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Kypc nekuunin «BeefieHne B (PU3MKY aTOMHOIO fapa v (PU3NKY 3/1eMEHTapHbIX YacTuL»
ABNAETCA 3aBepLUatOWUM LMK AUCUMNANH O6LLEn (U3MKK, YMTaeMbIX B  KNaCCUYECKMUX
YHMBEPCUTETAaX, B KOTOPbIX HET creynannsaumn no sAepHon ¢usunke. B oTimume oT Apyrux
YCTOSABLUMXCA KypCOB, YNTaeMbIX CTyleHTaM B paMKax LMKIa ANCUMNANH Kypca 06Lwei (hrsnkm
(MexaHuka, MonekynspHas (u3nkKa, ONeKTpMYecTBO M MarHetusMm, Ontuka M ATOMHas
(h13mKa), B Kypce (hpM3MKM aTOMHOI0 aapa U 3/IeMeHTapHbIX YacTUL, MPUXOAUTCA OTpaXkaTb BCe
Te W3MEHEHUS W HOBble pe3ysnibTaTbl, KOTOPble MPOMCXOAWIN B 3TOW 06M1acTU 3HaHWWA 3a
nocnegHve LecaTuneTus. B CBA3WM C TPYAHOCTAMMW, C KOTOPbIMU MPUXOAUTCA CTa/IKMBATHCA
CTyfleHTaM nNpu U3YYeHWU HaCTOALLEN AMCUMNMHBI, Ha3pena HeoOXOAMMOCTb CO34aHus
[0BO/IbHO KPaTKOro y4yebHmKa no gaHHOW AMCUMNINHE.

Mpepnaraemblii Kypc NekuMin npeacTaBnsieT CcO60iA [0BOMIbHO KPaTKOe W3M0XeHWe
(06bEMOM B CTO C HebOMbLIMM CTpPaHWUL), HO, TEM He MeHee, COAepXKallee BCe CBeAeHWs,
HeobXo4uMble CTyAeHTaM A/ 3aBeplUeHuns 06pa3oBaHMs B pamKkax UMKna AUCUMMNANH Kypca
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BBeaeHwe. IcToprs BO3HUKHOBEHMWS 1 Pa3BUTUSI 13MKM aTOMHOIO Siapa U (Pr3nKu
3N1eMeHTapHbIX YacTuL,

[laToin BO3HMKHOBEHUS (DU3MKI aTOMHOTO sipa U (IU3MKI 31EMEHTapPHbIX YacTUL, MOXHO
cumTathb 1896 rog — rog, B KOTOPOM (hpaHLy3CKUM (r3nkom AHpy Bekkepennem 6bi1o OTKPbITO
SIBNEHNe PafnoaKTUBHOCTU. PanoaKTMBHOCTb — 3TO CamMOMNPOMU3BO/IbHOE MpeBpaLleHne 0aHUX
fep B APYrue ¢ UCNYCKaHWeM «, S 1 y YacTul,

Mogbl 1897-1900 03HaMeHOBa/IMCb OTKPbITUEM MEPBOM  3/1EMEHTAPHOM YacTulbl —

3M1eKTPOHa (CUMBOM YacTWUbl e ). AHMWACKMIA dusmk [kosed [KOH TOMCOH BrepBble
M3MEPUN OTHOLLIEHME 3apsifa K Macce YacTuL, M3 KOTOPbIX COCTOSNM KaToAHble Nyum

B  pesynbtate  ucCrefoBaHWUSA  M3NlyYeHWs  abCOMOTHO  YepHOro  Tena U
(hOTO3N1EKTPMYECKOr0 adhhekTa HemelKme mankn Makc MnaHk (1900-1905 roabl) n Anbbept
SWHLITElH BBE/IN B (IN3MKY BTOPYHO 3/IEMEHTAPHYHO YacTuLy — POTOH.

ApHCT Pesepdoph B pesynbTaTe CepuUM 3KCMEPUMEHTOB MO PacCesHUIO anbja 4acTul
BeLLLeCTBOM, NpoBeaeHHbIX B nepuog ¢ 1909 no 1911 rofbl, NpULLIEN K 3aKNHOYeHUI0, YTO aTOMbI
MMEIOT CMIOXKHYIO CTPYKTYpPY. Tak BO3HWUKNA «MNaHeTapHas MOAEe/Nb» aToMa, COrfiaCHO KOTOpPOW
aTOM COCTOMT M3 KOMMAKTHOro sjpa 1 3NeKTPOHHOM 060/104KK. B fape cocpefoToyeHa noytu

BCs Macca atoma. Pasmepbl agpa nopsagka (107° —107%) cm, pasmepbl 3EKTPOHHOI 060/10UKN ~

10%cm. Takum o6pasom, B 1911 rogy B (M3MKe MOSBW/IOCH MOHATWE sApa aToma, U Gbiia
BBEAEHa TPeTbA 3/MEMEHTapHad 4YacTuua — NPOTOH — MOJIOXKUTE/IbHO 3apsXKEHHas TsKenas
yacTumua, AP0 NPOCTENLLEro atoMa BOAopoa.

C 1911 no 1932 ropg cyulecTeoBasia 3/IEKTPOHHO-MPOTOHHAA MOAeNb aTOMHOMo A4pa, rno
KOTOPOW SAp0 C MaCCOBbIM YMC/IOM A W 3apsfoM Z COCTOUT 13 A NPOTOHOB U A-Z 3N1eKTPOHOB.
Pa3BuUTME KBAHTOBbIX MNPEACTaBMeHWA O Mpupofe BewecTBa, a TaK JXe HOBble
3KCMepMeHTa/lbHble  (DaKTbl YKa3aM Ha Halnume HenpeofoNMMbIX MNPOTMBOPEYNiA B
3NeKTPOHHO-NPOTOHHONM Mogenu sapa. OAHO 13 TakMX MPOTMBOPEYUMIA 3aK/THO4aoCh B TOM, YTO
HEBO3MOXHO ObI/1I0 /IOKaIM30BaTb 3/1IEKTPOH B 00beMe sgpa atoma. K aTomy BpemeHu (1931 —
1932 ropbl) aHrAvMinckum msmkom [hkeiimMcoMm YeaBMKOM Oblnl OTKPbLIT HEWTPOH. BHOBb
OTKpbITa#d 4YacTMua — HEeWTPOH - Takas e Tskenad, Kak W MPOTOH, OfHAaKO JMLleHa
aNeKTpuYeckoro 3apsga. B 310 >xe Bpems A1 OOBLACHEHWMS HEKOTOPbIX OCOOGEHHOCTEN
pafMoaKkTUBHOrO £ - pacnafa LWBenuapckuini gusnk Bonbgranr Naynu BBen elwe OfHYy

3/IEMEHTAPHYI0 YacTuly — HeWTpuHO (1930 rof), a WUTaIbAHCKWIA (UMK DHPUKO Pepmu
paspaboTan nocnegoBaTenbHY0 Teoputo £ - pacnaga (1934 rog). Havano tpupuatbix rofos

MPOLLIOr0 BeKa MOXHO CUMTaTb BPEMEHEM BO3HWKHOBEHMSI COBPEMEHHONM Teopuu aTOMHOro
A4pa, COrnacHo KOTOPOit siAPO ' X COCTOWT M3 Z NMPOTOHOB U A-Z HEATPOHOB.

Takum o6pasom, Kk 1932 - 1934 rogam B OCHOBHOM C/IOXW/UCb COBPEMEHHbIE
NpefcTaB/IeHNs O CTPYKTYpe BellecTBa. BellecTBOo COCTOMT M3 MOJEKY/T U aTOMOB, MOJIEKY/IbI
COCTOAT U3 aTOMOB. ATOMbl MMEKT C/IOXKHYH CTPYKTYPY WM COCTOAT U3 A4pa WU 3NEKTPOHHOW
060104KN. FAP0 XKe COCTOUT U3 HEWTPOHOB M MPOTOHOB. POTOHLI (N0 Teopun Hunbca bopa)
MCMYCKatTCA M NOrNoLWakoTcsa Npy Nepexoae 3NeKTPOHOB M3 OHUX CTaLMOHAPHBLIX COCTOSHWI B
Apyrue. AHanorMyHo, 3NeKTPOHbI U HEMTPUHO (MO Teopun SHPUKO DPepmMmn) MOryT UCMYCKATbCS
aTOMHbIMK AipaMy NpY NPeBpPaLLEHN HEUTPOHOB B NMPOTOHbI.

Pa3BNTME KBAHTOBOW MEXaHWMKN MPUBENIO K MOHATUIO aHTMYacTuLbl (aHTMBELLECTBA).
Npesa aHTM4acTuy, siBUNacb CNEACTBMEM MOJYYEHHOrO aHrnnckum gusukom Monem A.M.
[npakom pensaTUBMCTCKOrO ypaBHeHUs Ana anekTpoHa (1928 rop). Wpes cyulecTBOBaHMSA
aHTMBELLECTBA CTasia OBLLENPUHATON B (PU3NKe 1 Hallla SKCNEPUMEHTa/IbHOE MOATBEPXKAEHME B

1932 roay, Korga amepukaHckum msnkom Kapnom AHAEPCOHOM Oblfl OTKPBIT NO3UTPOH (e*) —
aHTMYacTMLA MO OTHOLUEHWIO K 3M1IEKTPOHY (aHTU3NEKTPOH).



1934 rof 0TMeYEH TakXKe TeM, YTO aHIINIACKME Pr3nKn I>KoH KOKpodT N SpHCT YONTOH
MOCTPOUIN NePBbLIA YCKOPUTENb 3apSXEHHbIX YacTuL,. SHeprumn anbga YacTul, NoayyaroLmMxcs
npy pacnafe pagvoakTMBHbLIX Afep, CTasio He XBaTaTb, YTOObI MPOAO/IXATb WUCCNef0BaHUSA
fAepHO MaTepun: MOTpeboBasMCb MPOTOHbI U anba YacTuubl, obnajarolimMe 601bLLNMUN
aHepruaMu. Tak Oblnv BrepBble OCYLLECTBNEHbl ALEPHblE Peakuuy C MOMOLLbH0  YacTuu,
YCKOPEHHbIX UCKYCCTBEHHO. B fanbHeiwem nossunnch 6onee MoLHble U 60/1ee COBEpPLUEHHbIE
YCKOPUTENN 3apPSXKEHHbIX YacTuL,

WccnefoBaHus CBOWCTB ALEPHLIX CUM MPUBENO AMOHCKOTO (u3vka Xupeku HOkasy B
1934-1937 rogax K CO3[4aHW0 ME30HHOW Teopuu ALEpPHbIX CWUA, COrMacCHO KOTOPOW Cufbl
MPUTSHKEHNA MEXJY HYK/IOHaMK (HeMTpOHaMK U1 NPOTOHaMK) B AL4Pe BO3HWKAKOT B pe3y/ibTaTe
obmeHa 7 Me3oHamu. lNMpefckasaHHble KOKaBO Me30HbI 6b11M OTKPbIThI B 1949 rogy.

Cpeay Apyrux BaXKHbIX COBbITUIA «repoUYECKOro» nepuoga agepHor Qusnky (Tpuauatble
rogbl MpOLINOro CTONeTMs) CrefyeT YMOMAHYTb OTKPbITUE  (hpaHLy3CKUMKW  (hU3nMKamu
cynpyramn ®pegepukom u WpeH Xonmo — Kiopu WCKYCCTBEHHON pagMoakTUBHOCTU WY
nccnefoBaHve UTAIbSHCKUMU (U3MKaMU MOL PYKOBOACTBOM O. depMu ALEPHbIX peakuumi,
BbI3blBaeMbIX HENTpOHamu. [peBoeHHOE pa3BUTVE ALAEPHON (PU3NKM 3aBEPLLUNIOCH OTKPbITUEM

B 1939 rogy Hemeukumu thmsmkamm OTTO MaHOM 1 ®Ppuuem LLITpaccmaHOM peakuun aeneHuns

agpa ‘U nop [eiicTBMeM HeTPOHOB Ha [Ba CPaBHUMbIX ApYr C APYroM MO Macce OCKO/Ka.

Kak 6blf10 NokKaszaHO aBCTPUACKUMUK (hr3nkamu Jlnzon MeliTHep 1 OTTO ®puiiem, Npyu 3TOM
BbleNdeTcA fAfepHasd 3sHeprua nopsagka AByxcoT MaB Ha pfenduleeca agpo. B 1940 rogy
cosetckme mankn I'. H. ®népos n K.A. TeTpxak OTPbINN peakumto CMOHTAHHOIO AeneHus
A4pa ypaHa.

[anbHelilume wuccnefoBaHWs B 06/1acTU  SAEPHON  (DM3NKKM  Obliv 0BYC/IOBNEHDI
06CTaHOBKOW, CMOXUBLUEACA B pe3ynbTate BTopoil MupoBoit BOMHbI. OTKpbITas HakaHyHe
BOWHbI peakuus aeneHns 6blia UCnonb3oBaHa 41 co3aHns aToMHo 60mbbl B CLUA. B KOHLe
BOMHbI 3Ta 60mba 6blna ABaX/bl MCMOMb30BaHa An1s 60mMbapanpoBKM AMOHUM B aBrycte 1945
roga.

OKOHYaHWe BOWHbI B WCTOPUN ALEPHOM (PU3MKM  6blNI0  03HAMEHOBAHO HOBbIMU
OTKPbITUAMM U YCMexamu, CBS3aHHbIMW, B YaCTHOCTW, CO CTPOWTENbCTBOM HOBbIX 6o0see
MOLLUHbIX WM COBEPLUEHHbIX YCKOpUTENeil 4actuy,. Kcrnonb3oBaHWe YCKOpPUTENEN MNpUBENo K
OTKpPbITUIO B 1947 rogy TaK HasblBaeMbIX «CTPaHHbIX 4YacTuu». VIcnonb3oBaHWe peakuumm
[leneHnsa ypaHa rno3sosinio noctTpouTs B 1954 rogy nepsyto B MUPE aTOMHYHO 3/1EKTPOCTaHLMIO
B ropoge O6HuHcke (CCCP), uTo fano TOMYOK PasBUTUIO aTOMHOIN 3HEPreETUKN.

AmepukaHckme gpunsnkn @. PaiiHec 1 K. KoyaH B 1953 — 1956 rogax 3apermctpupoBaim
aHTUHeNTpMHO. B 1955 rogy 6bin OTKPbIT aHTMNpoTOoH O. YembepneHom, 3. Cerps, K.
Burangom n T. WncunaHtucom B bepknn (CLUA). B 1956 rogy B CLLUA 6bin nonyyeH
aHTMHelTpoH (B. Kopk, I". JTambepTcoH, O. MNMuyyoHn 1 B. BeHuenb).

ConepHnyecTBO B BOEHHOM o6nactn Mmexay CCCP u CLLUA npuBeno K co3haHWUto
BOZOPOAHOM OGOMObI, B KOTOPOW A/ MONYYEHWUS 3HEPrMn  WCMO/b30Basach  peakuus
TepMmosigepHoro cuHTesa. Kak nssectHo, B CCCP BogopofHas 60M6a 6bl1a co3gaHa v UcnbitaHa
paHbLue Yem B CLUA. B co3gaHuy 3TOro CBEPXOPYXXUA MPUHUMAN yyacTue 60/bLUIOIA KONMNEKTUB
COBETCKMX Y4YeHbIX. YNoMsHeM Hanbonee m3BecTHbix: A.[]. Caxapos, A.b. 3enbgosud, .B.
KypuatoB, B.J/1. 'vH36ypr. Cpean cos3gateneil BOLOPOAHOW 6GOMObI ObiNM U BbIMYCKHUKM
Hawero Ypanbckoro YHusepcuteta. B CLUA paboTbl N0 CO34aHUIO BOAOPOAHOrO OPYXUA
BO3r/1aB/s/1 aMEPUKAHCKMIA (DU3NK BEHTePCKOro NPoUCXoXaeHns 3asapa Tennep.

Mporpecc B (PM3MKe 3MEMEHTAPHbIX YacTUL, 3aBEpLUM/ICA CO3[4aHNeM KBapKOBOW Teopuu
anemMeHTapHbIX YacTuy (1964 rog, M. Menn-MaHH 1 K. Ligeiir). CornacHo KBapKOBOW Teopuu,
MPOTOH N HENTPOH ABNAKOTCA HE UCTUHHO» 3M1EMEHTAPHbIMM YacTULaMK, a COCTOAT U3 Tpex
KBapKoB. He aneMeHTapHas (CNoXHas) CTPYKTypa NPOTOHOB U HEMTPOHOB OblNa NOATBEPXKAEHA
JKCMepUMEHTaMM Mo rNy60KO HEeYrnpyromy pacCcesiHUIO 3/1EKTPOHOB W MpPeS/IoKeHUn As
06bACHEHMS Pe3yNibTaToB 3TUX 3KCMEPUMEHTOB «MapPTOHHOM MOAE/NbI0» aMepPUKaHCKOro (hnsnka
Punuyappa ®eiHmaHa.



B 1979 rogy C. BaiH6eprom, LU. Mnewoy n A. Canamom  6bl0 OCYLLECTBEHO
«3neKTpocnaboe» 00beAVHeHMe. B MpeanoXxeHHOV aBTopamy Teopum Obiio  npefckasaHo

+

CyLeCTBOBaHNE TaK Ha3bIBAEMbIX MPOMEXYTOYHbIX 6030HOB - W™, 1 AR HacTuu, KOTOpbIE U

Oblnn 06Hapy>XeHbl B 1983 rofy B 3KCMepvMeHTax Ha BCTPeYHbIX MyyKax Ha YCKopuTene B
LIEPHe.

CobbITUA nocnefHNX [ecATUNETUA O03HAMEHOBAIUCL OTKPLITUEM ouaposamenbHbix,
npeinecmublx W npasougvix uwacmuy, [N 00bACHEHNA CYLLECTBOBAHMA KOTOPbIX MPULLIIOCH
YBENNYMBATL KOMIMYECTBO apoOMaTOoB KBApKOB [0 LUEeCTW. B camoe nocnefHee BpeMsi 06HapyXeH
MeHTakBapK — 6GapuoH, COCTOSLMIA M3 NATU KBapkoB O =|uudds >. HakoHel, Henb3s He
YMOMSAHYTb COObITUE MOCNEAHUX [HEe: NPUHATO peLLleHne accurHoeaTb SMnpa. gonnapos CLUA
Ha CO3JaHne YCTaHOBKM MO OCYLLECTB/IEHWIO YNPaB/IseMON peakLmMmn TepMosepHOro CUHTE3a C
Le/fblo co3faHusa paboTaroleld Ha 3TOM MpUHUMNE 3MeKTPOCTaHUMKU. TpoeKT Cco34aHus
YCTaHOBKMN SBMAETCA MEXAYHapoAHbIM, B HeM yu4actsytoT CLLA. Poccus, BenvkobputaHus,
PpaHums, NepmaHua, AnoHua n KOxHasa Kopes.

1. MacwTabbl BEIMYMH, XapaKTepHble A5 (IU3NKM aTOMHOI 0 sgpa

Mpuctynas K M3y4eHUI0 Kypca (PU3MKM aTOMHOrO fpa W 3MeMeHTapHbIX YacTul, Mbl
BCTynaeM B 061aCTb HENPUBbIYHbIX [/19 Hac pa3MepoB, BpPeMeH U 3HEpruii, KoTopble
XapakTepHbl [/19 3TOr0 pasgena (U3NKW, B CPaBHEHWW C JPYrvMW pasfenaMu, Takumu,
Hanpumep, Kak aToMHas Qu3nkKa, U MONeKynapHas Qusnka.

1.1. XapakKTepHble pasmepbl B (O131Ke aTOMHOIO0 4pa 1 3/IeMEHTaPHbIX YacTuy,

Ecnn oTTaskMBatbCsi OT pa3MepoB OOBLEKTOB, K KOTOPbIM Mbl MPUBLIKAW B ObITY
(KMNOMeTpbI, METPbl, CaHTUMETPbI), TO, MEPEXOAA K MONEKYNAPHON N aTOMHOW (DU3UKe, Mbl
MMeeM B KayecTBe pa3MepoB MOJIEKY/T 1 aTOMOB MPOTsKeHHOCTW nopagka 107" —10° cm. Tak,
AN aTOMHOW  (M3MKWM  eCTeCTBEHHOM  eAWMHUUEA  4/IMHbI  CNY)XXWUT  BefMyMHa
a, =(h* Ime*)=0,529-10"cm. ITa eguHMLA A/MHBI Ha3blBAaeTCH GOPOBCKMM paauycoM. B

06nacTn AfepHO (PU3MKN 3TU PACCTOAHMA CTAHOBATCA OYeHb GONbLUMMW WU HeyAOOHbIMK B
yrnoTpe6neHnn. Pasmeps! sifep onpeensoTes AnvHamn nopsaka 10°cM. B saepHoit dnsmke
aTa efuHMua OAMHbI HasbliBaeTcs 1 (hepMu. CuTyaumio € pasMepamm MOXHO HarisgHo
n306pa3nTb criedytoweii cxemoil. Kak MOXXHO 3aK/UNTb U3 MPUBEAEHHOM HUKE CXEMbl, He
creflyeT cumTaTb, YTO MeXAy 3MeKTPOHHOM O060/I04KO aTtoMa W ero SAPOM HUYero He
npoucxoaut. O6nacTb pasmepamu (// myc)=2,42-107° cM (KOMNTOHOBCKasi AMMHA BOJHbI A1

3NIEKTPOHA) OmnpefenseT pasMepbl, XapakTepHble A1 31eKTPOMarHUTHbIX npoleccos. B
HacTosiLLee BPeMS 3KCMepUMeHTaslbHasi TEXHMKa MO3BONSET Habnwogatb AeTann CTPYKTYpbl
MOBEPXHOCTN fAapa (C NOMOLLbID M3Y4YeHWS MPOLECCOB PacCesiHUA ObICTPbIX 3MEKTPOHHbIX
Ny4KkoB Ha Aapax). WTak, sennumnHy 10 °cm = 1 (epMu NPUHATO B A0EPHON (M3VKE CunTaTh
eAVHNLEN ANNHBI, CBOE0OPa3HbIM SAEPHbIM «apLUMHOM». Paanycbl HEATPOHA M MPOTOHA PaBHbI
npumepHo 0,8 depmu.

10~°cm

107" cm pasMepbl He60/bLUMX MONEKYN
10~%cm 1 aTOMOB

10~°cm

10 ¢cm pasmepbl 06/1aCTH, XapaKTepHO
10 cm ans 3.M. npoueccoB

10 cm.

10 cm painyc HeTPOHA U MPOTOHA.



10 cm JeTanu CTPYKTYpbl MOBEPXHOCTY AApa
10™°cm

1.2. XapaKTepHble BpeMeHa B i1epHON (h13nKe

Kakyto [MTeNbHOCTb pa3yMHO BbIOpaTb B KayecBe «sAepHOM CeKyHAbI»? UTo Takoe
MWNJIMOHHAA [0NA CeKYHAbl C TOYKWM 3PeHUs MPOLECCoB, Npoucxogawmx B aape? MHoro sto
WM Mano C TOYKWM 3peHUs ObICTPOTbI MPOTEKaHUSA ALePHbIX MPOLECCOB? Pa3yMHO NPUHATH
BpeMSsi, 3a KOTOPOe MPOTOH WM HEMTPOH yCrneBaeT NPONTU PacCTOSAHME, PaBHOE MPOTSXKEHHOCTN
A4pa, 3a MUHUMAbHYIO AJIUTEeNIbHOCTb. [pvHMMas, 4To S4P0 UMeeT (POpMy Kanaw, paguyc

o 2R
KOTOpOIi paBeH R, MOXEM CUMTaTb, UTO «siiepHast CeKyHaa» 7 = — , TfIe v - CKOPOCTb NMPOTOHa
\%

(HeiiTpoHa) B Afpe. DTy CKOPOCTb MOXHO OLEHWTb, Mosiarasi, Y4To Mno nopsgky BevyuHbI
KMHETUYECKas 3Hepruns ABVXKEHUS MPOTOHA B SAPe paBHA CpefHen 3Heprum CBA3W YacTuubl B
appe E, . ~(5-10)MsB. MNMpuHUMaa KUHETUYECKYIO 3HEPTUI0 PaBHOW yKa3aHHOW BeNUYMHE,

[2E _
HaxoguMm Ana CKOPOCTU v 3HaYeHune: v = %1 roe M =1,67-10 %, _ Macca NPOTOHa.

MoacTaBVB MMEIOLLMECS BENNUMHDI, MOMYUYMM, YTO v ~ 0,lc. YKasaHHble COOGpaKeHus AatoT

HamMm Ansd «FI,quHOVI CeKyHAbI» 3Ha4yeHne Z'=:|.0722 C. ,ﬂ,ﬂﬂ rnpoteccos B3aVIMO,D,eVICTBVIﬂ CcBeTa C

A0POM €eCTECTBEHHO TMPUHATL 3a «A0EPHYH0 CEKyHAy» BEIMYNHY B [AECATb pPa3 MEHbLLUYIO:
' -23

r'=10""c.

1.3. BennunHbl 3HEpPrnii, XxapaKTepHble 415 AAepHOM (hU3NKK

SHeprus cBA3N HYKNOHOB B spe, NMPUXOAALLAAcA Ha OfHY YacTully, KakK NMoOKasblBaeT
OMbIT, B CpefHeM COCTaBMsieT BeNuuwHy E. . [uacmuya=(7-8)M>B. Ecnnm cpaBHUTbL 3Ty

SHEPIU0 C XapaKTepHOW 3HEPrvein CBA3M aTOMHOM (IM3MKK, KOTOpas paBHa 3HEPrUKM CBSA3N

4
mgye

P =13,6 3B, TO MOXXHO

3/MIEeKTPOHa B aTOMe BOAOpOJa B OCHOBHOM cOCTOSHWUU E = (1/2)

3aMeTWUTb, YTO AfepHas sHeprust B 10° pas npeBOCXOAWUT aTOMHYH. 3Ta KOI0CCa/ibHas
3HEProéMKOCTb SIEPHOM SHEPrM MO CPABHEHMIO C XMMUYECKOI 3Heprueii (KoTopasi Mo cyTu
CBOEW OnpeaensieTcsi IHeprueli CBA3M aTOMOB B BELLECTBE) U AeNaeT CTO/Mb NPUBEKATENbHbIM
CMO/Mb30BaHKE aTOMHOV SHEPIMW B aTOMHBbIX 3M1EKTPOCTaHLMAX.

2. YeTblpe TVNa B3aMOAENCTBUS B NPUPOAE. VX KpaTKas XxapaKTepucTmka

B npupoge 13BeCTHbI YeTbIpe TUMa Pas/inyHbIX CUN: CUSbl TAFOTEHNS (FpaBUTaLMOHHbIE
CWNbI), 3EKTPOMarHUTHbIE CWUNbI, ALEPHbIE CUMbl CUIbHOTO B3aVMOAENCTUA U ALEPHbIE CUTbI
cnaboro B3anmMogeicTems. B nocnegHee Bpems y6eautenbHO NoKasaHo, YTO 31eKTPOMarHUTHOe
W cnaboe B3aMMOLENCTBME ABNAIOTCA J/IAWb  PA3/IMYHBIMUA  MPOSB/IEHUAMU  €4UHOTO
3NeKTPOCNaboro B3avMoAeincTeus. B cBOKO ouepedb MocnefHee OObLEAMHAETCA C CUMbHLIM
ALEPHLIM B3aUMOJENCTBMEM, XOTH LeTa/in 3TOro 06beIMHEHNSA ACHbI eLle He [0 KoHLua. Celivac
pa3pabaTbiBaeTcs aMbuLMo3Has nporpamma O6beAUHEHMSI BCEX B3aMMOAEWCTBUIA (BKNHOUaAs
rpaBmMTaLMI0) B paMKax Tak Ha3blBaemMoi Teopun cynepcTpyH. OfHaKo, B «0ObIYHON» SAepHOM
(hn3nKe «ycTapeBllee» MPeACTaBNEHNE O YeTblpex (yHAAMEHTabHbIX B3aMMOLECTBUSAX
BMO/HE LOCTATOYHO U UMEHHO ero Mbl 6yieM B OCHOBHOM MPUAEPXMBATLCA B KypCe.

MepBble ABa TUMa CU/1 XOPOLLO HaM 3HAaKOMbI MO UX MaKPOCKOMUYECKOMY MPOSB/IEHUIO.
BTopble Xe fBa Tuna Cui NPOABNAIOT Cebs NUWb B ALEPHbIX WM AaXe BHYTUHYKIOHHbIX



mMacwTabax. WX pgencteMe B ObITy 0ObIMHO He3aMeTHO. PaccMoTpvM HEMHOro nogpobHee
CBOMCTBA 3TUX CUN

2.1 ONneKTpoMarHUTHbIe CUJbI

HauHeM KpaTKuii 0630p C 3MEKTPOMArHUTHBIX CU/, YaCTHBIM ClyYaeM KOTOPbIX SBMSHOTCS
KY/IOHOBCKWE CWNbl, AEACTBYIOLME MeXAy 3apsaamu. Kak M3BECTHO U3 3MEKTPOAVHAMUKM,

anekTpuuecknin 3apsag 9 co3maét B NpOCTPaHCTBE MOTEHLMATbHOE 3/71EKTPUYECKOE MOJie,

p(r)==
noTeHUMas1 KOTOPOro r . Takag aHanuTuyeckass 3aBUCUMOCTb noTeHunana OT
paCCTOFIHI/IFI ,D,EﬂaET HEBO3MOX>XHbIM npeHe6peqb Ky}'IOHOBCKI/IMI/I cnnamMmm HWUM Ha KaKux
PacCToOAHNAX. Cﬂe,qOBaTEHbHO, Mbl MOX>XEM MOMAOXKNTb pagnyc ,CI,GIZCTBI/IFI INEKTPOMarHMUTHbLIX CUJ

6eCKOHeYHo 6onblumm R — . CospemeHHOe npefcTaBneHne 06 31EKTPOMArHUTHOM Mone
(KBaHTOBaHME 3/1IEKTPOMArHUTHOrO Mons) NpeAcTaBiseT MPOLEecc B3aMMOAENCTBUA MeXAY
3apajaMu Kak npowecc obmMeHa KBaHTaMU 3/IEKTPOMArHUTHOIO B3anmMogeinctemns (potoHamu), B
pe3y/nbTaTe KOTOPOrO BO3HWKAaeT MNPUTSHKEHWME WM  OTTa/IKMBaHUE MeXAy 3apsgamu.
CxemaTnyeckn nOAOOHbIA aKT B3aMMOLENCTBUA MOXET OblTb MNpefcTaBieH AuMarpammoit
®eitHmaHa (Puvc. 1). Ha pucyHke 1 n3o6paxeH Npouecc B3aMMOAENCTBUA MEXAY 3NEKTPOHAMM.
B3avMogeliicTBMe OCYLLECTB/SETCA MyTeM OOMeHa raMma KBaHTOM, KOTOPbIA M300paxeH
BO/IHUCTOW NIMHUEN. VIHTEHCUMBHOCTb 3/1EKTPOMArHUTHOIO B3aUMOMENCTBMS XapaKTepusyeTcs

o o _ 2 o
TaK Ha3blBaeMOM KOHCTaHTONM cessu @ =¢” [hc =(1/137) (NOCTOSiHHas TOHKOW CTPYKTYpbl,
NOABMSAIOLLASACA B aTOMHO (HN3MKE).

e_ e

<
Puc. 1. BaumofeincTeme Mexxay 3/1eKTpoHamum

2.2. fliepHoe cu/bHOe B3anMogencTemne

et KBaHTOBaHWS 31eKTPOMArHUTHONO Mofs UCMO/b30Ba A/19 OOBACHEHUA A4EPHbIX
CUN ANOHCKUIA m3nkK Xnaekn HOkasa (1934-1937r). OH NpeanonoXxusa, YTo BauMomLencTame
MeXLy HYK/IOHamy B  fApe OCYLUeCTB/feTcAd nyTeM o0OMeHa KBaHTamMu  SiAePHOro
B3aMMOfeNCTBUA, 061afalolMMN He PaBHOM HYMKD Maccol MOKOA. TepMWUH HYK/IOH ecTb
cobuparesibHbll TEPMUH A1 HEATPOHOB M MPOTOHOB, UCMO/b3YOWMNIACA B TOM C/y4ae, Korga
ABNEHME, O KOTOPOM MAET peyb, OTHOCUTCA U K HEMTPOHaM, U K NpoToHam. CornacHo Me30HHOM
TEOpPUM  ALEPHbIX  CWA, NOTeHUMan  SAEPHOr0  CU/IbHOTO  B3aUMOAENCTBMS  UMeeT

KOPOTKOAENCTBYIOLLMIA XapaKTep: r , e 8 — afepHbIii 3apsa, CO3AAIOWMI AAepHO.
none, BennunHa 4 =meclh, npuyem - eCcTb Macca KBaHTa B3anmogeincteus. KOkaBa HasBan
yacTuuy (KBaHT B3aMMOAENCTBUS) Me30HOM. ECTECTBEHHO OnpeaennTb pagnyc B3auMogecTBns



SIEPHbIX CUN KaK BENMUNHY R, =114 monaras pagnyc B3aMMOencTBUS paBHbIM 1~2 depmu,
Mbl  MOXEM  OLEHWTb  BENMYMHY  KOHCTaHTbl  CBS3W  CUMbHOTO  B3aUMOZEWCTBUS

2 ar —_—
g l(hl2m)e U, re” [(h127)c tho Ui =89 Yicnonbsys ans BXOASLLMX B KOHCTAHTY CBASH

BOMMUMH  3HAUEHUs U3 OKCMEpUMEHTaNbHbIX paHHbix (U« ~10MsB, r~Re = 20epmu

ar___ 2
¢ 5), nonyuaem & /(h/27)c=05~1" Eonee  koppeKTHbIE OLEHKNM  KOHCTAHTbI

B3aVIMOAEVCTBIS MOTyT YBeNMUNTL €€ BenmumHy Ao 10. Ha si3bike heliHMaHOBCKMX Auarpavm
MpPOLECChl AIEPHOTO CUMbHOFO B3aMMO/ECTBIS 1300PaXeHbl Ha PUCYHKE 2. Ha pucyHke 2
npeacTaBneHbl ABe BO3MOXHOCTM  B3aMMOAENCTBMS HeTpoHa C MpoToHOM. [lepBas
BO3MOXHOCTb OCYLLECTBASETCA NPW 06MeHe HeNTPanbHbIM N1 ME30OHOM,

n n
Puc. 2. deliHMaHOBCKME AnarpamMmmbl npoueccos A4€pHOro CU/bHOro B3aI/IMO,EI|eI7ICTBI/IF|

BTopast BO3MOXXHOCTb PeasIN3yeTcs npy 06MeHe 3apsikeHHbIM 7 Me30HOM. B nocreaHem
CNny4ae nNpomcxoanT 06MeH 3apsiaamu: NPOTOH CTAHOBUTCS HEMTPOHOM, @ HEMTPOH — MPOTOHOM.
Micxoas M3 BENMYMHBI paguyca SAepHbIX CUA, MOXHO MOMYYWTb OLEHOYHOE 3HaueHue Ans
MacCbl KBaHTa iePHOI0 B3aMMOAeicTBUs (7 Me30Ha). KOKaBa OLeHUN BENNUYMHY 3TOI Macchl B
300 macc MOKOsi 3NeKTPOHa. Mcrnonb3ys 3Ty OLEHKY, HaiileM XapaKTepHoe [/ sSAepHOro

o = 2 -23
B3AUMO/IEVICTBIS BPEMS C MOMOLLIO COOTHOLLEHIS HeonpeenenHocT © = 11 2M.¢” 107 ¢

OnemMeHTapHble YacTWLbl, Y4YacTBYIOLME B CUMbHbIX SAEPHbIX B3aMMOAEICTBUSIX,
Ha3bIBAKOTCA aapoHaMK. ALPOHbI AENSTC Ha 6apuoHbl (C MonyuenbiM CMHOM U depMu
CTATUCTMKOIA) N Me30HbI (C LeNOUMNCNEHHbIM CMIMHOM 1 B03e CTaTUCTUKOIA)

2.3. AjepHoe cnaboe B3aMMOAENCTBME.

[pyruM HOBbIM TUMOM B3aMMOAEWCTBMA, C KOTOPbIM HaM NpUAETCA MMEeTb [Aeno B
SAEPHON (hM13NKe, ABNSETCA AAepHOe cnaboe B3aMMOLEVCTBME, BMEPBbIE MOCTYNMPOBaHHOE B
Teopun B -pacnaga 3. ®epmu. TUMUYHLIM MPMMEPOM TaKOrO B3aMMOLENCTBUSA SABNSETCA

npoLiecc MpeBpaLeHns HeliTpoHa B npotoH: " P 1€ TVe Tak pacnagatorcs HelTpoHb

Myyka B BaKyyMe. ATOT npoLecc onpeaenset 6eta pacnaf saep. Ho B 1982 rogy 6bifn OTKPbITHI
* 0

TaK Ha3blBaeMble MPOMEXYTOUHbIE 6030HbI, Takne, Kak W'~ 1 Z° . MpusegeHHas Bbillie peakLms

Ha camoM fefie NMPOUCXoauT B ABa aTana. CHavana HeliTPOH NpeBpaLLaeTcst B NPOTOH, UCMYCKas

W~ Gozon: "> PtW

W™ —>e +v,

, 3aTeM ' pacnagaeTca Ha 3NeKTPOH U 3MIeKTPOHHOE aHTUHEATPUHO:

Cnaboe B3aMMOAENCTBME NBMSETCA KOPOTKOAEMCTBYHOWMM (TaK >Ke Kak W
cunbHoe). CnepoBatesibHO, NOTeHUMan cnaboro B3anmogencTams nofobeH noteHumany KOkasbl:

[~

e—br B
r,rne / — cnabuii sapag, a 0= @mwelh) _ oenaruuii pagnyc cnaoro
B3aMMogeiicTBMS. OTKpbIThe B 1982 rofly NPOMexyTouHble 6030HbLI 06Mafat0T Maccamy NoKos

@, (r) =



~ 100 MB. Torga ana paguyca  crnaboro  B3aMMOAENCTBUSA nonyvyaem

= -15
R, =(hI2mny,c) 10" cen  Takum 06pa3soM Mbl MOXEM 3aKMtouuTb, u4TO  craboe

B3aVIMOJECTBIE MPOMCXOAUT He TONbKO BHYTPY Siipa, HO faxke BHYTPW HYK/IOHa. Ha sisbike
(heliHMaHOBCKMX Auarpamm, MPOLEcC Cnaboro B3aUMOAEWCTBUS, pe3yNbTaToM KOTOpPOro

ABNAETCA NPOLLECC NPeBpaLLEHNA HeliTpOoHa B NPOTOH 1 nocneaytolee npespatleHne ' 6o3oHa
B 3M1EKTPOH W aHTUHEATPUHO, N306PaXKEH Ha PUCYHKEe 3. BenmumHa KOHCTaHTbl CBSA3M CNaboro

B3aMMO/EeNCTBUS MO NOCNEAHUM OLIEHKaM (f*/hc)=10""
—
w- w

e :

- 7 e
e V

Puc. 3. ®eliHMaHOBCKME AnarpaMmbl MPOLLECCOB €1aboro B3aMMoaencTBUs

®epMu YacTyLbI, YYaCTBYHOLLME TOMbKO B 3M1EKTPOMArHUTHBIX U CNabbixX (HO He CU/bHbIX)
B3aMMO/eCTBISX, Ha3bIBAKOTCS IENTOHAMU.

2.4. MpaBUTaLMOHHOE (cBepXCnaboe) B3anMoLencTBue.

Cvna rpasuUTaLyOHHOrO B3aMMO/ENCTBIA ABYX Ten, obnagarowmx maccamm "2 u ™2 no

Gm,m
by = 12 : o
3aKOHY BCEMWPHOIo TAroTeHuA HblOTOHA paBHa. r . rpaBl/lTaLllI/IOHHbIVI noTeHuwan,

Gm
5 . p(r)=—
cO3/1aBaeMblii Maccoii ™, paBeH ¥, roe G - rpaBMTaLUMOHHas MocTosiHHasA. [1o

aHasiormm c¢ aNeEKTPOMarHMTHbIM B3aI/IMOp|eI7ICTBI/IEM Mbl MOXXEM CUWUTaTb, YTO rpaBUTALIMOHHOE

) g =AGm
none cosfaeTcs «rpaBUTaLMOHHBIM 3apsgom» =% . TOYHO TaK »Xe Mbl MOXXeM CUUTATb,
YTO pPaauyc rpaBUTALMOHHOIO B3aUMO/ECTBUS paBeH 6ECKOHEYHOCTW. N5 CpaBHEHNS HalaEM
OTHOLWIEHNE CUMbl KYJIOHOBCKOIO OTTa/IKMBaAHUA K CUNE TPaBUTAUMOHHOIO NMPUTAXKEHUA MeEXAY

2 2
ABYMsi NPOTOHaMK. STO OTHOLLIEHWe CWN BYAET paBHO Apo6K Foul Fy_e /GM!’~1036, 13 Yero

BUAHO, UTO TFpPaBUTALMOHHOE B3aWMOJENCTBME HE WrPaeT HUKAKOM ponu B (hU3UKe
anemMeHTapHbIX YacTuy. OfHako, Ans Lenoro psaaa sBneHwid rpaBuTalMoHHOe B3aMMOoaeincTBme
UrpaeT pellalollyr0 Po/b. YKaXeM 3[ecb Ha peluatollyto posib 3TOr0 B3avMOAENCTBUS B
npoueccax 3BonouuM 3Be3d. OTMETUM TaKXke, OAHOHarpaB/ieHHOCTb rPaBUTALIMOHHOIO
B3aMMO/ENCTBIS — TPABUTALMOHHBLIE CU/bl BCEraa eCTb CW/bl MPUTSXKEHWS. [N MOMHOTHI
KapTWHbl NPUBEAEM W  KOHCTaHTY CBS3W [N [PaBMTALMOHHOIO  B3aMMOAECTBUS.

(GM; /hc) ~5,91-107%

YyacTuLbl CO CMIMHOM 2.

. KBaHTamu rpaBuTalOHHOIo B38.I/IMO,EI|eI7ICTBVIFI ABNAKOTCA rPaBUTOHbI —

3. OCHOBHbIe CBOWCTBA J/IEMEHTapPHbIX YaCTUL, N METOAbI X oNpeaesieHnA

Bce M3BECTHble K HACTOSILLEMY BPEMEHM YacTULpbl OTAMYAlOTCA ApYr OT Apyra CBOMMMU
ceolictBamy. OCHOBHbIMU CBOVCTBaMM, XapaKTepu3y LMW YaCTULbl PasHbIX TUMOB, ABNAKOTCA
3apsd, macca MOKosl, CMWMH U CTabunbHOCTb. CyLEeCTBYHT 4YacTWLbl HeATpanbHble U



3apshKeHHbIE, C Maccoi MOKOsi paBHOW HYMO ((POTOH) M OT/IMYHOM OT HYNS Maccoi MOKOS.
CyLLECTBYIOT YacTULbl C LeIOYUCEHHbIM CMIMHOM M C NOAYLENbIM CUHOM, CTabubHble W
HeCTabu/bHble YacTULbI.

3.1 MeTopg onpegeneHns anemeHTapHoro 3apsaga. OnbITel MUnnMkeHa

Bce M3BECTHble 3/1EMEHTapHble YacTulbl MO0 HelTpabHbl, 60 06/1a4al0T 3apsaoM
(NONOXWUTENBbHBIM MM OTpULATENbHLIM), KpaTHbIM 3/IEMEHTapHOMY 3apsgy € — 3apsgy
aNeKTpoHa. Tak, oTpuuaTteNbHbIM 3apsaoM, paBHbIM 3apsfy 3MeKTPoHa, 06nafjatoT NENTOHbI

(€ M7 ) mesonsl (7 K ), Gapronbl (2 5 €2 A PeSOHANC ) Mo poyTenbHbIii 3apag,
paBHbI/i 3apsdy SNMeKTpoHa, uMetoT Hekotopble MmesoHbl (7 *K7), mpotoH (p), GapuoHsi

.
(37, A"~ DE3OHAHCY ' |\meeTca Takke 4acTULA, O6NAJAIOWIAS ABOVHBIM  MOMOKUTENbHBIM

3apagoM (A" -pesoHaHc). HeliTpanbHbIMM  YaCTUL@MW  SBNSIOTCS  TPU  TWUMA  HEMTPUHO

0 70 pr0 0 50 =0
(Ve'vﬂ’vf), Me30HbI (7 KK ), HENTpOH (1), r|/|nep0H|>|(A 20 E ).

MoguyepkHeM elle pa3, 4To, B AEWCTBUTENbHOCTW, aApOHbl, MO COBPEMEHHbIM
NPeacTaBNeHUsM, He SBNSIOTCS 9/1EMEHTapHbIMM YacTMLaMK, a COCTOST U3 KBapKOB. KBapKu,
OfIHaKo, He CyLLECTBYIOT B CBOGOHOM COCTOSIHUM U MOTYT HaG/MO4ATHCA NNLLL KaK COCTaBHbIE
yacTn 6apMOHOB 1 ME30OHOB.

oes 0 CyLLecTBOBaHMM 3/1eMEHTapHOr0 3M1EKTPUYECKOr0 3apsia BUTana B (M3iike AaBHO.
CBoe MOATBEPXAEHME 3Ta Mmies MOMyuMna B 3aKOHaxX 3nekTponmsa. OAMH K3 3aKOHOB
3M1EKTPONN3A YTBEPXKAAET, UTO [ MOMYYEeHWUs] OAHOIO rpPaMM-3KBUBA/IEHTa BELLECTBA MpW

aNeKTPONN3e Heobxogumo 3atpatuts = 96484,56 ~ 96500 KY/IOHOB 3/1eKTpUYecTsa (Uncno
®apages). Ecnm cumtath, 4TO B OAHOM FpaMM-3KBMBA/EHTE OfAHOATOMHOIO BeLLeCTBa

— . 23 (V)
cogepxutes ¥ = 6,0220943-10% 470m08 (uncno ABoragpo), U uTo Ans HelTpanmsalmm Takoro
KO/MYeCTBa MOHOB M TpebyeTcs KONMMYECTBO 3NEKTPUUECTBa, paBHOe uuciy dapages, To
BE/IMYMHA 3/IEMEHTAPHOrO 3apsifa HaxoguTcs NPocTo AeneHveM uucna dapages Ha 4mco

ABoragpo: e=FIN =16021892-10"" KynoHa. OfiHaKo, UMeN0 CMbIC/T 3TOT 3/1IEMEHTaPHbIN
3aps4 M3MepUTb HernocpeACTBEHHO, MPAMbIM cnoco6oM. C 3TON Lenblo aMepuKaHCKUn (nsnk
PobepT JHAptOC MUNIMKEH NPOBENT CEPUHO 3KCMEPUMEHTOB MO WU3MEPEHUID YHUBEPCA/IbHOIO
3apaga (1911- 1913 rogbl). Metof MwunnvkeHa 3akioyancd B M3MepeHWW 3apsfja OuyeHb
MafIeHbKUX Kanenek macna. Ecnnm  nomMecTuTb KamenbKy Macna Mexzay niacTUHamm
KOHZeHcaTopa, K KOTOPOMY He MPUIOXKEHO HampskeHue, TO 3Ta Karenbka 6yAeT onycKaTbecs ¢
MOCTOAHHOM YCTaHOBMBLUENCA CKOPOCTbI0. DTO paBHOMEpPHOE [BWXKeHWe OyfAeT CneAcTBuMeM
paBeHCTBA CW/I:-PasHOCTb CW/Ibl TSHKECTM W apXMMeLoBOM Cubl GyAeT YypaBHOBELUMBATHCS

mg—F, = 672777vg

CTOKCOBOWA CW/OI BA3KOCTH: , - TAe ™ - macca Karniu, & - ycKopeHue Cusbl

v
TAKECTW, 7 - pajuyc Kamiu, - CKOPOCTb YCTaHOBWBLLEroCs [ABVKeHUs, - KoathduumeHT

F
BA3KOCTW BO3AyXa, a ~ “* - apXMmMeaoBa BbiTa/kKvBaroLlas cunia. Bbipasum cuiy TsXECTU K
!
apXMMeoBy CW/y 4epes paauyC Kamaum u naoTHoCTM Macna © u mnoTHoctv Bosgyxa’ :

. 3 — 3 7
mg =(413)m°p y Fype = @137 p" MO/ACTaBMB 3TN BbIPAKEHNS B YPaBHEHME PABEHCTBA CIAN

W, TMPOM3BOAS  HEOBXOAWMbIE  BbIYMCMEHWS,  ANs  paguyca  Kanay  MONMy4YuMm:
1/2_1/2

3 7'y

:ﬁgIIZ(p_pr)llz

. Tenepb O067y4MM Kamalo PeHTTEHOBCKUM M3MyyeHveM. Kanns
NPNOBPETET HEKOTOPBLIV 3NIEKTPUYECKUIA 3apsf, TakK Kak WU3MydeHre NINWKUT Karsio HEKOTOPOro
KO/INYECTBa 3/1EKTPOHOB. K nnactvHam KOHAEHCaTopa MNpPuUAoXKMUM 3N1EKTPUYECKOE MOJIE,

Hanpsa>XeHHOCTb KOTOPOro E . 3Hak INIEKTPUYECKOIo nonga onpegennm Tak, 4TOO6bI Kanna Havyana



ABUraTbCA BBEPX. [AMHAMMKa [JBVKEHUS 3apsHKEHHONM Kanan 6yaeT OnpeaensithCs YpaBHEHNEM:

qE —mg =8mnyv; rpe 4. 3apag Kanau, a VE- CKOpoCTb BCM/bIBaHUA Kannu. W3 nocnegHero

q=6mn(v, +v,)I E

COOTHOLLEHMSt  HalileM 3apsg  Kanu: MopelicTBOBaB elle pa3

!
PEHTrEHOBCKMM U3/TyHeHUEM Ha Karjiio, U3MeHUM eé 3aps. [ns nsmeHeHHoro 3apsaa ¢ 6Gyaem

q' =6mn( +vg)/E.

NMeT: [na  pasHocTw  sapagos A4 = q9'~q MNoNYyYUM:

— r_
Ag =6arn(vy —vg) E. [MoacTaBMB B MOJYYEHHOE BbIPAXKEHWE 3HAYEHWe paguyca Kanu,
3/2 120 1
A _9\/57”7 Ve (ve —vi)
q= 1/2( _ r)l/ZE
NMEEM: g \pP=p . \3meHsas ¢ NOMOLLbIO PEHTIEHOBCKOro 06/1yYeHNs 3apsag,

KanauM, MOXHO TMPOW3BECTV GO/bLLOE YWUC/IO M3MEPEHWIA Aq . Cocrasus Tabnuuy ans

MOYYEHHbIX Aq , MOXXHO 3aMEeTUTb, YTO MOJTyYeHHbIE 3HaYeHMs OyAyT KpPaTHbl O4HOMY U TOMY
e uucny, KOTopoe M MPUHUMAETCA 3a Be/MUUHY 3neMeHTapHoro 3apaga €. llony4veHHoe
MwunnukeHom B 1913 rogy 3HadeHWe 4N 3apsAda 9EKTPOHa  6bIN0  paBHO

_ -10

e=(4774+0,009)-10 9NeKTPOCTaTUYECKUX  eanHuy.  COBpeMeHHOe  3HayeHue
_ -10

3M1EMEHTapHOro 3apsifa pasHoe €~ (4,803242 £ 0,000014) -10 3NEKTPOCTATUYECKUX eAVHNL,.

PobepT MunnukeH 3a 3T paboTbl B 1923 rogy 6bin yaoctoeH HobeneBckov npemmmn no ramke.

3.2. Nl3mepeHKe Maccbl MOKOA YacTu,

MepBoOii 3NeMEHTApPHON YacTuLel, Y KOTOpPOK Oblia M3MepeHa Macca, Obi 3NeKTPoH. 3
NCTOPUN (MUKW U3BECTHO, YTO B nepuofd ¢ 1897 no 1900 rogbl K. K. TOMCOH M3Mepun

oTHOLeHne €/m AN KaToAHbIX Ny4yeil. KatogHble nyyn — 37O MOTOK 3M1EKTPOHOB. Metoa,
KOTOPbIM M0/1b30Ba/icA TOMCOH, Obl/1 TaK HasblBaeMblii MeTOZ, Napabon, 0 KOTOPOM MoAPOGHO
paccKasblBa/loCb B Kypce aTOMHOM (PM3MKW. 3a 3TOT UuKn paboT TOMCOH Obln yAOCTOEH
Hob6enesckoit npemun B 1906 rogy. B KoHue [AeBATHAALATOro M Hayane [BaALaToOro BEKOB
Heo6X0AMMO ObI/I0 UCNONb30BaTb OTK/IOHEHUA MYYKOB YacTUL, B 3M1EKTPUYECKOM M MarHUTHOM
MonAx OAHOBPEMEHHO, TaK Kak He Obls10 BO3MOXHOCTW CO34aBaTb MOHOXPOMATUYECKME MYUKU
yactuy. B HacTosllee Bpems MMeKOTCA AOCTATOYHO XOpOLIMe MEeToAbl MOHOXpOMaTu3aumm
MYyYKOB YacCTUL, Y MOXHO OTPaHNYUTLCSA OTK/IOHEHMEM YacTuUL, TONbKO B KakOM /IM60 OLHOM U3
nonein. Hanbonee ymo6GHbIM OKa3anocb MarHWTHoe none. [lpeactaBMm cebe  MOTOK
MOHOXPOMAaTMYECKMX YacTuL, nonagarowmx B 061acTb NOCTOAHHOIO OAHOPOAHOI0 MarHUTHOrO

nons B. V3vepuB pagnyc KpuBW3HbI TPAEKTOPWUM YacTWL, B 06M1aCTW MOAS, MOXEM HaiiTu
2

V e
m—=—vB
MMNyNbC YacTul. B camom gene R ¢ . Takum o6pasom, ana umnynsca £ =™V ymeem:
m,v
eBR p =my= 0T
= [ 2
C . 3Haf MMMyNbC 1-(v/e) ,  HaxoguM Maccy MOKOSf YaCTuLbl:
\J1—(v/c)?
my = (eBR)¥
(vle)

. Tak MOXHO M3MepsiTb MaCcChl MOKOS 3aPSHXKEHHbIX CTaOU/bHbIX YacTuL,

Bonee CNOXHbIM SIBNSETCS MPOLECC M3MEPEHUS] MacChl HEMTpanbHbIX YacTul, (Takumx,
Hanpumep, Kak HeliTPoH). OTKpPbIBLLIEMY HEMTPOH K. YeapuKy (naypeat HobeneBcKoli npemum
1935 roga) yaanoch 13mepuTb Maccy HeliTpoHa, aHaM3unpys NPOLLECC CTONKHOBEHMS HEATPOHOB
C fApaMy a3oTa B Kamepe BunbcoHa. OH onpefenun, 4To Macca HeliTpoHa 6onblue Macchl
MPoOTOHa Ha 1,1%. M3mepeHne Macchbl MOKOS HECTabU/bHBIX YacTyL, SBNSETCS GO/Ee CNOXHbIM
[enoM. B Halliem Kypce, Ha 3TOM Mbl OCTaHaBNMBATLCS He MMeEM BO3MOXXHOCTM.



3.3. MeToAbl onpeaeneHns crnHa 1 MarHUTHOFO MOMeHTA siiep

Aapo npefcTaBnseT coboM COBOKYMHOCTb HEMTPOHOB W MPOTOHOB, TO €CTb SBNSAETCA
KO/INEKTMBOM (PEPMMOHOB. B cuiy 3Toro, CnvH saep, COAePXKallyX YeTHOE YMCIO HYK/OHOB,
[I0/MKEH BbITh LeMbIM (B Aonax /1), a cnuH sgep, coaepXKallnx HEeYEeTHOE UYMCNO HYK/IOHOB —
nonyuensiM. CrnefyeT OTMETUTb TOT 3KCMEPUMEHTaNbHBIV (KT, YTO, HECMOTPS Ha 60/bLLOE
KO/IMYECTBO HYK/IOHOB B sifpe (ANA TSHKEeNbIX S4ep YMCN0 HYKNOHOB MOXET MpeBbllaTb ABE

238
COTHM YacTyLl, B Ka4eCTBe NprMepa MOXHO NPUBECTU SAPO 92U) CMVHbI SAep HeBennKuW. Ans

f4ep C YeTHbIM MaCCOBbIM YMC/IOM PEKOpAHble 3HAYeHWs CruHa LOCTUratoT BeNNYUH 6 —7 (B

nonsx 7). Anpa e ¢ HEUETHLIM MACCOBbIM YMC/IOM, 06/1ajat0T CMIMHOM, He MPEBbILLAIOLLIM
200 211

BeNMYMHBI 9/2. B KayecTse NpuUMepoB NpuBesem saapa s B (cnuH paBeH 7), 82 Pb

9/2).

