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Mui posfcdenbl 60 mbMme U HeeexHcecmee,
HO HposubeHue omKpbwleaen Ham 2ia3a
u pacceuesaenm movmy jay4om 3HAHUA

Ilpeoucnosue k mopomy uzoanuro

Bmopoe uzoanue npeocmaensiem coboil nepepabomannulii Mmamepu-
an ¢ yuemom MHeHUU U 3ameyanull yumamerneil, a maxice OalbHelue2o oc-
MbICAEHUs Uuoell, U3NONCEHHbIX 8 Nepeom uzoaumuu monozpaguu. Pexowcm-
PyKyus Kkocuyaace 3 u 4 2n., nymem nepepacnpeoenenus UsiodiCenHo20 ma-
mepuana u mesuUCHO20 COKPAWjeHUs AHAIU3A NPOMUBOPEHUl 8 KBAHMOBO
Mmexanuke. Inasa 5, ma ocHose npuHyuna NPeemMCcmeeHHOCU 6bINOTHEHUS
3aKOHO8 KNACCUYECKOU MEXAHUKY 8 NONAPUZO8AHHOM NPOCPANCmEe, O0NoJ-
HeHa KoHYenyuell NOHAMUA — «2e0Mempus NPOCMPAHCINEA.

Bo uszbescanue nymanuybl nepeocmvicieHo onpeodenenue MasHum-
HO20 K8AHMOB020 HUCAA, KOMOPOE 8 HOBOU pedakyuu 0ano Oe3 GCAKUX 020-
B0POK, UMeloWux mecmo 8 nepsom uzoanuu. Ocyujecmenenvl HeKomopbvie
opyaue OONONHEeHUs, a MaKdice UCNPAasieHus], KOmopble HOCAM KOHKPemu3u-
DPYIOWULL UTU UHOU «OM2AANCUBAIOWULLY XAPAKMED.

Aemop swipasicaem npU3HaAMeEIbHOCMb YUMAMENAM, A MAKd’ce 0COo-
6yto bnazooaprnocme. 0.x.H. I1LI1. Inadeiwesy, k.neo.n. J{.H. Koowcesnuxosy,
0.¢p-m.u. H®. Cmenanosy u E.B. Yenckomy 3a 3ameuanusi u npeonioxicenus
10 nepeomy U30aHuI0 OAHHOU MOHOPAPULL.

Paxumbsn I'anueB
OKT0pB, 2006 T.



Ilpeoucnosue K nepeomy uzoanuio

Fonee sexa momy nazao Ovina coz0ana K6aHMOBAsE MEXAHUKA MUKDO-
MUpa, Komopas 6 OCHO8e C80eli OCMAemcs HeUIMEHHOU 00 Ce200HAUHUX
oneu. C mex nop Ha 0CHO8e YYHOAMEHMAILHOU MeopUU K8AHMOBOU MEXAHU-
KUl NOSABUIUCL MHO2UE NPUKTIAOHbIE HANPABIEHUS HAYKU U MEXHUKU, KOMOpbie
00 Heysnasaemocmu usmenunu Mup u xavecmeo dwcusnu mooeu. B mo e
8peMs, HeCMOMPA HA KONOCCANbHbLI 6KIAO KBAHMOBOU MEXAHUKU 6 PA36Umie
dunocogcrou mviciu U QYHOAMEHMANLHOU HAYKU, 8HYMPEHHUEe HPOMUBO-
peuus, 3a10%4CeHHble 8 Hell, CO BPeMeHeM CMAU THOPMO30M 6 WUPOKOM Npu-
KIAOHOM NiaHe U 21yOOKOM NOHUMAHUU 3AKOHO8 MUKDOMUPA 8000wye.

B nacmoaweti monozpagpuu Ha cyo yumameneii 8bIHOCUMCA NOIHO-
cmoio coznacyrowasnca ¢ Ilepuoduueckoii cucmemoii snemenmos /. U. Men-
Oeneesa KOHYeNyus KOPNYCKYIAPHOU OUHAMUYECKOU CMPYKMypbl amomad,
KOMOpas (¢ HeKOMopulMu NONPASKAmMu) OCHOBAHA HA Cyujecmsyioweli meo-
puu K8AHMOBOU MEXAHUKU, HO OOHOBPEMEHHO TUWEHA NPUCYWUX eli BHYM-
DEHHUX NPOMUBOPEYUL U NOTHOCMbIO CO2NACYEMC € KAACCUYECKOU MexaHu-
Kotl. Omo docmueHymo 6 pe3yiomame GblOGUICEHUS ABMOPOM HOBLIX (DYH-
OAMEHMANbHBIX NONOJCEHUT O CEOUCMEAX NPOCMPAHCMEd, OUHAMUKE O8U-
JICEHUS 8 HEM MAMEPUATIbHBIX Ml U OpY2UX Meopemuyeckux 0CHO8, HOGU3HA
KOMOPbIX NOMOJCem blpabomKe HO80U napaduemvl (OCHOBHBIX MUPOBO3-
3peHyecKux KoHyenyuil) Hayku. Pesynomamsl uccnedosanuil, npusedentvle 8
Monocpaghuu, mpebyiom OanbHelue20 21yO60K020 OCMbICIEHUS, YO MOMCem
npugecmu K OMKpbINUi0 HOBbIX HANPABGIEHUL 8 HAYKe U MeXHUKe U K HOBbIM
@unocogpcxkum obodbwenuam. He ucknioueno, umo cpeou wumameneii 6yoym
me, KMo ¢ Hedo8epuem UlU NOIHLIM OMPUYaHUEeM OMHECEMCs K CoO0epica-
Huto pabomol. OOHAKO YOedcOeH, Ymo PAGHOOYUIHBIX He OyOem, NOCKONbKY
8bICKA3aHHble 30eCh udeu NPUBOOAM K UCKTIOUUMETbHO NPOCMOMY U YenoCm-
HOMY ONUCAHUIO CIMPYKMYPHOU Op2anu3ayuu amoma 0OHOU npocmou yHk-
yuetl npu onpeoeneHHblX 2PAHUYHBIX YCI08UAX, HA YMO YKA3LI8AN U OOUH U3
ocHosamenell K8aHmogou mexaruxu — I etizenbepe.

Bsudy moeo, umo npobnemvl, 3ampazusaemvie ¢ MoHocpapuu, Kaca-
HOMCs OOWUPHBIX oOnacmell 3HAHUL, K CONMCANCHUIO, A He MO2 PACKPbIMD 6Ce
B0MPOCHI, KOMOPble MO2YM NOAGUMbCA Y YUMAMens 8 Npoyecce u3y4eHus
mpyoa, 3a 4mo npuHouty ceou uckperuue uzeunerus. C 61a200apHOCmbIO
npuMy Kpumuieckue 3amedanus, gblCKa3aHHbvle 8 aopec padonbvl, HOCKOIbKY
amo b6ydem 03HAUAMb, YMO Mbl OOMEHANUCL UOeAMU, KOMOpble, 8 KOHEUHOM
cyeme, nomocym Hatmu naubonee 6epHbll NYMb K OCMBICIEHUIO 3AKOHO8
Muposzoanus.

Aemop 6razodapum 0. x. H., uren-kop. MAD Tepewrosy C.I. 3a no-
MOWb 8 NOO20MOBKE PYKONUCU K U3OAHUIO.
2005 1. Paxumbsn ["anues
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BBeaenue

OnHUM U3 COBPEMEHHBIX IPOOJIEMHBIX YTBEPXKICHUI B (pu3nKe sBIIS-
eTcs 00IIEeN3BECTHOE YTBEP)KACHHE TEOPUH KBAHTOBOM MEXaHHKH O TOM, YTO
3JIEKTPOH B aTOME BEJET ceds He KaK YacTHIla, a MPEICTABIIET HEKOE BEPO-
SITHOCTHOE O0JIAKO YHEPTEeTHYECKOTO COCTOSIHUS. DTO YTBEPKACHHE COBpE-
MEHHOW TEOpPHH KBAaHTOBOH MEXAHHKH O MPUPOJE 3IEKTPOHA NMPUHUMACTCS
3a kmodeBoe. OTHAKO OHO HE 0OECIEeYNBaACT MOJHOTO TIOHUMAHUS CTPYKTY-
PpBI aTOMa, ero (GPU3UIECKOI IPHPOJIBL.

HecmoTps Ha KonoccanbHbIE TOCTHKEHUS KBAHTOBOM MEXaHHUKH B IO-
HUMaHUU CBOWCTB MUKPOMHMpPA, HAa CETOAHSIIHUN I€Hb TaK U HE CO3/aHO JI0
KOHIIa IIOCJIEA0BATEIbHON U HEPOTUBOPEUUBON KOHLIECIILIUU CTPYKTYpHbI aTo-
Ma ¥ 3JIeMEHTapHBIX KBAHTOBBIX YacTUIl. B urore coBpeMeHHast Hayka U Gu-
Joco(cKast MBICIIb JI0 CHX IIOP IOJHOCTHIO HE OCO3HAIM CYIIHOCTH aToma B
nenoM. OTCyTCTBYeT MOHUMaHUe (PU3NYECKON CTPYKTYPHI JJIEKTPOHHOH 000-
JIOYKH U S/Ipa aToMa, MPaKTHIECKH HET TCOPHH JBIKCHUS KBAHTOBBIX Yac-
THI] BO B3aUMOJICHCTBUH UX C IPOCTPAHCTBOM H T.II.

B MoHOrpadum mnpemyioxkeHa coriacyronascs ¢ KIacCHYecKOl Mexa-
HHUKOH HETPOTHBOPEUNBAsT KOHIEMIN KBAaHTOBO-MEXaHWIECKOTO OIMHMCAHMS
TUHAMAYECKON CTPYKTYPHI JJIEKTPOHHOH U sepHON 000JI0ueK atoMa, Iie, B
4acTHOCTH, pelieHo ypaBHeHue lllpeamHrepa s MHOTO3apsiIHOTO aroma.
IIpenoskeHa KOHIENINS TPUPOABI BOJTHOBOTO JBI)KEHHUSI KBAHTOBBIX YACTHIL
B IIPOCTPAHCTBE.

B rn. 1-3 xuuru naercst kpatkuii 0030p uctopuu GopMHUpPOBaHHMS TO-
HATHSI «aTOM» U TOSBJIEHUS €r0 COBPEMEHHOH KOHLenuuu. Bkpatie mpo-
CJIE)KMBAETCS] UCTOPHSL M JIOTHKA (POPMUPOBAHUS TIPEICOBPEMEHHBIX KBAHTO-
BO-MEXaHWYECKHX MPEICTABICHUH O CTPOCHUH aTOMa.

B r71. 4 paccMaTpuBaeTcs 3apOXI€HHE COBPEMEHHOI TEOpUH H3ITyde-
HUSL ¥ KBAaHTOBO-MEXAHHYECKOTO OMHMCAHMSA CTPYKTYPHI JIEKTPOHHOH 000-
JIOYKH aTOMa, a TaKKe aH KPAaTKUH aHaIn3 KOHLENTYalbHBIX IPOTUBOPEUNH
TaKoro omucaHus. Jlemaercst BBIBOJ O HEAOIMYCTUMOCTU BEPOSITHOCTHOTO
TOJIKOBaHHA MPEOBIBaHMS JIEKTPOHA B aTOME B 00 OIIMOOYHOCTH MpUMEHe-
HUS [IPU 3TOM IPUHIMIA HeomnpeneneHHocTH I'eiizen6epra. KpaTtko packpsl-
ThI KOHLIENTYyaJbHBIE TPOOJIEMBI, CBS3aHHBIE C pelleHneM ypaBHenus lllpe-
JIUHTEpA.

PesynbraTsl ananusa pemenus ypasHeHus lllpenuHrepa mokassiBaroT
Ha HEKOPPEKTHOCTh UCXOAHBIX U IPAHUYHBIX YCIOBUH PEIIEHUs 3TOTO ypaB-
HEHUs], a TaK)Ke Ha OIMMOOYHOCTH MHTEPIPETAH BHIBOJIOB U3 HEro, 4TO, B
KOHEYHOM CueTe, NMPHUBOJUT K HECOOTBETCTBHIO PEUICHUH (DM3MUECKOH pe-
abHOCTH. IIpH 3TOM 711 MHOTO3JIEKTPOHHBIX aTOMOB JI0 CHX Op HE Haije-
HBI JJaX€ MTOXO0/IBI K PEIICHHUIO 3TOTO ypaBHeHHsL. OfHAKO OCHOBATEIH KBaH-
TOBOM MEXaHUKHM M WX IOCIIE[0BATEIN HE TEPAIOT HAJICKABI M BUIAT IIyTH
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pemenust ypasHeHus lllpenunrepa, mpexse BCETro, B OTHICKAHUU «IIPABUIIb-
HO» BOJHOBOM ()YHKIIHH, TPH KOTOPOH OKHIAETCS, YTO BCE MPOOJIEMEBI ca-
MU c000# cHuMyTcs. OHAKO Takasi BOJHOBas (DyHKIHMS 0 CHX IOp HE Hai-
JIeHa, a 3Ha4uT, ¥ ypaBHeHHe lllpenmHrepa Ui MHOTO3apsTHBIX aTOMOB
(akTHdIEeCcKn HE pemieHo. B uTore, B KBaHTOBON MEXaHHKE CO3Janach TYIH-
KOBasl CHUTYaIllsl, BBIXOJ U3 KOTOPOW TPaJUIMOHHBIMHU CIIOcO0aMu HalTh He
ynaercs.

B MoHorpaduu nokaszaHo, 4To NPUYMHONW OTCYTCTBHS PEILICHUS ypaB-
HeHus IIpenunrepa sBiseTCS HE OTHICKAHUE «IIPABWIBHOI» BOJHOBOM
(YyHKIMH, a HECOOTBETCTBUE OPOUTAIBHON (POPMBI JBIKEHHUS JIEKTPOHOB B
aTOMe CHUCTeME KOOPJMHAT Ul ONUCAHUS 3TOTO ABMXKEHMS. DTO 3HAYMT, 3a-
Jada pemleHust ypaBHeHus lllpeaunrepa TomkHa CBOJUTHCS K OTHICKAHHUIO
«TIPaBHJIBHON) CUCTEMbI KOOPJUHAT, OCU KOTOPOH JOJKHBI COOTBETCTBOBATh
CTAalMOHAPHOMY PAaBHOMEPHOMY ABM)KEHHIO 3JIEKTPOHA B aTOME, IPU KOTO-
POM He HapylaroTcs yciuoBus BeimonHeHus [TepBoro 3akona HerotoHa.

B rn. 5 npoBoauTCs KpaTKui aHAJINU3 €BKIUAOBON U APYTUX T€OMET-
pHii IPOCTPAHCTBA, CO3JAHHBIX MO3Ke. Ha OCHOBE Takoro aHanusa AenaeTcs
BBIBOJI O TOM, YTO CBOOOZHOE PAaBHOMEPHOE KPYrOBOE [IBIJKCHHE MAaTEpH-
AJIBHBIX TEIN B PEaIbHOM MPOCTPAHCTBE IKBUBAJIEHTHO TAKOMY K€ paBHOMEp-
HOMY, HO NPSIMOJIMHEHHOMY JIBM)KCHHUIO B a0COJIIOTHO ITyCTOM HPOCTPAHCTBE.
B urore pazpaboTaHa KOHIEMIMSI T€OMETPUN IPOCTPAHCTBA MOTEHIIMAIBHBIX
cdep, rae npocTpaHCTBO MpU OECKOHEYHO OONBIIOM panuyce chepbl mpen-
CTaBJIsIET COOOW YAaCTHBIN CITydaid, IPEeICTABISIOMINI Ha TIOBEPXHOCTH Chephl
IUIOCKOE €BKJINA0BO IPOCTPAHCTBO.

PazpaboTana pacmmpeHHas KOHIENUuUs AeWcTBHs [lepBoro 3akoHa
Hyrotona. I1Ipu 3TOM AeiicTBHe 3aKOHa paclpoCTPAHSIETCs] HE TOJIBKO Ha €BK-
JIMI0BO IIPOCTPAHCTBO MpU OECKOHEYHO OOJNBIIOM pajauyce, HO M Ha Ipo-
CTPAHCTBO NMPH KOHEYHOM PaINyCce KPHUBHU3HBI €TO CHEPHI.

Jnst onucaHus COCTOSHUSI 3JIEKTPOHA B aTOME B IIPOCTPAHCTBE ITOTEH-
IIUAIBbHBIX c(ep BIEpBbIE MpeaaraeTcs HHTETpaIbHasl CHCTeMa KOOPIHHAT,
KOTOpasi OAHOBPEMEHHO BKIIOYAeT B ce0sl Cleayrolue B3auMOOOyCIIOBIEH-
HBIE TIPSIMOYTOJIbHBIE CHCTEMBI KOOpAMHAT: 1) cucTeMy KOOpIMHAT Ha IO-
TEHIMATBHON cdepe i oTpaykeHUs] OpOUTANIBHOTO IBHIXKCHUS, KPYTOBbIC
KOOpPJMHATHBIE OCH KOTOPOW 00pa30BaHbl Ha JIMHUAX MEPECCUCHUS OOJBIINX
OKpYXXHOCTEH cdepsl C B3aUMHO-TICPHECHANKYJISPHBIME IUIOCKOCTSMHE; 2)
CHCTEMY KOOpIHMHAT, OCH KOTOPBIX OTOOpa’KaroT HANpaBJICHUS DPaJHyc-
BEKTOPOB 3THX OPOMT.

Heo6xoaumo 3aMeTHTh, YTO TIOHATHE «PaJIyC-BEKTOP» BBEIEH BIEp-
Bble. OH YHCJIEHHO COOTBETCTBYET PAINyCy OPOHUTHI U 0 HAIIPABICHHUIO COB-
MalaeT C HampaBJICHHEM BEKTOpa MOMEHTa KOJIMYECTBA JIBIDKECHHS OpOH-
TaJILHOTO Tela.
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B Takoii MHTErpaNbHONW CHCTEME KOOPAWHAT ISl OTPa)XKCHUS COCTOS-
HUS ¥ OPHCHTAIINH DJIEKTPOHA B aTOME JIOCTATOYHO 3HATH MPOSKIINHU PaIHyC-
BEKTOpa 3TOH OpPOUTHI Ha COOTBETCTBYIOIIHE B3aWMHO-TICPIICHIUKYIISPHBIC
KOOPAMHATHBIE OCH PalNyC-BEKTOPOB.

Haxoxnenue npepsaraeMoil KOOPAMHATHOM CHCTEMBI SIBISIETCS HE-
JIOCTATOYHBIM YCIIOBHEM ISl TIOJIHOTO OTPaKeHWS NIBIDKCHUS, HAIPHMeED,
3JIEKTPOHA B YCJIOBUAX MOTEHIHMATBHOTO MO [IOCKONBKY 3/1eCh HepemieH-
HOM ocTaercs ele ofHa npobiiemMa, KOTopasl CBsI3aHa C BOJHOBBIM JIBUKEHH-
€M KBAHTOBBIX 4HaCTHIL 1€ BpOﬁJ’IH B INPOCTPAHCTBE, IO 3aKOHAM, OTJIMYHBIM
OT KJIACCUYCCKUX 3aKOHOB, YTO MOXCT INOBJIMATH HA UX Op6I/ITaJ'II:HOG JBUXKEC-
HUE.

Hcxons w3 BBIICH3IIOKEHHOTO, B TJI. 6 pacCMaTpUBAaeTCs MPHPOJA
JIBIDKCHUST KBAaHTOBBIX YACTHII B MPOCTpaHCTBe. [loka3aHO, YTO BOJHOBOE
JBIDKCHUE KBAHTOBBIX YACTHIl OOYCIIOBIIEHO WX CIHUPAJIBHBIM XapaKTepOM.
PaccmarpuBaroTcss HEKOTOpBIE MPOCTPAHCTBEHHO-IMHAMUYECKHE CBOMCTBa
KBAaHTOBBIX YACTHI[ B YCIOBHSX WX CIUPAIGHOTO IBIDKEHHS, HalpuMep,
JNIEKTPOHA B aTOME. AHAIM3UPYIOTCS NMPUYMHBI HPOSIBICHUS Y 3JCKTPOHA
coOcTBeHHOTO criuHa. [ToMrMoO 3TOTO, aHATUTHYECKH BhIBEICH 3aK0H Mo3m,
YCTaHOBIIEHHBII UM AMITMPHYECKH Ha OCHOBE OIBITHBIX JAaHHBIX, U HaWICH
psA OpYrux XapaKTEpHCTHUK COCTOSHUS DJIEKTPOHA B aTOME, BBIABIECHHBIX
paHe€C TOJIbKO Ha OCHOBAHUH OIIBITHBIX JTaHHBIX.

[ToCKOIBKY 3JEKTPOH MPHU CHUPATEHOM JBHKCHUU BPAIIACTCS BOKPYT
COOCTBCHHOW OCH, TO OH TIPU JBIKCHUH B MIPOCTPAHCTBE U aATOME MPEIICTaB-
JseT co0OW 3eMeHTapHBIA rupockor. [oatoMy B 1. 6 paccMaTpUBArOTCS
CBOWCTBa CBSI3aHHBIX TMPOCKOMMYECKUX CHCTEM, KOTOpPHIC aIeKBATHBI THPO-
CKOIIMYECKIM CHCTEMaM JJIEKTPOHOB B aTOME. YCTaHOBIICHO, YTO BO H30e-
JKaHWE TIOSBIICHUS JOMOJNHUTEIFHON MHEPTHON Macchl, O0YCIOBICHHON TH-
pockonIaecKuM 3(pPeKToM, ITEKTPOHBI B aTOME ITOTIAPHO U B COBOKYITHOCTH
CO3/1aI0T HEHTPabHYI0 CHCTEMY IT0 OTHOIICHHUIO K MPOSBICHUIO THPOCKOIIH-
yeckoro 3¢dekra, yTo mocTuraeTcs oOpa3oBaHHWEM CBA3aHHBIX 4epe3 SAPO
aToMa CIIMHOBBIX IMap OPOWT 3JIEKTPOHOB, T.€. OPOUTHI JCKTPOHOB 00BE M-
HAIOTCA B Mapbl C IMPOTUBOIIOJIOKHBIMH HAIIPaBJICHUAMH BpalICHUA U CyM-
MapHbBIM MOMEHTOM KOJIMYCCTBA ABUKCHHUA, paBHBIM HYJIIO.

B 1. 7 paccMaTpuBarOTCs 3aKOHOMEPHOCTH ONMCAHUS OPOUTATHHO-
TO JIBMDKCHHUS SJICKTPOHA B aTOME C UCIOJIE30BAHIEM WHTETPATBHOW CUCTEMBI
KOOpAMHAT. Y CTaHOBJIICHO, YTO CIMPAILHOE JABIKCHHE JIICKTPOHA B aTOME Ha
opOwuTe sIIpa MOXKET OMUCHIBATHCS MPOCTHIMHA TPUTOHOMETPHUSCKUMH (HyHK-
UM, HAIIPAMEp, CHHYCOUIOH.

Tak Kak JBIKEHHUE DIIEKTPOHA Ha CTAIIMOHAPHON OpOHMTE KBAaHTOBA-
HO, TO O0IIlee SHEPreTHIECKOe COCTOSIHHE JIEKTPOHA Ha OpOHTE 3aBHUCHUT OT
00IIero KBaHTOBOT'O YHCIIA, & OPHEHTAINSI 3TOH OpOWTHI B HHTETPaTbHON
CHCTEMe KOOPIMHAT 3aBHCHUT €Ie OT TPeX KBAHTOBBIX UHCEN MPOCKIUH Op-
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OUTHI, CyMMa KOTOPBIX pPaBHa 00IIeMy KBaHTOBOMY uuciry. OUeBHIHO, YTO
BCE OTH KBAHTOBBIC YHCIIAa HE MOTYT MPUHUMATH CBOW 3HAYCHUS ITPOU3BOIIH-
HBIM 00pa3oM, MOSTOMY B TII. 8 AJIS ONpENeNICHUS TPAaHUYHBIX YCIOBUH X
NIEHCTBUS PacCMOTPEHBI MOJCIBHBIC YCIOBUS COBMECTHOTO CYIIECTBOBAHHS
B TIOJIE 3apsijia siapa 3apsDKEHHBIX YacTHUI] Ha IpUMepe 3JIEKTPOHOB.

Tak kak CHHpaNbHOE IBIDKEHHE AJIEKTPOHOB WIACHTUYHO IBHYKEHUIO
THPOCKOIIOB, TO B TJI. §, B IIEPBYIO O4Yepeab, PACCMOTPEHBI PE3yIbTATH TPO-
SIBIICHUS THPOCKOITHMYECKOTO 3 eKTa MpH 3aXBaTe 3JICKTPOHA HA KPYTOBYIO
opbury sapa. [Ipu 3ToM 0Ch OPOUTHI MO OTHOLICHHIO K OCH CHHPAILHOTO
BpaHleHI/ISI SHGKTpOHa SABIISICTCA OCBIO BI)IHy)KI[eHHOFO BpaH_IeHI/IH. O‘-ICBI/I}IHO,
YTO 3TU OCH IPH 33aXBaTe JICKTPOHA HA OPOUTY s[pa HANPaBJICHBI APYT OT-
HOCHUTEJILHO JIpyra B3aUMHO MEpHeHIUKYIsipHO. [IposiBieHure rupockonuye-
CKOTO 3()(peKTa 3aKITF0YACTCS B TOM, YTO JCKTPOH MOBOPAYUBACT CBOIO CITH-
palbHYIO OCh BpallleHUs TaKUM 00pa3oM, 4TOOBI OHA COBIaja C OCHIO BBIHY-
JKICHHOTO BPAIICHHUSA, T.€. C OCBIO OPOUTHL. DTO, B KOHEUHOM CUETE, IPUBO-
JUT K TOMY, 9TO JIEKTPOH 3aHMMaeT CTAIlMOHAPHYIO TO3HIIUIO C KOOPAWHA-
TaMH, COBHAQJAIONIMMH C KOOpAWHATaMHU panmyc-BekTopa opOutsl. Takas
CTallMOHApHAs TTO3UIHS HJIEKTPOHA Ha3bIBACTCA OpOUTAIBIO, OHA UMEET pa-
JIUYC BpAaIeHHs, PaBHBIN paguyCy CHHPAIBHOTO JBIKEHHS 3JIEKTPOHA, UTO
COOTBETCTBYET €r0 YCIOBHOMY pa3Mmepy. [Ipu 3TOM 3JIEKTPOHBI MOMapHO 00-
Pa3yIOT CIIMHOBBIC MAphI, T.€. 3aHUMAIOT TIO3UIIMH, TAE PaTUyC-BEKTOPHI HX
opOuTanell OpUCHTUPOBAHBI TI0 OJHOW JIMHWH, HO B TPOTHBOMOJIOKHBIX Ha-
MIPABJIICHUSX, a CAMH OPOUTAITN PACIIOI0KCHBI Ha YIAICHUH OT IICHTPa aToMa
HA PaCCTOSIHUU, PAaBHOM PAJHyCy OpOUTHI.

[IpuMegaTenpHO TO, UTO HAlIEHBI MOAETBHBIC YCIOBHS TpaHCPOpMa-
IIUH CITUHOBBIX Tap OPOUT B CIIMHOBEIC MAphl CTAIIMOHAPHBIX OpOUTalei, mpu
KOTOPBIX JIEKTPOH U3 HEOIPEISIIEHHOTO COCTOSIHUS Ha opOuTe mpruodpeTaer
OTIpeNIeIICHHOE COCTOSHUE Ha OPOUTAIIH.

[Ipu 5TOM B cEicTeMe CBSI3aHHBIX THPOCKOIIOB BCETO aTOMa B Pe3yJIb-
TaTe CO3JaeTcs HEHTpanbHAs THPOCKONMMYECKash CHUCTEMa BpPAIIaIOIMINXCS
3JICKTPOHOB, MPEICTABISIONIAs OOIIYI0 CIMHOBYIO mMapy aroma. [Ipumedva-
TEIbHO TO, YTO HalJeHHAsl JMHAMUYECKasl CUCTEMa aTOMa, MPEACTaBISIONIAs
CIMHOBYIO Tapy, COOTBETCTBYET (DUTOHHOW MOJIENHU TIEPBUYHOTO BUXPEBOIO
3JIeMEHTa MPOCTPAaHCTBAa AKUMOBA M Teopuu (huzmdyeckoro Bakyyma lllumo-
Ba.

VYder BBHIICNCPEUYHUCICHHBIX (DAaKTOPOB MO3BOJIMJI HAWTH TpaHUYHBIC
YCIIOBHSI pa3pelICHHBIX 3HAYCHUH BCEX KBAHTOBBIX YACTHI[ IIPH MX COBOKYII-
HOM B3aWMOJCHCTBUU. Pa3pemieHHbIC COUYCTaHWS KBAaHTOBBIX UHCEN M-
CTaBIIIOT COOOW pacIpeesicHHe AJIEKTPOHOB B aToMe, MOJHOCTHIO COTJia-
cyrouieecs ¢ naHHbiMM Ilepuoguueckoii cucremsl anementoB .M. Menne-
JieeBa, HO B KOJIMYECTBE, B J]Ba pa3a MPEBHIMAIONIEM JaHHBIE 3TOW TaOIHIIBI
JUTA DJICKTPOHHOW 000JI0YKH aTOMOB. IIpu 3TOM pacmperneneHue IeKTPOHOB
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B aTOME aJIeKBaTHO paclpeAesieHUuI0 MPOTOHOB B sjape. C ydyeToM 3TOro
MOJKHO CUUTATh, YTO M30BITOYHAS YACTh JJIEKTPOHOB, paBHAs IMOJIOBHHE X
00IIeTo KOMMYECTBa B aTOME, TIOJBEPracTCs SICPHON KOHBEPCHH IYTEM II0-
TJIOIIEHNSI X IPOTOHAMH spa ¢ 00pa30oBaHUEM HEUTPOHOB, UTO ITOJHOCTHIO
COOTBETCTBYET, I10 COBPEMEHHBIM JaHHBIM, OOIIEH CTPYKType aToMa.

B 1. 9 paccmarpuBaercst Bepcus pemeHus ypaBHeHus lpeauarepa B
HWHTErpajbHON CUCTEME KOOPAMHAT JUIsl MHOTORJIEKTPOHHBIX aTOMOB. B aTOM
CUCTEMC paSHI/I‘IHLIe COCTOSAHUS Op6I/ITaJ'II)HI)IX 3J'IeKTpOHOB aToMa OIIHUChIBa-
HOTCA CI/IHyCOI/II[aHI)HI)IMI/I (I)yHKLII/IHMI/I OJIHOI'O M TOT'O K€ THIIA, OTJIMYAIOIIN-
MHUCS IpYT OT APyTa TOJHKO 3HAUYEHUSMHU OOIIEro KBAHTOBOI'O YMCHIA U COOT-
BETCTBYIOIIMMHY 3HAYCHUSAMH pagnycoB opOuT. [Ipu 3TOM opueHTanuu 3TUX
OpOUT OTIIMYAIOTCS TOJHKO 3HAYCHUSMH KBAHTOBBIX YHCENl UX MPOCKITUH,
COOTBETCTBYIOIUX OPHEHTAIMU PaJUyC-BEKTOPOB OPOUT MO 3HAYCHUSIM UX
MIPOEKINIA Ha KOOPAWHATHBIC OCH. B 3THX YCIIOBHSX peUICHHE ypaBHEHUS
[Ipemuarepa MMeeT TPUBHANBHBIA XapaKTep, a paclpeieiIeHHe dIICKTPOHOB
B aTOMe, Hal{ICHHOE B Pe3yJIbTaTe TAKOTO PEUICHHUS, IIOTHOCTHI0 COOTBETCT-
ByeT naHHbIM llepuomnueckoil cucremsl snemeHToB .M. MenneneeBa u
COCTOSIHUSIM HIX B aTOMe TI0 Teopuu bopa.

B . 10 paccMaTpuBaroTCsI MOJAEIBHBIE YCIOBHS CaMOOPTaHHU3AINN
JIMHAMUYECKONW CTPYKTYPHI Si7jpa Ha OCHOBE pPaHEe MPHUHITOrO MOJIOKEHUS O
TOM, YTO DJEKTPOHHAs CTPYKTypa aTroMa aJleKBaTHO OTBEUaeT CTPYKType
siipa aToMa. B uHTErpansHoi cucreMe KOOpAUHAT, COTJIACHO pa3pelieHHOMY
COUETAHUIO KBAHTOBBIX YHUCEN MO PACIPEACTCHUIO 3apsDKEHHBIX YacTHUI] B
aToMe, MPUBOIATCS MOJEIbHBbIE PacyeThl PEANbHBIX KOOPAMHAT HYKJIOHOB
smpa.

ITomumo storo, B 1. 10 Ha OCHOBE aHalIM3a HAWICHHON AMHAMHYC-
CKO CTPYKTYpHI sIIpa yKa3bIBaCTCs POIb M1 MECTO M30BITOUYHBIX HEHTPOHOB B
sape atoMa. M HakoHEI, Ha OCHOBE Pa3pelICHHBIX COYETAHWHA KBAHTOBBIX
YHUCeJ MPUBOMIATCS CTPYKTYPHBIC MOJENH s/ep Ha MpHUMEpe aTOMOB WHEPT-
HBIX Ta30B.

B 1. 11 paccMaTpuBaroTCsl IPUHLIMITEI OPraHU3AIMH JUHAMUYECKUX
CTPYKTYp 2JIEMEHTAapHBIX KBAaHTOBBIX YacTHIl. Ha OCHOBE COMOCTaBUTENBHO-
ro aHalu3a CYMIECTBYIOIIUX TEOPUH O CTPYKTYpE IJIEMEHTapHBIX YaCTHUIl U
HAMJICHHON BEPCHU JWHAMHYCCKOW CTPYKTYPHI aTOMOB yCTaHOBJICHA OOII-
HOCTb NPUHIIUIIOB CTPYKTYPHON OpraHM3allid aTOMOB U KBAHTOBBIX YaCTHII.

JJist pOBEPKU COOTBETCTBUS (DOPMBI IBHXKCHUST KBAHTOBBIX YaCTHI]
CIMPANTEHOMY JBIDKCHHIO PAaCCMATPHUBAIOTCS MOJCIBHBIC YCIOBHS UX JBH-
JKCHHUSA B TIPOCTPAHCTBE, a TAKXKe MPHUPOJA MPOSBICHUS UMH COOCTBEHHOTO
CIMHA. DTU WUCCIICAOBAHUS MOATBEP)KIAIOT OOIIHOCTh TUHAMUYECKAX CTPYK-
Typ aTOMOB U 3JIEMEHTApHBIX KBAHTOBBIX YACTHII, @ TAKXKE OOLTHOCTH UX CITH-
paJIBHOTO XapaKTepa IBIKEHUS B IPOCTPAHCTBE.
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B npennoxenHoil pabore Ha OCHOBE YCTaHOBJICHHOW BEpCHH pac-
MIMPEHHOTO ToJMKoBaHUs [lepBoro 3akoHa HpI0TOHA OTKPBITHI HOBBIC 3aKOHBI
JBIDKCHUS! KBAaHTOBBIX YaCTHI] B CBOOOHOM IPOCTPAHCTBE U YCIOBHAX II0-
TEHIMAILHOTO TOJIA, a TaK)Ke MPHHIMIIB CTPYKTYPHON OpraHM3aliy aToMa
KBaHTOBBIX 4dacTHll. Ha ocHOBe 3TOro B MOHOTrpaduu B JIOTHUECKOH Tocie-
JIOBaTEIbHOCTH HM3JIaracTcsi KOHLETIU ANHAMHUYECKONH CTPYKTYpHI aToMa B
npezenax 3aKOHOB KJIACCHMUECKON M KBAHTOBOM MEXAHMKHM C yYETOM JAEHCT-
BUA MCXKIY KBAHTOBBIMU YaCTUILIAMU DJICKTPHUUCCKUX U APYTUX CUJIOBBIX I10-
JeH.

16



I'maBa 1

Hponcxowenne NMOHATHUA «KATOM» H €0 pasBuTHE

1.1. AHTHYHBIH MUP

Bo3HHKHOBEHNE KaKMX-THOO CIOKHBIX HMOHSATHH TTTyOWHHOTO (HIIO0-
co(hcKOro XapakTepa CTAaHOBHTCS BO3MOXXHBIM TOJBKO IIPH ONPENCICHHOM
YpOBHE pa3BUTHS IMBWIN3anuu. [ToHSATHE «aTOM», HECOMHEHHO, SIBIISETCS
pE3yNbTaTOM CHHTE3a MPEICTABICHHH O pealbHOM (HU3MUECKOM MHpE W3
KOMIUIEKCHOTO 00beéMa 3HaHHH, JOCTUTHYTBIX B PE3yJbTAaTe BBICOKOIO pa3-
BUTHSL PUIOCOPCKON MBICIH.

[IpoucxosxaeHne MOHATHS «aTOM», KaK IOJararoT, TepsieTcs B ITyOu-
He BEKOB JpeBHEWIIMX nuBuiu3anuii. Hanbonee usBecTHoe, Joueamiee 10
Hac Ipe/CTaBIeHUEe 00 aToMe BO3ZHHMKIIO M Pa3BHBAIOCH Y JPEBHETPEUECKUX
¢unocodon B nune yuensix ¢unocodon JleBkunma, [leMokpura n DIMUKYpa.
[IpencraBnenne 06 arome y HUX CHOPMHPOBAIOCH MyTEM JIOTMYECKUX pac-
CYXIICHHH, YMCTO yMO3pHTeNbHO. Ecit Obl Bce GECKOHEYHO JIENUIIOCH, TTPEe-
ToJIarajli OHW, TO MaTepHAIBHBIH MHUp HE CMOT OBl CyIIECTBOBATh. 3HAYMT,
€CTb TIpeJIell IeIMMOCTH, a 3TO 3HAYHT, YTO €CTh NIEpEMEIICHHE YaCTHII.

I'pedeckumu ¢unocoamMu TOHATHE «aTOM» HWACHTHPHUIUpPYETCS C
MOHATHEM O HEICNUMBIX YacTHYKaX, MMEIOIIMX HEBHIMMBIC IJIa3y OYEHb
MaJICHbKHE pa3Mephl U KOTOPbIE HE MOTYT OBITh YHHUTOXKEHBI. CIIOBO «aToM»
B [IEPEBOJIE C IPEUECKOT0 KAK pa3 U O3HAYAET «HEIENUMBbliy. JIeBkum Haje-
JIUJI aTOMBI JIOTIOJIHUTENBEHBIME KauecTBamMu 1o ux (opme. [lo ero teopun
aTOMBbI MOTYT OBITH CaMOW pa3NUYHON (HOPMBI: KpyIJble, MUpaMUIAIbHbIC,
IUIOCKKE M T.71. M3 3TOr0 mojiokeHus BHITEKaeT HEHMcUepIaeMoe pa3HooOpa-
3Me MPHUPOJBL, COCTOAIIEH M3 aTOMOB. Tak OH cuMTal, YTO aTOMBHI XKeje3a,
HEIUIIICh KPIOYOYKaMH JIPYT 3a Jpyra, o0pa3yloT TBEpJOE TENOo, a KpyTJible
aTOMBI BOJIBI MOTYT 00pa30BbIBATH JKUIKOCTb.

ATomucTsl I'periy BBICKa3bIBAIN B Pa3UdHON (opMe M HICIO CO-
xpaHeHus marepuu. Tak, Jemokpury npuHauiexxuT uzpedenue: «Huuro u3
TOTO, YTO €CTh, HE MOXKET ObITh YHUYTOXXEHO». B 3TOM HIeHHOM IUIaHE BBI-
CKa3bIBaJI CBOIO MBICTH U JnuKyp: «Hudaro HoBoe Bo BcenenHolt He BO3HU-
KaeT BHE y’Ke NMPOUCIIEIIero 0e3rpaHuyHOro BpeMeHm» [1].

Takum oOpa3om, MOHATHE «aTOM», BO3HHUKIIIEE T€HUAILHOMN JJOTaKOM
JpeBHErpeueckux (GuIoco(oB, MPEABOCXUTUIIO Pa3BUTHE HAYYHOTO MHPO-
BO33pEHHUS NIOYTU Ha 25 BEKOB.
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1.2. Cpeanue Beka

B cpennue Beka n Omoxy BO3POXKICHHS aTOMHas TEOPHUs HE HMMela
ycrexa U Obljla MPaKTHYECKH 3a0bITa. ITO 0OCTOSITENBCTBO OBIIO 00YCIIOB-
JIEHO TEM, YTO Pa3BUTHE XMMHUH C JPEBHEHIINX BPEMEH, TIIaBHBIM 00pa3oMm,
ommpainock Ha ¢mrocopckue B3riasl Apucrorens (384-322 rr. mo H.D.).
Y4eHne 3TOro BENMYAWIIEr0 MBICIUTENS OCHOBBIBAJIOCH HA a0CTPAaKTHBIX
NPUHLUIAX SIBICHUI IPUPOBL. DTUMU NMPUHIMIIAMH OBUTH XOJIOJ, CYXOCTh U
BJI@XHOCTh. KOMOMHUpYS MX MONApHO W HAJENAS MMHU «IIEPBUYHYIO MaTe-
puto» [2], ApHCTOTENb BBHIBOJIMI YETHIPE «OCHOBHBIX AJIEMEHTA)» — 3EMIIIO,
OTOHB, BO3/IyX U BOAY — IO CXEME!

CyXoCThb
3eMJIA OT'OHb
X0J10Q TEIJI0
BOJa BO3yX
BJIAXKHOCTDb

VIII-XII Beka OpUIM MEPUOIOM PACLBETa XMW, B OCHOBHOM, B apad-
CKHX CTpaHaX, ri¢ XuMus 6])1.]'13 NEPEUMCHOBAHA B AJIXUMHIO B PE3YJIbTATEC
Jo0aBJICHUS MPHUCTABKU ajl, XapaKTepPHOH Ui s3bika apaboB. BooOiie, 310
HaIpaBlICHUE PAa3BUTHS XHUMHH CaMo MO cebe BechbMa MHTEPECHOE SBIICHHUE,
KOTOPOMY JI0 CHX TMOP HE YJETSIN AODKHOTO BHUMaHUS. AJXUMHKH HoJiara-
JIH, YTO, PYKOBOJCTBYSCH M3BECTHBIM HPHHIIMIIOM, & TAKXKE CBOWCTBAMH Be-
IIECTB, BBEACHHBIX MO3/HEE (PacTBOPHUMOCTD, TOPIOYECTh, METAIIMYHOCTE ),
MOXKHO MONYYUTh «(DUIOCOPCKUIl KaMeHB», KOTOPbIH obmanan Obl CBOMCT-
BaMU NPEBPAIICHUS OJHUX METAJUIOB B Ipyrue, NpojyieBaHus xu3Hu. [loma-
rajy TaKKe, YTO YeNOBEK, JOCTUIIIMH ONPEAEICHHBIX IICUXHYECKHX U Ap.
KAueCcTB, MOKET BJIMATH Ha IPOLECCH (PU3MYECKOr0 M XUMUYECKOTO Xapak-
Tepa, a TaKke Ha IPOLECCH MPEBPAICHUs] OQHUX JJIEMEHTOB B Apyrue. JTa
Hayka ObLIa TECHO CBsI3aHA C MPUPOJIOH CaMOTO YeJIOBEKa M MUCTUIIM3MOM.
Tak, HanpuMep, KUTalCKOE HalpaBlIeHUE ATXUMHUYECKO HayKH JI0Jroe Bpe-
Ms1 Oe3yCIeIIHO TOOMBAIOCh MPUTOTOBJICHHS 3JIMKCUPA XKU3HA — KHHOBapU
W3 MEepBUYHBIX 3JEMEHTOB. B KOHIIE KOHIIOB, OHHM MPHUILIHA K BBIBOIY, YTO
KWHOBaph HY>KHO M3TOTaBIIMBATh, HCIIOJIB3Ys CAMOTO YEJIOBEKa, T.€. €ro Tello,
KOTOPOE BKITFOYAET TAKUE KE IIPUHLIUIBD) U «OCHOBHBIC AJIEMEHTBI», UTO H
BECh OKPYKAIOIIUI MUD U AyITY.

Penuruo3nas kutaiickas ¢uiiocodus yTBEp)KIAeT, YTO BCE IEPBUY-
HBIE DJIEMEHTBI, U3 KOTOPBIX COCTOUT OKPY)KAIOIIUN MUP, IMCIOT MEPBHYHYIO
OYXOBHYIO €IMHHILY, KOTOpasi IOCTENICHHO Pa3BUBAETCS 10 00KECTBEHHOTO
YPOBHS, HauyMHAs OT JIEMEHTOB 3EMJIM, NOCTEIIEHHO IIEePeXOoas BCe CTAAUH
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pasBUTHS B KpHCTaJUlaX, MUKpoOax W T.A., JOCTHUTas Pa3BUTHS JO YPOBHS
YeNoBeKa.

CornacHo penuruoszHoit gumocopuu WUuanu, yma — ATma — 3T0
KpOIIIEYHasl YacTHIa PHEPIHH, HeoThemieMas JacTh ['ocriona, KoTopas cy-
IIECTBYET cama 1o cede, OTVIMYHA OT TeJla U SABISIETCS B HEM HCTOYHHUKOM
co3HaHus [3].

Takum 00pa3oM, y BOCTOUHBIX PEIMTHO3HBIX (IIOCO(POB MEepBUYHAS
HeJleNTuMasi TyXOBHasi cyOCTaHIusi ATMa SIBISIETCSl KaKk Obl OTPayKEHHUEM aTo-
Ma JpeBHerpedeckux (uiocooB B AYXOBHOM IUTaHE. A 3TO 3HAYHUT, YTO
aTOM Yy BOCTOYHBIX (pritocooB HazeneH He TOJNbKO (PU3NYECKOW CYIIHO-
CTBIO, HO U JTyXOBHOH.

1.3. HauaJjo COBpeMeHHOﬁ KOHICNIMH MOHATHA «aTOM

K xonmy XVIII Beka Ha (oHE OrpOMHOTO HAKOIUIEHHOTO OMBITA IO
CO3JIaHUIO PA3JIMYHBIX BEIIECTB U MMIEPHUYECKUX (DAKTOB, YTBEPIMIOCH I10-
HUMaHHE TOTO, YTO BEIIECTBA OTIMYAIOTCS APYT OT JIpyra HE B 3aBHCUMOCTH
OT Pa3JIMYHBIX NPONOPLUHA MPUHIMIOB (TEMIa, X0JI0Aa, CYXOCTH U BIard), a
OT OTIMYMSA COBOKYITHOCTH CBOWCTB CaMHX BEIIECTB. TakMMH OTIHYUSIMHU
MOTYT OBITh, HaI[pUMEpP, WX KOJHMUYECTBEHHBIC OTHOILEHHS B CIIO)KHOM CO-
CTaBHOM BerniecTBe. IIpuxoanino moHUMaHHe TOTO, YTO BEIIECTBA IIEPBUYHBL,
U OHH NOJPA3/EISIOTCSA Ha IPOCTHIE U CIOXKHBIE.

Takum 00pa3oM, K 3TOMY BPEMEHH C HAuyaJloOM pa3BUTHUSI KOJIMYECT-
BEHHOM XUMHH CPOPMHUPOBAIOCH TIOHATHE «XUMUUECKHUI 3JIEMEHTY.

O®panuy3ckuil MateMaTUK AHTyaH JlaBya3be pa3BUI COBPEMEHHYIO
KOHLIETIIINIO XUMUYIECKUX HJIEMEHTOB, KaK «ITOCIEIHIONI0 CTAHI0, Ha KOTOPOH
BO3MOXKEH aHAJM3», N YCTAHOBHUJI 3aKOH COXPAHEHUsI BEIECTB IPH XUMHUeE-
CKUX PEaKIusX.

B 1799 r. ¢panmy3sckuit xumuk IIpycT OTKpBIT 3aKOH COXpaHEHHS I10-
CTOSTHCTBA COCTaBa XUMHYECKHUX COCIUHEHHH. A €ro COBPEMEHHHKH, Hp-
JaHjackuil xuMuK bailpoH XWITMHC M ero mieMsHHUK Buibsm Xurrusc
MPUILTHA K BEIBOAY O TOM, YTO XMMHUECKHE COSJMHEHUs 00pa3yIoTcs U3 Tep-
BUYHBIX YaCTHIl PEarupyONIX BEIECTB (XUMUIECKHUX SIIEMEHTOB).

B 1805 r. anrnmiickuit xumuk u ¢usuk JxoH [lansron (1766—1844)
BBIIBUHYJI TUIIOTE3y O TOM, YTO BEIECTBA COCTOSIT U3 MEJIbYAWIIMX YACTHI
MaTepuH, IPUUEM YaCTHUL Pa3IMYHOIO BHJA, COOTBETCTBYIOIUX Pa3IHUHBIM
XUMHUYECKUM 37eMeHTaM. OH Ha3Bal 3TH 4acTHIBI aTOMaMH. B cBomx apry-
MEHTaX B HOAJEPKKY «aTOMHOW TeOpuW» JlalbTOH OCHOBBIBAJICS Ha B3IJIA-
Jax ApeBHerpedecknx (GpriocodoB M HA MOCIEAHUX JOCTHKECHUSIX XHMHUeE-
CKOM HAayKH, a TaKX€ Ha 3aKOHE KPAaTHBIX OTHOLIEHWM, OTKPBITHI CaMUM
aBTOPOM Ha OCHOBE aHaJIM3a COCTaBa ra30B, TAKUX KaK METaH, 3THJICH, OKCH]
yrieposa u ap.

19



3aKOH KpaTHBIX OTHOILIECHUH TIIACHUT: €CIIM BELIECTBO A COSIUHACTCS C
BEIIeCTBOM B nByms mnm Oosee myTsMu, odpasys Bemectsa C u D, To mipu
MIOCTOSTHHOW Macce A W B, BXOISIIME B pa3UuHbIC MIPOXYKTHl PEAKIUH, OT-
HOCSITCSL IPYT K IPYTy KaK MaJjble [eJble YHcIa.

[IpaBmomomoOHOM MHTEpIIpETAIIel STOr0 3aKOHA SBJSIETCS BBIBOJ O
TOM, YTO NPH COCIUHEHHM >JIEMEHTapHBIC BELIECTBA BEAyT ceOs Kak AuC-
KPETHBIC BEIECTBA MM aTOMBI.

