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IPETHCIOBIE

TeoperuuecKoe H3ydYeHMe CBOICTB ATOMHBIX fep HAXO0-
MUTCA B HacToAnlee BpeMsA B caMoOil HAYAJBHOW cTagum,
BBHJly OTCYTCTBHA TOYHOI TeOPUU AAEPHBIX CHJI.

HmeltoTcsa, onHaro, Tawue AfepHHE IPOIlecch, MHOINE
CBOIICTBA KOTOPHIX HE BABUCAT OT JETATBHOII KapPTHMHH B3au-
MoOjlelicTBUA Memsgy AaepHnMu gactunamu. Paccmorpennio
TaKUX IIPOLECCOB HMOCBANeHA HacroAmas kuura. Ilpm srom
1JIaBHOE BHUMAHHE YAEJIeHO IIPOIeccaM, B KOTOPHIX y4YacT-
BYIOT HEHTPOHH.

[lepBrie weTHpe IVIABE MPEJCTABIAIT cO0OH M3IOIKEHUE
pana pabor, OmyOGIUKOBAaHHBHIX B Pa3IUYHHIX YpPHAJIax.
Mocaepuas (naATas) riasa OCHOBAHA HA Yike ONYyOJIMKOBAH-
HEIX panee paloTax aBTOPOB.

ABTOpHI, He IpeTeHAyfA HM HA IOJHOTY, HH Ha OpUIU-
HaJIbHOCTH UBJIOKEHUA, TeM He MeHee pellllauch Ha N3JaHUe
9TOIt KHMTHM BBUAY OTCYTCTBUS MOHOrpagum, cofepsraliei
CROJBRO-HIOYAb IIOJHOE U COBPeMEHHOe H3JIOJKeHHe pac-
CMATPUBaEMBIX HUKE BOIIPOCOB.

Mu: xoremu Om 37ech mob6maromapuths ol JI. Jlanmay,
U.E. Tamma n . A. CMopopuHCKOTO 3a X IIeHHBIE KpHU-
THYecKUe 3aMeYaHUA,

A. Azuesep, H. Ilomepanuyr



FTABA 1
B3AMMOJIEIICTBUE HEHTPOHOB € IPOTOHAMMH

§ 1. Paccesnne Me{ICHHBIX HOJiTPOHOB IPOTOHAMH. Heit-
CcTBYIOI[UE MERAY HETPOHOM H IIPOTOHOM ANepHEIE CHJIB
06y CTOBIMBAIOT paccesiHne HETPOHOB IPOTOHAMM, & TAKE
IOPUBOAAT K o6pasoBaHui0 CBA3AHHOTO COCTOAHNA — Jeii-
TPOHA.

CucreMaTn4ecKoe M3yueHUE PAa3JINMIHBIX IIPOIECCOB, CBA-
3aHHHX C CYIIECTBOBAHHWEM B3aUMOMEHCTBUS MEMIY HeITpo-
HOM W TIPOTOHOM, Tpe0yer HeTaabHOI TeopuH ANEPHHIX CHI,
0 TIpUpPORe KOTOPHIX MEI BHAEM, K COMRAIEHHIO, OUeHB MAJIO.
ITosToMy Tamoe CcHCTEMATHYeCKOe W3YUeHHe B HACTOAILLEe
BpeMf HEe MOkeT OHITh IIPOBEeHO.

Onnako, kax Torasaun DBere m llaitepac [1] B obGmacT;
MaJhX PHEpPrmit, KOIAA JINHA BOJHEI, OTBEYAIasd OTHO-
CHUTeabHOMY [BU/KEHHIO HE{TpoHA M IPOTOHA, BEIUKA IIO
CPaBHEHHIO ¢ PajMyCcOM HeiCTBHA SAMEPHHIX CUI, JLIA onmu-
caHUA PA3IMYHHX IIPOLECCOB, IPOMCXONALUX B CHCTEME
HeTPpOH—IPOTOH, He TpebyeTca HeTalbHOW TeOpUM AXEP-
HEX CHJI.

BeposATHOCTH BTUX HPOLECCOB, & TAKIKe SUEPIUH CBA3N
W Apyrue BeJIMYMHBEI, XapaKTepusylomue JICIUTPOH, BHIpa-
AMAIOTCA depes HEGOJbIIOe 4YMCI0 IapaMeTpoB COBEPIICHHO
HEe3aBUCUMO OT IPUPOJLI AAEPHHX CHUJI. CyuiecTBeHHEIM 31ech
ABRJIFETCH JUINb TO, YTO AAEePHHE CHJIN XapPaKTepu3yoTcA
OYeHDb MAJHIM PaANyCcOM JeicTBHA.

B oroit riiaBe Mbl OyjeM, IVIaBHHIM 00pasoM, paccMarpu-
BaTh WMEHHO STOT caydail MaJblX OTHOCHTEBHBEIX dHeprui
HEWTpoHA © IIPOTOHA.

Mu GyneM cHadasa IpeAIoaarark, 9TO CHJIHL, neiicTBY I0-
Ee MeKAY HEHTPOHOM M IPOTOHOM, LEHTPATBHEL, HO MOryT,
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ONHAKO, 33aBUCETH OT B3ANMHON OPHEHTAIlUM CHUHOB 0o6enx
wyactun. VIHEMEU cioBamMu, M LpeJoJaraeM, 9To 9TH CHIIEI
3aBHCAT OT pPACCTOAHUSA MEKIAY HYaCTUIAMH H OT B3aUMHOIX
OPDMEHTAIMN MX CIONHOB.

W3 sroro mpepmomosseHns caepyer, u4To paccesHme Mej-
JICHHBIX LEeHTPOHOB IIPOTOHAaMM, KOTJa [AJNHA BOJHEI, OTBe-
HalomaA OTHOCUTENBIIOMY [ABUACHUIO YACTHL, 3HAYUTEIBHO
IIPeBOCXOMIUT PAfUYC ACMCTBHA CWI, JOMKHO OBTH cepnue-
CKI CUMMETPHYHBIM (B cHCTeMe OTCYéTa, T/Ie TOKOMTCA IeHTp
HHEePUNH YacTH).

Ecaun apephbie CHIIBI 3aBHCAT OT B3aUMION OpUEHTANAN
COUHOB HEHTPOHA U IIPOTOHA, TO CEYEHHEe PACCeAHUA Oymer
pasauuiniM fuas obeux opuenranmii couuon. [lasgee MH moxa-
JKeM, YTO IpH 33[2HHOI OPHEHTALUN CIIMHOB CeYeHHe pac-
CefiNNsA MCAJICHHRIX He#TPOHOB IPOTOHAMH B IIPeRIOJIOMNiC-
Hum OCCKOHEWHO MAJIOr0 pajmyca JeiicTBusA ANEpHBIX
CHJI  ompefensercsi TOJbBKO OJHMM IIapaMeTpOM; 9TUM
IrapaMeTpoM fIBIAETCA 3HAYEHUE JOrapu@MUYEcKOil Ipoms-
BOJHOU OT paguadbHOIl BOIHOBOL (YHKLUNW CHCTEME Heli-
TPOH—IPOTOH II0 PAaCCTOAHUIO MEKAY YacTHLaMU, KOTLA 3TO
paccToAxne I0 MOPAARY BEINYUHBI PABHO Pajguycy HeHcTBHUA
AnepHnx cuwi. (B mepBoM mpubammeennm MoHO CUHTATD,
9T0 YACTHIEI IIPOCTO COBIIARAIOT.)

Ceuenne paccesHUA HeITOIAPU3OBAHHLIX HEHATPOHOB U
IIPOTOHOB OLPEHEIsIeTCA, CICHOBATENBHO, JBYMA IapaMer-
pamMu, ecId TOJbKO CHJLL B3aUMOJACIICTBUA B3aBHCAT OT
BR3aUMHOIl OpueHTauuu cmuHOB wactui. ONEITH Io pacces-
HITI0 MEQIEeHHHX HEITPOHOB IIPOTOHAMH IIOKA3LIBAIOT, YTO
AJEPHBIC CHJIbI, AEHCTBYIOIIME MERAY HEHTPOHOM M IpOTO-
11OM, BaBHCAT OT B3aMMHOIl OpPMEHTAIUM CIHHOB YaCTUIL,.

Ypespuuailno cymecTBeHHHIM ABIACTCA TO O0CTOATEN b-
CTBO, 4YTO TOJBKO OTPMI[ATENBHHM 3HAYCHUAM BBEIEHHOI'O
BLIIIle IapaMerpa MO:KeT OTBedYaThb CBA3AHHOE COCTOAHUE CH-
cTeMEl HelTpoH—uporoH. llosTOMY BeckbMa BajkKHO BrfAC-
HUTH, KaKOif 8HAK MMEeT 9TOT HmapaMmeTp IpHU IapaJIeabHOIi
M aHTUIIAPaJIebHOIl OPUEeHTAUNU COWHOB HEHTPOHA M IIPO-
ToHa. Teopetwueckm HA BTOT BOIPOC IPH COBPEMCHIIZM
COCTOAHNY TEOPHM HJEPHEIX CUJI OTBETHTH HEJIb3A.

OmuITEr IO paccesnnio MeiIeHHHX HeTPOHOB CBOGOAHBIME
OpOTOHAMH TaKMKe He AT BO3MOMHOCTH OTBETUTH HA HHTE-

§ 1. PACCEAHUE MEVIELHDIX HERTPOIIOB IIPOT CHAMU 9

pecymowuii Hac BOIPOC, TaK KAaK B OPMYJIY AJIA CEYCHH pac-
CeAHNSA MEJJICHHBIX HEHTPOHOB IIPOTOHAMH BXONUT KBaJpaT
sroro mapamerpa. Hmme Mu1 yBupmum, 9T0, M3yuasd paccessne
MEJIIICHHBIX HEIITPOHOB B MOJICKY IAPHOM IIapa- X OPTOBOAOPOIE,
MOMHO IYTEM CPABHEHHA TEOPETHYECKUX BHIBOJIOB ¢ JKCIe-
PUMCHTAJIBHEIMM PE3yJALTATaMH IIOKA3aTh, YTO CBA3AHHOE
COCTOAHU® CHCTeMBI HEUTPOH—IIPOTOH BO3MOMKIO TOJBKO
IpA I1apalesIbHOIl OpUeHTAaluu cHWHOB, MHmMu ciosamm,
B [ICiTPOHE CHOWHBI YACTHI] IMEIOT OJJMHAKOBYI0 OPUEHTALUIO.

OrasmBaercs, 4T0 [CHTPOH HE MOKET HAXORUTHLCA B BO3-
Oy»NEHHEX COCTOSHHUAX W YTO SHEPIUA ero eJuHCTBEHHOTO
YPOBHA, T. €. 9HEpIUA CBA3M HAeilTpolla, 09eHb TPOCTO BHIpa-
FMAeTCH depe3 3HAYGHMe YKA3aHHOIO BHIIIE IIapameTpa, OTHO-
CAWErocA K CIYYAK NAapajJenbHON OpUEHTAIUM CINHOB
gacrun., Taxum obpasoM pacceslne MEHICHHBLIX HEHTPOHOB
OpPOTOHAMH ¢ OJWHAKOBOW OpHEeHTaNueir CHOWHOB OIpele~
JAACTCA B KOHGYHOM cC4YéTe BHEepIrueil cBA3M HeTPOHA.

Msr Bupum, 49To 3ajada 0 PACCEAHMH HEHTPOHOB ILIPOTO-
HaMHM TeCHO CBfA3AHA ¢ 3ajadeii 00 OCHOBHOM COCTOSIINN Neii-
tpoHa. Boamosas gynruua mocaemuero pomkna OHTh ce-
pUYeCKN CUMMETPHUHOI, €C/IM IIPEAIIONOMNTH UEHTPAIbHEL
xapakrep cua. llwade roBops, OCHOBHOE COCTOAHUE Jeii-
TPOHA HOMHO ORTH S-coCTOAHNEM (HOJMB3YACH OITHYECKOM
TepMUHOJIOTHel, MOMKHO CKa3arh, d4ro 910 Oymer °8,-co-
CTOAHUE).

OnmuTH MOKA3HBAKT, 9TO HEHTPOH 0biamaer KBAEPYIION b~
HEIM JIEKTPUYECKUM MOMEHTOM. OT0 O0CTOATCALCTBO IIPOTH-
BOPEYUT, ONHAKO, CHENAHHOMY BEHIIE BEIBOLY O TOM, HTO
OCHOBHHIM COCTOSHMEM JeifrpoHa fABxAerca S-cocToAHUE,
TAaK KAk B LIOCJIEIHEM pacupejfenenne 3apsanos obmagaer
cepuueckoii cuMMeTpmeil, ¥ IMOBTOMY B S-COCTOAHUH KBaM-
PYUOMBHEIT MOMEHT MoJukKeH papBHATheA Hymo. Haa rtoro
4T00K OGBACHUTDH CyUIECTBOBAHME KBAAPYIOJIBHOIO MOMEHTA
JeiiTpona, He0OXOANMO MPEAIONQNTE, YTO OCHOBHOE COCTOSA-
HUe [eiiTpOHA He OIMCHBAETCH YUCTO S-BOJHOI, a ABIACTCA
cynepuoaunueii S-BOJIHH 1 OHOW NN HECKOJIBKHX BOJH,
OTBEUYAIIUX 3HAYEHUAM YIJMOBOTO MOMEHTA, OTIUYHEIM OT
uyas. Huke ME yBHOUM, YTO OCHOBHEIM CcOcTOAHmEM [eii-
TPOHA CJEAyeT CcYMTarh cymephosunuio S- m D-poan. Haa
TOr0 YTOOB IOMTYUYNTH HEOCXOAUMYIO BEIUUHIY KBAJPYIOIb-
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HOTO MOMEHTAa, Heo0XOMUMO IpeqIoJOUTh, 9TO (IIpUMech)
D-poaxsn K S-BOJIHE COCTABIAET BCETO JUIIb HECKOJIBKO IIpP(-
I[eHTOB.

Haxuune D-BonHEI B OCHOBHOM COCTOSSHEMHM JeHTpoHAa
IIOKA3KIBACT, 4TO HpPEAIIOJNOMNeHne 0 HeHTPAJIbHOM XapaKTepe
CHJI SIBIAETCA HEBEePHHIM. B [elicTBUTENBHOCTH CHJIBI, JecT-
BYIOLIE MEMAY HEHTPOHOM M IIPOTOHOM, HE ABIAITCA CTPOTO
LEHTPAIbHEIMH. OTO 3HAYMT, YTO OHHN, IIOMHUMO PACCTOAHUA
MEMTy 9UacTHI[AMH, BaBUCAT €M OT OPHMeHTALUH OO0INeTro
CIMHA IO OTHOUIGHMI0O K Pajuycy-BEKTODY, COCAMHSAIOMECMY
obe wactuunl. OTKIOHEHUEM OT IEHTPAILHOIO XApaKTepa
eI U 00BACHACTCA CYINECTBOBAHNE KBAJPYIOJIBHOIO MOMOHTA
JleiiTpona.

OpHaKo ©TO OTKJIOHeHHWe B 00MacTH MaJHWX 3SHeprui,
KOTOpHle Mbl OyleM IVIaBHHIM 0o0pasoM u3ydarh, B 00IieM
HeCYIeCTBOHHO (eCin He CYNTAaTh KBAJPYIOIBHOI0 MOMEH-
Ta JeiTPOHA); M IIODTOMY IIPU PacCMOTPEHUH IeJOro pAAa
BOIIPOCOB BIOJIHE 3aKOHHO MOJB30BATHCA IPEATIONOMHEHNEM
0 LEHTPAJHHOM XapaKTepe CUJI M CYMTATH OCHOBHBEIM COCTO-
AHUEeM JeiiTpoHa S-cocToAHme,

Ipucrynas ceituac 1 HOAPOOHOMY PacCMOTPEHHIO pas-
JUGHBIX TPOIECCOB, CBABAHHBIX ¢ CYIECTBOBAHUEM B3AMMO-
HeCTBHUA Me;Ay HelTPOHOM M IIPOTOHOM, MBI OymeM BHa-
qajie MCXONUTh U3 MPEANONOMEHUA O IeHTPAIHLHOM Xapak-
Tepe CWi, HEHCTBYHOMUX MeMQy HeWTPOHOM N IIPOTOHOM.

HauméM ¢ paccmoTpeHdA PacCessHUA MeJUICHHEIX Heil-
TPOHOB IPOTOHaMH.

HamoMuuM cHauaja, Kak peniaercd ofmas safada o
paccessHAM YaCTHI, HeKOTOPHIM CHIIOBBIM IEHTPOM.

IIpepnmomoxknmM, 9T0 Ha d9acTHIy JAeHCTBYOT HEHTPATb-
Hbhle cuael. B sroM cayuae auddepeHNUaTLHOE CeYeHNe
paccesiHms ompenexserca cienyiomeit gopmymoit [21:

do= 2| S (2L +1) Py (cos 0) (2% — 1) |'sinbds, (1.1)
1

T
2%2

rie k — BONHOBOH BEKTOpP dACTHOH, 0 —yrom paccesHus,
P, (cos b) — mommnom Jlemanjpa [-ro mopaaka, a & —Tar
HaseBaeMbe (ase Ha OECKOHEUHOCTH, ONpefexdiomue
aCHMITOTAYEeCKOe NOBefleHne BOMHOBol ¢yHHKIUN BHAIH OT
CIJIOBOIO IEeHTpa.

§ 1. PACCEfIHIE MEJJIEHHBIX HEATPOHOB IIPO10HAMU i1

Boanopas ¢ymkmmsa wacTmmel MomeT OHTH IpejcTa-
BJEHA B BUAS

Y= 2@ Py (cos ),
l

rje u; yHOBJIETBOPAET YPABHEHUIO

he douy
arz —

1{1+1
D)+ (E-Vym=0  (1.2)

(E — oHeprnd wacrmi(sl, V — e€é IOTeHIMAaJbHAA DHEPrud M
M —macca wacrnisl).

Bpanu or cumosoro uenrpa, mpm Gompmmx F, QyHRIHA
u; (r) onpenensieTcd clemylonleil acCUMITOTAYCC KO YopMyIOii:

u, (r) = const - sin(kr—— %‘4— 8,) (1.27)
(B aprymeHT sin BXOAHT ——{—2—“, 6maronapa uwemy d{asa 8,'

obpauiaeTcd B HyJb JIA CBOOOJHOTO JBIKEHNA).
IlpuBenénuble BHMme GOPMYIH MOryT OHITH HCIOIB3O0-
BaHHL IPH pPacCMOTPEHUHN PACCeAHHUA HeWTPOHOB IPOTOHAMI.
JdudepennunanspHoe ceUeHne PACCeAHUA HEHTPOHOB IIPO-
TOHAMU B CHCTEMe KOODAMHAT, I'le MOKOMTCA IEHTD MHepuun
CTaIRUBAOMUXCA YacTUll, ompefeiagercda obmeit gopmymoif
(1.1). Boumosoit BerTop kK paBeH mpm dTOM

1
_vim_V TuE
- T h h

k s
rige E —oHeprud OTHOCHTEIHHOrO [IBH#EHUA HeliTpoHa u
OpOTOHA B cucTeMe IeHTpa uHepmmu, FE,—bdHeprua Heii-
TpoHa B JabopaTopHOil cHcTeMe, TIle A0 CTOJIKHOBeHHA
mpoToH Toromica, m M —macca HelfTpoHa.

Mn paceMOTpHM TOT caydYail, KOTAa JIAMHA BOJIHEL Hel-
TPOHA K (B CHCTeMA IEHTpa MHEPIIN) 3HAUUTENHHO GOJbIIe
paaumyca jeciicTeEa sfepHbIX cmi (~ 107 cam). Dromy yemo-
BUI0 YIOBIETBOPSAKT HEITPOHEI ¢ SHEpPrumeif, He IIPeBOCXO-
qameit 10 — 15 MeV.

Tax rax npnmespHH TapaMeTp CTATKUBAIIINXCH 4a-
CTAI] ¢ MOMEHTOM OTHOCHTENbHOrO XBM:KeHHA (i paBeH mo
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HOPAAKY BEJIMYMHEI (K, TO TPH BHIIOJHeHHWH yCJIOBUA
x>,

rge F, TO TNOPAAKY BeIMYHHE OUPEAeINsAeT paauyc Rei-
CTBHA AJNEPHHX CIVI, MOMHO CYHTaTh, YTO BCE 3;, 32 HCKIIO-
yeHHeM 0,, IPAKTHUECKN PaBHH HYyJO.

JuddepennnaipHoe CoueHMe pacCeAHUA npuobperaer
npn 9TOM BHJ

d 2m .o, . ,
6= 75 sin 8,sin 0 db. (1.1

Kar supgHO m3 aroit (JOPMYIH, IPH BBLITIOJIHEHUH YCIO-
BHA X > F, B cHCTeMe IeHTpa uHepuuu paccesHne sB-
JasaercA cHepudecKn CUMMOTPHIHBIM.

HT&K, 3ajauva onpejiesqeHus CceUeHuA pacCeaHUA MeJ-
JEeHHKX HeHTPOHOB NPOTOHAMH CBOAUTCA K HaXOMAeHUIO
o;{HOit BeamunHEl — asH 8, *).

i onpepenenms Qasm 8, saMeTHM, 4TO B obxactn
r < r, UOTEHIMAJbHASA DHEPrAA HOCTHraeT OYeHb GoNBINX
3HAYEHMi, SHAYNTEALHO TPEBHIIAIOIINX DHEPruio HelTpoHa
E (nag cBA33aHHOTO COCTOAHWS HEHTPOHA M HPOTOHA, T. e.
B jeliTpone oQQerTUBHAH BeawunHA NOTCHIUATBHON 9HEp-
THO COCTABIACT HECKOIbKO fAecsaTkoB MeV [3)), a BHe aToit
obmacTt V CTAHOBUTCSA OUeHb MalblM, TaK Kak AJePHHe
CHTHl YPe3BHYANHO OBICTPO CHAAI0T € PAcCTOAHUEM. Mu
MOKEM II09TOMY LpW 7 >, HMCXOAWTH U3 YPAaBHEHHA I
¢BOGOJHOrO NBMAKEHUA

2
P _MEu, r>ry (1.3)
BO BHyTpeHHeitlme ofmactn (r <T1,) B IepBoM LpUGImAe-
pnn  npeHeGpeus B ypasHermu (1.2) E mo cpaBHEHHIO
¢ V(r), T. e. samennts ypasHeHme (1.2) mpm ! =0 ypas-
HEHUEM
d*uy M
dre T R®

UYrobm «cmutby pemenus ypasHenmi (1.3") m (1.3"),
HY)KHO IPHDABHATb BRAYCHHA QYHKIMN u, W ed mepsoit

V(r) u,. .(1.3”)

*) 06 YCJIO0KHEHNH, BROCHMOM CYeCTBOBAHNe)M CIUHA, CM. HHUHE.

§ 1. PACCEFIHUE MEOITEHHLIX HENTPOEOB [IPOTOHAMII 13

poM3BOAHON u;, AaBacMile O0OMMH ypaBHeHWAMH, B TOY-
Re I'="T,.
B mepsoM TpRGINKEHHN MOKHO CYATATh, 910 BEAMTHHA

o= -<29 (1.4)
Ug./r=ro
He 3aBHCHT OT SHEPTUN HeHTpPOHa W ONpPeNeNAeTcA MUCKII0-
gyureabHo cBoficTBamu $ynrmmm V (r) (B wacrHOcTH, & 3a-
BUCAT OT OTHOCHTENbHOII OpHeHTaluM CHOHHOB HeNTpOHA U1
TIPOTOHA). -
Mb  MomeM cOPMYyAHpPOBATH HAULY 3ajady CJeaylo-
muM ofpazoM: HeoOXoguMO HaiiTH peineHne ypaBHEHNA
(1.3"), orBegaomee PpacceAHUIO YACTAN, T. €. HMMEIOUIee
acumnrorrueckyw ¢opmy (1.2") m ymosmersopsiomee rpa-
gnuHOMy ycaonuio (1.4).
Nurepecyioiee Hac pelieHue ypaBHeHHA (1.3") umeer
BUR

u,= Csin (kr+38,).
Veaosue (1.4) maér:

u ’
u_f;):m_ k ctg (kry +3,) = —a, (1.4')
OTKYAa

B, = — arcctg—;:—— kr,.

Tag Kak Npefmomaraercs, 4TO J[JHUHA BOMHH HeiTpo-
HA SHAYUTEIbHO GOJbMe, weM pajguyc pAeiicTBud AXEPHEIX
cma, TO B [epBOM Ipubamennn B QopMyne (1.4’) momnO
npenebpeys WieHOM kr, 10 CPaBHeHNio ¢ 8,

MEl mOJXyuHM IIPH BTOM:

. k
SlnBoc——mg—ﬁ. (1.5)

Jnddepennmanbuoe ceyeHNO PacCcesHnA, COMIACHO (1.1°),
paBaAeTeH:

do=1 I sin6do. (1.8")

2+22
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I'IHTeI‘paJIBHOQ Ce4eHUe pacCceAHNA PaBHO:

br brh?
k2+a’ Eo l
e ( > (1.6)
_ by |
M )

(E,—»oHepruda HeiiTpoHa B JabopaTopHOll cucTeMe KO-
OpAdHAT).

Beauunna a omnpenenserca noteHmumanom V (r); B ua-
CTHOCTH, & 3aBHCHT OT B3aUMHON OPHMEHTAIM CIMHOB Heii-
TpoHa ¥ IporoHa. lIpm mapareabHO OPHMEHTAIMH CIHHOB
Mhl GyfeM cHab#arTh o MHHeKcoM 1, npm aHTHDApAaMIETD-
Hoit — ungercom 0.

Yr1o6El MOMIYyUNTh ceYeHUe paccesHnd HeloJAPN30BaH-
HEIX HOUTPOHOB WPOTOHAaMHU, HYKHO IIOMHUTB, 4TO CTaTH-
CTUYOCKUH BEC COCTOAHNA ¢ OOIAM CIIMHOM, PaBHBEIM efu-

Huile, B TpU pasa foable Beca COCTOSAHUA CO CIIMHOM,

paBHEIM Hyawo. Ilosromy cpepumii sdexTuBHbIN ITOTEped-
HUK paccegHns HeHTPOHOB IPOTOHAMM, YCPeAHEHHBIH II0
BCEM HAIPAaBIGHUAM CHUHOB, MOMeT OBITh HPeACTaBICH
B Buje[*]

3 1
o= (rat )=
_4nh?/ 1 1 3 1
M |41 L ’
Pl
rae

[ =] ——(aoh)2 y g = (_—_—m;‘;z)a .

M

B caeaywomem naparpade Gymer moraszaHo, 4TO £ Iped-
craBasger cofoif pHeprui C¢BASH JelTpoHa.

Qopmyaa (1.7) BhBemeHa B NPeJIONOKEHHU, YTO HJAU-
HA BOJHB HETPOHA BHAYUTEILHO 6oapuwie, YeM pajuyc
neitcteua  Afgepunx cua. (Boson $opmyam (1.7) us o6-
H[ero BLIPAMKEHUS JIIA BEePOATHOCTH HAJEPHBIX pPeanImii
npusosinrea B § 17.)

§ 1. PACCEAHIE MEJIJIEHHBLIX HENTPOHOB TPOTOHAMU 15

Mo BBenéM Temepb TONpaBKYy, YUYUTHBAIOHIYI0O KOHed-
HOCTh pajmyca MAelicTBHAA ANEPHHIX CUJI.

Jlas ompefenéunocTn GyneM anpoKCAMUPOBATH SHEPruio
B3auMOJelicTBAA HeliTPOHA W NMPOTOHA B BUE IPAMOYroOJb-
HOU IIOTEHIUAJHLHON AMBI, TJIyOWHA KOTOPOIl paBHa V, n
mupuHa r,; ofe 5TH BETUYMHBL 3aBUCAT, Boolmle TOBOpH,
oT B3aFlMHOI/I OPHEHTAUUN CIUHOB YaCTHIL.

Bonnosaa ¢yHEnuA S-cOCTOAHMA CHCTEMBI HeiiTPOH —
npoToH B obaactu r< r, MOET ORITh B 9TOM CJydae Ipej-
cTaBleHa B BUJO
u sin xr
=A==, r<r,
rjae

1 1
= [M(V,-E)]'/=.

Mpan r>r
u,= Bsin (kr+3,), k=) ME/h.

D] pelleHUs HYKHO (CLINTbY B TOYKe r=r,. Mbl II0-
JAyY9UM TpH BTOM:

otg (kry+8,) = cbg ur,. (1.8)

3ameTuM, 4YTO, pemasg 3afady o0 OCHOBHOM COCTOSHUM
MeiTpOHA ¢ DHepPrueil B3AUMONeENcTBUSA B BHJE NPAMOYTOIb-
HOIT fIMB, MBI TPUAEM HA OCHOBAHUM IPAHUYHOIO YCJIOBUHA
(1.4) ® coorHomIEHNIO .
¥, Ctg %, 1y = —a, (1.9)
rje
_VHT ,_VIE
=T AT TR
1 & —dHeprus cpaAsdm HefitpoHa (cm. § 2).
Tar waw kr, < 1 m a € %,, TO MB MOMeM Da3lOMATH X
u xctgxr, B pAx 1o cremeHam k m a:
a2 + k2

r= %, } ——
24 ]

a? 4 k2 s s
xctgwr, =x, ctg xoro+T (Ctg noFy — %7y SINT2 %,7).
°
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Ramedad, aTo clgx,r, K 1 1 sinxry, ~ 1, momyaum:

— L) (L9)
MopcraBassg (1.9°) B mpaByn dHacTh paBeHcTHa (1.8)'
n pasmaras ctg (kr,4-8,) B PR, TOTYIHM:

kry % (22 + k%) r,

¢in® 8y k 2k

xotg wPy = %y et %oy — —— = — &

ctg 8, —

B nepsom mpudaukennn (worja r, cUMTAeTCH PABHEIM

- o
Hymo) ctgo, ~ —

2
n sin?8, ~ 1+ %—2 . B caegyioiem
nprOIIteHAN
o a2 w2 4- k2
ctgd, ~ — -t kr, <1 +w) T T
Ceuenne paccedauus, COrIacHo (1.6'), moner ObiTh PeR-
¢TaBJeHO B BUJE

o (@24 k%) ro
To™ — _k—+ 2k )

m (1 4ary) "
— T (1.6")

Dra QopMysa IOKA3LIBaer, UTO, YIHTLBAA KOHEUHOCTD
pag@yca JeiicTBUA ANEDHBIX CHI, MEI HOJydYMM BMECTO
(1.7) caenyomyio QopMyTy AT CeUEHHmS paccessHUA HOU-
TPOHOR TPOTOHAMH *):

b o1 Al 3 1+
o==3r(w i, ., "% T—‘—‘)
"Q_Eo‘{"i ——2—E0 +3

hm o o
zFSIU Oy &

(1.7

ric T, IO TOPAAKY DBEJHYNHLI ONPeRersaer paauyc peii-
cTBUA SACPHHIX cHa (cM. Tamme § 17).

Benmumaa &' 1O IOPANKY BCJIMYUHEL COCTABIACT OROIIO
100 keV, roAa2 - 1072 cm [115],

Beimle MsI Bcé BpeMa cUMTAJH, HTO peanymHa A&, BXO-
aAmas b TPaHHUYHOE yCloBnue (1.4), me sapmcuT OT BHEP-
rau. DTO BEpHO, OJHAKO, TOJABKO B ITEPEOM npuGamRenan.
MoskHO ITOKa3aTh, 9TO YI€T 3aBUCUMOCTH & OT pHEPTUR Hell-
TPOHA DKBHBAJIEHTCH BBEJIGHUI0 KOHCUIIOTO pammyca jelicT-
BUSA SJCPIBIX CUJ B BEIpazKenue JUIA CeueHnd paccesnus [,

*} 3pech JJIsAA 1POCTOTEL CUILTAGTCS, UTO pauyc NedcToHA Alep-
HBIX CIJI OJHHAKOB L TpPUJNETHOM H CHHTICTHOM COCTOAHHAX, UTO
10 Bceil BEpOATHOCTH, He OTDEHAET neficromTesbROCTH (eM. § 3).

e

§ 2. COCTOARLA CLICTEMBI HENTPOH-INIPOTOH 17

CyIlIeCTBeHHbIM Asisercda TO 00CTOATENILCTBO, YTC BBUAY

242

h2%a

MAJIOCTA BEIMIMHEL &= IO cPABHEHNIO ¢ AJepHEMA 3Hep-
THAMHA B Pa3JIOAeHIH & B PAN IO CTEHEHAM DHepTHUH HeliTpoHa
HepBHiT WIeH Mal, W II0ITOMY BTOPOil WiIeH OKa3HBaETCA
CpaBHMMHM C IE@PBEHM. CoxpaHAs DepBhle [iBa WIEHA B Pas-
JOMEHUH o Io ctemeHdaM [, MH IOJIydquM:

o, = A, + B.E,.

a,=A, - B,L.

dopmyna (1.7) nmmsa  ceueHus paccefins HeiiTpOHOB

HPOTOHAMH ¢ BTUMU 3HAYCHAIMHI & npno6peTaeT BRI

2
o="1 P ). @
A+ BEP+ 5 (Ae+BE)+ g

Ecan npenefpeup B 3HaMeHaTeJe WicHAMIU, cOflep A UMK
E?®, u sBectu 0003HaUCHUSA

A A5
1 ] T
24,B,+ 7 248+ 7
‘ 1
_——'_1_=1'{' %37, i“=1+aoro;
24,B; -+ 7 24,8+ T

to gopmymaa (1.7”) mpumer BUJ (1.7"). 3aMeruM, OJIHAKO, |UTO
B JeliCTBHTEIBHOCTH HCJNb3 npereGperarh BEIMYAHOI E* B
apamenarteae (1.77); gopmyaa (1.77) aywdure coriacyercd ¢
YRCTIePUMEHTAIBHBIMA JIAMABIME, 4eM Qopmyaa (1.7"). Ilpu
arom B (1.7”) cmenyer caurarhb, 9TO A= —1,22, A;=0,21,
B,=B,=0,06 [115],

§ 2. Knaccndurauus cocTOANMii cHETeMBI HmeiiTpon —
OpOTOH H OCHOBHO® COCTOSHIE peiiTpona. Ecam 0T-
BleUbCH OT CIAHA W CUATATH, YTO MEsKAY HeiiTpOHOM N
IPOTOHOM JieiiCTBYIOT IeHTpaJbHHE CH/IH, TO MOJKKHO yTBep-
JIATH, 970 OCHOBHOMY COCTOANMIO JeiiTpoHa OTRCaeT MO-
MEHT OTHOCHTEIBHOTO KOIMYecTBa JBWieHHA Heiirpora U
IpOTOHA, PABHBI HYJIO *). NupmMn caopaMi, OCHOBHEIM
cocTosumeM feifitpoHa Oymer §-cocroAanne.

*) CM. 71062 Kype KBantoBO#t MOXaHITKAT
2 A. Axueaep

A R GTE
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Yunreipasg COMH 9acTHN, MBI JOJKHBl pPasimyats TPU-
mietrHoe (°§) wu cuarmersoe (.5) S-cocrogHmA cOOTBET-
CTBCHHO TOMY, IApPauleIbHBl MM AHTHIAPAJJIeNbHE! CIHHbI
HeliTpoHa M IIPOTOHA.

EcTecTsenno Bo3HMKaeT BOIPOC, o0a Ju 3TH COCTOSHMA
OCYIIECTBAAIOTCH B MelirpoHe, ONHTH 110 paccefiHui0 Heii-
TPOHOB IPOTOHAMH, B OCOOEHHOCTH IO paccesHui0 MeJIeH-
HEIX HeifTpOHOB B MOJCKYJIAPHOM IIapa- U OPTOBOJOPONE,
a TaKMe paccMOTpeHHe 3aXBaTa HEHTPOHOB IIPOTOHAMHU
OPUBOJAT K BAKIIOYEHUIO, 9YTO OCHOBHBIM COCTOAHMEM Heli-
TpoHa ABAAETCA TPUIIETHOE COCTOAHNE M YTO CHHIVIETHOE
COCTOsTHIE B JeiiTpoHe He OCYLIecTBIAETCH.

Ms1 morameM Temeph, UTO BEIMYMHA & IIPefCTaBISAET
co00lf 9HEePTUI C¢BA3U HeiiTpoHa. '

CormacHo C¢KasaHHOMY BEUIle, BOJHOBOe YypaBHeHHe
OCHOBHOTO COCTOSIHUA JEHTPOHA MOMKHO 3aIdcaTs B BHJe

d*u
=+ V), 2.1)

rge U = ry (y—sonHoBax QYHKIMA NeHATpOHA, KOTOPaHd
B S-COCTOAHMU B3aBUCAT TOIBKO OT PACCTOAHHUA F MEKAY
HeliTpOHOM M IPOTOHOM, 7 — DHEpPrad c¢BA3W JeliTpoHa
u V — norennuasnbHas sHeprusad.

OT0 ypaBHeHHe BHe O0JACTH [eiicTBUA ANEPHHX CHI
(r > r,) MOXHO IpPEACTAEUTh B BUAEO

d*u __ My ,
=g b (2.2')

Bryrpn ofxactu feifcTBIA ANEPHHX CHA MOMKHO IIpeHe-
Opeus dHeprumeii cBaA3m 7 No cpasHeuuw c¢ V. ITosromy
B oroil ofmactm ypaBHeHHe (2.1) MOKHO 3aMeHOTH YpaB-
HeHmeM

d*u
= %Vu, r<r,.

Pemenne »Toro ypaBHeHHmA CJIeAyeT «CIIATbY ¢ pelie-
HueM ypasHeHma (2.2°) mpm ra r,. Takoe «cmmBaHme)
03HAYACT, 4TO IPHM F=r, AO/KHO BHIIOIHATHCHA HEKOTOPOE
rpaHUYHOe ycJIoBue, &8 HMCHHO — yciaoBue suaa (1. 4). MoskHo
YTBEPHAATh, 9TO KOHCTAHTA o AOMMHA HMMETh TO ’Ke 3Ha-
4eHHe, UTO W IIpA PelleHHH 3a[aYl O pacceAHME HEHTPO-

I~ Y-X. 3

T

- —_—

§ 2. COCTOAH LA CHCTEMD!I HEN'TPOH—IIPOTOH 19

HOB TpOTOHAMM, TaK KaKk OHA HAXOAUTCS U3 PpeHleHUA
ypasneunst lllpeamHrepa Bo BHYyTpeHHell obmactu (r <r,),
a B DTO ypaBHeHNe He BXOMUT HU DHEPruA HelTpoHa, HI
9Heprud CBA3U JEdTPOHA.

Paszauaune messpy ofenMu sajiayaMil 3aKII0YAETCS JUIIb
B TOM, 4TO IIpid PAaCCMOTPEHMH paccesAHusA HelfTPOHOB npo-
TOHAMH CHCTEMa HeHTPOH — IPOTOH HMeeT IIOJIORHTeTbHYI0
DHEPrUi0, B TO BPeMA KaRK IPU PaccMOTpCIUH 3axavn 06
OCHOBHOM COCTOAHUH JefiTpoHa MLl MMCCM JeJo ¢ OTpULA-
reapHoll oHeprueit. G oTHM CBA3AHO pPA3INMIHOE ACUMITO-
TRUCCKOe IOBefeHHe BOJNHOBHX (ynrnuii ofenmx sanad.
B samade o paccesmmu somnoBas QYHEIUA Ha OeCKOHEYHO-
CTH OCHMJIHNPYET M OTJIMYHA OT HYJIS, B 3ajave e o1}
OCHOBHOM COCTOSIHME JeHTpoHA OHA oOpamacTcsi B HYJIb.

ITogueprEéM emé pas, 4YTO HCIIOAB3OBAHUE ONIHOrO
1 TOTO e TPAHUYIIOTO YCJOBUA ¢ OJHON U TOif ke KOHCTaH-
TOif & ABIAETCHA CJIENCTBUEM MAaJOCTH dIIEPruUn CBABRA mei-
TPOHA U DHEPrHH OTHOCHTEIBHOFO J[BIVKCHHA HCHTPOHA
I OPOTOHA MO CPaBHeHMIO ¢ BQOHCKTUBHON IOTCHIMANLHOM
pHeprueii B3aMMOJeiicTBUA HelTpoma m JpoTola. B cnay
HTOrO O BHICTYIAaeT KAk HEKOTOPas KOHCTAaHTA, XapaKTepu-
3y0Ilag B3amMOJCiiCTBHC HeITpOHa M TPOTOHA.

Unrepecyiomee nac pemeHue ypasmemmsa (2.2°) nmeer
chaemywomuii BUL:

VMg,

u=const. ¢ b | " (2.2)
I'paumunoe ycaosue (1.4) maér:
Vit _,, (2.27)

Cpasuerme sroro coormomenna ¢ (1.6) morasmBaer, 9TO
v COBMAAET C &, T. €. 4TO & JieliCTBUTeNLHO IPeICTaBIACT
cobuit smeprpio cszm. Qopmyna (2.2") moxkasbiBaeT falee,
4To BEJIMIHHA ¢,, BXOMAILAS B BEHpasKeHHe [JIAf CeUeHAA
paccesHust HeATPOHAa HPOTOHAMH, ABIAETCA CYICCTBEHHO
nonoxknATeabHol. VIHLIME ¢JI0BaMH, CBA3AHIOMY COCTOAHUIO
oTBeUaeT IOJOMHTCALHLI 3Har Beanumpbl o, (Hamomnmm,
4TO O ONPEAeIAcTCH KAk JorapupMUICCKAS IpPon3BofHAd
pajiuaabHOil BOIHOBOII (YHKLUM B TOUKC I'=T, (cm. 1.4).)

Dk
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Tak Kak He CYIIeCTBYeT COCTOSHHH HIeliTpoHa ¢ 1po-
THBOMOJIOHO OPNEeHTHPOBAHHLIMU CIIMTHAMM HeHTPOHA U IIPO-
TOHa, TO BEJIWYHHA &, NONKHA OBHITH OTPUNATEIBHOI:

o, < 0.

Hwxe mMn yBuanm, 4ro, paceMaTpuBasg paccefsHue HeM-
TPOHOB B I1apa- H OPTOBOAOPOMe, MOMKHO yOeAWTHCHA B CIIpa-
BEJJINBOCTH STOI'O YTBEPHTEHUS,

JaMeTuM, uTo JACHTPCH He mMMeeT BO3OYMASHHBIX COCTO-
AHNIt, JTO CBA3AIO ¢ TEM, UTO HHEPTUA CBA3M CHMHCTBCH-
Horo S-yposHa (°S,) aHOMambHO MaJa, IOYTH PaBHA HYJTI0
M0 CPaBHEHUIO C sAJepHuMu sHepraamu., OTcC0ga MOMKHO
3aKIIOYATh, 9TO OYeHb MajO BEPOATHO CYLIeCTBOBAHNE BO3-
Oy#IENHEIX cOCTOAUMA ReHTPOHA ¢ He PABHEIM HYIIO MO-
MEHTOM KoJamdecTBa - JiBmwieHnA. OOHYHO TaKUe YPOBHU
PacmoIoAieHEl 3HAUNTENHHO BHIIE S-yPOBHA, TAK KAaK B CO-
CTOAHUAX C OTIAMYHKIM OT HyJad OPOMTAJLHEM MOMEHTOM
fo6aBIAECTCA IeHTPOGeKHAA DHepPrus.

Tombsko B TOM cayuae, ecim 6m Memay cnuHOM B OpoH-
TOI CYINeCTBOBAJNO TaKoe B3amMofelicTBHe, KOTOpOe npUBO-~
Awio OBl X IIOYTA IIOMHON KOMIEHCAIMM JEHCTBHA IEHTPO-
OemHOl bHeprnm, MOKHO GHUIO OB OFKMAATH CYHIECTBOBAHMA
BOBOYHIAEHHEIX COCTOAHMH MefTPOHA ¢ OTIMYHEIM OT HyIA
OpOUTATEHLIM MOMEHTOM. OKCIeDHMEHTH He YKA3HBAKT HA
CymeCTBOBAHHE BO3OYMAEHHHX COCTOAHUI, OTKYHAA Cie-
AyeT, 9T0 TaKad MaJOBepPOATHAA KOMIEHcaldd pAeiicTems
LeHTPobesHOM DHePrUN He UMEeT Mecra.

Onennu remeps sexTHBHYIO BeIMUAHY MOTEHIMATBLHOI
oHepruu V.

[ponnrerpupyem ypasnenue (2.1) B mpegemax or r=0
o ' =r, (BeIuunmHa r, onpefeisder oOIACTh HeificTBAA AAEp-
HHIX cui, T. e. V (r)~ 0 mpn r > r,):

(8 )rmro— (@) r-0=13z { V (") dr + 3¢ (uar. 23
0 0

SHaYeHue NPOM3BOAHOM U’ B TOUKe r=r, MeHbIIe 3Ha-
YeHns u’ B roure r=0, Tax Kak npn r ~ r, GyHKOAA u
HaunHAeT yOmBath (E ofpam@aercs B HyJb IPH r—> o).

§ 2. COCTOAHIIA CL.CTEMbL HENTPOH~IIPOTOH 21

Bayrpn ofmactm pAeiicTsmsa cma, upa r <r,, BeauYnHA
HOTEHOUAILHOM DHEPrAN 3HAYATEIBHO GOMBIIe DHEPIUN CBHA3H
geiipona, T. e. |V |»e. Mb MoMeM MO3TOMY AJfA HOJY-
JeHHS OIEHKH nNpeHe0pedh IEPBLIM CJIaraeMbiM B JI€BOM
gacTd ¥ BTOPHM CJIAraeMHM B NpaBOil 9YacTH ypaBHEHNA
(2.3). ) _

3aMeuas ems, 9TO NPH MAdHX 7 QYHKINA U BefleT cedd,
Kawr const.-r (B ofmeM ciyuae paguaibHas (QyHKIUA Uj,
oTBevaomas MoMeHry !, Benmér cebs IpH r—0, xar
const. - P+ *)), MBL JOTYUYAM 1O MOPA/IKY BEIMIHHE:

ro .
SV(r)rdras-—]T;—l. (2.4)
i

Orciofa caefyer, 4To riayOmHa AMBI V,n eé mupuHa r, CBA-
3aHB NPHAOIIKEHHEIM COOTHOIIeHUeM

Vi~ b (2.4")

, #2061
(B caydae TPAMOYTONBHON SAMEL V°r0=_4_M. >

[51.06]
Momaras r,~ 2- 1071 cat, Myl oy M V, =~ 40 MeV .

Brime MBI IIPeANOIaTain CAIE MeAily HefiTPOHOM ! ITPOTO-
HOM HEHTDAJbHHIMI I TIOITOMY  CUHTAIN OCHOBHHIM COCTQ-
sunem ReifTpoHa S-cocTosHme (TOuHee S,-cocTosinme).

