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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



14 rJ. I. BBAUMOJRENCTBUE HENTPOHOB C IMPOTOHAMN

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).
°



16 TI. 1. BSAUMOJIENCTBIIE HENTPOLOB C IPOTOHAMII

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.
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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}

§ 2. COCTOfIHIA CHCTEMBI HENTPOH—IIPOTOH 29

<)

[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.
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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,
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§ 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.
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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).



90 V1. I. BJAIIMOJENCTBUE HEMTPOHOB C IIPOTOHAMI

MHTeI‘paJIbIIOG ceéueHne UMeeT BN

(m) ~x el L he 1

Sp =13 —h;(%"n—Pp)”W? X

on

x{(gmud03+<§&wm)?.@4ﬂ

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
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€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
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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




102 TJI, II. CTATIICT[;‘IECFIIE CBOMCTBA TSUREJBIX AJEP

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.
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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={)

.
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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
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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?

L
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rie M —macca sappa. Cormacro (15.1") momywnm (431
, et 72 h wtR?
I Y =~ ———E)—CS——AZR; . (15.1)

Iloap3ysck aroit GopMysoil, MOMHO IMOKAa3aTh, YTO HpH
oHepruax po3bymaenus ~ 1MeV papmanmonvas mupusa Iy
JUIA Ajlep CpejHero aTOMHOTO Beca II0 HOPAAKY BeTHYMHEL
pasusgerca 0,1 eV —0,2eV [43), [59], [301,

VHTeHCHBHOCTh OKTYIOABHOIO M3TydYeHddA, a TaKIKe
1010CcOB (0iIee BHICOKOr0 MOPANKA, KaK IPABHIO, TOPABNO
MeHbIle, YeM WHTeHCUBHOCTh KBAfpPYIOJABUOTO UBJILY4eHAHA,
ecan TOJLKO Kk > R.

Papmamuonuas wWwnpuHa 1%, OTBeYal0mas N3JyYeHHIOo
l-moapHOTO Y-KBAHTA, IO HNOPAAKY Bemmuumsl pasHa (39

©\21+1 42 R
Uy~ (Zey (2 T, (15.2)
rie o — Oe3pasMepHas BeldWuuwHa TNopsApka enmHunel. Ilpu
=2 pra Qopuyia mepexopur B (15.1), ecanm cumrarh B HO-
caepueit E=oaR.

3ameruM, urto [ IpefcTaBIger cofOil MOMEHT KOIMYeCTBa
nBUmKeHnA, yHocuMoro y-kpantoM. Ilosromy, ecan JunJ —
MOMEHTH f7lpa O ¥ IOcle U3JIyYCHHHA, TO

J=J+1.

B  uacrHOocTH, ecam AapO DEPEXOJUT B COCTOAHUE
¢ J' =0, T0 MOMEHT HCXOJHOr0 COCTOAHUA J MOJKEeH paB-
Hatoes L.

Bpeus ;xu3Hi  BO30YMASHHOTO COCTOAHNA IO OTHOUIE-
HB K WM3JYUYEHHI0  [-IIOJBHOrO  7|-KBAaHTa paBHAeTCH

T :f% . Mlomaras B R ~ 107 cm, o ~ 1, noxyaam 1o Io-
Y
PANKY BEJIHINHEL
- 20 \2!-H1
5~ 5. 10 (1) m> cek., (15.3)

rae ho smpaskaercs B MeV.

Ara Popvyaa OPUBORAT K CICAYOUIUM 3HATCHUAM Ty (591,
Eenm [ =3, to mpm smeprunm Bosdymrgenua ho =10 keV,
t~ 7 dgacos; mpu ho =50 keV, 1~ 0,3 cex.; nmpn fo~
~ 200 keV, 1 ~2 10"° cex.

§ 15. PAJITUAIIMOMHBIE CBOMICTBA AJIPA 139

Eean [ =5, To npm ho =10 keV t~ 5. 10" zer; npn
o = 200 keV 1~ 10 nHeit.

Kax supHo u3 NpuBeNEHHHX MAHHLIX, BpeMA JKUIHA
BO30YMIEHHOTO AAPa IO OTHOMEHUIO K M3JIy4eHHio y-KBaH-
Ta HeGOoMbIIOl DHEPrHU M BLICOKOII IOJAPHOCTH YpPE3BHI-
qaiiHo BeJUKO. .

910 0OGCTOATEILCTBO MOMRET OBITH MCIIONL30BAHO JIJIA
o0pAcHeHnd ABICHAA ANCPHOIT M3oMepuu.

flnepHnie m30Mephl IPeACTABIAIT CODOI MoRapUKanum
ONHOTO MW TOTO ’Ke M30TONa, OTIMYalIuecs HEKOTOPHIM
pasamumeM CBOMX CBOMCTB. O6blYHO fABIEHNE HANEPHON
M30MepuU  yCTAHABIWBAETCH IO PABJMMYAI0 PAJMOAKTUBHLIX
CBOMCTS M3OMepHHX sjep. B aroM cayyae YHCIO PajMO-
AKTHBHBIX TIEPUOAIOB Yy KAKOT0-IA00 9IeMeHTa IpeBshimaer
YMCa0 pafUoaKTHBHEIX n3oTomos 641111,

Jlas o0BACHEHUs H30MEPUN MBI JIOJRHBL IIP CIOJIOANATD,
yTo y pfANA H3O0TONOB CYMECTBYIOT BO30yMIEHHbIE COCTO-
AHRA, ABIANIEECH MeTacTabUIbHHME, T. €. OTANTAI0MUecH
JOCTATOYHO GOJBIINM BpeMeHeM KU3HM (KOTOpOe BO BCH-
KOM cJyuae JROJKHO IPEBOCXOJUTH IIepuoj pacliajd mso-
MepoB).

MokHO mpexmonouTs (621, uro Takme MaTacTabnIbHEIe
COCTOSIHMS TPECTABIAIT coboil caa60 B030y/RAEHHEIE CO-
CTOSHMA, OTIMYAoNecd CpaBHUTeNsHO GoXpmMM 3HATE-
HmeM MOMEHTa KOJHMYecTBA NBIVKEHAA IO CPaBHeHmnio
¢ OCHOBHHIM COCTOAHMEM.

CoT/IacHO CKa3aHHOMY BHIIe, BpeMA JRU3HU TAKHUX CO-
CTOSHMII TI0 OTHOWIEHMIO K y-M3JLyYeHHIO MOKeT OHTH OUeHb
GoapmunM (P JOCTATOUHO MAAHX ho m HOCTATOYHO 607B-
XX PABHOCTAX MOMEHTOB MCXOJHOTO M KOHEYHOTO COCTO-
JHuit Aapa).

Caegyer, OfHAKO, WMeTh B BUAY, YTO BpeMA RI3HH
MeTacTAGUILHOTO COCTOAHUA HeMb3s OIpejenaTs 1o $op-
myae (15.3), Tak Kar @1a (QopMyda yYATHBACT TOIBKO
y-Ilepexofi, B AeficTBUTEIHHOCTH #Ate BOIMOIRHEL Gespanua-
NUOHHBIE TIEPEXOfbl,  CONPOBOKAAICIUECH UCIYCKaHIOM
pIeKTpOHA M3 BHeMIHed 0(O0I0YKA aTOMA (BHyTPeEHAA KOH-
pepeus y-aydeil). Buaarogapa oroMy ATA  OUpefeleHHA
BpeMeHN JKU3HHA PACCMATPUBAEMBIX MeTacTaOMIBLHEIX COCTO-
aHnil HeoOX0AUMO BpeMs, BHYHCIEHHO® COTIACHO (15.3),
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N,
yMensuruTs B oTHOWeHnn 14 5¢, e N, —uneno xomusep-
Y

CHOHHBIX DJACKTPOHOB, & [V, — UlCJO Y-KBaHTOB, UCIIYCKa-~
eMbIx B eamdniuy ppemenn [l Tar, wmanpnmep, eciu sHep-
rus po3bykneunss pasugerca 20 keV m [ =5, 10 Bpemsn
axusHn, peynciacnuoe mo (15.3) m papumoe ~ 2 - 10° mer,
yMenbmaerca go ~ 10* jer.

JaMeTuM, YTO MeTacTaOMALHOE COCTOAHHE, B KOTOpPOM
HAXOMMTCH HU30Mep, He 0HA3ATCIABHO AOJMIKHO OTIMIATHCH
OT OCHOBHOTO COCTOAHHA B3HAYCHHMEM YIJOBOI'0O MOMEHTa.
Bromue peposTHO, YTO NerOTOpHe CAYTAM sEPHOL M30-
MepUN MOGHO OOBACHUTH, CCIM IPEJIIONO/KUTh, YTO OCHOB-
HOC W MeTAcTAfMIBLHOE COCTOAHIA OTIMYAIOTCS pasinyHoOii
Y$THOCTHIO, YIVIOBBIE K€ MOMEHTH 000MX COCTOSHWUI PaBHHL
myaio [041, [leau 5Tu yeaoBHA BEINOJHNEHH, TO IepPeXoj U3
MeTacTaGUILHOTO B OCHOBHOE COCTOAHME ¢ H3JyYeHneM Jiu-
MOJBHOIO W KBaJAPYUOJBHOTO Y-KBAHTOB CTAaHOBATCH HEBO3-
MoskHbM. Kpome Tor0, B HepBOM IPpUOINKCHIN HEEO3MOMHbL
BBIJIET ATOMHOTO diexTpouna 1 obpazoBanme map. Ilepe-
XOAW M3  MeracTabMabHOrO B OCHOBHOE COCTOfIHHME
MOTYT IPOMCXOJATL TOIBKO OIaropaps mpolueccaM BTOPOTO
upubaumenns (DMHCCNA  JIBYX Y-KBAaHTOB, BHUJIET [BYX
ATOMHLIX SJIeKRTPOHOB M T. J.). BepoArHocTh dTHX DIpOIec-
COB B CIAyYac Malloif pasHOCTH DHepruil MeracrabMIbLHOTO
g OCHOBHOTO COCTOSHMIT KpaiiHe Maja, OxarogapA 4veMmy
BpeMsi JKU3NU MeTacTabMIBHOTO COCTOAHUA OKashiBaeTcs
ROCTATOYHO GOJBIINM,

PITABA I
PE3OHAHCHBIE ABJEHHSA

§ 16. Mueucpemonnas Popmyra. B mpempymnx mapa-
rpadax Owlro MOKa3aHo, 4T0 IPHU AOCTATOTHO DoaBIIUX YHEP-
ruAx  BO3OYMKAGHMA COCTABHOrO  ANPA, o0pasyomerocs
B pesyabTaTe CIHUAHUA HMCXOAHOTO #Ajpa C OpICTpOIl YacTH-
neif, PACCTOAHUS MEMAY COCCNHUME YPOBHAMMI COCTaBHOIO
ANpA 1 UX IIMPHHEl IMEIOT O{MH U TOT jKe ITOPAJOK BeIM UL,
TaR YTO IO CYIIECTBY B DTOM CJIydYae MBI NMeeM AeJ0 ¢ Hellpe-
PHIBHEIM BHEPTreTHYeCKUM CIHCKTPOM.

Ecan sueprus Bo30ys#eHUH COCTaBHOTO fIIPA HEBEINKA,
TO MMeeT MecTo, KOrfa 3To fjxpo olfpasyerca B pesyJapTaTe
pearuuu ¢ Me[UIeHHO# dacTuieii, TO IIMPUHBL yposueit
MeHbllle PACCTOAHUII MEMJY HUMH.

B omx caygagx oco0eiHO PesKo MpPOABIAETcH PoTbh
OTHeJbHBIX yPOBHEI COCTaBHOIO SJPAY. Bepositnocrs 06pazo-
BAHIH COCTABHOIO AApPA M BHIXOA ANEPURX peAKImit B
9TOM CJIydae YUpe3BHIUAIHO CUILHO BaBUCAT OT DHCPIUA
HAfaloUell YacTHIh, NPHUYEM DTa 3aBHCUMOCTH MOCHT Pe-
30HAHCHBIII, & He MOHOTOHHBIN XaparTep. MosxHo yKasarhb,
UTO ceYenme IMOIVIOICHNS HeilTpoHoB, 00J1a/jaloIUuX olpeje-
J6HHBIME 3HaUYeHUAMU sHepruu (Z)TH Jiavyenust '.)Heprml HAa3bI-
BAIOTCHA PE3OHAHCLBIMA), MOKET B HECKOIBKO TLICAT pas Hpe-
BOCXOJUT b &IPpOCTOE TOICPEYHOe ceucHie Anpa, paBHOe w2,

Mut mepeiifiéM Temep b K paccMOTPEHNI0 Pe3OHAHCHEIX ABJIC
Hui, Habmofaomuxced Ipud sJEepHAIX PpearluAX. 3ameTum
opeABapuTenbHO, YTO CYILIECTBYeT OTIpefeNEénuast aHaJorus
MesIy IpolleccaMy, TMPOUCXOAANUMA HPU  ANEPHBIX peak-
IMAX, ¥ paccesHdeM CBeTa ATOMHEIMII CHCTCMaMH &1, Ieit-
CTBUTEJbHO, KAK MBl BHAENN BHIIE, CTOJIKHOBeNNE AApa A
¢ Jacruuen a le’IBOIIHT cHauaJa K IOTJIOUIeHITI0 IOCHCH-
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Heif, T. e. kK 00pa30BaHUI0 COCTABHOrO AApa C, roropoe
nemyckaer sateM dacruny b. QopMadbHO BTa CXEMa 3HATO-
rugHga caefylomeMy OHMCaHWI0 IIpollecca paccedHUA CBETa
aTOMOM: CBETOBOII KBAHT, 4aCTOTa M BOJHOBOIl BEKTOP KOTO-
poro pasHH o 1 J, moraouaercd aTOMOM, KOTODHIM 3aTeM
HMCIIY CKAeT KBAHT ¢ YacTOTOii ®’ I BOJHOBHIM BeKTOpoM K.
Ilpr paccMOTpenuu paccesHHA cBeTa aTOMOM IIOJb3YIOTCA
Teopueit Bo3Myuienmit. YUTo KacaercA IPOLeECCOB AEPHOM
OMHAMUKM, TO, CTPOrO TOBOPA, TEOPHUA BO3MYHICHHWH R
ONKMCAHMI0O BTHX NPONECCOB HENPUMEHNMAa, TaK KaK B
oTaMYMe OT 3ajadd O paccesHuM CBeTa, TIfe B3aUMO-
feiicTBre MesKAy aTOMOM H CBETOM MaJo (BBEIY MagocTH
2

o . € o
IIOCTOAHHOM TOHKOW CTPYKTYpPH & == h_c>’ B3auMogeucTene

MeskAy AAPOM U Hafalouleii Ha HEro JacTAIEl oYelb BeJMKO
IpU MaJIoii PHEpPIUN OTHOCHTENbHOTO IBUKEHUA, T. €. IMEHHO
B TexX clyvasx, Korja HaOMIONAITCHA Pe30HAHCHEE SBJICHUA.

TeM He MeHee HpPeACTaBlIAeT HHTEPEC BHIACHUTD, K KAKUM
pe3ybTaTaM IPMBOJUT TEOPHUSA BO3MYINEHNIH, eciu eé Ipu-
MeHMTh K omumcanmi spepuoii pearuuun A-a—C—>B-+b.
Mu moraskeM pajiee, 4TO Pe3yJIbTAThl, K KOTOPHIM IPUBOAUT
TEOPUA BO3MYILCHMII, He B3aBUCHAT OT [eJaeMOro B TEOPHH
BO3MY ICHUIT TIPEAIIONOKEHIA O MAJIOCTH 9HEPIUM B3aUMOJEH-
CTBASL ¥ SABJIAKTCH IOBTOMY NPABUIBHBIMU.

Nrak, bl GyjfeM IOKa LOJb30BAThCH TEOPHEH BO3MY-
menuii (651, 1661,

Hac nnrepecyer Bepoarnoctbuponecca A-a—>C—>B-+b.
PaccmaTpuBaemmit nponecc OTHOcUTCA K ddderraMm BTOpOro
npubamaenns Teopun sosmymennii. IIpenebperas sucmuMu
NpuGIWKEHAAMY, ME TOTYYHM BO BTOPOM IpnijmzKeHUn
Teopum BOBMYINeHuUil caefyomyio Gopmyay Aud dpderTun-
Horo ceueHusa npomnecca A+a— C—>B+4-b:

HAaHr 4
AG — 2} 2 r Bb
9Bb =4k ‘ Z
r

A c , 1 ’

E —’rEa —Er +—2- Yr
rjfie CYMMHpPOBaHMe LPOMBBOAUTCH IO BCEM (IPOMEHYTOT-
HHIM» COCTOSIHMSM, T. €. II0 BCCM YPOBHAM COCTaBHOTO

Anpa E?; E4 u E® 0603HAYAIOT DHEPTUM MCXOLHOTO anpa A
B YacTHULBl ) Hﬁm.-—Manl(I'{HHﬁ 3JeMeHT, OTBeYalLnii me-

(16.1)
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pexofy M3 HAYaJpHOTO COCTOAHUA, B KOTOpOM WHMeeTcs
WaCTHIA @ W MCXOfgHoe sIApo A, B COCTOAHHME F COCTABHOTO
agpa C; H 5, — MaTpnuHBIl 9JIeMEenT Iiepexoja u3 cOCTOA-
HUS I B KOHeWHOe cocrofHme (wactmma b u appo B)¥).
Nagercst A u B caymar 3fiece KaR A 0003HaYeHUA
Afep, Tak W A 0003HAUEHHS COCTOSHUIN, B KOTOPHX 9TH
Aapa HAXOAATCA.

Hamownen, vy, HpeAcTaBaser co0oii 1oNHyl0 IIUPHUHY
YPOBHsL I, KOTOPAA, ¢ TOYHOCTBIO 10 MHOPRUTEIIS %, COBTa-
IaeT ¢ OTHeCBHHOII K efMHHIle BpeMeHH BEepPOATHOCTBHIO pac-
mafa Aapa C, HAXOJALLEr0CHA B COCTOAHAN 1t

erﬁh’i SV Hpw (16.2)
B'b’
rjie CyMMHpOBaHUE NPOWBBOJIATCS IO BCEM puxaM vactuim b’,
MOTYIIUX BHJETeTh U3 AJpa C, U TO BCEM COCTOAHUAM
appa B’, ocramouierocd mocje BHJIETA b'.
YacrmyHasa IM@pUHA YPOBHA F, OTBedalomad BHUIETY
gacTuisl b, paBHAETCA:

= S H (16.2")
B

(cymvupoBaHZe TPOM3BOAUTCH MO ECEM COCTOAHUAM OCTAI0-
meroca Aapa B).

Dra JopMyna He YYMTHBAET BHPOMACHAA AJEPHHIX yPOB-
meit. Ecam yuecTs BHPOMKAEHHE, CBABAHHOC € CYyMECTEOBA-
HEEM YIJA0BOrO MOMEHTA, TO MBI TNOJYUNM Gopmyryl66l:

2
0% = HI D@L ”;J@J—}—i) a
/JI

% | 2 "’A;la u%b \2’
r

*) Bxojfmad B MATPHUHHIC BJIEMCHTH BoJIROBasl MHYHKUMA ya-
CTHIE @ TpeINoJaraercd HO|MHA|OBuHHCH Ha 5HE|THIO. TInockan
BOJIHA, HOPMEPOBAHHAA HA DHEPrHIo, MMeeT BAJ

N hrk>dk 1/28”"‘
YE = \ T2x)dE '

rae Kk — BOJIHOBO BEKTOP YACTHLH.

i (16.3)
EALE® —ES +5 Y
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3meck i, J, ' — MOMeHTH KOJN4ecTBAa [BUKEHUA sHAep A,
Cu B; s us —3Havenns cumHa 9acranm ¢ u b, [ u [’ —op-
fuTadpHBe U | U ] ~— HOJXHble MOMEHTH dTnX dacTum. Bemm-
YUHBL @ TPeJCTABIAIT c000il MaTpHUHLIe DJIeMeHTH, IIPO-
nopruoHaidbibie H U HOPMUPOBAHHKE TAaKHM 0OPA3OM, UTO
COOTBETCTBYWOLINE YACTUYHBIE ITUPUHBL PABHEL

Vi =T = 00,1

(B wHMCIe MHAEKCOB, ONpEedsiolnX Y, OTMEYeHbl MOMEHTH
aapa C n wacruusr a). B gopmyne (16.3) B cymme, monyian
KOTOPOii BO3BOAUTGH B KBAAPAT, CYMMUDOBAHUE IPOA3BO-
OUTCH 10 BCE COBORYNIOCTN KBAHTOBHIX YMCEN I, XapaKTe-
PU3YIOIIMX COCTABHCE PO, 38 BEITETOM YIVIOBOTO MOMeHTa (.
Cymmuposanue 1o [jl'j’J mpomsBoguTes 1O BceM BO3-
MOKHBIM 3HA4eHUAM MOMEHTOB (YIVIOBHIX W HOJHBIX) MaJjaio-
meil ¥ BRIETAINEl JACTHI[, a TaKiCe II0 MOMEHTY KOJuYe-
¢TBA JABIKCHMA IIPOMeKyTOUHOTO fapa C.

®opmyaa (16.3) morasuiBaer, YTO COCTOSIHUA COCTABHOIO
Apa, XapaKTepU3yoIuecs pasanyHeIMU 3HAYeHNAMUI MOMEH-
Ta KOJAMYecTRA ABWKeHusA J, He uHTepGepupyoT Apyr ¢ Apy-
rom. Qopmyna (16.3) ussectHa mox Ha3BaHUeM JUCIEp-
CUOHHOIi.

Kar sserByer us aroil opMyan!, ceueHne s Nporecca
A4 a— B4 b pgocruraer MaKCUMYyMA, €CJIH dHepPIUsd Iafao-
meii wacrnnel E® crawopuTes paBHOIl OJHOMY U3 3HAYCHMIL
E,=ES—E*, D suauvenns bHeprun Ha3LIBAIOTCH P30~
HAHCHBIMU.

Ecnu sueprmst  mapaonieil wacTuisi OJI3Ka K OJHOIM
u3 pesomaucumx oweprait I, to B (16.3) rmasnyio poan
urpaer Toapko omui uaen. 1lpu orom opmyma (16.3)
npuobperacT BUJ .

g rd
gAT . X2 2J+1 T VB
B " QD @D AV
(E—E. + 1

(16.4)

dra  Jopmyma nasmsaerca QopMmyioir Bpeiira-Burue-
pa[“ﬁ]. Bxogamas cona Beanuuna yi{a npefctasager coboit
QACTHWIYIO WHPLiHY YPOBHHA 71J cOCTAaBHOrO fI[pa 1O OTHO-
ICHAID K BLLICTY HacTALB ¢ (FOCTOAHHC  OCTAIONEroC s

§ 16. JUCHOEPCHOHHASI OOPMVYJIA 145

Axpa 06o3HaeHo cHMBOIOM A). AHaJOTHYHBI CMBICT UMeeT

P
BEJIUYNHA Y%’); HaKOHCI, Y’J upejcTaBiaaer COOOU OOJHYIO

WapuHy yposHa rJ, paBHyIo
= 1%,
bB

(cyMMHpoOBaH@He MPOM3BOJAUTCH 110 BeeM BHJAM BELIeTaromMei
qacTAUGL b W IO BCEM COCTOSHUAM ocrapoimerocsa sapa B).

UacTuumple DIAPAHBL, & TaK#Ae MOTHAd mnpuHa ypOBHA
pJ 3aBUCAT OT DHeprud Nafaomeil YacTAIB E. BuisicHEM,
KaKOBA HTA 33BUCUMOCTh. 3aMeTHY IIPEABAPUTEIBHO, TTO BOJI-~
mosadg (PYyHKIUA MAaAAOU[eil JacTHIb © MOMEHTOM [, HOpMH-

[11
pOBAHHAS HA DHEPTUIO, MMEET BUJ

. 2 dk 2 7 (kr) 9

‘?a=<7d”]§ B Y (B, @),
rie k- BOMHOBOM BEKTOP, Yy~ MIAPOBAL PyHxmEs, a
¥ — peuleHne ypaBHEHHS

1
dz-x,(kr)+<k2_l(l;i2— )>'/z=0’

. dr?
. i .
pejymee cebA mpu Oompmmx 7 Kaw sih <lcr—-—;z— l), opm

mageix F(kr < 1), 71 (kr) ~ (kr)ttt. )
PaceMOTpUM carydail MasTblX pHEpTHI najamomeil YACTUTIH,
worna kR € 1. B orom caydae B MaTpUUHBL DIEMEHT,
oupefeNA0IAil  BeANUUHH Y, BXOJAT MajHie BHa‘;;EHHH
apryMeHTa BOJHOBOI PyHRUME Hafalomed JacTHIE. CHO,
4To pHEPrMA MAJAN0mEed HYACTANBL MOMET BXOAUTH TOTBKO
gepe3 MOCPENCTBO  Py. TagnM 00pazoM MaTPUUHBIA a6~

. . N —
MEHT, onpenenmoumn YrAJu,’ cojlep:kuT B KayecTBe MHOMKH

Tens <‘£’5 Y2 pi4t g, e, kY2, Orciopa BRITEKaer, 4TO
dE ’

ARG 152 DR R LR
Aa

rJ
Mu MozeM HOSTOMY npecTaBuTh TAal B BHJE

(16.5)

1
1+
rJ o (kF ZH'i_I\TJ _E__a> 2
Aa1=PAal % i CIAN ’

10 A. Axmesep
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rme Ef m X}—pesoHaHCHas oHeprua n COOTBETCTBYIOIASA
elf gamHA BOJHHL YACTHIB &, Ffat—sHaqune paccMaTpu-
paeMoil UACTHYHOHW INHPHUHBL IpH PE30HAHCE. (B umcae
MHIEKCOB, ONpPedeTAnINUX IHMPUHE, OTMEUCHH MOMEHTBI
agpa C | YacTUUH d.)

Jamerun, uro oTa QOpMylNa TORUTCA Taxme W B TOM
cIyuae, €cam yacrnneii @ Apjagercd Y-KBaHT; A JIATIOIb-
Horo kpanta caexyer B Qopmyre (16.5) momomuTs =1,
VIS KBaApYNOJLHOr0 KBaHTa (=2 1 T. I

Hoapsyscs (16.5), MO#HO IpeNCTaBATS ANCIIepCUOHHYIO
$opmyry (16.4), cmpasemampyio B TOM  CJIyHae, KOT7Ia
CyIIecTBEHHYIO POdb MIrpaer TOAbKO ORMI ypoBeHB, B Clle-
AyiomeM BHJE:

oAl X2 2J +1 22t ﬁ 217 +1
Bul @+ Ds+1) %) X
FI‘J IVI’J
Aal * Bbl
X i , (16.6)

(B~ B3+l

rje X' —AJUHA BOJHBL BhLIETAioNield 9acTHIb b.

3aMeTHM, UTO 3aBHCHMOCTH OT DHEpPruu, AaBaeMas dop-
myaoii {16.5), cmpaBejumBa, CTPOro TOBOPH, TOIBLKO naA
JOCTATOUHO MEJTeHHLIX YaCTUIl, TAK KaK Mbl IPCHIONATAIH
Dpu BBIBOJi@ OTOM dopmyant, 4TO ER < 1.

TlocKombKy B DTOM ciydae BOJIHOBAA (yHRIWA FaCTALE
¢ MomenToM | mpomopmuonaibHa (kr)t'*, mamGosee BazkHylo
poab Urpaer BOJHA © nanmensmnM [, T. e. ¢ 1 =0. (B cay-
uae cpeTa HOT BOJHH ¢ =0, u HauMembliec [ paBHO 40671y
Tonsaysacs (16.5), 0TCIOAA MOMHO BAKMOYUTH, UTO HAaCTIMH-
Hafl IIApHHA TO OTHOWIEHHMIO K BBLIETY ME[UICHHON HaCTALH
TpPONOPUNOHATHHA V' E, rne E —oHeprua 9vacTUIm], IOKH-
natomell cocraBHOe sAPO. SaMeTuM, YTO OTOT pPe3yiabIaT
ME uMenn yie panbme (eM. (13.7)).

Tlas Geicrpuix wacran (KR = 1) gopmymra (16.5) mempmu-
Mefrima. IlpaxTuueckm, OJHAKO, B HTOM CJyvae HacTo 3Ha-
Hite TOYHOH 3apumcumoctn Y7J or L He spusercd HeoOXx0-
[UMBIM BBy BHEpreTuyecKoil HeMOIOXPOMATHTHOCTH MAAAI0-
mWEUX JaCTHIL

§ 16. TUICIIEPCUOHHA OOPMYJIA 147

Ecau »sHeprus pagampmeir 4acTHIh Beaura, TO MJIA
pe3oHaHca cylecTBEHHE BBICOKO PACIOJOKEHHDI® ypoBHI
cocTaBHOTO fAPA, paccTofAHNe Mes[y KOoTOpBIMI MaJao
o cpaBHeHH0 C pHepruei YacTHinl. O6praHO WHTCpPBAJ
DHEpPTUM, B KOTOPOM HAXOMATCA Tajalomne JacTUHB, TaKMHe
TOpPa3o GompIie HTOro pPaccTOAHKA. IloaTomy HeoDXoxuMO
yCpemHUTh 3ygayeHne ITUPUHBL IIO HUHTEpBaIy HeMOHOXPO-
MATHMUYHOCTHA YACTHH. VepenuéHHyIo INpHILY MOKHO CYUTATH
He 3aBucANicd OT JHeprunu yacTuiel, VHRMHI  CJOBaMY,

MBI MOKEM 3aMeHUuTh BCIWYUHY "{:{Ia eé 3HaueHueM IpU peso-

J J
HaHCe, T. €. CYATATH, UTO Tha X | Ao
HOJIb3y}1Cb BTUM RLIBOJIOM, UpeuCTaBVlM HNpuHy YrJ
B BRJIO
Fb
QR st E rJ
Y,= 2%+ 2V @l (16.7)
T
(OLICT| BI€ WA CTALBL) (MefJIenHLIe YA CTHILLL)

rpe E' ozmavaer 9HEPrulo puterapomell wacrans b; mep-
pas CcymMMa pacIpocrpawdercd Ha OricTprie, a BTOpas— Ha
MeJTCHHbE YaCTHI(E, MOIyI(u1e IORANYTH cocTaBHOe AAPO,
Haxojsmeecd B COCTOSHAN rJ. Dueprus BHIIETAIOUIEH
qacrumsl E' 3aBmMcuT OT leprum napamouteit wacTnis
4 or dHeprmu BO3DYIJCHAA EP sapa [, 0CTAOILEroCH
mocsae eé BRUIETA:
E' =E*+E—E".

OrMeT\M HECKOJBKO  CJIYy1acB npumeneHns  opMy-

ant (16.6).
Fenu 1 majaomas W BHIETAIOMIAA TaCTHIE ABIATCA
GRICTPHIMA, TO
sl r
2J +1 | AP

16.
GIN@ETD g gy Lty (16.8)
r LT

Aa — X2
o nk

Form mamajomas dacTAIa — MeJUIeHHAd,  a BHLIETAI0-
mas — oucTpas, TO, HOJOKUB B (16.5) =0, noayymm:

2J 41 Mo Tho

5AQ = ARG s e . (16.9)
Bo 25 + 1) (2i 4-1

r(2s+1) (2 ) (E_Er)2+'[;"f:

10¢
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3aMeTHM, 9TO, HOMHEMO PE30HAIICHOTO MHOKHTENA, CIONA

; 1
BXOANT emé MUOKHTeNs K~ — (v — ckopocTh Iajamomeit
YaCTHIE).

Ecan m majaomas W BHEIIETAOMAS 9aCTHIL — MeJJIeH-
HBlE, TO .

5 F r r
2741 Iaa Iy

x
gAl = — Roxb

& Tt s+ DRI )
(E—E,)*- T 12

(16.10)

3aMeTHM, 4TO €CIM B PEAKIUA YJacTBYIOT MeJICHELIE
YaCTHUIEI, TO HeilCTBYIOT CTpOIrHe NpaBmia oTOOpa, Kacaio-
mmMecsa yrjaosoro Momelra. JleiicTBHTENBIO, TAK KAK MBI
paccMarpuBaeM CIydail MefIemynuiX 4YacTui, TO JUIA HUX
=0 ¥ IT0PTOMY MOMEHT YaCTHIB COBIAfaeT ¢ eé CIMHO-
BEHIM MOMEHTOM S.

MoMeHT KoamuyecTBA JBUIKEHHS cocrasmoro sAapa J
paBeH BEKTOPHO# cymMMe § W I, rfle { —MOMeHT KoJuYecTBa

IBHKEHNUS MCXORHOTO fAApa. Beanumna J 3axiaioueHa, Kak
N3BECTHO, B IIpefesax

li—s|<T<i+s. (16.11)

Orcioga caemyer, 9ro ecid Hafgapoliel gacruumeil fAB-
; . . . 1
AAETCH MeJIeHHLIl HeATPOH MM HPOTOH, 10 J =1+ 5.

Ecau mapamoomieil wacTuueil ABXACTCA MCAJIEHHAST «-4Ya-
cruna (s=0), o J=1.

Tlpu moraomennn aumoisHOro y-Knanrta J=1i, i= 41
(mepexox 0-—0 3sampemén); NOpHU IOIVIOLICHNA KBAAPY-

nospHOoroe Kpamra J =i, { +1, -+ 2 <npn 9TOM 3aIpe-

1 1
uteHsl mepexognt 0 —0, 0—1, 3 —»;).

OcranopnMcs emé Ha Ipapuwiaax orbopa, KacaoIAXCA
udTHOCTH BOJMHOBOH (yHimuu. HaumoMmMHuM, 4dYTO BOJHOBAST
dyHRIUS CHCTEMBI HA3HIBAETCA YETHOLN, ecin OHA He MEeHAET
CBOEr0 3HAaKa IHpU N3MEHCHUWM 3HAKA KOOPAHMHAT BCeX
qacTUI, BXOMAMAX B CHCTEMYy, ¥ Ha3LIBAETCA HEulTHOIL,
ecan eé 3maK IpH BTOM Mensercd. Mil naseiaeM XapawTe-
pOM YSTHOCTM BOJNHOBOII (PyHKIUN d€uciao w, pasmoe =+ 1,

B 3aBUCHMOCTH OT TOTO, ABJIAETCH JW BOJHOBASI (I)yHRHHH
yéTHOH MIU HeYETHOIl.

o

i
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XapaxTtep 48THOCTH CHCTEMLL HE MeHfeTcs IPH € oan;g-
IIPOM3BONBHOM pacHaje. Orciona Cciaexyer, 4YTo XaparTep
wéTHOCTH cOCTABHOrO fANpa C, PACHANAIOMErocs HA AApa
B n Q, papisercd

we = WpWQWBQ,
rfe Wp U Wqo—XaparTeprl uérHocTH ANEP BugQ, a WBQ—I:I
xapantep WETHOCTH BOJIOBOL $yurmun, onmcmgamge t
oTHocHTedpHOE JIBMHeIme AACp Bu Q. Ecim () — dieMe
TapHAs YACTANR, TO Wo= 1. Wssecriio, 4TO

ll
WBQz(gi) ’
riie hl' — MOMEHT KOJIUIECTBA ABIRCHAA YaCTAILL Q orno-
carexpao B. Iloaromy

we = wpwo (— 1" (16.12)
AHaJIOI‘I/I‘IHO Mbl MOMEM HapucatTh '
we = (— D)iwawp, (16.12")

rme A u P oGo3Hauaior YacTauyi, B pesynb'ra;(z—c_'r;d)gﬁgg;
peHmA KOTOPHIX 06paBOBa;IOUL appo C, #
Nt i P orHOCHTEeNhHO A.
wmi/ll? npuneAEHEHX QopMyar CHEYET, 10 upu n&ra;oxﬁg:
HAR MEIEHIION ¥aCTHIBI 4CTHOCTL IO MeHSIeTCHA. Eca -
[IODICHEE  AWITOJNBHOTO {-KBANTa HETHOOTH 1\1911:1(3”161‘,0H
mpu  IOTVIONLeI N KBAJPYIOILHOTO KBaHTA HO MI? Kamen;
§ 17. Teopui Pe3OHANCHOTO paccemmmé T}? g
Temephb, UTO JMCICPCHOINIAS Hopuyma MomcT O b moy
wera N3 OUCHH OOUIUX TPeIIososeni, He OCHOBBI e
ol 113 MaJoCTH Kamnx-auto IEnos B I‘aMI/IJIb('fgI:quHOﬁ
spepuoir cueTeMu U *130 CBA3AHHBIX TODTOMY ©
Heil BO3MYLIEHUM ™).
Teo%aCCMOTpH{I cHauaza 3ajauy 0 Pe3oHancHoM E;c:ﬁ?;{;?.
yacTHI, OTIUIATOILYIOCH 0co6CHION TIPOCTOTOMN omn,} -
qecRolt TpPARTOBKI. 1IpeAnonoiknM, o uumm):? chm -
CTHIE 3HAUUTENBHO GoJbIIC Payca JIE‘I/IC’I‘RlHT (;TZE{OCI/I—
qT0 TAABHYIO POIb UTpacT OpONTAnBILI MOMCH

— e

, OBHIBAIOTIOMYCH
¥) BBIBOAY mucniepenonnoll  OpMYJILL, He OCH y

{681, 691s
HA Teopuyu posMyieHui, nocoAmEH nenpit pan paGor (cM.
{703, [7T1h [7‘~])_
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TEJBHOTO JIBH?KGHI’IH qacTui, paBHLIfI Hya10. B srux ycao-
BIIHPX: paccesHue Ooyper C(I)Q])II‘IGCKH CHMMETPUYHBIM,
Cau  pacCTodAnde r MCKAY 4YaCTHLAMU BCJHKO, TO

BoJIIOBa" (YHKUHUA YACTHI] UM i
B eeT CJACAYIOLIMII acny -
4eCKUIl BHI: S pmoTh

D o 1 ~—1ikr { ikr 5
Y= (e B ) § (1) (17.1)

rae k— BOMHOBOIL BeRTOD, paBHBI ]/ZM—}' (M — npuBepdu-
Haf Macca d9acTuI], [ — KUHOTHYECKAH DHEPTHA OTHOCH-
"fwvn,noro TABUKCHHAST, ¥ — OTHOCHTCABHAA CKOPOCTH YACTUL):
b ({) — BorHOBaA (YHKIUA, ONUCLIBAOLIAA BHyTpGHHOé‘
COCTOAHNC YaCTHII. /

Ileppoe caaracmoe B crofkax mpepcrasaser co0oi
najaiomyio, a BTOPOe — PacXOoHAL{YI0CA BOJHY, IIpH4EM oe
OHN HODMUPOBAHbAI HA eQUHUYHKII ITOTOK. l

Bemuunna B, 3aBmcsmas or dHeprum, B PaccMaTpH-

BaeMOM clydyae YIOPYIOTO pacce
paccegHNA, paBHA HO M
efmHuLe, T. e. P e

B = e, (17.1)

e ¢— BelieCTBEHHAA BeJIHYMHA, HAa3KBaeMasd «(I)aaoﬂ Ha

oecroneunoctiy. Ceuenne paccesnus ¢(FE) cpasano ¢ B
COOTHONICHUEM

% T T

G(E)=k-2-— 5171“8:7-(—2—|§E-—-1|2. (17.2)
Hac nHrepecyer xop 3aBucumoctn ceuennsa (17.2) or ouep-
rim. G 9Toil 1eJdBI0 BaMHO BHACHATH BONPOC 00 0COOEX
TOUIRAX $yurnnu o (E). 13 dusugecrux coobparmennii scuo
9T0 IIPU HOJOMHTENBHBIX BOIICCTBCIUBIX  3HAYCHAAX E
Pynruun s (E) n B(FE) ocobsx Toucr e uselor. Hoosrom ,
MBI pacimpuM obuaacth nepeMcHmoilt £ n Gype paccma)i
TPUBATL TARKCE KOMITICKCHBE 3uavelta pHCPran, HOTOpIﬁG
nrna.m,nemuem oGosnavalorca uecpes W. B romMmirercHoii
obnactu Qyuriuusa ¢ (W) mymeer ocobne touri, M ysmm\i
4TO CYILECTBOBaIMe OCOOBIX TOYCH, JICIRALINX nocTaToqQO’
GJIN3KO OT BEL[eCTBCHHOI OCH, BLI3LIBAGT OCTphle MaKCH-
MYME B XOfie ceueHHS ¢ B®Heprueil (Boap BelllecTBeHROI
HDOJOMUTENBHOH HodyocH).

|
|
1
|
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Brenenne KOMITEKCHBIX 3HAUEHNII DHEPTUU SBIACTCA,
xar mapecTHo [112]) QUeHB MOIC3HHIM IPH H3YUCHIH ,BOIICTB
pacmagaiomuxca CHCTCM, TaK Rak MHAMAfg YacTh OHEPrun
HEOCPE/ICTBEHHO CBA3AHA €O BPEMCHOM JKU3HN CHCTEMBI.
Jirak, M BBCAEM KOMITERCHBIC 3HATEHIA pHePTHU
u, mpepmoaarad QyHRIMO o (W) aHaamTH4CCROI, MCCIIC
ayeM moBefienme  QyHRImH s(W) B OKpCCTHOCTH 0CO-
Goii Touxu. DyaeM IIpeAmoiaraTk, 4TO  IpH KOHCUHBIX
spavenusix W Qynsmma o(WW) umMeer TONRKRO TIpOCTLIC
HOJIIOCHL.

B gaapremeM Mb OyneM HCXOMUTDH U3 JABYX OCHOBHBIX
cpoiters Pymnrmun 8. Iepsoe ¢BOIICTBO COCTOUT B TOM,
4TQ HA MOJOKUATEIHHOI BellCCTBCHHOI moxyocw, T. ¢. IpH
W = E, pynruus By MO MOJyJio paBHa CAMIINC. I10 cBOli-
cTBO 03Hauaer, UTO OICYTCTBYeT TOTJIOmeHue HacThi,
B CWJy 4Yero WHTEHCUBHOCTH pacxoAdAmeiics BOJHL JIOJIRHA
fHTH paBHA HHTEHCHBHOCTU nmajaoueil BOJJTHEL.

Uro6sl pasbACHATH BTOPO@ CBOWCTBO, 3aMETHM, 4970,
ecom B pHpamennu (17.1) samennTs k wa —k, mo 4icH
e—ikr  omucHBAOMUil TAMAIONYIO BOTHY, Oymer mpeacTa-
BAATH PACXOAANYIOCHA BOIHY, 1 maobopor. Tar kax Mbt
paccMaTpuBacM HUHCTO YNpyroc paccesime, To Ge3pasami-
HO, 9YTO HA3LIBATDH IAJAIONICIT 1 4To pacxopsmeiics BOJHOI.
MoaToMy saMena k-—>--k e MOmeT IpUBECTH ® cyme-
CTBEHHOMY HM3MENCHUIO BOJHOBOIL Pymenun (17.1). feno,
aro msaapar moxyaa (17.1), pMeIomit HeIocpeJcTBeHHBIIT
dusnuecKitil CMBICI IIIOTHOCTH BEPOATHOCTI, MOIICH OCTa-
BATHCS TIPU TAROIU 3aMeHe HeM3MCHIULIM.

Orciona jerko yOeauThes, 9T0 TPH  3aMEHE k na —k
pennauHa Bp MOMAHA NCPCUTH B KOMINIGKCHO COTIPAHRET-

HYIO Cif BeXuuuHy 8. DTO CBOICTBO QyHRIUN Bp MOIKHO
copMyInPOBATH eUE  CACHY IOMUM oopasom. IIpegcraBuM
cebe, UTO MBI COBepIIacM 00XOI B IIOCKOCTH KOMIIJIEKCHO-
ro nepemennoro W BORpyr TOURH W =0. Tawxoit obxoxn
oRBEBAMCHTEN 3aMenie k ma —k, Taw Kak B Pe3yJaBTATe

obxona soamunua }/ E, MDOIOPIHOHATBHAL k, MensieT cBOH
gmax. I103TOMy MOsKHO CKa3aTh, 4TO HOCIC oGxoa BOKPYT
rouru W =0 Beanunna Pg HepexoauT B KOMINICKCHO CONPA-

mEHHYIO el Beanuuny Bg.
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Bsepém B paccMOoTpenme HOBYI IEpeMEHUYIO z=]/W;
MBI MOMEM TOTAa paccMaTpuBaTh fw Kak ORHOZHAYHYIO
QYHRIINIO OT Z:

BVV:B(Z)’

KOTODPasi PAaBHA II0 MOMAYJII0 eUHHIIE HA BEIIeCTBEHHON 0ocH
H ROTOpAs IPUHIMACT KOMILIEKCHO COIPSMKEHHLIC 3HAYCHHIA

B roukax z=) E n 2=~y E (E>O0):

VE) =8(/E) =—1L
B(—V E)=B(VE) S

B cuay ananurnunoctu B(z) oTciofa coaemyer, 4to

1
B ( - Z) BION
Ilycrs Touna z =1z, ects moaoc Qyrknuu P (z). Tar rak
HA BeujecTBeHHON ocu [P (z)[=1, To orcioma cxexyer, dTO
rouka z==z, Oymer myaém P(z)*). Ilosromy B(z) momuo
OpEACTaBUTh B BUJE

(17.3)

Z-—Z.
Ba) =222, (0) (17.9)
rae B,(z) B TouKe z =2z, peryiapua m moaobHo { (z) pasHa
o0 MOAYJI0 efUIUIle HA BEHIeCTBCHHON OCH.

Wenoabsysa (17.3), mst monyunMm us (17.4):

L=:‘Z;Z;B1(_z))

B —z—z
T, €,
z -2, ,
Ba)= 10 ), (17.4)
rae B, (z) peryaapra B TOUKe Z= — 2.

*) B prod Jerxo yoexnthcA ciaegylodium c6paszoM. Boe1év B pac-
cMOTpeune QyHKLNIo

MRS ES IO

—3(3)°

Hor:ia z npuiinMaeT peulecTBedible 3HaueHiifa, TO, nRan MOKa3bIBAET
HellocpefcToelHasn 1posepra, QyHriuA ¥ (z) Takike npuouMaer beule-
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Taxuy 06pa3oM TOUKa z= — 2, ABIAETCA MomiocoM B (2),
a TouRa Z = — Z, — Hyaém B (z).

Us (17.4) m (17.4') cxepyer, 4910 ecim IOJIOC 2, He
9nCTO MHHMBEI, TO

pamp () By = LE=E V2L

VE—z, VE+32

rie ¥ (z) peryaspua B TOUKax z, W —Z,, paBma IO MO-
A0 eAMHALE HA BCUICCTBCHHOI OCH I TaK e KAK U 3(z)
yposaernopsier yciosuio (17.3).

Ecau Touka z, jdensur Ha MHUMOI ocm, T0 BMecTo (17.5)
MBI HoJydaeM Oodce IPOCTOE IPCCTABICHUE Be:

7(V E), (11.5)

br= VL 0/ B) (17.6)

Iny (z
PaccmorpuM  QYHKIUIO —XZ—Q B oxpectHOCTH TOYRR

W =0 manockoctn W sra yHKNUA OHO3HAYHA, TaK KA
upu ofXofe BOKPYr HyJs M UUCIUTCIb W 3HAMCHATOND
mensior csoit 3mak. OTcioma ciaepyet, 4YTO

7 (2) = & efzs (W), (17.6")

re ¢ (W)— anammruaeckad QyHRINA OT W, peryuasapras
B Touxe W =0, a tawme B Touwax W =z, 2z, u mpuHu-
MAIOIIA s BELeCTBeHHBIe 3HAUCHIA Ha IIOJOUTCIbHOI 11070~

BUHE BeinecTBeHHoIl ocu W.

CTBEHHLIe 3Havenusi. HOZ)TOMy, COT'JIACHO HpIﬂl].WIl’Iy sepua.ﬂbnoro
01’06[)3?}{6Hl/1ﬂ, umMeer MecTo COOTIIOILITeHn e
Y(@E)=1(2)"
Hepenucan 5TO COOTIIONICHME B BHJE
148" L.H-B(_z)‘
Vo o — ™ T T e
1—3(3*) 1—p@)* "’
MBI TIOJIyUnM:
3E)3E =1

[locneHee COOTHOINEHME IOKABBLIBACT, YTO €CJIM TOUKA 2z=2, AB-
asierca nyaém Pyuxuun 3 (z), To TOYKA 23 =2z,* ABlgercs el MOJIOCOM.
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TaknM 06pa3oM, eciau TOUKA Z, HE JIEWUT HA MHUMON
OCH, TO MK IOJIy4aeM cjefyomee IpefcTaBieHue IAd Bg:

v E—E,+iVED ,
— iVEg(E) “ T~ oV & 17.7
BE :te E—Eo—tVEb, ( )

rae

B ToM cayuwae, ecam TOYKA Z, JemHT Ha MHUMOIil och,
npefcTaBienne g nUMeer BUJ

ST E+i1 ’
= eiVEemy Y Ei 17.8
BE i V—E'—ix ( )

BuGop smaka B dopmyrax (17.7°), (17.8") momer OHTD
pOM3BENEH, MCXONA U3 YCAOBAA KOHEUHOCTH CEYeHNA pac-
cessuuna mpu E-—>0. Tar wrak o (E)= ,%—\BE—ilz, TO OTCIO-
la caemyer, 4TO

limBy = 1.
E-)

[Tostomy B (opmyae (17.7') caepyer B3ATh BOPXHHUMA, a
B popmyae (17.8’) HummHuil 3nak:

- iVEem E= Bt 1VED
Be=e E—E,—iVEb’ (7.7
4 = el VE o (E) __t“j_g . (17.8)

Onpemeanm rTemeps cedenne ynpyroro paccegnus. [lon-
craaas (17.7) s (17.2), momyuum:

— i E 2
c(E):E’;‘eiVENE)w—i -

E-E,~iVEb
| cvT.E 2 T ¥
=5 ei VE2(E) -1 ! +m— 7+
(E—=Ey + 7
iy [1—e—i VE9 (E)
+2 % Re =0 Y], (17.9)
E-Ey—i~

rane _
y=2VE. (17.9')

|
|
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10 BEIpamkenne NOJE3HO IPU HCCIEAOBAHUE IOBeleHUA
ceuenus BOausnm Touku E =FE,, Ttar rag npu aToMm ¢ (E)
He uMeeT 0coOeHHOCTEH,

Ecmn ¢ (E)=0, 1o (17.9) mepexomuT B M3BeCTHYIO Yike
HaM peaoHaHcHy0 (opmyry

o(E)= 3 ——, (17.10)
(E—Eo*+

ONPeNeIAONYI0 CeUCHIe PeSOHAHCHOI0 pacCegHus BOIM3U
ypouss E,. Mupuna yposusa, coraacuo (17.9°), mpomop-
IOHATBHA 1/177,

OTOT peayabraT HAM yHe H3BecTeH (CM. IPeRBIAYINIL
naparpad) m HaxogUTCH B COOTBETCTBHUM € TeM, 4YTO MBI
paccMaTpuBaeM caydailf MaJHX BHeprui, Korjga MIMHA
BOJHEL YaCTUIL BEJMKA II0 CPAaBHEHHIO ¢ PAgAycoM JHeii-
CTBUSA CHJ, T, €, pasMepaMu Afxpa.

B obmewm cayuae, worma ¢ (E) % 0, ccuenne paccesHus
(17.9) cocromT m3 TPExX CaArACMHX.

IlepBoe caaraemoe, ne comepxaiiee pe3sOHAHCHOTO 3HA-
MEHATeNA, IIpefcTaBiaseT €000l Ta® HasbBaeMOe IIOTEH-
IaJbHOE paccedHUe, AHANOTHYHOE PACCESAHUIO, IPOUCXORA-
uieMy B IOTEHIMAJLHOM IIOJe.

Bropoe caaraemoe ommchiBaeT pe3soHAaHCHOE pPaccedHNe
i TpeThe — nurepdepennuio oboux BHUAOB PacCeAHHA.

Ecau sweprusa crpemMurcs R HYJII0, TO MOTCHIUAIBHOE
paccegHue cTpeMUTCH K HPENedy:

nh? 2
Spot = 7120 (17.11)

k*h?
(MLI cuntaem, uro K = TR
OKCIIEPUMEHTATBIO ONIpeleIieMoe CeYeHIe PAacCeAHN o
AIA MCIeHHBIX HeUTPOHOB uUMeeT MOPATOR BEJIHYMHE =R?,
rae  R—pamuye agpa (R =rA', r,=15-107% cu).
Pesonancnoe paccesue (17.10) mamo no cpasnenuw cnhR,
HCKRIIOYAA cayvail 61M3KOro pesoHaHca, ITOITOMY o 00s-
3aHO, IJlaBHEIM 00pa3oM, TMOTEHIHAJIBHOMY PpaccesHUIO.
SaMeTHM, OfHAKO, YTO ©, H3MEHAETCS HEMOHOTOHHO
¢ POCTOM aTOMHOrO HOMepa. OTO 0GCTOATEIBCTBO YHKa3hi-
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Baer, MOBHAUMOMY, Ha TO, YTO NMOTEHIHAJBHOE pacCesHne
CKOpee COOTBETCTBYET PACCEeANNI0 OT HOTEHNHANBLHOIL AMEHL,
Hesceqn paccesnnio or Gapbepa, TaR Kak B INOCICIHEM
cTyuae paccesHme MeHANOCH OBl MOHOTOHHO € POCTOM
aTOMHOTO HOMepa (0HO paBHAAOCH OBl 4nR*).

OnpepiesnM Temeps ceuelle paccesHus B TOM CJaydae,
Korja BeamauHA Bp BHpamaerca gopmynoit (17.8).

Toncrasassa (17.8) B (17.2), monywnm:

= p=T Wi VE+E :
o(E)=re Bp—11=p3 e ]
ILTIH J.lOCTaTO‘iHO MaJabIX BHepl‘I/Iﬁ[ MDLI 3aMeHuIM

¢iVE?(E) na 1+4i}/ E¢(0). B peayaprare npocTHX BhKIa-
IOK TOJyYHM:
s(E __4nE1—ap(0) _ hmh? 1 —ap (0)
— kR E+42 M E+e

(17.12)

Mo nonyummm gopMyry, KoTOpag cosmajgaer ¢ gopmy-
qoi (1.7), ompemensomleii ceucHue pacCeAHUs HENTPOHOB
nporonamu. Ipn srom, ecan ¢(0)=0, ro opmymra (17.12)
COOTBETCTBYET TOMY CIydaio, KOLja pajuyc paeicTsns
AflepHEIX cua cumracrcsA paBumm Hymo. llpu ¢(0)=#0
Qopmysa yunTHRaeT KOHCYHOCTH paryca sjapa [em. (1.7)].

To obcrosreascrso, yro npu ¢ (0) #= 0 yuureBaercs
KOHETHOCTH pajnyca fApa, HaXORUTCA B COOTBCTCTBUU
¢ Bapamenunem (17.11), ompepeadiomem TOTEHOUANBHOE
paccegHIue.

WNrag, MBI BAUM, YTO camble OGHIe IPCMOJIOREHNSA
0 BeamunHe Bp MPUBOAAT TOJNBKO K ABYM BO3MOMRHEIM BRIDa-
menmaM i cedenms paccesnns (17.9), (17.12).

MepeiigéyM Temeps, IMocae PacCMOTPEHHA PE3OHAHCHOI'O
paccesHms, R mayyenuio ofmero caydad paclaja cocTas-
HOTO AApa.

ByneM mompeHeMy CUATATE, 4TO OTHOCHTENbHBI MO-
MEHT KOJImuecTBa ABIKEHNA JacTHIl, o6pas3yoiux cOCTaBHOe
AApO, a TakKke UACTUI[, BO3HUKAWINUX HPH €ro pacmazne,
paBHAETCA HYXIO (TO 03HAYAET, YTO MH OrPAHHIMBAEMCA
paccMoTpeHneM ROCTATOYHO MEJUIEHHBIX gacruy). Jag mpo-
CTOTHL MH He OyjeM CHadJaja y4YUTHBATb CIUH FAXEP.
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Haumém ¢ ompeperxennd o0Wero ceueHusA BeeX HEyHPy-

rux NIPOTEcCOB Gy.
Coraacno dopmyae (12.6) o, cBAzamo ¢ OTHOIeNNeM

aMmINTYA PACcXOfAmelicA W CXONAWCHCH BOIII Bg caeny-
OMIM COOTHOUIEHHUEeM:
i 2
g, =5 (1—1Bel):

HamomunM, 4TO €CJH BO3MOHAHO IOTJIOWCHUC gacruly, TO

i< 1)

CeueHne yIpyroro paccesHus paBHASTCA TpH BTOM:

2, (17.14)

(17.13)

cszl;z_‘l—BE

Buiscuny, Kaxoii Bujy mmeer remeps Bp.