(cnuH paseH

3.3.1 Onpedenenue cnuHog s10ep ¢ NOMOUWBIO UCNONIL30BAHUS CBEPXINOHKO20 PACUeNIeHUs
CnekmpailbHbIX JUHUL

OfuH 13 cnocoboB W3MepeHMsi CMNUHOB fAAep 3aKIi4vaeTcd B MCMO/b30BaHUM Tak
Ha3blBaeMOr0 CBEPXTOHKOIO pacLuen/ieHnsi CNeKTPaslbHbIX JIMHUIA, OTKPLITOro MaiikeSlbCOHOM B
1891 rogy. JTO pacluenneHve, Kak Briepeble npegnonoxun B. TMaynu, 0653aHO CBOUM

NPOVCXOXEHNEM HAMUMIO B3aUMOAEVCTBUSA MEX /Y MarHUTHbIM MOMeHTOM sapa 4~ 1.8l ¢

MarHuUTHbIM nonem B | co3fgaBaemMbIM 31EKTPOHHOM 060/104KOl aToMa. 34€eck, & - dhakTop JlaHae
7 o u, =ehl2M c o
Ana sapa, - KBaHTOBbI BEKTOP CMWHA sapa W P” - AePHbIA MarHeToH.

MarHuTHoe none B, co3faBaeMoe JBIKEHNEM 3EKTPOHOB 3M1EKTPOHHOI 0GOMOYKN aTOMa Ha
Afpe, AOMKHO ObiTb MPOMOPLYOHANLHO MOMEHTY KONMUECTBA ABUMKEHNS OGOMOHKM J .
B=-AJ | rpe koHcTaHTa 4 nonoxwuTensHa (BCMEACTBME OTPULATENLHOTO 3apAAa SNeKTPoHa).
SHeprusl B3aMMOAEIACTBMS MArHUTHOTO MOMEHTA $i4pa C MarHUTHbIM nonem B pasha:
AE=~(f-B)=C(-J) g, 3Heprvs B Holpty =M, [m, =1836 pa3 MeHbllUe 3Hepruu
«TOHKOTO» B3aMOZECTBIS, 0GECMeunBatOLLEr0 Ay6NeTHOCTb TEPMOB  OfHOSNEKTPOHHbIX

aTOMOB. CKanspHoe npoussedeHve ksaTosbix sektopos (1) nerko Haitt ¢ nomowwpio
BEKTOPHOI Mogenn. Cymma ksaHToBbix Bektopos < u I o6pasyet sektop =7+ 1+ npuuem
KBaHTOBOE Uncno F MOXeT MPUHUMATb 3HaUYEHWs!, OnpeAensieMble NPaBUAOM TPEYTONbHUKA:
FAJ-T| |J=1|+1 [J=1]42 J41. 3.1)
CKaNApHOe Mpou3BefeHMe BeKTOpOB  Haiilem, Bossess Bektop F B KBagpar:
|F2 |5 J2 |+ 1% |+2(J -1). N3 MONYYeHHOro COOTHOLLIEHNS HaxoauM

(J-I)=@U2(F?|-|J*|-|T? )= U 2)(F(F+1)-J(J +1) - I(I +1))

Takum 06pa3om, Ans sHeprum AE ymeem:
AE = (CI2)(F(F +1) - J(J +1) - I(I +1)). (3.2)

Tak Kak KBaHTOBble umcna < u I NOCTOAHHBI, TO CBEPXTOMKOE paCLen/ieHme
CMeKTPa/bHbIX NMHWIA ONpeenseTcs NMb TeM, YTO KBAHTOBOE UMCi0 £ NpUHUMAET pasnyHble
3HaueHus, onpedensemble ycrosueM TpeyronbHuka (3.1). Ecnm ksanTosoe umcno <7 | 1o
3HEpreTMUeCKMin yposeHb pacuennsercs Ha 2/ +1 nogyposHeid, Tak Kak KBaHTOBOe uncio F
MPUHYMAET 3HAUEHNS] F=J0-1,J-1+1,J-1+2,..J+1.

JKCNEPUMEHTA/IbHO  HabMOAaeTca  ONTUYECKWMIA  CMEKTP, MO KOTOPOMY  HYXXHO
BOCCTAHOBUTb KapTUHY 3HEPreTUYeCKUX MOLYPOBHeW. B JaHHOM Cryyae, ec/in y4YecTb, 4T npu



ONTUYECKNX Mepexofax BbIMONHAKTCA XXECTKWNE MpaBUsia 0T6opa Al = O'Amf - O, OKa3blBaeTCA,

YTO YMCMO CMEKTPa/bHBIX NMHWIA ByaeT Toxe pasHo 2/ +1. 310 cnemyet us Toro, uto Ang

ONMTMYECKNX CMEKTPOB [Nl KBAHTOBOIO uucna £ BbiNonHseTcs npaBuno otéopa AF =0,£1
CBepxTOHKas CTPYKTypa CrnekTpa Ans [AaHHOrO Cfyyass npuBefeHa Ha pucyHke 4. B
paccMaTpyBaeMOM Cflyyae CMUH Spa OMpefensetcs NpPoCcTO: HYXXHO COCYMTaTb YMUCNIO
CMEKTPa/IbHbIX NIMHWIA, U3 3TOTO YMCNA BbIYECTb €AMHULY W NOAENUTbL MOMYYEHHOE YMCMO Ha
ABa.

F=J+l=7

F=J-1=1

Puc. 4. CBepXTOHKasa CTPYKTypa CrnekTpa 4na cnyyas J=41=3
Onpefenenve cnvHa sgpa B cnyvae, korga ! > apnsetca Gonee CMOXHLIM. 34ech

MOACYET YMCNa CNeKTPasbHbIX IMHUIA «CBEPXTOHKOI0» CMEKTPa, HAYEro He AaéT. B aTom cnyvae

MOXET TOMOYb MpaBuno WHTepBasioB JlaHZe. Haigem pasHOCTb COCeAHWX YPOBHeW

CBEPXTOHKOW CTPYKTYpbl AE(F +1) = AE(F)) | Kak cnepyet u3 (3.2), ata pasHoCTb OyAeT paBHa:
AE(F +1)—AE(F)=C(F +1) (3.3)

Ecnn Tenepb MO ONTWMYECKOMY CMEKTPY aTOMa YCTaHOBWUTb KapTWHY 3HEPreTUYecKux
YPOBHEWA, TO MOXHO OMNPeAenuTb, YTO PACCTOSIHWS MEXAY YPOBHSMU 6yAyT OTHOCUTLCS Kak

(F+D):(F+2): (F +3),.... N3mepuB 3HAUYEHWs| 3TUX WHTEPBANOB, MOXHO OMpPeaenTh
KBaHTOBOe uncio F . Bo3amoxHble 3HaueHus £ onpegenstotcs ycnosuem (3.1). Bce aTu
3HauYeHVs1 MOXHO OMpeaenuTb C MOMOLLbIO NpaBuna MHTepBanoB (3.3). MOCKOMbKY 3HAYeHUs
F=J+1

ma

kBaHTOBbIX uncen I n < ocTaloTCA MOCTOSHHBIMK, TO MOXHO OMPeaenUTb 6o
6o Fmin =1 =7 Takum 06pPa3oM MOXHO OMpPeAenTb CNH SApa U B 3TOM Cydae.

3.3.2. Onpeoenenue MaAcHUMHBIX MOMEHMOE A0€P C NOMOWDbIO SAOEPHOCO MACHUMHO2O
pesonanca

AApa C OTAWYHLIM OT Hyns crnuHom /, 06nagaloT MOMEHTOM umnynbca L =11 n

ﬁ:g-(eh/ZMpc)j

MarHUTHbIM MOMEHTOM, ,roe & - snepHbiil g—akTop. 3pecy 1=h127 -



o M ehl2M c
MoCTOsAHHAaA [1naHKa, JeneHHasa Ha , a P - MacCa MPOTOHa. MHOXUTENb P
ABNAETCA AAEPHbIM MarHETOHOM. HOBe,quVIB MarHMTHOro MOMEHTa fAdpa BO BHELIHEM
MarHMTHOM none B onpepenAaeTca ypaBHEHNEM:

diildi = glel2M cii- B]= y|i- B] (3.5)

B cnyyae NOCTOSAHHOrO MarHWTHOIO Mons B= BO, peLleHreM ypaBHeHus (3.5) sBnsieTcs

MPeLeccns MarHUTHOrO MoMeHTa # BOKpYr MarHUTHOro mons Bo ¢ yacroroit $2=-78

By=B, -k

. Ecnm

HanpaBWUTb MOCTOSIHHOE MarHUTHoe none no ocu OZ,
(3.5) byper:

, TO peEeHnemM ypaBHEHUSA
p, = pd =const, ji, =[k[a-k]]= i cosQe+[ilk]sinQr (3.6)

-0 -0 _ 0 .?
Ecnv B Haua/ibHbIli MOMEHT BpemeHu 41 HanpasneHo saonb ocu 0X (AL =Hi 1) 10
(3.6) npumet Bug;

g, = ud (i cosQ — jsin Q) 3.7)

Jlerko y6eanThes, YTO BpaLeHne BEKTOPa MarHUTHOrO MoMeHTa 4 GyeT npoucxoauTs B
HarpaBneHNN YacoBO CTPeNKM (eCIM CMOTPETb C NOMOXKMUTENBHOIrO HanpaeneHus ock 0Z).

Ecim Ha cucTeMy sepHbIX CMWHOB 6OMblUe HUYEro He [edCTBYEeT, TO MarHMTHble
MOMEHTbI siiep OyayT BEYHO MPELeCCMpPoBaTb BOKPYF BHELLHEro MOCTOSHHOMO MarHUTHOTO
nons. UTo6bl BbI3BaTb Kakoe /IMG0 M3MEHEHME COCTOSHUS CUCTEMbI SAEPHBIX CMHOB, HYXXHO
BO3J€/CTBOBaTb Ha 3Ty CWUCTEMY MOMEPeYHbIM BpaLLALMMCS MO HanpaBfeHUIO YacoBOVA

CTpenkun BoKpyr oc OZ marHUTHbIM Mosem B (t) .

B,(t) = B,(i cos ot — j sin o) (3.9)

OueHb Y06HO ANs AaNbHEWero pacCMOTPeHUs MepeiiTy BO BPaLLAtoLLYOCs C Yr/10BOM
cKopocTblo @ = —® -k cyctemy koopauHaT. TorAa, MPOM3BOAHAA MO BPEMEHN B laGOPaTOPHOIA

cucTemMe KOOpAWHaT dpldt 6yfeT CBs3aHa C MPOM3BOAHOW MO BPEMEHM BO BpallatoLLeiics

ofil ot

cucreme COOTHOLLEHNEM:

diildt =0l ot +[&- il = 0l ot —[fi- @] .
YpaBHeHue (3.5) BO BpalLatoLLelics CUCTEMe KOOpAVHAT NPUMET BUAL
0fil ot = 7R~ (By + B+ (@1 1)) (3.9

T o1 g
3neck |/ K =k" - epmimunble opThl Bo BpalwatolLeiica cucTeMe KOOpAMHaT. [1f TOro, YTo6bl
YYeCTb MOTEPU SHEPrUM AAEPHBIMU MarHUTHBIMI MOMEHTaMU, BBeAeM, ceays Broxy, B npasyto
4aCTb ypaBHeHs (3.9) penakcaLyMoHHbIe YeHbl. [onyyeHHoe TakuM 06pa3oM ypaBHeHMe

oul 1 ot-i"+ou 10t +opu 1otk =[(ul T+l +p, k) (@—@y)k — i )]-

Ho B+ (= ) K

T Ly (3.10)




T
M eCTb (beHOMEHONOMMYECKOe YpaBHeHne Broxa. 3geck L1 u' ™ - nomepeuHoe W MpoZobHoe

BpeMeHa penakcauuyM COOTBETCTBEHHO. WHAYKUMM MarHUTHbIX Moneii 0603HauyeHbl Yepes

cooTBeTcTRylowMe  uacToTh: @0 = B0y @1 ==7B.  BexropHoe ypasmenve (3.10)

9KBUBA/IEHTHO TPEM YpaBHEHUAM AJ14 COCTaBAAOWMNX MarHUTHOro MOMeEHTa H

Ol 10t =22 4 Ao,
V T
ouly 10t =—Aw- gt — 2
T, —op, (3.11)
ﬂz _/'10

O 101 = oy g, ~FeF0

np

371ech BBE/IEHO 0G03HaueHme 2@ =@~ Do

Cuctema ypaBHeHUl (3.11) ONMCbIBAET BbIHYXXAEHHbIE KONeGaHWs SAepHbIX MOMEHTOB

nof4 [AeicTBMemM mMons B\(1) CraumoHapHoe peLUeHne CUCTeMbl NIErKO HaxoAuTCs, eciu
ou, lot=0ou, lot=0u_ lot=0,

NONOXUTb
Ao-o,T?
Hy =—— 2 22 Ho
1+o/ T, T,, +A0°T]
o, T,
Hy =

1+ 0T T, + Aw’T? (3.12)

1+ (AwT,)?
/uz = 1 2 22 IUO
+o, T\ T, +A0°T]

PeweHne (3.12) MMeeT pPe30HaHCHbIN XapakTep. Pe30HaHC HacTynaeT npu YcnoBuwu

!
@ =| B, | KpviBble 3aBUCUMOCTEA ANs Moy o1 yactotel nons B1) umeior TumMurbi
XapaKTep KPUBbIX AMCMEPCUM W MOMNOWEHNs. TakuM 06pa3om, M3Mepss 3KCMepUMEHTaIbHO
PE30HAHCHY0 YacToTy @ MOXHO OMNpeaenMTb MarHUTHbIA MOMEHT sapa. TakoBa K/laccuyeckas
TPaKTOBKa ABEHUS SAePHOI0 MarHUTHOrO Pe3oHaHca.
C TOYKM 3peHUs KBAHTOBOW, CUTyauUWsi BbIFMAAUT CRefytoluM 06pa3oM. HAepHblii

marHuTHbIN MomenT “ = 84! 8o BHeLHeM MarHUTHOM nofe NPUOBpETaET SHepTUIo:
ehB,

- 3 = = =78
AW =—(si-By) = —gu, (I - By) 2M ¢

ml
, (3.13)

—

rge M; - MarHUTHOe KBaHTOBOE 4ncsno, ornpegenaroulee nNPoeKumM BEKTOPa CrnHa I Ha ocb

OZ. CornacHo 3akoHaM KBaHTOBOW MeXaHWKW 3Ta NPOEKLUUA MOXXET NMPUHNMaTb KBaHTOBaHHbIE

svavenms: M = LI+ L1420 I=L1, gearg 2741 3nauenve. Takum 06pasom, B

MarHUTHOM MO/fie 3HepreTUYeckuii ypoBeHb siapa paciiennsetcs Ha 2/ +1 3eemaHOBCKMX
MOAYPOBHEN, pa3feneHHbIX PaBHbIMW MHTEPBasaMu, PACCTOSIHUE MeXJy KOTOPbIMU PaBHO
ehB,

AE=AWU-1)-AW({) =
U-D-aW=gqr

KBaHTOBasi  cuCTeMa, KOTOpYyK)  CO60M

NpeacTaBnseT SAEPHbIA CNWH, MOXET MOrnoWartb WM WUCMYCKaTb 3HEpPruto AE =h| 7B, |,



coBepLlas Mpy 3TOM KBaHTOBbIA Mepexof C OAHOI0 YPOBHSA Ha COCEAHWIA. DTOT KBAHTOBBLIN

nepexof VHAYLMPYeTCs nonepeyHbIM BpaLLatoLLMMCS MarHUTHbIM NOeM By (2)-
Tak, C TOYKM 3PEHMSi KBAHTOBON MEXaHWKW, BbIFIAUT ABMEHME SAEPHOI0 MarHUTHOrO
pe3oHaHca.

3.3.3. Memoo Pabu onpedenenus MazHUMHbIX MOMEHMO8 HEUMPOHA U NPOMOHA

MpUHUMNUANTLHO  WHTEPECHO U3MEPUTL  3KCMEPUMEHTA/IbHO MarHUTHbIE  MOMEHTbI
HENTPOHa W NpoTOHa B CBOOOAHOM COCTOSIHMW. Takue M3MepeHus ocyluecTsun 81938 rogy
amepuKaHCKUA  (m3nk Pabu. Ha pucyHke 5 npefcraBneHa NPUHUMNUaIbHAS —CXema
9KCMEepUMEHTa/IbHOW YCTaHOBKM, C MOMOLLbIO KOTOPOI Oblfiv M3MePeHbl MarHUTHbIE MOMEHTbI

HeNTPOHa 1 NPOTOHa.
S S l t

.

Puc. 5. MpuHUMNManbHas cxema aKcnepuMeHTalbHOl YCTaHOBKM, C MOMOLLbHO KOTOPO
6bINM N3MEPEHbl MarHUTHbIE MOMEHTbI HETPOHA 1 MPOTOHA.

Myyok yacTuL, (HEMTPOHOB MM MPOTOHOB) MPO/ETAET MEXAY TPEMS Mapamu MarHuTOB,

CO3JatoWwmMx MNOCTOSAHHOE MarHUTHOE Mone By, MepBas M TpeTbs napa MarHWTOB CO3M4alT
HEOHOPOAHOE MarHUTHOE Tofe, MNPUYeM TpagueHT Nons, Co3f4aBaeMblii MEpBOM  Mapo
MarHuToB, HanpasfieH BBEpPX. TPEeTbs XXe mnapa MarHWTOB CO34aeT HeOAHOPOAHOE MarHUMTHOe
none, rpagueHT KOTOPOro HanpasfeH BHM3. BTopas napa MarHWTOB CO34aeT O4HOPOAHOE
MarHutHoe none. HanpasvM Tenepb B NPOCTPAHCTBO MEXAY 3TVMW TpeMsi napaMu MarHWTOB

MOTOK YacTuL, 06MafatomMX MarHUTHLIM MOMeHTOM 4. B HeOHOPOAHOM MarHUTHOM Mone Ha

MarHUTHbIA MOMEHT 4YacTulpbl Oy[eT AeicTBOBaTb Cufa F=(aV)B  Ecpu Bektop H
HanpaBneH BBepPX, TO B MPOCTPAHCTBE MexAy MepBOi Mapoii MarHUTOB Ha 4acTuuy 6yaet

AeiicTBoBaTh cuna £, HanpaBneHHas ToXe BBepX. B NPOCTPaHCTBE e, Mex/y TPeTbeit napoii

MarH1TOB rPafueHT Noss Hanpas/eH BHK3. CneaosatesbHO, cuna £, feliicTBytoLLas Ha YacTuLy
B 3TOM 4acTM MpoOCTpaHCTBa OYAET TOXE HanpaefeHa BHWU3. Takum 06pa3oMm, TpaekTopus
nposeTatoLeil Yepes AaHHYH YCTaHOBKY YacTuubl 6yaeT nogobHa KprBOM, M306paXXEHHON Ha



pUCYyHKe. YacTuupl NonagatoT B PErucTpupytowmii - npnbop. YcTaHOBKa [O/MKHA ObliTb
HaCTpOeHa TakuM 06pa3oM, UTOObl MHTEHCUBHOCTbL NMyYKa YacTuL, PerMcTpupyembiX NprbopomMm,
Oblna MaKCUMasIbHOMN.

B npocTpaHCcTBE MeXAy BTOPO/ Mapoii MarHWUTOB PaCMONOXEeH CONeHoW[, KOTOpPbIN

MOXET CO34aBaTb MOMEpeYHOE OCLMNIMpYIOLee MarHuTHoe none Bi. Ecnm coneHoug He
pa6oTaeT, TO PErUCTPUPYHOLLWIA NprGOpP GyAeT PErncTprpoBaTh MaKCUMarbHYH UHTEHCUBHOCTb
Myyka yacTuL, NPOLUEALLINX Yepe3 TPU Napbl MarHUTOB. Ecnu »e Yepe3 coneHomg NponycTuTb

NepeMeHHbIl TOK, TO BHYTPW COMEHOMAA BYe reHepupoBaThcsi mepemeHHoe none 2i. Ecnm

uactota nona Bi Gyger paneka oT pesoHaHCHOW uacToTbl w_‘yBo‘ | TO C yacTuLamu,
MPO/ETAIOWMMMN Yepe3 CONMEHOUA, HUYEro MPOUCXOAMTb He OyaeT, W MpuGop Mo-npexxHemy
ByfieT PErucTpUpoBaTb MAaKCUMalbHY0 MHTEHCMBHOCTb MOTOKA yacTuy. CuTyauusi B KOpHe
M3MEHWTCS, KOrfga 4acToTa OCLUMNIMPYIOLLEro Mons CPaBHAETCS C PE30HAHCHOM 4acToTOl
MpeLeccun CnvHOB YacTul,. B 3Tom cnydae, yacTuubl, NPoneTaloLMe Yepes coneHoug, oyayT
MEHSATb OPVEHTALIMI0O MarHWTHOrO MOMEHTA Ha MPOTUBOMOJMIOXHYO. [py 3TOM, HanpasieHue
CUNbl, AEVCTBYIOLE Ha YacTWLly B MPOCTPAHCTBE MeXAy TPeTbell Mapoii MarHWTOB, TOXeE
M3MEHWUTCS Ha MPOTUBOMOMIOXHOE, M YacTUlpbl 6GyAyT OTKNOHSTbCA 3TOW CWMION BBEPX.
PerucTpupytowmii npuéop 3adMKcMpyeT B 3TOM C/lyyae HY/EBYH) MHTEHCMBHOCTb MOTOKa
yacTuL. TakuM 06pa3oM, MOXHO 3KCTIEPUMEHTANIbHO HaWTV PE30HAHCHYH YacTOTy MpeLeccuy

eB,

a)pea' :l 7BO |:g2M
CMUHOB YacTuL P€ | CnepoBaTenbHO, MOXHO HaliTW SiepHbIii g-hakTop Ans
HEeiTPOHa M NPOTOHA. Brepsble MOMYYeHHbIE 3HAYeHUs ¢ A8 NPOTOHA U HENTPOHA METO0M

g =+42,79 =-191
Pabu npomon , . CoBpeMeHHble 3HayeHWA Q§ (PAKTOPOB pPaBHbI
g = (2,7928456 + 0,0000011) =—(1,913148 + 0,000066)
npomort : . Ecnm 66l NpoToH K

HETPOH OblIM MOAO0OHbI 3MEMEHTapPHLIM YacTULaM, TakKuM, Harpumep, KakK 3M1eKTPOH K
OnuCbIBaNINCb Bbl YpaBHeHNEM [MpaKa, TO Mbl MOT/IM Obl OXKAaTb ANS g—(HaKTOPOB 3HAYEHWIA,

g HelmpoH

g HelmpoH

=1lo . =0. o
Enpomon =1 & weimpon MockonbKy, MPOTOH W HENTPOH He SBAANTCS 37eMeHTapHbIMU
yacTLaMK, a COCTOSIT M3 Tpex KBapKOB, TO OT/MYME 3KCMEPUMEHTabHbIX 3HAYeHWUl Q-
(haKTOpOB OT HaMBHO MpeAnofaraemblX, W YKasblBaeT Ha CNOXHOCTb CTPYKTYpbl MPOTOHA U

HeiTpoHa. DTOT (haKT (OT/INUME IKCTIEPUMEHTANbHBIX 3HAUEHW & — (DaKTOPOB ANA NPOTOHA W
HENTPOHA OT eAVMHULLbI 1 HY/NIS)) OTMEYAeTCs Kak aHOMasIbHbIA MarHUTHbIA MOMEHT NPOTOHA
N HEMTPOHa.

NHTepecHO OTMETWUTb, YTO 3MIEKTPOH TaKxke 00/1a4aeT aHOMa/lbHbIM  MAarHUTHbLIM
MOMEHTOM, W3MepPeHHbIM C MOMOLLbO MeToga Pabu amepukaHCKMM uavkom [1. Katuewm.

COOTBETCTBYIOLLIEE TEOPETUYECKOE 3HaueHne &~ 2(1+e?/ 27he) | MOJTyYeHHOe aMepPUKaHCKUM
(usnkom HO. LLIBUHrepoM B MOSIHOM COF/IaCWW C 3KCTIEPUMEHTOM, GbI/I0 OHUM U3 TPUYMDOB
KBaHTOBOW 3MEKTPOANHAMMUKN, CO3fjaHHOI B 40 —e rofbl LLBMHrepom, ®eitHMaHoM 1 AMOHCKMM
(hmsmkom C. TomoHarow (naypeatbl Hobenesckoi npemumn 1965 roga).

4. MpUHUMNbI KNaccuguKaLum afieMeHTapHbIX YacTull

B HacTosiLee BPEMSI KO/IMUYECTBO OTKPbIThIX 3/1EMEHTAPHbIX YaCTUL, HACUNTLIBAET OKOJIO
[BYX COTeH. ECTeCTBEHHO pacnpefennTb BCE 3TO MHOroobpasvie 4acTul, Mo Tumnam, BBECTM
KnaccuUKaLMIo YacTuL, pacrnpefenvB UX Mo rpynnam, 06beAVHWB B TPYMMbl YacTWLbl MO
HEKOTOPbIM CXOXWM CBOIWCTBaM. B HacTosiliee Bpems CyLIeCTBYIOT ABa nopxoda. Mepsblii
MOAX0[, Pa3fensieT BCe 06bEKTbI (DM3MKU 3MIEMEHTAPHbIX YacTuL, Ha [BEe FPpyMmbl: YaCTWLbl W
nons  (KBaHTbl  B3auMofelcTBMs).  YacTWubl  SIBNSKOTCA  UCTOYHMKAMW  noneld
(3NEKTPOMArHUTHOrO, SIEPHOTO CUMBHOTO, SAEPHOT0 Caboro U rpaBUTaLMOHHOrO). Monsmu



CUMTAKOTCA KBaAHTbI B38.I/IMOA€I7ICTBI/IFIZ ANIEKTPOMAarHUTHOrO -y -KBaHT, AO0EPHOro CU/MbHOIo —

[MIHOOHbI, SEPHOr0 CMaboro — MPOMEXYTOYHble W™ 1 Z°- 6030HbI K rpaBMUTaLUMOHHOIO —
rpPaBMTOHbI. Bce KBaHTbI B3aMOAENCTBUA UMEIOT LIENIOYNCNIEHHbIV CMMH. TakK ()OTOH, FIKO0HbI 1
6030HbI UMEIOT CMUH, PaBHbIN eUHNLIE, @ FPAaBUTOH 06/1a4aeT CIMHOM, PaBHbIM ABYM. YacTuupbl
ABNAKOTCA (hepMmoHaMu. Bce aneMeHTapHble YacTULbl MOTYT ObITb «MCTUHHO» 3/IEMEHTapHbIMU
N COCTaBHbIMW. ECNM OrpaHNYMUTLCA NULLL 3/IEMEHTAPHBLIMK YacTULaMK, TO Torga Mbl Gygem
MMETb CNeAyHoLLYHO Knaccugukaumio, «/ICTUHHO» 3/1eMeHTapHbIMU YacTULaMKN ABNAKOTCS LWECTb

NenToHoB (3nexkmpon (6°)) W 21exkmpounoe neimpuno v,, miwoon (L )W mi0oHHOe
neiimpuno (v, )W mayon (t”)V mayonnoe neimpuno (v,)). Kpome 3TUX LIECTW JIENTOHOB,

«UCTUHHO» 3M1EMEHTAPHbIMU YacTULAMU SABNSKOTCA U KBapKK (B LLIECTU apoMatax: u,d,s,c,b,t)

KBapKu CyLLeCTBYIOT B TpeX LiBeTax. Takum 06pa3oM Mbl UMeEM LLIECTb IENTOHOB 1 18 KBApKOB.
9TO - WUCTMHHO 3NeMeHTapHble YacTuubl. B KauyecTBe KBAHTOB B3aMMOAEWCTBUS (noneid)

QUrYpUpYyIOT ¥ - Keanm, mpu npomexcymounvix 6ozona (W*,Z°), eocemsv 21100106 W

2pasumonsr. TakoBa MoOCnefoBaTe/lbHas COBPeMeHHas Knaccuukaums 0OBLEKTOB (PU3MKM
3/IeMeHTapHbIX YacTuL,

OfHako, KpOMe pPacCMOTPEHHOW  KnaccuuKauuuM, WCTOPUYECKM CNOXMWIACh 1
MCNOMb3yeTCHA Apyras KnacCcuuKaums 3eMeHTapHbIX YacTuL, K PaCCMOTPEHMIO KOTOPOI Mbl 1
npuCTynuUM. B 3TOI KnaccuurKkaumm aneMeHTapHbIX YacTUL, BCe 0ObEKTbI AeNIATCA Ha YeTblpe
rPynmnbl N Ha TaK Ha3blBaeMble Pe30HaHCbl. ITU TPyMMbl YacTuL, credytowme: GOTOH 1 apyrue
KBaHTbl B3aMMOENCTBUA, NeNTOHbl, Me30Hbl, 6apuoHbl. Kpome TOro CyLecTBYHOT eLle
Me30HHbIe N 6apMOHHbIE PE30HAHCHI.

7 KBaHT W pyrune KBaHTbl B3aMMO/eiCcTBUS

HassaHue n Macca AnekTpuyecknini | CtabunbHOCTb | OCHOBHbIE peakuum
CYMBON rMoKos 3apag BPEMS YKU3HW pacnaga
(MaB) (Qle) (7)
1.y -KBaHT 0 0 CrabuneH
(hoToH)
2.MMpomexXyTouUHble
6030HbI
7°-6030H 95 3B 0 He cTabuneH
W* 6030H (81+5) *1 He cTabuneH W e +v,
B _
W~ —e +v,
3. [ TIIO0HbI
(BOCEMb T/IHOOHOB)
4. 'paBUTOH
NenToHbl
HassaHue Macca Anektp. | CTabunbHOCTb OCHOBHbIe peakuuu
1 CUMBON MOKoS 3apsg Bpemsi un3sHm pacnaga

(Qle)




(MaB) (7)
1.9nekTpoH e~ | 0,511003 -1 CrabuneH
2.2NeKTPOHHOE (30+16) 3B 0 CTabunbHo
HEUTPUHO v,
3. MIOOH 1~ 105,6592 -1 2,19713-10° ¢ |y~ —>e +7,+v,
4. MIoOHHOe
He|‘/'|'|'p|/||_|o v <0,52 0 CTa6VU'IbH0(?)
7]
5. TayoH 7~ 1784 -1 (46+1,9)-10"%c | 7~ = p~ +v. (22%)
> u +v, +v, (18%)
T o+ A+,
(18%)
T e +v,+v, (16%)
T o> +v, (11%)
6. TayoHHOe o+ p° v, (T%)
Heiitpuo v, | <250 0

CneflyeT 3aMeTWTb, YTO CMH BCEX NIENTOHOB paBeH (1/2)7.

3. Me30HblI
HanmeHoBaHWe Macca nokos Ole Crabunb= OCHOBHbIe peakuuu
1 CMMBON (M3aB) HOCTb pacnajga
(Bpems
XU3HN 7))
1.TnoHbI
T 139,567 -1 2,603-10°c | 77 > u +V,
0 134,963 0 0,83-10 ¢ 2 yty
z* 139,567 1 260310%C | o, ey,
2. 3Ta Me30HbI 5488 0 0,7-107 "'y y (39%)
n' n' >’ +7°+7° (32%)
n' >t +x’+x (24%)
n" 957.6 0 1072 ¢ n"—>n'+r+r (66%)
n"—p°+y  (30%)
3. CTpaHHble




(kaoHs!) K" >t +7° (22,2%)
K*'(K~ 496,67 +1(-1 1,237-10%¢c
(K7) 0( ) K" >z +7z"+7n (56%)
2 0,89-10 "¢
Ks K >z 7z (68,8%)
- 497,7 0(0) K} > 7’ +7° (31,2%)
K°(K") . . e~
0 518108 ¢ | Ky > 7 +e" +v,(v,) (38,7%)
K} >zt +pu*+v,(v,) (27,1%)
K) > % +7°+7° (21,5%)
K) > +x°+7 (12,4%)
4.0vaposar. D' 5> K+ X (~25%)
Me30HbI
D" > K+ X (~25%)
D” 13
169 + 91077 ¢ | pr Lt x (~20%)
D" 5> K +X (~15%)
+ 0 + 0
DO 1865 O N 5 .10713 c D —> K +7T +7 ("‘10%)
D’ 5> K +X (~45%)
D° 5> K°+X (~15%)
D’ 5> K°+X (~15%)
F* 2021 +1 ~2.10%¢c| D°>K +7"+7 (~10%)
?

CumBO/IOM X 0603Ha4eHbI ApYyrue YacTuubl. Bce Me30HbI UMEOT CMVIH PaBHbI  HYHO.

4. bapunoHbl

HasBaHwue Macca nokos Qle | CtabunbHOCTb
N CUMBON (M3aB) (BpemS XXU3HU 7))

1. HyKnoHbl
[MpoToH p 938,279 +1 7 ~10% net p—oe +7x°
HeltpoH n 939,573 0 r=02551) ¢ | 5 pie 47,

2. ['MnepoH.I
A°- 1115,6 0 2,63-10%° ¢ A’ = p+r (64%)
2 1189, 1] 08010"c |35 pan® (52%)
z°- 525 ° S sntat (48%)
s 1197,3 -1 5.102 ¢

2% 5> A’ +y (100%)




=0, 1315 0 1,48-107 ¢ S > n+7xz (100%)

= 1321,3 -1 2,9.107 ¢ 2° 5> A° + 7° (100%)
1,64-107™ ¢ - > A+ 7~ (100%)

) Q - A°+ K~ (69%)

Q - 1672,5 L 0,810 ¢ QO HE 4 (20%)

Q 5= +7° (8%)

2282 +1

(1-2)-10 ™ ¢
~ 5400 0

BapnoHbl UMEKT cnuH paBHbIl (1/2)  TMOMELLEHHbI B 3Ty Tabnuuy €~ - FMNepoH,
CO6CTBEHHO rOBOPSA, ABNAETCS Pe30HaHCOM. Ero cnuH paseH (3/2)4

5. KBaHTOBOMEXaHMYeCKOe OrnncaHme HeCTabuibHbIX COCTOSTHNIA

B KBaHTOBOW MeXaHWKe CTalLMOHapHOe COCTOSHWE C 3Heprueid E, OMNUCbIBaeTCA
BO/IHOBOW (DYHKLIMEN, 3aBUCALLEN OT BPEMEHW Kak

- - I
w(r,t)=y(r) eXp{_%Eot}
(5.1)
N3 Buaa BonHOBOW (hyHKumm (5.1) cneayeT, uto |y (7,¢)|° OT BpeMeHW He 3aBMCUT. YTOGbI
onucatb HecTauMOHapHOe MeTacTabu/bHOe COCTOSHME KBAHTOBOW CUCTEMbI, CYLLECTBYET
CTaHAapTHbIN CMOCO6, 3aK/oYaroWwuinca B TOM, YTO BMECTO 3Heprun E, B BbipakeHuu (5.1)
HY>XHO NOACTaBUTbL BeMunHy E = E, —i(I'/2):

/ r i -
w(r,t)=w(r)- exp{—i(Eo —i —)t} =y(¥) exp{——Eot} e ¥
h 2 h (5.2)

B aTOM cnyuae, Kak cnegyet u3 (5.2), | w(7,1) |* 6yaeT 3aTyxaTb CO BPEMEHEM KaK:

It

MGOIEGREN (5.3)

YTO N YKa3bIBa€eT Ha HeCTabuNbHOCTb JaHHOro COCTOAHUA. 3,Cl|er H606XO,EI|I/IMO BbIACHUTb CMbIC/

npoueaypbl fo6aBneHns MHUMOM [06aBKM —i([12) 3Heprum coctosHusA. Habntogaemoe

3HAYeHMe 3HepPrMm COCTOSHWUA LO/MKHO ObITb BCerga AencTBuTeNbHbIM. COrnacHo MAeonorum

KBAaHTOBOW MeXaHWKW, BONHOBas (yHKUMs cocTtosHust (5.2) npeacTaBnsieT co6oil Habop

COCTOSIHUIA C Pa3INUHBIMIN 3HAYEHNAMMW SHEPTUN:

E,—i(I'/2) ;
’

w(r,t)=y(r)- eXp{—i } =y(F)- D C(E,)- eXp{— i%t}=



Eg+AE E
= =y(7) 7)™ J. C(E)exp{—i—,t}dE
Ey-AE h
B atom BbipaxeHun C(E) npeacTaBnsetr co6oii amnauTyfy BePOATHOCTM HaliTM npw

M3MEPEHUN SHEPTUM CUCTEMbI 3HauYeHue 3Hepruu, pasHoe E. |C(E)|* npefcTtasnseT coboii

BE/IMUMHY, NPOMOPLMOHA/IbHYIO BEPOSITHOCTW HalT SHEPruo, paBHYld E npu v3mepeHuu
3Heprum cocTosHus. Mo Teopeme 06paLLeHNst NpeobpasoBaHus Pypbe, Haligem C(E):

2 (o) E E,—i(l'/2) 1 1

C(E) = (27)™? | ex {z—t}-ex {—lo—t}dtz .
(E) = (27) {ph, p - er B E T
h' 2h'

CnepoBaTe/ibHO
h'? 1

Y oA

P(E).

Monaras P(E) = A|C(E)|*, HaiiaeM HOPMUPOBaHHYO BEPOATHOCTb P(E) U3 YCNoBYS
_[P(E)dE =4 j| C(E) |’dE =1

N3 atoro ycnosus nerko Haxogum A =(I'/A%), uyTO [aeT Ans HOPMMPOBAHHOM
BEPOATHOCTM HANTN MPU U3MEPEHUN 3HAYEHME IHEPT UM, PaBHOe E, BblpaXeHue:

r 1
P(E) = — - g

P(E)

4L
2l -
Unl +— 7

> E
E,-ri2  Eo Eo+/2

Puc. 6. 'pathmk HOPMMPOBaHHOM BePOSTHOCTU P(E)

Mpamk KpvBoW P(E) KayeCTBEHHO MpPeACTaB/ieH Ha MNPUBELEHHOM PUCYHKe 6. U3
NPYBEAEHHOr0 rpaurka cresyeT, 4To NPy U3MepPeHUN 3HePrumn KBaHTOBOIO COCTOSHUSA, KOTOPOe
onucblBaeTcs BOMHOBON (hyHKumel (5.2), yalle BCEro mbl OyAem nonyyatb 3Ha4YEHWE 3HepPruun
E = E,. Ho KpoMe 3TOro 3HaYeHus aHepruu Mol 6yem UMeTb 1 3HaueHus E = E,.Yallle Bcero



Mbl O6yJem HabnofaTh 3HaYeHMs 3Heprum B npepenax ot E—1'/2 [o 3HayeHwn E, +1'/2. B

3TOM C/ly4ae roBOpsAT, YTO SHEPrna COCTOAHUSA, BOIHOBAA (DYHKUMA KOTOPOro ecThb (5.2) , umeet
WWpuHy T", TO eCTb, 3HEPrus Takoro COCToAHUA paBHa £ = E, £T'/2. LvpuHa I' cBA3aHa Co

BPEMEHEM >XM3HU 7 MPOCTbIM COOTHOLLEHWeM: 7 =7/ . Kak cneayeT M3 rpagvka KpuBoii
P(E), Mbl MOXeM NOMyYUTb U 3HAYEHUS| SHEPrUU, BbIXOASLME 3a Npefenbl WupuHbl T, HO

TaKne 3Ha4eHNnA 6y,u,yT BCTPeEYaTbCA 3HAYNTENBHO PEXE.

6. 3aKOHbI COXpaHeHUs B (PM3NKe 3/1eMeHTapHbIX YacTul,

3aKOHbI COXPaHeHVsi B (IM3KKe 3MEMEHTApHbIX YacTUL, UFpatoT KOMocCa/lbHYH posb. B
MaKpPOCKOMMUYECKOI (hN3MKE, HAanpuMep, B MeXaHUKe, O SIBMIEHUI MOXHO CYAUTb Ha OCHOBaHMY
PELLEHNS ANHAMUYECKUX YPaBHEHWIA ABMKEHMS. B (13nKe 3neMeHTapHbIX YacTuL, Takoi NyThb
OKa3bIBaeTCH HEBO3MOXHbIM. ICMONb30BaHMe 3aKOHOB COXPaHEHWsi OCTaeTCsi, 3ayacTyto,
eAVHCTBEHHOW BO3MOXHOCTBIO NPOAHANIN3MPOBaTh NPOVCXOASILLEE SBNEHME.

Kak M3BECTHO M3 Kypca MexaHWKW, 3aKOH COXPaHEHWsi 03HAYaeT, UTO COXPaHsieT CBOe
3HauyeHVe Kakas — TO Be/MuMHa. B MexaHWKe MMEKTCS TPU 3aKOHa COXPaHeHWUs: 3aKOH
COXPAaHEHWst 3HEPT UM, 3aKOH COXPaHEHUS UMMY/bCA U 3aKOH COXPaHEHWsi MOMEeHTa UMMy nbca. B
KBAHTOBOW MexaHWKe, 6e3 KOTOpPO/ HEBO3MOXHO W3yuyaTb (DM3UKY 3M1eMEHTapHbIX YacTul,
KNaccu4eckne MOHATUS MMMY/bCa, MOMEHTA UMMY/bCA WU HEPruM TEpPAOT CBOWN HarnsaHbI
CMbIC/T 1 BMECTO HMX MOSIBASIOTCS ONepaTopbl COOTBETCTBYHOLIMX BENMUYMH. B TakoMm cnydae,
BMECTO 3aKOHOB COXPaHEHUsl B CMbICie MakKpoU3MKM, MOXHO TOBOPUTb O MOCTOSHCTBE
Ha6/1I0AaeMbIX COOTBETCTBYHOLUMX BENMYMH B AAHHOM KBAaHTOBOM COCTOSIHUM. B KBaHTOBO
MEXaHUKEe 3aKOH COXPaHEHWUs KaKoi NM60 BENMYMHbI O03HAuYaeT, YTO KBAHTOBOMEXaHWYECKOe

cpeaHee 3HavyeHmne oneparopa 3TOI BE/IMYMHLI F' MOCTOSHHO, He 3aBUCUT OT BPEMEHN:

d1di(F) =d | di[y 7.0 Fy(F0dr _ (6.1)

Tak KaK BO/IHOBasi PYHKLMSi COCTOSHUSA w/(7,¢) YAOBNETBOPSET ypaBHeHMto LLipeanHrepa:

!

—T%W(?,t) — Au(r.0)

, (6.2)
rae H - raMunbTOHMaH CUCTeMbI, TO, MPON3BOAA AnddepeHUmpoBaHue B (6.1), monyyaem:
010K F) = (/)| H'v" G0 Fy(.0)dF [y (F,t)FHw(F,t)dF}l 63
Bocnonb30BaBLUMCL CBOMCTBOM 3pMUTOBOCTU OrepaTopa H:
Hw,t)' (F.t) > w" (7,0 H,
MOXHO nepenucaTb (6.2) B 6on1ee ya06HOM BUfe:
010K(Fy = i/ ) [y* (70| HF — FA Jy (7, 1)dr 64)

W13 (6.3) cnedyeT, UTo eCii KOMMYTATOP OnepaTopoB H 1 F paBeH Hy/IHO:
|7, F|= AF - Fr =0,
T0 Hab/t0aeMasn BennunHa (F) ByaeT UHTErpasoM ABUKEHUS, TO eCTh
d16t(F) =0.

YXe M3 KnaccuMuyeckol (M3MKM M3BECTHO, UTO 3aKOHbl COXPAHEHWsi CBs3aHbl CO
CBOICTBaMM CUMMETPUM M3yyaeMoii cucTeMbl. TaK, COXpaHeHVe UMMynbca (3KBUBASIEHTHOE



YTBEPXKAEHWIO O MOCTOSHCTBE LEHTPA WHEPUMM W30/IMPOBAHHON CUCTEMbI) CReAyeT U3
OfIHOPOAHOCTY MPOCTPAHCTBA, COXPaHEHME MOMEHTAa WMMyNbCa CMedyeT W3 M30TPOMHOCTM
MPOCTPAHCTBA, a COXPAHEHME SHEPrUM CBSA3aHO C OJHOPOAHOCTbIO BPeMEHU. Takasi XKe CBs3b
MIMEeT MECTO U B KBAHTOBOI MeXaHUKE.

Mpu Nnpeobpa3oBaHUAX CUMMETPUMN BO/IHOBasA (DyHKLUSA N3MEHSETCS:
v'(F,1) = Uy (7,1).

3nec U - onepatop, C MOMOLLbIO KOTOPOro npeobpasyeTcs BOMHOBasA (DYHKLMA CUCTEMBI.
Mpeobpa3oBaHHas BONHOBas PYHKUMA w'(F), TaK Xe, KaK U UCXOLHas, AO/MKHA YA0BNETBOPATL

yCNOBNKO HOPMUPOBKN:
[ @' @) ' ()dr = [ Oy ) Uy ()dF = [y’ (YU Uy (F)dr = [y Py (F)dr =1

3 WHBapWMaHTHOCTW YCNOBUSA HOPMUPOBKM Mbl MOXEM 3aK/1lunTb, 4YTO OrnepaTop

Npeo6pa3oBaH1s BOMHOBOW (YHKLMWN [OMKEH 6biTb YHUTapHbIM: U U =1. HopMa BONHOBOVA
(YHKUMM Npu  nNpeobpa3oBaHUAX CUMMETPUM  [0/DKHA  coxpaHaTecd.  CnefoBaTenbHo,

KOMM/IEKCHO COMPSHKEHHbIN K OMepaTopy Mpeo6pasoBaHus BOMHOBOW (yHKUuK onepatop U*
[0/MKEH COBMaAaTh C 06paTHLIM OMepaToPOM:

U =U".

Ecnun npeobpazoBaHue BOSHOBOM (YHKLMK C NOMOLLLIO YHUTAPHOIO orepaTopa ABNSeTcs
onepauueri CMMMeTpMKW, TO npeobpa3oBaHHas BONMHOBas (yHKUMS  w'(F,t)  [OMKHA

YL0B/ETBOPATL NMPeXHeMy ypaBHeHUIO LLpeanHrepa:
Hy'(F,t) =—(h'1i)oy'(7,1) ] 6t
MpyUMeHss K nocneaHeMy COOTHOLLEHMIO onepaTop U ™ = U, nosyynm:
UHUy(F,t) = —(h'1))ow(F 11) ] ot .

MocKoNbKy He npeobpa3oBaHHas BOMHOBas (DYHKLMA LO/MKHA YA0BMETBOPATL YPaBHEHNIO
LLpeauHrepa (6.2), mMbl umeem: U HU = H, OTKyfa Cneayet, YTo raMuibTOHMaH [O/MKeH
KOMMYTKNpOBaTh € onepatopom U :

HU =UH
YHWUTapHbIii ONepaTop HenpepbIBHOTO NPe06pasoBaHis MOXKET GbITh NPEACTaBNEH B BUAE:
U= exp{ieﬁ}’ (6.5)

roe F apMuToB onepatop (F* =F), a ¢ - AeiicTBUTeNbHOe uncno. CneaosaTenbHO, M0G0V
WHTErpan ABVKEHUS, TO eCTb BEMYMHA, OMepaTop KOTOPOi KOMMYTUPYET C raMuibTOHUaHOM,
reHepupyeT HEKOTOpOe Mpeo6pasoBaHMe CUMMETPUM CHUCTEMbL. 3[eCb MOXHO YKasaTb Ha
aHaNorMI0 MeX/y YHUTapHbIM ONepaTopoM U KOMMIEKCHBIM YMCAOM z MO MOZJY/O PaBHbIM
eovHMLe:  z=explia}. B cooTHoweHun (6.5) onepatop F  ABASETCS reHepaTopoM
Npeo6pa3oBaHns CUMMeTPUM  (OMepaTopoM COXPAHSIOLENCS BEMMUMHBI — WHTErpanoMm
[BWKeHVs)), a onepatop U - camMum npeo6pa30BaHWEM CUMMETPUM CUCTEMbI, YHUTAPHBIM
npeo6pa3oBaHMeM BO/IHOBOW (YHKUMN w(F,1) .



6.1. 3aKOH COXpaHeHUA 3N1eKTPUYECKOro 3apaja

Bo Bcex peakuusx, NPOUCXOAALLMX B MUPe 3/1eMEHTapHbIX YacTuL, BO BCEX peakLumsXx,
MPOUCXOAALMX C aTOMHBLIMU SApamMu, 3NEKTPUYECKUIA 3apsf COXPaHAETCA. DTOT 3aKOH MOXET
ObITb 3aMncaH B BUAE:

ZQ;’ = ZQ,

(6.1.1)

roe O . 3apafbl YacTuL, BCTYMatoLMX B peakuuto, a Q; 3apaabl YacTul, 06pa3oBaBLUMXCS B
pe3ynbTaTe peakuuu. CornacHo Belinto, COOTBETCTBYIOLWIMM YHUTApHbIM MPe06pa3oBaHuEM
BO/THOBOW (hYHKLMW BYAET TakK HasbiBaeMoe NpeobpasoBaHme KarmbpoBKu:

v'(F 1) = ey (7 1) (6.1.2)

3aeck Q- orepatop 3apAfa, @ & - AeiicTBUTENbHOE uncio. TOYHee roBops, ANs YacTuy
3apsfia e, B3aVMOAEWCTBYIOLMX C 3MEKTPOMArHUTHLIM MOMIEM, OMUCHIBAEMbIM BEKTOPHbIM
MOTEHUMaNOM A W CKansipHbIM MOTEHLMANOM ¢, KaauBpoBOUHOE Mpeo6pa3oBaHue,
OCTaB/IAOLLEE CUCTEMY HEU3MEHHOI, UMEET BUA;

¢ — @+ U c)dyldt A—> A+Vy w—)y/-exp{l;—l}
C

6.2. 3aKOH COXpaHeHNsA 6apMoHHOIo0 3apsgia

3aKOH COXpaHeHUsi 6apMOHHOrO 3apsfa, CTPOro rOBOPS, He MMEET TaKoro XKE SICHOro
060CHOBaHWS, KaK 3aKOH COXPaHEHWsi aNeKTpUUeckoro apsaa. OfHaKo, BO BCEX A0 CUX Nop
Ha6/MIoJaeMbIX MNPEBPALLEHNSX AP W PeakUMsX C 9MeMeHTapHbIMM YacTuLamu He 6bi10
0GHAPY)XEHO HapyLLUEHWIA 3TOr0 3aKoHa. Brpouyem, COBPEMEHHbIE TEOPUM  «BEIMKOFO
06beVHEHUS»  3NEKTPOMArHUTHbIX, CNabblX W CUMbHbLIX B3aUMOAECTBUIA NpeACKa3blBatoT
OuYeHb Cnaboe HapylleHWe 3TOr0 3aKOHA COXPaHeHus, NPUBOAsLLEe, B YaCTHOCTM, K
HeCTabunbHOCTY NpoToHa. OfHaKo, MpeackasbiBaeMble BPeMeHa pacrafga NpoToHa Ha MHOro
MOPSIAKOB MPEBbILLAOT BO3PacT BCeNeHHOIA.

YTobbl ChopmMynMpoBaTh 3TOT 3aKOH, HEOOXOAMMO 3HaTb, YTO Takoe GapVOHHLIN 3apsga.
BapvoHHbIA 3apsa4 NPUNUCLIBAETCA BCEM YacTuuam crefyrowmm obpasom. Bcem GapuoHam
npunucbiBaeTcs 6apuUOHHBIA 3apsa B =1, BceM aHTMOGapvoHaM NPUMUCLIBAETCS GapUOHHBI
3apag B =-1, BCeM OCTa/lbHbIM O0O6bEKTaM MPUMNUCLIBAETCA GapuOHHbIN 3apag B =0. Takum
00pa3oM, 3aKOH COXpaHeHns 6apuoHHOI0 3apaa MOXeT ObITb 3anucaH Cnefyowmm o06pasom:

ZB,. - ZB/‘
i i (6.2.1)

3mecb B, u B, - 6apvOHHble 3apAfbl YacTWL, 0 U MOCNe PeaKuun COOTBETCTBEHHO. [Mpu

pacCMOTPEHUN ALEPHBIX Peakuuii crnefyeT UMETb B BUAY, UTO GapyvoHHBIN 3apss aapa coBnagaet
C ero MaccoBbIiM YMCNOM B, = A W 418 a0epHbIX NpeBpaLleHnid 3akoH (6.2.1) MOXeT 6biTb

3anncaH B BUAE:

a0pa

2 4, = Z 4,
i J (6.2.2)

B KkauyecTBe NMPKMEPOB COXpaHeHWs GAapMOHHOTO 3apsifia, MOXHO MPUBECTU CredytoLLye
peakLmnu:



AN >n+7r°, 2" 5 p+7°,
peaKLus, B KOTOPOIA MOy4aeTcs aHTUNPOTOH:

ptp—>p+tp+tp+p.

6.3. 3aKOH CoXpaHeHuA NenTOHHOro 3apsaaa
Bcem nenToHam NpUMNMCLIBAETCS NENTOHHbIN 3apsaf, B COOTBETCTBUN C TabnnLel:

NenToH 1, l, I
e v, 1 |0 0
wo, 0 1 |0
—_ 0 0 |+

Ans aHTUNenToHoB (e*,u",7",v,,v,,Vv,) COOTBETCTBYHOLME 3HAK NIENTOHHBIX 3apA/10B

NPOTUBOMO/I0XHbI TaKOBbIM 719 NIENTOHOB. BCe OoCTa/bHbIE 00BLEKTDI (*)I/I3I/IKI/I ANIEMEHTAPHbIX
YyacTul, MMEIT NIeNTOHHbIE 3apAdbl, paBHble HYMHO. Takum o6pa30M, Mbl UMEEM TPU 3aKOHa
COXpPaHEHUA NENTOHHbIX 3aPAA0B:

2le=21 Xl=2L, Xh=21U
i ; ,- 7 ; T (6.3.1)

MpvBeAeM B KayecTBe MPUMEPOB CNeaytoLLMe peakumm, paspeLleHHble 3TUM 3aKOHOM (U
[eACTBUTENIbHO NPOUCXOAALLNE):

u e +v, +v,, n—>p+e +v,, e +e —>2.

6.4. HacTuubl U aHTUYaCcTULbI

PacCMOTpeB 3aKOHbl COXPaHEHMS Pa3/IMYHbIX TWUMOB 3apsAoB  (9N1eKTPUYECKOro,
6apVMOHHOI0 N TPeX NENTOHHBIX) Mbl HAXOAMM, YTO KaXKAO0M YacTULLE MOXHO NpununcaTb NATEPKY
pasnnyHbIX 3apsgos: Q,B,[,,/,,l.. B 1928 rogy [ivpak npeanoXwn cCBOe ypaBHeHWe AN

PENATUBUCTCKOrO OMUCaHWUsA 3M1eKTPOHA, M3 KOTOPOro CNefoBaio, YTO HapaLy C 3MeKTPOHOM,
[O0/KHA CYLLECTBOBaTb M ero aHTuyacTuya — No3nTPOH. Mo3UTPOH MO BCEM CBOMM CBOCTBAM
ABNAETCA ABOMHMKOM 3/1eKTPOHa. EAMHCTBEHHO, YeM OH OT/IMYAeTCA OT 3/1EKTPOHA, COrnacHo
[vpaky, — 310 3apagoM. OH VMMeeT MNONOXWUTENbHbIV 3apsad, PaBHbIA 3apsay 3M1eKTpoHa Mo
abCconoTHONW BeNnUmHe. Flocse Toro, Kak No3MTpoH 6b11 06HapYXXEH 3KCNepPUMEHTa/IbHO, 1ies O
CYLLECTBOBaHMM aHTM4YacTuL, npuobpena npaea rpaxaaHcTea B (m3nke. B HacTosiwee Bpems
naes CyLecTBOBaHUA aHTUYacTUL, B (IM3NKe 3/1EMEHTAPHbIX YacTuL, SBNSETCA OOLLENPUHATONA.
NTak, 4TO Takoe aHTMyacTMua? Ecnm vacTuuya XapakTepusyeTcs NATEPKOW  3apsaoB
(0,B,1,,1,,1,), T0 ee aHTUYacTULIen OydeT yacTuua, Ans KOTOPOA BCE 3T MSATb 3apSiA0B NMEOT

NPOTUBOMO/NOXHbIE 3HAKkW. (-Q,-B,~I, —/,,~[.). CUMBON aHTAYaCTULbI OT/INYAETCH OT

CMMBO/Ia YaCTULbl TEM, YTO HaZ CMMBOJIOM aHTUYACTULbl CTaBUTCA 3HAYOK TubAa. [puBesem
HeCcKO/IbKO NpuMepoB. Tak ¥ - KBaHT, NOCKO/IbKY BCE MATb €ro 3apaa0B paBHbl Hy/HO, CaM cebe

aHTUYacTULa: 7 =y . AHTUINEKTPOHOM SBNSIETCS MO3UTPOH: e =e’. AHTUNMOHOM
MOMOXNTENBHOIO NOHA ABNSIETCA OTPULLATENBHO 3aPSXKEHHBIN MUOH: (7" = 7). HelTpanbHbIi



NMoH sBnseTcs cam cebe aHTuuyactuuein: (7° =7x°"). AHTUNPOTOH OT/MYAETCH OT MPOTOHA
GApPUOHHBIM U 3NIEKTPUYECKIM 3apSLOM.