3BecTHO, 4TO BOMHOBafA QyHWIMA S-COCTOAHMA ABIAET-
cq cepuueckn cummerpuanoii. OTciona caefyer, uto pacII;gz:
NeleHne 3apsAfia B HellTpoHe JNOJKHO gmm, raxme cep
cku cuMMerpuuHEIM. Memay TeM, MedTPOH obmapmaer I{Ba]i(e;
PYTIOMIBHEIM MOMEHTOM, UTO YKasHBaeT Ha OTRIOHEH
pacrnpefieIeHnA 3apsfa oT chepruecron CcUMMETpUH.

70 3HAYNAT, YTO OCHOBHOE COCTOAHME JledTpOHA HEe MOMET
OMUCLIBATLCA 4mcTOl S-BoaHOM. OHO JOMKHO NMPEiCTaBIATH
co6oit CYNepHo3nINIo S-BOMHb I BOJIH, OTBEIAIOLIX omnb::
HEM OT HyJA MOMEHTaM KOIMYecTBA ABWRCHNS, KOTOP
1 cO37Al0T OTKJIOHEHNe B pachipefieleHAN 3apajaa oT chepu-

it cuMMeTpHuu.,
qecrg/ﬂﬁ ;Igﬂamega ceifgac, 4o y46T CHIT, 3ABHCAMUX OT OpPUCH-
TAIAY CIMHOB HEHTPOHA M IIPOTOHA IO OTHOICHUIO K PARUYCYy

*) CM. J06oH KypC KBAHTOBOH MEXaHUKH.
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f{if;;%%yﬂ:)?oemmmomewly 9aCTUILI, IPABOAUT K HYKHOII acuM-

CHq)[ng}IBapI/ITeJII)HO MBL PACCMOTPUM OOHIMI BOIIPOC O KJIac-
URANUH COCTOSHUIL CUCTEM i i

. eMBI, COCTOAIICH M3 HeilTpoHa

”Haerme CHJI, B3AaBHCAIINX OT OPUEHTANUN CIONHOB
HeifTpona 1 IPOTOHA, MOYKET IPABCCTH K CYIIECTBCHHOMY W3-
MEHEHUIO CBOICTB CHMMETPMH TIaMUJIBTOHHAHA (;I/ICTeMI;I
B cayuae peiicrBuA OOBIYHBIX LENTPAIBHEIX CHI I‘aMI/IJIbTO:
HMaH CHCTeMBI, COCTOAIMEII U3 ABYX YACTHI{, UIIBAPUAHTEH
II0 OTHOLICHWIO K IIpocTpancTBeHHmM BpamcHuaMm. G srom
CBSI3AHO COXpaHenne opOHTAIBHOIO MOMEHTA KOJIMYEeCTBA IBH-
JKEHWS YacTUI[ ¥ BO3MOKHOCTH KIaCCHPUKALMU COCTOAHMIL
cmeTeMsr 0 3HauenuAM MomenTa . B ofmewm cayuae, rorma
CHJIHL BABUCAT OT CIIMHA YaCTHUI[, I'aMUJIbTOHUAH He wumpa-
pHAHTeH IO OTHOWIIeHWIO K BPAIIGHUSAM OJHHUX TOJIBKO
IPOCTPAHCTBEHHBIX KOOPAMHAT. '

WNuBapuanTHOCTH TaMUILTONMAHA COXPAHAETCA IO OTHO-
UIeHNI0 K BPAIICHNAM KAk OOBIYHBIX, TaK M CIHHOBEIX KOOP-
munat. C 91oii *HBAPMAHTHOCTHIO CBABAHO COXPAHEHNE 06H.(eII‘)o
MOMCHTa KOJWYECTBA HBUkeHUA J, CRIANBIBAIOIETOCH U3
opOUTANIBHOTO I CIMHOBOIO MOMEHTOB.. Ilocaexnume nopoanz;
Boo0Ie rosopd, He COXPAHAIOTCA, H IOITOMY BO3MOMKHOCTS
waaccnmUKAIUM  COCTOSHUIT 1O 3HAYEHHAM OPOUTAIBLHOTO
MOMEHTa TIPH HTOM OTIIaJaerT.

?(OTFI B ofmeM caydae j060ro 4Mcaa YACTUI OPOMTANL-
HHEI ¥ CHMHOBH{I MOMEHNTH TIOPO3HbL HC COXPAHATCH, B CHU-
¢TeMe, cocToAmeil U3 JABYX uacTH, 00Jaa0ImX comHOM
paBHEIM '/,, BeINYNHA IOJHOI'0 cIIUHA S IPCACTABIAET coboit
KOHCTAHTy JBIIRCHUSA.

B sroM MomHO yOCAUTHCA, eCaAd CHCAATH CCTCCTBEH-
HOC TWPCAUOJIOMKCHAC O TOM, YTO TaMUJIBTOHAAHN CHCTEMHE
cocTofdIell M3 ABYX YacTHI|, CUMMETpPUYEH OTHOCIATeJIbH(;
HX cnMHOB. B cHay 9Toil CMMMeTpU! CTAallMOHAPHLIE COCTOA-
HHA MOLYT OalTh JU00 CUMMETPUYHEIMH, JHOO anTHCHM-
METPHYHSIMA OTHOCHTENLHO CIUHOBHX KOOPKHUHAT.

* N
o ) Hn[;?]e U3TATAIOTCS OCHOBHBIO PO3YJbTAaTH paGorwt NIBmurepa mn
apuTh 1m0 »ToMy Bompocy. CM. TaKK
. . e pabory Ten
Iapepaca [, pevery e

E:
'z

s

(RN

e

i diw A

Jens
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CaMMerpudHbEie COCTOAHHA  ABIAIOTCH TPUILIETHEIMA
I COOTBETCTBYIOT 3HAUEHWIO CIHUNA S, paBHOMY eJIMHHILC,
aHTACHMMETPUYHEE COCTOAHMA  fBIAITCH CHHTIETHHIMU
¢c S=0.

B cnpasefamBOCTH BHICKA3aHHOTO EEINC yTBEpAennA
0 HMOCTOAHCTBE BEIANYMHEL S MOHHO yOemuTbcsA TaKKe CJIC-
nyoI@M 00pasoM.

TaMBIbTOHAAH CHCTEMB! ABYX Yacrni, ohJaagamux CIn-
HOM, PaBHEIM '/,, MO#ET COJACPHaTH COMHB YaCTUIl TOJAbKO
B ABYX KOMOMHALMAK:

5, =300 g4, (2.5)

G,0.,
rie 6,, 6, — MaTPUIB Mayaua gasa obenx JacTay u 2°— BEKTOD
paccTOAHUA Mely HAMU.

Jro CBA3AHO ¢ TEM, 4TO OICPATODPH (2.5) nEBapnaHTHLL
10 OTHOIICHHIO K BPAICHHUAM ITPOCTPATICTBOHIEIX U CIINHO-
BEIX KOODAMHAT, TpPUUEM, KAK MLl ceifgac ITOKRAKEM, JIO-
Ooit omepartop, XaparTepu3yomuiics TAKOIL MHBAPMAHT-
HOCTBIO, MOkeT OHTH IpefcTaBlIeH B BHJiC JIMHCIIHOM KOM-
Gumamuu eJMHUYHON Marpuifhi W OIeparopos (2.5). Tar
KAk TaMUIbTOHWAH CHCTEMBl ABYX HJacTHIy HHBAPUANTCH IO
OTHOLICHNI0 K BPAMEHMAM IPOCTPAHCTBEHIbIX 1 CHMHOBLIX
KOOPARMHAT, TO OH TaKIe MOMET OBITH TpejcTaBlIeH B BUJC
ImHeliHONl KoMOnHaman eUHNIHOIt MaTpunb n oIepaToposn
6,6, 1 Sy,

Tloxasem, 4To omepaTope (2.5) OTIATAIOTCA CIOYIOMAM
3aMeUaTelbHHM CBOHCTBOM: qiobas Henas HONOMRNTedbHAd
cTelleHp KAFKIOT0 M3 OIIepaTOpoB, TAR #te Kak U rponssee-
HHe TAKUX cTemeHeil, MoryT OMTh TPefcTaBIeHB B BHJXC
JUHeHHOD KoMOMHATMMA C¢aMHUX onepaTopo'B n  eauHUYHOM

MATPUAILH.
Yrobu yOegaThess B OTOM, OTMOTHM IIpesifie BCero cOoOT-

pomenne (91

(0162)2 =3— 2“162’
KOTOpOe JIETKO BBIBOJUTCA, ecln BOCIIONL30BATECA  CBOM-
crpamu marpun Ilayaum oy, Sy, Oz 13 »TOro COOTHOIIEHUS
caIefiyeT, 4To JM00as HeTas MOJNOKATENILHAR cTelleHb oIlepa-
TOpa 6,6, BHpPaXKAETCA B BUJE guHeliHo#t KoMONHANUK, COep-
mamieli OmepaTop 0,0, N SAWHUTHYI0 MATPHILY.
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llaJIee JEerr0o InoraszaTh, 4YTO UMEKT MEeCTO COOTHOIICHNS
°'1°'2'S11=S12y Sm ' 5102=S12-
HeficTBUTENIBHO, HAUPaBUM OCh T BIOAL BEKTOpa 7 =/r.
Oneparop 6,6, - S, npuofperaer upm dTOM BuUJ
G,0, - Sm =0,0, {3°1x52x"‘ 6,0, =
=3{1—0¢,0,,— O,y0syt — 3+ 20,0, =
= 3°1z°2z— 6.,0,=35,,

uTo U TPebOBAJOCH MOKA3AThH.
[lorasem, naKoHel, 9To cTemeHH S, BHPAKAIOTCA Tepe3
Sy, m 6,0,. Pacomorpum, Hampumep, omepatop S%:
St =9(e,n) (6,m)" — 6 (a,7) (6,7) 6,0, + (5,03,)".
Tak kar
3 (o.n) (a,m) 6,0, =S,, +(0,6,),

TO

8, =9—28,,— (0,0, =6—2S,, -+ 20,0,.

Orciofia ciremyer, 4To a106asl Meaad HOJOKUTENbHAS CTre-
TIeHs S, Bhpamaerca gepes S,, 6,0, I e[HHATHYIO MATPALY.
Hrak, Mu morasaluw, [UTO MMEIOT MeECTO COOTHOLIGHUH

(5162)2 =3— 201“2;
2

82, =6-—25,,+ 2¢,6,, (2.6)

S1261°2=S127
KOTOpHle N JOKAa3hBAl0OT OTMEUYEHHOe BHIIIE CBOICTBO omepa-
TopoB S,, U 6,6,.

OTH COOTHONIEHMA TORA3HBAIT, 4To Hauboxee obimee

BhIpaiKenue OmnepaTopa MOTEHNUANBHON OHEPIHH CHCTEMEI
HelTPOH - IPOTOH, CUMMCTPHYHOIO B CIIMHAX Y4CTHI, M HH-

BaPHAHTHOTO II0 OTHOUIEHNIO K BpPAICHUAM TPOCTPAHCTBEH-
HEIX W CHOHOBHLIX KOOPAMHAT, UMeer nup [7]

1 1
V=—{1—?g+780162+7512}[](7‘): (27)

rae g, Y m U cyTh HeroTOpHEe QYHKRIMHM PACCTOAHNA MEHAY
Jac THIAMA.

3 2. COCTCANLIST CHCTEMDI HEXITPOH -IIPOTOH 25

BBoga B paccMoTpeHme BeKTOp OOMero CIMHA CHCTeMEl
1

S=-

(61 ‘}_ ae)y

MOKHO HpeACTABUTH OTEPATOpH 6,6, n S,, B BOJE

0,0, =28 =3, )
Sri2 o v (26’)
812:6( ,_,;)4‘—2)5. J

Moabzysice npencrasrenueM (2.6°), Mul HemocpeacT BeHHO
yGensgaeMCcsi B TOM, 9TO omeparop S° KOMMyTHDYeT ¢ ome-
paTopamMi 6,0, ¥ S,,, &, CICAOBATCIBHO, N C TaMBILTOHAA-
HOM CUCTEMbl, Oto 3HauuT, 4ro S* mpefacramaser coboif
KOHCTAHTy ABMIKEHNUA, KAK 1 yTBCPHAJIAIOCEH BHIIIC.

CoorHomennsi (2.6’) mOKa3HBAalT, 4TO B CHHIVIETHOM
cocroaunu (S =0) §,, pasHo Hymo. B rpumiernom cocro-
auann (S = 1) omepatop §,, MOIKHO 3aNMUCATH B BUAE

2
=682 4. (2.6")

OrmeruM, 9ro co0cTBeHHOe 3Hauenme 6,6, B TPUILIET-
HOM COCTOSIHAM pPABHO e[UINIe, & B CHHIIeTHOM —3 [cM.
nepeyio u3 dopmyr (2.6)].

CofeTBeHnpe 3Hauenus olmepartopa S, cyTh 2,2, —4
[B oTOM MOMKIO YOEAMTHCSA W3 PACCMOTPEHIS BTOPOrO COOT-
gomennd (2.6)]. Cymma »TnxX 3HaueHHil paBHA HYJIO.

Wrag, Mbl BHAUM, 4TO CHCTCMY, COCTOAMYIO H3 Heif-
TPOMa W HPOTONA, MOJKIO XapaKTePU3OBATH 3alaHUeM KBAH-
ToBRIX umcelx J u S,

Ciofa caefyer moGapnTh MAarinTHOC KBAHTOBOE YHCIO M2,
T. €. IPOEKIHIO MOJHOTO MOMCHTA KOJIHMYECTBA JABMKENNA of
Ha HEKOTOPYIO OChb, A TAKie UETHOCTH COCTOSHUA W, Tpej-
CTAaBIAIYIO coboll cofcTBeHHOe 3HATEHHE ONepaTopa 0Tpa-
JMEHMA (3aMEHEl 7 Ha —7°). JTH UeTspe KDAHTOBHX UHCIA
J, S, m, w MOTYT CAYRNTH JUIA KIaCCHQUEATIA COCTOAHMIE
cHUCTeMH HeHlTpOH -} MpOTOH.

B cuuraersom cocroanmu (S =0) coxpausieTca opbu-
TaabHHI MOMeHT KoamgecTBa nBmwEennda [. Iloaromy rakme
COCTOSHOA MOMKHO KIAcCUPUUEPOBATE IO BenudmHe [.
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TpunnerHoe CcOCTOAHMme, XapaKTepu3ymlmeecs omopee-
J6HHBEIM 3HaYeHHEeM IIOTHOTO MoMeHTa J, MOKHO TPaKToO-
BaTh KaK CYIEPIO3UIMIO pAAA COCTOAHRIT ¢ PasiaMIHBIMU
3HAYeHHAMY [, COBMECTHMEIMI ¢ OOIMMMH IIPABIIIAMH CJOHe-
Hia MoMenToB. Tak, HampuMep, TpumaeTHoe cocrogaue ¢ J = 1
mpefcTasaser co0oil cymepmosumuo cocrosHmit S, *P,,
D,. YéTHOCTS COCTOSHMS paBHA, Kak M3BecTHO, W = (— 1),
Ilostomy paas cocrosHuit S, m °D; uérHocTs W =1, mia
cocroguua *P, uérHocts W= —1,

Hmsxe npuseneHa wiaaccuukanua HECKOJLKAX IEPBLIX
TPAILIeTHEX cocTosgHMIt (71,

Kuacenurpanua TPANAETHBIX COCTOANMIi

Yérnocts
J
W == w=—1
0 5P,
1 38, + 3D, P,
2 3D, P, + %F,
3 3D, + G, 8K,

Ilepeiiném Temeps K paccMOTpeHMI0 Bompoca o0 OCHOB-
HOM COCTOAHMH JefTPOHA.

Mel ropopuam BHIE, 9TO M3 OIBITOB IO PACCESTHUIO Hei-
TPOHOB IIPOTOHAMI (TIABHLIM cOPaszoM, B OPTO- I HapaBOAOPO-
A€), a TaKKe U3 APYrUX MAHHBIX CJIeAyeT, 4TO B OCHOBHOM
COCTOSIHUM [eifTPOHA CIIMHH HEITPOHAa M NPOTOHA IIapal-
nenbHE. Mu MoMeM, UCXOAA U3 9TUX JAHHEX, CYHUTATh,
9TO B OCHOBHOM cOCTOAHNN OO0IIMiIt MOMEHT KOJUYeCTBA
ABUMKEHNAA QOelTpPOHA paBHAETCHA EGIUHHIE.

Bynem cuurtaTe oOCHOBHOE COCTOSHNMEe HefiTpoHa dYért-
HuM*) (w=1). CormacHo mpusea¢uHOil BHMme Tabaune,

*) Ecu n1pe1nososuTh UTO YETHOCTE OCHOBHOTO COCTOAHUA W= — 1,
TO, KAK BHAHO U3 NpuBe1&HHON BHUC TAGIUNM, BOMIOBAA QyHKIIMA
OCHOBHOTO COCTOSIHHMS1 neiiTpoHa He 6yi1eT cojepmarh S-BojHbL. Takas
$ysruuA Gyner COMIMIKOM ACHMMOTPHUYHON, MMy TeM Kaxk U3 BEJH-
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OCHOBHEIM COCTOSHOEeM MeHdTPOHA cJefyeT CUATaTL cymep-
moaummnio cocrogHuit *S, n *D,. Hammune °D,-Boansr mnpu-
BOTMAT K OTKJIOHEHMIO paclpefeleHUs 3apAfa B JeiiTpoHe
or cepuyueckoil cUMMETpHM, WHHIME cJaoBamu, Gaarogaps
npucyTcTBU0 D-BoaHE jefiTpon  GyRer 00aagaTh KBaJpPYy-
MOABHBIM DICKTPHUCCKUM MOMCHTOM.

KBanpynmoasHsrii MOMEHT IIPeICTaBISIOT COOOI yepeRHEH-
HOe IO acUMMeTPUUYHOMY PAacIpejleleHNI0 3apsfa 3HaveHme

1 .
BemamHEL 4 (327 —7*) (Och 2z OIPENIeTACTCA TaKUM obpasom,

4T0 NpPOEKHUs IOJHOTO MOMEHTa Ha 2Ty Och paBHa m=1);
MHOUTCNL 1/4 BO3HHKAeT IO TOif NpUdmHe, dTO pajnyc-
BEKTOP 3apsAsKelHOil 9acTHULl — IIPOTOHA — paBeH 7r/2.

o mamaem Pa6un u pp. [10], kBagpymoabHbli MOMEHT
JedTpoHa paBeH:

Q=+(2,73 £ 0,05) - 10~°7 ¢

(momomuTenpHEIE 3HaK () o3HAwWaer, 4TO pacHpeneIeHHe
3apAfa (BHITAHYTO) BAOJMb HANPaBJIEHHA 00Liero CHmHA
AelTpoHa).

TaknM 00pa3oM CyL[ECTBOBAHHEG KBAIPYIOJILHOTO MO-
MEHTa JeiiTpoHA ABIACTCSA YyRasaHHeM Ha HCLEHTPAIBHOCThH
AZCPHBIX CWII, KOTOPAA NMPNBOAUT K YCTAHOBICHUIO CBA3L
Mmemspy BomHamu ‘D, m °S,.

S3Has# BEIUYMHY KBAJPYLOTRHONO MOMEHTa [eilTpoHa,
MOMHO omenuTh Beca cocroanuit *D, m *S,. YUrobsl mpons-
BECTH BTy OIEHKY, PacCMOTPUM BOJHOBYW (YHRUHIO CO-
croguna S, 4+ °D,. llokamem, YTO HOPMUPOBAHHAA 4HacCTh
posrHOBOIT QyuKumu *D -COCTOAHUSA, COmepAanias CIUHOBBIe
W YIVIOBLIG IIePCMCHHBIE, MOReT ObiTh IPEACTaBlIeHa B BHJE

A @S, (2.8)

rae y™ — HopmuffoBannas crnHoBast GYHRIMSA, OTHOCAI{AACH
K TPUIJIETHOMY COCTOAMNNIO C MArHUTHHIM KBAHTOBBIM 9HC-

MIHEL KBATPYII0JILUOTO MOMEHTA NeHTpona CJAGLYCT, 4TO ACUMMOTPUA
B pac IpIIeNICHI I 3171T0B oueHh Hepesura. OTCIa  BUHO,. H4TO
S-BOHA A0JKHA 00.13aT€NLHO NMPUCYTCTBOBATL B OCHOBHOM COCTOH-
HUM FelTpoHA.
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aom m (m — mpoernua obmiero MOMeHTa Ha OChb KBAHTOBA-
HOA, npuHAMaomas s3padenus m= —1,0,4-1).
3aMeTuM A 9TOTO, YTO TPH PyHRImH YT mpeobpasy-
I0TCA NPH BPAMEHUSX CIMHOBHX KOOPAWHAT IIO IIPEfCTaB-
JeHNI0, XapAKTEePU3YIOIIeMy MOMeHT, paBHHIL equHune. Tar
Kak omeparop S,, NHBAPHAHTEH II0 OTHOIIEHUWIO K Bpaule-
RUAM OCHYHBIX [ COUHOBHIX KOOPAHMHAT, TO TpH QYHKRIAN
S,,7M rarke npeobpazyoTed MO IpefcTaBiIeHUio, XapaKTe-
pusyomemy J = 1. Husimu caopamu, §;,3™ oNUCHBAaeT Tpu-
IeTioe cocrosinne ¢ obmuM MomentoM J =1,
Ocraérca moxasaTh, 9r0 QyHRIUA Sp,Y" ONUCHBAET
nvMeHHO D-Bomiy.
3sectrO, 9TO ecam HeroTopas QyHKnuUA or yraos Y (6, ¢),
yMuosrenHasa Ha r* (I — men0e umesao), YAOBIETBOPAET ypas-
genmio Jlamnaca, To OHA ONMCEIBAET BOJIHY ¢ OPOMTAILHBIM
momenToM, pasumm [[1!], Tlosromy Ham [oCTaTOYHO IOKA-
3aTh, 9T0 S, yAoBIeTBOpAET yPaBHEHUIO

A(r'S, i) =0,

rie A - oneparop Jlamiaca. IlomeraBasas clofa BEIpAaMKeHN®
ana S,,, DOXYUNM:
A (30, - 6,77 —1°6,8,) Y7 = (66,6, — 66,0,) 7' =0,

4ro u TpeboBaTOCh AOKAZATH.

Urok, Qynxrms S,,y™ onucssaet uMento °D -cocToAHue
¢ Momentom J =1. Urobn ybeauThcd B IPABUIBHOCTH HOP-
mupoBgn Qyusuum (2.8”), MOCTATOYHO BCHOMHUTH BTOpOE
u3 cooTHomeHUi (2.6) m 3aMeTUTL, UTO HHTETPaJ MO yriaaM
ot S,,y™ ofpaliaercsas B HyJb.

Obosnauas pagnaibuee GyHKuun S- m D-poaH cooTBeT-
u(r w(r)
oy

CTBEHHO 4epe3 7 3aMeuad, 4TO B COCTOAHHH

¢ § =1 omepaTop 6,0, MOAHO 3aMEHHUTL eIMHUIIEI], MBI MO3EeM
sammcars U-QyHEIMO cocroanus °S,+°D, B Bupe

p= (e [g oo (BB Ll (29

VenoBue HOPMUPOBKE BOJHOBOI QYHKIMM ITAaCcHT:

{ (u? - w?) dr = 1. (2.8")

1}
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<)

[lps Tako#l HOPMUPOBKe B3HAUeHHe WMHTErpaia \wz dr
0

npencTaBaAeT cofoif, 0YeBHMIUO, BEPOATHOCTh HAXOMICHAA
neittpona B cocrogamu *D,.

Mu MoseM Telleph HAOHUCATh BHPasKeHHWe JWJIA KBajpy-
nompHOro Momenrta Q B cocrosiHmn ¢ m=1:

<

Q= S “?*%(3z2~r2)‘ijd":%2‘g P (uw —2-%w?) dr. (2.9)
Q

Jlna BeuncieHns ( Hy;KHO 3HATbH PajlalIbHEIo dyHr-
min u u w. Haxompenue IOCIeNHUX Tpebyer ompejleneH-
HEIX IpefIoJIOMeHunil o BuUpue HOTEeHIINANbHO 9HEePTHU.

Ecnu  Bocmombaosatbesl L7 pupamenmeM (2.7) pad
IoTeHnMaabHOIl pHeprum, To ypapuemme llpepmHrepa maIf
TPUILIETHOTO OCHOBHOTO COCTOAHMA HNEHTPOHA IPAMET BIZ

—-edg_—_-};-;Aq;—[i—l-y (W—O]U(r)% (2.10)

rfle e — dHepruA CBA3N JeliTpoHa.

ocie mopcTaHOBEM coga ¢ B Bufe (2.8) U MCIOXH30BA-
una coorHomenmit (2.6) ypasmenume (2.10) pacmenasercs
Ha JBa ypaBHeHHA JJIA 4 O W:

M
3—2,’:—+%[—5+U]u= — ey 5 Uw, 2.41)
wo 6w, M w M '
__‘fi;: — Y E e (12 Ulw=—2"1 3 Uu.

Bue ofmactn meiicTBEA AXCPHEX CHJ pelleHud 8TUX ypaBs-
HEeHnii MMeEIOT BUJ

u=Ae"", : 12
» 3 3 (2.12
W:Be T<1+_a_r‘+A(,lr)a> ,
rae o= %e— , a A, B— KOHCTaHTH.

B ofaactn feiicTBUA AMEPHHX CHJ pelleiie ypaBHeHBH
(2.11) cyuecTBeHHO 3aBHCUT OT BUJA $yprmuit y n U,
KoTophle Ham HeuapecTHsl. IlooToMy OTHOWIEHHE KOHCTAHT
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A u B, roropoe ompefeaserca BecoM [D-BONibI, He MOKeT
6uITb HaiieHo Teoperudeckn. Mo#tHO, ONHAKO, ONPENETHTEH
Bec D-cOoCTOAHUA, €¢I ONEHUTh KBAADYIOABHLIX MOMEHT
mefirpona mo Qopmyae (2.9) u cpaBHHTL B3aTeM NOJYydYeH-
HOe 3HAYeHUE ¢ DKCIEePUMEeHTATbLHBIM.

Ilna oneHKr @ IO MOPAAKY BeJNYMHEL MOJKHO B HHTe-
rpan (2.9) B kadecTBe QYHKIUWII ¥ M W TONCTABATH BHIPA-
seHua  (2.12), cmpaBepumBeHe BHe obaactn  gelicTBUA
SePHEIX CUJ, W TIpeHeOpeubh IpU HTOM MAJLIM WICHOM W:.
To ofcrosATenbeTBO, UT0 BHYTpH obnacTé HeiicTsusa sAmep-
HEIX cWa  BeipaskeHuamu (2.12) Heanssa noanzoBathed,
He MOMKET CHJIBHO IOBJIMATH HA Pe3YJIbTIAT, TaK KAk B NHTe-
rpame (2.9) paccroamma <rp, He UTPalOT UCHINYATETLHOIN
poan; obuacte APPOKTUBHHX BIAYEHMH F B BHIPAKCHUN
maa Q mopsaxka 1/a, 4To B HECKOJNBKO Pa3 NpPEBHILAET T,.

Pesyaprarer pacuéros 7] moraswBalor, 9T0 maA mOTyde-
HNA HabaopaeMoro BHAYEHMA KBAAPYIOJBLHOIO MOMCHTA
ReiiTpoHa HEOOXOXMMO CUMTATh BEPOATHOCTH HAXOKACHUS
geiitpoHa B °D,-cOCTOANNN IOPAAIKA HECKOMBKUX HPOLEHTOB

(&)

&WW%QM.

daMeTnM, 4To BeC COcTOSHUA *D, BXOMUT TAK:e B BHIpa-
JKeHNe [ MaCHUTHOTO MOMEHTA JICHTPOHA. OTO0 CBA3AHO
¢ TeM, 4To B cocTossHumM °S, -+ °D, MarHUTHHIX MOMEHT HE
paBeH cymMmMe coOCTBOHHHX MarHUTHGIX MOMEHTOB HeHTPOHA
7 UPOTOHa, TAK Kak Omaromapsa «npumecw» D-BOXHH OpOH-
TAJABHEIT MOMEHT TAKke BHOCHT CBOIO J[OJI0 B BEIUUIHHY
-MarHNTHOTO MOMeHTa feliTpoHa.

Oneparop marHuTHOro MOMeHTa JeiirpoHa M, BEIpaskeH-

" eh
HEUI B AJJEPHHX MarHeToHax (-7]%), uMeeT BNA

M = 5,00+ 1,9, + 3 L, (2.13)

rpge g, M p,— MArHATHLIC MOMEHTHL HeilTpOHa M IHPOTOHA

B eIMHUIAX 6, W G,— cuuHopere Marpurpl Iaymm

e
2Mc ?
Aafg HeifTpoHa m mporoHa u L — omepatop OpPOMTaJBHOrO
MoMeHTa (MHOEUTEns 1/2 mpm opOHTAJIBHOM MOMEHTe yuH-
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reieaer TOT QaKT, 4TO TOJII:I{O’ 0JlHAa M3 ABYX YaCTHI, obOpa-
3ymomux HOeiiTpoH — IPOTOH, 00Jafaer 3apﬂn0M).

Bpond cHUHOBHIT ¥ IOJAHEINE MOMEHTH KOJHdecTBa NBU-
wmeang S u oJ, mepenmmeM M B Buie

M ==";' J + (Pn +P‘p-";_>s+—i_ (P‘n"[“'p) (Gn—cp), (213’)
Sz—"lj (cn+cp)'

B TpummeTHOM COCTOSHUE JIHOFOHAIBHbIC MATPHIHEIE BIIO-
MEHTEI G, — G, PaBHHI, OYeBHAHO, Hymio (omeparop In—0p
aHTHCUMMeTpUYEeH OTHOCHTEIHHO CIMHOBEIX KOODJAMHAT, B TO
BpeMsl KaKk CIMHOBEE BOTHOBLIE $yHKIEE — CHMMETPHYHEI),
I109TOMY TOCTeAHee CIATaeMoe MOYRHO BOBCE He yIHTHIBATL.

Ilaiee sextop § MOKeT ObLITH 3aMEeHEH CBOeHM MHPOCK-
nueit sroib HampasiaeHns J *), T. e.

ST S+ S—L g h—L* ”
(Mn  3aMeHmiM omepaTops J° X S§® mx coGcTBEHHBIMHT

3HAYOHMAMM, PABHEIMEO 2). ,
Ilonbayscs (2.13"), nmepemnmmenm (2.13") B Bupe

M=J[p»n+vp—~2 (Pn+vp-—i— Iﬁ]. (2.14)

SJ
*) CMBICJI BAMCHBI ONepaTopa S onepaTopoM J 3% BAKJIIOYABTCHA B

v

TOM, YTO MATpPHuHBE DIEMCHTH 0GOMX OIEPATODOB, OTBEUAIOWIME I16pe-

X0/1aM, TIpi KOTOphIX J 2=J (J+1) e u3MeHAETCA, PanHbl MEAULY co 6012i
T[0KaBaTeALCTBO HTONO YTBEPHLEHN BHTE 8T U8 COOTHOMIeH s

JAT —2J2 T2 + TJ4 =202 (J2T+TT%) — k2T (JT), *)

rae T — NPOM3BOJBHEML ONEPATOP CO CBOMCTBAMM MOMEHTR,~ KOMMYTH~
pywomuit ¢ oneparopom J — T.
B uactaocTH, B KauecTBe 7' MOMHO B3fiTh OIEpaTop S.
PaccmarpuBaa MaTpuunble djemedtst T, [uaronajpHee N0 OTHO-
meuuo K J, nojyunM M3 (*):
1 )
(T)a,J,m';a',J,m :j(‘] + 1)(J ("T)) o, J,mzar, JJ,m’

rge 22— cCOBOKYMNHOCTDL c0OCTBEHHBIX sgavyeHuit Or1epaTopos, KOMMYTH-

pylommx ¢ J2 u J,. R
Samenssa agech T Ha S, MB U NOJYYUM INPHUBELCHHOC B TEHCTE

COOTHOIICHUWS.
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[es]

Tar ®ax cpennee sHadenue L' pasuo 2 - 3 Suﬂ dr, TO

0
BEIp&KEHNE [ MariduTHOTO MOMenTa [eiiTpoHa npqupe-
TaeT OKOHYATEJNLHO CcJaejylomnii BUA:

o=t topt (ot =) {wrdr. (215
0

Mm  puauM, uTO BKIAjJ OPONTAILHOTO JBEKEHUs
B BHIpasKenMe MJIA MOMeHTa jeliTpoHa NpOIOpHUOHANCH
W
SW"’dr, T. €. 0YeHb MaX. B mepBoM HnpuOIMKEHNM Mar-
0
HUTHEBII MOMEHT JeiiTpoHa paBeH IIPpOCcTO CyMMe MOMEHTOB
HeliTpOHa m IIPOTOHA.

Nz (2.15) caenyer, uro

o
kp — 2 Q w2dr
= Y (2.15")
1—;— g wedr
Q

Umeronuecss 9KenepUMEHTAILHBIE AAHHBE ¢ HEGCOMHEH-
HOCTHI0O YKA3HBAIOT, YT0 MalHUTHHII MOMeHT JCiiTpoHA
HE paBeH aiarcOpamvecroil cyMMe MOMCHTOD IIPOTOHA M HeH-
TpoHa. VIMeHHO, ®KCIepUMCHTAIBHO HaiifeHo, uro [13]%)

b, =2,7696,
by = 0,85647,
b = — 1,9103.

Ecan cuurtars pec D-pomHer panumM 4%, To 13 §op-
Myasr (2.15°) MH HOJIy4HM, HCI :IL3Ys YKABQHHLIG BEILIE

%) Marumrubii MOMEIT HelTpona 6Ll Ble)BHIe Ofpe (e i Anbsape-

woM u Buoxom [14), KOTOpBIC 1 Ay Ui [l ICcro  3laveHue
Bp = — 1,935 4 0,03, Viasammoe B TCHCTE 3MATCIHE Py TAKKE TIOJYUSHO
10 MeTuAy Anpsapeia o Biaoxa; ominfrka B HTOM SHAYCHAM p, CO-
craasgeT (,001.

§ 3. PACCEAIHIME HENTPOHOB B ITAPA- 1 OPTOBOOPOAE 33

3Ha4eHNMA [IA p, @ pp, 3HAUEHNE MATHUTHOIO MOMEHTA
HeliTpoHa, paBHOe w,= — 1,9108. Cormacue MemxAQy BHYHC-
JeHHEIM ¥ HAIiJ[eHHEIM SKCIEPUMEHTAJIBHO 3HAUeHHeM p,
MOKHO CUHTATH YROBIETBOPHTEIBLHEIM.

Wrax, M BHREM, 9T0 «upAMechby D-BOJTHH B OCHOBHOM
COCTOAHUN JeliTpoHAa oveHb Heseauwra. Ilostromy mpm pac-
CMOTPEHHMH MHOTHX BOIPOTOB MOMHO CUYMTaTh OCHOBHEIM
cocToaHmeM Heiitpona cocrogHme °5,. B uacrHocTm, Ge3
0c000# MOTpPENIHOCTH MOMKHO HCXOAHMTHL M3 BTOrO IpPen-
DOJOMKEHNA HpH PACCMOTPEHMANM PpAacCeAHMA MeJJIeHHHX
HEeiTPOHOB IPOTOHAMH, YTO MH 7 HeJajld BHIIE.

OrmernM, 9To mOA BINAHNEM OOKIYHOTO MATHHTHOTO
B3AUMOJECTBUA HEHTPOHA M IPOTOHA (PHEPIUA STOTO B3au-

MojieiicTBUA KMeeT BHR V = —E';‘»SESH) BO3HOKAIOT HEKO-
TOpPHE U3MCHEHHS B XAPAKTepe PacceAHus MEJJICHHBIX Heii-
TPOHOB IpOTOHAMH. Bo-mepBrX, B TPUIIETHOM COCTOSHNH
yIiIoBoe pacupeieleHne PaccedHHHIX HEHTPOHOB CTAHOBUTCH
He BIIONHe WBOTPOIHHEIM WM, BO-BTOPHIX, IOABIAETCH 3aBHCH-
MOCTH CEUEHHS paccesHuA OT NPOeKUWW CIWHA 7 Ha HAaIpa-
BJIeHHe HMOyJabca Iagalommx Heirpouos. Ilpm aTom cocros-
HEA ¢ |m|=1 1 m =0 HeCKOIBKO OTIMYAIOTCA B CMBICIO
acmmMeTpun paccegnud. OgHaro oTKIOHeHHe 0T chepueckoi
CUMMETPEN CTOJIb HE3HAYATEABHO, YTO MH B HRaJbHeiIeM
Ho OyaeM y4nTHBATH 9TOT dPHeKT.

§ 3. Paccesnne HeiiTpoHOB B mapa- H OPTOBOKOPONe. Mn
BEPHEMCH TeIeph K PACCMOTPEHHI0 BOIPOCA O BO3MOKHOCTH
CYIIeCTBOBAHUA COCTOSTHUIT JEMITPOHA C AHTHUIIAPAJIIET BHLIME
CIIMHAME HEHTPOHA M HPOTOHA. OTOT BOLPOC CBOUTCA K OHpe-
ReJieHUI0 3HaKa BeamauHi &, Coraacuo coorHomenuio (2.2")
TOJBKO IIOJOKUTEI bHEIA 3HAK O OTBEYAET CBA3aHHOMY COCTOS-
HHUI0 HEITPOHA M HPOTOHA.

N3yuas paccesnme HeiiTpoHOB CBOCOMIEIMH HPOTOHAMH,
Hexb3d OHpPeNeNIHTHh BHAK o, TAK KAK CEUENNe pPAcCesHUS
ompefenderca kBagpatoM o. OxaspBaeTcd, 4YTO MOIKIO
ONPEeAeNUTh B3HAK BEINUUHH O, H3yd4ad paccedgHue Heit-
TPOHOB B MOJEKYJAPHOM BOjiopofe, T. €. B Iapa- M OpTo-
BOflopofie *).

*) Mu cnexyem Hinke uanosennio llsuurepa u Temsepa [ts1,

3 aA. Axneaep
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UssecTHo, 49TO HPOTOHH, ofpasylomume MOJEKYJy OpTO-
BOJIOPOAia, MMEIOT HapaJIebHO HANpPaBJCHHHE COMHE, B TO
BpeMsA Kak CIONHE OPOTOHOB B MOJEKYJe Lapasofopofa
aHTHUIIAPAJIeI bHE .

PacemorpuM paccesgHme MeJJIeHHHX HEUTPOHOB B MOJe-
KYJIAPHOM BOAOPOJe, IIPEAmoJaras, 4To AJMHA BOJHH Heli-
TPOHOB CPABHMMA C PACCTOAHMEM MeALy Hporonamu, obpasyio-
ImUMH MOJEKYJy BOROPOJA.

B asToM cayuae [omKHLI EMETH MecTO HHTeppepeHNHOH-
HHe fABJIEHNA, CBA3AHHHE C paccesHHeM HelTpoHOB obomMM
OPOTOHAME MOJCKY JIHI.

IlpeamonosknM, dTO OHEPIUsA HEHTPOHOB HEAOCTATOUHA
nasa Bo30yIKIeHNA POTANUOHHHX YPOBHEH MOJIEKYJIE.

[Ipoucxoasmee B JTUX YycaoBuAX ympyroe (Ges mame-
HEeHUA OHEpPrhu) paccesHHe HEeUTPOHOB OyAer OTIMYAThCA
IIA mapa- U OPTOBOJOPOJA, €CJIM B3aWMOJNEiiCTBIe HEelTpoHa
A OpOTOHA 33aBUCAT OT OTHOCHTENBHOH OPMEHTALMM WX CHH-
HOB @ OyJeT OAMHAKOBHIM IpM He 3aBUCAMUX OT COMHOB
AfePHHX cuiaax *).

Orcropa caepyer, 49To, m3ydas paccesHHe OYeHb MeJIeH-
HKX HelTpOHOB B IIapa- M OPTOBOMOPOAE, MOJKHO IOJYYHTH
BaJKHEIE CBEJCHUA O BeJMIUHAX o, U o,

Ilepexonss ® ompesieNIeHUIO ceueHmiT PAacCesTHUA MeJJIeH-
HHX HeTpOHOB B I1apa- ¥ OPTOBOJIOPOAe, IOKazkeM IIpelBa-
PUTEIBHO, YTO IPH PACCMOTPEHMM pPAa3IUYHBIX IPOLECCOB
pacceanus HEATPOHOB MOKHO IIOJNB30BAThCA CBOEOOPasHON
Teopmeif BO3MYIIEHHI, €CIN TOMBKO HajemamamM o6pasoM
BHOpaTh IOTEHIMAJ BO3MY Wenud [16],

JlocraTouno HOKazaTk, YTO BTO yTBEpsHJeHNe CIpaBef-
APTO B cAyuse paccesHNA HeiTPOHOB cBOOOAHHME IpPOTO-
pamp. Ilpenmonaras, 9TO MOKHO IIOJB30BATBCA TeopHel
BO3MYIIEHHIl, MB HOJYYMM cleAylomylo ¢opmyry AIA

#) Ecan neittpon ofnanaer omepruedt, moctatounoit ms BosCy-
ARTeRNA POTALN( KNBIX YP( Bilel MOJeiiy ik BO;IOPONA, TO paccennue Helt-
TFOHOB B T'apaBojopoie 6y;1eT OTAMY TLCA OT paccesHuA B OPT(BORO-
poTe narke r[M He SABMCAMMX OT OTHOCHTENbUGI OPMEHTALMU CIIUHOB
AjernnX cujax. DTo CBA3AHO C TeM, YTO POTALMONHEE YyOBHW MOJe-
KYJl 1apa- # OpPTOBOMOO0;18 OTIMLATCA APYT OT APYra: pOTAIMOHHOe
KB HTOBOC umMcyo J niif maraBoICpoO™ 1 MO#'eT OHITh TOJL'0 METHBIM,
AJIST OPTOBOXOT 00A — HEUETHBIM.

i
]
o
S
i
|
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aMIIATYAE PAacCesHHMA HOHTPOHOB ¢BOOONHEIMH TIPOTO-
mamu [17];

i .

+(p-po)r

F(0) = — oy S U(r)e® dv. (3.1)

3peck #— pajlyc-BeKTOp, OIpefeldnmuil OTHOCUTETILHO®
mojloskeHme HeNTpoHa U HPOTOHa, P, W P -— UMIYIBCH
YacTUIE 70 B TOcae cToirHoBeHns (p, =p) & U (r) — Hexro-
TOpHI{l QUKTABHHI DOTCHIMA B3aUMOJIeiiCTBEA MEHAYy Heii-
TPOHOM M IIPOTOHOM, KOTODHI, KaK MBI celitac MOKaxKeM,
MO3KHO BHOpaTh TakEmM 00pasoM, 9TO BHIpaiKeHHe (3.1)
fymer cOBIAAaTh C TOUHHIM 3HAUEHHEM AaMINIMTYAR Ppac-
cessama. IlocneRHAA, KAK H3BECTHO, JIA ME[ICHHHX Heif-
TPOHOB He 3aBMCUT OT yria paccesHus 0.

Ilzist Toro 9TOGH pacceAnue OTAMYANOCH DTHM CBOKCTBOM,
Heo6GXOMNMO CUHTATh paAmyc JeicTBHA CUA r, B BBHpae-
Hun (3.1) MaJLIM IO CPABHEHHUIO ¢ AIHHON BOJHH 9acTALN K

7o & Ko (3.2)

Bri6epeM {UKTHBHHI IOTEHNMAX B BHJO HpAMOYrOMBHOIA
moreHnuaibEoit AMn. OBosnauaa ray6uny amu gepes U,
MH modydsM m3 (3.1) mpu BHIIONHEHAM YCIOBUHA (3.2)

a=f(0) ~ 2 U, (3:3)

rle aMIVIATYAA PAacCeAHHsA @ CBA3AHA ¢ COTeHHMEM pacces-
HOS HeWTPOHOB cBOGOAHHME NPOTOHAMH COOTHOWECHHEM
g, = 4&ra®.

C mpyroit CTOPOHH, AJIA HPAMEHAMOCTH GOpHOBCKOTO

npubnmieHnsi, KOTOPHM MHl HOJB3YeMCH, Heo{xoAuMO
BrNoMHeHEe yeaosusa [17]
X
(f0 <& E= W . (34)

BuigcuaM, MOTYT JE OHOBPEMEHHO BHIOTHATBCA BCO
orm yemopua. Ms (3.3) m (3.2) caenyer, 91O

h? a ht a
U0=7u-73—>>-1‘—4'—x?. (3.5)
Hepaeencrsa (3.4), (3.5) mpuBORAT R yCIOBHIO
a<gx. (3.6)

3%
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Tar rar a ~ 107" cu, 10 ycaosue (3.6) sumonmsercs
€ciIi HHePrAs HellTPoHA MeHbIIe HecKoabrux MeV. Bootors
KO TAKMX OHOPIHUil MOMHO, CJCNOBATENBHO, IOMB3OBATHCA
Teopueil BOBMYICHUIT.

Mu Gynem B paabHeifimieM, IIOAB3YSACh Teopueil BO3-
MyIeHnii, 3alHCHBATE DHEPTUIO B3aUMOMECTBUA HeilTpOHA
O IPOTOHA B BHJE

const. 8 (r, —7p), (3.7
rfie 7n W 7,— PajHyChi-BeKTOPE, OUPEAEIMOMHE MOI0me-
HHe HeHTpoHa W mpoToHa (const. He BaBHCHT OT KOOPAH-
Hat ofenx wactum), a &— geabra-QyHknua [lmpaka.

“HHHHOaHHOO BHIPA7KEHOe O03HATAET, 4YTO KOODAMHATH
HeHTPpoHA W NPOTOHA JOJMKHEl COBHAAATH JJA TOTO, 4TOOH
BTN YaCTHIB B3aEMONECICTBOBAJIN; MHHIMH CJIOBAMH, PAAYC
MeiicTBAA ANEPHHX CHJI CYATACTCA IPH DTOM PABHHM HYJIIO.
IlpeacraBnenne sueprmm B3ammopeifctBus B Buae (3.7)
ABIAETCA BAKOHHBEIM, TaK KAaK pajuyc AeACTBUiT ANEPHHIX
CHJI MaJ IO CPaBHEHMIO C JIMHOI BOJHEL,

Ilonpsysacs omeprmeit BsaumopeiicTBuss B BHpge (3.7)
MHl TIOXy4uM cdepudeckn CHAMMETPHYHOO pPACCesHHmo, Rax
n pomkHO OHTB B CIy49ae PacCeAHAsA MeJJNEHHEX Heif-
TPOHOB. -

Onpepennm Benmauny const. B dopmyxne (3.7). Ilog-
crasasan (3.7) smecro U B $opmyay (3.1), momyumm: '

const. = — 2= 4 3.7
@ @.7)

AMmunTyna paccesHHA @ MoMeT ORITh IpEefiCTaBICHA B
BHJIE

L o1
a:—“ﬂ(e ! —1),

rae 0— dara Ha OecKoHeuHoCTM AJIA S BOIHE, ompefeise-
mag coraacHo fopmyrne (1.4"). Us dopmynsr (1.4")Bupno, 9ro
RIS MeJeHHEIX HelTpOHOB, KOTJia k—0,8—0, ecan a<<0
npuuéM 8> 0 n 3 —m, ecmna > 0, npuuém 3 < . OTcxoua,t
caexyer, ato upm o < 0

a%—g—> 0,
a npa a>0

0—m

a~ 3 <0,

o
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Hoanaras B Qopmyae (1.6”) Ans cedeHusa paccesHus Me/-
JeHHHX HefiTponos mporoHamu k— 0, MbI momyunM

a=F=) 1+ar, (3.8)

rje SHAK — WIN - CIefyeT OpaTh B B3AaBUCHMOCTH OT TOrO,
Goaplile WIW MeHblle HyJs BeJnInHa «&.