Jpyrum 3axiroueHueM, ciellaHHbIM J[aJbTOHOM Ha OCHOBE €0 JaH-
HBbIX, 6])1.]'[ BBIBOJT O TOM, 4YTO aTOMBbI BCHICCTB HMCHOT paSHI/I‘IHbIﬁ Bec. O
npuaaBan 0oJbLIOe 3HAUYE€HHE OTHOCUTEIBHBIM BECaM, C MOMOLIBIO KOTOPHIX
MOXXHO OTIpEJNEIISITh COCTaB BEIIECTB, U OCOOEHHO ITOJYEPKHUBAI, YTO XHMH-
YEeCKUI CHMBOJI O3Ha4YaeT He TOJBKO AJIEMEHT, HO M Maccy, COOTBETCTBYIO-
IIYI0 3TOMY 3JIeMEHTY. B 3Tux yTBepkIeHUsX [lambTOH 3aJI0KHI KOHIIEH-
IIMFO aTOMHBIX BECOB, KOTOpas HAMPABIsUIa XMUMUKOB Ha OMPEAEICHHE OTHO-
CHUTEJIFHOTO BECa aTOMOB.

B 1808 r. paboter [efi-JItoccaka mOATBEpAMIN W Pa3BHIN PabOTHI
JamsToHa 0 KpaTHBIX oTHOmeHusX. Jlanee, B 1811 r. utampsHCKUA (UMK
ABOTajipo MPEINON0KIII, YTO CYIIECTBYIOT Pa3IMIHBIC BUABI MAJbBIX YaCTHIL
— «QIIEMEHTApHBIX MOJIEKY» (aTOMOB), KOTOpPbIE, COCIUHSSCH, MOTYT Ja-
BaTh BJIaXKHOE BemiecTBO. OH MOKa3aj, YTO JUisi OOBICHEHUS pEakiluu oOpa-
30BaHMsI aMMHaKa HaJl0 CYUTaTh MOJIEKYJY BOJOPO/ia IByXaToMHoi [4, c. 6].

ABoOrazipo BBIABHHYJ TAaK)K€ OUCHb BA)KHOE ITPABWIIO, U3BECTHOE KaK
3aKOH ABOTaJ|po, KOTOPOE TJIACUT, YTO MPU OJMHAKOBBIX TEMIIEPaType U JaB-
JICHUH paBHbIE 00BEMBI T'a30B COJIEPIKAT PAaBHOE YHCIO MOJIEKYJI. DTOT 3aKOH
B JaJbHEHIIEM JIEr B OCHOBY OJHOTO M3 METOJOB OINPEAEICHHUS aTOMHBIX
BECOB.

WTtak, x Hadary AEBATHAINATOTO BEKA BO3POIMIIOCH MOHSATHE «aTOM»
Ha OCHOBE HOBBIX HAYYHBIX 3HAHUH 00 OKPY)KaIOLIEeM MHUpPE U UX (GHI0cod-
CKHAX 0000IIEeHMIT.

HoBoe noHsTHE «aTOM) CKIAIbIBAJIOCH U3 CIECAYIOIINX 3aKOHOB H I10-
JIO)KEHUH:

— BCE BEIIECTBA OKPYKAIOIIEr0 MUPA COCTOSIT U3 XUMHYECKUX dJie-
MCHTOB WJIU U3 UX COCﬂHHeHHﬁ;

— XUMHYECKHE DJIEMEHTHI COCTOST M3 MENbUaiIINX YacTHIl MaTepHH
— aTOMOB;

— BCE aTOMBI OJJHOTO W TOTO K€ DJIEMEHTa WACHTUYHBI, COCMHEHHS
00pa3yroTcsi B pe3ysbTaTe COYeTaHNs JBYX HIIM HECKOJBKHX JJIEMEHTOB IpH
OTIPEJICTICHHOM YHCJIe aTOMOB KaXJI0TO U3 HHX;

— aTOMBI Pa3JIMYHbIX JIEMEHTOB OTIMYAIOTCS 10 BECY U COBOKYITHO-
CTH XMMHYECKUX U (PU3NUECKUX CBOWCTB.
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14. I[OKZ!?.aTeJ'lLCTBO aTOMHU3Ma B TEOPUH U IKCIIEPUMEHTAX

JlanbHelmee pa3BUTHE MOHATHE «aTOM» IOMYYHIO B CBA3H C BaX-
HEWIIMM OTKpbITHEM Bcell Xxumuu llepromudecKoil CHCTEMBI JIEMEHTOB B
1869 r. MenzneneeBpIM. DTO OTKPBHITHE MTO3BOJMIIO CHCTEMATH3UPOBATH XH-
MHUYECKHE U PU3MIECKUE CBOIICTBA 3JIEMEHTOB, MIPEACKa3aTh CyIIECTBOBAHHE
W CBOIICTBA €Ille HE OTKPBITHIX 3JEMEHTOB, yKa3ajJ0o Ha CyLIECTBOBAaHME IIe-
PHOINYECKON 3aKOHOMEPHOCTH B MPOSIBICHUH (DYyHIaMEHTAIBLHBIX CBOMCTB
AJIEMEHTOB, a 3HAYUT U aTOMOB, YTO PACIIUPHUIIO MPEACTABICHUE O IITyOUH-
HOHW MPUPOJIE aTOMa U yIPOCTUIIO TIOHUMaHUE MHOTUX XHUMHYECKUX U (HHU3H-
YEeCKUX SIBJIICHUH. BBIACHMIOCH, YTO KOJIMYECTBO Pa3IMUHBIX XUMHUYECKUX
9JIEMEHTOB OI'PaHWYEHO, M 110 CBOWCTBaM OHM I'PYIIHPYIOTCS COTJIACHO Iie-
puoandeckoi Tabnmie saeMeHTOB. Konn4ecTBO M KauecTBO XMMHUYECKHX,
¢u3nueckux U (U3UKO-XMMHUYECKHX CBOMCTB 3JIEMEHTOB T'OBOPHIO O TOM,
YTO aTOMBI 3JIEMEHTOB MOTYT MMETh TaKH€ CBOMCTBA TOJIBKO IPU 00IagaHIN
HEKVM BHYTPEHHHM KadeCTBOM, NPHCYIINM TOJBKO JAaHHOMY aTomy, M 00-
IAMH KadecTBaMu. Bce 3T0 B COBOKYITHOCTH HaBOAWJIO HA MBICIb O CIIOXK-
HOMH CTPYKType aroma.

Jloka3aTenbpCcTBO aTOMHUCTHIECKOW TEOPHH BBITEKAJIO U M3 KHHETHUE-
CKo¥t Teopuu ra3oB. B 1887 r. anrnuiickuii 6otanuk Podept BpoyH 3amern,
YTO MUKPOCKOITUYCCKHUE YaCTUIIbI HBCTO‘-IHOI‘/II NObUIbIBI, B3BCUICHHBIC B BOJC,
nepeBUratoTcss OecropsiiouyHbIMU ckaukamMu. Co BpeMeHeM Oblu1o oOHapy-
JKEHO, YTO TAaKHUM K€ 00pa3oM HENpPEephIBHO NEPEMENIAIOTCS JII0Oble Malible
B3BEIICHHbIE YacTHIBL. B KOHIIE KOHIOB OBUIO BBIICHEHO, YTO MOJIEKYJIBI
JKUJIKOCTH HaXOAATCSI B TIOCTOSIHHOM JIBFDKCHHH U, COYIapsisich CO B3BEIICH-
HBIMH YaCTHIIAMH, BBI3BIBAIOT UX TaK Ha3bIBaEMOE OPOYHOBCKOE JIBI)KEHHE.

W3AmHbIM 10Ka3aTeNbCTBOM aTOMUCTHIECKOW TECOPUH ObLIa KHHETH-
geckast TeOpHUs Ta30B, KoTopas Obuta pasButa Mexnay 1738 m 1900 rr. bep-
mymum, Kinaysuycom, Makcsemiom, bomsimanom, ['n66com u ap. Ilpu cos-
JTAaHWUY 3TOH TeopHu OBIJIO BBEICHO NMOHATHE HUICATBHOTO I'a3a, TAE MOJIEKYJIbI
pacCMaTpUBAIMCh KaK KPYTJIbIE MAaTCpHUAJIbHBIE TOYKU, KOTOPBIC HAXOAATCA B
MOCTYyNaTCJIbHOM U BpallaTCJIbHOM ABUKCHUAX.

Y6CZ[I/ITCJ'IBHI)IC APTYMEHTBI B I10JIb3Y aTOMUCTHUYECCKOI'O B3IrJjidAa Ha
CTPOEHHE BEIECTBA BO3HUKIIH B CBsI3U ¢ paboTamu Papanes. B 1833 r. 6bu10
00HapyKeHO, 4TO INpH IMPOXOXKIECHHU OJHOTO M TOTO XK€ 3JIEKTPUIECKOTO
3apsia 4epe3 3JIEKTPOJIUTHI Pa3IMYHBIX METAIJIOB, BBIJCIISIONIMXCS HA 3JIeK-
TPOJaxX, UX KOJIMYECTBO MPOMOPINOHAIFHO XUMHUYECKAM SKBHBAJIEHTAM, 4TO
YKa3bIBaJIO HA aTOMUYHOCTH METAJIJIOB.

Kpome Toro, 31eck nposiBisieTcss OHIATHE IEKTPUYECTBA, KOTOPOE B
JATbHEHIIEM CHOCOOCTBOBANO OKOHYATEIBHOMY YTBEP)KACHHIO aTOMHYE-
CKMX B3IJISAI0B Ha BemecTBo. B 1873 r. MakcBeiT B CBOEM KHUTE 10 DJIEK-
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TPUYECTBY U MarHETH3MY OOBSCHII 3aKOHHI dNeKTposn3a Dapajes Ha OCHO-
BE ATOMHOM TEOPHH BELIECTBA U DJIEKTPUUECTBA.

Onsitel Dapanest TpynHO OBLIO OOBSACHUTH, €CIA HE MPHUHATH, YTO
BEILLECTBO M DJEKTPUYECTBO COCTOST U3 3JIEMEHTOB. MakcBeul TOBOPUIIL:
«OueHp BEpOSITHBIM ABISETCA TO, YTO MBI MPHIEM K MOHUMAHHIO JCHCTBH-
TENBHOM MPHUPOIBI AIIEKTPONN3a, €CIH B KaKOW-INO0 (opMe COXpaHHUM TEo-
PHIO MOJIEKYJISIPHBIX 3apsioBy» [4, c. 18].

Takum 00pa3oM, pa3BUTHE TOHATHUS «aTOM» HPOUCXOJHUIIO 10 Mepe
OTKpBITHSI BCE HOBBIX M HOBBIX ero coiictB. Hampumep, otkpeitue Ilepuo-
nuueckoit cucreMsl 3neMeHToB .M. MeHnaeneeBa yka3bIBajgo Ha pa3HOCTO-
POHHHE CBOMCTBa aTOMOB XMMHUYECKOTO M (PM3UUECKOTO Xapakrepa. B aroii
TabaMIe ONpenesieHHbIE TPYIMIBl aTOMOB MPOSIBIISUIM CBOWCTBA METAILIOB,
HEMETAaJIOB, Ta30B U T.1. Tak, HampuMep, aTOMBI B TPYIIIaX 00Jalaid pas-
JIMYHBIM CPEACTBOM K KHUCJOPOJY U BaJECHTHOCTBIO MPU XUMHUYECKUX peak-
uusix. Takue cBOMCTBA B Ipylnax MOBTOPSUTUCH C ONPEAEICHHON CUCTEMHOM
TIEPUONIHOCTEIO, B 3aBICHMOCTH OT aTOMHBIX BecOoB. HakorureHne 0ombiio-
o KOJIMYecTBa paboT, CBA3AHHBIX C DJIEKTPUYECTBOM, M UX OCMEICICHHE
MIPUBEJIO0 K TOHUMAHUIO TOTO, YTO aTOMBI 00JIaal0T SJIEKTPUIECKUIMHU CBOII-
ctBamu. OmeiTel Dapajess MOKa3bpIBANIM, YTO BAICHTHOCTh METAUIOB HAmpsi-
MYIO CBS3aHa C 3JIEKTPHUECTBOM.

1.5. DaekTpuYecTBO U ATOM

Tak Kak MOHATHE «IJEKTPUUECTBO» UMEET BaXKHOE 3HAUCHHE B pa3BU-
THH TIOHATHS «aTOM», BKpAaTIE INPOCIEANM, KakuM 00pa3oM pa3BUBAIHCH
MIPE/ICTaBICHUS 00 3JIEKTPUUYECTBE.

C npeBHHUX BpeMEH OBUIO 3aMEUEHO, YTO €CIIM MTOTEPETh MEXOM KyCO-
YeK SHTaps, TO OH NMPHOOPETAET CIIOCOOHOCTH MPHUTATUBATh KYCOUKH JPYTHX
Mmarepuanos. [1o3:xe cTano n3BecTHO, YTO MOJLOOHBIM CBOWCTBOM O0JIAAAIOT U
HEKOTOpbIe Jpyrue Matepuaibl. Camoe paHHee ommcaHue o0 3TOM, Io-
BUIMMOMY, IPUHAICKUT aHTIHickoMy MoHaxy beny (673—735) B ero Tpy-
ne «Mcropust AHMIMHM MO DKKJIE3UacTy». 31ech ben ymoMuHaeT o cMolle,
KOTOpas «HOJ00HO SHTApIO0, €CIIM HaTEePETh ero A0 pa3orpeBa, MPHWIKNIAeT KO
BCEMY, YTO HU MPIJIOKUTH K Hei» [5]. Takue cBoiicTBa BEUIECTB OOBICHIIN
HE BHYTPEHHHM UX CBOICTBOM, a HAJIMUYMEM B HUX DJEKTPUUECKOM HKUIKOCTH
— «bmonna». Takoe mpencTaBIeHHE IOMYUYHIIO OIPENEIICHHOE IOATBEp-
xkaenue, korga Creden ['peit (1667-1736) OTKpBLT SIBICHAE SICKTPUICCKON
npoBomuMocTH. I'peii B 1729 1. B cBoeM muchMe wieHaM KoposeBckoro 06-
IIECTBa COOOIIAl, YTO 3JIEKTPHIECKOE CBOMCTBO «IOTEPTOH (MEXOM) CTEK-
JSIHHOW TPYyOKM» MOXKET HEPEXOANUTh Ha APYTUe Tena JIUOO0 MpU MPSIMOM CO-
MPUKOCHOBEHNH, JTHOO Yepe3 COCAMHSIONYI0 MX HHUTh. CTajo s[CHO, 4YTO
3JIEKTPUYECTBO MOXKET CYLIECTBOBATh OTIENBHO OT Tena. OmHaKO MOHHMa-
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HUE MPUPOJB! DIEKTPUYECTBA YCIOKHHUIOCH, KOTZAa BBICHHIOCH, UTO Ha-
SJIEKTPU30BAHHBIE TEJIA CHOCOOHBI HE TOJIBKO NMPHUTATUBATh, HO M OTTAIKH-
BaTh.

CrnencTBueM OCMBICIICHHSI 3TOTO SIBJICHHSI OBUI BOIIPOC, CYIECTBYET
JIM 3JIEKTPUUYECTBO OJHOTO WM ABYX BUIOB. @panuy3 Hlapae @pancya [ro-
e (1698—1739) moce ombITOB ¢ Tepenadeii AeKTpUIecTBa Ha KYCOUKH Me-
TaJla 3aKIIOYMI, YTO «CYIIECTBYET JJIEKTPHUYECTBO IBYX POAOB, KOTOpHIE
CYIIECTBEHHO OTJIHMYAIOTCS MEXAY CO0OIf; OJHO W3 HUX s Ha3bIBAIO «CTEK-
JITHHBIMY DJIEKTPAYECTBOM, JAPYroe — «CcMoJsHbIMY [6]. ['peit u rode Obiin
CKJIOHHBI CYUTATh IEKTPHUECTBO HE KUAKOCTHIO, @ HEKUM COCTOSIHHEM, KO-
TOpPOE MOKHO BO30Y/NTH B BEILIECTBE.

Bckope Teopun ABYX RKHIKOCTEH JIEKTpHUYECTBa OblIa MPOTHBOIIOC-
TaBJIEHa TEOPHs OJHOW KUIKOCTH (uianenbGUicKuM ydeHsIM benmxaMu-
HoM Opanxmmaom (1706-1790) m JOHAOHCKMM BpadoM HaTypaJIICTOM
Yunesamom Barconom (1715-1787). IlposiBieHne pa3iudHBIX BHIOB DJICK-
TprdecTBa PPaHKINH OOBSICHSI HETOCTATKOM M M30BITKOM JJICKTPHUYECTBA.
HenocraTtok »sneKTpuyecTBa OH OMPENEsUl KaK OTPUIATENIBHOE AIICKTPHUE-
CTBO, a M30BITOK — Kak MOJOXuTeIbHOE. KommyecTBo anekTpuuecTsa (1o-
JIO)KUTEIPHOTO WM OTPUIATENFHOTO), 3aKJII0YEHHOE B JIIOOOM Telle, OH Ha-
3BaJI JEKTPUUECKUM 3apsiioM Tena. DpaHKIMH BBICKA3all MpPEIIION0oKEeHHUE,
YTO AJEKTPUUECTBO CaMO ce0sl OTTAIKUBAET, & HECYILIEE €ro TEeJIO MPUTSITUBa-
er. OH BBen Takxke (pyHIAMEHTAIbHYIO THIIOTE3y — 3aKOH COXpaHEHHMs
SIIEKTPUYECKOT0 3apsiaa. DJIEKTPUUYECKUH 3apsij HUKOTAa HE BO3HUKAaeT (U3
HHUYEro) U HE MCYE3aeT — OH TOJBKO Iepenaercst (OT OJHOTo Tena K JIpyro-
My). CrenoBatenbHO, MOJOXKUTEIBHBIA 3JIEKTPUIECKUI 3apsa]] CTEKISTHHOTO
CTEP>KHsI, HATEPTOI0 MEJIKOM, YHUCICHHO B TOYHOCTH PABEH OTPHUIATEILHOMY
3apaoy MeJKa, a BCIEACTBHE OajlaHCa MEXIY IOJIOKUTEIBHBIM M OTpHIla-
TEJILHBIM 3apsilaMM TIOJIHBIN 3apsii OCTaeTCsl PaBHBIM HyI0. [lepeHoCunKoB
anekTpuuecTBa DpaHKIMH Ha3Bald 3IEKTPUKAMH, KOTOPBIE INPEICTABIAIOT
3NIEKTPUYECTBO TOJIBKO OJHOTO THIIA. B aToMax OOBIYHBIX BEIECTB JIEKTPO-
HBl «IPUBSA3AaHBDY K IUIOTHOMY aTOMHOMY SIpY, B KOTOPOM COCpPEIOTOYEHA
OCHOBHasI YaCTh MacCHI BEIIECTBA M KOTOPOE B TBEPABIX TellaX, KaK MPaBHIIo,
HETOABIKHO. Ecny »7eKTpoHBI B3aMMHO OTTAJIKMBAIOTCS, KAaK yTBEpKIall
®paHKIMH, TO 3JIEKTPOHBI U S/pa NPUTSITHBAIOT APYT JApPYra, a aTOMHBIC SIf-
pa, xak npenonaran Ynepux Teogop DOnunyc (1724-1802) (mupexTop ac-
TpoHOMHYecKol obcepBaTopun B CaHkT-IleTepOypre), OTTanKkuBaroTCs JIpyr
ot apyra. [nst yno6cTBa MPUHATO CUUTATh, YTO MOJIOKUTEIBHBIN TN «CTEK-
JSTHHBIN 3aps]] BeIecTBa — 3TO 3aps siiep, a He MIPOCTO OTCYTCTBHE AJICK-
TPOHOB.
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1.6. Konuenuust noHssTHst «aToMm» K kony XIX Beka

HccrienoBanme 2IeKTpHYECTBA TPEHUEM CHITPAIO OTPOMHYIO POIh IS
pacuIupeHus TOHATHS «aTOM» B TOM, YTO aTOMBI SIBJISIFOTCS HOCHTEISIMA OT-
PUIATENBHBIX W MOJIOKHUTEIBHBIX dIEKTPUIECKUX 3apsAnoB. [Ipu sToM aTom-
HBIE 3apsAAbl OMMHAKOBOTO 3HAKa OTTAIKHBAIOTCA JIPYT OT Apyra, a Pa3sHBIX
3HAKOB — MPUTATHUBAIOTCSA. BBUIO MPUHATO, YTO HOCUTEISIMU OTPHUIATEINb-
HBIX 3apsOB SIBISIIOTCS DJIEKTPOHBI, KOTOpPHIE BXOJSAT B COCTaB aTOMOB, a
HOCHTEJISIMU TOJIOKUTEIBHBIX 3apsIIOB — sJIpa aTOMOB, B KOTOPBIX COCPEIO-
TOYE€HA OCHOBHAS Macca aToMa.

Takxum o6pa3om, k koHITY XIX Beka CI0KHIACh BIIOJHE OCMBICIICHHAS
KapTuHa O mpupoje atoma. [IpuBeseM OCHOBHBIE XapaKTEPUCTUKHU aToMa,
YCTaHOBIICHHBIE K TOMY BPEMECHH:

1. Bce BemiecTBa COCTOAT M3 XMMHUYECKUX DIIEMEHTOB, a KKIOMY 3JIe-
MEHTY COOTBETCTBYET OIPEIeTICHHBINA THIT aTOMA, OTIIMIAIOIIHIACS IO BECY.

2. XuMuyeckne u Qu3NIecKre CBOMCTBAa aTOMOB IOJUUHSIOTCS OTIpe-

JIEJIEHHON TIEPHOIMYECKON CHCTEME B 3aBUCUMOCTH OT aTOMHBIX BECOB.

3. KonmuecTBO XMMHYECKHUX 3JIE€MEHTOB, a 3HAYUT M aTOMOB, OTpaHH-
YEHO.

4. ATOMBI UMEIOT CIIOXKHBIN COCTaB U SBJISIFOTCS HOCUTENSIMH DJIEKTpUYe-
CTBa OTPULATENILHBIX 3aPSF0B — DIIEKTPOHOB M TMOJOXKUTENBHO 3apSHKEHHOTO
siIpa, KOTOPBIC HE MOTYT OBITh YHUUTOXKCHBI FITA CO3/IAHBI M3 HUYCTO.

5. IonoxuTeabHEIC W OTPHUIIATEIEHBIC 3aps/Ibl B aTOMaX B HOPMajlb-
HOM COCTOSIHUH YPaBHOBEIIICHBI.

6. DKBHUBAJICHT 3JICMCHTA (WA BAICHTHOCTH) NP XUMHUYECKUX Peak-
IUSAX U 3JCKTPOIIN3E 3aBUCUT OT IJIEKTPUICCKUX CBOWCTB aTOMa.

Ot Hanboee BaKHBIE XapaKTEPUCTUKN aTOMa B OONBIIIMHCTBE CIIY-
YyaeB HE MMEJH CTPOTUX HAYYHBIX JOKA3aTEeNBCTB, a OBLTH JINIITH KOCBEHHBI-
MH, YMO3PHUTEILHBIMH BBIBOJIAMHU M3 HAYYHBIX (DAKTOB, JOOBITBIX K TOMY
BpEMEHHU.
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I'1aBa 2

OTKpbBITHE CTPYKTYPHBIX COCTABJIAIOIMINX ATOMA

[MomobHO TOMY, Kak npeBHsAs Abaepa Ha mobepexse Ppakun CUMBO-
TU3UPYET UL Hee poKAeHHe aToMu3Ma JleMokpurTa B KOHIIE V Beka 1o H.9.,
TaK U B COBPEMEHHOM MHpPE €CTh MECTO, C KOTOPHIM, TJIABHBIM 00pa3oM, CBsI-
3aHO OTKPBITHE COCTaBHBIX HYacTei atoma. O1o KaBenmumickas mabopatopus
Kem6pumxckoro yauBepcurera. B atoit mabopatopun Ixxozed Jxon Towm-
coH (1856—1940) B pe3ynbpTaTe CTPOTUX IKCIEPUMEHTOB C KAaTOAHBIMU JTy4a-
MU TIpHIIEN K 3aKII0UYEHHIO O TOM, YTO CYIIECTBYET YAaCTHIIA «3JEKTPOHY,
SBIISIIOIIAACA OJHOBPEMEHHO HOCHTENIEM JJIEKTPUYeCTBAa U OCHOBHOM CoO-
CTaBHOHM YacThiO BceX aToMOB. B KemOpumxkckoi xe madopaTtopuu DpHECT
Pezepdopn (1871-1937) — nepBOOTKpHIBaTENb aTOMHOTO sIJjpa Hayall B Te-
puoa 1895—1898 rr. cBoM pabOTHI IO UCCIICTOBAHHUIO PAIHOAKTHBHOCTH. OT-
KpBITHE COCTAaBHBIX YacTeH aToMa OBLIO 3aBEpIICHO B 3TOI ke TabopaTopuu
B 1932 r., korma dxefimc Yensuk (1891-1974) oTkpbLT HEUTPOH.

BBuy Ba)KHOCTH 3THX OTKPBITHI JJIST MOHUMAaHUS TIPUPOIBI M CTPYK-
TypBI aTOMA MPOCIIEINM BKpPATIIe UX UCTOPHIO.

2.1. OTKpbBITHE J1EKTPOHA

CaMblIif U3BECTHBIN BU JIEKTPUIECKOTO Pa3psaa — 3TO MOJIHUS, YTO
ObUTO JTO0Ka3aHO PpaHKiIMHOM eimie B 1752 T. B CBOEM 3HAMEHUTOM OIIBITE.
OyHaKo M3y4YeHHE MOJIHUM HEBO3MOXHO BBUJY €€ CIy4ailHOCTHM M HEKOH-
tponupyemoctd. Ho x XVIII B. nosiBUIaCh BO3MOXKHOCTh UCCIIEAOBATh APY-
ro#, Oojee ympaBiIseMblil BHI 3JIEKTPUIECKOTO paspsifia C UCIOJIb30BAHIEM
YaCTHYHO BaKyyMHPOBAHHBIX CTEKJISHHBIX OajUIOHOB, B KOTOPBIX HpPH MOI-
COEMHEHUH K BJIEKTPHIECKOW MAallHE BO3HHKIIO CTPaHHOE CBEYEHHE. DTO
sBIICHUE BIEepBbIe ObUTO 3aMedeHo B 1709 r. Xokcbu. [lo3xnee o momobHOM
serieHnH coodurmu B 1748 1. Barcon, Homne, I'otrdpun I'enpux I'pymmonT
(1719-1776) n Bemukuit Maiikn @apaneii.

CepbesHble UCCIIEOBAHMS OTOTO SBJICHHS HAYaINCh TOCIE n300peTe-
HUs 3(QQEKTUBHBIX BaKyyMHBIX HacocoB. [Ipodeccop ¢usuku BonHCKOTO
yauBepcurera FOmyc Ilmoxkep (1801-1868) moacoeanHMI MeTalIMYecKue
TUTACTUHBI BHYTPU BaKyyMHpPOBAaHHON CTEKJSIHHOH TPYyOKH K MOIIHOMY HC-
TOYHMKY 3ekTpuuecTtBa. Kak npunsn Papaneid, MONOKHUTENBHBIH MOIIOC
9JIEKTPUYECTBA Ha3BaJIM aHOJIOM, a OTPUIATENBHBIH — KarojoM. [Imrokkep
00Hapy W1, 9TO KOT/Ia BO3AyX M3 TPYOKH OTKa4aH IOYTH HOIHOCTHIO, CBE-
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YEeHUE 3€JICHOBAaTOr0 BHMJA OCTAe€TCA TOJIBKO HA MOBEPXHOCTU CTEKJISHHOU
TpyOKH BOJMHM3M Karoja, YTO SIBMJIOCH OCHOBaHMEM K MPEINOIOKEHHIO 00
WCITyCKaHHH KAaTOAOM YETr0-TO, YTO COYIapsieTCsl CO CTEKJIOM TPYOKH, a 3aTeM
cobupaercs Ha aHone. DyreH [onpamreiin (1850-1930) HazBan 310 sIBIICHNE
«KaTomHBIM Jydom». OH mokasan takke B 1870-x romax, 9To CBOHCTBa Ka-
TOJHBIX JIydel HE 3aBHCAT OT MaTepHala KaToza.

[Tozxe [larokkep OOHAPYXKHMI TarKke, YTO Ha TONOKEHHE CBEUCHHS
MOJKHO BJIMATH MarHUTHBIM MOJIEeM. DTO TOBOPUIIO O TOM, YTO KaTOAHBIE JIy-
Y 93JIEKTpUYecKH 3apshkeHbl. Kpome Toro, yuenuk Ilmioxkepa ['mtropd
(1824-1914) oGHapy>xui1, 4TO TBEp/bIe YaCTHIIbI, [IOMEIICHHbIE BOJIU3M Ka-
TOJ1a, OTOPACHIBAIOT TEHb HA CTEHKU TPYOKU. DTO TOBOPUIIO O MPSIMOJIMHEH-
HOW TPaeKTOPHH KaTOJHBIX TydeH.

B nanpHeiimeM SCHOCTh B MOHMMAaHHE NPUPOABI KaTOAHBIX JIydyel
BHecnn paboter k. k. Tomcona. B 1894 1. ToMcoH IpUCTYyIHI K H3MeEpe-
HUIO CKOPOCTH KaTOIHBIX JIy4el W yCTaHOBHI, 4TO oHa paBHa 200 kM/c. Ox-
HaKO Pe3yJIbTaT KCIIEPUMEHTa ObLI HETOUHBIM, M OT Hero TOMCOHY Io3/Hee
MPUIIIOCHh OTKA3aThCsl.

TOMCOH yCTaHOBHII TaKXKe SIBJICHHE OTKIOHEHHS KaTOAHBIX JTydeil moJ
JIEUCTBHEM 3JIEKTPUYECKU 3apsDKEHHBIX METAUIMYECKUX IuacTuH. Jlyun ot-
KJIOHSJTUCH B CTOPOHY MOJIOKUTENBHO 3apsSKEHHON TUIACTHHBL. DTO TOBOPUIIO
0 TOM, YTO JIy4YH MEPEHOCAT OTPULIATEIbHBIHN AIEKTPHUECKUI 3apsa.

JU KONMM4YeCTBEHHON OLIEHKU MPUPOIbI TAMHCTBEHHBIX 3apsDKEHHBIX
KaTOJHBIX JIyuell — 3aps/10B, TOMCOH M3MEpH BEIMYNHY OTKIOHEHUS JIy-
4el noj eficTBUEM IeKTPUUECKUX U MATHUTHBIX CHIL.

DJieKTpUYecKHe CHIIbL. UTOOBI clenaTh BBIBOJ O CBOMCTBAaX YacTHUI]
KaTOAHBIX JIy4ei MO pe3ynbTaTaM W3MEPEHUS NX OTKIOHEHHWH IOJ EHCTBH-
€M 3JIEKTPUYECKOTo 3apsiia, TOMCOHy HE0OX0IUMO OBLIO pacCUnTaTh BEIIH-
YUHY 3JEKTPUYECKOM CUJIbL, AEUCTBYIOLIEH Ha 9TH YaCTHULIBL.

ITepBBle mpencTaBieHNs: O TIPUPOAE MEKTPUUECKON CHIIBI CTPOUIHCH
[0 AHAJIOTMH C HbIOTOHOBCKOW TEOpUEH TATOTEHUS, COTJIAaCHO KOTOPOM OHa
yMeHbIIaeTcsi 00paTHO MPOTOPIMOHAIBHO KBA/IPATY PACCTOSHHUSL.

IlepBble MONBITKM HU3MEPUTh 3aBUCUMOCTb JIEKTPUYECKOM CHUJIbI OT
paccrosiaus npeanpunsut B 1760 r. mBelinapekui usuk Jannun beprynnm
(1700—1782), KOTOPBI HOATBEPAMI MOJYNHEHHUE DJICKTPUIECKUX CHII 3aKOHY
00paTHBIX KBapaTOB.

BriepBrie cTporue Hay4yHbIe SKCIEPUMEHTHI B 3TOH 00JIaCTH OCYIIECT-
Bw B 1785 r. apns Ortocren Kymon (1736—-18006).

Jnst m3MepeHusi dMEKTPUUECKUX CHII, JEHCTBYIOIINX MEXKIY IBYMS
mapukamu, KynoH MCronb30Bal KpyTWIBHBIE BECHl COOCTBEHHOTO H300pe-
TeHus. OH MOATBEPIWII, YTO 3aKOH OOPaTHBIX KBaIpaToB COOIIONAETCS TOU-
HO, HE3aBUCHMO OT PacCTOSHUA U BEJMYIHMHBI JIEKTPHUYECKUX 3apaaoB. Kyinon
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YCTAHOBHJI TaK)Ke, 4TO CHIa, ACHCTBYIOIIAs MEXIy ABYMs 3apsiaMH, Mpo-
MOPIMOHAIFHA TIPON3BEICHHIO ATUX 3aPSIA0B.
Taxum obpazom:
F 99 @.1)
KyJl 2 2 :
r
TZIe ¢; ¥ ¢, — 3apsafpl YacTUOBL | U 2; 7 — pacCTOSTHUE MEXIY 3apsaaMH.

B HacTosmee BpeMs HONB3YIOTCS MTOHATHEM «HANPSHKEHHOCTBY 3JIEK-
TPUYECKOTO TIOJIS, KOTOPAsi OTpPEENseTCs] KaK CHJla, OTHECEHHAS K €IMHUIIEC
3apsa U «HANpsDKEHHE» 3JIEKTPUYECKOTo IIONIS, -KaK CHJIa, OTHECEHHas K
eauHuLe paccrosaus. [Ipu aTom 3akoH Kynona rnacur, 4ro anekmpuueckas
cuna, oelicmeylowas Ha meno, 6ce20a HPONOPYUOHANbHA INEKMPUUECKOMY
3apsa0y smozo meid.

Kak cujia, HAIPSXKCHHOCTD JJICKTPUYECKOI'O IOJIA ABJIACTCA HaIllpaB-
JICHHO BeTMUMHON U HalpaBJieHa OT Tejla, €CIIM €ro 3apsi/l MOJOXKHUTEIbHBIMH,
U B CTOPOHY TeJa, €CiH 3apsiJl OTpUlaTeNbHbIH. HanpspkeHHOCTh aiekTpude-
CKOT'O TTOJISl — BEKTOPHAs BEJIMYMHA M HAIPSHKEHHOCTH Pe3yJIbTUPYIOIETO
MoJIsL paBHA CyMME OTAENbHBIX Nosel. Hanpsowcennocmsb 31eKmpuieckozo
nonst bviia NOHAMUEM B030€liCMBUs. CUbl Ha mend Yepe3 NpPOCMpPaHCmeo,
KOmopoe npuobpemano Hexoe HanpsdiCeHHoe COCMOSHUE 8 KaXCOOU mouKe.
OTO NOHTHE TOBOPIIIO O (PYHAAMEHTAILHOM CBOWCTBE MPOCTPAHCTBA HE KaK
00 abcommoTHON MyCTOTe, MPHUHATOW TOo Teopun HbIOTOHa, a Kak o cpene,
CIOCOOHOW TepenaBaTh CHIIy BO3JCHCTBHSA Ha JJIEKTPUUECKH 3apsDKECHHBIC
TeJa, M O CPeJie, CIOCOOHOM MOJSIPU30BaThCS MO ICHCTBHEM 3IIEKTPHUECKO-
ro 3apsna. VlHTepecHo 3aMeTuTh, 4To npodeccop u3BecTHoi KaBenaunuickoi
naboparopun [xeiimc Knepk Maxkceemn (1831-1873 rr.) co3nman cucremy
YPaBHEHUH 3JIEKTPOMArHUTHOTO TOJISI, IPEICTABIISISE NPOCTPAHCTBO KaK CHC-
TEMY HaIpaBJICHHO BPAIIAIOUIUXCS MIECTEPEHOK, MEXKTY KOTOPBIMU HAXO/ST-
Cs1 CBSI3YIOLUE UX MENKHE MIeCTePEeHKH.

B Hacrosimee BpeMs ¢u3HUeckas HayKa pacCMaTpUBAET NPOCTPAHCT-
BO W TOJISI KaK CAMOCTOSITEIBbHYIO (YyHAaMEHTAIBHYIO (PU3UUECKYIO peajb-
HOCTb.

MarauTHble cuiIbl. MarHeTu3M M3BECTEH C APEBHEHIIMX BPEMEH,
HarpuMep, MO CBOWCTBAM «TEPaKIMHOBOTO KAMHS» — MarHUTHOTO XKEJe3-
HsIKa, 00JI1aJafoIIero MPUPOAHBIM MarHeTu3MoM. O TaKuX MarHUTax 3HalId U
B [IpeBHem Kurae (83 r. H.3.), Ille MX HUCHONB30BaIM B KaueCTBE KOMIIACOB
JUIST Maruueckux neneil. B kutaiickoit kaure 1084 r. mpuBoaAUTCS AeTanbHOE
OIIMCAaHUC MArHuTHOI'O KomIiaca, CACJIAHHOIoO B BHJC He60J’[LIHOI>i pr6bI-
noruiaBka [7].

B EBpore nepBoe ynomuHaHue 0 MarHuTax, MMEIONIUX II0JIIOCA, Ja-
tupyercst 1269 r. [lepBoe HayuyHOE TOJKOBaHWE NPUPO/BI MarHeTH3Ma ObLIO
caenaHo B JIonnone B 3moxy koposess! Enm3aBers! YuibsamoM ['nnsbeprom,
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KOTOpBI OOBSCHWI TNPHHIMIT JCHCTBHS KOMIIaca HAIMYMEM MarHUTHOTO
TIOJIST 3€MITHL.

BriepBrie TeCHYI0 CBSI3b MAarHUTHBIX CHJI C JJICKTPHUECKUMH CHJIAMH,
T.€. DIEKTPOMAarHUTHBIH 3deKT oTKpbUI mpodeccop dusukn KomeHrares-
ckoro yHuBepcurera Xanc Kpucruan Dpcren (1777-1851). On 3ametwi, 9To
CTpeNKa KOMIIaca OTKJIOHSETCS MPH MPOIyCKaHMH TOKa 4Yepe3 IPOBOIHHK,
PacCIOJIOKEHHBIM HEMOAAIEKY.

B 1820 r. B ITaprke ObUIO CICIaHO COOOIICHUE O Pe3yJIbTaTax dKCIie-
pUMEHTOB Jpcreaa. ITo cooOIIeHHE ObUI0 ¢ MHTEPECOM BOCIPHHSITO MPO-
dheccopom mMaTematuku Auape Mapu Ammepom (1775-1836). O yxe Hefe-
JIFO CITYCTSI COOOLIMI O NPUHIUITMAIEHO HOBOM PE3yJIbTATe, 3aKII0YAI0IIEM-
Csl B TOM, YTO HE TOJBKO DIIEKTPUUECKHE TOKH JEHCTBYIOT HAa MarHWUTHI, U
MarHuThl JEHCTBYIOT Ha MPOBOJHUKM C TOKOM, HO M CaMH JJIEKTPUYECKHE
TOKH B3aMMOJEHUCTBYIOT JIpyr ¢ ApyroM. B nanpHeiiniem Amnep npuiuen K
BBIBOJLy O TOM, YTO JIOOOH MarHeTH3M HMEET JJICKTPHUUYECKYIO NPHPOAY U
MarHuTHBIE CBOMCTBA MAarHUTHOTO XEJIE3HAKA 00YCIOBICHBI MUKPOCKOIIHYE-
CKUMH JJICKTPHYECKHMH TOKaMU BHYTPH 3TOro Marepuana. M3BecTHa, He-
00BIYaifHO CMeast AJIsl CBOETO BPEMEHH, TUIIOTe3a AMIIEpa O MOJIEKYIIIPHBIX
Tokax. COTacHO 3TOH THUIOTE3e, GHYMPU MONEKYIL U AMOMO8 MeKym I1eK-
mpuyecKue MoKy, m.e. AMoMbl U MOJIEKYIIbl CYMb MOKO8ble N1eNeCmKU, d 3HA-
yum, u mazuumusle ounoau. Ilo cytu nema, rumoreza Ammepa Onectsine
MOJTBEPAMIIack, KOT/a OblIa MOHTA 3JICKTPOHHAS CTPYKTypa aToMa.

AmMrep TakKe YCTaHOBWII, YTO MarHUTHAs CHJIA, ISHCTBYIOIIAs MEXITY
NapaJuleNbHBIMH TIPOBOJHUKAMH, HAlpaBiieHa BIOJb JIMHUH, COSAWHSIONIECH
MIPOBOJHUKH, TIEPIICHIUKYIIPHO 000MM MPOBOAHUKAM, T.€. MArHUTHAS CHJIA
NEepIECHANKYIISIPHA TPOBOJHUKAM M MarHMTHOMY moutio. Ha puc. 2.1 npuse-
JICHa CXeMa ACHCTBUSI MATHUTHON CHIIBI

Tox Tok
MEXIly TPOBOTHHKAMH C TOKOM. lIpu-
HATO OOIlee TMpaBwWiIO: CHIA, ICHUCT-
F-cuna ByIOIIasi Ha JIO0O0H AIIEMEHT MpPOBOJ-
’ HHKa C TOKOM, BCErJa HalpaBjcHa
MaruauTtHoe 4 A paBit
Toie MEPHEHANUKYIISIPHO KaK K MarHUTHOMY

MOJII0, TaK M K MIpoBoAHMKY. Cumna F,

JIefiCTBYIOIIas Ha JIEMEHT NPOBOJIHU-

Puc. 2.1. Cxema nelictBust MmarHuTHOM cutel  Ka, IPOMOPHHUOHAJIbBHA CHJIE TOKa J,

METY TPOBOIHUKAMH C TOKOM MarHUTHOMY I10JII0 H (HanpspKeHHOCTb

MarHUTHOTO TIOJISI) W JUIMHE 3JIEMEHTa

L. Kpome Toro, BennunHa cuiibl F' 3aBUCUT oT HanpasieHus H. Ecnu H nep-

HNEHIUKYJIIpHA K HAIPaBJICHUIO TOKA J, TO MPH MPOYUX OAUHAKOBBIX YCIIOBH-
ax cwiia F' uMeeT HanOosbllee 3HaUCHNE U onpeaenseTcs GopMyIIoi:
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1
F=—JLH, 22)
Cc
2
rae 1/¢° — kosdhduument nponopuuoHasbHOCTH.
B TO )¢ BpemMs AMriep yCTaHOBWIJI BEJIMUMHY CHJIBL, C KOTOPOW OIWMH
MIPOBOJHUK JICHCTBYET Ha APYToii, KOoTopas onpeaensercs no popmye:

F:%.M’

C r
rae J; uJ; — CHJa TOKa NEPBOTO M BTOPOTO NMPOBOAHKKA; L — IUIMHA TPO-
BOJIHUKOB; 7' — PACCTOSHHE MEXIY NPOBOJHHKAMH; ¢ — DICKTPOJHHAMHUYEC-
CKas TIOCTOSTHHAS.

Ucxonsa u3 ¢dopmynsl (2.3) MOXKHO CUHATATh, YTO ACHCTBYIOIIAs Ha
HEePBbIA MPOBOJHUK CHJIA, CO3aBaeMas TOKOM BO BTOPOM IIPOBOJHHKE, €CTh
HE YTO MHOC, KaK Culia, IopoxaacMasd MarHuTHbIM I10JIEM BTOPOT'O MPOBOJ-
HHKa. Tor/:[a BCJIMYMHA MAarHuTHOTO I10JIA BTOPOI'O MMPOBOJHUKA OIIPEACIIACT-
csl KaK:

2.3)

2.
H = —J , 2.4)
r
rie J — cuia TOKa; ¥ — pacCTOsIHUE OT MPOBOJHUKA.

OTKpBITHE SBJICHHUS 3JIEKTPOMAarHeTU3Ma OKas3ajlo MOIIHOE BIIUSHHE
Ha MOCNEeyIolLlee pa3BUTHE HAyKU U TEXHUKH, a TAK)KE Ha Pa3BUTHE B 1IETIOM
UUBWIN3ALUH.

OneiTel ToMCOHA MO M3MEPEHUIO COOTHOLIEHUS 3IEKTPHUECKOTrO 3a-
psina kK macce. PaccMOTpUM JBIDKEHHE 3apsDKCHHBIX YacTHIl B DJICKTpHUE-
CKOM M MarHWTHOM moJisix. IIpexne, yeM mepelTy K pacCMOTPEHHIO OJHOTO
W3 METOJIOB M3MEPEHHs COOTHOLICHHS 3apsaa K Macce (q/m), MpUBEIeM oc-
HOBHBIE (haKThl U3 AIIEKTPUUECTBA M MarHeTusMma. Ecim gacTuna c 3apsioM
+q HoMelIeHa B OHOPOAHOE JIIEKTPHUECKOE TI0JIE, HAMPSKEHHOCTh KOTOPO-
ro pasHa E, To Ha Hee B HallpaBJIeHUHU NIOJIS1 ACUCTBYET CHUJIA!

F = gE ( B BextopHoii 3anucu F = gE). (2.5)
ITon neficTBuem 3TOH CHiIBI YacTHIAa OyAET COBEpIIaTh PaBHOMEPHO YCKO-
PEHHOE JIBIKCHHUE, TOTIa
ma = qE, (2.6)
TJIe @ — YCKOPEHHE.

3aMeTuM, 4TO €CII CKOPOCTh YAaCTHUI[Bl MMEET COCTABIISIONIYIO, BEK-
TOp KOTOPOIl NEPNEHAUKYISIPEH MO0, TO 3TA COCTABIIAIONIAS HE MEHSAETCS, B
TO BpeMsI KaK COCTaBIISIOINAs B HAIIPABICHUN £ MEHSETCS C YyCKOPEHHEM d.

Ecnu wactuna, uMeromias 3apsj ¢, IBUraeTcsl B OAHOPOJHOM MarHuT-
HOM TIOJIE C MHAYKIUeH B, mpruieM ee CKOPOCTh paBHA v U MEPICHIUKYIISIPHA

29



B, To Ha yacTuIly AeWcTByeT cuiia F, BEKTOpP KOTOPOW MEPIICHANKYIISIPCH KaKk
V, TaK U B, KOTOpas paBHa:
F = qvB ( B BexTopHOi#i 3amucu F = ¢ [v X B]. 2.7

Ecnu mpeHeOpeub BCeMU APYTHME CHIIAMH, JACHCTBYIOIIMMHU Ha 4ac-
THILy, TOTJa MEHSETCS TOJIBKO HAIpaBlICHUE ABMKCHHUs YacTHUIIBI, HO HE ee
CKOpOCTb. [Ipu OECKOHEYHO MaloM M3MEHEHHH HAMPABJICHHUS YacTUIA HMEET
Ty JK€ CKOPOCTb U BCE €llle ABMKETCSI MeprneHIuKyIspHo B. CienoBaTenbHo,
Ha 9acTUIly OyJeT AeHCTBOBATh CUIIA, IOCTOSHHAS 110 BEJIMUYHHE M IICPEMCH-
Hasl TI0 HANpaBJICHHIO, KOTOpas 3aCTaBJIsIET €¢ JBUTAaThCSA 0 KPYroBoil Tpa-
CKTOPUH B IUIOCKOCTH, MEPICHIUKYIAPHON MArHUTHON MHAYKIUU WM Ha-
MPsDKEHHOCTH TOJs. Tak Kak Juist yaep:KaHus MacChl /71 Ha KPYroBOM Tpaek-
TOPUH PAINYCOM 7 TIPH TAHTCHIIMATBHOW CKOPOCTHU v TPEOYETCsI Chita;

F=m7/,
TO TIOJTyYaeM
mv’/r = qvB 2.8)
005
mv = qBr. (2.9

Teneppb paccMoTpuM, Kak TOMCOH U3MEpHUIT OTHOIICHUE 3apsa K Mac-
Ce ¢/m YacTHIl, KOTOPbIC OH Ha3BaJl «KATOTHBIMH KOPIYCKYJIaMHU». Y CTaHOB-
ka Tomcona (puc. 2.2) co-
CTOsJIa U3 BaKyyMHUPOBaHHOH
CTCKJITHHOW TPYOKH, B KOTO-
pyIo OBUIO BITAsTHO HECKOJBKO
METAJUTMYECKUX AJIEKTPOIOB.
Onektpon C CIyXWJI Karo-
JIOM, 3JIEKTPOJ A — aHOJOM U
Puc. 2.2. ITpubGop TomMcoHa [UIs OIpeIeTICHUS MOJICP)KABAJICS TIPH  BBICO-

OTHOIICHHUS ¢/m IS KaTOAHBIX JTydel: C — KaTox; KOM TIONOKHTEILHOM IIOTEH-
A — aHox; S — dKpaH; P — 3apshKCHHAs IUIACTHHKA
ouajae, Tak 4TO IIOTOK KaTo/-

HBIX JIy4el HalpasisijIcs Ha Hero. bosblas yacTs Jiydel nmomnajgana Ha aHO,
A, HO HEKOTOpas YacTh MPOXOJHiIa Yepe3 MaJIeHbKOE OTBEPCTHE, CIEIaHHOe
B HEM. JTH JydH OrpaHMUYHBAIHCH YIEKTPOIOM A', B KOTOPOM GBLIO Jpyroe
otBepcTHe. Takum 00pa3oM, y3KUH IMy4dOK Jy4el BBIXOAWI B 00J1aCTh MEXIY
JIByMSl IJJaCTUHaMU P u P IIpoiinsg Mexay miacTUHaMH, JIy4d MOonagaiy Ha
KOHeI TpyOKH S, T/ie BBI3BIBAIN CBEeUEHHE (ITyOpECIUPYIOLIET0 MaTepHaa.
ITpn ompeneneHNH COOTHOUICHUS ¢/m U COCTABIIONIEH MacChl 71,
Kak TokasbiBaeT (opmymna (2.6), HEOOXOAUMO BO3ICHCTBHE HA SJIEKTPOH
aneKTpuyaeckoro noms. s 3Toro ToMCOH BOCTIONB30BAICs OTKJIOHSIOIUMHU
macTuHaMK P 1 P!, MeXTy KOTOPBIMU CO3/1aJl OJHOPO/IHbIH 3IeKTPUIECKHI
noteHIman. s onpeaesieHus CocTaBisonieit 3apsaaa mo ¢popmyie (2.7) o

1 4
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PacIOJIOXKUIT MarHUTHOE TOJI€ NEPHIEHUKYIISIPHO KaK My4Ky KaTOAHBIX KOp-
MYCKYJI, TaK U 3JIEKTPUIECKOMY TOJIO.

