOTHO-
meHuto 19

. du du* | dw dw*
# « AU o LT ==
<u u——- +w 7 — W >r==r 0.

MMoacrasass cona «#’ u w’ us (5.5”), MB DpPUASM K 3aKaOue-
HHIO, UYTO &;; H Ggy NOMKHH OHTH BEUIECTBEHHLIMH, H, KpOMe
TOFO,” AOKHO BHMOJHSATHCA YCAOBHE &, ==&, . MOXHO, OIHAKO,
CUHTaTh BCe KO3ddHIHEeHTH BEUWIECTBEHHHIMH [TaK KaK Belle-
CTBEHHHIMH sBAsioTCE o¢yHkuuu U, u U,, Bxomsaume B (5.57)],
MO3TOMY dq == Xg,.

BenuuuHu a;; Me 6ydeM CUYMTaTh He 3aBHCALIMMHM OT 3HEp-
ruu. ¥Yclosus (st”) GyayT TOria ONHHAKOBBIMH KaK ANA 3a4a4H
00 OCHOBHOM COCTOAHHMH HeAATpOHA, TAK W MAASf 3ajayu O pac-
CeflHMH MeNIeHHHX HEeHTPOHOB NpPOTOHAMH.

[Moxawem Temepb, Kak pelwaercs 3azaya o6 OCHOBHOM cO-
CTOSIHUH HeHTPOHAa C 3TUMH FPAHUYHHIMH YCJNOBMAMH. B ypashe-
une (5.5') Bmecto £ HYXHO B 5TOM CJydyae NOACTaBUTL — &
(s -—osHeprus cessu neirpona), Pewenns (5.57) nomwus o6pa-
ILaTHCH B HYJAb Ha GECKOHEUHOCTH; MOITOMY

1 1 1
== se~%r, w=de’“’[(7r)—2+—ar—+§], (5.6)

Y
rme a=Y)" 4 5 u d—nexotopue Kkoucrauts. TMoxcrasass
(5.6) B (5.5”) u uckaouas s u d, MOAYUMM:

oly
dgE=dy g (5.7)
- R 7o ?
rae
1
5 (@ra)* (1 + ary)
3+ 3arg+ (ary)?

([n KODOTKOLEHCTBYIOLIMX CHN &ry <€ 1 W ¢ MNPAKTHUECKH
paBHO eXMHHIE.)

d
Hac uHTepecyer oTHoOmeHHe — = ¢, XapaxTepusywoulee Bec
D-sosHbl. TaK KaK BeJHYHHBI 2 HEH3BECTHE, TO ONpEAeNuTH ¢

¢=1+
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TEOPCTHYECKH HEBO3MOXHO. MH MOCTYNMM MO3TOMY ClAeLyiOLHM
06pa3oM: CeBfiXeM BEJIHUMHY ¢ C KBAaNpYyHOJbHBIM MOMEHTOM HAeH-
TpoHa ¢, KOTODHIH H3BECTEH SKCNEPUMEHTAILHO, H OIEeHHM Ta-
KuM 06pasoM Bec [D-BOJIHBI B OCHOBHOM COCTOSIHHH HEHTPOHA.
IIpensapuTenbHO paccMOTpuUM ycaoBue HopMupPOBkH (5.3).
[Ipn MCMOAB30BAHHHM 3TOrO YC/JAOBHS BO3HHKAET Yxe BCTpEYaB-
wasici HaM TPYIHOCTb: (YHKNHH # M 7w HEH3BECTHH B 06JacTh
LeHCTBHA siePHLIX CHJI. MOXHO JHIIb yTBEDXKIATb, YTO 4 H W
CTpeMATCA K Hya npu r — 0. [TosatoMy caeayeT nmpeanonarats,
yro ob6aacts (0, 745), B KOTOpOH HeHCTBYIOT siZ€PHHE CuJbl, He
WCpaeT MCKIIOYHTENLHOH poam B uHrerpantax (5.3). O6naacte
apdeKTHBHHX 3HAUEHUH r B HHTerpanax (5.3) mopsnkKa «pagnyca

1
ReiTpOHa» - KOTOpbIit MO KpalHe# Mepe B xBa pasa IMpeshl-

waeT ry (cM. § 3). dns OoueHKH BeMHYHHB OGOMX HHTErpanoB
Mu He Gyaem B (5.3) yunThiBaTh BHyTpeHHeit o6aactu (0, ry)
u noiacrasuM B (5.3) BMecTo # M w supaxeHrs (5.6). Takum
o6pasoM, MH [ONYYHM CAeAylolllee COOTHOINEHH?:

$2e—2ur, L';ai‘lf =1, (5.8)
rhie a == % -+ —;— (la-r—:)%")—z . Cnenyer noayepkHyts, uto (5.8)

MOXET CHAYXUTb TONBKO M/ OUEHKH BETHYHHE, TaK KaK BKIAX
BHyTpeHHe#t oGmactu (0, ry,) Mower GHTb CpPaBHHM C BKJAAZOM
o6nacTh (ry, ©9), riae He AEHCTBYIOT SAEPHEIE CHJHL.

TToxaxem Temeps, KaK CBI3aH KBaAPYMOJbHEIX MOMeHT aefi-
TpOHa C GYHKOHAMH u H W.

KBagpynoaeHboift MOMeHT paeitpoHa  npeacraBaseT coGo#t
ycpeHEHHOE MO ACHUMMETPHUUYHOMY pacrnpenesieHdI0 3apana 3Ha-

1
yeHHe BEJIWUHHBI -4—(r?—3z2) (ocs 2 ompejeasieTcd Takum obpa-
30M, YTO OPOEKNHA MOJHOTO MOMEHTA Ha 3TY OChb DAaBHA eJMHUIIE;

1
MHOXHTE/b — BOSHHKAeT HO TOH NPHUYMHE, 4TO PAaNUyC-BEKTOD

’
3apsKeHHON YaCTHIB — OPOTOHA PaBeH —2"—) HHriMu  croBami,

) paBHieTcCA

Q=g.zf¢*%(r9——322)\?dr, (5.9)



46 IJI. i. B3AHMOJAEHCTBHE HEHTPOHOB C HPOTOHAMH

rie CYMMHMDOBAHWUE TMpPOH3BOAUTCH 10 CIHHOBLIM MEDPEMEHHBIM
(1. e. MO TpEM CNHHOBHIM COCTOSHHHAM, OTHOCHALMMCcH K S ==1);
£ npeacrasnser co6oft Bec cocrosHHH C [m|==1, B KOTOpBIX
ompeneasieTcs (; OH paBeH OTHOWEHUIO YHCAd TeX B3AUMHHIX
opueHranu#t BeKTOpPOB L u S, xoTopme npuBomsT K |m|=1,
K o0uiemMy 4UCHy BO3MOKHBIX OpHeHTauu#, pasHomy (2/-4- 1) (28

-+ 1) =15. Yucro mepBuX paBHO 6, MOITOMY g PABHO

'3‘.
r
Bmecto 22 Mu noxcraBuM B (5.9) (S) ; 3TO BHpaXeHHe

MoxeT OniTe coriaacHo (4.2") npencraaneﬂo B BHIe 2%2=
_A4+Sp o __4+3S,

652 12
ana BONMHOBOH dyHxkuun ¥, nepenuieM (5.9) B Bune

2 1 1
Q=—%'7" =X

X2f<u+ V2 S, w)”"S ( '}“1—;12‘312“"))(1"’2 dr do.

3ameyas, 4TO

[Spdo=0, [Shdo=8.4n, [SLdo=—164r,

r2. Hcnoas3ys em# BHpaxenue (5.2)

NMOJMyqnM:
=)

Q=7T¢ VZ r? (uw — 27 w?) dr. (5.9%)
o .

Jad OleHKH BeAWYHHBI @ MH CHOBa G6yleM NOAL30BATLCH
BoipaxeHusaMu (5.6), onpenensiownMH OYHKIHH 2 W @ BHe
o6aactn medcTBHs sAePHHX CHl. TO O6GCTOATENLCTBO, YTO BHYTDH
o6nacTH MeUCTBUA AAepHLIX CHA (opmydst (5.6) HenpuMeHHMSI,
HE MOXET OKa3aTh CHJALHOTO BJAMAHAA Ha pe3yabTaT, TaK Kak
o6racte (0, r,) HMe HrpaeT HCKIIOUHTENBHOR POJAM, HANpPOTHB,
6aaronaps MHOXHTeMO r2 poas Manwix r B (5.9’) cunbHO ymeHb-
maercs.

Ioacrasasa (5.6) B (5.9), monyuum:

1 bg — cq?
Q=_a2__ lq+aq‘12 , (5.10)
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rae

144 5+ 4“"0+ (“’0)2],
1
023‘6’[”0 "l‘ 5 aro -t (°"’o)2:l-

3uas ), MOXHO M3 3TOro BHPa)KeHHs HAHTH BeJUUYHHY ¢, Xapak-
TEPU3YIOLIYI0 Bec cocroaHus D:

1 b 1 ‘/- b2 P )
— e e . .2 ,
1= 3 Fc 2 @k Fo)? ZE+c’ £ =a2Q. (5.10")
[To 3KkcnepuveHTanbHHM AaHHHM (8]  KBaapymosbHBIE MOMEHT
IelTpoHa paseH

Q=(2,73==0,05) 10" %" cu?

(onowuTeNbHEIN 3HAK Q O3HayaeT, YTO pacnpeneseHue 3apsia
«BHTAHYTO» BROAb HANMPaBAGHHA CMHHA [eATPOHA), [103TOMY
£~ 0,0146. Cuutas ary=~0,4 (r,=~1,8-10"'® cx), mat mony-
4YMM [Ba 3HavyeHus ¢, ¢,==0,462 u ¢,=0,05, u3 KoTOpPHX
clenyer BHIGDAThL MeHbliee, T, e.

q == 0,05.

3HayeHHe ¢, MPHBOANT K CAMUWIKOM GOJbLLIOH AaCHMMETPHH BOI™
HOBO# (QYHKUHH m[pH 7 > ry, 4TO MPOTHBOPeuHT HaGmaoxaemoi
BeJIMUMHE MATHUTHOrO MOMEHTa Ae#TpOHa (ecaH GH ¢ PaBHANOCH
0,462, TO MarHMTHHI® MOMEHT HeHTPOHA OueHb CHIBHO OTJH-
yasics 6Bl OT CYMMH MOMEHTOB HeHTPOHa M MPOTOHA, CM. HHXe).

3Hasn ¢, Jderko ualTH «Bec» [D-COCTOAHHA, KOTODPHH MBI

[ee]

onpenenuM Kak fw2a'r=x. Coraacro (5.3)

= + TTag® ~ 0,04.
Hrak, sec D-cocTosiHuA B OEATPOHE COCTAB/AAET BCEro HECKOJbKO
NPOIEHTOB, DTOT Pe3y/abTaT NPeACTABASETCH LOBOJLHO €CTECTBEH-
HBIM MO CAEAYIOUlHM NpHYuHaM. TIpH 3aMeTHOH HEIEHTPaJAbLHOCTH
SAEPHBIX CHA BHYTPH OOGJAcCTH HX HeHCTBHA (YHKUMH 4 H W@
MOFyT 65ITh ONHOTO MOPSAKA BEJMYMHE, B YACTHOCTH, OHH MOTYT
GHITL OJHOrO MOPAAKA BENHYHHBL NMPH r =T r,. Tak Kak w yObi-
BaeT C DAaCCTOsHHEM TpPH r > r, ObicTpee, 4Yem , W paguyc
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IeficTBHA SAIAEPHBLIX CHJ MeHblle paxuyca AEHTpOHa, TO BeJMYHMHA
0N

f w?dr momKkHa GHTL Majnoi Haxe B TOM CAy4ae, eCii¥ OTHO-
(1]

w
WeHUe —- MOpAnKa eXHHHUL TDH 7= 7o Ecnn 66 nHTerpan
e =)
f w2dr Ou/ nOpAAKa eNVHHUH, TO 3TO O3HA4a/no Ok, 4TO
1)

w
OTHOlleHHKE —- TpH r < ry 3HauuTeNbHO GOJAbWe eNMHHLH, YTO

ABAgeTCA HeeCTeCTBEHHLIM.

IMpucytcrene [D-BojiHH B OCHOBHOM COCTOSHHM HdeHTPOHA
MPOABAAETCH He TOALKO B CYUIECTBOBAHHH KBAaINPYyNoOJLHOTO MO-
MeHTa JaedTpoHa., BcaeacrBue Haauuks [D-BOJHH MarHUTHEIA
MOMEHT AeATpOHA He paBeH TOYHO CYMME MArHUTHHIX MOMEHTOB
HefiTpoHa ¥ OPOTOHA; NEACTBUTENbHO, MArHUTHLIA MOMeHT OAcH-
TpOHa MOXHO DAacCMaTPHBAThL KAK CyMMy COGCTBEHHBIX MAarHuT-
HEIX MOMEHTOR HeHTpOHa M NpPOTOHA M A06aBOYHOrO MArHHTHOrO
MOMEHTA, CBA3AHHOTO C OpOUTAALHHIM MOMEHTOM KOJAHYECTBA HABH-
YKEeHHs TIPOTOHA.

SKCNEePUMEHTAABHO yCTaHOBAeHo 12 18] 4TO MarHuTHHIE MO-
MEHTBl MPOTOHA, HeHTpPOHa u HeHATPOHA DABHH COOTBETCTBEHHO

(B eauHHuax i—)
2Mce

1y ==2,7896,
pg= 0,8565;

OTCI0[a BUAHO, 4TO ft, U, — g OTAHYHO OT Hy.s:
Bp - pn — g = 0,0228
(3Ta BeAMYHMHA HAaXOIHTCA BHe mpenenos OWHOOK, Tak KaK no-
CAeIHHE COCTaBIAWT okoso 0,001).
Paccmorpum Gonee nogpo6HO Bompoc 06 3TOH HeamAHTHB-

HOCTH MATHHTHEIX MOMEHTOB.
Onepatop MarHMUTHOrO MOMeH1a HAeHTpoHa M, BuipaXKeHHBHIH

ek \
B sif€ePHBEIX Mar"HeToHax (-57”—8) , UMeeT BHA

1
szncn-]—ppcp—}—-Q—L, (5.11)



§ 5. KBAIPYNONbHEIK M MATHUTHHIH MOMEHTH HNEHTPOHA 49

rae g, M O, — COMHOBBIE MATPHUH [Tay/iu ans EeATpOHa M mpo-

1
ToHa H L -— omepatop OPOHTANBLHOrO0 MOMeHTa (MHO)KHTeJIb 5
npHd OpGuTalLHOM MOMEHTE YYMTHBAaeT TOT (aKT, 4YTO TOJALKO

0ZHA K3 ABYX 4aCTHI, O6Da3ylouinx AeTpod, o6aagaer 3apsaaoMm).
Bsoaa cn{HOBHI H MOJHBIA MOMEHTHI KOJHYeCTBa IBHKe-
Huss § © J, nepennmieM M B BuUAe

M=1J+(pnt tp—5) S+ 5 (ba— 1) @n—5,), (5.11')

1
S =7 (cn+ cp)'

B TPUMIETHOM COCTOSIHHH JIHAarOHaJbHble MaTPUUHBIE 3/1€ MEHThI
Op—Cp D3BHBl, OUEBUAHO, HYyMO (Omepartop ¢, — Op aHTHCHUM-
METPHUYEH OTHOCHTE/LHO CMHHOBHIX KOODAMHAT, B TO BpeMd Kak
CTHHOBLIE BO/IHOBLIE PYHKUHH — CUMMETDHYHBI), TOSTOMY MOCAENX -
Hee cjaraemMoe MOXHO BOBCe He YYHTHIBATD.

IMokaxem, uTO BEKTOD S MOxeT GBITb 3aMEHEH CBOeH MpoeK-
nue Ha J, T. e.

SJ J2 4822 4—L2

S — —ﬁ-=—-.l——2ﬂ——-=.l—4—— (5.11")
(Ml 3aMeHHsIM OmepaTophl J2 W S BX COGCTBEHHBLIMH 3HaYe-
HHSMH, PaBHEIMH 2), CMBiCA 3ameHH onepaTopa S omepaTtopom

J 7 3aKOYaeTCs B TOM, YTO MATDHUHBIE 3JEMEHTH 06OUX Ome-

paTopoB, OTBEYalOLHe MepexoxaM, Mpu KOTOpHX J2==J (/1)
He H3MEHAEeTCH, paBHB MewAy coboflt.

JloKa3aTeAbCTBO 3TOr0 yTBepXeHHA BHITEKaeT M3 COOTHO-
meHus 14

BT — 22T 2 TJ = 2h2 (J°T 4 TJ2) — 4K (JT),
rie 7T — TpOU3BOJABHEIH ONMEpPATOP CO CBOHCTBAMH MOMEHTA, KOM-
MyTHpYlOWHi ¢ oneparopom J— T.

B vacrtvoctd, B Kavecrse T MOXHO B3491b Oneparop S.

Paccmarpnsaﬂ MaTpHUYHLIE 3JIEMEHTHI T, AHarQHaJibHule 0O
OTHOWEHHIO K J, MOJAY4YUM H3 3TOIO COOTHOUIEHHS

1
(T)a, I, omi oo, T, m JW4+1) (J(JT))G!, g, m; a', J, m'?

rie o — COBOKYMHOCTb COOCTBEHHEIX 3HayeHHH ONePaTOPOB, KOM-
MyTHpYyIOWHX ¢ J2 u J,.

4 3ak. 1800. A. Axwesep.
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3ameHsa snecy T Ha S, Mul mosyuum Gopmyny (5.117).
IMoabaysace (5.117), mepennwem (5.117) B Bune

M=J[P‘n+ xu‘p”_'%<f"‘n+ P])""é‘) Lg]' (5.12)

Taxk kak cpegHee 3snaueume L2 paswo 2-3 - f w?dr, TO BbI-
0

paxkeHHe IJI1 MarHHTHOrO MoMeHTa fAeHTpoHa npuobperaeTr OKOH-
YyaTeNbHO CHelYiOlWHi BHL:

3 0 F o
P*D=P'n+}"p__2"<f"n+lup—§> j w*dr. (5.13)
0

Mbl BuauM, 4YTO BKAAA OpPOHTANBHOTO /[ABHXEHHA MNPOTOHA
[==)

B BBIpa)KeHHe NS MOMEHTa HeATPOHA NPOMOPLHOHANEH f w2 dr,
B
T. €. OYeHb Mal,
(=)
dopmyna (5.13) nokassiBaer, 4TO Bec [D-COCTOAHHS (fwz a’r)
0
MOWKeT GbTb ONpenenéH TaKxe U3 HaHNeHHBIX 9KCMEPUMEHTAALHO

3HayeHu# MArHUTHBIX MOMEHTOB IefTpoHAa, MPOTOHA M HeHTpOHA.
Hcnoas3ys npuBeiéHHble paHee 3HAYEHUS 9THX BEAUUYMH, MOJAYUYHM:

[we)
2 — 2 0,0228
fo wgdr=3—w=§“ -——-——1—-%0,04.
g E‘n"!‘f"p—? 0,8793-—-5‘

Mu Bui4Mm, TakuM 0o6pasoM, 4TO [aHHLIE O KBAaAPYNOJBHOM H
MarHHTHOM MOMEHTe NeHTpDOHA KAa4YeCTBEHHO COTrJIAcCylTCs C Teo-
puei.

Hrak, «npumecb» D-Bo/JiHLI B OCHOBHOM COCTOSIHHH JefiTpPOHa
oueHb HeseslHka, [loaTOMy MpH pacCvMOTPEHHH MHOTHX BONPOCOB
MOXHO CY¥TaTh OCHOBHbIM COCTOAHHEM JeATpOoHa cocTosHue 33,.
B 4acrtHocTH, 6e3 ocofo# MOrpewrHoCTH MOXHO HCXONHThL M3
3TOro MPeanoNOXeHuss NPH PACCMOTPEHHM PACCEAHHA MEHJEHHBIX
He#{TPOHOB MPOTOHAMH, YTO Mbl M He/JaJIH BhIIE,
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§ 6..PaccesHue HeiiTpoHOB B mapa- H OPTOBOXOLOIE

Mu Bepné&Mca Temepp K DacCMOTPEHHIO BOMNPOCa O BO3MOXK-
HOCTH CYLUECTBOBAaHUS COCTOSHHH NeATPOHA C aMTHIAPAAJe/bHBIMH
CMMHAMHA HeATpOHA H IPOTOHA. ITOT BOMPOC CBOAUTCA K OMNpe-
Je/leHHI0 3HAKa BeluuyuHbl oy, B § 2 [cM. (2,10)] mbl noxasanu,
4YTO TOABKQ IOJOMHTENbHEI#l 3HAaK BeJHYMHLI & OTBeyaeT CBs3aH-
HOMY COCTOSIHHIO HeHTDOHA W NpPOTOHA.

Usyuas paccesune MELEHHBIX HeHTPOHOB CBOBOXHEIMH MpoO-
TOHaMu, Hesb3d ONpeJeNHTb 3HAK &, TaK KaK CeyeHHe PacCedHud
ornpenenseTcs KBaApaTOM «&.

OxkasblBaeTcsl, YTO MOXHO ONpeNesuTh 3HAK aj, H3yYas
paccesiHie HeHTDOHOB B MOJIeKyJAspHOM BOZOPOAe, T. €. B Napa-
u- oprosoxopone 1181,

M3BecTHO, YTO APOTOHB, OOpasylolue MOJEKYAy OpTOBOLO-
pOZa, MMel0T mnapalje/bHO HAMpPAaBJeHHble CIOMHBI, B TO BpeMd
KaK CAMHBl IIPOTOHOB B MOJEKyJe NapaBoAOpOAa aHTHmapal-
J1e/IbHEL,

PaccmoTpuM paccesHHe MEAJEHHHX HeHTPOHOB B MOJNIEKYISIPHOM
BONOpOIE, NpeAnoaaras, 4T0 LIHHA BOJHH HEHTDOHOB CpaBHHMA
C PacCTOSHMEM MeXIYy NIPOTOHaMH, OOpasyIOIMMH MOJEKyay BO-
popona.

B 3tomM cayyae MOryT uMeTb MeCTO HHTeP(depeHUNnOHHbIe
SBJICHHSA, CBASAHHLIE C pacCesHHeM HeHTPOHOB OOOHMHM NMPOTOHaMH
MOJEeKYbI.

[IpeanooxnuM, 4YTO 3HEPrHs HEHTPOHOB HENOCTATOYHA M4
BO36Y:KIeHHA DOTAUMOHHEIX YpOBHeH MmoJekyasl. Ilpoucxomsuee
B 3TUX YCJAOBHSX ynpyroe (0e3 H3MeHEHHs SHEPTHH) pacCesHHe
HeHTpPOHOB GyneT OTAHYATBLCA [/ Mapa- U OPTOBOXOPOAA, eCiH
B3auMoneficTehe HEATPOHA M TPOTOHA 3aBUCHT OT OTHOCHTEABLHOH
OPHeHTAllMH HX CIHHOB W OyAeT OAMHAKOBLIM NPH He 3aBACALUX
OT CMNWHOB ANePHHIX CHAax *).

*) Ecau HefiTpon o6najaeT sHeprueil, mocrarouHoli Aaas Bo3byxne-
HHA pPOTAlYOHHbIX YPOBHEH MOJEKYJIH BOZOPOIA, TO pacceslHe HeHTpO-
HOB B MapaBOAOPOle GyleT OTIMYATLCA OT pacCedHHs B OPTOBOAOpOLE
Ja¥ce MpH HE 3aBHCALIMX OT OTHOCHTEJNbHOH OPHEHTAUHH CIIHHOB siep-
HbIX CHAax. DTO CBf3aHO C TEM, UYTO DOTALHOHHBIE YPOBHU MOJEKYJ
napa- M OpTOBOAOPOAA OTJAMYAIOTCA APYT OT ApYyra: POTauHOHHOE KBaH-
TOBOE uucno J Afs MapaBolOpOIA MOMeET ObiTh TONBKO UETHHIM, IJA
OpPTOBONOPOAa — HEUETHBIM,

4:';:
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Orcionza caexyeTt, 4TO, M3y4as paccesHue OUeHb MeIJIeHHBIX
HeHTPOHOB B Iapa- B OPTOBOAOPOAE, MOXHO MOJYYHTb BAXKHEIE
CBEXEHHs O BeAMYMHAX @y H .

[Tepexons K onpeneneHdio cedyeHuft paccesdHust MexJeHHHX
HEATPOHOB B Mapa- H OPTOBOLOPOAe, MOKAXEM MPEABAPHUTENBHO,
4TO NPHU PaCCMOTPEHHH PA3/JHUYHBLIX NPOileCCOB pacCeAHus HEHTPO-
HOB MOXHO MQNBb30BATHCA CBO20OpP33HOU TeOpHeRt BO3MyIIEHHH,
eCJIH TOJbKO HaaJewamum 0o0pa3oM BHOpPATb NOTEHUHAa]d BO3MY-
mrenns 181, JIoCTATOYHO NOKAa3aTh, YTO 3TO YTBEPKAEHHE ChHpa-
BeAJUBO B CAyuae paCCesiHud HeliTpOHOB CBOOOAHHIMY NMPOTOHAMH.

Tlpeanmoaaras, 4TO MOXHO NOJB30BATLCA TEOPUEH BO3MYUIEHHH,
6yneM uCXOAMUTh M3 caeaywoumiedl ¢Gopmynasl A8 aMNauTyAH pac-
CeAHHA 4YACTHULl B HEKOTODPOM LIEHTPAABLHO-CHMMETDHYHOM CH/AOBOM
none U (r)

= Z [0

rie Py U Pp— UMNOYALCH YACTHUBI AO M MOC/AE pacceanus, m-—ed
Macca, r— PazuyC-BEKTOp, OnpenelsioWivi MmojoxeHue YaCTHUH
(0 OTHOWEHWIO K CHIOBOMY LEHTDY).

Mur X0TuM noxasaTte, 4To HOpMYynaOH MOLOSGHOTO BMAA MOXKHO
NMONB30BATHCA TAKXKe NPH DPICCMOTPEHHA PACCEeAHHS MeANeHHBIX
HeHTPOHOB CBOGOIHEIMM MNDPOTOHaMH, eCJHH BBECTH HalJjiemalluM
o6pasoM BeiOpaHHyt ¢yHKuuw© U (r), urparouy©o poib QHUKTHUB-
HOH NOTEHUHANLHOH SHEPruH B3aHMOXEHCTBUA MEXAY YacTHIlaMH.

Hac uHTepecyer pacceshue B cuCTeMe KOODAWHAT, Tle IO-
KOHUTCA LEHTP HHEeDUUWH HeHTpOHA M HPOTOHA; nod3ToMy B (6.1)
HYXHO BMeCTO m TNOACTABUTb MPUBEASHHYIO MAacCy uyacTui, paBs-

M
Hy®© 5= (M —wmacca HeliTpona). MITak, Mbl HCXOOMM H3 CJELyIO-
uefi GopMyaBl AN aMIAMTYAH DacCesiHud HeHTPOHOB:

fa®) =— = | ve 7 (6.1)

(Pp ¥ p— uMNYyILCH HEHTPOHA N0 M MOC/E CTOJKHOBEHUS C TpO-
TOHOM; TO alCONIOTHOH BeAMYHHE OHHM DAaBHH).

dra dopmyna [QOMKHA [AaBaTh TAKOH Ke DPe3yssTaT, Kak H
TOUHasi TeOpHs; HO, COTJIaCHO NOcJAenHeH, paccesHue MejeHHBIX
HEATPOHOB MOMKHO OLITb H3OTPOMHBIM, T. e. f,(B) He RoMmxHO
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3aBUCETb OT yria paccesnus 6. IIas toro 4robnl ¢opwuyaa (6.17)
iapana TaKOM ke pezay/bTAT, HYXKHO CUHTaTh, 4T0 U OTAMUYHO OT
Hynd TONbKO B HeGonblIo# 06/4aCTH, AHHelHBIE DasMephl KOTO-
po# ry Manu MO CpaBHEHWI C JAMHOH BOJMHB HEHTPOHOB X.

JeHcTBUTEIBHO, B 3TOM Cly4ae SKCMOHEHTA —(B‘%m He Gyner

7o = (p—p) T

MPeBOCXONUTD 2% H, CMeN0BaTENbHO, BEChb MHOXUTENb € :
MOXHO OyHeT 3aMeHuTh enHHuuefl. Uik,

ro & K. (6.2)

[Tpu BeIMOAHeHUH 3TOrO yc¢noBusi (6.1’) MPHUBOAMT K pe3yabTaTy
M 3,57

|£a (0= 3 rolU] (6.3)

(U npencraBaseT co6oit cpelHee 3uayeHne U B obaacTH, rae
aTa (GYHKUHMA OTAMYHA OT HyJs).

Ocraérca sanucath ycCAOBu€, MPH BBIMTOJHEHHH KOTOPOrO
MOXKHO BOOOIlle MO/B30BATLCA TeOpHeH BO3MyHIen¥d. DTO YyCAOBHE
raacut 16

77 = B 6.4)
lUl<< MZ ( *

M poaxubl Temeps, NPOBEPHTHL, MOTYT /M OXHOBPEMEHHO
BLIMOAHATLECA coOoTHomeHus (6.2), (6.3), (6.4). Ilpn stoM che-
RnyeT umeTb B BuAy, uTO f, (6)=a 3amano, Tak Kak 3Ta Reu-
4MHA ONpelefseTCsd CeveHnWeM paccesiHis MedJeHHBIX HeATPOHOB
CBOGOZHEIMH NIPOTOHAMH G

6y = 4ma®.

HUs (6.3) u (6.2) cheuyer, 4TO

~ ﬁ lal h*a

DTO0 HepaBeHCTBO BMecTe C HepaeenctsoM (6.4) npusOnUT

K YCJIOBHIO
la] < &, (6.5)

o <K K> (6.5")

T. €.
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Tax kak |a|=~10-12 cx, To ycnosue (6.5”) sunoansercs,
ec/l dHeprus HeHTPOHA MeHblle HecKoabKuX MeV. Bnaorte 1o
TAaKHX 3HEPrufl MOKHO, CHEHXOBaTeJNbHO, NOJAL30BATLCA TeOpHeH
BO3MYUIEHNHA. :

Ma 6yzem B manbHeHuieM, nMOAL3YSCh TeopHei BOBMYUIeHuHH,
6pate U B Buze

const - B(rn—rp), (6‘6)

Tie r, W rp— DaAuyC-BEKTODH, ONpEJENsiOUIHe MOJI0KeHre
HeATpPOHa M nporoHa (const. He 3aBHCUT OT KOODIAHHAT 06eux
yactun), a 8 — peabra-yHKusa Qupaka.

Hanucannoe BHpaxeHue 03HayaeT, YTO KOOPAHHATH He#ATpora
M NPOTOHA MOMKHBI COBMAAaTh AJi TOrO, 4TOGBl 3TH YACTHUBI
B3aMMONEeHCTBOBAMN; HHBIMH CHOBAMH, PalnyC NEHCTBUA SAePHBIX
CHJl CYMUTAeTCH NPU 3TOM DARHBIM HY/I0 (3TO 3aKOHHO IJA Mel-
JIeHHBLIX HEHTDOHOB, IVIMHA BOJHEL KOTODHIX BeJHKA MO CPaBHEHHIO
€ paAuycoM HefcTBUA SAOEPHHIX CHJ).

Onpenenum Beauunny const. B ¢opmyne (6.6). I[Tomcra-
Bassa (6.6) Bvecto U B dopmyay (6°.1), nmoayunm:

2
const. =—4—1/%- a. (6.6%)

AMIOAHTYXA paccesiHMsi @ cBf3aHa ¢ ¢a3of S-BOaHH Ha Oec-
KOHEe4YHOCTH § COOTHOLUEHHEM

1. 5 .
@ =5 (¥ —1). (6.7)

Ecau cunrtate paguyc [AefCTBHS SAEPHBIX CHJA OeCKOHEYHO
ManeiM, TO O paBHseTCA

a
8 = — arc ctg5-
k
B cayuae oueHb MenNeHHBIX HEATPOHOB 6§ — —- —u
1
aQ@d=—-—, k——> 0.
a

YunTbiBass KOHEYHOCTh Daamyca AeHCTBHA SIePHBIX CuJd, MBI MO-
nAyyuM coraacio (3.137):

1 R ,
a=—=(1—Fan)", ko (6.7')

<
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Hrak, Mbl BHALM, YTO OPH pPACCMOTPEHHH PaA3JHYHHX IPO-
LECCOB paccesHus MeNJSHHBIX HeHTDOHOB NPOTOHAMH MOXHO
TIO/IB30BaTLCA TeOpHeH BO3MYLIEHH, CUHTAA BHEPTrUI0 B3aUMONEH-
CTBHSI HEATLOHAa W NMPOTOHA PaBHOH

2
U=— 40 (e, —1,). 6.8)

Amnuryna paccesHMs @ pas/iMYHAa OAd TPHIVIETHOTO W CHH-
TJIETHOTO cocToauu#. Mul OyneM o6o3HauaTbh €€ B 3THX COCTOs-
HUAX COOTBETCTBEHHO uepes &; M a,. Jlerko HammcaTh QUKTUB-
HYI0 3HEPTHI0 B3aMMONEHCTBMS B TaKOM Buae, uTO6HI OHa HaBalna
4BTOMATHUYECKH TNPABW/IbHHE Pe3yaAbTAaThl KaK AAf TPHANETHOTrO,
TAK H IJ1 CHHTJETHOTO COCTOSHuMH.

Ias 3Toro Bseném oneparop

= % (1 4 ,9p),

roe @, W g,—wMarpuns [laynu, onpeleasiowue CHHH HEHTPOHA
u npotona. Tak Kax coGCcrBeHHHE 3HAUECHUS ©,0, B TPUILIETHOM
M CHHTJIETHOM COCTOSIHMSIX DaBHEI cooTBeTctBeHHO 1 m — 3 [cm,
(4.2')], 10 cofcTBeHHble 3HAYeHWss R B 3THX COCTOSHHMAX DAaBHH
1 u —1. [Tostomy (6.8) MOXHO NpPeACTaBHTL B BHIE

U="‘4TZZI2 {all_-—i;_}?-—‘—aolzR]ﬁ(rn——-rp)=
= “'T:TEEIS‘% + 0o+ (a; — ay) CnOpl 8 (rn—1p)- (6.9)

IIpumennm Teneps sty obmylo dopMmyay K paccMOTPeHUIO
paccCednns MelJeHHHIX HeHTDOHOB B MO/IEKYJASAPHOM BOLODOJE.

B stom cayvyae omepaTOp sHepridu B3auMoleficTBHsi HEeHATpoOHa
¢ MOJeKkyJo#A Bomopoma Mo¥keT OwTh MPeaCTaBIEH B BUAE

wh?
U=— i [3a; - ag - (a; —ap) 6,918 (1, — 1) —  (6.9)

'ﬁﬁ/z 2
W By + ay (@, — a9) 0,6,] 3 (v — 1),

rae uuiekcol 1 M 2 oTHOCATCS K OOOMM NPOTOHAM.
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YIOGHO BHUIeNHTb B 3TOM BbIPaXKEHUH CHMMETDHUHYIO ¥ aHTH-
CHMMETDHYHYIO YaCTH IO OTHOUIEHHIO K CMIHHAM MPOTOHOB; HMEHHO,
mbl npenctasumM U B BUIE

U = — " (3,4 a+ (0 — a) 3,1 [8 (£, —1,) -+
+ 3 (ry—rg)] — ';t_/ﬁ; (@ — ao) Tn (e, —3) X
X {o(r,—r)—3(r,—ryl, (6.10)

rIe MaTpHua
1
S =7 (6,1 92)

npexcraBasger co60i MOAHHIA CHuH MOJEKYJ/H.

flcHo, 4TO cuMMeTpHYHasa 4YacThb ofnepatopa U orTseTcTBeHHa
3a TaKHe TepexOoabl, Npd KOTOPHIX CIIMHOBAA CHMMETDHA MoOJje-
KyJlll HEe HM3MeHAeTCd, HHBIMH CJ0BaMH, 3Ta 4YacCTh ollepaTtopa
03yCNOBNHBAET MEPEeXOxbl OPTOBOLOPOAA B OPTOBOIOPOX H Mapa-
BOJOPOJA B HanaBOJOPOI.

- AHTHCUMMETPHYHAs 4acThb BbI3LIBAeT INMepexoldbl OPTOBOLOPOAA
B Mapasomopon u 06paTHO.

Byaem B ZAanbHeiilyeM MOJAL30BATLCA CHCTEMOH KOOpAMHAT,
B KOTOpPO# TIOKOATCH UEHTD HHEPUHH HEHTPOHA H MOJEKYJb
Bofopona. PaccMoTpM CTONKHOBeHHE HEATDOHA, UMHOYABC KOTO-
poro pasex p,, C MoJekynofi BOLOpOA3, OOAanamomeh uMny/b-
COM — Py B XapaKTepuayloule#icd KBAHTOBBIMM UMC/IaMH U (BHODa-
IMOHHOE 4ucao), J (porauxoHHoe yiucao) n S (pesyabTHpyOUMHA
CIUH).

OnpeneauM BEDOATHOCTb TOrO, 4TO HeHTPOH B De3ynbTaTe
CTONKHOBEHHS TPHOODETET uMnyabC P, a MoJeKyaa mnepedaér
B COCTOsIHHE, XapaKTepusylouleeca KBAHTOBLIMH YHCIamMu —p, 7/,
J,. 8.

BonroBas ¢hyHKuMA HAyaJdbHOrO COCTOSHHA HEHTpPOHA U MO~
JIeKyJbl UMeeT BHI

i i r+r,
1 T pol‘n 1 —.ﬁ- pJ——T)'_-
=g et T e ERINS
Q 'l/-g
X2, ,, mJ(lrl —rg]) %g, ™ (6.11)
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rie Q'he "0 ___ponnoBas byHKuNs HERTPOHA C HMIYJLCOM Py,
HOPMHUPOBAaHHasA Ha OO0BEM 25 vy,,—CNHHOBadA Q)yﬂxum HelTpoua
r+r
P
(m—npoekuus cnuHa HelTpoHa H2 OChb 2); @—'e " M
BOJHOBasA (QYHKUWA, OMHCHLIBAIOUIAS [BHXEHHe LEHTPAa TAXKeCTH
MOJIEKY /B, UMAYALC KOTOPO# paseH —py; €, ,  (Jry—ry|) —
m

BOJIHOBAS (PYHKUUA, ONHUCHIBAOUIAA OTHOCHTE/IBHOE BHXKEHHE NPO-
TOHOB B COCTOSIHUH C BHODAUHOHHHIM KBAHTOBHIM YHCJIOM v,
POTAUMOHHBIM YMCAOM J ¥ MArHATHLIM KBAHTOBLIM YHC/IOM 1,

HaKOHell, ¥ g , — CNHHOBas (YHKUMA NPOTOHOB B cocroamm
™3

C pesyiabTHpylOUMM CrHHOM S (MpoekuMs cnHWHA Ha OCh 2

paBHa mg).

AHanoruyHHM 06pa3oM BONHOBas (DYHKUMS KOHEYHOTO COCTOS-
HAT G, MOxeT ObiTh 3amucaHa B BUIe

£ r4r
1 pr, 1 —50p
¢f=-v—§'e" "xm'79=_e D 4

X e, J, m:r (lr;—r3)) Ly my'

BeposaTHocTe mnepexonsa, OTHeCEHHas K eAWHULE BPEMEHH,
onpenpenseTca MO HU3BECTHON (opmye

2 (b, U [y (6.12)

rae PE—'-H/ICJIO KOHEYHBIX COCTOfHMA B EIHHHYHOM UHHTepBaje

aneprud, a (Y, UY,;) — cokpaiénHoe 0603HaYeHHE MATPHYHOTO
3JIeMeHTa 3Heprunu B3aUMOIAeHUCTBHS.

OnpeneniM mnpexie BCEro MJIOTHOCTh KOHEYHBIX COCTOAHHHA.
3aMeTHM JJid 3TOTO, YTO 3HepTHS B KOHEYHOM COCTOSIHUM DAaB-
HAETCH

E“"_'p _I_EJ/ ry

rie EJ v—BHY’I‘peHHHH 9Heprusg MOJAEeKyJabl B COCTOAAHWU C KBaH-
TOBBIMH YUCIHaMH J, ©. CoraacHo 3aKOHY COXpaHE€Huss 3HEpruu

3 3 .
E=mp2+E ’,v’=m‘pa+EJﬂv' (6.13)
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[TNOTHOCTL KOHEUYHBIX COCTOSIHMR paBHA
Cp? d M
LA A P 2 o
(nh)BdE 1273438
(do — 3neMeHT TEJEeCHOro yriaa B KOTOPOM 3aK/IO4&H BEKTOD P).
Hac He uuTepecyioT Kakue-nn60 onpepengHHble 3HAYEHHS
KBaHTOBEIX YuCe] /m', m}, Mg, XapaKTepu3yiouHe KOHEYHOe COo-
crosagne. [Toatomy Mnl NpOCYMMHDYeM (6.12) mo Bcem momycTu-
MbIM 3HAYeHWsAM uyucen m', mJ mS U ycpelHuM pe3yabTaTr Mo
BHAYEHHSM 4uCeN M, My, Mg, OTHOCAWMHUMCA K HAYAILHOMY CO-
CTOSIHUIO.
Uro6nl HalTy auddepPeHunanbioe CeyeHne HEATPOHOB, HYXKHO
NoJayuYeHHoe TakMM 06pa30oM BEIPAaXE¢HHE IS BEPOATHOCTH pac-
cesiHUsl Pa3feNuTh HA MOTOK HeATPOHOB OTHOCHTENBHO MOJEKYJEl

Pg=

BOAOPOAA, PABHBLIR %ﬁ%

Ouddepenunansuoe ceyenne paccesHusi, CONPOBOXKAAIOLIErocs
nepexonoOM MolleKynsl u3 cocrosuus J, v, S B cocrosuue J', v/, S/,
HMEeT CAedyiolui Bun:

1
A3y i, 80,0, +1)(21+ iy <

2
X , 2 ' t b 2 ﬁz Uy‘)l do.  (6.14)
m, )nJ-, 'I’ZS m, mJ, ms

PaccMoTpsM cHayana mepexofbl, NPH KOTODHIX CIHH MoJe-
KyJael He u3MmeHseTcd. Mcmone3ya CHMMETPUYHYIO YaCTh 3HEPTrHH
B3aumonefcTeust, 6yieM uMeThb B 3TOM CJayuae:

MQ
<Jf’ 21:ﬁ2U )N
= QT (m/Snzg |3a, + a,+ (a1 —a,) ¢,8 | mSmg) X
X f exp ﬁ (py—p) [ nT ("1‘!‘ "2)]} X

X(Pu JmJ(l _ra)@v,Jm (l‘l—rg)X

X3 (rrz — 1'1) _!— (rn 2 2)] dr/z drl dr2 =
= — (m'Smg|3a, 4 a,-+ (a;— a,) 5,8 | mSmsg) <

x fCOS p)r T, T (I') (Iv J, m,](r) dr.

v

i&
9 po
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[Toaromy

X X

o .y .___Uu>
<'r onfi?
m’ ”‘S m, m

—_—pir o= )
=I fcosﬂ?ﬁg_ P, n'y O L, 7 m, () dri X

> Z 2 | (m'Sms|3a, + ay + (¢, — ay)s,,S | mSms) |2

7 r
m’, mg m, mg

Tak xkak Mbl DacCMATPHBAEeM TMNepeXxonnl 63 u3MEHEeHWs ChHHa
MONeKyJBl, TO onepatop 3a, -+ a4+ (a; — a,) ¢, S aBasercs Aua-
FOHA/bHLIM 0 OTHOWEHHIO K MOMHOMY CIHHY MOJEKY/bl; MO3TOMY
BTODOH COMHOXMTENb B NOCHeAHed OpMyZe MOXKHO MPEnCTaBHTH
B BHAE

Y Y (w'S'ms|3a,+ gy (ay—a0) 5,8 | mSm) P =

’
m, m, m, S, mG
s S

2 (mSmg|[3a; -+ ag -t (a; — a,) 0,512 | mSmyg)

”, ms

(Mbl HUCNMOJb30BaANH ManW-!HbIH 34KOH yMHO}KEHHﬂ).
Jlerko BHAeTH, YTO

(6,82 = 8§%?—¢0,S.
JleAcTBUTENBHO, '
(G'nS)2 = (ams'cc '%.* aySy)—i_ czSz)2 =
=52 —;—Sz’lﬁ— Si4-0,0,8,Sy+ 0,00SySx+ -
3ameuasq, 4TO

Ga;dy = —-GycI S L‘Jz

SSy—S,Sy=1S,,

Mbl 4 HOJYUHM yanHHHOC COOTHOUWIEHUE,
[ToaTomy

[3(11 _]_ @y _!— (al - ao) c-n‘s]g =

— (3a,F a,)* - (a, —a,)? $2+
4+ 23a, + ay) (@ — ay) 9,8 — {a; — ag)?9,S.
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Tak Kak CyMMa ILHMATOHAJBHBIX 9JIEMEHTOB MATPHUH MOMEHTA
paBHA HYJIIO, TO

2 (mmg| (3a; +ao+ (a; —a,) 0,8)?| mmg) =
S

m, m
=2(2S -+ 1) [(Bay + ap)? + S (S 1) (a;— ap)?l.
CoGupas Haum ¢GOPMYNbl, MBI IOJYYUM OKOHYATEABHO:

455, v, 5,008 =5 = (301 )24 S (S+ 1) (@ — a0)? X

tatr 3

mp "y

— k3 2
f cos(p°2 ﬁp’ L m 0) Py, 5,m (£) dr | do. (6.15)

3aMetuM, 4TO B 3TOM BolpaxeHun J u J' HOMKHB GBITBH
ydciamu onaxHakoBO# u&rtHocru. [HeficTButennto, dyuxuua P
YI0BAeTBOPSECT YCIOBHIO

B0, 7,m, (— D) =(—1)7® (0,1, m

HameHenHe 3HAaKa r COOTBETCTBYeT OOMeHY IHpPOCTPAHCTBEH-
HBEIX KOOpAMHAT 000uX NpoTOHOB, [IpOoCTpaHCTBeHHas BOAHOBAA
(pyHKuus A0MKHA NMPHU 3TOM, coraacHo npusuuny Ilayaum, ocra-
BATbCS HEU3MeHHOR B cayyae TMPOTHBOMOJIOXKHO OPH°HTHPOBAH-
HBIX CIOHHOB MNPOTOHOB, T. e, npu S=0, U DOMKHA MEHATDL
3HaK B Clyuyae OJMHAKOBO OpPHEHTYPOBAHHBIX CIHHOB, T. €.
npu S==1. WubimMu caosamu, npun S =0, (mapaBomopon) BO3-
MOXHBl TOJbKO UETHLHIE 3Hauedns J, a mpu S =1 (opToBO-
IOpon) — TOMbKO HeuéTHbie 3HaueHHss J. 3DTH COOTHOILUEHHA
MOTYT ObITh 3aMUCaHBl B BHAE YCAOBHSA

(— 1) == (— 1)5. (6.16)

MTaK, OpTO-OpTONEepexOnbl NMPOUCXOAAT MEXKIY COCTOSHHAMM
C HeYETHHIMH 3HAYEHUAMHM DOTALHOHHOrO uyucaa J; mapa-mapame-
pexonsl MpOUCXOAST MeXAY COCTOAHHSIMM C YETHHMHM 3Ha-
yeHuamu J.

PaccmorpuM Temeph mnepexoanl, NPH KOTOPHX OOLUHME CHHH
MOMEKYN H3MEHAeTCs, T. €. OpPTO-Napa- ¥ Mapa-opTonePeXOmbl.
OTH mepeXOonbl BLI3LBAKOTCA AHTHCMMMETPHYHOH YACTHIO 3HEPTHH
BOsMyIteHus (6.10).
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Beruncitennst, aHalOrHYHBle NPOXE/AHHBIM BHINE, TPUBOASAT
K CHeAyIOUieVy BLIDAXEHHIO IJIS CEYEeHHs DaCCesHHd C H3MeHe-
HUeM OOWEero CrIHHA MOJEKYJIHI:

4p 1

>< V ”sm P)’cb,,, 7 m (1) @o, 7, m_ (F)dr  do. (6.17)

7)1

SameTuM, 4TO OpPTO-Mapa- M 1Napa-OpTONEPEXOlh CBJ3aHbl
¢ W3MeH2HueM YETHOCTH POTALMOHHOIO uucaa J.

MusnManbHan sHeprud, KOToOpoi nomxkeH o6aanars HeHATPOH
(B cuCTeMe WEHTPa HHepUUW) J1Ja3 TOro, uToOH IepeBecTH
MOAeKyldy wu3 cocroauus J, v B cocroanue J', v’, pasudercs
cornacuo (6.13)

3 2
Po—BP 2 .
OQM, —'_'g(EJ',v'—"EJ,v)o (6.13)

B 1aboparopHO¥l CcHCTeMe HauyaAbHHH HMIYAbC HefiTpoHA

paBeH - Po; 10STOMY MUHHMA/bHAS SHEPrHs paBHa:
3 .
5 (Er,vv —Ey, v)-

Jrs mManbix 3HaueHMB uucen J, v IHeprusd Monekyunl (Bbipa-

weHHas B eV) MoweT ObiTb NpHOAMKEHHO Halinena no ¢op-
myie 17

1
Eg,y= 10,015 J (J-+1)}-0,5330.

He#itpou nomxken o6japath sHeprueit 8 0,045 eV ana roro,
uyTQG6LEl NepPeBeCTH MOJIEKY/1Yy H3 COCTOSHUA C KBAHTOBBIMH UHCAaMHU
v=0, J=1 8 cocrosuue v' =0, J/=2. [lag nepexona us
cocrofannud v =0, /=0 B cocrosune v=0, J=1 rpebyerca
sueprua 0,023 eV.

PacemorpuM TOT cayuall, KOroa 3Heprus HeHTpOHa MeHblue
0,045eV. [lpu sT0M BHOPAlLHOHHOE YWCJIO U HE MOXKET HU3Me-
HATBCA; 4YTO IKe KacaeTcs J, TO BO3MOMKHBI CJIeyIOUIHE Ilepe-
xopt £ 0>0,0—-1,1-0,1—>1.

Ons onpenesenns BepOATHOCTH Pas/iHYHBIX MepPexonoB GyaeM
paccMaTpuBaTh MoJsiekysly H, kak TBEépamiit poratop. B stom
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npubaKeHHH BOJAHOBag (QYHKIMA MOJIEKYJH MOXeET OhTh Ipel-
crasreHa B Buge (7

J4+\1m

WFTT—Imy D! imslgy d J!
@o,J,mJ(r)=‘/ 47 (J+fmJ|)! JJ(dcos«f) X

s29 J im e o 1
><(°°——2Jj_'l-e TR —r) (6.18)
roe & ¥ ©-—MONAPHBIA U a3HMyTaAbHBIA YT/bl, Ofpenensloline
NO/MOKeHHe I W 7,— PaCCTOAHHE MexaAy OGOUMH MN[OTOHAMHU
MOJIEKYJBl B cocroam«m pamHosecus (r,~ 0,75 10-8 cx).

MaTpuyHbslil 37eMeHT, Olpeje/adoluuil yrnpyroe paccedHude
(0 — 0), pagen:

fcos [P —p|rcos? | @0,0,0 () [22nr2drsin$ dd ==

2%
[po—plre Pbe sin 1
N — sin
TR VR
[Po—1Plre DPre i
2ﬁ ﬁ S‘n2

(0 —yroa pacceaHus B CUCTEMe LEHTDA HMHePIHH).
Huddepennuaibioe ceuyedde yNPyroro PacCesHMs COrMACHO
(6.15) pasuo

. pﬂrg : i} 2
sin { ——ﬁ, sin 3

t

dog, 0, 0; 0,0, 0 =% (3a, + a,)? 27 sin 6 40.
\ Pole gin 2.
% 2
HHTerpankHoe ceyeHue HMeeT BHM
DT IR
32 2 [° gsin2
URETRTY 4 £
16m 2 2 .2
=% (3a 1—{—00)‘3( ) {m Bre i ”’%”e+o,5772},(6.19)
roe
Cix = — f s’ at,
x
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AnanornusniM o6pa3omM MoryT ObITh ONpelesieHb cedeHud
nis nepexogor 00— 1, 1 >0, 1 > 1, (v=0) U8} :
C1,0,1:0, 0,0 = 32= (al —ao)q (IL—>2 ><
P00 Pole

in x cos x — 1 1 1 .. '(Po-i-p)re/ft
P [S‘ EEpLLES +~1nx——ax“ 6.20)
© b 2 2 Py—p) r it (

p—]/po——E1 o\

32n 2 [sin cos x — 1
%, 0,0:1,0,1 == 3~ (@, — a)? <ﬁ>[ xx‘f‘ proame

Dyre
l(p-l-po) v/t

1 1 .
+3n x—-ﬁ-sz] (6.21)

(r=V pit- 5 o).
S1,0,1;1, 0, 1=§7f{(3 1‘}"‘70)2
1 3 (sing’ A2, sin?
+2 (@ —ap) | — & (TE —cos )’ 4255 +

1025 — Cigt — 0,4228]}, (6.22)

(B—po) "e/ﬁv

roe

___Pore
§= 7o

Brlukcienus TNPHBOMAT K CJeAylOlMM pesyibTataMm. Ecau
sHeprus HefitpoHa parna 20°K, To (18]

%o, 0,030, 0,0 == 6,444 (3a, -} ay)?,
0y,0,1;1, 0,1 ==06,450 [(3a; + a4)? 4~ 2 (a, — ayp)?],
Go,0,01,0,1 == 1,753 (a@; —a,)3.

SKcnepUMeHTa/bHO MOTYT ObiTh HaWEHBI BeJUYHMHBI

CSmapa = 99, 0, 0; 0, 0, 05

Sojto = C1,0,1;1,0, 1 -‘l— So, 0,0;1,0, 1
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ITpu sueprum He#dTpoHOB O, 000867 eV OHH OKa3hBaKTCI pPaB-
BoiMu 119]

- Omapa 7 5 - 10-24 e, oopro ==145-10-24 2,
[Mpu sHepruu HelitpoHoB ~ 0,0024 eV
Smapa = 3,08 « 10-24 cu?
Gopro = 116 - 1024 2,
Ceuenne ynpyroro paccesH¥s B I3pPaBOLOPOLE Opyps COMAEP-
KUT KOoMOMHaUMIO (3@, + @)%, B Ogpre OMHMO 3TOH BETHUHHB
Bxoaut emsd (@, — ay)% ¥3 ouniToB MO PacCesHHIO MeAAeHHBIX

HeNTPOHOB B mapa- ¥ OPTOBOLOPONE MOKHO, CAEXOBATENLHO,
onpeneluTh BeauunHH |3a, -y u |a; —a,|, T. e. onpeneants

a
aGCOMOTHEIE 3HAYEHWA dy W @y W 3HaK OTHOLIeHUs z¥

0
BeanusHn a; U Qp OKa3hBAIOTCA NPOTHBONOJAOXKHHX 3HAKOB.

Tak xak a; >0, 1o coraacuo (6.7") a; << 0. [losToMy @, > 0,
T. e. 2p<< 0 %), AMuauTyas pacceanus passb [19]

ay~— 0,52- 10712

gy~ 2,34 - 10712 cu,

Urax,
a, >0, a,<0.

*) TlpuBendM HexoToDHe XaHHbe {8], MoKasmBalwiHe, Kax BIAHAET
BHIGOD 3HAK2 ay Ha BeJdHYHHY CeYeHHU PA3NHYHHIX NPOLECCOB pacces-
HUS 4 BO3Gyxpenuss moiexyapnl H, Cuunrtasa rg==2.10-13 cu, MOXHO
moKa3aTh, 4YTO 3HAYeHde CEUYEeHHS YNpYroro paccesuHs HeHTpPOHOB
B MapaBoOmOpP-he NpPH OTPHUATENLHOM a,; IpHMepHO B 244 pa3a MeHbille
3HayeHuA NpH ay >0, Pasavune Mexay o604My CAYYAAMH CiOJb BEJIUKO,
4YTO H3ydeHHE OJHOr0 TOABKO yupyroro paCcesaHis B MapasofopoOAe
TUPHBOAHMT K 3aKAOUEHHIO, 4TO ag< 0.

Ecau ag<C 0, T0 cedeHHe pacceandsa TEeMJIOBHX HeHTPOHOB C IHEP-
rueit £ =0,037eV B napaBoAOPOfe GyReT NpuMepHO B 100 pa3 Goasuie
CE4YECHHA paccensHHsl HEHTPOHORB, HAXOAAMIMXCH NPH TEMOEpPAaType KUAKOro
Bo3nyxa (£~0,012eV). llpu ayg >0 3T0 oOTHOWEHHE COCTABIAET
TOABKO 3f,.

Ecau ¢y<{0, 10 ceuyeHue paccesHud HeHTPOHOB B OPTOBOAOPOILEL
IpH TewllepaType MHAKOro BO3AyXa 6yaer B 3JU pa3 Gofblie ceqeHHd

paccesHHs TeX Ke HelTPoHOB 8 Napasofopoae. Ilpu ag>>0 310 orso-
HIeHHe COCTABASAET TOABKO /.
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Tak kak @3<<0, TO 3TO O3Hauaer, 4TO TOJBLKO TPHILIETHOE
COCTORiHHE #BJAETCA CBA33aHHBIM. MH BUIuM, YTO He CylIeCTByeT
COCTOAHHHM nefiTpOoHa C aHTHNApadNe/IbHHIMH CITHHAMH HeATpOHa
1 MPOTOHA.

3aMeTHM, 4TO CeveHHe DacCedHH HeHTPOHOB CBOGONHHIMU
NMPOTOHAMH MOXXHO NPENCTaBHTh B BHIE

oo = (3ai + a) = ¢ [(3a; +a)® + 3 (a, —ap)?].  (6.23)

OTo COOTHOUIEHHE TNOKA3HIBAET, YTO O, TAK Me KAK M Gpapa M
Sopro, BBIPAXKAETCA Uepe3 BENMUUHH 3a, -2y ¥ @&, — dy; UHBIMH
CNOBAMH, G, MOMKHO BBIDA3UTb Ye€Pe3 Ogpro M Ingra-

Cornacno muMmemuMcyd gauubm [

69 =220,4 - 1072 cu2,

[IpupenéHHble Bbillle JaHHble 19 Gopes M Gpara HAXOAATCA
B COOTBETCTBHH C 3THM 3HaueHueMm o, U191,
3ameTsM, UTO 3TO COOTBETCTRHE SRBASETCS KOCBEHHHM NOKA-

1
3aTe/MCTBOM TOTO, 4YTO cnMH HeHTpoHa pased 5 Ecaun 6n cuvy

HeHTPOHZ OT/JMYAJICA OT 3STOTO 3HaueHuss U Oblm Obl pameH,

Hanpumep, —g—, TO op Ompeneiasnocs Ou dopmyaoH

5 3 2]
°0=§°A4+ TONT T (5a§+3a3)’

rae o\, M o, —CeUeHWsi LA NApamlelbHOA ¥ aHTHRADA/IED-
HOH{ OpHEeHTaUUM CMHUHOB HeHTPOHa u nporoHa (Beca o6OHX
COCTOSHH#l DaBHBI COOTBETCTREHHO D u 3).

Hcnonbaya 3nauedus a, U a,, TMOJy4yeHHbe U3 ONBLITOB MO
pacceaHui0 Mea/ieHHHX HeHTPOHOB B OpPTO- M NMapaBOAOPONe, MH
noayuusan 6el 0S8 G, 3Hauenue ~ 7 - 10724 cu3, koropoe ropasno
MeHblle HabJanaeMoro.

OnpiTel 00 pAcCeHHIO MeNieHHbIX HeATPOHOB B mapa- H
opTOBOAOPOAEe MOTYT ObITh HCMOJB3OBAHLI [JAA  OnpeneleHUs
NOPAAKA BENWYHUHK Dpaguyca NeHCTBHS sUepHBIX CHJ 7, Ilocnen-
HUfl BXOOUT B BHIDaXEHHs, CBA3BIBAOUINE @, U @y € d&; U &,
cm. (6.7)]. Cireayer uMeTh B BHAY, YTO Daauyc AEHMCTBAS CHI
B TpDUILIETHOM COCTOSHHH OTAUYaeTCs OT panuyca pgeficTaus
B CHHTJIETHOM COCTOSHHHU.

5 3Baxk. 1800. A. Axnueszep.
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CunTass 3HEPrHIO CBA3H JEATPOHA paBHOH &= 2,19 . 10%V,
Mbl Ha#imem coraacso (2.3):

_ S

%y A2

1
~ 2,29 - 1012 cu-1, ?=4’36 - 10-18 o,
1
3HaA K3 OUMITHBIX [aHHBIX BeJIHYHHY @,, MOXKHO no dop-

Myne (6.7') BBIYHCANTL DPaZHYC ReHCTBUS ANEPHHX CHI B TpH-
IJIETHOM COCTOSHWH,

N -
I
AN
2 AN
NN
6 NAN
% N\
S ANAN
5 RS
S, N
NN |
§ NN—6,=215 /0 22
©3 BN 1,
2 NS—16,-210-10 *%m?
A AN
F} 0=Zﬂ,5’/0 [ *\\\
k|
/ 2 - 3 % 510"
7
Puc. 2.

3aMeTHM, 4TO CeueHWe paccesHus HeHTPOHOB B napaBono-
pone OueHb YYBCTBHTC/bHO K BhGOpY BeauuuHe 7, Ha puc. 2
u 3 81 npusemeHa 3aBUCHMOCTb CEYEHHH Opapa H Oopro OT 7y
st TpEX 3Hawennm#t oy = 20,5; 21; 21,5-10-2¢ cu2 Sueprus
HelTpOoHOB pasna 20°K.

ConocraBieHde HAHHHX MO PACCEAHUIO MeJIEHHHX HeRTpo-
HOB CBOGONHHIMH MPOTOHAMH M B OPTO- W NapaBoOAOpOAE MpH-
BOAMT K 3aK/MIOYEHHIO, Y[O B TPHIVIETHOM COCTORHHH

ro=~1,6-10718—1,8.10718 ¢,
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npuuém 6oJsiee BEPOATHHIM ABASETCA GO/bllee 3Hauenke, TaK Kak,
CunTags ry==1,6" cx, MbH TOJMYYHAM M3 NAHHHIX MO KBaLPYMO/b-
HOMY MOMeHTy [efiTpOHa CJAHIIKOM GOJbIIOE 3HayeHHe I Beca
D-BOMHH B OCHOBHOM COCTOSHMM nefiTpona (nmopsaka 79/,), ne
COOTBETCTBYIOIll€e [aHHLIM O MArHUTHBIX MOMEHTaxX HedTpoHa,
npoToHa U He#fTPOHA.

/36
\
35 s
134 T
6,285 10 T
133
\

- 132
w7 i
R
S 6,210 10 T zmr——
g\ 130
&

pr— ——

\\
26
8,020,510 20
127 i { | -3
/ 2 i 3 ¢ 510 “em
Puc. 3.

[MpusenduHoe 3HayeHHe [r, MeHblle OGBIYHO NPHHHMAEMQrO
3HaueHusa 2,8 - 10713 ¢y, KOTOpOe mMoOJyYyaercs u3 OMLITOB MO
paccesHuI0 NMPOTOHOB MPOTOHAMH M OTHOCHTCH K aHTHMapaniesb-
HOH OpueHTalluH CIWHOB INPOTOHOB.

3aMeTuM, 4YTO nanbpHefiuIine MaHHEe O 3aBUCHMOCTH SOEPHBHIX
CHA OT CNHHOR YACTHI, MOTYT IaTb ONBITH IO PAacCEeIHHIO Mel-
JEHHHX HEATPOHOB B OpTO- u mnapaledrepun (20, Mu He
6ynem, OOHAKO, NOLPOGHO paccMaTpHBaTh 3HAeCh 3TOT BOMPOC.

§ 7. Paccednne He#ATPOHOB CBR3aHHLIMK NPOTOHAMH

dopmynet (3.8') u (3.15), omnpenensgolue paccesHue Hefi-
TPOHOB NPOTOHaMM, BbiBefleHbl B MPEAMOJOKEHHH, 4TO MPOTOHH
AsasaoTca cBoboanniMHu. TIpw paccMoTpeHuM pacceaHus HeHTpoO-
HOB B BeMLIECTBaX, COJEPKAELUHX BOAOPOA, HaNpHMEp B mapa-
dune, stUMH OPMyNaMH MOXKHO TOJb3OBATHCH TOMABKO B TeX

5%



683 rJ. I. B3AHMOAEWCTBHE HEKRTPOHOB C NPOTOHAMY

clyuagx, KOria sHeprus HeATPOHA 3HAYMTENLHO 60JblIe SHepruH
CBA3K NPOTOHOB, T. €. GOAbLIE HEKOTOPOH MpelnenbHOH 3SHEPrHH
fimy, rne @y MO IOPAAKY BeJHYMHBI ONMpereisder 4acToTy KoJie-
GaHuii mpoToHa B MOJeKysne BemecTsa. [lag mapaduna sTa
sHeprus cocrasaser okoao 0,4 eV. JIpu MeHbLIMX SHEPrHUax
HEHTPOHOB ¥ SHEPrHAX TAKOrO e MOPANAKA BeMHYHHBl NPOTOHH
He/Mh3s YXKe CUMTaTh CBOGOZHBIMH.

_Jlerko moayuarb oO6wmiy0 GoOpMyAy N8 ceYeHHs pacCedHus
HEATPOHOB, yUMTHIBAIOLIYIO CBA3b MPOTOHa B MoJjekynae 161,

Mu 6yneM, Tak ke KaKk u B § 6, Mosb3oBaThcA TeOpHEH
BO3MYyLleHHH, CUHTas 3HEPTHIO B3auMOAeHCTBUS HEHTPOHA ¥ NpoO-
TOHa PaBHO#

U= —@—QB (rn p)’

roe r, W Tp-——paiuyC-BeKTODH, ONpeeNdiollHe MOTOWKEeHHT
HeHTpoHa u MNpoToHa, M -—mMacca HeHTpOHa H @ — aMMINTyAa
pacceauus HeHTPOHOB CBOGOAHLIMY NPOTOHAMH, CBs3aHHad C COOT-
BETCTBYIOLIHM CedyeHHUEeM DacCesHHs COOTHOLUEHHEM

Gp =— 47:(12.

TlycTe HeHTPOH C HMOY/ALCOM P, paccenBaeTcs MPOTOHOM,
HAXONAILMMCA B COCTOSHHH, KOTOpOe XapaKrepH3yercd BOJHOBOM
dynkuneit §; (r,). OGo3HauuM UYepe3 P MMIY/ILC HEATPOHA mocne
CTOJNKHOBEHHSI, B Ppe3ynbTaTeé KOTOPOro MNpOTOH nepexonm
B COCTOsiHME, XapaKTepusylouleecs BOMHOBOH dyHkuued by (r,).

OnpenennM BepOSITHOCTb Mepexona HeATpOHAZ H NPOTOHA H3
HAYaJILHOTO B KOHEYHOE COCTOflHVe. 3Ta BePOATHOCTHL Ofnpeje-
JAsgeTcd MO W3BeCTHOU dopmyne

2r
%,- ' UDM" Pt I2 P

raie p— YUCAO KOHEYHHX COCTONHHH, OTHECEHHOE K eNHHUYHOMY
nHTepsany sHeprun, Uy, oy —— MaTpuMUHBIA 23/1eMeHT SHepruu
B3aumopeficTsus, paBHbIfd

k3 Pot
Upoi- Py = 41:/‘;/;;2 a '[ Q—l/eeﬁ " d{i (rp)a (rn - I‘p) 9—"/2 ><

a.iprn *
Xe " "dp(r,)dr,dr,
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: 1y

Q1 .’Tp n

( e — BOJHOBAaA (YyHKUMA HeHTpOHa C UMIOYJILCOM P,

HODMHPOBaHHass Ha 06béM Q). BHNOJHKWB. HHTErpuUpOBaHHME 11O
KOOpDAKHHATaM NpPOTOHA, MepeliluleM STO BRIPAXKEeHHE B BHIE

° 3 me—p)r
Unor = — 22 5 f e? "y () Yy (1) dF,e (7.1)

Onpegenum Temeps MJIOTHOCTb cocToaHuifl p. Ilpu atom cue-
nyeT pasjawuaTh fABa CJayyas — cC/ydyall CBSI3aHHBIX W Clyya#t cBO-
GonHBIX MpPOTOHOB. B ciayuae cBf3aHHBIX TPOTOHOB B Jabopa-
TODHO# cHCTeMEé KOOpPAWHAaT, B KOTODOH MNpPOTOHBI MOKOATCH, P
paBHO

L,dp
szgﬁdo __ QMpdo
@rh)s ~ @rh)s ’

Peras =
o

rae E=5M—aneprua HeHiTpoHa moc/ae CTOAKHOBeHud U do —

3/eMeHT TeJIeCHOrO0 yIyida, B KOTODOM HaxXORHUTCH HMIIYJbC
HEeHTPOH2 P.

B cayuae cBOGOLHRX MPOTOHOB yNOOHee BCero MoJb30BaThCH
cucTeMOH KOOpDAHHAT, B KOTODOH TNOKOHTCA UEHTD WHEPUHH
HeATpOHa M mMpoTOoHAa. B 3To#f cucreme p paBHO

Pepos — ——F— ==

2
riae E=% — 3Heprus OTHOCHTEJILHOIO [BHXEHHUS HeHTPOHA

1 npOTOHA. IDTO BHPAXEHHE TOJy4aeTCsd H3 BHPAMEHU: MU P opass
eC/IH 3aMeHHTb B TOCJeJHeM Maccy HeATPOHa Ha MNpHUBEAEHHYIO
Maccy M—.
2

vOTH

Q b
CHTe/NbH3 CKOPOCTh HefiTpOHA W MPOTOHZ B HAYaJBHOM COCTOA-
HHH, noiyunM auddepeHunanbHOe ceveHue paccesnus da. B cay-
uyge CBH3aHHHIX MPOTOHOB Ugeg == Uy, T'lle TVy— HauajbHas CKO-
POCTE HEHTPOHOR B 1a60PAaTOPHOH cucTeMe. B cayuae CBOGORHBIX
IPOTOHOBR Ty == 27, I'I€ U, -—— HAUaNbHAS CKOPOCTH HeHATPOHORB
B CHCTeMe LEHTPa HHePUHH.

Pasgenuns BepPOATHOCTb Iepexona Ha Ir1e Uora— OTHO-
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Hcnonbsys 9T COOTHOMLIEHHS, MOAYYHUM Cleoywollue BHpa-
weHus Aas KuddepeHUUaNbHOrO cedYeHHS paccesHus HeATPOHOB
CBOGOJIHBIMH M CBA33HHBIMH TPOTOHAMH :

dagses = a3do,
(7.2)

v
dconas = 4 - a2
- Yo

i X - 2
fez @y (1) b} (r) dr | do

B npelleAbHOM Cly4yae OueHb Ma/biX 3Heprufi He#iTpoHa BO3-
MOXHO TOJBKO YNpPYroe paccesHHe, NPH KOTOPOM COCTOAHHE
NpOTOHa He H3MeHseTcd, T. e. &, =¢, 3amenss B 3TOM cCJy-
Yyae BSKCIOHEHUNAJbHLIK MHOXHTENb elUHHLEH H 3aMeyas, 4TO
v = vy, MH noayuum u3 (7.2):

dccsas — 4(12 dO, dchoﬁ == (12 dO.
[TonHoe ceueHHe ynpyroro paccesiHns PaBHO
Sosas = 167Ta® = 4aq,, (7.3)

THE Gp == Gepos — MOJHOE CeYEHHE DpacCesHusi HeHTPOHOB CBOGO.X-
HHMH 1poTOHaMH. lcnoaeays 3TO 0603HaueHHe, mnepenuiieM
o6myio dopmyny (7.2) ans auddepeHUManbHOTO CeyeHHd pac-
CessHUs HefiTpOHOB CBA3aHHBIMKH NPOTOHAMH B CJAedyIOlleM ERuiae:

e —o)r U
[ g iy dr| o (T.4)

1 v
c=—_—c
d = 0300

PaccMoTpuM Termeps Heynpyroe paccesHHe HeHTPOHOB B Belle-
cTBax, colepxkanmx Boaopoda. Mat 6ylem paccMaTpuUBAaTh NPOTOH
B MOJIEKy/e TaKOro BellecTBa, KaK FapMOHHUYECKHIl Ocum/IaTop.

B o6meM ciayuyae BOAHOBad QYHKUWA NPOTOHA NpPelCTaBjAseT
coboit mpouzBeneHHe TPEX BOMHOBHIX PyHKUMI NTHHEHHOrO OCHHMA-
aaropa

¢ (i‘) = q)nm (E) "Pny (Tl) q’nz (Q;
rmge

G (8) = 2r) " (m) " e TV H,, @),

—1

=) =) e le)



§ 7. PACCESIHHE HEHTPOHOB CBf3AHHBIMH NPOTOHAMH 71

3aeck X, y, Z— KOOPAWHATH IPOTOHA; ®y, ®,, ®,—— YaCTOTH,
OTBevalolue KONAeGaHUAM BLOAb OoCed x, v, z; H,, (§) — dyuk-
MU IJpMHUTaA '

1 1
S2[d™ —=5 E—ap
Ho@® =" [gme 207

dam

Mgy My 1, — BUGPALHOHHBE KBAHTOBHE UHMCAA OCUHKIASTOPA.
MaTpuyHbuit 371eMeldT, Bxopsauluit B (7.4), MOXHO NMPEACTABHTD
B BHIE€ HPOH3BEACHHS TPEX MHTErpajoB THNA
n. 21 .
A, = (2m) (nx!)_l/z(g_”f_ f . 5 € a)’-i-zqa,EdE) _
da ®

a=10
© g2
= (iqw)n"” (ng)) e (7.5)

(0="2V o).

OTHOCSIIMXCA K KOOpIHMHATAM X, V, 2.

Ceuenne paccesnus (7.4) Ha ocHoBaumu (7.5) mpuoGperaer
BUI

m_ . 2n, 2n -

¥ 2
dc=i_v,go _q.x_..qy_q‘i_e_q do, (7.6)
T 0y ngin,ln,!

2 — g2 3 2
=g+ 9T
Ecayu yactoThl KoNeGaHuit BLONL TPEX HANPABAEHKH ONUHAKOBEI
M DaBHH ®, TO

raie

(p—py? E+ E,—2VEE cos &
oMho o
(E,— HauanbHasg 3Heprus HeHTpOHA, O -— yroa paccesHus).

B oTOM ciyuae SHeprus OCUM/NATOPa paBHa nho, rae
n==~ng-+n,+n, Cymmupys (7.6) mo BCeM 3HaUeHHAM HHCE]
Mgy 1y, N, CyMM3 KOTODBHIX paBHa #, MH HaHn&M ceyeHHe pac-
cesiHHS HEHTPOHA, CONPOBOXKNAIOILEroCs BO30YX IeHUEM n-ro BUGpa-
LU#OHHOTO COCTOSHHUS NMPOTOHAa. ITO cevyeHHe paBHO

2

q

L QGn E —a? e %y q'Zn —q?
ddn —‘;ZT 'E.-(')ane q Slﬂ{}d{}=—?—;ﬂ—e q dqQ, (7.7)
rue '
ebo . _,_F
o’ ho
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ITonHoe ceyenne BO3GYXTEHHS 7-rO COCTOSHHS HAXONHTCH
nyTEM dHTerpuposanus (7.7) no ¢ B npenesaax

9 pin = 8142 - (8 —IZ)!‘IQ, 9 imax — EI’I? + (8 *n‘)’/x_ (7'7,)
OHo pasHO

Cu = % [fn (q?nin) _fn (q?l;:\&x)] 4 (78)
roe

fu(x)=e-=(1 +ELEL L+ =)

“nl’
Ceuyenne ynpyroro paccesHus cornacHo (7.8) Bupaxaercs
dopmynoi
Ipmo =2 (1 —e-4); (7.9)

npu &€ — 0 oHO paBHO 4g,, 4TO COBNafaeT C MOJYYEHHLIM BHILE
pesyabTaTtoM; npu €= 1 oHo pasHo 0,98c,.

JAna GoapmuX sHayeHHH € npu JI060M 72, He CAHIIKOM GAN3KOM
K e, BTOpoe caaraemoe B (7.8) odeHb Mano, 4 MEPBOE MaNO
OTANYaeTcad OT emMHHNEl. IlosToMmy

o, == (3>>1). (7.10)

Tak Kak MakcuManbHOe 3HaueHHe 7 coraacHo (7.7’) pasHO e,
TO MOJHOe CeYeHHe MPH GOMbIIHX & PABHO &,, NPHYEM OIKHAKOBO
BEPOATHO J060€ 3HAYEHHWE MOTEPH SHEPrHH MeXAy HYAEM H

HayalbHOH 3Hepruell HEATPOHA sﬁco. DTOT pe3yabTaT BNOAHE
oueBHAEH, TaK K3k NMpU GONbIIMX € CB3b NMPOTOHA HeCyHleCTBeHHa.

16,3) - .

Ha puc. 4 163 H3ofpakeHa 3aBHCHMOCThL CeYEHUH Gpe=p,.

Gpe—1, On—3, a4 TAKXE ITONHOrO CeYeHHUA 5t=2°n OT 9HEPruH
n

HEUTPOHA. 31eCh Ke NpUBENEH XOI CeYyeHuUs AJS [OTEPH SHepPTumu.
DTO cedeHHe OMpeneIdeTCs COTNACHO GOpMYyie

=2 Y13, (7.11)
n

2 "
(MHO)KMTeJIb < BBeNéH 1A TOTO, yro6ul TIpH GOJABLLIMX 3SHED-

FUAX & CeueHWe 5; PABHANOCH cso).

Mpl BURNM, YTO NPHM 3HAYEHUAX SHEPrUHd HEHTPOHa, DAaBHLIX
Eo=nﬁw, IPOUCXOAMT BO3pACTaHHME CEUYEHHA paCCesHHS. ITO
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CBA3aHO C BO3MOXHOCTbIO HepPeaayd 3HeprHu. KoJie6aTeNbHOMY
IBHXKEHHIO npoTOHOB. HeHTpOHH C 3Hepruet, meHbiliedl 3Hepruu
Ko/ne6aTeNbHOrO KBaHTa HA®w, He MOTYT BO30yXHaTh KoOJeGaHHH

'S
<

'’

L Sl
4

25r .

a0

\
S
T

)
T

Puc. 4.

B MOJIEKYJe; NMOSTOMY TaKHe HeHTPOHBl TpPYIHee 3aMeNJIUThL, YeM
HeHTpOHH ¢ GOabiuefl sHepruefl.

Ecan yacToTel xone6aHHMH NPOTOHA BAOJAbL DA3HHIX HANpaBie-
HHAH He ONMHAKOBH, TO (GOPMYJNB IAA CEeYEHHH CHIBHO YCJIAOX-
HAOTCS. Mbl  ompenesHM 34eCk  TOJNBKO CEYeHHE YIPYroro
paccesHus HeUTPOHOB C YyYéTOM AaHH3OTPONUWH CBA3M [IPOTOHA
B MoJekyne mnapaduHa. B a3To#t Mosnexyse 4yacTOTH Koae6GaHui
NpOTOHA BAOJL JIMHUM, coeauHsmmeid arombl H u C, u nepneH-
MUKYJASPHO K 3TOH JNMHHH PaBHB COOTBETCTBEHHO v, = 3000 cax—1
n vg==800—900 cu-1018l, yro orBeuaeT sHepruaM ~ 0,4 eV
u ~0,12eV.
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HuddepeHilvaabroe CeYeHHE YNPYroro pacCesHus MOXHO
cornacuo (7.6) NpeAcCTaBHTL B BHAE

2_2_ 2
ds = 40%2nsin ¥ di 4 siny dye” =T W T =
=y 2(t—o0s  (s008 gt esin®0 sin § 49 siny dy, (7.12)

rie 3 —yron Mmexny p, H p, ¥ — Yol MexAy p—pPo B Ha-
npaBjeHHeM CHJLHOH CBA3H H
E, E,
==, 32:: - -
ﬁml ﬁwz

Paccmotpum TOT cayuvaH, Korma 3Heprus HelTpowa Mana mo

cpaBHeHmo ¢ ho, u Aw,, B 3TOM clyuae MONHO PasnOKHTH

B DAL SKCTIOHEHIHaJAbHHH MHOXHUTens, BXoaawui B (7.12). B pe-
3yAbTaTe MPOCTHX BHYHMCIEHHE NOJAYYHM CiaeAYyIouiee BHPAIKeHHe
AN CeueHHs ynpyroro paccesuus [18]:

6=4co[1—23’—|——<e’32—|——ef>—
— 5 (< 2-}-4 te,+ o)+ ] (7.13)

rae
1 2
e/ =—3- el +—3—- e‘)

B cayyae TensOBHIX HEHTpOHOB, 3HEpPrHs KOTOPHX paBHa
kT =180°K, ¢opmyaa (7.13) upUBOAHT K pe3yJ]bTaTy

S = 2,850.

3amMeTHM, 4YTO €CJH 3HEeprus HeHTPOHOB MO MOPAAKY Benw-
YHHE PABHA TEMIOBOH 3HEPrHH, TO HEOGXONHMO YUYHTHIBATH
TENNIOBOE NBHMKEHHUE MPOTOHOB.

§ 8. Paccesanue OpIcTpPHIX HeHTPOHOB HNPOTOHAMM
H OOMEHHBbIH XapaxkTep AAEPHBIX CHJI

PaccmaTpuBas pasnHyHHE MPOUECCH pACCEAHHd MEeNJEHHBIX
HEHTPOHOB, MH HE AENalld HHKAKHX CNEHLHAILHHX MPeNoNoKeHnl
O XapaxTepe fIepHHX CHJL. L

PaccesHue GLICTPBIX HEHTPOHOB MNPOTOHAMH, KOTHNA IJHHA
BOJHH HEHTPOHA MaJa N0 CPaBHEHWIO C paiuycoM neHcTBus
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ANepHHX CHN, B 3TOM OTHOUIEHHHM CHALHO OTJHYaeTcs OT pac-
CesHHA MeAJeHHHX yacTull. [Ias OmpeneneHus CeueHHS DacCesHUd
GBICTDHIX HEeHTPOHOB MNPOTOHAMM HEOGXOAHMMA NeTajibHasd Teopus
B3aUMoJelCTBHA HEHTPOHA H NPOTOHA.

Paccesnne GHCTPHX YACTHLI HE SABJAETCH CepuuecKH cuM-
METPHYHHM, MPHYEM XApaKTep aCHMMETPHH CYWECTBEHHO 33BHCHT
OT Xapaxkrepa SAJEepHBIX CHI.

3ameTHas aCHMMeTPHS B pacCesHHH HeHTPOHOB HAYHHAET CKa-
3HBATHCA TIPH 3HEPrUSX HEHUTPOHOB MOPSOKA HECKOABKHMX HecCsT-
k0B MeV.

Ecnn 6n1 Mexny HeHTPOHOM H NMDOTOHOM AeACTBOBaau OOHU-
Hble CHJIBI, TO B CHCTEME ILEHTpa HHepuuu O60Jabllas 4YacTb
HEeATPDOHOB pacceuBasack OB Ha MaJsle yram (3TO 3HAUMT,
4TO B JA6OpPATOpPHOM CHCTEMeé NPOTOHH ABUTanuch OBl TaB-
HLIM O6pa3zoM NMOA NMPAMEIM YIVIOM K MajaoiueMy NyukKy He#iTpo-
HOB).

Hune cooTHomleHus NOJ/KHH HMETb MECTO B cayyae AelcTBud
TaK Ha3blBAeMbIX «OGMEHHBIX» CHJ. [lox «O6MeHHBEIMH» CH/JIaMH
NOHHMAIOT CHJL B3aUMOIEHCTBHA MEXIY HEHTPOHOM H NMPOTOHOM,
06yCAOBJeHHBE TEPEeXOIOM HEeKOTOpOH TpeThell YacThilbl (O6HYHO
npeanosaraeTcs, YTO 3Ta YAaCTHLA ABJAETCH 3apAKeHHOH) OT HeH-
TpOHa K nPOTOHY H o6patHo. C Taku¥ NepexXONOM CBA3aHO
npeBpaleHue HEHTPOHAa B NPOTOH H MPOTOHA B HefiTtpoH. Hedtpou
M NPOTOH pacCMATPHBAIOTCA PH 3TOM KAK [BAd COCTOAHUA eIUHOH
ANepHOH YACTHIIBl — HYKJIOHA.

Jas  ¢opManbHOTO ONMCAHHMA OGMEHHBIX CHJA MH  JOJDKHBI
CYUTATh ONEPATOpP SHEPIUH B3aUMOLEHCTBUA Mexay HEHTpDOHOM H
IPOTOHOM OTJHYAIONIHMCA CJeLYIONINM cBOHCTBOM: INelcTBysa Ha
BOJHOBYIO (PYHKUHIO HEHTPOHA M TMPOTOH3, STOT ONepaTrop MpHU-
BOIMT K 3aMeHe KoopauHaT He#iTpoHa KOOpJ.IHHaTaMPI MpOTOHA H
o6paTHO.

TTokaxeMm, 4TO ecaM MexAy HEHWTPOHAMHM M NMPOTOHAMH Iefi-
CTBYOT OOMEHHBIE CHAB, TO GHCTpLIE HEHTPOHBLI AOJKHBI pac-
CEHBATLCA TPOTOHAMH TIJaBHLIM 06pa3oM Hasad. Takasd xkapTHHa
6yLeT WMETb MECTO B CHCTeMeé KOODAMHAT, CBA3aHHOM C LIEHTPOM
HHEPLUMH CTAAKHMBAIOBIMXCH 4acTHI. B naGopaTtopHO# cucreme
OpOTOHE GyAyT ABUCATHCA FJI4BHHM O6Da3soM B HaMpaBJeHUH
NMepBOHAYANBHOTO IyYKa HEHTDOHOB. '

Y106 y06enuThCca B 3TOM, 3aMEeTHM, 4YTO NPH OYeHh GOABLIMX
sHepruax HeHitpoHa (GonbwmiuX NOQ CpaBHeHHIO C 3(deKTUBHOH
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HuddepeniinaibHoe CedeHHe YOPYroro paccesHWs MOMHO
cornacuo (7.6) mpeacraBuTh B BuIe
3

ds = 4a2x sin 9 d{}é— siny dye G~ % __
==gge—3(t—oos  (s,008 e sin®D) sin § 49 siny dy, (7.12)

rae 9 —yroa Mewny Ppo U p, Y — YFOJ MexAy p—p, W Ha-
MpaB/JeHHEM CHJALHOR CBA3H W

Ey Eq
8y == 5 €g == — .
! ﬁml’ 2 ﬁ(&)g
PaccMoTpum TOT cayyai, KOraa sHeprus HeHTpoHa Majia o

cpaBuennio ¢ Ao, W Hw, B 3TOM cayyae MOXHO DasJOKHUTh
B DAl 3KCMOHEHIHAJbHHH MHOXHTeNb, BXoAswui B (7.12). B pe-
3y/bTaTe NPOCTHX BHYHCJIEHHH NMONyYuM CleAyioiiee BHpaKeHHe
AR CeYeHWs ympyroro paccesumus [16]:

?=4co[l—26’+—(e’ez+zef)—
—%( ot e, b et)+ ] (7.13)

rae 9
1
g =3¢ -1—3 €q.

B cayyae TenaOBHIX HEHTPOHOB, 3HEPrHs KOTOPHX paBHA
kT =180°K, dopmysa (7.13) upuBoMHT X Pe3ynabTaTy

g == 2, 850.

3aMeTHM, 4TO €C/AH 3HEPrus HEHTPOHOB MO NOPAAKY BeJH-
YHHB DaBHAa TEMJIOBOH 3HEPruM, TO HeOGXOAMMO YYMTHIBATH
TEMJIOBOEe [BHIKEHHE TPOTOHOB.

§ 8. Paccesuue ObICTPHIX HEHTPOHOB HNPOTOHAMH
H OOMeHHBIA XapakTep SAEPHBIX CHJI

PaccmaTpuBas pasinyHHE MPOLECCH pPAaCcCesHHd MEeITeHHBIX
HEATPOHOB, MB HE JEJalH HHKAKUX CHEIHAJILHHX MpeAnooxeHHi
0 XapakTepe AAEpPHHX CHIL o

PaccesHne GBICTPBIX HEHATPOHOB l'lpOTOHaMH, Koraa AJaMHA
BOJMHE HeHTPOHa Mana MO CpPABHEHHIO C paguycom neHcTBuS
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ANePHHX CHJI, B 3TOM OTHOLUEHHH CHJIBHO OTJHYAETCA OT pac-
CedHHA MelJeHHHIX 4acTull. [lng onpeneneHus cevyeHus paccesHus
OLICTPEIX HEHTPOHOB NPOTOHAMH HeOGXOOMMA AETANbLHAA TEOPHSH
B3auMoneHcTBHS HEHTDOHA H NPOTOHA.

Paccesnne OHCTPHX 4acTHL, He ABAAETCH CPEPHYECKH CHM-
METpHYHHM, TPHYEM XapakTep acHMMETDHHM CYIIECTBEHHO 3aBHCHT
OT XapakTepa fAEePHBIX CHI. ‘

3aMeTHad aCUMMETDHS B DAaCcCeHMHM HEATDOHOB HAauWHAeT CKa-
3bIBATLCA MPH SHEPTrUSX HEHTPOHOB MOPSIAKA HECKOJNBKHX NecAT-
Kos MeV.

Ecau 6ul Mexay HeHTPOHOM H NPOTOHOM AeHCTBOBAJAH OORIY-
HHe CHJBl, TO B CHCTeMe LEHTpa HHepiun O6OAbUIAA 4acTb
HeHTPOHOB paccemBajack G6H Ha MaJblie yrjasl (3TO 3HAYHUT,
4To B Jna0OpPaTOPHOH cCHCTeMe NPOTOHH IABUraNHCh Ghl rJaB-
HoiM O6pasOM NOA NpsAMbIM YIJIOM K MajaoleMy nydkKy He#iTpo-
HOB).

HHEle COOTHOWIEHUS NOMKHB MMEeTh MECTO B ciayuyae AeHCTBus
TdK HA43HBAEMEIX «OGMEHHBIX» CHJ. Ilon «OOMEHHLIMH» CHIaMH
NOHHUMAIOT CHJIEI B3aWMOAEUCTBHA MeXIy HEHTPOHOM M MPOTOHOM,
O6yCclIOB/eHHbBIE NePEXONIOM HeKOTOPO# TpeTheft yacTHIbl (O6BIYHO
MpexmosaraeTcs, YTO 9Ta YaCTHHA ABNAETCH 3aPMKEHHOH) OT Helh-
TpoHa K MpPOTOHY W o6paTHo. C Takuv TepeXONOM CBA3AHO
npespanjeHsHe HeHTpOHa B NPOTOH M NPOTOHAa B HeHTpoH. HellTpou
¥ NPOTOH PacCMATPMBAKOTCA NPH 3TOM KAk IBA COCTOSHHUS eNUHON
AAepHON wacTUUBl — HYKJ/OHA.

Jlas ¢opManbHOro ONUCaHHA OGMEHHBIX CHJI MHB  JOJIKHBI
CYMTAThL OMepPATOp 3SHEPTHH B3aUMONEIHCTBUA MeXAY He#ITPOHOM H
NMPOTOHOM OTJIHYAIOLIMMCA CJeAYIOMHM CBOACTBOM: meliCTBya Ha
BOJIHOBYIO  PyHKUHIO HEHTPOHAa M MPOTOHA, STOT ONeparop MNpH-
BOOHUT K 3aMeHe KOOpPAWHAT HEHTPOHA KOOpIMHATAMM MPOTOHA H
o6paTHO. :

[MoxaxeM, 4TO ecam Mexny HefATPOHAMH U NPOTOHAMH AeH-
CTBYIOT OOMeHHBIE CHJAH, TO OHCTpHE HEHTPOHBI NO/MKHBEL pac-
CeHBATHCA NPOTOHAMM [J3aBHHIM O6pazoM Haszan. Taxas kapTHHa
6yZeT HMeTb MeCTO B CHCTEMe KOODIMHAT, CBA3aHHOH C LeHTDPOM
MHEDLUHMHM CTAJKHMBAIOWHKXCA uacTuu. B na6opaTopHO# cucTeMe
NpOoTOHH OyAyT ABULATHCA TJAaBHHM 06pasoM B HanpaBlieHud
epBOHAYANBLHOIO My4YKa HEATpPOHOB.

YT106H yGEAMTHCS B 3TOM, 3aMETHM, YTO NPH OueHb GONBIIUX
atieprusix HefiTpoHa (6OJbWIMX NQ CpaBHeHHIO C 3(hdheKTHBHOHN
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BeJIMUYMHON MOTEHIIHANbLHOH 3HepruH B3auMONEHCTBHS HEHTPOHa
C TPOTOHOM) IJA onpeneneHus 3pPeKTHBHOTO CEYEHUT MOKHO
noJs30BaThca npuGamxenueM Bopua (211, koTOpoe maér ciaenyio-
iee BHIpAXEHME ANF CEYeHMS DaccesHus:

M2 % . 2 .
= gnht Jﬂq)f(r) U(r)y, (— r)dr| sinbdb.

3aecy 60— yron paccesuns, ¢; u b, — BOTHOBHE (YHKUMH Hel-
TPOH4 B HA4YaJbHOM M KOHEYHOM COCTOAHMAX, U (r)— npocTpan-
CTBEHHAA 4acTh OfepaTopa 3HEPrUM B3auMoOneficTBUA YacTuil,
M — macca uefitpona. [Ton 3HAKOM uHTerpana, BBHJy OOGMEHHOrO
xapagrepa cud, crout ¢; (—r), a ue ¢, (r).

B kayectse BONHOBLIX OYHKUMH cl04a cleAyeT NOACTABUTHL
NJOCKHEe BOJHB

da,

tkr ik/x/
. (‘Pi == ¢ , dl)f -4 N

rie k m K’ —BOAHOBBIE BEKTOpH MajdloUIEr0 M pPAaCCEeIHHOrO
He#Tpona. Hrak,

ds, =

JU(r)e"”""’k"dr snBdy.  (8.1)
8n ﬁ*

IMpu 6Goabliux sHepruax MuHOXHTeAb e—* (E+EITr cyppyo
OCUW/IIMPYET, M NOITOMY HHTerpan, BxoAsuiuit B (8.1), oueHsb
man, ecmu Tonbko k-~ k' He Gnmsko k Hyio.

TakuM o06pa3om, CJaBHYIO pOJb HIPAOT TaKHe YTJAHW pac-
ceqHua, nas KoTopeX k -k’ 6nu3ko K Hym;o, T. e. yrasl no-
panka w. HHBIMH cloBaMHM, paccesHHHE HEATPOHH JBHIajoTCA
T73aBHLIM O6GpA30M Ha3ad, KAK H YTBEPXKLAAJOCH BHILIE.

Mbt morau 6B OMKMCATHL 3TO paccesHWe, CKAa3aBs, YTO Majamomas
YacTHIA OTKAOHAETCH HA HeGO/MbUIOW YroJ, HO B mpollecce pac-
CesiHHA MEHNEeTCs MpUPOAa YACTHL, TdK YTO HeHTpPOH CTAHOBHTCH
IPOTOHOM, a NPOTOH — HEHTPOHOM.

B cayuvae oGHYHHX cUA 3PdeKTHBHOE ceYeHHEe paccesHus
pPaBHO

M2 * 2 .
dcs.:gt_ﬁ fq;f(r)U(r) $;(r) dr| sinb df.
Buecto (8.1) mbl nmoayuaem:
2
dog— 22 feuk»w)ru(r)dr sin 8 db. (8.2)
8xh )
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WMurerpan, BXoofumm# B 3TO BHpPaXeHHe, 3aMETHO OTJIHYEH OT
Hyns, korna |k-—K’'| Mano, T. e. Npu Manmx yraax paccesH#s.
Taxkum o6paszom, HaGMI0Jast ACUMMETPHAIO B pacCesiHUM OLICTPHX
HeHTPOHOB, MOXHO BHIACHHTHL XapaKTep ANEPHBLIX CWaI, T. e. ONpe-
AeNUThb, ABJAIOTCA /M OHM OGHIUHBIMH HAH OOMEHHBIMH.
HMMerouidecd B HACTOSUISE BpeMf JaHHBIE MO PACCENHHIO Heh-
TpoHOB ¢ 3sHeprueli ~ 100 MeV npuBONST K 3aK/IIOUEHHMIO, 4TO

AAepHbIe CHABL, TIO Kpati- ~

He{ Mepe YacTHYHO, S,

AMeloT OoOMEeHHHH Xa- %Z" MRS B N L L
paxTep (22, E 22 ‘

Ha puc. 5 npupene-
Ha 3aBUCHMOCTb addex-
THMBHOIO Ce4yeHus pac-
CcesfHUA HEATPOHOB NMpPO-
TOHAMH OT yrjaa pac-
CestHHs B CHCTEMe LIeHTpa
HHEDLHH NIPH SHEPrHM
OTHOCHTEJBHOFO ABHXE-
HUsA, paBHO#H 45 MeV [22],

Ha sTtoM pucyHke
OT4éTAHBO BUIHO YyBe-
NHYEeHUE CeyeHus pac-
cesHHs, Koria yroa pac-
ceaHus  TpubamxKaercs iy
k =. Takoe BO3pacTaHue J 27 ¥ 57 37 700 720 747 760 760
paccesaHus  BO3MOJKHO, . Szan paccessun
KaKk ME BUIOEJIM BBILIE, Puc. 5.

TOJALKO NOJ AeHCTBUEM

OGMeHHEIX cuaA. B o6GaacTu ManwIx Yr/ioB TaKxe HMeeTcs Ma-
KCUMYM paccesHus. DTO yKashiBaeT Ha CyLIeCTBOBAHHE HAPANY
C OGMeHHHIMH TaKXe M OO6BLIUHHBIX, HeOOMEHHBIX CHJ (TOuHee
rOBOpH, CHJ, He CBA3aHHBIX C OGMeHOM 3apamamu). K3 npu6au-
3UTEJIBHOTO PaBeHCTBaA ceyeHuit paccedaHua B 067aCTH MaAHX
M GOMbWHX YIJIOB MOXHO 3aKJIOYUTH, YTO OOMEHHEIe U OGHIYHBIE
CHJBl MMEIOT OJMNHAKOBHEIH NOPAKOK BEMHYUHBI.

Huterpupys (8.1) no yray pacceaHus, Hao&M nojHoe cede-
Hue pacceanus. [Ipu 3TOM raaBHYIO pPOJNb WrPAalT TakHe YIIH
pacceasud, ANa KOTOPHX e—® +K)Tr mano meHsercd Npu H3Me-
HEHHH 7 HA BENUUYMHY MOPAAKA paauyca HeHCTBHA AAEePHLIX CHI r,

Tttt riyrrrrriyrrTirrveibeiy

YN TR VDU T RN VA W U SN TS SNNOE JUUN VONN U DN N I 00 I SO O T

A ok % % AN RIS

LJUBPEPEHGURISHOE CEIEHUE PALLERNUR
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(sT0 ycnaoBue cBa3aHO ¢ TeM, uTO U (r) 3dMETHO OTIMYHO OT
Hynsa ToJNbKO npH r Sry). Taknum o6pasom, Ans HauGosaee BepoOAT-

upix yrnos paccesuus 8 |k-Fk'|< 71 . 3ameyas, ut0 |k - K'|=
V]

0
==2/ecos§, u BBONsA BMecTO f yron y =w—0, Haftném, yTO

sddeKTUBHHE YIIH Y YAOBIETBOPSIOT YC/JAOBHIO
1
y <t
LS %, 1.
IIpn uuterpuposanun (8.1) mo O oBnacTe HHTerpHpOBaHHA TO

NOPAAKY BENUYHMHH PaBHA [TosTOMy uHTerpajbHOe ceueHHe

(kro)®”
YyOPYTroro paccesHus no MOPSAKY BEJHYHHBEl PaBHO

f Udr| -1 const. (8.3)

2

(kry)2 — E
Mbl. BHANM, YTO HHTErpajbHOEe CeyeHHe YOpyroro paccesHns
B 00/1aCTH GO/BIINX 3HepruH 06pPaTHO MPOMOPUUOHAABHO IHEPTUH
HeHTpOHa.

Takoit e pesyasTaT noJAydyaeTCs TaKXe M B TOM Caydae,
KOrAa Mexnay 4JacTuilaMu neficTByoT He oO6MeHHEIe, a OOBIYHEIE
cunel. B 3TOM ciyyae paccesHune MPOHCXONHT TIaBHHIM O6Gpa3om
Ha Manble yTr/IH, YAOB/JIETBOPSIOUIHE YCJIOBUIO

n<-L

~ kl’o.

M3
Gg ~ —
8 8nht

SddexTuBHEN TeMeCHHH yron p.accemmsx, paBHHI 0O NOpAAKY

BEeJUYHHK TaK K€ KAaK U B C/Ayyae OOMEHHBIX CHJI, O6PATHO

kry)2?
npOHopuMOf{aJ(I%H sHepruu. Takum o6pasom, HNpy OGOALIIKMX IHEpP-~
rusxX MOAHOE Ce4YeHHe paccesHHS HeHTPOHOB NMPOTOHaMH O6P3THO
NPONOPUHOHANLHO SHEPrHd HE3aBHCHMMO OT MNPHPOAH AIEPHHX
Cu/J1. DTOT BEIBOL OTHOCHTCH TaKke W K CHenuduiecKoMmMy pac-
CefHHIO NPOTOHOB MPOTOHAMH W/JIH HEHTPOHOB HEHTPOHaMH.
HecmoTpsa Ha sKCnepHMEHTANbHOE MOATBEPIKAEHHE CYIUECTBO-
BaHUA OOMEHHBIX CHll, XEHCTBYIOMIMX MeXAY SAAepHHMH 4aCTH-
aMHd — HYKJOHAMH, TNOKa ew& COBEpUIEHHO HeACHAa npHpoaa
3apsAMEeHHHX YaCTHL, KOTODHIMH OGMEHHBAIOTCH HYKNOHEL. ONHTHI,
NpOBeAEHHBIE HA YCKOPUTEIAX, MOKA3aJ/H, YTO HYKJIOHH ¢ G0abuol
BEPOATHOCTBIO MB3JIYYalOT MNP CTOJKHOBEHHAX APYr C APYroM Tak
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Ha3blBaeMple m-ME30HbI — 33aPAMEHHBIE YaCTHLB, Macca KOTOPHIX
8 280 pa3 npeBOCXOAHT MacCy 3JeKTpoHa. ITO, BO3MOKHO,
'YKa3HIBaeT Ha 3aMeTHYI pOJb, KOTOPYIO HrpaloT B AAEPHHX
'B3AUMOLCHCTBHAX w-ME30HH. B AJepHEIX B3aHMoaeHCTBHAX, MO
BCeH BEDOATHOCTH, UTPAIOT TAKXKE BAXKHYIO POJb HEZaBHO OTKDHI-
THe HeTpaabHhe me30oHs [117—119] y 3apgwenHHe YacTHUH Das-
HBIX MacC — BapUTPOHBI, OOHapyweHHweie A. AJHXaHOBEIM,
A. Anuxansnom W A. Ba#lceuSeprow [?28] B KocmuueckHx syyax.

§ 9. Uanyyenue nox neficTBHEM OGMEHHBIX CHJI

B npexmaymeM naparpade MH BuAeNH, YTO XapakTep pac-
cesiHHa OBICTPBIX HEHTPOHOB NPOTOHAMHM CYIIECTBEHHO 3aBHCHT
OT TOrO, ABJAOTCS JH [AelCTBYOImHe MeXAY HyVJIOHAMH CHJIH
OOMEHHBIMH MWIH OGBIUHEIMH. B cayuyae OGHUHBIX CHJ paccesHHe
NPOHCXONUT IJ1aBHBIM OO6pa3sOM Ha MaJibie YrJbl; B caydae oGMeH-
HbIX CWJ, CBA33aHHHIX C OOMEHOM 3apSKEeHHON wacTuiledd, B CHCTeMe
LUEHTPa HHepUHM paccesHHe TNPOUCXOAUT Ha GOJbIIWE yIJH,
6niu3kHe ¥ w. B mocClenHeMm ciayuyae NpH KamAOM CTONKHOBEHHMH
CKOPOCTh MpPOTOHA MEHAeT CBO& HalpapjJeHHe HAa o6paTHoe, T. e.
MeHseTcd OueHb CHABHO. Ho Goxaplioe n3MeHeHHE CKOPOCTH MPO-
TOHAZ O3HauzeT OOJbIOE H3MeHEHHE TPOU3BOAHOR IHIOJABLHOIO
MOMEHTA 33 BPEMf CTOJNKHOBEHHS, H, CJAeJ0BaTeJbHO, GOAbIUYIO,
YeM B CJyvae CTOJKHOBEeHHH nola HAeficTBHEM OOLIYHBIX CHJ,
BEPOATHOCTb H3JIy4YeHHs <Y-KBaHTOB. [lomepeuyHoe ceyenuwe pac-
CesHMs C HM3NydYenveM Inpu oOOMeHHOM B3aumofehcrTBun Oyuet
3HAYHTEJbHO O0ablIe, YeM B CaAyuae OOBIYHOIO B3aHMOMSHCTBHS,
TaK KaK H3MEHeHHE CKOPOCTH 4aCTHlikl, Hecywiefl 3apas — npoToHa
NpH «OOBLIYHEIX>» CTOJKHOBEHHSX, MeHbIUE, YeM NpPH «OGMEeHHLIX»
CTONKHOBeHugx (24 25],

s oOUeHKH BAHAHMA GOMEHHRIX CHA Ha BSPORTHOCTHL H3JAY-
yenua OyAeM AJds NMPOCTOTH CYHTATh, YTO MOTEHUHAJNbHAR IHEPrHa
06MEeHHOro B3aMMONEHCTBHA HMEeT BHI

V=U(r)J, (9.1)
rae r— pacCcTosHHe MexXAy 4vacTHuamu H J.—omnepartop m@epe-~
CTaHOBKH MECTaMH NpOTOHA ¥ HEHTDOHA, T. €. 3aMeHH T Ha — .

3aMeTHM, 4TO A AanpHeHIero HeCymecTBeHeH NeTajbHbil BHA
dyukuud V, B yacTHoCTH, €€ BO3MOXHaf 3aBHCHMOCTb OT CIIHHA
4acTHL.
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Mu 6ymeM npeAnosarath, YTO 3HepPTHA OTHOCHTEJIBHOrO IBH-
MeHWs YacTHL 3HauHuTeldbHO Goabite V. B sToM cayyae moxHO
noab30BaThCs Teopuell BOo3MyuieHu#. MaTpuunnifl ajgemesT, onpe-
fensouuft BEPOATHOCTh pacCesHds ¢ H3JydeHHEM, HMeEeT Cle-
AYOMHA BHO:

_ HyVy Vorr 114 (9.1)

Ey—E; Ey—Epn )

3necs Hy; — MaTpHuHHHA 2/1eMeHT 3HEPrHM B3aHMOIEHACTBHA MPO-
TOHA C MOJeM H3/1yyeHHs, COOTBETCTBYIOUIMA Nepexony U3 Haya/b-
HOTO coctosaHud O B nNpOMeXyTOYHOe cOcTOAHHe I, B KOTODOM
MMeeTCd <Y-KBAaHT YaCTOTH ®, HO eill# HEe NPOM3OULIO 9hepHOe
paccesnue; /13 — MaTpHuyHbiit 31eMeHT V| COOTBETCTBYIOUIHH
nepexoiy M3 cOCTOsHHA [ B KOHeuyHOe COCTOAHHE 1; B MaTPHYHBIX
aemeHTax Von M Fipi nHaexc Il o6o3Hauaer npomemqunoe
COCTOAHHE, B KOTODPOM TPOH30IUINO AXePHOE DaccesHHe, HO emid
He BO3HHK #%-KBaHT; £y, E1 u Ei — COOTBETCTBEHHO 3HeprUH
HAYaJBHOTO M TMPOMEXYTOYHBIX coctoguuft I, I1.

B cucreme, cBA3aHHOH C UEHTPOM HHEPLMH CTa/JKHBAIOUIUXCSH
YaCTHL, MaTpUUHbie 3JeMeHTH Vi; H Vi1 paBHH

v“=J'e“I’Ve—"“1’dr=fU(r) ot KLt g
Vo= [ ™o Ve NI gr — [U(ryettotrr gy,

rae k; — BOJHOBO# BeKTOp 4aCTHUB B i-M cocroanud. [Ipene-
Operad HMIyAbCOM KBaHTA ﬁk.r [10 CpaBHEHHIO C HMOYJbLCOM
YaCTHUB, MBI MOMNEM, OUEBHAHO, 3aMeHUTb k; Ha kO H Kk;, Ha k1-
B srom npubmmenun Vi; U Vo OOHHAKOBH H DaBHH

Vorr — Vil%f U (r) & o T50% 4o Ug+x,. (9:2)

MaTtpHuHbBIE 27eMeHTH SHEPrHH B3aWMOJeHCTBHA NPOTOHA C NOJAEM
uanyuyenus KHor u Hi( onpenpensiorcs, KaK HM3BEeCTHO, CAERYIO-
uMu  popmynamMu:

orh
Hot =——/Lep0,

</ 2k
Hyy = — T2 ep,,

‘n
{ (9.3)
M © )I
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A€ Py H P;— UMNYJAbChl YAaCTHUB B HA4YalbHOM H KOHEYHOM
COCTOSIHHH, € — BeXTOp TO/APH3ALKH Y-KBaHTA. Moxncrasnas (9.2)
u (9.3) B (9.1"), nonyunM cienyionize BHIPa}eHWe I MaTpHy-
HOTO 3/1eM&HTa mepaxona:

e y/ 2xh e (po—py)

Apt = —— ‘/ Y U Kq s .
0= 77 ° Eo ko + Xy (9.4)
TIpH4YéM ME TpeHeGperan sHepruefl OTHauM MPOTOHA M CYHTAIH
nmostromy, 4ro EFy— Ej = — ﬁm, Ey—Enp = fo.

JuddepennyianbHOe CeueHHe DPacCesHUsl ¢ U3JAYUEeHHEM OTpe-
penasiercs Gopmyaok

*

| g, [P R} doyk? dk. do.
01 ]

ds = ‘, (9.5)

2%
ﬁz (Qn)Sd‘El
rae do, U d.;— SMEMEHTHL Te/ECHHX YTJIOB, B KOTOPHIX ABHXYTCA
COOTBETCTBEHHO Y-KBAHT M 4aCTHIlA, U — HayalbHad OTHOCUTENb-
Hasi CKOPOCTb HeHTPOHA W NPOTOHA.

Noacrasaas ciona BMecTo Ay, (9.4) M npousBoia CyMMHDO-
BaHMe TI0 MOJIAPH3aLUAM ¥ HWHTErPHPOBAHHE 1O YAy BhUIETa
Y-KBaHTa, WMOJY4YHM CJeAYoulee BHpAXeHHe M8 RHDdepeHnHab-
HOTO CeveHHs DAacCedHH: C H3/IyUYEeHHEM:

1_ e do (p1—po)’ 2
do = =22 Ux 1k [? doy. 9.6
243 fic o  hic? [ Ukt [* o (9-6)
Bxonaumuit cropa MartpuuHbifl ademeHT Uk, x, BXONHT TaKKe
B CeueHHe ympyroro paccesuua ds,, KOTOpOe onpexeiserca Gop-
myaolt (8.1). Cpasuenue dopmyn (9.6) u (8.1) mnpusonpur
K COOTHOIUEHHIO
2 e do — Do)
do— -2 € do (P1—pJ (9.7)
3n fic w Mok
TouHO TaKoe Ke COOTHOHIeHHEe MeXAy do u ds, CpaBed/NBO H
B TOM C/ydae, KOMZa MeXAy 4aCTHUAMH IeHCTBYIOT He OOMEHHHE,
a OOGBIYHEBIE CHJIBL.
B npeamayuiem maparpade Mu BHeNH, YTO B Ciayuae jel-

cTBHSL OOMEHHBIX CHA | Py~ P, [~;‘ . My npeanonaraem, 4TO
' 0
p0>>ri ; TO3TOMY
Y
l Po— Py '06.\|eu -~ 2p0

6 3ak. 1800. A. Axuesep.
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I3
B cayuae nefictBus OGHYHBIX CHA |pp— Py ‘06mzu~r_0' Hcrons-
3ys aTH coorHomenus u cdopmyny (9.7), moayymm:

ds ds ! Po— Py lgmxe}r 4}’3 £,
7)) = o — 4, (98)
%5/ o6men dsg o6EITR IPg— Py 'o6wm 1’:_ 0
re
?; :
rae L,==— -—Hava/ibHas 3Heprus 4actuy u V= —j — spdex-
M Mr,

THBHAs Be/HYMHA DSHEPTHH fAAEPHOrO B3aNMOLCHCTBUA MEMKAY
HelitpoHoM u mnporonom (V,~ 20 MeV). Ilpu Goapwux sHep-
ruax  otHolleHse (9.8) sHauumTeNbHO Oonblie enMHHIH. Ecau
E;=200—400 MeV, TO Wi{TEHCHBHOCTb H3JyueHHs NoX neH-
cTBHEM OOMEHHHIX Cw/l B HECKOJBKO COT Pa3 NPeBOCXOOUT MHTEH-
CHBHOCTb H3J/IyYEHHS [OX AeHCTBHEM OOGLIYHHIX CHJ.
3ameTHM, UTO JHeprHsA W3JyyaeMbiX TpU CTOJKHOBEHHAX
Y-KBaHTOB HE€ ITPEBOCXOIUT BEJHUHHH
ﬁmmaXN&%N%%NVVOEO’
rae Ap,— uMnyJec, NepexaBaeMbit OAHOH uacTHiued ApYyroH
6/1aroAaps s1epHOMY B3aHMOIENCTBHIO, PaBHHIR MO MOPAAKY Be/H-

yuHbl = . [105TOMY TOMHOE CeyeHHe pacCesHHs C H3/MydYeHHeM
ro

(-KB3HTOB, IHEPrUsl KOTOPBIX npesocxonm fiw, pasHa coraacuo (9.7)
110 MOPAAKY BeJHUYMHB

4 in VY VE Ey 5
3x ﬁc T'i,m Me2 %

rae o, ——MOJHOE CeueHHe YIMPyroro paccesiHus HEHTPOHOB MWpoO-
TOHaMH HpH 3Hepril £y CoriacHo SKCIePUMEHTaIbHBIM ZaHHBIM [22]
Npy SHEPruK HeHTPOHOB Ej = 90 MeV .5, 1O MOpANKY BeAHYKHHBI
pasio 8- 10-26 ¢cx2 Cuurag haw paBHEIM 1 MeV, noayuum
u3s (9.9) s ~10-2 cu2.

dopumynoit (9.9) MOXKHO TO/BE30BATHLCA TaKKe a1 OLEHKH
ceyeHHs pacceddHs C H3JAyYeHHEM UpH CTOJKHOBEHHAX OBLICTPHIX
HENTPOHOB CO CJAOKHEIMH dapaMu. IIpm 3TOM CleAyeT HMETh
B BHAY, UTO CBS3b MeXIYy ¢ U G, AaBaemas (9.9), cnpaBensHBa
B CJyuYde CJAOXKHBIX SZep TOABKO AJS Y-KBaHTOB, AJHHA BOJIHH
KOTODHIX B HECKOJNLKO pa3 NpeBOCXOAUT DamMycC a4pa; miasg 6ojee

(9.9)

o~ —
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KODOTKMX IJIMH BOJH ¢opmyna. (9.9) cnpaBeasuBa TOABKO TI0
ITOpPAAKY BeJHUHHEL.

Ceuenne paccedHHss OEICTDBIX HEHTDOHOB SADPAMHM NPHMEPHO
B Z pa3 GoJbile CeyeHUd PACCeAHHA GLICTPHIX HeHTPOHOB mNpo-
toHamu. [losToMy nas cBuHUA ¢ GyneT nopsaxa 10728 cu2 maa
430Ta WIH KHCJIOpONa— G ~ 10727 cu?,

B 3aknwoueHHe OTMETHM HEKOTODHIE CBONCTBA WU3JyueHHd,
BO3HMKAIOWIEr0 nOA AelcTBHeM OOMEHHHX cuia. Tak Kax fnpu
KaXIOM OGMEHHOM CTOJNKHOBEHHH CKOPOCTb HOCHTE/NA 3apsaaa
MensieT CBOE HampasleHHe Ha obGpaTHoe (B snaGopaTopHO#t cH-
cTeMe), TO HSMEHEHHE BEKTOpPAa NHUIOALHOTO MOMeHTa HMeeT Ha-
IpaBieHHe CKOPOCTH OHICTPOH HaCTVHH. IDTO O3HAYaeT, YTO
BO3HHKAIWOIIEE H3nyuyeHHEe MOJAPHU3O0BAHO TAK Xe, KaK HajyyeHue
JMHERHOr0 OCHHAIATOPA, KOAe6/IoUlerocs B HANPABJIEHHU ABH-
WeHHA GLICTPOrO HYyKJAOHA. KHaue rosops, H3/dyyaemble y-KBaHTH
AUHEHHO (0NAPU30BAHLI B HANPABJSHUM CKOPOCTH OHICTPOH Y4
cthun. Kak wM3BecTHO, y /AHHEHHO OOMAPH30BAHHOIO OCHUMN/IfR-
TOPa HHTEHCHMBHOCTH H3JIyuYeHHd TMpOMOpHYOHanbHa sin26, rpe
# — yron Mexay HanpaBJ/ieHHeM JABHIKEHUSl Y-KBaHTa W Hanpa-
BleHHeM nondapusanuu. [TosTomy B paccmaTpuBaeMoM ciayuae
M3JYUYEHHA TIOA [eACTBUEM OOMEHHBIX CHJA YHCAO Y-KBaHTOB,
HCIIyCKaeMbIX MOA yraoM f Kk CckopocT# OHICTPOrO HyKJIOHa,
IPONOpUUOHaABbHO sin?H,

3ameTuM, 4TO B CJAy4ae H3Ny4eHHA MOX LEHCTBHEM OGLIMHBIX
CHJl BEKTOD H3MEHEHHs AHMNOJBHOTO MOMEHTa IeprneHAuKyasapeH
CKOPOCTH OLICTPOrO HYKJIOHAa, TaK KakK MpH PacCcesHUM Ha MaJbie
yribl H3MEHEeHHe HMNYabCa NPAKTHYECKU NepNeHAHKYNApHO CKO-
poctu. [l03TOMY HHTEHCHBHOCTH H3NYUEHMS TIOX neﬁcranem
OGLIYHEIX CHJ TIPONOPUHOHANbHA cOs? () [258],

Mu fpeAnosiaranu, 4TO 3Heprusd OGMEHHOro B3aUMONESHCTBHA
onpenensetrcs dopmyno#t (9.1). Ecan paccmarpusate oGMeHHble
CH/IB 60OJee CAOKHOTO XapakTepa, a HMeHHO CHJH, 3aBHCAILHE
OT CnMHHA, TO 6aaromaps HMX AcHCTBHIO BO3SHUKAeT MarHUTHOE
AUOOJIBHOE H3JydeHHe, HHTEHCHMBHOCTH KOTODOTO B HepeadTH-
BUCTCKOH OGAACTH 3SHeprHil 3HAUUTEIBHO MEHbHIE, UeM HHTEH-
CHMBHOCTbH 3JIEKTPDHUECKOrO AMIOJBHOTO H3JIYyuYeHHH. -

B ofnacru manmx anepru#t (£, << V) BepoaTHOCTL H3Nyye-
HUA Y-KBaHTOB HDH CTONKHOBEHUAX HYK/IOHOB HEJNb3sl ONPENEIITH
C moMouIsio Teopuu Bosmyuenuit. Kax nokassiBawot TOyHEE pacyé-
To1 [?425]) 3nyyeHue B 3THX YCAOBHUAX OKA3bIBAETCH HE3HAYHTE/IBHEIM,

oF
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§ 10. PaccesHHe NPOTOHOB NPOTOHAMH

DdpdekTUBHBIA NONepeyHUK paccesiHusa, 06yCAOBAEHHOTO KYJIO-
HOBCKHMH CHJIAMH OTTAaJIKNBaHus, OnpeJIEJIHETCSl, KaK W3BECTHO,
dbopmynont Pésepdopna.

B cay4ae paccesHHs npoToHO3 mpoToHamu 3Ta dopmyna
¢ yuy&roM addexTa o6veHa NPOTOHOB HMeeT caeiyromuit sux [281:

2%ay (9) sin 6 df =

e','
cos (5 Intg?h
e 1 ! 1 (ﬁv g )
= M?vt | sind§ | cosio sinZ B cosZ 0 X

X 2w sin 204 (26), (10.1)

rae B -—yron pacceanusa B J1aGOpaTOPHOH CHCTeMe KOOpDAHHAT
(26 — yroa paccesiHus B cUCTeMe KOODAHUHAT, CBA3aHHOM C ULeH-
TPOM HHEDUMH CTaAKHBAIOUIUXCA NMPOTOHOB), U — CKOPOCTH MPO-
TOHOB B JaGOpaTOpHOH CHCTeMe.

B dpopmyne (10.1) nepsuiif uJeH Ha&T 4YHCAO TNPOTOHOB,
paccesHuBlx Ha yroa 6 (B naGopaTopHoft CHCTeMe) B COOTBET-
C¢TBHM C OO6niuHOH dopmyno’t Pézepdopna.

Bropo#t uyaeH naéT 4YMCIQ OpPOTOROB OTAAYH, ABHKYUIHXCH
nox yraom 6 Kk nepBOHaYaNBHOMY NYUYKY, TaKke B COOTBETCTBHH
¢ o6biyHOH dopmynoit Peseppopaa. UYucao 3THX NPOTOHOB
paBHfeTCA, OYEBHAHO, YHCAY MMAaalOLIHX HMPOTOHOB, PACCERAHHHIX

K3
Ha yrom —2——6, TaK KaK MApH CTOJNKHOBEHWH OBYX 4aCTHHU OIu-

) T
HaKOBOM MacCChl OHU pas/eTalOTCd MO YriAOM, PaBHHM -5

Hakonen, nocnephufi 4ieH y4YHTBIBAET KBaHTOBOMEXaHHYE-
ckull ahdexT o6MeHE CTENKHBAKOIINXCH TIPOTOHOB.

OnbiTe 110 paccesHW!0 OLICTPHX TNPOTOHOB MpOTOHamu [27—30]
nokasanu, utro dopmyna Pezepdopra HenpaBunbHO ONUCHIBaeT
paccesirne GHICTPHX WPOTOHOB MPOTOHAMH,

Pacxomxnenne Mex Iy SKCNeDHUMEHTaJbHLIMH HaHHLIMH ¥ dop-
myno#i (10.1) Becpma Bemuko. HaGmomaemos Ha onHTe uyuCAO
NPOTOHOB, pPACCeAHHHX M0 YrIoM B 45° npu 3Hepruu Mo-
paaka 1 MeV, B HeCKOAbKO pa3 NMPeBOCXOAMT YHCIO, na3aemoe
dopmyao# (10.1).
© Orcioga chaelyer, Y4TO MeXAy NPOTOHAaMH, KpOMe KyJOHOB-
CKUX, neHCTBYIOT ew HOMOAHATENbHLIE, CrieludUUecKH aaepHEHEe
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CHJIBl, NPHYEM MX Be/MMYHHA 3HAYWTENBHO (IPEBOCXOLUT CHIH
3/IGKTPHYECKOro B3auMOAEHCTBHUSA.

Cunrtad, yTO 3TU CHJABH, TAK Xe€ KaK M B CJAYy4ae B3aHUMO=
AeHCTBUS HEHTPOHA M MPOTOHA, XaPaKTEPH3YITCA OUYIHB MaJHM
paguycoM LeHCTBHS, MH MOXeM 3ax/IOUHTb, YTO B Cily4ae npo-
TOHOB He OueHb OO0JAblIVX 3HEepruft OCOGEHHO CHALHO BO3MY-
lleHa feficTsueM SHEPHHX CHJ S-BOJIHA B Pa3foMeHHH BOJHO-
BOR (pyHKUMH CTANKHBAIQUWIMXCS NPOTOHOB B PAN N0 (QYHKUUAM,
COOTBETCTBYIOUIHM DA3MHYHBIM 3HAYEHHIM OPOUTATBHOrO MOMEHTa /.

9TO pa3noxeHue BOJHOBOH O(YHKLIMH uMeeT, KaK H3BeCTHO,
CAeAyIOUHt BHA:

y= N4 p, (cosn), (10.2)
1

rae u;(r) — yMHOXEHHAR Ha r DaldMaJbHAA GYHKUHA, OTBEYalo-
1ag OTHOCHTE/ILHOMY MOMEHTY KOJHYecTsBa HABHMeHHUs NPOTOHOB,
pasHomy [/; P;(cosf)— nonunom Jlexaunpa.

Tak KakK NPOTOHH MOAYHHATCA craTHcTHKe Pepmu-dupaka,
TO TNpocTpancTBeHHas ¢-¢dyukuua (10.2) gomkua ObITH AHTH-
CUMMETPHYHOR HJAH CHUMMETPHYHOH B 3aBUCUMOCTH OT TOrO,
flapaj/ie/bHRBl WIW aHTHMapaJieNbHH COHHB NPOTOHOB. B mepsoM
cayyae B cymMMy (10.2) BXOAAT TONBKO Heu&THble, 3 BO BTOPOM —
TOAbLKO Y&€THLIE 3HAYEHHA MOMEHTA.

Orciona caeayer, yTO #AEpPHEE CHJB, BO3MYyiLaoUIHe S-BOJHY,
6yadyT CKa3HBAaTbCA HA pacCesiHWHM MPOTOHOB NMPOTOHAaMU TOJIBKO
OpH aHTUMNApaNJeNbHOR OpPVIEHTAUMH CIHHOSB upo'ronoa, T. e,
B !/, Bcex cayyaeB CTOJKHOBeHuH.

OnpegensnM acuMnNTOTHYECKHH BuO S-BOJNHH C yu&TOM Heit-
crBus AaepHbix cua (811,

HanoMHuM TmIpeXBapHTeNbHO, YTO ACHMNTOTHYECKOE .MOBEeHIe-
HHe BONHOBOM (YHKIMM 4YacTULH B KYJOHOBCKOM [0/€ HMEET
BHI

'¥= eikr+ia In k(r—-z)_l_
22 . thr—fa In 2kr—{o In sin? g——{-'&'n-{-%n, ) (10‘3)
r Mv? sin? 7
rne
a:_—e—g—, k:::: 1_‘{[_(_” e:ﬁ-q)-_____—._F(l—-}—id)
fo 2% IT (1 da))
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r— paccTofiH¥e Mexly TpOTOHAMH, 2-— PasHOCTb HX 2Z-KOOp-
aurat (Och 2z cOBnajaeT € HANpaBJEHHEM CKODOCTH NaTaloiuX
TPOTOHOB), ¥ — yron pacceanus B cuCTeMe, CBA3AHHOR C LeH-
TpOM HHepuuH [oH pasen 26, cm. (10.1)).

ITepBoe caaraemoe B (10. 3) npeactasaser co6o#t nmanaromiyio
BOJIHY, BO3MYIUEHHYIO KYNOHOBCKHM M0JieM, BTODOE — paccesH-
HYIO BOJIHY.

CornacHo ckasaHHOMY BhHllle HaC MHTEpeCyeT CHUMMeT{HYHas
BOAHOBaA (yHKIHA

T(x,y»z)=‘?(x,y’2)+d{(—x; '—)’, —Z). (10'4)

Hns mnonyuesus aCHMOTOTHYECKOrO BHAAQ TNOCAEeLHeHd caexyer
IoGaBuTh K BhpaxeHHio (10.3) dyuxuuio, HOayyaoLLylocd B pe-
ayabrate 3ameHns B (10.3) 2 Ha — 2 u cos® Ha —cos Y (npm

. . 8
aTOM sm2‘73ame1-me1'cn Ha cos2 —2—>.

S-BonHa, T. e. 4ieH ¢ /==0 B pasnoxenus (10.2) cuMm-
MeTpuuHO# BO/MHOBOR GYHKIMM ABYX NPOTOHOB, B3aHMOIeHR-
CTBYOWMX NO 3aKoHy Kymona, umeer cremyromuit sua [311:

7o

“o"gi—sm (kr -} - Mo — % 1n 2kr). . (10'5)

[MHOMHTes 2 BO3HMKAeT H3-3a AByX caaraeMbix B (10.4)].
Ecnu, XpoMe KyJOHOBCKHMX, NeHCTBYOT ell€ cHeunduyeckue
fnepuele CUAb, TO BMecTo (10.5) mur O6ymeM HMeTh OYHKUMIO

i,
=2 Gin (kr 1o +-3—aln2kr),  (10.6)

roe 8 — [ONOJHUTENbHOE CMelleHHe ¢as3n, BbI3LIBAEMOe sfep-
HHIMH CcHJaMM, a C-—— KOHCTaHTa, KOTOpas MOMxeT OHTH oOripe-
Ie/leHa ClefyromumM 06pPasoM.

