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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 — .



§ 2. OCHOBHOE COCTOSHHE IEHTPOHA 19

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-
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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



30 T1. 1. BSAHMOAEHCTBUE HEBATPOHOB C IIPOTOHAMH

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)
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(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
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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)
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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)
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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,



§ 6. PACCESIHHE HEHTPOHOB B IIAPA- M OPTOBOIOPOXE 51

§ 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.



56 TJI. 1. BBAUMONEUCTBUE HEATPOHOB C NPOTOHAMH

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)



58 T, 1. B3AMMOJEUCTBHE HEHTPOHOB C NPOTOHAMU

[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



64 £71. 1. B3SAUMOMENCTBHE HEHTPOHOB C NPOTOHAMH

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)
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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



§ 9. H3NYYEHHE nox AEACTBHMEM OBMEHHHX CHJI 81

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.
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§ 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)



§ 11. 3AXBAT HEHTPOHOB MOPOTOHAMH 103

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")
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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).



§ 13. PACINEMJIEHHE HEHTPOHA B KYJOHOBCKOM MOJE ajxpA 129

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.



§ 15. COCTABHOE sAPO 147

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-



§ 15. COCTABHOE aAnpPo 153

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.