B cayuae 9HCTO yIPYTOTO paccesiud B BOAM3W yPOBHA
E, ompeneasercsa Qopwyuoi (17.7). Ecan BO3MORHO HOTJI0-
meHne 4acTUI, TO GopMyIy (17.7) caepyer 3aMeHNTh CJIe-

Ay ol
E—~E,—1 ({‘“‘“Tc)

E_Eo—-i-;—

rae o (E)— BeilecTBOHHAA PyuRUmA, HC HMEIOMAA ocoben-
wocreit mpn E > 0.
BenuuuHa Y, yAOBJIETBOPSET yCJIOBAIO

Te<Ts
KoTOpOe HeoO0XoAuMO [iA  TOTO, qro6Bs MOAyab Bg OBlI
Menpire emumHRIB. Ecam Y,=Y, TO dopmyaa (17.15) mepe-
xomut B (17.7). ‘
ITomcTaBasia BHPAKeHNE (17.15) B (17.13), MBl mOIyIuM
caepylomyn Gopmyay AIA o0miero ceuenus HeEYIpyrax

B = elo®) , (17.15)

CTOJMKHOBOHUII: i
p—r-1(§)
L] =
G, =55 —
‘oK E— Eo—-i-lz-
___1 Ye (Y—“Ye) (17-16)
=1z L (A SN LA

2
(E—Ey+%
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Cevennme ynpyroro croaxHOBenuda, coraacuo (17.14),
uMeer BU[Q

T et i iy 2 -

0= e“”(E)-l-i-—e"”(E)_"T . (17.17)

E—Ey—i—

o2

Iocnennaa ¢opmyaa orauzaerca or gopmyas (17.9)

TONLKO TEM, YTO B YHCIUTENb AMILIHTYHEl PC30OHAHCHOIO

paccesHNA BMECTO IOJHON IMHPHHEL Y BXORUT TeNePhb BEJU-

qnHa y,. Ecam He yanTHIBaTh IOTEHNUAJASHOE paccesdHme,
to gopmyaa (17.17) paér:

2

Ye
2 .rz
(E—Eoy + %

E

Ce =

, (17.17")

E)

OTKYJa CJeAyeT, 4YTO Y, IpeficTaBisger coboil YacTHIHYIO
IMIAPHHY II0 OTHOLIEHHIO K YHIPYIOMY paccesHuIo.
Bsona o6osnavenne

Tu=Y"Ye

nepenuuteM fopmyay (17.16) mus s, B BHAe

T YeYu ’
o= T (17.16")
R E—Er T

Beanumua y, mpefcraBuger co00it cyMMapHyl0 IINPHHY
YPOBHA I BCeX HEYIPYTHX IIPOHECCOB.

Yro6Hl moayuurh CcedeHHe o, AIA KAKOro-aubo ompe-
meaéHHOTO Hporecca o, HEOOXOZMMO Juws B HopMyie
(17.16’) samenuTH Y, HA COOTBETCTBYIONIYI0 YACTUTHYIO
INpPUHY Y,. Mb1 noxyaum, taxuM oOpasoMm, obuiyno puc-
nepcuoHHyl0 QopMyay

™
S gy —— = (17.18)
(E‘—Eo)g’i‘r

B npusepéunmx poime QopMyJsiax MB CUUTANN CIHH
Anpa paBHEM HyJ0. IJokarkeM Tellepb, KaKk y4YecTh CHHUH
agpa.
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Tak Kak MH paccMarpuBaeM caydail MeIeHHHX JacTHI,
ro mast Hux [ =0, u MOITOMY 3HAUEHHs MOMeHTa KOJIHMTe-
cTBa [BHAEHH COCTABHOrO sifipa J 3awii0odeHBl B mpejiellax

ll—si<I<i+s,

rjge i-— MOMEHT KOJYCCTBA JBHKCHHUA HCXOJHOTO HA7Apa,
$ — CIMH Iajalonieil 4acTUIb. ’
BepoarnocTs JaHHOIO 3HAYEHUST J pasHa:

Al (17.19)
2s+1)@2i+1)’

TaKk Kak o0mee UMCAO BO3MOKHBIX OPUEHTANMH BEKTOPOB
i n s pasuo (2s-+1)(2/+1), a umca0 OpPHEHTALMIl BeK-
topa J pasno 2J+1. i

Yro0OHnl ydecTh CIUH SIAPA, HY/KHO NPUBEJCHHBIC BRIIE
JOpMyaE Fas o W O, YMHOKUTH Ha (awrop (17.19). Mu
noaydsM 1pr sroM dopmyay (16.4).

Jmenepenonnas dopmyna (17.16") momer GHTH nony;;ena
emé WHBIM c110c000M, KOTODHIX MuI ceifdac N3JIOKIM 172,

BosoBasa GyHKIuA Mafaioumeil 4acTuIB, KOTOpad Ipef-
moJlaraercs B JAadbHeiiiieM Me[JCHHOW, BHe AApa OIpe-
measierca fopmyaoit (17.1).

OnpemeauM paauyc sppa R xar HauMeHbLIee paccTo-
AHOE OT IEHTPA AApa, HA KOTOPOM Iaalomas 4acTula yike
He HaxojuTca B cdepe MelicTBUS ANCPHHX CHII.

Beaunanny By, Bxopamyo B (17.17), MOMKHO BHpasuTh
gepes A0rapudMUIeCKyI0 HPON3BOHY 0 BOJIHOBOU $yHRIUU
Ha IOBepXHOCTH fAApa. BBefi€M B paccMOTpeHHE QyHRIUIO

d
—=(r})
dr
fEy=R\ =) o (17.20)
TOTAa
e
Bp= —e? T (17.21)
rae
z=kR.
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B3aMeTuM, UYTO XOTS B JAclCTBITEIBHOCTH IIOJIOREHNE
HOBEPXHOCTH AAPA He ABIAETCA PE3KO 0MepIeHILIM, BBEHS-
pme Qynrnuu j (L) nveer NOMHBIL CMBICT, TAK KAk MBI
mpefmoaaraeM, 4r0 JEIHHA BOJHBL YACTHIE 3HATITEILHO
Goablne pajmyca meiicTeus miepunix cwia R. B cuiry sToro
yCJoBUs 3HaUeHUue JOIapuMIIecrOl IPOM3BOJHOM BOJIHO-
Boit yHRIMH BHe AMPa e HCIBITLIBAET 60nBpWOro A3MEeHe-
NUA HA PACCTOAHUAX HOPARKA 00dacTy ANQPy3uocTH AACP-
HO IOBEPXHOCTM.

@Oyuruuio f(F) Mbl npefcraBuM B BUAO

F(E)= fo (E)—ih (E), (17.21')
rige f, n h— Bemecrsenubie QyHRIUM. Tar ®ar |Bp|<1,
10 h(E) monsua yAoBIETBOPATH yCIOBIIO

k> 0.
Ucmonssys smpamenne (17.21) mms Bg, MBL IOJYYUM

ua ocmopamim (17.13), (17.14) cxepylomue QoOpMyJIsl AL
o, U o

. ™ (x—h)+ /3
Gu'——ﬁ(i"'lﬁll'! )“F(iﬁ(x ,_|_h)‘-'+/:§>=
4 z

=F r']i)g+/%) (17.22)
™ 2 | i g T—0f
o=l =Bl =gt =
A z ix ol 2
== m—{-e s1nxl . (17.23)

Pesonanc HacTymaer B ToM ciydae, Korma f,=0. dua-
wenns oueprum E, mis woTopwx f, ofpamaerca B HYJB,
MBI HA3BBACM PE3OHAHCHBIMII Y POBHAMI.

Jlng sHageHil sHEPTHH, GINBKIX K PE30HANCHOMY yPOB-
gio E,, ynsmuio f,(E) MomHO IpCACTABATE B BUZAE

fo(E)z(E'_Eo)ﬂ)(Eo)-

9
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HOJII)BYHCB 3THM pas3JoireHueM U BBOJA o003HaTeHUA

LY ._.21. Y — Qh
(e= —i7(E) n T (Eo)’

OpeAcTaBuM ¢, U S B BHAE

=g — s, (17.24)
(E — Eo*++-
1 2
L 'E'Ye ; .
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Ms1 monxyuusan 3HAKOMEIE yiiie HaMm QOPMYJIH.

Ilns Toro uroGh MOMHO OBLIO MHTEPIPETHPOBATD Y, U Yy
Kak YacTHYHEE INUPUHE IO OTIOWIEHNIO K yOpyromy
W HeynpyroMy paccesHmio, HYHKHO HNOKA3aTh, 4TO

fo (Eo) <0,

TaKk KAK-TOJHKO IpPHU BUWIOOJHCHHU DTOr0 YCIOBUA BelIU-
YuHH Y, ¥ Y, OYyAyT MONOKHTEIBHBIMU. (HamomuumM, dT0
h>0.) Hepasencrso (17.26) BmTeracT u3 ciaemylomux
coobGparxeHuii.

Besuuuna f, Bxogamas B rpammunoe ycaosue (17.20),
apasercsa (QynKnueil oHeprum Bo30ymacuus sppa W=
=FE4 B, rge B—oHeprus csa3u yacTuun B Ajpe.

®Oyuruna (W) onpepensercs norapnMnIecKoi Ipous-
BOZHOIl OT BOJHOBON (YHKINN COCTABHOIO AApA.

Ecum uexognty u3 ypaesenns [llpepunrepa

HYU,=WY,,

(17.26)

rme H,— raMuanTOHHAH COCTABHOrO SAApPA, TO ¢ IOMOUWBIO
poanosoii dyurmmm W, Mer ne noayanm  $yuruum f (W),
TAK KAK MBl He YUOTHBACM KOHCYEON Belttinnl BPeMCHN

11 A. Axucaep
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mmaun  coctassoro sxpa. C  momompio Gywrnmm W,
Me HaiaéMm gnms f, (W). YroOe ydecTs KOHEWHOCTH Bpe-
MEHY KM3HI COCTOSHWII COCTABHOTO fIApa, Mbl 00aBUM
k ravummpronmany H, MEnMHE wien  —i7,/2, Y. > 0.
(Kommuexcnoe amauemme oHeprum W —iy,/2 TpuBORuT
K XapaKTepHOMY 3aTyXaolleMy MHOHTETII0 B BOJHOBOH
dyuruun e~ Yul/<h)
ITosroMy MBI MCXOANM N3 ypaBHEHHUA

(m—%h)W=WW

(W B ofoux ypaBHEHHSX HMeeT OJHO U TO ke 3HaTeHNe.)
Bnamme ¥ maér HaM BO3MOMHOCTH ompepeauts f (V).
Ilepenmucap mocaefHee ypaBHeHHe B BUAE

Hﬂ:(W+%)m

mer BupnM, wto ¥ moxyvaerca u3 W, ecam 3aMeHHTDH
1 ,

B ¥, pemuanny W na W+ 1, Ilo sroit npumumue f(W)

cosmagaet ¢ fo (W4 1y,/2). Ecan 1,/2 K W, 10 -

W) = fo W)+ 22 1, ().
Cpasrenue ¢ (17.21') noxasmuBaer, 4TO

h= = fuls (W)

Tar rag k>0, ro /(W) <0, 9To 1 yTBEP#*/1aN0CH BHIILE.

§ 18. 3axBaT MeJJCHULIX HCHTPOBOB cBOTOTHHIMA AAPA~
ME. Bo3MOMKHE clefy Ioliue IpoLecch B3auMO/eicTBIA HeHTpo-
HOB ¢ AApaMm: YyIpyroe ¥ HeyIpyroe paccedHue HEIITPOHOB,
3axBaT HEHTPOHOB ¢ M3IAYUCHNEM Y-KBAHTOB (papnanuOHHHN

3axpar), B8axBaT HEHTPOHOB ¢ UCIyCKAHNEM 3apAMEH-
HBIX YacTHl M, HAKOHeI[, JeJeHHe sAfep Ioj HAeiicTBHEM
HENTPOHOB.

O6 ynpyroM paccesHWH MH TOBOPWJM y7Ke BHIIE. He-
yIpyroe paccefiHMe BO3MOMHO JMIIL B TOM  CIyuae,

e

.

§ 18. BAXBAT MEIJIEHHBIX HEIITPOHOB 163

KOTNAa DHEPTHH HEHTPOHa [OCTATOUHO JJIA BO30YmmeHms
agpa. B cayuyae B3anMONeiicTBHA MEJIEHHEIX *) HeHTpOHOB
¢ JErKUMM SAPAMH STOT IIPOIleCC DHEepPreTHYECKNM HEBO3-
MOMKEH, TAaK KAK paccTosHue Memay Haubosee HU3KUMA
YpOBHAMA JIErKHX Afep N0 NOPAAKY BEeINYUHHI COCTABAAET
oromo 1 MeV. [lenennio ffgep NoJ AclicTBEEM HENHTPOHOB
moceamEn § 21,

B arom maparpage MH paccMOTpUM 3axBaT MeJJIEHHHX
HEHTPOHOB, CONPOBOKGAEMEIl UCITY CKaHUeM OBICTPHIX YaCTHI|
(y-xBanTa mim sapsenHoil wacTuum). U3yyenne sroro mpo-
gecca MMeeT BarKHOe 3HAYEHHe, TAK KAK JaéT BO3MOKHOCTL
PKCIePUMEHTAJIBHO ONPENe]IATh IapaMeTpPH, BXOJAIUe B uc-
nepcpOHEYIO QopMyay.

Paguauuonnmis 3axBaT HENHTPOHOB, IIPOMCXOAAMMIT IO
cxeme**)

Z4 4+ nt — (ZA'H)' — ZAT! +1,

npeacrasiaser cofoit 0UYeHP PACHPOCTPAHEHHHA THI peax-

nun. Hoayuaomeecs sgpo Z*T' momer 6mmh Rak crabuis-
HEIM, TAQK ¥ paAUOAKTHBHHM (MCKYCCTBEHHO pPaJHOAaKTHUB-
HHe fapa). '

AdPerTUBHEIE CeUeHUS DeAKOUHU TAKOT0 THUIA B ciaydae
3axBaTa MeJJIEeHHEIX HeIITPOHOB MOryT HJOCTHTaTh Ype3-
Buuaiino OonbInux 3HATeHni, B THICAYM pa3 IPEBOCXO-
AAIMMUX TeOMEeTpUdecKue pasMephl 3aXBaTHBAOIUX Afep.
(Cewenne 3axBaTa MeICHHBX HeiiTponoB musa ,In mpe-
pamaer 20000 - 107** cm?, gna ,,Rh cocraBaser owoIO
6100 . 1072 cm® n . pm.[741)

YrameM npuMmeprl peakiuii, IpH KOTOPHIX 3aXBAT Mef-
JICHHBIX HEeAT[LOHOB CONPOBOMIAETCHA UCIYCKAHUEM 3aDHAKEH-
HEIX uvacruy— a-uacrnny u nporouos. (Mcemyckanne peii-
TPOHOB IIpU 3axXBaTe MeJJIEHHHX HEWT[oHOB He HaOdIO-
maeTcd, TAaK KAaK JHEPreTHICCKU OHO HEBO3MOMKHO BBUAY
Goxpuioil BHYTpeHHeil sHepruu HeliTpoHA.)

*) ITo1 MeIJICHHBIMM DOHNMAIOTCA HellTpOHB B BHEPTeTHYCCLROM
HHTCPBAJC OT HCCKOJNBKNX THICLY BOJIBT A0 TENJIOBHIX dHepruif.

#¥) ZA ofosmauaer STPO ¢ 3apAT0OM Z M MAccOBHIM wncjoM A;
(ZA“)* 00031auacT cOCTARNIO AP, NAXOTAICCCS B BO3OY:RIEHHOM
CGCTOAHMNM.

11%
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3axpaT HeliTpoHa ¢ HCIOYCKAaHHEM ®-9aCTHIB ITPOUCXO-
AUT TO CXEMe

ZA 4+ nt S ZAT (Z— Z)A_3 + Het.

MosHO yKa3aTh cAefylomue NpHMepH TAKUX PearIuid
(IponexomALNX € MeIeHHBIMU HefiTpoHaMu):

Li*+n— He*+ H°,
B L n— Li"4 He'. }

Jlng TenaoOBHX HEHTPOHOB s derTUBHEIE CEYEHNA OTUX
peariuii 0YeHb BEJAKH: JUIS mepsoit 900 - 1074 cu®, maa
Bropoit — 3000 - 10-2% cm® 731

3axpar HeifTpoHA ¢ HCIyCKaHWEM IPOTOHA IPOMCXOAUT
mo cxeMme

ZA ynt— (24— (Z—1)* + H.
Momxuo yKasaTh ciaefyloIiuit mpumep TaKOH pearnuu:
N4 + nt —s Gt + H.

SaMerHM, 9TO B CJAyJae 3axsara He OueHb OBICTPEIX
HeliTPOHOB TSKEILIME AJPAMHU  HCIYCKAHHE 33pPAMENHbIX
uacTAI CTAHOBHTCA KpaliHe Maao BePOATHHM BBUIY 6ouab-
10i BHICOTH TIOTEHIMAIbHOTO Gapbepa, KOTOpHIl Heobxomu-
MO IpOMTY acTHIC; HOITOMY B DTOM Ciyuae IPOUCXOAMT,
PIABHKEM 00pa30M, pafuaNuoOHHEIl 3aXBaT HEHTPOHOB.

IlepeitnéM K paccMOTPEHUIO adPerTNBHOrO CEUSHUA IS
saxBaTa MejJeHIHX HelitponoB. DBypaem cuuTaTh, 4TO
gaxBaT HeiiTpoHA 00YCIOBICH HAIMYUCM OJHOTO Pe30HAHC-
HOT'O YPOBHA, DHEPIMIO KOTOPOro 0603HATUM YEpe3 E,.

O6mas sguenepenonnasd opmysa Haér B OTOM Ciaydae
caefyiollee BHpPAmeHUC AIA CEUEHNA 3aXEara HeUTPOHA,
COTIPOBOMKAAIONIEr0CA HCIYCKAHNCM TaCTHIE Q, EoTOpYIO
MBI cauTaeM OBICTPOIi:

a4 T
B (E) = gty Mo =0
(E—E. )+

. (18.1)

Baecs 1',—wuvacTuunrad HeWTPOHHAS IMMPUHA YPOBHA IIpH
esoHaHce: I'p— uacTHIHAA WN[PUHA [0 OTHOIIEHNI0 K BHI-
> LQ

§ 18. BAXBAT MEJJIEHIBIX HENTPOHOB 165
meTy GricTpoil wacTUUH (B CIyTae PajHALIONHOrO 33XBaTa
Bmecto 1'g Met mumrem l'y); y,— mOJIHAs MIMpUHA YPOBHA 75
X — qamHa BOJHH TafaloMero HeiTpona; X,— 3HaTeHUE K
npu pesomance; J u I — yraoBLe MOMCHTEl COCTABHOIO

1 +
N HuCxXomgHoro fAjuep; S='§-——CHHH HeuTpoHa.

Iloanas mnpuHa Y, MOMET OBITH NpPEAcTaBJIeHA B BUIS
\ E N\
Y":In<73—> +2PQ;
T Q

Irpe meppoe ciaaraeMmoe IpeAcTaBiadgeT c000ii HCHATPOHHYIO
UIMPUHY TI0 OTHOLICHHIO K IIPONECCY pesMuecun  MejIeH-
HOTO HeiiTpoHA, & BTOpOE CJaaraeMoc — CyMMy 4YaCTHIHAIX
MPHII 10 OTHOWCHHMIO K Bouiery OBICTPEIX HACTHN Q.
Beuny ¢axropa |/ K meproe caaracMoe Majo IO cpaBHe-
Hr0 co BropeiM. OOLIYHO BO3MOMKHO MCIyCKaHUE TOJBKO
OZHOTO CcOpTA wuacTHI, HOPTOMY cyMma ) l'q copmepswaT
TOJBLKO OJHO CIaraemoe.
Wrar, MB MOMKEM CUHTATH Y, PaBHHM

Yr % I-‘r % I‘QO

3aMeTnM, UTO B paccMaTpMBAaeMOM CIydae 3aXBaTa MEJICH-
HOTO HeiTpoHA HmMeIoT MecTO IpaBmia 0réopa

, ecou 10,

N:]»—‘-

J:zii
J =1

, ecmun =0,

F)
Mosromy Bmpamsenuc (18.1) moxno npefcTaBuTh B CIGNYIO0-
meM Bupme:
: r.r
(B =5 (1 & gy ) ¥k —— 20— (18:2)
‘ (E—E,) -+ Tt

Ecan nsmMepATh SHEPIMM M IMUPHUHBL B BOJLTAX, TO ME
MOy THM:

n (T E, 1 _E—BE, ,
SQ(E)_SO ‘/E 1+x~;,) x"—i—“/2 3 (18.2)
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rje o, — 3HaveHme CCUGHNA IPH PE30HAHCE, PABHOO
. _ 1 17
3WH1,3-1013<1j:-——— n oo
. = o CME
2i+1 JE, T
nopnyém M noxoskman 3gaces Do~ T,=T.

COHJaMeTHIY.I, 49T0 CCYCHUC YIPYTOTO pPEe30HAHCHOTo pac-
HAA HEHTPOHOB TIPU HATHYHKM TOJ

J JILKO OJHOTO BHA
paBHAETCA: g PR

" E =ji 1 < qul .
W)= <1i2i“ >Ar(lub P+ T2 (18.3)
7 T T

OrnouleHue cedelnrii pacceanus M 3aXBaTa PaBHO:

o _Tn (E N2 ’
=t (5" (18.3)

Nnsa spep, cuasHo mordomaiomux weiirpoust (Cd, Ag,
Rh n 7. #.), 910 oTHOWIeHHe oueHs Maxo. (B cnyqae’ Ag
ceueHne 3axBara cocraBiager ~ 3560 - 1072 cm?, a cqu;{mt
pacceﬂﬂylwnw9-10'“ cn?, mna ,,Cd cewenme 3axBara —
4500--3300- 1074 cae®, ceucnue pacceannsa ~3,7 10724 cu#l™1)

Orcioga caepyer, 9To, KaKk IPaBUIO, AJHA COCTABHHX
Afep cpefHero aTOMHOIO Beca, RO3HNKAIOMMX B Pe3yJib-
TaTe 3aXBaTa MCHJCHHBIX HCHTPOHOB, HellTpoHHAA INPAHA
3HAUMTEJBHO Melblle paAuaNMOHHOE UIMPUHKI, 9T0 HAXO-
mutca B coraacuu ¢ Gopmyaama (13.7) u (15.1’}). Papnanu-
OHHafg IIMpWHA COCTABISAET JJIA TaKUX axep oxomxo 1eV (Bos-
MoskHEl Bapuarun B 10 pas B Ty u gpyrylo cropony). Heii-
TPOHHAS [NPUHY NP pesvHaHcHol sreprnv ~1 eV IIHX(;JILITGH
061,1'1}10. B npeperax 10°*—107% eV. Mauaa Beruumna #elii-
TPOHHOI MUPUHBL (ITEM 00CTOATCIBCTBOM Mbl yiLke 1103163053~
gﬁ;{. BHILIC, TIpeHeD peras BeAnTUNoil ¥, B 00UieM BLIParKeHNN

I pu :

TaIlI/IIO.I HHI ), OIIyCKAaeT MPOCTy 0 (U3HTEcKyI0 HHTePIpe-

Ecau cocraBnoe sajgpo obpasdyercsa B pe3yabTaTe 3axBa-
Ta MEJJCHHOTO HEeHTpoHa, TO MMCETCS JHUINL ONIO KOHed-
HOE COCTOSHUE, B KOTOPOM MOKeT HaXOJUThcA AApo Iocie
HCHYCKAHNA HeliTpoHAa, a HMEHHO —OCHOBHOE COCTOAHNE
ncxofHoro Anpa. Ecam sxe mTpomcxofuT n3mydenne Y-KBaHTA,

§ 18. BAXBAT MEUIEHHbIX HEATPOHOB 16/

70 UHCI0 KOHEUHEIX COCTOAHMIT MOIKET GBIT b JOCTATOIHO 0ONB-
MM, TAK KaK 9HepreTmyeckil BO3MOKHO a1000€ COCTOAHHE
Koneunoro fAapa ¢ auepmeii 13036}'mnemm, He IpeBHINAIO-
meit mpuMepHO 8 MeV (smeprusi CBA3H geiitpona). MumMn
CcTOBAMH, IOCIE MBTYIeHMA {-KBauTa AAPO MOSRET eIlé Haxo-
muTheA B BO30Y/AGHHOM COCTOMHMIT, nepexoji M3 KOTOPOTO
B OCIHOBIOE CcOCTOsINe Oyfer COIPOBOTRAATHOA U3y YyenueM
HOBHX Y-KBAHTOB. W, JCIicTBUTCIBHO, OKCIIEPHMEHTATBHO
Guoo mokasamo (781, Wro dmcao  {-KBAHTOD, U3aY YaeMBIX
ANpAMA KaAMUA B pesyabrarc 3axBaTa HeiTpoHos, B He-
CKOJIBKO Pa3 IIPeBOCXOJUT H{MCI0 MOTVIOMGHHEIX HEiTpo-
HoB. TaxuM o06pasoM HM3JaydeHue Y{-KBaHTa CBA3AHO C MEHB-
meit KoHUecHTpaueii siCpTun cocTaBHOTO fAApa Ha OJIHOIL
cremeHn cBOGONEI, UeM B CIydae MCIYCHANMA MeJJIeHHOTO
geiiTpoHa, KoTOpoe B paceMaTpUBaEMbIX Y CTOBUAX Tpebyer
HOUTH IIOJHOTO COCPElOTOYeHMA BCeil dHepri BO30Y CHUSA
Ha OIHO’ sAflepHOil YacTuIle.

OueBuAHO, YTO IIOYTH IIOTHAS KOHIIeHTpAIsA JHEepTHuu
14 OTHOIL AZIEPHOI YACTHIE CTATUCTHUCCKIL OueHb MAJIO BEpoO-
arHa. DTO 00CTOATENhCTBO CHIIBHO YMEHBUIACT HeiiTpOHAY IO
mupuHy, KOTOpas IpH E < 10% eV (A ~ 100) cranoBuTCH
MeH ble panmaunonnoﬁ WUPNHEL, XOTH B3aNMOJECIICTBAE
AlepHBIX dacTHR APYT ¢ JPYIOM BEJANKO IO CPABHEHHIO
¢ mx B3AUMOfeiicTBUeM C DICKTPOMArHUTILIM moaem. Ecan
6L TOMBKO UTO YKABAHIEE CTATHCTHUCCKUO cooOpamennsd
{6 IMEJI MEecTa, TO KOPIY CKYJIApHbIe LIMPIHEL (nciiTponHas,
mpotoHHasg W Ap.) Gron Ol Topazpo Goabuie pajmalluon-
HOlt [MPHHLL (TAKKC COOTHOLICHEA uMeIT MceTo B cayuae
nérknx fAnep; HampnMep, A Co # Mn B obmactin sHeprwii
100—4000 eV neifTponHad IINpnHA 3HAYNTENALHO OOJbLIe
paManoRHO I pHIEL L18]),

TMoguepKuéM emé pas, 4To HeifTponHasA INpHHA Maxa Io
CpaBHEHMIO C pajiualiuoH IOl IIMPUHOIL TOJBKO B PACCMOTPEH~
HOM Bpille CIEIUATLHOM CIydae, KOria coctapHOe AApo obpa-
ayeTcA B pesyJbTrarc 32XBaTa MeJJICHHOTO HeiITpOHa, Mpu-
qéM FApO He SABIACTCH JIETK M,

Ecau sHeprus Najalomiero HeiTpoia BO3pACTaeT, TO Heil-
TponHAA MAPHHA 06pasyouerocs coCTABHOro A1pa Y BOJIHUK-
BaeTcs, B TO BpeMf KaK pajmalioHHasd 1INpAHA IOHTH
ne mensercd. llpu oneprufix neiirpona ~1 MeV melirpornas
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mapuEa yixe 3HAUUTENBHO GOJBIIE PANMALMOHION IIUPUHE
(Masag BeAMYMHA PaAMalMOHHON WIMPUHEL CBA3AHA C TeM
00CTOATETECTBOM, UTO B3AUMOMEICTBUE Meysuy W3IYdeHneM
¥ MaTepueit BooOlle He BOJMKO).

Cevenne pagnanuoHHoro 3axpata OHCTPHX HEHTPOHOB
(E>1MeV) momuo onennts mo dopmyae (cm. § 12)

o RTR -, (18.4)

rape R—panuyc sappa, a I'—nosmas mmpuna yposus. llo-
CKOJDLKY B ciaydae Opictprix wacrun 'y 1, 910 ceuenne 3ma-
9UTENBHO MEHBIIE IeOMeTPHUYECKOTO CeYeHUSI AAPa, KOTOPHIM
oImpefeseTcA IOJHOe cedeHHe JJIA BceX HeyYNPYTHX Ipoliec-
coB. (Muaa rmaméanx spep o, x0,1-107* cu?). B obaacrn
COaBWLX DHEPIuil TIABHYI0 POJIH UTPAIOT IPOILECCH YIIPYIo-
ro M HEYHOPYroro paccedHNsA HEHTPOHOB (pevMuccus Heii-
tponoB). Mu yske rosopman paubsme (§ 14), uro cpemmss
9HEPrus HEeHTPOHOB, NOKHAAIOIIUX COCTaBHOE ANpo, OymeT
apu stoM ~21" (T'—Tremneparypa saapa).

Bosppatumca k paccMoTpennmio paamalioOHHOTO 3aXBaTa
MEeJIeHHEIX HEeHTPOHOB.

3Had U3 DKCMEPUMENTa cedeHne PafualNoOHHOrO0 3axXBara
cf;(E) Kak (YHKOUIO DHEPIUMU HEITpOHA, MBI MOKEM HalIV,
nonb3ysace Qopmyaoit (18.2) I', I', n I'=T, 4 1. Orciona
mosiHo onpegeaurs Iy m I,

CeucHme B3axBaTa HCUTPOHOB CONCPMKUT B KAdECTBE
muosurens X. [losroMy jis mocTaTouno Majbx sHadeHni F,
MEHBIINX BHEPTUT IICPBOTO [E30HAHCHOTO YPOBHA, CYIIC-
erByer o0qacTh HHCPTUM, I'e ccdeHne 3axpara 00paTHO
HMpOMOPIUONANBHO CKOpOCTH Helitpoua (3awon 1/v).

OTHOCUTCHABHOE WMIMCHCHUC PC30OHAHCHOI'O MHOMKUTEIA
1

———————— MeHbIIE OTHOCHTEeJBIOr0 uaMeHeHns 1/v,
E-Ey+I®
ecan

4E| B, —E| < (E,— E)+4-T".

QOrciofia caefyer, 410 AJsA BLIICJIHeHUs 3aKoHa i/v omep-

§ 18. BAXBAT MEUIEHHDBIX HEITPOHOB 169

rug HeliTpona RoKHA OHTH Memble Goapluell M3 Benn-
ung K, n I'¥).

YunteiBag 0C00€HHOCTH B PaCHOJIOKEHHUN yPOBHEH TsA-
JKETBIX W JNEIKAX Aep, MOYKHO 34RIIOYUTH, YTO B IIOCJEN-
HeM cJaydJae HHTCPBAT DHEPIUM, B KOTOPOM JACHCTByeT
saron 1/v, Oyaer ropaspo Coabnie, WeM B cayyae TA#G-
aeix  Afgep. [Jasa mocdejfHHX M3BECTHH ypPOBHH, GaAU3KO
IPUMHKAOINe HIM JAasKe JerKalluce B TeInoBOi ofmacTn
(kT ~ 1/40 ¢V npn wommarnoii remmeparype). Hanpumep,
miist (3d o0HapysKenno ciibHOE PE3OHAHCHOC TOTJIOICHAE HOT-
tpouos ¢ sueprueir 0,03eV; mna Cd uaiigen pesomaHcHLl
yposens npm 0,082eV, mna Lu—mnpn 0,465 eV, gaa Ir—
npn 0,635eV, pra Rh—mnpu 1,28¢V, pna Sm—upn
0,096 eV; Dy obmranacr orpunareasumm yposaem [771. fcro,
4TO B TAKUX CJAyYaAax 3aKoH 1/v mmeer Maayio ofaacts
opuMenuMocru. Moo gymars, uTo B ciIydae JErkux Apxep
[Li, B, N u t. a.) nepsnii yposenb HAXOQUTCA 11a BHICOTE,
10 IOPAAKY BEeINYNHBI PABHOI PACCTOSAHUIO MEKRY Haubo-
Jlee HUBKUMH YPOBHAMH, 9T0 cocTasiasier oroao 10°eV. Hpun
BTOM 3aKOH 1/v MOKCT OKa3aTbes CIPABCNIMBLIM BINIOTH [0
DHEPIUil IMOPAAKA HECKOJDBKUX JECATKOB THICAT eV.

daMeTuM, YTO ecam CeYCHMe 3axBaTa IHeiiTpoHa o0paTHO
IPONMOPIUOHANBHO CI'O CKOPOCTH, TO BEPOATHOCTH 3axXBaTa,
OTHCGENHAA K eJUHUIC BPCMEHU, He 3ABUCHT OT 9HEPIUH
HeiiTpona.

B ¢opmyre (18.2) M npepmosnaramm 3axBaTHBAIONIEe
AAPO CBOOOJHEIM M HCIOMBUHLHEIM.

9ro smaunt, wro ¢opmyna (18.2) ormocmres, crporo
FOBOPH, K IOIVOIEHNIO HEiTPOHOB B Trade, NMPUYEM ATOMEL
raza IPCANONAraTcs HNCHOBUIKIILIMA.

Ecau morsomienme HCHTPOHOB HPOMCXOAUT B TBEPAOM
TeIe, TO fAAPA HCAB3A yHie CINTATL CROCOAULIMU. Y UETY
CBA3M Aep B TBEPAOM Teae mocsamén § 25. B macrosmem
naparpade ME IOLPOOHO PACCMOTPEM BOHPOC O IOTVIOIICHUH
HeiiTpoHOB B Trasc [66),

Ipenmomnomxenne o HemopB/KIIOCTA fAACP Ta3a SABIAETCH
BaKOHHEIM, €CIU COCTaBHOe ANPO 00pasyercs B pesyJabrare

*) Ecan E-orpunarenpuasi pelnuyHa, To E  JOMKHO OBIT
menbiue | E, |
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saxBara OHcTpolt wactnusl. B cayuyae 3axBaTa MeIJIEHHOTO
HeliTpoHa CKOPOCTL IOCIEHEero MoskeT OLTh TOTo ke MOpAAKa
BeJMUMHEL, YTO U CKOPOCTH 3aXBaTHBalomero spa. Illoatomy
npenefperaTh el0 B 3TOM CJaydYae Hexb3A.

Mu [OTKHEL, OYeBUAHO, yUeCTh DHEpruio OTAAYM ANpa,
T. €. DHEPrUI0, KOTOpad Hepegatrca AAPY B pe3yJbraTe
yOpyroro CTONKHOBCHUA ¢ HeHTPOHUM (IO 3aKOHY CTad-
KOBAOMUXCA MapoB), ¥, KpoMe TOT0, IPUHATh BO BHIMAa-
gne Tor (AKT, 4TO NOIJIOMmAlmMUe SAPA yIaCTBYIOT B Te-
MIOBOM J{BUZKEHUU.

Yro6u yuecTb OTH ABICHAA, JOCTATOYHO B33aAMETHTD,
gr0 B Qopmyay (18.2), oTHOcAmyiocA K IOTJIOWEHUIO
HENTPOHOB cBOOOXHKEIME AApPaMU, BXONUT, OYEBUEHO, BHEP-
™M OTHOCUTEJIBLHOI'0 ABAMCHUA HeﬁTpOHa n norJaomalo-
wero aapa. Ecanm ¥ — CKOpOCTh HEMTPOHA N # — TennoBad
CKOpOCTH AApa, TO MOJ E B (18.2) caeayer moHEMATH
BENNYUHY

E=" (v—u), (18.5)

riae m’ — OpUBefBHHAA Macca HETPOHA, PaBHAA mM|m+M
(m w M —wmaccw HeiiTpoHa U A1pa).

IIpeneGperan KBajpaToM CKOPOCTH TEIIOBOTO ABU:Ke-
nng, nepemumed (18.5") B Buge

E=m;”2—m'vu. (18.5)

3neck mepBoe caaraeMoe IpefcTaBager coboll suepruio
OTHOCUTEIBHOTO JABUKEHHA HeATPOHA U HENOJBURIOr0
Anpa. OTa DHEPrUg, KOTOPYIO Mbi 0003HAumM depes E,,
muomurerem M (M - m) oraugaerca ot abcomioTHOMH dHep-
rug HeliTpoHAa, paBHOIT mv*/2.

B cayaae Tmméanx apep (M 3> m) duepruio E, MOKHO
npeAcTaBUThL B BUAE

mv?2
E,=""—R,
rue
m moy?
R=35

npefcTaBaAeT cobolt BHePTHIO OTAATH AADPA.

§ 18. BAXBAT MEIJEHHEIX HENTPOHOB 11

Mu snpum, rakum o6pa3oM, 4TO ecnu He YUUTHBATH
TeIIJIOBOTO JABUIKEHUA WM NoHEMATh B Qopmyae (18.2) mon
oHeprueit HeliTpoma ero alcoMIOTHYIO SHEPIHIO, PaBHYIO
me®(2, To Beamunny E, caepyer samenunts Ha E,o+ R,
rae Ly, — pe3oHaHCHAA BHEPTUs, OTBEYAOMasn GeCKOHETHO
TAKREIOMY AADY.

Bosspamascs & ¢opmyae (18.5), nepenumem eé B Buge

E=E,—V 2m'Equ,,

rae u,—NOpOeKIMA ¢ HAa HANpaBIeHHEe CKOPOCTH Helt-
TpOHA V.

Ilpenmomaras, uro pacupeaexeHue cCKopocteil % HOTIH-
HhgercA 3aKkony Mawrcesenna, OymeM HCXoguTh N3 Cle-
mylomell GOPMyIH JaA BepPOATHOCTH TOLO, YTO U, JIEHHUT
B UHTEpBale OT u, N0 U, + duy:

Mud

M 1/ Uz
w (u,) du, = (m) e "IRT du,

rae T — remneparypa, k — mocroannaa Boasnmana. Iloas-
syacs (18.5), moskno BHpasuts u, Yepes E; M IoxyduMm,
TaruM 00pa3oM, pacrmpefeieHHe IIQ DHEPIMAM OTHOCHTEIb-
noro apmieHnANE npu 3agaunom E:

(E—Eo)2
y SESEE 4y
W(E)dE=7i.e a2 —A—', (18.6)
rue
A=2 ‘/_—__’"Ejl’” (18.7)

-

(w (E) dE — BepoAaTHOCT, HODMAPOBAHHAA HA €AUHHILY).
BennunHa A HasmBaeTcd 0OBIYHO NONIJIEPOBCKOI mupu-
HOM, Tak KaK BJAUSHUE [BWKEHUA SApPa HA 3aXBAT Heil-
TPOHOB MOH(HO ITO QHAJNOIMH € H3BECTHHIMH ONTHYECKUMH M
ARYyCTUYCCKIMHE ABJIeHnAME Has3BaTh afdextoM Jlonmuepa.

3aMeTnM, 4TO0 nNpH % &1 nmomnepoBcKas  IMIMpAHA
MOsKeT OBITH NIpeficTaBIeHa B BUJAE
A2/ R KT - (18.7)
rae R —»Heprma orpadm sapa.
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Men BHpaskeHMe AJS BePOSTHOCTH pa3IHIHBIX 3HaTe-
HOH OTHOCHTEJbHOII BHEPrum, JEerko ydecTb BIHAHNC Te-
NJ0BOCO MBUKEHHMA ANep HA 3aXBAT HeliTPOHOB.

M1 OTASHBI, OYEBHAHO, YCPeRHHTH cedeHne 3axBaTa
(18.2) Do BceM BO3MO/KHBIM 3HAUEHHAM OTHOCHTENbHOH
sueprun E. Jlas sToro caegyer yMHOAUTHL CeICHUE (18.2)
na w(E)dE n npounrerpuporars mo E.

DaMeTnM, YTo MHOMATETH X, T. €. 1/v, crosmuii mepen
PE3OHAHCHEIM 9JEHOM, YCpeJHATh He HYKHO, TaK Kak
BTOT MHOJKATENb CBABAN ¢ OTPeJieiCHIEeM IOHATUA dPHERTUB-
HOTO CeelHs U IIPOMCXOAUT OT HOPMEPOBKU HEHTPOHHOH
BONHOBOI (YUKOUN HA CeJUHUYHEIT MOTOK.

Vepeauéanoe cedeHue 3axBara o, UMECT caeay omui
BUA:

0= 0o (5, 2)= g s} (E) w(E) dE, (18.8)
rne

_ 1 N\yeTw
Go—2ﬂ<1ﬂ:2i+1>%,rr;

oo b e (xou2 (18.9)
4

I .
‘P(E) 27)-— 21/;—# 1+y2 dy:

R

g=2EE) o T
T, A
A=2 J mE, kT .
M
ME IpeAnoNAracM, UTO DHEprUA HeliTpoHa 0am3Ka K peso-
HAHCHOIL, II0TOMY B BEPAYKCHUHN JIIA ONIIIe POBCKOIT I PIHEL
sueprusi E, samenena ma E,. Ha rtom ke ocHOBaHHM X
3aMCHEHO HA X, B BBIDAMKCHHR JIA G-
JamernM, yro ¢yurmma U (&, z) Momer OHITH IIPEACTAaB-
Jena emgé B CACAYIOUCM BHJE:

2

o (5 o) = S coszye dy. (18.10)
{

§ 13. BAXBAT MEJJIEHHBIX HEITPOHOB 173
IeiicTBUTETbHO, NPUMEHAM K O (&, ) mpeoGpasoBanne
®ypoe. Broga oGosnagenne

+
w@= (0@ 0)etnda=

—_C

© —17 g2 (x~y)?
3 g S € tkx gz d
= e
Tayn 1+y? Vi
—_—0 =0

ooy IuM:

€ “ —%—em . T etkv
1 — ikz e .
W) =r= Se e szH_yZ dy

-0 -

. k2
ITepsHit U3 DTHX MHTETPAJIOB PABEH € & g propoit me~ Ik,

IToaTomy

k2
=k
=1kl

i (8) = me .
Bocmosns30BaBmncs Gopmyoit obpamenns, naiiném ¢ (8, z):

P

(5, 7)== \ k(B e~thedk = g coskze © dk,
o i

-c

410 1 TPeGoBaNOCh OKA3ATH.

Mepeitgém & uecaefoBanmio obmeir GopMy bt (18.8) n1a
COUeHUS 3aXBaTa HEHTpoHA CBOGORHBIM APOM C YHYETOM
sdpderra Jlonmaepa.

VeaosuMcg, paccMaTpuBas MOTJIOLICHAE HEUTPOHOB,
obycaosaentoe yposseMm E., roBopurs, HO amasgoruu ¢ OI-
turoit, 0 smunn moraomenns E,. Cormacko »To#t Tepmu-
HOJOTHHE, 3aBHCAMOCTH CeUeHHA 3aXBaTa OT BdHEPTuu Olpe-
measer $opMy KOHTYpA JIHAM IOTJIOLICHNA. ®opmy el
(18.2) u (18.8) onmpegmeadioT CCTECTBEHHYIO dopMy JMHUE
moraomenns n opMy JAuHuME ¢ yudToM ddhPerTa Jonmiepa.

Jlerko TMOKAa3aTh, 9TO INIOWAAb, OTPAHMYEHHAST KOHTY-
POM JHHRK TIONOMICHUS PR Hamaui dpderTa Jonmiuepa,
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GymeT Tamo# e, KAK M AJA ecTeCTBEHHON (QOPME AuHuM.
JeiicTBuTENBHO,

<O . F
S 0 (E)dE =70, = ;
b

TaKO! ke Pe3yabTaT MH IOJYdIHM, eciau OyaeM uCXORUTH
us gopmyan (18.8), Tar kKaw

400 +oo
_Smdg(e, x)dx—---g .1—_‘%!-2-“.

PaccMOTpEM HECKOJBKO NpEAeIbHHX caydaeB ¢op-
myas (18.8).

IIycrs cmepsa &> 1, r. e. mycTs ecTECTBOHHAS LINPHHA
3HAYMTEIHHO OPEBOCXORUT AONIIIEPOBCKYIO mupuny. B dop-
myae (18.9), onmpepensifomeii ysrmuo (&, z), ocHOBHYIO
poiL HMIpaloT B 9TOM CJydYae B3HAaYeHNA Y~ z. Bunoca

1
m; B TOUKE Y =T 33 3HAK WHTerpala, Mhl HOJYy4HM:

1€ S”Z“Wx—u)zdy:

E> L. (18.11)

UnnMu cnosamu, B caydae &> 1 mamEma  moraome-
HUS, KAaK ¥ cNefoBaJ0 OMHAATh, MMeeT ecTeCTBEHHYIO
dopmy, rak xar sddext [ommiaepa He MOMeT uUrpark
poan mpu I > A.

PaccmorpnM Temeph IpefeabHult caydalt Mamnx &, § € 1.
Ilycrs, xKpome Toro, BHIOIHAeTcA emé ycaosue £ £ 1.

Ilpepcrasur ¢ (5, x) B BUmE

1 1
— -_—F
5 f2xy b S2ys

_ E - E2x2m e
O(E, 7)= Vn € S—Tﬁ‘r‘— dy,

,L\l»

34

8§ 18. BAXBAT MEUVIEHHDLIX HERTPOHOB 195

mOIyaEM CIeAyHmyo mpuiamKrEHHY0 QopMyiy:

L oeose 2 d - ._;_. £2x8
O LT 2]51? S1+Z*=V2 et (18.12)

Egl, Bzl

®opmyoit (18.12) ompenenseres gonmaeposckas gopma
aumuu moriowWeHns. llpm pesonamce, coraacHo (18.12),
¢ pasusgerca §(§, O)=—V§1i tg1, B 10 BpeMAa KaK AIA
ecTecTBeHHOM (OPMH JMHUM IOTIOMEHNA ¢ IpH peso-
HaHce paBHAercsa 1.

Tarnm obpazom Gnaromaps spdexry Jlonmaepa KOHTYP
AUHOM DOTJIONEHMA B IEHTPe JMHUA IIOHMKAEeTCd; Tar
Rag ILTONA[b, OTPAHMYEHHAH KOHTYPOM JHMHNHA, HE MeHAeT-
¢, TO 9TO 3HAYMT, YTO JUHUA PACUIUPAETCH.

Mpu ycaosun & € 1(I' € A) wnpnAa IWHEE DOTJIOMEHUA
OIpefelIfeTCs, rNIAaBHEIM 06pasoM, JONIIEePOBCKON UM PHHOMR.

Mepeiiném Temepb K paccMoTpenmio QUPMB RadERMX
KPHLIbeB KOHTYpa JMHEM NOTJOWeHUs, T. €. obracrad
pHepruM, rfe ¥ BEeIUKO, HMMEHHO, HyCTh Z > £-2 (¢ mpous-
poabH0). OGo3nauas zy uepes z, mepemmuen (18.10) B suge

1 72

‘ L
b, :c)=-3? cos ze = gc‘"‘2)clz.

o8

Ecarn 28> 1, 10 B HOKazaTexe IORMHTErpailbHOR QyHK-

9

z
I MOMHO BHUEPKHYTD Ez, I03TOMY

z

o(5 2y~ (cosz.e * dz= , 2> 1. (18.13)

1
+a

cmg

Urak, Mu BuguM, 910 nIpu z:i® » 1 JuHNA DOTIOmMEHNA
EMeeT ecTeCTBeHHYIO §OpMY.

Tarum obpasom sddert [lonmnaepa OKa3LIBACT BINAHNO
#Ha (OpPMY JauHmN TOTJOWEHAs TOJBKO B TOM CIydae,
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r »
ecan E=-A'— €1 n 28 € 1. Ilocneguee ycuaoBne o3Hadvaer,

uto Bemnmunna |E—E_ | T. e. paccrogHme 0T IeHTPa
Az ..
AUHUY, AOMFHO OBITH MAJHM II0 CpPaBHEHHUIO ¢ 5T Namé-
KHEe KpHIbA KOHTYpa JuHug norioumieHns (xz* > 1) ne
mofsepratores geicrsuio sdderra onmrepa HE npn KaKUX
SHAYCHUAX &.
Samerum, uro upn z=~0, T. e. mpu pesoHAHCe,

0E 0) =5 l/%iet**Esz [1-0(5%)] w819

rae @ (z) — dyuxnna omnbok

@ (z)=2w‘”2S e~t2 dt.
1]

§ 19. VYcpepnénnsie sekTHBAEIE ccdcHHA. B aToM
maparpade MBI PAcCMOTPUM 3aBUCHMOCTB BYQEKTUBHEIX
ceveHUil Pa3JMIHBIX ITPOICCCOB B3aMMOJCHCTBUA HEHTPOHOB
¢ A7paMu OT DHePrum HeliTpoHa, c9YNTafA, 9T0 MOCIEAHASA
ne upessimaer 1 —2MeV.

Ecau pueprua neiirpona wmembime 1—2MeV, to mau-
Gomee Ba'KHYI0 pOJb HIPAlOT MPOIECCH PARMATHOHHOTO
3aXBaTa, yOpyroro m HEYHOPYTOro PpacceAHNsI HEHTPOHOB,
a TaKiKe jeieHue ANCp, BRIBEIBAeMoe HEHTpPOHAMH.

Mu GymeM B pasjbHeliIeM HHTCPECOBATHCH CPeNHUMU
sHaveHHAMU 9PPCKRTHBHLIX cedeHUM, MOHIMAsT MOJ mocie]i-
HUMH CEUCHHSA, yCpeAuSHUBIC 10 HHTCDBAJIYy DHCPrUil,
cofepsRameMy 0Oabinoe 49HcJa0 ypoBleii cOCTaBHOTO AAPA.
Tarue ycpequénunle CCYCHHA MOTYT CIYMNTEH JIJIH OIHCA-
HUA AJCPHHX NPONECCOB B TEX CJIyYasax, KOT/A HeHTPOHLI
M JpyrHe YacTHIBI, B3auMopgelicTByompue ¢ AApaMH, HO
UMeIT CTPOro OAMHAKOBOIT dileprum, MNpUYEM UHTEPBAJ
PA3MHITOCTH BHCOPTUI BCIAMK II0 CPABHEHIIO C PaCCTOIHHEM
MGHASNY COCeJlIUMI YPOBHAME COCTaBHOTO HNpa.

Yepeanénnnie ceyenns B odnacri Goaplilix DHePTuil BO3-
Oymponna vur yexe paean B § 11 mpu pacemorpenna era-
TUCTUUCCKIX cpoiicts agpa. IIpun orov nmiprHu y[oBHCL

§ 19. YCPEJIHEHHBIE 2@ OEKTUBHBIE CEUEHNA 177

Onam TOTO e MOPAAKA BEJUYNH, YTO M PACCTOAHIA MEsKAY
COCeJHIMH yPOBHAMI.

B srom maparpade MBI paccMOTpuM csaydaif, Korga
IMMPUHB YPOBHCI 3HAUNTENBHO MEHBIIE PACCTOANNA MOIKLY
HUMH, TaK 49TO cratucrudeckue coobpamenus § 11 yxe
HE NPUMEHHMEL.

d¢derTuBHOE ceYeHUe ONpeReNdeTcaA Temepb oO0mei
AUCIIepPCHOHHOIL $OPMYJIIO, KOTOPY O H HAMIEKUT YCPENHUTD
1m0 OOJIBIIOMY YHCIY YPOBHeI.

Cpepuee ceuenne o (F) mua waworo-nuGo mporecca o
CBABAHO ¢ YCPeHACMHIM ceueHuneM o, (L) coorTnomennem

% (B)= 15 S 5. (E) dE, (19.1)

rxe E — sHeprusa nagarouieii gacTuIbl (B paccMaTpUBaeMbIxX
HAAEe CIyYadx — HellTpoHa), A — nnrTepBas sHepruu, 1o Ko-
TOPOMY mpou3BoguTcs ycpenueuue. locaepunit mommen
OHITH 3HAYMTEJNBHO OOJBIIE CPEJHETD DPACCTOSHUA MEMRAY
coceflHUMU ypoBHAMH D ® 3HAUMTENBHO MEHBIIG TOTO
UATEpPBaJa JHepPruu, Ha IIPOTHMREHHMU KOTOPOTO 3aMETHO
MEHAETCA CaMO yCpeJHEHHOE CeUuCHUE.

M= smaeMm, uro sderTuBHOE CoUeHME AIA PABIUYHBIX
IIpoIeccoB (MCKJII09AA IOTEHIMATIbHOE PpaccesHue) HMeeT
Pe3KMe MAaKCHMyMBl BOAN3H pe3oHaHCHHX yposeil. ITosromy
B mHTerpaae (19.1) rmaBuyio poas urpaiot obaactu sHePrun,
Jemamue BOAM3W 9THX PEe30HAHCHBIX YPOBHEI],

S(I)q)eKTHBHoe ceveHme NaA Kakoro-ianbo Impomecca o
npu 3HaYeHUAX BHeprumum I, OIN3KUX K pPe30HAHCHOM
oHeprun E,., uMeer, KaKk Mbl 3HAeM, CIefyloInil BUA:

{00 '

2 )
(E - Er)2 +%‘

2J +1
@+ @+ 1)

6q (E) = mk® (19.2)

rae Y —umpuma, coorTsercrsylomas mpomeccy o, yir—
HeliTPOHHAA IINPHHA, COOTBEICTBYIOIAA yIPYTOMY pacces-

HH10 HeﬁTpOHOB, Yr — HOJHAA N PRIIA ¥ POBHSA E,., x — nJauia
12 A. AXucaep
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BONHEL HOHTPOHA, J M I — MOMENTSl KOJINfUCCTBA JBIRCHUA
COCTABHOTO U MCXOQHOTO ffep, §— CIUH HCHTPOHA.
Tlombaysics  $opmyaoit  (19.2), Moo IPECTABHTE

ycpepHEHHOC cedeHne o.(F) B BIE
27 +1 I+ dE
= a 0 2
()= D i haien S S
; (E—Ep+ %

rie CyMMUpOBaHUE TPOU3BOAMTCA TO BCEM yDOBHAM, JCHA-
wuM B uaTepBase AE.

BeauuuHB § H K ABIAIOTCHA MEJICHHO MEHAMUIMUCA
{ysxnuavmn oHeprum. Mol MOKeM IODTOMY BEIHCCTH ux
3aHaUeHNA IPU PE30HAHCe 33 3HAK HMHTerpaJfa.

Tag Kak INMPUHBL { OPCANONAraloTcA MAXHMHA, TO IIpe-
eI MHTETPUPOBAHMA MOKHO PAcIUpHUTh OT — o HO + oo,
B pesyabraTe MBI HOJIYy4YUM:

- N 2J +1 TnoTy g 5o

(B)=gF @in@sn T o
rae N — ofmee ancio ypoBHell B nuTepBasIe AE,al,, I'g, I'—
3HAUCHMSA BEJUUUH Yn, Y« Y, NPU pe3oHaHce (1epra CBepxy
o3Hauaer, 4T0 Gepérca cpefec 3HaIEHUE BEJIMYIHEI).

Bameuad, uro N = AE/D, nepenuiiem (19.3) B BUgE

- 2J +1 Tno Ty
ca(E)=2:r2 X2 TS IRV (19.4)
Pagn npocTOTH MBI He IIIICM HAZ npasoii gacrsio (19.4)
qepTH, OJ{HAKO CJIefyeT HMeTb B BUJY, 9TO CIOfa BXOAAT
V() W(r) W(r)
cpefHne 3HAYCHUS BEJINMUH x, 2741, I/, T, 1
y D mo BceM YPpOBHAM, JCIKAIUM B MHTEPBaJIe AE. 9tn
cpefHNe 3HAYEHHA CIEAyeTr CIuTaTh dyurmmamu E. )

Ramerum, uro Jopmyma (19.4) cosmajaer ¢ Qopmysoi
(11.7) Aas ycpefHEHHOTO CeUeHnA, noayuenmnoit B § 11.
UpoGn yGeauThcsa B OTOM, HYHHO JMIND BBECTH B (11.7)
Cpefiee pPAacCTOAHME MEHAY yPOBHAMU D (sra BeIMUMHA
ornmuaercs or BxopAmeir B (11.7) BeauuHb Dy —cpenHero
paccTosHAA MeAy yPOBHAMU C OIpeTeEHHEIM 3HAUCHUEM

1 —
J). Bamenus B (11.7) cymmy 2 (27 + 1)[—)—1— HA 2J+ 1, MBI
J D

(19.3)

moayuaaym dopmyay (19.4).

st - ittt W, — —— -

$ 19. YCPEIREHHBIE 3®OEKTUBHBIE CEYEHUSI 179

Onpeneanm, noassyace gopmynaoi (19.4), yepepsénioe
ceyeHne pajUANUOHHOTO 3aXBaTa.
Samenasa 'y paguanuonHoll mupHnoit 'y, mepemuuiem
Popmyany (19.4) B Buge
— 9T +1 5, ThoTy
= T -
s, (E) 50 X h (19.5)
(s pna meiirpona pasuo 1/2). 3pecs I' =1, - I',, I', — moanas
HeliTpoHHass 1WMpHHA (CPeAHAA), OTBeyalomas Mpoleccam
KAk YIPYroro, Tak N HEYHPYroro pacceAHusa HeHTPOHOB.

3aMeTuM, 4To —Z’;l npeacTaBaser co00if BepOATHOCTS IPH-

JuiaHuA neiTpoHa.

O6Go3nmaunm uwepes I, pHeprmio, Ipu KOTOPOit pagmanu-
OHHASl IMUPHHA CTAHOBUTCA pPAaBHONW HEHTPOHHOII mIMpHUHE.
Jdra pHepruA mO HOPAARY Beauununl pasua F,=xs 10%eV.

B unrepsaxe sueprum 0 < E < F, noinad HeiiTpoHHAA
mupuna 1, He oTamuaerca OT HEMTPOHHONM IMMPHHHI, OTBE-
Taomei yupyromy paccesnuno 1. Cpenusst mumpuHa
ypoBHsi 1' mpaKTHIeCKU COBHNAjaeT ¢ paJANalUOHHO WHpPH-
noit. IlosTomy B mmrepsare 0 < F < E, ¢dopmyna (19.5)
UPHHUMAET BUJ

— 2J +1 I ’
c,=--—2i+1n2?i T (19.5%)
Cpenuas meiiTpoHHA# IIAPHHA TPHU MAJEX BHEPTAAX,

cornacHo peayasraram § 13 (em. 13.7”), Moser OnTh mpep-
cTaBleHAa B BUJE

I',=1,9 . 10-* DE'* ¢V (E smipamaerca s eV),

IopcraBassa oTo smavenue I'y B (19.57), momynmm:

— 3,8
0, A —— (19.6)
VE

(E —3B ¢V;s proii opMyiie He BIUCAH MHORATEND, COmepKa-
muit yraosnie MOMeHTH, Tak Kak (19.6) ompepeaser o,
TONLKO TI0 TMOPAJAKY BEJIUYHHBH).