6.5. 3aKOH coxpaHeHsA MOMeHTa Mnynbca

OfMH 13 TpexX «KUTOB» KNacCUYeCKOM MeXaHNKM — 3aKOH COXPaHeHMsi MOMeHTa UMMy bca
— ABNSIETCA CNEeACTBYEM UHBAPUAHTHOCTY CUCTEMbI OTHOCUTE/IBHO OMNepaLyn NoBopoTa CUCTEMbI
Ha N1t060I Yros 0THOCUTENBbHO /060 OCcK. Kak 3TOT 3aKOH MOXET ObITb MOJyYeH B KBAHTOBOM
MexaHuke? Ecnn cuctema vHBapuMaHTHA OTHOCWTENBHO Onepauyu noBopoTa Ha Yron o@, 3To

O3Ha4yaeT, 4YTO B HOBOWM CWUCTEME KOOpPAMHAT  W3MEHEHHas BO/MHOBas  (hyHKLMA
w'(F) =y'(F + o), npuuem oF =[0¢p x F], AOMKHa COBMaAaTb C NPEeXHEN BOIHOBOIN (yHKLMEN
w (7). HaM HY>KHO BbISICHUTb, KakK rnpeobpasyeTcsi B, BOTHOBOW (PYHKLMK Mpy noBopoTe. Mbl
MIMeeM COOTHOLLEHWE

w(F) =y'(F + &) = y'(F +[6p - 7))
Pa3noxum (DYHKLMIO ' B psf no [66-7]:
V' (7 +[0p-7) = y'(F) + (60 - 7 V' (7F) + W 2) (66 - F V) ' (F) + (L 3)([66 - F V)" (7) +
={1+6¢-[F-V]+ @I 2@ -[F-V])? + @3NS -[F - V])® +...} w'(F)

COBOKYMNHOCTb ONepaTopoB B UrypHON CKOGKe NpeacTaBnseT coboi pa3fioXKeHne oneparopa
A+ 6@[F - V]+ @I 2D)(S@[F - V])? +...) = exp{dg[F - V1} = exp{(i | 1)@ - L} .

3fecb 6bI10 UCMOMb30BAHO OnpejesnieHne onepaTopa MomeHTa uvmnynsca L = (i/i)[r - V].
MbI NOAYYNIN COOTHOLLIEHNE:

w(F) = exp{(i/h)é@i }//(f) .
Ham HY>XHO 06paTHoe COOTHOLUEeHME. Ero nerko nosiy4ynTb, YMHOXWNB 06e vyactu MOJTY4YEHHOI 0

BbIP&XXEHNA Ha 06paTHbIM onepaTop l}:exp{(—i/h)&ﬁ-l_j}. [Mocne npuMeHeHWs [aHHOMO
oneparopa K nosy4eHHOMY pPaBeHCTBY, UMEEM:

v'(7) = exp{(~i1 )35 L}y (7) (65.1)
CnepoBaTeNlbHO, FeHepaToOpOM MPeo6pa3oBaHns I COXPaHSIOLLENCS BENMUMHOIN ABNSETCS

onepaTop MOMEHTa MMMy/bCca L. Habnogaeman BennymHa oreparopa MOMEHTa WMMy/bca
OyAeT VHTEerpasioM [BMKEHNS.

PaccMoTpum peakuuto Tuna a + A — B +¢_(YacTuua a HanetaeT Ha f4po A, Mocse Yero
BO3HMKaeT A4p0 B u Bbinetaet Hactuua B.) BeKTop MOMEHTa UMMNY/bCa CUCTEMbI 0 PeaKLnn
6ynet paseH: I, +1,+L,,,rAe I,,- civH agpa A, I,- CNvH HaneTatoweii Yactiusl a, L,
MOMEHT MMMY/ibCa OTHOCWUTENbHOTO [ABUXEHUS 4YacTULibl @ OTHOCUTENbHO Aapa A . MowleHT
MMMy/bCa CUCTEMbI NOCNe peakuun byaeT paseH :fB +fb +EbB ,roe I,,1,,L,,- CNHbI Apa B,

yacTuubl b 1 MOMEHT UMNY/NbCa OTHOCUTENBHOIO ABMXEHUSA YacTULbl b OTHOCUTENBHO Aapa B
COOTBETCTBEHHO. B KBaHTOBOM MMpE 3aKOH COXpPaHEHUA MOMEHTa MMMy/bca O3Ha4yaeT, yTo
COXpaHAETCA MOAY/1b BEKTOPa MOMEHTa UMITy/bCa N CyMMa Z KOMMOHEHT MOMEHTa UMMy ibCa:

|TA +1, +LaA |=|iB +ib +ZbB | Ii+1+ Ly, =15 +1, + Ly (6.5.2)



6.6. 3aKOH COXpaHeHMA IHEPTUN — UMMy bCa

B HepenaTuBUCTCKOM u3nke (MexaHnke HbHOTOHA) CyLLECTBYHOT ABa pa3fe/ibHbIX 3aKOHa
COXPaHEHUSA — 3aKOH COXPAHEHUS 3HEPrumn 1 3aKOH COXPaHeHWs umnysnbca. B pensaTBUCTCKON
(bM3MKe BEKTOP MMMNYy/NbCa W 3HEPrus ABMAAKOTCA KOMMOHEHTaMW eAUHOr0o YeTblpexBeKTopa

3Heprum — umnynbca. Ksagpar 3Toro uetbipexsektopa (P, i(E/c))ABNAeTCA PensiTMBUCTCKAM

MHBapMaHTOM. [103TOMy, B (DM3MKe 3NeMEeHTapHbIX YacTul, OGOMblUYyld ponb  Urpaet
VHBApPWaHTHOCTb KBaZpaTa 3TOro YeThblpeXBEKTOpaA:

E? - P*c* = Inv (6.6.1)

3aKoH COXpaHEHNA YETbLIPEXBEKTOPa npeanonara€t CoOXpaHeHUE TO/IHOro MMMyJsibCa U

CYMMapHO 3HEPrMmn CUCTEMbI:
ZP:‘:ZP/‘ ZEFZEj
i J , ! J , (6.6.2)

rae > P v Y. P, - BEeKTOPHbE CYMMbl UMMY/IbCOB YacTUL, [0 U Mocnie peakuymt, a > E, u
i Jj i

ZE‘, - CYMMbl 3HEpruii CMCTeMbl 4acTUL, O W MOC/Ee peakuuy COOTBETCTBEHHO. B npuHuune,
j

3aKOH COXPaHEeHWs 3Heprum — umnysnbca B BUAe (6.6.2) MOXET 6bITb UCMONb30BAH AJ1f aHaIN3a

peakLmnii, MPOUCXOSALMX C 3MEMEHTapPHbIMK yacTuuamu. OfHAaKO, Takoi aHain3 BO3MOXEeH

[iaN1eKo He BCerja. 3HaumMTe/IbHO Yallle UCMONb3YETCA 3aKOH COXpaHeHns nHeBapunaHTa (6.6.1).

PaccMOTpUM Tenepb, Kak W3 TPaHCAALMOHHON WHBAPUAHTHOCTW KBaHTOBOW CUCTEMbI
cnefyeT 3aKOH COXpaHeHWs umnynbca. Ecnn kBaHTOBas CMCTeMa MHBapMaHTHA OTHOCUTENbHO
MepeHoca Hayana CMCTEMbl KOOPAWHAT Ha MNPOM3BOMbHLIN BEKTOp a, TO w'(F +a) =w(r).

Pasnaras w'(¥ +a) B psf No BEKTOPY d, UMEEM:
w'(F+ad) =y'(F)+@v)y'(7F) + @ 2)@vV)’v'(7) + (@3 av) > v'(7) +.... =
=L+ (@Vv)+ @/ 2)(@v)* + @3 (av)® +...)w"(7) = exp{@v) j'(¥).
UT0OblI MOMY4YnUTb 3aKOH MpeobpaszoBaHUs (YHKUMWU w'(7), HY)XKHO K MO/ly4YeHHOMY

COOTHOLLIEHUIO NPUMEHUTL OMepaTop (7:exp{(—a-V)}:exp{(—i/h)c7~V}. HanomHumMm, 4To

onepatop rpafAveHTa CBf3aH C OMepaTtopoM WUMMy/bCa COOTHOLEHWeM: p = (h/i)V . Takum
06pa3oM, Mbl UMeeM [N NPeobpa3oBaHns BOTHOBON (PYHKLMN COOTHOLLEHME:

w'(F) = exp{(~i/1)(@- p)}-w (F) (6.6.3)

CnepoBaTeNibHO, ONepaTop UMMynbCa p €CTb FeHepaTop YHWUTApHOro npeo6pasoBaHus
BO/THOBOIA (hYHKLIMY

U = exp{(~i/n)(a- p)},

a orepaTop MMMNy/bca ecTb OMepaTop COXPaHSHOLLENCA BeIMYMHBI — HAONOAAEMON BETMYMHBI
MMNy/bCa.

AHa/1I0MMYHO TOMY, Kak Mbl MOCTyNa/ii B C/yyae TPaHC/ALMOHHOW WHBapUaHTHOCTW,
nosiyyas 3aKOH COXpaHeHUs UMNY/bCa, MOXKHO, BOCMO/1b30BaBLUNCh NHBAPUAHTHOCTHHO CUCTEMDbI
OTHOCUTE/IbHO M3MEHEHWS Havala OTcYeTa BPEMEHW, BbIBECTU 3aKOH COXPaHEHUS 3HepPrun. 310
NpeLCTaB/AeTCa YATATENO CAeNaTb CAMOCTOATE/BHO.

Mokaxxem Tenepb, Kak 3aKOH coxpaHeHus B Buge (6.6.1) [aeT BO3MOXHOCTb HaWTw
BE/MYMHY TMOPOroBON 3HEPrnv [AN8 peakumn C 06pa3oBaHMeM OONbLUIOrO 4YMUCIa YacTUL.
PaccmoTpuM peakuumio Tuna



a+A=Zbi

O603HauMM Macchl MOKOS YacTWLl, BCTYNaloLMX B peakuuio Yepes m, W M ,, a Macchl
MOKOS NOMYYaKOLLMXCS B peakLyy YacTuy, yepes m,. B nabopaTopHOii cucteme oTcyeTa siapo A

MOKOWTCS M MOMHAs 3HEprusi CUCTeMbl A0 peakuun paBHa: E =M ,c° +\/(mac2)2 +pic’.
Onpe/envM NoporoByto SHEPrU0 E,, .. KaK KUHETUUECKYIO SHEPTI0 HaneTatoLei YacTuupl a,
Heo6XOAMMY!0 /1Sl MPOM3BOACTBA TPeBYeMOi peakLni:

o _ [ 2 4 2.2 2
Enopoz—Ta =,m,c’ +pc m,c”.

MMnynbC CUCTEMbI 10 peakuuy B N1aBGOPaTOPHOI CUCTeMe OTCYeTa PaBeH MMMYNbCy
yacTuubl a: p = p,. TOrAa BeNMYMHA MHBapUaHTa O peakuumn ByeT paBHa:

E? —p202 _
2
(MA02 +ymict +p2c2) —pict =Mict +mict +2M c*\mict + pPet =

=M/2104 +m§c4 + 2MAc2(Emp02 +mac2) =(M, —i—ma)zc4 + 2MAc2En0poe.

3HaueHMe MHBapuaHTa CUCTEMbl MOCMe peakuUMy HalifeM B CUCTEMe LieHTpa MHepLuK
Pa3NeTaroLLMXCS YaCTWLL, B KOTOPOW CyMMapHbIi MMMYNbC YacTuL, PaBeH Hy 0. B TakoMm ciyyae
MHBapUaHT CUCTEMbI YaCTML, NOCNe peakuumn OyaeT paBeH NPOCTO KBagpaTy CYyMM MaccC MOKOS

PA3NETaloOLMXCA YaCTUL, MOMHOXEHHOMY Ha ¢*: EZ — p®c? = (D m,)?c* . Vicnonb3ys ycnosue
w

(6.6.1), ansa E nosy4vaem:

nopoz

(Zmi)z _(MA +mu)2

Enopo’ - c ?
: oM,

(6.6.4)
Bocnonb3oBaBLwNCL COOTHOLLEHMEM (6.6.4), Hailgem NOPOroBYHO 3HEPTU0 ANS peakumm

POXAEHUS 3MEKTPOH — MO3UTPOHHON Napbl POTOHOM: y —> e +e” .TaK Kak mMacca MOKosi

(hoTOHa paBHa Hy/O, To No qopmyne (6.6.4) Mbl MOMY4YMM, YTO MOPOroBas 3HEPrUsi TaKoW
peakuum 6ynet GeckoHeyHo 6onbluoi. OAHaKo, B NPUCYTCTBMM KakoW — HWMOYAb 4acTuupbl,
Moporosas sHeprus 6yAeT KOHEYHON. UT0ObI 3Ty 3HEPrui0 HakTK, 3anuLLeM peakumio B BUAE:

y+A—>A+e +e

Macca yacTmupl 4 paBHa M , macca HaneTatowein vactuubl (potoHa) m =0. Maccol
yacTuL, MNOMYYMBLUMXCS TOCNe peakuun pasHbl M ,m,,m,. Vicnonb3ya dqopmyny (6.4.4),

nonyyaem
(M +2my)* -M?
nopoe M

Ecnm poXxgeHvie napbl MPOUCXOAMT BOAM3W sipa, TO NOPOroBasi 3HePrus NNLLb HEMHOTO
MpeBbILLIAeT 3HAYeHKe, PaBHOE CYMMe MacC MOKOS 3/1eKTPOHA U MO3UTPOHa. Ecnu e poxaeHue
napbl MPOMCXOAWT B MNPUCYTCTBWAW 3MEKTPOHA, Torga M =m, W MNOPOroBas 3Heprus

m
¢’ = 2m0c2(1+ﬁ°) :

E,  =4m,c® (TO eCTb NOYTM B ABa pa3a 60/blue). Haiifem Nnoporosyto 3HEPrui0 peakLum, B

nopoe

KOTOPOI MosiyyaeTcs aHTUMNPOTOH. Kak K3BeCTHO, aHTWMPOTOH MOJly4YaeTcsa B pesy/ibTaTe
CTO/IKHOBEHWS MPOTOHOB: p+p —> p+p+p+p.Torga M, =M ,,m, =M, aBce m, =M
MoacTasnss B hopmyny (6.4.4), nonyyaem:

P



2
E,po. =6M c”.

PaccMOTpeHHble 3aKOHbl SIBNSKOTCS aGCOMOTHBIMU, TO €CTb, BbIMO/HSAOWMMUCS MPU
NobbiX npoueccax, B /OObIX pPeakuusax. 3aKOHbl COXPaHEHWs 3MeKTPUUECKOro 3apsja,
NENTOHHbIX 3apsif0B, GAPMOHHOTO 3apsiAa, MOMEHTA UMMY/bCA U 3aKOH COXPaHEHUs SHeprm —
MMMyNbCca He MMEKT WCK/OUYEHUI U BbINONMHSAKOTCA Bceraa (BMPOYeM, B OTHOLLEHUM 3aKOHa
COXpaHeHUsi GaprOHHOIo 3apsifa - CM. OFOBOPKY B Hauane 3Toi rnaebl). Hapsgy € aTvmm
3aKOHaMW, B (IM3MKe 3MeMEHTapPHbIX YacTuUL, CYLLECTBYIOT U TaK HasblBaeMble HeabCONOTHbIE
3aKOHbI, KOTOPbIE BbIMOMHAIOTCS MWL B Clyyae, KOraa OTCYTCTBYIOT HEKOTOpble M3 YeTbIpex
PACCMOTPEHHbIX B3aUMOZEWCTBIIA (Yallle BCEro, Koraa NpoLece Wam peakuus npoucxoaut 6es
yuyacTusi SiepHOr0 CnaGoro B3aMMOAECTBUS). ST HeabCOMHOTHbIE 3aKOHbI COXPaHEeHUs
OKa3bIBalOTCS 0YEHb MOME3HLIMM MPU PACCMOTPEHNN HEKOTOPbIX SBNEHNIA.

7. N130TONMYECKMIA CMIVH. 3apsaaoBble My/IbTUNNETbI. 3aKOH COXPaHEHUSA N30TONNYECKOr0
CrMnHa

MoHATE M30TONMYECKOr0 criHa BBeN BepHep MeliseH6epr. V13yyas CBOINCTBA HEATPOHA W
NPOTOHA, OH MPULLEN K BbIBOAY, UTO 3TW [iBE YaCTWLbl OYeHb 6M3KM MO CBOWMM CBOMCTBAM.
Pasnnune 3aknouaeTcs MLlb B TOM, YTO NMPOTOH 3apsiKeH, B TO BPEMS KakK HEMTPOH HeliTpaseH.
eii3eHOepr NPeAoXM CUMTATb HEMTPOH U MPOTOH PasHbIMY 3apsA0BbIMM COCTOSIHUSMI OfJHOM
M TOW XKe YacTuLpbl — HYKIOHa. [N1s XapaKTepUCTVKM 3aps0BOr0 COCTOSHMS [eil3eHGepr BBen
0CO6YH BEMMUMHY — U30TOMMYECKUI (1306apUUECKIIA) CMIMH — BEKTOPHYIO BENNUMHY, KOTOpast

onpefensieT 3apsfoBOe COCTOSHWE HykIOHa. CBOICTBA BEKTOpa M3ocmvHa 7 aHanoryHbl

CBOMCTBaM 0ObIYHOIO CnMHa. Tak, AN CUCTEMbl HEMTPOH — MNPOTOH (HYKNOH), BOJSIHOBas

(hYHKLMS NPOTOHA N HEMTPOHA B AMPaAKOBCKUX 0603HaYeHUsAX OyAeT UMETb BUA:
|p)=|1/2+112)  |n)=[1/2,-1/2) 7.1)

3/ecb yKasaHo, 4To A/iMHa BekTopa T W N9 HENTPOHa W [/19 MPOTOHa , onpefensemMas
KBAHTOBbLIM YMCNOM paBHHLIM Y2, paBHa \/T(T+1) =+/3/4 @& TpeTbsi NPOEKUMA AN NPOTOHA U
HeNTpOoHa (TOYHEee, MaKCHMasIbHOEe 3HaYEHME ero NPOEKLMMN Ha NBYH0 OCb) OT/IMYAETCA 3HAKOM,

MONOXUTENEHO 3aPSKEHHbIN NPOTOH MMeeT MPOeKUMI0 BeKTopa I Ha TPeTbio OCb, PaBHYHO
+1/2, a HeTpoH - -1/2. Takum 06pa3oM, TPeTbs MPOEKLMS BEKTOpa M30CnvHA onpeaenseT
3apsJ0BOe COCTOAHME YacTuLbl. COBCTBEHHOE 3HaueHMe onepatopa 7'2 W ANS NPOTOHA W ANS
HeliTpOHa paBHO:

f2|p> = T(T+1)|p> = 3/4|p> f2|n> = T(T+l)|n> = 3/4|n>,
a cOB6CTBEHHbIE 3HaUeHNs onepatopa T, GyayT /1Sl IPOTOHA U HEiTPOHA PasINUYHBIMA:
f3|p>=+l/2|p>, f3|n>:—l/2|n>.

3apsap HyKNoHa ONpeaensieTcst BbIpaXKeHNeM:

Oy =e/2+Ty), (7.2)

NS siApa ¢ MaccoBbIM YMCIOM A, COCTOSILLMM M3 Z MPOTOHOB U N = A— Z HelTPOHOB,
MMeeMm:

Qle=A412+T;,
rae 7, =1/12Z + (-1/12)N =(Z - N)/ 2.



OKa3a/10Cb, UYTO MOHATUE W30TOMMUYECKOTO CMMHA MOXHO BBECTM [/S BCEX afpOHOB.
TepMuH aapoHbl Bbl BBEIeH COBETCKMM (hn3nKoM OKyHeM. ApoHamMm SBNSKOTCS BCe YacTuLbl,
SBNSAOLMECH MO0 UCTOUYHMKAMU CUMBHOTO SAEPHOTO B3aMMOAEWCTBUS, NGO NepPeHOCUMKaMM
TakoBOro. TakuM 06pa3oM, apoHamMm SBNSAKOTCS BCe 6apUOHbI, BCE ME30HbI 11 BCe PE30HAHCbI.

Ans Tpoiikn nuoHos (z*,7°) BBOAWUTCSA M30CMUH T =1. 3apsAg NMOHa O4YeHb MPOCTO
CBSi3aH C TPETbE KOMMOHEHTOMN M30CMNHa

Q,=eT; (7.3)

SnepHoe CunbHOE B3aMMO[EICTBME WMHBAPUAHTHO OTHOCWTENIbHO MOBOPOTOB BEKTOpa
M30CnMHa Ha 06O yron OTHOCUTENbHO NGO Oocu. (3apsifoBas HE3aBUCUMOCTb CU/LHOTO
B3aVIMOAEICTBISA). STO 06CTOATENCTBO [eNaeT BO3MOXHbIM UCMOMb30BaTh M30CMNH CUCTEMbI B
KauecTBe COXPaHSIIOLLEC BenMYMHbl (MHTErpana [BWXKEHMs) B Mpoueccax, KoTopble
MPOUCXOAAT B Pe3yNbTaTe CUbLHOIO SAePHOr0 B3aMMOENCTBUS.

Bce 00bEKTbI (DM3MKU 3MEMEHTapPHbIX 4acTul, KOTOpble MpuBeAeHbl B Tabnuuax
37IEMEHTAPHbIX  YacTWL, MOryT ObiTb O06GbEAMHEHbI B YeTbipe TpynMbl  3apPsA0BbIX

My/IbTUN/IETOB: CUHINETbI (77,;7' - Me30Hbl, A° U Q runepoHbl 7 =0,T, =0), Ay6netsl
(K°,K* - KaoHbl, HyknoH, = ,Z°-runepoHbl, T =1/2,T,=-1/2,+1/2), Tpunnetol
(z7, 7% 7" - nnoHbl, X7,X°, X7 -runepombl, T =1T,=-10+1) ¥ O0AMH KBapTeT
(A", A°, A", A" - pesoHaHe, T =3/2,T, =-3/2,-1/2,+1/2,+3/2).

3aKOH COXPaHEHWS M30CMMHA MOXET ObiTb C(HOPMYNMPOBAH CReayHoLLM 06pa3oM: Npu
peakLmMsaX, MPOVUCXOAALIMX B Pe3y/bTaTeé CWILHOTO B3aMMOAEICTBUS, BbIMOMHSAETCS 3aKOH
COXpaHeHUs BEKTOpa W30TOMUYECKOr0 CMMHA W 3aKOH COXPAaHEHUs! TPETbE KOMMOHEHTbI

BEKTOpa M30CnuHa:
2L=2T, XL =T
i Iy I (7.4)

Mpy npoueccax, MPOMCXOAALUMX C Yy4yaCTMEM 3MEKTPOMArHWTHOTO W cnaboro
B3aMMO/ECTBIIA, 3aKOH COXPaHEHWs W30CMWHA He BbIMOMHAETCS. PacCMOTPUM HECKOMbKO
MPUMEPOB, UNMIOCTPUPYIOLMX 3aKOH COXPaHeHUs M3ocniHa. OKasbiBaeTCs, 3aKOH COXPaHeHMs
M30CMMHA 3anpeLLaeT TaKyto peakLuto:

d+d > a+7x°.

B camom fene, M30CMMWHbI [ENTPOHOB B OCHOBHOM COCTOSHUM paBHbl Hynto (7 =0).

M30cnnH anba YacTulbl B OCHOBHOM COCTOSIHWM TOXE paBeH Hy/to. W30CMUH NioHa paBeH
T =1. Tak Kak paccmaTpuBaeMas peakuus [0/MKHA NPOUCXOAUTb B Pe3ynbTaTe CUJIbHOFO
B3aMMO/ECTBIS, TO 3aKOH COXPaHeHWs W30CMUHA 3anpellaeT TaKyl peakuuio U OHa,
[IeACTBUTENBHO, 3KCMEPUMEHTANBHO He HaboJaeTcs.

PaccMOTp1M peakuun:
p+p—>d+rt w prn—>d+n’
B nepBom cny4yae NM30CMNMHbLI CUCTEM [0 1 NOC/NE peakuun 0AMHaKOBbI:
)| p) = [1/2+1/ 211241/ 2) =[1+1); |d)|7") =|0,0)[L+1) =|1+1).
Bo BTOpPOM C/lyuyae Aef0 06CTOUT HEMHOTO C/I0XKHEE:

| p)|n) = 11241/ 2)[112,-1/ 2) = (L//2)(1,0) +]0,0)); |d)|z°)=]0,0)1,0).



B 3TOM CNyyae BONHOBaA (DYHKLMA CUCTEMBI | p)|n) NpeACcTaBnseT cOGOM CyneprosnLmio

COCTOSIHWIA C M30CMMHaMK |1,0> n |0,0>(B paBHbIX Aonax). Mpu npounx paBHbIX YCNOBUSIX,

APPEKTUBHOE CeYeHUe MepBOM peakuuy AO/MKHO ObiTb B ABa pas3a 60/blie 3PHEKTUBHOIO
CeYeHUs BTOPOM peakuuW. IKCMepUMeHT faeT Ans IPMEKTUBHLIX CEYEHWUN Cchegytouime
pe3ynbTaTtbl: MPU 3HEPrnM CTONKHOBEHWUS 600 MaB o(p+ p) =(3,15+0,22) munnnbapH, a
o(p+n)=(15%0,3) MunnnbapH.

XapakTepHasi fins Cnaboro B3aMMOAEWACTBUS peakuus: n—> p+e +vV WINOCTPUPYET,
TOT (haKT, YTO 3aKOH COXPaHEeHWs M30CMUHA He BbIMOSHAETCH B npoueccax, 00yCn0BIEHHbIX
cnabbiM B3aMMOZeincTBreM. BenmunHa BeKTOpa U30CMMHa COXPaHAET CBOE 3HaUYeHUe, B TO BPeMS
KaK TPeTbsi KOMMOHEHTa U3MEHSIET CBOE 3HaYeHVe Ha efuHMLYy. TOYHO Tak XXe U Npu peakuuu,
nponcXoasLLeli nog, AeACTBUEM 3MIEKTPOMArHUTHOrO B3aumogeiicTana %° — A° +7 , 30CMMH

He coxpaHseTcd. B aToM cnydyae BefMuMHA BEKTOpPA M30CMUHA WM3MEHSETCA Ha efuHuULy, B TO
BPeEMSl KakK TpPeTbsl KOMMOHeHTa M30CMMHA COXpaHsAeT CBOe 3HayeHWe. MOXXHO roBOpUTbL O
CBOEOOpasHbIX  MpaBWnax oTbéopa MO  wM3ocmuHy. [lpu  cnabom  B3aMMOAENCTBUK
AT =0,AT, = 1. lNpwn aneKTpoMarHUTHOM B3anuMogencTemmn AT =£1, AT, =0.

8. CTpaHHoCTb. Mnnep3apsag. OvapoBaHue, NpenecTb U NpaBAMBOCTb
Briepsble cTpaHHbIe YacTuLbl 6bIM 06HapYKeHbl B 1947 rogy Pouyectepom n batiepom.
[Mpn CTONKHOBEHUW 7~ - MMOHOB C MPOTOHAMW BO3HWKa/IM TaK Ha3blBaeMble V- YyacTuupbl. 3Tn V-

YacTULbl BO3HUKAIM 3a Bpems nopsgka 1072 cekyHAbl (TUNMYHOE BPeMst A MpPOLIECCOB,
00YCNOBMEHHbIX CW/bHBIM B3aUMO/EWCTBUEM), OHAKO XXMM O4YeHb A0Nro (Mo maclitabam

A0EPHOro BpeMeHu). Bpemsi XM3HKM 3TUX 4acTuL, cocTasnsno ~107'°cekyHabl. B oaHoii u3
XapaKTePHbIX PeaKLWii, NPOMCXOAALLENA NPAKTUYECKN MIHOBEHHO, BO3HUKa/O ABE HelTpabHble
YacTULbI:

7 +p—->K°+A°
Yepes Bpems 7 ~ 107 ceKyH/bl 3TU YaCTULbI PACMAZIMCh Ha Mapbl 3aPSKEHHBIX YaCTUL:
K srt+n N>p+n

KOTOpble faBain B MarHUTHOM 0Jie PaCXOAsLLMecH TPeku (oTcrofa 1 HasBaHue — V- YacTuupbl).
Bbl10 06HapY>XeHO MHOXECTBO MOLOGHbIX peakuuid, B KOTOPbIX BO3HUKaIW MOA0OHble V-
yacTuupbl. Takoe noseAeHWe V- 4acTuL, MOKas3aioCb CTPaHHbIM. YacTuubl, BO3HUKLLME Mpu
peakL1n C y4acTmeM CUIbHOTO A4ePHOM0 B3aUMOZENCTBIUSA, JOMKHbI Obl M pacnafatbCs 3a Te Xe
XapakTepHble BpemeHa 7 ~10?°c. OfHaKO, OHU XWBYT C TOUKM 3PEHUS AAEPHOr0 BpPEMeHM
0YeHb [0Nr0, Kak 6YATO CYLUECTBYET KaKoii - TO 3amnpeT Ha NPOLECC UX HEMEL/IEHHOro pacnaga.
[MoNHyl0 ACHOCTL B 3TOM Bonpoce BHecnu enn-MaHH v Huwmpkmma. OHW BBeM HOBOE
KBaHTOBOE YMCNO — cmpannocme. ITO MOHATVE CTANIO OBLLENPUHATLIM. BCEM BHOBb OTKPbITbLIM
CTpaHHbIM YacTULiaM MPUMUCLIBA/IOCh YMCNEHHAA XapaKTepUCTMKa — CTPaHHOCTb S'. STa/loHOM
CTpaHHOCTM cTan K- KaoH, KOTOpOMY NpWnucbiBanacb CTpaHHOCTb +1:S(K') =+1.
MOCKOMbKY CTpaHHble 4YacTuLbl BO3HMKA/IM B pe3y/ibTaTe peakuuid, MPOUCXOJALMX Npu
CWNBbHOM B3aMMOZENCTBUM, ObIN0 eCTECTBEHHO NPELNONIOXKUTL, YTO A9 3TOro Tna npoLeccoB
CTPaHHOCTb [O/HKHA COXPaHATbCHA, B peakumio BCTynatOT HeCTpaHHble YacTulbl, CTPAHHOCTU
KOTOPbIX PaBHbl HY/O, CrefoBaTe/lbHO, CyMMa CTPaHHOCTE BO3HWMKLUMX CTPaHHbIX 4acTwul,
TOXe [O/MKHA ObITb paBHa Hy/0. Tak MOXHO YCTaHOBWUTbL CTPAHHOCTU BCeX HabM0LaeMbIX
CTpaHHbIX YacTul,. Hanpumep, peakuus

7T+ p—>K +X



MO3BO/SET YCTaHOBUTB, YTO S(Z7) = —1. B KauyecTBe NpUMepOB NMPUBEJEM eLLe PeakLum:
p+p—>p+I’+K*, p+rt > p+K +K°,

M3 KOTOPbIX MOXHO YCTaHOBWUTb, 4TO S(ZO):—l,S(IEO):—l. TakuMm nyTem  6bin

YCTaHOB/EHbI CTPAHHOCTM BCEX CTPaHHbIX YacTul. M3 MHOrQUMCNEHHbIX 3KCMEPUMEHTOB, B
pe3y/ibTaTe KOTOPbIX MO/yYatoTCs CTPaHHbIE YaCTULbl, UMEEM CeyoLLIMiA pe3ynbTaT:

S(K)=8(K°)=+1
S(K°)=S(K)=-1
S(A)=5C")=SE")=5(C")=-1
SEY=SE)=-2.
S(Q)=-3.

Kak nokasblBaeT 6oraThblii 9KCNepUMEHTaNbHbIA MaTepuan, Ans peakuuii, NPoUCXoasLLmuxX
B pe3ynbTaTe CUMLHOTO SIEPHOTO0 B3aMMOAEWCTBUS, BbIMOMHAETCA 3aKOH COXPaHEHUS

CTPaHHOCTWU:
¥s5-35
! J

(CymMma CTpaHHOCTE 4acTul, BCTYMAOWMX B peakuMio paBHa CyMMe CTPaHHOCTEN 4acTul,
Monyyarowwmxca B pesynbTaTe peakuuun). LS 3N1eKTPOMarHUTHbIX B3aMMOLEACTBUN Takxke
BbIMONHAETCA 3aKOH COXPaHeHWsi CTpaHHOCTU. [py AAepHbIX CnabbiX B3aNMOAENCTBUAX
CTPaHHOCTb HE COXPaHseTCs.

PaHee Mbl YCTAHOBW/IM CBSI3b MEXY BE/IMYMHON 3apsja 3/1eMeHTapHON 4YacTuubl ©
TPETbe KOMMOHEHTOW NU30TOMMYECKOr0 CMNHA AN NMUOHOB N HYK/IOHOB (CM. dhopmysbl (7.2) w
(7.3)). Uem oTIM4atoTCSA HYK/OHBI OT NMMOHOB? HYK/IOHbI 06/1a4at0T 6apuoHHbLIM 3apsagom B =1,
a [/19 MUOHOB OH paBeH Hynt. BOCMo/b30BaBLUMCL 3TUM Pa3/IMUMEM, MOXHO O6beLUHUTb
topmynbl (7.2) n (7.3) B 04HY, ecin BMeCTO 4neHa % B (7.2) noctaBuTb cnaraemoe B/2. Torpga
COOTHOLLIEHWe

0 =e(T, +§)
(8.1)

OyfeT cnpaBed/iMBO M A4S HYKNOHOB M AN NMOHOB. Kak cnefyeT usmeHuTs opmyny (8.1),
4yTOObl OHa BK/KOYaa M BCe CTpaHHble YacTuLbl? OKa3sblBaeTCs, HY>XHO BMECTO 6apvOHHOIo
3apaga B B popmysie NoCTaBUTb CymMMy B + S . TlonyyeHHas Taknum obpasom opmyna

B+S
)

O=e(T; +
(8.2)
N ectb gpopmyna I'enn-Manna — Huwuoxncumor. CyMMa 6apMOHHOIO 3apsiga M CTPaHHOCTU
Ha3blBaeTCs eunepzapsoom B+ S =Y . Yepes runepsapag dpopmyna (8.2) npumet BUA:
Y
g — T3 + —
e 2 (8.3)
UT0ObI BbISCHUTL CMbIC/T BBEAEHHOIO runepsapaia, NPocyMMUPYeM COOTHoLLeHMe (8.3)
Mo BCEM KOMMOHEHTaM 3aps40BOr0 My/bTUMIETa W MOAENIMM Ha 4YMC/0 4YacTul B [AaHHOM

Q

MynbTUNNeTe. Torga cnesa OyAeT HAXOAMTLCA CPeAHWUIA 3apsf YacTUlbl My/lbTunneta = . B
e



npasoit yactu (8.3) ByaeT NnLLb % TaK Kak Cymma BCex T, Mo BCEM KOMMOHEHTaM 3apsifioBOro
MY/IbTUMN/ETa BYAET PaBHa HY/IO, U Mbl MOMYUUM:

o_Y

e 2. (8.4)

CnepoBaTenibHO, rmnep3apsg Y paBeH YABOEHHOMY CpefHeMy 3apsifly YacTul, 3apsioBOro
MynbTUnneTa. ®opmyna (8.4) UNNHOCTPUPYETCS HUXKECTEAYIOLWMUMIA TpatKamu.
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Me30oHbI bapuoHbI

Puc. 7. inntoctpaums dopmynel (8.4).

B 1974 rogy 6blna o6Hapy>eHa ouvepefHas HoBasi YyacTmua. B ogHoi n3 nabopaTtopuii e
MPVCBOUAN CUMBON J, a B KOHKYpPVpYHOLLEl abopaTopun e 6bii1 NPUCBOEH CUMBON i . Tak

OHa U oCTanach CyLIeCTBOBaTb B TabnuLAX MOA /ABOMHLIM CUMBOMOM J /iy . 3Ta vacTuua

OKaszafaCb MEe30HOM, MpWYeM A4S Hee He Hallocb MecTa B MPeXHel Knaccupukaumu.
Mpuwwnock BBOAWUTb HOBOE KBAHTOBOE CBOWCTBO, ouaposanue W NMPUCBOUTL COOTBETCTBYHOLLIEE
KBaHTOBOE 4MC/IO, XapaKTepu3ytollee 3TO CBOMCTBO - C (OT aHrMIACKOro cnosa charm).
KcTatu, cam J/y - Me30H 0Ka3asicsi YaCTULIEN CO CKPbITbIM 04apoBaHMeM (To ecTb C=0.)

HanbHeilwee pasBuTve (U3MKK 31EMEHTAPHbIX YacTul, MNpWBENO K Heob6Xo4MMOCTM
BBECTM eLle OfHO CBOMCTBO — npenecmsb, KOTOPOE KONMYECTBEHHO XapaKTepu3yeTCs BEIMYNHOM
b (OT aHrMIACKOro cnoBa beauty).

HakoHeL, camble nocnefHne nUccnefoBaHns B (M3NKe 3/1eMeHTapPHbIX YacTuL, NPUBEN K
Heo6X04AMMOCTM BBECTM elle OAHO HOBOE KBAHTOBOE CBOWCTBO — mpagousocmiv.
KonnuecTBeHHass  XapakTepucTMka MpaBAMBOCTUM — XapakTepusyetca cumsosiom ¢ (OT
aHrnmickoro cnoea truth).

MpyY  CUMbHBLIX W 3N1EKTPOMArHUTHLIX  B3aUMOAENCTBMSAX  BbIMOMHAKTCA  3aKOHb!
COXpaHeHWe 04apoBaHUs, NPEeNecTy 1 NPaBLUBOCTH:

ZCi =ZCJ Zbi :ij Zti :th
i J , i J , i J (85)

(CymMbl 04apoBaHWiA, npenecTeli M NpaBAMBOCTE/ [0 peakUMU paBHa MX CyMMe Mocne
peakumn). Mpu cnadbix B3aMMOAECTBUSX 3TV 3aKOHbI COXPAHEHWS He BbIMOHSHOTCS.

Mocne nNOsBMEHWSt 3TUX CBOICTB, MPUXOAMTCS W3MEHWUTb OMPeAEe/eHVe runepsapsa.
O606LLEeHHbIM r1nep3apsaoM 6yaeT BenmunHa



Y=B+S+C-b+t.

M3meHunTCA Tak ke 1 ¢opmyna Nenn-MaHHa — Huwmmkumsl. Bknroyarowas Bce HOBble
CBOICTBA YacTuL, 0606LLeHHas (hopmysna NPUMET BUA;

B+S+C-b+t
==1;+
e 2 (8.6)

9. Cnabble B3anmogencTBus. beta pacnag,

BeTa pacnag — 3T0 OAHO M3 BO3MOXHbIX PafMOaKTUBHbIX NMPEBPaLLEHNIA, NPOUCXOASALLMX B
pe3y/ibTaTe Cnaboro sAepHOro B3aMMoAeicTBKs. Hambonee pacnpocTpaHeHHbIM TUMoM f

pacnaja fBnseTcsa 3/1eKTPOHHbIN 6eTa pacnag;
A A -
ZX_)Z+1Y+e . (91)
34ecb Mbl NULLEM peakumio Tak, Kak OHa npeacTaBnsnack Guankam B TPUALATLIX rogax

MpoLunoro Beka (6e3 yKasaHUs Ha aHTUHEWTPUHO). Takas peakuus GyaeT BO3MOXHa, eciu
BbINO/HSETCS HEPABEHCTBO:

Mﬂbpa(;X)>M Zﬁy)—i_me

a0pa

MpubaBMB K 06eMM YacTsM HepaBeHCTBa MO Macce Z 3MEKTPOHOB W MpeHe6peras sHeprusivMmn
CBSI31 3/IEKTPOHOB B aTOMaX, Mo/yUuM:

Mamrwa (;X) > Mamrwa (Z:?LY) (92)

CyLlecTByeT ¥ MO3UTPOHHbLIA 6eTa pacnag, BrepBble HabMOAEHHbIA cynpyramu VpeH un
®pegepukom Xonvo-Kiopyn B 1934 rogy npyv M3Yy4YeHWM OTKPbITOA WMMU WUCKYCCTBEHHOW
pagnoaKTUBHOCTH:

;XY et (9.3)
Takoii npoLiecc 6yAeT BO3MOXEH, eC/n

M ;X)>Mﬂbpa(ziy)+me'

a0pa
[106aBVB K 06e1M YacTAM HepaBeHCTBa N0 Z 3/1EKTPOHOB, MeeM:

MZZIHO.WH (;X) > MZZIHO.W[J (Z—A].Y) + 2m€

(9.4)

HakoHeL,, N3BeCTEH eLle ¥ TakK Ha3blBaeMblii e - 3axBaT, MNPy KOTOPOM PO 3aXBaTbIBaET
Kakor-nnbo 3MeKTPoH aTOMHOW 060/104KM. Yallle BCEro 3axBaTbiBAeTCA 3MEKTPOH u3 K —
o6onouku (K-3axsar):

;X+67%21Y. (95)
JTOT NPOLLECC BO3MOXKEH, eC/n
Mﬂ()pa (;X) + me > Mﬂ()pa (Z—A].Y) '
[06aBVB Mo Z-1 3/1eKTPOHY, NMEEM:

Mamrwa (;X) > Mamrwa (Z—/;.Y) (96)

SHeprus 6eTa NpespaLLeHns 3akoueHa mexay 13,4 MaB (YB—2C +e”) 1 18,61 MaB
(CH—JHe+e ). HO caMbiM yaMBUTENbHBIM (DaKTOM SIBNISETCS TO, YTO CMEKTP BbINETAHOLMX



3NEeKTPOHOB — CMNOLWHOW. KayeCTBEeHHO KpuBasi crekTpa 6eTa 3/MEKTPOHOB MNpuBeAeHa Ha
pucyHke 8

Ne

E€max

Puc. 8. KayecTBeHHas KpuBas criektpa 6eta 3/1eKTPOHOB.

Cn/OWHOI CNeKTp BbINETaOWMX Npn 6eTa — pacnaje 3NeKTPOHOB NPeACTaBSETCA OYeHb
CTpaHHbIM. ECnin 3Heprus 6eta - NpeBpaLLeHns BNOHE OnpejesieHHast, To, Kasanochb Obl, 1 BCe
6eTa 3NeKTPOHbI AO/MKHbI 6bl UMETb ONPeAeNEHHYHO 3HEPIUI0, a He MOYH0 OT 3HEPTrW PaBHOWA
HY/IH0 10 MaKCMManbHO. ELe 60nee CTpaHHbIM SBNSETCA TOT (hakT, UTO peakummn beTa pacnaga,
3anucaHHble B dopme (9.1). (9.3) n (9.5), yKasbiBalOT Ha HapyLUeHWe 3aKoHa COXpaHeHus
MOMeHTa umnynbca (cnuHa). B camom pgene, ecnu maccoBoe yumcio A agpa X 4YeTHo, TO [0
peakuum Mbl MMEEM CMWH sfigpa X LENoYUCNeHHblA. Tlocne peakumm CNnH agpa Y Toxe
LenouncneHHbldi. OfHaKo, BbINETAOWMIA 3NEKTPOH BCerga YHOCUT MNOAyuenblil  MOMEHT
MMMynbca. $BHOE HapylUueHMe abCOoMIIOTHOIO 3aKOHa COXpaHeHWs MOMeHTa umny/bcal
CoBepLUeHHO Ta >Xe cuTyaums OyfgeT U npyv HeYeTHOM MacCoBOM u4Mcie. ITY CTPaHHYH
cuTyauumto ¢ 6eTa - pacrnagom nogpobHo nsydan B. Maynu. OH npuwen K BbIBOAY, YTO Hapsagy C
Bbl/IETAOLLMM 3/1IEKTPOHOM [O/DKHA BblIETaTh elle OfHa flerkas HeilTpanibHas vactuuya. Maynu
Ha3Ba/1 ee MaleHbKNM HEMTPOHOM. 3.PepMu NPeaoXKMA Ha3BaTb €6 HENTPUHO (B UTa/IbIHCKOM
A3bIKe MHO €CTb YMEHbLUUTESNbHBLIA Cy((UKC). TEPMUH HEUTPUHO — MaSIEHbKUA HENTPOH —
NoNMyuYnn npaea rpaxgaHcTBa. HEATPUHO AO/MKHO ObITb YacTULEN C nonayuenbiM CNnHOM. B
9TOM Cnyvae paspeLlaeTcs cuTyauuss M C 3aKOHOM COXPaHeHUsi 3HEeprum u C 3aKOHOM
COXpaHeHUss MOMeHTa umnynbca. CyMma 3HEPruin, YHOCUMbIX 31EKTPOHOM W HEMTPUHO, paBHa
3Heprum 6eta - npespatyeHns. Cymma MOMEHTOM UMMY/bCa TOXeE OYeT COXPaHATLCA.

depMM UCNONL30BAT WALK CYLLECTBOBAHUA HENTPUHO W NPeANOXUN Teopuo GeTa
pacnapaa, ynpoLLEHHbIV BapUaHT KOTOPOIA Mbl 11 PacCCMOTPUM. B Teopum KBaHTOBbIX Mepexo/oB
ncnonb3yetcs popmyna ans BeposTHOCTW Nepexofa U3 HayalbHOrO COCTOSIHWS i B KOHEUYHOe
k , KOTOpast HOCUT Ha3BaHMWe «30/10TOro Npasuia» depmMu:

2 ~
Wy =A<k | Hoppn |15 -p(E)

i—>k h

(9.7)
3pech |i)=w, n (k| =y, - BONHOBbIE (YHKLMN HAYaNbHOTO 11 KOHEYHOTO COCTOSHMIA CUCTEMBI,

onepatop H,,,, - ONepaTop B3aMMOLEACTBUSA, SBNSIOLLMIACA NPUYMHON COOTBETCTBYHOLLENO
nepexoaa, MHOXuTeNb p(E) - NNOTHOCTb 3HEPreTUYECKUX COCTOSHWIA. epBbli MHOXUTENb B
(9.7) ecTb KBagpaT MOAyNsi MATPUYHOIO 3MeMeHTa Mepexofa CUCTEMbl M3 COCTOSHUS i B



COCTOSIHWE k . DTOT MHOXWTESb (haKTUYECKM He 3aBUCUT OT 3Hepruun 1 faeT npasunia otéopa no
cnuHy. B BapuaHTe Teopum GeTa pacnafa ®epmy npasBuno oTéopa ouveHb xecTkoe: A/ =0. B
Teopun b6eTa pacnaga Namosa — Tennepa, npasunno otéopa 6onee markoe: Al =0,+1. Hac 6yget
MHTEpecoBaTb 3aBUCUMOCTb BEPOATHOCTM Mepexoa OT 3Heprumn, KoTopas onpeLenseTca BTOPbIM
COMHOXUTENem p(E).

Mo onpegeneHnto  p(E)=dN/dE, rtoe dN- 4ACNO 3HEPreTUYECKUX YPOBHEN,
NPUXOAALMXCA HA €AMHUYHBLIA MHTepBan 3Heprun dE . Uncno aHepreTUYecKMx YPOBHEN Mbl
MOXEM MOoACYMTaTb, MOAENMB MOMHbIA 06bEM CUCTEMbI B MPOCTPAHCTBE MMMY/NbCOB

Idpidpydpzjdpx dpvdpz , HA&  MUHUMaNbHbI 006bEM KBAHTOBOr0 COCTOSIHWS B MMIMY/IbCHOM

npocTtpaHcTee. CornacHoO OCHOBHOMY MOJIOXEHWHO KBAHTOBOW CTaTUCTUKN 06BbEM KBaHTOBOIO
COCTOAHWA BbIJ'IETa}OIJJ,VIX 9/IEKTPOHA n aHTMHeVITpVIHO

Ap Ap Ap Ax Ay Az* AprAp}ApzAx Ay"Az"=(277)°. ECMM He WHTEPecoBaTbCs, B KaKOM

MecTe sapa NpOMCXOAMT 6eTa pacnaf, TO TpOM3BEfeHVe KOOpPAWMHAT 3MEeKTPOHOB 1
aHTMHEATDMHO MOXHO  3aMeHUTb 0GbeMOM siapa. B Takom cryyae 06beM KBAHTOBOTO

COCTOSIHUA B MPOCTPaHCTBE UMMYNLCOB OYAeT paBeH: Ap? ApyApZApYApy Ap! =((2z0)° V7).

Mpy  BbIMUCNEHUN WHTErpanoB MO WUMMynbcaM, HEO6XOAMMO WMeTb B BUAY, 4TO
WHTErpMpoBaTh MO MMMY/bCaM aHTUHEMTPUHO HYXKHO C YYETOM 3aKOHa COXPaHEHWUs 3Heprum.
CymMMa 3Hepruiil BbIIETAOLLErO 3M1EKTPOHA, aHTUHENTPUHO W 3HEPTUM Sapa OTAAYM AO/KHA
ObITb paBHa 3HEPryK GeTa NpeBpaLLeHUs:

E,+E;+F =F

omoauu max *

Beuay 60/bLUO/ BeNUUMHbI Macchl sipa B CPaBHEHWM C Maccolii 3/7eKTpoHa W
AHTUHEWTPUHO, 3HEePrueli 0TAauM sApa MOXHO NpeHebpeUb. 3aKOH COXPaHEHUs AHEPrIN MOXHO
yuyecTb aBTOMATWYeCKW, €c/M BBECTU B WHTErpas Mo WMMynbCaM aHTUHEWTPUHO AenbTa
dyHkumio Aupaka O(E,,, —E, — E;) . Torga 4ucno BO3MOXHbIX KBaHTOBbIX COCTOSHUIA ByaeT

PaBHO

max

dN = (2 ot j dpdpdp: [ 8(E e — E, — E; )dp! dp’ dp’

MocKoNbKY — pacrpefenieHve  BbIJIETAlOWMX — aHTUHENTPUHO MO 3HEPrusM  He
PErncTpupyeTCa B aKCNepMeHTax no 6eta — pacnagy, UHTerpan no umnysbcam aHTUHENTPUHO
Heo6xo4MMo 6paTb MO BCEM BO3MOXHbLIM MMMY/bCaM BblETAOLWMX aHTUHENTPUHO. VIHTerpan
e Mo MMMy/ibCam BbINETAOWMX 3NEKTPOHOB HEOOXOAMMO BbIYUCNATL LWL MO HANpPaB/IeHNUAM
Bbl/IeTa 3/IEKTPOHOB, TaK KakK B 3KCMepuMeHTax Mo 6eTa — pacnagy perucTpupyercs
pacnpeaeneHye 3N1EKTPOHOB MO IHEPTUAM.

3amMeHWB dp.dp,dp, Ha 9NEMEHTapHbli 06bemM B MPOCTPAHCTBE WMMY/bCOB B

ChepUYECKMX NepemMeHHbIX:
dp.dp ,dp. = pidpsinédéde,

3amMeyaeM, UTO B CWIY  CEPUYECKOW CUMMETPUM  MOABIHTErpa/bHbIX  BbIPAXKEHNI

WHTErpUpOBaHME MO YI/OBbIM MEpPeMeHHbIX fgaeT 4z. C y4yeToM 3TOro, uMeem ans dN
C/Ie/lytOLLEE BbIPKEHME:

(47zV)

(27 )

[Nanee, HEO6GXOAUMO MPU MHTErpPUPOBaHUM MEPeiTM OT WMMYNLCOB K 3Hepruam. s

YaCTWL, C MacColi MOKOS He PaBHOW HY/I0 UMEEM 3aKOH aucnepeun: E° = p®c? + m*c*, u3 uero

dp, [ 8(E e~ E, —E;)pldp, .



cnegyet:  pdp=(@1/c)’EdE v p=(/c)VE? —m®c* . Tlponsseas YyKasaHHble 3aMeHbl,
nonyyaem:

2
—ME (E2 —m§C4)l/2J'§(Emax _Ee —E‘;)(Eé —m§c4)E;dE; dEe

dN = s E(E;
(27hc)

MocnegHee MHTErpUpOBaHMe NPOU3BOAMTCS /IETKO, €C/M BOCMO/Mb30BATLCS CBOWCTBOM A€NbTa
(hyHKUMKU. OKOHYATENBHO, ANs dN NOMyYaeTCs CeAyHOLLEe BbIPAKEHUE:

2
) B~ etV e~ EX(E e ~ B~ mic*)*dE

dN = _

3/ecb OnyLUeH VMHAEKC Y 3Heprumn anekTpoHa E, = E. 13 NOMYYEHHOr0 BbIPKEHUS HAXOANM
Tpebyemoe:

p(E) = const - E(E* —m}c*)"*(E,,. — E)(E

2 2 4N\1/2
max max _E) -m,.c ) )

(9.9)
Bxogawaa B (9.9) BennunHa E, NpefcTaBnseT CO60M MNOMHYH BenuyMHy 3Heprun 6erta

npespawieHna. O603HaumMm 4epes =FE__ —(m, +m,)c> CYMMy KWHETUUYECKNX 3IHEPruii
max o 14

BbINETalOWMX Npu 6eTa pacnage 3NeKTpoHa U aHTUHenTpuHo. Toraa dopmyna (9.9) npumet
BUA:

p(E) = const - (T +moc?)(Q = T) +m, ¢ WT(T +2moc?)(Q-T)(Q-T) +2m,c?).  (9.10)

durypupytowias B (9.10) BenmumnHa T = E —myc® €CTb 3KCMEPUMEHTANIbHO M3Mepsiemas
KMHeTMYecKas aHeprus 6eta afekTpoHa. [o cux Nop Mbl He fenann HUKaKUX NPesnosioxXeHN
OTHOCUTENIbHO MacChl MOKOSi aHTUHEWTPUHO. PaccmoTpuMm, Kak 3to fenan depmu, [ge
BO3MOXHOCTW. [lepBas BO3MOXHOCTb — Macca MOKOA aHTUHEMTPUHO paBHA Macce MOKos
3NeKTPOoHa: m, = my,. Torga u3 (9.10) nonyumm:

P(E) = const - (T +moc?)(Q = T) + moe WT(T +2moc?)J(Q -T)(Q—T) +2myc?)  (9.11)

B atom BbipaXeHun BennuuHbl 7' U (Q—T7) BXOLAT COBEPLUEHHO CUMMETPUYHO. Ec/u
HapucoBaTb rpak BEPOATHOCTM 6eTa pacnaja B 3aBMCUMOCTU OT SHEPrnn 3/M1IEKTPOHA, TO Mbl
Nnosly4YMM KpPUBYHO, COBEPLLUEHHO CUMMETPUYHYKO OTHOCUTENbHO TodeK 7 =0 n T =0.
MakcvMyM 3TOW KPUBOI OyAeT COOTBETCTBOBATb Heprun 7 = Q/2 . JKCrnepumeHTa/lbHas e
KpvBas CoBepLUeHHO HECMMMETPUYHA OTHOCUTENbHO ToYeK 7=0 N T =Q 1 UMeeT MakCUMym
MpH 3Heprun T ~ Q/3. Torga ®epmMun NpeanonioXxus, YTo macca NoKos aHTUHEMTPUHO paBHa
Hyno: m, = 0. B atom cnyyae opmyna (9.10) faeT cnefiytoWwunin pesynbrar:

p(E) = p(T) = const - (T +m,c*)(Q _T)ZN/T(T"'—Z’"OCZ) (9.12)

B Takom Buae opmyna (9.12) gaet pesynbTaT 60/1ee NOX0XMIA Ha TO, YTO HabNoAaeTCs B
3KCMEPUMEHTE. YKaXKeM 3[eCb Ha TOT (DaKT, YTO BblIETAIOLLME 3/IEKTPOHbI 3aMe/IA0TCA B MOJe
A4pa, BCMEACTBME YEro MoOXKeHWe MakCUMyMa 3KCMepuMeHTalbHOW KPUBOW CABUIaeTcs eLe
60/bLUEe B CTOPOHY MEHbLUMX 3HEePruii, B CpaBHEHUM € TeMm, 4To AaeT (9.12). Tak, nocne paboTbl
depmn cumTanocb, YTO Macca NOKOS HEMTPUHO paBHa Hy/no. B HacTosuee Bpems, nocne
OTKPbITUA TaK Ha3blBAEMbIX HEMTPUHHBLIX OCLMNNALMIA, CUMTAETCA YCTAHOBMEHHbLIM, YTO Macca
MOKOS HEWTPUHO He paBHa HyMo (OAHAKO O4YeHb Mania Mo CPaBHEHMIO C MacCol MOKOS
3NEKTPOHA).



10. YeTHOCTb. HapyLlieHMe 3aK0oHa COXpaHeHNs1 YeTHOCTU NpY cnabbix B3aNMOAENCTBUSIX.
CPT — nHBapnaHTHOCTb

BonHoBasi (DYHKLUMS KBAHTOBOMEXAHMYECKO CUCTEMbI COAEPXWT B ceGe BCHO MOJHOTY
MH(opMaLmm o cucteme. Cama dKe BONIHOBAs (hYHKLIMS CUCTEMbI SBNSETCS PELLEHNEM YPaBHEHMS
LLipeauHrepa. CBOICTBO ramunibTOHMAHa, OMPEAENstoLero cMcTeMy, U CBOMCTBO BOJTHOBOIA
(YHKUMM CUCTEMbI OTHOCUTENIbHO ONEePaL ureepcuu Ha3bIBaETCS YETHOCTBIO FaMUIbTOHMAHA
M YeTHOCTbIO BO/IHOBOVW (PYHKLMM. UTO Takoe onepaums MHBepcun? ECnu Mbl UMeeM pagunyc-

BEKTOP 7, TO OMNpefeneHne onepauyun nHeepcun P 6yfeT BbIrNSAeTb CRefyowmm 06pasom:
P(F) =7 (10.1)
B fekapToBbix nepeMeHHbIX (10.1) 03Ha4YaeT, yuto
Plx-i+y - j+z-k)=(x-i-y-j—z-k).
B cthepmueckunx e nepemeHHbIX (10.1) BbIrNAaUT cnefyowmm o6pasom:
P(r6,0)=(r,m—0,7+ )
[eicteue oneparopa NHBEPCUM HA BOTHOBYHO PYHKLMIO OMpesenseTcs nocpescTBOM:
Py(F) = y(-F) (10.2).
3ameTuM, YTO YrnoBas YacTb BOSIHOBOW (PYHKUMU Chepryeckn CUMMETPUYHOW CUCTEMBI
Y, (6, ) aBnseTcsa COGCTBEHHON (DYHKLIMeN onepaTopa HBEepCUm
PY,(0.9) =Y, (1= 0.7+¢) = (-1)'Y,,(0.9),
npryemM COGCTBEHHOE 3HaYeHWe onepaTopa MHBepCU paBHo 77, = (=1)’.