Beananusl ¢ @ o MH cHalikaeM B JlasbHemeM HHJIe-
gcom O wam 1, B 3aBMCHMOCTH OT TOTO, ABJIAETCA JH CO-
CTOSHAG CHCTeMBE  HEMTPOH -+ NPOTOH CHMHIVICTHHIM ML
TPHAIIIETHEIM,

Nrak, MH BUAAM, 9TO IpA PAcCMOTpeHHH pasimiHbIX
NPONECCOB PAcCeAHHMA MO[JICHIbIX HEHTPOHOB MOMRHO IOJb-
30BATHLCHA Teopmeil BO3MyLIeHMI, CYHTAsA DIEPruio B3AUMO-
feifcTBHAA HEWTPOHA M IPOTOHA pasuoit

Lbnh?
-~ ad(r,—mrp). (3.9)

BeexéM B paccMoTpeHHe Omeparop Q, cobcrBeHHOE BHA-
JeHHme KOTOPOro paBHO -1 B TpUIUIETHOM COCTOAHUN N
—1 B CHHIJIETHOM COCTOSAHHMH. Taroif omepaTop MOMHO
npeAcTaBuTh B BHUje *)

=3 (1+0:0,), (3.10)

rae 6, v 6,—Marpunsl Ilaysm, ONPEACIAAOMUC CHIH He-
TPOHA W IPOTOHA.

*) B oTOM MOHO YOERUTLCA CJHEAyIOnUM o6pasom. IIonL3ysnch
coorromenueM (2.6) ‘
(61,0,)% =3—26,0,,
NoNy9aeM:

1
Q? =-Z- {1+ 2°ncp -+ (Cncp)z } =1

TaxuM 06pasoM COOGCTBEHHBC SHAYCHUS Q PABHEI + 1.

Jlerko BUAETH, UTO TPUUJETHOMY COCTOAHMIO OTBEYaeT co6creen-
Hoe sHaueHme, papuoe -+ 1, a CHHIIICTHOMY —1. [elicTBuTeNLHO,
cpenuee apudmermuecKoe COGCTBEHHBIX snaueHnt @nG, PABHO HYJIO,

[09TOMY CpefHee apudmeTnyecroe co6GCTROBHBIX BHAUCHH Q PABHO R

Tax KaK CYUECTBYKT TPH BOJHOBHE (YHHIMIL NOPCMENHLIX GOnz, Ips
OTHOCSINMECH K TPUIIETHOMY, I TOJBKO OJIHA, OTHOCAMAACA K CHH-
PAETHOMY COCTOSIHMIO, TO CONOCTABJIEHNO coGcTBeHHBIX BHAaueHU Q
LOJKHO OHTL HMEHHO TAKHMM, KAK CKa3aHO BHIHE.
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HOJILByHCL omepatopoM @, mepemmmem omepaTop BHep-
rapm B3aHMOJEHCTBHA MEHTy HeliTPOHOM H IPOTOHOM B BHJ9

4rh? 1 R -
V=-— a 'i'Q—l—aoTQ)a(‘rn——rp):.

MM\ 2
= -%[3a1+ao+(al‘ao) °'ncp]a(rn-'rp)' (311)

Oueparop sneprun B3aEMOJACHCTBUA HOHTPOHA ¢ MOJe-
KyJOIl BO0POAAa MOMET OWThL NPeqCcTABIEH B BUMle

= _fg [301 +a, + (al — ao) 0',101] 8 (rn - 7':) -

Th?
=7 [38:+ 0, + (a,— a,) 6,0,] & (r, — ), (3.127)
rae magexch 1 m 2 oTHocATeA K ofomMm IIPOTOHAM,
YnoGHo BHeInThH B BTOM BHpameHmHm CEMMETPUIHYI0
O aHTHCUMMOTPHYHYI0 49acTH HO OTHOMICHHI0 K CIMHAM
OPOTOHOB; MMEHHO, MH mpepncraBuM U B Bupge

U= ___7%, [3(11 +a,+ (ax—ao) anS] [3 ('rn'"rl) +3 (1',,-—1'3)]—-

~h3 "
— oyt — 8,) 6,(6,—6,) [8 (1 — 7)) —¥(r, —r,)], (3.12)
TRe MaTpmna

=';—(a1'+°|)
MPelCTaBIACT CO6ON MONHHMN CIMH MOMEKYJIHI.
flcHo, aro cummerpmumam wacTs oneparopa U orsert-
CTBEHHA 32 TakMe ICPeXOjHl, IPA KOTOPHX CIHHOBAA GHM-
METPUA MOJEKYJIBl He H3MEHACTCH, HHEIMA CJIOBAMM, 9Ta
JacTh 0meparopa oOycJOBIMBAET IEPexonHl OpTOBOIOPOMIA
B OPTOBOJIOPOR @ NHapaBOJOPOJa B HapaBOOPOJ.
AHTHCHMMeTPHYHAA 49acTh BHI3HIBAET IIEPexXONIel  OpPTO-
BOTIOPOZ1a B MAapaBOJOpPoA ® obpario.
Pacemorpum  croarmosenme HeHTpPOHA, MMIYJILC KOTO-
poro paseH p,, ¢ MOJeKymoi Bojopopma, obuanammeli
UMOYIBCOM — P, W XaPAKTEPH3YIOINEHCA KBAHTOBLIMH GIC-

JTaMu v (BmbpanumoHHoe umcao), J (porammomnoe Tmncio) u S
(peayabTupyommit crimm) *),

*) B ocHoBy nosomena cucrema [{OOPTMHAT, B KOTOpOR UEHTp
UHOPUUA HEATPOHA U MOMEKYIH HOKOMTCA.

o

i
.
"\
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OmnpepeauM BEpOATHOCTb TOTO, UTO HEHTPOH B pesgn;;
raTe CTOJAKHOBEHHA IpHOOpeTéT mMIyJabC P, 2 MoneB b}IrMB
MepeliéT B COCTOAHME, XapaKTEPU3yIOWeecs KBAHTO

14 ’ S’
peaamu —p, v, J', S ‘
! Boaunosasa ’(I)ynmmn HAWaJIBHOTO COCTOAHMA HEHTPOHA
A MOJeKyJH HMeeT BHUJ

i _i 2o r1+re
1 PR 1 h 2
eh Im V?) €

(DvlJlmJ (‘ r—"r, D ZS;ms’
(3.13)

b=

o

i st .

rge Q-1 ehPU" __ ponmoBad yHRIUA HEMTPOHA ¢ UMTIYThb
O .

coM P, HOpPMEpOBaHHAA Ha 00BEM Q; ym — CIUMHOBAA (I)‘ZHZI).
mus HeliTpoHa (m — IPOEKNUA CIHHA HeHTPOHA Ha OCh Z);

r r
Q-1 e_% PO —%—_Z-—-BOJIHOBaF{ $yHETTA, onncmlﬂaammaf{ g}}:g;};
JKeHWe IEHTPAa TAKECTH MONEKYJIHl, HMIYIbC }\OTopC?III/II(II();blBa-
— Po; ©ogimy (|77, — 73 |) — BOAHOBAS $yurnms,
0mas OTHOCHTeTbHOEe JBMKEHN® TPOTOHOB Bcomcp)ls;x;gﬁ ;
BUOPAIIOHHAIM KBAHTCBEIM THCIOM U, POTANHONHEIM 1 caon J
W MATHUTHbIM KBAHTOBEIM UHCIOM My; HAKOHOL, 7S,ms —omn-
HoBafg (YHKIWMA IPOTOHOB B COCTOAHUH C Pe3yIbTHDY
crmAOM S (IPOSKIHMA CIHHA Ha Och Z PaBHA Mg). I

AHaqornaHEIM 06paszoM BOJHOBaA QyHRIAA KO

cocTosHnA {; MOeT OHTh 3aNHMCAHA B BUAO

{ A yrtre
By = Q1R Q1126 BT T Do, grmp (| 71— 7)) Ams

BepostHOCTE TIEpeXOna, oTHec8HHAA K eMWHHUe Bpe-
MEHH, OIpeAenfercA IO U3BECTHOU dopmyre

2,7“ [ (b5, UG " pES (3.14)

rae pg — 9HCIO KOHEUHBLIX COCTOAHMA B eINANIHOM nm*egt
Baje BHeprmm. DHeprufd B KOHETHOM COCTOSHHH paBHAETCH:

3 2 ’ 14
E:‘:mp +EJ,U’

rae EJ »— BHYTPeHHAA aHeprasa MOJIEKYJbEl B COCTOHHHHeﬂ
C RBaH'i‘OBhIMPI qyucJgaMa J, v. CoraacHo BaKOHYy cOXpa
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HUAS DHEPIHH,
3 ., 3
Y= 14 -I— EJIUI = mpz -+ EJ,,;. (3.15)
IInoTHOCTE KOHEUHHLIX cOcTOSHMIT paBHA:

Qp? d ,
5 = Gy 9 = @ e do
(do—aeMEHT TeMeCHOrO yria BeKTopa p).

Buipamenne (3.14) caemyer emé npocyMMmpoBaTh IIO
BCEM 3HadeHWAM m’, my/, Mg W YCPEeAHATh IO 3HAYEHUAM
m, my, mg.

Paspieans nonyuennoe TakmM o6pa3soM BHpameHHe A
BEPOATHOCTH HA MOTOK HEWTPOHOB (OTHOCHTEILHO MOJEKYJIH

. 3 P o e
BOMOpPOJA), paBHBLIL 5 M%f’ ME Hainém puddepeHnuaib-

HOoe ceueHume PacCeAHUA HeHTPOHA dIj,g; jrygr B TENECHOM

yrae do, cONPOBOAYIAIOMErocA IEpeXOfOM MOJeKYI:H N3
cocroanns J, v, § B cocroanne J', v’, §':

dol'v'8"s JuS ip ! X
Y po 2254+1)(27 +1)

> 2’(%’;—,“%@9%. (3.16)
N

m’
mJumS, mme

PaccmorpnM cHadaja nepexofnl, TPH KOTOPHX CIHH
MOJIEKYJIH He H3MeHAeTcsA. VIeIoab3ysa cuMMeTpUUHYIO 9acTh
oleprul B3amMojeiicTBuA, OyleM UMETb B 9TOM ciydae:

MQ
(‘Pp Tl U‘?i) =

1 7 ’

= — 50 (m Sms I 3(11 —{—ao + ((ll —'ao) °'n‘S’ l mSm S) X

i 1

X S exp {'ﬁ‘(po_‘_p) [ rhn— (r,+ 7’,)] } X
X (I);rJ'mJ, (r,—7,) (DUJ'mJ (r,— /"2) X
X [ (rp—r) 408 (rp— 1) dr drdr,=

= — (Wl'Smé } 30'1 ’I‘ a, + (al - 00) cns l msmS) X

X Scos(p—";ﬁm Dy yrmy, (1) Pogmy () dr.
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TloaTomMy
S e g v0['=
m’ms, mms

_ 2
= l S cos @'O‘Th@l O grmy, (1) Oogmg () dr | X

x 3 S [(m'Sm's3a, + a4 (@, — a,) 6.5 [ mSms) .

m'mgr mmg

Bameuas, gro omeparop 34, -4, + (@, —a,) 6,8 ABIAETCA
JAMATOHAJILHHM 10 OTHONIEHAIO K HOJHOMY CIIHY MOJERYJIH,
MEI IIPEJCTaBUM BTOPOl COMHOMKATEIb B mociaenHeit fopmyite
B BHJIO

> > 'S m
m’ms/ mms4
=¥ (mS$ mg|[3a; +a, +{a, — a,) 6,81 | mSms)

dand
mms

da, +a, - (a,— a,) 6,8 | mSmg) P =

(MH HCHONB30OBATM MATPHYHLIE 3aKOH YMHOJKEHNA).
Jlerko Bupierb, 4TO

(6,8)'=8"— onS.

JleificTBATENLHO,
(G,,S)2 = (Gme + cySU + c:Sz)2 =
=S% 4+ S?} -+ 52+ chnySy + GuchDSx +...
JaMeuasd, 4TO
0,0y = — OyT, =10,
n
S,8y—SyS.=18,,

MBI M TIOJYIHM YKAa3aHHOe COOTHOMeHUe.
Iosromy
[3a, -+ a, + (a, —a,) 6,8 = (3a, +a,)* 4 (@, —a,)’S* +
+ 2 (3a, + a,)(@, — a,) 6,8 — (4, —a,)* 6, 8.

Tax rak cyMMa AUArOHAJNBHHX 3JJACMEHTOB MaTpUuNh MO-
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MeHTa pPAaBHA HyJaI0, TO

2 (mmg| (3a, + @, + (2, — &) 6,.8) | mms) =

=2 (25 4+1) [(3a, + o) + 5 (S + 1) (. —a0)*]-

Cobupas Hamma YOPMYJIEI, Mbl IO yIAM OKOHYATeIbHO!
& 2
dopos; s =5 bol@r+a) +SE +1) (1 —a)X

i Do—P r L] 2
X 5TET X \SCOS(J%—)“ D gmg, (1) Dogmy (r) dr | do.
meJ,

(3.17)

3aMernM, 9TO B HTOM BHIparKeHHH J X J' [OKHEL OHTb
qnMeaM@A  OMHAKOBO# 4ETHOCTH, TAK KAR dyurmua O
YAOBIETBOPSET YCIOBHIO

Duymy (=m)=(— 17 @oymy (7).

llaMeHoHRme 3HAKA 7° COOTBETCTBYeT OGMeHY NPOCTPaH-
CTBEHHEIX KOOpAMHAT 000MX IPOTOHOB. IIpocTpaHcTBEHHAA
BOJHOBAA (YHKIHS AOJAHA IPH DTOM, COTIACHO IPAHIMILY
[layanm, OCTaBaThCA HEM3MEHHOM B CAyHac I pOTHBOTIOIOMKHO
OpUEHTHPOBAHHEIX CINHOB IPOTOHOB, T. €. npan S=0,
¥ OIKHA MEHATH 3HAK B CIydae OMHAKOBO OPMEHTHPOBAi:-
HHX cOomHOB, T. e. mpm S=1.

Nauvn caosamn, npa S =0 (mapaBo;Iopoa) BO3MOKHHI
TONBKO UOTHHe 3Hawenud J, a mpu S =1 (oprosBogopon)—
TOTLKO HeuSTHEe 3HadeHmA J. OTH COOTHOMICHHA MOTYT
GLiTh 3aOHCAHHK B BHAE YCIOBUA

(—1)7 =(=Ds. (3.18)

Wrak, opTo- OPTONEPEXOALl IPOMCXOMAT MEHy COCTO-
AHAAMA ¢ HEUSTHHIMHA 3HAUEHUSIMA POTAIWMOHHOro YuCJIa J;
mapa-Tapamepexonsl MPOMCXOAT MEALy COCTORHUEM C aéT-
HEMN 3HadeHmAME J.

PaccmorpuM Temeph IEPeXOfH, IIPH KOTOPEIX ofmni
CONH MOIeKyJ m3MeHsdercs, T. €. OpTO- Hapa- i Iapa-opro-
IopexXOisl. OTH IePeXOJN BEIBLIBAIOTCH aHTHCHUMMETPIYHOM
9acThI0 DHEPI'MH BO3MYIIEHUHA (3.12).
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Buigucienns, aHAJIOTHUHEE HIPONSTAHHHM BN, OpA-
BOJAT K CJIEYIOLeMY BHPAKEHRIO [AJIA CeJeHH pacceAHnd
¢ m3MeHeHHeM o0imero cIMHAa MOJEeHyJIkl:

4 1
dGJ'.v’, 1-85: 8= ¢ ;I;‘o (3 — ZS) (a1 —_— a“)2 m X

> |Ssin(l’ﬁ—;§ﬁ Sy, (1) Ougmy () dre [ do. (3.19)
mJ,mJ:

3aMersM, 49T0 OpTO- Mapa- W Iapa- OpTONEepPeXonH CBi-

3aHE ¢ WM3MEHEHHmEM 4YETHOCTH POTANMOHHOrO HHCI3 J.

MuHrnMagpHag BHEprusA, KOTOpoll jgoimeH o6mamarh

gHeliTpon (B cucTeMe IEHTPA WHepIOuM) AT TOTO, UTOGH

IIepeBecTH MOJEKYIy U3 COCTOAHUA J, v B cocroanme J', v’,
paBHAETCA, COTMACHY (3.15),

pi—p* 2 ’

i ——§(EJI|,I—EJ-D). (3.15%)

B aaGopaTopHO# CHUCTEM® HayaldbHHEY WMOyJasC Heli-

TpoOHA paBeH °[, P,, HOBTOMY MUHUMAILHAA dHEPruA PaBHA:

3 (B —Eu).

Jina MaZkx 3HAYEHNH dACeT J, v pHepruf MOJERYJIH
(sripaskeHHad B ©V) MOMReT GuTh HNPHOIMAHMEHHO HAMACHA

mo gopmyare ]
Ey,=0,015+J (J+1) +0,5330.

Heiitpon poismen ofaafaTh pueprmedt B 0,045V naa
£0T0, YTOOH IHepeBeCTH MOJECKYIy W3 COCTOAHEA € KBaH-
ropnMn uncmamu v =0, J=1 B cocrogunue =0, J =2
Jl1a mepexofa u3 cocrogauss v=0, J=0 B cocrofHH®
v=0, J=1 tpedyerca sueprus 0,023 eV. ’

PaccMorpuM TOT Cciydail, KOTja BHEprud HeUTpPOHA
menpme 0,045eV. B oerom caydae BuOPAIMOHHO®
guCcJO U HEe MOKeT N3MeHATbCH; gro e KacaercsHa ], TO
BO3MOKHH CJIGAYIOOIAC IePeXO/IBl: 0—0, 0—1, 10,
1 —1.

Jlaa ompefelieHnsl BepOATHOCTH BTHX nepexofos Oynem
paccMaTpUBaTh MOJCKYJIY H, rax T8épsUt porarop. B erom
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NPUGIWKEHAN BOJHOBAA (YHKOWA MOJEKYJIH MOMKET GHITH
npescrasieHa B Buje [18]
@p,g,my (1) = ‘/2J +1 (T=]my D!y imgig J+ImJ‘X
Wy an (J4|my ) dcosi)
(coszﬁ-—-i)"
2771
roe § w ¢—TONAPHHIT W A3WMYTANBHHII YINIH, ompeje-
asiomupe I0JOMKEHNe BCKTOPA 7°, B r,— PACcCTOSIHNEe MEMmAy
obonMHU MPOTOHAME MOJEKYJIH B COCTOAHAN pPABHOBECHA
(re =~ 0,75 - 10 cm).
Marpuunstii preMent, onpefeldomnil yunpyroe pacce-
aune (0 — 0), pasen:

SCOSIPO*PHCOGI‘} | ®o,0,0(7) | 2rr* dr sin § dﬂ—‘,

2h
sinlﬂ;pl—ri sin {p"r" sin i}

emr? [ (r—r)e -, (3.20)

2h _ h 2
[Po—p|Te PaoTe 0
T 2R T s P

(0 —yron pacceAnmsa B cHcTeMe IIEHTPA WHEPIHD).
IOnddepernnaabaoe cedeHue YOPYyroro pacceaHUA co-
raacuo (3.17) paBHo

dap,0,0; 0,0,0 =

: 2 71,
= (3a,+a, 2r sin 6 d6.

I/Im‘erpanbﬂoe ceueHile nmMeer Bux

ore/h

sin? x
S dr =
x
0

397

%o, 0, 0; 0, 0, ()———(30 +a,) (

=2 g, +a,) (5o ) e — g2 05772}, (3.20)
rvae

Ciz= — S oSt gs.
x
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AHaJOTHYHEM 06pa3oM MOTYT OHITH ONPE/IeNeHH CedeHNA
nia mepexojos 0—>1, 1—0, 1—1 (v=0) ['°L

2 h 2
a1, 0, 15 0,0, 0= 2327 (@, —a,) (;07
% [sinx+cosx—1+_lnx__cl ]

(Po+Dp) relh
(Po—p) relh’

(3.22)

z 2
éM
(r=y i-5E.)
32 2 sinx cosx—-l
%0, 0, 0; 1, 0, 1———"-(01—%)2< [——‘l‘ +

1 .. (P+P)"/h
+—lnx-—§-sz] e

(p—po) Tell’
(p = ]/po T, o)

16w
o, 0, £ 1,0, 1=—{(3 1+ao)2
3 /sing

+2(a1—a0)2-g—2—|:——g; & cosE> —l—bm ‘—17
+1n 2 — Ci2% - 0,4228 | } (3.24)

(3.23)

__ PoTe
rgpe  E== 5

BrunciaeHnsi NPEBONAT K CICAYOUEM Pe3yIbTaTaM.
Ecan smeprusa meirrpona pasma 20° K, o [1°]
o000 poo = 6,444 (32, + a,)",
o115 101 = 6,450 [(3a, + a,)* + 2 (a, — a,)°],
ouno; 101 = 1,753 (@, — a,)*.

DHKCIOPUMEHTANBEO MOTYT OHTH Haiifiemst BeauduHm (2]
Omapa == 90, 0, 0; 0, 0, 0;
Sopro =01, 0,1;1, 0,1 + 00,0, 0;1, 0, 1.
IIpu smeprmm meiirpomos 0,000867 eV
Onapa~D-10"* eM?, Gopro= 145. 10724 cm2,
IIpn emeprun HeiirpoHos ~ 0,0024 eV

Snapa ~ 3,58-107%* ca?,
Sopro & 116 10-** cm.
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Cedenne ynpyroro paccesHAA B MapaBoJOPONe CONEPHAT
rombGnuanmio (3@, + a,)’, B Gopro IOMHUMO DTOH BEJIMUNHE
pxonut emé (@, — a,)’. 113 onHTOB IO pacceAHNI0 MefJeH-
HHX HelffTpOHOB B IIapa- U OPTOBOJOPOMIE® MOKHO, CJIeA0BA-
TeTBHO, ONPENielNTh BeJINYUHH |3a,+ a,| 1 |a, —a, |, . e.

a
onpefiennuth abCOAOTHEHE 3HaYeHUA d, U 4, W sgna—‘.

(]
Beauunnu a, B @, OKAa3EBAIOTCA IPOTHUBOIICJOHEX 3HAKOB.

Tar rar a, > 0, To coraacuo (3.8) a, < 0. IToaromy a, > 0,
T, 0. &, < 0*). AMnanTyAs paccesHna paBHu [20]

a, ~ —0,52-10"*% cnu,
a,~ 2,34-1072 cm.
Urar,

@, >0, «, <O0. (3.25)

Tax rax a, < 0, To 3TO 03HAYaeT, YTO TOJBKO TPHUILIET-
HO® COCTOAHME ABIAAETCA CBA3aHHWM. MH BHAMM, YTO He
CYIIEeCTBYOT COCTOAHMI AeliTpoHa ¢ aHTUNaPALICTbHE MY CIU-
HaMM HeiiTpoHA M IPOTOHA.

3aMeTHM, UTO ceueHHe PaccesHNs HeHTpOHa CBOGONHEIMA
IPOTOHAMHE MOKHO IPEJCTaBUTb B BUJE

o= (3al +a2) =7 [(3a, +a,)' +3(a,—a,)"].  (3.26)

*) IIpuBerném HexoTopHe nanuse [15], nokasw-apmne, KaKk BIUAET
BEIOOD BHAKA uy HA BEJIMYKHY CeuCHul [aBIMYHBIXIIPOIECCOB PACCeAHMUA
¥ BO3Gymienun mosekyasl H,. Cuuran ro~2 . 10713 ca, MOIKHO MOKA-
BaTh, YTO BHAYEHME CEUeHUd YINPYroro pPaccesHnmA HefTPGHOB B Mapa-
BOOPOJEe NP OTPULATEJLHOM o, NPUMEPHO B 244 pasa meupiue sHa-
YeHUA NPH @y > 0. Pasauune Memay 000UMH CIYYAAMHU CTOJb *eJIKO,
YTO MBYyYeHMe OJHOTO TOJBLKO YIpPYroro paccesHus B NapaBOjUPOJe
OPUBOIUT K BAKIIOUCHUIO, uTO a4 < 0.

Ecau ay < 0, To ceucHMe raccesiHua OOBUHBIX TenJOBHX Heft-
rponoe (¢ sHeprucit E = 0,037 V) B napasoiopone Gyner npuMepHO
B 100 pas Goabime ceu(HUA pPAaCCEAHUs HEUTPOHOB, HAXOIALMXCH
npu TeMneparyre KHAKOro Bos1yXua (£ & 0,(1:eV). IIpu ag > 0 10
OTHOMIEHHE COCTABIAET TOJBNKO 3/4.

Ecnu a5 < 0, To ceueHue paccedAHusa HelTPOHOR B OPTOBOAOpONE
IpH TeMieparype skUAKOro rosayxa Oymer B 200 paz Goabuwie ceve-
HUA pacCefilMA TeX #Ae HeltTpoHoB B mapasojiopoge. Ilfu 24 > 0 aTo
OTHOLIEHUE COCTABJIAET TOJIBKO 7/5.
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Dro COOTHOMEHME MOKA3HBAET, YTO Gy, TAK 7Ke KAK M Gpapa

U Gopr, BHPAMKAETCA 9Yepe3 BeIMTUHE da,+a, m a,—ag;

AHEIME CJI0OBaMU, G, MOKHO BHPa3HTh 9Ueped Jopro ¥ Onapa:
CoraacHo mMeomuMca AauHEM (2]

o, = (21 - 1) 10 cae?.

IIpupenéHHne BHINE RAHHHE AJIA Sopro O GOpypa HAXO-
RATCA B COOTBETCTBAM C 9THM apageHneM 6,20,

OnuTH OO paccesHmI0 MeJJIeHHBX HeHTpoHOB B Hapa-
? OpPTOBOAOPOMAE MOTYT GHTh MCIIONB3OBAHE A OIpene-

JeHus TOPAMKA BETMUMHEL PajMyca JedcTBHA fIepHHX

cna r,. Hocloennuit BXOJUT B BHpPaKeHus, CBSI3EIBAIOIING
a, ma, ¢ o, 1 oty (CM. (3.8)). Cuenyer umerb B BHAY, 1TO
paguyc AeiiCTBUA CHI B TPUIIETHOM COCTOAHUM MOKeT OT-
JANYATHCA OT DAAnyca jleficTBHA B CHHIJIETHOM COCTOAMWHL

Cunras PHEPTHIO CBA3Y leliTpOHA paBHOM & &~ 2,19 - 10%V,
MH Haligém, coraacHo (2.2"):

a= )/~ 2,20 10 e, 1 =4,36 107 e

Buasg M3 ONETHHX JAHHHX BeJIWYHHY 4,, MOKHO 1O
dopmyae (3.8) BuumcanTh papuyc RedcTENA AREPHHX CHI
B TPUIIIETHOM COCTOSHUN,

DJaMeTHM, 9YTO CeueHHe pacceABns HeHTPOHOB B Hapa-
BO;I0pOje OUelh YYBCTBUTENBHO K BHOCPY BEIUYUHH T
Ha puc. 1 m 2[19] npuBegena 3aBUCHMOCT® ceueHR Gpapa
T Gopro OT I’y AL TPEX smauennit o, = 20,5; 24; 21,5 - 10724 cm?.
Dmeprua Heiirpoos pasHa 20°K.

ComocTapaenne faHHBIX N0 PAcceANnio MefIeHHHX Helt-
TPOHOB CBCCOJHBIMU TIPOTCHAMU 1 B GPTO- 1 napaBoAOPOAe
IpUBOALT K B3KII0YEHAI0, 9T0 B TPUINICTHOM COCTOAHUM

ro~1,5—1,8-107** cnu.

Dra penpuaniua MeHplle o6HYHO TPWHRMAEMOro 3HaueHRHA
o~ 2,8.10"% ca, KOTOpOE DOJdyYaeTc n3 ONEITOB IO pac-
CeflHNI DPOTOHOB NPOTOHAMH (cM. § 6) u oTHOCHTCST K AHTY-
mapajIedabHol OpUeHTaluy CIMHOB IIPOTOHOE.
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3aMeTnM, UTO jadbHelnne JaHHLEE 0 3aBACUMOCTH SfHep-
HEIX CHJI OT COUHOB YaCTHI] MOTYT JaTh OIHITH IO pacces-
HO0 MEJUICHHEIX HeHTpoHOB B opTo- M Dapajeiitepmm. Mut
#e Oymem, OfHaKO, NOAPOGHO pPACCMATPHUBATH 37A€CH BTOT
BOIIPOC *). '

§ 4. PaccesiEme HeliTPOHOB CBASAHHBLIMA HPOTOHAMH.
®opmyan (1.6"), (1.7), onpepensiomue paccesHue HeHTpo-

N
g \Q
) \\
A NAN
AN
6 ANAN
T NN
N ANN
N BN
g’ AN -
Sz = 6,=215 570 Z4m?
NN 1
2 N0 “me
DN
; 2050 L
| R
| =
7 2 3 4 X0 "t

Pnc. 1.

HOB TIPOTONAMU, BEIBEEHH B IPEAIIOJOMKEHNH, YTO IPOTOHK
sipaAoTces cBoGomurimu, Ilpm paccmMoTpeHUM pacceAaHnsA Heli-
TPOHOB B BEMleCTBAX, COMIepPKAIUX BOAOPO), HaUpEMEp B
napaduHe, dTEMHA QOPMYTaMA MOKHO TOJb3OBATHCH TONBKO
B TeX CIydafx, KOTAA SHEPTHA HeliTpOHA B3HAUATENHHO
GospIle PHEPTHH CBA3M NPOTOHOB, T. €. Goabme HEKOTOPOi
npefeabHOl pHeprmm o, TAe ®, IO TOPARKY BEIATHHEH
ompepesser 4acToTy KojaeGaHmil MpOTOHA B MOJEKYyjie Bemle-
crBa. [lnsa napaduna sra sBHEprHUA cocTaBaser okolao 0,4eV (241,
TMpn Memsmux dHeprusx HeliTpoHA M HHEPTHAX TAKOTO Ke

*) CM. mo 3ToMy pompocy pabory [23].
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HOpAJKA BEINYMHEL IPOTOHH HEIb3sT YiKe CIMTaTh CBO-
GonHBIMH.

Jerko moxyunts oOmiyio Qopmyry JJIA ceueHmsa pac-
CeAHNsSI HOHTPOHOB, YUHTHLIBAIOULYI0 CBA3b HPOTUNA B MOJE-
ryae (24, Mu Oygem, Tak ke Kaw U B § 3, 10J530BATECH
Teopueit BO3MYLIEHHI, CYUTAA DHEPIUIO B3anMOJ[CIiCTBUA
HeliTpoHA @ TPOTOHA PaBHOI

bnh? .
M a (rn-rp)y

TAe Fp U rp— PAJAyChi-BEKTOPE!, OLpeesaoImune TIOJIOME-
HUA HeliTpoHa m IpotoHa, /M —Macca HeiiTpona 1 a — KOH-

136
'\\
135
|
\\\\
” .
“ 6,-215%10 o™ T
133
[~
o 732 ]
\\
3 13 =
°’§ 6,=21 0510 %%
2 130
[
129t
[
728 b
@,]:5‘0,5?//1'7[3"7“
e7 1 z 5 38 % 510" %
Puc. 2.

craHTa, CBA33HHAA C CceueHucM pacceaHuA IIOﬁTpOHOB
CBO6OJ.IHBIMI/I IpoTOHAMMI COOTHOUIEHUCM

o, = hra®. (4.1

OnpefieanM BepOSTHOCTL I11epeXONa HeliTPOHA M3 COCTO-
AHNA ¢ UMIYJIbCOM P, B COCTOsHIINE C BMIYILCOM P.
Bosuopbie {YHRIUE MPOTOHA B HATATLIOM I KOHCUHOM

COCTOMHUAX IYyCTh OymyT §,(r,) u b, (Fp).
4 A, Axmesep
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MartpuuHblil 9aeMedT Iepexofa PaBHAETCH:

hrh? 1 i, PoTn R
JW,,O’():—-—EI—“SVE‘&" l{’o(rn)(’(r'<rn-"r1))><
P, 1
X —i1 _% P e
Yot n (1) dr, dry =
hmh? l- (po=p) rn .
= (b T () i () A, (622)
i
1 3o

rue Vs eh' " — BomHOBas (YHKUIMA HEHTPOHA ¢ UMIYIb-

coM p, HOpMupOBaHHAA Ha 00BéM 2.

[vidpdepennnansbHoe CedeHUe paCCESHAS, TPH KOTOPOM
MMIyabC HEHTPOHA JEMHAT B TeldecHOM yrie do, ompeje-
asiercsi coraacHo Qopmyie

i
2= | hnh? 7 (Po—p) rn N |2 pidpdo
ds =% 0 (o Yo (F) 41 () dr | e =
i
7 (po—p) » . 2
e 2| (T ) i dr [ d G

(v, — HavadbHAs CKOPOCTh HefiTpona u E—ero KoHeuHas
DHEPTHH).

B npepenbHOM caydae O4YeHb MaJEIX 9DHEPruii HeiTpo-
HAa BO3MOMKHO TOJNBKO YIPYToc pacceAHHe, HIpH KOTOPOM
COCTOSTHME TIPOTOHA HEe n3MeHAeTcd, T. €. $,=U,. Jame-
HASA B 9TOM CJydae OKCIOHEHIMAAbHLIA MHOKUTCIDL €jlH-
HOmeil W 3aMedas, 4ToV =U,, MH Hoayqum m3 (4.3):

ds = 4a*do. (4.4
HOJIHOG CeueHue pryFOPO paccemﬂm paBHsETCA:
o= 16ma’. (4.4)

OHO B uweTHpe pa3a HPEBOCXOAUT cedelume pacceaAnmsa Helf-
TPOHOB CBOOOJHBIMHI I POTOHAMH.
PaccMoTpuM remepsh Heynpyroe paccesHne Heiirpoiron [241,

Msr 6ynem paccMarpuBaTh IPOTOH B MOJIeRYJIe BellecTsa, .

COZiePIRAINEr0  BOJOPO;i, KAK TapDMOHAYECKHUIT OCIMIIATOP.

§ 4. PACCEfINNE HENTPOHOB CBfi3 AHHBIMIL IIPOTOHAMU 51

B ciydae MOJEKYJH Iapaduiia 1acToTsl KonebaHmMit MPOTOHA
BAOMb JIHINH, COeJUuHsomel aTOMEL HuC, n mepIIeH -
RYJITPHO K 9TOIt TMHIM PABHEL COOTBOTCTBEIHO ¥, = 30007 ¢
n v, =800 — 900 cau .

B ofuieM ciydae BoiHOBafA GyHKHMA IIPOTOHA mpencTa-

pasier coboil mpouaBefeHue TPEX BOIHOBHIX $yHRIUIT TUHEU-
HOrO OCHUIIIATOPA

On (p) = 9n, ) Pny () 9z (2)
rpe ,
Oy (E) = (2m) s (ml) e e”1s¥ Hip (3),
i ~1/y h /2 _ h -1/2
t=a <2Mu> ) » =Y <2Mmy> , b=2 <2Mw,> .

X

.

3neck Z, Y, z— KOOPAMHATE IPOTOHA; Og, Oy, O — 9acTOTH,
oTBeuaoNmne KOJe0aHUAM BROIb OCCI Z, Y, Z, H, (E)—
PyHRUIHM OPMHTA

1 1
— g2 am — = (E-a)2
: By —pR — 2
Hm (‘)"e [dlme a=0 "
ocHAJIATOpA.
Ry, Ny, n,— Bn6pa1momme KBAHTOBRIE YUCJIA Jis P

MatTpuuHEif odeMeHT, BXOMMILMIL B (4.2), moHO 1pen-
cTaBUTH B BHe IPOU3BEJCHHA TPEX MHTErpajob THAUA

+ o0 __1_ N
dn= . 7 (& @) +quEdE\ —
daﬂx }a:ﬂ

— Q0

A= (20 (1)
= (iga)"e (nal) ae 2% (4.5)

(19"1’)”:‘/ h
(gu=2=pdey/ ),

OTHOCAIMMAXCH X KOOPAWHATAM Z, ¥, Z.
Ceuenue paccesHAA (4.3) Ha OCHOBAHUN (4.5) mpumoGpe-
TaeT BAJ :

My Qny( PA(Y]
L Y ,_q.L({94!L,_ e~ 2 do 4.6
dq—4a V, nx!rnu‘.nz‘. ! ( )
rupe
o 2  §
¢ =qx+ v+ ¢
L¥
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Ecam wactoTel KoxaeOaHuUii BROAb TPEX HampaBaeHHI

OfIMHAKOBH W PABHH ©, TO
— 2 —
g =P PP~ (E+ E,— 2V EE, cos §)[ho

(E,— HagaipbHAsA DHePrus HeiiTpoHa, § — yrox paccesHnAsn).

B »roM caydae SHeprus OCHMIIATOPA paplia nho, rge
n=n,+n,+n, Cymvupys (4.6) mo BceMm B3HAUCHUIM
uncex n,, Ny, N, CyMMa KOTOPHX paBHA n, MH Halifém
ceYeHme PpaccesHUA HeTPOHA, CONPOBOMKAAIOMIETOCH BO3-
GysneHneM n-ro BUOPAIMOHHOTO COCTOSHUA IPOTOHA. Jro
ceueHme PaBHO:

dog =2 v -g- g*re=e2nsin § dY =
=2 e-argg (&.7)
e nl ! '
rie
o, =4na®, e=E,/ho, e—n=E/ho.

Hoxnoe ceuenme BO3OYRAEHUA N-r0O COCTOAHHMSA HAXO-
JuTCA TMyTéM HMHTErpHpoBaHma (4.7) mo ¢ B mpeaernax

grin =&/t — (e—n)l2,  gmax= g'/2 4 (2 —n)/2, (4.7)
OHo paBHO

6n="2{fn (¢hin) = Fn (gmax)} (4.8)

rue
_ x z? zn
fo (x)=e x<1+‘ﬂ‘+'2—!"+ con +;L—‘: .
Ceyenne ympyroro pacceanms, cordacmo (4.8), Bmpa-
smaerca QopMyIoi

Onmp =2 (1 —e4e); (4.9)

mpn e —> 0 oHO paBHO 43,, 9TO COBIajAeT ¢ IMOMY9YCHHLIM
BRe peayiasratoM; npm e=1 omo pansno 0,983,

Jlxss Gompmux 3HAweHUit & mpu Ja000M 7, He CIAUMIKOM
6au3KOM K €, BTOpoe cjaaraemoe B (4.8) ouenp Majo, a Iep-
Boe Malo oramuaerca or enmuuum. Iloasromy

o, =afe (=3 1) (4.10)

§ 4. PACCEAIHVE PENTPOLOB CBA3AHHBIMU NIPOTOHAMHA 53

Tax Kak MaKcMMaIbHOE 3BHAYEHHE 71, COrIACHO (4.7"), paBs
HO &, TO HOJHO@ CeucHHUe NPH GONBUIEX & PABHO G, NpH-
4éM OJMHAKOBO BEpOATHO d000€ 3HATEHUE MOTEPU DHEP-
IUA Menly HYJIEM M HauaIpHON pHepruell HeliTpoHa ehw.

30— .
o7:A
25}

20

Puc. 3.

DToT pPe3yJBTAT BIOJHE OUEBHJeH, TAK KaK IPH 6OIpMUX &
¢BA3b MPOTOHA HECYIECTBCHHA.

Ha puc. 3, samvcTBOBAaHHOM W3 0530pa Bere (241, u3o-
GparkeHa 3aBHCHMOCTh CEUCHUIt On—g, Oy, Op, & TAKIKC IOT-

HOTO CeUCHUSA 0,22% or HepTHAM HeiTpOHA. 3[ECh FKe
n

IpuBeGH XOfi CeueHMs A IOTepU dHOpruu. 9To cedeHHme
ompenensercsd COTIACHO dopmyae

1= 33, (4.11)

(MuosaTens 2/: BBeféH NI TOTO, arobn mpm GodBIIAX
PHEPTAAX & CeUYCHM® 6; PABHAIOCH o)+

Feim 9acToTH KOJeOGaHHI NPOTOHA BIONE DPasHHX HA-
IpaBICHAN HEOLWHAKOBH, TO GOpMYIH AIA ceUeHnil CUABLHO
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yeaoskaA0TCA. Mbl ompeneany 31ech TOMLKO ceUeHne ynpy-
roro pacCedHHA HeNTPOHOB ¢ yd4€TOM AHM30OTPOIMH CBIA3H
npoToHa B MOJIeKyJe HapaduHa.

IluddepernuanpHOoe ceueHHe yHOPYTOTrOo PACCOAHHA MO~
HoO, cordacHo (4.6), mpefcTaBuUThL B BHJE

do = 4a*2w sin & dd % siny dxe‘qi—qﬁ—q} =
=g,e~2 (1-cos ) (ex cos 2yieasin? 1) gin § dY sin y dy, (4.12)

rae & — yroa MemRAy BeKTOpPaMH P, U P, ¥ — yTOX Memuy
BeKTOPOM p) — P, U HAIPABIEHHEM CUIbHOIl CBA3W, U

e, = F [ho,, e,=E/ho,

IIycTs oHeprma meliTpoHa Malxa IO CPABHCHHIO ¢ ho,
n ho,. B oTOM ciyuae MOKHO PpAaBIOMUTh B PAX 9KCIO-
HeHNUAJbHEIT MHOMKHTENb, BXOAAmui B (4.12).

B pesyabraTe HPOCTHIX BHIYNMCJIEHMIT MBl HOIyddM Cle-
nyomee BHpaskeHHe A CedeHHs yIpyroro paccesnns [241:

32
o = 4g, [1—25'4—-1-5 e’e+%e§>—

64 7/, 1, 5
-—3-%<se§+-4—eleg+§ze‘;>+...], (4.13)
rjae

1 2
s'=-3— 31‘*‘—3‘ &,.

B cayuae TemmoBHX HeHTPOHOB, DHEPTHA KOTO
y , pHLX paBHA
k7 =180° K, ¢opmyma (4.13) mpmeoguT K pesyabTaty

o =2,8q,

(Mb1 cumraem v, = 3000 cu™', v, =800 cn7*)..

§ 5. 3aMeuaHus o pacceANHH OLICTPHIX HEHTPOHOB MPoO-
TOHAMH. PaccMarpupadg pasindHble IPOUMECCH PACCEAHUA
MeJJeHHHX HEeHTPOHOB, MH He JeJalul HUKAKAX CIeN#ab-
HEIX NPeNIOJOKeHnIt 0 XapaxTepe ANEpPHBIX CHI,

Paccesnne OHICTPHIX HEHTPOHOB IIPOTOHAMH, KOTJA ATNHA
BOJHH HeIiTPpOHA Maza IO CPABHEHMIO ¢ pajguycoMm fefi-
CTBUA fIEPHEIX CHJ, B BTOM OTHOIIEGHWH CHJIBHO OTJINYAaeT-
CA OT pacceAHNs MeNIeHHBIX TaCTHI, )

~e

§ 5. PACCEfIIILE BLICTPLIX HENATPOHOB ITPOTOHAMIL n

J7ts1 OIpENIeTeHH . CedeHnA PaCCeaHNs fELeTpEIX  HEiTpo-
HOB NpOTOHAMM HeoOXOo[mMa jeTalbHad Teopui B3AIMO-
meiicrpud HeliTpOH& W IIPOTOHA.

Paccesnme Operpuix wactun He Gymer cepudCCKU CUM-
MCTPUTHEIM, TPUYEM XapaKTep ACUMMETPII OymeT CcymiecT-
RCHHO 3aBHCETDL OT XaparKTepa ANCPHBIX CHJI.

BaMeTHAd acUMMeTpPUA B pacceAHIN HCITPOHOB AOJKHA
HaGIONATECA TIPH DHEPIUAX HElTPOHOB IOPAMKA IECKOIE"
kux mecATros MeV.

Feanm 6p Mesy HEfTPOHOM M IIPOTOHOM JCITCTBOBAIN
ofpIunEle CHJIBI, 10 B cucTeMe IeHTpa HMHepruu 00apmas
qacTh HCHTPOHOB paccemBamach Obi Ha MAjbe yIVEH. (910
3HAUNT, YTO B JA0OPATOPHOIl cHCTeMe HPOTONB JABATAMICE
Op1, TaaBHEIM 00pa3oM, IIOJ{ MPAMBIM yTJIOM K majaomemy
YUKy HEHTPOHOB.)

Misie COOTHOLICHNA MON/KHBI MMETH MECTO B C/Iydae neii-
cTBuA TAaK HA3HBAGMBIX «obmernnx» cmi. Ilog «oOMenHEMIY
cUTAME IIOHIMAIOT CHJIBI B3AUMONEIICTBUS MEHILY HEeHUTpOo-
HOM u HpPOTOHOM, 0O0YCIOBJICHHLIE TepeXONoM HEROTOPOIf
TpeTheit YACTHIE OT HeliTpOHA K IIPOTOHY M obparuo. G raxum
IIePEXO/iOM CBA3AHO MPEeBPALIenne HEHTPOHA B IIPOTOH I IIPO-
rona B Heiirpon. HeiiTpo 1 TPOTOH paccMaTpuBalTCH P
oTOM KA® JBA COCTOAHNA eAUMHOil ANCPHOI JaCTHIE —
HyKJICOHA.