Qopmyaa (19.6) BHpamacr n3BecTHHII yiKe HaM 3a-
roH 1/v.

B unrepsane suepruit E, > E > E,, rae E, —sHeprusa
BO3GYRAEHUA IEepBOTO ['@30HAHCHOTO YPOBHA, PABHAA IO

12%

10722 ¢ pe
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nopaary peamamunt 10°—10° eV, meympyroe paccesnue
HElTPOHOB IONperRHEMY OTCYTCTBYeT.

Heiitpounas wwmpwaa (AId4 yOPYToTO paccedHms) Ipe-
BOCXOAUT pAaAMANUOHHYI0 LINPUHY ¥ NPAKTHYECKH COBIA-
AaeT ¢ MOJHON IMHpPHUHOI:

Ppo~Tn, ITne> Iy, Tpe=T.
Qopmyaa (19.5) maér B sTOM MHTepBaJe dHEpPTUU

r \
L (19.7)

12

(v — cropocTs HeHTPOHA).

Tak vax n 'y u D we sasucsAT ot puepruu, to u3 op-
myan (19.7) caeayer, aro B untepsane sueprun £, <E<E,
cpefHee cedeHHe DAAMANMOHHOTO 3aXBaTa HajaeT ¢ POCTOM
sHepruu oOpaTHO NPONOPIUOHAILHO IoCiaexHeil, T. e.
OsicTpee, 4eM IIo 3axoHy 1/v.

Y TamEdBIX DIIEMEHTOB

op ~ 10725 — 107 cxr (B, ~ 10°eV).

B obmactu smeprumit E > F, rnaﬁlo posib MrpawT
IPOIECCH HEYIPYyroro pacCesHnA HeiliTpoHOB.

IIpn stoM papgmauymoHHAS IAPHHA M INMpPHHA, OTBEYA-
I0Iad yIpyroMy paccesuuio HefiTpoHoB, CTAHOBATCA 3HA-
YUTEeNBHO MeHblIe o0uleil HeHATPONHON IMUPUHE, KOTOpad
NpaKTUIECKN COBIAJAaeT ¢ IOJHOW LMpUnoil ypoBHA:

Mo Ty, I'y&Y,, T'a~T,.
Coraacuo (I)OpMle-e (19.5) MH monywaeM B 9TOM cayuae:

gr — X Tno Iy

. (19.8)

C pocrom dHeprunm pemmuuna I',,/D, mnpepcrasagiouiag
co6oii KOPYPUITMENT IPHANMAHNSI, CTPCMUTCHS K eJUHHIe
a I'y/I', crpemurea K Hya0 BBHAY OBICTPOIO pocTa Hel"ITpOHi
HOIt IIMPHUHEL, OTBCYANIEN IIpomeccaM HEYUPYroro pacces-
ung. Ilosromy npu E > E, ceuennme o, GecTpo yOmBaer
¢ pocTOM oHeprum, mMoBEAUMOMY, OnicTpee, uem 1/E.
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Caenyer samernts, uto npun E > E, HeoOXOANMO  yyu-
THBATH 3HAUICHHA OpPOUTAIBIOr0 MOMeHTA HEHTPOHA, OT-
anuHHe oT Hyas, Tak Kak upm E~ E, [muHa BOJTHBI
HeliTpOHA OKA3HIBAETCA II0 HOPAAKRY BEAHTHHEL paBHOi
paguycy Amapa.

D10 0GCTOATCABCTBO He MEHSOT, OXHAKO, BRBOAA 0 Ob-
CTPOM IAJCHUN CEYCHUST PAjMAIMOHHOIO 33XBATA G POCTOM
pHEpPTMH, TAK KAK COOTHOLICHMA, MMEKIMne MeCTo Ipi
=0, coxpandgorcd 1 IpU 3HATEHHAX l=0.

TepeiigéM Tellepp K PAcCMOTPEHUIO CpEIHEr0 afder-
THBHOTO CeYEeHHA YIPYIoro paccesaHns HeHTPOHOB. Mut
[OJUKHEL TpPW DTOM YYUTHIBATH KAK PE3OHAHCHOE, TaK
1 IOTEHIUATHHOC PACCEAHNE, aMILINTY Al KOTOPBIX CHIAMb-
patorca. IIpu ycpemHeHHN 1o 9epruu nHrepdepenuoHHbIE
wiIeH, BOBHUKAOMMIL OT HadoieHHA o0emx aMIIUTY],
mcuesaer, MOBTOMY CpejHee cedeHHe YIPYroro paccesHnsd
BEIpazkaeTcd B BHJC CYMMBl CeYCHHIf, COOTBETCTBYIOUINX
MOTEHNAIBHOMY U PE30HAHCHOMY DacCesHuIo.

06o3Hauas cpejHee ceyenue yupyroro pacceAsHus 4epes
o,, OyleM HMeTb:

2
PREPIEE SRS O (19.9)
rae Ep*cpenﬂee ceueHne MOTEHIMANBHOTO PACCeAHNA;
BTOpOE CjaraeMoe IPENCTABIACT coboit  ycpeqHEHHOE
ceueHMe PE3OHANCHOTO paccesHUsA, KOTOPOe IOJTYTaeTCsd
cormacHo obmeit Qopmyme (19.4), ecam IOIOMHTH B HEi
Iy =Tro-

B o6macru suepruit E < E, moaHasA IMpUHA, KAaK MBI
BUleJ  BBIIe, MPAKTHYECKH COBIAMAeT ¢ paguanuoHHO
W pUHOIL; HeHTPOHHAA K pHHA ompefeasierca COrIacHo dop-
myue (13.77). Vepepaéunoe ceqenne PE3OHAHCHONO PacCed-
HOA B OTUX YCJOBMAX He 3aBHCHT OT OHHeprum. Ceuenue
HOTeHIMAJBHOTO PACCEANNd TaKme He 3aBACHT OT dHeprun
(cm. § 17). Iooromy m obmee ceuenne yHPYyroro pacce-
sHust B uprepsame omepran E < E, Tamme HO 3aBHCUT
OT 9HePrHH HedTpoHA. _

Ceuenie DOTEHINAJBHOTO PACCEHHA Op IO IOPANKY
peauuuHm pasho =R (R— pamuyc fAApa) W COCTABIAET
oKR0I0 2—3 . 102t cm?. CegeHue PC30HAHCHOTO pacCeAHUA
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Mmoser cocTaBaATs okosuo 107°° ¢m?, mostomy mnpu E< E,
NOTEHNHAIBHOC M DPE30HAHCHOe paCCeSHUA NIPAIT IpH-
MCPHO OJMHAKOBYIO POJIb.

daMeTuM, 4TO MOTYT OHITH AApA, Y KOTOPHX G, B He-
CKOJIPKO pa3 MeHbIIe Cpejlero Ce4YeHUS Pe30HAHCHOTO pac-
cedgHuA.

B obmactu sHeprunm E, < E < I, nmoanas ImupmHa co-
BIIafaeT C HeliTponHoii, moaromy dopmyrna (19.9) npunm-
MaeT BHX

Gy=aptmintin =g 4 oml (19.10)

He ncriaodena BO3MOMKHOCTH CYLIECTBOBAHUA TaKHUX
Afep, A KOTOPHX nepsoe ciaaraemoe B (19.10) menbme
proporo. B arom cayuae B murepsaxe sHepruun £, < E < E,;
cedeHme YHpPyroro paccesHus Oyjxer o0paTHO IIPOIOPINO-
HAJBHO CKOPOCTH HeliTpoHa (3akoH 1/v mia paccesnus).

B oGmacrn sueprum E > E, GvlcTphil pocT HeHTPoHHOM
UIMPHMHBI, 0TBeYaloieii HeyHPYyIOMY pacCesHUIO, ITPUBOJHAT
K IaJeHuI0 CeuYeHHs YIPYroro pPEe30HAHCHOIO pPaCCeAaHUs.
Uro KacaeTcA OTEHONAABHOI0 PAacCesHNA, TO OHO IOCTEe-
IMeHHO ¢ pOCTOM BHEPIHM IIEePEeXOAUT B pPacCMOTpPeHHOe
panee audPpaxuuonnoe pacceanume (§ 12), amazormunoe
nuddparnuu cBera oT abCOMOTHO IEPHOrO 1IAPUKA (C POCTOM
PHOPIUM HEHTPOHA IOCTENeHHO «BRIIOYATCAY 00mee BH-
COKHe 3HaYeHHA OPOMTAIBHOIO MOMEHTa HeliTpona ! BIUIOTDH
no sHaueHnA lmax ~ R/K).

Heynpyroe pesonanchoe paccesHme HeATPOHOB HavH-
HAeT UIpath pois IPH DHEPrUH HeiiTpoHOB, paBHOll E=E|,
n GrcTpo pacrér ¢ pocrom sueprum. Ilpm X € R moanoe
ceueHNe A BcexX HeyNpPYyrdX IpoIeccoB, COBIAafalomec
¢ ceueHneM o0pa3oBaHMA COCTABHOIO SApPA, CTAHOBUTCH
paBueIM =R® (cm. § 12). Ilpu sToM ceuyenume yIpyroro
paccesHAs (IOTEHIUAABHOT0) Takme pasuo tR?, T, e. o0mee
cevueHne pasHsercHa 2rRE.

Mur pacemorpemn cay4aii, Korga LIHMPHHBL YPOBHei
MeHBLIC paccToAHmit Memxay Humn. Ecau mmpuna ypoBHeIl
ORHOrO IOpAAKa uanm O6oJablle, 4YeM pAacCTOAHNE MeHAY
YPOBHAMU, TO, KaK MH Yy#e IOBOPUJIN BhHIlIe, YCpeXHEHHOE
ceueHHne ompependerca ¢opmyaoin (11.7).
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Couverie JCJCHUA saep HelTpOHaMHU MEI PAcCMOTPUM
B § 22.

§ 20. 3aMeyanus O MAIEPUBIX peaKIEAX, NPOHCXOAAMAX
¢ yuacTHeM 3aPsKeHHBIX dacTHIL PaccMaTpuBas CTOIKHO-
Bepue II0JOASMTENHHO 3apKEeHHOl dacTuipl ¢ AXPOM, He-
06X0oIMO YYUTHIBATH HOTCHI[UABHEIE Gapbep, OKPYRAIOMUIT
agpo. Iocaeannii obpasyerca Oaaromaps KOM6HHI{IROB3H-
HOMY JICHCTBUIO CHCHUQUICCKNX AMCPHBIX cmi, JAeicTBY-
JOIIUX HA MAJIHX PacCTOAHMAX MEWRJy HacTuiamu, O Ky JI0-
HOBCKNX CHJ OTTAJIKHUBAHUA BHE ARPA. ‘

Boicota Gapsepa B paa dacTul ¢ 3apfAAoM Ze paBHR

rne R—pamuyc. agpa n Ze—ero 3apAan. Cuutag, 4TO
R=r,A'®, A— maccoBoe umcio, o= 1,5 - 107**, momyuum
naa B smpamenue

B=0,962ZA*MeV.

3&M8TYIM, qT0 [JIA H])OXO?RII()HVIH Gapbepa CyulecTBeHHA
JAHUB OTHOCHTEJABHAA KOHeTHYeCKad DHeprud, paBHasA

_M__ g rge E — aBcomoTHas BUHOTHIECKAA DHEPIUA
My +M, '

namaomeii sactusl, M, u M,-— Macch 4aCTULH U ﬂgpa.
Bapsep me mrpaer po.l, eciu dHEprufA JACTHIE E > B,
rie Besr — opderTusas phcora Oapbepa, paBHaf

Besy = »M—‘A}L—f”—z— B=0,962Z(A +a) A~ "*MeV (20.1)

(a:%%, M, - maceca npo'roua> . B upuBopumoii HWME

0

rabmume, mambi 3Hagenus Beyg B MeV mus  pasiaudHBIX

smep (cm. crp. 184). ) (
MepeiinéM K ompeeseHnio TAK HA3HBAEMON MPO3pat-

nocru Gapmepa. » t
Kar nssecrso [78], mpospaanocts Gapnepa LA ua-

eTanu ¢ Maccoit M m pHeprumeit F onpepenaeTcA dopmynoii

P=et¢, ¢=4-\ VIV —Eldr,  (202)
R
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Buavenus By u g 049 pasauunsmz adep

fInpo e Be Ne Ca Zn Sn | Yb U
Z 2 | & 10 20 30 50 70 92
A ]9 | 20 | 40 | 66 | 112 | 174 | 238
P 1,5 2,1 3,7 1 5,7 7,2 | 10,0 ] 12,0 | 14,2
Bop 4 | 1,8 [ 2,21 38 (5,9 | 7,4|1001] 121|144
o 4,8 5,3 ] 8,5 12,2 15,0 ] 20,5 24,6 | 28,6
p 0,5 0,86 ,6 2,7 3,5 5,0 6,4 7,8
g d 0,7 1, 2] 2,2 3,7 3,0 7,1 9,11 11,0
a 1,1 2, 1| 4.3 7,2 [ 10,0 | 14,0 | 48,0 | 21,9

PRe r, — UpHIeJBHOe PACCTOAHUE CTANKMBAIOMMXCA 9acTu,
R — Buyrpenunii panuyc 6apeepa, KOTOpHIL CUHTAIOT pasB-
HBIM  paumycy sapa, V (r) — moreHnuaabHas sHeprus
zglcmum ¢ yueToM NeHTpobemHOll  pHeprum, paBHOIt

(1+1)
~aaire — (Ml —Moment wacrmirr).

Hpospaunocrs Gapwepa upm mo6oseix CTOTKHOBEHUAX
(! =0) papma [*]

E
po () (20.3)

rjue
. . ., R R
g= l/ 2MzZe* W Y(x) =~z arccos 2'/2 — (1 — g)t/

(¥ — pmIEa BOJHB aCTHIH, COOTBCTCTBYIOIA A DHEPIUH, PAB-
Holl B). 3naveHns g maun B IPHBCHEHHON BHIIC rabaune.

Hpoapaunocts Gapsepa gum HaCTHUBI, ofuagalomeit
MOMEHTOM [, papna:

PI =e—2Cl)
L1 ,
C, :% x“‘/ﬂ(\;-i- arcsmma_(y_f. 1—z)e 4
L2y [y (y 41 — )y
1/
+y'2In e , o (20.4)

rne z=FE[Bu y=1I(l41)/g"
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Ecom y €1, 1. e. l€gnua<, 10
P, = Pe-200V i (20.5)
C ysennuenuem | Beanunma P, ymeHpmaercs um cramo-
BUT aBnoit ~ P mpn y— T (L—2)7, wem :
uTcH p ” pn Y=g , UeMy €OOT-
BETCTBYeT 3HaueHne /, pasmoe

o= (36)"* (-t

Paccmarpusas pesunrerpanuio aapa sapskenHoi vacTi-
Hel, MEl JOIKHBI YYNTHIBATL BCe 3HAYEHHA €8 MOMeHTa
or =0 no I~1c. Jna weiirponos POIb BeMUYMHHL [
urpaer [,=R[X (cm. § 12).

Caydae MeMJIeHHHX 3apsmenHwx vactuy (E € B)

1
lo~ l/?g. JTa BeJUMUMHA OTJIHYHA OT HYIA, B TO BpPeMs

KaKR [1A MelIeHHNX HelitpoHos [,=0. Orciona BHTeRaer
BayHOe ciaefcTBUe. Ecau Noj BausHueM MeNIeHHOTO Heii-
TpoHAa (X > R) mpOMCXORUT HRE3MHTETpamus Axpa, MOMEHT
KOTOPOr0 paBeH HyJio, TO yrJa0BOe pacHpefejeHue IIpo-
AYKTOB HeauHTerpanuu OyferT cepudecKN CHMMETPUYHEIM.

W3 crasamnoro seime o I, caemyer, aro yriaosoe pac-
npefiesieHne MPOXYKTOB Je3UHTEr PAIun, BHISHIBAGMOl 3aps-
FREHHOM vacrumeldt, Momer He OHTh cdepmuecknm cuMMe-
TPUTHBIM J]a?ke B TOM CJIy4Yae, KOPZA JJINHA BOJIHB 9ACTHIB
3HAUATEJIBHO NPEBOCXOAUT PasMepHl AXDA.

Ecan snmeprusa sapameHHON 9acTHIBI IPEBOCXOJUT BEH-
coTy Gaprepa, T0 B 00meM HMEIOT MECTO TAaKHe 3Ke 3aKOHO-
MEepHOCTH, 9T0 M JIA HeHTpoHa Toil e sHepruum. B wacr-
HOCTH, IOJTHOE DYYEKTUBHOE CeYeHHE JIA BCeX HEeYIPYIux
IIpONecCOB, BEIBLIBACMEIX 3aPAMEHHOM YacTuieil ¢ sHeprueii
E > B npn ycnosum, 9t0 AauHa WacTUIB Y HOBEPXHOCTH
Afpa 3HAYMTENBHO MEHBIIC pajuyca NOCICHHEro, paB-
uferca =R2. (06 ympyrom paccegmum GHICTPHIX 3apAMRCH-
HREX 9aCTHN MH roBopuian B § 12.)

PeszonaHcHble ABIEHUA ¢ 3apAsKeHHBIMA JaCTHUAMU Ha-
610MaI0TCA TONBKO B JIETKUX AAPAX, NIA KOTOPHX BEJIHKO
paccroanne Memyly DNepBuMH  ypoBHaME (~1 MeV).
B caygsae raménnx agep sro paccrogmme oGxumO ropasgo
MeHbILe pa3bpoca II0 SHEPrHAM 3apAMEHHHEIX YaCTHL.
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Pezonancusie 9QQCKTH HAOMIOFAIOTCH IIPH pafnalnoH-
HOM 3aXBaTe HPOTONOB, a TaKMAKe IIPM peaRIuAX ¢ o-9acTH-
HaMH, COUNPOBOYRAAIONINXCA HCOYCKAHHEM NpOTOHA IJH
HelTpoHA.

Tlpn pearnuax ¢ HReliTpOHAME pE30HAMNCHBIC ABJICHIA
ne nabawpaloress, 910 o0bAcHAeTcA OCoJbpINol dHepruel
B030y/RACHIA COCTABHOTO SI/[PA, IOJNYYAOUICI0CH B Pe3Yilh-
TaTe 3axBarta jgeiiTpona (BBUAY MaJoif pHeprum ¢BA3W jeli-
TpOHA DHEPrHA BO30YMKICHUA COCTABHOLO fAApa IPUMEpPHO
B [iBa pasa HpPEBOCXOAUT HHepruio Bo30OY:ACHUA, BO3LU-
Kalomylo TPH 3aXBaTe HelTpOHA WM ITPOTOHA).

Bepoatnocrs BeUTeTa 3apAmeHHONl YACTHIEL  OIpeje-
agerca ABYyMs (JaKTOpaMH: BO-ILE€PBEIX, BCPOATHOCTBIO KOH-
HeHTPAnH dHePruu BO3OYKACHUA COCTABHOIO AAPA HA AAH-
HOH 9YACTHIG U, BO-BTOPHIX, BEPOATHOCTBHIO IPOXO[EHUA
yacTuibl yepes Oapnep. :

[epsas m3 arUX BepoATHOCTell olpefleAeT YACTUUHYIO
wmmpuHy B OTcyTeTBHH Oaphepa. Mwbr oGosznaumm eé mus
vactuis @ uepes G,,, rpe A ofoanadaer cocroAHme AApA,
0CTAIOLIer0CH IMOCJE BHLIETAa 4acTUinl . PeanbHad mupuHa
I'y, paBHa: o

U'pa=Gyq Pyos

rae P,,—1upospauHocTs Gaphepa.

Mo:kHO mpefmoiaraTh, YTo 3HaueHuda G AadA ITPOTOHA
U HefiTpoHA MaJo OTJINIANTICH APYT OT Jpyra.

O6masa mWupUHA II0 OTHOMIGHWIO K BBIJIETY YACTULH d
paBHa:

l‘a = Z GAu pAu' (20'6)
A

iupuna I', 3aBECHT 0T YHCAA BO3MOIKHLIX COCTOAHUIL
A1pa, 0CTAIIErocd IOC]e BHRIIETA YACTHLH d. OTO TUCTO
COCTOAHMIE, B CBOI0 OYepefdb, 3aBHCHT 0T o0uWleil pHepruu,
ocBoGokmacMoii mpu peaknuu v pasuoit K4 Q,, rae E—
sHeprus magalomesi yactuns, a Q, =c¢* (M, 4+ M —M;—M"),
(M; u M;—MaccH Ha9aIbHOTO U KoHeuHOTO ARCp , M u M'—
MacCH IlIajlaiieil 1 BHIETaIOleil wacTul, ¢-—CROPOCTH
cBeTa). ‘

Pacemorpum paBa cayuvas, korga E+4 Q,> B, u worga
E+ Q. < B, (B,— peicora 6apbepa 1A 4acTHIEL Q).
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B nepsom u3 aTuX cayuaes raaBryI0 poas B cymme (20.6)
HI'paoT Te cjaraeMble, OJA KOTOPHX K03(duuueHT mpo-
spaunoctn P,, pasen emuHune. OOosnauas uyepes N (U)
YUCJI0 COCTOAHUIT KOHCTHOrO ANpPa ¢ dHepruei 8036ymne-
uusa, MeHbwell mam paproit U, moacraBum cymmy (20.6)
B BHUJe

I‘a =N (E + Qo —Ba) é;) (207)

rae G,— HeroTopoc cpeanee 3Hadenne G,, (IO COCTOAHUAM
KOHEUHOIr'0 fpa).

Taxum oOpaszom I', ITpOMOpPHHOHANBHO YHCAY COCTOSHUIT
KOHeUHOTO Axpa c¢ sHeprueit UL E4Q,—B,.

Mer umeeM N rpynn BRIETAOMUX 4YaCTHI[, OTJINYAIO-
IUXCsA CBOel aHeprumeil; HauboJabllee 4MCIO YACTHI[ MMeEer
pHepruio, 3awaouéanyio mMemay B, u B, + T, rupe T — rem-
nepaTypa AApa, COOTBETCTBYIOMIAH DHEPTHHM Bo30Oy:maeHus
E+Q,—B,.

Ilycts Temeps ocBobGompaemas smeprusa Q,--E < B.
B sroM caywae mpospaunocts Gapbepa P oramyna oT efu-
HUIHL JIIS BCEX 3HAYCHMIT DHEPIVMH BELIETAIOMEH YaCTHUOHL.

Hau6oasmee P,, 0TBeyaeT 0CHOBHOMY COCTOSIHMIO OCTA-
jomerocsa agpa. YacTuuHasg UWHMPHHA IO HOPAAKY BEJIMIMHEL
paBHA B BTOM ciydae:

l‘a. = Gaopao (208)
(uagere O o3HavaeT OCHOBHOE COCTOSHHE OCTAMIEr0OCH
ARpa).

flecHo, wro wacrmumag mMpuHA B LOGPBOM U3 PacCMo-
TPEHHKIX BHINIC caydaeB Ooabiue, YeM BO BTOpPOM. Mu
BUAUM, 9T0 NOJHAA wupuna 1'= 2 ') ompenensercs, raas-
HEIM 00pa3oM, TeMU BBITETAIOIMMU YACTUIAMH, NJISA KOTO-
PHX PAa3HOCTH MeRAY 0CBOOOKAaEeMOii DHepPrueit u BEICOTOIf
Gapeepa £+ Q,— B, a tak/mke BCPOATHOCTH KOHIEHTpPALIU
pHeprum Ha dacruue G uMenor Hanboablume 3HAYEHHA.

OTUM YCJOBHAM Jy4Ylle BCCTO yAOBAETBOPSAET HEHMTpOU,
UCIycKanHe KOTOPOTO HABJIAETCA BeCbMa BEPOATHHM IIpo-
I1eCCOM, He3aBHCIMO OT BHAA Najalonieil 4acTHUIEL.

Ucnycranne a-gacTuusl npemcrabiager coGoil JOBOJIBHO
pacHpoCTpaHEHHLIE TUNI Dearuuy, HECMOTPA Ha OO0JBIDYIO
BEHCOTY Oapbepa gnsA a-gactun. OTO OOBACHAETCA TEM, UTO
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Gonpimas BHcoTa Gaphepa MJIA &-9acTHOH KOMIICHCHpYeTCA
GOnpmmM 3HAUCHHEM 0CBOGOMAEMOl DHEpTUHE *),

Omuceus JefiTpoHa KpaiiHe MaJjo BEPOsATHA BCJIEACTBHE
Goabwioit BHyTpemHeif oHeprmu peiiTpoua (o6BraHO OHa
NpOCTO HEBOBMOASHA IO DHEPreTHYecKuUM cooGpaskeHusM).

Papgunaunonnas mmpmma, KaKk NIpaBmao, odeHb MaJa.
Toapro B cremuarbumx cayuasx (Hampumep, mph 3axBare
MEUIeHHBX HeITPOHOB) IOJNAafg IMUPHHA NPAKTHIECKH
cOBIajaeT ¢ PaRUANNOHHOI IIMPHHOIN.

PamuanuoHHBIl 3aXBaT NMECT MCCTO TAKIKE B TEX cay-
9afX, KOIJla BHJET YacTUIlhl HEeBO3MOMKEH II0 HHeprernye-
CKIM €000paskeHNAM ubo Banpemén cTPOrUMH IIPaBHIAMY
orbopa.

HoA paspacHeHus mOCHeNHUMX NPUBENEM  CIeTy oLt
npuMep.

Ilpy cromkHOBeHHAX npoTOHOB ¢ Li’ uMewT MecTO
pearuuu

Li"4+H' — (Be*)%} — 2He* (14)

Li" + H* — (Be®); — Be®+y (1B)
(3pafoura majg crobKoil ofo3nadaeT, aTO AIPO HAXOAUTCA
B BO30yuaénnoM cocrosnun, uuAckcamn A u B pasan-
9aI0TCA COCTOAHUA 00pa3ylomuxcs COCTABHHX ffeEp).

Bropas u3 prux peawnuit sBifgercs pezonaHcHOM (peso-
HAHCHAs DHEpPruA IpoToHOB ~ 440 keV), B 10 Bpema rak
BHIXON o-yacrtuli] B peaknuu (14) MoHOTOHHO pacTér ¢ yBe-
JMYeHueM JHEePTHHM IIPOTOHOB (AanHA mpobera o-gacTury
~ 8 ca).

Urofm momsaTh pasnmuHeli xapaxrep peamnmii (14)
un (1B), mocTaTo4HO cHACHATH HPEAUONOAeHHe 0 PasiaUIHOM
YéTHOCTH BOJHOBHX (YHRKUUIl, ONMUCHLIBAIOIIUX COCTOSHUA
cocraBuex afep (Be®)y m (Be?)j.

YérHOoCTh -9acTHIH Wy = - 1. Tak Kak cIUH o-9aCTHIBI
paBeH HyJI0, TO BOAHOBAaA (YHRIWH, ONUCHBAOmAA OTHO-
CUTeNbHOE JABMKCHHE HBYX 0-UacTHI[, MOMCT CoJepmaTh

*) PasHOCTL OCROGOKIACMBIX BSHEPrMt MNpPHM  BHIJICTE  a-YaCTHULIH
u nporoHa pasHaercds A(H)+A(A —1)— A(x) — A(4A —4), rhe
A (A)—ne] ekt macen A7Ipa c aTOMHBIM HOMepoMm A. DTa BeJIuynmHa (781,
B CJIyvae TAHKENbIX ANep TOTO #e IOPANLA BeJHYMHBI, YTO H PasHOCTb
BEICOT Gapbepos B, — By. :
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BoHE TombKO ¢ wérHmMU [, TTosromy pacmap sapa (Be®)*
Ha J{Be a-4acTHUB OyNeT BO3MOMEH TOJBKO B TOM caydae,
ecan xapakrep uérHocTu sppa pased w = + 1. Mu pgomy-
cTnM, 4T0 xapaxrep wérHoctn A7apa (Be®)} pasem w= -1,
a xapakrep gérrocru aapa (Be®)p pasen w = — 1. Ha ocHo-
pannn (16.12) oTcofa MOMKHO BAKIWYATH, YTO paCHaj
(Be®)3 ma mBe &-gacTHIL! HEBO3MOMKEH.

Tarxnm oGpazom B peakmum Tuma (1B) Bourer a-vacrui
crporo sampemén. Orciofa ciefyer, 4TO MUPUHA YPOBHA
cocraBHOTO sinpa (Be®); ropasmo MeHbIne IMUPUHEL ypOBHA
anpa (Be®)y. ITosromy pesomanc maGuiopaercss mpu peak-
mun (1B) n ne nabmonaerca mpu pearnnu (1A4).

3aMeTuM, 4TO Xapakrtep érHoctn sapa Li’ w=1 [78];
[I0DTOMY [ BO3MO'KHOCTH Iporexanma peaxmun (14)
HeoOX0uMO, 9TOOH MOMEHT IIPOTOH4 [ ORI HeuéTHBIM.

Paccmorpum emé Bolpoc o XapakTepe H3JIyueHAs, HUCITY-
crkaeMmoro appamu (Be®):.

OcuoBuoe cocrosnue sapa Be MR mpemmomaraem uér-
aeim  MomentoM J=0. Jlerko mokasarh, uro Y-KBaHT,
HCIIyCKaeMHlii coraacHo peakuuu (1B), Oyjaer QUIONBHBIM.
HelicTBUTeTBHO, €CIN NPEIOMOITS, YTO {-KBAHT — AUIOI b~
HEI, TO cocroanme sapa (Be®)p Oymer neu8THHIM ¢ MoMeH-
Tom, paBHHM J=1. BaaromapA HeuéTHOCTH BOJIHOBOM
¢yurnuu, onucwmsamomeii (Be®)y, obecmeuusaerca meBos-
MomHOCTE pacrnajga (Be®)p ma ngBe a-yactuusl, Kar TO
U [OJKHO OBITH.

Ecam 6m Mbi npeamonomuin, 410 Y-KBaHT ABIAETCHA
KBaApYyHOOXBHBEIM, TO cocrogune (Be®)p wmoxyunmocsr OBl
gétenM ¢ J =2; agapo (Be®); cmormo OBl pacmacThcH Ha
ABe G-9ACTHIH, YTO II0 YCHOBUI HEBOBMOIKHO.

VRameM Ha CyLieCTBEHHYI0 0COGEHHOCTh ANCPUHX peaK-
nuii, B KOTOPHX y4acTBYIOT fAeiirpoHH. Ilpm cromxHoBeHmNn
AApa ¢ HAcHTpPoHOM IOCHeRHUI He 00A3aTeapHO JOIIKCH
I[eJIMKOM BXORUTH B Afpo. Buaropgapa cpaBHUTEIBHO MAIOIl
9HePIuu CBA3H JeiiTpOoHA MOMKET IIPOU3OMTH «JUCCOLMALMAY
ero emé BHE fA7pa; LIPH 3TOM HellTpol MOKeT OHITH 3aXBa-
YeH AAPOM, & IPOTOH, OTTAJKMBAEMELII OT AApa, NOABUTICH
Kalt «BELIETAIOMAA» gactuija [79—821,

Tarum oGpasom mpnm croaruoBennUu AXepP ¢ AeiiTpoHaMu
COCTABHO® AAPO MOKET He 00PA30BEIBATHCA.
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Ecnn sneprus peiiTpona mpeBocxofmuT BHCOTY Gapbepa,
10 9T70T B{PerT ne nurpaer pouu. OH mpmoGperaer cyiie-
CTBEHHOE 3HAYeHMe NPH CTOJIKHOBEHUN AEATPOHOB ¢ THIKG-
ABME AfpaMu ¥ Haunlosiee Or4€TIMBO UPOABIACTCH B TOM
ciayvae, ecjH dHepruA AeHTPOHA MeHbIle '

Ife @ —3HEPruA CBA3M pAelirpona, R — paguyc Appa, Ze—
ero 3apsap.

daMeTnM, 4TO IPH ANEPHHEX peaKuAX, KOTOPHE IIpPo-
HCXOJAT ¢ yyaCTHeM B3apAYKEHHHX 9acTWI[ 0OYeHb GONbIIAX
sHepruii (10° eV mam Goabiue), pacmaj COCTABHOTO AApa
MOKET OCYIIeCTBIAATHCHA TAKUMHU cHoco0aMu, KOTOpPHe He-
BOBMOM(HBI B TOM ¢Jyuae, KOrjja sHeprus 6omGapaupy 0mMux
3apAKEHHBIX 4yacTUI MaJja. BosaMmoen, HampuMep, BHJIET
neiirpoHoB. B pToM maparpade Mml cumTanu »HEpPruio BO3-
OympaeHud cocrasHoro sigpa He Goabpuie 107eV.

Y

TJTABA IV
NEJAEHUE TSHKEIBIX AAEP

§ 21. Mexanmsm pexenums. Tsréase Agpa mpu cpa-
BHHTEIbHO MaJbIX SHCPTUAX BO30Ymaenad crmocoGHLI paciye-
IJAATBCH HA [Be miau OoJpliee UHCIO IIPUMEPHO pPABHBIX
yacreii. 9TOT BHJ Je3WHTEeIpalld HA3BBAETCA JleJEHUEM
Axep.

IlpopyrTel mencHus (OCKOAKHN) HAXOMATCH, KAK IIpa-
BIJIO, B BOBOYIRACHHOM COCTOAHUM M BO MHOTHUX CJAYYaAX
ABJAAIOTCH B-aKTUBHBIME ¥),

Paccmorpenne gederra MacCH TAKENBX Agep NOKasH-
BaeT, 4TO AAPA, ATOMHEI Bec KOTOpHX npesocxogur ~ 110,
AO/KHBL OLITH HEYCTOMYMBHIMUI 110 OTHOIIEHUIO K JeJEeHNIO.

B osrom momuo yOeaurhesi, ecam ¢paBHUTH 9SHEPLUIO
HOOKOANErocA HCXOAHOrO SApa, Maccy KOTOpPOro MH 00o-
sHaunM uepe3 M,, ¢ dHeprumeil RovepHUX AKep, MAaCCH
KOTOPHX B HeBO3OYHICHHOM cecrofgHME o000sHAaYuM dYepes
M, M,, ... Paznocrp oTuX DHEpPruit pasHA:

AE =(M,— 2 M;) . (21.1)

Ira Bexpunna [86] oraspiBaerca MOJMOMUTENbHON mNA
BCOX HCXOJHLX fflep, aTOMHBIN HOMep KOTOPHX IPeBOC-
xomgar 110, ecam paccmarpmBaeTca paculeniieHne AApa
Ha J[BA [0YepHNX AJpa NpUMepHO pasHoii maceni, (Bo muo-

*) fismenue menenus syrep 6bu10 orkpeito I'anom n Hltpaccma-
Hom [83], Teopun menenns nocBaAmén pAx pagor H. Eopa[“]’ [86],
1. ®penrenn [85] np. B arom u caegyromem naparpadax msnaraior-
Cs1 OCHOBHBEIE Pe3yJIbTAaTh pa60Tm[86].
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rox caygaAx AE >0 npm peneHuum Agpa Ha TPH H jame
Goabmree wimcmo wacreii.)

Tarum obpasom raméiane fIpa OKAa3bIBAIOTCH OHEPIeTH-
YeCKU HEYCTONUYNBBIMH.

Hecmotpas na cBow DHEPIreTUYeCKYI0 HeYyCTOUYUBOCTS,
OHH, OJHAKO, HE PaCIEIIAITCA CAaMOLOPOU3BOJBHO € 3aMerT-
HOf BEPOATHOCTBHIO, TaK KAK ITOMY IPEeNATCTBYeT HAJINYNe
HOTeHLUaNIbHOro 0apbepa B IpPOCTPaHCTBE IIapaMeTpos,

u

Puc. 5.

xapaxrepusyomux fedopmManuio Apa; dTOT 6apbep OCKOIKK
ROJKHBL TIPOIiTH, mpekje 4eM OyJeT XOCTUTHYTO WX II0JHO®
OTfieJIeHIe,

Ecan CpaBHUBATEL ANPO C RUJIKOI KaIIel, yTo Mul OyneM
Razee neaarh, YTOOK HOJYUATH KAYECTBEHHYI) KAPTHHY IIPO-
Llecca IeIeHNsT, TO MOKHO CKa3aTh, UTO JleIeHNI0 AApa FOIKHA
IpeAIlecTBOBATE HEKOTOPAA ero medopMalusd, IpUuéM BHA-
qaje yseandenue meopMalllll COOPOBOATIAETCA Y BEIMUE~
Huem oHeprau siapa. MHrMuU caopamn, cciau Mu Gyaem rpadu-
9eCKU 1300pa:HaTh 3aBUCAMOCTD DTOIl BHEPTHH OT HEKOTOPOTO
IapaMerpa o, XapakTepusymouero negopManuio, KOTOPaf
Tpu CBOEM BO3pacTaHMM HMPUBONUT B KOHEUHOM CuéTe K Heje-
HOI0 Afpa, TO MH IIOJIYYUM KPUBYIO, CXeMaTHUeCKH usobpa-
MEHHYIO Ha puc. 5.

§ 21, MEXAHLCM JIEJIEHL A 13

3iech To4Ka @ uU300pasaer COCTOMIHC HCXOMHOIO Mare-
PHHCKOTO Afpa, a TOYKA [ COOTBCTCTBYCT TOMY COCTOAHMIO,
KOrja AApO pa3ICaMJIoch HA [BC YAacTH. JHEPrUA HAYATbHOTO
COCTOAHUA @& IIPEBOCXOAUT 9HCPTIHIO KOHNE4YHOI0 COCTOAHNA f
na AL—bdHepIruo, 0cBOGOKAAOIYIOCA NPH JIeNCHHH fHpa.
(Ora DHePTHA ICPEeXOAUT B KIHETUUCCKY IO YHEePIAI0 OCKOTKOB
i B YHEPIHIO - U {-M3JIyueHUs.)

HawanpHoe cocrofgHME COOTBETCTBYET MHHUMYMY 3HEp-
rum, T. €, ABIAETCA YCTOWYMBLIM, HO DTa YCTOWNYMBOCTH HMEET
MeCTO TOJMBbKO IO OTHOLIEHUIO K JedopMalusM, He IPeBOCXo-
HAIUM HeKoTopoTo npefena. Tar xar AL >0, o cocToannio f
coorBeTcTByer Oolee rayCoxmii MUHUMYM, OAHAKO IePeXOAy
n3 ¢ B f mpemATcTBYer, KaK BUAHO U3 PHCYHKA, IOTEHIMAIB-
nuit Gapbep (Bhicora Oapbepa Ha pucyHKe o0osHadeHa
aepes E). )

UroOm pexenue Mordo mpomsoiitd, HEOOXoAmMO NpenBa-
pUTEIBHO CO3Aarh TaKylo Aeopmanuio sAfpa, IPH KOTOPOi
noreHIuainbHasg dHepruA pedopMamum, T. €. dHEPTus BO3-
Oy:peHna sAfpa, Obura Obl 1o KpaifHeill Mepe paBHAa BBICOTE
aroro Gaphepa. dra medopMaluH Ha3bIBAETCH KPUTHYCCKOI,
a oTBeYAIOUlas eil 9HepTUA—KpUTHYECKOIl dHepIucii ReaeHus.

[epeiiném K onpefienesnIo BECOTH Oapbepa, NPeNnATCTBYI0-
mero AeJEHNIO AApa.

Mu Gymem, cormacuio Bopy, npoBofuTh KadecTBEHHYIO
AHAJOTHIO MERAY SAApPOM M HEC;KMMAaeMoif, paBHOMEPHO 3aps-
MeHUoil rulKoil Kameil, oOmamalollielf HEKOTOPHIM II0BEepX-
HOCTHREIM HaTsizreHuem O, JHeprum BO30OYIeHUA SMpa MEL
npunefiéM B cooTBercTBMe bHepruio AedopMaluu  TaKoi
Kariau, coBepuIaoumeii KouIcOanus noJ JelicTBueM CHl IoBepX-
HOCTHOI'O HATAMKEHHS M CHJI DIEKTPOCTATUICCKOLO OTTAIKM-
sauudA, Baaromapsi coBorynHoMY JeiiCTBUHIO DTHX CHI U CO-
3gaércA HoTeHIHaNbuklii 6apbep, BHICOTY KOTOPOTO MBI IIOMEI-
TaeMcH Telepb OIpeleauTh. )

PaceMoTpuM cnavana Manble AeopMarin KUAKOH Kanam.

[edopMupoBannas MOBepXHOCTE KAIUIM, KOTOPYIO pajau
OPOCTOTH GYTeM CUMTaTh TEIOM BpallleHus, o peleIAeTes ypas-
geneM F(U)= R[14 o, + a,P,(cosb) 4 agP,(cos ) + ...],
rfge r(f)—paauyc-BeKTop, NPOBEeACHHEIT U3 LEHTPa Kalin
I rouny ¢f TORepXHOCTM TIOX VIIoM (i OCH BpamiCHus,
I — mawansubiit paguye sapa, £ (€os U)—110JHHOMLI Je-

13 A. Axncaep
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RABAPA, %; —Manbie Ta]'aMCIbl, XaparTeprsyloume aedop-
mamo. B oro soipamscime we  nxomur waen  o,P, (cos 0),
coficlmammil nepephil nonnnoM Jleskangpa, Tak Kak 9TOT
qAeH CCOTBETCTBYET CMCHICHNIO WapGBOIl KAaInm Kak IIeao-
ro Oes mamenennst Gopmr *),

Horenmuaapnas oneprus  Ramiu, KoTopas CRIAM-
BAeTCH H3 HOBCPXHOCTHON 1 DJACKTPOCTATHYCCRON DHEPTIN,
Apagercs ynrnteit mapamerpor o dra GyURIIA B Ipo-
CT2UCTBE IIapaMeTpon &; n300paskacTCA ICROTOPOIE TTOBEpX -
nocrnio.  Ha  ameprermgecnoir MOBCPXIOCTH  COCTOSTHUS
NEXOJHOTO A H PA3ACHAUBILUXCA OCKONKOB usobpama-
0r¢A TOUYKAMH, JCHAIMME B HOTCINIRAJBHBIX (TOJUHAX Y
(Ha puc. D—TouRN @ 1 f). DU TOYKM pasEeNensl HOTER-
nuaibikiM Oaprepom. Touka mepesama ma «xpebres, pas-
feqsiiomieM 00¢ HOTCHHUANLHLE JIOJMHLI, ONpeedaeT KpH-
TAYECKY0  mAeopMaliio fSApa, 38 KOTOPOil MokeT Iocic-
JIOBAaTh CI'0 JleJCHUC.

Beigeunm mpesiie Bcero, KaxoBwnt YCHOBHA yCTONYNBO-
CTH KAIJIN 16 OTHOIICNu0 K MaawmMm jge@opmaumam. Onpe-
ACTUM JRJIST DTOT0 HNOTEHIMAJALIYI0 DHEPIrHIo Kamad ¢ Tov-
HOCTRIO K0 uieHoB of. Mommo IoKazarb, 4T0 B DTOM HEH-
Cauzsennn MOBEPXHOCTHAA W DICKTPOCTATHYCCKA ST sueprnd
peopMuponautioii Kanan pasnacrea [861:

ES-\' 5 =4n (7‘0/11/3)")‘ 0O x

X [1—}—%0(24» }' a;.i_..._{_wa:l.,’....].;*.

2(2n 4 1)
2 F{n—-1) -

LB (Zey
a [ I N VA

) 7‘0/]1/3

] (21.2)

I"jte O——-1{()0({)({1111111(*11'1‘ MOBOPXHOCTHONO HATHKCNUA Ranan
M Ze— 3apAan Anpa, pammyc KOToporo CcYHTacTeda PaBHEBIM
R=r,A's,

#) ot roro urelbl YOS UTECH 3 DTOM, HallmKM NGIAApHOe ypae~
HCHNE G epDl, TP Ionaras, uTo nadajo KooDinuat (Menieno OTHO-
CHTCABNO 1[eUTpa cephl na Mauani nerrop a@. B pertopHoit dopye
ypasHenne uvmeer bl r=R-a, 1:e¢ R—uoerrop, nponcéunbil u3
neHrpa  chepsl B Kanylo-apgo c¢é rtoury. Tak waw a £ R, ToO
r=V R+ ay~} R4 2Ra~1 (1+a cos 0)= R [1 -+a P,{cos 8)], uro
11 TpeGoBaloch LOKABATL.
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Kak u caepoBamo osumparb, pedopmaliua TPHBOAUT

K yBEJWYCHNIO NOBEPXHOCTHOW KM yMEHBIICHUI) DICKTPU-

geckoii sHepruu ramau. (OTKIOHeHME oT WapoobpasHocTH

OPABOANT K yBEJUYICHUIO NOBEPXHOCTH KAILIM, T. €. K yBe-

JNYeHNI0 HOBEPXHOCTHON 9HePIrun H K Pa3ABIKeHU0 33 pA-
J0B, T. €. K YMeHbIICHAIO JJIEKTPUYECKON dHEprau.)

Paccmorpum wosddunuent, crosmuit B (21.2) mepen al.
On umeer caenfyouuii Bu:
2 2

sz,omfs%{ TP

¢
41080 )

(21.3)

fleno, uro mns yeroituusoctn wanam HeoGxogumMo, 9TOOH
BHIpaskeHNne, crofimee B (QUIypPHHX CKoOKax, OEIIO II0JO-
MUTENBHEIM. OTO 3HaUmT, 4ro Z*/A mosnmHO OHTH MeHbIIe
HEKOTOPOTO IPEeieIbHOIO0 3HAYEHHUS, PABHOI'O

Z2
‘zT)r,pen. =10

hn Ord
3 e’

(21.4)

— e e

IIpn BEIIOJNIHEHUA DTOTO YCIOBAA 00eCIeunBaeICsA yCTOIi-
YMBOCTh TaK/Ke M IO OTHOIIeHMIO K gefopManudM THIA
P, (cosb), rge n=3, 4, ...

Tipu Z* | A=(Z° | A)ppex. ®anta sBiIsETCA HEYCTOHYU-
BOIl II0 OTHOWEHMI0 K OECKOHEYHO MAJHM HedopManuaM
tana  P,(cos 6) (cm. puc. 6, Ha HRoTopom mzobparnieHa
dopma ramiam AaA npocredmux gedopmanmit Tuma or (0) =
=oa,P,(cosl) mpn n=2, 3, 4).

dueprusa 4nri0 uMeeT HOPAJOR BEANYUHK AXEPHHX
suepruii. 1Tonaraa, uro 4nr20 &~ 1,4 - 107 eV, naiigém, uro
(Z*[A)upen. Onusro k 3mavenmio Z°[|A pusa ypamals6l,

Tarxum obpasoM tTaméanle AApa, KAK ypaw u TOpwmil,
HaxXoAATCH BOJAMBM TIpefesa yCTOYMBOCTH, YTO CBA3AHO
¢ MOYTM ITOJIHOH KOMIIeHCAUuelr NelicTBUA CUJI DOBEPXHO-
CTHOTO HATSIREHNA U CHJ DIEKTPOCTATMICCKOIO OTTAIKH-
BaHUA.

Ecan Z°/A <(Z*]|A)upen., T0 fApo OynaeT yCTONYUBEIM
0 OTHOLICHHIO K MaJuM fedopManusaM, OJHAKO, KaK YKC
00 3TOM TOBOPHMIOCH BHIIE, AOCTATOYHO OGoapmias HRedop-
Marig MpuBefér SApPO B COCTOAHHE HEYCTOWYHMBOIO PaBHO-

13*

\
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Becus. Jra Kputudeckaa fAedopmanua Gymer Tem Goabiue,
vem menpme Z2/A. Ha pme. 6 cxemarmyecku mn3obpameHa
KpuTAveckas (OpPMA Kamam B COCTOAHMU HEYCTOHTWBOTO
paBHOBecus NI TPEX pasuudHux 3Hadenuit Z*[A. Qopma
¢) orsegaer Z*/A, GmuskoMy K (Z*/A)ypen. Jaa MeHbIIEro
sHaveHus Z®|A MBI mOIyYHMM (I)OpMy tuna b) u, HaKOHeI,
npn Z=0—¢opMy a). B mocaennem caydae MH  umeeM,

") Yy o
Puc. 6. .

09eBUJI{O, JiBe CONpMKacaiomuecH cPephl, Macch KOTOPHX
PaBHEI IIOJIOBMHE MAcCCH HCXONHOI'O SAApa.

UroOm ompefieluTs KPHTHIECKYI0 DHEDPTUIO JeJIeHHA,
KOTOPYI0 MH oGosmauuM depes E;, HymHo sHate Qopmy
Kamau B COCTOAHMM HEYCTOHYMBOrO paBHOBCCHA. PaBHO-
BecHasg (opma Kamum JOJKHA HAaXOMUTBCA U3 ycaosus [87]

kO + ¢ = const.,

rpge k—wpuBn3Ha MOBepXHOCTH Kamid, O —IIOBEPXHOCT-
fi0e HATAMKeHHe H ¢ — IHOTeHINnasa 9JICKTPUYECKHX CHUL.

Tounoe pelneHume 3afaunm 0 HAXOMACHHU PABHOBECHOM
JopMH RaIIM HATAJKUBACTCA Ha 00JblIAE MaTeMaTUde-
CRAe TPYNHOCTH M HEe HYMRHO [ IIOJYKAYeCTBEHHOI'Q
paccMoTpernd. ME mocTynnM DO9T0MY CaeAyomuM o6pas3oM.

W3 coobpasennii pasaMepHOCTH BHAHO, YTO KPATHYECKYIO
oHepruio fenenus E; MOMHO IpefcTaBUTH B BHAe IPOU3-

L Ya
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BeleHHs  IIOBEPXHOCTHOW uHeprum, paBHoii 4rryd*/s0
HA HEKOTOpylo OespasMepHy0 (YHKIMI OT OTHOMIEHHSA

VA Z2
_— — T. €.
A /( A >npen.’

D— 2 A2 ._M ]
By= 4 4200f | g, |- (21.5)

Haittn ofmuit Bupg §yHKyun f(z) He mpemcTaBIASTCA
BOBMOMKHEIM, OJHAKO MOKHO HaiiTu f(r) B AByX M[pPeNeIb-
HHX cayyanx, Korjga ¢ < 1 m worpa 1—x < 1.

B mepsoM u3 9TuX CIy9aeB pOIb BIEKTPOCTATUICCKUX
cuyl 09eHb Maida. Mpl MoKeM I09TOMY CUMTATh, 9TO B BTOM
caygae opMa KAIIM B COCTOAHMW HEYCTOHINBOTO paBHO-
pecus MaJo OTIMIaeTcA OT Toif, Koropag wusobpaiena
na puc. 6,2) (nBe compuracamomuecs C{eps 010 BUHHON
MACCHI).

Eciam Oul 3apAf Kanam paBHAJNCA HYJI0, TO DHEPIUA
E; Gmua O mompocTy paBHA pafore, KOTOPYI0 HEOOXORUMO
mpou3BecTd IPOTHB CHI IOBEPXHOCTHOrO HAaTAMEHUA
IpHM pasjielleHUN KAl HA JIBe paBHHeE 7TacTu, T. ©.

E=2. 47:1"( 80—t 41150, Ze—>0. (21.6)

Ilpn maamumym 3apAfa MB  JOMAHE 1pubaBuaTh CIOAA
pasHOCTh YJIEKTPUYSCKUX HHEPruit KOHeYHOH B HAYAdb-
Holf KoHUrypanuit, KoTopasd paBHA:

()
POMY

(mepBHIit 9IeH NpPeACTaBIAeT €000l BIEKTPHUUECKYIO BHEp-

3 (Ze)?

> ( )1/3 T % Al

(21.6")

. ANY .
roo pasperéHHHXx cdep pamuyca r, (—2—> ® Bropoil wien

eCTh B3AWMHAA NOTCHHUATBHAA dHeprua oleux cep u
TpeTuit YieH — DIEKTPUIECKAA DHePrusA HCXORHOTO AAPA).
Nz (21.4), (21.6) H (21 6’) MEI IIOJIYyYHM IIpH

BLIIOJHEeHIIT YCIOBIA <<< ) crepylouuaii - pe-
npeg
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3yBTAT:
Z'A

f(2)=0,260—0,2152, o= — _ 1. (21.7)
<7>upen.

Onpemenum reneps f(x) pmia suavennii z, OGauskux
K eMHUIle, KOINA AAPO HAXORUTCH BOAM3M IIpejeaa
yeroiiuupoctn. B aToM caywae cocrosmme HeyCcTOHIuBOTO
PaBHOBECUA OCTHTACTCS IIPH MALIX ReOpManmuax.

Beune Mbr ompepeanan yme roanyio pueprulo Eg.p
B Caydae MaJIbIX AeQOopMAmuii ¢ TOYHOCTHIO JO UJICHOB @&f.
Hoa onpepeaenus E; proro npubmmmenns HegocTaTodno,
TaK Kar Bepamenue (21.2), pacemarpusaemoe kam yHEK-
nus &;, He uMeeT Makcumyma. MEl JI0JKRHB, 0YeBHHO,
yuecTh aHrapMOHUYHOCTH KoneOaruili ®anam, T. e. BBECTH
B BLIPAKEHNC 5 dHepruu (oaee BEHICOKHE CTENeHU Iapa-
MCTPOB o;. 3BBe;IéM B paccMOTpeHWe YJEeHH, IPOIIOpPIHO-
HAIBHBIC &, W ®,, M, KPOMC TOI0, WNeH, HPCHOPIAOHAINL-
HEBLE @0, KOTCOPHT YYNTHBAaeT CBA3H MeEay KomebanuaMn
TATOB =2 n n=b4.

C yuérom srux wienos Eg, ; umcer caenyomnii suy 361

. 2 116 101 2
. 2 2 2 3
ES+.E = 47"'00‘4 /8 [‘5 a2 —10—5— az—*——ﬁ OL;+ —3‘5 0L214 + ai] e

3 (Ze) [1 ,, 66 . 58 , 8 5
VT — 2
5 poalls [ 5 % g0y %t g o+ g deat g “4]

Wceromast oueprun E; onpenmensierca, ovesumno, TouROii
IepeBata Ha moBepxmHocTd, wusobpamatomeii Eg.p rax
yHEIUIO o,, @y, ... B IpoCTpAHCTBC HTUX HAPAMETPOER.

' Aaa maxompenus F; caepyer chagasna maiitn MIHAMYM
Eg g 110 oTHOMmMEHHIO K TIepeMeH1oi o, (1Ipu ITOCTOAHHOM 4.,)
N 3aTeM MAaKCHMYM IOJYYEeHHOI'O BLIDAMKeHNS, SBJIAIO-
meroca QyHrmueil TombKo «,. MomHO NORA3aTh, 9YTO E;
BuIpazkaeTca caefylomeil gopmymoir [46];

. , 98 . 1
E; = brri42h0 {Bg(i—x) oo} (21.8)

[ueBBIMCA KB wXeHB B QHPYPHIX cKOOKAX cofiepmar
Oonee Bolcokue crenenu (1-—ux)].

§ 21, MEXAH M JUSJLE TS 406
Tarkam oGpaszoM, ccan 1-—x & 1, o
98
x — (1 —2x)% 21.9
f(2) ~ = (1—a) (21.9)

Manreprmoaupysa pesyavtaret (21.7) m (21.9), Bop u
Yunep ¢rpoAT KPHBYIO, IO KOTOPOI MOMHO IHPHOIMIKE MHO

— [/ J 5
e }

0,Z>[

™/ = £, fat R0

S
~
T
~

a ol

Pnc, 7.

uaxopurs E; paa mpovemyrotnmx  spavemnii x. Ux
PEe3YABTATHL IPeficTABICHL Ha puc. 7.

Caepyer momgepyiryTh, uTO TAKAA HATCPIONAINA HMOET
TOILKO KAYeCTBEHNHIII Xaparrep, TAK KAR B JCiicTBUTCIb-
FOCTH BOAMUMHA ¥ JATA AACD YPAHA M TODHS He O0Yelb
onnsra K egmunne. (Ilocaemiuece 06CTOATEARCTRO  CBHAZAHO
¢ TeM, YTO WpUTHICCKAA HCQOPMATIAST, INMBOJAIIAS DT
AApa K AEICHHIO, He ABIACTCA MAJIOii.)

Bemmanna omeprum E; pas cocranumoro appa U276,
DONMYUAomEroca B Pe3yAbTATC 3aXBaTa HeEATpPOHA AAPOM
U23%, pasuserca mpamepuo 53 MeV, B 10 BpemMsa max
juig cocrasuoro aapa U9 E; ~ 6 McV.

Coranacuo [8¢) pueprma ceasm ueiirpoma E, mna pas-
JUTHBX AReP, CIOCOOHLIX  JICAHTHCA, IHMCET CICAYIONHe
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3HAYEHUA:
E,(U?%) ~ 6,4MeV;  E,(U?%) a5,4 MeV;
E,(U%%) ~ 5,2McV; E, (Th?33) ~ 5,2 McV;
E, (Pa%?) ~ 5,4 MeV.

Bricora 6apvepa F; Tomsko aas amep U238, U235 menp-
II¢ cooTBeTcTBYIOWUX 3HadYenuii F,, mostomy appa UM
n U?35 cnocoGust mesuThes IIOR ACHCTBHICM TCILIOBHIX HEii-
TporoB. fxpa U?3% mMoryr meaurscsa TOMBKO IOX  flelict-
BHEM OBICTDPHIX HCITPOHOB, 9HepruA KOTOPHIX JOJKHA
60TE = 1 MeV.