Hama 3anaya COCTOMT B HAaxXOXIAEHHH DACCERAHHOH BOJHK
C Yyu¥TOM JeHCTBMA ANESPHBIX CcHA. Jlns 23TOro JHAOCTaTOYHO,
OYEeBHIHO, BblYeCTh H3 BbipaweHus (10.3), MpeABapHTENBHO CUM-
METPH30BaHHOTO, GYHKIHIO 4, H NpHGaBUTh GyHKIHILO 4. Taxnm
nyTéM Mb 3amennm B ¢dopmyne (10.3) S-BOAHY B YHCTO KyJ0-
HOBCKOM fose S-BOJIHOM, BO3MYIIEHHOH LeNRCTBHEM SIEePHBIX
CHJI; BOJIHH e, OTBEYAlOUHE 3HAYEHHAM MOMeHTa [, OTINYHBIM
OT HyJfl, OPH 3TOM, KaK H JONKHO OBITh, OCTalOTCS HEU3MEH-
HBIMH. PasHOCTL ¥ — 4y He MOXET, OYeBHJIHO, COAEDXKATb CXOAd-~
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meficsi BOAHB, T, €. uneHa e—i*”, YroGpl yROBAETBOPUHTL ITOMY

TpeGOBaHUIO, ME NOMKHH BHOGpPaTh KOHCTAHTYy C DPaBHOH €.
Hrax
b

g i [e_ § (kr—o In 3kr) + ei(k1‘+ﬁ+2’lo+2a'““1n2kr)]_

Bosmymé}maﬂ aeicTBHEM ANEepHHIX CHJA CHMMETPHYHAafd BOJ-

HOBaa QYHKIUS TNPOTOHOB HMEET CJAEAYIOUIHA aCHMOTOTHYECKHH]
BUI:

Y/ — ptkz4-izlnk (r—z)+ e—tkzt+ialn k (r42) +

9

1 2 —4u¢ ln 8in? 5

- — gibr—inln 2k 4 2in,+ in e (¢ +
r Mo? . )

o ]
~—1a In 0082 —

+E |5 (@ —D}. (107
cos2—2~

Kpagpar mopynsi ¢QurypHOR CcKoOKH npeicTasifeT cOGOH,
KaK H3BeCTHO, 3(pdeKTHBHBLIYI TONEepeuHNK PpAacCesHUs, OTHECEH-
HBIA K eAMHALIE TEJEeCHOrQ yIJia B CHUCTeMe, CBSI3aHHOR C IeH-
TPOM HHepH¥H NpoioHoB. OH paseH, C/IeAOBaTENbHO,

. ca B , 9
e \21p —4a 1n sin? = ¢ ——mlueOS’,—z
a (S') = (M‘Ili') I cin? -{—}_ + cOs‘Z—g +
2 2
. 2hv , sis 2
e C ®—1)|. (10.8)

Tlonaras 3aecs 6 = 0, MH MOJYYHM NONEPEUHUK DACCEIHHUSA
B TOM Ciydae, eCnd IeHCTBYIOT TOJbKO KYJNOHOBCKHE CH/HIL,
npuy&M NPOTOHH HMET AHTHUNApaiJesibHHE CUHHBI (€C/H CTHHH
NPOTOHOB MNapajieNbHH, TO BTOPOe cJaraeMoe OyneT BXOAUThb
cO 3HaKOM MHHYC; Bmipaxkeuue (10.1) npencrasnser cobo# cpex-
HEe B3BEIIEHHOE CeYeHHe, KOrAa MHapaljeJbHOR OpUeHTaluH
CIMHOB MpUMHCHIBaeTCA BeC 3/,, a aHTHmapanienbHoO# — Bec 1/,).
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. D
FpeHe6Gperas 4ienom a!n sin? 5 > TaK Kak o <& 1, ub 10-

nyuum u3 (10.8): '
3 (9) =3 (3imo = (45 ) [(‘@)‘”‘ sin?8 —

e
gho . . 1 1\
_F81ﬂﬁcosa<m+m)] N (108/)

rae § — yroa paccesanusa B maGoparopHoii CHCTeMme, paaauﬂ%x‘}.

HOna nomyyetus nHddEpPEeHIMANLHOIO CeyeHHS pacCedHHs
c yuértom neﬁcrax/m SIEPHBIX CUJ1 HYXHO BHpaxenue (10.8"),

YMHOXKEHHO® Ha Lo sin 20 d (28) (muOWHTEND 4 TDelAcTaBaser
co6olt Bec cocmm-ma C aHTHNapa/yie/lbHBIMH CMMHAMH), TNpuda-
Buth Kk (10.1).

Mer noayuuM, Takum ofpasoM, caemywollyw GOpMyay ais
3¢ deKTHBHOTO CeueHHs paccesiHua MPOTOHOB B MHTEPBale YIVIOB
0, 04 dd c yusToM neficTBMA AmEpHHX CHI:

s () 2rsin0dh =

cos(j[ !

sind 9 + cost8  sin?fcosz®

E‘Z
__2hv sin 5 cos 3 _{_(2_52_0)2 sin%a]QT: sinf d6 (10.9)

€2 sin%?9 cos?H
(£ — sueprus npOTOHOB B ja6opdropHoft cucreme). 3aecCh Nnpen-
noJiaraerca, yTo <7L )ln sin26 < 1.
TpuBen&M BHpaweHWe 149 OTHOUIEHH: CeyeHUR ¢(45°) wu
54 (45°):
g(45%) 2% v sin
3 (45°) (

3aMeTHM, YTO name NPH MadOf BeJHYHHe yTia & 3TO OTHOIIE-
o

2

2hv L
HHE MOXKeT 61>m> 6OJIBIUUM #13-3a dgam‘opa ) KOTOPHHA pa-

) ——51n0c058+1 (10.9%)

BeH 160 a9 nporToHoB ¢ 3Heprueit 1 MeV.

Cneur ¢assi 8, 0GycHOBIeHHbi INeHCTBHeM ﬂnepamx cua,
33aBHCHT OT 3HepruH NPOTOHOB. Mbl MOKameM ceHdac, Kak ompe-
OeAUTh 3Ty 3aBHCHMOCTB,
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3aMeruM, 4TO 93Ta 3ajaya aHaJOTHYHA 33la4e OnNpec/eHUs
¢a3et & B ciayuyde B3aVMONEHCTBHHA Mexny HEHTPOHOM M mpo-
TOHOM; Das/inyne Mex1y O0eHMH 3afadamMy 3aKJAo4dercs B TOM,
4T0 B C/ly4ae MPOTOHOB HEOOXOAHMMO TOMHMO SNEPHBIX YUHTHI«
BATh TaK¥e KYJOHOBCKHE CHIHL, '

Bynem Tak xe, Kak # B § 3, HCXOAUTb H3 TOYHOTO YypaBHe-
HHA AAfl 4y==u C YYETOM SHANEPHOTO U KYJIOHOBCKOrO B3aHMO-
BEUCTBHA MEXIY MPOTOHAMH:

LUy gy Moy, 2 (10.10
dr'.: + ﬁ2 ar . )

rae V — sHeprus siiepHOTO B3aMMONEHCTBUS MEXAY NPOTOHAMM,
KOTODYIO MOXHO CYHTaTh GYHKIHe# TOJNBKO OT 7 (CHHIVIETHOE

2 h? : -
COCTOsIHHE TPOTOHOB); a7 W~ KY/OHOBCKHR NOTEHUMaX,
a4 = oh? . - P Mo
T Me* ’ ’ T ok

Hapany ¢ &yukunet u, npencraBasiowedt coboi Todxoe
peumicHue ypasHenHs (10.10), BBemém B paccMOTpeHHe GYHK=-
M0 U, aCUMNTOTHYeCKH NpH OOJNBIIHX 7 COBNMAJAOIYI0 C 4 H
ABJISIOULYIOCS pellleHHeM YpaBHEeHHS

drz SR =2 (10.11)

ar’

YpaBHeH#io (10.11)  ynosnersopsor  ¢yHKuMM YuTTekepa
W, 1 (26kr) m W_, 1 (— 2ikr), nyTémM auHeHHOR KoMOuHA-
MM KOTOPBHIX MOXHO MOAyuuTb ABa pewenun- (10.11) = oawxo
peryaspHOe M Apyroe Hepery/aspHoe B Touke r = 0. 3Ty peiue-
HHA 0603HA4aIOTCH OOHIUHO 4epes F u G; Ha GOJBINHX PacCTOs-
. HHAX OHHM uMeloT CJAEeAYIOIINA BHA:

F ~sin (kr — aln 2kr s
( -+ o) } (10.12)

G~ cos (kr —aln 2kr -+ ),
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e? ,
e @ =—-, fo== argl'(1 -4 ia). Tlpu ManwHx r CcupaBeANuBH
pas/ioxeHus

F = Cokr 40 (r?), \
G=—Cl—o{1+3ai[1n%’———ma+Re\F(za)+% (10.12%)
+2c—1]}+ 0(r?), |

rae

o=(75) TO=1iE- G-

v=1

C = 0,577 — noctosHHas Shnaepa.

Hac untepecyer pemenne ypasrenna (10.11), umetomee npu-
GonbIUUX 7 BHUA

v = const - sin (kr — aIn 2 kr 4 751 3),

rie 8 — cMellenue ¢asu, OGYC/JAOB/AeHHOe NEHCTBHEM SAMepHHX
cui. PYHKUMIO U MH NpeAnosaraeM HOPMHPOBAHHOH TakuM 00-
pasom, 4TO

v (0)=1.

Jlerk0 BHIAETb, YTO 3TO pelleHue MOxeT OHTb CHAEAYIOINHM
o6pasoM BrIpaxeHO yepes dysxkuuu F u G

v = Cy{(G -} F ctg 3). (10.11%)
[Toctynas Tak xe, kak u B § 3 npu BaBoAe (3.11), Mu
NMOAYUHM CACHyOUlee COOTHOLIGHHE
7/ 7 4 ’ B
VU1 — V0L — %y —+ Ly l
”

R
= (ki1 — kD) f (vivy — way) dr, (10.13)
1 d

roe uHmexcu [ u I o3snagaloT, uTo cooTBeTcTByWOIHE GYHKIIUU
OTHOCATCA K sHaueHuaMm R, paBHEIM A1 U Rp. My moaoxum 31echb
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r=0 1 R=o00. Hcnoapays (10.11’) u 10.12’), momyumm:
[oa(r) —o1 (Nh—o= '

=zlgen—g @+

= é‘(k?l_k?) o1, 11, (10.14)

2mcig B 2n ctg 8
eamn_l — eZn:er —1 ] -

rae

[e o}

1 .

5 PLu= f (01U — ugun) dr
0

g(a)=2C-+ReV¥ (ia) —
—2Ina=—21na—- 2a2 Z

v=1

[Monaras B (10.14) k=0 u ky=4¢, NOJIY4HM;

1
v(¥*+a?)’

g@+ Z5 —a [—a' 3%,  (10.14)
rie &’ -— KOHCTAaHTa, He 3aBHCAIlAs OT HEPruv M aHAJOTHYHAA
_BeJMYHHE &, XapaKTepusyloule#i B3auMoAeHcTBHE HeHTpoHa H
NPOTOHA; BEJHYHHA O YUYHUTHIBAET KOHEUHOCTh paluyca AeHCTBHA
SOePHHX CHA MexAy HABYMS [MPOTOHAMH; OHA BBOXUMTICH 3IEChH
.TOYHO TaKHM .Xe 00pasoM, Kak W B Clyuyae B3aUMONCHCTBHA
HEHTPOHA M MPOTOHA, B ciaywae Mannix sHepruil p He 3aBUCHT OT
3Hepruu. MOxHO NpeAnosaraTh, YTO KYJOHOBCKHH MOTEHLHAX OKa-
3bIBAeT OYeHb HeOO/bIlOe BAMSAHHE HAa BHA BOJHOBOA (YHKUMH
BHYTpU OGMacTH RAEHCTBHA fidePHLIX Cua. Il03TOMY BBem&HHOE [4
AO/IKHQ TPHOIUKEHHO PABHATHCS 3 HEeXTHBHOMY PATHYCY AeHCTBUA
ANEPHBIX CHA ILJfl CHHIVIETHOIO COCTOSHHSA HEATDPOHA U TIPOTOHA.
- Bamensis B CAyyae manumx sHepru#i B (10.147) p na r,, moay-
YUM OKOHUATENbHOE COOTHOLIeHHE *)

fE)=g@+ 8 —a[ o Lam],  (10.15)

omnpenensiee 8 Kax GYHKUHIO 3HEPTUH TPOTOHOB. BXoasiue cona

*) 310 cooTHomeHHe BrepBhie Nouyuyeno JI. Jlanpay n f. Cmopo-
nuuckum B, [IpuBen&HHBIE B TeKCTe BBHIBOJ RpHHAaAAeKHT Bere U],
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AB€ KOHCTAaHTH &’ U ry MOTYT GHITh HallJleHH U3 SKCNePHMeHTa/b-
HEIX JaHHHX O (pase & Kak dyuknuu sueprun. K3 puc. 6 BuaHO
YAOBJIETBOPDHTE/IBHOE CoOrJiacHe MexAay ITaHHBIMHA (pr}i(KH, Kpe~
CTHKH H TpeYFOIIbHHKH), TOJiy4eHHBIMH PA3HEIMH KCnepuMeHTa-~
TOpPaMM M TEOPETHYeCKUMU NpeCKA3aHuAMH (TPAMAH JUHHS),

) BRI P T VT L S T | LI | LR L LI L L) T T =
720 : . 3
p Ve 3
FLEJE - E
110F -
- / 3
= L =
2 gl E
00E Pas 5
= |
S0F—g :
i U B N Ll 4 At t L 1 1 Lttt —t L PO R | [ I I S ) 3
q 495 50 2 a0 55 J49 e A
: £ [Mev)
Puc. 6.
[MpuBendm HeKOTOpLIe Pe3ybTaTH DKCIEePUMEHTANBHOIO HCCae-
(=)
LOBaHUs paccesiHis TPOTOHOB NpoToHamu, OTHoLIEHHE : ::g ; =R,
0

paBaoe mupumepHo 0,5 npm SHeprum npoToHOB ~ 176 keV, no-
cturaet sHaudeHys 77,5 npu sHepruu 3,5 MeV [uz dopmynu
(10.9") caenyer, uYTO ©NpPH JOCTATOYHO MAJHX CKOpPOCTAX R
MOXeT OhTh MeHbille eAMHHLH].

COOTBETCTBYIOUIHE STUM SHePruaAM 3HaueHus (asul & paBHE ~ 6°
4 ~ 52°. B npuBoaumoft Huxe Tabaule HNaHH 3HA4YeHusds R H 3
1718 pa3iMuHBX 3Hepruit mportoxos (7.

E keV | 176,5) 249,5| 298,3| 321,4] 2,42 10%| 3,04 - 103} 3,27 - 10*| 3,53 - 108

R |0,544)|0,256(0,118{0,070] 44,1 63 69 77,5

39 5,77 19,03 |1097{11,83] 48,17 51,17 51,5 52,08
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Q6padoTKka 3KCNepHMEeHTANB4YLIX NAHHBIX HA OCHOBaHMH dop-
myasl (10.15) f[pHBOAHT K 3aK/IIOYeHHIO, YTO NPH aHTHHApan-
AeMbHOR OpHMEHTAUMH CITHHOB NPOTOHOB PafMyC NeHCTBHUA slep-
HHX CHA paBeH MOpHMepHO 7r=22,8-10-13 ci. Mmu cuuntaew,
4YTO TAKOro Ke TNOPALKA NOoMxeH OblTh paguyc AeHcTsus snep-
HHX CHNl OAs HefiTDOHA H TIPOTOHA [IpH AaHTHNApaliiebHOH
OpHEeHTAllYH -HX, CAWHOB. 3DTa BelH4YnHa GOnbpwie paaHyca nelt-
CTBYA SIEPHLIX CHJI B TPHMJIETHOM COCTOAHHH (AsA HeHTpOHa
H TpPOTOHA), KOTOpPHI! cAeldyeT CUYHTATb MPHMEPHO DAaBHBIM
1,8-10-18 cu.

3aMeTHM, YTO H3 ONHLITOB MO PACCESHUI0 MelJeHHHX MpPO-
TOHOB TMPOTOHAMHM HeJ b3S CAENAThb HEMOCPENCTBEHHBLIX KOJH-
YeCTBeHHLIX 3aK/IOUeHHH O BesJWunWHe JHeprud - BaaumMonefi-
cteua V(r), a Tem Oonee O BuZe 3TOH ¢QyHKUMH. DTO 3aKAO-
yeHde, B DaBHOH Mepe OTHOCHINeeCHd TaK+e K B3aAHMONeHCTBHIO
MEXIV HEHTPOHOM H NPOTOHOM, CBA3AHO C TeM, YTO B OGJACTH
ManbiX 3Hepruft 8, KaK GyHKUMA SHEPrum, ONpemelsseTcs TOMbKO
ABYyMs KOHCTaHTaMH, MO KOTOPHIM HeAb3fl OAHO3HAYHO HalTH V.

Yro6n MMETb BO3MOXHOCTh MO AAHHHM O PACCESTHHH WaCTHIL
ofipene/uTh BU1 SHEPrHH B3aHMONEACTBUR, HEOOXOIHMO 3HATL
He T0/bKO §;_,(E), HO Takwe H dasu 9;(E), oTHOCAMMECs
K 3HA4YeHH M MOMEHTA /, OT/AWYHHM OT HyiAs. B 3TOM OTHOILe-
HHH BAXHOE 3HAYEeHHe HMEIOT ONBITH [0 PacCeAHHID ObICTPHIX
yacTull (HEHTPOHOB MPOTOHAaMH H TPOTOHOB [POTOHAMM), TaK
KaK C DOCTOM 3HeprHH YBEJHYHBAETCA 4YHCIO BOJH ¢ [£0,

MOABEPraloUIMXCA BO3ASHCTBUIO SAAEPHBIX CHA (acpcpexmsnumu

B CMBIC/JE TaKOro BO3AeHcTBHA OyayT Te 3HaueHHs [/, KOTOpble
7

YAO0BJIETBOPSIOT YCNOBHIO lgT"). B cayuae paccesHus mpoTo-

HOB [MPOTOHaMH Y€ MpH 3HeprHd MPOTOHOB Mopaaka 10 MeV
HeoOXOAMMO YUYMTHIBATL B/HfIHHE ALEPHHIX CHJI He TOJMbLKO Ha
S-Bonny (TouHee 1S-BOJIHY), HO U HA P-BOJHY (TouHee 3P-gony).
AxcnepumesTalipHbie HAHHAIE [10 pDAacCcesHHI0 TaxHX [MPH10HOB
NPHBOAST K BRIBOAY, YTO B 3TOM caydae 98;.,=52,5°,
3z=1=—-0,8°: OCTa/IbHBIE BOJIHEL MO¥HO CUMTATH HEBO3MYIIEH-
HLIMH JeHCTBHEM ANepHBIX cui 1331,

3Has 3mak dassl 9, MOXHO CAesaThb BHIBOABI O XapakTepe
neHCTByOWHX Ccua. MMeHHO, MONoKUTenbHbN 3HAK a3kt CoOT-
BeTCTBYET NPHTMKEHHIO, a4 OTPUUATE bHHH —— OTTANKHABAHUIO.
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B 310M MOXHO yGenuThCsm u3 opMyas 184

8 %_Tiwf 2
7 ﬁz;, V(r) .[Jn_'__;_(kr)] rdr,

™

CripaBenJMBO# 7pH Maanx 8, (3mech V (r)— moTeHLHadbHAA
sueprud, J 41 — ¢ynkuus Becceas). :
7 —
2

3ameTuM, UTO uwepedOBaHHe XapakTepa CHJA (DPUTAKEHHE
W OTTaJIKWBaHHE) MpH rMepexoje OT UETHHIX K He4Y&THBIM 3HA-
yeHUsIM MOMeHTa [ ABAASTCA XapaKTEPHOA OCOGEHHOCTLHIO OGMEH-
Hoix cua 1381, [TosToMy OMBITEI MO PACCEAHHMIO NMPOTOHOB C 3HEP-
rueft B 10 MeV, us koTopmx cremyet, 4To d;_, >0 u §,_, <0,
cjaelyeT paccMaTpMBaTh KAK YyKasaHue Ha TO, 4YTO fAep-
Hble CHIH MO KpaiiHeH Mepe YaCTMYHO HMET OOMEHHHIH Xapak-
Tep 831,

Takum o6pasom, OfBITEI MO paccesHuid NPOTOHOB MPOTO-
HAMH JIOKa3HIBAIOT, YTO MeXOy NPOTOHAMH, KpOME OOGLIYHHX
CH/ 3NEKTPOCTATHYECKOrO OTTAJNKHBAHHA, HA MAJbIX paccTof-
HHAX NeHCTBYIOT el cllelududecKue flepHbie CHAHL. B cocTod-
HHH 1S (cnu"bsl TPOTOHOB AHTHHapas/iedbHbl) NMPOTOHBI HPHTH-
THBAIOTCA, B COCTOAHMM 3P (cnuHBL TPOTOHOB Iapall/ledbHH),
no BceRl BEPOATHOCTH, OTTANKUBAOTCH.

Tak Kak B JErkKUx sApax, KOrja poJb KYJNOHOBCKHX CHI
OTTA/IKMBAHHY HE3HAYHTe bHA, YHMCJAO MPOTOHOB DPABHAETCA NpU-
MepHO YHCJAY HeHTpOHOB, TO C/AegyeT CYUTaTh, 4YTO Meway
nmapoit HEHTPOHOB TaKXe neHCTBYIOT fAdephble CH/bL, NPAYEM
No NOPAAKY BelHYMHBlL OHA He OT/AHYAICTCA OT ALEPHLIX CHUA,
HeHCTBYIOUWMX MEXAy Mapod npoTOHOS.

OcraHoBuMcss B 3ax/ioyeHue 3TOro maparpacda Ha Bompoce
O CBA3AHHHIX COCTOSHHUAIX CHUCTCMBI, CocToAlle#t M3 [BYX mnpo-
TOHOB (GUNPOTOH). . ,

B npeapiaymnx naparpadax Msl  BHAENH, YTO B CJayuae
cucTeMbl HEHTPOH —- MPOTOH CyUIECTBOBaHHE CBA3AHHOIO COCTOM-
HUA onpenenseTcd 3HAKOM «. AHAJOrnyHas CHTyauusi umeer
MeCTo TaKxKe 4 B Clyuae CHCTeMHl MpPOToH -} NpoTOoH. B ofaacru
MaJblX B3Hepruil 3amava o paccedHud JABYX SIIePHHX 4acTHIL
W 3aJaYa O CBA3aHHOM COCTOSHHMH BSTHX UACTHIL CBOLHTCH
K ofuwe#t 3amave o cBOGOJHOM [aBWKeHuH (HeHTpOH -}- mpoTom),
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AMG0 O JBMKEHHH B KYJIOHOBCKOM moJe (TPOTOH — nNpOTOH),
HajiHude  CrelHpUIeCKOro KOPOTKOAeHCTBYIOIIero  sIEPHOro
B3auMOlEHCTBUS MOXeT OLITh YUTEHO BBeHeHHeM HeKOTOpPOoro
rPaHWYHOrO YCJOBHS, OIMHAKOBOrO AAA 3aja4 O pacCesHHH
H O CBI3aHHOM COCTOSIHHH.

MoxHO nokazaTs 1321, uTo oTpuuarenbHbM 3HaueHusm a’ He
MOTYT OTBeYaTb CBA3aHHHIE COCTOSHMA CHCTEMH NPOTOH - npo-
ToH. C JIpyro#t CTOPOHH, aHAJHW3 NAHHBIX O DPACCEAHHH IpPOTO-
HOB NPOTOHAMH NOKa3bBaeT, 4T0 &’ < 0; MO3TOMY CyLIeCTBOBA-
HHe OUNPOTOHA HEBO3MOWHO,

3ameruM, 4TO B OT/IHYHE OT C/yuas CUCTeMH HeHtpoH —|- mpo-
TOH, Fe [NAaHHbIX O paccesHu¥ HeHTPOHOB CBOGOZHHIMH MPO-
TOHAMH HENOCTATOYHO [/ oOllpelefleHda 3HaKa a, B Cayuvae
CHCTEMbl TNPOTOH —~ IPOTOH ORHUX JMUIb MAaHHBLIX O PaCCesHHU
NpPOTOHOB TMPOTOHAMY [JOCTATOYHO, YTOGH ONpeNeNHTb 3HAK a’.
310 CBH3aHO ¢ HHTepdepeHHUeH KYJIOHOBCKOTO W YHCTO fjep-
HOTO pacCesiHHA, 6Maronapd YeMy 0O CeYeHHUIO PACCEAHHT MOXEeT
ObITh ONHO3HAYHO onpelfen&H 3HaK ¢asH 3.

Ecaud onpenenyTb 3HepTHIO

"”___ ﬁ,?a_/Z
g = ik

aHanornuHywo ¢’ (cu. § 3), To OHa okasniBaeTCs nopaaxa 100 keV,
T. e. TOrO e MOpsAKa, YTO H BeanumHa ¢’. OTCIOAA MOXKHO
3AKTIOUMTH, 4TO CHAB Mex Iy HeATDOHOM H NPOTOHOM H MeWay
IByMa DPOTOHAMH B CUHIJIETHOM COCTOSTHHH HMElOT OIHMHAKOBBIH
MOPANOK BeJTHUYHHBI.

Manocts &” B anepHoM Macuitale 3Hepru#l O3HavaeT, YTO
cucTeMa MpPOTOH -} MPOTOH B CHUHTJIGTHOM COCTOSHHU OausKa
K pe3oHaHCy (aHaioruuHo cucremMe HeHTPOH -} MPOTOH B CHH-
rnetHoM coctosuuu). [Ipu sTOM mnmonx GAM3OCTHIO K Pe3OHAHCY
Mbl roHnMaeM cJjaenyowee. EciH Obl CyuleCTBOBaJO CBA3aHHOE
COCTufiHUE Y ABYX MPOTOHOB, TO BeawuuHa o’ Oblla 6B NMOJO-
wurenpHot, Ha camoM nene a’ orpuuareibHa, HO OYeHb MaJja.
B amepHom MmacwitaGe a’, Tax e KAK ¥ &y, MOYTH paBHA HYJIO,
T. €. OpUMBIKaeT K OG/JacTH TeX 3HAYeHH# o, KOTOPHIM COOT-
BeTCTBOBa/a Obl CBA3aHHBbIA ypoOBeHb. [ToaTomy yxke Majaoe u3Me-
HEHUE napaMeTpPoB CHCTEMHl MPUBeNO Obl K MOABAEHHIO CBA3aH-
HOro YpoOBHA, O8JM3KOrO K HyJIO.



96 1. 1, B3AMMONEUCTBHE HEHTPOHOB C IPOTOHAMH

§ 11. 3axBaTr HeHTpPOHOB HPOTOHAMH

He#iTpoH MoxteT OBITH 3axBaueH IMPOTOHOM C HUCIYCKAHHEM
7-KBaHTa, YHOCSUWEro U3GHITOK 3HEPruH.

B cucTeMe KoopauHaT, CBA33aHHOH C LEHTPOM HIepUHH Heli-
TPOHA ¥ MPOTOHA, DHEPrHA Y-KBaHTa DABHAeTCH

hio=E |, (11.1)

rne E -— KrHeTHUeCKasl 3HeDrus 4acTUL, € — 3HEPrUs CBA3H neki-
TPOHa (3Heprus HeHlTpoHa B J1a00opaTOpPHOR CHcTeMe, Trae 1O
CTO/NKHOB2HHSI MPOTOH TOKOW/ICA, pasHa Ey,=2F).

Paguvaumonnsift 3axBar HEATPOHA MOXHO PacCMATPHUBATH KaK
nepexon CHCTEMH HeATpOH |- IDOTOH W3 COCTOAHHA, OTHOCH-
Ilerocsi K HeNpephBHOMY CHeKTpY, B COCTOsIHUE ¢ LHCKDETHOH
sHepruei. OmnpenenuM BepOATHOCTb TAKOro Nepexona.

3ameTHM mnpeaBapHTeNbHO, YTO AAHHA BOJHH Y-H3AyYeHwud,
UCIYCKaeMOro mpu 3axpaTe HeHTpOHA, BcCeraa {(TodHee roBopd,
BIAOTH RO dHepruu HefiTpoHa ~ 100 MeV) sHauuTenbHo Goablue,
4eM panauyc AefCTBHA sALepHBIX CHA; HHBHIMH ClioBamu, 3ddek-
THBHbie pasMepHl H3jydaiowied cUCTEMBI 3HAYMTCABHO MeHblle
INUHBL BOJIHHE Y-KBaHTa. OGHUYHO B TAKHX YCJAOBHAX H3JYyueHue
UMeeT XapaKTep 3/JeKTPHYECKOTO MAUNOJBHOTO H3JAYyYeHHH,

~TIpu 3axBate MelJleHHHX HeATPOHOB, KOTOpDHIH MH jganee
6yzeM pacCMaTpHBATH, 3NeKTPUUECKOE JUMONbHOE H3JYUeHHe
He MWrpaeT, OJHAKO, T/AaBHOR DOJIH, H TNO3TOMY OKa3bBaeTCH
HeOGXONNMbIM YUHTBIBATH MAarHHTHOe [UMOJLHOE W 3JeKTpu-
YeCKOe KBaIpyniojbHOe H3JydeHue,

B cmnpaBeasHBOCTH 3TOro yTBepXKAeHHSI MCKHO yOGemuThcd
H3 caeayouiix coodpaxennif. OCHOBHBIM COCTOSIHUeM peliTpoHa,
T. €. KOHeUHbIM COCTOSHHeM CHCTeMbl HeHTpOH -} NPOTOH,
aBagerca cocrosHue 3S, 43D, («npumecb» cocrosiHua 3D, oveHb
Hesenunka, nopsaka 49/, cm. § 5). UTo6ul nepeiitw B cocrofi-
HHe 3§, ¢ H3NyueHWEM 3/MEKTPHYECKOIO [HMIOJLHOrO Y-KBAHTA,
HEeHTPOH NOJKeH HAXO1HTBCA B COCTOAHUM 8P, MHBIMU CNOBamy,
MOMEHT KCJNHYyeCTBA MNBHx.eHHA HEWTPO:a OTHOCHUTENbHO NMPOTOHA
noaxen paBHaTbca /=1. C Apyroff CTOpPOHK, M3BECTHO, UTO
3dpeKTUBHBIH napaMeTp CTOAKHOBEHHUA PaBeH [}, rae X — AJMHA
BOAHE HedTpoxa. [lostomy npu /=1 HellTpoH mpoXOAMT Ha
PaCCTOsiHMH MOpAAKa X OT MNpoTona. [lAa MellleHnbx HeHTpo-
HOB X ~>>r; (r,—panuyc JAeHcTBUA ANEPHBIX CHA). DTO 3Ha-
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4UT, YTO HEeHTpPoH ¢ MoMeHTOM /==1 nNpPOXOAUT HACTOJALKO
XaneKo OT MPOTOHA, YTO BEPOSITHOCTH €ro 3axparta GYMeT KpakHe
manoi. '

HsnoxeHHble coO6GpaxkeHHA HE OTHOCATCH K MEPEXOAY Cu-
CTeMH HeHTPOH - IPOTOH M3 CMHTAETHOro cocTtodHusg 1S, B Tpn-
nneTHOe COCTOsHHE 35, COMPOBOXHAOMWIEMYCS H3AYYEHHEM Ma-
FHUTHOTO JHHNOJBLHOTO +-kBaHTd., HeATpoHH ¢ momentom /=10
(S-HefATpOHBI), KOTOpHIE HCHHTHBAIOT JO060BOE CTOJNKHOBEHHE
C TTPOTOHAMH, MOTryT NOrJIOINATHECA NMOCHECAHUMHU, NPHYEM H3NULIEK
sHepru¥ OGyldeT M3Ay4YaThCH B BHAE MATHHTHOTO IMIOJIBHOIO
Y-KBaHTa,

Ecnu cuuTaTh OCHOBHHIM COCTOAHHeM Hellrpona 8S,-cocros-
HHMe, TO CTajiKMBalOUMeCcss HeHTPOH M MPOTOH HOJMKHHE 06/1anaTh
MPOTHBOMOJOXHO HANPAaBAEHHHMH CNUHAMH, T. €. JOJKHB
OTHOCHUTBCS K CHHIJIETHOMY COCTOsIHHIO 1S,

Baarogaps Tomy, 4TO B meHCTBMTenbHOCTH K 8S,-cocrosnuto
«NpUMelIaHO» B HeOOJABLIOM KOJIUYECTBE 8DI-COCTosmme, BO3-
MOXHBI TaKXKE€ TEePEXOAbl MEXAY TPHIVIETHHIMH COCTOSHHAMH,
OIHAKO BEPOATHOCTH Tepexoja U3 . TPHUOJAETHOTO COCTOSHUSA
ropasn0 MeHbllle BepOATHOCTH Tepexoda 1S,-»3S, Beuay Ma-
Jgoro Beca D-cocrosHus.

[lepexOx H3 TPHUNAETHOTO COCTOSHHUS, OTHOCHAIIErocsd K He-
NpepLHBHOMY CIEKTPY, B OCHOBHOE COCTOSIHMe AeHTPOHA MOXET
NMPOUCXOAMTH TAKe C H3JydYeHMeM KBaAPYNOALHOr0 KBaHTa,
TaK KaK TPH KBaADPYMNOJbLHOM HM3/IYyYEHHH JONMYCKAIOTCA MepexOmbt:

85, —>8D,, 8D, —3S,, 3D, —3D;.

BepofiTHOCTL 3THX [epeXOa0B, OJHAKO, Majda MO CPaBHEHHIO
C BepOATHOCTHIO mepexoma 1S;— 85, mo Tem xe coob6paxe-
HMAM, TaK 4YTO OCHOBHYIO DOJb TPH 3aXBaTe MENJIECHHHX Hell-
TPOHOB HMrpAalOT [MEepexOoxbl M3 CHHIVIETHOTrO CcOCTOfHHA 1§,
B TpUIJIeTHOe cocTosnHe B8S;, conmpoBoXAaOIyecs MarHUTHLIM
JAMTONLHEIM u3Nydenuem (871

IMepexons K onpeAedEeHHIO BEPOSTHOCTH DAXHALMOHHOTO
3aXBaTa HEHTPOHA MPOTOHOM, mpuBen&M cHayaxa ofuwme dop-
MyJbl AJAs ONpelefeHHd BepPOATHOCTEH U3AydYeHHA DPABAMYHBIX
THIIOB.

BepoATHOCTb pAamMALlMOHHOTO MepeXOJa CHCTeMH M3 COCTOs-
HUg [ B COCTOsiHMe f, TIPH KOTOPOM B TeJAeCHOM yriae do

7 3ax. 1800, A. Axmesep.
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#3jy4aeTca KBaHT Aw, onpeneasercd Cieayowen dopmynof 1981 :
2 L . 9

e w do EJ df’ip(en)eakrnq)fd_\' , (11.2)
7

W do = (31T 5nhe

roe M-—wMacca, ¥ e-—3apsad vacTHUH (B. HHTEpecyloHieM Hac
cayuae M -—macca mnporoHa), §; H b, — BonHOBHE (DYHKUHH
HAYaNEHOTO M KOHEYHOro COCTOsHu#, p™ — npoeknua oOmepa-

TOpa WMIy/AbCa n-# uaCTHUR HA HANpaBjeHHe [MOJAIPH3AIHHA
BOMHL, K-— BOJHOBOY . BEeKTOp KBaHTa, T, — PaduyC-BEKTOD

n-#§ uacTHIH.
[Ipeanonaras, uTO AJAWHa BOJAHH H3AYYEHUR S3HAYHTEABHO

frk
NPEBOCXONNT PasMepH U3y 4aloluelt CHCTEMH, MEI PABJAOXKHUM e ' 7
B DsA, COXPAaHUB B HEM MBa TepPBHIX YJeHa.
HMcnonwsdya omnepaTopHoe COOTHOILeHHE

TAe P -—o0neparop CKOPOCTH YaCTHIEH, npeacTaBum ManH‘IHHﬂ
saeMeHT, Bxomamuit B (11.2), B Bune

~(S )+ (4 Ser )+
+ 5 (D travalkie)  (11.3)

1,
7

(e — eXHHHUUHLIH BEKTOD MOJSIPHSALIMH).
Tak Kak MATPUYHHIH 3/eMeHT, OTBeualouli nepexony i— f,
MpONOPIHOHANEH

4
JAETED gt

(E, — 2Heprus n-ro’ COCTOAHMA), TO MAaTPHYHBIE 3JeMeHTHl Kka-

KOoro-qu6o omnepatopa _% W ero TipOW3BOAHOW 1O BpeMeHH &
CBA3aHBl COOTHOIUIEHUEM

(.é’)ff = i (L)
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Hcnoabsysn aro cootnouwenue, mnepermumem (11.3) g Baze

(00, =
= (X er)),— 5 (X era) thr)) +
- ci[ke] - <V T [rnvn}) . (11.39)

Marpuynble saemeHTH, Bxoaamue B (11.3°), npescrasasior
CO0O# COOTBETCTBEHHO MAaTPDUYHBIE 3IIEMEHTH NHMOJBHOIO, KBa-
APDYMOABHOTO W MAarHUTHOrO MOMEHTOB CHCTEMBI. DTUM TpEM
C/llaraeMhLM OTBEYaeT IUNOAbHOE, KBAaJAPYNOALHOE W MarHUTHOE
LUATMOJIBHOE H3JAYYEHHS.

MoxHO mMo0KasaTb, YTO [MONHadA BePOATHOCTL H3AYUYeHHA
(TpouHTErpUpOBaHHAA MO 3/AEMEHTY TeJEeCHOTO YI/a BHJETA0-
IIero <Y-KBAHTA) CKJAALIBAETCA M3 BEPOATHOCTe# AUMOMLHOrO,
KBaAPYMOMBHOIrO H MarHHTHOIrO JAKNOJBHOrO H3AYUEHHH; WHLIME
cnoBaMHu, HHTePPEPEHIMOHHBIE YJNEHB MEKLAY pAasfduUHbIMM TH-
namMM H3NyYeHHA B NOMHOH BEPOATHOCTH OTCYTCTBYIOT,

[Mpusendm dopmynasl a4 BEpPOATHOCTE# DPasAUYHHX THIMOB
U3NTydeHus.

BepoartHocTs JIHIIOJTBHOI‘O H3MyYeHUs, MPH KOTOPOM {-KBaHT
HCITyCKaeTCd B TenecHOM yrie do, onpeaenserca mo dopmyne

wydo = %l(z (ern)>‘rr do. O (11.4)
n

BepOﬂTHOCTb MATHATHOI'O AWIOJABHOTO H3JIyYEeHHUS HMEEeT BHA

2wl 1 2
n

rae #®—— eJWHUYHEIA BEKTOpP B HATpPaBJEHHH BONHOSOrO BEXTOPA.
Hakoneln, BepoATHOCTb KBaADYMOJABHOTO W3JIyYeHHUd BhIpa-

waeTcs Gdopmynoi
(X (ern) (xr,)),_|do

e2wb
w_ do ==
q
1

e (11.6)

B dopmyay (11.5) BXORUT MaTPHUYHBIH 3/EMEHT MArHHTHOTIO
MOMeHTa CHCTEMHEI, OGYCJIOBJXGHHOI‘O OpﬁHTaﬂbeIM' JABAKEHHEM.

7%
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Ecau vacTHUH 06/127ai0T €& CMHHOBHM MAarHATHHM MOMEHTOM,
TO MOCHEAHUH CleAyeT NPUOGABUTE K CyMMe

Y o vl (11.5%)

Taxnuum oGpasoMm, B oflueM ciaydae Bhpawenne (11.57) momxuo
OblTb 3aMEHEHO CYMMapHLIM MAarHHTHHIM MOMEHTOM CHCTEMEL.

IMepeitaém Kk onpeaenexuo BepoaTHocrelt (11.4), (11.5),
(11.6)*). PaccMoTp¥M cHadana 3axBart, CONPOBOXAAOWUHACH
H3Jy4YeHHEM MarHUTHOTO MAUMNOALHOrO Y-kBaura. O603Havaa ue-
pe3a M omnepatop MarHHTHOrO MOMEHTAa CHCTeME HEHATpoH —|- nmpo-
TOH, BhIDaXeHHHII B ANePHHIX MarHeToHax, nepemnuuem ¢dop-
myay (11.5) ana BepoATHOCTH 3axBaTa B BHAE

&2 ¢ ho \2 o d
w,, do=ﬁ(m_;"§) o] ((xe] M);p |2 5= (11.7)

Onepatop M Mowxet 6HTb NPeACTABAEH B BHAE
1
M=yp,0,- #5%p + "§‘L =

=%‘,+ (F‘n"i"l"'p —'%> S - ‘;’ (tr— l"‘p) (cn—cp)’ (11.8)
rae b, H pp—uammﬂu_eh MOMEHTH HEHTPOHA H MNpPOTOHA,
e
IMc?
HeHTpoHa W npoToHa, L, S, J— COOTBeTCTBEHHO OPOGMTaNbHbIN,
CRAHOBHIHA M TONHBIA MOMEHTH CHCTEMB HEHTPOH —}- NIPOTOH.

HauGonee cymecTsennyio ponp mpH 3aXBaTe MeNJeHHBIX
HEHTPOHOB HrpalwT, KaKk MbBl yKa3bBaAH BHIIE, [EPeXOAHB H3
CHHraeTHOro 1S,-cocrosHua, OTHOCALIErocs K HENPEPHIBHOMY
CHEKTPY CHCTEMHl HEATPOH -} NPOTOH, B TPHIJIETHOE COCTOAHHE
88, +3D,, npencrasasiomee co60# OCHOBHOE COCTOsHUE eH-
TpOHA.

BonHosas ¢ynknua ucxomHoro 1S, cocToAHNA HMeeT BHI

gy = LoD oo (11.9)

r

BbIpaXeHHbIE B €AAHHIAX Sn» Gp-—CHHHOBHe MaTpHIb

rae uo/r — pagHansHas Gynruua 1Sg-cOCTOAHMA, & 33 — CIHMHO-
Basg BOJAHOBasg (QyHKIINA.

*) Mpn BuunucaenHn BeposTHOCTEH MBI cnepyem B,
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Bosnuosyo ¢dynkunio §; MH NpelnofaraeéM HODMHPOBAaHHOH
TakuM o0Gpa3oM, YTO NJOTHOCTH NaJaloIIHX YacTHL paBHA eau-
Hue. Yto6u HaHTH 4, HYXHO DellNTb COOTBETCTRYIOUlee ypas-
Henue llpeawnrepa. Bue o6nactu neficTBds AAEPHRX CHA 4,
HMeeT CHeyHULYI0 acHMNTOTHYeCKyo dopmy:

u0=-£—sin (kr4-3p), r>r,, (11.9)

rae 8, CBf3aHO C BBEISHHOH paHee BeJWUWHOH @, COOTHOLIe-
HUEM
%o

Ctg 80 —_ -E‘

BonnoBas ¢yHKnMA KOHEUYHOrO COCTOSIHHSI, T. €. OCHOBHOIO
COCTOAHNA ACHTpOHAa, MoXeT OGHTh 3aNHCaHA B BHIE

f-"_;/——[‘{ + 2781y — }XI"" ' (11.10)

rae «/r ¥ w/r— pamuanpHble (YHKUMH, ONMCHBaOmHe S- U
D-sonubl, S,9— onepatop, onpezeasemMuii ¢GopMyaoH (42)
H Y™ — CNHHOBas BOMHOBad (YHKIH TPHIJIETHOrO COCTOSHHA.
Y1o6bl BBIYHCAWTL MATPHYHBIA 3neMeHT, BXOAAWHA B ¢op-
Myny Ans BEpPOATHOCTH 3axsara (11.7), 3aMeTHM, 4YTO CIUHOBAA
BOMHOBAA (PYHKIMS HaYaNbHOTO COCTOAHHMA YP AHTHCHMMETDHUHA,

a CnuHOBaA (YHKUMA KOHEYHOrO COCTOSHHA Y™ CHMMeTpDHYHA
OTHOCHTE/IBHO CNHHOBWX KOOPAOHHAT. I[103TOMY TOJBKO TpeThbe
cAaraeMoe B BBIDAXEHHH [ OMepaTopa MarHHTHOTO MOMEHTA,
Syay4n aHTUCHMMETDHUHBIM OTHOCHTENLHO CIIHHOBHIX ePEMEHHLX
06eux 4YacTHL, UMEET OTJIHYHble OT HYJsd MATPHYHHIE 3JIeMEHTHI,
OTBEYAIOIIHE Tepex0faM MEeXJY COCTOAHHAMU C PA3AUYHBIMH
3HaYEHHAMH TMOJHOTO CMNHHa (4iaeH, cofepxamui [xe]J=J,
MOXHQ HE€ YYHTHIBATH, TAK Kak, BHODaB B KauecTBe OCH KBAaHTO-
BaHHA OCb 2, HAMpPaB/JEHHYI0 No [%e], Mbl npuBen&m onepartop J,
K nuaroHanbHo#t dopme).
Hrak,
([»e] M);p =

(o]

= (P‘n T p) (4“)1/2 f uuod" [xe] (X;n” % (@pn— GP) Xg) (1 1.1 1)

0
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[Bupawenus Buma (¥;, Lo,) 0603HAYalOT MATDUYHBEIE INEMEHTHI
onepatopa LJ.-

IOas ompeneneHns w, HYXHO KBaapaT MOLyJs MaTPHYHOIO
aaemenra (11.11) mpocymmumpoBaTh 1O BCeM TpéM COCTOSTHUAM
TPHIJIETHOTO OCHOBHOrO YpPOBHS, T. €. 10 4HCIy /7 . YuuThiBad,

4YTO AMaroHaNbHbIE MAaTpHYHbIE 3/IEMEHTH Olleparopa —2—(6',,——61,)

B CHHIVIETHOM COCTOSHHUM pPaBHBI HYJ/JMIO, Mbl [IPEACTaBMM 3TY
CYMMy B BHIE

|wq@ ' 5 @n—3,)%3)

E —1

3| we1 (5% 5 @ — e 2)[ =
mj,j ’
=% (3l (°‘n—°p))2x8)2 (11.12)
(G=0,1; mi=m', my=0)

(nocreanas uwacTh pPaBEHCTBAa HamicaHa Ha OCHOBaHWH MpaBHAA
NMepeMHOXEHHs MaTpui). Jlerko BHAeTh, 4TO

1 2
(78, (3 (el (Ga—0p))'33) =1.
JIeACTBUTENEHO, HATIPABJAAA eIHHHYHLINE BekTOp [%e] BmOML OCH 2,
OMAYUHM:

(Xg, (—;— [xe] (e, cp)> xS >
% [(c7)* + ( p) — 26p0p] o = 1.

Urak,

o

| (e} My = 4m(py— ([ wuar) (11127

: _e? fho\2 . 2 do. )
w,, do= 5= (323) m(pn—»p)ﬁ(fuoudr) 2. (1113)
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CyMMUpYsl 3TO BHIDAXKEHHE 10 ABYM HAMPABIAEHUAM HOAAPH-
3alli¥ |-KBAHTA M MHTErPHpYs IO TejnecHomy yray do, MOJNy4uM
cneaymollee BhIpaxeHue s NOJHOH FepPOATHOCTH 3axBaTa Hefi-
TPOH4 U3 CHHIVIETHOrQ B TPHILJIETHOE COCTOAHHE:

WiV =
@+‘%Eo 2€+‘%Eo o 9
= n Z (p— )\ 2 Uuou.dr), (11.14)
, ) |

rjie & — 3HEePrus CBA3H HelTpoHa, £, — 3Heprus HeATpoHA B na6o-
paTopHO#t cHCTeMe KOOpAMHAT (MH WCMONB30BANH 3aKOH COXpa-
, E :
HEHNA 3HEpPruy, COrJIaCHO KOTOPOMY . ﬁw—e—{-— =0
Onpenenny rteneps 3ddeKTUBHOE CEUEHHR 3ax3aTa n3 CHH-~
IAETHOTO 'B “TPHIMIETHOE COCTOMHMe. Ina sToro HyxHoO pasfe-
AUTE W,, HA MOTOK HEATPOHOB, paBHBIN ‘/ . YuurniBas elitg,

YTO TOJBKO OOHH M3 KaXIHX 4YeThiP8X HeHTpOHOB OObjajaer
CMIHHOM, NPOTHBOMNOJOXHHM CIHHY NPOTOHA, MMOJYUHUM CAEALyio-
tiee BHIpameHHe ANA CEYEHHA:

o = i (s — pp)2 <—2—Z=5 3
e+ 72‘50 Yot 5 £o ,
X\~ al(fuoudr (11.15)
rge
o VI

MBI BHAMM, 4YTO CeuYeHHe 3aXBaTa pacTéT o0paTHO INpomnop-
UVOHAABHD CKOPOCTH HeliTpoHa (CM. MO 3TOMY MOBOAY TaKKe
§ 18). B o6nactu Manbix 3Heprufi, korma E, <& e, BHpaxe-
Hue (11.15) npuob6peraeT BuLA

(0->1)

2 2 ,
S ._.rc——( —piy)? ‘ﬁ%(n‘iﬁ) a1<fu0udr) . (11.15)
- [+]
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3aMeTuM, 4TO YriOBOE pacipeAe/ieHHEe BbIAETAIOMIHX 7 -KBaH-
TOB #BAsIeTCA ChepuyeCKd CHMMETDHYHBIM, TaK KakK HCXOIHOe
COCTOSIHHE CHCTeMH 1S, He COZEePMHT KaKOro-AuG0 BHLAEAEHHOIO
HarpasJjieHna, KOTOpOe MO0 Oul AaTb dHH3OTPOMHUIO B YTJIOBOM
pacnpenenacHuH.

Briuncaum wuuTerpan, sxomsmuii B (11.15). He yuurthBas
NPHCYTCTBUA B OCHBOBHOM cocCToatuu AeHTpona D-BOJHH, MK
6yaeM WCXOONTh H3 caeaywouteit npubmux&HHolt Gopmynnl ang
BOJHOBOH (yHKIUUH OCHOBHOrO COCTOSHHS HeATpoHa [cm. (2.7)].

u =V 2a,Ne—7, sz-g-. (11.16)

Hanomunm, uTO BOJMHOBass (YHKINA ONpeleSseTca Bhipaxe-
uuem (11.16) TonbkKo BHe O6nacT¥ NefCTBHMSR AAEPHHIX CHJ; MBI
GyleM, OAHaKO, AJAsA OUEHKHM BeJHUHHH CEueHHs 3aXBara npen-
noJarath, yro BuipaxeHuwe (11.16) cnpasennuBo noscioa4y.

Taxk kxak B uHTErpane, onpefelaiwoilleM MATPHUHHH dJeMeHT,
o6aactb mnpoctpaHcTBa r<r, B KOTOPOH ACHCTBYIOT AAepHLIe

CHAB, He HrPAET HCKAIOUMTENLHOH POJH, TO MOXHO OXHIAThH,

1
4YTO Halll pacyéT HacCT NPABHIBHHHA MOPANOK BeJHMUYHHB cﬁ‘,’.” ),

Tak Kak MB MOXEM OUpPEIeNHTb AHUWb MNOPAKOK BENHYWHB
ceyeHud 3axBara, TO B JanabHeilieM B 3tom mnaparpade Gynem
cuKnTaTh, YTOo N=r 1. B KauecTBe BONHOBOH PYHKLUHMH HCXOLHOrQ
COCTOAHNA MHB BO3bMEM (YHKIHIO

sin (kl‘ -+ 30)

. (11.17)

B zefictBuTenpHOCTH, BRipamenue (11.17) cnpaBenuBoO TOALKO
BHe 06nacTH nelcTBUA AJEPHBIX CcuA. 19 OUEHKH BEAWYHUHB
CeueHHs 3aXBaTa HEHTPOHOB MBI OyaeM MO COOOGpaKEHusiM, BHICKA-
3aHHBIM BHIIE, TNpeAnonaraTh, 4To Bulpaxenne (11.17) cnpasen-
JAUBO MOBCIONY.

[Nonarasa
M 1
k 2xh’

M NDOHOPMUPYEM u,/r HA sHepruio. Hyixnad HaM HOPMUPOBKaA
(NIOTHOCTL 4aCTHH pPAaBHA €AMHWIIE) NMOAYYHTCH, €CIH NOJOKHUTD

C=1.

C==
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B aToM nerxko yGemutncs, ecad BCHOMHHTB, Y4TO (YHKUM#A, HOD-
MHDOBAHHAas Ha- 9Hepruw, ¢, CBAsaHa ¢ ¢QydKuUueH, HOpMHUPO-
BaHHOH Ha eaMHMYHBIH 00DBEM ¢g_,, COOTHOUIEHHEM

N 4 k? ﬁxb
g = _(Qﬂ)a'dg {g=1"
B nandom cayuae E=¥.
IMoncrasus supaxenus (11.16), (11.17) B uHTerpan, Bxoms-
wuit 8 (11.15), nonyuum:

(oo ]

J'uuo dr =-—V—-ii‘—N fsin (kr -8y) e—~a" dr =
0 0

. V2a; N (kcos 3y -} aq sin 3y) —

k (* -+ a3)
==V 2a,NV L% 11.18)
! (@24 Vad+ 2 (
(Hal‘lOMHHM, uTo cig 80=——~°—;€9- .

Cornacio (11.18) ceuenne saxsata sl~>Y pasHo:

e Ver le
(8+-2- o) e+ 5 Eo

0->1 e?
c(m-) ) = 7‘,:‘;1? (Pp“— Pn)2 ]/‘ Mc2

X

€
2E0 €
2N%a? (a; — ap)?

(a1 + ) (a§ + &)

(11.19)

(E,— aueprua HeHTPOHa B NaGOPaTOPHOH CHCTeME OTCY&Ta).

dPopmyna (11.19) noxasunBaeT, 4TO CEYEHHE 3aXBaTa Cymie-
CTBEHHO 34aBHCHT OT 3HaKa BeJHUYNHK - HOSTOMY 3KCNICPHUMEH-
TaAbHBIMH A3HHBIMH TIIO 33XBaTy MeENJI€HHLIX HeﬁTpOHOB nporo-
HAMM MOXHO BOCHIO/NB3OBATBCA HaPAAY C INaHHBIMH 1O PacCessHHIO
Me[IEHHHX, HEeHTPDOHOB B OPTO- M NapaBOROPOAE IS Olpesese-
Hild 3HaKa BEJIHYHHH d&.
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BBons 2Hepruio CBAsH AEHTpPoHA &=

(ash)2
3 ¥ YUHTHIBasd, 4TO

a, < 0, meperimem (11.19) B cnexyiomieM BHAe:
1
2e =+ 750

©o->1) __ e f £E -
E 1
*d 45 Eo

s == T e 1
m " Mc? Mc

X (1 — pn)? (V:;CZVe’)ﬁ’ (11.20)

rae a’=§a—‘ﬁf. [B (11.20) Mbl He BuNMCaAW MHOXHTend N3.)

[Ipu oueHp Ma/lHIX IHEPrUsX HEATPOHA ceueHHe 3axBarTa MpPo-

nopuxoHaasHo Ey '/’, T. €. 06paTHO NMPONOPUMOHAABHO CKOPOCTH
uefitpona. ITo3TOMY BEpPOATHOCTH 3axBaTa (B €WHHIy BDEMEHH)
MeZNeHHBIX HeHTPOHOB NMPOTOHAMHU HE 3aBUCHT OT CKOPOCTH Hell-
TpoHOB (a TakXKe H OT CKOPOCTH NPOTOHOB). i TeNJoOBHIX
Heﬂ'rpo)uoa c aHeprueli E,;=0,025eV Mpl noayunM COraacHo
(11.20):

o7 V20,312 107 cal.

OTa BENWYMHA YAOBACTBOPHTENBHO COr/IACyeTCA C 3KCNEePHUMEH-
TaJAbHBIMH IAHHBIMHU. A
dopmysa (11.20) sniBeneHa B MPeANOJOKEHHH, UYTO OCHOB-
HBHIM COCTOsHHEM NeHTpoHa aBasercs cocroaHHe 3S,. Hamnume
D-BO/MHH B OCHOBHOM COCTOAHHH REATPOHA MPUBOOUT K HEKO-
TOpoMy (BeChbMa MaJOMy) yMeHBIUEHHIO Beca coctoauusa 35, 6aa-
roNapa YeMy CEeYeHHE G~ ) HECKOABKO YMEHBIUAETCH MO CpaBHE-
HHMIO CO 3HaueHHeM, gaBaeMuM (11.20). dTo ymeHbllIeHHe, OLHAKO,
OueHb He3HaUNTENBHO (OHO cocTaBaseT 0ko.a0 0,01 - 10-2¢ ¢
npu £,=0,025eV [¥) u Mu He GyneM nO3ITOMYy €ro yuuThIBaTh.
BeiBenem Tenepb (GopMyJbl A/ BePOATHOCTH 3aXBaTa HeiiTPOHA H3
TPHUINIETHOTO coCcTOsHHA. Mpl 6yneM cHOBa MOJb3oBaThCA o6me# dop-

myaoit (11.7), HoO B KauecTBe BONHOBOH (YHKIHM MCXOLHOI'O COCTOA-
HHg Bo3bMEM Temepb Bmecto (11.9) dynximo

u - w
b= (D28, ). (11.21)
Iaa HaxowjeHHsA pajHaNbHBIX (QYHKUHH u/r u wji/r, ONHCHBAOMHX S-

u D-Boanbl, HeO6XOANMO pellHTh ypasHenue lllpeamHrepa aias Hempe-
PBIBHOTO CIEKTPA CHCTeMH HeATPOH -}- npotoH. Mul- mpeanoaaraeM, 1ro
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CyulecTByeT CBs3b MeXAy S- H D-BOJHAMM, KOTOpAs CTPOro y4HTHI-
paerca uneHoM SpU (r) B raMHILTOMHaHE CHCTEMH, H NpHOIMKEHHO-
FPAaHHYHBIMH ycloBHAMH (5.57). EcaxH monoxuTth B OCHOBY JaJbHEHUIHX
paccyxaenuil ypaBHeHus (3.5), T0 MBI MOAYYHM CAEAYIOIUHE BEHPAXEHHA
s GyHKHHiE ug H wy:

N A
n=Lgr+3), wi=Lalkr+s). (1122

rae Ny, No, 8y 0g~— KOHCTAHTH H g5 H &y — paJHajabHbie ¢yHKIMH, BXO-
AAMKAE B PasNOXeHHEe IJAOCKOH BOJHM B PAN nmo dysKuuam Jlexannpa:

[>]
. kr
o = ¥ @4 1)# Py (cos ) £LED) (11.23)
I=0
Pdyukuua g; CBA3aHa caeaylomuM ofpasomM ¢ ¢yHmHMen bBeccenn
Joo @
74 5
e
g1(kr) = -f-’: J g (Rr). (11.237)

MNpu [ =0 u { =2 umeem:

. 3 3 .
Lo =-sinkr, gs=-—sinkr — %7 €08 kr 4 Gt sin &r.

k

Uro6H oONpefeanTs KOHCTAHTH, Bxolaumue B (11.22), HeoOxomumo-
NOMHMO ycaoBH#E (5.57), YUHTHBAre YCJAOBHE OPTOrOHAJALHOCTH HAayaJb-
HOTO M KOHEUHOrO COCTOAHMH, a TaKxke YCIJOBHE HODMHPOBKH Yg:
B obimeir dopmyne (11.9) npeanonaraercsa, 4rT0 UAOTHOCTh NMANAIOMIHX
yacTHI paBHA eJHHuLE, ¥ CAOBHE OPTOrOHAALHOCTH ABAAETCA HEOGXOMH-
MHIM O TOH NPHYHHE, YTO TOJBKO IPH BHIOJHEHMH 95TOrO YCIOBHA
HMeeT CMBICA INOHATHE Mepexoja W3 HAYAILHOIG B KOHEYHOE COCTOSHHUE.
B pacCcMOTpeHHOM BHIIE CJIYd4de MepeXoja M3 CHHrASTHOTO B TpHIAET-
HOE COCTOsSHHEe OPTOrOHAJNBHOCTH aBTOMaTHYecKH obecnmeunsaercs 6Jaro-

paps TOMY, 4TO GYHKUHH X5' H )X]' OTHOCATCH K Pa3HBIM 3HAYSHHAM
CITHHA H IMO3TOMY OpPTOTOHAJBbLHH.

Jlerko mokasaTh, YTO YCJAOBHE OPTOTOHANXLHOCTH B pacCMaTpHBac-
MOM Tenephb CiydYae HMeeT BHJ

f (21, - wwy) dr = 0. (11.21%)
0

[NepeéinémM Kk onpeleneHHI0o MATPHIHOTO 9JeMeHTa M3ITHUTHOIO
MOMeHTa. 3aMeTHM MNpejBapHTEeNbHO, 4TO B TPHINIETHOM COCTOSIHIHH
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oneparop §= % (°n + 9,) MOXer ObiTh 3aMeHEH ero npoexjue B Ha"
npaeiaeHun J, T. €.
SJ JS§Lr—-L?

J
So>J o e —— = (4 —L2 11.24

Nl B 7 =1 (11.24)
(MH BOCHONB30BAIUCH TeM, 4TO J2 =2, §2=2), Jlanee, B TPHIJIETHOM
COCTOSIHHH BCE AHAlrOHaJbHHE MAaTDHUHLIE 3JMEMEHTH OMNEPaTopa o, -— oy,

o6panfarcad B HyJab, NMO3ITOMY BONPOC CBOAHTCA K ONPEACNEHHIO Ma-
TPHYHOT'O 9JEeMeHTa omneparopa:

‘ 1 1
M3=Jz.[¥"n+l~"p—'“'f P'n“l—f"p—?)l}] (11.25)
(ock z mpeanojaraeM HampasaeHHOH BIoab [xe]).
BuuncinM Marpuunnit saemenr (M,)sp. Bocnonssosasumich dop-
Mynamu (11.21) u (11.10), onpepensouusu $; H $p, NOMyUHM: .

1
(M)er = ’174‘7;“‘" +pp) X

—-ﬁ(pn+x-p—-é—)x
X ([‘% +27"%s, ’-"ri] K", JL [-‘;’- +2-%S,, Ef-] xi"’) . (11.28)
Tak kak B TpumIeTHOM COCTOAHHH
S%=8—2S,

H CpeiHee 3HaueHHE Spg, T. €. HHTErpaj no yriaM oT Sy, PaBHO HyJO
10 (M.,);p npHoGpeTaeT BHA :

(My)ip = VIr (1 + 1) 00" T0) [ (g + ) ar —
0

"‘4“—)}-—4—;(Pn+5"p“‘%)><

X([uTl+2_s/98I2grl].x:n, J;Lg[i:"‘i'Q-%Slzg]X;”,).

r

[epsuit uaTerpan coraacuo (11.21”) paserm mymo.
3aMeuas emé, uro

o (U —3y, w —3, w
L <7+2 /SuT)Xi”-_—_—ﬁ.z 3/812—,."')(;".-
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nepenuuieM (M,);» B BARe

o
3 1 .
M)yp=—5 V= (p” Ay — -2-> o, T fww1 dr.
0

KBagpar Moayas STOrO BBHIpaXeHHA ClefyeT NPOCYMMHPOBATh 1O TPEM
KOHEUHBIM COCTOSHHAM H YCPEXHHTBH TO HAaYalbHHIM COCTOSHHSM.
Hcnoan3ys paBeHCTBO

1 m m’ 2 1 m m 2
T R L =5 ) ol S =3,
m m’ m
NOJNyUHM CleRylomee BbipaXeHHe AJA YCPENHEHHOrO MO HAYaABHBLIM
COCTOSIHHAM H NPOCYMMHPOBAaBHOIO N0 KOHEYHHIM COCTOAHMAM KBagpaTa
monyns (Mp);z

T | = 6n (p.n +pp— -;7)2 ( f ww, dr)2. (11.26)
0

[TogcraBHB 9TO BHpawenHe B Gopmyay (11.7), HakaéMm BepoATHOCTH
MarHMTHOrO JHOOJNbHOrO HSJY4eHHS, CBA3AHHOTO C NEPEXOMOM H3 Tpu-
NIETHOrO COCTOSHHA B OCHOBHOE COCTosfHHe NeHTpOHa.

Mpounrerpuposas (11.7) no HamnpapleHHAM H3Ny4&HHOTO Y(-KBaHTA
H NPOCYMMHPOBAB pPE€3yAbTaT 0O JBYM HANPaBAeHUAM NOAAPH3ALHH
Y-KBaHTa, HaNAEM NOJHYI0 BepOSTHOCTh 3aXBaTa HEHTPOHA.

B Tom cayuae, korza oHeprHa HefiTpPOHa 3HAUWTENLHO MeHbuIe
SHEPTHH CBA3H KEHTPOHA, NOJHAfA BEPOATHOCT> MATHHTHOLO MUIOABLHOTO
H3JyueHHs, CBA3aHHOIO C NMEPEXOAOM MEXAY TPHIMIETHHMH COCTOAHHAMH,
paBHa .

oo
e2 1\2 e 2 ¢ 2
w(fi—) ’-)=6n—1—iz(pn+ Bp— ?‘2—) (m) —ﬁ—(fwwldr) < (1127)
. V]

s TNOJNYy4YCHHA CEUCHHA 33aXBaTa HYXHO PAa3nCJHTH 3TO BHIPAKEHHE
1
" 4 (2F, /2
Ha NOTOX, PaBHH B TPHIIeTHOM cocTosnmH = (=rP) . Ml noJyuum,

TakuM 06pasoM, Cledyiollee BhHPaXeHHe AJA ceweHHA 3axBara 19]:

9r e 1\2
°%.’>1)="'2-‘E<Pn+ Pp—g) X

X ‘/%(j—‘%—z)zax(fwwl dr)z. (11.28)
()

OnpegenuMm emé BepOSTHOCTh 3aXBaTa HeHTPOHa H3 TPHIJIETHOTO
COCTOAHMSA, CONPOBOXKAAOLIETOCA H3NYYEHHEM 3AEKTPHUCCKOrO KBaApy-
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OABHOTO {-KBaHTa. Bepoamocn: 3axBaTa Onpeaensierca caeayiomeh
dopmyao#:
2do

= : (11.29)

E

ekl 1 | !
Yo ot (97‘»131"”%)

rie ¢; B Yy onpeneasiorca cooTBeTCTBEHHO Ppopmytamu (11.21) u (11.10)

(MHO)KHTEJIL B MAaTpHYHOM IJEMEHTE NMOABJAAETCA H3-3a TOro, uTo

1
1
TOJBKO NMPOTOH HMEET 3apAl; PaxHYC-BEKTOD TIIpOTOHA paBeH '§' r.

TlpopenaB BBHIKJNANKH, aHAAOTHYHLIC NPHBENEHHbIM BhillE, IOJYyYHM
caepylollee BHIDaXEHHE NN CceuyeHusA 3axBara HeliTpoHAa H3 TpHIIET-
HOrO COCTOAHHA, COTPOBOXKAIOILErOCHA H3NydYeHHEM KBaJpylOAbHOTO
Y{-KBaura:

2
1) = " & ——s<"e—'> 57
GV =105 V 35 \8) 41X
© " 0
Xl f,Q(uw1+wz,1—2—’2ww1) ar| . (11.30)

Cpasnensue poipaxennit gas o0 > u {1 > 1) noxasmsaer, uro

) o 2
(1_> 1) ‘!wwl dr
c(o-n) =l = <UL
n f uugdr
0

(1 0-> !)

Ceuenne 3aXBaTaO’ -1 TaKXe 3HAUHTENbHO MEHbLIIE o,

Takam obpasom, OCHOBHYIO poabL HrpaiT Nepexoibl ns CHHTJET-
HOTO COCTOAIHHfl B OCHOBHOE COCTOSHHE JeHTPOHA, CONPOBOMAAIOMIHECH
MATHHTHBIM JHNOJbHBIM HU3NYYEHHEM.

§ 12. doropacmennenune meifiTpoHa

[ipn oO6nydenuu npeHiTpOHA <Y-KBaHTaMH, 3SHePrui KOTOPHIX
NPEBOCXOAKT 3HEPruio CBA3uM JeHTPOHa, MOXKET NMPOH30HTH pac-
nan gefitpona. 3T1o fsneHue QoTOpaciienseHus JeHTpOHA aHa-
norudyHo oroaddexTy B aTomax.

CnenyeT pasaM4aTh 4YeThipe THUMa IePeXON0B M3 OCHOBHOTO
COCTOAHHS HeHTPOHA B COCTOfIHMEe HENpPepPBIBHOIO CMNEKTpa: dJeK-
TPHUYECKHA NMNOJAbHHIN, MArHHTHHIA AUOONBHEIA M 3NeKTpUUYECKHHA
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KBAAPYNOALHLIN flepeXOAn B TPHNAETHOE COCTOAHHE, a4 TaKwKe
MACHHTHHH NHMOMbHHH Mepexon B CHHIJIETHOE COCTOSIHHE CHCTe-
Mbl HEATDOH ~{~ IPOTOH.

OCHOBHYI poab, Kak OyNeT MOKAa3aHO ARajiee, UrpaioT 3JeK-
TpHYEeCKOe W MAarHuTHOE NUMOJIbHOE MOTrJOleHHe Y-KBAHTOB.

IMpexne dem ONPeAeNATb BEPOATHOCTH cboropacmenneuua
gefiTpoHa, BHBeneM oburve ¢OpMyIB OAS BEPOATHOCTEH - [TOTJIO-
IIeHUS Y-KBAHTOBR.

BepOATHOCTh MOJIOUIEHHS Y-KBaHTa Ced3aHa npocnm -COOT-
HOHIEHHEeM C BePOATHOCTHIO HCHyCKaHud 7y-KkBanTa. PaccmoTpum
BEPOATHOCTh 3aXBaTa HelTPOHAa NMPOTOHOM, CONPOBOMKAAIOBIErOCH
UCAYCKAHWEM Y-KBaHTA. JTa BeDOATHOCTH, OTHECEHHAA K eQMHHILE
BPEMEHH, MOXeT OHTh NpeACTaBJeHa B Bule

rie M;g— MaTPUUHBIE 3/1eMEHT nepexoaa M p, — OTHECEHHOe
K eIMHMYHOMY WHTepPBANy SHEPIAM YUC/IO KOHEUHBIX COCTOAHHA.
Vngexkc 1 B MATpUYHOM 3jieMeHTe O003HA4aeT HCXOHHOE COCTONA-
HHE, MpUHALJeKallee K HeODEPBIBHOMY CHIeKTpy; uHAEKC 2 O3Ha-
[a€T OCHOBHOe COCTOfHHE NeHTpoHa,: MiszsecTHo, 4TO

(fiw)?
“@rhcy

TI€ & — YaCTOTa {-KBaKTa, do, — 3JIeMEeHT TeJeCHOro yria, B KOTo-
pOM NPOMCXOAUT HSlelleHHe Q2 — 06pEM, B KOTODOM mnpeano-
AAraloTCA HAXONALWMMHUCH YACTHIL; MHOXHTENb 2 YUUTHIBaeT Ase
BO3MOXXHEIX HE3aBHCHMBIX MOJSPU3AUMM Y-KBAHTA,

Onpeneaum Tenepb cedyeHue 3axmarta do,. byges B manbHeit-
[HieM f0Jb30BATLCA CHUCTeMOR KOOPAHHAT, B KOTOPOH IOKOHTCA
LUEHTP HMHePUMH CTaNKuBAMOIIMXCA YacTau., [lis mosyueHus ceue-
HUA 34XBaTa HYXHO BEPOSTHOCTh W, PAa3fe/NuTh HA IMAOTHOCTb

0y =2 5z @ do,,

v
.IMOTOKa 4acTyull, PaBHYK© gF-, L€ U — OTHOCHTENbHAA CKOPOCTH

uacTull. II03TOMY

2 (fiw)2Q2

do o (2rhe)3

2n \
C=—ﬁ-l”112l2 d01. (12.1)
PaccMOTpMM Tenepb BEePOATHOCTL MOIAOWEHHA Y-K32HTa,

npuBOAAIIer0 K BblleTy 4aCcTHIH,; B paccmMaTpuBacMOM  HHXKE
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cayyae peub HAET O paculenyieHMH JeHTpoHa, 3Ta BepOATHOCTH
MOXeT ObITe NMpeAcTaBjiieHa B BUIE

2
) wﬁ"‘__%l/wlepm

roe Mn——-ManI’I‘leIﬂ 3JEeMEeHT Dnepexona, Pn——-OTHeCéHHOC
K €IUHHYHOMY HHTEpBaNy 3HEPIrdHin YHCAO KOHEUHHIX COCTOSIHUH,
KOTOpOe B HHTepeCymOllleM Hac CJiayyae pacmermemm Jleﬁrpoaa
paBHdgerca
pzdp dOp
Pn = (2rB)SdE 2,

rie p— MMIYAbC KaxIoH u3 yacTun (MH MpeHeGperaeM UMMy.b-
COM KBaHTa), do,— 3/IEMEHT TEJNECHOIO YIVia, B KOTOPOM BHlIe-
2
Taer uacruila, E - SHepTHa (kMHeTnueckan) vacTul, paBHas %I
(M — macca He#iTpoHna).
Ceuenne ¢oTopacimervienua do, PaBHO YaCTHOMY OT HeJeHHs
4
'wp Ha g
MpQrdoy

2r
dop =7 | My ,2 (211:17)30

(12.3)

Tax xak | M[2=]Mgy [?, TO oTHOUIeHMe ceyeHUH DaBHAETCA

. Mp‘vc‘do 1 /pe\2do,
doy:do, = gEls Tt =5 S o (12.3)
2p
MBI BOCHOJL30BAJIHUCH TeM, 4TO ’U=M-‘).

B § 11 Mu umemn [cm. (11.4)] caenyiomyo dopmyay mwis
CeueHHs HCIYCKAHMA 3/IEKTPUYeCKOro MAHITONLHONO 7Y-KBAHTA NpH
3aXBaTe YACTULH CO CKOPOCTBIO ©:

dog =522 KZ (ery)) ,.,,,2 do.. (12.4)
n

Cornacno (12.3) ceueHHe TONIOIIEHHS! SACKTPHYECKOTO XHITONb-
HOTO Y-KBAHTA DABHAETCH

dol®) — "’ M""’ [(Z (ery) i l2 . (12.4')
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[MonwaysAck 3TOK dopMyaoH, 3amuiem ceueHme doTopaciueri-
neHus OeWTpoHa B BuAE

e? Mp
b =fF 3 EI(“’I"_"W)

er
rie e - — MPOeKUus NWIONLHOTO MOMEHTA HAeHTpOHAa HA HAmpa-

BJIeHHe TNofapu3aluu Y-KBaHTa; §; ¥ ¢, — BONHOBHE QYHKIMM
HA4aTbHOrO M KOHEYHOTO0 COCTOSHHIT CHCTeMBl HeHTPOH —|- MpOTOH.
{B dopmyne (12.5) mpou3BOAUTCHA CYMMHDPORAHME O KOHEYHBIM
COCTOSIHUAM H yCpelHeHWE II0 HAYAALHBIM COCTOSIHHSAM TDHUIIET-
HBIX YPOBHeH, MexXay KOTODHIMM IPOHCXOAMT Nepexon.]

Yro6n monyudTb QOpPMYNY AN CEYeHHs NOIVIOUIEHHA MATHUT-
HOrO MAMUOJBHOTO <Y-KBAHT4, MPU KOTOPOM CHCTEMA NepexOmauT
U3 TPHIVIETHOrO B CHHIVIETHOe COCTOsiHHe (Nepexonw: 3S, — 1S,
3D, — 1D,), mocrarouHo B dopmyne (12.5) 3aMeHHTE NPOEKUHIO
9/IeKTPUYRCKOr0 AMMOJAbHOrO MOMEHTa B HallpaBJAeHMH TIOJApH32-
MM Y-KBAHTA HA ITPOEKIMIO MArHHUTHOIO MOMEHTa B HanpaBJeHUH

do
-—f-, (12.5)

e
MarHWTHOTO MO/ Y-KBAHTA, T. €. 3aMEHHTb & - €I Ha ﬁ [xe}M

(o603nauenus cmorpu B § 11).
Taxum 06pasoM, MH TOJAYYHM CAeAYIOWYIO GOPMyAY n/s
CeueHHsl TOIJIOMIEHUT MArHUTHOTO RMIOJNBHOrO Y-KBaHTa:

1 1
i =L 22 LS 4y el M) 292 (120
m’

1
Y NMogBAdeTCd H3-3a TOro, UYTO KOHEYHOe COCTOAHue

aBJIdAeTCd 3X2Cb CHHI‘JI&THHM).

(MHO)KPITeJ!b

CeueHue a4 KBAAPYTONLHOIO 3MEKTPHYIECKOrO MOIVIOMIEHHS
MOxeT OBITh JeIKO MOJAYYeHO Ha OcHOBAHWU dopmyr (11.6),
(12.3).

Onpenenum BepoATHOCTb (poTOpaciienneHus AeHTPOHA, BHI3HI-
BaecMOrO IOTJIOUIEHHEM 3JIeKTPHYECKOTO AMMOJNBHOTO Y-KBaHTa *).
Ha#iaém matpuusnii 3/emeHT

(‘l’fa 1 er q’z)

*)Tpu BuluMCHeHMH BepoatHOCTe# GoTopacmeNReHuA MBI  Cle-
ayeM {9,

8 3ax. 1800. A. Axuesep.
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B xadecTBe BO/MHOBOH (YHKIMHM HCXONHOTO COCTOSHHA BO3bBMEM
byHxuuI0

1 (u | —% w
Y, = [ 2 EY% (]
(f"l, m( r 2 812 7) /,1 ) (12.7)

MPeICTABIMIOMYIO0 cO060H BOMHOBYIO (PYHKIMIO OCHOBHOTO COCTOS-
HuUgd JnelTpoHa.

KoHeuHHIM COCTOgHUEM CHCTEMBl HeHTDOH —| IpOTOH ABiseTCH,
O4YEBHMIHO, COCTOSiIHHe 3P, TAK KAaK NPH 3JeKTPHYeCKOM NHITONE-
HOM Tepexofe MYJAbTHIVIETHOCTb He MeHSieTcd, a KBaHTOBOe
yucao [ M3MEeHAETCA HA CIAHHHLY.

Mu 6yneM mpearmosaraTh, 4YTO AJMHA BOJHHE HeHTPOHA u
IPOTOHA, OOpA3yIOIUXCA B pe3y/bTaTe pacllelvieHHs XeHTPOHaA,
3HAYUTeNLHO Gonbllle pappyca AeHcTeua aaepHuX cui, Ecnu Bri-
MOJAHEHO 3TO YCJAOBHE, TO B f’-COCTOSHHH MeXAY HeATPOHOM H
TIPOTOHOM TUPAaKTHYeCKH CHAH He LelcTsyioT. [lostomy BOsiHOBas
dyHKUHA KOHEUHOrO COCTOSHHA COBNANAeT C BOAHOBOH (ryHuwef
CBOGOIHOrO ABUIKEHHUS,

Mu mornu 6H B xadeCTBe BOJHOBOM dYHKUMH KOHEYHOrO
COCTOSIHUS ), B3ATE IIOCKYIO BOJHY e““‘x'l”, rae k — BOJHOBOM

BEKTOP HeHTPOHa, Be/IMYHHA KOTODPOTO OMpeleiseTcsd H3 3aKOHa
COXpaHeHHa SHepPruu
h2k2
M

(dyuxims oK' yNOBNETBOPAET HYXKHOMY YCIOBHIO HODMHDOBKH,
a UMEHHO — eIUHAYHOH TIOTHOCTH YACTHI).

Jlerxo BuAeTB, YTO TO/ILKO ONHO CJaraeMOe B Pa3jOxeHHH e***
B paa o noaunomaMm Jlewasanpa [cMm. dopmyay (11.23)], oTseuaro-
mee /=1 (P-BoaHa), NaéT OTJMYHHIA OT HYJ s pPe3yJbTAT TpPH

= fio—ze (12.8)

1
NOACTAHOBKEe B HHTerpan (t‘gf, —Q—erlpi)

[losToMy B KadecTBe BOJAHOBOH (YHKUMHM KOHRYHOTO COCTOS-
HMS MB BO3bMEM 3TO charaemoOe, ONMCHIBalomee P-cocTosHue
B ciyuae CBOGONHOIO IBUXEHHUA.

Hrax,
kr g1 (kr) .
uf'—3lkrg1k(r A (12.9)
rae ’
g1 (ker) =225t cos kr (12.9')
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kt
(BMecTo P (COS®) MH HamuCamH 31€Ch — , @-—YLOaA Mexamy

kr
k u r).
IMoacragum (12.9) n (12.7) B BHIpameHue AN MATPUUHOrO

2
yraaM B OPOCTPAaHCTBe r. 3ameuass, YTO cPelHee 3HauyeHHe (TIpH

1
afeMeHTA (t'.)f, —er%) U BHITIOJNIHUM CllepBa HHTETDUPOBaHHe MO

r
WH1erpupoBasud Mo yraam) or (na) (ab), rae n=-—,aaH"
b — OOCTOSHHEIE BEKTOPH, DAaBHO

(i1a) (nb) = -é— ab,

a cpemsee 3sHauenue (ma){nb) (nc)(nd), rme a, b, ¢, d —no-
CTOsIHHbIE BEKTOPH, PABHO

(na) (ub) (nc) (nd) = {x (ab - cd -+ ac - bd | ad - be),

HONY4HM:
(b Ferts)=— i X2 (g7 {ek [ ruar+

0

2V2 /3 3
+ ‘; (II(S-eS—}—TeS-kS——ek)Jrglwdr} X;n), (12.10)

rape
S = —3— (1+F o).

[Me BOCmONL30BaNUCH TeM, 4T0 S;o=06 (Sn)?—4.]
Jlerxo BHARTH, 4TO 3Ta Be/WYMHA MOXeT OHITh DPEACTaBIEH
B BHIE '
(=]

5310 Sora)[ =3 frsow{ o0 (frwarf+
e 0

—-}—%(—i’— kS - eS8 —}-% eS- kS—eE{)Q(frgiwdr)g} .

0
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3ameuas, 4TO
Spur kS - eS = 2ek,

& Spur (kS - eS -1~ eS - kS)? = 5 (ek)® -+ &2,

oo

MOXYUHM:
2 2 f 2
= 57 {cos 6(0 rgludr> -+

2 (4 g ere)f' =

_I_2_15(3_’_c0529)<frg1w dr>2}, (12.11)

roe 6 —yroa mexay e u k.

Eciv MH uMeeM Ren0 ¢ HemOJIPH3OBAHHLEIMHU Y-JY4YaMH, TO
cos20 cnenyeT ycpeaHHTL MO HAMPABAEHHIO BeKTOpa TWOJAHApH3a-
INH e, TepNeHAHKYAIPHOrO K BOJHOBOMY BEKTODY <-KBaHTa.
B pesyabrare TaKoro yCpeiHEHHH# MH MOJYUHM:

- 1
cos? § == = cos?d,

rie 3 —yroa MexAy HampaBieHHMEM DaclpOCTPaHeHys 7Y-7yda H
HampaBJieHHeM BHIJIeTa NMPOLYKTOB pacnajna Ae#iTpona.
OKoHuaTe/IbHOe Bbipamenue A8 AuddepeHUNUANbHOTO CeUeHH:
doropacumienieHnss AefATpoHa, BH3BaHHOIO IIOIJIOWIEHUEM 3JeKTPH-
4eCKOro AHMNOJABHOrO Y-KBAaHTA, UMEET BUR
(=]
Mo '

;fc—z 3 {sm \‘}(frglu dr>2+
[i]

(o)

@ — T
dcp 3

—}-—2—15(6—i-sin2 8)(J‘rg1wdr>2}%. (12.12)

MuterpaibHoe ceueHue OTOIMEKTPUYECKOr0 PpaclUeiieHus

AefiTpoHa paBHAETCH
oo

c(d) —% 62 %’{—{ rgu dr) += (frg;wa’r)} (12.13)

Ecnu He yuuTHIBATE B OCHOBHOM COCTOAHHM HeHTpOHa [D-BOJHH,
T0 muddepeHnHasbHOe UM MHTerpanbHOe cedeHHs GOTO3JIEKTpH-
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4eCKOro pacuienienus AedTpoHa BHIpasaTca chenyviomumu dop-
MY /JIaMH:

[es)
(@) ~ T &8 Mo ' Z o9 40
dcp ~ 5 he REN. rgiudr) sin %)41:,
0

- Y (12.137)

J

Mu BHAMM, YTO BEPOATHOCTH PAas3JiéTa HPOAYKTOB pacmana 1ojg
yraom 9 X HanpaBieHHIO pACIPOCTPaHeHus Y-KBAHTA IPOTOP-
iuoHansHa sin? 9.

3ameruMm, uto 6Grarogaps TPHCYTCTBHIO B OCHOBHOM COCTOS-
HUH neldTpoHa [D-BOJHBL YIVIOBOE€ pacnpejgesieHHe BhHIIETAIOIIMX
YaCTHL HapaAy C YJEeHOM, TponopuuoHansHeM sin? &, coXepkut
Manbift chepuuecKH CHMMETPHUYHHR ujied,

IOna oueHKH BeXHUYHHE! c;,d) MBI He GyJeM YYHMTHIBATL NpH-

MecH D-BOAHEH B OCHOBHOM COCTOSHHH ODeliTpOHA H BOCHOJb-
3yeMcd IOJd & BHpPaXKeHHeM

u="1V2a; Ne-er, N= l/’% (12.13")

MoxXHO YyTBep#AaTh, uTO 6AAromaps HANUYMIO MHOXHTENd 7
nmoa 3HaKOM wuuTerpana B (12.13’) poas o6Gaacru (0, ry) Gynmer
CUNBHO YMeHbIIeHa, TaK YTO HHTerpaj 6yieT B OCHOBHOM Ofmpe-
nenATbcd O06JacThi0, Haxoasmelics BHe NeHCTBHUS SAEPHBIX CHIL

[TosTOMy TIpM BHIYHCICHWU c},d) AN BOMHOBOR ¢YHKUMH JeHTPOHA
BHe OGJacTH NeHCTBHA SINEPHEIX CHJA HMEET CMHIC/ MOJAb30BATHCH
YTOYHEHHLIM 3HaYeHueM MHOXUTens N. B 3TOM OTHOMIEHHM pac-
ydT CeYeHUA DpacllemIeHHs AelTpoHa OTAHYAETCA OT pacuéTa
ceueHM#A 3aXBaTa HeHTNOHA MPOTOHOM. B rmocheaneM cayvyae pojb
sHyTpenne#t o6nactu (0, ;) Gonee 3HAUMTE/bHA; [OAL3YACH (OP-
myno#t (12.13”) nns BOAHOBOH (YHKUMH, MH MOXeM MNONYYHUTb
JUILL OUEHKY CeyeHMs 3axBara, HO3TOMy Mbl CuyHTand B § 11
MHOXHUTENb /N DABHEM enHHUUE.

MoncraBue (12.13”) B (12.13"), moayunM crelfywomuft pe-
3ynbTaT:

o == 8% 2 22 nt VeE”

23
= RmEFF VeI (12.14)

) 3
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Mul BHAMM, TAKUM 06pa3oM, 4TO MY MaaHX JHEPrUsX BHJAE
TAOMuX Y4aCTHI CedyeHHe (POTOINEXTPHUUYECKOro pacuienienus nef-
TPOHA TPONOPUMOHAIBHO £,

Bpoas OTHOWleHHMe 3HEPrHd 7Y-KBAHTA K SHEPTHU CBA3H Hel-
TPOHA €

— ho E-4-=
= e 7
nepermmeM (12.14) B Bune
@ g L L G0
Sp 4z . 37" B =S

~1,78 - 10-26 (y — 1)'hy~% cu2.  (12.14")

Ceuenne o6painaeTcs B HY/Ab NPH Y == 1 ¥ IOCTHraeT MaKCHMyMa
mpu Y==2, T. &. B TOM CJydYae, KOria KHHeTHYecKas 3IHeprud
NPOAYKTOB paciieniedus E paBHa sHepruu Cess# NefTpoHa.
310T MaKcuMyM paBeH

(257) e = 21,6 - 10-38 c3e2, (12.147)

Bupawxenus (12.14), (12.14’) onpenmensotr sdodexTHBHOE
cevernue GoTopacumienaerus HeATPOHA, CBA3AHHOTO € IEPEXOIOM
B TpumieTHOe P-COocTOAHHE HenpepHIBHOIO CreKTpa.

Mui - paccMOTpUM Tenepb doTopaciueryieHle HeATPOHA, BHI3HI-
BaeMOe€ MArHHTHHIM [HUNOJbHBIM [IOTJOLIeHHEeM <Y-KBaHTOB (doTo-
MATHHTHOE pacigervieHue)., [Ipn 3TOM IPOUCXOOAT TePEXORH U3
OCHOBHOIO (TDHIVIETHOrO) COCTOfHMS ZHeHTpOHA B CHHIVIETHOE
'COCTOsTHHE HenpPepHBHOro cHekrpa: 3§, — 18,, 3D, = 1D,

BoaHoBas (PYHKIMA KOHEYHOrO COCTOSHMS MOXKeT GHITH mpel-
CTapjeHa B BHAE

_nyf:{e—iadifg)_é[s oy — 1]&(}9}% (12.15)

2 k

3necs» mepBoe ClaaraeMoe TNpPeiCTaBAfeT COOOH BO3MYIIEHHYIO
B3aUMOJEHCTBHEM He#TpOHAa H TPOTOHA !S;-BOJNHY HeNPePHIBHOIO
CHeKTpa; BTOPOE CjaraeMoe npeiacrasiger co6o#f [D-Boany B pas-
Joxenuu e’k B pan mo mosmHOMaM JlexaHapa. 3Ty BOAHY ME
-CYyMTaeM HEBO3MYIIEHHOH meHcTBHMeM SANEPHEX CUA. DyHKIMS i,
BHE OGJacTH NeHCTBUSA ANCDHHX CHJI HMeeT BHA

tig A0 = sin (kr —+3). (12.15")



§ 12. $OTOPACIMEI/IEHHE AEATPOHA 119

Muoxureab e—i% nepen —l;—" BBEAEH I/ TOTO, YTOGH (DYHKUHA ¢p
Bela cefd Ha GEeCKOHEUHOCTH KAaK CyMMa IVIOCKOH BOJHH H CXO-
naweics mapoBoi BOJHHL (TaKas aCHMITOTHKA JNOJ/KHA HMEThb
MECTO BCeriga Npu BOSHHUKHOBEHHH HOBOH YaCTHIH; CM. B CBA3H
¢ atum [01),

Mpr He GyneM BHAauale YYHTHBATh npuMmecd D-Boind. Bxo-
asmu# B (12.6) MaTpyyHbIi 37€eMEHT MATHHTHOTO MOMEHTa, OTHO-
cauruitcs K mnepexony 38, — 1S, ywe Obii BHuuCJAeH B § 11,
Coranacno (11.12) xBaigpat MOAY/S 3TOTO MAaTPHYHOTO 3SIEMEHTa
paBeH

[e=]

[([xe] M), l2=4“(}*n—%‘p)2<f““od’>2 .
[

OuddepenuuanpHoe cevenne GOTOMATHHTHOTO paciienieHus, onpe-
nensdemoe (12.6) npeacTaBHTCA NMOITOMY B CJCAYIONIEM BHIE:

o0

2 do,
B = 3 % .—c'zk(*”n—*‘?)2<»!“u°d’) T (1219

Mu BuIUM, UYTO YIJ0BOe pacrnpeleleHHe NPOAYKTOB (hOTO-
MarHUTHOTO pacHlen/JieHust sBAseTcd Cdepuyecky CHMMETPHUUHBIM
B OTJIMYHE OT pacrnpenenedns NpH (HOTOINEKTPUYECKOM pacuie-
TIIGHUH, KOTOPOe NPONOPUKHOHAABHO Sin2 0,

YTOOb! OLEHUTh BEJIHUNHY o;’”), BOCTMONB3YEMCSl BHPAXKEHUAMH

(12.15") u (12.13"), onpegmeasiomumn ¢yuxuun u, u u. Tax
KaKk peyb MOXKeT UTTH TOJBKO 06 OUEHKe BeJHYHHBl, TO MH Oy-
neM cuutaTh N/~ 1; wuHaue rosops, Ham pacu€T OTHOCHTCH
K Cyyal GECKOHEYHO Majoro pajuyca NeHCTBH AIEPHHX CHIL

BLIOMHHB 3/leMeHTapHOe HHTerpupOBaHHe, NOJYYUM Cledylo-
W Hi pesyabTart:

o e T (DY (e YEVE (V= E VI (1947

3 e \Mc EFET
/ 5 2 VM
(MH BOCmOB3OBaMHCE TeM, uTO CigBy== — L, ay== — = )-

OTMeTHM, YTO MPU MANBIX SHEPTHAX cg”’ nponopudoHansHo YV E,

(@)

B TO BpeMs KaK o, UponopuyoHansuo E:; Takum o6pasoM, npH
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Manpx £ MarsuTHOe IHMIONBHOE TMOIJIOUIeHHE ABJISETCH 0oJee
CYLISCTBEHHEIM, YeM 3/IeKTpHYecKoe AuNOJbHOe norxouieHue. Oba
THMA PACHIEN/IEHHs] HUrpal0T OAMHAKOBYIO pOJb MPH 3HEPruH
 Ey=3 - 105 eV. Eciu 2Heprus npOAYKTOB paCIieN/ien s Menblue E,,
TO NpeoG/aflaeT MaTHHTHOE NHIIOJbHOE INOIJIOUleHHe, TaK e KakK
3TO MMEET MeCTO B CJiyyae 3aXBaTa MelJileHHHX HERTPOHOB mpo-
ronamu (§ 11).

270w

‘ ¢

@
- o

o™
, .
e e Je
Jnepens Fa

Puc. 7.

Ha puc. 7 nokazan xom ceyeHuit ¢&OTO3NEKTPHYECKOTO H
GOTOMArEUTHOrO pPaclielVieHusd NeATPOHA B 3aBUCUMOCTH OT 3Hep-
THH KBaHTa Fw.

OctaHoBHMCs emté Ha yuére D-BOJHKL. EciM HCXOIMTH W3 BOITHOBOH
$yuxuuu (12.15) aag woHeuHoro cocrosuud U pynxkusu (12.7) nra na-
YAJHHOTO COCTOSHHA (OCHOBHOTO COCTORHMHS AeiTPOHA), TO, HCHOAL3YSA
(12.6), Ml moayynM cJaepyoollee BhlpaxKeHHe AAA IU¢dEepeHnHaNbHOTO
CeyeHHss HOTOMATHUTHOTO paclielIerus peHTpoHa

. o0
n g2 2
ao = G (om— v s o {( [ ar J'—
. 0

< [oe]

—_— C:;;_“ (;f uuy, dr)(f Sow dr) (Bcos2y4—1)+
4+ (6—3 cos%})(.ofgzw dr)z}'%” (12.18)
0

(B 3TOM BHEIDAXEHHH yXe NPOH3BEAEHO ycpenHeHHe N0 HaNpaBIeHUAM
MONAPH3ALHH {-KBAHTA).
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WurerpaibHoe ceuenne umeer pup Ol

o0
o

[o'e]
o2 h s 2
SO )zM?_Z;k{(fuuo dr> +(fg2wdr> } 12.18)
1] 0

Mel BuguM, 4TO 612roIaps TPHCYTCTBHIO D-BONHH B OCHOBHOM
COCTOAHHH JeHTpPOHA BO3HHKAET HeGOJNBIIAS A4CHMMETDHA B YILJIOBOM
pacnpeneaeHuy MPOIYKTOB pacmemdcHts. 310T 3¢dEKT, 0IHAKO, OueHb
HEBEJHK.

§ 13. Pacmengaesye JeiiTpoHa B KYJAOHOBCKOM MOJe sAApa

He#itpon, mpoxomsamuif Ha HEKOTOPOM DPACCTOAHHU OT AApa,
MOXET MMod AeHCTBHEeM KYJOHOBCKOrO MHOJA [OCHKEeNHEro paciie-
MHTbCA HAa HEHTPOH W NPOTOH. Ilpu 2TOM BOSMOMKHBHI DA3JHYHEE
peaxilMnu: OCBOOOXISH¥NE HeHNTPOHa ¥ IMPOTOHA, 3aXBaT HEUTPOHA
U OcBoOOXIeHHE IIPOTOHA, 3axBaT HTPOTOHA H OCBOGOKIeHUE
HellTpoHa, 3axBaT oOGeux uacTuu. MM B JadbHeilieM BOZPOGHO
PacCMOTPHM MEPBYIO U3 9THX peaKU U, TPU KOTOPOH OCBOGONK AAlQTCA
U HeHATDPOH H IPOTOH.

Tlpn onpelnejseHWH BepPOATHOCTH PACHIEMVICHHS peHTpPOHA
B KYJOHOBCKOM MOAe sApa Mbl Oyaem pasnauyaTh ABa C/ydas:
cnyua#h MENJICHHHX HEHTPOHOB, CKOPOCTh KOTODHIX U, yAOBIe-

Ze2
TBODSIET HEPaBeHCTBY T>>1 (Ze — 3apan ampa), u cayda#t
GHICTPHX neﬁTpox-xos CKOpOCTb KOTOPHX YHOBJETBOPAET Hepa-

A
BEHCTBY —— <€ 1. Haun&M ¢ pacCMOTDEHHS LepBOro ciaydas *).

BblHCHPlMg_ npextne BCero, KaKuM 05pasoM ciaeldyeT ONHCHBAThb
IBWIKE€HHe CHCTeMbl HEHTPOH -} MPOTOH B KYJ/OHOBCKOM [MOJe
azapa. ITokaxeM, uTO B OTCYTCTBHM KYNOHOBCKOTrO TOJsS ypaBHe-
Hue lilpemvnrepa, onuchBaoilee cucTeMy HeHATpPOH - NMPOTOH,
MOXeT OBITb 3a[iUcaHo B Buje

h? .
57 Lo T A Y H(E—)¥ =

h? a \'" On .
_—._——M-tim\/(—%) Yg0 (1, —rp), (13.1)

#) Hmie MBI H37aTaeM OCHOBHBIE Pe3yJbLTaTH PaGoOTHL (so1
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raie E — xHHeTHYecKas 3Heprus meHTpoHa, e-——ero 3Heprus

cea3u, M — macca 'Hempona, o= V;;/ds , N %, Ap u

An—onepaTopr Jlaritaca COOTBeTCTBEHHO IO KOOpAHHaATaM £,

H F, nNpoTOHAa H HeHTPOHa, HaKOHel ![Jg———BOJIHOBaﬂ dyHKUHS,
OfMCRIBAIOWIAA [ABHMXKeHKe HeATPOHAa Kak nenoro, T. €, INIOCKasd
BOJIHA ,

ip r /A
0 94
q) —¢ 99 s

rae pg, == (4ME) % — uMnynnC NeHTpOHa, a r, = (r,,+ rp) —

PanuyC-BeKTOpP ero LeHTpa KHHEpUHH,

Yrobui ybemurbca B cnpaBemauBoctd (13.1), 3amerum, uro
npu r,>~r, ypassenue (13.1) cooTBercTByeT CBOGOAHOMY NBH-
HEHHIO HeATpOHA ¥ NMpOTOHa ¢ ofuiedl sHeprued, paBHol E —s,
KaK H HO/KHO GbiTh, yYHTHBAad KOPOTKOZeHCTByIOUMH XapakTep
adepHuX cua. ITosTomMy ocTaérca nokasaTb, 4TO NpPH 7=
== (r,,—p) — 0, ypaBaenne (13.1) naét rpaBHIBHYIO BOJHOBYIO
byHKUMIO Ae#TpOHA

Ty ]/_ e (13.2)

NpeAcTaBAAOUIYI0 COGOH Npou3BeleHHe BOJHOBOR (pyHxUHH neH-
TPOHA KaxK HeJIoro q)g" Ha BOJHOBYIO ¢GYHKLUHIO OCHOBHOrO cO-

CTOfIHHA NEHTPOHA, KOTOpasd cornacHo (2.7) uMeeT BUI
Q; ~ar
V22 e
Vi r
(mHoxuTenmp N yuHTHBaeT TO OGCTOATENLCTBO, YTO 3TO BHpa-
JKeHHe SRJAeTCd, CTPOTO TOBOPA, ClipPaBellIMBEIM TOJBKO BHe

o6nacTH JefcTBUA SAREPHHX CcHI, cM. § 2).

B-BOlIﬂ B (13.1) BMECTO r, W I KOOPAUHATH F=1r,—T,

r,= 2 (r,-r,), nepenumen (13.1) 8 Buze

M e 2M
[Toacrasasa ciona Bmecto W Beipawenue (13.2), monyunm:

9 a \72 «
B A0 AW (E— )W = —an T N () 45 ().

(A—a?) £ 4xd (r);
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HO 3TO COOTHOWEHHE YHIOBAETBOPAETCH TOXASCTBEHHO, YTO H
ZOKA3HBAeT HAWIE YTBEPKIEHHE.

[Tepefingm Temepb K PACCMOTPEHWIO Cyyast ABHKeHH: CHCTEMEI
HEHTDOH - IPOTOH B KYJOHOBCKOM HOJIE SApPA.

YpasHeuue lllpenunrepa B 3ToM cayyae MOXeT GHTb [ONY-

YeHO, O4eBHAHO, u3 (13.1), ecau BHIYECTh U3 SHepruu nefitpona E
Ze2

NOTEHUMANBHYIO SHEPIUI0 —— TPOTCHA B KYJOHOBCKOM noOJje
»

fApa W 3aMEHUTHh t}a° Ha BOJHOBYIO PyHKLKIO JeTpOHA KaK uenoro

B TOJE Axpa; STy MOCJIENHION Mbl 0GO3HaumM depes b,. Pywk-
uust §, Ha GeCKOHEYHOCTH MMeeT BUA CYyMMbl hanamoulef nnocxoﬂ
BOJHEI, MOAKH(pHUUPOBAHHOH KYJOHOBCKMM moJeM sgpa, ¥ pac-
ceﬂHHoﬁ pacxoamsimefica Coepudeckoft BoAHE. [Inockas BOMHa
npennosaraeTcd HOPMHPOBAHHOH HA elUHHULY MVIOTHOCTU IIOTOKA,

HUrax, ypasnenne LUlpenunrepa, onucHBaooLiee ABHXKEHHE
CHCTeMbl HeliTPOH |- IPOTOH B KYJOHOBCKOM MOJIE AApa, uveeT
CJHeAyIOUdH BUI:

Ay +8) ¥+ 2L (E— Ql_e)qr——

S 87:{V<—2ﬁn—> 'd,ga (f,—1tp).  (13.3)

Lns peweHnss 3TOro ypaBHEHHS Das3NOXUM HCKOMYIO QYHK-
w0 ¥ no BOAHOBEIM (QYHKUHAM [POTOHA, OCBOGOKIAIOLWIETrOCS
B pe3yAbTaTe paclierieHdd AeHTpona. 3TH BOJHOBHIE (QYHKUUY,
KOTOpbl€ MBI 0GO3HaYuM uepe3 ¢, YAOBAETRODSIOT yPABHEHUAM

2
Apapp_}_.?ﬁMT(Ep_Zre >pp_.o (13.4)
rne E,— sHeprusa npoTOH4, W, KPOME TOTO, MORYMHAOTCA Ofpe-
neneHHomy YCJIOBHIO Ha 6ecxox—1e'-mocm STO yCnoBue, umemniee
MeCTO BO BC€X TeX CJAyuasX, KOrma M3 1leHTpa B HEKOTODOM
HAfpaBJCHUM BHINCTACT HOBaf YaCcTHla, COCTOHT B CJeLYHOLIeM:
BOMHOBasA (yHKIMA B3TOH YacTULibl B CROEM aCHMITOTHYECKCM
BBIpAaXeHUH Ha GecKOHEeYHOCTM He NOJKHA COAepxaTh PacXOns-
mefca wapoBoit BoaHu. BrieTy HOBOH 4YaCTHIE COOTBETCTBYET
NJIOCKasg BOJHA; pacxonsiyascs cdepuyeckas BOJHA OTBeYaer
BCerja npoueccy paccedHHsa, He HMMEOLIeMY MeCTa B MHTepeCylo-
meM Hac cayyvae. IlosToMy 8 acCHMNOTOTHYECKOM BHIDAaXEHHH
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pacxonﬂuleﬁca Wapoeo#l BoNMHL He MOMKHO ORITH U BONHOBAS
¢dyHKHusA HAa GECKOHEYHOCTH MOMKHA CKJIAABBATHCA H3 HJIOCKOH .
BOAHbI M CXOXsilelicd WapoBoH sosuu *). Mul GyxeM mpenro-
JaraTh, YTO IJIOCKad BOJHA HODMHDOBAH2 Ha 3-PYHKUMIO B HUM-
OyJXbCHOM NPOCTPaHCTBE.

Hrak, Ml npeacrasmseM pewedne (13.3) B Buie

T = [ ag(rn)dp (rp) dry, (13.5)

roe dv, —21eMeHT 06béMa HMNYALCHOTO NPOCTPAHCTBA NPOTOHA,
@y (p) — HekOTOpHIe (DYHKLUMH KOODAHHAT HEHTDOHA W HUMIYy.NbCa
BLIIETAIOWIETO TPOTOHA P.

IMoacrauB (13.5) B (13.3) ¥ BOCMOAL3OBABIIKHCH YCHOBHEM
OPTOrOHANBHOCTH (GYHKUUH &, MOJy4ynM clexyiollee ypaBHeHHE
nas dyuxaunit a,:

na,-]— E,,a,__—sazv(%) 4, (r,) 93 (r,), (13.6)

rae E, = E—e— E, ~— 3Heprus BHJ/ETAIOLEro Hempona.

@nsuqecxnﬁ cmucn pasnoxeuns ¥ no yHKuuam Yp COCTOMT
B TOM, 4TO ay(r,) mnpeacraBiseT COGOH BOJHOBYIO (GYyHKUMIO
HeliTpoHa, o6pasosasierocs npu pacnage uedArpoHa, DpuyéMm
COCTORHHE NPOTOHA OmMucHBaercd pyHxuuest Do

Ypasuenne (13.6) umeer TakOH Ke BUA, KaK H yDaBHeHHe
Ias 3anasgbiBalOmMX MoTedHuMasos. PeineHne ero Ha Goabiux
pacCTosHHAX r, == R == nR (11 — enuHHuHLIA BeKTOP B Hampasje-
Han R) umeer crenywoumuit BHK:

1/, iknR

ap=2N (é%)" ¢ sy e ar, a3.7)

roe k, =nk,, k, = z (2ME,,)
Ecnn yMHOXHTH xsanpaT MOLYJA 4, HA CKOPOCTb HeHTpoHA
2E,\"
n.——:(-—AT"-) U 3axeMeHT chepuueckol moBepxHOCTH R2do,, rie

do, — 3MEMEHT TeJIECHOrO Yyria OKOJO HAMpaBNeHHT N, TO MH
NOJY4UM MNOTOK HEHTPOHOB B 3TOM 3JeMEHTe TeJecHOro yria.
Tak kak nagaiomas GAOCKas BOAHA B BEIDAXEHHH Iaf ¢, HOP-

*) Cm. B CBa3u ¢ 3Tum 1401
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MHDOBaHA HAa eXMHULY TMVIOTHOCTH MNOTOKAa, a INVIOCKas BOJHA
B aCHMOTOTHYECKOM BHIDAXEHMH IAs ¢, HODMHDOBaHa Ha S-QYHK-
LU0 B WMNOYJALCHOM NPOCTPAHCTBE MPOTOHA, TO BhIpa)KeHHE

ds = v,R’ | ay |’ pp dp, do, do,,

npencraBiseT co6oft 3ddexTHBHOe ceueHHe paCIIEMIeHusa Ael-
TpOHa Ha HeHTDOH M U[POTOH, BLIJETAOUIHe COOTBETCTBEHHO
B 2/IeMEHTaxX TeJIeCHHX yriaoB do, n do,, MpUYEM HUMNOYNLC MpPO-
TOHAa NeXHT B HHTepBane dp,. [loacrasasas B 2TO BHpaxenue
sHauenue @, u3 (13.7), moaydynM CreQyIoOmyi0 OKOHYATEJbHYIO
dopMyny Rias ceueHus:

ds = N2 (Me)

1y

X

X KK, ] f g (1) by (r) 0" dr "dE, do,, do,,  (13.8)

roe k, n Kk, —BOJHOBbe BEKTOPHW HeHTPOHA M TPOTOHA; Ceye-
HHe OTHECEHO K HHTepBaNy 2Hepruu HefitpoHa JE,.

Bxonsmas B unterpan (13.8) BonHoBad GyHxuus meATpOHa,
CKJANBIBatOIAACH Ha GECKOHEYHOCTH H3 IVIOCKO# BOJMHH M pac-
Xonsiecs MapoBoH BO/MHBI, HME€eT clieayiomu$l BuI 40

by =07 T
, iK ¥ . .
><I‘§/1 “ing)e 99 F (—ing, 1, i(kyrg—Kkyrp)),
12
rae ﬂg=<m~> — CKOpOCTb AeliTpoHa, a 7, 0603HAaYaeT BeNH-
YHHY

e

=3 < e\'? _ OMZer  Ze? g — 2 (M)’f'?,

g7 Y\E) = h*, ~ huy’ ~ h ’
I'(2) —TI-¢yukuus u F(o, ¥, 2)—BepownentHas (xondmo-
DHTHaA) THIIepreoMeTpuyueckas QYyHKLS.

Boaxopas ¢ysKiuus NpOTOHa, HOPMHPOBAaHHA# YKa3aHHBLIM
BHille 00pPa30M, W CKJAAbIBAIOUIASCA HA GECKOHEYHOCTH M3 MJO-
CKOH BOMHH U CXOAsllefcs HAPOBOR BOMHLI, OIpenessieTcd che-
nywopiet dopmyJo# [401:

Yp = (27:?2)"8/ 2 N
X T (1—in,) e F(iny, 1, — i (kyrp - Kyrp)),
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rupe

h— B ( )‘/2_ MZer _ Ze?
P VN\2E,) T RE, T fvp

IToncraBnas npusef&HHbLIe Bblllle BHPAKEHAT NS Y, 1 by 8 (13.8),
HOMYYHM CJAeAyollee BHIDaMEHUE LA CEYeHU:
N2;52M5/5€3/: kn J{?

d5 == — 2
wpdshrny, shnn, kg,

g

e X e TP 4, do, do,,”  (13.9)

J_—_fe?"'"F(—mg, 1, py) F (— iny, 1, pp)dr,

0g=1Ii(kgr — K r), pp=i(kpr 4 k,r), q=k,—k,—Kk,.
&’opmvna (13. 9) He CONEPWHUT eliE HMUKAKHUX npenronomeﬂnn
06 24epruAxX NeHTPOHA ¥ MPOTOHA. Mul NPEANONOXKHM Teneps,
4TO 3Heprus AdeHTpoHa (a HOTOMY U MPOTOHA) NOCTATOYHO Mana,
TaK YTO BRIMOJHAIOTCA YCAOBHS

. Ze® _ Ze?
n9=2‘wg>>l’ np=m>>1.

[Tpu BEIGOJHEHHH ITHX YCAOBHH (KBa3WUK/IACCHYECKOE NMPUGMHKE-
Hue) uHterpan J moxeT ObiTh Boiyucaed [40; Mmul moayuyum cae-
AYIOINA pe3yasTaT:

B2Me 642

B (g Rp)® (Ry — Fp)

rie NMapaMeTphl TUNEPreoMeTpuueckKoft dyHKLHU DPaBHK

lJ]2= lF( g *[ngn, 1, E)I‘Z’

np -2
M=, b=k, (ky— k) A5,
$|2_3‘1§_+ J3(k;—kj:’,) 2 k sin’f, @Mﬂ.
* 4 Qk‘;,(kg——kp)z ; (k,—k, )? ky—kp
3rech kg:___z(_/l;g';‘i:’?_’ kng-@—(—éﬁ:;ﬂ—; 6, —yron wmexay

BekTOpamu k, 4 —K,, T. €. yroa Memny HampaBlenuem CKO-
pOCTH BHJIETAONMEro HeHTPOHa M HanpaBiAeHHeM, OOGPATHHM Ha-
NpaB/JeHHIO CKOPOCTH MNARAOLIEro ZeATpOHA; © — Pa3HOCTb a3M-
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MyTOB BeKTOpoB K, M K, OTHOCHTeNbHO BeKTopa —K, Kak
NoJasapHoO#t OCH. .
ITpu Gonbwwux #n, cnpasemnuso Cleayiouiee BHPaXeHHe A1

| F2:
[F(—in, —iny, 1, §) 2=

1 ‘ \ y .
= 2n | u 2] f7 () lnexp {—2ﬁ~qn-{—nf(u)—1-nf* (“‘)})’

roe f(e)=iln [a" (1 —u)" " (1 — ub)"'], npuuém B KauecTBe 4
ooMkeH ObITh B39T KOpeHb ypaBHeuus f'(#) =0, nemauwmh
B BepXxHeH MOAymaoOCKOCTH.

Vicnons30BaB npuBenéHHble (GOpPMYJb, MNOAYYNM CleRyiollee
BhIDaKeHHe /i CeueHHs:

h2N2 & (cE )2 dEy do,, do, i
Me 2PxE(E 42) [(2E)"® + (E—¢)'")?

, (13.10)
rae
® = Py E,®, + E,, sin’8,,- @y -+ 6,05 -} 0,E," sin 0, cos - D,

NpuyéM

o0 8y = (gt s (550 ) — 4 (3 o ()"
(E“S)U?_ 2¢ (E — 3¢)
(E4e)(E—3)°

E—-¢
(28)’;!2—' arc €os
(E_e)::/»z Wl o

By (E) =42 (E+4-2)7,
Oy (E) == [(2E)" - (E—2)"77,
®, (E) ==4e (E+ ) [(2E)" - (E—2)"7 .

MHurerpuposanne (13.10) no yriaM npuBOANT K ClAedylOLlel
dopmyne, onpepenswoumel pacnpeliieneHde HeHATPOHOB MO 2HEp-
TUsIM:

P, (E) =

ds (E,) = 2r ™ *s, (80,) Efe **n®14E,, ~ (13.11)

rile o, — HOJHOE CeueHHe DACHIEn/eHUsl NeHTPOHaA, MosyyakoLleecs
us (13.10) unrterpuposanuem no dE,, do,, do,:
3

/s 2 14 8 i~ [ SN VA
cp=4,\;e(§) _/ﬁ_s_.pfs/'f YE 4oy @7 "¢ B™(E). (13.12)
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YranoBoe pacnpenefeHHe MNOPOTOHOB MONYYaeTCs MyTEM HHTE-
rpuposanus (13.10) no dE, do,, B pesyarTaTe KOTOPOro HOMY-
yaercs

0,0 0,9
do(8) =0, —b21%s__ 173 0,. .
(9,) D (@, +@)e‘rp pap®+® do,. (13.13)
Mul BuauM, TakuM 06pa3oM, 4TO pacnpeneleHue 1mo yriam 0,
OKa3plBaeTCsl rayccOBHIM C MaKCMMYMOM B HamnpaBieHuu, oGpar-
HOM HalpPAaBACHHIO ABHxXKeHHs HefiTpoHa.

s 4MchHeHHBIX BhIYUCACHHH BeNMYHMHBL [ONHOTO CeYeHNs

yao6Ho dopmyny (13.12) npenctasuTts B BHIe

op=Z"A(E) 1077 . 107 cu’. (13.14)

dyuxnun A (E) s f(E) nporabynupoBausl B pa6ote [89), Oun
HMEIOT C/eRyIOliHe 3HAYEHHA:

EMeV)| 30 | 38 4 5 6 8 10

A(E) 0,11 0,29 0,45 0,92 1,5 2,8 4,4

10f (E) 1,97 1,08 0804 | 0451 | 0,292 | 0,152 | 0,093

Pacripenesnenne HeliTPOHOB NO 3SHEPIUsIM COAEDKHT SKCMO-
. — 5 8 1
HeHUHAABHEA MHOXHTeNs € ~onl’n, rhe -2”~=-@- oapenenseT
1
UPHHY pacnpeleNieHds BhLJeTaloWUX HeHTPOHOB NO 3JHEPTHAM.
CornacHo [39 npu E=3MeV 3,=1,6MeV; npu E =25 MeV
8, ==15 MeV; npu E =10 MeV 5, =140 MeV.
[lonyueHHble COOTHOIIEHHS CNPaBeAJMBH B Ciyuae HOCTa-
TOYHO MEI/EHHHIX AeWTPOHOB, KOTrA4a BHIMOJHAETCH HepaBeHCTBO

[Tepeitn&yM Teneps K pPacCMOTPEHHI IAPYTOro HpPEeNeSbHOro
Cryuas — paciuenyieHust GHCTPHX NeHTponoB 4. [Ipenmonoxum,

Ze?
4TO BBIGOJHSETCA YCHOBHE ——— < 1. Tlpu BHITIONHEHHH 3TOrO

YyCIOBHA MOXHO T[O/b30BaThCd TeopHeh Bosmymeﬂnﬁ (60pHOB-
CKOe npuGnmxeHue).
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Mnu OyageM pdccmMaTpuBaThk JIEKTPDOCTAaTHYECKYH) 3SHEPruio
IeRTDOHA B NOJe g4pa KaKk 3Hepruio BosMmylleHusa. B manbneft-
meM GyfeT ynO6HO NMONL3OBATBCA CHCTEMOH KOODAHMHAT, B KOTO-
polt neHTpon Kak ueJi0e MOKOMTCHA, a HABHKeTcd sapo. B sroit
CHCTeMe 3HeprHs BO3MYLIEHH HMeeT CJenyioliHH BuA:

. Ze?
T+ e — vt

roe v — CKOPOCTb #4pA, ABHXKYILErocd BAOAb OCH 2, Ze—- ero
3apag MU 2 U b — OpOEKHUMH DalHyC-BEKTOPa MPOTOHA Ha OCh 2
1 NeprneHINKyadp K He#H.

Mpl  DOMKHBI BBIYHCAHTE MATPDHYHHIR 32/€MEHT V COOTBRET-
CTBYIOIIHA TIepexXo4y H3 HayaJbHOTO COCTOgHHS, OIMNCBIBAEMOro
BOJIHOBO#R (ynKkumeh

LB tin —3/, ipg i Byt
doe ot — L /'e'I’“‘gmuo(r) g it

B KOHEYHOE COCTOAHUE, OMUCHBAeMOE (yHKIUHEH

i By 1/A —q g iE,\ /%
q)lelEx/ — /_e'ilhlg/nul (r) e’l 18/ .

3pecs L0 y [T 9™ __ ponnoBme dynkumn, onucHBa0-
IHE ABWKEHHWE LEeHTpa HHepIUd CUCTEMbl HeHTPOH -} MPOTOH IO
H TMocne pacileniienua JeddTpoHa (po=0 u p;— UMIYIBCH
HeHTPa MHEPIMH B OTHX COCTOAHUAX, I',— PAANHYC-BEKTOD LEHTpa
uHepuuu, L — pebpo Kyba, B KOTOpOM npennonaraercs Haxonasa-
wUMc NEHRTPOH), #,— BOJHOBas (PYHKUHS OCHOBHOIQ COCTOSHHS
JAeHTpOHa, HODMHpPOBaHHas Ha O0O0bEM, u,— BOJNHOBas ¢QYHKuU4
OTHOCHTeJBHOrO ABHKEHUS HeHdTpOHa U MPOTOHA MOCAE pacule-
nJieHys AediTpOHAa, B KayecTBe KOTOPOH MBI BO3BMEM IIJIOCKYIO
BOJIHY, HOPDMHPDOBaHHYO HAa 3HEPTHIO

2 Yo . Yo
al:[_zﬂ_]’emz [_ﬁ_M_] &P (13.15)

(2rh)3 dey 2 (2nh)3
(p 4 €, —uUMOYAbC W B3HEPrHd OTHOCHTENLHOIO ABHXKEHHSH,
r=r, ——r) HakoHeu, E, W E, — 5Hepruum Ha4yanbHOro M xo-
P1
HEYHOTO COCTOSIHUM, PaBHHE COOTBETCTBEHHO —¢ H c,l—l*—

InddepennuanbHoe ceueHue DpACLIENACHHD, MpU KOTOpOM
BEIMYMHBI &, H P, HaXONSTCH B WHTepBanax ds; W dp; U BEKTOD p

Q9 3axk. 1800. A, Axuesep.
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JACKHUT B 3JjIeMEHTE TEJAECHOrO yria d’)p, PaBHACTCA

L 3
ds = | A2 L2 ds, do, <"27ﬁ') dp,, (13.16)
rane :
-
A =% f Vot dt,

2

% Py
Vor = fqzqu)l drdrg, fio =E —Ey=c¢, +E+W
Vcrmonsays wusBecTHOE TNpeACTaBieHHe GecceneBol yHKIHH

K, (x)

J‘ o ~txu
KO (X) = _(_1_L._2)T dll,
nepenuitem A B BHie
2 Ze?
A=T % ¥’

rage
or wz wb
= [ arpe [ — T ()

) ) (13.167)
= | drex ———l- r] o (r) uy (1
f rep o Paf [ 4o (r) 1 (r)
(MH BOCTONB3OBAaJHCh TeM, 4TO dr dr,= =drdr )
3ameTuMm, YTO BNAOTH 10 2Hepruit medtpona nopsaika 200 MeV

BenmunHa BT ocraérca MaaoH mo cpaBHeHuIo ¢ eaunuue#. [le-

K2

CTBUTEJILHO, KakK 6y,£[eT BHIHO U3 JAajbHe#ilIero, BeJAMYHUHA

p1=Fq menbuwe —17%- , e R — paauyc siipa; ¢ ApYro# CTOpPOHHI,
B (13.16") sddexTuBHbBIE 3HaueHWs r He NpPEBHIIAIOT paluyca

pir Ry
ne#tpoHa R,. Tlostomy —5— Mewblile YTO 3HAYMTEJLHO
g Y oR 2R’

4

MEHBIIE €INHUIEL.
3ameHaq e PR yy 1—-7 r, JErKo 3aKJuYHTh, 4TO [/,

OTIHYHO OT HYJs TOJBKO B TOM C/yude, eCAd KOHEYHBIM COCTOSI-
HueM aBiaserci 3P-cocrosHHe. Mbl HMMeeM 1ea10 C Tako# ke
cutTyaneit, KaKk M npH (POTONEKTPUUECKOM paclUIlenyieHHH nael-
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tpoHa. C 1Ipyroli CTOpPOHH, ACHO, YTO BMECTO (DYHKIHMH, OMHCH-

Bawilel CBOGoNHOE mBWKEHHe 4acTHIL ¢ MOMeHTOM /=1, MOXHO

MOMbL30BATECH NJAOCKOR BOJHOW, YTO MBI U OyleM [€J1aTh.
Toncrasnss B uHTErpa, onpenensomui /., sapaxenue (13.15)

a \Yep—2r .
A 3ameuqass, 4TO u0=(——> — , TOJYYHM:

.27 r
R O e
[r = —1LpP; p M ‘(9_0_"{_—_91)? cos v,

rAe y— yroa Mexiy BeKTOpaMH p, U p.
Uro0u BHUHCAUTD [,, 3aMeTHM, YTO

f.fKO(-‘%;b-> eiqbcosxbdbd’x= ?_ff_?:}é—. (1316”)
v

TMoatomy

+ sir (q w> L .
= f dze” (qz_T) = 4 N\ v)2

= Y]

2 w\2 2 ® ?
ql+<—17> _~I2:_ Q_L+<?) qz__v_

:\:lb‘i

l,=

rae qz u q»L—cocraBnmomue BEKTOP2 q = Bﬁ]— BAOJAbL OCH 2 H

nepnesankyaspa k neit. Ilpn L — o0 [, OTAUYHO OT HyZAs, €cian

[ o \2
BBITOHACTCS  YCAOBUE g, == ——. Toatomy qj_—l—(-;-> =gq% u

. w\ L
iism(qz—?) 5

» 2
q L
9z o
Hraxg,
Ze2\* F4 3,17, cos?y
ds =32 | 5— (c021) ' —— 7 X
( v ) Mp? (ot 2"

Sinz <qz _—.u_)> £
v/ 2

Pl —5— dq de, doy,. (13.17)
L(‘Iz - -‘U_>
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[MpounrerpupyeMm 3710 BHipaxeHue no dq. BBonms noagphue
yraAbl BEKTOPOB P; H p (orHocuTenbHO ocu 2) 9 u 6, u unre-
TPUpYA CrepBa NO g, MOJNYYHM: :

sin? (qz — —3) é—
f cos?y dq=

®\2

2 —_——
q (qz >

= [=? f ::)ns{(]i [cos2 8, cos?f |- % sin? b, sin2 O_J ah —
=—é—7r2L{—1— (3 cos? B, —1)cos?H

(13.17%)

sin? b, in cosﬂ}
_1— (sos B)

miv
UToGe BLIACHATL CMBICT BeXuuyMHbl (C0S0),:,, 3aMeTHM, 4YTO
npu L — co o6mactb uuTerpuposatus B (13.17") no g cBoantca
K TOuKe
. w
9= Gcos 6

C npyro# CTOPOHb, MBl LOJXHBl CYHTaThb BeJHYMHY ¢ OTpaHH-
YeHHOHM, TaK Kax OueHb GOJMLUIAM § OTBeYarwT, cornacHo (13.16”),
Mafble 3HAYeHHMS MapaMeTpa CTOJKHOBEHWS £, KOTODHH M0 CaMoMy
CMBICAY 3a4a4¥ He MOXeT ObiTb MEHblle HEKOTODOW BeNHuHHH
NOpANKa pamuyca sapa R; meHCTBUTeNbHO, NMPU MEHbIIMX 3Ha-
yeHusX MapameTpa b Mbl HMEEM JIea0 yKe He C «DIeKTPHYECKHMH»,
a C YHCTO <«sNEPHHIMM» COyAADEHUAMH NeHTPOHa M s1pa, He
CBA3AHHBIMU C AefCTBYIOMIMMYU Ha NaJdEKWe DACCTOAHHA SIEKTPH-
yeckumn cuaamu. Taxme TecHole sgepHHE CTOJKHOBEHUS Mbi
pacCMOTpUM B CrenyioiieM naparpade, B HACTOALIEM e fapa-
rpade, paccMaTpMBAas SJIEKTPHYECKOE pacCilensieHHe AeHTPOHA,
Mbl TO/KHBl CYUTATH, YTO ¢ OrPaHWYEHO, NPHUEM MaKCHMaabHOe
3HaYeHUe ¢ IO NMOPALKY BENHYHHBI PABHO ¢,  ~ R-!. Tax kak
2

ho=c-te¢ +Tp/:T ~e¢-{-¢, TO OTCIOHa CIENyeT, 4TO

R (e+)R

v ho

1
(COS 6)mm = T’\"
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Hcnmonvsya 310 coornomwenne Bmecte ¢ dopmynoit (13.177),
NOAYYHM clenyloniee BhlpakeHHe nns nuddepeHNUaNLHOTO ceye-
HHA paculeruteHus geArpona

2w sZe (e<d)'™
= M\ﬁv> Tpan X
X[% (3C°529p-1)(1—‘0‘2)+sin20,,1nn]. (13.18)

Wnterpupyst (13.18) no yraam, Hallném pacrpelencHHe NPOLYK-
TOB PAacCiIEN/IeHHs] NO JHeprusM ;.

-

2.2 2 z e

E(fi G U _ ho dz,. (13.19)

ho/ MG+ Gty
Tax xax BepxHM# mpene’ &g ¢ onpelnenéH TOJILKO {10 fO-
paaKy BeluuuHl, TO (13.19) uMeeT cMBICK B TOM Clyuyae, eciu
moa 3HAKOM Jaorapudma cTOMT 60abLICE YUCTO. DTO YCIOBHE

BHINOJHAETC MpH GOABLIHX 3Hepruax NeHTpOHa.
dopmyast (13.18) u (13.19) ortHocATCH K CHCTEMe KOODIH-
HaT, B KOTOpOfl ABHMKeTCA SAPO H MOKOHTCA NeHATPOH; eciH
nepeiity k JgaGoparopHo#t cucTeMe KOODIWHAT, B KOTOpDOH NBH-
eTCA NeHTPOH, TO MM NOAY4YMM Clenyiolud pesynbrat [41:

ZetN\2 F2 () T
ﬁv) M (c+e)t v(M)"°( +Ox
x[%(?wos?s-—1)(1—n-2)+siﬂ2“1n*fz]deT’ (13.20)

rie (. — KOCHHYC Yyraa, 006pa3yeMOro “MIYyJbCOM BhlAETAOLIEH
YACTHIB C HMIYJIbCOM HeATpoHa, T — KuHeTHuyecKas 3IHePrHs
5Tol yacTHibl, paBHas E— Mc2? (E — noJHas 3Heprus 4YacTHUM),

do =

ds=16(

s To . 1 2M62 _ 2
5= oM 0 T_—2_<]/1 v‘Z 2MC>’
1 3& ]
=271 —ud) (1 b+ E(ro—T— 3 )
To— T ——

) 3

=11 —
cos Qe T < +3 E)
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<3ame'rnm, YTO CyMMa SHepruif npoTroHa M HEHTPOHa mocje pac-
2Me? —= )

2
Vi-%

UncnenHoe MHTerpupoBanue guddepeHliHaAbHOrO CeYeHUs
(13.20) mpuBOAMT K BBHIBOAY, YTO HENTPOHH! BLIJETAIOT B Y3KOM
MHTEpBaJie YI/IOB, COCTaBAsIOIIeM NpHMepHO 4° NpH 3Hepruu
HeHTPOHOB, paBHO#t 185 MeV; pacnpénenenye 110 SHepPrUsM Bbljie-
TAOUMX YaCTHL MMeeT ABA MaKCHMyMa, COOTBETCTBYIOLIUX 3Hep-
ruam 75 MeV u 125 MeV.