Taxum 00pa3om, B TpyOKe Ha IyJOK KaTOJHBIX KOPITYCKYJI, HMEIOIINX
MIOCTOSTHHYIO ¥ OIMHAKOBYIO CKOPOCTB, HJIEKTPHYECKOE W MAarHUTHOE IIOJIS
JIEMCTBOBAJIM B OJTHUX U T€X K€ TOUKaX MPOCTPAHCTBA.

Crauana ToMCOH paccUnTan CKOPOCTh KaTOJHBIX KOPIYCKYJI ITO Haii-
JIEHHOH UM (opMyIIe:

v=E/B (2.10)
W, HAKOHCII, HAIICJI COOTHOICHNEC
q/m =e/m = v2/2V, (2.11)

rae V — snexTpuyecKuil OTEHIUANl MEXKAY JBYMs IIJIACTUHAMU — 3JIEKTPO-
JIaMH.

ToMcoH 0OHapyXWJ, YTO COOTHOILICHUE ¢/ HWMEET YHHBEPCAIbHOE
3HaUEHME, He 3aBHCAIIEE OT MaTepHraja KaroJa U COCTaBa rasa. JTa He3aBH-
CHUMOCTh yKa3bIBajla Ha TO, YTO KaTOIHbIE KOPIYCKYJIbI SBIISIOTCS COCTABHOW
4acThIo IF000ro BemecTBa. COraacHO COBPEMEHHBIM M3MEPEHUSIM, BETHIIHA
g/m pasHa (1,758897 + 0,00032) 10" K/ke [4, c. 28].

Takum oOpa3om, TOMCOHY NPHHAUIEKHUT YECTh OTKPBITHS MEPBON
cy0aToMHOH JacTUIbl — 3JIeKTpoHa. [To3Hee OBII0 yCTaHOBIIEHO, YTO 3JIEK-
TPOHBI UMEIOT YHUBEPCAJIbHBIN 3apsy e. BenuuuHy, koTopyto usmepui Tom-
COH, 0003HAYAIOT TeTeph KaK e//m.

3apsin anekTpoHa. [locie HaxoKAEHWS BEIWUIHHBI €/M CIEIYIOUINM
JIOTHYECKUM IaroM ObLIO U3MEpEHHUE 3apsa MEeKTpoHa. Takoi onbIT BIep-
BbIe OBLI BBIMOJIHEH C JOCTaTOYHOH TOYHOCTHIO B 1909 romy MusutnkeHOM
0 MEeTOY, NpeIokeHHoMy ToMcoHoM u Bunsconom [4, c. 31].

OMnBIT 110 U3MEPEHHUIO € HAJ0 MPOBOJUTH C TOKOM, UMEIOLINM OYEHb
MaJlbli 3apsisi, KOTOPBIH OBl 3aMETHO M3MEHSUICS NP ITOTepe WM MpudaBie-
HUH OIHOTO 3JIEKTPOHHOTO 3apsiaa. Eciu ke Teno HacToJIbKO Maio, 4YTo
3JIEKTPUYECKas CHJa, JEWCTBYIOINAs Ha €ro 3apsa, UMEET TOT K€ HMOPSIOK
BEJIMYMHBI, YTO ¥ CHJIA TSHKECTH, TO BMECTO JIOCaTHOM MMOMEXHU CHJIa TSHKECTH
MOXET CTaTh MOKA3HBIM 3TAJOHOM ISl CDABHEHHS.

B kauecTBe 3TasioHa MWIIMKEH HCIOJB30Bal KallelbKy Macia, Ha-
CTOJIBKO MaJIyl0, 4TO OHa BHJHA TOJBKO B MHKPOCKOI. B ombITe Kameibka
Macjia nmoMeuacTCsa MEXay ABYMS IOPU30OHTAJIbHBIMU ITUIACTUHKAMH B CHUJIb-
HOM J3JICKTPUYCCKOM I10JI€ U3BECTHOM BCJIMYUHBI, ITPUYEM I10JIC MOXKCET 6I)ITI)
HampaBJICHO BHU3, BBEPX HJIN B006H_le OTCYTCTBOBATb. Kamenbka umeer He-
OOJIBIIION 3apsiT ¢, KOTOPBIH MOXKET OBITh OTPUIATELHBIM MM TOJI0KUTEb-
HBIM, B 3aBHCUMOCTH OT M30BITKa WIJIM HEJOCTaTKa HJIEKTPOHOB Ha Karuie. B
JJIEKTPUYECKOM I10JIe Ha KaIUTIO IeiicTBYeT cuiia gF, KOTOpYIO BCEraa MOXKHO
HaIlpaBUTh BBEPX COOTBETCTBYIONINM BHIOOPOM HampasiieHus E.
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OKCHeprUMEHTaTop JIOJDKEH

R B Fg MEHATH DIEKTPUYECKOE TIoJie

TaK, YTOOBI KaIlisl IOJHHMa-

Ve T T T Jack M OIyCKallach MEXIy
IUTACTHHKaMH, HO HHKOTIA HX

He Kacanack. Ha puc. 2.3 moxa-

3aHBl CHJIBI, JEHCTBYIOIINE Ha

Kammo: (a) npu maneHud, (b)

/4 W Rg npu noabeme. CKOpoOCTh maje-
HHSA V, UMEET OJHY M Ty Xe

oq

a) b) BEJINYKMHY, TOCKOJIBKY BEC Karl-
Puc. 2.3. Cwibl, JEHCTBYOIINE Ha Kall- JI1  OCTACTCA IIOCTOSHHBIM, a
1m0: (@) ipu majgieHuH, (b) Ipu moabeMe CKOpPOCTb IIOJbEMA 3aBUCUT OT
3apsza q.
ITo CTokcy criia COMPOTHBIIEHHS BO3IyXa
R =6 znrv, (2.12)

TJe BeIUYUHA 7) MPEACTaBIAeT co00H K03(DUIIMEHT BA3KOCTH TOPMO3AIECH

Cpenbl, ¥ — pajuyc Tela, a V — €ro CKOPOCTh (3TOT 3aKOH CIPaBEUINB B
MPEATOI0KEHUH, YTO TOPMO3SILAs CHJIa OAHOPOAHA).

Ha nmaparomyro kanenbky macia IEWCTBYET cujia TshKeCcTH W U BbI-
TaJKuBaoluas cuia Bosayxa B. Ilycts D paBHO pa3HOCTH INIOTHOCTEHN Macia
U BO31yXa, Toraa Fy — pesynabTUpPYIOLIas STHX IBYX CHII, JEHCTBYIOIIUX Ha
cepruecKyIo KaIrulo paanycoM », OyAeT paBHa:

4 4 4
ng W-B= E ﬂermacnag_ E 727”3D1303I[.g = g W3Dg (2.13)

Kamenbka Macia B TEUEHHH OY€Hb KOPOTKOTO BPEMEHH yCKOpseTcs
pe3yInbTUpYIOIIEH cuioit F,, a 3aTeM NMpOoJ0IDKAET Majarh ¢ M3MEPUMOM MO-
CTOSIHHOM CKOPOCTBIO V.

VYuuTeIBas Bce CHIIBI, ASHCTBYIONIME Ha Karumo (puc. 2.3), 1 UCHOIb-
3ysl IEPBOE YCIIOBHE PABHOBECHS], IMEEM:

B+R,—W=0 (2.14)
WIH
R,=W-B. (2.15)

[MoncraBmnss B 3T0 paBeHCTBO BeIpaskeHU (2.12) u (2.13), momygaem:
4
Fo=R,=6mnrvy = 3 m'Dg .

B 3TOM ypaBHEHHH BCEe BEIMYMHBI, KDOME ¥, N3BECTHBI MM MOTYT OBITH W3-
MepeHbl. Pa3pennast ero OTHOCHTENBHO 7, MBI MOXKEM «KaJIMOPOBAaTh KaIlIro»
¥ BBIYMCIIUTD JUIS 3TOM Karm KO3((GHUIUEHT MPONOPIMOHANIBHOCTH MEXKIY
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TOPMO3SIILEN CUIION R M yCTaHOBUBIIEHCS cKOpocThio v. Eciu nmeercs ToJb-
KO CHJIA TSXKECTH, TO Fy = kv,, Tak uTo U3 (2.12) n (2.13) nonyvaem:
R=kv, (2.16)
rae
k= 187(1 - vy / 2Dg)"?.

CKopoCTh NajieHus Vo, UMEET ONHY U TyXK€ BEIMYHHY, OCKOJBKY BEC
KaIlTH OCTACTCsI HeM3MEHHBIM, a CKOPOCTh MOIbEMa Vi 3aBHCHUT, B TO )K€ Bpe-
Ms, OT 3apsfa ¢. [IpuMeHss epBoe YCIOBHE PABHOBECHSI CUJI, JCHCTBYFOIIUX
Ha Karulio TpU ee ToJIbeMe C MOCTOSIHHOM CKOPOCTHIO, KaK MOKa3aHo Ha PUC.
2.3 (6), nomyuaem

Fe+B-W—-R=0 2.17)
WJIH, TIOACTABIISS BEIpAKEHUE [T DIIEKTPHUIECKOH cuitsl u (B — W),
qE=W-B+Rg=F,+ Rz 2.18)

BBonst ¢ momonisio (2.16) B ypaBHenue (2.18) n3aMepsieMble CKOPOCTH,
HaXOJUM:

q = (KE) (vg + vE). (2.19)
OTO BBIpa)KEHHE TO3BOJISIET BHIUUCIIATD 3apsia ¢.

MUUTMKeH TPOBOAMI HAONIOACHUSI C MACIsSHBIMH KallelIbKaMH pas-
HBIX Pa3MEpOB, a TAKKe KaleJIbkaMu pTyTH. Bce HaOmoieHus 1aBaiy 0JHO U
TO K€ 3HAU€HHE JJIEKTPOHHOTO 3apsijia WM «aToMay» dyekTpudectBa. OH yc-
TAQHOBHJI, YTO BO BCEX CIIydasx 3aps SIBISIETCS LIEIBIM YHCIIOM, KPAaTHBIM
HEKOTOPOIl Olpe/ieNIeHHO ! BeTMYHHE.

Takum 006pa3oM, OH YCTAHOBHUII 3aKOH KPATHBIX OTHOLICHHH VIS SJIeK-
TPUYECKUX 3apSI0B U CIeial U3 HEero BEIBOJ 00 aTOMHUCTHYECKOM XapakTepe
3NEKTPUYECTBA.

Haunbonee TouHOE COBpeMEHHOE ONpeeieHHe TaeT 3HauyeHHe:

e=(1,601864 + 0,000025)- 10"°K.

ITockonbKy e/m 1 e U3BECTHBI, MACCy AJIEKTPOHA MOXHO HAWTH C MO-

MOIITBIO TPOCTON apu(METHIECKON OTIePaITHH:
m=(9,1084 +0,0004) -10 ' kr [4, . 34].

I/ICHOHBSyH 3HA4YCHUC 3apdaaa JJICKTpOoAad, MOKHO BbIYHCIIUTbL U KOH-
cranty @apanes, paBHyI0 KOJIWYECTBY 3apsaa, HEOOXOIUMOTO IS TepeHoca
qepes BHeKTPOHI/IT OAHOI0 XUMHYCCKOTO 3KBHMBAJICHTA BEIIICCTBA.

I/ICCJIQILOBaHI/Ie BHCKTpOJ'H/IBa IIOKA3bIBACT TAKXKE, YTO YHUCIIO BHCKTpI/I—
YECCKUX 3ap;1/:[03, HpI/IXOL[HHlI/IXCﬂ HAa OAWH HOH B paCTBope, paBHO €ro Ba-
JICHTHOCTHU.
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2.2. OTKpbITHE POTOHA

IMTocme OTKPBITHS YacTHIBI OTPHUIIATENBEHOTO 3JIEKTPUIECTBA — 3JIEK-
TpPOHA, OBIJIO Pa3yMHBIM IIOCTABUTH BONPOC O YACTHUIIE IMOJOKHUTEIHHOTO
3JIEKTPUYECTBA.

Omnpenesienne COOTHOLIEHWSI 3apsiga K
Macce AJsl TOJIOKUTENbHbIX Jy4deil. ToMcoH
NPEATIOKUIT METOJl U3MEPEHUsI q/m TIOJO0XKUTEIb-
HBIX JIy4ell — KOPILYCKYJ, UMEIOIIUX Pa3HblE CKO-
poctu. Ilo 3TOM METOAMKE Ha JKpaHEe IOJIydald
HapaOOTKH, HaKJIaJbIBas DJIEKTPHYECKOE M Mar-
HHUTHOE TIOJIS B BEPTUKAIBHOHN TIOCKOCTH TIEPIICH-
JUKYJISIPHO K HaNpaBJICHWIO JBW)KEHHS YacTHIIL.
DJeKTpUYecKoe TIOoJIe HAINPaBI€HO BHH3, a Mar-
HUTHOE BBEPX, TaK YTO MarHWTHAs CHJIA OTKJIOHS-
€T aHOJHBIE KOPITyCKYJBI 1o ropu3onTanu. Ilapa-
00JIBI, TOy4YEeHHbIE METOJOM TOMCOHA, ITOKa3aHbI
Ha puc. 2.4.

AHanu3 TONyYeHHBIX IAHHBIX TOBOPHUT O
TOM, YTO TIOJIOKHTENIbHBIE JIy4l 00JIalaloT Ompe-
JICTICHHBIMHU ¢/, TIOCKOJIbKY HAOJIOJlaeMble KPHBBIC SIBIISIFOTCS YHCTBIMU
napabonamu. B ognHOYHOM oOmBITE MPOSBISAETCS HECKONBKO 3HAYCHUH q/m,
T.K. TT1apaboJI MOJy4aeTcss HECKOIBKO, YTO OOBSCHIETCS HU3KOW TOYHOCTBHIO
SKCIIEPUMEHTa BBUAY TOTO, YTO MapaboIIbl MOIYYalOTCSI HEUSTKUMH.

ToMCoH mpemIoXuiI, 9T0 KaKaas JacThIa B MOJOKHUTEIBHBIX Jydax
HECeT 3apsj, PaBHBII M IIPOTHBOIIOJIOKHBIA MO 3HAKY 3apsay JJIEKTpOHA, U
MPUMHCA pa3Indne mapados pasHune B Maccax. OH c4HTal, YTO 3TH Jy4d
HECYT MOJIOKUTENBHBIN 3aps MOTOMY, YTO KaKAas MX 4YacTUIa MOoTepsuia
OJIMH JJIEKTPOH. B cilyuae aTomMapHOro BOJOPOAa OH MOT NPOBEPUTH, UTO
WU3MEPCHHBIE UL MOJOXHUTEIBHBIX JIydel BEIWUIHHBI ¢/ UMEIOT MEHBIINE
3HaYEHHUS. ODTO SIBUIOCH CJICACTBHEM TOT'O, YTO YaCTHULBI ITOJOXHUTCIBbHBIX
Jaydeit obOnanaroT 6onbiIoi Maccoi. COOTHOILICHUE ¢/m IO BETMYUHE OKa3a-
JIOCh paBHbBIM COOTHOHMICHHIO, IMOJYYCHHOMY IMYTEM JCJICHHSA BCJIWYMUHBI 3a-
psina 3JIEKTpOHa Ha Maccy aToma. Tereppb CTajio SCHO, HOYEMY IOJIOKHUTEIb-
HBIE JIy4H{ JIBUTAINCH MEJUICHHEE.

W3 BenuumHbl g/m OBIIO HaliIGHO, YTO Macca MOHAa BOJOPOAA WU
nporoHa B 1836,13 + 0,01 pa3 mpeBsliaeT Maccy deKTpoHa [4, c. 36].

Ne-20  Ne-22
A\

Ne-20  Ne-22

Puc. 2.4. ITapabonb! HeoHa

2.3. U3oTonbI

Camoii mopasuTtensHOH ocobeHHOCThI0 Tapabonm TomcoHa ObUTO TO,
YTO HEKOTOPbIe XMUMHUYECKH YUCTBIE I'a3bl UMEIOT OOJIbILIEC OXHOTO 3HAYCHUS
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g/m. Tak, B ciryyae HeoHa OBIJIO BBIIBUHYTO MPEIOJIOKEHHE O CYIIECTBOBA-
HHUHM JIBYX €ro BUIOB. [I0Ka3aTelIbCTBO 3TOH MHTEpIpETaiy ObII0 JaHo Ac-
TOHOM, OIJHUM M3 YYEHHKOB TOMCOHA. ACTOH pa3/eNwI ra3 HEOH Ha TsDKe-
JYI0 ¥ JIETKYI0 4acTH, MHOTOKPATHO IPOMYCKasl €ro uepe3 MOpUCTYIO Iiepe-
TOPOJKY, MpEAToaras, 4YTo CTEIEeHb HMPOXOXKICHUS OoJjiee JIETKUX YaCTHIL
Oyzner OombIlle, YeM TSDKENBIX, U TeM CaMbIM OyIeT AOCTHTHYTO MX pa3iesie-
Hue. B pesynbraTe ACTOH MOMyYHII 1Ba OYEHb MalleHBKUX oO0beMa raza. OH
ompeneIui A KaKA0i 4acTH 3HaueHHe aTOMHBIX BecoB: 20,15 — s mep-
Boil 1 20,28 — 11 BTOpOil. C Tex mop OBLIO OKAa3aHO, YTO MHOTHE JIEMEH-
ThI, OYAy4YH WIACHTHYHBIMH XMMHYCCKH, OTINYAIOTCS 10 Macce. Takue ¢op-
MBI CYIIECTBOBAHHS XMMHUECKHUX JIEMEHTOB Ha3BaIH M30TOIAMH.

2.4. llepBast Mmoaes b aTOMa

B mpensinymux riaBax NMpUBEAECHO ONHMCAHWE Pa3BUTHUS aTOMHUCTHYE-
CKHUX TPE/ICTABICHUH, OTKYa BUIHO, YTO CYIIECTBYET HECKOIBKO COCTaBHBIX
3JIEMEHTOB BELIECTBA. SICHO, YTO 3JIEKTPOHBI BXOIAT B COCTAB BCEX 3JIEMEH-
TOB BeIEeCTBa, Oojnee (PyHOAMEHTANBHBIX, YEM COCTABISIONINE MX XUMHUE-
CKHE JJIEMCHTBHI.

SIcHO TakXKe, 4TO CYIIECTBYIOT MOJIOXHTENIBHO 3apsDKEHHBIE COCTaB-
HBIE 3JIEMEHTHI BELIECTBA, KOTOPBIE COCTABISIOT UX OCHOBHYIO Maccy.

ToMCOH mocne KOJIMYECTBEHHBIX JKCIEPUMEHTOB C JNEKTPOHAMU U
AQHOJHBIMHU JIy4aMH IPEATOJIOKMI, YTO OOBIYHBIA aTOM XHMHYECKOTO HJie-
MEHTa IPEJICTaBIsET CO00I CMeCh 3JIEeMEHTapHBIX YaCTHI[ U3 OTPHUIATEIHEHO
3apsDKEHHBIX AJIEKTPOHOB U MOJIOXKUTEIBHO 3apSHKEHHBIX MACCHBHBIX YaCTHII.
Mopenp aroma Tomcona ObLTa Ha3BaHA MOJENBIO «CIMBOBOTO ITYAWMHIA.
CornacHo eif, aTOM BBINJIIANT KaK CTYyCTOK MOJ0XKUTEIBHO 3apsDKCHHBIX Yac-
THUI, B KOTOPOM, MOAOOHO CIMBAM B IIyAWHIE, CHISAT JIEKTPOHBI, MPHIEM
YHCIJIO BTOPBIX PABHO YHCITY NEPBBIX.
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I'maBa 3

3apo:xieHue TeOPUH U3JIYUYEHUSI U COBPEMEHHOT0
npeacTaBjaeHust 00 aTome

YcTaHOBJIEHHE COBPEMEHHBIX MPEACTABICHUI 00 aToMe ObLTO OBl HE-
BO3MOYKHBIM 0€3 pa3BUTHUS TEOPUH H3TYUEHHUs, IPUPOJIBI CBETAa U MPOCTpaH-
crBa. MccienoBanue CBONMCTB BaKyyMa, Kak Cpelibl, IEpEAArOIIEH U3ITyUeHueE,
3a MOCIIEHUE JACCATUICTHS PEBPATIIIOCh B OJTHO M3 CaMbIX (pyHIaMeHTAab-
HBIX HAIpaBIICHUH, MO3BOJISIONINX IIPOHUKHYThH B TalHBI (DU3HUKH, CTPYKTYPY
aToma u s3BoJitoninu BeenenHoi. IMeHHO BakyyM sIBiIsleTCs TOM cpenoil, ue-
Pe3 KOTOPYIO TepenacTcs AIEKTPOMarHuTHOE N3TyICHHUE.

Bce MCTOYHMKH CBeTa IMPENCTABISIOT COOOH BemlecTBa, BO30YKICH-
HBIC TEM WJIH WHBIM cnocobamu. Hampumep, BemectBo ConHIA HM3Tydaer
CBET 3a CYET BBICOKOW TeMITEPaTypPHI.

C Tex mop, xak ['eapux I'epu mokazan crpaBeTUBOCTh Teopuu Mak-
cBeJUia 00 AIIEKTPOMArHUTHOM H3JIyYE€HUH, MBI 3HAEM, YTO IEPBHYHBIM HC-
TOYHUKOM H3ITy4CHHS SIBJISETCS YCKOPEHHBIN IeKTpuyeckuil 3apaa. OnHako
OCBEIlIEHHE TEOPHH M3ITyueHHs1 MakcBesia Mbl HAaUHEM C JIpyrux paboT, Ko-
TOpBIE MPOJIUBAIOT «CBET» U HA 3Ty TEOPHIO.

3.1. Bo3HuKHOBeHHE EPBHYHOIl TEOPUH «CBETa»

HeioToH cumTan, 4TO CBET SBIAETCS MOTOKOM OBICTPO JBMIKYIIHXCS
YIPYTHUX 9aCTHL OYE€Hb MAJIOH Macchl. DTa TOUKA 3pEHHS OOBSICHSIA SIBICHHE
OoTpaxkeHHsI cBeTa oT npeameroB. Hanpotus, Xpuctuan ['toireHc npuaepxu-
BaJICs MHEHUS, UTO CBET IpeacTaBiseT coboil BoiHbl. Hanbomee yoenurens-
HBIM apryMEHTOM B TOJIb3Yy 3TOTO YTBEPXKICHHUS OBUIO TO, YTO JBa ITydyKa
CBETa MOTYT II€peceKaThCsi, HEe «CTalKuBaschy». [IpumepHO uepe3 cTO JeT
NocJie HUX aHruiickuM yueHsiM Tomacom FOHrom B 1801 1. ObLTO MOKa3aHo,
YTO HIBE€TAa TOHKHX IIJICHOK U HOBerHOCTCf/lI C Pa3sHOUBETHLIMU I10JIOCAMH
MOXHO OOBSICHUTH TOJIBKO SIBICHHSAMH MHTepQepeHIn BoiH. [anpHeinme
paboThl, BEIMONHEHHBIE (paHIy3ckuMu (uznkamu @penenem, Aparo, Ma-
moca, Kophro, @30 n ®yko, mokaszanu, 4To KOPITyCKyJIsipHast IIPUPOAA CBe-
Ta HeNpuroaHa. Pa3Burue 3THX padOT AOCTUIIIO KYyJIbMUHAMOHHON TOYKU B
1864 r., xorma Jxemc Kiepk MakcBemn omyOIMKOBan pe3ylbTaThl CBOHMX
TIONBITOK M3JIOKHUTh 33aKOHBI DJIEKTPHUYECTBA B CTPOTOH MaTeMaTH4YecKOH
tdopme. Emy ymanocek BeBecTH muddepeHIraIbHble ypaBHeHNs, IPEICTaB-
JIsIs ANIEKTPOMArHUTHBIE TONIA Kak BOMHBL. OH TOKa3al Takke, 9T0 CKOPOCTh
3THUX BOJH PaBHAa CKOPOCTH cBeTa. Teopus MakcBeiuia Oblia MpoBepeHa B
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1888 r. I'epriem, TOKa3aBIINM, YTO KOJICOAHUS TOKA B DIICKTPHUYCCKON IICTIH
MOTYT Yepe3 MyCToe MPOCTPAHCTBO CIOCOOCTBOBATH Tepeaade YHEPTUH JpPy-
roil TaKOH ke IEeMH.
Pa6otsr ['epria omHOBpEMEHHO TIPUBENH K OTKPBITHIO SABIICHIS PoTOdddeKTa,
3aKJIIOYAIONIETOCs B TOM, YTO OTPHUIIATENBHO 3apsDKEHHAs YHCTasl TUTAaCTHHKA
IIUHKA TIPH OOJTyYeHNH YIbTPapHOIETOBHIM CBETOM TEPsET CBOU 3apsd. JTO
OTKPBITHE, B CBOIO OUYepeb, IPUBEIO K TIyOOKOMY IEpPEeCcCMOTPY BOJHOBOMH
TEOPHUH CBETa. DIICKTPOMArHUTHASL TCOPHS CBETOBBIX BOJIH U JAPYTHE PabOTHI,
CBSI3aHHBIE C DJIEKTPUYECT-

Yacmoma, 2
! BOM, TEMIEPATYypPHBIMHU IIPO-

10 23
4 [eccaMu, ONTHYECKUMU SBJIe-
N Tamma JIyqu
10 2 — HUSMH, TIPUBEIM K TOHUMA-
09l W Kecrxne 4 HUIO TOTO, YTO BCE MHOT000-
Jlyun Pentrena pasue q)OpM W3JTy4Y€HUA —
10 " 1  Markie vy TEII0, CBET, PaIMOBOJHBI H
0 ¥ _YistpaduoneTos. T.J. UMEIOT €AUHYIO 3JIEKTPO-
Hudppaxp. 4 Bujimbiid MarHUTHYIO MPUPOAY U OTIH-
13 CBET
10— pommr - YaKoTCs APYT OT APYra TOJIbKO
v o
10 "—F ygactoToil. Ha puc. 3.1 mpuse-
, K‘;%ig:fe J€HA TPOTSHKEHHOCTh JJIEK-
10 °
| My TPOMArHUTHOTO  M3JIyUYCHHS
10 7 —= Tenesncnne y 0 YaCTOTHBIM XapaKTepu-
Pajuo
0 ° ctukam. JIroboe u3myueHue u3
T JUTHHBIE BOMHBI 9TOTrO CIEKTpa CBSA3aHO C YC-
L xly 10 3 =1~ KOpEHHEM INEKTPUUECKUX

3aps10B nu OIIKMCBIBACTCA

Puc. 3.1. CnexTp 31eKTpOMarHUTHOTO U3ITyYeHHS
ypaBHEHUsIMU MakcBea.

3.2. Tens1oBOE M3Ty4eHHE

s Gosee T1yOOKOro IMOHUMAaHMS NPHUPOJBI SIEKTPOMArHUTHOTO U3-
JTydeHus: ocoOeHHOe 3HaueHHe UMeNH paOoThl, CBA3aHHBIC C U3YUYEHHEM 3a-
KOHOB TETJIOBOT'O M3JTy4ECHHUSI.

W3BecTHO, YTO €CIIU TEJO JIOCTATOYHO CHIIBHO HarpeThb, TO OHO OyneT
M3JIyYaTh BUIUMBIA CBET. Bbulo 3amedeHo, 4TO 3HEprus M3Iy4eHHs OT Ha-
IPETOTO TeNa pachpenelsieTcss M0 HENPEPHIBHOMY CIIEKTPY, 3aBUCAIIEMY OT
ero TeMnepaTypsl. MeHee HarpeThie Tena U3IyYaroT CIEeKTP dJIeKTPOMarHuT-
HBIX BOJIH HU3KHX JHEPruid (JUIMHHBIX BOJH), a O0Jiee HarpeTble — BBHICOKHX
9HEPruil. DTO COOTBETCTBYET TOMY HaOJIOJCHHIO, YTO IIPU HarPEeBAaHUM BHa-
Yaje TeJo (MEeTaJul) CTAHOBUTCS KPAaCHBIM, a 3aTeM, IIPH IOBBILICHUU TEMIIe-
paTypsl — OeJbIM.
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Jis uccienoBaHusl TEIIOBOTO M3ITyYeHHs YIOOHO MOJB30BATHCS IMO-
HATHEM a0COJIFOTHO YEpPHOTO Teja, KOTOPOe BKIIFOYAET B ceOs MOJOKCHUE O
TOM, YTO TEJI0, NOMJIOUIAIONIee BECh MalalolUi Ha €ro MOBEPXHOCTb CBET,
SBIISICTCS A0COIFOTHO YEPHBIM.

[TornoTutenpHON CHMOCOOHOCTBIO TIOBEPXHOCTH Tella HA3BIBAIOT TY
4acTh NAJAIOIIEr0 Ha HEe CBeTa, KoTopas mnorjowaercs. llormoturensHas
CcrocoOHOCTH a0COIOTHO YEPHOTO Tella paBHA eAWHUIlE. beiio HalimeHo, 9To
OTHOIIICHHUE JTYYCUCITYCKATECIBHONU CMOCOOHOCTH E K MOTJIOTHTEIBHOM CITo-

COOHOCTH A TpH JaHHOW TeMmmeparype — BeJIMYHMHA IMOCTOSHHAs (3aKOH
Kupxroda), T.e. BBIITOIHAETCS COOTHOIICHHE!
E, E
—=—. 3.1
4, A

Tax kak 1 abcomoTHO YepHOTOo Tena Ap = 1, To obImas JTydercycKaTeb-
Hast CHOCOOHOCTH BBIPA)KAeTCsl ypaBHEHHEM

E = AE,, 3.2)
rne Ey — oOmas mydenciycKaTreiabHas CIOoCOOHOCTh abCOMIOTHO YEpHOTO
Tena.

W3 mpenmnonoxenus, uto A i dr000i MOBEPXHOCTH, KpoMme abco-
JIIOTHO YEPHOTO Telia, BCET/la MEHbBIIE €MHUIIBI, CIIEyeT, YTO HUKaKas I0-
BEPXHOCTh HE MOXKET M3JIy4aTh CHIIbHEe, 4eM aOCOIOTHO uepHoe Teno. Ta-
KUM 00pa3oM, abCOJIIOTHO YEpHOE TeJO SBJIAETCS Kak HanOosee 3(hdhexTHB-
HBIM IIOTJIOTUTENIEM, TaK U M3JTydaTesleM CBETOBOM SHEPTUH.

B 1879 r. Credan momyunn smnupude-

Wy 5 Omu. Eo. o
CKYIO 3aBHCHUMOCTH JJIS JTyYEHCITyCKATEeIhHOMH
1401 CIocOOHOCTH €MHUIIBI TOBEPXHOCTH:
120 4 1646 E = k,oT", (3.3)
100 4 / rae k, — KodpPUIHUCHT H3ITydeHHs TIOBEPXHO-
CTH, ompenenseMblii cootHomeHneM E/Eo;
80 1449 o — mocrosiHHass Credana-bonbivana; T —
60 1259 abcomotHas Temrmeparypa. CremoBaTenbHO,

JUTSE aOCOTFOTHO YepHOTO Tema k, = 1.
40 1095 Ha pwuc. 3.2 npuBeneHbl KpHUBBIE pac-
MpEe/IeICHHs] SHEPTUH, MOJTYyUYEHHbIC OIBITHBIM

20 1 904 ITyTEeM B CIIEKTPE U3ITyYCHHUS YEPHOTO Tella IPU
— Pa3IMYHBIX TeMIIepaTypax.

T 2 3 4 5 6 Bbuti MOMIBITKM TEOPETUYECKOTO pacye-

Hruna eontst, . Ta BUJAa KPHUBOH paclpeleNeHusl SHEpruu B

Puc. 3.2. Pacnipenenenue sHepruu
B CIEKTPE M3ITy4CHHs YEPHOTO Te-
JIa IPH PasHBIX TeMIeparypax

CIICKTPEC M3JIYUYCHHUA, KakK (byHKHI/II/I JJINHBI
BoyiHbl. JKenas HaWTH BBIpAXKCHUEC JIsI MOHO-
XpOMaTPI‘ICCKOﬁ Hy‘lGHCHYCKaTGHLHOﬁ CIIO-
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cOOHOCTH (PHEPrHs W3ITYYCHMS IPH ONpPEJIeNICHHBIX JUIMHAX BOJIH), BUH uc-
MOJTh30BAJT KJIACCHYECKHE 3aKOHBI TEPMOIMHAMUKH U MOIYYWJ ypaBHEHNE

E,=c [ T) (3.4)

Iie @ — TOCTOsHHAsA, A — JUIMHA BONHEI U3aydenus; f(A, T) — HekoTopas
(OYHKIHS JUTHHBI BOJHBI I TEMITCPATYPHL.

BuH monarai, 9To YCKOPCHHE WM 3aMEUICHUE YACTHII, JBIKYIIIX-
s 10 3aKOHY pacmpezielicHuss MaKcBeslia Mo CKOPOCTSIM, BBI3BIBACT H3ITyde-
HHUE U MOJYYHI SMIUPUIECKOE BBHIPAKEHHE JIJISI MOHOXPOMATUYECKON JTyde-
HCIYCKaTeIFHOU CIOCOOHOCTH BHYTPH M30TEPMHIUECKOTO YEPHOTO TeNa. ITO
BBIPKCHUE UMEET BUJL:

a A’

E,=—Ho, (3.5)
A eb//lT

rae A — JanuHa BOJHEIL, T — aOCOMIOTHAS TeMIleparypa; ¢ u b — aBe moaou-
paeMble U3 ONBITA pallMOHANbHBIC MOCTOsIHHBIE. ['paduk 3akona BuHa moka-
3aH Ha puc. 3.3 kpuBo# 1.

BuH KOHCTaHTBI @ ¥ b BBIOpaAT Tak, YTOOBI MOJYYHIOCH XOPOIIEE COB-
NaJieHue ¢ IKCIIEPUMEHTAIbHBIMU JAHHBIMU B 00JIaCTH BBICOKHX dHEPTHA.
4‘]"% Hpyras Teoperu-

Yyeckasi TMOMNBITKAa ycTa-

2 HOBHUTH 3aKOH pacIpe-

3 JIeTIeHUs] SHepruu Oblia
npeanpuHsata B 1900 1.

v PoneeMm, B xoTopoil oH
MPUMEHW  KJIacchde-
CKMHA NPUHLMII PaBHO-
MEpHOTO  pacmpezerne-
o 1 2 3 4 5 6 7 & 9 10 1 HHUS DHCPIrUM MO CTEIe-
ﬂﬂqul B0JIHbl, MK HSIM CBO60)IBI. B pe_

Puc. 3.3. KpuBsie [uisi pa3IuyHbIX 3aKOHOB M3JTy4CHHUS: 3yJIbTaTe OBLIO moJIyue-
1-3axkon Buna, 2-3akon [lnanka, 3-3akon Panes-J[xunca

HO YpaBHCHUEC, Ha3bI-
Bac€MOC€ YpaBHCHUCM P3He${-ﬂ)KI/IHcaZ

27RT
E,= —014 )

Oxka3ajoce, 4TO ypaBHCHUE YJIOBJICTBOPUTEIBHO COTJIACYETCS C Ha-
OJIF0JTacMBIM CIIEKTPATbHBIM PACIpE/ICIICHUEM B O00TaCTH HU3KHX HEPTHH,
HO B 00JIACTH BBICOKHX JHEPruil He OBUIO JaXKe MPHUOIMKEHUS K 3HAYCHHUSIM
OTIBITHEIX TaHHBIX (puc. 3.3).

(3.6)
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Jnst onmcaHust BCEro 9KCHEPUMEHTANBHOTO CHEKTpa M3Ty4eHHs abco-
JIFOTHO YEPHOTO TeJa OblIa MpeAyoKeHa SMITUpHIecKast GopMya:

E,=cl’ Mo~ H ~bIAT)" 3.7)

U3 a1oii hopmyiisl ipu 12 = 5 ¥ yactore V=1 MOXHO MOJY4UTh YpaB-
Henue Buna, a pu =4 u b = 0 — ypaBnenue Panes-/xuHca.

VYpaBHEeHHE 11 MOHOXPOMAaTHYECKOW JTy4eHCIyCKaTeIbHOU Croco0-
HOCTH a0COJIIOTHO YEpHOTO Tela ynanochk noiayunth Makcy Ilnanky. ITnank
MIPEATIOKIIT Hanbosiee peBOTIONMOHHYIO THIIoTe3y noxu. IIpocreiinieit cuc-
TEMOM, KOTOpasi CIOCOOHAa HCITyCKaTh M IIOTJIOMIATh M3Iy4eHHE, SBISETCS
CHCTEMa MPOCTHIX T'aPMOHMYECKHX OCHWIISATOPOB, HM3IYyYaloliasi 3HEPTHIO
HEIPEPBIBHO, B COOTBETCTBUU C Kilaccudyeckoil Teopueil. Ho mo npennoxe-
Huro ITnaHka, Takoi OCHMIIATOP MOJDKEH M3IIydaTh SHEPTHI0 HE HEIIPEpbIB-
HO, a TUCKPETHO. JTH MOPIMH JOJDKHBI OBITH KpaTHBI (yHIaMEHTAIBHON
SHEPreTUIecKor enuHuIe &, T.e. 0, &,...ng, B pesymprare Ilmank momyqmn
yYpaBHEHHE U MOHOXPOMAaTHYECKOHW JydeHCITyCKaTEeIbHOW CIIOCOOHOCTH
a0COJIFOTHO YEPHOTO Tea:

2mc &

24 e/ _qp°

IJe ¢ — CKOpOCTb CBeTa; k — nocrosHHas bospimana.
[Hanee Ilnank B ypaBHEHHE BBEJN TeMIIEpaTypy B codeTaHuu A7, yIUTHIBasd,
4yro A=c/v. CnepoBarensHo, U3 ypaBHeHHs (3.8) BUAHO, YTO KBAHT DHEPIHU
JIOJKEH OBbITh MMPOMOPLUOHAIIEH V, T.€.

&=hv, (3.9)
re & — HOBas IOCTOSIHHAs, Ha3blBacMasl MocTosHHOH I[lmanka, 3HaueHue
KOTOpOil B HACTOSIIEE BPEeMs OIEHHBACTCS BETHMUMHON 6,62-107 spe-cex
i 6,626176-107* [iowe Ty

W, HakoHel1, TOCIIe MOJICTAHOBKU 3HAYECHUS €, 3aKOH paclpeAeiIeHHs
[Tnanka npuHSIT BUA:

E,= (3.8)

_ 27he? 1

PE oHIURT) _ 1"

E; (3.10)

W3 puc. 3.3 BUIHO, 4TO TOJIBKO TeOpeTHuYecKas Kpupasd mno [lnanky B
TOYHOCTH COBIAJAET C IKCIIEPUMEHTAIbHBIMU JaHHBIMU [8§, ¢. 21].

Takum o0Opa3oM, mo Teopuu [lmaHkKa OCHMILIATOPHI H3IyYarOT JHEP-
THIO TOJIEKO TIOPLUSMU, PABHBIMH BEIMIHHE TIOCTOSTHHOH [Imanka.

3.3. ATOMHBIE CIEKTPbI

Hapsimy ¢ usydenneM npoOiaeMsl n3mydeHHs: aOCOMIOTHO YEPHOTO Te-
Jla, BHUMaHHE Y4YEHbIX OBbUIO CKOHIIEHTPHPOBAHO M B OOJIACTH M3Y4YCHHUS
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ATOMHBIX CIIEKTPOB. J[aBHO OBLIO HAWIEHO, YTO, HAIPUMED, MPHU IPOITyCKa-
HUM AJIEKTPHYECKOTO pa3psia B OJHOATOMHOM Ta3e HUCIycKaeTcs cBeT. M3y-
YEHHE TOTO CBETA C IMMOMOIIBI0 TUPPAKINOHHBIX PEIIETOK TN MPU3MEHHBIX
CIEKTPOMETPOB ITOKA3aJI0, YTO CBET COCTOUT U3 CEPHH SPKUX JIMHUH C OIpe-
JIEIEHHBIMH [UTHHAME BOJIH, KOTOPBIE OKAa3aJINCh XapaKTEPHBIMH JUIT Kax-
JIOTO JaHHOTO 3reMeHTa. Ha puc. 3.4 mokaszaH JTHHEHYATHIN CIIEKTP aToMa

n=3 4 5 6 7 8

H HB H’Y H§

o

A =6563 4861 4340 4101 HenpepsbiBH.
Cnektp

Puc. 3.4. CnexrpasibHbIe IMHIH aTOMa BOZOPO/IA B BUMMON 00IacTH

BOJIOPO/Ia, KOTOPBIH SIBIISIETCS] CAMBIM MPOCTBIM M3 BCEX JIEMEHTOB.

B 1885 r. bamsmep nonyuni ypaBHEHHE, KOTOPOE CBSI3BIBAJIO JICBATH
JIUHUN CIIEKTpa BOAOPOJA, M3BECTHBIX B TO BpeMsl U Ha3BaHHBIX CEpHUCH
bansMepa. B o6meM Bujie ypaBHEHHE I BOJIHOBOrO uucna (V = 1/4) ume-
€T BUL:

_ 1 1
V=R(———5), (3.11)
a m

rae R — MOCTOSIHHAS, U3BECTHA 10T Ha3BaHMEM NocTosiHHas Punbepra; a —
MTOCTOSTHHAS BEJIMYMHA, 3aBHUCAIIAs OT JAaHHOH crieKTpaibHO# mianu (1,2...n);
m — TepeMeHHOe 110 YUCIIO.
Bruto nHaiineno, uto moctosiHHAs Punbepra, moiaydeHHas s Onpezae-
JICHHOT'O 3JIEMEHTA, OYCHb HE3HAYMTEILHO MEHICTCS OT 3JICMEHTA K DJIEMEHTY.
B 1830 r. Punbepry yaanoch HaiiTu ypaBHeHHE OoJiee 0OIEro xapak-
Tepa:
R
Y e by

rie V,, U b — TOCTOSIHHBIE, PA3TMYHBIE /IS PA3HBIX CEPHIL; 1 — mapamerp,

(3.12)

KOTOPBIN MOKET IPUHUMATBH I10CIIEJOBATEIbHBIC IEITOUYNCICHHBIC 3HAUCHHS.
Jns KaXIoro aroMa CyIIECTBYIOT HECKOJIBKO CEpHH CIEKTPalIbHBIX

JuHUN. BHYyTpH cepuil BOJHOBOE YMCIIO KaKIOW CHEKTPAJbHOM JMHHUU MO-

KET 6bITI> IpeaACTaBJICHO B BUIC pa3H00Te171 JABYX TEPMOB, OAMH U3 KOTOPBIX

nocrosinet (V). Bbulo nokasaHo, 4To 3TH Cepur CBA3aHbI YOPMYJIOi THIIA

R 3 R
(m+a)> (n+b)*’
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r7ie @ u b — nogdupaeMble U3 OIBITA TIOCTOSIHHBIE, 3aBUCSIIIE OT JIEMEHTA.
Ipu a = b =0, a m = 2 BeIpaxkeHUe mepexoaut B hopmyny banemepa mis
BOJIOpO/IA.

JU1s1 0603HaUeHNS Ha3BaHHBIX CEpPHIl HCTIONB3YIOTCS CHMBOJIBL S, p, d U f-

3.4. Mopeas atoma Pezepdopaa

Omnebit Pesepdopaa, BeimonHeHHbI B 1911 1., no3Boaun Gosee riry-
0OKO TOHATH MPHUPOAY CTPOCHHUS aToMma. YUEHBIH HM3ydal, KaKuM 00pa3oM
anbga-yactuisl (@), 00pa3oBaBIIUeCs NPU PAJTUOAKTUBHOM PACIaje pajus,
noryomatoTes BemectBoM. Cxema onbita Pesepdopna mpuseneHa Ha puc.
3.5.

5 & |
¢
Puc. 3.5. Cxema onbita Pesepdopna mo paccessHuio anbha-4acTui:
1 — panuii, 2 — MOTOK ¢-4acTHll, 3 — 3KpaH, 4 — CBUHIIOBAs 3allUTa,
5 — 3omnotas Qombra

Pesepdopn momydan y3kuil MydoK @-4acTHWI], KOTOPBIA MOMaaail Ha
(hompry M3 30JI0Ta MEPHEHIUKYISPHO ee moBepxHocTH. [Ipomenmue yepes
(hoNTBT'Y YaCTHIIBI BRI3BIBAIM BCIIBIIIKY Ha (IIyOpecHUpyIOmeM KpaHe. beiio
YAUBUTEIFHO TO, YTO (-YaCTHIIBI, IPOXOAs depe3 (HONbry, OTKIOHSUINCH Ha
OYEHb Majbl€ YTJIbI, HO HEKOTOPBIE M3 HUX OTKIOHSJINCh OYEHb CHUIIBHO,
BIUIOTh IO OTpaKeHHs Hasaa. UToObl OOBSICHUTH 3TO sBJICHUE, Pesepdopn
JIOJDKEH OBLT MPENNOI0KHUTh, YTO HEKOTOPBIE (-4aCTHIBI BCTPEYAIOT Ha CBO-
€M IyTH HEeYTO HEOOJBIIOE U CPABHUTEIIPHO MAaCCUBHOE. YUCHBIN Clenal u3
3TOTO BBIBOJ, YTO MAaCCHUBHBIM MOJOKUTEIbHBIN 3aps] CKOHUEHTPUPOBAH B
OUY€Hb MaJION IeHTpalIbHON YacTu aToMa. OH MOCTYJIUPOBAI TAKXKE, YTO OC-
TaJbHAs O0JIACTh aTOMa MpPEICTaBIsIeT coOOW 00JIAKO OTPHIATEIHHO 3apsi-
JKEHHBIX 3JIEKTPOHOB.

Takum 00pazoM, OCHOBHOE B3aMMOICHCTBHE (KYJIIOHOBCKOE) IIPOMCXO-
JIAT MEXAY JABAXIBI 3apsDKCHHBIMH Q-9acTUIaMU (+2e) U TOJO0KHUTCIBHBIM
SIIPOM € 3apsiioM +Ze.

Cuia B3anMOJICHCTBHS OTBEYAET PopMyIIe:

27e*
F=="—. (3.14)
r
B teopun Peszepdopaa npeanonaraercs, 4To a-4acTHIIbI pacCEeMBaIOT-

Cs HCTIOABWIKHBIMU TOUCHYHBIMH 3aps/IaMU. Taxoe OPEAIOJI0KEHUE NaCT BO3-
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MOYKHOCTb OIICHHTb Pa3Mephl TAKOH TOYKH, YTO JIETKO PACCUMTBHIBACTCS IS
Ol-4aCTHUIIBL, JICTAIICH MPSIMO HA SIPO, U3 3aKOHA COXPAHCHHS SHEPTHUH.

HWTak, MbI MOXKEM HamucaThb GOpMyIy

2 2
My 2Ze

5 7 (3.15)
rne M — Macca -4aCTHIIBI; V — CKOPOCTbh; d — PacCTOSHHE HAaUOOJIBIIETO
COMKEHUSL.

st d umeem:

Ze®

5 -

d=4 (3.16)
My

JInst vccneoBaHHBIX siep d pasHo mpumepHo 107 a. Mol 3HaeM, 4o
pamuyc aToma pase ~107'" x. Takum 0Gpa3omM, GONbIIAs YACTH MACCHI aTOMa
CKOHIICHTPUPOBAaHA B HEOONBIION LEHTPAIbHONW 00JAcTH, IZie IUIOTHOCTB
nocturaet npuMepHo 10'® ke/a’. Dta MaccHBHas 4acTh COAEPHKHUT TIOTOMKH-
TCJIBHO 3apsAKCHHBIC YaCTHUIBI. 10T BBIBOJI YTBEPKIAACT OTKPBITUC aTOMHOT'O
simpa [4, c. 65].

Pesepdopn mpemnoxun mianeTapHyro Mozaenb atoMa. CoriacHo 3Toi
MOJIETIH, DJIEKTPOHBI COBEPILIAIOT OPOUTAIBHBIC JBM)KEHHS BOKPYT S1pa 1101
JIECTBUEM KYJOHOBCKUX cHi. OIHAaKO OCTAaBaJIUCH €Ile MHOTHE BOIPOCHI
OTHOCHTENBHO TOTO, KaK YAEP>KHBAIOTCS MMOJIOKUTEIHHO 3apsHKEHHbIE YacTH-
Il BMECTE HA TAKUX MAJIBIX PACCTOSHUAX, TIOYEMY TBEP/BIC TEIa COXPAHAIOT

CBOIO CTPYKTYpY U T.JI.
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I'naBa 4

KBaHTOBO-MexaHH4YeCcKOe ONMUCAHUE YIEKTPOHHOI 000J10UKH
aToMa U ero KOHUeNnTyajJlbHble MPOTUBOPEYHs

4.1. Mopeans atoma Bopa

W3 crpykrypHoii Teopun Pesepdopaa He ObUTO SICHOCTH B TOM, KaKUM
00pa3oM JOCTHraeTcs YCTOMYMBOCTH aTOMa, €ClIM y4YMThIBaTh TpeOOBaHHE
KJIACCUYECKON 3JIEKTPOAMHAMUKN O HENPEPBIBHOM HU3IYyYCHUM JHEPIUM BO
BpeMsl IBIKEHMsI MEKTpoHa BOKpYT aapa. Ognaxo B 1913 rogy Hunsc bop
NPEOJI0NIEN 3TO IPOTHUBOPEYHE, BBICKA3aB «KBAHTOBYIO» KOHIIEHIHUIO JIHC-
KPETHBIX SHEPTeTHYECKUX YPOBHEM.

B ocHoBy cBoeii Teopun bop monoxwun ciemyromye aBa nocTyara.

I. ATOMBI MOTYT IJIUTENBHO MPEOBIBATH TOIBKO B ONPEACICHHBIX CTa-
IIMOHAPHBIX COCTOSIHUSX, B KOTOPBIX, HECMOTpPS Ha MPOUCXOJSIINE B HUX
JBIDKCHUS 3JIEKTPOHOB, OHM HE U3JIy4YaroT SHEPIHI0. B 3THX COCTOSIHUSX aTo-
MBI 00J1a/1al0T PHEPTUAMHE, 00pazyromumu nuckpetHsiit psa: E;, Es... Ei...En.
CocTosHUSI 3TH XapaKTePU3YIOTCA CBOEH yCTOHYMBOCTHIO, BCAKOE N3MEHEHHE
Ei npoucxouT TOIBKO MPH MOJHOM IMEpexoje (CKauke) U3 OJHOTO COCTOSI-
HUS B IpyToOE.