JamernM, Wro Gaaromaps KBAHTOBOMEXaHIYECKOMY
TYHHEABHOMY 9(eKTy BO3MOMHO TaKKe JejeHHe AApa,
HaxXOnAMEerocss B OCHOBHOM (HeBO36ymnéHHOM) COCTOSTHUN .
BepoaTHoCTh TAKOTO CIHOHTAHHOTO [CJHGHHSA MOSKOT OHTH
ONCHEHA, €CJIM BOCIOMB3OBATBCA U3BECTHOR dopMmyoii,
onpepessiomeii mpospausocts Gaprepa (cv. 20.2).

B mamHOM ciydae eé cacfyer samacaTsh B BHAe

P =exp {—.iiz ‘/2{E5+E(a) ~E) S m; (f‘.ﬁ)zdal )
h i 4 i l da JO
(21.10)

rre Eg,p(2) —HOoTenuuansHas dHeprus AApa, 3aBUCAMAA
OT HEKOTOPOI'O IapaMmerpa o, xapakrepusyiomero jgedop-
mauumio saxppa, E,— nawaubnas osueprns agpa, m; — Maccs
HACPHKX YACTHI], &;-—HUX KOOPIMHATH.

UnrerpupoBanne cosepmaeTcAd B ITPOCTPAHCTBE Iapa-
METPOB &; BJOIB JUHUM (CROPEHIICI0 CIYCKa», IPOXOIA-
meil gepes TOYKY IepeBasa, KOTOpAsg, KAK yKashlBaJloch
BLIIe, OTBeYaer wpuraucckoli pedopmamun. Havaabuas
TOYKA IIyTH HITETDHPOBAUIS COOTBCTCTBYET DPaBHOBECLOMY
COCTOANMIO WCXOMAHOTO AApPa; KOHEYHAA TOYKA — Paso-
IEIIMCH OCKOTKaM. Broas nyrtn mHTerprposanug woop-
AUHATLI  YACTHL CJCAYeT CUHTATL QYARMUAMH 8-
meTpa o. B ToM cayuae, KOrja HMCETCA TOIBKO OfiHa
Jacruna, sra Qopmyxa mepexoxur B dopmyay (20.2) mas
Ipo3paviIocT dapeepa.

521, MEXAHIUM JEJEHI A 901

HeoGxomimo moguepkruyTs, 4T0 B HavecTBe Ec, 5 Heanas
oNb30BaATLCA BupamenneM (21.2), cunpaBefanBeIM B TOM
Cayuae, KOFJa Kallisd cOBepIlaeT Majdule Koaelalus, Tax
KAK B HEHCTBUTENLHOCTH MBI HMECM JICJIO ¢ OOJBUINMII
megopManmAMu  AAPa (UCHOIB30BAHHE BHPAKEHMA {21.2)
B Kauccrse FLg p(x) npupogur K mepmomy 1oJIy pacraja
Afep ypana, pasHomy npuaMepuo 1 uacy [38]),

flcno, wro BepoaTHOCTH HpOXOMmmEHHA uepes Gapsep
Oymer ouens Mamoii u3-3a G0MbMION BEIUYNHE MACC 0CKOJ-
xoB. Momuo omennts nokasarenrs B Qopmyme (21.10)

OpubamKé Ao KaK ]/2ME,% , rae M —wmacca Agpa; no-

aavad o~ 107%° cu, Mpr momyuum BpeMs RH3HM ypana
TI0 OTHOIICHUIO K CHOHTANHOMY PACHAfy paBHHIM t; ~ 102*
aer.  CoraracHo  DKCHepAMCHTAIBHBIM — HaHHBIM  [89] TR
~ 10** — 10" xer.

Boabmoe 3nadenume BeamuumHE! T; HOKA3BIBACT, 4TO
CIOHTAHHOC JeJeHue IPAKTUYeCKH He OKA3LIBACT HAKAKOTO
BIMAHUA Ha yCTOiumBOCTH cymecTByomux sxep. Opmaxo,
TAK Kak ¢ yseanweumneMm Z°/A seamumua 74 OhieTpo mapaer,
CHONTAHHOC [eTeHIe MOKeT OWTh OTBETCTBCHHO 3a OTCYTCT-
BAE B IPHUPOJE HEROTOPHX TRAHCYPAHOBHX HJICMEHTOB.

Ilpusensm B 3awiaioucHme aroro maparpada 3maueHEs
oueprum AE, Beflensiomeiics Upnm ACHeHUM pPasdudaHOrO
pona aAmepls6l,

JHEPrus, BHy(e- Duepr“nﬂ, PHIAC-
i Ipoxy wrer areman mpu | UICMAA PR 1o~
Ucexoanoe agpo ) Rone creAyIoneM

ACHCHHA MeV pacHajge ocKod-
B Me KOB
2sNi®t LaSiro —11 2
so5n1t? o5 M 5889 10 12
s Ir187 2 SCs8 a4 13

52 Ph206 4 Netodsno 120 32 ‘/

9, U2%® sePdetzo 200 M

B mocaegmem croadme ywasa s 3daucius dHepruu,
0CBOGOIRAAOMICIICT B Pe3Y. T6TATC TI0C.TC/AY IOULIX 3-pacmapgos
OCHOTKOB JeJIeiilid,
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Mu BupaM, uto OCBOOOMKIAIONIAACA IIpU ACJICHUU SIADA
ypaHa aHepras coctaBager owoxo 200 MeV (E; pia
ypata~ 6 MeV).

3amernm, uro, corsacuo pacuéram (561 mpm pacmenne-
HUM AJPA ypama Ha TP IPUMEPHO PABHBIC YAaCTH J0.JHHA
Bugeanthesa sueprag  oromo 210 MeV, 4ro meckoasko
NPeBHIITIAET HHEPTHUI0, BBCIACMYI0 TpU  JexcLud  1ia
ABe MAcTH.

Paspesenme ypama Ha 9eTBIPDC YacTH JIOJKHO IIPIBO-
aute K BrRIgeacinnio saeprun 150 MeV. (Pasjexennc cra-
HOBUTCSA HIJOTEPMHYCCKAM, €CIM YHCN0 JOYCPHUX spep
paBuo 15.)

Jlexcnue Amep ypawa Ha TPH H dersipe uacti nabmio-
JAN0Ch DKCIOCPUMCHTANBHO, IpHuYéM OBIIO0 YCTAHOBICIO,
B COOTBETCTBUHM C TEOPETHIECKUMU pacyéTamu, UTO Biep-
rust, BLIACASIONIAACA IPH JEJICGHUH HA TPU YacTH, IIPEBHI-
Haer DYHEPruio, BHACHAONIYIOCA IIpH JelJeHHH Ha JBC
wacru [119],

§ 22. Bepoarnocts fAeaenus. fmpo, oueprms po3ly-
JAMeHns KOTOPOro IpeBocxoant Ly, ne 06A3aTeabHO JOMHKHO
HOABeprHYTHCA Jeaennio. Moo Jump crasars, 170 Oyjget
MeTh MECTO KOHRY PeHI[UA MY Pa3IUdabIMU IPOLECcCaMi,
MOTYIUMU IIPUBECTH K pacmajy cocrasuoro spapa. Hau-
Gomee BaMHBIMH U3 HUX, IIOMAMO JICICHUA, SIBIAIOTCH
uCHycKaHWe HEMTpoHa M BMUcCUA Y-KBAHTA.

Bop [54] ormeuaer, yT0 B TO BpeMA, KaK BBUICT YaCTHILLI
CBA3AH ¢ KOHIeHTpanmeii sHeprunm  Bo30yKACHHA AP,
paclpefle8HHOIl BHAYANE MEKAY MHOTMMHU  4uCTHIAMU
i nMelomell XapaKTep TEIJIOBOM HHepT U, 1A OFHOIl nacTuLe,
HAXOAANCHCA y MOBCPXHOCTH AApA, AeJCHEe SAApa CBA3ANO
¢ IepexojioM YacTW BHTOH BHEPTHH B  IOTCHIHAIBHY O
pHepruio medopMannn sapa, AOCTATOYNON A TOro, UTo0bH!
HPUBCCTH K JCJICHIIO.

CpaBHuM McsmAy oGOl YaCTHTIHE WMPHHLL COCTABHOLO
A7pa IO OTHONLICHII K ACICHII0, BRUICTY HCHTPORA M RCIY -
CHAHMIO Y-KBAUTA.

ITowancem mpesxsfic Beero, KAwMM o0pa3oM MOJKHO  Offe-
HNTh YACTHMHYIO WMUPHHY MO OTHOmICHu0 K jgeacinuo Iy
O003H3YUM YLCJ0 COCTOAHIIL COCTABHOrO SIAPA € direprirell
po30ymaenun mempy L u E4dE uepes p(£) dE.
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PaccMoTpum coBoKymHOCTH Aflep, 9Heprus Bo30ymacHHA
koropux deskur memny £ u E-+dE. Ilycrs o6mee umcao
Anep pasHAercd p(E)dE, Tak uTo B KamAoM COCTOSHUM
HaxojuTes 0O ofHoMy sAapy. s sToro umcaa B epmuumy

BpeMeHH IOXBEpraercsa pedeHur Bcero p(E) dE%’— fanep.

Paccmorpum  caoit  TommumHN dz, OpHEHTHpPOBAHHIL
OCPHEHAURYIAPHO K HANPAaBIEHHI0, B KOTOPOM IIpOHCXO-
UT ReNeHue, M PACHONOAEHHEH B TOM MecTe, IJie B Afpe
00pasyeTcAa (Ieiika», NPeRuecTBYOMAA JCJTeHUIO.

OrmecéHHOE K 9TOMY €a010 00U[Ce .YMCIO KBAHTOBHIX
COCTOSHUI COCTaBHOTO fAApa, HAXOAALIEIOCH B ICPEXOJHOM
COCTOSTHUM, HENOCPeACTBeHHO MPEJIeCTBYIIeM eIeHuIo,
MOZKHO TIPEACTAaBUTH B BHUJC

dpda
a7 * (E—E;—K) dE,

rpe K m p—»sHeprug M MMIyasnc, KOTOpHe Npuobperamor
IpH pasnéTe OCKOJIKH HedeHWA (Beamauunl K m p 3aniaio-
yensl B nHTepBanax dK m dp), p* —maorHOCTL TEX ypOB-
Hell COCTAaBHOTO AAPA B IEPEXOJHOM COCTOSHHHN, KOTOPHE
BOBHMKAIOT OT BO30Y#UICHNA He CBABAHHHX ¢ JENeHUCM
creneneit cBoOOjH AApa. (Dmeprus BosOy:MAEHUA DTUX
cTeIeHell  CBOGOABI B  IEPEeXONHOM COCTOAHUM pPaBHA
E—E;— K; ara 9Heprusa n sABIAETCA apPryMeHTOM (@yHK-
nun p*.) Hawonen, dpda/2nfi — 4nciao KBAHTOBEIX COCTOA-
nuit B mHTepBa’ax dp u do IepeMEGHHHX p H . OTH
COCTOSIHHA CBASAHBI € IEPeMEHHOII, KoTopas ompejeader
neopManuIo, MPUBOXAMYIO K AENEHHIO AIpa.

Hockonpky BHAYANE B Ka'RIOM KBAHTOBOM COCTOSHUN
IIAXOAWIOCh IO OfHOMY Anpy, ofmee d9mciao HKeldeHHit
B eMUHUIY BPEMCHU PaBHO:

vdp :
da !
rae v =EE — OTHOCUTEJbHAA CKOPOCTH OCKOJIKOB. BaMeqaﬂ,

ut0 v dp=dK, MOBHO IepelncaTs 9TO BHPAaKeHNE B BHJE

p dE
dE \ Z2F o* (B -- Bj— K)= 5 N*(E—E)),

2nh
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rae N* (E — E;)— oGmee umca0 ypoBHeH COCTABHOTO ANDPA
B MePEeXOMHOM COCTOAHME ¢ DHeprmeff Bo3bymjenas, Iic
IpeBOCXOAmeil E —E;.
I[lpnpaBHABasd IOIYUCHHOe BHPAKEHHE HANISHHOMY
E)dE
paHee WHCIY JeTEHMIl B CIUHNIY BpeMeRN P—(—h)—-— Iy, moxy-

9nM cJaefyiouniee BRIpa#icHEEe Mg IIRPAHB OeldeHnsa Ffl

N*(E—E;) 1
re D —cpeamee paccTOAHME Mey COCOJHAMH yPOBHAMU
COCTABHOTO AApPa ¢ DHEPTHElt BO30YRACHUA, pasmoit .

Ecmn E < E;, 10 I} = 0. Ecin E —E;~¢, THe e —pac-
CTGAHMe Meik[y HANHN3MIAMEA yPOBHAMO COCTABHOTO ANPA
B IepexofHoM cocrosHum, To N* ~1, u dopmyaa (22.1)
naer: .

\ D

BrachauM, Kak BeféT cebsa Iy mpu BO3pacTaHUU IHEP-
run Bo3bymuenna E.

HamoMHuUM @11 TOr0, 9TO INIOTHOCTH YPOBHEH Anpa
nponopruonaibia eSE) (cm. § 10), Tae S (E)—osHTpomus
cocrasuoro siapa. llomaras S =a)/ E, rae a— Hekoropas
KOHCTAHTA, IOJXYUYAM:

I‘j ~ e u(VE—Ef—VE)

(mpefpKRCIIOHOHITNAIbHBIT MHOKUTENb 37ech HE BHIIACAH).
Taxum obpasoM, Haumuaa ¢ E = E; Bemmumsa I'; cuabHO,
IOYTH DKCIONEHIUANLHO, BO3pacraeT ¢ ybeiamuenumeM FE.

PaccmMoTpmEM Teliepb BepOATHOCTH MCIYCKAHUA Y-KBaH-
Ta n sMumccum Heiirpowa. UYUrto kKacaeTcAd paXUATUOHHOM
mopurnt Iy, TO, Kak M 3HaeM, y OOBYHHX sfep
I'y ~ 0,16V, mnpmuém »ra mmpuHa HOYTH IOCTOAHHA
B GOJBIIOM MHTEpPBaie SHEPIHH.

MossHo TpemoiaraTh, 4T0 y ffep, MOTyHmAX JReJuTh-
ci, Iy —T0T0 7Ke MOPAAKA BENWYHHH, 4T0 H Y OOBIUHEBIX
apep. JlelicTBuTes b0, W3 BeeX cremeHeit cBoGoAsl AApa,
¢TI0C0BHOTO ACINTHCA, TOTHKO OJIA CTONeHL, OTBEYAIONIA
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roxebanuio tnna P, (cos ) (cM. Beme), ofragaer aHOMATb-
HEIMI CBOIicTBAME — GOABIIO aMIuTy0ii KomeOaHuil Tpm
CPaBHATENBHO Mauoif snepruy Bo3Oy:mnenns. Ograko U3y~
UeHHe, CBA3AHHOE ¢ HTOIl CTeNCHBI0 CBOGOABI, MAa0 BBUAY
MaJIoCTH 9acToT Kogaebarmit, ’

Urax, npn E—E; > e I, 1.

Caepyer, ogmako, yanmTnBaTh, 4TO IpH E—Ej~e~
~ 0,5 M?V*) I'y~ 0,11, T. e. ceuennme paguannoOHHOro 3a-
XBaTa HeliTpoHa ToAbKO npuMepno B 10 pas Membime ceue-
HIA J[eIeHNA.

Heitrponsas mmpnna 1, nmdrommo Mana Ipm oucHs
Mannx 3uavdenusnx E—FE,(E, —osueprua cessn HeifTpona).
Has pocrarodno maamx 3nadenuit E —E, peanuuna I'
NPAKTAYECKN CBOAUTCH K I'),— wacTuunoit mmpuie 1o or
HOWIEHUIO K IpOLeccy, IPH KOTOPOM BELIETaeT HefiTpon
a ocraimeecHs AALO HAXOAUTCH B OCHOBHOM coeToaRuN.
Iipm  Bospacranum oneprum BosGyayienns FE, nauumnas
¢ E=E,, Benuunna 1, CHIBHO BO3pAcCTaeT U OYEHD CKROPO
craHosurcsa Goabwe I',,. JleiicTBurensno, ecau E>E
T0 I‘,,=%]I‘n3, TJle CyMMHPOBaHHE IIPOUBBORUTCH 110 co-

crogHusAM B ocTampmeroca 1mocie BHLIeTa HGﬁTpOH& agpa.
HOC.TIGJJ,'HIOIO CyMMY MOKHO IIPEHCTABUTH B BHUC

Po=\Tusf (B~ E,—K)dK,

rje p— INIOTHOCTh YPOBHEl A7pa, 0CTAIOMETOCH IOCHE BhHI-
J}Ige'ra HeliTpona, K —mnmerndeckas sHeprus Helirpowa.
BIHOCA 33 3HAK MHTErpaja HEKOTOPOE cpefHee 3HAUCHUE

I'yp, KOTOpOoe MBI 0Gosmagum wepes l,p, TIOJIy UnM:
Iy=1wp N(E—-E,),

rge N —ofmee wucmo yposHeil ocTamouerocs sgpa ¢ pHEP-
rueit BosOysmenus, menbuieit ueM E — E,.

Ilpepmonaraa, uro E—E,= 1 MeV, MmomHO cunmTarh
KOoQOUIUMEHT NPMINTIAaHUA HelTPOHOB { paBHEIM eguHUIle.
IIpn srom, war GBro mowasamo B § 11, cpexHee smauenue

* .
)Mo&mo CIMTATD, TO € COBIANACT 1O 1OPAIKY BeIMYMHLI
C COOTBETCTBYIOWCH BeJM'moi 1ia oOBlUILX sie). :
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mnpuns I'np [0 NOPAAKY Bexmumeki pasno D/2=, rpue
D —cpenHee paccTOAHME MCHAY COCETHHMH Y POBHAMU
coctaBroro Appa. IllosTomy

Ty~ oo N (E—E,). (22.2)

™

Cpasuenue sroit fopmyast ¢ dopmymoit (22.1) pmus 1y
[MOKa3mBaeT, uTo Ipn Bospactanuu £, naunnag ¢ E=FE,, I',
ORCTPO, MOYTH HKCIOHEHIUATBHO, 103PACTaeT ¢ dHepTHen.

Taxum 06pasoM ME MOKCM CHACIAThH CJaeJyIOUIHe BBIBO-
mu. Ecam smeprumst Bo30ymaeHms cocraBHOro sppa L
Menpllle WM TOTO ke HOPAAKA BeIMUYNHH, 4ro m £j, To
I'y~0. WUsnyuenue mnpu 9T0M TOpPaBHO Gosee BEpPOATHO,
aem pemenue. Ilpm yseandeHmn DHePrum BO3OYIRACHHUA,
wHaunuasg ¢ dHepruu B = F;, wacruumas MmMHUPUHA IO OTHO-
uleHnio ¥ pesaenuio 'y OeicTpo BO3pacTaerT H OYEHB CKOPO
craHosuTcs Gompme I'y.

IIpu mocTaTouno GoublIux HHEPIUAX BO3OYIRACHUST UBJILY-
qeHHe MOKHO BOBCe HE YUUTHIBATH, TAaK 3TO OCHOBHBIMU
1IpoTIeccaMn, BeyMUMI K PACHafy cOCTaBHOTO AApa, GymyT
Aenenme U dMuCCHA HelTpoHa. MomHO IpeanosaraTh, 4ro
acumuToTHaeckoe moseferue 'y u I'y npu B> B, uE > E;
IPIMEPHO OAMIAKOBO, TAK KAaK Ipu GOABIIMX BHCPIMAX
BO30yMICHUA TeMIIepaTypa sAJpa HaCTONbKO BeJUKa, 4TO
pKemoHeHUuaabunie Gaxroper B 1'; um 1), 1o MOpARRY Besu-
upHB paBHM efmEMIle u pasamume B I, m I'; o0ycaosmau-
BaeTcd pasimuueM NPEAPKCIIOHCHIUANBHEX MHORUTENeH,
KOTOpHIe SABJIAIOTCS MEUICHHO MCHAOMmMUCH QyHRIUAMU
sHepruHN BO3OYACHUA.

Orcroga BRAHO, 9T0 IpH OOJABIINX DHCPruAx BosOy-
wennss o6a mporecca MOTYT UIPATh NPHMCPHO OIMHAKOBY 10
POk,

Caepyer OTMETHTBH, 9TO €CJIH DHePrus BO3OYMmHeHH:d
npesocxopur cymmy Ey-FE,, TO couenue JeNCHUA BO3PA-
craer OGrarojaps cicpytomemy mpomeccyl?'l,

Ciabio BO3OYEASHHOE COCTaBHOC AApO, obpasyiomeecsd
fmaromaps CIMAHUI0 MCXOQHOIO fAipa ¢ ObicTphiM Heiirpo-
HOM, MOKET MOJBEPTHYThCHA Hescumio ano cpasy, anbo
[mocae BBHIICTa HEUTPOHA, €CJU TOJABKO dHEPIud BO3OymC-
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HIA OCTAIOICTOCA NP HTOM AApa NPEBOCXOAUT XapaKTep-
HyKI)IIUm 9TOTO SANPd SHCPTUIO JEJCHUSA.

. puscnem gopmynrnt, onpegeasomune sdderTunnoe Ce-
gm‘(i neaenns. Ilycrs BoaGysspenne cocrapnoro Axpa
CO3MACTCA B pPe3yabTaTe 3aXBaTa HEHTPOHA.

Pacemorpum cnawazma tor Cay4Jaii, KOTla DHEPrudg Hel-
Tpona uesknT BHe Temropoit obmacru. (O ceweHusx B Te-
11310 BOIE obamacru ¢M. caenyommit maparpad.)

Ecun CYMECTBEHHYIO POMTb HIPACT TONBKO ONUH YPOBEHD
¢ ®Heprueii E,., 10 cevenne mexenns o; BEIDAsRAETCA peso-
HaHCHOU (opMyaoii
2J +1 Unol's

—— 2
="K Ty @ D

. (h> R), (22.3
BB+ #25)

rae E — sneprus magaomero HeiTpona, X — JANHA BOJIHBI
LI, A i

}—'IOI/ITpOHa, ! wI,—{—I“,,—{—I'Y——HOJIHaH mMUPUHA ypOBHA,
§— CIMH HEeUTPOHa, ¢ u J— yraoBsle MOMEHTH HCXOZHOTO
U COCTABHOIO SREp.

Ilpu saxsate Mc i E

% are MCRJIeHHOro Helitpona I', ~ ]/E, odTOMY

oj~ - (v~ cKOpOCTH HeiiTpona).

Ceuenme pefinalmoHKOTO 3aXPaTa B DTUX e ycaosuax
UMECT BB
, 2J -1 Iyl

(25 7 1) (20 -1 e
U R

g, = %K

k> R, (22.4)

Kenn saxparnipaercs Mefiennmii meiitpon u npu 5TOM
COCTOAMMNC COCTABHOTO AMPA NOMAXAET B 00I4CTL MepeRpH-
Baomuxea yposueir ('~ D), 10 ycpepnéunce cewenme
Reacuns onpepeaserces obmeir opmynoir (11.7)

51—"*‘-2“2%2571"&”,’1*;19 g‘( 1, ecan (=0,

T (22.5)

5 ecan ¢ > 0.
(Mil BOCIIONTB30BAJIICE OpPU  BTOM TeM 00CTOATETBCTROM,

~ N "
4TO OpOHTA/IBHBII MOMEHT HeliTpoHa [ = 0, mosromy J = ij;}—,
2

. 1 .
ecnt 140, u J==, ccan L:O.)
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Vepennéanoe ceycHue pajualuOHHOTO 3aXBaTa B JTUX
sRC YCAOBUAX ONPCACAACTCH POPMY N0t

F’nOF b ':
g :27;2}\2g_w‘£_, rjue g! 1, ecmu ¢ O, (226)

r
1 .
{ 5 » ecan >0,

Lean plesenne BO3MOIKIO Yie ICH AeflcTBIEM TeNIOBHIX
He{iTPOHOB, TO MHpUHA AedeHns Beerga Ooabuie pagua-
MUOHNON MUpHHH u IoJuasgs mupuHa [’ mpakTuieckH cos-
nagaer ¢ mupunoit mesenus LY.

B ToMm cayuae, Korja IIMPHHA JCACHHUS MCHBIIC pac-
croAHus Mesmuy yposuamm D, B Xofie cededus JleiieHus
¢ uW3MeHcHUEM HHeprun HeliTpoma Moryt HabaogaThbes
pesonancusie ddQerTni. Lean se I, > D, 1o ceueunsa pe-
JeHHd W PAJUNANUOHHOIO B3axBara OyAyT MOHOTOHHHMHU
QYHROUAMYN SHEPruy HeHTPOHA.

Cpeamee ceuemne pjexennuss, onpefeasemoe GopMmyioi
(22.5), Gymer pasno mpu orom (I'XT')):

oy =tk L0 = et (22.7)

rpe { — BepOATHOCTH NPUIUIAHRA HeiITpoHa. 3aMeTuM, 410
ceuenme o; IOYTH COBIIAJIAET ¢ CCUCHUCM obpasoBanusa
cocTaBHOrO fApa, Tak Kak I'; Gamsko r I. Cpennee ceve-
HUC PagMANUOHIION0 3aXBaTa I AKCP, MOTYUINX CINTHCA
moj jCHCTBHCM TEIIOBLIX ICMTPOIIOB, OLpeleanercd dop-
My 011

Tpel', ~ r

o R o (22.8)

OGa smpamenus (22.7), (22.8) mna o u o, copasen-
JIMBHL BIJIOTH A0 TAKUX BUEPI'Hi, IpPU KOTOPHIX HAYMHAET
UIpaTh poap HeyHpyroe paccesmnc neiiTponos (~ 1 MeV).
Ipn aueprum meiitpona £~ 10° ¢V o; orasmsacres mo Ho-
pAARy pesauunnsi paHeM 107 em*, ecam cuurars, UTO
koo@Qurnenr mpuannanna s oueprin IF~ 10°%eV papet
tptsepuo 1/3.

pawt

-
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B cayuae 3axBara Owictporo Heiirpona (% < R) ceuenme
feieHusl o5 ompefeasieTcss opMyaoi

~e R (22.9)

© r

f

3aMernM, 4To, HOMUMO HEHTPOHOB, IeleHRe MOI'yT BEI3HL-
BAaTh TaKke AEMTPOHBI, IPOTOHBI, Y-Ay4YH W ApYrue IacTuilbl,
eclIH OHH 007afaloT MOCTATOYHO 00JIbIIOL DHeprueif, 4To0LI
co3faTh Hymmoe Bo3Oympenme spmpa [, 1%

Uro kacaeTcA HeWTPOHOB, TO clefiyer HMerb B BUAY,
4TO OHHU JOIKHEl IMETh BO3MOJKHOCTD LIGIUKOM IPOHMKHYTh
B safpo. Heittpon, B3aXBaThiBaeMblii ANpPOM B pe3yJabTarTe
MCCOLUAlUT MeJIeHHOTo feiiTpoHa B Ioje Afpa (mpouecc
Onnenreiivepa-Ouinnmca), 0OKa3bBAeICA HECHOCOOHBIM BEL-
3BaTh AeJCHNe, TAK KaK BO3HAKRAIONIEE IIPH 9TOM Bo30y /IeHu e
AApa MeHplIe KPUTHYECKON SHEPIUM JeTeHUA Ep 0,

§ 23. Wennasn peaxnms. Ilpn genennn Tamerbix Afep HOR
ReltcTBUEM HEHTPOHOB, IOMUMO AJICP-OCKOIKOB, MCIYCKAlOTCH
BTOpUYHbIE OLICTPBIE HEHTPOHBI, KOTOpbIE, B CBOIO 04CPEAb,
CIIOCOOHE! BHI3BIBATH AlejIeHUe Afiep. OTH HeHUTPOHBl pacnpe-
JleTTeHHl 0 DHeprusM HeNPephiBHO, IPUYEM 0CHOBHAA Macca
HeHTPOHOB MMeeT BHEPTUIOo oKoilo 1—2 MeV (marcmMaabHAsS
pHepIHs HeliTpoHoB cocrasisier oxoio 10 MeV).

TaxuM 00pasdoM IMOABIACTCA BOBMOAHOCTE  OCYIECTBIIC
Hus TenHoit agepHoit pearumi. s Toro yTo0R TaKas pear-
UA IPOUCXORMIA, HeoOXOMUMO BHIIONHEHNe PHAAa yCIoBUiL,
K PAacCMOTPEHMIO KOTOPHIX Mbl TCICPh ITepeiaicM.

PaceMoTpuM CcHagaia IPOCTeHImil CTydait GCeCROHEYHOM
MyJIBTRIIANEPYIONIell CUCTeMBI, KOT/IA BEllecTBo, A/pa KOTo-
pOro CHOCOOHEI AeIUThCs, 3aHUMAeT GecKoOHEYHOe ITPOCTPaH-
¢TBo. B Tagmx c;mcreMax MOJKHO He HHTEPCCOBATBCH IoTepelt
HeHTpoHOB, UMeIoMeii MecTo B cucTeMaX KOHEYHLIX pa3MepoB
I IpouMcXoAslleil m3-3a nudysum HeEHTPOHOB B OKPY-
FKAIOIIEE ITPOCTPAHCTBO.

IIycTs B COCTAB MYJBTHINIANMpYIOIeH CACTCMEI BXOMAT
TOJIBKO AXpa TAMREIBIX BIEMEHTOB, MOTYIUX AeIUTHCH TIOR
netictueM meiirpoHoB. OGo3maunmM depe3 v Cpefince HHCIO
HeHTpoHOB, BO3HMKAKMNX IPH OAHOM aKIC JeJCHNA Anpa.
Iljy cToOIKHOBEHNN TAKUX HeHTPOHOB C ANPAIMHU nanbouec
GepoATHLI IPOTecch AeJeHUS M HEYIPYIOro paccesfinuf Heii-

14 A, Axueaep
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TPOHOB (pafManUOHHEI] BaXBaT OBICTPBIX HEATPOHOB Mal, HO
BCE Ke IPOUCXOJHUT ¢ B3aMeTHOIl BEPOATHOCTHIO).

Ecnn meyupyroe paccesmme wmaao, to mus NPOTEKAHUA
nemHo# peakuum HeoOxcHAuMo, uroln v 6nno Gonplme emu-
HULHL,

ITO ¥Ke YCIOBHE AOIIKHO BHINOJHATLCS Takme W B TOM
caydae, KoIJla Heyupyroe paccesaune HeHTPoHOB He MaJo,
HO Heynpyro paccesHHble HeHTPOHE cHoCoOHBI BHISHBATH
Renxenue sAfep. [lag Bo3MoKHOCTH TocaeHero KuHETHYe-
CKasA SHEPTUSA IOYTH BCEX HeYNPYIO PACCeAHHBIX HCHTPOHOB
AoMHA IPEBOCXOAUTD PA3HOCTH MEKAY KPHTHYECKOI dHep-
rueiil peneHuss E; m sHeprméi cBAzm HeiiTpoHa F,, Tak Kak
TOJIBKO B BTOM CJIy4ae BEPOATHOCTH AeJEHUA ICH AeiicTBUEeM
HEyNIpYro pacCcesAHHLIX HelTpoHOB 6ymeT HocraToyHo GOIb-
wott. (B6ausu nopora penenus cevenne memenus CTpeMuTcH
K HYJI0, cM. § 22.)

Ecmu meynpyro paccesuunie HeHTPOHH! (I0CTEe ORHOIO
RIn HECKOJABKUX AKTOB PACCeAHHMA) He coCOOHBI BHI3HIBATH
AGJICHHE, TO BO3MOYKHOCTH NPOTEKAHMA IeNHOH peaKIum

OyAeT ollpepesAThCA, KPOME BeJMIMHBI ¥, BEPOATHOCTHIO -

HeYIpPYyroro paccesHNs U DHEPIETHICCKUM CIIEKTPOM Heymnpy-
To pacceaHHbIX HetirpoHoB. Mbt He Gynem, oAmaxo, moApotHO
paccMarpuBaTh 9TOT CAYYAiL,

lcim m3-3a GoNBIIOTO HEYIPYTOro paccesHHsA, BHBO-
AAIIEro  HeHTPOHBI M3 o0MacTM SHEPrHM, B KOTOPOI OHM
COCOGHBI JlenlTh Afipa, a TakMe W3-3a PaAUalHOHHOTO 3a-
XBaTa HEHTPOHOB, pPONb KOTOPOTO BO3PACTAET ¢ YMEHH-
IHeHUeM DHeprAN HeliTpoHOB, HEeNHAfA peaknus Ha OLICTPHIX
HeHTpOHAX HEBOBMOKHA, TO MOMHO COBAATHL YCAOBHA, Gira-
TONPUATCTBYIOIME UPOTEKAaHNIO IENHOH peakium Ha M-
JeHHBIX (TemToBHX) Helirponax, [as sroit meanm B crcTeMy
HeoOX0[AMMO BBECTH 3aMeIUTEN b—IErKIIL DIEeMeHT, Afpa

KOTOPOTO 5Q(PeKRTUBHO 3aMeANAIOT HeHTPOHEI npa yOpyrux
CTOTKHOBEHUSIX,

Jleriko punecrn gopmy iy, ONPOLCITSIONMYI0 UNCJIO CTOJMKHOBEHMH,
ROTOPOC JIOJIZKCH HCLBITATL OBICTPBIY H(HTpoH, yTGOB cTaTh TENJo-
BHIM. Byem i1 mpocToTH cumTaTh, uro Macca ANpPa, ¢ 1YOTOPHIM
CTAJIRMBACTCA  HCHTPOH, BHAYHTCJALHO  GOJBUIC MACCH HeliTpona.
B arom caywae npnm mammom YOPYroM croiiiiHOBeHHM HeliTpoHa,
oHeprus noroporo papna E, ¢ sixpoM samciimitens HCHTPOH B cpeil-

o

SRNO_.T
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HeM TepfeT JHepruio, pasHYIo - . \

—_— (*’
AE—A+1,
rae A-—OTHOMEHME MacCH fAApa K Macce HedTpoHa. (Crporo roigg?e,
sra fopmyJia crpaBeluBa 0pH A>>é); MEL 1L06anmzllp;ax, ir;)zx%{mmjm
> o6r  dopMysa lasa’

K A eguumily AJA TOTO, ¥T / i

pesyJjbTar " r}llpn A=1.) OGozHauMM 4epes v (E) uncno CTOJOI;;:;IEB(;‘T

nnil, K0TOpoe B CPCTHEM HCUBITHIBACT HCHTPOH IIpH 3aAMEIJI s o

aneﬁrnu E, 1o oueprun E. JIgA yMCHBIICHUA ODHEPrauM HEHTPO

Ha dE rpebyerca dv CTOJARHOBEHUH. ITosToMy

dE 9F

dv = A+1’

oTHYmA At E
VB =210 2

Monaraa sgech E pasubiM AT (k—nocTOAHHAA BoavnmaHa, 6T—-TOM-
nepaTypa), MBl Haitigm uyucio CTOJIKHOBEHMIL, KOTOPOC HEO0XOAMMO
o 9
; Th TCIJIOBHIM.
npTatTh HelTpoHy, YTOOH cTa
e Jleriio noupaaa'rz:, 4yTO, HBHUTasch B yrjcpoie, Hemp%nan?:;:)ygg
HenpiTaTh B cpegHeM 6,3 cTOJmHOBomrxlﬂ 4 aTclnlw:aé\mchrjﬁ?gogeém Ot
as. ocJie s 3 )
0 pHEeprud YMeHbmmnJjach B € p 1
g;eprrmp YMG)I;b(HaGTCH B 10 pas. Heumpou c Haqanbigiéuzﬁxggl;gei{[
B 1 McV, ncnsitas 110 cTOJKHOBEHNH, CTANOBUTCHA Ten p

1
rueﬂl’[l;uélg'leé\n; emé Gopmyary [12°] fJIsi cpeXHEro KBAAPATA [LINHE BAME-

aenns meftrponos 72 (E) (r (E)—npamonuHciinoe cMemerte HeHTPO-
Ha npu samefJicHun OT dHeprau Eo o oHepruu

Eo
—_— 1—¢ lec_t_l@
2 (E)=2 51 35
(1—g+¢eln e)<1~—3— 1—4——> E

(A=t ’ {.—manHa cBOGORHOTO npoGera HEMTPOHOB MEHKIY
rae e={ g7 ) %
obuie
ABYM y&pymmn CTOTKHOBEHUAME (5Ta BeJIMUMHA 8aBUCUT, BOOOM
ronops, OT SHCPrUH HCHTpPOHA).
Tlpu 1OCTOAHHOM Ig

7 (E)=2

(1—¢) 13 5 In E_)'E_o_
(1—e+elne) (1—571—

sra (opmyrna npuobperaer

B Tom ciyuae, KOTIa 1—-e &1,
cJexylomuil BUI; 7

r(E)=Al§ In .

14%
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Hosnaras B mpneenén

BBRX fopmynax E a
HU# KBaIpaT paccToAHUA L i,
CTaTh TeNJIOBBIM.

: naitném cpep-
» HOTOPOC MOJIKCH upoitTn HEHTPOH, YToOH

Hennaa pearuma Ha memrenumx
LUeCTBIACTCHA, HAPUMED, B ccTEMC, COCT
M JEeTRoro 3aMefumarens (rpadur, Tamémgan BOAQ)

HaHUI{ISBeCTHO, OCHOBHOH M30TON ypaHa Aeantcs TOIBKO
ggn ReiicTBUeM GHICTPEIX HCHTPOHOB, HMEIINX BHepruIo,

aplyiovem ~1 MeV. ITovromy Gompmoe Heynpyroe pacces-
HI€ TIPELATCTBYeT NPOTCKAHNIO LenHol pearuuyu na 6LHCTPHX
HEUTPOHAX C MCHOJIB30BAHUEM 0CHOBIOIO M30TONA B KAYEOTRE
ReafAlerocs Marepuaia,
235
) Nzoron U . ACIUTCS y3Ke IOJ AelicTBHEM TeIIOBHX Heii-
POHOB, NpuuéMm B COOTBETCTBUN ¢ 3aKonoM 1/v odfertnHoe
ceternne fexenns U-** ocobento Bemnko nmenno s TerIoBoit
obxacru,

Sq)q)emnﬁnog CeYcHMe paJAualuoOHHOIO 3aXBaTa HelTpo-
HOB B TeIIOBOU obmactn (m3oromamm U™ g U} ramsme
¢ .
gillyeT 3arony 1/o, Tar wro ormocmrempuas BEPOATHOCTH
CICHUA I pAiNANHONHOTO 3aXBaTa B 510it 06macth SHepruu
He Isgasncn'r OT BHeprum.
MeHiIe;IeHMeM BAMOIUINTENIA  JIOCTHIACTCH  BO3MOIKHOCTD
y : ATH poab Paiuannmonnoro saxsara HeHTpoHOB -
ﬁ;ﬁ){ I;)J(I)HOBHOI‘O u3oroma U-38 (upuBomsmiero K ofpasosa-
o yrouns). Bnaropaps OTOMY 3aMelyienueM HeiTpo-
o TENJIOBLIX  dHepIruil  cosmarorTes GraronpuaTHLIC
yerosus J{ﬁf;paasmnﬁ IleH’HOﬁ Pearnyu ¢ HCHOJE30BaHHIEM

(rnaBuBIM 00pasoM) B KauecTBe HejAmerocs

Marepuaia.

Xora npn 6

OJIBIINX DHEPTUAX Heii =

PARMALUOHHKIT B3aXBaT H.upafm Yess e(f(i?rllozaflE;mngxz
5 ~ 2 P

Eﬁ{epFHHX ~10%eV on gocruraer seanymmy, nopsaaka 107°° eu?

obmacTy sHepTHH HeliTpor T 104 :

ponos k7' E<10*eV aror nponece

nrp%e'r HanGosee BakHYIO poan

JIaroflapA To}

Uees flapAd TOMY, 4TO IpoleHTHOE COMlePsKAHNE W30TOIA

OYCHDL HeBeauKo (uMcio simep U 25
y o p COCTABAACT OKOJIO
10_00Mero wumenma smep v
p s oomero la silep ypana), pagmanmoHHLIHt 3aXBarT

Hepruit meftrponos 10°—10°eV memaer npore-

HeiiTpoHaX ocy-
oAllel M3 ypaHa

4
i3

e (T 4 e
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HebnaronpusitHoe Aas npoTeKaHWs HeNHOH peaknum
COOTHOUICHHME MeH{Iy CeYeHMeM pajualuoHHOTO 3aXBaTa
anpamn U*® u cewenuem penenus sigep U** (¢ yuéroMm Besm-
9NHL KOHUEHTPAalMH 3TOT0 HM30TOIAa) MMEeT MeCTO BIJIOTh
TO CcaMBIX MaJBIX 9Heprmil HeifTpoHa.

IToaomenue, oguaro, pesro MeHsercA BOMM3M TEILIOBON
o0macT, TouHee roBopsA, IPH DHEPrusaX, MCHHUINX deM DHep-
rufg HaWmHU3IIero pe3onancHoro yposHa U,

Hpn npubanxenun suepruu HelitpoHa K TemroBoil obma-
CTH CEYEHUE PEe30HANCHOIO HOIVIOUICHHA HEeUTPOHOB A7PAMHI
U-* cramoBurcAa MaabIM o CpaBHEHUIO ¢ CeYeHUEM JeleHUs
apep U,

daa  Toro 4robul paspAcHRTE dTO 00CTOATENBCTBO,
3aMeTUM, YTO B TeII0Boit olmactm, BooOlle roBops, HeJb3A
[10Jb30BATHCA BBEACHHLIME B § 22 cOUeHMAMM, YCPeHCHHBIMU
mo Ooabimomy yucay yposzeii. Ilocrenume omnpemensiored,
riaBHLIM 00pasoM, ofmacTpio dHeprun BOMMBN Pe30HAHCHBIX
yposueit. Ecim B6amsu remrosoii o0macts HET pe30HaHCHLIX
ypoBHeli, To O{QeKTHBHOe ceyeHHe B TEIIOBOIL obmactu
MoseT ObITH CYHIECTBEHHO MeHbIIe YCPeHEHHOTO CedeHMHd.
Umenno Taxk m obcToMT Melo ¢ paAMalMOHHBIM 3aXBaTOM
HelTPOHOB AApPaMHU ocnoBuoro uaoroma U8, musa KOTOPHX
pHeprud Hanbosee HUBKO pACHONOIKEHHOTO PEe30HAHCHO-
I'0 YLOBHS COCTaBIAET HeCKOJbKO eV.

Onpeplennm ceuenne paananioONHOIO 3axBaTa HEUTpPO-
HoB sppamu U%*® B renmeBoii obGaacTw, IpeAmoiarad, 4To
3aXBaT HEHTpoHOB ofyciaosiauBaeTcd ORHUM  Haubouee
HU3KO PAacCIOJNOMCHHEM ypoBHeM U?®, pHEPTHIO KOTOPOro
obosnavum uepes E.

O6maa gucnepcuonsas opmyaa [cm. (18.1)] mpmsonur
K CJe[yIOmeMy BHpPa/RCHIIO AJIsA cedeHus 3axsarta o,°8 (KT):

r (kT)
o (RT) =mry — Il (23.1)
(T —Eop + 7 1°
THe %Tz-—h—-mmna BOJIHHL HeliTPOHA, COOTBEICTBYIO-

V amT
mas Temrosoii sHeprun kT (k— mocrosnnaa DBoansnmana,
T— remoeparypa); 1, (kT) — sHaveHue HeTPOHHON MIPIHH
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YpOBHA apu sHeprum Heiitpona, pasmoii kT; T, — panua-

ILI/IOI}_}HaF{ U {—00JHAA IMUPHHA YPOBHA. ot

o p;}éﬂfﬂaraﬂ, o Y « E, n npenebperaa B zuamena-
e (23.1) remnosoit oueprueii kT no cpaBmenuwo ¢ E,

npejcTaBuM ceucuue zaxpara o2'8(kT) B Buge "

298 (LT) ~ =2 I'ytn (xT)
s ymy
28 (kT & =ik o (23.1)
CeqCpaBHHM BTO BHIDAKEHNE CO 3HAYeHUEM YCpPemHEHHOTO
v eHI/(I’H]}%’aJII/II{aHHOHHOI‘O 3axBarTa IpPN HHCPIUU HEHTPONOB
BHOM £l'. Hamomuum, wurto 2HE ,
! , YCPe[HEHHOC CevYeHMe oIpe-
gm;l;}:gﬂ 60JII>LHI§M YUCIOM YPOBHEH M, COTJIACHO (19.513’)
pecytonteif uac obmacTn vHeprun OH[)GJIOJIHOTCF;
caejyiomeit gopmyoif:
38 23z, I
5 = k% =
85 (kT) = n®%k% o (23.2)
r _— . .,
oili(é I, BHATCHUE CpPejiHell HellTPOHHOE mApHHE mpm
oprum HeiiTponos, pannoit kT; D— cpenuee paccrosmme
Me;\rlc_?y COCeMHMMM YPOBHAMM.
0 mopaary seanunns D pasmo E;; ®pome TOTO
J

-l" z kT . % ’
Hgme;{;é ). Iosromy n3 (23.1') u (23.2) Burreraer coor-

. — r
5238 (KT) ch“(kT);EY—O- (23.3)

Cunras, wur
) o Iya0,1eV u E,~
orciona: , o 10eV, mb momyumm

5% (k) X2 0,01 535 (k). (23.3")

Tarum ofpazom B TemmoBolt ofgacté cedenme pagua-
MUOHHOI0 3aXBATA 3HAYUTEIALHO MEHBINEe, YeM Ve é
HOC CeYEeHUe 3aXBara. ’ yeperneR:

Pacemorpum

M Telepb cedeHue e i1

> JeHusd  Hell
;mecp U235 B remrosoit obaacrm. rponawn

eqe
wopes G};grse JI3€.HOHI/IH agep U5 goropoe Mer o6o3naunm
neﬂe}mé o ABHUCUT OT COOTHOIICHHA MEIRAY IMUPUHOIN
Teate ; M CPOJHIM PAacCTOSHUEM Mer )

P g : ey yposusamu D.
i 1), TO ceyeHHe NexeHuA cOBIAfACT ¢ yeped-

HEHHHBIM CeUYEHHUEM Jedic 335
M peaenns 53 (kT), roropoe, coriacmo

N e,
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(19.4), mommO TIpefCTABATH B BUTE

55 (KT) = =i L (23.4)

TlockoMBRY B BTOM CJayddse IOJAHAA (cpemudAs) mmpnHa
NpaRTHYCCKH COBOAJACT © mupnuoii gexenns 1, dopmy-
na (23.4) mpmoGperact BAJ

3

5 (kT) & =2k (23.4")

£

Bemuuupn 1, 1 D ormocATcA ¥ M3O0TOIY U?2®, opnaro
MOYMRHO yMaTh, UTO DTH BEIMTHILI HE CIUIIKOM OTJIMUATOT
¢ OT COOTBeTCTBYIOMNX smauennit pag nmsotoma U S,
B rakoM caydae cpapHeHue QopMy (23.4") m (23.2) mo-
KasbiBaer, UTO yCpeRHEHHOe cedeHne HNeICHHA o1*® (kT) mo
HNOpAAKY BeIWYHHBl COBUAJAET © yCpepHEHHEIM CeueHueM
paJ[UaTWOHHOTO 3aXBara HeilTpoHOB AApaMu U=%* (oba ce-
werns OTHOCATCH K TEILIOBOI 06aacTm).
Urax, ecau 1y > D, o

% (kT) & % (kT) & o7 (KT).

Wcnons3oBaB COOTHOIICHUE (23.3'), MBI TIOJyUNM OTCIOZA
oj“‘ (kT) ~ 100c2% (kT). (23.5)

1o COOTHOMEHNE NMOKA3hiBaeT, 4T0, HeCMOTpsA HA Ma-
Jy10 KOHNEHTPALMIo H30TONA 2% (~ 107%), BepoATHOCTH
AeneHuss Anxep U%*® u BepOATHOCTH PAaANANHOHHOTO 3axBa-
ra meiirporon sppamn U¥® craHOBATCA CPaBHUMEIMU B Tell-
moB0it obuacTy.

OTtclona ciefgyer, d9T0 MOTYT GLITH CO3MAHH yCJIOBHA,
GrarompuATHEE IS MpOTeRaHUA memHoll peaxknuy HA MR-
JICHHBIX HCHTpOHAX.

K rakoMy ke BEBOLY ME npugéM @ B TOM caydae, Ko-
ria mmpuHa feienns 'y Menbue cpeAHero PaCCTOAHNA MY
yposuamu. B arom cayuae cedeHUe feldcHUA OIpefessder-
ca muclepcuoHHOM Gopmynoi (16.4). B remuosoit obxacT
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CedeHme MIeNIeHNA UMEeT BHI

1 (T) Ty
1
(KT — B 4 - 1

0% (kT) = ma, (23.6)

-

rae E,—sneprus mauGomxee nusko PacnoIoAeHHOTO Y OBHSA
agpa U*». B pacemarpnBaemom caydae IIONNAS MIMPHHA
YPOBHA ¥ MenbIIe PAaCCTOANNA MEKIY COCCIHUME VPOBHS-
MU, KOTOpoe mo mopsmwy Beamauns pasno E,. Ilostoumy
(23.6) momuo samenuts caenyommm npubanHEHHBIM COOT-
HOIIEHUOM:

5% (T) ~ =32, In (Z? Lr, (23.6")
CpaBuenne (23.1°) ¢ (23.6") pmadr:
5 (KT) ~ a2 (kT) [ (23.7)

T

(ME cunraeM, wro smeprus manboice HHU3KO pacIHoJoMeH-
HOro ypoBHA B ByX n3oromax U umeer omumaxoBnif mo-
PANOK  BeaNYnHE).

Ecan 1'y > 10: I'y, uro, moBmmumomy, umeer MeCTO, TO
dopmyna (23.7) npusoaur w TAROMY #e pe3yabTary, 410
n gopmyna (23.5), 1. e. BepoaTHOCTH Renenna apep U205
W 3axsata aapamu U™ crauwoaATcs cpaBHAMHIME B Temmo-
Boit oGaacTm.

Chopmymanpyem TCHEpE ycaoBue, nHeo0XoxuMoe A mpo-
TE€KAHUA LeIHOW peaKNuu HA MeNICHHHIX nelirponax. O6o-
BHAYUM dYepes P BeposrHOCTH TOro, wuTO TIePBOHAYAIBHO
IMeBLics OHCTpHIl HeifTpoH Oymer saxBauen agpom ypaua
¢ mocaenyiomum peaennem. Ilycrs mpm ogmom amre nene-
HHIA BO3HUKACT B CpefiueM vy UHCTPRX neiirponos. Torma
CpefiHee 4mcJo HeHTPOHOB BTOPOrO MOKOJIEHIS Gymer pas-
HO:

k= Py,
9Ta BeNMTUHA HAZHIBACTCH KoaQdunuentoM pasMHOMeHHs

cucremul, Ecan cucreMa uMeer 6GCI{OHOQHHG pasMepnl, Tar
970 OTCYTCTByGT yreura HGIUITI)OHOB uepe3 BHEMIIHKIO r'pa-

Wi

— -
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HUNy CHCTEMHI, T0 YCJOBHE NPOTEKaHMA CaMOPa3BHBAIO-
LelicA NMelHOM peaKNuM COCTOMT, OYEBUAHO, B TOM, 4TO
Bequunna k jorkna Otk Godpme emunnmsl. Eemn k<< 1,
TO IPOTeKaHue LeNHON peakNun HCBO3MOMKHO.

Buiacunm, dem ompeneaserca Beposrhocts P. Pacemor-
PHUM A 9TOr0 HCTOPHIO FUBHH Helirpona [°%94],

Buicrpsiit  meiitpon, mosBUBmMINICA B CHCTEME, MOMRET
OHTH 3aXBaveH ANPOM ypaHa cIi8 ;O TOTO, KaK ero BHep-
THA 3aMETHO YMEHNBIINTCA U3-33 CTOJKHOBCHUIL ¢ sjpamu.
B srtom camywae neitrpon MomeT Br3BaTh fleaenue agpa US,
Onnaxo BepoATHOCTD jleenus GRHICTPHIMI HEHTPOHAMU, KO-
TOpyo MB obosnaunm uepes Pp, odewsp Maga (oHA CcOCTaB-
JseT BCEI0 HECKOJbKO IIPOIIEHTOB). OITO CBAZAHO C TeM,
49T0 dHeprud HelTpoua B pe3yapraTe CTOJNKHOBEHHIl ¢ Af-
paMi 3aMeJUINTeNd U ypaHa O4YeHb OBICTPO CTAHOBUTCH
MeHbIle, YeM nopor pexacuus aaep U, (Ecam cucrema co-
AepmUT MHOTO 3aMelUINTEeNA M MAJO ypaHa, To OHCTpoe
YMeHbIICHHE dHEPIun HeifrpoHa IPOUCXOQUT H3-38 YIPY-
rux coyaapeHuil Heiirpona ¢ sAxpamMum zaMmegauread. Ecam
e, HAIpOTHUB, B CHUCTeMe MHOTO ypaHa W MaJgo 3aMelnu-
TEJNA, TO BECBMA BEPOATHHEl HEYIPYyI'He CTONKHOBEHNUA HOI-
TpoHa ¢ sAppamu U rortopsie emg GicTpee BHIBORAT Hell-
TPOH M3 00/1aCTH PHEPIUM, B KOTOPOl OM MOMeT HpPOW3-
BOJUTH HedeHHe.)

Urax, pmemesne BEBHBAaeTCH B OCHOBHOM TEIJIOBHMMU
HeWTpoHaMu.

O6o3rauumM BepoATHOCTH TOTO, YTO ORICTPHIT HEHTPOH
CTAHCT TEINIOBHIM W B JajbHelillleM BLI3OBET JeJjicle, de-
pes P;. Beanunny P MokxHO DpefcTaBUTh B BHJe

P:PF—**PT.

Paccmorpum noppobuee semmunny P,

B nponecce samemmennsa ueiirpon MesmeT MOABEPrHYTHCA
PEe30OHAHCHOMY 3aXBATy AAPOM ypaua (B OCHOBHOM SApPOM
U**%). OBoamaunm wepes @ BepoATHOCTH TOTO, UTO GHCTpEI
HefiTpon 3aMegnuTCA [0 TEIJOBOH DHEpPrHu, He Oyayan
pe3oHaHCHO saxBaueHHRM afpamu U-*° (Beamuuma 1— ¢
npercrasiaseT €000il BEPOATHOCTL PE3OHAUCHONO IIOTJIONE-
Hug agpamu U*9),
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Ecam peiiTpon He OymeT 3axBadeH B Ipouecce 3aMmefn-
Jdemmsi, TO OH JOCTMTHET TemaoBoil ofmacTm M BIOCHENCT-
Bun OyfeT 3axBpadeH Jamb0 AAPOM ypaHa, aubo AppoM 3a-
MOJUIATCHA.

Iycrs 0 obo3mauaeT BepOATHOCTH HOTIOWEHUA TeINO-
BOro meiiTpoma gapom ypamna (6espas;iriino AAPOM KAKOTO
nMeHHO M3oTOmA). Ecanm ¢ M o, — dPPCKTUBALIC CCUSHIA
JUIA JeJCHMA M PC30IAHCHOTO 3aXBara TCINIOBLIX HCHTPO-
HOB, OTHCCEHHBIE K OJHOMY sApy CMCCH H30TONOB, TO
oy/ 9;+ 0, UpeACTABIACT coloit OTHOCNTOABHYI0  BEPOAT-
HOCTH TOTO, UTO TEITOBOU HeliTpoH, OyAydd MHOrJCMEHHLIM
agpoM ypama, Beoser ero pexenue. Ilosromy Beau-
THHA

°r
o +or

oIpefeser, 0YeBUHO, BEPOATHOCTb TOTO, HTO TeII0BOIL
Heiirpon Buizoser Aeiaenue. (oriacHo TeopeMe yMHOFRCHUA
BePOATHOCTE(l, MCKOMas peanunna Pp pasna:

f
o+ 0’

1, CIe0BATeNTHbHO, KOdPUIUEHT PAZBMHOMKEHUA HEHTPOHOB
MOKeT OHTH IIpejCTaBICH B BHJE

k=Py=Py-+vel ?4:—' . (23.8)

9

Veanosne mpoTeraHns CaMoOpa3BUBAIOIe#cs HenHo# pe-
akuun B GecKOHEYHOI cucTeMe COCTOMT B BLITOTHEHUN HE-
pasencra k > 1194],

N30 menHbe 10 CHX MOp cooOpanennsa OTHOCHANCH K Gec-
roHeuHbIM cucreMaM. Ecau cucreMa nMeeT KOHeYHbIC DasMephl,
TO JAJA NPOoTEHAHUA caMopassuBalomelicd NenHOIl pearnuu,
[IOMHMO YCJOBMIii, OTHOCAUINXCA K OGecroHEYHOI cHcTeMe,
HeoOXoMUMO BHIIIQIHEHHAE eIlé ONHOTO YCJIOBUA: DPasMepH
CHCTEMBl JOJMSHBI IPEBOCXOAUTH HEKOTOPble MUHUMAJIDLHEIC,
TAaK Ha3blBaeMble KPUTHUYECKUC DPa3Mephl. CymecTBoBaHUe
KPHTUUECKNX DpasMepoB CBfABAHO C BLIIETOM HeHTpoHOB M3
cucTEMH B QKpYysKalomiee MPOCTPAHCTBO, ’
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P

UECJII/I CUCTEMa UMeeT CJAULUIKOM MaJjble PadMephl, TO MOTeps
HeliTpoHOB, o0ycaoBneHHasA nx Audysueil B OKpY:Kalollee
HPOCTPAHCTBO, IPEBOCXOAUT YU CI0 HEHTPOHOB, POKAAIOLIHXCA
B cucreMe B pe3yabrarte AedeHHA Alnep. Tak KaK BbuIeT Heli-
TPOHOB M3 CHCTeMBl npejcraBisieT ¢o0oil NOBEPXHOCTHBIM
Qq)q)em, & PoKACHUe HEHTPOHOB B cHCTeMe eCThb BderT 00B-
CMHLIIL, T0 ¢ YBOJNYCHUCM PadMepOB CHMCTEMEI ICPBbLt B3 9TUX
opderToB CTaHOBATCA BCE MeHee M MeHEe CyLIeCTBEHHBIM,
Kpnrnyeckne pasmepnt npexcTaBaaior coboit Takne pasMepnl,
IpH KOTOPHIX TOTepPH HeiTpoHOB, 00yciaoBIEHHASI WX BLLIE-
~TOM M3 CHCTEeMEl, KaK pa3 KOMIEHCUPYCTCH IeHepanueil Heii-
TPOHOB B CHCICME.