Ecnn BonHOBasA (hyHKUMA ABNSETCS COOCTBEHHOM (PYHKUMEN onepaTtopa MHBEPCUW, 3TO
O3HayaeT, 4YTO MPMMEHeHMe onepaTopa WHBEPCUM 3KBMBAIEHTHO YMHOXEHWMIO BO/HOBOIA
(hYHKLMIN Ha KOMMEKCHbIA MHOXUTENb N0 MOAY/IHO PaBHbIN eANHULIE:

Py(F)=e“y(F)

MpnMeHss onepaTop WHBEPCUM K BOMHOBOW (DYHKLMM ABaX[bl, Mbl C OAHO CTOPOHbI
npeBpallaeM BOSHOBYIO (DYHKLMIO camy B cebs, a C ApYyroil CTOPOHbl YMHOXaeM ee Ha

KOMM/EKCHBIA MHOXWTENb e B AbI:
DDy 2i - -
PPy (r)=e™y(r)=y(r)

13 nocneHero COOTHOLUEHWA  3aK/ouaeM, e*“ =1e“ =+1. CneaosaTensHo,
COGCTBEHHbIE (DYHKLIMM OrnepaTopa WHBEPCUM MOFYT 6biTb NGO YeTHbIMU (e’ = +1), nM6o
HeyeTHbIMM (e'* = —1), npu 3ToM P =P .

PaccmoTpum ypaBHeHue LLipeanHrepa
oy (r,t A
ay(r,1) _ Hy (7,1)

ot (10.3)

roe H- raMuibTOHMaH KBAHTOBOW CUCTEMbI. ECM raMunbTOHMAH He COAEpPXNT cnaraembix,
oTBeHaloLKnX 3a cnaboe BS&VIMO,U,EVICTBI/IE, TO ,D,GIZCTBVIG oneparopa MHBEPCUN Ha raMnIbTOHNaH
HE U3MEHUT €Ero:

(in)

PH=H P



[aMUNbTOHMAH — «XOpOLUel»  KBAHTOBOM  CUCTEMbI, He  BKIHOYawowuin  cnaboe
B3aVMMOAENCTBME, ABNSAETCA YETHbIM OMepaTopoM MO OTHOLUEHWKO K Onepauuy MHBEPCUW.
BonHoBble (YHKUMN «XOPOLUMX» KBaHTOBbIX CUCTEM OyAyT COOGCTBEHHbLIMW (YHKLUMAMU
oriepaTopa UHBEPCUN:

Py(F) =ny (),
npuyem n = +£1.

ECTeCTBEHHO MpPeAnoNOXUTb, YTO [N «XOPOLUMX» CUCTEM YETHOCTb [O/MKHA ObITh
VHTErpasioM ABMKEHNMS. PacCMOTPUM peakLuto Tuna

a+A—> B+s,

(yacTMUa @ HaneTaeT Ha AP0 A, B pe3ynbTaTe Yero BO3HMKAET AP0 B 1 BbIeTaeT yacTuua
6 ). BONHOBas (PyHKLMSA CUCTEMbI 0 peakuun w, GyaeT:

l//i = l//a l//A Ylm (0’ (0) ’

rae y,- BONHOBaA (PYHKUMA 4YacTULbl a, Wy ,- BOMHOBaA (PyHKUmA agpa A, a Y, (6,¢)-

BO/IHOBasi (DYHKLWMSi OTHOCUTENbHOTO ABWXKEHUS YacTWlbl a OTHOCWUTENbHO sgpa 4. JTa
(YHKUMS YKa3bIBaeT C KaKUM MOMEHTOM MMMYy/bCa YacTULA a HaneTaeT Ha aapo A . [elicTBys
0nepaTopoM MHBEPCU Ha BOMHOBYHO DYHKLMIO /., ByaeM NMET:

Py, =Py,y Y, 0,.0)=n.1,-)'v.w .Y, (0,0).

CnepoBaTeNlbHO, YETHOCTb CUCTEMbI 10 peakLimy 6y/e paBHa:

7700peakuuu = 77a 77A (_1)1 :

Paccypaasi aHafiorMyHbIM 06pa3oM B OTHOLLEHWM CUCTEMbI, MO/yuMBLUElCS nocne
peakLMm, MOXEM 3aK/H0UNTb, YTO YETHOCTb CUCTEMBI NOC/E Peakuumn 6yaeT paBHa

nnomepeakuuu = 778 773 (_1) ! '

3necb 77, - YETHOCTb BO/IHOBOW (PYHKLMM YaCTULbI 6, 77,- YETHOCTb BO/IHOBOW (PYHKLMM siapa

Bwn (=1)"- ueTHOCTb yrnoBsoit (hyHKUMM Y, .(6,¢) OTHOCUTENLHOTO ABMKEHWS BbiNETatoLLEN
4acTULbl 6 OTHOCUTENBHO Aapa B .

Takum 06pa3oM, [N «XOPOLUMX» CUCTEM, B KOTOPbIX OTCYTCTBYyeT Cnaboe
B3aVIMOAECTBYE, Mbl UMeeM MyNbTUNIMKATUBHbIV 3aKOH COXPaHEHWSt YeTHOCTU:

n.1,(=1)" =n,1,(=1)" (10.4)

Bnnote go 1956 roga (um3nKM nonaranm, YTO 3aKOH COXPaHeHWs YeTHOCTU Bcerga
BbINONHsAETCA. K 3TOMY BpEMEHW, KUTalCKue (U3MKM aMepUKaHCKOro MpouCXoXaeHus Jiv
LI3yHAao n AH YWKeHHWH 0OHapyXnnu, 4to [oKasaTe/IbCTBa 3aKOHa COXPaHeHWUs YeTHOCTM ANs
cnaboro B3aMMOoLeiCcTBUS He cyluecTByeT. OHU NOACKa3anM UAEK 3KCNepuMeHTa, B KOTOPOM
MOXHO Obl0 MPOBEPUTb, BbIMOMHAETCA /M 3aKOH COXPaHEHWS YETHOCTM npu  CnabbixX
B3aMMOfeNncTBusAX. aes akcrnepumeHTa COCTOSNa B TOM, YTO €C/IM CO34aTb KakvMM- 6o
06pa3om aHM30TPOMNMIO B NPOCTPAHCTBE (CKaXEM, C MOMOLLbIO MarHUTHOIO Moss), TO MOXHO
00HapY>XMTb HapyLleHWe 4eTHOCTM npu BeTa - pacrnage Kakoro /imbo (eppoMarHUTHOro
n3otona. B 1957 rofgy TakoW 3KCrepumeHT Obln OCywlecTBneH By LI3AHCIOH — KUTasHKOW
amMeprKaHCKOro MpPouCXoXaeHns. B KayecTse (heppoMarHUTHOro 6eta akTMBHOIO M30TOMNa Obin

B3ST HEUETHO-HEUeTHbIM n30TON °Co. MarHutHoe Mose (heppOMarHUTHOrO KobanbTa
(BCMOMHMM, 4YTO KOBaNbT — peppoMarHeTukK) byaert ynopsgourBaTs MarHUTHbIE MOMEHTLI Aep



2Co. Takum o06pa3omM, OyaeT CO3AaHO BblJeNEHHOE HanpaBfeHWe B MPOCTPAHCTBE —

HanpaBfieHVe HamMarHWYeHHOCTM (heppoMarHeTuka. Ecnm Gbl 3aKOH COXPaHeHWst YeTHOCTU
BbIMO/HSNCS, TO MHTEHCUBHOCTb MOTOKA BbINETAIOLWIMX 6eTa 3MEKTPOHOB B HAMpaBneHWU nNo
MoM0 W B HanpaB/ieHUU NPOTMB Nons Gblna 6bl 0AVMHAKOBOW. B camom aene, mMpuMeHeHve
onepauuy MHBEPCUM K 3KCMEepPUMEHTaIbHOM YCTaHOBKe OCTaBMsN0 6Gbl HanpaBneHWs Mons u
MarHUTHBIX MOMEHTOB Siiep NMPEXHUM (3TO akcuabible BEKTOPbI), 8 HANpaB/ieHVs MMY/bCOB
BbIJIETAIOLLMX 3MEKTPOHOB MEHS/IMCb 6bl Ha NPOTMBOMOMOXHbIE. [PU BbINOMHEHUN 3aKOHa
COXpaHeHUs YETHOCTW CuUTyauunm A0 W MNocne WHBepcUM O6biin Gbl  3KBUBANEHTHLIMM,
HepPasIMUUMbIMU. DKCNEPUMEHT Y6eAMTENbHO NMOKa3an, YTo B HanpaBieHUM NMPOTUBOMOOXHOM
Moo BblNeTaeT NouTu B 1,5 pasa 60/bLUe 3/1EKTPOHOB, YeM B HanpaB/eHUM Mo nosto. Tak 6bi1o
[I0Ka3aHO, YTO YETHOCTb B CabbIX B3aMO/ENCTBUSX HE COXPaHAETCS.

Mpwn HanMuum cnaboro B3avMOAENCTBUA BONHOBAs (PYHKLIMS CUCTEMbI He OYAET HU YETHO,
HW HEYETHOI. B 3TOM c/lyyae ee MOXHO MPeACTaBUTb B BUAE JIMHENHOM KOMOUHALMI YETHOW 1
HEYETHOI COCTaBNAOLLEN:

l//(F) = a : l//uemHaﬂ (;:) + ﬂ ’ l//neuemHaﬂ (;:)

MprMeHss onepaLmio UHBEPCUM K TaKOI (YHKLUW, NOMYYNM:

P : W(F) = a : W’-{CI’HHG}Z (?) - ﬂ ' l//HC/"-l(fﬂ’lHaﬂ (?) 1

TO €CTb Mbl He MONYYMUM MPEXHel (YHKLMW, HU CO 3HAKOM MJIKOC, HU CO 3HAKOM MUHYC. Mbl
Moy4MM NPOCTO APYryH (yHKUM0. MaKcMManbHOe HapyLLeHWe 3aKOHa COXPaHeHWUs YeTHOCT
OyneT HabnogaTbea B cnyyae, Korga |al/ fl=1.

N.A. NaHpay nonbITa/ics «COXPaHUTL» B KaKOW-TO Mepe 3aKOH COXpaHeHWs YeTHOCTU. OH
BBE/1 MOHATME KOMOMHMPOBAHHOM YeTHOCTW. Mo npegnonoxeHuto JlaHaay, KOMGUHMPOBaHHaA
YETHOCTb [JO/KHA COXPaHATLCA.

UTo ke Takoe KOMOGWHMpOBAHHas YeTHOCTb? [l OTBETa Ha 3TOT BOMPOC PaccCMOTPUM

onepaLuio  3apsoBoro compsokeHns C, KOTOpas MpeBpaljaeT YacTULy B aHTMuacTuLy.
NICTUHHO HeiTpanbHble CUCTEMbI OGYAYT WHBAPWAHTHbI OTHOCMTENIbHO TakoW ornepaLuu.
PaccMOTPUM HEKOTOpbIe NPUMEpbI.

Clr* sz’ S|z >dn S|z°>|z">  Clp>p>=p>p>.

BonHoBas (hyHKUMS UCTUHHO HEMTpasibHbIX CUCTEM OyfAeT COOBCTBEHHON (YHKLUMEN
ornepatopa 3apsfoBOro ConpsbkeHus. BonHOBble PYHKLMM 3apsXKEHHbIX CUCTEM C MOMOLLbIO
orepauun 3apsaoBOro CONpPsXXeHUs NpeBpawlatoTcst B BOMHOBbIE (DYHKLMN CUCTEM, COCTOSLLMX
13 aHTMYacTUL, BonHOBbIE PYHKLMM TaKUX CUCTEM He MOTYT ObITb COOCTBEHHBLIMU PYHKLMSAMM
orepaTopa 3apsafoBOro ConpsbkeHus. Ecnv Tenepb pacCMOTPETb O4HOBPEMEHHOE MPUMEHEHME

onepauuii vHBepcUM P 1 3apsfoBOrO conpsbkeHns C, (Takoe COBMECTHOE MpUMEHEeHMe
onepauunii JlaHaay HasBasl KOMOVMHMPOBAHHON WHBEPCUEN), TO BONHOBas (PYHKLMA WUCTUHHO
HENTpaibHON cucTeMbl OyfeT COOGCTBEHHOM (hyHKUMeW onepatopa KOMOWHWPOBAHHOW
VHBEPCUU:

CP Wueﬁmpaﬂbl-taﬂ = UCPWHeﬁmpaﬂwaz '

rae 7., COBCTBEHHOE 3HaYeHMe onepaTopa KOMOGWHMPOBAHHOM MHBEpPCUM. JlaHAay paccyXaan

cnefytolwmm 06pasoM: «MycTb O6GbIKHOBEHHAsi YETHOCTb He COXPaHseTcs, HO 3aTo
KOMOMHMPOBaHHas YeTHOCTb (YETHOCTb BOIHOBOW (DYHKLUMM UCTUHHO HEWTpasibHOM CUCTEMBI)
[OMKHA COXPaHsATbCs!». UT0o6bl MPOBEPUTH, COXPAHSIETCS /I KOMOGWHMPOBaHHAst YeTHOCTb B
3KCMEPUMEHTAX, MPOBeAEHHbIX By LI3SHCIOH, HY)KHO MPOBECTW aHaNOTUUHbIA 3KCMNEPUMEHT C
aHTMKOGANbTOM. TOrfa, €c/iM 3KCMEePUMEHT MOKAXKET TOT XKe Pe3y/nbTaT, YTo W 3KCMEepPUMEHT,
OCYLLECTB/IEHHbIN Magam By, MOXHO OyaeT YyTBepXAaTb, UTO 3aKOH COXPaHeHus



KOMOVMHMPOBAHHON YeTHOCTW BbIMOMHAETCA. HO Ans  nNpoBepkM 3TOro  YTBEPXKAEHUS,
Heo6X04MMO CMHTe3MpoBaTb aHTMKOOA/bT, UYTO B HACTOfLLEe BPEMA He MpeacTaB/seTcs
BO3MOXHbIM. Ka3anocb, YUTO NPoOBepKa 3TOro 3akoHa CoOXpaHeHUs OTOABWHYTa B OYeHb [laneKoe
Oyayluee, M 3aKOH COXpaHeHUs XOTA Obl KOMOMHMPOBAHHON 4eTHOCTWM cnaceH. OpfHako,
CUTYaUMI0 C KOMOMHMPOBAHHOW YeTHOCTbIO yAanocb MposicHUTb enn-MaHHy u Maiicy. K

3TOMY BPEMEHM 6bIIN M3yUeHbl MPOLLECChl pacrnafga HelTpanbHbIX KaoHoB. Camn K° n K° -
KaOHbI IBNSKOTCA 3N1IEMEHTaPHbIMU YacTMLLAMM U BO3HUKAKOT B peakuusax B pesynbTare CUMbHOMo
B3aUMOAENCTBUS:

7 +p—>AN+K° Tt +pop+Kt+K°.

CTpaHHOCTKN 3TUX KaOHOB MPOTUBOMO/OXHbLI. OAHAKO, BO3HUKLLWIA My4Y0K KaOHOB O4Y€Hb
CKOpO npeBpaLlaeTca B MNOTOK CBA3AHHbIX KBAHTOBbIX COCTOSIHWIA MO CXEME:

K%)= (1/2)(\1<°>+\i<’°>)+(1/2)(\1<°>-\i<’°>)
\1?°>= (1/2)(\1<°>+\i<’°>)—(1/2)(\1<°>-\i<'°>)

BosHuKatoLme cBA3aHHbIE COCTOAHUSA ABMAKOTCA TEMW CamMbIMU LOMITO XKUBY LM |KL> "

KOPOTKOXMBYLLMM | K ;) COCTOSHUAMM:
K,)=@N2)(K°)+|K®) |Ks)=@N2)(K°)-|K®)).
OKCMEPUMEHTA/bHbIE  3HAYEHWS  BPEMEH  JKM3HU  3TUX  COCTOSHWIA  pPaBHbl

7(K,)=052-10"¢c n 7(K,)=0,86-10""c. Cnegosare/ibHO, BOHUKLUWIA NPK peakLyn noToK
K° KaoHOB, NPe/CTaB/IsAET COBOVi MOTOK CBA3aHHbIX COCTOSAHWIA:

|K® >= U/V2)( K, >+| K >).
Uepe3 OueHb KOPOTKOE BPEMA KOPOTKOXUBYLLME COCTOSIHUA WMCYE3HYT, OCTaHyTCA /INLUb
[ONTOXMBYLME COCTOSHMA |K ). KakoBa KOMGUHMPOBaHHas YETHOCTb KOPOTKOXMBYLLETO W

[ONTOXMBYLLEro kaoHa? lMogelicTByeM orepauuein KOMOMHNUPOBaHHOW MHBEPCUN Ha | K > ©
| K, >COCTOsAHWA:

CP| K  >=CPLIN2)(|K® >—|K®>)=+1/2)(|K° > | K° >)

CP|K, >=CPUIN2)(|K®>+|K®>)=—-(1/2)|K° > +| K >)

CnefoBaTesbHo, KOMOMHMpPOBaHHas YeTHOCTb KOPOTKOXWMBYLLETO KaoHa
Nep (| Kg >) =41, a KOMOMHMPOBaHHaA YETHOCTb [AONTOXMBYLLEro KaoHa 7., (| K, >) =-1.
Pacnagibl 9TUX KaOHOB MPOMCXOAAT MO CheAylowmMm KaHanam: | K¢ >—|z" >+ |z >, nmbo
| Ky > 7% >+|xz° >. B 3TOM Cny4ae KOMOGMHMPOBAaHHas YETHOCTb HEWTPaIbHOW B LieNIoM
napbl NWOHOB paBHa +1. B camom pgene, CP|z* >z~ >=z~ >|z*> n To »e camoe
Mony4aeTcs Npu pacnafe Ha napy HeWTpanbHbIX MWOHOB. Pacnaf A0NroXWMBYLLErO KaoHa
MpPONCXoAnNT Ha  TPOIKY MVOHOB: |K, >>| 7t >+|z°>+|7x >, nn6o
|K, >=|z° >+|7z° >+|z° >. KOoM6MHMPOBaHHas YeTHOCTb TpMadbl MUOHOB B 3TOM C/ly4ae
paBHa —1. [eiictButensHo, CP|z* >|z° S|z~ >=—|z~ >|z° >|z* > [pu pacnage [onro
XMBYLLEr0O KaoHa Ha TPOMKY HeWTpasibHbIX MWOHOB C TOYKW 3pEeHUst KOMOWHMPOBaHHOWA

YETHOCTM Mbl UMEEM TOT XKe pe3ynbTaT. TakuM 06pa3oMm, 3aKOH COXpaHEHUst KOMBUHPOBAHHO
YeTHOCTU, KakK ByATo Gbl, BbINo/HseTcs. OfHako, Gosee AeTaslbHOE WCCNeaoBaHUEe MpPOLLECCOB



pacnaga A0Nro XXMBYLLEro KaoHa Ha Tpuafy HelTpasbHbIX MMOHOB MOKa3ano, YTo Hebo/bLUas
yacTb (okono 0,2% Bcex cry4aeB) AONFO JKMBYLUMX KAaOHOB pacnagaetcs Ha napy (1)
HeTPanbHbIX MWUOHOB. JTOT (haKT OMNpeaeneHHO YKasblBaeT Ha TO, YTO 3aKOH COXpPaHeHWs
KOMOWHMPOBAHHOM YETHOCTY He BbIMO/HSAETCS.

PacCMOTPUM elLe OfjHY Orepauyio CUMMETPUN — OMepaLyio obpalleHus BpemeHn T .
N3BecTHO, UTO ornepauus 3aMeHbl BPEMEHW ¢ Ha MPOTMBOMOMOXHOe (f1 — —t) OocTaBnseT

MHBapWaHTHbIMM 3aKOHbI KNacCUYecKol MexaHuku. Kak ¢ 3Toii 06paTMMOCTbIO BO BpeMeEHU
06CTOAT [fena B KBaHTOBOW MexaHuke? CorfiacHo Beiinto, onepaums obpalleHns BpeMeHW B
KBaHTOBOM MeXaHUKe 03Ha4aeT criefytoLLee:

f'//(i;!t) = W*(F’_t) .

MpoBeprM 3TO YTBEPXKAEHVE Ha MpuMepe CBOGOAHOW YacTuupl. BosHoBas (yHKUMS
CB06O/AHOI YacTULbI C UMNYNIbCOM p U 3Heprueit E ecTb Nnockas aebpolineBckas BO/Ha

w (7, 1) = exp{(i/ h)(pF — En)}.
MpyMeHsAs K 3TOW (hyHKLUM onepaumio 06paLLeHns BPeMEHW, NoTyYaeM:

Ty (F,t) = expi(=i | h)(BF — E(=1))} = exp{(i/ h)((-P)F - Er)}.

B pe3ynbTaTte NPUMEHeHMs onepaLmi 06palLieH s BpeMeHN Mbl IeACTBUTENBLHO MOYUMN
BO/THOBYHO (DYHKLIMIO YaCTULbl, ABUXKYLLEWCS C UMMNYNLCOM (—p) .

B natmugecAatbIX rogax npoiunoro Beka Jltogepcom u lMaynu 6bina [oKa3aHa Teopema,
COrNlaCHO KOTOPOM /1060 MbIC/IUMBIA  FaMWUIbTOHWMAaH KBAHTOBOM CUCTEMbl WMHBAPWAHTEH

OTHOCUTENEHO OfJHOBPEMEHHOTO MPUMEHEHUs K Hemy onepauuii CPT (Teopema Jlogepca —
Maynu). CnegoBaTenbHO, B KBAHTOBOM Mupe cyluectByeT CPT MHBapUaHTHOCTb M MOXHO
FOBOPUTb O COXPAHEHWU YETHOCTW 177.,, KBAHTOBOW cuctembl. Cneacteuem CPT

MHBapUaHTHOCTM SIBNSIETCSA, B YaCTHOCTW, CTPOroe PaBeHCTBO MacC W (AN HecTabu/bHbIX
YaCTWLL) PABEHCTBO BPEMEH XKM3HM YacTUL, U aHTUYACTHL,

N3 thakTa cywectBoBaHWsS CPT WMHBapMaHTHOCTM Mbl MOXEM cfAenaTb CrefytoLime
BbIBOAbl. [OCKOMbKY He BbIMOMHSETCS 3aKOH COXPaHEHWsi MPOCTPAHCTBEHHOW YETHOCTM, HE
[0/MKEH CYLLLECTBOBATb 3aKOH COXPaHEHMs YeTHOCTY OTHOCKTENbHO ONepaLi OAHOBPEMEHHOTO
nprmeHeHns onepaumii C u T (He BbINOMHSAETCSA 3aKOH COXPaHEHMUs YETHOCTU 77, ). MOCKONbKY

HE BbIMO/IHAETCH 3aKOH COXPaHeHUs KOMOUHMPOBAHHOW YeTHOCTM, He [O/MKEeH CYLLeCTBOBaTh U
3aKOH COXPaHeHWs YeTHOCTU OTHOCUTENIbHO Onepauuy obpatleHns BpeMeHu (He BbIMOHAETCA
3aKOH COXpaHEeHWs YeTHOCTU 77, ).

11.KBaHTOBaHWe 3/1EKTPOMarHUTHOro Nons. PoTOHbI — KBAHTbI 3/IEKTPOMarHUTHOro
B3aMMO/EeNCTBUS.

COBpEMEHHbIEe MPeACTaBNEHUS O MOMSAX WU B3aUMOAENCTBMSAX CYLLECTBEHHO OTMYatOTCA
OT NpeAcTaBNeHN 0 Nofe, Kak O HenpepbIBHOM MPOCTPAHCTBE, B KOTOPOM OOHapYy»XMBatoTCS
aeiicTema cun. Kak nepeiit 0T KnaccuYecknx npeacTaBneHunii 06 3neKTpoMarHUTHOM Mose, Kak
HenpepbiBHOW cpefe («agwmp» no dapagetd U MakcBenny) K COBPEMEHHOV KBaHTOBOM
TPaKTOBKE 3/1EKTPOMArHUTHOrO MoNs, Kak COBOKYMHOCTU (DOTOHOB, OyfeT MOKa3aHO B
HacToslLLEEM naparpade.

NTaK, paccMOTpMM HEKOTOPYK 4acTb MNPOCTPaHCTBA, B KOTOPOM CYLUECTBYET NuLUb
YMCTOE 3MEKTPOMAarHUTHOE MOJe W3/yYeHMst 1 OTCYTCTBYHOT 3NEKTPUYECKME 3apsabl U TOKMW.
MycTb 3TOT 06bEM npeacTaBnsieT cobol Kyb CO CTOPOHON, paBHOW L. [lonHas 3Heprus

INEKTPOMarHMTHOro rnond, 3aknto4eHHOro B 3ToM o6veme Q =I° paBHa



H =(1/87)[(E* + B*)dV
0 (1.1)

3necb E W B - HanpsHKeHHOCTb 3MEKTPUYECKOTO W WHAYKUWS MarHUTHOTO Nons
COOTBETCTBEHHO, KOTOPble BbIPaXKAKTCA Yepe3 BEKTOPHbIA A W CKanspHbIA ¢ NoTeHUWanbl
MOCPeACTBOM XOPOLUO M3BECTHBLIX COOTHOLLEHMWIA:

E=-Vo-Uc)oAlot B=roud, (11.2)

MocKonbKy B paccMaTpvMBaeMoOM 0GbEME OTCYTCTBYHOT 3MIEKTPUUECKUE 3apsibl U TOKM,
MOXHO BOCMO/b30BaThCsi HEKOTOPbIM MPOWU3BOSIOM MPU BbIGOPE MOTEHUMANIOB U MOMOXKUTb
CKansipHblii noTeHuman ¢ =0. B COOTBETCTBMM C TakKUM BbIGOPOM HEOGXOAMMO MOTPeGOBaTb,

4To6bl divA=0, 4TO COOTBETCTBYeT TOMY OBCTOSTENLCTBY, UYTO 3MEKTPOMArHUTHOE Mone
M3NYyYeHMs MOMepeyHo.

Pa3noXum BEKTOPHBbI NoTeHUmMan B psg Pypbe Mo NI0CKUM BOHAM:

e 27he? (. ik = —ikF
G-, @ +a @)
3 w .

(11.3)
- _ =0p—iat == _ _oxgimt _ ~ 7

B aTom pasnoxeHwn d.(¢) =a.("",a;(t)=a l"", @=ck a BOHOBOW BEKTOP k NPWUHMAMAET

LieNIOYNC/IeHHble 3HaueHus: k, . =(2z/L)-n, .. 30ecb n, . =0.12,.....3T0 yKasbiBaeT Ha TOT

(haKT, 4YTO BOOMb KaXKAoro pebpa Kyba yknafdblBaeTcs Lenoe ymcno BosH. Mcnonbsys (11.2) n
(11.3) Haligem nons E n B

n 27 . — kP =% p—ikP
E:_Z;;: Q—Z(la))(—alz(t)fk +a.l k)

X0,z

(11.4)

2 _ . = .

B=>, | 2he i([k -a (0" ~[k -a: (t)]f"k’)
F\ Qo (11.5).

MoacTasnss BbipaxeHus (11.4) n (11.5) B (11.1) nonyyumm:
h 1 = = R T S i(k+k")F
H=(mjgim((—a)a) i E,—cz[k-a,;][k -al;,])ﬁ kek +

+(00'd.d, + k- k@) " +cc. Jav (116)

B nocnefHeM BbIP&XXEHWU MCMOMb30BaHO COKpalleHue. Cumson C.C. (complex conjugate)
03HayYaeT, YTO BMECTO 3TOr0 CMMBOJIA HYXKHO [OMUCATb BbIPaXKEHWE, KOMMNEKCHO CONPsiKeHHOoe
BCEMY npefLlecTBytoliemy. MNpy MHTErpMpoBaHMM HeOGXOAMMO VMETb B Buay Chedytollee

06CTOATENLCTBO. VIHTErpupoBaTh Mo KoopAuHatam B (11.6) MpUX0AMTCS ML 3KCMOHEHTHI,
meo  (FEEY aneo TR yTerpanbl, cofepalle 3KCMOHEeHTY Mepsoro Tuna

(haKTUYECKN copepaT cUMBON KpoHekepa: Q‘lj'ﬁi"(""‘” dV =35..=1 ecnn k=k', n paseH
Q

HY/I0, eCU k # k' . VIHTerpanbl, cogepxaLLiye 3KCrOHeHTbI BTOPOTO TWMa PaBHbl HY/HO, Tak Kak
coAepXaT MHTErpasibl OT TPUrOHOMETPUYECKUX (DYHKUMIA (CUHYCOB U KOCWMHYCOB) MO Lie/IoMy
uucny nepmogos. Torga B BblpaeHun (11.6) B CymMMax 0CTaHyTCs NMLLb AuaroHabHble UYneHbl

W OCTaHyTCA /ML Claraemble, CoAepXallve d.da;. U a:a, .



k

H = (h/4)2{a)(5;5]; +3d.d) +c—2([1€.a;][1€ -a,;]+[1€-a,;][1€-a;]}
@ (11.7)

Copgepxatymecs B (11.7) ckanspHble NPon3BeAeHNss BEKTOPHbIX NPOU3BeAeHWI [E‘ék‘]' mMoryT
ObITb YNPOLLEHBI:
[k @1k -a.]=klalk-a.l=(k.k(@ d.)-(ka ). )=k*(aa.),
TaK Kak CKa/isipHble Npon3BeaeHns (lga*];) (E&kf), BC/IeACTBME NOMEPEYHOCTU 3NEKTPOMArHUTHbIX
BOJTH, PaBHbI HY/O. BCoMMHas, UTo @ = c |k |, ana (11.7) nonyyaem:
H=02)Y olid +aa|
k (11.8)

Beegem Tenepb HOBble O060OLLUEHHbIE KOOPAWMHATbI WM WUMMYNLCbl € MOMOLLbIO

COOTHOLLEHWI:
~ / h .. . - / h .. -
= — -+ a- , PA =0-=10,.|— - —qa-
Qk 260 (ak ak) k Qk l 2(0 (ak ak) . (119)

Boipaxkaa QyHkumio TamunbtoHa (11.8) uepe3 BHOBb BBefAEHHble 0606LLEHHbIE
KOOPAMHATbI 1 UMNY/bCbl cornacHo (11.9), nonyyaem

2 212
H =) (U2)(F + Q)
k . (11.10)
[Moka 4TO Mbl NONYYUNN PYHKLUMIO FaMUIbTOHA 419 3N1EKTPOMArHUTHOrO Noss, TO ecTb
MOMYYUIN KNACCUYECKYHO 3HEPrUI0 3/IEKTPOMArHMTHOro nons. llpouecc KeBaHTOBaHMS NONS
3aK/OYaETCA B TOM, YTO KOOpAWHATbI Q.1 UMMNY/bChI 13133 BblpaxxeHun (11.10) craHoBATCA
orneparopamu, nocne Yero aHeprua H CTaHOBUTCH raMU/IbTOHNAHOM 3/1EKTPOMArHUTHOr0 Nons:
ry D2 22
H :2(1/2)(101; +0*0%)
k (11.11)
ALANTVBHBIA ramunbToHMaH (11.11) npeactaBnseT co60i ramMuibTOHMAH GECKOHEYHOM

CUCTEMbI NMHENHBIX FAPMOHUYECKUX OCLMNMISTOPOB C €4WUHWYHOA MacCOW. JHeprus 3ToMn
CUCTEMbI OCLMINATOPOB paBHa CyMME 3HEPrUiA TMHENHbIX FapMOHNYECKMX OCLMUNNATOPOB:

E=Y (n.+1/2)hw
K (11.12)

PaccMoTpum Takxke MOMHbIN NMMNYNbC ANEKTPOMarHMTHOIo N3Ny4eHnA B o6beme Q:

p= (c/47z)j[E-z§]dV
o (11/13)

BbINO/MHAS C UMMY/IbCOM 3/1IEKTPOMArHUTHOTO M3MTyYeHUs Takue e NpeobpasoBaHus, UTo
1 OCYLLIECTB/EHHbIE C SHEPreit 3NeKTPOMArHUTHOrO U3yUeHUs, NMoMyUNM:

P=Y (n. +1/2)hk
g (11.14)

B pesynbTaTe NpoBeAEHHON Npoueaypbl KBaHTOBaHMS 371EKTPOMArHUTHOrO MOAS Mbl
3aMEHWIN YNCTOE MONEe 3M1EKTPOMArHUTHONO W3/TyYeHNsi CUCTEMOI GECKOHEYHOTO KO/MYecTBa
ocuMNNATOpPOB. MonyyeHHble OCLUMANATOPbI MOFYT MEpPeXoAuTb M3 COCTOSIHWIA C KBaHTOBbLIMM
YMCnamu n, B COCTOAHMA C KBaHTOBBIMU YuCnamu n, 1. B 3TOM cnydae npoucxoaut nn6o



MOrNOLLEHNE, MO0 UCMYCKaHMe OCLMANATOPaMI KBaHTa 3/1EKTPOMAarHUTHOM 3HepPrm — )0TOHa,
06/1a/ialoLLEero 3Heprnen &, =ha W UMNYIbCOM 7, =hk . Takum 00pasoMm, 3/1eKTPOMarHTHoe

Mofe 3aMeHsIeTCs aTMOC(EPOI HenpepbIBHO WCMYCKAaEMbIX W HEMPEPLIBHO MOF/OLWAEMbIX
BMPTYanbHbIX ()OTOHOB. MpoLecc B3aMMOAENCTBMS MeXay 3apsfamMu, COrnacHO COBPEMEHHbIM
NPeACTaBNEHUAM, SIBNSETCA Pe3ynbTaToM o6MeHa (DOTOHAMM MEXAy B3aMMOAECTBYHOLLMY
3apsgamu.

Kakum 06pa3oM 3aKOH Aucrepcun anst (hoTOHOB CBSI3aH C KY/IOHOBCKMM XapaKTepoM
B3aVIMOAEVCTBIS MEX/y 3apsiaamMmn? 3aKoH AUCrepcum Anst (H0TOHOB MMEET B,

E*=c’p® (11.15)
3ameHss, no LpeanHrepy, £ 1 p Ha onepartopsl:
E—>E=—(nl)olot p— p=(hli)V
13 (11.15) o BONHOBOMN (hYHKLMM POTOHA MONyYaeMm:
Ay —@1/c*)o%1ot*y =0.
MoHMMas Moz BOMHOBOM (yHKLMel hoToHa iy ueTbipex BekTop ((1/¢)A4, i), nonyyaem
ypaBHeHus Janambepa 4/ NOTeHLNaoB:
A - 1cA)?*A10r* =0 Ap—(11c?)d%plor* =0 (11.16)
Mbl Mofyunnn ypaBHeHUs L1591 MOTEHUUaI0B 3/1EKTPOMAarHUTHOrO Mosisi B BaKyyMe.
Tenepb, YTOObI NOMYYUTL YPABHEHUA A1 MOMENA, CO3L4aBaEMbIX 3/1EKTPUYECKUMU 3apsfamu v
TOKaMK, HY>XHO B npaByto YacTb (11.16) BBECTM UCTOUHMKMN NONEN — TOKK 1 3apsadbl. Beegem B

KauecTBe MCTOYHMKA MOJS TOUEYHbII 3aps[, BE/IMUMHON e, MOMELLEHHbI B Ha4ano KOOpAWHaT.
Torpaa ypaBHeHve ANs CKaNSPHOro NoTeHUuMana ¢ npuoBpeTeT BUA:

Ago—(l/cz)ﬁzgolﬁtz :—472'65(7) (1117)
rae cumeon O(7) o3HavaeT fenbTa PyHKuMio Jupaka. Ecniv nHTepecoBaTbCA CTalMOHapHbIMN
pelleHnaMun ypaBHeHus (11.17), To cnegyeT peluatb ypaBHeHue MNyaccoHa:

PelLleHnem nocnegHero ypaBHeHUA ABNAeTcA KyI'IOHOBCKI/II\/II noTeHUWas1 TO4EYHOr o 3apaga:

o) ="

12. CunbHoe siiepHoe B3auMogencTBme

12.1. Me3oHHasa Teopusa aaepHbIX cun. MNoteHuman KOKaBsbl

O[HVUM U3 BaXXHEWLLIMX CBOICTB SAEPHbIX CUM ABNSETCS KOPOTKO AEVCTBYIOLLMIA XapaKTep
3TUX CUN. ANOHCKMIA hnsmk Xuaekn HOKaBa orafancs, YTo KOPOTKOAEWCTBYHOLLMIA XapaKTep
SIEPHbIX CN 06YCNOB/EH TeM, YTO Macca NMOKOsi KBAaHTOB CU/bHOTO SEPHOM0 B3aMOENCTBUS
[0/MKHa 6bITb He paBHa Hy/0. Torga Ans nonyyeHUs ypaBHeHUs Ans NoTeHUmana saepHbIX cun
HY>KHO WCMO/Ib30BaTb 3aKOH ANCMEPCUN:

EZ =C2p2 +m204 (121)



BMeCTO 3aKoHa Aucriepcun ans (poTOHOB. s TOro, 4To6bl NONyyYUTb AnddepeHumanbHoe
ypaBHeHVe 414 NoTeHumana nons a4epHbIX CW, BOCNOMb3yeMcs «pelenTypoii» LLipeanHrepa:

p— p=nli)V,E - E=—(hli)olot. Torga us (12.1) cnepyet:

Ecnm panee BBECTW TOYEUHbIV UCTOYHMK SAEPHOTO CUMBHOTO MONs, TO ByAeM UMETb A/1s
SIEPHOr0 NOTEHLMANa ypaBHEHWe:

1 0%p, me)’ -
A¢HO _C_2 atzd _(7] (0;10 :_4@5(’/').

(12.2)
30ecb g - BenMuMHa «3apafa», Co3faroLlero agepHoe none. CtaumMoHapHOe peLleHne ypaBHeHUs
(12.2) nmeet BuA:

0, (F) =51~
o (12.3)

mc
roe K'=7. MoTteHuyman (12.3) HasbiBaeTcAd  noteHunanom HOkaBbl.  Hanuuwme

3KCI'IOH6HLI,VIaJ'IbHOVI 3aBMCMMOCTW MO3BONIAET BBECTW paguyc fAfepHbIX cun. 3a TaKoBOWA

4 h
MNPMHNMaETCA pPacCToAHME, PaBHOE K = 370 COOTHOLLEHWE MO3BONSET OLEHNTbL Maccy
mc

MOKOA KBaHTa SAEPHOr0 B3aUMOAEMCTBMS. 3Has, 4YTO paguyC SAepHbIX CuUM paBeH
1gpepmu =10"cm, HOKaBa OLEHWN BENMYMHY MAacChl MOKOS HOBOW, MPEACKAasaHHOW UM
yacTumLbl. 3Ta Macca Jo/MKHA paBHATLCA m ~ 300m, , rae m,- Macca Nnokos aneKTpoHa. Hosol
yacTuLEe — KBaAHTY CW/IbHOTO SAEPHOr0 B3aMmogeicTeus — KOkaBa fan HasBaHve mezon. ocne

0BHaPYXXeHUA Takux YacTuL, B 1949 rogy FOkasa (TakoBbIMM OKasanuch 7~ U 7° Me30HbI) Gbin
yfoctoeH HobeneBcKo npemMmm rno (unsmnke.

12.2. CBoicTBa SAepHbIX (aAPOHHbIX) CUJ

B 3ToM naparpae paccMaTpuBalOTCSi OCHOBHbIE 3KCMEPUMEHTaNbHble XapakKTepUCTUKU
f0epHbIX cunl.  CyLIecTBEeHHbIM OT/IMYUTENbHBIM CBOWCTBOM SIAEPHBbIX CUN SIBNSETCS WX
unmencuenocmy, 00YCNOBNEHHAs GOMbLLUOA BENMUMHON KOHCTAHTbl CBS3W SAEPHBIX CUI.
KOHCTaHTO/ CBA3M sBNAeTCA GespasMepHas BenmumHa g”/hc~1. EC/M  cpaBHUBATH

MHTEHCMBHOCTM S[1ePHOr0, 3M1EKTPOMArHUTHOrO ¥ Claboro B3aMMOAEACTBUIA, TO MOMYYMTCS
CNneaytoLLast 3aKOHOMEPHOCTb:

AOpounvie  63aumooenicmeus: INEKMPOMAZHUNIHbBIE  63AUMOOCICMEUA:  C/ladble
é3aumodeiicmeus~1:107:107",

,ﬂ,ﬂﬂ NOHUMaHWA ,ﬂ,&]’leGI7ILIJ€FO, HY>XHO onpeaennTb, 4YTO Ha3bIBa€TCA 3HeprV|e|7| CBA3N
Aapa. Kak n3BeCTHO, Macca ffpa MeHbLle CYMMbl MAacC COCTaBAAKLWNUX A4P0 HYK/IOHOB.
Pa3HOCTb 3HEPruii COCTaBNSANOLMX AP0 HYaCTWL, M SHEPTUN sapa W ABNSETCA Inepzueil céasu
a0pa

Eceﬂzu = (ZMp + (A _Z)Mn _Mﬂdpa)cz'

3ieCb Z —uMCno NPOTOHOB B Ape, A—Z- YMCNO HEATPOHOB B Aape, M, W M, - Macchl

MPOTOHA W HEMTPOHA COOTBETCTBEHHO, M, - Macca sifpa.

a0pa



Cnegyrowmm OTIMYUTE/IbHLIM CBOMCTBOM  SAEPHBLIX CWN B CPaBHEHWUM, CKaXKeM, C
3NIEKTPOMArHUTHLIMU CUMaMU, ABNAETCA UX dHepzoémKocmb. DHEPTUSA CBA3N HYK/IOHOB B AApe
paBHa ~8MaB/yacTuua, B TO BPeMs, KaK 3Heprus CBs3mn 3/1eKTPOHa B aToMe Bogopoa ~13,63B,

4yto npumepHo B 10° pa3 MeHblle. DTUM OBGBACHAETCA KOMOCCAIbHAA BENMYMHA IHEPruu,
BbIZeNAOWAAcs B pe3ynbTaTe A4epHbIX peakuuil B CPaBHEHUM C XUMUYECKUMU 3SHEPTUSMU,
BbIAENAOLMMUCA NPU CKUTaHUN Pa3fIMYHOro TOMNJnBa.

CnefyeT OTMETUTb Hacoluatouguil xapakmep ALEPHbIX CUJ, 3aK/THOYAIOLMIACA B TOM, YTO
KOMIMYECTBO AAEPHON 3HEPrUM NpUbaM3NTENbHO NPOMOPLUMOHA/IBHO KOMMYECTBY HYK/IOHOB B
dape. Ecnm 6bl sigepHast aHeprus Obina Obl MPONOPUMOHaNbHA YMCy CBA3eM B Aape

A(A-1)12~ A%*/2, tAe A- 4ACNIO HYKIOHOB B Ape, TO 3HEPrUsa CBA3W sAgpa Obina 6bl

MponopLuoHabHa KBaApaTy uucnia HyKIOHOB. MOCKONbKY 3KCMNEepUMEHT MOKasblBaeT, YTO 3TO
He TakK, TO CnefyeT cAenaTb BbIBOL O TOM, YTO HYK/IOHbI B f4pe B3aMMOLENCTBYIOT /ULLUb CO
cBOVMYU 6vxKaimwmMy cocegaMu. Ecnv NpeanonoXuTb, YTO KaXAbIA HYK/IOH B3aMMOencTByeT
NILLb CO CBOVIMY COCEAIAMM TONLKO B NEPBO KOOPAMHALMOHHOW Cihepe, TO 3TO NPeLoNoxXeHne
MOXXET OOBACHWUTL HACBILLAIOLLMIA XapaKTep AAepHbIX CUl.

AnepHble cunbl 06/1a4al0T  CBOWCTBOM  uzomonuueckoi uHneéapuanmuocmu. ITO
O3Ha4aeT, YTo AfepHas KOMMOHEHTa B3aMMOLENCTBUA MEXIY HYK/IOHaMW He 3aBMCUT OT copTa
HYK/TIOHOB. TO eCTb CU/ibl B3aVMOAENCTBUA MEXIY HENTPOHOM U HEATPOHOM, MEXY HEATPOHOM
M NPOTOHOM W MeXAy NPOTOHOM W NPOTOHOM OAMHAKOBbI. 3 3TOro 3KCnepuMMEHTasIbHOro
(hakTa cnefyet, 4TO B SHEPrM B3aVMOAENCTBUA MEXAY HYKNOHaMWU [OKHO ObITb Cnaraemoe,
cofepXallee CKalspHOe Mpou3BefieHWe BEKTOPOB  M30TOMWYECKOTO  CMMHA  HYK/IOHOB

V(F) uz0monuHeap = V(F) fl ’ fZ :

SAnepHble CUMbI HOCAT odmennbiii xapaxkmep. COrNacHO ME30HHOI TEOPUU SAEPHBIX CUN,
HYK/IOHbI B3aMMOAECTBYIOT IPYT C IPYFOM C MOMOLLLIO 06MeHa NMoHamMm () Me3oHamMM).

IMest B BMAY, YTO CMUH NWOHA paBeH Hy/HO, a CMH HYK/IOHA paBeH MosioBuHe (B JONsX
7), MOXXHO NPeACTaBUTb YeTbIpe BapaHTa 0BMEHHbIX CU:
1) Cunbl BurHepa. Mpu 3TOM B3aUMO/EIACTBUM HYKIOH WCMYCKAET HENTpasibHbIA NOH
0

7’ «UEHTPa/IbHbIM» 06pa3oM, TO eCTb OH He YHOCWUT HM Kakoro OpGuTasibHOr0 MOMEHTa
MMNynbca. Takoe B3auMOAENCTBME MOXHO NPeACTaBUTb Ha CXeMe CrefyHlMM 06pasoM:
HYK/IOH WCMYCKAeT HeMTpasibHbI MUOH «LEHTPaIbHbIM» 06pa3oM (TO ecTb MWOH BbINETAeT U3
HYK/IOHa C HYNeBbIM OPGUTaNbHBIM MOMEHTOM). [pyroli HyKAOH MOrNoLaeT MCMYLIEHHbI
HelTpaibHbIA NWOH. Mpn 3TOM npoLecce 06a HyK/IOHA OCTAalOTCA MPEXHUMU. ECN HYKNMOH,
MCMYCTUBLLMIA MWOH, 6blN HETPOHOM, TO MOCNE 3TOro MPoLecca OH OCTAHETCS HeTPOHOM.
Ecnn HYKNOH, NOFMOTUBLLMIA MUOH, 6bl1 MPOTOHOM, TO OH OCTaHeTCst MPOTOHOM. HarnpaBneHus
CMUHOB HYKMOHOB TOXE He OYAyT MEHSTbCA. 3aTeM MPOMCXOAMT 06MeH MUOHOM B 0GPaTHOM
rnopsake.

2) Cunbl MaiiopaHa. Mpu 3TOM B3aMMOAECTBUM HYKMNOHbI 0OMEHMBAOTCA 3apsgaMu.

HelTPOH MCMYCKaeT OTPULIATENbHBIN MNOH 7~ «LEHTPa/IbHLIM» 06pa3oM (TO eCTb MUOH YHOCUT
HY/IEBO/ MOMEHT MUMMYNbCa). Mpy 3TOM HETPOH CTAHOBUTCS NMPOTOHOM. B3anMogelicTBY LI
C HUM MPOTOH, MOI/OWAsA OTPULATENbHbIA MUOH «LEHTPabHbIM» 06Pa3oM, CTaHOBMUTCS
HeATPOHOM. O3TOT MpOLecc MPMBOAWT K TOMY, UTO NOCMe B3aMMOAENCTBMSI HYK/OHBbI
06MEeHMBAOTCS CBOMMI 3apsiaamun. HanpaeneHusi CrvHOB B3aMMOAECTBYHOLLMX HYKMOHOB He
MEHSIOTCS.

3) Cunbl BapTneta. Mpy 3TOM npouecce B3aMMOAENCTBYHOLME HYK/IOHbI 06MEHMBatOTCA
CnMHaMU. HYKNOH C MNONOXWUTENbHOW OpMEHTauuelt CnuMHa WUCNYCKaeT «He LEeHTpaibHbIM»
06pa3oM HeMTpasibHbIA NNOH, YHOCALLMIA NONOXKUTE/bHBIA MOMEHT UMMY/bCa PaBHbIA eAUHMLE
(B gonsx 7). Mpu 3TOM HYKNOH M3MEHSIET OpPMEHTALMIO CMMHA Ha NPOTMBOMOMOXHYHO. [pyrol
HYKNOH, WMesi OTpuUaTeNlbHYI0 MPOEKUMIO  CMMHA, MOr/IoWaeT HerTpasibHbIA MWOH €

MONOXMTENbHBIM MOMEHTOM WMMynbca. MpyW 3TOM BTOPOIA HYK/IOH MEHSIET HarpaBfieHue
MPOEKLMN CNHA Ha MPOTMBOMO/OXHYHO.



4) Cwunbl leiizeH6epra. eii3eHOepr NpeaioXKmnn YeTBepTbliA BapuaHT CWA, NPY KOTOPOM
B3aVMMOAENCTBYIOLLME HYK/IOHbI OOMEHMBAOTCA M 3apsjaMu M CNMHamMu. HelWTpoH ¢
MONMOXXUTENbHON OpUEeHTaLMEN CMMHA UCMYCKAeT «He LieHTPa/lbHbIM» 00pa3oM OTpuLaTebHbIi
MWUOH, YHOCSLUMIA MOMOXMTENbHbIA MOMEHT WMMMYNbCa, PaBHbI eanHuLe. BcneacTene 3Toro
HENTPOH CTaHOBUTCA MPOTOHOM, a HanpaB/leHWe CrUHa MEHSeTCA Ha MPOTMBOMOJOXHOE.
B3aMmogeicTByOWMIA C HEATPOHOM MPOTOH, MMEIOLMIA OTPULATENbHYI0 NPOEKUMIO CMWHA,
MOrnowaeT oTpMUaTe/bHbIA MUOH C NONOXUTENbHBIM MOMEHTOM UMMy bca. Mpn 3TOM NPOTOH
CTaHOBUTCA HETPOHOM, a MPOEKLMSA CMMHA MEHSIETCA Ha NPOTUBOMOMOXHY!O.

Kak nokasblBaeT OnbIT, BKIag cvun BurHepa n cun MaiiopaHa B 3HEPI IO B3aMMOLENCTBUS
paBeH No ~ 30% . Cunbl bapTneta n cunbl Nein3eH6epra garoT BKNag no 20%

B3aMmopgeincTere Mexay HYKIOHamu 3aBUCUT OT opuenmauuu cnurog HYKIOHOB.
HyKnoHbl € NPOTUBOMOOXHO OPUEHTMPOBAHHLIMX  CMUHAMW  UMEKOT  TEHAEHUMIO K
NPUTSXKEHWNIO, B TO Bpems, KakK HYK/IOHbl C napainefibHbIMU CNHaMWU UMelT TeHAEHLMIO K
OTT&/IKMBaHWIO. [103TOMY, B 3Hepruy B3anMOAENCTBUA HYKOHOB [LO/DKHO BXOAMTbL ClaraeMoe,
cofiepxkallee CKasipHOe Npon3BeeHNe BEKTOPOB CMINHOB HYKNOHOB: W, = V(?)§1§2.

B3aMmopfeincTBre HYK/IOHOB [O/DKHO COLepXaTb CraraemMoe, XapakTepusytollee He
uenmpanvuolii  (men3opuolil) xapaxkmep. B 3Hepryn B3anMOAENCTBMA HYKOHOB AO/MHKHO
cofepxatbca cnaraemoe Tuna: W, =V (7)-S,. TeH30pHbLIN XapakTep B3aVMOAENCTBMUA

WNNIOCTPUPYETCS Ha PUCYHKe 9

MpuTtaxkeHne OTTa/IKMBaHWe
Puc. 9. TeH30pHbI XapakTep B3auMOLeNCTBMS.

370 B3aMmopeicTBe MNOLOOGHO B3aMMOLECTBUIO MeXAY MarHUTHbIMW AunonsMu. MeHss
OpPVEHTAUMNIO pajuyCc-BEKTOpa PacCTOAHUSA MexAy HYKIOHaMyW OTHOCUTE/IbHO OpueHTaL MK
CMWHOB HYK/IOHOB, Mbl BMECTO CWUN MPUTAXEHWUA MosydyaeM CWibl OTTalkuBaHuA. Onepatop
(Sl‘?) (Sz'?)
r r

HeobxoaMmo TaKkke YyuuTbIBaTb Ha/INUUE crunopOumanvhozo eé3aumooeiicmeus. ITa
COCTaBNAOLLAA B3aUMOLENCTBUA AOMKHA COAEPXKATbCA B 3HEPrM B3aMMOAENCTBUS HYK/TOHOB B
Buge: Vs =V (F)- Ly, - (S, +S,), rae oneparop Ly, =(1/2)[(r, —7,) (P, — p,)]. 3pecb 7 U
7, - pafinyC-BeKTOPbI HYKNOHOB, p, U p, - UMMY/bCbl HYK/OHOB.

TOrom BCero W3NOXEHHOro B [JaHHOM pasfene OyaeT BbIpaXeHWe A1 3Heprum
B3aMMOZENCTBUA ABYX HYKNOHOB:

(F)(S, - S,) +Vy, () Sy + Vs (F)Ly, - (S, +S,) |

S, =3 —(S,-S,) onucbIBaeT TaKoe B3aMMOAeCTBME.

Viw =V, (77) + V§§ (12.4)
3aBMCMMOCTb OT KOOPAUHAT KaXX4oro cnaraemoro B (12.4) nveeT Bug noTeHUmana

Amagbl-[XoHcToHa. "paduK aMNnpryecKoit 3asucumoctu ¥, () npeacTasneH Ha PucyHkel0.



V(r) (M3B)

r(cpm)

-100

-200

Puc. 10. Mpadmik amnmpuyeckoin 3asucumoctun v, (r)

FAnepHble CUNbI ABAKOTCA CUMAMU MPUTHKEHNA BNNOTbL 40 7, =0,48¢M.

Hannume n3oTonuyeckoii MHBapMaHTHOCTK TpebyeT, 4Tobbl Kaxgoe cnaraemoe B (12.4)
6b1110 66 CYMMO TUMA:

v, =V/+V/LT,

N3 BCEro WM3M0XEHHOro B AaHHOM pasfene BWAHO, HACKOMbKO CNOXHbLIM SBNSETCS
onucaHWe B3aVMOAEWCTBMS MeXAy HyKAoHamu. [1o3ToMy BO MHOTUX Cayyasx (U3UKM
MCMONbL3YHOT A/151 PELLIEHNS| KOHKPETHBIX 3a/1a4 pPasnnuHble MOAENN.

13. Teopun anemeHTapHbIX YacTuL,. Teopus KBapKoB

Bo BTOpoOM MOMOBMHE MPOLUNOrO BeKa ObII0 OTKPLITO OrPOMHOE YMUCNI0 HOBbIX
3N1leMEHTapHbIX 4YacTuu. B HacTosllee BpemMs YMCNO M3BECTHBIX YacTuL, 3HAUYUTENbHO
NMPeBOCXOANT YMCNO 3/IEMEHTOB B MEPUOAUYECKON Tabnmue. Bonbluoe YMCNO 3eMeHTapHbIX
4acTuL, NPUBENO (PU3NKOB K 1Aee O TOM, YTO He BCEe HOBbIE YaCTULLbl SAB/IAKOTCS 3/1EMEHTapHbIMU,
TO €CTb, HE COCTOALUMMM U3 KakmxX - TO Oonee MPOCTbIX YacTul. I3Ta uies 6Oblia Bhnepsble
BbicKasaHa B 1949 roay B pabote ®epmn n AHra «Are Mesons Elementary Particles?». B aToi

pa60Te BHOBb OTKpPbIThIE 75 n z°- MNOHbI, KOTOPbIE B TO BPEMA €ELLE Ha3blBAJIMCb ME30OHAMW,

paccMaTPUBANNCh KaK COCTOSILLME M3 ABYX YacTuL, NN - napbl HYKNOH — aHTUHYKNOH. Tpraaa
MOHOB NpeACcTaBsach No crefyoLLeli cxeme:

—

n P
n |nn > | -
P T | pp >

BapuvoHHbIA 3apsA Mapbl HYKMOH - aHTWHYKIOH paBeH Hynlo (Kak v y nuoHa). [lBa
COCTOSIHWSI |nn > W | pp >NO3BONSKOT NMOCTPOUTL [BE NMHENHO He3aBMCKMbIE KOMOGUHALN

BOMIHOBbLIX (DYHKLWIA, OfHA M3 KOTOPbIX OMUCLIBAET uacTuly xz°, Apyras — uactuuy 7'.



HepocTtaTKOM NpeAsioXeHHON Mogenn sSBUACA TOT (hakT, 4YTO A/ M3BECTHOW B TO BpPEMS
yacTuupl 1" B 3TOV cXeme He 6b110 MecTa. OAHaKo, caMa cxema Oblna XopoLua.