Jlnst $opMATBHOrO OIMCAHUSL 0OMEHHBIX CHJI MBI JIOJJKHEL
¢cYUTATH OICpaATOp dDHEpruu B3auMojIeiicTBUA MEIAY HEUTPO-
HOM M IIPOTOHOM OTIMUAIIIMMCA  CIey oMM CBOIICTBOM:
[elicTBY S HA BOTHOBYIO (YIHKINMIO HEHTPOIHA I MPOTOHA, HTOT
omepaTop IPHBOJUT K 3aMeHE KOOP/IHAT HEHTPOHA KOOPHM-
garaMm IIPOTOHA U OOPATHO. ‘

TogaskeM, UTO CCIM JCHCTBYIOT 0OMEHHEIC CHJIbI, TO
GpicTpEe  HEfiTPOHBI  JOMRHEL  PACCEMBATHCA IIPOTOHAMH,
raaBneiM  00pasoM, Hasam. Taxaa xapruHa Oyjer HMeTh
MeCTO B CHCTeMe KOOpIMHAT, CBA3ANHOH ¢ IeHTPOM NHEPIUNA
CTQIKADAMUXCS HelfTpoHa B IPOTOHA. B aadopaTopuoii
cucrteMe TPOTOHbI OYNYT MBUTATHCS TIABHBIM oOpasoM B
HAIIPABJIEHIN IEepBOHAYAIBHOTO IyYKa HeiiTPOHOB.

Urofs yOemuThCA B BIOM, BaMeTHM, HUTO IIpH OueHb
Gompwix pHepruax Hefirpoma (6OABIIMX IO  CPaBHEHUIO
¢ o PerTABHOIT BeJTWUYNHOM IOTEHINAIRHON SHEPrul B3auMO-
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feiicTBUA HEHTPOHA ¢ IPOTOHOM) JJISA OIpeRelreHHa dPdex-
THBHOTO COUCGHHA PACCEAHUA MOMKHO IIOJb30BATHCH TPH-
Gawaernem Bopna [17], koropoe pmaér caegyiouree BEIpasce-
HOe HIsA COTeHHA PACCEAHN:

dc:%\ S o3 () ](r)qJ,-(——r)drlgsinOdG.

811905 0 —yrom paccesunsa, ¢; u O;— BomHOBHE (yHRUNH
HeliTpoHa B HAYadbHOM W KOHETHOM COCTOAHRAX, J(r)—
TPOCTPAHCTBEHHAHA YacTh ONEPATOpPA DHEPrAM B3aBMOJeli-
crBusg gactur, M — Mmacca HeiiTpoHa.

Hlox smarom nuterpaza cromr ¢; (—7), a me ¢;(r),
BBUJY OOMEHHOIO XapaKTepa CILI.

B kauecrse Bonmonnix (yHKIUil cloma ciaegyer HOfcTa-
BUTDL INIOCKHMe BOJHEI

d?i — eikr, ‘Pf = eik'r',

rie & m &’ — BonHOBBHE BEKTOPH IARAOIIEr0 M PACCeHH-
noro Heiirpounos, Urax,

il (T et @mr g sing . (5.1)

IIpu Goxbmnx omepruAx Muo;nteas e k)" cpmpno
OCIMIIEPYyeT, W NOdTOMYy HHTerpax, Bxoaamuii B (5.1),
ouenb Mad, ecau Toabko k%’ He GausKo K HYJIO.

Tarum 00pasoM INIaBHYIO POJb NIPAIOT TAKHUE YIVBL pac-
ceanus, nuag xoropuix k-7’ Gnmusko w nymo, T. e. YIVH
mopaaka =. Hummm cmosamm, paccesHHLC HEHTPOHLL JBH-
TaTeA, NIIABHLIM 00pa3oM, Ha3af|, KAK U Y TBePHIAAI0CH BHIIE.

Mu moran Owl oIlcaTh BTO paccesnne, CKa3ap, 9TO Dajalo-
masg 9YacTHIa OTKIOHACTCA HA HeGoJBIION Yroa, HO B IpO-
Hecee paccesiiis MeIseTcsa IPHpofa dYacTal, Tak YT0 Heli-
TPOH CTRHOBHUTCA IPOTOHOM, & IIPOTOH—MHeliTponoM.

Taxkum oOpasom, HalaOfad acHMMCTPHUIO B pAacCCeSHUU
OLCTPLIX HE{iTPOHOB, MOJKIO BHIACHHTEH XapakTep SANCPHEX
CUJI, T. €. ONPENCNIUTEH, ABIAIOTCA JU OHM OOLIYHHEIME HJIH
00MEeNHBIMH,

Umenommneca B macrosmee BpeMsA JaHHEE IO pacces-

2
do = M

Hulo Hefitrponon ¢ sueprueii ~100 MeV npupopar k saxmio--

YeHNIO, YT0 SAjepHLIE CHJIK II0 Kpailnell Mepe YacTHIHO
nmeror oOMernbli xaparrep [*°l,

§ 6. PACCEAHHNE ITPOTOHOB ITPOTOHAMII 57

§ 6. Paceesnme NPOTOHOB NWPOTOHAMH. OPHerTnBHBIIL
NoIIepevilng paccesannd, OG_YCJIOBJIOIIIIOI"O KYJOHOBCKRUMHI CH-~
JaMH OTTAJKMBaNuUA, OIpeNeACTCHd, HAR MH3BECTHO, (I)OpMy-
aoii Pésepdopna.

B cayuae pacceAnns IpoToHOB HPOTOHaMH 3Ta (opmyxna

¢ yubrom sdPexta oOMEHAa HPOTOHOB HMEET CJIeJy IOl
sy L%

s, (0) sin 0 d =

ot [ 1 | cos(%lntng))] .
= M2v* Lsint 6 + cos* g sin® 6 cos? 0 2nsin 20d (20)’
(6.1)

rie O0—yrox paccesnua B gabopaTopHOi cHcTeMe KOODAU-
mar (20—yros pacceAHNS B cCUCTeMe KOOPIHMIAT, CBA3AHHON
¢ HEeHTPOM WHCPUHN CTATKHBAOIMXCA IIPOTOHOB).

B ¢opmyae (6.1) mepBmii wireH Ja€r UMCIO IPOTOHOB,
paccessnunx HA yrox ¥ (B aafopaTopHOil cHCTeMe) B COOT-
perctreun ¢ oOurunoit Qopmynoii Pésepdopaa.

Bropoit umen mgaér 4mcio IpoTOHOB OTHAYHA, JBHUY IUXCH
mox yraoMm 0 x mepsomagadbHOMy IIyuKy TAKMKE B COOTBOT-
cTBUN ¢ o0nuHoOi Qopmyaroit Pésepdopna. Uucno srux mporo-
HOB PABHACTCS, OYEBUIIO, YHUCHY MAfalONUX IPOTOHOB,

k]
paccesHHRIX Ha yI‘OJI—§ - 0, TAK KAK OIPU CTOMKHOBEHNN ABYX

9acTUI] OJUIAKOBOII MACCH OHHI PAasjieTaloTCA IIOf YIVIOM,
ki3
E‘o

Haxouen, mocaegumii 94iael yYNTHBAaeT KBAHTOBOMeXaHuue-
cemii opexT oOMeHA CTAJKHUBAIOMUXCA NPOTOHOB.

OmpiTel IO paccesnnio OLICTPRIX IIPOTOHOB IPOTOHAMU
[27L{281.[2 1,[*°] (B mepsy®o ouepenb ommtei Tiosa, Xascrena
n XeitnenOypra [*°1) morasamn, uro Qopmyna Pésepdopna
HETPaBHIAbIO ONHCHBAET pacceAnue OLICTPHX IIPOTOHOB
OpOTOHAMH.

Pacxosaenne MeKOY  OKCIHEPHMEHTAJIBLHEIMI JIAHHBIMH
u $opmyaoii (6.1) Becsma Besmro. HaGmiopaemoe na ombire
YICI0 TPOTOHOB, PACCEANHBIX IIOJ YINIOM B 45° IIpu dHepruu
nporoHos mopsaaka 1 MeV, B HECKOIBKO pa3 HPEBOCXOAUT
amcao, pasaemoe gopmyaoir (6.1).

PaBHHIM
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Orcioma ciIefyeT, 4rTo Me:KAy NpPOTOHAMH, KpPOME KYJIO-
HOBCKUX, MCICTBYIOT eUl€ [OMmOJIIHTEe]IbHEE, cenupuIecKy
fAifepHBe CHJH.

CunTas, 4To 9TU CHJIH, TAK ke KAK M B CIy7ae B3auMoO-
deiicTBMA NEUTPOHA M IPOTOHA, XAPAKTEPHBYIOTCA OUClb
MAUIBIM PAANyCcOM J[eUcTBHA, MBI MOMEM BaRIIOYHTH, HTO
B ciydae -IpOTOHOB He OYCHb 60T BIINX PHEPTHil 0CcOOeHHO
CHJIBIO 6y,11eT BO3MYIIICHA IEeCTBUCM FAACPHBIX CHI S-posHa
B PA3IOKCHAN BOJHOBOH (YHKINH CTAIKNBAIIUXCA IIPO-
TOHOB B PAA IO QYUKIUAM, COOTBETCTBYIOINM PadJINaILIM
suaueHUAM opburambHoro momenra I [P

DTO pazIOIREINO BOMTHOBOM Gy KM UMEET, KAK A3BCCTHO,
CACAY IO BUL:

q»:Eu, (r) P, (cos 0), (6.2)
1

e u;(r)—paguaibHas QYHRIUA, OTBEIAIONMAL OTHOCHTCLB-
HOMY MOMEHTY KOIMUecTBA [BH/KCHNA IPOTOHOB, PABHOMY L,
P; (cos ()—mommuom Jlexanpa.

Tax kag Iporouss Iomumusmiorcst crarmerake Depmu-
Jinpaka, TO HPOCTPAHCTBCHHAA (-(yHKIUA (6.2) nmomxna
GBITH AHTACIMMETPHYIION MM CHMMETPUYIOH B 3aBUCHMOCTH
OT TOT0, MAPAJIEIBNE MM QHTUIAPAIIETBHE CIUHEL XIPO-
TOHOB. B mepBoM cIxyduae B CyMMY (6.2) BXOAAT TOTBKO HEUET-
HEe, a4 BO BTOPOM TOJBKO UETHHIE 3HAUYENNA MOMENTa.

Orciofia ciIeAyer, 49To MAfepuke CHIbl, BOBMYIIAloMmue
S-poarfy, OYHYT CKASLIBATBCA HA PACCEAHUN IPOTOHOB HPO-
TOHAMI TONBKO IpPH AHTHIAPAIICNBLONT OPHERTAIAM CIIM-
HOB IIPOTONIOB, T. €. B '/, BcexX CJIYyJaeB CTOIKHOBEHMUIL.

Ompefenny aCHMITOTHICCKNIT BAJl S-BOAHK ¢ Y9ETOM
meficTBMA ATEpHHIX Ccua ).

HamoMuuM IIpejlBapuTeqbHo, UTO ACHMITOTHYECKOE HOBE-
JCHIe BOJIHOBOIT QYHKIUW UACTHNLL B KYIOHOBCKOM IOJe
uMeer BIJ

dl):eik:-é»im In k(r—:)+

e2

. . . ¥ . .
—— pikr—i«ln 2kr~ia In sin‘l—.5+l7t+2lﬂo, (6 3)
r Me?sin® -
2

*) Mul citexyey ke mnsiomemnio Bere [91),
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rjge
2
o= b k= A—IU eino — L(j' + t,l)_
ho’ 2h "’ [T+’

¢ —paccTosiime ~ Meskay IPOTOHAMM,  Z-— PadHOCTh nX
z-KoOpAMHAT (0Ch Z COBNAfaer C HAIpPaBIeHHeM CKOPOCTH
[HAafAOINX NPOTOHOB), {-—yrold paccesHnasd B CHCTEMO,
cBABAHHON ¢ MeHTpoM wuHepuum (OH paBeH 20, cM. (6.1)).

Mepsoe caaraemoe B (6.3) mpefcraBafeT coboii majao-
Wyl BOJHY, BOBMYMIEHHYI0 KYJOHOBCKAM IOJEM, BTOPOe—
pacceaHHYI0 BOJHY.

CorsacHO CKa3aHHOMY BHINe, HAaC MHTEpecyer CHMMeT-
prUYHAA BOTHOBAA §yHKIMA

w(%y,z)=q’($:y:z)+‘?('—x: —Y —Z)' (6'4)

Jlia TOmMyTeHMs ACHMITOTHYECKOTO BHA mocaefHeit
cieyer AoOaBHTH K BHIPAHEHNIO (6.3) pynrnmo, moxydao-
IylCcs B Pe3yIbTaTe 3aMeHH B (6.3) z Ha —z m cos i Ha

v
—cos & <npn orom sin® samenseTcd Ha cos® —-2-> .

S-BOJHA B CHMMETPUUHON BOIHOBO# (QYHKIME ABYX
IIPOTOHOB, B3AUMONEHCTBYIOIUX II0 3AKOHY Kyaona, umeer
creaytomuii Bay [18]: -

, = 2¢tm sin (kr + m, — o In 2kr) [kr (6.5)

[MHOKHUTENL 2 BOBHHKAET H3-3a JIBYX CJIaraeMbX B (6.4)].

Ecian, KpoMe KYJIOHOBCKHX, MeiCTBYIOT emé crmenudu-
yecKUe AAePHBIC CHJIBI, TO BMECTO (6.5) MBI GyneM uMeTh
QyHKINIO

u = 2Ceim sin (kr -0, -+ 8, — o In 2k7) [kr, (6.6)

rae 0,— MONOIHATENbHOe CMEINeHNo ¢assl, BHI3BIBaEMOE
AfepHHME cuiaaMi, a C— KOHCTAaHTA, KOTOPAs MOMET OHITD
oIpesieIeHa CJIeAYIONUM 00pa3oM.

Hama 3amaga cOCTOHMT B HAXOKACHUN PACCEAHHOU BOIHLL
¢ yuéToM MelicTBUA ANEPHEIX CILI. Jlxst 810r0 AOCTATOYHO,
OueBUIHO, BHYECTs M3 BEpameHns (6.3), MpeBApATENHHO
CEMMETpPU30BaHHOro, QYHRIWIO u, U ripnbaBuTh GYHKIUIO U,
TaxnM OyTéM MH 3aMeHuM B Qopmyse (6.3) S-Boany
B YHCTO KYJOHOBCKOM IIOJ® S-BOJNHOI, BO3MYMEHHOI
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NeficTREEM SANCPHHX CHJ; BOJHEI Jie, OTBETAIONHe 3HATe-
pmsM MomenTa [, OTIU9HBIM OT HyJd, IPH ITOM, KakK
1 NOMKHO GBITH, OCTAlTCA HemaMenHnMu. PagHocTh u —u,
He MOJKeT, OYeBHIHO, CONepHaTh CXOAALeilCsT BOJHE, T. €.
qaena e—ikr. UroObn yHoBIeTBOpUTh BTOMY TpebOBANMIO,
MBI JOJUKHEL BLOparh KoHcTaHTy C paBHOil eif,

Urak,

U= f} {g—i(kr—a In 2kr) L ei(kr4+m+-2m9-+280 —¢ In 2kr) }.
T

Boamymeénnaa peiicTBneM SAePHLIX cHJI CAMMETpHYHAA
BOJIHOBAA ()YHKIMA IPOTOHOB MMeeT CJIEXYIOIUl acHMITO-
TUYECKUI BHAI:

[ = gikztia In k(r—2) | e—ikz—ialnk (r—2) 4

—i& In sinzg—
+_!_eikr-iq In 2kr42ingtin § € (€ +
Ty 7 A —
sin? —
.2
—ia In coszg
e i Y 13
+——-";-§“—>+ ';;‘(62100"1)} . (6.7)
COS8® —
" 2

Kpaapar Momyas QurypHoit ckoOkn mpexcraBiaseT coboit,
Kak M3BEeCTHO, d(PPEKTNBHHI IIONEePeYHNK PACCeAHNs, OTHe-
CEHHLIT K eIWHUIeEe TEeJIeCHOro YIya B cUCTeMe, CBA3AHHOIM
¢ neHTpom umepuun mporonoB. OH paBeH, CICHOBATENBHO,

5(9) = (A;D

—~ia In 8in2 3 —ia In cos2 —8
e 2 p 2
o T
sin? — cos? —
. 2k : 2
+i ?(ezlao_i)l . (6.8

ITomaras 3pmecy 8,=0, MB IOJTyYnNM NONEpPEYHUK pac-
ceHUS B TOM cJydae, CCJAU JeHCTBYIOT TOJBKO KYJIOHOB-
CKIO® CHJIE, NPUYEM HPOTOHHl HMMEIT AHTRIAPATIETLHBI®
CHMHH (€CJN COUHLI IPOTOHOB MapPAICAbHEL, TO BTO. e CJIa-
raeMoe OyfeT BXOAUTH CO 3HAKOM MumHyc; BEIpamemnit (6.1)
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npefcrapisIer cofoit Cpeflee B3BelUICHHOE CETEHHE, KOTMA
Napa/ebHOI OPNeHTAIN CIWHOB NPHIACHBAGTCA BEC ¥,
7 aHTAIAPALIEALHOI — Bec */,).

ITpeneGperas wienoM o lnsin® -, Tax kak o< 1, MBI

ponyunm u3 (6.8):

2 N\2 Ghv\? .
G({}) -0 (ﬂ)ﬁor—-U = (ﬂ;u‘z) [ ( ez") sin® 8y—
Y o 1 1 z ’
——glzlisln 00 cos 00 <m+c_oé2-6>] ,(6-8 )

e
(e:%&).

Tl monyderns auddepeHIAAILHOrO IOMEpEeTHIRA pac-
cesHuUA ¢ YUBTOM JlelicTBUS AMEPHHIX CHI HYKHO BRPaTRE-

nue (6.8"), ymMHOACHHOE HA —Z—ZN sin 20 d (20) (MHOMUTEND [,

npencrasager cofoif Bec COCTOAHNA © QHTHIIA PATTSIbHBIMI
cnnuamm), npubasuts K (6.1).

Mpt mosryuum, TakuM o06pazoM, CAeyIomyio Ppopmymy s
oDPeRTUBHOrO CeTeNHs PACCeAsHAA NPOTOUOL B nHTEepBale
yraos 0,04 df ¢ yuéroM feitcTBHA ANCPHLIX CHLI:

1
sin2 @ cos® 6

_ 2 M‘?—k(@z—v)Bsinz ao] orsin0do  (6.9)
e

e? siu?fcos® @

4 1 1
a(0) 2ﬂsin0d6:§—5 cos 0 [m+cos4ﬂ—

(E — omepria  IIPOTOHOB). 3jech HpeAmojaraercda, 4To
(e2/nv) Insin® 0 < 1. ) . N
Ipusepém OTHOmEHHE CeYeHUU o (45°)/s, (45°):

s U8y (%;2_” sin Boy — %:i sind, cos8, +1. (6.9

c0(~15°)—
3ameruM, 9ro JAKe IpH MaJoif Beamunue yria 3,
5TO OTHOIIeHHE MOMeT OHITh OOJBIMAM U3-34 JaxTopa

gh;i ’ KOTOpHIl paBeH 160 pma mpoToloB ¢ OHeprueif
¢

1 MeV.

’
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1o

Coraacuo onmram Tiosa m Ap.[2%, oTHOmIEeHne :—%;% upn

o (&

pueprum uporoHos~ 900 keV pasno mnpumepuo 5. Ilpn
pueprnn 700 keV oHo cocraBmger 3 M IpH HHEPTHH
600 keV pasno mpumepHo 1,4[32], IIpu smepruu ~ 2400 keV
o (45°) /s, (45°) ~ 42,9 [2%),

DKCIepUMeHTaIbHO HalileHHOe YIIOBOe pacIpefiereHne
PACCeAHHHX HPOTOHOB OYeHb XOPOIIO ommckBaeTca QopMmy-
a0t Buja (6.9), eciu TOIbKO HaJIesKAIUM 06pa3oM BEIOpPATh

: %
J 37
=
4 § JnCnepiimernmaionas Kpibasi Pars ___glg:
g00 KV Pa%ZZ=
3 =
7
2
2 >~
/
g 257 30° 359 407 Z5°
Puc. 4.

B Heit fasy 8,. Ilocamepnas 3aBUCHT OT HHEPTHHW IPOTOHOB
1 JoJKHA OHTH B3ATA paBHoil 8, ~ 30° mpm sHepruum mpo-
tonoB ~ 900 [32],

IIpu sTOM NOIydYaeTCA YROBIETBOPUTEILHOE COIIACHe
MEsKy DKCIEePUMEHTATbHKMY AaHHEMEH U dopmydoit (6.9)
(cm. pume. 41032], Ha KOTOPOM M3OOPaNEHO BKCIEPUMEHTAIb-
HO HafalofléHHOe YIVIOBoe paclipefielieHUe pacCcesHHHX
IOPOTOHOB M paclpefeleHne, BHUUCIeHHoe IO QopMmydre
(6.9) mas pasamuHnx sHagenmit $asur §,). Ilpu sHeprun
~ 600 keV Qasa jommmua OHTH B3ATa paBHOIr 8, ~ 21°[321,
IIpu sueprnn mporonos B 10 MeV daza 3, pasma 52°30° [331.
B oroit ofmactm sHepruii ciaefyer YUYATHBAaTh JelicTBHe
AePHHX CHJ He TOAbKO HA S-BOJHY, dYTO MBI JEIaJIH
BHIIE, HO ¥ Ha BOJHE, OTBEUAIOLINE 3HAUEHUAM OpPOUTAIB-
HOTO MOMeNTa !, OTIMYHHIM OT HyJs; B IEpPBYIO OUepefb
Hy/RHO yUecTb BIAUSHHe AAEPHHX cuix Ha P-poiny (TOuHee,
3p-posHy). W3 pkcIepuMeHTAILHHX AaHHEX [30] 1o pacces-
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umo nporonop ¢ oHeprueii B 10 MeV caegyer, uro cmeime-
Hue Qass *P-poansl pasmo 3, = —0,8°. OcTaabHEe BOIHLI
MO0 CUNTATH HEBO3MYIIGHHLIME JleilcTBUeM AepHBIX
cua [931,

Spag swak aspl 8, MOMHO CJ[eJaTh BBHIBOABI O Xapak-
Tepe meiicTByomnx cui. MamemHo, IOJIOFRUTENbHEI  3HAK
(a3l COOTBETCTBYET IPUTA/KENNI0, 8 OTPHNATeNBHBIN —
orramkuBaHnio. B aToM MoskHo yoenuTsea uz dopMyant 341 %)

<O .
o M 3
b A~ S V[T 1 (kr)]rdr,
N
d 2
cOpaBefauBoil Ipu MaXHX G6,. (3mech V (r) —moreHIuasb-
nas pueprud, J A — pynrmua Becceas.)
N ——
2

Taxum 00pasoM OIHITH II0 PACCEAHII0 TPOTOHOB IIPOTO-
[aMH J[OKA3BIBAIOT, UTO MMy IPOTOHAMHU, KpoMe OOBYHOI
CHIIBL DIEKTPOCTATHYIECKOTO OTTAIKMBAHNA, HA MAJBIX pac-
CTOSHUAX HAeMCTBYIOT emé clenuuieckue sjepHse CUIIHL.
B cocrosiamu 'S (cIUHBI TPOTOHOB aHTUIIAPAIIIEAbHBI) LIPO~
TOHEL TNPUTATUBAIOTCA, B COCTOSAHUA P (CHUHH Napalens-
Hbl) IO BCeil BepOATHOCTH OTTATKHUBAIOTCSH.

Tar Kak B JAErKUX AZpAX, ROIJa POJIb KYJTOHOBCKUX
CIJI OTTAJIKMBAIIMSA HE3HAYUTENbHA, YHMCIO HPOTOHOB PaB-
HAETCS TPUMEPHO UMCIy HEUTPpOHOB, TO CJefAyer CYHUTATh,
4TO MEMKJLy I1apoil HeliTponoB Tamyke MACHCTBYIOT AJepHHIe
CWIIH, OPUUYGM IO HOPAJKY BeNIUTHHE OHU HE OTIMYAIOTCA
OT ANEpHHX CWJI, RECTBYION[NX MEeHSLy I[apoil IPOTOHOB.

JaMeTHM, UTO UepefOBaHUE XapakKTepa CHI (IpPHUTEKe-
HHMe ! OTTaJKMBaHUe) IPHU Iepexofe OT YBTHHX K HeueT-
HBIM 3HAUYEHHAM MOMEHTA [ sIBIAETCH XapawrepHoil ocobeH-
nocThio oOmenunix cui (351, TTopTOMY ODEITEL IIO pacCesHHIo
nporonos ¢ oHeprmeii B 10 MeV, u3 rotopuix ciepyer,
aro 8, > 0 u 3§, <0, cuxexyer paccMaTpuBaTh Kak yRasaHUe
Ha TO, 9TO SAMEepHBIe CHJIB 1O Kpaiineil Mepe YacTHIHO
nvetoT obMennpii xaparrtep 331 (cam. § 5).

Ecnu xapaxrtepusonaTh B3auMojeitcTBBe ABYX IPOTOHOB
HAa MaJHX pacCTOANUSX IPAMOYTOABIIOH IOTeNnunaIbHOM

*) CM. TakMC BAMCUAHHC B KOHLE dTOro naparpada.
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AMOi, TO YHOBIETBOPATEILNOC COrdAcaC ¢ HKCIEpUMe-

TaIBNBME JAHIEIMA TIOXYYNTCSA, €CAN CIHTATh TIIYONHY AMEL

nopaaxa 11,5 MeV u mmpuny r, 1opaaxa 2,8-10-1% ¢y 1321,
Jas Taroil AMEI MOKHO BBCCTH BEIUIBHY

1 du

u dl" r=ryp

(u/r — BonHOBaA (yHKIUA ABYX IPOTOHOB, OTBEYAIOMAA 3HA-
vennio [ = (0), aHAMOTMYHyI0 BBCACINOI pauee Beandnne o.

Coornomenne, anazornunoe (1.4°), mMeer B caydae ABYX
IIPOTOHOB clepyiomui Bua:

ketg (kro+0) = —1.

Beanauna Y OKa3bBIBACTCHA OTleHaTeﬂLTIOﬁ, 4T0 YKa3bi-
BaeT Ha HEBO3MOM{HOCTH ¢BA3AHHOTO COCTOARNA JIA NABYX

TIPOTOHOB. ,
OmpenieuM emé BeNMUMHY BHEPTHMU, AHAIOTHHYHYIO €

[enm. (1.7)]:

(6.10")

hﬁYB
" e
e’ = i .

Ouna owassacrces nopsapra 100 keV, To-ecth TOrO e
nopsaKa, 9To n Beamuwiia &', OTCIOA MOFKNO BARIIOUMATE,
qr0 ¢l MEAY HCHTPOHOM W IIPOTOIOM W MEMHy [BYMS
IpOTOMAMU B CHHIVIOTHOM COCTOAHNE HMCIOT OAMLAKOBRHL
HOPSI0K BEJHIU L, .

Masocth € B sjepuoM Maciitale sueprui O3HAYACT,
Y70 cHeTEeMA MPOTOH — MPOTOH B CMHITIETHOM COCTOAHIN Gams-
Ka K pe3oHAHCY (AHAJIOTMYIO cHCTeMe HeliTpoH — IPOTOH
B cuuraersoM cocrosmuu). Ilpm oroM 10X GAU30CTRIO K
pesoHaHCy Ml TIOLBMaeM ciejyiouiee. Tcom GOl ¢ymecTBoO-
BAJIO CBA3aHHOE COCTOAHMWe Y JABYX IIpOTOHOB, TO BEII-
uppa y Gpia OB TOTONHTETBHOIL. Ha camoM jene y OTpH-
HaTeapHa, HO OueHb Maua. B AnepHOM macmTabe y, TaK e
Kak | o,, TOYTH paBHa HYJN10, T. C. HPUMLIKACT K oGmacrn
TexX aHadelmit Yy, KOTOPBIM COOTBETCTBOBAJ OLI CBSI3AHHENA
yposens. IlosToMy Yyide MAIOC M3MCHEHNE mapaMeTpoB
CHCTEMBL IIPUBCIO OBl K IIOFBICIINIO CBSI3ANHOIO ypoOBUA,
Gaaskoro ¥ nymio, Takoe CBOICTBO CHCTEMEl ME I HA3E

BaeM pPE30HAHCOM.

” On

ool
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§ 7. 3axsar meiiTporos nporomamm. Heiitpor Moker
GHTH 3aXBavueH HPOTOHOM ¢ HCIyCRAHHEM Y-KBAUTa, YHOCSH-
mero u30LITOK DHEpruu.

UB cucTeMe KOOPAMNAT, CBSIZAHHOI ¢ INEeHTPOM HHepHun
HEATPOHAa W NPOTOHA, YHEPrHA Y-KBAHTA paABHIETCA

fL(l):E_}. g, (7.1)

rge E—KmHeTndecKas OHepPIHs  YACTUN, & -— DHEepIHA
CBA3H JNelTpoHa (vHeprua Heiirpoma B IalupaTopHoil cu-
CTeMe, THe IO CTOJKHOBEHMA IPOTON IOKOWJICH, paBHA
L, =2E).

Papmamuonnsiii 3axpar HeliTPOHA MOKHO PaccMaTPUBATE
KaK Hepexojl CHCTCMbI HeiTpoll--I1IPDOTOH U3 CcOCTOAPHA,
OTHOCAMIEr0CA K HEIPEPHBHOMY CIIEKTPY, B COCTOAHUE
¢ RUCKpeTHO#t sueprumeit. Mwm oupegenum eposTHOCTS
TAKOI'0 Iepexoja.

SaMeTHM IPeBAPUTENHI0, WTO AIMHA BOILL -U3ILyde-
HOs, MCIyCKAeMOro IIpH 3aXBATC HEHTPOHA, Beerga (Tou-
Hee TOBOPS, BIIOTH [0 dHeprum meirpoma ~ 100 MeV)
BHQTUTENBHO (oJbille, YeM PAJUYc JICHCTBIA ANCPHLIX CILT;
MHRIME cioBaMu, 9QQeKTuBHbe pasMepsl W3Iydalouleii cu-
CTeMbI 3HAUNTENbHO MEeHpILIE JUINHEL BOJHL Y-KBaHTa. QFHIY-
HO B TAKMX YCJAOBHAX MBJIyYCHUE MMEET XapAKTep dIIeK-
TPUYECKOI0 JUIOJNBHOrO HU3JIydeHU.

IIpm saxBaTe MeJTemHLIX HEUTPONOB, KOTOPLIA MHEI
fajtee OyfeM paccMaTpUBaTh, ODICKTPUUECKOS UIOIbHOE
U3aydeHue He Mrpaer, OAHAKO, TVIABHOII POIM, W NOITOMY
OKA3LIBAETCA HEOOXOAUMLIM YIUTHIBATE MATHATHOE JUIIOJNb-
HOE 1 3JIeKTPRIecKOoe KBAAPYIOJbHOC M3JIyUeHHUe.

B cumpasepauBocTn 9TOr0 yTREpi el MOKHO yOeauTh-
¢ m3 caepgyomnx coobpaskennii. OCHOBHHIM COCTOSHHGM
RefATpOHA, T. €. KOHEYHHIM COCTOAHNEM CUCTCMBl HCHTPOH 4
IIPOTOH, fABIAETCHA cocToAnme °S, + D, («mpumeck» cocToA-
Hua °D; ouens Hesenuka, mnopsagka 4%/, cm. § 2). Jlas
TOTO 9YTOOLI HepeifTu B cocTosHue S, ¢ M3JAydYeUneM bDICK-
TPUIECKOrO AUIOJBHOIO Y-KBAaHTA, MHEHTPOI AOIIKEH HaXO-
AUTBCA B COCTOAHME °P,, UHHEIMH ¢JI0BAMUI, MOMCGHT KOJII-
9€CTBA JBUKEHNS HEHTPOHA OTHOCHTOABHO IIPOTOIA JIOMKCH
pasHATbCA [=1. C ppyroii cTOpOHE, M3BECTIO, YTO B)-
(gerTuBHHI mapaMeTp CTOARHOBEHUA paser (X, 1yge k—

5 A. Axpesep
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AINHA BOJHBI HCUITPOHA. [osromy mpu [ =1 HeliTpoH IPoO-
XORNT Ha PACCTOSHHU TOPANKA X OT NmpOTOHA. Jlas men-
JeHHBIX HE{TPOHOB K > 7y (r,— PaiAuyc JelCTBIT SINEPHBIX
cux). DTO 3HAUMT, 9TO HEWTPOH C MOMCHTOM { =1 upoxo-
IUT HACTOIBKO JAJIERO OT UPOTOHA, HTO 5ePOATHOCTDL €ro
zaxpara Oyjer KpaiiHe MaJoif.

Wa0/KeHHLie COOOpaeHNs e OTHOCATCA K HEpeXody
cUCTEMBl HEiTpOH — IPOTON N3  CHHIVIETHOTO  COCTOMHILA
1S, B TPUILIETHOE COCTOAHNE 3S,, COIPOBOMIAIIEMYCH
n3TyYeHUeM MATHATHOIO AUNOILHOrO |-RUAHTa. HeiiTrponnl
¢ wmomentoM [=10 (S-HeiiTpomil), KOTOPLIE HCIBITLIBAIOT
1060B0C CTONKHOLEHH@E ¢ IPOTOHAMM, MOI'YT IOrJAOMAThed
gocJie(HIMH, TPUUEM H3INIIeR dHeprui Gyaer u3aydarbesa
B BUjIe MATHUTHOTO JAWNOILHOTO Y-KBAHTA.

Feau cumtath OCHOBHEIM COCTOSHHEM JI@UTPOHA 3§ ,-co-
crosgHne, TO CTATKNBAIOMUECH HeiiTpoH M I[POTOH JIOJHDI
0G1afATh LPOTHBONOIOMHO HAIIPABIIGHIKIMU CIMLIAMI, T. €.
JOKHLL  OTHOCUTHCA 18 CHHIVIETHOMY cocTonHN0 S,

Baarojaps TOMY, 9TO B JICHCTBATETBHOCTH X 3S,-co-
CTOATMIO (TIpUMelanoy B 1e0OMLIIOM KOIMIECTBE 2D,-co-
CTOSIHIE, BO3MOJKHBI TAK/AkE IIEPEXO[BI MEIKY TPUMIIETHBIMH
COCTOAHEAME, OJHAKO BEPOATHOCTh Nepexojla W3 TPUILICT
HOTO COCTOSINAA TOPABNO MEHBINC BepOATHOCTH IIEpeXofd
18, —> 8,

[lepexoy ©3 TPUILICTHOTO COCTOAMNA, OTHOCHILEroC i
K HONPEpHIBHOMY CIEKTPY, 1 OCHOBHO® cocTOsTHRE JeiTpo-
Ha MO teT IPOMCXOQUTH TaKie ¢ MalIyueHneM KBaJpyHois-
HOTO KBaHTa, TaK KAk MHpH KBaApyIOIBHOM M3y YeHnn
JIOITy CKAIOTC A 11ep eX0/(Bl

38, —*D,, sp,—2S,, *D,—*°D,.

BepoaTHOCTh DTHX IEPEX0:OB ONNAKO Mala 1O cpa-
BHEHUIO ¢ BePOATHOCTHIO MIEPeX0.1a 1S, — 2S,, TaK 4TO OCHOB-
Hy©0 poOJb TpH 3aXBaTE MEJCHHEIX HeliTpOHOB HTpaIOT
mepexoj sl W3 CHHIJIETHOr0 COCTOAHMA 1§, B TPULIETHO®
cocroanue %S,, CONMPOBOMKAAIOIMICCA MArHATHRM AUTION bHEIM
naayuenuey [37),

[lepexonsa K onpejereHnIo BEPOATHOCTH pafuannoHHOro
3axBaTa HeliTpOHA MPOTOHOM, IPUBEAEM CLEPBA o6wue Qop-

i»-,,,, L . —
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MyJIbl IS OTPeTeIeHnsT BepOATH 5
OcTell NM3JAyucHU -
HBIX THIIOB. FYHCHI past
BOI)OH’.I‘HOCTL) PAANaNIoONHOr0 Tepexosia CUCTeMBI U3 ¢O-
CTOAHUA I B comon;me f, npu KOTOpoM B TeldecHoM yrae do
u3avuaercA KBaHT fiw, ompejedt
b fgeTcA
. s pen caepywieii gopmy-
e?  wdo

wdo= —— ——
(Mc)y*2nhe

N\ ¢ ; 2
Z CPT ])en)elkrn "P/ dr|, (72)

n

rpe M —macca m e—3apaj YacTUNH (B AHTepecyIoneM
nac caywae M — macea nporona), U; u %; — BOIHOBEIE By HKIIA
HAa9aJbHOrO0 M KOHEYHOTO COCTOHHHH; pgn)—npoeﬁulzﬂ onne-
paropa HMIyJabca n-ii YacTHIBI HA HANPABJIEHWE MOJIAPHA
3amuu BOJIN:, J— BOTHOLOH BeKTIOp KBAaHTA, 77, — e
BEKTOP N-YACTUIILL. ) TnTpAe
IIpenmosarasi, uro AIMHA BOTHBI U3Jy9eHNS 3HAUNTEAHHO
OPCBOCXOMMT PA3MEPnl M3IydaloWelf cHCTeMB, MBI Dasio
HOM €FTn B pAj, cOXpaHUB B HEM JIBa nepnm’x tmeHg -
Wenoassyst omepatopHoe cooTHOM eHue .

P

T

rjle ¥ —olepaTop CKOPOCTH 9YACTHIE, IpERCTaBUM MarTpud-
HEII piemeHT, BXojauwmii B (7.2), B Bufe

(; (vpe) e"’"‘n> i =
- (; @) )+ (g 2 () (ra) ), +
+5 (Dl kle),  (1.3)

(e — elMHNTHEII BeKTOP IOAAPM3AUUM).
Tax I\“HIE B KBAHTODO{I MeXxaHWKe MarpUYHEHI daeMeHT
oipedaomuii mepexogy ¢ —> f, IpomopUMOHAJIEH '

i
e ﬁ'(Ez_Ef) =eiwf

L 1d
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(E, — oHeprust n-ro COCTOAUNA), TO MATPITUEC DICMONTEL
KAKOTO-II100 OTepaTOpa £ 11 ¢I'o MPOU3LBOJILOI] 0 BpeMeHN £
CBABAILI COOTHOMIEIICM
(L)ij=10 (L)
Hcnoapsys oo cooruouwenue, mepeuuuem (7.3) B Buje

(;w,,e) gkrn )iy = io (%:(ern) D)y 3‘}(;(@;«,,) (kr)),+
+ci [Re] - (Zz—lc—[rnv,,])-,. (7.3)

n

Marpuussie oxeMents, Bxofamue 5 (7.3"), mpescra-
BIASIOT CODOM COOTBETCTBCHIIO MATPUULBIC DIEMEITH JIUIOIb-
HOT'O MOMEHTA, KBajpyNOJbHOTO MOMCHTA 4 MarinTHOrO
MOMEHTa CUCTEMBI.

CooTBeTCTBOIHO 9TUM TPEM cJaraeMLIM MBI HOJIY UM
[UIOIbIOe, KBAAPYUOIbHOE N MArCHMTHOE JUIOILHOe U3JIy-
qemusi.

Mo/KIO IOKa3arh, UTO MOJNIAS BEPOSTHOCTH UBIYYSHU
(IIpOMHTErpHpPOBAHIAS 0 DICMEHTY TEIECHOTO YIJa BELTE-
TAIOWIETO {-KBAHTA) CIJIAJIEBACTCST U3 BePOATHOCTEIl JIAIIOb-
IOT0, KBAJPYIOALHOIO M MATMUTHONO JILIIOILIOI0 M3 y4Ie-
H@{T, MHBEIMU CJAOBAMI, MHTCPPEpeuItuoLilbic HaCHbl  MEHIy
PABIMUNLIMI THIAMHM HU3yYeUus B LOINOH BepOATHOCTU
OTCYTCTBYIOT.

[pusenéM GopMyIsl AIA BEPOATHOCTCH PasIMIHBIX TH-
OB M3JIyJeHus,

BepoAarHocTs ANTOABHOIO U3JMYUEHHS, HPHE  KOTOPOM
{-KBAHT HCITYCKAETCA B TEICCHOM yriae do, OUWPCAENAETCA

o Qopmyie
(Sem),

BeposTiioecTs MaCHHTHOTO JHIOABLIOTO N3IYUCHNA UMCEOT
BOJ

2ol

" do. (7.4)

0= ——
wad ghed

e2wd

w_do

m®0 = 5o

(Deel Elec'["n"n]>i, l do, (1.5

rge K«*Gl],l(lllﬂ‘leIﬁ BEK10p B U anpasacHunn BOJIHOBOI'O
BEKTOpa.

§ 7. 3AXBAT HENTPOHOB ITPOTOHAMIT 69

Hakonen, BePOATHOCTL KBAAPYNONBHOIO HUBJIYYeHUS
BhIpasraerca QOpPMyIIoii

wo= o | (Sler) (kr)), | do.  (76)

B ¢opmyay (7.5) BxomaT MaTpPUUYHLLT DIEMEHT MarHMT-
HOTO MOMEHTA CHCTEeMDI, O0YCJIOBIEHHOrO OpOMTAILHLIM
apwkerneM. Ecam uwacruus  obnagaiorT  em@  CIAHOBLIM
MarHOTHBIM MOMEHTOM, TO IOCJe[HUil caejyeT HpudaBuTh
K CyMMe

e
}d-aj;[rnvn]' (7‘5’)
n

Taknm ofpaszoM B obuem caydae puipaskenne (7.5")
MOMKHO OBITb 3aMCIICIO CyMMAapILIM MaTHUTHHIM MOMEHTOM
CHCTEMHI.

Iepeiiém 1 ompepereHmo pepoarnocreit (7.4), (7.5),
(7.6) *). PaccMoTpuM Clauaja 3axBaT, COLNPOBOKIAIOMUIICH
M3Iyd9eHneM MarlnTIoro JUIoNbHOTO {-kpanra. OfosHauasd
uyepes M oIepaTop MaTHATHOTO MOMCHTA CHCTEMBI Heli-
TPOH -} MPOTOH, BLIPAKCHHLIE B AACPHBIX MarHeTonax,
nepemuuieM Qopmyary (7.5) 1 BCpOATIIOCTH 3aXBATA B BUAO

w, do— 2" (1o >2m|([}€e]M)if|2—Z%. (1.7)

= e \ Me

Oneparop M mosier OWTHL HpeficTaplcH B BHAE

1
M =p,6,+ PpOp -+ '§L =

1, N o, 1
= §J <+ (P‘n + Pp— ’2‘> S W (("n - le) (Gn - G],), (78)

r¢ Py M P, — MAPHHTIIEIC MOMCITH HeiiTpona 11 HpPeToiid,

BHIpDAKEHHBIC B OJINIUNAX eh/2Mc¢, o,, ¢, — CHNHOBLIC

marpunnl neiitpona 1 mporoua, I, 8, J -— C20TBOTCTBEHIO
~ . o .y

OpOUTANBHLI, CHUIOBKIT 1 IOIHLIT MOMENTH  CHCTCMLI

HefiTpoH -} IIPOTOIL,

*) TIpu BeduCJcnnm BeposiTHOCTeft MH Caeiyem paGoTe [7].
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HanGomee cymecTBeHHYI0 POJNb IPpH 3aXBaTC MCATSHHBIX
He{iTPOHOB MIpAalOT, KaK MBI YKa3HIBAaJIll BHIUE, LEPeX0bl
M3 CUHIJIeTHOTO '§,-COCTOAHMA, CTHOCHMIErocs K Iedpe-
PHIBHOMY CIGKTPY CHCTeMLI WefiTpoH -+ LpOTOH, B TpHU-
nmerHoe cocroaHme °8, 4 °D,, npegcrasagwomee coboit
OCHOBHO€ COcTOsAHMe JeilTpoHa.

BoanroBaa ¢yuruus wucxoguoro 1§, cocrogmma nmecr
BHJ

=u0(r_)\0

g="""7s, (7.9)

rae 4, (r)— papgnazpnag Gyuxums S -cocroaHus, a yo — cnn-
HOBAaA BOJHOBAA (YHKIUA 3TOr0 COCTOSHUA.

Boanosyio $yurmumo O; mur npeamoasaraeM HOpMApPOBaH-
HOHf TakuM 00pazoM, 9TO NJAOTHOCTH IAJAIOL{NX YACTHIL
paBHa equanne. Ytobwr HATH ¥,, HY/KHO PEINUTL COOTBCTCTBY-
jfomee ypasHenue lllpeannrepa. Bue ofuacra meiicrsna axep-
HHX CHT u, UMEeT CJAeAyIOUIy0 ACHMITOTHUEcKyI0 (opmy:

1. R
u0:= ?Sln (kr—!—oo)’ r > r(“

rae 8, cBA3aHO ¢ BBeAdHHOII pamee [cm. (1.4)] Beamunm-
HOH @, COOTHOLIeHUeM
o d o= — 20
ctg 6, = — T
BonnoBasa $yHwunms KOHEYHOTo COCTOAHUA, T. €. OCHOB-
HOTO CcOCTOAHNA [A2iTPONMA, MOKET OLITh 3AIHCAHA B BUJE
1 u 12
Yoz e — 3 ] =8/ .V .m'
y,_]@{r Fo-os,, } s, (7.10)
Tle u ®W w — pafgUadbHble QYHRIMN, ONNCH BAKOIGNE
S- m D-ponnm, §,,— omeparop, olpegeaacMuii Hopmy-
aor (2.6), m /™ —crnuHoBag BonHOBAA (YHRIHA TpPH-
[JIETHOTO COCTOAHUA.
Urobr BoiumcauTh MATPUUHEI  3jeMent, BXOLAWMI
8 fopmyay gus BeposarHocTu 3axsbara (7.7), 3aMernm, 4To
CNNHOBAA BOJHOBAA (YHKUUH HAMAIBUOTO COCTOAHHA 7y
QHTUCUMMETPUYHA, & CHRHOBAA (YHKIIA KOHETHOIO COCTO-
AHAA /7 CHAMMETPUYHA OTHOCUTEILHO CIUHOBHX KOOPHHU-

-

§ 7. 3AXBAT LEITPOHOB MTPOTOIIAMH 71

gar. ITopToMy TOJIBKO TpeThe cJaraeMoe B BHPARCHUN
JUI§ OMepATOpa MATHUTIONO MOMEHTA, Gymydm amTHCHM-
METPHMAHHIM OTHOCHTETLHO CHAHOBRIX TEpPeMEHHAIX obenx
gacTUN, MMEeT OTJIMUHBE OT HyZIA MATPUIHBIC OJICMEHTEL,
oTBEUAOLINE HEePEeXOfaM Meily COCTOAHUAMU ¢ pasJmd-
gpMI 3madesuAMn ToidHoro cmuma. (Yaew, cojepamui
[Ke]J =J,, MOMHO He YUWTLIBATD, TAK Kak, BHOpaB
B KauecTBe OCH KBAHTOBAHMA OCh Z, HAaIpaBJICHHYIO
1o [¥e], Ml IpuUBEAEM OLeparop J, ® IUarOHAIBHOM Jopme.)
WUrax,

([¥e] M) =

O

= (Pn —_— p.p) (47‘:)1/‘3 S uu, dr [')('3] (XT' ’ ';‘(cn - cp) Xg> (711)
0

g 0 aJe-
(BipazReHnss BHNA (¢, Ly,) oBo3HaYawT MaTPUIHEIE

w omepatopa L).
MeHﬁnn onlf)euelileﬂu)ﬂ w,, Hy/KHO KBaJpaT MORYIA MaTpUi-
moro asemenra (7.11) mpocymvmposaTh 1O BCEM TpeM
COCTOSIHMAM TPUILIETHOrO OCHOBHOIO ypOBHHA, T. €. IO
gypeay m'. YuurHBad, 9TO AMATOHAJbHBIE MaTpUIHbEIe

1
BIEMEHTH OIIepaTopa —2—(6,1—6;,) B CHHTJIETHOM COCTOAHHU

paBHBI Hyai0, MBI IIpe;J,CTaB](IM 9Ty cyMMy B BUJO
’ 1 . 2 .
2\[}(’8] (-71'71 ’ —-Z(cn_cp) /g)l -
m'

= 3 |oxel iy 3 a0 )| =

mj, j

= (2 (F1xe) (6a—0)) 7)) (7.42)

(j=0,1; m,=m’, m, = 0)

(nocTemHAA €ACTh PABEHCTBA HAMHCAHA HA OCHOBAHNA
IpaBmIa IePEeMHOMKEHNST MaTpPHI). Jlerxo Bupmers, 49TO

(e (Fixel@,—an) ) =1
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JelicTBNTOAbIO, HANPABIAA eAHATHEIN BeKTOp [Ke] Bponsb
ocH z, IOJy9IM:

1 1 2
(o, (Sl (00— 6,) ) 78 ) = F1(02)" + (52 — 20207, = 1.