Bosspamascs ® paccMoTpeHMIO CBOMCTB GECKOHEUHLIX
cucreM, He0OXOAUMO OTMETHTh, 4TO ycaoBue k>1 Momer
He BBIIOMHATHCA LA OJHOPOMHOM cMecH 3aMeIJIuTeNA 1 Aesd-
LW(Erocs BEIecTsa, OAHAKO OymeT BLINOAHATEHCA JIA HEOMHO-
POAHON CHCTEMBI, COCTOALIEeil M3 OTAEABHHIX OJOKOB Jess-
merocd BellecTBa, IPOCTPAHCTBO MeRAY KOTOPHIME 3amodi-
HEHO 3aMefluTeneM.

Tarasa rereporeHHas cmcreMa, B KOTOPOit pacliemasio-
neecst BellecTBO pacupefeneHo B Bufe GI0KOBOM pelnéTru
BHJIIOYCHHOII B 3aMeJIuTeNb, MOMCT COCTOATH, Hanpnmep’
U3 cTepsKHell ypaHa, YIOPAHOYSHHO PAaCIIOI0MEHHBIX B SaMeMi
aurene (rpadure, TAmETON Bofe M T. H.).

eronnocm‘ reTeporeHHOM CUCTeMbl CBSIBAHA C YMCGHb-
IIeHueM pPe30HAHCHOI0 IOTJOWEHNA NPH  PACIoN0KeHIN
AendAlerocsd BelllecTBa B Buje OTAeIbHEX 010K0B. 310 06cTOA-
TEIBCTBO BLITCKAET M3 CJGMYIOMUX coobpamenuit. B romo-
FeHHOM cHCTeMe HeHTPOHbI B IpoLiecce 3aMelliieHusl BCE BpeMsA
HAaXOMATCA B OKpYyikeHnm sfep U* Morymmx mx morao-
wark. B 6aoxoBoit cucreme y Heiir poHa mMeercA BOBMOHIHOCTD
IIPOCKOYUTD (OIACHYIO» B0HY BOIHN3M YPOBHA PpPE30HAHC-
HOT'0 IOTJIOWICHMA, HAXO[AACh BRAAH OT OJOKA; MHBIMH CJIO-
BaMH, HEATPOH MOKET BaMeIuThCA RO TENUOBOH 3Hepruu
¢ BEPOATHOCTHIO, OoJbIleil YeM B TOMOTeHHOI CHCTeMe.

Taxam o0pasoM paguMalioHHbll 3aXBaT HeHTPOHOB B Biro-
KOBOM cHcTeMe MoKeT ObTh CHIBHO YMEHBIIEH 110 ¢paBHCHUIO
C T'OMOTEHHOII CHCTeMOil.

Hpyrag mpuanna, B cmay KoTopoil B 6i0KOBOI cmcTeMe
yMeHpMIaeTcAd PE30HAHCHOE MOTIQLICHNE, COCTORT B TOM,
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4TO BHYTpPCHHUE YacTi 0J0KOB B 06MaCTH CHIIBHOTO PE30HAHC-
HOTO TOIVIOIIeHMA ODKPAHUPYWOTCA HAPYKHBIMA  CJIOAMU
O I09TOMY (HCHOJNB3YyIoTCAy HeddeKTnBHo. IJro SKpaHHPO-
BaHHMe IIPUBOJAUT K TOMY, YTO pPaAlanMoHHOoe I OrJOllieHne
HelTpoHA ¢ dieprueli, OaN3KoIl K pe3soHaHCHOIL, AAPOM YpaHa,
HaxoJAIWMMCeA BHYTpH Oioka, Oyfer 3HAYATEIbLHO MEHBIIE
OOTJIOICHHNA M30JNPOBAHHLEIM  SJPOM.

Caenyer mMerb B BHJIY, 9TO BMECTé ¢ YMEHBIIEHHEM pe3o-
HAHCHOTO IIOIVIONIeHMsA MMeeT MEeCTo Talk;KC U yMeHEIIcHWe
morsionteHns Omokamm HeiftpolloB B TelnioBoil oOlmacrm.

Opnaxo ®dderT yMCHLIIEHHHS pPE30HAHCHOTC LOTJIO-
IeHuA oKa3biBaercsa Oollee B3HAYATENABHEIM, deM dPQerT
VMEHBIICHUA IIOIVIoeHuss HelTpoHOB B  TelloBoil 00-
JaCTH. ‘

Bsenéunnle sBweme Beamumunl ¢ n 0 B roMoreHHO
cucreMe ABIAAIOTCA QYHKIMAMU KOHIEHTpAanuil MeaAalerocs
BelliecTBA U 3aMefaurenas. B OaoxoBoil cucreMe aTH Beam-
quHLl 3aBHCAT el oT pa3MepoB OOOKOB M PaCCTOAHUM
MemAYy HUMH,

Hausnirofueiiime ycaoBns NPoTeKaHNA NENHOl pearnnu
peayusyoTcsi B TOM Caydae, KoIA& BeJuUYNHA ¢U RoCTH-
raer MarcumyMa. CyluecTBoBaHUe TAKOI0O MAKCUMYMA BHFHO
n3 caepylomux coolpascennii. Ypeanuerue 0, T, e. BepoAT-
HOCTH IIOIVIOMIEHUS TeINIOBOT0 HeHTpoHa ApaMu Aeiserocs
BeleCTBA, CBA3AHO ¢ yBeJM4YCHHEM KOHIIGHTpaluu JleJaalle-
rocs BelllecTBa, HAIpHIMep ypaHa, U YMCHBIUGHICM KOHIEeH-
tpauun 3amepaurens. HaoGopor, yrenunuenue ¢, 1. e. BepoAT-
HOCTH TOIO, YTO HEMTPOH CTaHET TeIIOBEIM, He OyAYy4Ymn peso-
HAHCHO 34XBA4YCHHAIM, CBA3AHO ¢ yMeHLIIeHHmeM KOHIeHTpa-
nua ypana. Orciofia ciefyer, 4To npoudsefeinne ¢ MoCTH-
raeT MaKCUMYMa NpH onpcAedfHHOH, oNTHMAaJIbHON KOHLIEH-
Tpanum ypamna.

B 6noroboii cucreme ¢ 3apucur e or pasMepoB H pac-
moaosenuss OmoxoB ypana. Ilpu HeroTophX 3HaYeHUAX
mapaMerpos 610KoBol pellli TR Beauunua ¢f focTuraer Makcu-
MYMa; 3TH 3HaYeHHA HapaMeTPoB ABIAIOTCA, OYeBH/AHO, OITH-
MaJIBHLIMU.

Ilpusen®m swavenus BepoATHOCTElT AiA PA3IAIHHX 1PO-
11ecCoB, UPOUCXOAAIMX ¢ HelitpoHoM B ypaH-rpaguroBoi
GrokoBoii cmcreme [*%,
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Tun npomecca Beponr-
HOCTH BY,
Henenie, cOycaosicunoe GHICTPRIM HefiTpoHom . . . 3
Pesonan ‘noe noraomemie U2 (sHe TemsioBoll 06i.i-
CTH) « v v v v « v . ., 10
Ioraoutenie B rpadare . e e e e 10
Tormomenue Tenmosoro eitrpona ypanom U285 g j23 77

HiIOTHOOTb HEUTPOHOB ¢ omlpefeaiHHO#l sHeprueit B 6io-
KOBOU cHCTeMe, cocrodAllelt w3 GoabLIOro Ywmeaa fAYeeR,
U3MEHAETCS. OT TOYKHM K TOYKe BAOJL peIn{TKH,

Hast onmcaHus CBOHCTB HeOMNOPONHOI cUCTEMbB MOMKHO
B IePBOM NpuOIusKeHnN 1€ PacCMAaTpUBATh JOKATBHLIX H3Me-
HeHNl HeHTPOHHOI INIOTHOCTH, CBA3AHHBIX C nepuoAnYecroii
CTPYRTYpoii cucremsl *). Uunimu ciaosamnm, B mepsom npubin-
AREHHHI MBI 3aMEHACM HCTUHHBIC HCHTPOHHEIE IJIOTHOCTH UX
CPeAHNMU 3HAYCHUAMU, KOTODEe NOJNYYaloTCs NpU Ycped-
HEHUM INIOTHOCTH 1o o0Bémy Aveiikn (siveiika mpeficraBiser
coboit ypaHoshiit 610K BMecTe ¢ nprireralouleil K HeMY 9acThlo
daMepumnrens). Taras ycpenu{unas niornocrs Gyfer mrapHoi
PYHKUMeH TOYKM, Kak ecau Obl cmcrema Obira ORHOPORHOIL.
Tawknm o0pasoM MBIl B3aMeHAEM HeoAHOPOKHYIO 610K0BY 10
CACTEMY HEKOTOPoil SKBUBAJNEHTHON OAHOPONHOI CHCTEMOiL.

PaccmorpuM moTHOCTS Tenmonnix HeHTpOHOB B ToYKe
r(z, ¥, z) B MOMCHT BpeMeHH ¢, KOTOpY10 MLl 0003HaumM

uepes n (¥, ¢). dra PyHKIOUA YyRoBmersopsaer Juddysmon-
HOMY YpaBHEHHIO

aJ 1
f:l)An—T—cn—;— 7, (23.9)

rie D—rxosdunment quddysun remmonnx HECITPOHOB, T,—
BPEeMA UX JKNBHH IO OTHOLIEHMIO K 3aXBATY M ¢—IIJIOTHOCTE
HCTOYHUKOB TEIIOBHX IHCHTPOHORB.

Mur Gymem paccmarpmsarh Jajiee CTaLMOHAPHBIT caryvail
an
I IIOJOMUM IOITOMY.—= = (.
Vg =0

*) Mu cnegyem Huske [93),
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OnpemenuM MIOTHOCTh MCTOYHUKOB TENJAOBHIX HEHTPO-
HoB ¢q. OCoszmaunm geped @ (r) gncao OHCTPHIX HEHTPOHOB,
BOZHNKAIOM[UX B eJUHANY BpeMeHH B ejpunnne o0péma
OK0JIO TOYKH r BHyTpu nameil cucremsl. Cragrmpasach mpu
¢BOEM JBIGKCHUHM C SAPAMH 3aMeHIUTC/A, 3TH HellTpPOHBI
BaMeAIATCA, HO B XO[¢ 3aMe[ICHHA JacTh UX Pe30HANC-
HO IOrAOMAeTCH U He JOXOAUT A0 TeILIOBoil obmacti. Mu
0603HaYNM 4epes P BEPOATHOCTb TOrO, 4TO ORICTPHIA HEii-
TPOH TNPEBPATUTCHA B TemIoBoil, He OyAydn pesoHAHCHO
3aXBaUeHHHIM. JaMe[yieHue OBICTPOrO HEUTpPOHA, POAUBIUIE-
rocs B Touke 7/, MOMceT OKOHYMTBCA B PasAHIHLIX TOU-
rax r. JuA IpOCTOTH MOKHO IIPEJANOJATaTh, UTO BEPOAT-
HOCTL HeWTPOHY BaMeAIuThCH B TOYKEe r BBIpamaeTcd
rayccoBoit Qymruueit or paccrosuua |’ —r|. WNabvm
CJIOBAMU, MBI IIPEJII0JaraeM, dYTO BRPOATHOCTH OHICTPOMY
HeHTpOHY, poAnBIIeMycs B daemente 06séma dV’ oroio T0Y-
KU 7', ¢CTATh TCILUIOBEIM B TOYKE F HMeeT BUJ

|rr—ri2

e b gV, (23.10)

3
n®/2r3

rje ri— cpefHuil KBagpar JIMHBL 3aMEJICHUA HCHTPOHOB.
(Bynyun mpomHTerpmpoBamunM mo dV’, sro  BEIpameHue
Naér ¢, KAK U JOJUKHO OBITE.)

VMHOKEB BTy BepoATHOCTH Ha @ (F') M IpoMHTErpHpo-
BaB o dV’, MBl HaiifiléM, OueBHJHO, IJIOTHOCTH HCTOYHHM-
KOB TEILIOBHX HEHTPOHOB, T. €. pyHKIOmIO ¢ (F):

17~ rf2

q(r)::-;;%r—agQ(r') et oav. (23.11)

BaMeTuUM Tenepb, 4TO OHCTpHE HETpOHH BO3HUKAIOY
B pesyabTare AeJERUU Sep, BHLIBAEMHIX, IIABHBIM 00-
pasoM, TemiaoBeiMH Heiirpomamn. Muwmimm caoBami, oQ(r)
MoOeT GBITH BHPAsKEHO gepesd INIOTHOCTh TeIlIOBHX HeUTpo-
HOB n (F).

Yucno TeIIOBHX HEHTPOHOB, IOTJIOMIAeMHIX B eJHHULY

. 1 .
BpeMeHU B CJuHANE 00BEMa, PaBHO — n(r). YMHOKRHIB BTY
vC
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BEJIMYUHY Ha 0,, MB Half€M 9UCIO HEHUTPOHOB, IOTJIOINA-
eMBIX B CAunlNy BPEMCHM yPAHOM K BE3BBAIOIMUX LIpPH
3TOM JledeHMe ero Agep. Tak Kak B OHOM aKTeC HEICHUA
BOBHUKAaeT B CpeJHCeM v HeHTPOHOB, TO YHcao OHICTPHIX
HEHTPOHOB, PORAAIOIINXCA B CAUHUIY BPEeMCHH B eJHHHIIC
obrvéma, paBufgercs:
Din(r).
ve

Ecan uMmeerTcs emé BHeWHUIT WCTOYHNR OBICTPHIX  HEIi-
TpOHOB, mawomuii Q,(r) HeliTPOHOB B eAIUHNILy BPEMEHU B
epunune o6péMa, TO HCKoMasA QyHKIWA () () IpeAcTaBUT-
¢A B Bupme

Q(r) =0, (r)+%’n (r). (23.12)

O6euno, ommaro, Q,= 0.

Mopcrapus (23.12) B (23.11), MBE BHpPasuM IIOTHOCTH
HCTOYHUKOB TEIJOBHX HeliTponoB ¢(r) wepes IJIOTHOCTH
remnoBuix Heitrponos n(r). IlogcraBus gamee momyuemuoe
BRIpaskeHye A ¢(r) B dopmyny (23.9), moryunm caeny-
oIee MHTETPAJbHOe YpaBHEHHe A OIpPeJedeHls III0T-
HOCTM TEINIOBBIX HCHTPOHOB:

_lrr—ri2

DAn—-’—n-Jr-;ff—"Sn(r')e R Qv =

T, w2,
_lr—rp2

=__i_gqo(r')e B qy’. (23.13)

3
n’l2rd

Pemenne 9T0T0 ypaBHeHNA MOMKHO HaiiTu, pasiaras
Q.(r) m n(r) B pagur Dypse.

Ecanm pazmepsl cHCTeMH BeJINKHA IO CPaBHEHUIO C JJIH-
Hoit cpoboytnoro mpobera HeiiTpOHOB, TO TI'PAHNIHOE YCJIO-
BUE 3a7auM BaKII0YACICA B PABEHCTBC HYIIO HIOTHOCTH
HelfTpOHOB Ha BHeIHell IIOBePXHOCTH CUCTEMH (CM. B CBH-
B ¢ BTHM cIepyloluit maparpad).

PaccmorpaM cayuait, korga cuncrema nmeer dopmy Kyba,
pebpo roroporo paBHo . Hommonentst Qypse QyHKIUM
Q. (r') umelor BUA

o T . Npm . Ngw
Q,sin — x - 8in —— y - sin-=2
a a a
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(magaso KOOPAUHAT — B opHoit m3 BepimH Ky0a; n,, n,, n,—
HOMOKUTEIBHEC TeJdLe ancia).

Jlerxo y0eaurhcsa B TOM, YTO DTOH KOMIIOHCHTE Qypse
Q, (#) COOTBETCTBYET CJACNYIOMAA KOMIIOHEHTA Oypoe GyHK-
wan n(r):

.o . NgT . Nym
s‘ll‘n—;— x - sm-——a—y . SlIl—-{;—z
n= 1,90, o ., (23.14)
(4 4 Drpo?) e 10— B,

rupe

o __ TP e 2 2
o) =a—2(n1+n,+n8).

Kpurudueckne pasMepEl CHCTEMB MOIyT OBITH HaiffleHH
u3 ycuaoBuA oOpalleHnA B HyJIb 3HAMEHATCIA (23.14) mas
OCHOBHONI TApMOHNKW , T. €. NpH n,=n,=n,=1. [leif-
CTBATEIBHO, B DTOM CJIyuae HCHTPOHHAA IIOTHOCTH o0pa-
maercs B OCCKOHEYHOCTH M, CIeNoBaTeIbHO, ona Oymer or-
JAMYHA OT HyJsd B OTCYTCTBAE BHEIIHEr0 MCTOYHMKA, KO/

o =0. :

Wrak, AIA ONpefeleHUA HKPUTUYECKAX pa3MEpOB MEl

HOJIy4aeM ypaBHEHHE

31c2r:j

(““zf— 1‘)<c) eha = y0,0. (23.15)

O6nano a > r,, MO3TOMY HKCIOHEHIMAALHEIN MHOKNTEI b
3 n2rg

T VYpasuernne (23.15)

IPUBOAUT K CIeRyIOImCMY 3HAYCHNI0 KPUTUYECKOTO pe6pa

ryba:
1
™ ‘/3 <D‘Cc'}- -[:- I'g)
a== — 2, (23.16)
]/k—-l
rae k— xoouumeHT pa3sMHOMICHHSM, PABHHII B paccMaTpu-
paeMoM cayuae vip. (Yumimeas fejeHme Ha OBICTEBIX
HeiiTpOHAX, CIOR CaefyeT BMecro k HoAcTaBuTh vPF + vh;¢).
MH BuanM, 9TO KPUTHUECKMC [Pa3MCpPBl cmeTeMsl (nH-
Heiinpie) 06paTHo mpomofumonanbusl (k—1)'e.

MokeT OHTH 3amenén ma 1—
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BameTnM, 4TO KPUTHTIECKHAE PasMePH MOTYT OHTL yMeHB~
[IeHH, eCIHM OKPYKUTh CHCTEMY CJOeM TaK HAa3bIBaeMOH
HeliTPOHHON HB0JANNH, KOTOPaA HYACTHIHO oTpakaer 00-
paTHO HEWTPOHEI, IOKMHYBIIME CHCTEMY.

§ 24. Ilpumep onpejeldc¢Hns EKPUTHYECKAX PasMepoB
NpH Peaknud Ha OHICTPHIX HefiTpoHax. Paccmorpum cdepy,
COCTOSAMYIO M3 BEUIeCTBAa, B KOTOPOM IelHAd Peariud Mo-
MmeT NOJlepmUBaThc 0Ge3 yUacTUA TEIVIOBHX HEHTPOHOB.
Pamn mpocrotn GymeM ¢UMTaTh, UTO M30JIANUA OTCYTCTBY-
er. QupefenuM KpuTWdecKne pa3Mepbl CQEPH *).

. OcobenHOCTh pPaccMATpUBaeMOil 3afla4yl COCTOMT B TOM,
970 KPATUGECKHE Pa3MePH MOTYyT OKasaThCA CPABHHMBIMH
¢ AAuHOW CcBOGORHOTO HpoGera HeTPOHOB. OTO CBAZAHO ©
nByMa obcrosATenbcTBaMu. Bo-mepshX, mpam peaknnu Ha
GHICTPHX HeliTpoHaX HeT HEOOXONUMOCTH 3aMENIATL Hell-
TPOHH M, BO-BTOPHIX, B PaccMaTpUBAEMOM CIyvae BCININHA
rooQPUnEmeHTa PASMHOMKEHHA MOomeT OHTh I'0PA3NO 6oab-
me, 9eM B cjiydae cucTeM, palforamwimux Ha MeIIeHHBIX
HeliTpoHax **),

Ecau pasMepsl CHCTeMH BeJNKH II0 CPABHEHWIO C JIH-
uott csobopHoro mpobera HeHTPOHOB, TO JUIA ONMUCAHUA
HeNHOM peariuum MOKHO Noiab3oBarhesa AndysmonHoit
KapTHHON; B DTOM CJydae IIOTHOCTh HeliTPOHOB YHROBIE-
rpopsier nuddysuonmomy ypasmermo (cMm. § 23).

Ecan pasmeps CHCTeMH CPAaBHAMHEL C JUIMHOU c¢BoGoa-
goro mpobera, To AuPHysmOHHAA TEOpHA HeNpuMeHHMA.
B sToM cayuae ciaefyer MCXOAUTH M3 TOYHOTO RuHeTHYE-
CKOTO YpaBHEHUA.

laa DonydeHHA TONYKAaueCTBEHHBIX DPE3yJbTATOB MBI
clesIaeM ciaefyiolmne YIPOIIAINe NPeAIoI0KeHUs:

1. {amma csoGopHoro mpoGera meiirpona @ (¢ yuéroM
BO3MOKHOCTH fleneHusd, PafuamuoIHOre 3aXBara U pacces-
HnA) He 3aBUCAT OT ®Hepramm Heiirpoma. VusmMu ciaoBami,
He BaBHCUT OT SHEPTAN BeJXhYUHA

a'—':%:N(cf'l‘cr'l'cs)’

*) M ciejyeM Hmmke usiomennio P. Ilaiicpaca [95],
#%) HpurTHdcckue pasMephl (JuHeifinbie), coriacro (23.16), obpario
nponopimoHansun  (k — 1'e.

15 A. Axuesep
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rne o, g,, 0,—COOTBETCTBEHHO CeYeHMs AeTeHHA, pajuarm-
OHHOT'O 3aXBaTa W pacceAHnA HefirpoHoB, /N —unciao Amep
B eguHume ob6néMa.

2. He saBucuT OT 9HEprum BeIMUUHA

5 = N (cs + Vdi),

rie v—4umncIo HelTPOHOB, BOBHUKAIOMUX IIpH ORHOM aKTe
AeleHnd AAPA.

3. Bce pompaomueca HeHTPOHH RNMET OAMHAKOBYIO
BHOPIHIO.

4. OrcyrcTByeT Heympyroe paccegHme HeliTPOHOB.

5. ¥Ynpyroe paccesHne HeliTpOHOB ABaAeTcA cHepudecKn

CHMMeTPWYHEIM.

IIpu BHNOAHEHNW DTHX NPEANONOMEHUN BMecTo QYHR-
nau pacupefiesleHUs, 3aBUCAIIEHl KaKk OT KOOPAUHAT, TaK
W OT KOMHOOHEHT CRODPOCTH HeHTPOHA N4 ONMCAHMA Hel-
TPOHHOIO IIOJAA MOKHO ITIOIB30BATHCA OOBITHON IIOTHOCTHIO
neiirponos. OGo3HAYMM IOCIEAHIO B Touke (&, Y, Z) B MO-
MeHT Bpemenn ¢ uepes n(z, y, 2,t).

Ofmee uYMCIO PACCEAHHEX N POAUBIINXCA BTOPUIHBIX
HelTpOHCB B piaeMente obwéma dx’dy’dz’ sa Bpema d¢’
paBHO, 0YEBUAHO:

Bon(z', y', 2', ') da’ dy’ dz’ dt’,

rae v— CHOpPOCTL HEUTPOHOB.

BymeM caepurh 3a [BUMKEHUEM JTUX HelTDPOHOB.

Ha paccromuum r or touku (z’, ¥',z’) MX 9MCIO yMEHB-
wurea B e~ pas. Omu OyAyT paBHOMEDPHO BAMOJHATH
chepruecrmit cuoil paguyca r u Tonmuns v di’. llmorsocTs
HeliTpOHOB B TOuKe (%, ¥, 2) PaccMaTpuBaeMOTO CJIOL B MO-

MeHT BpeMeHH i’ =1— :7 Oynmer:

B n{z’, y', 2, t"Ye-dx'dy’dz’,

hrre

TIponnrerpuposas sro BHpaskenwe mo (z', y', 2’), MH
HOJYyYUM, O4€BHUJIHO, NIOTHOCTH B TOUKe (I, Y, ) B MOMEHT I,
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I. e. BeJIUUUHY n(z, y, z, t). Uraxg,
n(z,y,z, t)=l£€ Sn (z’, y',z, t—%) e—r—;—dx’ dy’ dz’,
(24.1)

rjie MHTeTpUPOBaHNE COBepUIaeTCA Mo 00BLEMY Teua.

Mur momyunmam nHTerpasbpnOe ypaBHeRUe s IJIOTHOCTH
HEUTPOHOB 7, KOTOPOe NpPU CHAENAHHEIX BEILE IIPeJN0Jo-
/REHUAX 3aMeHseT o0llec KWHETNYECKOe ypaBHCHHE,

Hepeiiném K nCCIENOBAHMIO HTOrO YpPaBHEHUA.

Bynmem ucrars peutenne (24.1) B Buge

n(z, y,z t)=n(z,y, z) e, (24.2)
PassuTnio memmoit peaknum OTBEYalT, OYEBHIHO, 3HAYUE-
uag A > 0.

VYpasrenue (24.1) mocme mopcraHOBKM B Hero (24.2)

npuobperaer Buj
’ ’ ’
n(x, y,z) =4_Li.‘ S n(z,y,z) e-—(a-}ﬁ/v)r‘&%‘i . (24,3)

Ecam cucrema mmeer wputmueckue pasmepsi, 1o A= 0.
Ompefiereue  KPUTHYCCKUX PAa3ZMEPOB CBONUTCHA TOITOMY
K caefyouleit MmarcmMaruyeckoir sajgauc. Tpebyercsa Brisc-
HUTH, IPU KAKUX YCIACBUAX YpPaBHCHHE

’ ’ ,
n@ y =L@, g, 2)e-rTUE (951
uMeeT HETPUBHANLHEIE PEUIEHHS.

Mu paccMorpum TOT Cayuail, KOT/A MYJIbTUIUIALUDPY-
omaa cucreMa umMeer opMy inapa, 7 IOKaseM, 4TO HETPH-
BUATBHOE pellieHHe HMeeT MeCTO TOJIBKO IIPU OIpefeséH-
HOM, RPUTHYEeCKOM paguyce cdepil.

3aMeTuM, YTO, HAUAsA pelieHme ypasueHus (24.3"), Mu
TeM caMhIM HAligéM pemicane oOmero ypasHenus (24.3),
CTOUT JHINb BMECTO & IONCTABUTH & + A/v.

ChopMyanpyem Temeps yCaoBHe IPOTEKAHMA CAMOpa3-
BHBalouieifca ILemHoit peaknuu. Jag sToro, 04eBHAHO,
HeoOxopuMO, 4TOOH Ha eJUHAIE J[ANHK NOYyTH HelTpoHa
YNCJI0 MOABIAIOMINXCH HOBEIX HEUTPOHOB IIPEBOCXOMIO
yucao uoryomaemnx nciirponos. Ilepsoe ms arux umced
pasno No;v, a Bropoe — Nog, 1jie 0, — cedelne HOTJIONeHNH

15%
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HelfTpoHa, paBHOe
G = Gf + Gp.

Wrax, Ama nporeranusa LeOHOH peaKnum HeoGXOAMMO
BHIOJHEHUE YCJIOBUA

No;v > No,
nau

(v—=1)o; > o,. (24.4)
Ecan BOCIOAB30BATBCA BBENSHHHIMHE BHINEe BeJININHAMI &
u B, TO 9TO YCIAOBUHE MOKET OHITH IpefCTaBJIECHO B BHUME

B> a. (24.4")

Mu paccmorpum mamee ABa HpefemBbHHIX cayuas, KOTAa
B—a & B u rorga B> a.

1) Ecin B—a < B, T0 Tpebyerca MHOro crommHOBeHmit
Rl CymeCTBEHHOTO BO3pacTaHmMs uucaa Heiirponos. Ilo-
®TOMY B 9TOM CJydae BO3MOMHO JuQQy3MOHHOE PacCMO-
TPeHUe 3ajauu (CM. IpeALAyILni maparpad).

JOTHOCTD HEWTPOHOB NP BHIIOJHEHNH YCIOBUSA

B—a<gp

HCHEITEIBAET Majioe H3MeHeHWe HA PAaCCTOAHMAX NMOPAAKA
AauHb cBoGopHOro mpobera. Ilosromy Qynrmuio n (z', y’, 2')
B uurTerpane (24.3") MOMKHO pasiomMUTDL B PAX IO CTEIICHAM
' —2x, Yy —Y, 2 —2z U cOXpaHUTH B HEM WIEHH He BHIIe
BTOPOTo mopAAxa. Bpaam or rpasHngsl YJI€HH HOepBOro
OopAAKa Opu umHTerpupoBannn no dx’dy’dz’ maor Hym:s,
4 MH ODpUXOANM K Auddy3uOHHOMY ypaBHEHHIO

o An +(&-1)n=0. (24.5)

Jlerro yGeauTncs B TOM, uTO KOBYPUOWEHTH, CTOAMIEE
B (24.5) nepex An m n, umenT OOMuYHHI Aua AUPDy3u0H-
HOTO YpaBHEHHMS BHA.

HeficTeuTensro, yMHOKUB ypaBHemme (24.5) Ha ®
B BOCIOJB30BABIINCE ONPefielieHneM BEJUIUH o M §, MOMHO
IPeACTABUTEL HTO YPABHEHHE B BHJE

2 an + (B —1)n=0, (24.5")
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rge | —pnnna csoGogHoro mpoGera HeHTPOHA Kak IO OT-
HOIIEHUWIO K PacCeAHnIo, TaK U IO OTHOLIEHMIO K 3aXBary,
le=(No,) ' —nmnmuaa mpofera NO OTHOLIEHHIO K 3aXBaTy
u 0=g/a,.

Beanuuna lv[3 nmpencraBaser coGoit rospduunment aud-
¢ysmn wHeliTpoHOB, a [, /v— Bpemsa HHU3HE HeHTpPOHA IO
oTHOUIeHWIO K 3axBary. Yaen (v/l,) n maér wucno meliTpo-
HOB, HOTVICOIA6MHX B GRMHHIY BpeMeHHU B efinHUIE o00BéMa,
a (v/l;)vbn —uncao HeilTpOHOB, pOMAAIOUIMXCH B JUHHLY
BpeMeHHN B epnuuune obnéma.

Haa peuwenus ypasHeHnsa (24.5) HYymHO 3HATB Tpa-
HOYHOe YCJOBMe HA BHEIMIHeil IOBePXHOCTH MYJIbTUIIN-
LUpyIoMmeR CucTeMHl.

Momno mowazars [26]) aro gaa Gompmux cucrem, pas-
MepH KOTODHIX 3HAYUTENBHO Ooiblie MAJIMHH CBOOORHOTO
npoGera HeliTpOHOB, BTO YCJIOBHE HMMeET BHJ

0,711 - o2 4 =0, (24.6)

rge x—HaIpaBJeHHMe BHEIIHeN HOpMaJau K IIOBEPXHOCTH
TeJda.

Haa Goapmnx cucrem Ww—nﬂ—, rpe R no mopanwy

BEJUIUH XAPARTEpPH3YyeT JuHeliHKe pasMeph CHCTeMH.
HosTomy oTHOIIGHWE HEPBOr0 9ieHa KO BTOpoMy B (24.6)
no mopaaky BeauwunHsl pasno [/R 1. Tawkum o6pasom
misg GONBUINX CUCTEM TIDAHNYHOe YCJaoBHe MOMeT OHTh
B mepBoM Cpubiammenun copMmymauposano B Bujae Tpebo-
BaHUs, YTOOH HeiiTpodHadA INIOTHOCTL OOpaljajiack B HYIb
Ha BHEIIHeIl HOBePXHOCTH CHCTEMEI

n=0. (24.6")

B paccmarpuBaeMoM HaMM cJaydae MAJKX MYJIbTHIIA-
ranmit, xorjga B—o < f, pasMepH CHCTeMH 3HAYATENLHO
Goabuie juumHH cBobogHOro mpolera, MOSTOMY B II€PBOM
npubamxennu M OyAeM IIOab30BaTheA yciaosueM (24.6').

Bosspamasace k ypaBueumwo (24.5), naiigém ero pe-
UleHne B ¢aydae MyJAbTHINIHOUpYIomeidl cdepH.

Cpepuuecku cummerpudnoe pemenue (24.5) mmeer Bmp

7 (r) = const. ———Si“r”’ , (24.7)
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The r— paccrosune 10 meHtpa cheps

P= ‘/:;;‘) (1——%) .

Ecan ncxomures m3 1paunusoro yeaosua (24.6), to

KpuTuvecknit pagnyc R, naijérca ns ypasnenns sin pR,=0
OTKyfa *) ’

n 71-l

. S N
" ays(imr) VA v (248)

1
P -1 < iA
rpe [ = =[N (o,+5,)] AIMHA CBOOORHOTO mpobera Heii-
TPOHOB IO OTHOWICHAIO K IPOIECCAM PACCedHUA U MOTJIO0-

1
wennd, |, = Ne, —AWIIHA mpobera HEUTPOHA IO OTHELICHUIO

1
K xoraomenno, §=o/g,, D=?ZU—KOZ—)(I)(I)PIHMOHT nad-

¢ysun neiiTponos, o= l,/v—Bpema musHM Heiirpona 1Mo 0T-
HOWEHWI0 K 33axBaTy, k=vl—Kosdunuent pasmuomenus
HEeITPOHOB,

Tax xar mo ycaosno 1 —a/8 < 1, 1o u3 (24.8) cuenyer,
4TO KPATUIECKU DAfUyC BHATUTEJBHO OOJbIIE I HEL
npo'6era !, ®ar »To M yTBCpImAATOCH BEIIE.

3amerum, uro dopmyia (24.8) cosmamaer ¢ Qopmyroii
(23.16) pas mpuruyecknx pasMepos wry6a, cCau cumTATH
B IOCIHeJHEH MAHHY 3aMeIeHns HeHTPOHOB 7, paBHOIL
HYMIO 1 OTBIeUbCA 0T MHOkATeas |/ 3, cpasammoro ¢ Apy-
rou reomerpumeil 3amaun. Iro 06CTOATEINHCTBO HABIHOTCS
CICACTBACM TOrO, 4TO B 00OMX CJIyYasx MBI I10J1b30BAINCEH
JuDDHYIMOHHRIM paceMOTpenneM, CTipaBe T BbM TIPU MaJIkIX
MY ABTHIVINKALAAX,

WUcnurszosanne 7ounOro rpammumoro yeaosus (24.6)

HPUBOZUT K CJIEAyIOMEMY ypAaBHEHUIO A OUpefedeHuA
BeaManuH R,:

aR
pR,ctg pR, = 1_E7—01 . (24.9)

*
) IInornocts Heittponos ssanercs CYyleCTBEHHO [TOJIOHUTCIILHOI
BCJIMMUHON, MO3TOMY MBI JIOJGKHH RBATH HAWMEHbIIMI (He cyuran

HYJIA) KOPeHb ypaBHeHHsA sin x = 0.
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OGosunauan 1 —a/B uepes §* u npenebperas mpu Mabx &
crenensiMn £ BHIIe BTOpoif, momyamm u3 (24.9):

L V340,713 200,556 40,228 (24.10)
BR, Ed n2

2) PaccMorpuM Temepp ApYyToif mpefledbHbIR cayqail —
caydail GomplINX MYJIbTHUINIMKAIWIL, Korga B > «.

damerum, 4TO BTOT Caydaii ABiasgercd QUKTHUBHBEIM
U NIPAKTHYOCKE He OCYIeCTBIIACTCH, TAK KAK JJIA BRIIOI-
Henus yeaosus B> a meobxommmo, 4rTobm v OBIIO 3HA-
quTedbHO Oodbile efuHunbl. TeM He MeHee paccMOTpeHue
HTOr0 CIy4as IPejACTaBIAeT WHTEpPec, TAK KAK NOPH DTOM
MOy 4al0TCA RPUTHIECKUE PA3MEPH, SHAYUTEIBHO MEHbIINE,
geM pauHa cBobopmoro mpobera [.

3HAA 34BHCUMOCTH KPHUTHYECKOTO paamyca orT sdder-
TUBHHX CEYeHUII B JBYX NpefedbHHX caydasx R, > u
R, € l, MomHO myTéM MHTepHOOJMPOBAHUA HAXOAUTH R,
B mpoMmesyTounnii obmacru (R, ~[), pmaa moropoil Hemo-
CpefiCTBeHHOe BHYUCIAEHU® KPUTMYECKUX PAsMepoB OYeHb
3aTPYAHUATENBHO.

Ilpu Bumosmennu ycaoBust B> a MomHO Hpexebpedun
IoKraszaTelieM B MHOmUTese e~ *E BXOmAmeM B HHTET paldbHOe
ypaBHenne (24.1), Tamk KaKk OKa3HBAETCHA, YTO DPAJAYC
cfepsl B paccMaTpUBaeMOM Clydae 3HAUMTCIbHO MCHBIIE
JANHE cBoGogHOTO Ipobera.

Wrar, npu B» a Mo moaysaem na (24.3") ypasHenue

n(e 9, )= {1,y 2) Ay (g 11)

rue
rie=(a'—2)’ + (' —y)’+ (' —2)"

Bynem  mpefmosarars, 9To IJOTHOCTb HEHTPOHOB n
3aBHCHT TOJNBKO OT PACCTOSHUA p 10 HeHTpa cdepr. B sTom
cydae JerKO BHIIOJHUTH HHTeIPHPOBaHME MO yriaaM
B ypasuennu (24.11'). B peayasrare MBI IOTyuuM:

R
B S P, pte 5.
==\ —n{)ln—:d 24.11
n(p) 7 )% (") In o=y e’ (24.11)

rRe R— paamyc cdepm.
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Brons smecro n (p) dpynmumo f(p) =pn () n obosnauasn
p/R uwepes z, mepemniuem (24.11) B Buge
1

fg f(2)= S f(@’) In ,’”—*’idx' F(0)=0 (2.12)

: 7 — x/l ?
]
nan nHave:
A =Lf, f(0) =0, (24.12%)

rgpe A=2/8R wm L —unrerpaapHstii omepaTop, BXOAAMMIL
B (24.12).

Mui nomyumim nnTErpambHOE yPaBHEHHE C IOJOMATENb-
HEIM cumMerpudHsiM sfipoM. Hac mHTepecyer maumGombiuee
COOCTBEHHOE BHAYCHME ), STOrO ypaBHEHUSA.

Yrobs mpubauménno BHUMCAMTH \,, OyAeM HMCXONUTDH
U3 CaeAymwLlero ¢BOiCTBa HaMOOJBIICI'O COOCTBEHHOI'O 3HA-
wennd. Ilycrs f(z) — neroropas yuruma, me npunnma-
omas OTPUNATeNbHAX 3HAYeHHIT U 0OTINYAlONAACH T€M CBOIi-
crBoM, uro ornowenue Lf[f orpanmueno. Torpa, ecan Lf/f
BAKII04EHO B mpefienax .\, u A,):

A1<l—'}/—<A2,

TO B 3THUX jKe IpeJiesaX HaXoAUTCH Takmke Haumboabliee
cOGCTBEHHOE BHAUCHUE A *:

Al < )\o < Az-

*) B 9TOM J;erko y62auMThCH cJielyiomuM ob6pasoMm. Ecaum o, (x)
€CTh COGCTBCHHAN (PyHLUUA oneparopa L, COOTBETCTBYWOad HAUG0Ib-
neMy COGCTBCHHOMY YHCIY Ag:

Ly (x) =12 94 (2), *)
TO HHTErpaj

1
S 1 () 90 (2) da ()
[0

He MOKOT OBITL PAaBeH HYJNIO, NOCHONLKY MOJMHTerpaltbHas PyHKUMsA
d¢ usMeHsieT cpoero suaka. JMeitcTBurensHo, $yHruua j(z) no
YCNOBUIO MPHHMMACT TOJLKO IIOJIOMKUTCJbHEIE BHAYeHUA, & ¢4(2)
KaK coGCTBeHHAsA (YHENUA, COOTBCTCTBYIOUIAA HanGoJbplieMy co0-
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Orcroma caemyer, 9To ecam HaM ypacTtes moxobGparTh Ta-
kyio QyHrnuio f (z) (He NPpUHNMAIOMY0 OTPANATEIbLHEX 3HA-
qeHnit), axa KoTopoit Beaumamusl A, m A, 6yAyT Mago oTau-
9aThCA APYr OT APyra, To TeM CaMEIM ME HaljéM ¢ 6osbluott
CTEIeHBIO TOYHOCTHU A,.

B ragecrse f(z) MH BO3BMEM (QyHROHUIO

f(z) =2 —bz’, (24.13)

rpe b—mnocTosHHAA, KOTOPYI0 MH HajugemamuMm obGpasoM
mopOepéM.
Jlerxo Bugers, urToO
1 2 14+
1 o 1+« 1 4 1
+a—b {-4—(1—30 JinfHE L 2 gl

Ecan b=0, to Lf/f namenserca or 1 mo 2, npuuém »sTH
BHAYEHUA JOCTUTraTCA B Tourax x =0 n z=1.

CTBEHHOMY wuHCJy, HM B ONHOM TOouke He obpaumaercA B HYJIb W,
cJIeT10BATeIbHO, He UBMCHAET CBOEr0 BHAKA.

Pasnomum ¢ynsimuio /(r) B pax 1o coGCTBeHHEM (yHKIUAM
oneparopa L (pacnoJiodeHHHM B NOpaAAKe yOHBaHUA COOCTBEHHBIX
Yuce):

/(z) =) Civi (). (w4
J=0

B cuny nepaseHcTBa Hydio (**) koofdunnent C, He MOmeT OHITDH
paBeH HYJIIO

Co~0.

Tlpumenas ® o6emM 4YaCTAM paceHcTBa (*¥**) n pas onepatop L,
noJiyyaem:

Lrf ()= ) CiMyi (),
j=0

Eciim n yerpeMuTh K GECKOHeWROCTA, TO B Npasoft vyacTH mocC/ex-

OTKYZa
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Mu nopGepém b rtamrum obpasom, uToGH Ha rpaHMNax
narepeana (0,1) ¢yuruua f(z) npunmmaiza oXUHAKOBEHE
3nagenuA. [ua sroro b mommuo pasmATECH ba=0,639.
OrasmiBaercs, ecan B3ath QyHrumo (24.13) ¢ srum sma-
geHueM b, TO

A, =1,55,
Orciona caxexyer, uro
)\0 = 1,57 j: 0,02.

Urax, npn B > o wpuruwecknit pagnmyc R pasen:

A, =1,59.

HCTO paBeHCTBA BCC cJaracmele, KpOMe IiepBOTO, CTPOMATCS K HYJIIO.

TTosTomy

. L (x
lim W(—)=00'Pg (x)
n—»co 0

(’I*** )

G apyroit ¢TopoHH, yeiosue A, < L < A, MOMKHO HCPONMCATL B BUIE
A< LF< Agf.
Hpumenssn i aTomy nepasencrsy onepatop L k pas, TOJIyyaeM:
AL¥f < LFy < AT,

Orcioia
y A3V
A< A
1 Llsj < 2
1, CJIef0BaTeJILHO,
Ak
AF < Tf < Ak,

B uacTHOCTH, uMeeM:
A% f<L"/ <A’;f
AR Ay A
Orciota m ua (****) cienyer, uro

. 1&1 n . A n
lim (1_) J < Copo(x) < lim (12> I8
N> 2 0 N=»co (]
8TH HEPABCHCTBA BO3MOMHBI TOJIBKO B TOM cJIydYae, ecJH

A<l A,
4yT0 1 TPeGOBAJIOCh AOKABATE.

B i

3
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Mu BufuM, uTO B CcJydYac OOJBIINX MYIbTUIANKAUUI
B> & HpuUTHYECKMEe pa3MepH OKa3hBAIOTCH 3HAUYNTENBHO
MeHBIIUME, 4UeM JgiaumHa cBoGogHoro mpobGera HEMTPOHOB

l=1]a.
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J gz 04 46 48 10
Puc. 8.

Nlas mpoMeskyTOUHHIX BHAYEHUH OTHOUICHHA /o rpu-
TMYecKne pasMepsl MOI'YT OBITH HaliAeHH WHTEpPHOIUPO-
BaHumeM (cM. puc. 8, Ha KOTOpOM u300paiieHa 3aBUCUMOCTD

1/BR ot YV 1—a/p).



TJTABA V

B3ANMOJENCTBHE ME[JIEHHBX HEHTPOHOB
¢ BEH[ECTBOM

§ 25. 3axpaT MeANCHOBIX HEHTPOHOB B KpHCTAJIaX,
Tlpa paccMoTpeHMH Pa3iWIHEX IPOLECCOB B3AUMONSHCTBUA
MeICHHHX HEeHTPOHOB ¢ BemecTBOM HeoO0xofumo, BoOOGme
rOBODA,yIATHBATH HAJTUYUE CBA3Y MY APAMH BeIeCTBa.

B »70it rmase ME OyAeM paccMaTpHBAaTh, IJIaBHHEM
o6pasoM, B3amMOJelicTBMe HEUTPOHOB ¢ KpPHUCTAIIAMA
;I TOKakeM, B KaKAX CIyJ9aAx CYIN[eCTBeHHO HAINMINe
¢BA3M MEKAy aTOMaMu KpPHUCTAIia.

Hauuém ¢ paccMoTpeHHA 3axBaTa HEHTPOHOB B KpH-
cramie *).

Bynmem paccMarpupaTh KpuCTaia Kak AeGaeBCKHN KOH-
TUHYYM, COCTOAHHE KOTOPOTO OLpEReNAeTcs 3afaHueM
qucea OHOHOB 7, C ¥ACTOTON ®; M BOJHOBHM BeKTOpoM f.
CocToAHNEe KPACTANIA, 3a/[aBaeMOe COBOKY IHOCTHIO YHCIIA Ty,
MH oGo3HagaeM cuMmBoiaoM {ng}.

Hac wmurepecyer BepositHOCTh w (E) pajuaquoHHOTO
3axBaTa HeHTPOHa ¢ sHeprueit £ agpom Tuna A, 3aHUMAOMUIM
olpefleIéHHOe TIOJNOMeHMEe B KPUCTANIMYECKOH pemIéTke.
B pesyabraTe 3axBaTa U3IyuaeTCA Y-KBAHT ¢ HMIyabcoM K,
a pelléTKa MepeXoquT U3 COCTOAHMA {ns} B cocrosnme {ng}.
Jnsa wparkocTn Oyfem o0o3naiaTsh B JajdbHeilleM HATaldb-
HOe M KOHEYHOe COCTOAHUA Beceil cucTeMHl (BRIOYaed
HellTPOH, AAPO M Y-KBAHT) COOTBETCTBEHHO CHMBOJAMHU
pi{ntt4A n E{n}B (B ofo3nauaeT KOHEYHO® COCTOAHHE
A71pa, P — UMIyasC HeiiTpoHa).

*) Mu cieryem pagore JlomGa [*7]. Hume wusjaraiTcs OCHOBHBIC
peByAbTaTH 2TOH pPaGoOTHL.
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JlocTmHteHUI0 KOHEYHOTO ~ COCTOAHMA TIpepRIecTByeT
ofpazoBaHme COCTABHOTO AApa, KOTOPOE MEI 0003HaTUM
uepes C.

MosKHO CKa3aTh, 4TO KOHEIHOE COCTOSIHHME JOCTUTACTCH
qepes IPOMEYTOYHOE COCTOSHWE, B KOTOPOM HET HYU Heli-
TpOHA, HH Y-KBAHTA. OTO IIPOMEKYTOIHOE COCTOAHNE Xapak-
TepuayeTcd HAIAMIHEM COCTABHOTO AApa C 1 HEKOTOPHM
cocroganeM pemérku. Ilocaexamee MBI Gymem OIpeneATs
sanamneM ducel POHOHOB 7ig W 0003HATATE Tepe3 {ng}. Bynem
gpefmonaraTh, 4UTO 3aXBaT HEHTpOHA 00y CcI0BANBACTCA
OfHIM De30HAHCHHM ypaBHeHHeM AApa C, sHepruio KOTO-
poro obosHaunM depes E,.

Ha g3HKke Teopu: BO3MYUIeHNN UHTepecyiomas Hae
gajaua IIpefcraBiager coloi spPerT BTOPOTO IOPAAKA.
MoapaysAch usBecTHHME (opMylamn Teopui BO3MyIIe-
Hnii (951 MOIKHO TPEACTaBUTH MCKOMYIO BEPOATHOCTE w(E)
B CIeAYyIOIleM BHJE:

o= 3 (O A H | ingy O) () CTH K ne} B)
(%% = —% :
() | (myy E—Eot o, (1—n)) =5 T () |

8

)

(25.1)

rme (p{n) A| H|{ni} C) oGosnaqaer MaTpUYHHI DIEMEHT
Hepexofid U3 HAaYaJbHOTO COCTOAHNA p{ns} A B mpoMesy-
TOUHOe COCTOAHNE, KOTOPOoe MH o0o3HaYaeM depes {ns} Cs
nanee, ({ns} C|H |k {n,} B) ecTb MAaTpUYHKIL 9IeMEHT Tepe-
%07a N3 IPOMEKYTOYHOI'O B KOHEUHOE COCTOANNE k{n_s} B,
gaxomen, 1'({nf)) ofosHagaer MIMPUHY COCTOAHNA C {ns}.

B supasmennn (25.1) ammanTyAa BEPOATHOCTH CyMMH-
pyercs IO BCeM BO3MOMKHLIM YHCIAM $OHOHOB Ni, Mg, N3y « v «
B IpPOMEMKYTOYHOM COCTOSIHMH; KBajpar MOAyJIA aMILid-
TYMH BEPOATHOCTH CYMMUPYeTCA 1O gucaaM  (OHOHOB
B KOHEYHOM COCTOSHHM, a depra Haj CyMMOW O3HAdaer,
4TO pesyJabTaT YCPefHAeTcsS IO BO3MOMKHEIM HAYaJbHEIM
COCTOAHNAM PEmETKHU.

IMockombRY paccMaTpUBaeTCsl 3aXBaT MeVICHHEIX Heii-
TPOHOB, IOJHAA INMPUHA I' ({n%}) onpepesusieTcsd, rIaBHREM
o6pasoM, pagnaluoOHHOM WIBPUHOl, KOTOPYI0 MOMHO CUH-
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TaTh IPAKTHIOCKM He B3ABUCANIEH OT COCTOAHUA pEIIETHHU.
Hooromy B pambreiimem M mpemeGperaeM 3aBHCHMOCTEHIO
I'({ng}) or cocroamms pemérknm m mmmem Bmecto ' ({n:})
mpocto I,

Hepeiiném ® ompefesenuio MaTpuyHbX 5JIE€MEHTOB, BXO-
aawux B (25.1).

OGosnauum uepes £, pammyc-BexTOp, onpejexraoMui
noqoenne sapa A; r, UMeeT BAX Fy = F4 -+ U4, TAC Y — pa-
AuY c-BEKTOD, OTIpeflesTAI0Nmuif 1010/ HIe PaBHOBecHs aapa A
(r4 — pagmyc-BeKTOp HEKOTOPOTO Y372 PEIETKH), a o, —
CMemenue A U3 IOJOMEHUA DPABHOBeCHS, 00yCJIOBICHHOE
TEITIOBHIMA KOJeOAHUAMN PElETKA. ITO CMELICHUe MOKHO
IIpefcTaBUTh B Buje

ifsry ifsry
quzes(Eseh +E:e h ).
8

3hech MHAEKC s == f] CAYMUT N1 0603HAYCHNS Koseba-
HIA, 4aCTOTA ¥ BOJHOBOW BEKTOP KOTOPOIO PaBHH O =0
u f/h m xapakrep modApUIamUM KOTOPOT'0 OmpefedseTcs
uhgexcoMm j (j=1,2,3); & u £ —ammantyna womeGanns
7 KOMIUIEKCHO CONPAMKEHHAS ell BeJNNYNHA, e, — eJUHIY-
HHI BeKTOP B HaIpaBiCHUHN Kojebamuii.

Bouanosass Qyuknus, omucwsaoman womeGaTeapHoe
COCTOSAHUE KPHCTANIa, UMECT BHJ

H ?ns (Es))

TAe N =nrj —Iucio §QOHOHOB copTa S, @, (5,)— BoXHO-

Bad (QYHKIUA TapMOHUYECKOI0o OCHUIIATOPA ¢ DHepTHelr
1

ho (ns + —2—> (§ —®oopannara ocnmaaATOpA).

JaMeTAM, 9TO eAMHCTBEHHHE MATPHYHHE BIEMOHTH &
u £, orIUYHEE OT HYAA, PABHEL

3 _ B (n,+1)
ng,ng+1 = m

o
* — 8 fwgt
ns, ng—1=" ‘/-2MNu>se ¥

rae M —macca agpa, N —uucio apep B KpHCTAIIIe.

~1
e u)st,

(25.2)

R T
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MaTpuunmit pieMeHT Hepexofa M3 HaYaJbHOTO B IpPO-
MEKYTOYHOE COCTOAHHE HUMEET BH

ipr

(P (2} ALH | 1) ©)= {7 e ) TT 0 B HUG (i) X
X [ Lo (&) drdr; dx, (25.3)

rae ¢4 ({4) —BomHOBag QyHKRIOMA Agpa A, 3aBHCALIAH OT
BHYTPDOHHUX KOODJANHAT l,; TaKoil swe CMEICK mMeeT O (Io)

1 . .
paa agpa C; ‘—/—.S:J_glpr/h—-ﬁopMI/IPOBaHHaH Ha 00BEM BOJIHO-

pasAg Qyuruus HeiiTpona (2-—o0méMm mpucramia). Ware-
rpUpoOBAHUE COBEPUIAETCH IO BCEMY XOHQUIYPAIHOHHOMY
mpocTpaHcTBy (dr —omeMeHT o0BéMA B NPOCTPaHCTBE F,
dt;—daeMeHT 00bEMA B IIPOCTPAHCTBEe BHYTPEHHAX KOODAU-

uat sagep 41 C, dre= [] d&).

B § 3 Mm BHfesH, YTO NpH PACCMOTPEHAM PABIMTHHIX
IpoIeccoB B3auMOAeiicTBIA MeJIe HIhIX HfﬁTpOHOBu ¢ Axpa-
MH MOMKHO IIOJNB30BATHCA CBOEOOpPA3HOM Teopmeil BO3MY-
HleHuii, CYNTaA DHEPIHUIO BBAUMOACHCTBAA HeliTpoHa ¢ AAPOM
IPOIMOPIUOHANBHOMR & (F—r,).

B cmay storo mHTErpHpOBaHUe IO F CBOJUTCA TIPOCTO
K 3aMeHe 7 Ha r,. .

OGo3nauad MaTPUYHBIL BIEMEHT, COOTBETCTBYIONMil 3a-
xBary HeiiTpoHa ¢BOGOAHEIM AApOM A, gepes M, nepenuiem
Beipamenne (25.3) B Buge

(p (1) A|H | (1) C)=M 5”2 ((n) ek "4 (n)),  (25.3)

rie

i
((n2} €% ™™ () = ] Musn,

i
- ol = -
Mo, = S org (85) eh * Con( (%) di;
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u

i :
_fro L a0
usEuff=es (Eeﬁ, $ A+Es.e hfs"A)'

Brrancnenue Marpmanmx snementoB Mp0,; MomeT GHTBH

JIETKO BHIIOJHEHO, €CJM 3aMeTUTh, uro £~ N =2, N > 1,

13
Brruncaum cnagana My, Pasnomus eh B pag mo
cremenam §; m £, moayamm:

i
Mngng = (ng| en e | ng) =

1 gk (P (2188875, )+ 0 ()

1
0 (1—v§> COZIeP/RIUT WIEeHH, TponopnuoHaabsusie N2, N-2, ...).
Hoavsysace (25.2), noxyunm:

n —
et

Ve (25.4)

npr;méM MH mnpeHeOperam wiexamm, cofepmamumm N2,
N3, ... Orcgona CIEIyeT, YTO C TOYHOCTBIO Ho IV?
1
ngt+ —
1 T 3
2 ~/
|Mn2ngl == 1—-'77'@63)2 __—-M.Nm; . (25.4')

On,pene.nnM Teepb MATPHUYHEIC BIEMEHTH M%), KO-
rga ng == ns.

1
Mugng = 1 — — (pe,)?

I PUs
Pasiaras cuosa eh B PAN, Jderko yOeauThCA B TOM,
49TO JOCTATOYHO OTPAHUYNTHECH PACCMOTpPEHMeM TOJBRO
TeX cayuwaeB, Korga ng=ng 4 1.
Beona nns rpatRocTH of03HATeHHe
= (pe,)*
ST AMNRoy ?
monydmM, Ha ocHoBaHmME (25.2):
2 [}
[ Mng, nf+1] —(ns+1)q§,}

| Mg, ug-1]°=nSgs.

(25.5)

Marpuunnii snemert ({ni} C|H |k {n,} B), orBeuawmuii
I¢pexoy ©3 HPOMEKYTOYHOI'O B KOHEUHOEe COCTOSHUE,

-
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MOMHO TpeficTaBuTh anagormano (25.3") B Buge

(02} C 1 H R () B) = ((mg) | B4 (n,) M, (), (25.6)

rge M,— MaTpuuHBHIL BDIeMEeHT, OTBedaIUil HCUHyCKAHNIO
doroHa & cBoGOXHHM AMIPOM.

daMeTnM, 4TO N3 3aKOHA COXPAHEHUS DHEPTHM CIefyer,
410 BesMuyuHA | /& | 3aBHCAT OT KOHEUHOIO COCTOAHMS peIler-

- KH. d1a 3aBHCHMOCTH, OJTHAKO, CTOJb HEe3Ha4YuTCILHA, 4TO

IpaKTHYeCKM MOMKHO cuurarh | K| He saBucamuM ot ().
ITonbsyscs sTumM 006cTOATENHCTBOM, JEI'KO BHIOJHUTH
cymmaposanue B Qopmyne (25.1) mo umcmam QoHOHOB
Ny, Ny, ... B KOHEYHOM COCTOSHUMA DECHLIETHA.
daMeTuM [Oa8 9TOrO, UTO

SV ((ry e R A () (02 [ 7B () =
{ng} .