JanbHeillee pasBuTve (PU3MKM 3MEMEHTAPHbLIX 4YacTuL, NPWBEO K TOMY, YTO Oblin
OTKPbITbl CTPaHHbIE Me30HbI — KaoHbI. [15 OnMcaHUs CUCTEMbI U3 AEBATU ME30HOB SINMOHCKWIA
(13nK CakaTa Npeasoxun 1Ucnosb3oBaTh uaeo depmm — AHra, 406aBMB K HYKIoHaM eue A°
runepoH. MNpeanoxeHHas Cakatol cxema Bbirnisgena crefyoLwmm 06pa3om:

n p A°
n | nn > T K°
p xt lpp> | K*
A° K° K- | AA >

B 3Ty cxeMy yAduHO YKN4AbIBa/IMCh BCe [EeBATb U3BECTHLIX K TOMY BPEMEHN ME30HOB, B
TOM uucne U HelTpasbHbli 7° MMOH M n'M 7" - Me30Hbl. Hukecneaytolme KOMGUHALMUM
BO/THOBbIX (DYHKLMIA OMUCIBAKOT 3TW YaCTULLbI:

7° = UN2)( pp > | nin >)
7' =@QIN3)(| pp > + | nit > +| A°A° ),
7" =@QING)(| pp > +|nit > —2| A°A° >) .

HekoTopoe Bpemsi 3Ta CXema cylliecTBoBana. OfHAKO ObIN0 HEMOTMYHO CUMTATb YaCTULLbI
n,p,A° C OQHO CTOPOHbI 3/1EMEHTAPHLIMM YACTULIAMU, C [PYrOil CTOPOHbLI — YacTuLaMK, U3

KOTOpbIX COCTOAT MWOHbLI. Tak BO3HWKNa B 1964 rofy Teopusa KBApKOB, NPeA/IOKEHHas
oaHoBpeMeHHO [enn-MaHHOM u Llgelirom. Cxema CakaTbl OKa3anacb YAo6HOW U Obina
COXpaHeHa, OflHaKo BMeCTO HeWTpPOHa, NPOTOHa 1 NM64a HOJb rMnepoHa 6b1In NPesJ/ioXKeHb! B
KayeCTBe WCTMHHO 3MEMEHTAPHbIX 4YacTWL, HOBble 4acTuubl. LiBelir HasbiBan 3TV YacTuLpbl
Ty3amu, 'enn-MaHH — KBapkamu. B (u3nKe npudKMnocb NocnefHee Has3BaHWe A/19 HOBbIX
yacTuL, ABNAIOLLUXCA KUPNNYMKaMU, U3 KOTOPbIX NOCTPOEHbLI BCE OCTa/IbHbIE 3APOHbI.

Kakvmun cBoiicTBaMu A0/MKHbI 06/1adaTh KBapku? HauHem co cnuHa. YTo6bl MMeTb
BO3MOXHOCTb COCTaB/fIiTb 4acTuUbl, 06Nnafatolime LEeNoYNC/IEHHbIM CMUHOM, HEo6X0oAMMO,
4TOObI KBapKM MUMeNM Nonyuenblid cnH. KBapkam NpunucbiBaeTcs 6apUOHHBIA 3apaf, paBHbIi
1/3. B kBapkoBoW Mogenn 1964 roga urypvpoBano Tpu Keapka u (OT aHr/MACKOro up —
BEPXHWUIA), d - (OT aHIIMIACKOKO down — HMXKHWIA) M KBapK s (OT aHrMIACKOro strange —
CTpaHHbI). KBapKy s npunucbiBaeTcst CTpaHHOCTb S=-1. epBble ABa KBapKa COCTaBMsIOT
3apsAoBbIi Ay6neT, KBapK s- CUMHIMeT. Takum 06pa3om, Tabnuua CBOWCTB KBapKOB MMeeT
cneayoLmnin BUA;

KBapku CnuH (B gonsax h) T | T, B S | Qle
1/2 12 | +1/2 |13 0 |+2/3

d 1/2 12 | -1/2 1/3 0 |-1/3

s 1/2 0 0 1/3 -1 | -1/3

B nocnegHein KoMoHKe NpyBeAeHbI 3NEKTPUYECKME 3apsbl KBApKOB, KOTOPbIE HaX0AAaTCs
no gopmyne Menn-MaHHa — HUWNZKUMBI:

Ole=T,+(1/2)(B+S).



13.1 Me30HbI KaK CBA3aHHble COCTOAHUA KBAapPK — aHTUKBapK. Me30HHbIe
CynepMynbTUNNETbI

UTobbl COCTaBUTL MCEBLOCKANAPHBIA ME30H, Y KOTOPOro CNUH W GapUOHHBIA 3apsif
paBHbl HY/0, HEOOXOAMMO COCTaBUTb Mapy KBapK — aHTUKBAPK, MPUYEM CMMHbI COCTAB/IAKOLLMX
napy [O/MKHbl ObITb MPOTMBOMOMIOXHO OPWEHTUMPOBaHHbIMKW. Tak Mbl  nonyymm  (0)~
MCEeBLOCKANAPHBIA ME30HHbI HOHeT. Ecninm Komb6uHMpoBaTb Napbl KBapK — aHTUKBapK, Y
KOTOPbIX CMWHbI 6yAyT napannefbHbIMK, TO Mbl NOAYYMM-(1)~ MNCEBLOBEKTOPHbLIA ME30HHbII
HOHeT.

u d s
u |luu > | 7+ K*
d T |dJ> K°
s K~ K° | ss >

(0)” MEe30HHbI HOHET
NCeBLOCKANIAPHBLIX ME30HOB

) d? 5
ul luTuT> o K"
d?T P ld1Td > K%
s T K™ K" |sT5 >

(1)” MEe30HHbI HOHET
NCeBLOBEKTOPHbLIX ME30HOB

Tpu  anaroHanbHble  COCTOSHMS  MnceBaocKansipHoro  (0)”  HOHeTa  OMUCLIBAOT
HeliTpanbHble  Me3oHbl, 7° = (L/N2)(| pp > —|nii >), 1’ =@/IN3)(uii > +|dd > +|s5 >),
n" = @B |uii >+|dd > 2|55 >),

AHANOTNYHO, AN NCEBAOBEKTOPHOTO (1)~ HoHeTa: p° = (L/V2)(u T T>—d T d T>),
@ =@WN3)(utia T>+1dTd >+|sT51>),
@ =@WNB)|utia t>+]dTdT>-2|sT57T>)

3TN [Ba Me30HHbIX HOHeTa (MCEeBAOCKANsPHbIA W MCEeBAOBEKTOPHbIN) NpeacTaBnstoT
c060i Me30HHbIe CynepmybTUNNETbI.

13.2. BapnoHbl KaK CBA3aHHbIE COCTOSAHNA KBapKOB. bapnoHHble
CynepmMynbTUNNETbI

YUT006bI CKOHCTPYMNpPOBaTh 6apMOH M3 KBAPKOB, HEOOXOAMMO B3ATb HE MEHee TPex KBapKoB
(7MM60 B3ATb YeTblpe KBapkKa U OAMH aHTWKBApPK). XOTA TaK Ha3blBaeMblii NMeHTaKBapK U Obln
HefaBHO OOHapYy>XeH, Mbl PacCMOTPUM /Wb KOHCTPYKLMU U3 Tpex KBapKoB. 34eCb TOXe
MMEITCH [1Be BO3MOXXHOCTU. Mbl MOXXEM KOMOWHMPOBATb KBapPKM C Napasisie/lbHbIMU CrINHaMW,
NGO KOMOMHMPOBATb COCTOSHMWA, Y KOTOPbIX OAWH W3 KBAapPKOB WMEET OpUEHTaUMI0 CrnnHa
MPOTMBOMNOMOXKHYIO OpUEHTaUMKU ABYX Apyrux. B nepBom cnyyae Mbl MOAYYMM GApUOHHbIN



cynepmynbtunneTt - (3/2)" 6apuvoHHbIA AeKynneT, BO BTOPOM Ciy4vae Mbl OyAem WUMETb
Apyror cynepmynbTUNNeT - (1/2)" 6apMUOHHBIA OKTET.

3T cynepMynbTUNNETbI NPeACTaBNEHbI CNeLyOWUMU TabnULaMN.

luTulul> luTuld> luTdTd> |dTdTdT>
AT N A A
luTulsT> lulTd?TsT> ldTdTsT>
Z 350 zfs.so 2 380
luTsTsT> |dTsTsT>
|sTsTsT>
Qa7

BapvoHHbI (3/2)" pekynnet

| uud > | udd >

p n

| uus > | uds > | dds >
+ 0 I

21190 z11190 Z:|.190

uss > | dss >

—0 =

=1315 1315

BapnoHHbIA (1/2)" okTeT

K npvBeseHHbIM Tabnuuam Heo6XoAMMO CAenathb Chnefyroliye 3amedyaHus. Bee vactuupl
JeKynneta SBAAOTCA TaK Has3blBaEMbIMU pezonancamu, (TO €CTb KOPOTKOXMBYLLUMM
HeCcTabunbHbIMK YacTuuamu). STOT (PaKT OTMEYEeH Ha/MumemM 3Be3[0YeK Y CUMMBOJIOB YacTuL
AeKynneta. HWKHWIA MHAEKC Y CMMBOMA 4YacTULbl YKasblBaeT MPUOAMKEHHO MacCy MOKos
yacTuubl B MaB. Kaxpaas HuKecnegyrowas CTpoka B Tabnuuax oTaMyaeTcs OT npeablayLuei
TEM, YTO OAWH W3 KBApKOB u WIN d 3aMeHseTCA KBapKoM s. PaccmatpuBas MaccCbl YacTul,
AEKynneTa, MOXHO O06HapyXXWTb, YTO B CPeAHEM MacCbl YaCTUL, HUXKHEN CTPOYKM 60fbLue
Maccbl 4acTUL, BEpXHeil CTPOYKM Ha BenmuuHy ~ 147 MaB. Ecnu cpenatb npocTeiiilee
NpeanosioXXeHne, 4YTo Maccbl u W d KBApPKOB OAWHAKOBblI m, =m,, a Macca s KBapKa



oTnmyaetca Ha 147 MaB: m, =m, + A, rae A =147 MaB, T0 04eHb MPOCTO MOXHO 06BACHUTL

yBe/IMyeHne Macchl YacTul, fieKynnerta ¢ yBe/IMyeHeM Ymcna s KBapKoB.
Heckonbko 3ameyaHuii HeOOXO4UMO CKasaTb OTHOCWUTENbHO GapMOHHOrO OKTeTa. B Hem
OTCYTCTBYKOT COCTOAHMS | uuu >,|ddd > u|sss >. Tloyemy? OKa3blBaeTcs, HEBO3MOXXHO

CKOHCTPYMpOBaTb 3TW COCTOSIHWS, He Hapyllas npuHuuna 3anpeta Maynu. Kpome ToOro,
COCTOsHUE |uds > OTBeyaeT fBym dactvuyam A, M Z),. UT06bl MPOSCHUTL 3TO
06CTOATENLCTBO BCMOMHUM, UTO BOMHOBas (DYHKUMS |uds >COCTOSHMSI CO CMMHOM 3/2 1
MpoeKLyelt CnnHa +% MeeT BUA;

w22 — (B uTd T sds+|ulddsT>+luddTsT>).

Ho cyllecTBylOT fBe [APYrMe JIMHeHO Hes3aBUCKMble KOMOMHALMU  (yHKLMIA
luTdTsd>|uTddst™> n|uld?lsT>, koTopble onucbiBalOT e pasHble YacTuLbl. ATO

M €CTb YaCTHLbI A1115 n Zflgg-

14, MarHuTHbIe MOMEHTbI HEMTPOHOB 1 NPOTOHOB. [anbHelllee pasBUTUE TEOPUN
KBapKOB

OKCrepuMeHTaslbHble 3HAYeHUst MarHUTHLIX MOMEHTOB MPOTOHA W HENTpOHa 6biin
M3MepeHbl elle B 3KCMepuMeHTax Pabu. B HacToslee BpeMs NPUHATHI BEIMUYMHBI MarHUTHbIX
MOMEHTOB Afisl NPOTOHA 4, = 2,794, W AN HEUTPOHA x, =191y, . OTHOLLUEHME MAarHUTHBIX

MOMEHTOB HeMTpOHa 1 NpoToHa | u, / ., |=1,46 . [lonroe Bpems HUKTO He 0Bpallian BHUMaHNS

Ha TOT (aKT, 4YTO 3TO OTHOLUEHMe C TOYHOCTbIO [0 5% paBHO 3HayeHWto 1,5. B KBapKOBOM

TEOpUM 3TOT (haKT HAXOAMT CBOE MOATBEPXKAEHME. PacCMOTPUM 3TO OGCTOSTENLCTBO 6oree
nofpo6Ho. [ns 3TOro Ham HeoGX0AWMO YCTaHOBWTb BUA, BOMHOBbLIX (DYHKLWMIA HElATpoHa K

NPoTOHa. Jlerue BCEro 3TO CAeNaTb WCXOAS M3 BOJIHOBbIX (OYHKUMIA A" 1 A° pe3oHaHCoB,

KOTOpbIE MMEOT TaKoii XKe KBapKoBbIil cOCTaB. BonHOBas (hyHKLMA A* pe3oHaHca Co CMHOM 3/2
1 NPOEKLIMEN CHA Ha OCb Z, PaBHOW +3/2, UMeeT BuA;

(3/2) v8l2 =l u Tuld?>.

BonHoBas (hyHKUMS A’ pe30HeHca C NPOeKLMei CnnHa ock Z , paBHoi +1/2, 6ypet
y @22 =@ B)(utuldd>+luTudd > +lulutdT>)

[na  npocToThl 6y,qu cynTatb BO BTOPOM W TPETbEM ChnaraémbiX BO3MOXXHbIM
nepecTaBnuTb MecTamMn KBapKuW u C MPOTUBOMOSIOXKHLIMUA OpUeHTaUMAMN CNUHOB. [pn 3TOM
HY>XHO Yy4€eCTb, 4YTO CTaTUCTUYECKUIA BEC TaKOro COCTOSIHUA [O/DKEH YyABOUTLCA, a aMINTyda

TaKoro COCTOAHWNA [O/HKHA YBENYNTLCA B J2 pa3. Torga Ans UCKOMOW (hyHKUMKN ByAeM UMETb:
p@22 @ 3) [u Tutd > +(2/3) [uTuld T>.

BonHoBas (DyHKUMS NPOTOHA [A0/MKHA 6blTb OPTOFOHANbHOM K BOMHOBOW (DYHKLMM
A" pe3oHaHca. Takyto QYHKLUMI0 NErKo NosyunTh, €CNN B BbIPOKEHUN NS BOMHOBOW (DYHKLMM

A" pe3oHaHca nepecTaBUTb KO3IPMULMEHTbI MECTaMM M MOCTaBUTb MEXAY CnaraeMbIMU 3HaK
MUHYC:

w2 = 13\ u Tt utdd> V13 |uTuld?t>.

P

[ns panbHelillero BBeAEM YCMOBHYHO €AMHILY MarHUTHOTO MOMEHTA KBapKoB u U d .
CunTasi 3TU KBapKW UAEHTUYHLIMM BO BCEM, YTO HE KAaCAeTCs UX PasnMuMs B 3apsax, NIOrMyHo



NpeanonoXunTb, YTO MarHUTHbIE MOMEHTbl KBAPKOB B YC/IOBHbIX eAuMHMLAaxX OyayT paBHbI:
u, =+213)yu, p, =—@Q/3)u, roe p - ycnoBHasa efyHULA MarHUTHOrO MOMEHTa N1 KBapKOB.

YuutbiBasi, UTO HabMoAaeMble BEMMUMHBI KBaApaTUUHbI MO MOAY/O BOMHOBOW (YHKLMM, ANS
MarHMTHOTO MOMEHTA NMPOTOHA MOTyYaeM:

u, = @13, +p, —py)+ QI3 (1, — p, + p,) =10/9-1/9 = pt

AHANOMMYHO HAXOAWUM MarHWUTHbIA MOMEHT HeMTPOHa. BonHosas (yHKUMA A° pesoHaHca
CO CMUHOM (3/2) 1 NpoeKuwmein cnuHa Ha ocb z (+1/2) nveet BUA:

yxiﬁ’”*“z=(1/J§)(|uTde¢>+|qu¢dT>+|uideT>):
=213 utdtdd+V1/3|uddtdt>.

Torpaa BonHOBast PYHKLIMA HETPOHA By AeT UMETb BUA;

w2 — 13 utd T dl>+J2/3uddTdT>.

n

310 faet BO3MOXHOCTb HanTK MarHWUTHbIN MOMEHT HelTpOHa.
1, = @B, + g — p1,)+ I, + g1, + 1) = W3)213) + (213 (413 =213
Takum 06pa3om, B KBapKoBOWA Teopunt | u, / i, |=3/2.

[Mocne TOro, Kak Teopus KBapKOB MoOKasasa CBOE MPenMyLLeCcTBO Nepes OCTaslbHbIMU
TEOpUAMUN 3/1IEMEHTAPHbIX YacTuL, BO MHOrMx nabopatopusax Oblnv NpPeanpuHATBI MOMbITKM
06HapPYXXNTb KBapKN B CBOOOAHOM COCTOSHUW. CaMblii NErKnii U3 KBapKoB - u - KBapK [O/MKEH
ObITb CTabW/IbHBIM. BbiNM MOBTOPEHbI OMbITbl MWIMKeEHA MO U3MEPEHWUIO 3/IEMEHTApHOro
3apaga. OfHako BCe MOMbITKU O6GHapYyXWTb APO6HbIA  3NeMeHTapHbIA  3apsif OKasaChb
HeyJauHbIMW. CuTyaums Ha cell f[eHb TakoBa, YTO KBapkuW B CBOOOLHOM COCTOSHAM He
HabnogalTca. AT0 06CTOATENLCTBO MOMYYWUNIO Ha3BaHWE «KOH(aHMeHTa» (0T aHrIMIACKOro
cnosa confinement — 3ak/it0ueHMe NOJ CTPaXxy, THOPEMHOe 3ak/toueHue). KBapky COBepLLEHHO
CBOOOAHbI BHYTPY afpOHOB, HO MOMbITKN BbITalWWUTb MX Ha «CBOOGOAY» HaTa/IKMBAKOTCA Ha
HenpeoLoNMMOoe conpoTuaieHne. CyTb KOH(aiHMeHTa B TOM, YTO CU1a B3aUMOZENCTBUS MEX Y
KBapKamu He yOblBaeT C pacCTosiHMEM. HarfisgHO MOXHO NPeLCcTaBUTb, YTO KBapKM COeAMHEHbI
CTPYHOIA C NOCTOSAHHBLIM HaTSHXKEHWEM. [pU NPUIOXKEHUN O4YeHb 60/bLLIOI CUMbI CTPYHA PBeTCS,
OJJHaKO Mpu 3TOM Ha KOHLax CTPyHbl 06pasyeTcs napa KBapk — aHTUKBapK. B TO »e Bpems, B
onbiTax MO PacCesiHUIO 3/1EKTPOHOB OYeHb BbICOKOW 3HEPrMM Ha HYK/IOHaX KBapKUW MOXHO
HabNtoAaTh Kak ToYeYHble 00bEKTbI BHYTPU HYK/IOHOB (NapTOHHAas Mogenb PeiHMaHa).

Mocne TOro Kak, 6blna Mpef/iokeHa Teopus KBapKOB W MOC/E TOrO, Kak 3Ta Teopwus
MpekpacHo cebs 3apeKoMeHAoBana, HaCTynua AeCATUNETHUIA «CHACTNMBbIA» Nepuos B QU3MKe
3/leMeHTapHbIX YacTuL, «CYacTIMBbIM» 3TO BPEMS MOXKHO Ha3BaTb MOTOMY, YTO TEOPUS KBAPKOB
06bsACHWNA BCe YacCTuLbl, KOTOPblE K TOMY BpeMeHU OblIn M3BECTHbI, MpeAcKasana HEKOTOpbIe
HOBble Y4acTuLbl, KOTOpble AENCTBUTENIbHO ObliM OTKPbIThl. BO3HMKIO Takoe MOMOXEHVE B
(h13nKe 3N1eMEHTAPHbIX YacTUL, NPW KOTOPOM BCE BO3MOXHbIE MO KBAPKOBOW TEOPUMN COCTOSHUA
HalLIM CBOe 3KCMEepUMeHTaslbHOe MOATBEPXAeHWEe B 0bpase M3BECTHbIX yacTuy. U B TO xe
Bpems He OblI0 HWKAKOW BO3MOXHOCTM [ANS TOro, 4T0Obl COrNacHO KBapKOBOW Teopuu,
MosiIBU/IACH eLle XOTA Obl 04Ha HOBasA YacTuua. ITon nannamm bbin NOMOXKeH KoHel, B 1974 rogy,
Korfa OAHOBPEMEHHO B [BYX flabopaTtopusax Oblia 06Hapy)XeHa HOBas 4acTuua, KoTopas He
yKnafplBanacb B paMKW KnacCuuKkaLumm coCTOAHWI, 6a3upytoLelica Ha Teopun Keapkos 1964
roga. Hosoi uvactuueil okasanca me3oH. OfHa rpynna wuccnefosatenieid, paboTarolias Ha
NPOTOHHOM YyckopuTene B bpykxeiseHe (CLLIA), HasBana 3Ty 4acTuuy me3oHom J. [pyras
rpynna, Mcnosnb3oBaBLlas ANs MOMAYYEHWUS HOBOM YacTWLbl YCKOpUTENb, paboTalomii Ha
BCTPEYHbIX 3/IEKTPOHHO — MO3UTPOHHLIX My4ykax B CTeHdopge (CLUA), Ha3Basa 3Ty yactuuy
ME30HOM . BHOBb OTKPbITbIA ME30H NOMY4Yns B KayeCTBe HaMMEHOBaHWS 4BONHOM CUMBO/

J Iy - Me30H.



A 4TO0 Xe Teopusi KBapkoB? K cyacTbio, TEOpUS KBapKOB [OMYCKaeT YBeNNYeHne yucna
KBapKOB. N5 06BbACHEHNS CYLLLECTBOBAHMSA HOBbIX YaCTUL, HYXXHO BBECTY eLLe OAMH KBapK. TOT
KBapK ¢ NOMy4Ynn HasBaHue ouaposamenvhblii KBAPK (OT aHIMIACKOro charm — oyapoBaHue).
KBapK ¢ WMeeT crnefytolime CBOMCTBa: OH ABnseTcs cuHrnetom 7 =0,7, =0, 6apuOHHbLIN
3apsAg Kak My OCTa/lbHbIX KBapKOB B =1/3. JNeKTpUYeCKNn 3apsf KBapKa ¢ MOXET OblTb
HaingeH no opmyne Menn-MaHHa — HUWwWmnmkmumel. OH paBeH Q/e=+2/3.

Tak, Mbl UMeeM YeTblpe KBapKa, CnefoBaTe/lbHO, NOABMAETCA MHOIO HOBbIX ME30HHbIX 1
GapUOHHbIX COCTOSHWI. PacCMOTPUM CHayana Me30HHbIe COCTOSAHMA. TakuMX COCTOSHWIA ByaeT
yXe He 3x3=9 a 4x4=16 nceBAOCKaNAPHbIX W MCEBAOBEKTOPHbLIX COCTOSHUIA. TabnuLbl

ncesaoCKaIAPHbIX N NCEBAOBEKTOPHbLIX ME3OHOB NMPUMYT BUA:

b p 5 z
u | uu > zt Kt D°
d |z |dd > K° D"
s K- K° | s5 > F-
c D° D" F* |cc >

CynepMynbTUN/ET NCEBAOCKANSPHbIX ME30HOB

i) d? C) )
ul [uTu®> | p* K" D"
it | p ldtd > | K” D~
sT | K™ K" |sT5tS | F~
cT | D” D™ F* leTe >

CynepMynbTUNNIET NCEBAOBEKTOPHbLIX ME3OHOB

Jlerko npeactaBuTb, 4TO npomsonaetr ¢ (3/2)°
NpUYHagNeXawmx 3ToMy CynepMy/nbTUMNETY,

aekynnetoMm. KonnektuB yacTu,
o6pasyeT nupamugy - Cynepmy/bTUMET,

COCTOSALLMIA U3 ABaALATY YacTuML,. DTa Npammaa U306paxkeHa Ha pucyHke 11.

B OCHOBaHWM M306paXEHHOW MMpaMuabl PAcrnonaraeTcs Y)e 3HaKOMbI/ Ham (3/2)°
[EeKynneT. Bbllle pacnonaratoTcs YacTULbl, COAEPXKaLLe MO OfHOMY 04apoBaTelbHOMY KBapKy.
310 6yAyT LIECTb 0YapoBaTeNbHbIX 4YacTul. Elle Bbllle pacrionaraloTcs TPy [ABaX[bl
OyYapoBaTe/lbHble YacTULbl. HaKOHELl, BEHYaeT nupaMuay TPUXKAbl 04YapoBaTelbHas YacTuua.
Taknum 06pa3om, Mbl Mo/yYaem cynepMynbTUNAET U3 ABaALATY YacTuLl,



cee >

1 77

|uus\>\ / | uds > / | dds >
| uss > | dss >
AN V

Puc. 11. MNMupamunga — cynepmynbTUMET, COCTOALLMIA U3 ABaALATN YaCTULL,.

AHanorvnyHo oyget v ¢ (1/2) " 6aproHHbIM OKTETOM. ECn M3 Nupamngpbl «OTCTPUYbL» BCE
«BEPXYLIKMU», TO Mbl MO/lYyYUM  BOCbMWUIPaHHUK, TpaHAMW KOTOPOro OyayT  4eTblpe
TPEYrofibHUKa 1 YeTblpe LWECTUYTO/bHMKA. B LieHTpax LWecTuyroibHNKOB HaXOAATCS COCTOAHUSA,
KOTOpble OyfyT ONMCbIBATb MO ABe 4YacTuubl. TO COCTOAHUA |uds >,|usc >,| dsc > W |udc > .

Takum o6pasom cynepmynbTunnet (1/2) ©  OypeTt cofepxatb TOXe ABafuatbh yacTul,. Kak Mbl
BUAUM, BBELEHVE YeTBEPTOro KBapka MPMBOAUT K TOMY, UTO MOSABNAIOTCA HOBble COCTOAHUS,
cnefjoBaTe/IbHO, MPefCcKasblBaeTCs CYLLECTBOBAHME HOBbIX YacTWL,. Me30HHbIe COCTOSIHMSA, Kak
cnefyet 13 NPUBELEHHbIX Tabniuy 415 MEe30HOB K HACTOALWEMY BPeMeHW BCe OTKPbITbl. YTO
KacaeTca npefcKa3aHHbIX 6apUMOHHbLIX COCTOSIHWIA, HEKOTOpble M3 HUX TOXE OOHapY>KeHbl.
Apyrue >xe 6apnoHbl, MOXXHO HafeAaTbCs, CO BpeMeHeM ByayT OTKPbITbI.

Bonee TOro, Bckope ObLIM OGHAPYXEHbl YacTuUbl, A/19 OOBACHEHWUS CYLLECTBOBaHWS
KOTOpPbIX HEOOXO0AMMO OblI0 BBECTU MATbIA KBapK b - mperecmmustii kKeapk (OT aHTNUIACKOIO
beauty — kpacoTta, npenectb). MHorga nATbIA KBapK Ha3blBaeTCA AOHHbIM (OT aHr/IMACKOro
bottom). HakoHel, CcoBCeM HeAaBHO Obl  O6HapyXeHbl 4YacTuubl, AN  0ObACHEHUS
CYLLECTBOBaHMS KOTOPbIX Obl10 HEOOXOLMMO BBECTU LUECTOW KBapK ¢- eepuiunHbLl Ul
npaeouentii Keapk (0T aHIIMACKUX CNOB top, truth).

B HacToslLLee Bpems CyLLECTBYET LUECTb KBAPKOB. Hke B TabnuLe npreeAeHsbl CBOMCTBA
BCEX LLECTU KBapPKOB.

CBOICTBa KBapKOB

Keapkn |Macca |CnuH | B T T, S C p t QOle
(M3B)
~5 1/2 1/3 |12 | +1/2 0 0 0 0 +2/3
d ~ 7 1/2 13 |12 |-1/2 0 0 0 0 -1/3
s ~ 150 1/2 1310 0 -1 0 0 0 -1/3




c ~1350 | 1/2 1310 0 0 +1 0 0 +2/3
b ~ 4700 |1/2 13 10 0 0 0 +1 0 -1/3
t > 22000 | 1/2 1310 0 0 0 0 +1 +2/3

OTMeTUM, YTO 3apsifbl KBapKOB HaxoAsaTcsa no 0606LieHHON dopmyne enn-MaHHa -
HUWnKUMbI:

Q/e=T3+B+S+C—,B+t

HakoHeL, OTMETWUM, YTO COBCEM HelaBHO OblNl OTKPLIT TakK HasblBaeMblii NEHTAKBapK —
GapuoH CO CTPaHHOCTbIO +1. B COOTBETCTBMM CO CBOMCTBAMU KBapKOB, OH UMEET CriefytoLLuii
KBAPKOBbIiA COCTaB: | uudds > .

15. EamMHas Teopus YacTuu, U Nose

B nocnegHve pecatuneTvs [BafuaToro Beka Obl10 OCYLLECTB/IEHO Tak HasblBaemoe
00veounenue B3aMMOAENCTBUIA. TpY B3aMOAENCTBUSA - 3NEKTPOMArHMTHOe, cnaboe 1 cuibHoe
B3aMMOfeicTBUA Obln 00beAUHEHBI B AMHOE B3aUMOENCTBME, TO CTb 3TV B3aMMOAENCTBUSA
CTa/1I0 BO3MOXHbIM paccMaTpuBaTb C e4UHOW TOYKM 3peHUs. Bbllo OCYLLECTBNEHO «genukoe
o0veounenuey (N0 aHINMNCKN The Grand Unification). B HaCTOALLENA rnaBe Mbl pacCCMOTPUM,
KaK 3T0 BCe OCYLLeCTBNANOCS.

15.1 DneMeHTbl e4NHON TEOPUWN YaCTULL, U MOoSeN
MpoBeaem He6OMbLLYIO «MHBEHTAPU3ALIMIO» HALLETO «XO034MCTBa» B MUPE 3eMEHTapHbIX
yacTul. Mbl MMeem LUecTb NIENTOHOB (e ~,v,;u ,v,;7 ,v.) U WIECTb apomamos KBAPKOB

(u,d;s,c;b,t). PaccmaTpuBasl pasnyuHble acreKTbl TEOPUM KBAPKOB, Mbl HE aKLEHTVUpPOBaIu

BHMMaHWe Ha TOM (haKTe, UTO «Yr/10Bble» YaCTULIbl B KBAPKOBOM (3/2) " 6apMOHHOM AEKyreTe
ABNAKTCA KBAHTOBbIMU COCTOSHUAMU, B KOTOPbIX TPU O4MHAKOBbIX KBapKa C napaisiesibHbIMy
OpMEHTaLUMAMWU  CMUHOB HaxogAaTcsi B OAHOM W TOM )>Ke KBAHTOBOM COCTOSIHUM. 3TO
006CTOATE/IbCTBO HECOBMECTUMO C npuHUMNoM [Maynu. Ytobbl cornacoBaTb HainMume TaKuX
COCTOSIHWI C npuHUMnom lMaynu, KBapkam 6b1710 NPUNUCAHO eLle OfHO KBAHTOBOE CBOMCTBO —
ueem. LLlecTb apoMaToB KBapKOB MOTYT CYLLECTBOBaTb B TPEX Pa3/INyHbIX LBETAX — KpacHom,
3enenom u cunem. Bce Habnwogaemble CBA3aHHble COCTOSHMSI KBApKOB [O/MKHbI OblTb
GecuBeTHbIMK (6enbiMun). Ecnn Habntogaemoit YacTuuein 6yaet 6apuvoH, TO OH LO/MKEH ObiTb
COBOKYMHOCTbIO TPEX KBapKOB 00si3aTe/lbHO B TPeX pas3/IM4YHbIX LBeTax (CUYMTaeTcs, 4To
KOMOMHaUMs KPacHOro, 3e/1eHOr0 U CMHEro LBeTOB AaeT Genblii LBeT). Ecnmn e Habntogaemas
yacTumua — Me30H, TO 3TO A0/DKHA OblTb KOMOMHALUMA KBapKa C aHTUKBAPKOM (LBET+aHTULUBET =
GenbIi LBeT).

CocTaBMM TabMLLy BCEX 3M1EMEHTAPHbIX YaCTML, B MOPSAKE BO3pacTaHMs 3apsijoB 1 Macc.

lenToHbI Ole KBapku Ole KBapku QOle KBapku Qle
KpacHble 3e/eHble CVHMe
v, 0 tr +2/3 to +2/3 ty +2/3
T -1 b, -1/3 b -1/3 b, -1/3
v, 0 Cr +2/3 Co +2/3 Cy +2/3
uw -1 Sp -1/3 S -1/3! Sy -1/3




v 0 u, +23 ug 213 u, 213

e 1 d, 173 d, 173 d, 173

PaccmaTpuBasi MpvBEAEHHYIO Tabniuuy, Mbl HaxoguM, 4TO A1 OODBACHEHWS BCEX
«00bIYHbIX» 00BEKTOB peasibHOr0 Mupa (HEMTPOHBI, MPOTOHbI, A4Pa, aTOMbI, MOMIEKY/bI U T.4.),
AOCTaTOYHO /INWb 3/7IEMEHTAPHbIX YacTUL, HVDKHWX ABYX CTPOK. JNeMeHTapHble YacTuubl
CpefHMX [BYX CTPOK M BEPXHUX [ABYX CTPOK HEOOXOAMMbI MNLb ANA 06bACHEHWUS Pa3NyHbIX
3K30TMYECKMX YaCTUL, OTKPbITbIX B HElaBHEE BPEMS B peakumsX, MPON3BEAEHHbIX C MOMOLLbO
MOLLHbIX YCKOpWUTeneid. YacTuubl HMXKHUX [ABYX CTPOK HasblBalOTCA uacmuuyamu nepeéozo
nokKonienus, YacTULbl TPETbeM W YeTBEPTOM CTPOK Ha3blBATCH uacmuuyamu 6mopozo
nokosenus, W, HaKOHeL, YacTuLbl BEPXHUX ABYX CTPOK HOCSAT Ha3BaHWE wacmuy mpembezo
nokonenus. [JanbHeiwee n3noxeHne 6yaeT OTHOCUTLCSA LWL K YacTULAM NEePBOrO MOKONEHNS.
B cBA3n C paccMOTpeHMeM MpobneM OO0beAUHEHUS B3aUMOLENCTBUA, caenaeM HebGOosbLUON
0630p Tpex B3aMMOAENCTBUIA.

15.2. IneKTpomMarHMTHOE B3auMO/eNCcTBIe

Mpoueccbl  3M1eKTPOMarHUTHOIO  B3aUMOLEWCTBUS  pPacCMaTpuUBalOTCH B KBAHTOBOWA
anekTpognHamunke (K3/M). SnekTpoMarHMTHOE B3aMMOAENCTBYE ABNSETCS Pe3y/ibTaToM 06MeHa
MeXLy 3apsXKeHHbIMU 4acTUUAMW  eupmyanbhbimu TaMMa KBaHTamy  (BUPTYasibHbIMU
(hoTOHaMK).

MO)XeT BO3HWKHYTb BOMPOC, KaK OOCTOMT [efi0 C 3aKOHaMW COXPAHEHWS 3Heprum u
uMmnynbca. Beab (OTOH 006nafaeT 3Heprven u  MMMYNbLCOM, CeA0BaTe/IbHO, 3/1EKTPOH,
NCNYCTUBLINIA (DOTOH, [AO/MKEH W3MEHWUTb CBOE COCTOSHME (TOYHO TaKXKe W 3MEeKTPOH,
NOrnoTUBLWNIA (HOTOH). A MEXAY TeM, B3aVMOAENCTBYHOLLME 3/1EKTPOHbI CBOMX COCTOSHUIA He
MeHAOT. B uem ke 3aecb aeno? MNpoTrBopeyne paspeLlaeTcs, ecv BCNOMHUTL COOTHOLLUEHWS,
HeonpegeneHHocTen eii3eHbepra AE - At > 1, Ap - Ax > k. ECnv npouecc NpoMCcXoanT 3a BpeMs

At < i/ AE (TaKoi npoLecc 1 sBNsSeTCs BUPTYasibHbIM), TO Ha 3aKOHbI COXPAHEHUsI SHEPTUN U
MMMNY/bCa MOXHO He 06paLlaTh BHUMaHUS. IHbIMU COBaMK, NSt O4eHb BbICTPbIX B YKa3aHHOM
CMbIC/IE  MPOLIECCOB, 3aKOHbl COXPaHEHMst 3HEPrMM W MMNynbCca MOFYT HapyLIaThbCs.
BupTya/ibHbliAi  (DOTOH MOXET MOSBATbCS B /OGO MOMEHT BPEMEHW W UCYE3HYTb,
MPOCYLLECTBOBAB TaKOe KO/MMYECTBO BPEMEHW, KOTOPOe €My MO3BO/MISIET COOTHOLLEHUE
HeonpeAeneHHoCcTH. TOYHO TaK XKe MOryT BO3HUKaTh /1t06ble BUPTYaslbHbIE YacTHLbl, BK/OYas U
3apPsKEHHbIE, eANHCTBEHHbIM OrpaHuYeHeM OyaeT TpeGoBaHME, YTO6bI 3apsKeHHas YacTuua
[0MKHA MOSIBNATLCA BMECTE CO CBOEI aHTWYaCTMLEeil. 3aKOH COXpaHeHWst 3apsiga He MOXeT
HapyLLUATLCA faXe BUPTYasbHO.

UTO MPOMCXOAMT C peabHbIM 3/1EKTPOHOM, OKPYXXEHHbIM aTMOCHEpPOi BUPTYasbHbIX
(OTOHOB M 06/1aKOM BUPTYasbHbIX 3MEKTPOH-MO3UTPOHHbLIX Map? O6NMako BUPTYasbHbIX
(hOTOHOB He BHOCUT CYLLECTBEHHbIX W3MEHEHWUIH B XapakTep pacnpefeneHus 3apsgoB BOKPYT
3N1EKTPOHA, a BOT HaNMuMe 3MEKTPOH- MO3UTPOHHBLIX Map BHOCWUT BeCbMa CYLIECTBEHHble
N3MeHeHus.. [leno B TOM, YTO 06/1aKO 3M1EKTPOH-MO3UTPOHHBLIX Map GyaeT Monspu3oBaThCs
MOMEM 3/1EKTPOHA. PeasibHblil 3NeKTPOH OYAET OKPYXKEH «LLyGO» M3 MO3UTPOHOB, B TO BPEMS
KaK BUPTYasibHble 3M1eKTPOHbI BYAYT yAansThCs Ha GeckoHeyHocTb. OTCoAa BbITEKAET, YTO
3apsif, «ronoro» 3MeKTPoHa OyAeT CYLEeCTBEHHO 6Gonblue 3apsfa dMeKTPOHA, WM3MepPeHHOro
9KCMEePUMEHTaNIbHO. B KBAHTOBOW 9MeKTPOAMHAMIKE 3apsii FO/Or0 3/IEKTPOHA CUMTaeTCs
paBHbIM 6GeCKOHeYHOCTW. Habnopaembllii 3apsf ecTb PasHOCTb MeXAy 3apsfoM ronoro
371EKTPOHA U 3apsioM MONsSPU3YHOLLEro 06/aka MO3MTPOHOB (KOTOPbI, pa3ymeeTcs, TOXe

6eCKOHeueH). DKCrepUMEHTaIbHOE 3HAUEHWE KOHCTaHTbI CBA3N e” / fic =1/137, HabntofaeTcs Ha

paccTosHMaX ~10°cM. EciM Gbl Mbl MOFM W3MEPSATb 3apsifi Ha CYLLECTBEHHO MEHbLUNX
PACCTOSAHUSAX, Mbl Gbl OGHAPYXUNM 3HAUMTENILHOE YBENMUYEHME 3MEKTPUYecKoro 3apsga (u,
CNefoBaTeNbHO, YBENMYEHUE «KOHCTaHTbl CBA3W»). Be3MaccoBOCTb (POTOHA U COXPaHeHue




3MEKTPUYECKOr0 3apsfa B KBAHTOBOW 3MEKTPOANHAMMKE CBS3aHbl C CYLLECTBOBAHWEM FPYMnbl
cummeTpun U (L), B pamMKax KOTOPOIA OMMCbIBAETCS 3/1eKTPOMarHuTHoe B3anmogeiicteve. K3/

MOXHO Ha3BaTb Teopueir U(1l). CumBon 1 03HA4YaeT, 4TO (HOTOH MOXKET OCYLLECTBNNATh

BS&I/IMO,D,EVICTBVIQ TO/MIbKO C YacTvuamn ofHoro tuna. ®OTOH He MOXXeT MepeBOAUTb YacTuLbl
OAHOro ThNna B YaCTuLbl APYroro tuna.

MornowatolLias YacTula

e

M3nyyaroLas yactuLa e 4

MpUMEHUTENBHO K 3NEKTPOMArHUTHOMY B3aMmMogeiicTBuio cummeTpus U (1) o3HauvaerT,

UTO 3MEKTPOMArHWTHbIE CUMbI HE MEHSHOT MPUPOAY YacTulbl. B maTpuue OAWH-Ha OAMH
HaxoauTcst DOTOH, KOTOPbIV NLLL NPeo6PasyeT OANH 3MEKTPOH B APYTOii 3N1EKTPOH.

15.3. Cnaboe siepHoe B3aMMOAENCTBME

[na 06Cy»aeHNs BOMPOCOB, CBA3aHHbLIX CO C/abbiM B3aMMOAENCTBMEM, HEOOXOAMMO
paccMOTpeTb TakKoe CBOMCTBO CBOOOAHbIX (DEPMMOHOB, KakK cnupanbHOCTb. CBOGOAHbIE
(hbepMMOHbI, 061agatoLye CNMHOM, UMEKOT Takke MMMNYNbC p . MOCKONbKY BEKTOP UMMy bCa
3a/laeT B MPOCTPAHCTBE BbleNEHHOE HamnpaBfeHne, TO AN CNHa PepM1OHa UMEKOTCA NLLb [Be
BO3MOXHOCTW: OPUEHTUPOBATb NPOEKLUUIO CriMHa NGO napanfieNlbHO HamnpaBneHUO BEKTOpa
MMNynbca, MO0 OPMEHTMPOBATb MPOEKLUMIO CMMHA aHTUMNapanieNlbHO HanpaB/eHWO BEKTOopa
uMmnynbca. [lepBoe COCTOSHME 4acTUUbl Ha3bIBAETCA mpaeocnupanvhvim, BTOPOE —
Jiesocnupanvhvim. Ha cnegytoLlein cxeme n3obpaxeHbl 3T COCTOSHUS.

S S
- < -
EL,p 5>
MpasocnupanbHas JleBocnupasnbHas
yacTuua yactuua

CnuMpanbHOCTb YacTULLbl C OT/IMYHOW OT HY/S MAccoii MOXKHO M3MEHWUTb, €CNK NepeiiTn B
CUCTEMY OTCYETa, ABMXKYLLYHCS CO CKOPOCTbIO, GOMblUeli YeM CKOPOCTb 4YacTuLbl. TO €CTb
MacCOBble YacTWLbl MOTYT MOMEHSTb CBOKH CMMPasbHOCTb. YacTulpbl C Maccoli NMoKos paBHOM
HYJTIO COXPaHAKT CBOKO CNUPa/IbHOCTb, TaK KaK OHW ABMXYTCA CO CKOPOCTbLIKO CBETa. B Teopun
cnaboro B3aMMOAENCTBUSA CUNTAETCA, UTO cr1abbim 3apa0om 001adaion JTulub 1e60CHUPATbHbLE
yacmuubl u npasocnupaivhvle anmuvacmuusl. HaobopoT, npaBoCNMpPa/IbHbIE YacTULbl Y
nesocnumpajibHble aHTUYaCTULbI HE o6na,qar0T cnabbim 3apAaom. B cOOTBETCTBUN C 3TUM, MOXXHO
pasfennTb Bce PEPMUOHBLI Ha Ay6neThl, 061adatoLLme cnadbiM 3apsaoM, U CUHINETbI, UMELOLLE
cnabblil 3apsf, paBHbIA HyNt0. Takmx Ay6neToB MMEETCA CPeamn YacTuL, YeTbipe: OAuH Ay6neT u3
NENTOHOB U TPW [ly6neTa U3 KBapKOB (C YYETOM LIBETA KBAPKOB). K NMpUBOAMMOIA HUXKE Tabnuue
TpebytoTca HekoTopble nosicHeHus. 3apsia U(1) ecTb CpPeaHWiA 3NeKTPUYECKMA 3apsag ayoneTa

UM cuHrneta. Mbl MOXXeM 3aMEeTUTb, 4YTO ANA chaéoro BS&MMO,D,QIZCTBI/IH MOXXHO MPeanoXXnTb
thopmyny:

Q / €= qc.mﬁblﬁ + U(l)

dTa hopmyna sBAseTcsS aHanorom opmynbl Menn-MaHHa — Huwmgkumbl ans cnaboro
B3auMogelicTeus. Purypupytowme B MocneaHeldi KONOHKE Tabnvubl YacTuubl W™, W™,
SBNSOTCA NPOMEXYTOUHbIMM 6030HaMK. 10 COBPEMEHHbIM MpeACTaBAeHMAM GeTa pacnaj



npoucxoanT B ABa 3Tana. Ha npuvmepe 6eTa npeBpalleHUs HEATPOHa B MPOTOH 3TO MOXHO
MPOUNNOCTPMPOBATL CrefytowmM 06pa3oM. Ha KBapKOBOM YPOBHE HEWTPOH |n >=|udd >, a

NPOTOH | p >=| uud >. C TOUKM 3pEHNsI KBAPKOBOI Teopun Npu 6eTa pacnaae HeTpoHa oauH 13
KBapKoB d TNpeBpallaeTcs B KBapK u:d —>u+W ™. 3aTeM 3TOT MPOMEXYTOUHbIi 6GO030H

pacnafaeTcs Ha 3NEKTPOH U aHTUHENTPUHO: W™ —e .,V -
Ay6neTbl
Cnabblin 3apag 3apag U(1) | Snektpuueck | MNMepexoal
Ui 3apag,
Vfleeocnupaﬂhu + 1/2 O
- -1/2 Wit w-
Jlesocnupaibi -1/2 -1
Jlesocnupaibr + 1/2 +2/3
J +1/6 wlitw-
Jleeocnupaibr
-1/2 -1/3
e;paeocnupaﬂbu + 1/2 + 1
= +1/2 wlitw-
npaesocnupaibH -1/2 O
1 +1/2 +1/3
npasocnupdaivh
~ -1/6 wrdtw-
unpa@ocnupavbn
-1/2 -2/3
CuvHrneTol
yacTuLbl 3apag U@L ANEKTPUYECKNIA Cnabblit
3apag, sapaf
e;paeocnupwlbu B l ) 1 0
* +1 +1 0
Jleeocnupaibt
u npasocnupanvi + 2/3 +2/3 0
~ﬂe(;ucnupa,7bn -2/3 -2/3 O
dnpaeocnupwlbu - 1/3 - 1/3 O
d +1/3 +1/3 0
Jle6ocnupanvi

MockonbKy cnabbiM 3apsaom 0651afatoT NeBOCNUPaibHbIE YacTULbl C HE PaBHOM HY/O
Maccoi Mokos (3NeKTPOH, KBapKwu), MOCTONbKY Cnabblii 3apsf MOXET He CcOoXpaHsTbcA. OH
MOXET BO3HMKaTb WM 1cYe3aTb Mpy Nepexoje 13 CUCTEMbI O0TCYeTa, B KOTOPOI YacTuua bbina
NpaBoCNMPa/IbHOM B CUCTEMY OTCYeTa, B KOTOPOM YacCTuua CTaHOBWUTCA /1EBOCNMPA/IbHON W
Hao6opoT. Cnaboe B3aVMOAENCTBUE CYLLECTBYET MEXAY yacTuuamu, obpasyrowmmMmn ay6netsbl.



Takoro Tvna B3anMMOLENCTBME OMUCbIBAETCA Teopuel HasbiBaemMoi SU(2) Teopueid. B aToi

TEOpUM B3aMMO/ENCTBYIOLIME MAapTHEPbl MOTyT MEepPexoauTb Apyr B Apyra. V3o6GpaxkeHue
MaTpULbl CNaboro B3auMOeCTBIS UMEET BUA;

MornowlaroLpe YacTULLbI
- JleeocnupdanbHoe
J'IEBOCIIltpCZ.'lebllz Ve
= 0 —
V|3f|yl‘| aro LLUAe eﬂeeocnupwbnblﬁ W W
l_IaCTVI L'Ibl Vﬂetf()cnupa,wuoe W+ WO
e

B3anMOAe/CTBYOLLMM YacTULAMMN SBNSIOTCS 3M1EKTPOHHOE aHTUHEMTPKHO, KOTOpOoe Mo
OnpefeneHnto BCera NeBocnmpasibHOE, Vi NEBOCMIMPabHbIV 3NEKTPOH. dnemMeHTaMy MaTpuLbl

ABAKOTCA HeTpanbHble W° 6030HbI, KOTOPbIE YKa3blBAKOT Ha TO, YTO Crlaboe B3aMMOAecTBUe

MOXET MPOUCXOAUTL W 6e3 MpeBpaLieHns YacTul, (3MeKTPOH, 06MeHsIBLUMCE W ° 6030HOM C
3/IEKTPOHOM, OCTaeTCs 3/1IEKTPOHOM). HeTpyaHO ybeanTbes, YTO crabble 3apsagbl W 6030HOB
paBHbl WX 3/IEKTPUYECKMM 3apsaaM. B paccmatprvBaemoit cxeme cnaboro B3avMOAENCTBUSA
npucytcTByeT 3apag U(L), 4emy OTBeyaeT HekoTopas CUMMETpUS. 3Ta CUMMETpUS,

NpUCYTCTBYHOLLAsA B C/laboM B3aMMOENCTBUK, CBA3aHA C KBAaHTOM B3aMMOZENCTBUSA, KOTOPbIiA
HasoBeM KBaHTOM FV°. TMomo6HO 6030HY W° U (OTOHY y, V° 6G0O30H He WMeeT Hu
3NeKTPUYECKOro, HK cnaboro 3apsga. PeanbHas [LeiiCTBUTENBHOCTb MOKAa3bIBAeT, UTO GO30HbI
W° n 7° He HabniofaloTcs B uMcTOM Buge. HabrogaembiMy SBNAIOTCA WX CMELLaHHbIE

COCTOSIHUA. OfHMUM U3 TaKUX COCTOSIHWUI ABNSeTCH (POTOH, APYTrUM — HEUTpasibHbIA 6030H Z° .
3T0 NO3BOSISET OCYLLECTBUTL TaK Has3blBaeMoe 3/1eKTpocnaboe 06beAuHeHMe C MOMOLLbO
Teopun SU(2)xU (1) CUMMETPUN.

€ Ve e;esocnupa,zbﬂbtﬂ Ve
e Ve + L we w-
v, e v, w w?o
L V.
= Commonpa | WAV =y 20 W
Ve wr We+V° =y+2°

Kak Mbl y)Xe OTMeuyasu, MOCTOSHHAs TOHKOM CTPYKTYpbl o =e’/hc, ABnswoLianca
KOHCTaHTON 3M1eKTPOMAarHUTHOIO B3aUMOZENCTBMS, Ha CaMOM [efe He ABNAETCS MOCTOSHHOM
BE/IMUMHON. Bcneacteme TOro, YTO TOYEUHbI GECKOHEYHbIA 3apsif 3MEKTPOHA OKPYXKEH
aTMoC(epoit BUPTYa/lbHbIX POTOHOB 1 MOJSPU30BAHHbLIX 3/1EKTPOH-MO3UTPOHHBIX Nap, No Mepe
TOro, Kak Mbl Oyfem Bce 6osiee 1 Gosiee NPUBAMXKATLCA K GECKOHEYHOMY «3aTpaBOYHOMY>»
3apafy aneKTpoHa, Mbl 6yaem HabnoaaTh BCe 60/bLiee M 60/bLUee 3HaYeHVe 3apsaia 3/1eKTPOHa,
a, CnefosatenbHO U BCe 6OOMbLUee U BOOMbLUee 3HaYeHWe KOHCTaHTbl CBA3W. B TO ke Bpems
KOHCTaHTa CBA3K €1aboro B3aMMOAENCTBUA «,, , KaK NOKa3bIBat0T OLEHKN, OyeT YMEeHbLLATLCS.

UT0 NpPOMCXOANT C 3TUMM KOHCTaHTaMK CBA3M NPeACcTaB/ieHo Ha PucyHke 12.



0,6

O cna6

0,4

0,2

— CM

10 10712 107"°

Puc. 12. I'padmKn N3MEHEHUS KOHCTAHT CBSA3MW.

«KoHeTaHTa» €1aboro B3aMMOAENCTBUA NPU YMEHbLUEHUW PacCTOAHMA VMeeT cnabyto
TEHJEHUMIO K Y6blBaHUM OT 3HayeHuns «,., ~0,5 [0 3HayeHus «,, =~ 0,4—0,3 «[locTosHHaA»

TOHKOW CTPYKTYpbl « YBEIMYMBAETCS B ECATKM pa3 U Npu pacCTOAHUA R ~10® ey pocTuraet
BeNMUYMHBLI o =~ 01-0,2.

N3 aTOoro cnefyet, 4YTO MNpWM TakUX PACCTOAHUAX 3HEpPrMn KBaHTOB Cnaboro u
3/1IEKTPOMArHUTHOrO  B3aMOJECTBUIN  CTAHOBATCA OfMHAKOBbIMW W HacTymaeT MoJiHas
Hepas/IMYNMOCTb (CUMMETPUS) MeXay CnabbiM U 3/1EKTPOMAarHUTHbIM B3aMO/ENCTBEM. ITO
pacctosHre (107° —107"° cM), MOXHO CUWTATb Macuimadom 1eKmpocnabozo o6veounHeHus
(R, seempocnas )- SHAS BENMUMHY MacLLTaba 06beVHEHUS, MOXHO OLIEHWUTb BE/IMUYMHY MaCChl MOKOS

KBaHTOB cnaboro B3aumopeicTeus - W — 06030HOB. Ha OCHOBaHWM COOTHOLLEHWS
HeonpezeneHHocTu eiiseHbepra AE - At ~ 7 1 oueHuBas At ~ R, .. .. | €, BNS Macchbl NOKos

W - 6030HOB uMeeM: M, =hclR, 000 ~10°MoB ~1007B.  ABTOpPbl  Teopuu

aneKkTpocnaboro obveaunHeHws, BelHbepr, Mnewoy u Canam npeAckasann CyulleCTBOBaHMe
MPOMEXYTOUHbIX 6030HOB W. 3TN 6030HbI ObIN OTKPLITHI B 3KCMEPUMEHTAX Ha YCKOPUTENAX
Ha BCTpeyHbIX nyykax B LIEPHe B 1982 rogy. Maccbl NMpOMeXYyTOUHbIX 6030HOB OKa3a/nCb
pasHbIMM: M . =(81+5)['3B, M , ~95I3B. HanomHuMM, 4YTO B MPEXHUX Teopusx beTa

pacraga npeBpalleHne HeliTPOHa B MPOTOH PacCMaTpPUBasioCb Kak MPOLECC n—> p+e +V .

Ewe 3. depmu npeanonaran, Yto 3TOT MPOLIECC MPOUCXOAUT B ABa 3Tana. Ho B TpuALATbIX-
COPOKOBbIX roAax MOMbITKA 0GHAPYXWTb MPOMEXYTOUHble 6030HbI 6blNM 6e3ycrneLHbIMM.
/b B KOHLE [ABafiLlaTOr0 BeKa 3TW MPOMEXYTOUHble 6030HbI GbIMN OTKPbITLL. W ceitvac

peakLMio 6eTa pacnafa Hy>KHO nucaTh Tak, Kak 3To 1 npegnonaran 3.depmu: n — p+ W~ (310
MepBbIii aTan), u, 3aTeM W~ —e” +v .