Nrak,

o]

() M)y = i =y (S wguar )", (7.43)

{

Wy do= (Zf;_‘“) 0 (g — pp)? (S uu dr)z C (143
ho=c¢+4 E [2. i

Cymmupys oTo BHpaskenme 1O JBYM HANPaBICHHAM
NOMAPUBANUE  Y-KBAHTA W UHTETPUPYA MO TeJecHOMY
yray do, HOMy4uuM CJHeRyIOllce BHIPaKelle JJA IIOJHOI
BEPOATHOCTH 3aXBATA HCIHTPOHA W3 CHHIVIOTHOrO B TPUILIET-
HO€ COCTOAHNE:

1)y —
Wit =

U\

et . S'F?Eo) Sr AP (714

= 4x —fc—(p.n—-p,p) [T 7 <Suou 7'>, (7.14)
0

rjpe &—OHePIrUA C¢BA3N HeiiTpoHa, E — sHeprusa HeiiTpoHa
(B mabopaTOpHOIl cHcTEMe KOOPAMHAT).

Onpepenum Teneps  dQPerTHBHOE ceuyeHme 3aXBATa W3

CUHINIETHOTO B TPUINICTIOE cocTossnme, [ 9roro HyKHO
2E,
7 Van-
THIBAA CHIE, YTO TOJABKC ONUH U3 KAKAKX YETHIPEX HETpo-
HOB 00J1a/1a6T CHUHOM, TPOTHBONOJOKHBIM CIUHY IIPOTOHA,
IIOJYYNM CJACHAYIOICe BRIPAenue NI CeueHus:

c? s € 1/2
0(1,?‘)1) =% he Py — Hp) <2E;> X

€] Ly )2 L By
Ty e Ty e 3
X ( T M e % (§ ot dr) o (119)

paspennrs W, Ha MOTOK HeUTPOHOB, paBHEHIL ‘/

§ 7. BAXBAT NNEATPOHOB IIPOTOHAMII 73

rjae

o, = Ve
1 h .

Mu BupnM, arto momepeyHmE 3axBaTa pacTér ofpartHo
IIPOLOPNIONATLHO CKOPOCTH HEHTPO™a (M. IO PTOMY TOROTY
Tame § 12). B obmactm maamx swepruii, korpa E <e,
Bripaskenne (7.15) mpmobperaer Bmg

o]
2

D= o) Y g () (uaary. @15
1]

SaMeTHM, €TO yrJOBOe PACHPCNETeHNe BHIICTAIONIIX
“‘/-I{BaHTOB ABJIACTC A C(I)EPII‘IGCKI/I CI/IMMeTpI/I‘IHLIM, TaR Kar
HCXONHNO6 COCTOAHUE cHCTeMH S, He CONep/RAT KaKOro-
MU0O0 BHIAGTEHHOTO NAIPABICHUsI, KOTOPOE MOIVIO GH JATh
AHN30TPOIMNIO B yIJOBOM PACHpejeIeHN .

Brisegem rtemeps Qopmymni i BepoaTHOCTH 3axpara
HeliTpoHa W3 TPUILIETHOTO cocroanma. Mer 6yxeM crosa
TONMbBOBATECHA obwieir fopmyoit (7.7), HO B Kauectse

BOJIHOBOM (YHKIUN UCXOXHOrO COCTOAHUA BOZEMEM Telepb
BMecto (7.9) Qynrnmio

= (2 320, ‘_"_) /. (7.16)

Hdnsa maxomjeHus pPajuIbHbBIX QYHKINA ¥, U W,, ONH-
chiBalomux S- m D-BOJHE, HeoOGX0muMo PCUINTEL ypaBHEHHO
Nlpeaunrepa gas HEIIPePHIBHOTIO CIEKTP& CHCTEeMEl HeliTp OH—
nporon. (IIpemmosmaraercs, 4wro ramuabToOHmAH COAEPRHT
qIIeH

S, U(r),

o0ecHeunBalOmnii  ¢BA3L Moy S- n D-ponnamum; §ym-
nnm %, u W, ynosjersopaior ypasHemuam (2.11), B korc-
PLIX—e 3aMEHACTCA dUeprmeii cHcTeMsl).

Ilpn ompenerennn (yuknumit u, u w, HYKHO HMETH
B BHOJY, YTO BOJHOBHE (yHRIHNH HAYAJLHOI0O H KOHETHOTO
COCTOAHMU AOKHEI GHTH OPTOroHaAbHHIME. Todbko mmpn
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BLITIOJHEHNHA 9TOTI0 yCIOBUA uMeeT CMBICJI IIOHATHE neg‘e-
xoga M3 Ha4aJbHOI'O COCTOAHUAL B KOHEe4YHOe COCTOHHI/Ief )
iMmeerT

Jerko mnokasarb, 4TO yciaosue OpT()I‘OHaJII:HOCTVI uMme

BUJ

oo
S (at, + ww,) dr =0. (7.17)
D
HamoMuuM, HaKOHeI, YCTOBHe HOPMUPOBRA §;: B OOLLCH
dopmyite JIA UINY TeHIT (7.7) npeanonaraered, uTO HAY4JIb-
Haf (YHKONA HOPMEpPOBAHa TAKMM OOPasoM, 9T0 INIOT-
HOCTh TIAJAIOMMX YacTALl PaBHA eluHuLE.
Bre ofmactn AciicTBAA AMEPHHIX CWI QywRIAW U, 1 W,
HMEIOT CIeAylomnil QCUMIOTOTNUECKUN BUI:
w, = go(krkj—ao) zsin (kr 4 0¢) : (7.18)
g, (kr +8y) __
w, = const, =——F—— =
. 3
= CODkSt' { — sin (kr + 8,) — 7 co8 (kr43,)+
+(——:’—r)2sin(kr+ az)} . (7.18")

rie g, # g,— pajuManbHbie YHKUMI, BXOAAMME B pasio-

seHMe ILIOCKOH BOMHBI B paj HO (yHKIAAM Jlesmangpa

eikr =3 (2 - 1) Py (cos 6) e (k1) (7.19)

kr
fi

(Dy}mima g, CBA3aHA CJENYIOIINM obpasom ¢ ¢QyHrumHein
Beccena Jipyy,(2):

g, (kr)=

s ompeneneHns $az 8, m 8, MH JOKHEL (CIIATH)
BOMTHOBHE (YHKIUHM BHe W BHYTPU obmacta pelicTBUA
AfepHEX cui, T. €. B TOUKe T=T,. HamomHEM, UuTO,

3;\*_1'.]1+1/2 (kr) (7'19,)

*) B paccMOTpeHMHOM Bhlllle cJyiae mepexolia 13 CHHIVIETHOTO
B TPUIJETHO® COCTOAHME OPTOTOHANBHICTH aBroMaTtHdyeccku obecne-
quBaeTCA 6AIroIapsA TOMY, 40 QYHEIUM Yy YT OTHOCATCH K pas-
gBIM B3HAYEHMAM CINHMHA U IO3TOMY OPTOTOHAJNLHEL.

§ 7. CAXBAT HEATPOHOB [TPOTOHAMU 75

coraacho (1.4"),

>

_ ™~ &y
8, =5 +arcetg - — kr,.

Koucranta, mxopmuas B (7.18"), onpemeaserca ms
yeaosus oprororanswocta (7.17).

Ilepeiinéy K ompepeTcHHI0 MAaTPUYHOrO YISMEHTA Mar-
HUTHOTO MOMENTa. 3aMeTHM IIpefBapUTedLHO, YTO B TpH-

1
ILIETHOM COCTOSIHMM OmepatTop S = (6, 6,) MOKeT GHTH
3aMEHEH ero mpoernueil B HampasieHuu J, T.e. ¥)

S - Q2 2 __ T2
g ST ST

g :
S =g i T =T (41 (7.20)

(Mu BOCTIOAL3OBAMMCH TeM, uTo J° =2, 8§ =2).
Nlastee B, TPUILIETHOM COCTOSHMM Bce JUArOHAJILHEIE
MAaTpHUYHbIC DJIEMEHTH olepaTopa @, —6, ofpamaioTrca

B HYJIb, IMOYTOMY BOIIPOC CBOAUTCA K OIIPeieJeHNI0 MaTpuI-
HOTO 3JeMelTa oIepaTropa

Mo=J, [ontip—7 (et —g) L] (7.20)

(och z TpeAmolIaraeM HaupaBiIeHHOU Brouas [Kel).
Boiuncanm marpnunsiii oxevent (M,);. Bocmomxbsosas-

ek Qopmysaamu (7.10) n (7.16), ompemensomumn $; 1 Yy,
MO y4nM:

(M= 7 (1 + 1) X
C([rrrssln o [Srrss] m)-

L. r
1 1
Ve <P‘n e ;) X
c([l 28, 2 ) m L [ 4278, % | ). (7.22)
Tar rax B TPUILTETHOM COCTOSHUU

2
S12=8_2512
n cpeiHee 3HaweHue S,,, T. e, MHTETPA] IO YriaaM of S,

*) CM. npuMevanne Ha ctp. 31.



76 1. I. BIAUMOJENGTBNE HENTPOHOB C ITPOTUOHAMI

pasuo myxwo *), To (#.); mpuobperaer Buj

o

L)y =V & () (2 Tt | (w4 ww)dr —
0
_ZT/%: (Pn'i'}"p_’%') X

% ([ﬁﬁ +2-%:8, “:_1] wr, J L [%+2-‘8/zsn i,] 7.?"') .

Mepemii muTerpaa, cordacto (7.17), pasen Hydio.
3ameuas emé, 4TO

Iz <% 4272028, _”:_) g =6-2-28, _°:_ 7,
nepennmem (M,);; B BHAE

(M) = —gVE" (Prl‘{'PP'—%‘)(ZT’ J, X¥1’> §°WW1 dr.
1}

Keajpar MOAYNf OTOr0 BHPAMEHAA CJE[yeT MPOCYM-
MOpOBATH HO TPEM KOHEUHHM COCTOAHAAM M YCPOJHATH
[0 HAagalbHBIM COCTOSHHMAM.

Wcnonr3ys paBeHCTBO

L3 N J ) =g S8 =T
m

m m’

[OdyunM ciefylolee BEIPaeHHe MIA YCPOXHEHHOTO IO
HaYAJILHEIM COCTOAHMAM N IPOCYMMHUDOBAHHOTO IIO KOHET-
HEIM cOCTOSHHAM EBajpata Mogyua (M));:

(23

() F =65 (bt vp—y ) (§ wwydr)' . (1.23)

Hopcrapnp 910 BHpamenue B Qopmyay (7.7), Mo HaigéM
BEPOATHOCTh MATHUTHOIO [IMIIOJBHOTO N3JyJIeHUA, CBA3AH-
IIOFO ¢ TIepeXOfOM W3 TPHILICTHOIO COCTOSHAA B OCHOBHOC
COCTOAHNO JeiiTpoHa.

~

*) Corstacuo (2.6°) S, ==6(Sn)*—28% Tax Kar cpefHee BsHAYE-

uue (Sn)* paBHO ?S% TO CpefHee BHAUCHHME Sy, PABHO HYJIO.

§ 7. BAXBAT HEUTPOHOB ITPOTOHAMII

IMponnrerpuposas (7.7) Mo HAUDABICHUAM H3JAYUCHHOTO
y-KBaHTA M IIPOCYMMUDOBAB pESYJbTAT 10 JABYM Halpas-
JeHNAM HOJSPU3ANUM Y-KBaHTa, HAliitM 1LIQIHYIO BEPOAT-
HOCTH 8axBaTa HelTpoHAa.

B ToM caydae, Korja OHepTHA HelTpoHa SHAYNTENLHO
MeHbllle BHEprum CBABL JAeliTpoHa, IOAHAH BEPOATHOCTD
MarHUTHOTO JUIIOILHOTO N3AYYEHNs, CBABAHHOTO ¢ IepexofioM
ME/RAY TPBILIETHHIME COCTOAHMSAMI, paBIa

Wi = 6n S @n +p,— %}(i‘c—) = (g wwldr>2. (7.24)
0

llJIH oI y4eHu I cedeHUs 3axXBaTa HYAHO DPa3feauTh
9TO BEIpaskeHHe Ha HOTOR, paBI{bIﬁ B TPUIJIETHOM COCTOS -

4 /2
HOM ?;—(21?0/]!1)1 . Mut momyunm, Ttaxum obpasom, cie-

Ayiomee BHPAKOHUC AJIA COUCHUA saxsata [7]:

I e? 17\2
0(,,1_’1):* T he (P‘n +P‘p““—2“> X

X ‘/ ;%_0 <£c>a (Ci wwldr*)z. (7.25)
V]

OnpefemuM ewé BepOSATIOCTH 3axXpara HeiiTpouna u3
TPHUILIETHOrO COCTOAHMA, CONPOBOIKIAIONIETOCS N3JyueHuem
DIIEKTPUYECKOr0 KBAJAPYIHOIBIOro Y-KBAHTA. Bepoaraocts
zaxsarta ompefiedsercs ciaemyomeit Qopmyioii:

=N (o er - wre )5 (7.26)

rae ¢; u ¢; OIpeNeNsoTed COOTBETCTBCHHO (opMyTaMn

(7.16) m (7.10). (Mnonm'renb '/, B MaTpUIHOM dJIeMenre

IIPOMCXONUT W3-32 TOTO, 9YTO TOJBKO MPOTOH UMECT 3apAm;
1

pafnyc-BeKTOp IPOTONA paBel Tzr'>

IIpojenas BEIKJIAJ(KH, AHAJOTUTHEIC IpuBeACHHEIM BHILIE,
mosyuuM Clefylmiee BHpaskeHOe JIf  CETCHUH 3aXBaTa
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HefiTpOHA W3 TPHUIIIETHOTO COCTOSHUA, COIMPOBOAJAIOLIET0C A
N3IyuYeHNEeM KBaJpYyIOJbHOTO Y-KBaHTa['l:

2 2
(1»1)=15’_‘/Ea E_ 5
Sq woieV 2\ 12 ) X

[e)

i2

i

[ {
x| r(aw, + wa, — 27V ww) dr (7.27).
0

CpasHeHne BelpaskeHUil AaA off 1 m s~ morassipaer,
910

2
o(1o) S ww,dr
m ~ 0 z 1
(0=1) ~ | <L
c’lt&
S uuydr
0

Ceuenne zaxBarta ol!~1) Taxike 3paYNTENLHO MeHbIle
ol h. !

TakuM 06pa3oM OCHOBHYIO POJIb HIPAIOT IEPexojsl U3
CRHIVIETHOTO COCTOSIHMS B OCHOBHOE COCTOSIHUEG HeiTpOHa,
CONPOBOKAAOIINECH MATHATHGM JUIOJbLHEIM U3JydeHHEeM,

Onenum renepd BennunHy off'~D. He yunrmsas npucyr-
CTBHA B OCHOBHOM COCTOSIHUU AeiiTpoHa D-BOJUEI, Mtl OyjueMm
CUNTATh, YTO BOJHOBAA (YHKIMA OCHOBHOIO COCTOSHNA Jleii-
TPOHA ompefensaerca QopMyaou

w=} 2a, Neur, (7.28)

rae N — HEeKOTODHI YNCJICHHBIE MHOMNTENh, KOTOPHIL paB-

Hajca OB eguHnme Aad OeCKOHeYIo MAaJoro paguyca peii-

CTBHA AfGPHBIX cHI (B dToM ciayyac $yurnusa (7.28) ymos-
- -

JeTBOpAET ycaoBmo HopMupoBkn J w’dr=1).
¥

B peiicTBUTEIBHOCTH, BONHOBAA (YHKUUA OIpeelIdercs
BhipaskeHHeM (7.28) TONLKO BHE OOJacTH MelicTBUA sijlepHBIX
cuir; MEl OyAeM, OJlHAKO, NJIA OLCHLM BEINULOBL COYCHNS
3axBaTa HIpPeAUOJaraTe, yro BhIpameHue (7.28) cupasemaupo
TOBCIOAY-
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Tak Kak B MHTerpale, OUNpeAe]AioNleM MATPUIHEIA diTe-
MeHT, 061acTh IPOCTPaHeTBa I < Iy, B KOTOPOil AeHCTBYIOT
A7lepHbIe CUIIB, He NTPAeT NCKIWYUTEALHOR POy, TO MOKHO
ORANATH, YTO Ham pacyéT jgacT TNPaBUJIbHHEIL INOPANOK BeE-
anuaust o, 1,

Muomnreas N, Bxopampit B BHpaskenue (7.28), pus
BONIHOBOIH QynKUuUM AecliTpOHA BHE obmactn fleilcTBRA AnEp-

', I
HBIX CHJ, paBeH 1+—£2~“ AIA  TPAMOYIOJBIOW AMBI paguay-

ca r,, ccma o,r, € 1. Ero moxHO onennthb 0oJlee TOYHO, He
pellag CIENAAIBUBX lpefuoxoxennii o Qopme IOTEHIU-
aJlILHOII AMBI, 43 aHagm3a JAHHBIX IO pacceAnulo HelTpo-

31161
HOB TIOTOHAMN; Kl DTOM ORABBIBACTCHA, UTO N= 5 .

Tar KoK Mbl MOKEM OIpeAeduTh JUWb IOPANOK Beln-
qUNBL CCUEHMS 32XBATA, TO B AajbueiilleM B 9ToM maparpade
Gymem cumrars, uro N 1. B xauecrse BoaHOBON PyHK-
UM UCXOTHOrO COCTOAHNSA MBI BO3bMEM QYHKIUIO

u°=C sin (kl;c-{— 0o) . (7‘29)

B neiictouteassoct, Brpaskenue (7.29) cupasepanso
TOABKO BHEe ofijacTn AeiicTBUA AAepHHIX cmi. [ma onenku
BeTIUMHN CEUeHWS 3aXBaTa HelTpOHOB MBI OynmeMm mo co0b-
pa’ikeHNAM, BHCKa3aHHWM BhllLe, NPEJIOIATaTh, 1TO BEpaKe-
uue (7.29) cnpaBeAauBO NOBCIONY.

Ilonaran

M 1
C=V %z -
MH IPOHOPMEUpYeM U, [ r Ha okeprmio. Hymuas HaM HOpMH-
pOBKa (WIOTHOCTH UACTHI PABHA eAMHUIE) IOJNYYUTCH, €cin
MOJORUTE
Cc=1.

(B sTOM Jerxo yGemuTbCs, ecad BCIOMHHUTH, YTO byHE-
IMs, HOpMUPOBAHHAA HA DHEPTUIo, Vg, eBA3aHA ¢ QyHKImeit,
HOpPMUpPOBAaHHOI Ha eINHNYHEIT 00BEM Ug._y, COOTHOINEHUEM

- I/W dk
E=Y GapdE =t

B nauHoM cayuae E = n*k* [ M).

-C-
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IToncrapus mupamenng (7.28), (7.29) B wunTerpad,
pxogsmaii B (7.15), momywmm:

O

5 (. .

S uu,,olr:zki1 S sin(kr+28)e "1 dr =
0 b

V 21, k cos 8, + %, sins, i ) 7.3
= = — .OO

R vt =V P e vaTe 7:9)
] & %o
HANmoMHAM, 4T0 ctg 6,= -% )

Cormacuo (7.15") ceuenme 3axsara o{f~!) pasHo:

(01) — et _ l/Z/g_)? 213 (2 — 24)*
Om T o) V 3 U ie ) Gy a1 (7.31)

(E, — sueprus meiitpona B J1afopaTOpHOIl cmcTeMe OTCUY8TA).

Mopmyaa (7.31) norasnBaeT, 9TO cedenye 3aXBaTa cylle-
CTBEHHO 3aBHMCHT OT 3Hanra Beauuufsnl o, IlosroMy sxcmepu-
MEHTaJbHLIMI TAHHKEMM II0 3aXBATy MEIJEHHBIX HEHTPOHOB
IPOTOHAME MOKHO BOCIIOJIL30BATBCA HAPANY ¢ AAHHBIMEA IO
paccesHN0 MCAJEHHBIX HelTPOHOB B OPTO- 1 IIapABOAOPOAE
VLA OIpejlesleHus 3HAKA BEININIEL O, .

Bpoust suepruio cpa3u e=(a,4)° /M m yaursiBag, dTO
a, <0, mepermmmem Qopmyay (7.31) B obmactu oHeprmii
E, € ¢ B ciepgyoneM snge [37L139] *):

et h % ¢ Ve+ V) ]
c()?l+1)=ﬁm Zm —E—,-O's"; (:Lp-—!.Ln)“————Mzz—— (7.32)

rie & =(x,%)*/M. (Dra BemMUMIA COCTABIAAET OKOIO
100 keV.) Jlas remmosmix Heiitpouos caneprneit X 0,025 eV
MBI TIOaTyuuM, coraacwo (7.32),

511 0,312 1072 cm?,

#)  Varrecast  romentocTs  E,, cmeiyer B (7.32)  samenuTn

t
S‘{‘"E‘llo
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Ecam yuecrs maimune D-sonmpr, to Qopuyaa (7.15)

oacT MeHbIIEe 3HaueHue, Tar KRAR B 9TOM  CJdy4ae
<)

§wdr <1, a nmenno of’~1 0,202 - 10~ ¢ ca® [, Cenenus

0

o111 61~ ouerrs HE3HAUNTCIBIIO YBCINTHBAIOT HOCIEIION
BEJUYUHY, TAK YTO OCHOBHYIO POJIb IIPH 3aXBATC IC{ITPOHOB
MpPOTOHAMM HTPAIOT, KAk Y/KC Y1ia3LiBdi0ch Bhlie, Mepexo/int
n3 cuHraeTHOro cocrosnus. HebGoapmas «mpumechy D-poiHut
B OCHOBHOM COCTOAHMH JeilTpoHa MIPUBOAUT JUIlB K Ieno-
TOPOMY yMEHBIIEHMIO cedeHusa ¢\~ 1o cpapHCHHIO ¢ TeM
cyuaeM, ecau OB OCHOBHBIM COCTOAIMEM Aeiirpolla Ourio
cocTostrue *.5,.

§ S. @oropacuiernienie Aeiirpona. Ilpn obayuennn
mefiTpoHA Y-KBAaHTaM®, 3JHEPTUR KOTOPLIX INPCBOCXOJIHT
DHEPTUIO CBA3M JCHTPOHA, MORCT UPOMBOIITI pucnaz Aeii-
TpoHA. ITO ABIEHMe (OTOPACILCINIEHUs JeliTpola alaso-
ruuaHo QorosdPexty B aromax.

Cnenyer pasimuath yernhipe THIA LCPEXOJIOB N3 OCHODB-
HOT'O COCTOAHUA JCUTPOHA B COCTOSHUA HCIPEPHIBIOro
CIIEKTpPA: BICKTPHUCCI ML JUIIOMLHEIL, MATHUTHLE ART0Tb-
HEIl 1 9JIeKTpUUeCckyil KRajpynodbibii Mepexonl B TpH-
IZIETHOe COCTOSHMC, a Tawiie MaTHWTILLI MNUoNbILLIL nepe-
X0 B CHHIJETHOE COCTOSHIC CUCTCMDLI HCIITPOH -- HPOTOH.
OcHOBHYIO POJIb, KaK MLl YBUXMAM Hajec, WUIPaer DICiTpH-
9eCK0e MUIIONbHOE IOTJIOUICHHUC Y-KBAITOD.

‘Mu1 ompefeauM BEPOATHOCTH (OTOPACICTIICHLA e
TpoHa. BmBefeM upepsapureabiio odmue (GOPMyItr It
BEepPOATHOCTEH BJAEKTPUYCCKOr0 JINIIONBIOro, MariuTioro
AUIONHHOTO W BICKTPHUECCKOTO KB/PYLOJABIOIO IONIOLe-
HHUA Y-KBaHTOB.

2aMeTHM, YTO BEpPOSTHOCTL IOTJOHICUIS Y-KBanTa cBI-
3aHA IPOCTHIM COOTHOUICHICM C BCPOATHOCTLIO MCIYCIKalMsA
y-kBanrta. PaccMoTpuM BepOATHOCTH HCIyC .l Y-1BaHTa,
KOTOPHIM COHPOBOYKRACTCS 3aXBAT HaCTINH (reiipoita). Jra
BEPOATHOCTL MOKeT OLITH TpCAcTaBiCcUa B BIfe

a9

o

27
We = h'[]l[u

rie M,, —MaTpUUHLIE DIeMenT Iepexoja I {; — OTHCcEHIIoe

6 A, Axmeszep
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K eIMHAYHOMY MHTepBajy SHeprmm wucio cocrosHRIl 06pa-
gylomeiicAd B pe3yIbIaTe peanlnn YacimUH, T. €. Y-KBaH-

ta. VsBecTHO, 4TO
(ho)?doy

O = “(nhey®

Ijie ® — 9acToTa Y-KBAHTA, do; — 9ITEMEHT TelecHOro yIia,
B KOTOPOM IPOMCXONUT M3AyHeHne.

Jlas momydenms cedeHMA 3axpaTa do, HYKHO PasfeIuTh
W, HA CKOPOCTh 33XBATHBAEMEIX wacimI v, IMOITOMY
(ho)? dog (8.1)

27
dog= T lMl? |® v (2nhe)®

PaccmorpuM Temepb BepoATHOCTD MOTJIOWEHA T-KBAHTA,
NPUBOAAMIETO K BEIIETY TACTUIEL; B paccMaTpHBAEMOM HUE
cilyuae peus BAET O paciierIenui meilitpoHa. OTa BEPOAT-
HOCTH MOEeT OHTE IpeficTaBieHa B BANO

27
WP=EIM21I2?m

re M,, —MaTpHUHEI DIEMEHT HMEPEXOAd, & pn == OTHECEHHOE
K eMMHUTHOMY MHTEPBAJY DHEPTHM HHCIO cOCTOSIHAI BHIIIE-
repmlell yacTANH (Heiitpona). B mHTepecyiomeM HAC caydae
pacmienvIeHuss feliTpona pn PABHO:
ptdpdo, _ Mpdop
Pn= Gnhy dE 2 (2nh)*’

rjie do,— DIIEMEHT TeJlecHOro yIua, B KOTOPOM BEIIETAET
qacTHNA (HelTpOH); DHePTHA KROHETHOTO cocroanns E cBsasana

2
¢ WMIYJIbcOM p  COOTHOUIEHUEM E= J[;/T (M — macca
HeliTpoHa).
Ceuenne (OTOPACIIENICHNA ds, paBHO JACTHOMY OT e
JeHmA W, HA CKOPOCTb CBETa:
P2 , Mpdop
dop =7 | Mu P $0mmye (8-2)
Tax Kax B pacCMATPMBAEMHIX IpOTieCCax 3axBarTa il doropac-
LlemyeHAsA HadaJgbHOE B KOHEUHOe COCTOAHMA OfiHH W Te

Mo, TO

»

leig:IM?l

R71 -9

S
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IO03TOMY OTHOMIEeHne ceueHmit paBHAETCA:

dsy  Mpretdop 1 /pc\2dop

ds,  2(hoydo, 2 \ho ) do;" (8.3)

Bume mu mmenn [cm. (7.4)] caenyomyo $opMydy AIs

CeYeHNs UCOYCKAHNA 3JNEeRT[NYECKOI' 0 ANIIOIBHOTIO Y-KBaHTa
IpA 3axBaTe YacTUIBI CO CKOPOCTRIO V!

dog ( N (e rn)>if | do;. (8.4)

Cormacuo (8.3), ceueHme UOIJOMEHRA JAGKTPRICCKOIO
MUMIONLHOTO Y-KBAHTA PaBHAETCA:

(Stern),

Honwyncbu sroii opMyioit, saunmemM cedeHne foropac-
DIeIJeHud JeilTpoHA B BHJO

@ Mp 1 ! * do
de e he [0] 3 Z "?f’ ? er%), [‘—: y (8.5)
mm’

203
2rhcdv

2 fiop
4r

iz _tiz_Mpu)
do = M0 . (8.4")

.

er
rne e 7 IIpOoeKROusA AANOJBIICrO MOMEHTA I[GVITPOI{H Ha Ha-

OpaBleHUe NONAPM3ANMEA Y-KBaHTa; U; M Y;-— BOJIHOBHE
(})yfmmzm HAYalbHOTO ¥ KOHEYHOTO COCTOAHHI CHCTOME
HeliTpon 4 uwporoH. (B gopmyae (8.5) mpon3BogaTca cyMmMu-
poBaHme MO KOHEUHBIM COCTOSHUAM H yCpeAHeHMe Io Ha-
JANBHEIM COCTOAHNAM TPUIJIETHHX YPOBHel, MEERAY ROTO-
PHIMU ITPOMCXONHUT NEPEeXOf.)

YUroont momyuurs (GOpMyIy MIH CEUCHHA IOTJIOINeHU T
MATHATHOTO AHIIOJBHOTO Y-KBaHTA, IpHW KOTOPOM cHCTeMA
IepexouT N3 TPUIUICTHOrO B CHITJIETHOE cOCTOAHWE (mmepe-
xomn: %S, —1S8,, 2D, —'D,), mocrarouno B dopmyue (8.5)
3aMEHUTh HPOEKIUI0 BIEKTPUYECKOTO ANIOIBHOIO MOMEHTA
B HATIPaBJeHNN TONSAPU3aNUM Y-KBAaHTa HA IPOEKIUI0 Mar-
HATHOI'O MOMEHTA B HAIPaBJIeHNH MAaTHATHOIO IOJA Y-KBaH-

e
T4, T. C. 3AMEHUTb —- - €r Ha [#¥e]M (obosmavennsa

eh
2 2Me

cmorpu B § 7).
H*
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TakuM 06pasoM MBI IIOIYIHM CAEAYIOUYI0 dopMyay RaA
cedeHns NOTIOMEeHUs MATHUTHOIO JAMIOJBHOrO Y-KBaHTA:

, do
%2 (8.6)

dom =+ 2 22 2N (1, [Ke] MLY,)

m’

(MHOUTENDL '/, IPOUCXOUT M3-38 TOTO, HTO KOHEYHOe CO-
cTOSTHME ABIAETCA 3[ech CHHIVIETHRIM).

CeueHne JIS KBajpyIOJBLHOIO BJEKTPHIECKOro IIOTJIO-
[ eHusl MOKET OLITb JIETKO IIONY4eHO HA OCHOBAHUU dopmya
(7.6), (8.3).

OmpefieraM  BEPOATHOCTH (OTOPACIICTIICHUS neilTpoHa,
BEI3HIBAEMOTO IIOTJIONEHNEM BIEKTPUYECKOro JAUIOILHOTO
y-upanra*). Hafiném MaTpuaubii daeMent

(q),, —%— er%) .

B xauecTse BO:THOBOI ()YHKIUA MCXOJHOTO COCTOAHMA
MH BO3bMEM (QYHKIUIO

b= ‘_/_1; (—f—-l— 9-2 8., i:_> ¥, (8.7)

npefcTaBIAIYI0 Cc000# BOIHOBYIO (yHKIMIO OCHOBHOTO
COCTOSIHMA [eilTpOHA.

KoHEUHHIM cOCTOSAHWEM CHCTEeMH HeHTpOH—IPOTOH AB-
JAeTCs, 09eBUANO, cocToARNe *P, TaR KAK IPH DICKTPUTECKOM
JMIOJLHOM Iepexofe MyJbTUILIETHOCTH HEG MEHAeTCH, a
KBAHTOBOE UMCJ0 [ M3MEHAETCs Ha eNuHHIY.

Mur 6ymeM mpearosarath, 9To JIIBHA DOJHEI HelTpoHA !
mporoHa, o0pasyoOUMXCA B pe3yaprate pacHlerIeHusd neii-
TPOHA, BHAUUTEIbHO foaplie papuyca feiicTsuA ANCPHHX CHIL.

Eciid BHIIOIHEHO BTO yCIoBue, TO B P-cOCTOAHUAN MEHAY
HeHTPOHOM U IPOTOHOM IPAKTUYECKN CHJIBI HE neiicTBYIOT.
[osromy BomHoBas QYHKUUA KOHEYHOTO COCTOAHUA COENA-
71aeT ¢ BOJHOBOM dyuruueil ¢cBODOMHOTO NBUKEHUA.

Msr Morym O B KadecTBe LOJIOLOI (yHKIWM KOHETIHO-
ro cocToaHmA ; B3ATH ILIOCKYIO DOJIIY eikry™ rne k—

*) IIpu BHIMACTIEHUH DEPOATHOCTEH doropacuienjeHnsl MH Cle-
nyem patote [71

]
|
|
|
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BOJHOBOI BeKTOp HeliTpoHA, BEJUYAHA KOTOPOTO OnIperne-
JAeTcA 13 3aKOHA cOXpaHeHd: sHeprun

h2k?
= ho—e (8.8)

(ynrmus e*" ynosmaeTnopser Hy:KHOMY YCJIOBAIO HOpMH-
POBKW, @ MMEHHO—eUIMUYHON IIOTHOCTH YacTHI).

Jlerko BUAETB, UTO TOALKO OAUO CJTArAEMOC B PAIIOHE-
Hun ¢*" p pax mo moauHomaM Jlessamppa [cM. Gopmydy
(7.19)], orseuaomee [ =1 (P-poana), paér orauuHHI OT
Hyas pe3yibTai HpH IOJCTAHOBKC B MHTErpal

1
(".)f: g er ‘Pi) .

ITosroMy B KadecTne BOMHOBOI (QYHKIUM KOHEUHOI'O COCTO-
AHUA MH BO3bBMEM 910 claraemoe, omuceBalmee P-cocTo-
AHMe B CIyuae CBOOOJHOrO NBUMCGHUA.

Nrax,

.k k ,
4= 300w 8D e (8.9)

rie

sivkr

g, (kr) = == —cos kr

(BMQGTO P, (cost) Mm Hanmcanm saech ?—', d —yrom wme-
Kr

wuy Fen r>.
Toacrasum (8.9) n (8.7) B BEHIpaskeHme AId MATPUTHOTO
1 -
BIEMEHTA <k‘,),, 7erq),-) 0 BHIOJHUM cIlepBa MHTErpupoBa-

HEUe IO YIIaM B IPOCTpAaHCTBE F.
3ameuas, 9TO cpejHee 3HAUeHWe (IpHM HHTETPUPOBAHUN

r
mo vraam) ot (na)(nb), rue n=— 1ua, b — nocroaHHHE
BEKTOpPSI, PaBHO

(na) (nb) = ab,
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a cpenHeé snagenne (na)(nb)(ne)(nd),rpea, b, ¢, d—
NOCTOAHHBIE BEKTODH, pasHO [4M1:

(na) (10) (ne) (nd) = 1z (ab - ed+ac - bd +ad - be),

OOJIyduM:

<"Pl’ —;—er%) = —1 ‘;; <){;’" {ekoi rg.udr -
0

2V2/3 L3 ) “
+—— (T kS -eS+-eS-kS— eIc)Srglw dr } X"l): (8.10)
\]
rae
1
S =3 (6,4 6.).

3

mm
Jlerko BmjeTh, WTO TA BEIMYMHA MOKeT OHITH XIPeACTa-
BJeHA B BUJO

1T O 1 2
Mn po/mKHHl Temepb BHIYUCIUTH ~2’<4},, —2—erq)i>\ .

1 o1 1 e
5 E \ (ty,, 73"%)‘ =3 —%Spur {(ek)“ <S rg.u dr>2+
mm’ 0
42 (73 IS - oS 4 eS - IS — 61‘3)2 <§ ra.w dr)“} .
” Q
3ameuas, 4TO
Spur &S - eS = 2ek,

1
Spur (S - €S - 8- kS)* =~ (ek)* + S,

|

HOMyIHM:

1 1 2 3

3o ort)[ = {ror o rawar)
mm’ 0

$ L 2
455 (3 4 cos 6)<§ rg,w dr) } , (8.41)

rge 6 —yrox memay_e u k.
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Tax 1aK MH HIMeeM Jel0 ¢ HemoJdAPU30BAHHHIMA Y-Iy-
gamu, To cos’ U cielyer yCPCAHHTH TO HAUpPABICHUO BEK-
TOpa MOMAPMSANUN €, NEePHeHMKYIAPHOrO R BEKIOPY .
B pesynbraTe TAKOTO YCPEAHEHUs Ml IIOJIYTMM:

—_— 1
cos? = T cos? ¥,

FC $—yToJ Meily HallpaBIeHneM pacIpoCcTpaHCHIA Y-1y4a
1 HampapieHueM BBITeTa IHPOJyKTOB pacuaia melfiTpoua.

OronuaTeqpHoe Bhpaense A AuddepennuarbHOro
cevenusa (OTOpAcUIEIVICHNA el TPOHA, BRIBBALHOIO XIOTIO-
[[eHMeM PICKTPHYECKOTO JUIONBHOTO Y-KBAHTA, MMEET BUI

@ _x e Mo fng (( :
doy’ =537 Tk sin ( \ rgudr) +
d

4 55 (6+sin® ) (iorg,w dr)’} ‘%:L . (812)
0

BamernM, uTO Oaarofaps UPUCYTCTBHIO B OCHOBHOM
cocToAHAA AeliTpoHa D-BOMHEL yII0BOS PACIPESICHIE BELIIE-
TAIONMX GACTHI[, HAPANY © WIGHOM, MPOLOPIUOHATLHEIM
sin? 9, comepmur cHepuIecKu CcAMMETPNUHEL WiIeH.

WnrerpansHoe cederne HOTODIEKTPUICCKOTO PACLIOILIES:
wus feiitpoma pasmserca [7):

ezt (Crpnary 2 (Yrawar) ). 619
0 [i

JLast orenK ¥ BeJI MY ITHEL G(;I,)‘MLI peneGpeKEM BTOPEIM cl1arae-
MEIM, comepasamuM §-pyHriuo D-BOANE], # BOCIOJb3YCMCA
A u  BepaskeHneM (7.28), cHpaBeIABHM EHE obaacTh
neiicTBAA ANGPHHIX CHI

w=)/ 3, No-r.

Tax mar B murerpais B gopmyre (8.13) Bxopur MHO-
muTeldeM r, To 00JacTh r<r,, B KOTOpOIHl JCHCTBYIOT
fAifepHEE CHJIBI, He OKAa3bIBAeT GONMBINOro BAWMAHUSA Ha Be-
JInYMHY WHTErpala, KOTOpHIl omnpefenderca B OCHOBHOM
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obaacTrio pme pelicrnia apeprnix caa. I[Josromy, mcmoib-
ByA DPI DLIMHCACHID sgl) Gopmyay (7.28) pmaa  BOIHOBOI
dynrunu goifi pona sue  obdaacrn JellcTBAA AXEpHBIX CHIL,
HMCET CMDICI UGAL3OBATLCH TOUNLIM 3HAYENNCM MIOMKATENA
N. B omrnaue  or 976I0 BEYHUCIACHUA TIPH  BETYACICHUN
cedennsl 3exBaTa BUYTpelnad obdacTs r<{r, Brpaer 3amer-
nyio poas. Hoanzyacs Qepmyinoit (7.28) pndg BoaHOBUH
(YR, ML MGIKCM  TICIYyY4TDh  JHibL OHeHKY CeucHus
saxpatd, MOBTCMY MuI coutaau B § 7 Muomnreadb /V pPaBHEIM
CRRIIIMC.

Ioeranas B (8.43) pwpamenne (7.28), ME moxyunm
CHCAYIoOUMIT pesyiisrar:
3

Nxy . (814)

G(d) LY "‘/;E'{/,_,
P03 e M O(E+e)y ’

Ceucnne npum MagpX DHCPTHAX BLUIETAOWIBX YaCTHIL
uponopuuonainno e,

Buom: oruoiienne 9HEPTHHA Y-KBAaHTA K 9HePIMHU CBA3M
Teiitpoua e

ho E-4e¢
Y"‘T‘ PR
nepenmmenm (8.14) b nuye
3/2
@ __ g ! T a=0" o
R T R |

1
~ 1,78 - 10720 (v — 1)V y~® em?. (8.14%)

Ceuenue oGpamaerest B myab Opu ¥==1 u gocruraer Maxcu-
MyMA IIPH ¢ ==2, T. C. B TOM cJyJyae, KOrjja KUHETHIeCKad
DHEpIUA NPOJAYVKTOR pacielvicnua F pasHa bHeprun cBA3N
Aeiitpona. 9T0T MaKCUMyM panel:

(6 ) max = 21,6 - 10728 cat. (8.14")

Bupamenna (8.14), (8.14") onpeneiasor sdderTnnHOS
ceuenne doTopaclieiicHlia JleiiTpoya, ¢BA3AHHOrO ¢ Iepe-
XO/IOM B TpuietHoe P-cocTofne HeNpPepbIBIOro CIeKTpa.

Mol pacesorpuy zemepb (POTOpACHEIICHIC HedTpoHA,
BLIBLIBACMOE MALINTILIM JUIIOJILHLIM IOTIOMEeHeM Y-KBaH-

§ 8, ®OTOPACHIEIVIEHHE AENTPOHA 89

' toB. [Ipn 8TOM HDPOMCXOAAT IIEPEXOJH B CHHIVICTHOE COCTOA-
HOe HenpepuBHOro cmekrpa *S; —'S,, 4D, —'D,.
Boanosasa (yHKIUA KOHEYHOFO COCTOAHUA MOKeT OHTb
OpefCcTaBIeHA B BH®

’ %z__{e—iaoﬁ(;c(rﬂ___il[3 %')2_1] 52%"-)} Lo (8.15)

: 3nech mepBoe ciaaraemoe mpeAcTaBifer coboit BO3MYmIEH-
HYI0 B3auMOpelicTBHIEM HeHTpoHa u HOpOTOHA 'S -BOJHY
HEIIPEPRIBHOTO CIIEKTPA; BHIINE ME BHAEIU, 9TO Ha ©0Ib-
IINX PaccTOAHUAX U, Bedér cebd, Kak

u, & sin (kr 4 ¢,).

, Bropoe craraemoe B (8.15) mpencrasaser coboit D-Boany

B pasaomenun e** B pam mno mnoauHoMam Jlemamuppa
[em. (7.19)]; mHOMHTONAL e~ mepen u,/kr BBenéH nas
T0T0, 4T0bB QyHKIUA §; Ha GecKOoHEYHOCTH Bera cebd, KAK
cyMMa IepBOro ciaaraemoro, orsedamoniero [ =0 (§-poana),
B PABJOKEHNM INIOCKOI BOJHEL e*T m cXopauieiicsa mapo-
Boii BouHsI [7],

oncrasusas supaskennd (8.7) u (8.15) B dopmyny (8.6),
NONyYMM ciaefyiomee BhipaikeHue naA sPPeKTHBHOTO ceue-
HUA pacllelIeHUs JAeliTPOHA, BHIBEIBACMOIO IOINIOLICHHEM
MarguTHOTO JAIOJbHOTO y-KBaHTa [71:

[¥'s)

_ n e? ho N2
dG;,m)z-g 'ﬁ(}ln_?‘p)z ST {(S uun, dr> —
[

__C:/S_:"(i uu, dr> <§ g.w dr) (3 cos*®—1)+
b

[}

4+ (5—3cos’ §) <§ gwdr) | L1 (s.16)

0

(B BTOM BHPKCHNHU Yike IPON3BeleHO ycpeiHeHMe OO Ha-
OpPaBIeHNAM NOJAPU3ANAM |-KBaHTA).
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Ormerum, uro npu QOTOMaTHATHOM paclielIeHHH YIJaI0-
BOE paclpefeseHne BHIETANMNX IPOAYKTOB PaCULeIeHn
ABAAETCHA B OCHOBHOM C(EPUUYECKHM CHMMETPUIHLIM; HeHOJb-
mag acHMMerpu A BLI3K BAETC, KAk BAXHO 13 Gopmydnt (8.16),
HpHCYTCTBAEM B OCHOBHOM COCTOfHHM feiiTpoHa [-BONHEL.

Ecian mpenetpeus B gopmyae (8.17) BTOpHIM cllaraeMhIM,
cogeprramuM  ¢-QyHKIUIO D-BOJHBEI, MW BOCHOJL30BATHCH
WIS U W U, cOOTBeTCTBeHHO BHipamenusamu (7.28), (7.29),
TO MH IOJYdYuM ciaefylomuii pesyaprar L4l

VEVe(Ve+ V)
E+e) & +e)

(m) _2m e* h?
% =T Fe 3pic tn )

. (8.18)

OrmeruM, 4TO LPH MAJHIX DHEPTHAX o™ npomopumo-
HaapHo |/ E, B T0 BpeMa Kar o) ~ E*?; raxum ofpazom
npu Majanx E MarsurTHoe AUIIOIBbHOE IOTVIONCHUE SBIAETCH
foee cYIMECTBEHHKM, 4eM daeKTpudeckoe pumoabunoe. Ofa
TUIIA PacINeIIeHN s NPPAIOT 0/{MHAKOBYI0 POJIb TPU DHEPrun
E,~ 3.10° eV. Ecaa »Hepruad IPOAYKTOB PpacUICIICHU

mensute E |, To npeoGaafgaeT MarHuTHOe AUIIOABHOE IIOTIIOIIE-
HIUe,

I'JTABA II
CTATHCTHYECKUE CBOMCTBA TSLREJBIX SAJIEP

§ 9. Cocrasnoe Axpo. B mpeauaymedi raase My paccMoT-
pean cBoiicTBa JeiiTpona—IpocTeiillieil ANEPHOH CHCTEMHI,
cocTofAmeil U3 ABYX wacrul. Mu Bujenanm, 4TO JIA ONMCAHUSA
MHOTMX IIPOUECCOB, IIPOMCXOAAMUX B CHCTeMe HeHTpoH—
IIPOTOH B O0JACTH MAJHX SHEpTHii, He TpeOyercd AeTalbHAA
TEOpHUA AAEPHBIX CHIL.