_i»kr —l;kr
= 2 (i le™h A {n)) ((ny) | eh T4 (ni]) =
{ng}
=({n&) [ T]{n{ }) =0qnpy, (nby,
rge [ —epuHnuHad MaTpUIUA.
Ioxpsyacs orum cooTHomcHueM, npepcrasnM (25.1)
B BHJE

fowg
w(E)= MM > | eB Tyl —
{ n;) [E‘— EO '+‘ 2 hws (ng_n;)]z A}, _l; I\z

(25.7)

OT0 BHIpa)KeHUe MOKABEIBAET, UTO PA3IMUHEIE IPOMEMYTOU~

HBle COCTOAHHA pPeéTRu He nHTepHePUpPyIOT MemKIy coboii.

Ecam mnpeneGpeun sHeprmeii, mepefaBaeMoil pemérxe,
TO0 MH DogyauM Huz (25.7):

const.
w(E)== —
(E—Eo+ T Iz
Taxoit ¢opmynoit, ®ax MH 3HaeM, OHpefeJseTCH
BEPOSATHOCTh IOTJOMEHUA HeldTpoHA CBOOOJHEIM AXPOM.
Mpeobpasyem obmylo dopmyany (25.7).
16 A. Axmeaep
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Ucnoapsysn nssecriioe cBoiicTBo 3-yrKmnn
oo

(2e—a)f @ ar=1),

nepenuuiem (25.7) B Buje

(oo}

| {ndy le(i/h)puA | {ngy |2

W(E):S3[p+2(n2—n§)hws]2 2 s

; T2
e {ngt (E_EO_P)2+T

Jameyasi, 4TO

o0
1 ,
o(x):i;' S elvxdy.,
—00
Oy 4UM:
(oo - in -
: 1 e'Mdp
w(E)=g; X

2
o (E—Ey—p)?+ %

(l- T ey

R (e 3 1nty e | (nly eI (95.8)
= {ng}

[MEr omycruam 3pech MHommTeds (M M,)*].

Brime MB BUJENH, YTO Ng MOMET OTIMIATBCA OT nd me
Gomee weM HA ENUHNIY. YUuHTHBAH DTO 00CTOATENBCTBO
u none3ysack gopmymamu (25.4), (25.5), momyumm ciaeny-
omee Bepamenne miuA w (E):

(o]

1 (00 g
w (E)z’f; 2 2 I X
- (E—En—9)2+"z‘
X S dp I [4 4 (n3 1) gie~ihes + niggetehes — (2n5 +1) 3]

(25.9)

B sTom BHIpamsenun JerKo HNpPOU3BCCTH yCPeTHeHHe II0
BCEM HAYAJNBHHIM COCTOAHHMAM pemETKH, TAK KaKk YUCaA
$OHOHOB B HAYANBHOM COCTOSHUM N BXOAAT B (25.9)
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quHeiiHo. MblL JOJHHBI, OYeBHAHO, IPOU3BECTH yCpEAHOHUE
110 PaBINmYHHIM SHAYEHHAM 1qucead (OHOHOB ny. B pesyan-
TATC TAKOTO YCPeAHEGHWA NS 3aMEHUTCA CPEeJHUM 3HATE-
sieM ynces OHOHOB B COCTOSHHI §, KOTOPOe, KaK N3BECTHO,
oupenensierca dopmyaoir Ilnanka.

B ycpeanéunyo BepoATHOCTb BXOAWT GeCKOHEYHOE TPO-
n3pefcHIe BAMAA

1T (4470

s

Tax ®ax ¢¢@ o0paTHO NPOMOPLIHOHANBHO 4UCIY ATOMOB
B KpucrTanie N, T0 Ipu GoabIIOM N umeer mecto mpuliam-
méuHag Qopmyna

[+t =14 Dhgi+ D Dadegiar+ -~ Bt

8 s<Lr

Y] W\ 2
JleitcTBUTEIBHO, pABIOEHIE eLlisti B pap mo CTEIEHAM ¢
nMeeT BUJ

Elsqg 1

8 — 2 ) 2 42 22 oy

e =1 + 2 )‘sqs + 2 2 '\s;‘l'qs(h""z“ Z NG, 4+
s s<r s
r - 2
lFagum obpasom I1(14%1,q%) ormmuaercs or e*s¥ oTCyT-
s .

CTBHEM YJIEHOB %— ) Mg, -% >\ Mgl .. ., KOTOPHIE 06pATHO
] s

IPOTOPLUUOHAIBHE  COOTBETCTBENHO N, N, ... (caemyer
uMeTh B BHY, 9T0 KAK[Oe cjaraeMoe B NEpBOH Ccymme
o6paTHO MPONMOPUMOHANBHO [V, HO 9UCIO0 CIaTaeMbX mpo-
nopruonanbsHo N). B mpepere, rorjga N — co, npuBefiéH-
was BRI (OPMYyaa CTAHOBUTCA TOYHOI.

Wcnonssya oy $opMydy, MBH HpeficTaBIM w (E) B cae-
AyIOmeM BHJE:

W(E)=

2

e e (B—Eo-oP g

ik

(g Y dpdy, (25.10)

rae
g (v) = N {(ny+1)erhes 4+ etrhos—1—2n) (25.11)

16*
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1 ng—Cpepnee 4ncao GOHOHOB B COCTOSUUU 5, ONpefefe-
moe dopmyuroii Inamka

[

nS:ﬁ“’s
e T—-1

(T — remmeparypa, BHpaskeHHAT B O9HEPreTUYECKUX cJH-
HUIIAX).

B dopmyae (25.10) nerxo Bmmonnumrs HITET PUPOBAHUE

0 p C TIOMOMIBIO TeOPeMBHl O BHYETAX; B peaybrare
HOJIy YU M:

i T
w (£)=2 Re &e‘”E—EO“Z)W”dp. (25.12)
Q

droit (opMyqioil omnpepeasercsa dopmMa JMHAR HOrJI0-
IMeHAA HelTpPOHA B KpUcTalie.

Ecan we yumrsisarh mucmepcun (ononos m aumzorpo-

[IIH CKOPOCTH 3BYKA, TO MMl IOAYyd4uM i g (w) ciepyio-
niee BBIPAKEHHE:

0

8 (4) =5 3755 \[(L4 ne) efve f memive — 20, —1]ads, (25.13)
0

1

Ne = P
eT -1
n §—remueparypa Jle6as, onpefeaseMasn, Kag 0=homn.x
(®max — MAaKCIMaJIbHAA YacTOTA ¢gononon; T u 0 Belpamens
B DHEPreTHYeCKHX eJUHNIAX).

B oGmem Bupge smmoanurs UHTETPUpOBaHUE B opMyie
(25.13) me ypmaérea. Mur orpanuummes IIOBTOMY paccMo-
TpeHneM ABYX HPeRCAbHBIX CIAY4YaeB «Caaloify I «CHIbHOIY
CBA3N, A KOTOPHIX HECYUICCTBOHHH BHAYCHWA W, Jea-
wre BOau3m po~1/9,

B mepsom us srux cayuaes-- cayvae Maabex 0 —
B unrerpaue, oupepeasiomem w (E), cyuiecTBeHHBIMH OKa-
3RIBAlOTCA Maamie p, [pl] < 1. B caywae «cmibmoiiy cBazm

(Gonblume 6) cymecrseHmoit ABmmETCST OGMACTH GONBIIHY
by (0] > 1.
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Msi yOeammcs B CIIpaBeRNUBOCTH DTUX yTBep}I\"'IIQIIIIi'T,
ecm  paccMOTpEM BEpaskenns aunA g (p) mpm |pf! €1 n
l‘ue | > 1.

Ecan |pf] € 1, To g(p) MOKHO pas3igomUTL B PAN IO
cremcusiv pf. B msorpomnom ecayuae [em. (25.13)] mut
MOMXy9uM IIPH 3TOM, O DAlHYUBASICH KBAaJPAaTHYHHIM OTHOCH-
TeJbHO P YIEHOM, ciefylonyio QopMmyay Aug g(p):

0
, 2 3 p 1 1N v
'g(P)=—lH§qu_§‘j}@'3}L &(m-l-;)fde; el < 1.
b

{25.14)
Bregém o6o3znauenue
T
TN o (/14 1N s g,
, 0
torpa (25.14) mepermureTca B Buje
.o R » Re £
g (b) = —iph ff— (u0) T, (25.15)

rae R—smeprusi ortfaum sapa, pasHas R = p*[2M.
Ormerum, 910

€

0, ceern T €0, ]} (25.16)

_ 3
8
go=T, ecan T > 0.

U3 (25.15) B coegunenun ¢ Qopmyaoit (25.12), ompe-
nensiomeit w (E), JTerKo 3arIIOYNTH, 4TO 00IACTh MAJLIX {1,
|ub| € 1, Gymer cymecrsennoit B murerpaze (25.12) mpu
BHITIOTHOHNHU ¥ CI1OBHA

Rey > 02, (25.17)

Heiicreurenbuo, ycmosue (25.17) oswauaer, uTo Koad-
Punmenr, croauuit npn (p0)* B dopmyae (25.15), 32r{5a'11§-
TeNBHO OOJBIIC EUHUNELI; [ODTOMY B IHHTerpate (2 .")
GoaplINe 3HAUYEHWH BEAUUUHBI pf HC MOI'YT HTPATh CylecT-
BeHHOH poJu. 5 '

Tar pRaI{ R~ (m/M)E (E——SHepI‘I/IH”IIGHTPOHa), 10
yveaosue (25.17) MOMHO IpeAcTaBUTH €II¢ B CielyloumeM
BHJIC: q
Ex» XD (25.17')

mEO.
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Boasparnmes ® $opmyae (25.12) pas w (E).

Homcrasnaa B He€ Bmecro g (p) BEIpaskenme (25.15),
noJy4YuM caefyomee Buipaskenne guas w(E), copasepmn-
BOe B cayuae «ciaaboiiy cpA3H:

o0

‘um=%gmm%ME_&—Rmn(_iwr_me=

2

)

= rgnd —y-y?/E2

= |\ dycosyxre s (25.18)
0

e
E—-E,—R » T 5

35=T20; C"—:Z; A=2]/R€O.

Cormacuo (18.10) mocaemunmit wuTerpaix MomeT GHTSH
1ipeo6pasoBan K BUAY

[ | -
I—,}S dycosxyev-v4E =
i
B2 1
LI I 4
4 [/
g e " 1+y‘==f‘7d?(e’ z).

|

g
2 gplle

e

e
_—C0
Mu nmomyunmu mna w(E) supamenne, $OopManpHO COB-

mapaiomee ¢ BeipaskeHueM (18.9), cupaBemauBeIM [Aad CBO-
Gopmoro sappa. Pasamume 3akaouaeTca B TOM, 4TO ROI-
ImepoBCKAaA mmpuHa A, Bxofaaman B (2548), ompejienderca
(popmyoit

A=2)Re,
BMecTO (OpMYIn

A=2)/ RT,

oTHocAWelica K caydalo cBobomuoro aapa. Tamum obpaszom
B A BXOmuMT BMECTO TeMIepaTypH BEeIMYHHA &,, KOTOPYIO
MOKHO TPAKTOBATh KaK CPefHIO BHEPIHIO, IIPUXOAALIYIO-
¢Sl HA OJHY KoJe0aTeJbHYI0 CTElCHb CBOGOAN KPUCTAJIa
(B &, BXOmUT TaKme DHepruA HyJeBox Kouebaumit), Ha
puc. 9, B3aroM wus paborm [%7), mnpemcrasmema saBu-
cumocts &,/T ot T/6.

§ 25. 3AXBAT MEAJIEHRDBIX HEMTPOLOB I RPLCTAMNIAX - 247

I3 npemeasuslx $opMya IR &, BRITERaeT, YTO AOI-
fepOBCKAs IUMPUHA JMHAN HOTJOWeHUNA B KpUCTAILIC
npu HUBKUX TeMICpaTypax (T € 0) boapuie COOTBeTCTByI(,;-
uleil WMPUHBL JJIA cBolopHOro AApa, IpU BHICOKUX TeMIIC-

T T 1 I ]

J -
\
5,,7

2% |
7 e e e a4

\ | | | i |
’ 65 7 14 FA

Puc. 9.

parypax (7> ) umpuHs LA CBA3AHHOTO 1 ¢BOOOJHOT'O Afep
OJIMHAKOBH, soi
3aMeTHM, W4TO B PAcCMATPUBAEMOM CJIy4de «CIa00u
cBA3MY IEHTp JXHOM TOTJIONIeHUA COBHAjgaeT ¢ sHepruett
E,+ R, war u B caydae cBobopHOro Ampa (c™m. §018).

TepeiigéM R PacCMOTDEHMIO CJIy4ad CUILHON CBASM
(6 — o).

Ecan ¢,R/0® € 1, 1o, Kak ABCTByeT U3 JOPMy.IH (25.13),
MOAYAb HYyHRIMU g(p) max. B aroM cayisae, 0I¢BHIHO,
He CyU{eCTBEHHE OCIIUJNNPY IO e MHOAUTEIU efive pxonAa-
mme B (25.13). (9ro 3maumT, YTO IIABHYI0 POJB UIPAIOT
Gompumme p, |6 > 1.) Mm momeMm IOdTOMYy HE paccMa-
TPUBATH DTHX MHOMUTENEH U CYUTATH, ITO g(p) mnpuban-
'REHHO PABHAETCA:

g (c0) = _%i [:ﬂe-{-:—l?—]ads. (25.15")
il
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Honcrasnas B (25.12) g(wo) Bmecro g(p), momyumm
caepyiollee BHpawenne fas w (E), cmpasegnmsoe B caygae
(CUIBHOH CBA3NY:

) £0(0)
W)= —
(E-Eo)2+7i— re’ (25.19)
rjge
-—6%;1 , ecim T > 0,
g ()= 3 R
—3T ecin T & 0.

B npenexe, worma ¢,R/0°— 0, g(co) crpemntea HY IO
n
1

7Y —
Y= e

Taxnm 0GpasoM B IpeeabHOM CaIyuae «CHIBHOIY CBA3M
(0 — co) mmHMA morNOmMeHUA MMeeT €CTeCTBeHHYI0 QopMy,
npauéM TeHTp JuHumy cosmagaer ¢ K, 1. e. ¢ pe3oHaHCHOI
®Heprueii, orsevanmeli OeckoHedHo Goabmoii Macce Io-
TJIOMAI0MIero ARpa.

B paccmorpennux mpepenpmbix caywasx caaGoii m
CHJIbHOW CBA3M MBI HAUIAN AHAIUTHYCCKHIt Buf §yHROuA
w (E). B mpoMessy TOUHEIX caryvwasx ;s ompejieeHus dopmbr
JUHAY [OTIONCHUA NPUXOAUTCA IIPOU3ROIUT b TUCICHHOe M H-
rerpuposanue. Ha pucynwax 10 m 11, B3armx ma paborur
7], nmowazamo, karyio GopmMy UMeeT AMHUA MOTIOMEHUS
AIA Kpmcramaa ¢ remueparypoit eGas 6= 210" gna gpyx
suadennit I', pasuwix 0/4 n 0 (aGenuccoii apasercas X—orHo-
wenne E —F, x T'/2). Ilpeguonaracres, aro TeMIeparypa
KPUCTAJIA BHAYMTENBHO HUMe Temmeparypul Hebas. [las
CpaBHeNNA HA PHCYHKax IOKazaHa Takske QopMa NUHAR
TOTJIOIEeHNST JIIsI CBOOOJHOIO SApa IpM TeX Ko BHATCHHAX
Temueparypst u mupunsl I'. Mur Bupgum, uwro B mpomesmy-
TOYHBIX caydadx (opMa JUHHE TOTIOLIEHNA B KPHCTAIIIE
MOHOT CHIBHO OTIAMIATHCH OT (OPMBI JUHHN NOTJOUIEHUS
B rage. MoryT moABaAThCA dame AOIOIHETENLHHE MAKCH-
MY MHI. ‘

§ 25. BAXBAT MEJJEL HBIX HENTPOLIOB B KPLCTAJJIAX 249

Tak war e,~T mpn "> 0, 10 u3 fopmyast (25.17") cie-
Ayer, 9T0 NPHM BHIIOJIHEHUH YCIOBAA
B>y
B CJyd4ae BRICOKHUX TeMHepaTyp XMMHNYeCKaA CBA3L He
BAMACT HA PAaJUalWOHHEIT 3axBaT HEUTPOHOB, 00yCJIOBJIEH-
HHIT ypoBHeM [,.

10 Lor
Wi . g WE)
8_
o b fa3 =8
a6 a5
25 Kpugmam g4
a2t 02+
fipruemann
0 Aot VI TR N B Y | 0 JJI+III]II[III
6 -8 4 U 4 8 17 1§ “§ 6 41-2 0 2 4 6 & W
X_—’ X—a.
Puc 10. Puec. 11.

XuMnueckad cBA3bL MOKeT CKa3aTbed HA PpafUalMOHHOM

gaxsare npn T > 6, ecan E, yROBIETBOpSAET YCJOBHIO
- 2

Opn 6 =200, T=300", M/m=200 s10 ycmoBme maér
E,<5eV.

Tarnm o6pasom npu T > ( TOABKO Ta 9aCTH MOIJIOUICHAA
B KpmcTaamax, Koropag ofycaosiena Hambolgee HH3KAMU
Y POBHAMN, MOKOT OTJIMYATHCA OT HOTJIOMEHNA CBOOOXHEIMU

AIpaMH.
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Ecan T « 0, ro Bananne »dderta [lommaepa Ha Imo-
rioleHne B KPUCTAJJIAX OTJHYAETCA [JIA BCeX ypOBHeil
or coorBercTBylomero Banauua s@dexta [lommiaepa B
rasax.

Huskue yposun (E,<<5eV) npu T < 6 MOTyT HCHHTH-
BaTh CME W JOIOJHUTCIbHBIE NCKAMKOHNHA.

§ 26. VYnpyroe paccesmme MeJ1eHHBIX HeiiTponos
B KpueTaxrax. Msl paccMoTpuM B 3TOM H CJIefyOmUX IIa-
parpafax ynpyroe m HeyIpyroc paccedHUe MOJICHHBIX
HEHTPOHOB B KDHUCTAJIAX, ITOHIMAaA IIOJ MCAJCHHEIMA Heii-
TPOHBI, DHCPTHS KOTOPHIX HEJOCTATOUHA 1A Bo3OyKIeHUS
spep 1990 T1R01, [101], [102), (103],

3aMcaIeHYe TAKAX HEHTPOHOB MOMKeT IPOUCXONATH,
OYeBANHO, TOJBKO OmarofgapsA Bo3OYMACHNI0 TEIIOBHIX
roxebaHmit peuéTRA. :

Hannuue cBasm Memay paccemBalouUuMu sapamua, obpa-
3YIOMUMA KPMCTAINYECKY0 peméTry, Oy/eT CKasHBATHCA
TOABKO IIPW PacCesHNN HOCTATOYHO MeJICHHEX HellTPOHOB.
Hmxe Oymer morasaHo, 4YTO CBA3L OKA3BIBAETCH CYMICCT-
BEHHOIl B TOM CJydYae, CCJM dHePIus HCHTPOHOB MEHBIUE
(M|/m)0, roe h— xapaxTepucTUUCCKAA TeMIePaTypa KpH-
craimma, m u M —CcoOTBETCTBEHHO MAacCH HeliTpoHa
u Agpa.

Tlpu gocrarouno GOMBLIMX BHEPIUAX JacCOAHNWE Heli-
TPOHOB B Kpucramme He OyReT OTIANYATLCA OT PACCeAHUA
C¢BOCOTHEIMI SIT{PAMH.

Ipn oupepenenun 3PPEeKRTUBHEIX CeUeHMII pPas3IUIHBIX
[POHEeccOB PacCesHUs HEeMTPOHOB B KPHCTANLIe MH Oyaem
II0AB30BATHCA TeopHell BOSMYHIEHHUSA, CUHNTAfg DHEPruw
B3anmMojeiicTBUA MemIy HEHTPOHOM ! AJAPOM, TAK e KaK
B § 3, pasHoil

V=08 (Fr—Ry), (26.1)

rge ru R, — paanychl-BeRTODH, OIIPeeIAIONNC IOJOMKeHNe
HeHTPOHA M AApa, HAXOAAMETocd B [-M y3ie PelléTHH;
o, —KOHCTAaHTA, HC 3aBUCANIAA OT PACCTOAHUA MEWIY
HEHTPOHOM W AAPOM. JTOT BHWJ DHEPIMU B3AMMOJeHCTBHA
03HaYaeT, 4TO HeliTPOH CUIBHO B3aUMOJEHCTBYeT ¢ AIPOM
TOABKO B TOM ClIyd4ae, eCJH HKOOPAMHATH obenx dYacTaL
COBIIAMIAIOT.

§ 26. YIIPYTOE PACCESIHIIE MEIJIEHHBIX HEATPOHOB 251

Nlag  oCTATOYHO MEJJIEHHHEIX Heﬂ;rponos 0, MOKHO
CcYNTaTh HC 3aBuUCANell OT 9HepruW HEHTPOHA.

Ecim oTcyTcTByeT HOTJOMeHWe HEeUTPOUOB ANpaMu, 10
0, ABIACTCA BeUleCTBEHHOU BOAUIMHON, MoTryuleil mpuHu-
MaTh Kak TOJOKUTEJIbHEIE, TAK U OTPUNATE]bHBIC 3HAYe-
gus. [Ipn Haanduu morjomleHuA o, — KOMIVICKCHAA BeJu-
apna (eM. § 30).

Beamunny ®; JerKO CBA3ATh ¢ CEYEHHEM YIPyroro
paccessHUA HEITPOHOB cBOOOMHEIMU AJADAMH 6.

Ilycrs HefiTpOH ¢ MMIYJABCOM p CTATKABACTCA C AN-
poM, Macca KOTOPOTO paBHA M, W B PC3YILTATC CTOJIKHO-
penwa npuoGperaer nmmyase p’. Beposrmoers Taxoro
1porecca, OTHeCEHHAfA K CJUHAILC BPEMEHH, ONPEJeNAeTCH
coramacHo obmeit gopMyse Teopal BO3MYIIeHHUI:

kd ’ o ’ (p’ —p)?
w=""1(p|Vy |p) s (E—E =P ). (26.2)

Sgecy E m E’'—3HaueHuUsA sHepruu HeiiTpoHa 0 M moctae
cronrroBerns ¢ axpom; (p|V;|p’)—marpuunsii aaeMenT
DHEepPram B3auMOMEIICTBUA, paBHBLA

TIATAEEA

1

rue 6_117 ehm—- HOpMUpOBaHHAA Ha 00BEM L BouHOBaA PyHL-
i HeliTpoHAa, d¥ — AICMOHT 00biMa; S-QyHRIUA, BXOUA-
was B (26.2), ofecmeuynBacT BHIOMHEHNE 33KOHA COXpaHC-
uua sHeprau; (p’— p)’'/2M npencrasasger coboit 9Hepruio,
npuobperaemyio AXPOM B PeSYNAbTATe CTOJKHOBEHHA ©
HeNTPOHOM, .

MuddepenimaabHoe cedeHUe pacCesHHA, NPH KOTOPOM
MMOYALC HEelTPOHA JesKAT B TeJeCHOM yrie do’, pas-
HAECTCA:

Z(p-p")RIL

i
Lp-pr 2
et a3 (r—Ry)dr= rj@h ,

ds ___(!_'_S_’p'z dp’ do':
$ T pfid (2“-;1)3
@2 o »_(p'—py\pidpidd v ar
= (BB B ) (269)

re v— HauagpHag CKopocrh Heiitpona. Ilepexomsa or
naddepeHnmana aMIyabca K nuddepennuany sHeprum E',
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Yony aum:
__alzrn2 p'«\ ’ (p’ — 2 n ’
ds, =L Ut <F _E+ LQM&)M do’. (26.3)
Mpounrerpupyem crauaaa (26.3) mo yraam do’. NUmes
B BHAY, 9TO IHOJ 3HAKOM G-(YHKIMN CTOMT BEIPAeHme

E'+ 55 (B +B)—E~2" Y EE cos 9 =0

(Y —yrom memay p m p’), Haiigém:

d aimM dE’
O = 4miT F (26.4)

M—m \? ’
[ ) < <]

Hoayuennyio sasmcnmocts ceuenus or DHEPIUHM MBI
uMean yike patee (cM. § 12). B § 12 gopmyaa (26.4) Gruta
BHIBEJICHA 113 NIPEANONOHenud 0 cepudecKoit cuMMerpuu
PaccesiunsA B CHCTeMG KOOPAUHAT, I'Jie IOKOMTCA I[eHTP
MHEePIUN CTATKMBAIOMNXCA HeitTpoHa m axpa. Mur Bumum,
TaKHM 00pa3oM, 4YTO 3TO NPeRNONOMEHUe, CHOPABEINBOG
B Caydae pacCeAHNA MeJUIeHHBIX HEHTPOHOB, HKBUBAIEHTHO

BEHIOODY BHEpPrUEm  B3amMoelicTBUA MERNY HeHTpoHaMu
n agpom B Bnjie (26.1).

B —_ 2
Wurerpupys (26.4) no E’ B npenenax (H) E L
< E'<E, nafigém momnoe cevenue yHOpYyroro pacceauus
CBOOOMHEIMHI SpaMu:
9‘12 mM 2

GS = ’m 7‘/[—_,_—’—"'— . (26.5)

CeameM emé o ¢ Takr HA3LIBAEGMON HJIMHOMK pacce-
sHua (104, Tak Kar paceMaTpUBAIOTCS MeTOHIbIE HENTPOHI,
paccesnne KOTOPHIX NPOUCXOANT cepudecKu CUMMETPUTHO,
TO BOJHOBAA (YHRINA HEHTPOHA HA 6OJBIIUX paccroaHuAX
0T ARpa UMCCT CAEAYIUWA acuMITOTHICCKUIT BUI:

. q)=e~ik:_a _e"f: ’
r
I'le nDepBoe cJuaraeMmoe mnpegcrasiaseT coboit Malaomyo
BOTHY (B HampaBIeHUM OCH z), a BTOpO€ — pacCeAHHYIO.
Beauunna a B paccMaTpuBaeMOM CJy4Yae paccesHHA Mej-

P it (A

§ 26. VIIPYTOE PACCEfIHNE MEIJIEHHBIX HEMTPOHOB 953

JeHHHX 4YacCTHI[ He 3aBHCHT oOT yraa pacceanns. Owua
HasmBaerTca panHoii paccesnus[104], Jlerxo supers, uro
Ce4eHHe PacCeAHUsA HeHTPOHOB CBOOOXHBIMH AAPaMH PaBHO:

(26.5')

Beanuuna ¢ Mosker OHTB Kak ITOJIOMUTENBHOM, Tar
N OTpUIATenbHOW (HpHM HANUYAN IDOTJOMIEHUA @ — KOM-
IeKCcHAad BeauyuHa). Tar Kak ceyeHwe paccesHUA MeJ(-
JIGHHBIX YaCTUIL MO#eT OBITh HPEJCTABICHO ellé M B TaKOi
dopme:

o, =4r|a

bn .
6, = Aﬂ sin® 8,,
rae &,—n3MeHenue ¢assl S-poanel [cM. § 1, Qopmyaa
(1'1,)]) TO

sin 60
k

Orcioga BUAHO, YTO 3HAK @ 3aBUCHT OT TOTO, Oymer aum 8,
MeHblIe uau 6oublie, YyeM .,
damerum, 40 Aas Gompmumersa spep a > 0(Ba, Be,

C, Ca, Cu, Fe, F, Mg, N, Ni, O, Pb, S, Zn u 1. 5.

v JUIp AJAA HEeKOTOpHx THIOB sfep a < O (I.i, Mn)[105],
Paznudueie M30TOIB OJHOI0 M TOTO JKC HIEMEHTa MOTYT
00safaTh OTANYAOMMMICA KaK [0 BeINYMHE, TAK U [0 3HAKY
3HAYCHUSAMU Q.
Cpasrenne (26.5) ¢ (26.5") morasmsacr, urto
2 ]VI—}—m "
o= 2'»Th —7‘1}%‘ a. (26.-.) )
Ecnu agpo ofraaer MeXaHUYECKMM MOMCHTOM (CIIMHOM),
TO OpU pacCedHUM HAalpaBJeHUe CINHA HEUTpOHA MOMKET
U3MEHHTBHCA Ha obparHOoe. JTO M3MeHEHUE CBA3aHO ¢ II0-
BOPOTOM MOMEHTa fJpa B COOTBCTCTBHH € 3AaKOHOM COXpa-
HeHUA MOMEHTA KOJUIecTBA JBUALCHIA.
Ilpn magugun cOMHA s7Apa BeAUYWHA o, CKIAARBACTCH
U3 JIBYX WICHOB: IOCTOAHHOI A;, He 3aBUCHImE OT CIUHA
neifrpora § mcnuuHa Appa K;, u wiewa, YUYUTHBAONE!O
BO3MOKHOCTh M3MOHCHMA HAIIPaBJEHHA CIUHA., JTOT UJIEH
AOJKEH COJiep'KaTh CHUHOBEIE MaTpHUIL HeliTpoHa W Ma-
TPHUE MoMeHTa AApa. Tak Kar cnuH HeiitpoHa paBeH Y/,
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TO KBajpaT ero CHOHOBHX MaTpHMI paBeH euHHIle.
B cuny »Toro bHeprusA B3auUMOUCHCTBUA MOMET COAePHKATh
CINHOBBIE MATpHUIE HeHTpPOHA TOJBKO JHMHCITHO, WHBIMU
CJIOBAMH, BeJNUYHMHA o; HOMKHa umersb supgl[!0M

o, = A1+ B SK;,

rie [ — epunudnaa Marpuna, A;, B — xoucragrsl.

Cumuicar aroit opMyanl cOCTONT B TOM, 4YTO &, & CJCHO-
BaTENBHO, N JJANHA PacCessHHA 3aBHCAT OT B3AUMHOIM
OpHMeHTaNNi CIUMHOB HeiiTpona u Axpa. Wummu caosamu,
cIefyeT pas3iauM4aTh B3HAYCHUA O, M 0., OTHOCHIHUECH
K HapamieJpHOI U aHTHIADATICIbHON OpHMEeHTANUN CIUHOB
Hefirpona u Axpa. (llo uMewmumcsa sKcHEPUMEHTAIBHLIM
mauHaLM (105] oTHOmeHme o0omx 3HAYEHHIT o COCTaBIAET
oxomo 2 mna Bi u oroso 3 maa Al.)

Jameuass, 9T0

SK= 4 (J'—K'— 8},

SR T
rie J =K+ S, n monaras J =] + 5 (j—xBanTOBOE WMCIIO,

olpefesA0mee MOMEHT AApa), Haiiaém, uro SK npm ma-
paizeabHoll OprMeHTaluN CIMHOB HETPOHOB M ANpa PaBHO:

SK) =5 {(i+5) (G+5) =iG+0-5 -3 =11
a 0P AHTUNADAJNIEJbHON OPHEHTALMM CIHMHOB pPAaBHO:
(SK) =3 {(i-3)(i+3)-iG+D—5 -5} =

=—5 (+1).

Orcioma cneayer, u9To ®, W o_. paBHHE COOTBETCTBOHHO

1 . .
a,=A+7 jB, a.=A—3 (j+1) B
n :
_ G+1) eyt ja _ 2(te—a) '
A= 2/ +1 ’ B‘“"ﬁj—fu - (26.67)

’

HamomuuM, 9ro oTamuubie oT HyJsa MaTpHUHBIC DIEMEHTHI
npoexuuii Momenta K., K,, K, onpegensorca caeny-

§ 26. YIIPYTOE PACCEABME MEJ/UIENHBIX HERTPOHOB 235

romumn GopMyaaMi:
(Kz)mm =m,
(K +iK mrt, m=(Ke—iK Y, my1=V ] (1) —m (m+1),

rA¢ M — MarHUTHOe KBAHTOBOE YUCIO ANpa.
IpepcraBuB o B BHjE

= Al 4+ BSK 4 5 B (S, ~i8,) (K, +1K;) +

+ (S, +i8y) (K, — 1K)},
MBl BuauM, uro wied A+ BS.K, obycaosinsaeT nepexoysl,
Npu KOTOPHX HAIpaBleHHe CIIHA HeliTpoHa HC N3MeHACTCA,
a unen B (S,K,+S,K,)—nepexomsl, Ipu KOTOPHX Ha-
HpaBleHUE COUHA H3MEHAEeTCH.
Jlerro mokasaTb, YTO €CIHM MOMEHT S7Apa OMIMYeH OT
uyasi, To B Gopmyay (26.4) Bmecto af Hy#HO IOJACTABUTH

Ab+ G+ 1) BY

rfie j; — 30aYeHMe MOMEHTAa KOJHMYecTBa [BWeHMA [-apmpa.
Hanumem remepb BmpaKeHWe JUIA HBHEPIMM B3aRMO-
meitcrBna V HelTpoHA ¢ KPUCTAIINYECKOI peméTKOIl.
Jlas BTOr0 HyHO IIPOCYMMHpPOBaTh V; 1O BCeM AApaM
pelérru:

V= ud(r—R)= 2[4 +B (SK)&(r—R). (26.6)
l 3

Ecanm sapa, ofpasyiomue KpHCTAJMIHIECKYI0 pEIIETRY,
a6CoI0THO TOKICCTBEHHBI, TO KOHCTAaHTH A, m B, He 3a-
sacAar or I.

IIpn wHaanmuum H30TONOB M MEXAHUYECKUX MOMEHTOB
apep seawuuusl A; u B, sBasaorca QyHROIUAMI HoMepa
ysaa I, fjaske B TOM ciydYae, KOI'Aa KPHCTalI TOCTPOEH
N3 aTGMOB OJHOI'O dJEeMEeHTa.

B »srom m caegylomnx maparpadax mpepmogaraercd,
YTO pa3aUuMe MEKAY AApPAMU PEUIETKHM, €CJd OHO HMeer
MecTO, BHI3LIBAETCA TOJBKO HaaduMeM M30TOLHOB M MeXa-
HUYECKNX MOMEHTOB fAfep.

" Mu GypeM paccMaTpHBATE HEUTPOH M KPHCTAIIMYECKYIO
peméTRy HKaK ONHY KBAaHTOBOMEXaHMYECKYI0 CHCTEMY,
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COCTOAHME KOTOpPOil XaparTepHa3yeTcA 3aJanueM (MIIyabca
HGIUITI)OHa p, ero CUOHHOBOTO MAaI'HUTHOI'O KBaHTOBOI'O
TUCcJaa P, KBAHTOBBIX qHCcead n; BCeX OCHUIIATOPOB, OIIHNCHI-
BAWOMINX TEIIJIOBHEIC Koaebanus ]')eHléTKI/I, 0 MAarHuTHHEX
KBaHTOBHX wmcen apep my (| my|<j;).

Pacceanne HelfiTpcHa MOMHO PACCMAaTpPUBATH KaK Iepe-
XOJ{ CHCTEMBI U3 COCTOSHUA

Py, Ny, Mgy ooy My, My, o
B COCTOSHNe
7 7 ’ ’ ’ ’
p,e, n, N, ..., mmy, ...
BonHoBasg (YHKIAA CUCTeMB HEHTPOH + pemérra umeer
BUJ
i
1 5pr
et mllen H ouy (26.7)
= i 1
y 1
rae 7y, — CHIHOBAA QyHRUMA HelirpoHa <5L= + 7), Py —
BOTHOBAf (YHKUUA (-ro ocuuaasropa (n; IpecTaBlfer
co6oit umeao (OHOHOB [-IO cOpTa), HAKOHEI, dpml—— CIMHO-

BaA BOIHOBaA QYHRIMA [-To AApa.

OnpemennM MaTPUYHBI dJI€MCHT dHEPIUN B3amMoOpeii-
crBus HelitpoHa ¢ pemérkoii. Muterpuposanue 110 KOOp-
AUHATAM HeWTpoHA CBOJUTCA MPOCTO K 3aMeHEe F HA R;.
Toncrasaas Bmecro R; cymmy Rj—+w;, rme Rj— papuyc-
BERTOP, OUpPEAe ANl IT0J0/KCHNe PaBHOBECUA [-ro anpa,
I %, — Oro CMeI(eHHe W3 TOJOMEeHUA PABHOBECHS, BEI3BAH-
HOe TeILIOBEIME Koge(auumsiMm  pemeéTsu, HpefcTaBuM
MATPUYHEIL BIEeMEHT B BUJE

PR
M=t e @R g AT B (GS) [ mi) X
l

X ({n:}] ot O | {ni}),

rge ANA MATPUUHOTO diaeMeHTa omeparopa V, orpeua-
JOUIETO IePeXofy W3 COCTOAHWMA & B COCTOAHHE b, MPUHATO
oGosnagenne (a|V|b) (cumsox [n;}, Tar me Kax 1 B § 25,
cayHT Auf o0o3HAauenms ncell  COBOKYIHOCTH HMCel
(OHOHOB 7;). ’

§ 26. YIIPYTOE PACCEANINE ME;LTEHHDLIX HENTPOIOB 257

MaTpudHbIi dJ€MeHT, onpefeN AU IepexXonsl B pe-
méTRe, MOKHO Nepelmcarh B Buje (0003HaTeHNA — CM. § 25)
i-(p'—p‘uz Lip- PUls, s

. ) .

({ni}[eh ni) =[] (nsleh 1 75),

b3
rue
i

. 0 L 0
PRU 4 7w TR, (26.8)

i

U =€ (Eseh

HaitgéM marTpuuHBLIil 9dJIeMeHT, onpenenﬂmmnﬁ nepe-

XONEH B CHCTeMe MAaUHUTHBIX KBAHTOBRIX yucex. Kcan

HaTpaBJICHUE CLNHA HeliTpona Ie M3MEHAETCA, TO MAaTpHI-
HBIL 9IeMeHT pPaBeH:

(8, my | AL+ BJGS | o, m) = A; £ 5 mBy, (26.9)

rae sHak -+ Gepéres npu p= + 1/2 m 3Ha®k — pH p. = —1/2.

ITpu maMeHeHWH HaNpaBIenusA Crmia HeitTpoHa Mar-
HUTHOC KBAHTOBOC UHCJIO MOKET W3MCHATLCH —TOIBRO
y OAHOrO M3 H7ep, CKajeM y AApa ¢ MHACKCOM l. Torpa
mi=m + 1, mp=my (I'+# ). Marpuuabil 9JeMEHT
pasex mpu arom 6]

(v, mq\Aql'J‘" Bq (SKq)IP‘,; m'y) =
= By T G D — my (my £ 1) b, (26.10)

o 1 1
rpe 3HAK + Oepérca 1pu ' = ¥ 3HAK — IPH p=—.

IlepeiifémM K PaCCMOTPEHHIO YIPYTOTO pacCesnust Heii-
TPOHOB, LIPH KOTOPOM COCTOANUE peméTsm, T. €. Ihciaa
donOHOB, HE U3MEHATCH. BeposartnocTs paccesnus  dw,
mpu KOTOPOM MMITYJIbC geitrpoma p’ naxopurcA B Tenec-
HoM yrie do’, cBA3aHA C COOTBCTCTBYIONUM MaTpHIHEIM
saeMeHTOM M coorTionIeECM

Q| M| do’ 26.11
= 0 . .
dw hrthd “"] l ( )

BeposrnocTs paccegHus, HOpu KOTOPOM HaIpaBicHue
Cconma He W3MEHFETCH, MBI ofozHaumM depes dwpr. Oua

17 A. Axueaep
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paBua, coraacuo (26.9), (26.11):

_ mp ! m —i—(P'_P) R
dwir = gy 4] 2 <Al 5 Bl) eh %
» l i

[T, len ™™™ n) 2. (26.42)

b

Onpefenram TeIepb BCPOATHOCTD PACCCHHHMA HeUTpoHA
¢ WM3MEHCHHCM HANPABICHNA  CTO  CTMIA. HOas  sroro
HY/KHO HANTH CIA¥ajia BCPOATHOCTH pacceHAHms Ha [-M
ARPE M UPOCYMMUPOBATL BATCM e3ynprar 10 BCeM AapaM
pewméren. Mp moayuum, TaxkuM o0paszom caegyiouec
BHIPQsREHHC 1A BEePOATHOCTH, KOTOPYIO 0003HAUUM ye¢pes
doy 1001, 11031

mp do’

1 .
dwy =L ) 4 B+ 1) —
1

— g (my -+ )| [T (et @770 g | (26.43)

i
- - (P =P, ;!
Marpuansiii saement (n,|eh d p’“l°| n,) MH oIpeje-
amiu yxe B § 25 [Popmyma (25.4)]. O pasem:

. 1
’l—( ! -~ )us , ng -+ —-
(ng| €8s ny=1— | p ——p)esgmﬁ-,QG.M)

rpge N —olmee wwncao sajep B rpucragme m M —macca
aroma. (Mo He OyjmeM yuurbisarhs B jasbHeilnieM 3aBUCU-
MOCTH MACCH fApa OT [, cunrasd, 9T0 MacCH H30TOIOB
MaJlo OTIMUAIOTCS APYL OT JpyTa.)

Tax war N ouens Beamko, ro Gopmyray (26.14) mokHo
DEPONUCATh B BUIE

1
ng +—o-

Sy
MNw, /°

—ir(p'-p)ul 1 ,
(0,157 ) =exp (=551 (67— p)e,

§ 26. YIIPYTOE PACCESIHHE MEJENHBIX HEATPOHOB 259

[Ipousseserne MaTpUIHBIX IeMEHTOB, BXOAAIUX B (26.12)
n (26.13), paBHACTCA:

[T(r, 1en® P s n) =7V, (26.15)

S

rue

W=g l%:le 1 %) (26.16)

npefcTaBasger co00i N3BECTHYIO N3 TEOpUM PACCEANU

PEHTreHOBCKUX Jyyell DKCIOHEHTY TEIIOBOTO darTopa.
Bmecto n, cloma caefyeT IOACTABUTEH CpefiHEe 3Hade-

Hue uncaa (OHOHOB B COCTOAHUM S, ONpPeAeIAeMoe dop-

mysroit Ilnanxa

1

w 2

T _

ny=—%
e

rane T — remmeparypa, BHpasKeHHAs B JHCPreTUIECKHX
eIUHUTIAX.

Bamernm, 910 B (26.16) cymMuposaHme IO § MOMHO
3aMEHUTh HHTErPHPOBAHUEM IIO

Q/zd fsdos
(2nh)3

I CyMMHpPOBAHMEM IIO COCTOSHUAM NOJAPU3ANHH i (fs—
AMIOYABC (JOHOHA YACTOTH ®, dog—-DAEMCHT TEJNECHOTO
yraa £,).

Ecau me yuursBaTh Ancrepcan doHoHOB *) M aHUBO-
TPOIUE CKOPOCTH 3BYKA, TO MLl HOJY4HM CAEAylOmee B
pamenue gaa W:

T e L [%+§D(1ﬁ>] (26.47)

#) Hucricpcust POHOHOB He CYNeCTBEHHA NPU HUBKIX TeMlepa-
Typex, worga T < 0.
1*
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rge

1 z dx
D)=\ 55
\]

u 0 —remneparypa [leGad.

Qopmyant  (26.12) u (26.13), ompegmensomme Bepost-
HOCTH PacCesHNs, JOMKHB OBITH YCPeJHCHBI IO BCEM 3Ha-
9eHNAM MAaTHUTHBIX KBAHTOBBIX YHUCEN M, ¥ 1O BCeM pac-
TpefledeHuAM M30TONOB B DPENISTKE.

IMoneaysices dopmynoii

+jl

S mt= 371 G+ 1) 2j,+ 1),

_.jl

DOJIyuuM CJeAylomire BBHIPOKEHUA A YCPeAHEHNLIX Be-
poATHOCTEI:

- _mpdo’_ 7 ' PR)
dWM—— hr2ha {’2 l
+1—2 %J’;(i¢+1)N}e"“W, (26.18)
- do’ 1 =7+ N
dwy, = o= BUjy (ji+ 1) Ne=2v, (26.19)

rje UepTa cBepxy O3Ha9aeT ycpeAHeHwe IO BCEM BO3MOK-
HBIM pacnopegesieHuAM UN30TOIIOB B pGIHéTKG.
OnpeneJmM cpegHee 3HAYCHHE BEJUYVHBI

| 3 a0 (26.20)
1

Beopga cpemuee 3nauenue A;, oIpefensdeMoe Kak
A=A C,, rpe C,—RoHneHTpanusd agep *), NIg KOTOPHX

*) 3aMeTuM, YTO BOBMOMHBI CJIy4aH, KOT;a Z:O, TAK HKak
$dasHl BOJIH, PACCEAHHMX OT PasJyMYHBIX M30TONOB, MOTYT OBITH TIpo-
TUBOMONOKHBIMI (CM. cTp. 253, a Tamme § 30).

§ 26. YIIPYLOL PACCEANLE MEAJIEHHDLIX HENTPOHOB 261

peanunHa A; pasna A®), nepenumeM (2620) B BHjIe

i R
‘ZAleﬁ(P -P)R?l IZ(AI A)e p -p)RS +AZ . (P P Il _
+ A - e_, __rp -P)R} 2 ] (P -pR] ( A) n
+71— Z eTL(P"p)RVZ c*—ﬁ(P"P)Rz (Al ——Z) n

124 l

+4

_i. r_ /\R“‘
RO lr. (26.20")

1
Ilpn yepepHeHmU IO pACHpejlelleRuAM H30TOLOB BTOpOE

1 TpeThe claraeMee JAAT HYIb, TaR KAk A— A=0.
Cpeninee 8Havenme OT IePBOTO CAAIaeMOTO (26. 20) mepe-
nuueM B BHUJE

— "(P "‘F)(Rl —'RLr

22 A) Ay —A)el .

HegnaroyaapHele YJEHBL © 11" pawor Ipu ycpegHeHUuU
HYJIb. CpemHee 3HaUeHIC AMATOHATBIONO UICHA paBHACTCH:

(A —Ap =T — 28, A+ A=A -4

BoCIoabh30BABUINCH dToll GopMyJnoil, IHpeNcTaBUM OKOHAA-~
reapHO cpefHee suauenme (26.20) B Buje

i Z

PN (@ —4A) A .ze L ”)’*‘| (26.24).

Bo BTOPOM cCJaraeMoMm MBI IIpOI/I3BeJ19M CHavaJga LYM-
MHUpoOBaHME IO BCEM dAjpaM, BXOAAIMUM B COCTaB OIHOI
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dJIeMeHTapHoll A4eiiKM, a 3aTeM Pe3yubTaT IPOCYMMUpyeM
o Beem ueiiraM. Mut HOJIy‘II/IM TAaRUM 00pasom:

'26 (1' P)Rl\ "IZ (p ~PIRY2 Ze

rge R;— pajguyc-BeKTOp HEKOTOPOHl ONpeAesNéHHOl TOUKY
BHYTPH BJIEMEHTADHOH fAYelird, R— paguyc-BeRTOpP v-Io
AApa MO OTHOLICHUIO K B3TOIH TOYKE; CYMMHPOBAHUE IIO v
pacmpocTpaHAeTcd HA Bce AAPA, BXOAAHIAE B COCTAB OJHOIM
ONIeMeHTapHOII AdYellkM, a CyYMMHUpPOBaHHEe IO j O3HAYaeT
CyMMUpOBaHME II0 BCeM JJEeMCHTAPHBIM fAYCHKaM.

Bropas cymwma, Bxomamas B (26.22), npu Goaniiom
(beckoHETHOM) umCIie 2JICMEHTAPHHX SuyCeK MOMHeT OHTHL
IIpefcTaBIeHa B BUJAS

’2(;(,, —M’l ‘2%3—’—\’—'8(”—%?-—2111) (26.23)

L ~P)R] |2 (26.22)

rie A—o6BséM BvieMeHTapHOI sAueitKu, % — BekTop o6par-

Hoit pewrérrn *), N’ —umcio siaeMeHTapHHEX AYEEK.
Caomns dwy m dwy; m BocmosbzoBaBIACH POPMYITAMU

(26. 21),(26,22), (26. B) MOJYYUM CJeAyIOumlee BEIDAKEHUE

*) BexTOop o6parHON pelwéTiH ONpPEResIsicTeA uepes GasucHbBIC
BerTOpHl 00paTHoit pemérru by, b, b, cieiyomum 00pasom:

T=pb,+ psb: + psbs,
e Py, P2, Ps-—IL€JHE upca.

Basucneie BekTOps 06patHOR peniéTiu CBASaHB C 6asHCHBIMU
BEKTOpaMi (OCHOBHBIMII IICPHONAMM) MPAMOH DCISTRA @, @,, @y COOT-
HOMICHHSIMU
. [a.a,) b, — lasa,] [a,a,]

L= T 1 2= P [ R
a, [a.a,] a, [a,a,] a; [a,a,]
Kagomy serTopy 00paTHONl pemérku CCOTBCTCTRYCT CeMeHeTBO

apaJICAbHHX KPUCTAJIINYECKNX IJOCKOCTeN, VPABHEHHA KOTOPBIX
UMEIOT BHJT,

tr_—_m’

rAC F=n.a@; +n,ay +n,a,, n,, ny, ng U Mm—iensle ducna. Paccrosnne
MERAY COCeAHMMM TIJIOCKOCTAMM paBHO 1/t (npW aToM mpejinoia-
racrcA, YTO0 Py, Pg, Py—4UUCJA BBAUMHO IIPOCTHIC).

§ 26. VIIPY TOL PACCESILLL MEIIELHL:X HERTPOLOB 263
[T BEPOATHOCTH YHPYUGIO pACCCAHNAL

5 -1
dwxz.»m—n—{ A— A + B_’_(J )>+

gniht
PGP (”—'7’—” —2:%)8 (p ~p’)} oW, (26.24)
! |2

B cpuunye 00biMa, o’ —uncno vae-

V

rae p—-UII/IGJI() apep
MCHTAPHHX fUCeR’ B CJUIUIC o0BéMa .

Ry
R e.h‘(ﬂ p) Ry

S(p—p')=

v

—— TaK HA3BIBACMBLIL (,prwrypm,m harop. .
> 0
Paznesun  dw, sa v/Q, HaiICM madepennnaabH

ccuCHHC YIPYIOro paccomnm OrmecéHuoec K OXHOMY
APy M CRUHUIC TEICCHOTO yTJIA, OO HMECT cIIeRY omu it

BUAT: . , ’
oi= {2“/“;0&513 (’L‘"—”-h) +
a(4— AL BTG ) e, (26.29)

41c h

—2
4 €
n S¢—auagenme S IpI p—p’=2=h%

2nigRY
— ‘Z (4 v
v

Bexrop Ry MO/EHO UPCACTABUTE B BUIE
b =aul + au)+ au;.

Tak KaK BCKTOPH @; NCPUSHARKYISPHEL ¥ BeRTOpaMm b; (Impu
i), TO St Momimo 3amMcarhb e B CJICJIYIOILIOM BI/I)IO

e i At
ori(pu? +peudbpsud |
St ——“ E € 1 2
v

A m?
TAC G0 = g

2

rfe Py, Par Do UCABIE UHCHA, OIPCREIAIONIHE BERTOD %!
T = b1p1 + b2P2+ bspa'

Kax napecTHo, aHAIOTMYHON dopmyiioil ONpeReaALTCS
paccefiiue PeHTIE@HOBCRUX aydell B KPHCTANIAX.
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Hepsoe caaraemoe B(26.25) maér peskue MaKCUMYMHL
MHTEHCHBHOCTH DACCEANHBX Jyueil, ompefeidemue (op-
myaoit Bparra

p’ — p=2zn~.

JTO CcIaraeMoe ONNCHBAET KOIGPEHTHOC paCCeAHme Heii-
TPOHOB. B1opoe ciaraeMoe oIMCHBaeT HCKOTEPEHTHOE pPac-
ceaHuc Helfirponos. Ecam ue cunrars muomurens e~ 2V, to
OHO HE 3aBUCHT OT YIVIA PACECHAHNA W AHAIOTHNYHO (bo;{y,
HaOIIOlAEMOMY IIDH  PACCeAHMN PEHTTeHOBCKUX JIydeif.

O6parum BHUMaHEe Ha TO 0GCTOATENBCTBO, UTO KOTe-
PEHTHOe pAacCCesHHe ONpPeReNsAeTCa CpPeJHEM BSHAYCHHEM
BeanmuHE A (10 pasnuuneM usoromam). HerorepentHoe
paccesHne ONMpeNeJAeTCH CyMMON KBajpata QIyKTyanun

A, 1. e. (A—A), u Beamunnm —Z-sz(j:l—i).

M=t BupnM, uTo KOrepenTHOE paccesHue 00y CIOBINBACT-
¢fl CTOAKHOBEHUAMYU 0e3 H3MeHEHNS HANpPABIGHWS CHMHA
HEHTPOHA, & HEKOrepeHTHOe — CTONKHOBEHNAME ¢ M3MeHe-
HmeM HANPABACHWA CONHA HefiTPOHA. DTO COBEPIIEHHO
ACHO, TAK KaK B MuTePOEPOHNUOHHLIX ABICHNAX JOJNKHE
yJacTBOBATH BCE AApA, YTO U UMEET MeCTO IPH PACCeSHNN
Ges waMeHeHHA HampaBielns choMna Helitpona. Ecam ske
HANpaBlIeHAe CINHA M3MEHAETCA, T0 5TO HPOHCXONNT
GiarofapA CTONKHOBEHMIO HefTPOHA ¢ KaKUM-a1mGo ompe-
HMeNCHHEIM SAPOM.

Beamunny o, momHO HaBBATH CeueHNeM KOTEPEHTHO-
ro paccesHns ceasaunkiM anpom. Ilonsaysacs gopmymamn
(26.6") u (26.5"), MOHO BEIPABHTDH G, Yepe3 JJIUIBL PACCes-
HEf, OTBeYalOmMe MNapaIenbHOl M aHTHIIAPaJIedbHOL
OpHeHTALUN CUUHOB HeliTpoHa M CcBA3aHHOTO gmpa. 0603-
Hayasg BTH JIMHEI DAcCesHuA depes a’y 1 a’, momyuaiy [1051;

G+1al+jal }*
Cn == T === 47 — ’
N 4~:{ e } (26.25")
rAe AauHa  pacceAHNA CBABAHMHEIM SAApPOM ¢ ¢BA3aHa C
I[JII/II-lf)ﬁ pacceanna CcBoOOMHKIM HAAPOM a, BXojAnlcil B
(26.5"), coornowenuem

a’=M;l_ma.

§ 26. YIPYTOE PACCEAHNE MEJJIEHHD!X HERTPOHOB 265

CeueHne HEKOTePEHTHOIO pACCeAHUSA CBA3RHHBIM AIPOM,
00y CI0BICeHHOE U3MEHEeHIeM HaNlpaBleHusa CliHa HeifTpoHa,
MOJRHO TIpefIcTaBuUTh, coraacHo (26.6°), B caepyomeM
pugell05];

hry (f -
Senor. = o) (al —al)? (26.25")
(B popmymax (26.25") u (26.25") me BHIIUCAH TEILIOBOI
MIUOMHTENB e~ V).

OKCMEPUMEHTAILHO MOMKHO OTHEJNBHO OIpefesnTh KO-
repeHTHOe I HCKOTePeHTHOe paccesHue (KOIePCHTHOC pac-
CeSIHHE OTCYTCTBYET, CCJHM JIUHA BOJHBEI HeifTpoHOB 00Jb-
uie geMm 2d, rge d —HauGoabnice 3HaUYeHUEe MEIKIIOCKOCT-
HOTO PacCTOAHUA B Kpucraiize). Tawum IyTéM BO3MOMHO
ONpee AT DKCIePUMEHTAILHO oTHomerne a,/a_1"%], xapaxk-
TepU3YIOIee 3aBHCAMOCTD DACCEAHUA HEHTPOHOB OT CIMHA
4acTuIl.

3ameTuM, uTO A KPUCTAJIOB KONEYHHX pPa3MepoB
cedeHNE PAcCesAHMs IpU TOYHOM BHIIOTHEHMHU YCJIOBHI
Bpoarra He obpamacrcs B 0OecKOHEWHOCTb, TAK KAk BeJan-

. (P’ —P)RY
ymHA Izeh(p i l
1

HoBuTcaA paBHoit N’2S% (N’ —uancio sucer).

C oTuM cBs3aHO TO 00CTOATEILCTBO, UT0 A KPUCTAI-
JI0B KOHEYHLIX pPa3sMepoB OpArroBCKAA JMHMA HMeeT He
0CCKOHEUHO MaJyl0, a KOHEYHYIO YTIJOBYIO WUpPHHY, A
MMEHHO OXBATHBAaeT MHITEPBAT TEJCCHHX yIJOB, IO IOPAX-
Ky Bexmumun pasuuii (x/l)?, rge X —pumma Boasl, [—
JUHEHbBIe pa3sMepnl KPUCTANIa.

Ecam pasMepsl KpHCTaija HOCTATOULO Majbi, TO TaKOIl
KPHCTAII MAJO paccenBaeT IAJalON[ie HA HCTO HEHTPOHEI.

OmnpegeauM 10 NIOPAZKY DBeaUYUHL MAKCUMaJIbHBIE
pasMepsl KpHCTalla, KOTOPHII paccenBaeT emé MaIylo
yacTh HEWTPOHHOH BOIHB, Hajaromei ma Hero Iox Opar-
I'OBCKUM YIVIOM.