15.4. AfepHoe cnnbHOe B3anMoAenCcTBME

Teopus CUILHOTO B3aMMOAENCTBUSA Ha3blBAeTCA keanmosou xpomoounamurou (KXM).
HasBaHMe «XpOMO» 03HA4aeT, YTO B TEOPUM PacCMaTpUBatOTCA CU/ibl, AENCTBYIOLLME HE MEXAY
ANEeKTPUYECKUMU 3apsafaMn, a Cusbl, AeNCTBYIOLLME MeXAY LBETOBbIMU 3apafaMu. 3TU CUSbl
XapaKTepu3yrTCs KOHCTaHTOM CUIbHOTO B3aUMOAENCTBMS, KOTOpas B COTHM pa3 60/blue
MOCTOSAHHOM TOHKOW CTPYKTYpbl. KBaHTaMy CU/IbHOTrO B3aMMOLEUCTBUSA ABNAKOTCA [NHOOHbI (0T
aHrnuiickoro glue-kneid). Ksapkn MOryT CyLlecTBOBaTb B TpeX pasnMuHbIX LpeTax. CyliectsyeTt
HECKONbKO pas3/InyHbIX CrocoboB OMpefeneHns LBETOBbIX 3apsAfoB. 34ecb Mbl  Bynem
Mo/b30BaTbCA CMOCO60M, NpeasiokeHHbIM Xosapaom [bxkopmku (H. Georgi). MNpu Takom
crocobe onpesesneHns LBETOBOro 3apafa, 3apsas OMpefensietcs ¢ MOMOLLbH0 Tpex uucen. Tpu
LiBETa ONpesensatoTCs CreayrowmM 06pa3oMm: LiBETOBON 3apsf KpacHbIi MUHYC 3eneHblid (R-G),
LLBETOBOW 3apsf 3e/eHbli MUHYC cuHunii (G-B), LiBeTOBOW 3apss CUHWUIA MUHYC KpacHbil (B-R).
Tpoiika uncen, XxapakTepun3sytoLLas LiBeT KBapKa, OnpefenseTcs Kak 3To nokasaHo B Tabnumue:

K LiBeToBble | 3apAgbl

B R-G G-B B-R
A KpacHblii g, +1/2 0 -1/2

P 3eneHblil g, -1/2 +1/2 0

K Cuhnin g, 0 -1/2 +1/2

CunbHoe B3aMMOfelicCTBME OMUChbIBaeTCcs Teopueld ¢ SU(3) cuMMeTpuei,, B  KOTOpOIA
B3aMMO/IECTBIE MEX/Y KBapKammn OMUCLIBAETCS MaTPULEl TNHOOHOB 3x 3:

q" q° q"
KBapk KpacHbiii ¢ | G, +G, | Gy, Grp
KBapk 3eneHblii ¢° Gix G, +G, | G,
KBapK cuHuini - ¢° Gy oz Gy G, +G,

CMbIC/ 3TOl MaTpULLbl CUMLHOTO B3aMMOAECTBUS MeX[Y KBapKaMy 3aK/IHOUaeTcs B TOM,
4YTO, HaNpUMep, KPacHbI KBapK, UCNYCTUB FMOOH G, , ., NPEBPALLAETCA B 3e/eHbIA:

g —>q% + Gri-
3 3TX CO0BPaXKEHNI MOXKHO YCTaHOBMTb, KaKUMW LiBETaMI A0/MKHbI 061aaaTh r00HbI. Tak, B
MpVBEAEHHOM BbILLE MPUMEPE MOXHO YCTaHOBUTb LBET IM00Ha G, . . V13 YCNIOBUA COXpaHeHns
LIBETOBOrO 3apsafga, byaem MeTb
(+1/2,0,-1/2) = (-1/2,+1/2,0)+(+1,-1/2,-1/2)

CnepoBsartenbHO, TPOMKa YnCes, ONpefenatoLLas LBeTOBOW 3apss rnooHa G, . byaet (+1,-1/2,-
1/2). TOYHO TaKXKe MOXHO YCTaHOBWUTbL LIBETOBbIE 3apsifibl OCTa/bHbIX FOOHOB. CTOsLLME NO
rNaBHOM AnaroHann GecuBeTHble MOHbI G, U G,, UMEIOT HY/IN B Ka4yecTBe TPOWKM Yumcern,

onpeaensitoLmMx LBETOBOM 3aps. TakuM 06pa3oM, Mbl MoSyyaeM TabiuLy LIBETOBbIX 3apsiioB
I NOOHOB:



R-G G-B G-R )

) 0 0 0 0

G, 0 0 0 0

Georo +1 -1/2 -1/2 0

Gsr -1 +1/2 +1/2 0

G s -1/2 +1 -1/2 0

Gy +1/2 -1 +1/2 0

(CN -1/2 -1/2 +1 0

Gr.»s +1/2 +1/2 -1 0
Z 0 0 0

15.5 Bennkoe 06begMHEHNE

PacCMOTPUM MOBEAEHNE KOHCTAHT CBS3M PacCMOTPEHHbIX TPEX B3aMMOAENCTBUIA C
YMeHbLUEHMEM MacliTaba B3anMOLEicTBUS (C  YMEHbLUEHVEM pPacCTOSHWUSA, Ha KOTOPOM

B3aMMO/ECTBYIOT YacTuLibl). [TOCTOSHHAA TOHKOM CTPYKTYpbl o =e”/hic  (KOHCTaHTa
3N1EeKTPOMArHUTHOrO B3aUMOZENCTBMS), KakK Mbl Y)Xe€ MMeN BO3MOXHOCTb B 3TOM yb6eanTbCs,
pacTeT C YMeHbLUeHMEeM PacCTOAHUA MeXZy B3aMMOZENCTBYHOWMMM YacTuuamu. Kak Bbille
YKa3blBa/I0Cb, 3TO CBSA3aHO C TEM, YTO YMEHbLUAETCA 3KPaHUPYHOLWMIA CNON BUPTYaNbHbIX
MO3UTPOHOB, OKPY>KAOLLMX TOUEUHbIN 3M1IEKTPOHHBIW 3apsaf. UTO KacaeTcs KOHCTaHTbl caboro

B3aMMOJENCTBUA o, . = f°/hc, TO OHA WMMEET TEeHAEHLUMIO K YMeHblUeHMo. KoHCcTaHTa

cnab

CUNbHOTO B3aUMOAENCTBUS «,,,, = g’ /hc GyAeT YMEeHbLIATCS C YMEHbLUEHUEM PACCTOSHUS.

JTO CBA3aHO C TEM, UTO sAEPHOE CU/bHOE B3aMMOAEICTBME BCerfja ecTb B3aMMOAECTBME
NPUTSHKEHUs. To3TOMY, BUPTyasbHOE O06/1aKO T/I00OHOB, OKPYXAIOLMX TOYeUHbI KBapK,
COCTOWUT MPEMMYLLECTBEHHO M3 F/IIOOHOB TOFO >Ke LBeTa, YTO WU LBET camoro Keapka. Mpu
YMeHbLLUEHN PacCTOsIHMS Mbl 6y4eM 06HapY>KMBaTb BCE MEHbLLEE 1 MeHbLLIEe LiBETOBOE 06/1aKO,
cnefoBaTenbHO, Mbl GyaeM HabnogaTb YMEHbLLUEHWE LBETOBOIO 3apsifa C YMEHbLLEHUEM
PacCTOSHMS MeXay B3aMMO/ECTBYIOLMMI YacTULamMn. B npuHUMne, npu yMeHbLIEHUM
PAaCCTOSHUA [0 HyNs, Mbl MPUAEM K HyNeBOMY LIBETOBOMY 3apsifly KBapKa. MccrnegoBaHus,
MpoBe/eHHbIE aBTOPaMII TEOPUM BENMKOTO O06bEAMHEHMS, NOKa3bIBAOT, YTO MPU PACCTOSHMSAX
~10*°cm, BCE TPU KOHCTaHTbl B3aMMOAEWCTBUS CTAHOBATCA OAMHAKOBLIMU. 3aBUCUMOCTY
KOHCTaHT B3aMMO/ENCTBMS OT PacCTOsHMS JaHbl Ha PucyHke 13.
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Puc 13. 3aBUCMMOCTY KOHCTAHT B3aMMOAEWCTBIS OT PacCTOSHMS.

ABTOpbI Teopuu BeNMKOro 06veanHeHUs (Oxxkopmixu, KBuHH 1 BaliHGepr) noctpovnu
Teopuio, Kak Teoputo, 6asupyrowytoca Ha SU(5) - cummetpum. pynna cummeTtpumn SU (5)
[O/KHA  «MOKPbITb»  TPYMMbl  CUMMETPUM  CU/IbHOTO, CNaboro M 31eKTPOMArHUTHOro
B3aumogencteuii  SU(3), SU(2) wn rpynny U(l). B Teopun BeNMKOro 06bELUHEHUS
npegnonaraeTcd, 4To CyLeCTBYET Wb MATb WCTUHHO 3MIEMEHTapHbIXYacTuL, MNepBoro
MOKOMeHWs. 3TO TPU MpaBOCNUPa/IbHBIX d  KBapKa, MNpaBoOCMMPasibHbIA  MO3UTPOH U
aHTVHeNTpUHO (MO OMNpedeneHWI0O  Bcerja  npasocnupanbHoe). CBOMCTBA  UCTMHHO
3/IeMeHTapHbIX YacTuL, MPeaCTaB/ieHbl B TabuLe:

Q/e 49 cra6 R-G G-B B—-R

d}fpaeocnup B 1/3 O + 1/2 O '1/2
Ay ooy | U3 | O -1/2 +1/2 0

Aoy | 3|0 0 12 | +12
N +1 +1/2 0 0 0

npasocnup

v 0 -1/2 0 0 0
> 0 0 0 0 0

Kak cnegyeT u3 Tabnuubl, d KBapkuM OTBEYalOT 3a CU/IbHOE B3aMMoOfeincTaue (OHW
o6nagatoT ugeTom). MNpaBocnupasbHbIA NO3UTPOH U aHTUHENTPUHO SBAAKOTCA UCTOYHMKaMU
cnaboro B3aMmopeiicTBus (06nagatoT cnabbi  3apsaom). [MOCKOMbKY 4acTuubl  UMEHT
ANEKTPUYECKUIA  3apsaf, OHWM  TaKkKe  ABNAIOTCA  UCTOYHWKAMMU  3/1EKTPOMArHUTHOrO
B3aVMMOAENCTBUS.

Bce gpyrve yactuubl (u KBapKW, neBocnuvpanbHble d KBapKM) COCTOAT W3 3TUX MATU
yacTuu;:



RGB _ JRG.B + RGB _ JRG.B ~ + 4 ~
u.zersocnup - dnpaeocnup + enpaeocnup ' d,1esacn14p - dnpa@ocnup tv, e.zegocnup - enpasocnup +v
~R _ 4G B ~G _ 4B R ~3B _ 4R G
uﬂeeocnup - dnpa@ocnup + npasocnup ! uﬂeeocnup - dnpasocnup npasocnup ! unpaeocnup - dnpaeocnup + npasocnup *
MaTtpuua rpynnbl SU(5) nmeeT BUA:
R G B + v
npasocnup npagocnup npagocnup npagocnup
R R R
dnpaeocnup Gl + G2 + GR—G GR—B X_4/3 X—l/S
0
+y+Z7Z
G G G
dnpasocnup GG*R Gl + G2 + GG—B X,4/3 X—l/3
0
+y+27Z
B B B
dnpaeocnup GB*R GB*G Gl + G2 + X74/3 X,l/g
0
+y+Z
+ R G B 0 +
€ npasocnup X ars X s X a3 y+Z w
v R G B - 0
X+1/3 X+1/3 X+1/3 w 7+Z

HoBas Teopus mnpeAcKasbiBaeT CyLLECTBOBAHME HOBLIX KBAHTOB B3alMOAENCTBMA
ABeHafuaT HOBbIX X — YacTuL, KOTOpble ABNAIOTCA MEPEHOCUMKaMW BCEX TPeX TUMOB
B3aUMOfeiicTBIA. Ha paccTosHuAX R =10 cu HacTynaeT MosHas CUMMETPUS MeXay BCemu
Tpemsi B3auMoZencTBUAMM. ITO paccTosiHue R, =10"cu Ha3blBaeTCs MacluTaboMm
«BENIMKOTO»  00befnHeHus.  OUEeHMBAsA  SHepPrMil0  HOBbIX X yactuy,  MOAy4um
E, =hclR ; 0ome ©10° 5B . DHEPIVS TakMX YaCTWL, HA TPUHAALATb MOPSAKOB BbilLe
3HEepPruy MpoMeXyTo4YHbIX 6030HOB. [loflyunTb MpefcKasaHHble X yYacTuubl BpAg v 6ygert
Korpa - H1éyap Bo3MOXHO. OfiHaKO, HEKOTOpble CNeACTBMSA HOBOW TEOPUM MOXHO MOMbITaTbCA
npoBepuTb. OfHUM W3 BaXHbIX CMEeACTBUIA ABNSETCA HeCTabWMbHOCTb MPOTOHA. PaccMOTpuM
3TOT (PaKT nogpobHee.

KBapKOBbIiA COCTaB MPOTOHA, C YYETOM BCEX OOCTOATENbCTB (LIBET, CMWH U 3apsaf) UMmeeT
cneaytoLmia BUA:

| p>=|u” u® d° >,

npasocnup " 1e60cnup ~ npagocnmp

KBapK d MOXeT BUPTYa/lbHO MUCMYCTUTb OAHY M3 BO3MOXHbIX X yacTuy,. lNycTb aTa yactuua

OYAET X250 oy vsoem —> X 2413 + Coasocmp - BUPTYNbHBIV KBAHT X MOMEHTa/IbHO MOXET 6bITh

3axBayeH OfJHUM U3 KBaPKOB u: i, ..., + X y/s = U 4,0, - T10CNIE 3TUX MPOLIECCOB OT MPOTOHA
. R ~R +

OCTaHeTCsl MO3UTPOH U napa KBapK — aHTUKBAPK: | p > U, oo sccoemp > TCopasoenp - 1 12PA

KBapK - aHTUKBapK MpefcTaBnseT co6oi z° - nuoH. B pesynbTaTe Takoro BMPTYasbHOrO
npouecca NPOTOH MpeBpaTuTcs B napy uactuy | p >—| 7° > +e”. OCHOBHOI KaHan pacrnaga
HeTpasIbHOro MIOHa eCThb NPEeBpaLLeHNe ero B napy ramma KeaHToB: | z7° >— 2y . BO3HUKLUMIA
MO3UTPOH TOXKE VMEET TEHAEHUMIO K aHHUTUAALUMW C NHO6bIM 9MEKTPOHOM: e +e” — 2y.

OfHMM U3 pe3ynbTaToB peakUMy pacrnaga npoToHa OyaeT Habnodaemblii  npoLecce
OIHOBPEMEHHOT O BblNeTa YeThIPeX raMma KBaHTOB.



[lpyras BO3MOXHOCTb BUPTYa/lbHOTO MpeBpallieHnst d KBapKa CBsi3aHa C WUCMYCKaHWEM
X% vactuupl: | dy e, > X 55 >+ |V >. U KBapK, 3axBaTB X 4acTully, NpespaTuTCs B

G
nesocnup

~ ~

>+| X5, >>df >. Mpu 3TOM NPOTOH npeBpaTUTCS B

Jnesocnup

aHTM d KBapk: |u
R TR
npasocnup =" 1e60cnup
BTOpas BO3MOXHOCTb pacnafa npotoHa. OAHaKo, 3Ty BO3MOXHOCTb TpYy[Hee NpPOBEepUTb
aKCneprMeHTanbHO. MepBas BO3MOXHOCTb pacnajfa NpoToHa Ha HeMTPasbHbIA MMOH U MO3UTPOH
BMOJIHe AOCTYrMHa NpoBepke. PacyeTbl MOKa3bIBaKOT, YTO BPEMS XXM3HN NPOTOHA OTHOCUTE/IbHO
nepBoii peakumy pacnaga paBHO 7 =10%7em. 3TO KonoccanbHOE BPEMS KU3HW, HA MHOrO
MOPSIAKOB MPEBOCXOAUT BpeMs CYLLECTBOBaHMSI Halleil BceneHHol. OpHako, ecnv B3sTb
1000TOHH BeLLECTBa, TO B 3TOM KOMMYECTBE BELLECTBA COAEPXMTCA 0KOMo 5-10% HyKNOHOB.
MOXXHO OXuaaTb, YTO B TeuyeHWe roga okono 50 NpoTOHOB 6yayT pacnagartbes. Vmeetcs
ornpejeneHHas BO3MOXHOCTb 06HapY>KeHWs TaKoro KosmyecTea pacnagjos.

aHTUHENTPMHO M Napy u-aHTu d KBapK: | p >—|u >+|v > 7" >+|v >. TakoBa

16. Mogenb ffpa — XX1AKow Kanam

MocTpoeHve Teopun fAep, yUUTbIBAIOLLEA BCe 0COBEHHOCTY CW B3aUMOAENCTBUS MEXY
HYK/IOHaMK, CTa/IKMBAeTCA C BO/bLUMMU TPYAHOCTAMMW. [103TOMY (DM3MKM MO N0 NyTW
CO3[aHuA Pas/IMYHbIX Mofenei f4pa, KOTOpble MOrYT XOPOLIO OMUCbIBaTb HEKOTOpble
XapakTepHble 0CO6EHHOCTM B3aMMOJEWCTBMA MeXAY HyKnoHamu. Tak B TpupuatbiX ropax
MPOLUNOro BeKa BO3HUKMA KanefbHas MoZenb f4pa, NpefioxeHHas HeMeLKuM (U3MKoM
Kapnom ¢oH Baiiu3ekepoM. 3KcrnepumeHTaslbHble (PaKTbl YKasblBa/IM Ha TO, YTO MNOBeLEeHWe
A4pa MOXOXe Ha MOBeAeHVe Kannu >Xugakoctu. lpexae 4veM NPUCTYNUTb K U3NOXKEHUIO
KanenbHOW Mogenu Afapa, HeoO6XOAMMO ONpefennTb, YTO (U3UKW Ha3blBalOT 3Heprueln CBsA3M
agpa. CymMMa MacCc COCTaBfistOLMX S4PO YacTuy (CymMma macc NPOTOHOB W HEMTPOHOB,
COCTaB/IAOLMX AAPO0) BCerga 60sblle Macchl fapa. Ty pasHULY PU3MKU U CUMTAIOT 3HEpruei

CBSA3M AApa. 4po ;' X COCTOMT M3 Z NPOTOHOB (Z HasblBalOT MOPSAKOBLIM UMCIIOM SiAPa, 3TO

HOMep 3nemMeHTa B nepuoanyeckoi Tabnuue anemeHToB [.M1.MeHaeneesa) un (A-Z) HEMTPOHOB
(uncno A, ykasblBatolLLlee Ha KOMMYeCTBO HYK/IOHOB B Afpe, Has3blBatOT MacCOBbIM YMUC/IOM).
Cnepfosare/fibHO, N0 OMnpeseneHunto

E,pp =(ZM,+(A-Z)M,-M (4,2))-c*

a0pa

, (16.1)

roe M, - macca npoToHa, M, - Macca HelTpoHaun M, - Macca siapa.

A0pa

Hapsgy ¢ Takoil (hopmoii onpefeneHns aHeprum CBA3W, MOXHO MO/b30BATLCA U APYroid
(hopmoia:

EC6}13M =(Z.M1H+(A_Z)'Mn_M ("412))'02

: (16.2)

B KOTOPOM BMECTO MacChl NPOTOHa CTOMT Macca HelTpanbHOro atoma Bofoposa M, , a BMECTO
Macchbl AApa — macca HelTpanbHoro atoma M, . OnpefeneHHas ¢ NomoLLblo (16.2) sHeprus
CBS3W, OT/IMYAETCS OT BbIUMCNIEHHOM Mo dopmyne (16.1) Ha pasHULLY SHEPTUIA CBA3U 3/1EKTPOHOB
B Z aTomax BOfOPOAA W SHEPrM CBS3W 3/IEKTPOHOB B HeiTpaibHOM atome X . 3Toit

Pa3HOCTbIO 3HEPruiA CBA3W, COCTaBMAIOWEA HECKONbKO [eCcATKOB (MHOrga coTeH) 3B, B
CpaBHEHUN C SAEPHBLIMU 3HEPTUAMM MOXKHO npeHebpedb. Ho, cTporo rosops, gopmyna (16.1) —
TOYHas, 3TO onpegeneHue, a opmyna (16.2) — npnbnvxkeHHas. Hapsagy ¢ NOHATUEM 3Heprum
CBA3W, WUCMONb3YETCA TEPMUH Odegpexm maccor Afapa. Ldedektom maccbl agpa  A(Z, A)

Ha3bIBAETCS Pa3HOCTb MEX/Y MaCccoit AJaHHOr0 sapa (BbIPaXKEHHOW B aTOMHbIX eAWHMLAX MacChl)
1 €ro MacCcoBbIM UKCIOM A

amoma



AZ,A) =M

A0pa

-4 (16.3)

ATOMHas eguHuua macebl (1 a.e.m) onpegensietca Kak (1/12) maccbl HEMTpaibHOro atoma
2c -laem=(1/12) M, ). B 3HepreTuueckux eauHuuax la.e.m.=931,502 MaB. Vicnonb3ys

onpefeneHue aedekTa Macc sapa, MOXXHO NepeonpeaeniTb onpeaeneHre 3Heprm CBa3M aapa:
Epp=2-A, +(A=2)-A, A, .(4,2)

cessu a0pa

(16.4)

3pecb A, =0,007276470a.e.m. - JetpeKT Maccbl mpoToHa, A, =0,008665012a.e.m. -

[eeKT Maccbl HEMTPOHa. TOYHO TakXKe, KaK Mbl MepeLlsiv 0T TOUYHOW (POpMy/bl AN1Si SHEPT UM
cBssn (16.2) K npubnmkeHHon (16.2), MOXXHO NONYYUTb AN 3HEPTrN CBSI3N MPUOBIMIKEHHYHO

thopmyny
By =78, +(A=2)-5,-6

C6A3U amoma

(4.2) (16.5)

M 5(1"10110 - Aeq)eKT

n?

rae 0., =0,007825050a.e.m.-feeKT Macchbl aToma BOAOPOAa H, 6, =A
MacCbl HEMTpasibHOro aToma.

PaccMOTPUM Tenepb OCHOBHbIE MOMOXEHWS KanebHON Moaenu siapa. AnepHas XXUAKoCTb,
aHa/I0rMYHO 0ObIYHON XUAKOCTU, CUATAETC HEC)KMMAEMOIA, CrefjoBaTeNbHO, ee 06beM [I0/KeEH

6bITb NPOMOPLMOHANEH KOMMYECTBY 06PasytoLMX AP0 HYKNOHOB: (4/3)zR3 ~~ A. U3 atux

a0pa

CO0BPaXKEHNIA MOXHO cumMTaTb, Y4To R, =R, AR Baliuzekep npeanoxun ans aHeprum cessm

a0pa
agpa NATUYNEHHYO opmyny. MepBbIM CrnaraeMbiM B 3TOI hopmyne ByaeT, Tak HasblBaeMas
06bEMHas aHeprus E, , Kotopas 6yaeT NnponopLuyoHaibHa YUCTY HYKNOHOB B fApe:

E, =C,-A,

roe C, - HEKOTOpbI KO3((MUmMeHT. Cneaytowmm cnaraeMbiM GyAeT NOBEPXHOCTHAs 3Heprus
E,, KoTopas OyfeT yMeHblUaTb 3HEpruto cBAsn sgpa. Ha obpasoBaHWe MOBEPXHOCTW Kamiu
TpebyeTcs HEKOTOpast 3HepPrus, NO3ToMy:

Eg=-C;-A4%"°

SAnepHas Kanns — Kanns 3apsykeHHOl MONMOXKUTENbHBIM 3apSAA0M XKWUAKOCTH, NO3ITOMY TPETbUM
cnaraeMbiM B (hopmyne Baizekepa Oy/ieT aHeprust aNeKTPOCTaTUYECKOTO OTTaNKMBaHNA E,

KoTopas Toxe OyfeT yMeHbLUaTb 3HEPruio cBasu aapa. Cumtas 3apsg sgpa pacrpefeneHHbIM
paBHOMepHO Mo 06bEMY, byaeM UMETb

E, =-(3/5)(Ze)*IR,,,, =-C,Z?A™".

A0pa
30TONMYeckas MHBaPUaHTHOCTb ALEPHbLIX CU1 TPebyeT paBHONPaBMA MeXAY YMCIOM MPOTOHOB
M YMNCNIOM HEWTPOHOB B sigpe. UeTBepTbIM CnaraeMbiM B (POPMy/ne A7 3Heprum cBsAsn Oypget
cnaraemoe, fieflaroLlee HeBbIro4HbIM UMETb SAPY 60/bLUYIO PasHOCTb MEXAY YMCIOM NPOTOHOB
Z N yucnom HeilnTpoHoB N=(A-Z) B agpe. 31a pasHuua N-Z = (A-2Z). CooTBeTCTBYHOLLasA
3HEPrus HasbIBaeTCs CUMMETPUIAHON 3HEeprue:
Em =—Com(4—22)" 1 4.

MocnefHee cnaraemoe B opmyne Baiu3sekepa y4yuTbiBaeT CBOWCTBa HYK/IOHOB — (PepmMu
yacTuy,. PepMUOHbI MMEKT TeHAEeHLMI0 06pa3oBbiBaTh Napbl YacTUL, C MPOTUBOMOMOXKHLIMU
OpPUEeHTaUMAMK CrIMHOB. 103TOMY YeTHO - 4YeTHble aapa (S4pa, Y KoTopbiX Z YeTHO U (A-Z)
YeTHO) 6yayT Hambonee YCTOMUMBBLIMU. Apa YETHO - HeYeTHble (Z YeTHO, (A-Z) HEYEeTHO) U
fApa HeYeTHO — YeTHble (Z HeueTHO, (A-Z) 4eTHO) OyayT MeHee ycTOluMBbIMK. COBCEM



HEYCTONUMBLIMU OYLYT HEUYETHO - HeuyeTHble Aapa (Z HeyeTHO, (A-Z) HeueTHO). CTabubHbIX
HEYeTHO HeYeTHbIX faep BCEro uetbipe: :H=:D,5Li'YBN. Bce OCTa/lbHble HEUYETHO-

HeYeTHble sapa HecTabu/bHbl (PaanoakTuBHbLI). MMsATOe cnaraeMoe B (OpMy/ie Ans SHEPruu
CBSI31 3aMULLETCS B BUJE:

E(g :_5.14—3/4’

KoahgmumeHT 6 =-34M3B A/19 YeTHO-YeTHbIX a4ep, o = 34MoB ANt HEYETHO-HeYeTHbIX SAep 1
paBeH Hy/o A1 afep ¢ HeveTHbIM A. Cobupas Bce pacCMOTPEHHbIe CriaraeMble B eVHOE Lienoe,
nmeeM hopmyny Baiilzekepa 415 aHeprum CBA3mM sgpa:

ECK}{SM = CVA_ CSA2/3 _C‘QZZ‘/47:L/3 _C (ZZ _A)2A71 _5A73/4 .

symm

(16.5)

Amnupuyeckme KoahdmumeHTsl B (16.5) nopbupatoTcs Tak, 4TOObI HaigeHHas Mo
thopmyne (16.5) sHeprus cBsA3n aaBana 60ee 6/IM3KYH K peasibHOM BEIMUNHY SHEPrumn cBsisn. B
HacTosllee  Bpema  And  9TUX  KOI(PPULMEHTOB  MPUHATBI  TakMe  3HAYeHWs:
C, =15,15M5B,Cy =178M>B,C, =0,710MsB, C,,,, =23,/M>B. [ina nofcuyeta 3Heprum

symm
CBSI3U HET Heo6XOAMMOCTU MO/b30BaThC (POPMy/oi Baiilzekepa, Tak Kak W3BECTHbI BCe
Heob6XoAnMble AeeKTbl Macc Bcex saep. Tem He MeHee hopMyna Balilizekepa No3BONSET HakTy
HEKOTOpble 3aKOHOMEPHOCTY, XapaKTepu3yHoLLMe CTabUNbHOCTb M YCTOWYMBOCTb SAEP.

16.1. MepBoe cneacTame u3 hopmynbl Baiiuzekepa.

PaccMoTpum BOMpoc 06 YCTOMYMBOCTM sAfep-u3obap (M306apbl — fA4pa, MMeroLime
pasnnyHble Z, HO oaMHakoBble A). Micnonb3ays opmyny Baiilzekepa, HailieM aHepruto sapa
E e =M ,c? =ZM ¢* +(A—-Z)M ,¢* —C, A+ CA*° +C, 22 47° +C,,,,(2Z - 4)* 47"

a0pa symm

34ech onyLLeHo nocnefHee cnaraemoe B popmysie Baliu3sekepa, yUUTbIBAKOLLEE pasfinume Mexay
YETHO - YETHbIMU N HEYETHO - HeYeTHbIMM fapaMun. Hailgem MUHUMYM 3Hepruv fapa, Kak
(OYHKUMIO 3apsAgoBoro uucna Z. [Ana 3toro, npoguddepeHUMpyeM 3Hepruio  dapa  no
nepeMeHHo Z, cumTas A NOCTOSHHON BENNUYNHOIA:

OF 10, 10Z = (M , =M )c* +2C,ZA™° +4C,,, (2Z - 4)4™ =0

symm
3 MNoNy4YEHHOr o paBeHCTBa MMEEM:

4
8C 2C,

symm

2 + 2
4Csymm +AMc 4Csymm + AMc ' (166)

VA

213
A

3mech BBefeHO oGo3HaueHne (M, — M )c® = AMc? =13MoB. TlofcTaBnAa M3BeCTHbIe

3HaueHus ans koadcpuumentos C, 1 C,, OyaeM UMETL:

symm

4
2= 19740015477
I+, . (16.7)

MonyyeHHas QopmMyna npaBUIbHO OTPaXKAaeT XapaKTep 3aBUCMMOCTU MeXAY YMC/IOM
MPOTOHOB M HEMTPOHOB B CTabU/bHBIX agpax. Mpy Manbix A (ferkve agpa) BTOpoe craraeMoe B
(16.7) He wrpaeT CYyLUECTBEHHON POAN, U Mbl MOXeEM MNPUOBAMXKEHHO cumTaTtb Z ~ A/2. C
pocTOM A BTOpOe Cnaraemoe B 3HaMeHaTe/le HAYMHAeT UrpaTb 3HAYMTE/IbHYK PO/b U ANd



TSXKENbIX A4ep Z CTaHOBUTCA 3HAYUTENIbHO MeHbLUE, YeM A/2. [Ans Tsxenbix agep (Hanpumvep
A

W) 22
2,6

16.2. BTopoe cneacteume n3 oopmyibl Baiuzekepa

B kauecTBe BTOPOro CreAcTBMS PaCCMOTPUM BONPOC 06 YCTOMYMBOCTW S[lePHON Kaniu
OTHOCUTE/IbHO AeopMaumn opmbl a4pa. Teopuro, paccMaTpuBaroLLyto Aedopmauumio agep,
BNepBble MNpeanoXxuwnu bop v Ywunep n, He3aBUCUMO W OAHOBPEMEHHO, COBETCKWUIA (PU3NK
A.WN.®PpeHKensb.

PaccmoTpum aedopmMaumio sigpa, Npu KOTOPOR AAp0 TepsieT ciepuyeckyto dopmy u
CTaHOBUTCA TE/IOM BPaLLEHNA OTHOCUTENBbHO OcK Z. Mpu Takol Aethopmanm MOXXHO 3aBUCALLMIA
OT yrna € paguyc fapa pasnoXxuTb B pag no nonvHomam JlexxaHapa OT KOCMHYcCa NOSPHOro
yrna @:

r(0) =r(1+)_a,P,(cos6))
; . (16.8)

B atom pasnoxeHun P(€) - nonvHombl JlexaHapa, KOIPPUUUEHTbI ¢, - amMInUTyabl
feopmauumn.  lepsble  Tpu  MoAMHOMA  UMeOT  Buf: Py (cosd) =1, P, (cosé) = cosé ,

3cos’ 6 -1 .
P, (cos®) ZT' [na paccmMOTpeHns BOMPOCOB YCTONYMBOCTM A4pa npu gedopmaumsx,

[0CTaTOYHO OrpPaHMYMTLCS PACCMOTPEHVEM ManbiX Aedopmauuii, n B (16.8) MOXHO OCTaBUTHL
N1LWb [iBa CNnaraembix

r(0) =r(L+a, +a,F(0) (16.9)

B 3TOM pasfioXeHUM OnyLleHO cnaraemoe  a,P,(Cosd), Tak Kak 3TO CcnaraeMoe
OMUCLIBAET MOCTYNaTe/lbHOE CMELLEHMe BCEro sapa Kak Lefloro Ha pacCTosHue oy, Npu

KOTOPOM He BO3HMKaeT H1KaKoi fedopmaumn. Kakune cnaraemble B hoopmyse Baiiuysekepa 6yayT
N3MEHATLCA? M3MeHATLCA OyeT NOBEPXHOCTHAA 3Heprus (MOBEPXHOCTb OyAeT yBeMumMBaThCs)
M KYNIOHOBCKas 3Heprus OoTTa/IKMBaHWA (KY/NOHOBCKas 3Heprus OyAeT YMeHbLUaTbCs, Tak Kak
CpefHee paccTosiHME MeXay NpoTOHamMu 6yaeT yBenmumsatbes). Mpexae BCero, He06XxoanMo
paccMOTPeTb, YTO CredyeT M3 HEC)KMMAEMOCTU XXMAKOCTU. pn 3TOM Mbl Oyfem COoXpaHsiTb
ufieHbl BTOPOro nopsaka no ¢, (M nepeoro nopsaka no «,).

Ry

A7R? f 4
% = Irzdrj.(l+ a, +a,P,(cosd))’sin 9d9jdgo =
0 0 0

_ 27R;
3

J'(1+ 3a, +3a, P, (cosO) + 3a; P} (cos 0))sin 6d 0

0

VIHTerpan no @ nerko BbIYNCSETCS:
'[(l+ 3a, +3a,P,(cosd) + 3a; P} (cosd))sin 6 = 2(L+ 3a, + (3/5)a’),
0

Tak Kak 06bEM sfjpa NOCTOAHEH (sepHast XWUAKOCTb CUMTAETCH HECKMMAaeMoii), He06X0AMMO
noTpe6oBaTth, 4To6bl 7, = —(1/5)a’.



Haiigem BennuMHy noBepxXHOCTW Ae(hOPMMPOBAHHONO SiApa. SNEMEHT MOBEPXHOCTM Aapa OyAeT
paseH dS = 27RsiNG-dl, rae dl =\/R’d0° +dR® = 1+[dR/d9

paHee R(0)=R,(l+a,+a,P,(C0sH)), HAXOLUM BENNYMHY MOBEPXHOCTN AeOPMUPOBAHHOTO
aapa. C TOYHOCTBIO [0 Y/IeHOB BTOPOro NOpsAKa ManoctTn no «, , byfeM UMeTsb:

2
j RdO . lNonaras, uTo, Kak ”

S

sy = 27RG [ (L+ g + @, P, (6))* (1+9¢ cos” 0-sin® 0)" sin 66
0

BbluncneHue nHTerpana no € naer:

Soep * 27[R§I(1+ 200, + aZ P7(0) +(9/2)a’ sin® 0 -cos” 0)sinGdO = AxR; (1+ 2c, + (415)a’)
0

YuuTbIBasi COOTHOWEHNE a, = —(1/5)a’, 3aK/touaem, uto

(ES)Oezﬁ = (ES)Heded) 1+ (2/5)0{22) .

[Ns OLEHKN M3MEHEHMSI KY/IOHOBCKOW 3HEPrun Afpa, HY)XXHO HaTU, KaK U3MEHSETCA CPefHss
BeiMumMHa <1/ R >. Onpegenum <1/ R > cnefytowmm 06pa3om:

Ry z 2z
<UR>=—S . j(l/r)rzdrjsinedejdgo:i.
47R; 5 5 2R,

Toraa anst AehopM1POBAHHOTO SApa MMeeM:

_ 3 2 . 1 2 p2 ; _ 3
<1/R >0e¢_KRg£(1/r)r dr!(l+ 201, + a2 P2 (cos 6))sin Ad6 = T

1+ 2a, +(L/5)al)

0

CriefoBaTeNlbHO,  KY/IOHOBCKas 3Heprus agpa Gy[eT yMeHbluaTbCs. C yueTOM CBA3M
MEXAY a, U a?, NONyunm:

(EQ)Oed) = (EQ)H€0647 (1_ (1/5)“22) .
Taknum 06pa3om npu AedopmaLin apa, ero SHEPris MeHSETCS CeayHoLLMM 06pa3oMm:

/ -1/
E,y = (E,p) + (UI5)(2C 4P —Cy27 A7) (16.10)

MonyyeHHas opmya NO3BONAET OTBETUTL HA BONPOC, YCTOWYMBO M BYZET A4p0, eCnu
B HEM BO3HMKHET Hebosfblas aeopmauuns opmbl. Bce 3aBUCMT OT 3HaKa KO3IMMULMEHTa,

CTOALLEr0 Mepe/, KBaApaTtoM amnanTyasl aedopmauun ;. Ecnm 2C A" —C,Z% 47°>0,
Aapo GyfeT cTabunbHbM. Ecnn, HaobopoT, 2C;4*° -C,Z?A4™"° <0, To Takomy sppy
BbIFOAHO AechopmupoBaThes. Mpn 2C A% —C,Z247° =0, sppy Ge3pasnuuHo, Kakyio hopmy
MMeTb. PaccMOTpeHHas Teopust AAET AN KPUTUYECKOro 3HadeHus (Z° 14),=2Cs1C, =50.

CTabunbHbIMU MOTYT ObITh MWL Te A4pa, A1 KOTOPbIX 3HAYEeHWe 3TOro napamerpa MeHbLue
nATUAecAaTN. ABTOPbI MPeSsIOKEHHOW TeopUM PacCMOTPeNn MoBefeHMe siapa  npu 60/1bLUMX
pedopmauymsax ero qopmbl. Ond atoro B opmyne (16.8) Hy>XXHO Y4yeCTb Cnaraemble,
cojepxatwne P,, P, N gpyrue cnaraemble, cofepxatine cnefytoLlme nonvHoMbl JiexxaHapa.

Takoe pacliMpeHuMe TeopuM  MO3BOMSIET PacCMOTPeTb Aedopmauun sapa, Npyu KOTOPOiA
BO3HMKAET TMepemMbluka. C YBENMYEHMEM aMMAMTYAbl AeopMaLMi 3Ta MepeMbluka MOXET



pa3opBaTbCA W AP0 WCMbITAET PeakLMio AeNeHNs Ha ABa OCKO/Ka. KauecTBEHHO 3TOT MpoLiecc
MOXHO MPOUN/IOCTPUPOBATL Ha rpadnke.

Eanpa

e

Puc. 13. KayecTBeHHaa UnnocTpaumsa aeneHns aapa Ha 4sa 0CKOJKa.

Ha aTom rpaduke B KayecTBe napameTpa fedopMauuun BbibpaHa BeMYMHA &, KOTOpas
npy MasbiX fedopMaumsx COBMajaeT C «,, C YBeMYeHUEM [edopMalum & CTaHOBUTCH

PACCTOSIHUEM MEXAY LieHTpaMu Gy ayLUMX OCKO/IKOB siApa, W, HAKOHELL, Korja sapa pasaenvaucs,
napameTp & CTaHOBWUTCS PACCTOSIHUEM MeXAy PasneTatoLiMMUCS OCKOMIKaMW Pasfe/vBLLIErocs
appa. Kpueast E,, () MMeeT BUA KPWBOM C MOTEHUMabHbIM 6apbepoM. Kak 13BeCTHO 13

KBAHTOBOW MeXaHUKMW, AP0 MOXET UCMbITaTb TYHHENbHbIA 3(EKT OTHOCUTENBLHO peakuuu

AeneHns. JToT 3M(eKT NPUBOAUT K MOHMKEHUKO 3HAUYEHUS KPUTUYECKOrO MapamMeTpa

(Z*14),, po sHaueHuid ~ 40. Tak, Ans aapa ‘e Cm (KIOpWid), KOTOPOE UCMbITbIBAET PEaKLmIo

CMOHTaHHOTO AeNeHns, 3HadeHue napametpa (Z2/ A)=38,4.

17. O6bonoyeyHasa mogens sigpa. Marmnyeckue umcna

Ewe B 1934 rogy HeMeuKuUm (U3MKOM 3Inb3accepom Obll  YCTaHOBMEH (aKT
CYLLECTBOBaHMSA TaK Ha3blBaeMbIX Maruyeckmx sgep (M Marumyeckux uucen). Hapa, yucno
HEMTPOHOB W/IM YMCNO MPOTOHOB KOTOPbLIX PaBHbl OLHOMY W3 Maruyeckux yucen, 0CO6eHHO
yCToMuMBbI. Marnyeckummn SBnstoTCA cregyrowme yumncna: 2, 8, 20, 28, 50, 82, 126. Oonroe
BpeMS 3TOT 3KCNepUMeHTaNbHbIA (DaKT OCTaBasiC He3aMeueHHbIM. JIMWb MoCie OKOHYaHWS
BTOpOM MWpPOBOW BOMHbI, OH 6blN1 UCNOMLb30BaH AJ19 NOCTPOEHUA MOLeNN SAePHbIX 060104eK. B
CYLLLECTBOBAHMM Marmyeckmx 4vcen npornsfbiBasacs aHanorus ¢ 3/1eKTPOHHLIMU COCTOSAHUAMM
B BOAOPOAONOA06HOM aToMe. W3BeCTHO, YTO 3/1EKTPOHHbIE COCTOSHWS BOLOPOLOMOA0GHOro
aToma o6pasytoT o6onoukm (K .L, M, N 1 Tak ganee). Umcno COCTOSIHWUIA B 3TUX 060104Kax

PaBHO KpaTHOCTW BbIpOXAeHus  g(n) =2n°. Y aBTOPOB 060M10YeuHON Mogenn (Mapus

FénnepT-Maiiep, VleHceH) BO3HMKNA uaes — HaTW ad(heKTUBHOe Mone, AeiicTBytoLlee Ha
HYK/IOH B f4pe, MOC/Me Yero pewunTb ypaBHeHue LlipeanHrepa ¢ Takum Mosem K MOAYyYUTb
CUCTEMY Marmyeckux umcen. B kauvecTBe 3(DeKTMBHOrO Mons Obla MCNONb30BaHa MAEs
CcamocCoriacoBaHHOro nons. HyknoHbl B A4pe NpW CBOEM [ABWKEHUW BAUAKOT Ha Apyrue
HYKNOHbI, [one, AENCTBYIOLLEE HAa HYK/IOH, CaMO 3aBUCUT OT COCTOSHMSI AAHHOIO HYK/IOHA.
Takoe None HasblBaeTCA camocoziacoeannvim NONEM. B npocTelileM pacCMOTPEHMN, COrIaCHO
aBTopaM MOfENW, CWbl B3aMMOAENCTBUSA MEXAY HYK/IOHAMW [O/MKHbl 3aBUCETb NWLIb OT
paccTosHMs Mexay HUMK. MoTeHuman B3anMo4encTemsa Mexxay AByms HyKIOHaMu OyeT paBeH
Vi, =V, f(# —7,).. Tpybyto OUeHKY [/19 NOTeHumana, LedCTBYIOLWEro Ha HYK/IOH 1, MOXHO

MoMyYnTb, YCPeAHMB MOTEHLMaN B3aMMOAENCTBUS MeXAY HYKIOHaMM MO BCEM HYK/IOHaMm 2.



YcpeaHeHve nNponsBoAMTCA CNesytowmnm 06pa3oM. Hy>XHO YMHOXUTL V,, Ha GyHKUMIO po(7,)
pacnpefenieHns HyKNOHOB 2 B A4pe Y NPOVHTErpMpOoBaTh Mo MOJIOXEHWIO HYK/I0Ha 2:

V@) =V, [ £ -7)pF)dr (17.1)

Ecnv (yHKUMA  f 0YyeHb KOpoTKogencTsylowas, 70 B (17.1) Bmecto p(7,) Mbl MOXEM
nogctasutb p(7). Torga BMecto (17.1) Mbl NoaAy4nM f18 caMOCOr1aCcoBaHHOro MOTeHLMasna

thopmyny
V(n)=CV,p(#) (17.2)

roe C = If(?)dsr. CnepoBaTeNbHO, B JaHHOM NPUBINXKEHUN CaMOCOT/IaCOBaHHbIV NOTEHLMan,

[EVCTBYIOLLMIA HA HYKIOH B SApe, NPONOPLUMOHANEH 3HAYEHWH0 MIOTHOCTY BELUECTBA B 3TOM
sape. Ons pacnpefeneHus NAOTHOCTU BellecTBa B siape O.epMu NPeAnoxXun CredytoLyto
AMMUPUYECKYIO hopMyny:

p(r)=———~
1+ eI (17.3)

CornacHo (17.3), BenuunMHa R onpegenseTca Kak paguyc sgpa. lMpn r=R,
p(R) = (1/2) p(0). Ona pagmyca sagpa MMeeTca npubavxeHHas gopmyna

R=(1,2-4"°-0,5) dwm.

Ans apep ¢ A>20 Ans pagMyca sigpa MOXHO MOMb30BAThCS  MPUBAVKEHHbIM
COOTHOLLEHNEM

R~12- 4"

TonwwmHa rpaHuubl a4pa OnpefensieTcs Kak 061acTb LUMPUHOM ¢, HAa KOTOPOW MNMOTHOCTb
BeLlecTBa B fApe yMeHbluaetcs oT 3HadeHus p(r) =0,9po(0), po 3HaveHus p(r) =0,1p(0).
BennunHy o6, Ha ocHoBaHuUM (17.3), MOXHO OMNpeAenvTb Kak LUMPUHY rpaHuubl ¢. B camom

t126
l+e 1126

pene, ucxoga us (17.3), vmeem: Q:W yTo [aeT ANna e “° KBafpaTHOe ypaBHeHue

(e''%°)? —8e''% —9 =0, pelweHnem KoToporo 6ygeT e''*’ =9. OKOHuYaTeNnbLHO MOMyYaem

t=40In3, Takum ob6bpasom And 6 WUMeeM 3HauyeHune oS =0,227¢. Kak MoKa3blBaeT OnbIT,
LUMPUHA FPaHULIbl NPUMEPHO OfHa W Ta XXe [N BCeX SAep, U paBHa ¢ = 2,4y . KayeCTBEHHbIN
XO0f, 3aBUCUMOCTU p(r) NpUBELEH Ha pUCYHKe 14:



p(r)a

p(0)2

Puc. 14. KaueCTBeHHbI X0[, 3aBUCUMOCTU p(7)

CncTeMa Marmuyeckmx 4YMCeN MOXET OblTb MOMy4YeHa NpU  PELLUEHUN  YPaBHEHWS
LWpeanHrepa Ans HyknoHa. lpu 3TOM B KayecTBe CaMOCOr/1aCOBaHHOrO MoTeHuuana
MCMONb30BA/ICA CHEPUUYECKN CUMMETPUYHbIA NOTEHLMAN NPAMOYTO/bHOM MOTEHLMANIBHON SMbI
C GECKOHEYHO BbICOKMMMW CTEHKamu, MOTeHLUMasn CPEpUYecKoro rapmMoHMYecKoro JIMHeHOro
ocumnnsTopa

n noteHuman Bypaca — CakcoHa
U
VO

npeacTaBnseroLwmini coboii camocornacoBaHHbIin noteHyman (17.2), B KOTOPOM ANSi NIOTHOCTYH
BelLlecTBa B fi4pe mncnonb3osaHa opmyna ®epmun (17.3). Bee aTn noTteHUmanbl 4al0T NPUMEPHO
O[JMHaKOBYH) COBOKYMHOCTb MarMyeckmx uucen. B mHTepecax MPOCTOTbl W3/MOXeHUs, byaem
1CMo/b30BaTh NOTEHLUMAN TPEXMEPHOIO FrapMOHMYeCKoro ocuunnstopa (17.4).

Ham Hy>XHO peLlunTb ypaBHeHue LLpeanHrepa
—(W* 12M)Aw (F) + (U, + (M?® 1 2)r*)w(F) = Ey (7). (17.5)
Bocnosb30BaBLUMCHL CPEPUYECKO CUMMETPUMEN NOTEHLMaNa, NLWEM peLUleHre B BUAE
w(r)=R(r)-Y,0,0) (17.6)

rae  R(r) - pagnanbHas yHKUMSA, 3aBMCALLas TONBKO OT MOAYNA pafnyc-BeKTopa, a v, (6, ¢) -
Wwaposas (DYHKUMS, 3aBUCALLAA TObKO OT YI/IOBbIX MEPEMEHHbIX. Y4YuTblBas, YTO orepaTop
Nannaca B cihepunyeckoii cucteme KoopauHat umeet sug A = (1/7°)o/or(r?010or) + (1/r2)A6.¢,

a TaKxke CBOMCTBO LWApOBbIX (YHKUMIA A,Y, (0,9) =-I(l+1)Y, ($,¢), nocne noAcTaHOBKM

(17.6) B (17.5) 1 cokpallleHns Ha LapoBYH PYHKUWMIO, ANna ypaBHeHus LLpefnHrepa nonyynm
00bIKHOBEHHOE AntthepeHLManbHOe YpaBHEHNE:

R'(r)+ (21 P)R'(r) + @M | B2)(E + U, — (M® 1 2)r% — (> 1 2M)I(l +1)r 2)R(r) = 0.



ByfieM OTCUMTbIBATL 3HEPTMIO HYKNOHA OT AHAa NOTEHUMaIbHOW ambl E+U, =W U
cenaem CTaHAapTHYH 3aMeHy Heu3BeCTHOW (yHKumn R(r) = y(r)/r, KoTOpas npueedeT K

MCYE3HOBEHMIO MEPBOI MPOWM3BOLHON OT HEM3BECTHOW (yHKUMKW. Torga ANA HaxOoXAeHWS
peleHns 6yaem UMeTb A5 HOBON HEM3BECTHON (PYHKUMN () YypaBHEHMe:

2"() + (M 1 B2 (~(M@? 1 2)r% + W — (h22M)I( +1)r ) 7(r) = 0.

B nonyyeHHOM YypaBHEHWW, 4TOObI NpuUMeHUTbL MeTog BKB, Heobxogumo nn6o
MCNOMb30BaTh NOACTAHOBKY JlaHrepa, yAaistowyt ocobyto Touky » =0 Ha GeCKOHEeYyHOCTb,

/60 BOCMONL30BATLCA peLenToM JlaHaay — npowssectn 3ameHy [(/ +1) — (/+1/2)%. Mocne
3TOro, Mbl ByJeM VMeTb ypaBHEHWE:

) 2M ( Mo? h® 1
x"(r)+ -

P24 W———(1+1/2)> = |y(r)=0. 17.7
7 5 2M( ) = x(r) (17.7)

[N HaxoXAeHWs CrekTpa 3HepruyM WCNo/b3yem YCnoBMe KBaHTOBaHMA bopa -
3ommepdienbaa:

T3 4] 2 .2 2
jk(r)dr=j\/—M 260 r2+2MZW —(Z+12/2) dr=(n,+112)

0 h h d (17.8)

Mpefensl MHTErpupoBaHUA r, N r, OrpaHNYMBarOT 061aCTb M3MEHeHMs I'IepeMeHHOVI

VHTErpypoBaHus, B KOTOPO/ MOAKOPEHHOe BbipakeHWe B (17.8) monoxuTenbHo. WHTerpan
kBaHToBaHMs B (17.8) cBoAWTCS K Tab/MUHOMY C MOMOLLBI 3aMeHbl NepeMeHHON

nHTerpuposaHusa > = y. Torga ana (17.8) 6yaem UMeTh:

r Y2
I\/—ar" +br? —cﬂz(1/2)jw/—ay2 +by—cd—y:(1/2)( b —\/Zjﬂ'
7 r » Y 2\/2

OKOHYaTeNbHO, AN SHEPTUM HYK/IOHA B AApe W Nnonyyaem:
W=(2n, +1+3/2)heo =(n+3/2)he (17.9)

O6paTI/IM BH/MaHWE Ha TOT q)aKT, YTO rnaBHOE KBaHTOBOE YWUC/I0 n = Zl’lr +1 n
0p6|/|Taanoe KBaHTOBOE 4MC/0 l, [O/DKHbI ObITb 0653aTE/bHO O,D,VIH&KOBOVI YETHOCTW.

[nsa nonyyeHnss COBOKYMHOCTM MaruMyeckmx uucen, HEOOXOAMMO HaliTW KpaTHOCTb
BbIPOXAEHMA g(n) uMCNa COCTOSIHWIA C (DMKCMPOBAaHHbLIM 3HAYEeHWEM TNaBHOTO KBaHTOBOIO

yucna n. [Ans aToro, 0TMETUM TO 0BCTOATENLCTBO, YTO YpaBHeHue LLpeanHrepa (17.5) MOXHO
Obln0 Obl pewaTtb U B [eKapTOBOW CUCTEMe KOOPAMHAT, TaK Kak WU B [eKapTOBON cucTeme

KoopauHaT, B cuny Toro, uto U(r) =-U, +(Mw?®12)r* =-U, + (Mw® 1 2)(x* + y* +z%),
nepemeHHble pasaenstoTes. Mpu TakoM Croco6e PeLLeHns Mbl MOMyUuan 6bl 3HEPruo W B Buae
CYMMbI 3HEPTUIA TPEX MHEHBIX TAPMOHNYECKNX OCLNIATOPOB:

W=, +n,+n, +3/2)ho . (17.10)

KpaTHOCTbIO BbIPOXKAEHNSA 3HepreTuyeckoro crnektpa (17.10) sABnsieTcs YMCNo BO3MOXKHOCTEMN
PasNYHbIX TPOEK KBAHTOBbIX YnCen n ,n ,n_, NPU KOTOPbIX UX CYMMa n =n,+n, +n_ =CONSt.

Haiigem KpaTHOCTb BbIpOXAeHWs g(n). HaligeM CHayana 4vcio BO3MOXHOCTEN, MpU KOTOPbIX
COXPAHSIETCS CyMMa KBaHTOBbIX YNCEN n, +n,. ITO YNAC/IO, O4EBUAHO, OYAET paBHO n—n_ +1.
Torpa



g(n) = i(ﬂ—nz +1) =n(n +1)—(1/2)n(n+1)+n+1:w2(”+2)'

n,=o

EcnnM BCMOMHWTL, YTO HYK/IOHbI 06/1aaloT MOMYLENbIM CMMHOM, TO WCTUHHAs KPaTHOCTb
BbIPOX/IEHWS COCTOSHWIA Y1BONTCS:

gn)=(n+1)(n+2) (17.11)

®opmyna (17.11) npuBOAMT K CrefyHOLLEN CUCTEME MarnyecKuxX Yncen.

n g(n) z 2(n) 3KCNepuUMeHT
0 2 2 2
1 6 8 8
2 12 20 20
3 20 40 28
4 30 70 50
5 42 112 82

3 npmBefeHHO Tabnmupbl BULHO, YTO TO/IbKO NEpPBble TPU Marmyeckux Yymcna conagatot
C TeMW, KOTOpble HabMAaTCa B AEWCTBUTENbHOCTU. [lanee, TeOPeTUYECKMEe Marunyeckume
yuncna pacxomaTca C aKCrnepuMeHTalbHbIMK. YTO eLle B TeOpumn SAepHbIX 000/104EK He YUTEHO?
ABTOpbI Teopuy 060/104eK, NO COBETYy depmu, pelwmnnn Ao6aBuTb B FamMWIbTOHMAH CMWH-
opbuTanbHOE B3aMMOAENCTBYE, KOTOPOe, KaK U3BECTHO, B aTOME MPUBOAMT K TOHKOW CTPYKTYpe
9HepPreTUYecKoro cnekTpa. Ans HyK/JIOHOB, KaK MOXHO OXWAaTb, 3PQEKT CNUHOPOUTaIbHOrO
B3aVIMOENCTBUA ropa3fo CunbHee. Maes aBTOPOB MOAeNM 3aknoyasacb B TOM, 4YTO B
paclenvBLUMMCA CMEKTPE 3HEPruii Hambonee HU3KUIA 3HEpreTUYecKMii ypoBeHb Oypget
06pa3oBbIBaTh OTAENbHYIO 000/104KY, 1 TOr4a 3Ty 060/104KY MOXHO /IM60 CUMTATb OTAE/IbHON
060/104KON, MO0 MOACOEAMHUTL €ee K MpeflecTBylowein  obonouke. Torga cucrtema
Marmyeckmx YMcen U3MeHUTCA U MOXHO ByZeT NoNyUnUTb UCTUHHYHKO COBOKYMHOCTb Marmyeckumx
yncen. OHeprus CAMH-opbUTaNbHOrO B3aMMOAENCTBUA B aTOMHOM (PM3MKe BblpaXaeTcs
thopmynoii

AW, = —u, (U r)dU (r) ] dr(I5),

B KOTOPOW 4, =ehl2m,c - MarHeToH Bopa, /,s - Ge3pasmepHble KBaHTOBOMEXaHUYECKME

BEKTOPbI OPOGUTANILHOTO M CIMHOBOFO MOMEHTOB 3/1EKTPOHA B aToMe. MpuMeHss aTy dopmyny
ONs HYK/OHA B SPe, Mbl MOMTYYNM:

AW, =—p (U r)dU(r) ! dr(I5) .

MonyyeHHas hopMyna AaeT ANS SHEPruM  CNUHOPOUTaNbHOrO B3aMMOENCTBUSA NPaBU/bHBbIN
3Hak. OfHaKo, BeNMYMHa CMUHOPOUTAILHOrO pacLLenieHns Ha NopsfoK MeHblue TpebyeMoil.
MosTomy M. IénnepT-Maiiep 1 eHceH npuLwinm K BbIBOAY, YTO Tpebyemas BeNMumHa SHeprim
CMMHOPOUTANBHOIO B3aMOAENCTBUA /1 HYK/TOHA B fAPe A0MKHA ObITb NOMyYeHa U3 ME30HHOIA
TEopun SOepHbIX cun. NS 3HepruyM CNUHOPOUTANIbHOrO B3aUMOLENCTBUA HYK/IOHa B Afpe
aBTOPbI 060/104EYHON MOAENV NOCTYNUPOBaNU (hopmy Iy

AW, ==C(5) (17.12)



B koTopon C > 0- KOHCTaHTa Teopumn. CkanspHOe NpousseseHve (7§) BbIYMCNIAETCA COrNacHo
BEKTOPHON MOZenNu.
BeKTop MOSHOro MOMEHTa WMMy/bCa HYK/OHa paBeH =/ +5 . Ksagpar BekTopa j

paBeH: JG+D =1 +1) +s(s +1) + 2(05), OTKyAa nosy4vaem
(I5) = @2LG+)-1(/+1) —s(s+1)}. N3 nonyyeHHOro BblpaxeHus, npu j=/7+1/2, bygem
umetb  (Is)=1/2, a npu j=1-1/2, (I5)=-(+1)/2. C ydyeToM [06aBOYHOIi
CnHopbuTanbHoW aHeprum (17.12), nonHas a3Heprus HyKnoHa B sape 6yaet

W =m+3/2hw—(C12)-1 npn j=1+1/2.
W=(n+3/2)hw+(CIl2)([+1) npu j=1-12 (17.13)

O6paTMM BHMMaHWe Ha TO 0OCTOSTENbCTBO, YTO M3-3a 3HAKA KOHCTaHTbl C nopsgok
CnefjoBaHNS pacLUen/ieHHbIX YPOBHel, MPOTMBOMONOXHLIV TakOBOMY B aTome. Huke 6ygeT
HaxXoAMUTLCA YPOBEHb C j =/ +1/2 . Pa3HOCTb 3HEPruii pacLuen/ieHHbIX YPOBHe Oy aeT paBHa

AW =(C12)(2] +1).