HurerpajbHoe CedeHue pacllennenus NeATpoHOB ¢ sHeprueu
B 185 MeV pasuo s =~ 1,35 - 10-2922 c.42; npu sueprun B 200 MeV
OHO paBHO s~ 2. 10-2272 ¢42,

B caeaywomeM naparpade 6yneT nMOKasaHO, YTO pacllerieHne
AeATPOHOB, 06YyCAOBNEHHOE KYJOHOBCKHM mOJieM Aapa, NpeacTaB-
asieT co60od MeHee CyulectBeHHBIH asdpdekrT, uem pacwenne-
HHe, BBI3WIBaE€MOE HENOCpPeACTBEHHHIM CTONKHOBEHHEM AeATDOHa
C sapoMm.

ulenienus nedTpoHa pasHa E, - E, =

§ 14. PaculenaeHde GLICTPOro neiTpoHAa NMPH CTOAKHOBEHHH
c aipom

Hapany c¢ pacmennenvieM AefiTpoHa, BH3BIBA€MBIM KYJOHOB-
CKHM MOJIEM sjApa, paculenseHne A[eHTPOHa MOXKeT NpousoHTH
Takxke Omaroflaps CTOJKHOBEHHWIO ero ¢ fIpoM. DTO sBJEeHHe
NPOUCXOAUT CHAeRYriuuM 06pa3om. BrecTpriit mefitpon, mpoxons
MHMO s1pa, MOXET «3aAeTb» 3a AP0 NPOTOHOM, HEHTPOH Xxe
MOXET NPH 3TOM NPOHTH BHe Anpa. IDTO NpusenéT K TOMY, 4TO
npoTOH OyAeT «COApaH» AXPOM, a HeHTPOH OymeT NpoOIOMKATh
cBo#f nyTtb Bue snpa. Takum oO6pasoM, MOTYT OHTbH TTOJyYeHH!
ObICTDBIE HEHTPOHH, 3HEpPrusi KOTODPHIX COCTaBjasieT IMPHMEPHO
MOJIOBHHY TNEepPBOHAuaJbHOH# 3Hepruyw nefitpoHa. Ecay sapa Koc-
HETCS1 HEHTpPOH, a MpPOTOH NPONUAET BHe AAPAE, TO «COAPAHHEIM»
okaxercd gedrpod. Mnbl moayuum Tnpu 3TOM GHICTPHIH NMPOTOH
¢ 3Heprueft, Takxke NPHUMEPHO DABHOH MOJOBUHE NEPBOHAYANLHOH
SHEpruH neiTpona 21,

Ceuenne a9 TaKOro mnpoLECCa <«CAMPAHHA» IAS JAETKHX H
CpenHHX sinep OKa3HBaeTCs 3HAYHTEJIBHO GOJNbIIMM ceYyeHus: pac-
weneHus; GeICTPOro AeHTPOHA B KYJNIOHOBCKOM foJie sinpa. ToNBKO
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B Cayuae CaMhIX TAXENHX aiep o6a scpdekra HIPAIOT HPHMEPDHO
OJHHAKOBYI DPOJb,

OcoBGeHHOCTH peakUWH «CIUPaHusi» CBA3aHK C TeM ¢aKToM,
yTO NeRTpoH gaBaseTcs CAa60 CBA3AHHON CHCTEMOH, B KOTOpOH
HEHTPOH M MPOTOH NMPOBOAAT 3HAYHTENbHOE BpeMs BHe 06gacTu
meflcTBus sxepHHX cHa. Ecau sHeprud ae#iTpoHa 3HAYHTENABHO
6osablIe €ro B3Hepruu CBA3H, TO BPEMs COYHAPeHHs MAPOTOHA
¢ siaepHoft yactuued Oyzer MaiaLIM 10 CPaBHEHHUIO C MEPHOAOM
OTHOCHTEJIBHOTO OBHXKEHHA HeWTpOHa M TNPOTOHa B HAeATpOHe,
B 3THX yCAOBHAX HMIMYJBLC, TlepelaHHHl NMPOTOHY, Gyner 3HauH-
TeNbHO OOJbille UMNY/IbCa OTHOCHTENBHOrO HBMXEHHSA; MOSTOMY
OpoToH O6yneT «compaH» MrHOBeHHO, HefiTDOH e, HEe HCIEITaB
peakuuu, OyieT nPOAOKATh ABHTATECH C MMIYALCOM, KOTODHIH
OH HMeJ B HAa4Yaje CTOJAKHOBeHHsA. DTOT UMIYALC PaBeH, OUEBUIHO,
cyMMe HUMIMyJibCa IleHTPa HHEePUWH NeHTpOHA M HMNYJAbCa, CBA3aH-
HOTO C JIBHKEHHeM HEHTPOHA BHYTpH AeiirpoHa. [lepBrifi M3 3THX
HMIyIbCOB paseH po == (ME,)">, rne E,— KnHeTnyeckas sHep-
russ AedTPpoHA, BTOPOH #UMNYJIbC MO MOPANKY BeJHYHHH DaBeH
p1 = (Me)'h. MoxHO yTBEpKAaTh, YTO SHEPrHA OCBOGOKIEHHOrO
6/Marogapss «CIUPAHUIO» HEHTpOHa 6yAeT HAXOAUTHLCHA B MHTEpBajae

+p)2 1 e\t
En—_—(pOQMpl) ~7Eg[li2(F;> ];

npu £, = 190 MeV wupuna 310r0 HHTEpBana cocraaset 40 MeV.
Hempouu 6yayT IABHUraThCsd B OCHOBHOM B Hanpas/eHHA MepBO-
HAYaJLHOrO TyyKa AefATpOHOB; yroJ pasaéra CocTaBaseT NPH-

MEpPHO 6~%=(§;>l/2, 410 naét npu E, =190 MeV § ~ 6°.

Takum 006pasoM, B pe3yabTaTe peaKLMu pacuUiervieHuss HeHTpOHa
0OJIyyaeTcd Y3KHH, XOpOWO KONMMMHDOBAHHEIH Rnyyox He#Tpo-
HOB, 3HEPrusd KOTOPHIX PaBHa INPHMEPHO TMOJAOBHHE 3SHEPTHu
neATpOHa.

AnanoryyHele COOTHOLIEHHS MMEOT MECTO TaKXKe A OCBO-
GO AAOUIHUXCH MPOTOHOB.

OueH¥M BeJUYUHY REPOATHOCTH npouecca «caupadus» 42,
[lpexxme Bcero 3ameTHM, Y4TO B CJyyYae JOCTATOYHO GbICTDOI‘O
IeATPOHAa MOXBO IpeHeOpeyb OTKJIOHEeHHeM HelTpOHa OT Hampa-
BJIGHHS I[I€PBOHAYAJBLHOIO JABHXKeHUs neHtpona. [elicTBurelbHo,
€CNIH MmpeanoJaraTh, YToO MOpPOTOH, Tnomanast B o6aacTh sapa, Ha-
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XONUTCA OT Kpas fAApa Ha pPacCTOIHHHN NOPsAKa «paguyca neli-
TPOHA» R, [R =—l-ﬁ(ME)'“'/a=2,l . 10-13c/u] H CYHTaTh,

4YTO paguyc sanpa R 3nauuresbHo OGonblue R TO paccrod-
HHe, KOTOpPOEe MPOXOAUT B HAIpPe NPOTOH, 6yue’r Mo MAoPAAKY

BEJUYUHK PaBHO Z~V2RR Taxoe paccrtosHne HeHTPOH
NpoXoAuT 3a Bpems [v (v—-—cxopocrb nefitpona). CropocTs
HeHTPOHa B HanpaBJeHHH, NEPNEHANKYJIIPHOM K MepPBOHAYaNb-
HOMY HaUpaBJEHHIO AelTpOHa, MO TOPANKY BEeJIHYHHE paBHa

e\
(7‘7) '—fv-, MO3TOMY CMellleHue HEATPOHA B NEPNEeHIHKYJsPHOM

g \'s {
HaNpAaBJeHHH MO NOPAAKY BeJAHYHHB PABHO E%(-ﬁ> ’-b—. 210

CMeLleHEe MOXHO HE YYUTEIBATD, €C/IN OHO SHa'll/ITeJ'leO MeHBille R

Jlerko Buneth, uto § & Ry, ecnu E > 2

Ecnan  3T0 HepaBeHCTBO BHINOJHAETCH (E ROMKHO OBITh
Gonpuwre 20 MeV nna cambix TSHKENHX siiep), TO NPH onpenene-
HAH CeYeHu§l AOCTATOUHO PACCMATPHBATH TOABKO MPOEKUHM MOJO-
MEeHHH HeHTPOHA M NMPOTOHa HAa IJIOCKOCTb, NEPreHAHKYIIPHY10
HANPABAECHUIO HBMKEHHA AeldTpOHa. Mbl HOMKHH MPH 5TOM HANTHA
BEPOSITHOCTHL TOTO, YTO MNpPH CTOJIKHOBEHHH JeHTpOHA C AApOM
MPOTOH (€ro MpoeKiua) nomaigT B MAOWAAb Kpyra pasuyca R,

a nefitpou (ero mpoexunsi) 6yner Ha-

4 XONUTbLCA BHE 3TOrO Kpyra.
) PaccMOTpHM CTOAKHOBEHWe, NpH
- ~~. KOTOPOM PaccTO9HHE Mex< [y HeHTDOHOM
/ b M NMPOTOHOM DPaBHO p. DyneM cyHTaTs,
\ . 4YTO paguyc sapa R 3HaynuTeJlbHO 60/b-
ay = ~-»Z e pagayca JAefiTpoHa; npu 3STOM
/ MOXHO npesHe6peub KPHUBH3HOM Kpas
N / A1pa M CUXTaATb FPAHUIYY AApPa NJIOCKOH
RS o (puc. 8). I[lycTe ochb y HnanpaBiena
BIONbL Kpas fnpa, a8 OCb X — [epleH-
IUKYyJIsspHa K Kpaio (OoCb 2 UMeeT Ha-
Puc. 8. npas/ieHHe ABWXKeHHs gefitpona). Toraa
BEpOATHOCTB TOrO, 4YTO NPOTOH MO-
naféT B 3dIUTPUXOBAHHYIO NJIOHIAAKY, BepHee [OBODH, CeuYeHHE
3TOr0 mnpouecca 6ymer pasuo dxdy. BeposTtHocrh TOrO,
4TO HeliTpoH OyneT .MpH 2TOM HaXOAMTLCS BHE dapa, PaBHA OT-
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HOIIEHHIO IYTH OKPYHKHOCTH pamuyca p, Jexauiel BHe sapa,
KO BCeH OKDYXHOCTH, T. e. paBHa O/m. MrTax, HHTepecywollee
HaC CEYEHHEe paBHO

5(p) = J J 2 dxdy.

3ameuvas, uT0 x==pcosf, dx= — psin0dH u BHOONHMB HHTE-
rpupoBsaHue mo dy; KOTOpoe Fa&éT MpocTo 2wR, Halxém:
/2
o (p) = 2Rp [ 0sin 6 49 = 2pR. (14.1)
0

Mu roayunnu ceyeBHe IS HHTEDECYIOLlero Hac npoiecca
NpH- 3a1aHHOM p. DTO ceuyeHue CiefyeT el yCPeAHHTHh MO BCEM p.
Ecan §, (r) — AefiTpoHHAR BONHOBas (YHKIIMA, TO BEPOATHOCTD
TOTO, UYTO PACCTOAHHE MEX Iy NPOeKUHAMH YacTHU JIEeXHT B HH-
Teprajxe dp, pasHa

-+ oo

2mp dp [ |4, (r)]2 dz.

[TosToMy mnonHoe ycpelHEHHOe CEuyeHHe MPOoIecca PaclleniaeHus
p4aBHO

4+ o
c_4ﬂRfd’fP | 4y (r)|2 dp.

[MTepexons OT nepemeHHON 2 K mnepemeHHol r (r2=p% - 22),
HOIYUUM

i
- 2dp

c__s-:Rf Y (r —rer __Prap

I‘IJ ( )] ; (rg__Pg)/g

HnTterpan no p paBeH z—ﬂ, IO3TOMY

=2 [ |, ) dr=FR [ iy, (frar

(dr = 4=r2dr).
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TMocnenuuit uHTerpa’d wuMeeT npocTolt GbU3BYECKHH CMBICK
3TO CpelHee pacCTOsiHHe MeXAy HelTpOHOM M MpPOTOHOM B jAeH-
TpoHe. OGo3Hayas ero yepes R,, NpenCcTaBHM 5 B BHAE

c=_’2‘_RRg, (14.2)

Ecan cumrarth, 410 ¢, uMeeT BHA

W (e Yo g—or
Vg = <2’?>

r y

rae

TO BeaMuMHa R, Oynmer paBHa

Rg =_2l:'=2,1 M 10-13 CH.

[Tonaras R paBubiM 1,54510-13 cu, MuH noayuyum:
5=54%10-2 cul. (14.3)

3Ta BenuYMHa AN BCeX fAlep, KpoMe CaMbiX THXKEAHX, ro-
pasno Oo.blle ceYeHHS pacliervieHuss XeHTPOHOB B KYJOHOBCKOM
nojae fAapa. ’

3ameTnMm, uTO TaKoft e ¢opMynOU olipeaensercs ceueHue
npoluecca, nNpy KOTOpOM HEHTPOH 3acTpesaer B sipe, a MPOTOH
NpOXOAHT MHMO fApa.

Ocradosumcst Tenepb Ha Bompoce 00 yrJiOBOM H 3HepreTH-
4eCKOM pacrnpegefieHHn HEHTpPOHOB, BO3HHMKAIOUIMX B pe3yabTaTe
peakiuu pacienygenud nefirpoda. Mbl 6yaeM paccMaTpHBaTh IBa
npenelbHEX CAy4as, CUHTas B OJHOM CJyyae aipO «NPO3PadHbIM»
IJI9 YacTHI, a B ApDYyroM «HempospaunbiM». O6a 3Tu cayyas He
peanusyoTCsd, KOHEYHO, B NeHCTBUTENABLHOCTH, HO pacCMoTpeHHE
WX [OpeiCTaBJseT HHTEpec B TOM OTHOLUEHWH, YTO YrjoBhie pac-
npegelieHds, NOJAy4arOminecs B O00UX CAyYasx, Majo OTJNYAIOTCH
Apyr oT Apyra, MO3TOMYy MOXHO CYHTAaTh, 4YTO MOJYyYaioiieecs
pacnpeneieHre 6JM3KO K HCTHHHOMY.

B cayuae «npospayHOro» sapa MBL CYMTaeM ero paauMyc R
MaNEIM MO CPaBHEHHIO C PaguycoM neHTpoHa R,; B caydae «He-
npospaykoro» sapa RZ>R,. SlcHo, uro nepBHA cayyad He
COOTBETCTBYET MPEANOJIO¥KEeHNsIM, KOTODEIE Mbl [1e/1aj i1 BhILIE NMPH
onpenefeHud CeyeHHUs pacuienjeHus. TeM He meHee i BHIsICHE-
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HHA XapaxTepa YIVIOBOI'O pacnpeleseHus NPELACTaBAseT HHTepec
pPacCMOTPEThL U 3TOT CAayudaf.

BrisicHUM BOmpOC O pacnpefesieHHH BO3HHKAIOIIUX HERTPOHOB
no uMmnyascam, B caydae «mpospauydHoro» smpa 3TO pacnpene-
AeHHe GyaeT TaKWM ke, KaK M B CaMOM AeHTpOHe; HanuuHe AApa,
B KOTODOM 3aCTpeBaeT NPOTOH, HHKAK He OYAeT CKa3HBaThCH
Ha pacnpenejeHHH.

BepOATHOCTb TOrO, YTO HMMNYJ/bC HEATPOHA B AEHTPOHE DaBEH p
(TouHee nexuUT B MHTepBaie dp), onpenensercs dopMmynoi

P(p)dp =% (p) 2dp, (14.4)
-Tne

1 * —-i—pr
‘P(P)=713/;J‘¥g(r)e %" dr.

IToncramas cioga BMeCcTO Y, BOJHOBYIO (YHKUWIO OCHOBHOTO
COCTOSIHHA AEHTpOHa, MOJYYHM:

1 (Me)'hs 1 (Me)'2
‘?(P)=;‘M8—f§§: P(p)z."—"—(M—E:T-W' (14.5)

YTo6H HAaWTH HUMIOYJABC OCBOOOMAaOMeroct HeHTpoHa, HYXKHO
K BEKTODY p npubGaBHTL HMIY/bC, CBA3AHHHNA C JABHXCHHEM
LeHTPa MHepHUM JefiTpOHa. DTO 3HAYMUT, YTO, HE HU3MEHAA Py, H
Py> HYXHO K p, MPHUGABHTb BEAHUYHHY

P0=V7”75;<1+w§—52)

(BTOpo# uieH B CKOGKax-— Majas peJATHBHCTCKAsA [MOMpaBKa).

Ecau p, —npoeknysa p B Hanpas/leHWH, TIEPNEHAMKY/AIDHOM
K OCH 2, TO Yros BhljeTa He#ATpOHa (MO OTHOIWIEHHIO K TNY4YKy
IefiTDOHOB) paBeH, OYEBHIHO,

0 =1L
Py

(B 3HaMeHaTene MH mnpeHeGperiM BeNHUMHOR p,, KoTOpas Majia
110 CpPasHEHMIO C py).
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BepoaTHOCTL TOro; 4TO p| NeXHT MeXAY p; n p) -+dp,,
paBHA, O4YEBHIHO,

- : Me)rdp,
P(py)2=p,dp; =2=p, dp, j 5 ( s ===
1 Pl =2 (Me +p? + p3)°

__ (Meye
2= (M= +p7 )"

BuipasuB p; uepes 6, Mb MOJyuYWM YrJ0BO€ DacnpenejeHue
OCBOGOMAAIONIMXCS HEHTPOHOB:

— 00

QTI:p_L dp.L' (146)

1 f
P (H d0=—————° 7
%) @1 o9 aQ, (14.7)
rape
A E BN ,
by = (- ) [ mﬁ—]m(a—) (14.7")
H
dQ == 2= 4.

MBbl BHIHM, YTO HEHTPOHEI B OCHOBHOM ABMXKYTCS B KOHYyCe,
OCh KOTOPOTO COBMAZaeT C HampaB/ieHHeM NMePBOHAYaALHOrO fyyKa
LeWTPOHOB M Yros pacTsopa KOTODOro MO MOPAOKY BeTUYHHB

1/
paseH B ~ (—E-) ®, 4TO cocTaBAsieT OKOMO 6° LS HEeHTPOHOB

C SHeprueil s fQOMeV (TouHee rosops LIHPHHA yraAOBOro pac-
npefesneHus cocrtasaseT 1,540,).
DHeprusi 0CBOGOKAAIONIErOCST HERTPOHA paBHA

1 ) 1, .
E ——Q_M[(po +Pz)2+Pj_] = m[P&+2popz + p2l.
Tak xak py_>>p, TO
1 E g
Er4 E,+ ‘/-mﬁp»z. (14.77)

OTciona BUIHO, YTO pacnpeje/ieHHe MO SHEPTHAM. OUpenesieTcs
pacrpeneneHneM MO NPOEKLUsM UMNYyJIbca Ha oCb 2. Pacnpene-
AeHue no p, cornacio (14.4) u (14.5) nmeer BuI

(Me)pydp,  (M)*dp.
(Me+pi4p3 ) m(Me—p)

P (p.) dp.— = dp, J (14.8)
; A
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Bupasus 3geces p, uepes E, nalln&m pacnpeneneHue HeHTPOHOB
N0 3HEPTHAM:

v °E, dE

= KE — % Eg>2 + eEg] ’

Mu BMAMM, YTO LEHTPOM pacnpelie/ieH)s AB/FeTCA 3HaYeHne 3Hep-
1 —
rud Ey= —2—‘Eg; WMPHHA pacnpeneieHus pasHa 2}/ eE,, uTo co-

crapaser 41 MeV npu sueprun medtponos B 190 MeV.

Onpenenum Teneps yriOBOe pacnpenelieHue HEHTPOHOB B CY -
Yae «HeNMpo3pauHoro» sapa, xoraa R”>> R, B sTtom cayuae
rpaHuny sApa MOXHO CYHTATH I/IOCKOR (CM. pnc 8). Hac unre-
pPecyoT TakHe CTOJIKHOBEHHMs AefiTpOHA C AAPOM, TIPU KOTOPHIX
MpOeKLHs MO/OKEHHT IPOTOHA NONAafaeT B 06MaCTh AADPa, a NMPOEK-
LM HeATPOHA NEXHT BHe sApa, T. e. X, << 0 u x,, > 0 (uHmeKCH
P U 1 OTHOCSATCS COOTBETCTBEHHO K nporouy u Henrpony)

BosHukaet cBoeo6pazHan nuddpakUHOHHAA 3aaya, B KOTOpOH
KA yu€ta HalWuud AApa MH 6YIeM CUUTaTh, YTO BOJNHOBasA yHK-
nus Y OTAMYHA OT HYAd TQABKO B TeX Cayyasx, Koria x, >0,
x, < 0, u uMeeT NPH 3TOM caexnyooulu#t BHI:

P(E)dE =

(14.9)

=0, ()~ (14.10)

raoe xpg(r)—HopMHpOBaHHaﬂ BOJIHOBas (PYHKIMA, OMHUCHIBAIOWIAA
BHYTpeHHee ABMmeHHe NeATPoOHA, a L — pebpo Ky6a, B KOTOpOM
NPeAlNoNaraeTcs HAXOAAUIHMCA RKeATPOH.

i

Meui be Buinucanu B (14.10) MHOXHTeNs L™ eeh pJZ, OTHCHI-
BalOIIEro MBHIKEHHE LEHTPA HHepuuH NeHTPOHA, TaK KAaK Hac
HHTEPECYIOT TOJNLKO NPOEKIHH IOJIOWeHHH HeATpOHa W mpoToHa
Ha TIJIOCKOCTb, TIEPHEHIHKYAAPHYI0O K OCH 2, BLOAb KOTOPO#H
HBMXETCH OEeRTPOH.

Benuunna |¢|2dr dXdY npencrasaser coGo# HOpMHApDOBaH-
HYI0 BEpDOATHOCTB TOrfO, 4TO r, X, Y HaxomdTca B HMHTepBakax
dr, dX, dY (X, Y, Z — kOOpIHHATH LEHTPa HHepUUH AefiTpOHA).

DyneM CUHTaTh HE3aBHCHMBIMH HePeMEHHBIMH GYHKUMH & BEIM-
YAHBL X, Xp, ¥, 2, Y (Y=Y, —Yp, Z=2,~—25). Tak xe,
KaK H B Cliyyae «Npo3paqHoro» aapa, Mu nepefnéM OT BOJHOBONA
¢yuxuun (14.10) B 06el4HOM MPOCTPAHCTBe K BOJTHOBOM (YHKLHH
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B NPOCTPAaHCTBE HUMMYJAbCOB. OITOT Iepexon cosepulaercs
¢ noMouibio mpeobGpasoBauus Pypbe:

‘.J(pn:m Ppzsy Py P Y)—"
0 4o

=L-1h-2 fdx fdxpfdyfdzx

i’(ﬁpqwown_l'ﬁ +pyy+pzz)

XY (X —Xp, ¥, 2) € p=p (14.11)
(Pnw ¥ Pppy—MPOEKIHH HA OCb X HMMIMYJBCOB HempOHa A 1po-
TOHa).

VHTerpupoBaHWe mo y H 2z He OT/AHYaeTcsd 31eChb OT COOT-
BETCTBYIOLIErO MHTErpHPOBAHUS mNpU BuiBoAe dopMmyan (14.5)
nas ¢ (p). Ecan BBectn dyHkuuw0

¥ (Py, Pz Xp— xp) =
+ oo

1/ ( ) '
=" [ 4@ by pyeT T gy, (141)
to (14.11) nmpencrasurcs B Bule
Y (P Ppa py’ P Y)=
=L-ir! f dxn f dx, “l‘(.”y: Pz xn—xp) n (ﬂna,””,fi'f’pq, p)
0
— g% @n) L J Ve Py PD o (1412)
o=, (patp,) 7

Yro6ul yCTPaHHTb MNOJ/HOCH B 3HaMeHAaTeJe MONWHTErpaiLHOH
¢dhyHKunM, Mbl nehOPMUDYEM KOHTYD HHTErpHpPOBAHMsS B BEPXHIOI
NOAYMJAOCKOCTh, 3amedas, 4TO B BepXHeH NOJYMIOCKOCTH ecThb
TONLKO OfMH momoC ¢ynkuun ¢ (p’, P, p.), onpenensemont

(14.5), mosyuMM TIO TeOPeMe O BHYeTax:

- ”f e 1/‘
B (M) . (14.13)
(20)"2 P(py —iP) (pu 1+ iP),

P = (Me—pj+pD)"

1
b (Pnas Ppar Py» Pz Y)= a
rae
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3ametuM, 9T0 ¢ (P Ppae Py Po V)P APy @ppe dpy dp,dY
npeacrasiser co60#f NPOHOPMUPOBAHHYIO BEPOATHOCTH HAXOXKIE-
HUA BEJIMYUH P,y Ppoyy Pyr Pos ¥ B COOTBETCTBYIOMIMX HHTePBAJAXx.

BeposaTHOCTs TOro, YTO HMMYJAbC HEHTPOHA JEKWT B HMHTEP-
Bane dp, a seauuwHa Y — B uHTepBane dY, paBua

4o
P{p)dpdY =dpdY J l b (P Ppas l?y’ Pz Y)le dppy =
A (Me)'™

— ST P Y dY dp.  (14.14)

Ecnau pasgenuTb 3Ty BEAMYHHY HA YHCJIO NEHTPOHOB, Majgaio-

MMX HAa eJWHUUy TJIOmIAldH, T. €. Ha TO MBI TIONYYUM AHG-

L’
depeHUnanbHOE CeueHHe MPOLECcca, OTHECEHHOE K 3/JIeMEHTY LJIMHE
nepudepun saapa dY. Bsoas yrox o, onpenenatoiuit nomoxeHne
TOYKH Ha mepudepun sfap2, N 3amedas, uyrto dY = Rdo,
Pp==p, coso, p,==p, sino, Hahném, uurerpupys (14.14) mo
do, cnenyiotiee BHpakeHde I AudPepeHUHANEHOIO CeyeHus
NpPOLECCa, MPH KOTOPOM HMIY/bC HEHTPOHA JIEXKUT B HHTEPBAE dp:

BM)*Rap [ dy
8n® (Me—+p?%) ) (Me + pZ+p sin® ¢)'

G ===

. (14.15)

Haa noayyenus yrioBOro pacrpefe/ieHHss HEHTPOHOB HYKHO
3TO BbIPAXKEeHWE TIPOHHTErpUpOBaTh NO dp,. BrinonHHB HHTErpH-
pOBAHME, TOJY4HM:

__ RR, 1 o
rae
6
(=g =21, do,—2nldl
o Po b

Ecin mpounHTerpuposars 5TO BhipameHHe no dR,, TO Mul
™
NOJIY YHM 7RRg, T. €. BEJHUYMHY IIOJHOrO CeueHus.

®opmyna (14.16), OTHOCAMWAACH K CAYYAID «HEMPO3PAYHOrO»
anpa, otiamyaercs oT dopmyas (14.7) ana caydas «mpospau-
HOTO» fAApa MHOXHTENEeM B (HUTYpHHIX CKOOKax. BrluvciaeHns,
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npoBeagunnie o o6eum ¢opmynaMm, NPUBOLAT K OyeHb OJIH3KHM

pe3yabTaTaM, 4YTO YyXE OTMeYaJoCh

BHILLIE.

7,

‘

%

§ 8
==

L 1ERP05072 IHOE -

i

8 8
—
=]

DITHOCUMENHOE YUEAD KELMIONIE 8 EGUNULE ITENECHOED Y20

Puc. 9.

4q¢ \\
4q7 ): :
Fpospayrnoe A009 X
49z ' \
47 \\\x\
J
J 4% 48 iZ2 {5 &7 -

Y1066l HaliTH pacrpeneicHue HEHTDOHOB NO YHEPrUAM, HYXHO
npounrterpuposark (14.15) no p ;dp | u Bocnoab3oBathes (14.77).

B pesyapTare MnodAyunM:
1

sEg dE

ds = —‘L—ﬂRRg

[l

(14.17)

ITO pacnpeneseHue HeCKOJBKO OTJHYAaeTCs OT pacnpenene-
Hust (14.9), OTHOCSUIErOCS K «NPO3PAuYHOMY» APy [WIMPHHA pac-
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npeneaeHns (14 17) yxe, uem mwupuna (14.9); paa E, = 190 MeV
mapusa (14.17) cocrasaser 31 MeV].

Ha puc. 9 u 10 142 yzo6paxeHo pacupenenenne HeHTPOHOB 1O
yraaM ® SHeprusiM Aas OGOMX MpeNe/ibHBIX CIyYaes «IPO3pau-
HOTO» M «HEMpO3payHOro» saep, KOrAAa 3HEpPrus JeHTpOHOB
paBHa 190 MeV; M BHAMM, YTO KPHBBIE, OTHOCAIIMECH K OGOHM
CliydasMm, DAcroJOXeHH [OBOJBHO GIM3KO ApPyr oT Apyra (oco-
GeHHO 3TO OTHOCHTCH K KDHBBIM, XAPAaKTEPH3YIOUMIMM YI/IOBOE
pacnpenelneHue).
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Cnenyer, 0gHakOo, HOAYEDPKHYTh, 4TO pACCMOTPEHHHIE mpe-
AeNbHEIE CJyY4aH MOTYT CAYXHTh TJaBHBIM 06pa3oM aias Kade-
CTBEHHO# XApAKTEPHCTHKH $BJEHHS; TaK Kak o6a ciayuas NpH-
BOAAT K OJHM3KHM De3y/1bTaTaM, TO MOXHO M0Jarath, 4TO MOJAY-
YeHHble DPe3YAbTATH GJU3KH K HCTHHHHM.

1(Q 3ax. 1800. A. Axuesep.



TNHNABA II
CTATHCTHYECKHE CBOMCTBA TSIXKEJBLIX SILEP

§ 15. CocrasHoe sapo

B npenniayiueil raaBe MBI pacCMOTpesH cBoHcTBA AeHTpOHA—
npocTefiuedt agepHOl cHCTeMH, cCOCTOgle#t u3 nByX uacTui, Mmu
BHAEAH, YTO IJis ONHCAHHS MHOTHX NPOUECCOB, NPOUCXOIALIHX
B CuCTeMe HEHTDOH - npPOoTOH B 06/acCTH MaJdHX 3Heprufl, He
TpeOyeTcd LeTalbHOH TeOPHH sfAePHHIX CHA. ’

OxkasnBaercs, 4TO PAJ CBOACTB fANEePHHX Deaxiii, NMPOHCXO-
OAWAX € TAKEIWMH a0paMH [pH CDPABHHTEJIbHO HeGONLWHX
HEPruax, MOMHO ONHCATL TakKe Oe3 HeTaNBHOH TeOpHUH Adep-
HBIX CHJ. DTO CBA32aHO C BO3MOMXHOCTHIO NDHMEHEHHS NpH HU3Y-
YeHHH CBOHCTB TANEAHWX g1ep, cogepxalwuX OoJblIoe YHCAO
CHJIBHO B3aHMOAEHCTBYIOUMX 4YacTull, MeTOAOB CTaTUCTUYECKO#H
dH3UKH *).

HOas T0ro 4To6bl BHACHHTH .OCOGEHHOCTH MPOTEKAHHS slep-
HBHX peakKuWfl, B KOTOPHX YYaCTBYIOT TaXEIHle sgpa, CPaBHHUM
MeXAy Co60ii 4TOMHEIE H flepHKIE CTOJKHOBEHHS. ’

B ToM xopomo H3yueHHOM CJayuYde, KOrAa SHEPTHsl B3aHMO-
nedcTBua napamomed 4acTUubl  (CKaxeM, 3JeKTPDOHa) C OTHE/b-
HBIMH 2JICKTPOHAMH aTOMa MaJ/la 110 CPaBHEHUIO C 2Heprueit camoll
4aCTHIR, Nepefaya SHEPrHH OT YacCTHULI ATOMHOMY 3/eKTPOHY
npeacrasisetr co60# AOBOALHO peakoe saBaeHHe. Haubosee
BEPOATHHM OyaeT NPOXOMAEHHE HacTHL 4Yepe3 aToM Ge3 norepu
SHEpruH, WIH, HHaye roBops, YNpPyroe paccesHde 4acCTHIL.

*) PaccmMaTpuBAEMBIM  HHXKe BOIIPOCAM MNOCBAIIEHH  PaGoThHI
H. Bopa 43, 4], JI, Jlangay 481, §I. dpenxens 48], a rakme pam pa6or
Apyrux asTopos [47-49], Mu H3naraeM nganee OCHOBHBIE Pe3yAbTATH STHX
pab6or.
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C mazoff BeJMUNHON B3aMMOEHCTBUS CBA3aHA Majas BeJHYHHA
YCKOpeHHs manawoumeil yacTulle. IToaToMy Bpewmsi, B TeyeHne KOTO-
pPOro yacTuMna HAXOAMTCH B OGNACTH aTOMa, GydeT N0 NOPAAKY
BEMHYUHLl pPaBHO 4YAaCTHOMY OT JeJleHusd pagudyca aroMa Ha
CKOPOCTH 4acTuunl. Tak KaK H YCKODeHHE M 3TO BPeMs HEBEJHKH,
TO NpouHecChH HU3AYYeHHs TMPH ATOMHBEIX CTOJKHOBEHHAX B O6iieM
MajO BepOsTHHL.

Baarosaps HaMMuuio B aToMe TAWEAOro saPa MLl MOKeM
CUHTATh, YTO MPH ATOMHBIX CTOJKHOBEHHMAX MajaloIas YacTuua
ABHXETCST B~ HEKOTOPOM TMOJe aTtoMma, T. €. DPAaccMaTpUBaTh
CTOJKHOBeHHE KakK 3anady OAHOro Teja.

HMHble COOTHOILEHHS MMEIOT MeCTO IIPH SHEPHBIX CTOJNKHOBE-
HUSX, TPOHCXOAAIMX ¢ YuYaCTHeM 4YaCTHL, 3SHEPrHd KOTOPHIX
3HAYNUTEJILHO MEHbHIEe SHEPrHH CB43H ATOMHBIX 4dep.

Hanbonee cyuiecTBeHHbIM 4BJAAETCS TO OGCTOATENBCTBO, 4TO
B3auMozZeHcTBHe MeXI1y CTajJKHBAlOUleHca uacTulied M AApoM
OueHb BeJMKO. DHePrus 3TOro B3aMMOAEHCTBHA TOTO Ke NOpsAaKa
Be/MYHHEI, 4TO H 3HEPrHA B3auUMOAEHCTBHA MeXAy OTAEIbLHHIMH
yacTuuamu, ofpasyoumiumu sapo. Ilo 3TOoH npHuykuHe dAldepHOoe
CTOAKHOBEHHE, B OTJIHUHE OT 4ATOMHOIO CTOAKHOBEHN, sBJSETCH
CylleCiBeHHO 3amayefi MHOTNHX Tea (3TO yTBepkKAeHHe HE OT=
HOCHUTCA K CAYYaK OYeHb OBICTPBHIX NAaZ2IOWIMX YAaCTHL, SHEpPrud
KOTOPHIX TMPeBOCXOAUT SHEPrui0 YOePHOr0 B3aUMOLEHACTBHS).

CunbHoe B3aUMOAEHCTBHE MeXIYy CTadKHBaOlleHdcs vacTHueh
H AADOM MPHBOAKWT K TOMYy, YTO OHeHb CKOPO NOCJe CONPHKOC-
HOBeHHsl C SIAPOM MAaNamIasg 4acTHUA TepsAeT 3HAUHTENLHYIO YacTh
CBOefl 3HeprHH, KOTOpas nepena&Tcs APYrHM yacTHIAM, COCTa-
BJAAIOIIUM MCXOAHOE sIAPO.

3DT10 pacnpeleseHHe 3HEpPTHM, COCPenOTOYEHHOH BHavajxe Ha
Hagamoue 4acTuie, MeXAy BCeMM HMMEIOWIMMHCH YacTHUAMU d1pa
1aKOBO, 4TO HH OaHA M3 HHX, Booluwe rosops, He Oyaer obnaa-
JaTh NOCTAaTOYHOH 3Hepruefl, YTOOH NpeonO/ieTb fAAepHbIe CHJIH
NMPUTSAXEHUA M CPa3y NOKHHYTh OOPa3OBaBUIYIOCA CHCTEMY —
HCXOAHOE A4PO — naaamouias 4acruna. ToJALKO 10 NpPOIIECTBHH
IIUTeILHOTO BPeMeHH, Koraa Gaaroaaps /)y KTyauu Kakas-an6o
yacTuua NpHOOpeTaeT MOCTAaTOYHYI 3HEPruio, 4ytobH TNpeononeTsh
CHAB NpUTSIKeHHd, AeHcTBylomHe Ha He& CO CTOPOHH OCTalkb-
HBIX YaCTHL, OHA CMOXET NOKHHYThH AA4pO.

Mu npuxonzuM, cnenosarenbHu, K BeCbMa BaXHOMY BHIBOAY:
CTANKUBAIOMIYIOCH YACTHIly M SAPO MOMXKHO pacCMaTpuBaTh Kak

10*
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eNMHYI0 KBAaHTOBOMEXAHHYECKYIO CHCTEMY, KOTOpDas CyliecTBYeT,
He pacmanasck, B TeYeHHE JJIMTE/NBLHOTO BPEMEHH, €eC/iH M3MepPATh
MoCllefHee B XapaKTepHOH saepHOM IUKane. DTO 3HAYUT, UYTO
BpeMs KU3HH CHCTeMbl 3Ha4yuTeJbHO 00/blIe TOFO BpEMEHH,
B TeyeHHE KOTOPOTro CTaJKHBAOWIANACA C FAPOM YacTHHa MOXeT
NpOHUTH pacCTodHHME NOPAAKA Pas3MepoB ANpa, He 3aJePKHBAICH
B mnocaenHeM. Ecad CcYHTATE CKOPOCTH YaCTHOH MNOPSAKa
4.10° cu/cex. n pasMepu sxpa nopaska 10-13 cx, TO «xXapak-
TepHOe sfiepHOe BpeMsi» OyaeT nopsika 10-22 cek.

B TeyeHue BpeMeHH CYLIECTBOBAHUSA PACCMATPUBAEMOH CHCTEMEI
CBOHCTBA €& He OT/MYAIOTCSL OT CBOHCTB OOGHLIUHEIX fAAEp, HAXO-
OALIHXCS B CHABHO BO3OYWIEHHHX COCTOSIHHAX. T103TOMY npHHATO
Ha3HBaTh CHCTeMy SAAPO -} Majalonias YacTHUA COCTABHHM HJH
APOMEXKYTOYHHM ALPOM.

Cienyer nom4epxHyTb, YTO COCTaBHOE AADPO HAXOAMUTCA B CO-
CTOSHHH C TOJIOMMTEAbHON 3HEprHed; HHBHIMHM CJAOBAMH, SHEprHs
9TOM CHCTEMH MPEBOCXOAUT 3HEPru0, Heo6XOAUMYIO A OTPHBA
OT COCTaBJIEHHOrO fAiApa, NMQ KpaliHell Mepe HEKOTOPHX M3 YaCTHIL,
BXOSIIUX B €rO0 COCTaB.

Bhiue Mb FOBODHJIH, YTO TOJBKO MO I1pPOLIECTBUM IJIHTENb-
HOTO BpeMEHH 3Heprus BO30YXAeHHA COCTABHOIMO fAPa MOXeT
CAy4Ya#HO COCDeJOTOYHTHCH HAa KakOH-inb60 uyacTHue, KOTopas
CMOXET NGITOMY MOKHHYTH COCTaBHOe fapo. IIpW 3TOM COoBCeM
He 0053aTeNbHO, UYTOGH BHIIETEBIUAash M3 COCTABHOTO AAPA YACTULA
6H/12 TOrO ke COPTA, YTO M INEePBOHAYAJIBHAS YACTHUA, MPHBE-
mas k o6pasoBaHuio sTOoro fapa. Hanporme, Boo6uie rosops,
MaJI0 BepoOATHO, YTOOH NpPHUpoAa 0feux. yacTHH GblIAa OJKHAKO-
BOH, TaK KaK HMeeTCs MHOrO BO3MOXHOCTeH pacmama cocTas-
HOoro saapa. Emé& MeHee BepOdTHO, 4TOGH NPH ONWHAKOBOH NpH-
pole HajeTalome! W BBIIETAONIEH YACTHI BHYTPEHHee COCTOSIHME
SAPA He MEHSVIOCh; GoJiee BePOSATHO, YTO OCTaBileecs NOCAe BhIETA
YaCTHUH fApO OyleT HAXOAMTBCA B BO36YXKAEHHOM COCTOSIHHM.

Ecau BhlAeTaloniass 4acTHUA TOrO Ke COPTA, 4TO M Majaio-
g, M BHYTPEHHHE COCTOSHHA HauaJbHOrO A4pa M AApa, OCTA0-
werocs MoC/ae pacnajad CoOCTaBHOro fApa, COBONAJAIOT, TO MK
HMeeM HeJQ ¢ YINPYFHM paccesHHeM uacTHl. MOXHO CcKasaThb,
YTO YyIpyroe paccesHue NPEACTaBIsSeT COGOH CPaBHUTENLHO pef-
KOe COOBITHE MPH SAEPHHX CTOJKHOBEHMAX, TaK KAaK pacnaj
COCTaBHOrO f1lpa MOXET MPOUCXOAUTH, BOOOUle rOBOPS, pasaAHY-
HEIMH CMOCO6aMH, NpPH KOTOPHX BHJIETAIOWAd YacTHHA OT/AH-
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YaeTCd Nno CBOeH nmpupode oT Nanawilell yacTHUB, a OCTaloLIeecHd
(ocTaTovHOR) AXPO HAXOLHTCA B BO3GYWIEHHOM COcTogHuH. Cie-
oyeT, ORHAKO, OTMeTHTh, YTO B HEKOTODHX CJydasx ynpyroe
paccesHne GyneT HauGoJsiee BepOATHHM (cM. § 27).

Ecnu napamoumag u Brieraomas YaCTHUR OXHOH MNPHPOIH,
HO HCXOZHOe U Of6pasylouieecs saapa o6gafaloT PasnH4YHONR 3HEp-
riue#, TO TOBOPIT O HeYNPYTOM pacCesHHH 4YacTHll. ECau 4acTHLH
OT/IMYAIOTCA TIO CBOeH TNpHpoAe, TO TOBOPAT O SILEPHOM TMpe-
Bpamenud. IIpH afepHBIX CTONKHOREHHAX 06a THMA MPOLECCOR
WUrPAIOT CYWECTBEHHYIO DOJb.

[Tpoueccst uanyyenns B psaje cAydaeB HTPaIOT CYINeCTBEHHYIO
poJiL TpH ALEPHEX CTONKHOBeHHSX, ITO CBA3aHO C TeM, 4YTO
IJIF BHIJIETA Y-KBaHTa TpeGyeTca MeHblUas KOHUEHTPAaUHus SHEPrHH,
yeM X718 BhJIETa APYTHX 4YacTHIl; Y-KBAHT MOXeT YHeCTH ¢ CO6O#
MeHblUe 3Hepruy, ¥eM BHIMETramollas H3 sapa Yacruua. [lostomy
IPY MaNbX 3HEPTUAX BO3OYKIEHH BpeMs XHU3HH COCTaBHOTO flpa
ofnpenelseTcs rIAAaBHLIM O0pa3oM B3auMOLeRCTBMEM SEEDHHEX
YAaCTHIL € Y3JAyueHHEM, XOTR 3TO B33aHMOAelCTBHE H HEBEAHKO
(B CHAY MalOCTH MOCTOAHHOR TOHKOH CTPYKTYpH e?/fic u MaloCTu
OTHOIUEHHA U/¢, T'le ¥ —— CKOPOCTh ANEPHHX YACTHL, a ¢ — CKO-
pocTs cBeta). OTclola ClelyeT, YTO BpeMsl JKHU3HH COCTaBHOIO
aapa ¢ HeGonbuio# sHepriefi BO3OyxkIeHus (KOTOpas ML He-
MHOTO MPEBHINAET SHePruio CBI3H HeHTPOHA WM NPOTOHA B AApE)
OuYeHb BEJHKC MO CPABHEHHWIO C XapPaKTePDHHIM SAEPHHEIM BDEMEHEM.
Hanpumep, Bpemsa :KH3HH BO3GY)IEHHHX agep Crd3, usnyvaounx
Y-KBaHTH C 3Hepruefi ~ 1MeV, cocraBiaser oxoao 0,65
X 10-18 ¢ex., uto npumepHo B 107 — 108 pa3s mpesocxoAuT
XapakTepHOe flepHOe BpeMs.

YcuneHuio poJu NponeccOB H3NY4YeHHS NPH AAEPHHX CTONKHO-
BeHMAX 1O CPaBHEHHIO C ATOMHHIMH CTOJKHOBEHHSIMH CONEHCTBYyeT
TaKKe «3aMyTHBAaHHE» 4YacTUUH B sApe, 6aarogaps uemy Bpewma,
KOTOpOe NPOBOAMT NMAaAAoIas YaCTHUA B 1Ape, OKa3kIBaeTc OTHOCH-
TeJbHO GOJBILHM 10 CDABHEHHIO C XaPaKTePHLIM A€ DHEIM BDEMEHEM.

Utak, sgepHbie CTOJKHOBEHHA XaPAKTePH3YIOTCH CPABHUTENBHO
MajdLM YHPYTHUM paccedHueM; CYIIECTBEHHYIO POJb HIrpalT npo-
HeCCHl SIIePHHX NpeBpallieHHA M Heynpyroro paccedHus, a Takxe
IpotiecCH H3JydeHHd.

UsnoxmeHHble BHINE OCOJ0EHHOCTH SAOEPHHX CTOJAKHOBeHHMH
6mnu  BNEpBHIE pasbAcHeHs! Dopowm [48. 441 xoTopm# mnokasas,
YTO B AZEPHOM CTONKHOBEHHH CJeXYeT pPasindaTh 1ABE CTaluH:
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06pa3oBaHue KBAa3WUCTALMOHAPHOTO, KOJrO KUBYIIErO COCTaBHOTO
fapa M pacnajg nocheaHero. MHpiMu clOBaMu, fNE€PHO€ CTOJKHO-
BeHHe MpPOMCXOAMT COT/IACHO CXeMe:

Ha4YaJbHOE fAOPO —}- majamolias YacTHUa — COCTaB-
HOe AApO — OCTATOYHOEe $ApO -} BhIJIETAIOUIass YaCTHIA.

[Mockonbky B3auMONEHCTBHE MEXKILY YaCTHUAMH B COCTABHOM
fIApe upe3BLIUAfHO BeNHKO, BTOpas Cragus (pacnax COCTaBHOrO
fnpa) AO/MKHA PacCMaTPUBATHCH KaK OTHe/JbHOe COBLITHE, HE 3a-
BHCALlee OT MepBoll CTaauu — OGpPa30BAHUA COCTABHOTO fIpa,
T. &, «3aUyTHBaHH’» TMafalmed YacTHIH B SLEPHOM BeUIeCTBe.
Koxeunnift pesyabTaT siAepPHOTO CTONKHOBEHHS OTIPDEIEIETCH COPeB-
HOBaHMEM MeXIy PAa3TH4YHEMM BO3MOXHEIMH NpouUEcCcaMH paciaja
COCTABHOTO f1pa, COBMECTHMHMH C OOIMUMU 3aKOHAMH COXPaHEeHHd,

Iaa Toro uto6w TMOHATHE COCTABHOrO fAApa KaK KBa3ucTa-
LHOHAPHOR CUCTEMH MMEJ]O CMHCHA, HeOBXOAUMO, OYeBHIHO, Npel-
nmojaaraTbh HOCTATO4YHO OOabliuM oOllee 4YMCAO HacTHL, MEXKIY
KOTODHMHU paCrpeneiseTcss SHeprus, BHauyale CBA3aHHas C NMaXa0s
uleit wactuuen.

Yro KacaeTCs SHepruH naaamomefl uyacTHIH, TO OHAa He HO/MXHa
6HTb CAHIIKOM OonablIOH, Tax Kak B o6aacTu OOABIINX SHepryuit
AP0 CTAHOBUTCA <STPO3PAYHBIM» ANA yacTHi. IIOHSTHEM cOCTaB-
HOTO fIpa MOXHO NOJb30BaThCA, eCAW NAHHAZ CBOGOIHOTO TpoO-
6Gera fiajaonieft YaCTHUE B SNEPHOM BemeCTBe Masna JI0 cpaBHe-
HEIO C pasMepaMu fupa.

OcTaHOBUMCS Ha 3TOM BOTPOCE HECKOABKO Troapobuee, Ecaum
sHeprus napmamomed wyacTull (HeHTpPOHAZ HWAM TPOTOHAa) HAOCTa-
TOYHO BeJMK2, TO BpeMs COYAAapeHHs TAaKOH uacTHUH C YacTH-
namMu, oO0pasyrmuMu 41po, OyneT MalnM [0 CPaBHEHHIO €Q
BpEMeHEM COYNAPEHH MeX Iy OTASAbHHMH ANEDHHMH YaCTHLAMH.
[ToaToMy B mepBOM TPUOAMIKEHUH sIHEPHHE YaCTHIL MOXHO pac-
CMaTpUBaThE KaX cBOGOAHHE, B § 8 6mN0 MOKa3aHO, YTO ceyeHHe
paccesHus GHCTPHX HyKAOHOB HYK/JIOHaMH 00PaTHO ITPOTIOPUUOHA/E-
HO ux 3Hepruu. OTcloma caegyer, YTO CPenHfAs DJIMHA CROGOIHOTrO
npobera / 6EICTPOTO HYKIOHA B IAEDHOM BeLleCTBE MPONOPHHOHAMLHA
ero sHeprud. Bemwuuua / mMoxeT OmITH ouenena mo gopmyne

[ A R
3 A ¢’

rae R—panuyc aApa, A — MaccOBOe UMC/IO H G — CeueHHe pac-
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CefHuA HYKJIOHA Ha HYKJIOHE, DaBHOE B O6JACTH COJLIIHX 3Hep-
E
ruft o2 <':0752 (op— cedenne npu suepruu E,). das E, = 20 MeV

Go~2-10-2% cu 122; pomaran A=240 m R~~10-12 cux,
HaHmEM, uro HN/AMHA CBOGONHOrC TNpOGera HYKAOHA C 3Heprue
B 100 MeV 6yner (60

4z 10-36 3
3 om 70-m 41077 e
Mpn £ ~ 200 MeV unuHa cBo6GoaHoro mpofera CTaHOBHUTCS
cpaBHMMOR ¢ panuycoM TaXEMHX agep, npu E ~ 50 MeV —
C pamuycoM AErKux sIEp.

B 3THX ycnoBHAX COCTaBHOe AApO MOXKeT He 06pa3oBHBAThCH.
Ecau, nanpumep, vacTHla ¢ dHeprue#t B 100 MeV nonamaer Ha
TAKENOE ANpo BOAN3M €r'o Kpad, TO, MCMEITAB OXHO CTOAKHOSE-
Hue M MOTepAB HEKOTOPYI0 uacTh CBOeft 3HepruH, OHA MONKET
BHHTH U3 sxpa, He 0OGpa3oBaB COCTABHOITO SIpPa H HW3MEHUB,
BO3MOXHO, NUllIb CBOIO MPUPORY (T. €. HeHTPOH MOXeT npeBpa-
TUTBCS B TMPOTOH H INPoTOH — B HeHTpoH). Ecau ke uyacTuua
NpoXOANT BOAM3N UEHTPa aAOpa, T. €. NPOXOZUT 3HAUHTEIBHOE
paccTosiHMe B fApe, TO OHA MOXET HCIHITATH MHOTO CTONKHOBE-
HUft ¥ MOTepaTh GOJBINYIO YacTh CBOelt sHeprud. B peaynbraTe
OHa MOXeT 3acTpAThb B fAgpe, 06pasOBaB COCTaBHOE ALpO.

Vimnyasc, TepAeMuft npn OXHOM CTONKHOBEHHM GHICTpO#t

mapawmomel yacruuei, paBeH rno NMOPANKY BeJTHYHHBI =, Toe ro—
1]
paguyc neHCTBHA #ANEPHHX cul. JHeprusa, nepenaBaeMas TIpH

OMHOM CTOJNKHOBEHHWH, MO NOPAAKY BEIHUHHE PaBHA Af:z ~ 20 MeV
0
(M —mMacca HyKnOHA) M He B3aBHCUT OT DSHEPrdM mnagawoonieh
yacTuUH. Ecru naparomas 6uCTPas YacTHLA CTATKUBAETCH C f1ep-
HOHM uacTHueii BOAM3M TTOBEPXHOCTH fAApA, TO NOCAEAHAT MOKET
BHIJIETETh W3 Aapa ¢ SHepruet mopaaka 20 MeV 6es nanbHelt-
IIMX CTONKHOBeHH#. B apyrux cayuasx (mpu CTOJNKHOBEHWM He
y NOBEpPXHOCTH Aznpa) OYLYT MPOHUCXOANTH CTOJKHOBEHHHA sNepHOH
YaCTHIK C APYTHMH 4aCTHUAMM, OGpa3yioulHMH SIAPO, B pe3yib-
TaTe Yero B3Heprusd, npuobper€HHAasd uyacCTHLEH, pacnpeReauTcs
MeXIy BCeMH uacTHUAMK axpa. Mel noayuuM BO36yxAEHHOE
AXPO, KOTOpOe Ianee CMOXET pacnacThefl, Kaxk OOGKYHOe. COCTaB-
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Hoe siapo. Ilpn sTOM, OXHaKO, YMCIO DAa3/IMYHEX BO3MOXKHOCTEH
pacrraia COCTABHOrO fimpa, Gaaromaps OYeHb GOJBLIOH 3HEpruu
BO36yXIeHHs, 3HAYUTEAbHO OOnblle, YUeM Yy COCTABHOrO fAapa
¢ Manoft sHeprueit BO36ymmeHus (mopazka 10 MeV); B uwacr-
HOCTH, BO3MOXEH BHUJIET GOJABUIOTO YHMCI3d CaMBIX DPa3sHOOOPAasHHX
4acTull.

DddexTHBHOE CedYeHHe KaKOH-IMO0 #ANepHOR peakuuH, Ha-
IpHMep BRUIETa 3aXdHHOTO YMCJa HEHTPOHOB, mOCTHraeT B 06/1aCTH
He OYeHb BHICOKHX 3Hepruit, Korma emé ofpasyeTcd COCTaBHOE
IPO, MAKCHMYMa TIPH OTIpene’&HHON 3Heprud Bo3GYxieHus AAPa,
T. e. OMpeNen&HHOH 3Hepruu manamonied gacTHuwl. ITa 3Heprus
aBiasieTcl HauGosee OGaaronpHATHOH (B CMEICAEe TeMmepaTyphsl
agpa) A48 BHAETa (KACTapeHHA») 3aJaHHOrO 4YHCAA YaCTHIL
C pocroM asHeprHu BO30yxIeHHd, T. €. B3Hepruu magawomed
YaCTHIH, 3TO CeueHHe TajfaeT, TaK Kak NpH Goaslled 3HeprHH
Sonee BEPOATHBHI DeakUMH C BuHJeTOM O60/iblIero 4Yuciaa 4acTHL;
TIPH 3TOM, OLHAKO, MOJHOE CeueHWe IJIi BCeX NpoueccoB (A
He OueHb GOMBUINX SHEpruf) OCTAETCA TTOCTOAHHBLIM M PABHEIM TR®
(cM. § 20). )

B o6aactd o4eHb GONBINKUX SHEPruH, KOraa HauMHAET CKa3H-
BATbCA MPO3PayHOCTh sApa U IOHATHE COCTABHOTO fApa TepAeT
CMBICA, 33BHCHMOCTE CEUEHMS ONpene/NEHHOH peakuuM OT 3HEPrumu
najalomei 4acTHUR CTaHOBHTCA HHOH#. BHXOa peaxuun ornpe-
AeeTC BEpPOATHOCTBK TOFO, UYTO OHICTpas mnanamoumas yactuua
cOo37aCT BO3OyXIeHHe AXpa, HaHGodee O6IarOUPUATHOE AAA TPO-
TeKaHHs NAHHOH DeaKuuH. IT4 BePOATHOCTH ONpefenseTCs Temeph
TOABKO AAMHON cBoGomHOrO mnpoGera, KOTOpas MeNdeHHO U
MOHOTOHHO PACcTET C 3Heprueft naparomeit dvacTHH (npuGAH3U~
TeNbHO TPONOPLUUOHAALHO sSHepruu). I[losToMy ceuenue KaKOH-
AUBO OTpeRendHHOH dmepHOH peakuud B 06JAACTH OGOABLINMX
3Hepruil, B oTaAuuyMe OT OGIaCTH MAJHIX 2Hepru#t, MemjaeHHo
MeHsIeTCA C SHepruell magarouUied 4acTULH,

Hmwxe Mu 6yzeM paccMaTpuBaTh CJAyual JLOCTATOYHO MAajhX
sHepruit manawoiueil yacTHusl (MeHbIIHX ~ 50 MeV nas aérkux
1~ 200 MeV nmiaa TaxEIwX a4ep), KOraa 3aKOHHO TMOAbL30BAThLCA
TOHATHEM COCTABHOrO 41pa.

[Tono6uo OOHUYHEIM CTAOWABLHEIM 40paM, COCTaBHOe sIpO
XapaKTePH3YETCA CIIeKTPOM CBOUX SHepreTHYeCKUX YypomHei#t. Tak
KaK COCTABHOe SIpPO TMpencraBaseT coGoH TOABKO KBa3HCTa-
UMOHAPHYI0, a He CTAGHJBLHYIO CHCTEMY, TO STH ypOBHM o6na-
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AAT HeKOoTOpo# mupunoi. lllupuna ypomusm | cBfizaHa co
BpeMeHeM XH3HM YPOBHAl T M3BECTHHM COOTHOLUCHHEM

THE W — OTHECEHHAd K egWHULIE BPEMEHH BEPOATHOCTh Nepexond
CHUCTEMBI H3 COCTOHHA, COOTBETCTBYIOIIErO PACCMATPHBIEMOMY
YPOBHIO, BO BCce IpPyrue COCTORHHA.
Ecau pacman COCTABHOrO fApa MOMXET NPOUCXOAUTbL Pa3auy-
HHIMHM criocofamMu, TO @ == 2 w;, TAe W; — BePOATHOCThL pacmana
4

i~-ro pona. COOTBETCTBEHHO 3TOMY UWOJIHAs WIHPHUHA YPOBHA ¥
PaBHa CyMMeé ero YacTHUHHX IMHUPHH

Y=1'2"(11’

Une 7y; — YaCTHYHAs ILIHPHHA YPOBHs, OTBEHAlOL{as pacnamy i-ro
pOA3, paBHas NPOMIBENEHUIO wW,; HA A

Moxuo, HanpuMep, roBOPHTH O HeHTPOHHOR IUHpHHE T,,.
PaIHALHOHHOR wHMpUHE ¥,, LIMPHHAX ¥, Yp TO OTHOWIEHUIO
K BBHIIETY ®-UaCTHIIK M MPOTOHA W T. H., NOHHMAadA TOL 3THMH
BEAUYUHAMH BEpPOATHOCTHM BHJIETA M3 COCTABHOTO fAApa HeHTpPOHa,
Y-KBaHTa, ®-YaCTHIH, NMPOTOHa W T. O., U3MEPEeHHEIE B 3Hepre-
THYECKOH UIKaJe.

Tax Kax BpeMs *KH3HH COCT2BHOTO SApPA BEJHKO, €CHH W3-
MEPATbL €ro B XapaKTepHHX SAAEPHHX eAWHHllaX, TO UIHPHHH
YDOBHE# COCTaBHOI'O fApa OKA3HBAIOTCA MAJABMH IO CPaBHEHHIO
C AlepHEIMU 3Hepruamu cssasu, OTCOZAa, OOHAKO, HE ClelyeT,
4TO WUPHHH YPOBHel MajaH MO CPABHEEHIO C PACCTOSIHHEM MEXAY
COCeIHMMHM YPOBHAMM. B03MOXHH [Ba CAyuasi: KOrAa UIWPHHH
YPOBHERt Ma/nl MO CPAaBHEHHIO C PaCCTOAHUAMH MEXIY COCeXHHMM
YPOBHSMH H KOrJa WIMPHHH TOTO e NOPANKa, YTO M DPACCTOAHHA
MEXAY YPOBHAMH MAH Jake Goapliie MX.

[lepBuit cayuait uMeer MecTo B 064aCTH MANHX, a BTOPOR —
B 06JacTH GOJbWIMX 3Hepruit Bo3OYXAEHHA COCTABHHIX sXep.
Ecau cocraenoe anpo o6pasyerca B pe3ysbTaTe CJAUIHHS UCXOJI-
HOTO sAxpa ¢ MedJaeHHON uwacTHuef (Hanpumep, C MeIJEHHHIM
HEATPOHOM) TO COCTOAHHME S3TOrO COCTaBHOrO #APA XapaKTepH-
3yeTcs HeGONBMOH IWHPHHOR; HanpoTus, NPK OGAY4YEHHH sAep
GHICTPBIMH  4YACTHIAMM OGDPA3ylOTCA COCTaBHHE $Apd, YDPOBHH
KOTOPHX OOHYHO MepeKpLBalOTCH.
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Toapko B MepPBOM Ciayuae MOXHO TOBOPHTE 00 OTAE/IBHHX
OHCKPETHHX YPOBHAX; BO BTODOM CJIyuae MH HMeeM JAeJo MO
CYINeCTBY C HenpephBHEIM CrekTpoM. OueHs BaxKHOH ocofeH-
HOCTBIO NMEPBOro Cayyasd ABJAfSETCH pe3KO BHpPaXeHHas 3aBHCHU-
MOCTb BEpOSTHOCTH WAM 3¢dexTHBHOro ceueHns o6pas3oBaHus
COCTaBHOTO AAPAa OT 3HEPTHH majgawowmed yacTHUH. IDTa 3aBHUCH-
MOCTb HMEET PEe30HAHBCHHIl XapakTep: NpHW HEKOTOPHX 3HAYEHHAX
SHEPrUH Manamouleit 4acTHLLI BEPOATHOCTb OODa30BAHUA COCTAB-
HOrO a1pa, a ClenOBaTeNbHO, W CeYyeHHe IAs KaKoro-au6o mnpo-
llecca ANEPHOTO PACINENJIEHWS CTaHOBATCA OCOOEHHO OGOJLLIMMH.
PesoHaHCHHE fBJEHHA TaKOro sHna HaOJIOAAlOTCS, HanpuMep,
NpU B3aUMONEeHCTBHM MEeINJEHHHX HeHTPOHOB C SAApPaMH. ’

Bo sTopom cayuae (mepekphiBalomiuecs YDOBHH) He cyuie-
CTBYeT De3KO BHPAXEHHOH 3aBHCHMOCTH CeYeHHd pacliereHus
OT 3Heprud. Beanuumna cevyeHus B 9TOM cayuyae o6ycaosneHa
zefictsueM GoJbioro Koamyecrsa yposueit. Ha6aonaemoe ceue-
-HHE MpencTaBafeT co60# pe3yabTaT yCpeAHEHUsS CeYeHHA, CBA3AH-
HOTO C KaXAHM yPOBHeM, Mo 60ablIOMYy uHCTy ypoBHe#t. Bos-
MOXHOCTh TaKOrC ycCpeZHeBHs CHABHO YNPOIIaeT pacCMOTpeHHe
CAyyas NepeKpHIBAIOWIHXCA YpoBHed. B 5To#A rnaBe Mum Oyaem
NPEeAMYIECTBEHHO 3aHHMaThCA M3YYeHHeM HMEHHO 3TOro CJayuyas.

§ 16. TepmoauHaMuka TAKENBIX AxeP

B npenmaymem naparpade 6BIO NOKA3aHO, YTO CyLIeCTBEH-
HOH 4epTOH ANEPHHX CTONKHOBeHu#l ABJAseTCd O6pa3OBaHHE KBa3H-
CTallHOHaPHOTO COCTABHOTO Aapa. PaccMOTpum Teneph, KaKOBH
0CO6eHHOCTH pacnpene/ieHus SHePruu BO30YK/AeHUs MWLy YacTH-
yamy, o6pasyiouUlsMH COCTaBHOe SApPO.

Mu roBopusau ye, 4TO flepPHHE YACTHIE OYeHb CHUJABHO
B3auMomeHcTBYIOT aApyr ¢ apyrom. [lo 3srot npuunHe BecbMa
Maj0 BepOATHO, uYTOOH 3HeprHs BO30yxaeHHs Owlla cocpeno-
TOYeHa Ha OAHOH 4yacTuue. TecHas CBA3b MEXKNY YacTHUAMU He
No3BOJsAET pacCMaTPHBAaTh ABHKeHHE ONHOM YaCTHUH KaK JBHNE-
HUe, MPOHUCXojdliee B HEKOTODOM KOHCEDBATHBHOM fOje, CO31a-
paeMOM npyrumd 4actuuamu. COCTOSHHA flpa HeAb3d Kaaccupn-
HUPOBATh 110 YHCAY BO3GY K NEHHBIX yacTHL. Ecnu 6u BO36ywaenne
AApa CcBONHNOCH K BO30YXKAEHMIO OXHOH uwacTHUE, TO CHCTEMA
ANepHLX ypoBHel 6biia 6Bl MOZOOHA CHCTEMe AaTOMHHX YDPOB-
Heff, KOTopasg XapakTepH3yeTCd HeJOJBIUMM UYHCAOM Jalleko
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OTCTOAWIMX JApYyT OT Apyra ypoBHeik. B sdanpe umeer wmecTo
KBAHTOBAaHHOE KO/JeKTHBHOE IBH)KEHWE BCeX uacTHIl. EciIH uucho
YacTHH, BXOAAWIMX B COCTaB fApa AOCTATOYHO BEJHKO, TO
aHeprud BO36yXIeHrus TaKOro fmpa MoOXeT OblTh pacmpenesieHa
MeXAY YaCTHIHAMH GOJbIuUM YHCAOM cnoco6oB. COOTBETCTBEHHO
60bUIOMY YMCJYy COCOGOB pacnpeleneHHd 3UEPruu  Mewny
YacTAUAMH MH HMeeM GOJbUIOE YHUCAO SHEPreTHYECKHX YPOBHEH,
paccTosHMA MeXAy KOTODHMH TeM MeHbuie, yeM OoJjbllle 3Hep-
rusi BO3OywAeHH dnpa.

Hns TaXENHX fAngep, HAXONAUIUXCH B CHABHO BO3GYXKABHHBIX
COCTOsIHHAX, DacrnpeleseHue 3IHepreTHUeCKHX YDPOBHel sABAAeTCHA
NpaKkTH4YeCKH HenpepoBHBIM. Crepyer, ONHAKO, MOLYEPKHYTH, YTO
Jaxe B 3TOM Clydae BpEMs JKM3HH COCTaBHOTO $Apa B COTHH
THICSAY Pa3 MPeBOCXOONUT XapaKTepHOe soepHOe BpeMd, pasHOe 1o
MOpAAKY BenHUHHH 10-22 cex.

Mm 6yneM npeanogaraTh, 4TO 3HEprus 8036y}KJIeHHﬂ anpa
3HAYHTE/NBHO MEHblE SHepruy, HeOOGXOAMMOR &I pa3geseHHs
BCEX ero 4Yactill *). B 9THX yClTOBHAX MOXHO NMPOBOAUTHL 3HAIO=-
THIO MeX1y TAKENNM fIPOM U OOGHYHEIM MaKpPOCKOMHYECKHM Te-
jgom. Tenmosoe pBHKeHHWE& B MaKPOCKOMHYECKHX TeNax MMeeT
MHOTO O6llero ¢ ABHXKeHHeM YacTHIl B BO3OYXKIEHHOM sdpe. [Ipu
3TOM CJCIyeT, OYeRWIHO, CPAaBHMBAThL BHYTPDEHHee COCTOSIHHE Alpa
C COCTOSIHHEM MaT2pu¥ INpU OYEHb HUBKHX TeMIepaTypax, Tax
KaK Npeanoiaraercd, 4TO sHeprus s030y:KAeHHUA AApa 3HAYUTENBHO
MeHbllIEé ero SHepPruu CBA3MU.

Onnaxo, XOTA OGBIYHLIE TeN1a NPH OYeHb HU3KHX TeMmIepary-
pax HaXOLSTCA B KPUCTaNJHYECKOM COCTOSHHH, SASPHOMY Be-
LLECTBY He/Nb3sl MPHIIHCHIBaTh KPUCTANINYECKYIO, T. €. HEKOTOPYIO
ynopsgoyeHHuyio cTpykTypy [44. B camoM nene, paccMOTpPHM OT-
KAOHEHHUA 4ATOMOB OT HX MOJ0KeHUul paBHOBeCHA, BBI3BAaHHBIE T3AK
Ha3LIRAEMBIMH HY/e BRIMH Kone6aﬂuﬂmu Amnautyna 3THX xojeba-

1o

e > rne M—macca aToma,

@ — yacToTa Koaebanuil. B TeEpORX Tenax BeNHYHHA 3TOrO OT-
KJAOHEHHH 3HAYHWTENbHO MeHbIlé pPACCTOAHUA MEXIY COCeIHHMHU
atToMaMu. Ina anep MOXKHO MOJAB30BaThCA 3TOH ke dopmynofl,

HHH paBHA 6O MOPAAKY BEJHUHHBL (

*) 3t0 ycaoBHEe HE BLINIOJHAETCH TOABKO B Caydae JErkux siep,
06Jy4aeMblX 4acTULUAMH, HOAYUYAEMEIMH Ha CaMBIX MOU{HBIX YCKOPHTEAAX
(c sHeprusmu > 108eV), a Takxe B cayyae sJepHHIX pPacIIeNAeHHi,
BHI3BBAEMHX KOCMHUYECKHMH Jyu4aMu.
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noHuMas mox M Maccy anepHo#t yacTuurl. B 3TOM cayuae yacroTa
3HAYHTEeNABRHO 6OJblUe, YeM YacTOTa KoJsiebaHull aTOMa B KPUCTaAne,
OXHAKO MJIOTHOCTb SIIEPHOTO BelllecTBAa CTOMb BEJHKE, YTO pac-
CTOSIHHA MEeNy SIIePHBIMH YacTHIUAMH OKA3LIBAIOTCH NO MOPAIKY
BeTHYHHH DAaBHbLIMH aMILTUTYne HYJNeBHX KoJjebaHu#t. B cuay aroro
ANEPHOE BeHIECTBO HE CTAHOBHTCS KPHCTAMIHUECKHM.

MH MoOxXeM cpaBHHBATb BHYTDEHHee COCTOAHME fApa CKOpee
C JXKMAKHM, 4eM C TBEPALM cocTosiHueM. Huesa B BHOY 3Ty aua-
JIOTHIO, PacCMOTDHM, TJIABHHIM 06pa3OM C HIAIOCTPaTHBHONA LENbIO,
06p&MHEIE U TIOBEPXHOCTHHBIE KOMEOAHUS MaKPOCKOMHYECKHX Ted,
KOTODbIE TMPOHCXONAT MOA HeHCTBUEM YIPYIHX CHA U CHJA MO-
BEDXHOCTHOTO HaTsXeHHd,

Yacrora 06bEMHEX KoneGaHuH paBHAa oy ==sk, rae § — CKO-
pOCTh pacupocTpaHeHHs KoOaebaHuit, paBHas NO NOPAAKY BeaH-

Yy

UHHB (-:—} (s ~MoRynr ynpyrocrtH, p — NAOTHOCThL BELIECTBA).

-— 1
[To mopsnky eemyuunn 2=~ V s rme V— o6bEM Tena, mo-
3TOMY

o, R shp— V="

~ Hactora nMOBePXHOCTHHEIX KO/eGaHK#t paBHA @, == 1/_ £ [81]

roe a:o—xoscbcbnunem MOBEPXHOCTHOTO HATMKEHHA; noJaarad
k=~ V=", nonyunum:

o Rsatp—th Y=l
Ipumenas sTH GopMyAB K AXPY, Mbl MOJOXKHM:
p=M8_3, V=N53, 8=C3K8-3, o == CGKS_Q,

rae M —Macca aIepHOH UaCTHUEI, 3% — 06BEM, mpuxopamuitcs
Ha OOHY uacTuny, N — ofuiee 4ucno vacrun 8 axpe, K — cpel-
HASl KMHEeTHYecKasd SHeprus YacTHIH B sApe, paBHas# NO MOPAXKy
BeJIMUHHB

K~ ot 2210 — 15 MeV,

2Mw

n C, u C,—06e3paaMepHHe MHOXHTENH TOPALKA EAHHUILEI
(MO}KHO IyMaTb, YTO OHH NPHOIN3UTENBHO MOCTOSAHHH ]S BCeX
Anep, Kpome caMux a&rkux 44),
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YMHOXMB @y, ¥ ®, HA f, MOJNyuYMM DasHOCTH 3ueprafl NByX

MOC/e10BATE/IbHHX YPaBHEHUH fpa. DTH PasHOCTH AaA OO DBEMHHX
H TIOBEDXHOCTHHX KOJe6aHuH PaBHH COOTBETCTBEHHO

(AE)y ~ KN—"s, (AE)g~KN—'~. (16.1)

Mu Buaum, uTo ¢ poctoM N pasHocTH 3Hepruii ySmBaioT,
KaK 3TO H YTBEPKIATOCh BHIIUE.

JocraTouno TawEnROe AAPO MOXKHO PACCMATPHBATh KakK CHCTEMY
C OONBLUMM YMCIOM CTemeHeR €BOGOMAH, MOryuiux Bo30yXAaThCs
MHOXKECTBOM PasjHYHHX cnoco6oB. B aThHx ycroBuax ueaecoos-
Pa3HO MO/ABL30BaTLCA MPH H3YyUeHHH CBOHCTB AleD METONOM cCTa-
THCTHYECKOR ¢u3HKH, UTO OHAO cxenano Bnepsme JI. Jlanmay [46]
u fl. dpedxenem 18, K paccMoTpeHnio sTOro Metrona MH Telnepb
u nepeingm (48],

BBen&M B paccMoTpedue TemmnepaTypy aapa 7 (MH GynmeM
M3MEPATh €& B SHEPreTHYECKHX eQMHHLAX), a TaKkKe TePMONHMHa-
muyeckue QYHKUuM fApa: 3HTpomuio S, sHepruio Bo3GyxneHus U
U CBOGOAHYIO 3Hepruio F.

OHepreTnyecku#l cnextp fAApa GyIeM CUHTATh HeNpepLIBHHIM.
O6oznaunm uepes p(U)dU wuucno yposHedt fApa ¢ 3HeprHef
Bosbyxcaenus mexny U u U dU (xaxpauit yposeHn c4HTaeTcs
CTONBKO Pas, KaKOBAd KPATHOCTb €ro BHPOKICHHA).

Cso6onnas sHeprus F onpenensercs, Kak H3BeCTHO, CJAeLylO-
IHM COOTHOUICHHEM: '
F E,

e T=De T, (16.2)
k

roge CyMMHPOBaHHE MPOH3IBOAHTCA MO BCEM YyPOBHAM aApa.
IMepexons K HempepLIBHOMY CHeKTPYy, OyleM HMETh:

7 B
e‘?—_—fp(ﬁ)e_?ﬁdﬁ. (16.2")

CeaxeM Temnepatypy aapa T ¢ sveprueft ero soasyxnedus U.
IMocnenraa onpenpensercs opmyaoih

e 5
;E"e (EpBye ZTaE
Umm Fe = = (16.3)

—T o(Eje TdE
Se f
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3TO COOTHOUIEHHe MNa&T BO3MOMKHOCTb HailTH U xak ¢ynkuuio 7,
€CJIH W3BECTEH 3HEPreéTHUeCKH{ CHeKTp smpa.

CpagHuBaa (16.2) u (16.3), noayyuM Xopowo H3BECTHOE H3
CTATHCTHKH COOTHOIIEHHE

a L
T dF
d—
T
roe S=—-—-d£——3m‘pomm aapa.

aT
B wunrerpanax (16.2) u (16.3) rnaBHyi0 poJm HIpalOT 3Ha-
yenust sHepruu Ej, Giuskue K U. MB NOAOXKHM MOSTOMY:
-z A
T =p(U)e TA(U), (16.4)

rae A (U)-—mnexoropas ¢yHkuua U, KOTODYIO MOXHO CYMTAaTh
MELICHHO MEHsWoIelcs [0 cpaBHeHuo ¢ ¢yHkuuaMu e—F/T,
o (U), e—UT, Uz (16.4) chenyer, uTO
v=r 1
p(U)=¢ T =eSM (16.5)

A) Uy:
Ha#iggm A (U). das storo moncrasuM B (16.27) smecto p (E)
BuipaxceHne (16.5):

F E
o S(B—% dE
9 T=fe - TT(?)_’ (16.6)

rae S (E)—s3HTponusd, OTBevalomas sHepriu E. B unterpaie (16.6)
CNABHYIO POJB HrparoT 3uaueHus E, 6nuskue k U; Tak kak'h (E)
NpeACTaBAAeT COGO! MeANEeHHO MeHSIMIyIoc GYHKIMIO, TO MH
BbIHECEM 3HaueHHe A B Touke E == U 3a 3Hak uHrerpasna. B pe-
3yJAbTaTe TNOJYYHM:

F E =
F+8(E)y—7 £)—S (U)+4
)\(U)_——~J‘e1'+s( ’ TdE-_—.feS““ T 4,

[Tpeo6pasyeM mMOKasaTenb B MONMHTErpajbHON GYHKIAH:

sE —s@) +45E=
1 428 U—E

S
=7 E— U+ 5 E—UP+ 7=
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3ameuasn, uTO
i
T

a
Sk

IOy YHM
1as

A (U) = f 3 a0
dazS
Bennunna 7 OTDMUATENbHA, TAK Kax U-—MOHOTOHHO BO3pa-

craromas ynkuus 7. PacwimpuB npeiennl HHTErpHPOBAHMA OT
— 00 10 - oo, HaaEm:

Ys — dU\ V=
A=V T =vET(E)" asn
U, CiexoBaTeNbHO, OKOHYATEABHO IIOJI)"-II/IM:

dT\}
p(U)= Vzn ( eS W), (16.8)

Cyuras ANA NPOCTOTH YPOBHH HEBLIDOKICHHLIMH, HaHA&M
OTCIOma cpeaHee paccronnne D (U) Mexay ypoBHAME AApa C 3HEP-
rneft BoaGyxaexus U:

1 .'/ dUu ’
D(U) ==‘P—(—U)' =T 21?27: e—5(0), (16.8 )

s Toro uro6H oueHHTh Beanuuny D (U), Heo6X0AuMO cae-
J1aTh Kakpe-au60 yMPOWAOIKHe NPENNOIONKeHAs, NO3BOARIOUINE
YCTAHOBUTDL CBA3b MEXAY 3SHTPONUefl U sHeprHe#t Bo3GyxneHus
fIpa MM, UYTO TO XKe camoe, Mexnmy sHeprue#t U m temmepary-
poit T.

ByneM cuutaTh 3HEPruI0 M TEMIEPATYypPYy fAPAa, HAXOMALIErOCs
B OCHOBHOM COCTOSIHHHM, PaBHRIMH Hy/m o, Tak Kak 3Heprus Bo3-
Gyxaeduda sapa Mana M0 CPAaBHEHUIO C ero o6ieft a3Hepruef
CBA3H, TO MBI HMeeM [el0, KaK VXKe YNOMHHAAOCH BHUIE, C HH3-
KUMH fiIepHBIMH TeMIOepaTypaMH.

Sueprus BO36GYXKAEHHUA OOGLIYHBHIX MAKPOCKOMUYECKUX Ted MpHU
HU3KHX TeMrepaTtypax BhIpaxaercs, Kak u3BeCTHO, GopMmyao#
BHIA

arn®~ " 4p,

U= BT", (16.9)

rie B W 72— KOHCTAHTH; TakK, Aas TBEPAHX Ten n==4, AId
BEIPOXNEHHOrO (epMHEBCKOro rasa (HampuMep, 3AeKTPOHHOTrO
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«rasa» B MeTallle) n=2; 118 XUIZKOH Kanay, cosepuiatolleH
MOBEPXHOCTHHE KoMeBanmd, n ==7/3 48],

MoxHno npeanoaarartb, 4To GOPMYJNOH TaKOro e BMIa OIpe-
JenaeTcs B Ciyyae HHM3KHX AJEDHBIX TEMNEPATYP U SHEPrus BO3-
Gyxnenus aapa. Cremyer, OfHAKO, MMETb B BHIY, YTO HH ONUH
U3 YKa3aHHBIX BHILE NPHMEPOB He MOXKeT GHTH LIEJHKOM HCIO/b-
30BaH B KaueCrTBeé MAaKPOCKOMHYECKOH MOIENH CHJILHO BO36y-
KIOEHHOTO Afipa, TAK KAK B STHX HPUMEPaX IOJHOCTBIO He BOC-
IPOU3BONATCS YC/AOBUA, KOTODHE B NEACTBUTENLHOCTH OCYyINE-
CTBJAIOTCA B siApe.

B camom aene, eCnu HCXOIHTb M3 FasOBOH MOIeAM SApPa, TO
NPH 3TOM He YUYHTHIBAETCA B32aUMOLEHCTBHE MEXIY YaCTULAMH.
Monenp XuIKOA Kafid YUYHTHIBAET B HEKOTOPOM CMHEIC/IE B3aHMO-
AelicTBue Mexay smepHeMu dactHuamMu, OIHAKO HET OCHOBAaHUM
CYHTaTb, YTO CBOHCTBA ANEPHOTO BEIIECTBa NPH HU3KHX TeMne-
parypax, Koraa CymecTBeHHhl KBaHTOBHe 3(P(eKTH, MOryr
YAOB/IETBOPUTENBHO ONUCH BATHCH MOXRJBIO XKUAKOR Kanan, MoxHO
TaKXe 3aMeTHTb, YTO [IPOBOAMMAs B STOR MONENH AHATOTHS MEWKLY
AAPOM U HEeBA3KOH MUIKOCTBIO He MOXET CUMTATHCA NPABUIABHOH
BBHIY TeCHOR CBSI3 Meway OTIACAbHREIMHM 4Yactuuamu., Yro ka-
CaeTcs MOMeaH TBEPAOTO Te/la — KPUCTaNaa, TO, Kax yxe O6ulno
OTMEYEHO paHee, €0 Tax¥Ke MONb3OBATHCHA HeNlb3sl.

Bonpec o xapaxrtepe BO3GY:XA€Hus flpa CBA3aH ¢ 60MbIIBMU
TDYAHOCTIMH, KOTOpHle MPOUCIZONAT KAK OT HAUIero He3HAHUS
cnenuduuecKux AAepPHEX CHl, TaK H OT CJAOMHOCTH peLieHHA
COOTBETCTBYOHlei KBAHTOBOMEXAHUUECKOR 3amaum, ecnu Oul Hawe
CHABl OHITH H3BECTHHI.

Tem He meHee dopmyna ana sHeprun Thna (16.9) B.mpume-
HEHHH K SAPY Pa3bACHAET OCHOBHHE OCOGEHHOCTH COBOKYMTHOCTH
ANEPHBIX YpOBHe# NpH BRICOKMX BO30YXNEHHAX fIpa, U, B YaCT-
HOCTH, MMOKA3HBaeT, YTO NJAOTHOCTb AAEPHHX YpOBHelt Bo3pacraeT
C yBeiauueuueM sHepruu Bo3OyxaeHusl. KoHeuHo, mpu sToM He
MOXeT GhTh M peud O TOYHOM onpeaeldernn D (U), Tak kak
dopmyna (16.8’) oueHp 4YYBCTBHUTENbHA K 3HAYEHHIO SHTPOMUA
S (U), saBucameit or napamerpoB B # n. ITockoabKy HeBo3-
MOXHO TOYHO ONpeneJHTb 3TH KOHCTAHTH, MH MOMEM JHUL
rpy6o ouennTs BemuuuHnl 7, D, p B 3aBUCHMOCTH OT 3SHEDPrUH
BO36yXpeHus FAPA.

3aMeTHM, 4TO IAs TKEANX aAep, npenebperas MOBepxXHO-
CTHEIMH 3¢ deKTaMH, MOKHO CUHTATH KOHCTAaHTY B, Tak me Kak



§ 16. TEPMOAMHAMHKA THKEAWX AARP 161

M B Clyvae MaKpOCKONHYECKHX Tel, MPONOPUHOHANBHON Macce,
T. €. YACJHY YaCTHU, BXONAIIWX B COCTaB fnpa. ITO Mpennono-
JKeHHe HAET BO3MOXHOCTE OIIPeleNNTh 3aBUCHMOCTb IJIOTHOCTH
YPOBHe#l OT aToMHOro Beca. [l pealbHHX Saep Takoe Npen-
HONOXEHHE SBAAETCH OYEHb TPYGHIM, TaK Kak NO AUAMETPY HaH-
6onee TAHEALIX HAED YKAadbiBaeTcA NPUOAU3UTENLHO BCEro
7 4yacTeu B, CMENOBATENLHO, MOBEPXHOCTHHE 3(GdeKTH Kawe aag
CaMbiX TAXEARX snep BCE €U HrpawT CyUIECTBEHHYI DOJb,
Cupras U= BT", MH nONyY#M NS SHTPOMHUH BhIPAXKEHUE
S=B—" _Tn-1_—__1" (BUr-1)/n,

n—1 n—1

Moncrasass 310 Beipaxcenae B Gopmyny (16.8’), Hattném:

D(U)=(2nn)ﬂ/e<%2)n/2exp<— n BI/"U'%>. (16.8")

n—1

3aMeTHM, 4TO CorNacHO Teopeme HepHcra, npu 7'=0 SHTPOMHUs
IO/KHA OGPALIATBCA B HY/Ab H, CAEXOBaTeAbHO, NOMMHO BEINOJI-
HATBCA ycJaoBue n > 1.

IMpuBexéM B 3aKIIOYEHHE 3TOro naparpada B KauecTBe MAM0-
cTpauuy 3HavyeHus I u D B 3aBucumoctd ot U ans pasauuHmX
siiep, BHYHUCHEHHbIe O/ MOJENH XUIKOH Xarjau, B KOTOpPOH yuu-
THIBAOTCA MNOBEPXHOCTHHE ¥ OGhEMHBIE KoneGanus [48),

ATOMHHI Bec A = 20 50 100 200

Tesnepatypa B MeV jnas 1

U= §MeV 1,4 1,1 0,9 0,7

U =10MeV 1.8 1,4 1,2 1,0

U = 20 MeV | 23 1,8 1,5 1,2

Paccrosiane MewAy ypOBHAMH
8 eV mas

U= §MeV 36000 | 5900 1100 150

U =10 MeV 2700 180 16 0,9

U =20 MeV 30 0,5 0,01 1,5. IAO“4

ITpusen&HHBIE NaHHEIE TIOKA3HBAIOT, YTO C yBeJAHueHHEM 3Hep-
rHM BO3GYXKIEHHS M YBEAHUCHHEM YHCNA YaCTHLl YMEeHbINAeTcs

pacCTosiHHE MEXIY YpOBHSMH.

11 3ak. 1800. A. Axuesep.
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IOna tax&nnix anep (A > 100) npa sHepruu Bo3GymIeHHs
U ~ 10 MeV remnepaTtypa siapa coctasaset okoao 1 MeV. Cpasuu-
Basi 9Ty TEMIEPATypPy C KHHETHYeCKOH 3HeprueH axepHOH 4acTHLH

2
K =27~7Z’1-6—2 ~ 10MeV, Mo suaum, yto T ~ TI‘—) K. Taxum o6pasom,

AAPO OeHCTBUTENBHO MOXHC CYMTATh «XOMOZHBIM», YTO H Mpel-
MQJIaranock BHINE.

§ 17. BeposaTHOCTH YNPYrHX H HEYNPYFHX CTOJKHOBEHHH

Hama pansHefimias 3amaya 3aK/AIO4yaeTCs B OMpeneseHun ce-
yeHuss OGPA30BAHHUS COCTABHOrO fAApa; HO Mpexie YeM Nepexo-
OUThL K e¥ DelIeHHIo, Mbl PacCMOTPHUM OOIUYIO 3aauy O PaCcessHNH
YacTHL HEKOTOPHIM pacceHBaTeNeM, CIIOCOGHBIM TIONIOWIATL Ya-
CcTHUH (HampHMep, AAPOM).

IMycte Ha pacceuBaTenb B HANPABJEHHH OCH Z MajfaeT MOHO-
XpOMaTHYECKUY IMy4YOK YACTHL, ONUCEIBAEMBIX MJIOCKOH BONHON etk
(R — BennunHa BO/MIHOBOrO BEKTOpPA uYacTHu). Bmaam oT pacceu-
BaTens paccesiHHAass BOJIHA HMEET BHI

~_ ._1. e‘k?‘f (e),

roe r— paccTosHdHe A0 pacceuBarens u O — yroa paccesHus,
Bemuuna f (0) uMeer pasMepHOCTb AJIMHHL W HA3HIBAGTCH aMILIH-
TYNOH pacceaHus. AMIVIATYJAa PacCesHHs HENMOCPeICTBEHHO CBfA-
3ana ¢ auddepenuuanpHbmM cevenueM ¢ (9) do ynpyroro paccesi- .
HHS 4aCTHL B TeneCHOM yrie do (do= 2= sin 6 d6) cooTHoweHunem

do=|f (9) 2 do. _ 7.1)

AMOMUTYR2Z pAaCCesiHUs MQKeT ObiTh BBIPAMEHA YePe3 TaK Ha3hl-
Baemble «¢a3n Ha GeckoHewHOcTH» [°1) ompenpensiomme acumnro-
THYeCKOe NOBeleHHe DAAMaJbHHX BOJHOBLHIX (YHKUMA YacTHULI
NpH PA3NHYHHX 3HaYeHUSAX e& OopOHUTANBHOrO MOMEHTa MO OTHO-
WeHHI0 K paccemBarteno. Tak Kak MeTo# pacy&ra aMNAuTYAH
paccesHUs ¢ NOMOWBLID a3 Ha GeCKOHeUHOCTH YPE3BHUYANHO BaKeH,
TO MBI OCT3aHOBUMMCSI Ha H&M HECKOAbKO NOpOGHEe.

3aMeTHM mpexue BCEro, YTO MMEeT MECTO CAeIYIOIlee Passio-
WeHHe MIOCKOH BOMHH ¢fk¢ B pan no noaudHomam JlewxaHmpa I8

eihz — Zi (2 + 1) 2P, (cos 8) fy (kr),  (17.2)
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rane

o (kr) = (2%)"'”1”% (kr),

" Jl_l_%-—-q)ymcum Beccens l—[—-% paHra.

Kaxnoe otaenrHoe caaraemoe B cymme (17.2) mpencraBiser
coGo#t BONHOBYIO GYyHKUMIO CBOGOINHON YaCTHIUM C ONpelesEHHbM
3HayeHHeM OpOMTaNBHOrO MOMEHT4 KOMHYecTBa ABHXKEHHS, T. e.
claraeMoe C HMHIEKCOM / COOTBETCTBYET MOMEHTY 4YacTUIH OT-
HOCHTENbHO DAaCCeHBaTe/sA, DABHOMY h

M3 teopuu dynxumit Beccenss u3BecTHO, 4YTO NPH GOALIUUX r
CrnpaBelMBa ACUMNTOTHYECKas (opMmyna

fi(kr) ~ (kr)-1sin (kr —%‘-)

Orcofa BUAHO, YTO BOJIHOBas GYHKIUA CBOGOAHON YacTHib! npn
Gonbmux r BedET cebst KAK

2,%,.2 (— 1)} (2/+4 1) [e-ikr — (— 1) efkr] Py (cos B). (17.3)
=0

[TosToMy @yHKIHA
%’("" 1)1(214- 1) [e-#5r — (— 1)} e¥7] (17.3%)

NpelcTaBAsieT cOGOH ACHMNTOTHUYECKOE BHIPAXEHAE /S PafHAb-
HOH BOJNHOBOH (QYHKUHH CBOGOILHOMR YaCTHURI C MOMEHTOM th.
B 5TOM BhIpaxeHHB [epBOe cJaraeMoe MpeicTaBafeT coGol na-
AAOWY0 BOJHY C MOMEHTOM [/, @ BTOpO€ — pacXoHsILyioCs.
Ecau yacTuua wuCnbIThIBaeT OTK/JAQOHEHHE B CUJIOBOM T10JI€,
. T. €., He ABJIAETCH CBOGOAHOH, TO ACHMMATOTHYECKOE BhipaKEHHE
aa e& BonHOBOH (yHKUuM NpH COALWINAX r OyaeT ONpefensdTbCs
BMecto (17.3) dopmyno#
(==
Y~ g X (— 1L 1) [emtr —
I=0
— (— 1)t Byet®r] P;(cos ). (17.4)

11*
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Sra PyHKUHA OTIHYAETCA OT (YHKUMM, ONHCHIBapome# cBoGox-
HOe [BWXEHHe, ADYTMMH aMIIHTYNaMH PpacXOAAUIMXCA BOJH:
aMMIMTYna pacxolsuieiics BoaHn ¢ moMeHTOoM / B hopmyae (17.4)
OTAHYAETCH MHOXHUTeNeM $3; OT aMIIMTYAH DAaCXOAfAmeics BOJHBI
C MoMeHTOM [ B Cayvyae cBoGOZHOrO ABHXeHHs. 'Bemnuunu §;
MpH HaAWYMU pacCesHMA OTIAMYHH OT enuHHUbs. Ecam paccemsa-
Telb HE MNOrAOWIAET YacCTHl, TO MO MOIYJIO OHH PABHH eIHHHLE,
TaK KaK MHTEHCHBHOCTb PACXOIAUIEHCA BOJHE PaBHAETCS B 3TOM
cny4yae HHTEHCHBHOCTH manaiouei BoaHH. B aToM BawHOM Cay-
yae OTCYTCTBHS WOTJIOWIEHHS BEJTHUHHY $3; MOXHO NpPexCTaBHTH
B BH/Ie

Bl =e2h1l,

rge 7); — BElleCTBEHHAs BeNUYHHA, OnpereNsiomas H3MEHeHUe
npu paccesHuu a3k Ha GECKOHEUHOCTH Y [-BOJIHBI, OMHCHIBAIO-

WweH ABHMEHHE YACTHHH C MOMeHTOM [fi. DTa BelMuMHA HA3H-
BaeTcs Ga30ff Ha GeCKOHEUHOCTH. ACHMITOTHYECKOE BHIpaKeHUe
AN paguanbHOM BOMHOBOHM (YHKUHH HECBOGOAHON YaCTHIIbI
C MOMEHTOM / uMeeT BUI

: -1 l

e (kr)~'sin (/er ——-22 —[—_:q_,) .
Moavayace dopmynamu (17.3) u (17.4), Aerko onNpenenuTs aMnau-
tTyny paccessus f(0). Oas storo cmemyer u3 (17.4) BhuecTb

(17.3) u pesynerat npupasHate — efkr f(68). Mum nmonyunm, ra-

kuM o6pasoM, cieiylouiee Boipaxenue anxs f(8), cesasbiBawolee
AMITHTYAY PacCesiHusi C BBeASHHLIMH Bhllle BEMUUHHAMH 3;

F0) =—-2 N @4 1)@ — )P, (cosh), (17.5)

I1=0

rie A — gJMHA BOJHB YACTHMIIH, HendHHas HA 2w *),

*) B stoil dlopMyae HE yuuTHBaeTcd CHHH YacTuunl. B panbHeii-
meM Qopmyna (17.5) 6ymer nmpuMeHATHCA K HeHTpPOHAM, B3aHMOAeH-
CTBHE KOTOPHX ¢ aAfpaMHM B HHTepecyiolleii Hac 06JAaCTH IHEPTUH
MOXET CYHTATHCA HE 34BHCAIMM OT OPHEHTAIMH CNHHA HEHTPOHa, Tak
KaK NOTJOlleHHe HEHTPOHA sApOM ompejeseTca TOJABKO OpOUTAJNbLHBIM
MOMEHTOM HeHTpOHa H HE 3aBHCHT OT CNHHA [cM. dopmyay (20.9)].
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Ias cso6omHoro apwxeHus, korza B,=1, 3TO BeIpaXKeHHe
KaK W HZOJMKHO OblTb, O6pauiaeTcs B HYJb. '

Omnpenenum uHTErpaabHOEe CeYEHHe YOPYroro paccesHus.
[Monmeaysice ¢popmynost (17.1) u sameuas, 9TO

f | P, (cos B) |2 do—_—fj—f, (17.5)

noayunm, uarerpupys (17.1) mo renecHoMy yray, caeaymoolmee
BhIpAXEHHe O/l nmerpanbﬂoro ceueHus ynpyroro paccesHus

G _ﬁ? 2 (21-1-1)“3,—112 (17.6)

Ecau orcyrcTByeT nornomeﬂne qacmu, TO B,— PR (m; — Beute-
CTBEHHO) H

= 4n7c2 120(21 4 1) sin2 ¥, (17.6%)

3aMeTUM, 4TO (bopmyna (17.6) ﬂBJIﬂeTCﬂ Gonee oO6weRt, yem

dopmyna (17.6”), Tax kak OHa NPUMEHHMA TaK¥e H B TeX CIy-

yasgx, KOTAa NPOHCXOAUT [MOriaouieHwe uacrui. B sTtom cayuae

MOLyJb ; MeHbllle eIMHMUM, TaK KaK HHTEHCHBHOCTBH pacxXxoms-
uleficss BOJIHBL MeHbllie HHTEHCHBHOCTH BOJIHH.

BuiseneM Ttemepbr o6y ¢opmMyny OAs CeyeHHS [MOTVIOUIEHHs
yacTHL, paccedBateaeM. Ilpowe Bcero ¢ 5ToH UenplO OfpelAeaHTh
MIOTOK YacTUL uepe3 ITOBEPXHOCTb cdepul GOALIIOTO panuyca,
okpyxawouiei pacceuBarens. DTOT NOTOK, B3ATHH B HAanpaBJIeHNUH
BHyTpeHHeH HOpMamu Kk cdepe, ompelenaser, OYEBHIHO, YHC/IO
4aCTHll, MOMNIOAEMEX B eIHHHLY BpeMeHH pacceuBaTeneM, Ha-
npumep, aapoM. [ToTok onpenexserca H3BeCTHOH dopmynoi

if; f L 0V aw)

S=gr ) (V5 —¥5) o, (17.7)
rane r—pagnyc coepsl, do — 31€MEHT TeJeCHOro yma HM—
Macca YacTHubl, OMHUCHIBAEMOH BOMHOBOH dynkuue#t ¢. B ka-
yecTBe ¢ MBI JOJIKHH, OUYEBHLHO, BOCIMOJB30BATHCA ACHMMITOTH-

yecKMM BHpaxenuem (17.4), cnpaBelJUBHM Braau OT aipa. 3a-
Meyas, uTo

o

F=—1 +2i,12(21+ 1) (— 17 X
=0
X { e=tkr - (— 1) Bettr ) Py (cos )
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M HCMOAb3Vs yC/IOBHE HODMHDOBKH INAapOBHX dyHkumuit (17.57),
NOXyYHM clenyrwwmuit pesynbTar:

=2 N @1y (1= |-

- =0

Insa onpenenenus 3¢h@PeKTHBHOrO mMONepevHHUKa NOMIOUIEHHS J,
HYXHO pasfaesuTs S HA TAOTHOCTh MOTOKZ MaJAIOMIMX YacTHIL,

Ak :
paBHyw© —7 . B pesymbTaTe Mb MOAYuMM Cleayiollee BLPaXEHHe
AN CeYeHMs TIOIJOLIEHHA 4YaCTHIL

5, =1k 3 (2 +1) (1 —| & )- © (17.8)
W_Mw‘
Ecau |8;]=1, 10, KaK H cnenoBano OXuUAATh, o, = 0.

Wrak, MBI BHIHM, YTO KaK CeuYeHHe YNPYroro paccesHHs,
TAaK H CeYeHHe 3aXBaTa MOJHOCIbIO ONPENENAIOTCS BeAHyuHaMu J;.
Bxonsmas B (17.8) seanunna (1 —]B;|2) Moxer GhiTe Ha3BaHa
BEPOATHOCTBIO WAM Ko3dduuuentom npuaunanus. Mu Oynem
o6osnayars e& uepe3a &; Tak kak ¢,>0, To Benwumna §; He
MOXeET ObTb GoJblle eXUHHLH. BBOIU{ €, mnepernmem (17.8)
B BHIE : «

o, —-nﬂZ 2L+ 1) ¢, (17.8")

~v--~~._ ,.——ﬁ...,.
""’*"\-—_._ i)

3ra dopMyna, CBa3LIBAIOLIAN, Ceyenwe 3axBaTa C KosdpduuueH-
TaMH{ MPUJAWIIEAHNSA, HONMyCKaeT Mpoctyio dusuuyeckylo HHTeplpe-
TaUMIO, 3aKIIOYAIOUIYIOC B ClefylomeM.

PaccMoTpum napaijenbHHH nyd4ok GHCTPHIX 4acTHll, nanawo-
mux Ha paccemparenb. CuuTasa ZAHHY BOJAHK YACTHI[ ZOCTATOYHO
MaJaoOH, MBI MOXEM IONb30BATHCH KBa3UKIACCHYECKHM pPacCMOTpe-
HueM. B 3TOM caydae MOXHO NpUpaBHATL BHIPAXMEHHA AAS MO-
MEHTAa KOJHYeCcTBa NBHXEHHHA YaCTHLL, gaBaeMble KJaCCHYeCKOH
H KBaHTOBO#t wMexaHMkOH. B kjaccuyeckoil MexaHHKe MOMEHT
KOJAMYeCTBa IBHXKEHHMHA YACTHUH paBeH Mu,d, rle DU, — CKO-
pOCTb 4acTHLbi Ha 6eCKOHEYHOM pAaCCTOSHUH OT paccenBaTess,
a b — Kparuaflilee PacCTOfHKe, HA KOTOPOM Opoluia 6H yacTHUA
OT paccenBaTess, ABHUTasfAChb 110 NpaMo#t (3Ta BeMYHHA HA3LIBAETCS
MapaMeTPOM CTO/NKHOBeHHd). B xBaHTOBOH MeXaHHKe MOMEHT
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pasen V [ (I +1) fi. TlpupaBHHBAas 06a BHpAXKEHHS, MW OIpe-
IenuM TlapaMeTP CTOJIKHOBEHHSH

=M_7'é;1/1(1+1).
3

3ameyasi, 4€TO W:?ﬁ M YTO B KBa3UKIACCHYECKOM NPUGIH-

x

KEHHHM KBAHTOBblE UHC/TAa BEeJHMKH, NOJYYHM Clefylollee Bulpaxe-
HUE I/A rapaMeTpa CTOJNKHOBEHHS:

b =K, A (17.9)

Vcnonbsys (17.9), 7nerko Bunerb, YTO BAANH OT PACCEHBATENS
YaCTHIIN C MOMEHTOM / NMPOHM3HBAOT MIOMAAb KOAbLA, OpPHEH-
THPOBAHHOTO TIEPIEHAUKYIAPHO K HATTPAB/IEHNIO JBHMKEHHA YacTHIL,
TpHi€M BHYTDeHHHH M BHEIIHHH pagUYyCH KOJbLA pABHH COOT-
percteenHo /A u (I- 1) X, Ilpexnonoxum, uYTO IIOTHOCTH
MOTOKA 4YaCTHIl, T. €, YHUCAO HX, Najaiouee B eIMHHLY BDEMEHU
Ha eAMHHULY TIIOINANM, PaBHO eAuHule. Tax Kax miom@any Koabla
paBHa (21-[—1)1':712, TO YMCIO 4YacTHL, MANaouUx B eIuHULY

2
BpeMeHM M O6MAJAOIMX MoMeHTOM /, pasHserca (2/ - 1)mA®,
Ymuoxus (20— 1) ©A? na {;, M ONpeéeIUM ZOMI0 ITUX YACTHIL,

nornomaeMux pacceusateneM. [Tostomy cymma %y (2/-+1) =R,
npencraBiseT coBol roaHOe ceueHHe 33aXBaTa 4YacCTHIL

3aMeTHM, YTO XOTH HAIUH DACCY2XKIeHHWs, CTPOro roBopd,
cripaBensuBel npu [ Z=> 1, monyyenHas ¢opMmyna, COBMamarouIas
c (17.8’), cmpaseanusa npu Bcex /.

Bemauunst B; # §; 9BAAI0OTCH CAOXKHHMH (YHKIHAMH 3SHEPCHH
nagawomell yYactuun. B chregyromeMm mnaparpade Mul onpenenum
BUX 3TUX OYHKIMH B Mpefe/bHHX CAy4yasx OBICTPHX H MesieH-
HBIX YaCTHLL.

Eciu CHOXHETP O, M G, TO MH IOJYYHM TIOJHOE CEYEHHE
AN BCeX MPOLeCCOB, MOTYHIMX HUMETh MeCTO TpH CTOJAKHOBEHHH
YacTHLL C pacceuBaTeneM

g, =0,+0,= 21t7(2l§ 2!+ 1) (1 —Re ). (17.10)
=0

Ecnn paccemBaTeneM $IBJASETCA SAPO, TO S, TIPEHCTaBiAsieT COGOM
ceyeHue YOPYroro pacCesHus 4acTHU, He CBA3aHHOro c 06paso-
BapUeM COCTAaBHOrO AApa, a4 J,— CEUEHHE BCEeX IPOLECCOB, CBA-
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3aHHHIX C o0pa3oBaHHeM COCTAaBHOIO fIpa, HHAye FOBODA, ceye-
Hue oOpa3oBaHufi COCTaBHOrO aApa.

3ameTuM, 4TO B 5, BXOAHUT CeueHHe YTPYroro pe3OHAHCHOTO
pacceaHns, CBSI3aHHOro ¢ o6pasoBaHHeM COCTaBHOrO fApa.

B o6umem cryyae MOrIOLIAIOMIEro paccedBaTens TaKkKe MOMHO
TOAL30BaTbesl (hopMynof

B= e,
ecnd cuurath ¢asy v); He HEHCTBUTENBHOH, 3 KOMITIEKCHOH Be-
anuuaON [821;
=" 4 i, (17.11)

rre My} u mfY — BewecTBeHHHE BEAHUMHE, TPHuEM 7{? > 0. Mun-
Masi 4acCTh 7] CBA3aHa MPOCTHIM COOTHOUWIEHHEM C KO3(hhHUIHEHTOM
NpuAMnanug

— 4
L=1—|BPP=1—¢ L, (17.12)
3ameyas, 4TO

) ,
|B—1(2=2¢" """ (ch 29" — cos 27{"),

IIpeACTaBHM CeyYyeHHe YMpyroro paccesHdsa T1pH HAIHUHM TTOMO-
ureHuss 8 BHIE

© 3@
oy =2nX2 3 (204 1) e 7" (ch 2 — cos2r().  (17.13)
=0

Ecau +» =0, To sta popmyna mepexomur B (17.6"). Popwmy-
aoft (17.13) MOXHO nNOAB30OBATHCA MpH ONpPEASJAeHHH CeUueHHA
yUpYroro paccesiHus 4aCTHMi fiIPaMH, He CBsidaHHOro ¢ o6paso-
BaHUEM COCTABHOrO sApa.

CeueHue NOMIOMIEHHA U MOMHOE CedeHHEe BHIPAXAIOTCH Cle-

nyomuM o6pasoM uepes " u 7o
[ee)

—ap(®) . '
o, ==2nA* ¥ (20 -4-1)e” " sh2q(, (17.14)

l=0
~ — 2 _
o, == 2nk? ZZ]O (204-1) (1—e™ "™ cos27fM). (17.15)

B cayuae paccesHus MeAIGHHBIX yacTHU (HampHMEp, TellIo-
BLIX HeHTPOHOB) sfANpaMH CEUEeHH§ G, H G, JTOUTH BCErAa Malm
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Y0 CpaBHEHHIO C TA ., B aTHx ycnoBuAX MOAy/ib (asH 1v); Man
IO CPaBHEHMIO C exuHHUel, H dopmyan (17.13), (17.14), (17.15)
NPHOGPETAIOT CAeAYIOMHE BHI:

sy 4wh 3 (@1 1) () -+ (),

o, ==4wk? l=20 (21 + 1) 7 (1 — 24, .t (17.16)

o, == 4mk? zgo 20+ 1) [.(.,ér))z_ (.qsi))z + .,1?)]_ ]

B 3akaioueHue aToro naparpada cmesaeM HECKOJIBKO 3aMeya-
HH# O paccedHHH MelJICHHHX HEHTDPOHOB ANpaMH; TIOX CJIOBOM
«MeNJicHHBIE» MEl TIOHHMaeM TakHe HeHTDOHH, IJHWHA BOJHH
KOTODHX A 3HauMTenbHO Oonblue paguyca anpa R. B stom cry-
uyae Bce f3;, 3a uckmouerHeM (3, DaBHH eIHHHUE, H CYMMH
B (17.13), (17.14), (17.15) u (17.16) cBomaTca K OXHOMY
craraemoMy ¢ /==0. Orcionga ciexyer, YTO paccesHue MeneH-
HHX HeHTPOHOB B CUCTEME KOOPIAMHAT, TAe TNOKOHTCA LSHTP
HHEpUMH dapa H CTAJKHBalomiefica ¢ HHMM YacTHUH, ABAAETCH
chepHYeCKH CHMMETPHYHBIM.

CeueHue ynpyroro pacCessHH B OTCYTCTBHH TIOCJIOIMEHHS
pasHo coraacso (17.13)

g == 47k? sin2 7, (17.17)

JuddepenniuanbHoe ceyeHHe YIPYroro paccesHus B CHCTeMe
KOODJIHHAT, e TTOKOUTCH HEHTP HHepLHH, HMeeT BUJ

do, =3 sin § . (17.18)

3aMeTHM, YTO B CHCTEMe KOODHHHAT, CIe L0 CTOJAKHOBEHHS AP0
MOKOWJIOCh, 3Heprusi HefATpOHa, paBHas LO CTOJNKHOBeHHs E,
CTAHOBHUTCA B pe3y]bTaTe CTOJKHOBeHHs DPaBHO#
E' —F M2+ m? 4 2mMcos &
o M+ m)? ’
rme m u M-—wmacce HeftTpona u anpa. M3 stoft dopmyiant
crenyeT, 4To

(M + m)? dE/

sin ¢ db = MM £
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noatromy ¢dopmyna (17.18) npunumaer BuX
(M-fmp2dE’ )

Aoy =9y qmar ~ E’ 710
e (17.19)
eor > (U2)E |

OTCKOJIH JErK0 34KIIYHUTh, YTO TTPOHOPMHPOBaHHAA BEPOATHOCTH
TOr0, YTO B Pe3y/bTaTe CTONKHOBEHHA C SNPOM SHEPrHd HEHTpOHA
6yner HaxoauTbcd B uHTepBase E' w E’ - dE’, paesa:

dE’ . (M——m )‘3

@ (E)dE =75 F > M Fm

(17.20)
Mu BHIHM, YTO B pe3yibTaTe CTOJKHOBeHUs BCe 3HAYeHUs SHED-
rud B HHTepBanie (E, ¢E) paBHOBEDOATHH.

Ina menneHHHX HEHTpOHOB B cyMmax (17.16) rtakwe urpaer
poONb TOABKO TepBHA uieH, COOTBeTCTByOWUA [ ==0; npu atom

ecnu P < 7", To

(17.21)

§ 18. BeposarsocTs o6pa3oBaHud COCTABHOrO fjipa

[lepefindm K oOnpelefeHHI0O 3dBHCHMOCTH BEDOSITHOCTH TPH-
JMITaHud {; OT 3HePrHH 4aCTHUB. 3aMeTHM, NPEABAPUTENbHO, YTO
MBE paccMaTpuBaeM 3feCh CaAyuaff O6JH3KO pPACNOTOMKEHHHK HIM
Jaxe TlepeKpPHBaINUXCA YPoBHEH K He YUMTHBaeM OCOGeHHOCTel
OTHE/NbHBIX MHOHBUAYANbHBIX YpoBHeH. Taxum o6pasoM, Halue
paccMOTpeHHe OYHeT, MO CYUIECTBY, CTATHCTHUECKHM *).

Bynem ucxomute M3 TOro, 4TO CBOOOIHAs YaCTHLA, TIONaB-
uias B ARPO, roraoniaercs MOCAeAHUM H TepsieT CBOIO WHIWBH-
nyansHOCTh (581, TTosTomy, paccMaTpuBas OGpa3OBaHME COCTAaB-
HOTO fipa C (EHOMEHOJOrHUeCKOH TOUKH 3PeHHsl, MBI JOJMHBI
XapaKTepU3OBaTh gAepPHOE BemleCTBO OOMBIIHM NOMVIOIIEHHEM
AAePHBIX YaCTHI. '

*) Peaynmaru, HOJAYyJEeHHEIE B 3TOM naparpaq)e, OTHOCATCA TaKXKe
K CcIy4alo HelepeKpHBAINUXCA yPOBHell M ONpelenalT YCPEeIHEHHYIO
BEPOATHOCTH 0GPAa30BAHHA COCTABHOTO AApa (ycpemHEHHE NPOHIBOLHTCH
1m0 GOaBUIOMY YHCAY YpPOBHEH COCTaBHOTO fAfpa).
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Ind nonyueHHs xaueCTBEHHOHN KapTHHH cAeNaeM mpocreftiee
MPEATIONOKeHUE, CUHTAS, UTO YMCIO 4aCTHll, FTIOMIOLIaeMHX B eXH-
HHILY BDEeMEHH B HEKOTOpOH TouKe $Apa, NPOINOPUMOHATEHO
INIOTHOCTH 4acTHIL B 3TO# TOUKe.

YpaBHeHHe HENMPEPHBHOCTH C YYSTOM TWOIIOLIEHHS MOXHO
3anucaTh B BHAE

¥ 1 4 2
Ftdivj=—%o-p, (18.1)

rae j ¥ p-—COOTBETCTBEHHO INIOTHOCTD TOKa H MUIOTHOCTH
4YaCTHI, a J— HEKOTOpas BeJHYHHA, XAPaKTePH3YIOLIad IIOrIo-
ufeHue, KOTOpPyw GyneM HasnBaTh a6COPOLUMOHHBIM TTOTEHIIHATIOM.

DTa BeJMUYHMHA 33aBHCHT OT KOOPHMHAT, a TaKXKe OT SHePrHu
H JIPYTUX BeJHYHH, XaPAKTePU3YIOIHX YACTHUY (CAMH, HaNpasle-
HHe JABMMEHHA ¥ T. A.). DyaeM CudTaTh, YTO 3aBUCHMOCTH OT
CIIHH4 ¥ HanpaBleHus [BHXeHUS He CywmiecTBeHHa, Yro we ka-
CaeTCs 3aBHCHMOCTH OT SHEPrHH YaCTHUH, TO OHa MOKET CTaTh
3aMETHOH TOJNBKO B OYeHb GONBLINOM HHTEepBajNe U3MEHEHHS SHep-
1UH, TI0 NODAAKY BeJlHUHHE DaBHOM SHEPruM CBfA3H YACTHIL B fApe
(~'10 MeV). PaccmaTpuBas HeGOIbIUOR HMHTEPBAN HIMEHEHHUA
SHEePTHH, MOMXHO CYHTATh ¢ He 3aBHUCALIHM OT 3HEPruH YacTHLH,

Hrax, MH mpepmosaraem, YTO O 3ABHCHT TOMBKO OT KOOpJIH-
HaT 4aCTHUHL,

Jlerko BuAeTh, YTO NaTHYHe aGCOPOUMOHHOrO mNOTEHIIHaNa
B (18.1) MOXHO yuecTb, eCJHH 3anucaTh ypaBHeHue [llpenum-
repa anad mnagamomed yacTHUH B Buie

AY -2 (E— V4 is)§ =0, (18.2)

rie FE — KuHeTHueCKas 3HepPrud YacTHILM BAATH OT #AApa, a
V — e& mnoTeHUHaNLHAR SHEprus.

YTobn moKa3aTh SKBHBAJIEHTHOCTh ypaBHenud (18.1) u (18.2),
ymHoxkum (18.2) Ha ¢¥* [* — BelHUMHA KOMINVIEKCHO COMpSXKEH-
Hasg ¢] M BHYTEM H3 TIOAYUYEHHOrO TPOU3BEAEHHU KOMIUIEKCHO
conpaméHHOe eMy BrIpaxkeHHe. [lonp3yschk onpeneneHHAMH p H j:

p=d"y; = o= (4* grad p — § grad §*),

Mer ¥ moayumum (18.1). Taxkum ob6pasoM, a6copGUHOHHHHA MOTEH-
Man TWOABAAETCH, KaK MHHMad 4acTh s3(ddeKTHBHON KOMMIEKCHOH
NOTEHUHANBHON HeprHH wacTuum V — io.
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BHyTtpH AApa ¢ NO NOpAAKY BEeNMHUMHE DAaBHAETCH SHEPTUH
slepHOro B3auMopaeHcTBusa, yTo cocrasiager oxomo 30 MeV,

3aMeTHM, 4YTO HH G, H¥ V He HMCIHTHBAIOT PE3KOrO0 CKAa4Ka
Ha TpaHHue Aapa, MOCKOABKY fiAepHHE CHJIH, KOTOPHMH B Cyul-
HOCTH M onpejeidioTca V ¥ o, 064anail0T KOHEYHHIM pagHyCOM
he#icrBus. CieZyer Taxke uMeT, B BHAY, 4TO TPaHHua sxpa
HE MOKET CUMTaThCs pe3xKoft 6saronaps HaIMYHIO HYJNEBHIX KoOJje-
GaHu#t GoEepPHHX YACTHIL M KOHEYHOCTH paguyca HeHCTBUS sAep-
HEX cwi., BHe y3KOro MOrpaHM4YHOro CJ0s, KOTOPH# MH Haso-
BEM 0OO6uacThi0 KuGPY3HOCTH ALepHOH TDAHUIK, NOTEHIHAA V-—r
MOXHO HE YYHTHIBATh.

Crenyer fOMY4epKHYTh, YTO $EeHOMESHOJIOTHUECKOE PACCMOTpeE-
HHE, KOTOPHM MH NOMbL3YeMCfl, BBOAR o, HE MOXET, KOHEYHO,
HaTh MCYEPNHIBAIOLIErO OIMHCAHHA BCeX CTOPOH AAEPHBIX CTOIKHO-
BeHHR (XoTa 6H HOTOMY, YTO NPH 3TOM MBI MCXOZMM U3 pac-
CMOTDEeHHd 3azaiud ojxHoro Tena). K 3atoMy cnemyer mo6aBuTh,
4YTO HHTepecyiollas Hac BeNHYHHa KO3hdHLUMEHTa NpUAHITanua §;
CYIECTBEHHO 33aBHCHT OT XOL3a M3MEHEHUs o Yy TIOBEPXHOCTH
A1pa, O KOTOPOM MOXHO JHIIb [eJaTh Te€ MIH HHHE MPEeanoso-
xKeHud. TlosToMy wusnaraemas Teopus #ABASETCHA IOJYKaueCTBEH-
HO#l; TeM He MeHee, KaK Mbl YBUOMM Hajiee, OCHOBHHE OCOGeH-
HOCTH mnOBefeHHA (; TpPH OGOJbLIUMX H MajdbiX 3HEPrHAX OHa
nepenadt NPABHILHO.

3anuiieM MOTEHUWANbHYI0 SHEPrHi0O YacTHUH B BuAe V=
= V,-} V}, rae V, cBa3aHO C sAHepHbHIMH, a V;—C KyJNOHOB-
CKHMH H UeHTPOOeKHBIMH cuilaMH. Bynem cumrtats, uro V),
g, V; 3aBHCAT TOABKO OT r-— PAacCTOAHMUA 0O UEHTPAa sapa. Bon-
HOBas QyHKUHA { 3aBHCHT B 3TOM CilIyuae TaKXKe TOIBKO  OT r.
Beea¥M panuamphyio GYHKuMio & ==r¢; ypasHenue lllpexusrepa
o HeE HMeeT BUJ,

d2u

=®(r) 4, (18.3)

rume

@ (r) ""ﬁ'ﬁ [— W{(r) + Valr)—is (r)]

W (r)=E—V,(r).
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BHe ampa, HO B6JM3H OT er0 ITOBEDPXHOCTH, rae V), M ¢ Wrpamor
el[€ CyIIeCTBeHHYI0 ponab, O6yxeMm cuuraTe W (r) IOCTOAHHOA,
paBHOH

W=E—V;(R),

rag R — pamuyc aipa. .

PaccMoTpuM cHawana caydait GonblUMX 3HEPFHi Tmapaooniet
qacTHUH, KOria ed IMHHA BOJHL 3HAYMTEIBHO MeHBIIe palnyca
angpa. B 3TOM cayuae MOXHO TNONL30BAaTbCS METOXOM KBa3H-
KIaCCHYECKOro MNpubImKeHHs. Y CJIOBHE NPHUMEHMMOCTH 3TOrO
METOZa COCTOMT B TOM, 4TO MOIyab H3MeHeHus P Ha npota-
MEHUH JJIMHB BOJHEI, paBHOR |®—':|, nomxeH OGHITH MaJHM MO
CDaBHEHHIO C a6COMOTHEIM 3HayeHHeM caMo# dynxuuu P.

TMockonsky Bemmumusa W mpeanonaraercs 6oasllof, a V, H
o HE HCMHITHIBAIOT PEe3KOro M3MeHeHHd Ha TpaHuUe fAXpa, MOXKHO
CYMTaTh, 4YTO YC/IAOBHA NPUMEHHMOCTH METONA KBAa3HK/IaCCHUECKOrO
npubGMHKeHNs BHITONIHEHEL.

TMoasaydach 3THM MeTOHOM, IIPencTaBUM DpelleHHe YypaBHeHHs
(18.3) B Buze

u = const, - @—’/«exp(frt’i)‘/ad ) (18.4)
0

MH noMmxHH TDH 3TOM B3ATb }/ @ C TakuM 3HAKOM, 4TOGH u
y6uB2/10 TIO HAMPaBJEHHIO K HEHTPy anpa. Tako#t BhGop 3Haka
COOTBETCTBYET HaumeMy OCHOBHOMY MNPEINOJOXKEHHIO O TOrI0-
preHun uwacTul, sgpoM. Mrak, BeurecTBeHHas 4acTe P2 momxHa
6uTh nomowutennHoit. Ipu r << R BenmuunHa @ Haxomurcs
B TpeThe#l 4YeTBePTH NNOCKOCTH KOMIVIEKCHOTO NepeMeHHOro
(BeutecTBeHHas ¥ MHHMas yacTH P orpunarenpust). [losTomy @'
NOJKHA JIeaTh B YeTBEPTOH YeTBEPTH KOMINIEKCHOH MIOCKOCTH.

TIpencrasuM ceGe Tenepb, YTO r YBE/IHYHBAETCH; NPH 3TOM
6 ¥ V, yMeHbIIAlOTCH M, HAKOHel, BHe HANAPd CTAHOBATCA paB-
uuiMp  Hymo. [lockonpky @' BCE BpeMa HIOMKHO OCTaBaTbCH
B ueTBEPTON uyeTBepTH, MHHMad uacte P2 momxkua OHTL OTPH-
HaTeqbHOH Takke u BHe sapa. ITosatomy pewerue (18.4) BHe
sApa HMeeT BHA

u = const. - @“‘/‘exp{——l—ig—m f [E — Vi (r)]" dr}» (184"
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T. €. TpencraBaser coO0H YHCTO UaAAOIYI BOAHY. Tak Kak MH
He [OMYYHIH OTPAMEHHOM BOJHEL, TO 3TO 3HAYHT, 4YTO BEPONT-
HOCTb NPHIHMAHHA {; paBHa elHHHLE.

Wrak, mns OGBHICTPHIX 4acTHL, NONamalOmHX B Cdepy nefdcTBUsA
anpa,

Cl= 1.

IMonyueHnHoe cooTHOLIEHHE HMEET TPOCTOH (PU3HUECKHUN CMHICI.
[MocKonbKy MB paccMaTpHBaeM ciaydaf OHBCTPHX 4YacTHH, T. e,
MaAHX JNMH BOJH, CHOpaBelJIMBa KJacCHueckas MexXaHuka. Ho
B T4dKOM CJydYae COBepDUIEHHO §ICHO, YTO €CJH 4aCTHLA mnomnaiaer
B ctepy neficTBHf smpa, T. €. AapaMeTp CTOJIKHOBEHHS HJs Heé
MeHblle paaryca fAhpa, TO YacCTHIA MOMVIOMIaeTcd $4APOM, HHaue
roeopa, {;=1. OTkIOHeHHMA OT COOTHOWleHHA [ =1 cBA3aHM
C HETOYHOCTBI0 KBA3MKJIACCHYECKOTo NPHOMHMEHHS, KOTODHM MH!
TONb30BANKUCE.

INepefiném Tenmeps K pacCMOTPEHHIO CAY4Yas MalnX 3Hepruf
mafamomed YyacTHUH, KOrxa ed AJAHHA BOJAHH BE/IHKA 1O CpaBHe-

HHIO C pajguHycoM safpa.
IlpennonoxuM, YTO mamaionieft yacTHUER ABJAAETCS MENJIeHHHH

HeRTPOH, OPGHTaNLHBIA MOMEHT KOTOpPOro paBeH Hyhio. B astoMm
cayyae V, =0,
Bue sapa ypaBHenne (18.3) umeeT Bun
d%u 2m
—dr7+-—fl-2—Eu=0, (18.5)
OTKYAd :
u == const. - sin(kr -+ n) = const. . (e¥kr+in— g-ikr—in) (18.5)
. b= 2mE n
rae k= T H 7 — KoMIUIeKcHas ¢asa paccedanusa. [locrene-
HIOIO MOXHO CBSI3aThb CO 3HayeHHeM JOrapHGMHUYECKOH NMPOH3BOI=
HOH 4 Ha TMOBEPXHOCTH S1pa, T. €. UPH r =R
1 du
(._ =) = (18.5")
v drj._pg -
Tak Kak MH IpemrojaraeM, 4TO JJHHA BOJHH Majamouie# ya-
CTHUIB 3HA4YHTeJAbHO OoOibllie pasMepoB dApa, TO 3HayeHHe 3TOH
TIDOM3BONHON BHe AApad He MCMHTHIBAET CYIHIECTBEHHOrO H3MeHe-
Hud Ha paccroaHusx mnopsizka R. IlosToMy BBeneHHe BEMHUMHEL Y
HMeeT CMBICK, HeCMOTPs HAa AudQy3HOCTH sHepHOH rpaHunE.
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Beauuuny y cneayer cumTaTh KOMIVIEKCHOH, TaK Kak Ouaa-
roxaps BO3MOMXHOCTH TOIVIOIEHHA YacTHL, KOMIUIEKCHOU aBiseTcs
addeKTuBHAA TOTeHUHAAbHAS SHEPrua. MBl sanuiieM 7y B BHAe

hd

&

x=%e , ¢>0,

rae 5 no MopAAKy BeNHUHMHH OllpepenseT LMHpHHY obiacTu mud-
GY3HOCTH sSAeDHOH# TpPaHMUH, © — BemieCTBeHHas (a3a, 3aBHCH-
Has OT KOMIUIEKCHOro IoTeHunana V —is [to o6CToaTenscTBO,
uTo ¢ > 0, caenyeT u3 BeipaxkeHHd DA Ko3dduueHTa NpHIMIIa-
Hus Ly, cM. HmKe, ¢opmyna (18.6)]. B nepsom mpuOMMKeHHH
MOXHO CYHTATh, YTO & H ¢ He 3aBUCAT OT DHEPrHM.

Taxk xax npu AR <€ 1 abconoTHOe 3HaYeHHe 7 OOBIUHO MAajo
IO CPaBHEHUIO C eJuHHLEeH (TocilelHee YCIOBHe O3HAayaeT, 4TO
BeIHYMHA CEYEHU pacCedHHs Malad II0 CPaBHEHHIO C 11:7(9), TO
(18.5”) MOXHO HpencTaBUTL B BHIE

ur=sconst. (kr-v).

[panuunoe ycnoBue (18.5”) npuBomur Kk pesyabraty
s
=— kR kbe® -

Eciu o =0, TO BeanuuHa 7% OyneT BelleCTBeHHOH#. B aToM
ciyuae Mpl HMeeM YHCTO YUpyroe paccesHue He#TpoHOB, CeueHue
paccesHHsi o, CBA3aHO C asolt v COOTHOIIEHHEM

93

__4n sin2

—-?2-3] 1.

Cuuras b MaibiM MO CPaBHEHHIO C R, MBl TOMYYHM 1 =~ — RR,
il TIO3TOMY

o, = 4R,

3TO CeueHHe paccedHys MeJeHHHX 4YacTHIL OT HeMPOHHLAEMOro
wapa pamuyca R B ueTHpe pa3a NPeBHIIAeT COOTBETCTBYHOIIee
ceueHHe, NaBaeMOe KJIACCHUECKON MexXaHHKOH.

N3 dopmyant (18.57) cnesyeT, 4TO OTHOIUEHHE AMIVIUTYX
pacxonsillefics M mnagawomel BOAH paBHO @0=e2"l. B cayuyae
KOMIUIeKCHOR Ga3u v BeauuuHa | B, | —Menbme enuHuns. BeposiT-
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HOCTb MpPH/AKITAHAA YaCTHU C MOMEHTOM /== 0 paBHa, COr/iacHoO
(17.12):

Lo=1—|BP=1—|e® P 4kbsinL,  (18.6)

npuudM Mbl NpeHeGperaH 34eCh wieHaMH mOpsiaka 72

Bruuie MBI roBopusm, 4TO & u ¢ B 061acTH MajbIX 3HepPTHH
MOKHO CYUTATh He 3aBUCAUIUMH OT 3HepraM He#rpoHa, Popmyna
(18.6) mokasbiBaeT B TAKOM CiIyuae, YTO AJA MeIJeHHHX Hell-
TPOHOB, IJMHA BOJHH KOTODHIX BEJHKa 110 CPABHEHHIO ¢ R, Be-
POATHOCTb TPHJIHNAHUA NPOTIOPUMOHANBHA B, T. e, ]/E.

CornacHo (18.6) MOXHO Teleph ONpEeNEeNNThH CeuyeHHe 3aXBaTa
MEN/IeHHEIX HENTDOHOB

5, = ‘KT-QCO — cozst . (18.7)

(v — cKopocTb HEHTpOHOB).
dra dopMyna BepamaeT XOPOWO H3BECTHHR 3aKOH NOIVO-

1
HIeHHUS MEIJIEHHBIX HeATPOHOB (3a1<ox-x ;).

My onpeneinaMd 3aBUCHMOCTh BepOSTHOCTH NPWIMMAHHUA OT
SHEprUH Majaome# YacTHUH B ABYX HpPeNeNbHHIX Cayyadx 6Goub-
WHX W MaaHX 3HEPrHft, KOraa JUIHHA BOMHH HAacTHUH Mala MIH
BEMHKA IIC CPABHEHHUIO C PAXHYCOM sfpa.

HOas monyuyeHus obuweR dopmyan mia §;, TPurogHOH TIpH
BCeX 3IHepruax, HeoOXoamuMa [eTaabHas TeOpud SHEepPHHX CHIL.