WMurencusHocTd pacceAHNON BOJHBL IIPH  BRIITOJLHCHUH
ycaoBuit Bpsrra mpomopnuoHasibHA IMPOMSBEACHHUIO o, HA
KBajpaT 9iciaa aTOMOB B Kpucrajue, T. €. IPOIopUHOoIanbHa
6o (N, 1%)? (N, —umcio atomoB B cpmuune obvéma, {— -
HeifHEe pasMepsl Kpucraiia). BHllie Mb IOBOpHIH, YTO

: COXpaHfgeT KOHeYHOe 3HaYeHue ucra-



256 IJI. V. BSBALMONENCTBIUL HENTPOHOB € HPHCTALTAMIL

opdexTnBuaA BeTMUNHA TENECHOr0 yILJia, B KOTOPOM
IpOMCXORNT paccesnne, pasaa (k/()’. Ymuomus o, Ngl*
ga (X/l)? ¥ paspesuB pesysbTaT Ha MI0WAJABL IOICped-
HOTO CeueHNs KpUeTadna, PABHyo0 [*, MBI HaiiféM oTHOLIC-
HAe MHTeHCUBHOCTEIl pacceamnHoil i magaiomei sosa. 0603
Hauas Ty Beaumuuny depes B, momyumm [HUALELETI:

I\ 2
[3@301\7;)\212:(5),

ly=07"2(Ny k)™

Ecenm I € 1,, TO HKpucrami ABIAETCA (TOHKUMY», T. C.
oTpamkaeT MaJaylo H0J10 Iajaiollell HA HEr0 BOJHBI.

B cayuae TeIUIOBRIX  HCHTPOHOB ~ MBI TIOJYYHM
I, ~ 107 cm, cumras N, ~ 5 - 102, g, ~ 107** cu.

@opmyra (26.25) oTHoCHTCA K MOHOKDPHCTAJNY.

Jlass Toro uro0H MOJYYNTH CCYEHHE YIPYTroro pacces-
HESL HEHTPOHOB B NOJIMKPHCTAIIAX, HYMKHO YCPEJAHUTDH
B BupameHun (26.25) mepsoe caaraemoe, cojcpiamiec
§-QyHRIMIO, IO HANPABICHAAM % (IPH 3aJaHNOll BeJUINHC
a6coaIOTHOTO 3Hadennsa <t). lIpm sToM G-QyHRIUSA OT
p-pr

h
MOMYYNM CJICAYIONlee BHPAMKCHUCE A YCPeJHEHHOTO ceue-
HHA, OTHECEHHOTO K ONHOMY SAPY M e[UHHINE TeJIeCHOro
yraa:

. o ¢ /2P . ¥
s = {SWAT2TSTO <'ﬁ’ Sln—“z‘—zﬂ’t>+

: 12 = 1 P e an
+ s (B — A+ BT 1))} e 2W, (26.26)

rae

’ f—
— 2nt 3aMeHnTCA S-PyHRIUEH OT Lp—h—p—l——,‘Zm, 7 MBI

rue S¢—cpefnee 3HadeHme S; TpM 3aJaHHOL  BEIUUMHC
t n §—yroax mempy sexropamu p’ u p. (Koopuumenr
mpu &-QyHKIME HAXOAWTCA N3 TOTO yCJIOBUSA, 4TO MH-
rerpad OT TepBoro caaraemoro B (26.26) mo 4nt’dr pa-
BeH MHTEIpPAady OT IIePBOY0 CJaraeMoro B (26.25) mo
drydry dr,.)

Anajornunoit QopMyJION OIpefcasercd, KaK HU3BECTHO,
paccesHue POHTTEHOBCKUX Jydeil B IOITUKPHUCTANIAX.

OnpepeauM HHTETPAJBHOE CeYeHHEe YIPYroro pacces-
mng. Jlasg 8T0r0 HeOOXOAUMO HPOUHTErPUPOBATH BHIpa#He-

§ 26. YIIPYTOE PACCEAHIIE ME/IJIEHHBIX HLEUTPOHOB 267

fure (26.26) mo yraam paccesis (r. e. mo do=2m sin § d¥)
i TIepBOE CAracMoe IPOCYMMHpPOBATE MO BCEM BO3MOK-
MEIM BEKTOpAM 00paTHOll pemwérKi, a0COMIOTHO® 3HauCHUE
KOTOPHIX HE IIPEBOCXOAT kiz. B pesyibraTe MB IIOJva'I‘I/IM
caegyomee BHIpaeHNe Jig MHTEr paIbHOTO CedeHus pac-

cesaHua:

+§f—;(,@—fiz+ " B"j(j+1)> Se"lw sin d9, (26.27)
{)

rge k— BOJMHOBOI BCKTOP HeltTpoHa, paBHBIA p/h, a We—

amauesne W npu p’ — p = 2thx:

B (1, T (0)]

e [LatD(%) |-

W= 6y [ P T

CyMMI/IpOBaHI/Ie HpOI/ISBOJIPITCH o BCEM BO3MORHBIM BERK-
TopaM ofpaTHoil pemeérsy, 26coNIOTHOE 3HAYEHHE KOTOPHIX

we mpesocxopaT k/m. )
Eceau moansoparsca Gopmynon (26.17) pua W, o mmTe-
rpaa, BxofAumiuil B (26.27), moswer GBITH JIETKO BHYHUCIEH.

On paser:
T ™

« e
S e=2W gin § dY = S 307D g dh = 27—, (26.28)
{ Q

rge :
m B 1 T (_)]
““24HF[4+00 T
(m —macca HeUTPOHA, E — ero sHeprus).
WNurerpaasnoe ceueHue (26.27) mpuHuUMaer Ipu 3TOM
BUJ
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[Ipoananuanpyem 9T0 BHpaneHe. 3jech NepBOE caarae-
Moe omucsiBaer muTeppepennnonHoe paccesume. Ouo, odue-
BUJ{HO, HCYE3AET, €CJIM BOJHOBOU BEKTOp  HelTpoHA
k MeHbIe TTgiy, A€ Tmin— HAUMEHBUIEC 3HAYCHUE MIIMHBI
BeKTOpa o0paTHON peméTKHM (B IpocToit KyOHueckol
peméTKe Tpin= l/¢, @ —mocToAHHaA NpAMOI pemwérrn ¥)).

Taxum oOpasom 1pu kE<rtmin B Qopmyae (26.29)
ocraércd TOABKO BTOPOE CJAraeMoe, ONIHCHBAIONICe HEeKO-
repenrnoe pacceanue meiirporos. Horepenrnoe paccesnue
HETPOHOB, BOIHOBOI BEKTOD KOTOPHIX MEHbBIIE Tinjy, HEBO3-
Mo:xpo. Paccegnme TaKHX JJIMHHOBOJHOBHIX HEIITPOHOB
00yCJa0BIEHC, CIEHOBATEIBHO, TOADKO HAIMIHCM M30TOLOB
U CymeCTBOBAHNEM MEXaHMYECKHX MOMCHTOB fjep.

Jnmua cBoGogHOTO npobera HCilTPOHORB, BOJHOBOII "BeR-
TOP KOTOPHIX MEHBIUIC TTmin (IO OTHOLICHUIO K PACCeSAHNIO),
paBHAETCH:

nhe a

mig [ B—2* + L FTGFD | 1

ls= — . (26.30)

C pocrom sHepruu, GraropapA yMeHBNIEHHIO TeIJIQBO-
ro ¢arropa e~% g Bospacraer. IT0 HMEET MECIO TaK-
Ae IpU yBeJIMUEHHU TEMIepaTyphl, TaKk KaK ¢ POCTOM
MOCHeRHe TeIUIOBOil (PakTOp yMelblnaercda (HpH HUBKHX

o T8 N
remneparypax, worga I <0, 4D (T) A ( ” ) , TIPH BHI-

cORUX Temireparypax, xorma T >0, g]) (;) ~ r )

. & 7

Ecau simpa peIETKM He HMeOT HN30TOmOB n He ofia-

[AI0T MCXAHMUECKHMMH MOMCHTaMH, TO YIOPYToe pacCesHne

HeHTPOHOB, BONHOBOIl BCKTOD KOTOPHIX MEHBUIE RTpyip, CTA-
HOBHTCH HCBO3MOMIHBIM.

*) B cjlyuae TEKCAarOHAJIbHOI pemeéTs, K KOTOPO#l OTHOCUTCA
rpadut, 6asMCHBIE BEKTOPH OOpPATHOH PEMETKE ONpe1enlTcda clie-
nyoumM 00[a30M. Eeau ocHoOBHblE NEPHOJIBE PEMIETHU CYTh @y, Gy, Ay,
NpN4eM a;=a,=4a, g aa,=560° a; | a,, a, TO GasucHHeE Bemopix
oOpaTHO# pemgTKH, KOTOPasA Tal:Ke ABJIAETCA IeKCAaroHaJbHo#, pan-

2

1
HBL by = bz=~i—/3;, ba=a—3, npuuim < by, by=60°, by 1 b, b,.

Ilna rpafuta a=2,46 A, a;=06,80 A [114),

p

®
e
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Huske Oyner ToKasaHo, 9TO Heympyroe pacceaHnne Hell-
TPOHOB, BOJHOBOI BEKTOP KOTOPHX MEHBIIE TTmin, B BTHX
yCJIOBUAX TAK/Ke HEBO3MOIRHO.

Orciona ciefyer, 4T0 €cial Ha KpPUCTAMI C TOMKMAC-
CTBEHHBIMM SPAMHA TNAJaer IIYy4YOR TEeIIOBBIX HEeHTPOHOBR,
TO B HAIPABIEHUH [IePBOHAYATBHOIO IIyYKa I0CIC BHIXO/(
n3 Kpucramiaa OyAyT ABUraThCH TOJABKO TAKMC HEHTPOHH,
BOJIIOBOM BCKTOD KOTOPDLIX MEHBLIEC TTpin. TaxknMm 00pasom
MO#HO OTQHIBTPOBHEBATH OY€lb MCONICHHBIE WM, KAR X
Ha3HBAIOT, ¢XOJIOMHBIE) HEIHTPOHBI.

B gauecTBe HpUMepa PemICTRE, AAPA KOTOpPOil He HMeEIoT
M30TONOB ¥ He 00JagaloT MOMEHTAaMH, MOYKHO YKAasaTh Ha
rpadur.

Ucnonsdysa rpadur B KavecrBe QUABTPA JIs O4UEHD
MEIJIeHHEX HefTpOHOB, YAAJIOCH  HOJYIHUTH HeHTPOHB

¢ sHeprueii oxoao 18° KU,

JaMeTuM, 4TO JRHARMIT Texui 11 mommen oO0magarhb
QHAJOTHYHBIMA CBOMCTBAMI B CMBICJE BBRIAGNCHUSA O4YeHb
MeJICHIHX HeWTpoHOB. Pacy8TH IOKA3RBAT, 4TO A
HeftTPOHOB ¢ DHeprueli, MeHbIIEH ~ 4°K, reanit I1 apasercs

«IIPO3PATHLIMY el

BuigcnnyM Tellepb, Kak Befiér cels ceyeHme ympyroro
paccesHus IPH BO3PACTAHUU DHEPTIH. Ilpn k=]1’t'tmin cede-
HIIe CKAYKOM BO3pacTaeT HA BeJUIUHY 2—A—:0_3—— °_ Se Weinin,

™min P

Ilpu mambHeHmeM BOBPACTAHUM DHEPTHN BILIOTH JI0 3HATC-
anfA k=nz, (t,— BTOpOe B IOPAJKE BO3PACTAHUA 3HATE-
Hme <) cedenne, o0yCJIOBICHHOE MITePHEPEHIUOHINIM LIe-
HOM, MOHOTOHHO YyOHiBaer 00paTHO IPOIOPUHOHAILHO
pHepTruM HeifTpoHa. IIpu %k =mt, cedyenme cHOBA CKATKOM
pospactacr (B (26.29) Tenmeps BXOJAT JBa yjeHa) U 3aTeM
BIiaoTh 0 Kk=mt, (t,—TpeTse B NOpANKEe BO3pACTAHUA
3Hauenue t) yoOmBaer 06paTHO IIPOIOPIHOHATIBHO DHEPIHH
peitrpona *). G masipueiiumM pocTOM dHEpPrHH HeliTpoHA

*) «CrauKkoofpasHas» CTPYHTYpPa CEUCHI PACCERUM B COOTBCT-
creum ¢ Gopmysoit (26.29) wabinogasach DICICPUMCHTAJILHO UPH
UBYUCHHH paccedHHsl HefiTpOHOB C pHeprueil B HHTepBaIe 0T 0,001 eV

o 1 eV p noukpucTaniax Be u BeO 107,
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CHATRA B CEYEHHH yMEHBUIAIOTCH, W CedcHUe CTPeMHTCS
K HEKOTOPOMY IIpefesly, KOTOPHIl Jerko OmpeAeauTs,
HeiicrBuTeapuo, mpH gocrarouHo Gompumx ka (a—
HOCTOAHHAA PEmETRH) cyMMa, BxoaAmad B (26.29), cogep-
MUT MHOI'O CJATAEMEIX, U II09TOMY CyMMHPOBAHNE MOMKET
OHITH 3aMEHEHO MHTEeIPUPOBAHUEM IO T, TOYlee IO0BOpA,

ko "
no 4wAt*dr B mpepenax or t=0 go 1= - JaMeuas eme,

TITO B DTUX YCJAOBHSX CTPYKTYPHHIT §arrop paér 1mpocro
uynMeao Agep B Avelike, MBI IOJYYUM CIEAYIOHMCC BLIParie-
HIe JJIA CyMMBI, BXogAmied B (26.29):

—OW 1—e™ .
;Z’; SZ We =g, ——, (26.31)

IpEIEM MHE BOCIOAB30BadNCh AL W Bnpamenuem (26.17).
CrmagmBasa (26.31) co sropeim ciaraembim B (26.29),
NONy4NM TpefedbHOE 3HAYeHUNE CEUEHHWA B BHUJe

A TR e LA S
6= (B BIGF D)=, ha> L (26.32)

CpaBuuBas 9T0 BHIpameHUe ¢ BhpasenneM (26.5) misa ceue-
HUA pacceAHUd WB0JUPOBAHHHIM ANPOM, MBI BHJWM, 9TO
nasme mpu a=0, 1. e. Ge3 yuéTa TemIOBOrO (I)aRTopa,

(26.32) oramuaerca or (26.5) MHOMREATeTEM ( T M>

Hannune aTOro MHOMKATEIA CBHA3AHO € TEM, YT0 MHI
3fech paccMaTpuBaeM TOJbLKO UMCTO YLPYroe paccedHme.
OO6muit Bompoc o Iepexofe OT pacceAHHA CBA3AHHEIME
AApaMN K paccesHmio - CBOOOMHEIME ARpaMH  paccMarTpu-
BaeTca B § 28.

§ 27. Heympyroe pacceanme MeJICHHBIX UeiiTPOHOB
B Epmcraxxax. lIlepeiiném Tcnepp ® pPacecMOTpPEHNIO He-
YOpyToro paccessHUA MCJJIeHHHX HCHTPOHOB B KPHCTAJLIAX.

M=u pacecmorpuM Haubosee BepOSTHHE IIPH MAJbIX BHEP-
ruAX HeHTPOHA IIPOIECCH — HCOyCKAaHWe U IorJouenne
oproro pebaesckoro domomna (cp. Komery 8Toro naparpada).

Onpepesnm cHawana BePOATHOCTH HCIYCKAHUA (OHOHA
C MMIIYJbCOM f M YacTOTOl ®z=uwy;.

§ 27. HEVIIPYTOE PACCEAHIE MEJIJIEHHLIX HENTPOHOB 271

Marpuumsiii 9IeMeHT DHepPTN BO3MYIIeHHA HeHTPOHa
(26.6), orBeuawmuii sMuccun QOHOHA §, MOMKHO IpejcTa-

BUfH B BHNE
i
1 3(P'—PIR}
=g et X

MP: 3 11y N2y eevy ns, ey My, mg,,.,.
J AR MRS TR TRD ns—\ 1, m L "
(P —-plu
X, my | A1+ B (K,S) | :L m;) (nsleh g+ 1) %
—_ ( (- i
x I (n,| ek (P'=p) In,), (27.1)

r

rge WMTPUX HAX NPOM3BeHeHUEM O3HadaeT, 4T0 B HEM

orcyTeTByer uien ¢ r=s. Tak Kax Ramgeil MHOMUTEIb

GeCROHETHO Mago — oramyaerca or eaupunsl  (IV — ),

to [I’ He orauuaercs or mnpomssefeHus [, Bxoasmiero
r S

B MATPUYHBHL 9aeMeHT Xuf yupyroro paccesnus. Iloaromy

MBl MOJKEM BaMEHUTHb II' na e¢~W, rpe W mnonpemuemy

pEparkaerca QopMyaoit (26.16). WnriMn caoBaMu, TemJo-
Boit QarTop maAd paccesHusa ¢ yuéToM OTHOYOHOHHHIX HPO-
[eccOoB He OTIMTAeTCH OT TelIoBoro (amrTopa AAH yUpy-
roro paccesnusd.

Ji1a BEMECICHAA MATPUYHOTO BIEMCHTA

i
nyfen ™7, 4-1)

(p —pu .
MBEL Pa3JIoUM 671 Is 5 pAn, COXPAaHHB B HEM IIepBHE

nsa umena *). Iloxubaysacs BeIpameHueM (25.2) mus MaTpud-
HBIX BJIGMEHTOB aMmuuTyjd woxebamua & m &), momyumm:

(n,1eh P15 1) =

1h fR,
=re.0'—p Y G ™. @19

*) IIpu paccMoTpeHMu ;1BYX(OHOHHBIX NPOLECCOB B PA3JIOHEHAN

I(pr-pyuy
h HY#HO COXPAHUTH llepBHE TPH WIeHA.
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caMeTuM, 4TOo, 3aMeHHB 3fech n,+1 Ha n, ¥ f na
—J, MBIl JIOAYy4YHUM MATPHUYHBIH 9IeMeHT, OTBeualomuii
norgomennio oHOHA S.

Honc'raBJmH (27.2) B (27.1), noayuum:

P Ns.
P’ oSt .

1 L(pr-prHRY .
=T eh ‘v, m | AL+ By (K, S) | p', mp) X

ng+1)h
e (' —p) l/(‘)M+N(1 eV, (27.3)
Urobu HaitTh mupq)epeuumaﬂbnoe ceueHHe pacCeAHNA
HEHTPOHA B TeJecHOM yrie do’, KOTOPOE CONPOBOIKAAETCA
U3JIyYEeHHeM B TEJIeCHOM yIie do $oHOHA ¢ EMOYIBCOM,
JemamaM B uHTepsaue (f, f+df), HYKHO KBaipaT MaTpHy-
HOTO daemeHta (27.3) yMHOMKUTH Ha
mp’ @8, 2dido,
bnhd o @0 (@mhy
Janee Heobxoammo, Tak ke KAK M TIPM BEYMCJISHHU
CeYeHUs YUPYTOro paccesHnA, YCPeJHUTEH IOIYYSHHOO
BEIpasKeHUe 110 MArHHTHEIM KBAHTOBHIM UMCIAM U BO3MO?K-
HEIM pacnpefieleHnAM K30TOIHOB B pemérke. Tar Har
BEIpaskeHne (27.3) aHagoOrM4HO BEIPAMKCHUIO [JIA MaTpuy-
HOTO BJEMEHTA, ONpelesAIero ynpyroe paccesHue, To
IIpy yCpeAHeHUN MOYKHO II0JB30BATHCA 110Ny YeHHEIMU paHee
pesyabraraMu.
Hmp(pepeﬁunaﬂbﬂoe CCUCHHO pacCesHUA ¢ UCIyCKaHueM
donona, orHecEHHOE K OJHOMY SADY, PABHAECTCH:

L D =PV el |y
2{7'” i <Vp S pzuhﬁ)‘el(ns*l-l)e WX

(p p+f 21:1)-{*
+.;§;2_}LT[A —A L B](]+1)] X

[(p" — p)esi? W 2dfdoe’ dof 97/
X —AThu—)—'mv (ns-{- 1)(3 } . ()'Nh)3 Ly (.../. l)

rjae
. Am2

O wp

§ 27. HEVIIPYTOE PACCEAHNE MEJUIEHHLIX HERTPOHOB 273

IIpn aTOM BeamumHA NMOyAbcAa HEHTPOHA IIOCJIE CTOIKHO-
BeHNH ONpeNeJAeTCA U3 3aKOHAa COXpaHeHUA BHepPrun

p'? 2 »
=1~ —ho, (27.5)
Onddepennuansnoe cewenie paccesHUA, OPU KOTOPOM
noraomaercss YoHOH ¢ nMIyabcoM f, MomeT OHTH HOIy-
yeHo u3 (Qopmyast (27.4), ecaum 3aMeHHTb B IIOCJIe[Heil
n,+1 va n, n f na —f.
O10 cedeHUHE HMeeT CAelyIOmNi BOJ:

do- _{ﬂ BTy < > I(thI:))eg] ne” W x

o — —2 1 ==————n
xi (Pt f—2“>+m(f*”“‘4 T B+ X
, . s2djdo’do
x LBl ne W - (@76)

ITepBoe caaraemoe B (27.4) m (27.6) maér pesnue ma-
KCUMYMBI MHTEeHCHUBHOCTH PaCCeAHHBIX HeIiTPOHOB, OINpene-
JfgeMBIe COOTBETCTBEHHO YCJIOBUAMHU

p —p+f=2hx, (27.7)
p —p—f=2hx. (27.7")

PaccmorpuM  moppoGuee  dru  mHTepdepeHIUOHHBIE
yCIOBUA. :

Ilpeguonaras, aro gucnepcuio (pOHOHOB MOKHO He y4H-
THBATh, HepenuieM ycaosue (27.7) u 3aKoH COXpaHeHUA
opHeprum (27.5) B BuUAE

2 __ p’2
P -_—

Ll —sf=0, p'—p+f=2%,  (21.8)

rae s— CKOpOCTh 3BYKA.
Us (27.8) caepyer, uro

%(v-{—‘v’) (f — 2=h%) = sf, (27.8")

roge v m fa'—crcopocm HeifiTpoHa MO U HOCJEe [paccedHnd.
ITO COOTHOINCHMO IOKA3WBaeT, 4TO ecJal CUUTATh t=:0,

18 A. Axmegep
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1o upn v < s ycuorna (27.8) me Moryr ORHOBPEMEHHO
BRITOJIHATBCA.

WMHpiME  cOBaMH, OPU TOYHOM BHINOJHEHHWH 33aKOHA
COXPAHEeHIS UMIyabcy MCIycKanue (JOHOIIOB HEHTpOHAMI,
CKOPOCTHL KOTOPHX MEHBIIC CKOPOCTH B3BYKAa, HEBO3MOKHO
B pembrre ¢ TOJecTBeHHEMH sppamu. OHO CTAHOBHTCH,

OHAKO, BO3MOKHBEIM, €C-
7 aa 5= 0. B sroMm saraio-
qaeTcs PoAb  IIPOLECCOB
! «mepebpocay, IPH KOTOPHIX
ne cobaomaercad TOYHO 3a-
KOH COXPaHeHU A NMITYJIbCa.

JaMernM, 94To IOIIoIe-
nue poxoHa npu v < S BO3-
" MOKHO, HO IIPH 9TOM HOJ-
1= FRHO BEIOOJHATHCH yCJIOBHE
E [>2m(s—v), woropoe 1a-

CTO IPOTUBOPEYHT TOMY,
410 f He MOJIKHO IIPeBoc-

XOfUTHh HEKOTOPOro Ma-
KCHMAJBHOTO 3HAYCHNS, OLPEeITEMOTO U3 Yea0BUA sf, =¥Kb
(6 — remneparypa [leGas).

Veaosua (27.8) A0MYCKA0T HANIALHYIO T€OMETPUYECKYIO
HHTepIpeTanmuio. Ecau BsecTu nepemenuyio z=|p’ —p]|,
ro u3 (27.8) caenyor HepaBeHCTBA

=/6§*7:*

. P
T T

%
- 77 :_/fﬁ + T

E-

R S .

Puc. 12.

T+ f > 2nhe, & —f1< 2h, \

j 279
s<p+V P—2msf, w>p—) P—2msf.

DTuMH HepaBeHCTBAMH OUpefelseTcs HEKoTopasd o6aacTb
NOUYCTUMHX B3HA4YeHmit z u f, Koropas musobpameHa Ha
puc. 12 B BRAe samMTPUXOBAHHON INTOMAAN.

B xavecrBe IepeMEeHHHX HA puc. 12 mpumaATHL:

sf .z o wht
p?l2m p

-
G ==

2p ’

a8
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Ecan mpm 3agaHHOM HMIYyabce wpeliTpoua (r. e. Ipn
3ajgauHoii Beauuuile B) yBeamunmsaTh ¥, TO 3ALITPUXO-
BaUHAd IUIOWIAKb OyAer YMEeHBINATBCH II IIPM HCKOTOPOM
3HageHuH t* BOBCE HCYe3HET. JTO MAKCHUMAJIBHO NOIYCTH-
Moe 3HAYeHME 1¥ ONpejesAeTcd, OYeBHJHO, M3 TOTO YCJO-
BOF, YTO IpPAMasg, yriaoBoili kosdduuumeHT KOTOPOH paBeH
—B, Oymer xacathca mapaboum &=4 (n—7v*). Touxa
nepeceueHn s KacaTelIbHOl ¢ OCBIO 7 W JalT MAaKCAMAJIBHO
BO3MOMKHOEe ¥ Kak QyHROUO f.

1
Jlerko ybepurbea B T0M, 4T0 ecanm B&L -, T. €. ecau
’ &

v <$, TO MaKCUMaJbHO BO3MOKHOE 3HaYeHue t* paBHsAeTcA
eUHNINe; MHEIMM CJIOBaMH, eciu v < S, TO IIPU HeyIpy-
roM pacCesiHud, COIPOBOMAIOMEMCH HCIyCKaHneM QOoHOHa,
BO3MOKHBIE 3HAUEHHA <, TaK ’Ke KAK W IPH YIPYroMm
paccesnnH, He IPEBOCXORAT Kk[w.

Ecam v > s, T0 MAaKCHMaJbHO BO3MOKHOE 3HaUeHHE ¥
paBHAETCH:

“hax (0) = (1+ ) (1+5),

IIycre v < s; ecnim 1mpm 9TOM WMIYJIBC HEATPOHA MEHb-
me whtyin, TO HEyHpyroe uHTepepeHIMOHHOe paccesHue
¢ ucOyckaHmeM QOHOHA CTAHOBUTCS  HEBO3MOMHBEIM *).
B oTmx ycaoBmgx HeylpyTroe paccedAHne ABIAETCA HEKO-
TePEeHTHHM 1 00y CIOBIMBAEGTCA TOUBKO HAJIWYAEM H30TO-
IOB U MEXaHUYECKUX MOMEHTOB ffep M oIpefeiseTcs
BTOPEIM caaraeMeM ¢opmynm (27.4). B caygae Tompmect-
BeHHHX Afep, He HMCIOINX CIMHA, PaccMaTpPHBaeMoe
paccesHne OTCYTCTBYCT.

Pacemorpum mpessfge Bcero paccesHme, OMMCHIBAEMOE
BropuM caaraeMuM Qopmyan (27.4). Onpepennm pudde-
PEHIUATBHOE CeYeHHO pACCesHHs, HPH KOTOPOM 9HEpPrud
HeliTpoHa mouajaer B muarepsad dE’.

Wurerpupys Bropoe caaraemoe (27.4) mo HampaBsie-
HUAM HMOyJbca HUCHyMenHoro (oHoma U CYMMOpPYS IO

v>s. (27.10)

*) OTo paccesiHUe MORHO HA3BATh TAIMKE HCYIPYTUM KOre-
pelTHLIM PaccesHueM.

18*
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COCTOAHUAM €ro mojApusannn, HOJIyqInM:
m? 24 -3 U 55777+
P —p» ’ 1 —-2W
Xwﬁw . d(ﬁ(!)) dO 1+m>6 s \2711)

©

rie do’ — BJIEMEHT TEJICCHOr0 yIaa, B KOTOPOM HAXOMATCH

p2 — plz
2m

AMIYJEC PAacCeAHHOro HeliTpoHa p’, fio =

Hpn  purome Qopmyast (27.11) ME me yunrHBagH

.

mucnepcnu (GOHOHOB 1 mpeHeOperan aHU3OTPONHeil CKO--

pocta pacnpocrpaHeHuss KoaeGanmii. Ecam pasznugars
CKOPOCTH IPOJIOIBHKEX M HOIlePeYHHX KodeGaHmil, KOTOPHE
MH 0603HQIUM COOTBETCTBEHHO "Wepe3 s; W §;, TO B HOJY-
9eHHHIX BHIIe (OopMyJax BeaHImHY $™° CiaefyeT 3aMeHHTb

1 -3 -3
Ha - (s7° 4 2s,°%).

Hponnrerpupyem (27.11) mo yranam do’. He yuurmsas
TENI0BOr0 GAKTOPa, MH HOJYYHM CIeAylomee BHPAKCHHE
AIA OTHECEHHOTO K OFHOMY sAxpy muddepeHITANIBLHOIO
COUeHNA pacCCeAHNA HEHTPOHA ¢ IOTepeil DHEPIHH MEWRAY

E—E n E—E —dE":
43, = 3 ps [P"ZzﬂL%BZJ'(J'-Jr 1)] X

2m / E~ E*—E" ,
X V/7ﬁ'V/7Wﬁ'*ﬁz%;—(”w‘F1)dE

(ne — nuranrosckan $yHKUAA).

Yuuowus ds, Ha vp, HAAEM BEPOATHOCTH TOrO, YTO
DHeprua HefTPOHA B pesayabTare pPAacCedHUsA B KPUCTAIIO
momanér B wHTepBan E’, E' —dLE’.

Bupamenune (27.12) morasmBaer, uTO BepOATHOCTH
HeyIpyToTo paccesdHUs pactér ¢ yBeJUYeHHEM IOTepsH-
HOWf dHEPrMM, TaK 49TO TIJIABHYW pOAb NpH HEeYHpyrom
paccesHum UrpaloT nepexofsl ¢ GoublIOH HoTepeil sHep-
rou, nopsajAKa HAYaJbHON bHepruum HeliTpoHa.

damenun B dopmyae (27.12) n,--1 Ha n, u E*—E"?
Ha B’ — E? NOJYyYHM BHIDAKEHU® MIA CeYeHud MHOTIIOIe-

(27.12)

E
-
*

4
ke
&
&
=
RS

§ 27. HEVIIPYI'OE PACCEAIHUE MEJQJIEHHbIX HENTPOHOB 277

Hnsg QOHOHA, PHEprusA KOTOPOro 3aKI0YeHA B MHTEepBaJe
(E'—E, E'—E+dL’). OGosna4as dTo cedeHHe dYeped
do_, TOayuuM:

2 o -2 1 Be 7 e AN
do.= " (B =T+ L B[+ 1))
m E' E’* - E? ,
X I/TI_ T hstep nedE’. (27.13)
B caywae pmocTaTOYHO HH3KHUX TECMIEDATYp (T «0,
f§ — remmeparypa [ebas) B BHpameHnu nua do, MOKHO
npenebpeub N, Tak Kak npa 7' € 0

'«

o= cholT _

MHTeI‘paJII)HOG ceyeHHe HeyHOpyroro paccesHud Hell-

‘'TPOHA € MHCIYyCHAHUEM OJHOTO (I)OHOH& B o0iacTy MaJHX

pHeprmii Hefitpoma, ®orga E <0 (cm. womer groro ma-
parpada), mpu gocraTogHo HusknX Temmeparypax (I' < 0)
onpejieaseTcsa cieRyoniei dopMya0IL:

. 7 \3 m? T 1 557~
oom b () e (B=T 4+ FIGHD ). 2714)
Temneparypa [lebas ompepeaserca 3pech CIe[yIOIHUM 06-
pasom: 0 = (6x*)"/s fisp'/s.

Msur Bupum, uto npu F < § BepoATHOCTH HEYIPYIOro
paccesHus OBHICTPO pacTér ¢ BO3pacTaHWMeM JHEPIUM HEHU-
TPOHA.

IToguepruém emé pas, 4TO (bopMy’JIa (27.14) OTHOGI/I’IGH‘
K CJydYam O4YeHbL MAJHX sHeprmil HeliTpoHa, Korjga v <s

R
nv< min HanomunMm, 410 B BTOM cJAyyae ceueHHe

m

yIPyroro paccegHusA PaBHAETCHA [CM. (26.25)]:

o=t (BT + 1 BIG+D)-

™

Otnomenne ofoux cedeHnii PaBHO:

a,__8 m (E’)s
o 1 M i )

OHo 3HAUUTENbHO MEHBIIC eNUHMIIE.

(27.15)
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Brisscnum remeps, ®ax Bemér cefa ceueHme Heympy-
roro paccesHus IIPH yBeJnMdeHAn SHeprum HelTpoHa.

flcwo, wro, HaYMHAA ¢ HEKOTOPOro 3HAYEHMA PHCPIAM
HeliTpoHa, B olmeM Bepamennn (27.4), ompenmexsomenm
ds,, Ha4@HAET WIPATH DPOJb IEPBOE CJIATAEMOE, OIMCH-
Balomee HeEynpyroe korepeHTHoe paccesnne. OHO maér
pesKre MAKCUMyMH IPU BHIOJHeHHA nHTepPepeHuoHHEX
yeaosuit p’— p 4 f=2xht. Bro paccesHnme orcyTcTBYyer,

RAT ¢
n
ecn v<s W u<—7;m——.
Ecmn nfitmin < ms, To muTepdepennumonnoe paccesnne
., . ®htnin
HATUHACTCA U CKOPOCTH HElTPOHA, PABHOL v, = —2

npnYéM BHAYAJNE BOSMOJKHO JIMITh OJHO 3HAUCHIE T, PAB-
o€ Tyin. 1Ipm yBexmwenunm cxopocTu v or v, A0 s mOCTE-
IeHHO BRIIOUAOTCA APYTRe 3HAYCHAD t.

Ecmu pemérra rarosa, 1aro ms < nfitg,, TO HHTEp-
¢epennuonHoe paccesHne HAAMHACTCA TPH CKOPOCTH HEli-
TPOHA, PABHOH CKopocThm 3ByKa. B arom ciywae BHauame
BO3MOJKHO TONBKO 3Hadenume t=0, orTBewamee TOTHOMY
BHITIONTHEHUI0 33KOHA COXPAaHCHHWA UMIYJbCAa B pCUISTHE.
IIponeccrr mepeGpoca cTaHOBATCA BOIMOMKHHIMHE LIPH CHO-
pocTAX HeHTpoHA v > s. SHAYeHHe ¥, IPH KOTOPOM JIOIY-
CKaeTCA 3HAYCHUE Tpjn, ONPEJeAAOTCA U3 ypaBHEHUA

(27.16)

Tmax (0) = Thin,

e thax (0) ompemenserca dopmyaoir (27.10).

AA HoNyYeRns NMOTHOIrO CeYeHUA HEYHPYroro pacce-
AHUA C ACIyCKAHUEM ONHOTO GOHOHA HYJKHO IIPOMHTErpH-
posath (27.4) mo df do’ do; W HpoCyMMHpPOBATH IEPBOE
cllaraeMoe IO BCEeM JONYCTHMEM 3HAYCHUAM BEKTOpa
o0paTtHOll peméTRA *.

HroGu me ycmomuaTh Qopmys, mpuseméM pesyIbTaT
AN CIy9as mpocToif peweérkn (p' =p, §=1):

T*< Tmax (0)

o=twa(s) X w{etnoviaat

4535 (5) (F-T+ 1+ B (D)2 . (20.07)

;‘

§ 27. HEVIIPYTOE PACCEAHUE MEUIEHHDIX HENTPOHOB 279

Ecan v < 4s, T0 npum MHTerpupoBaHHA IO 7 MOKHO
3aMEHATH HORUHTErPAABHYI0 YHKIHNIO B IIEPBOM CJarae-
MOM €& 3HAYEHWeM IpH 1 =1t* U CYMTAaTbh MHTEPBAJ H3MO-
wemns v pasmeM 285 B stom caysae gopmyma (27.17)
npunobGperaeT BHUJ

Tt
m P \3 2] %301 __ %)2

°+=ﬁ°°<m8> - I:T (1—==5"+
E

hor (1 =)

T

1 e/ T\ zdz ] ,—2W.
+5 (%) § el R

8 m /BN T 2o L g |22 (2748
(I [T+ B+ ) | (27.18)

rae

WT=12%%—1*2{%+%—D(%)}.

Ecau [uHA BOJHBE HeiTpOHA B3HAYATENBHO MEHbINe
HOCTOAHHOI PeléTRA @, T.e. €CIHM BHIOIHACTCA YCJIOBUE
ak > 1, To cymma, sxofamasn B (27.18), comepmar Golib-
foe 9MCI0 craraeMeHx. B asToM cayvae c;;l;/[{lgn;)OBaHﬂe
Mo#seT OHTH 3aMeHEHO MHTOTPHpOBaHHEM IO (“h;: tkidT¥,
(OrMeTuM, 9TO DTOT CIOydJaii mMeeT MECTO JJIA TeIUIOBHX
HEHATPOHOB TP KOMHATHHX TEMIEpaTypax.)

IlpereGperas TeIIOBHM (AaKTOpPOM, MHI IIOJYyIAM B pe-

ayJabTare:
o 8 m (P)
o 7 M\b8 /"

rge o --ceueHUe YMNpYroro pacceAHUs HEHTPOIOB IIpa
yeaosnn ak » 1, onpepeasenmoe 1o gopmydae

(27.19)

m? - —2 _ﬂ—_—-—.-“‘— =
ay=0,+ 0 [F=T + L BTG+ D ]

=2 (B FGHD) - (27.19)
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Cpasumpan seipaskenua (27.19) n (27.15), mB BnjuM,
YTO OTHOWIGHUE CeUCHM HeyNpyroro ®m ympyroro pac-
CeAHNA IIPM AOCTATOYHO OGOJbBMNX 3HATEHUAX k(ka > 1)
UMeeT Tawo#l ke BUJ, KAK M IpU pPAcCeAHHH OYeHD
MeJUICHHBIX HeliTpoHoB (K < TTmin) B PeIlETKe ¢ OTamya-
WONUMACA fApaMu (OTANYNe BEIBHIBATCH TOJABKO HAIHYUEM
U30TONOB N MEXAHMYECKNX MOMEHTOB sjaep) ['0%],

lpu semomnmennn ycaosna ke > 1 paccesmne HeifTpo-
HOB B peIIéTKAX ¢ TORNECTBOHHHIME U OTIAYAIIIIMUCH
(B ywasannom CMEICJIe) AJpaMn IPOHUCXOOUT ONUHAKOBO.
IT0 06CTOATENLCTBO JEIKO IOHATH, ecan 3aMEeTUTh, YTO
Ipu A0CTaTouHO Goabwmx k mrpaer poxb 6odblmoe umeio
BOSMOMHHIX 3HAYEHUI T, B CWIy Yero CyMMHPOBaHHe IO
T MOMeT OHTbh 3aMeHEHO HHTerPUPOBAHUEM. Baarogapa
BTOMY HCYe3AI0T $-QYHKINM OT MMIYJBCOB.

Takum ofpasom mpm ka > 1 yubr Bcex BoamMOKHEX
NpoLeccor mepebpoca HNPUBOAAT K HOJHOMY ycTpaHeHRnIo
nHTepQePeHIMOHHKX Y CIOBUIl, B3aMEHAONUX 3aKOH coxpa-
HeHUA UMOyabca B pemérke. Tak xak B pemérre ¢ He-
TOJICCTBEHHBIMII A/PAMU TAKKe He BEIIONHAETCH BAKOH
COXPaHEHUA UMIYJNbCA, TO OTCIOAA CIELYET, YTO Pa3Andue
Mesly obouMm BugaMm pemérox npu ka»> 1 He wMomer
HMETH MecTa.

Ecan sumomuaerca ycaosue ka > 1, 10 cewenme Heym-
pyroro pacCeaHHsA, CONPOBOMAAIMEroCH W3TyIeHHEM
opnoro (oHOHA, MOMET OHTH ITPEACTaBICHO npu E <6
B Bnpe [1°%]

c+=24%“s(%)3§]*(1+"ﬁ%~t‘r> & x

—;—(H-VT—E)

)

5 -Vi=)

vt dn,  (27.20)

e

wenf [1+I0(3)]

§ 27. HEYVIPYIOE PACCEAHME MEJJEHHLIX HENTPOHOB 281

a 6, onpenensiercsa Gopmyaoit (27.19°). He yunTmBas rem-
J0BOI (AaKTOp, MOJydnM:

1 /’
Y m £ 3~ _ ST !1 1
64_=3M—cs<0> I\)(2 2))/ 1 214

Ez
eT -

)z dz. (27.21)

Us (27.21) caepyer, ato

EN® (8 , ./ T\2)
o (5) 1+ (3))

npnu T K E 0, ]} (27.22)
|
)

e ga(2) [$+85)
npu T > E EKH.

Ceuenne HeyHmpyroro paccegnus He@TpPOHOB ¢ HOTJIO-
menueM ofHoro (OHOHA IpH BHIOJHeHHR yoiuosus ka > 1
nMeet Buj (Ml mpeHeGperaeM TeIIOBHM (aKkTOpOM)

m E /T \?
e-agiaf (5
g T LT
X\ <2+—E—Z>V1+~E—,z zdz' (27.23)
e? —1
h
Ecau 6§ > E > T, 10 2
o.=m " g 7 (%) , (27.24)
Eemn E T €6, To o
7 T T N3
6 =3I ("2‘) 2oV F <?) , (27.25)
rae I'—ramma-ynsmms. Ecmu T3> 62 E, 10
tme LY L 26
°—=‘5ﬁ“s"e‘V'E : (27.26)

TpnBeném emé Gopmydy uiId nN3MeHEHUS 3JHEPruy Hem-
TPOHA HA efUHuLe IIyTu:

—E_NY S fo (doy —ds_). (27.27)

rge N —umeao spep B egnHUNE o0BEMA.
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[Mpepmonaras pemonHeHHHM yeaosme ak > 1 (mpu sTom
CyMMOpoBaline MO T MOKHO 3aMEHHTH MHTeIPHPOBAHHEM)
n npenedperad TEIIOBEIM (PAKTOPOM, IIONYdUM:

dE m F\4

1
X{j@—ﬁ)l/ﬁ-—ﬁ LI F Y
) _

eT
erovViTeeas
_j SO PIEEEE) L (21.28)
0 el —1 )
Ecau 6 > E > T, 1o
dE. 64 m E ¢ .
— =% () (27.29)
ecitn E€ 0T, 10
dE 2 m 0
— e TN (27.30)

OnurodoHOHHEIE TIPOIECCH, KOTOPHIE MBI JIO CAX IIOP pac-
CMATPUBAJHU, JIAIOT IepPBHIl YJIEH B pPAa3J0oKeHUN CCIeHUA
HEYIpPYTOro cedeHUs B PHAR 10 CTENEHAM HHEPruM
HeliTpoHa. YHué€T KBYX(QOHOIHLIX IpPONECCOB RAET ceueHUe,

m\2/ E\¢
IIpOIIOPIUOHANBHOE (7\7) <-0—> .
B camom jeme, BeposTHOCT ABYX(POHOHHEIX IIPOLECCOB

OTJINY2ETCHA OT BePOATHOCTH OfHOPOHOHHEIX IIPOIECCOB MHO-
RATEIEM
p’ —p)e* h
h? 2MNo’

Lp-p)u
IOy A IONIIMCS TIPH pasiosmeHmn el B PAJ IO CTe-
nenam . Cpefilec 3HAYCHEE BTOTO MHOMHUTENSA 110 TOPARKRY
peanyimnt upu E <0 u P < 6 pasHo:

E/h
p* wdo i')_/\./ E3m © ~ m E \8
Mh S s N ~MNs*h* ™~ M T)
0

(s—cKopoCTh 3BYyKAa).

§ 28. IEPEXO0/] K PACCEfIHHIO CBOBO,/IHbIMII SIAPAMIT 283

TaruM 00pasoM pedb UAET O PABJNOMEHNH B PAX IO
m
CTETIEHAM —M—(E/O)a.

Mil MOKCM OTPANHUHTBCH paceMoTperneM OFHO(O-
HOHHHIX IPOLECCOB TOJIBKO B TOM CJyuae, eCJH BHUOI-

L (%)’ < 1. (27.31)

§ 28. Ilepexox E paccesHunio CBOOOTHBEIME AJPaMH.
[epeiigém Temeps K BHIBOAY obmieit ¢opMyJsl JidA ader-
THBHOTO CeUeHns paccesHWA HeMTPOHOB B KpHCTAINIAX
¢ y4éToM MOIJOIeHHS ¢ HCIyCKAHIA aboro 4HCIA

| AeTcs yCJIOBUE

“(onoHoB.

Jina oupefenéunocrn Gymem cuuTarh pemsTRy €OCTO-
ameit w3 TOMIECTBOHHHX sAgep. llyers mompesrHeMy
p u p’ —3HadueHMA WMIyJbca Heifrpona Jo W IOCIe
paccesHus, ng, Ny, ... U Ny, My, ... — COBOKYIHOCTH HHCE]
(OHOHOB B HAYAIHHOM M KOHEUHOM COCTOSHIAX PEICTRH.

VuTepecyomas HAC BEPOATHOCTL IIEPeXOfia uUMeer,

O4YEeBHIHO, CJCAYIOMUA BHUI:
27 ANz
W=7 <—> X
i(p'—p)Rf o ——i—(p’—p)ul
2, Zeh (n}, ny. ..leh [ By, Ngye o v)

b8, 2

3 (E'+ S (ne—nt) ho,—E) . (28.1)

2

X

X

nMNz... 1

Bionﬂmnﬁ CIO7[3 MATPHIHBINH DIEMEHT MOIKHO Ipef-
CTaBOTH B BHJE

i—(11'--2))101

(nS, nd, ...leh [y, Ry oo l) =

i
—(p'—D)u
=L e® 7 ng = [ Mo,
S 8

rge __i_fR‘i —-t-—fR?
w,=e,(eh  FEe n )
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-1 I
maT MHOomurenem /N-'/z MB MOMEM OTPAaHAYNTHCSH pac-

CMOTpEHUEeM TOJBbKO TexX cJaydaeB, KOrja n; OTINYaeTCHA

0
or ng ne Gonblue 4eM Ha efununy. Beopa pisa mpaTkocTn
0Go3HaYeHne )

Bcnomumas, uro maTphusmle dieMmeHTH £y m E5 comep-

qz: ! (p’ —ple;it
s 2MNhog !

UMeeM ¢ TogHocThIO g0 N7' [em. (25.4) m (25.5)]:
| Mg, ngl?=1—(2n0+ 1) ¢,
[ Mg, ngis [ = (ng+ 1)

| Mng, n3-1 |* = nigs.

dameuas, uror 8-QyHROUA MOMer OHTHL IpejcTaBIeHA
B BUJ®

-

0 (x)= —211;- S etn di

U [epexofifg OT BepoATHoCTH w ¥ puddepennuasbHOMY
ceueHUuI0 do, OTHECEHHOMY K ONHOMY SHApPY, HONyduM:

=5 P g QB
do-b,_n?[) do’ dE’ X

i

1 -— (p'-p) R}
(] 3eF o
N
1
1 Lpr—p iRy
+X | B " (n 1) greinhos 4
8 l
; i Ly ep-r)RY 2 ,
+2 W, ek I nygye #hes
s 1

+3 LNI = e%—(p’—p+f-+»f’)R? 2
1

s s

T 1L —(2r,+1) g7 +

X (ng+1) (ngr +1) gigheinthosthos) 4 } X

X ew(E=E)dy  (28.2)

§ 28. MEPEXO/ K PACCEfTHEIO CBOBOIHDBIMI: AJIPAMII 285

rae do’ — DIEMEHT TEJIECHOTO YIia MMIYIbea p’, dE" —
JHTCPBAJ DJHCPIUE, B KOTOPHIf IomajaeT B pesyJbrare
paccesHHs HellTPOH. Paau mpocrorsr 13 MHOTOPOHOHHBIX
IPOTIECCOB 3/1eCh BEITUCAH TOJNBKO OJINH TIeH, OTBeYa oM Uil
BO3HIKHOBEHUIO HBYX (oHOHOB f 1 I

Bxogamue ciopa Y} Jawor O-QyHKINEI OT HMIIYJIBCA;

i

OJIHAKO, CCIIM DHEPTHA HeliTpoHa AOCTATOYHO BOAUKA, & HAC
HHTEepecyeT HMEHHO DJTOT cJaydail, TO, KAk Mil BHJSJIN
BHilIe, 5TH 3-(YHKIMA MOMKHO BOBCE HE yUNTHIBATD. Ilosromy,
npenefperas BCEMH CTEIEHAMH g3 BHIIE IEPBOH, MOLYTHM:

K {1 D120, 1) = () gliehes— mgie=h] | d
Vaureeas MajgocTh ¢}, MOmHO IpefcraButs ds B BUAe

do= 2ty do’ dE 2 etueE -Eyeot gy, (28.9)

rme

g (P‘) — Z {(n’s+ 1) ei!‘-‘hws_*_ nse—i}*ﬁms—zns—-'l} qz- (28-3/)

s

BmecTo ng M JOIGKHBI, 04€BUAHO, HOJICTABUTE CIOAA IJIAH-
KOBCKYIO QyHRIUIO.

HamomunM, aro oTa e QyHRumA g (p) BXOJMT TaKme
B BHIpajKeHUe JyIA BePOATHOCTH 3aXBaTa HEUTPOHA B KpH-
cramae [cM. Gopmyry (25.11)].

BhimoaHNTH HHTETpupoBanue B opumye (28.3) B obrieM
pufe He IpejcraBagercs BoamomueM. lIlosromy —MEI,
TaK e Kak u B § 2D, orpaHMUBMCH PACCMOTPEHNEM [IBYX
npefleJIbHBIX CAydaes: «caaloiiy M «CHIBHOWY CBA3N, JUIA
KOTOPHX He CyIIecTBCHHA o0aacTh 3HAUeHUI p., Jeiaiiux
B6an3M p,=1/0 (cmM. § 25).

B mepBoM M3 BTHX ciaydaeB—B cJaydac «ciaboity cBA-
3u (maxste ) owmasmBalores  CYL(ECTBEHHBIMI MaJke

[e], el <1,
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B cayuae «cmumpnoity casu (Gompmpme 6) cymecrsen-
HO#T B wHrerpaame (28.3), onpenmeasiomem ds, sBrseTcn
obxacts Gompmux |pf, |p0]> 1 (cp. AHAJOTHYHYIO CcHuTY-
?Ign;o IpH PAcCMOTPEHUH 3daXBATa HEHTPOHOB B KpPHCTAJ-

x).

Us dopmyansr (25.14), onpenensiomei g () mpm ma-
ARX |p|, Jerko 3aKIIOYUTH, YT0 OGIACTD MaJbIx | Gymer
CymeCTBeHHOH IIpU BHIITOJHEHUH YCJIOBUH o

Rey 3 07, (28.4)

rjue

/T

¢ =37 (%)QS (G+77) 2

g

u R—osmeprua «orgaum» sappa, pasmas

R=® —p)?
2M
(no TopAnNKy BeawunmHH R paBHAeTcA %E} .

B mpepexrnoM caywae BHCcormx
1X TeMIIepar 7>
ycaosue (28.4) momer OHTH 3amucamo B Bmge yp (7> 6)

M 62
E> T, T>0 (28.4')

IIpu HU3BKEX TeMmmepa
b eparypax (7 < 6) ycaosne (28.4)

M
E>» 76, 7«9, (28.4")

Hpu sumoxmenun ycaosus (28.4) sddexrusnoe cede-
HUe do mMeeT BUJ

’
do = i ! ! L IW(E'~E -
Gt dE dO 7 elr( E+R)—~p2Regy dP‘ —_ .

_1 (E'-E1Ry

do’ dE’ L
S do Ee 4 Rsy . (28.5)

gn¥/2 ]/ITQO

§ 28. IEPEXO/ K PACCEAHUIO CBOBOJHLIMU AOPAMM 287

IMosyuenHoe BRIDAKCHNIE MOHIHO npubankéHno 3ame-
HUTH CJERYIOIIAM:

do= 20 P 3 (E'—E4 R)do’ dE’. (28.6)

4w p

Cumzica opmyas (28.6) oueBufeH: HeITPOH pacCeUBaeTCA
10 B3KOHY CTOJAKHOBCHHA YIPYIMX IIApoB; CBA3L ATOMOB
B KpHCTAJIE He UrpacT poid. ITO M eCTh CIydail «cia-
Goit» ¢BABH, OCYMECTBAAIONUICIHCA TpU BBEIIONHEHNM yCJIO-
paa (28.4).

@opmyay (28.6) ME nmmexnm yme padee [cM. (26.3)].

Ms BujgmM, 4TO B caydae «ciaaboiiy cBf3u cedeHHe
paccesiHAA B KpHCTAIe He OTJIMYAeTCA OT CcevueHnd

.pacceaHnsd OTAeJIbHEIMN AApaMn.

PaccMoTpuM Telleph Caydail «cmipHoiny cBasn (§ — oo).
Moxbaysacs acumnrormaeckoi ¢opmyoir (25.15") pus
g (»), npeacraBumM do B BUA®

do= gt d dE'e=W \ o5/ ~E)dy =

8n2

% - ’ ’ g0
= W3 (E'—E)dE'do’.  (28.7)

Mu mosyynan QopMmyday JJiA CeYeHHs YOpPyroro pac-
COAHNA.

Ipounrerpuposas (28.7) mo dE"do’, moayunm Tmo0dHOE
ceueHHe YIPYLOro pACCeAHUS, COBHAJalomee ¢ BRIBCACH-
HEIM paHee BhipazkeHneM.

TaxuMm ofpazoM B 06JaCTH MalXbHX DHHEPruii HeifTpona

M u 6 c
E < . 0 mMmeer Mocro, rIaBHEIM 00pasoM, ympyroe pac-

ceanue (E'=FE).
Cegenne ympyroro paccesHUS MajO OTJIUIAETCH OT Gy,
TAK KAK TelloBoii $arTOp IPAKTUIECKM DaBeH CUHHLE.
C pocToM pHepruHM cedeHme yUPyroro pacCesHusd yMeHb-
waercd, ¥ OFHOBpeMEHHO BcE GOMBIIYI0 POIb npunobperaer
Heympyroe paccesHne, BO3HAKRAOMee OT CIeAYOUNX TIeHOB
pasaoskeHuss exp g (») B PAA [0 CTEUCHAM g(w) (§ 27).
2

B o6aacrm Goapumux pHepruit E»%e— quUcTO YIpy-
0
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roe pacceanne (E’=E) orcyTcTByer; TJIaBHYIO pOIb
arpaeT HeyUpyroe paccegHIe, IPOHCXOAAINee IO 3aKOHAM

Puc. 13.

cToNKHOBeHN S yupyrux apos. (Heympyrum mm ero uassi-
BaeM IIOTOMY, UYTO OHO IIPOHCXOJUT ¢ BO30yKACHUEM
TOIIOBEIX Koue0aHUit peruérxu.)

(C yBeanucHueM sHepruy HefiTpoHa MeHAETCA XapaKrep
Heyupyroro pacceauns. B oOmactu mManbix sHepruii Heii-
TPOHA IPH MaJaoM oOlieM CedeHMH HEYNpPYyroro paccegHnd
Hanbosee BepoATHH Ooabllle MIepefadd dHeprum HeliTpoHa,
mopsaka neeit ero sneprau. B obmacTu GONBUINX DHEPrHit,
Korjla HEeyOpyroe paccesHuc CcOCTABIALT TIJaBHYIO YacTh
paccesHus, mepejasBacMas 9HEPruA 0 MOPARKY BEJIHYUHE

m
cocraBiaser — E.

4l

Ha puc. 13 npusenén cxeMaTuvIccKM XOJ 3aBUCHMOCTH
OT DHEPTHH CeUeHHS paccesuns. Kak BONUO U3 PUCYHKA,
moanoe ceuenue o (£) Morer oGmagaTh MUHOMYMOM IIpH
M 82
BHAYCHHN DIEPTUM, JeKameM Memqy 0 m - .
0
§ 29. dyuxnua pacupefedcHds HeiiTpouoB B KpH-
craxiaax. OcranosBuMmcs eué Ha BOIPOCE O HAXOMK/eHUH
$yurnnu pacnpejeneHas HeTPOHOB B KPRCTAIIC, KOTOPYIO
Mei oGosnaunm uepes f(E) [f(E)dE mnpegcrasiusier coboit
q9HCI0 HOHTPOHOB B PHEPTETHYECKOM nureppage dE].

i
!

§ 29. OYHKIIVA PACINPEIEN EHIIA HENTPOKOB 289

M 6

PacemoTpum jBa NpEefelbHEIX caywad, korga B> -

n Koraa E <« % 2—— (06o3sHaueHNS CM. B IPEJHYMINX Iapa-
<0

rpadax).

B nepeoM maz 3THX CJyuaes CBA3b ATOMOB B KPHCTATTIe
HeCcyLieCTBCHHA.