B1AHO, UTO «BMMIOYKa» PaCLLENMBLLMXCA YPOBHEN TeM LUMPe, YeM 6onblie 0pOUTanbHOE
KBaHTOBOE Uncno /.

B npuBedeHHOl AnarpaMme 3HEPreTUYECKMX YPOBHeW, B NEBOM 4acTu M306paXKeHbl
3HEPreTMyecKne YPOBHM TPEXMEPHOro ocuunnatopa 6e3  yuyeta CMAMH-OPOUTANIBHOMO
B3aVMMOJENCTBUSA. B cpeaHein yacTu guarpaMMbl NMoKasaHO pacluensieHne, 06ycnoBeHHOE CrnH-
opbuTanbHbIM B3aumoaeincTemeM. [anee aaHbl Yicna 3ano/iHeHMs 000/104eK, U HaKOHeLl, JaHbl
MarMyeckne 4ucna, KOTOpble COBMajatoT C 3KCMepUMeHTa/lbHbIMKU. Kpome Mony4yeHus
Marunyeckmx umcesn, 06ono4eyHass MofeNb MO3BONSET HANTM CMMH siApa, Y KOTOPOro nnbo He
XBaTaeT OfHOr0 HyK/OHAa [0 MOJIHOTO 3aro/fiHEHNs 060/104KK, NGO UMEETCA OAMH NULLHWIA
HYK/OH CBEPX 3aro/IHEHHON 060104KN.
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18. fiBneHMe pagnoakTUBHOCTU. PaanoaKTnBHbIe CEMECTBA

Pa/I0aKTMBHOCTbIO Ha3bIBAETCS CaMOMPOM3BONbHOE MPEBPALLEHNE OHNX SAep B Apyrue,
Mpn 3TOM W3 PaAMOaKTMBHOIO SiAPa BbIIETAIOT Pa3/MyHble YacTuLbl. K HacTosLEMY BpeMEHM
M3BECTHbl a)a - pacnag, 6) - pacnaf, U 6onee 3K30TMYECKME BUAbl PaaMoaKTUBHOCTU, K

KOTOPbIM OTHOCATCA: B) CMOHTAHHOE AeNeHue, ) NPOTOHHbIN 1 ABYXMPOTOHHBIN pacnabl 1 )
BbINeT 6onee Tskenbix uvacTuy, (sgep SC, 2 Ne). Bce BuUAbl PafyvoakTWBHOMO pacnaga
COMPOBOX/JAIOTCA UCMYCKAHWEM » KBAaHTOB, MOCKOMbKY siApa, MOMyuYMBLUMECS B pe3ynbTare
PaJY0aKTUBHOIO MPEBPALLEHNs, HaXOAATCA B BO3GYXXAEHHOM COCTOSHUN 1 OCBOBOXAAOTCA OT



M30bITKa 3HEPruM ncnyckas OTOHbI. Y Aenss OCHOBHOE BHUMaHWe a W A pacrnafam, yKakem

Ha HEKOTOpble NPUMepbl, OTHOCALLMECA K PA3HOBUAHOCTAM paanoakTuBHocTW. Tak B 1940 rogy
coBeTCKUMM  (pusmkamn .. ®nepoBbiM 1 KA. TleTpXakom 6bl7I0 OTKPLITO SABNEHME
CMOHTAHHOIO [ieNeHna afep ypaHa. B KayecTse npumepa npuseaemM npoLiecc:

238 139 96 1
U, Xet+gSr+3in
Ans anep, VMELWMX M36BbITOYHOE YMC/IO MPOTOHOB, HAG/MIOAAETCA OAHOMPOTOHHAA W

ABYXMNPOTOHHas paguoakTMBHOCTb. B 1984 rogy B Okcopge 6b110  3aKCMpoBaHO
CNOHTaHHOE NpPeBpALLEHIe Paaus B CBUHELL C UCMYCKaHWeM siaep n3oTona yrnepoga ' C:

222 208 14 ~.223 209 14 ~.224 210 14
s Ra— 5, Pb+7 C; s Ra— 5, Pb+7, C; g Ra— 5, Pb+ 7 C.

B cneaytollem rogy rpynmnoii COBETCKMX (IM3MKOB B [lyGHe W rpynmnoii amepurkaHCKUX
(hV3MKOB OTKPbITO PaIMOAKTVBHOE MPEBPALLIEHE C UCMYCKAHUEM GO/Ee TSHXKENbIX SAep HeoHa:

233 209 24 .233 208 25 .232 208 24 .231 207 24
oo U—> g, Pb+{ Ne, s U— 5, Pb+ ) Ne; s, U=, Pb+yNe;'s, Pa— " Tl+, Ne .
B [JanbHeiillem, OrpaHWuYMMCH PacCMOTPEHWEM « - pacnaja, TakK Kak nogpo6Hoe

paccMOTpeHVe A pacnafa CcoAepXutcs B rnaBe 8. lMpu pagvoakTMBHBLIX MNPEeBPaLLeHnsX

BbIMO/HAIOTCSA NpaBuia cMmelleHns Coaan — dasiHca (3aKOHbI COXPAHEHWs 3NEKTPUYECKOrO U
GapuoHHOro 3apsaoB). Mpu « -pacnafie 3NeMEHT CMeLLaeTcs Ha [Be KNeTKW BNEeBO B
MeproanYecKoii TabnuLe 3N1eMeHTOB, MacCOBOE XKE UMC/IO0 3/1EMeHTa YMEHbLLIAETCS Ha YeTbIpe:

A A-4 4
XY+ a.
Mpn 3NeKTpoHHOM A pacnafe 31eMeHT MepeMelLLaeTcs Ha OfAHY KNeTKy BMpaBoO B
nepmo,qvlquKon Ta6n|/|u,e 3/IeMeHTOB, MaCCOBO€ e YMC/10 ero He MeHAEeTCA:

4 4 0/ -
ZX_)Z+1Y+—1(e ) -
Mpy NO3UTPOHHOM S pacnaje 3N1eMeHT CMELLaeTCs Ha Of|HY KNEeTKY B/IeBO:
4 4 0
z X_>271Y++1(e+) .

COBOKYMHOCTb  Pafii0aKTVBHBLIX  A4ep, MOMy4YaloWwmxcs OAHO U3 ApYroro  nyTem
nocnefoBaTeNlbHbIX PaAVOaKTUBHBIX MPeBPaLLeHNiA, Ha3bIBAETCA PALMNOAKTUBHBIM CEMENCTBOM
(pagom). MNpu anba 1 6eTa NpeBpaLLeHNAX MacCoBOe YMCIOo aapa A NMB0 MEHSETCA Ha YeTbIpe,
Nn60 He MeHseTcA. Mo3TOMy CyLLECTBYHOT BCEr0 YeTbIpe PafnMoakTUBHbIX psasda (CeMelncTBa).
[anee npvBefeHbl YeTbipe PaamMoakTMBHbLIX psada (CemeiicTBa) C YKa3aHMEM OCHOBHbIX
KaHa/ioB pacnaga. PaamoakTuBHbll pag A = (4n+2) Obin NnepsbiM, UCCNe0BaHME KOTOPOro

Hayanwu ewe cynpyru Kropw.
PogoHauaNbHUKOM psga A = (4n+1) SBNSETCH TPAHCYpPaHOBbIN 3NEMEHT % Np . VIMEHHO
Mo 3TON NPWYMHe [ONr0 He yAaBasiocb O6HapYXWUTb 3TOT PajmMoakTMBHbLIN pad. JIwb nocne

TOro, Kak Hay4umnucb MoflyvaTb TPaHCYpaHOBble 3/71EMEHTbI, YAal0Ch OOHApYXWTb 3TO
pafivi0aKTUBHOE CEMEIACTBO.
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Psn ‘U —>%5Pb (A= 4n+2)
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PaguoakTVBHOE NpeBpalleHne — 9TO0 BEePOATHOCTHbIA npouecc. NS  Kaxaoro

PaaMoaKTUBHOIO sapa CYLLECTBYeT OnpefeneHHas BepOSTHOCTb WCMbITaTb PafWOaKTUBHOE
npeBpaLleHre. BeposiTHOCTb UCMbITaTb PaayMoakTMBHOE NpeBpalleHne B eAuHULY BpeMeHu (3a
OAHY CEKyH[ly) Ha3bIBaeTCs NOCTOSIHHOM pacnafga A . Ecnum B HayanbHoe BpeMs uveetcs N saep
paMoaKTBHOIO Npenapara, U Kaxaoe U3 saep MMeeT BePOSTHOCTb A WUCMbITaTb NpeBpaLleHne



B TeYEeHMe CeKyH/AbI, TO 3a BPeMSI df KONMYECTBO AAep, NPETEPneBLUMX PagnoaKTUBHbIN pacnag,
Oy[eT paBHO:

—dN = ANdt (18.1)

MocnegHee COOTHOLLUEHWE NpeAcTaBnsieT coboii AndhepeHLManbHOe YpaBHEHWE, pPeLLeHe
KOTOPOro UMeeT BUA;

N(t) = Noe ™ (18.2)

roe N,- KOJMYECTBO fiep PajvoakTVBHOMO MpernapaTta B MOMEHT BpeMeHU ¢ = 0. YpaBHeHue

(18.2) npeacTaBnsieT COO0ON ochoemoit 3aKkon paduoaxkmuenozo pacnada. BennumHa AN,
(KONMYECTBO pPacMafaloLLyXCa eXeCeKyHAHO fA4ep), HasbiBaeTCA aKTWBHOCTLIO npenapara.
EAVHULEIA aKTUBHOCTM PagyoaKTUBHOrO npenapara ssnsetca xwopu (Kn). OguH Kn — 3to

aKTMBHOCTb TaKoOro mpernapara, B KOTOpOM mpoucxogut 3,7 -10" pacnados/c. Tlo
rnepBoHaYa/IbHOMY OmnpeaeneHnio 1Kn paBHSIOCh aKTUBHOCTM OfIHOTO rpamMma e Ra. Kpome
KIOpW UCMOMb3YeTCA eanHuLa bekkepens = 1pacnaolc (1BK) U pesepgopo =10°6exxepens
(1Ppn).

Hapsay ¢ nocTosHHOI pacnaga A LUMPOKO UCMO/b3yeTcs MOHSTME Neproaa nonypacnaaa
T. Mepuogom nonypacnaga HasblBaeTcs BpemMs 7, 3a KOTOPOe pacnafeTcs MooBuHa
NepBOHAYaNIbHOrO KONMYeCTBa PaAuMoaKTMBHLIX saep. lMonaras B (18.1) Bpems t=T W,
cOrnacHo onpejeneHuo nepuoga monypacnaga N = N,/2, nerko nofyyaem Ans nepuoga

nonypacnaga 7 BblpaXeHue:
T=1In2/2=06931/2 (18.2)

Hapsgy ¢ NOCTOSIHHOI pacnaga v neproAoM nosypacnaga, UCrnosb3yeTcsl TEPMUH BPeMs

KU3HN PaAJMOaKTMBHOrO atomMa 7= A"'. Bpemsa XM3HU sapa ecTb Bpems 7, 3a KOTOPOe
KO/INYECTBO PaANOaKTUBHbLIX Aep YMEHbLLUNTCA B e pas.

He Bcerga anemeHT, MNOMAyuumBlUMiics MNyTeM  pagMoakTMBHONO  pacnaga U3
rnepBOHaYasbHOrO, SIBNSETCA CTabunbHbIM. B CBOKO o4epeab, OH MpeTeprieBaeT pacnafj. BHOBb
MONYUMBLUMIACA ANEMEHT TOXe MOXET ObITb HECTAOW/bHLIM 1 Tak Aanee.

TakuMm 006pa3om, MOXKET BO3HUKHYTb LE/bliA psif PafMoakTUBHbLIX 3/1EMEHTOB. B aTOM
cny4yae BMecTo ypaBHeHMS (18.1) BO3HMKAET Liernoyka andhepeHLmanbHbIX YpaBHEHWA.

O603HaumB yepe3 N, (i =1,2,3,....n) KONNYECTBO ALeP, MOMYyYAIOLLMXCA OfHO U3 APYroro,
(Npryem nocnegHuid Tun sgapa N, CTabuneH), U COOTBETCTBYIOLLME 3TUM AApaM MOCTOSHHbIE
pacnaga yepe3 A, , (NP 3TOM HY>KHO Monoxutb A, =0), umeem:

' dN, ldt+ AN, =0
dN,ldt+A,N, = AN,
dN3/dt+/13N3:/12N2 (183)
I dNn /dt = /?"n—an—l
PeLLeHVe 3TON CUCTEMbI YpaBHEHUIA UMEET BUA;

N,(t) = Nje ™



N N
/12 - 11 11 - ﬁ“z
(18.4)
N, () = No( A, e 4 A4, e 4 LA, e%t)
(43 = )2, = 4) (A = 2,)(A4, = 4,) (1, — A5)(Ay — As)

CTpyKTypa Bcex N, (z) [OBOMbHO NpO3payHa U Mbl He GY/eM BbINWCHIBATb OBLIWIA BUA

i-ro cnaraemoro. [ns cTabunbHbIX SAep, NCX0A4sA U3 3aKOHA COXPaHEHWs MOMHOro Yucna saep,
MONYUNM:

N0 =Ny - SN,
=R (18.5)

19. Anba pacnag. OCHOBHbIe 3KCMepUMeHTasIbHbIe haKTbl U Teopus anbga pacnaja

OTMeTUM, 4TO MOCMEAHUMN CTaBUbHBLIMM 3/1eMeHTaM1 B Nnepuonyeckoii Tabnvue A.U.
MeH/eneesa ABNAOTCA 4, Pb U 4, Bi. Bce aneMeHTbl ¢ Z >83 He CTabu/ibHbI 1, Kak npasuno,

anbha paanoakTUBHbI. VICMyCKaHWe « YacTuWLibl MATEPUHCKUM SAPOM 6yAeT BO3MOXHO, eC/n
Macca MaTepPUHCKOro sigpa GyaeT NPeBOCXOAMTb CyMMY MacC AOYEpPHEro sapa M a 4acTuupl.
Taknum 06pa3om, HeOGXOANMbIM YCIOBMEM AN o pacnafa 6yAeT BbiNoNHEHME HepaBeHCTBa:

M(Z, A)>M(Z-2,A-4)+ M,

Heob6bIUHbIM, YAVMBUTENbHLIM SBASETCA TOT (DaKT, YTO MPU KOMOCCANbHOW pasHULe
MepyvodoB Monypacnaja PagvoakTUBHLIX 3MEMEHTOB, 3HEPTUM BbIIETAOWMX MPU pacnaje «a
YacTML, MEeHSOTCS B HeGONbLUMX npedenax. TakK, B pagvoakTMBHOM cemeiicTBe A =4n+ 2,

HadYa/lbHbIM  97IEMEHTOM KOTOPOrO SIBASIETCS  HauGosnee [AONTOXMBYLNIA U, Nepuof,

nonypacnaga ypaHa 238 paseH T =4,51-10° zem. CaMblii KOPOTKOXVBYLUMIA 371EMEHT 3TOrO

paga % Po meeT nepuog nonypacnaga 7 =1,64-10""c. B To e BPeMst SHEPruv BbleTatoLmMX

o 4acTuL, MeHATCS B npefenax ot 2MaB go 9MaB. MogobHas cuTyaums HabnogaeTcs u ans
APYrUX psgoB. Ans pspga A =4n uveem T =141.10"em (*2Th) n T =3,04-10"¢c pans

*2Po . B KBaHTOBOI MeXaHKe U3BECTEH OAMH 3((EKT, BEPOSITHOCTbL OCYLLECTB/IEHNS KOTOPOro

9KCMOHEHUMa/IbHO 3aBUCUT OT 3HEPTUM YaCTULbl. DTO - TYHHEbHbIN 3¢deKT. To, 4To B anba —
pacnafie peLuatoLLyto posib UrpaeT TYHHeNbHbIN 3h(eKT, NOHAN ObIBLUMIA B TO BPEMSI COBETCKUM
(hmsmnkom, Meopruin Mamos (1928roa). B To Bpems ele He Obl10 M3BECTHO O CYLLECTBOBaHMU
HENTPOHOB, He CYLLECTBOBA/IO eLle HETPOHHO — NPOTOHHON Mogenn sapa. MamoB nonaras, vTo
f4pa cocToAaT M3 anba - Yactuy. [oragka amoBa 06 anba — pacrafie Kak KBaHTOBOM
TYHHE/IbHOM 3()PeKTe, OKasanacb BEpHOM, M Mbl MMeeM Teoputo anbga pacnaga no ramosy.

CornacHo 3TO Teopuu, BbINET « YacTULbl U3 [JOYEPHEro fApa SBNSETCS CeACTBUEM
[BYX 0OCTOATE/IbCTB: « 4acTuua [O/HKHA OKa3aTbCA BOAM3W rpaHuUUbl f4pa, Noc/e Yero oHa
MOXET UCNbITaTb TYHHE/bHbIN 3PeKT. BepoATHOCTb « pacnaja, Kak BEPOATHOCTb C/I0XHOM0
npotecca, byaeT paBHa NPOU3BELEHUIO BEPOATHOCTEN OKa3aTbCA « 4YacTULLE OKOMO rpaHuLpbl
A4pa 1 BEPOATHOCTU TYHHeNIbHOro adekra. TakMMm 06pa3om, NMOCTOAHHas anbda pacnaga A
Oy[eT paBHa:

A=v-D, (19.1)

roe v - yactoTa CTOMKHOBEHWIA anbga YacTWLbl CO CTEHKaMU sapa, D - Koah(uuueHT
MPO3payYHOCTX MOTEHLUMaNbHOro Gapbepa, KOTOPbIM SBNSETCS MOTeHUManbHoe none Ans anbga



4acTuUbl, HaXOAALLENCA BHYTPU [oyepHero agpa. Mpu oueHKe 4acToTbl CTO/IKHOBEHUA v
BO3HMKaeT MHOro BOMPOCOB. Bo-nepBblX, anba YacTULbl HE COXPaHAT  CBOel
VHAMBUAYaNbHOCTM B afpe. B aape Bce BpeMsi MPOMCXOAMT NpoLecc pacnaja v obpasoBaHus
anba yacTuu. fanee, Kak cumTaTth NyTb MPOXOXAEHUA a/bha YaCTuLbl OT O4HO rpaHuULbI S4pa
[0 Apyroi. K cyacTbio, OCHOBHYHO POJ/ib UrpaeT BTOPOM MHOXMTENb B (19.1) — KoapmumneHT
Mpo3payHoCcTM D - BEPOATHOCTb OCYLLECTB/IEHUA TYHHENbHOro aekra. Vimes aTo B BUAY,
KayeCTBEHHO OLEHMM 4YacTOTy CTOJIKHOBEHWUIA asib(ha YacTuLbl CO CTEHKaMU sfpa, cuuTas, uto
«roTOBasA» afb(a YacTuLa ABVKETCA C 3Hepruen E,=FE B [OY4epPHEM fApe Mo AvaMeTpy agpa.

Torpa pna 4yactoTbl CTO/IKHOBEHWIA nonyvynm:

v, 2E JE

"T2R T2JM.R  J2M,R

(19.2)

MoTeHUMan, B KOTOPOM HaxoAuUTCs anba YyacTuLa, NPeACcTaBnseT co60i NOTEeHLMANbHYHO
3HEPruIo B3aMMOZEcTBMS anbda YacTulbl 1 fouepHero sapa. Koraa anbga yacTuua Bblnetena
13 fipa, NOTEeHUMaNbHas SHEPTUs ee B3aUMOEWCTBUS C I0UYEPHNM SAPOM NPeAcTaBNsieT co6ol
KY/TOHOBCKYO MOTEHLMabHYH SHEPrui0 OTTa/IKUBaHNS

27e°

U(r) =
(19.3)

30ecb Ze 3apsf [0YepHero fapa, 2e- 3apag anbga yactuubl. Haxofach Xe BHYTPU fapa, o
yacTnua OyfeT HaxoauTbCA NOf [AENCTBMEM SAAEPHbIX CUM MPUTSXKEHUS, MNPEBOCXOAALLMX
KY/IOHOBCKME CWU/bl OTTa/IKMBaHUA. Pe3ynbTupytowas Kpueas MNOTEHUUAIbHON  3HEPrum
B3aUMOAENCTBMS YaCTULbl C [A04YEPHUM SApoM OyAeT WMeTb BWA, W300PAKEHHbIA Ha
NMPUBOANMOM HWXKe PUCYHKe 15.

U(r)

Rﬂ,qpa rq r

PucyHok 15. Pe3ynbTupytolLas KprBasi MOTeHLMabHO SHEPriin B3aMMOENCTBUS YacTULbl C
[0YEPHVM SPOM.

Takon Bug 6yfeT UMEeTb 3HEeprus B3aMMOAENCTBUA A1 «LUEHTPabHOro» BblleTa o
yacTuubl, Korga anba vactTuua BbIIETAeT MO JIMHWUKW, ABNAIOLLEACA NPOAOMKEHNEM pajuyca
fapa. B cnyvae «HeueHTpasnbHOTO» BblETA « 4acTuubl, B MOTEHUMANbHYI 3HEPruto
OTTa/IK/MBaHWS HY)XHO 106aBUTb TakK Ha3bIBAEMYHO «LIEHTPOOEXHYH0» MOTEHLUMANIbHY 3HEPTUHO



n2I(l +1)
M 1%

a

3HEpPruto:

Torga BMECTO 3HEpPrn oTTankmBaHus (19.3) HY>KHO MCMOMb30BaTh NMEKTUBHYIO

2 2
ze*  nIiI+1)

2
U (r) = .
") r 2M r?

LieHTpobexxHast o6aBKa K Ky/IOHOBCKOI 3HEPrin OTTaNIKMBaHUSs, Kak MOKa3bIBatOT OLEHKM, AaeT
NNLLb BKNaJ, COCTAaB/SHOLLMIA HECKO/MBKO MPOLIEHTOB. B AanbHeliLLEM Mbl MPEHEGPEXEM BKNA0M
LleHTPOBEXKHO 3HEPT N NP BbIYMCNEHUM KOIPDULMEHTA NPO3PAYHOCTU.

B TakoM npubavmKeHUM KO3((MUUMEHT MPO3PavyHOCTM MOTEHUMaNbHOro 6apbepa
(BEPOATHOCTL TYHHENbHOI0 3(PeKTa) HAXOAUTCSA NO hopMmye:

n 2
D—exp{% | \/ZMa(Zze E)dr}
r

R A0ps

(19.4)

30ecb BEPXHWIN Npefen UHTErpupoBaHMa ecTb TOYKa MepeceyveHnss KPUBOW MOTEeHLMasbHOM
3HEPTrMN OTTANIKUBAHUA C TFOPU3OHTaNbHOW npsamoi  U(r) = E . WHTerpuposaHune B (19.4)
MOXXeT ObITb NPOBEAEHO TOYHO W AaeT CreAyoLMin pe3ynbTar:

8Ze% | . E E E
D =exp— = _arcsin > - 2 YR
nv, |2 (2Ze /Rﬂopa) (2Ze /R}ldpa) (2Ze /Rﬂdpa) (19.5)

B (19.5) V, = /1‘2/[—E CKOPOCTb « YacTuupbl. CunTas, YTo BbICOTA NOTEHUMaILHOIO 6apbepa,

KOTOpPbIA MpeofoneBaeT anbga 4acTvua, 3HAUMTENbHO 6OMblle 3HePruM anba YacTuilbl
(2Ze*IR,,,,)>>E, B NONYYEHHOM TOYHOM BbIDAKEHAM MOXHO MpeHe6peyb BTOPbIM

cnaraemMmbiM B (*)I/II'yprIX ckobkax u nonyynTb I'IpVI6I'IVI)K€HHO€ Bblpa>KeHne A4 BEPOATHOCTA

TYHHE/IbHOI0 3(h(heKTa:
2
D =expl- ArZe
hv,

(19.6)
O6beanHas (19.2) n (19.6), ans NocTosHHON pacnaga A 6yaeM UMETb:
2
. Lexp{— dnZe }

VEM Ry e (19.7)

Wnwn, gns nepuoga nonypacnaga 7 noayymm:

In2-/2M R 2
T=In2/A= \/_“ v exp{4;:ze }
E Ve (19.8)
B akcneprmMeHTax no anbga pacnagy 6blna 06Hapy>keHa 3aBUCUMOCTb In7 OT sHeprum:
mT=C+ll

JE (19.9)

(3akoH [eiirepa — HetTtona). «KoHcTaHTbl» Cu D B thopmyne (19.9) cnerka Bapbupytotcs. M3
nony4eHHor MamoBbIM hopmy bl AN nepuoga nonypacnaga (19.8), ecnm npeHebpeyb cnaboii



3aBMCUMOCTbIO OT 3Hepruu InE 1 cnaboii 3aBUCMMOCTbIO R OT MaccoBoOro uucna 4,

A0pa

MOXHO NoAyunTh (19.9), yuuTbiBas, uto V, ~ VE .

20. Mamma nsnyyeHuve agep. AgepHasa nsomepus. hgekT Méccbayapa
"aMMa m13nyyeHneM saep HasblBaeTCcA CamMOmnpoM3BO/IbHOE NUCMYCKaHWe SAPOM » KBAHTOB,
KOTOpOe ConpoBoXaaeT Nnbo anba, Mo 6eTa pagnmoakTMBHOCTL. VcnyckaHWe » KBaHTOB -

3TO pajMaLMOHHBIA Nepexos M3 BO30YXKAEHHOro COCTOSHWUA SiApa B COCTOSIHME C MEHbLLEN
3Hepruei. PaamaumoHHbIin nepexon MoXKeT BbiTb OAHOKPATHbIM, MNPV KOTOPOM BO36YXXAEHHOEe
AP0 cpa3y NepexoanT B OCHOBHOE COCTOSHWME, MM KacKafHbIM, MNPy KOTOPOM BO306Y>XAEeHHOe
SAp0 NepexoauT B OCHOBHOE COCTOSIHME MyTeM MNOCNeAoBaTe/IbHOrO WUCMYCKaHUS ABYX WM
6051ee raMmma KBaHTOB.

DHeprms rama KBaHTOB OMpPeAensieTcs pPasHOCTbI0 3HEPruii £ fapa B BO30Y>KAEHHOM W
OCHOBHOM COCTOSIHWSIX. B COOTBETCTBUM C 3aKOHaMW COXPaHEeHUs 3HEPTUM 1 UMY IbCa:

E=Ey +Tﬂopa,O=P7 +Pwpa,
rae T, W f’ﬂopa KWHETMYECKasd 3Heprus uU UMNynbC fapa otaaun. M3 npvBefeHHbIX
COOTHOLUEHNWN NErko nonyynTb OUEHKY ANA Tﬂdpa .
P? E? E?
_ y_ ¥ N
Tﬂbpa - - 2 2"
2M 2M . ¢ 2M . ¢

A0pa a0pa Aa0pa

Monarast E ~10M>B, ons agep ¢ A~10%, gna T ~10 < 10055

BcneacTtave 60/bLLUONM BENMUMHBI MAacChl 84pa, ¥ KBAHT YHOCUT MOAABASHOLLYHO YacTb 3HEPrumn
BO30Y>KAEHHOI0 Aapa.

MoNyYnm BeNnUnHy T

a0pa a0pa

Mo CcpaBHEHWIO C 3HEpPrveil BblNeTaloWMX aib(a 4acTUL, SHEpruyM ramma KBaHTOB
HeBe/MKa M [0CTUraeT 3HaueHuid £, <0,5Moe. SHEprin ramma KBAaHTOB, WCMYCKaeMbIX

[0YepHUM sApOM nocnie GeTa pacnaja, AoCTUraeT 3HaueHnid £, ~ 2,5Mbe .

BepoATHOCTL ramMma MpeBpaLLeHnsi MOXET ObITb BblYMCNEHA MO «30/10TOMY MpaBUny»
depmn:

w:z—”|<k|1r—]r|i>|2 p(E)
h : (20.1)

roe <k|H|i>=J'1//ZHy/idV- MaTPUYHBIA 3M1IEMEHT raMUNbTOHWMAHA BO3MYLLEHUA H, y, U
W, - BOMHOBble (DYHKUMW HAYalbHOrO i W KOHEYHOTO k COCTOSHWA, p(E) - MNOTHOCTb

3HEPreTUUECKUX YPOBHEN KOHEUHbIX COCTOSHUIA. MaMWUIbTOHWaH BO3MYLLEHUS H OMWCbIBAET
3N1eKTPOMAarHUTHOe B3aVMOAENCTBUE 3apsifoB, KOTOPOE MOXET ObiTb MPefCcTaB/ieHO B BUAe
PasNoXeHNs MO MyMbTUMONSAM. DTO PasfioKeHWe Mo MyNbTUMNONAM BMeCTe C TeM SB/SETCA
pasnoXKeHVeM Mo Xopoluemy nopsaaky manoctv (R/A), rae R- paguyc agpa, a A- AavHa

BOJIHbI MCMYCKaeMoro ramma kBaHTa. OueHKa Be/IMYMHbI 3TOr0 napameTpa 4aeT 3HaYeHue:

R_RE 107 107
A 2rhc

, (20.2)

4yTo o06ecneymBaeT ObICTPYH CXOAMMOCTb psfa. Tak Kak BeposTHOCTb nepexoga (20.1)
nponopumoHasbHa KsafpaTy MOAyNs MaTPUYHOro 371eMeHTa, TO [AN1A raMMa KBaHTOB C
MY/IbTUMONbHOCTBIO [ NMEEM:



21 2113 21

OTclofa crefyeTt, 4To rNaBHYO PONb B WCMYCKaHWW raMma KBaHTOB OyayT wrpatb
Cnaraemble ¢ MUHUMabHO BO3MOXHbIMMN /.

20.1. ApgepHas nsomepus

Mpy “3yyeHUM ramMma MpeBpaLleHNn aTOMHbIX A4ep (U3NKU 0BHapYXWnn SB/eHne
uszomepuu amommusix s0ep. Bnepsble C ABNEHVEM N30MEPUM (IU3UKN BCTPETUNCH elle B 1921
rogy. Hemeukunin gomsmk OTTO MaHH 06HapyXXus, 4To Npu 6eTa pacnage Topus 234 nony4aroTcs
AiBa PaM0aKT1BHbIX BELLECTBA, KOTOPbIE OH Ha3Ban UZ, n UX,:

/VUZ1
234
goTh \
UX,
ST 9M1eMeHTbI OKa3aUCh sApPaMW MNPOTaKTUHUS 5 Pa, HO Mo4YeMy — TO. MpU 3TOM

Habnofanock Asa nepuoga nonypacnaga 7, = 6,7uaca v T, =1,22 mun

Pa3obpatbcs B MPUPOAE 3TOr0 ABNEHWS MOMOI/IM 3KCNEPUMEHTbI COBETCKUX (DU3MKOB
.B. Kypuatosa, b.B. Kypuatosa, /1.B. Mbicosckoro v J1.. PycuHoBa (1935rop).

Mpy 06NYYEHUM HEATPOHAaMM eCTeCTBEHHOM CMecu M30TOMoB 6poma . Br W o Br
nosly4anunch fga n3oTona 6poma:

0

79 1 8 81 2
s Br+on—> 4

Br+y, . Br—i—én—)gsBr +7,

OfHaKo, nonyyasLuMecs fga M3oTona 6poma, UCMbITbiBas 6eTa pacnag, o6Hapyxmsanm Tpu (1)
nepuoga nonypacnaga (7, =18mun,T, =4,44,T, =34u). YTOObl BbLIACHUTL, KakoMy U3
MONTyYMBLUMXCA M30TOMOB MPUHAANeXaT ABa nepuoga nosypacnaga, Obina OCYLLEeCTBeHa C
€CTECTBEHHOWN CMECbIO M30TOMOB 6pOMa peakLms BbIOMBaHUA HEATPOHOB raMMa KBaHTamu:

81 0

79 78 1 . 8 1
s Br + Y= Br+n; ;e Br + y— 3 Br+in

MonyyeHHbIe 130TOMbLI BpOMa TOXKe umenu Tpu nepuoga nonypacnaga: 7, =18mun, T, = 4,4y
T} =6,4uun. FACHO, YTO M30TOM 5 Br sBNfeTCs obrajatenem ABYX NepyofoB Mosypacnaja
T, =18mun n T, = 4,4y . TIoNOXeHWe f[eNl B JaHHOW CUTyauun yaanocb pasbAacHWUTL B 1936
rogy Kapnom ¢oH Baiilizekepom, MpearoNioxXyBLLIMM, 4YTO Yy W30TOMa s Br UMeeTcs
MeTacTabu/iibHOe [O/ITOXMBYLLEe COCTOSHWE. Pe3y/nbTaTbl  3KCNepuMMeHTa  0OBACHAKTCA
cnepytowmm 06pasoM. F4po m3oTona 6poma (SeBr)” MOMyvaeTcs B CWIbHO BO36YXKAEHHOM
COCTOSIHAM, U3 KOTOPOro OHO MEPEXOAUT B OCHOBHOE COCTOsSIHME /IMOO0 «cpasy» (CO BPEMEHEM
r~10"%¢), nmb6o B fBa oTanma. B 9TOM ciyyae f4po0 6poMa CHauana MepexoauT B

MeTacTabunbHOe [ONrOXMUBYLLEE COCTOsHUE (5 Br)”, U3 KOTOPOro MEA/IEHHO, C MepyroaoMm

T, =4,44 nepexoaut B OCHOBHOE COCTOAHME. HApo 6poma, HaxofAlleecs B OCHOBHOM
cocTosHUW, nocne 6eta pacnaga, ¢ nepuogom nonypacnaga 7, =18mun , NpespaliaeTcs B 44p0
KpUNTOHA. HaepHas nsomepus — ABMIEHNE [OBOJMILHO pacnpocTpaHeHHoe. [1Ba aapa ABNATCA
“30MepamMu, ecin UX COoCTaBbl TOXAECTBEHHbI (Z, = Z,, A, = A,), OfHaKO [pYyr1e Ux CBOWCTBA

pasnnuHbl. OfHO U3 SAEP — U30MEPOB HAXOAWUTCS B BO3GY)KAEHHOM COCTOSIHWW, Cefl0BaTe/bHO,
OHO UMEET APYTYHO SHEPTUIO.



20.2. 3hdekT Méccbayapa

B 1958 rogy Hemeukum usnkom Méccbayspom Obln  OTKPLITO  pe3onamncHoe
noznowenue ramMmMa KBaHTOB, KOTOPOE NOyYnI0 HaMMeHOBaHWe aghpexma Méccoayrpa. CyTb
ABNEHNA 3aKNoYaeTcs B crefytowem. Beuay oyeHb Masiol LUMPUHBI PE30HAHCHOr0 YPOBHS
A4pa, UCMYCKaloLero raMma KBaHT, CTaHOBUTCS HEBO3MOXHbLIM NPOLECC MOrMOLEHNS 3TOrO,
MCNYLLEHHOro SAPOM, raMMa KBaHTa ApYyrum, NOKOALWMMCA SAPOM. TOSICHUM 3TO YTBEpXKAeHNe
KOHKPETHbIM MpuMepoM. B KauecTe Mpumepa BO3bMEM $ApO XKenesa .. Fe. SHeprus

BO36Y>KEHWSI NEPBOr0 YPOBHS 3TOrO siipa paBHa 14KkaB, a eCTeCTBEHHas LUMPUHA 3TOFO YPOBHS,
ONpefensiowascsd OuYeHb MasbiM BPEMEHEM >KM3HU 3TOro coctosHua 7 =10"°c¢, pasHa

I'~7/7~107"2B. B T0 e BpeMsl, S3Hepruist UCMYLLEHHOTO raMMa KBaHTa, BC/Ie[ICTBIE SAB/IEHMS
oTAaum agpa, 6yeT MeHbLUe 3Heprumn Bo30YXAEHMA Ha BEIMUUHY IHEPTUMN OTAAUN:

2

E}’
=7 ~0,00183:8,

omoauu 2
A0pa c

UTo, No KpaitHeli Mepe Ha YeTbipe MOPSiAKa MPEBbILLIAET €CTECTBEHHYIO LUMPUHY PE30HAHCHOI
nMHUK. TTonyYaeTcs, YTo UCMYLLEHHBI SAPOM XXene3a raMma KBaHT He MOXKET 6bITb MOT/IOLLEH
APYrMM SiIPOM >Kenesa. Ha camom faene, cna6oe MOr/oLeHe raMMa KBaHTOB SIIPOM >Kenesa
Oy[eT HabnaaThCs B CUMY TOrO, UTO TEM/IOBOE [BVKEHME SAep NPUBOAMT K [OMIEPOBCKOMY
YLUMPEHUIO PE30HAHCHOM NIMHUW. 3TO A0NNEPOBCKOE YLIMPEHME NMPU KOMHATHbIX TEMMepaTypax

cocTaBnseT BenmuuHy I, ~0,0180B ans sgpa 5. Fe. MéccGayap 3axoTesn nyTem MOHWKeHWs

Temneparypbl YMEHbLIWUTb A0/ MOr/1I0WeHNA TraMmMa KBaHTOB B TMpPUHLMNE, TMOHU3NB
TeMNepartypy Xenesa, caenarb HEBO3MOXXHbIM PE30OHAaHCHOE NMOr/1oLWeHne.

OfHako, C YMeHbLUEHVEM TeMnepaTypbl aPMEKT NOMAYYMICca 06paTHbLIA — pe3oHaHCHOe
MoroLLeHme pe3ko Bo3pocno. B vem 3aeck feno? OkasblBaeTCs, NP MOHWKEHUN TeMMepaTypbl
HauMHaeT CKa3blBaTbCA TO OOCTOATENbCTBO, YTO AApa Xenesa, UCMYCKaloLle ramma KBaHThI,
OKa3bIBaKOTCA BCe 60siee 1 6onee CBA3AHHLIMU C KPUCTa/ZIOM CUNaMU KPUCTaINIMYECKON CBA3MN.
Mo3aTomy, oTAayy OyAeT OLWyLlaTh He TO/IbKO UCMYCKaloLlee raMmMa KBaHT A4p0, HO U U3psAaHas
4aCTb OKPY)KEHUSi 3TOro sapa, cofepauias nopsgka 10° atomos. B cuiy 3T0ro, pesko
YMEHbLLAETC 3Heprus oTgadu sapa, U CTaHOBUTCA BO3MOXHBIM Pe30HaHCHOE MOr/oLWweHme
KBaHTOB Apyrum aapom. HMcnyckanue u noz2inouienue y - K6AHMOG 6€3 omoayu UMRYIbCad U
aensemces cywHocmoro Ippexma Méccoayspa. bnarofaps CBOe KOMOCCA/IbHON TOUYHOCTH,
ahdpekT Méccbayaspa NO3BOSAET U3MEPATb HUUTOXKHBIE U3MEHEHUSA SHEPTUM, KOTOPbIE HUKaKUMU
APYTUMU  MeTofamMy He MOTyT ObiTb M3MepeHbl. Tak, C MOMOLLbID 3TOro addekra Oblno
06Hapy>XeHO rpaBMTaLMOHHOE CMeLLEeHUe CMeKTPaibHbIX JIMHWUA, NpefAcKasaHHOe O0OLLeid
Teopviein OTHOCUTENbHOCTH.

21. AhheKTMBHbIE CEUEHNS N BbIXOAbl AAEPHbIX peaKLmii

B3anmogeiicTBMe SIEPHBIX YacTUL, XapaKTepU3yeTCs BeNMUMHOM, KOTOopas HasbiBaeTcs
3(h(heKTUBHBLIM CeueHreM o . Tpy OCYLLECTBNEHUN SiAEPHOI peakuym, Kak MpaBuio, MeeTcs
MyYOK YacTuLl, HaMpaBsEMbIA Ha MULLEHb, COAEPXKaLLlYtO siapa, B3aMOeCTBIE C KOTOPbIMM
yacTUL, Ny4yKa M3y4yaeTcs, U NPUGOP, PErUCTPUPYIOWWIA pe3y/bTaT MPOU3BEAEHHON peakLuu.
Ecnv N, - NIOTHOCTb NOTOKA YacTWL, HampaBfsieMblX Ha MUWLLUEHb, n - MOIHOE YMCNO SiAep

MMLLIEHM, TO YMCNO PACCEAHHBIX B 3/1IEMEHTapHOM TeNEeCHOM yrie dQ yacTul, dN 6ydeT paBHO

rae  o(0)=(doldQ),- puhdepeHumanbHoe 3eKTMBHOE CceyeHne. EcnmM  M3BECTHO
AndgepeHumanbHoe ahPeKTNUBHOE ceyeHne o (6), TO, NPOUHTErpupoBas AnddepeHUmanbHOe



CeyeHune No TeIECHOMY YrAy, Nosy4numM nosiHoe (MHTerpaibHoe) aQEKTUBHOE CeYEHME KaKoro
nnbo onpeaeneHHOro npouecca (peakuun):

0, = [0(0)dQ =27 [ 5(0)sin 610 21.2)

MpocyMmmpoBaB 3(h(heKTUBHbIE CEHEHMS MO BCEM TUMaM ALEPHbIX Peakuuid i, MOAYyYUM NOSHOE
3()(heKTUBHOE CeveHme
o= ZO'i
i (21.3)

OPeKTUBHOE CeyeHWe WMeeT pasMepPHOCTb MAowaan. Ecnnm cuntats paguyc sapa
R~10"cm,  NOTMYHO  MPUHATE  ONA  W3MepeHUss  3((MEKTUBHOrO  CeyveHus
o ~aR* ~107 cm® =16apn. PeanbHble 3MHEKTUBHbIE CEUEHWUS MOTYT ObiTb Ha HECKOMbKO

MopsAKOB 60/bLUe TEOMETPUYECKMX pa3MepoB afep (415 pe30HaHCHbIX NpoLeccoB). Bo MHOrmx
cny4yasdx, HaobopoT, 3(PMEKTMBHbIE CEYEHWS MOryT COCTaBNATb Masble [oAn  GapHa.
AnddepeHumanbHble ceyeHns U3MepSATCa B eanHuLax 16apw | cmepaouan .

B peanbHbIX 3KCMEepUMEHTaxX He BCerga yAaeTcs M3MepuTb caMo 3(h(eKTMBHOE CeyeHue
o. BmecTOo 3(h(heKTUBHOrO CeYeHWs WU3MEPSIEMO BENMUMHON ABMSETCS BbIXOL SAEPHOM
peakumn. BbIXO4OM ALepHOA peakuun W HasblBaeTCA LONA 4YacTUL, My4yka, WCMbITaBLUMX
AlepHOe B3aUMOAENCTBYE C A4paMU MULLEHW. ECnM NNOTHOCTbL MOTOKAa YacTul, paBHa N, a
KOHLEHTpaLua afep MULLEeHW paBHa 7n, TO €XeCeKyHAHO npopearnpyetr AN = N no. Takum

06pasom, Ans BbIX0Aa SAEPHOM peakumm UMeeMm:

PaccmoTpum peakuymio Tuna a+A—> B+b, (unm, B gpyroin 3anucu A(a,b)B).

CornacHo «3010TOMY MpaBuly» ®epMu, BEPOSTHOCTb OCYLLECTB/IEHMS TaKO peakuum B
eaVHNLY BPEMEHU, PaBHa:

Wy =QrIn)|<k|H|i>f p(E) (21.5)

3pecb <k|H|i> - MaTPUYHbIA 3NEMEHT BEPOSITHOCTU MNepexoda U3 COCTOsHUS a+ A B

cocTosiHne B+b, H - onepaTop, B pe3y/bTaTe [eiiCTBUS KOTOPOro NPOMCXOAMT nepexoj u
P(E)=dN/dE - nnoTtHOCTb COCTOAHMI. OCHOBHas 3aBUCMMOCTb OT 3HEPruv MaTPUYHOro

aNeMEeHTa BEpOATHOCTU TNepexoja < k|H |i> onpegenseTcs 3aBUCMMOCTbIO  aMMUTy[
BOMHOBbIX (PYHKLWIA HaneTawoleidl yacTuubl w, W BbieTaloweld yactuupl  w,. Ecnu
Ha/sleTalolas YacTuua a 3apsbkeHa, TO NOCKas BOJHA, KOTOPOW Oblna BOMHOBas (hyHKLWSA

YacTMLbl a [0 TOro, KakK OHa cONM3UNack ¢ AAPOM, BYAET UCTIbITbIBATb TYHHENbHbIN addeKT. B
pe3ynbTaTe 3TOr0 amnaUTyAa BO/IHOBOW (BYHKLMW YacTWLbl a MOCAEe NPOHWKHOBEHUE B Ty6b

fapa OyfeT yMeHblleHa Ha MHOXMWTeNb JD, roe D:exp{%.[W/ZM(U(r)—E)dr}—

KO3(h(hMLMEHT NPO3payHOCTN NOTEHLMANbHOIO 6apbepa, KOTOPbIM SBASETCSA KY/TOHOBCKOe Nose
aapa A. TpubamkeHHOe BblpaXXeHWe AN KO3(pUUMEHTa MPO3PAYHOCTM MOXKHO MOSTYUUTD,
eC/IM WCMo/Mb30BaTb BblpaXeHWe D ana anbga yactuubl (19.6), B KOTOpoM 3apsf anbia
yacTuupl z, = 2e 3aMEHWUTb Ha 3apaf YacTulbl a:

27z, 7 e
hv

a

D, = exp{—
(21.6)



AHaNorMyHoe paccy>XjeHne MOXHO MPOBECTM U MO TMOBOAY BOJIHOBOM (DYHKLMM
BblNeTatoLLeli yacTuupl b . CneaoBatenbHo,

hv hv,

a

2nz,7 0% 2mz,Z e’
Const-exp{— Tala® T Be}

|< k | H | I >|2 - ’ (217)

roe z,,z,- 3apsgbl HAIETAKOLWEN YacTuLbl @ W BblNeTatoLel YyacTuubl b, Z ,,Z ,- 3apagpl aaep
A v B wnv,,v,- CKOPOCTV YacTUL, a U b, COOTBETCTBEHHO.

UT06bl HAlATU YMCNO KBAaHTOBOMEXAHUYECKUX COCTOSHUI dN , HYXKHO MOMHbI 06bEM
KBaHTOBOW CMCTEMbl B MPOCTPAHCTBE WMMY/LCOB MOAENMUTb HAa MWUHUMA/bHbIA  06bEM
KBAHTOBOMEXAHWNYECKOT0 COCTOSIHWSI (B MPOCTPAHCTBE WUMMYMbCOB). MWHUMaNbHbIA 06bEM
KBaHTOBOMEXAHWYECKOr0 COCTOSIHWS, B COOTBETCTBMM C KBAHTOBOW CTAaTUCTUKOWM, paBeH:

Ap Ap Ap. =(22h)°1Q, roe Q - o06beM MpOCTPaHCTBA, B KOTOPOM  MPOUCXOAUT
paccMmaTpuBaeMas peakums (3a TaKoBOM MOXET 6bITb NPUHAT 06beM agpa). Torga
Q 42Q
dN = |dp_ dp dp. - = q
[dp.dp,dp. G~ iy o

VHTerpupoBsaHmne no nmnysbcam 3eCb NPOBOANTCA MO BCEM HanpaBieHUAM BblleTa YacTuLbl b.
Mcnonb3ys PENATUBUCTCKOE COOTHOLLEHNE anA SHEPTrnn CBO60,£I,HOI7I YacTtuubl

El =mlc* + plc?, nonyvaem: E,dE, = c’p,dp,, YTO [iaeT BO3MOXHOCTb BbIpasnTh dp, uepes
dE,:

dp, = @A/v,)dE, (21.8)
Vcnonb3ys nosyyeHHble COOTHOLLEHUS, Anst w,_, UMEEM:
)2
Vi Q (21.9)

ShekTnBHOE ceuveHmne (PYHKLUMA BO3OYXAeHNS) o(E) CBA3aHa C BEPOATHOCTBIO w, .,
paBeHCTBOM:

1 )
WA»B:”hA; |<k|H|l>|2

Wisp =1,0(E) (21.10)
3 (21.9) n (21.10) cneayert:
ye
VaVs | (21.11)

Mpy NonyyYeHnn nocnefHero COOTHOLLEHMS YUTEHO, YTO KOHLEHTpaLMs sifep MULLEHU
n=Q7", TaK Kak Q npeacTasiseT cob6oil 06bEM, MPUXOAALIMIACA HA OAHO AP0 MULLIEHMW.
MaTpuyHbIii anemeHT onepatopa QH = H | BCNeACTBME HOPMUPOBKM BO/HOBbIX PYHKLMIA Ha

obbem Q , 6yeT KoHeyeH. OKOHYaTeNbHO UMeeM A1 (DYHKLMWN BO3BYXAeHNS (3PdeKTMBHOrO
CeyeHus AAePHON peakLymn) BbIpaXKEHNE:

1
h*

1
o(E)=—F|<k|QH |i>
7h

- 2
k| H|i>P Lo
VaVs . (21.12)

o(E) =

Mpw 3TOM CriefyeT UMETb B BUAY, YTO KBAJPaT MaTPUYHOIO 3feMeHTa |< k| H |i >|° 3aBucuT oT
3Heprum cornacHo (21.7):



~ 2 Z 2 2 Z 2
|<k|H|i>|2=const-exp{— il e a1 }

hv hv,

a

PaccMOTPUM, KakK B HEKOTOPbIX CAy4asx (yHKUMsS BO36YXAeHus 6yfaeT 3aBUCETb OT
3Hepruv HaneTaroLleli yacTuupl E =E ..

1. ¥npyroe paccesHue. Peakuya Tmna a+ A= A+a, vin A(a,a) A B gpyroin 3anucu. B
3TOM cfy4ae Aapo0 B = A4, YactTuua b =a, 3Heprusa Ao U nocne peakumm y sgpa A4 octaetca
npexHen (E,=E, =E). VIMNynsCbl UM CKOPOCTW HacTuLbl OAWMHaKOBbI. CrefoBaTesnbHO,

o(E) = const . I'pamkoM 3aBncMMoCT o (E) ByfeT ropusoHTasibHas npsimas.

2. JK30TepMuyeckaa peakums. B aTom cnyuae BblneTawowas yactuua b Oyfetr UMeTb
3Hepruo nopsaka Heckonbknx MaB. CnefoBaTenbHO, CKOPOCTb M 3HEPTUS YacTuubl b OyayT
MOCTOSIHHbI. 3A4eCb CneayeT pacCMOTPETb ABa cnydas. [epBblil ciyyald, YacTuua a He 3apskeHa
(peakyun Tuna  (n,b),(y,b)). B 3TOM cnyyae 3aBUCUMOCTb o(E) Oyper uMmeTb BUA

o(E)~1lv, ~ 1/JE . patmkom o(E) byget runepbona (B ocax o(v,). (PucyHok 15 a)

Bo BTOpOM c/y4yae HaneTarollel YacTuuen byaeT 3apshkeHHas yvactTuua (peakummn Tuna
(p,b),(a,b)). B  3TOM  CAyyae  MHOXMTENb  v.©  OyeT  YMHOXaTbCid  Ha

nz,Z, const
exp Br— ~exp _T , UYTO CYLLECTBEHHO W3MEHWUT XapakTep 3aBucumoctn o(E).
v, E

(PvcyHok 156)

o(E)

/2
E

YacTULA a HeliTpanbHas

Puc. 15a. 3aBucumocTb o(E)



co(E

yacTuua a 3apseHa
Puc. 156. 3asucumocTe o(E)

3. OHpoTepMuueckas peakuus. 19 OCYLUECTBMEHWUS TakoW peakuuy Heobxoauma
noporosas 3Heprus nopsgka E,, . = HneckomwkoMsB. B 3TOM Cny4yae 3Heprus u CKOpPOCTb

HasleTatolLein yacTulpbl 6yaeT BeNMKa, U ee MOXHO MOMOXMUTb PaBHO MOCTOSIHHOM BENNUMHE
E . Taioke Maiio MEHSIOLLMMUCA BENMYMHAMU BYLYT UMNY/bC YacTWLbl p, W CKOpPOCTb v, . B

CNnyyae, Korfja BblfeTaeT HelTpaibHad uYactmua (z, =0), 3asBucumocts o(E) 6ygert

onpeaensiTbCsi MHOXUTENeM pZ /v, ~ p, ~E, = JE-E,,,. - EC1 BbiNeTaeT 3apskeHHas

yacTmua, TO Ha 3Ty 3aBUCUMOCTb o(E) [ANA HeWTpasibHOM 4acTuupbl ByfeT HaknafblBaTbCs
CU/IbHAs 3aBUCUMOCTb OT 3Hepruu, onpeaensemas MHOXUTENEM

2mz,Z const
expl ——2—2 1 =exps—
hv,

\[ E- Enopoe



c(E)

Enopor

BblNETaeT HeliTpanbHas YacTmua b

Puc. 16a. 3aBucumocTb o (E)

o(E)

Enopor

BbineTtaeT 3apsXkeHHaa yactmua b .

Puc. 166. 3aBucumocTb o(E)

B nepBom c/y4ae 3aBUCUMOCTb o (E) OyAeT umeTb BUa o(E) ~,|/E-E,, . . 310 OydeT

KpMBas C BEPTUKa/IbHOW KacaTe/lbHOW B Touke E =E (PvcyHok 16a). Bo BTOpom cnyyae

nopoz



9KCMOHEHUMa/IbHbI MHOXMWTENb CYLLECTBEHHO MCKa3WUT 3Ty 3aBUCUMOCTb M rpatikoM KpUBOWA
OyfeT KpvBas, n3o06paxkeHHas Ha pucyHke 166.

22. Mofienb cocTaBHOro aapa

[aneko He Bcerfa sgepHble peakuun NPOUCXOAAT «B OAWH MPUCECT», TO €CTb, TaKUM
06pa3oM, Kak 3T0 Mbl PacCMOTPeNnn B NpefblayLuein rnase. Bo3MOXHbI pe30HaHCHbIE fAepHble
peakumn. MexaHn3m Takux peakumin 6bin NOHAT U pasbsicHeH H.bopom. CornacHo H. bopy, He
BCerja BeTatoLLlaa B A4p0 yacTuLa BbI3bIBAET AfepHOe npespalleHne. MoxeT okasaTbCs, 4TO
BHECEHHasi YacTuLel a B AP0 3HEPrus, pacnpeaenserca Mexay HyknoHamu B sape. Co3gaeTcs
cUTyaums, Npu KOTOPOM HEeKOTOpoe BpeMsi, [O0BO/IbHO 60/bLIOe MO Af4epHbIM MacluTabam,
3HEPrUM HYK/IOHOB BO30Y>XKAEHHOro fapa (KomnayH4 agpa no H.bopy) HegoctaTtoyHo, YTO6bI
Kakas 160 M3 yacTul NokuHyna s4po. CrnycTs HEKOTOpOe BpeMs co3fdaeTcs (iyKTyauums, B
pesy/ibTaTe KOTOPON 3HEPrusi KOHLEHTPUPYETCA Ha KakOM HU - Oyfb HYK/IOHE, Uan anbga
yacTumue, UK eLLe Ha Kakom Hu 6yab KOMMIeKce YacTuLl, Noc/e Yero YacTuua MOXET NMOKUHYTb
A4po. B aTOM cnyyae afepHas peakuus MpPOUCXOAUT He cpasy («B O4WH MPWUCECT»), a B [Ba

aTana. CHauyana BO3HMKaeT KomnayHz aapo C*:
a+A=C",

KOTOpOE CYLLECTBYET HEKOTOPOE BpeMs, 3aTeM KoMnayHz sapo C* npeBpaLlaeTcst B Kakoe - Hu -
6yab Aap0 B . KaHanos, Mo KOTOPbIM MOXET MPOU30INTU sAepHOe NpeBpalleHne, Kak Npasiino,

O4YeHb MHOro. CxemaTWyecKuM 3TOT NPOLECC MpeBpalleHns KomnayHg sgpa C° MOXHO
13006pasnTb CreayHroLLE CXEMO:
b + B,

%’bzwz
C*
E b, + B,

b,+B,

Kaxapblidi 13 3TMX KaHaloB AfepHOW peakuuy XapakTepu3yeTcs CBOE BEpOATHOCTHIO.
UTo6bl HaNTW (YHKUMIO BO3OYXXAEHUA [/ TakoW peakLmun, HYXXHO BOCMO/b30BaThCs Teopuel
KBaHTOBOMEXaHWYeCKMX MepexofoB BTOPOro mnopsgka. [ns 3toro, Heo6XOAMMO HEMHOro
N3MEHUTL (POPMY/IMPOBKY «30/10TOM0 npasuna» J.Pepmn (21.12), a WMEHHO, BMECTO

< k| H|i>?=H?, = H2, B (21.12) ONKHO (UIrypUPOBAaTb BbIPKEHME:
H2 N HCZ‘AHEB )
" IE.-Ef
3pecb E. =E,—i(I'/2) - aHeprus meTactabunbHOro KomnayHg sgpa C*. Torga «30/10Toe
npasuno» (21.12) npnobpeTteT BUA;
1 HéAHéB p:
' (E,—E)? +T%14 v, (22.1)

SN (E) =

Bxogswas B (22.1) nonHas LUMPUHA YPOBHS 3Heprum sigpa C* paBHa cymme Bcex I,
XapaKTePU3YHLLIMX KaXKAbIA U3 KaHa/IoB pacnaga KoMnayH/ sapa:

r=>T,

(22.2)



MaTpuuHble 3anemMeHTbl H,., W H_, HaxOAATCA M3 COOTHOLLUEHUS HeonpeaeNeHHOCTel
I"eli3eHbepra:

S RS RV S W

= Wep = = —.
nooaht sy, < oot o,
Haiiga n3 nprBefeHHbIX COOTHOLLIEHWIA KBaapaThbl MOZLY el MaTPUYHBIX 3/1EMEHTOB U NOACTaBMB
nx B (22.1), meem:

T Feiles

JA—>B(E‘)=_2 2 2
K2 (E—E,) +T14 (223)

®urypupyrowas B (22.3) BennunHa k, = p, /- eCTb BOJIHOBOW BEKTOP HaneTalolell Ha a4po

A vactuubl a . Mony4yeHHasa hopmyna (22.3) HOCUT Ha3BaHMe popmy bl bpeitTa — BurHepa. 31a
(hopmyna LUMPOKO NPUMEHSETCA AN aHanM3a Pe30HAHCHbIX SAEPHbIX PeakLui.