OTMeTHM, 9TO B ciydae HeHTPOHOB Be[OATHOCTb NMPHAKITAHUA L,
CTaHOBHUTCA IO IOPAAKY BeJHYMHH DAaBHOR enuHMIE NHDH SHep-
run, paBHo#t E == 1 MeV, ecmn cuntaTe 6=~ 10-1% cm.” Taxum
0o6pa3oM, TO OTHOIUEHHIO K He/TPOHAaM, 3Heprus KOTOPHX 3Ha-
UUTENLHO NpPEBOCXOmHT 1 MeV, aapa spasioTca abCOMOTHO «u&p-
HEIMH» (ClefyeT HMeTb B BHAYy, 4TO TpPH O4YeHbL GOJBIUMX 3SHep-
THSX SiEpa CTAHOBSATCA NMPO3pPauHBIMK). [IpH 3TOM mpenrmonaraercs,

4TO MApaMeTP CTONKHOBeHHs /A He NpPeROCXORMT DamMyca sapa,
R

r.oe. .
x

s He#ATPOHOB C 3HeprHeit, meHbwie# E,, BepOATHOCTbL NpH-
nunaHusa C, uMeeT BHA __— -~

\
o=V ;Lfo-. \ (18.8)

) \“5._..———-——‘_"—/’




§ 19. pPACHAN COCTABHOIO 4llPA 177

§ 19. Pacmapa cocrasHoro sapa

B npenmimymiux naparpadaX Mb! TOBOPHJIH, YTO eCHH SHepPrus
BO36yXIeHUA COCTABHOIO AJpa COCPEeNOTOUYMBAETCS Ha Kako#-mi6o
qacTHUe, TO TIOCAeNHAS I[OKMAAET COCTaBHOe AAPO. BO3MOKHH
cheAyiolnHe BHRH MPeBPANICHHs COCTABHOrO #AIpa: HcnycKaHHe
HeT[OHa MM 3apAKEHHOH vacTHUH (TPOTOH, &-4acTHIA), HCHY-
CKaHHe Y-KBAaHTA H, HaKOHell, JeJeHHe sIApa,

3aMeTHM, UTO MNepexon U3 BOaOYXXEHHOrO B OCHOBHOE COCTOfR-
HHe MOXeT NPOUCXOAMTh TaKke B peayabrare [-pacmaga co-
CTaBHOTO Anpa. IJTO ABAEHHE MHE MOXKEM, OJHAKO, He YYHTHRBATh,
TAK KAK BDEeMs KHSHH SApa 1O OTHOIUEHHI0 X f-pacmany B 6onab-
IUHHCTBE CJAy4YaeB 3HAUYMTeNLHO OOJbllie BpeMeHH KH3HM MO OT-
HOIUEHHUIO K APYrUM BHJAAM TpeBpamieHuf,

U3 mepeyucneRHWX Bblllle NPONECCOB JeNeHHe TPOHCXOAUT
TOMBKO C TAXEABIMH aipaMy. YTo KacaeTcst HCMYCKaHWA YACTHIL,
TO BepOATHOCTb BBHIJIETA 3aPAWeHHOR 4acTHLE! HM3-3a GapbepHHX
addexTor, BOOOHIe roBOPA, MeHbllle, ueM HeHTpaapHOH. DTOT
BHIBOJ He OTHOCHTCA K JE&rKUM sApDaM W HeCOpaBelJUB LIS OYeHb
6onbminx BO36yxAeHHH aapa, xorma OapbepHbit QakTop He
HrpaeT DOJH.

Mer 3HaeM, UTO Kakaasd BO3MOKHOCTH pacnasa CBs3aHa C He-
KOTODHM YIUHDEHHEM YpOBHA CHcTeMHl. [loaToMy KaxKIOMY IIpo-
LeCCy paciafa MOXHO TPHUBECTH B COOTBETCTBHE TAK Ha3HBAEMYIO
YacTHYHYI0 IIUPHHY YPOBHA, KOTOpAasA OMNpenensieTCd KaK Bepo-
STHOCTh DPAacCMAaTPUBAEMOTO NPOLECCa B eIWHHLUY BPEeMEHH, YMHO-

JXeHHasa Ha h.
Ecnu YMHOXUTh CeUeHHE OGDHSOBE!HPIS{ COCTaBHOro fApa g,
Ha OTHOCHUTSJBHYI0 BEPOATHOCTB KaKoro-amu6o nmporecca o, pas-

r
HYIO -f‘—, rae L', — vacTHuHas mupuna, OTBedarouras Npoueccy a,

a I'— nonnas wMpHHa YPOBHA, TO MBI TOOAYUYHM CeueHHe A4
3TOrO ripouecca o

[ee)
T, T,
oy = T o = =2 kT 3 (U A1) (19.1)
=

TlokaxeM TeNeph, KAaX CBA34Th YACTHUHBIE LIHPHHB C EDYy-
UMM BEJHYMHAMM, XaPAKTepH3yIOWMMi cocTosHue aapa. C aToft
UeJbH) MB BOCIOJNb3YeMCSl TaK HA3HIBaeMBIM TIDHHLUIIOM NeTalb-
HOTr'O pPABHOBECHS, YCTAHAB/NUBAIMUM CBA3b MeEWAY BePOATHO-

12 3ak. 1800. A. Axiesep.
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CTAMH NpaMOro u oGpaTHOro nepexonoB. B maunom cnyuae peun
HEET 00 yCTaHOBJEHHH CBA3U Mex1y IIHPHHOH YpOBHS H ceue-
HueM OGpa30BaHHA COCTaBHOro aapa [45 471,

IMpencraBuM cebe Goabmio# cocyr o6bEMa Q, comepxaniuit
sfpa CaMBIX pPa3dMYHHX COpPTOB. MK pPacCMOTPHM COCTOSAHHE
CTATHCTHYECKOrO0 DPABHOBECHS, NPU KOTOPOM UHCIO pacUlenyeHHH
B eIHHHIly BpeMeHu sgep copta C, NPOHCXOIANIKX, COIITaCHO
cxeme C—> A4 a (A, a—TpoAyKTH peaKunu), PaBHO UUCTY
pexoMGuHauu#it B eXwHHLy BpeMeHH Tuma A—4-a— C.

O603HaulM BEPOSATHOCTH NMPOLECCOB PACHIEIICHHS B peKoMOu-
HALWK, OTHeCEHHHE K eIMHHLE BpeMeHH, COOTBETCTBEHHO yepes
wS, u wh®. YcuoBue DABEHCTBA MEXIY UHCIOM pacuenieHii
tHna C—> A-}a v uucioM pexomOuHamu#t ThHma A-}-a—>C
MO3IKHO 3amHcaTh B BHIe

. 8% = 848,W5% - (19.2)

rie g, — CTATHCTHYECKHH# BeC COCTOSHHA, B KOTODOM HaXOAMTCA
aipo A, u T. 4.

QO603HaunM uepes E,4, Ep,... 3HaUeHHs BHYTDSHHe#l 3Hepruu
agep A, C, ..., NOHAMas TIOX BHYTpeHHeit sueprueft pasHocTh
Me¥XAy MOAHOR 3Hepruefl MOKORALWIErocd f1pa H 3Hepruelt noxos
cocTaBadommx ero uactau. Ilycrb, nanee, p,, py, ... 06o3Ha-
yaloT uMOyJAsCH saep A, C, ... MH npeanonoxHM, 4TO HM-
nyabc AApa A HAaXORMTCA B HHTepBaze MexIy P, U p,—+dp,.

Eciu E4 OTHOCHTCHA K AHCKpETHOMY CHEKTpY, TO IOX CTa-
THCTHYECKHM BeCOM g, MH [RO/KHBl TOHUMAaTh IPOH3BeNCHHE
2i, -+ 1 (i, — MOMEHT KOMHYECTBA NBIKEHUA f1pa A B COCTOAHHH
Qdpy
(27:75)3.

Eciu E4 OTHOCHTCA K HeNpepblBHOMY CIEKTDYy MU BHYTpeH-
HAa sHeprusa aapa A aexur B uHrepBade (Ey, Eo-+dE4), TO
CTATHCTHYECKH/l BeC g, paBeH

Qdp,y

= dE , — |
4==0P (EA) E , @rh)?
rae p (E4) dE4——4HCIO YpOBHeit snpa A B HHTepBaje SHEPIUH

(Ea, Ea—+dE4), npuuéM Kaxaull ypOBeHb CUHTACTCS CTONBKO
pa3, KaKOBa KPaTHOCTb €r0 BHIPOXKIEHHT.

¢ sHepruedt E4) Ha
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B stom naparpage mm mnounmaem moa C cocTaBHOE aapo,
SHEPrHA KOTODOrO JIeXHUT B HeflpepLIBHOM CHeKTpe, COCTOsHue
Ke 4pa A cuMTaeM QUCKPETHHIM. [TOX @ MH MOHMMaeM 4acTuly,
noxuiawowyw agpo C. Hrax,

dpgy
= (E,) dE, PRk
Q dp P4 e dpa

E4=2i+1) Gy ga=(2s+1)(%—ﬁ)3: (19.3)
rae §— COHH 4YacTHUW @, [— MOMEHT KOJHWYECTBA [BHKEeHUd
anpa A. B Tom cayuyae, Koraa suleTaloulefl yacTHLeEH SBASETCH
{-KBAaHT, S§==1 uau 2, B 3aBHCHMOCTH OT TOTO, ABAAETCA JHU
{-KBAHT NUMOJNLHHIM HAH KBaAPYMOALHHIM.

HNoacrasnas (19.3) B (19.2), monyuum:

w§.p (Ep) dE, dp, =
A
= (2i41)(2s4 Dwisdp, dp, o h)a' (19.4)
Beeném B paccMOTDeHHe UMTYAbC OTHOCHTE/NLHOTO JBHIKE-
HHSA 4acTHU A H a, KOTOpHR 0603HauMM 4Hepes p:
— MMA — MApa—MapA
P=ar 1, Va— V=" 5,

(smece M,, M, —wmaccu dacTH A H a@; V, M V,—HX CKO-
poctH). Jlerko yGeAWTbCsi B TOM, YTO HMEeT MECTO PaBeHCTBO
dp, dp, = dp,dp

(3’1‘0 paBeHCTBO O3HA4aeT, YTO SKOOHAH nepexona OT AepeMeH-

MApa—MapA
HHX p,, P, K NMEPEMEHHHM pC=pA+pa uHp=— A

paseH enuﬂuue.) Hcnonwn3oBaB 3TO paBeHCTBO, Nepenuiliem (19.4)

B BHIE )
wgadﬁo=(2i+1)(zs+1)mw§“d G ﬁ)a

Bocmoabsyemca Tenepb 3aKOHOM COXDAHEHMSt JHepruu, B CHAY
KOTOpPOro

(19.5)

Ec=E s+ E,+E,
12%
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rae £, —3Heprua CBA3H 4acTHubl @, E — 3Heprus OTHOCHTENb-
HOro pgBHMEHus dactui A u a:
p? M MMy
M’ MMy
M3 wnanucawHoro pasenctBa cieayer, uro dE¢=dE. 3ameHus
dp Ha 4wp?dp = 4= Qidi% dEq, Mm nmoayuyum u3 (19.5) coor-
HOlIEHHe
[ Q
wga — wéa@z +D@2s4+ 1 dnMpQ
p(Ep) 2rh)3
; Q
— wé“ 20+ 1) (2s+1) D 47:Mp‘..
(& +1) (21 )8
tie J— MOMEHT KOMMYeCTBa IBMKEUYnus COCTABHOro aspa, a Dy —
CpellHee DAECTOSHUE MEXAY BHPOXKIEHHBIMH YDOBHAMH COCTaB-
HOTO $iAP32, MOMEHT KO/ANYeCTBa ABMXKEHUS KOTO[HX paseH J

(MW CuMTaeM TIpH 3TOM, 4TO KDAaTHOCTb BHIPOXIEHHS YPOBHA
COCTABHOTO fApa ¢ 3Heprucit Bo3Gyxmeuus Ec¢ pasHa 2J-- 1).

Vmuoxus w3, na %, HatiaéM YaCTHYHYIO LUHPHHY MO OTHO-
uleHuio K pacnany tuma C— A-}-a, ycpen:H&HHYIO MO BCeMm
YDOBHSIM COCTAa8HOFO $ApPa, 3HEPrEs KOTOPHX JASKHUT BOGAU3HM
Eg=E -+ E, -+ E. O60o3HauuM 3Ty yCPeAHEHHYIO WHPHHY ue-
pes I‘,C{a. Esemém ew& ceueHHe oGpasoBanusi COCTaBHOrO sapa
B De3ynbTaTe CTOAKHOBEHHS HacTHL A W @, pPaBHOE

, (19.6)

Aa
JAs Yo
c = v/g b

rie ¥— CKOPOCTb OTHOCUTENLHOrC [ABMXeHus dacTuil A u a.
dopmyny (19.6) Mel TepenulleM OKOHYaTeJbHO B BHIe

e (24-1)(2s41) sdo
e o+ 1 T onrx?

(19.7)

rie A — pasgendyHas Ha 2n AJMHA BOMHE 4aCTHUM @.

Taxum 06pasoM, NOAB3YACH CTATHCTHYSCKUMH COOGPaKEHUAMH,
MOXHGC CBfi3aTb 4YACTHYHYIO WHPHHY YPOBHA C BEPOSATHOCTBIO
o6patHOro mpouecca, T. e. C ceyenHeM 06pa3oBaHuA COCTABHOIO
sapa. Ilpn atom caenyer eul€ pas nNOAUepPKHYTh, YTO peyh, HRET
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O UI¥pWHEe, ycpenHEHHOR MO GO IBMIOMY 4YHCAY ypOBHeH, Jexa-

MX BOAHSH 3Heprum BO30ywAeHus Eq.

Yuuoxus &% na I'Ey/T° rae I'°—nonnas wwmpuua yposua

cOCTaBHOrO #apa, a I'Ep — HACTHYHAA WHPHYA NO OTHOUICHHIO
kK pacrany C Ha anpo B ¥ 4acCTHily O, U NPOCYMMHPOR4B IIO-
JIY4eHHO€e BbhIpameHue IO BCEM 3HaYeHHMAM MOMECHTaZ COCTaBHOTO
faApa J, COBMeCTHMBbIM C 3aKOHOM COXPaHeHHMsi MOMeHTAa, HaHIEM

ycpennéntoe sddekTuBHOe CeyeHHe AJs8 mOpouecca: A-f-a —
- B-46

Aa 2112?:2 v Fgargb
— 2J-{— -, 19.8
@@+ - /1) ~op, - 199)

3aMeTHM, YTO [pPH 3afaHHOY DSHepPrHH MNajgaiomis# YaCTHILE!
ceueHHe OGPA30BAHHA COCTABHOrO sApPa B CAyuae CTOAKHOBEHHA
HCXOMHOI'O fApa C HeHTpPOHOM Gyner, BOOGile rosops, Goasile,
ueM B CAyyae CTOJNKHOBEHHS C MOMOXKHTENBHO 3apsxeHHOH va-
cTullefl, ecau 3SHeprus nocaegHeft MeHbllle BHCOTH NOTEHIIHAIbL-
HOro Gapwepa. IToaromy oO6GHYHO HeHTpDOHHAad UIHPDHHA GOJbllle
YaCTMYHO# IMHPUHE [0 OTHOLIEHKIO K BHIJIETY 3apAKeHHOH 4a-
CTHLH.

OcTaHOBUMCR Tenepbk Ha OTPeNISHHUA o&®, Srta BenuwuuHa
npencraBaser Ccc6o#t ceuenne 0O6PA30OBAHHA cOCTaBHOrO sapa C
¢ MoMeHTOM J B pe3ynwTare CTOJKHOBeHHs sdpa A ¢ uactuuelt a.

Iycrs MOMeHT KOnuuecTsa ABHKEHHS YacTHUH @ paBeH /; Toraa,
OYEeRHIHO,

46 — g4l —
eft=ctt=qaq,,, (19.9)
rae

sy = (2[4 1) =K%,

o6o3dauaer obuiee 3dhdexkTnBHOs CeyeHue o6pa3oBaHHT COCTAB-
HOrO #AApa B pe3yJeTaTe CTOAKHOBeHMS axpa A ¢ wacTuue# g,
obnanawoiiet MOMeHTOM [, HE3aBHCHMO OT TOro, Kaxoe 3Haye-
Hue OygeT MMeTb NPHM 3TOM MOMEHT KOJMWYeCTBa IOBHXKEHHA CO-
CTaBHOro sapa, a &,, MNpPeACTasiaseT COGOH BepOsATHOCTH TOTO,
4TO ofpasylieecs COCTaBHOe #ApPO0 OyneT MMeTh MOMeHT J.
Bynem mnpexmoararte, YTO BePOSITHOCTb MNpHAMNaHug &, He
sapucut ot J. VMHmMu CI0OBaMH, MH CUUTaeM, UTO BEPOSTHOCTH
nosiBfleHUss Kakoro-iuso 3HaveHus J ompefensercs TOABKO CTa-
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THCTHUYeCKHM BecoM J, T. e. YHCAOM DPa3/MHYHHX BO3MOXKHLIX
opueHTauu#t BEKTOpa MOMeHTa, HMelomero sxauexsue J. Yucao
3THX OpHeHTauw# paBHo 2J-{-1. [losTomy Mul nosnaraem:

— 2741
alf——glis.-f Gs+DEIFY 2+’ (19.10)

rae g, s TpencraBnseT coGo#t uucao crioco60B, KOTODPBIMH
MOXHO MNOJYYyHTh HaHHOe 3HauyeHHe J, CKIaZHBas BEeKTOPHO 1,

i, s.
Ecaw xors 6w omaHo #3 yucena /, i, S paBHsAETCA HYMAIO, TO

1
g==1. Ecm s=5, TO A1 MaKCHMaIbHOrO ¥ MHHHMANBHOTO

3Hayeun#t J, paBHHX COOTBETCTBEHHO l—|—i-—!—-;— H ]l——i[—-—l-,

g==1; 11 BCeX NMPOMEKYTOUHbIX 3HauenuH J g ==2, TaK Kak
Takue 3Havenns J MOKHO moay4aTs ABYMs cmocoGamu (ecau

i=1[, TO 3HayeHue J=]l—-1l—-% He peaausyerca).

Jlerko y6enHTbca B TOM, YTO ONpefe/&HHAs ykasaHHeIM o6pa-
30M BeJNHMYMHA o, ; MpEACTaBAsSeT cO60# MPOHODPMHPOBAHHYIO Be-

pOATHOCTD, T. e. ¥ «,, ==1, NpHu&M CyMMHPOBaHHe PacmpocTpa-
J

HAETCH Ha BCE BO3MOXHble (COBMEeCTHMbie C 3aKOHOM COXPaHEHHd

MOMEHTa) 3HaUeHHs J. :

IMonabsyscy dopmynamu (19.9), (19.10), npeacTasum ceueHHe
o6Gpa3oBaHus COCTasHOro aagpa ’cc‘%l B BHIOE
X230, 2+1
" s g5+ D@ F D)
ToncTaBass 5TO Bupaxenne 8 dopmyay (19.7), Halingm ycpen-

J ¢ .
uéunyto wupuny I (=T414):

Al —
9y

& (19.11)

£
P =8y, sDr5e- (19.12)

Srta ¢opmyna CBs3bBAET BepORTHOCTh (T. €. UYACTHYHYIO
WHpHHY) pacmaxa cocTaBHOro sigpa C, B pe3yabTare KOTOPOro
nosBAseTcs 4YacTHUa & ¢ MomeHToM / ¥ ampo A, C BeposiT-
HOCTHIO MPHJIMMAHHUS {; 4acTHILl @ K 21Dy A M CpPelHHM paccros-
HHeM Mexuly ypoBHaMH cocTtaBHoro sapa Dy (peub HAET, oue-
gHaHO, 06 ypoBuax C C sHeprue# BO3GyKIeHHs, OnU3KOH
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kK Eg=E s+ E - E). Benuuuna [; onpenensercd 3HeprueH
naaowed vacrunel £ u e& MoMeHToMm [,

M3 (19.12) BeiTekaeT BAXKHBHA BHBOA: €CNH BepOATHOCTh
npuiaunanus {; 0O TMOPAAKY BeNHYHHB DABHAETCS EIMHHIE, TO

YaCTHYHAA WHPHHA T4 #meer MOPALOK BeJHYHHL PaCCTOAHUA
MexXIy YPOBHSIMH COCTaBHOro sapa Dy. MHuIMH cnoBaMH, yDOBHH
COCTaBHOTO fOpa B 3TOM Clyuae HePeKpPHBAiOTCA.

Bpsa nd HYXHO ewd pa3s noA48PKUBaTH, yro dopMyna (19.12)
onpenensieT TOABKO YCDeIHEHHYI0 N0 GOAblIoOMYy YuciHy GJMH3KO
DAacroN0XKEeHHBIX YPOBHE#! YaCTHUHYIO LIMDUHY IS KaKoro-au6o
BHJ3 DacuielJIeHHs COCTaRHOro sapa. MuaupmiayanpHele MHPHHBL
OTHAE/NBHHX YPOBHeHl MOryr, KOHEeyHO, IpU 3TOM CH/ALHO OT/H-~
yaThCa APYr OT Opyra.

Bocnoasayemca gopmyaott (19.12), uto6H nonyuuTh BHpawe-
HHe [Ja cpeaHel HeHTpPOHHO#t wmmpuHu I',. Buneramomue H3
AApa HeATPOHBI (PEANOJAFraTCS MEJIeHHHMH, MO3TOMY NS HUX
[=0wu gy, ;=1. lloaesysaco ¢opmyno# (18.8) Ann Bepoar-

HOCTH MpHAMNaHHs (g, MOAYUHM:

ra=2¢ 1/E0 (19.13)

rae E—3Heprus BHAETAOUMMX U3 sapa HefATpoHos. [loaras
E,~ 0,7 MeV 1581, noayuum orcioga:

I, =2 10-4DE", | (19.13")

npuaém 3meck E u D (cpenHee DacCTofHHE MeXNY YDPOBHAMH
COCTaBHOTO $Apa) BuipaweHu! B eV. Cuutas anda sigep cpenHero
atomHoro Beca (A~ 100) D =10 eV, noxyuum us (19.13"):

T,E—':~2.10-3 (soab1)". (19.13")

IlpumennmM passuThIe CTaTUCTHUECKHE COOOpaKeHHsA K HaXo-
wIeHWI0 GYHKIIUM pacnpeleseHHs 4acTHL, BbJIETAKINMX NPH pac-
mage COCTABHOTO $fAPA NO 2HEPrHUsM.

Ilycte E¢ u E 4 — sHepruu BQ36yXIeHus COCTaBHOTO axpa C
H anpa A, ocraoilerocs noche Boaera u3 C vacTuun a. Knxe-
THYECKasl SHeprHs BrLIeTaOWled 4acTHHH @ pasHa

E=EC—"EA""'E147
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rpe E,—>3Heprus CBA3W 4YacTHubl- 4. DBynem cuutars, uto Eg4
OTHOCHTCH K HENPEPLIBHOMY CNeKTpPy aapa A, ¥ MOCTaBUM BONMPOC,
KaKoBa BEPOATHOCTb TOrO, YTO BHIJETEBIIas M3 HApPa HacTHla
HMeeT B3HEpruo, 3aKMOUuEHHYI B mpexpenax oT E no £-4-4E?
OG603HauUNUM 3Ty BePOATHOCTH, OTHECEHHYIO K eIHMHHIle BLeMeHH,
yepea @ (E)dE. Bocmoabiyesmca o6ine#t ¢opmy o (19.2) n
MTOJIOXHM B Hel

- dpgy
0(2 ﬁ)3 gA—pA(EA)dEA(Qnﬁ)g’
de,,

roe p, (E,)dE, —uHCcAO ypoBHe#i fnpa A B WHTepBale 3Hep-

ruu dE 4, NPpUUEM Kaw AL ypOBeHb CUMTAETCS CTONBKGC Pa3, KaKoBa
KPaTHOCTb €ro BHIPOWAeHWd. Buecro w§, MW ROMKHB Temeps.

nucats @ (E) dE. TaxkuM 06pasom, Mbl MOJy4nM:
w (E) dEpy (Ep) dE zdp, =
= w4% , (E,) dE

o= PC (Ec) dE

[epefingéM OT mepeMeHHHX P, H P, K MepeMeHHHM p, 4 P,
rae p—HMAyJAbC OTHOCHTEJNBHOIrO MNBHXKEHHA yqacTHL, A #u a,
a Takxke OT NepeMeHHHX E4, p K nepemenHbM Eg, E. B pesyns-
TaTe TIOAYUHM:

(E,) ME

sdagE,  (19.15)

P
w (E)dE = (2s +1) A(E) —7%

rae 44 — ceyenne 00pasOBaHUst COCTABHOrO sApa C, BO3HHKAMWO-

[ere npyd CrOJKHOBEeHHW HaCTUUH a ¢ sneprue#t £ u saapa A,
9HepTUs1 BO30YywIAeHUs KOTOpOro pasHa E 4.

-BCcOOMHMM Tenepb CBs3b MeXAY MNJOTHOCTBIO COCTOSHHH p H
surponuet aapa S (cM. § 16). Cuuras B dopmyne (16.5) me-
NJeHHO MeHsiomytocs PyHKUMIo sHepruu A (#) MOCTOAHHOM, mOaY-
yUM NPHOAUIKEHHO:

Pl ~ (SAED =SB
P E)
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(vHIexc npH S yKasbiBaeT HA MPHHAMJIEKHOCTb K TOMY HJIHM HHOMY
aapy). [oan3yscs 3THM CcoOoTHOWleHuew, mnepermuem (19.15)
B BHle
25+ 1 S4 (Eg—E,—E)—S¢g(Eg)
w (E)dE = 211 posee a
kd

PaccMOTpHuM Ccayuait, KOrna KHHETHYeCKad SHeprus BBIIETAal0-
uied 4acTHubl 3HauNTeabHO Menbwle Eg — E,. [lonaras B 3TOoM
cayuae Sy (E¢—E,—E)=~S4(E¢— E,)—ES4(E¢—E,)
BCOOMHHAA, UTO

EdE. (19.16)

1
SA (W) T Wy’
rae T4 (W)— temneparypa sapa A, 3Heprus Bo30ywxIUeHHHd KO-
TOpPOro pasHa W, nmoayuum:

S - S
w (E)dE——QSj;dl Mohag®a Fe=—T d=Sc B, TAaBCc—E) pyp.
(19.17)

Hamomuum, urto o4e 3asucur or £ u E,. Eciu yacTuuefl a
c 4

sBasieTcs He#TPOH, TO B o6aacTu Goaswnx -3Hepruit E ceye-
Hue e ~nR? (cu. § 20). B 3Tux ycnosusx mul MmojyuyaeM pacipe-
K2JieHHe MaKCBeJIOBCKOTO THMa, MpuyEM MOLyNeM 3TOrO pacupe-
HeNieHHS CAYKUT TeMnepaTypa 1apa A, OCTaOUIErocs noc/e BLIIETa
YaCTHLBl, a He HCXoLHoro siapa C. Pasauuve Mexay 3TUMH TeMIe-
paTypamu, BoOGuie roOBOpsi, AOBOJLHO 3HAYUTEJAbHO, TaK Kak
B pe3yJbTaTe BuIIeTd YACTHIH TMPOUCXOAYT CHABHOE «OXAAMNIE-
HUS» dapa.

Uz dopmynst (19.17) crenyer, uTO CpeAHsid SHSPTHA BhIETANO-
IIMX YiCTML NpH 3alaHHoM E¢ 10 TMOpSAKy BeJAMYUHBI DaBHa
Ts+(Ec— E,). B TtoM cnyyae, korma ceuenue oOGpa3oBaHus
COCTABHOTO $ApPa He 3aB'ICAT OT 3JHEPruH, CpelHss SHepPrHa Bbljie-
TAOMHNX vyacTul paBHa 274 (Eg— E,). Otciona MOXHO COeAaTh
cneayounit Basox. Ecim cocrassHoe sinpo C cO3Ma€TCs B pesynib-
TaTe CTOJKHOBEHHH GHCTPOro HeHTpoHa C sdepruedt E u aapa A,
HaXOHSIIErocd B OCHOBHOM COCTOSIHIH, TO MOJIYHAOWKECs NPy pac-~
- nafe C HeTpOHH 06/1ana:0T B cpeaHem sHeprueft ~2 T4 (E¢—E,)=
e=2T4(Es -+ E), xoTopasa, BooGule TOBOpA, 3HAUUTENBHO
MEHbIlle £,
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§ 20. Inddpakunaonnoe paccedHue GbICTPHIX HeATPOHOB
NOTJIOMAMHAMA AXPaMH '

Ilepeitném Teneps K pacCMOTpPEHHIO YAPYTOTO paccessHis 4aCTHLL
norjaowamouumy  sapamd. CooTHOlleHus, TMojayyeHHee B § 17,
MOKA3LIBAIOT, YTO MOrJAOIIEHUE BLI3HBaeT AOMONHHTEJILHOE BO3MY-
mieHHe najawuiefl BOAHLL B, CIeA0BaTENLHO, TPHBOMUT K JONOJNHH~
TeNLHOMY YIPYTOMY PpPacCesiHHIO YacTHl, KOTOpOE He CBs3aHo
¢ oOpa3oBaHHeM COCTaBHOIO flIpa H HOCAEAYIOUIMM HUCIyCKaHHeM
4acTUll. DTO ynpyroe paccesHune, 06yCJIOBNeHHOE HaJHUHUEM TTOrN0-
WamoLlero pacceuBaressi, B CAyyae MaJHX. IJHH BOJH YacTHULL

(X << R, R— pamuyc sapa) anajqoruuHo nuddpakuuu Csera OT.
abcomoTHO uEPHOro iapa U MoXet OGHTb RO3TOMY Ha3BaHO
nnpdpaknuouHLM paccestnem B4, Uro6u cmenars, Gonee scHOH
3TY aHANOTHIO, HAMTOMHHUM, YTO ANPPaAKIIMOHHEE ABJeHHS B ONTHKE
HabMIOMAOTCE B TOM C/yyae, eC/lH Ha TNYyTH DPacAPOCTPaHEHHS
CBETa CTOUT HENpo3pauHbId, norJowanowWuli ceer sxkpas. JInbddpak-
UMOHHHE ABNeHHS, XapaKTepuayolmecs OTCYTCTBHeM pe3KOH rpa-
HUIBH MexAy OG6MacTAMH CBeTa W TeHHM, MpelNCTaBasioT coboft
OTKNIOHEHHA OT reoOMeTpPHYeCKOH OATHKH H HENOCPeACTBEHHO CBA-
3aHHEl C BOJHOBO! MPUPOIO# CBeTa; OHH MPOABJAAIOTCA TeM CUNIbHee,
yeM MeHbllle pa3Mephl HermpoO3pauHBIX Tes M0 CPAaBHEHHIO C MIHHOHA
BOJHH cBeTa. Tak Kak sapa B ONpPeleN&HHOR 06/JaCTH SHEPruH
NOT/IOWAIOT MajaloWie Ha HHX YACTUllel, T. e. BeldyT ceba mo
OTHOUIGHHIO K HHM KaK Henpo3paulble, MOrJMOLIA0NIHEe 3KPaHLI,
TO, Ha6aOAas B TAKHX YCJAOBHAX yNpPyroe paccesHHe YacTHUIl, MH
JOMKHB NOAY4HTh ANPPPAKUAOHHYIO KADPTHHY.

PeHOMeHONOTHYECKAS TPAKTOBKA fApa Kak HelpO3PavyHOro,
NOrjoiaIIero 4acTHllbl 3KPaHa BO3MOXKHA B TeX ciayuasx, Koria
SHepPrHs YacTHL He NMPEBOCXOAMT HECKONbLKHX JecaiTKOB MeV mas
NErKUX sfep W HEeCKOJbKHX coTeH MeV gas taxénnix. Ecau mbl
HMeeM 1eJN0 C HeATPOHaM¥, T. €. 3AeKTPHUECKH HeHTpaNbHHMU
JaCTHUAMH, MPHYEM ATMHA BOJHB UX 3HAUMTENbHO MeHbllle PaAHyCa
a4Apa, TO CAenyeT OXKHUAATL [ONHOH aHANOrHH MEWAy yMpyrum
pacceanueM Takux uactuu M Iuddpaxkuved cseTa OT Hempo3pay-
HOro Teja, uMmerouwero ¢opMy H pasMmephl sapa.

OnHako HeoOs3aTeNbHO OTPAHWUUNUBATLCS HeHTPANLHEIMM YACTH-
uamHi. B atom cinyuae umerotr MecTo 0coGeHHO MPOCTHIE COOTHOIIe-
HHUS, HO Au(PpaKUHOHHHE ABACHUS AOMKHH HalMIORATRCS TaKKe
H MDA PacCessHUM NOCTATOYHO GHICTPHX 3apsKeHHHX dacThir (561
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OnddpakunonHas KapTuHa B 3TOM MNOCAeqHeM Clyuae ropasno
CllOXKHee, YeM B C/iy4yae CBETa, ¥ MEPeXONUT B OGHIYHYIO KapTHHY,
eC/IH 3apsAll 4acTHULl PaBeH HYMO.

B 3tom maparpade M paccMOTpMM mpocTeiummit cayuaft audg-
dpakuUHOHHOro pacCessHWs HEWTPAAbHBIX 4YacTHl, CudTas sSAPO
a6conOTHO «4Y€PHEIM» TENOM, NOFJIOIIAIOIINM BCe Majamomue Ha
HEero 4acTHIH.

Bynzem mpenanonararh, 4TO 84pO HMeeT dopmy iiapa paauyca R
H UTO [JMHA BOJNHH HEHTDPOHOB 3HAUNTENbHO MeHbllie Pa3MepoB
saapa. [IpH BHINONHEHWH 3TOr0 YCJIOBHS SAPO MOMNHO CUHTAaTh
a6comoTHO «uy&pHLIM» NIg HeATPOHOB, mNomaiamMuXx B cdepy
anedcTBuA aApa.

Ouenum sHepruio HefiTpoHa FE, npn KOTOpO# ero anuHa

BOMHE A CTaHOBMTCA DaBHOH pamHycy sapa. CumTas, 4TO pamuyc
Axpa paseH npubaux&HHo R= 1,5 107184 cu, rpe A — Mac-
COBOe YHCIO AAPA, MONYUHUM:
—onr_ 82
Ey= MRS Ah MeV.

l'lpn A—-40 E,~0,8 MeV, mpH A=100 E;~0,5MeV, npu

Hrak, Mb BHD;HM 4TO ecau 3Heprus HeHTPOHOB NPEBOCXOIHMT
HEeCKO/IbKO MHJ/UIHOHOB 3/1eKTPOH-BOJLT, TO BHIMONHACTCS yCJAOBUE

IR

C #pyrof CcTOPOHH, XODOILO H3BECTHO, UYTO €CHM AJIMHA BOJIHEI
CBeTa MaJla (0 CPABHEHMIO C Da3MepPaMH MPENsTCTBHA, TO BO3MOXHO
moayueHue obuieli ¢opmyan, onuceBamoieil auddpakunoHHEE
apneHs. OCHOBHBAafACH Ha 3TOH omrHuecKol nuddpaxuNoHHOM
dopmyne, HafaEm crepea AndpdpakUCHHYIO KaPTHHY, BO3HHKAIO-
Iy 0OpH pacCenaHHM ObICTPHIX HeHTPDOHOB, a 3aTeM yGemumcs,
4TO Ta XK€ KaAPTHHA NOJMyuaeTcs, eCAH HCXOAMTb M3 CTpOro#
KBaHTOBOMEXAaHMUECKOR TeOpHH paccesHHsi. Ilpexae Bcero HamoM-
HUM 3Ty GOpMyJy 4, NOAL3YACH €10, YCTAHOBHM AHPOPAKUKMOHHYO
KAPTHHY B TOM CAayuae, KOrIa CBET maaaeT Ha abCOAKTHO YEDHHI,
noraomalmut wap paavyca K.

O6uwas ¢opMmyna, onpeneasiowas anddpakuuo, nMeeT Cae-
aywoumit Bug 161

Tk ;
0= J Sy Loe T Af . (20.1)

*
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3mech & — HCKOMOE T1Oofe B HEKOTOpOH Touke P, u,— mose
B KaKo#-/1100 TOUKE NOBEPXHOCTH UHTErpHPOBaHus S, df,,—mnpoek-
st 3/71eMeHTa NMOBePXHOCTH df Ha HampaB/eHHe Jy4ya n, HAYyIero
OT HCTOYHHKA CBETa K 3nemeHTy df, 7 — pacCTosHHE OT TOYKH P
RO 3/neMeHTa NOBepXHOCTH df, k— BOaHOBOH Bextop. Ilosepx-
HOCTE S, B ofmeM NPOWU3BOJLHONO BHIA, TOKDLIBAET OTBEPCTHSA
B HeNPO3pavyHOM 3KpaHe M OrpaHnuanBaeTcs ero Kpaamu. 3HadeHus
oM 4, NPEeANONaraloTCa 34eCh TAKMMM ke, Kaxk ecau Obl BoBsCe
He OulJIO HHKAaKWX 3KpPaHOB.

B nmanstefimiem Hac 6ymeT HHTepecORaThr TOT ClAyuyaH, Koria
M HCTOYHUK CBeTa WM TOYKa HabmomeHus P HaXoaaTCid Ha BeChbMa
GonpWINX [acCTOSHHSX OT 3KpaHoB. B 3TOoM cayuae, Kotopni
H3BeCTeH MOA Ha3BaHueM Nuddpakuun PpayHrodepa, aydu, umy-
e OT HCTOYHMKA CBeTa, NaZailoT HAa BKPAHBl MapaIIbHBLIM
Ny4YKOM; MapannebHBIMU ABASIOTCA TaK®Me Ny4H, HIyKHe OT 3KPa-
HO3 B TOuKy Ha6amonmeHusn. [lostomy npu auddpakuuwn PpayH-
ropepa Mul uUMeeM Jen0 C M3MeHEeHHWEM HampABJACHHS NMYuyka CBeTa,
npetepreswero Rud@dpaklyio OKOAO 3KpaHoB, FaTedcusHocTb
cBeTa ABASETCH B 3TOM Ciayude QyHKUUeH yrjia OTK/JIOHeHHA CB2Ta
OT MepBOHAYANBLHOrO HAMpaB/eHHd. DTOT yroa HasuBaeTcd YrioM
auddpakumH,

B cayyae nuddpaxuun Ppayurodepa BCe ayuH, maAaolue
Ha 3KPaH, MMEIT ONWHAKOSOe HanpaB/eHWe, T. €. CAUHAKOBHIH
poadosoll Bektop k. [Tostomy nosle 4, Ha MOBEPXHOCTH HHTETpH-
poBanus B dopmyne (20.1) MOXHO NMpPeACTaBHTHL B Bule

uO = Ae“‘?,
roe A — nocrosiiHas, p— DaAHyC-BeKTOD, NPOBeAEHHLIR W3 He-
koTopo# Touku O K 3nemeuty nosepxnoctd df (puc. 11). Kak
BUIHO M3 BTOFO DHCYHKAa, PacCTosHue r oT df 10 Touku Habaoge-
HHg P MOXHO npuGanxEHHO npu GoabuioM R, 3aMeHUTh Ha

R~ R,—pn’,

rae i’ — eIMHHYHBIR B2KTOp B HampasneHud R,, T. e. B Hanpa-
BJEHHH Ny4a, MOYUIETO OT 3KpaHa B Touky Habaiomenus. Mcnoas-
3y 3TO COOTHOIIeHWE H 3auzd9ad, YyTO B HONWHTErpajbHOM BHpa-

1 1
WeHHH BeNHYMHA - MOXET CHuTaThCA NOCTORHHON W paBHOU .
L 3
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- TIpencTasuM  o6Guiyio dopmyay (20.1) B cayuae auddpaxkuun
$payrrogepa 8 sune

i == const. f et =Ko g f, (20.2)
5
Akt ’ ,
roe const. = iRy U k' = &n’ — BoaHoBo# BekTOp Auddparu-

pPOBAHHOIO JAyua. .

U3 dopmynn (20.2) BoITekaer BaxkHOe CBOHCTBO TaK Ha3bl-
BaeMhIX [HONOAHHTENLHBIX 3IKPAHOB, T. €. OABYX TaKuX IJIOCKHX
3KPAHCB, M3 KOIOPHIX OJMHH. HMEeT OTBepCTHE TaM, rie BTOpoft
HenpoapaueH., OHO 3akMOYaeTcs B TOM, uro muddpaxnMOHHHE

5 %
/
Ro'";/ ‘

-

| (24

&

Puc. 11.

KaPTHHBl JIOTONHHUTEIbHBLIX 3KPAHOB ONWHAKCBH. YTOOH! yGeInTHCH
B CTPA8eA/IHBOCTH 3TOrO YTBEPKIEHHsS, TOCTATOYHO 3aMeTHTh, UTO
€C/M B KayecCTBe MOBEPXHOCTH HATerpuposasus 8 (20.2) s3aTh
BCIO OGeCKOHEUHYI0 INIOCKOCTb, B KOTODO# MeXHT OTBepcTHe,
To (20.2) cBemétca x 3 (k—K’), rae 8 — gupakoBckas d-dyHK-
uud. [loatromy mnpn k-£Kk’ 3tor unterpan o6paujaercss B HyaIb
M, CJ1e10BaTeNbHO, A HOMOJHUTE/AbHBIX 3KpanoB npu k £ k'
3HaueHUd (DYHKLUMM 2 OTIMYAIOTCH TOALKO 3HAKOM. Ilpn k=¥’
chopMyaHpOBaHHOE Bbillle CBOHCTBO NOMOJHUTeNBHBIX 3IKPAHOB,
BOOOlle rOBOpPs, HE HMeeT MeCTa.
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Hac wmHTepecyer nuddpakmus oT a6COAIOTHO 4EPHOro Iapa
panuyca R, Ha KOTODHA MafaeT NapaJeabHHH Myuoxk Jayded.
HuddpakunonHas KapTHHa B 3TOM CJAyYde, COTAACHO CKA3aHHOMY
sHIlie, coBNagaeT ¢ auddpakunoHHOl KAPTHHOR OT KpPyrioro
OTBepCTHsi panuyca R 8 HeMpO3pauyHOM 3KPaHe, NMePHEHAUKYAAPHO
NJIOCKOCTH KOTOPOr'o majaeTr cCseT. BaxHO 3aMeTHTh, 4TO AHP-
dpakuMoHHbIEe KAPTUHE COBMAAAOT Takxe u MpH k= K’, Tak Kak
B 3TOM HampasdeHHH B O6OMX CAydYasX HMeeT MeCTO MaKCUMYM
WHTEHCHBHOCTH.

HUrak, paccmotrpuM aucddpakaui0 OT KpPYrJAOTO OTBEPCTHSA
paguyca R. OG6o3HaunM 0pPOEKUHI0 BeKTOopa kK’ Ha TNJFOCKOCTH
oTsepcTHs 4epe3 % (BekTop K, K2k GHJO CKa3aHO BHIle, HepeHan-
KynAsipeH K 3TOH M/IOCKOCTH).

BBen&m unauHIpHYecKHe KOODAWHATH 2, p, ¥ € OCbIO 2, TpoO-
Xoxsiulefl uepes LeHTP OTBEPCTHA MePNEeHAUKYASPHO K ero mnJjao-
ckoctH. U3 coo6paxeHMH CHMMETDHH SICHO, YTO HHTEHCHBHOCTH
aubdparuposanHLX aydyeft 6ydeT 3aBHCETh TOJABKO OT X%; MOSTOMY
OOCTATOYHO OrPAHMYUTHCA DACCMOTPEHHeM /Ayua WAYyWIEro B ILIO-
ckoctH ¢ = 0. Pgpmyna (20.2) npuBOAWT K CAenyrouieMy Bhpa-
WeHuI0 Ias Nojas auddparupoBaHHOM! BOJHH:

R 2r
= const. ff %% ¥ 0 dp do =
d 0

II

szo ,
f%wmwm (20.2)
ar

roe J,(x) == -21—Tt f e ¥ °%%? Jo— ynxums Becces Hy€BOTO paHra.
0

[Tonb3ysick H3BeCTHHM H3 TeopuM Oecce/MOBHIX (PYHKIHH COOTHO-
HIeHueM

.
[ do(prpap= RALR
0

rae J, (x) — pyukuus Becceas nepeoro panra, nepemumenm (20.27)
B BHIE .

Ak il-‘Ru J
u=RAE DGR (20.3)
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2 2
YuuoxuB |u|® Ha Rpdo, rne do—s3jeMeHT TENECHOTO yriaa,
B KOTODOM JexuT sekTop k’, Hafin&M wuHTeHCHBHOCTHL cBeTa d/,
auddparKposaHHOro B 3TOM HANpPaBASHUU:

dl = R2A%%2 l JR) \2 do.
. %

3ameuasn, uto A?rR? npencrasnaseT COGOH MOMHYIO WHTEHCHBHOCTD
Taalolero Ha OTBEPCTHE CBeTa, KOTOPYI0 Ml 0GO3HAUHM yepes /g,
npenctaspM d/ B Bune

(kR sin 6)
sin? 0

dl = % do, (20.4)

rie 6—yron nubdpakuun, ced3aHHOH C % COOTHOLIeHHEM
= ksin 0.

Tako# e dopmysaol onpexeaseTcsi pacnpefesieHHe CBeTa MPH
nudopakuEH OT aGCoOMIOTHO 4Y&pHOro moraousaromiero imapa (87,
B arom cayuae nox [/, creayeT NMOHUMATH TOJHYIO HHTEHCHBHOCTH
CBeTa, Majaiomero Ha MJA0mAaab TNONePeyHOro CeyeHHs mapa. Ml
BUIHM, YTO B 3TCM CJyYde, TaK Ke KakK H INpH Auddpakuuu OT
KPYTJ/IOTO OTBEPCTHA, MAKCHMYM HHTEHCHBHOCTH /IXKHT NpH x == 0,
T. €. B HaMpaB/IeHHN PACNPOCTDAaHEeHHs MAJalolero Nyyka CBera.
HMHBIMH C/IOBAMH, MaKCUMYM HMHTEHCHBHOCTH JISXKWT B LIeHTpE TeHH,
" TMONyYaeMof MO 3aKOHAM reoMeTpHUECKOH ONTHKH.

Awnanornudot GopMynoit KoNKHO onpenenstbes AuPdpakiiHOH-
HOe YMpyroe paccesiHue GHICTPHIX HEHTPOHOB fiAPDAMH B TOM CJAY-
yae, KOTAa sijfpa [MOJHOCTHIO TOIVIOIIAOT Najfalomge Ha HHX
ueittponn. ITon k u K’ creayeT ripy 3TOM MOHHMAaThb BOAHOBHE
BEKTOPH NANAIOMIUX U PACCEesHHBIX HEHTPOHOB, a mox /[, — 4YHC/O
He#TPOHOB, MANAOLUINX HA TMJOLIANbL MOMEPEeyHOro CedyeHus AApa
B eOWHHILY BpeMeHH.

dopmyay (20.4) B caydae paccesHus HeATPOHOB YynoGHee
BHpaXaTh B TepMHHAX 3(dexTUBHHX ceueHu#t. Ecan pasmenuts d/
Ha TIOTHOCTb MOTOKA MAafaOmHX HeHTPOHOB, paBHYyw lo/mR2, TO
MH monyuuM muddepeHHanbHOe MollepeyHOe CedeHHe paccesiHHs
s (8) do, oTHec&HHOe K 3NeMeHTy TenecHoro yrua-do. OHO onpe-
nensieTcst caenymwoimeit dopMmyaoii:

o (8) do = R? ﬂ%——ﬂ"”l* do. (20.4")
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3aMeTuM, UTO TIO CAMOMY CMBICAY OnTHYecKOR AudpakuBoH-
HOH TEOPHHU OTKJICHEHHS OT FeOMeTPHUECKOH CITHKK MOJMKHE OLIThL
HeGONBIWIMMHA; 3TO 3HAYAT, YTO yroa AndGpPaknuud HoMKeH OBITH
ManbpiM. K3 noaydedHolt Hamm ¢opmyan (20.4') mas ceueHust
paccestHHsi JIETKO 3aKJ/I0YUTh, YTO 3¢q3exmaﬂmﬁ yroa paccesHus

MAJ M TI0 TIOPANKY BENHUMHBI COCTABIAET 5 << 1. He#icTBHTENBHO,

npu GoAblIWX 3HAUEHHAX AaPryMeHTa cbynxum Beccena J, (x)
4CHMIITOTHYECKH paBHA

J; (x)fa,; ]/%sin (x —%), x> 1. (20.5

IToaTroMy B o6G1acTu Yraos, YIOSBJIETBOPAIUX yC/AOBHIO
1 >sinf > 7}1-?, ceuerre o(0) ySmBaeT OGPATHO MPOMOPIMO-
HaiapHO sind68. Bnarosaps 6ricTpoMy cnaxanuio 3ddekTHBHOTO
cevyeHusd MNPU yraax pacceaHud,

o~ 2

’ﬁ‘%@ﬂ npeswUAOMUX  A/R, [VIaBHYM,
E 7 _DOAb B MHTErpaitbHOM ¢ dexTus-
1 HOM CEYeHHU mparorﬂ_ymm To-
-t 8 et g

panxa KR,
HTEHBAas 3TO OGCTOATENb-
cTBO, MHl 3aMeHuM B (20.47) sinf

Ha 8 wu npeacraBum o (8) do
k B BUMe
% o(8)do= Rﬂ@r do. (20.6)

Puc. 12. Prc. 12, Ha KOTOpOM H30-
fpaxkeHa 3aBHCHUMOCTHL (OYHKUHH

OT X, na&T MPeACTaB/JeHHE O XapaKTepe YrIOBOH 3aBUCH-
27 (%) 2
x

npu X ==0 n pganee, OCHUANUPYS, CTPEMHTCA K HyMIO TPH BO3-
pacraHum X,

)

MOCTH ceveHHs. PyHKUUSA HMeeT De3KHH MaKCHMYM

B odnacTw Manmx yraos paccesuus, xorga f <= %, byHK-

= ]
uan Beccenn J, (RRH) moweT OHTL 3aMeHeHa HA —5— ¥ T03TOMYy
k -

30 a0 =580, 1 X (20.7)
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Takum o6pasom, rpu oueHn ManbX yraax nubdepedHumansuoe
CeueHHe paccesHus CTPEMHUTCA K IIOCTOsSIHHOMY mpeneny. - Ec

yrasl ) yncBaetsopsaioT ychiosuio 17> 6 >>-7]%, T0 YHKUUA

Beccena Mmoxer ObITb 3aM€HeHa &CMMNTOTHYECKHM BuIPaKeHHeM
(20.5) u-as(9)do uMeeT BUI

a(e)do__Rk - do, 130> x.

(R EEh a sl T Tt g

dddexTHBHOE CeyeHue B ITOH oénacm YTJI08 éhICTpo OCIHI~
R

JMpYeT C YacToToH 3 npuyéM aMINATyAa xone6am«m y6usaer
o6paTHO MPONOPUUOHANBHO KYO6y yria paccedasns. B cuay aroro,
KAaK YyXe€ OTMe4aJoch BhIle, GOJABUINE YFAB HE HrParoT DPOJH,  H
3¢ PeKTUBHEIMA B HHTErPaJbHOM CEYeHWH OKA3HBAWOTCH YTJIBI
NopsANKa — .
bl B
Hrak, Ml suauMm, 4To aud ppakuuoHHoe paccesinue HeHTDO-.
HOB_XapaxkTepHU3yeTrcs pe3Koﬁ ‘acumMMeTpueft,” HeﬁTpOHhI paccen:
_BAIOTCHA NPEHMYyLIECTBEHHO Bnepen Snpcbetc'msﬂuﬁ yrox pacceusa-

HUSA MO MOPANKY BENMIMHEL PaBeH % . Hpn 6on5nmx yraax uMeior

\'—-m
MECTO BTODHYHHIE MAKCHMYMH, OTJ/iHYaiollHecs, OMHAKO, 3HaUH-
TeJIbHO MeHbllel HHTEHCHBHOCTbIO, YeM TIJIABHHIH MaKCHMVM.
Onpenenum mnonHoe 3ddexkTHBHOE ceueHWe paCCedHHA dg.
Uurerpupyss (20.6) ® paciiupsas Opexels WHTETPDHPOBAHHA IO
»=FkRY oT Hynda mo GecKOHeYHOCTH, HaHIEM:
= 2
Ji(x)
fo3 =21‘t 2
o= mks [ 2
0
(58}

. :
TTocnenuuit wHTErpan paseH 5 - ITosTomy

9, =mR2, % << R. (20.8)

TakuM o06pasoM, HHTerpajdbHOE CCueHHE pacCesHUs OGHICTPHIX
HEATPOHOB, AJKHA BOJHH KOTODHX 3HAYNTEJbHO MeHbllle pajxuyca
fipa, pAaBHAa TJIOLIAAH IOMEPedyHOIo CedyeHHs MOCHefHero. IJTOr
pe3ynbTaT fABjfeTcss COBepIUeHHO ecTeCTBEeHHBIM, TaK Kak [pH

dx.

13 3ak. 1800. A. Axuezep.
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K <€ R cnpaBensmBa KhAacCHueckass MeXaHHKa, 8 KOTOpDOH, Kak -

H3BeCTHO, CeYeHHe pacCesiHHA 4YacTHIl HenpowpuaeMol cdepof
parHo _mR2. i

[Tokaxem Temepb, uro ¢opMyaa (20.6) Moxer 6uTH MOAY-
yeHa H3 o6miefl KBaHTOBOMEeXaHHUECKOH TEOPUU PacCeaHNs YacTHLL,
paccmorpensnoft B § 17.

PaccmatpuBas ObicTpbie HEHATPOHH (X X R), Mu Gynem
CYWTATh, YTO OHH TOTJOMAIOTCH SAPOM, €CIM TOJBKO, 11apaMeTp

CTO/IKHOBEHHS MeHbille panuyca sapa. Tak kak A <€ R, TO

lapaMeTp CTOJMKHOBeHHs Aas HEHTPOHA ¢ MoMmenToM [fi paseH IK..
[MosToMy MBI NpAXOAWM K BHIBOALY, 4TO KO3hdHUUMEHT NPUAH-

R
naHuA {; paBeH enuHHULE, eCH lg%, W paseH Hy/MO, ecJH
R -
>
~ X :
j 1, ecan l<§-,
-
- = R (20.9)
— | O, ecta > .
R R
Orciona caeayer, uto B; paBHO Hy#kio, ecau / <§.
Ecau !/ >§, TO HeATPOH nbb;(\ozx;;;;z;;pa H C HUM He

BBaHMOlIeﬁCTByeT. HOE)TOMY oJjsi MOMEHTOB KOJlPI‘lECTBa IIBPI)Ke-

HHS l>%— BendunHa §3; paBHa CAWHHLE. I/ITaK,

0 ecmn [ < R/X,
pl:{ , ecan [ > R/X.

[Ipexxae yeM BHYMCAATD AMIUIMTYNY paccesHus C 3THM 3Ha-
yeHUsaMH [;, 3aMeTUM, YTO De3KOoe pasrpaHuyeHue 3HaueHHAH
MOMEHTOB KOJHYecTBa JABWKEHUA, MIA KOTOPHIX KO03DduUIHeHT
MPUANNAHUA pPaBeH Hy/A10 W eAUHHIle, WMEET, KOHEYHO, TMpH-
OnmKEHHBIA XapakTep. DTO CBA3AHO, BO-HEPBHIX, C HETOYHOCTHIO
KBa3MKJ/JaCCHYECKOr0 DPacCMOTPEeHHs, KOTOPHIM MH TOJb30BAJHUCH
BHIILIE TIPM OMNpejesieHUH JB; M, BO-BTOPHIX, C HEPE3KOCTLIO fiaep-
HO#l rpaHHlB, KOTOpasd BO3HHKAET 6/1arolaaps ABHEHUIO ANEDHEIX
4acTHU, PAaCNOAOKEeHHHIX Yy rpaHulbl axpa. T10aTOMy MOXHO
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CKa3aTh, 4YTO BBelleHHE KPHTHYECKOrO MOMeHTa /== [B—] + pas-

x
IPAaHHYHUBAIOIIETO 3HAaYEHHS MOMEHTOB, [/ KOTOPHX { PpaBHO
HYJI0 WAW eNWHULe, MMeeT CMHCA C TOYHOCTHIO A0 BeJUYHHBI
nopAnKa eXHHWLH.

IToxaxxeM, uTo TeM He MeHee MB MOXeM HOJb30OBATLCA MPH-
BEeISHHLIMK 3HaUeHHAMH $; NPHU OMNpele/ieHHH CeYeHHs pacCesTHHS
GHICTPHX HeHTPOHOB, Lisi KOTOPHX A <& R. BHURCIeHne aMIIH-
TYAH DAaCCesHHA C 3THMH 3HAYeHHsIMH [3; 0acT, OYEBHAHO, Npa-
BHABHHA pe3yJabTaT, €CaAd H3MeHeHuE [/, Ha €AMHHIY He MNpH-

Bef&T K 3aMETHOMY HM3MEHEHMIO aMIIJIUTYAbI pacceanna. 3anucas
f(0) 8 Bune

fO)=—2% Z (2/4-1) Py(cos b), (20.10)

l=o0

Mbl OPAXOJHM K CAelytollleMy YC/IOBHIO NPHMEHHMOCTH 3TOFO
MeToAa pacuéra:
| Py, (cos 8) — Py 4 1 (cos 8) | <& | Py, (cos 8)]. (20.10%)

Taxk Kak [/, >>1, To Ias nonuHoMoB JlexaHIpa MOXHO BOC-
MO/L30BATLCA ACHMNTOTHYECKHM BhipaskeHuaM 198]

Py(cos ) = (,?Fjﬁ)l/’ cos {(l—]— —é—) 6-—%]. (20.11)

[Ota dopmyna cnpasennusa, ecau 2 (2! --3)sin 6 =>>1]. IToa-
crauoska (20.11) 8 (20.10) npHBOAMT K BHBOLY, YTO yroa
paccesHUs HOMKeH GHITh MaJNM MO CpPagHEHHIO C eTWHHIEH,
TakuM 06pa3oM, MCMOAbL30BAHHE NOJYYEHHBIX KBAa3HKIACCH-
YeCKHX 3HAYeHHH [; MPUBOAWT K OPABHALHOMY pe3yAbTaTy MpH
BHuHCHeHUH f () B ciyyae mManuiX yrioB paccesHusi.

IToxaxem Tereps, uro mpu A << R Maaue Yras paccesiHus
HIPAIOT INIaBHYIO POJib. Bocmonbayemcss ajis 3TOrO paseHcTBoM (58]

(20+41) Py(cost) = P, (cosb) — P;_, (cosB). (20.12)
Amn.rm‘ryna paccesHUs MOMXKET OHITh NpPeNCTaB/leHa B BHAE
f(® = 2 [Pz 1 (cos 0) -+ P (cos 6)] (20 13)

13%
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[Tocraum crona smecto Py, (cos 0) Buipaxcenue (20.11), nonyunm:
| — ix ()" [ o—%]. (2013
f(h=i (u) S.n,/esm (lo—{— ) v (20.13")

D70 BHIPaXKEHHe noxaamaaer, YTO CevyeHHe pAaCCessHHs YyOHBaeT
C pocioM yraa o6parHo mponopumoHansHo sin® 6. Orcioma cie-
AyeT, YTO T[JAAaBHYK pOJb B YNPYTrOM paccedHun HelTPOHOSB
¢c RKLR UrpaloT Majble YIJiBl paccesHus, I KOTOpLIX Haule

paccMOTpeHMe sBjfeTCda BNOJAHe 3aKOHHEIM, 3aMeHHB sinf ero
apryMeHTOM, NOAy4YnM:

) . 1 T
ol 2 [(l°+7)a"'74'] "(20.14)
F(0) = iR (,ng> = )
dra dopmyna cnpasepnusa, ecam 2(2/,-F 3)8 > 1.

O6patuM Temeps BHHMaHWe HAa TO, 4TO Mpu OOABLIUHX 3HA-
YyeHHsX -aprymeHra ans ¢yukuun bBeccess J;(x) cnpasennuso
acHMNTOTHYeCKOE Buipamenue (20.5). Cpasueﬂue aTott hopMyan
c (20 14) nokassisaet, uto mpu 2(2/,+3)0>1

£ (8) = iRTLUD, (20.15)

OTO BHpaXeHHe s aMIMTYAH PaccessHns, COBNAAOUIEe ¢ noay-
YeHHbLIM paHee NpPH  ONTUKO-AMGOPAKIUOHHOM DACCMOTpPEHHH,
nMeeT CylIeCTBEHHOE TMNpeuMyIIecTBO MO cpaBHeHuo ¢ (20.14),
TaK KaK OKAa3bIBaeTcs CHpaBeAAUBLIM MPH CKOJAb YTOAHO MaJhX
yraax 0. [de#icTsuTeasHo, npu 8 — 0 tounas dopmyna (20.10)
ana f(9) ma&r :

. . . . N . l“
o=y et
- =0

Tak kak. Iy > 1, 10 a1y cymmy MOXHO 3aMEHHTh HHTErpanou:

f(0)~ f2zd R{-

K rakomy xe peayana'ry, KaK Jerko BuZeTb, NPHUBOAHUT H HOp-
mym (20.15),



§ 20. aMe®PAKI. PACCESHME HEHTPOHOB MOTIOLYI. smpamu 197

YMHONHB KBafpaT Moxyaa f () Ha sdeMeHT Tenecuoro yraa,
Halkaém amp(pepemmanwoe ceyeHHe paccedHus

ROy 12
J1<¥
s (M do=|f(9)2do N do. - (20-.1‘6)

Sta ¢Qopmyna 8 TOUHOCTH coBnazaeT ¢ dopmyaoi (20.6), nony-
YEHHOH M3 3/IeMEHTAPHHIX ONTUYECKHX COOGpaxeHnHH. MH BUIHM,
C/IeOBATENRHO, YTO W OGbIYHaA TeopHd auddpakuum u TOuHas
TEOPHA. PACCesHHA, HCHOJ/B3YIOMIaR OCHOBHOE NPENnOOXKeHHe O
HEMPO3PAUHOCTH fANpa A5 HEHTDOHOB, MPHBOAAT K OJMHAKOBHIM
pesyabTaTaM, 4YTO, COSCTBEHHO TOBOpH, H CJEHOBAIO OXHAATh.

[TpouHterpupoBas (20.16) no yraam, nonyqnm noHoe ceve-
HHe YIOPYroro paccesHus

°s~ = ‘RRQ.
-8 L

OHO paBHO M/IOLIAAH MOMEPEYHOrO CEHeHHS SAPA.
[Momuepkuém ew® pas, uro_0OC/AENHAZ BeJMYMHA NPEACTA-

BNseT COGOM CedeHMe yUpYroro. PaCCedRHs.BhICTPHX HEHTCOHOR,
BL3HIBAEMOTO HX _mor/owenyeM. CyLIECTBSHHO OTMETHTS,. YTO.

o g e g

CAMbIN " (haKT HAaJAWYMA._yOPYTOTO. . PACCEAHHA ABAAETCA . IDAMBM..

CNENCTBHEM NOrOWeH s HERTPOHOB.

‘Buiniageriie HeATPOHOB W3 Mydka Gymer BbI3BIBATECA Kak
HX [OrnoumeHueM, Tak M paccesdueM. JlerKko BHAETh, YTQ Ceye-
HHe MOTJIOUIeHHs HEHTPOHOB B PAacCMATPUBASMOM CJy4Yae MaJjbiX
AMMH BOMH TaKXe paBHseTcs wR?P, TaK YTO MOAHOE CeueHHE BCeX
nmpoueccos_pasusiercs 2wR2. Yro6l yEERuTLECT B 3TOM, C/eayeT
BOCO/b30BaThC (opMyao#t (17.8”) M noacraBuTh B He& 3Ha-
YeHHe §;, maBaemoe (20.9). Mbl 0OAy4uM CAexytoimlee BhIpaXKe-
HUe /i3 CeyeHHs 3aXBaTa HEHTPCHOB:

b

o, = k¥ Y (24 1) Az nR2.

- - wl=0 ~

Taxum oOpasom, CeueHue 3axBaTa, T. e. HEYMNPYroro pacces-
HUSE OBICTPHIX HefTPOHOB TnpH 7(<<R pasHdAeTCAd . NJAOAIH
NIonepevYnoro ceveHuss sanapa («uy&pHoes anpo) Hannune norJio-
weHuss 06yCAOBAUBAST AOMNONHUTENIBHOE yOPyroe paccemme (He
cBsi3anHOe C 06pasoBaHHEM COCTABHOrO fApa H nocae Ay ouuy
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HCNYCKaHMEM HeHTpOHa), NpOWCXOXsiilee TIIasHHM o6Gpa3oM Ha
Majibie_YT/Ibl, . KOTOpPOe MOXeT OuTh Ha3BAHO InGOPaAKINOHHEM
paccesHueM H TIOAHOE CedeHHe KOTOPOrO; TaK e KAK H Heynpy-
roro paccesHus, pasHdercd. wR2, [JonHoe ceuenne maa Bcex
NPOLIECCOB KAK yNpPyroro, TaKk H HEyNPYTOro paccesHus OEICTPEIX
HEHATPOHOB pasHseTcd 2nR2, ITa BeJHuMHA ONpelenseT BuOa-
AeHHE HEHTPOHOB H3 MyuKa.

Chenyer moXuepKHYTb, 4YTO MOAYyYeHHhle HAMH DPe3yAbTATH

cnpaBeAAMBH TONLKO mpu A <€ R (npu 7i=-— R Bemn~

WHHBl O3 B G, MOTYT elé 3aMeTHO OTAHYATHCH 0'r cnonx npe-
NeNbHBIX 3HavyeHH#t).

UsnoxeHHule 3aKOHOMepPHOCTH IHPPPaKUHOHHOTO paccedHHA
HEHUTPOHOB OHIAH IKCIIEPUMEHTANBHO MNOATBEPXKJIEHH PSOOM aBTO-
pos (89 u3yumBWIMX yra0BOe pacnpeiefeHHe YNPYro paccesH-
HHIX HeHTPOHOB C 3Heprue#t ~ 14 MeV B cBuuue. Buino mo-
Ka3aHo, YTO 3TO YII0BOE pacnpeneneHHe HAXOAHTCHd B COOT-
BeTCTBUH C ¢opmynol (20.4"), ecanm cuuraTh B HeH pamuyc
‘SApa CBUHLA PaBHEIM ~ 8,7 - 10-13 cu,

§ 21. Xuddpakuuonnoe paccesHue GbICTPHIX HellTpoHOB
oAy apo3pavHbIME AAPaAMH

B npecmnyitem naparpade Mel npelmonaraid, 4TO SAPO
for/foulaeT Bce mnouazaiouke Ha Hero HefiTponM (/ < R), MHHIMK
C/0BaMH, MBI CUMTaJH, YTO HJAWHA CBOGONHOro mnpobera HeTpo-
HOB B S€DHOM BelleCTBE Majla IO CPABHEHHIO C pasMepamu
anpa. Takoe mpenmo/ioxkeHHe CTAHOBMTCH HEBepHHM B O6NACTH
sdepruft mopsinka 100 MeV u sniure, TaK Kak NMpH STOM HayHHAET
CKa3HIBATRCA MPO3PAYHOCTh sifAep s NONafamilpX Ha HEX
6ncTpuXx uHacThU. PaccmoTpum mosTOMy cejfiuac  CrenuanbHo
paccesiHie OdYeHb GHICTPHIX HEHTPOHOB, AHHA CBOGOAHOTO mpo-
6era KOTODHX B sIepHOM BelleCTBe CpagHHMa C panHyCOM
aapa.

Y1066 BLIACHHTb, KaKde HW3MEHEHHS TNPOHCXOOAT B ITOM
chysae B KapruHe AMPOHPAKUMOHHOrO pacceaHus GHCTPHIX
HefiTpOHOB, GydeM TNOMpeKHeMy TDPAKTOBATb SAPO ¢eHOMEeHoNo-
rW4ecKH, CYuTas, YTO fAepHOE BelleCTBO XapaKTepu3yeTcs HeKo-
TOopbiM KO3(hduuMeHTOM noraoieHns HeAArponos K H, KpoMe
TOro, nokasatelleM npenomieuus n. [Tockoasky peur uagr o6
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OueHb GOJIBUIAX 3HEPTUAX, MOXHO CYHTATb, 4TO NEepBas H3 3THX
BEJMYHH OMNpelenseTcs MPOUIBENCHHEM CpEIHEr0 CEueHHs pac-
CEAHHst HEHTDOHA OTAE/NbHLIMH SANEPHBHIMH YacTHLAMH-HYKJIAOHAMH
S Ha YHCAO 3THX YaCTHI B €nmHuue OGbEMa [0l T, @,

34

T amRB

K

rae A — MaccoBoe 4HuCJI0 M R -—pammyc sapa.
[Mokasatens npenomienus HEHTPDOHHOM BOJHB OMpepe/SeTCH

CpeaHeit MOTeHUnAALHON sHepruelt HeitpoHa V B aape. Ecau soa-
*

HOBOH BEKTOD Majfaioiliero HeATPOHA BHE A4pa paseH & =—1QM—E

TO BOJHOBOH BEKTOD HeHTpOHAa BHYTpH saapa OGyleT A, =
_ VoME+ D
= =

. HOBTOMy NnoKasaTte/b NpeJOMJ/AE€HHs paBHASTCA

n=%=]/-1+g. (21.1)

OuennM BeauuuHsl K u n B0, CornacHo nMeiouiuMcs sKcne-
DHMEHTaNbHBIM [aHHBIM CeueHHe pacCesiHHs HEHTPOHOB C 3Hep-
rueit 90 MeV cBoGoaHbIMU NpOTOHaMH paBHAeTCA~8,3 « 10~28 o 42,

Z 1
Takomy ceuennio coorsercrByeT K =~ 2,4 - 1012 cx-1 nas i=3
Z
n K=~2,1-.1012cx-! gaa 2—=0,4 (cBuHeu), Besnuuny cpen-
Hell NOTeHUMAaJbHON 3Hepruud HEHTPOHOB B daape OyleM CUHTATh
nopanka 30 MeV. Torma nas HeATpoHOB C sueprieli B 90 MeV,
4TO COOTBETCTBYyeT k2 =2,08-10!% cx-1, nokasaresb npeiao-
Miaenus 6yner n= 1,155 n k(n— 1) = 3,22 - 1012 cp-1,
Hawa 3apava cocrour 8 TOM, 4TOOB ONDENENHTE DacCesHHE
HeliTpouHOH BOMHEL cdepoft paanyca R, BelleCTBO KOTOPO# Xapak-
TepH3yeTcsi KOHCTaHTam# K W n. [lpu sToM ciaenyer umeTh
B BHAY, YTO TNpUBEOEHHLIE 3HAUEHHS ISTHX BEeJAUYHH OTHOCKTCH
K BHyTpeHHell 00643CTH saapa; B IOTPaHNYHOM cihoe K H n
UMEIOT MeHbIUHe 3HAYeHHss M IOCTENEeHHO BO3PaCTaloT BHYTPb
fApa, NOCTUrasg npaBen&HHbIX 3HaYeHHH Ha DacCTORHHM OT Kpas
1
AAp2, NMPEBHUIAOWEM — . B cuny storo o06CTOATENBCTBA MEL
MOXeM TpeHeGpedYb OTPAXKEHHLIMM BOJHAMH HA MOBEPXHOCTH
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anpa, TaK Kak Jaxe BHyTpH anpa K<</z H n-——1<& 1.
Tlockonsvky KR, MH MOXeM He YUUTHIBATh KPHBH3HELL smep-
HOM TMOBEPXHOCTH. B 3THX yC/AOBHAX OTHOLIEHHE aMIUIHTYIbI
npomenwel yepes anpo HeHTPOHHOH BOJHEL K aMIIHTYAE Nanaio-
el BOJAHB paBHAETCH
- [.i K—i(n—1) k] 28
—_— 3.
f=e :
rae 2s —nyTbh, NPOXOAMMBEINA He#TpoHOM B sape. B aro#t dop-
MyJie mepBoe cJjaraeMoOe B 3KCMOHEHTE onpenenseT 3aTyXaHHE
BOJIHEL HA paccTcdaHun 25, a BTOpOe — u3MeHenue ¢assl. IlyTs,
NPOXOANMEIA HEHTPOHOM B aApe, CBA3aH C MapaMeTPOM CTOJIKHO-

BeHm & OYEBHIHEIM COOTHOWeHHeM 2s = 2}/ R? — b2 B kBasu-
KJacCUYeCKOM npuGiHXKeHNd, KOTODbIM MW HMeeM NpaBo MoJb-
30Bathes, - A m nosToMy

SES;=VR2—PKQ.

Slcno, uTo onpepen&HHas HaMH TOJBKO 4TO BelnuuHA $ COBHa-
naeT ¢ BBea®nHol panee [3;. IToaToMy Mbl MOXEM BOCMO/NB30O-
BaThCA oOmuMu dopmynamn § 17, B KOTOPHX CAeAyeT CYATATh
8; paBuEIMH

B, =e" (B —2 (n—1)) 8 1< _;g_ ’

(21.2)
B=1 >R
4 s >X ]

[ag aMOAH1ynbl ynpyroro  paccesHna NOJYYHM, COr/acHO
(17.5), cirepywouiee BbipaXKeHHE:

R/?t
F(8) = 2(21-1- 1) {1 — T2 0= p (cosh). (21.3)
’ l=0

Tak xag npd MaJdelX yriaax paccesiHust 4 GoAbLUKX /, HTPaoOUIAX
OCHOBHY!O posb B (21.3), crnpaseannBo cooTHoUleHHe Py (cos H)~
=~ Jy(/sin ), To dopmyna (21.3) nmocae 3aMeHBl CyMMHPOBAHHUS
HHTErpUPOBAHUA N0 / MOXeET OGLITL NIpeACTaBjieHa B BHAE

R/K
F(8) =ik J‘ 1{1 — o E2 =D} ]y (Isin b) dl.
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[Tepexona ot mepemenno#t / k HOBOH mMepeMeHHOM HHTErpHpPO-
BaHWA — MapavMeTpy CTCAKHOBEHH® b == A/, noayumm:

B
f) =ik [{1— e ®THETUR g (kb sin ) 6db. (21.4)
1}

3aMeTHM, 4TO 3Ty GOPMyJay MOMHO MOJIYYHTh TaKXKE U3
aneMentapHol npuddpaxkunonnoit rteopun. Yrodu yuects npo-
3pauyHOCTh ANpAa — 3KPaHa, Mbl NOMKHBL B OCHOBHOH auddpax-
uuoHHOH (opmyae (20.2), sanucaHHOH B BuAe

f(6)=é'%f Ale? B=xb df,, (214
i

noHHMaTh MOA A’ PasHOCTb aMMANTYA Nafaowed ¥ mpoiuenluei
yepes3 AOPO HEHTPOHHOH BOJIHBI:

A =1 — e—E—2% (n—1) ] 5,

Vurterpuposanne B (21.47) ciaemyer npoH3BOAMTH MO MJOLLALH
Kpyra paauyca R. 3ameuas, uto

Qlwf e beos e do = J, (xb)
0

(« == &sinb), npuseném (21.4’) k suay (21.4). Cuurast B dop~
myre (21.4) KR ”>>1, MH nOpuagM K aMIIHTYAe DacCesiHed
HeAATPOHOB N4 a6COMIOTHO «u&pHOro» sapa.

OnpenenuM Tenepp HHTErpajibHOE ceueHue yNPyroro paccess
HUS HEHTPOHOB mnoaynpospaunbiM sapom. CornacHo (17.6) ono
onpenensercs caenymouei dbopmynon:

RIX
s,k Y (2 1) [ 1— EFHODHAP (205)

I=0
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Mepexoas 3aech OT CYMMHPOBAHHA K HHTErpupOBaHdio o 4,
MOJIY YHM

B/X
sy wh? [ (204 1) |1 —emE—w@—nms Pdl=
’ g

R
== 21 f |1 —e—E—2% @Bk 52p4gp,
J

BHIMOAHHB HHTErpUpOBaHuMe MO O, MOJYUMM CAELYIOUIHH OKOH-
4aTeNAbHRIH pesyabTaT:

3y =R [ 1+ s {1 — (1 4 2KR) o—R) —

K2 — (n — 1)%2) +

1 1
(Lt a—yr)r (=

+e—iw[2(n— 1) 4R (4 K2 (n— 1)2k2)+(n—1)k1<] X
% sin2(n—-1)kR—e-K“’[<%K'2—- (n— 1)%2) + KR X
x(‘zz@-l-(n—-1)2k2>]cos2(n-—1)kR}]. (21.6)

Ceuennie 3axBaTa HEHTpPOHa MOXeT OBIThb ONpeNeNeHO Ha
ocHoBanuu (17.8)

B/K
g, =k ¥ (@21 + 1) (1 —e ™5, o @Ln
1=0
[lepexons 3aech OT CYMMHDOBAaHHS K WHTETPHPOBAHMIO NO / H
cHoBa noaarasl == kb, NMOAYyYUM:
R R
cc=2ﬂ:f(1—e—2[{s)bdb=21cf(l—e—sz)sds=
0

0

=ﬁR2{1 — §(KR)-2[1 — (1 —{—QKR)e—‘-’KR]}. (21.8)
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Tpu KR >>1 Ml noayuaeM HpPeXHHH pesyabTaT
S, = ’TtR2.

[«
Ha puc. 13 (691 npencraBnena 3aBHCHMOCTb BEJHYHH ;fé‘w
-4 Gy - . .
7?1%5’ =5 OT KR nupu suepruu HeHTpoHoB E =90 MeV;

SHEPrusl B3aUMONEHCTBHs HEHTPOHA C AAPOM cyYHTaeTca ~31 MeV
¥ K npuuato pasHueM 2,2 . 1012 cx-1, 4yTO COOTBETCTBYET cpen-
Helt nnnHE CBOGOAHOTO mnpo6era HEATPOHA B AAEPHOM BeLE-
ctBe L~4,5.10718 cu.

4 T T T T T T T T
g 27
JR? 22
20t —5z s
18 Tk ]
14 ar?
12
57
44
a6 — Ny
a9
492
J I 1 1 ) 1
g 4¢ 4% 46 44 17 2 ¥ i85 18 47 -

L
R
i1

T T T 1
[ |

Puc. 13.

Tak Kak H3 3KCNEPHMEHTOB MO pacCesHHIO 60/iee MEAJEHHBIX
HEUTPOHOB sALpaMH, KOTODHE [MOYTH THOJAHOCTBIO MOrIOWAOT
Hmafamouie Ha HHX HEHTPOHBI, MOXKHO HEMOCPEACTBEHHO oflpe-
AeaATb DAAuyChl fAep, TO COMOCTaBAeHHe 3ITHX NAHHHIX C AaH-
HRIMH O paccesHHH OueHb GLICTPHIX HEATPOHOB, IJA KOTODHIX
gApa CTAaHOBATCA MOAYHPO3PauyHbIMH, BACT BO3MOMXHOCTH ofpe-
ZeanTh nauHy cso6omHoro npoera HeHTDOHOB B ALEPHOM Belle-
cTBe H KO3dhduumeHT NpeaoMaeHus HEHTPOHHON BOMHK 71} nocael-
HAH 3aBHCHT OT CpelHeHd 3HeprHH B3aUMOAeHCTBHA HeHTpOHa

1%
C 91poM <n= l—l_f)’ MO3TOMY BO3MOXHO, HTO TaKHM
NyTEM yZACTCH ONPEREAHTb 3HEPTHIO 3TOTO B3aAUMOAEHCTBUA.
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§ 22. Judpdpaknnonnoe paccessHue GbICTPHIX
3apsKeHHbIX YaCTHI

[epe#ingm K paccMOTpeHHI0 paccesHHs OBICTDHIX 3aPAXKEHHBIX
YaCTHL, KOTODHIE MOTYT noraoulatbCs sapamy [5% 811, [Ipu stom
TAKXKE NO/MKHSl Mpoucxonuts nudpdpakunoHHbIE ABAEHHA, B HEKO-
TOpo# Mepe aHaJorpunsle auddpakuuy OBICTPHIX HEHTPOHOB.
flBneHHe, ONHAKO, YCAOKHAETCA HaJAMUHEM 3apaga Y 4YacTHL.
B cuny storo Mo He MoXeM MO/Ab30BATLCA 3JAEMEHTaDHOA OITH-
YeCcKOit Teopuel AJNA OMUCAHHA HHTEpecylouwero Hac paccedaHus,
KOTOpDOe MOXHO OXapaKrepnsoBaTh Kaxk Auddpaxuuio sapsixeH-
HSIX JIyueft OKOAO AaBCOMOTHO 4YEPHOrO  3apTKEHHOro Teaa.
Yro6ul onpeleduTh aMIIUTYAY pacCesHud, CHeZyeT C CaMoro
Hayana Moa630BaThCa obuleit popmy.ao#t Teopud paccednns (17.5).

Mul nonxHE Mpexae BCEro BHIICHHTh, KaKo# BHI HMEIOT
Tenepb BeMHuMHH 3; H §;. B oTayude OT caydas HeHTPOHOB,
B KOTOpbix 8; pasHAsTCa eaMHUUE, eClu MapaMeTP CTOJAKHO-
BeHud (IPEBLIMMIET paRMyC aAapa, MPH DACCEAHHH 3IaAPTKEHHHX
uacTHl B; Bcerna, AAsT BCEX CKOMb YTroJ4HO GOMbUINX 3HadeHu# [/
OTAHYHO OT eAMHHILI, IrO CBA3IHO C KYJOHOBCKHUM paccesdHuneMm,
CyuleCTBYIOUIMM NDPH BCeX CKOAb YrogHo OO/bIUIHX 3HAUEHHAX
napaMeTpa CTOJKHOBEHHS,

Taxk xe, xak M B cayuae OGbICTPbIX HEHTPOHOB, GyleM npen-
noJjaratk, uTO 3apAdedHHas vYacTala, nohaxawnoulas B chepy neit-
CTBHA AODA, [OrJoUfaeTca MocienHuM. PaccmarpuBas HeHTPOHH,
Mbl CUMTAAH, YTO MONOWICHHE [MPOWCXOLHT B TOM Cjlydae ecau
napaMerp CTOJNKHOBeHWs He MPEBOCXONHT paauyca sapa. [das
3apSIKEHHBIX YACTHL[ YCAOBHe MOTJOUIEHHA AOMKHO OHTh. Cpop-
MYJHPOBAHO HECKOJABKO HHAye,

B paccmarpuBaeMoM HaMu Caydae GboICTPBHIX uACTHU, AJAHHA
BOJIHLL KOTODHIX Maja MO CpaBHEHHIO C pa3MepaMmd snpa, cnpa-
BeAJMMBO KBasHKJIAacCHYyecKoe paccMoTpenue. [lo3ToMy MOXHO
CK23aTb, 4TO JJf MOIVIOUWLEHUS 4YAaCTHILLI BO BCAKOM CJyuae He-
odxomumo, 4TOOH KpaTyalulee pacCTosHHE 7, MEXKAY SADOM H
yacTHueH, ABHramouleiica MO 3aKOHAM KJACCHYECKOH MEeXaHHKH,

He TIPeBOCXOAHIO paguyca sapa R
ro < R. (22.1)

BeanunHy r, Jerko CBA3aTh C [lapaMeTPOM CTOJNKHOBeHHS b.
O80zHauas CKOPOCTb YAaCTHUB NPH HauMeHblleM H GeCKOHEYHOM
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paccroarnax OT ALpa COOTBETCTBEHHO yepes Vg U Vx, HAMEEM

r v
Ha OCHOBAHHMH 3aKOHA COXpAaHEeHHsi MOMEHTa T°= 7°-° . Ormo-
(]
IHeHHe CKOpocCTeH PaBHASTCS, OYEBHIHO:
. vm

v l/'l ~ Zee
roE

roe £ — sHeprua nasaiomeft 4acTHunl, ¢’ — e& sapag, Je—3a-

I\ —1y
pan saxpa. [loatomy ry= b( Z:Z ) /, ¥ HepaBeHcTBO (22.1)
npuobpeTaeT BuA
R]/I —Z. (22.2)

Takoso ycnoBme, KOTOPOMY HO/MXKEH YAOBIETBOPATh MapaMeTp
CTOJIKHOBeHHA O/ TOro, 4TroOn 4YacTHUA MOTrAa GHITb MOCMOIWIEH-
HOU AOPOM.

Huxe Mm OGyzem upennonarate, 4To ecanm yciaosue (22.2)
BHITOJIHAETCA, TO 4acTHua morjoutaercst sapoM. [Ipu e’ =0
3TO yCAOBHEe MEPEeXONHT B YCJIOBHE MOCJAOLIEHHA HeATPOHOB, KO-
TOPBIM' Mbl TOJb30BANHCH Bhillle. [N OTpPHUATENBHO 3aPMKEHHLIX
YACTHI, TIapaMeTpP CTOJKHOBEHHS MOMET MPeBOCXOXNTH PamMyc
aapa. Jlas MojoXKHTENBHO 3apPTKEHHBIX YaCTHL MapaMeTp CTOJK-

HOBEHHUsI NONAXKeH OHLTh MEHbIUNE paanyca aapa. B sToMm nocnen-
’

Zee
HeM CJayuae BeJIHuHHA npeacrasageT co6olt, OUEBHIHO, BHI-
R

coTy Gapbepa, MNPENATCTBYIOWIEr0 NPOXOXKIEHHIO  YACTHIH
8 aapo. O6o3Hauas BuICOTY Gapbepa uepe3 B, uependiieM (22.2)

B BUAe
b<R‘/-1-—-gi, ¢ > 0.

C pocroM E pagnkan CTpeMHUTCS K eAWHHLE, MO3TOMY npH E >>B
YCAOBHE MOTJIOWEHUs 3aPSKEHHBIX HaCcTHL COBMajdaeT C YCJIOBHEM
MOrJMoIEHNUd HEUTPOHOB.

B kBa3uknaccuueCKoM MPHOAHIKEHHH, KOTOPHIM MOXHO MOJb-
30BaThCA B Caydae OBICTPHIX YaCTHL, MapaMeTpP CTOJKHOBEHHS
PABEH, KAK H3BECTHO, Agl, TH€ A —— AJAHHA BOJNHBL UACTHLH HA

6eCKOHEYHOM PaCCTOAHHM OT AApa, fi/— MOMEHT 9qacTuust. OT-
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CIOIA BMAHO, 4TO I MOCAOWISHHA YAaCTHIH e& MoMeHT / He
OOJKeH MPEeBOCXOANTb BEJIHYHHB

R ‘/ Zee’
I, = 1 — .
X RE

_ R L Zee' ,

l<lo=7—(;‘/-1 —R%E (22.2%)

910 ycnosHe 3aMeHfeT A 3aPAMEHHBIX UYACTHI Yy CJAOBHE

/ <-§, OTHOCAUlEECT K HeHTponam. Jlerko BuaeTh, 4YTO BeJH-
YuHA

Zee! \—2
R (1 — )

npeacTaBaseT cOGOH MJIHHY BONHW YacTHHHL HA I[O0BEPXHOCTH
agpa. OGo3uauas ed uepes K, MH MOXeM Mepenucarb (22.2%)
B BHIE

Hrak, MH npenmomaraeM, uTO 4acTHLA, NJKHHAa BOJHBI KOTO-
poift 3HAYNTENbHO MeHbIIE panuyca AApa, MOTJAOUIAETCH SAAPOM,
ecld e MOMEHT KOJAuuecTBa ABHXKEHWS He NMPEBOCXOAHT /g, T. .
Ko3pduunent npuannaung {; pased eamHuue, ecan [ </, Or-
ciona ciaenyet, uto npu [/, B;=0. ~

Tax xe, Kak u B cayuae HEUTDOHOB, ClenyeT HMeTb B BuAY,
4TO OpY OuYeHb GOJBHUIMX 3HEPrHfX SAPO CTAHOBUTCA NpPO3pay-
HHM Ui ManamouiuX Ha HEro 3apsKeHHBHX 4acTHU. Mnl GymeM
NpeAnonaraTb, YTO SHEPrHH JexaT HibKe TOro Mpeneaa, npH KO-
TOPOM {ADO CTaHOBUTCHA NMPO3PAaYHHIM JJIA YACTHIL

[MpuBen&m 3HauveHus BeAUUYMHHE /;, KOTODPYIO MOXHO Ha3BaTh
KDHTHYECKHM 3HaueHHEeM MOMEHTa IJA PAa3JHYHBIX YaCTHI B 3a-
BHCHMOCTH OT 3Heprun E. [aa TaxEnsix anep (B KOHue nepuo-
IHYECKOH CHCTeMBbl) BRICOTA MOTEHIHAALHOTO 6apbepa cOCTABAAET
npuMepHo 12—14 MeV nana npotouoB H 25—28 MeV nas
a-yactui. Jag Takux sinep u NPOTOHOB C 3Hepruel mopaaxka 15 MeV
BeJIN4HHA [, paBHa NPUMEDHO 4; Npu 3HePrHH NPOTOHOB ~ 25 MeV
Iy ~7. dna TAOxENHX sAep H a-yacTHU C 3Heprue#t 50 MeV
ly ~20; ana a-vactuu ¢ suepruet 25 MeV [~ 5. B cayuae
6onee aérkux fgep (A4 =2 100) u npOTOHOB C 3Heprued 25 MeV
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ly~6; mnq TaKMX Xe aaep H a-uacTuy ¢ dHeprueft 50 MeV
ly~17.

Ecnu op6utanbHblit MOMEHT 4YacTHHB MpPEBOGXOLHT [y, TO
Ko3(qduuneHT NpuAHNaHMA paBHaeTcs Hymo. OTcloaa creayer,
uTO Ko3¢pduureHTH paccesnua 3; npu />>/, PaBHE MO MOLYMIO
efuHHue. B ciaydae HeATpOHOR, NMPOXOAJUIUX BHE fApA, MBI MO-
NpOCTy CuHTaAM (3; paBHbIM enuHuue. B cayyae 3apmieHHBIX
YaCTHL, NPOXOAAUINX HA CKOJBKO YTOAHO GOJIBLUIOM PACCTOAHHH OT
A1pa, BCEraa HMeeT MeCTO.paccesHHe, BLIBHBAEMOE KYJAOHOBCKHMU
canamu, nosvoMy B3, mpu /> /, oTamuHO OT emMHUUH. MoxKHO
CuuTaTh, 4To mnpu >/, baspl Ha GeCKOHEYHOCTH OYNYT TAKUMH
. e, K&K H B Ciydyae YHCTO KYJOHOBCKOTrO paccesiHus. B mocaes-
HEM CcAy4Yae, Kak H3BecTHO, (asa Ha 6eCKOHEYHOCTH 'j; PaBHAETCA

n=arg'(/ -1 +ia),

Ze?
rae I'(x) —ramma-dbyukung, a = Fo~ + U~ CKOPOCTb 4aCTHIbI
v
HA GeCKOHEUHOM pacCTOsHuM OT axpa. TakuM o6Gpasom, npul >/,
@l == ezml,

Tenepb MOXHO COPMYNHPOBaTH 3anauy ONpelNeeHUs aMIIH-
TYAB pPaccesiHHa OBLICTPBIX 3apKEeHHBIX YACTHLL NOC/OUIAIIINM
AIpOM cnenyomnM o6pasoM: TpeSyercs HafiTh Beawundy f (9),
onpenensemyio dopmynaoir (17.5), B xoropoit 8; pasubl

0, ecmn [ < Iy,
b=

9 22,
e ™, ecnn 1>, (22.3)

[Tpexne uem Mepexonute K BouucaeHuo f (H), saMeTHM, TaK
e Kak 3TO ObI0 CAeNaHO BHIIE NPH PACCMOTPEHHH PACCEAHHA
HeHTPOHOB, 4YTO De3KOe pasrpaHHuYeHHE 3HaueHHH OpPOGUTANLHBIX
MOMEHTOB, I/l KOTODHX KOI(QQUUHEHT MPUAHNAHU DPAaBEH HYJIO
M elHHHMle, uMeeT NPUONHMEHHHHM XapakTep. MOXKHO CKa3aTb,
4TO BReJCHHE KPHTHYECKOTO MOMEHTA /, HMEET CMBICA C TOYHOCTHIO
N0 BenWYHHBI MOPAAKA eaMHHUbI. [loaTomy sBoiunciaenne f (6)
C MPHUBENEHHBIMH Bbillle 3HAYEHHWSAMH [; NaCT NPABHJBHHH pe-
3yn1bTaT, €CAW B HAaMHCAHHOH Huwe cymMme (22.4) poawn npome-
HYTOUHHIX 4JICHOB, T. €. UJNEHOB CO 3HaueHHAMH /, GIH3KUMH K /;,
GyZneT He3HauHTebHOH. MHbIMU caoBamm, Hamr Meron pacuéra f(6)

HACT MPaBUABHBIN Pe3y1bTaT, eclv Npu H3MeHEHHH [, HA BeJH-
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YMHY nOpAAKa eAUHKHIB aMIUIHTya pacceqmm H3MEHHT(g He- -
3HAYNUTEJ/IBHO.

Yrol0bl BHACHHTH, K KaKUM YCJOBHAM HPHBOIAUT 3TO Tpe6o-

GoBaHHe, BHINHIWIEM aMIKTYAY DpacCesHHd C ONpPeleNéHHBIMH
BLILIE 3HaueHHAMH

7(9) =— ix Z (21-+1) P, (cos B) ——-ﬁc Z @2l+1) X
=0
X (&M —1)p, (cos 8). (22.4)

I/Ismeﬂeﬂue 10 Ha BeJUW4YHHY TMOpPAAKZ e€AHHHULl HE€ CKaxXeTcd Ha
aMnanTyne pacceddHus MpH BHINOJIHCHUHA YCAOBHH

| Py, (cos B) — Py, 4 1 (cos )| < | Py, (cos ) I,} (22.5)
[, + 12—, | < |, . '

ITepBoe M3 3THX HEPABEHCTB YKe PacCMaTpPHBAJOCH BhllIe H GBLIO
MOKa33aHO, YTO OHO MPUBOAHT X YCAOBHIO

6L 1.

PaccMoTpuM Tenmepr BTOpPOe HepaBencTBo. Mcmoabsys dopmyay
Crupaunra *), onpenenmomyto T'(2) npu Goapwmux |z|, MOXHO

npeacrasuth €= " B cavuae GOMbIUMX 3HAYeHHH / B Buxe

2ig,_ D(+I+ia) _ sorns
e l——_l‘(l+l—ia) ealnl 1,

OTcioga /erkO 3aK/IOYHTh, YTO BTOpOe M3 HepaseHCTB (22.5)
MPUBOAMUT K YyCJIOBHIO

a<&l,.

Takum 06pasoM, BBOAA KBa3MKAACCHYECKH BeduumHy /,, pas-
TPaHHYMBAIOILYIO0 3Ha4YeHHd [/, OJ9 KOTOPHIX KO3¢HUHEHT npH-
JAHNAHWA paBeH HYMII0 M eaHHuLle, MB TOJYYHM TpaBWIisHBIHR
pe3ynbTaT AN aMIIMTYAbl paccesHHd B OOGJaCTH MaJblX YIJOB
paccesnud, ecqu TOJABKO [IJHHA BOJHBI YacCTHUBL Ha MOBEPXHOCTH

*) Jta gopmyaa umeer Bup, (58
1
I'(2) =~ Vﬂzﬂ 2pmz,
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fA/pa Mana 1o CPaBHEHWIO C ero paauycom u ecan a<< [, Kax
GyseT BHAHO W3 [OanbHeRwlero, raaBhylo poab mpn A< R
UrpaloT MaJjeie yriabl PacCesiHus, I/ KOTODHX Hallie paccMoTpe-
HHe SIBASETCS BIIO/NHE 3aKOHHBIM.

[Mepetiném k nccnenosanno dopmynn (22.4), onpexnensioment
aMIIIUTYAY DAaCCesHHUS.

3aMeTHM TpenBapuTensHO, 4TO OeckoHeunni# psa, onpene-
nspowuft  f (6), ctporo rosops, pacXxomuTcs, TaK kKak ¢asa v;
He CTPeMMTCS K Hymo mpu [ — co. DTO CBA3aHO C OTMEYABIIMMCH
yxe paHee CBOHCTBOM KY/JIOHOBCKOTO B3anMopeHCTsHf: paccesi-
HHe, 00yCAOBANBaEMOE KYJOHOBCKMMH CHJaMHA, TPOHCXOANT NpH
CKO/b YroAHO GOJAbLMIAX PACCTOAHHUAX MexAy uvactuiamu. Tem
He menee pan (22.4) ssaseTcs CyMMHUpDYeMbiM: €r0 MOXHO pac-
CMATPHBATh KAK MpeNes CTENEeHHOro pfja, uleHH KOTOpOro or-
AMYAIOTCH OT COOTBETCTBYIOWMX 4jieHOB (22.4) MHOMHTENsMH &,
rne e<<1 u e— 1. Ecau 9540, To cyumecrsyer npeaeil CyMMbl
3TOrO0 paAfa mpu € — 1; cymmy pana (22.4) mMul ¥ cyuTaeMm paB-
HOH 3TOMY mpeneay. '

BeckoHeuHyo cymmy, BXOsmiyio B (22.4), MOMHO CBS3aTb
C aMIIMTyZOH KYJIOHOBCKOrO paCCesiHHA, KOTOpPas OTAHYAETCH
oT GeckOoHeuHOR cymmu (22.4) TeMm, uro B Hefl CymmuposaHue
npouasoauTCs He OT /;, a or Hyas. Iloatomy f(B) moxuHo 32-
OucaTh B BUAE '

%
f@)= -;—-17( E 20+ 1 ¥ Py (cos 9) +fn:y.nou (9, (22.6)

1=0

rae frynon (0) — amnauTyna Ky/JnOHOBCKOTO paccesHus, paBHasd,
KaK H3BECTHO,

8
— 2ia In sin — 4 24,
6) — Zet e 2
f“y’m"()—'_/l/!v2 1—cos 6

—2%a In sin -23 4 ady,

=—ak . (22.6")

dopmyaoit (22.6) HeynOGHO MNOJIbL3OBATHLCA; MOITOMY NpeoG-
pasyeM_HeCKONbKO OCHOBHOe cooTHomeHnune (22.4). Paccmorpum

¢ atofi uensio pan % (2(- 1) P;(cos8). Dror paa Taxme pac-
1=0

14 3ak. 1800. A. Axzmesep.
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XONHTCH, HO SBISETCH CYMMHDPYEMbIM B YKA3aHHOM BhIlIE CMBICIE,
u ero cymma npu 6 -~ O pasusercd Hymo. BuuHTas 3T1oT pax
u3 (22.4), npencrasum amnauryry f (9) B Bume

FO) =—E N @4 1)emmip, cosh).  (22.7)
i,

3ameTuM Temeph, UTO €CJAH AMIAMTYAY KYJAOHOBCKOro pac-
cesiius yMHOXMHUTE Ha (1—cosf), TO MBI ROAYUYUM KOHEUHYIO
BEIMYHHY TIDH BCeX CKOJAb YroIHO MaawX yraax. Ilo stoit npu-
yuHE  OKa3hiBaeTcad  LeaecoobpasHbiM  npeoGpasosats  dop-
Mmyay (22.7), ymHOxHB eE npeaBaputespHO Ha (1 —cosb) u
HCMO/b30BAB M3BECTHOE COOTHOUIEHHE

U+ 1) x Py (x) =4 1) Py (¥) 1Py (%).

[Tpu sTom moayuuTca chelyioillee Bupaxenne 1aa (1 —cos0) X

O FO8): 3
1=—cos8)f(B)= —-%7[ 2 % [(2{ 4 1) P,(cosb) —
L

—({41) Py (cos By —IP,_  (cosb)]=— ‘Tx {10 (lp—1)%= X

(e o]
X Pt (0 B) — g2x+1 Py 1 (cos 8) 4 3 [(204-1) 12—
I
[ ({— 1) — (I 1)+1] P, (cos e)}. (22.8)
Tak Kak /,>>1, TO BmIpaxeHUe, CTOflliee B KBAaIPaTHBIX CKOG-
kax B nocaeiHe#l ¢opmyse ¢ TouHOCTbIO 10 1//2 pasusercs

— (2ia)%%+~ ', noaTomy dopmyna (22.8) momeT ObiTh NepenucaHa
B BHIe
iX

(1—cosb) f(§) =— {102"“4-1 [Py, (cosB) — Py, _1(cos b)] —

— 2Ualye Py, (cos8) — (2ix)2 ¥, ==1 P, (cos e)}. (22.8)
2

Boile Mbl yKasbiBaay, 4TOo Halll METOA OMNpPEAENCHHS AMITIUTY bl
paccesgnuss ABAAeTCHd 3aKOHHLIM TOJ.iv HNPHU MaJbIX yrjiax pac-
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cesanus u Goapmux o Ecmm 6<K1 u [;2>>1, 10, KaK M3BECTHO,
clipaBenauBo coortHoweHue Pj(cosf)~=J,(H), rae Jy(x)—
¢yuxuus Beccens nynesoro panra. [IpunuMas em& BO BHUMaHUE
HEpaBeHCTBO @<& /;, H3 KOTODOro ClIeAYyeT, YTQ OTHOCHUTENbHOE
H3MeHeHue MHoXuTens [2¥ npu nepexoxae or ! x /- 1 3snaun-
TENLHO MeHbllle eNMHUIB, MOXHO 3aMEHUTb GECKOHEUHYI0 CyMMmy,
pxoaaumyio B (22.8') uuterpaiom:

ey o

[2i-1p -2 fo (2)

2 1(cos 8) = 6-%« | 202" gz,

1 9
Kpome Ttoro, pasnocts Py (cos8)— Py _i(cosf) moxHO 3ame-
uuty Ha 0Jy ([yB) = —0J,({,0). TT03TOMY OKOHYATENBHO MH
Ho/IydyuM cielyiolilee Bhipaxenne aaa f(6):

7 0) = — i figrest GO g [2raigies, () +

Qo

+ (2ia)? §-%6a f 2 2o g, (22.9)
o0 ]}

IIpp a=0 »3TO BHIpaxXeHHe NePEXOAUT B HU3IBECTHOE YxKe

HaM BhHPaXeHue A7 aMIVIMTYAbl PaCCeaHUA HEATPabHBIX YAaCTHIL

Bxonsmn#t B (22.9) wuuTerpan, xoTophei#f ME 0GO3HAUUM ue-

pe3s L, (/,%), He Boipaxaerca B oflleM cjyuae Yepe3 W3BECTHbIE

TpaHCUeHAenTHEIE PyHkuuu. On MoxeT GbTh HassaH Anddpax-

LMOHHHM MHTerpajom wuccaenyemo#t samauu. Hinke wmu Oyaem

110/b30BaThCA CAELYIOUMMH OGO3HAYEHUAMU LJS ero BellecTBeH-
HO#ft m MHuMOH uyacTei:

[oo]

C,(x)= f cos (2a In 2) L’-‘%Q- dz,
&

S, (x) = f sin (2a1n2) 22 gz,
@x
YmHOMMB . KBaapaT MoOAyJda f(0) Ha a/eMeHT TejecCHOro
yria do, noayuum auddepenunuansHoe ceueHue paccesaHus, KO-
TOpOoe MOXeT GhiTh NMPEACTAaBJIEHO B BUZLE
402%2
o (8) do =X N1 (1,8, «) do, (22.9)

14%
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2
402K . b
rae —q =g () — nudpdepenunansuoe ceuenne paccesHus

B YHCTO KYJOHOBCKOM fl0/Ie TNpH MadbiX Yraax paccesnus *), a
N ({0,6) —MHOXMTENb, oOnNpenenaOUWHHA OTKIOHEHHE CedeHus
oT dopmyanl Pésepdopna. DToT MHOKMTETb PaBeH

N (x, @) = Ji (%) + (5 )/ (9) 4402 {C2 () + S2()) +-
~+ 2C, (x) {asin (2« In x) Jg (x) — x cos (2a In x) J; (x)} —
— 28, (x) {acos(2aInx) J, (x) + xsin (2alnx) J; (x)}s

rae x =I[.
OTaHune OT CeyeHHus B YHCTO KYJOHOBCKOM nolle o6ycn03neuo
BO3MOXHOCTbIO NOrAOIeHHa YacTull sapamu. Ha prc. 14 moxa-

150+
A/
Viza)
4,9

T

&
x>
¥

&5
<
T

R
Xy
T

| ! { | ! 1]

1 1
a5 10 40 47  47%,8

Puc. 14.

3aH XOX 3aBHCUMOCTH MHOXHTEAd N (x, a) oT loﬂ ANA  ABYX
3HaueHul «.

*) Amnruryga storo paccesnus nmpu 0<€71 papna

2a7( —Zialn %—{- 2imn,
Sryaon (8) = — —p3~ .
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JudPpaKkuroHHbIl HHTerpan MoweT ObiTb BHPaXeH uepes
W3BECTHble (PYHKUHM B DpAAE MPEAE/bHBIX CliyyaeB, KOTODHIE€ MBI
3mech npuseném (611,

Ecmu x<€ 1, 1o npu ao6HX & CUpaBelIMBO COOTHOLUlEHHE

1

24
Ly (%) = 7 e~wln2+2tn»_—%a—, x<Z1. (22.10)

Ecan x>1 u az<<x, TO A
Lo(x)=—x%-1] (x), x>1, aZx. (22.11)

Ecmu x>1 v 2a> x, 10

La (x)=§1;ei(2a In 2a —2¢) (2212)

BrcHUM Tenepp MOBEAEHHE AMIIMTYIbl W CEYEHHS pacced-
Hua. Hauném co ciayuas Maanix @, 2<& 1. Paccmorpum cnepsa
06/4acTh MaJHX YIJIOB -pacceanus 0, ynopaerBopstomux ycnao-
Buio [8<€ 1. [lns mansix 3uauenufl aprymenta nrp@paxuHon-
HBIl uHTerpad onpenaensercs dopmyiaoi (22.10). Iloassyace
3To  dopmyaoH u 3amedan, 4ro npu *x<X1, J,(x)=1,

Ji (x) z%, npeacrasum f(6) B Bune

S8
£(8) =__ 2 2ia1nlo+1— ngk o 2ialn - 429,

, 16<€71. (22.13)

lNepsoe chaaraemos 8 3to#t dopmyne, He 3aBucsulee oT yraa 6,
npencTasiaseT coGof amMnautyay nu¢@PpPaKIHOHHOrO, a BTOpOe
cnaraeMoe, o6paTHO nponopuuoHaidbHoe 02— amnautyry xyso-
HOBCKOIO paccesHus.

Jduddepennuansuoe ceuenue paccesuus npu [, 0<&1 pas-
HAeTCH

4a2K? 1,0) 1,0)2 . 1,0
o (0) =2 {1—(1063‘.,‘ |- sm<21lnl2——27]0>}.(22.13')

MHoxuTeAh B QUTYPHBIX CKOGKAX, ONpeneasiomHuit OTKIOHeHHe
ot dopmyanl Pé&3epdpopna, MOMKET 3HAUHUTEJLHO OTAKYATLCA OT

equunipl. Ecan ([0)2<2%, 1. e. 6K VI.QG , TO 3TOT MHO-
0
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WHUTENb MNPAaKTUYUECKH paBeH EAMHHIE H CeYeHHe onpefe/nsercs
dbopmynoit Pézepdopna

\ —
0 (8) =N e<<‘§02“ , e<Zl. (22.14)
Eciu ——>>6>> VQ , TO MHOMHTEJb CBOAMTCH K (g)s , Cceue-

HHE HE 3a3ucm‘ OT yrna paccedHus U paBHICTCH

c) =118 LsesYE < @)

3To BHpaXeHHe COBMNAJAET C CeYeHHeM pacCesaHus OHICTPHX
1

HEHTDOHOR B TOM Cjyuae, Koria 6<<-l—.
)

. 1
Paccuotpum Teneps yran paccesnus, NpeBOCXofdllide —-.
0

lMNpu wanux 3HaveHuax a auddpakuUUOHHBIR HHTErpan ofpene-
asercsa popmyaoit (22.11). C poctom {8 ou y6uiBaer kax ({o8) —"-.
B supawxenuun (22.9), onpesensmoweM f(6), OcHoBHYyIO pOJib
UrpaeT NMEpPBOE claraemoe

£8) =— ikigae B2 g, 1,9), 1>>e>>..};, a1, (22.16)

B 3THX YCAOBHAX aMIUIMTYAa pacCesaHus 3apsAeHHHX 4YacCTHIl
TOAbKO (a30H OT/IHHAETCA OT AMWAHTYIH pacceaHus HEHTPOHOB.
CeueHre paccedHuss KaK A8 TeX, TakK U JiA HPYruX 4acTui
ONHHAKOBO H DaBHAETCH

c=nrf[ LQOLE 1>e> L el (22.16)

Hrak, B pacCMOTpPEHHBIX NpenelbHHX CAy4adX CeueHHe pac-
cedaHus onpege/sercs an6o dopmynoft Pésepdbopna, aubo ¢op-
mynao#t  (20.6), onucbiBaome# muddpakUMOHHOE  pacCeaHUE
HEeHTpOHOB, MPpH4YEM TOT WAH APYroH cayvait MMEeT Mecro B 3a-
BHCHMOCTHM OT TOro, Kakoe paccesHue O60Jiblile — KYJOHOBCKOE

Sa
wan anddpakuuorHoe, BenuunHa ———1? pasrpaHuuuBaeT 06.aaCTu
0
YIAOB ¢ pa3HLIMH 3aKOHaMHM pacceaHus. Ha puc, 15 cxemaru-
YeCcKH ITIOKa3aHK pasHbele O6/aCTH paccesHud.
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IlepeindM K uCcnenoBaHuo cayuas Goaplux o, & S>1.
Hayu&Mm ¢ paccMoTpenus Malbix YT/I0B paccesHus 6<71—- . B sToM
0

Cayuae auddpakuMoHHBIE  HHTErpajl  oONpepensercs dopmy-
noft (22.10). Ceuenue paccesanus onpeenseTcs dopmynont (22.13%),

i aZ << |
LYroroeckoe AUDGOaRYUORIOE LRECEIHUE
paccesnie |
I/Zla' 7 ’ 7 g
A %
i &S >>7
AYRoOROECKOE pECCEANUE i Lu@gpeiyuonnoe
; DEELETHUE
Z Ze 7 @
Za ZJ
Puc. 15,

crnpaBensivBod npu molObix 3Havewusx a. B wacrHOCTH, Kyao-
1/%

7— - On-
0
HAKO, KaK Mbl ceAyac yBUAUM, 061acTh MPHMEHUMOCTH GOPMYJIbI
Pésepdopna sHauMTeNLHO pacLINpsieTcs B CTOPOHY GOJEIUMX yT-
2a
P
Yro6nl yGenMTbCs B ITOM, DPaCCMOTDHM YIJHI 6>>—l-—. Ecan

0

a=>>10>>1, 10 nuPPpaKkuUOHHBIA HHTerpan ompegenseTcsa
dopmynoft (22.12). Amnautyna pacceanus npuoGperasT BHA

FO) = &% [ 1% 21, () +

HOBCKOE DpacCesHHe HMeeT MecTo npu yraax §<&C

JI0B, KOTOpDBIE NONXHBI AHML yOOBIETBOPATH ycaosuio 0<&€C

9
2ia 2% —2afln -~ —lna+1)7 .
g lo” Jo (i) — € (»3 )]-
. 9 ‘
~ 21(;1} e—zia (i E——lna—]—l). (22.17)

TouHo Takol e &OpMyJOH onpenensercs aMMIMTYJXa PACCEsHMs
B KYJOHOBCKOM MOJe B TOM Cayuyae, Koraa a_>>1. JleHictsu-



216 "TJ. 1. CTATHCTHYECKHE CBOHCTBA TORENBIX ANEP
TenbHO, (ha30BBIA MHOXHTEAb €2 npu «_>>1 Moxer OHTH

npeacras/ieH B BHAE

sin. T (1 —ida)
S e
(MH BOCROJB30OBaMHCh dopmynaolt Crupaunra). [Tostomy ammau-
TYAA fryzon (8) npm a”>>1 pasHsaercs

o~ ie—¢2a+2‘id Ina

8
ek —2x(lm—=—Ins41
nyJIOH(e) —_——— o2 e ( 2 ),

4yro cosmajaer ¢ (22.17).

Hrak, B o6aactn yrios 710-<<6<<—§% pacceanye aBiasercs
YUCTO KYJIOHOBCKHM. :

B oGaactn yraos 2T°(')-<< 6<€1 mupdpaxunonHei#t uHTErpan

onpeneiserca ¢opmyno#t (22.11). B Beipawenuu (22.9) naa
aMIVIUTY ALl pAacCesiHda [epBOe cJaraeMoe 3HaYuTeJbHO GOJbIle
ABYX ocCTaiabHBX. [Toatomy

£ (8) = iRig¥ie 20 g (149)

sin? (loﬁ + %)
63 ’

O(ﬂ) = 7(91(2, lﬁ.(el“ﬂlgm .T%.[OX2

-21;1<<e<<1.
Mbl moayuunu BelpaXKeHue M ceyeHUs aud@pPaKUHOHHOIO pac-
CesIHHA HEHTPOHOB.

Takum o6pasom, npu a_>>1 B 064aCTH YIJIOB B<<-2—;i-
paccesiHMe  SABAAETCA  KYJIOHOBCKHM, a B ofnactu yrno?a
-QI—Z— K 0K 1 — nudpdpakuuonnnM. Pasrpanudenne asByX oGaa-
CTed yrios C paSHHIMH 33aKOHaMH DacCesiHus NPOUCXOMUT TPH
6~ 21‘_;., B TO BpeMf Kak B ciayuyae a<€ 1 Takoe pasrpaHude-

Y 2a

HHe uMeeT MecTo npu O ~ 7— (cM. puc. 15). CrenosatesnsHo,
0

npu a_>>1 o6iacTh YrioB, B KOTOPOH CeYeHHE pacCesiHus ornpe-
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peasercs ¢dopmynofi Pésep(bopna OTHOCHTENBHO HIMPE, YeM NpPH
MalblX o,

3ameruM, yto B cayuae a<€ 1 aMOIUTYyAH KYJAOHOBCKOTO H
IUPPPaKIHOHHOTO PaccesiHUS COBNANAT NO MOPAAKY BEJHYMHH

V2
npu 0~ i ~ . B cayyae aS>1 stu aMILTATY Bl (DU BNQI—a
0 o
He COBMAanaloT, HANPOTHB, AMIVIUTYAa KY/MOHOBCKOIO DACCESHMS

NPEBOCXOAHUT aMIUINTY Ry AutbPPaKIMOHHOTO paccesHus B a'e pas.

4a2
PaBeHCTBO aMIIMTYd WMEET MeCTO nMpu 8~ —— u Jume npu

66apmux yriaax amnauryga AugppakuHMOHHOrO pacCesHua CTa-

HOBUTCH OG6OJblIE aMIIMTYAbl KY/JOHOBCKOTO paccesnHs. Bele,
ORHAaKo, OblJIO MOKasaHO, 4TO paccesHHe NpUAGpeTaeT YepThl

auddpaknuoHHoro yxe npu yraax 0 > -“ZTa-, a He mpH yriaax,
0
2

4a
IPeBOCXONAUNX ——, T. €. PacCeAHHEe CTAHOBHUTCA nuddpaKuuoH-
0

HblM NpH yT/aX, ropasao MEHbLUIHX, YeM Te€, NMPH KOTOPHIX CpaB-
HUBAIOTCA aMIJUTY A6l 060HuX BHAOB paCCeaHHUA. OTciofa BHITEKAET

2a
BaxHEH BHBOX: BOMU3U yraa §~ S—npomcxomut peaxoe ymeHs-
0

IeHHE CEeYeHWs paccesHus, IO MOPAAKY BeJHUHHH B o pas,
Pesxoe yMeHbllieHue CeueHWs pacCessHUs TPOUCXOLWUT M3-3a Hz-
MEeHEHHS WHPHUHBL 06/1aCTH 3QPeKTHBHEIX 3HAUEHHH MepeMeHHOH
B AUPPpaKuUMOHHOM HHTErpaje, MPU MepPeXOZe yria pacCeaHus

2a
yepes 3Hauenue 0,= 7- - HuTepsan yrios, B KOTOpOM mpouc-
0

XOIUT pe3Koe H3MEHEHHE CEHEHUS MO MOPSAKY BEJNHUYUHLI, Da-

60 . V‘_ e ~ 2a
‘Va_ ; OH B @ pPa3 MeEHbLIe rpaHuyHOro yI‘JIa ON';;'

OTAeNAOWEro 06J4acTH KYJAOHOBCKOro M AuddpakuuOHHOro pac-
cequuit (811,
ITonBonst MTOMH, MBI MOXEM CKa3aTh, YTO yNpyroe paccCesHue

6Hc1‘pux —33DMKEHHEIX  4aCTHIL, _KOTOpbIE MOTyT TIOTJIOLIATBCH
Anpamu, Booﬁme roaops; He onncsuaaeTca qaopmynoﬂ Pésepxpopna

BeH

b

e I

g g
Ecmn a ="~ o <<1 TO paccemme onpenensieTcs ¢>opmynon

e e
e e O TR e ARSI 1 orairngs e L veme ew I bea e AR i INET Y e 1y S eere o

Pésep(popna TOJIBKO npn OYEHb Manwlx ymax no cpaBHeHmo

o

o YZa \;_;VR fl Zee,). I'Ipu ymax,' 6om,umx V3

I, lo 7
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CeYeHHe _yMPYroro pAacCeaHus 3apsKEeHHHIX HacCTHU _COBMajxaer
C CedyeHMeM YNpPYroro_paccessHus GHICTPBIX HEHTPOHOB. DTO pac-
ceanue, B KOTODOM IJIaBHYW pPOJIb UIDAIOT YIJbl <1, MOMKET
GuiTh j-laSBaHO AMPPPAKUUMOBHEIM, TaK KaK OHO MMEET Taxoﬂ “Ke
wapa. Pasinune Memny HeHTDOHAMU ¥ 3apHIKEHHHIMH YACTHIAMH
npoaBAfeTCas TOAbKO B (hase amnauTyas paccesuus. B obaactu

V2

1 b
yraos oT - — L0 7~ 9TO 3(PexTuBHOE CedeHHe He 3aBHCUT OT
0 Q

yraa paccesnus. Ilpu GOABLIMX Yriax [OABAAIOTCH XapaKTepHbie
AupdpaKIHOHHBIE OCHUJIALMH,
-Ecmu aZ>>1, 10 dopmynra Pésepdopaa umeer MecTo TpH

(s 3
raax, meHbmiux — . [lpu 66apmux yriax paccegHHe CHOBa
yraax, MErbier 7,7 bR PUAREER JRAAR  pakbEeEmE s MRt

_umeeT auddpakunoHHHA xapaxTep. B6ausu yr;;nq_,@o_g:-:_g%_r_;po-
HCXOOIHT pE3KOoe YMeHblIEeHHEe CequMﬂ paccedaHud, Mo nopﬂnxy
BEAWYHHL B a pas. T —
.~ Tak KaKk ceueHHe InPPPAKUMOHHOTO DACCESHHS B CPEIHEM
o6paTHO NMPONOpHBOHaAbHO KyOy yraa pacCesHus, a He 4YeTBEpPTOH
CTeNeHH, KAK 3TO HMEeeT MeCTO NpPpH pacCesiHWH B YHCTO KYJao-
HOBCKOM NoAae, TO MOXHO CKa3aTtph, 4HTO 6nar011apa HaJHYMO no-
rjaouw@anuiero sgapa paccedHue Ha 6onblune yribl CTaHOBHUTC(CA
60/ee BepOATHHIM. B cuay 3TOro cpenHuit yrosa paccesiHusa Oka-
3bIBAETCAA 3HAYHTEJbHO 66JIBIHHM, 4yeM B (CaAydae HACTQ KyJao-
HOBCKOrO pacCesHusi.

E .



FTABA III
PE3OHAHCHBIE ABJIEHHA

§ 23. Oucomepcuounas dopmyaa

B npenminyiue# rnase Mbl BUIeaW, 4TO B 06JACTH GOnbIIUX
3Hepruft Bo3OyXIeHUA COCTABHOTO §APA DACCTOAHUA MEWIAY ero
COCeIHUMH YPOBHAMH TOrO Ke NOPfJKa BeJqUUYHHH, YTO W LIUPUHEI
ypoBHeH, Mo3TOMy B 370 06/aCTH MBI HM€eM NeJ0 MO CylleCTRY
¢ HeMpepHBHLIM SHEPreTHYSCKHM CTIEKTDOM.

B o6aactn Maianix sHepru#t Bo36ywIeHUs WUPDUHE YPOBHeH
MeHbllle PAaCCTOAHUH MeXIy HHMHM, TO3TOMY B 3TOH 06aacTH
sHepruft OCOGEHHO DPE3KO MPOABAAETCH POJb OTHEABHHIX ypPOBHel
COCTaBHOTO fAXpa. B yaCTHOCTH, BepoOATHOCTE OGPA30BAHHUA
COCTABHOI'O 4ADa U BHXOX ANSPHBIX pPeaxkUUi oueHb CHABHO
* 33aBUCAT OT 9HePruH majgaroiiefl 4acTHIL, npPpHYEM 3Ta 3aBHCUMOCTh
HOCHMT pe3OHaHCHEIH, a He MOHOTOHHBIX Xapaktep., MoxHO
yKa3aTh, HanpuMep, Ha DPE30HAHCHOe MOTJ/OIeHHe HeHTPOHOB,
ceyeHye KOTOPOro NP ONpEenenE&HHBIX 3HaYeHWsX SHEpruu, Ha-
3LIBaeMHX PE30HAHCHBIMM, MOXET B HECKOJbKO THICAY pas npe-
BOCXOAUTL TIGNEPEYHOE CeyveHue dA1pa.

[lepeiinéM Tenmepb K pPACCMOTPEHHI0 DPE3OHAHCHHIX ABNeHUH,
Ha6AIOAAIOUIHXCH MpY AXepPHBIX peaKUuax. 3aMeTuM npelBapH-
Te/IbHO, YTQ CYLUECTBYeT ONpenen&HHad aHalorug Mexuay mnpo-
LeccaMu, TPOUCXOJANIKMMH NIPH ANEPHBIX PEAKLHUAX, U DPacCesiHHeM
cBeTa aTOMHBIMU cucTemaMu. [leficTBUTENLHO, Kak MBH BUIEIH
BHIILIE, CTOAKHOBeHHMe sfiipa A C 4dacTullel a OPUBOAUT CHavana
K MOTJIOLIEHHIO TochegHeH, T. €. kK o06pasoBaHMIO COCTAaBHOIO
aapa C, KOTOpOe HCOycKaeT 3areM uacTuuy b. PopmarpHOo 3Td
CXeéMa aHANOrUYHA CJIeAyloileMy OIHUCAHUI0 Mpolecca paccesHUs
cBeTa aTOMOM: CBeTOBOH KBAHT, 4YacroTad H BOJIHOBOH BEKTOD
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KOTOpPOro pasHsi ® ¥ K, noraoulaerca aTtomoMm, KOTopuilt 3arem
HCHYCKaeT KBAHT C 4YaCTOTOH @’ W BOJHOBHM BeKTOpOM K’.
IIpu paccMOTpeHHH pacCedHHs CBETa aTOMOM MOKHO MOJb-
30BaThLCA Teopuel BoaMyuienuil. HTo KACaeTCa 1POIECCOB AdepHOH
IHHAMHKH, TO, CTPOTO roBOpP#, TeOpHs BO3MYLIEHHH K onncanunio
3TUX NMPOUeCCOB HePHMEHMMA, TAK Kak B OTAHYHEe OT 3adauu
O paccesgHuHH CBeTa, rAe B3aUMONEHCTBUE MeXKAY aTOMOM H CBESTOM
2
Malno (BBPUly MaJIOCTH TOCTOSHHOH TOHKOH CTPYKTYDH a=%—),
[
B3aUMOAEHCTBUE MEXKAY SAPOM M mnazawoumedt Ha Hero uacrtugei
OueHb BEJIMKO [IPH MaAoH 3HEPrud OTHOCHUTEJIBHOTO IABHXKEHH,
T. €. HMEHHO B Te€X ClyuasxX, Koria HaGAIONAOTCH pPe30HaHCHHIE
aBienud. Tem He MeHee npeacTaBafieT HHTEPeC BHIACHUTH, K KaKUM
pe3yabTaTaM MPHBOLUT TeOPHA BO3MYUWIEHHH, eclNu TPHUMEHUTH
e K OmMCaHWIO GOePHOH peakuuu, NpoUcxomiuied no cxeme

A+a—C— Bl

Mbl nokaxeMm Hajnee, 4YTO pe3yJabTarhbl, K KOTOPHIM MPHBOIAHT
Teopud BO3MYyUleHUH, He 3aBHCAT OT NOMYCKaeMOro B He#t mpexn-
MOJOXKEeHHUA O MaJOCTH IHEPrud B3aHMOAGHCTBHA H HABIAOTCA
MO3TOMY NPABUILHBIMH.

Wrak, mMb OyneM MOKAa [OJb30BATHLCA TeOpHeH BoOaMymie-
HUi {s2, 63].

Hac unTepecyeT BepoATHOCTb mpomecca

Ad4a—C— B}b.

Takoro poma mpoilecCht oTHOCSTCH K 3ddexktam BTOpOro
Npu6MmikeHUss TeOPHHM BO3MyUeHHH C yu&ToM 3artyxaHus (881,
IlpeneGperas BoiCIUMU NPHGAUKEHUAMH, TOAYYMM BO BTOPOM
OpUOAMIKEHUH CAefyolyo Gopmyay aad 3bdeKTHBHOFO ceueHus
npouecca A+ a—> C— B b:

Aarr 3
sha — 4n2X2 H, "y
BY A a '8 i : (23‘])
=~ E4 4 EC—E] 451,

3nech A-— pasmensuHas Ha 2m 4AMHA BOJHH majaiouied da-
A
cruup; E© 1 E®—oaueprun HcxogHOro sapa A ¥ uyacTuubl a;

ES — 3ueprus cocTaBHOro sapa & cocTosnuu ry He® — MaTpuuHbiil
3/IeMeHT, OTBEualolM# nepexoxy u3 HAYaJbHOIO COCTORHHSA,
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B KOTOPOM MMEEeTCA HCXOLHOE AAPO A W 4acTHlia @, B COCTOSIHHE 7
coctaBHOro sizpa C; Hpy— MaTpPUUHBIH 37eMeHT mepexona u3
COCTOAHMA r B KOHEUHOE COCTOsiHHe (wactuua & ¥ s1npo B);
HAKCHell, Y, — [O/Haf IIMPHHA YDOBHA r; CyMMHpOBaHue NPOH3-
BOAHTCA 1O BCEM <«IPOMEXKYTOUHLIM» COCTOAHUAM, T. €. TO
BCEM COCTOfHUAM r cocTaBHoro sapa C. HMugexcmt A u B
CNyxXaT sheCb Kak a1 0003HAYeHMN AXep, TaK ¥ Aas 0603Ha-
4eHHA COCTOfIHHMH, B KOTOpDHX 3TH A4Pa HAXOAATCA., Bxonsuue
B MATPU4HbLIE HJIEMEHTH BOAHOBHle QyHKUHH 4acTHL a W b npen-
HOJIaraloTCs HOPMWPOBAHHBIMM Ha 3HEPrulo, NMO3TOMY MAaTPHUHBIE
3/IEMEHTH MMEIOT pa3MepPHOCTb [(Ipe) 2]*),

[Tonnas WIMPHHA ¥, C TOYHOCTBIO OO MHOXKHTENS f cosna-
naeT C OTHeCEHHON K eNuHMUE BPEeMEHH BePOATHOCTHIO pacnajna
sapa C, naxogsuierocqa B cocrogHuu r. IIpu BoiGpaHHON HOpPMH-
pOBKe BOJHOBHX GYyHKUMA 4YacTull ¥, paBHAeTCA

| 1, =21 2 |Hhyf, (23.2)
By
rae- CyMMHDOBaHHe NDPOM3BONMTCA MO BCeM BHAaM uacTtuu &,
MOTYWHX BbUieTeTh M3 sagpa C, W N0 BCeM COCTOAHUAM sapa B’,
OCTaIoLIerocs Mmocsie BuuIeTa H’.

OrnenvHbie cnaraembie B (23.2) npexcrasasior  Cobo#t
YaCTHYHBIE WIHPHHBEL Y%, OTBeHalOUMe Da3JAHUHBIM MApOUECCaM
pacnaga cocraBHoro sapa (tuma C — B’ --0')

2
T%'b' =21'C|HrB’b’| .
YacruyHas HWIHMPNHA yPOBHA 7, OTBedatoulad BHJeTy 4YacCTuusl b,

paBHAETCH
Ty =2n X | Hp, (23.27)
B

(cyMMupoBaHHe MPOUIBOMAUTCSE MO BCEM COCTOAHMAM OCTATOYHOTO
agpa B).

dopmyna (23.1) He YYHTEIBAeT BLIPDOKACHUS ALEPHBLIX YyDOR-
HeHl, CBSI33AHHOTO C CyWeCTBOBaHHEM VIJNOBOrO MOMEHTa. YUYET

*) Tlnockas BOJHA, HOpMHpOBaHHAas HA SHEPrHIO, HMEeT BHI
¢ __=( 4nk2dk\Y2 ke
E (2r)3dE
rae k — BOJHOBOII BEKTOP YacCTHIHI.
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3TOTC BLIDOXIEHHS TNPHBOAHT K CHeAYIOMIEMY BHIDAXEHHIO NJI5
ceuenus [68:

k2
= rIheTy XN @+DX
LU, 3d
AaurJ 2
2 oS “Bb . (23.3)

i
r EA+Ea—ErJ+'§‘“(rJ

3aecy i, J— MOMEHTHl KOJAHMYECTBRA IABWXKeHha sagep A u C,
$—CruH vacTausl @, /u I/— opOuTtanbHele H j W j’ — noJnue
MOMEHTH 9TMX 4YaCTUll; BeJUYMHB 4 NPefCTaBJAT coGol
MaTpWuHble 3MAEMEHTH, NPONOpuuoHanbHbie F/ ¥ HOPMHDOBaHHEIE
TaKuM 06pasoM, 4TO COOTBETCTBYWOIUHE YACTHUHBIE LIADHHEBL
paBHH

'YQJaz:'an— I”Q‘Z ?

(8 uncne HHAEKCOB, onpenenmomnx Y, OTMe4YeHH MOMEHTH
aapa C 1 wactuue ). CymmupoBanHe B (23.3) NpOUSBOAMTCH
no Bcel COBOKYNHOCTH KBaHTOBHIX uHCead r, XapaKTepuU3yioWux
COCTaBHOE fIZPO, 32 BHIYETOM ero Yr/10BOro MOMeHTa J, a Takwe
NO BCeM BO3MOXHHIM 3HauyeHUAM MoMeHTOB [, 7, U, j’, J.

dopmyna (23.3), uasecTHas NOL Ha3BaHHEM JHUCIEPCHOHHOM,
NOKA3HIBAET, YTO COCTOAHUS COCTABHOrO R4pa, XapaKTePHU3yoIHecs
Pa3NMUYHEIMY 3HAYCHHAMH MOMEHTa KONHYECTBA NBHXeHHS J, He
uHTepdepHPYIOT APYT C ZpPYroM. -

Kak BuaHo u3 aT1o#i ¢dopMyJwl, cedeHue Ans mpormecca A —[—
+ a — B-}-b nocTuraer MaKCHUMyMa, eC/IH SHeprus mnajaioieh
yactuum E® CTaHOBUTCA paBHO#R OLHOMY u23 3HaueHHi E,;=
='E£’:7——EA. IDTU 3HAYEHHS IHEPTrHM Ha3HIBAIOTCS PE30OHAHCHBIMH.