OKAa3sBAETCA, YTO BO3MOKHO OINMCATh PAJ CBOMCTB fIEP-
HBIX PEaRLUil, IPOHCXOAAX ¢ TAMKEILIME ALPaMu OpPU cpa-
BHUTEIHHO 11e00JBIINX DIHEPIUAX, TaKk#e Oe3 feTanbHOl Teo-
pun AAepPHEIX CHI. JTO CBABAHO C BO3MOKHOCTBIO IpUMEHE-
HUA IpU M3YYeHUWM CBOMCTB TAMENLIX ANEp, CofepHtaliux
GoJIBIIOC 9HUCJIO0 CHUIBHO B3aUMOJEHCTBY IOUIUX YaCTUI], METO-
JOB CTATHCTHUeCKOil (u3nK: *).

Jlas Toro 4TOOH BHACHATH OCOOEHHOCTH IPOTCKAHUS
SIIEPHLIX peaKnuii, cpaBHUM MeRIY co0oii MTOMHEIE ¥ AAep-
HEI® CTOJKIOBEHUA. ‘

B ToM X0polo U3yUeHHOM ¢aydae, KOrAa dHeprus B3auMo-
JleiicTBAA MAKAIONIC YacTALB (crameMm BJIeRTpOHa) ¢ OTHEedb-
HLIMH DIEKTPOHAMHI aroMa Maja II0 CPABHEHUIO C YHepruei
caMoii 9acTHILI, IIepejada DHepPImH OT YacTUIH aTOMHOMY
BICKTPOHY IIpeAcTaBiseT co0Oll HOBOJIBHO PefKkoe FBJICHUE.
HanGoaee BepositHEIM OyjAeT IPOXOAeHUWE YaCTUL Hepes3
aToM 0e3 HmOTepPHM DHEPIuM HIN, MHAYC OBOPA, YOPYroe pac-
cesine JacTHIL.

*) PaccMaTpuBaeMblM HHAE BONPOCAM  TIOCBAINCHM paGoTh
. Bopa (421 (431 J1. Jlampay!®], s1. ®penxersli), a rawme pag
pa6or apyrax apropos (441> (451 1491, My usnaraew nanee ocuosutie
pe3yaLTaTH BTHX PAboT.
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C Majoii BeNINUWHONW B3AUMOMEHCTBUA CBI3AHA MaJasg
BeIMYLHA yCKOpeRmnA mafaimeir vactunsl. Orcioga BuHoO,
49TO BpEM:A, B TEYEHUE KOTOPOro 4acTUIA HAXOMUTCA B 00JIaCTH
aToMa, II0 MOPAARY BEJIHWYMHEI PABHO YacTHOMY OT HEJIEHHA
JIUIE HOPAAKA pPa3MepoB arToMa Ha CKOPOCTh YaCTHIH.

Tark Kak ¥ yCKOpPeHHE U BTO Bpemsa HeBeJqWKHd, TO IIpo-
gecchl M3JIYYeHWA IIPH ATOMHHX CTOJXKHOBEHMAX B OOLIEM
MaJO BEPOATHH.

Wrnste cooTHOMEHNA MMEOT MECTO IIpu ATEePHBIX CTOJKHO-
BEHUAX, MPOUCXOAANINX ¢ YHACTHEM YaCTUL, BHEPrus KOTO-
PEIX 3HAYUTEeJBHO MEHBIIe YHEePrUU CBABM ATOMHEIX AAEp.

Haubosee cymecTBeHHEIM SBIAETCH TO 00CTOATENIHCTBO,
4TO B3aUMOJielicTBHE MEMKAY CTAJKNBAIOLICIicA YacTuLeit n
ApOM OYeHb BEIMKO. JHEPrUA HTOr0 B3ANMOJENCTBUS TOTO
e IOPARKA BEAWYWHEIL, YTO0 M SHEPrUA B3aMMOACICTBUA
MeY OT/leNbHEIMU YacTullaMu, o0pasyomumu aapo.

Buaaropapa maawunio B atoMe taméIoro AApa MH MOMeM
CIATATh, YTO IIPHA ATOMHEIX CTOJKHOBEHMAX Nafalolias
9acTUN ABMKETCA B HEKOTOPOM IOJE aroMa, T. e. paccMar-
puBaTh CTOAKHOBEHME KAaK 337ady OAHOro Teiaa. B Aanpe
BCEe YACTHULLI PABHOLPABHEI, II0O3TOMY, B OTJINYNE OT ATOM-
HOTO CTONKHOBEHUA, SJICPHOe CTONKHOBEHNE ABJAETCA CYIIe-
CTBEHHO 334a4eli MHOIUX TeJ.

.Cunbnoe B3aUMOACIICTBIE MEKIY CTAJKABAIONICHCA YacT-
Ieil ¥ AapoM IPUBOAUT K TOMY, 4YTO OYe€Hb CKOPO Hocie co-
IIPUKOCHOBEHUA ¢ AJPOM IIAJAIOUIaA 9acTulla TepseT 3Haud-
TeJBHYI0 9acTh CBOel DHEPTHU, KOTOpasd mepefadrcAa ApYyrum
JacTuLaM, COCTABIAIOIINM MCXOJHOE ANPO.

J10 pacipepenenue SHEepTUU, COCPEJOTOYCHHON BHAaYaJe
Ha magamolleil YacTune, MEeHAy BCEMH HMEIIUMUCH YacTH-
[[aMu TAKOBO, YTO HU OJHA U3 HHX, BOOOINE rOLOpA, HE Oymet
ognauaTb ROCTATOYHON dHEPTHeit, YTOOH Ccpasy NOKUHYTH
00pa30BaBUIYIOCA CHUCTEMY—HCXOAIOe AP0 ILIIC IMagalolas
vacTuna. TOABKO IO ITPOLIECTBUM JJINTENHHOFO BpeMeHU
Korfia Guaropaps Qaykryannn kakasg-muGo dacruia npnoG-,
peTeT [OCTATOTHYI0 3DHEepruio, uToOH IPeofoieTh CHUJIRI 1npn-
TAMEHAA, [eiicTByolue HA HEE €O CTOPOHH OCTAJbHHEX
HacTUIN, OHA& CMOYKeT IOKNHYTHL HAPO.

Mu  mpuxopanmy, CJACMOBATEIBEO, K BECbMa BaKHOMY
BRIBOAY: CTQIKUBAIOIMIYIOCA YacTHIy H AAPO MOMKHO pac-

§ 9. COCTABHOE AOPO 93

cMaTpUBaTh KAK EAMHYI0 KBAHTOBOMEXAHNYECKYIO CHCTEMY,
KOTOpas cyINeCTBYeT, He Pacmafasach, B Teuenue AANTENb-
HOFO BpEMEHH, eCJH H3MepATh IOCIelnee B XaparTepHoil
fAflepHOit IKaje. OTO 3HAYUT, YTO BPEMA FKUINM  CHCTEMBI
3HAYMTEJbHO OOJBIIE TOrO BpEMEHH, B Teyenue KOTOPOTO
CTATKUBAOIIAACA ¢ HAPOM WacTHIA MOKET IPOHTH pPaccTOA-
Hie TOPAAKA PAsMEpOB ANpa, He 33jepiuBagch B IOCHC]-
meMm. Eciam cumTaTh cKOpOCTH gacTuln mopaara & 10° cu/cer
n pasmepn ffpa mopaawa 12:107'° cm, TO «xapamrepHOe
fAfepHoe BpeMs» t Oyner mopsama 3°107°% cex.

B reuenue BpeMeHH CYIIECTBOBAHUA PAcCMATPUBAEMOM
CHCTEME CBOICTBA €€ He OTIUYAIOTCA OT CBONCTB OO IHEIX
ANep, HAXOAAIUXCA B CHIBHO BO30YIEHHEIX COCTOAHMAX.
ITooToMy HpUHATO HA3WBATH CACTEMY AAPO -+ DafaomAA
9acTAIa COCTABHHM SApPOM (KOMIIAYHA-AAPOM).

Cuenyer IONYepKHYTH, UTO COCTABHOE SANPO HAXOMUTCH
B COCTOSIHMH ¢ ITOJIOKUTENBHON dHeprueii; UHBIMM CIOBaMH,
DHEPTUA DTOH CHCTEMBI IIPEBOCXOIUT pHepruio, neobxoanMy 10
JVIA OTPHIBA OT COCTABHOTO fpa, HO KpaiiHeii Mepe, HEKO-
TOPHIX M3 YacTHI, BXOJANUX B €T0 COCTaB.

Baire MpI TOBOPYIIN, YTO TOMBLKO IO IPOLIECTBUM AIUTEN b
HOTO BPEMEHH DHepIus Bo30yKAEHNA COCTABHOTO AAPA MOMKRET
CIYUAHO COCPEOTOUNTHCA Ha Karoit-mmbo wacruie, KOTO-
pas cMOeT HOdTOMY HOKHHYTH COCTABHOE AAPO. Ilpu srom
coBceM He o0g3aTenbHO, YTOOR BHIIETEBIIAdA U3 COCTABHOIO
A7pa vacTHHA ObLIAa TOTO K COPTA, YTO U IICPBOHAYATBHAA
yacTHIa, HOpUBeAlIas K o0pasoBanmio JTOro Anpa. Hampo-
TaB, BOOOIIE TOBOPA, M&JIO BEPOSATHO, YTOOH IPHUPOARA obeux
yacTnn OHIIa ONMHAKOBOI, TAK KAK HMCETCH MHOTO BO3MOIK-
HocTeil pacmaja cocTaBHoro Ajpa. K memee BepoATHO,
qTo0K OpH OJMHAKOBOI Ipupoje Hajgeramoumieii M BBHJICTAIO-
mefi YacTUI[ BHYTpPEHHEE COCTOSIHMe SAIpa He MEeHAJOCH,
Golee BEPOATHO, YTO OCTABIIeeCA IIOCIHE BHJIETA YACTULEL
agpo OymeT HAXORUTBCA B BO30YKAEHHOM COCTOSHHM.

Eecau BRIJIETAOMIAA 9acTUIIa TOTO JKe cOpTa, 4TO M Iafao-
mad, W BHYTPeHHNe COCTOSHHSA HAYAIBHONO fAPa W ANPa,
OCTAIEerocs IOCJe PAcHafa COCTABHOTO AApA, COBNAAAIOT,
TO MB HMeeM [eJ0 ¢ YIpyruM paccesinueM uactuil. Momkno
cKazaTh, 4TO yOpyroe paccesuue IpefcTasiaser coboit cpa-
BHHUTEJIBHO pefKoe co0bTHe NP AJCPHBIX CTOIKHOBEHNAX, TaK
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KaK paclaj cOCTABHOTO SAApa MOKET UPOUCXOAUTH, BOOOINE
rOBOPSAI, Pa3IWYHBLIMA cloco0aMM, HPH KOTOPHX BEHIJIETAI0-
masA JacTula OTJIWYAeTCHA IO CBOeH IpUpoje OT HajawIel
JaCcTHIHI, a OCTalNleecH ANPO HAXOAUTCA B BO30Y IRAEHHOM
cocroanuu. Crexyer, ofHaKo, OTMETHTH, 4TO MOIYT IpecTa-
BUThCA CIAyYau, KOrfa yupyroe paccegume 0Oyaer naumbosaee
BeposaTHHM (cM. § 19).

Ecam napalomas n BruteTaloImmas YacTHIH OANOI Ipu;-
POAEI, HO wucxOfHOe m oOpasylomeecd fAApa o0JAgAIT pas-
JNYHOI  BHeprucii, TO IOBOPAT O HEYHPYIOM pacCestHuM
vacrud. Kcam wactunel oTamyaoTes oo csoeil npmpoje, To
TOBOPAT o sAuepHoM npeppamennu. I[lpu sAgepumx crosak-
HOpeHuAX o0a THIA INIPOLECCOB HTPAOT  CYINECTBEHHY IO
POIb.

3ameTmM, WTO NpW AGEPHHIX CTOJIKHOBEHMAX IIPONECCH
M3IYYeHUS WHOIZA UrPaloT CYIIeCTBeHHYI0 POib. OTO CBA-
3aHO ¢ TeM, 4TO AAA BHIJIETA Y-KBaHTA TpeGyeTcA MeHbIuas
KOHLEHTPALMA OHEPTUHM, dYeM JAJA BHIETA JPYTHUX YaCTHIL;
Y-KBAQHT MOMeT YyHecTH ¢ co0Oil MeHBIIE HHEPIUM, YeM
BhUICTAOWAA U3 Aapa vacruna. Ifosromy mpm mammx omep-
ruax Bo30YKNEHUA BPeMs JKUBHH COCTABHOTO Spa GiIpe-
AeJseTes, TIABHEIM 00pas3oM, B3aUMOJelicTBHEM AepHBIX
YaCcTUI[ ¢ WUBJIYYeHMeM, XOTA DTO B3aUMOJElicTBAEC UM HEBE-
JAUKO (B CHJY MAJOCTH IIOCTOSHHOII TOHROW CTPYKTYpH e°/fic
U MaJOCTH OTHOLIEHNA ¥/¢, Ifle T— CKOPOCT b IACPHEIX YACTHII, 4
¢—cropocrs ceera) [l [%3] | Orciona caemyer, uro Bpemst
JKUBHI COCTABHOTO AApa ¢ He0OJBIION BHEpTHCl Bo3Oysmje-
HAA (KOTOPAs JIAIIh HECKOJBKO IPCRHIIIAET DHEPIUIO CBABM
HedTpOHA B AMIpe) OUeHb BEJUKO 110 CPABHEHHIO C XapakTep-
HEIM AJEePHEIM BpEMEHEM.

Yemnennio poss IpOneccoB W3IYYCHHA IPU  AAEPHHX
CTOJIKHOBEHMAX II0 CPABHEHNI0 ¢ ATOMHHMHU CTOJKHOBE-
HASIMU COMIECTBYeT Tak#e M TO 0OCTOATeNBCTBO, YTO BpPeMs,
KOTOpOe IPOBOAMT HAJNETAIOMIaA 4YacTUIla B SHfpe, OTHOCH-
TEJBHO BEANKO, B CHJIY Yero IPOUCXOAUT (3aIyTHIBAHHCH
9acTHIBI B sAApe.

Urak, spepHme CTONKHOBEHHA XapaKTepusyOTCs cpa-
BHUTEJIBHO MAJKIM YUOPYTHM PacCeAlueM; ¢y IecTBeHIY 10 PO b
ATPAIOT HpoNeccH HAEPHHX NPERPAINEHHII H HEYIPYroro
paccesHUs, a TaKsKe IIPOLiecCH W3IyYeHud.

9. COCTABHOE fIPO S

W3znoskeHHEHe BHITE 0COOCHHOCTH SINEPHEIX CTOJIKHOBEHMI
6omn Buepsme pasbacHenm H. Bopom [#2], [%]) koropmii
IDOKA3aJ, 9T0 B AJACPHOM CTOJKHOBEHMHU CJENyeT Pa3nmuarh
IBe cTaguu: 00pa30BaHME KBA3UCTAIMOHAPHOIO, MOJIO JKHBY-
MeEero cOCTaBHOro AApPAa W pacmag mocieanero. Nummm cio-
BaMH, AJepHOe CTOJIKHOBEHHE IIPOMCXOANT COIVIACHO CXEME:

Ha9aJIbHOE H}IpO—!-HaIIaIOIIIHH JacTulla—cocTaBuoe AQPO—>
—>0CTamwIneeca H,leO—f—BHJIeTaIOIHaH qacramna.

IockonbKky cBA3H MeKAY YacTHIIAMU B COCTAaBHOM HANpe
upe3BHUAiHO CHJIBHA, BTOPAsA CTaguA (pacmaj COCTaBHOTO
spa) MOMKHA PAcCMaTpMBATBCA Kak OTAcabHoe coOmTHe,
He 3aBucsdllee OT IepBOoil cTagum — oOpa3oBanmA COCTABHOIO
AApa, T. €. (3AIMYTHBAHUAY MafalOI(ell JaCTHIH B ANEPHOM
pemiecTse. IOHEUYHHI pe3yJabTaT SAAEPHOr0 CTOJKHOBEHUSA
OIIpefielIAeTCA COPEBHOBAHNEM MEKAY PA3IHYHEIMU BO3MOIK-
HEIMI IIPOI[ECCAaMH PAclafia COCTaBHOIO AAPA, COBMECTHMEIMHA
¢ o0IquMm 33aKOHAMM COXPAaHEHMA.

Has toro 4ro0w IIOHATHE COCTABHOIO ANpa KAK KBa3Md-
CTAIIMOHAPHONl CHCTEMHl HMeJO CMEICI, Heo0XOAmMo, ode-
BOIHO, IPEAIOJAraTh J[OCTaTOYHO O00oabIINM ofliee YMCIO
YacTUl, MEMAY KOTODHIMH pacIpeleldeTcAd 5Heprusg, BHA-
gyajle CBA3AHHAA ¢ HAAaloImell JacTuiei.

Yro rRacaeTcA dHEPTruU TAAAIMeil JacTHIB, TO OHA He
HOMAtHA OHITH caumKoM 00ablnoil, Tak Kakr B obiacTn GOIb-
LINX YHEpPrait AAPO CTAHOBUTCH «HPO3PAYHEIMY JJIA 4aCTA-
nel. IongTneM COCTABHOrO SAApa MOMKHO TIOJAB3OBATHCS,
ecan JUInHA cBOGORHOTO IIpofera mapalomeil TacTUnH B
AIepPHOM BeIIECTBE MaJia MO CPABHEHMIO C pasMepamu sfpa.
Jlas nérenx sgep 9TO COOTBETCTBYET DHEPTHAM Iagalouiei
qacTnmbl, MeHpUInM, upumepio, 30—40 MeV 7], nasa Tssmé-
auxX Apep—osHepruaM, mMerswnmM~200 MeV.

Huwxe MH OymeM paccMaTpuBaTh CAyYail [0CTaTOYHO
MaJEBIX SHePruii najamomeil yacTwhl, KOrjja 3aKOHHO IOJb-
30BATHLCSI IIOHATHEM COCTAaBHOTO ANpA.

ITomo6HO OOMYHEM CTAOMIBHEIM SApaM, COCTABHOE HAPO
XapaKTepu3yercAd CHeKTPOM CBOMX DHEPreTHYECKUX Y POBHel.
Tak KAk COCTABHOE SAAPO IIpefcTaBiafeT coboil TONBKO KBa-
3BUCTAIIMOHAPHYIO, 8 He CTAOMIABHYIO CHCTEMY, TO 3TH YPOBHA
obmasiaror Heroropoit mmpuHoii. llmpuua yposHA cBA3ama



96 IJI. II. CTATUCTUYECKIUE CBOMCTBA TAKENLIX AOEP

€O BPEeMeHeM }KM3HN CHCTEMBI, HAXOJfAINeiicA Ha 9TOM YpPOBHe.
CoruacHo mUpHHINIY HEONIPeNeJEHHOCTH, IIMPHHA YPOBHA Y
mo TOPARKY BEJMYNHBI DABHA YacTHOMY OT JEJNCHHA KBAH-
TOBOM DOCTOANHON /i Ha BpeMfA HUBHE T:

5 .
Yz’:—- (9.1)

BepOHTHOGTB W nmmepexofa CHCTEMAI B €qUMHNIYy BpeMeHH us3
COCTOSIHUS, COOTBETCTBYIOINEro paccMaTpuBacMOMYy YPOBHIO,
B awboe Jpyroe BO3MOMHOE COCTOAHHE paBHa:
1
w=—. (9.2)
T
Ecan pacmany coCTaBHOTO ANApa, HAXOAAMETrocAd B HEKOTO-
POM COCTOAHHI, MOMET HPOUCXOJUTH PAaIIMIHBEIMI oyraMua,
TO W MOH{HO.Hpe,ﬂGTaBHTL B BHJE

W= 2 Wy, (9.3)

rie Ww;—pepodTHOCTEH pacmaga (-ro Tuna. CoorpercrBenHo
BTOMY MOKHO FOBOPHTH O 9acTUUHOI! INMPHHe Y; paccMaTpuBae-
MOTO YpOBHA, OTBeYAOINCH Ppacmagy i-ro THOA, HOHAMAS
HOX Y; BEpOATHOCTL W;, yMHOseHHYI0 Ha h. Ouesmano,
IOJIHAA IINPHHA Y POBHA PABHA CyMMe eT0 YaCTHYHHX IINDHH:

Y= 21 (9.4)

Moo, mampmMep, roBOPHTH O HEATPOHHON IIMpEHe
Yn, PAINAONOHHON IIMPUHG Y., LIUPHHAX Y4, Yp IO OTHOIIGHUIO
K BBIJIETY ®-9acTHI(El ¥ IIPOTOHA M T. H., HOHUMAH HOJ 9THMU
BENINYMHAMHN BEPOATIOCTH BELICTA M3 COCTABHOIO AApa Heii-
TPOHA, Y-KBaHTA, G-4aCTULL, OPOTOHA M T. K., U3MEpPEHHEIe
B BHepreTMYeCKO ImKaJje.

Tak w®aw BpeMs JKM3HH COCTAaBHOIO SAApa BEINKO,
€ClId U3MepAThero B XAPAKTEePHHIX ANCPHEIX eIMHNNAX, 10
[MAPUHE yPOBHEH COCTABHOIO AJpa OKAa3HBAIOTCH MaJHIMU
oo CcpaBHeHHI0 ¢ SAjepumMm sueprusivu cepsasu. Orciona,
OJHAaKO, He CcJAeAyeT, YTO LIMPMHHE YPOBHel 00A3aTeIbHO
MaJel OO CPAaBHEHHIO C PACCTOAHHUAMU MeMAY COCeNHUMI
ypoBHAMH. llpmHnunuanbHO BO3MOMKHEL JiBa CIydasa: Korja
IDMPUHEI YPOBHEH MAaJEl IO CPABHEHMIO € pacCTOAHUAMU

¢ oy e IR R SIVETEr W SAICR UL

TR ST T RS

———
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MERIY COCeAHEMH YDPOBHAMM H KOT{]a IDMPUHE TOTO sKe IO-
PANKA, YTO M PACCTOAHHA MEKAY YPOBHAMU WIH Jarke
Goapime wux.

Ilepsmit cayuait ocymecrsisieTca B ofaactn 9Hepruii
BO30ysK[IeHUA COCTABHHX HAJepP, KOTODHE BOBHUKAT HpH
obayuennum ANpa MeITEHHHIMU YACTHIAMHE (HAIpUMep, Mej-
NeHHHMH HeiiTpoHamm). Bropoii cayuait mmeer mecro musa
YpoBHEii COCTABHHIX A/lep, BOSHMKAMUX Opu 6oMOapAupoBKe
Afep Omctpmmm vactuuamm. B otom ciyuae, kak Mm ysm-
AuM flanee, OOHYHO PACCTOAHMEe MEMIY COCEJHUME YPOBHAMM
MeHblle WX HIMPHH.

Tonbko B IepBOM cIyUae MOKHO TOBOPUTH 06 OTHENB-
HHIX JUCKPETHHIX YPOBHAX; BO BTOPOM CJIy4Yae MK HMeeM
HeJI0 IO CYUIeCTBY ¢ HeIPEPHBHHIM cHeKTpoM. Ouens BasKHOIM
0CO0EHHOCTHIO HEPBOTO CIYHYass ABIAETCA PE3KO BHPaikeHHAA
3aBHCUMOCTD BepOATHOCTH MM ddderTuBHOrO cevenua obpa-
80BAHMA COCTABHOIO fA/PA OT SHEPruH HAJAIoumleil YacTHIH.
OTa BaBUCHMOCTb UMEET Pe3OHAHCHHI XapakTep: Impm
HEKOTOPHIX 3HAYCHHAX YHEPIHM HAfalOIIeil YacTHIK Bepo-
ATHOCTH 00Pa30BaHUA COCTABHOTO fAHPA, & CJIEZOBATEABHO,
I cedenne VI KaKoro-aubo mporecca SAHepHOro pacilemyIeHus
CTaHOBATCA ocoOeHHO Goabummu. PesoumamcHme Aprenus
TAKOr0 BHAA JAeiiCTBATENBHO HAOMIONANOTCA, HaOpuMep,
opu  B3aUMOJEMCTBMM Me[UIEHHHX HeWTPOHOB ¢ Ajpamu,

Bo sropom cayuae (mepexpriBamomuecs yposuu) He cyiie-
CTBYeT pe3KO BHPAMKEHHOH B3aBHCUMOCTH CEYCHUS pacHlel-
JeHnsA or snepruu. Bemmumma cewenms B sTomM cirywae oGy-
CIIOBJICHA JleficTBeM 00JIBIIOro Koaugectsa yposreii. Habmmo-
RaeMoe CedeHHe HpejCcTaBaAeT coboil pesyabrar yCpemHeHHud
CeYeHUdA, CBABAHHOIO ¢ KaMIHM YPOBHEM, IO O(OJbIIOMY
YHCJIY YPOBHEIl.

3dameTnM, UTO U3YYEHMEe BTOLO CIYUAd YHOPOLIAETCH Gia-
rogapd ToMy, 4ro mpu Goxbmux Bo30YsKACHHEAX, 0cOOEHHO
TAMEABX AJep, KOTa HPAKTUIECKH MBI UMeeM JelI0 ¢ Helpe-
PHIBHEIM 3SHEPreTUYeCKUM CIEKTPOM, MOMKHO IIOJb30BATHCA
crarucTHiecKumMu Metogamu. K pacemorpenuio atoro cayuas
ME Telepb W Iepeiifém.

§ 10. CraTmermueckue cBoiicTBa TAMBALIX Agep. B mpe-
AuAymeM maparpade OO NOKa3aHO, 9YTO CYHIeCTBEHHOI
4epToil  AMepHHIX CTOJKHOBEHMil ABJIACTCH o0pasoBaHue

7 A. Axmesep



98 rJl. 1. CTATHCTUUYECKAE CBONCTBA THEJIBIX ANEP

KBA3ICTAIMOHAPHOrO cOCTaBHOro Aapa. Paccmorpum remeps,
KAKOBHL 0COOGHIIOCTH pacupefelicHUA SHepraum Boslys/e-
HMA MeKAy dacTuiamu, o0pasylonuMu cOCTaBHOE SAPO.
Mu ropopuim yske, 4TO AJepHEIe YaCTUIE OYeHb CHIBHO
p3anMogeiicTBylor npyr ¢ Apyrom. Ilo sroit mpuumne sechMa
MauIo BEPOATHO, UToOK oHeprua Bo3Oysjenust Onia cocpe-
morogena Ha opuoir gacrume. Tecnasg cBA3bL Mempy 4a-
CTHIIAMH He I03BOJAeT paCcCMATPUBATh JIBUKCHUC OJHOI
gacTUIL KAR JBUMREHUE, LPOUCXOAdlee B HEKOTOPOM KOH-
CePBATHBHOM IIOJI€, CO3[QBA€MOM JIPYTHMH  YacTHIaMu.
Cocroannsa sAfpa Heab3d KIAcCUPULIEPOBATH IO  UUCTY
BO30Y RIEHHEIX YacTHIL.

Ecim Om Bo30ymenme #apa CBOAWIOCH K BO30yskue-
HUIO Of[HON YACTHIIEI, TO CHCTeMa SAEPHEX YpoBHeil Oblra
6l momoOHA cucreMe ATOMHHEIX YDOBHeif, KOTOpafd Xapak-
Tepu3yercd HeGONBIINM UYHCIOM [AIEKO OTCTOANUX APYT
OoT Jpyra YyposHeii.

B sappe umeer MecTo KBaHTOBaHHOe KOMIEKTHBHOE JBU-
JkeHde Beex "wacTAL. Ecau 4meio 9acTHI, BXOAAMUX B COCTAB
A7pa, AOCTATOYHO BCIHMKO, TO DHEPTHA BO3OYACHHSA ANPa
MORET OHITH pachpejielleHa Meay YacTHIaMu BechbMa Goab-
mum uucaom cmocobos. CoorsercTBeHHO G0aBLIOMY UHCTY
coocoGoB paclpejeeHnss DHEPTUM Me}y dYacTnilaMd MBI
uMeeM O0OJBIIOE YMCIO DHEPTreTHUYecKX YpOBHelr Apa,
PACCTOSIHAS MEKIY KOTOPHIMH TeM MeHBIle, 4eM GoapIIe
pHEpPrug BO30YMICHUA Apa.

Jlas1 foeraTouno TAMKEILIX fAiep, HAXOAAINMXCA B CUIBHO
BO30YIKAGHHEIX COCTOSIHMAX, PaclpejielieHne fJIePHbX OHCeP-
reTHdeCKUX YPOBHEH CTAHOBHUTCSA IPAKTHYECKM HEIpPephiB-
unm. Corexyer, ofnaKo, HOAYCPKHYTH, 4TO Jla?ke B BTOM CIIy-
yac BpeMA JKU3HM COCTABHOTO SAJpA B COTHHU TEICAY Pas Ipe-
BOCXONUT XAPaKTEPHOe AEPHOEC BPCMsi, paBHOC OO HOPAAKY
pesuunnbl 10722 cex. Mu Oynmem cuurarb, 4TO SiIeprusd BO3-
GysieHns AApA BHAUMTEABHO MCHBING OHEpPIHH, neobxonn-
Moil [If pasaeleHns Bcex ero yactui *). 910 06CToATeNbeTBO
Na8T BO3MOKHOCTH HPOBOAUTH ANAJIOTHI0 MEHAYy ANPOM

*) DTo ycJoBue Ie BEIIOJIHAETCH B cyyae JIETKHX A1C), 06ay-
YQCMBIX UACTHUIAM!Y, TNONYYAeMBIMH HA CaMBIX MOIMHBEIX YCHKOPUTEIAX
(¢ pHepruAMu > 108 cV),
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H OOHYHHEMU MAKPOCKOIMYECKHMH TeJAMU — KHAKAMHE U
TBEpIRIMH. .

Temm1oBoe JBUKEHMC B MAKPOCKOINMYECKAX TeNAaX MMeeT
MHOTO OOINEero ¢ j{BUKEHHEM 4acTHI B BO30Y:KASHHOM sape.
Ilpm sToM ciaepyer, OUYEBHAHO, CPaBHUBATH BHYTPEHHEe
COCTOAIHEE AApPA ¢ COCTOAHHEM MaTepuu IPU OUYeHb HU3KNX
TeMIleparypax, TaK KaK 9HEpIusa Bo30OyAeHHA siIpa B pac-
CMATPHBAEMBIX YCJIOBHAX 3HAYATENbHO MEHBINe ero dHeprud
CBA3U. 3aMeTHM, UTO XOTA OCLIYHEIE TeJa IPH OUYeHb HU3KUX
TeMIIeparypax HAXONATCA B KPUCTAJIMIECKOM COCTOSHUH,
AIIePHOMY BEIeCTBY HEJIb3f IPUNHCHIBAT b KPACTALINYECKY O,
T. e. HEeKOTOpPYI0 YIOPAJOYeHHYIO cTPyKTypy [431

B camom peme, paccMoTpmM OTKIOHEHHS AaTOMOB OT HX
moJIoskeHMii PABHOBECHs, BEI3BBAHHHE TaK  HABHIBAGMBIMU
HyJIeBHMA KoxeOanuamMu. AMINIUTYa 9TUX Kojie0aHuil paBHa
IO IHOPSAAKY BeJNIMHEL

i \la
2mo ’

rile m — Macca aToMa, o — gacroTa Koxebammii. B TEpmEIx
TeJaX BeJIHYMHA BHTOTO OTKIOHEHMs SHaAYMTEIBbHO MEHBIIe
paccTOAHNA MEMAY COCeHUMHI aToOMaMMH. [ast Apep MosmHO
noub30BaThed TOH ke QopmMyJoil, NOHUMAs HOX M Maccy
A7epHoli uacTUnbl., XOTA B BTOM CJIydae BeJUIAHA TaCTOTH
3HAYNTEIBHO (OodbINe, UeM yacToTa KoxeOanwit aToMa B KpH-
cTaIIe, OMHAKO IIOTHOCTH ANEPHOro BemecTBa CTOJb BeJH-
Ka, 49TO PAacCTOAHUMA MEHAY SAepHHIMU gactTanama GyayT
TOrO ’Ke IOPANKA BEIWYMHEL, YTO M aMINIATYyJa HYJIEBHIX
rouebannii. [lo sT0it mpuunHe AnepHOe Bel{ecTBO He CTa-
HOBUTCH KPUCTANIUYEGCKUM.

Mo MosKeM cpaBHUBATH BHYTpPeHHee COCTOAHHe SIpa
cKOpee ¢ IRUAKAM, UeM ¢ TBEPABIM COCTOSHMEM. Nwmen
B BUJAY 5Ty AaHAJIOTHIO, PpPaccMOTpHM, IVIaBHEIM obpazom
¢ WITIOCTPATHBHON Iledblo, OOBEMHEE B IIOBEPXHOCTHEIO
KoJefaHNd MAKPOCKOIMYECKHUX Ted, KOTOPHEE HIPOUCXOAAT
nox feilcTBHMOM YIOPYIAX CWJI ¢ CWI HOBEPXHOCTHOrO HAa-
TAREHUA,

YacToTH HaUMeHBMEX 00BEMHEIX W IOBEPXHOCTHHIX
KOJIe0aHMiI pPaBHH IO NOPAAKRY BeXUIUIE! COOTBETCTBEHHO:

wa»\,sllep-lle—lla, Wq ~a1/2p“‘/2V—1/2'
7
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rpe p— mIOTHOCTH BemecTsa, V —obséM Tema, & — KOdP-
QuUUUeHT «yOpyrocTd» u o — KO3)QUOUeHT MOBEPXHOCTHOTO
HaTsDReHHEA *).

Ilpumensas aTu OPMYIH K AAPY, MH IOJOKHEM:

o =mb?, V=N, e=CKs?, a=CKs>?

rge m—wacca fAfepHOit wacTaAnH, ®— 06BEM, HpHXOAA-
muitca Ha oaHy dacrtuny, [V — ofllee 9MCIO 9acTHI B AApe,
K —cpepnas wKuHeTmuecKad oHeprud dYacTUOH B ANpe,
paBHafA IO MOPAJAKY BeNHIUHEI

B2
K~ o 10—15 MeV,

n Cqy 1 C,—OeapazmepHrie MHOxmUTenn. MomkHO RyMaTh,
4TO OHM NpUGIMBUTENBHO IOCTOAHHH JINIA BCEX fAnep, KpoMe
camux aérxmx [43), Tlosromy ME B panpHeiimem He Gynmem
X BHIOUCHBATE. YMHOMHB ®g M ®, Ha N, MH HOIydIHM
PasHOCTH SHEPTHH MeHULy IIOCTIeROBATEAbHEIMNA COCTOAHUAMU
Aapa. DT Pa3HOCTH AJIA OOBEMHEIX M IOBEPXHOCTHHIX KOJIO-

GaHmii paBHEI COOTBETCTBEHHO:

AE~ KN7* AE~ KN, (10.1)

*) Yacrora o06BEMHHIX KOJNeOaHMH MoMeT OHTE NpeXCTABICHA
B BHJe

g = sk,
rae k—BOJIHOBO BEKTOP M S$—CKOPOCTB PACIPOCTpaHeHHs Kojeba-

_ €
Huif, paBHasg O TOPALKY BCJINYAHLL —(;_ . Ilopcrasasas CIoTa BMe-

X -1 .
cto k mo nopanky Beamumun ¥V * (V' —00néM Tesa), MM 1 momyunm
NepBYI0 W8 NMPUBOIEHHEIX B TeKCTe POPMYIL

Haa nomydenusn sropolt HopMmysdsl cienyeT BMETh B BULY, YTO
98CTOTH MOBEPXHOCTHBIX KOJeGaHutt nmpormopuuonaisuel k/2 [46];

a3
w, =} =K.
e

IToncTaBAAA CH0.1a BMOCTO k 110 NOPAAKY Bedtmumul ¥~ /3, Mp1 nonywum:

4
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Mu BEguM, 9T0 ¢ pocrom /N Pa3HOCTH SHEPrmit y6HI-
BAIOT, KAK BTO M YTBEPHAN0Ch BLme. [L0CTATOTHO TAKEN06
AP0 MOKHO paccMaTpuBaTh Kak CcHCTeMy ¢ fomsmnm
GmeJIOM CTeleHelt CBOGONH, MOTYILHX BO30yRAATBCHA MHO-
7(eCTBOM DA3ImYHHX cmocobos. B srmx ycmopmax neneco-
06pa3HO MOMB30BATECA IIPA W3YUEHHHM CBOHUCTB sAfep Mero-
noM craTmcTHUeckoll (UBMKH, 4TO GHIJIO CREIAHO BIEpPBEIS
J1. Jlanpay u f1. ®@pernrenem. K paccMOTpenno sTOI0 METOAA
MH Temepp W mepeiném *).

BBenéM B paccMOTpeHHme TeMIeparypy sfAapa 7 (Mm
GymeM eé maMepATh B dHEpPreTUIECKAX eANHALAX), & TAKKe
ApyTHe TepMoiMHaMmueckue (QYHKNU@: OHTPONMIO AADA S,
pHeprmio Bo3byxaenna U m cBobojHyl0 9HEPIHIO F.

DHepreTndecKuil cmextp fAnpa GyneM cduTaTh HeNpe-
pusHeiM. OGo3Haumm vepes p(U)dU umcmo ypoBHeil Anpa
¢ oHeprmeit BoaOympemma memay U m U 4-dU, npuuém
KQEIT yPOBeHb CYMTAETcsl CTOJBKO pas, KakoBa KpaT-
HOCThL ©r0 BHIPOKDEHUH.

Csobonnas smeprus F onpepnensercd, Kak H3BECTHO,
n3 caepykomero COOTHOUIeHHWA:

E -Ex
e T=—.2e T, (10.2)
k

rge CyMMAPOBAHNE® NMPOM3BOMMTCA MO BCeM YPOBHAM AApA.
[lepexoas K HeIPEepHBHOMY CIEKTPY, fygeM mMOTh:

_E B
e T = S o(EYe T dE. (10.2")

CpsmeM TeMueparypy fAapa T ¢ oHeprumeit ero B030y-
spenust U. Tocaennasn ompejensercs GopMyson

Eg

ZEke
k
= -Ek
Xe "
k

*) Humce MBl cllelyeM NBIOKEHRIo Bere (441 § 53.

_E
g Ep(E)e TdE
= . (10.3)

_E
g p(E)e TdE

U
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JT0 COOTHOIMIeHNe [aéT BOBMOMKHOCTh HaiiTm U Kak (yHK-
nuio T, ecam pHepreTMUecKHii CIEKTP AApa M3BECTEH.

Cpapnusan (10.2’) m (10.3), nomyunm xopomo masect-
HOe M3 CTATHUCTHKMU COOTHOILIEHUEe

F
d’:i" dF
U=~—1—=F—T(ﬁ=F+TS,
d
7
rpe §—osHTponuA fAapa; S = __Z_g,

B murerpanax (10.2%), (10.3) raasuylo poms urpamr sma-
Tenns oHeprmu Ej, Gauskne x U. MBI monoxmm moaromy:
F g
e T=p(U)e TX(U), (10.4)
rge A (U)—mneroropas ¢pynruua U, KOTOPYIO MOMKHO CUM-
TaTh MEJIIIeHHO MeHANelcA IO CPaBHOHUI ¢ Oy HRIIAMN
e=FIT, o (U), e~UIT. U3 (10.4) caenyer, uro Y
u-r , 1
p(U)y=e T 7:(_U)=68;TU)' (10.5)
Hanpém & (U). Hogerasum paa otoro 8 (10.27) sy
. ecto p (E
seipaskenne (10.5). Mol mosyunM mpu arom: : )

T S ST dE

A(E)’

rae §(E)—obHTponusa, orsevawmas omeprun E. B mure-

rpaae (10.6) raasuylo poxs wrpawor smauenus E, Gamarme

k U; tar wak h (E) npeacrasiger cofoii Menne}’mo usMe-

HAOIYIOcH GyHKIUIO, TO MKl BEIHECOM 3HAYCHHE A B TOYKe
E =U 3a 3Hak uHTerpaia.
B pesyasrare momyuanm:

F, . E U-E

; =48 (B)— - =
A(U)=Sel+ @ TdE=SeS(E) SO+ dE
IIpeofpasyem mokasarexs B HoAmHTerpasdpHO $yHKIAM:

U—~E dS 2 ;
’S(E)—S(U)+T=E(E-U)+%%(E_U)2+L;E .

(10.6)

.
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3aMeuass, 9TO
1

'_7_1"

ds
au —
HOJIyIIHMZ

1d28

)= (o2 o 57"

dr.

dzkg
Bennuunna que OTPMIATENbHA, TAK Kak U — MOHOTOHHO

pospacrapmasa fyHrmua T. Pacmupus Ipexexs HHTErpupo-
BaHHA OT — 0o A0 - co, HalmeM:

| d2§ |-t/ = dUN\ 2
W)=V 2| G =V%TGﬁ ., (10.7)

n cJjaegoBaTeabplo,

1 1 /74T
?(U)=’172‘—;7<;1‘{]

Cunrag I OpOCTOTH YPOBHM HEBBHIPONIEHHBIMU, HAM-
A8M OTCIOfA cpefHee pAaccTOAHMEe MeMWIy yPOBHAMU Apa
¢ suecprueii posbymuenusn U. Obosmauaa ero wepes D (U),
MOy 9¥M:

1/g

¢S W), (10.8)

DW)=Ty 2% e=s ), (10.8")

Nasa Toro urobu onexnts Bexwaumy D (U), meobxoaumo
c/eqaTh Karue-anbo yIpomaiomue IpeyIoaorKerusd, 1alomue
BO3MOKIIOCTD YCTAHOBUTH CBA3L MCHYIYy DHTPOINEI U DHEp-
rucit Bo3byieHus sjpa WIHM, 4TO IO CYyTH TO e caMoe,
mMesray sueprueii U u Temmeparypoit T.

ByneMm cYnTaTh OHEPIMI0 M TEMIepaTtypy sipa, Haxo-
MAUIerocsA B OCHOBHOM cocTofAHUM, pasHeMm Hymo. Tar
KAK DHCPrus po30ysKjeHUfA f1pa Maja IO cPABHEHUIO ¢ ero
obIneit aHeprueil ¢cBA3W, TO MLI MMCeM GO, KaK yiKe yIo-
MUHAJIOCH BEINEG, ¢ HU3KAMH SIJepHHIMHN TEeMIICPaTypaMu.

Dueprua poabysiaeHEA OOBIYHBIX MAKPOCKOIMUECKUX
TeJ IIpH HM3KAX TeMIeparypax Buipaaerca {opmymoit
BHIA

U = BT™*, (10.9)
rie B m n—KOHCTaHTH.



104 TJI. II. CFATUCTUYECKNE CBONCTBA THMKKEJIbIX AOEP

Tax nua TBEPALIX Tes MokasaTeas n=4, qus BEIPOREHHOI'0

(epMueBcroro raza (IaIpUMep, JIEKTPOHHOTO (ra3ay B MeTaj- -

me) n=2. JluA sKupKoit Kamtm, coBepLIAIONIEH TOBEpXHO-
cTHEe Koxebaumsa, n="7[3 [44],

Moskuo npegmosarars, uTo dopMymoit Takoro ke BHAA
ONPEfieIACTCA B CIyYae HABKUX SA/IGPHBIX TeMIepaTyp U 3Hep-
rus posdysmpennsa siapa. Caenyer, ogmako, mmers B BHXY,
4TO HHU Of{H W3 YKA3aHHHIX BHIIe NPHMEPOB He MOKET OHTH
LeJMKOM UCIIOJNB30BAH B KAa4ecTBe MAKPOCKOIUIECKOH MOLEIH
CUILHO BO30YMACHHOTO Afpa, TaK KAK B HTUX IPHMEDAX
TOJIHOCTHI0 HEe BOCHPOM3BONATCA YCJIOBHA, KOTOPHE B Jeii-
CTBUTEIBHOCTH OCYINECTBIAKTCA B sAfpe.

B camom pede, ecim mexonuTs M3 rasoBoii Momeiam AApa,
TO U BTOM Iie Y4YMTRIBACTCH B3aUMOJEICTBHUE MEMKAy 9acTH-
navu. Mogen s suuikoit KNI yauTHBACT B HEKOTOPOM CMEICIIE
B3aUMOJIeiiCTBIE MCHYy AfepHEME gactuuamu. Omgmako Her
OCHOBaHWii CYATATh, 9TO CBOHCTBAR ANCPHOrO BeleCTBA
Ipy HUBKUX TEMICPATypax, KOTHA CYIIecTBEHHH KBAH-
TOBHE 9QPEKTH, MOryT YAOBICTBOPUTETHHO OIMCHBATbCA
MOJICMIbIO H{UIKOI KaIlJIN,

Mosrmo Tarske 3ameTHTh, UTO mpOBOZMMAHA B PTOI MOMeMH
AHAJOTHA MEKAY ANDPOM U HEeBABKOU HUMLKOCTBHI0O HE MOKET
CIMTATHCHA IPABUIBHON BBUAY TECHON CBASH MEKAY OTAETb-
HEMU "actniamu. Yr1o Kacaercs Momes:m TBEPHOrO Tera—
KpPHUCTANIA, TO, KAK yske OHJIO OTMEYeHO paHee, €I0 TAKIKe
TOJIB30BATHCH HEX b3,

Bompoc o xapaxrepe Bosbysxunenua sgpa cpssam ¢ 6oib-
UMM TPy AHOCTAMU, KOTOPEI® IIPOMCXOAAT KAK OT HAIIEro
He3HANNsA ClIeluYUICCRUX ANEePHBIX CUI, TAK M OT CIAOMRHOCTH
PCIICHUA COOTBETCTBYIOIICI KBAHTOBOMEXAHUYECKOH 3afaul,
ecau OBl Jaske CUJIBL OBLIM HAM M3BECTHEL.