BepoaTHocTs TOro, WTO B PE3YJIBTATE OAHOIO CTOIKHO-
BeHUS HEATpPOH HONAjéT B dHEPreTHYeCKUNl HHTepBAJ dE’,
paBHAETCA:

: — 2
rpe e= ({’—’__"j) (emeprua mociie CTOAKHOBEHNSA 3aKJIO-
M+m

’
gena B murepsane £ < E'< E).
CocraBuM ypaBHeHHe, KOTOPOMY YROBJIETBOPAET QyHR-
nus | (E).
Ypcao HeiiTpOHOB B HHTepBaje YHEpPrun dE, ucnsl-
TaBIAX YIpyrue CTONKHOBEHHMA B EANHALNY BPEMEHH,
paBHAETCA:

f(E)dEL

rae l,— padHa cBOGOAHOTO npofera mo OTHONIEHUIO K pac-

CeAHUIO.
Yncao HeilTpOHOB, IONJION(aeMEX B efUHUIY BpeMeHH

B 9TOM HMHTEpBaJe, PaBHO!

f(E)dE -,

rae l,— mmHa npoGera mo OTHOMEHUIO K 3aXBATy.
Beero u3 mutepsama sHepruum dE - yxopguT B euHHIY

BpeMeHH
f(E)dE (%-{-li) (29.1)

HeliTPOHOB.

OmnpefesuM |HCI0 HefTPOHOB, IPUXOAAMNY B I/IEI‘IITep;a:II
pHepranu dff u3z coCTOAHWIL C seprneit E’, ELE'<E/e.

19 A, Axmesep
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Uncno HeliTpOHOB B MHTepBade sHeprum dE’, wcnm-
TABIMIUX yOpPyrHe CTONKHOBEHWH, PABHO:

’ ;v
f(E")dE’" 3

(wrTpux o3Hauaer, 4TO DHeprnA pasHa I’).
U3 sTux weliTpoHOB B BdlepreTnuecKnii nHTepBad dF

TIoIIagaeT
E' v dF

= e
Helftpouos. HMurerpupys sro BHpamenue no E’ B mpeje-

aax or E po E/e, mHaiiném ofmee 4mciao HEATPOHOB,
MOIAZIAIONNX B RuTepBan dHeprum dE:

ag g . 4E 99.9
1~SSE7()1'E" (29.2)

Pasuocrs Boipamkenmit (29.1) u (29.2) B cranmonaprom
COCTOARUM JIOJFKHA PaBHATLCA QYHCIY HEHTPOHOB, HocTa-
BISIeMHX HCTOUYHMKOM B MHTepBaja dHepruu dI.

Ecan Mu1 nmeeM fe10 ¢ HCTOYHUKOM MOHOX POMATHUCCKUX
HeHTPOHOB ¢ sHepruell F,, 1o mocilcHHAA BenduMHA PaBHA:

Qi (E—E,)dE,

rge @ — MOUIHOCTh HCTOYHHKA, T. €. YHCJIO HEHTPOHOB,
BOCTABJIACMBIX NCTOYHHKOM CRCCEKYHIHO.

Nrak, craumomapmasi QyRRuma pacupepesncHus f(E)
Y AOBAETBODAET CIEAYIOUCMY YPABHOHHIO!

v<%+%>_f

Els
dE’

S”E)zu) Nl
— Qi(E—E,). (29.3)

Paccmorpum BHauase TOT Ciyuail, Kormga 3aMejileHHe .

HeliTpOHOB IILOMCXORHUT B BOHopome nu0o0 B cpeme, comep-
mamedl BOAOPOJ B JI0CTATOYHO O0JBIION KOHIEHTPAIUH,
TAK YT0 MOMKHO He YUYHTHIBATH 3aMe[iIeHus HelTpPOHOB,

t
!
-
!

. R7Y

§ 29. ®VHHKIMA PACHPEJEJEHIIST ITENTPOIIOB 291

BHI3BIBA€MOTO HCBOAOPOJAHBIME atoMaMn. MbI MOMeM B 9TOM
cliydae TOJOMATHL & DABHBIM HYJIIO.

Bepoaraocts Toro, uro HeiiTpou ¢ sHeprueir £, B pe-
3yaAbTaTe OXHOIO CTONKHOBCHMA € BOJOPOXHLEIM aTOMOM
nomaméT B dHeprermueckuil mutepman dF, pasHa:

dE
B, O<EE,.

Ilosromy wmcao HeliTpoHOB, CYHCCERYHANO IIOITafalolux
B pe3yabTare OJHOU'O CTOAKHOBeHnmsI B HHTEpBaid dF,

dE
paBHAeTCH QE—. YunrteiBag 95T0  00CTOATENBCTBO, MBI
0

' MO’KeM IlepelcaTh B paccMaTPHBAeMOM cllydae YpaBHe-

nue (29.3) B Bupe
X Q 4 (E") , /dE’
FE) (ls —> "I S L(ETS TE

(te=1./v —BpeMa KU3HEH HeHTPOHA II0 OTHOUNICHHIO K 3a-
XBarTy).

Pemenne ypasaenmsa (29.3') maxogarcs 5iIeMEeHTAPHO
u nMeer ciaegyromuii suy [110];

(29.3")

Eo
- dE v
F(BE)=—Eo0 _oxp _r . (29.4)

ofly+ ,:_1‘ JS; z v+ b

Ecan zaxBar oTcyTerByeT, uUTO COOTBETCTBYET T,= 00,
10 peuwenue ypasHenna (29.3") mpuobperaer Buj

E) dE

f(B)ap=Q B LE. (29.4")

Pemenne obmero ypasuenus (29.3) npu e == 0 Beirasgar
ROBOJBHO CJOKHO. Ecan 3axpar Mada, T0 B 001acTa sHeprui
E ¢ E, pemenme 91010 ypABHEHHS BHDAsKaeTcs CIAGHY-
oumeii gopmyoir 11l

1—c le(E)d_E
1—e felne v K

f(E)dE= (29.5)

19*
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PaccMorpmM Temeph cllydait Masmx oHepruii mefTpoHa

E « 8§, npuuém wmwm Oymem mnpepunonarars, uro I < E.
B oroM caydae MOMKHO He YYUTHBATH HOIJOWEHHs ¢o-
HOHOB.

BepoarrocTs nepexopa Heiitpona ¢ sHeprueit E B unTep-
Bas sHepruu dE’ sHpamaerca Gopmynoi

w(E, E')dE' =w,(E*—E'*)) E'dE’,  (29.6)
ruae

% _/im 1
W, = (2nh)382 Z—-‘}—VW

(s — crkopocTs 3ByKa, cM. § 27).

CocTaBUM KUHETMYECKO® YpaBHEHNE A OIpefeleHHA
¢yuruun pacnpenenernus f(E).

B cranmonapmom caysae dTO ypaBHeHHe HMeeT CIeAy-
omuit Bug:

Eo
w, | (F*—~E)YE }(E")dE’
2
E

—w, S (E*—E"*/ E'f (E) dE' =~ { (E). (29.7)

[i}

3neck TepBoe ciaraeMoe IIpefcTaBiafeT coboil wmcao
HeiiTpOHOB, NPUXONAWMX B COCTOAHUe ¢ dHeprueit E u3
cocroAnnit ¢ pHeprueil £’ > E (mpeanonaraercd, 4To sHEp-
rug HEHTPOHOB, MCIYCKAEMEIX HCTOYHUKOM, 3HAYMATEILHO
Goxrme 0); BTOpOE caaracMoe AABT UHCIO HEIHTPOHOB,
YXOAAIIMX W3 COCTOAHNA ¢ PHeprueit £ B COCTOSHEA ¢
sueprueii B’ < K.

CnpaBa cTOMT uwncao HeHTPOHOB, NOrJIOUIAEMHX AApPaMU
B eauHuny BpeMeHu. HanomEnM, 4yTo BeIMYUHY <, B CIyyae
MeIleHHHX HeWTDOHOB MOMKHO CYMTaTh He 3aBHCALIEH OT
9HEprum HellTpOHA, eCJH TOUBKO B TeNioBoil ofmacTm HeET
PEe30HAHCHHX YPOBHell, TAK KaK B BTOM CJydae CedeHHe
saxpaTa 00pPaTHO IPOIOPOHMOHAIBHO CKOpPOCTH HeWTPOHA.

§ 29. @VHRINA PACITPE/IEJIEHIA HENTPOHOB 293

BLnoIHUB UHTErpPUPOBAHHe BO BTOPOM  CJALAEMOM,
IpejICTAaBIM KUHETHYEeCKO® yPaBHEHU® (29.7) B BuAG
Eo

| (Ere By (B dE = (g B 45 ) B (B)- (298)

Wy,
E
Beopsa ofo3paueHUue
Eo
{ HEYIE=¢(B)
E

u muddepermupys (29.8) no E, momydum:

4 {E—x/z G_l g - )%} =2E9(E). (29.9)

Wl

Fenm psecTm BMecTo E HOBYIO NepeMEHHYIO , PaBHYIO

21 1 2/q
ot e ()"

E, 8 wytT,

1o ypasHeHue (29.9) mpuMeT BHA

4 {( s 4 g-le) %} =2 20 (a), (29.10).
o b (@) =9 (E)-

(Ipm z=1 BepoATHOCTE Heyupyroro paccesHus paBHA

BePOATHOCTH 3aXBaTa.) o
Vpasnenne (29.10) wnmeer uacTHOC peumenne $=1I ;
nosToMy o0mlee peliieHUe BTOrO  ypaBHCHUA UIEeM B BHUJ

=22y (x).
®Dyuxnua y ypAoBIeTBOPACT ypaBHEHUIO
d2y

5N\Ndy
(et o) o (607 4 5 ) G2 =0,

KOTOpOe JerKo MHTerpupyerca.
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B pesyavrar
¢ IPOCTHX BHKJIAHOK
Oy gae!
oilee BEIpameHne fiaa O (z): yraen eneay-
i

7

¢(z)=C {1—%963/2 otk In (Y z + (»")} ,

Ie=1

Ine W= 62 / ]IOG’IO
. AHHAA C H[)e,lI(,TaBJ]H T G 6”[{[ YI1CJ0
C 0

C =Qr,.

7
f(x)=¢C —9-.')01/2 ak § 1 u’_k 3 5/2
{M Eim n ( +]/:}6—>~§-T~t‘x7/—2}'
(29.11)

IIpuBeném acumnroTmueckme BHpaskeHnA g f (x)

Eean z ¢ 1
, 9TO COOTBETCTBYE i
MEeHBIIHM TeM YeT ®HepruAM HeiTpoHOB,

E:(%)’(% sy (S-f_)” (29.12)

(2) = 2,1Ca"e, (29.13)

TO

T opas:
o aKmaM 00pasom, npu z €1 Pynrnousa pacnpeneleHus
DOTTOPIII 3
.[ puuonansHa |/ E. 9ror pesyabrar HeInocpeyicTB
CIG[yeT W3 ypaBHCHU 29 -
AR oy g (20.7), B KoTOpoM TpM MagdHx
D < E)), worpa HeyIpyroe paccesHue He
y CCTBEHHOII poxu, Mo
3 , 110 npeHebpeun
YJICHOM, HNAIOI[AM YUCJT i . oo
A 210 HCHTPOHOB, VXOHIs
u M , VXOOAUIUX U3 COCTO-
KI;;IHHC BHGPI‘I/IOH E B cocrosnue ¢ sHeprueii I’ < E. Tak
CPBBII YJIEH, Jalomiuii © i :
THCJIO
s ToDn oM, fal > HCHTPOHOB, TNpUXORA-
. M3 cocroaHnii ¢ Gonbuieil vHepruei
orop > y ’
H};H zzﬂlgf[(;HT;C}; ]/lj{, TO QyHRIuA pacnpefierenns, pas-
Ay T X HOHTPOHOB, PanjeMeHIC
1 me ., pasme OMYy IIa Be -
noe : ars : ’ e
TH 3axwvara (ime BABUCAINYIO OT dHCPINN), OH{lBHBg(‘T('H

§ 29. @ VHRINIA PACIPEOEJIEHUA HEXTPOHOB 205

NpOIOPINOHAIBHOM ]/E B cooTBeTcTBUM ¢ OpPMYJI0H
(29.13).
Ecan z > 1, 10

f(z) =12 Ca="2. (29.14)

SaBHCAMOCTh PYHKIUU PACTPCAEICHNA OT DHEPIUU IIpn
z > 1 MoseT GHITH IOJIydCHa DIEMCHTAPHO U3 PAcCMOTPEHMs
HMoTOKA HEITPOHOB B BHCPIeTHIECKOM TPOCTPAHCTHE. Tax
xag Tpm x>y 1 B3axmarT Max, TO JOJFKEN COXPAHATLCA
TOTOX YaCTHI, B PHEPIETHICCKOM HPOCTPAHCTBC, PaBHBL

f (E) E = const.

Nsmenenne dHEprHM HeliTpona B efANHUNY BPOMEHN
[0 TMOPAAKY BeJIMYIUHHI PABHO:

E ~ Es,vN,
rie o, — CeucHUEe HEYNpyloOro PacCeAHumA. Benomunad, 9To
. 6, ~E?,
HOJLy 9aeM:
E~ E"/z,
1 TI09TOMY

f(E)y~E™"2.

BamermM, uro HpuBeAgHmas Qopmyaa [T MOTOKA CIpa-
BeJUINBA TOJBKO IO TOPSAKY BEJINYIHEL OHA Ornita OB
PoYHOIE TIpU MAaJHIX Iepefavax dHeprud, B JCHCTBUTEIb-
HOCTH ke IepefiaBacMas HefiTpoHOM dHEPTust HOPAAKRA E.
IosroMy HpHBeACHHBIN BBHIBOJ HUMECT, IIABHLIM obpasom,

KageCTBOHHWHII Xapawrrep.
Ilpusepém BEIpaskeHne JIIA cpefiHeii sneprun HeliTpoOHA

E=0,69 (381 ‘/_M_h @)’ (29.15)

2m o, e

[lo mopsaaxy sBeanuumsl £ pasHo dHEepTHN E, npn
KOTOPOii BEPOATHOCTH HEYHPYTOro PacCesHns CTAHOBATCH
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PaBHON BEPOATHOCTH 33XBATA. OTOMY COOTBETCTBYET TO
00CTOATENBCTBO, 4TO HEHTPOHH Bd{eRTUBHO 3aMEeXTA0TCA
TOILKO Jlo dHepruit mopaawa E,, KoropsimMm u obxagaer
Hanbodblilee KOJNTCCTBO 9aCTHIL.

C yBexmuenmem ceuenua saxpata (yMEHBIICHHCM T,)

cpenuAsa vHeprus E MemmeHHO pacTéT (IpOIOpIIOHATIBLHO
t7'/7) B €OOTBETCTBUH € TeM, UTO BEPOATHOCTH 3aXBATA

21 7

AN

/g NN
MTARN
ol ¢Z>\\ W
a2 \

~

U B2 GFTE BT 12 1917 18 30

Puc. 14.

CPAaBHUBAGTCA C BEPOATHOCTHIO HEYNPYI'OTO PACCEAHUA NpH
66.1bNINX BHEPTUAX. -

Ha puc. 14 nowasam xon Qynmunit ¢(z), ¥'(z) u f ().

[ cpaBHenua mnpmBefena Takde KpuBafg, u3obpa-
ARAIONIAST MAKCBEJJIOBCKOE pAcIpefieleHne ¢ Toif #me Cpej-
Heli sHeprueil (kpuBad f,).

§ 30. Pepparmua meiirponos. B § 26 mur Bnmemu, wro
B PEmETHAX C TOKHECTBEHHHMN SAPAME, He HMeIOMUME
MEXaHNYEeCKNX MOMEHTOB, HE MOMET INPOHCXOJATH pac-
cesHue HeHTPOHOB € AAMHOIL BOJI UL, YOBIETBODAIOMeH
HEPABeHCTBY K > (%tmin) '

Omuako NpH IPOXOMICHNN TAKAX HEMTPOHOB W3 OMHOM
Cpefiel B JAPYI'yI0 OHH MOTYT HCHIKITHBATH HpeJIOMICHHEe
M oTpaskeHme. ITH ABJEHHA MOMKHO ONMCATH MAKpO-
. CKOnW4YecKU, BBOAA KOBQQULUEHT NPEJOMIEHHA HEeMATPO-

§ 30, PEQPAKINIS HENTPOHOB 297

HOB n. Takoe MaKpOCKONMuECKOE PACCMOTPEHME 3aKOHHO
B TOM caydae (rak sHe, Kak B OITHKe), KOTAa JINHA
BOZTHEl HeHTPOHOB Goablle, YeM pPacCTOAHIE MEMAY COCef-
HAMH aTOMaMHu.

Hpennonaras 1o ycaosue BHIOOJHEHHWM, M BHIBEJEM
8ReCh BHIpasKeHMe A Kos(duunenta IpesoMIeHUS n.

Hanomuum mpessapuresanHo, wro sHeprus Bzanmometi-
CTBHA ROCTATOYHO MEAJEHHOTO HeliTpoHa ¢ AJPOM MOKer
ORITH NpEACTABIEHA B BHIE

Ai(r—R), (30.1)
rie r u R— paimycH-BEKTOPL, ONpPefielAI0MHe I0L0MKeHTe
HefirpoHa U AApa, u A—HEKOTOpPAA KOHCTAHTA, HE BaBH-
CAWAA OT PACCTOSHMA MEAY 4YacTHI[AMHU.

Brume (§ 20) Mur monpsosanmes sTHM BHpamenmeM mpm
ompefle/leHHN CEYeHHUs YIPYroro pacCesHUsA HelTPOHOB
I CBA3ANM 3HAYeHMe KOHCTAHTH A, NpcAanolaraBHieica
HaMU BeI[eCTBEHHOM, C BEJIMUMHON CCUeHNA YIOPYroro pac-
cearna RneifrponoB. B sTom maparpafe Mu Gypmem yum-
THIBATh, HAPAAY C YUPYTHM pAacCeAHNeM, TAK/KC W pajua-
QUOHHEIHA 3axBaT HeliTponoB. llpm 3TOM, KaK BUAHO N3 HAdb-
Helfmero, Heo0XOMUMO CYNTATH BeamduHy A KOMILIEKCHOIT
(cm. § 12).

Mu noxaseM ceiiuac, KR CBA3AHA DTA BEAMYNHA C COTe-
HISIMA yOpyroro paccesHNA W 3aXBaTa HeliTpOHOB.

YeranosuM ana vroro ¢BA3L Memny BeamunHoir A
11 KOMIUICKCHOH (a3oit paccesHus 7, oHpeeadoeil acuMI-
TOTUIECKOC MOBEJeHNe BOJMHOBOWN (ynKuumm Heilitpona (MEl
paccMaTpuBaeM, eCTeCTBEHHO, TOABKO S-BOAHY, IODTOMY
BeNMYNHA 7 cHaOMeHa MHAEKCOM HY b, cM. § 12).

Bynem npepuonarark, 9To MOXYIn assl paccesHms 7,
Mall 0 CPABHEHHUIO ¢ eJUHHILEH; BTO 3HAUUT, UTO CEUSHUHA
paccesHuA U 3aXBaTA IPEANOJArAI0TCH MAJBIMU IO CpaB-
HEeHA ¢ =K° (DociaefiHee YCAOBAe BHIIOJTHACTCA BO BCEX
HPAaKTHYECKHN MHTEPECHBIX CIyYasx).

Useectno, uro ccmm mopyan ¢aswt m, man, To (asa
MomKeT ORITH IpCACTABIEHA B BHIE

oo

=10+ 0= BV ()1 () [Frdr, (30.2)
0
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rge m—macca Helirpona, k-—ero BOJIHOBOA BERTOp U

sin kr

fo= kr
(

IMoncrasnsas B razecrne V (r) B (30.2)

A 20 2
A% (r) = 558 (), (20.3)
IIOJIy‘II/lMZ

no= =2 (A () (S ) rrar = — 5. (30.4)

Rt N it k IRz
0

Ceucnna paccesHEA m 3aXpaTa HEUTPOHOB oy M o
Bupaskamorea wepes 7 m ') caepywommMm obpazoM
(cm. § 12):

br . .
—_ (r)|2 (@) |2
G, = k2 {lno l "l"["] ‘ }: (305)
br . :
°c=—,§n<"(1~2‘4(’>)-

Orcloga caefpyer, 4TO

. 2
Aq(l) X -— ¢,

bx

k2

hn

kZ
1R+ Y o

Ge¢

onvaysacs (30.4), naipém A:

™ 2mh 2 Gs kzc%v— _’f_ 1 .
2 h? L {i‘/"‘—16n2+L o scj.(306)

mk T]O m

A=

OnpepeanM Temeph MOTEHGUATBHYIO SHEPTUIO Hen’rpgg;
B mRpucraxie. [locaenuas paBHa, OUeBHJIHO, CyMMe BHEP o
B3amMojeciicTpuA HeTpoHAa CO BceMH AApaAMU pemel;lmz;
Ilpegmonaras Agpa TOKIECTBEHHHIMU 0 VHG HMeIoI] a
MeXaHNYeCKUX MOMEHTOB, IOJNY4HMM CIeAyoniee BHpamer

I3
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I TOTCHNMAAbHOH BHepIun HelTpoHa B Kpucraie:

V=43 i(r—Ry), (30.7')
1

I'ie Cy MM POBaHUC PACIPOCTPAHAETCA HA BCC AAPA POméTRY .
Mu 6ypem mpemmosarath, uro JIHHA BOMHE HeliTpona X
BHAUUTCABLHO  Gonblle  DACCTOANNA  MEKAY COCeIHRMHU
aromamu. B ortux ycuaosmax cymmampoBamme mo [ MOJKeT
OnTh 8aMeHemo MHTerpmpoBamUEM 1O pdV, rpe p—uncao
Afxep B emHune odnéma, dV — sneMeHT 00BEMa, Hoaromy
9Heprus B3aumMojeiicTBuA npmoGperaer Bup:
V= Ap. (30.7)
Cumuicn mpogenammoit Hamm 3aMeHk CYMMHDOBAHASN
UHTCTPUPOBAHMEM 3AKII0YACTCA IO CYINECTBY B TOM, uTo
MaTpIIHLe daeMenHTH omeparopos (30.7) m (30.7') mpm
BRUIONHEHNA yCTOBAA K > @, Ilie d— CPeflHee pPaccTOsHMe
MeMmJly COCeHUMHI aTOMaMn, OJWHAKOBH,
Brpaskenne (30.7) mommo TPAKTOBATH KAK HOTCHIIUAT -
HyIO SHEprmio HeHTPOHA, HAXONAMEIr0CH B KPHCTAJJIC Wil

- KaroM-a116o pyrom Texne,

Hamminem ypasuenne Mpenuarepa mus neitrporna. O6o-
3HaYUM BOIHOBYIO YyHKIHIO HeliTpoHa wepes O (F).

Ucnonssys srpamenue (30.7) B rauecrse IOTeHINAIh-
HOIl 9Heprum, moiyumm:

hﬁ
— o Ab+ Apb = E, (30.8)
rae E —bsHepraa ueiirpona.

Bre mpmcranma ypasmemme lpenunrepa nmeer nmp

hz
— o Ay = EY,. (30.9)

Bynem uckars pewennsa ypasmenuit (30.8), (30.9) » Buge
NUIOCKAX BOJH
‘P = C‘l ei,k,’.-;

— ikgr
‘PO—“Cze, 07

(30.10)
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rge k-——BOXHOBON BeKTOp HeliTpoHa B cpefle, a R, —
B Bakyyme; C, W C, — KOHCTAHTHL )
Mopcranoska (30.10) B (30.8) m (30.9) naér:

hz —
—k' 4 4p=E,
B o,
om ¥o=E,

OTHY &

L
kz——k§=4ﬁp{i ‘/%—%+an0}. (30.11)

BeeaéM Teneph K08 PUIMEHT I PeTOMICHNS HeliTPOHOB N
(mperc pedpakmum), Kak 3TO OOHUHO JedaeTCA B ONTUKE:

n=_. (30.12)
ko
BeauunHa n OYeHb Majo OTAMYAETCA OT eAMHMUEL (CM.
HwEe), TIOBTOMY, HCHOIB3YA JIA OUpefeieHus 1 opMyIy
(30.11), M samenmm B eé mpasoit uactu k Ha k.

Urar [112),
. brp s kS o2, ke cc}
1=+ l/'z;'r-mz* ity (80:49)

Ecan moriolleHne HeWTPoHOB OTCYyTCTBYeT, TO 6, =0 m

—_— 2
n*—1=+ L/ hro,= & ’f-gn‘fT‘”‘— (30.14)
Obpatum BHEMaHme Ha TO OOCTOATENLCTBO, UTO IPH
u3BiedeHud KopHA B Bmpamenuax (30.13), (30.6), (30.14)

MOMeT BXOJUThH NPOW3BOJNEBHEI 3HAK.
3gands cedenmilt paccesHNA M TOTJIOWEHHS HepocIa-
TouHOo MiA olpegedenas 3HaKka. Ilocnepuuit sasmemtT OT
pacmpejlelleHAA Pe30HAHCHLIX YPOBHEW COCTaBHOTO AApa
(mapgaromuit  HeHTPOH 4- mexopHOe sAnRpo). Tar e KHar
A B ONTUKE, Pe30HANCHEIE YPOBHMU, JeHaune BHUIC HYIeBO#
pHEpruu, KOTODAf OIpPeJelAeTes 34eCh KaKk cyMMa dHeprul
HElTPOHA W UCXOLHOTO ANPA, IPHBOJAT K IIOJIOKATEALHOMY
3HAKY; Pe3OHANCHEE ke YPOBHH, Jeaillue HUKe HYIA,
OpUBOJAT K oTpHMIareabHOMy 3HaKRY. Takmm oGpasom TOT
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Qi nHOY 3HAK BellecTBEHHOM yacTn A onpenenserca cootHo-
MeHueM MeK/1y POJIbIO y POBHeI, Jeskaninx BHIe B HAe HY JIA.

Onennm mopap 'k BeawuuHH KodPdummeHTa MperoMie-
gua n. Caarasa o, 0 6, 0O HOPAAKY BeJWYHHE pPABHEIME
107 cxu?, M1 monyuum |n*—1|~ 10"* gua TenmoBHX Heii-
TpoHOB (k =~ 4 - 10% cu™Y).

Taxum obpazom KodHPuuMEHT npesOMIEHNA HEUTPOHOB
0YeHb OJM30K K efuHUIEe. AHAJIOTHIHOE HOJ0MeHUe AMEeeT
MeCTO, KaKk H3BeCTHO, W B cjydyae peHTIeHOBHX Jyueil.

3HaAg KoaQUIMEHT HIPedoMIeHHS], MOMKHO OIPENedUTh
K0a(QuIIeHT OTparKeHAA HeHTPOHOB, TAAAOLIAX Ha IIIOCKY 10
IOBEPXHOCTE.

Ipanngarma ycaosnaAMn ATA  BoXHOBoM (yHKnmm ¢

Ha IOBEPXHOCTA ABIANTCA, KAK H3BECTHO, HENPEPHBHOCTH
ks

Y u =y [AC v—HOpMalb K IOBepXHOCTH.

Orcofa JIerKo MOMYYATh CJIOAYIOmee BHpamKeHme RId
Roapdunmenra orpamenus R:

R VY nt—sin® 8 —cos 6\*
]/n’—sin” 0 4-cosb

rge 6—yron Memxmy manpaBieHmeM HafalomeEro Iydxa
¥ HOPMAJbhI0 K ITOBEPXHOCTH.

PaccmorpnM moppo6Hee TOT caywaif, Korja IOFLJIOMe-
HUA HEATDOHOB MOMHO He YYATLIBAT.

Ecan n* > 1, 1o R Bcerga ocra8rcs MeHbIIe eQUHMIIHL.
Eciu e n* <1, to R=1 pua Bcex yraos 6, Koropse
Goarure 6,, rae 6, oupegeisnerca u3 ycaOBEA

sin 0, = n. (30.16)
Tar wax n ovenp Gnusko K eguHmUe, T0 yroa 8, Gausok

® /2.
Paccmorpam  koadduuuent orpadeHna Aag yraos 6,

Gamsrux B w/2. OGosmausasa n/2—6 wepes ¢ m B3ameuas,
4970 OpPM Maaux ¢ cos X ¢, momyumm ma (30.15) [#12];

, (30.15)

, (30.17)

FRe p=1—n.
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Ecmn ¢ < 1/ 2p, TO TMeeT MeCTO TOJHOe BHYTpPEHHEe
OTpaskeHHe HCHTPOHOB. o
B o0bluHBiX yCaoBHAX yrod ]/2;:, mopaaka 10°. Taxnm
o6pa3oM HCITPOHBI, NAAAINUE IOJ CKOJB3AMIUMU yTJIaMu
K MTOBEPXHOCTM, MOTYT WCHIHITHIBATH IIOJHOE OTPaMCHUe
or neé. Ilpm oprom (Kak m B ONTHKe) HeliTPOHHAS BOJHA
fymer OKCHOHCHIUAIBHO B3aTyXaTh HpPH pPacIpoCTpaHeHHN
BHYTpPb OTpakaomero resia. I'ryGuHa NPOHUKHOBEH IS BOJHE,
T. e, MINHA, HA KOTOPOI NHTeHCUBHOCTh HEMTPOHHONI BOJHEL
yMeHbIIaeTcd B € pa3 Ho CPaBHEHHI) ¢ e€ 3HaueHUAMH
Ha HOBepXHOCTH Tefda, pasHa [112]:
;P S L (30.18)
kY su2b—n kY2 2

Ecam p ~ 10-%, To d ~ k - 10°. B cayuae TemioBux Heii-
TpoHoB d =~ 107° cu. )

SamernM, uTO KOOPUIUEHT NPEAOMICHUS HEHTPOHOB
B cilyvae HaMaTHHYeHHOIO MapaMarHUTHOrO uium (Qeppo-
MATHATHOIO KPUCTAJHIA B3aBHCAT OT OPHENTANuH CIHHA
HeifiTpOHA 110 OTHOIICHUIO K BEKTOPY MATHUTHOI MHAYKIUH.
910 06CTOATEIBCTBO MOMET OHTH HCHCAB30BAHO LJIA IONY-
YeHHWsl HONAPHU3OBAHHOIO ITyYKA HCIiTPGHOB.

Ecam yrom majenns HeHTPOHOB TaKOB, YTO TOIBKO Heii-
TPOHK ¢ OJiHOIl OopmeHTanMeli CIMHA IOAHOCTHIO OTPAIKAIOTCA
OT HaMarHWYCHHOTO KPHCTAJIA, TO IIPOWEJUINC B KPUCTALI
He#TPOHE O YR YT MOMHOCTHIO IT0ILA PU3OBAHEL Orpark€HnBIi 1y
HeliTPOHOB Oy/leT TIpu DTOM WACTHYHO noaspusopam [121],

AOIIOJIHEHHE
Pacmennegme GHICTDPHIX j{eiiTPOHOB

Paccmorpum pacmiensienne GHCTpPoro AeiiTpoHa B KYJIO-
HOBCKOM JIoJe AMpa, KOTOpPOe He COIPOBOAAETCA 32XBaTOM
Heitrpona [122], Takag peawuua B OpUHIAIE MOMET OLITH
HCIONB30BaHA JUIA IOJAYYEHUS OHCTPHIX HEHTPOHOB.

3a UCKIIOUCHWEM CJAYYasd CAMHX TAMKSIRX Afgep Ipu
onpeneneHnn s eKTHBHOIO CeUYeHMA TAKOr0 HPOLECCa MOFKHO
H0Ib30BaThCA OGOPHOBCKUM NpHOIHIKEHMEM, TaK 4TO 347843
CBOAUTCA K HAXOMJIeHHAI0 MAaTPHYHOI'O DIIEMEHTAa 9JIEKTpO-
CTATHYECKOI dHeprum peirTpoHa V, coorBeTCTBYIOIEro mepe-
XOly HM3 HAYaJIbHOTO GOCTOAHWA, ONACHBAEMOTO BOJHOBOI
dynruei

o= L% ethoR z, (P) tuth,
B KOHEYHOE COCTOAHmE, ONUCHBaeMO® BOJHOBON (yHRImei
4= L™ eitR y, (P) oA,

3neck R — BEeRTOp, OIpPENCTANNMANE IIOI0KEHNO LeHTpa
uHepuuM HeATPOHA M NPOTOHa, oGpasyommx Aelitpon, P —
Paiuyc-BeKTOp, ONpeAedAsIomuii HuJodieHne NIPOTOHA IO
OTHOUIEHHNI0 K HEeHTPOHY, R, — BOJHOBOW BEKTOp HeiiTpoHa
B HaYaJdpHOM COCTOAHHMN, KR — BOJHOBO BEKTOp, ocmpege-
JAOMYE ABUKEHEE IeHTpPa WHEPOUN HeHTPOHA W IPOTOHA
occyle paculenyeHus peiitpora, K, m E, —oHeprum ofomx
COCTOSHUI; U, ~— HOPMHDOBAHHAH BOJAHOBAaA (QYHKIUA OCHOB-
HOro cOCTOAHUS AEeHTPOHA, U, — BOJHOBAA QYHKINA, OUNCH-
BalImad OTHOCATENbHOE MIBMKeHme HeliTpoHa M IIPoTOHA
oocJie pacmellNIeHus AeiiTpora, HOpMEPOBAHHAA HA SHEPIHIO,

L — peGpo Ky6a, B KOTOpPOM OpEeAUOIAAraeTcd HaXONAIIMMCH
IeiiTpoH.
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6uTb IpejcTaBlIeHa B BHAO
| Ze?

[PpL + (rge — v2)°]

1/9?

on G0y OJKHEL
v—grggg;)}c’z% né)OpHOBGKHM opnbianzieHneM, MH J

BRIYNCIANTE BCJINUYHHY
400

a=5 {vyeeran,

C n
ﬂ 1 1]

- o=L*|AJ.

MozHo mokasarth *), 4TO

rje

or )
I,= S dr, ez(kr)-—mrpz/?SKo ( v” ),
1
Y L HOLNON

I ry k
HERI meHTa (BEeKTOp R,
K y MHEMOTO ap
$ynruma Beccean . 5
) PaHHOIl HaMm cUCTeMe KOOPAWHAT paBeH HYJlIo

B BHIO

1
nunHa - kp
Jlna geiirponos ¢ sneprmeit po 200 MeV BGHBH " gﬂnﬁ
na mo cpapHenmwo ¢ efuHmneir. [Tosromy B p
Ma

1.
R AQHNYZBIIACH
nsa I, MOIKHO pasiomNTh € 2 B pAaf, orp
d
‘;Byma HEePBEIMH 4WIEHaMHU.

. [122]
) TaHKora .
*) MH clepyen usloReHmio [
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Orciona mosmo BaKJIIOYNTE, Y10 I, % 0 roapko p TOM
baydae, ecanm komeumoe Cocrosmme mpepcrapuger coGoit
*P-cocrosnme,

Mu ge Oynem specs UPUBOAUTS NoAPOGHE X BHIYHCIIe-
Huil wHTerpamogp I, n l,, a yramenm AAMb, YT0 pgre-
TPaXbHOe ceyenpe pacimieniienns BeiTpona ¢ PHeprueif
B 200 MeV 1o NOpARKY BerwummHEs PaBHO ¢ =2 . 1()-20 Z2 cMme,
rie Ze— sapap Anpa (caenyer mmers g BULY, 4TO B caryyae
CaMBIX TAMRGIEIX Anep npubnnxenpem Bopra nexnss ooab-

Appam) [122],

Hapany ¢ PacCMOTpeHHEM ToamLRO Y10 addertom pac-
Wlenyenua neiitpona p KYJIOHOBCKOM moje Aapa  Moxer
BMEeTE MecTo Tamme Caeayounii CBOeoOpasnmiit apdexr

HAaYANBHOM BHeprup AeHTPoHa. Ecan A3pa KOCHETCH Helj-
TPOH, a mpoTon 6yger IPOXOONTL BHe fApa, T0 «coapaH--
HEIMY» ORamercq HeliTpon, M nonyumm IIpR 3TOM GRCTPLILE
HpOTOH ¢ smeprueit, TaK#e npumepno PaBHOII nonxosmue
IIepBOHAYaNI B HOE OHEPTHH HefiTpoHa.

€4YeHNue INA Takoro Iponecca «campanmugy IIA Aérxmx
1 ¢pexunx anep OKA3RIBAETCA 3HAUMTENEHQ Gomsmmm cewenpsg
AesuHTerpanun Grretporo AeliTpona p KYJIOHOBCKOM moge
aapa. Tomsko B CIy9ae CcaMBIX TAmEmpx Aniep oba sdpexra
UrpanT npmmepuo ORMHAKOBYI0 poap.

YIACT ANpa, HAXOAMTCA OT Kpas fRpa Ha paccronmmy mopamRa
—

*) Teopuu a10ro s exra nocoamena pagora %), Hgo yang.
FaI0TCA OCHOBHHlE Pe3YyNBTaTH 310 pagoTh.

2) A, 4 xueszep



306 JIOTMOJHEHNE
¢papuyca peiirpomar R, (Rg o= .;_h (Me)="12=2,1 . 10" cm,

e—9HEpPrud CBHA3N neimpona) I CYATaTh, 4YTO pAAHYC

anpa R sHaunrensno Gombme R,, TO paccTofHme, KOTOPOE
NOPOXOAUT B sfpe NPOToH, Oymer IO MOPHAAKY BETMINHE
paBHO lm]/RRg. Takoe paccrosHme HeiiTpoH npoxognT
3a Bpems [/v (v—cKopocts peiitpona). CxopocTs HeitTpoHa
B HANpaBIeHHU, IEPHEHJUKYIAPDHOM K [IePBOHAYAILHOMY
HANPABIEHUI0 [EHTPOHA, II0 IOPAAKY BEJIMYNHE paBHA

(e/M)'2, mosTOMy cMemieHue Holi-
y TPOHA B NEePHEHANKYJIAPHOM HA-
[paBJICHUA ITO IIOPAAKY BeIHIUHEL
/ P paBHo (¢/M)'/2 [/v. Aroro cMeme-

9 13 HOA MOKHO HE VYUTHBATH, €CIN
§, iz OHO 3HAYUTEJHLHO MEHBIIe Rg.
’\\ 4 Jlerko Bumerh, uTO CcMemeHHUA
we 7 MOMHO He YYMTHBATh, €CIHd
E,>2--s rpe E,—oHeprusa

Puc. 10. g> Ry ’ g p

ne#lTpoHd. .
Eciam sro HepasencrBo Bmnoansercs (E, monmmuo 6HTH
Goabme 20 MeV paa caMBIX TaREnmX Afep), TO OPH OIpe-
ReeHNH CeYeHMS JOCTAaTOYHO PACCMATPHBATH TONBLKO HPOEK-
Uga  HONOMeHMH HEHTPOHA M IPOTOHa HA INIGCKOCTD,
epNeHAURYIAPHYI0 HAllpaBIeHMI0 ABHKEHHUsS AeiiTpoHa.
Mu pommnsl mpm 8ToM HaliTm BepOATHOCTH TOO, 9TO
Opu CTONKHOBEHMH [ETPOHA ¢ AAPOM IpPOTOH (ero mpo-
eKNUA) IONaféT B ILIOWIaAb Kpyra paagmyca R, a HeitTpon
(ero mpoexnus) GyzseT HaXOAUTLCA BHe aToro Kpyra. Pac-
CMOTPAM CTOJIKHOBEHHE, IIPH KOTOPOM PAaCCTOHHUE MEMRAY
HeATPOHOM M IIPOTOHOM paBHO p. Bynem cuurars, aro pagmyo
Axpa R sumaumrenbHo Goablue pajmyca AefiTpoHA; Ipm 9TOM
MOAHO IpeHeGpeYb KPUBHBHON Kpasg AHpa M CYATaTh Cpa-
HUIy Anpa maockoit (cm. pme. 15). Ilyers och y-oB Hampa-
BJeHA BROJB Kpas fAApa, a 0Ch Z-OB-— IEPHEHANKYJIspHA
Kpaio (0Chb z-0B MMeeT HAaNpaBjeHHe ABMKEHHSA HelTpoHA).
Torpa BepoATHOCTs TOrO; YTO NPOTOH HONAJET B 3AINTPH-
XOBaHHY# INIOUIaAKY, BepHee I'OBOPS, CEYEHUE HTOrO Ipo-

‘.f» T
g
7

P

ot

S ]
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necca 6yner paBHo dx dy. BepoaTHOCTH TOI'O, YTO HEUTPOH
OyAeT Ipu HTOM HAaXORWTHCA BHE fAfpa, PaBHA OTHOLIEHWIO
AyTHm OKpPY/MHOCTH Dajmyca p, Jexamell BHe AJPa, KO BCel
orpymmocTn; T. e. pasna f/n. Mrar, mnrepecyiomee Hac
ceyeHne PaBHO

c(p):SS—%dmdy.

Bameuan, uro z=pcosf, dr= —psinGdf m BrmONHUB
mHTerpMpoBanme mo dy, Koropoe fgaér mpocto 2nR, Haliném
/2 '

o (p) = 2Ry S 6 sin 0 df = 2 R. (1)

b
Mu monyumim cedeHme A UHTepecyloilero Hac mpouecca
Opm 337aHHOM p. OTO CeYeHHme CJefyeT eme YCpegHuTh
mo BceM p. Ecam {,(7)— pefitpoHnas BOJHOBAA (yHKOHSA,

TO BEPOATHOCTH TOTO, YTO DACCTCAHME MY MNPUERIHUAME

qacTHI[ JIeRUT B UHTepBajde dp, paBHA
400
2mpdy \ (4, (F) P dz.
-C0
IloaTomMy IoMHOe ycpefHEHHOe CedeHHe Tpoliecea «obaupa-
HUSA» PABHO
+ o o
o=taR | dz {9, (n de.
-0 1]
Tlepexond OT NepeMeHHOW 2z K mepemeHHoll r(r®=p'-+2%),

IOy YBM
r

[e o] 2d
c=81rRS|%(r)FrdrS pde
¢ 1}

(rz__(,z)‘/a ’
Nurerpaa mo ¢ paéeH %rz, H03TOMY
o=2wR { |4, () Predr =5 R { rl 4, () dr
1)
(dr=4rridr).

20*
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llocoepumit maTerpas ameer mpocroit du3nyecKknit CMEICI:
9TO CpejiHee pAacCTOSIHUE MeMAy HEeWTPOHOM u IPOTOHOM
B peitrpone. Obusnavasa ero vepes R,, npeacraBum o B Buje

o= - RR,. (1)

e—@r

. a \1/2
Ecan cunrats, uto Yy uMeeT BHJ ¢y=<§;>
(Ms)llz
“h

[N

rge o= T0 BeanymHa R, Gyger paBHa R,=. =
) g OYAeT p 9535,

=2,1-10"% cu. [lomarams R paBHEM 1,5AY310 % cu; mMm
IOy YnM

o =5AY8 107 cu2, (2)

OTa BeNMYWHA JJIA BCeX Afep, KPoMe CAMBIX TAKEIHE,
ropasgo Goabile CeveHHS PacIlelLIeHHA JeHTPOHA B KyJIO-
HUBCKOM HoJe fAApa. :

3ameTuM, 4TO TaKoil e GopMymol OmpemelseTca cede-
HEe mponecca, Opu KOTOPOM HEHTPOH 3acTpeBaer B Afpe,
8 NPOTOH IPOXOAMT MHMO AApa.

OcranoBuMca emé Ha Bompoce 06 yriToBOM W PHepreTH-
9eCKOM pacIpefieleHAsIX HeNlTPOHOB, BOZHMKAKIINX B pe-
8yapTaTe peaknum «campanmsay. Mu Gygem paccmaTpuBath
ABa IpelleTbHEIX CAy4ad, CYHTag B ONHOM cCiayyae SJAPO
¢IIPO3PAYHEIMY JASA 9aCTAL, & B APYIOM (HEOPO3PAYHEIMY.
O6a oTu cy4as He peanM3yIOTCS, KOHEYHO, B JeHCTBHTENH-
HOCTH, HO PAaCcCMOTPEHHe MX HPeJCTaBIACT MHTEpeC B TOM
OTHOIWICHNH, YTO YIJIOBHIE DacOpelelleHUsI, MNOXydYalINHecT
B 000MX CIyYaAX, Majl0 OTIMYANTCA APYT OT APYra, IO-
9TOMY MOJRHO CYHTaTh, 49TO NOJydYalomeecs pacupepeleHne
0IM3KO K MCTHHHOMY. ‘

B caxywae «npospaunoro» sapa Myt cuuraen ero papuyc R
MaJIBIM 10 CPaBHEHUIO ¢ pajuycoM pneitrponma R,; B caydae
«Henpospaunoroy saapa R > R,. flcwo, uto mepmuit cirywait
He COOTBEICTBYET HPEANOJIOeHNsAM, KOTOpHEe MK JeJaif
BHIINe IpX ONpefiesIeHUM cewyeHUA «oGumpanua». TeMm He Me-

HEeé MEl pacCMOTPHM OTOT Cay4Yail BBUAY erc 4ypesBniyaii- -

HOH# OpOCTOTH.

Brisicunm Bompoc o pacmpepeneHum BO3HEKalomumx Heit-
TPOHOB 0 mMHyabcaM. B cayuwae «mpospaunoro» apmpa 370

r -
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pacupefiesienne GyJeT TakuM jie, KK I B CAMOM JIeTPOHe;
Haipmyme fAApa, B KOTOPOM 3acTpeBaeT IPOTOH, HHKAK
¢ JIeHUH,
He OyneT CKa3wBATHCA Ha pacupefe
BepoATHOCTH TOrO, YTO WMIIYJbC HeitTpoHa B AeHTPOHE
paBeH P (TouHee JeKUT B WHTepBaile dp) ONMpPeNeAETCA
Qopmyaoit
P(p)dp=|9(p)|*dp, 3)

rpe

L
v@) == (4, T ar.

[MoxcraBasa cooga BMecTo U, BOJHOBYI (QYHKIHIO OCHOB-
HOI'O COCTOSHHUA AeUTPOHA, MOIYIUM
1/ ’
Me ’
O @)
® Me+p
Urofn HaiiTnm MMIOYIse 0CBOOOKJaoNErocs HeHTPOHA,
HYXHO K BEKTOPy p TpnbaBuTh NMIOYJILC, CBA3AHHHIM
¢ nBHKEHHeM IeHTpa mHepuuu fefirpoHa. JTO 3HAUMT, UTO,
He U3MeHAA p, U p,, HYMHO K p, TUpUGaBATH BeAWYNHY

Y7370 E
Rt
po=V ME, (1+ 555 )
(BTODOIt uIeH B CKOORAX —- MaJIad PEJIATHBUCTCKAS HOIPaBKa).
Ecau p, —UpPOeKHMA p B HANPaBICHUU, HepIeHUMKY-
JAPHOM OCH Z, TO YO BELWIETa HeliTpoHa (IO OTHOIICHMUIO
K NIyYKy AeHTPOHOB) paBeH, OYE€BUAHO,
Py
=Lt
Po
(B 3HaMeHaTeqe Mb UpeHefperim BeJUYHEHON! p;, KuTOpad
MajJa II0 CPaBHEHHIO C P,). 4
BepoAaTHOCTE TOTO, 4TO p; JEUT MEMAY Py U pu-+dpu,
paBHa, 0YeBUAHO,
+-co
P (pi)2mpydp,=2rp.dp, S

—C0

B 0. O RN WS SO (4)
T oon(Me +pl)? PPy

(Me)'/3dp, __ _
w2 (Me + pi + pi)?
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Buipasns p, uepes 0, Mp momyumm yraosoe pacrpepedne-
HU® 0CBOOOMKAAOIUXCH HeHTPOHOB:

P(0)de=—r % ___ 4o
2n (g2 28/ ! 5
o (85 + 09772 ®)

n dQ=2x6 df.
Mu  BupuM, 49To HeiirpoHH B 0CHOBHOM JBIRYTCA
B KOHyce, 0Cb KOIOPOTO COBUAfaeT ¢ HalpaBIeHUeM IepBo-

HAYaJBbHOTO0 HYYKa JIeI‘/'ITPOHOB' 1 yroa pacrsopa KOTOporo

0o IOPAAKY Bela ey
PANKY BeIWYMHEL pPaBeH 0, ~ —E—) y 4TO COCTaB-

° - g
afeT oxono 6° mua  medTpoHOB c sHeprmeit B 190 MeV

(Tounee romops, mupmua yriosor
0 pacmpefeieHn -
o 1 54 01 pacmpen, A cocTaB

OHeprua 0cBoGO#AA0MErocsa HeliTpona paBHa

_ 1 . 1
B =537 [(po + v+ Pil = 537 [P} +2Pop. + 7).
Tax wax p, > p, 10

1 E
Ex 5 B+ 1/74”‘1’:-
Orcioma BuAHO, 4yTo pachpepeneHme 1o DHEPruAM ompefe-

gﬂewc,q pacnmpejelieHNeM L0 UPOEKUMAM UMIYILCA HA OCh Z
aclpefiesIenne mo p, coraacHo (3) m (3’) mmeer Bup '

P.dr,

Py (Me)l2dp
(e +p3 + P )

p =2
() dp, = szS =ty O

i
Bripasus specy p, u liné

: Yepes F, HaiinéM pachpejenenn
TPOHOB HO HHEPrUAM: per ¢ el

P(E)dE = VeE, dE

G-im)ee] O

Mer Bupmm, uro nentpom pacupefesieHnsi ABIAAETCA 3HAYe-

HHe pHe =-F,:
prun E, 5 £y; mmpumra pacupepmenenna pasma

2} E, .
Bligogﬁ;\}r.ro cocrapaser 41 MeV npn sneprum peiirponos

= () -]~ ()" ey
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OmpenenuM Temepb yriloBoe pacupefelleHne HENTPOHOB
B CIyyae (HEIPO3PauyHOIoy» AAPA, KOTHA R>» R, B aroMm
cilyuae IPAHMIY AAPA MOKHO CUMTATH INIOCKOM (CM. puc. 15).
Hac mHTepecylOT Takme CTOTKHOBEHUA [eHTPuHA € AAPOM,
P KOTOPMX DIPOEKIMA TIOJOMEHNs IPOTCHA HOmajaer
B 06JacTh fApa; 4 NpoeKIHA HeWTpPOHA JIeXuT BHe AApa,
T. €. &, <0 m z, >0 (UHEEKCH P W n OTHOCATCHA COOTBET-
CTBEHHO K IPOTOHY U HEHTPOHY).

Bosmankaer cBoeobpasnasa srdpaknuoHHaA 3ajada, B KO-
TOpOil A yuéra HaumumA AApa ML OyaeM CUHTaTh, YTO BOJ-
HoBafA QYHKOUA ¢ OTIMYHA OT HYJS TOJBKO B TeX CJIy4Yadx,
rorya x, > 0, z, <0, u mmeer nIpm BTOM caegyomui Bug:

LP:%(")%; (8)

rae Y, (r) —HOpPMEPOBAHHAA BOJNHOBAA ¢yHKOUA, ONMCH-

Balomas BHYTpeHHee jBuskenme peiirpoma, a L—pe6po

Ky6a, B KOTOPOM LPEAMNONAraeTcs HaXOAMMUMCA JEeHTPOH.
i

Mu ne Bummcann B (8) muommrens L~'eeh p°z, omnn-
CHBAIOI[Er0 JBUKeHNEe 1[eHTpAa MHepnum JAefiTpoHa, TR Raw
HAC MHTepPecYIOT TOJbKO IPOSKIHH IIOMOMEeHnit HeHTpOHA
¥ IPOTOHA HA IMIOCKOCTh, MEpIeHAHKYIAPHYIO och Z, BROIb
KOTOpPOii fBH#AeTCA AelTpoH.

Beanunua | 0| drdX dY npepcrasaser coGoit HOpMUPO-
BAHHYI0 BepOosTHOCTH TOro, wro , X, Y HaxopaTcs
B mutepBaiax dr, dX; dY (X, Y, Z—KOOpAUHATH IEHTPA
uHephum ReliTpoHA). ~

Bynem cuntaTh He3aBHCHMBLIMA NEPeMEHHHMEI QyHKnua ¢
BeIMYAHH Ty, %, Y, 2, Y (Y=Yn—Yp> 2 =2, —2,). Tak me,
KaK U B CJIyuyae (IPo3padyHOroy AApa, MHl Iepeifjem
ot BonHOBOW PyHKuEA (8) B OOHYHOM IIPOCTPAHCTBE K BOMI-
HOBOH (YHKIMM B IPOCTPAHCTBE MMIYILCOB. OTUT MEPEXO
coBepmaeTca ¢ moMomibio mpeobpasoparusa Qypbe:

d.)(pn:n pp:m Pys Pzs Y)"—“ Lh? OSO d.’l)n i dxp+gm dy +§O dz X -
fl —co -0 -0
-1

(Pna¥n+PpaXp+ryy+D:2)
><L‘.)(:En"_‘/l;p’ Y, Z)*G h ! (9)
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(Pnz M p;,—npoernnu Ha och 2-0B IMDOYJABCOB HeliTpoRna
n IpoToHA).

Wnrerpmposanne mo y u z me ormmuaercs 3[1eCh GT Co-
OTBETCTBYIOLIEI 0 MHTEr PUPOBAHUA PN BEIBOLE opmyanr (3%)
A b (p). Ecan Beectn Qynrumio

+oo { ‘¢ )
\ - B ’ P, (Xp=—-x '
Puy Doy 3 —2) = b § 0 (27, By, D) eF PP ()
-0
10 (9) mpepcrasutca B BmAe
0

¢ (Pnas Ppai Py Pz Y)= L1 S dz, S dz,0 (py, Po Tp—2,)-
0 —oo

1 1o
> T PngntPpattp) N—8/3 - Y (Ps Py, P2) .
¢ h TN = — K2 (2n)=-8%/2] -1 2 Py, P2
(27) _gm@;—pm) T
(10)

Yro6m yeTpanuTh momiockH B 8HaMeHaTexe, MH pedopmn-
PyeM KOHTyp HHTEIPUPOBAHUA B BEPXHIOI IOXVINIOCKOCTS.
daMeuas, 4TO B BepxHeit DONYIVIOCKOCTH  €CTh  TOJBRO
opuy moioc gynwunnu ¢ (px, py, p,), IONYyYUM HO TeopeMe
0 BHYETAX

512 ( Ms)llq
@R 2P (py—1P) (pp +1P)

1
¥ (Pzs Pows Pys Py Y) =+ (1)

rjpe
P=(Me+py+pi):, p,=p,..
SaMeruM, 9T | Y (P, Py Py, P.Y) Pdp,., dp,.dp,dp, dY

IIpeacTaBisger cofoif IPOHOPMUPUBAHHYIO BEDOATHOCTE Ha-

XOKACHNA BIUYAH Pry, P, o, Py,Pey Y B COOTBETCTBYIOMAX
MHETEPBaJIaxX,

Bepoaraocts toro, wuro OMIYJIbC HeATpoHA JeKAT
B mHTepBadé dp; a Beamumua Y — B nHTepBame dY, paBHA
: e
P(p)dp dY = dp day S | b (Ps, PpziPy;s P) ? dp;::c:‘—
_ & (Me)'/z
T 8n2Iz p3 (p2+ P?) dy dp- (12)

R
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Ecan pasgeants »Ty Benmummy Ha umeso neiTpoHOB,

najampmux Ha eaumHnny IIoIaan, T. €. Ha TO MBI 0O~

1
R
ayvaeM puddepennuanpHoe ceueHme MpOLECCa, OTHECEHHOO
K dleMeHTy auamHsl nepufepun axpa dY. Beoaa yrom o,
OIpeReNAONIAN HOJOHeNne TOYKN Ha mepudupnu AnRpa,
u 3amevass, uro dY =Rdy, p,=p,cosp, p,=p, sinog,
Hatiném, unrerpupys (12) mo dy, cienymoiiee BhpareHEe
naa fudepeRUNaTbHOTO CeYeHMA Hpomecca, UPH KOTOPOM
AMOyNbC HEATPOHA JIEMKHUT B MHTEpPBAle dp:

B (Me)*Rdp de
ds = S . (13)
82 (Me+p?) J (Me+ pi+pi sin? 9)°f3
Aaa monyvenus yrioBoro pacmpemesieHms HeHTPOHOB
HYMHO BTO BHpA#eHHe TPOMHTEIPHPOBAT: 1O dp,.
Brimonuns uurerpumposanue, momyumm:

RR

dcz__,_?_.s__
m (148 /2

{1- o [(14C) arc tg C—C]} 2, (14)

rae

|
L=

0
0 °
Ecan npounterpmposats sT10 Brpamenme o d2, 10

ki1
MH IOy 9YuM —Q‘RRg, T. e. BeJINYNHY HOJHOI'O CedyeHud.

®opmyma (14), otHoCAmanca k cayyan «HEIIPO3PaYHOI0Y
Afpa, oramdaerca or gopmyan (5) gaA caysas «mpospau-
HOTO» sAApa MHO:MHTENeM B QUrypHHX croGrax. Buume-
MeHAA, TPoBejéHHHE 1o ofemm Qopmyaam, NpuBOAAT
K OYeHb OIM3KAM pe3yabTaTaM, uTO yike OTMEYaIoCh
BHIITTE.

Urobnl HailTu pacnpepeseHue HEUTPOHOB II0 DHEPIUAM,
HYHO IpumHTerpupoBats (13) mo p,dp,.

B pesyabrare noayumm:

ds="/xRR, ek, dE (15)

[GETREN
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10 pacnpejieieHne HECKOJIBKO OTIMYAETCS OT paclpege-
senns (7), OTHOCAIErOCA K (IPO3PAYHOMY» AIPY (urupnHa
pacnpepeaenns (15) ye, uem mupnua (7); naa £, =190 MeV
mupuHa (15) cocrasaser 31 MeV).

lloguepkuéM B 3aKI0UeHHWe, 4YTO pPACCMOTPEHHBle IIpe-
HeJbHEE CJyYaW MOTYT CIysKHTh IJIaBHHM o00pasoM g
KayecTBeHHOlf  XapaKTepPUCTHKM SABJCHAA; CYUECTBEHHO,
ofHaKo, To wulOcToATENBCTBO, uTO 004 CaAydas TPHBOJAT
K GIu3KUM pe3yibTaTaM, IIOSTOMY MOUSKHO HAJEATHCA, YTO
HOJYYOHHEIO Pe3yJbTaThl ONM3KNA K HCTUHHBIM.
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