II. (YcnoBue uacror) [Ipn mepexonme M3 OAHOTO CTAIlMOHAPHOTO CO-
CTOSIHHSL B JIpyrO€ aTOMBI HCITyCKalOT WM TIOTJIOIIAIOT W3JIyYeHHE TOJIBKO
CTPOTO OIpEeNeNIeHHON 4acToThl. M3iyyeHune, ucmyckaeMoe WM ITOTJIoIae-
MOE TIpH NepexoJie W3 CTAIMOHAPHOTO COCTOSIHUS C 3Hepruei E, B crammo-

HapHO€ COCTOSHHE E,,, MOHOXPOMATHYHO, M €ro 4acTtoTa V ONpeaciIsacTCs
COOTHOILICHUEM

— Em _En
7 .

O6a nocrtynara bopa HaxoAsTcst B MPOTHBOPEYHH C BBHIBOAAMH KJac-
CU4ecKol anexrpoarHaMuku. OIHAKO 3T MOCTYJIAThl HAXOASATCA B MOJHOM
COIJIACUH C YCTAHOBJIECHHBIMU OMBITHBIM IIyTEM CBOMCTBAMH aTOMOB.

OnexTpoH, 1o Teopuu bopa, Tokann3oBaH Ha HEKOTOPOH YCTOMYHBOMI
KPYTOBOI OpOWTE BOKPYT SApa, YAOBIETBOPSIOIIEH KBAHTOBOMY YCIIOBHIO O
KPaTHOCTH MOMEHTa KOJIMYECTBa IBIDKCHHUS p 3JEKTpPOHA BenWduHe h/27r.
TaxuMm o6pazom, bopom ObLITO ITPEANIOKEHO YpaBHEHNE:

nh
p = — =mvr, 4.1)
2r

v
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I7ie 7 — TOJIOKUTEIBHOE YHCIIO0, HA3BAaHHOE KBAHTOBBIM YHCIIOM; /i — TIO-
crostaHas [lmaHka; m u v — macca U CKOpOCTb JJIEKTPOHA; 7 — PaIHyC Op-
OWTEHL.

[To Bopy, opOuTa ¢ HAMMEHBIIAM PATIYCOM, IUISI KOTOPO# n = 1, sB-
JSeTCS caMOW yCTOWYHMBON AJIST BOJOPOJOIIOIO0HOTO aToMa, W AJIEKTPOH Ha
3TOI OpOUTE HAXOANUTCS B TAK HA3HIBAEMOM OCHOBHOM COCTOSTHHH.

HHTEpecHO OTMETHTH, YTO B MoAenu bopa HET MexaHM3Ma, Mpemy-
CMaTPHUBAIOIIIETO U3JTyUYCHHE IHEPTUHU IJICKTPOHOM.

JlJ1 KOJTMUECTBEHHOTO pacyeTa OJHO3IEKTPOHHONW CUCTEMBI MIPUHSATO,
YTO CHJIA IPUTSDKEHHUS MEXKAY SAPOM U JIEKTPOHOM BO3HHKAET B pe3yJbTaTe
KyJIOHOBCKUX cuil. [ToaTomy:

Ze’

2
r

r7e Z — MOPSAKOBBIA HOMEP AJIEMEHTA; ¥ — Painyc IEKTPOHHOIN OpOHTHI.
Ecnu y4yecTs, 4TO KyJIOHOBCKAs! CHJIa paBHA LIEHTPOOEKHOM, TO MOITYyIUM

F:

4.2)

2 2
my Ze
F=ma= =—, 4.3)
r r
1 OTCr0Ja AJisd paanyca Op6I/ITBI 3JICKTPOHA BBIBOJAUM YPaBHCHHUC:
Ze®
r= - 4.4)
my
W3 ypasuenus (3.15) cnenyer, 4ro:
nh
V= —. (4.5)
2mmr

IMToncrasisist 310 ypaBHeHME B (4.4), MOTy4NM BBIpRKEHHE JUTA Pajnyca 3JIeK-
TPOHHOW OPOUTEHI:
r= ek 4.6
dr’mZe’ (*0)

s atoma Bomopona Z = 1, ecnm TpUHATH, 9TO 7 = 1, TO pamuyc aroma
JIOIDKeH OBITh paBeH 0,529 - 10" v wmm 0,529 4 0 [8, c. 32]. [lopsimok »Toit Bemm-
YKHBI COBNAJACT CO 3HAYCHUAMU 7, HAWICHHBIMU APYTUMHI METO/IAMHL.

PaccMoTpum 3Hepruio 31eKTpoHa B aroMe. O011as sHeprus AIEKTPOHa
CKJIAIBIBAETCS M3 €T0 KHHETUYECKOH M MOTCHIIMAIFHON YHEPTUil. 3a HyJIeBOE
3HAYCHHC HOTeHHHaHBHOﬁ OHEPIrun NMpUHUMAIOT DHEPIrUIo JJICKTPOHA, HAaXO-
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JALIETroCsa B IMIOKOE Ha 6€CKOH€‘~IHO 6OJ'H)IHOM paCCTOﬂHI/II/I oT ﬂ/:[pa. HaﬁﬂeM
HOTCHHI/IaJ'IBHyIO 3H€pFI/IIO BHCKTpOHa 110 OTHOH.IeHI/IIO 21( Hﬂpy
Ze

ir = j— ar=-%
.[ I ’ “4.7)
Hcnone3ys ypaBHenue (4.3), HaliieM KHHETHYECKYIO SHEPIHIO:
1 Ze’
Ec=—mv/=""—. (4.8)
2 2r

OrTcrofia 001ast SHEPTHst AIEKTPOHA PaBHA

Ze*  Ze’ Ze®
E=FE.+E,= - =- . 4.9)

2r r 2r
JaJiee, noacTasJisisi 3HAYeHUe r U3 ypaBHeHus (4.6) B ypaBHenue (4.9),

MOJIy4aeM JHePruIo 31eKTPOHA B 1-0M KBAHTOBOM COCTOSTHUM:
E - 27°me*Z?
n T 2.2 ° (4.10)
n°h

Kak HU3BCCTHO, BOp MOCTYJIMPOBAJI, YTO, KOr'Zla 3JICKTPOH COBEPLIACT

nepexoa u3 HEKOToporo YCTOI\/‘I‘H/IBOI'O COCTOSAHHA C BHGPFHeﬁ E,,] B COCTOA-

HUE C MEHbILIEH 3Hepruen £ n, » CTIPABEUTMBO BHIPAKCHHE!
hVZEnl—Enz. 4.11)
C yyeroM ypaBHeHMs aisi E, moiydaeM ypaBHEHHE JJIsI BOJIHOBOTO
uucna V(V =V /e):
__ 27°me’ 1 1
Vv = —322(—2——2). (4.12)
ch ny m
Ecmm mapametp n, paBeH 2, To ypaBHeHue (4.12) mpeBparmaercs B
ypaBHeHue (3.11) mpu a = 2. [locTOSHHBIA MHOXUTENh B ypaBHeHHUH (4.12)
JIOJDKEH OBITh paBeH MOCTOSHHON Punbepra:
27’ me*
R="""7
ch

4.2. KBaHTOBBIE YHCJIA

Teopuss bopa xopolro oOBSCHs A CYIIECTBOBAHHE PA3IWYHBIX €IH-
HUYHBIX JIMHU{ B CIIEKTPE BOJIOPOJA, HO HE MOTJIa OOBSCHUTH TOHKYIO CIICK-
TPAJIBHYIO CTPYKTYPY 3TUX E€OMHHYHBIX JIMHUH, OOHApyKCHHBIX MO3IHEE C
MTOMOIIIEIO O0JIee COBEPIICHHBIX TIPHOOPOB.
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[Ipenmnonarast, 4TO 3JIEKTPOH BOKPYT s/Ipa JIBIKETCS MO DIUIMNTHYE-
cKoit opbute, 3ommepdenba A 00bICHEHHS 3TOTO (PakTa MPEIOKUIT COOT-
HOILICHHUE:

n=nytn, (4.13)
rae n, — MN000YHOE a3MMyTalbHOE KBAHTOBOE YMCIIO, XapaKTepU3yollee
YIJIOBOH MOMEHT KOJIMYECTBa JBIDKCHUS 3JIEKTPOHA MO AIUIMINTUYECKOH Op-
owure; n, — paguanbHOE KBAHTOBOE YHUCIIO.

Hcnonp3oBaHue STHX KBAHTOBBIX YHCEI HO3BOJIMIIO TOJYYUTD NPHU-
eMJIEMOE COBIAZCHHE C SKCIIEPUMEHTAIBHBIMH JaHHBIMH.

B manpHeiimem ObUI0 0OHAPYKEHO, YTO MO JCHCTBHEM MarHHTHOT'O
MOJIST CTIEKTPAJIbHBIE JIMHUN PACIIEIUIIIOTCS emle 0ombine. DToT 3 deKT, Ha-
3BaHHBIM aHOMaNbHBIM 3(pdekTom 3eemaHa, TpeOOBall BBENEHHS TPETHETO
KBAaHTOBOTO YHCJIa 71, Ha3BaHHOI'O MAarHHTHBIM KBAaHTOBBIM YHCJIOM. JTO
KBAaHTOBOC 4YHCJIO, HO}IO6HO MOMCHTY KOJIMYECTBA ABUKCHUSA, OIMPCACIIACTCA
10 BBIPAXKECHUIO

h
P=m—. 4.14
m27z (+14)

Takum 00pazoM, HEOOXOIMMOCTh HCIOJB30BAaHHS TPEX KBAHTOBBIX
YHCeN JUIA ONMCAHUS YHEPTUU JICKTPOHA CTala OUEBUIHOM.

AHanus, poBeeHHBIN 30MMepdenbaIoM, IpUBEN, B KOHEYHOM HTOTE, K CO-

XPaHEHUIO TJIABHOT'O KBAaHTOBOro uucia n = 1, 2, 3, 4..., cBsI3aHHOIO C pac-

CTOSIHUEM MEXIy MPOTOHOM U 3JCKTPOHOM, B ypaBHeHHH (3.19) u k BBene-

HUIO BTOPOTO OpOHMTAIHbHOTO KBAHTOBOTO YHCINA /, XapaKTCPUIYIOMIETO MO-

MEHT KOJIMYECTBA JBIDKCHHS JIIEKTPOHA IO KPYroBOH OpOWTE B EAMHHUIIAX

h/2 7. Okazanock, 9To / MOKET MPUHUMATH TOJIBKO TOJOKHUTEIFHBIC 3HAYC-

HUS oTHymst o n — 1, t.e. /=0, 1,2,3 ... (n— 1). A TpeTbe MarHUTHOE KBaH-

TOBOE YHCIIO 71 MOXKET PABHATHCS JTIOOOMY IeIOMY YHCITy OT —/ 1o +I, T.e. m

=—L(-l+D],.,(I-1),L

/ Ha puc. 4.1 mokazana japMOpOBCKasl MPEIECCHs

JJIEKTPOHHOW OpOUTHI B MarHuTHOM mose B. Op-

OUTaNTbHOE KBAHTOBOE YMCIO [ XapaKTepu3yeT

Puc. 4.1. JTapwoposckas npeiteccns nproOpeTeHNe dSJICKTPOHOM  JTOTIONHUTEIHHOMN

ONICKTPOHHOI OPGHTH B MATHATHOM  JHEPIHM 33 CYET JIAPMOPOBCKOW MPELECCHH BO

none BHEIIIHEM MAarHUTHOM IIOJIe, 2 MAarHUTHOE KBaH-

TOBOE YHCIO /11 — TMPOCKLHIO OpPOUTAIBLHOTO
KBaHTOBOTO uMcia /. 3HaueHHe MarHUTHOTO KBAHTOBOTO YHMCJIA ONpe/ieNseT-

cs1 paBeHcTBOM M = [C0SO , rne @ — yron Mexy HampaBieHHAMHU OpOH-
TaJILHOTO MOMEHTA U BHEITHEr0 MArHUTHOTO OIS,
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Ha puc. 4.2 nokazana nuarpaMMa OpUEHTAllMd MOMEHTOB KOJIMYECTBA
JIBIOKEHUST OPOUTANEHOTO ¥ MarHUTHOTO KBaHTOBHIX Uwcell. [IpocTpaHCTBEH-
HOE KBAaHTOBAaHHE aTOMOB OBLIO BIEPBBIC MOATBEPKICHO ombiTamu lllTepra
u I'epnaxa B 1921 r., HaOMIOAABIINMH OTKIIOHE-
HHUE Y3KOTO IIy4Ka aTOMOB MapoB cepeOpa B He-
OTHOPOJHOM MAarHUTHOM mosie. Takoe sBIeHHE
MOJTBEPKAACTCA TAKXKe H I aTOMOB BOAOPO/IA.

m=+2

Kpome «MarHUTHOTOY KBaHTOBAHUS c
m=-1 m = 2] + 1, mnyd4ok pasgensercs Ha JBE
n=-2 cocraBisone ¢ m = £(2/ + 1), u npuyem xae-

Prc. 42, Bosossie opucaragn  TATCA TaK, UTO [=1/2. D10 H&XO}:[PITCS{ B PE3KOM
OpOMTANTEHOTO MOMCHTa KormticcTea  IIDOTUBOPEYHH C BBIBOJAMM KBAHTOBOM MEXaHHU-
FIBIKCHAA B MQTHHTHONM Toe 0/ =2 ¢y OHAANoCh, 4TO IJis aTOMOB BOJOPOJA, TAE
AJIEKTPOHBI UMCIOT HYJICBOW MOMEHT KOJMYECTBA IBUKCHUS, ITYYOK BOBCE HE
JTOJDKEH OBLT MenmuThes. YTOOBI OOBSCHUTH TAKYIO TOHKYIO CTPYKTYPY, YIIeH-
O0ex u aymcmur B 1925 1. BBenIHM 4eTBEpTOC KBAHTOBOE YHUCIO. JTO CIHH
ANIEKTPOHA S, KOTOPBIH MPEACTABISIOT cebe KaK BpalleHUE SJICKTPOHA BOKPYT
COOCTBEHHOW OCH IPHU €r0 JBIKEHHH BOKPYT sifpa. CIMHOBBIM MOMEHT YHC-
neHHo paBeH 1/2 (h/2 7). Bpamarommuiics 3IeKTpoH Takke 00J1agaeT MarHuT-
HBIM MOMEHTOM, W W3 CIEKTPAJIbHBIX JAaHHBIX CIEAYET, YTO BEKTOp CIHMHA
MOJKET OPHUEHTHUPOBATHCS TOJBKO OJHUM U3 JIBYX CIIOCOO0B — TapaiiebHO
WIM aHTUNAPAIUICTFHO BHEIIHEMY MAarHUTHOMY IIOJIFO, IIO3TOMY S MOJXKET
HMMETh TOJLKO ABa 3HaueHwus, +1/2 nau —1/2.

Takum 00pa3oM, SHEPTETHIECKOE COCTOSHUE AJIEKTPOHA B aTOME OIl-
penensieTcs YeThIpbMs KBAHTOBBIMH YHCJIAMHU, UMEIOIIUMH 3HAYCHUS: n = 1,
2,3,4..;1=0,1,2,3...,(n-1); m=-L(l+1),....(I-1), [; s=—1/2,+1/2.

MHoro3JeKTpoHHbIe aTOMbL. HecMOTpst Ha TO, YTO pEIICHHUE YpaB-
Henns LlpenuHrepa HaIEeHO TOJBKO I aTOMa BOIOPOJA, €T0 BEIBOIBI 00
SHEPreTUYECKUX COCTOSIHHSAX AJIEKTPOHA B aTOME, XapaKTepU3YIOIIUeCs pa3-
JUYHBIM HA0OPOM KBAaHTOBBIX YHCEIN, WCIIONB3YIOT W ISl ONHCAHHS DJICK-
TPOHHBIX 000JI0OYEK MHOTOXJIEKTPOHHBIX aTOMOB llepnoamueckoil CHCTEMBI
snemenToB J[.M. Menneneena.

Vimess B BHIOY JOBOJBHO BaXXKHYIO POJb, KOTOPYIO MTPaeT KBAaHTOBOE
9KCII0 [ B TEOMETPHUCCKOM CTPOCHHH M SHEPIETHYCCKUX COCTOSIHUSAX aToMa,
€ro 3HaYEHUSM JIalii CleAyIolue CrielinaabHbie 0003HAYCHHUS:

l 0 1 2 3
Oobo3nauenue s p d f

Takum oOpazom, 3amuch ls cremyeT NMOHMMATh Kak KBaHTOBOE CO-
cTostHME dJeKTpoHa ¢ n = 1 u [ = 0; 3anmch 2p — Kak JuIsl 2JIeKTpoHa ¢ 1 = 2
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u /=1 u 1.10. UHCIO 3JIEKTPOHOB B aTOME C JJAHHBIMH 3HAYCHUSAMU 1 U [ 000-
3HAYACTCS] UHJCKCOM CBepxXy. Tak, 3amuch 2s” TOKA3bIBACT, YTO B aTOME €CTh
2 snektpoHacn=2ul=0.

Panee ObLTO MOKA3aHO, YTO KBAHTOBBIC YKCIA 1, [ ¥ m, GUTYPUPYIOIIHE B
petenusix ypaBHenus [lIpeaunrepa uist atoMa BOJOpPO/ia, XapaKTepU3yIoT JBU-
JKEHHE 3JICKTPOHA B aTOMax He B MOJHOM Mepe. Kak moka3pIBaeT OITbIT, JIIEKTPOH
MMeEET YETBEPTYIO CTENeHb CBOOO/IbI, HA3bIBAEMYIO CIIMHOM, KOTOPBIH XapakTe-
pH3YeT COOCTBCHHBI MOMEHT HUMITYJIbCa. DTO MPUBOIUT K TOSIBJICHHIO HOBOT'O
KBaHTOBOIO YHCJIa, HA3BIBACMOIO CITMHOBBIM KBAaHTOBBIM YHCIIOM M, KOTOPOE
HAMeEET TOJILKO JBa 3HaueHus +1/2 u—1/2 B eaquuuiax h/2m.

DHeprus MeKTpOHA B aTOME BOAOPOJA OMPEICIICTCS TOIBKO BEIHU-
YHHOM 72 M HE 3aBUCHUT OT OCTAJIbHBIX KBAHTOBBIX YHCEI. PellieHre ypaBHCHUS
[IpenuHrepa aeT COOTHOIICHHUE:

27°m,Z%e"

E:
n’h’

3

YTO WACHTUYHO YpaBHEHUIO, MONyYaroleMycsi u3 Teopun bopa. OueBuHo,
YTO MOXET OBITh HECKOJIBKO COCTOSIHHH 3JICKTPOHA C OJMHAKOBOM SHEpruei,
CBSI3aHHBIX C KBAaHTOBBIMH YHCJIAMH N, [, m; U M. DTU COCTOSHUSA SBISIOTCS
BBIPOXKACHHBIMH. DTHM OOBSCHSETCS pacllelIeHHe CIeKTPaJbHBIX JIMHUH
IpY NOMENICHUH HWCTOYHUKA W3IIyYEeHHs B JJIEKTPHYECKOS WM MarHUTHOE
mone (Dddextrl lrapka  3eemana). Kak u B atomMe Bojoposaa, B MHOTO-
AIIEKTPOHHBIX aTOMaX COCTOSIHHE KaXKJJOTO 3JIEKTPOHA OINpeJelsieTcsl 3Hade-
HUSIMU YEThIPEX KBAHTOBBIX YHCEN 1, [, 1y ¥ m.

B MHOTO3JIEKTPOHHBIX aTOMaxX SHEPTHsl HJIEKTPOHA 3aBUCHUT HE TOJIBKO
OT 1, HO U OT /, M3-32 BIMSIHUS TTOJIEH APYTUX 31eKTpoHOB. [Ipu aTOM sHeprus
BO3pacTaeT Kak ¢ yBEJIMYCHUEM /1, TaK U C yBenuueHueM /. BooOmie snepre-
THYECKUE YPOBHH B MHOTODJIEKTPOHHBIX aTOMax OITMCHIBAIOTCS C YY4ETOM
TOTO, YTO YPOBHH #S, (N — 1)d 1 (n — 2)f cpaBHUTENBHO MaJo pa3IHdaroTcs Mo
9HEPTUH U BCETlia UMEIOT 0oJiee HU3KYI0 SHEPTHIO, YeM YPOBEHB np.

Takum oOpa3oM, HaOmOaeTcs CIEAyIomas IIOCIeI0BaTeIFHOCTh
JHEPreTHYECKHX YPOBHEH 110 Mepe BO3PACTAHHUS:

Is £2s £ 2p L35 L 3p L4s ~ 3d £ 4p £ 55 ~4d 2 5p
L 6s ~5d ~4f £ 6p.

CocTosiHHE JIEKTPOHOB B MHOTORJICKTPOHHBIX aTOMaX BCET/la OTBEYa-
€T KBAaHTOBO-MEXaHMYECKOMY 3aKOHY, chopmymnupoBanHomy [laymm (mpuH-
un [laymu). CormacHO 3TOMYy NPUHIWITY, B aTOMHOW WIJIM MOJEKYJISIPHOU
CHCTEME HE MOXKET OBITh JIBYX JIEKTPOHOB, Y KOTOPBIX BCE YETHIPE KBAHTO-
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BbIe yncia Opuin Obl onmHaKoOBBIMH. [IpuHimn Ilaynu orpaHuduBaeT 4ucio
3JIEKTPOHOB B aTOME, OOJaJArONINX ONpENeNICHHBIM 3HaueHueM n. Makcu-
MaJIbHOE YHCIIO 3JIEKTPOHOB B aTOME, KOTOpBIE 00JIaIaloT OJMHAKOBBIM 3Ha-
YEHHEM 71, PaBHO 21’

IlockonbKy BenWYMHA 71 ONPEAETSIET CPEIHEE PACCTOSIHUE IIEKTPOHA
OT s17Ipa, TO COBOKYNTHOCTH 3JIEKTPOHOB B aTOME, 00JIaAal0NX OANHAKOBBIM
3HA4YEHHEM /1, Ha3bIBAIOT JICKTPOHHBIM CIIOEM.

DNeKTpOHHBIE clIon 0003HAYAIOTCS MPOMHUCHBIMA OYKBaMH B COOTBET-
CTBHHU CO CIEAYIOIIEH CXeMOM:

n 1 2 3 4 5 6 7
Oobo3nauenuecnon K L M N O P Q

COBOKYITHOCTb SJIEKTPOHOB C OJJMHAKOBBIM 3HAYCHHEM / HA3bIBAIOT DJICK-
TPOHHO# 000JIOUKOW U 0003HAYAIOT, KaK OBUIO CKa3aHO BBIIIE, S, p, d U f - 000-
JIOYKH. MakcuMabHOE YHCIIO IEKTPOHOB B 000JI049Ke paBHO 2(2/ + 1).

Ecnn a5 3HaUeHUs s 000JI0YKH HY)KHO TOJBKO 2 BIIEKTPOHA C MPOTH-
BOTIOJOKHBIMH CIMHAMH 10 SYEHCTOil cxeMe U3, To u1s 3amonHeHus p-

0007109k HEO0OXOAWMO 6 D3JIEKTPOHOB IO CXEME ._T_ﬂl}_{t,’ st d-
obomoukn — 10 u mns f~obomoukn — 14. Kaxxnoit sueiike Ha 3THX cxemax
COOTBETCTBYET OIPE/ICIICHHAS OPOUTAID.

Y CTaHOBJICHO, YTO 3aMOJIHCHHE DJICKTPOHHBIX 000JIOYCK IPOHCXO-
JUT TakuM o0pa3oM, 4TOObI CyMMapHBIH CHHH ObLJI MaKCHMAJIbHBIM, T.€.
CHavaya SYCHKH B 000JIOUKE 3aMOTHIIOTCS AIEKTPOHAMHE C OJIMHAKOBEIM 3Ha-
KOM CITHHA TI0 OJTHOMY 3JICKTPOHY Ha KaKAYIO sUCHKY, a 3aTeM HICT 3aroi-
HEHHE SYCCK BTOPBIMHU JICKTPOHAMH C MMPOTHBOIOJIOKHBIMHI 3HAKAMH CITUHA.
DT0 BajKHOE MOJIOKEHHE HOCUT Ha3BaHKe npaBuia XyH/a.

4.3. BotHoBasi MexaHHKa

Jyaausm 3J1eKTPOMarHuTHLIX BOJIH. B 1905 r. DiiHIITElHH BBICKa3al
MPE/IIOI0KEHHE O TOM, YTO HUICsl O KBAHTOBAHWUHU JOJKHA OBITh MPUMEHECHA
HE TOJIBKO K TIpoIleccaM JIYYEHCITyCKaHUSI U JIYHETIOTJIOMEHUS, HO TakKe K
M3ITyYEHUIO0 KaK TaKOBOMY. DTO 3HAYUT, YTO JEKTPOMArHUTHOE U3Iy4YEHHE
COCTOUT U3 YACTHII, HA3BIBAEMBIX Ceifuac (pOTOHAMM, UMEIOIIUX SHEpPruro VA
Y PacTIpOCTPAHSIONINXCS B IPOCTPAHCTBE CO CKOPOCTHIO CBETA.

Y I0BICTBOPUTENFHOE OOBSICHEHHE DWHINTEHHOM 3JICKTPHYCCKOTO
sddekra ObIIO OAHUM W3 TPUYMPOB KBaHTOBOW Teopuu. Ilo DiHIITEHRHY,
(OTO3NCKTpUIECKUN IPPEKT 3aKITOUACTCS B TOM, YTO KOTIA 3JICKTPOMATr-
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HUTHOC M3JIY4YCHUEC, MaJatolee Ha METAJUIMYCCKYIO MMOBECPXHOCTh, BBIPLIBACT

H3 MCTaJlJla 3JICKTPOHBI, OHO COO6H.Ia€T WM SHCPTHUIO ABUKCHUS, PABHYO!

2
my

Ed>3: =hv—-4, (4.15)
rae Vi — sueprus majaromero Gotona; 4 — paboTa BBIXOJA dIEKTPOHA U3
MeTalia.
Takum 00pa3oMm, JICKTPOMArHUTHOE M3IyUCHHE BEACT CeOs HE TOIBKO
KaK BOJIHA, HO M KaK YacTHUIla, B YeM MPOSBISIETCS €€ Ayallu3M, U 9TO HE CO-
OTBETCTBYET KJIACCHUSCKUM (DU3MUYCCKHUM MPECTABICHUSAM O BOJIHE.
BosnoBasi npupoaa snexkrpona. Jlyu ne bpoitne B 1924 r. npeano-
JKUIL, 9TO JTyaju3M CIEIyeT OTHECTH HE TONBKO K U3JYYCHHIO, HO U K JFOOBIM
MaTepHalbHBIM YacTHULlaM, U BBEJ MpEACTaBleHUEe O BOJHaX marepuu. Kak
W3BECTHO, MPUMEHUTEIHHO K ()OTOHY €TI0 IHEePTHUS
E=vh. (4.16)
B T0 ke BpeMs B TeOpUU OTHOCUTENBHOCTH DUHIITEHHA SHEPTUs Yac-
THUIBI, 00JIATAIOMICH MacCOil, OTIPEENICTCS 10 YPaBHCHHIO
E =mc, (4.17)
IJIe ¢ — CKOPOCTb CBETa.
[IpupaBHMBast 5TH JBa BBIPAXKEHUS, TIOTYYAEM:

Vi = mc’ (4.18)
WA

vh

c

rie p — umiyisc ¢poroHa. OTCIO/1a MOy4yaeM BbIpaKEHUE AJIS JUTUHBI BOJI-
HBI:

A= —=—. (4.20)
mc P
Ecnu paccMmarpuBaTh MaTepHaibHYIO YacTHULy ¢ MACCOM m M CKOPO-
CTBIO V, TO TTOJTyYHM:

A= —=—. (4.21)
my P
JInHy BOJIHBI TAKOM YaCTHIIbl YACTO HA3bIBAIOT AJIMHOM BOJHEI A Bpoiis.
Hanee [IpBuccon u JlxepMmep 1nokaszajiu, 4To 3JIEKTPOH IEHCTBUTEIBHO
BezieT ceds Kak BOJHA, B COOTBETCTBUM C Teopuel bpoiins, nmpu nmpoxoxe-
HUM TUQPAKIIMOHHON PELIETKH M3 KPUCTAaJUIOB HUKENs. BomHOBBIE CBOMCTBA
OpUTH OOHApY>KEHBI W A OECCIOpPHO MaTepHANBHBIX YACTHUI[, TAKHUX Kak
HEUTPOH U aTOM T'eJusl.
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IpuHuun HeonpeaeneHHocTH. Eciay nepBbIM NPUHIUIIOM BOJIHOBO
MEXaHHUKH SIBISIOTCS BOJHOBBIC CBOWMCTBA JJICKTPOHA, TO BTOPHIM MPUHIM-
TIOM MOXKET CUHMTAThCs MPUHLKI HeolpeaeIeHHoCTH [ eli3enbepra, KOTOPbIH
HaxOJIUT CBOE OTPaKEHHUE B CTATHYECKON Mmpupoje HadmoaeHni. ['eisendepr
HCXOJUT M3 TOTO, YTO HEONPEIEIeHHOCTh UMITYJIbCa JIEKTPOHA BEITEKAET OT
HEBO3MOYKHOCTH TOYHOTO OIpPENETIeHHs ero MMITyJbca, B CHIIy BIMSHUS Ha
HEro HocuTelst MHpOpMali — KBaHTa CBeTa IpH H3MepeHusx. Hampumep,
OTpeJieJICHne KOOPAMHATHI DJIEKTPOHA C MOMOIIBI0 MHUKPOCKONA MO OCH X
JlaeT HEONpPeIeIeHHOCTh Ax TIOpsIKa JUIMHBI BOJIHBI A HCTIOIb30BaHHOTO CBE-
Ta, Ax~A. VIMIynbC CBsI3aH ¢ AJIMHOW BOJIHBI COOTHOILIEHHEM P = h//, orcio-
Jla HEOMpEAEICHHOCTh UMITYJIbCa 3JEKTpoHa Ap,~h/A. YMHOXKas HAa A U
HOACTABIISAS AX BMECTO A, TIOJIy4aeM:

Ax Ap, ~h. (4.22)

3710 U ecTh COOTHOIIEHUE HeonpeaeneHHocty ['eiizendepra.

W3 3TOro cooTHOLIEHUs! cO3/1aTeaM KBAHTOBOW MEXaHUKH CIeJIajly
BBIBOJI O HEBO3MOXKHOCTH CO3/JJaHUS JIETCPMUHHCTHYECKOH MOJIENIM aToMa B
KJIaCCHYECKOM CMBICIIE, UCXOAS M3 TOTO, YTO TaKue MOJENN He OyayT coria-
COBBIBAThCSA C ONBITOM. JTO 3HAYHT, YTO MBI JOJDKHBI NPHU3HATH BOJHOIIO-
J0OHOE TIOBE/ICHUE CUCTEMBI M BEPOSTHBII XapaKTep HAIINX HaOIIOICHUH.

KBanToBO-MexaHuuyeckasi MojeJib aTomMa Boaopoaa. B 1925-
1926 rr. T'eiizendepr (I'epmanus) u llpeaunrep (ABCTpHS) MpemIOXKUIH,
HE3aBUCUMO APYT OT Ipyra, Ba BapHaHTa KBAaHTOBOM MEXaHUKH. Meton
Ipenunrepa oxazancs Gojee y10OHBIM AJIS BHIIOJTHEHUS PAacueTOB.

3aKOHEI JBMKCHUSA MUKPOYACTHUIL B KBAHTOBOM MEXaHUKE BbIpaXKaroT-
cs1 ypaBHeHueM lllpeaunrepa. OTo ypaBHEHHE IJS OJHOW YACTHIBI UMEET
BUJL:

L& dzl//+d2l//+d2l// +Uy =Ey [9] (4.23)
8z°m\ dx*  dy*  dz’ v vk '
rne h — nocrosiHHas [lnanka; m — macca yactuupl; U — moTeHnuanbHas
9Heprus; £ — IOoJIHas S9HEPrus; X, ¥ U z — KOOPJUHATBHL.

Benuuuny ¥ Ha3bIBAKOT BOTHOBOH (yHKIMeH, a kBaapaT ¥ — miIoT-
HOCTBIO BEPOSITHOCTH HAaXOXKJCHUS YacTHIBI (3JEKTpOHA) B JaHHOM MecCTe
MPOCTPAHCTBA.

B cooTrBeTrcTBHM ¢ (PM3MUECKHM CMBICIIOM BOJIHOBOH (DyHKIMHM OHa
JIOJDKHA OBITH KOHEYHOH, HeMPEepHIBHON M OHO3HAYHOMN, a TaKXKe 00pamiaTh-
s B HyJIb TaM, I'/I¢ YaCTHIIA HE MOXKET HaXOJUTHCSL.

ATOM BOZIOpOAA YCTPOEH HauboJsee MpoCcTO, OH MOXKET UMETh TOJIBKO
OIIMH 3JIEKTPOH, ABWXKYINMICA B moie siipa. B 3ToM ciydae Bxoxsmas B
ypaBHEHHE (YHKLHS NOTEHIUAIBHON YHEPIUU NPUHUMAET BH
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U=—e"r. (4.24)

Pewmenue nonyyennoro ypasHeHus lllpenuHrepa — BecbMa CIIOXKHAasI
MareMaTuyeckas 3a/ada, MO3TOMY MBI €ro He MPHBOAWM, OIPaHUYUBASCH
TOJIBKO BBIZICJICHUEM OCHOBHBIX €ro 0COOEHHOCTel M o0cykJeHueMm ux ¢Gu-
3UYECKOr0 CMBICIIA.

JIBrmkeHue 3J1eKTpOHa B MOZOOHBIX
3aja4ax ynoOHO paccMaTpuBaTh B TOJISIP-
HOHN CHCTEeMe KOOPAMHAT, LIEHTP KOTOpOH
COBITAJIAeT C IEeHTpoM aroma. [lonoxxenne
3JIEKTPOHA B 3TOM CIy4ae OIpeAeiseTcs
BEJIMYMHON paguyc-BeKTOpa r (paccTos-
HHUE OT IIeHTpa) U yriaamu & (Yyrox mmpo-
THI) U @ (yron gonrotsr). Ha puc. 4.3 mpu-
BEJICHA TIOJISIPHAs CHCTEMa KOOPIHHAT,
COBMEIIECHHAS C AEKapTOBOIL.

[lonsipHble  KOOpAMHATBI  Yepe3
NPSIMOYTOJIBHBIE WX aHAJOrd BbIpaXka-
I0TCSI CIIEAYIOIMMH COOTHOILICHUSIMH:

x =rsindcose; y = rsinfsing; z = rcosé. (4.25)

Puc. 4.3. llonspuas cuctemMa KOOpAUIIAT

[oncrasus ¢ynkuuto ¥ B ypaBHenue lllpenunrepa B Bujie npou3Be-
JeHusT TpexX (DYHKIUHA, Kakaas M3 KOTOPBIX COJEPKUT TOJBKO OJHY mepe-
MEHHYIO, ITOJTy4aeM:

Y= (1, 6 p) = R(r)0(0)D(p). (4.26)

Hanuuue Tpex nepeMeHHbBIX MPUBOIUT K TOMY, YTO B PELICHUH TOSB-
JISIOTCSL TPU BEJIMYMHBI, KOTOPbIE NMPHHUMAIOT TOJNBKO IEIOYUCICHHBIE 3Ha-
YEeHUS] — TPU KBAHTOBBIX YHCIIA. DTH KBAaHTOBbIE YKciIa 0003HaYatoTCs OyK-
Bamu 1, [ 1 m;. B camom obmieM Buje pe3yibTaT pemeHus ypaBuenus llpe-
JIMHTepa JJIsl aTOMa BOJIOPO/ia MOXKHO BBIPa3UTh PaBEHCTBAMHU:

R(r) =fi(n, ); 0(0) = fol, m); D(@) =f2( m). (4.27)

KBaHTOBBIE YMCITa MOTYT IPUHUMATH CIIEIYIOIINE 3HAYCHHS:

n=1,2,3..0;1=0,1,2,3..(n— 1),
my=0,%1,+2, £3... +I. (4.28)

[Ipu anammze [leproandeckoit Tabmuirer anementoB .M. Menneneena
MBI YBHIHUM, YTO 3TH KBAHTOBBIC YHCIIA XaPAKTEPHU3YIOT JBIXKEHHE IEKTPO-
HOB HE TOJILKO B aTOME BOJIOPOZA, HO ¥ B JIIOOOM JpyroM arome. KBaHTOBBIE
yucha n ¥ [, kak BUIHO u3 (4.27), onpenensaoT GyHKIHI0 pagdaibHOrO pac-
npeieNieHus BEPOSITHOCTH TpeObIBaHMS JJIEKTPOHA B aroMe. [ paduku 3THX
dyHKIWiT oka3aHk Ha puc. 4.4. BRenenne 1o ocH opaMHAT 3HAUECHUH R (7),
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YMHOKEHHBIX Ha 477”, TI03BOIACT MOTYYHTh BEPOSATHOCTh, OTHECEHHYIO HE K
eauHMLEe 00beMa, a K SUHUIIE PACCTOSHUS OT siApa aToMa — (QYHKIHUIO pa-
JUAbHOTO pacHpeAeIeHNs AIEKTPOHHOMN MIOTHOCTH.
dr? Qem(,')]Z BaxxHO OTMETHTH, YTO U3 PHC.
4.4 cnemyer BBIBOJ 00 OJHOBpPEMECH-
HOM TIpeOBIBAaHMHM 3JIEKTPOHA B JIIO-
001t TOUuKe aToMa ¢ pa3ITUIHONU BEpo-
STHOCTBIO PACIpENENICHNs, B 3aBUCH-
25 MOCTH OT PaccTOSIHHA () OT IEHTpa.
s [ToaToMy COBpeMEHHBIM MpejCTaBie-
HUSM OTBEYAaeT IOHATHE 00 DIeK-
TPOHHOM 00J1aKe, INIOTHOCTh KOTOPO-
ro B Pa3IUYHBIX TOUKAX ONpEAeNseT-
2p Csl BeHUMHOM P2,
\ Taxoe npezacTaBiIeHUE B KOpHE
omm4aeTcs  OT  Teopun  bopa-
a 2 g 2 & & & rA 3ommepdenpma, COTIaCHO KOTOPOU
JIEKTPOH JBIDKETCSI TI0 OIPEAEIICH-
HBIM OpOHTaM.

B cootBeTcTBUM € HOBBIMH
KBaHTOBO-MEXaHUYECKHUMH TPEACTABICHUSIMH HUCUE3aeT CBOMCTBEHHOE Kilac-
CHUECKOl (hM3HMKe NMOHMMAaHWE IETePMUHHM3Ma SIBJICHHI, ONUparolieecs Ha
BO3MOXKHOCTb ITOJY4Y€HHS TOYHOTO IMPEACTAaBICHUS O (U3MUECKOIl peabHO-
CTH B IIPOCTPAHCTBE U BPEMEHHU. A 3TO 03HAUAET, YTO B MUKPOMUPE HEIb3s
GoubllIe JOCTOBEPHO MPEABHUIETH SBICHHS, KOTOPBIE €lle TOJIBKO OyayT Impo-

n=I =2z
=4

Puc. 4.4. PaanansHoe pacnipesienieHne
BEPOSATIIOCTEH

HUCXOJUTb.

CorylacHO 3THM TIPEICTaBJICHUSIM, HEIb3s1 YTBEPXKAATh, YTO YaCTHUIIA
HaxOJUTCSl B OIPENEICHHONH TOYKE IPOCTPAHCTBA, MUMEET OIPEIECICHHBIN
UMIYJbC ¥ TpaeKTopuio. OHa MOXKET MPOSBIATH ce0s Kak HaxOoAsImasics B
OIIPEJEJICHHOM TOUKE MPOCTPAHCTBA WM UMEIOLIAs ONPEACIEHHBIA UMILYJIbC
JUIIb B TOT MOMEHT, KOTJa MPOMU3BOAUTCSA M3MepeHue. Yactuma B Kaxabli
JAHHBIE MOMEHT BPEMEHHU O0JIaIaeT LIEJBIM PSIOM BO3MOKHBIX COCTOSHHN
JBVDKEHUS, IPAYEM ATH Pa3IMYHbIE BO3MOKHOCTH MOTYT OCYILECTBIISATHCS B
MOMEHT M3MEPEHNUS C PA3IMYHBIMH BEPOSTHOCTIMH.

IIpencraBurenn «KoneHrareHCKOW MIKONBD) MPUXOAAT K BBIBOAY O
TOM, YTO YaCTHIA HE SABJIAETCS ONPENEICHHBIM OOBEKTOM B IIPOCTPAHCTBE U
BPEMEHHU, OHA IPEICTaBIET COOOH JIMIIb COBOKYIHOCTh BO3MOXHOCTEH,
CBSI3aHHBIX C BEPOSTHOCTBIO.
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4.4. KonuenrtyajibHble IPOTUBOPEYHs] KBAHTOBOI MEXaHHKH

MeTomamMy KJIACCHYECKONH M KBAaHTOBOM (DM3MKH OBIIM OTKPBITHI (yH-
JaMEHTAIbHBIE 3aKOHOMEPHOCTH CTPOEHUSI 3JIEKTPOHHOHW 00OJOYKH aTOMOB
(MHOTHE HarmsgHO OoTpakeHH! B Ilepmommdeckoii cucreme smementoB JI.1.
MengeneeBa), COCTaBICHBI CIICKTPAIbHBIE KapThl 3JIEMEHTOB, OTPayKaroIIHe
CTpOro (PMKCHPOBAHHBIE 3HAYECHUS SHEPTUH IS KQKIOTO IEKTPOHA B aTOME
(Ipu ypoBHE CIIMHOBBIX pa3iinuuii, paBHOM 1/2-%). OHaKko, HECMOTPS Ha 3TO,
MOMOIIb KBAHTOBOW MEXaHUKH JJIsl O0siee rIyO0OKOro MOHMMAaHUS MIPOCTPaH-
CTBEHHOH CTPYKTYpBI DJIEKTPOHHBIX O0OJIOYEK U siiep aTOMOB OKa3ajach
oueHb CKpoMHOH. Ilpu 3TOM OHa OTMEHHNA CyHIECTBOBAHUE DJIEKTPOHHBIX
OpOUT, CaMUX AJIEKTPOHOB KaK YaCTHII, UMEIONIUX TPACKTOPHH JBW)KEHHS, U
yTBepIMia 3JEKTPOH Kak (u3mueckoe sBIICHWE, TpeIcTaBiisiiomee coOoi
TOJIBKO COBOKYITHOCTb YHEPreTUYECKHUX BO3MOXHOCTEH, CBS3aHHBIX C BEPO-
ATHOCTBIO. B pesynbrate B 001acT mo3HaHUS (QyHIAMEHTAIBHBIX CTPYKTYP
Mupo3zfaHusi, TakuX, Kak aTOM, KBAHTOBBIE YacThl U T.1., CIOXKHUIACh CUTYya-
s, KOTOpas MpHUBEJIa BEPOSITHOCTHOM MapaaurMe, CTaBIIEH NMPUYMHON Ha-
pYLICHHSI NPUYUHHO-CIEACTBEHHBIX CBS3€H B IpOLECCE IO3HAHUS TaKUX
CTPYKTYD.

BeposiTHOCTHOEe MoBeAeHHe 3JeKTpoHa. Kak yke roBopuioch, Ha
OcHOBaHHMHU paboT DiiHiuTeliHa U bopa B 1924 r. ne Bpoiine npeamnonoxun,
4TO Jyajdu3M KOPIYCKYJSPHOTO M BOJIHOBOTO XapakTepa U3Iy4YeHUs OTHO-
CUTCS K JIIOOBIM MaTepuasbHbIM dacTuiiaM. lllpenuHrep Ha OCHOBaHUM J10-
raaku ne bpoiins npeanoxun onmuchBaTh JBMXKEHUE 3JEKTPOHA B KYJIOHOB-
CKOM TIOJIE siipa BOJTHOBOM (DyHKIMEH I, pelIieHHe KOTOpOil B OTCYTCTBHE
MOTEHIUATIBHOTO OIS OBIJIO OIIMCAaHWEM BOJHBI e Bpoitns.

Maxkc bopH, npuMEHHB BEpPOSTHOCTHBIE UACH M yYUTHIBAS MPUHIIKI
HeonpenereHHoCcTH [ eif3enbepra mMpu M3MEpeHHsAX, Jajl OOIIECTIPHHATYIO B
HacTofIIee BpeMsl TPAKTOBKY BONHOBOW (yHKnnu. CorimacHo e, BOJHOBas
(GYHKIMSA 9acTHIBI — 3TO HE aMIUIMTyJHAs (PyHKUIMS B OOBIYHOM CMBICIE,
UCTIONB3yeMast Ul ONHCAHMS BOJIH, @ CKOpPEE Mepa BEPOSATHOCTH COOBITHS.
Korma BonmHOBas aMIUTHTy[a BEIHMKA, TO BEIUKA M BEPOSTHOCTH COOBITHS,
Masiasi aMIUIUTYAa OTBEYaeT CTOJIb )K€ MaJIol BEpOSTHOCTH COOBITHHA. Takum
o0pa3oM, MO0 MIPEACTABICHUIO aBTOPOB KBAHTOBON MEXaHUKH, JJIEKTPOH B
aToMe mepecraeT ObITh YacTHIEH, a MpPEACTaBIseT BEPOATHOCTHOE O0JIaKO
cocrossHuH. Toraa kak »ke TpakTOBaTh MOJIENb aTroMa Bojopozaa bopa, rae anek-
TPOH HMEET OINpENeNICHHYI0 TPAeKTOPUIO JBIDKEHUSI BOKPYT A7pa, KaKk 4acTHIIA,
MMEIoIIas Maccy ¢ KOHEYHbIM 00beMoM. He MoXer ke ObITh Takoro, 4To TI0 TpH-
XOTH MaTeMaTUYECKOM MOJEIH, MEKTPOH BIPYT PacCBIIAETCS B BEPOSTHOCTHOE
0011aK0 110 BceMy 00BEMy, OTPaHNYEHHOMY AUAMETPOM OIHMCHIBAEMOM UM OKPYK-
HoctH (B atome Bopa), 1o BceM BO3MOKHBIM COCTOSHMSIM. Kak MOYKHO TIOHMMATh
HAXOJKIEHUE OIHOTO U TOTO K€ 3IEKTPOHA OJHOBPEMEHHO B PA3HBIX COCTOSHHUSX,
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B COOTBETCTBUM C PA3HOM KOOPAWHATON €ro HaXOXKACHHUsS OTHOCUTENBHO A7pa BO
BHYTpeHHEM o0BeMe oOiaka BeposTHocTel? Kakum o0pazoM, Takke, MOXKHO
OOBSCHUTh HAIMYUE OIPEACICHHON BEJMYMHBI CHHMHA (COOCTBEHHOTO MO-
MEHTa KOJMYECTBA IBIDKCHUS) y JIEKTPOHHOTO 00JaKa, 00Jaalomero pas-
HOH IJIOTHOCTBIO BEPOSITHOCTH?

Takue u apyrue BONPOCH B COBPEMEHHOM TEOpUU KBAaHTOBOW MeXa-
HUKH HE HaXOMAAT OTBETA, YTO TOBOPHUT O CEPHE3HBIX HEPEUICHHBIX MPOTHBO-
peunsax CyIECTBYIOIIHX B HEH.

IIpunnun HeonpeneneHHoctu I'eiizendepra.

Kak u3BECTHO, MPHHIMIT HEONPEAECICHHOCTH SIBISCTCS HEU30EKHBIM
CJIEZICTBEM MaTeMaTH4ecKoro (hopmMaan3Ma KBaHTOBOW MEXaHHKH M BBICTY-
MaeT KaK KpaeyrolbHbI KaMEHb OCHOBHOTO €0 YTBEPXKIEHUS O TOM, UTO B
aToOMe DJIEKTPOH OTIpeJIeNieH Kak 00JIako BEpOSTHOCTHBIX BO3MOKHOCTEH. Kak
OBLTO TIOKa3aHO paHee, [ eli3eHOepT BBEN CBOW MPHHIIHII, OTIMPAIOIIUICS Ha
COOTHONICHHE HEOIPEAETICHHOCTEH MUMITyJIbca U KOOPIMHAT MHKPOYACTHIIBI
o (4.22). [Ipuuem I 'eif3eHOSpPT BHIBEN COOTHOIICHUE HEOTIPEICICHHOCTEH HE
HETIOCPEICTBEHHO M3 MAaTEeMAaTHYECKOIo alapara KBAaHTOBOW MEXaHUKH, a
Ha OCHOBaHWHU PAacCy>KACHUH, OTHOCSIIUXCSI K HEKOTOPHIM MBICICHHBIM JKC-
MeprMEHTaM ¢ OJHON MUKpodacTuiei. I eiizendepr He Kacajcs SKCIIepUMeH-
TaJIBHBIX TpyAHOCTeW. OH PElIn, YTO B €ro paclopsiKeHHH UMEIOTCsT abco-
JIIOTHO TOYHBIE MPUOOPBI, KOTOPHIE OH MOXET HCIIOJIb30BAaTh HEMOCPE/ICT-
BEHHO C 0e3yKOpH3HEHHBIM MacTepcTBOM. Ero mHTEepecoBaiM JHIIbL TEope-
TUYECKHE TPYTHOCTH BBINOJHEHUS U3MEPEHUH.

PaccMoTpuM TOUHOE M3MEpPEHHE YacTOTHI MO MBICIEHHOMY JKCIEpH-
MeHTy ['eitzenbepra.

YacToTa n3MepsieTcs: HOACYETOM YKCIia BOJIH 33 U3BECTHBIN MPOMEXKY-
TOK BpeMeHH. Ho u3-3a HeCHMHYCOMIAIbHOTO XapakTepa JacTei Habironae-
MOH BOJIHBI BO3HMKACT HEOINPEICICHHOCTh NMPUMEPHO B OJHO KoJcOaHUE B
YHCIE€ W3MEPEHHBIX ITIEPHUOJOB. JTa HEOIPEAEICHHOCTh BO3HHMKACT HE Kak
CJIEICTBHE HKCIIEPUMEHTAIBHBIX OMIMOOK, a MIPEACTABIsAET BHYTPEHHEE CBOM-
CTBO CaMOM BOJIHBI WJIM €€ HaOJIoJIeHUs. 3HAUUT, €CIH MPH U3MEPEHUH Xa-
PaKTEPUCTUYIECKOTO M3IIyUEHUsI JJIEKTPOHA BO3HUKAET HEONPEAEIEHHOCTD, TO
MOBEJICHUE DJIEKTPOHA B aTOME OMHCATh HEBO3MOXKHO, MOXKHO TOJBKO T'OBO-
PUTb O €ro BEPOSTHOCTHOM IIOBEJEHUU COIJIACHO aMIUIUTYAE BOJIHOBOM
GbyHKIMN.