®opmyua pas oneprum tuma (10.9) B npuMenennn & ARpy
Pa3BACHACT TeM HC MEHEe OCHOBHEIE OCOGGHHOCTH COBOKYII-
HOCTN ANCPHBIX ypPOBHEIl IpU BRICOKMX BO30Y:kAeHMAX Afpa,
B 9aCTHOCTH, ITOKA3KIBACT, KAK BO3PACTaeT IVIOTHOCTH AAep-
HBIX ypOoBLeil ¢ y BesmyenneM sHeprun 5o3dysxnennsa. Koneuno,
Opu DTOM HC MOKCT OLITH M Pedl 0 TOYHOM OIpefeeHHH
D(U), rax war gopmyaa (10.8') ouens uyserHTeNBHA K 3Ma-
uennio sarpommr S(U), sapucsameii or mapamerpos B u n.
HockoabKy OmpeniesNTH TOYHO BT KOHCTAHTH HEBO3MOKHO,
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MBI MOKeM Juib rpy6o onemnts Beamunuwm T, D, p B 3apm-
CIMOCTU OT DHEPTUM BO3OY:IeHUA sfpa.

3aMeTuM, UTO JJIA OYCHD THKOIBIX Anep, npeneGperas
HOBEPXHOCTHHIMU BHHERTaMn, MOMKHO CIMTATH KOHCTAHTY B,
TaK K6 KaK I B CJAYy4ae MaKPOCKOUMYECKUX Ted, HPOIOp-
NUOHAJBHOI Macce, T. e. YUCIY 9aCTHIl, BXOAAINX B COCTAB
Anpa. ITO IPeANoNoenne aéT BO3MOMKHOCTH OIPEeTUTH
3aBHCHUMOCTH IIOTHOCTH YPOBHEil OT aTOMHOTO Beca.

Jois peasbuMx Afep cHemanHoe IPeANoI0/KeHIe ARIACTCH
09eHb Py ORIM, TaKk Kak I10 JuaMeTpy Hamboldee THKEILX Axep
YRIaQ[BIBAETCA NPUOMUBHTETBHO BCETO 7 4acTHI] ¥, CJIEI0Ba-
TOIBHO, NOBEPXHOCTIHEEC dQPOKTH make OIA CAMEIX THME-
JRX Afep BCE ellé HrpanoT CYIEeCTBEHHYI0 PO,

Cunran U = BT™, MH mosyanM [ 9HTpoNUnA BEHIpaiKeHNe

i
S=B 157" =" (BU™).

N —

Hopcrapnsasn aro Bupamenne B $opuyny (10.8’), Haitném:

n

n—-1_

D (U)= (2mm) (5= ) exp (= 2 B%UT). (10.87)

n—1

3aMeTHM, 9TO COrIacHO Teopeme Hepncra, npn 7 = 0 surpo-
s 0KHA 00pallaThes B HYIb U, CACTOBATEABHO, NOIAHO
BRIIIONHATBCA ycaosue n > 1.

IIpuBepém B 3awmouenme nToro maparpaga B KadecTBe
wimocTpanaun 3HaveHus I m D B sasucmmoctn ot U pasm
Pa3IUuHHX AJep, BHUNCHCHHBI® HJIA MONEIN IRALKOI
KaIllIA, B KOTOPOIl yYMTHIBAIOTCA IIOBePXHOCTHEE U OOBEM-
Hee wonebannsa [44) (em. tabanmy ma crp. 106).

llpupenénnsie faHHHe MORA3HIBAIOT, YTO ¢ yBeIndeHACM
BHepTun Bo30YHICHHUS U yBeJUUCHNEM 9YHCJA 9aCTHI] VMEeHb-
IDaeTcs PAcCTOAHUC MeM;|y yPOBHAMH.

Haa rswéasx apep (A>100) npu vreprn BO30y KeHUA
U~10 MeV remmeparypa smpa cocrasaser okoxo 1 MeV.
CpaBuupas ory TeMIIeparypy ¢ KHIHETHYeCKoil 9Heprueii
AfepHod wacTHum K = #°/2mé* ~ 10 MeV, mMm Bummm, uro
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\ .
Atomunlit nec A = 20 \ 50 \‘ 100 )\ 260
MceV gan ‘

Temneparypa B MeV 1 H N , -
U= 5 MeV ‘ 1,43 1,11 |0,¢ .7
U;'l() MeV 1,82 1,41 1,‘[1(7 0,./7
U =20 MeV | 2314 181|140 | 1,2

Paccrosnue Mess,ly ypPoBHAMU B eV ;Uml r
U= 5 MeV 36000] 5900 |1 1OQ 1.)(0
U —10 MeV 2700 150 | 16| 09

= 331 0,55 yae140
U =20 McV 331 0, , 0

T~ K. Taxnm o0pasoM ANPO [EItCTBATEIBHO MOKIIO CHIn-
10

TATh ¢XOJOMHBLIMY, 9TO W IPENNoJarajoch BEIIE. .
§ 11. Cpsisp MRy IMWPUHOIL ypoBHs H CO‘I?HHCM 0
PasOBAKMA cOCTABHOrO sijpa. B mpeneiymux mapat patpa: ML;
TOBOPUJIH, 9TO €CJIU DHEPrust Bo30ynsienud COC?aBHOE?e IJ'_ItEH
cocpeyioTounBaeTes Ha Kagroi-1ubo wacTuie, TO 110(:3 ]Izlmm
HORMJAET COCTaBHOC AAPO. Bosmosmiibt cnonyl‘@‘ména o
npeBpallicHUsl CcOCTABHOTO  AJpaA: OMICCHA }1elglcpn @ o

3apfAMeHHOIl JACTHIEL (HpOTOH,Hn;t;IaCTI/IH.a), y
St HaKomel[, AeJenuc .
YKBBa;;/ITSTHI;, 91O nélp’exon n3 BO3OYMAGHIIOTO B ?CII?BIL()C?
COCTOSHHEC MOM(ET IIPOUCXOMUTDH TAKKE B pe3)7Jbeare LI;;)I((O
Haga cocTaBHONO AApa. JT0 ABJelne MBI MOH‘:OM’: 811111011141(;
HO YUMTLIBATH, TAK KAK BPeMA jKU3UM ARpa I‘IO OTI oo
K PB-pacmagy B GOJNBIIMHCTBE CIYYaeB 3na‘nxnleL1\110H o
ppeMeHy JKM3HM IO OTHOIICHAIO K APYIUM BHAAM P
HleHI/lIAZI 'nepetmcnennmx BEHILIC npoueccoia fesenne Hpogcxo;‘luT
ITo KacaeTcd DMUCCHH
TOIBKO C CAMBIMHU TSKREJIBIMU ANPaMU. a 1 ovtcon
qacTUI{, TO BCPOATHOCTH BHIJIETA 3apAIREHHOI YacT ;10 1 U
Gapsepupix oddexros, Boobime TOBOPA, Menbue, o nei
TPANBLOI. DTOT BLIBOJ HE OTHOCHTCH K JICTRIM ﬂup; u e
CIIpaBCAJINB JYIA OYCHb OOJIBIINX Bo3oym;1emu;1 H)Hp[I’ODTOMy
fapbepHblil QaKTOp HEe HrpaeT poin (cm. H‘M;I{e - ooy
pambojiee BasKHBIMUI, KOHKYPHPYIOIUMA APYr € APYT p

§ 11. MILPYIIA YPOBHA U OBPA20BAHNE COCTABIIOTO AOPA 107

lieccamn, ONpeJeNAIOMAMI BPeMA KH3HH COCTABHOTO fAfpa,
AIBAAIOTCA BLIIET HEHTPOHA M HCIYCKAHUE Y-KBAHTA.

Msr 3H3eM, 9TO KasKqas BO3MOIKHOCTB pacmajza ceA3zana
C HEROTODHIM YIINDeHUeM YpPOBHA cucTemsl. lloaTomy xa-
FKAOMY IIPOLIECCY pacliajia MOYKHO IPUBECTH B COOTBETCTBUE TAK
HA3EIBAGMYI0 YACTUIHYIO IMPURY YPOBHSA, KOTOPAd OIpefe-
JIACTCA, KAK BEPOATHOCTH PACCMATPUBACMOIO HPONECCA B e~
HONY BPEeMEHM, YMHOMEHHAs Ha A.

CnemacM  meckoabKO NIpeBapATENbHKX  3aMeYanmi
0 HACTHYHEIX INPHHAX IO OTHOUIENUIO K BELICTY HEHTpoHA
M OMICCHH Y-KBAHTA, KOTOPHE OOKYHO HA3HBAIOT HEHTPOHHOIL
1 papuanuoOHHON ITHPHHOI. HeﬁTpOHHaH UmpuHa 7Y, cyige-
CTBOHHO 33BHCHT OT OHEPrHMM BO3OYKACHHH COCTABHOTO
anpa. Ecam mocaennss mensme oueprum cpasu HENTPOHA
B Afpe, To Y, pasna uyaw. Hwwke mum ysugum, uro ecan
suepras Bo30ysienus (IN3KA K SHOPTUH CBA3H HeliTpoHa
1 HECKOAbKO OOJdbIre €8, Tak 4UT0 KAHETWYecKad DHeprus
BELICTAIOMEro U3 AApa HeHTPOHA HeBeNWKA, TO Y, HPOmOp-
LQUOHAAbHA CKOPOCTH BEITETAIONIEro HeiTpoHa.

G ysemumuenmem oueprun B30y AeHNA HeTpOHHAS
IApNHA CHNBHO BO3PACTAET. IJTOMY COREIICTEYeT Ipessne
BCero yBeJquveHue CKOPOCTH HEHTpoHa, HO Gosee cyImecTBerr-
HEIM FIBIACTCA TO 0GCTOATENBCTBO, YTO HPW GO BIINX DHep-
TUAX  BO3OYMIENHA COCTABHOIO AApa fAPO, OCTAIOIICecH
IoCJae BRIIETA HEHWTPOHA, MOKET caMoO IT0 cebe HAXONATbCH
B B030ymraéunoM cocrosnmn. Iloaromy wmermo BO3MOKHO CTei,
CBASAMHBIX C BRITETOM HE{TPOHA, BHAYNTENbHO BO3PACTAET,
IT0 M IPUBOJUT K CHIBIOMY YBEIMICHHIO Y.

Pagnanumounas mmpnma y,, BooGme TOBOPA, OTJAMYHA
OT HYJIT IIPA BCEX CKOJIB YTORHO MAIHIX BO30Y #IeHNAX Apa.
Has osuepruit BozGyssmenns, me IPEeBOCXOAAIAX SHEPTHUIO
CBA3N HETpoNa B fAfpe, PagualOHHAA INHPUHA COBIIAACT
¢ OOJHOI IIMPUHOI YPOBHA, TaK KAK HEUTpOHHAA IINpPHHA
opu oroM obpamaercsa B myab. Ilpu mocratouno Goxbmx
SHEPIUAX BOBOYMACHUA paJUMALMOHHAA IMHPUHA 3HAYM-
TeJIbHO MeHbIIe HedTPOHHOII.

Hasee Mul omemuM Yy,, 3mech e 3aMeTHM, 4TO HOpaK-
THIECKH BO BCEX CIy4YasX, KOrjga IPHXOAUTCA HMETH Jeso
¢ Anpamu cpenuero aromuoro seca (A~100), y, me mpesocxo-
aut 0,1 eV u cropee MeHbuie 9Toif BeamyuHsr 5], Heiitpon-
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Haf MUpPHAHA 1A TAKUX ANlep Yte IpA dHePIHN BHIET0MAX
Hefirponos mopsaaka 100 keV smaumTensno OpeBOCXOANT
pajnauoOHHY0 MUPHAHY.

IlepeiiéM K BEIACHEHUIO TOTO, KaKAM o00pasoM MOIKHO
¢BA3ATH YaCTUYHHe MNPUHLL ¢ APYTUMHA BeINIMHAMI, Xapak-
TepHAYIOMEME COCTOSTHMe sAjpa. Mer BocmompsyeMces AIA
9TOll 1eJaM TAK HA3KHBAEMHM IPUHLEIIOM HAeTalHHOrO PaBHO-
Becus, YCTAHABIWBAKOIMM CBA3L MeMAY BEPOATHOCTAMH
npaMoro m ofpaTHoro mepexofos. B pamHoM cayuae pedb
aA8T 00 YCTAHOBJIGHNN CBS3M MeskAy WIMPMHOH YPOBHA M
ceyeHMeM o0pa3OBaHMsA COCTABHOTO ANPA [481, [49], [44]),

Ipencrasnm cebe Gompmoil cocyn obpéMa Q, comepma-
WAl Anpa caMHX PadIuYHHX coproB. Memuy AapaMn MOTyT
IpomCcXoNuTh AflepHsie pearnmu. Mer paccMoTpuM COCTOAHNO
CTATHCTAYECKOTO PABHOBECHA, IPH KOTOPOM YHMCJIO pacmie-
IJIeHMiT B eUHHIy BpeMeHn Afep copTa C, MPOMCXONAMMUX,
cornacHo cxeme C—>A-+a (A, a—OPOAYKTH pearunn),
paBHO uUMCNy PEOKOMOMHANWMII B e[WHHUIY BPeMeHN TAIA
A+a—C.

0603HauAM BEPOATHOCTH IIPOUECCOB PACIIeIIeHusd H pe-
ROMOUHAIIMKA, OTHOCEHHHIe K eNuHUI® BpeMEeHH, COOTBer-
CTBEHHO Yepe3 wS, 1 wi®. Yemosme paBeHCTBA MEXIY THC-
qomM pacmemiennii Tuma C—> A+ a ¥ 4nciIoM pexoMOnHa-
nuit Tuma A + a —> C MOMKHO 3aIUCATH B BUJE

chia= gAgana’ (11.1)
rjie g, — CTATHCTHYECKAI Bec COCTOAHAA, B KOTOPOM HAXO-
maured ampo A m 1. &

O6oanauum uepes E,, E;,... 3HaUeHAA BHyTPeHHel dHep-
rum agep 4, C,..., TOHUMAas ION BHYTpeHHei aHepraelt
pasHOCTh MeKAY IOJNHON BHEprueil IOKOAIErocHA AApa
I pHeprueil MOKOA COCTABIAIIINX ero JacTui. Mycrs nanee
ParPcs -+ o6o3Haga0T KoamdecTsa Apummenna Anep 4, C, . . .
ME IIpeNmoIoKAM, 9T0 KOINYECTBO ABMKEHAA ANpPa A Haxo-
RATCA B MHTEPBATE MEKAY P, U Py + dPy.

Ecan E, orHocmTCA K JABCKPETHOMY CHEKTPY, TO IOX
CTATHICTHYECKNM BECOM g, MBI JOKHE HOHUMAThL WPOU3-
pepenne 2i, -+ 1, ({4 — MOMEHT KOJWIECTBA JIBIACHHA

. Qdp,
anpa A B cocronnun ¢ suepraeli F,) Ha @rhy

§ 11. MIPUHA YPOBHSA 11 OEPABOBAHME COCTABHOI'O AJPA 109

Ecau E, orHOCATCH K HEIPEPHBHOMY ¢IIeKTPY U BHYTpEH-
HAA sHepruA afpa A nemmr B mHrtepnane (E,, E, 4 dE,),
TO CTATUCTHYECKUII Bec g, paBeH

Qdp
8a=p(EydE, (ﬁ% ,

rae p(£,) dE, — uncyio yposHelt Anpa A B uHTepBasge 9HEp-
run (E,, B4+ dE,), npnuéM Kaspgslif ypoBeHb cUMTAETCH
CTOJIBKO Pa3, KaKOBA KPAaTHOCTb €r0 BHPOMICHMS.

B sroM maparpade Mpt monmmaem mof € cocTaBHO® AAPO
BHEPTHA KOTOPOTO JIEeMKUT B HEDPEPHBHOM CIIEKTPE cocTo-
Anne ke Aapa A cunraeMm puckpersnM. ITox @ Mu moHmMaeM
gacTuny, moxnpammyio ajgpo C. Mrax,

Qdp
ge=p(Ec) dEC(E"{)Ci )
19y deA . p,
8a= 2+ Dy ga=Q@+1)g3%, (11.2)

rJie $— CIIUH YaCTUIEL ¢, [— MOMEHT KOJUIECTBA JBUKOHMI

Aanpa A. B Tom caydae, KOrja BLLIETaIelr wacruileir AB-

nsercd Y-KBaHT, s=1 nam 2, B 3aBmcuMocTH OT TOrO, fAB-

AAOTCA M Y-KBAHT ARNOABHEM MM KBaLpPyNOJbLHEIM. ’
Ilopcrapmas (11.2) s (11.1), moxyunm:

W4 ¢ (Ec) dEcdp =
= (9 A 2
=(2i 4+ 1) (2s + 1) w¢ "dpAdpa(2“—1}‘)a - (11.3)
Beeném B paccMOTpeHme BOKTOP MMIYIBCA OTHOCHTEIb-
HOTO JIBIKEHHA YacTHI A W @, KOTOPHI 0603HAYNM depes P

p= MGMA‘(’U —v _MApa"anA
M, a1, P = ¥A) =31 131,

(8mecs M4, M,—wmaccs wacTun A m a; v, B ¥, —HX CKO-
pocru).

Jlerxo yGenmtbcA B TOM, 9TO EMEET MECTO PABOHCTEO
dp 4dp, =dpdp.

(OTo paBeHCTBO oO3HAUAaeT, 4uYTO AKOGMAH nepexoma oOT
[ePeMEHHBIX P4, P, K INEPeMEHHHM pPc = p, + p, H
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P=M,p,—M,py|M,+ M, pasen epunume.) Bocnoarso-
BaBIIUCH 9THM paBeHcTBOM, mepemumeM (11.3) B Bune

Q

WhedEg=(2+1) (25 +1) -, ~ widp @Ay

1
p(E¢)
Bocnoneayemca Temeps BaKOHOM coXpaHeHHA BDHEpIHH,
B CHIY KOTOPOTO

. (11.4)

ECT—EA’f‘Ea‘f‘E;

rae F,—osneprusa cpasu wactuuk «, E — sHeprus oTHOCH-
TeJIBLHOTO HABW/KCHUA dacTul A 1 a:

2 M.M
E:p___’ M_:._G-A_'
20 M,+M,

Ws nammcannoro pasencrsa ciaepyer, uro dE;=dE. Bame-
HuB dp Ha 4np9dp=4wp2—g§,~ dE;, mu momyumm ms (11.4)
COOTHOIIOHNE
C _ Aa (204-1) (254 1) bnMpR
Wae= W0 =5k @may

Aa 20+ 1) (2s41) An MpQ
=wi? @I +1) D, (2rh)® ? (11'5)

rae J — MOMEHT KOJUYecTBA JBWKEHNSA COCTABHOTO AJpa,
a D;—cpennee paccToAHHme MeHtAy BBIPOASHCHHBIMH YPOB-
HAMU COCTABHOTO SApa, MOMEHT KOJMYECTBA J[BIKEHNA
KoTOpHX paped J. (Mm cumraem IIpH BTOM, YTO KpaTHOCTH
BHPOKJIGHUSL YPOBHS COCTABHOTO AApa ¢ dHeprmeil Bo36y-
mpenna E, pasna 2J +1.)

Vumuomus wSh Ha h, ME Haiiném YaCTUYHYI0 IRPUHY
10 OTHOm eHWIO K pacmapy Tuna C—> A+ a, ycpenauéumyio
[0 BceM yPOBHAM COCTABHOTO AMpa, SHEPTHA KOTOPHX Je-
awmr sbmusn Eo=E, + E, 4 E. OGo3Haunm 5Ty yepeiHEHHYIO
mupuny uepes 1'G,. Beenmém emé ceuenme obpasosaHnsa
COCTAaBHOTO HIpa B Pe3yIbTaTe CTONKHOBEHHA YacTUL A u
G, paBHO®

fo R op=]
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rje ¥~ CKOpOCTh OTHOCHTEILHOTO JBWKeHUA uwacTHg A u
a. ®opumymy (11.5) MBI mepenniieM OKOHUATENALHO B BHO

Aa
2141) (2 1 ¢
16, = ¢ e p, e (11.6)

rfe k— pasmenéHHas Ha 2w QAWHA BOJHE YACTHLH 4.
Tarum ofpazoM, mOAB3YACH CTATHCTHICCKIME coobparke-
HNAMM, MOATHO CBf3ATh YACTUYHYIO INMPUHY YPOBHA C BEpo-
SITHOCTBIO OOPAaTHOTO HpOIecca, T. €. ¢ CeueHneM obpasoBa-
Husg cocraBHoro sijpa. llpu srom caenyer emé pas Ho4epK-
HYTB, 9TO pedb UAET O MMUpPMHe, yCpPeRHEHHOII 110 6oxbIIo-

My u4HCAy YPOBHeH, jmeskamux BOAM3UW pHeprum Bo36ymme-
Hua L.

Vmuomus of® ma I‘%b/l‘c, rae 1'° — moamas WNPAHA

YPOBHA cocTaBHOTO sizipa, a 1'G, — wacruumasm mUpUHA IO
OTHOmeHMIO ¥ pacmafy C Ha sppo B u wactumy b, u mpo-
CYMMNDOBAB IOJYYEeHHOO® BEIPAKEHMO II0 BCEM BHAYCHIAM
MOMEHTA COCT4BHOI0 Ajpa J, COBMECTUMEIM ¢ B3aKOHOM CO-
XpaHeHUs MOMEHTa, Haiijém ycpenuénnoe sddenTurnoe
ceuenue AasA mponecca: A+ a-—> B4 b

_‘Aa' 21‘2?;2 N

g _ . Fiar%b
BO =i ¥ 1) @s+1) -

(27 + 1) oo

.11

(ITpu aToM npesonaraeTcs, 9T0 SHEPrUA MANAOMIEH 9acTHIEL
3ajlaHa.) JaMeTUM, UTO LpU 3ajaHHON OHEPruM Iajaloueit
YacTHUB! cevenne 00PA3ODaHUA COCTABHOIO fAApa B CIYUae
CTOIKHOBEHNUS MCXOJIHOTO AApa ¢ HeilTpOHOM Gyaer, Boobine
ropopsi, Gonblue, 4eM B coIydYae CTOMKHOBEHHMA ¢ HOJOMKH-
TeJILHO 3apAMeHHON wacTUUeii, ecim yHeprua ocefHei
MeHBIIe BHCOTH IIOTeuuaabHoro bapbepa. Iostomy ofmuHO
HeliTpOHHAaA mMuUPHHA GONbINe YacTHYHOI MIUPUHE 110 OTHOLIe-
HUI0O K BLIJIETY 3apAMeHHOI YaCTHIIH.

§ 12. JQPexTHBHLIE ccueHEmA HAA YUPYTHX u aeynpy=
TEX cToXknoBenuil. IlcpeiinémM ® ompeneleHuI0 ceueHHs
ofpazoBanns cocraBHOTO supa of® [50,

Hamommnm mpegsapurenpno, uro ImapaMeTp CTOJKHOBE-
HUA 4acTid A 1 @, T. e, PACCTOAHME MEMKAY IepBOHATAb-
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HEIM HAIIpaBJeHHEeM J(BIKeHNA JaCTHIBI ¢ 1 LeHTPOM Anpa 4,
paBeH 0O MOPAAIKY BeIUYUHH Iy =I[K, rae K — JeJ€HHAA HA
2r AAMHA BOJIHH YaCTHUIEI @ BAAJN OT AXpa, & LA — MOMEHT
YacTHIH @ OTHOCHTENIbHO A.

Orciofia ciaeAyer, 4YTO €CIOM ¢ — MeJJIeHHAs YacTHUI,
JJIMHA BOJHH KOoTOpoii X > R (R — paguyc afgpa), TO cOCTaB-
HOe HANPo cMOsKeT OOpPA30BATBCA TOJBKO B TOM CJIyuae,
xorga [ =0, Tak Kak ecam MoMeHT wactmiu [ == 0, To oHa
OPOXOAUT HA PACCTOAHAN OT SIXpa, Ipesmmaomem R,

M=ur paccMoOTpEM cHAadYaJa cJaydail OHCTPHX IIafaoMNX
gacTun, Korpa k € R.

OGosnaunm dwepes o; obmee addexTnBHOE cedeHme obpa-
30BaHMUA COCTABHOTO HAAPa B PE3YAbTaTe CTOJKRHOBEHHSA
anpa A c wacruieit a, obmamanomeii MmoMeHTOM [, He3aBu-
CEMO OT TOT0, KaKoe 3HaueHme Oyjer WMerb HpPH BTOM
MOMEHT KOJMYEecTBA NBIKEHNA COCTABHOTO AMpA.

Ecau a;; BepoATHOCTH TOrO, uTo OfpasymwuieecH cocTa-
BHO® fAApo Oymer mMeTp MoMeHT J, 70

cgaacf1=alJcl. (12.1)

Jna ompefenenus o, Haiigém YMCJIO TACTHIL @ ¢ MOMEH-
ToM [, majaloomMx B eXUHUINY BpeMeHH Ha Anpo A. Tawr
Kar Ipefmoiaraercss, 410 A < R, TO MH MOMeM IIOJB30-
BaThbCA KBA3UKJIACCHYECKMM PACCMOTPEHMEM.

Bpraanm or spgpa "acTHns ¢ MOMEHTOM [ IIPOHM3HEIBAIOT,
OUeBHHO, INIOWIAJ(b KOJbIA, PACHOIOMEHHOI0 IepIeHgn~
RYJIAPHO K HAUPaBIEHNIO JIBIKEHWA YacTNI[, TPUIEM BHY-
TPeHHHII W BHUGINHEI Pafimyc KOJbIlA PABHEI COOTBETCTBEHHO
n=Ixnr,=>0+1Hx

IIycts moTor wacrmiy, T. e. YMCIO KX, majaiollee B elu-
HOIly BpeMeH# Ha e[MHUIY INIOMafd, paBHACTCA eFUHMIE,
Tar war miromans Kouxbua paBHA (2 -+ 1)7k% TO mMCKOMOe
9BCI0 JACTNY, DafalomuxX Ha A B e[MHONY BpeMeH:N u obaa-
maomux MomeHToM [, paBHserca (20 +1) wk:. 3o,
09eBAHO, MaKcUMaJLHO BO3MOMKHOC 3HaueHHe ¢;, OTBEYA-
I0lllee TOMY cJaydalo, KOrja Bce Dafallmue 9YacTANK IOIVIO-
maloTcad axpoM. B peffcTBHTERBHOCTH, MOTAOM[AETCH UMb
HEeKOTOpasg WX 4YacTbh, KOTOPYI0 ME o00o3HauuM wuepes ;.
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I/ITaH, ceueHnne O6pa3OBaHHF{ COCTAaBHOTO HAJpa MOMKHO
IIpencTaBsuTe B BUOE

o= (2l + )=k, 0<y <. (12.2)

Bennunna %, HasmBaercs BepoATHOCTBIO IpUAANAHHA
JACTUNRL K APy WIN HHAYe BEPOATHOCTHIO OGpPa3oBAHMA
cocTaBHOro sAppa [50],

Beposrnocts npmammaums {; 3aBHCHT OT oHeprum Ia-
ramomei gacruusl, Mu ysuguM panee, uto B ciydae OHICT-
PHX HeHTPOHOB, IIMHA BOJHH KOTOpHX k € R, {;=1, ecan

R
l\<.—f, 1 5, =0, ecin Z>T . OTO B3HAYHT, YTO HETPOH

TOTJIOIAeTCA ARPOM € BEPOATHOCTHIO, PABHOU eMHUIE,
eCJH TOJIbKO IapaMeTp cToaxHOBeHusA r, < R.

Has wmepmenawix meiitponos (cm. § 13) BepoaTHoCTS
OpUAMIAHAA {; IPONOPUMOHAIBHA CKOPOCTH HEHTPOHOB.

Oupepeanm remeps a,,, T. €. BEPOATHOCTH TOTO, HYTO
B pe3yabrare CHMAHUA AAPA A W uYacTHNH d BO3HUKHET
COCTaBHO® AAPO ¢ MOMeHTOM J.

Bynem mpenmnomarats, 9To BepoATHOCTH NMpUIHNAHASA &,
He 3asucur ot J. lHKIME cioBaMM, MBI cUHTaeM, UTO BEPOAT-
HOCTh MOABIEHUA KaKOIo-ImO0 3HaveHus J ompemernsercsa
TONLHO CTATHCTMYECKUM BecoM J, T. e. UNCJIOM PaBINIHEIX
BO3MOKHBIX  OpPMEHTAIMii BEeKTOpa MOMEHTA, HMCIOIEero
aHauenue J. Ywmeno osrux opmemranumii pasuo 2J -4 1.

IMostomy Mbl mosaraem:

. O 41
W= s, g (T D) @LFD @i T)

(12.3)

rae g,;, ; TpejcTaBiser cofoii uucao cmocoGoB, KOTOPHIMU
MOKHO IIOJYUHUThL JAHHOe 3HaueHue J, CRIAHBAS BEKTOPHO
il i, s.

Ecan xorst 6 onHo M3 umcen I, {, s paBHACTCH HYJIIO,
10 g=1. Ecuam s=1/2, 10 gas MakcMMaIbHOTO W MUHU-

. . 1
MaJBHOTO 3HaYeHHii J, paBHHIX COOTBETCTBEHHO l+z+§-

1
E)
Hnit J g=2, Tak Kar Takue 3HaueHAs J MOJKHO

u|[l—i]— g=1; maa Bcex NPOMERYTOYHBIX B3HAYE-

8 a. Axnesep
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moayuaTh JByMA cmocobaMu (ecanm =1/, TO 3HaueHme
( .1
J=il—1|—— He peanmayercs).

)
Jlerko yOemurecs B TOM, YTO OIpeHeNEéHHaA YKa3aHHBIM
ofpazoM BeaMuMHA @,, IPEJCTABIAET coboit IpoHOPMHUPO-

BAHHYI0 BePOATHOCTH, T. e. > o, =1, npuuém cymmupo-
J

BaHUE PacllPOCTPAHAETCA HA BCe BO3MOHIHME (cOBMECTHMAlE
¢ 3aKOHOM COXpaHEeHHs MOMeHTa) 3uaveHusa J.
Toasaysncs Popmymamn (12.2), (12.3), npexgcrasum cede-

l
HUe 06pasosalm.q COCTABHOI0O sAnpa G:;‘ B BURe

Al 2 2J +1
5p =R g @sF1@i+1) b (12.4)

Moncrapaas sro Bepasenne B dopmyay (11.6), maitpém

YCPeAHEHHYIO INUPHUHY (= 1'50):
¢
=guis, 1 Dy 51 - (12.5)

dra opMyna CBA3HBAET BCPOATHOCTH (T. €. 9aCTHUHYIO
WHPHHY) paclajd cocTasHoro Ajxpa , B pe3ylbTaTe KOTO-
poro MOsBIsfeTCH uacTuI@a a ¢ MoMcHTOM [ u sAmpo A,
¢ BEPOSTHOCTHIO NPHJINIAHMA {; YacTUNBl @ K A1PY A
I CPEIHUM pAaccTOSHNeM MEMAy YpPOBHAMHU COCTABHOTO
aapa D; (peus nnuér, oyernano, of yposHAX C ¢ dHepraoit
po30ygenns, Gauskoil &k E,=E,-- E,+ E). Bemunna (,
ompeneiasieTca dHeprueit mapgamomeii wactuusl I u eé mc-
MEHTOM /.

M3 (12.5) BeiTekaer BaskHEI BHIBOJ eCJM BePOATHOCTh
OPUINIIAHUA {; IO IOPANKY BeIUYMHBI PaBHAETCA eWHUIE,

To wacTHUHAs mupnua 1"y, MMeeT NOPAOK BEJMUMHK pac-
CTOAHNA MERAY YpoBHAMH cocrasHoro appa Djy. WneimMn
CJIOBAMM, YPOBHH COCTABHOTO fA/pa B BTOM caydae Iepe-
KPHIBAIOTCA.

Bpan aun nymkHo emé pas Hoxuéprmparh, 4To OpMyJa
(12.5) onpeneasier TOIBKO YEPeJHEHH VIO IO HOTBIIOMY 9UCIY
OMU3KO PACHCIOMKEHHHX YPOBHell 4acTHuHYIO LINPHMHY [JIA
KaKoro-1m6o Bufa pacmeIvieHuA cocrasHoro sipa. Umjusn-

§ 12, 90O LKTUBHLBIE CEUEHUA CTOJIKHOBEHK N 115
&
AyarbHEe ITUPUHH OTAENBHEX ypoBHeli MOryT, KOHEYHO,
OpH HTOM CHJIBHO OTJINYITHCA APYr OT Apyra
MpocymmupoBaB o; Mo [, Mb Haliiém moJHOE CevyeHHe
00pasoBaHUA COCTABHOIO ANpa S,, KOTOpOe OJHOB]'eMEeHHO
npepcrasiger coboil cyMMapHOe ceueHme JIJfI BceX Upo-
1[ecCORB, CBA3AHHHX ¢ IOCTEAYIOIUM pPaclanoM cOCTaBHOTO
Apa

~Za_.x Z (20 +1) 7%, (12.6)

l=0

YMHOMKUB G, Ha OTHOCHTENBbHYI0 BEPOSITHOCTH KaKOIO-
anbo mporecca «, pasHylo I'y/I' (I';—vacTuunas mmpnHa,
orTBevawmulas npouneccy o, I'— moanas mupuHa ypoBHA), MO-
JyYUM ceuellne o, AIA HTOrO Ipoltecca:

r, .
5= 5, (12.6")

[lycrs cocraBHOe Anpo obpasyerca B pe3yabrarTe CIus-
HuA Anpa A ¢ GHCTPHIM HeHTPOHOM, JJIUHA BOJHBL KOTO-
poro Xk €« R. B srtom cnyuae, Kak Mbl yKasHBaJH BHIIE,

1, ecau l<£ ,
. F3
o =

. 0, ecsml>£;—

Haiiném, ueMy paBHAeTcs mpu 8TOM IOJHOe cedeHue obpa-
30BaHNA cocTaBHOTO Ajpa o, CormacHo (12.6), mmeem:

7]
o =mk* D\ (2l 4 1). (12.7)
l._

Tar war R/k > 1, 1o Ge3 ocofoii omnOKM MOKHO 3aMEHUTH
B (12.7) cymmupoBaHme wuHrerpupoBaHmeM. Mu mouyunm
Ipu 3TOM

s, ~ =R (12.7")

Tarum obpasom ofmee cedemme AJIA Bcex IIPOIECCOB,
CBH3aHNHX ¢ pacmajoM COCTAaBHOTO fipa, KoTopoe o{paszo-
8*
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L)
BJOCh B e3yJbTaTe CIAMSHHSA UCXOQHOIO HApa ¢ OHCTPEIM
HeliTpoHOM, paBHAercd =i,

3aMeruM, 4TO TAKOe ke 3HAYEeHHEe MMeeT ceueHlle IIOTJIO-
mleHusa dacTul moriomalouteit cdepoi paiauyca R, puiun-
CJIIEHHOE COTJIACHO 3aKOHAM KIACCHYECKOII MEXaHUKH. D910
COBMAjleHNe ABIAETCA Pe3YJIbTATOM KBAZUKIACCHYCCROIO
pPacCMOTpPEHHsi, CIpaBefiInBoro mpu r < R.

He caepyer aymars, uto o, upencrasider co6oii oouiee
CedCHHEe AJIsL BCEX INPOIECCOB, MOTYIINX UMCTh MeCTO IIpH
CTOTKHOBEHUU YaCTHLBL @ ¢ sAupoM A.

B camoM peme, B o, BXORUT TOJLKO 9YACTh YIpPYTOTO
paccesiHUsA YacTHI[ @, & UMEHHO YIPYyroe paccesHne, CBA-
3aHHOe ¢ O0Pa3vBAHUEM COCTABHOTO SAPA M IIOCITELYIOUIIM
BRIJIETOM M3 HEro YacTHUIEL TOTO e COpTa ¢ 6e3 M3MeHeHUs
sHeprum wactuubl. Ho BosmowmHO Tamske ympyroe pacces-
HHe 4YacTHI, He CBA3aHHOe ¢ 00pa3oBaHmeM cOCTABHOTO
Anpa.

Onpenenum s>ddexTnsHOe CceveHme DTOTO paccesHHA.
Paccmorpum mpepBapurensro ofuyio 3ajgauy o paccesHmn
YacTUI] HEKOTOPHIM CHJIOBBIM HEHTPOM.

[onwsyscy pasmomenumeM mIocKON BomHE e'** B pag
no momunomam Jemangpa P;(cos )

elhs = DV (20 +1) i1 Py (cos b) f, (kr),

=0

fulhr)=(g=)"7, 1)

(Jl+1—(bymm;nﬁ Beccens, z=rcosd) u Bamewas, 4uto0
2

rge

npn GONBIIUX F CHPAaBefNBA ACHMITOTHUCCKAA HOpMyda
. {
fi (kr) ~ (kr)"'sin (kr ~—_:—‘> ,

JIETKO BHUJIETh, 9TO BOJHOBAA (QYHRIUA ¢BOCOTHON wacTRIEI
npu GONBMINX r acHMITOTHUCCKU Benér cebd, Kawr

z';; 2 (— DN 1) [eifr— (— D)l eihr] Py (cos 9).  (12.8)
l={)

.

§ 12. 9O OTHTHUREBIE CEUYEBUS CTOJIKHOBEHUNA 117

113 oroit GopMyIH cjemyer, UTO QyHKIUA

o= (— 1)1 214 1) [em T —(—1)'el*7]
2kr
npeficTaBasier cofoii ACHMMOTOTHYECKOE BEIPAKEHNS 116Jm
pAMANBHOIT BOAHOBOIT (yHKIIA ¢BOOOHOM JACTHILE, OPOH-
TambHBI MOMeIT KOTOPOil OTHOCHTEILHO HeKOTOpOIlnTO‘I—
kn O pasen [k (r—paccTosHme OT DTO TOYKM). SAeCh
meppoe ciaraemoe TpefcTaBiafer CODOIl  MARAOMYIo, 2
BTOPOE — PACCCSIHHYI0 BOJHY ¢ MOMEHTOM l. )
AcHMIITOTHUECKOE BHIpasKenue pajmaigbHOil QyHKIAD
B ¢Iydae pacCesHusd HecBoOONHOM YAacTHIE ¢ MOMEHTOM {
nMeeT BUJ

5;—, (— D)2+ ) [eir— (= 1)!, eikr],

rie B; — HOCTOAHHAS, OTAMIHAA OT EANHNTH. )
TlopToMy oOmiee acHMIITOTHTECHOE BHIPAjKkeHne BOIHOBOI
pyHEIEA B CAyYac PacCeAHUA OUPENeTAeTCH dopmyoit

I~ o S A) (20 1) e~ 40— (— 1)/ ByeiH7] Py (cos D). (12.8)
1=0

ik
Eeam Ha cuiIoBoii UEHTP MafaeT INIOCKas BOJIHA e, 1o
paccessHHAs BOJHA BAQINM OT ILEITpa umeeT BHJ

1 ikr 9
— e f (),

re & —yroa paccesmug. Mer OyaeM B JladpHeiileM Ha-

g1 (o3¢ H{HHOI BOJHBL.
spBaTh f(§) ammauTyjgoil pacce )
Cormacmo (12.8) u (12.8") ammanTyaa pacceAHHOM

BOMMLI WMeCT CAeAyomnii BUA:

2 5 ‘ e
f) = —5 2 @ +1) B —1) Pi(cosd). (12.8")
L==0)
Buag f(¥), MOKHO HAITY nmp(bepenunanb(noe cedeHne
vnpyrorof(pa)cceﬂmm p unrepsa;e yraos 9, § +dd mo

opMyre .
’ dos=2x|f(§)[*sind dd
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" II0JJHOEe cedyeHne
™

& F(8)Psin8dd ==kt Y (204 1) 18— 12 (12.9)
1=

gg = 2x

B Tex caywasx, wxorga paccesnde He COXPOBO-
KIACTCA MOTJIOIIEHNeM HYaciull, HHTeHCUBHOCTh PAaCXONif-
meifca BOJNHLI paBHAa MHTeHCMBHOCTM Iajalomieil BOJHBL W,
CTefoBaTelbHo, alcoMOTHOe 3HAueHMe f; PaBHO efuWHHIE.
lonaras B; =%, rage v; — pemecTBeHHAs BeAMUNHA, ONpe-
nexsioman uUaMeneHne Qas3nl [-BOTHBI IpPH pacceAHUH, IIO-

ayqum u3 (12.9) caenylomyo dopmyay muad o
oy =4xk? ) (204 1) sin®n;. (12.9%)
1=0

Pacemorpum  Temeps TOT cayuall, Worpma BO3MOKHO II0-
IJIomeRne gyacThl cuiaosbiM nenrpoMm. IIpm srom dopmyirn:
(12.9) m (12.9') ocrawrca B cmie, ciaepyeT JUIIbL CIUTATH
B HUX |B;| <1, Tak Kak |B,|* mpemcrasaser coboit oTHO-
LIeHne WHTEHCHBHOCTEN pacxoffieiics U majgamoiel [-BOJIH.

OT0 3HAYNT, YTO INPHM HAAMYMN TOTIOLIEHHS YaCTHMI

$asy pacceaHua 7; ciaefyerT CYNTATh He BellecTBEHHOIl, a
KOMINIEKCHOIT BemuumHOif [21];

=70+ ind, (12.10)

rxe () um 7{") — BelllecTBCHHK® BEANUMHE, TPUUEM (D > 0.
Sameuas, uro

18— 1= Qe =21y (ch 2n(H —cos 297),

IpeACcTaBUM ceueHMe YIPYroro paccedHNA IIpu HAJINIUM
HOIJIONieHNA B BHUNE

. . ° (i .
so=2mkt D) (204 1) e~ 211" (ch 29D — cos 29(M).  (12.11)
1=0
Licmu 7)=0, 10 ara dopmyna nepexommur B (12.9"). @op-
myaoit (12.11) Mur MoixeM IOAB30BATHCA IPU ONpeHeJeHNH

S s

iy

i Wit e

N
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CeUeHHA YMpYroro paccesHUd FacTHI ANpaMHA, He CBA3aH-
HOro ¢ 0o0pa3oBaHUeM COCTABHOTO ANpA.

Ilokaskem, uTO MHAMAA dacTb ¢as3bl M, MOKeT OBITH
IIPOCTO BHpaKeHa uepe3 BBEeJCHHHIN panee roapdunuent
npumumanus. [lociaelnuii MH ONPEAeTHTH B CIyYae IOTI0-
menns GuieTphix wactal (k < R) dopmymamu (12.2) n (12.6).

Jlerxo BUAeTH, 4TO CeUYeHHE HOTJOLIEHWA YACTHUIL SXPOM
Beerfa BHpaskaeTcs otuMu Qopmymamu (T. . TIpH mobom
cooTHOmeHuu Memay k m R), npnuém roopduumenr mpu-
qunaHusa §; ©BsI3aH ¢ BBCJCHHOI BhILE BeanunHON B,
(oTHOWIEHMEM AaMIIUTYX PacXOoAfAmedcs 1 cxopAmeitc A
BOJIH) QopMymoit

Y g L) )
Ga=1—18f=1—e""n". (12.12)

B cayuae OBICTPLIX YacTHI 9Ta dopMysa OUeBHJHA, TAK
ka® OHA BHITEKAaeT mn3 ompefeideHus 5, cormacho (12.2).
MBl J10UKHBI, CJIEJOBATENBHO, YOEAUTbCA B CHPaBEAINBO-
ctnm coorHomenuii (12.2) n (12.6), B woTOpHIX {; ompele-
ageress corsacHo (12.12), me monbp3yAch KBasUMKIaccHye-
CKUM pAaccMOTpeHneM, Kak HTO J[eJaI0ch IIPU BHBOJE (12.2).
Jast 9TOro ONpeeTMM IIOTOK HacTHI WYepe3 moBepX-
mocTh cdepsl GONBUIOrO pajguyca, OKRpy:Hslomlell cUIOBOH
meHTp. DTOT MOTOK, B3ATHII B HANpPABIEHNH BHyTpPeHHeIl
HopMaau K cepe, ompejieasAer, OYEBMIHO, YMCJIO HacTHI,
[IOTJIONIAEMEIX B JUHHUIYy BPEMeHN CUJIOBHIM LEHTPOM.

[loTor ompepeJsieTcsi U3BecTHOH Gopmyroi

ih . 0Y oY*
T — T — ) =
S=g57 S <d’ ar ﬁr> do,

rge r—paauyc cdepr, do— dIEMEHT TeJecHOro yria.
B xauecTse § MBI JIOJGRHBEI, OYEBHJHO, BOCIOJIb30BATHCA
Beipakennem (12.8).

3aMeuasd, 4YTO

dv __

ar

[+

Ad
G D204 ) (=D [emtkr 1 (1) Bieikr] Py(cosd),
=0
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U NOAb3YACh yCJIOBAEM HODMHUDOBKH IMAPOBHX (YHKIUI

2 b
SP; (cos{))al<>:2l~}_1 ,

MOJYYUM CJENYIOUIMiil pe3yabTar:
h oo
. =
S=TR S @+ 1) (1= 1B ).
1=0
Urobul oupenennTs »PJeKTUBHEI IOMEPEYHUK IIOTJIONIe-
HUA YacTUNl ¢, HYKHO pa3feanTs S Ha IOTOK HARAOINIX
. hk
YACTHI, PABHBIL - .

Urax,
Su=17 ) (2L+1) (1 =B, ).
1=0

dro n ecth gopmyna (12.6), koTopywo ME XOTeIM BHBeCTH.

ITonygsennasr Qopmysa ompemenser cedeHHe A Bcex
Heylnpyrux IpOLEeccOB, CBA3AHHHIX ¢ 06pasoBaHAEM W IO-
CIAEAIyIOmMIM PACIIaZioM COCTABHOTO ANpA.