Ecan sHeprus naparomeft qactunyt O6auM3Ka K OXKHOMY U3
aHauenu#t E,7, To B (23.3) r/aBHYO POJab HrPaeT TOJbLKD OXMH
uMeH, U ceueHHe oy NPHOGDETaeT BUM

a . oh2 21 Vi 155
= QGIF1y@sL1) (E_EJ)2+_1_
i 4

Bxonsmiaa ciona BeJH4MRA 12{, OpencTaBifdeT cOOOR YaCTHYHYIO
WHPUHY YPOBHA 7J COCTABHOTO A4pa NG OTHOWIGHHIO K BHJETY

* (234
ﬁ-J ( )
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yaCTHU @ (COCTORRHE OCTATOYHOrO ANPa 0603HAYEHO CUMBOIOM A).
AHA/NOTMYHBIA CMbICA HMMEeT BeIHYHHA 1'1';.7,,; HakoOHem, Y, , Open-

CTaB/sfeT COGOH MOJHYH WHDPHHY YPOBHA rJ, paBHYIO
Tr= 2 T8
vB

(cymMHpOBaHHE INpPOMBBOIUTCA TIO BCEM BHIAAM BBULIeTalOHieH
HaCTHUB & U MO BCeM COCTOSHUAM OCTATOYHOro sxpa B).

YacTuyHble IIMPDHHH, a TaKXe NOJHAag WHPHHA 3aBHCAT OT
sHeprum nagawomei uvacruunl E. BoscHuM, KakoBa 3Ta 3aBHCH-
MOCTb, 3aMeTUM NpPeIBAPHTENbHO, UYTO BOJHOBas (yHKLUH
Nagamouledl YacTHUBE C MOMEHTOM /, HOPMHDOBAHHA% Ha SHEPrHIO,
uMeeT Bug (2

2 dR\': k
\n dE Xzﬁ 2 Yim (3 &),

rne & — BO/MHOBOH BeKTOp, Y, — mwaposas ¢yHKUUA, @ y;— pe-
[IeHHe ypaBHEHUH

d2)(l(kr)+(k2 I(I—H)),(——O

dr?

Befymee cefs npu O6OJbWIMX 7 Kak sin (kr————-l) TIpH

manux r(kr <& 1), y, (kr) ~ (kry+1.

Paccsorpum cayvait Maneix sHeprnfl nagalowefl yacTHURI,
koraa RR<K 1 (R— panuyc gapa). B aToM ciayyae B MaTpHuHmit
3NeMeHT, ONpenensioulnH BeNHYHHH 7, BXOAAT MA/He 3HAYGHHSA
apryMeHTa BOAHOBOH (yHKuuu magamoimied vacTvmel. Tak kak
3Heprus AKEPHOTO B3aHMONEHCTBUA OUYEHb BeJUKA, TO 3HEprus
nagawmed 4aCTHIB MOXKET BXOAWTE TOMBKO uYepes nocpencrso d,.
TlosToMy MAaTPHUHBIA S/eMeHT, ONpeleistoWwA 77, comepxur

B KaueCTBe MHOXHTe/s (:k) ‘R 1, e, k't%, Otciona

BBITEKAET, 4YTO

AL LN

Mbi moxeM MOITOMy NpPEACTaBUTb Y%7, B BHIE

an\ 20+1 E®\ 141
Aal FAal( X ) Pial( > 2 (23'5)

-
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rae E; u Ay —pe30HaHCHad BHepr¥s M COOTBeTCTByMOIlas ef
AMMHA BOAHBI HaCTHUM @, L, — 3HaueHHe pacCMaTpHBaeMOH
YaCTHYHOH WIMPHUHK [PH peaCHaHCE.

drta ¢dopMyaa chnpaBegnaMBa TAKXKe H B TOM Chaydae, eClHd
yacTuued a sABJAAETCH Y-KBAHT (AAd [IUNOJNLHOro Keanta /=1,
Iis KBaZpyNoOALHOrO KBaHTa [=2 W T. 1.).

IMoabaysacy (23.5), MOWKHO nNpeACTaBUTL [LUCMEPCHOHRYIO
dopmyay (23.4) B caeayiouem Bune:

(R ey
Aal —. 7(2 - =
Oy =T (21 +1)(2s +I)( x > (X, X

rJ rJ
Tdar UBorr

1
(E~EZ)*+ 7

» (23.6)

rie K — mendnman Ha 2m NAUHA BOJHEL BLIMETAIOMIEH 4acTULH b.

Tax kaK g MeineHHmX uwactuy (ER<€1) BoaHOBas
dyuxuna nponopumonansHa (kr)*+1, To HanGosee BAXKHYW DPOJb
UrpaeT BOJHA C HaumeHbluuMm /, T. e. ¢ /=0 (B cayuae cBeTa
HeT BOJMHH C /=0, u Haumesbiiee [/ pasHO 1 [641), [loapaysacs
(23.5), oTcopa MOXHO 3aKJIOUATh, YTO YaCTHYHAd IUUPHHA 11O
OTHOILUEHMIO K BHJIETY MeNJIEHHOH uacTHUH, obaamatommeft maccoi

noxos, nponopuuoHansHas J'E, rae FE —3Heprua YacTHIE,
MOKHAaIIed COCTaBHOE SAPO. IJTOT DPe3yabTaT MHl UMENIH yxe
panbme [cm. (19. 13)].

HOas O6mcTpex vactunl (RR = 1) dopmyna (23.5) nenpu-
Menuma. YacTo, OXHAKO, B STOM Cayuae 3HaHHe TOYHOH 3aBHUCH-
MOCTH 12{; ot E He aBmsercs He0O6XORHUMEIM BBHAY SHepreTHUecKoH
HEMOHOXPOMATHYHOCTH MAafaKOMWMX YaCTHIL.

Ecnau sseprus manamoomefi yaCTullsl BeJHKa, TO AJsd De30HAHCA
CYIIeCTBREeHHB BHICOKO DACMONOXEHHEIE YPOBHH COCTAaBHOTO sApa,
DacCTOfiHHE MEXAY KOTODHIMH Ma/Jo MO CPaBHEHHIO C 3Hepruei
yactuuel, OOBYHO HHTEPBaJ 3HepPrud, B KOTOPOM HaxOIATCH
NajalouiMe 4acTHIbl, TaKXe ropaspo 60.blle 3TOr0 pacCTORHUA.
[ToaToMy He06XOAMMO yCPEemHHTh 3HA4YEHHE LIKMPHHB 1O HHTEpP-
PaJy HEMOHOXDOMATHYHOCTH YaCTHIL. Y CPEAHEHHYIO LIHPUHY MOXHO
CYMTaTL He 3aBHUCAWIEH OT 3Hepruu uacTuubl. HHHMH croBamwy,
BeMMUMHY " MOXHO 3aMeHHTr e& 3HaYeHHEM IIpM De30HaHCe,

T. . CuMTaThb, 4TO [t~ T/,
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[loneayscy sTmm BLHIBOAOM, MPEACTABHM WHPHHY 7,, B BHIE

Ty == MTE 4+ Y ]/—- ., (23.7)

(6bicTpble wacTHUB)  (MELJEHHbIE YacTHIH)

b
rxe E° o3mauaeT 3SHEPTHIO BhITeTalOMmiedl uacTHUb b; mNepBas
CyMMa pacnpoCTpandeTcs Ha OHCTpble, 3 BTOPAas — Ha MelJIeHHEIe
yaCTuH, MOryuiMe TMOKHAAaTh COCTaBHOE fApO, Haxoadleecd
B COCTORHMH rJ. JHeprus BeueTalOMmeH YaCTHIH E” zaBucut or

3Heprud nalamuiedl vacTuusl £ U OT 3HEepran BO36YXIAEHHS EB
AApa B, oCTawwerocs nocie e& BBIIETA: .

E’=E*4+ F—E"?
OTMeTHM HeCKOAbKO C/yuaeB MPUMeHeHHS DE3OHAHCHOH ¢op-
Myas (23.6).

Ecau u nagamouias H BHlIeTalOIAA 4YaCTHUH SIBAAIOTCA
OGHICTPHIMH, TO
2+ 1 ThalBe
043 =nx? _ - (23.8)
@+ D@+1) E—EP+g 1

Ecau maparomas vyacTuma — MeLsdeHHas, a BbUIETAMOLIAN —
6uicrpag, To /=0 m

548 = kRE — T Caa Ty (23.9)
@+ D) (E—EP+g1t

Mul BHIMM, 4TO NMOMHMMO Pe30HAHCHOTO MHOMHTENH, CIOfA BXOMHUT
: 1
elll§ MHOMHUTENb 7[~;}- (v — cKOpOCTh Majalolled 4aCTHubL).

EC.’IPI nagaouias v BHJAETAOWAA YaCTHUBLI — MeldJeHHbIe, TO
X 2J+1 ) P%b

Spy =" 37 KX, . . (23.10)
@+D@+1) (E—Ey+

3ameTuM, 4TO &€clAM B peaKuuM YYacTBYIOT MelJleHHHe
YACTHHH, TO NefCTBYIOT CTpPOrue mnpasusaa orfopa, Kacarouuecs
yraoBOro MoMeHTa. J{eHCTBUTENBHO, B ClIy4ae MEIUIEHHBIX YaCTHILL

15 3akr. 1800. A. Axmesep.
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{=0 u j==s. IlosToMy MOMeuT coOCTaBHOro sapa J xomkeH
PaBHATBCR BEKTOPHOH cymme s M i, rie i — MOMeEHT KOJHYeCTBa
IBHXKEHUST HCXOAHOro sazxpa A. Beauuuna J pomxHa OwTbh
3aK/TOYeHa, ClHeROBATeNbHO, B mpegenax |i-—s|, i-fs:

li—s|<ILi+s. ' (23.11)
"OTcona clexyer, 4TO eCau Majamiieldl 4acTHued ABAgeTCd Men-
JIEHHBI i HEUTPOH HJAW TIPOTOH, TO J =i+ —;— Ecau magmaronieit

Ipy noraouieHUH KWMNOJNLHOrC Y-KBaHTa J=1i, i= 4+ 1 (mepe-
xon 0 — O 3anpem&H); npM MNOIMOUIEHHH KBAaAPYNOABHOIO

kpauta J=1i, i+ 1, i+ 2 (npu 3TOM 3anpeumeHH Nepe-

%o 00, 01, 3 — 7).

OctaHosuMcd el Ha npaswiax oTd0pa, KaCAIINXCT YETHOCTH
BoaHOBOH dyHkunu. HanmomuuM, 4yto BoaHOBas GyHKUUA CHCTEMBI
Ha3biBaeTCs u&THO#, eCAM OHa He MeHseT CBOEro 3HAKA TIPH
H3MeHEHHHM 3HAKA KOOPOHMHAT BCeX YaCTHL, BXOAAUIMX B CHCTEMY,
H Ha3bIBaeTCA HeuY&THOH, ecnu e& 3HAK NPH 3TOM MeHaeTcA. Mu
HA3BBaeM XapaKTepPOM UY&THOCTH RBOJHOBOH GYHKIHH YHCIO W,
paBHOe == 1, B 32BHCHMOCTH OT TOr0, ABAAETCH AW BOJTHOBAA
dyHxuus YETHOH MAH Heu€THOMH.

XapakTep 48THOCTH CHCTeMBl He MeHseTCd NPu e& caMONpOHU3-
BosbHOM pacnafe. OTcioza crenyer, 4TO XapakTep 4Y&THOCTH
coctasHoro sapa C, pacfajaloulerocs Ha sapa B u Q, paBHseTca

wa = waQwBQ N

Tie Wy W W, — XapakTephl YETHOCTH Axep B u Q (ecan Q@ —
S/MeMeHTapHad YacTHlA, TO W, == 1), a Wpo — Xapaxrep uér-

HOCTH BOJsHOBOH (yHKNMH, OMUCHIBAIOWIER OTHOCHUTENLHOE OBH-
weHnue axep B u Q. V3sBecTHo, urto

Wpe =(—1)",

rge /!’ — MOMEHT KOJ/IMYECTBA [BUXKEHHMA 4YaCTHUH Q OTHOCH-
reapHo B. TToatomy

Wy =W W, (—l)l',‘ (23.12)
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AHA/IOTHYHO MBI MOXeM HamnucaTh
4

W= (—D'w,w,, (23.129)

rae A U P 0603HayalOT 4YaCTHUbl, B Pe3yNbTaTe CTONKHOBEHHS
KOTOPHIX 06pasoBanoch sAp0 C, U Fl-~—— MOMeHT uacTHupl P
OTHOCUTE&AbHO A.

M3 npusenénnbix ¢HopMysa ClenyeT, 4TO NPH NOrJIOLIEHHH
MEeNNIEHHOH uacTHHW UYETHOCTbL He MeHsdeTcd. IIpY nmoraomesuu
AKWMOALHOIO 7-KBAHTA YETHOCTH MEHAETCHd, a MNPH MOrTOLUEHKU
KBaJpPYNOALHOIO KBAHTA HE MeHAeTCH.

§ 24. Teopus pe3soHaHCHOro paccefHHs

[Tokakem Teflepb, YTO AMCNePCHOHHas (OPMy/Na MOKeT GHTb
foNy4YeHa u3 overHb OOLIMX NPeANnONOMeHHH, HE OCHOBBLIBAIOMINKCH
Ha MaJ/IOCTH KAaKuX-Mu60 4YAeHOB B TaMHAbTOHWAHE #AEPHOH
CHCTeMBl W' He CBA32HHHIX NO3TOMY C OGBIYHOH Teopueil BO3MYy-
meHunit *), ,

PaccvoTrpuM cHavana 3amauy 06 YNOPYroM  pe3OHaHCHOM
pacCesaHUH 4aCTHL, OTAHYAOULYIOCH OCOGeHHOH NPOCTOTOH MaTe-
MaTHYECKOH TpakToBKU. IlpeamosoxuM, 4r0o AAMHA BOJHH
4acTHUL 3HAYWTENbHO GoJbllie pamiuyca Ae#CTBHA AAepHEIX CHJ,
TaK 4TO IVIABHYIO DPoJib HUrpaetT OpPGHTANbHHIA MOMEHT OTHOCH-
TeJLHOTO JIBMXXEHHf 4YacTHll. paBHHM Hymo. B aTux ycrnosusx
paccesnue O6yneT chepHUSCKH CUMMETPHUHLIM,

Ecny paccrosne r MexIy 4acTHLUAMH BeJHKO, TO BOJIHOBAd
(DYHKIUS YacTHll HMeeT caeaylowufl aCHMIITOTHUECKMH BUI:

b= (6 — B4 ), (24.1)

rie k— BONMHOBOH BeKTOp, pisumift V 2ME, M — npupendsuas
Macca vactul, E — KHHeTHYECKAs SHEPrus OTHOCHTEJbHOTrQ XBH-
XKEeHU#, U — OTHOCHTe/NbHAA CKODPOCTb wacTuu; ¢ (i) — BOAHOBAA
dyuKuna, ONHUCHIBAIOLIAA BHYTDeHHee COCTOfHHE YaCTHU.
[Tepsoe cnaraemoe B CKOGKAX MpelcTaBaseT co6oi Manayo,

*) BuBoay AMCNEPCHOHHOH (OPMYaH, He OCHOBHIBAIOMEMYCA HA
TeOpUH BO3MyHIfHHH, TOCBAMER LeALH paag paGor (cm. [6-7), Mu
cnenyem Hixe (%01,

15%
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a BTOpOe — PaCXOAdULYIOCA BOJHY, NpuUuyEM OOCe OHHM HOPMH-
POBaHEI HA €JUHWYHRIR IOTOK.
Bennunua B, saBucqimas OT - sHEpPruH, B paccMaTpHBaeMOM

cllydae YHDYroro pacCcefiHHsi, PaBHA MO MOAYJI eluHHLUE, T. €.
By = e, (24.1%)

rie 7 — BeleCTBeHHAad BeJHYuHa, Ha3siBaeMas «dasoit Ba Gec-
KoHeuHOocTH». CeueHue pacceanus o(E) cBa3ano c¢ B COOTHO-
HieHHeM

c(E)__—sm9 —-——%]BE——II'Z. (24.2)

Hac s#nrtepecyer 3aBucumoCTs cedenua (24.2) OT 2Heprum.
C sroffi uenbid BAXKHO BHACHUTL BONPOC 06 OCOGHX TOYKaxX
dbynkuun o (E). V3 dusuyeckux coobpaxenufi acHo, YTO NpH
MOJIOXMATEAbHEX BeUleCTBeHHbIX 3HaueHHsx E dyunkunn o (E)
u B(E) oco6ux Touex He wuMeT. [losToMy MEl pacUIMDUM
o6nactb nepeMennHot E u 6ymeM pICCMATPHBATL TaK¥e KOM-
MJIeKCHBI@ 3HAueHUd 2HePruum, KorTopuie oGo3Hauum d4epes W,
B komnaexcHo#t o6aactu dynkuusa o W) nmeeT ocofble TouKH.
Mul  yBWZHMM, UTO CYIUEeCTBOBAaHHE OCOOLIX TOYeK, JeXalux
OOCTAaTOYHO O/MM3KO OT BelUleCTBEHHOH OCH, BHI3WBaeT OCTDHIE
MaKCHMyMH B XOAe CeyeHusl ¢ 3HeprueH (BZOAb BemeCTBEHHOH
NON0KUTENLHOR NONyOCH).

BBegenHe KOMIVIEKCHHIX 3HAUYEHHH SHEPrHH #ABAseTCH, KakK
M3BECTHO, OYeHb MTONe3HbIM NIPH. U3YUeHHH CBOHCTB pacnajgalouuxcs
CHCTEM, TaK K4K MHHMas 4YacTb SHEDPrUH HENOCPeACTBeHHO
CBA3aHA CO BPEMEHEM XW3HH CHCTEMHI. ’

Hrak, BBeIEM KOMMJIEKCHEIE 3HadeHHs 3Heprun W u, npexn-
noaaras GyHkuuo o (W) aHanuTu4eCKOH, HCClelyeM MOBeIeHHE’
bydkuun o (W) B okpecTHocTH oco6oi Touku. Bynem mpen-
nojaratb, YTO0 MPU KOHEYHBIX 3Hauyennax W oynxuua o (W)
MeeT TOMAbKO MPOCThiE MOJIOCH.

B nanbheftireM Mul 6yneM MCXOAUTb U3 NBYX OCHOBHHIX CBOHCTE
dynxunu B,. Ileppoe CBOHCTBO COCTOMT B TOM, HYTO Ha NOJIO-
KHUTEILHON BelleCTBeHHOM MONyOCH, T. e. npy W==E, pyukuus B
N0 MOAYMIO PaBHA elMHULE. ITO CBOHCTBO O3HA4aeT, YTO OTCYT-
CTBYeT MOIVIONULeHHE YACTHI, B CHAY Yero MHTEHCHBHOCTb pPacxo-

Oauiefics BOJIHEI JOJ/KHA ORITh paBHa HHTEHCHUBHOCTH nagatouiei
BOJHBbI.
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UroGH pasbACHHTL BTOpPOE CBOHCTBO, BSAMETHM, 4YTO €CHH
B BHIpaXeHuM (24.1) saMeHuTb B Ha— &, TO ulieH e—**7, omucei-
BAIOIIMA MaZaOIyI0 BOJHY, GYAET NMPeACTaBAATL PACXOMAINYIOCH
BOJIHY, ¥ Hao60poT. Tak Kak MH pPaccMaTpPUBaeM 4HCTO ynpyroe
paccesiHue, TO 6e3pas3nuyHO, YTO HAa3HBATh MNAjalomIeif U yTO pac-
xoname#ca sonHoM. [loatomy 3ameHa 2 Ha — 2 He MOXKET TIpH-
BeCTH K CYIIECTBEHHOMY H3MEHEHHUIO BOJHOBOH dyHKumu (24.1).
fIcHO, 4TO KBampaT mOAynia (24.1), uMerOmHR HemOCPeACTBEHHEIR
(hH3UUeCKH# CMEICH TIOTHOCTH BEPOATHOCTH, NOMXKEH OCTaBaThCH
np¥ TAaKOH 3aMeHe HeHW3MeHHHM. OTclona nerxo yGemuThbes, 4TO
TIpH 3aMeHe 2 Ha — R BenmuuHa 3; NOMKHA NEpPeATH B KOM-

OJEKCHO CONPSKEHHYIO el BETUUHHY Q*E .
O1o CBOHCTBO dyHxuMM B, MOXKHO cHOPMYyANPOBATH emIE Cie-

nylomuM o6pasom. IIpeacraBuM cebe, 4TO MH cOBeplllaeM 0GXOX
B TUIOCKOCTH KOMMIEKCHOT'O nepeMeHHoro W Bokpyr Toukn W=0,
Taxkoit 06X0l 3KBUBaJieHTeH 3aMeHe & Ha — R, TaK KaK B pesyib-

Tate o6xoma Beanunna ) E, mpomopuioHanbHas &, MeHAeT CBOH
3Haxk. [103TOMy MOXHO CKa3aTh, 4TO nocje 06X0xa BOKDYT TOUKH
W =0 BenuunHa {3, MEPEXONUT B KOMMIEKCHO COMPAKEHHYIO et

*
BEJIUYHHY Bg.

BBengM B DAaCCMOTDeHHe HOBYIO NepeMemHylo z ==V W; wuu
MOXeM TOTAa paccMaTpuBaTh B, Kak ONHOSHAYHYIO aHAIMTHYE-

cKyo ¢YHKIHIO OT 2
3W= @ (2),

KOTOpas pPaBHA MO MOAYJ/IIO ednHHUe Ha BeUleCTBEHHOH OCM u
NPUHUMAET KOMIIEKCHO CONPsKEHHEIE 3HAYeHHs B TOuKax z=} E
n z=— VY E(E>O0):

B(—VE)=8(VE)y* ==

@(V E)
B cuny aHanntHyHOCTH J (2) oTcloma chenyer, 4To
1
— 2) = . 24.3
B(— D =375 (24.3)
[Mycts TOYKa 2==2, ects momoc ¢yukunn B(z). Tak xax
Ha BemlecTBeHHO#t ocu |B(2)|==1, ro oTclAa crieayer, 4TO

TOuKa 2z ==z, Gyner Hyaém §(2).
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B 91oM Jerko yGeautsca caeiyioliaM o6pa3oM. Beexém B paccMo-
TpeRue QyHKLHIO B
1(2) =1 et 52}
1—p(2)
Korxa 2 npuruMmaer BemecTBeHHbIE 3HAYeHHs, TO, KAK MOKA3HBAET He-
NOCPEACTBEHAAn IPOBEPKa, GyHKUMA Y (2) TaKxe NPHHHMAeT BellleCTBEH~-

Hble 3Havenusd. [1o3ToMmy, corgacHo NPHHLHMY 3epPKaAbLHOro orobpaixe-
HHA, HM¢ET MEeCTO COOTHOLIEHHE

, (%) =1 (2)~.
[lepenucaB 9TO COOTHOIUGHHE B BHAE
JLEBGEY 1B (D)
1 —p(z*) 1—p@»
MB [TOAYUUM:
B(z®)B(a)*= 1.
[Mocaenvee cooTROOIEHHE MOKAa3hbiBaeT, UTO €CAH TOYKA 2 = 2 ABAAETCH
. . - .
Hy €M dyHKuaH § (2), TO TO4KA 2 =z, ABAseTCA €€ TIOMIOCOM.

IMostomy B (2) MOXHO TpPeACTaBUTH B Bule

*
20

Ble) =528, 2), (24.4)

rae 8, (2) B TOuKe 2= 2z, perynspHa 4 momxo6HO B (z) pasua 10O
MOLYJI0 elMHHUe HA BELIECTEEHHOH OCH.
Hcnonsaya (24.3), Mu noayuum u3 (24.4):

*
|
P~ ==z
T. €.
242
B (2) Ztz B2 (2), (24.4")
rie 8, (z) perynspHa B TOuxe z = —2z.
Taxum 00pasoMm, TOUKa 2z = — z; aBagerca momocom f(2),
a TO4YKa Z == — Z,— HyJde&M B (2).

Hs (24.4) u (24.47) cnenyer, 4To ecim mOMIIOC 2, HE YHCTO
MHMMBIf, TO -
VE—2z; VE 42,

ﬁE=ﬁ(VE)=ﬁ_z0 ﬁ+z;7‘(ﬁ)’ (24.5)
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rne y(2) perynapHa B TOuKax 2, ¥ — 2Zp, DaBHA TO MOAYIIO
eNMHHIle HA BENMIECTBEHHOH OCH H TaK e, Kak u B(2), ynosne-
TBOpsieT ycinopuio (24.3).

Ecnu Touka 2z, nexut Ha MHUMOR ocu, TO BMecTO (24.5) Mu
noiyuaeM Gonee NMPOCTOe NpenCTaBACHUE BE

bo =L (VE). (24.6)

Paccmorpum cpyHKumo —n—@ B oxpectHocTu Toukn W =0

niockocT W 31a ¢yHKLMs OXHO3HAauHA, TaK KaK IpH o6xome
BOKPYr Hy/d M UHCIMTeNb M 3HAMEHATENb MEHAIOT CBOH B3HaK.
Orciona creayer, uro

¥ (2) === M),

rae ¢ (W)—anamtuveckas dyuxuus or W, peryaspuas

B Touke W==0, a TakXe B TOYKAX W—zo, 203, U TPUHKMAI0-
1351 BeuwleCTBeHHHE 3HaYeHHUS Ha MONOXHTENbHOHN [MOJNOBHHE Beme-
cTBeHHOHR ocu W,

Taxum ofpasoM, ecau TOuUKAa 2, He JIEXKHT HA MHAMOM OCM,
TO MBI TIOIy4yaeM ClAeAymoulee NPencTaBIeHUE Iif BE:

iVEoewm E—Ey,+tVEDb (24.6)

?

+ e
fp==t ¢ E—F,—{ VEGb

rae ‘
- 1
Ey,= 2420, b=—2—1m20.
B ToM ciyuae, ecim TOYKa 2, JEXMT Ha MHUMOH ocu, mpen-
crasneHue f, uMeeT BHI

b VB YERE

Bu6op 3naka B ¢dopmynax (24.67), (24.67) moxeT 6HTH npo-
H3BeqEH, MCXOAS M3 YCIOBHA KOHEYHOCTH CEueHMs PacCefHus IIpU

E - 0. Tak xak o (E)= fﬂ Bg— 1|2, To orciona caenmyer, uto

lim -],
B0 Pe
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[Tosromy B dopmyne (24.6”) ciaenyer B3ATb BepXHUMH, a B (bop-
Myne (24.6”) umxHuit sHak:

— VBl E—Ey+i VE & 24.7

s E—E—iVEb (24.7)
i VE ia E :

Bpm VB0 SEVE (24.8)

OnpenenuM Tenepb ceueHuwe ynpyroro paccesaHus. Ilozcrasisas
(24. 7) B (24.2), noxyuum:

3 E—FEy4i VEb 2
E =_’Ll VE ¢ (B) 9 ___ll —
B = E—E,—iVE®
m | VEe (& 2 G 12
=Ele 'P()—ll“%"_'i 72‘*“
(E—E)+3
i —iVEeE)
+ 25 Re it —e .{] , (24.9)
rae
v =26 VE. (24.9")

OT0 BHpaxeHue INONe3HO NpU UCCISAOBAHUM MOBESAEHHS Ceye-
Husl BOmusm ToukH E = E;, tak Kak npm atoM ¢ (E) He umeer
oco6enHocTel.

Ecmu ¢ (E) =0, to (24.9) mepeXOAUT B H3BECTHYI Y& HaM
Pe3OHaHCHYIO $oDPMyTy

6(E) = = 1 , (24.10)

OnpeAe/AIoNuly 10 CeYeHHe Pe3OHAHCHOTO pacCcestHUs BOMUSH ypoBHa £,

Iilupusa ypoeHa cormacuo (24.9’) npomopuHoHanbHA VE .
DTOT pe3yabTaT HAM yKe M3BeCTeH (CM. NpelHAyWuit naparpad)
H HaxXOIHUTCA B COOTBETCTBHM C TeM, UTO MH DPacCMaTPHUBAaEM Ciay-
yall MaluHX SHepruit, KoOrja NAMHa BOJHH YacTHUB BellHKa &0
CpaBHEHHIO C paauycoMm HmeficTsus CHJa, T. €. pasMepaMu aapa.

B obumeMm cayuae, koraa ¢ (E) 5= 0, ceuenne pacceaHus (24.9)
COCTOMT M3 TPEX craaraeMuXx. [lepBoe cnaraemoe, He coagpXamies
PE30HAHCHOr0 3H3MEHATels, NPeICTaBAfeT cOOOH TaKk Ha3HBaeMOe
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NIOTEHIIHAJNBHOE pacCesHHe, aHaJIOTUYHOe pacCedauu1o, TIPOHCXOnAd-
EeMy B THOTEHUMATHLHOM TIONe. BTOpOe cilaraeMoe ONMCHIBAGT pe-
30HAHCHOE pacCeaHue H TPETLe—HHTeprepeHIIHIO 060ux BHAOB
paccesuus,

Ecau SHEpPrus CTPEMUTCA K HyJ0, TO NMOTEeHUHANbHOE paccesi-
HHE CTDeMHTCA K mpejeny:: _
Omor = ng) (24.11)

E->0
rune

o= tQVE

SKCINePHMEHTANIBHO ONPENeNseMOe CEUeHHe YIPYroro pacces-
HUS O, JJ4 MelJNeHHEX HeRTPOHOB HMeeT MOPANOK BeAuuHHH 7R2,
rze R -—panuyc anpa.

Pesonancunoe paccesnue (24.10) mano no cpasHenuno ¢ ©R2,
UCKJIOUaa ciaydad GAM3KOro Pe3sOHaHCa, NO3TOMY &, 0043aHO rnaB-
HeM 06pa30M NOTEHLHMANBHOMY pacCesHUIOo.

34aMeTHM, OIH?KO, Y4TO o, M3MEHAeTCd HEMOHOTOHHO C POCTOM
ATOMHOTO HOMepa.. 3TO OOCTOATENbCTBO YKa3HBAeT, MNOBHIHMOMY,
HA TO, 4TO MNOTEHUMAlBHOE pacCesHue CKOpee COOTBETCTBYET
DPACCesHHIO OT MOTEHUHANbHON AMEl, HexXelld pacceasuio ot 6apeepa,
TaK KaKk B TIOCelHeM Clyyae paccesiHHe MeHsJIOCh Ok MOHO-
TOHHO C pOCTOM aTOMHOro Homepa (OHO paBHANOCH GH 4mR2).

Onpenenum Tenepnr CeYeHHE pAacCes HUsI B TOM CAyu4ae, KOria
BeJIHYKHA @E BHpaxaerca dopmynoit (24.8).

[Toncrapasa (24.8) B (24.2), nmoayumm:

T i ik (BE) R+ ia 2
3 (E)y =1 BE_1|2=FI (B 2T 2 1] ;

k
rae Y=o Ha=a Vf . B cnyuae J0CTaTOYHO MaJHX 3Hep-

r¥fl MOJMYy4YHM OTCIOmA:
o (B) =iy !(1 —5 ) (1+ )]

[Ipennonaras, uro |ap| <€ 1 u |kp| <€ 1, HepemHilleM OKOH-
YaTeALHO STO BHIPAXKEHHE B BUIE

s (E) =7?-2-%¢—2-[1 —ap ~{-% (a2 + %% 92],-1. (24.12)
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Mur monyuniu hopmyny, KoTopas coBnanaet ¢ popmyao# (3.15),
olnpenenamomen ceueHne paccedHHs HeATPOHOB NPOTOHAMYU C yu¥-
TOM KOHEUHOCTH pannyca AeficTBHa snepHHX cui. [Ipum stom p
BHCTYTI2€T K4K 3h¢deKTUBHHHE palHyCc HeHCTBHA SOCPHHIX CHII,
BeenédHut B § 3. Ecau ¢ (0) =0, 10 Mu monyuum dopmyany,
COOTBETCTBYIOmMYyt0 cayuaw 7,—> 0. To o6croareibCcTBO, YTO MpU
¢ (0) 520 yuuTHBaeTCA KOHEUHOCTb pamuyca AApa, HAXOAUTCH
B COOTBETCTBHM C BhlpaxeHueM (24.11), onpenensomuM MOTeH-
UHMATBHOE pacCesHHE.

HWrak, me sBuauM, yTo camble O6IIuMe NPeANOJOXKEHHA O BEIU~-
yuHe 3 MPHBONAT TONBKO K IBYM 33aKOHaM YNPYroro pacCefHHs
MelNIleHHHX YaCTHI: HMEHHO, paccesHHe MOXeT OHThb AHGO pPeso-
HAHCHHM, JAH60 OHO MOXeT OuThL TaKOTo Me THMa, Kak pacces-
HHe MeJIEHHHX HEeHTPOHOB MPOTOHAMM,

[Nepefin&m Temepb, TOC/E PACCMOTPEHHA yOADYroro paccesHus,
K u3y4yeHuio o6uiero cliyuas pacnazxa COCTaBHOTO anapa.

Bynem monpemxnemMy cuMTaTh, YTO OTHOCHUTENbHBI! MOMEHT KO-
JHUYEeCTBA [BHXEHMH 4acTHl, oO6pasylolmiux CcOCTaBHOe sAPO,
a TaK:Ke JaCTHll, BO3HHKAIOWHX NIPH ero pacnaine, paBHAeTCs HYJIO.
s npocrorsl He 6yneM HMOKAa YUMTHIBATL CUMH Anep.

Hauném ¢ onpepeneHus o6uIero ceYeHUs BCeX HeynpyTHX npo-
1LleCCOB G, .

CornacHo dopmyne (17.8) o, cBA3aHO C OTHOUIEHHEM AMILIH«
Tyl pacxofsllefica ¥ cXonfmieicss BOJH BE cleiyiomuM cooT-

HOILeHNEM:

0= (=85 ). (24.13)

(HanomHuM, 4TO eciy BO3MOXHO TOrolIeHKe YacTu, To |8 ]<<1.)
CeueHue ympyroro paccesiHus, CONpPOBOXAANOILErocs o6paso-
BaHMEM COCTaBHOrO Afpa, PABHACTCA NpPH 3TOM

o=z |1—Bg 2 (24.14)

BriICHMM, KaKO# BHX HMeeT Temeps B
B cinyuae uncro ympyroro paccesHus 8, BOMM3H YPOBHa E,
onpenenserca dopmynoft (24.7). Ecam BosmoxHO nNOTNOLicHH®
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YaCTHIL (|p|<1), T0 dopmyny (24.7) cnepyer 3aMeHHTb oOp-
MynoR
E—Ey—i(f—1
B =@ (3-x) . (24.15)
E—Fy—i %
roe o (E)— seliecTBeHHana (pyHKUHA, HE HMEIOHIaq OCOGEHHOCTEH
npu E >0, BenwuuHa v, yHLOBJIETBOPACT YCIOBHIO

15 <7

KOTOpOe HeOo6XOIHMO IJifi TOro, 4TO6H MOAYHb BE 6Ll MeHbUIE
enuHuub. Ecmu y,==1, To dopmyaa (24.15) nepexomut B (24.7).

[Moacrapnsa Bupawenne (24.15) B (24.13), MH nonyuum cie-
xyomyo GopMyay IS OGLIEro CeueHus HEyUpPyTMx CTOJKHOBE-
Hu#t: :

et (=)

6, e | 1 — =
oA E——Eo—i-%.
=_-.’.:‘§ _Is—1a) (24.16)

72
E—EP+7
CeyeHye ynpyroro CTOJNKHOBeHHA cornacHo (24.14) umeer Bun

= e‘“’(E)—[-l-—ew (2 Ha . (24.17)

c ey Sm—

3 72
E—Ey—i-
° 2
[Mocnenuss dopmylia oTaM4aerc OT dpopmyin (24.9) Toabko
TEM, 4TO B YHCJIUTE]b AMIUINTYAE PE30HAHCHOrO PAaCCesiHHS BMECTO
MOMHOR WHPHHE Y BXORMT Terepb BeluuHHa ¥,. Eciu He yuu-
THBaTh NOTEHUHAJNbHOe DaccesiHMe, TO dopmyna (24.17) naér:

T 7
3 4
%= 7 : (24.17%)
(E—E)+-7

OTKyHa CIefyeT, YTO Y, NpeAcTaBaseT coGO# YaCTHUHYIO WHPHHY

MO OTHOWIEHHIO K YNpyroMy DacCesHHIO.
Beoasi o6o3Ha4eHHe

Ta = 1~ Tss
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nepenumeM ¢opmyny (24.16) nns s, B BHIE

=1 e (24.16")
(E—E)* +-

BenuuvHa ¥, npencTaBiseT cO60Y CYMMapHYO MIMPUHY yDOBHS
IJIf BCE€X HeYNpPYrux NpoieCcos.

UTo6hi DOIYYUTh CeuenHe o, AN KaKOTO0-IMG0 ONpeNe/EHHOrO
npoiscca <, Heo6X0muMO B (bopmyne (24.16) 3ameHuTs Y, Ha
COOTBETCTBYIOWYIO YaCTUUHYIO WHPHHY Y,. MB TOAYY4HM, TaKuM
obpasoM, oOmyI0 IHCIEPCHOHHYIO dopmyay

_ 1sia
*=w o (24.18)
(E—Epr4+ T 4.

B npyBengHubix BHILE GOPMyJaax CIMH 74pa CYHTAICA PaBHBIM
Hymo. [Tokaxem Tenepb, KaK y4yeCTh CIUH #apa.

Tak Kak MH DacCMaTpuBaeM ciayualf MeAneHHEIX 4YacTHU, TO
A1 Hux [/==0, 4 AO3TOMYy 3HaYeHHs MOMEHTa KONWYeCTBA IBH-
MEHHA COCTABHOrO Aapa J 3aK10uEHB B Mpeaenax

| i—s] < T iFs,

rjie i{-— MOMEHT KOJHYeCTBA ABHXKEHUA HCXOIHOrO AApa, $— CIIHH
nanamoule YaCTHUHL.
Bepoamocn, OnpenengHHoro 3nadedus J pasaa

2J+1
BT @D’ (24.19)
TaK Kak ofllee 9uCIO BO3MOXHHX ODHEHTAUH BEKTOpPOB i U s
pasHo (2s-+ 1)(2{- 1), a uncno opuenrauu# Bexropa J pasuo
2J+1.

Yro6H yuecTh COUH fApa, HYXKHO NMPUBCASHHHE Buie ¢op-
MYJh 014 S, ¥ o, YMHOXuTb Ha axTop (24.19). Mmu nonyunm,
takuM o6pasom, dopmyny (23.4).

B #350XeHHOM TOJMLKO 4YTO BHIBOAE AHCIEPCHOHHOH dop-
MyJIbl MBl HMCXOAWTH H3 OOWHX TeopeTHKO-(OYHKIHOHANBHBEIX
CBOMCTB aMiIMTyAB paccesuus. I[TOKaxeM- Temeps, 4TO AHCHep-
CHOHHY® GOPMyJiy MOXHO MOJyUHTh TaKXKe, u3yuas IOBeleHHue
HODMAJ:tHOR  NPOUSBOMHON BONHOBOH (yHKUHH y TIOBEepX-
HOCTH 4Apa.
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[lycts Ha siapo IMagaeT MeQJeHHBIH HeHTPOH, AJMHHA BOJHBI
KOTOpDOrO BeJidKa 00 CPAaBHEHHIO C paguycoM aapa. BHytpu
Apa BOJAHOBOH BekTOp He#TpPoHA k; OGyneT oueHb BeJUK, MO3ITOMY
Mbl  OOJXHBI CBfi3aTh HA ITOBEPXHOCTH SApPA BOMHY C MaJLIM
BOJIHOBLIM BeKTOpPOM K BHE aApa C BOJHONH BHyTpH saapa, KOTO-
pas xapakTepusyercs GoJbLUHM BOJHOBHIM BeKTOpoM k;. B o6uiem
cjiyyae TaKoe «CIIMBAHHe» BOJHOBHIX (PYHKUMH TPUBOAUT K TOMY,
4TO AMIUIMTYZAa BOJHOBOR (yHKIHH BHYTPH fiipa OKa3bIBaeTCA
3HAYWTENBHO MeHbllié aMIUINTYAH BOJHOBOH (yHKUOMM BHE Aapa
(OTHOINEHHe AMIVIMTYA 1O TOPANKY BeJNMUHHH DaBHO R/K,).

OnHako B TeX ChemuaisbHLIX CIy9agx, KOria HOpMalbHasa Npo-
M3BOAHAs BHyTpPeHHe# BOJAHOBON (YHKUMH HA NOBEDXHOCTH Anpa
OueHs Masa, 06e ¢GyHKUHA HMEIOT CPaBHHMHBE aMmaHTyxbl. [Ipu
3TOM BepPOATHOCTh NPOHHUKHOBEHHUS HEHTDOHHOH BOJHH BHYTPb
anpa 0Oco6eHHO BelWKa M, CleJOBATeNLHO, BelHKa BePOSATHOCTH
AAepHO# peakuud.

a/ o l“v&v/—\ ~_‘
7 i # | \__/ e
b TR e

Vi : Q;Un’ 7

Puc. 16.

PapeHCTBO HYJIO HOPMAaJbHOH NPOH3BOAHOH BRINOJHAETCH NPH
onpenen€HHbIX 3SHAYEHHAX 3SHEPrHH HeATPOHA, NPeACTABIAIOHIHX
co6o#t pesoHaHCHBIE YpPOBHH. JIf WAMOCTpAUMH 3TUX COQTHOLE-
HH# CHYyXHT pHC. 16, Ha KOTOPOM CXeMATHYeCKH NpPEACTaBJEH
BHO BOMHOBOH GyHKIMA HEATpOHA y FMOBepPXHOCTH AApa B 3a-
BUCHMOCTH OT pAacCTosHHUS r A0 UeHTpa saapa. Paauyc saapa
oGosHayed uepe3 R. Puc. 16, a cooTBeTCcTByeT 06UIEMY CAy4alo,
KOrja »3Heprus HeATPOHA HE HAXOAMUTCA BOGJAM3H PE30HAHCHOIO
ypoBust. Ha puc. 16, 5 npeacrtapmeH TOT Cayuaif, Korjia sHeprus
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HeHTpoHa 6/TH3Ka K pe30HaHCHOHN sHepruu, a puc. 1§, ¢ coorser-
CTBYeT DE30HaHCY.

Takum oGpasoM, AN HUCCHEAOBaHUSI CBOHCTB aMMIUTYAM pac-
cesiHusl HEOOXOAHMMO pPacCMOTpeTh 3aBHCHMMOCTL HOPMAa/JAbHOH Mpo-
H3BOJHOA BOJHOBON (YHKUMM HA TOBEPXHOCTH SPa OT 3HEPruu
HefitpoHna E.

BonHopas ¢yuxupa nagamoumed yacTHUB, KOTOpad npennofia-
raercs B pganabHelllieM MeJNIeHHOH, BHE flpa onpene/idaercs ¢op-
Mmynao# (24.1).

Onpenennm paguyc sopa R Kak HaumMeHblnee pacCTosHHe
OT IleHTPa sIpa, Ha KOTOPOM NafaioLasd 4YacTHUA yXe He HAXO-
IMTC B cdepe AeHCTBHA AAEPHBIX CHI.

Beauwunny Bg, Boasuyio B (24.2), MOXHO BHDAasuTh yepes
AorapudmMUYECKy0 MTPOH3BOAHYID BOJHOBOH# QyHKIUMH Ha 1OBepX-
HOCTH siapa. BBeagM B paccMoTpenune GyHKUHIO

d
FE) =R zz‘rﬁ;‘” . (24.20)

rae -—-BONHOBAS (GYHKUMS 4YacTHUBLl BHYTpH f4pa; Toraa

—2te X —if
Bg=—e e (24.21)
rae x=kR.

3ameTum, 4YTO XOTA B NEHCTBUTEABHOCTH NOJNOKEHHE NOBEPX-
HOCTH iIpa He fBAfeTcH Pe3KO OrpaHHUYEHHLIM, BBedeHUe (PYHK-
uuu f(E) OK43HBAETCH 3aKOHHHM, TaK KaK MH NpejlroJjaraem,
4TO AAHHA BOJIHK YaCTHUHL 3HaYWTENbHO OOJblle pamnyca neft-
CTBUA sdepHHX cua R. B cuay aToro yclioBua 3Hau€HHE Jora-
pudMu4ecKoil MpoussoaHOH BonHOBOH (YHKUHH BHE sipa He
HCMHTHBAET OGONbIIOrO U3MEHEHHS Ha PACCTOAHMAX TOpAAKA
obnactu aupdy3HOCTH snepHOH MOBEPXHOCTH.

IMpencrasum dyuknno f(£) B BHAe

F(E) =1y (E) — iR (E), (24.21%)

rae fo ¥ k-—semecrsenHsie dynkuun. Tak Kak |Bg| <1, To
k(E) nonxkHa yROBIETBODPSATH YCJIOBHIO

&3>0,
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HUcnonesys supawenne (24.21) ana By, noayynM Ha oCHO-
BaHuu (24.13), (24.14) caeaywomue GOpMyasl A1 g, H G,

E = E=m ] =
Ou =73 (1 IpEl)—kz[l PRIy

S . — (24.22)
& (x + B)p + fo

s =gl =Bl =7 | e+ Tl =
Z“;lm—{—e * sin JCl (24.23)

Pesonanc HacTymaeT B TOM ciyuae, Koraa f, = 0. 3HaueHus
sHepruu E, a4 KOTOPHX f, o6paiiaercsd B Hyab, MB Ha3bBaeM
PE3OHAHCHHIMH YDOBHAMH.

Ons sHayeHwR sHepruit, 6AH3KHX K PE30HaHCHOMY YpOBHIO Ey,

dynxuuio f, (E) MOXKHO NPeACTaBHTb B BUIE
fo(E) = (E — Eg) fo (Eq)-
IMonbaysick 9THM pAa3NoXKeHHeM M BBOAA O6O3HaueHHs

2x . 2h ”
g=— = 24.21
o 7B a WA ( )

MpeAcTaBHM 9, U S, B Bule

b= Tals (24.24)
(E Eo)2+‘—
2
o =% -—2—75-1——+emsinx , (24.25)
E—Eyt+51
rae
1T="+"Ta

Mgl momyunad 3HaKOMble YxXKe HaM (pOpMyJIH.

Yr1o6ul MOXHO OBIIO HHTEPNPETHPOBATH Y, H Y, KAK 4YacTHY-
HHe WHPHHEL MO OTHOIUEHHIO K YNPYyroMy H HeyApyroMy pac-
CEfiHHIO, OCTAa&TCA MOKAa3aTh, YTO

Fo(EY <0, (24.26)
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TaK KaK TO/MBKO MpDH BLIIOJHEHHH STOrO YCHOBHA BeNWUUHB ¥,
H Yg OyAyT NO0JOXKHTeNbHBIMY (HAOMHHM, 4TO # > 0). Hepasen-
CTBO (24.26) BhITEKAeT H3 CJEAYIOLINX COOOpaMeHHH,

Besuunna f, BXonawas 8 rpaHnyHoe ycaosue (24.20), aasercs
dyHKLUMeH sHepruu Bo30yxaenus aapa W = E - B, rne B—>3Hep-
rus CBsi3n uacThubl B anpe. Pynkuns f (W) onpenenserca jaora-
pHGMHUYeCKOR NPOM3BOLHOH OT BOJHOBOH (YHKUHH COCTABHOIO
Aapa. Ecan ncxonuts u3 ypaBHenusn Llpegnsrepa

Holyo = WO’

rae F,—raMuibTOHHAH COCT4BHOTO $ADP4, TO C MNOMOLUBIO BOJHO-
Boit Gynkuud ¥, mbl He noayunm ¢ymwkusn f (W), Tak Kak He
YUYHTHIBaeM KOHeYHOH BEJHUMHBI BPEMEHH KH3HH COCTABHOrO AApa.
C nomoweio pyrkunu ¥, Mol HaftgeM auwb f (W), UTo6s yuecTs
KOHEYHOCTb BPeMeHHU XHU3HH COCTOsiHuHl COCTaBHOrO #iZpa, HeoOXOo-
RUMO K raMHAbTOHMAaHy ff; HoGaBUTL MHHMBIff 4aeH — iv4/2,

z
*(G>O<Komrmekcnoe 3HayeHne sHeprum W — —;3 NPHBOAUT
K XapaKTePHOMY 3aTYXalouieMy MHOXHTEN0 B BOJHOBOA (yHK-

IIHH e~ Ya?/2h)

ITosTOMYy MBI MCXOAMM H3 YPABHEHHS
Hy— s i) ¥ = W¥
0—'"2"%5 -
(W B 060uMX ypaBHEHHAX HMEET ONHO M TO K€ 3HA4EHHUE).

3nanne ¥ MPUHOUNMANLHO 1a&T BO3MOXHOCTL OTPENENUTh
f(W). Tlepenucas moc/eiHee ypPaBHEHHEe B BHAe

Ho¥ = (w+12)w,

Mel BuauM, 4to ¥ moayuaetca us W,, ecnu samenuts B W, Bean-
i .
yuny W Ha W-}—% . Mo 3vo#t npuuure f (W) coBnanaer

c f0<W+%ﬁ> . Ecum IQ‘—‘<< W, To

f W)y fo(W) 5 1 (W),
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Cpasnenne ¢ (24.21’) nokasbiBaeT, uTO

b= afo (W).

910 BHpaxeHme cosmaxaet c (24.217). Tak xak £ >0, TO
J3 (W) < 0, 4To M yTBepXNanoCh Bhiule.

§ 25. 3axpaT MenJieHHBIX HEHTPOHOB CBOGOAHBIMH sLpaMH

BoaMoxHBI caefyomne Npoueccs B3aHMONEHACTBHA HEHTPOHOB
C Anpamu: yupyroe W HeyUDYroe PACCEAHHE .HEATDOHOB, 3aXBar
HeATPOHOB C W3Ny4eHHeM Y-KBAHTOB (PAAMAUMOHHHK 3aXBaT),
3aXBAT HEATPOHOB C HCNyCKAHMEM 3aDAXEHHLIX YACTHLL H, HAKOHEll,
JeNieHHE ANep TON AeHCTBHEM HEHTDOHOB. :

O6 ynpyrom pacCesHHH Mbl FOBODHIH yiKe Beile. Heynpyroe .
ACCEAHUE BOSMOIKHO NHUIE B TOM CIYHae, eCAH SHEPIHA HEATPOHA
MPEBOCXOJUT PACCTOSHHE MeXy MepBuME ABYMA YDOBHAMH sApa.,
B ciyuae B3amMONEACTBHA . MeIUIGHHHX.*) HEATDOHOB C_JNELKHMH _
sADaMH STOT MPOILECC SHEPreTHYECKH HEBO3MOKeH, TAK KK pac- .
CTOAHIE” MeXKAY~ HAUGONeE HUKKMH YPOBHAMH JEFKUX ffep mo

NOPANKY BeNHYMHB COCTAaBISET HECKOMBKG COT keV, .
7 IleneHuio anep nom NeHcTBHEM HEATPOHOB NOCBAIIEHa riaBa V.

B sTom maparpade MB paccMOTpPHM 3aXBAT MeAJeHHEX HeRTpo-
HOB, COMPOBOXIAeMBIA HCUyCKaHHeM OBICTPHIX YacTHL (Y-KBaHT:
MAH 3apaxeHHON uacTuum). Mayuyenue aToro npouecca ma&r Boa-
MOXHOCTb SKCMEPHMEHTANbHO ONpeNeaTh NapaMeTpH, BXOAsIINE
B MHCMEPCHOHHYIO (HOpPMYay.

PanmauuoHHHHA 3aXBAaT HEHTPOHOB MpencTaBiasger COGOH oueH:
PacHupOCTPaHEHHBIA TUN PeaKUUH, NPHYEM NOMYUaROLIHMECs anpa
MOTYT GHITE KaK CTaGHMJIBHBIMH, TAK M DaXMOAKTHBHBIMH (uckyc-
CTBEHHO PaJHOaKTHBHbIE AAPA).

OdeKTHBHEE CeyeHHA PpAIHALMOHHOrO 3aXBATA MEMJIEHHMX
HEHTPOHOB MOryT NOCTUMATh YPE3BHYAHHO GOMLLIHX 3HayeHu#,
B THICAYH Pa3 NPEBOCXOJAULHX TeOMeTPHYECKHE pa3MeDH 3axXBa-
TBIBAIOWMX Anep. Hampumep, Cedenne 3axpata MeANEHHBIX HeHTPO-
HOB Anpamu ln npesuiaer 20000 - 10724 cx2, nam ,Rh omo
coctasiser okono 6100 - 1024 ¢x? (" y 1, 1.

*) Tlon MelJIeHHHMH NOHAMAIOTCA HeHATDOHM B SHEpreTHUECKOM
UHTEpBaJe OT HECKOMLKHX THICAY 3JEKTPOH-BOJbT IO TEILIOBHX SHEDIHI.

16 3ax. 1800. A. Axuesep.
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3aXBaT MelJIeHHHX HEHTPOHOB JErKUMM ALDAMH MOXeET COMpO-
BOXIAThCA TAKNKe HCIYyCKAaHHEM 3apIKEHHBIX YACTHIl — q-4acTHL
M NPOTOHOB (MCMYCKaHHe NEHTDOHOB MPH 3aXBATe MeANeHHBIX
HEATPOHOB He HAGMIONAETCA, TAaK KAK SHEPIreTHYECKH OHO HEBO3-
MOXHQ_BBUAY GOAbLIOH .BHyTpeHHeR SHEPruum LeHTPOHA). MOKHO
yKasaTh Cllelylollde NPHMEPH TaKMX peaxumi:

Li® 4 n — Het |- HS,
B0 - n — Li? -} He4,
N4 p —» Cl44-HI,

3ameTuMm, 4TO B C/AYyyde 34XBaTa He OYeHb GHICTPHIX HeHTpO-
HOB TAXENBLIMH AXDAMH HCHYCKaHHE 3aPAKEHHHIX 4YacTHI CTaHO-
BHTCH KpafHe Masio BePOSATHHIM BBHIY OGOJbIIOH BHCOTH MOTeH-
UMaNbHOrO 6apbepa, KOTODHIA HeC6XomMMO npoﬁm YacCTHLE;
MO3TOMY B STOM Clyyae TPOUCXONMT T/IaBHHIM 06PasoM -paana-
LMOHHHHA 3axBaT HEATPOHOB..

[MepefinéM K paccMotpeHuio 35ddEeKTHBHOTO CeueHHs A1
3aXBaTa MeAJeHHHX HeATpoHOB. DBynmem cumtath, 4TO 3axBar
He#iTpOHA OGYCJAOBJEH HaJHYAeM OLHOMO PE30HAHCHOTO YpOBHS,
SHEPTHIO KOTOPOTO 0603HAa4yNM uyepes L.

Odman gucrepcHodHas ¢OopMyna Na&T B 3TOM CJAy4ae ciae-
IOyolulee BHIDa)KEHHEe JUIA CedYeHHa 3aXBaTa HeHTpoHa, CONpoBoO-
KARMOMErocs HCNYyCKaHHeM 4YacTHUBLI &, KOTODYIO MB CYHTaeM

OLICTPOA:

2
Sl (EY=mn o 1)7[7(0 Luly . (25.1)

@D e pyg gy

3necs I', —uacTHuHas HeHTPOHHAs WIHPHHA YPOBHA NPH DPe30-
Hatce; I';—uaCTHuHaa IIHPHHA MO OTHOLUEHHIO K BEUIETY GHCTPOH
yacTHuel b (B cay4ae pamMauMOHHOIO 3aXBaTa BMecTo I, MBI
muwem I',); y—roJHan WHPHHA YPOBHA, X— AMHA BOMHH Matak0-
1ero mmpoaa- Xo — 3HaueHHe X Npwu pesoHauce; J U i— yrio-

1
BHe MOMEHTH COCTAaBHOTO M HCXOAHOTO ANep; S == 5 — CIHH

HeHTpOHA.
ITonHas wupuHa | MOxkeT ObITH MPEACTABNeHA B BHIE

v=T, ( ) +2Pba
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rje nepBOe ClaraeMoe NMPeACTaBAdaeT COGOH HEATPDOHHYIO LUHPHHY
[10 OTHOIUEHMIO K MPOLECCY MOCAeAYIOLIEro H3Jy4eHHs MelJIeH-
HOrO HeATPOH4, a BTOPOE C/4raeMoe — CyMMY 4aCTHYHBIX IUHPHH
N0 OTHOWEHHIO K BHJIETY GHCTPHIX 4acTHL, &. BBuny daxTopa ]/7:“
nepsoe cJaraemoe Majo M0 CpaBHEHHI0O CO BTOPHM. OGHYHO
BO3MOXHO HCIIyCKaHHE TOJbKO OJHOTO COPTa H4CTHI, MO3TOMY
D'I', CONEPXHT OXHO CharaeMoe.
HTak, MB MOXEM CYHT4Tb Y DaBHHEIM

'ﬁ\.‘JPb::P.
Tak xkak B paCCManHBaeMOM c.nyqae 3axXBaTa Me/VIEHHOTO Hell-
TPOHa HMEKT MECTO npaBHﬂa 0T60pa

J=z‘il, ecin 10,

= N

J'=—2—, eciu =0,

To BhipaxeHHe (25.1) MOXHO NpEeACTaBHTH B C/AEAYIOLIEM BHIE:

I,
E)==2(1= A n . (25.2)
(&) =3(1= r7) *E—Ep + 4T

Ecnan usMmeparts SHEPrHH U WHPHHBEl B BOJbTaX, TO MH NO-

Ay4uMm:
E 1 E—E
¥ (E) =g, l/ —-—Eo = =T 9, (25.2%)

roe o,— 3HAYeHHE CeueHHA NPH pe30HaHCe, pPaBHOE
1 1 ]‘

18 Q

6=1,3 - 10- (1—!—2}1 T = TE

CeueHue yOopyroro pe30HAaHCHOTO paccesiHusi HeHTPOHOB TpPH
HA/MHYAH TONBKO OJHOTO YpoBHAa E, paBHfeTcs

g T —)— 1 2 FJZ)
Gn(E)"-:—Q' 1_-2!-{—1 }\0

OTHolueHHe CeyeHHUH yapyroro paccesHHf H pagHalUMOHHOTQ 3a-

XBaTa PaBHO
1
o’ r,/ E\"
-’i=-l‘-<-—> . (25.3")
G:’: FT Eo

—. (25.3)
(E—Ep? + 5 I?

16%*
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Has amep, cuapHO moraowamwmux Hefrponn (Cd, Ag, Rh
M T. I.), 3TO OTHOLIEHHe OYeHb MaNo (B caydae ,,Ag ceueHHe
3axBaTa cocCTaBiaser ~ 3600 .10-24cu2 a cedyeHHe pacCesHHA
~9:10-2 cu? ama  GCd ceuenwe 3axpata 4500 —+
- 3300 . 10-% cu?, ceuenne pacceaHHa ~ 4 - 10-2% 2 [T1),
OTcrona cinenyer, 4TO, KaK NPaBHIO, NJs COCTABHBIX sllep Cpex-
HEero aTOMHOrO BeCa, BO3HHKAIOIIMX B pe3yJbTaTe 3aXBaTa Men-
JEHHHX HeATPOHOB, HEHTPOHHAA IWHPHHA 3HAYNTENLHO MeHblle
pPamMallHOHHOH IIHPHHH.

3Has W3 SKCHEPHMEHTA CeueHMe PaXHALMOHHOrO 3axBata o (E)
KaK YHKUHIO 3Heprid HeTPOHA, MOXKHO HalTH, NOJL3YACh (25.2),
I, u I',. PaguanuonHas IUHDHHA COCTABAAET ANA SiEP CPEXHEro
ATOMHOTO Beca OKOXO 0,1 eV (BO3MOKHHE BapHALHH B HECKOJBKO
pa3 B Ty WIH ApPYrylo CTopoHy). HefiTpoHHas IHpHHA ©pH
DEe30HAHCHOH 3HeprHH ~ 1 eV HAXOAUTCA OGHIYHO B Mpenesax
10-4—10-2eV.

Ceuentie 3axBaTa HeHTDOHOB COLEDPXHUT B KayecTBe MHOXH-
Tens X. [TosToMmy Ias nocTaToOYHO MaAHX 3HaueHHH E, MeHBHX
SHepTHH TNEPBOr0 PE30HAHCHOFO YDPOBHS, CYLIECTBYeT _0o6aacThb
SHepruu, rle CeyeHHE 3axXBaTa O6PATHO MPONMOPUHUCHANBHO CKO-
pocru HeliTpoHa (3akoH 1/v). Omocmenbnoe H3MEHEHHe peso-
HAHCHOTO MHOXHTEJs MeHbille OTHOCHTEJbHOro

(E— Ep? +-},— I

N3MEeHEeHHA -l; , €CJIIH
4E | Ey— E | (Eg— E)2 + 4 T2,

OTcioma cresyeT, 4TO IJs BHIIOJHEHHWs 3akoHa 1/v sHeprus Hel-
TPOHa AOMKHA GHTh MeHbllle OGoJbined M3 Beduuun E, u I' *).

Y4ynThiBas OCOGEHHOCTH B DACHOJOXEHHH YpPOBHeH TAXENHIX
H NErKHX fAAeP, MOXHO 3aK/MIOYUTh, YTO Y JAErKHX fALep HHTepBaJ
SHEprHH, B KOTOPOM AeHCTByeT 3akoH 1/v, 6yneT ropasxo Goxslue,
YeM B CAydae TAXEAHX agep. [las MOCHAeNHHX H3BECTHH YDOBHH,
6JIM3KO TPHMBIKAIONMIHE HJIH Ja)Ke Jexalllie B TEINIOBOH O6JacTH
(T~ 1/40 eV npn xomHaTHO# Temneparype). Hanpumep, ana Gd
o6HapyXKeHO CHJIbHOE PEe30HAaHCHOe NMOIJOouleHHe HeHTPOHOB C 3Hep-

*) Ecau E, — otpunarensHo, 10 E gomxHO 6uTh Menslle | Ey| n T
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rueit 0,03 eV; nas Cd Hattneu pesoHaHcHH ypoBens npu 0,082 eV,
ons Eu———npu 0,465 eV, s Ir npu 0,635 eV, nas Rh—npn
1,28 eV, nmaa Sm—npu 0,096 eV; Dy o6nagaer OTPHLATETbHBIM
ypoBHeM ['2l, SIcHO, 4TO B TaKMX CJy4YasX 3aKOH 1/0 umeer
Manayio 06/acTb NPUMeHUMOCTH. ¥ nérkux apep [Li, B, N u 1. a.]
NepBH# ypOBEHb HAaXOAHTCS HAa BHCOTE TOPAIAKA PACCTOAHHA
MeX1y HaHGO/Iee HASKHMH YDOBHAMH, 4YTO COCTAaBJfE€T OKOJO
108eV. Flpu 3ToM 3aKOH 1/ MOWeET OKa3aTeCA CIIPABENIHBHIM
'BILIOTH OO 3SHEprH# MOpAIKA HEeCKOJbKHX HECATKOB THCAY eV.

3aMeTHM, 4TO €caM CeyeHHe 3aXBaTa HeHTPOHAa OGpPATHO NPpo-
MOPLHOHAABHO €ro CKOPOCTH, TO BEPOSTHOCTH 3aXBaTa, OTHECEH-
Has K eIMHHIlE BPeMeHH, He 3aBUCHT OT dHEepPrum HeRTpOHa.

CoenaeM snmech HECKOJBKO 3aMeYyaHHH OTHOCHTENBHO panua-
LLMOHHOr0 3axBaTa OHCTPHX Heﬂ'rpouos 1na xkotopux X<& R
(R— pazuyc axpa).

CevenHe pamHallHOHHOIO 3aXBaTa GHICTPHX HEATPOHOB MOXKHO
ONEeHUTH MO Q)Opmyne (CM. § 17)

¢ P'l' :

j o o ’ERg F > (25.4)
rae I — noasan mnpuﬂa ypOBH1. Tax KaK [OJA GBICTPHX YaCTHIL
I‘7<< ', T0 3TO cedeHHe 3HAYHMTENbLHO MEHbIE FWJOWIALH TreoMe-

TPHYECKOTO CedYeHHa fAP2, KOTOPHM ONpelenseTcs MONHOE Cede-
HUe BCeX HEYNPYTruxX TMPOIECCOB B Chaydae OHICTPHX HEHTPOHOB
(mst TARENHX amep of A< 0,1.10-2 cx?) (1),

B o6nactu Goablymx sHEprHil IMIaBHYH DOJb HIPAKOT_MpO-
UleCCH yAPYIoro H HeYNPYroro paccesiHus HeRTDOHOB (peamucchs
HEHTPOHOB).

© Ilpu BWBOZe OHCTEepCHOHHOH ¢opMmyad (25.2) Mu mpexno-
Jarajiv, 4TO 3aXBATHIBAIOIEe AAPO ABJASETCH CBOGONHHM H He-
MOABUXKHBIM. DTO 3HauuT, 4ro dopmyna (25.2) onpenenser
noryaouleHde HeATPOHOB B rase, aTOMbl KOTOPOrO MPEANOJararTcs
HEMOABHKHEIMH.

Ecan nmoraouietsne HEATPOHOB NMPOHUCXONMT B TBEPLOM Teue,
TO AAPA HEAL3A CYATATH CBOOOAHHIMH. YUETY CBASH Alep B TBEP-
noM Tene noceaw€d § 38. B Hactoswem naparpadge Mul mnonu-
POGHO PACCMOTPHM BOMPOC O TMOIMOUIEHHH HeHTPOHOB B rase (651,

[TpennonoxenHe O HeMONBHXHOCTH smep rasa HBJseTCR 3a-
KOHHBIM, €C/JH €OCTaBHOe AP0 o6pasyeTcs B pe3y/bTdTe 3aXBaTa
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6ucTpoii uacTuubl. IIpuH 3aXpaTe MeAJNeHHOrO HEHTPOHA ero cKo-
pPOCTb MOXKeT OLITh TOTO K€ MOPANKA BEJHYHHBI, 4TO H CKOPOCTH
3axXBaTHIBaiowero aapa. [TosroMy npene6GperaTs nocielHed B 3TOM
cliyyae Hemb3s.

Yro6ul yuecTh TEmIOBOE ABIKeHWe f1ep, LOCTATOYHO 3aMe-
THTb, 4TO B dopmyay (25.2), oTHOCAlWYKOCA K TNOIJOLIEHHIO
He#ATPOHOB CBOGCAHLIMH ALpaMH, HOO/MXKHA BXOIHTb, OYEBHIHO,
3HEPTHA OTHOCHUTENBHOrO ABHXKeHH HeHATPOHA H TOIMOWAIUIEro
anpa. Eciu v — cKkOpocTh HeHTPOHA M u — TEINIOBasT CKOPOCTH
sw;pa to nox E B (25.2) clexyer NOHHMMAaTe BEJHYHHY

E———(v—u)2

rae m’—npHBen&HHAA Macca HeTPCHA, paBHas Tan-MW (muM—

MaccH HeltTpoHa M aiapa). »
[Mpene6peras KBaApaTOM CKOPOCTH TEMJOBCro IBHXKEHHA, -
pendiueM BhipaxeHwe ana £ B BHOE

——;L-—m vu. (25.9)

3hech MepBOE CAaraeMoe NPeACTaBAfeT co6O#t 3HEPrui0 OTHO-
CHTEJNBHOr0 HBHMeHHA HeHTDOHA M HenoIBMXKHOrNO fapa. ITa
M
SHEPrHsi, KOTODY!O Mbl 0603HAuHM yepes E’, MHOXHTeIeM yE
my?
OTJIMYAETCHA OT —5- —— SHEPrHu HeATpOHA 1O OTHOWEHHIO K 6ecC-

KOHEUHO TaxéAOMy sapy. B cayuae Ttawénnx anep (M >>m)
sHeprui0 E’ MOXHO NpEACTaBHTb B BHIE -

muv?
E’ — —Q- — R’
m mu?
rae R == 3f —5~— OHEPrua OTHAuH AAPA.

Mur BHAMM, TakMM O6pPAa3OM, YTO eCAH He YUYHUTHIBATh TEIiOo-
BOro JIBH:KeHMs sfep H NoHMMaTh B dopmyne (25.2) mon sHep-
rueil HeiTpOHa BEJHWYHHY m'02/2, TO BeAH4YMHY £, cienyer 3same-
Hute Ha E, R, rae E,  — pe3OHaHCHA® 3HEpTHsi, OTBEYAIO-
maa GeCKOHEYHO TAKENOMY AAPY.

. Bosspamasace k dopmyse (25.5), nepenuueM e& B BHAE

E=E" — YV 2m’E'u,, (25.5")
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rae #,—TipoeKuusi U Ha HANpPaBleHHe CKOPOCTH HeHTpOHa V.
[Tpennosaras, 4T0 CKOPOCTH W pacnpenesneHN Mo 3akoHy Makc-
Beqa, GyleM MCXOZWTH U3 CleRyouel GopMyaH Ans BEPOATHOCTH
TOFO, YTO U, JNEXUT MEXAY U, W U, du,:

-2
Muw

M\t TEmT
I'UU (uw) duw == (m) e duw,

roe T — temnepartypa, k—noctoaHHas bosasuMmana. [Tonsayscs
(25.5"), MOXHO BHpAa3uThL &, 4epe3 E; MH NOJAYYAM, TaKuM
0o6pa3oM, pacrnpenejqeHHe MC SHEPruiM OTHOCHTENBHOTO ABHXKE-
Hus E npu 3agadHom E’:

, (E—E')
w (E) dE=71;-e e L (25.6)
rune ' .
A=zy/ mERL (25.7)

[w (E) dE — BepOATHOCTb, HOPMUPOBAHMA Ha eXMHHULLY].
Besuunna A HaseiBaeTca OGHYHO XOMTAEPOBCKOR WHDHHOH,

TAK KAaK BJHAHME HBHXEHHA AApa HA 3aXBaT HeHTPOHOB MOXHO f10

AHAJIOTHH C U3BECTHEIMM ONTHYECKHMH H axycmqecxnmn IBJIEHHAMY

Ha3BaTh 3dpdextom Honnaepa. Ecam -——<<1 TO ZORMJIEPOBCKan
IIMPHHA MOWeT OHTh NMpencTaBlieHa B BHIE

A=~2V R kT. (25.7%)

MuMen Buipaxedde IJda BEPOATHOCTH DAa3NHYHHX 3HAYEHHH
OTHOCHTENLHOR 3HEpPTHH, JerKo y4ecTb BJHAHHE TemJIOBOro NBH-
MeHHd fagep Ha 3axpaT HeHTpoHOB. Heo6xoXHMO, O4YEBHIHO,
yCDEOHHMTh CeyeHHe 3axBaTd (25.2) mo BceM BO3MOXHHM 3Haye-
HHAM OTHOCHTEeNbHOH sHepruum E. [IAa 3TOro ciemyeT yMHOXKHTbL
ceuenne (25.2) na w(E)dE u npoudarerpuposats mno E.

3ameTuM, 4YTO MHOKHMTeAb X, T. e. lfv, crosuwmi nepen
PE30HAHCHBIM UJIGHOM, YCPEIHATb HEe HYKHO, TaK KakK 3TOT
MHOKHTE/b CBA3aH C onpefeleHneM NMOHATHA 3Q¢eKTUBHOro ceue-
HUSI U IPOMCXOAMT OT HOPMHPOBKY HeHTPOHHOH BOMHOBOH GYHK-
UMK Ha eNMHUYHBIH TTOTOK.
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YcpennéHHoe ceuenHe 3axBara G, HMMEeT CHeAyIOMHHR BHA:

o = [F(E)w (E) dE = ooy &, %), (25.8)
rie
Ty
°°“2“(1 2;+1>7“3r’ }
+eo —~a= (@—yp i (25.9)
v z(Ef-—E,,) =l

2 V-mEok

([Mpennonaraercy, 4TO 3HEPrud HeATPOHA GAM3Ka K PE30HAHCHOH,
(I03TOMY B BEIDQXEHHH AJf HONMIEPOBCKOH WNPHHE dHeprua £’
3ameHeHa Ha FE,. Ha ToM e OCHOBaHHHM 7} 3aM€HEHC Ha X,
B BRIDAXEHHU OAAA Gy.)

Ipexne uyem uccaenoBaTh popmyay (25.9), sametnm, 4TO
dyuxumsa ¢ (5, x) MoxkeT ObITh NpencTaBjeHa cuwé B ClAeXyIOLIEM
BHIe:

[ea]

—y—
¢ (¢, x)=fcosxye YTTE ay. (25.10)

0

HeticrBurenbHo, npumenum K ¥ (§, x) npeo6pasopanue Lypse.
BBoxs 0603HayeHHe

+e0 A
w®= [ ¢E eredr=
. — ¥ @y
: j f T etkz dx dy,
—_—O0 ~— OO
HOTYYHM:
ik etky
Oy (B) = ¢ T ikr gz f 1+y2dy
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[TepBelff W3 3TUX MHTErpanos (BKmoqaa MHOXHTE/b : ) pa-
2Y=n
k2
BeH e ¥ | a Bropo#t pasen we—!%1 [loatomy
®_ e
—=I
b §) =me ¢

Bocnosnbsosapwincek dopmynolt ob6pamenus, Hanndm ¢ (5, x):
o0

%2
@@ x) = _2_1; f Yy (B) e~ ik g = [‘ coskxe B dk,
—_—0 :)

410 W Tpe6GOBANOCH HOKA3ATh,

ITepe#tnéM Kk wmccnenoBanuio ofmeR dopmynn (25.8) nas
CeyeHHs! 3axBaTa HeHTDOHa CBOSOZHEIM AIPOM C yu&ToM 3ddexra
Jlonnnepa.

YcnoBumcs, paccmaTpusas TMOrJIOIIEHHE HeHTpoOHoB, 06y-
ClOB/IeHHOe YpOBHEM E,, TOBODHTb, IO aHAJOTHH C ONTHKOH,
0 nuHuH nornaomenna E,. CornacHo 3TOR TepMHHOJIOTMM 3aBH-
CHMOCTb CeYeHHd 3aXBaTa OT 3JHeDruu olipedensieT HOPMYy KOH-
Typa nuuuu noriaowenun. ®opmyan (25.2) u (25.8) onpenensior
€CTECTBeHHY10 (OPMY JMHHUH MOIJIOUIeHH ¥ HOPMY JHHHA C yu&-
ToM 3adpdexra Hommnnepa.

Jlerko mnokasars, 4TO MJOWALb, OrpPAHHYEHHAss KOHTYDOM
JMHUA NOINOWEHHs 0pH Haauuuu addexkra Honnnepa, 6Gymer
TAKOH e, KaK M IR eCcTecTBeHHO# opmsl aAunun, edcTsu-
TeJABHO,

[o<]

fc’;(E)db*:.mo—g-;

0

TAKOH 3Ke pe3yJbTaT MBI NOJAy4YuM, e€ciu OyldeM HCXOAuTb u3
dopmyan (25.8), Tak Kax

+ o “+co

¢ d-y
Jrema= [ —n
— 0 —ca

Obiee BoipaxeHdHe M8 cedyeHMs saxpBara (25.8) moxer SniTh
3HAYUTENHHO YMPOIUEHO B ABYX MNPEAEAbHHX CAyYasX, Koropme
MEL cefinac M pacCMOTpPHM.
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PaccMorpuM cnepBa cny4aHf, Korma ecTeCTBeHHas LIMpHHA
JAVHHH 3HAYUTEJbHO OoJbllle AONNNEPOBCKOH MIMDUHH, T. e,

£ = §>>1. B ¢opmyne (25.9), onpeneasomet dpyuxumio 4 (€, x),

OCHOBHYIO POJIb UTPAIOT B 3TOM Clyuae 3HauyeHus y ~ x. BuiHocs
1

¥ ® TOYKe y =X 3a 3HaK WHTErpama, Mbl HOAyHHM:

1 L
g §>1. (25.11)

ueiMu caoramu, ecay §>.1, T0 JAMHMA TIOrAOULIEHHH, KaK
U c/leloBaJO OXHAATh, HMeeT eCTecTBeHHY ¢OpMy, TaK Kak
apdext Monmaepa He moxeT urpath ponu npu I'SSA.

Teneppr paccMOTpPUM Cayuaff, KOrJd eCTECTBEHHAs IUMPHHA
MeHbllle pnommnepoBcKo#, T. e. §<&l1. bBynem, xpome ToOro,
npeanonaraTh, 4TO BHIMOJAHAeTCH ycnoBHe &2 | x | <€ 1; mocnennee

- A
yCJaOBHe, [MepenucaHHoe B Bune IE'—-EO|<<T‘-, 03Hayaer,

YTO 3Heprus He#TpOHa E’ Mano OmIH4aeTCH OT Pe30OHAHCHOM
auepruu E,.

IMpencrasus ¢ (§, x) B BUAE

o Lle a:y—%&’y’

1. iy
E —— £2p3 e
- b (8, x)= —e ¢ f dy,
4, %) R J T Ly
OOJNy4uM CHenyollyo NpUGAnKEHHYI dopmyay:
1 23 c? ___1 22
G x)me 1T _E j dy _ V=, m 7% (95.12)
2Vr J 1452 2

§ <1, E2x<1.

dopmynont  (25.12) onpexeasercs AOmIJIepOBCKas GopMma
JUHAN nornomeHus. Ilpn pesoHance corlacuo (25.12) ¢ pas-

. i ) .
usercs ¢ (&, 0) —_—_-._]%_E <& 1, B TO BpeMs KaK I eCTeCTBEHHOMN
dopMEl IMHUKN TIOTJIOLeHUS ¢} upu pesoHance pasHaeTcs 1.
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Takum o6pasom, 6naromaps addexrty [onmaepa KoHTYp
MMHUM TOT/IONIeHMA B IEHTPEe JIWHHM NOHMXKAETCH, TAK Kak
NI0Manb, OrpaHWYeHHasds KOHTYDOM JIMHHH, He MeHﬂeTCﬂ, TO 3TO
3HAYMUT, YTO JHHHUR PaCIIUPAETCH.

l'Ipu ycnosu § <7 1 (I' <2 A) winpHHa JHHUM nomomeﬂua
OnpejeaseTcs rMaBHbLIM 06pasoM HOMMIEPOBCKOH IIWDUHOM,

Iepeiiném Temepbr K paccMOTpeHnio GOPMH AANEKUX KDLIIBEB
KOHTYPa JIMHHH TIOT/OLIEHUs, T. €. OBJACTH 3SHEPruu, rie x
senuko. [Ilpeanonoxum, yto x >> &-2 (% npoussoanHo). O6o-
3Hayad xy dYepes 2z, nepenumem (25.10) B Buae

b ¥) =4

£} 1 32
= f cosz - e—?(z-i-;@)dz.

0

Eciu x82>>> 1, TO B mOKasaTesle {IOAMHTErpanbHol (yHKUMH
2

F4
MOMHO BBIMEDKHYTH —z, MO3TOMY

¢ (€, x)m%} cosz-e_;dz—-l_;xz, x> 1. (25.13)
0

Hrak, Mbl BaguM, yTo ecnu x£2 >>> 1, TO JIHHHA NMOr/OMEHHS
UMeeT eCTEeCTBEHHYIO dopmy.
Takum o6pasom, addexkr J[Jonmiepa OKAa3HBaeT BJIHAHHE Ha

T
dopmy JMHHH TIOTIOLIEHUS TONLKO B TOM CAlyuae, eCim § = < <71

u xt2 < 1. Tlocnennee ycnoBHe O3HauaeT, 4TO BeJHYHHA
| E—E,|, T. e. paccTogHHe OT LEHTpPA JIMHHH, HOJNKHO OHTDH

MaJbiM O CPAaBHEHHUIO C Hanékue KpblJIbA KOHTyDa JIMHHH

A2
o0
nornomenns (x§2>>> 1) He mnoaBeprawoTcs XeHcTBUIO 3ddekTa
Honmsepa HH MNpH KakKHX 3HaYeHHsX &. DTOT pesynabTar usu-
yeCKY OueBHAEH, TAK KaK HA 6OJbWIHMX PAcCTOAHHAX OT IeHTpa
JVHWY [LOMIJIEPOBCKOE CMeIleHUE MOMXKeT WMeTh MeCTOQ TOABKO
Ina sOep, ABACAWMXCA ¢ GONBIIMMU CKODOCTAMH; HO HHCJIO
TakMX fJep OTHOCHTeJBbHO Mano, mostomy sbddekt Honnaepa
He OKa3biBaeT BJMAHHMS Ha [aNéKve KDbUIbA KOHTYPa JIHHHMH
MOTNOWEeHU .
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3aMeruM, 4TO NpuU x =0, T. e. MPH pe30OHaHCe,

G (€, 0)-_—%1/;&'1‘&’[_1_@(% s)] (25.14)

rae ® (2) — pyHkuua omnbox:

‘ =3
(D=2 T [e—Par

0

§ 26. HefirpoHHas W pagnaZHOHRAA mWUpUHA

OcTaHoBrMCE Ha BONpOCe O 3aBHCHUMOCTH OT 3HEpPrum HeH-
TPOHHOH U panNalHOHHON IIMPHHEH.

Ecnn sHeprus Bo36GYXIeHHS COCTaBHOTO 44pa MeéHblle SHEePTHH
CBA3H HeHTpPOHa B slpe, TO HeHTPOHHAs IIMpDUHA ¥, PpAaBHa,
Ou4eBHAHO, HYMO. B 061acTu sHeprus Boa6y>K11eHna, ity HEMHOTro
TPEBHIAOMWAX  SHEPIHI0 | CBA3U HeHTPOHA, T, Heaennxa ¥_npo-
MOPLUHMOHANBHA CKOPOCTH BHI/IETAIOUIETO HEHTPOHA.

Manas BenwuMHA HEATPOHHOHW WIUDHHEL HOTYCKaeT MPOCTYIO
¢usuueckyio uHTepnperauuio. Ecau cocraBnoe sapo obpasyercs
B De3y/nbTaTe 3aXBATA Me/UIEHHOTO HeHTpOHa, TO MMeeTcd JHINb
OIHO KOHEYHOE COCTOfHHE, B KOTODOM MOXKeT HAXOXUThCH HIPO
fnocne uCNycKanuds HeRTPOHA, 4 MMEHHO — OCHOBHOE COCTOSHHWE
ucxonHoro saapa. Ecam ke npOMCXOOMT H3/NyueHHe ¥-KBaHTa,
TO YHC/O KOHEYHHIX COCTOSHHUH MoweT OHTH OOJbUIMM, TAK KaK
9HEPreTHYECKH BO3MOKHO JI060e COCTOSIHHE OCTATOYHOro aapa
C 3Heprue#l BO36YXKIAEHus, He mpeBHIIAIOLIEH 3HEPr#d CBA3H
He#TpoHa (npuMepHo 8 MeV). MHMMH cJIOBAMH, [TOCJIE H3NyHEHHS
Y-KBaHTA $IAPO MOXET emE HAXOAUTHCA B BO3OYXKINEHHOM CO-
CTOSHHH, NepPeXON H3 KOTOPOTO B OCHOBHOE COCTOsHHe OyneT
CONpPOBOXIATHCA H3JIyueHHeM HOBHX +Y-KBaHTOB. M jelictBu-
TeNbHO, 3KCMNEePUMEHTATbHO GHJIO nokasaHo |3), uto yHcne-y-KBaH=
TOB, H3JIyyaeMHIX fIPAMH KaaMus# B pe3yibTaTe 3aXBatd HeHTpoO-
HOB, B HECKONLKO p33 NPEBOCXOAMT YHCAO MNOMNOIEHHHIX
HeHTPOHOB. :

MoxXHO cKa3arh, YTO H3JTyUeHHE Y-KBAHTA CBA3aHO C MEHbIEH
KOHIUEHTpallHe! 3HEPTHH COCTABHOTO fIpa HA ONHOH CTemeHH
cBOGOIEI, YeM MCNyCKAHHE MeJIEHHOrO HeATPOHA, KOTOpPOe B pac-
_CMaTpHMBaeMHX YC/AOBMAX TPeGyeT MOUTH MONHOTO COCPelOTOHEHHA
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BCeR dHepPruu BO3GYXKIEHHS HA ONHOM saepHOH uactuie. Taxas
HOJIHAR KOHIEHTPalUWs DHEPrdH HA OLHOH sHepHOH# yactuie
B C/Iy4ae CpaBHUTENbHO THKEIOrO AAPA CTATUCTUYECKH NOBOJBHO
MaJo BepOATHA. IDTO OOCTOATENLCTBO CHJIBHO yMeHbIdeT Hell-
TPOHHYI0 WIMPHHY, KOTODas [Ad fiKep CPeLHEero arOMHOro Beca
(A~ 100) B o6nactu sHepruit Bo3GyxIAeHHA, HE NPEBOCXOARLINX
npumepio E, --10%eV (E, —oHeprus cBA3u HeHTPOHA), OKa-
“smiBaeTCH Meﬂbﬁjé'“ﬁzflinaunouﬂon IIMDHHEL.

T TlpuBentHAbie  CTATMCTHYeCKHe coo6pa>xemm TEPRIOT CBOIO
CHJIy IONA JErKuX sdep; B 3TOM CJyuyde DPELIAIOLIAM SBAAETCH
'TO 06CTOATENbCTBO, YTO B3AUMOILENCTBHE AAEPHHIX 4aCTHULl APYT
C ApYyroM ropasgo GoJblle, yeM HUX B3aUMONEHACTBHE C 3JIeKTpO-
MATHUTHHIM T0JeM. [103TOMY BHJeT yacTHIL CTaHOBuTcs Gonee
BEDOSITHBIM, YeM HCIyCKaHHe {-KBAHTA, H COOTBETCTBEHHO MeHAETCH
COOTHOUIEHHE MeXIY YaCTHUHBIMU IIWPUHAMH . HEHTDOHHASA LIMPHHA
CTaHOBHTCA ropasao 60/blle paaualHdOHHOH (MCKAIOuas, KOHEeYHO,
.Clyua#t COBCeM Me/JIeHHBIX HEATPOHOB, A KOTOPHX HEHTPOHHAA
WIMPYHA, MPONOPUHOHANLHAA CKOPOCTH, Odenb Mana), Takwue
COOTHOLIEHUS MMEIOT MecTO, Hanpumep, wia Co (npu pesoHaHcHoR
3Hepruu HeHTponoB, paBuoit 115eV) u Mn (mpu pesoHaucHOR
suepruu 300 eV) (74,

C yBenuueHneM 3Heprud BO3GYKIeHHA HEHTDOHHAA WHMPHHA
CHIBHO BO3pacTaeT. IDTO CBA3aHO C TeM, YTO NPH GOJBLIMX
3HepruaX BO3OYXIEHHMA HAPO, OCTAOIeecs Mociae BHJETa Helt-
TPOHA, MOXET CaMo MO ce6e HAXOAUTLCH B BO3GYKAEHHOM CO-
crosuuu. TTOITOMY YMCIO BO3MOMXHOCTeH, CBA3AHHHX C BHIIETOM
HeHTPOHA, 3HAYUTEABHO BO3DACTAET, YTO W NPHBOAHT K CHJILHOMY
yBeTHYeHUIO 7Y,. A% anep cpeiHero aTOMHOro Beca NpH 3Hep-
rusx HefirpoHa ~ 0,1 MeV HefiTpoHHas IIMDHHA YXKe 3HAUUTENBHO
6oablle pPafWALMOHHOA MHUPHHLE, KOTOpasg OOBLIYHO He MpeBO-
cxoautr ~ 0,1eV.

Manas BesJMuMHA paXMaLKOHHON WIHPHHH, KaK YyXe yKash-
BaJOCh BHIlIle, CBA3aHA C TeM OGCTOATENbCTBOM, YTO B3aHMO-
HeHCTBUE MeXAy u3NyuyeHHeM M BeImecTBOM BOOOUIE HEBENHKO.
[TonuepkuéM emg pas, 4TO paiHauMOHHAA IIMPHHA MPEBOCXOAMT
HEATPOHHYIO TOJBKO. B .TOM .CheLHa bHOM .CIYy4ae, KOTAa COCTAB-
HOe AApO oGpasyercn B pesy/bTaTe 3aXBaTa MeJeHHOrO He# -

CnenaeM HecKonbKo 3ameuanufl o panuaunouuux CBOHCTBAX
anep.
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HM3sBecTHO, 4TO eCNH [OJAHHA BOJIHBE M3JYYEHHs A 3Haqm‘em>no
‘Gosbire pasMepoOB M3AY4alolMeft CHCTEMBI @, TO WHTEHCHBHOCTh
H3JIy4eHHST MOXKET ObITh npexcTaBleHa B BUAE DAA MO cTerne-

a\?
HAM (T) . l'IepBgiLsmeH _3TOTO Pa3/OKEHHA NpeldCTaBaseT COBOH

AHNOJILHOEe H3JyuyeHHe, BTopoﬁ yJieH, conepmamnﬁ Ilonomm-

TeJNbLHHE MHOXHWTENRDb (—-> -— KBaIlp)’HOJIbHOC Hanyqeuue H T. .

‘Uanyuenue Boaﬁymneﬂnoro atroma yllOBJIeTBopSiET ycnosmo
A >>> q, noatoMy OOSBIYHO, KOTHAa HeT CneuualspHBIX YCAOBHUA,
3anpemaiom X IUMNOJbHbE ePeX0Ab, TMaBHYIO POJb B H3AydYeHHH
aToMa HMrpaeT IHNOJbHOe H3JyueHHe.

Heckonbko uHbIE COOTHOWEHHS HMEIOT MeCTO TIDH H3AYUYeHHH
BO36YKAEHHOTO saxpa. Eciam aHeprus Bos36yieHus sapa HeBe-
MMKa, TO YCAOBHE A >S> R BHIIONHRETCA M 3[leCh, OAHAKO IIPH
CPDABHUTEJNBHO MaJIbIX BO3SYXAEHHAX B M3JY4YeHHU SAPA BANKHYIO
pOJb UrpaeT KBAaAPYNOAbHOE U3JyueHHe, MHTEHCHBHOCTb KOTOPOro
4YaCTO TPEBOCXOMHUT HHTEHCHBHOCTH AHNOJBHOTO H3/YUYEeHUS.

Yro6Gsl OOBACHHTL 3Ty OCOSEHHOCTh SNEPHOTO H3YYEHHH,
HeO6XOONMO MOMHHTBL O CHJABHOM B3aHMMOLEHCTBUM MexAYy dlep-
HBIMY YacTuuawu. MoxHO mpeanonaraTh, YTO ec/id BO3GyxAeHne
AApa He HACTOJLKO BEJMKO, YTOOBI CYINECTBEHHO INOBJHATH HA
OTHOCHTE/IbHOE MOJIOXKEHHe COCelHHX YacTull, TO H3NyyaTe/lbHhle
CBOHCTBa finpa 6YyAYT MOAOOHE H3JMyyaTelbHHM CBORCTBaAM OIHO-
PORHO 3apAKEHHOTO MaKpPOCKOMMuecKoro Tena 44,

Jlerko BHIeTh, YTO HedOpMallis TAKOrO Tead, a TAKMKe €ro
BpALlleHHT He COMPOBOXIAAITCA [AMMOJLHHM H3JyueHHeM. B camom
Jeje, HDUNOJBHBIE MOMeHT Tena d pageH

d= Y er = fper dV=i;-RM,

rae p, — IVIOTHOCTb SJAEKTPHYECTBa, P — WIOTHOCTH BeIleCTBa,
OMMHAKOBHE BROJb TeJMa, R-— paguyc-BeKTOp, ONpenenaiomni
NMONOXEeHUE LieHTpa HHepUuH Tesna, u M —ero Macca. B cayuae
cBOGONHOrO MBMKeHHs Tema R = 0. IToaTomy d =0 u, creno-
BaTe/IbHO, DABHAETCA HY/II0 HHTEHCHBHOCTBL JHIIOJNLHOIO M3Iy-
YeHH#, TPONOPUHOHANBHAA | dl”

TaKHM o6pa3oMm, AedopmauvsaM ¢OPMBl M BPAMICHUAM pac-
CMATPHUBAEMOTO Tejla OTBEY4IOT KOJeGaHUR HE QUIOJBHOIO MO-
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MeHTa, a MOMEHTOB GOJiee BEHICOKOrO MOpAAKa, B NePBYIO o4epenh
KBALDYMONLHOTO MOMeHTa. JTH NpocThie coobpaxeHus MokKa-
3BIBAIOT, 4TO B H3JY4YEHHH SIADPA HOMKHO GbiTh CPABHHUTENHHO
CHJIBHO NPEeACTaBJIeHO KBAAPYIOJIbHOE H3Jydyedwue,

MoxHO cKasaTh, 4TO KO/MeGaHUT AUNOALHOFO MOMEHTa CBf-
3aHH C OepeMellleHHAMH UCHTDA 3aPANOB OTHOCHTENBHO IEHTpA
uHepuuu snpa. Ilpy manux Bo36yxaeHusax sapa (~1MeV),
Graronaps NpUGIMSHTENBHOMY COBNANEHMIO LEHTDAa 3apiaaos
C LEHTPOM HHEpLHH, LHIOAbHEE KOJeGaHH# OTCYTCTBYIOT, HJH,
MO KpaHHe# Mepe, CHJBHO MPHUIJAYLIEHH MO CPABHEHHIO C KOJe-
OaHusMY KBAADYMONSHBIMHM, KOTODHE TPeGYIOT A CBOErO BO3-
: OyKIeHUst TOPA3N0 MeHbillefl SHEPruM, yeM AWNOJbHEE KONeGaHHUS.
- Mocnennne BOSHUKAIOT C 3aMETHOH HMHTEHCHBHOCTHIO TOJBLKO MPH
: CPaBHUTENbHO GoMbIIMX BO36GykAeHusx sapa ( ~ 10 MeV)Usl,
- Taxum o6pazom, .HecMOTpH Ha TO, 4TO A S>> R, HHTEHCHBHOCTE

AMMOMGHEIX JWHHA NP ManbIX Bo30YxneHHAX AApA. OKA3HBaeTCA
MEHBIUEN Wi "TOFG e MopsiKa BeNHUMHE], YTO W MHTEHCUB-
HOCTb KBaADYMONEHMX Jumutt U4 781" TIpy Gonblimx Bo36yxie-
HHAX RIPA TAABHYI0 PONE” B W3NYUSHHA 9Apa MIPaeT AUNOIbHOE
“wanysienne, S
~ OueHHM BepOATHOCTH KBAAPYHONBHOrO M3dyueHus sapa. Ma-
TEHCHBHOCTL ITOr0 H3AYYEHHS DaBHA

rEe ¢%-—KBaapaT TeH30Pa KBaAPyNOJLHOTO MOMenTa. I1o mo-
PALKY BeMH4YHUHBI ¢2 paBHO

9 == (€222) £2Re,

roe eZ —3apaa fA4pa, R — ero paauyc u §-— aMiauTyna Koje-
6anuft fnepHOro merecTsa.
BepoaTHOCTS u3NyueHMA B enMHMIY BpeMeHH paBHa J/Aw,
2 COOTBETCTBYIOIMIAs UIMPHHA JHHHH Pr paBHa:
T J g e2Z%*R?

e N ()]

¥ ® 5¢5

(26.1)

g oueHKH BeAWYHHH £ moxcao MOJIOXKHUTD.

@~ Ma®?,
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rne M —mMacca saapa. Takum 006pasoM, Mbl TOJy4HM DpPHGIH-
KEHHO@ BHIPAXeHHe, KOTOPOe MOXET CAYKUTH [/ OLEHKH BesH-
YMHH pPaaualMOHHON MHpUHH 44

v €222 ¢ RN\ (fo)t
Ly~ 54 (—ﬁ—c) Myt (26.2)

(Mp — macca nporoHa, A-—aromuuit HoMep). dra dopmyna
NPUBOANT K CleLyiouleMy De3yAbTaTy: NpU SHeprusX BO3Gyxie-
A ~ 1 MeV panuanponnas mWupHUHA AJNa Agep cpeigHero aToM-
HOTO Beca MO TOPAAKy BeAd4nHbl paBHa 0,1 eV 44, 53],

HHTeHCHBHOCTb OKTYMOJILHOTO H3JAY4EHHHA, a4 TaKXe H3NY4YeHUH
6oJiee BHICOKOH IIONAPHOCTH, KAaK MNPABWIO, rOpa3no MeHbe,
YeM HHTEHCHMBHOCTb KBAaIAPYMOJLHOrO H3NYyueHnst (ecau TONBKO
A>> R).

HHTeHCHBHOCTD [-NIONBHOrO M3NyueHHs onpelenfercs /-M uje-
HOM B DAasloOXeHHH 3aMa3AHBAIOMIMX MOTeHUUAiOB B psA HO

R
CTemeHaM —-. UsBecTno, uro Ifi mpencTaBaseT co60H MOMeEHT

KO/MYECTBA IBUNKEHHMS, YHOCHMOTO Y-KBaHTOM; NO3ToMy, ecau J
u J'-—MOMeHTH szpa mO u roc/e H3nydeHHs (B eAMHUUAX F),

TO
J=J+1

B uacTHOCTH, eciM AApO NMepexoiHT B cocTosHue ¢ J' =0, TO
MOMEHT MCXOLHOrO COCTOSHHs HAPa NOJIKEH paBHaTbca [.

Jna rpy6ofi OleHKH NMOpAIKa BeAHYWHE DaJHALIMOHHOR HIM-
puut %, oTsevaiomied manyuenmio -NONBLHOTO Y- KBaHTA, MOXHO
BOCHOJb30BAaThCH Cledytomed dopmynoi 6

2 2l 41 Rgt N
Tt~ % (C) a5 (26.3)

rie »— Se3pasMepHan BeJaWuUHHAa MOPRAKA COVHHLUL [3AMETHM,
49TO KBAaAPYHOJbHOE HK3/Ny4YeHHe COOTBETCTBYET BTODOMY uYJeHY
B DASNOMEHHH 3aMNa3AbIBAIOMMX IOTEHLMANOB; B 3TOM Ciyuae
B cornacuu ¢ ¢opmyao# (26.1) I‘?. IpONnOPUHOHANBHO w’].
Bpema »u3HHM BO36YyKAEHHOTO COCTORHHA MO OTHOIIEHUIO

K W3Iy4eHHIO [-MOJBHOrO Y-KBAaHTa DABHSAETCS f:l—-—;”.’?. Hna
T
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rpy6oHl OLEHKH T, MOXHO IOA0KUTb B(26.3) x ~ 1, R ~ 10-12cx;
npH 3TOM Ml mouyunm(78:

T

-

oI +1 e )
¢ :l~5-10-21 (1:)2(+) cek., (26.4)
— o e

s s g =t
T Rt A

roe hw BhipakacTcs B MeV. Dta ¢opmyna NPHBOINT K Cle-
Aylomum sHayednam <. Ecan /== 3, To npu sHepruu Bo3Syixae-
aus Ao = 10 keV <~ 7 4acos; npu fw =50 keV 5 ~ 0,3 cek.;
npu Fw=200 keV t~2.10-5 cek.

Ectu /=5, To npu fiew==10keV t~5.10'2 ner; npu
fiw = 200 keV ©~ 10 mHed.

Kak BMAHO ¥3 IDUBEASHHBIX AAHHLIX, BDEMs )KU3HH, 16O
3036ymneﬂuoro 84pa MO OTHOWIEHHIO K HBlequmO J)zK KBaHTa
HeGOJRIION 3HEPIHH M BRICOKOMH nompHocm llpéSBbI'{aﬂHO B&JIHKO.‘

ITO OBCTORTENbCTBO MOKET  ObiTh HCIOAB3OBAHO ANA OGb-
SICHeHus $BNEHHS siiepHON H3oMepuu *).

flaepHble H30Mepbl NPeACTABAAT co6oit MOAUDHUKALLMK OAHOTO
M TOCO e M30TOna, OT/JM4AIOUIHeCT HEKOTODHIMH CBOHMH CBOii-
cram. OOGBIYHO SB/AEHHe ANeDHOH H3OMEPHHM YCTAHABJHBACTCH
10 Da3/MYHI0 PaNMOaKTHBHLIX CBOACTB M30MePHHIX Aaep. B arom
clydae YHuCAO PANHMOAKTUBHHX IMEPUOLOB y Kaxkoro-nubo 3ne-
MeHTa TMpPEeBbIIaeT YHCIO PaLHOAKTUBHBLIX H30TOMOB.

Ona o6bAcHesua A4epHOH HIOMEDHH CleAyeT CYMTAThb, YTO
AIpa pDAZA WM30TOMOB MOTYT HAXOAMTLCA B METacCTaGUJbHBIX CO-
" CTOSHMAX, OTJIMUAIOUMXCSA AOCTATO HO GO/bUINM BDEMEHEM XXH3HH
(xoTOpOEe BO BCAKOM cAyd4ae NPEBOCXOAMT MEPUOA pacnaia uso-
MepoB).

MoxHO OpednoJoxuTh (79, 4T0 3TH MeTacTaGHIIbHBIE COCTON-
HHA NPEeACTABIAIOT COGOH c,naéo BO36yKAEHHblE. COCTOAHMUA, OT/IH-
YaloUIHECs CPABHUTRNIBHO GOJbLINM 3HAYEHHEM MOMEHTA KOJIM4eCTRA
ABUKEHHS] O CPABHEHHMI0 C OCHOBHHIM COCTOSIHHEM.

CoriacHO CKa3aHHOMY Bbillle, BDeMs JKHU3HH TAKUX COCTOARUA
10 OTHOWEHUIO K Y-U3JAYUYEHUIO MOXeT OBTh OueHb OGOJbUIIHM
(mp¥ IOCTATOYHO MaiHX @ # ZOCTaTOYHO GOMBIIHX Pa3HOCTAX
MOMEHTOB HCXOAHOIO M KOHEUHOTO COCTOSHUH sApa).

*) dIpnensie sAEPHOH W3OMEPHH y HCKYCCTBEHHO DaJHOAKTHBHBIX
agep O6mno otxpmito B. Kypuaromm, M. KypuatoBmm, JI. MbICOBCKHM
u JI. Pycunosuim 7% ™,

17 3ax. 1800. A. Axuesep.
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Crenyer, OAHAKO, HMMEeTh B BHIY, 4YTO BDEMS KH3HM METa-
¢TaGUIBHOrO COCTOSHHS HEAb3d ONpenesuTh no dopmyne (26.4),
TaK KaK 374 QopMy]a YYHTHBAeT TOJbKO Y-TIePEXCH, B AeACTBH-
TeJbHOCTH e BO3MOXHBI Ge3paavainuOHHbIE MEPEXOAH, CONpO-
BOXAIOUIHECA MCIYCKaHUEM 3JeKTPOHA 13 BHemHell 060J0YKH
aroma (BHYTpeHHAst KoHBepcHs +-iyuefi). Ilostomy ans onpe-
AefeHus BPEMeHH KU3HH MEeTacTaGu/bHEIX COCTOAHBH HYXKHO
BpeMd, BBIYHCJAEHHOE cOraacHo (26.4), yMeHbIIMTL B OTHONIEHHH

N,
1 +We’ rae N, — 4UCAO KOHBCPCHOHHHEIX 3J€KTPOHOB, a N, —
|

YUCAO <{-KBIHTOB, HCIMYCKaeMbix B eIMHUIly BpeMeHu [80), Tak,
HampuMep, ecad 3Heprus BoO3OyxIenud papHserca 25keV u
/=05, TO BpeMd XHu3HH, BbIYHCAeHHOe No (26.4) u paBHOe
~ 2.108% ner, ymeHbaeTrcs 1o ~ 104 jer.

-7 3aMeTHM, YTO MeTacTalu/bHOE COCTOAHHME, B KOTOPOM HAXO-
AMTCA M30MEpP, HE 06A3aTENLHO NOMKHO OT/AHYATHCH OT OCHOBHOTO
COCTORHHA 3HAauyeHHeM YIJIOBOTO MOMEeHTa. BRo/He BeposTHO, UTO
HEKOTOpHIE CAyUYan ANEePHOH U3O0MEpUN MOXKHO OOBACHUTH, CYUTAR
yrioBele MOMeHTHl O85OHX COCTOSHEN PaBHBIMH HYJI0 H Npeano-
Jaras, 4To OCHOBHOe W MeTacTaGuibLHOe COCTOAHHA OTAHYAIOTCA
pa3auyHoi 4ETHOCTHIO, ECAH 9TH yC/I0BHA BHIAQAHEHD, TO NEPEXON
U3 MeTacTabuNbHOTO B OCHOBHOE COCTOSHHE C H3JNIyUeHHEM IH-
MOJBHOTO U KBAAPYIOJABHOTO (-KBAHTOB CTAHOBHUTCH HEBO3IMOXKHEIM.
KpoMe Toro, B nepsoM npuSinKeHWHM HEBO3MOXKHbBI BBIJIET aTOM-
HOI'O 3JEKTpOHA K oBpasopanue nap. Ilepexoanl u3 MeracTabHib-
HOT'O COCTOSIHHA B OCHOBHOE MOTYT IIPOMCXOIHTH TOMABKO 6Ja-
romaps mpoueccaM BTOpPOro mpubauicenuss (HCMyCKaHHe HABYX
Y-KBAHTOB, BHIJIET ABYX aTOMHBIX 3JAEKTPOHOB U T. A.). Beposr-
HOCTb 3THX MPOUECCOB B CJAydae MaJOK DasHOCTH IHEPruit
MeTacTa6HILHOrO M OCHOBHOrO COCTOAHMH KpallHe Maka, 6aaro-
Iapa 4YeMy BpeMid MXH3HH METACTaGHJIBHOTO COCTORHHA OKAa3hi-
BaeTcd AOCTATOYHO GOJLUINM.

§ 27. YcpennéuHroie sddhexTUBHBIE CeYLHHA

B aroM maparpade ™Mbl pACCMOTDUM 3aBHCHMOCTH OT SHEPrHH
90 GdeKTUBHLIX CeueHHH pPa3TMYHBIX NPOLIECCOB B3aMMOAeHCTBUSR
HEHTPOHOB C salpaMK, NpeAmo/arad, uTo 3Heprus HeH#TPOHa
He mnpeBniiaer 1 — 2 MeV,
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B 3Ttoit o6nacrd sHepru#t HauGoJjee BAXHYI0 pPOJib UlPAOT
palHauVOHHBI} 32XBaT, yUpyroe M HEYNpyroe pacceinue HEHTPO-
HOB, 4 TaKxe JeleHHe sLep.

Hac 6yayr B panbHefimieM HHTeDeCOBaTb cPeIHHE 3HaYeHUSN
3dPexTUBHBIX CEYeHHH, T. e. CeueHus, ycCpenHEHHHe MO HEKO-
TOPOMY HHTEDPBaJdy 3Hepruil, o KOTOPOM Mbl SyaeM MpeanoaaraTs,
YTO OH COepPKHUT GOJBLIOS YucCI0 yPOBHEH COCTaBHOro sapa.
Taxve ycpeIHEHHBIE CE4YEHHS MOTYT CAYXUTb NJs OnycaHus siep-
HBIX TIPOLIECCOB B TeX CJAy4asxX, KOrZa HEHTPOHBI WIH Apyrue
4acTHUL!, B3aUMOXEACTByIOHIME ¢ fapaMy, He 00JafaloT CTPOro
ONMHAKOBOK 3Hepruedl, npuyYeéM HHTEPBAA PAIMHITOCTH 3SHEPrud
BeJUK IO CPABHEHYIO C PACCTOAHHEM Mexly COCeIHUMY YyDPOB-
HAMH COCTaBHOTO sApa.

Ycpennéunrie ceuenus B o6aacTu G0AbWKX 3Hepruil Bo3Gyx -
genua Mol yxe Beean B § 19, paccMarpuBas CTaTHCTAYECKHE
cBoiicTBa sxpa. Ilpu 5TOM LIVPHHBI ypOBHeil NpeaNnojarajnch
TOTO e TNOpALKa BeAHYmHB, 4YTO K DaCCTOAHUS ME}Ay cocel-
HHUMH YDOBHAMH.

B atOM mnaparpade Mbl paccMOTpHM Caydait, KOrma LIMpPHUHBI
ypOBHEH SHAYMUTEJbHO MeHbIE pACCTOAHHA MeXAY HHMH, TaK
4YTO CTAaTUCTHYeCKHe Coo6GpaxeHus, pasBuToie B § 19, yxe He
npuMeHuMbl. DD PeKTHBHOE CeueHde ONpelenseTcs Telepb oOOlIel
aucnepcuoHHo#t Gopmyno#t, kOTOpYIO ClelyeT YCPEeOHuTb MO
GONbLIOMY YHCHY YDOBHeH.

Cpennee s>ddexTusHOE ceueHue &, (E) Kakoro-au6o npo-
Hecca @ CBSI3dHO C yCpeRHEMhIM CeueHueM o, (£) COOTHOUIEHHEM

AR
By =
- 1 .
B =2 | w(E)dE, (27.1)
B— 7 |
rae E — s”eprus naamouef yactuusl (B paccMaTpuUBaeMbiX HUNXKE
caydyasix — HeHTpOHa), AL — MHTEpBa/l 3HEPTUH, TIO KOTODOMY
APOU3BOAMUTCH YyCpelnHeHwne. IDTOT HHTEPBad A0JKeH OITh 3HA-
4UTeNLHO G0Jbllle CpefHErO PACCTOAHUS MeXIy COCeZHUMH YDPOB-
HaMd D W 3HaYUTEAbHO MeHbile TOTO HHTEpBaja 3HEpPruy, Ha
NMPOTAXEHUH KOTODOTO 3aMEeTHO MEeHHeTCH €aMO yCpeXHEHHOe
ceyeHue,

T
114“‘
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Tak kak 3ddeKTHBHbIE CeUeHHs PABJMYHBIX NMPOLECcCOB (HCKIO-
4as MOTEeHUHAAbHOE paccesiHue) MMEIOT De3KHe MakCHMyMbl BOIH3H
Pe30HaHCHBIX YPOBHEHN , 10 B uHTerpaJje (27.1) rnasHyio posb UrpawoT
3HauYeHus oHepru#, Jdexaude BOGAM3M PE3OHAHCHBEIX YPOBHeH.

DddexTuBHOE CeueHUe mMpollecCa % MPH 3HAYCHHAX SHEPTHUH E,
6/1M3KHX K De30HAaHCHO# sHepruu £, uMeeT CAeAYIOWMHK BuI:

21 .K(T)T(")
- — X2 . « Ino
5 (E) ==X @D @Ri+1) = (27.2)
(E—E)+—
4
rae 7)—vacThyHasa wmpHHa mpouecca a, v{) — HeAATpOHHas

IIWPHHA, COOTBETCTBYIOLIAsh YNPYroMy PpacCesHHIO, ¥, — MOJHas

upuHa ypoBHa £, X — nnuua BonHn He#tpoHa, J M i — MO-
MEHTBbl KOJHYECTBA HBWXKEHHS COCTABHOTO U HCXOOHOFO sigep,
§ — CTUH HeATpOHA.

Ioabaysack dopmynoft (27.2), MOXKHO NpPENCTaBHTb ycpeld-
HEHHOe ceyeHune o, (E) B BUIE

(7)o (7) .
&) =2(2 —:{)-!(-2%—1-1) f e Zi’ (27.3)
s i ) v
v (E—ENR+-4

rie CYMMHMDOBAaHHE NPOM3BOLMTCHA [0 BCEM YDOBHsAM, JIeXalluM
B uHTepsaie AE.

Benuuunnl | # A ABASIOTCA MeIUIEHHO MEHAIONIUMHCS (PYHK-
UUAMH 3Heprud. Mbl MOxeM MO3TOMY BHLIHECTH WX 3HaYeHHA NpH
pesoHaHCe 3a 3HaK HHTerpana. I1OCKONBKY IIMpDHHHL | npel-
MOAaramTCs MAaJEIMH, NMpene/bl HHTETPUPOBAHHS MOXHO DacCIlM-
puTh OT — 00 40 -} oo. B pesyarTaTe Mbl NOAyYHM:

- _ N 2T+ 1 Trolw
s« (B) = 3% (B3I D@+ T

rae N-—ofuwee uucno yposHeil B unrepaie AE, a I',, T,
I’ — sHauenus BeAMYUH Y, Y., Y, TPU De3oHaHce (uepTa CBepxy
03HayaeT, 4TO GepETCA CpelHee 3HaYeHHE BENHUHHH).

Tak kak N=AE/D, Tto0

2m2K2

- < 2J 41 Thol's
—_ 2xX2 {3
5, (E) == 2n2K ST G T (27.4)
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Panu mpocToThl MBI He MHIlEM Haj NpaBoit yacThio (27.4) uepTHi,
OLHaKO C/AEAYEeT HMETb B BHUAY, YTO CloJa BXOOAAT CpelHue 3Ha-
senns semuynn X, 2J-+ 1, I, T, T u D no scem yposusm,
nexawuM B HHrepBade AE., 3DTh cpeaHHe 3HaYeHWs HBAAIOTCA
yHKuKAMH sHepruu £.

3ametuM, 4T0 dopmyaa (27.4) cosnanaer ¢ dopmyoi (19.8)
IAsi yCPeOHEHHOrO CevyeHUss B 06JjacTH OGOABIIUX SHEPTHH BO3-
Oywaennd. YToGw y6eauThCa B 3TOM, HYXHO Mnib BeeCTH B (19.8)
cpenHee DACCTOAHME MEXILY YpOsHaAMu [ [5Ta BeJHYHHA OTJH-
yaercss ot Bxomame# B (19.8) Beanuunsi Dy — Cpenanero pac-
CTOSHASI MEXAYy YDOBHAMU C ONpenei&HHbLIMH 3HauyeHHaMUH J].

3amenus B (19.8) cymmy EI(QJ—'rl) Dl Ha 2JDI’ MEI
J
J

nosxyunm dopmyay (27.4).

OnpenenumM, M0ab3YsICh dopuynon (27.4), ycpeau€HHOe
CeyeHHe panMaLHOHHOIO 3aXBaTa o (E)

3amenan I', paaualionuoi umpnﬂoﬁ I, nonyuum:

2741 Tpol™
5 (E) = Q,il wIRA Rl (27.5)
3aecy I'=T,4-T,, T, —noanas uHelTponnaa iwmpuHa (Cpea-

HA), oTBeuaiowAN nmpoueccaM Kak ynpyroro, Tak u Heynpyroro
paccesHus HeHTPOHOB.

T
3ameTuM, YTO —D’—“l npeacrasaier Co6off RepOATHOCTH NPH~

AunaHua HefiTposna.

O6osHaunm yepes £, 3HePruio, NpH KOTOPOH pamHALUOHHAH
IMPHHA CTARHOBHTCH DaBHO¥ HeATpOHHOH wupude. ITa 3Heprus
N0 MOPAAKY BeJHUYMHBI paBHa £, 10%eV,

B wunTepBane sHeprun O < E < £, nojuas HeHTpoHHas
mupuHa I',, He OTAMYaeTCs OT HEHTDPOHHOM LIHPHHBI, OTBEYAIO-
weH ynpyromy paccessnio I, Cpeanss wmupura yposHs I’
MpaKTUYeCKH CoBnajaeT C paavauuoHHo# iwupunoit. I[losromy
B unrepsane 0 << E<<E, dopmyna (27 5) npuHUMAeT BUL

— 27+ 1 ’
5, = Qlil woke Do (27.5")

CpenHsa HeHTDOHHAA WHWDHHAZ 7§PH MaJWX 3HEPTUAX MOXeT

6bITh MpeNCTaBJEHa, KAK Mbl 3HaeMm, B Buze [cM. (19.15%)]

T,=2-10"*DE"evV. (27.6)
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INoxncraeass 3T0 Buipawenue B (27.5'), moayuum:

5 o~ 10722 cu2 ’
5, = VE 10 cH (27.6")
(£ BpIpaxeHo B eV, MHOXHUTENb, COAEPXKAIUNHA yri0Bbie MOMEHTHI,
He BBITHCAH, TaK KakK (27.6") ompeneaser o, TOALKO MO no-
PAIOKY BEJHYHHBI),
dopmyna (27.6") BupaasT U3BeCTHHIH yXe HaM 3aKOH 1/v.
B untepsane sxepru#t £, >E > E,, rge E,— sHeprus nep-
BOTO pE30HAHCHOrO YPOBHfl, paBHAS MO NOPSIEKY BeJHYUHBI
105—10% eV, He2ynpyroe paccesHde HEHTPOHOB TIONPEXKHEMY
orcyrcTByeT. HeitpOnnas wmpuna (oas ynpyroro paccesiHus)
OPEBOCXONUT DAagHalivOHHYIO WHPHHY U TNPaKTHYeCKW COBMamaeT
C MOJMHOH WHUPUHOH:

Two =T, =T, [>T,

$opmyna (27.5) maét B 3TOM uHTEpPBANE SHEPTHH

1

- 1) >} P" . St. R
5, = Rl =, (27.7)

TMpu E; > E.> Ey, I, n D npakTnyeckn He 3aBUCAT OT E;
109TOMY B 3TOM HWHTEpBaje 3HEpPrMH CpenHee Ce4YeHHe paiua-
LHOHHOTO 34XBaTa naxaer o6paTHO MPONOPUMOHAALHO SHEPTuUH,
T. €. GbicTpee, ueM NO 3akoHy 1/v. [na TAXEABX 3/]1eMEHTOB

6, = 10725 —10-2 ¢cu? (£, = 10° eV).

B o6nacru sHepruit E>>FE, rnaBHyil0o poJb HIPaioT -Npo-
UECCH Heympyroro paccesHud HefitpodoB. llpu aTOM pagxHayuoH-
Hasl WWpMHA M UIMPHHA, OTBedaloulas YAPYyTroMy pacCesHuio
HEATPOHOB, 3HAYMTENbHO MEHblle O6ulell HeHTPOHHON MIHPHHBL,
KOTOpas MpakKTU4YeCKH COBMALAET € MOJHOH IWHUPUHON YpOBHSA:

Taox U= 1, I T
CoraacHo (27.5) noayduM B 3TOM cayudae:

= Tho Tt
G-( B '!—\-27{2 ___L)l_() T,i— . (27.8)

C pocrom sneprun Benuuuna 1';,/D, npencrapasiomas co6oi
k03QdUUHEeHT NPUIUITAHHAA, CTPEMUTCA K efAWHuLE, a P~(/Pn crpe-
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MUTCR K HYJMIO BBHAY OBICTPOrQ pDOCTa HeHATPOHHOH WUPHUHLL,
OTBeUaloUie# npoueccaM HeyHnpyroro pacceguns. Jloaromy npH

E > E,| ceueHue g, GbICTPO yObiBaeT C POCTOM 3HEPruH, MO-
BUIUMOMY, OnicTpee, yem 1/E.

Cnenyer 3aMeTuTh, uTO npu E > E;, HEoGXOAUMO YUHTHBAThb
3Ha4YeHNsT OPGATAILHOrO MOMeHTa HeHTpOHA, OTAUUYHBIE OT HYyJd,
TaK KakK npd £~ F, [1JdHa BOJHBL HEHTPOHa OKa3blBaeTCs 110
NOPANKY BeJHYHHB PaBHOH panuycy aapa. IOTO 0OGCTOATENABCTBO
HEe MeHfeT, OAHAKO, BHILORa O OHCTPOM CHANaHUK CevYeHus
pamMauyHOHHOTO 33XBaTa C DOCTOM SH2DrudM, TaK KakK COOTHO-
meHus, HuMewilre Mecto npu [ = 0, COXpaHAIOTCA U NpH 3HA-
yennax [ -£ 0.

Tlepeitném Terepb K paccMOTpeHuio cpefHero 3¢p@eKTHBHOrO
ceyeHUsi yApyroro paccesHuss HefiTpOHOB. Mul HOMKHBI MPHU STOM
YUNTHIBATE KaK DPE30HaHCHOE, TaK M NOTeHUWaJbHOe DaccesHHe,
aMIVIHTYAb KOTOPLIX CKJadAbiBaiOTCA. Ilpu ycpenHeduw 1o sHep-
ruy  HHTepPEepeHUMOHHHIN 4JeH, BO3HHKaWOUn#t OT HaNloXeHHA
o6eux aMILIUTYI, ucue3aeT; MOITOMY cCpejnHee CeUYeHHe yNpyroro
paccesHusi BBIDAXKAETCA B BHAE CYMMBEI CeueHi#l, COOTBETCTBYIO~
UIHX MOTeHUHATbHOMY M PE30HAHCHOMY DaCCesHHIO.

O6o3nauas ycpenHéHHOe CeyeHye ynpyroro paccesatus uepes o,
MOJYUHUM:

"2 :

o, =5, | n2k? i"g . - (27.9)

rae o, — yCpelHEHHOE ceyeHue NMOTeHUHaNbHOTO PAaCCestHUusi; BTO-

poe ciaaraemoe MpencTaBnser Co0oft yCcpenH&HHOe CeyeHwe peso-

HaHCHOrO pacCCesHHss, KoTopoe olnpenenserca obuweldl dopMy-
Ao#t (27.4), ecom nonoxuTth B Heh 'y =T,

B odnactu asuepru#t E < E, nonHas IUMPUHA NPAKTHYECKH
COBMafaeT C paguauMOHHOH 1WYUPpUHOH; HeHTPpOHHAdA LIMpHHA
cupenensercad dopmyacH (27.6). YcpeZHE&uHOe ceueHHe peso-
HAHCHOTO pacCesiHus B 3TUX YCJOBUSX H2 3aBHCHT OT SHEPruu.
CeyeHHe TOTEHUMHANBHOIQ pACCesHUST TaxkXe He 3aBUCHT OT
sHeprud (cM. § 24); nosroMy ofmee cevyeHHe YAPYroro pac-
cestMmA B HHTEpBaJE SHEPruu £ <CE, rakxe He 3aBUCUT OT
JHEpruu HeATPOHA.

CeyeHne NOTEHUMAILHOTO PACCesHys o, M0 NOPAIKY Beaud-
yuHel pasHo wR?2? (R-—palhyC 4apa) 4 cocraBaser 2 —3 X
X 1072 cu? CedeHue pPe3OHAHCHOrO paccCenHust MOWKET pas-
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Hatbest 107 42, nosrtomy npu E<E, MOTeHUMANbHOE
PEe30HaHCHGE paccesiHWe MIPAlOT MPUMEPHO ONMHAKOBYK) pOJb.
He uckioueHa, oaHako, Bo3MOKHOCTH TOTO, UTO CyUECTBYIOT
Apa, y KOTOPBIX G, B HECKOJLKO pas MeHblle CPENHEro ceve-
HUS PE30HAHCHOrO pacCesHus.

B oGnactu sHeprun Ey, < E<E, nonnas wmmupuHa COBragaer
C HeHTpoHHOM, mo3TOoMy (27.9) npuHMMaeT BAX

- __ - Ty = t.
oy =0y |- mBRI — g . SO0 (27.10)

Ecau nepBoe CiaraemMoe MeHbuie BTOPOrO, TO B MHTEpBajie SHep-
run £, < E<E; ceuenme ympyroro paccesuus GyaeT o6paTHO
TpPONOPUMOHATILHO CKOPOCTH HeHTpOHa (3akOH 1/ov nnaa pac-
CEesTHURA).

B oGaactu sHepruu E > E; GbICTPHINA pOCT HENTPOHHOR
IIMPHHB, OTBEYaloule# HeyNPyroMy pacCesHuio, NpvUBOLHT K ma-
IEHHIO CeYeHHA YMPYroro pesoHaHCHOro paccesiHus. Yrto Kacaercs
NOTEHUHANBHOrO paccedaHus, TO OHO MOCTEMEeHHO, ¢ POCTOM 3Hep-
THH, NEPeXOOUT B PACCMOTPeHHOE DaHee IUPPPaxkUHOHHOE pac-
ceanre (§ 20) (¢ pocrom 3Heprud HeHTpOHa MOCTENEHHO
«BKJIIOYAKOTCSi» 6Go/ee BbICOKHE 3HAueHUs OPOHUTAALHOTO MOMEHTa
He#ATpOHa / BNNOTHL A0 3Hauenua /[, ~ R/X).

Heynpyroe pesoHaHcHoe pacCesHne HeHTPOHOB HayHHAeT
UrpaTh POJb MDH SHEePrHU HEHATPOHOB, paBHOM E = E,, H ObICTPO
YBEJIHYHBAETCHA C POCTOM SHepruu. I[lpwm 7(<<R MOJMHOE ceyeHue
BCEX HEYNDPYruxX MPOUECCOB, COBRaialollee C ceyeHneM oOpasosa-
Hus COCTaBHOrO Lpa, CTaHOBWTCA [aBHBIM wR2. [Ipu sTom ceue-
HHe YMNPYroro paccesnus (MOTEHUHANBHOTO) TaKke paBHO wR?2,
T. e. obmee ceyenne pasHAeTcs 2mR2.

Cevenne seneHns sagep He#iTpOHaMM OyIeT pPacCMOTPEHO
B § 35.

§ 28. fnepusie peaxnuu ¢ 3apAXMEHHBIMM YALTHIAMH

[Ipr usydeHunm sAepHBIX DeakUHH C MOJOXKHUTEALHO 38 DSHKEH-
HBbIMH YACTHUAMHM HEOGXOIMMO YYHTHIBATh MOTEHUHAAbHBIR 6Gapbep,
OKpYyXawiiuit f1po, KOTOpHI 006pasyercs OGaarodapd KomOGuuHH-
pPOBaHHOMY [LeHCTBUIO SIEPHHIX CHJA, HEACTBYIOIIHX Ha MajbixX

DAacCTORHHAX MEXKIY 4YaCTHUAMM, M KYJIOHOBCKWX CHJ OTTalKUBa-
HYUA BHe fAApa.
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Buicota Gapbepa B nas yacTuu ¢ 3apsaom e pasHa
- Zze?
- B= =
o= - 1
rie R —- paauyc aapa u Ze— ero 3apsaa. Cuuras, uto R=r A fa
(A — maccosoe uncno, ry=1,5-10713 cx), monyuum ans B seipa-
KeHue

—1/,
B =10,962ZA" "* MeV.
Ona npoxoxnenua Oapbepa CcyllleCTREHHA. OTHOCHTEsbHas
M
KUHETHYeCKas 3SHeprus, paBHad ——— F, rae E — KHHeTH-
\ M+ M,y
qecKas 9Heprus mnajawiled uvacTHOM N0 OTHOUIEHWIO K 6ecKo-
HeuHo THXEMIOMY sapy, M; n Mg—— MacCHl yaCTHUB H sApa.

Baprep He urpaer posu, ecnu E_>>B’, rae B’ — sddexkTusHasn
BbiCOTa Oapbepa, paBHas

4 M M —4a
B =_1_A';T_2_3=0,96zZ(A+a)A s“MeV  (28.1)

M
(a=TAL’ My— macca nporona). Hume upusenens 3Haye-
0
uus B’ B MeV nas pasauumbix amep.

3uavenusi B’ u g manaa pasanuyHbiX dAnep

dapo He Be Ne Ca Zn Sn Yb U
4 2 4 10 20 30 50 70 92
A 4 9 20 40 66 112 - 174 238

p 1,5 2,1 3,7 5,7 7.2 10,0 12,0 14,2

B’ { d 1,8 | 2,2 3,8 5,9 7.4 10,1 12,1 14,4

o 4,8 | 53 8,5 12,2 15,0 20,5 24,6 28,6
(p 0.5 0,86 1,6 2,7 3,5 5,0 6,4 7.8
g { d 0,7 | 1,2 2,2 3,7 5,0 7.1 9,1 11,0
a 1,1 2,1 4.3 7.2 10,0 14,0 18,0 21,9

[lepeiném k ompensieHdi0 npouuuaemMoctd Gapbepa P. laa
yacTuubl ¢ Maccoit M u sHeprueft E ona onpeleniercs CAelyio-
e dopmynon:

"B

P =%, c=-;7 { VIM{V({) —Eldr, (28.2)

R
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rae V(r) — noTeuuuanbHas 3Heprus 4aCTHUE C Y4ETOM 1EHTPO-

2 .
GexHOH 3HEpruu, paBHOU i—lg%;—';—ll (! — MomMeHT vacTuuRD).

Huxnuit mpenes B 3TOM HHTerpane Mbl CUHTaeM DaBHHM paiuycy
anpa R, BepXHM# npenen r, MOweT ObITb HaitlieH U3 YPaBHEHHs

Zze? (41
+ )
rg 2MrE

B cnyuae n060BriXx cToaxHOBeHu# (/=0) uenTpoGexHas
sHeprua o6pawaeTcs B HyJp U

1/2M f‘/'zZeZ T
C=C —-Edr,

Zze?
rae rE="f - BeinoanuB HHTErpupoBaHKHe, MBI MOJYYHM B STOM

cayuyae [82]:

Cp= %ﬁ.ziz [arc cos Xt — x' (1 — x)'4], (28.3)

roe x = B H U= l/’———'-——CKOPOCTb 4acTullel Ha GecKoHeu-

HOM paccroamm OT fZpa. B npelelbHOM ciayuyae MadblX 3HeEp-
rufl, korna E<C B, C, shpaxaercs cielyloue#t npoctoft ¢op-
MyJI0#i: .
Com=T222 22 027MR): 1=0, E<B. (28.4
o——“—ﬁT—-ﬁ“(Qz MRy':, =0, E<B. (28.4)

[TonyyeHHbBle COOTHOWIEHUS HWMEIOT Ba)XHOEe 3HayeHHe IS
TEODHH a-pacnafa, TaKk KaK OCHOBHuIM (pakTOpOM, Ompenenssiio-
UM BEPOATHOCTb «-pacrafa, ABAfeTcs MNPOHUNAEMOCTb MOTEH-
HHaNBHOTO 6aphepa.

Ecnu npeanonaraTh, 4TO @-4acTHUa HAaXONHUTCH B S-COCTOR-
Huy ([ =0) u yTO e& sueprus £ 3HAUYUTENLHO MeHblle BHICOTH
Oapbepa, TO 444 norapudMa nepunosa MOAypacnana T NOJYYHTCS
cnepyioulee BhpaweHHe:

1m=3ﬁ%‘§f§—1<, E<€ B, (28.5)

rae K — KOHCTauTa, coldepaamas coraacHo (28.4) pazuyc aapa.
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SDT0 COOTHOIIEHHe, CBA3BIBAIOLUIEE BPEMS KHSHH H SHEPrHIo
pacrnaza a-akTUBHHX slep, XOpOWO OMPaBIHBAeTCi B OTPOMHOM
IvanasoHe usmeHenus T (0T t=2- 1010 jer anqa Mel/IeHHBIX
o-yacTull ¢ sHeprHe 4,3 MeV 10 t=2-1078 cek. ana OHcT-
pHX a-dacTHLl ¢ 3xepruedt 8,9 MeV), ¢ npakTuueckH OXHHM
u teMm xe K, T. €. C NOYTH HEH3VMEHHHIM paduyCcOM siipa.

3aMeTHM, 4YTO CpaBHeHUEe IKCNSPHMEHTANbHHX AaHHEX ¢ ¢op-
Myno# (28.5) ZaéT BO3MOXKHOCTb OUEHHTb PamHYCH ~-aKTHUBHBIX
anep, NPUY&M MOJyYeHHBle 3HaYeHUs HaXOHATCA B COOTBETCTBUH
¢ manHblMd 10 DUdOPaKUMOHHOMY pacCefHUIO GBICTDHX HeATPO-
HOB siIpaMH.