[poananu3upyeM H3JI0KSHHBIEC BBIIIE PACCYKICHUSL.

CooTHOmEeHNEe TPHUHIUIIA HeonpeaeneHHoctn [eiizenbepra marema-
THYECKH (HOPMAJBHO BEPHO TONBKO TOTNA, KOTAa MBI paccMaTpuBaeM Ipo-
6memy m3mepenuii. CormacHo (4.22) 3TO COOTHOIICHHE MOXET MMETh BT
AxAp < hwm h < Ax-Ap < 2h, 9T0 HEBO3MOXHO, TIOCKOJIBKY IO TEOPUH
BOJIH e bpoiiisd, 3T0 cOOTHOIEHNEe UMeeT BUA A'p = & U IPHUHUMAET TOJIBKO
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CTPOTO OIpe/EIeHHOE 3HaYeHHEe, KOTOPOe NPHHIUINAILHO HE MOXET OBbITh
HapymnieHo. B mpoTuBHOM ciyyae MBI MMenu Obl HapyIIeHHE OCHOBOIIOJA-
rarollero NpUHIKIA Bcell KBAHTOBOM MEXaHUKU.

Ha camom nene, kak A KBaHTOBBIX YAacTHL[, TaK U JUIs SIEKTpOMAr-
HUTHBIX BOJNH (pyHIOaMeHTanbHas NocTosiHHas IlmaHka /i B ypaBHEHUH ne
Bpotins sBnsiercss HE3bI0IEMON BETMYMHON, HCKIIOYAIONIEH Jt00oe Majoe
HEPaBEHCTBO, B TOM 4YHCIE€ M HEPABEHCTBO COOTHOLICHUS HEONPENEIECHHO-
creii ['eiizenOepra, T.e. caMO ATO COOTHOILIEHUE HeonpeaeneHHocTed. 1 neii-
CTBHUTEJBHO, BEJIUYMHBI MEHbIICH MOCTOsTHHON [LnaHka, paBHOUW /4, HU OJMH
CaMblii COBEPILICHHBII NMPHOOD, B MPUHIIMIIE, U3MEPUTH HE CMOXET, MOCKOJIb-
Ky IIpU 3Ha4YEHHSIX, MEHBIINX 3TOW BEJIMYMHBI /i, B HAIIIEM ITPOCTPAHCTBE HE
CMOXKET OCYLIECTBUTHCS HU OJJHO COOBITHE, B TOM YHCIIE U CaM aKT U3Mepe-
HUSL.

OOmye NpUHIUNHAIBHBIE TPYAHOCTH OJHOBPEMEHHOTO H3MEPEHHMS
UMITYJIbCa ¥ KOOPJIMHATHI JII000TO ABMKYIIETO 00BEKTA, XOTS ObI M VIS JBH-
JKYIIETO JKENE3HONOPOKHOTO COCTaBa, HEIb3sl MEPEHOCUTh HA XapakTep Cy-
IIECTBOBAHUS HEOIPEIEIIEHHOCTEH (yHIaMEHTAIbHOTO XapakTepa, HampH-
Mep, IS DIEKTPOMATHUTHBIX BOJH, ITOTOMY YTO COOTHOLIEHHE HEOIpee-
nerHoctel ['eii3enOepra HapymiaeT GpyHAaMEHTAIBHBIN 3aKOH CYyIECTBOBA-
HUS THX e BOJH (1e bpoiins).

YpaBuenue Illpenunrepa u UHTepHperanus BbHIBOJOB M3 HeEro.
OpHOW M3 TJIAaBHBIX OMIMOOYHBIX HMHTEPNPETAIMH BHIBOJOB W3 BOJHOBOTO
ypaBHeHus Lllpenunrepa sSBIsETCS OTHECEHHE €r0 BCEBO3MOXKHBIX PEIIEHHUH
10 BceM HabopaM KBaHTOBBIX YHCEI TOJIBKO K OJHOMY JJIEKTPOHY, KOT/Ia KaK
OIHOMY J3JE€KTPOHY B JaHHBI MOMEHT BPEMEHH JOIKHO COOTBETCTBOBATH
TOJIKO OJHO pa3pellleHHOoe e€ro cocrosHue. Hampumep, Becb MIHOBEHHBIN
HA0Op CMEKTpaNbHBIX JIMHAH aTOMapHOTO ra3a BOJOPOJA MPU HHTEpIIpeTa-
LIUHU PEUICHUH BOJIHOBOTO YPaBHEHHSI OTHOCAT K XapaKTEPUCTHYECKOMY H3-
JIYYEHHIO TOJIBKO OJHOTO 3JIEKTPOHA, CBS3BIBAsl BECH CIEKTP JTOrO H3IIyde-
HUS €r0 pa3pelIeHHBIMH COCTOSHUSAMH. B uTOre M3 Takod OmmOOYHON WH-
TEpIpEeTAIH BBITEKAET MOHATHE O BEPOSITHOCTHOM O0JIaKe YHEPreTHUECKUX
COCTOSIHMH dJeKTpoHa. OUeBHHO, YTO HAOOP CHEKTPAIBHBIX JIMHUH 6 Jan-
Hbl MOMEHM 8peMeHU €CTh pe3yNbTaT M3JIydyeHHs aTOMapHOro rasa c yva-
CTHEM BCE€X IEKTPOHOB. DTO 3HAYUT, YTO B pemieHun ypaBHeHus lllpenun-
repa KaxJ0€e pa3pelIeHHOE COCTOSHUE 3IEKTPOHA KaK B aTOMapHOM rase, Tak
U B MHOT03apsJHOM aTOME B JIaHHBII MOMEHT BPEMEHH JOKHO OTHOCUTBHCS
TOJIKO OJHOMY M3 MHOKECTBA UX JIEKTPOHOB.

Kak u3BectHo, BonmHOBOe ypaBHeHue lIpenunrepa, BcaeacTBUe Upes-
BBIYaWHOHN CIIOHOCTH, MOXET OBITh PEIIEHO TOJIBKO ISl BOJOPOIONIOJ00HO-
ro atoMa. Takas CI0XKHOCTB €ro PEeIEHHs CBA3aHa ¢ TEM, YTO KOOPAWHATHAs
CHCTeMa U BOJIHOBAs (DYHKIMS IJIs1 OTPAKEHUS ABHIKEHHSI JJIEKTPOHA B YCIIO-
BHSIX aTOMa HE COOTBETCTBYIOT APYT IPYTY, IOCKOIBKY, HCIIONb3yeMast 31eCh
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M3BECTHAsH JIEKapTOBasi CUCTEMa KOOPJIMHAT HE COOTBETCTBYET pealbHON Tpa-
SKTOPHH PaBHOMEPHOTO JBIKECHHMS DJICKTPOHOB B aTroMe. OUeBHIHO, YTO 3TO
NPUBOIUT K OOJIBIIMM MaTeMaTHYeCKUM CIOKHOCTSIM. Kpome sToro, mpen-
CTaBJICHUE TIPH 3TOM DPEIICHUH OPOHMTAJBHOTO IBW)KCHHS KaK — MPSMOIIH-
HellHOoe MMeeT NPHHIMIHAIBHBIA 3alpeT, MOCKOJIBKY B IOJSPH30BAHHOM
IPOCTPAHCTBE aTOMa PAaBHOMEPHOE MPSMOJIMHEHHOE IBIKEHHE JIEKTPOHOB
0e3 3aTpar Wi npruoOpeTeHH YHEPTUN H3BHE HEBO3MOXKHO.

Janee paccMOTpUM aJieKBaTHbIE (PU3UUECKOM pPEaTbHOCTH YCIOBHSA
OIMUCaHUA TUHAMHKH IBMKCHUSA MAaTCPHUAJTIbHBIX TCJI, B YACTHOCTU KBAHTOBBIX
4acTull, B IPOCTPAHCTBEC, MOJIAPHU30BAHHOM NOTCHIHUAJIbHBIMU ITOJIAMH.
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I'naBa 5

KoHuenuusi reomeTpum peajibHOro NPOCTPAHCTBA
U INTHAMHUKA IBUKEHUSA

C MoOMeHTa TOSABICHHA KBAaHTOBOM MEXaHUKH, KOTOpas OIMCHIBACT
JIBIDKEHUE KBaHTOBBIX YaCTHI] B MEKPOMHpPE HE KaK YacCTHI[ B KIIACCUIECKOM
WX TIOHUMAaHWH, a, MPEICTaBIs X, KaK HEKOe BEPOSTHOCTHOE OOIAaKO CO-
CTOSIHUH, HAIll TIPUYIUHHO-CIIEICTBEHHBIH JIOTHYeCKUil crioco0 mo3Hanus Mu-
po3naHust BOOOIE BEIOUT U3 CBOUX YCTOEB U MPUOOPEN HEKHI MUCTUYECKHIMA
OTTEHOK. M HE YIUBUTENBHO TO, YTO BEPOSTHOCTHAS MapajurMa KBaHTOBOM
MEXaHUKH, PUHATAs OKOJIO BeKa TOMY Ha3all, TaKk W HE MpHUBeNa K paciiud-
POBKE CTPYKTYpHI aToMa W OOBSICHEHHIO MHOTHX (PCHOMCHAIBHBIX (haKTOB
MUKpPOMHpA, a CTPATETMYECKU 3aBejla MPOLECC MO3HAHUS B 8EPOSAMHOCHIHOE
HampaBJieHUEe, KOTOPOe B IMPUHLMUIIE HE MpeAHa3HAUYECHO AJIsi CTPYKTYpHOTO
ommcanus cucteM. CTajao O4eBHIHBIM TO, YTO O3 BO3BpaTa K KIaCCHIECKO-
My TPHUYUHHO-CICICTBCHHOMY CIIOCOOY TIO3HAHWS SBICHHH MHKPOMHpA
JABHEHIINI POCT HAIIMX 3HAHWU B ATOH 00jacTé OyJeT 3HAYWUTENBHO 3a-
TpyAHEH U B OyaymeM. Bo3MOXXHO, MPHYMHON CIOKHUBIICHCS TYIMHKOBOU
CUTyaIliHd B ONMUCAHUU MHUKPOMHPA SIBIISIOTCS HECOBEPIIEHHBIE CIIOCOOBI OT-
pakeHMs] TEOMETPHH PEaNbHOTO IPOCTPAHCTBA KAaK B KIIACCHUECKOM, Tak M B
KBaHTOBOHN MeXaHHKaX, a Takke QyHIaMEHTAJIbHBIC HECOOTBETCTBHSI, TPOTH-
BOpEUaIlne HaleMy MOHUMAHUIO CYTH MPOSBICHUA MHKPOMHUpPA, KOTOpHIE
BO3HUKJIM BCIICIICTBUC HEMOIHOTO y4eTa BCeX (PAKTOPOB JMHAMUKH JBHIKC-
HUS 3apsSOKEHHBIX KBAHTOBBIX YACTHI] MPHU JACUCTBUM HA HUX CHJI Pa3iIUYHOMN
npupoabl. OYEBUIHO, YTO JUISA TOT'O, YTOOBI BEPHYTHCS K MOHUMAHHIO SIBJIC-
HUM MHKpOMHpa, HE OTBEpras Ha 3TOM IYTH KIACCHICCKYI0 MEXaHHKY, He-
00X0AMMO HAWTH CIIOCOOBI OMHCAHUS WX, HE MPOTHBOPEUAIIUE 3IIPABOMY
CMBICITY TIPA COXPaHEHHUH TPEEMCTBEHHOCTH CIIOHBIIUXCS MPEICTABICHUN
0 peanmsHOM (hu3mdyeckoM Mmupe. Tak Kak 3amada, B CYINIHOCTH, COCTOWUT B
PacKpBITUH CTPYKTYPHl aTOMa, TO OYEBHIHO, YTO HAM JOCTaTOYHO HANTH
MIPOCTHIE M HATJIAJHBIE CTIOCOOBI OMMCAHSI IIPOCTPAHCTBEHHOTO pacipeaese-
HUS ¥ OPUEHTALMU OPOUT 3JCKTPOHOB BOKPYT sAApa aroMma, He Kacasch MpH
9TOM BPEMEHHOU 3aBUCUMOCTH KOOPAMHAT JBIKEHHUS 3JIEKTPOHOB 1O CaMoOi
opbure.

5.1 CooTHOLIEHHE NMHAMUYECKHUX CBOVCTB U reOMeTPUHU
MOJISIPU30BAHHOT0 MPOCTPAHCTBA B ONMUCAHUH ABMKEHHS TeJl

Kiaccuueckas mexanuka V. HproToHa, OCHOBaHHAsl Ha TpexX 3aKOHaX
JUHAMHUKH M 3aKOHaX TATOTEHUs, OblIa cO3JaHa Ha 0a3e €BKIMAOBOH Ieo-
METPHU TIPOCTPAHCTBA. [IOBCEAHEBHBIM OMBIT MOATBEPXKAACT CIIPABEAIIH-
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BOCTh €BKJIMI0BOI reoMeTpuu i BeinosnHeHus: [lepBoro 3akona HeloToHa,
MOKa UMEIOT JIEN0 C OTHOCUTENBHO MallbiIMH cKopocTsiMu. Ho mpu nepexozne
K ApYrUM MacmTabaMm U OOJBIINM CKOPOCTSIM, HAYMHAS OT MHUKPOMHpA IO
MacmTaboB KOCMOCA, TIPUXOAUTCS CTaTKUBAThCA C (PaKTOPaMU HEOTHOPO-
HOCTH PEajbHOTO MPOCTPAHCTBA, T. €. ¢ (pakTopamu ero McKpusieHus. Ha-
NIPAMEp, B IIPUCYTCTBUHU IOJIA TATOTEHHsI TEOMETPHsI IPOCTPAHCTBA IIEpECTa-
eT OBITh EBKIIMAOBON. B Takux ycinoBusx HE0OOXOAMMO MPU3HATH, YTO PABHO-
MEpHOE JBUKEHNE MATePUATIbHBIX TEJl B pEaIbHOM MPOCTPAHCTBE MO MPSIMOI
JUHUM 0e3 3aTpaT WM NpUOOpETEHHUS SHEPTUU W3BHE, B MPHUHIIUIIE, HEBO3-
MOXHO. TakuM 00pa3om, eciii paccMaTpUBATh MPOCTPAHCTBO B OJHOM €THH-
CTBE CO BCeW Haxopsmelcst B HeM (U3MUecKoil MaTepueil aro0oro pona, TO
TEOMETPHs TAKOTO TPOCTPAHCTBA MEPECTACT OBITH CBKIUIOBOW M IPOTHUBO-
peuuT ee noctyiaraM. B cBsi3u ¢ BbllIeCKa3aHHBIM B CYILECTBYIOIIEH TEOpUN
KBaHTOBO-MEXaHUICCKOTO OIMCaHWA TPEOBIBAHUS SJICKTPOHOB B aTOMeE
MMEIOTCS KOHIICTITyaIbHBIC HEAOCTATKH (yHIAMEHTAIBFHOTO Xapakrepa. Ha-
NpuUMep, IpU U3BECTHOM DPEIIEHUWU BOJHOBOrO ypaBHeHus lllpenunrepa mo
OTIMCAaHMIO MIPEeOBIBaHUS 3JICKTPOHA B IMOTEHIIMAIHFHOM TIOJIE SApa, HECMOTPS
Ha MCKPUBICHHYIO JHHAMHUKY CBOOOTHOTO JBHMXCHHUS 3JIEKTPOHA, MPOCTPaH-
CTBO OTPa)kalOT B JIEKAPTOBOM CUCTEME KOOPAMHAT, NPEACTABIAS €ro OAHO-
POJHBIM U M30TPOIHBIM. 3aMETHM, YTO MPH 3TOM U OPOUTATIBHOC JIBIKCHHE
3JIEKTPOHA OMHKCHIBAIOT KaK MPSAMOJIMHEHHOE, MOCKOJbKY Ha OCSIX JEKapTo-
BOM CHCTEMBI KOOPJWHAT OTJIAraroT JJIUHBI CTOPOH pedep MOTCHIUAIBLHOTO
SIIIUKA, OJHA U3 BEPLIMH KOTOPOro HaXxoAuTcs B eHTpe. OHAKO MPU TaKOM
MOAXO0/A€ MPSMOJIMHEHHOE NBHXKEHUE, KPOME PAaBHOMEPHOTO, BKIIOYAET B
ceds Takke W YCKOpPEHHOE IBIDKEHHE MO paJHalbHBIM JUHUAM. [loMuMO
9TOTO, IIPU PELICHUH BOJHOBOI'O YPaBHEHHWsI JBMIKEHUE DJIEKTPOHA B ITOTEH-
LUATbHOM SILKUKE PACCMAaTPUBAETCS €II€ U B MOJSPHON CHUCTEME KOOPJAUHAT,
MIPECTaBICHHON MaTeMaTHYeCKUM MpeoOpa3oBaHUEM NEKAapTOBOH CHCTEMBI
(t71. 4, cTp. 49).

Od4eBHUIHO, YTO, BO-IIEPBBIX, ONMUCHIBATH KPYTOBBIE TPACKTOPHUH JIBH-
JKEHHUS BJIEKTPOHA B MOTEHUUAIBHOM II0JIE€ KaK MPSMOJIMHEHHOE JIBH)KEHHE
[0 paJvajbHbIM JIMHUSAM B MPUHLUIIE HEBEPHO. BO-BTOPHIX, UCIIOIB30BAHKE
MIPU 3TOM KakK JAEKapTOBOM, TaK W MOJSPHOU CHCTEM KOOPIHWHAT B €BKIIHJIO-
BOM IIPOCTPAHCTBE MPUBOJUT K CIIOKHBIM MaTeéMaTUYECKUM BBIBOJAM U I10-
JIYYEHHIO, B KOHEYHOM CUETE, HEKOPPEKTHBIX PE3YIIbTATOB.

VYcTpaHeHre NpUHLIUIIMAIBHBIX POTUBOPEUN B OMIMCAHUU ABMXKEHUS
MaTepHAIBHBIX TEJ B PEalbHOM MPOCTPAHCTBE MOXKET OBITh OCYIIECTBICHO
IIpU YUYETE €r0 r€OMETPUUYECKUX CBOMCTB, OTPAXKAIOIIUX BIMSHHUE Ha Tpack-
TOPHIO IBYKEHUS TEJI. 3aMETHM, YTO YTBEPXKACHHE O KAaKOH-INO0 TeOMETPHH TIPO-
CTpaHCTBA, KOHEYHO, HCKOPPEKTHO, IMOCKOJIbKY HaM HEU3BECTHO 4YTO M KaK, a TaKXKE
[0 KakMM IpaHullaM HMCKpuBiseTcs. bornee TOro, B CyLIECTBYIOIIMX TEOPHSX IMpPO-
CTPAaHCTBA NPU ONPEACIEHUU €T0 T€OMETPHUN HET €AWHOI0 noaxoda U O HEU CyadaT
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YqUCTO yCJ'IOBHO, Haan/IMep, 10 JUHAMUKE ABMXCHUIA B HEM MaTepI/IaJ'IBHLIX TEJI WA
[0 JIPYTMM €ro MHposiBjieHusM. B IOCIEHUE BEKa MOSBHIOCH MHOTO TCOPHU
TCOMETPUI MCKPHUBICHHBIX MPOCTPAHCTB. B ATHX Teopusx, Kak MpaBUioO, B
Havase, OMUCHIBAIOT MCKPUBJICHHYIO TEOMETPHIO MPOCTPAHCTBA B JIEKAPTO-
BOW CHCTeME KOOPJMHAT MaTeMaTHYeCKUM (hopMann3mMoMm, a 3aTeM B 3TOM
MATEMAaTHYECKH T'€OMETPU3UPOBAHHOM MPOCTPAHCTBE OMHUCHIBAIOT TPACKTO-
pUIO ABIKEHHA Tel U T.4. OJHAKO TaKhe M3BECTHBIC MOIXOIBI TAKKE IPUBO-
JUIT K OOJIBIIUM TPYTHOCTSIM U TIOTE€PE HATJISAHOCTH OTUCAHUSL.

OpHUM M3 MyTeil yCTpaHeHUs! TPYJHOCTEH B OMMCAHUH IBHXKEHHUS TEI
B MOJISIPU30BAaHHOM MPOCTPAHCTBE, HAPUMED IIEKTPOHA B IOJIE 3apsiaa sapa
aToMa MOrJo 6])1 6I)ITI) HUCKIKOYCHHUC HpOMe)KyTO‘IHOFO MATEMATUYCCKOT'O
MPEICTABICHUS T'C€OMETPHH TaKOTO IPOCTPAHCTBA B JEKAPTOBOW CHCTEME
KOOpAMWHAT. DTO MOXET OBITh OCYIICCTBICHO MPEJCTABICHUEM T'€OMETPHU
MOJISIPU30BAHHOTO MPOCTPAHCTBA Ipa)UUecK, cpa3dy OTpakas ee B CHCTEME
KOOPAHWHAT C OCSMH, COOTBETCTBYIOIIUMH T'€OMETPHUCCKOW KOH(HTYpaIuu
npoctpadcTBa. [Ipu TakoM mojaxoae (GpyHKIUS IBMKCHUS TET B MOJISPU30-
BAHHOM MPOCTPAHCTBE, OTHOCHUTEIbHO KPUBOJMHEHHBIX KOOPAMHATHBIX
oceil, CoOTBEeTCTBOBAA Obl TEOMETPHH TAKOTO IPOCTPAHCTBA H, B TO K€ Bpe-
Ms1, OblTa OBl SKBHBAJICHTHA IPAMOIMHEHHOMY JBIKEHHIO, YTO a0 OBI BO3-
MOXHOCTB YIPOIIEHHOTO €€ npeacTaBieHus. OUeBUIHO, YTO MPU STOM y/a-
JI0Ch OBl N30eXKaTh MPEABAPUTEILHOTO MAaTEMAaTHUYECKOTO ONMMUCAHUS TE€OMET-
pHUH TIPOCTPAHCTBA B JICKAPTOBOW CHCTEME KOOPIUHAT, a TAKXKE JalbHEHIICe
YCIIO)KHCHHOC OINUCAHHWE NBWXKCHUS TEJI B TaKOM MaTeMaTH4YEeCKOM IMIpo-
cTpaHcTBe. BO3MOXEH 11U TakoW Iy Th, €CIIM Ja, TO 110 KAKUM IIPUHLUIIAM [IPU
3TOM HEOOXOJMIMO BBIICIATH CaMy TeOMETPHIO MpocTpaHcTBa? Paccmorpum
UX. 3aMeTUM, 4TO TpaduuecKoe MPECTABICHUE TCOMETPHH OISIPU30BAHHO-
T'O MPOCTPAHCTBA MOXKET OBITH CIICNIAHO OTHOCUTEIHHO BHEIIHETO OIOPHOTO
MPOCTPAHCTBA, KOTOPOE JOJKHO OBITh HEOOS3ATENBHO MPSIMBIM, HO OO0HO-
POOHBIM TIPOCTPAHCTBOM, TIOJABEPTIIUMCS 3TONH MECTHOU MOJISIPU3AIIHH.

ITockOMbKY TeOMETPHUYECKHUE CBOMCTBA MPOCTPAHCTBA CBSI3BIBAIOT, B
OCHOBHOM, C JAWHAMHUKOW JBW)KEHHS TeJ, TO OJHUM W3 IPUHIIUIOB €ro rpa-
(hugeckoro oToOpakeHUs, T.€. OTOOPAXKEHHS €r0 TEOMETPHH JOJDKHO OBITH
coomeemcemeaue dTON TEOMETPHH JTUHAMHYCCKHM CBOWCTBaM MPOCTPAHCTBA.
Torma, BO3HMKAET OYEPEIHON BOMPOC, KaK M HA KAKUX MPHUHITUIAX TIPU 3TOM
JIOJDKHA COOMEemcme06ams TEOMETPHsI TIPOCTPAHCTBA €r0 TUHAMHYCCKUM
CBOWCTBaM, T.C. IMHAMUKE JBIXKCHUS B HEM MaTepHabHBIX Tel. OnHaKo, Ha
CETOJIHANIHUHN JIEHb B U3BECTHBIX TCOPHAX TaK W HE CIOKHIOCH YSTKHX OJI-
HO3HAYHO CIIOKUBIIMXCS (DYHIaMEHTAIBHBIX NPUHIIMIIOB OTPaXXCHUS TEO-
METPHH MPOCTPAHCTBA B COOTBETCTBHHU C JMHAMUKOM JBHKeHHUs1. Jlanee pac-
CMOTPHUM BO3MOXHOCTb BBIZICTICHUS TAKKX TPUHIIUIIOB.

Ecnu mpu OnMcaHuM IBIKSHUS TE MBI XOTUM COXPAHHUTh MPEEMCT-
BEHHOCTb, TO MPHU JIBWKEHHHU TeJI B COOTBETCTBUH C T€OMETPHEN IPOCTPAHCT-
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Ba BBINIOJHEHHE 3aKOHOB KJIACCHMYECKOM MEXaHWKH JOJDKHO OBITH HE3bIOJIC-
MBIM, 4TO MPUMEM M3 BCEX BO3MOKHBIX NPUHIMIOB, KaK OCHOBHOW. [Imst
OTBICKAHHUSA JIPYTUX NPUHIUIIOB BEPHEMCS K MEPBONPOXOALY B 3TOM HaIlpaB-
nenun Y. Hpl0TOHY, MOCKOJIBKY OH MEPBBIM CBSI3aJl TEOMETPHIO MIPOCTPAHCT-
Ba C JTUHAMHUKOH JBMXEHMSI B HEM MaTE€pPUAIBHBIX T, T.€. C €r0 AUHAMHYE-
cknuMHu cBoiicTBamu. Kak m3BecTHO, Kitaccmdeckas Mexanmka M. HproToHa,
OCHOBaHHAs Ha TPEX 3aKOHAX TUHAMUKH W 3aKOHE TATOTEHHs, ObLIa co3maHa
Ha 0a3e eBKJIMIOBOW I€OMETPHUHU MPOCTPAHCTBA, KOTOPOE OIHOPOJIHO M H30-
TPOITHO, YTO MO3BOJISET OTPAXKATh €ro MPOTSHKEHHOCTH IPAMON JTHHUEH. DTO
€ro CBOMCTBO B IBHOM BUJZE OTpa)keHO B IIepBOM 3aKOHE U B HESBHOM — BO
Bropom u Tperbem 3akoHax Heiorona. IlepBoiit 3axoH HploToHa riiacur:
8CAKOE MeN0 COXPAaHsem COCMOSHUE NOKOs UNU PAGHOMEPHO20 NPAMONUHEl-
HO20 08UICEHUsl, NOKA BO30€UCMBUE CO CHOPOHbL OpY2UX mell He 3aCmAaBAm
€20 U3MeHUums 3mo cocmosnue. 31eCh, IpsiMasi TEOMETPUS EBKIUAOBOTO IpPoO-
CTPAHCTBA CBSA3aHA C €T0 OUHAMUYECKUMU CEOUCMBEAMU, 3aKITIOTAIOIIIIMHUCS B
BO3MOXXHOCTH PaBHOMEPHOIO NPSMOJIMHEMHOTO ABIMXKEHUS MO HWHEPLHUH B
M000M HampaBJIEHUH U C JIOOBIMH CKOPOCTSIMH Ha OCHOBE IPUHIIUIIOB 00-
HOpOOHOCMU U U30MPONHOCMU ITHX €ro TUHAMHUYECKHX CBOICTB. Takum
00pa3oM, MBI HalTd HUCKOMBIE NPHUHIKIBI COOTBETCTBHUS T€OMETPUHU MPO-
CTpaHCTBa €0 AMHAMHWYCCKUM CBOﬁCTBaM, P KOTOPBIX COXPAaHACTCA IIpe-
€MCTBEHHOCTbH BBINIOJIHEHUs 3aKOHOB AMHAMHMKU Hprotona. Jlanee paccMmor-
PUM YCIIOBHS M HEOOXOJUMOCTh NEWCTBHS 3TUX HMPUHLHUIIOB 0OHOPOOHOCMU
U U30MPONHOCMY I OTPAXKECHUSI TEOMETPHN MPOCTPAaHCTBA IPH COOII0Ie-
HUM OCHOBHOTO IPUHIIMIIA 10 YaCTH IPEEMCTBEHHOCTHU BBIIOJIHEHUS 3aKOHOB
KJIACCUYECKOM MEXaHUKH.

EBKJIMIOBO OJHOPOJHOE M H30TPOIHOE HPOCTPAHCTBO, COOTBETCT-
BYIOLLEE AUHAMHYECKOMY NpAMOMY HpocTpaHcTBY HploTOHa, OTpakaioT B
JIEKapTOBOW CUCTEME KOOPAUHAT, B KOTOPOH MOKHO BBIIEIUTh: TPEXMEPHYIO
TEOMETPHIO JTF0O0TO OTAEITHHO BRIAECICHHOTO y4acTKa MPOCTPAaHCTBA (popMoit
Ky0a, TBYMEpHYI0 — IUIOCKOCTBIO, & OJHOMEpPHYI0 — mpsiMoi nuHuel. Kak
BUJIHO, n7s BbImodHeHus [lepBoro 3akoHa HeploToHa HET HEOOXOIMMOCTH,
4TOOBI €BKIMIOBO MPOCTPAHCTBO OBLIO M30TPOIHO, AOCTATOYHO, YTOOBI OHO
OBLIO OJTHOPOIHO Ha IIOCKOCTH WM 1O IPSMON JIMHUU. DTO TOBOPHUT O TOM,
yTO 1A BhINOJHEHUs IlepBoro 3akoHa HproTOHa AelicTBHE MpUHLMIA U30-
TPOMHOCTH HeoOs3aTenbHO. TakuM 00pa3oMm, Ui 0TOOpaKeHHUsI TeOMETPHU
MPOCTPAHCTBA, B KOTOPOM BBIMONHSAIOTCS 3aKOHBI KJIACCUYECKON MEXaHUKU
(ocHOBHOHM TPUHIHAIT), HEOOXOAMM W TOCTATOYCH IHING ONWH MPUHIIWII, a
MMEHHO NPUHLMUI OJAHOPOAHOCTH MpoCTpaHcTBa. [lanee, eciau B ycCIOBHUSX
COXpaHEHMsI MPUHUUIA OJHOPOJHOCTH MPOCTPAHCTBA M BBINOJHEHUS MPHU
stoMm [lepBoro 3akoHa HproToHa MCKITIOYNTHE HEOOXOAMMOCTD MPSIMOIHHEH-
HOTO NBIXKEHUS, TO 0OHOPOOHOE NPOCHMPpAHCHEo Ha TIIOCKOCTU WIIH TIO JIH-
HUH He 00513aTeIHHO JOJDKHO OBITh IPSMBIM. BBISICHUM, Tax JIx 3TO.
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OueBHIHO, YTO B OJHOPOJHOM CJIO€ MCKPHBICHHOW M HEMPEPhIBHOMN
TeOMETPUYECKON KOH(UTYpAIMK POCTPAHCTBA, HAIPUMED, HA TIOBEPXHOCTH
chepsl Bcerga €ctb BO3MOXKHOCTh PAaBHOMEPHOI'O IBHIXKCHUSI M0 HHEPIHMU
CKOJIb YTOJIHO J10aT0, cornacHo [lepomy 3akoHy HeioTona. B atux ycioBu-
SIX TPACKTOPHUIO JIBIKEHHUS TEJIa MOXKET OLIEHUTh TOJIHKO CTOPOHHMH (BHEII-
HUIi) HaOJIIOAaTeNb, a Ui CAMOTO J(BIIKYIIETOCS TEla HE MMEET 3HA4CHHS,
JIBIDKETCSI OHO MPSMO WK MHaue. bosee moapoOHOe 000CHOBAHUE ITHX CYIK-
JIeHUI paccMOTpUM Mo3xke. Takum o0pas3oMm, HenpepvisHas 00HOPOOHOCHIb
UCKPUBTIEHHO20 NPOCMPAHCMEA SIBISIETCS HEOOXOTUMBIM H TOCTATOYHBIM
YCJIOBHEM JJIS OCYIIECTBIICHHS PABHOMEPHOTO BIIKEHHS, OTBEYAOIIETO
yCII0BHAM BbIoNHeHus [lepBoro 3akoHa HplOTOHA Takke Kak U B €BKIHIO-
BOM IIPOCTPAHCTBE. BO3MOJICHOCMb PABHOMEPHO20 OBUICEHUS RO UHEPYUU 8
00HOPOOHOM NPOCPAHCHIBE, COOMBEMCMBYIOWEM €GKIUOOBOMY NPOCMPAH-
CmMey, O UCKPUGIEHHOU MPAEKMOPULU CKOb Y200HO 007120, Odjiee, NpumeMm
KaK ycnogue, coomeemcmeyloujee npuHyuny HenpepvieHol 00HOPOOHOCMU.
Takoil NPUHIKI MO3BOJIET OTPAKATh TEOMETPHUUCCKYIO KOHPUTYPAIMIO O
HOPOJIHBIX IUIOCKMX CJIOEB WM JIMHUN B TPOCTPAHCTBE TPU COXPAHEHHU
MPEEeMCTBEHHOCTH BBITIOJIHEHUSI 3aKOHOB KJIaCCHUYecKoil Mexanuku. Mcxoms
W3 MPUHIUIA HENPEPhIBHONW OJHOPOJHOCTH, MOXKHO MPHUHSTh, YTO 2e0Ment-
pUsi NPOCMPAHCIMEA MO eCMb KOHQDU2Ypayus npocmpaHcmeeHH020 KOHMU-
HYYMa ¢ 0OHOPOOHBIMU OUHAMUYECKUMU CEOUCMBAMU, 8 KOMOPOM Mamepu-
anbHble mena Mo2ym HAXoOUmvCsi 8 COCMOSHUU NOKOSL UU PABHOMEPHOZ0
O0BUIICEHUSL CKOJIb Y2OOHO 00120.

Hcxons W3 MpUHLMIA HEMPEPHIBHON OJHOPOAHOCTH, PACCMOTPHUM
MPUMEPBI BO3MOXHBIX T€OMETPHUiT IPOCTPAHCTB.

Kondurypanuio eBKIHI0BO MPOCTPAHCTBA C OJHOPOAHBIMH CBOMCT-
BaMH, T.€. €0 F€OMETPHIO, KaK OTMEUYAIIH BbIIIE, MOXHO OTPa3UTh TPEXMep-
HO — ¢opmMoii KyOa, a KOH(PUTYPAIHIO MPOCTPAHCTBA, TOIIPUIOBAHHOTO IICH-
TPaJbHBIM TOTEHIMATBHBIM TI0JIEM, — TOJIBKO JBYMEPHBIMHU IIIOCKUMH CJIOSI-
MU, O00pa3yoUIMMHU 3aMKHYThle Cc(epUvecKHe MOBEPXHOCTH, TpeXMepHas
MHTEerpajbHasi KOHQUIYpalys KOTOPBIX IPH HENPEPHIBHOM psilie 3HAYCHHN
paauyca naet hopMmy oobeMHOH chepbl. ['eomMeTpus IPOCTPaHCTRA, HOJSIPH-
30BaHHOTO 10 NPSIMOM JINHKH, TIPEJICTABIAET CO00M KOH(PUTYpaIHIO MOBEPX-
HOCTH LMJIMHIPA, & TEOMETPHS MPOCTPAHCTBA MEKIY JBYMS TaKHMH JIUHHUS-
MH TMOJSPH3AlMH — KOHQHUIYpalWi OIHOMEPHOW mnpsMmoi muHuU. [Ipo-
CTPAHCTBO MEXIY JIBYMS TOYCYHBIMH I[CHTPAMH MONSPU3ALUH HMEET reo-
METPHIO B BHJIE OJHOMEPHBIX KOH(PHIYpaIMili M0 JIMHUK OKpYyxKHOCTH. Kak
BHUJIHO, TEOMETPHS MPOCTPAHCTBA, YCTAHOBIICHHAS [0 MPUHIIUIY HEMpPEPhIB-
HOU OJHOPOJHOCTH, MOXET MPUHHUMATH CaMble Pa3lUYHbIC KOHQHUTYPAILUH,
KOTOpbIE B 3aBUCHMOCTH OT CIOcO0a €ro MoJsipu3alid MOTYT ObITh TpeX,
JIBYX W OJTHOMEPHBIMUA. MBI YBHJIEIH, YTO U3 HEMPEPHIBHOTO Psifia FEOMETPH-
YECKUX JIMHUHA TPOCTPAHCTBA MOXET OBITh COCTAaBICHA MX HMHTErpalibHas
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KOH(UTypanus, KOTopasi, HapUMep, U3 HETPEPBHIBHOTO psijia TeOMEeTpHye-
CKUX JIMHUHA MPOCTPAHCTBA, MPEACTABISIONNX JMHANA OKPYXHOCTEH BOKpPYT
LEHTPA ITOJIIPU3AINY Ha TTIOCKOCTH, MOKET UMETh BHJI IUTIOCKOTO KpyTa.

Hcxonst u3 Toro, 4To MCHOIh30BaHNe MPUHINIA HEMPEPHIBHOW OIHO-
POIHOCTH MO3BOJISIET MOCTPOUTH TE€OMETPHIO IIPOCTPAHCTBA, B KOTOPOM JOC-
TUTAETCS] TPEEMCTBEHHOCTD BBIITOJHEHHSI 3aKOHOB KJIACCHYECKOM MEXaHUKH,
paccCMOTPUM Jajnee HEKOTOPbIE CYIIECTBYIOIINE I'€OMETPHUECKHE TEOPUH C
LENIbI0 BBISIBIICHUS B HUX IOXOXKUX CBSI3ed T€OMETPHH M JAMHAMHUYECKUX
CBONCTB IIPOCTPAHCTBA.

HecMmoTpst Ha n300MIIMe MaTeMaTUYECKUX MOJENEH TeoMeTpHil mpo-
CTPAHCTBA, 10 CETOJHSIIHEro JHsS HET IOCJIeAO0BaTeNbHON U HEMpPOTHBOpPE-
4UBOM TeOpHU. B CyIIecTBYIOIIMX TEOpUSAX T€OMETpUIl MPOCTPAHCTBA HET
€MHOTr0 MPHHIUIA, YCTAaHABIUBAIOIIET0, YTO 03HAYAaeT UCKPUBJIEHHOE MPO-
CTPAHCTBO W IOHITHE — «TEOMETpHs MpocTpaHcTBa». Kpome Toro, MHOTHE
MOJIETI 3THX T'€OMETPHH BHYTPEHHE NMPOTHBOpedMBHl. Hampumep, HEKoTO-
PBIMH CYIIECTBYIOIIMMH TEOPHUSMH OJHOBPEMEHHO NPHU3HAETCS ]BA B3aUMO-
HCKJIIOYAIOIINX CBOWCTBA PEATBbHOI0 MPOCTPAHCTBA — OJHOPOAHOCTH U U30-
TPOIHOCTh, & TAKXKE HCKPUBICHHOCTh I'€OMETPHHM M HEOIHOPOIHOCTH €r0
cBoiicTB. Co3/1aHbl TaKXKe TEOPUU MCKPHUBIECHHBIX T€OMETPHi, II€ B OCHOB-
HOM DPaccMaTpPHBAIOTCSI aOCTPaKTHBIE MMOBEPXHOCTH, MMEIOIIUE Pa3IUuHYIO
KPUBHU3HY B €BKJIHJOBOM IIPOCTPAHCTBE, HAIPUMEP, B TEOPHH T'€OMETPHUU
Boiisn-Jlo6aueBckoro Ha MOBEPXHOCTH TPEXMEpHOro runepbononna, ['aycca
n PruMana Ha moBepxHOCTH cepbl U T.4. 6€3 MPUBA3KH UX K YeMy-Ji0o (Ha-
npuMep, ABWKEHHI0). PaccMOTpHUM BKpaTie HEKOTOPBIE U3 HUX.

B XIX B. ynanoch HOHATbH, 4TO B IPOCTPAHCTBE MOTYT BO3HUKHYTh U
HEEeBKJINIOBBI reoMeTpuu. KoHeuHO, BOMPOC O CyIIeCTBOBaHWH HEEBKINIO-
BOM T€OMETpHHU B CBS3M C (PU3MUECKON PEalbHOCTBIO CTaBHJICA Y)K€ TOTIIA.
OcHoBHas 3aciyra B 3TOM NpuHaIIexXuT JlobaueBckomy (1792—-1856), Boii-
au (Bolyai, 1802—1860) n Tayccy (1777—-1855), X0Ts K uIesiM HEEBKINAOBOU
T€OMETPUH NPUXOIWIN U ApyTHe. B 3THX HOBBIX F€OMETPHUSIX POJIb HPSMBIX
UTPAIOT TaK Ha3blBaeMble reojesnydeckue JuHUU JlobaueBckoro. JlokaszaHo,
gyro reoMeTpus JIoOaueBCKOro 3KBHBaJICHTHA T€OMETPUH Ha TPEXMEPHOM
runepOoIone, KOTOPhI MOXHO IMPEICTaBUTh ce0¢ MOMEIICHHBIM B YEThI-
pEXMEpHOE MPOCTPAHCTBO C €BKJINAOBOM TeOMETpHEl, HEPOTHBOPEUUBOCTh
KOTOPOH CUMTAeTCsl JOKA3aHHOM.

HoBast reomerpust JlobaueBckoro o0nagaeT HEOOBIYHBIMU CBOWMCTBA-
M. Hampumep, cymMma yIjgoB TpeyroibHHKa B 3TOH T'€OMETPHH BCETna
MmeHblre 180 rpagycoB 1 3aBHCHUT OT JIMHEHHBIX pa3MepoB TakK, YTO B MAJBIX
00J1acTSX OHa HEOTIMYMMa OT E€BKIIHMIOBOM, a B OONBIINX — CYIIECTBEHHO
OTJIMYAeTCA M MOKET MMETh CKOJIb YTOJHO Ooibinoe 3HaueHne. Kpome Toro,
B 9TOIl T€OMETPUM Yepe3 TOUKY BHE 3aJlaHHOM NPSAMOM IPOXOJAT, O Kpai-
HEH Mepe, ABe MpsMbIe, el mapautensable. OnHako reomerpus JlobadeBcko-
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TO MOCTPOEHA YUCTO aOCTPAKTHO, TOIBKO U3 TEOPETHUYECKUX IPEJICTABICHUN
TeOMETPUIECKUX KOHPUTYpaIHid 0€3 IPUBSI3KH UX K 4eMy-JTTHO0O.

IMo3xe uaen o cBsA3M (PU3MUECKUX CBOMCTB MATEPHUH CO CBOWCTBAMH
HCKPUBIICHHOTO TIpocTpaHcTBa pasBuBan Kmuddopn (Klifford 1845-1879).
On mpeamnonarai, 9T0 MPUYNHAMH MOSIBICHUS] KPUBHU3HBI IPOCTPAHCTBA MO-
TyT OBITh TEIUIOTA, CBET U 3JIEKTPOMArHUTHOE T10JI€, HO TP 3TOM MM HE CTa-
BHJICSL BOIIPOC O TOM, YTO 3HAYUT KPUBU3HA IIPOCTPAHCTBA.

AnTtnTe30i runepbonuueckoil reomerpun JlobGaueBckoro sBisieTCS
chepuueckas reomeTpust Pumana (1826—1866), rae yepes TOUKy BHE MPSIMON
BOOOIIE HENb3s MPOBECTH IpPAMYIO, il mapajulenpHylo. Takas reomerpust
9KBUBAJICHTHA F'€OMETPUH HA TPEXMEPHOH cdepe B YETHIPEXMEPHOM EBKIIU-
JoBoM mpocrtpaHcTBe. CymMMa YIJIOB TpPEYrOJIbHHMKA, PACIIOIOKEHHOTO Ha
MOBEPXHOCTH Takoi cdepsl, Bcerna conpuie 180 rpagycoB. Ee nBymepHsbii
BapuaHT — 3TO c(epuuecKas TeoOMeTpHs Ha 3eMHOM mmape. Poab npsambix
30echb uepam ceodesudeckue JuHuL 60abUO020 Kpyed.

B omimume OoT cBOMX MpEAIIECTBEHHUKOB, CTPOMBIIUX CBOIO HEEBK-
JUIOBYI0O T€OMETPHIO ITI00anbHO, BO BCEM MNPOCTpaHCTBE, PuMaH cTpowmi
TEOMETPUIO JIOKaJbHO, B TOUKe. PaccTosHne MeXIy OECKOHEYHO OMM3KUMHU
TOUKAMH ¢ KoopauHaTamu X' u x' + dx' (i = 0, 1,2, 3) B puMaHOBOii reoMeT-

o o 2 i 7.k
pHUH OTpPENeIsIeTCsl KBaAPaTHIHON (hopmoit ds® = g ikdx "dx (o moBTO-

PSIFOLIMMCST MHIEKCAM 371€Ch UMEETCSl B BHJy CYMMHPOBaHHE). 31€Ch Gy —
TaK Ha3bIBAEMBI METPUYECKUI TEH30p, Uepe3 KOTOPBIN BBIPaXKarOT KPUBU3-
Hy PUMaHOBO IPOCTPAHCTBA M MpOYHE ero cBoicTBa. Ecim KpuBHU3HA B €BK-
JINIOBOM IIPOCTPAHCTBE BCEI/la paBHA HYJIIO, TO B pPUMAHOBOM IIPOCTPAHCTBE
OHa Bcerja OTIMYHA OT Hyad. KpuBH3Ha puMaHOBa MPOCTPAHCTBA — JIO-
BOJIBHO CJIO’KHOE NMOHsATHE. JIOCTaTOUHO CKa3aTh, YTO OHA ONMCHIBAETCS TEH-
30pOM 4YETBEPTOro paHra Ry (TeHzopoM Pumana), KOTOpbIH cTpouTcs u3
KOMIIOHEHTOB METPUYECKOT0 TEH30pa g M €ro Npou3BOAHBIX. Y Pumana
KpPHBH3HA IPOCTPAHCTBA paccMaTpHBaeTcs Takke kKak Wy JlobGaueBckoro,
YHCTO aOCTPaKTHO, 6€3 KaKOH-MMOO0 MPHUBA3KH K JHHAMHYECKUM CBOMCTBaM
9TOro KOHTUHYYMa.

B teopun Hemerkoro matemarrka BaiirieHOeka OnMchIBaeTCS T€OMeT-
pHUs MPOCTPAaHCTBA U3 NPEACTABICHUS €ro, KaKk BHYTPEHHIOIO T'€OMETPHIO
PE3MHOBOTO JTMCKa, 1e()OPMUPOBAHHOTO BCIEICTBHE BpalieHus. B oTiandue
oT reomerpun Pumana, reomerpus BaiirienOeka o0samgaeT HE TONBKO KpH-
BH3HOI! TPOCTPAHCTBA, HO U €r0 Kpy4YeHHEM.

[MpuHIMNManpHO MHAYE 0OCTOUT JET0 B OOIIei TEOpUU OTHOCHUTEINb-
Hoct (OTO) DiiHITelHA, TOE TUIOCKUE UCKPUBTICHHbIE NOBEPXHOCMU 2€0-
mempuu Pumana omoscoecmsnaomes 2pasumayuoHHbIM nojem, KOTopoe
MOXeET OBITh yOpaHO BEIOOPOM CHCTEMBI OTcueTa. Y DHHIITEHHA reoMeTpHs
MIPOCTPAHCTBA B IPAaBUTAIIMOHHOM II0JIE OTpeseNnsieTcs: chepruieckoil KoHpH-
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rypamyeil MoBepXHOCTH reoMeTpur PrMaHa, 4To NPUHATO Kak MOCTyJar 0e3
Kakoro 0o kpurepus. IT1o 3Ha4uT, uto B OTO nuHaMudeckue cBOMCTBa
MOJISIPU30BAaHHOTO MIPOCTPAHCTBA, 10 CYTH, CBS3aHBI C €r0 T€OMETPUIECKON
koHpuryparmeii. OueBHIHO, YTO Te0Ae3NIECKHe JIMHUN TeoMeTpun PuMana
Ha ceprdecKoil MOBEpXHOCTH MOXKHO paccMmarpuBath B OTO JitHmiTeiiHa
KaK KpYTOBBIC TPAEKTOPHH JIBIJKCHHS B OAHOPOIHOM I'PaBUTALIMOHHOM TIOJIE,
T.. B OJHOPOJHOM IIPOCTPAHCTBE, SKBHUBAJICHTHOM EBKINAOBOMY. 37€Ch
OHHIITEHHOM, NyTeM (OPMAILHOTO HMCKIIOYEHUS] TPAaBUTAIIMOHHOTO TOJIS
NIPU TEPEX0Jie B YCKOPEHHYIO CHCTEMY OTCYETa CO CPepHyecKOi TreoMeTpH-
ell, B CYIIIHOCTH, BBISBJICH NPHHLUI HENPEPHIBHON OJHOPOAHOCTH, IPHU KO-
TOPOM JABMKCHHE MATEPUANBHOIO Tella B YCIOBUSAX LIEHTPATIBHOIO NMOTEHIH-
AJIBHOTO TI0JI1 PKBUBAJIEHTHO JABWXEHHIO B €BKIMAOBOM IIPOCTPAHCTBE. DTO
noATBepkaaeTcss U reomerpueil Pumana, ucnonszyemoit B OTO, rae kpyro-
BbI€ TPAEKTOPHH IBIKCHUS MO T€OAEC3NIECCKUM JIMHHUSAM ITPUPABHEHBI K MPSI-
MeiM.  Opaako, OTO DifHmTeliHa, KacaTeNbHO OIPEICICHUS TeOMETPHU
MPOCTPAHCTBA, IPOTHUBOPEYNBA, MOCKOJBKY B 3TOH TEOPHH IPOCTPAHCTBO
OJTHOPOJIHO M U30TPOIHO U, B TO € BPEMs, OHO NMPHU3HACTCS UCKPUBICHHBIM
TPaBUTAILMOHHBIM TIOJIEM, XOTs, U3 Takoro mpotusopednst B OTO BbIxOAT,
Kak OBUIO CKa3aHO, yJaJeHHEM JEHCTBHS I'PAaBUTALIMOHHOTO IIOJIST BHIOOPOM
CHUCTEMBlI OTCUYEeTa M IPUPABHUBAHHEM KPYTOBBIX TPAEKTOPHH JIBIXKEHUS K
HIPSIMOJIMHENHBIM.