23. AfepHble peakunmn

23.1. Peakuumu nog fencTemem anbga vacTuy,

[Mocne OTKPbITUA PaAMOaKTUBHOCTU (PU3NKW MOMYYUIN B CBOE PaCropsKeHue MepByro
BO3MOXHOCTb BO3[eiCTBUSA Ha afpa. Anba YacTuubl, 061afarolwme aHeprnein B HECKObKO
M3B, fanv BO3MOXHOCTb OCYLLECTBUTb NEPBYIO ALEPHYHO peakuuio. SpHCT Pesepdops B 1919
rofy Habnogan peakuuio tuna («, p) -

4 14nr 1741
;a+ N="g0+p.

B nepBoii TPETM MPOLLIOr0 BeKa MHTEHCUBHO M3y4annch peakLum nog AeiicTBMeM anbga
yacTuL,. B OCHOBHOM 3TO 6bI/IM PeaKLMK, MPU KOTOPbIX anb(a YyacTuLa 3axBaTbiBanach SAPOM 1
Mpu 3TOM BbINeTasl NPOTOH (&, p) . MprBeaeM B KauecTBe NpuMepa peakLyio

4 27T 47_30@g:, 1
s+ Al=1,Si+;p

B ocHOBHOM nof AeicTBMEM asibha YacTuL, NPOMUCXOANN peakLumm Takoro Tuna. OfHaKo
B 1932 rogy aHrnuickuin uamk YefBuk OTKPbIT peakumio, Mpu KOTOPOW BrnepBsble 6blia
MosyyeHa HoBast YacTuLa HEMTPOH:

4 9p 12 1
,a+,Be=C+;n.

HaunHas ¢ 3TOro MoOMeHTa, (hM3MKW MOAYyYMSIN B CBOM PYKMU HOBbIA 60/1€€ MOLLHBbIA
Cnoco6 nccnefoBaHna a4ep — HEMTPOHbI. B oTiMume OT anbga - YacTu, HeMTpasibHbIA HENTPOH
HE WCMbITbIBAET KY/IOHOBCKOIO OTTa/IKMBaHMA MpPW B3aMMOLEeCTBUM ¢ sagpom. lMpusefem B
KayecTBe NpumMepa eLle HeKOTopble peakLmn nog AencTeneM asbga YacTuL:

4 10p_13 1 .4 27 _ 30 1
S+ ¢ B="N+n;, a+,Al=/ P+;n.

B aTux peakumsax, ocyLlecTBNeHHbIX B 1934 roay cynpyramu VipeH n dpefepukom
YKonvo-Kiopu, 6binn Briepeble NOMYyYeHbl MO3UTPOHHO-aKTUBHLIE Aapa SN u 2P. Mog

[e/icTBMEM anb(a YacTuL, B OCHOBHOM MPOUCXOAAT peakummn (a, p) n (a,n).



23.2.Peakuumn nog AeicTBMEM HENTPOHOB

Mof [eiACTBMEM HEWTPOHOB MPOMUCXOAAT  peakuun cnefytowmx Tunos:  (n,7)
(pagmauMoHHbIA 3axBaT HEWTPOHA), (n, p), (n,«), peakums geneHuns sgpa (n, f) W peakumun c
BbI/IETOM MHOXECTBEHHOro uucna uvactuy, (n,2n),(n,np)n T. . Kpome TOro, npoucxopart
peakumm ynpyroro (n,n) w Heynpyroro (n,n') paccesHus HeMTpoHoB. MpuBegem MpUMepbI

peakuuii nog AencTBMEM HEMTPOHOB. B KayecTBe peakuuv pagmauvMoHHOro 3axBaTa HEMTPOHa

NpUBEAEM PEAKLMIO n+'yln—>"2In + y . TTONYUMBLUMIACS NPU ITOM HEUETHO-HEUETHbIN N30TON

L In, 6eTa aKTVBEH C nepuogom nonypacnaga T = 54mun .

Peakuyn C BbIIETOM MPOTOHOB (np) anbha  yacTu, (ma)  genaiotes
3HAOTEPMUYECKVMU, TaK Kak [ BbIIETA M3 SApa MPOTOHA M arb(a YacTuLbl HEO6XO0AUMO
NpeofonesaTh Ky/OHOBCKUIA NOTEHLMaNbHBIN 6apbep. MpuMepamit MOTYT CIYXKWTb CedytoLLme
peakLnn:

o+ 2S=2P+ip, on+YN="2C+p, on+ili= H+,a , sn+B=]Li+,a.

Peakuus aeneHvst sgep noj AelicTBUMEM HETPOHOB (n, f ), B BUfy €e BaXHOCTW, OyaeT
paccMOoTpeHa 0TAENbHO.

ECM  KWMHETUYECKAn OHEPrVA HEWTPOHOB npeBocxogut Bennumby 1 =10Mo6

MPOUCXOAAT peakLumy Thna (n,2n); (n,np). MprMepoM MOTYT CNYXXUTb peakLum

1,12~ 11 1 1, 63, _ 62 1 1 ,9p 8 1
o+ eC=cC+2,n, yn+,Cu=,Cu+2,n, yn+,Be=,Be+2;n.

MocnefHss peakums WHTepecHa TeM, 4TO ANS ee OCYLWIeCTBMeHWUs Tpebyercs
KWHETUYeCKas SHEeprus HeliTpOHOB Bcero nuwb nopsgka 2MPB . Otmetum Takke, uTO

8
nonyumBLUmiics nsoton 43¢

anbha YacTuLbl.

Ynpyroe paccesiHue HeliTPOHOB 3aMeyaTe/lbHO TeM, YTO f4p0 Moc/ie CTO/KHOBEHMSA C
HEMTPOHOM, OCTaeTCs B MPEXHEM COCTOAHUWN. HENTPOH TOXe OCTaeTcs HeMTPOHOM, OfHaKo, B
NabopaTopHO CUCTEMe KOOpAMHAT HEeMTPOH 06s3aH OTAaTb 4acTb CBOEM 3HEpruv Sapy.
BcneacTteve 3TOro npowecca ynpyroe CTO/IKHOBEHME HEMTPOHOB C Af4pamy UCMOb3yeTcs As
3amef1IeHNs BbICTPbIX HEMTPOHOB.

Mpouecc Heynpyroro CTO/IKHOBEHWSI HEWTPOHA C AA4POM XapaKTepeH TeM, YTo nocne
CTONIKHOBEHMSI HENTPOH TepsieT 4YacTb CBOEW 3Heprun. HApo e, 0TOO6paB 4vacTb SHEPrUM Y
HEMTPOHa, Nocne CTONIKHOBEHWS By AeT HaXOANUTLCS B BO3OYXKAEHHOM COCTOSHUM.

-16
HecTa6uneH 1 B TeyeHue Bpemenn 7 ~ 1077 ¢ pacnagaetcs Ha gse

23. 3. Peakuuu nog genctsmem npoToHOB

Mocne TOro, Kak Obinn MOCTPOEHbI YCKOPUTENN 3apsKEHHbIX 4acTul, NoABUIachb
BO3MOXXHOCTb MPON3BOANTb AAEPHBbIE peakKuMn C MOMOLLBIO YCKOPEHHbIX A0 60MbLUNX 3Hepr|/||7|

NPOTOHOB. C MOMOLLLI0 NMPOTOHOB MPOVUCXOAAT CEAYIOLLMe PeakLnn: (p.a) (pim) (p.p),
(p.7) (PafmMaLMOHHbIN 3aXBaT NPOTOHA) U 3HAYNTE/NLHO PEXKE PeaKLmMs C BbIGUBAHMEM AelTPOHa
(p.d)
B KayecTBe NMPUMEpPOB peakLuu (p.@) NpUBEAEM /IBE PeaKLMW Ha NEerKnx agpax:
11p+;Li=;He+;a, 1lp+§Li:23He+§'a
Peakuun (p,n) SBNAIOTCA 3HAOTEPMUYECKMMM, TaK KaK Macca HeMTpoHa 60/bLie Macehl
NpoTOoHa Ha 1,3M3B. TUNMYHLIMK NPUMEPaMM TaKUX peakuuii 6yayT:

sLi(p,n),;Be,  yB(p,n);C.



Peakuuy pagnaLMOHHOro 3axaaTa NPOTOHa (P.7) oBbiumo Ma/IOBEPOATHbI. YKaXeM Ha

771 8
peaKLyio ¢ Gorblnm ixogom, Li(P:7)aBe

Peakuus (p.d) BCTPEYAETCA 3HAUYUTENbHO pPeXe OCTafibHbIX, TaK Kak [AeldTpoH
npeacTaBnseT coboi cnabocsszaHHOe SAPO, ANA 06pa3oBaHMsi KOTOPOro Hy)kHa 60/bLuas

aHeprus. MpUMepoM MOXET CNY>KUTb peakLus

23.4. Peakums nog agencTBmem AemMTPOHOB
Mog AelicTBYEM AEWTPOHOB BO3MOXKHbI MWL ABa Tuna peakunin (d, p) v (d,n). 10T

™N peakumii ndyvanm B 1935 rogy OnneHrerimep n dunamnc. Kak cnegyeT u3 pesy/bTaToB
9KCNepuMeHTOB, AeWTPOH, CnabocBA3aHHOe AP0, MMelOLlee curapoobpasHyto qopmy, npu
nognete K a4py, NonspusyeTca CUIbHbIM KY/IOHOBCKMM Mnonem agpa. Mpu sTom, ecnv BbicoTa
NOTEHUMa/IbHOrO  Gapbepa  CYLIECTBEHHO  MpPeBbILAeT  3HEPrM0  CBA3N  [eTpOHa
(E,,,, ~22M>B), nonapusaumsa MOXET MNPUBECTU K TOMY, YTO [EeATPOH pa3fennTcs Ha

HEeTPOH 1 NPOTOH. B pesynbTaTe 3TOI MOMspU3aLMn AP0 3aXBaTblBaeT HEWTPOH, a MPOTOH
yneTtaetT npoyb. [py ManbiX KUHETUYECKUX ISHEPrUsX HaneTalollero Ha sApo AerTpoHa,
MPEVMYLLECTBEHHO MpoucxXoauT peakuus (d, p). Ecnn ke 3Heprus OerMTpoHa cpaBHUMA C

BbICOTON NOTeHLMaNbHOro 6apbepa um gaxe NpeBocxouT ee, To obe peakuun (d, p) v (d,n)
CTaHOBATCS PaBHOBEPOSATHLIMUW. B KayecTBe NPpUMMeEpPOB NPUBEAEM peaKLui:

5B(d,n)sC, 5 P(d, p)isP, “s5 Bi(d,n)'3Po 1 “s3Bi(d, p) B

PeakUuy noj, AeNCTBEM AEMTPOHOB HOCAT Ha3BaHMe peakLiMm CpblBa.

23.5. PeaKuuun nog aencTemeM raMma KBaHTOB ((hoTosi4epHble peakLumin)

SHeprun ramMa KBaHTOB, MONYYaKOLWMXCA B pe3y/bTaTe pafnMoakTUBHBLIX MPeBpaLleHni,
00bIYHO He MpeBbIWAT HECKOMbKMX MaB. T10CKOMbKY 3Heprus CBA3W HYKNOHa B Afpe
cocTtasnseT npumepHo 8MaB, To fonroe Bpems eAMHCTBEHHOW peakuyeid, KOTopyH yAaBanoch
OCYLLECTBUTb MOJ, AENCTBMEM raMma KBaHTOB, Oblna peakuus (DOTOpacLLEeneHns LerTpoHa,
3Heprua cBsA3M KOTOporo pasHa 2,2Ma3B:

;/+fd—>llp+oln.

Mpy 9TOM B KauecTBe UCTOYHWKOB ramma KBaHTOB MCMO/b30Basics Npenapat “u77 (Mo

cTapovi TepMuHonorun ThC"), ABNAIOWMIACA UCTOYHMKOM rammMa KBaHTOB C aHepruein 2,62MaB.
C nomowpbio MoAo6HbIX raMMa KBaHTOB YAanoCb MPOM3BECTU elle OAHY peakumo —
(hoTopaclLenneHne bepunmns:

y+.Be= Be+,n.

MonyumBLUMIACS NpW 3TOM MeTacTaGUnbHbIli ‘Be 3a Bpems 7 ~10°c pacnagaetcs Ha fge
anbha vacTuubl. [Mpu pacnage Gepunavs  WUCMYCKAlOTCA raMma KBaHTbl C  3HEpruei
E, =17,6M>B. Takoro Tuna peakuuu, B KOTOPbIX MOMy4aloTCA MeTacTabunbHble siapa, 6biin

MCMONb30BaHbI A15 NPOU3BOACTBA (HOTOAAEPHBIX PeaKLMii. TaK y/Aanock OCYLLECTBUTL PeaKLmK:
BO0(y,n)50, HMg(y,n)5Mg, 5Mg(y, p)iNa

N Uenblil psag Apyrux peakuuii.
OfHako, TakvMe ramMma KBaHTbl He MO03BOAAM WMCCNEA0BaTb 3aBUCUMOCTM (DYHKLMK
BO30Y>KAEHMS (hOTOAAEPHBIX peakunii o (E) OT 3HepruM ramma KBaHTOB. Takas BO3MOXHOCTb



nosBuMNacb /MWb C CO34aHMEM OeTaTPOHOB — YCKOPWUTENEA 3MEKTPOHOB. Y CKOPEHHbIE
3M1EKTPOHbI UCMYCKAKOT raMMa KBaHTbl TOPMO3HOTO W3/TyYeHNs, NMetoLye CMIOLWHOW CneKTp
3Hepruii. CucTemMaTMyecKMe IKCMEpUMEHTbI M0 M3yyeHuo o (E,) [718  PasuHbIX

(hoTOsAEPHBIX PeaKLWiA NpUBENM K OTKPbITIO TaK Ha3blBAEMOrO FMUraHTCKOrO pes0HaHca.
OKa3anocb, YTO 3aBUCUMOCTb (YHKUMM BO3OYXaeHUA o(E,) (OTOAAEPHOA peakuum Ot

SHEPrUM ramma KBaHTa MMEET Pe30HAHCHbIN XapakTep, MpuUyeM LUMPUHA Hab/oAaemMoro
pesoHaHca I’ aHOMa/ibHO Benuka. [ OOBACHEHWA 3TOro fB/IEHUA OblINM  PaCcCMOTPEHbI
KonebaHus agpa (A.b.Murgan 8 CCCP u lNonbxabep n Tennep B CLUA). Bbifio BbIACHEHO, YTO
rNaBHyt0 po/fib B pe3oHaHCe UrpalwT [AUnonbHble KonebaHus agpa noL  AencTBUEM
3NEKTPOMArHWTHOTO NO/s raMMa KBaHTOB. 1pu 3Heprum ravma KBaHtoB E, ~ (10 —20)M>B

BCE MPOTOHbI sAPa COBEPLUAOT FapMOHMYeckue KoneGaHUs OTHOCUTENbHO BCEX HEWTPOHOB
ffpa, B pe3ynbTaTe Yero sApPO MONAPU3YeTCs. FAepHOe BELLeCTBO MNPeACTaBNseT Co6oi
Konebniowimecs apyr OTHOCMTENbHO fpyra MNPOTOHHYK W HEATPOHHYK cdepbl. Fapo
CTaHOBWTCS OCLIMNNATOPOM. Pe30HaHCHas YacToTa TakuxX KoneGaHuiA

rae x — KoauumeHT ynpyroct, M - macca ocuunnstopa. MNpu rapMoHUYecKnX KonebaHusx
HEMTPOHHOW uYacTW sapa OTHOCUTENbHO MPOTOHHOM, BO3HMKAET HEKOTOpPOe KO/IMYECTBO
«OTONEHHbIX» HETPOHOB M MPOTOHOB, KOTOPOE M 06YCNMaBMMBAET Be/MUMHY KO3((uLmMeHTa
ynpyrocTu. KOonMyecTBO «OFOMIEHHbIX» HYK/IOHOB, OYeBMAHO, OYyAeT MPOMOPLMOHANBHO

noBepxHocTn sgpa S, ~ R? Macca e fgpa MponopLMOHanbHa 06beMy  sapa

a0pa A0pa *

M i ~ Riopa . Torga AN pe3oHaHCHOM YaCTOTbl TMIraHTCKOro Pe30HaHca VMeeM:
R
600 - SOp R_;/Z - A—l/6 - A—0,17'
R Aa0pa

y E  ~ A0
70T pe3ynbTaT XOpOoLUOo cornacyetca ¢ aKCrnepuMeHTa/IbHOM 3aBUCUMOCTBIO pes .

24. Peakunsa geneHunsa aapa ypaHa. AaepHble KOT/bl

Peakuus feneHuns fapa ypaHa obiia 0bHapy»xeHa B 1938 — 1939 rogax 04HOBPEMEHHO BO
®paHumm (Mpen Kiopu n Metp Casuu) n B Nepmanum (O. FaH n ®. LLTpaccmaH). B Mapuke
Habn4anv peakumio:

e U2U > La+ 8 Br+2,n .
O. NaH 1 ®. LLTpaccmaH Habnofanm Apyryto peakumio:
ant+ U U" 2 Ba+ o Kr +3;n .

Torpga >xe J1. MeiTHep oLeHUNa 3HEPreTMYecKMin ekt AaHHOW peakummn. Mo ee
OLleHKaMm BblfenseTtca aHeprus nopsagka 200 MaB Ha kaxzoe fensileeca a4po.

Mofo6HbIe peakLMn MPOMCXOAAT C 0bpa3oBaHWEM KOMNayHA fgpa. Teopus MOLOOHbLIX
peakuuii, paspaboTaHHass Ha OCHOBE KanenbHOW Mogenn sgpa, Oblna B 3TO >Xe Bpems

npegnoxeHa H. bopom mn [l. Ywunepom n COBETCKUM (um3MKoM HA.N.DpeHKenem. Peakuus

[ieNeHns KoMnayHa fapa ‘e U O4YeHb C/IOXKHA W B HACTOsLLEe BPEMS OYeHb XOPOLLO M3yyeHa.

VIMeeTCs MHOO KaHa/oB pacnafia .U, NPy KOTOPbIX SAPO AENNTCS Ha [1Ba HEPaBHbLIX OCKO/Ka

1 MPU 3TOM BbINIETAIOT OT OAHOIO [0 TPEX HEMTPOHOB. MpK Kaxaoii Takoli peakLuyu BblaenseTcs



aHeprua nopsgka 200 MaB Ha gensieecs a4po. CTaTUCTUYECKMe pe3yNbTaTbl U3YUYEeHUS TaKoi
peakumn npeactaeneHbl Ha rpaguke (PucyHok 17) B Buae AByrop6oi KpvBOM, U3 KOTOPOM
BWAHO, YTO AeneHne aapa Ha paBHble OCKONIKN UMEET BEPOSITHOCTb BbIXOAa MEHbLLE COTOW f0NN
npoueHTa.
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Pvic. 18. PacnpefienieHiie BEPOSTHOCTEl iefleHIst ypaHa ‘e U Ha OCKOJIKY M0 MacCoBOMY

yncny A.
Bbigensemas npu peakuuMn [LeneHus 3Heprus COCTOMT U3 HECKONbKMX 4vacTeld. B

MPUBOAMMOM HWXKe Tabnmue MOKa3aHO KakuMM 006pa3oM pacrpefesieHa 3Ta 3SHeprus o
pasNIMYHbIM CNOco6am ee BblaeneHus

KunHeTnyeckasa aHeprus 0CKoKoB 166,2
SHeprus HeMTPOHOB AeneHuns 48+ 01M>B
JHeprua MrHoBeHHbIX raMma KBaHTOB 8,0+ 0,8M>»B
SHeprusa 6eta YacTuL, NPOAYKTOB fefleHuns 7,0+ 0,3M5B
JHeprva  ramma  U3Ny4YeHuss  NpoOAYKTOB 7,2+1.1M5B
AeneHns

3Heprus aHTUHENTPMHO NPOAYKTOB AeNeHUs 9,64
Bcero 202,8+ 41M>B

Peakuus [eneHvs agpa ypaHa MO3BOJSISET WUCMONb30BaTb 3HEPrUI0 [eNeHus Kak B
BOEHHbIX, TaK 1 B MUPHbIX Lensx. Kak M3BecTHO, MCMO/b30BaHWe peakuun AeNleHNs B BOEHHbIX
Lensx 6blf0 MPoOM3BeAEHO B KOHLIE BTOPO MUPOBOI BOWVHbLI. B aBrycte 1945 rogma CLUA
copocnnn aTOMHY0 60MOYy Ha Xupocumy (SAepHbIM FOPHOYMM B 3TOM Gom6e Obin 130TON
UM Ha Haracakm (B aToii 60M6e SAEPHLIM TOPHOYMM 6blN TPAHCYPaHOBbIA 3NeMEHT

92
NAYTOHWIA).(ANoHMS). M30ToN ypaHa s U 06/1a4aeT Tak Ha3biBaeMOi KpUTUYECKOI Maccoii. ITo

O3Ha4aeT, 4YTO B CrJIOLUHOM KYCKE METa//INYECKOro ZS;U, MMeroLLero maccy 60sblue

onpefeneHHol BenuuMHbl (0KONO 1 KunorpaMma), Camomnpou3BOSbHO BO3HMKAET B3PbIB,
MOCKO/IbKY B HEM BO3HMKAeT Heynpaensemas LenHas peakuust aeneHus. MpuHUMN yCTpoicTBa



aTOMHON 60M6bI LOBO/IbHO NPOCT. HyXXHO MMeTh iBe UK 6osee YacTeld ypaHa, COCTaBNAOLLIMX
B CYMMe MacCy, paBHYIH KPUTUYECKOW, WUNN HECKONbKO 60fiee TakoBOW, KOTOPble B MOMEHT
B3pbIBa NPUBOAATCSA B COMPUKOCHOBEHME (0ObIYHBIM B3PbLIBOM).

TpyaHee 6b110 PelwnTb 3aaady OCYLLECTBUTL YNPaBSeMyo peakumio AeneHns B MUPHbIX
uensax. Tak, nepsas B MMpe aTOMHas 3/1eKTPOCTaHLMA 6b11a mocTpoeHa B 1954 rogy B O6HUHCKe
(CCCP). KoHTponupyemoe BblfenieHne SOepPHON 3HEpPrunm npousBOAUTCA B YCTPOMCTBAX,
Ha3blBaeMbIX peaktopamu. B HacTosLlee BpeMs CyLLECTBYeT 60/1bLLIOe pasHOObpasne pasnnyHbIX
AOEPHbIX peakTopoB. [/ npumepa pacCMOTPMM TETEPOreHHbIA PeakTop Ha TemnsoBbIX
HEMNTPOHaX NepBO aTOMHOMN 3/1EKTPOCTaHLMM, KOTOPbI paboTaeT B OGHUHCKE.

AKTMBHaA 30Ha peakTopa npejcTasnseT cob60i rpauToBbLIN LMANHAD AamMeTpoM 1,5M un
BbicoTOM 1,7 M. B 3TOM UmnnHApe umeeTcs 128 BepTUKa/IbHbIX Paboumx KaHasoB, B KOTOPbIX
MOMELLAOTCA CTa/lbHble TOHKOCTEHHble TpPy6ku. Mo 3TMm Tpybkam LMPKy/nvpyeT Mog,
fasneHnem 100aTM  AUCTUNNMPOBaHHas BOAA BbICOKOW UMCTOTbl, KOTOpas ABNSETCA
TersioHocuTenem. Ha TpyOKuM HafeTbl BTY/IKM W3 YpaHOBOrO CrijiaBa, KOTOPbLIA ABNAETCA

238 235
SePHLIM FOPIOYMM. Y PaHOBbIN CraB NpeacTaBnseT coboit CMech M30TOMOB U (95%) 1 U

235
(5%). B ecTecTBeHHOW cMecu U30TONM 92Uco,u,ep)|<|/|T0ﬂ nnwb B Konnyectse 0,7%. B aKTUBHOI

30HEe UMeeTCA 22 KaHana ANa YNpaBnstoWmMx CTEpXXHER, NPUroTOBMEHHbIX M3 MaTepuana C
60/1bLIOI NOrNoLWatoLLEN CNOCOBHOCTLHO HEMTPOHOB. ITO CTEPXHM U3 Kapbuaa 6opa. B Havane,
nocne MOSIHOM 3arpy3kn akTMBHOM 30Hbl peakTopa, 3TW CTEPXKHW MONHOCTbIO BABWHYTbI B
KaHanbl. 10 Mepe «BbIrOpaHMs» FOPKOYEro, CTEPXKHW MOCTENEHHO BbLIABMIatOTCS M3 KaHasoB,
perynmpys naoTHOCTb HEMTPOHOB B peakTope. VMeeTcs elwe KaHan aBapUiAHOW 3alUMTBl,
KOTOpbIN NpefoTBpallaeT aBapuinHyto CMTyaLuio B peakTope. ['patuT, U3 KOTOPOro U3roToB/eH
UMNVHAP peakTopa, ABMSETCA 3aMefMTeNleM HEeMTPoHOB. [leno B TOM, UTO HEWTPOHbI,

MoNyyatoLyecss Mpyu AeneHnu ypaHa, 061afaloT SHepPrusiMM nopsigka HEeckonbkux MaB.
235
HeinTpoHbl TaKoi 3HEpPrM He MOTYT Bbi3blBaTb peakUun [AeNeHust B sape 2V o

HEATPOHbI MOFNIN BbI3BaTh PEAKLMIO [ENeHWs, WX HeoOGXOoAUMO 3aMef/INTb. 3amefsieHue
HEelITPOHOB MPOUCXOAUT B Pe3y/ibTaTeé MHOFOUUCNEHHbIX YMNpPYruxX CTONKHOBEHWIA C sapamu

rpagmuTa. TennoHoCUTeNb — BOJA HArpPeBaeTCs B peakTope 40 TemnepaTtypbl OT 190° Jilo) 270°C

16 17
dTa BOAAa CTAHOBUTCS PAAMOAKTMBHON M3 - 3a peakuuu 207)50  Uro6ul nckntounTs
BO3MOXKHOe BpedHOe BO3feliCTBMe, HarpeTas BoAa MOCTyMaeT B  Tenno06MEHHUK —

naporeHepaTop, rae, oxnaxaanch 4o Temneparypsl 190°C oTaaeT cBoe Tennio Boge BTOPOro
KOHTypa. Bo BTOPOM KOHType 06pasyeTcs map C JasneHueM 12,5 aTMocep U TemnepaTypoii

250" —260" C | koTopblii NOCTyNaeT B Typ6OreHepaTop 3NeKTPOCTaHLAM.
O6Last 3arpy)XeHHOCTb peakTopa COCTaBMseT 550 Kr 06OralleHHOro ypaHa. 3Toro

235
KonmuecTBa XxBaTaeT Ha 100 CyTOK paGoTbl 9MEKTPOCTaHLMK. Pacxop roptoyero 2V cocragnser

13 - 2
30 r/cyTku. CpeaHuii NOTOK HeliTPOHOB B aKTMBHOIA 30He pashsietcst 2 10 neiimponos |/ cy'c.

[Mone3Hasa MOLLHOCTbL 3nekTpocTaHumMu cocTtasngeT 5000 KBT. HoMMHanbHas MOLLHOCTb
peakTopa pasHa 30000 kBT.
YNOMSAHEM eLle peakTopbl Ha ObICTPbIX HEWTPOHAX. B peakTopax Ha 6bICTPbIX HEMTPOHAX

235
3aMesInTeNb B aKTUBHOW 30He OTCYTCTBYET. B pesynbTarte aeneHus 92U
238

HeTPOHbI 3aXBaTbIBAOTCS APAMM 2V BosHukwmii B pe3y/bTaTe TaKoro 3axBara
[BYX Mocnefonate/bHbIX 6eTa pacnafoB NpeBpaLLatoTCst B MAYTOHWIA

, BO3HUKLLNE 6bICprIe

239
U nyTe

239 IH 238 ﬂ 239
oU > Np > Pu
% 23mun = P 2,301 %



[MoNyYeHHbI U30TON NYTOHUS MO CBOEV CMOCOBHOCTY K IENIEHMIO He YCTYNaeT u3otony “sU .

TakuM 06pa3oM, pacXof »U COMPOBOXAAETCS 06pa30BaHWEM [pYroro S4epHOro roproyero —

NAYTOHWS, NPUYEM HOBOFO TOPHOYEro MonyyaeTcs 6ofble, YeM 3aN0XKEHHOTO U . Takue
PeaKTopbl Ha3bIBAIOTCA PEAKTOPAMU — PA3MHOXMTENSMU, BPUAEPHBIMM PEAKTOPaMU.

25. TepmosiaepHble peakuum cMHTe3a

CyllecTByeT [Ba pa3/iMyHbIX CrMocoba NonyuyeHUs saepHoi aHepruw. MepBblid cNocoo,
PACCMOTPEHHbIV B Mpefplaylleli rnaBe — [eneHve TSHKENbIX sAep, HaXOAALWMXCS B KOHLE
NepyroanYeckoil Tabnuupl (aeneHne ypaHa, nayToHWs). Apyroil NyTb 3aK/IYaeTCs B CUHTE3E
Nerkux snep B 6onee TsKenble. TakUM MyTeM TOXE MOXHO Mo/yyaTb SAEPHYH SHEPTUIO,
CUHTE3NpYs sapa, BMOTb [0 Kenesa, Yy KOTOPOro 3Heprus CBA3W, NPUXOAALIascs Ha OAWH
HYK/IOH, JOCTUraeT MakcUMyma. TakuM NyTeM BbIAENSAeTCs SHEPrus B Hepax 3Be3f,

PaccMOTpyM HeKOTOpble peakuun cCUHTes3a agep:
2d+2d=3He+on+32TM>B, ’d+id=>t+.p+4,03M>B,
2d+3t=yHe+on+17,59M>oB .
CyLLEeCTBYHOT U Apyrue sK30TepMMYecKmne peakLmm CUHTesa:
JHe+ld=,He+.p +183M>B, 2Li+,p=,He+ He+4M>oB.

SHeproBbIaeNeHNe NPUBEAEHHbIX PEaKLWA MPUMEPHO TaKoe >Ke, YTO U B peakumsx
AeneHns. YTo Heo6XoaMMO CienaThb, Kakue YCnoBMsS HYXKHO CO3AaTb, YTOObI CTana BO3MOXHOV B
3eMHbIX YC/OBUSIX TepMOsiiepHast peakuumsi CUHTe3a, KOTopas peasM3yeTcs NUlib B Heapax
3Be3n? [na 3Toro HeoGXoauMo CO6MM3UTL siApa A0 PaCCTOSHUIA, MPU  KOTOPbIX HauHyT
[EACTBOBATb SAAEPHbIE CU/bl MPUTSXKEHWS, MPU KOTOPbIX CTAHET BO3MOXHbIM TYHHE/bHbINA
athheKT. Kakune BO3MOXHOCTV UMEOTCA Ans CONMXeHMs siaep, KoTopble, 6y ayun NONOXUTENbHO
3aPSHKEHHBIMU, WUCMbITLIBAIOT KY/IOHOBCKOE OTTa/IKMBaHMe? EAMHCTBEHHLIM CMOCO60M MOXET
CNYXWTb NOBbILLEHVe TemnepaTypbl. OLEHWM, A0 Kakoi TemrepaTypbl HYXXHO HarpeBaTb
BELLECTBO, UTO6bI B pe3y/ibTaTe TEMA0BOr0 ABMXKEHUS sApa CMOTN CONM3NTLCS Ha Tpebyemble
PaCCTOSHUS.

Ecnm cuutatb, 4TO fiipa Heo6X0AMMO COMMXKATb [0 COMPUKOCHOBEHMS APYF C APYroM,
yToGbl MeXay sapamu BOHUKM afpOHHbIe CUMbl MPUTSHIKEHWUS, TO OLEHKA TpeGyembiX ANs
TaKoro CONMXEeHUs TeMMepaTyp AaeT BENNYNHY:

e/ 100 100
T~e4r~1o 10°K,

roe  r~2¢epmu. B HacTosilee BPEMS [JOCTVDKEHME TaKuMX BbICOKMX TeMmepatyp He

NpeACcTaBNseTcs BO3MOXHbIM. OfjHAaKO, CYLUIECTBYIOT [iBa OBCTOSTENbCTBA, KOTOPble MOFYT
06/erynTb OCYLLECTBIEHUE TEPMOSIEPHOTO CUHTE3a NPK 60/Ee HU3KUX W CAeNaTb BO3MOXHbIM
CUHTE3 npu 6Gonee HWU3KUX TemnepaTypax. [lepBbIM 06CTOSTENLCTBOM, 06/EryaroLLIm
OCYLLECTB/IEHNE TEPMOSAEPHOr0 CUHTE3a, SIBMISIETCA Y)XKE YNOMUHAEMbIA TYHHeNbHbIA adgeKT,
KOTOPbIA MOXeT Crnoco6CTBOBaTh OCYLUECTBNEHWIO TEPMOSAEPHOr0 CUHTE3a NPY COMMKEHMN
Silep Ha He CTONb 6/M3KMe PacCTOsHMS. BTOpbIM 06CTOSTENLCTBOM GYAET Ha/mume «XBOCTa» B
(hyHKUMK pacnipegeneHns Makceenna no ckopoctam (aHeprusm) siaep. Kpome 601bLIOTO Uncna
f0ep, MMElWMX CKOPOCTM BOGMM3M  MaKCUMyMa MaKCBE//IOBCKOTO — pacrnpefeneHus Mo
CKOPOCTSIM, MMEETCS U3PSAHOE UMCNO SAep CO CKOPOCTSIMM, CYLLECTBEHHO MPEBbILLIAIOLLMMY
3HauyeHve cpedHeit KBagpaTWYHOM CKOPOCTU. ATU 06CTOSTENbCTBA CYLLECTBEHHO 06MeryaroT
LOCTUDKEHWNE TEpMOSAEPHOr0 CKHTE3a W [AeNnalT €ero BO3MOXHbLIM Npu  6onee  HU3KUX
Temneparypax.



MMycTb Tpebyemoe pacCTOsHME, Ha KOTOpoe TpebyetcAa coOnvkaTtb A4pa, Mo Mopsagky

11 o
BenMuMHbl paBHo 7 ~1077cM | SHeprus kynoHOBCKOrO OTTanKMBaHWS [BYX [AefTPOHOB Ha

2
e
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Kyn

TakOM paccTosHuM paBHa 7 . Mopenve 3Ty 3HEPrU0 Ha MOCTOSHHYHO

BonbUMaHa, nomyyaeM A1 Temmepatypbl 3HauyeHve 1 ~10°K Mpun Takol Temnepatype
BELLLECTBO HAxXOAWUTCS B MOMHOCTbIO WMOHW3MPOBAHHOM COCTOSIHMM (B COCTOSIHAM Mna3mbl). B
HacTosilee BpeMsi  TemnepaTypbl Takoro nopsigka [AOCTUralTcd B CneumasbHbIX
3KCMEePUMEHTa/IbHbIX YCTaHOBKax (TOKamakax K ctennatopax). Kakue ycnosus Heo6XxoauMbl,
ANst TOro, 4Ytobbl yCTaHOBKa, paboTarollas Ha peakuuy TePMOSAEPHOr0 CUHTe3a, MOrna AaBaThb
NOMe3HyH AN MUCNONb30BaHMS 3Heprno? OTBET Ha 3TOT BOMNPOC [Aas aMepPUKaHCKUA (PU3NK
JloycoH. Kakoro 6bl Tvna yCTaHOBKY, MCMOMb3YHOLLYI0 peakuuio TepMOSAEPHOro CUHTE3a, Mbl
He MCNonb3oBann, Heo6XoAMMO [ANA MOAAEePXaHMS PaboTbl peakTopa MMETb WHXEKTOp —
YCTPOWCTBO, B KOTOPOM roptoyee JOBOAMTCA A0 COCTOSHMSI Mnasmbl. 10 Mepe «BbIFOpaHus»
roploYero B peakTope, nja3Ma U3 MHXEKTOpa «BMPbICKMBAETCS» B peakTop. YacTb aHeprum,
nonyvarowascs B peakTope, AO/MKHa ObITb UCMONb30BaHa AN1s PaboTbl MHXeKTopa. Ecnv npu
3TOM OYyEeT HEKOTOPbIN OCTaTOK 3HEPTUKN, TO OH MOXET ObITb UCMOML30BaH ANA APYTUX HYXA.
Mpy TakMx YCMNOBUAX Mbl MOXEM MOCTPOWUTb 3/MEKTPOCTaHUMIO, paboTatolwyo Ha
NCMOMb30BaHUM 3HEPTMU TEPMOSIAEPHOr0 CUHTe3a. Ecnn BCA 3Heprusi, nonyvarollascs B
peakTope, MOMHOCTbIO MOWAET Ha MOAAEPXKAHWME YCNOBUIA B MHXEKTOPE, Mbl OyAeM WUMETb
AEMOHCTPALMOHHBIA TEPMOSIAEPHBIA  peakTop, KOTOpblA 6yfaeT paboTaTb, WCMOMb3YS BCHO
BblpabaTbiBaeMyt0 3HEPrn0  ANd MOAAepXKaHWUs CBOei paboTbl. Ecnm  Xe  3Heprum,
nonyvarowlenics B pesynbTaTe paboTbl peakTopa, He OyAeT XxBaTaTb [axe Ans paboThbl
VHXXEKTOpa, TO Ha NoAaepXkaHune paboTbl peakTopa Ham He06X04MMO TPaTUTb LOMOHUTENbHYHO

3HEpPruHo.
PaccMoTpuM Bornpoc noapo6Hee. Mpy paboTe peakTopa, B aKTWBHOW 30HE BbIAENAOTCS
TP TWNa 3Hepruid. [lepBblii TN 3HEPrUM — 3HEPrus, BbiAeNsloLLAsAcs B MpoLecce

TEPMOSIIEPHOI0 CMHTe3a. B pe3ynbTaTe CTO/IKHOBEHUIA sinep GYAeT eXKeCeKyHAHO BblAeNsThCs B
aKTUBHOIA 30HE peakTopa 3Heprus (MOLLHOCTb):

_ 2
=An- <ov>e¢ (25.1)

cunmesa

rae & - 3Heprus, BblAeNAOLWAaca B O4HOM aKTe CUHTE3a, n - KOHLUEHTpauus agep roproyero B
nnasme, o - 3PQPEKTUBHOE CEYEHME peaKkUUM CUHTE3a, v - CKOPOCTb Afep, A - YMCMEHHbIN
KO3(h(DMUMEHT, KOTOPbIA ONs AeNTepuin — AernTepuneBOin Nna3mbl paBeH Y2, a Ans AenTepuin —
TPUTUEBOI Mnasmbl paBeH Y. TloscHUM dopmyny (25.1). MHOXWTeNb An® [aeT uucno
CTOMIKHOBEHWIA MeXAY n fAapamu nnasmbl. [na feintepuin — aeriTepueBoil Nnasmbl 3TO Kak pas U1

byget 1/2n(n—1) ~n®/2. MHOXWUTENb <ov> [aeT 06bEM LMIMHAPA, MOCTPOEHHOTO Ha

Mnnowajke Be/IMYNHON o C BbICOTON paBHOW cKopocTy sigpa v. Bee sigpa, HaxoAswmecs B 3TOM
06bemMe B TeUEHWE CEKyH/bl MPOpearnpytoT C AaHHbIM SAPOM.

Kpome pacCMOTPeHHOV 3Hepruun, B HarpeToi [0 O4YeHb BbICOKOW TemnepaTtypbl nnasme,
OyfeT elle M TennoBas 3Heprus, BeNMYMHa KOTOPOA paBHa 3nkT . JTa TennoBas 3HEPrus
COCTOMT M3 [ABYX paBHbIX foneit, no (3/2)nkT Kaxpas, SBNAOLMXCA TENI0BOM 3HEpruein
3N1EKTPOHOB U Aaep. MNMOCKObKY B aKTMBHOM 30HE peakTopa YacTuLbl MOTYT HaXOAUTLCS LU
HEKOTOpPOe BPEMSi 7, KOTOPOE Ha3blBAeTCS BPEMEHEM YAepXKaHusi Mnasmbl, B aKTUBHOW 30HE
peakTopa OyfeT eLle 1 Tena0Bas MOLWHOCTb:

Nmenﬂos = 3nkT / T

(25.2)
Kpome 3TUX ABYX MOLLI,HOCTGVI, HY>XHO y41TbIBaTb €Lle N pagnayMoHHYO MOLLHOCTb:

2
Npaduau =Cn \/T . (253)



MosiCHAM paauaLMoHHOE Ccnaraemoe. PafiMalVoHHble MOTepU NPeACTaBnsloT co6oii
MCMyCKaHVe raMma KBaHTOB MPU TOPMOXKEHUM 3apSHKEHHBIX YacTuL, (TOPMO3HOE W3NTyUeHMe).

MHOXWTENb n° C TOYHOCTLIO [0 MHOXUTENs A [aeT 4acTOTy CTONKHOBEHUIA B efuHMLY
BPEMEHW, CPefHWe CKOPOCTW 4YacTuWL, COrMacHO pacnpefeneHuto MakcBenna 4actuy, no

CKOPOCTSIM, MPOMOPLMOHabHbl ~/7 . TakuMm oGpasom, cnaraemoe (25.3) AaeT NpaBUsbHYIO
3aBUCMMOCTb PaAMaLIVIOHHOI MOLLIHOCTU OT KOHLIEHTPALIMK U TEMNEPaTypbl.

Ecnm cuutatb, 4TO BCE TPM BUAA 3HEPruM MOryT WUCMOMb30BaTbCA C OAMHAKOBbLIM
KO3Cb(*)I/ILI|M€HTOM nonesHoro ,D,GVICTBI/IH n, nMeemM noJie3Hyro MOLWHOCTb:

N, =n(4n® <ov>e+3nkT |7+ Cn*\T)

(25.4)

N3 aKTUBHOW 30HbI PEAKTOPbI EXXECEKYHAHO YXOAAT TEN/0Bas M paAvaLMoHHas SHeprum.
Ans Toro, ytobbl peakTOp paboTan Ha YpPOBHe Hy/eBOW MOME3HOW MOLLHOCTU, [AO/MKHO
BbINO/HSATLCS PABEHCTBO:

n(An® < ov > &+ 3nkT |7+ Cn*T) = 3nkT | 7+ cn* T (25.5)

13 nonyyeHHOro paBeHCTBa 4/14 NapaMeTpa nz UMeeM:
3kT

nr=

n
1_77A<0v>8—C\/? =f,7(T) 255)

MonyyeHHOEe COOTHOLUEHMe A1 NnapameTpa nz HOCWUT HasBaHue Kputepus JloycoHa. B
npaBor uvactu (25.6) CTOMT yHMBepcasbHas (QYHKUMA Temnepatypbl 7', KoagdguumeHTa
Mo/Ie3HOr0 fieiicTBIs 77 1 copTa roptouero f, (7). CornacHo JI0ycoHy, ecnn nz BOfbLUE, Yem

f,,(T) , BO3MOXHO 3KOHOMMYECKM BbIFOJHOE MOMyUYeHNEe SHEPriK C MOMOLLBIO MCMO/b30BaHNS

peakLMn TepMOsilepPHOro cruHTesa. Ha pucyHke 19 npuBegeHb! rpadmkin 3aBUCUMOCTY (PYHKLUN
£, (T) Bna feiiTepuii AerTepueBoit U



nt

10%cen3c .
10% em 3¢ \ /

"~ T,10°K

Puic. 19. rpatmki 3aBuCUMOCTY QyHKUMN £, (T) AN AeTepuin AeiTepneBoit 1 TpUTUIA —
[leNTepneBOin Nnasmbl.

TPUTUIA — AEeTepUeBOin NnasmMbl 41 ONTUMUCTMYECKOTO KO3(guLMeHTa NONE3HOro AeNCTBUS
n=1/3. W3 npuBefeHHOro rpaduka crnefyet, 4To 4SS [eWTepuil- — TPUTUEBO Niasmbl

ONTUManbHO GyaeT Temnepatypa 7 =3-10°K. [Ons [edTepuii — [aeiiTepreBoit niasmbl
onTUMasbLHOI 6yaeT Temneparypa 7 =10°K .

PacCcMOTPUM OCHOBHbIE CMOCOObI, C MOMOLLBIO KOTOPbIX B HaCTOsLLEe Bpemsn BeayTcs
paboTbl NO OCYLLECTB/IEHWIO YNPaB/ISeMO peakumMm TepMOosAepHOro cuHTesa. o — Bugumomy,
rNaBHbIM Hanpas/eHVEM ABNAETCA CO34aHMe YCTAaHOBOK TWMa TOKamaka Wan ctennatopa, B
KOTOPOM MOXHO cO034aTb W AOCTATOMHO [A0Nr0  YAEpPXMBaTb  BbICOKOTEMMEPATYPHYHO
[eiTepveByto Nnasmy. TepMuH Toxamax SBNAETCA COKpaLLEHMEM CNOB TOKW, Kamepsbl,
MarHUTHble KaTyllKW. ToKamakK npeanoXeH COBeTCKAMM (u3mkamn W.E. Tammom n
A.[.CaxapoBbiM. ToKamak MNpeAcTaBnsieT CO60M TOPOUAIbHYH KaMepy, B KOTOPOA MOXET
CyLLEeCTBOBaTbL Harpetas L0 AEeCATKOB MWIIMOMOB rpajycoB nnasma.. Yep)KusaTtb nnasmy oT
CTO/IKHOBEHWUIA CO CTEHKaMM Kamepbl MOXHO C MOMOLLbI TOPOMAASIbHOTO MarHUTHOrO Mons.
Tokamak — Top, B KOTOPOM CYLLECTBYET [elTepuin — feritepuesas, Unn AedTepuin — TpuTreBas
nnasma. AN yaepXaHus nnasmbl OT CTOMIKHOBEHWI CO CTEHKaMW Topa HeobXOoAMMO co3faTb
MarHWTHOe [Mo/ie, CWIOBble JIMHUX KOTOPOro MPeACTaBNAT COO0A  KOHLUEHTpPUYeCKue
OKPY>XHOCTU. CxemaTu4yeckm YCTaHOBKY, npegnoxeHHyio W.E.Tammom u A.[.CaxaposbiM,
MOXHO NPeACTaBUT C NOMOLLbIO pucyHKa 20. Ha pyCcyHKe BHELLHAS U BHYTPEHHAS OKPY>KHOCTU
NpeAcTaBNAlOT €060 CTeHKY Topa. LLpMXMyHKTUPHbIE OKPY>KHOCTU /IPefCTaBnistoT COOOM
HEKOTOPbIE M3 MHOTrOYMC/IEHHbIX CU/IOBLIX JIMHWA MarHWTHOrO Mons, CO34aBaeMoro BHYTPW
TOpa. 3apsKeHHble WOHbI MMasmbl BHYTPWM Topa OyAyT HaBMBATbCA Ha CWUIOBbIE JIMHWM
MarHWTHOro nons, OyayT PakTUYeckn «MnpukeeHbl» K HUM. Ecnm co3patb KOMbLEBOM TOK B
TOpe, TO BO3HWKHET M/1a3MeHHbIN LWHYP, KOTOpbIA OyfAeT CamOnpou3BO/IbHO CXKUMATLCA U
HEeCKO/IbKO YTOHYAaTLCA BCEACTBUE , TaK Ha3blBAEMOTO nunyu s¢ghghexma




Puc.20. CxeMaTnyeckn ycTaHOBKY, npeanoxeHHyo V.E. Tammom n A.[l.CaxapoBbiM.

MUHY 3heKT BO3HMKAET B pe3y/ibTaTe BO3AENCTBUA MarHUTHOMO MO/ Camoro Toka Ha
cebs. Ecim Mbl NpoaHann3vpyem BO3AeNCTBE MarHUTHOIO NoJs NIa3MeHHOrO LWHYpa Ha UOHBI,
[BVXYLLMECS B 3TOM LUHYpe, TO Mbl yOeAumcst 4To cuna JlopeHua, AeiCTBYHOWAs Ha WMOHbI
nnasmbl, OyeT OKUMaTb NIa3MeHHbIN WHYP. DTOT NUHY — 3PMEKT CNOCOOCTBYET YBE/NMYEHUIO
BPEMEHW CyLLieCcTBOBaHMSA Nnasmbl. Co3faHne NocTOAHHOrO MarHUTHOIO MoJif, YAEePXM1BatoLLEro
MOHbl MNasmbl OT CTO/IKHOBEHWIA CO CTEHKamy Topa, OCYLUEeCTB/AETCA C  MOMOLLbIO
CBEPXMNPOBOAALLNX CONEHONI0B.

B CCCP 6b1710 CO34aHO HECKONbKO TOKaMakoB. B caMOM KpynHOM W3 AeNCTBYHOLLMX
TOKamaKoB, Co3faHHbIX B 1975 rogy — Tokamake T 10 6b1710 4OCTUTHYTO 3Ha4YeH6Me NapameTpa

nt~6-10%cu™ ¢ npn temneparype nnasmel L ~12:107K Heycroltunsocts nnasmenoro
LLUHYpa 06yC/oB/eHa pasNYHbIMK NpuinHamum. OfHa U3 NPUUNH — «BbDKMMaHKE» Ni1a3MeHHOro
LUHYpa OT BHYTPEHHEN CTEHKM TOpa K CTEHKE C BOMbLUIMM paguycoM. ITO ABMIEHWE BO3HUKAET
BCNEACTBME TOr0, YTO AaB/IEHNe MarHUTHOIO TOPOMAAIbHOr0 NMons B 061acTu, 6/IM3KON K CTEHKE
TOpa C MeHbLMM pagnycom 6osiblle AaB/eHUA MarHUTHOro Mnosis B 06/1acTu, NPUIeraroLen K
CTEHKe Topa C 60/bLIMM paanycoM. [pyrovi NPUYMHON ABNSETCS HEOAHOPOAHOCTb M1a3MEHHOr0
LWHYpa. YacTu WHypa C MEHbLUUM pagnycoM 6yayT CU/bHEE NEPEXUMATLCH MarHUTHbLIM MOoJieM
BC/IEACTBME NUHY — 3(p(heKTa, YTO NPMBEAET K Pa3pbIBy MJa3MEHHOIO LWHYpa.

Ha noctpoeHHoM B CLUA Tokamake TFTR 6bl10 AOCTUTHYTO PEKOPAHOE 3Ha4eHue

BpemMeHn = 019¢ | BhewHwmit paguyc Topa pasHsietca R = 248cm. | Ha 3T0iA yCTaHOBKe Oblfia

nonyuera Temneparypa I =2.2:10°K | CToumocTb yKa3aHHOro Tokamaka — 314 MUMAMOHOB
ponnapos CLUA.

AMEPUKAHCKNIA n3vk CnuTLep Mpesfiokun A1 CO3aHUs YCMOBUIA [UTENbHOTO
CYLLIECTBOBAHMS Na3Mbl YCTaHOBKY, KOTOPYIO OH HasBas CTeNNaTtopoM. Ecau ToponaanbHyto
Kamepy M30rHyTb B BIAE BOCbMEPKYW, TO Takas Kamepa, rpyGo rosopsi, GyheT MpeAcTaBasiTb
coGoii cTennatop. Ecnn cospaBaeMble BHYTPU IOKZAOW M3 ABYX 06MacTeli «BOCHMEPKM»
MarHuTHble Nonsi GydyT COBEPLUEHHO WAEHTWUYHbI, TO YaCTULbl, GNaronoayYHO MUHOBABLLIVE
OAHY W3 06GnacTeii, MOTYT GAAronoayyYHO «MPOCKOUMTb» U APYTYH0 TaKyl 067acTb. Takum
06pa3oM MOXHO YBE/MUMTb BPEMS CYLLECTBOBAHWS M/1a3Mbl.



CyLLEeCTBYIOT M a/ilbTepPHATMBHbIE CMOCOObI OCYLLECTB/IEHUA TEPMOSLEPHOr0 CUHTE3a.
CoBeTcKuiA mn3nkK akageMuk A.M.MpoxopoB NPeanoXKnn MHTEPECHbLIA CNOCO6 OCYLLECTBIEHNS
Tako peakumn. Crocob 3aknoyaics B BTOM, UTO KPYMUHKM TBEPLOro TepMOSLEPHOro
roproyero (genitepus) B Co604HOM NageHUM NPOXoAnIn Yepes 061acTb, B KOTOPOW co3faBasachb
BbICOKas TeMnepaTypa, co3faBaemas batapeeii 1a3epos, U3nyyeHre KOTOpbIX (DOKYCMPOBasIoCh B
3TOV OYeHb Masioin 061acTK (NPaKTUYECKN — TOUKeE). J1lasepHoe M3nyyeHne pa3orpeBasio KyCOUKu
fentepus. MNpn 3TOM TBEpPAbIA AENTEPUIA HaUYMHAN UCapsaTbes. Mpu ncnapeHny NPOUCXO4WIO0
CUNbHOE CXaTue OCTaloLWelica HEeKOTOpoe BpeMsi TBephoM (pasbl [0 TaKMX YCMOBWIA, npw
KOTOPbIX HaYMHaIaCb TEPMOSAepHas peakums. Takas yCTaHOBKA Mor/ia paboTtatb B MY IbCHOM
pexume. TepmosfgepHbli CUMHTE3 MPOWUCXOAMN B 3TOW YycTaHOBKe, A.M.poxopoB paxe
[EMOHCTPMPOBa/ 3TOT MPOLLECC NO TENEBULEHMIO.

YnomsiHeM elle 06 04HOM Croco6e, Npea/IoXKEHHOM COBETCKMM (DU3NKOM, akafeMUKOM
91.5.3eb40BM1YEM, KOTOPbIN 3aK/TO4AETCA B MUCMNO/b30BAHWUM TaK Ha3blBaeMbIX Me3aTOMOB. Ec/n
B aTOMe JelTepus 3aMeHUTb 3/1EKTPOH MIOOHOM (CTapoe Has3BaHWe MK — ME30H) TO MONy4YMTCS

ro= hz/m e’ =255-10"cu
Me30aToM. Paauyc Takoro mesoatoma # “ . Be3 BCAKOro HarpeBaHuis

TakoM Me30aTOM MOXET COMM3UTLCS C  APYruM aTtomMoM feiiTepus. [pu 3TOM  MOXeET
OCYLLIECTBUTLCA TEPMOSEPHbI CUHTE3. MpaBaa, MIOOH HECTabuneH, ero BPeMs XXU3HU PaBHO

r=22-10"¢ , O[]HAKO PacyeThbl MOKa3bIBakOT, YTO 3a ITO BPeMsl ME30aTOM YCMEeT OCYLLECTBUT
[0CTaTOUYHOE YMC/IO PeakLMii CMHTE3a.

O[iHaKo, HECMOTPS Ha HalMuMe HEKOPOro KOMMYecTBa anbTepHATUBHBLIX CMoco6oB
OCYLLIECTB/IEHUSI YTIPABNSEMOr0 TEPMOSIAEPHOI0 CUHTE3a, MEXAYHApOAHOE Hay4HOE COOBLLECTBO
B KauyecTBe OCHOBHOrO M36paso Crnoco6 OCYLLECTBNEHUS TePMOSAEPHOTO CUMHTE3a C MOMOLLbHO
CTPOUTENLCTBA 60/1Ee MOLLHBIX TOKAMAaKoB. Mbl MOXEM HafleaThbCsl, UTO B He CTO/b [anekom
Gyaywiem 6yaeT co3gaH [AeMOHCTPALMOHHBIA TepMOsiiepHbI  peakTop. HakoHel, mnocne
CO3[aHNst  [eMOHCTPALMOHHOrO  peaktopa OyAeT OTKPbIT MyTb K  CTPOMTENbCTBY
3N1eKTPOCTaHLMM, PaGoTatoLLeli Ha MCMO/b30BaHMM peakLn TEPMOSIAEPHONO CUHTE3A.
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