[TpounnaemocTs Gaphepa nNpu AO060OBHIX CTOAKHOBEHHAX MOKET
6biTb MpencTaBleHa ewd B caenywoomem sune [82]:

—are(2)
Py=—e : (28.6)
roe
2 1/a 1 1/, /s
g= M_——_-_i, 1 (x)=x" "’arccosx”—(l—x)/'
A Xa

X , — AJHHa BOJHB YaCTHUBI, COOTBETCTBYIOWAR sHepruu £ = B).
B ’ p

3HaueHus g OaHH B npvBen&HHOH BHIe TabuaHLE.
[TpounuaemocTh Gaphepa A/ 4YaCTHUL C MOMeHTOM [ paBHa [82]

p,— %,
C, — & [i : 1—2x¢ ] _ 1— )%
=L [Faresin 2] — (v 1)t

4y 1n T2y [y (v +1—x)"] (28.7)

(14 4xy)" ’
__ LU+

2

Ecmn y <1, 1, e. I<<gux<l1, 10
2 3 3¢
C, = 0+'§£[()’+1—x)/"’—(1—x)“]-

Ons snaveHu#t sneprud, He OYeHb GAM3KHX K B, BhpaxeHHe

E
rie X=-g "y

. 3
B KBaApAaTHBIX CKOOKaX NMPHOIMMKEHHO DABHO —é-y(l — x)¥; npu
3TOM MPOHULIAEMOCTL OmNpeleaseTcs npoctoft dopmynoft

P, == Py 2V (28.9)
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C yseauuvenuem / 3Ta BenanuvHa YMEHbIUAeTC M CTaHOBHTCH
1 1 —1y

PaBHO# — Py 1pu y =5 g~ " (1-—x) 7, 4eMy COOTBETCTByeT

3HayeHHe /, paBHOe

ly= (%- g)”s(l ——-x)“‘/‘———é.

Ilpu_pacmennenun sapa 3apsxceﬂu'oﬁ yacTuuelt sddexTHB-
HBIMK OKa3hIBAIOTCA BCE 3HaueHus e¢ MOMenTa OT /=0 no [ ~I¢.

R e

Hng HeATDOHOB DOAbL /¢ HMrpaeT BeJMMHHA. /)= .

.

B ciyyae MennenHnlX 3apaxenHmx dactuy (E<XB)lp~

1 T
=~ ‘/TZ g. Ota BenMumHa OTAMYHA OT Hy/d, B TO BPEMA Kak

AN MeNJNEeHHBX HEeHTpOHOB /== O..

OTtciona BeITeKaeT Bawuoe CAeACTBHE, Kacawouieecsi CBOHCTB
yI/IOBOrO pacnpenefieHHd MPOAYKTOB AZEPHOH peakiluy,

Ecnn moMenT konudecrBa IBHMKEHHUSI COCTABHOIO AApA DaBEeH
Hy/JI0, TO yrJOBOe pacnpeneleHse MNPOAYKTOB peaklun GygeT
cepuuecKkd CuMMeTpuyHbHIM. [losTOMy B TOM CJayuyae, Koraa
filepHast peaKiluss NPOUCXONMT NoA AeHCTBHEM HEMOASIPH3OBAHHKEIX
MEeINeHHBIX HeHTrpoHoB (X S>R), NpPHYEM MOMEHT KOJIHYecTBa
OBHXEHHd HCXOMHOTO fApa pPaBeH HYJIO, W3 PaBEHCTBA HYMIO
BEJNHYHHEl [, ClefyeT, uTO yrA0BOE pacCflpeneieHne MPOIYKTOB
peakuuu Oymer ChepuyeCKH CUMMeTPHUYHBIM.

Tak kak [lo=£0, TO yraosoe pacnpesneneHuHe IMPOLYKTOB

peaxuiy, BbI3EIBaeMOH HENOAPUSOBAHHEIM IMYYKOM 32DSMEHHBIX
4acTul, MOXKET He OHTh cepHUECKH CUMMETDUUHBIM LAXe .B TOM
clyyae, KOrma IJMHA BOJNHBI YacTHU 3HAYUTeNbHO G6OJbIlle pas-
MePOR fALDA.
T~ Ecau 3Heprus 3apsSeHHOH YaCTHUL NPEBOCXOZUT BHICOTY
6apbepa, TO B 06lleM HMEIOT MeCTO TaKHe e 3aKOHOMepDHOCTH,
4TO ¥ ans HeilTpoHa TOR xe 3Hepruu. B uacTtHOCTH, NosHOE
sddexTHBHOE CeyeHHe BCEX HEYNMPYT¥X NPOLECCOB, Bbi3blBaeMLIX
3apSKEHHOH dvacThlel ¢ 3Heprueit E > B 1npH yCcA0OBHH, 4YTO
IUTMHA BOJIHBI YaCTHULH Y TIOBEDXHOCTH fiIpa 3HAYHTENbHO MeHblle
ero pamxyca, paanaerca,gg&’ (06 ynpyrom paccesHHd OBICTPHIX
3apAMEHHBIX 4aCTHIl Mbl FOBOPHMAM B § 22).

PesonaHcuele siBNeHHA C 3apsKeHHHIMH YacTHLAMK HAGmo-
N3IOTCSH TOAbKO Y JMErkux fep, LJId KOTOPHIX BEJHKO DACCTOaHHe
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MexJy hepBhiMH ypoeHaMH (~1 MeV). B cayyae THKEABIX
A0ep 9TO paccTosHHe OObYHO TrOpa3no MeHbule pa3bpoca 3aps-
WEHHBIX YacTHU MO 3HepruaM.

Moxno yxasaTb Ha pPe3OHaHCHBe HABJIEHHS NPH PaZUALMOH-
HOM 3aXBaTe MPOTOHOB, a TaKXe NPH peaKUuAX C «-4acTuUaMy,
CO/IpOBOKIAOLWMXCA HCNYCKAHHEM NPOTOHA HAHM HefiTpoHa. [lpm
peakuuax ¢ AeATPOHOM -DE3OHAaHCHBIE #ABJEHUR He Ha6GAI0LAI0T-
ca. Oto obbaAcHAerca OOAbINON aHepruell Bo3byxaeHus COCTaB-
HOTO AApa, Mojyudalouwierocs B pe3dynbTaTe 3axBaTa JefiTpoHa
(M3-3a Mano#i 3Hepruum CBu3uW AEHTpPOHAa 3Heprua Bo3OyXAEHUR
COCTaBHOTO #lpa MNPHMEePHO B [OBa Pa3a TNDPEBOCXONUT IHEP-
rHI0 BO3OYyX/EHHH, BO3HMKAIOWLYI0 NpH 3axBaTe HeATDOHA WM
NpoTOoHa).

CrenaeM HeCKOJMBbKO 3aMeuanuit o pacmane COCTaBHOrO #AApa,
CONDOBOKIAIMIEMCS BEUIETOM 3apSKEeHHOH YACTHLIH.

BepoaTtHOCTE  BbLJIETAa 3apseHHOR HAaCTHLL OfpelenseTcs
AByMsa QaxTOpamu: BO-MEPBHIX, _ BEDOATHOCTbIO  KOHUEHTpPa-
UMM 9Hepru¥ Bos3OyXKIEeHHs COCTABHOrO #AApa HAa 3TOH Yacrd-
1le H, "BO-BTODHIX, BEPOATHOCTLIO IPOXOKAEHHA YAaCTHHH Yepe3
Ggp,bepm .- o

[TepBas u3 3THX BEPOATHOCTEH ONpenedeT YACTHUYHYIO UPHHY
B OTCYTCTBHH Oapbepa. Mpbl o603HauyuM e& aaa vYacTHUsl a
yeped (4, roe A o6o3HauyaeT COCTOSIHME dapa, OCTAIOIIErocs
nocae BuseTd 4acTHUb a. PeanvHas wupuHa I'a, pasua

FAa = GaqP 4a, )

rme PAa—npouuuaemocrb 6apb_epa. MoXHO npeanonaraTe, 4TO
aHayenus (@ Oad NpPOTOHa u HeHTpoHa MalNo OTAWYAKOTCA APYT

oT npyra. O0uIas IWI¥PUHA MO OTHOMIEHWIO K BHJIETY YACTHUH a
paBHa:

L= ; GaPia- (28.9)

lInpuna I', 3aBHCHT OT yucCaa BO3MOXNHLIX COCTOsHM#H sapa,
OCTalieraocs TMOC/e BhIJIETA YaCTHURE a. DTO YHCAO COCTOAHMHA
B CBOI0 Oyepelb 33BHCHT OT O6med sHepruu, OCBOOOKIaeMOit
npd peakuun u pasHoR _E - Q,, rae E — adeprus najaioilledt
yacTuibl, a Q=2 (Mi—+ M — MH——M) (M1 m My — Maccul
HaYaJpHOro W KOHewHoro smep, M u M’ — maccel nanatomen H
BblTETaIOUIEN YACTHL, ¢ — CKOPOCTh CBeTa).
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Ecan ocso6o>ma_emaﬂf—suepma,npeaocxonm Bucory 6apbepa

=5 cllaraemue, zm_ﬂ 59_1‘9_[3!:()( npoﬂuuaemocn 6apbepa PAa paBHa
enunsne. ~O303Hauas uepes N (U) uuen0 COCTOAHHA KOHSYHOTO
siApa ¢ sHepruef BO30OyxaeHua, meublllef! unau pasHo# U, npea-

cTasuM cymmy (28.9) B BHIe

) Pa%N(E'}' QO—"Ba) Ga, (28'10)
,\"—__'*——“—\—.__ﬁ_._‘
rae G, —HeKOoTOpoe cpenHee 3Havenne G4, (yCpelHEHHOE NO
COCTOSHHSAM KOHEYHOro fApa).

Taknuu o6pasom, I', nponopuuoHaNbLHO 4YHCAY COCTOSIHH#
KOHeuHOro sapa ¢ sHepruet UL E--Qy— B,. Mu umeem
N(E-+Qy— B,) rpynn BLIETAIOWHX YaCTHL, OTIAYAIOUINXCA
cBOeH 32HeprueH; Haubojbluee YHCIAO YACTHLL HMeEET 3Hepruio,
' 3aknwouéudyo mexny B, u B,-+ T, rae T — remneparypa s4apa,
COOTBETCTBYIOUIAsA 3Hepruu Bo3byxaenus E - Q,— B,.

PaccMotpum Teneph TOT ciyua#t, xoria ocro6oxaaeMas sHep-
rusi MeHblle BHCOTH Oapkepa, Q-4 E < B,. B a3tom cayuae
NPOHHUAeMOCTh 6apnepa £ oT/AHYHA OT eNUHHIb JAA BCeX 3Ha-
YeHuH# SHepruu BHAeTalowle# vacTuunl. Hiuboanliee Py, OTBE-
4YaeT OCHOBHOMY COCTOAHHIO OCTaTOYHOro sapa. YacruuHas LiH-
pHHA MO MOPANKY BeJWYMHLl paBHA B 3TOM Cjyuae:

Ta=0uPa (28.11)

(numexc O oO3HayaeT OCHOBHOE COCTOSHHE OCTATOMHOrO SAPa).
flcHo, 4YTO wacTHyHas wWMpHHAa B MEpBOM M3 PAaCcCMOTPEHHHIX
BEILIE CJyyaee OOJjblie, YeM BO BTOPOM. MK BHIHM, 4YTO MOJA-

nas umpuna I'= 2, [, onpeneaseTcs TIaaBHeIM OGDAa3OM TeMu
BHIJIETAIOLMMH YaCTHILAMH, AN KOTOPHIX Pa3HOCTh MewAy OCRO-
6oxcnaeMoit aHepruedt U seicoTo#f 6apbepa E - Q,— B,, a Takxke
BEPOSITHOCTh KOHUEHTpamHu 3Heprun Ha udactuge G UMET Hau-
6oabliye 3HaUeHUS.

STuM ycaosuaM jydllle BCEro YAOBJETBOPSET HeWTPOH, vcmy-
CKaHHe KOTOpOro sBJASETCS BeCbMa BEpPOATHBIM MPOLECCOM, He-
3aBHCAMO OT BMAA MNaJaluied YacTHILbL.

HcnyckaHne a-4acTUUBl TaKxKe NpefcTaBisgeT co60W0 A0BOJLHO
PacApOCTpaHEHHBI TUN peakUuH, HECMOTPA Ha GOJLIIYVIO BHICOTY
6apbepa A8 ®-yacTHIl. Wmaaﬂo Cc TeM, uTOo GOABINAY BHCOTa

R S U —
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Gapeepa AR  a-4aCTULE KOMMOEHCHDYETCH . GOALIIMM 3HAaUeHHeM
0CBOGQK MaeMON _3Hepruu *). T

Hcnyckanne HedTpoHa KpailHe wmano BEPOATHO BCAEACTBHE
Gonbmiof BHyTpeHHell sHepruu AedATponHa (0BHYHO OHO npocTo
HEBO3MOXKHO MO 3HEpPreTHYECKHM COOOpaKeHUAM).

PanuaunoHHas mupuHAa, KaK IPaBHNO, OdeHb Maaa., ToOabKO
B ChHellHaNbHHX Chiyyaax (HanpuMep, NpU 3axBaTe MeMIeHHHIX
HEATPOHOB) MOJHAs IUMPHHA TNPAaKTHYECKH COSNAJaeT ¢ paaua-
HUOHHOU IMHPHHOR.

PagnaunoHHLIA 3aXBaT uUMeeT MeCTO Takke B TeX ciAyuasx,
KOrza BbIJIET HacTULbl HEBO3MOXEH MO 3HEePreTHYeCKHM CO06pa-
XeHuaM an06o 3anpelll€H CTPOrWMH NpaBuaaMm or6opa.

[Tpuseném caenywoluil NpuMep, pasbicHAOMIMA 3TH npaBuaa.
IIpu cronkHoBeHHWu npoToHoB c¢ Li* uMeroT Mecto peakuun

Li' 4 H' - (Be®) — 2He*, (14)
Li' -+ H' — (Be®)z — Be’ |- (1B)

(3B&€304Ka HAL CKOOKOR 0603HauaeT, YTO #APO HAXOAUTCA B BO3-
6yXKASHHOM COCTOSIHMM, MHIEKCAMH A # B pasnu4arwTcs COCTOAHHA
06pasyounxcs COCTABHNX a4ep). Bropas us atux peakuuit asaserca
pEe30HAHCHOA (pesOHaHCHAA 3Heprus TNpOTOHOB ~ 440 keV), B TO
BpeMa Kak BHXOJA a-4acTul, B peakun#d (1A) MOHOTOHHO pac-
TET C yBeJHYEHHEM 3HEPruv NpOTOHOB.

HTo6u noHATh pa3nuuyHBi XapakTep peaxunit (1A) u (1B),
JOCTAaTOYHO CHeNaThs NPeAno/iOXeHHe O PAa3JAHYHOR YETHOCTHU BOJI-
HOBBIX (QYHKUMHA, OINHUCHIBAIOUIHX COCTOAHHA COCTABHHIX Ajxep
(Be®)1 n (Be®)p. UstHOCTL a-uacTuub w, = -+ 1. Tak Kak crun
®-yaCTHIE DaBeH HYMO, TO BO/MAHOBaA (YHKINA, ONUCHIBAIOLIANA
OTHOCHTe/NbHOEe ABHXKEHHE HABYX «a-4acTHL, MOXET COHepkKaTh
BOMHBEI TOJNLKO C u4&THHIMHM /. [TosToMmy pacmax sapa (Be8)* na
IBe 0o-YaCTHILBl BO3MOMXEH TO/JbKO B TOM CJAyuae, e€CAn YETHOCTH
3TOro fApa @ = -~ 1. Mu JOnyCTHM, 4TO YETHOCTb Anpa (Bes)i

w = - 1, uétHocTs a1pa (Be’)s w = —1. Ha ocrHoBauuu (23.12)

%) PasHocTh 0CBOGOXJAaeMBIX 3HeprHH NpPH BHAETE 2-YACTHUBI H
npoToHa paBHaeTCa AF -+ A (A—1)— A (a) — A (A —4), rae A(A)—ne-
¢ekT Maccsl fAfApa C aTOMHHLIM Homepom A. DT1a BeanyuHa 18] B cayuae
TAKENBIX silep TOTO M€ MNOpsAKa BEAHYHHBL, YTO H Pa3uOCTh BHICOT
6apsepa B, — Bp.
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* -
OTCIOAA CJepyeT, 4TO pacmaj (Bes)B Ha AB€ G-YACTHHK HEBO3-
MOJXEH.

Takum obpasoM, B peaxuuu (1B) BhHAET &-yacTHU CTPOro

E3

sanpew&d. [TosToMy mupHHA ypOBHA COCTaBHOrO a4Apa (BeB)B
*

ropasao MeHblle UIHPHHHE YPOBHS (BeB)A M pe3oHaHC Habmwo-

naetcs npu peakuunu (1B) u He nabaomaerca npu peakumu (1A).

Taxk Kak, nmo BCeH BepPOATHOCTH, XapaKTep YETHOCTH sapa Li’

w=—1 lS?l TO /15 BO3MOXHOCTH IHpoTekaHua peakuun (1A)
Heo6X0nUMO, '-IT06H MOMEHT MpPOTOHA / OHJ HauETHEIM.

Paccmorpum el BOMPOC O XapaKTepe WajydeHus, HCOyckae-
MOro fAIAPaMH (Be )B

OcHosHoOe cocrosHue sapa Be ™Mbl npeanonaraeM 4&THBIM
MOMeHTOM J=0. Jlerko mnokasatb, YTO Y-KBAaHT, WCMycCKaembiit
npu peakunu (1B), Oynmer munoabHmy. HeficTBuTenbHO, ecau
npennonoxcmb 4TO M3Jy4YeHHEe ABAAETCA OHUMNOJNbHBIM, TO COCTOSA-
HHe aapa (Be )B 6yneT HeuSTHEIM ¢ MOMEHTOM, DPaBHLIM J=1
Baaronaps Heu&THOCTH BONHOBOH DYyHKUMH, ONKUCHIBaOWEH (Be )B,
o0ecneuuBaeTc HEBO3MOXHOCTb pacnana (Bes)} Ha [Be a-4a-
CTHUHI, KaK 3TO ¥ HOJKHO GHITh.

Ecnm xe npeanomoxuts, 4To u3nyyeHue ABaReTCA KBAADY-
TOALHEIM, TO COCTOsHHE (Be®)p OymeT uéTHuM ¢ J==2; aapo

(Be )3 CMOXeT NpPHM 3TOM pacmacThcs Ha OBe @-4acTHUH, UTO
N0 YCAOBHIO HEBO3MOXHO.

§ 29. CroaxHoBeHHs NeATPOHOB C TAMENLIMH AXPAMH

CyulecTBeHHOR OCOGEHHOCTBIO OTAKYAIOTCH sASpHBIE Deakiu,
B KOTOPBIX YYACTBYHT MNeHTPOHBI, €C/in HX 9Heprda MeHblle
BHICOTH NOTEHUHANBHOro Gapbepa. IlpM CTONKHOBEHMU NefiTpOHA
C ALPOM OH He 00f31TeNbHO TOMKEH LEJHKOM BXOIHTH B SiAPO.
Bnaroaaps CpagHHTEJNbHO MaJOH 3Hepruy CBA3M HeHTPOHA MOKET

NpOU3OHTH ero «AHCCOMHMALHA» ewd BHe sapa. IIpu 3TOM HYXHO
pasnuuaTh CAeAYOWHE DEAKLUH:

Za+d—>Zip1+p, M
Za+d—>2Zs-+p+n, (1)
Zs+d—(Z+Dagy1+n, (11)

Zy4 _'Itd"’ (Z+1)aye. : v)
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Kak MH yBuOHMM Dajnee, Ons BceX 3TUX peaKnmul MeXaHuaw,
CBA3aHHBIA ¢ «mpe/BAPHUTENbHEIM» DacCileneHueM neHTpPOHA, OKa-
3LiBaeTc 0OJice BEPOATHHIM, YEM MeXaHW3M, CBA3aHHHH C o6pa-
30BaHHeM COCTAaBHOro snapa *). :

Peakuuio (II) — pacuiensnenue nefiTPOHa B KY/JAOHOBCKOM MoJie
Agpa —Mul paccMoTpeau B § 13 u BoiBenu QOpMYAH, onpexe-
asouue 3ddexkTHBHOE CceueHHe paculenyienus, 4 TaKixe pacnpe-
HeJieHUs] BRIJIETAIOUWHX YaCTHIL MO IHEPrHAM W yrjaam,

Yro6u onpeneauTh cedenus peakuufi (I), (I1II), (IV), HyxHo,
NOMHUMO BEPOATHOCTH paclienieHns neATpoHa, 3HATh TaKXe Koad-
(HUKMeHT NPUAUNAHHA yacTHL K aapy. Tak Kak To4Had Teopus
aToro koad¢duilMeHTa B HacTOsIIee BPEMA OTCYTCTBYET, TO BbIYHC-
neHue addexTuBHHX ceveHud peaxkuuad (1), (1), (IV) umeer
CMEICA TOJABKO C «IKCIMOHEHUHANbHOR TOUHOCTBIO», T. €. Ge3s
CPABHUTENBLHO MeIJIeHHO MEHSIOUIErocd C IHepruefl CcTanKUBalo-
HIHXCH 4acTul KoadduinenTa nepej KCMOHEHLHAJABHHIM MHOXKH-
TeieM ¢ Goablioff OTpUNATENLHOA 3KCMNOHeHTOH (6osbmasd no
CpaBHEHHIO C efuHMUER BesuynHa aGCOMOTHOTO 3HAYEHHS JKCMO-
HEHTHl $IB/IAETCA YC/AOBHEM [IPUMEHMMOCTH KBAa3WKJIAaCCHYECKOro
MeToma, cm. Huxke). ITpH 9TOM MOKHO CUHTaTh OpOHTANBHBEIA
MoMeHT [ meliTpoHa OTHOCHTE/NBHO fAAPAa pPaBHEIM HYJAI0, T. €.
paccMatpuBaTh AKMIbL «J1000BOe» cToAKHOBeHue., Ynenw B addex-
THBHOM CeYeHHH, COOTBeTCTBYIOUIHE OTAUYHHM OT Hyasa /, BO
BCAKOM Clyuyae MeHblle uyleHa ¢ /=0 u B paccMaTpuBaeMOM
MpHUOMMMKEHHH HeCcylWeCTBeHHw. Dynem mpeanonarath, 4To A4po
ABAAETCA AOCTATOYHO TAMEILIM M CUMTATh ero HENOABHHBIM [DH
CTOJAKHOBEHHH C AeHTPOHOM.

PaccmorpuM cHayaaa peakuuio (I), 1. e. pacnam amelitpona
¢ saxsaTom He#TpoHa. OO6pasywwuifica npu pacnage neHTpoHa
HeHTpPOH MOMeT 3aXBATHTRCA Ha OJKHH H3 YPOBHEH COCTaBHOTO
sanpa. Huxe MLl yBuIuM, Y4TO HEHTPOH ZOJ/KeH 3aXBaThlBATLCA
NPeHMYLUISCTBEHHO Ha Herny6oxue ypoBHH. UnCA0 TakuX ypOBHeH
y TAXEIOTO fApa, BOOOuIe roBOpS, BEAHWKO, H OHH PACHONIOXKeHH
OTHOCHTeNBHO OAM3KO ApPYyr OT Apyrd. IIpyruMu C/IOBAMH, KOHeH-~
HBIX COCTOSIHH{t B 3TOM MpolEeCCe OYeHb MHOrO, H MO3TOMy o6pa-
aylondecs MOpd pacnafe AeATPOHA yacTHIL XaPAKTEPU3YIOTCH

*) B npumenenyH K peaxuud (1) 3TOT MeXamW3M OB yKasaH
OnneurefimepoM u Puiauncom [3Bl, KomuuecrseHHas TeopHs BCEX STHUX
peakuuii 6niaa mana E. Jlapmuuem [B4,

18 3ak. 1800. A, Axuesep.
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HEMpEPLIBHEIM 3HepPreTHYeCKUM CHeKTPOM (MBI YBUIOHM, BIOpOUeM,
4TO MPearo/oXeHHe O TrycTOTe aIepHLIX YPOBHeH CTaHOBHTCH
BOOOHIE HEeCyIIeCTBEeHHHIM MNPH 3HEPrusix Nef#ATPOHAa, MpeBLIIIAN0-
HIMX OllpeleN&HHOe 3HaYeHHe).

BepofiTHOCTb Deakl¥M 3aBHCHT Kak OT aHeprud E naxmaromiero
LeHATpPOHA, TaK H OT KOHEYHOro COCTO9HMsS CHCTeMB!, B 44dCTHOCTH,
or auepruu £, BhreTaoonrero nporona (3Hepruu E, E, u auep-
rugd E, 3axBaTHIBAIOIIerocsi HeATPOHA CBA3aHE], OYEBHAHO, 33aKO-
HOM coxpaHenus: £, E, = E-—¢, riie e — 3Heprua CBA3H AeH-
TpoHa). B paccmarpnsaemom TPHOAMKEHHH JOCTATOYHO BHYMCIHTD
3TY BeDOSTHOCTB sl TOTO KOHEYHOro COCTOSIHHA, IIPH KOTODOM
OHa HMeeT HaWGOJbIee BO3MOXHOe 3HAYeHHEe. ITAa MaKCHMaJbHas
BePOATHOCTbL W GymeT ONpelelsiTh B OCHOBHOM BEPOSITHOCTE TIPO-
uecca.

KomuuecTBeHHHA pacyéT MoMXeT OBITb TIPOBeLEH C TIOMOLILIO
pazsutoit JI. Jlanmay Kmasuknaccuuyeckod TEOPHH CTOJKHOBE-
Huft 1121 (cm. raxwke [B4 @ [113]), B mpumeHeHMu K paccMaTpH-
BAeMOMY CJyual0 3TOT METOXN CBOLHTCH K ciaenyromemy. Heobxo-
OUMO pacCMOTpeTh YHUCTO KJAACCHUECKH «J0GOBOE» CTOJNKHOBEeHHE
NeATPOHA C HEMONBHIHEIM TAXENHIM AIpDOM, NpHUEM A0 HEKOTO-
poro «paccrosiHus» 7 ==£ me#TPOH ABHKeTCA KAaK liesioe, B 3TOH
TOYKE OH «pacmagaercs», TmoCJae Yero NMPOTOH C sHeprumel E,>0
YXOZHT Ha OeCKOHEYHOCTb, a2 HeATpPOH ¢ aHepruefdt E, mwonanaer
B TOUKYy ¥ ==0, T. €. B AIp0. Mnl He yuHTHIBaeM 3LeChb KOHEYHOCTH
pazuyca g1pa, KOTOpPOe paccMaTpuBaercs Kak Touyeunoe *). IToso-
MeHHe «TOUKH pacmama» § MoweT OHITb ONpPENEJEHO vepe3 SHep-
ra0 E, (um E,) C TOMOIUBIO 33KOHOB COXPAHEHWs IHEPIHH U
HMOyabca npH pacrafe nefitpoHa. CieayeT ITOAUEpKHYTh, 4TO
Ha3BAHHME «TOUKA paclald» uMeeT 3AeCh YHUCTO (hOpPMaABHBIA Xa-
pakTep — peyb UAST O POpMaJIbHOM ONHCAHUH ABH:KEHHS B «KJIAC-
CHYECKH HeNOCTH:XKUMOH» (nmonGapbepHol) 06/acTH, H & MOKET,
BOOGHIE roBOpd, OKa3aThCsd Nayke KOMITJIEKCHHM.

[TocTpoHs TakuM OGPA30OM «KJACCHYECKYIO TPaeKTOpHiOo», HAZO
BEIYHC/IHTH AJS 3TOrO NBHXKEHHs KJAdCCHyeCKoe NeHCTBHE:

S=35;(, E)+Sp (5, )4 S, 0), (29.1)

rae S;— HDeficTBHe /a9 NeHTPOHA KaK 1eJOor0o MPH ABHXEHHH
U3 GECKOHEYHOCTH B «TOYKY pacmama» r==§, Sp u §,— neit-

*) YVuér KOHEYHOCTH pajHyca sipa BunoaHeH B [116],
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CTBHA I8 MPOTOH2 K HeATPOHA IPH HX ABHXEHMH H3 <TOUKH
pacraga» COOTBETCTBeHHO B GeCKOHEYHOCTh H B Aapo. HckoMoe
addeKTHBHOE CeyeHHE DeaKUUH MO MOPAAKY BEAHYHHE DPABHAETCH

2 Im S
G~e T . (29.2)
CornacHO CKa3aHHOMY BEILIe MOJOXKeHHE TOYKH § HOMKHO GHIThH
IpH 9TOM OIpefelieHO TaK, 4TOOHI ¢ MMeJO HauGOJbillee BO3MOX-
Hoe (mpu samaHHoM E u monoxuTeabHoM E,) sHauyeHue, T. e.
W3 YCJOBHA MHHHMAJBHOCTH MHHUMOH uyacTtu nedictsma, Im S,
OupenenéuHoe takum o6Gpasom a3ddeKTHBHOE ceueHHe GymeT, Oye-
BHAHO, (PyHKIHEA TOABKO OT HaYaJbHOH 3HePruM peidrposHa E.

Opnyctue onpoGHOE H3NMOXKEHHE BHIUHC/EHMH, MpUBENEM 31ecCh
JAUMLIB TIOJAyYaiouuecs pe3yabTaThl. DddexTnBHOE ceyeHHe YIOGHO
TIpeICTaBUTL B CAeAyOUleM BHJIE:

Ve
o(Ey~e % Ve”‘E), (29.3)

rne dyHkuua f(E) cea3aHa ¢ MUHMMA/JbHEIM 3HAUEHHEM MHUMOH

yactu S cooruxowennem f (E) =—V75€/—'211

yT0 B 06GJAacTH Mansx 3Hepru#t ¢ynxuus f (EF) ompenensercs
CEeAYIOUMMH TTAPAMETPHUECKEMH yDABHEHHAMH:

ImS. MoxHO nokasaTs,

e —_ )\tg_)\..
. - E :
f—QI/‘Farccos T
A \
E (1 — )2 2 cos A — )\tg7 (29.4)
?=212L—X2, = 9\t A
sin 'Q- + g?

(3Hak arccos HanO GpaTh TAKHM 3Ke, KAK 3HaK ¥ ). BHUHCIc¢HHBHIE
no 3tuM dopvynaMm 3sHadeuus f (E) upu Bcex £ MeHblle, ueM

aHaueHusa dyHiunH f==x KOTOpas COOTBETCTSYET Iepe-

€
E—,
X0y ReATpOHAa IeJHKOM uepe3 OGapbep. Ilpu E — O pasnoxe-
e (29.4) B pa1 naér:

fE) ==y L—221. (29.5)
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Oueprua He#TpoHa £, COOTBETCTBYIOIAs omnpeleliseMoi dop-
MynamMu (29.4) MaKCHMaabHOR BepOATHOCTH, ABAAeTCs (PyHKuueH
sHepruM naedAtpoHa E u y6GmiBaeT ¢ BO3pactaHueMm E (E, nexur
B uHTepBane 1,5—0,5¢).

- B o6nactu sHepruit peiitpoHa E > & ¥MeeTCsl el ONMH MHHH-
MYM Y MHHMOM 4YacTH neficTBus, COOTBeTCTBYIOIIER DABHOR HYyMIO
sHeprun He#WTpona (E, =0). 3TOT MHHHMYM CHAa4aja JEXHT
Bbllle MuHuMyMa (29.4), Ho, HauuHas C 3sHepruum £~ 1,72¢, on
OKasniBaeTcs Gojiee HU3KuM, H, CJleIOBATeJNbHO, HMEHHO OH Ompe-
IendeT BepOATHOCTbL paccmarpuBaeMoro mpoueccad. COOTBETCTBYIO-
mee Bupaxenne nas f(E) momeT OLITh BHYHCAGHO B ABHOM
BUAE W PABHO

E—¢

—
f(E)-——-V E-?je arc cos m-—

—2 ‘/‘garc cos ]/_g (29.6)

[Tpu Gonpmmux E pasnoxeHune B pam La&T:
4e?
f(E) =~ 553- (29.7)

He#tTpon, xax yxe GHJIO yKazaHo, moraomaerca B ciayuae E > e
C 3Heprmeii, pasHOft HyAr, BHe 3aBUCHMOCTH OT 3HAUYeHHA 3Hep-
THH JeHTpOHa (TOYHee roBOpA, HEHTPOH 3aXBATHIBAETCA Ha KAKOH-
HuUOynp OnM3KH# K BYJIO yDOBEeHb GOCTAaBHOrO AApa; ACHO, YTO
CTPYKTypa ©60Jce Tray0okuX YpOBHEA CTAaHOBUTCA NPH 3TOM
BOOGUIE HECYIIeCTBEHHOM ).

ITpu E, = 0 HeHiTpOH MOxeT 160 3axBaTUThCHA, NHOO BhINIE-
TeThb BMeCTe ¢ mpoToHoM. [loaromy Te ke dopmyan (29.3),
(29.4), (29.6) onpeneasior U addexTuBHOe ceueHne peakuun (II)
(xoHeuHo, C ApYyrAM TMpenKCHOHeHUHAIbHEIM MHOXHTENEM) I
BCex 3Hepruft FE, HauuHas oT e (ecau E < e, To pacrman neft-
TPOHa ¢ OCBOGOXKAEHHEM OGEHX YaCTHLl, O4eBHIHO, BOOGIIEe HEBO3-
MOXEH) *).

[Ipu E > 1,72z cevenus o6Geux peaxumu# (I) u (II) npomop-
HUOHAJBHBl OXHOMY H TOMY K€ 39KCIMOHEHUHaNbHOMY BHpaxe-

*) Peaxuuu (II) coorserctBylor sHeprum E, > 0; npu stoM mel-
cTBHE S, ABIAETCA YHCTO KEHCTBUTENbHBIM. MoHO NOKa3aTh, YTO HHKA-
KHX ADYTHX MHHHMYMOB, KpOME€ MHHMMYMa c F, =0, ImS B obaacri
E, >0 He umeer.
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Hulo (29.3), B xoropom f(E) onpepenserca dopmyaott (29.6).
OTOT 3KCNOHEHUHUANbHEN MHOXHTE/Nb, KAK H JOMKHO GLITh, COBMA~
JaeT ¢ IKCNOHEeHUHANbHBIM MHOXHTENEM B TOYHOH dopmyae (13.12),
onpenenaoumes cedesue peakunu (II).

ITepelinéM K pacCCMOTPEHHIO pacmpeneseHus OCBOGOKIAIO-
muxca npu peakunn (I), (I)wactau mo sneprusm. Ias storo cue-
AyeT onpeaenuTh u3MeHeHue ImS IIPH OTKJIOHEHHH OT TOYEK
MHHHMYMA.

Buiseraone npd  peakuuu (1) TPOTOHH 1pH  3Heprusax
E < 1,72¢ ynoBieTBOPAIOT FayCcCOBOMY pacnpefefeHHI0 C HeKO-
TOPBIM HanGoJee BePOATHHIM 3HaueHHeM E,, == E,, (E), 3aBuci-
HIEM OT 3JHEpPruM, ¥ C IWHUPHHOH, OOPaTHO NPONOPLUHOHANBHOH Z
H MeIJIeHHO BO3pacraiomieit ¢ aueprueit E.

ITpu suepruax E > 1,72¢, xak ywxke Ouilo yxasaHo, HauGoJjee
BEPOSITHOE 3Ha4Y€HHME SHEpPruM He#TpoHa pasHo E, =0, u cooT-
BETCTBEHHO Han6oJiee BEPOATHAR 3HepPrHs BHJIETAIOIIHX IIPOTOHOB
paBHa Ep,==FE —e. PacnpeneneHue NPOTOHOE C 3HEPrUaAMH
E >Epo (quy COOTBETCTBYIOT HeHNTpDOHH, 3aXBATHIBAIOIILECH
c OTpHuaTeJ'leHMH awepruamu, E, < 0) He aBaserca rayccoBHIM
H olpeneasercas $HopMyno

E,—E
ds (Ep)=const-exp{ Zl/ A(E)po}d[:‘

= const - exp{-—Z ‘/A(E)

rle <IIMPHHA» pacnpenefieHHs A mpeacTasiser co6oit BospacTaio-
wyo ¢yHxkouto E. [IpoTonst e c sHepruamu E, < E—e (u
COOTBETCTBEHHO He#TpoHH ¢ E, > 0) coomercrayfor B OCHOB-
HoM peakunu (II); ux pacnpeneneﬂne onpenensercs ¢dopMynoH
BHAA

e (29.8)

Epg )
ds (Ep) = const . expiz—zm22 dE, =

— const - exp { F 22 [ 4E,  (29.9)

c HekoTOpoOR npyro#i (Toxe BOspacTaiowel) odyukumett A (E).
OKCIOHeHUHAABHEIT MHOXHUTENb B 3TOM BHIDaXEeHHH COBMAlaeT,
KaK H ClIeZ0Bal0 OXHAATh, C 3KCIOHEHUHANbHHM MHOXHTENEM
B TouHo#t dopmyae (13.11), onpenensromet pacnpenenemde BHIJIE-
Tawux He#rpoHos B peakuuu (II). : .
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Takum o6pasom, B oramuue or cavuas E < 1,72z, npu sudep-
ruaXx nedAtpona E > 1,72z pacnpefie/ieHde BbIJETAIOMHUX YaCTHL
He fABAfeTCH rayccoBhiM. Takas CyuieCTBeHHas PasHWIla B Xapak-
Tépax pacnpegemeHud npu E > 1,72: u EF < 1,72¢ cgg3ana
c Tem, yTo MuHMMYM Im S, onpenensowmit MaKCUManbHYIO BepOAT-
HOCTb, 1pu E < 1,72z eCTh 06buHBIft MUHHMYM, BGJAH3N KOTOPOro
dyHxuua nmapabonmyHa, MmMuHHBMYM ke Im S, onpeaensionuit se-
poATHOCT, Bpu E > 1,72e, COOTBETCTBYWIUHA 3Hepruu HEATPOHaA
E,==0, ecTb yraosas TOYKa @®YHKUHH,

OcranoBumcs, HakoHeu, Ha peakuuax (IlI) u (IV) — pacmage
mefiTpoHa C 3aXBaTOM MpPOTOHAa M C 3aXBaTOM OGEHUX YaCTHIL
Oka3suiBaeTcsd, YTO B 3THX PeaKUMsax HauGo/ee BePOATHAA SHeprus
He#iTpoHa pasHa Hymo. COOTBeTCTBEHHO 3TOMY 3ddeKTHBHbIE
ceyeHHs OO6eHX peaKiuuid NPONOPUHOHANBHHE OLHOMY H TOMY XKe
IKCIOHEHIIMAILHOMY MHOXHTENO. [ToKasaTenb 3TOro MHOXHUTENR
paBeH

f~(E)#2 Ezarccosl/-s—_—ﬁ-s——{—
—]—'l/—sie argsh]/ E (mpu E < e),

(29.10)
4
4f(E) =2]/ Farccos ‘/m—{—
-+ ]/-EES‘ arc sin }/- (npn E > ).
pu manux E pa3snoxenue f(E) B pﬂlle uMeeT BHJ
f(E)y=m lfg—o,m, (29.11)

T. e. f(E) CTpeMHTcS K CBOeMy «GapbepHOMY» BHPAKEHHIO,
OCTaBasiCh, ONHaKO, MeHbine ero. IIpum Goabmux E cnpaeennauso
BHIp2)XXEHHE

fE)y=r ]/-;e—; (29.12)

YTO COOTBETCTByeT «OaprepHOH» (opMynae nas NpOTOHA.
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Pacnpenenenne Boinerarommx npu peakuuu (I1I) HeHitpoHOB
N0 HEPruaAM HMeeT CJAEAYIOIIMME BHA:

En

ds (E,) = const - ¢ 5B 4E,, (29.13)

npuyEM «wupuHa» A (E) BO3pacTaer C Hepruefl AeHlTpOHA.

[MTonueokHEM B 3akioueHue emé pas, 4TO BCe HIIOAKEHHHE
pe3yabTATH CIIPaBEANMBLEI B «KBI3HKAACCHYECKOM» MPUGIHIKEHHH.
YcnoBue HuX nNpUMEHHMOCTH CBOAWTCA K TPeGOBAaHHIO, UYTOGH
a6CcoMIOTHOEe 3HaueHHE SKCMOHEHTH B BBIpaxeHHH A addexkTHn-
HOTO CeueHHH GBUIO BENWKO IO CPAaBHEHHIO C eJWHHLEf.



TFr'TABA IV
3AMEIJIEHHE HEATPOHOB

§ 30. KuaeTnyeckoe ypaBHeHHe

Bospuxamomue npH AfepHHX peakKUHAX HeATpPOHH 006aaAaloT
OOLIYHO 3HEeprusMH. NMOPANKA HECKOJAbKHX COT ThICAY HAH He=-
CKOJABKHX MHIIHOHOB eV. Bo MHOTHX Ciyuyaax TakHe HeHTPOHH
NPUXOANTCA 3aMelJiATh 10 3HAYUTEJbHO MeHbIUWX 3SHeprui
(HampuMep, IO TENVIOBHX 3HEprui).

3aMensieHHe GBICTDHX HEATDOHOB MOMXeT NPOUCXOIUTH JHGO
6raronaps HeympyroMy paccesHuio, au60 B pe3ynbTaTe YNPYrux
CTOJIKHOBeHHH HEHTPOHOB C sizpamMu TOH cpeAM (3aMemauTens),
B KOTOpOH mBmxyTCcsi HeHtpousl. Heynpyroe paccesHue BO3-
MOXHO TONBKO B TOM cJjyuae, eCad 3HepPrud HeHTpPOHOB INpe-
BOCXOAMT 3HEPrui0 nepBoro BO3GYXKIAEHHOrO YDOBHA sAAep 3a-
MemauTeds, s a&rxkux sapmep, NPeACTaRAAIOMKMX HAUGOMLUIAR
HHTEpeC C TOYKM 3DEHHS 3aMe[/teHHs, 9Ta SHEPrHd MO NOPAAKY
BeJHYHHH DABHA HecKOJbkuM MeV. [lpH MeHBHIMX 3HepPrHAX
3aMejyieHre HEHTPOHOB MOXeT NPOHCXOAUTL TOJBKO B De3yib-
TaTe YIPYrux CTOJIKHOBeHHH.

B sTO#f rsiaBe Ml DaccMOTDUM 3aMenlieHHe HeHRTPOHOB, MPO-
WCXonqiliee B pe3yJibTaTe YNPYrux CTOJAKHOBEHMH C sOpaMu
3amennuTedsis *). (OcCHOBHas 3amaya, KOTOpas Hac HHTepecCyerT,
COCTOMT B HaxoxAeHHWH (YHKUMM paclnpeneieHHs HeliTPOHOB.
Ecan r um p — pammyc-BeKTOp M HMIIyJbC HeHATpOHa, TO yHK-
s pacmpenesieHHs] TO KOODAMHATAM u uMnyiascam N (r, p, )
onpefnensercs Takum o6pasom, utro N(r, p, £)dr dp upeiacrtasiseT

*) Bce peayasratel sTOH ruaaBel copepmarca B oGzope 3. [lpu
HaNMycaHHH TJaBbl HaM oOKaszal nomomp Ji. [lsruropckmi, KOTOpPOMY
MBI BBIPawaeM 3gech 6JarogapHOCTb,
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co6olf uynucao HeHTPOHOB B MOMEHT BpeMeHH £, AJA KOTOPHX
T X Pp B3aKJOYeHH B HHTepBaiaXx dr u dp (ecin BO BCEM
0o6béMe HaXOMHTCA TOJIBKO OMAWH' HeHTpoH, TO N(r, p, f) umeer
CMBICJI IIJIOTHOCTH BEPOATHOCTH).

Yro6m ycTaHOBHUTb YypaBHEHHe, KOTOPOMY YAOBNETBOpPSET
dyHkImusa pacnpeneneHus, pPacCMOTPUM H3MeHeHHe uycCJ/ia HeHATpo-
HOB B 3jeMeHTe 00B&Ma dr ¥ HMHTEpBajde HMMIYyJbCOB dp, OTHe-
CEHHOe K eJHHHLIe BpEeMeHH. JT0 H3MeHEeHHe ofnpeneysaeTcs

oN .
YaCcTHOH NPOM3BOAHOH 5f > KOTOpas CKJaNnbBaeTcs U3 Tpéx ua-

cTefl: uucaa HefITPOHOB ¢, eWeCeKyHZHO AOCTaBAfEMBIX HCTOY-
HHKOM; HM3MeHeHHs uhcjia HeHTpOHOB, OGYyC/IOBIEHHOrO HX CTOJIK-

ON
vy ’
HOBeHUAMH C sAdpaMH (61‘) H U3MEeHeHHUdA 4YucJaa HeanOHOB
434

06yCNOBNEHHOTO HX CBOGOIHEIM ABMKeHHeM. [lociefnHas Beau-
uWHa paBHa — v grad NV, rae v — ckopocte HefiTpoHoB. Ilostomy:

N oON
o (W —vgrad N+q. (30.1)

Hsmenenue ¢ynkuun pacnpenesyienus, o6yclOB/AeHHOE CTO/AKHO=-
BeHHAMH, MOXHO NPeACTaBUTb B CjAeldyIOllleM BHAE:

’ ;
(01‘ e —=— TN+ f% N(r, p’, yw(p’, p)dp’, (30.2)

roe ! —nonHaa manHa cBobogHoro mnpo6Gera HeHTpOHa ¢ 3Hep-
ruel E u CKODOCTHIO 7, I, — nauua c130601moro npot6era Hel-
TpoHa C suepruefi £ M CKOpPOCTbIO ¥’ NO OTHOWIGHHIO K ynpy-
romy paccesHuo, w (p’, p) — OTHOCHTe/NbHas BEDPOATHOCTb TOTO,
YTO HeATPOH B pe3yibTaTe CTOJKHOBEHHSA Nepelré. U3 cocTod-
HHL C MMOyAbcOM P’ B COCTOAHME C HMOyJabcoM p. DyHk-
uus w (p’, p) NPU BCeX P YAOBJETBOPALT CJAEAYIOUIEMY yCTIOBHIO
HODMHPOBKH:

Jw @, pydo =1. (30.3)

[Monnas mauHa CBOGOFHOrO npo6era ! CBA3aHa C IJHHAMM IIPO-
Gera I, u [/, MO OTHOLIEHHIO K DPAaCCeAHHIO M 3aXBaTy COQTHOLIE-
HueM -

1 1 1
- TR T
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Bemuuunwt /, I, I, 3aBucAT, BOOGIIE rOBODS, OT SHEPIHH Heli-
TpPOHaA.

[lepBoe caaraemoe B (30.2) onpeneiseT 4HCJAO HeHTPOHOBR,
YXOAAUIHX €XeCeKYHAHO W3 COCTOAHHA ¢ HUMIYJILCOM P, a BTO-
poe — 4HCAO0 HeHATPOHOB, NPHUXOMIIIHX B 3TO COCTOAHHe Onaro-
IapA YUpyruM CTOJNKHOBeHHAM ¢ saapamu. [loacrasias (30.2)
B (30.1), mnoayuum chaenaymomiee uHTerpoauddepeHnunanipHoe
ypaBHeHHe NJia onpeneseHus GYHKUHH pacrnpenesieHus:

a____N(r L. t)—{—vgradN(r, P D+ TN, p, )=
—_ fz—’w(p’, P)N(r, p’, )dp'+q. (30.4)

310 ypaBHeHHe Ha3HIBaeTCH KHHETHYECKHM H ABJSETCH OCHOBHBIM
ypaBHeHHEM B TEODHM 3aMelieHusi HeHTpPOHOB.

B wuHTepecymollleM Hac CJayvyae, KOrxa 3Heprus HeHTpoHa
MeHbille SHEPTHH MEePBOro BO3GYKIAEHHOTO yDOBHS flep 3aMelaH-
Tensl, NMMHA BOJNHH HeHTpoHa A SHAUATEBHO 6onbuie, ueM
pamunyc 3THX sanep R, Ilostomy ynpyroe paccesnue HeHTpPOHOB
ANpaMyu 3aMelJiuTeNs B cHUCTeMe LeHTpa wuHepuwu OymeT cde-
pUYeCKH CHMMETPHUHbIM. MH He GyneM YUYHTHIBATb XMMHYeCKOH
CBfI3M aTOMOB 3aMennuTelss W OymeM CUYHTaTh AApPA MOCJAEIHErO
cBoGoaummu (cM, § 41). Tak xax A > R, TO B3auMojaeHcTsue
MeXIy HeATpOHOM ¥ AAPOM MOxeT OHTh ONHCAHO, TaK XKe Kak
3To GBINIO CoenaHo B § 6, moTeHUHaAbHOM sHeprueR V, umenoieH
BHI

V=A% (r—R),

rze r 1 R— pannyc-BeKTODH HeHTpOHa ¥ fApa U A — HEKOTO-
pas QyHKUMA 3IHEePruu HeATpOHA.

" IlonbsyAch 3THM BHipaxeHHeM Aa8 V, Jerko onpeneauThb
BuR ¢ynkuun @ (p’, p), BxomsuweH B (30.4). [lpuMeHsas TeopHIO
BO3MYLIEHHH, MLl MOJYYMM, OYEBHIHO, CJAEAyIOliee BHDaXeHHe

naa w(p’, p):
’ _ ’ (p—p’)?

(p—p’)?
roe T
TPOHOM fAApy INpu ynpyrom coymapenun (M —macca dapa)

npencraBaseT coGoH 3Hepruio, mepeNaHHYI Hel-
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u a(E) —Hekoropas ¢YHKUHA D3HEPrHHM HeHTpoHa, KOTOpad
HeMeJIEHHO OIpelesseTcs U3 yCJAOBHs HopMupoku (30.3):

a(E)fa[E—E'-- “’%W‘I")—“] dp’ = 1.

Ycrpanus 8-QyHKUMO Ty TEM HHTErpHpOBaHHA 1o yray 0 mexay p
¥ p’ wu 3ameuas, urto 3Heprud E’ 3akmodeHa B npexenax
M-—m\2 ,

m) E < E' < E, nonyuum cielyolllee Bepaxedne s

a(E):
1
— (b mt 2myE
@(E) =g tmmyr \E)
ITosromy
1
1 / M4m\2/2m\? — p’)?
w (@, p) =g (Y) CF)" 2[E— B — 2522, @0.5)
B kuHerndeckom ypaBHenun (30.4) yno6HO mepeiiTH OT
NpOeKUHA HMITy/IbCa HeHTPOHAa K HOBHM MNEDEMeHHHM u=1n—EEE

Q= pl , rie E,— HeKkOTOpas HayajibHAA SHEPrHA HEeATPOHOB.

Lenecoo6pa3uocts mpuMeHenus Jgorapudmuueckod wixane 1iq
SHEpPrUM 3aKJI04aeTcs B TOM, 4YTO, KaK MH YBHAHM OaJblie,
byHKUMA pacnpegesieHHs HefiTpOHOB B 39TOR WKane npH 607b-
HIMX & He 3aBHCHT OT u«.

B HOBuIX nepemeHHnx ypaBHeune (30.4) npmobperaeT cne-
AYIOWHA BuI: ‘
ON(r, Q, u, ?)

ot

uw

- f du’f dQ’—?—,,-f(po, u—d YN @, d, )4 sr, 4, £), (30.6)
ht 8

(4]

-+ vgrad N(r, @, a, t)+%l—)N(r, Q4 t)=

rie § — YHCJIO HEeHTPOHOB, NOCTABJAEMEIX HCTOYHUKOM B elHHHIY
o6béMa M eNUHHYHHA wuHTepBan nepeMeHHOH &, a dyHxkuus [
CBf3aHa C W COOTHOLUEHHEM

fdu dQ = wdp’

(2o — KOCHHYC yria Mexny p u p’).
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Hs (30.5) merxo yGemuTbcs, 4TO

M M -3 | M—
o )= B o Mm 5y M

wl;:

) (30.7)
NMpHY&EM
fdeuf(p., u) =1,

Ypapuenue (30.6) oTHOCHTCI K TOMY CJAy4aw, Koraa 3a-
MelJIATeNb COCTOMT M3 samep oOAHOro copra. Ecam B cocras
3aMeN/MTe/I BXOAAT s/ipa HECKONBKUX COPTOB, TO ypaBHeHHe (30.6)
3aMeHseTCs CJAeAYIOIINM ypaBHeHHeM:

%—A;—-}—vgradN—}—%N=
— Efdu fdQ'——f (s 4N (. @, )+ 55, 8, 8), (30.8)

rae
1 1 1 1 1
— T — — -——1— —_—
=TT = N N
- 4 - 4

u ly, u l,,— naunb cBOGOAHOro mpobera HeHTPOHA MO OTHONIE-
HHI0O K DacCessHMIO M 3aXBaTy sapaMd a-copta. Pyukmusa f,
ompenenserca gopmyao# (30.7), B xoropo#t BMecTo M craenyeT
nopcraButek M, — maccy sgpa a-copra.

IMox 3HakoM wuHTerpana B ypaeHennu (30.6) comepxurcs

v, .
KOMOMHAINA I—N(r, Q, u, £), mpeacraBasoomas co6oft obmiee
8

YHUCJO CTOJKHOBEHHH HEITPOHOB B €dMHHULYY BpPEMeHH, OTHeCEHHOe
K elIuHWYHLIM uHTepBadaM r u . O603Hauas 3Ty BeJHYHHY
uepes ¢ (r, Q, 1, £), MH NOJYYHM Crefyiolliee YPaBHeHHE sl
onpeneyienus ¢:

l . .
L X 4y (u) 0 grady 4o =

fdu fdo’-l—f(y.o,u-—u)y(r @, 1) s (r, 4, 8. (30.9)
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Ecnn samenyuresns COCTOMT u3 sifep PasiAM4YHHX COPTOB, TO
3TO YpaBHeHHe NPUOGpPETAeT CJeLyOWHi BHI:

S () Qgrad gy =

- f du’ f AQ'F(pe u—u') k (a)4(r, Q, &, )+ (r, 4, £), (30.10)
;

roe

Flpo a— ) =3 cufu (g u— 1),
) __ (@) s (&)
PO=7w “=T.ay

HaxoxneHne TOYHBIX PellIeHHA KHHETHYeCKOro ypaBHenus (30.6)
NpeaCTaBJifeT YPe3BHIUAHHO CJOXKHYH0 MareMaTH4eCKYO 3aady,
KOTOpO#t ME He¢ GylneM 3xech 3aHHMATHCH..

Bo MHOrux ciyvasx AOCTaTOYHO 3HanMe (QYHKUMH pacipe-
OeleHus 3aMeLJAIOMUXCA HEATDOHOB IO 3HEPTHsAM M MPOCTPaH-

CTBEHHHX MOMeHTOB (YHKUWH pacOpeneseHusa rk:

P reN (v, Q, u, Hdr
- N(r, @, u, Hdr °

Oco6eHHO BaXHO 3HAHHWE BTOPOrO0 MOMEHTa 72, TIPeJCTaBJSIOLIEro
cobolt, kak Oymer mnokaszaHo B § 32, cpemHH# KBaapaT IJAHHEL
3aMenJieHMa HeHTPOHOB. 3HaHHWe BCeX MOMEHTOB B TIPHHLMIIE
NOJHOCTEIO onpeXenser ¢pyuxkumo N (r, @, u, £). B nanpHefiem
6yner NOKasaHO, KaKuM oOpPasOM MOXHO TIOCAedOBAaTENbHO Ha-
XORUTH TPOCTPAHCTBEHHBIE MOMeHTH (yHKuuu N.

§ 31. dyuxuus pacupefeieHHs HeHATPOHCB HO 3HEPrHsaM

IMepetiném K ompenesienuto ¢GyHKIUHM pacipenelieHud HeRTpoO-
HOB mno 3Hepruam N, (z, ). Byayun ywmpomenno#i na du, sra
¢yHKIMA OfpenesiseT YHCJIO HeHTPOHOB BO BCeM OGbEMe, dHep-
T KOTODHX (TOYHee JIOrapHGbMBl 3HEPrHH) JIEXWUT B HHTep-
Baie du. $lcHo, uTO

Ny (2, )= fN(r, Q, u, f)drdl.
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Hns naxoxneHus ¢QyHKummn N, naH (bymcmm Yo’ csasaﬂﬂon
C Ny COOTHOLIeHHEeM

Yo (4, )= fq)(r, Q, u, t)drd9=%zvo(u, 5,

npounrerpupyem ypasdenue (30.6) mo r u Q. Ecau miIotHOCTB
HeATPOHOB Ha GeCKOHEYHOCTH pPaBHa HyJdI0, TO HHTerpana mo
o6bémy ot Rgrad ¥V obpamaercsd B HyAb, W MB MOJYYUM CJe-
oylolliee ypaBHeHue MJIA OTpeleNeHHA Y :

l(‘zl;l) Mo +‘Po u, )=

=fdu’fo(u—u’)h(u’)%(u’,t)—]—q(u,t), (31.1)
rae .
fow)=[f(mwd2 g t=d=[s(rubadr

Mu paccmMoTpuM HRajtee TOT BeCbMa BaxHHIH ciayyaH, koraa
HEeHATPOHH HCHOYCKAIOTCA HCTOYHHKOM HeMpepHBHO, TaK YTO ¢ He
3aBUCUT OT BpeMmeHH. [Ipu aroM ¢, Takke He 3aBHCHT OT Bpe-
MeHH u ypaBHeHue (31.1) npmoGperaeT BHIX

Yo (u) = [ aw'fo(u—u') k(a) 4 (¢') g (&), (31.2)
0

dynxnusa f, Moxxer GHTb HaliIeHa uuTerpHpoBaHHeM (30.7) mo
dQ = 2n dp. 3ameuan, YTO SHeprus HeHTPOHA IIOCHE CTOJKHO-

Benusa E’ 3akmodeHa B mpelnenax (M+m> E L E' L E(E—na-
YaJbHas 3HEprus), Mul MOMYYHM CAeAyIOUuH pe3yabTar:
(M 4- m)2 M m 2
——_e-u, ecmn g In{—r
fo(wy=] = 4mM <in(ar=m) (31.3)
MLm 2
l 0, ecim 4 > 1n (»—Tn—>

Ypasnenne (31.2) OTHOCHTCH K TOMy cJaydawlo, KOraa 3a-
MeNJIUTeNb COLEP:KHT fAPa TONABKO OXHOro copra. Eciu B 3a-
MENJUTE]b BXOHAT SADPA DAa3JHYHHIX COPTOB, TPHYEM IJIUHEH
cBoGoaHOro mnpobera /g, MO OTHOIIEHMIO K PACCESHHIO DasJHy-
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HEIMH SIDaMM ONMHAKOBO 34BHCAT OT 3Heprud HeHTPOHa, TO
ypasHeHne (31.2) ocraércsa B cuite, HO hyHKums £, (2) BMecTo (31.3)
onpeneifeTcs CleAyomuM o6pasoM:

1 GAG
ORI (31.4)
rae
[ 1 <ln
o, . My— m\2 i s ECIH U < HE:,
=1 w=(3Tm) 1 A@= 1
s ® . 0, ecau u>In-.

B cayyae BomopoaHoro 3samennurtenis f, () 4na Bcex 3Ha-
yeHnHt u paBHseTca e-% u ypaBHeHue (31.2) npuobpeTaeT BHI

b ()= [ du'h(u') e~ =2, (u") 4 g (8).
0

IMponuddepenuupoBaB 310 ypaBHeHue 00 «, NpuadM K mudde-
peHUUaAbHOMY YDaBHEHHIO

o b)) — 1 4@ +g+L. GL5)

Ecnn HefATPDOHHE, HCIyCKaeMblé HCTOYHHKOM, MOHOXDOMAaTHYHH!,
npuuéM B EINMHULYY BpeMeHH HCHycKaeTcs Q HeHTPOHOB, TO
q = Q8 (u), n pewenue (31.5) umeer BHA
w
Z V) [ ‘@) /]
1 = Q) —_
Yo (U) Q I3 (0) exp J 7, (u’) du’|. (31‘6)

0

B orcyrcreud 3axeara ¢, ==Q == const., T. e. YMCJIO CTOJK-
HOBEHMH B ENHHHUIY BpeMeHH, OTHECEHHOE K eIMHHYHOMY HHTEp-
BaJy 4 He 3aBACHT OT 9Heprud. [lepexoiis OT z# K SHeprHH,
MH IOJIyYHM CJlelylouiee BuIpakeHHe s (GYHKUMH pacnpejesne-
HH B BOXOPOLE B OTCYTCTBHM 3aXBaTa

Ny (E) dE = Q2B 42 (31.7)

B cayuae O60jiee TAXENHX 3aMelsHTesleH He CYINeCTBYeT
NPOCTOro pedieHus o6uwero ypasHedus (31.2). Onmako pellieHue
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ypasuenns (31.2) Moxer G6HTb MOC/AeNOBATENbHO  HaHIEHO HA
unrepBanax (0, u), (44, 2ua,), (244, 3uy), ..., nepeMen-

1
HOW u, Ihe upy, == ln—e- . HeitcTBuTeNRHO, eCH & < 4y, TO (31.2)
MO¥eT OHTB 3ANMKCAHO B BHIe

MEmpe [, n o g
Yo (@) =TG5 [(h () et = () a4 g (0), 2 <ty
(1)

310 ypaBHenme muddepeHUPOBaHKEM TO 4 TPHBOAWTCS K Aud-
tdepesuimasbHOMY YDAaBHeHHIO, DelleHHe KOTOPOro Jerko Haxo-
natca npu mo6om Bume oyukunn £ (2). Ecmm u > uy, TO

ypasHenue (31.2) cornacro (31.3) mpuoGperaeT BUX

to() =T [ h@)emtmtiy () ' g () =

u—uM

U
— BRI [ () ety 'y ' —
o

%

—u

M

M 2 7 ’ r 4

— QR [y ety () du - g ().
0

B wuHtepBane (u4,, 2u,) BTODOH HHTerpaj HABJAACTCA HU3BECTHOH

bysKuMe# z W mostomy, AHddepeHUHpPYs 3TO ypaBHEHHe TO &,
MBl [OAYYHM JH(GdepeHUIHATBPHOE YDaBHEHHe C HM3BECTHBIM CBO-
GOHEIM ujleHOM B uHTepBajle (4, 2u,). Pewns 3T0 ypasHe-
HHe, Ha#n&m ¢, B 3TOM HHTepBaie. AHAJIOTHYHBIM OGPasOM Mbl
CMOXeM IOCJeIOBATEIbHO HAXOAMTh ¢, Ha HHTepBanax (24,
Buy), (Buy, 4uy), ...

Pewenne ypaeHenns (31.2) B 3aMKHYTOM BHAe C TOMOIbIO
npeo6pasoBaHua Jlamnaca moxeT OHTbL HafileHO B TOM BaXHOM
Cyyae, KOrxa OTCYTCTBYyeT saxsar HefirpoHor [A(u) ==1].
K paccmorpenmio 3TOro cayuas Mm Temeph W mepeHn&M. YMHO-



§ 31. ®YHKUMS PACITPEAEJIEHHSI HEHTPOHOE 1O 3HEPrusiM 289

xas (31.2) Ha e-"% u uHTerpupyst no z or 0 Ko oo, MOIYUHM:

[ee]

f ey (@) du= [ due=w [ du'to («') fo (a— ') +-
0 ¢

(]

—}—fq(u)e-"ludu. (31.8)
1]
3ameuas, YTO

=)

fodu.-.fdu’..._——_foduf___fdu.__ (31.8")
0 0 0

“I

K BBOAsS OGO3HaueHHus
o
B, () = Lyp == [ e~y (u) du,
0

o

Fo (n) = Lfy= [ e="f, () du,

(o]

Gmy=Lg=[e-mq(u)du

0

(L o6osnauvaer npeobpasopanue Jlamiaca), mepennmem (31.8)

B BHIOE
Do () = Fo (m) o () + G (),

OTKyIHa
—_GMm
P = TR @
Mo ¢opmyne obpamenus Haxomum ¢, (u):
1 e+i 0
Yo (0) =Ly () =gz [ Do) em dy =
c—i oo
1 c+;ioo G ( )
=3 —2;1'- J '—1—__—?2(6— enu d’f]. (31.9)

19 3ax. 1800. A. Axuesep.



290 rJ. IV. 3AMENJIEHHE HEHTPOHOB

ITpeoGpasoBanue Jlanaaca gyuxuun f; (#) paBHO COrMIacHO (31.3)
upr

1 T
Fo("l)=T—,_“;_of e~ e =Udy = 7— T . (319
[Mostomy (31.9) mpuoGperaer CAefyIOIIHA BHA:
o+ %o :
".Jo(”)='21—ﬂi f IG(;])_ezu—‘{?M(1+m , (31.10)

g—7F o0 1 —

1—e 144

TAe WHTerpupOBaHHUE TIPOH3BOLHTCA TO mpAMOH, TapaiaesbHOA
MHMMOR OCH ¥ PAaCHOJOXKEeHHOH MnpaBee BCeX TMOJCOB IIOA-
uHTerpaApHo#t dynruuu. Cumrast, yto G (7)) He HMEET NOJIOCOB,
MEl JOJKHB HAHTH HYJMH 3HaMeHaTeJs NOLUHTErpajbHOro BHIpDA-

1
gy =I0—, TO ypaBHeHHe I/ ONPEXEEHH:
TIOJIIOCOB MOXM(HO TIDEICTdBMTL B BHIE
(1—2)(1-+mq)=1—enti, i (31.11)

OTO TPaHCUEHAEGHTHOE YpaBHEHHE HMeeT ONHH KOpeHb 7y =0
C HEOTPHUATENbHON BENMIECTBEHHOH 4aCTbIO; BCE OCTAJBHBEIE KODHH
m;(j > 0) nemxar cnaeea OT MHHMOH OCH. 3aMbiKag MOPAMYIO
HHTErpHPOBAHHA TOJAYOKDYKHOCTbIO, OXBAaTHEAIOUIEH JeBYIO MOAY-
IIAOCKOCTh, H HpHMeHﬂH TEOpeMy O BEIYETaX, NONYYHM cnenyxo-
Imee BHIpaxeHHe AAs Y, (#):

1+, .
E:(l—e 7y e"d" G(f))
YO()"‘ y l—e—}—e+n.71n ( )

TAe CYMMHDOBAHHE paCHPOCTPAaHAETCSs Ha BCe KOPDHH YpaBHe-
Hua (31.11) ¢ HemoOJOXMTETbHOU BEIIECTBEHHOH Y4CThHIO.

Hau6oabuini uHTEpec nNpefcTaBASIOT GOJbIIME SHAYEHHd u,
COOTBETCTBYIOLIHE MAaJbiIM KOHEYHEIM SHEeprHsM HeHATpoHa, B sTom
cryyae B (31.12) MOXHO TpeHe6peub BCEMH CHATAGMBIMH, IJd
KOTOPEIX BeIeCTBEHHas YaCThb ¥, OTPHIATeNbHAd. ENMHCTBEHHBIM
C/laraeMbM C HEOTPHULATEeJbHON BelNeCTBEHHOH YacThIO SIBASETCH
wieH ¢ Mg =0. [TosToMy mpu u > 1

;xenusd. Tak kKak «

1—¢

Yo~ @ (31.13)
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e Q==G(0)= fq (#) du mpepcraBasieT cOGOHl TIOJNHYI0 MOII-
[s)

HOCTb MCTOYHHKOB, T. €. OOCIlIee YHCIO OBICTPHX HeHTPOHOB,
HCIIyCKaeMbX HCTOYHHKAMH B eIHHHLY BpeMeHH.

Hrak, o6llee YHCIO CTONKHOBEHHH, OTHeCEHHOe K elMHHY-
HOMY MHTEDBANY &, He 3aBHCHT IIDH # S>> 1 OT 3Heprum.

Ecnu nepermncate (31.13) B BHOE

=%, - (31.14)

=

roe

E_1+1 lne,

To & mpuoGpeTaeT MPOCTOH ¢u3MYecKHUY CMBICA., ITa BelHUHHA
TIPenCTaBAAeT COGOH CPefHI0I JOrapHGMHYECKYI0 TOTEpI0 3Hep-
MM HEHTPOHA TIPH OJHOM CTOJKHOBeHuH. JleHiCTBHTeJNbHO, Cpen-
Hee YKMC/JIO CTOJKHOBEHHH V 5, KOTOPOE HCIBTHBAET HEATPOH IIPH
3aMeNJIeHHH OT 3HepruH E; = Eje~—% [0 3Hepruu Ey = Eje—%,
npy Manamx (70 CpaBHEHHMIO C HauaJdbHOH 3Hepruel E,) sHep-
ruax E; u E, paBHsercs

———fyodu B BiogmZ,  (3115)
OTKyZa
"
L Tkl W Ez
Y12 vie

3aBucHMOCTE £ OT & MOXeT GHITh NOJYUeHa M3 3JeMEHTap-
HHX COOOpaweHui. JIeHCTBHTENLHO, NPOROPMHPOBAHHAs# BEPOSAT-
HOCTb TOrO, YTO MOCKE CTOJNKHOBEHHsS C SIAPOM SHEPrHs HeHTPOHa
6yneT HaxONWTbCA B uHTepBane Mewny E’ u E/—dE’, pasua
corxacHo (17.20)

1 dE’

w(E)AE =1— %,

roe E—aﬂepruﬂ HefiTPpOHA 10 CTOJKHOBEHHY.

19¢
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[TosToMy cpenuss norapudmuueckas TOTePs IHEPrHH IPH
OJHOM CTOJKHOBEHHH DaBHa

rln F@w(E)dE' =141 Ine=k (31.15')

Yucao HEeHTPOHOB B 3HEPreTHYeCKOM HHTepBale dE pasHo
coriacHo (31.14)

N (E) dE =18

L8 4 (u) du = lv(é)QdE. (31.16)

I1a popmyna, Tak ke Kak u (31.14), cnpasensusa, ecau £ <& E,;
NPy 3TOM LJHHA CBOGOLHOIC npoGera /; mMoxer OHTH NPOU3BOJL -
HOH QynKume# sHepruu. Taxmm oGpasom, npu E <& E, N (E)
O06GDaTHO TIPOMOPLHOHAALHN E’l,

Bun ¢ynxunu N(E) npu E <« E, MoxeT GHTb YCTaHOBJEH
W3 37IeMEHTapHEIX coo6GpaxeHu#H, eCld BOCIO/JbL3OBATHCH COXpa-
HEeHHEeM IIOTOKAa HEeHTPOHOB B 3HEpPreTHYeCKOM IIPOCTPAHCTBE WM
B IIPOCTPAHCTBE U.

IMpencraBuM ce6e OCb, BNOJb KOTOPOH OTKJIAaABIBaeTCH .
Tak xak ME TIpeHeGperaeM 3aXBaTOM HEHATPOHOB, TO 4yepe3 Kax-
Ioe ceYeHWe OCH B eIHWHHLY BpPEMEHH ITPOXOAHUT OIMHAKOBOE
UHCAO HeliTponoB, paBHoe Q. ITOTOK HeHTPOHOB paBeH, ouye-

sunHO, uN (#), rle u«— u3MeHeHHe & B eLHHUIY BpeMEHH.
IMostomy »
uN (1) =Q

BenWuMHA & MOXeT GHTbH TOYHO olpefelieHd, eCJH W3MEHeHHe U
TNpH ONHOM CTOJKHOBEHHWHM MaJo, T. €. B TOM Ciayuyae, Koraa
Au
Av
TpH OAHOM CTOJIKHOBEHHH, DaBHOE §, Ha CpemHee BpeMd MeXAY

=& <& u. YUTo6H HAWTH 4, HYXKHO Da3NeJHTb H3MEHEHHE 4

l
ABYMsl CTONKHOBEHHAMH, T. €. Hd —. Urak,
* 14
_—=E—-———l ok
s (E)
W HAaNHCAHHOE BHIIEe COOTHOLIieHWe CPa3y npuBoAuT K (31.16).

INonyyeHHvie BHIIE pe3yibTaThl OTHOCATCH K TOMY CAy4alo,
KOrAa saMelJHTeNlb COCTOHT H3 sidep OLHOro copra. Ecau B co-
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CTAB 3aMeNJIMTeNs BXOISAT AAD3d DA3AUYHEIX COPTOB, TO TNPOCTOE
pellieHHe KHHeTUYeCKOrG ypaBHEHHS MOXeT GHITh IIONYy4eHO MpPH
OIOMHAKOBOR 33aBHCHMUCTH OT 3SHEPrUH CeueHHH paccesHus He#-
TPDOHOB Da3NIHYHBIME fAIpaMH. B 3TOM cayyae pacnpeneseHue
MO 3HepTUaM ONpenenseTca mpexHed dopmyno# (31.16), ecan
non & TMOHHMATL BENHYHHY

E=1+21—Cii;:1n e (31.17)
x
___ _Pe%sa  ___ Is
roe ¢ == ——2% =" (5, — UHCIO fOep &-COPTa, Gy — Ceye-
3 7aTsa {sa

HHe paccedHuH HEHTPOHOB STUMH 4apaMH). Bupaxenue (31.17)
cnenyeT u3 onpeneneHusa § kKak cpexseit smorapudmuuecko#t mno-
TEpPH 3HEPrHH IpH OOHOM CTOJKHOBeHUH [cM. (31.15)]; Heof-
XOOHMO JIMWIb HMETh B BHAY, YTO B CAyYae CMeCH filep BepodAT-
HOCTh MOMNAanaHuA HeHTPOHA [MOCJe CTONKHOBEHHS B sHeprernye-
cxult warepsan (E’, E’ —dE’) pasHa

0 @) — B 2D 2

X

§ 32. Cpennuii xkBagpat QJUHLI 3aMeXJEeHHA

OnpenenuM TeNepb CpelXHEe pacCTOAHHE OT HUCTOYHMKA, Ha
KOTOpOM HeATpOH o6GnajaeT 3amaHHOH sHeprue#f. Ecam ToueyHm#
HCTOYHHK MOHO3HEpreTHYeCKHX HeHTPOHOB HaXOIAWTCH B Hayane
KOOPIMHAT, TO KBAAPAT 3TOr0 PACCTOAHHA, Ha3bIBAEMEIR CpeXHUM
KBaIpaTOM [JHHBI 3aMelJieHusl, ONpemensieTcs Caenylomie# ¢Gop-
MYJIOH: 4y ()

oy _ o (u
r2(a) = @ (32.1)
rae

bg (&) = 4= f ¢ (r, , u) dr,

¢2(u)=4fn:fq;(r, Q u)ridr

(Tak KaK MCTOYHHK MPEMITONaraeTcs TOYEUYHbIM, TO 2TH MHTErDanbl
He 3aBUCAT OT &, T. €. OT HanpaB/JeHHs CKOPOCTH HeHTpoOHa).

slcHo, uto dynxuua ¢, (2) coBmanaer ¢ BBeAEHHOH B Ipe-
ApIAyulem naparpage QydHkuueR pacnpeneneHns HEHTPOHOB Mo
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SHEePrusaM. ITYy PYHKIUMIO MOXHO HA3BATH NPOCTPAHCTBEHHHIM MO-
MeHTOM OGYHKIIHW Daclpene/eHus HyJXeBOro NOpsaLKa, a (QYHKIHIO
(g (2) — MOMEHTOM BTOPOrO NOpPAAKA.

ITokaxeM, 4YTO NPOCTPaHCTBEHHLIE MOMEHTHl (YHKIHUH pac-
npenenenns ¢(r, &, #) MOXHO HaXONHTb, He peliasi KHHETHYe-
ckoro ypasHedus (30.9).

CuHTad, yTO 3aXBaT HEHTPOHOB OTCYTCTByeT, MH GyleM HC-
XOAHUTh H3 CHACAYIOHIEro ypaBHEHHs:

[(2)RQgradd} 4=

= [au [ a0 (o u—u) 4 (r, @, 8) + 5@ 8 (@), (32.2)
0

1
rae o— 3 (r) 8 () — MOIWIHOCTb TNOCTOAHHO HefCTBYIOEro ToYey-

HOro HCTOYHHKAa MOHO3SHEpreTHYeCKUX HeHTDOHOB, PacCHOJIOXKeH-
HOro B HauaJge koopiauHart, MHTerpupys 31O ypaBHEHUE IO BCeMY
0GbéMY, MOJYYHM yDaBHeHHWe IJsl onpeleneHus GyHKUMH C §q (2):

bo ()= { du'fo(u—u') 4o (u') +3(2),  (32.3)
[}

rie coraacHo (31.3)

| aem ect  u < Uy,
fo(u)_ff(p,u)dg—f{ 0, ecnu 4> uy,
u
(M4 my L (Mg mp
=g 0 M=o =lgr

YTo6H yCTaHOBHUTh ypaBHenue Iif $, (&), yMHOXHM (32.2)
Ha r? M TpouHTerpHpyeM Mo BCemy oO0bémy. 3ameuass, 4yTo

ngradq;r?dr:— 2er<p dr

(npenonaraercs, uto ¢yHxuus ¢ obpamaercs B Hynn Ha 6eCKo-
HEYHOCTH), NOMAYUNM:

b () — 2 @) 4 ()= [ dufy(e— &) 4o (&), (32.4)
: 0
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roe
-, (u)=41':f9rodg(r, Q, u)dr

npeAcTaBisgeT COGOH NPOCTPAHCTBEHHEBIH MOMEHT e PBOro nopsiaka

dyHKUHH .,
Ham ocranocs ycranoButs ypaBHenne mis ¢, (). C stoft

1ep10 yMHOXHM (32.2) Ha r U NPOMHTErpUpyeM pesyabTaT MO
BceMy 06b&My. Tak Kak MH HMeeM [e10 C TOYEYHHIM HCTOYHH-

KOM, TO BEKTOPHHIH HHTEerpan frn{: (r, Q, &) dr nomxen wumeTsh
Hanpasienue L, 1. e.

f ry (r, Q, u)dr= 7}1‘-9% (4).

3ameyasa, urto

f r(Qgrad¢)dr = —Q f $dr = — zg,;% (2),
MOJAYYUM CJELYyIOmee COOTHOWIEHHe:

— () Qg (1) + @Y, (1) =
= (au [ aQQf (s, u—u)p, (). (32.5)
0

JleBad 4acTp 3TOrO YPaBHeHHs MPENCTaBAfET cOGOH BeKTOp,
‘uMelomHi Hanpapiledue Q) TNO3TOMY U IpaBas 4YaCTh AOJKHA
UMETb TO e HanpaeieHWe. Mul BIpaBe, CNEeAOBATENLHO, 3aMEHUTh
BeKTOp Q’, BXOAANIHA B NOXMHTErPaNbHOE BHPAXKEHHE, eT0 MpPOo-
exuuefi Ha 2, 1. e. samenuts @’ nHa Q(QQ') = Q. Bsoan
GyHKIHIO '

L@= [ pfp, vya2=

w
Mm — M—m 5 -1
a[Te — gy e? e e uuy,

0, ecn  u > u,,
nepenuwesM (32.5) B Bume

by (@) — I (u) %(u)=f_f1 (u—a'yy, («')du'.  (32.7)
Q

(32.6)
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Mbl noxy4naH TPHM HHTETpa’dbHHIX ypasuenus (32.3), (32,7)
n (32.4) nna onpenpenenus TPEX INPOCTPAHCTBEHHEIX MOMEHTOB
do (1), $y () 1 Uy ().

YMuOxkas OCHOBHOe ypaBHeHHe (32.2) Ha Gousee BHICOKME
CTelleHM ¥ H TNOCTYMass aHaJOTHYHO NPEABAYHIEMY, MOXKHO IOJY-
YHTb YPaBHEHHA A/ TMPOCTPAHCTBEHHEIX MOMEHTOB GOJsee BbICO-
Koro mnopsaka. CucreMa 3TUX YpaBHEeHHH TaKOB3, 4YTO OHa
IONYCKaeT MOC/AENOBATeNbHOE HAXOXKAEHHE MOMEHTOB HYJE€BOrO,
[epBOro, BTOPOro M 60Jiee BHCOKHX MODPAAKOB.

" Pemienne cucremn ypasueuu#t (32.3), (32,7) u (32.4) nmpoure
BCEro HaliTH, MpHMeHAs InpeoGpasoBasue Jlammaca. YMHoOxKas
KaxXaoe H3 3THX yYPaBHeHUH HA e~"% ¥ HHTErpupysa mo z or O
IO o9, Mbl MPHAEM K CAEAYVIOIIWM YDaBHEHHAM:

Do (M) =S5 (M) Fo (1) 41,
D, () — L (I =@, (m) Fy (), (32.8)
Dy (M) — 2L (1) = By(m) Fy (1),
roe

(=L (w]= J‘ e, (1) du, i=0,1,2, ]

° (32.9)
Fi(m)=L[f;(a)] == f e~ f,(e)dn, i=0, 1.

0 )
W3 nepBoro ypaBHeHHs c/leLyeT, YTO
1 —
D (1) =1—_7F*U(7]‘)=Po (0,

OTKyHda no TeopeMe OGpauieHHs

stico

1
$o (8) =L-1 [Ty ()] =10 (&) = =3 f e"™ Ty (1) dn. (32.10)
M3 BTOporo ypapHeHus chaexyeT, uTo

L
D, (1) = s =T (1) L (to),

_ 1

Pl(n)——l—_:}?’l—(n—)’
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Hcnoneays usBecTHOe cooTHowenne [cm. (31.8%)]

Ligi(e)IL[go(a)l=1L U g1 (u—d') go(e')du'], (32.11)
0

NOJYYHM:

(@) = [ (e—a) (@) 4 (), (32.12)
rae : °
BN Yy
W@ =L [0 ()] = | e )
e—1{00

[lepexons, HakoHel, K TpeTbemy ypaBuenuio (32.8), nepenuuiem
ero B BHIE

B, () =2 =G = 9T () L (),

oTkyaa coriacso (32.11)
w
@)=Ly =2 [ 1, (s — ') [ (&) §; () d".
0o

Moxacrasnsa cioga BMecTo ¢, (#) MHTerpasbHOe MpencTaBie-
HHe (32.12), TOMyuuM OKOHYAaTENbHO CJeHyiollee BHpAaWeHHe

ans g (u):

§g (1) ==
=2 f Yo (e—u') I(a") du’ f 1y (@ —u”) I (a") bo (") du”. (32.13)
0 0

dopmynu (32.10), (32.12) n (32.13) omnpenenasoT QYHKIUHU
Ggs ¥, H by B OOuleM ciyyae, NpPH NPOM3BONLHOH 33aBHCHMOCTH
IUMHHE  cBOOOJHOro npoGera !/ or sHeprum z. KBaapar AAMHH
3aMeN/IeHHsT MOXeT GLITb MPeACTaBJEH B BHIE

;E(u)=

= 2 [ du’ [ 1@ —ay @) sg () ae. (32.19)
9 9
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PaccmorpuM crenmuanibHO TOT Ciayua#, Koraa JJIHHA CBOGOI-
HOro npoGera He 3aBHCHT OT 3Hepruu. B 3Tom ciayuae ocHoBHas
cucreMa ypaBHenu#t (32.8) npHoGperaeT ciexyOmHit BHA:

Dy (M) = P4 (1) Fo () + 1,
2 () —12 (=2, () Fi(m), (32.15)

Py (1) —2(®( (m) = Dy (1) Fo (),
OTKyna
202 2 2
D,y () = d—FoE(l—Fp) =2IT1 () To(m) (32.16)

U N0 TeopeMe o6pamieHud

o470

Yy (1) = —515 PYR f e™T'1 () T3 (0) d, 32.17)

¢ =% co

rae¢ MHTerPHPOBAaHWE COBepIIAeTCs BAOJL NPAMOR, mapalieibHON
MHHYMOR OCH M DacCHOJOXEHHOH IpaBee BCeX TNOJIOCOB [TOAHHTE-
rpanbHoit GyHKIHH.
Ksanpar mauum saMennenus B ciayyae /== const. paBHaeTcs
of{co
[ e™T (TG dn

P (u) =22 "= . (32.18)

[ e™To(n)ay
G—¢co
Onpenenum Bxonsmue cioga byukmuu Iy u I',. Halingm
cnepsa F,(n) v F,(7m). Cornacro (32.9), (32.3) u (32.6)

Fo(n) = 'r e"’”fo(u) du=7:a_T[1 _e—(l-f-‘n)uM]’
0
Fy(n) =fe"’1”f1(u)du=
0o
3 1
A Mt m 1—8_(n+-3-) u M—m 1——(3—(1]+ 2) o

$ynxkunn 'y u ', cBssans ¢ Fy v F; COOTHOWIEHUAMHA

1 " 1
Fo(’l)=1tm’ 11(“’7)=1fp1—(n)-
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Bxonasumve B (32.18) uHTErpajnl paBHEl CyMMe BBHIYETOB OTHO-
CHTENbHO TOJICOB MOAMHTErpaNbHBIX (yukuuii, Hac B nanbHeH-
ieM 6yIeT HHTEPECOBATh 3HAYHTENBHOE 3amefJenue, T. . o61acThb
6onbwux . IIpd 3TOM TIJaBHYW pOJNIb WUIpaeT BbiYeT OTHOCH-
TeJBHO TIOMCa C HauboJbilied BeuleCTBEHHOR uacThio, TakuM
nomocoM sBiastercs nmomoc ynkuuu I'y(v), pasubit =0 (310
eIMHCTBEHHBIH NOJIOC ¢ HEOTPHUATENBHOHA BellleCTBEHHOR 4acCThIo,
cm. § 31).

Buiyer I'y(7) oTHocuTenbHO nomoca 7 ==0 paseH, KaK MH
Bulenn B § 31,

o = 1 1—e
° Fa(0) 1—ectelne

L
3

Buuer ¢yukumu e™Ty(q)[g (n) orTHOcuTensHo momwca 7==0
paBeH, KakK Jerko ySenuthcs

d Fy (0)
— [e™D, My=mo— 7y 7.0
n 2 . 0
Res'ﬂ=0 { € P1 (71) FO (’q) } - [F; (0)12 *
TMoaTOMy KBaApaT HJAHHBI 3aMelJEHUS DaBHAETCH
— 202 Ty (0) Fo (0) ]
2 = —T. (0 LI
r (ll) & 1( )l:a+P1(0) F.(/)(O)
3ameuas, 4YTO
1 , A—1)2
rO=—%+, LO=[u%zE-1]no,
| —= -
3 A
A—1)
F(O)————l—[—uM( Y — g,
, 1)2 M
F’ (0) =2——-aM———)< +—2—aM> (4 =2,
moJgyuyum OKOHUaTeNnbHO:
(1) = —22 o (u+B), (32.19)
£ (1 ‘ﬁ)
rage
6A4% 1184 —22 uM( 1?

4y
3(34—2)  6A— (A_I)Q(ATQH_ —1)2—4A
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(sametum, uto npu A — 00, B — 0). Takum o6pazom, cpemuuit
KBajapaT AJAHHLI 3aMelJleHHd A0rapi(PMHUUeCKH 3aBHCHUT OT SHEPrHH
HeTpoHa. HarasnHoe wucCTONKOBaHWe 3TOH 3aBucuMOCTH GynmeT
IaHO B clenylomeM maparpade.

Ecau anuna csoGomgHoro npofGera He dBNMeTCA HOCTOSHHOM,

a MeHdeTcd C 3Heprued, HO 3Ta 3aBHCHMOCTb ABJAETCH cnaﬁoﬂ,
3

TO uneH {2z B (32.19) cheayeT 3aMeHHTb Ha fl(a) du. Mn
0

BHIMM, YTO BKJA4J Da3/HYHBIX 3IHePreTHUecKHx o6nacrell, uepes
KOTOpHie TPOXOXMT HEHTPOH B NpouecCe 3aMeldJeHud, NPONOP-

uHoHaMeH [?Au = %—.

§ 33. NudodyasuonHoe npubanikende

OnpenendHHufl B mpenZkiAylreM maparpade KBampaT OAHHE
3amemJieHUs T HeHTPOHOB HABJAAETCA BAaXXHOH XapaxkTepHCTHKOH npo-
CTPAHCTBEHHOrO pacupexne/neHns HeRTpPOHOB. HaxoxaeHne TOYHOrO
BUIa GYHKIMM pacnpelelieHud TpelcTtaBaser co00H upe3pbiyafiHO
CNOXHYIO 3aJayy, pelleHHe KOTOPOA H3BECTHO TOABKO B HEKO-
TOPHIX YacCTHHIX CAay4asdxX. Mb roBopuau Bhillle, YTO 3HAHUE BCEX
MOMEHTOB (dYHKUMHM pacnpeleleHus (KBagparT AJMHBL 3aMelJeHHs
NMpOMOpUHOHANEH BTOPDOMY MOMEHTY) Ha&T B MPHHIIUIE BO3MOXK-
HOCTL OMNpeneNuTh (QYHKUMIO paclipene/IeHHd, HO NOcJaedoBaTe/b-
HOe HaXOXIeHWe MOMEHTOB MPHUBOIMT K TDOMO3OKHM H He0Bo-
3pUMEIM GOPpMyNaM, TadK UYTO STOT METOX HaXOx<JeHHd (YHKIIHR
pacnpeneneHus fBasgercs mano 3ddextuBHbiM. OXHAKO BO MHOTHX
CAy4afix npd omnpexeneHuH (yHKUMH pacnpepelleHH TOCTATOYHO
NONb30BAThCA NPHOIHKEHHHIM. METOZOM, OCHOBaHHLIM Ha 3aMene
TOYHOI'0 MHTerpo-auddepeHINANLHOrO0 KHHETHUYECKOTrO0 ypaBHEHHS
nuddepeHuHaNbHEIM yYpaBHEHHEM, DTO yPaBHEHHE ABIAeTCH ypas-
HeHHeM au(@y3HOHHOrO THUMA U MO3TOMY CaMO NpUbMHKEHHe HAZHI-
BaeTca muddysuonnsm. Juddysnonnoe npHOAHKeHHe ABASETCH
3aKOHHBIM, KAaK MH yBHUIYM Xajee, B 061acTH sHeprufl, Manamx
MO CPAaBHEHHIO C HA4YaNbHOH 3Heprueit HEHATPOHOB, U HA pACCTONA-
HHAX OT HCTOYHMKA, MaAbX MO CpaBHeHHIO ¢ r?/[; kpome TOroO,
IauHA CBOGOLHOroO mpoGera JoMKHA GHITh HOCTATOYHO MenJeHHO-
MeHsroneca GyHxiuel sHeprum,



§ 33. IN®GY3UOHHOE NPHEIMKEHUE 3y

ITepexoms K paccMOTpenur0 RHddy3HOHHOr0 TNPHOMHMKEHHUS,
3aMeTHM TpeJBapHTENbHO, YTO TOche GOABUIOro 4KhcaAa CTOJAKHO-
BeHUH HeATpOHa ¢ AApaMH, KoTopoe Tpefyercs AR TOro, YTOOHI
Heprus HeHTPOHA CTala MaJO# MO CPaBHEHHIO ¢ HAuaAbHOH
sHeprueit E,;, NpaKTHYeCKH HCue3aeT KOPPeNAUHS MexAy BeKTO-
paMd r W P; HHRIMH CJOBaM¥, BCe 3HAYEHHA yIla MEXAY BeK-
TopaMu r u @ craHoBaTCs C OONBUION CTEMEHbIO TOYHOCTH
paBHOBEPOATHEIMH. PYHKIHMA pacrnpelefeHud, HIH, UYTO TO Ke
camoe, oyuxuus ¢ (r, @, u, £), He GyleT NPH 3TOM CHABHO 3a-
BUCETb OT HANPABJEHHHA IBHXKEHHS HeATPOHA; MOITOMY HCXOLHBHIM
ABJSETCSA UPEenNONOXKEeHAEe O BO3MOMXHOCTH COXPaHeHHA B Pasio-
weHHH (YHKIUM pacupefefleHud B PSA TO WIAPDOBHM (PYHKIHAM
IBYX IepBhIX uneHOB. IMuwmimu caosamm, Mb Oymem uckarb ¢
B BHIE

Y(r, Q, u, £y == (r, u, )+ 3Q4, (r 4, O], (33.1)

rae ¢yHkuun U u $, He 3aBucaT oT Q. Orpannyenue pasmno-
HEHHA 1O WapOBHM (YHKLIUAM TOJBKO NBYyMs NePBHMY YIeHAMH
TpebyeT BBITONHEHUST YCIOBHA

EARS T (33.2)

B panbHefilieM Mbl BBISICHHM, KOFAa BLIIONHAETCH 3TO Hepa-
BEHCTBO.

UYro6bl nOAYYHTb YpaBHeHus nas ¢yHxuuk ¥, u $,, moa-
craBuM (33.1) B OCHOBHOe KWHeTHueckoe ypasHenue (30.9).
INpennonaras AAd NPOCTOTH, YTO 3aXBaT OTCYTCTBYeT, MBI TO-
AyYuM Clelylolllee COOTHOLIEHHE:

I 0dg 10y

S o 43 (5 T - Laad ) - 310 grad (24)=
— faw [ a@ (s, u— )b (. ', D+

+3 [au [dQ/ (@, (r, ', O] (w,u— ') 447 (r, u,1). (33.3)
0 .

IMpeo6pasyem nochenumit uurerpan. Ecau 0 u ' — yraw, o6pa-
ayemsie @ u Q' c BexkTopom $;=¢, (r,u’,t), T0 cosb’=
== cos  cos & | sinlsindcos(p—¢’), rme & —yrom mexny &
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u @, rak uro QQ’' = cos® =y, [IIpn uHTerpuposanuu no -
nocAelHu#l uUieH HCYe3aeT M MBI MONYYHM:

f du' [ a2 @Y [ (py u—u) =
(1]

=fda'fd9’(9c{a;)p.of(po, u—u).

Beons oGosnauenus [cm. (31.3), (32.6)]
folu—u') = [ dQ'f (po, u—u’),

fila—u'y= [ @@ pof (o, u —u"),
nepenumeM (33.3) B une

10 Lo 1
L%t 22 (454 0+ ) i)~

=fda’f0(u—u’) ¢6+3fdu’f1 (0 —u)Qd,. (33.4)
0 0

OTcrona Nnerko moayuyuTh ypaBHeHus aas ¢, u §,, He coldepxa-
ue . C 310#f meabio mpouHTerpupyem (33.4) no dQ. 3ame-
yas, 4TO

Qgrad (Q¢,) = -13- div ¢,

(vepra cBepxy o0Go3HauaeT ycCpeIHeHME IO TeNECHOMY YTay),
MOy YuM: .

! %“‘ $o -2 div ¢, =fd“'fo (a—u") o (r, u', £)+ S, (33.5)
0

v ot

rie S=4rs. [na noxyyeHus BTOPOro yPaBHEHUSH, CBS3HIBAIO-
mero ¢, ¥ $,, yMHOkuM (33.4) Ha € W nOCAE 3TOr0 MPOHHTE-
rpupyem no dQ. B pesyianTaTe NONYYHM:

“w

Lo 1 T, , , \
;%-I—%—!—-glgrad%= ’ du' fi(u—u') §, (r, ', £). (33.6)
)

Hepexona k uccremosanuio ypaeuenuii (33.5) n (33.6), 3a-
MeTHM Tpexpe BCero, uTo B (33.6) MOXHO npeHeGpedb YIEHOM
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7;—%4;—‘ no cpaBhenuio ¢ ¢,. JlefCTBUTEIBHO, %3- No HOPAXKY

BEMHYHMHE PAaBHAETCH —T;-qal, rie 7p-—BpeMs, B TeueHHe KO-

Toporo ¢GyHKUMs ¢, TNpeTepneBaeT CylleCTBEHHOE H3MEHEHHE,
B anddynonHOM NpHOMMMEHHH 3TO BpeMfd BCerga 3HAYMTEJBHO
6onbuie BpeMeHH cBOGOIHOro nmpobera Mexxy OTAENbHHMH CTOJK-

HOBEHHAMH, PABHOrO ?s’ OTKyZXa M BHITEKAaeT BO3MOXHOCTh Nnpe-

HeOpexenus ;—ﬁ no cpasHeHuio ¢ ¢,. 3ameTuM, uYTO aHano-

FHYHOE pAacCy:KJIeHHe HENPHMEHMMO K ypaBsenuio (33.5), ubo,
Kak Mbl MOKaxem Hinke, HHTrerpad B (33.5) mnoutn paseH U,
U noaromy HeJb3s CPaBHHBATh BXOAAUIME B JIeBYl0 4acTb (33.5)

ddq

YJIeHR! ? = 1 Yo

BXOIIS!U.IHG B (33.5) u (33.6) bynkuuu fo (8 —u)u f; (u—u')
OTJHYHBl OT HyMd, ecnd u—u' < uy.

TIpexnonaras, 4To 4 >> 4y, ME BHIMM, 4TO MHTEpBall WHTe-
rpuposanus B (33.5) u (33.6) man mo cpassenuio ¢ u. B npe-
IRIyWux naparpadax OBIIO TOKa3aHO, YTO TMepBhie MOMEHTHI
dyHKUHH $ TONLKO NOrapudMuUUecKn 3aBUCAT OT SHepruu [DYyHK-
uas $o(u) npu u >>1 Bosce He 3asBuCcHT OT u]. Bynem no-
3TOMYy mnpeamnonaratb, 410 Y,(r, «, ) u $,(r, u, £) Asnqa0TCA
MeIJIEHHO MEHMIOnMUCA QYHKLMSAMH #, H BOCIOJb3yEMCH,B HHTEp-
Bane u# > u' > u—uy (uy << u4) CACAYIOLMMH Da3/IOXeHAAMH:

b (1, &'y &) =g (v, u, )+ (¢ — )Mﬂﬁ ]i
d, (r, &, t) =1, (r, 4, t).

ﬂonCTaBJma 3TH cpopmynbl B (33.5) u (33.6) u sameuas, uTo

(33.7)

ffo (s)ds = (A,i;t'ﬁ) e—sds= 1,

uM upM

rsfo(s)ds =—(M4%_'M”£ se~sds=1-
0 0

€
l_elne=sy

uar “ar

_ Mtme2 L _s[Mtm —gz M—m g, 2m
ffx(s)ds—‘ifm—fe Tom ¢ o ¢ ¥
1}

0
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NOAY4YUM CEAYIOMYIO CUCTEMY ypaBHEHHS:

1 oY 0
U at0+ldlv¢l=‘_’$ 0+S,

33.8
qal-i--s-lgrad %:c.plcosﬁ, ( )

rae BBefeHO o6o3HayeHwe cosd = 7 dQp. f Sf(, s)ds

(nocienuui uWHTErpas NOKa3HBAET, qTQ 2m/3M MOXHO paccma-
TPHBATh KaK HEKOTOpPOe CpejHee 3HAYeHHe KOCHHyCa yria pac-
CesiHHA ). ]

W3 Broporo ypasuenus (33.8) cnenyer, uTo

1
¢y = — 5 [y grad §,, (33.9)

rae
=t =
1—cosd 1—

| b ™~
2|3

IJTa BeMMYMHA Ha3LIBaeTCsi TPAHCHOPTHOH ANMHOH CBOGOAHOrO
npoGera (oHa npeAcTaBisieT COGOH CpelHee pPacCTOsHHe, TPOXO-
A¥MOe HEHNTPOHOM MEXAY ABYMS CTOJKHOBEHHSAMH B NepPBOHAYANb-
HOM Hanpasnenuu). [loxctaBmas (33.9) B nepsoe ypaBheHne
(33.8), noayumnm:

4

v

ad,o

Yo i agy—t o0 4 s, (33.10)

Bseném BMeCTO ¢, HOBYIO qayﬂxu,mo Eq»0=n(r, u, t) H BMECTO #
HOBYIO IepeMeHHYI0 T, Anddepenunan KOTOpoR pasBed dt==

—gllt—‘%-, TaK 4TO

w
i
©(u)= f 3;; du. (33.11)
0
Ypasuenue (33.10) npuoGpeTér TOrAa BHI
| Qs J =
o a’t’ An— 248 (r, ), (33.12)

1
rie D=zl u S=-17—S‘ Bennuuna D saBasgerca Koagddu-
z
UUeHTOM Iubdy3u 3aMeaNsOMXC HeATPOHOB, CKOPOCTE KOTO-
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pvix pasHa U. Mui  BHAMM, 4TO B KO3pPHUMeHT nubdysun
BXOXUT He OOHIYHAA, 4 TPAHCMIOPTHAA AJAMHA CBOGOAHOrO mpobera.

Ypasnenwne (33.12) npencrasaser coG0#t OCHOBHOe ypaBHeHHe
nudpdysuoHHoro npuGaMxeHnd. B cTaumoHapHoM cayuae oHo
NepexoauT B yPaBHEHUE

9% — An 4. (33.13)

9710 ypasHeHHe MudGY3UOHHOTO THNA, B KOTOPOM DOMb BpeMeHH
urpaer Beauyusa t. Cpasnubas (33.11) ¢ dopmynoit (32.19)
N KBaapara AAMHBL 3aMeNJIEeHMA, HaxoOuM, YTO npu u > 1

(13

[ )ydw
v (E) = & (E) = . - . (33.14)
IMpu He saBucsaumiedl ot sHepruu AauHe CBOGOAHOFO npobera

21n ﬂ

3 (1-%)5

B cayuae tawénoro samepnurens (M => m)
1n;§9..
Te= g P, (33.15")

E < E,. (33.15)

Taxk kak t (£) nponopuuoHalbHO CpexHeMy KBajpaTty pac-
CTOAHHA, MPOXOAUMOTO HEATPOHOM IO NOCTHIKEHUS UM 3Hepruu E,
TO T MOxeT OHITb Ha3BaHO «BO3PacTOM» HeHTPOHA.

Ecau nHeHTpOHBI, uCHyCKaeMBle HCTOYHHKOM MOHOXpOMa-
THYHEI, TO )

S=s(r)3(u),
rae s (r)—HekoTopag ¢yHKUua KoopauHar. B artOoM cayuae

ypasHeHue (33.13) mOxeT OniTh 3aMeHeHO ypaBHeHHEM
on

L —an (33.16)
BMECTe C «HAYaJAbHbLIM» YCJHOBHEM
n(r,0)=s(r), (33.16")

20 3ak. 1800. A. Axuesep.
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Ocratopumcs Tenepb Ha $HH3HUeCKOM CMBIC/TE BeAHUYMH bg, &y, 1.
Ecan oT unchaa CTONKHOBeHMR ¢ nepedTy K GyHKUMH- pacmpe-
nenenus N, to (33.1) 3aMeHUTCH COOTHOLIEHUEM

. 1 . :
N(r, @, u, t) = =[Ny (r, 4, £)-- 3QN, (r, 4, )], (33.17)
rae
NO =

@'N

to» N1='g,‘ ;.

Tax kax |N,| <€ Ny, To Qynxuua N, onpenenseT B OCHOBHOM
ANPOCTDAHCTBEHHYIO IUIOTHOCTH HeATPOHOB, OTHECEHHYI0 K eau-
HUYHOMY uHTepBany #. DBextopHas ¢yuxuna N, onpexeasert
NMOTOK HelTPOHOB, CKOPOCTH KOTOpPHX paBHa ©. [eHACTBHTEALHO,
Mo onpeneNeHHIo, NAOTHOCTb NOTOKA HEHTDPOHOB CO CKOPOCTHIO ¥
papra

j=fVng.

[Moacrasnaa crona Bmecro N (33.17) u 3ameuasn, uto @,8; =
==—é—8,k (uepra O3Hauaer ycpepHenue Mo TenecHomy yriay Q),

TONY YN M:

i = oN, = 19,.
Hcronsays (33.9), nepenuuiem nociaeiHee PaseHCTBO B BHAe
= — U, grad b= — Lol, grad Ny— —D grad N,, (33.18)

1
rae D=—3—ltv—xoacpcbnuuem mMphysuy HeHATPOHOB CO CKO-
pocteioc v. CooTHowenue (33.18) xopomio u3BeCTHO H3 TeOpHH
aubdyaun.
3 k4
Pyukuna n =5, = E-l- N,, ponopuuoHanbHaa N, onpene-
AM€T IPOCTPAHCTBEHHYIO MIOTHOCTb HEHTPOHOB CO CKOPOCTHIO V.

Tak Kak MHOXHUTeJb [PONODIMOHAJIBHOCTH B3aBMCHT TOABKO OT
SHEPrHH, TO, NPOHOPMHPOBAB n(F,T) COMIACHO YCHAOBHIO

fn(r, D)dr=1, (33.19)

MOXHO YTBEDXAaTb, 4TO pemieHue ypasHenusa (33.16), HOpmu-
pOBaHHOe TaKuM OGDPa30OM, OMpenensdeT MJOTHOCTh BEPOSTHOCTH
TOro, 4ro He#TpPoH ¢ aHeprue#t E (<) HaXOAMTCH B TOYKE T.
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Paccmorpum - BaxHEIfi npumep npumeHeHud KUPDY3UOHHOTO
ypasHenus (33.16). IlycTh B Hauane KOOpDAMHAT HAXOMHUTCA TO-
YeYHBI! HUCTOYHHK MOHOXPOMATHYECKHX HeHTpOHOB, oxpy;icém—il;m
CO BCcexX CTOpOH OeckOHe4HOH 3amepnswouieit cpemoit. «Hauann-
nHoe» ycnosue (33.16”) wnmeer B 3TOM cayuwae Bux n(r, 0) =
== const. 8 (r), NpuuéM KOHCTaHTA, ONpexe/NAIIa’d MOLIHOCTD
MUCTOYHKMKA, HOMKHR ObiTh cornacHo ychaosuo (33.19) Badra
paBHo#t eaunuue. Kak wusBectno, pemenne (33.16), yaoBaerso-
psowmee ycJ0BHIO HOpMHDPOBKH (33.19) B «HauanbHOMY» YClO-
Buo n (r, 0) =3 (r), umeer BHA

3 r:l

n(r,t7)=(4rz) 2e =« (33.20)

Takum o6pa3oM, BEPOSTHOCTb TOTO, YTO HEHTPOH C 3Hep-
rueft E (%) oxax<ercd HAa DacCTOAHHM 7 OT HCTOYHHMKA, OMpene-
nserca rayCCOBHIM DPaclpegeeHHeM.

BLisicCHIM Tenepb YC/IOBHA TPHMEHHMOCTH IHGMDY3HOHHOTO
npuGnuxennsn. Ilpu BbIBOAE OCHOBHOrO ypaBHenus (33.16) mu

1
mpexnoJsiaraiu, 4YTo abCoMIOTHOEe 3HaYeHHe :{a1=~§ltgrad¢o
Mano MO CPaBHEHHIO C $, ¥ KpOME TOro MOJb30OBANHCh PA3/O0-
weHnem (33.7). :

Hepagencteo |¢§,| € ¢, Ha ocuoBaunn (33.9) momeT GHITH
3aMMCaHO B BHIE

lt\%ln %] < 1. (33.21)

3710 o03HaYaeT, uyTO ILIOTHOCTb HEATPOHOB [OJMXKHA MaJO Me-
HATBCA Ha DACCTOSAHMAX TNoOpAnKa [

Ecan B (33.21) noxcrasute BMeCTO ¢, (33.20) (HanoMHuM,
yro n==§Jy), TO MBl MPHAEM K YCJHOBHIO

6t ’
r << 7 (33.22)
310 ycnosue O3HayaeT, 4TO NUPpGY3HOHHOe nNpHOMHNKKEHHE He
MpMMEHHMO HA Ou€Hb GOJBWIKX PACCTOAHMAX OT KWCTOYHHKA; pac-
. :
CTOfIHUA He RO/IKHH, IPYGO rOBODPH, NMPEBOCXOAUTE —+==[In E"

MoO¥HO mokas3aTb, 4YTO Ha OOJBLIUIHX DPACCTOAHHAX rayccoso
pacnpenesenne (33.20) 3aMeHAETCH SKCNOHEHLIHANbHHIM - BHAA

T
i~ e—1/, [leHtcTBUTenbHO, B o6nactu r > 7 BRIpaM(eHue (33.20)

20
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NPDHBOAHT K OuYeHb MaALM 3HAYEHMAM I[IJIOTHOCTH HeHTPOHOB 1,
T
MOSTOMy MMOTHOCTh HEHTPOHOB MpH 7 > — GyleT OmpexenaTsCs -

TeMH HeHTpOHAMH, KOTOpHIE MONadalOT CHOXA, HCORITAB Maloe
YHCAO CTOJKHOBEHHH; KOMMYUECTBO TaKuX HEHTPOHOB MPOMOPLHO-
HalbHO e—" noaroMy n~e— ",

IIpumen&nnbie Hamu pasnoxenus (33.7) mpeanonaraioT, 4YTO
BHIMIOJIHAIOTCA YCJAOBHA

"M]Eaz“‘ %, < 1, aM|ai’qu»1[ < 1. (33.23)

T = — L 1 orad
ak xak ¢§, = — 5 /ygrad §o, TO BTOPOE YCIOBME SKBHBANEHTHO
rlepBOMy YCHOB[/HO n, KpOMe TOoro, ch[OBP"O

aMl 2 1nl (u) I < 1. (33.23)

[MTocnennee ycnosme o3Hauaer, uTO MJAHHA cBoGogHOro mnpoGera
JOoMxHA OHITb MeNJEeHHO MeHsomelcs dyHkuveld 3sHeprHu u

B Nnorapu¢gmuueckoit UIkajge dHEprud He JOJIKHA MpeTepneBaTh
M4 m\2

m—) .B ciyuyae
Boaoposa AUPdy3MOHHEIM NpHOMHKEHHEM MNMOJbL3OBATLCH HeJb3d,
T. e. ycnosue (33.23°) He BHNONHAETCH.

Ileppoe us ycnosu#t (33.23) nocnie NOXCTAHOBKH BMECTO U,

60MbIIMX U3MeHeHHH B HHTepBale uM-—-——ln(

0
TOYHOrO pemteHus (33.20) NpUBOXUT K YCIOBHIO “ME;“” <1,
OTKyAa clelyeT, uTO AOMKHO BHIONHATLCA HEPABEHCTBO

§ 2 (1) que << [ 22(w') du’ (33.24)
0

(MB MCNONB30BANH MPUONHKEHHOE PaBEHCTBO uMQJJQ&, cnipa-
Beangsoe npu M > m). Ecau [/ ne 3aBHCHT OT 3Hepruu, TO

E
OTCIOA CNeyeT, 4To u=1n-E? NOMKHO GBITH BEAWKO MO CpaB-
u
HEHHIO ¢ u,. Tak Kak £ OMpejenser uuCcao CTONKHOBEHUH,

B pe3ysnbTaTe KOTODHX 3Heprud HeHTpoHa cCrana pasHo# £, TO
3TO YCNIOBHE O3HAYaeT, YTO YHUCAO CTONKHOBEHHUR HOJKHO OBITh
OONBIIUM.
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Hrtak, nndodysHoHHEM nNpHGAMIKEHHEM MOXKHO II0Jb30BaThCA
npu 60AbIMX %, HA PACCTOSIHUAX OT UCTOYHHMKAE, HE TIPEBHINAI0-

T
185D ¢ 7 A 11pa KOCTATOYHO C1a60# B8aBUCHMOCTA IJIHHH CBO-

60MHOro npo6era OT 3HEPrHUU.
3aMeTHM, 4YTO OCHOBHOe ypasHenue nuddysuoHsoro npubiau-
wenus (33.16) moxer GLITh HOJYYEHO B CAYYae THIKENHX 3a-
mennutenet (M =>m) 43 37eMEHTapHHX CcooGpaxennii (1101,
Bynem ncxoauts H3 nudpdy3noHHOrO ypaBHeHus IJjsi HERATPOHOB
on

S =DAn, (33.25)

roe D_—_—:l,;-vlt—xosq)cbnunem Iupdy3un HeHTpPOHOB. Bsamen

CTalMOHADHOR MBI pacCMaTpHBaeM HeCTAUMOHAPHYIO 3ajayy
0 nuddysnd HeATPOHOB, NONANAIOIMX B 3aMEINHTENb B MOMEHT
BpeMenu ¢=0 ¢ sneprueft E;, C TeucHueM BpEeMeHH MEHAETCS
9HepPrusi He#TpOHa, M eCAH MNpPH KaMIAOM CTOJKHOBEHHH H3MeHe-
HHe 2Heprud HEe3HAYHTeJNbHO, TO BpeMs NpeGbIBaHUA HEATpPOHA
B 3aMel/fuTeNe MOXHO DPaCCMATPHBATH KaK HellpepuiBHYIO (PyHK-
UHI0 ero sHepruu. YToObI CBA3aTh BpeMsi C SHeprueH, HaMOMHUM,
YTO CpeJHee YHCJAO CTONKHOBeHWH Av, KOTOpPOe HCHLITHIBAET

HeATPOH NPH U3MeHeHW# & HA Au paBHO Av=é£-[cm.'(31.l5)],

a Tak Kik Av== —ji Af, 1O
14
dt = — du.
vs

Ecau Ttenepb B ypasHeHuu (33.25) mepeiiTH oT £ K HOBOH He-
3aBUCHMOHl NepeMeHHOR «, TO MBHl TMOJAYYHM ypaBHeHHE L] CTa-
ugoHapHoR HAuddy3HoHHOH npo6GaeMbl 3aMed/ieHHA HEHTPOHOB
NPy HeNnpepbiBHOM IeHCTBMW HMCTOYHUKA HeHTPOHOB. YKasaHHas
3aveHa mepeMeHHOro MPHUBOAMT K yPaBHEHHIO

on
—a—; - AIZ,

rue dr:Ddt:—;-llt%Lf. IDTO0 H eCTh OCHOBHOE YypaBHeHUE
(33.16) [cm. Takwxe (33.11)].
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o cux mnop Mu npeHe6perand IOTVIOLLEHHEM HEHTPOHOB,
Urobbl yuyecTr NOTJIOUIeHHe HeHTpOHOB B nHddy3snoHHOM npu-
6AMKeHUH, HYHO B IpaBoH yacTH ypaBHeHus (33.25) mo6GaButb

T
HOUWICHHUIO K 3axBary. CooTBETCTBEHHO 9TOMY B npaBO# 4acTH

1 I,
yneH -——-—n, rue Tc_—_-;)———spemsr JKNU3HW HeHATpoHa no OT-
[

ypaBuenusi (33.16) Heo6xoaumo ﬂoﬁaBHTL 4yjeH ——le-.zn, rae

L2=DT,= % {0, TlosToMy oOcCHOBHOe ypaBHeHHe AubQY3HOH-

HOTO ﬂpH6ﬂH}KeHPlﬂ C y‘léTOM noraouieHnsd HeﬁTpOHOB HUMEEeT BUL
on 1
E = An —ﬁ n. (33.26)

3ameTHM, 4TO ecan B COCTaB 3aMelauTeAs BXONAT sAlApa
pPasanyYHHX COpPTOB, TO IMNPeAbIAyUIMe DEe3yAbTATH OCTAITCH
B CHJIe, HYXHO TONBKO BMECTO § MOACTaBMTH Bupawenne (31.17)



FIIABA V
JEJIEHUE TSDKENbIX SINEP

§ 34. MexaHusm DejeHus

Taw&aple fapa Mpu CPaBHHTENbHO ManablX SHePruax BO3GY-
WAeHHA CNOCOGHBEI pacmenigThCs Ha ZBE uiad GoJbluee 4HCAQ
PUMEPHO DaBHHIX yacTell. 3TO sABJeHHe HAa3bIBAETCH NEeJNeHHEeM
anep *).

IMponykTer neneHns (OCKOAKH) HAXOMATCH, KaK MpaBHJIo,
B BO3GYWIOEHHOM COCTOSHMH H BO MHOCHX CJAyYasiX ABASIOTCS
B-akTHBHHIMA.

PaccmoTpenune npedexkta Macchl TAXKENBIX fAgep TOKA3bIBALT,
4YTO AApa, aTOMHBIH -BeC KOTODHIX NPeBOCXOMHT ~ 110, nomxust
6LITh HeYCTOHYNMBEIMH 10 OTHOWICHHIO K JAGJHEHHIO. B 3TOM MOXKHO
yGenuTbcA, €CAM CPABHUTL SHEPTHI0 TNOKOAILLIOCH HCXOLHOTO
aapa, Maccy KOTOporo mul 0603Ha4uM depes M, c sHeprueit
IO4YepHHX slep, MaccH KOTOPHX B HeBO3GYMASHHOM COCTOSIHHUH
o6o3Hauum uepes M,, My, ... Pa3HOCTb 3THX 3Hepruayt pasHa:

AE = (My— 2 M) (34.1)
Sra Besuumua 1871 okaseiBaeTcs NMOAOKHUTENLHOR IHnst BCeX fAnep,
aTOMHBI# HOMED KOTOPHX [peBOocXoaHT 110, ecau paccmaTpm-
BAeTCH Da3feACHUE Axpa Ha JABa JNOYEPHUX A1pa TIPUMEPHO paB-
Ho#t Maccel. (Bo Muordx cayuaax AE > 0 npu meneHHm Agpa
HAa TPU H Aaxe OOJbluee YUCAO 4acTeH.)
Takum 06pasoM, TsKéAwRE fApa OKA3bIBAIOTCA dHEPreTHYeCKH
HEyCTORUUBHIMH.

#) SIBnenue neneHus agep 6u110 oTKpHiTO [aHom H Lltpaccmanom 185].
Teopuu geneHus mocsawéu pan pa6or H, Bopa [86], 187), 1. dpenxenn 8]
H Ip. B 31OM W crefyloniem naparpadax H3naranTcs OCHOBHbIE pe3yab-
Tathl pagorhl (871,
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HecmoTps Ha CcBOI0 3HepreTuueckyio HeyCTOHYHBOCThH, OHA,
OIHaKO, HE PaCUIENASIOTCR CaMONPOU3BOILHO C 3aMETHOH BEpOAT-
HOCTbIO, TAK KAaK 3TOMY TPEndTCTBYeT HaANuHe IOTeHHHAALHOTO
6apbepa B NPOCTPAHCTBe NMapaMeTpoB, XapakTepu3ylwowWHnx nedop-
MalMi  sApa; OCKOJKH JOMKHE NpOHTH 3TOT Gapbep, MNpemne
yeM 6ymeT AOCTATHYTO UX [MOJHOE OTHAEJEHHe.

Ecan cpasauBaTh #AIPO C KHIKOH Kariel, 4To MH 6ynem
najee nenath, YTOGH MOJYUYHTH KaueCTBEHHY KapTHHY Tpolecca
JeJIEHHS, TO MOXHO CKa3aTh, yTO AeJeHHI0 sapa LOMKHA Tpen-
HIECTBOBATh HEKOTOpas xedopMaLns, NTPHUYEM BHauaje yBeSHUeHHe

£

Puc. 17.

NeopMauuy CONPOBOXKAAETCA YBeJNUeHHEM 3HePriy sapa. HuMH
cnoBamu, eCAdH Mbl OyneM rpaduyelkd H306pakaTh 3aBACHMOCTH
3TOR 3HepPT¥HM OT HEKOTOPOro MapaMerpa &, XapaKTepH3YIOWIETO
nedopvannlo, KoTopast NpH CBOEM BO3PACcTaHHH TPHUBOLMT B KO-
HeYHOM Cu&Te K HeJeHHIo fiapa, TO MBI MOJAYUYHM KDPHBYIO, CXeMa-
THYECKH H300p2WEHHYI0 HAa puc. 17. 3Mech TOUKAa @ U306pamaeT
COCTOsSIHME HCXOAHOTO MATEPUHCKOrO s4pa, a Touka f cooTBeT-
CTBYeT TOMY COCTORHHIO, KOTHa SIAPO Da3mesiM/IOCh Ha JBE YacTH.
SHeprus HA4aJAbHOTO COCTOAHWS @ MPEBOCXOIUT 3HEPrdl KOHed-
HOro cocrosinusi f Ha AE — snepruio, ocBoSoXKpawwWyocs Npu
DeNeydH siapa (3Ta 3Heprust NepexOINT B KHHETHUECKYIO IHEPrHIO
OCKO/JKOB M B 3HEPruio 3- W y-u3JyuyeHus). )
HauanbHoe cocTtosnHue - COOTBETCTBYET MHHHMYMY 3SHEpIHH,
T. €. ABJAETCs] YCTOHUYMBLIM, HO 3Ta YCTOMYHBOCTL HMECT MeCTO
TOJBKO MO OTHOWEHHI0O K HRedOpMalHAM, He MPEeBOCXOAALIUM
HekoToporo npepena. Tak xak AE > 0, 1O coctosnuio f cooT-
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BETCTBYeT Gosiee InyGOKHR MHUHMMYM, OJHAKO Nepexoldy W3 a B f
NpenarcTByeT, KaK BHIAHO M3 DPUCYHKAa, NOTEeHUMalAbHEIA Gapbep
(BricoTa Gapbepa 0GO3HaueHa yepes Ep).

Yro6w neneHde MOrJAO TPOH3OHTH, HeoGXOAHMMO MNpeaBapH-
TEJLHO CO31aTh TaKylo JedopMaLHI0 fapa, [IPH KOTOPOH MOTeH-
LMajabHaA SHeprus ae@OopMalvu, T. e. aHepPrud BO36YKAeHHT Aapa,
6ni1a 6ul 110 KpalHe#l Mepe pasHa BEICOTe 3TOro 6apbepa. Ita
IedopMallus Ha3HBaeTcd KPHUTHUECKOH, a OTBevawoumias el sHep-
rus — KPUTHYECKO# dHeprued neneHus.

ITokaxeM, KaK OUEHHTb BBICOTY Gapbepa, NPensaTCTBYIOLIEro
IeJeHHI0 AADa.

Mu 6ynem B npoBoanTh KauyecTBEHHYIO QHATOTHIO MeXIY
AApOM M HECHKHMaeMOH, paBHOMEpPHO 3apiXeHHOHR KHUAKOH Ka-
nnel, o6iaazawouie#t HeKOTOPHM INOBEPXHOCTHHM HaTsmenuneM O.
JHepran BO3GYKAEHMS AIpDa MH MOCTaBUM B COOTBETCTBHE 3Hep-
ruio nedopmallnd TaKoR Kaliu, coBepumlaiouled KodeGaHufg MO
neficTBHeM MMOBEPXHOCTHOIO HATSWeHHMs H CHN 3/IeKTpOCTaTHue-
CKOrO OTTanKuBaHWA. Braromaps ne#iCTBUIO 5THX CHJ 4 CO3naéTCH
NOTeHUHANLHEIA Gapbep, BEHICOTY KOTOPOro MH XOTUM OMpPEREeIUTh.

PaccMoTpHM cHavana Mmanbie fedOpMalMd XKUAKOH Kamad.

Hedbopmuposantas MOBEPXHOCTL Kallid, KOTOPYIO paad Npo-
CTOTHl 6yneM cudTaTh TeJOM BpauleHHA, ONpelenseTcs ypaBHe-
HHEM

r(8) = R [1 + ag—+ ayPy (cos 8) - agPs (cos §) -+ ... |,

rae r(8) — pammyc-BekTop, NPOBEXEHHHI W3 WUEHTPa Kaiau
B TOUYKY e& [OBepXHOCTH NMOA yriaoMm 0 k ocu Bpailtenus, R —
HavaabHui  papuyc supa, P, (cos 8)—noauHomsr JlexaHnpa,
a;— Ma/lHe [apaMeTpH, XapaKrepusywimiue medopmauno. B ato
BHpAXEHHE He BXONMT WieH a,;P, (cos(), conepxamuit nepsbrit
noauHoM Jlewannpa, Tak KAaK STOT 4JieH COOTBETCTBYeT CMenje-
HHIO IIaPOBOR Kamau Kak wHexoro Ge3 usmeHeHus GOpMBL *).

#) Yro6bi yGeaHUTLCS B 3TOM, HalHIUEM TOJAPHOC ypasHeHle cdepsi,
[pepmonarasa, 4ro Hayajlo KOOPAIHAT CMEU{€HO OTHOCHTEILHO UFHTPA
cepbl Ha Manbit BEKTOp a. B BEKTOPHON dopme ypaBHEHHE HMeeT
Bui r = R -+ a, rie R—Bekrop, npoBenéudniil u3 ueHTpa cdepnl B Ka-
Ky©-1H60 e& Touky. Tak kak a <L R, 10 r=7V (RFar=
~ VRIF2Ra=s R(l +a cos 0) = R[1 4+ aPy (cos )], uto u Tpe6o-
BaNOCh J0Ka3aTb.
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IMoTeHuanpLHass 3HEPTUA Kalllk, KOTODas CK/JAadblBaerca M3
MOBEPXHOCTHOH M 3JEKTPOCTAaTHUYECKOR 3HepruH, ABaseTcs QyHK-
nuelt napaMeTpoB o, ITa GYHKIAS B NPOCTPAHCTBE NapaMerpoB
a; H306paxaeTCsi HEKOTOPOR noBepxHoCThio. Ha 3TOR sueprerH-
4yecKO#t TIOBEPXHOCTH COCTOSIHHS HCXONHOTO sAApa M pa3leHB-
WUXCH OCKOJKOB H300PaMarTCsi TOUYKAMM, JIeKAIIMMH B MOTeH-
UHATbHEX «IOJHHaX» (ua puc. 17 —ToukM @ u f ), KOTOpHeE
paslesieHbl TNOTeHUMadbHbHIM GapbepoM. Touxka mepeBana Ha
«xpebre», pasaensomiemM obe MOTeHUUAAbHble HOJHHH, ONpene-
AfieT KDHUTHUeCKYo nedopMalHio #Apa, 34 KOTOPDOR MOXKeT
NOC/AeROBaTh ero HeJIeHHe.

BoiscHHM Tfipexae BCero, KaKOBbl YC/AOBHUs' YyCTOHYMBOCTH
KanAu MO OTHOWIEHHIO K ManbiM NedpopMammaM. Onpenenum nnas
3TOrO NOTEHUUANbHYIO JHEPTHI0 Kamid ¢ TOYHOCTHIO RO YJEHOB a2
MoxHO MnoKasaTb, 4YTO B 9TOM MPHOAHMKEHHH CyMMa NOBEPXHO-
CTHOH M 3JIeKTpPOCTaTHUYeCKOH dHepruu nedopMHpPOBAHHOH Kanau
pasuaerca 371

ES+E=4“("0AI/“)20><
—1 2) .
[ +Eat T+ +(”2(22(.ﬁ3§ o ]+

3 (Ze)? af 10
_{__.'___l/;[ _F_._Eag__._'_
_ 5(n—1) 1
T H T 042

rae O —kospduudeHT MOBEPXHOCTHOrO HATAWEHWS Kalin M
Ze — 3apal 44pa, PaaMyC KOTOPOTO CYATaeTCd paBHbiM R = rgd's.

Kak # cnaemoBano oxupgarb, gedopmaiius NDPUBOAWT K yBe-
AHYEHMIO [TOBEPXHOCTHOH M YMEHBLUEHHIO 31EKTpUYECKOH 3Hep-
rdy Kannd (OTKAOHeHHe OT WapooOpa3focTH TIPHUBOAUT K yBe-
NYYEHHI0 TIOBEPXHOCTH Kaliu, T. €. K YBeJHUYSHHIO NTOBEDXHOCTHOR
3HEPrud M K DAa3ABHIKEHHIO 31PAACB, T. €. K YMeHbIIEHUIO 3JeK-
TpHYECKOH 3Hepruw).

Paccmorpum KO3dduuuenT, crosmuit B (34.2) nepen a:

2y 2 Z2 es
2 A%y 2. —————
dmrs0ath 21— 2 o ! (34.3)

)
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SICHO, 4TO Xns YCTOMYHBOCTH KamiIu HeOGXOAHWMO, YTOGH BHIPA-
WeHHe, CTosiiee B QUIYPHBIX CKOOGKAax, GLIIO MOJOXKUTEJbHBIM.
ITO 3Ha4yWT, UYTO Z2/A OOMKHO OBITH MeHbIUE HEKOTOpOro Mnpe-
JeNLHOr0 3HaysHUS, PaBHOTO

3
Ze 47 Or,
(T) =10220, (34.4)

0 3 é

72 72
ITpu BLIMOIHEHHH 3TOTO YCAOBHS| — =) | obecneunBaercs
y A A Jo
YCTOHUMBOCTL HE TOJIBKO MO OTHOUWIEHHI K XedOpMauusaM TuIlla
P, (cosh), HO Takime H 110 OTHOWIEHHIO K AedopMaliuaM TUna
P,(cosf), rne n=23, 4, ...
Z? Z2

Ecnu T = (750, TO Kafuis sBAfeTCqd HeyCTOHYHUBOH MO OTHO-

IIEHHI0 K GeCKOHEeYHO ManuM Nedopmauuam tuna P, (cosf) (cM.

a o g
Puc. 18.

puc. 18, Ha xoTopoM H306GpakeHa ¢opma Karid Aad npocTelt-
wux nepopmauus tuna Sr (8) = a,P, (cosb) npu n=2, 3, 4).

Oueprua 4nr;O wMeeT MOPALOK BeMHYMHbI SAEDHHIX 3HEp-
rui. Ilonaras 4nr20=~1,4-107eV, natném, uto (Z%/A4),
6au3K0 K 3HaueHuio Z2/A nas ypaua (871,

Takum ob6pa3oM, Taxé&nble sApa, HANPUMED YypaH U Topul,
HAXOAATCA BOJH3H Mpenesia yCTOHUHUBOCTH, YTO CBHA33aHO € MOYUTY
nonHo# KommeHcanue# AeBCTBHA CHJI TTOBEPXHOCTHOTO HaTAXEHHs
U CHJI 3/eKTPOCTATHYECKOrO OTTaJKMBaHHSA.
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Z2 Z2
Ecau T < (7%, TO AAPO 6yneT YCTOHYMBEIM [0 OTHOUIE-

HUIO K MaJbelM nedOopManHaM, OAZHAKO, KaK yxe 06 3TOM TOBO-
punocCy BhIE, AOCTAaTOYHO. 60abiIas AedopMauus NMpuBenET A4poO
B COCTOflHHE HEYCTOHYMBOrO paBHOBECHA. JTa KPUTHYeCKasd ne-
dopmauus nomkHa GHTh TeM 60Jablue, ueM Mesbwe Z2/A. Ha
puc. 18 cxemaTuyeckd usoOpaxkeHa KpuTuyeckas GopMa Kaniu
B COCTOSIHMM HEYyCTOHYMBOro paBHOBecHs A1 TPEX PAas/IHYHHIX
3Hauenult Z2/A. Popma c) oTseuaer Z2/A, Gausxomy k (Z2/4),.
Insi MeHbuwlero 3HaueHns Z2/A b noayuuM ¢dopmy runa &) u,
Hakoden, npu Z =0-—dopmy a). B mnocnemHem cayuae Mhl
1MeeM, OYeBHUIHO, IBe paBHBIE CONpHKacatouecs cdepbi, MacChi
KOTOPHX paBHLI MNOJOBHHE MAacCh MCXOLHOTO AAPA,

Y106l OoNMpeneNHThE KPATAYECKYIO SHEPrUIO NENeHHS, KOTOPYIO
Mbl 0603HaunM uepes E,, HYXKHO 3HaTb (POPMY KAmAM B COCTOSi-
HUH HEYCTOHYuBOro paBHoBecus. PaBHoBecHas ¢opma Kanau
nomxHa OHTb HalileHa u3 ycaosus

kO - ¢ = const.,

rie k-—KpHBH3HA MOBEPXHOCTH Kamiu, O — nOBepXHOCTHOE
HaTAXKEeHne u ¢ — MOTeHUHAaa 3neKTpHYyeckuX cHA. ToyHoe pe-
weHde 3amavd O HAXOXKIAeHHH paBHoBecHoH dopmH kamnu Ha-
TaAKuBaeTCs Ha GOJbilde MaTeMaTHYeCKHe TPYXHOCTH. Mu nocry-
nuM Noatomy caeayoumium o6pasom. M3 cooSpaxennit pasmepHocTn
BHIHO, YTO KDHTHYECKYIO SHEPruio fenenus E, MOXHO mpelcra-
BUTb B BHJe MNPOHW3BeJeHHUA [IOBEDXHOCTHOH dSHepruu, paBHOH
4nr2A%0 Ha HeKOTOpYw G6e3pasMepHyl0 GYHKUAK OTHOMIEHUs

() e

2
E, = 4mr2A"s0f [(—5—27/%] : (34.5)

Hafitu o6uinit Bua dyukuun f(x) He npeacTaBaseTcs BOS3-
MOXHBIM, OJHAKO MOXHO HafiTu f(Xx) B ABYX NpeXedbHBIX CAy-
yasx, Kkorpa x <<_ 1 u worga 1 —x <€ 1.