W3yyeHne 31eKTPOMArHUTHBIX SIBJICHUH, JABW)KEHHS YaCTHL[ C OOJb-
IIMMH CKOPOCTSIMU B MaciTabax, CpPaBHUMBIX CO CKOPOCTBIO CBETa, IIPUBEIIO
K YAMBUTEIBHBIM BBIBOAAM: IPOCTPAHCTBO M BpeMs 00pa3yloT €IMHBINA KOH-
THHYYM. 3/1€Ch POJIb PACCTOSIHUSI MEXIY ABYMs OJM3KUMH TOYKAMH HTPaeT
BEJIMYMHA, Ha3bIBaeMasi HHTepBaJoM. KBaxpaT nHTEpBana B 1€KapTOBBIX KO-
OpAMHATaX ONpENeNsIeTCs PAaBEHCTBOM:

ds®> =c*dT? —dx* —dy* —dz°, (5.1
IJIe ¢ — CKOpOCTb cBeTa; T — BpeMs.

I'eomeTpust, onpenernsieMasl TAKUM HHTEPBAJIOM, HA3bIBAETCS IICEBJIO-
€BKJIJIOBOM, a YETBIPEXMEPHOE IPOCTPAHCTBO € TaKOM reoMeTpueil — mpo-
crpaHcTBoM MuHkoBckoro. IIpoctpancTBoO MUHKOBCKOIO OJJHOPOJHO U U30-
TpornHO. OHO OTIMYAETCsI TEM, YTO B HEM MOXKHO BBECTH TNI00aJIbHYIO JieKap-
TOBYIO CUCTEMY KOOPAMHAT.

B mnocnennee Bpemst JIOryHOBBIM cO37aHa PENSITUBUCTCKAS TEOPHS
rpasurtauuu (PTI), B KOTOpOIi rpaBUTAIIMOHHOE TI0JIE MIPU3HAETCS KaK Belle-
CTBEHHOE IoJie, obJajaroniee B MpOocTpaHCTBE MHHKOBCKOTO IUIOTHOCTBIO,
SHEpPTHel M MMITYJIbCOM, U KOTOPOE HE MOXET OBITh yOpaHO BHIOOpPOM cHC-
teMbl oTcueta. CornmacHo PTT, minockas ogHOpoAHast U U30TpomnHas Beenen-
Has OeckoHeyHa. B teopun JloryHOBa OTHOCHTEIHHO T€OMETPUH IIPOCTPAH-
CTBa COXPAHSIOTCS Takue e mpoTtuBopeuns, kak ¥ B OTO, Ho B emie 6omnee
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yCcyryOJICHHOM BapHaHTe, HOCKOJIbKY I'PaBUTAIMOHHOE TOJIE HE MOXKET OBITh
yOpaHo. A 3TO 3HAYHT, YTO B OJHOPOIHON M M30TPOIHOHN Bcenennoil mpu-
CYTCTBYIOT T'DaBHTAIlMOHHBIC TIOJIS, KOTOPBIE IIOJIIPU3YIOT MPOCTPAHCTBO,
Hapymias ero OAHOPOJHOCTH 110 JMHAMHIECKAM CBOWCTBAM H T.I.

B pesynbrare passutus uaelt JiHIITeHA B TocaenHee Bpems Llnmo-
BBIM CO3/laHa MHTETrpajibHAs TEOPHUs PU3MIECKOTO BaKyyMa, I'7le B IPOCTPaH-
cTBe MUHKOBCKOTO y4TeHa TeOMeTpHs Kak PruMana, Tak u BaiinenOeka. Odge-
BHJHO, 4yTO TeomeTpusa Bakyyma IllumoBa uMeeT Te jke BHYTpPEHHHE MPOTH-
Bopeunsd, uto 1 OTO, HO ero MHTErpanbHas TEOpHs, B OTIWYME OT Mpealie-
CTBEHHHMKOB, Han0oJIee MOJIHO OTpaXkaeT AMHAMUYECKHE CBOWCTBA POCTPaH-
ctBa. [IpocTpaHCTBO COOBITHI B TEOpUH (H3MYECKOTO BaKyyMa HE TOJBKO
WCKPUBIICHO, a TaK)Ke M 3aKpy4yeHo. B o01em ciaydae KpydeHne mpocTpaHCT-
Ba BaiinienOexa BbICTynaeT Kak HCTOYHHK IOSIBJICHUS! PUMaHOBOW KPHUBH3HBI.
Omnueckuit Bakyym lllumoBa HazeneH CTpyKTYpOoH, OOYCIIOBICHHON HEKH-
MU IEPBUYHBIMU BUXPSIMH, KOTOPBIE CO3AI0T TAK HA3bIBAEMBIE TOPCHOHHBIC
IOJISl M BBICTYIIAIOT KaK IEPBONPHYMHA CYIIECTBOBAHHWS B HEM MaTepuH,
unepyuanvruix noael v T.1. B npoctpanctse lllunoBa Ha 0CHOBE pacIIUpeH-
HOTO TOJIKOBAHUSI TPUHIINIIA HHEPIMHU 110 T€OAE3UIECKUM JTMHUSIM BO3MOXKHO
YCKOpEHHOE IBIDKEHHE MO "MHepHuu', 9TO CHpPaBEIIMBO U U HEHW3ITyda-
TEIBHOTO PABHOMEPHOIO JBIKEHHS 3apsHKCHHBIX KBAHTOBBIX YaCTHI[, Ha-
IIpUMep 3JIEKTPOHOB, IO KPYroBoil Tpaekropuu mo uHepiwH [10]. O1o 3Ha-
ynt, yto I1INnoBeIM, 1O CYyTH, paBHOMEpPHOE KPYroBOE€ IBHUKEHUE B TaKOM
c(epruecKH HCKPUBJIIEHHOM OJHOPOJHOM IPOCTPAHCTBE NMPHUPABHEHO IIPs-
MOJIMHEMHOMY PaBHOMEPHOMY ABIKEHHIO 110 UHEPLUH, YIOBIETBOPSIOIEMY
ITepBomy 3akoHy HpIOTOHA B €BKJIMIOBOM MPOCTPAHCTBE, & TAKXKE yCTAHOB-
JICHA CBSI3b MEKAY HCKPHUBICHHOW I€OMETpHUYECKON KOH(pUrypamnei omHo-
POIHOTO MPOCTPAHCTBA M JTUHAMHKOHN IBI)KEHHS B HEM MaTEpPHAIBHBIX Tell
SKBUBAJICHTHOH yCIIOBUSIM ABHKEHUSI B €BKJIMI0BOM IIPSIMOM IIPOCTPAHCTBE.

B wrore, u3 aHanuza Teopuil reOMETPUIl IPOCTPAaHCTBA MOXHO 3a-
KIIFOUUT, YTO, HECMOTPS Ha HAJTMYNE HEKOTOPHIX BHYTPEHHUX MPOTUBOPEUUH
U UX Ype3BbIUAiiHYIO CIIOKHOCTh B ONHCAaHWHU, OCTPOCHHUE TEOMETPUU TIPO-
CTPAHCTBAa, B KOTOPOM JIOCTHTaeTCs MPEeMCTBEHHOCTh BBINOJIHEHHUS 3aKOHOB
KJIACCUYECKOM MEXaHHUKU N0 NPUHLIUIY HENPEephIBHON OJHOPOIHOCTH, IO
CYTH, yXe OOOCHOBaHO W CYNIECTBYIOIIUMH TEOPHSMU. DTO 3HAUYUT, YTO
KOH(UTypanusi 0JTHOPOIHBIX CBOWCTB HPOCTPAHCTBA, NMPHU KOTOPHIX BBIMOJ-
HEHME 3aKOHOB KJIACCHYECKOM MEXaHMKM 3KBHBAJICHTHO BBIOJHEHUIO HX B
OJTHOPOJTHOM M M30TPOITHOM NPOCTPAHCTBE, SIBISETCS 0OOCHOBAaHHBIM KpUTE-
PHEM JUTS OTIPE/ICIICHHS €TO TEOMETPHH.

UneanpHOlt (yHIAMEHTATBHOM TEOMETPHUCCKOW KOH(UTYpaIuen
MPOCTPAaHCTBA IIPU COXPAHEHWH MPECMCTBEHHOCTH BBIIIOIHEHUS 3aKOHOB
JUHAMHKH IBIOKeHHS HbIOTOHA MO yCTaHOBJIEHHOM HaMU BBIIIE BEPCHU MO-
JKET OBITh, HAIIPUMEP, OTHOPOIHBIE TUIOCKHE CIION MPOCTPAHCTBA HA MOBEPX-
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HOCTH C(epbl, MO0 KOTOPHIM MOXHO OCYIIECTBUTH PABHOMEPHOE JBHXECHHUE O
KPYTOBOH TPaeKTOPHU CKOJb YTOJHO A0JTO0. VX0 N3 COBPEMEHHBIX 3HAHUH
0 KOCMHYECKOM IPOCTPAHCTBE, MOJKHO HPETIONOXNTh, 4To BcemupHoe mpo-
CTPaHCTBO, MOJSIPU30BAHHOE LEHTPAIBHBIM TPAaBUTALMOHHBIM TIOJEM, Mpen-
CTaBISIET COOOU CIIOMCTYIO CTPYKTYPY M3 MOTEHIMAIBHEIX chep, 00pa3oBaHHYIO
W3 HETPEPHIBHOTO Dsifia OHOPOAHBIX IUIOCKHX C(EPUUECKHX IHMOBEPXHOCTEH,
BJIOKEHHBIX JPYT B JIpyra. 3TO 3HAYMT, YTO EANHOE KOCMUYECKOE IPOCTPAHCTBO,
B TIEPBOM NPHUOJIMKEHUH, TIPEACTABISIET CO00I «MaTpEeIIKy» U3 HEMPEPHIBHOTO
psiia OTEHIMATIBHBIX C(ep C COOTBETCTBYIONMMH PaJNycaMy KPHBHU3HBI, YTO
0COOCHHO IPHMEUaTesIbHO U JUIT MHKPOKOCMOCA, HalpuMep, VIS SHepreTuye-
CKHX YpOBHEH 3JIEKTpOHOB B aToMe. Kak n3BecTHO, 371eKTpoHHasi 000I04Ka aTo-
Ma COCTOUT U3 MOTEHIMATBHBIX cep ¢ IUCKPETHBIMU PAJIilycaMH YCTOHINBOTO
OpOHTAIBLHOTO JIBIKEHUSI B COOTBETCTBHM CO 3HAYCHHMEM KBAaHTOBOI'O YHCINIA 1.
Ha xano#t 13 moTeHIMaIbHEIX chep MOKET HaXOIUTHCS MHOXECTBO HJIEKTPO-
HOB C OIMHAKOBOW DHEPTUEH, HO ¢ pa3IMIHON OpHeHTanrel ux opour. B atome
pa3pelleHHbIe IUCKPETHBIE YPOBHU TMOTEHIMAIBHBIX C(Ep paclpeneseHbl OT
LIEHTpa K Mepudeprn mo Mepe BO3pacTaHMsl MOTEHINAIBHON SHEPTHU SIIEKTPO-
HOB. Takoe mHOz0ypO6HeGoe nomenyuanbHoe nPOCMpaHcmeo ¢ YeHmpaibHOU
noasipusayuel, cocmosuee om Yenmpa K nepugepuu us HenpepvleHo20 psaoa
OOHOPOOHBIX NAOCKUX Cl10€8 NPOCMPAHCMBA cO chepuiecKoli zeomempueli, 0a-
Jiee 6yoem Haszvleams npocmpancmseom nomenyuarvhwix cgep (II1C).

Heobxoanmo 3aMeTHTh, 9TO JUIs HAXOXKICHUS TUHAMHYECKOH CTPYK-
TYpBI aTOMa HEOOXOJMMO MMETh JIEJI0 HE C TPAaBUTAIIMOHHBIMHU, a C JJIEKTPH-
yecknMH ToyisiMH. O4YEBUIHO, YTO D3JIEKTPUYECKHE I0JIsi 00pa3yloT CBOU
MI1C, npu KOTOPOM TPaBUTAIIMOHHOE MOJIE IT0 OTHOWIEHUIO K 3THM DIICKTPH-
YECKHM TOJISIM OCTAETCsI MPAKTHIECKN OTHOPOAHBIM M H30TPOITHBIM.

5.2. 'eomeTpusi IPOCTPAHCTBA U COOTHOLIEeHHe Gopm
PABHOMEPHOIO BHKEHHS

IIpuHuuMn 3KBUBajJieHTHOCTH. Ecnu reomeTpus mpocTpaHcTBa, IO-
CTpPOEHHAs! MO MPHUHIUITY HEMPEPHIBHOW OJAHOPOIHOCTH, OTBEYAET OJHOPOI-
HBIM YCJIOBUSIM JBHYKE€HHUSI IO MHEPLIMH, KaK B EBKJIMJI0BOM MPOCTPAHCTBE, TO
W TPAaeKTOpHUsA OJHOPOJHOTO ABHUKEHHS N0 MHEPLIUU IO T'€OAE3UYECKUM JIU-
HUSIM TaKOT'O IIPOCTPAHCTBA JIOJKHA OTBEYATh YCIOBUSAM JBUKEHUSI B €BKIIU-
JIOBOM TPOCTPAHCTBE, YAOBJIETBOPSIOIIMM BbINOJHEHUIO [lepBoro 3akoHa
Herorona. Takum ¢yHIaMEHTAIBFHBIM, KaK B MUKPO, TaK H B MAKPOKOCMOCE,
OJHOPOJHBIM YCJIOBMSIM JBHKEHMSI [0 UHEPLIMM OTBEYAET KPYIOBbIE JIBHIKE-
HUS TI0 TEOJIe3NUECKUM JIMHUSM OBEPXHOCTH Cephl ¢ OAHOPOIHBIMU CBOM-
CTBaMU IPOCTPAHCTBA, T.€. KPYTrOBBIE JABM)KEHUS B POCTPAHCTBE B COOTBET-
CTBUH ¢ ero cepuyeckoii reomerpueil. Toraa yCiIoBUS BBITOJHEHUS STOTO
3akoHa HpIOTOHa B peaibHOM IPOCTPaHCTBE CO CepHUecKoil reoMeTpuen
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CBOJATCS K YCIOBUSIM SKBHUBAJIEHTHOCTU PABHOMEPHOIO KPYTOBOIO JIBHXKE-
HUSI MaTEPHAIFHOTO TEJIa PABHOMEPHOMY IMPSIMOJIMHEHHOMY IBIDKEHHUIO €TO
B OJTHOPOJHOM H30TPOITHOM IPOCTPAHCTBE, T.€. JOJDKEH BBIIONHATHCS MPUH-
IIUIT SKBUBAJICHTHOCTH KPYTOBOTO M MPSIMOJIMHEHHOTO ABMXEHUH. DTO 03Ha-
4aeT, 4To ycioBus aBmxkeHHA B IlepBom 3akoHe HploTOHa pacmmpsrcs,
BKJIFO4ast B ce0s1 1 paBHOMEPHOE KPYTOBOE JABHKCHHE.

PaccMoTprM BO3MOKHOCTH BBINIOJHEHHS TaKOTO MPHUHIUNA SKBHBA-
JICHTHOCTH 00Jiee MoaAPOOHO.

PaccMoTtpum opOuTansHOE IBHKEHHE KocMHuueckoro kopadis. [o yc-
TAQHOBJICHHOMY IIPE/ICTaBICHHUIO, JBIDKEHHE KOCMHUYECKOro KOpabis Ha op-
Oute 3eMiM MMEEeT COCTABJISIOUINE PAaBHOMEPHO-IPSMOINHEHHOTO W YCKO-
peHHOTO JBWXKeHHH. B TO ke Bpems maccakxupy B KaOMHE KOCMHYECKOTO
KOpaOJsi HeNb3sl OINPEAETHTh COCTABIISIONIYI0 YCKOPEHHOTO IIBMKEHHS KO-
pabisi B HampaBieHHMHM LeHTpa TsroreHus. CienoBaTelbHO, YCKOPEHHOE
JIBIDKCHHUE KOpaOisl JUId Maccakupa B €ro KaOWHEe HUKAKOrO 3HA4YeHUs He
MMEET, a 3HAYUT, 3TOT0 YCKOPEHHOTO ABMXXEHHS IJIsl HETO Kak Obl HE cylie-
ctByeT. OTCIOAa BBITEKAET, YTO VIS ATOTO NMACCAXKUPa IBHKCHUE 110 HCKPHB-
JICHHON TPaeKTOPUH B IIOJIE TSATOTEHUS 3EMIIM TOXKE Kak Obl HE NMEET HUKa-
KOT'0 3Ha4YEHUs], YTO PABHOCWIBHO €r0 MPSIMOJIMHEHHOMY JBI)KEHHIO 0€3 yc-
KOpEHUsL.

Takum 00pa3oM, MOXKHO YTBEPIKIAaTh, YTO BBIMOJIHSIETCS CIIEIYIOIINI
HPUHIMUIL PAGHOMEPHOE KPY2080e OBUIICEHIE MAMEPUATIbHO20 Med 8 Peailb-
HOM NPOCMPAHCMEe 8 COOMBENMCMEBUE C e20 2e0MeMPUUecKoli Konguaypayu-
ell, 8bl10eNIeHHOT 8 YCIL0BUAX HENPEPLIGHOU 0OHOPOOHOCMU, IKGUEANEHIMHO €20
PABHOMEPHOMY NPAMOTUHEUHOMY OBUNCEHUIO 8 OOHOPOOHOM U U30MPONHOM
npocmpancmee. B nanpHeWIIeM Juis TPOCTOTHI 3TOT NMPUHIUT OyIeM Ha3bl-
BaTh NPHUHIUIIOM 5KBUBAJICHTHOCTH KPYTOBBIX WM TNPSIMOJIMHEHHBIX JIBIKE-
Hui. [IpuBenem elre HEKOTOpPBIE MOTHUBANINH B MOJIB3Y TAKOTO YTBEP)KACHHS.

B npuBencHHOM paHee mpHMepe IBIKCHHE KOCMHYECKOro Kopaoiis
OJTHOPOJHO, U OHO HUYEM HE MOXKET OBITh HAPYIICHO, B IIOJIHOM COTJIACHHU C
ITepBeiM 3akoHOM HptoToHa. TakuM 00pa3oM, COOTBETCTBHE TPACKTOPHH
JIBIDKEHUST KOpaOJysi TEOMETPUH MPOCTPAHCTBA, MOCTPOSHHOH 10 MPUHIIUILY
HETPEPHIBHON OJHOPOTHOCTH, TOBOPUT O TOM, YTO TaKO€ PaBHOMEPHOE JBU-
JKEHUE OCYIIECTBIIsIeTCS 0€3 KaKoro-inbo YCKOPEHHsS OTHOCHTEIBHO MpO-
CTPaHCTBA, U OHO SKBUBAJIECHTHO OJAHOPOJHOMY MPSMOJMHENHOMY JBHXKE-
HU0. W neficTBUTENFHO, B MPOTUBHOM Ciydae Ul OCYIIECTBICHHUS OpOH-
TAJIFHOTO JIBM)KEHHSI HE0OX0anMO ObUTO OBI BCe BpeMs coBepiIaTh padbory. B
3TOM MOKHO YOEIHTBCS, €CIIM B OJHOPOJHOM W M30TPOITHOM IIPOCTPAHCTBE
TIOIBITATHCS 3aCTABUTH JBUTAThCSI KOCMUYECKHH KOpallb MO KpyroBOW Tpa-
EKTOPHUH.

PaBHOMEpHOE KpyroBo€ IBIKCHHE MaTEpPHABHOTO Tesa 0e3 3arpar
SHEPTUH MOXKHO OCYIIECTBHUTh U B YCIIOBHAX aOCOIIOTHO OJHOPOAHOTO IIPO-
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CTPaHCTBa, CO3/aBas JUIi BPAILAIOLIETOCs TeNla UCKYyCCTBEHHYIO omopy. Ta-
KH€ YCIOBHS MOKHO CMOJEIMPOBATH B YCJIOBHSX AAIEKOT0 KOCMOCa IpH
pPaBHOMEPHOM BpAICHHH MAacCHBHOTO Iapa Ha CTEHKaX Kopabims. B stom
Cilydae IyTh Tejla UCKPHUBIIIETCS HCKYyCCTBEHHOH OIIOPOH, a He IPOCTPAHCT-
BOM. B 3TuX ycnoBHSX Ha HCKPUBJIEHHE ITyTH MAaTEpPHAIBHOI'O TENa OIHO-
POAHOE M30TPOMHOE IIPOCTPAHCTBO OTPEATUPYET CO3IaHUEM €TO TKECTH Ha
HCKYCCTBEHHOM OmOpE.

Takum 06pa3om, Kpyropasi popma JBHKCHHUSI MAaTEpPUAILHOTO Tella, B
COOTBETCTBUH C OZHOPOIHON MOJISPU3ALIUEH NMPOCTPAHCTBA C LEHTPAIBLHBIM
MOTCHIUAJIBHBIM ITOJIEM, IPUBOAUT K UICYE3HOBCHHNIO, A B OTHOPOAHOM U U30-
TPOITHOM MPOCTPAHCTBE — K MOSABIEHUIO BECa 3TOr0 MaT€pPUalIbHOTO TeNa.

OTu ABa ciydas NPUHLIMIINAIBHO HE pa3iIMyaroTcs, IMOCKOJIbKY MaTe-
pHanbHBIE TeNa ABMXKYTCS B OJHOPOJHBIX YCIOBHSAX IO TEM TPAECKTOPUSIM,
KOTOpBIE MM TPOJMKTOBAHBI, IPH 3TOM TeJaM HET HEOOXOIMMOCTH TPATHTh
WIN TIPUOOPETaTh PHEPTHI0 M3BHE, YTOOBI COXPAHUTh PABHOMEPHYIO CKO-
pocTb nBmwkeHns. OTINYHe 3THX ABYX CIIydaeB KPYTOBOTO JBHKEHHUS COCTO-
UT TOJIBKO B TOM, YTO, €CIIM B IIEPBOM CJIydyae yAEp>KHBaHHE Tesa Ha opOuTe
OCYIIECTBIISICTCS TIOCPEICTBOM OJHOPOAHOTO IOTEHIMAIBHOTO IOJIS MpO-
CTPAHCTBA, TO BO BTOPOM — 3TO TEJO YAEPKHUBACTCS OJAHOPOAHON HCKYCCT-
BEHHOH OIOPOH B TaKUX XK€ OJHOPOAHBIX YCJIOBMSIX IPOCTPAHCTBA, YTO IO
NPUHIUITY YACPKAHUSA UX HAa TPACKTOPHUU KPYroBOrO ABMXKEHHUS paBHO3HAY-
HO. 3HAuUT, ACUCTBHSI UCKYCCTBEHHOIN KPYroBOil ONMOPBI U OXHOPOJHOIO IO-
TEHIMAJIBHOTO IOJI1 MPOCTPAHCTBA HA ABIDKYIIMECS MaTepHabHBIE TeNa IO
NPUHIUITY CO3AaHUsI MU (OPMBI TPACKTOPHUH ITyTH JIPYT APYTY SKBHBAICHT-
HBL. TOTJa ¥ IPUHIMIT S5KBUBAJICHTHOCTH KPYTOBBIX M TPSIMOJIIMHEHHBIX JBH-
JKEHUH JJIs1 9THX ABYX THIOB YAEPKMBAaHUS JABMKECHHUS MATCPHAIBHOTO TEja
Ha KPYTOBOH TPAaeKTOPHH BBIITOJIHIETCS OJHHAKOBO BEPHO.

BeInonHeHNe NPUHIMIIA SKBUBAJIEHTHOCTH KPYTOBBIX U MPSIMOIMHEH-
HBIX JIBUKEHUI NMOATBEPKIAET U cieayroummii npumep. M3BecTHo, 4To 3Ta-
JIOH MpPSMOHN JIMHUM — Jy4 CBETa TaKK€ MMEET MCKPUBJIEHHE, COTJIACHO CH-
JIOBOW TMHAMHKE IMPOCTPAHCTBA, T.€. COTJIACHO €ro TeOMEeTPHYECKOil KOHpH-
rypauuy B I'PaBUTALMOHHOM I10JI€ MAacCUBHOIO Tena. Tak Kak Jiyd cBeTa B
J000M clTyyae OCTaeTCsl STAJIOHOM IMPSIMOM, TO MCKPUBJICHHAS JIMHUS 3TOTO
Jy4ya B IPOCTPAHCTBE, a 3HAUUT, PABHOMEPHOE JBIKEHHE MaTepUAIIbHBIX TEI
M0 MCKPHUBJICHHOH TPAaeKTOPUH, COOTBETCTBYIOIIEH T€OMETPHYECKON KOH(H-
Typaluy 3TOrO MPOCTPAHCTBA, SABISETCSA JBI)KEHHEM, SKBUBAJICHTHBIM JBU-
JKSHUIO 110 TIPAMON JIMHUH.

Takum 00pazoM, OYEBHIHO, YTO PABHOMEPHOE KpPYrOBOE IBIKCHHE
KOCMUYECKOTO Kopabiii Ha opOWTe, COOTBETCTBYIOLIEE I'€OMETPHH MpO-
CTPAHCTBA, SKBUBAJICHTHO PABHOMEPHOMY MNPSIMOJIMHEHHOMY IBHXCHHUIO B
OJTHOPOJIHOM M M30TPOITHOM NpocTpaHcTBe. CIpaBeNIMBOCTD 3TOTO IPHUHIIH-
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Ia SKBUBAJIEHTHOCTH, KaK MBI BBIICHWJIM, OYE€BUIHA U I PAaBHOMEPHOIO
KpPYTOBOT'O JIBM)KEHUS Tela HAa HCKYCCTBEHHOM OIOpe.

PaccmoTpuM eme HEKOTOpBIE CBOICTBA KPYrOBOIO JBMIKEHHS TElN.
Kak ycranoBwim, Ipy NPUHYIUTEIFHOM YAEPKUBAHUH Tella Ha OpOUTE CH-
JI0Basi IWHAMHKa IIPOCTPAHCTBA BHIPAKAETCSI B OOPETCHWH Beca BpaIlaro-
OIMMCSI MacCUBHBIM TenoM. Ho KakoBa IpUpoAa YCKOPEHHOTO JBHKCHUS
I1apa Ipy BPaILeHNH Ha CTEHKaxX KOpalis B paCCMOTPEHHOM BBIIIIE IPUMEPE,
€CTb JIM B 3TOM CJllyyae HCTHMHHOE YCKOPEHHOE ABIKEHHE OTHOCHUTENIBHO
mpocTpaHcTBa?

WI3BeCTHO, YTO Mpu UCMUHHOM YCKOPEHHOM O8UMCEHUU MEHACMCA 6elll-
YUHA CKANAPA BEKMOPA CKOPOCHU NPU COXPAHEHUU €20 HANPAsIeHus, a npu 06U-
JHCeHUU mena no Kpy206ol mpaeKmopuu Habmooaemcs oOpamuas Kapmuua,
m.e. 6eKMOP CKOPOCMU NOCHOSAHHO MEHsen C60€e HanpasiieHue npu HeusMeHHou
senuuune cxanapa ckopocmu. 1Ipy UCTHHHO YCKOPEHHOM PEXHME JIBHKCHHS
MAaTepHaNbHOIO Tella MOCTOSHHO JOJDKHA TPATHTBHCSA YHEPIHS, YTO COOTBETCTBY-
€T POCTY BEJIMYMHBI CKaJIIpa CKOPOCTH, YEero HE HAONIOmaeTcsl IpU KPYTroBOM,
TaK Ha3bIBAEMOM, YCKOPEHHOM JIBIKCHUH TIOCPEICTBOM yIEP)KHBAaHMS Tella Ha
PAaBHOM yJAJIE€HHUHU OT ONPEIEIECHHOTO LIEHTPA.

Takum 00pa3oM, HANUIO Ka4eCTBEHHO APYTrOod MEXaHH3M [eHCTBHSA
HCKyCCTBCHHOﬁ OIIOPBI WJIM CHUJIOBOT'O IIOJIA HPOCTPAHCTBA, KOTOPLIC B IIO-
JIOOHBIX CITy4asiX BBICTYMAIOT KaK ONepaTropbl MOBOPOTA BEKTOpPA CKOPOCTH.
W nelicTBUTENBHO, €CIUM Y MAaTEPUANBHOIO TelIa MEHSIOT TOJIBKO HaIpaBie-
HHUE BEKTOpa CKOPOCTU IPU NOCTOSHHOM BEJMYMHE CKajspa 3TOro BEKTOpa
TO, OYEBHHO, YTO 3TO HE OYyAET 3KBHBAIECHTHO €ro NMPSIMOJIMHEHHOMY pa3ro-
HY B YCKOPEHHOM peKHMe. DTO 3HAYNT, YTO IPH JABMKEHHUH JIFO00TO Teia Mo
KPYToBO# opOHTe, 00yCIOBICHHOH MOMSApU3aNeH TPOCTPAHCTBA I HCKYC-
CTBEHHOH ONOPOil, ICTUHHOE YCKOPEHHOE IBIKEHHE OTCYTCTBYET, a JIHUIIb
UMEET MECTO HCKPHBICHHAs TPAeKTOPHUs IyTH, COOTBETCTBYIOIIAs (opme
9TOW MCKYCCTBEHHOW ONOPHI WJIM OJHOPOJHON TeOMETPUIECKON KOH(pUTypa-
IIMH TIPOCTpaHCcTBa. Hamprumep, MOBEpXHOCTh 3eMIIH SIBIIACTCS TAKOW XKe HMC-
KYCCTBEHHOM OIIOPOM Ul MaTepUANbHBIX TeEJl, ABHUIalolUXcA MO HEH IO
«mpsMoit muHUMY. Kak BUAHO, B 3TUX U IPYTUX CITydasX BHIIOJIHEHUE TPUH-
uIa 3KBUBAJICHTHOCTU KPYT'OBBLIX U HpﬂMOHHHeﬁHbIX I[BI/DKeHI/II‘/II HC BBbI3bI-
BaeT COMHEHUII.

IIpnHIMI SKBUBAJICHTHOCTH M KBAHTOBbIE YACTHLbI. JlelicTBUE PUHIN-
Ia SKBUBAJIEHTHOCTU KPYTOBBIX U NPSIMOJHMHEHHBIX ABMXEHHUN MaTepHalb-
HBIX T€l B MPOCTPAHCTBE WIPAET OYEHb BAXKHYIO POJIb MPU PACCMOTPEHHU
JIBUDKEHUS! KBAHTOBBIX YACTHLI, HATPUMED, SIEKTPOHA B MOTEHIUAIBLHOM I10-
ne aapa. M3BecTHO, 4TO AIIEKTPOH MPH YCKOPEHHOM JIBHXXEHHUU B IIPOCTpPaH-
CTBE U3Iy4aeT dJIEKTPOMArHUTHBIE BOJIHBL, B TO K€ BPEMSI OH HUYETO HE H3-
JTy4aeT MpH OpOUTAIBHOM BpAlIeHHWH B MOTCHIHUAIBHOM Ioye siapa. M ato
BOIIPEKU TOMY, YTO, IT0 YCTOSBIIMMCS MIPEACTABICHUSAM, JICKTPOH Ha OpOuTe
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COBEpIIAET IOCTOSIHHOE YCKOPEHHOE JIBI)KCHNE B HAIPaBJICHUHU [IEHTPa Bpa-
IICHUS.

Takoe moBeaeHNE IEKTPOHA NPH OPOUTAITEHOM YCKOPEHHOM ABHXKE-
HHH, TIPOTHBOPEYAIIee TEOPUH 3JIEKTPOANHAMHUKH, BHAYAJIE BHI3BIBAIIO Y TEO-
PETUKOB KBAaHTOBOW MEXaHHKH OOJBIIOE HEJOYMEHHE, HO TOJBKO 1O TeX
HOp, TIOKa OHH HE TPUPABHSIN 3JIEKTPOH HA OPOUTE SApa aTOMa BEPOSITHOCT-
HOMY 00maKy cocTtosHHHA. IIpy 3TOM MM HPHUIIIOCH OTKA3aThCA OT MOHATHSA
AJIEKTPOHA KaK YacTHIbl, MMEIOIIEH TPACKTOPHIO YCKOPEHHO20 JIBUKCHHSI.
Bot k kakuM aGCcypAHBIM BBIBOJIAM MPUBEJIO B TEOPUH KBAHTOBON MEXaHHKH,
B 1[EJIOM, HEBEPHOE TOJKOBAaHHE T€OMETPHU IPOCTPAHCTBA B HPUCYTCTBHU
CUJIOBBIX ITOJIEH.

[IpuMeHnTENBHO K HaIleMy NMOHMMaHHIO T€OMETPUH IIPOCTPAHCTBA,
TaKO€ «HeusryuamenpHoey MOBEICHUE IEKTPOHA B II0JIE A1pa HE TOJIBKO He
BBI3BIBAET HEJOyMEHHE, a HA00OPOT, SABISETCS (PAKTOM JOKA3aTEIbCTBA 3K-
BHBAJICHTHOCTH PaBHOMEPHOTO KPYTOBOTO JBIKCHUS NMPSIMOJIMHEITHOMY TBH-
JKSHHI0. JTO 3HAYUT, 9TO (popMa W XapakTep CBOOOJHOTO OpPOHUTANBEHOTO
JBIDKCHHUS SJICKTPOHA B TOJIE AApa COOTBETCTBYET OJHOPOAHON reOMeTprye-
CKOW KOH(HTypaluy MpOCTPAaHCTBA U HE SIBISIETCS] YCKOPEHHBIM ABHKEHHEM
OTHOCHUTENBHO 3TOT0 IPOCTpaHcTBa. TakuM 00pa3oM, OZHOPOAHOE KPYroBOE
JIBIDKEHUE DJIEKTPOHA B YCIOBHUSX OJHOPOJHON I'€OMETPUYECKOH KOHpHUry-
paluK NpoCTPaHCTBA, T.€. B COOTBETCTBHH C €r0 reOMETpUel 3KBHBAJICHTHO
PaBHOMEPHOMY TPSIMOJIMHEHHOMY ABHXXEHHIO B OJTHOPOHOM M M30TPOITHOM
MPOCTPAHCTBE, YTO UCKITIOYACT U3ITyYSHNUE UM IJIEKTPOMAarHUTHOW BOJIHBL

W3znyuenne 57€KTPOMArHUTHOW BOJHBI JIIEKTPOHOM IIPOUCXOIMT
TOJIBKO TIPH €TO JBIKCHWH MO TPAEKTOPHH, HE COOTBETCTBYIOIIEH OJHOPON-
HOW TEOMETPHUYECKON KOH(HIypald IPOCTPAHCTBA, NMPH KOTOPOM HEH3-
0eXHO BO3HUKAET €r0 YCKOPEHHE WM TOPMOXKECHHE.

Ha smexTpoH B arome, IIaBHBIM 00pa3oM, IEHCTBYET HEHTPATbHOE
NEKTPUUECKOE TIOJIE SAAPa, 3apPSKEHHOE MONI0KUTENBHO, KOTOPOE BBICTYIAET
Kak (pakTop 3JIEKTPOMArHUTHOM MOJIIPU3AIMU IPOCTPAHCTBA AT €IUHUIHO-
T0 ¥ OTPUIATEIBHOTO 3JIEKTPHUYECKOT0 3apsia MeKTPoHa. 31eCh B OXHOPOI-
HOM M HM30TPOIHOM IPOCTPAHCTBE TPABUTALMOHHOTO TIOJISI CHUJIOBOE MOJIE
3apaaa Aapa aToMa Co3JaeT Ul AJIEKTPOHA Kak Obl MCKYCCTBEHHYIO OJHO-
POIHYIO KPYTOBYIO ONOpY (Kak BHyTpEHHHE CTEHKH C(EepHUUECKOI TOBEPXHO-
CTH), TI0 KOTOPOMY OH BpaIllaeTcsi BOKpYT sizpa. JleiicTBre cuitoBoit tuHaMu-
KA OJHOPOJHOTO T'PaBUTAIMOHHOI'O MOJIS HMPOCTPAaHCTBA Ha OpOWTAIBbHOE
BpaIIEHNE HJIEKTPOHA OTPAXKAETCs B 0OPETCHNH UM LIEHTPOOEKHOTO Beca.

Kax BuzmHO, B3aMOEHCTBIE CBOMCTB 3apsDKEHHBIX MATEPHATIBHBIX TE U
MIPOCTPAHCTBA OMPEJEISET UX COBOKYITHOE COCTOSIHHE, OTPKAIOLIEECS B HJIEK-
TPOMArHUTHON TOJIIPU3ALMY IPOCTPAHCTBA M B MOSIBICHUH COOTBETCTBYIOLIMX
TPAECKTOPHIl IBMKEHHS TEJI C ONPEEICHHBIMI CKOPOCTHBIMU PeXHMaMu. B pe-
3yJbTaTe TAKUX B3aUMOICHCTBUI CHCTEMa — MPOCTPAHCTBO U 3apsDKEHHBIE Ma-
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TepHaAJIbHBIC Tela HAXOJTCS B JIMHAMMYECKOM DPAaBHOBECHH. YCTAHOBJICHHOC
JIMHAMHYECKOE PABHOBECHE CHCTEMBI HE MOXKET OBITh HApYIIICHO, TIOKA HA HEe HE
OKa)KYyT BIIMSTHHE BHEIIHUE CUIIBI (eciu paccmompentv 9mo HA npumepe pasHo-
MEPHO20 OBUIICEHUSI MAMEPUATLHLIX MeNl 8 NPOCMPAHCMEe, MO Haule ymeep-
arcoenue co38yuno c Ilepsvim 3akonom Helomona).

ITpuBeneHHOE BBIIIE YTBEP)KACHHE CIPABEMINBO KaK IS SIEKTPOHA,
TaK U IJ1s1 0OBbEKTOB raJJaKTUYECKUX MaciITaboB. [yl 35IleKTpoHa 3TO MOKHO
MOKa3aTh Ha TMPHMEPEe aroMa U Ha NPUMEPE CBEPXIPOBOJSILIETO KOJblLa, B
KOTOPOM DJIEKTPUUECKHI TOK MOXKET CYIIECTBOBATh 0€3 M3MEHEHHUS CKOJIBKO
yrogHo poiro. IIpu 3ToM JOIDKHO cOOMIONAThCA YCIOBHE MOJIHOTO OTCYTCT-
BUS BIMSIHUSL HA 3TOT TOK 3JIEKTPOMAarHWTHBIX ToJieil n3BHe. M3BecTHO, 4TO
ANIEKTPUYECKHH TOK, ITPOXOJSIIINIA IO KPYrOBOW TPAEKTOPHH B CBEPXIPOBO-
JUIILEM KOJIbIIE, HE U31yudem dIEKTPOMAarHUTHOE T0JIe, YTO CBHETEIBCTBYET
00 OTCYTCTBMH MCTHHHOTO YCKOPEHHOTO IBFKCHHS JIEKTPOHA OTHOCHUTEIb-
HO OJHOPOJIHON I'€OMETPHUYECKO KOH(HUIYpaly MPOCTPAHCTBA HPOBOIHH-
Ka. B aTOM cityqae cBepxmpoBosiiiee KONbII0 MOKHO CPaBHUBATh M C paHee
PAcCMOTPEHHBIM LWJIMHIPUYECKHIM KOPITyCOM KOCMHYECKOTO Kopalis, Mo
KOTOPOMY KaK YTOJHO JIOJITO BpaIllaeTcs MACCHBHBIN IIap.

TakuM 00pa3oM, OTCYTCTBHE 3JIEKTPOMArHUTHOTO M3IY4EHHS 3JIEK-
TPOHa Ha OpOUTE AApa ele pa3 FOBOPUT O TOM, YTO IIPOCTPAHCTBO BOKPYT
Spa MOJSIPU30BAHHOTO €ro AJIEKTPOMArHUTHBIM MOJIEM MOJO0HO CBEPXIIPO-
BOJISIILIEMY KOJIBILYy. A KpPYroBOE JIBH)KEHHE JIEKTPOHA Ha OpOHTE siapa aTroMa
9KBUBAJICHTHO PaBHOMEPHOMY NPSMOJIMHEHHOMY JBH)KEHHIO B OJHOPOIHOM
Y U30TPOITHOM MIPOCTPAHCTBE.

IMoasens nTor cka3aHHOMY MOYKHO C/IENATh CIIEAYIOIIHE BBIBOIBI:

— a0COIOTHO OTHOPOHOTO W M30TPOITHOTO HMPOCTPAHCTBA B IIPUPO-
Jie HE CYIIECTBYET, OHO MOJISIPU30BAHO, YTO BBI3BIBACT NCKPUBJICHHYIO KOH-
(urypanuio ero oTHOPOAHBIX CBOUCTB;

— TOJSIpU3alMs MPOCTPAHCTBA IIEHTPAIBHBIM ITOTEHIMAIBHBIM II0-
JIeM MIPUBOJIUT K U3MEHEHHUIO €T0 FeOMETPUIECKON KOH(pUrypanuu ¢ oopaso-
BaHHEM OJIHOPOJIHBIX YHEPreTUUECKHX COCTOSHUM Ha IUIOCKOM Clloe cepH-
YECKOH OBEPXHOCTH;

— CcBOOOJHOE OJHOPOAHOE JIBIKCHHE MaTepHAIbHOTO Tela B OJHO-
POZHOM TPOCTPAHCTBE, UCKPUBICHHOM IO OKPY)KHOCTH, SKBHBAJIEHTHO €TO
OJTHOPOHOMY IPSIMOJIMHEIHOMY JBM)KEHHIO B TNPSMOM EBKJIHIOBOM MpO-
CTpaHCTBE.

Ha ocHoBe clenmaHHBIX BBIBOJOB MPUBOIMM BEPCHIO PACIIMPEHHOTO
tonkoBaHus [lepBoro 3akona HreioToHa, KoTOpast GpopMyiaHupyeTcs Tak: 6cs-
KOe meno COXpausaem cOCMOsHUEe NOKOs U PABHOMEPHO20 KPY208020 O8U-
JHCEHUSL NPU YOEPICUBAHULU €20 HA PAGHOM YOALeHUU OM ONPedeNeHHO20 YeH-
mpa 0o mex nop, noKa 8o3oelicmsue co CMopoHbl Opyeux mei He 3acmagam
€20 UBMEHUMb MO COCMOSHUE.
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Heobxoaumo 3aMeTHTh, YTO TPAaeKTOPHs KPYTOBOTO PaBHOMEPHOTO
JIBIDKCHUSI ¢ OECKOHEYHO OOJBIINM paJiycoM KPUBHU3HBI IPEJCTABISET CO-
6011 paBHOMEpHOE NPSIMOIMHEHHOE BIKCHHE, KOTOPOE SIBISETCS YaCTHBIM
CllydyaeM pPaBHOMEPHOTO KPYTOBOTO IBIDKEHHS IO BEPCHH DPACIIMPEHHOTO
tonkoBanus [lepBoro 3akoHa HeroToHA.

5.3. CpoiicTBa reoMeTpHH peajbHOI0 NPOCTPAHCTBA

Hcxonst U3 momydeHHBIX BBIBOJOB O AMHAMUYECKHX CBOMCTBaxX pe-
AJIBHOTO MPOCTPAHCTBA M OTTAIKHUBASICh OT MOJIOKEHNH EBKJINAOBOIM IeOMeT-
pHH, HEOOXOAWMO BBIIEIUTh HEKOTOPbIE OCOOCHHOCTH T'e€OMETPUYECKUX
CBOMCTB 3TOr0 PeaJbHOI0 MPOCTPAHCTBA.

Ilepeuncnum, BHauane, CBOMCTBA €BKJIMJOBON T'€OMETpPUH, KOTOpas
copmynrpoBana 6osiee 2 ThIC. JIET Ha3aJ B BUJIE IIOCTYJIATOB M aKCHOM, KO-
TOpBIE MPEICTABISIIOT COOOM OYEBMIHBIE YTBEPXKACHHMS, ITPUHIMaeMble 0e3
JIOKa3aTeIbCTB.

ITocTynaToB B €BKIMJOBOW T€OMETPHH TIATH:

1) Mex 1y TOOBIMH ABYMS TOYKaMHU MOYKHO ITPOBECTH MPAMYIO;

2) mo0y10 OrpaHHMUYCHHYIO MPSIMYIO MOKHO HETIPEPHIBHO IPOJOIKHUTH
110 0ECKOHEYHOCTH;

3) u3 mMmo06O0ro MEHTPa MOYKHO OITKCATH OKPY>KHOCTH JIF00O0TO paamnyca;

4) Bce mpsIMBIE YTIIBI PABHEL,

5) Besikuit pas, Kak mpsMasi Ipu NepecevyeHny ¢ JBYMs APYTHMH Tpsi-
MBIMH 00pa3yeT ¢ HUMH YIJIbl, CyMMa KOTOPBIX MEHBILIE JBYX HPSMBIX
(180°), TO 3TH MpsSMBIE NIEPECEKAIOTCS C TOW CTOPOHBI, C KOTOPOH 3Ta cymMMa
MEHBIIIE IBYX MPSIMBIX.

Kak yka3piBanu panee, B 1eKapTOBOH CHCTEME KOOPIUHAT €BKJINIOBO
MIPOCTPAHCTBO MOXKHO TIPEACTaBUTh TPEXMEPHBIM KyOOM €O CTOpOHaMHu ¢
0ecKOHEYHON MPOTSHKEHHOCThI0. Kak BHAHO, €BKINAOBO MPOCTPAHCTBO OA-
HOPOJHO M H30TPOITHO B OECKOHEYHOCTH, a PEaIbHOE NMPOCTPAHCTBO, MOJIS-
PH30BaHHOE 1IEHTPAIBHBIM MOTEHIHMAJIBHBIM I10JIEM, MOXET OBbITh MPEACTaB-
JICHO TEOMETPHEH ero OJHOPOJHBIX CIIOEB TOJBKO Ha IUIOCKOCTH cepuue-
cKoii moBepxHOoCcTH. MHTerpanbHas KOH(UTypalusi peatbHOro MpOCTPaHCTBA
C IUIOCKOHM cepryecKoil TeoMEeTpUeH MpeACTaBisieT co00i chepHyecKyro
«MaTpenky», T.e. map I1I1C, KoTopbIii COCTONT U3 HENPEepPBIBHOTO psifa Oec-
KOHEUHOTO MHOXKECTBA BJIOKEHHBIX APYT B JIpyra MOANPOCTPAHCTB C ILIO-
CKO#l cdepuueckoii reomerpueir. Ecnmm ogHOpOIHOE W H30TPOIHOE TIPO-
CTPAHCTBO MMeET OECKOHEUHYIO MPOTSHKEHHOCTD, TO MPOTSHKEHHOCTh peailb-
HOTO IIPOCTPAHCTBA MMEET KOHEYHOE 3HAYCHHUE, OMpENeNsieMOe pPaJnycoM
KPHUBH3HBI TEOMETPUH IPOCTPAHCTBA. B ycnoBuAX pealbHOTO IPOCTPAHCTBA,
MOJISIPU30BAaHHOTO IEHTPATIBHBIM MTOTEHIUAIBHBIM TI0JIEM, 3a €0 MPOTSKEH-
HOCTh TIPHMEM DPAacCTOSHHUE, KOTOPOE NMPEOJI0JIEBAET MATEPHATIBHOE TENO 3a
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MOJHBI 000pPOT KPYrOBOTO ABHMXKEHUSI MO OpOWTE IEHTPAIBLHOTO MOTEHIIH-
IBHOTO MO, 3aMETHM, YTO JBIDKCHUE TEIa B YCIOBHAX TaKOW OTpaHUYCH-
HON TPOTSHKEHHOCTH MOXKHO paccMaTpHuBaTh Kak JABW)KEHHE, oOpazyromiee
CTOSIIIYIO BOJIHY ITO T€0JIE3MYECKNUM JIMHHUSAM ITPOCTPAHCTBA O cepriaeckont
reomerpuci. Takum 00pa3zoM, 0 MPOTSHKEHHOCTH MOKHO TOBOPHUTH TOJBKO
JUIL MaTEePUANIBHBIX TEJl, BPAIIAOIINXCS IO KPyrOBOM OpOHTE C COOTBETCT-
BYIOIIMM PaZlyCOM KPHBM3HBI NPOCTPaHCTBA. OYEBUAHO, YTO MPOTSHKEH-
HOCTh BCEMHUPHOT'O ITPOCTPAHCTBA ¢ OECKOHEYHO OOJIBIINM PaIyCcOM KPUBH3-
HBI MOXKHO CYMTATh TCOMETPHUYCCKH OCCKOHEUHOW U mpsMoit. Torma GobIyto
OKPY)KHOCTh TIOTEHIMAJIBHOM c(epbl MPOCTPAHCTBA OECKOHEYHO OOJIBIIOrO
JIMaMeTpa B TPEENbHBIX YCIOBHAX MOYKHO TPUHATH 3a MPSMYIO JIMHHUIO, KOTO-
past 3aMBbIKaeTcs cama Ha ce0st. DTO 3Ha4YUT, YTO Ha IOBEPXHOCTH c(hepbl OecKo-
HEYHO OOJIBIIOrO pajyyca MPOCTPAHCTBO MOXKHO CUHUTATh IUIOCKHMM, OJJHOPO[-
HBIM ¥ M30TPOIHBIM. Takoe MpocTpaHCTBO Ha INIOCKOCTH B YCJIOBHSIX HEOTPaHH-
YEHHOH IPOTSHKEHHOCTH MOYKET OIMCHIBATHCS €BKIIMIOBON T€OMETPHEH.

B nrore MOXXHO caenaTh BBIBOJ O TOM, YTO B IPENENBHBIX CITydasx
BBINOJIHSIOTCSI YCIIOBUSI TOXKIECTBEHHOCTH NPSIMOH JIMHUM K OKPY)KHOCTH U
HAo00poT. 31ech NPOSABISIETCS €AMHEHHE IBYX B3aHMMHO HCKITFOYAIOIINX
CBOWCTB NPOCTPAHCTBA, KOTJa JIMHUS, [IPOBEJCHHAs] B MPOCTPAHCTBE, OIHO-
BPEMEHHO SBJISIETCS MIPSIMOM U KpUBOM. B TakoM cilydae €BKIMIOBY F€OMET-
PHIO MOKHO paccMaTpUBaTh KaK YaCTHBINA Cy4ail BCEMUPHOTO IPOCTPAHCT-
Ba, B KOTOPOM IIpSMbIE JHHHUH MMEIOT OECKOHEYHO OOJIBIIYIO TPOTSDKEH-
HOCTh M 3aMBIKalOTCSl B OKPYXXHOCTB. [lapasienbHple JIMHUM K MPSIMBIM Ha
«IUTOCKOCTH» OECKOHEYHO OOJIBIION Cepsl MPOCTPaHCTBA TaKkke OyIayT Jie-
JKaTh Ha JIMHAM OKPYXXKHOCTH. Takue mapajuiesbHbIe JIMHUM OKPY)KHOCTEH
MOTYT IPHUHAJIEKATh KaK OKPY)KHOCTSIM OECKOHEYHO OOJIBIIOTO pajuyca Ha
9KBaTOpe c(ephl, TaK U OKPYKHOCTSIM OCCKOHEYHO MaJoro pajuyca Ha ee
nomocax. Kpome Toro, mapanienbHbIE JIMHHH K OKPYKHOCTH OECKOHEYHO
GompmIol chepbl MOXKHO MIPOBOJUTH H IO OKPYKHOCTSIM Cep MEHBIINX pa3-
MEpOB, BIIOXXEHHBIX B O0ONbIIYIO cdepy.