Ha ocuosanmm (12.12) e8 wmoxmHO 3ammcats Tamme
B BUJE

[eed
o, =20k 3 (204 1) e- 21" sh 290D,

=1

(12.13)

ITonHoe ceuenue MTsi BeeX OpOMECCOB, MOTYIIMX MMETh
MECTO IPH CTOTKHOBEHHM YACTHIEL C HAJPOM, PABHO CyMMe
CEYeHUH YNPYroro paccedHHms, He CBA3AHHOIO ¢ o(paso-
BaHHWEM COCTABHOIO AMpa, M CeYeHHd BCeX HEYIPYTUX IPO-
IecCOB, CBABAHHKX ¢ 00pasoBaHMEM COCTABHOTO SHApa.
Obosmauas IONHOe ceveHWme deped o, IOJYIAM HA OCHO-
parmn (12.11) n (12.13):

o

o=, + 0, =2rk* D) (20 +1) (1—Re ;) =

t=10

= 2m SV (2 1) (L—e- 21" cos 29(7).  (12.14)
=0

i
1
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B cayaae paccesHHA MeAJdeHHEIX dYacTuI (Hapuamep
remroBex Heiitpono®) mmpaMm, cewenus o, m o, MamE IO
cpasHeHno ¢ wA*. B artnx ycaosmax moxpyias Qasel w; Max
Mo cpasHenuio ¢ eguHnneii, u gopmyusr (12.11), (12.13),
(12.14) npuolperal0T clrefylomuil BHA:

oy = &mk® ) (20 + 1) {(n{1)* 4 (n{"7)*},
1=1)
o, = Amk? D) (20 + 1) D (1 — 2q(D),
1=
op= 4k D) (204 1) (7)) — (1(0)* + {0}

le=i) )

> (12.15)

Jli MocTaTouHo MeJTeHHBIX UaCcTUIl 3Jlech UTPaeT Poib
TOMBKO TepBHIL wiew, coorsercrBylomuii [ =0. Ilpnm »rom
ecam D € 7P, ToO

%)y
Mo key

) Vime

B ciyyae GHICTPHIX HEiTPOHOB, MJIMHA BOJHLI KOTOPBHIX
3HAUUTEIbHO MeHbIle paauyca sapa kX € R, BepoATHOCTD
OpPWIKIAHAA COOTBETCTBCHHO PABHA

(12.16)

L=1, ecim [ <

’

r
A
=0, ecam [ > ? .
CoOTBETCTBEHHO 9TOMY
B;=0, ecun lg? ,
By=1, eccom 1> ? .
(flcwo, uro mpu [ > R [k 3uavende B; JOBKHO PaBHATHCH

eINHHIe, TAK KAK B 9TOM clydae OTCYICTBYET paccesHHe
HelTpaJbHHX 9YACTUIl, KAKHMH SBIAIOTCH HeMTPOHHL. )
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Jlerko BMJeTh, 4YTO B BTOM CJIyYae G,, KaK MU G,, pab-
ugerca nR®. IlosroMy moxaHoe cevennd pasmo 2xR?:

=R o =aR? ,=2tR* X« R (12.17)
JaMeTuM, 4Uro paccMaTpUBaeMoe YIpyroe paccesHHe

OBICTPBIX HE{fTDOHOB MO/KHO TPAaKTOBaTh Kak Auddparmuio
HOHTPOHHOH BOJHH OT Kpasg sanpa (2], JleiicreuTensho,
HOJIB3YACh M3BECTHHIM paBeHCTBOM [53]

(20+1) Py (&) = Pios () —Pi_y(2),

MOKHO NPEJICTABATH AMILINTY;y paccedHnd ORICTPHIX Heii-
TPOHOB B BHJE

[
a)_ 2(21+ ) Py (cos §) =

=0
= [Plyis (08 B) + Piy-y (cos )],
e

R
lo——'x—>> 1-

(Mer npenefperam B cyMMe caaraeMsiM Pj (z) =1, Tak Kan
B ofmactu yrioB, B Koropoit ammauryna [, (9) samerno
OTIIMYHA OT HyJA, cyMMa 3HaUUTENbHO OONbIIe eXMHUIE.)

Jlag Gonpmux yraos paccesnua f, (%) ~ 0. B cayuae
Maabix yraos ¥ € 1, moawsysch acummroTmyeckuMm Qop-
MysnamMm Ana mosmnoma Jleacanppa [ momyamm:

@ =iy (%),

rie J, (x) — ¢yurnusa Beccena mepsoro mopsjxa.

Kax usBecTHO U3 ONTMRM, TaKol :xe (opMyiuoii ompe-
fesiAeTcA aMINIATYAA CBETOBOI BOJIHEI, Ipereplesiueii aud-
dparuumw or albconoTHO uwépHOoro mapa pammyca R IS4
(B psccMarpmBaeMom caydae ALpo MOMNIOMAeT Bee HMajgaiomne
Ha Hero HeliTpOHHI, T. e. BeAET cebd Kak YEpPHOE Telo.)

Taxum ofpasoM ympyroe paccesHHe OHICTPHX HelTPO-
HOB XapaKTepH3yeTcA pPe3KO#l HaNpaBIeHHOCTHI0 BIEPEN.

9 <1, (12.18)

N,

R -

"ont il

§ 12. DOOERTIIBRbIE CEYEHUA CTOJIKEOBEIIN 129

dro paccesHme, KoTopoe MokeT OHTh Ha3BaHO AuPPpak-
LMOHHEIM, Halaofaercd dKclIepUMeHTaIbHO 941,

JudPpakunoHHasle ABIeHAA JOHHEL KMETh MECTO TaKKe
Npu paccedHNd OYeHb OHICTPHX 3aPSAMMEHHBIX JAaCTHI[, AJUHA
BOJIHEL KOTOPHIX V NOBEPXHOCTH AAPa 3HAUYUTETBHO MeHbIIE
papuyca ajpa [P6l,

. R
Poxs Beanumiin l°=7 B cJydae 3apAMeHHEIX daCTUI]
v

l/i 7ze? ’

"RE
rie X— QIMHA BOJHH NAjapolleil yacTHILI BRAJIH OT AApa,
E —eé pueprusa, Ze m ze —3apaAnW AApa U YaCTHUH.

Mu umpenmosnaraeMm, uro [, > 1 m cumTaem, 4ro BepoAT-
HocTs npunaunamuda §; =1, ecan 1 <l,. Ilpn I >1,, B otan-
yne OT ciaydas HeWTpoHOB, B; He paBHAeTICA efUHMIE, TaK

KaK KYJOHOBCKOe paccedHMe MMeeT Mecro Ipu Beex [.
CooTBeTcTBeHHO BTOMY TpHM [ > 1, HY#HO HOJOMKUTSE:

urpaer BeINYNHA

Zze®

Bl=32inl, T}1=argl'(l+1+ia), G:—ﬁT.
Ioassyacy orumn sHavenmsaMu f; u §;, MOKHO ompeqe-
ants, cordacuo (12.8”), aMmauTyxy paccedHus, KOTOPYIO
Mbl 0003HAUMM Temepb ueped f. (V).

B cayuae a <1 mm mnoayaum caepywimine peayiab-
ratht [56):

f.(0) = 1/ AR
; iE j2ia 2 2:% -2 ln ﬁ+ 2ivo } (12.19)
f:(ﬁ)“—'hl' ——52—6 2 ’
1
he )

®opumyas (12.19) nokasmsaior, 4ro B obmacTu yrios

1 € % € 1 umeer Mecto AudparmuOHHOE pacceAHHe 3apA-
2
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JKEHHKIX YaCTHH, KOTOpPOe TOXbKO (asoil OTIMYAeTCA OT
COOTBETCTBYIOLIET0 paccesHus OblcTphix HelitpoHos. Ilpm
a=0 (12.19) nepexoaur B (12.18).

1
B ofmactn yraor & 7, CTTPABeJINEA BTOPast dopmyara

(12.19), B KoTOpOIii mepBOe claraevMoe He 3aBUCUT OT YyIJa
paccedHNs, a BTOpoe ¢jaraeMoe ImpejcTaBiger cofoi aMman-
TYRY pacceslnsa B KYJOHOBCKOM IIOJIe Afpa.

Wraxr, paccesHue oOueHL OBICTPHIX 3apAsKEHHBIX 9aCTAIL
e Beerjga onucsinaercsa Gopmyaoit Pézepdopna. Iocmeguasn
OKA3EIBAETCH CIPABEQIIABOI TOJNBLKO MpPH OYeHb MAJBIX
yraax paccesHud; HMMEHHO, YIIB JOUKHEL OBIThb MeHBIIe

Vel, ecim o<1, n wmemsme o/l,, ecim a>1. Ecun
a>1, 10 r obmactu yraos § > (x/l,) cHOBA UMeCT MecTO
nepsag fopmyaa (12.19).

TaxuMm obpazom B obmactu yraos 1> 8> 1/, npnm
o<1 u B obmactu yraos 1> 8> (af/l) mpm o >1 obny-
HOoe KYJOHOBCKOe paccesHue 3aMeHsgercs AUQOHpaKIUOHHBIM
paccesHHeM TOTO ke THIA, 9TO W pacceAHue OBICTPHIX Heii-
TPOHOB.

B saraiouenue »sroro maparpada cfleaeM HECKOJIbKO
BaMeuaHuii 0 paccesHUHM MEJICHHBLIX YacTui.

Ilpnm paccmMoTpeHmH CTOJKHOBCHMI] ANEp ¢ MEANCHHRIMHI
qactunamu (k > R) Mbl MOMKeM I0JB30BATHCA OOmUME (op-
myaamu (12.15). Onpenerenne BepOATHOCTH NPUIMITAHAS
JUIS 9TOTO cJayuas faéTeA B caemywolieM maparpade. 3mech
MBI OTMETUM JaWImNb, uTo npu k > R Bce B;, 3a mckmode-
imeM B,, pasun epuunme. Ilostomy B cymmy (12.8”), Tak
ae kar u B (12.15), sxoxnT T0ABKO ONHO caaraemoe ¢ [ =0,

Otclona cileAyeT, 4UTO paccesHWe MeJIeHHLIX YaCTHIY
B CHCTeMe KOOPIMHAT, THC IOKOHTCS IEHTP HHepIHUHM A7Apa
0 cragRusaouleiicA ¢ NHM 9acTUUHI, sABIsgercd cdepu-
veckn cumMerpuunniM. CedeHnme ympyroro paccesHHs B OT-
cyTcTBNE IOIMIONM[EHHWA paBHO, coryacHo (12.97),

o = 4nk?sin® 7. (12.20)
(Yuér moruomeHing npou3BOAUTCA B caefyomeM naparpage.)

Juddepenmumanpioe ceicHHe YIPYroro pacceAHNA B
BTOM cJydYae B CHCTeMe KOODJUHAT, Ile IOKOUTCA IEeHTP

S "'*’“'5@‘?3133
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AHepnAN, UMeeT BUJ

ds, = sin db. (12.20)
3aMeTuM, UTO B CHCTECMEe KOODAUIAT, TJie A0 CTOJIKHOBE-

HUA AP0 IOKOWJIOCH, DHEPrHs YaCTHIB, PaBHAA JO CTOJK-

HoBeHnA E, cTAHOBUTCA B pe3yaAbTaTe CTOTKHOBCHUA DPaB-

ite)is

M2+ m24+ 2mM cos &

B =E=TT s,

rge m u M —MaccH 4YacTHAILI B AApa.
Wz »roit fopMyan ciaemyer, 4ToO

: _ (M +m)y*dE’
sin ¥ dit = il B

mosromy $opmyaa (12.20°) mpunumaer nuj

(M 4 m)2 dE’
do=o 51 7"

0wr - M—m 2
E>E ><m

(12.21)
E.

Orciofa JerKo 3aKTIOUUTH, YTO B PACCMATPUBAEMOM CIydYae
MeJJIeHHLIX 4acTHIl MPOHOPMUPOBAHHAA BEPOATHOCTH TOTO,
4TO B Pe3yabTaTe CTOJKHOBEHUSA ¢ AAPOM DIIEPrUA YacTHIILE
6ymer maxoauthes B murepsane E' m E’ 4+ dE’, pasHa:

w(E')dE’ = M—mN* o (19.92)

—9E’ T \M+m

Me BuguM, uTo B pe3yJabTare CTOJAKHOBEGHHA Bce 3Hade-
nusg sHeprum B uurepsaine (E, eE) paBHOBepOATHH.

§ 13. Bepoarnoers mpuiunanasa. Ilepeiiném w ompene-
JEHUI0 33aBUCHMOCTA BEpPOATHOCTH NpHMIanua {; or dHep-
U YaCcTHUH ¥), 3aMeTHM IpejBapHTeabHO, YTO MBI pac-
cMaTpuBaeM B3Hech cJayuail OJAU3KO PACIHONOKEHHBIX MU
AasKe TepeKpHBAKIIUXCH YpPOBIeil 1 He yIUTBIBAEM ocofeH-
HOCTEl OTAeNbHLIX AHUBUYAJIHILIX yPOBHEIl. Taxum obpa-
BOM Hame paccMOTpeHHe OyfeT Io cyliecTBY cCTaTncrmge-
CKUM.

*) Mul cetyeM mipre paGore [501,
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Mu fymeM nCXoamTh M3 TOTO, YTO CBOBOMHAN JacTana,
TONaBLIasA B AP0, NOTJIOMAETCA HOCTe,JHAM U TEPAET CBOIO
unausuayaaoHocTs. Ilostomy, paccMarpusas obpasosanne
COCTABHOTO AApa ¢ (eHOMEHOJOTHYECKOH TOYKN B3pelms,
MBI JOJIMMHBL XapaKTePU30BaTh AJEPHOE BEINEeCTBO OOJBLINM
OOrJIOmeHneM ANEepHHX YaCTHIL.

st moaydyenusa radecTBeHHOI} KapTULIBL cAeaaeM Ipo-
cTeliluee IPeAIodoMeHne, CIATAH, 9YTO YUCTAO YACTHI, IO-
[VIOIMAEMBIX B eMHRIY BpeMeHH B HEKOTOpoil Touke Aapa,
NpONOPpUIOHANBHO IIJIOTHOCTH YacTUI[ B TOIH e TouKe.

YpaBHenne HelPpepLIBHOCTH ¢ YYETOM IOITOMEHAS MOYRHO
3aIucaTh B Buje

do s s 2 ‘
—5‘2+d1v_7=--—-ﬁc-p, (13.1)

rfe j U p— COOTBETCTBEHHO MJIOTHOCTH TOKA W ITOTHOCTD
YacTHN, a o-—HEKOTOPAHA BeNWUMHA, XapAKTePU3YIOL(asa
noriomenne, KoTopyio Oysem HaseBaThL a6copOIMOHHEIM
HOTEHIMAJIOM.

JTa BeNMUYUHA 3aBUCUT OT KOOPAUMHAT, 8 TAKMKE OT DHEp-
ION W ApYTUX BENTUYUH, XapaKTePH3YOIUX TaCTUIY (CITUH,
HallpaBieHue NBWeHUd u Ap.). Ilra xavecrsenHoit opnen-
TallMl MHL OyJgeM CuYHTaTh, YTO B3aBHCUMOCTE OT CIIMHA
U HaIIpaBJIeHAS ABUKEHNA He cywecTsenna. UTo e Kacaercs
3aBHCUMOCTH OT 9HEPTUU YACTHI(E, TO OHA MOKET CTATHL 3aMeT-
HOIf TObKO B 0UeHb GONBUIOM MHTEpBaNe M3MEHEeHUS DHep-
Iy, 10 MOPANKY BeJUWYNHLI PABHOM DHEPTUM CBA3M YaCTHI]
B Anpe (~ 10MeV). Paccmarpnsasn neboabmoit unrepsan
U3MEHEHIA DHEPTHU, MOMKHO CYUTATH ¢ He 3aBHCAINUM OT
9HEePIUU YACTHIH .

Urak, ME mpeamosaraeM, 4To ¢ 3aBUCHT TOIHKO OT KOOp-
ANHAT 9aCTUIH,

Jlerxo Bupaers, uTo HasMume abcopbnuonmoro moTeHIUAIA
B (13.1) mommo yuects, ecam samucats ypasmenne IllpenuH-
repa Jnua majgawuieil yacTuisl B BUje

Mg+ 33 (E—V +i0) =0, (13.2)

re E —kuHeTnueckan oHePTMA WHCTHNW BNAIH OT A1pa, a
V — €€ moTennuanbHas SHepPrHA.

s

e W
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Urofnl noKa3aTh SKBHBAJEHTHOCTh ypaBHenmit (13.1)

]

m (13.2), ymuomnM (13.2) Ha ¢° [U° — pesnunHa KOMILTEKCHO
COTpsEHHAN U] M BBIUTEM M3 IIOJIYYeHHOrO HPOH3BeleHNs
KOMIIGKCHO  CONpsiskéHHOe eMy supaskeHue. Iloawaysch
olpefleneHUAME p U j:

TP b grad O — do

p=0"9; Je=g (9 gradv—dgrady’),
met u moxyunM (13.1). Tawum ofpasoM abGcopOUMOHHEIL
MOTeHIUAJ IMOABIAETCHA, KaK MHHMadg 4vacTb BQeKRTaBHOI
KOMIIJIEKCHO IIOTeHIMaabHOIT 9Hepruu JacTuiw V —is.

BuyTpu sAapa ¢ mo mopsiiky BeIMYHHBI PAaBHAETCH BHEp-
CUW A epHOTO  B3aUMOJEHCTBHA, 9YTO COCTABIAET OKOJO
30 MeV.

daMeTuM, 4TO HU o6, HU V He HCHHITHBAIOT PE3KOro
CKadKa Ha IpaHuIle HApa, NOCKOJLKY AJepHHEe CHJH, KOTO-
pPHIMH B CYUIHOCTH U onpefienstiorcs V u 6, 00Jafal0T KOHEY-
HEM paguycoM pAelicteusa. Cieayer raxie uMeTb B BUAY,
YTO TPAHUNR AAPA He MOKET CYMTATHCH pesKoli, Graromapda
HAJIWYNIO HYJeBHX KoJe0aHUl SJCPHEIX YACTHUI[ U KOHeY-
HOCTH pajuyca felicTsusg HAJepHHX CUI. "BHe _Yy3Koro
NOTPAHMYHOTO CJOA, KOTOPHI MH Has0BEM 00JacTHIO
mudysHOCTH AMEPHOIT TPAHUIL, HOTeHIMANX V — i MOMKHO
HE YUUTHBATh.

Caenyer nogu9epKHYTh, 9TO EHOMEHOIOTUYECKOE PACCMO-
TpeHne, KOTOPBHIM MBI IIOJIB3yeMCH, BBOAA o, He MOMKeT,
KOHEYHO, [aTh WCYEPILIBAIOLIET0 ONMUCAHUS BCEX CTOPOH
ANEePHHX CTOJKHOBeHNII (XoTd OH HOTOMY, YTO IIPW HTOM
MbI UCXOMM M3 PAcCMOTPEHUA 3afadu ONHOTO Teaa). K atomy
caenyer f00aBATB, 4YTO UHTepecylomag HAC BeINYWHA
kospdunuenTa NpUINNABHA {, CYLIIECTBEHHO 3aBUCHT OT
XO/la M3MEHEHNUs ¢ Y IOBEPXHOCTH ANpa, O KOTOPOM MOKHO
UL NelJaTh Te MANM HHHe IIpeamoioxenus. IlooroMy maiaa-
raemas TeopHUd SABIAAETCHA NMOJYKaYyeCTBEHHOU; TeM He MeHee,
KaKk MB yBUJUM Jajee, OCHOBHHE OCOOEHHOCTH TMOBeNleHNA
{, mpm OoxbmIEX W MaJEIX DHEprusAX OHA Ilepefaér Ipa-
BHJIBHO.

dannmeM NOTeHIMAAbLHYI0 DHEPTHI0 HacTHIHI B BUAe
V=V,+V,, rae V, csaszano ¢ ApepHHMH, a V;—c¢ Kya0-
HOBCKUMI! U HeHTPOOEKHHMU CcHIaMH. BynaeM cudTaTh, 4TO
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Va o, V, 3aBUCAT TOJBKO OF 7I— pacCTOAHHS HO HEHTpa
anpa. Boxnonasa GYHRIA ¢ 8aBUCHT B BTOM cayTae TaKike
T0:1bKO0 0T 7. Bueném paguaapnylo yurmuio u = ro; ypasHe-
une Ulpeauurepa s Heé mMeeT BUJ
d?u o«
W_;q) My, (13.3)
rje

® (r) = Ja [ —W (1) + Vi (r) — i3 (1)]

W (r)=E—V,(r).

Bue anmpa, no BGamsm or ero mopepxmocTH, rae V, o

UTPAIOT emeé cynlecTBeHHY0 pouab, OymeMm cuurars W (r)
IMOCTOAHHOI, paBHOil

W=FE-— Vl (R),
rie R— panuyc sappa.

Pacemorpum cmavaxa cayyaii Goapwmnx oHepruil magawo-
Ileil YaCTUIH, KOTa JJAUHA BOJHL 9aCTHIE 3HAYNTENBLHO
MeHblle pajuyca aAfpa. B sroM caydae MOMHO I0IB30-
BATbCA METOMOM KBASHKIACCHYECKOTO npuiammenusa [57],
VYeaonne NPUMEHHMOCTH HTOTO METOJA COCTOUT B TOM, 4TO
MOAyaIb usMetenus ¢ Ha IPOTANEHUM JUINHBL BOJHB, Pab-
Holi | @7'/:|, mosiken GBITH MAJLIM IO CPaBHENMIO ¢ a0COTIOT-
HOBIM 3HAYenneM camoii ¢yuxuun .

Hocronpry Beamunna W upegmonaraerca  Goabmoii,
a V, n o He WCHLITHIBAIOT PE3KOTO W3MEHEHHA HA TpaHmIe
SIIPA, MOMKHO CYHMTATh, YTO yCAOBUA HPHUMEHUMOCTH METOAA
HBa3HKIACCHICCKOr0 NPHOIGIKCHAA BHIIOANCHEI,

Ilonpaysice aTuM MeTOROM, NpEACTABUM peNICHUE ypas-
nerns (13.3) B Bupe

u == const. P71 exp <g Pz dr> . (13.4)
i

Mu pommmnt mpu atoM Baath ]/ 1 ¢ TaKUM 3HAKOM, UTOGH
u yOBIBalO IO HANPaBIEHUIO K NeHtpy Aapa. Tawroi BHGop
3HAKA COOTBETCTBYET HAauleMy OCHOBHOVMY INPeAHOJOKeHHIO

§ 13. BEPOATEOCTb ITPRJILITIAT!1LSL 1929

0 moriomeHnn dacTul gpapoM. Mrak, BellecTBeHHaA 9YaCTh
O'/> pomkua OmTL momommreabnoil. Ilpu r < R BenuyuHa
® HaxopguTcA B TpeThell 4eTBePTH INIOCKOCTU KOMIJIEKCHOTO
nepemeHnHoro (BellecTBeHHas u MmuHuHMasd dactd P orpuua-
teapHu). Ilosromy @2 gomkHa JeskaTh B YETREPTOil det-
BEEPTH KOMIIEKCHOM IUIOCKOCTH.

Ilpencrasum cefe Temeps, 4TO F yBeaMunBacTCA; LPU
TOM ¢ u V,, yMeHbIIAITCA M, HAKOIeN, BHe fApa CTAHO-
parc pasHbiME Hyxo. Ilockoapry @'/2 Bcé Bpems NOIKHO
0CTaBaTHCA B UeTBEPTONl weTBepTH, MHHUMAsI vacth O's
MOMKHA GHITh OTPUIATENbHON Tarse n nHe sAxpa. lloatomy
pemenne (13.4) BHe aAznpa ummeer BUJ

= const. - ®7/4 exp { —i KT? S [E—=V, ()] dr} , (13.4")

T. e. mpejcTaBiafAeT cobOl YHMCTO MNANAIIYI BOJHY. Tar
KaXk Mbl He IOJYYUJIN OTPAMEHHOII BOJHBEI, TO 9TO 3HATUT,
970 BepPOSITHOCTH IPUINNAHUA [; paBHa eJUHMIE.

Wrak, maa OwcTpuix wacTHi, Nomajaomux B cdepy
neficTBUA AApPA,

,.,_1=1.

ITonyuenHoe cOOTHONIeHMe MMeeT IpocTolf Quaudecknit
cmnica. IlockoabKy MBL paccMarpupaeM ciaydail GBRCTpPHX
qacTHI, T. €. MAJIBIX JUIMH BOJIH, cHpaBe/UInBa Kiaccuie-
ckag MexaHura. Ho B Takom ciiyuae coBepiiiciio SCHO,
yTo ecJiM 9acTuna  IonajgaeT B chepy HIeifeTBAST  AApa,
¥, e, HapaMeTp CTOJKHOBEHUS [JA Heé MCHbIIC pajuyca
AApa, 70 YacTUNA TOIVIONIAeTcA ANpOoM, HHAdYe TroBopA,
L;=1. OTRIOHEHUS OT cOOTHOLWIECHNH [ = 1 ¢Bs3aHLI ¢ HETOU-
HOCTBI0O KBA3UKJIACCUMYECKOTO IpulIMKReNMd, HKOTOPLIM MEI
I0J1b30BAJIUCE.

Ilepeiiném Termepp K paccMOTPEHUIO CAyUasT MAJKIX SHEp-
Uil majamomed 9acTHIR, KOrAa e€ NJnHa BOJHH BEJIHKA IO
CpPAaBHEHUIO ¢ paguycoM fAApa.

HpennonomnM, 9TO Uajaloleil dvactuneil HBIfieTCH
MeJ;TeHHBLI HeliTpoH, OPOHUTAIbLHLIT MOMET KOTOPOI'0 pABCH
Hymo. B srom cayuae Vi =0.

4 A, Axnmesep
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Bue anmpa ypasuenue (13.3) mmeer Bup

u ., 2m
gra + 73 Bu=0,
OTKYAA
u = const. - sin (kr + 8) = const. . {efkrti® — g kr-it} (13.5")

2mE

rae k= —r ¢ ¢ — xoMIIIekcHas §asza paccedHHA.

IlocmenHo0l0 MOMKHO CBA3aTh CO 3HaYeHWEM JorapmdmMm-
qecKO#f HOpPOM3BOJHONW U HAa IOBEPXHOCTH ANPa, T. €. IpA

r=R
1 du
<.17 E)r:R =

Tak Kak MH DIpefmosaraeM, 9TO JJIMHA BOJHH Haja-
1omeil 9acTEIE 3HAUNTEABHO OoJblle pasMepoB AApa, TO
3HaUeHMe DTO HPOUBBOJHON BHE ANpa He UCHEITHBACT cylIe-
CTBEHHOTO M3MeHeHds Ha paccrosHusAx mopaara R. Iloatomy
BBejIcHUe BeJIUYMHK ) MMeeT CMHICIA, HecMOTpA Ha aud-
$y3HOCTH ANCPHOU TI'pAHUIEL.

Benuumny 7y cilejyer CUmTaTh KOMIJIEKCHOM, TaK Kak,
Garoapsa BOSMOKHOCTA IOTVIOMEHNA 93CTUL, KOMIIIEKCHOM
apasercda sOPeKTUBHAA NOTeHNMaIbHAA DHepTuA. Mu 3ann-
meM ) B BHfe

(13.57)

?

/l R
r=7F¢€ 2, >0,

rie b IO IOPANKY BETWYWHH oUpefeldeT mupuny ofracta
auddysHOCTH AMCPHON TI'PaHMIBI, ¢ — BellecTBEHHas (asa,
3aBUCAMmMAd OT KOMIIeKcHoro morenimana V —ie. [To obcro-
ATeABLCTEO, uTo ¢ > 0, cieayer M3 BHPAKEHAA JIA KOdP-
$unmenta mpmamnanua {,, cM. Hmke, Qopmyna (13.67).]
B nepsoM mpubamieHMm MOMHO cumTaTh, 9T0 b M ¢ He
3aBUCAT OT DHEpPTHA,

Tax xax kR um abcoaioTHOe 3HAYeHHe 8 Majkl IO CPaB-
HEHNI0 ¢ eAuWHONeil (OcHefHee YcJdoBue O3HAYALT, 4TO
BEINUMHA CEYeHMA paccesHHs Maja [O CPABHEHHI0 C mA®),
o (43.5") ME mpepacrasEM B BHJE

u & const. - (kr+38).

§ 13. BEPOATHCCTE TIPNJIHIIABLA 131
I'pannunoe ycaxosme (13.5”) mpusBofuT K pe3ymrbraTy

8= — kR4 kbe? .

Ecau o= 0, To BetmynHa & GyHeT BemecTBEHHOM. B arom
clyduae MH MMeeM UHCTO YIpyroe paccefnie He[TPOHOB.
Ceuenme pacCeAHMA Gy CBA3AHO C BeECTBEHHOH dasoit
& cooTHOMmEHNEeM

12 TN
Us"—: ﬁ s1n” o.
Cumras b MajsM 10 cpaBHennmo ¢ R, Mpr moxyuum 8 X — kR,
1 II09TOMY

‘o, =4nR".

D10 CeYeHWe PaccedHUA MEMIeHHBIX UACTUI OT HEeNpOoHM-
naeMoro mapa paamyca R B deThpe pasa IPEBRINACT
COOTBETCTBYyIOIIEE CedeHMe, JlaBaeMoe KJIACCHTeCKOd Me-
XaHMKOIL.

N3 gopmyast (13.5') caenyer, 910 OTHOIIEHUE AMIIUTYN
pacxofsmeiicA W Iajapomeid BOJH PaBHO B, =€ B caIy-
yae KOMIIeKCHOH $asn & Besinunna |By| MeHpule eAUnHNIEL
BepoarHocTs NPMIMDAHUA HACTUI[ ¢ MOMEHTOM =0 pas-
Ha, cormaceo (12.12):

Co=1—|B°[2=1—|62"5P,’\‘:4kbsin%, (13.6")
mpuudM Mbl IpeHefperau 3jeck dieHaMu mopsiaka 6.
Bume Mbl ropopuin, uto b m ¢ B 0GAACTH MAIBIX JHEp-
i MOYKHO CUMTATh He 33BHCHILEMM OT DHEpIHi HefATpOoHa.
®opmyma (13.6) moraskBaer B TIKOM CJydac, q10 JAIA
MeJIeHHEHX HeHTDOHOB, JITMHA BOIHE KOTOPEIX BEJMKA 1o
cpasHennio ¢ R, BepOATHOCTH NPMINNAMAA [pONOpIRO-

gagbHa k, T. e. ]/E
Mu mepenumeym (13.6") B Bme
t,=kb', (13.6)

re b’ 10 MOPAAKY BeINIHHBEI OTPefeTACT MIHPHHY obua-

cru udy3HoCTH AAEPHOI TpPAHUIH.
(.)*
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Cormracro (12.6) Mu Mommem Telmepb ONpeAeNdTh ceqe-
HHe 3aXBaTa MEJITeHHHX HeHTpOHOB
Y =b’  const.
ac = ﬂ){ Co == —k— = p

(13.7)

(v—cropocTh HelTpoHOB).

Jra GopMya BEIparkaeT XOPOIIO MBBECTHHH 3aKON OLIO-
IeHAA Me/IeHHHX HefiTponos (3aron 1/v).

Mer onpemeanan 3aBncuMocTs BepoATHOCTH NIpNJTAIIA HU ST
OT HEPIuM MA/RIOMell YAaCTHIE B ABYX NPEfEAbHHX CIyda-
AX CONBIMX W MaJHX DHEPIWil, KOTHA JJIWHA BOJHH 9aCTH-
UEl Maja MM BEeJMKA IO CPABHEHMIO ¢ PaguycoM sAjpa.

Aaa nonyuenusn obmeit opmysr mus Ci, IPUTONHON IpK
BCEX DHEPIAAX, Heo0XOMA NeTaNbHAS TeOPUS ANePHHIX CAT.

Bseném B paccmorpenne KPATHYECKYIO [IUHY BOJHE
1

Xc=k_= b m cooTBercrsyomyio eii aeprnio E,. Ilpu k =k,

roapdunnent npmimmanns {~ 1. Cormacuol*01, b’ ~6.10-1 cu
n E,~ 1 MeV.

Ecam xumermueckas osmeprma wacruimsr Yy TOBEpPXHOCTH
fAifpa TmpesocxonuT g, T0 BEPOATHOCTS UPMINIAHUA [ Hed
faMsKa K egmHUIE.

B cayuae GwicTpmix welitpoHos mas BRImoOsTIEHEMS HTOrO
COOTHOIIEHN A HeoGX0ANMMO, 4To0K MoMeHT [ OLLT MEHbIIE YoM

R
3 A OBICTPHX 3apaskeHHAX wacTHI L ORI OBITH

T e
MeHpIIe, 9eM ?— l/i—@- (3mecs X  oamawaer IAUHY

RE
BOJIHEI TACTUI[EL BAJIH OT fpa).
AA MeJUICHHBIX HeliTpoHOB, YHEPrUA KOTOPHX MeHBLIE
E.~1 MeV n l=0, Beposrnocts NpWINIAHMA AMeeT BHY

Cé E e
=0 E,

Bocnmonsayemcs sroi dopmymnoii, uTOGH mOTyUMTH BEIpa-

HOUUe JIIA cpellHeli HeUTPoHHON mupuHu [,
Buaeraomne n3 aapa HEHTPOHK IpPenmonIarapoTca Mef-
JeHHEMA, mosTomMy aaa wux [ =0. B stom cayuae gy =1,

=
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u dopmyna (12.5) pan I'y mproOperaer BUA

. b [JE
bh=nV =

rpe E — oHeprusi BHUIETAIOIUNX M3 AApa HEHTPOHOB.
\ a
Nonaraa I, ~ 0,7MeV [30], Mer moayInM OTCIOA

1, —1,9 10" DE'", (13,7

upuuéM 3nech I u D (cpefiiee paccTOsHIe MEWAY yPOBHAMH
COCTABHOTO AMPa) BLIpaiensl B eV. 00

Cumrtag 1A Afep cpeaHero aroMHoro neca (A~ )
D~ 10 eV, moayuny n3 (13.7"):

I E-e A 21070 (o) Ve, (13.7°"")

§ 14. Pacmpegencuue JacTHI, BHIIeTAWMIHAX npf;m%;:
maj¢c ¢ocTaBHOro sAjpa, Ho HHCPTHSAM. HpI/IMOHPIM;Taacn, -
yeckne coobpamenud § 11 x HaxomaCHIIO QyHrnuyu p o (}))ro
MeJACHHS YACTHI, BLIIETAIOMUX IpH pacuage cocTa

s *).
anﬁyrégbogzp;%A —)oneprpm B030ymACHHA COCTaBaHC(’JI‘II;IO gn}zza
C n sapa A, ocraouierocs I0cie BhIETa U3 C u T uaBHé
Kusernyeckas pHepTHA BBUTETAIOLIed dYacTULEl 4 P

E:‘EC—“EA“E(L:

s o — f TOKOMA 4acTUULL 4.
rnelﬁ;&eMmﬁﬁngb, uro E, oTHOCHTCHA 1} f[enpepzlﬂlliiggr{
cleKTpy Afpa A, m mocTanuM BOIPOC, KAKOBA BepOH: o
TOro, YTO BRUIETEBWAd M3 fJpa YacTHLA Iiil\;;‘eeTogog}I:aqm;
saxaoudunyo B upegerax or E mo E+-dE.

- 3
oTy BEepOATHOCTD, OTHECEHHYIO K eIuHnuIe BpeMeHu, gyepe

(13.7)

E) dE. ) .
W B)OCI'IOJILB yemest obuieii fopmyaoi (11.1) u moxosxuM B Heil
Q dp(v .
go="pc (Ec) dE¢ @r Ry’
Qdpy .

ga=rpa(Ex) dE, Q@r Ry’
o\ dp,
g(L=(2S+1)i‘_zn———h)’ s

- . 3 i
*} HmKe W3JaraioTest pesyaurarThl pator Jangay [48] n Baiic
ronda [49] no sTOMYy BOHpOCY.
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rae p, (E,)dE,

— 9UCI0 OBHel
ran dE,, yp i Anpa A B unTepBaTe BHEp-

npu4é i3
ran df PIYEM RAUKARIE yPOBEHb CYMTAETCA CTOTLKO Pa3
KDaTHOCT, ero BHpO:kAenna. Bmecro w® :
#HH Tenepb nucats w (E) dE. da NI RO
~
Tarnv obpazom MH mosiyamm:
w(E) dE ¢ (Eg) dE; dpg =

=WA‘ur [4 [ i
b4 (Ep) ABy s dpa (25 +1) dp,. (14.1)

MEHHBIX p K IISpeIIE”}{H‘I p(,
IIePEIIHBII OT IIEPE A n p(l.

u g, a Tawxke OT Iiep
CMEHHBIX
E. Mu noayunm Exs p ® nepexenmin £,

w(E) dE = (2 pa(Ey) ME
) ( S+1) PC(E(‘) W‘Géa dE, (14'2)

gda — 0 3
e ¢« —ceuenne OOPA30BAHUA COCTABHOTO aapa C, Bo
, -

HOKAWIIEero B pe3yinb

: TaTe CTONTKHOBE:

rueit E n smpa A HUS 4YacT
BHa E,.

Ben
- QHT?)D;?II;ZV:TG;T;); ("}SBH3B MY INIOTHOCTHI0 COCTOSHMM
0 KOTOpoOil :
2 , poil roBopmIOCH B
unTad B Qopmyae (10.5) memmenso MEHS Oy i

UIEL @ C BHep-
» Heprua BozbymAeHHA KOTOPOro pg~

U0 9HEpTrum A e 10cAa (}) HK-
d () mocrosmmoii, momy Hpuﬁﬂmnéﬁgo:
pa(Ey)
FEAZAL e SA(EQ)-S¢ (K
oo (Ep) )=8c(Ec)

(uEnexc mpm § ywazsBaer Ha m
HId UHOMY SAPY).

IMoxp3ysce oTUM cooTHOIIeHEeM
B BHUAE ’

PHHAOICHIHOCTE K TOMYy

nepenumem (14.2)

25 +1
w = ,
(E) dE = —gz M oo ¢S4 (Bo-Ea~E)=50(Bo) [, (14.3)
Paccmorpum Tor ¢
Jydai, KOrjga Kmu
o €THIECK
BEUIETAIONIe JaCTHIH 3HAYUTEABHO MEHbIIe Fai Z‘gepmﬂ
nalggl B 3T0M ciydae S, (EC_EL—E) ~ 8 l‘((JF JaE ITo-
—ES,(Eg—E,) n BcnommHas, uro albe—E)—

’ . 1
s =775

§ 15. PAITUAIIIOHNHDbIE CBOMCTRA fIJIPA 1385

rae T, (W)-——revmepaTypa f1pa A, emeprua BO3OYymaeHNA
Koroporo pasHa W, momyuum:
___E
w (E) dE:Q—%t—:McAa eS4 (£ ~Ea)-ScXEC) ¢ T4(Ec-Ed g dE.
n2h C
(14.4)

HamoMunM, 410 65% 3aBUCHT OT E n E,. Ycan gacruiefi

@ fpasgercAd HEATpPOH, TO B ofmactn Goapmux oHeprmit E
cowenne ¢~ ~R'. B orux YcIOBHAX MBI HOJyHaeM pac-
npefeleHae MAKCBeLIOBCKOTO TUIA, npudéM MOJyJIeM 0TOTO
pacmpefeleHus CIY/UT TeMIeparypa aipa A ocraonierocs
LocJIe BLUIeTa WACTHIBI, A He WCXOJHOro sjupa C. Pazmnm-
ume MeWy 9TAMH TeMIeparypamn, BooOmie rosopd, N0-
BOJTBIO BHAYMTEILHO, TAK KAK B Pe3yJbTaTe BHIIETA HaCTHIH
[POMCXO/UT CUUILHOE (OXJAAKAeHHe) fAApa.

WUz dopmyant (14.4) cmepyer, 410 CpeAHAH pHepTrus BH-
meraoluX uacTull mpu salaHHoM Eg 1m0 HOPAARY BE-
amannst pasHa T4 (Eq—Eg). B TOoM cayuae, KOT/4a ce-
yeHme OOpPA3OBAHMA COCTABHOTO sifpa e 3aBUCHT OT
DHEPTWH, CPC/HAA HHEPTHA  BRUIETAIOMUX 9acTHy PaBHA
aT, (Eq — E.)-

Orciola MOMKHO CJeJaTb ¢JIe/yiomnii BHIBOX. Ecan co-
crasHoe Axpo C cozgaércA B PeE3yabTaTe CTOJIIKHOBEHUA
ricTporo Heiirpona ¢ dHepraeil E m sjgpa A, HaxopAmle-
rocH B OCHOBHOM COCTOAHUM, TO ILIONydYalommecd IIpnm pac-
nage C HeUATPOHH o0majalT B  cpeaHeM pHepruei
~ 2T, (Ec—E,)=2T 4 (E, -+ E), roropas, BOOOI{E TOBOPH,
aHaunTeAbHO MeHbmre K.

§ 15. PagnanaoHHp1e cBoiicTBa anpa. MasecrHo, 9TO
ecill [UIMHA BOJHBl W3JNydeHHWs K BHAYUTENRHO LPEBOCXO-
AT pPa3Mephl W3JMydIalomlell CUCTEMH d, TO WHTEHCUBHOCTH
nasydeHns Momer ObITh TpPEACTABIeHa B Buge pAxa Io

cTeleHAM £ = (%)2 1.

TlepsHiil 9iIeH HTOTO pa3IOMEHNA mpencTaBasger coboit
AUIOJIbHOE M3JNYUeHne, BTOPOIl 4ieH, co,u’epnfammii OO~

. a\?
HATEeILHHIT MHOMUTEIb (7) , —HKBajpyIoJIbHOE n3JIyveHue

n T, g
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Uznyuenne Bo3GYy:KREHHOTO aTOMA YMOBJIETBOPAET YCIO-
BUI0O X 3 @, IIODTOMY OGBIYHO, KOTAAa HeT CIIeNUaTbHEX
yCIOBHiT, 3aNpemalmyuX JANIOIbHEE Iepexonsl, IJIaBHYO
POJb B M3JIy4YeHHU ATOMA WIpaeT JMIIOJLHOE M3IydeHHe.

Heckonpro nHble COOTHOINEHUS WMEIOT MecTO NpH W3-
aydenun Bo3OysxménHoro spxpa. Ecanm sHeprust BosGyime-
HUA gpa HeBelWKa, TO ycaoBue A > R BunoaHsercs
0 3Jlech; ONHAKO M3yueHUe BHYTpeHHeil KOHBepcun Yy-mydeii
IOKA3HIBAET, YTO B L3JIyYEHHM fJpa CPABHHTEILHO BEIUKA
pOJb KBANpYIOJABHOTO W3Iy4YeHWH, MHTEHCHBHOCTH KOTO-
pOTO 9acTO NPeBOCXOJANT HHTEHCUBHOCTH JMIIOJIBHOTO W3JIY-
YOHU .

Yro0er 0OBACHNTL OCOOEHHOCTH AMEPHOrO0 MW3NYyUYeHUHd,
HeoOXOIMMO YYUTHIBaTh, coraacHo bBopy, cuapHoe B3ammo-
meiicTBHE MeMIY fAMEPHLIMI YaCTUIAMHE.

Ecun BoabymneHue sjipa He HACTOIBKO BEIMKO, YTOOH
CYLIeCTBeHHO IOBJIMATL HA OTHOCUTEILHOE IIONIOMeHHe CO-
CEM{HUX YACTHUI[, TO MOKHO IpeHIloNaraTh, YTO M3IyYaTeib-
HEIe ¢BOIICTBA Apa OyAyT mOSOOHK M3TYYATEABHBIM GBOI-
CTBAM  3apPA/KEHHOTO ORHOPORHOr0  MAaKPOCKOINYECKOro
Tera [43],

Jlerko Bumaerh, yTO AedopMALUMM TAKOTO TENd, a TaKKe
ero Bpamlenus He COIPOBOMKAAIOTCA JAUIONbHBIM H3Jyde-
HueM. B camMom fere, AWIOJBHEIN MOMeHT Texa ¢ PpaBeH:

= = [ = Pe.
d——zer—fgcrdv—p RM,

rje p,— IVIOTHOCTH OIEKTPHUYECTBA, p— INIOTHOCTH Bemje-
CTBA, OZMIIAKOBLIC BAONHL Telda, R — panmyc-BeKTOp, oOmpe-
nenAlOmMAil IMOJMO/keHHe MeHTpa MHepun Tena, u M — ero
Macca. .

B cayuae cBoGojmoro meumenusa tena R=0. ITlostomy

d =0 u, crefoBaTEILHO, PABHAETCH HYJIK WHTEHCHBHOCTH

JIUIOJNLHOTO W3JIy4YeHus, IpomoplimoHannHad |d|®.

Tarum obpaszom jlefopmManusaM (OpMEL U BPAILEHUAM
paccMaTpMBAEMOrO TEIA OTBEYANOT KOJIEOaHHA He JHIOJb-
HOTO MOMeHTa, a MOMEHToB 0oigee BHICOKOIO IOpHUKA,
B IIEPBYI0 OYepejb KeafApyIoAbHOTO MOMEHTA.

§ 15. PAJAMAINIORHDIE CBONCTBA fIJ1PA 137

91m IIpOCThIE COO6paH{eHHH IIOK23LIBAOT, YTO B U3ITY-
YeHUN Apa JOMKHO OHTH CPABHATENIBHO CHJIBHO BBIPAKEHO
KBaJpynoJsHoe H3IydeHne.

MoKHO cKa3aTh, YTO KOMCOAHWA JMIOJLHOTO MOMEHTa
¢BA3APLL ¢ TepeMelielley IEHTPA 34pAJIOB OTHOCHTEIBHO
uenTpa uHepnum sAapa. Ilpn Mamux Bo3dyscnenmsax gapa,
(~1 MeV) 6aarogapa HpadIM3UTETEHOMY COBIIALEHIIO TIeH-
Tpa 3apAJOB ¢ NEHTPOM HHCPIMH, JUNOJIBHBIC KOJIeHaIms
OTCYTCTBYIOT WJM, TIO KpaiiHeii Mepe, ¢MIbIO IPHIIYICHE
10O CPABHEHMIO ¢ KOJCOAHUAMA KBaApyHOALHHGIMHI, KOTOpHIE
TPEOYIOT JUIA CBOCro RO30YRICHIA ropasjio MeHksliell aHep-
Fuy, ueM JAumodbHsle Koaebanusi. Ilocuaenmme BO3ZHHKAIOT
¢ 3aMeTHOH MHTEHCH BHOCTHIO TOABKO HPU CPABHUTEABHG 00IIb-
mnx posbympennax anpa (~ 10 MeV).

B cnay srux o0cToATENBCTE MHTEHCUBHOCTH JIMIOJILHEIX
JUHWI OpU MadblX BO30y/KHeHHAX Anpa, HecMOTpsS Ha TO,
gro k> R, oxkasmiBacTcs MeHbUWIGH WU TOro jke IIOPAIKA
BEIMUMHBI, YTO M HMITEHCHBIIOCTh KBANAPYIOIBHWX JIUHUIL
(43, [5],

IIpn Goapmux BO3OYKACHUAX fA)pa IVIABHYIO POJb B M3~
AyYeHNM Ajpa MI'PACT MMIOJILHOE U3IydeHue.

OmeHnM BepoSATHOCTh KBAJ(PYIOJLHOTO N3JIAYTeHUT AApPa.
MNHTeHCHBIOCTS KBAJPYIOJBHOrO W3IYUCHAA pPapHa

et I

J=o0 £

rje ¢° — KBaipaT TeH30pa KBaApyIOJbHOTO MOMEHTA.
Tlo mopAuKy BeaAMuMHB ¢° paBHO:

qe ~ (62 Zz) Ez Rz,
raee Z —3apaj anpa, R —ero paguyc ué — aMIaury a Koxe-
faHuil AJEpHOTrO BCLLECTBA.

BepoArHocTs uaiayyeHHS B CAUHMIYY BpeMeHH paBHa
J/ho, a coorsercTryfomas mupnna aunua ', pasHa:

2 72 ¢2 R2
]'Y:_i_«,(.ﬁi?ﬁ__ﬁ , (15.11)

HJIH OLleHRU § MBI MOJKEM IIOJIOKUATH:

Tiw ~ Mw?E?
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