B nepsoM u3 3THX CAy4aeB pOJb 3JAeKTPOCTATHUECKHX CHA
O4YeHb Mana. Mbl MOXeM [03TOMYy CUHTATh, 4YTO (OpPMA Kanau
B COCTOSHHM HEYCTOWUYMBOTO paBHOBECHS Mano OTAUYaeTCas OT
TO}, KOTOpAas H3o0paxeHa Ha puc. 18, @ (aBe conpukacaromyecs
cdepb NMONOBHHHOH MAacChHI).
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Ecan 6ot 3apan KanjaH DaBHAJACA HYNO, TO SHEPTHA E, 6nna
6bl nonpocTy pasHa paloTe, KOTOPYI HEOGXOAMMO [POH3BECTH
NMPOTHB CHJl [TOBEPDXHOCTHOIO HaTAXEHHUS NPH Da3jefeHUU Kanau
Ha OBe paBHble 4acTH, T. e.

Ep=2-4nr3(§)"0—4rr240, Ze—0. (34.6)

Tlpn Hanuuvu 3apsna MB XOMKHH NMPUGABUTL COAA PA3HOCTH

9/MIEKTPHYECKHX IHEPrufl KOHEeYHOR ¥ HAya/bHOH KOHdUrypaumt,
KOTOpafA paBHA

.2—_2_(_%_52 (Ze 2 1 3 (Ze)? 46
eyt ooy s Ev R

(nepebid  uJI€H MpexcTaBAsieT COGON SAeKTPHYECKYIO SHEPrHIo

paszen€HHBIX Cpep pannyca r, (g) /3, BTOPOMH 4/ieH — B3aUMHYIO

NOTeHUHMANbHY 0 Hepruio 06eux cdep u TpeTuH YjeH — 3AEKTPU-
YeCKYI0 SHeprui WCXOomZHOro fAmpa).
Us (3‘;;4), (3;56) u (34.6') Ml MOAYYNM MpH BHINOJHEHHH
P (7)0 cAenyoWyl pesyabTat:
Z2

f(x)=0,260 —0,215x, x=— (—22—)— < 1. (34.7)
A Jo

OnpepeauM Ttenepb f (x) Ana 3HaueHuH x, 6AM3KMX K elu-
HULE, KOTZAa ANPO HAaXORMTCA BGAM3M Mpenena yCTOHYHBOCTH.
B 3TOM cAyuae CCCTOsHHE HeyCTOHYHBOrO paBHOBECHS NOCTH-
raetcs NpPH MaaHx nedopMalHsx.

Brilue MEI Ofpeennad yxe nojuyio sHepruio Egi g B cay-
yae Maabx ZedopMaluA C TOYHOCTBIO HO wieHoB aZ. [as ofpe-
nenerius Ep 3TOro mnpubasxueHus He NOCTATOYHO, TaK KaK BhbI-
pawenne (34.2), paccmarpuBaemoe KaK (QYHKuus o;, HE HMEET
MaKCMMyMa. MBI JOJXKHBI, OYEBHIHO, Y4YeCTb aHTapMOHHYHOCTh
KosieGaHMUi Kamjid, T. €. BBeCTH B BHIPAXKeHHe JJd SHEPruH
fo/iee BHCOKHE CTemend MapaMeTpoB a; DBeen&m B paccMoTpe-
HHE uJeHbl, NPONOPLMOHA/BHEE o U af W, KpOME TOrO, WieH,

nponopuroOHaaAbHbIH a§a4, KOTOpHI# YUYHTHIBAET CBA3b MEXAY

ycaoBUs
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Kone6anusaMi THIOB n==2 u n=4, C y‘léTOM 3THX UJIEHOB Eg+E
npHo6GpeTaeT CASAYIOUHHA BHLA:

116 101 2
— 2 2 o3 a 2 2l __
Eg, p= 4=r20A% [ a +105 2+ % —[—35aa4—[—a]
— O st et Bt et
T 5 rpds % 105 7‘*‘35 % T %
Wckomas sueprus E, onperensercs, oueBHIHO, TOYKOH nepesana
Ha MOBEPXHOCTH, nso6pax<a}omeﬁ Ey, p KaK (pyHKu;mo Qgy Tgye oo
B [POCTPaHCTBE 3TUX MapaMeTPOB.
Hns naxoxnenns -E, cielyer cHauana HaiTH mMuHEMYM Eg 5
10 OTHOIUEHHI0 K TepeMeHHOH a; (MpH MOCTOSHHOM ag) H 3aTeM
MaKCHMyM TOJyYEHHOrO BHIPAXEHAS, HBAAIOLIErocs QYHKUHeH
TONBKO ay. MOXHO nokasatsh, 4T0 E, uMeer crenywowuit sux 87:

Ep= 4rr24%0 {135 (1—x)34 ... } (34.8)

[HeBumuCcaHHBIE uneHH B GUTYpHBIX CKOJKax conepxar 6onee
BHCOKHe CreneHH (1 — x)]. Takum o6pasom, ecan 1 —x <K 1,
TO

f(x)~135(1—X) (34.9)

Hurepnosnpys pesyasrate (34.7) u (34.9), MoxHO nmpub/aHkéHHO
HatTH E, 4n7 MPOMEXKYTOYHHIX 3HaueHHH x. PesynbrarThl TaKo#
umepnonﬂunn NpeacTaBAeHH B BHme KpuBoH Ha puc. 19.

Caenyer nopyepKHyTb, YTO 3Ta HHTEPUNONALMA UMeeT TOJAbKO
KaueCTBeHHbI!l XapakTep; B AeHCTBUTENBHOCTH BedHYMHA X IAd
fifep ypaHa M TOpMA He O4eHb G6au3Ka K eXHHHUE, TAK KakK
KpHTHuYeCKas Nedopmauus, NPUBOIALIAA OSTH sApa K LeNEHUIO,
He sBagercs manof (89

Dueprus E, mna cocrasioro smpa U2, noayvaromerocs
B pesymnare 3axsaTa Helitpona sapom U238 papusieTcs npu-

MEDHO 5—— MeV, B TO Bpems Kak IJs COCTaBHoro sgpa U289

GMeV 1871,
SHeprmf cBS3M HeATpoHa E, njs pasAHYHBIX amep, CnocoG-
HHX NEMHTHCS, MMeer crenytowne 3Havenus (871:

E,(U2%) ~ 6,4MeV;  E, (U~ 5,4MeV;
E,(U%%9) ~52MeV; E,(Th?8)~5,2MeV;
E, (Pa%?) =~ 5,4MeV.
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Bricora Gapbepa E, TonbkO nna sagep U236, U8 meHbure
COOTBETCTBYIOIIUX  3HaueHn#t E,, mnostomy sagpa U284
U288  crniocoOHBI  AEAUTHCA  yXe TOX  JAeHCTBHEM TeIVIOBhIX

& 14
(MeV)
I N
a2t N
Th
i o ds
' 2 ) f”z, ___________
U Lz pa,‘;!?jé}}‘}:::::: 5
i ; 914 :U'
'. g ]
are 777 77
J L i ; . L )
g 47 42 a4 a8 78 70 17

Puc. 19.

uefitponos. $flmpa U288 Moryr nAemuTbhcs TONBKO NMOX HeHCT-
BMeM OHCTDHIX HeHTDOHOB, 3HePrHAd KOTOPHX TIPEBOCXOAUT
~ 1MeV,

3ameTuMm, uTO Osarozapd KBAHTOBOMEXAHHUeCKOMY TYHHENb-
HoMy 9¢deKkTy BO3MOXKHO TaKXe CaMONPOH3BOJbHOE NesieHHe
Apa, HAXOALLErocs B OCHOBHOM (HEBO36YXIEHHOM) COCTOAHUK *),
BeposiTHOCTh TAaKOro CMOHTAHHOIO Hde/JIeHud MOXeT ObITh OlLleHEeHa,
ecqd BOCTMOABL30OBAaTHCA H3BeCTHOHR dopmynoi, onpenenswoiel
npouunaemMocts Gapbepa [cM. (28.2)]. B nanHoM cayuae 3Ty
dopMyay caelyeT 3anucath B Buie

A,

P = exp {—-—%‘[1/2[59_*_1?(0() Eo]Z’”( ) a'a}

1

(34.10)

-

*) flpmenue CNOHTAHHOTO [eleHHA ;mep ypaHa OBlIQ OTKpPHITO
. ®néposnim 1 K. TMerpxaxom 199,
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rae Egy g (@) — moTedlinasbHas 9HEPrHs AApa, 3aBHcsllasg OT
HeKOTOPOTO MNapameTpa o, XapaKTepHU3ymouiero ero iledopMaiuio,
E,——HauanbHad 3Heprus saiapa, n7i; — MACcChl SAEPHHX YaCTHIL,
X;— WX KOOpAMHATHI. FIHTerpupoBaHue coBeplaeTcs B NMPOCTPAH-
CTBE NAaPaMETPOB &; BAOJAL JHHHM «CKOpeHlllero cmnycka», npo-
XoAsuie# dYepe3 TOUKY TIlepeBasa, KOTOpas, KaK YKAasHBAaAOCh
Bblllle, OTBeuaeT KpPUTHYeCKOR JHdedopmauuu. HauvaneHas Touka
NYTH WHTerPHPOBAHHA COOTBETCTBYET DPABHOBECHOMY COCTOSHUIO
HCXOMHOFO sXpa, KOHEYHas TOYKAa — PAa30LIeIIHMCS OCKOJKAaM.
BroJsb NyTH HHTETPHPOBAHUSA KOODAMHATH YaCTHL ClellyeT C4HTaThb
¢$yHKUHAMH napaMeTpa « (B TOM CJydyae, Korja HMeeTcs TOJbKO
OéHA YacTHoa, 3Ta ¢dopMyna mepeXoAHT B OCBURYIO dopMyny
(28.2) ana nponmuaeMocTH 6apbepa).

Heo6xoaumo noauepkHyTh, 4TO B KayecTBe Eg.. g Henb3d MOJb-
30BaThCA BHIpaxKeHHeM (34.2), cHpaBelNHBHM B TOM CJyuae,
KOTZa Kafas cOBEpIIaeT Maible KosJe6GaHud, TaK Kak B NeHCTBH-
TeNBHOCTH MEI uMeeM neno ¢ GoanmiuMu JdedopMauusMH grpa
[ucnonb3oBanue Bripawenus (34.2) B KauectBe Egig (@) npu-
BOOHT K NepPHOAy NoJsaypacmaja slep ypaHa, DaBHOMY NPUMEPHO
1 qacy (891,

SICHO, YTO BepOATHOCTH NPOXOXKIeHHs 4epe3 Oaprep Oymder
OYeHb MaNOH u3-3a GOJBLIOH BeJHUUHH MAacC OCKOJKOB. MoxHO
OLleHUTb TMokasaTens B ¢opmyne (34.10) npubamuxEHHO KAk

V IMEr %

rae M —Macca sazapa; monaras « =3 10713 ci, MH  MOAy4HM
BpeMsl KM3HM YypaHa IO OTHOIUEHWIO K CHOHTAHHOMY pacmnaxy
nopanka T, ~ 1022 ger. COrnacHo sKCNePUMEHTaAbHBIM AaHHAIM [90)
T~ 10161017 ger.

Bonbwoe 3HaueHWe BeNMYUHBI T, TTOKA3BIBAET, YTO CTIOHTAHHOE
He/leHHe TIPAKTHYEeCKU He OKa3hBaeT HAKAKOTO BJAMSHHA HA YCTOR-
YHBOCTh CyuiecTBYOUMX sigep. OZHAKO TAK KAK C YBeaHYEHHEM

2

z
a BeJn4nHa Tr 6I>ICTp0 nagaet, TO BIIOJJHE BO3MOXHO, UTO

CIOHTagHOE JeJjieHHWe OTBeTCTBEHHO 3a OTCYTCTBHe B TpHUpOAe
HEeKOTODHIX TPAHCYPAHOBBIX 3JEeMEHTOB.

ITpuBeném B 3akdOueHHe 3TOTO MNaparpada 3HaAYeHHA IHEP-
run AE, Bhgensiomeicds Apu  AeJeHHM  Pa3AMYHOrO  pona
anep B, ' :
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(B nocnennem cron6ie yKasaHb 31adyeHHS 3HEPrHH, OCBOOONK-
Zawlleicsa B pesyibTaTe NOCAe AYIOMHNX B-Pacnanos OCKOJKOB Aene-
HHA). Mpl BHAMM, UTO OCBOGOXIAIOMIASACH NPH AeJeHUH #1pa ypaHa
3Heprusi cocTasaseT okono 200 MeV (E, nna ypana ~ 6MeV).

3aMernM, uto, cornacHo pacuéram [871, mpm pacwensennn
A1pa ypaHa Ha TPH NPHMEDHO DaBHHE YACTH AO/MKHA BHIAEHATHCH

SHeprHsa, Bhlle-

Horomwos | o | oy o | sreuan g rocre
AAPO IeleHHs -

P AelleHun (8 MeV) OCKOJIxOB (B MeV)
9gNi®1 1 1481703 —11 2
5oSn1? osMn’% 59 10 12
63Er167 345 883’ 84 94 13
2Pb?® Nel% 103 120 32
92U239 46P d119, 120 200 . 31

3Heprus okojao 210 MeV, 4TO HeCKOJNbKO MpeBHLIAET SHEPTHIO,
BHIEAAEeMYIO NIDU [eJeHHU Ha IBe uacTU. PasnencHue ypaHa Ha ye-
THIpe YaCTH XOMKHO IPUBOMAUTH K BHAEJSEHHIO SHeprun ~ 150 MeV
(pasnenenne CTAHOBHTCSH 3HAOTEPMHUYECKHM, €CJH YHCJIO HOUYEPHHX
sinep pasuo 15).

Jenenne faep ypaHa Ha TPU M 4YeThIpe 4acTH HabJI0IaJOChH
SKCIIEPHMEHTaNnbHO, TPHUYEM OBIJIO YCTAHOBJIEHO, B COOTBETCTEBHH
C TeOpeTHYeCKMMH DaCy&TaMH, 4TO 3Heprud, BBIZEJSIOWAACA IpH
deNeHHH Ha TPH 4YacTH, TpeBbillaeT SHEPrAl0, BHACAANLLYIOCS:
NpH defeHHAH HA ABe dactm (911, :

§ 35. BepoATHOCTH AcJieHHd

dnpo, sHeprua BO3CY:mAEHHS KOTOPOIO NPEBOCXOIUT E,, He
00653aTebHO NOMKHO MOABEPTHYThCA JAeJdeHHI0. MOXHO JHillb
CKa3aTh, 4TO 6yAeT HMETb MEeCTO COpDeBHOBaHHe MeXIY Das/uy-
HEIMH MpOLECCAaMHM, MOTYIIHMM INPHBECTH K paclany COCTaBHOTO
aapa. HaunbGonee BaXKHEIMM M3 HHX, TIOMMMO [e/IeHHd, SBJASIOTCA
HCMyCKaHue HeWTpoHa M ISMMCCHs 7Y-KBaHTa. B To Bpema Kak
BHIJIET YACTHMIL CBA3aH C  KOHIEHTpAanHeid >5HepruM BO3GYK-
IeHHsl aapa, pacnpelen€HHOM BHauaje MexAy MHOPMMU 4acTH-
IaMH H uMeroieit xapaxrep"rem(oson SHEPTHH, HA OZHOHN YacTHlle,

21 3ak. 1800. A. Axmesep.
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HaXOHAiledCa y MOBEPXHOCTH f1pa, leJieHHe f1pa CBA3aHO C mepe-
XOMOM YacCTH 3TOH 3HePTMH B NOTEHUHaAbHYI 3Hepruio Aedop-
MaIHM 14pa, AOCTATOUYHOH Aaa TOro, 4TOOH NPHBECTH K AENEHHIO.

CpasHuM MexIy cOGOH uyaCTHYHBIE WIHPHHBI COCTaBHOrO SApa
10 OTHOIUEHHIO K JeJNeHHI0, BEUIETY HeHATPOHa M HCNYCKaHHIO
{-KBaHTa.

ITokaxemM mnpexne Bcero, KaKHM OGPa3OM MOMHO OLIEHHTb
YaCTHYHYIO WKPHHY MO OTHOLIEHHIO K IXeneHHO I'.

PaccMOTpuM COBOKYNMHOCTb A71€P, SHEPrus Bo30OYmIeHHA KOTO-
pHX nexur mexny E u E—4dE. O603HauuM 4HCIO cCOCTOSIHMM
a1pa c 3Heprue# Bo3OyuxnieHus B wuHTepsate (E,E -+ dE) uepes
p (EYdE. Tlycte B KamioOM H3 3THX COCTOSIHMH HAXOMMTCHA I10
oxHoMy aapy. COrnacHo oOmnpejeseHHI0 IWHPHHH JeJeHHd W3
o6uwero uucna sagep p (£) dE B eanWHMIly BPSMeHH IOBepraercs

r
ngenenno p(E) dEO%-’f axep. C aApyrofl CTOPOHH, 3TO YHCJIO MOXeT

6HTb ONpeneneHO emf Chaenyomum obpasoM. ITycts da — cme-
[ieHHe B HampaBieHuu AeneHHs. OTHeC&HHOe K da obuiee UHCHAO
KBAHTOBHX COCTOfIHHMM COCTaBHOrO #Apa, Haxoaddulerocs B mnepe-
XOIHOM COCTOAHMH, HEelOCPelCTBEHHO MpeldllleCTBYIOIIEM Ae/EHHIO,
MOXHO MNpeiCTaBUTh B BHIe
2P 23, (E— E,— K) dE.
oty

3nece K M p — 3HEePrus H UMIYJALC, KOTOpPHIE NMPHOOPETAIOT NPHU
pa3nére OCKOJAKHM AesieHus (BenuuuHbl K H p 3aKJI0YeHH B HHTED-
Banax dK u dp); p* — NAOTHOCTb TeX ypPOBHeH COCTABHOrO AApa
B MEPeXOQHOM COCTOSIHHH, KOTOpDHIE BO3HHKAIOT OT BO3OYymAeHHA
He CBfI3aHHHX C feJieHHeM cTeneHe# cBo6ons sxpa (dHeprua
BO30OyXAEHHA 3THX cTeleHefl CBOOOAH B NMepeXOIHOM COCTOAHHH
pasHa E—E,—K, OHa ¥ sBAAETCA aPryMeHTOM byHKUHH Dp*);
nakoHen, dp da/gnﬁ — YMCAO KBAaHTOBBIX COCTOAHHUN B HHTEepBajax
dp u da nepeMeHHHX p U « (3TH COCTOSIHUA CBA3aHHI C MepeMeHHOM,
KoTopas onpejenser xedbopManuio, NPABOAAIYIO K JeJeHHIO A1pa).

TlockonbKy BHauaJie B KaXXAOM KBAHTOBOM COCTOSIHHH Haxo-
AMAOCh TO OAHOMY #ADY, oOillee YHCAO OeJeHHH B EIUHUILY
BpeMeHH DABHO

vdp . _ _
dEfQ‘n:fi e (E Ef K,

da
rie o == — — OTHOCHTeJbHAA CKOPOCTb OCKO/KOB. 3ameuas, u4To

dt
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vdp = dK, MOXHO UepemucaTh 3TO Bbxpameﬂne B Bule

dp .
8 [ 22 @ty 1= 85 06— ),

roe N*(E— E;)—o6uiee YACIO ypOBHe#t  COCTaBHOrO A1pa
B IIePeXO/IHOM COCTOSIHHH C 3Heprue#t BO3GymaeHus, He mpesoc-
xomsmet E— Ep.

IMpupasruBas p (F) dE——ﬁ’: 3TOMY BHIDaweHHIO, TIOJNYYHM Cje-
ayomyr GopMyny ans WHMPUHH aeaeHus Iy

O NYE—EA 1 e
Iy=" @y = 2. DN* (E—E)), (35.1)

rae D — cpenHee DacCTOAHHE MEWIY COCEXHHMH YDOBHAMH
COCTaBHOrO fxpa C 3HeprueH BO3OyxiaeHWs, paBHoH E.

ITpu aHepruax BO3GyxieHus, He TPEBOCXOUAIMHUR E,, wHpHHA
nenenuss pasHa Hymo. Ecau E-—FE,~e, Tne e— paccTosHne

Mex1y HaWHH3WHMH YDPOBHAMH COCTaBHOl’O sipa B MepeXOMHOM
_ . D
cocrosnHuu *), 10 N* ~1 u I''~ 5 3 9Ta BeIMYMHA COCTaBJIReT

mpuMepuo 1—10 eV. C ysenuueHHeM SHepruu BO3GyxIEHHA
WIMPHHA leMeHus CHABHO BO3pacraer. [leHCTBHTENBHO, IIOTHOCTH
ypoBHe#t sapa mnponopuuoHansHa eSE), rpe S (E)— sutponus
cocraBHoro sapa. IlosToMy wmpuna I, AponopUHOHAIBHA

SE—EA=S B Orcona clienyeT, 410, HauuHad ¢ E = E,, Beiu-

unHa I', CHABHO, MOYTH SKCMOHEHUHAAbHO, BO3pacTaer C. vse:m-
yennem E.

PaccMoTpuM Telepb BEDOSITHOCTH MCNyCKaHHMA <{-KBaHTA W
sMuccHM HefiTpona. UYto kacaerca paauanuonHo#t wmpuHue I,
TO, KaK MH 3HaeM, y OGLIYHBIX siZep I‘ ~0,1 eV, npuuém aTa
IMMpKHA MOYTH MOCTOAHHA B 6om>mom HHTEpBaJe 3HEPIHH.
MoxHo mpeanonaraTs, 4T0y faep, MOryMHX genutbcs, [, — toro
Xe TMOpAAKA BeNHYUHBI, YTO M Y OGHYHHIX fXep. ﬂeﬂcmmenbuo,
U3 BCex CTemeHeft cBOOOABI siApa, CIOCOGHOrO NEAHTLCA, TONBKO
OIHa CTeMeHb, OTBevalolas KoneGanuio THia P, (cos §) (cm. sHe),
o6nafaeT aHOMaNbHEIMUA CBOHCTBaAMU — 6OJIBILOH AMININTY AOK KOMe=
GaHWH TIPH CPaBHUTEJbHO MaloOl 3Hepruu Bo36ywaeHusd. OaHaKO

*) MoOXHO nyMath, YTO ¢ MO NOPAAKY BeIHUHHB COBMAfaeT C pac*
CTOSHHEM MEXAY HAMHHIINHMH yPOBHAMH AJA OGBIYHMX THKEIBIX Axep-
T. e, e~01-0,2 MeV..

21%
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H3AyYeHHE, CBA3AHHOE C 3TOH CTENeHbIO CBOGOAB, MajgO BBHUAY
MaZOCTA 4YacToT KosjeGaHu#t [87),

Mpun E— E, ~ ¢ paananuonsas WHpuHa NpumepHo B 10 —100
pas MeHbule UIMPUHBI J€JIeHAd; C YBelHUCHHEeM OJHEPruM BO3-
Oy:KneHHa 3TO OTHOLIEHHE CHALHO DPAacTET.

He#itponHas wmupuna T, oueHs Mana, ecau SHeprus BO3-
GyxAenus JHIUb HeMHOrO NpeBLIIAeT IHEPTHIO CBSI3H HeHTPOHa
E,; B 3TOM cnyuae T, coBnajaeT ¢ 4YaCTHUHOM IIMPUHOH ynpy-
roro paccesnus Heditpona I',, Ilpu BO3pacTaHun 3Heprum BO3-
Oyxnennsa I', CHAIbHO BO3pacTaeT W OYEHb CKOPO CTAHOBHTCS

Goavute I',,. [Heiicreurtensno, eciu E>E,, TO I‘,,=21‘,,B,
' B

rge CYMMUPDOBAHNE MPOHU3BOAUTCA 10 COCTOAHHAM OCTATOYHOTO
anpa B. IMTocnennwono CyMMy MOXHO MpeiCTaBHTb B BHIE

Tp= [ Tugp (E—E,—K) dK,

FAe p-— MAGTHOCTb ypOBHeH OCTAaTOYHOro snpa, K — KHHETH-
YeCKas sHeprus HeH#TpOHa. BniHOCA 3a 3HAK HHTerpajna HekoO-
TOpoe cpenHee 3HaueHue I',p, KOTOpoe MBI 0GO3HAYHMM Yepes

T» B, NOJYyYuM:
T, =TasN (E —E,),

~ .
rae N —oGmee 44ca0 ypOBHel OCTaTOYHOrO #Apa C SHepPrHed
BO36ywAeHUA, MeHbiulelt, ueM E—E,.

Ecnu sHeprna BoaGywaenus npumepdo Ha 1 MeV npesoc-
XOEMT 3Hepruio CBs3u HeHTpPOHA, TO, Kak GbO moxasaHo B § 19,
KoadduuueHT NPUAHTIAHUA HEHTPOHOB K AADY GNH30K K ENWHHLE;
NP 3TOM CpexHee 3HAaueHHe IMUDHHH ['»p MO moOpPsAKY Beau-
yuHb pasHo D/2m, rupe D —cpepHee pAacCTOSHHE MEXAYy CO-
CeNHHUMH YPOBHSIMH COCTAaBHOrO sigpa. I1o3TOMY

D ~
T, ~5 N(E—E,). A (35.2)

CpaBHenue 3To# dopmyan ¢ dopmyno (35.1) ans I, no-
KasblBaeT, 4TO MNpu BospacraHuum £E, Haunwas ¢ E=E,, T,
GucTpO BO3pacTaer ¢ 3Heprueff. -

Takum oOpasoM, MH MOXeM ClenaTbh CJAeAyIOlHe BHIBOAHL.
Ecnu 3ueprua Bo3GywaeHusa coCTaBHOro aapa E MeHblie HAH
TOro e MOpANKA BelAWYHHBI, 4TO M E, TO I's~ 0. Hanyyenne
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npH 3TOM ropasno Gojiee BepOATHO, deM HeneHne. Ilpu ysenu-
YeHHH 3HeDTHH BO3OYKIeHUs, HaUnHas C 9Hepruu E = E,, uactuy-
Hag wwpu#a neneHust I', GEICTDO BO3pAacTaeT u OYeHb CKOPO
craHopurcd Gonbme I'.. TIpH 10CTaTouHO GONABIIMX IHEPrusAxX
B036YyKINeHu nanyqenue MOXHO BOBCe HE€ YYMTEIBATH, TaK 4YTO
OCHOBHHIMH TPOLECCaMH, BEeAYLIMMH K pPacrnany COCTaBHOrO sApa,
6ynyT DeneHHe W BHJAET HefiTpoHa. MOXHO npeanosaarath, 4TO
acumnroruyeckoe nosenenne Iy u T\, upu EZ> E, E, npu-
.. MEpPHO -ORHHAKDBO, TaK KaK rrmr‘ﬁonbmnx SHEPrufx BOsﬁymne~
HHS TeMIepaTypa SApa HaCTONLKO BEJIMKA, YTO 3KCIOHEHLHANb-
Hble (pam'opu B I'y ¥ T, no nopsaaky BenAHMUMHB DaBHH €nu-

HHIE 1 pasauyue B I', H I', oGycnosausaercss pasinuvem npex-
3KCINOHEHUHAABHBIX Mnommeneﬁ KOTODble Mel/IeHHO MeHRITCH
¢ 3Heprue#t BO36yxnenms. OTCHOXa BHIHO, YTO NPH GOABUIAX
SHepruax BO36GyimAeHHs 06a mnporecca MOryT HrpaTh IPHMepPHO
OAMHAKOBYIO DO/b.

Cneayer OTMeTHTb, UTO eC/AM IHeprUd Boaﬁymneﬂm npesoc-
XOAUT cymmy E. —i—En, TO CevyeHHe nejleHHss Bo3pacTaeT OJa-
romaps cnenylomemy npoueccy 931, CunpHo BO36yxaEHHOE
COCTaBHOe 4po, o6pasymomeecs 6narojlaps CAHSHHIO HCXOXHOTO
fAapa ¢ OBICTPHIM HeHTPOHOM, MOMET IOABEPTrHYThHCS LEJICHMIO
au6o Ccpasy, AHGO MOCJe BHUIETA HEHTPOHA, €CAH TOJBKO SHEeprus
BO36yKAEHHS] OCTATOYHOrO Aapa NMPEeBOCXOAMT XAaPAKTEPHYIO IJA
3TOr0 AAPA SHEPrHIO HeNIeHUd.

IlpueengM Ttenrepn d¢opmynH, onpegenaouye 3dpdexTrBHOE
ceyeHue penenns, llycts BO3OyxIeHHE COCTaBHOrO siZpa CO3-
Aa8Tcsi B pe3yJbTare 3axBara HefiTpona, PaccMoTpuMm cHavala
TOT ¢hydalt, KOria 3SHeprus HeHTPOHa JeXHT BHE TeN0BOH
o6nacT# (0 ceuenwsx B TenaoBoH o6aacTn cm. § 36).

- EcnAm cymecTBeHHYI0 DOMb MIDaeT TOJBKO OIHH yPOBEHb
C sHeprueil L, TO CeueHHe geJeHUS Sp BLIDAKAETCS PE3OHAHC-
HOM q>opuynon

2+l Twly 35.3
o = A3 &G+DE+D) g— Eo)z_l_rz’ ( \)

rie E-—9HepIus Nanaioumerq. uempona, X — nnuna.ero BOJIHEL,
I'= 1‘,—{—?[‘ I, —noaHas wwMpuHa YPOBHS, S— CNHH. Hehi-
TpOHa, { W J—ymonme MOMEHTs  HCXOIHOIO ¥ COCTaBHOTQ
agep.
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[Ipu 3axBaTe MeLIEHHOTO HeATpOHa I‘n0~VE MO3TOMY
‘CeyeHHe fmeneHHa O6GPAaTHO NPONOPLUMOHANBHO CKODOCTH Helt-
TpOHa.

CedeHue pagHalHOHHOrO 3aXBaTa B 3THX YCJIOBHMSX HMeeT
BHE

o =R +21,)_({—2i1+ ) S %" (35.4)
(E—EP+ ¢
Ecan 3axBarhBaeTcs MeaneHHHR HEeHTPOH M NpH 3TOM CO-
CTOSIHHE COCTABHOTrO sAjpa nonazaeT B 06JaCThb NepeKphIBAIOLIUXCSA
ypoBHeft (I'~ D), TO ycpenHé€HHOe ceyeHMe MeNeHuUf onpene-
AseTca obwel dopmynon (27.4)

sy = 2ah2g 'wPf (35.5)

rne g=1, ecan i=0 u g_——.-—;-, ecnu { > 0, (Tak kak op6u-
TaAbHHH MOMeHT HefiTpoHa [=0, 10 J=i=& ; , ecan [£0,

J=—2—, ecmn i =0.)

YcpenH&HHOe cCedeHHe Da/IMALMOHHOTO 3aXBATa B 9THX XKe
YCJA0BUAX onpenenaerca dopmynoh
Tpol,
= 2n%X2g nov,
G., = 4W —_—— .
=2 _ 5 (35.6)
Ecnu nenenue BO3MOXHO Yyxe MOA HeHCTBHEM TeNAOBLIX
HEHTPOHOB, TO IIMPKHA [eneHHd BCeraa Gosbllle panvalHOHHOM
WHPHHLE ¥ NOAHAadA wHpHHa [’ NpaKTHYeCKH COBMAfaeT C WIHPHU-
HOH neneHus I',. Ycpenn&HHoe ceyeHue ZAeneHUss 6au3KO npn
3TOM K cequmo 06pasoBaHus COCTABHOTO sApa

opms m2R2 100 ey (35.7)

(C-—Bepoa'rﬂocn OPHAHNAaHUA HEHTDOHaA).

YcpenH&HHOe ceueHMe paAMAaUMOHHOTO 3axBaTa AAs sIxep,
MOTYIIMX NeNHTHCA -MOA AeHCTBHEM TEMJOBHX HeATPOHOB, DaB-
HSIETCS :

: Mwely . I
s =1TQK9 not v 1
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Ilpn sHepruu HeHTpoHa ~ 105 eV ceuenme nesieHHA OKa3H -
BaeTCsl MO MOPAAKY BeNHUYMHE paBHIM 10-2¢ cy2 eciu cuyurars,

410 C%%. O6a Bopawenus (35.7) u {35.8) cmpaseanushl

BIJIOTH A0 TAaKHUX 3Hepruil, NPpM KOTODPHX HAYHHAET HIPATh POJb
Heynpyroe paccedanue HeATpPOHOB (E~1 MeV),

B cayuae 3axBata OniCcTporo He#TpoHa (¥ <€ R) ceueHue
IesieHHsl G, OMpejlelieTcs (QopMynon

Ty

3amemm, 4TO TNOMHMO HeﬁTpOHOB, JeJsenne MOryT BHISHIBATH
TaKe JEHTPOHE, NPOTOHH, T-AVUH M APYrue 4acTuiln, €CaH
OHH 0067aZal0T XOCTATOUHO GoAbUIOR 3Heprueil, UTOGE CO3AAThb
Heo6xoxmMoOe BO36yxkIeHHe sAipa.

Yro KacaetCs OeHTpPOHOB, TO ChAedyeT UMeTh B BHIAY, 4YTO
OHH NOJKHBI HMETb BO3MOXHOCTb LeJMKOM IIDOHHKHYTb B A4DO.
HeltTpoH, 3axBaThiBaeMEI} A1pOM Nocie AUCCOUUALIMH MeIeHHOro
IelTPOHa B nmnoJse s1Apa, OKa3siBaeTcs 0ObIYHO HEeCTOCOOHBIM
BLI3BaTh MeJleHHe, TAK KaK BO3HHKaloilee NP 3TOM BO36YymIeHHe
SAPA MeHbllle KPHTHYECKOH SHepruu Aedenus E, 187,

§ 36. LUennaa peakuus

ITpu neneHuu TKEABIX gnep TMOA nAeACTBHEM HeNATPOHOB,
MOMHMO fIeP-OCKOAKOB, HCIYCKAIOTC BTOPHUYHHE GHCTpHE Heli-
TPOHBI, KOTOpbie B CBOIO OYepeldb CMOCOOHH BLISHBATH [eseHUe
agep. JTH HeHTPOHH pacnpedeseHn IO 3HEPrusM HelpPepLIBHO,
NpUY&M OCHOBHA Macca WX HMeeT 3Hepruio okono 1—2 MeV
(MakcuMadbHAs 3SHeprusi HeATPOHOB 1O MOPAAKY BeJHUHHBI
pasHa 10 MeV).

Takum o6pa3om, nosBAfeTCd BO3MOXHOCTL OCYLIECTBJIEHHA
LenHON sigepHO# peaknuu. YToObl Takash peakudst NNPOHCXOAHUAA,
Heo6XONMMO BHIMOJHEHHE pPANa yCAOBUH, K DACCMOTPEHHIO KOTO-
PHX MH Tefephb MepelnéM.

PaccmoTpum cHavana npocTeftiuuit cnyyait 6eCKOHeUHOM My IbTH-
NIMUMPYIOLLEA CUCTeMBl, KOFa BemecTBO, $Apa KOTOporo CHo-
COGHHl [eJHUThCH, 3aHUMAET BCE MPOCTPAHCTBO. B Takux cucreMax
MOXHO He HHTepecOBaThbcA MOTepeil HeHTPOHOB, HMewoLieH# MecTO
B CHCTEMAaX KOHEYHBLIX pPasMepoB M npoucxonsuied us-sa Aud-
$ysur HeHTPDOHOB B OKpyXKamilee MPOCTPAHCTBO.
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IIycTh B COCTAB MYJALTHINIMIMPYIOMEH CHCTeMBI BXOAAT TONBKO
sapa TMKENEX 3/71eMeHTOB, CIMOCOGHHIX AEJNMTHCH MOJ HeHCTBHeM
He#TpoHOB. O603HAUNUM 4Yepe3 v CpelHee UYHCJIO HeHTPOHOB, BO3-
HUKAIOMHWX NP OXHOM akTe fdenenua supa. llpu croakHOBeHun
TaKHX He#ATPDOHOB ¢ alpamu Haubosee BepPOATHH NPOUECCH
ZeneHus W Heynpyroro paccesHHs HeHTpOHOB (paivauvOHHBEHR
3axBaT ObLICTPHIX HEHTPOHOB Maja, HO BCE Ke IPOUCKXONHT C 3a-
METHOH BepOATHOCTHIO).

Ecau Heynpyroe paccesinde Mano, TO A/ NMPOTEKAHudA LENHOMH
peakuuu HeoGXOZUMO, YTOOGH v OO 60/bile ENHHUIH. ITO Ke
YCIOBHE NOMMHO BHIONHATLCA TaKxe H B TOM Clyd4ae, KoOraa
Heyrnpyroe paccesHHe HeHATDOHOB He Majio, HO Heynpyro pac-
CesiHHBIE HEHTPOHH CNOCOGHH BHI3HBaTh fAejieHHe saep., Jlas
BO3MOXMHOCTH [QeJieHMd KHHeTHUeCKasd 3SHeprus TOYTH BCEX He-
YIOpYro paccesdHHBIX HEATPOHOB HOMKHa NMPEBOCXOLAHTHL PAasHOCTH
MeWay KDUTHUeCKOHM 2Hepruell neneHud E U IHEPrusi CBI3H
ileiTtpoHa E,, Tak Kax TOJALKO B 3TOM cnyqae BEPOATHOCTD
AefeHus Noa peHCTBHEM HEYNPYro PacCesHHHWX He#TpOHOB 6ymeT
A0CTaTOYHO Gosbwiok (B6AU3YM mOpora IHesieHHd CeueHHe [ene-
HHA CTpeMUTCs K Hymo, cm. § 35). :

B TOM ciayuae, KOraa Heynpyro paccesiHHble HeHTPOHH (mocie
ONHOMO MM HeCKOJbKHX AKTOB pacCedHHd) He CNOCOGHH BbLI3H-
saTh AeNieHWe, BO3MOXKHOCTh MPOTEKaHWs LeNHOH peakuud Onpe-
Jensgercs, KpOME BEJAWUHHH v, BepPOATHOCTBIO HEYApPYyroro pac-
CesiHUSI W 3JHEPreTHYeCKHM CIEKTPOM pacCesTHHHX He#TPOHOB,
Mer He OGyldeM, OHHako, MNOAPOGHO  paccMaTpuBaTh 3TOT
cay4aft.

Ecau n3-3a 607bUWIOrO HEyNpYyroro paccesiHusl, BLIBOASUIErO
He#TPOHBI U3 O6nacTH 3HEPrHH, B KOTOPO#l OHH CMOCOGHBI NEeNHTh
d1pa, a TaKxe H3-3a PaAWallMOHHOFO 3axXBaTa He#TPOHOB, pOJIB
KOTOPOrO BO3pacTaeT C yMeHblleHHWeM 3HEePpruu HeHTDOHOB, Uel-
Has peaklMss HA GHICTPHIX HEATPOHAX HeBO3MOXHA, TO MOXHO
CO31aTb YCJOBHs, OMArONMPHUATCTBYIOLIHE MPOTEKAHHIO LEMHOH
peakIuH Ha MeIJIeHHHIX (TellJOBHIX) He#iTpOHax. [lna sro#t uean
B CHCTeMy HEOGXOIMMO BBECTH 3aMeIJIHTeNb-— JETKUH SJIEMEHT,
4Apa KOTOpPOro 3¢ddheKTUBHO 3aMendl0oT HEHTPOHE MPH YNPYrux
CTO/NKHOBEHHUAX. L

[lennas peaxkuus Ha MelJieHHHIX HeHTPOHaX OCYIeCTBJASETCH,.
HanpnMep, B CU(TEME, COCTOdALUEH M3 ypaHa M NE&rKoro 3aMeanu-
tena (rpadur, Taxénas BOIA).
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Kak u3pecTHO, OCHOBHO#i H30TON ypaHa AEAUTCA TOJBKO MNOI
meficrsueM OLICTPHIX HeHTPOHOB ¢ 2Hepruefl, Goasuwel, ueMm
~1MeV. Ilosromy 6oabuioe HeyNnpyroe paccesHue MNpenat-
CTByeT TNPOTEKaHUIO LeNHOH peakuMd Ha OHCTPHX HeHWTpOHaxX
C MCHOJAb30BaH{eM OCHOBHOTO H30TONAa B KauyeCTBe neNAIIerocs
MaTepuana,

Hsoron U2B genurcs yxe noag aeficTBUEM TEMAOBHX Hel-
TPOHOB, NpHYEM B COOTBETCTBHM C 3aKOHOM 1/v sdderTusHoe
ceyenue gHenenns U238 ocoGeHHO BeNUKO MMEHHO B TerIoBOMH
obaacry.

dddexTuBHOE CeueHme pPaaMALUMOHHOTO 3aXBaTa HEHTPOHOB
B TemnoBolt o6nactu (uzoronamu U288 y U2B) Takwe caemyer
sakoHy 1/v, Tak YTO OTHOCHTeNbHasi BePOSTHOCTb [e/IEHHS W
paAualMOHHOrO 3aXBaTa B 3TOR OGJACTH SHEPruH He 3aBUCUT
OT 2Heprym,

BBeneHueM 3aMeNANTE NS LOCTUTAETCA BO3MOXHOCTD YMEHbIIUTD
posb PpPaAMalMOHHOTO 3axXBaTa HeNTPOHOB SIPAMH OCHOBHOTO
uzorona U238 (mpuBopsmero k o6pasopaduio naytowus). Baaro-
napsa 9TOMy [IpH 3aMel/leHWH HeHTPOHOB JO TEMJOBHX 3Heprui
cospaTcd GaaroffHATHLHE YCJAOBHA 1Af pa3sBUTHA peaKumuu
C ucrnoab3oBaHueM wu3ortona U286 (rpasuuim 0o6pa3oM) B KauecTBe
JeJsslerocs martepuasna.

Xots mpu GonpwMx Heprusx HefATpoHos (E ; 1 MeV) panuna-

HMOHHLIH 3axBaT saapamu U288 ouenn Max, yxe npu 3Hep-
ruax ~ 108 eV ou pocturaer BeJUUWHH TiopsAka 1072 o2,
B o6aactu sueprun He#itpoHoB AT << E < 10%eV aror npouecc
urpaet HaumboJjee BAXKHYIO DOJb.

. Tak xkak npouentHoe coxepxanue usoroma U5 oyenp He-
Beauko (uuciao amep U2 cocrasaseT okono 1/,,, o6uero uucaa
fadep YypaHa), TO paZWauUMOHHHHA 3axBar B O0GJacTH 3Hep-
rud 104 — 108eV MelnaeT npoTekaHHIO UEMHOH peakunw B CACTe-
Max, He cOomepXKallMX 3aMemaHTeNd,

He6naronpustHoe I8 NPOTEKaHUA UENHOA peaKuud COOTHO-
lleHHe MExAY ceYeHHEM DamnuallMOMHOrO 3axBaTta siapamu (298
H ceyeHueM penenus amep U285. (c yu&TOM BeJWUYMHHEl KOHUEHTpAa-
MY STOrO M30TOMA) HMeeT MeCTO BIVIOTH JHO CaMbIX MajaHX
sHeprufi HelitpoHa. [TonoxeHHe, OLHAKO, pe3KO MeHseTCs BOJIU3H
TennoBON O6A4CTH, TOHHEe TrOBOPS, IIPH 3HEPTHAX, MEHBIUUX.
YeM 3IHepPrusd HAWHU3LIErO DEe3OHAHCHOTO ypoBHA U238,
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Tlpn npudiaukeHvHn sHeprud HeHTpOHA K TeIOBOH objacTH
CeYeHHe pEe30HAHCHOrO MOTJOoWEeHnsT HeATpOHOB snopamu U288
CTAHOBHTCS MaJHM MO CPAaBHEHHIO C CeyeHHeM HeneHus saep U285,

YTo6H pasbACHUTD 3TO OGCTOATEABCTBO, 3AMETHM, YTO B TENIO-
BOH 067aCTH, BOOGIlle TOBOpPA, HEAb3d MOJABL303ATHCA BBENEH-
HeMH B § 35 cevenuAMH, YCpeAHEHHLIMH MO GOJBIICMY YHUCIY
ypOBHell. DTH CeueHHS OMpENeNAIOTCs T/NaBHLIM O6pa3oM 3Hade-
HUSIMM 3JHEPruM, JAexauumu BG6IU3W Pe30HAHCHHWX yposHell. Ecm
B6AM3H Tem/JOBOM 06JAacTH HeT pPe30HAHCHHIX ypoBHel, TO 3d-
(peKTMBHOE CeueHHe B TEIVIOBOM 0GaacTH MOXeT OhITh Cylle-
CTBEHHO MeHbllle yCpenHEHHOTO ceuenusi, iMeHHO Tak u O6CTOMT
ZeJNO C pagMalliOHHBIM 3aXBATOM HEHTPOHOB SILPaM¥u OCHOBHOIO
uzorona U8, nng koTopHX sHeprus nan6o/iee HU3KO DPaCNoNo-
*KEHHOIO PEe30HAHCHOTO YPOBHA COCTaBAfgeT HecKoAbko eV.

Onpenenum cedyeHue pamMalUMOHHOTO 3aXBaTa HeHTPOHOB
agpamu U8 B Tenioso#fi o6aactH, npeanosaras, 4YTO 3aXBaT
06yC/IoBANBaeTCAd ONHAM HanboNlee HU3KO PACNOJOXEHHHM ypOB-
Hem U8, asmepruio xoroporo oGozHauyum yepes E,.

O6uwas aucnepcuonHas dopmyna [cM. (24.18)] npusoaut
K caefyiollleMy BbipaXeHH10 AJA CevYeHHA palHalHOHHOrO 3a-
XBaTa 6338 (BT):

928 (K T) = rhly —— 1 &D —, (36.1)
(T — E)? + 7 2
) £ - ‘
rae x = ee——— — JAH3 BOJHB HelTpOHA, COOTBETCTBYIOLIAN
T VomeT eATpona, 8y

TenoBo#t 3Heprun 27 (£ -— nocrosnHas Boabumana, T — Temne-
patypa); ¥,(kT)-— 3HaueHve HeWTDOHHON WNPHHBI NPH TENJIO~-
BOH 3Hepruw; I‘.‘——pannauHOHHaa H Y — noJIHad IMpUHA YPOBHA.
Mpennonaras, uro y<& E, n npenebperas B 3HaMenartene (36.1)
TENAOBOK 3Heprue#t RT no cpaBHeHHo ¢ E,;, NpPEACTABUM Ceye~
HHe 3axBaTa 6338 (#T) B Buze

52 (RT) g i, TY0n D (36.1")
2 ,

CpaBHuM 3TO Bhipa)ceHHe C yCPeaHEHHHVM ceuendeM pajaua-
HIMOHHOTO 3axBaTa nNpu suepruu 27. HanomuuMm, uro ycpeln-
HEHHOE cedeHWe oOlpenensercs GONbIIUM YHUCIOM- YPOBHeH W,
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cornacio (27.5') B wmrepecyoueli Hac 061acTH SHePTUM Bhpa-
WATCH caenywowel Gopmyaoi:

) r

o3 (kT) = =Ry, —2, (36.2)
roe I, —cpennsas HeHTpoHHas MWWpuHa Opuw sHepruu AT
D — cpeaxee pacCTOAHHE MEXNY COCeNHHWMH YypoBusamu. Ilo mo-
paaky BeawunHsl D pasHo E,; kpome Ttoro, I',=sy, (kT).
[Moaromy u3 (36.17) u (36.2) BuITeKaeT COOTHOLIEHWe

o2 (£ T) m;_; (36.3)

Cunras, uro I‘.,%O,l eV u E,~10eV, noryuum orcroaa:
a2 (kT) =2 0,0152% (£T). (36.3)

Takum 06pa3om, B TelJIOBOH 06/acTH cedeHue paaAnaluOHHOIO
3aXBaTa 3HAYWTEJLHO MeHbLIe, YeM yCPeIHEHHOEe ceueHwe 3axBaTa.
PaccMoTpuM Teneph CedeHuwe nmeseHust sgep U235 gedrpo-
HAMM B TeMIOBOH O6macTH. DTO cevyeHHe, KOTOpOe MBI 0603HAUUM
qepes 6’2,35, 3aBHCAT OT COOTHOLUeHHWs MeXAy WHPHHOH Hene-

Hua I, w cpemsuM paccrosHuem wmexay YposHamu D. Ecau
I, 2=>>D, 10 cedenne neneHHs COBMAgAeT C YCDeAHEHHHIM Ceve-

HueM JeJieHHs 0230 (kT), koTopoe, coraacHo (27.4), MOXHO mpen-
CTaBHTH B BPIJ.Ie

3355 (RT) = m2k3, 27 36
cf( )_RTI‘D‘ (36.4)
IMockonbKy B 3TOM cayuae mo/jHasi (CPeAHss) LIMPHHA MPaKTH-
YeCKH COBNAfaeT ¢ WHAPUHOH Henemuss Iy, TO

3255 (RT) s 2R, 1. (36.4')

Beauuunn I’y 1 D otHOCATCa K usorony U288 onHako MOXHO
OyMaTh, YTO 3TH BeJAWUYMHH He C/AMMIKOM OTJMYAIOTCH OT COOT-
BETCTBYIOIUMX 3HaYewm# naaa usorona U238, B T1akoM cayuae
cpaBHenne dopvyn (36.4) u (36.2) mnoxasmeaer, 4YTO yCpeA-
HEHHOe CeueHHe NeneHus o7 (£T) Mo MOPAAKY BeJIMUHHBI COBMA-
H2eT ¢ yCPeNMHEHHEIM ceqeuueM pafMaLlHOHHOTO 3aXBaTa HEHTpPO-
HOB aapamu U288 (06a ceueHust oTHOCATCA K TeryQBOH o6aactu).
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Hrak, ecm I'y=>>D, 1o
o8 (£ T) v 2% (kT) == 32% (kT).

Hcnonr3osas (36.3’), Mb monyuum OTCloha:

6285 (kT) =~ 10002% (£T). (36.5)

OT0 COOTHOWIEHWE TNOKAa3biBaeT, YTO, HECMOTPsi Ha Maayio
Kounentpauuto usorona U3 (~ 1072), pepoaTHOCTb HAejeHHs
agep U2% i BepOATHOCTH pPanHAaLMOHHOrO 3aXBaTa HEHTPOHOB
aapavd U288 craHoBATcAd CpaBHUMEIMH B TelIOBOH 0OGaacTH.
Orcoma caegyeT, YTO MOryr OHTH CO3IaHH YCJAOBHA, 6saro-
OpUATHHE AJS [POTEKaHHS [eNnHOH peakiud Ha MeAJeHHHX
HeHiTpouax.

K rakoMy ke BhIBOLy MH NpHUAEM M B TOM Cayuyae, KOTAa
wupuHa Aedenus I', MeHplle CpelHero PaccTOAHUA MeXAY YpOB-
Havu. B 3TOM cayuae ceueHne peneHus omnpeaensercd olueh
ancnepcuoHHON dopmyinoit. B TenmoBo#t o6nacTH ceueHue mene
HHUA WMeeT BHI

- o% (kT) = =A},

ET)T ' '
Yn (RT) fl , (36 . 6)
(kRT—Eg)2 + vy 12 i

rae E,--—3Heprua Han60/ee HH3KO DaClOJOXKEHHOIO YPOBHA
aapa U286, B paccmatpuBaeMOM Cayuae NoJHas [IWPHHA YPOBHA
MeHbIIE PAacCTOSAHUS MEXAY COCeNHHMHM YDOBHAMH, KOTOPOe MO
NopsliKy BeaHuuHH paBHO. F, ITostomy (36.6) MOXHO 3aMeHHTH
CNelyIoUMM MpUGIHKEHHHM BbipaXKeHHEM:

A RT)T, ‘
o2 (kT) ~mk, l"_il-s)—f. . (36.6%)
2
CpaBuenue (36.1') ¢ (36.6') masr:
11
o35 (kr)wggz{ss (kT)—If' (36.7?

(MB CuHMTaeM, YTOQ 3Heprua HanGoJee HU3KQ PACIONOKEHHOrO
YpOBHA B ABYyX HaoTOmax U uMeeT OAMHAKOBHH NOPANOK BedH-~

uynHbl). Ecin I‘f>1021’.(, 4TO, [QBHAMMOMY, HMEET MECTO, TO
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3TO BHIpaXeHHe TNPHUBOAWT K TAKOMY e pe3yJbTaTy, YTO Y
dopmyna (36.5), a MMEHHO, 4YTO B TEI/IOBOH O06/JaCTH BEPOAT-
HOoCcTh aeneHus auep U?30 cpaBHHMa C BepOSTHOCTBIO pamualluOH-
HOTO 3aXBaTa HEHTPOHOB aapamu U288,

CdopmynnpyeM Ttenepb ycioBue, HeOOXoAuMoe A NpPOTEKa-
HUS UeNHOH peaKuuyw Ha MeAJSHHLIX HeHTpoHax. '

O6o3Hauum uepe3 P BepOATHOCTb TOrO, YTO INEPBOHAYAALHO
wMeBiiMACA OHCTPHR HeNTPOH 6yner 3axBadeH AHApPOM YypaHa
c mochenyiomum feneHueM. [lycTs npHu onHOM akTe AesleHus
BO3HHKaeT B CpexHeM Vv OLICTPBIX HelTpoHOB. Torna cpensee
YHCAO HEHTPOHOB BTOPOFO NOKOJIEHHS PABHO:

kB = Pv.

Sra BeJuuMHA Ha3biBaeTca Ko3adduuneHTOM Pa3MHOMEHHS
cuctemul. Ecan pasmepsl cucreMbl 6GeCKOHEUHml, TaK UYTO OTCYT-
CTByeT yTeuKa HEHTDOHOB uepe3 BHEUIHIOW TFPaHUNY CHCTEMH,
TO yCJ0BHe MpOTeKaHHd CaMOpas3sBuBampomiefics HEeNHOH peaKudd
COCTOHT, OuYEBHAHO, B TOM, UTO BeJHYMHA & AOMKHA OBITb-
6onpwie emwHunn, Ecau &£ << 1, To nporexanne UEeNMHO# peaKuun
HEBO3MOKHO,

BhisicHuM, ueM onpeneasercs BepoOATHOCTL P. PaccMmoTpum
AN 3TOTO WCTOPHIO KHU3HA HeHTpoua. )

BHCTpblli HEHTPOH, mnosasuBIIuHCA B CHCTEMe, MOXeT OMTh
3axBayeH SIPOM ypaHa emg A0 TOro, Kak ero 3Heprus 3aMerTHo
VMEHBIIMTCA H3-32 CTOJKHOBeHHH C saapamu. B stoM cayuae
HeNTPOH MOXeT BH3BaTh aenenue sapa U283, Qpuako BeposaT-
HOCTb Me/eHUs GLCTPHIMU HEHTPOHAMM, KOTQDYI0 MB O603HaY%HM
uepes P,, oyeHp Mana (ona cocraBasgeT BCero HeCKOIBKO MpoO-
IeHTOB). DTO CB3aHO C TeM, YTO SHEprHs HeATpOHA B pe3yiib-
TaTe CTONKHOBEHMH C AlpaMu 3aMednuTes s U ypaHa O4eHb ObiCTPO
CTAHOBHTCH MeHblIe, 4yeM nmopor aeneHus aaep U238, Ecan cucrema
COAEPXAT MHOTO 3aMeAJINTeNd W Majao ypaHa, TO 6hCTDOE yMeHb-
LIeHHe 3Hepruv He#ATPOHAa NPOUCXOAMT M3-3a YNPYrux coyaape-
HURl HeHTpoHa ¢ AapaMu 3aMeaauteas. Ecau e, HaNpoTus,
B CHCTeMé MHOrO ypaHa H Maj0o 3aMemjadTeNs, TO BECbMA
BEPOSATHH Heymnpyrue CTOJNKHOBEeHHs HEHTPOHA C sApaMu U288,
KOTOpHe euid OHCTpee BHIBOAAT HeATPOH u3 06GAACTH 3HEPIUH,
B KOTOpOH OH MOXeT NPOH3BOIMTHL [eJeHHe,

UTtak, nOeneHne BLI3BIBAETCA B OCHOBHOM TeNJOBHMH Hef-
TpOHaMu,
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O6031ayuM BEPOATHOCTL TOr'O, YTO. GHICTPHI HEHTPOH cTaHeT
TeIVIOBKM M B NajbHeflleM BHI3OBET. Aenenue, uyepes P, Beaun-

4uHy P MOXHO NpPenCTaBUTL B BUje
— 1
P=P, 1P,

Brisicuum, uyem onpenensercs Pp.

B npouecce samenieHuss HeHTPOH MO¥eT OGHITh PE30HAHCHO
3axBaueH sAPOM ypaHa, rIaBHbIM 06pa3oM, sapoM U288, O503HauuM
Yepes ¢ BEPOATHOCTL TOTO, YTO GLICTPHA HEATPOH 3aMedauTCa
IO 171ennoBOH 3Heprud, He OyAy4YH pPEe3OCHAHCHO 3aXBauyeHHHM
sapamu U3 (Beamuuna 1 — o npeacrasrser coG0H BepPOATHOCTD.
pesoHalicHoro mnorjoitlesus sapamu U2%8), Ecam HeliTpoH He
6yaer 3axBayeH B IHporecce 3aMeaJieHWsa, TO OH HAOCTHUTHET
TeNJIOROA 06MacTH ¥ BHOCAeNCTBHH GyneT 3axBaueH JAMGO fnpoM
ypaHa, aAn60 aapoM 3ameJIdTens.

IMMycte 6 o603HauaeT BepOSTHOCTbL NOTJOIIEHHS TeMIOBOIO
HeftTpoHa sapom ypana (6e3pasgHUHO SAPOM KAKOTO WMEHHO
uzorona). Ecim o, u o, —oddexTuBHEIE CeYeHHs neseHU H
Pe30HaHCHOTO 3aXBaTa TEIVIOBHX HeWTDOHOB, OTHECEHHEIE K OXR-

°r
Spt oy
BEPOATHOCTLIO TOFO, YTO TEMIOBOH HeHTPOH, NOTACWEHHHR
AApPOM ypaHa, BeI30BeT ero aeieHune. [TostroMy Beanuuna

HOMY SIADY CMECH H30TOMOB, TO 6yleT OTHOCHUTENbHORN

Bp== 0 —L— Gf_m

onpeneaser BEPOATHOCTb TOrO, 4YTO TeMJOBOH HeHTpOH BH3OBeT
neneHue. SIcHO, uTO HCKOMas BenuuyuHa P, pasHa

°r
sptoy’
¥, CleNOBaTeNbHO, KOIDODHIMEHT PasMHOMEHHS HEHTPOHOB MOMKET
66iTh [pEeACTaBNeH B BHAE

R=Py=pP v—f- veol) ———

PT= <?9 ==ep6

7

» +G . (36.8)
Ycanoeue nporexkaHus CamMOpasBHBAOWEHCd UENHOR peakuuu

B OecKOHeyHOH cucremMe COCTOHUT B Bbl[IOJIHeHHH HepaBeHCTBAa
E> 1004,
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HsnoxenHule 10 CHX NOpP COOGpaxKeHUA OTHOCWIUCH K 6eCKO-
HeYyHHM cucreMaM. Ecam pasmMepnl CHCTeMHl KOHEYHHI, TO IJs
NpPOTEKaHUs1 cavOpasBHBAOWIEHCH LEeNHON peakiH, NTOMUMO yCaO-
sufl, OTHOCAWMUXCcA K GeCKOHeuHOH chucTeMe, HEOGXOIUMO BHINOJ-
HeHue ell€ OMHOrO yCJHOBHS: pasMephl CHCTeMK IOJAXHH NpPEeBOC-
XOJIUTh HEKOTODHE MHHHMAaJbHbie, TaK HAa3HLBaeMLIE KDHUTHUECKHe,
paamepsl. CyuiecTBOBaHHE KPDHTHUECKHX DA3MEPOB CBSI3aHO C BHI-
JeTOM HeWTDOHOB W3 CHUCTEMHl B OKpyXalolllee IpPOCTPAHCTEBO.

Ecau pasmepbl CHCTeMbl CJAUINKOM MaJjbl, TO NOTeps HeHATpO-
HOB, o6ycsioBaennas HuxXx nuddysueli B oxpyxaioulee npocTpad-
CTBO, MMPEeBOCXOAUT UYKCJIO HEHATDOHOB, DOXIAIMIUXCA B CHCTEME
B pe3yabraTe paefeHds saep. Tak KaK BulIeT HeHTPOHOB W3
CHCTeMH mpepncTaeiseT cCo60# nosepxHocTHHH 3ddexT, a poxne-
Hue HeWTPOHOB B cucrteMe ecth 3(dexT o6bEMHBIA, TO C yBEeNH~
YeHUEeM pa3MepOB CHUCTeMBl MepBuii u3 3THX 3ddekTOB CcTaHO-
BUTCA BCE MeHee ¥ MeHee CyulecTBeHHnIM., KpHTHueckHe pa3Mephi
XapaKTepHU3yIOTCH TeM, 4YTO MOTepsd HeATPOHOB, O6ycJaOBIeHHAs
UX BBIZIETOM M3 CUCTeMbl, KaK pa3 KOMITeHCHPYeTCH BO3HHWKHO-
BEHHEM HEHTPOHOB B CHCTEME.

BO3Bpalasach K pACCMOTPeHHIO CBOACTB GeCKOHEYHBIX CHCTEM,
HEO6X0OMMO OTMETHTL, YTO YCHOBHE R > 1 MOXeT He BHINOJA-
HATBCR /151 OJNHOPOJAHOH CMeCH 3aMefnxTeJsd H Aesdiierocs
BelllecTBa, OAHAKO OydeT BHIMONHATLCA AJd HEOXHOPORHOH CcHe
CTEMEI, COCTOsILed ¥3 OTAe/NbHHX 0JIOKOB Heqsiierocs BeulecTBa,
pacrnonoXeHHEX B 3ameljutese. Takaa HeoZHODOAHAd CHCTeMa,
B KOTOpO# nensilleecsi BeULeCTBO pacnpene/eHO B BUAe GJOKO-
BOH peuméTKY, BK/AWYEHHOR B 3aMelJMTeNb, MOXET COCTOfATh,
HanpuMep, M3 CTepxkHeH ypaHa, YNMOPSAOYEHHO DACMOJOXEHHBX
B 3amennutene (rpadute, TawERON BOmE W T. X.).

BHITOIHOCTD HEOAHOPOAHOH CHCTeMHl CBf3aHa C YMeHbUleHHeM
pe30HaHCHOTO MOJOLIeHHT MPH PAaclOfOXeHUH Jeslierocs Belle-
CTBAa B BHAE OTIeJbHBIX OJ0KOB. IDTO BHAHO H3 CcJAelylONHUX
coo6paxenuit. B omHoponHo#t cucrteme HEWTPOHEI B mpolecce
3aMenJsienuss BCE BpeMsi HAXOOATCS B OKpyXeHWH simep U8,
MOTymIMx HX mornaomars. B 610koBo#i cucreme y HeHTpoHa
HMeeTCd BO3VOKHOCTL MPOCKOUHTh «ONACHYIO» 30HY BOJIH3H
VPOBHSl PE30HAHCHOTO TNOIJIOUIeHHs, HAXOAACh BHANU OT 6/0K3;
UHHIMH CI0BaMHu, HeHATDOH MOXET 3aMeMIuThCA OO0 TelJIOBOH
SHEPrus C BEPOATHOCTHIO, 60MALuIell YeM B OAHOPOAHOH CHCTEME.
Taxum o06pazoM, panuanMOHHHIN 3aXBaT HeHATPOHOB B G/OKOBOH



336 I, V. AEJEHHE TSOKEJNHX AXEP

CHCTEMEe MOXEeT GHTb CHJALHO YMeHbleH MO CPaBHEHHIO C OAHO-
poaHOH cucTemoi.

Adpyrasg npuyuHa, B CAAY KOTOpoft B GJOKOBOH CHCTeMe
yMeHblaeTCd pe3OHAaHCHOe [OTrJAOoUieHue, COCTOMT B TOM, 4UTO
BHYTpeHHWE 4acTH G6JOKOB B O0JACTH CHABHOIO DE3OHAHCHOTO
NOIVIOIIEHUS] JKPAHUPYIOTCH HADYXHBIMH CJHOAMH H [MO3TOMY
«UCNOABL3YITCA» HedPdheKTHBHO. ITO 3KPaHWPORAHHE TNPHBOAHUT
K TOMY, 4TO DalvanrOHHOE ToTaCcuLieHne HeHTpOHa C 3Hepruel,
6AU3KOH K pe3OHaHCHOW, AIPOM ypaHa, HAXOAAIMMCS BHYTDH
6710ka, GydeT 3HAYUTENbHO MeHblle TMOTAOUICHHUA OTASNbHEIM,
CBOOOAHBIM AAPOM.

CnenyeT ¥MaTh B BHAY, YTO BMeCTe C YMeHBIIeHUEM Pe30OHAHC
HOTO MNOTJOLIEHHs WMEeT MeCTO TaKke ¥ yMeHblleHHe [Oorjoile-
HuA HeHTpOHOB B TensoBoft o6aactu. OnHako addexT yMeHblIeHHs
PEe30HaHCHOTO MNOTJOHICHHA OKasniBieTcs G6GoJiee 3HAUUTENbBHBLIM,
yeM 3¢deKT yMeHbIIEHHA MOTAOUEeHUS He#ATPOHOB B TEIJIOBOH:
obnacrtu.

Beenéuubie Bbimie BeJnuuHbl @ 4 O B caywuae omHopomHoOM
CHCTeMHl SIBJSIIOTCH (YyHKUMAMM KOHUSHTDALMH Jeasllerocs Beule-
CTBa M 3aMmennuTenss. B G6JOKOBOH CHCTEME 3TH BeJUYHHH 3a-
BHCAT OT pasMepoB OJIOKOB H DaCCTOSIHHI Mexay HUMH.

HauBnironueliimue yciaoBHs IPOTeKaHWs [ENHOH peakuHu
peanu3y:oTCd B TOM CJyyae, KOrhia BeiwunmHa of pocruraer
Makcumyma, CylleCTBOBaHHE TaKOrO MAaKCHMyMa BHAHO U3 CJenyio-
ImuX coobGpawxenufi. Yseaudenue 6, T. e. BepOATHOCTH morjoue-
HHUS TellIOBOIO HeHTpOHA A4paM¥ AeaAlleroCs BeileCTBAa, CB3aHO
C yBeJMUeHHWEM KOHLEHTPAlUMH Heisllerocs BelecTBa, HanpHumep
ypaHa, W yMeHblUeHHeM KOHUeHTpauuu 3ameinutens. Hao6opor,
yBsenquyeHue @, T. €, BEPOSITHOCTH TOTO, UTO HeHTPOH CTaHer
TEMI08bIM, He OyNy4H De30HAHCHO 3aXBaYEHHHIM, CBSI32aHO C YMeHb~
LleHHeM KOHIIEHTpauuu ypaHa. OTcCioma ClelyeT, YTO nmpoussele-
Hue 0o mocTHraer mMakcuMyMa TNpU ONpPeleJEHHOH ONTHMAJbLHOH
KOHLEHTpALMY ypaHa.

B 6nokosofl cucreme «0 3aBucuT emé OT pasmepoB M pac-
nosioxenuss O/70KOB ypaua. IIpM HeKoTOpHIX 3HaueHHdX mMapa-
MeTpOB ONOKOBOH peUIETKW BeJHYHHA cpﬁ AOCTHTaeT MaKcUMyma;
9TH 3HAYEHHA MaAPaAMETPOB HABIAIOTCHA, OUEBUAHO, OMTHMAIbLHEIMM.

Ilpuseném 3uaueHuss BepodaTHOCTE# AJs pasaMYHLIX [pOLeC-
COB, MPOUCXOAAMIUX C HEHTPOHOM B ypaH-rpadutToBofi 6A0KOBOR
cucreme (98],
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Tun mpouecca BeposTtHocTs
B 9,
Jenenne, 06yCHOBASHHOE GLICTPHIM nempouou . e 3
PesonancHoe noraomenne UZ8 (Bue TEMI0BOK o6nacm) 10
Iloraomesxe B rpagure . . e e 10
[MornomeHne TenioBOro Hempoua ‘UM UBS . . L 77

IlaoTHOCTL HEHTPOHOB ¢ onpeneNEHHON sHepruefi B GAOKO-
BOH cucTeMme, Coctosimied w3 6OABWIOrO 4YMCIA f4eeK, U3MEHAETCH
OT TOUKH K TOYKe BHOJb pew&rku. Ilas onucaHus cBORCTB He-
OAHOPOAHOH CHCTEMLI MOXHO, OMNHAKO, B HePBOM MPHOMHMKeHHHU
He paccMaTpHBaTh JAOKAJIbHLIX H3MEeHEHHH HeHTpOHHOH MIOTHOCTH,
CBA3aHHHX C MepuoaHdYecKo# CTPYKTypo#t cucrtemul *). Hubimu
CAOBaMH, B NepBOM NPHUOAMXKEHNW MBI 3aMEeHAeM HCTUHHHE Hefl-
TPOHHbIE IVIOTHOCTH HX CDelHHMH 3HHUEHUAMHM, KOTOPHE MOJIY-
4alOTCA NPM YCPeAHEHUH INJOTHOCTH no o6BbEMy sAvefiku (AvelKa
mpeacrasaseT CoOO#l yPAaHOBLIA O6AOK BMecTe ¢ HpuJerarouwefl
K HeMmy 4actbio 3ameannrtens). Takasd ycpeaH&#HHas IJIOTHOCTb
6yzer niaaBHoM GyHKuUHeA TOUKM, Kak eCaM Obl CHCTeMa OHJIa
omHoponHo#i. Takum o6GpasoM, Mb 3aMeHAeM HEOJHOPOLHYIO
GNOKOBYIO CHCTEMY HEKOTODOH 3KBHBaJEHTHON OXHODORHOH CH-
CTEMOH. '

PaccMoTpuM NAIOTHOCTb TEMAIOBHIX HeATPOHOB B TOYKe r (X,
¥, Z) B MOMEHT BpPeMeHH £, KOTOPYIO Mbl 0603Ha4uM uyepes 2 (r, £)..
Sta pyHKUUS YAOBAECTBOPAET Jmcpcpysyw}momy ypaBHEHHIO

3
0’; DAn——n—}-q, (36.9)

rae D ~—koappuureHT Anddy3uu TeNIOBEIX HEHTPOHOB, T,—
8peMs HX XKH3HHM 010 OTHOUIeHHIO K 3aXBaTy H ¢ — NJOTHOCTH
HCTOYHHKOB TelVIOBHX HelTDOHOB.

Bynem paccmarpudBath fanee CTAUMOHAPHBIA Cayvahh # moso-

on
AHM TOITOMYy —o- == 0.

OnpenenuM NJAOTHOCTL HCTOUYHWKOB TEIJIOBHX HEHTPOHOB q.
O6031auuM yepe3 Q (r) 9ucao OuLCTPHX HEWTPOHOB, BO3HHUKAIO-
UX B €EAWHHIY BpeMeHH B eluHuue O06DBEMA OKOJO TOYKH I

*) Mul caepyem umnxke (95,

29 3ak. 1800. A. Axmesep.
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BHYTDH Hame# cucremnl. CTaJkwBasgck NpPH CBOEM ABHXKEHWH
C sApaMu 3aMelJIMTes, 3T HeHTPOHH 3aMeAssaloTcd, HO B Xole
3aMeAaeHusi 4acTb HMX PE3OHaHCHO MOoTraomlaeTrcss M He NOXOAUT
I0 temnoBo# o6aacta. Mel 0603HaYWM uepe3 ¢ BepOATHOCTH
TOrO0, 4TO GHICTPHI/I HEATPOH [IPeBPATUTCA B TeNJNOBOH, He Gyayuu
pPE30HAHCHO 3aXBaueHHBIM. 3aMennenne OhICTPOro HeliTpoHa, po-
OABIIErocs B TOUKEe I/, MOXeT OKOHUHTHCA B DAa3AMYHBIX TOY-
kax r. Kak 6uao noxasaHo B § 33, BepOSTHOCTH TOTO, UTO
HEHTPOH CTaHeT TeIVIOBLM B TOYKEe I, BhIpaxaercd raycCOBOH
dyHKuMei OT pacCTOsSHHSA |r—r’|. Uummyn crosamu, Beposr-
HOCTb GLICTPOMY HEHTDOHY, DOAMBHIEMYCH B 3/aeMeHTe 06béMa d V/
OKOJIO TOYKH I’, CTaTh TEIIOEHIM B TOUKE I HMMeeT BHI
|/ —r]?

2
e o gy, ' (36.10)

s

rae ro— CDEeNHHil KBaipaT AJHHH 3aMELAeHHA HeHTpoHOB (6y- .
Ly4d npouHTerpupoBanHbiM No 4V’ (36.10), maer ¢, KaK #
DOMKHO OBITD).

YMHOMKHB 3Ty BEPOATHOCTL Ha Q(r') u nponmerpnpoaas 0
dV’, HafnéM NAOTHOCTH MCTOYHHKOB TEMJOBLIX HEHTPOHOB, T. €.
dynxunio g (r):

=
2

o gy (36.11)

I)e

3ameruM teriepb, YTO GHICTPhIE HeHTPOHB BO3HHUKAIOT B Pe3y/be
1aTe AesfeHUH sdnep, BBI3bIBAEMBIX TVIABHHIM 06pPasoM TeN/JOBHIMH
nHefitposami. HHBIMH ciaosamu, Q (r) Moxer O6hITh B'bxpaxceﬂo
yepes MJOTHOCTh TEIVIOBLIX HeHTpoHOB 7 (r).

Unucno TennoBHX HEHTPOHOB, NOIJIOLIaeMHX B eQUHHLY Bpe-

R ¢
q(r )

. 1
MeHH B efMHMue OOB&Ma, DAaBHO — 1 (r). YMHOXHB Ty BenH-
[

4HHY Ha Gf, Mbl HARAEM YHC/IO HEHTPOHOB, MOCrJAOHIAEMHX B eaH-
HUILlY BpPeMEHH YPAHOM H BbISHIBAIOWIMX TNIPU 3TOM JAejeHHE ero
anep. Tak Kak B ONHOM aKTe [Ae/NeHUs BO3HMKAET B CPEAHEM v
HEHTPOHOB, TO YMCJO GHICTPHIX HEATPDOHOB, POXKAAWIIMXCA B e/U-
HULy BpeMeHH B e€lHHuIle 06béMa, paBHseTCs

wﬂf 5 (o).
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Ecan nMeeTca ewd BHeMHUN HCTOUHWK OHICTPHIX HeHTPOHOB,
gaioumi Qy (r) HeATPOHOR B eAHHELY BpeMeHU B eduHulle 00bEMA,
TO uckoMaa ¢yHkuua Q () NpeacTaBHTCS B BHAE

Q (1) =Q )+ =L n ). (36.12)

OG6biuno, 0IHAKO, Qy=0.

IMoacrasus (36.12) B (36.11), MH BHPA3HM IOTHOCTb HCTOY-
HUKOB TEMJIOBLIX HeHTpOHOB ¢ (r) Yepe3 NJIOTHOCTb TEMJIOBHX
HefirpoHos 7 (r). [loacTaBuB manee MOJIyueHHOE BHIDaXKEHHE IS
g (r) B ¢opmyny (36.9), noayuum cremywouiee HHTerpo-andg-
(depeHMaNbHOE YypaBHeHue AJdd OfpPee/IeHHs NIOTHOCTH TeIVIO-
BBIX HEeHTPOHOB:

_jr/—rp
1 i) 4 ,
D An——n+ S/Sr: jn (r')e Ty dV’ =
_jy=—rp
=___“’_fQ (r)e gy, (36.13)
il d <

Pemenne a10ro ypasHeHus MOXHO HaHTu, pasnaras Q,(r) u
n(r) B paan Pypse.

Ecnu cucrema rpaHuuuT ¢ BaKyyMOM 4 e& pa3Mephbl BeJAMKH
10 CPaBHeHHIO C JMMHOA cBOGOmHOro mnpobera HeATPOHOB, TO
rpaHu4yHoe YCAOBHe 33a4a4YH 3aKJ/JAQHY3AETCA B PABEHUCTBe l-i}'JllO
NJOTHOCTH HeHTPOHOB HAa BHEMHEH MOBEPXHOCTH CHCTeMBL (CM.
B CBA3SH C 9THM CleAylouu# naparpad).

Paccmorpuv cayya#t, xorma cucrema HveerT ¢opuy. KyGa,
pe6po KoToporo pasHo a. Komnouentsl ®@ypre dynxuun Q,(r)
HMEIOT BHI

. IR .. NgT . Ngw
n—— X - sin —=—y . sin ——
Qp si ~ ~—y-sin——2

(Havano KOOpAMHAT —B ONHOH M3 BepIUHH Ky6a; 7,, Ng, Ng—
MIOAOXKUTEAbHHE Lie/ble 4HCa).

22+
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Jlerko yGemuTbcs B TOM, YTO 3ToH KommoHeHTe Pypbe Q,(r)
COOTBETCTBYeT Creiylollas KoMroueHTa Pypbe (yHxuun 7 (r):

L
g .,  (86.14)
—vﬂf({?

. My 4 .
sin —— x .sin 2= y .sin
- a a
n=9Qp — =
{1+ Dxgo?)e

.
0? = — (i 4 n3 nj).

Kputnueckne pasmepu MOryT GHITb HafileHH H3 YCJAOBHA O06pa-
IeHUA B Hyab 3HameHartenas (36.14) ans OCHOBHOM TapMOHHKH,
T. €. NPH 7, = fg= ng=1. JleACTBUTENBHO, B 3TOM ciay4yae
HEeHTPOHHAA IIJOTHOCTb Obpalnaercs B GECKOHEYHOCTb H, CJIea0-
BaTeJIbHO, OHa GyAeT OTAHYHA OT HY/A4 B OTCYTCTBHE BHEUIHEro
HCTOYHHKaA, Korma Q,==0.

Hrak, ana onmpeleseHus KPHTHYECKHX Pa3MEPOB MH MOJAYuaeM
ypaBHenHe _

2
T3/
rie

. 8::21'3
(1425 Ds,) e =000, (36.15)

O6HYHO a~>>r;, NO3TOMY SKCNOHEHUHAJbHHE MHOXHTEND
2.2

3 r
MOxeT OHTb 3aMeHEH Ha 1+-4— . a—zo. Ypapuenue (36.15) npn-
BOAHUT K CJEAYIOUIeMY 3HA4YEHHI0 KPHUTHUYECKOro pebpa Ky6a:

. w V3 (D’:c -+ % r?,)
= T

kR—1

a , (36.16)
rae R-— Ko3QpHLUHEHT Pa3MHOXEHHA, PaBHHHA B pPacCMaTPHBAEMOM
ciayuae vi,0 (yunTHBas neJeHHe Ha GHCTPHX HEHATPOHOB, CIOI3d
crepyeT BMeCTO R moAcTaBuTe vPp - vise).

My BuauM, YTO KpHTHYeCKHe Da3MepH CHCTeMH (JIMHeHHHe)
OGPaTHO NPONOPUUOHANBHH (& — 1)z,
. 3aBHCHMOCTb KPHTHYECKHX pasMepOB CHCTEM TIPOH3BOJLHON
dopMH OT KO3(DPHUMeHTa DPa3MHOXKEHHS MOXKET OHIThb NOJyYeHa
H3 CJHeAYIOMHUX 3JEeMEHTapHHX coobpaxenuit. Ilycte o6béM cH-
CTeMH paBeH V, Ttoraa mpupoCT OGIEro KOJMYeCTBa HeHTPOHOB

V —_—
BO BCell CUCTeMEé B eAMHMIY BPEeMEHH paBHAETCS —T——(le— Dn,
(4
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rae n— cpelHee 3HaueHHE IIOTHOCTH HeHTpoHOB. IIpupaBHAeM
9Ty BeanunHy AnddysHOHHOMY MOTOKY HEATPOHMOB uepes MMOBEpX-

on
HOCTb CHCTEeMH, PaBHOMY DSW, rae S — MIOWaAb TIOBEPXHO-

on '
CTH CUCTEMHI, v CpelHee 3HAUYEHNE HOPMAJAbHON NMPOU3BOLHOR

OT IJIOTHOCTH HeHTpOHOB u D — xosddHunent nuddysun Helt-
- on n

, =% S=—aa2 u 2 — 1 r___

rpoHoB. [Tonaras V=a% S=0a? n = Y 5 TReaU Y

6e3pasMepHbie KO3G(dUUNEHTH TNOPAAKA eSHHMIL], 33aBUCAIIHE OT

(OPMH CHCTEMH, MOAYYHM:

e V‘{D’tc
k—1

rie y==ay’. 3TO COOTHOIIEHHE IIOKA3HBAET, YTO HE3aBHCHMO
OT GOPMH MYJABTHIAKUUpYIOUIEH CHCTeMH €& KPHUTHYECKHe pa3-
MepE O0paTHO NMPONOPUMOHAABHE (& — 1)%2,

3aMeTHM, YTO KpPUTHYECKHUE Pa3MEpPH MOFyT GHITH YMEHbIIEHH,
eCAH OKDYXHTb CHCTEMY ¢JA0eM TaK HashBaeMOH HeHTPOHHOH
H30/1A1HY, KOTOpasg HacTHYHO OTpaxaeT OOPaTHO HEHATPOHH, IIO-
KHHYBUIIHE CHCTEMY.

§ 37. Mpumep oupeneneHns KPUTHIECKUX pa3MepOB
npY peakuud Ha GbICTPHLIX HeliTponax

Ecan uenmnaa peaxuuss TpPOMCXOAMT 6e3 YuacCTHs TEIJIOBHIX
HEATPOHOB, TO KPHTHYECKHE pa3MepPH MOTyT OKa3arTbCs CPaBHH-
MHMH C AAMHOR CBOGOAHOTO IpoBera HeHTPOHOB. 3TO CBA3AHO
C AByMs OOCTOSTEILCTBAMH: BO-TIEPBHIX, TIPH peaxIuH Ha OHICT-
phIX HEATPOHAX HET HEOGXOAMMOCTH 3aMelJiATh HEHTPOHH H, BO-
BTOPHX, B&JIHYHHA KoatdulneHTa PAIMHONKEHHA MOXKeT GHTb IPH
3TOM TOpasno 6oabiue, yeM AJaa CHCTEM, B KOTOPHIX HCITOAB3YIOTCA
MeldJeHHNEe HeATPOHH.

B ToM cayuae, xorma pa3smepni.CHCTeMH BeJMKH [0 CpaBHE-
HHI0O C MJIHHOH cBOGOAHOro mpoGera HEATPOHOB, MOXKHO IO/Ib3O-
BaTbCa AHGDY3HOHHOH TeOpHel; MAOTHOCTE HEHTPOHOB YAOBAET-
BopseT mpu 3roM auddysuonnoMy ypasHenuio (§§ 33, 36).

Ecau pasmepn cuCTeMH CpaBHMMB C JJIHHOH CBOGOZHOTO
npo6era, To AubOIY3NOHHAs TeopHa HempuMmeHuma. B srtom cay-
4gae CAeAyeT HCXOANTHL M3 TOYHOTO KHHETHYECKOTO YPaBHeHHS.
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Hccneposanne 3Toro ypaBHeHHs NpeACTaBaseT co6o# oueHs
CIOXKHYIO 33[a4y. MBI OrpaHH4YHMCS ITIOSTOMY 31 eCh TOJBKO TONY-
Ka4eCTBEHHHM paccMoTpeHdeM [%¢1,  OCHOBaHHHM Ha HEKOTOpHIX
YUPOLWIAOMIMX TPEAITONOXKEeHNAX, FIMEeHHO, MB TIPEINOJOXKHM, 4TO
BCE POMJAKOIMMecHs HeATPOHH MUMEIOT OJHHAKOBYIO SHEPrHIO M YTO
OTCYTCTBYET HEylpyroe paccesHue HeHTDOHOB; KpOMe TOro, Mu
6yneM npeAronarath, YTO yNpyroe paccesHHe HeHTDOHOB SIBAAETCH
chepuuecKH CHMMETDUYHHIM. PaiM NpocTOTH GymeM CuMTATh, UYTO
HEHTPOHHAA M30AALMA OTCYTCTBYET.

IIpn BHUTOJIHEHHH 9THX UPEANOJOXeHHH BMecTo OyHKUIMH
pacrpene/eHus, 3aBHCAeH KaK OT KOODAMHAT, TaK U OT KOM-
MOHEHT CKOPDOCTH HEeHTPOHa, AN ONHCaHHA HEeHTPOHHOIO TOoaA
MOXKHO TIONB30BATHCH OOHYHOH TNJAOTHOCTHIO HeATPOHOB, KOTOPYIO
ME 0603HauuM yepe3 n(x, y, 2, £) (X, ¥, 2 — KOOPAHHATH TOUYKH,
t — MOMEHT BpPEMEHH).

O6mee uuCI0 PaCCeSHHHKX U POAUBILUXCS BTOPHYHKIX He#ATPOHOB
B ajemeHTe 06béMa dx’ dy’ dz’ 3a epems df paBHO, OUEBHAHO,

Bon(x', y', 2/, t'Ydx’ dy dz’ d¥,
rae ¥ — CKOPOCTb HeATPOHOB, B == N (5, vs;) (N — uucao suep
B eluHHLe 00b&Ma O, H Op—— CEUSHHS DACCEAHUA H [eeHHsd,
y-— CpeiiHee uYHCAO HeHTPOHOB, BO3HUKAIOIIEe JIPH ONHOM aKTe
JeXeHus sapa). .

Bynem cnenuts 3a ABHxennem 3THX HedTpomos. Ha paccro-
aHuKM 7 OT Toukd (x’, y', 2’) ux uuci0 ymeHbwHTCA B €-%7 pa3
U OHH OyILyT paBHOMEepDHO 3amoJHATE CdepHueckuH caoi panu-

1
yca r u TOMIMHM V dt’ laE—l—:N(cr—{—GT-{— 6y), {—namHa
cBoGoAHOrO mMpoGera HeATPOHOB, 6, — CeueHHe MX DPAAUALHMOHHOTO
3ax3ara] . IlrotHocTs 9TuX HeltTpoHOB B TOUKe (X, y, 2) pac-

r
CMaTpHBaeMOro cJOs B MOMEHT BpemeHu £ ==t—»;— paBHa

7 ’ ! 7 ’ r
4152”()‘7,, Vv, 2, t)e-wdx'dy dz, t’=t_?l_.

[pounterpuposaB 3To Bhpawenue WO dx’ dy’ dz’, MH noayuum,
OUYEBUIHO, TUIOTHOCTb HeHTPOHOB B TOuKe (X, y, 2) B MOMEHT f,
T. e, Beauuuny n(x, y, 2, ). WUrax,

nx,y,z2t)= —%fn '(x’, v, 2, t—-i—)f”;r;dx’ dy’ dz’, (37.1)
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raie UHTErpHpOBaHHE COBEPIIAETCA MO OGBHEMY BCErO MyAbTHILIHIH-
pylowero Tesna.

Mu nONyuMAH HMHTErpaipHOE ypaBHeHHE A IJIOTHOCTH Helt-
TPOHOB 7, KOTOpPOe INpH CHEJIAHHHX BHIlle MPEATIONOXEHUAX 3a-
MeHseT OOlee KHHETHYECKOE ypaBHEeHHE,

[Mepefindm K HCCHEeNOBAHMIO 3TOTO ypapHenus. Bynem uckars
peumenne (37.1) B Buae

nix, vy, z, )y =n(x, y, 2)e.. (37.2)

Pa3BUTHIO UeHOH peakliM¥ OTBEYAIOT, OUEBHAHO, 3HaueHHs A >0,
YpasHenue (37.1) mocne moacTaroBkM B Hero (37.2) mpuo6pe-
T2eT BHA

x 1
n(x, y, 2) ——-I?'—fn(x Y, 2)e (a+;)9d_ac'_¢_i_r)/2'_dzi' (37.3)

Ecan pasmepel CHCTeMH 5BJSIOTCH KPUTHYECKHMH, TO A == 0.
Omnpenellende KPHUTHYECKMX Da3MepOB CBOJAMTCA IIOITOMY K Cle-
Ayioule mMareMaTHueCKoH 3amave. TpeGyeTcs BHACHHTB, IIpU Ka-
K¥X YCJOBHAX yDaBHeHHe

B

n(x, y, =-Z—J‘n(x y z)e ar‘_i_x__‘.ii’_‘iz_.

(37.3%)

UMeeT HeTpMBHAJbHEIE DpelleHHs.
3amernM, uro, Hafiaa peweHue ypaBHenus (37.37), MH TeM
CaMBHIM Halin¥M peuleHne obmero ypapHeHusa (37.3), CTOMT JAuilb

S
BMECTO & MOACTABHTL & —{-—.

Coopmynupyem Tpexne BCero YCJAOBHE TPOTEKAaHUs CaMoOpas-
BHBawimme#ca nenHo# peakuun. [as TpOTeKaHHs peakuud He-
0o6x0AuMO, OYEBMIHO, YTOOH HA eNHMHHLE AJAUHH MyTH HeHTpPOHa
YUCAO WOABJSAIOUIHXCS HOBHX HEHTPOHOB NPEBOCXOARIO UHCIO
OTAOUIaeMEX HEHUTPOHOB.

Ilepsoe ua stux uymcen pasHo Nopv, a BrOpoe — No,, rae
6, — CeueHue TOrjolleHHs HeHTpOHa, pasﬂoe c],-}-cf Urak, anda

TPOTEKaHUa UENHOM peakuuH Heo6XOAMMO BHIIOJHEHHE YC/IOBUs
Nepy > No,

HIH
(v—1)op >0, (37.4)
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Eciim BOCTOIb30BaThCA BBeASHHHIMM BEIUE BelUYMHAMH & ¥ B,
TO 3TO YCIOBHE MOXKeT OHTb NPEACTABJIEHO B BHIE

8> a. (37.4")

Mu paccMoTpuM gJaniee nABa TNpefesbHHX C(Ayuyad, Koraa
f—a<zf u xorma f>>a.

Ecmn f—a«gZf, TO TpeGyeTcs MHOTO CTOJKHOBEHHH IAsA
CYUIECTBEHHOrO BO3pAacTaHUs 4HC/Ia HeHATPOHOB. [103TOMYy B ITOM
ciyyae BO3MOXKHO AMPPY3HOHHOE DACCMOTPEHHe 3amaud (CM. mpe-
nuaynu#t wdparpad). IlaoTHOCTP HeHTPOHOB NPH BHNOJHEHHN
ycnosua B — @« HCOHTHBAeT Madoe H3MEeHeHHe Ha paccTofi-
HHAX nopazu(a AAuHB cBOOOoAHOro mpoGera. Iloatomy yHKiHIO
n{x’, y, z) B MHTerpane (37 3’) MOXHO Pa3JOXUTE B DAL MO
cremenaM x' —x, ¥ —y, 2/ — 2z U COXpaHHTb B HEM UWIeHH He
BHILE BTOPOro mopsaxa. Bmaau OT rpaHHUb WISHE IIePBOro 1O-
pAIKa TpH HHTerpupoBaHuu 1o dx’'dy’dz’ nawr Hynb u Mbi
MPUXOAREM K zmd)cb}k%ﬂounomy’ YpaBHeHHO

. o An—{-(-—- —l)n—~0 (37.5)

Jlerko yGegUTbCA B TOM, 4YTO KO3GPHUMEHTH, CTOALIHE
B (37.5) mepen An M n, UMeIOT OGHYHHA Has AH(Y3UOHHOTrO
ypaBHeHus BuA. JelicTBHTENbHO, YMHOXHB ypaBHenue (37.5) Ha v
M BOCHOJb30BABIIUChL OTIpelle/ieHHeM BeJMYHH & H 3, MOMKHO Tipen -
CTaBHTb 3TO YpaBHEHHE B BUIE

~

LA+ Eoti—1)n=0, (37.5")
(]

rie /-—pgauHa CcBOGOXHOTO mpobGera HeHTPOHA KakK IO OTHOIUe-
HHIO K PaCCesHHIO, TaK M ITO OTHOIIEHHUIO K 3axBary, [, = (Ns,)-1—
AuHA CBOGOIHOro MpoGera 10 OTHOLIGHKIO K 3axBaty ¥ U =a,/s,.
Beayuuna [v/3 npencraBaser co60# ko3addunment nncp(pysau
HeHTpOHOB, a /,/v — BpeMsa XKH3HH HeHATPOHA ITO OTHOLIEHHIO K 3a-
xsaty. Unen (v/l,) n naér uucno HeATPOHOB, TIOrIOMIAEMEIX B e}~
HHLY BpeMeHH B enuHuUe 06béMa, a (v/l,) v8n — uncno HeATPOHOB,
POMRAIOIIUXCH B €AHHUIly BpEeMeHH B efuHHUe OGBbEMA.

- Jna pemeHus ypaBHeHus (37.5) HVEKHO 3HATR TI'DaHHYHOE
yCJOBHE Ha BHEIIHeH MOBEPXHOCTH MYJAbTHNAMHIMpYIONUIER CHCTEMBI.
MoxHo moxasats [®7]) uTo zAs cucTeM, pasMepH KOTODHIX BeJHKH
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O CPAaBHEHHIO 'C JJAMHOH CBOGOLHOrO Npo6era HEHTPOHOB, 3TO
yC/lIOBHE HMEET BMA

on )
0,7lla-+n=0, (37.6)

rpe X — HarnmpapJiCHHE BHEIIHeH HOPMaJu K HOBEPXHOCTH TeJIa.
n

: dan
Hnsa 60ablIMX CHCTEM 9w~ The R 10 ropsAKy BeJIHYHHE
XapaKTepusyeT JUHeHHHE pasMepH cucTeMH. [loaToMy oTHOwe-
HHe TEepBOro 4aeHa KO BTOopoMy B (37.6) MO MOpAAKY BEAMYHHEI

14
paBHO ﬁ<<l' Takum 06pa3oM, nas 60JBUIKX CHCTEM TDaHH4-

HOe ycaoBHue MOXMeT GHTb B HepPBOM MPHUGIMXKeHHH ChOpPMYIHPO-
BaHO B BHAE Tpe6OBaHuA, 4TOOH HeHTPOHHAA WIOTHOCTH O6pa-
UiaNach B HYJb Ha BHeIUHefl TTOBEPXHOCTH CHCTEMH

‘n=o. (37.6')

B paccMaTpuBaeMOM HaMH Cjy4ae MajdblXx MYJbTHIIMKALUH,
Korna B -— a <2 B, pasMepu CHCTeMH 3HAYMTENBLHO GOJblie MJIMHH
CBOGOAHOrO mpoGera, MO3TOMY B TepPBOM NPUGIUKEHUH MH Gy-
IeM TOJab30BaThca ycaoeueM (37.67).

Bosspamaace K ypasHeHuio (37.5), HaHmém ero peiueHue
8 Ciyyae My’abTanmuuupyoneft chepn. Chepuyecku cummeTpuy-
Hoe peineHue (37.5) uMeeT BHI

n (r) = counst. (37.7)

3

sinpr
r

rie t— pacCcTosHUe N0 UeHTpa cdepnl H

p=]/3¢2(1-—§).
Ecmu ucxonuts u3 rpaHuyHoro ycnaosms (37.6°), To KpuTd-
yecku#t paauyc R, Halagérca u3 ypaBHeHus sin pR, =0, otkyna *)

7']/_—1-11 —
% . 3¢ = VDr,

; a]/.;_—(l—“g—) V=1 VE—1’

(37.8)

R0=

*) IT1OTHOCTh HeHTPOHOB ABJAETCA CYLIECTBEHHO-MOMOXHTENbHOM
BEAHUHHOHN, MOSTOMY MBI MOJKHB B3ATh HAHMEHBbINHH (He CUMTAA HYJA)
KOpeHb ypaBHeHud sin x =0,
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rae D =% lv — xosddutment auddyann neATpPoOHOB, t,=l,/v—

BpEMS KY3HW HEHTPOHA MO OTHOLIEHWIO K 3axsary, 2 =v6 —
K03dduiueHT pasMHOMXEHHS HEHATPOHOB.

Tak KaKk MO yCJAOBHIO 1—-5—<1, To u3 (37.8) caeayer,

YTO KPUTHYECKHH paZHyC 3HaYHTeAbHO Gonpiie AAWHEI npobera /,
KaK 9TO M YTBEPXKIAJOCh BBHILIE.

3amerum, uto dopmyna (37.8) cosnanaer ¢ dopmy.aoi (36.186)
I8 KPUTHYECKUX pa3MepoB KyG6Ga, €C/H CYHTAaThb B MOC/AefHeH
IJUHY 3aMel/IeHus HeHATDOHOB ', DPaBHOH HY/MI0 W OTBJEUBCA OT

MHOXMHTeAd |/ 3, cBA3aHHOro ¢ Apyroft reomerpue# 3anavu. ITO
06CTOSTENECTBO ABJAAETCH C/AeLCTBHEM TOro, 4To B 060oHX Cay-
4yadx MH MNOJb30BaAuCh Iu(GGY3UOHHRIM paccMOTpDeHHeEM, clpa-
BEAJNUBHM IIPDH M3JABX MYAbTHIVIHKALHUAX.

Vcno/np30BaHue TOYHOr'O IpanudHoro ycaoeus (37.6) npuso-
RUT K CIeywlleMY YDaBHEHHUIO IJIf OfpelelieHUfl BeAUUHHH Ry

PRyctg pRy=1— 28, (37.9)

a
O6o3Hauas I_F yepes §2 u mnpenebperas npu Maanx £
cTereHaMu § BHIILIE BTOPOH, TOMyUMM:

@‘—&=_‘§'_s+o,71%52=o,555+o,2222. (37.10)

PaccMoTpum Tenepe apyro#i mnpededbHHH Ccayyait — cayuaft
60AbLWIHX MYJAbTHILIMKANYVR, Koraa B=Ssa.

3aMeTHM, 4TO 3TOT Cayuyall NMPaKTHYeCKM He OCYINECTBAAETCH,
TaK KaK 1as BHTOMHEHUS ycnosus B-S>a HeoO6XonAuMo, 4YTOGH! v
OHJI0 3BauyuTeAbHO GOJblle endHuUb. TeM He MeHee paccMoTpe-
HHE 3TOrO Cayuyas IPeACTaBAdeT MHTEpeC, TaK KaK NPd 3TOM
NOAYyYyawTCd KPDUTHUYECKHE pasMepH, 3HaUYHTeJNbHO MEHbIUHE, deM
AnuHa csoboanoro mpoGera /. 3was 3aBHCHMOCTb KPHUTHYECKOrO
paguyca oT 3(pdexTUBHHIX CeueHH{ B ABYX NpeAe/JbHHX CAyyaax
Ry>>1 n Ry<€7! MOXHO NyTEM HHTEPTIONHPOBAHUS HAXOLUTD R,
B TNPOMeXyTOuHo# obmactu (R,~![), maa KOropo# Hemocpen-
CTBEHHOE BHIYHCAEHME KPUTHUECKHX pPasMepoB OuYeHb 3aTPYIHH-
TEABHO.
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IIpu BEIMONHeHUU yCnoBuA (>S54 MOXHO mpeHeSpeus MOKa-
3aTe]eM B MHOXHWTEIE ¢ ', BXOMNAINEM B HHTErpanbHOE Ypas-
Henne (37.1), tTak Kak OKasbiBaeTcs, YTO paauyc cdepH B pac-
CMATPHBAeMOM CIydae 3HAYUTEJIbHO MeHbIIe IVIMHH CBOGOAHOrO
npo6era. [loaTromy npsu B>>>a Mbl noayyaeM us (37.3") ypaBHeHue

? d ,d"d’
n(x, y, z)=%jn(x’, y, z')_"‘_ri;__z_’ (37.11)

rae
rl= (" — X+ () — ) - (& —2)%

ByneM mpeanonarate, 4TO IVIOTHOCTb HEHTPOHOB /4 33aBHCHUT
TOJABKO OT pacCTodHust p A0 ueHTpa cdeps. B stom cayuae
J€rKO BHITIONHUTL HHTErPUPDOBAHUE 1O yriaam B ypasHenuH (37.11).
B pesyabraTe MBI TIONY4YHM:

R
n@=§[LayntElay, 7.1
0

rae R — paguyc coepti.
Beoaa smecto 7n(p) dyHkumio f(p)==pn (p) u o6osHauas p/R
yepes X, NepenuiuIeM (37.11’) B BHIE

BRf(x)=ff(x') In ""‘x G dx, [(0)=0 (37.12)

WJIH HHaue:
AM=Lf, f(0)=0, (37.12")

roe A = 2/BR u L—uHTerpajabHeii onepaTop, sxoaauui B (37.12).

Mbl nOMy4yuauM HHTErpaNibHOE YpPaBHeHHE C TMOJOXKHUTEIbHBIM
CUMMeTpHUYHBIM fApOoM. HacC uHTepecyeT wuauboJbiiee cobBCTBeH-
HOE 3Ha4eHue A, 3TOro ypasHeHHS. YTOGH rpUONHKEHHO BhHIYH-
CMUTh Ag, OydeM HCXOHAUTb U3 CHeNYIOULTO CBOHCTBA HanbO/bUIETrO
co6crseHHOro 3uaueHus. Ilycts f (x)-—HekoTopas dyHKuus, He
NPpUHUMAIONIAA OTPHLIATENbHEIX 3Ha4YeHHHt M OT/IMYalOUlasAcs TeM
csoiicTBoM, urto orHowenue Lf/f orpanuueno. Toraa, ecnu Lf/f
3aKMIOYeHO B npedenax A; u Ag:

<Y <a,
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TO B 3THX 3Ke NMpeneaax HaXOAUTCA TaKiKe HAUOGOJblIee COGCTBEH-

Hoe 3HaueHHe A, ¥): ‘ ,
Al < )\0 < A2

OTtcrona creayer, 4To ecaw HaM yAacrcs MoZo6paTe TaKyio
dyuxkumio f(x) (He TPUHAMAIOWIYIO OTPHLATENLHHX 3HA4eHnH), A4
KOTOpDOH BeauuuHBl A, 0 Ay 6ynyT MajJo OTAAYATHCH APYT OT APY-
ra, TO TeM CaMHM Mbl HaiA&M C GOJbUION CTeNeHbI0O TOUHOCTH A,

B kauectBe f(x) Mul BO3bMEM (YHKUHIO

f(x) = x— bx8, (37.13)

*) B srom xerxo y6emmrbeca caenylownMm obpasoM. Ecau g (x)
ecTb co6CTBeHHan $ynkuua oneparopa L, COOTBETCTBYIOulast HaHGOJb-
meMy CoGCTBEHHBOMY JHUCAY Xy ’

Lgg (x) = Ag%o (1), *)
TO MHTErpas

1
fre s ax (*
0

He MoxeT OBITb paBeH HYJAI, MOCKONbLKY MOTHHTErpanbHas HYHKLHS He
H3MeHseT cBoero 3sHaka. HedcTBuTea»BO, ¢yHKuua f{x) NO YCAOBHIO
NPHHHMAET TOAbKO MOJOXHTEALHbIE 3HAYEHHH, 3 94 (x) KaK cOBCTBEHHAn
QYHKIUHA COOTBETCTBYIOWIAaA HAaHGONbINEMY COGCTBEHHOMY YHCAY, HHU
B OJHOMN TOUYKE HE O6DPAIUAETCA B HYIb H, CJAEIOBATEALHO, HE H3MEHAET
CcBOEro 3Haka,

Pazaowum byHruHO f(x) B pal N0 co6CTBEHHNM GYHKUMAM Ome-
patopa L (pacnonoXeHHBIM B NOPALKE YOMBAHHA COGCTBEHHEIX WUCe):

x>
F(x)= X Cjp;(x). ©(*)
j=0
B cuny HepasencrBa Hyas HHTerpana (**) xosddunuenr C, He MOXKer
6HITH pPaBeH HyJAIO
Cy#£0.

[MpuMenssa K o6enm yacTaM paBeHcrsa {(¥**) n pa3s onepartop L, moayuum:

L"F (1) = 3, C%e; (x),

Jj=0
OTKyJa
xR
Laf(x) A7
£\ - 2 Cj <J> q’j (x)'
0 i=0 Ao

Ecan n ycrpemurs K GECKOHEWHOCTH, TO B MpaBOfi 4aCTH MOCJeLHEro
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rae b -—TNOCTOAHHA%Y, KOTOPY® M Hazaexamum o6pasom moi-
GepéM. Jlerxko BuIeTh, YTO

Lf—-—(l —-ﬁ)ln 1+" +
+x—b{ (l—x)ln l+x +2x3+—x}

Ecmu 6 =0, 10 Lf/f u3menserca oT 1 10 2, mpuuéM 3TH 3Ha-
yeHHs NOCTUralmTca B Toukax x =0 n x=1.

IToaGepém &b TakuMm o6Gpasom, 4TOOH Ha rpaHHLIAX HHTEp-
Bana (0, 1) dyskuua f(x) NpuHEMana OAMHAKOBHIE 3HAYEHHH.
Ans sroro nomkHo OHTh &= 0,634. OkasuiBaeTcd, UTO eCHH
B3tk GyHkuuo (37.13) ¢ oTuM 3Haueunem 5, To A;=1,55,
A,=1,59. Orciona caenyer, 4TO

Ay == 1,57 ==0,02.

paBeHCTBa BCE cJjlaraeMbie, KpOME I1e€pBOro, 06pa'm'rca B HYAb, NOITOMY
Lnf (x
i L)

7~ 0 )\0

= Cago (2). (e
Lf

—7_<A2 MOXHO NepentcaTb B BHAE

Af <Lf < Aof.
TlpuMeHsas K STOMY HepaBeHCTBY onepartop L k pas, moaydaem:
ALEf < LRI < AoLEf.

bBe3 orpannyeHHa OOIMHOCTA MOXKHO CYHTaTh, 4TO. Aj; >0, NOITOMY

k
AL LL;:;f < A,

C zpyrofi ctopolH, ycaosue Ay <

H, Clef0BaTCAbHO,

k
A’f<l—'f—f-<A§.

An Lﬂ
—f< f< f

OTtcioga H Ha (*F*rF) cnenyer, 4To

A 2,
lim T;)"f< Coro ()< lim _ (%f—) £

B uwacTHOCTH,

n —»
3TH HEPAaBCHCTBA BOSMOXHREI TOJbBKO B TOM cJjy4ae, €CJH

‘A'1<)\0 <‘A'2s

YTO H Tpe6OBANOCH AOKA3aTh.



350 I, V. LEJEHHME TOXEIBIX SKAEP
Hrax, npu § > a Kputaueckufi pammyc R paseR .
2 1 »

ITOT Pe3yabTAT Ml MOJYUHIH, CYUTAs & PABHLIM HYMO.. UTO6H
Ha#iTH MONPABKY, YUUTHIBAIOLIYIO KOHEUHOCTh @, 3aMeHHM B (37.3")
IKCINOHEHIUANbHLK (akTop ¢-*" Ha 1 — ar. Mpl noayuum Torma
BMeCTO ypaBHeHus (37.12°)

Ry~

a8 7 T T T
; ypaBHeHHe

[],7-113’? . M = Lf — Mf, (37.15)
rae onepatop L wumeer

461 7 TipexxHee 3HaueHne, a Mf

) paBHseTcs
45t « /7 = 1
Mf=aR [ f (=) {|x+

04+ // / 3 0
x| —|x—x"|}dx".

i B Paccmarpusan B (37.15) Mf
KaK Majioe BO3MYILUEHHE,

a2k ] NerKo onpeldenuTh NONpas-

’ Ky B coOCTBeHHOM 3Haue-
HUH A, JMHEHHYI0 OTHOCH-

a1 : . TeabHo o. OHa uMeeT cle-

——¢= \//--73A AYOMUH BAA: '
i ) i [
7 ¢z 04 46 08 10 B — JrMfdx
Puc. 20. - {reax’

rae 8 KayecTse f Mul noacrasum (37.13) ¢ b==0,634."
Taxkum 06rLa3soM, MB HOJYYHM:
1

sz =0.78 — 0,392R.

[ToacTaBass B MPaBylo 4acTh 3TOrO COOTHOLIEHHS BMeCTO R
3HaueHHe, nAasaemoe (37.14), moayuum:

1 o
_31_3=0’78— 1,02(1 —%§), &= ‘/_I —3 (37.16)
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Mel BHAMM, 4TO B caydae GOMBIINX MY/IbTHIVIHKAUHMA § ~S> o
KPHATHYeCKHe PasMephl OKA3HIBAIOTCA 3HAUYHMTE/i:HO MEHLIUHMM, ueM

InaHa cBoOoJHOro npotera HeHATPOHOB [ = i—

Mu paccMoTpean mnpeneiasbHbie CAyyaW OOMBIINX M MajblxX
MYJbTHIIMKAUMA. [19 NpoMexyTOUHHIX 3HAaueHuit OTHOWeHus B/o
KPDHTHUeCKHe Da3MepPH MOTYT OHTEL HalileHbl MyTEM YUCAEHHOTO
peuleHusi HHTerpaianHOro ypaBHedus (37.37). Has npuGAnKEH-
HOTO Onpe/eneHns] KPUTHYECKHX pAa3MepOB MOKHO BOCIO/AL30~-
BaTeCd MuTepnonsimonHo#t kpuso#t (puc. 20), nawomeit 3aBucm-

MOCTE oT §= 1—-‘—;- (yuaCTKH KpHBOH, I/ KOTODKIX

1
BR
§< 1 n §~1, cTpoarcs Ha OCHOBaHHH TNOXYYEHHHIX BHILE
pe3yabTaToB).



FTNTABA VI

B3AUMOJIEAICTBHE MEIUIEHHBIX HéﬁTPOHOB
C BELILECTBOM

§ 38. 3axBaT MenJdeHHLIX HEHTPOHOB B KPHCTAMIAX

B npeaniaymux raaBax Mbel n3ydand pAas3AHUHHE TPOLECCH
'B3aMMOJIeCTBAA 4aCTHL CO CBOOOAHHMH H30MHPOBAHHKMH AAPAMH.
OnHaKo NpH H3YYeHHH B3aMMONEe#CTBHMA YacTHL C BeiecTBOM
sgapa, BoOOGUle TOBOpsd, HeJb3d PACCMATPHBATL KAK CBOGOIHLIE.
Yu¥T cBf3u MexXAy aTOMaMH OCOGEHHQ HeoOXoAuM I/ TEX MpO-
LeCCOB, B KOTOPDHIX YYacTBYIOT Mel/JeHHHEe 4aCTUIBl, B YaCTHOCTH,
melJeHHbEle HeATPOHEI. Baaromaps sToft CBsg3d BO3HHKAIOT HHTep-
¢depenlloHHbIE $BAEHUA INPH YIPYroM H HEYNPYrom pacCesHuH
MeJJIEHHHX HeHTDOHOB B KpHCTaJJlaX; B pPufle CayuaeB cCBA3b
OKa3BiB2eT CyHLIeCTBeHHOe B/HSHHE Ha panuannormun 3axBar
Me/UICHHHX HeATPOHOB B KpUCTaJIaX.

B aroit rnase wmbl Gynem paccmannBaTb rnasHHM 06pasom
B3aMMO/JEACTBYEe MEMIeHHbX HEHTDOHOB C KPHCTAANAMH M BLIAC-
HuM, K KakuM 3ddexTam NpHBOIAT CBA3b MEKAY aTOMaM¥ KDH-
craadaa.

ATOMBH KpHCTanna COBepIaioT Majnle KOJe6aHHA OKOJO
NONOXKeHHH paBHOBeCHA, OOpA3YIOIIWX MNPABHABHYI0 NepPHOLH-
qeckyio pemTKy. IIpm H3yueHMH Da3jHYHBIX NPOLECCOB pacces-
HHA M 3axXsaTa HEHTPOHOB MH JAO/MKHH OyAeM YUMTHIBATL KaK
3Ty MEPHOLUYECKYI0 CTPYKTYPY KpHCTaana, Tak H koanebartenpHOe
IBHKeHHE aTOMOB. Kose6aTenpHOe COCTOHNME KPHCTaANa MH OyaeM
OonpeAeNdaTh 3allaHMeM ulcea KonebaTeJbHBIX KBAHTOB-(OHOHOB
€ pasNHYHBIMM YACTOTAMH, BOJHOBHIMH BEKTODAMH U COCTORHHUAMA
Hoaspu3auu# u o003HauaTh uepes {/,}, rae ny— unciao GoHOHOB
§-copra.
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HaunéM ¢ n3yueHHs DaaManMOHHOrO 3aXBaTa MeIJ/IEHHHIX HeH-
TPOHOB , B Kpuctajiax %1, Hac wuurepecyer BepositHocts w (E)
3aXBaTa HeHWTpoHa C sHeprued FE sapom Tuna A, 3aHHMAIOLIAM
onpefeEHHOE MOMOXeHNE B KDHCTANARYECKON peluéTKe. B pesyan-
TATE 3aXB3TAa W3IYyyaeTcs T—KBaHT c umnyiascoM Kk, a pelérxa

[ePeXONAHT U3 COCTOSIHHSA {/zsl B cocTtosiue {ng}. Jas KpatkoctH
6yneMm 0603HAYaTh B gajbHeHuleM HAau2JbHOe W KOHeYHOe COCTOA-
HUSE BCel GHUCTeMpl (BKJIIOUalomeHd HeHATDOH, pel&TKYy, 44po H

{-KBaHT) COOTBETCTBEHHO cumBonamu p {9} A u k (n,) B (B o6o-
3HauaeT KOHEYHOE COCTOsHHE $Apa, P — HMOYJAbC HeHATpOHa).

[lOCTHXEHNIO KOHEYHOro COCTOSHMS MpeaIlecTBYeT 06pasoBa-
HHE COCTaBHOTO iAPA, COCTOsIHHE KOTOPOro Mbl 0003Ha4um yepes C,
MOXHO CXa3aTh, YTO KOHEYHOE COCTOSHHE NOCTHI'AeTCH Yepes 1po-
MeXYTOUHOE COCTOsIHNE, B KOTOPOM HET HH HEHTPOHA, HH Y-KBaHTA.
3TO NpOMeKyTOYHOE COCTOAHME XaPaKTePH3YETCs, IOMHMO COCTOA-

HHA COCTaBHOIO sixpa C, HEKOTODPLIM COCTOAHWEM peETKR {n;}.
Byxem np:anosarath, 4TO 3aXsaT HeHTPOHA oéycnosmnaeTca
OZHHM DE3OHAHCHRIM yDOBHeM C 3aHeprieit E. :

Ha asuxe Tteopunu BO3MylUeHuH HHTepecylllas HAc 3anada
npexncrasideT coboht addext sroporo nopsiaka. [lonp3yace us-
BeCTHHIMH opmysamu 33 MoxHO npeacTaBNTh HCKOMYIO BEDOAT-
Hocts w (E) B caenywollem BHie:

(p{nd} A1 HI{n}C) ({ngy C1H|k{n}B)|*
w B =X

| ARSI, 38.1)
E Ey+ 2‘ fo, (n%—n)) — 5 I ({n2})

(o} | {n'}

rae (p (ns) A | H] {nz} C) — cOOTRETCTBYIOLIUM 05Pa30M HOPMUPO-
BAaHHBIfI MaTpUYHBIR 3JieMeHT rnepexona n3 HayajbHOTO COCTOAHHA
p {ni’.} A&r NPOMEXYTOUHOE COCTOsIHUE, KOTOPOE MHI ©603HaUHM
sepes (n,) C, ({ns) C| H|k{n,} B) — maTpuuubiii 31eMeHT nepe-
X011 3 NPOMEXYTOUHOTO B KOHeuHOe cOCTOAHWE k{n,} B u,
naxonen, I' ({n.}) — mnpuna cocroanua C{n n.).

B eoipawennn (38.1) amnanryina BepOSTHOCTH CyMMHDyeTcd
no BCEM BO3MOXKHBIM HaGopam umcen ¢GOHOHOB ny, na, Ag ...
B NPOMEKyTOYHOM COCTOSHUY; KBAAPAT MOAY/S AMILIATYAb BePO-
ATHOCTY CYMMHDPyeTCs 1o Habopam aucea QOHOHOB B KOHEUHOM

23 3ak. 1800. A. Axuesep.
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COCTOSHHM, a 4epTa Hall CYMMOH O3HAauYaeT, YTO Pe3yJabTaT ycpend-
HAETCH MO BO3MOKHBIM HAYaJbHBIM COCTOSIHUAM PeUIETKH.
IMockonrky paccMaTpHUBaeTCs 3aXBAT MENJIEHHBIX HeHTPOHOB,
4
nonnaa wupuHa I' ({n,}) onpenensieTcs raasueiM 00pa3oM paawua-
LHOHHOHR IIHpHHOM, KOTOPYI MOXHO CUMTAaTh NPaKTHYECKH He
3aBUCALeRl OT COCTOAHHSA: pemIéTku. [To3TOMy B NajbHeHiueM MBI
r
npedebperaem 3aBucuMocTsio I ({#g)) or cocroanus pelndTKH
4
n muwem BMecto I'({ns}) mpocto T'.

[lepefinéM x onpeseNeHHIO MATPHYHHIX JIEMEHTOR, BXOMAUIHX
B (38.1).

]

O603HaunM uyepes r, pPaAMyC-BEKTOP, ONpeAensioWMit HoJo-
JKeHHe paBHosecus sapa A. CMelledue sapa A K3 NOJOXKeHHS
paBHOBecHsA, OOyC/OBJeHHOE TelIOBBIMH KOJAeGaHWAMH DeiléTKH,
MOXHO NPeXCTABHThH B BHIE

1f 1‘0 ifsr&

uA=-2e8(€e —l——Ee-T),

roe s=1{j cnyxutr aja o6o3HauyeHHs KoJeSaHHA, 4yaCTOTa M BOJ-

HOBOH BEKTOP KOTOPOrO DpaBHH ®g==w,; H f/ﬁ M XapakTtep
noafpusalldy KOTOPOro onpefensercs uHiekcoM j(/=1, 2, 3);

o 4 pe3
£, n E,—aMminTyna KoneGaHNA M KOMIVIEKCHO COMNpSIKEHHas el
Be/INUHHA, €;— €AMHHYHBIA BEKTOD B HaMNpaBlAeHWH KoJeGaHuH.
Boanosas ¢yHxuus, omuceHBaollas KoJeGaTeNpHOe COCTOAHHE

KPHUCTanaa, MMeeT BHA
e, ),
8

FAE Iy == N, — YHCAO ¢dOHOHOB cOpTa s, Prg G — BOJIHO?aSl
QYHKIUST rapMOHHYECKOrO OCIHANATOPA C 3Heprueit ﬁcos <ﬂ3 +3) .

3amMeTduM, YTO €LMHCTBEHHble MATPHYHBIE 3JeMEHTH § U EX
OTNHYHBIE OT HYNA, DAaBHBI

: _v/ b,
ns, ﬂs—l-l‘_ QMN(‘DQ 3 ]
(38.2)
* ﬁ”s fw £
E et SAAAT. . ew)s',
ng, n,—1 2MNw, J

roe M—macca appa, N —4uCIo sgep B KPHCTadJeE.
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ManH‘-IHblﬁ 3NEMEHT MNepeXonad W3 Ha4YanbrHOTO B POMEXKY -
TOYHOE€ COCTOSIHHE HMEET BHX

(p{n} A lHl{ ey =

ipr

S ba(ia) T #8 6) HYG (o) X

XTI o Cdrds,de,  (38.3),
8

roe P4 (i4) — BoaHOBas $yukuus sApa A, 3aBHCsilas OT BHYTPEH-

HUX KOODAHMHAT [4; aHANOTHYHBIH CMBICA uMeeT $¢ (ig) masa sapa C;
| S "

—V—Eeﬂ"‘/" — HOpMHUpOBaHHAA Ha O0O0BEM & BOAHOBa (YHKIKA

HefiTpoHa. MurerpupoBanue coBepllaeTcss Mo BCeMy KoHdurypa-

LHOHHOMY NPOCTPaHCTBY (dr — 3/1eMeHT 0G'béMa B MPOCTPAHCTBeE T,

dv;— 3N1eMeHT 06béMAa B NPOCTPAHCTBe BHYTPEHHWX KOOPAWHAT

amep A u C, dr, =[] at,).
8

B § 6 Mbl BHmeaH, 4TO NPH PACCMOTPEHHH PasAMUHLIX TMPO-
LeCCOB B3aUMOAEACTBHS MeA/IeHHBIX HEHTDOHOB C SIZPaMU MOXHO
NOAL30BATLCA CBOEOOPA3HONR TeOpuell BO3MyUuleHHH, cumTad 3Hep-
rHI0 B3aMMOJEHCTBH HeHTpoHa ¢ SApPOM MNPONOPUMOHANBHOM

0
8(r—ry) (ra =r4~ us—pannyc-BeKTOp, ONpeae SOl 010~
weuue sapa A).

B cuny aTOrOo HMHTErpMpOBaHHWE NO Y CBOAHTCS NPOCTO K 3a-
mene T Ha r,. OOO3Hauas MaTPUUHBIK 3JEMEHT, OTBEYaIOHIMH

3aXBaTy HeATpoHa CBOOGOAHHIM sapomM A, uepes M, nepenu-
wem (38.3) B Buze

(P (19} A H| (1) €)= M,e® ™4 ({2} | B ™4 ] (n}) =

2 o0
=Mceﬂ " AHMnOu') (38'3I)
8 3 8
rage
L
1ann; == f f?ng (Es) e Ran; (%) dt,,

i

—‘es(E eﬂ sA_I_Ese n sA)
23*%
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Awnanornuno (38,3") MaTpuunmit snement ({n;) C|H|k {n,) B),
OTBEYAIOLIHA TEePEeXONy W3 MPOMEXYTOYHOrO B KOHEUYHOE COCTOR-
HHe, MOXHO NpPEACTaBHTL B BHIE .

i

(rs} CLH |k {ng) By = ({#}} | e 77 4| {n,)) M, (38.4)

rge M — MATpHUHHIHA 3/IeMEHT, OTBEYAWINUA HCNYCKaHHIO ¢O-
TOHA k CBOBOAHBIM SIOPOM.

[MpexeSperas He3sHAUHTENbHOH 3ABUCHMOCTBIO BEJHYHMHH 2 OT
KOHEUHOro COCTOfHWsA pewméTKH, nerko BunoaHATe B (38.1)
CyMMUDOBaHHe N0 HabopaM uHcen ¢oHOHOB {n,} B KOHEYHOM
coctosinun. HeficTBuTensHO,

2 (e T () () 1T (e =
I Al{na}) ((ms) €7 74 () =

{ns} , )
- ({ns} lll {/2,,}) —33{,1;}, {n;’}'
rae [ — eaunnyHas Matpuua. [Tosromy (38.1) mMoxeT GriTb mpel-
CTAB/ICHO B BHIE ’

w(E)=

== | MM, |2 2 | ({13 1™ D“Al{n;}) 2 (38.5)
! ('} [E—- Eo+ 2 o, (ﬂg—"g)]gﬁ- % r
8

3To BHIpaweHue MOKA3LIBaeT, YTO Pa3jHUYHble POMENKY TOUHEIE
COCTOsiHMA pel®TKY He UHTepdEpUPYIOT Mexny coGoH.

Ecnu npeueSpeub 3Heprueil, nepegaBaeMoOll DPeIIETKE, TO MH
noayuum u3 (38.5):

const.
—
— 2 — T2
(E—Eg~+ 4T

Taxo#t dopMynoll, kax Mb 3HaeM, oONpeleasieTcd BEPOATHOCTH
NOT/OIIEHUST HeHTPpOHa CBOGOIHBLIM SIAPOM.
[TIpeo6pasyem obuyto dopmyny (38.5).
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HCHOJIBByH H3BECTHOE HpeacCTaBJenue B-Q)YHKU,PIH
~4-co

8 (x) =21—ﬁf efsx du

- CO

4 3aMeuasl, 4To f8 (e —a) f (p) dp =f (a), npencTaBum (38.5)
B CHeXYIOIIEM BUHe:

!
i X fw, (ng—nd)
8

+ ‘
w@ =g [ @ YT () e
= )

-+ co
< etee dp

1
e (E—Ey—p)+ 5 T?

(38.6)

[MH onycTHAH 3MeCh MHOXMTEIb (McM1)2].
BriuncauM BRoAsiuMi Clofa MAaTPHYHWH 3/eMeHT

[
(s e® 4 (),
paBumi#t cormacuo (38.3") IIM,,W8 . Tak xak MaTpuyHHe 3ne-
8 8

MenTH § u ¥ cTpemarca x Hya npu N— oo, 10O cunTas N S>> 1,

K4
7 Pua
MBl MOXEM Da3JIOXHThb MHOXHTeNb e’ °, Bxoaamuit B M,0,’

B pAl TO creneHaM u,. Hwmxe Oyner NOKasaHo, YTO BENUYMHBL
| My, 0 '|2 IOCTaTOYHO BHIUHC/AUTHE ¢ TOUHOCTHIO KO N2, moatomy

B STOM pARy ClenyeT COXPaHHTh He 6osee TPEX MEPBHX UYJ/IEHOB.
Buiuycanm CHauana M,90,0. Hcnoassya (38.2), noayunm:
d 8

angng=(ngleﬁ P“alng) ==
— 1 a(pea)® (1158 83| ) O () =
‘2ﬁ2 8/ - C Il 8>3 8, N2

=1-—§%(Pea n;,;;f +O< )
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[O (1-\—}5) CONEDKHUT WieHbl, NPONOPUHOHApHEe N2, N3 ]
C TOYHOCTHIO 10 4YJeHOB N-2
| M0 =1—(@2ns+1 gl (38.7)
(pes)?
2MNho,
14
Onpenennu Terepe Mn,, , Koraa ny=~ng. O BEJNYKHbI
CTpeMaTcd K Hymo npd N — co. VHTepecyrolllue HaC MaTpHyHblE

3JI€MEHTH, Bedyluue ce6s npu N ~>> 1, kak N—"s, cOOTBeTCTBYIOT
14

TeM crysasm, xoria n,==rng==1, Hcnoaesya cuosa (38.2),
noayunm:

2
roe gs ==

[ M,9, 2041 = (nS 1) g5,

38.8)

2 0 2 (

ang, ng—li = N3qs-
’

TaK KaK 71, COT/IACHO CKAa3aHHOMY BHIUle, MOXeT OT/IMYATLCA OT 7y

He Gojee YeM Ha exauuuny, To opmyna (38.6) uwa ocHoBaHMH

(38.7) u (38.8) mpuolpeTaer caeaywowui BUA:

w(E) = o fdy-[[ [ (i 1) g™

02 ™ s — (2n0 - 1 f etv? de 38.9
- rigse s — (23 1) 3] ) E—Fo—pr 1+ 1 [, (389

B 2TOM BHIpaxeHuH JIerKO MPOWU3BECTH yCpedHeHue MO BCeM
HAyaJdbHHM COCTOSHMAM peIuETKH, TakK KaK uMcaa (HOHOHOB
B HAYaJHHOM COCTOSIHHH 72 BXOIAT B (38.9) nuue#ino. MK OMKHH,
OueBHIHO, [POH3BECTH YCDeaHeHHe IO pa3JUYHHEIM 3HAYEHUAM
yuceql GOHOHOB ng. B pe3yanTate  TAKOro ycCpeXHeHus ng 3ame-
HHTCA CPeAHHM 3HaUYeHHEM 4YHCesi (DOHOHOB B COCTOSIHHH S, KQTOPOE,
KaK HM3BeCTHO, onpeneaserca dopmyaoit Tliaanka

P S
8 enw /T 1

(T — TeMnepatypa B SHepPreTHUECKHX eAHHMIAX).



§ 38. 3AXBAT MENNEHHBIX HEATPOHOB B KPHCTAJIAX 359

B ycpegﬂéHnyo BEDOSTHOCTb BXOAMT IIDOU3BEACHHE BMIA
H(l—{—)\sq;), KoTopoe rmpu [N .1 Moxer GHTbL 3aMEHeHO
8

2
E lsqs
BBIDAXEHHEM e ¥

I hga5 ‘
Matigy=e 7, N1 (38.9)

PR
it ]
IlefCcTBUTENIBHO, PA3IOKEHHE & B DA NO CTENeHAM g2 HMeeT
BHI
2
DIDIR

et =1+ P Ag+ Y ALy SNt
8

8Lr 8
[TpousBenenue

HA+AD=1+Fra+ 3 Irhaa+ ...
s LT
OTAKHYaLTCA OT 3ITOr0 pPa3MOXKEHUA OTCYTCTBHEM YJICHOB
1 9 1
?Eksqtn gzkgqu LS |
8 8

KoTopsle o6paTHo nponopuxoHaasHE N, N2, ..., Tak KaK YHCIO
claraeMBX B 3THX CyMMaX pasHO NN, a ¢® o6patHo mponopuuo-
HasbHO N. [loatoMy B mnpegeae, Koraa /N —» oo, npuBeaHHas
suie dopmynaa (38.97) crauosuTcs TOUHOM.

dta ¢opmyna TOKA3kHBaST TaKXKe, 4YTO NMpu N —> 0O BeNH-
unHHE ¢2 DOMKHEI GHITh BHIYAC/AEHH C TOYHOCThIO 20 N-2%; ¢ Ta-

" KOB TOYHOCTBIO MBI U OUPEASJANN BHIIIE MATPDAYHBLIE 3JAE€MEHTHI

Hcnonsdys dopmyay (38.9), npexncrasum w (E) 8 caenywo-
HieM BHIe:

1 ot o+ g G)
w(E)=2—nff adpdy, (38.10)
o JE—Ey—p2

rae

g =3 @ {(m, 1) e * s - n s —1 —2n,} (38.11)
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¥ ng-—cCpeanee 4ucaO GOHOHOB B COCTOAHHM S, ONperenneMoe
dopmyaokt Ilrauka.