Ecnu okpyxHOCTh OECKOHEUHO OOJIBINON chephl B MPEACIbHBIX YCIIO-

: BUSIX TOXIIECTBEHHA NPSAMOM JIMHHHU, TO
JIMHUM OKPY>KHOCTEH MEHBIINX pa3MepoB
(BIIOTH 10 OECKOHEYHO MajIbIX), Mapain-
JIeTbHbIE 3TOH OECKOHEYHO OOJIBIION
OKPY>XHOCTH, TaK)X€ JIOJDKHBI OBITH SKBH-
BAJICHTHBI NIPSMBIM JIUHUAM. Takast 3KBH-
BJIEHTHOCTb, C T'€OMETPUYECKONH TOUYKH
3peHus, B MPEJCIbHBIX YCIOBUIX HEMpO-
THBOPEUNBA.

Ha puc. 5.1 npuBeneHa MHoro-
ypoBHeBast cxema BcemmpHoro IIIIC c

Puc. 5.1. MHoroypoBHEBasi cxeMa BCEMHPHOTO
MIPOCTPAHCTBA NOTEHIMAIBHBIX cep 75



HEKOTOPHIMU BO3MO>KHBIMH TTapauIeIbHBIMU JIMHUSIMU OKpYXHOcTel 4, B, C
u D, SKBUBAJICHTHBIX MPAMBIM. 31€Ch JIMHUN OKPYXHOCTH, C KAKHMH YTOJTHO
MaJIbIMH PalycaMH Ha TIOBEPXHOCTH c(epbl U BHYTPU 3TOTO MIPOCTPAHCTBA
T000T0 pazMepa, MOXKHO OTOXKICCTBIISATH C HPSAMBIMH JIMHHSMH, T.€. HX
MOXHO MPUHSTH 3KBUBAJICHTHBIMH MPSMBIM JTHHUSIM.

B npuenennoii Ha puc. 5.1 IIIIC comepXUTcs MHOKECTBO HepapXu-
YEeCKH PACIONIOKEHHBIX 10 3Hepruu moxamnpoctpancts CI, C2 u C3. B takux
NMOANPOCTPAHCTBAX PACCTOSAHUA, T.C. HNPOTHKECHHOCTH, CYIIECTBYIOT TOJIBKO
IO JIMHUSAM OOJIBIIUX OKPYKHOCTEH.

B TITIC eBxINAOBE NPSIMBIE MOXXHO 0TOOpa)kaTh TOJIBKO IO pagHaib-
HBIM JIMHUSM. [Ipn 5TOM ABMKEHHS 10 NPSMBIM PagHalbHBIM JIMHUSIM OTpa-
JKAIOT «IPOTSHKEHHOCTH» YCKOPEHHOTO JIBW)KEHHS, T.€. PalnycChl, KOTOpPHIE B
Ka)XJIOM MaJIOM OTPE3KE XapaKTepU3yIoT N3MEHEHHE CKOPOCTH JIBHKEHUS 110
KPYT'OBBIM METPHUYECCKUM JIMHUSIM.

B3anMHO-TIepHIEeHANKYIAPHBIM METPUYECKUM JIMHHUSAM EBKJINIAOBOM
reomerpud y Takoro I1IIC cOOTBETCTBYIOT IMHUH OKPY>KHOCTEH Ha MOBEPX-
HOCTH ITOTCHIHAIBHBIX Cep, MOTyIEeHHbIE IEpPECEICHUEM ITHUX c(hep B3auM-
HO-TIEPNIEHIUKYIIAPHBIMHA TIJIOCKOCTSIMU.

Paccmorpum IITIC ¢ Touku 3peHUs €BKIMAOBOI T€OMETPHH IO TIO-
PSAKY IOCTYJATOB, IPUBEACHHBIX BhIIIE. Takux, KpOME MOCIEIHErO MTOrO,
OyneT ueTsIpe:

1) Mexxay JIIOOBIMH JIBYMSI TOUKAMH Ha TOBEPXHOCTH c(epbl MOYKHO
MPOBECTH JIMHUIO, SKBUBAJICHTHYIO NPSMOH IO TPAeKTOPHU OOJIBLION OK-
PYKHOCTH 3TOH cepsl;

2) mo0yI0 OrpaHNYEHHYTO JTMHHUIO HA TPAEKTOPHH OOJIBIION OKPYKHO-
CTH cepbl MOKHO HEIPEPBIBHO MPOAOIDKHUTH 10 00pa30BaHMs OKPY>KHOCTH;

3) u3 mo0oro meHTpa MOJSPU3ALUHU MTPOCTPAHCTBA MOXKHO OITHCATh

OKPY>KHOCTB JIFO00TO paamyca;

4) Ha cheprdyecKoil TOBEPXHOCTH IPOCTPAHCTBA BCE MPSIMBIC YTIIBI
PaBHBIL, a Ty4H CTOPOH 3THX MPSMBIX YTJIOB SBIISIFOTCSI T€OAE3NUYECKUMH JIU-
HUSMHU OOJIBIIIOTO KpyTa.

OueBUIHO, YTO MATHIN mocTyiar EBkinaa, mpuMeHUMBIH ai1st cepu-
YECKOro MpOCTPAHCTBA, BBIIIOJITHUM TOJIBKO B OTPAHUYCHHBIX YCIIOBUAX.

5.4. Konuenuus cucteMbl KOOPAUHAT /JIsl OMUCAHUSA TMHAMUKHU
JABHMKEHUsI B PeajibHOM NPOCTPAHCTBE

O4eBUIHO, YTO HECOOTBETCTBHE I€OMETPHHU MPOCTPAHCTBA, OTpaXKac-
MOH B IPSIMOJMHEMHOMN NEKAPTOBOW CHCTEME KOOPAMHAT, pealbHOM Tpaek-
TOPHH PABHOMEPHOTO JABM)KEHHS MaTEPHAIBHBIX TEN MPUBOAMT IPH OMNHCa-
HHUU 3TOI'0 ABMKCHUSA K UCIIOJIB30BAHUIO HCHYKHOT'O U CJIOKHOT'O MaTe€éMaTH-
YEeCKOI'o amrapara, BEIBOJBI U3 PEIIEHHH KOTOPOro MPOTUBOPEUUBEI U CTpa-
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JIAI0T OTCYTCTBHEM HarJISIJHOCTH. BBIXOIOM M3 Takoil CHTyallii MOKET OBIT
OTpaXCHUE PEaIbHOIN TPACKTOPHUH PABHOMEPHOTO ABHMKECHHUSI MaTEePUAIbHBIX
TEJI C TIOMOIIBIO CHCTEMBI KOOPIMHAT, OCH KOTOPHIX MakCHMAalIbHO COOTBET-
CTBYIOT (hopMe ATOrO ABMKEHHS. A Kak OBUIO MOKa3aHO BBIIIE, B yCIOBHSX
LIEHTPAJIBHOTO CHIIOBOTO IOJISI PABHOMEPHOE JIBIKCHHE MAaTEPHAIbHBIX TN B
MIPOCTPAHCTBE OCYILECTBIAETCA TOJNBKO IO KPYTOBOM TPAaCKTOPHH, KOTOpPas
SKBUBAJICHTHA NMPsIMON JHUH. OTCI0[a CIeqyeT, YTO Al OTPaKCHUS KPyro-
BBIX TPAaEKTOPUI NBIKEHUS, T.€. OPOUT MaTepHaJIbHBIX TNl B MPOCTPAHCTBE
JOJDKHa TOPUMCHATHBCA CUCTEMAa KOOpAHMHAT, OCU KOTOPBIX MPEACTABIIAIOT
KpYTOBBI€ JIMHUU.

Takass ogHOMepHasi crcTeMa KOOPIMHAT MOXET OBITh Mpe/CTaBIeHA
KPYTOBOH KOOPJIMHATHOH JTMHUEH — OCBHIO Ha INIOCKOCTH, a TPEXMEepHast CHC-
TeMa KOOPAMHAT — B3aUMHO-IIEPIICHANKYSIPHBIMH KPYTOBBIMU JIMHUSIMH
OOJBIIUX OKPYKHOCTEH Ha TIOBEPXHOCTH IOTCHIMAIBLHOU cdephl. JlelcTBH-
TEJILHO, €CITH OBl KPyroBbIe OPOUTHI C PA3TMYHBIMH PAINyCcaMy ObLIN OpPHEH-
THPOBAHBI BCE B OJJMHAKOBOM HAIPABJICHHUH, TO JJISI OTOOPaKEHHS TaKHX Op-
6ut moctaTodHO OBUTO OBI MIIOCKOCTH. A TPEXMEPHYIO CHCTEMY KOOPIHHAT
Ha MTOBEPXHOCTH MOTEHINAIBHOH cepsl MOKHO HCIONb30BaTh Il OTOOpa-
KEHUsI OpOWUT, KOTOpPBIE OPUEHTHUPOBAHBI B INPOCTPAHCTBE IIPOH3BOIBHBIM
obpazom.

st XapaKTEepUCTUKU MPOCTPAHCTBEHHOTO M SHEPreTHYECKOro CO-
CTOSTHHSI PAaBHOMEPHOTO OpPOWTAIBHOTO JBM)KEHHS MaTepUalbHOTO Teja B
TaKoW cHcTeMe KOOPJAHMHAT JIOCTATOYHO 3HATH PaJANyC U OPHEHTALHIO €ro
opouTsl. beiio Obl 04YeHb y10OHO, eciii OBl U OpUEHTAINI0 OPOUTHI OTOOpa-
JKaTh C IOMOIIBIO OHOTO M TOTO )K€ TI0Ka3aTes, a UMEHHO, OpHEHTaInel ee
panuyca B IpOCTpaHCTBE. DTO BO3MOXKHO B CIIydae, €CIU PaJiyc paBHOMEp-
HOTO OpOWTAJIBHOTO JBIKECHUS MAaTEPUABHOTO TeJa MPEICTABIATh KaK pa-
JINyC-BEKTOP, OPHEHTHPOBAHHBIN MO BEKTOPY MOMEHTAa KOJIHMYECTBA JIBHKE-
HUS €T0 OPOUTHL.

Torma amst OTpaKEHUs] OPHEHTAIMM PaBHOMEPHOTO OPOHTAIBHOTO
JIBIDKEHUS] MaTepHaIbHOTO Tella cepuueckas cucTeMa KOOpAMHAT KPYTOBBIX
JIMHUAMN JOJIDKHa OBITh JONOJIHEHA HOBBIMHU KOOPJIWHATHBIMH OCIMH paamyc-
BEKTOPOB, KOTOPbIE COOTBETCTBYIOT KAXKIOW M3 KPYIOBBIX KOOPIHUHATHBIX
muaui. Takum oOpazom, Hama cdeprudeckas cucreMa KOOPIHMHAT CTaHET
IIECTUMEPHON M Oy/eT MPENCTaBIsATh COOOH JBEe B3aMMHO OOYCIIOBJICHHBIC
KOOPJMHATHBIE CHUCTEMBI KpPYTOBBIX KOOPJIMHATHBIX JIMHUA W pajuyc-
BekTOpoB. [Ipn 3TOM crcTeMa KOOpPIMHAT pajnyc-BEKTOPOB OyJIEeT COOTBET-
CTBOBATh AEKAPTOBOH CHCTEME KOOPIMHAT, IIEHTP KOTOPOi COBIAJAET C LICH-
TPOM MOTEHIMAIBHOW CQepbl KPYrOBBIX KOOPAMHATHBIX JHHUH. B Takoi
CHCTEME KOOpJIWHAT OpOUTANbHOE IBMXECHHE MATCPHAIBHOIO TEJIa MOXKET
OTHCHIBATHCS MPOCTONH TPUTOHOMETPHUECKONW (PYHKIIMEH, XapaKTepH3UpyIo-
el IBMKEHHE Tena Ha camoil opb6ure. [Ipu 3TOM OpHeHTaIio OpOUTH B
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MIPOCTPAHCTBE MOXKHO 331aBaTh MTPOCKIMSIMH €€ paJinyCc-BeKTOpa Ha B3aMMHO
TIEPIICHANKYISIPHBIX KOOPINHATHBIX OCSX PAJIIyC-BEKTOPOB.

W Tak, Ha OCHOBaHHWH PACHIMPEHHOTO TOJIKOBaHWs [lepBoro 3akoHa
HeroToHa I yIpOIIEHHOTO ONMMCAHUS IMHAMUKA TBIDKCHUS TEII B peajb-
HOM TIPOCTPAHCTBE BBEJIEHA CHCTEMa KOOPIUHAT, SKBUBAICHTHAS pealbHON
TEOMETPUH IPOCTPAHCTBA C LIEHTPANb-
HOW monspu3anuet i1 (yHIaMeH-
TAJIBHBIX CHCTEM B PEaIbHOM MHKPO H
Makpokocmoce. CucreMy KOOpAHMHAT,
KOTOpasl TpeJCcTaBieHa Ha puc. 5.2, B
JanpHeimeM Oynem HaseiBaTh «UHTE-
rpanbpHO# cucteMoi koopauaat (MCK)
noreHumanbHEIX chep» (I1C), a mpo-
CTPaHCTBa, KOTOPHIC OHHU OIHUCHIBAIOT
—IIIIC.

B nexapToBoii cucteme KOOpau-

AR

Ry
v R, HaT B3aWMMHO MNEPHNEHAUKYIAPHBIE KO-
Puc. 5.2. iHTerpanbHas cucTeMa KOOpJAUHAT OpAWMHATHBIE OCH  PagUyC-BEKTOPOB
MOTCHUMATLHBIX Chep MOXHO 0603Haunth Ry, Ry 1 R,, a co-

OTBETCTBYIOLIHE 3TUM PaJUyC-BEKTOpPaM KOOpAMHATHbIC JIMHUM HA TOBEPX-
HOCTH NOTeHIHANbHOU cepbl — X, Y1 Z.

B urore Mpl mosyunau ABOMHYIO, B3aUMOCBA3aHHYIO CHCTEMY KOOp-
JUHAT C €AWHBIM LIEHTPOM KaK A OTPaKEHUs MPOTSHKEHHOCTH IO JIMHUM
OKpY>XHOCTU X, Y ¥ Z, Tak U JUIsl OTPa’KEHUsI pafilyCoB 3TUX OKPY>KHOCTEH,
MIPEICTaBIEHHbIX paauyc-BekTopamu R,, Ry m R,. Kaxnaei m3 pagmyc-
BeKTOpOoB Ry, Ry 1 R, B 3aBMCHMOCTH OT 3HaKa CIIMHA =S MMEIOT MOJIOXKH-
TEJIbHBIE M OTPHULATEIbHBIC HAMIPABICHHUA. JTO 3HAYUT, YTO KPYTOBBIC JINHUN
KoopauHaT X, Y u Z OqHOBPEMEHHO MOI'YT IPUHUMATh KaK IOJOKUTEIIbHBIE,
TaK U OTPULATEIbHBIE 3HAYEHUS, KOTOPBIE OTPAXKAIOT MPOTHBOIOJIOKHBIE
HAIPAaBJICHUS IBHKECHHS.

WuTerpanbHas cucreMa KOOPAMHAT, COCTOAIIAS U3 BIOKEHHBIX JIPYT B
JIpyTa IBYX TPEXMEpHBIX KOOPAMHATHBIX CHCTEM, IO CBOEH CYTH OTpa)kaeT
HIECTUMEPHYIO KOOPAMHATHYIO CHCTEMY B OY€Hb yIOOHOM HMHTErPHPOBaH-
HOM BUJIE.

IIpennokeHHass MHTErpajlbHas CUCTEMa KOOPAMHAT SBISAETCS MHO-
TOYPOBHEBOHW OTHOCHTENIBHO pajnyca MOTEHIUAIBHOW cdepsl, T.e. MOXKET
MIPEICTaBIATh MPOCTPAHCTBA HA TOBEPXHOCTH C(epbl OJHOBPEMEHHO IS
X OECKOHEYHOTO MHOKECTBA C PA3TUYHBIMU SHEPIeTHYECKHMHU U BPEMEH-
HBIMH XapaKTepUCTHKaMH. B To ke BpeMs, Ha OBEPXHOCTH OJHOH MOTEH-
UATBHON c(hepbl MOKET ONMUCHIBATHCS MPOU3BOIbHAS OPUEHTANNS KaK Of-
HOW OpOWTHI, TaK U UX OECKOHEYHOTO MHOXKECTBA, TOJBKO JINIIb OTpa)kas
MPOCKIMH KAXKABIH U3 paanyc-BeKTOpoB opOoUT R Ha KOOpAMHATHBIX OCSIX
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Ry, Ry 1 R,. A 3T0 3HauuT, 4TO MHTErpajbHas CUCTEMa KOOPAMHAT o0nasa-
€T HaIIAIHOCTBIO U MPOCTOTON MPHU OMUCAHUU CIOKHBIX U YHEPreTUYECKU
CBSI3aHHBIX MHOTOYPOBHEBBIX CUCTEM, HAlpUMEP TAKUX, KAK CUCTEMBI MHO-
TO2JICKTPOHHBIX aTOMOB H T.XI. 0€3 MCIIOIh30BAHMS CIOKHOTO MaTeMaTHIe-
ckoro anmnapara. IIpy 3TOM HUHTEpPECHO OTMETUTh, YTO MHTErpaIbHAsI CUCTE-
Ma KOOpAMHAT, OTPa)XEHHAsl B BBIACIICHHOM HalpaBlieHUH, Hanpumep, Ry ¢
MpaBbiit crivH [IOJIOKUTEIBHBIMA M OTPULIATEJIBHBIMU
3HAYEHUSAMHU CIMHA +S, COIVIACyeTcs IH-
SUTOH HAMUYECKOW CTPYKTypoil ¢urtoHa AKu-
MOBa, KOTOPBIN MPEICTABIIACT COOOH CHC-
TEMY W3 KOJBLEBBIX BOJIHOBBIX MaKETOB
MEPBUYHOTO BUXPEBOTO 3JeMEHTa (hU3U-
4ecKoro Bakyyma. @UTOH, KakK MOKa3aHO
Ha puc. 5.3, OTpa)kae€T CKOMIIEHCHUPOBaH-
HBIE IIPaBO-JIEBBIE IIEPBUYHBIC BHUXpPH,
3aMONHSIONINE BECh NEPBUYHBIA BaKyyM
Puc. 5.3. GuronHas MoAEIb NEPBUUHOIO [11, c. 10]. O4eBuano, 4T MHaMiriecKas
(usmveckoro Bakyyma MOJECIIb (1)I/ITOHa AxnmoBa u MICK B BHI-
JICJICHHOM HAaIpaBJIEHUH, OTpPa’Karolas
JIMHAMUYECKYI0 T€OMETPUIO MPOCTPAHCTBA C LIEHTPAJBHOW NOJIIpU3aLUEH,
COOTBETCTBYIOT JIpYT K JIPYTy Ha NPUHIIUIIHAIBHON OCHOBE.
B mocnenyromux riaBax HOAPOOHO PACCMOTPHUM TPUHIIMITBI OIIHCA-
HUS JBIDKCHUS OpPOWTANBHBIX TEN B WHTETPAJIbHON CHUCTEME KOOPJIMHAT,
MpeIBapUB PACCMOTPEHUEM HEKOTOPBIX OCOOCHHOCTEW IBMIKCHUS KBAHTO-
BBIX YaCTHI] B IPOCTPAHCTBE.

JleBbl criviH
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I'naBa 6

ITpocTpaHCcTBEHHO-IUHAMUYECKHE CBOICTBA
KBAHTOBBIX YaCTHIL

6.1. Konnenuus Cl'll/lpaJ'lLHOﬁ JAMHAMHUKHU IBHKCHUSA KBAHTOBbIX
YaCTUIl B IIPOCTPAHCTBE

Onucanne TUHAMHUKH ABW)KEHHUA (H3MUYECKOM MaTepuH B KiaccHuyie-
CKOHl M KBaHTOBOM MEXaHUKaxX UMEIOT MPUHIUNHANbHbIE oTanuust. OJHO U3
HUX 3aKJII0YAeTCA B TOM, YTO KHHETUYECKAs SHEPrusl MPSIMOJIIMHEHHOTO JBU-
JKEHHMs KBAaHTOBBIX YaCTHI[ B JBa Pa3a BBIIIE, YEM y MACCHBHBIX Tel. Bos-
MOJKHOI MPHYMHOH TaKOrO OTJIMYMS SBJIAETCS TO, YTO KBAHTOBBIE YACTHUIIBI
HUMEIOT BOJIHOBYIO IIPUPOAY JBUKECHUSI.

Ecnu sHeprust kKBaHTa 3JEKTPOMAarHUTHOW BOJHBI — (OTOHA B KBaH-
TOBOI MEXaHUKE OIPEAEIAETCS COOTHOLICHUEM:

m,c* = vh, 6.1)

TO 3HEPTUs JBW)KEHHS KBAHTOBOW YaCTHIIBI IOCTYIUPYETCS COOTHOLICHUEM
nie bpoiins u paBHsieTcs

mv: =vh, (6.2)
rae mf n m — MacCcChbl, COOTBCTCTBCHHO, (I)OTOHEI 158 KBaHTOBOﬁ HaCTUlkbI; ¢ 1
V— CKOpOCTI/I, COOTBCTCTBCHHO, CBCTAa U KBaHTOBOM YaCTHUIIBI, V — ygacroTra
BOJIHOBOT'O JIBHUXXCHUS, h — IIOCTOsSAHHAas HHaHKa.
B TO ke BpeMs KHMHETHYECKas 3HEpPrusl 4acTULbl IO KIACCHYECKOH

MEXaHUKE ONIPEACIACTCA CICAYIOINM COOTHOIICHUCM

2
my

E = o (6.3)
Kak BuaHO, SHEprus ABHKEHHA KBAaHTOBOM 4aCTHUIBI DKBHBAJICHTHA YABOECH-
HOM KMHETHUYECKON 3HEPTUH MAaKpPOUYACTHUIIBL.

Ilo ycTosBIIMMCS IIPENCTaBICHUSM B KBAHTOBOM MEXaHUKE MEKIY KBaH-
TOBO-MEXaHUYECKUM U KJIACCHUECKUM CIOCO0AMU OIIpe/IeIeHIs] SHEPIHH JBIKeE-
HMS YaCTHUI] OTCYTCTBYET BCsKast cBA3b. Kak m3BecTHO, yacTumam ae bpoits, kpo-
Me KOPITYCKYJIAPHBIX CBOICTB, MPHIAIOT U BOJHOBBIE CBOMCTBA, OMMCAHUE KOTO-
PBIX TPaJULIMOHHBIMU CIIOCO0aMHM KJIACCHUECKOW MEXAHWKW NMPH3HACTCSI HEBO3-
MOXKHBIM. UTOOBI OTBETUTH HA BOIIPOC, TaK JIM 3TO M HET, HEOOXOIMMO paso-
OpaTbcsl B CyIIHOCTH JBMDKCHMSI KBAHTOBBIX YaCTHIl B PAaMKaX JIOTUKU TEOPHH
KJIaCCUYECKOH MEXAHHKH, C YUETOM SKBHBAJICHTHOCTU KPYTOBBIX M MPAMOJIMHEN-
HBIX ABIDKeHHH. [l aToro paccmotpuM Ooliee TIOOPOOHO XapakTep IBIDKECHHS
MAaCCHBHBIX TeJl ¥ KBAHTOBBIX YaCTHIL B IIPOCTPAHCTBE.
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[lpn ommcanum IBWKEHHS MAacCHUBHBIX TeJl, HalpUMEp, IBIKCHUS
MacCHBHOTO TeJIa 10 MJIOCKOCTH JIbJia, CIPAaBENIHBOCTD KIACCHYECKOTO BbI-
pakeHus (6.3) o7 KWHETHIESCKOM SHEPTHH COMHEHI HE BBI3bIBaeT. Ecim xe
paccMaTpuBaTh Pa3IMYHbIE MACIITA0b! IBM)KEHHS MACCUBHBIX Tell, OTIIMIHBIC
OT IIPOCTBIX 3€MHBIX YCIIOBHH, TO OUYEBHIHO, YTO ABMKEHHE TEI B MPOCTPaH-
CTBE MOXKET UMETh 0OJIEe CIIOKHBIM XapaKTep, KOrZla OHO CKJIAABIBACTCS U3
JIBIDKCHNI HECKONBKMX WX THNOB. Hampumep, ABMXEHHE 3EMIIM BOKPYT
CosHII2 COCTOHT U3 BpallATEIbHOTO JBMKEHHSI BOKPYT COOCTBEHHOW OCH U
opOuTanIbHOTO NBIDKEHUS. Beskoe Teno, Haxonseecs Ha 3emMile, COBEpILacT
KpPYroBO€ JABIKEHHE OTHOCHTEIBHO OCH BpallleHHs 3eMJIM U CJIOXKHOE CIH-
panbHOe ABMKeHHe oTHocuTenbHO ConHua. Ecnu paccMaTpuBaTh JBUKEHUE
Tella OTHOCUTENBHO IIeHTpa ['anakTHKK, To OHO UMeeT ele 0oJiee CIOXKHBIN
xapakrtep. Kak BUHO, B 3aBHCUMOCTH OT MaciuTaba HaOIIOICHHs, IBU)KEHHE
TeJla B MPOCTPAHCTBE MPHOOpETAeT Bee Oonee CIoXKHBIN xapakrep. O4ueBna-
HO, YTO DHEPIHs ABWXCHUSI MACCHBHBIX TEJ B IIPOCTPAHCTBE OTHOCHUTENbHA 1
00yCITaBIMBaeTCs] MACIITA0AMH €€ OTIpeIeIICHNS.

Kpyrossle ABMXKEHHS MacCHBHOTO Tela AJ KaKAOTO MaciuTaba Ha-
OroieHNs, KaK TOBOPWIIOCH paHee, SKBUBAJICHTHBI MIPSAMOIMHEHHBIM JBIKE-
HUSIM ¥ MOTYT OBITh CYMMHPOBAHBI [0 BEKTOpaM ISl ONPENICIICHNST PE3YIb-
TUpPYIOIIEH CKOpOCTH ABIXKeHMA. Kiaccudeckoe ke ypaBHEHHE KHHETHYe-
CKOIl PHEpTUU MOXKHO paccMaTpUBaTh KaK ypaBHEHHE JUIS 4acTHOTO ciydas,
KOTJJa MacCHBHOE TE€JIO MMEET UCKIIOUUTEIBHO MNPSAMOIMHENHOE IBUKEHUE
0€e3 IOMONHUTENBHBIX BPAIATEIbHBIX U CIUPAIBHBIX COCTABIISIOIINX H T.1I.

PaccmoTpuM npsiMonMHENHHOE MOCTyHaTenbHOE JBIKEHHE MAacCCUBHO-
TO KOJIBIIa, BPAIIAIOUIEroCs B IUNIOCKOCTH, MEPIICHINKYIIIPHON HAIPaBICHUIO
JBIoKeHns. ITycTh CKOpPOCTH MOCTYNATENHOTO M BPAIIATENHHOTO JABMKEHUH
KOJIbIIa B3aUMHO CBSI3aHBI TAaKUM 00pa3oM, 4TO JHMHEHHasi CKOPOCTh Bpalle-
HUSI KOJIbIIa pPaBHA CKOPOCTH €r0 PaBHOMEPHOTO IMOCTYHATEIBLHOTO IBHKE-
Hus. Torga oueBHOHO, YTO OOLIAs SHEPTHsl JBIKCHUS Kojblia OyneT paBHa
YABOCHHON KMHETHUYECKON 3HEPIHM €ro MOCTYyNaTeNIbHOro ABMKeHus. U sra
YABOCHHAA KHMHCTUYECCKAsA SHEPrusA ABUWKCHHA KOJIbIla SKBUBAJICHTHA OHEP-
UM IBWKEHUSA KBAHTOBOM YaCTULBL. DTO 0OCTOATEIBLCTBO JAE€T BO3ZMOXKHOCTD
npeamnojgaraTtb, YTo y KBaHTOBBIX HaCTHUI] ABUKCHHUC B IMTPOCTPAHCTBE, KaK U B
NIPUBEICHHOM BBIIIE NIPUMEPE, UMEET KaK IOCTYNaTelbHYI0, TaK W Bpalia-
TENbHYI0 COCTaBistomMe. JleHCTBUTEIbHO, BCE KBAHTOBBIE YACTUIIBI UMEIOT
COOCTBEHHBII MOMEHT KOJIMYECTBA JIBM)KEHHUS, KOTOPBIH 00YCIIOBIIEH UX Bpa-
IIEHHEM BOKPYT COOCTBEHHOW OCH M 0003HAYaeTCsl CIMHOM. A 3TO, B CBOIO
ouepeib, 03HAYACT, YTO JBIKCHUE KBAHTOBBIX YACTHII, KAK U JIBIDKEHHE 3eM-
s BOKpyr ColHIa, COCTOUT M3 MOCTYNATENFHOTO M BPAIATEIbHOTO JBIKE-
HUMH, HalpaBJIEHUS] CKOPOCTEH KOTOPBIX BCErJa B3aUMHO NEPICHINKYIISPHBL
ITpu 3TOM KpyroBas COCTaBIAIOIIAS 3TOIO CYMMAapHOTO CIHPAIbHOTO IBH-
JKEHUSI MOKET OBITh OTOXKIECTBIICHA C MPSMOJIMHEHHBIM IBIKCHHEM. Torma
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NIPY HaXOXK/IEHUN OOIIeH dHEepruH, KOTOpoW o0jajaeT KBaHTOBas 4acTHUIIA,
CKOPOCTH KPYTOBOTO M MPSIMOJIMHEHHOTO COCTABISIIONINX €€ ABHKECHHUS MO-
TYT OBITH IPOCYMMHPOBAHBI KAK BEKTOPHBIC BETTMYHHBL.

PaccMmoTpuM xapakTep IBHXKEHHUS KBAaHTOBOM 4acTulbl o e bpoilto
B IIPOCTPAHCTBE, I YeT0 IPHUBEAEeM COOTHOIEHHE (6.2) K BHIY:

mvA = h, (6.4)
rie A — JJIMHa BOJIHBI JBM)KEHHS YacTHIBI, i — mocrosaHas Ilmanka. U3
OTOI'0 BBIPAXKECHUA CKOPOCTH YaCTULBI V= /IV, Tae V — 4dacToTa BOJIHOBOI

¢GbyHKINN.
A IIpennonoxumM, 4YTO ABHKEHHE
KBAHTOBOM YaCTHIbI OMMCHIBAETCS CH-
HycomnnanpHoU (yrkmmeii. Ha puc. 6.1
IIPUBEJCHA IUIOCKAas CHHYCOMJIANbHAS
BOJIHA JBIDKEHHMS KBAaHTOBOW YaCTHUIIBI
B NIPSAMOYTOJIBHBIX KOOpAMHATax, Ile
0 OcH X OTpa)K€H IyTb, IPONJCHHBIN
5 _ YacTHUEHW M paBHBIM 3HA4YCHUIO 2r 3a
S O meneA IIIOCKON CHIYCOMIIION oy momyBomy. Kax Bjmo, sutiHa
YACTHLIBI B IPOCTPAHCTBE BOJIHBI (0Ch X) paBHa pacCTOSIHHIO Me-
KTy ABYMs OIMHAKOBBIMH ee (ha3amu,
T.€. 3HAUEHUIO 47, Tl 7 — paJuyC CMEIIECHUS WM BBICOTA AMILUIUTY I BOJ-
Hel. Ho Takas BenmuMumHa BONHBL, paBHAs 47, HE MOXKET OTpa)kaTb JJIUHY HC-
TUHHOTO IyTH, IPOWIEHHOTO YaCTULEH, KOTAa OHa UMEET, KpOME IPSIMOIIH-
HEHHOW COCTABIIAIOIIEH ABM)KEHNUS, €I11€ U KPYTOBYIO.

JlecTBUTENBHO, ABMKEHHUE KaXKAOM TOYKHM KBAHTOBOM YacCTHIIBI B
MPOCTPaHCTBE MOXET IPEACTAaBIATh COOOW CIHpalibHOE ABHKEHHE, M0J00-
HOE€ JBWKCHHIO TOYKH, BBIIEIEHHONH HA MOBEPXHOCTH JIETALIETO MYIIEYHOTO
cHapsza.

OO011en3BecTHO, YTO BCE KBAaHTOBBIE YACTHIBI MMEIOT COOCTBEHHBIC
MOMEHTHI KOJMYECTBA JBW)KEHHS, T.€. COOCTBEHHbIE MOMEHTHI BpaIlCHHUS,
Ha3bIBaeMbIe CTIMHOM. M3BecTHO TakKe, 4TO IpH f-pacmajie HEHTPOHOB 3JIEK-
TPOHBI BBUICTAIOT M3 SIAE€P aTOMOB, Bpallasch BOKPYI COOCTBEHHOWH OCH W
(hopmupys crimpaibHOE JBIKEHHE B IpocTpaHcTBe. [loaTomy mpencraBieH-
Hast Ha puc. 6.1 mIockas BOJHA HE MOYKET OTPa)XaThb MCTHHHOTO ITyTH IPO-
XOXKJICHUS YaCTHUIIBI B MPOCTPAHCTBE, MO0 Takasl € TPAeKTOPHUsS IPOTHBOPE-
YUT 3aKOHAaM PaBHOMEPHOTO MPSIMOJIMHEHHOTO IBHMXKCHUS, OCOOEHHO €CIH
9TO KacaeTcs JBUKEHMs KBaHTOBOW YaCTULIbL, K IPUMEpY, d1eKTpoHa. M nei-
CTBUTEJBHO, €CIIH PACCMOTPETh CKOPOCTh CMEIICHHS BOJHBI BAOJIb OCH X, TO
OHa HepaBHOMepHa. [IpuBeneHHas cCHHycOHMIaNbHAas TPACKTOPUS JBHKECHUS
YaCTUI[BI MOXKET OTpa)kaTh JHIIb MPOEKIUIO €€ CIUPAIbHOTO ABMXKECHHS Ha
IIOCKOCTb.
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Kak rosopuinocs Bbllle, ABIKEHHE KBAHTOBOM YaCTHLBI B MPOCTPaH-
cTBe OyJeT CIMpaIbHBIM, €CJIM OHO BKIIIOYAET B ce0s OTHOBPEMEHHO KPYyTro-
BYIO W TOCTYIIAaTENbHYIO cocTaBisttone. [Ipu aToM Kpyrosasi COCTaBIISIIO-
I1asi TAKOTO CITMPAIFHOTO JIBMKCHHSI SKBUBAJICHTHA MPSMOIHHEHHOMY IBH-
JKEHUIO.

Ha puc. 6.2 npuBeneHa TpaeKTOPHUS CHHPAIBFHOTO IBIDKEHHUS IO TI0-
BEPXHOCTH BOOOPa)KaeMOTO LIMIIMHJPA, 33 MPOCKIMI0 KOTOPOH Ha INIOCKOCTH
XV MOXHO NPUHATH CUHYCOUJy, IPUBEACHHYIO Ha puc. 6.1. Od4eBuaHO, YTO
JUIMHA BOJHBI CIIUPATIBHOTO IBIKEHUS paBHA JUIMHE OKPYKHOCTH IIWIIMHIIPA.

IIpu cniupaibHOM JBHKEHUU BEKTOPBI CKOPOCTHU €TI0 BpAILATEIbHOU U I10-
CTyMHaTeIbHOM COCTABILIIOIIMX BCErAa MMEIOT B3aUMHO MEPHEHIUKYJSIPHBIE Ha-
TpaBJIeHNs, KOTOpble 0003HAYEHBI, COOTBETCTBEHHO, BekTopamu V. n V,

' Ilycms numetinvie cxopocmu

Y A L ' “
1 Vi NPAMONUHEHHO20 Vy, U 6paljamens-
\ ,’: | I HO20 V. O8udiceruti 6yOym pasHui.
‘s I Vy2 | Torga /uist CKOpOCTEN ABMXKEHUS BO
] L

1> B3aUMHO MEPNEHANKYJSIPHBIX Ha-
I

I ,'{ X npaBreHHsX BBINOJHAETCS CIELYIO-
| Al I11€€ COOTHOIIIEHUE:

1 z

v=v, =v, =2xr-v, (6.5)

2

~

Puc. 6.2. TpaekTopusi CIMPANILHOTO IBWKEHUS  TIE 7, — paauyc BpamaTeanoﬁ
KBAHTOBOM 9aCTHIAL COCTABJIAIOLIEH CIUPAIBbHOTO JBH-
JKeHus, V — YacToTa Bpamareib-

HOTO JIBMKCHHMS YaCTHIIBI.
OTcrofa BBITEKAET, YTO BBIPAXKECHHUE JJIS1 JUIMHBI PE3YJIbTHPYIOIIEH CIMpaib-
HOH BOJIHBI OyJIET UMETh BUJ:

A, =2m,. (6.6)

[Tpoananu3upyeM Takoe ABM)KCHUE Ha OCHOBE 3aKOHOB KIIACCHYECKOM

MCXaHHKH. O‘-ICBI/I,Z[HO, YTO KMHCTUYECCKAA DHEPIusd 4aCcTHULbI Ha Ka)KZ[Oﬁ u3
2 2

. my; my;,
B3aMMHO TIEpPICHIMKYISIPHEIX INIOCKOCTel paBHa — ¥ u — 2= . Torxa mon-

Hasl SHEPTHsl KBAHTOBOM YaCTHUILIbI, JBHXKYLIEHCSA MO CIHpalIU BIOJb OCU X,
paBHa:

2 2
£ mv,, N my,
2 2
HOCKOHBKy CKOpPOCTH paBHBI, T.C. V= ny = Vyz, ojsyvdacm:
2
E=mv". 6.7)
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Kax BuAHO, HA OCHOBE 3aKOHOB KJIACCHYECKOH MEXaHMKH MOIYy4UIH
YpaBHEHHE JIsl ONPEIEIICHUSI BEIMUMHBI KUHETUYECKON 3HEPTUU JIBUXKEHUS
KBaHTOBOM YaCTHLbI, KOTOPOE COrJacyeTcsi ¢ COOTHOLIEHHEM e bpois
(6.2). 3ameTnM, 9TO TaKOE COTIACYIOIIEeCs ¢ KBAaHTOBOM MEXaHHUKOH 3Hade-
HUE KUHETHMYECKOW 3HEPIUH XapaKTEpPHO IJIs1 KBAHTOBOW YaCTHUILBI, ABHXKY-
LIeiCsl 10 CIMpaH.

[lony4yeHHblll pe3ysapTaT Uil CyMMAapHOM KHHETHYECKOW 3HEPIUu
JIBIDKEHUS! KBAHTOBOM 4aCTHIIBI MOATBEPAMM €lIle pa3, UCHOIb3Ysl BEKTOPHOE
CYMMMPOBaHHE CKOPOCTEH ABMKEHHUS Vi 1 V).

BripaxeHue 1id pe3ynbTUPYIOMIEH CKOPOCTH BpPAIIATENbHOTO U IO0-
CTYNaTEeIbHOIO ABMXKEHUN UMEET BU!

_ 2 2
Vs =4V TV

HOCKOHBKy CKOpOCTI/I paBHI)I, TO HOquaeM:
vy =42V,

OTCIO}Ia OYCBUIHO, YTO O6LL[a§I KUHETHUYCCKas SHCPTUA KBAaHTOBOM YaCTHIIBI

paBHa
o6 mvg m(\/z . v)2 2
E icu:ta = 2 = 2 =my .

Takum 00pa3oM, YIBOCHHYIO SHEPTHIO JBHKCHUS KBAaHTOBOW YaCTH-
I[bI, COOTBETCTBYIOIIYIO SHEPTMU KBAHTOBOW dacTHIeI ¢ bBpoiins, Hamum
OOBIYHBIMU CIIOCOOAMH, HCIOJIB3yEMBIMH B KIACCHYCCKOH MEXaHHWKE. DTO
JTOKa3BIBAaET MOJTHOE COOTBETCTBHE JBIKCHUS MHUKPOYACTHIEI e Bpoiis mo
TPAEKTOPHHU CIMPAIIM C PAAUYCOM 7. = 7, = r.. [Ipu 5TOM jnuHa cnupanbHOR
BOJIHBI COCTABIISACT A, = 27r,, T.€. paBHA JIIMHE TUIOCKOU KPY2080l CUHYCOU-
Obl, TIpe/IcTaBIEeHHOH Ha pHc. 6.1. Kak BUIHO, 75 THHBI BOJIHBI CITUPATBHO-
T'O JBIDKEHUS UMeeT MecTO 3P PEeKT pa3BOpOTa OAHOM IIOCKOH CHHYCOUABI B
NPSIMYIO JIMHHIO.

Elue pa3 ormeTM, 4TO IPUBENEHHBIN BBIILIE PE3YJBTAT AJIs SHEPIUU CIIU-
PAIBHOI'O JABVKCHUA KBaHTOBOM YqaCTUlIbI, COFHaCyIOHIPIﬁCH C JaHHBIMH KBAHTO-
BOW MCXaHWKH, MBI TIOJYYWIH, IPHPABHIB MEXKITY COOOH COCTABISIOIINAC CKOPO-
CTeH KPYTOBOT'O M ITOCTYIATEILHOTO JIBIDKCHHI KBAHTOBOM YACTHITBL.

BBuy BayKHOCTH MOJIOKEHUST O PAaBEHCTBE CKOPOCTEH KPYroBOM U MOCTY-
MATEIFHOW COCTABILIONINX CIUPAIBHOTO JBIDKCHIS, TIPOBEPUM BBIIOHEHUE Ta-
KOTO PaBEHCTBA, WCIIONB3YS IPYTHE CHOCOOBI, HalpuMep, Ha OCHOBE MCXOHBIX
JTAHHBIX TOJBKO JUTS BOJHOBBIX IBIDKCHUH. [IJIsI 3TOrO PasiiokuM CIHPATHHOES
JIBIDKEHHME Ha JIBE B3AMMHO TIePIEHINKYIIPHBIC INTOCKHE CHHYCOUAAIBHBIC BOIHBI
(puc. 6.3). OueBUIHO, AMIUTHTY/BI IUIOCKAX CHHYCOUIATGHBIX BOJH OYIyT PaBHBI
pajuycy KpyroBOro JBHKEHHs MUKPOYACTULGI IPU YCIIOBHH 7 = 1,= 13, = 1,

(6.8)
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Ha puc. 6.3 na nnockoctax XV u XZ npuBefeHbl CHHYCOUABI ABHKE-
HUSI 9aCTHIIBI B HAIIPaBJICHUU X M Pa3HOCTHIO (a3, paBHOH 7/2.

Y OueBHAHO, 4YTO K CMEILICHHE
r

< - KBAHTOBOH YHacTHULHBI vV BOOJIb OCH X 1o
I]l" ﬂ(-: Ka)I(,HOﬁ N3 CHHYyCOHU[ 6y£[eT IIPOUCXO0-
v N

— —» AUTH C paSHOCTBIOv(I)aB, paBHOH 7/2,
1 X npu HepaBHOMEPHOW CKOPOCTH €€ Ha-
Z ! pactaHuss OT HyJIs IO MaKCHMAaJbHOU
BEJIMYMHBIL, PaBHOW V = 2777 -V, rie V

Puc. 6.3. B3aumHo neprnesukyisipasie  — YaCTOTaA CI/IHyCOI/II[aHI;HOﬁ BOJIHEIL.
CUHYCOH/bI CIIUPAJIBHOTO JABHIKCHUSA OquI/IHHO, qT0 CKOpOCTB CyM_

MapHOTO CMEIIEHHS YaCTHUIIBI TI0 STUM JBYM CHHYCOHJaM OTpPa)kaeT €€ CKO-
POCTh TOCTYIMATENHHOTO ABIDKEHHS BIONL ocd X. Torma mis paBHOMEpPHO
JIBIDKYIIEHCS] KBAHTOBOW YaCTHIIBI CKOPOCTh CYMMAapHOTO CMEIICHHUS OT ABYX
CHHYCOHIANBHBIX BOJH TaKXKe JOJDKHA OBITH TOCcTOSTHHOW. Haiinem ckopocts
CyMMapHOTO CMEIIEHHUS V; 3TUX IUIOCKUX BOJH. CMemieHne CHUHycoumas! L,
HalpuMep, Ha MI0cKocTu XV paBHO

Ly = ro cos(wt+a ), (6.9)
TAC W — KpyroBas 4aCToTa, O/ — HayaJibHasd (1)333; t— BpEMH.

CKOpOCTB CMEIIEHUS MUKPOYACTHIBI Vy,, PABHA NPOM3BOJHOM 1O BpEMEHH OT
CMeIEeHus Ly, T.€.:

_dx
ny = Z .
Torna, Bermonass qudQepeHnnpoBaHie, TOTyIaeM:
V,, =—F,Ww-sin(wi + ). (6.10)

T
Ecnu Ha nmnockoctu XV, kak mokazano Ha puc. 6.3, ¢ =+, TO Ha IUIOCKO-
2

ctn XZ o = 0 HpI/I TaKuX YCJIOBHAX KBAaHTOBas YacTHIa NBHIKETCA BIOJIb
ocu X o ((HpaBOﬁ)) CIIupaIn. VuuTbiBasg 3HaYCHUS HA9aIbHBIX (1)213 AJIsA pas-
HBIX IJIOCKOCTEH BOJIHBI, UMEEM CIICAYIOIINE BBIPAXKCHUA I CKOpOCTCfII

_ . /s
Vv, =T, Ww-sin(wf + 5) (6.11,a)

v =—r_w-sin(wt) (6.11,6)

IMockonbKy KaxIasi U3 3TUX CHHYCOUJ OTPaKaeT KPYroBOE JIBHKE-
HUe, To BeipakeHus (6.11,a) u (6.11,0) oTpakaroT CKOPOCTH CMEIICHUS Kax-
JIOW U3 CUHYCOM/], KaK B HANPABICHUH OCH X, TaK B HAMPABICHUH AMILTUTY]T
CHHYCOM/JIAJIbHBIX BOJH Ha B3aMMHO MEPICHIUKYIISIPHBIX IMIOCKOCTAX, CME-
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IIeHHbIX 10 ¢a3e Ha 7/2. Torna, cknansiBas ckopoctH (6.11,2) u (6.11,0) xax
B3aMMHO TEPIICHIUKYJIPHBIC BEKTOPHBIC BEIWYUHBI, H 0003HAUYUB PaJHyC
KPYTOBOTO IBW)KEHHS 7o = Iy, = Iy, HOIYyYaeM Pe3yNbTHPYIONIYIO ITOCTYIIa-
TENbHYIO0 CKOPOCTH IBIKCHHSI KBAHTOBOH YaCTHIIBI:

_ 2 2 2 9 2 )
vy =4V, VL —\/rc w”(cos” wt +sin” wr) .

Hp01/13Be)1;1 BBIYUCJICHUA, TOJTyYaCM:

Vs =T W. (6.12)

Wwmes B Buay, uro w = 2z/T, rne T — nieproJ BOJHBI 110 BPEMEHH, U

1
— =y — 4acToTa, Oyzaer
Ve =v=2m, -v=AV. (6.13)

Ortcrofia momyyaeM cooTHoIeHue (6.6).
3aMmeTuM, 4TO, KaK IIOKa3aHO Ha pUc. 6.3, cHHycouJa Ha MIOCKOCTU

XV OTHOCUTENBHO OCU Z €CTh XapaKTEpUCTUKAa MArHUTHOM, a HAa MJIOCKOCTU
ZX — DIEKTPUYECKOH COCTaBIIAIOUIEH CHMPAIBHOIO IBMKEHUS SJIEKTPOHA.
OueBUIHO, YTO MPH PABHOMEPHOM IBIDKCHHH 3TH JIEKTPOMAarHUTHBIE CO-
CTaBJISIOLINE IBIDKCHUSI HEHTPATU3YIOTCS KBaHTaMU HPOCTPAHCTBA, a IMpPH
Hepexo/ie ANEKTPOHA, HAIPUMED, HAa TOPMO3HOH PEKUM ABHKEHUS 3TOT Oa-
JIAHC HapyIIAeTCsl, BCIEACTBUE YEro, U3ITy4aeTCsl JIEKTPOMArHUTHAS BOJIHA.
CTpyKTypHOE pacrpeielieHue JUHAMUKH MarHUTHOH M 3JIEKTPHUUYECKOH co-
CTaBJIAOIINX 3TOM 3J'IeKTpOMaFHHTHOﬁ BOJIHBI MTPOJUKTOBAHO CIIMPaJIbHBIM
XapaKTCepoOM JABMIKCHUA DJICKTPOHA U MUMCIOT BUA B3aWUMHO NEPIICHAUKYIAP-
HBIX CHHYCOUJI, KaK Ha puc. 6.3, 9T0 MOATBEPKIAAETCS COBPEMEHHON TeOpHeit
U3ITy4deHus. OTO 3HAYUT, YTO TakKas XapaKTEPUCTHKA CTPYKTYPBI IEKTPO-
MarHUTHOM BOJIHBI SBJISIETCSl €Ile OJHUM YOEANUTEIbHBIM JI0Ka3aTeJIbCTBOM
TOr0, 4TO JBMKEHHE HJIEKTPOHA B MPOCTPAHCTBE MMEET CHUPAIBHBIA Xapak-
Tep, MOCKOJIBKY CTPYKTYpa M3ITy4EHHS €CTh CICICTBUE XapaKTepa JIBIKCHUS
3apsHKCHHON KBAHTOBOW YaCTHIIBI, HAIIPUMED, HIICKTPOHA.

U3 ypasuenus (6.13) crmemyer, 9T0 cyMMapHas CKOPOCTh CMEIICHHS
Ha KPYTOBBIX CHHYCOHJQJIBHBIX TPAEKTOPHAX OJMHAKOBOIO pasMepa ABYX
B3aUMHO NIEPIEHANKYIISIPHBIX COCTABILIIONINX CIHPATBHOTO IBHXCHUS paBHA
MOCTYMNATENBHON CKOPOCTH (PPOHTA TOTO CIUPAITBHOTO ABHKEHUS IPH €r0
JUIMHE BOJIHBI, PABHOW JJIMHE CUHYCOUZBI WU OKPY>KHOCTH BpalllaTEIbHON
COCTAaBJIIOIIEH CIIMPATIbHOTO JBUKCHMUSL.