B ¢dopmyae (38.10) serko BHIMOAHHTb HHTErDHPOBAHHE 11O p
C TOMOIILIO TeOPeMbl O BHIYETAX; B Pe3yabTaTe NOJAyuuM:

. R r
ip { E—E, i—
w(5)=%Re few( o1 ) +g ()

0

dp.  (38.12)

3roit dopmynoit onpesmenaercs ¢(opMma JHHHH NOTIOUIEHHS
HelTpoHa B KpHUCTaale.
Ecau He yyuThIBaTH IHCMEpPCHH $OHOHOB H aBHZOTPONHH

CKOPOCTH 3ByKa, TO MHl mojyumM a3 g () cremymollee BhIpa-
WKeHUe:

]
g =L f[(l-[-n)e“”‘-]—ne ‘On—1]ede, (38.13)

rae e=ﬁm' n EZS u 8 — remnepatypa [HeGas, onpesenseMas
Kak f ._fuumx (@ px — M2KCUMAJIBHAA HACTOTA (POHOHOB).

B ofSuwem Bume BHMOAHUTL CymMMHpoBande B (38.11) unu uH-
terpuposaHie B (38.13) nHe ynasrca. Msl OrpaHHYHMCA MOITOMY
paccMOTpeHHeM IBYX MpeieNpHHX C/ayvaeB OOABIIWX H MaabX
SHepruit HeHTPOHA, A/ KOTODHIX HECYLWECTBEHHHl 3HAYEHHUR L,

nexauve BOAHZH L~ 5

IMoka)keM, uTO NMPH QOCTATOYHO GONBUIMX 3HEPrusx HedTpoHa
B HHTerpane (38.12) cymiectseHHa 064acTh Madux p, |uf | <K 1.
Yro6ul ybenuTsCca B 3TOM, NPENNOJNOKHM, MTO [uﬂ] <€ 1 u pas-
nowum g (w) B paax no cremenwam pf. Tlonsaysce Buipake-
HueM (38.13) m orpaHuuyuBascCb KBaADAaTHYHLIM OTHOCHTENLHO
4JleHOM, MOJAyuYuM ciedyouyi dopmyay aaa g (#):

gy =—ipd R —(po)2 (38.14)
rne

T
ep= 37(—g—>3 f/ (e,t“l_—l—l- %) (3dt (38.15)

0
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2
U R=p———auepruﬂ orpaud aapa (M —macca anpa). Buipa-
Kenne (38 14) B coenunennu ¢ (38.12) npusomur x BBOAY,
uTo O0bnacTb MaaHX p, |ph| €1, Gyner cymecraeuuoﬁ B HH-
Terpaie (33.12) npu BHIMOJHEHUH YCAOBUA
Rey > 62, (38.16)

Helcreutensuo, ycrosue (38.16) o3HauaeT, 4TO KO3PPULMEHT,
croaumit npu (p9)2 B dopmyre (38.14), sxHaunteanHo Goablue
eAHHHULUEI; N03TOMY B MHTerpaie (38.12) Goapliue 3HaveHHd BEaH-
uyuHBl £ He MOryT Urparte cylecTBeHHOH DOJH.

Tak Kak R=(%}—)E (E — 2Heprua HellTpoHa), TO ycao-

Bue (38.16) MOXHO MpencTaBUTHL el B CrelylollieM BHIe:
M 62 : ’
E> — e . (38.16")
Takum o6pa3oM, B ob6nacti Goaplux SHepru#t HeHATpOHa
cyliecTseHHH Majbie , |pd] << 1.
[Noacrasaaas B (38.12) Bmpaxenue (38.14), noayunm cie-

Ayomyo GopMyay s BePOATHOCTH 3axsara w (E), cnpasen-
AuBYIO0 B oGjgactd GOJBWHKX 3Hepruft HeHATpOHA

w(E)== -IQT f dy cos[w(E — Eyj— R)} exp (—% pl’ — p2R30>=
0

y‘l

=i [dycosyxe™ T F, (38.17)
0
rae
E—E,—R ,_T s
x=—pp—, f=7, A =2} Re,

CornacHo (25.10) nmocaesHuft MHTErpan MoxeT GbTh NMpeol-
pasoBaH K BHAY

[es) ﬂ
4 —y——,.
™ f dycosxye ¢
0
4 8 TP “lee-y ay
_ S Ty T ' 1 »
T2 on' fe 2= rz v X

—_
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Mu noayuuaun iaa w (E) Bripaxenue, ¢dopymanpHO COBHMaAamo-
miee ¢ BeipaenueM (25.9), cApaBeaauBbIM A% CBOGOLHOTO sApa,
Paznuune 3akniouaercs B TOM, YTO AOMLIEPOBCKAA IMMPUHA A.
Bxoaswas B (38.17), onpenenserca dopmyoit

A =2V Re, (38.17%)
A =2V RT,

oTHOCHIIeHCA K CJayyYal cBOGOAHOro faxpa. Takum o6pasom, B A
BXOIUT BMECTO TeMHepatypH BeJHYHHA g5, KOTODYIO MOXHO
TDaKTOBAaTh KAK CPEOHIOW 3JHEPruio, MNPUXOAAUIYIOCA HA OIAHY
KOnefaTeNbHYI0 CTeneHs CBOGOALI KPHCTAMAA (B &, BXOAMT TaKKe
SHEeprus HyJneBHX KoJseGaHHi).

BMeCTO (OpMYJsi

1 ) i 1 ‘T
3 =N
&/
. o ]
S T
0 I { 1 L
a5 7 15 EE /A
. Puec. 21,
Ha puc. 21 98] ppexcraBaeHa 3saBucuMocTs -ET‘)- oT —%—
OTMeTuM, 4TO
eo=—g—6, ecu T<<6-, ]
' (38.18)
o= T, ecitn T > 0. )
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3 aTtHx npepensHuXx GopMys AAd g, BbITEKdeT, YTO AOMNILIEe-
posCKas LIMpWHA JIMHAK MOTJOMIEHHUT B KPHUCTalle NMPH HU3KKX
temnepatrypax (T <€ 6) Goablue cOOTBETCTByIOMEH LIMPUHB 15
cBOGOMHOrO #APa; MPH BBHICOXMX Temmeparypax (7 2> 6) wm-
PUMHBL /5l CBA3aHHOMO K CBOGOLHOIO AAED OANHAKOBHI.

To o6croareabpctBo, uto npn 7 <€ ponnaepoBckas uiu-
pUHa B KpHCTa/je 3HAYMTeNbHO O6OJblle, YeM B rase, 06yca0B-
JEHO HaAWYHeM HYJIeBHX KoJaebanuii, Graroxaps uemy CpenHsist
3Heprusi, NMPHUXOAAUIAACT HA OAHY Ko/J1eGaTeNbHYI0 CTENeHb CBO-
604l B KPUCTa/le, 3HAYMTENBHO NPEROCKXOAUT KAACCHYECKOe 3Ha-
yenue, paBHoe 7. )

3aMeTHM, YTO B PAacCMATpUBaeMOM cjayyae GOAbIIUX SHeprui
HeliTpOHA WEHTP JHMHUK MMOTIOUWIEHHT COBMAAAET ¢ 3Hepruei
Ey+ R, xak u 8 cayyae csoGOIHOro sapa.

Ilepefin&m Tenepr K pacCMOTpeHHIO MAABX 3Hepruil HeHTpOHA,
Korma gyR <X 62
Ecan f—%‘?— < 1, 10, Kak BunHO u3 dpopmyan (38.13), momyas

¢ynkumu g(p) man. B aToM cayuae, OUeBHAHO, HE CYIMECTBEHHBI
ocuuaAHpyiollie MHoXHTeTH e, Bxoasmue B (38.13) (3TO
3HAYMT, YTO IMIABHYI0 POJNb WrparoT Goasinme p, |wh| = 1). Mu
MOXEM MO3TOMY HE DACCMATPHBATL ITHX MHOXHUTeJeH W CUHTATh,
yTO g (1) MPUGTHKEHHO paBHAETCH

£~ g (o0) = — e f [5,4_-‘2-] ede.  (38.19)

[Moacrasasad 3To BHipaxenHe B (38.12), monyuum crelyouiyio

dopmyny aas w (E), cnpaBemnuByi0 B 06GJACTH MajlHX dHepruft
HeHTpOHA

)
w (E) = - (38.20)
(E—E)? + 5 T?
3ameTuM, uto g (00) = — 6—1577‘, ecin T2 80 n g(o0)==

——%——‘g—, ecau T<€ 6. B npenmene xoraa fi@-»o,

62
g(c0) > 0w

|
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Taxum o6pasoM, B NpeleibHOM Caydae MazielX 3HEpruH Heli-
TpOHA JAHHUA TOIJIOLICHUA HMeeT eCTeCTBeHHYIO ¢GOpMy, Npuuém
UeHTpP JAWHHHM COBnazaer ¢ E,, T. e. C pPe30HaHCHOH 3Hepruefi,
orBevaomieft OeCKOHeYHO GOnBIIOH MacCe MOrJAOMIAIOWIEro supa.

B paccMOTpeHHBIX NOpefelbHBIX C/Ay4asx Mbl H2HIIH AHAJTUTH-
deckuft BUA PyHKUM™ @ (E). B npoMexyTOuHBIX CAy4aax aus
onpeneneiud GOPMH /TMHHHU TIOMJIOUIEHHA NPHXOILUTCA NPOHU3BO-
OHTH YHC/AEHHOe uHTerpHposaume. Ha puc. 22 u 23 98] noka-
3aHo0, Kakyl ¢Gopmy HMEeT JHHUA TOTACLIEHHS AAA KpHCTaMIa

s 17
Wit r=4 /]

48 g8

V.34

q6F 495+

44ty foucmans g%

42r 42F

gl et . s u;fu (IS I B R W)
</6 128 -4 @__4; g 7276 -6’-6’%7-{} Z ¢ & 8 7
Puc. 22. Puc. 23.

¢ Tteuneparypo#t [eGaa 6 ==210° xas nByx 3nauenuit I', pas-
E—Ey,
SV ), peanoaa-
raeTcd, 4TO TeMmepaTypa KPHCTaa/aa 3HAYMUTENBHO HUXe TeMnepa-
Typel JleGaga. Jins CpaBHeHHMA Ha DRCYHKAX [OKa3dHa TaKke
dopMa IMHMM MOrJAOWIeHMs O3 CBOGOOHOrO sApa NMPH TeX XKe
3HAYEHUAX TeMmnepaTypel © mmmpuHsl I'. Mul BumuM, uTO B mpo-
MeXYTOUHBIX cAy4yasx ¢opMa /JIHHHH [OrJIOUIEHHS B KPHCTajlle
MOMET CH/IBHO OTANYATBELH OT POPMEBI JAHHUYM TOrJOLIEHHA B rase,
NpU4YEM MOryT MOABAATHCA JAXKEe AONOJHUTENbHEIE MaKCHMYMBI.

HeX 6/4 u O <a6cu.accoﬂ apaserca X =
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Beine Mbl BUIAEMM, UTO B 051aCTH GOJBIINX 3HEprull HeATpOHa

M 82N -
E > —— o) MMHHS TOTIOMIEHHS B KPHUCTA/Ie BMEET TaKylo ke
0

dopMy, KaK M Aad CBOGOAHOrO SIAP3, pAa3IMuKe 3aKII0YAETCH
AYIIL B TOM, YTO NOMNIJIEPOBCKas IUMPUHA ONpele/feTca He TeM-
nepaTypo#t, a BeJHUYMHOH =&, B c¢nyyae BeICOKMX Temilepatyp
(T=>>14) e~ T, nosromy npu 7 >> 0 pamunaumonHHHH 3axBaT
HeATPOHOB B KpHUCTadje, OOYCHOBAeHHBEIH BHICOKO pacroJiOXeH-
) M 62
HEIMH ypOBHaMu, E, > ~— =, HE OTIN4aeTCA OT 3axBaTta CBO-
GOAHBIMH AADAMY,

XuMuyecKas CBA3b MOXET CKd3aTbCH HA PaAMallMOHHOM 3a-
xBate Apu 7 >> 6 TOABKO B TOM cayuae, ecid E, yAOBIETBODAeT

M 62 M

yCIOBHUIO EO g—”-z——,f-. an 6= 2000, T = 300°, 7=200 3TO
ycaoere nagr £y <SeV.

Takum o6pasom, npu 7 >> 8 TOAbKO T4 4YacTh MOMVIOIIEHUA
B KpHCTaMIax, Kotopaa o6GyciaoBieHa HauGoJee HH3KO Pacnono-
XEHHBIMH YPOBHAMYM, MOXKeT OT/IHYATLCA OT MOrAOUIEHHs CBOGOA-
HBIMH iApaMH.

3
B caywae uusxux temneparyp (7T < 8 o~ 5 B) nuHuH
MOrMOUIEHHS B KPUCTaane, OGYyCTOBIEHHEE BHCOKO DACNOMOXKEH-

HBIMH YDOBHAMH EO>>%/I-6, UMET Ty Xe (QOpMy, YTO U AJsd

¢BOGOAHBIX f4ep, HO AONMAEepOBCKas LIMPUHA B KPHCTA/LIE BCEraa
6oablie AOMNAEPOBCKOH LKMpuHsl B rase. JIMHHK NOrJOMIeHHS,
OGYCNOBEHHBIE HU3KO DacnooxeHHbiMH ypoBuaMH (E, << 5eV),
MOryT HMeTh (OpMy, CHABHO OTIHYAILYIOCA OT GOPMBI JUHHMH
MOTAOUIEHH I CBOOOAHEIX sxep.

§ 39. Yapyroe pacceande MeiJeHHBX HeATPOHOB
B KPUCTAAJAX

Mbr paccMOTpUM B 3TOM M CAELYIOIHX Raparpadax ympyroe
¥ Heymupyroe paccesHHs MeNJIEeHHHX HEATPOHOB B KPHUCTand-
nax [99-103] © cypras, 4TO 3Heprus HeHTPOHOB HENOCTATOUHA AJAA
BO3GY ¥ AeHNS AAED W YTO HeHTPOHBI CHOCOGHH ML BO3OYXAaTh
KoJebGanna pemdtkd. Hiubxe O6yneT mnokasaHo, 4TO CBf3b Me-
KAy p4acCeMBAOLIMMH AApPaMH, OOpAasyOmUMUY KPHCTAIHYECKY0



366 ra. vi. B3AUMOJEHCTBHME MEIJ. HEHTPOHOB C BEIIECTBOM

peuéTKy, OKa3blBaeTCA CYIECTBEHHOM TOMBKO NpPH pacCeAHHd KO-
CTaTOYHO Men/eHHbIX HEHTPOHOB, 3HEPruss KOTOpHX E MeHbIle,

M @2
ueM ———, rie i — xapakTepucTHuecKasi TeMmmepaTypa KpHcTaana,
0

m u M —wMaccul HeHTpPOHa H sAp1 H g, — BEAUYHHA, ompe-
denéuHas dopmyao (38.15). Ecau AnuHa Boansl HeATPOHA
CpaBHuMa C TMOCTOAHHOH pewl&TKH, TO MNpH pacCegHUU TaAKUX

Med/IeHHEIX HEHATPOHOR OyAYyT HaGMIOAATHCA HHTepcbepeHunom{egxe
M
e’
paccesHie HeATPOHOB B KDHCTAJZNaX HE OTJIHYAeTCA OT pacced-
HHs1 CBOOOAHBIMH sIZPAMHU.

Hnsa onpeneneHuss sddexTHBHBIX CeyeHHHt pasIUYHLIX Npo-
LIECCOB pacCedaHUs HeHATPOHOB B KpucCTamie MH GydeMm I0Ab30-
BaThCd, TaK XK€ KaKk W B § 6, cBoeoGpa3Hofi Teopuel BO3myile-
HHH#, CYUTas IHEPrUI0 B3auMOAeHCTBHUA MEXIY HEHTPOHOM H AAPOM
paBHOH

aBleHua. B o6aactu GOALWKX 3Hepruf, korgpa E =>>

Vi=a3 (r—Ry),

rie r U R;—BekTOpH, ONpeneidioOlIde ToJIoxeHue HeHTpoHa
W fAOpa, HaxOAsilerocs B /-M y3ae pell&TKU, U a; — HEKoTOpas
Be/MynHHa, 3aBucaAlllas, BOOGIIE roBops, OT 3Hepruu HelTpona.
Kak Mbl ypUOMM HHxE, NPW HAAUYUK [OTAOLLEHWs] HERTDOHOB
B KpHCTajile, BeAndnHa «; OyAeT KOMIJIEKCHOIL,

3Heprusi B3aUMOLeHCTBHA HeRTPOHA CO BceM kpucrairiom V
npeiacrasmer coGoft cymmy V; mo BceM sApaM DeméTKu:

V=i (r—Ry). . (39.1)
4
BennuuHa «; MOxeT OBITh CBA33dHa C AMIUIUTYAOH paccesiHus

HEATPOHOB H30JHPORAHHBIMH siapamu. [ToBTOpss paccyxaenus § 6,
MBIl TIOJAYYHM ChAepyloliee COOTHOILUEHWE:

ﬁ?
a=2ﬂ-m—,a, - (392)
a— ' mM_ -
rie a— aMIUIUTYAA PpACCeSHUS U m = i npuBeaEHHas

Macca HeHtpoHa (paxu HPOCTOTH y @ ONYLIEH WHIASKC /, Xapak-

TEPUSYIOWHHA S0P0, C KOTODHIM B3auMOAENCTBYeT HeHTPOH).
amerum, 4YTO Aad GoablimHCTBA ssep a > 0 (Ba, Be, C,

Ca, Cu, Fe, F, Mg, N, Ni, O, Pb, S, Zn u T. £.), ¥ auius
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A7 HEKOTODHX THMOB sifep @ < 0 (Li, Mn)[10% 108], Pagnuunnie
H3OTONH OQHOrO W TOTO Xe 3/eMeHTa MOTyT 06AaaaTh OTJH-
YAIOUMMUCA KaK MO BeMMYHHe, TaK U [0 3HAKY 3HAYeHUAMHU 4.
Ceueniie ynpyroro paccesHus HeATPOHOB CBOGOIHBIMHA SADAMH
pasHsieTcst
|a|2 ’
cy=4n|a|2= 2, 39.3
s=dn]ap=12E (39.3)
SameTnM, 4YTO muddepeHuHanrbHOR CeYeHHE pPACCEsHHS, NPH
KOTODOM KOHEYHas SHeprus HeHTPOHAa JIeXKHT B HHTepBane
(E', E’+ dE’), paBra coraacHo (17.19)

__ a®mM dE’ M—m? ,
doy="5 2 (M———+m)_E<E <E, (39.4)

rie E — wavanbuas 3Heprud HeHTpoHa,

BenuunHa o MOXeT OhIT, Takke CBfi3aHa C KOMIUIEKCHOMH
dazoi paccesaHus 7, onpependolled acCHMOTOTHYECKOe NOBEIe-
HHE BOJIHOBOH (YHKLHM HeHTpoHa (Mbl DacCMATpPUBAEM TOJBLKO
S-BOMHY, TTO3TOMY Y BeIWYKMHBI 1| OMYyLIEH WHAEKC HYJb).

Bynem npeanosnaraTh, 4TO MoAyab (ask paccesHUA v Mal
MO CpaBHeHUIO C eAUHUUeH; 3TO 3HAYUT, UYTO CeYeHHH PAcCCesTHHI
M 3aXBaTa NpEANOAAraioTCA MabIMH MO CDABHEHHIO ¢ WA> (ro-
CleAHee YCAOBUE BHIMOJHSIETCH BO BCEX NMPAKTHUECKHM UHTEPECHHX
clyvasx).

HsBectHO, uTO ecnu Moaynb ¢asw v Mal, To ¢dasa MOxeT
6uTH MpeacTasieHa B Buae 18

n =0 - in® = — 22K f V) Ifo () 22,
sin kr
rie k-—BOJHOBOA ReKTOp HeHTpoHa H fj== o [Moacraeasa
-4
cioxa BMecto V{(r) ad (r) — e 8 (7), moaydum
. 2m’'k sin kr /2 i = am’k
1= T f4ﬂr28()( > r=—

OTKyZda
onh?
m’k e

qd = —

(39.5)
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CeueHnst ynpyroro paccefiHus W 3aXBATa HeHTPOHOB H30. M-
DOBaHHBIMH AAPAMH Gy W O, CBA3aHH CAEAYIOMAMH COOTHOLIE-
Huamu ¢ (" n 4@

4 .
=7 (1 P+n0p), |
b (39.6)
g, = % N® (1 —2%®). J'
Orcloga caexyer, uto
%2 52 2
M=~V =% — (= 9%)
, 4r 4n c) i (39.7)
*q(‘) %4—“ S

[Mpuseném ewlé Buipakenue, onpemensmoiulee 7 86Au3M HEKO-
TOPOro pe3oHaHCHOTro yposHd E, Hcnomssys dopmyay (24.15),
onpeaeasiomyo 3= ¢
uro |q| << 1, noayuum:

o 1
=+ — 0=
E

86au3u yposHa E,, u npeanoaaras,

—Eo—i%
E—E,) i
=M, + Yo , 2 2 +'§' 7872 NE (39.8)
E—EW+— (E—E# + 3 _

© )
rae 'np=—2-——cba3a NMOTEHUHANBHOrO paccedHus (3ra dopmyna

OTHOCHTCH K TOMYy CJay4alo, KOTZa ChUH AXpa paBeH HYJIO).

B o6nactu sHepruft, nexamux 3HAYMTENLHO HHXE HEPBOro
pPE30HAHCHOrO YPOBHs, BEAWUYMHB 7y U & MOLYT CuYMTaThCs Bewje-
CTBEHHLIMH U HE 3aBUCALAMH OT 3HePrHM HeHTpOHa.

Ecan saapo o6namaer CHUHOM, TO NPH pPaccesHUHM Hanpasje-
HHe CMHHAZ HeATPOHA MOXET HW3MEHHUThCT HA OOparHoe. DTO H3Me-
HeHHe CBA33dHO C MOBOPOTOM MOMEHTA SIAP3 B COOTBETCTBHH
C 34KOHOM COXpaHeHHf MOMeHTA KO/JMYeCTBA ABHXKEHHS.

[Ipu orauyHoM OT Hyns CMuHe SIAPA BeJWYHHA @&; CKJIaJK-
BAeTCA H3 ABYX YIEHOB: NOCTOSHHOH A;, He 3asucAueft oT cnuHa
HefiTpoHa S ¥ cnuua sppa K u uwreHa, y4uMTHBAOWEro BO3-
MOXHOCTE WM3MEHeHWs HarpasieHds CHHHA. STOT WIeH NOMXKEH
cozepXaTb CMHHOBLIE MATPUMUL HERTPOHA W MATPUIlLl MOMeHTa



§ 39. YNPYIOE PACCESHME MENJ. HEHTPOHOB B KPHCTAMLIAX 369

1 N
sapa. Tak kaxk coMH HeATPOHA paBeH %> TO KB8aapaT ero Cru-

HOBLIX MATDHIL DpaBeH elWHUIE. B CHIy 3TOro sHeprus B3auMo-
HefCTeHA MOMKeT COePkAThH CMHHOBHIE MATPHNL! HEHTPOHA TOALKO
ANHEAHO, MHLIMHM C/IOBAMH, BEJWUYHHA &; NO/UKHA HMETb BHUI

& = AZI+ BZSKZ’ (39.9)

roe [—enunHYnass Matpuna, A;, B;— KOHCTaHTHI,

Cubicst 3TOR (OPMYJE COCTOHMT B TOM, YTO &, a C/AemOBAa-
TeJNbHO, W AMIVIHTYIA DACCEAHHS 3aBHCIT OT B3AUMHOM OpHEHTAIVH
CTNYHOB HeHTpOHAa N siapa. MHuMu CnoBamu, CjlenyeT pasfinyaTh
3HAYeHHA &, W &_, OTHOCAIIMECS K MAapajuleanbHOW ¥ aHTHRapai-
JebHON OpHMEeHTaLHH CNHHOB HeHTpoHa i sapa. (ITo umewmuMcs
3KCNEePHMEHTANILHLM AaHHuIM [108] oTHOWIEHWe O6OHX 2HaYeHuUH @
coctasaseT okono 2 ana Bi u okono 3 aas Al)

3ameuasi, 4yTO

SK—— — K?— S$2,

rae J=K--S, n nonaran J=j i (j—-KBaHTOBOE yucno,

onpeeNAioNIee MOMEHT siapa), Haﬁllé'M, yro SK npu napannens-
HO# OpHEHTAIUKH CWIHHOB HefiTpOMa U aApa paano:

K, =5 {/+5)(+5)—i0+D—5 3 =5/,

a npu ﬂHTI’!ﬂapaﬂHt‘.JleOﬁ OpHEeHTaluHuu CHNHOBR PaBHO!

. 1 3 1,0 .
(SK). = {( —-~>(J+ ) J(J+1)~~"2-°§}=~—2—(j+l).
Orcioga CraeflyeT, MTO @&, 11 &_ PABHE COOTEETCTBEHHO

1, 1.
G+=‘-14+—2—_]B, G_=A~—T2(J+1)B
H
Ut Day +Hja_ __ 2(1y —a) '
SiET B == ST (39.9%)
HanomniM, 4To OT/AHYHHE OT HyAs MATPHHHLIE HIEMEHTH
npoekuuit momenta K, K,, K, onpenensorca ClexyloUiuMi

dopmynam:
(](z)mm ==m,
(Km + iK—y)m+ 1. T A4 _x——iKy)m, m+1 = V/ (J“"l)_m (771 + 1),

24 3ax. 1800, A. Axuesep.



370 A, VI, B3AMMOAEHCTBHE MENJ. HEHTPOHOE C BEMECTBOM

rae m-— MarHutrHoe KBaHTOBOe YUCAO - dApa. l'IpeszTaBnB ¢4
3 BUjge

a= A BS,K,+ 5 BI(Sy—iS,) (Ky+ iK,) +
"l_ (Sx+ iSy) (Km - iKy)],

Mbl BHAWM, 4TO uaeH A 4 BS,K, 06ycaosausaeT nepexoan, Npu
KOTOPLIX Hallpas/ieHHe CrnyHa HeHTpOHA He W3MeHAeTCsH, a 4JeH
B{(S4K,—+ S,K,) — nepexonsi, Npn KOTOPHX HanpasienHe CrKHA
2MeHReTCH.

Jlerko noOKasaTh, YTO e€CAM MOMEHT fAAPAa OT/JAHYeH OT HyJd,
10 B dopmyne (39.3) mou |« |? HyxHO noHWMATL BHLIPAKEHHE

|A1|2+711‘fz(jz+1)|3z|2-

Moacraenas (39.9) e (39.1), nonyumM cneaymwoiliee obuiee
BLIDAXKeHHe I 2HeprHi B3auMOAeHCTBUA HEeHTPOHa ¢ Kpucrai-
JANYECKOW DeléTKoitl ‘

V=2 (r—R) =3 [4,+ B (SK)I3 (r —Rp.  (39.1)

Ecnu aapa, o6pasyioiune KpUCTaNAHYeckyto peléTky, abco-
JIOTHO TONCCCTBEHHLI, TO KOHCTaHTH A; W B; He 3aBucar or /.
IIpu Haswuuxd UIOTONMOB ¥ MEXaHMYECKUX MOMEHTOB sLep BeJH-
yuub A; W B; aBafioTca QYHKUMAMH HOMepa y3na / Jaxe B TOM
CAy4ae, KOTAA KPHCTAJJ NMOCTPOEH M3 aTOMOB QQHOI'O 3JeMeHTa,

B a2toM u cneayioluux mnaparpadax Tnpennonaraercs, 4re
pasindue MeXAy sdapaMd DPelu&TKH, eCJHH OHO HMEeT MecCTo, -
BHI3BIBA€TCH TOJbKO HAAHYMEM H30TONOB M MeXaHHYECKHX MOMEH-
TOB anep.

Mer 6ynem paccMaTpuBaTh HEHTPOH W KPHCTAMIHUYECKYIO
pewéTKy Kax OJHY KBAaHTOROMEXAHUYECKYID CHCTEMY, COCTOAHHE
KOTOPOH XapakTepuayercs 3alaHWeM HMMAYJbCa HeUTpOHa p, ero
CMHHOBOTO MAarHUTHOrO KB2HTOBOrO HHCJA W, KEAHTOBLIX HHCeN /7;
BCeX OCHUHINATOPOR, ONUCHEZIOLMX TeNJOBhle Kojebanua pe-
WETKH, W MAarHHTHHIX KBaHTOBHLIX ducen sauep my(|m;| < j;).

Pacceanne He#TpPOHOB MOXKHO pacCMATPHUBATH KAK Iepexosg
CHCTeMbl W3 COCTOSHUA

Py Wy My, iy, ..., My, Mg, ...

B COCTOABHE

7 7’ + Vs s
pyow, my, M, ..., My, Ma, ...

[}
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Bondoras $yHKUIUA CHCTEMbI Hempox{—’rpeméma AMEeT BUR

z

7

10 e ,<9 ]:[ Pus || ¥
1

rae 7, — CnuHoBas QyHKOHA HEHTPOHA (p = = 5 ) s Pn,— BOJ-

HOBas (QyHKNMA [-ro ocuwanaropa (n; npencraeaser CcoGo#
yucmo (OHOHOB i-r0 COpTa), HAKOHel, a{:ml——cmmoaaﬂ EOJIHO-
Bas ¢yHxuua [-ro aapa, ‘

OnpeneanM MATPHURbI{ 3/eMeHT 2Heprun B3aMMOLeHCTBHA
He#TpOHa ¢ pewéTkolt. klHTerpupomRanHe nO KOOPIHMHATAM Heft-
TPOHA CBOJAMTCE MOpoCTO K zaMede r Ha R;. Tloagcrasaaa Bmecio
R, cymmy R}-b-u;, raé R} — panuyc-BeKTop, Omnpenesoutui
[OJOXKEeHHe paBHOBecus /-ro dapa, M ;—— ero CMelleHHe H3
MOJNOXKEHHS pAaBHOBeCcHs, BLI3BaHHOe TeINIOBBIMH KOJe6aHHAMH
pewéTKH, NPpeacTaBuM MaTpPHUUHEIR 3/eMeHT B BHae

2o oS
7 (B PRy

M=gZe (5"”"t|‘411+5’z(K13)lP',mi)X
S ({ms} 1e7 P ), (39.10)

rae AJs MaTPHYHOro 3JieMenTa oneparopa V, oteeyaioulero
1IepeXONy H3 COCTOSHHS @ B COCTOAHHE /), MpHHATO 0603Haye-
une (al V|5) (cumsom f{n,;}, rtak we kak u B § 38, caywur
nns 0803HaueHIs BCefl COBOKYMHOCTH 4vucen (DOHOHOB #;).

Matpnunstii axencenT, onpeneasolUMit Mepexodsl B peluéTke,
MOXHO nepenncaTb e Buae (00o3HAa4eHHd cM. § 38)

o L —pyuy, |
(OHENNTVHESY | KR R !
roe
s 0 B ___7:‘ 0
U= (g e F g, T R‘).

Haflgém  MaTpUuHBA  3JICMeNT, Oupelefalomull nepexois
B CHCTeMe MAINHTHHX KBAMTOBHIX Yuces. Ecau hanpas/ienye CiIHHA
HEHTPOHA He HAMeddercd, TO MATPHUHLIA 2/eMeHT paBeH

(w, my [ A 7-|- BUKS) | g, my)=A, x5 : my By, (39.11)

o4
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1
roe 3Hak - Gepétea rpu w == | 5 W 3HAK — MDH = -——é— .

[lpy uzmeHeHdd HampaBieHus CNAHA HEHTPOHA MarHATHOe
KBAHTOBOE UHC/O H3MEHUTCHA TOABKO Y ONHOTO H2 siep, HANDH-
4 7
Mep, y siApa ¢ uHpeKcom [; Torna my=m; == 1, my = my (I'==1).
Marpuubbifi 3JeMeHT paBed npu 3TOM [108];

(0, mg| Agl + B, (SKyp) | v/, ’”;) ==

BZ - y x
=5 V iU+ 1) —m (my 2= 1) 3y, (39.12)
" I 1
vie 3HaK 4~ GepETCA npu p’ == W 3HAK — Apu p' = —5 -
Tlepefiném Kk paCccMOTpEHHIO yNIPYroro Paccesnns HeHTPOHOER,
Npu KOTOPOM COCTO’AHWE DpeméTKH, T. e. 4ucaa QOHOHOB, He
u3MeHneTCs. BepoATHOCTL paccesiHis dw, NPH KOTOPDOM HMNYJLC
HEITpOHA P’ HAXOAMTCH B TelecHOM yrae do’, CBS3aHa C COOTBET-
CTBYHOLWIHM MATPHYHBIM 3JeMeHTOM A COOTHOLIeHHEM
m
dw=-"L_Qimpdo. (39.13)
424
Hcnoassysa (39.10), (39.11), noayunm crepyioilee BHPaXeHHe
Ang BEPOATHOCTH YINPYroro paccesHuf uedTpoHa 6e3 H3MEHEHNA
HANpPaBJIeHHA €ro Crnia:

m
D o’

3 0
= —p Ry
—_— 3
dwpp = 4rt e Q )e

X

;(Al-:%’l B,

- ¥
2 . 2
X T (nalex “”"”“ts-l”s)\ . (39.14)

Uro6ul 11a#TH BepPOXTHOCTL YMPYroro paccedHHs HeHTPOHa
C H3MeHEHHEM HAMPABIEHHS ero CNHHAa dwjy, RYWHO HAlTH CHa-
4aJa BePOATHOCTH DPACCEAHHA C M3MEHEHHEM HAaNpaeJeHHd chuHA
HeHTpOHA Ha /-M 4Ape Il NMPOCYyMMHDORATL 2ATEM PeaYN6TAT MO
BCeM sapaM pelué€rku. Mbl noayanM, Takum o6pa3om, cAenyio-
iifee BhipaweHHE 0T diyy:

mpdo Q1 Qs ;s
dw¢w=m;z|31|’{12(j+l)~

- F
~mymy= 1)) [L 1€ ® TP 5 02 (39.15)
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Bxomsuuit 5.(39.14) 1 (39.15) maTpuuHnil sneMenT

S I

2
(nsleh

6nn1 onpenengu B § 38 [dopmyna (38.7)]: 1
s —|— é

)
— (b’ —p)u
(nslen lsjns =1 -I(p )el A/I/Vw ’

rae N—o6uige uncnO sgep B KpHcTamie u M — macca atoma.
(Mol He Oynem yuuTHIBATE B AajdbHeflueM 3aBUCHMOCTH MaccChl
SApa OT /, CuuTad, 4TO MACCH HM30TOMNOB MaJjo ‘OTAHYAIOTCH APYT
or apyra.) Tax xak N ouyeHb BeIHKO, TO 3Ty (OPMYNY MOXKHO
nepenucar B Buie

‘ g L
+ (P’ —p)u t s T3
(n;le? | ng) = exp (5%'(13 — P& |? = )

[IpousseneHue MaTPHUHHIX IneMeHTOB, BXomawux B (39.14)
u (39.15), paBHaercs

Sy —
M(n, 17 7P ) = o, (39.16)
3

V=g NAETRE (1t )

NpeAcTaB/feT CcOGOH M3BECTHYIO M3 TEODHH DacCesHUa peHTre-
HOBCKUX Jy4efl IKCMOHEHTY TeryioBOro ¢axropa.
BMeCTo 7, Cloaa clielyeT noACTAaBHTL CpenHee 3HayeHHe uuc/aa
(pOHOHOB B LOCTOHHHH S, onpepeaseMoe dopmynoit Ilnanka
- 1

n, = ——
8 e?lw/T_l’

rae

rae T'— Temiteparypa (B 3HepreTHUeCKHX CAMHHIAX).
3ameTuM, 4TO B sBbIpaxenun a1a W CyMMHPOBAlME NO S
Of2 df, doy
(@nh)
HHEM (10 COCTOAHMAM noaspusauuu j (f, — uMnysabc ¢GoHOHA 4a-
CTOTH! @;, dog;— 3JIEMEHT TeNeCROr0 yraa f,). Ecan He yunThiBaTh

MOXHO 33MEHWTb WHTErpHpOBAHHEM MO 1 CyMMHUpoBa-
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aucrnepcun GOHOHOB *) M AHM30OTpPOMUH CKOPOCTH 3BYKd, TO Mbl
NoAy4YNM Creldyollee BhHpameHHe A8 W/-
W/_ii‘l—‘—plz-[ ++0(F )] (39.17)
2 M8 IEEY
rae

1 xdx
D()=+ f e 1
0
d- 9 —remneparypa leGas. )
dopmynut (39.14) wu (39.15), onpeaeidouiye BepOATHOCTH
pacCesHns, MOMKHbEI GHITh yCpeAHeHbl MO BCEM 3HAUYEHHSM MATHWT-
HbIX KBaHTOBHIX 4HCeJ /1; W [0 BCEM paCnpeneneHHsM H30TOMOB
B pewérke. [Toab3ysck (opMyaoi
+34
2 | .
E my =z (/i+ 1) (24 1),
MOMYYUM CHAeAYIOLe BRIDAMEHUs A7 YCPelXHERHBIX BEEPOATHOCTEH]

2 (0 —D) By |2
— __ mpdo Z 7w P
LM = rag “ A

e e e—
+TQ— Bl (- 1) Ne=2¥,  (39.18)

- do’ > -
dwyy == mp”/im & Bi(Ji-+ 1) Ne=2¥,  (39.19)

rae 4Yepra CBEPXy O3HAYAeT YCPCAHEHHC MO BCEM BOSMOMHBIM
pacrnpeneseHHAM H30TOMOB B peliéTKe.
Jlerxo yéenmbcx B TOM, YTO CpeAHce 3HaUeHHe BEJHUHHbI

ZAzeﬂ
7

p)Bl
’ pasasieTest

(» ~—n)R

'Z 4;8 , =_
= NTAF—lap-HApIReT T o)

*) HducniepcHs (OHOHOB HC CYILGCTBEHHa UpI MU3KHX TeMIepary-
pax, xorga T <« 6.



§ 39. VYNPYrOE PACCESIHWE MEQJI. HEATPOHOB B KPHUCTAMJNAX 375

rae A= EqA(‘I)Cq, [A]2 = ‘?’1:‘ |AD]2C, n C,~— KoHueHTpaUUT

anep, MM KOTODHIX A; NpuHuMaeT 3Havenne A@*), [leitctsu-
TexsHO, JeBad vacTh (39.20) moxwer 6wTh sanucaHa B Buae

'y 1] % 0o 1)
— (' —p)R; .. — (p" —p){(B; —Ry)
i 2 3
? ; Age = ,Zl‘;] (A;—A) (Ap— A)*e

i 0 [ n
- — —(p’' —p) By~ —{p"—Dp)B; -_

v 4! " t

A 2e 2@ (A—A)* +

— i(n'——mllor —L(p’;p)Ro —
+ A* et e ™ P4 —A)+
r I

AR ST

Bropoe u Tperbe CaaraeMbie paBHBI HYJIO, TaK Kak A;— A = 0;
ureHbl ¢ [/ =~ B nepBOM claraeMoM TaKiKe DABHBI HYMO. 3ame-
4asi, 41O

| A=A = |4 — A4 — LA+ A=A — 4],

MH ¥ nonyunm Gopmyay (39.20).

IIpeo6pasyem neckoneko $opmyny (39.20). Bo eropom cna-
raeMoM mnpousBen&m CcHauajga CYMMHDOBAaHMe MO HApaM, BXO-
ISAYM B COCTaB OJAHON 3neMeHTapHOH auelKy, a 3aTeM pe3yabTar
NPOCYMMHPYeM TO BCeM fiueitkam. Msl mOy4YHM, TAKuM OOpD330OM:

£ 0 RV 0 4, 0 R
I;eTm PR 12‘:‘“2371 (r’'—p)B, lglgen (» P)Bpld, (39'21)
v

rae R(I’:—paunyc-BeKTop HEeKOTOpO# Orpenen€HHON TOYKYU BHYTPH
aneMeHTapHOA Auelky, Rg——panuyc-semop v-r0 qlpa o OTHO-
WEeHWI0O K 2TOH TOHKe; CyMMHPOBaHHE TIO v DACNPOCTPAHACTCA Ha
BCe fApa, BXOoJsAUHe B COCTABR OAHON 3aaemenTapHOH A4YeidiKH, a
CYMMHUPOBaHNE N0 P TNpOU3BOLUTCS MO BCEM 3JeMeHTApHLIM AUci-

#) 3aMeTiM, YTO HE HCKI04eHd BO3MOXKHOCTL CYIICCTBOBAHM: pe-

wéToK, AJMA KOTOphX A =0, Tak KaK aMIUHTYAbl DACCESHUA IS pas-
AUYHBIX H30TOMOB MOIYT UMETh [pPOTHUBOMOJOKHBIE 3HAKY (cM. cTp. 366),
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Kam. Bropo# wmuoxmurens B (39.21) npu GoablioM uHCae 3ae-
MEHTADHBIX fA4YCeK MOKEeT OBITL nmpencraBjeH B BHUAe

! E e%—(p'—p) B%r _ @B N g(p'; P__ 211:’?) » (39.22)
P

A

rie A—o6béM 3/ieMeHTADHONW dueilkn, % -— BEKTOpP O6pPaTHOH
pel&TKY *), N’ — 4kCciI0 37AEMeHTapHBIX RAueeK.

Cnoxve dwy, v dwy, ¥ BOCNONL3OBABUIKNCE (HOPMYIaMH
(39.20), (39.21), (39.22), monyuuM caedymoollee BHIDAKEHHE ANS
BEDOATHOCTH YNPYroro pacceaHus HeHTpPOHA B KpPHCTaJe:

dw= g { (AP — | Ap 4 ELLT D) ¢

J-1A]2 (2;;)3 n’8<p, ; L —QRE)SP_!,' } e—2W do’,

rae n—4qMciao Aiep B efuHuue o6beMa, n’ — uHCIO 3AEMEHTap-
HBIX fYeeK B enHHHle 06b&Ma u

i 0
-—ﬁ-(!)'—!))R\, 3
v =|Ze

— TaK HA3LIBAEMBIi CTDYKTYDHBIH MHOXUTE/b.

*) BexkTop o6paTHOH peiuBTKH onpejeaseTcl depes GaaucHbie
BeKTOpPH ofpatHofi pemérku by, by, by cienyounm ob6paszom:

T=p1by 4 pobs 4+ p3by,

rne py, po, Pg— ULIbIE HHC/A.

Basucusie BekTOpbl 06paTHOl peléTkM cBs3aHb ¢ 6a3UCHBIMH BeKTO-
paMH (OCHORHABIMH NMEepPHONAMH) MpPAMOH pewéTKH a;, a., ag COOTHOoUIEe-
HHAMH

b, — {3233] — 3334} . Taga]
T Ay (ana] arlaal’ T alamd

KaxnoMy Bexktopy o6pdTHOH peiu€TKH CoOTBETCTBYET ceMelicTRO
napaaneNsHelX KPHCTANIHYECKHX HA0CKOCTeH, ypaBHeHUA KOTOPBIX HMEIOT
:1114

Tr = m,
re r = nyay -+ 79as 4 Hgaz, My, Mo Mz M M — Uednie uncia. PaccToasne

MEeXJAY COCeIHHMH MIOCKOCTAMH paBHO 1/t (Mpu sTOM mpepmoxaraercsd,
YTO Py, Vo P3— UHCIA B3aHMHO TpoOCThHIE).
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Paznenue dw Ha v/Q2, Hahaim anddepennnanpuce ceveHye
yupyroro pacceanuss HeHTpOHA, OTHECEHHOE K OZHOMY HAApY U
eNuHHKlle TENeCHOro Yrja; OHO HMMeeT Clelyiowud Bux:

c={g—;f—cosa< ﬁp -27:?)—[—

+ 2 (AP — AP+ jGF DIBP)}e—=%,  (39.23)

APRme
riue ao=L%4ﬂ u S, suauenne S npu p—p’ = 2xfit. Bean-
T

unHa S, MOxeT GbITb TpeacTaBieHa B BHAE

2ri (py 0+ Poyn) 4+ pany) |2
S,=1|e YU TP TR 2
v

rae uy, 3, 43— koopmuHaTsl R (RS ==a,u)-+ asu) -+ azus) u
Py Pgy P3—— leJble unciia, onpelensowue <(s=bp, 4 b,py +
-+ byps).

ITepsoe cnaraemoe B (39.23) nMeeT pe3kue MaKCHMyMbl [ipH
BhINOAHEHHH ycaoBuit Bynwda-Bparra

p—p= onhit.

3ITO cnaraeMoe OMpenesseT KOTrepeHTHOe paccesHHe HeHTDOHOB.
Bropoe caaraeMoe onpenesndeT HEKOrepeHTHOe paccesHHe Hel-
TDOHOB; €CJH He YUYHUTHIBAaTb MHOXHUTeds e¢—2W, To OHO He 3aBH-
CHT OT yrna pacCesiHHs W aHAJOTrHYHO ¢oHy, HablwonaeMoMy npH
pacCedHUH PEHTreHOBCKHX JyueH.

O6parnM BHUMaHHe Ha TO OGCTOATENLCTBO, YTO KOrepeHTHOE
paccesiHHe OTNpelenseTCcs CpPeAHHM 3HayeHWeM BeauunHul 4 (00
pasAuyHbIM pacrpeAeieHHIM W30TONOB B peuidTke). Hexorepenr-
HOe paccedHue onpefiensercs cCymMmol kBampaTa (aykTyauwu A,
T. e. |A— A[? u BemMuKHBI 4i [BI2j(j+41).

Msl BHAMM, UTO KOTepeHTHOe paccedHue OO6yC/JIOB/AHUBACTCA
CTOJNKHOBeHHsiMH Ge3 H3MeHEHHs HANPABJAeHHs CAUHA HeHTPOHa.
3To CcBA3aHO ¢ TeM, 4YTO B HHTeP(PEPEHIIHOHHbIX HBNCHUAX HOJKHLL
y44aCTBOBaThL BCE SIPA, YTO MOMKET HMETbs MECTO TOJBKO B' TOM

ciayyae, eCJd TPH DacCesHHM HanpasieHWe ChiuHa HeWTpoHa He
U3MEHAETCA.
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AP me
Benuuuny 50:1—1;;7“ MOXHO Ha3BaTh Ce4yeHdeM YIpyroro
= .
KOTEPEHTHOro paccesHus HeHTPOHOB CBA3aHHLIMU sxpaMu. [Toab-
syacs (39.2) u (39.97), MOXHO BHIPA3HTh O, Yepe3 aMMNHTYAH

paccesHus af}_ W @ _, OTBevalllHe MNapa/IeJsHOR M aHTHNApan-

JejbHOH OpHeHTAUWH CNHHOB HeATPOHA U CBA3AHHOTO fA4pa:
. / P
U+Da +ja_{?

27 + 1 ’

' Mtm
rae @ = —%— @ [@ — aMIIMTyna paccesHus HeRTPOHa CBOGOX-
HuM sApoM, cM. (39.2)]; uepra cBepxy o3Ha4aeT ycpeaHeHHe NO
BO3MOXCHBIM Dacrpene/eHnssM H30TONOB.

[MonHoe ceueHne HEKOrepeHTHOIO YMPYroro paccesiHud Hei-
TPOHOB CBA3aHHLIMH aapaMu 6e3 yu&Ta TeNJOBOrO MHOXHTeNs
MOXHO NpeacTaButb coraacHo (39.23) u (39.9°) B cnenytoureM
BHIE:

o =4n [P —|@ [ +aniFrrla, —al 5 (39.25)

3y = 4= (39.24)

rae
] A
7 : 4 Py
o = 55— Da a_].
s L/ T Day —+-ja ] .
IKcHepUMeHTANBHO MOMHO OTURIbHO ONpelenaTh KOTepeHTHOe
1 HeKorepeHTHOe paccesnue (KOrepeHTHOE paccesHne OTCyT-
CTBYeT, €CJAW AJHHA BOJIHBI HeHTPOHOB Goabiue uyeM 2d, rae d —
HauGoJiblllee 3HAYCHUS MEWIIIOCKOCTHOrO PacCTOsHUA B KPUCTaLIe,
a
CM. HHXKe); MO3TOMY MOXHO HAXONWTb OTHOWIeHHe —t, XapaxkTe-
pusyloillee 3aBHCUMOCTh paccesiHuss HEHTPOHOB OT cnuHa ua-
ctuy 1108),
3ameTHM, UYTO USI KPUCTAJIOB KOHEUHBIX D33MEpPOB CeueHue
paccesHust MPM TOYHOM BHIMOJHeHuH ycaosuit Bynabda-Bparra He

(p’ —-—D)Rl
o6paluaercs B 6ecx0HeqH0cn> TAaK KaK BeJquunHa IZe r |

ocTaércs KOHeyHo# (OHa CTaHOBUTCA DaBHOH N'282) rge N —
yucno s4eek). C 3TuM cBf3aHO TO OBCTOATENLCTBO, UTO A

KPDHCTA/JIOB KOHEUHBIX pPa3MepOB OpSITOBCKAA JIHHUS HMEET He
GeCKOHEUHO MaJlyl0, @ KOHeYHYI0 YrjOBYI WHDHHY, 4 HMeHHO,
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OHa OXBUTBHIBAET. HHTEPBaJ TeJECHHX VIViOB, [0 NMOopAAKYy BeIn-

(RN
YHHBL PaBHBIH (7 , 'le X — IJIMHA BOJIHLI, [— jJAHefiHple pas-

Mepbl KPHUCTAMIa.

Ecau pasmepsl KpHcTaid 10CTaTOWHO Majlbl, TO TAKOH KPUCTann
MaJIO pacceysaeT MafajpUiHe Ha Hero HeHTponu. Onpesenum 1o
HOPANKY BelMUMHbBl MaKCUManbHble PasMephl KPUCTAAN2, KOTOPHIH
PaccenBaeT ewlé Malylo YacTbh HEATPOHHOH BOJIHBI, NMajaloniedl Ha
Hero fog yraoM, yAOBAETBopsoliuM yciaosuio Byabda-Bparra.

VHTeHCHBHOCTh paccesiHHOH BOJIHBI NMPH BLINOJAHEHHH YCAOBHH
Byabda-bpsrra nponopuuoHasbHa NMPOH3BEACHHIO O, Ha KBaApaT
uuciaa apep B KpucTaiie, T, €. [MpONOPUMOHANLHA BellHYHHE
r==04(nl3)2 (n —vuucno sinep B enuHANE O6GDBEMA). YMHOXKHB r
Ha 3 deKTHBHYIO BeJMUYHHY TENeCHOro Yriaa, B KOTOPOM MpOuC-
XOILUT paccesHHe, W Pasge/MB pe3ynsTaT HA MIOLAgbL NOMepert-
HOTO CeueHHs KpUCTanja, pasHylo [2, Mb HaflaéM OTHOLieHNe
HHTEHCUBHOCTe!H pacCesHHOR M nanaiowmeit Boad R:

rer(5) 5= ()

lo=1g5 " (nx)"".

Ecan <X/, TO KPHCTanA SIBAKETCA «TOHKMM», T. €, OTpa-
WaeT Madyio [10A10 nagawouelt Ha HEro BOJIHLI. Cqmaﬂ oNs Temn-
JIOBHIX HEHTPOHOB Gy = 10~2! c4?, Mp nonyunm npu =5 . 1022
ly=>10-3 cm.

dopmyna (39.23) OoTHOCHTCH K MOHOKPHCTAJNY,

[na Toro utoOB HOXYUHTH CEYEHHE YTIPYTOro paccesiHust Hed -
TPOHOB B MIOJIBKPHETANIAX, HYKHO YCPEeIHUTh B BRipaweHnu (39.23)
TepBOe claraemoe, colepxatuee 8-(QYHKUHMIO, MO HATMPABISHUAM T
(ripn 3amauHoOfl BesuMuMHe abCOMOTHOrO 3HayeHus t). [Ipu srom
p—p e —pl _

3 o

rine

d-chyHKuMa oT — 2n% 3aMeHHTCH 6-pyHKuMeH oT ——

— 2mT, W Mbl [IONYUYHM caedyiolllee BHIPaXKeHue Aas ycpelHEHHOro
CeyeHHd, OTHeCEHHOrO K OLHOMY fApy M elMHUlle TeAecHOTO yFia:

8 T .
cz—_[&m? 53(?% —2———21r't>—|—ﬁc]e W, (39.26)

rie S. — cpeaHee sHauenne S, npw 3aKaHHON BelMunHe T M ¥ —
yroa Mexiy BeKTopamu p’ n p. [Kosdduuuenr nmpu 3-cbyHKuHH
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HaKOMUTCA U3 YCJIOBUA, ' UTO HHTErpaj OT NePBOro CJA3raeMoro
B {39.26) no 4nt?dtr paBeH uHTerpajy OT NEePBOr0 CJaraeMoro
B (39.23) no dz,dx, dv,].

Ananornuuo#t dopmynolt onpeneisgercd, Kak H3BeCTHO, pac-
CesiHMe PEHTFEHOBCKHX Jyyed B MOJMUKPUCTA/iAX.

OupenesuM HHTEI'DaAbHOE CeyeHHEe YOPYyroro paccesHus Hef-
rpoxos. [Ipounrerpupyem xns storo (39.26) no yray paccessus,
T. e, no do==2nsin®dY, U KPOMe TOro NPOCYMMHPYEM rnepsoe
CJIAraeMoe no BCeM JONYCTUMHIM BEKTOpaM 00paTtHOH peléTky.
Jlerko BHAeTL, 4TO alCOMIOTHOE 3HAYEHHE T HE JOJ/DKHO NMPEeBOC-

k
XOMUTh —, fhe k::i;—. B pesyaerare Mbl nonyunM cheaymoulee
BEIDAXKEHHE AJAA UHTErpaibHOrO CEYeHHs YNPYroro pacCesHus:

T - "

5y = =r. ”7'50 Z Lsem 4L s'J e >V sin 349, (39.26")
0

2

rae W, -— 3Havenue W npu p’ — p == 2n/iT; CyMMHPOBAHHE pac-
NMPOCTPAHACTCH HA BCE BO3MOXHBIE BeKTOPHl OOpaTHOH peméTku,

abCcoATHOE 3HauYeHHE KOTOpHIX HE& NpeBOCXOIAMT P

Ecau BocnonssoBathes dopmyanoit (39.17) aas W, to Mbl no-
JAYUYuM

fi a3 T /(9
W. = 67" g [4 +FD(T>]’
Bxonaunu# B (39.267) uurterpan paBen npu 3ITOM
i1 T

] —e—2

o
— (L—ucos
{ uys)s.nﬂd‘}=2 ,

re—‘”’sin Y dd = {.e* 2

0 [

)

(m —macca wefitpoHa, £ —ero sueprus). [losromy (39.26")
npuo6bperaer BHL

rae

k

<
1 ,1—" -
Z — See= W o' 2700 (39.27)

:R

2Ak
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OTMeTnM, 4YTO 0pH HHM3KHX Temneparypax, korma T <& 8,
T 6 ¢ T\2 B
?D<7)f>;k-e—> ; TIPY BEICOKUX TeMNepaTypax, KOraa

T 78 T

5 = 4 e %*
T > 8 5 DKT )=~
PaccMoTpuM mnoapoGuee Bripawenne (39.27). Tlepeoe caa-~
raemoe B (39.27) omnpenenser HHTepPEPEeHUHOHHOE paccesHHe.
OHO, OuYeRHIHO, HCYe2aeT, ec/H BOJHOROH BeKTOpP HeHTpoHA &
MEHbIIe T, FAe T, —— HAWMEHbllice 3HAYEHHe AJIMHH BEKTOP3

O0paTHOH pewéTKHu (B nmpocToit KyGuueckoh peiudTke T =--§~

*min >

"
a — MOCTOAHHAA TPAMOH PeilléTKH ).

Takum o6pasom, npu 2 < wty,, B dopmyne (39.27) ocradrea
TONBKO  BTOpOE Cjaraemoe, oOfpeaenaloillee HEKOTEPEHTHO?
paccesHue Hefirponos. KorepenTHoe paccesHue HEHTPOHOB, BOJTHO=~
BOH BEKTOD KOTOpBIX MEHbINe =T, . HEeBO3IMOXHO. PaccesHne
TaKHX OAMHHOBOJMHOBHIX HEHTpPOHOB 06YycC/OBJEHO, C/1€L0BATENbHO,
TO/ABKO HANUYHEM HM30TOMOB W CYUIECTBOBAIHHEM MeXaHuYeCKHuX
MOMEHTOB sifep.

HnanHa cBo6opHOrO npo6era HeATPOHOB, BOJHOBOH BEKTOp
KOTODHRIX MeHbie =t ; (MO OTHOIIEHHIO K PaCCesHHI), PaBHALTCH

i 1 a '

ST ne' 1 —e-v"

C pocrom 3Heprum, 6/Jarogaps yMeHuilleHHIO TeNAOROro (akTopa

e-<, I, ro3pacTaerT. 3TO MMEET MECTO TAKXKe W NPH YBeJIHUEHAH
TeMnepaTypH. ‘

Ecnu sapa pewdTkH He HMEIOT H30TONOB 1 He 06/43a4aloT
MeXaHWYeCKHMH MOMEHTaMH, O YyApyroe paccesdnne HeATPOHOR,

*) B cnyuae rekcaroHanbHol pewdrkd, K KOTOpoll OTHocHred rpa-
¢HuT, 6a3UCHbIE BEKTOpPbI OOPATHOI pell€TKH OMPEACJAOTCA CACAYIOUIHM
ob6pazoM. Ecan ocHoHble mepuoabl pEeMETKH CYTb 4y, Ao, A, MNPHYEM
ay=as,=a, << ajas= 60° a; | a,, as, TO Sa3uCHbIC BEKTOPHI 06paTHON pe-

V3a’

WETKH, KOTOPAA TAKKE ABARETCI P€KCArOHaibHOH, PaBHel by = by =

1
by = = MPHIEM by, by =60° by L by, by,
Las rpadura a = 248A, as = 6,80 Al11],
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BOJIHOBOA BEKTOD KOTOPHIX MEHbille TT CTAHOBUTCH HeBO3-+
MOKHLIM,

Hmxe GyneT noka3aHo, yTo Heymnpyroe paccesHHe HeHTPOHOR,
8OJHOBOH BEKTOD KOTOPHIX MEHblIE =T B 3THX YCIOBHUAX
TaKXe HEBO3MOKHO.

Orciona cienyer, 4TO eCd HA KPUCTANA ¢ TOKACCTEEHHRIMH
AAPAMH NafaeT NYYOK TeIJOBEIX HEHTPOHOB, TO B HalpaBIeHAH
NepPBOHAYaNbHOrO nyuka, Moc/Ade BHXOZA. U3 KpHucTanna, OymyT
IBHUraThCH TOJNLKO TaKHe HEATPOHBI, BOJHOBOH BEKTOD ROTOPHX
veHbme wt .. TakuM o6pasoM, MOXHO OTHUALTPOBATH OYEHB
MeJ/ICHHEIE MJIM, KAK HX Ha3HBalOT, «XOJONHBIE» HEHTPOHEI.

B kadecrBe npumepa pelndTKH, AApa KOTOPOH He HMEIOT #30-
TOMOB ¥ He 06/1aJAI0T MOMeHTaMH, MOKHO yKasaTs rpadgur. HMcnons-
3yd rpaduT B KadecTBe (uIbTPa AAA OYeHb MeNJIeHHLIX HeH-
TPOHOB, YIaIOCh MONYYHTH HEHTPOHH ¢ 3Heprued okoso 18°K 1108,

3ametuM, yrto Wuaku# renutt 1l moskeH obnanmate aHano-
THYHBIMH CBOHCTBAMM B CMBIC/e BhIAe/IeHHA O4eHb MENLJIEHHHX
HeHTPOHOB. Pacy&€TH 110Ka3HBAIOT, YTO A9 HEHTPOHOR ¢ 3Hep-
rueft ~ 4°K, resmt Il aBaserca «mpospaudeiM» 09, '

BruigcHuM Tenepb, Kak BendT cefs ceyeHie yIpyroro paccesd-
HHA HefTPOHOB MpH BO3PACTAaHMHM MX 3Hepruu. Brlwe MEl 1'080-
pWiH, 4yTO ecam R < w7, (t=7_, ), TO KOrepeHTHOe paccesiHne
orcyTcTByeT. [lpn k==mt, ceyeHHe CKA4KOM BO3pacTaeT Ha

min?

min?

7 n’ —2 - : .
BeAHYUHY LS LA P S Ecan 3Hepria HeXwpOHA He JeKHT

?ndt? n ,
B OGAaCTH PE3OHAHCHEIX yDPABHEHWN saep pewdrku, 10 o, # 3
MOI‘yT CYHUTATBCA He 3aBUCAUIUMMH OT 3HEPruA HE:HTpOH‘d, M NPpH

AandbHeflleM BO3PACTAHWH 3HEPrHH BIWVIOTL IO 3RAYEHHA B = TTg
(ta— BTOpPOE B TMOpALKE BO3PACTAHWA 3HAUEHHE 7T) CEULHNE,
06yCJOB/NEHHOE WHTeD(hEPEHLUHOHHEM YICHOM, MOHOTOHHO yObI-
BaET OOPATHO IMMPOMOPIHOHANLHO PHEePrHH HeHrTpoHa,

[Mpu £ ===ty cenenne cHOBa cKaukoMm Bozpactaer [B (59.27)
Teflepb BXOAAT UBA YJeHa] W 3arem BIUIOTb A0 R ==mvy (T, —
TpeThe B MOPAAKE BOIPACTAHHMM 3HAUGHHE T) yHrIBAET 03PATHO
IPOMOPIHOHANLHO 3HEpruy HelrpoHa *).

. #) CxaykooGpa3Hasa CTPYKTypa pacCesHiA B COOTEBETCTBHI ¢ op-
Mynoit (39.27) HaGRIOKANACH SKCMEPHMEHTAJLEO NPH H3YHEeHHW pacced-
HHS HEHTPOHOR ¢ 3Heprueil B udrepsase or 0,001 eV go 1 eV B aoau-
kpucTajaax Be H BeO [07],
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C naneHe#AlHM DOCTOM 3HEPrHM HEATPOHA CKaUKH B CEUEHHU
YMEHBIIAIOTCHA, W CeuCHHE CTPEMHUTCHA K HeKOTOpOMy penesiy,
KOTOpbIH jerko onpeneauTb. JlefACTBUTENBHO, MPH HOCTATOYHO
Sonbuiux  ka (a— nocrosivHas pel&TKH) CyMMa, BXoaAuias
B (39.27), colepuT MHOrO cjaraeéMmhix, W NOSTOMY CYMMHpOBa-
HHe MOXeT OHTb 3aMEHeHO WHTerpHpoBaHHeM MO T, TOYHee

k .
rosopsi, 1o 4wA<2dt B npegesax or 1=0 gm0 t =—. 3ameyas

emé, YTo B THUX YCJIOBHAX CTPYKTYpDHHH hakTOp AaéT npocto
YUCHIO snep B duyeliKe, MLl NOJyYuMw chAelyioillee BHpAKEHHE
ANA CYMMEH, BXOmsme# B (39.27):
wogn’ Y1,  —aw, 1 —e-2 ’
msz? e —GO_——G_—-’ ka>>1, (39.27)
T
NpHYEM MH  BOCTIOABL30BAaAWCL Oas W Beipaxenuem (39.17).

Cknanwieag (39.27) co BropmM ciaraemuM B (39.27), monyyum
npelesbHOE 3HAUEHWE CeYeHWs] B BHAe

0= (o)1=, ka1 (39.28)

3ameuasi, 4TO
, 2 5 1 —— :
w0to =2 |[AF+ {TUF DB
®

¥ CpaBHHBA# 3TO BHIPaxkeHHe C BHpaweHuem (39.3) mius cedenus
paccesHHs HW30JHDOBAHHBIM AAPOM, MEl BHAHMM, 4YTO A4XE [DH
a=0, 1. e, Ges yuéra TerioBoro oakTopa, (39.28) ornu-
M
m 4 M
WUTENA CBA3aHO € TeM, YTO MBl 3[eCh PACCMAaTPHEBAEM TOJILKO
YyucTO yupyroe paccesnue. OOniui BOMpoc 0 Mepexoge oOT
paccesiHisi CBA3aHHBIMH AAPaMH K DacCedHdio CBOGOAHEIMHA ALPAMH
paccMarpuBaeTca B § 41,

2
yaeTcsd OT (39.3) MHOWHATENEM ( ) . Hanuuue sTOrOo mHO-

§ 40. Heympyroe pacceasne MeILJeHHbIX HEHTPOHOEB
B KpHCTAMJIAX

[Mepetiném Teneps K paccMOTPEHHIO HEYHPYFOrQ paccesHus
MEIJICHHEX HeHTPOHOB B KpUCTAANIaX, CBA33HHOTO C BO3GyXIe-
HHeM KojsebaHn#t pemé&Tiu.
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B obnactu manmix 3Hepradl HeliTpoHa HanGonee BequHTHBIMIfI
ABAAIOTCHA, KAK MBI YBHIMM 1ajfee, OAHOQPOHOHHEIE TIPOLECCH —
HCIyCKaHWe ¥ TOrAoieHWe OAHCrOo dOHOHA,

Ornpegenum cHava/la BepOAITHOCTh HCHYCKaHWs (POHOHA C UM-
nyabcoM f H 4aCTOTOR w, ==wy,.

MaTpuyHnii hAeMeHT 3Heprin Boamyulenna (39.17), otse-
4yaioliuf HCnyckaHuo (poHOHA 5, MOWHO MOPeACTaBHTL B EBille

i i
’ 1 = & —p&R
_ # 2
Mp. e s Bgiee e fiee, My, Myeees 3) Z e ped
r

P, p', Ty Byienss nJ+1, m;, m; !
. ~ ’ . ﬂi (B’ —») uy
K, my| A7+ B (KS) |, my) (ng] e | ng-F1) X

XL ™™ ™" ), @o.)

r4e HITPHX HAM NPOW3BENeHHeM O3HAUAET, TO B HEM OTCYTCTBYET
unren ¢ r=-s. Tak Kak Kaxablfl MHOXNTe/b GECKOHEUHO MANO
oTnnuaerca ot eauunust (N—>co), 10 [[’ ne ormiuasrca or

npoH3se neHHs H,'ongmuero B MATPHUYHBIA 3AeMEHT AAA ynpy-
roro paccesiuns. I'Ioaromy Mbl MOXEM BMECTO I[ noacraeute e~ W,

rie W nonpemueMy BbIpaxaercs cpopmy.noﬁ (39.18). Huwimu
cnoBavu, TensoBOf PaKTOp 4nad paccedHus C yYETOM OAHOGDOHOH-
HHX TMpOleccOB He OoT/nuaercda OT TeNnJaoBOTO «paﬁ'ropa Anda
YIpyroro paccesinvs.

Y100H BEUHUCANTDL MATPHYHLIA SiemeHr

3
—(p-mu
(nsfe? “lngt 1),

@ —p .
pasnoxum e s g pan, coxpaHMB B HEM TIepBHE /B

unena *). [Tonbaysdace eeipamennaimd (38.2) AJA MaTPHUYHWX 3Je-

*) Ilpu paccMOTpeHHH JBYX(OHOHHBIX TIPOUECCOR B pa3jokeHHH
(' —p)ny,
e Hy3¥HO COXPAHHTL IEepPBbie TPH uYieHa.
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%
MEHTOB aMnauTyn KoseGamus &, u &5, nonyuum:
i(p'—‘l’) ,
8
(ng|e® ln,+1)=

=z e (0 —p) ]/(”;,;,*‘Nt)ﬁ . 40

3amertnM, 4TO, 3aMeHuB 3lech M, 1 Ha n, u f Ha — f, Mul
N0AYYUM MATPHUYHLIA 31 MEHT, OTBEYAIOIIHA MOTN0MIEHNIO GOHOHA S.
Moacrasasa (40.2) B (40.1), nonyuum:

Mp‘,

’
P oeee, nc,+1,...,..., "wm,

e Mgees Mgianen 5

1 o
=g oW e, my| Ad + B, (KS) | ', m) X

; , Y
X e, (0 —® Y Lkt e, (10.3)

Yro6n HafiTu nuddepeHuuanbHoe CeuyeHWe paccesHus Hel-
TPOHAa B TeJeCHOM yrae do’, KOTOpOe COMPOBOXKAAETCA H3JAYyYe-
HHEM B TeNeCHOM Yyrae do, (JOHOHA C HMIYALCOM, NEXKALLUM

B uHrepBane (f, /- df), HyxHO KBagpar MOZYAS MaTPHYHOTO
saemedta (40.3) yMHOXKUTE Ha

mp, Q_jdol fzdfdoz .
4n2ht v (2rh)3

llanee HBOGXO,E{I/IMO, TAK Ke KaK H HOPH BHUYHC/JACHHHA CeyeHUHd
ynpyroro paccem—ms, YCPEAHUTD nonyqeuﬂoe BbIPaXKetne no
MArHUTHBIM KBAHTOBLIM YucCJaM #W BO3MOXHbBIM pacnpeneneﬂnam
B30TONO8 B peuméTke. B pesynpraTe MH ROAYUHM cChAenyioiliee
BHIpaXKeHHE /I8 OTHECEHHOrO K oaHoMmy aipy anddepeHuunannb-
HOro cevyeHud pacceddus C HTHYCKaHHeM cponona:

ds {7:250}; < Sa (pl_—‘_p_‘i"_f. —_— 2,;») +

[ (p” —p)es 2 e f2df dd do
+§—IT } Mﬁw (’ls'i"l)e WWZ (40.4)

25 3ak. 1800, A. Axmeszep.
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[sennunubl 5,1 o’ onpenensotess dopmysamu (39.24) u (39.25)).
[pu 3ToM nMAynsc HeATpoHa rocje pacCedgHusds HaXOHUTCA U3’
3aKOHA COXPaHeHUs IHEPrHH
pe_p?
=t —ho, - (40.5)
Oduddepeduuadbuoe  ceyenne  paccesHus, MOpH KOTOPOM
fornontaeTca QOoHOH ¢ UMOynbcoM f, MOXKeT GHTb NOAYUYEHO H3

dopuyasi (40.4), ecnv samenuts B Helt n, 41 nHa n, ufHa—f.
JT0 CeuyeHHE HMeeT CAeldyiowui BHA:

ds_ = {TEQGU%<,Z—,>QSB (p_’:ﬁl_—_—_f___ 27:?)-1— 1 c’} >

(' —p)esl®  , _owfPdfdo dop
X Mo, nge ek (40.6)

[Teproe cuaraeMoe B (40.4) u (40.6) oGycnosnusaeT peskue
MAaKCHMYMBl HHTEHCHBHOCTH pACCeAHHBX HeHTpOHO8, ofipenense-
Mble YCIOBHAMH

p —p -+ f=2nhx, (40.7)
p’—p—f=_2rh. (40.8)

PaccMoTpuM MoApoSHee HHTephepeHUHOHHBIE YCIOBHA B CAY-
yae ucnyckauus (orxona. Pagm npocToThl ML He OyLeM YUWTHI-
BaThL AHCHEepCHI0O POHOHOR ¥ aHM3OTPOMHUIO CKOPOCTH PAcCipo-
cTpaHeHus KoaeGaHui, T. e. TONOKHM hw = sf, roe s—cKo-
pocte 3sykKa. M3 (40.7) u (40.5) nerko swIBECTH, 4TO

—;— (v 4 v (f — 2rfit) = sf,

rae v u v/ — CKOpOCTH HefiTpOHAa A0 # NO<Je paccesHds. 310
COOTHOLLEHKHE M[OKa3uBaer, 4710 ecad t=0 u v <s, TO ycao-
Bust (40.7) u (40.5) 0ZHOBPEMCHHO HE MOFYT OBITH BHITIOJHEHH.
HMHBEMH cnoBawgd, TPU  TOHHOM BHIIOJHEHUH 32KOHA COXpaHeHHA
UMOYAbCA MCMYCKaHHE QOHOHOB HEATPOHAMH, CKOPOCTb KOTOPHIX
MeHblle CKOPOCTH 3ByKa, HeBo3MOxHO. OHO CTaHOBUTCR, OIHAKO,
BO3MOX(HBIM, ecan t == 0. B 9TOM 3aK1i0yaeTcs poJb MPOLIECCOB
«mepedpocar, MPU KOTOPHX He COGAIOAAeTCA 3aKOH COXpPaHeHud
HMIOyJaLCa.

3ameTHM, 4TO eCliH v < § H t==0, TO mornouieHne (GoOHOHA
BO3MOXHO, HO MNpW I3TOM [NOMXKHO  BHNOJAHATLCH yCJAOBHE

-
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f>2m(s—w), KOTOpOe yacto npornsopeunt ycaosuno f < fo,
ruie f,— MaxCuMannHCe 3Hauende f, pasHoe B/s (B—-TeMnepa-
tTypa eban).

Ycnosua (40.5) ¥ (40.7) nonyckamoT HArJIALHYIO TeoMeTpH«
4eCKyl0 HHTepnperaunio. Ecnu sBecTu nepeMmeHnywo x =|p’—pl,
TO JIerkO [OA4yulTh HepPaBeHCTBA

x4+ fomhe, | x—f] < 2nlic,

p-+Y P —2msf> x> p—V p*—2msf.

DraMH HePaBeHCTRAMH ONpeAeseTCH HEKOTOPAR 061aCTh NONYyCTH-
MBIX 3HAYeHWH x u f, KoTOpas M306pakeHa Ha puc. 24 B BHIe
3alITPUXOBAHHOH nnouaau
(B KadecTBe NepeMEHHHX Ha
pHC. 24 [MpPHHATH

- sf x

£= 021937 N==g7>
pé2m 2p

- xht 1 v
T =, B:—-——>.
D

Ecau npu sazaguoM um- °
nyJjece Heltpona (T. e. npu
3a1aHHOH Beanuynue B) yse-
JuunMBaTe ¥, TO 3amITPUXO- Pre. 24,
BaHHas miowane 6yaer yMeHsb-
wareC ¥ [PH HEKOTOPOM 3Ha4YeHHH <T¥ BOBCE HCUE3HET.
DTO MAKCHMANBLHO JIOMYyCTHMOe 3HaueHHe 1t* oOnpeaeisercs,
OYeBMAHO, M3  TOrO  yc/a0BUA, 4TO  HpAMag,  yriaoBO#
Ko3hpuumenT  KoTopoA  pased —f3, Kacaerca  napaboJinl
§=4(n—?%. Touxa mnepeceuenta KacaTeJbHOH C OCBIO 7
RaET MaKCHMalibHO BO3MOXHoe %, kak dynkuawo §. Jlerko

1
yéenmbca B TOM, 4TO ecan (3 < 7, T- e eca vs, TO

OTKyHa

MaKCUMaJIbHO BO3MOXHOe 3HA'eHHe <TF  paBHAaeTca eAUHHLE;
HHLIMH  CA0BAMH, ecii U< S, TO NPH pACCEaHHH, COMPOBOKAAND-
leMca ucnyckaduem (HOHOHA, BO2MOXHbBIE 3HMAYeHUA T, TaK XKe
KaK M [pH ynpyros paccesnus, ue npesocxoaar £A/w. Ecan
¥ > S, TO MAaKCHVa/lbHO BO3MOXHOe 3HaYeHHe t* paBHAeTCA:

1

e (0) = 4 (14 2) (14-2). | (40.9)
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[TpeanonoxnM, YTO CKOPOCTe HEHTPOHA MeHblie CKOPOCTH
3BYKa; eCJIM TpH STOM MMMNYJ/bC HEHTPOHA MeHbiue mfit, (v, =<, ),
TO HEeympyroe uHTephepeHUMOHHOe paccedHde C HCOyCKaHHEM
¢ouona uesoamoxwuo *). Ilpm 3TOoM Heynpyroe paccesuue
ABJACTCA HEKOFepPeHTHHIM H 06ycn0musaerca TOJNBKO HaJINYHEM
M30TONOB H MEXaHHWYeCKNX MOMEHTOB sep [OHO OnpeAensercs
BTOpEIM caaraemuiM Gopmynel (40.4)]. B cayuae ToMHecTBEHHBIX
anep, COHUH KOTODPHIX paBeH HYJHIO, HEKOrepeHTHOe paccesHne
OTCYTCTBYET.

Paccmorpum  6osiee noapoGHO  HeKOrepeHTHoe pacceqnne,
onpenesisieMOe BTOpLIM ciaraembiM  dopmynst (40.4). Haﬁném
nuddepeHunasbHOE CEUYeHUe pPACCeARUs, TPH KOTOPOM KOMeuHas
sHeprus HeHTpPOHa HaXOxuTCH B HHTepBane 4E’. HHrerpupys
BTOpoe caaraemoe (40.4) no HanpasieHHsM HMIYALCA HCNYLUEH-
HOro OHOHA W CYMMHUDYS MO COCTOSHHAM ero nonﬂpnsauun,
NOMYuHuM:

/P (p’ — p)? Fwd (hw)do < 1 e
doy = g iy (L ey e ™" (40.10)

rae do’ — 3AeMeHT TeJeCHOro yma B KOTOpOW HAXO4HUTCA

UMAYNLC HEATPOHA MOCAE PAcCenHus, o = 5m (pﬁ—-p'ﬁ).

IMpu suBome (40.10) Mb He yyuTeiBanu nucnepcnu ¢oHOHOB
H aHHW30TPONKH CKOPOCTH PAaCPOCTPaHeHHa KoaeGaHul B KpUCTaNNe.
Ecay ucXoAWTL W3 MOAeNM H3OTPOMHOrO TeAa W NONpEeKHeMy
HEe y4yuThIBATh ZHCMEpPCHA, TO CaeAyeT BenuuuHy $~3 saMeHHTH

Ha %(‘3—3—-}—25—3) rie $; U §;— CKOPOCTH MNPOAOABHHX H
nofnepeyHbix KoJjaeGauni.

[Tpounterpupyem (40.10) nmo yrdam do’. He yuuThiBaZf
TEMI0BOro ($axTopa, Mel NOJYYHM CJAeAyIOLlee BhIpaMeHue ANA
OTHECEHHOFO K OXHOMY SApY IuddepeHinanbHOrO CeyeHust pac-
CeAHnsl HeHTpowa ¢ noTepel sHepruu Mexay £—FE n
E—E —dFE’:

E E2—_F7 .
+ ]/OM Mst  E3s%on (n,~1)dE (40.11)

s

ds

(n, — HAAHKOBCKAS DYHKIIHS).

*) 310 paccenHiie MOXHO HA3BATh TAKMKE HEYNDPYTHM KOTepPEHTHBIM
paccesHHeM.



T U, HEVIPYIOR PACCEAHHUE MENJI, HEUTPUHUE B REvGragina O0og

YMHOXHUB ds, BHa vz, BalAéM BepPOATHOCTH TOTQ, YTO 3HEpP-
rus HeHATPOHA B pe3yJbTATE pPaCCesHus TONAjJaeT B uHTepsan E/,
E'—dE’.

Beipaxenue (40.11) moxassiBaer, ¥TO BEPOATHOCTH HEYNPY-
roro paccedHusl PacTET ¢ yBeJuMuYeHHeM nNOTepsHHON 3SHepruw,
TdK YTO rJaBHYIO DOAb MpHU HeYMPYroM PacCesiHHM UrpaiT Mepe-
xoasl ¢ 60aLUION noTepeit 9HEPruH, NOPANKA HaYaJbHOH SHepruu
HEATPOHA.

3amenus B (40.11) n,~1 nan, u E2—FE'2 ya E'2— F2,
NOAy4Y¥M BRIDAXEHHEe ANA CEYyeHusa MOrNOIMEeHHA (POHOHA, 3Hep-
r¥9 KOTOpOro Jjemnr B HHTepBane (E'—E, E'— E-dE’):

m ,/ E E?2_F?
ds_— o 1/ sV AmE g medE. (40.12)
®dopmyanl (40.11) w (40.12) onpeneasior cedeHHs Heynpy-
roro paccedHua B 0OJacCTH OUeHb MaJAbX 3Heprufi HelTpoHa,

korxa mepBoe chaaraemoe (40.4) u (40.6), onuceIBaioIee HHTEP-
(depeHITHOHHOE paccesHHe, OTCYTCTBYeT, T. €. Korma v < § W

T

v < ol .
Mpounrerpuposas (40.11) mo £’ B npengenax or uyas po E,
HalliEM MHTErpaiAbHOE CeYEHHE paccesuus C UCMyCKaHueM (oHOHA.
B o6aactu nuskux temnepatryp (7 <€ 0) omno umeer caenyio-

mu#t Bun:

8 m/ EN8 I4
U+=—7‘}W—'(—e—> e (40.13)

[Temneparypa Jle6as 6 onpenenena 3necy Kak 6 = (6x2) f sl

Ecnuv<<s u v< nfiey

m
CBOOHMTCA K o’ M OTHOWIEHHE CeuyeHu{ HeyRPYroro u ynpyroro

paccesaHUss PaBHAESTCAH

, TO CeyeHHEe YNPYroro paccesHus

=% __8 “f_’i‘ 'é"a 4 ’
e (ﬁ> (40.13")
nﬁ”,ro E < 8. TIlo-

Jlerxo yGenutsca, uto ecnu v < s, p

=2
ITOMY —6“‘— MeHbile enuHnllbl. C pOCTOM 3HePTHM 3TO OTHOILEe-
8
Hue OHCTPO yBeauyuBaeTCH.
BoiscHUM, Kaxk Bex&T cebf cedeHHe Heynpyroro paccesnus

C pPOCTOM 3Hepruu HeHTPOHA,
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[Ipu HEKOTOPOM 3HAYEHWYM 3HEPruu HeATpPOHA B OOIEM BHIPa-
weaun (40.4) HauuHaeT uWrpaTrh pons NepBOe cAaraemMoe, ornpe-
Denawliee HEYNPYroe KOrepeHTHOe paccesHue,

Ecau n-ﬁ,—:l < ms, TO uHTepdepeHIMOHHOE paccesHHUe HaYn-

T o
HAETCA MPH CKOPOCTH HEHTPOHA Tp==—— L, npuuém BHauane

BO3MOXHO JIHIUb ONHO 3HAaueHue T, pasHoe v,. Ilpn yBeauYeHnu
CKOpPOCTH ¥ OT U, A0 § MOCTRMEHHO BKJAMYAIOTCA Ipyrde 3Ha-
uyeHus T (3aMeTHM, 4TO U, N0 UOPAAKY BEAHYUHH PABHO S).

Ecau pewéTka TakoBa, HUTO -rrﬁ1:1>m5, TO uHTepPepen-
HHOHHOEe pacCCefiHue HAYWHAETCHd TPH CKOPOCTH HeHTpOHAE, PaB-
Ho#t CKOpOCTH 3ByKa, B 3TOM ciyyae BHauasje BOSMOWHO TOJNBKO
3paueHne <==10, oTBeuamwilee TOYHOMY BHIMO/JHEHHIO B3aKOHA
coXpaHenust uMnynasca B pewértke. [Ipoueccs nepeSpoca (t == 0)
CTAHOBATCA BO3MOMNHBIME HpU CKOPOCTAX HelitpoHa v > 5. Cko--
pocTts HeHTpoHAa, MPH KOTOPOH RONMYCKaeTcA 3HA4YeHHe 7, ONpe-
nensetcsa cornacHo (40.9) us ypaBHeHHA

=g (1 H ) 5) =

Has nosyuyeHus HOMHOIO CeYEHHS paccenrHf C HMCNyCKaHHeM
$hOHOHa HYXHO TpounTerpupoBath (40.4) no dfdy do, u mpo-
CYyMMKHPOBATH MEPBOe CJlAaraeMoe 1nC BCeM AONYCTHUMBIM 3HAYEHHAM
BeKTOpa obpatHo#t peuérxku- t. Hrtobwl He ycCaoxHATs GOpPMYJ,
npueeaéM pes3yabTar Ads  Cityuas npoctofi peiéTku . (11 =n’,

= 1):

T K Tpax (0 . ’
1 m o \2 N\ 1 y 2 2 3
8, = — “r 0()(——) , i J (ny, +1)ye= W 2duds- |-
4 M s ,:J T
8 m [V '
A T* %(le.-> S (10.14)

Ecnu v < 45, TO Upu HHTErpHPOBAHHUH MO ¥ MOXHO 3aMe-
HITh TOOUHTErpa/leHY QYHKUUIO B nepBOM charaeMom e€ 3sHa-
yeHWeM Npu v ==t%* W CUATATb HHTEPBaJ H3MEHEHHS 7 PABHLIM
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23¢. BHNO/NHUE HHTErPUDOBAHME, MBI [TOJ YUHM Cie LY IOMUA Pe3y -
TaT:

gl
m 1/ZARSAN . "
=gy ) N [Fra—sr

¥

4‘57‘(1——1*)—?;
1 waf/ T2 zdz 2w 8 m(ENS ,
+5° (T) f ——ez_l]e ‘+7A7<—e‘>°’<10-15>
0

rae

W =122 £ :*2[%—}—%—D<-§[—)],

Kak ykaswiBanmoch Bblille, M0 Mepe yBenueHHs 3Hepruu Heii-
TPOHA BO3pacTaeT YHUCAO NOMYCTHMHIX 3HauyeHuH BexTOpa obpar-
HOfl peéTku. )

B npenenskoy cayuae ka >> | (a — noctodHHan pemErxa)
YHCNAO BO3MOXHBIX 3HAaYeHUH T OUeHb BEJIHKO H MO3TOMY CyM-
MHUPOBAHHE [0 T MOXeT ObiTh 3aMeHeHO HHTerpupPOBaHHEM ¥),
B pesyabrate uwHTErpUpOBaHHs YCTPaHAOTCA 8-QYHKUHH OT UM-
nyasca, sxoasuive B dopmynast (40.4), (40.6) u (39.23).

ITpene6Gperas TemnoeslM (aKTOPOM, FOAYUAM ClleAYIOWHE
BHIDAXEHUA ANf CeUEHHH Heynpyrcro paccesHns:

8 m (E\8 , -
= (5 ot re1 L
s, =5y} 3, ka > 1. i '
"M BUEMAM, 4YTO OTHOUIEHHE fc—”— npu ke >>1 pasHo
8
3
%%(%) . Tako#f e BUA uMeeT 3TO OTHOIIeHHe B 06/aCTH

OueHb ManblX 3Hepru#t (£ < mt,), KOrAa HeBO3MOMXHO BBIMOJHE-
Hue HHTepdepPEeHIHOHHBIX YC/JI0BUR U paccesHue o0ycroBnuBaeTcd
CyLUeCTBOBaHUEM U3OTOMOB U MeX3aHHYeCKHUX MOMEHTCR sgep (ecin
KPUCTAMI TOCTPOEH M3 aGCONTHO TOMAESCTBEHHBIX ANeP, MOMEHT
KOTOPBIX paBeH HyNO, TO pacceddue HeATPOHOB NPH yCJIOBUU
k2 < mt, HEBO3MOKHO).

*) Ycnopue ak 3> | BuoinoausieTcs AAA TENAOBBIX HCHTPOHOB NPl
KOMH2THOH TeMmeparype.
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ITpy BeINOJIHEHHH YCIOBHA ka >> 1 paccesHue HeHTPOHOB
B PeMIETKAX C TOXAECTBEHHBIMH M OTIHYAIOIUMUCT sapaMu (eciu
OTJIMUYHe BHIBHIBAETCA CYLIECTBOBAHHUEM HU3OTOMOBR H MeXaHHYECKHX
MOMEHTOB f1ep) MPOUCXOMHT OAMHAKOBO. IJTO CBA3AHO C TeM,
4TO OpH JOCTATOYHO GONbLWIHX R, K3K OHJIO Pa3biCHEHO BLINIE,
ycTpansaTcs 8-GyHKUMM OT HMAYJIbCa, T. €, YCTPAHAIOTCHA HHTEpP-
depeHunoHHble ycaoBuA. IDTH  YCAOBHA OTCYTCTBYIOT TaKikKe
B PelI&TKAX C HETOXHECTBEHHBLIMH sAPaMH, NO3TOMY npu ka =>> 1
CTHPAeTCHd pasju4dHe Mexay OOOHMH BHAAMH DelIETOK.

B 1Byx npenmenbHuix cayuadx ka >> 1 u k< mr, ceueHue
paccesiHufl, COMPOBOXKIAIOLIETOCA H3nyuyeHueM ¢oHOHA, ompene-
JAeTCH OZHHM W TeM jKe BhIPaWKEHUEM:

1
°+=24'M"£°s(%> Of (1+ EE/T )d?‘x

1 ——
?(1+V1—&)

% f afe—T dn, (40.17)
1 —
5 1—Vi=g)
roe

gg==o,-}-o’, ecmm ka1 u cy=0, ectn k< mr;
'm E T f
w=2ag5 (s ++0(F)]

TTpeHeGperas TennoBsiM (AaKTOPOM, Mbl TONYYHM OTCIOHA
cnepywowue cootHomenud, Ecoim T <€ E, 10

oo~ (5 [F+= (5] o
ectu T > E, 10

0, 70, (£ )[ +32 T]. (40.19)

Tak kak npu E <€ 9 raasHyo poab HrpaoT OZHOGMOHOHHLE
npoteccs (CM. HuXxe), TO B 9TOH 06/1acTH dHePruu NpUBenEH-
Hble (POpMyNul ONpedesiIIOT MOJNHOE CeyeHHe Heynpyrore pac-
cesuus HeHTPOHOB C mepenadell dHEpruu peluETKe.
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Ceuende Heyrnpyroro paccesHHs HeHATPOHOB C [OTJIOUIEHHEM

doHOHA npH BHNONHeHUH ycaosud ka >>1 umu ycnosus 2 < m7y,
umeer BuA (MBIl fnpeHe6GperaeM TemnOBHM (GaKTOPOM)

s =3

- % £ ) "}/‘T %Z>ZZ/_}I+ -Ez-zzdz . (40.20)

IMpa uuakux Temmepatypax T <€ 0 M nomyuum orcrona:

£ l>2, ectu T <X E,
o 3I‘< > < >1/2< ) eciu T > E

(I' — ramma-dyHsKIua).
Tpu BeicOkuX Temneparypax T >> 0 ceueHue o_ uMeeT BHA

= g (5] T [+ ) 1]+
‘ “5‘[<1+E> _.1]}; (40.22)

o =i T (%) . (40.22)

TMpuseném ewd dopMynay mis H3MeHeHWs SHEpPrud HeHTpoHa
Ha edngHIle NyTU:

—-—_NZIﬁm(d%-—dc ),

rae N —uHCAO sgep B enuHule O0DBEME. :
TIpene6peras Tema0BBIM GaKTOPOM M cudTag, uTo ak =>> |1

dE
(nmn 2 < wr,), NOAYUHMM CcJelyioliee BHPAXKEHHE AAA — "

(40.21)
)

ecin E <€ 6, 10

1
dE m E \ ( —_—
0

A

/8 —_—
X (e RO o
e 1 0 T

T

e T 1
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Jlerko nokasath, uto ecau 9> E > T, 10

. 4E __ &t m (%)4 O (40.24)

dE -2 m o
k2 VTN (40.25)

Ho cux nop ™Mbl paccMaTpyusand TOJABKO OXHOMOHOHHHE NpPO-
ueccel. Ilokaxem Temneps, 4TO B OO/MACTH MANBIX 3Hepruf Hel-
TPOHA M TIPH DOCTATOYHO HW3IKUX TEMINEPATypax, KOraa BHMOJ-
usalorca ycnosus E <€ 8 u T <€ 0, onHOodOHOHHBIE NPOLECCH
HUrpal0T OCHOBHY! poAbL, HTo6b y6eavThcs B ITOM, BHIYHCIHM
BEPOSITHOCTE chycxaﬂu:l aByx doHoHos. C 3TOH LeJbi0 HYKHO
_B35ITb B PAa3/TOKEHHUH er wrome B pfA MO CTEMeHAM U KBaipa-
THYHbIH uweH M HafTH ero MmaTpuudelt 3jeMeHT. Beposatuocts
rnepexona MponopuuoHaNbHa

l(p'—pre 2 A(ni+1) 1P —ples)® A1)
X 2MN o, B2 OMN gy ’

rie ©, 1 @,— 4acToTLl POHOHOB, €, W €, — eIHHHUYHbIe BEK-
TOpHl B HampaB/jeHuu Ko.iebanuft v n, H g — 4ucCla QOHOHOB.

[To cpaBHeHHI0 C BepOATHOCTHIO OHLHOPOHOHHEIX MNPOUECCOB
C10/1a BXOAUT AOMNOAHUTENbHLIH MHOMHUTEND

P —=p el h(red-1D
g - ﬁ,z QMN wo ?

CpelHee 3Ha4YeHHE KOTOPOro Mol U OO/MKHBI OUEHHUTH. YmMHoXas g
Cmi dw,y do,

*——W (S—' CKO-
pOCTH BBYKH) H CYMMHDPYS 10 COCTOAHHUAM UOJApU3aALAHA ¢OHOH3,
Ha#AEM, YTO CpEIHee 3HAYEHHE g N0 TIOPSAKY BeJWUUHLI PaB-

Hs1eTCA

Ha YyHCIO COCTOsAHHN ¢oHOHA w,, pasHOe

E/R

= P I‘ d NiL(fL\“
g\’Mﬁﬁb Wg AWy = e),

ks
rie § onpenensercd Kak fiw ~ (a® — o61éM, npuxons-

max T~

ulefica Ha omHO dnpo). BepxHu#t npeaen B 3TOM UHTerpajie Ml
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: E g
CYUMTdeM DaBHHM —- , TaKk Kak 1o ycmosuwo £ <€ 0; mHOMH-

Tedb N,-l- 1 3amendH emuHuued, Tak kak T <& 0.
Ceuenne paccesnus HeHTpOHA C MCTycKaHHeM OXHOrO (OHOHA
8 m / E\3
paBHO =3, AT<T> . TloaToMy ceueHue paccesHus C WUCHYCKa-
m\2/ E \6
HHeM ABYX GOHOHOB MPOMOPHUOHANLHO (AT) (T) .

Mel BUIUM, TaKuM 06pa3om, utoecad E <€ O u T <€ 0, 10
O0IHOPOHOHHHE NPOIECCH [JaloT MEePBH wWIeH B Pa3NOKEHHU
CCYEHHA HWeyNPYroro paccesnHds B DAL 0O CTel€HsIM 3HEPTHU
HefirpoHa. Tousee rosops, pa3NONKEHHE NPOUCXOAUT MO CTele-

m ¢ E\3
HAM W(T) ; 3Ta BEJNUUYHHA TIPH CHEJNAaHHBIX MNPellofOKeHudx
3HAUUTENBHO MEHbIIe emHHMIILL.

§ 41. Mepexon X paccesHHI0 CBOGOAHBIMH SAPAMH

TTepeitn&m teneps K BriBOfy oOweil dopMmyast Aas 3addek-
THBHOI'O CeYeHHUs PpaccesHus HEWTPOHOB B KPUCTAANAX C y4ETOM
NOrNOIEHNs U UCMyCKaHHdg ao6oro unciaa GoHOHOB.

[na onpendenéHHocTH OyAeM cYuTaTh PelWIETKY COCTOAWEH
U3 TOXAECTBEeHHHIX Axep. [lycTh MOmpexHeny p U p’ — HUMOYABCH
HEHTPOHA N0 H 0OCJAe pacCesiHud, n?, ng, v U Ry, By oo —
COBOKYNHOCTH uucCesJ HOHOHOB B HAYAJALHOM H KOHEYHOM COCTOS-
HUAX peméTKy., .

Furepecyouias Hac BepOSATHOCTh TNepPEXOna HMeeT CJelylo-
K B

w = %<§>g >

AN -;-(D’—p)B? 0,0 7O 2
><‘.ésd ze (Hi,nz,‘..e ‘”1»”2!"')|><

Rt B[E/ +2(”e— n3) hws——E], (41.1)

rae E u E/ — 3Hauenud sHepruu HeHTpOHA A0 W TIOCAE pacCesHus.
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Bxopamu#t ctona MaTpPUuHBEIH 3JeMEHT MOXHO MNPEACTaBUTH
B BHIE

0 0 %‘(P'—P)!l
(ny, s, Ie |7y g ...) =

]
— (' —p)
=]81(n2’en p—p “lalns) EISIM,,Z, My
rue

¢ ,.0 i, .0
: - tR y ——= IR
W, =¢, <5, et ! Z)°

Tak xe, kak 1 B § 38, MBH MOKeM OrpaHHYUTHECH paccMOTpe-

HUEM TOJILKO TeX Ciydaes, KOLUA 72, OTJIMYAETCH OT 713 He Gonblie
ueM Ha eluHunly. Beoms ans kpatkoctu 0603Hauenue

A M ) e’
¢ 2/"1.Nﬁu.v8

»

uMeeM ¢ ToyHoctsio no N™? [cm. (38.7) u (38.8)]:

[ Mo 0P =1—(205+41) q,
d’
M,,g, nd 4t 2= (12 + g,

0 2
M 2. ”
”g, n?—1 l hsq,

Hcmonesysn npeacrarneHne 8-dyHkuum B Buzde

+ co
B = [ ey

— OO
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i nepexons OT BEePOATHOCTH w K lll/lq)q)epeﬂnuanbﬂomy ceye-
HHIO do, OTHECEHHOMY K OIHOMY SADY, MOJAYYnM:

Q@

dc==~§7—t‘12—%—do'd5' K
< S Pt v
i 8
+ 2w

3 0
1 =(p'—p—DR) 2 2
+ 37| X ng gZe™ s |-
1

3

K 0
' 7P —P+HDOR 2 3 iph
e l(ns+1)que’” s -
i

[

[ ’ ' 0
+22‘1ﬁ|287(9 p+f+f)Rllg><
' 14

8 &

7
X (1) (A 1) gt g e out i X
X et (E'—E) gy, (41.2)

rie do’ — 3NeMeHT TeNeCHOrO yriia, B KOTOPOM HAYOAUTCH WM~
nynabc HefiTpoma P’ mocie paccesnus. Pagm OpocTOTH M3 MHO-
ro)OHOHHKIX NPOLECCOB 31€Ch BHIMHCAH TONbKO OAWH UYlEH, OTBE-
yaouuit BO3HUKHOBeHHIO NRyX ¢ononos f u f’.

Bxozsinue B (41.2)2 AT ¢-PYyHKIHH OT HMMYJbCA; €C/IH
_ {
3Heprus HeHTPOHA NOCTATOYHO BejHka (4 HAC HHTEPecyeT MMEHHO

3TOT cayuai), TO, KaK MH BHAEIM B npeabiiymiuxX naparpadax,
3-QYHKIIUH MOXKHO BOBCE HE Y4uTHBaTh. Mcnoin3ys aTo o6cros-

2
TENBCTBO W MpeHeOperas BCEeMH CTENMEHS MU ¢g Bhlille IEPBOA, NO-
AYyYUM:

/7
do = !;—,———d;i’z o dE’ f ete (B —E) ¢

X{1— 2@ A1) g (2,4 1) go e st nygie ™ "4} dp.
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2
YUyuTHBAS MANOCTh ¢., MOWHO OpeACTaBuTh do B Bule

ds = 2 do'dE'ﬁp'—few<E'~E>+g<wdp, (41.3)

T 8n2

rme .
8 (P‘) = 2 [(”s+ 1) eipﬁws "'I’" nge ~wﬂw8"~2”3’_' ]] 92

BMecto 7, ciona cremyeT, OU€BHIHO, MOACTABUTL JIIAHKOBCKYIO
$yHKuHIO.

HanomuuM, uyrto sra we ¢ynkuus g (1) BXOAMT H B BbIPa-
XeHye A/ BepOATHOCTH 3axBaTa HeHTpOHA B Kpucrtauie [cM. dop-
myay (38.11)].

Buinoanure uHTerpuporanue B dopmyne (41.3) B obuiem
BUJie He TPeACTaB/AAETCS BO3MOXHbIM. [TosToMy Mbl, rak e Kax
n B § 38, orpaHHYHMCS paccMOTpPeHHeM ABYX MPEAENbHBIX CHy-
yaep — GOMbLIOR M MaJOR Mepemadu SHEPrHH, ANA KOTOPHIX He-
CyIeCTBEeHHbl 3HaueHUA p, JIEKAlUue BOAU3H p.w%. B nepsowm
M3 3THX CIyyaeR CymlecTBeHHH! Manwie g, |ph|<€1 n g(p)on-
peiensterca dopmyaoh

Rzq
62’

g () = iuf %— (n8)?

" )2
rie R — 3Heprusa OTAayu AApa, papHas R=—QW9—)-— . 9T10T

Cllyyall HMeeT MeCTO MPH BHINOJHEHHWH YC/OBUA
R30>>62, (4].4)

rae e, oifperensercs dopmyaoh (38.15).
Bo BTopoM caydyae — cjyuae MalbX fepeliayd 3HepPrui — Bhi-
TIOJHACTCA YCAOBHE

Re,<< 2 (41.4")
i g(p) onmpesessercs Gopuyaoi

3@ —p2 (/= , 1 '
g(p),@.-——iﬁmﬁ’— f (ﬂe—l—-,-)~)e de==—21W, (41.5)
0

rae W —remioBoit dakrtop, seenéudunit 8 § 39.
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B cayuyae Goabliux nepegau 3Hepruu asddexTHBHOE Ceye:
HUe do UMeeT BUUI!

7
ds = 3;02 dE’ do’ P—p" f i (B —E+R)y—uiBe, gy —

[ R)?
s g addET ~i (E—TE%LL
Y V Rsy

3710 BhIpaXKeHHE MOKHO NPUOMKEHHO 3aMEHUTL CJIAYIONIUM:

. (41.6)

ds =22 £ P 3 (E'—E-+ R)dE' av'. (41.7)

Cmeicat dopmyasr (41.7) ouesuneH: nefiTpoH paccedBaercs
MO 3aKOHY CTOJKHOBEHHH YIPYrWX [IapOB; CBA3t aTOMOB 8 KpH=-
cTajyie He Hrpaet PoJH.

Takum o6pasom, npu GoabuUlEX Mepejfadax dHEpruu pacced-
HUe HeHTPOHOB B KpHCTAaJ/Je He OT/HYAeTCs OT paccedHHa aT-
ACNLHBIMU SAPAMH. :

PaccMoTpuM Tenepp Cayuadh ManbiX repensy 3HEpruH.

Tloabsyace acumnroruueckof dopmyaon (41.5) anda g (p),
npeacraBum ds B BuIe

ds = 8%’ e W f e+ (B —E) gy =
p
— :_;)t e W3 (E'—E)dE' dv’. (41.8)

Mpbl nonyunnu Qopmyay [ANs CeyeHMd YNpPYroro paccesHus.
IMpouuterpuposae (41.8) no dE’ do’, Hallném MoaHOEe ceyeHue
yIpyroro paccesHus, cOBMajaiollee C sbiBEJEHHBIM paHee BhIpa-
KeHUeM.

Taxum 06pasoM, NPH BulloNHeHHH ycaoeui Re <€ 4% umeer
MeCTO rAasHEIM O6pPa30M YNpyroe paccesHHe, ceyeHue KOTOpOro
Maj0 OTAMYAeTCss OT Gy, TaK KAK TefoBO# (PAaKTOp MPAKTHYECKH
paBeH eguHKUe.

C pOCTOM 3HepTHH CedeHHe YIPYTOro PaccesHus yMeHbliaeTcs,
¥ OAHOBPEMEHHO BC& GOMbUWIYIO PpOMb NPHOOpPETaeT HEYNMPyroe
paccesnHe, BO3HKKAlOUIee OT CJEAYIOUIYX UJIEHOBR pa3lTOXeHUd
expg (r) B paa no creneHam g (p). B obnactn GoJjibiinX suep-

2
ruf (E >\/”Ati —S—-) yicTO ypyroe paccesnue (E'=F) oTCyTCTBYET;
(t}



400 ra. Vi. B3AUMOZEHCTBUE MELJ. HEATPOHOB G BELIECTBOM

[VIABHYIO pOJb WrpaeT Heyrnpyroe paccesHde, MPOUCXoJsaulee Mo
32KOHAM CTOJKHOBEHHs YNPYIHX IUapoB (HeynpyruM MH €ro
Ha3BBa€M MOTOMY, YTO OHO IIPOUCXOAHT C BO3Oy:KaeHHeM Ten-
NOBHX KoNeGaHul pelETKH).

C yBeiauueHHEM 3HEPrHW HeHATPOHA MeHseTCs XapaKTep He-
yupyroro paccesHus. B obxactH Mannlx sHepru#t HeHTpPOHA, MpH
MAJOM OGIIEM CeUEeHHH HEYNpPYroro paccedaqus, Haubosee BEPORTHEH

Puc. 25.

6onbliKe Tiepenayd 3Hepruu HeATpOHA, TIOPAAKa BCeH ero sHep-
rud. B oOnactu OonbliWx sHepruill, Koria Heymnpyroe paccesHue
COCTaB/IAET [MABHYIO YaCTh PacCeaums, nepeaasaemas SHEprus MO

‘lopﬂnxy BEJAHUYUHH COCTaBﬂﬂeT —/WE

Ha puc. 25 npuBeadH cxemaTHYeCKH XOJ 3aBHCUMOCTH OT
BHEPTUH CeueHHs paccesdusd. Kak BUAHO H3 PUCYHKE, TOAHOE
ceuenne o (E) Moxer obnajaTh MUHHMYMOM NpW 3HAYEHWH HEp-

62

THH, JexaieM Mexay O u —
0

§ 42. ¢yHkuusg pacnpefeneHdss HeATPOHOB
B KpHCTaaae

OCTaHOBHMCH eiff Ha BOMPOCE O HaXO¥AeHuUN PyHKUHH pac-

npeAeneHns HeliTPDOHOB B KpHCTadne.
M 62
Ecan. sueprus HeATpoHa E 3HauuTe/ibHO OoJblle, HeM -
0
(o6osHaueHnsd cM. B nNpeAHAyiux mnaparpadax), TO CBA3b aTo-
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MOB B KDHUCTaJje HECYIWIECTBEHHA M GYHKUMA pacnpeseneHus
onpeneaserca dopmynoft (31.16).
Pesynbratel § 31 cTaHOBATCA HEONPUMEHUMBIMH B 0614acTH

: M 82
OueHb MadHX 2neprufl, Koraa E<<—m—e— M NO3TOMY HeJib3s
(1]

npeHeOperars CBA3bLI0 aTOMOB B KpHcraane. PaccmoTpuM noapo6-
Hee 3TOoT CAy4ai, mnpuuy&M OyaeM mnpeanonarats, uro I <& E.
B 3TOM C/y4ae MOXHO He YYHTHIBATb MOTJOLIEHHs (QOHOHOB.

BepodaTHOCTL mepexoga HeHTpPOHa C 3HeprHedl £ B HHTepBan
aHeprun dE’ Beipaxaercs ¢dopmyno#

w (E, E')dE' = w,(E?— E'?)  E' dE’, (42.1)
TAe
w % om 1
07 rk )P M Y MsT

(cm. § 40).
CocTasuM KUHETHYECKOE ypaBHeHWe AJA onpeneneﬂm byHK-
uuu pacnpegenenns f(E).
B crauuoHapHOM cay4ae 3TO ypaBHEHHe HMeeT CJ/ieAyHimui
BHA:
E,

w, [ (EP—E VEf(E)dE —
£
E

— f (E"‘—E’Q)V'E’f(E)dE’——f(E) (42.2)

3necs mepBoe craraemoe MpPeACTaBJseT COOOR yncao HeRTPOHOB,
NPUXORAUINX B COCTOAHME C 3Heprueft £ u3s cocrosHuél c Hep-
rueft E’ > E (npennoJaraercsa, 4To 3Heprusg He#TPOHOB, HCMYCKae-
MHIX HCTOYHHKOM, B3HaYUTEJbHO GoJiblIe §), BTOpOe cJAaraemoe.
Aa&T YUCNO HEeHTPOHOB, YXOAAUIMX M3 COCTOAHHAA C 3Heprueit £
B cocrosuua ¢ sHeprueit E' < E. CnpaBa CTOHMT 4ucao HEHATPO-
HOB, MNOTJOIMIAeMLIX AxAPaMH B EeNUHHIY BpeMeHH (T,-— BpeMms
U3HM HeHTPOHA 1O OTHOWIEHHIO K 3axeary). HanmomHum, uto
B C/Ay4ae MeRIEHHBIX HEHTPOHOB T, MOXKHO CYHTaTh He 3aBHCHA-
LM OT 3Heprud HeHTpPOHA, €CAH TOJBKO B TelAOBOH o6sacTu
HEeT pe30HAHCHHIX YpPOBHEH, TaK KaK B 3TOM C/ydae ceyeHHe
3axBata 0oGpaTHO NPONOPUHOHANBHO CKODOCTH HeHTpOHA.

926 3ax. 1800. A. Azmesep.
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BelnoaHue HHTErpUpPOBAHHE BO BTOPOM C/JATAaeMOM, IpencTa-
BHM KMHeTHYecKoe ypaBHeuue (42.2) B Buae
E,
1

, s r s 8 . e ey :
f(Eﬂ-E?)f(E)dE =<—21—E/e+ wos )15 kF(E). (42.3)

E

4

Beons o06osqauenue
. 2,
[ fB) dE = (E)
E

n anddepeuuupya (42.3) no E, noaydmm:

d — 3 70 1 de \ __
—E{E /-(—QTE/ + Wc)ﬁ}_%@(ﬁy (42.4)

Ecau BreCcTH BMecTC E HOBYIO IepeMEHHYIO X, PaBHYIO

E 21 1 V4
x= E, EO—(~8— wotc> >
TO ypaBHenue (42.4) npumer BHI
d 1 dd 21
£ [(x3+x* %) -d%] =20, - (42.5)
rae '
4 (x)=9 (E)

(npu x =1 BepOATHOCTb HEYNPYTOTO DaccesHyus paBHa BepOAT-
HOCTH 32XBaTa).
YpaeHenue (42.5) mMeeT uyaCTHOe pelieHue § = x’~; noaTOMy
ofulee pellieHHe 3TOrO ypaBHEHHUs HIUEM B BHje
b=x"y (x).
PyHxuna y yAOBAETBOPAET YPABHEHHIO
5

oy A2 7 ay
(¢ 27) 25+ (6 4 ) = =0,

KOTOpPOE Jerko HHTerpupyercs.
B pesyibraTe NPOCTHX BHIKAANOK MOJydaem C/eAyiOlLee BH-
pawexune ans ¢ (x):

T

Ho—efi— 3 B, oV,

k=1
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rae o= e?™/?, ToctosnHad C TpPENCTaBAAET COGOH YHCIO Heli-
tpoHOB ¢ 3Heprue#t £ > 0. Ona pasHa

C =@,

rae Q —4ucno HeHATPOHOB, NOCTABJIAEMBIX HCTOYHHKOM B efH-
HULY BpEMeHH.
®dyuxuua pacnpegenenna f(E) naxoauntcs auddepenuuposa-
iem ¢ (x):
. 9 ; : (l)k .,
fy=clfp e 3 o1 + =) —
E=1 9
3 X’
—————rt.  (42.6)
2 1 _I_ x
lipuBeaém acumiiToTHYecKde BHpaweHHs zaa f (x).
Ecm x<€(1, 94T0 COOTBETCTBYeT SHEpPTHiIM HEHTPOHOB, MeHb-

1IWM, 4YeMm
21N M ONY L,/ SBH3\,
E‘)::(’s“) <’2“m) (Msﬁ)h(%%) . (42.7)

f(x)~2,1Cx'™. (42.8)

Takum o6pazom, npu x<&_ 1 QYHKIUs pacrpeneseHHs npo-
nopunoHansHa V E. 3TOT pesynbTaT HENOCPeACTBEHHO CJAeayeT
H3 ypasHeHus (42.2), B KOTOPOM NpU MaAuX sHepruax (E< £),
KOTJAa HeyHpyroe pacCedHHé He HUrpaer CyLIeCTBEHHOH poau,
MOXKHO TNpeHeGpeYb ARTQPHIM UY/AEHOM, HAOUHUM HYHCAO HEATPOHOB,
YXOHAIMMUX 13 COCTOAHMA ¢ 2Heprueil E B COCTOfIHUA C SHEp-
riae EY < E. Tak Kak nepsBeift wied, AAOWHR 4KCAO0 HefATpo-
HOB, TMPUXONALIMX B COCTOsHUE £ U3 COCTOAHMA ¢ Goabllef
adepruelt, nponopuvonasern ' E, To JyHKUMa pacnpeneneHus,
paBHAag 4MCAY TaKMX HeHTPOHOB, pasfeN&HHOMY Ha BEpPOATHOCTDb
3axBaTd (He 3aBHCAWY!O OT IHEPruM), OKA3BIBAETCH NPONOPIHO-
HaneHOH J E B COOTBETCTBHH ¢ dopmynoit (42.8).

"Ecmm x>>1, to

f(x) = 25 Cx—", (42.9)

3asuCHMOCTD (DyHKLHM DacnpefeleHHs OT 3IHepruu npum x >>1
MOXKeT. SbITb MOJAyYeHa 374eMEHTaPHO M2 PacCMOTpeHHs MOTOKA

25
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HEWTPOHOB B 2HepPreTHYeCKOM npocTpaHcTBe. Tak Kak ApH x >>1
3axBaT Maf, TO JO/KEH COXPaHATbCS TOTOK HACTHL B 3Hepre-
THYECKOM [POCTPAHCTBe, DPaBHEIN

f(E) E = const.
ameneHHe sHeprun HeATpOHA B €JUHHIYY BpPEMEHH 1O MO-
PAIKY BEJHYHMHE DPaBHO
E ~ Es oN,
rae o, — Ced4eHHe Heylpyroro paccesHus. BcrnomuHag, 4TO
s, ~ E3, nonyyum: .
o E ~ E’,
H MO3TOMY
f(E) A~ E‘s/:'.
3ameTnM, 4TO COOTHOlUEHHe, BhRIBeJeHHOe Ana £, cnpasefauBO

TOJILKO TO MOPAAKY BENWYHHB; OHO OhiO Gbl TOYHHIM NpH Ma-
AHX Tiepexayax SHepruH, B NeHCTBUTEILHOCTH e NepeRaBaeMas

12
] o

SIFANNY
/

HEATPOHOM 3Heprus nopsaka E. [losToMy npHBeNSHHHIH BHBOX
lHMeeT KayeCTBEHHBIfI XapakTep. ’

Buipaxenne pia CpeasHell amepruu HeATpOHZ HMeeT BHA

E=069(5 ¥ [ M sty Sz)h

(42.10)

2m %
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Tlo nopaaxy penuuunst E pasHo 3Heprunm E,, Npu KOTOpPOH Be-
POATHOCTL HEyNpyroro paccesiHds CTAHOBUTCS DAaBHOH BeposT-
HOCTH 3aXBaTa. JTOMY COOTBETCTBYeT TO OTCTOATENLCTBO, YTO
He#ATpOHH 3PPEeKTHBHO 3aMERNAOTCA TOJALKO IO 3IHEPruil no-
paxka E, KoTophMH 4 oGnagaeT HaubOAbILEE KOMHYECTBO
9aCTHI. :
C yBennyeHuWeM cedYeHHs 3axBaTa {yMEHBIUEHHEM T,) CpeHHaAdA
sHeprus E MemneHHO pacTET (MpONOPUHOHATIBLHO T, 77} B COOT-
BETCTB8HWH C T€M, 4YTO BEpPOATHOCTh 3aXBaTa CpPaBHUBARTCH C Be-
pPOATHOCTBIO HEYNPYroro paccesHud nNPu OOJAbIINX SHEPTHAX.
Ha puc. 26 nokasas xon ¢yukuuit ¥ (x), ¢’ (x). daa cpas-
HEHHUS MPHUBedEHa TaK¥e KpHBadA, H300paaioulas MAaKCBENI0BCKOe
pacnpeneneHne C TOR Ke cpeaneit sueprueft (xpusas fu).

§ 43. Pedpaxkuua neiiTpoHoB

B § 39 Mu BuZesu, 4TO B KDHCTANAAX ¢ TOXIECTBEHHBIMU
fopaMi, CUUH. KOTOPHX pPaBeH HYNi0, He MPOHCXOLUT pAaCCesHUs
HEHTPOHOB C IJAWHOH BOJHH, mpesocxonaweit (mt )-!.

OnHaKO NpH NPOXOXAEHHH TAKUX MeMNEeHHHX HellTPOHOB U3
OAHOW cpenbl B APYryid0 OHHM MOTYT HCHHTHIBATE NpPEIOMJAEHHE
H OTpaweHHe. ITH ABJEHHA MOXKHO ONHCATH MAaKDOCKONHYECKH,
BBOIs KO>PdHUMHeHT npenomiaenus HeATrpoHos n. Takoe Mmaxpo-
CKONMHYeCKOe PACCMOTpeHUe 3aKOHHO B TOM Caydae (TaK Xe, KaK
B ONTHKE), KOra /J/IYHA BOJHH HeHTPOHOB 3Ha4uTedAbHO Goublie,
4eM pPACCTORHHE MEeXAY COCeXHMMHM aTtomMamu. IIpeamonaras ato
yCHOBHE BHIIOJHEHHHM, BhIBEIeM BHpaXeHHe Aas xo3bduunedTa
fIpenoOMAGHHA 7.

HanomMH#M npenBapuTeNbHO, 4TO 3Heprud B3anMouae#CTBHS
MEnJEHHOrO HeHTPOHa ¢ 44pOM MOXKeT OHITh TIpEeACTaBACHA
B BHNE

Ad (l' - R))

rae r 1 R-— panmyc-BeKTOpH, ONPencAsiolike MNOJOMeHue Hel-
TPOHa U fApPa, U A — HeKoTOpasn BenHYMHA, 3aBHUCAINLas, BooOGLULe
roBoOp#, OT 3HEprud HeHTpoHa.

B § 39 mel ycTaHOBHAM CBf3b MeXAy A u xommaekcHo#t da-
30#t pacceadus v, onpemeNdAIONIe aCHMATOTHYecKOe NOBEAEHHE
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BOJHOBO# ¢yHKUNM HeHTpOHA. STa CBA3b BHIPAXKaeTCd CAEAyIO-
weh dopmynoi:

- ok
A:——‘—— ln’ko ‘q’

rae Ry— BONHOBOM BEeKTOp HeHiTpoHa B BakyyMe, Hcrnoabasys
dopmynst (39.7), omnpenessouMe BeUIeCTBEHHYID W MHHMYIO
4acTb M, MOJYYUM CIeRYWIUee BHpaKeHue nas A:

2nh? 1 1
= <i ‘/-E 09— Tauz koot ik ) (43.1)

“8aMetum, uTO 3HAHUA CeueHHR yNPyroro ‘pacceauua 1 no-
rJAOWEHHA HEHTPOHOB HELOCTATOUHO [Jg OlpelefeHus 3HaKa
BewecTBeHHOH uactu A. OH 3aBUCHT OT pacnpeneieHus peso-
HAHCHHIX YPOBHeH COCTaBHOro fAnpa (madaioilufi He#TpOH —|- HC-
xogHoe aznpo). M3 dopmynst (39.8) cremyer, uTO pe30HAHCHLIE
YPOBHH, JAexallye BHILe HYJIeBOR sHepruu (3Ta SHeprua ofpe-
JendeTcs 3/eCh KaK CyMMa SHeprufl HeTpPOHA U MCXOAHOTO SIpa),
NPUBOAAT K MONOXHUTEABHOMY 3HaKy; PEe3OHaHCHHIE yDPOBHH, Je-
JKaurye HHKE HyneBo# 3HEpPrdd, MPHBOOAT K OTpHuaTe/ bHOMY
3Haky. [lo3TtoMy ToT HAM HHOH 3HaK BewecTBeHHOH uacTu A
onpenensercd COOTHOIIGHHEM MewIy pOJbI0 YPOBHEH, nemauinx
BhINIE H HMXE HY/d.

OnpenesuM Tenepk NOTEHUHAABHYIO IHEPryi0 HEHTPOHA B KPH-
craane. OHa parHa, OYeBHAHO, CyMMe 3Heprufi B3auMOAEHACTBUA
HeliTpoHAa cO BCeMH anpamu peuiérku. [Ipennonaras sopa TOK-
NEeCTBeHHBIMH M He HMEKOUHMH MeXaHW4YeCKHX MOMEHTOB, IOJY-
YHUM CHellyiollee BHPAaMeHWe [1Jag MOoTeHUHANLHOH suepruyd Held-
TPOHa B KpPHCTaMIe:

V=a ; 8(r—Ry), (43.2)

roe CyMMHpDOBAaHHe DACHPOCTPAHAETCA HA BCe AApa peludTKA.

Bynem npenmosarate, 4TO MJKMHA BOAHE HEHTpOHA X 3naun-
TeALHO 00AbIIe PACCTOSHHA MEXAY COCeAHMMHM aTomamu. B stux
yCAOBUAX CYMMupOBaHHE MO [ MOXeET ObiTh 3aMEHEHO HHTErpH-
posaHueM mo pdV, rae p-—4ucA0 samep B eguHulle 00DbEMA;
dV — snement o6béma. [lo3TOMy SHeprus B3aUMONeHCTBHA nNpH-
odpertaer BUA:

V =2A4p. (43.3)
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" CMpica 3aMenbl CYMMHDOBaHUS MHTErDHPOBAHHEM 3aK/MIOUaeTCH
IO CYUIECTRY B TOM, UTO MaTpUYHLIE SJIEMEHTH onepatopos (43.2)

u (43.3) npu BunonHeHMM yCJAOBUS A_S>a@, TAE a— cpenHee
pacCTOsSHHe MeXAy COCelHUMH aTOMaMH, OINMHAKOBH.

Cuuran eeipamenue (43.3) noredunansHo#l 3Heprueft HelTpoHa
B KpHCTalle, HanmuweM YpaBHEHHE LLIpéLerepa ILis HeHTpona
B KpHcTanle

— B py 4 Apy=E4, (43.4)

rne £ — 3Heprua uHeHTpOHA,
Bue kxpucranna ypasnenne ilip&aunarepa mmeer Bug

— B Ay = Ey, (43.5)

Bynem wuckate peutenisn ypagsexu#t (43.4), (43.5) B Bume
MJI0CKUX BOJH _
Y ==C, eikr, {g=C, ekl (43.6)

rae k — BONHOBOH BeKTOp HedATpOHA B cpese, a Ky — B Bakyywme;
C, u Cy-— KOHCTaHTH.
l'Ionqmuoaxa ’(43 6) B (43.5) u (43.4) nadr:

. 2 5 ’
Boprfgp—E, - H=E (43.7)
OTKynHa

k22
R—ty=drp (+ ) s +iG cc). (43.8)

Beeaém Ttemnepb Ko3h(pHUMEHT npesoMAeHHs HeHTPOHOB 1,

52
KaK 3TO 06HqH0 esaeTca B OITHKE, ll-—--kk—[ ].
0
4‘mp G koo
n? — (+ [/4_1: o, + o ) (43.9)
ECJIH mornouieHue HeﬂTI}OHOB OTCYTCTByeT TO
P—1= & LV ine, =+ B Vi (43.10)
0 .

OueHAM MOPANOK BeANYUHH KOS(hduilMeHTa MNPeIOMAEHAsN 1.
Cuurtaa o4 U g, MO NMOPAAKY BeNNUMHB paBHbiMu 1072% cx?, Mbl
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foJiy4uM A4S TeMJIOBRIX  HEHTPOHOB (Ry =~ 4. 108 cx™1)
n?2 —1~10"8. _

Takum oGpasom, kosdduureHT npenomMaeHus HellTPOHOR
oyeHb ONU3OK K eAMHHLE. AHANOTHYHOE INOJIOKEHHE HMEET MeCTO,
KaK W3BECTHO, H B CJIy4ae DeHTreHOBCKHX Jyueh.

3Hasn Koa(bcpnuuem NPeIOMIIeH!S, MOXHO OMNpeAgiuTh kKoad-
‘(pMUMCHT OTPaXKeHHs HEHTPOHOB, MALAIOMUX HA MAOCKYIO MOBepX-
HOCTb.

Hcnoab3ya ycaosue Henpepbmﬂocm BOAHOBOH dysxuun ¢

9y

H e€ HOpMaNbHOR MpousBOAHOHR 5 Ha rpamuue pasfiena, JAerko

MONYYUTh ClleRylouee Bblpax(e}me A Ko3(h@HIHMEHTa OTpaxe-

HHS R

1 ¥V nf—sinf0 —cos ®
VY n? —sin?6 cos 6

rae 6 -—-—yron Mex{ny HalnpaeieHHeM Najanoiero nyqxa n HOpMaJlblO
‘K MOBEPXHOCTH. ~

PaccMmotpum nonpoGHee cayuat, KOrZa MOXHO He yYHTHBATH
‘Horaowenuas HeHTPOHOB.

Ecan n2 > 1, TO R BCceraa MeHbllle eauHHLB. Ecan ke
n?< 1, To R=1 naaa Bcex yraoe 6, xoropue Gonbiue 9,
rae 0, onpenenzercs u3 ycC/iOBHSA

 sin By = n. (43.12)

Tak Kak n oO4eHr MaJI0 OTAWYAETCA OT EIWHMUIIL, TO yrou B,
61u30K K w/2.

A Paccmorpum koad¢uuueHT oTpaxkeHus aas yraos O, Gaus-
Kux K w/2. O6osHauas w/2—0 uepesa ¢ u sameuas, uyto upH
Mannix ¢ cosf = ¢, noayuyum mns (43.11):

2
1-—‘/1.—— _
Y-
roe p=1-—n,

Ecan ¢ < )/ 21, TO MMeeT MeCTo MOJHOe BHYTpPEHHEE oTpa-
WeHHe HEUTPOHOB.

B o6uuHHX yCAOBMAX yroa )/ 2p nopaaka 10’. Takum 06-
pasoM, HEATPOHH, NAAAIOMIHE MOA CKOJLAIIMMH YLJAaMH K NO-

R= (43.11)

R= (43.13)
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BEPDXHOCTH, MOryT HCMHTHBATh TOJNHOE oOTpaxeHHe. Ilpu sToM
(xaxk ¥ B onTUKe) HeATPOHHAsA BOJNHAa 5KCMOHEHIHANLHO 3aTyxaer
npH pacupocTPaHeHUH BHYTPL OTpaxatowero Tena. Iay6una npo-
HHKHOBEHHS1 BOJHB, T. €. JJIMH3, HA KOTOpPOH HMHTEHCHBHOCTH
HEATPOHHOH BOJIHEL YMEHbIIaeTCd B € Pas NO CPasBHEHHIO C ed
3HayeHUSMH Ha NMOBEPXHOCTH Tesa, paBua 162:

ko 1% sin26 —n ko VQT’- V?—}; :

_(43.14)

Ecam p==10-5, To d~7X.108 B cayuae TemioBHX HeHTpO-
Hos d =~ 1078 cu.

. 3amernM, 4r0 KO3)PHUUMEHT NPeJOM.]eHU HeHTPOHOB B CIy-
yae HaMar{M4eHHOrO MN3PaMATHUTHOrO WM (PEpPpPOMATHUTHOTO
KpUCTa/N/ia 3aBHCHAT OT OPDHEHTAUUN CnMHA MO OTHOLIEHHIO K BeK-
TOPY MarHHTHOH WHAYKUAH.

Yro6ul onpeneauTs Ko3)ODUIHEHT NpPenoMyieHuss HeRTPOHOB
Il HAMArCHUYEHHOTO KPHCTANNA, HYXKHO A06aBHTH K MOTEHINANL-
Ho#t BHeprHH Ap B ypasueunu llip&aunrepa unen — pusB, rae
it — MarHHTHH MOMeHT HeHTpOHA, §— CTHHOBLIH BeKTOp
IMaynn v B — BeKTOp HMHAYKLHH.

Bsamen ¢opmyn (43.7) Mul monyuuM Temnepb COOTHOLIGHWA

B k= ——%(pAi‘pB), (43.15)

rde £+ u k_ — 3HaueHHs BOJHOBOrO BEKTOpa HEHTPOHA (BHYTDH
KPUCTaaia), CIHH KOTOPOro HANpaBjieH COOTBETCTBEHHO IO WM
NPOTUB HANpPaB/AeHHA BEKTOPa MarHUTHOH MHIAYKUHMH.

O6oznauad  k03dbPHUUMeHTH TPeNOMIeHUsT HeHTPOHOB JJS
0o6euX OpHEHTALUHH CruHa 4Yepe3 7, H 72_, HallaéM B COOTEBeT-
creun ¢ (43.9) n (43.15) 1118}

i (2R [ (e S8 s e ]t

]

i
2_14— 1. Qnﬁzp 4 og kgc A 2 5 (4316)
A==ia f{—m—[— i) i ]JﬂL }
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KosduiliueaTsl OTpaxeHHs HEHTPOHOB INA OGEMX OpHeHTAumH
p P p
CTHHA PaBHLI
| (ni — sin2 8)¥2 — cos 6|2
T j(nd. —sin26) } cos ]2’
| (n2. — sin2 8)"2 — cos 6 |2

T (n® —sinZ8)” 4 cos B2

Ry

R

Tax kKak Kos(pGUUHEHT npesoM/ieHus 3aBHCHT OT OPHEHTa-
LMK CIHHA HeHTPOHA, TO Yro/ MOJHOrO OTPaXeHus TaKxke Oyner
3aBHCeTh OT OPHMEHTALIMM CNHHA TIO OTHOWIEHHIO K BEKTOPY HH-
aykuud B. 3To 06CTOoATENLCTBO MOXKET OLITH HCHOAL3OBAHO IJIS
NnoJAyYeHHd TOJAPU3IOBAHHOIO NYy4YKa HEHATPOHOBR,

Ecnau yron nanenns HeHTPOHOB TAKOB, 4TO TOABKO HEWTPOH
C onHOM opueHTalued COUHA MOAHOCTBIO OTPaW3eTcsl OT HaMar-
HAYEHHOrO KpHCTanna, TO (OpoluefliMe B KPUCTAHT HEHTPOHEH
OyayT MOJHOCTBIO TOAApH3oBaHb. OTpaxEHHBIH Ay4 OGyHET NPH
3TOM YaCTHYHO nosigpusosau [115),
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