Takoi#i ke pe3ylbTaT MOXHO TOJYYUTh U APYruM myTeM. CKOpoCTH
JIBUOKEHUSI TOYEK Ha KaKJOW M3 KPYrOBBIX CHHYCOHJAJIBHBIX BOJIH PaBHBI
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MPOU3BCACHUIO IJIMHBI CUHYCOUA Ha YaCTOTY O3THUX BOJIH. O‘ICBI/IZ[HO, 4qTo
CKOPOCTH TOYCK HA 3TUX CHUHYCOMAAX OAWHAKOBBI, T.C. BBIIIOJHACTCA COOT-
HOIIICHUC:
co __ [0 __
v =v. =21 V.

Xy

OTCIO,Ha, CKJIaJbIBasi BCKTOpaA CKOpOCTeﬁ TOYCK KPYT'OBbIX B3aMMHO
NEPHOCHAUKYIIAPHBIX CUHYCOWJ, CMCIICHHLIX 10 (1)&36 Ha 71'/2, nojydyacm Cym-
MAapHYI CKOPOCTb ABUIKCHHUA TOYKH HA crmpam,Hoﬁ CHHYCOMAC!:

Vi =2-Qary)’ = 22y (6.14)

ITockosIbKY MOJIy4E€HHBIM CyMMapHBbIi BEKTOP CKOPOCTH UMEET yTOJI HaKJIOHA
K HalpaBlIeHUIO OCH X M IUIOCKOCTH YZ, BCerha paBHBINA 7/4, TO MpOeKuus
3TOH CKOPOCTH Ha 0Ch X I IUIOCKOCTh YZ, T.e. CKOPOCTH ()pOHTA BOJHEI V
WA KPYTOBOTO JBMKEHUS OYIyT paBHa:

2.2
v =v§§z'tg£=M=2ﬂTC'v=ﬂcv.

4 V2

Takum 00pa3oM, MPOH3BEISl PACUCTHl PA3UYHBIMEU CHOCOOAMU, IS
CKOPOCTH JBIDKCHHUS ()POHTA CIIUPATBHOW BOJHBI KBAHTOBOM YACTHUIIBI TIONY-
YHJIM OJMHAKOBBIA Pe3yNbTaT. 3HAUCHHE YHEPTUU TaKOTO CIIUPATBHOTO JIBU-
JKEHHSI YaCTHIBl HE MPOTUBOPEYHUT IMOJOKEHUSAM KIACCHUECKOW MEXaHHKH H
COTIJIACYETCsI C BETMYMHON YHEPTUH ABMYKEHUST KBAHTOBOW YacTHIIBI Jie Bpoiiis.

Tosmopum ewge pas, umo CKOpOCmMU U IHEP2UU KPY208020 U NOCHLY-
namenbHO20 O8UNCEHULL Y KBAHMOBOU MUKPOYACMUYbI OOUHAKOBYL.

Bepraemcs x cootHomenuto ne bpoiins (6.2). Iloncrasnss Tyna BbI-
pakenue 6.13 A CKOPOCTH OBIKEHUSI KBAHTOBOM YaCTHIIBI, TIOIYYaeM:

mvr, =h. (6.15)

Taxum oOpazom, cornacHo (6.15), aBrxenue yactTuusl 1o ae bpoiinto
B MPOCTPAHCTBE OCYLIECTBISIETCA TOJBKO MPU MOCTOSHHOM 3HAUEHHU MO-
MEHTa KOJIMYECTBA JABWKEHUs, paBHOM /i. Takoil e pe3ynpTar mosry4aercs,
€CIId B COOTHOIIEHHUE (6.2) BMECTO TOJHOH SHEPTHH KBAaHTOBOW YACTHIIEI,
paBHOW MV'UIH v , TIOACTABHTH IOJOBHHY 3HAUCHHS JTOI YHEPrHH, PaB-
HYI0 mV*/2 WM vh /2 , T.e. IPaBYIO U JIEBYIO YaCTH COOTHONIEHHS (6.2) pas-
JICTTUTD Ha /IBa.
B Breipaxxenun (6.15) otpaxeno coortHomeHnue ne bpoiins, coria-
cylolieecst ¢ ypaBHeHHeM bopa /il MOMEHTa KOJMYECTBA ABHMKEHHS 3JICK-
TpOHa B BOJOPOAONON00HOM aToMe ¢ # = 1. DTO MoATBEpKAaeT CIpaBeIIH-
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BOCTh HAIllMX BBIBOJIOB KaK JUIs NMPSMOJMHEHHOTO, TaKk W Uil KPYTOBOTO
JIBIDKCHUH 3JIEKTPOHA, COBEPINAIOIIETOCS TI0 CIIUpPaIN Ha opOHTe atoma, 4To,
B CBOIO OYepe]b, TOATBEPKIACT BBHITOJHEHHE IPHUHINIA SKBUBAJICHTHOCTH
HIPSMOJIMHEMHOTO M KPYroBOro ABMXeHHH. OueBUAHO, YTO AIMHA yCTOWYH-
BOW OpOWTHI JOKHA OBITH KpaTHA JJTMHE CHMPAIbHOW BOJIHBI, @ 3TO 3HAUMT,
YTO 7 MOXET IPUHHUMAThH TOJIBKO IIEJTOYNCICHHBIC 3HAYCHUS MPU BBIMOJIHE-
HHUU COOTHOIUGHUS 7, = r/n, TA€ ¥ — paguyc opOuTHL. Torma mocraBisis 3TO
COOTHOIIIEHUE Il paauyca B (6.15) monyuum cooTHomeHue bopa anst mo-
MEHTa KOJIMYECTBA JIBUKEHHS JJIEKTPOHA B BOJIOPOAONOA00HOM aTrome, Ko-
TOpBIA UMeeT BUI mvr = nh. UyTh MO3KE MBI €III¢ BEPHEMCS K 3TOMY BOIIPO-
Cy, Korja Oy/eM paccMaTpuBaTh KBAHTOBBIEC YCIIOBHS CYIIECTBOBAHHMS JJICK-
TPOHOB B aTOME.

WHTepecHo 3aMeTHTh, UTO eciii B BeIpaxkeHuH (6.15) pamuyc Bpamia-
TEJIFHOTO JBM)KEHHS KBAHTOBOW YaCTHIBI YCJIOBHO NMPHHSTH 33 €€ T€OMETPH-
YeCKHH pa3Mep, TO MOXXHO TOBOPUTH O MPSMOM 3aBUCHMOCTH CKOPOCTH JIBH-
JKEHUS OT pa3Mepa KBAaHTOBOW YacTHIIBL. A YYHTHIBAs, YTO CKOPOCTB JIBIKE-
HUSI JaCTHIIBI B TIOTCHIIMAIBHOM I10JIE COOTBETCTBYET COCTOSIHUIO MTPOCTpPaH-
CTBa, TO M0 YCTAHOBJIEHHOHN CTPYKTYpPHOI THHAMHKE CTIUPAIBHOTO JIBIKCHHUS
KBAaHTOBBIX YaCTHI[ MOJKHO YTBEP)KJATh O MPSIMOM 3aBUCHMOCTH IJIMHBI UH-
TepBasa JABHXKYILEHCS CUCTEMBI OT CKOPOCTHU €€ JIBUKEHHSI, YTO COTNIacyeTcs
¢ o01ieit Teoprelt OTHOCUTENLHOCTH DUHINITEIHA.

[ToaBens UTOT BBIIIEU3IOKEHHOMY, MOXKHO 3aKJIIOYHTH CIIEAYIOIIee:

— MOMEHT KOJINYECTBA JABMKEHHSI KBAHTOBBIX YaCTHI] B IPOCTPAHCTBE
HUMEeT TIOCTOSHHOE 3HAYCHUE, paBHOE mvr. = h/2x = i, T.e. o0mamaeT nerep-
MHHHPOBAHHBIM XapakTEPOM U ITOJYHMHSETCS KJIACCHYECKHM 3aKOHAM CITH-
PaIbHOTO ABHKCHUS,;

— BOJIHOBOE JIBIDKCHHE KBAHTOBBIX YAaCTHI] OOYCIIOBJICHO BpaIlaTelb-
HON M TOCTYNATEIbHOM COCTaBIIIOIIMMH HMX CIIUPAIBHOTO ABHKEHHS, CKO-
POCTH KOTOPBIX PaBHBI;

— o0Imas 3Heprusi CIUpPaNIbHOro (BOJTHOBOTO) IBM)KEHUS KBAaHTOBON
YJacTULBI CKJIaAbIBACTCA U3 paBHBIX yacTed KUHETHYECKUX 3Hep1“1/1171 nocryna-
TEJILHOM U BpalllaTeIbHON COCTAaBIISIOIINX 3TOTO JIBUKEHHS;

— JUIMHA BOJIHBI CIHMPAJBHOIO (BOJHOBOTO) JBIDKEHHSI KBaHTOBOU
YaCTHIBI YACIICHHO PaBHA JUIMHE OKPYKHOCTH, ONMCHIBAEMON BpaIlaTeIbHON
COCTAaBJISIFOLIIEH 3TOTO IBVXKCHHUS;

— paJuyc CIUPAIBHOTO JIBI)KEHHS KBAaHTOBOM YacTUIBI (JUIMHA WH-
TepBasa ABWXKYIIEHCsS CHCTEMBI MIIH YCIOBHBIN pa3Mep KBAaHTOBOM YaCTHUIIBI)
HMEET NMPSAMYIO 3aBUCHMOCTD OT CKOPOCTH ABHKECHUS U PaBEH:

/]
ro=—. (6.16)
my
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— cooTHomieHue (6.15), ykaspiBaroliee MOCTOSHCTBO 3HAYEHUSI MO-
MEHTa KOJIMYECTBA JIBWKCHHS KBAaHTOBOM YaCTHIbI, paBHOE /i, ONpeaesser
OTHOCHTEJIBHO MIPOCTPAHCTBA BHEIIHETO HAOIIOMATENsT €r0 METPHUKY IPH yC-
JIOBHH, YTO METPHKa IMPOCTPAHCTBA HAOJIOMATENI OCTACTCs HEHU3MCHHOM,
KOTOpas pH AaHHOM 3HaYEHUH CKOPOCTH CBeTa M (pyHJaMEHTaNbHON TOCTO-
staHoM [Tmanka —/ ompesenseTcs B OJHOPOIHOM MPOCTPAHCTBE BO BPEMEHHU.

6.2. CniupaJibHoe JABUKEHHE B YCJIOBUSIX NOTEHIMAJIBLHOIO MOJIsI

JorycTiM, 4TO 3HEPrus CIUPaTbHOIO IBIKCHHS JJICKTPOHA B CBO-
00IHOM IPOCTPAHCTBE, a TAKKE B MOMEHT 3axXBaTa ero Ha OopoOUTy sAapa co-
OTBETCTBYET COOTHOIICHHUIO e bpoiins (6.2).

VuureiBas, 4To 4actotra V =V/ A, a JuMHa cnupaibHOil BOJHBI 110
(6.6) paBHa A, = 277, MBI IPe0OPa30BaAIH 3TO COOTHOIIEHHUE I HAXOXKIe-
HUST MOMEHTa KoyimdecTBa JBkeHHs. CormacHo (6.15), cooTHomeHHE e
bpoiing qns MoMmeHTa KoJM4YecTBa ABUKEHHUS 3JEKTpPOHA B IMPOCTPAHCTBE
WJICHTUYHO COOTHOIIEHHIO bopa s aroma BoJopoJia B OCHOBHOM COCTOSI-
HUU:

mvr, —L (6.17)
2 '

Takum oOpas3om, BeIpaxkeHue (6.17) mms MOMEHTa KOJIHMYECTBA JBIKCHUS
3JIEKTPOHA HA OpOHTE sIpa B OCHOBHOM COCTOSIHUM MBI MOJYYWJIN U3 COOT-
HomeHusa ae bpoiins (6.2), ucxons M3 CHHPAIBHOTO XapakTepa IBHKCHUS
KBaHTOBOM YacTHIIbI B CBOOOHOM ITPOCTPAHCTBE.

W3 Belpaxenus (6.17) BBITEKaeT COOTHOULICHHE JI KHUHETHYECKOU
SHEPIrUM CIUPAIBHOTO JIBHKEHMS E,. KBAaHTOBOM 4YacCTHULIbI B MIPOCTPAHCTBE,
KOTOPOE BBITJIIUT KaK

E,=m = 2:; . (6.18)

c

Haiinem cocrosiHue 37€KTpoHa B aTOME IPU YCIOBUHU MOJHOTO Iepe-
X0J1a €r0 MOTEHIHAIBHON SHEPTUH £, B KUHETHYECKYIO DHEPIHUIO CIMPAILHO-
ro nBwkeHus E,. B MOMEHT 3axBara Ha opOWTy siapa. [[mg storo pasHocTs
MEXAY SHEPTUEN BOJHOBOTO JBHMKEHUS 4acTULbl 1e bpoiins, npuBeieHHON B
npaBoil yacTu BeIpakeHus (6.18), 1 noTeHUMAaNbLHOM dHepruei L, anexkTpoHa
B aTOM€, paBHOM Zer, NPUPABHSIEM K HYJIIO:
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vh  Ze*
E —-FE = ——=0. 6.19
e P 2w r (6.19)

c

[IpuHSB paBeHCTBO pagunyca CIIUPATBHOTO JBHXCHUS ', U OPOUTHI 7, T.C. I, =
r, IpuBeeM cootHomernue (6.19) x Buay:
Ze*
h=——. (6.20)
\%

Takum 00pa3oM, MOJyd4eHO COOTHOIICHUE TSI MOMEHTAa KOJIMYECTBA
JIBIDKEHUS, TJI€ OTHOIICHUS BEIMYUHBI 3apsifia Z K CKOPOCTH V UMEET MOCTO-
STHHOE€ 3Ha4eHHe. A 3TO 3HAYMT, YTO CKOPOCTh 3apsKEHHOW KBAaHTOBOM yac-
THUIBI B aTOME HE 3aBUCHT HU OT MACChI, HU OT pajiryca ee¢ OpOUTHI, a 3aBUCUT
TOJIBKO OT BEJIMYMHBI IIEHTPAIBHOTO 3apsia Z.

DOmo, 8 c60t0 ouepeds, cuUOemenbCmsayen 0 Mmom, Ymo CKOpoCmu no-
CMYNnamenvHOU U 8pawiamenvHOU COCMABIAIOWUX CRUPATBHO20 OBUNCEHUs
NEeKMPOHA 8 AMoMe PABHbl U NO BEeUYUHE 3A8UCAN MOIbKO OM 3HAYEeHUs

3apaoa.
Coornomenue 6.20, mpeoOpa3oBaHHOE 7151 CKOPOCTH, IMEET BH/I:
ze (6.21)
y=—, .
h

rae 3apsaa Z OTHOCUTCS K 3apsay siapa aroma. Ecnu paccuurtaTh 3HaueHue
CKOpPOCTHU IO COOTHOIEHHIO (6.21) mist 000l BEMWYHHBI 3apsa sapa, TO
MTOJIyYHM aOCONIOTHBIE 3HAYEHHUSI CKOPOCTEH, HE 3aBUCSIIHE O0siee OT KaKHX-
160 apyrux ¢axTopoB. Takum 0Opa3om, CKOPOCTh ABM)KEHHS HIIEKTPOHA B
aToMe IpH €AMHUYHOM 3apsijie sSiApa B HOpMAIbHBIX YCIOBHAX MMeeT (pyHIa-
MEHTAJIbHOE 3HaY€HHUE, KaK U Ipyrue (pyHIaMEHTAIbHbIE OCTOSIHHBIC (DU3H-
YECKMX BEIUYUH. OTO 3HAYUT, PAaCUCTHOE 3HAYCHUE CKOPOCTU JBIDKCHMS
9JIEKTPOHA B aTOME BOAOPOJAa MO COOTHOMIIEHUIO (6.21) mpu eTMHIUYHOM 3a-
psze pauo: v = 2,187-10° m/c. DTO XOpOIIO COrTacyeTcst ¢ HaiiICHHBIM 3Ha-
YEeHHWEM CKOPOCTH JJISl 3JIEKTPOHA MO cooTHouleHuto bopa: v = A/2zmr npn
HOpPMAJIbHBIX YCIOBHSIX.

3aMeTuM, 4YTO CKOPOCTh KBAHTOBOM yacTHLbl e bpoilns, Takke, Kak U
CKOPOCTb CBETa, HE 3aBHCHUT OT €ro Macchl. EciM BMECTO 3JI€KTpOHA B3ATh, K
TIPAMEPY, NPOMOH W TOMECTHTH €r0 B I0JIE SAWHHYHOTO OTPHIATEIHHOTO
3apsaa, TO CKOPOCTh €ro OpOMTAbHOTO ABW)KEHHS OyIeT TakoW ke, Kak y
3JIEKTPOHA B aTOMe BOOpO/a M paBHOil v = 2,187-10° m/c. Orciona cnenyer,
4TO TPH JCICHUH SIIep, U3-3a CHIDKCHUS 3HAUCHUS OOILETo 3apsija, a 3HaAYUT
¥ CKOPOCTH OpOHTaNIbHBIX MPOTOHOB B KaXJIOM M3 OCKOJKOB S/Ipa, AOJDKHA
BBICBOOOXKIATHCS KoJloccanbHast sHeprus. [IpupaBHsB B cooTHomeHuu (6.21)
CKOpPOCTh KBAaHTOBOM YAaCTHUIIBI K CKOPOCTH CBETa, MOYKHO BBIUHCIIUTH 3apsi,
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Ipu KOTOPOM JOCTUTACTCA CKOPOCTH CBETA. CooTtHomieHue JJId pacucTa 3a-
psAa UMECT BUA:

Vi
Z=—. (6.22)
e
I[.T[H JOCTUXKCHUA CKOpOCTI/I CBETa B II0JIC smpa KBAHTOBBIMH HYacCcTULA-

MU 000 MacChI 3apsiz siApa JOIDKEH OBITh paBeH:

ch
/= — = 137, (6.23)
e
YTO COOTBETCTBYET TOYHO €ro 3HAYCHHUIO, BEIYMCICHHOMY APYTMMH H3BECT-
HBIMH CIIOCOOAMHU.

OOpaTuM BHHMaHHE Ha TO, YTO BEIMYMHA 3apsia UMEET MpAMYIO 3a-
BHCHMOCTB OT CKOPOCTH ¥ Hao0opoT. Eciu B paBeHCTBe (6.22) COOTHOMICHHE
fi/e*0603HaunTh Yepe3 KOHCTAHTY K, TO IOIyunM:

Z=kv. (6.24)

Eme pa3z oOpatumcst k cooTHouleHuto e bpoiins (6.2) n Haiingem u3
Vh
HETO BBIpaXXEHHUE JUIsI CKOPOCTH, KOTOpOe UMeeT BUI y = _|— . [IpupaBHAB

m
3TO BBIPAKEHHE COOTHOMICHHIO (6.21) 1715t CKOPOCTH, M pelast OTHOCHTEIBEHO

Y4acTOThI V , HAXOIUM:
Jy = wm B 2am e’

V= X - JXE Z
WITH
Jv=K-Z, (6.25)
2
rne K= L VM € npocrosmmas; m, — macca DJIEKTPOHA.

h3/2
Takum 00pa3oM, pacyeTHBIM IYTEM YIAJIOCh MONYYUTh 3MIHpHUE-
cKy1o popmyiry Mosnu, B KOTOpO# 4acToTa K, TMHUH XapaKTePUCTUIECKOTO
PEHTTEHOBCKOTO CIIEKTpa 3JIEMEHTa CBs3aHA C MOPSAKOBBIM HOMEPOM WIIH
3apsiIOM PaBEHCTBOM:

v =K(Z-5),

rne K u S — moCTOsIHHBIC BEIWYHMHBI, Z — TOPSIKOBBINT HOMEp WIH 3apsiz
anemeHnrta [8, c. 94].

Kax BumHO, TeOpeTHUECKH BBIBEIEHHOE COOTHOIIEHHE (6.25) mis vac-
TOTHI XapaKTEPUCTUYECKOIO PEHTTEHOBCKOIO CIEKTpa 3JIEMEHTa NpakTHye-
CKHU MJICHTHYHO 3MIHpHUYecKoil popmyie Moaznu. DTo BbIpakeHHE BBIBEIEHO
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6e3 yuera (akropa cHIKEHUS d(HEKTUBHOTO 3aps/ia 3a CUeT IKPaHUPOBAHHMS
BHYTPEHHHAMH 3JICKTPOHAMH.

Hcnonr3yem cootHomeHue (6.18) mist HaXOXAEHUS pajiyca Bparie-
HUSI WM CHMPAJILHOTO JIBYDKCHHUS DIICKTPOHA B aroMe. [1oACTaBisIA B COOT-
Homerne (6.17) mpaByto gacth (6.21) mIs CKOPOCTH M periast IOIy9IeHHOe
BBIPaKCHNE OTHOCUTENBHO Paanyca, HalaeM:

h2
v, =————.
¢ Ar’mZe’

Bripakenne (6.26) cornacyercst ¢ BelpakenneM H. bopa nnst pacuera
panyca opOUTBI JIEKTPOHA B BOJOPOJIONIOJOOHOM aToMe NMpH HOPMaJIbHBIX
ycnoBusix. Jlist OATBEP)KICHUS CIIPABEAIMBOCTH HAIIMX PACCY)KICHUHM Hail-
JIeM YCIIOBHS IBWDKCHHS dJeKTpoHa e bpoiins B MHOrozapsmgHOM artome,
COTJIACYIOIIHECS C IKCIICPUMEHTAIBHBIMU JaHHBIMH.

Ecnu B MHOTO3apsJHOM aTOME 3HAaYEHHUE 3apsi/ia YCIOBHO NPUPABHATH
K €IMHMIE, TO €T0 MOXHO PAaccMaTpHUBaTh KaK BOJOPOIONOJOOHBIH aToOM.
Torpa «camylo BHYTPEHHIOI» OpOWTY DJIEKTPOHA, Pajnyc KOTOPOW paBeH
pamuycy CIUpPAILHOTO JBIDKEHHUS! JJIEKTPOHA, MOXKHO paccMaTpuBaTh Kak
OpOUTY B OCHOBHOM COCTOSIHWH, @ OCTaJIbHbIC BHEIIHHE OPOUTHI — KaK Op-
OUTHI B BO30YKICHHOM COCTOSHUM BOJOPOAONON00HOTO aToMma. [amee mpu
3aJJaHHOM 3HAYeHWH 3apsja siapa aroMa HalJeM CKOpOCTh JJIEKTpOHa Ha
BHEITHUX OpOHMTax MHOTO03apsTHOTO sI/Ipa, SKBUBAICHTHBIX OpOHUTaM BO30Y-
JKIEHHOTO COCTOSIHUSI OHO3apsITHOTO aToMa. J{iist 3Toro BHOBb 00paTHMCS K
cootHomreHuo (6.21), B KOTOPOM NpHBEAEHA 3aBUCUMOCTb CKOPOCTH 3JIEK-
TPOHA OT BEJIMIHHBI 3apsiza.

CormacHo cooTHommeHuto (6.21), CKOPOCTh ABIDKEHHS SJIEKTPOHA B
aTOMe 3aBHCHT OT BEJIMYMHBI 3apsiaa sapa. OJHaKo 0OIIEn3BECTHO, YTO 3JIEK-
TPOHBI B aTOME IIPHU OAHOM U TOM XK€ 3apsAJc AApa MOTYT UMETh PA3JINYHBIC
HAOOpBI ckopocTel. B MHOrosapsiiHoM atome 0oJiee CHIBHOMY JCHCTBHIO
(buKCHpPOBAaHHOTO 3apsia sIpa Ha ero BHYTPEHHHX O0O0JI0YKax OTBEYAIOT
HauOOJIBIINE CKOPOCTH JIEKTPOHOB M Ha000poT. Takum obpazoM, nelicTBre
3¢ PeKTUBHOTO 3aps/a Ha 3JCKTPOH 3aBHCUT OT TOTO, HAa KAKOM PacCTOSHUN
OH HaXOJHWTCS OT sjapa. DTO 3HAYMT, 4TO, cormacHo (6.15), Oonee Hu3KMe
CKOPOCTH JIBIDKCHHSI 3JIEKTPOHA, YEM B €0 OCHOBHOM COCTOSHHH B aTOME,
MIPEAIIONaraoT yBEIWYECHHE pagryca OpOWTHI 3JIEKTPOHA, YTO HMPUBOAUT K
CHIDKCHUIO JIeHcTBUSI 3((EKTUBHOTO 3apsaa siapa Ha dJIEKTpoH. Tak, mpu
HAaXO0XJICHUH 3JIEKTPOHA Ha PACCTOSHUAX OT S1pa, OOIBIINX, YEM PACUETHBIN
pannyc BpalleHHs 3JEKTPOHA IO COOTHOIIEHUIO (6.26), meficTBHE IepBOHA-
YaJIbHOTO 3apsiia CHU3UTCS. DTO 3HAYMT, YTO NPH pagiyce OpOUTHI 1 HIIEK-
TpOHa OOJbIIIEM, YeM PaIUyC €ro CIIUPAIBLHOTO JIBIXKEHUS 7. B HOPMAJIbHBIX
YCIIOBUSIX, BEJIMYMHA JIeHCTBHUS ((PEKTUBHOIO 3apsijia Ha dJIEKTPOH Oyner
MeHblIe. A YTOObI Takas OpOUTa 3JIEKTPOHA PAJNYCOM 7 OOJBILINM, YeM pa-
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UyC 7. ObIIa YCTOHYMBOM, HEOOXOUMO, YTOOBI B 3Ty OPOHTY BKIIFOYAIIOCH
[EJI0¢ YUCIIO JUIMH BOJH CHHUPAJIBHOTO JBHXKEHHS 3JCKTPOHA. DTO 3HAYWT,
YTO COOTHOIICHHE JUIS Pa3pelICHHBIX 3HAUCHUH PaIyCOB 7 OPOUT IIEKTPO-
Ha B aTOMeE MpH (PUKCHUPOBAHHOM 3apsijie JOHKHO HMETh BUJI:

r=mnr,, (6.27)

rne n — 1enoe yncio. Toraa, ecion B (6.19) paguyc » 3aMEHUTH Ha MPaBYIO
9acTh COOTHOIIEHHS (6.27), TO Tocie mpeoOpa30BaHus MOIYIUM CIEAYIOIIee
BBIP)XEHHE JUI CKOPOCTH JIBIDKEHHS JICKTPOHA Ha BHEIIHUX OpOUTAX MHO-
ro3apsiAHOTO aToMa:
zZ e
y=——. (6.28)
n h
Bripaxenne (6.28) mokaseiBaet, 9To () (HEeKTUBHBIN 3aps[ sApa B MHO-
ro3apsiTHOM aToMe, ISHCTBYIOIINI Ha OpOUTAIBHBIA JICKTPOH, MOXKET UMETh
IpOOHBIC BEIWYMHEL, IIOJy4aeMble IyTeM JeeHHs 3apsna sapa Z Ha Lelo-
YHUCIIEHHOE YUCIIO 71.
CootHommenue (6.28) nmpuBeneM K BUIY:

nh = Ze® (6.29)

A ¢ yaerom cooTHomeHu# (6.18) u (6.19) momydnM paBeHCTBO MEXKITY

KMHETUYECKON DHEPrHei CIHMPaIbHOTO JBIKCHUS KBAHTOBOM YacCTHUIIBI M €TO
MOTEHLUUAJIbHOW SHEPTUEH:

my® =", (6.30)

Torxa, eciu B (6.30) TOMEHATh BEPXHIOI YaCTh ApobU Ze* Ha JIEBYIO YaCTh
cooTHotieHus (6.29), oyaer:

mvr = nh. (6.31)

Taxkum o6pa3zom, mosrydmin u3BectHoe cootHomenue H. bopa ams momenra
KOJIMYECTBA JIBM)KEHMS DJICKTPOHA B BOJIOPOIOIONOOHOM aToMe JUIsl 3JIeK-
TpoHa 1o Jie bpoiito.

B otmame ot H. bopa, cootHommenue (6.31) it MOMEHTa KOJIMIeCTBA
JIBIDKEHHS TIOJyYSHO HE MyTEM HCIIOJIb30BAHMS ITOCTYIIATOB, @ B UTOTE y4eTa
CHIDKCHUS JICHCTBUSI BETMIMHBI 3(Q(YEKTUBHOTO 3apsiza siipa Ha 3JIEKTPOH B
MHOT03apsiIHOM aTOME B YCJIOBHAX 00pa30BaHUsI yCTOWYMBOW OpOWTHI €r0
CIHPATBHOTO IBM)KEHHUS.

Takum 00pa3oM, BOJHOBOE JBIKCHHE DJICKTPOHA HA YCTOWYHMBOM Op-
OuTe sapa BOBMOXHO TOJBKO MPH 0OPa30BaHUM CTOSYEH BOJNHBI. DTO TOBO-
PHUT O TOM, YTO NpPH CHHPAIBHOM JABWXEHHHU 3JEKTPOHAa Ha OpOUTE MOXKET
YKJIabIBaThCS TOJBKO LI€JI0€ YKCIIO JUIMH BOJNH e bpoiind, T.e. uuciao n Mo-
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JKeT IPUHUMATh TOJIBKO LIeJIble 3HaYeHus. B MPOTHBHOM cily4ae 3TO MPUBEJIO
OBI K HApyIICHHUIO 3aKOHA O TIOCTOSTHCTBE MOMEHTA KOJMUECTBA JIBIKCHHS.

Ecmu B cootrHomenun (6.31) H. Bop xpaTHOCTS /i 11eioMy 9ucIity # 1mo-
CTYJNHPOBAJ, TO MBI MOJYYWJIN 3TO COOTHOLICHHE, UCXOAS W3 JOTHYECKHX
MIOCTPOEHUH, TA€ (PU3NIECKHUI CMBICI IIETIOT0 YUCIIa 71 HAMU KOHCTAaTHpyeTCs
KaK KO03(h(pUITMEeHT CHIKEHUS BENMYMHBI A(PQEKTHBHOTO 3apsiaa sapa Mpu
yZaJIeHUU 3JeKTPOHA Ha OoJiee BHELIHIOW opOuTy. IIpu 3TOM Yncio n npu-
HUMaeT IIEJIOYMCIICHHbIE 3HAUeHMsl M3 YCJIOBUSI 00pa3oBaHUs YCTOHUYMBBIX
opour.

WHTepecHo OTMETUTH TO, YTO APQEKT CHIKEHHUS 3apsiia Uil yAaleH-
HBIX OpOWT DJIEKTPOHA B aroMe, B KOHEYHOM CUeTe, OTPAXaeTcsi B COOTHO-
meHnn (6.31) agekBaTHBIM YBEITMUCHHEM MOMEHTa KOJMYECTBA JIBMKCHMS
3JIEKTPOHA.

[oncrasuB B cooTHOmIeHHE (6.31) BEIpakeHue (6.28) mII CKOPOCTH,
HaXOJMM BBIp2)KEHHE JUTS Pagiyca JIBI)KCHHS 3JICKTPOHA B aTOME:

i n2 h2
dr*mZe’

[Monyuennoe cootHomieHue (6.32) aHATIOTUYHO TAKOMY K€ COOTHOIICHHUIO
Jis panuyca, HailnenHoMmy H. Bopom s atoma Bomopoaa. O4eBHIHO, UTO
BeIpakeHue (6.32) crpaBe/UIMBO AJISL ONpPENENICHHUsT PaAnyCOB OpOUT 3JeK-
TPOHOB B MHOT'03apsTHOM aToMe. JTO 3HAYUT, YTO COOTHOIIeHHe 1e bpoiins
(6.2), mpeobpa3zoBaHHOE HaMH B cooTHomIeHne (6.31) mas MOMEHTa KoJude-
CTBa JBIKCHUS, CIPaBETMBO HE TOJIBKO VIS BOJOPOJIONOJO0HOTO aToMa B
HOPMAJIBHBIX YCJIOBHSIX, HO H JUIS OIMCAHUS IEKTPOHA B MOJIE€ MHOTO3apPA-
HOTO s7pa. A 3TO eIe pa3 JOKa3bIBaeT CHPaBEUIMBOCTh MIPUHINIA SKBUBA-
JICHTHOCTH PaBHOMEPHOTO KPYroBOIO M MPSIMOIMHEHHOTO NBIMKEHUH MaTe-
PHAIIBHOTO TeNa.

BepHeMcs eme pa3 K COOTHOIICHHUIO JIsL 4acTOTHI (6.25), KoTopoe ¢
y4eTOM COOTHOIIeHHUs (6.28) 151 CKOPOCTH TPU CHIDKEHHUM JIEHCTBUSA 3apsaa
B 71 pa3 mpeodpasyeM K BULLY:

2
\/;:272'\/% e

3/2
nh

(6.32)

-Z

niIn
2 4
A me
=
nh
W3zBecTHO, 4TO NpHW 3aXBaTe Ha OpOMTY 3apsja sapa IEKTPOH HU3ITyda-
€T KBAHT 3HepFI/II/I SHCKTpOMaFHHTHOﬁ BOJIHBI. 9Ta I/ISJ'Iy‘IeHHaSI 3Hepr1/m paB-

Ha MOJIOBUHHOMY 3HAa4YCHUIO O6III€I71 OHEPruu CIUpPAJIbHOI0 ABHUKCHUS DJICK-
TPpOHAa B MOMCHT TaKOro 3axBaTd, 4TO IMPUMEM 34 (baKT, a Pa3bsAACHCHUC IIPU-

AR (6.33)
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POZABI OCYIECTBUBILETOCS HM3IY4YEeHUs] OyAeT NMPHBEAECHO B IOCIEIYIOIINX
TJIaBax.
Takum oOpa3om, 3NMEKTPOH B aTOMe, coriacHo (6.19), nmeer KuHETH-

YECKYI0 SHEPrui0 £, COCTABISIOLLYIO TOJIBKO HOIOBHHY OT BEIMYHHbI CBO-
el MOJHON KMHETUYECKOW 3HEPIUH CIUPAIbHOIO ABWXKEHUA E,.. Ilockonbky
KHHETHYCCKas SHEPrus EK OJICKTpPOHA B aTOME€ U DHEPIrus €ro H3JIy4CHUs

E,;, paBHBI, TO MOIYYUM:

Vh
EK = Eum = EKC /2 =5 = Vuaﬂh > (634)
2
rac Vu3,1 — 4YacToTa KBaHTa SHGKTPOMaFHHTHOﬁ BOJIHBI, COOTBECTCTBYIOIIAA

SHEPTHH U3ITyYCHUs! JIEKTPOHA IIPH €ro 3aXBaTe B aTOM.

Torna cootHommenue (6.33) ast oTpaskeHHs 4YaCTOThI U3ITyUeHHs IpHU-
MET BU]L

2 4
27 “me
v, =—s—"
usn 2713
nh

A (6.35)

Iockoneky, coracto (6.34), £ = FE

uzn >

TO, TIOACTaBJIsA B (6.34) JIEBYIO YacTh
(6.35), momy«mm BBIpaXKeHUE TS KHHETHYECKOH SHEPTUH JJICKTPOHA B aTOME:
2. 4
E ="M 2
n’h’

IMonmyueHHOE BBIpayKeHWE JUIS KWHETHYECKOM SHEPrHH 3JICKTPOHA B aTOME YKC-
JICHHO TIOJIHOCTHIO COBIIAJIACT C KMHETUYECKON SHEPIruell 2JIeKTpoHa B aToMe BO-
nopozna bopa, 4to monTBep)KIAeT MPABHIIBHOCTh HAIIMX paccyxaeHuil. OTcrona
JIETKO HAWTH M BBIPKEHHE VTSl O0IIeH SHEPTHH IEKTPOHA B BOJOPOAOIION00HOM
aToMe, KOTopoe Toxke OyIeT coBnanaTh ¢ BelpaxkeHneM bopa.

[Ipeobpa3yem BeipaxeHne (6.35) s ompeneneHus: 9acTOThl XapaKTe-

PHMCTHYECKOTO M3JTy4eHHUs V, , MPH NEPEX0/e NIEKTPOHA C IHEPTETHYECKOTO
YPOBHS C 7, Ha YPOBEHb C ;.
2 4
27" me
anp. - h3

1 1
Z(—5-—). (6.36)
ny

i

Ecmu cootHomenue (6.36) BBIPa3UTh Yepe3 BOJTHOBOE YHCIO V i, , TO
OyIeM UMeTh:

1 1
Vi =—= 2 (——-—), 6.37
p= oS (n; ) (6.37)

- 1 27 me

i
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T/ie ¢ — CKOpPOCTb CBETA.
Bripaxenune (6.37) TONHOCTBIO cOBIamaeT ¢ BeIpakeHHeM (3.28), HaiigeH-
HBIM BopoM /7151 BOTHOBOTO 4HCIa SMUCCHOHHOTO CIIEKTPa BOJOPO/IA.
[Ipumeuartenern ToT ¢dakt, uyTo eciaum ypaBHeHHE (6.37) cpaBHHUBATH C
cootHomreHussMu (3.11) u (3.28), TO MOCTOSHHBI MHOXHUTENH B (6.37) cOB-
MaiaeT ¢ MOCTOSHHON Punbepra, BrIpaykeHHe ISl KOTOPOU MMEET BUI:
27°met
h'c
Kaxk ysxe roBopmiocs B 1. 3, pacdeTs! P HCIOIb30BaHUN B HUX TAaK HA3bI-
BAaeMOM MPUBEICHHONW MACCHl 3JIEKTPOHA ITOJHOCTHIO TOATBEPXK/IAIOT COBIA-
JICHUE MOCTOSHHBIX ITPHU HE3HAUYUTEIBHOM OTKJIOHEHHH OT HKCIIEPHMEHTAIIb-
HBIX JaHHBIX.
C yueToMm 3KpaHHpOBaHUS U omnpeneneHus 3¢dexkTuBHOTO 3apsina co-
otHomeHne (6.37) OyAer MMeTh BUI:
27 me* )
Veap, = T‘(Z -8 (-—), (6.39)

11
2
l’lf

i
rje S — MOCTOSIHHAsI SKPaHUPOBAHMS, OKA3bIBAIOINAS CTENIEHb SKPaHUPOBaA-
HUS QJIEKTPOHAMU S1/Ipa OT JAHHOTO 3JIEKTPOHA B aTOME.

24
Jns nanHoW K — nUHWM BeIUYMHA 27 me ,(L_ 1 ) ABIAETCS TI0-
3 2 2
h ny
CTOSIHHOW M MOXKET OBITh 0003HaueHa yepes K2, uro MIPUBEJICT K BBIpaXKe-
HHUIO:

Vip = K*(Z-S)’

nin

Ve = K(Z-15), (6.40)

KOTOPOE | SIBJISIETCSA ypaBHEHHEM Mo3iH, HaliICHHBIM UM 3MIHPHYECKH.

Takum o0pa3oMm, HCXOAS W3 MPEANOIOKEHHS O TOM, YTO BOJIHOBOE
JIBUYKEHUE KBAHTOBOW YacCTULIBI A€ Bpoiisl UMeeT ciupaibHbIA XapakTep, Mbl
HallUTH BBIPAXKEHHUE I XapaKTEPHUCTUYECKOTO M3IYdECHUs 3JIEKTPOHOB aTo-
Ma, COTJacyrouleecss ¢ Teopuen Kiaccuyeckod mexaHukd. [lomumo storo,
HalJIeHbl TEOPETUYECKUE BBIPAKEHUS U UL JPYIMX BaXKHEHIIMX XapaKTepu-
CTUK COCTOSAHHA DJJICKTPOHA B aTOME, HAIPUMEP, HJId CKOPOCTU ABUIKCHUA
3apsHKEHHON YaCTHIBI, KOTOpasi 3aBUCHUT TOJNBKO OT 3¢ (EKTUBHOTO 3apsija,
JIEHCTBYIOIIETO Ha HEe.
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6.3. Bepcusi nposiB/IeHUs] CIUHA Y KBAHTOBBIX YACTHI

PaccMoTpuM 07HY M3 BO3MOKHBIX BEPCHH MPOSIBICHNS CIIMHA Y KBaH-
TOBBIX YaCTHII.

Kak yTBepxaaeTcs B KBaHTOBOM MEXaHMKE, y KBAaHTOBBIX YaCTHII, B
YaCTHOCTHU y 3JEKTPOHA, KPOME OPOUTAIILHOIO MOMEHTA KOJIHIECTBA JIBHKE-
HUS B aTOME, MOXET CyIIECTBOBATh MOMEHT KOJIMYECTBA JABM)KEHHS, TIPHUCY-
Ui eMy camoMy. DTOT COOCTBEHHBI MOMEHT KOJIMYECTBa JIBHXKEHHS Y
KBaHTOBBIX YaCTHUIl HA3BIBACTCS CIMHOM M BbIPAXKACTCA YEPE3 h

CnoBo «cruH» (Spin) mo-aHMIMKACKKA O3HAYACT BEPETCHO, YTO OOBSC-
HSIET MPHUPOJAY CNMHA KBAHTOBBIX YaCTHI[ KAKUMH-TO BHYTPEHHHMH Bpala-
TEJIbHBIMH JBIDKCHUSIMA. KBaHTOBas MeXaHWKa NMPUHINUIHAIGHO OTPHLAET
MpeCTaBICHUE JEKTPOHA B BUJE IIapHKa WX BOJYKA, a IPEACTABISIET €ro
Kak 00JIaKO BEPOSITHOCTHBIX HHEPIreTHYECKHX COCTOSHHH. JTO MOTOMY, YT-
BEpXK/1aeT KBAaHTOBAs MEXaHHKA, YTO CIMH HE €CTh OTPaKCHHE NPOCTPAHCT-
BEHHOTO BPAICHUS YaCTHUIIBI, TOCKOJIBKY 3HAYEHUS MPOCKIIMN COOCTBEHHOTO
MOMEHTa KOJMYECTBA JBIMIKCHUS YaCTHUIl B €AMHHULAX /i MOTYT OBITh TOJBKO
LETBIMH BETMYMHAMH. BennunHy crnvHa, Kak U3BECTHO, 0003HAYaI0T OyKBOH
s. DIEKTPOHBI, IPOTOHBI, HEHTPOHBI M HEHTPHUHO MMEIOT OAMHAKOBBIN CITHH,
paBHbIN 1/2. Y (hoTOHA CIIMH paBeH €IUHUIIE, 4 Y BCEX 7-ME30HOB OH PaBeH
HYJIIO. qaCTI/ILU)I C HYJICBBIM U LECJIBIM CIIMHOM HAa3bIBAaIOT 6030HaMI/I, a 4Jac-
THIIBI C TTOJTYLIENIBIM CITHHOM — (hepMHOHaMHU.

[o ompeneneHuIo KBaHTOBOW MEXaHUKH, CIIMH 3JEMEHTAapHON YacTH-
[l — TpHUCYIIee el BHyTPEeHHEee CBOMCTBO, TAaKOE Kak 3apsaa U Macca. DJeK-
TPOH WJIM TIPOTOH HE MOTYT PacCTaThCsl CO CBOUM CITMHOM, KaK HE MOTYT pac-
CTaThCSI CO CBOMM 3apSAIOM U MacCoOii.

Kak n3BecTHO, ABMKEHNE KBAHTOBBIX YacTHll Je¢ bpoiis ocymecTsis-
eTcs C MOCTOSTHHBIM MOMEHTOM KOJIMYECTBAa ABM)KEHHA, paBHBIM /i. Kak xe
Torza OBITh C TEM, YTO KBAHTOBBIC YACTHUIIBI MOTYT UMETh HyJIEBBIE, KPaTHBIC,
a TaKkke IpOOHbBIE 3HAYEHHS MOMEHTa KOJMYECTBA JIBI)KCHHS, B COOTBETCT-
BHUHM ¢ WX 3HadeHHssMH crirHa? [To3xke mombiTaeMcs pa3obpaThCcsi B ATHUX He-
CTBIKOBKAX CBONCTB KBaHTOBBIX HyacTull.

Panee ™Mbl YCTaHOBUWJIM, YTO JABHMKCHUEC KBAHTOBBLIX YaCTUIl THUIIA
«QIIEKTPOH» TMPEJCTABISIET COOOH CI0KHOE CIHMPAIBbHOE ABHKEHHE, COCTOSI-
Imee U3 KpPYroBHIX CHHYCOMJAJbHBIX JIBIDKEHWH B JIByX B3aUMHO-
NEePHEHANKYIISIPHBIX TUIOCKOCTSX. IIpH 3TOM Kakmo#l COCTaBISIOIIEH CHHY-
COMAIBHOTO JABWKEHHUSI COOTBETCTBYET MOMEHT KOJMYECTBA JBHIKEHHS,
paBHbIH 1/2-4. O4eBUAHO, 9TO OOMINH MOMEHT KOJIHYECTBA JIBHKCHUS KBAH-
TOBOH YaCTHIIBI paBeH /i.

CrnmpanbHOE JBIKCHHE KBAHTOBOW YacCTHI[BI MOXKHO MPEACTABITH
eIlle ¥ KaK CyMMY KPYTOBBIX M OCTYHATEIbHBIX ABMKEHUHA. Takum oOpazom,
OOIIy!0 SHEPTHUIO JIBI)KCHHSI KBAaHTOBOHM YacCTHIIBI MOKHO Pa3feiNTh HA JBE
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YaCTH, paBHBIE MV’/2, KOTOPHIM COOTBETCTBYIOT MOJOBHHHEIE 3HAUCHHS MO-
MEHTa KOJINYECTBa IB)KEHHMS, paBHbIC 1/2-7.

Jomyctnm, 4To BpamaTenabHas COCTABISIONAsl CIHMPAIBHOTO JIBIDKE-
HUSI SJIEKTPOHA €CTh €r0 HEOTHEMIIEMOE CBOMCTBO. Torgja MOMEHT KOINYeCT-
Ba JBIDKCHUS, COOTBETCTBYIOIINIT 3TOMY BpAaIlaTeIbHOMY IBHMKCHHUIO U PaB-
HBIA 1/2-/i, MOXHO TIPUHATH B €IWHUIAX /i 32 €r0 COOCTBEHHBIN CIHH, PaB-
HBIH 1/2.

B 10 ke Bpems crnmpaibHOE JBHXXCHHE 3JIEKTPOHA Ha opOUTE aToma
JOJDKHO COCTOATH U3 ABYX HE3aBHCHUMBIX BpallaTCIbHBIX HBH)KCHHﬁ, KOTO-
PpBIC€ UMECIOT CBOM 3HAYCHUSA MOMCHTA KOJIMYECTBA ABUKCHUA. K stum Bpala-
TEJILHBIM COCTABIISIOIIMM CIIUPAIBEHOTO ABMKEHHS JIEKTPOHA B aTOME OTHO-
CATCSL KPyrOBOE €ro JIBIDKEHHE Ha OpOUTe M CIMpalIbHOE BpAleHUE BOKPYT
COOCTBEHHOM OCH. JTO 3HAYHT, YTO JIEKTPOH B aTOME, KpOME OpOHUTAIILHOTO,
o0nagaeT ¥ COOCTBEHHBIM MOMEHTOM KOJIWYECTBA JIBIDKCHHS — CITMHOM,
paBHbIM 1/2. TIpu 3TOM eciam OpOMTATBHBIA MOMEHT KOJWYECTBA JBIDKCHHS
MOXET IIPHHUMATH JIFOOBIE IIETOUNCICHHBIC 3HAYECHHSI, TO CITUH JJICKTPOHA —
TOJIBKO 3HaueHue 1/2.

KonewHo, 11 yTBEpKAEHHUS O COOTBETCTBUE H3JIOKCHHOW BEPCHUU O
mpupojie COOCTBEHHOTO CIMHA JIEKTPOHA (HU3NIECKON peaTbHOCTH HE00XO-
JUMBbI OOTIOJTHUTECIBHBIC SKCIIECPUMCHTAJIBHBIC HCCIIEAOBAaHUA, 110 PE3YJbTa-
TaM KOTOPBIX MOXHO Oy/IeT c/enaTh OKOHUYaTelbHBIH BbIBOA. [loka ke Ha
OCHOBE YCT@HOBJICHHBIX CBOWCTB JBMIKCHHUSI KBAaHTOBBIX YacCTHUI] BBISCHHM
NpUpO.Ly NposiBiieHUs criuHa y otona. Ecnu HalineHHOe cooTHOMmEHNE (6.4)
JUIsS. KBAaHTOBOM YacTHIBI e Bpoiiist mpuMeHNTh W JUIS KBaHTa dJIeKTpoMar-
HHUTHOH BOJIHBI, T.€. U1 (POTOHA, TO TOJIYYNM COOTHOIICHHE!

mcr =h, (6.41)

rJie ¢ — CKOPOCTh CBETa, ¥ — PajlyC CIUPAIBLHOTO JIBIKECHUS (OTOHA MIH
KBaHTA 3JICKTPOMAarHUTHON BOJIHEI.
IIpu 5TOM IIMHA 3JIEKTPOMATrHUTHOM BOJIHBI, IIPHU JOIYIIEHUH, YTO OHA CIIU-
paiibHa, UMEET BUI: A, = 277 .

3aMeTHM, uTO B BhIpaxeHUH (6.41) MOCTOSIHCTBO CKOPOCTH CBETa 00Y-
CJIaBIIMBACT IOCTOSHCTBO MPOM3BEACHUS MAcChl Ha pPajuyC CIHPAILHOTO
NIBIOKCHUS (POTOHA, T.€.:

mr, = const. (6.42)

W3 monoxeHust 0 ToM, 9T0 POTOH HE MMEET COCTOSHHE TIOKOSI, a BCe-
T/1a JBIDKETCS CO CKOPOCTBIO CBETA, MOXKHO 3aKIFOYHTH, YTO MOMEHT KOIH-
YecTBa IBMKCHHUS (POTOHA, paBHBIN /i, IBIACTCS €ro HEOTHEMIICMBIM CBOUCT-
BoM. Torna, 3HadeHne crnuHa (GOTOHA, paBHOE 1, MOTHOCTBHIO BBHITEKACT U3
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BEIpakeHUs (6.41), 9To mpeanoaaracT COOTBETCTBUE 3TOTO BEIPAXKCHUS (H-
3UYECKON PeabHOCTH.

PaccMoTpuM TIpUpOy NpOSIBICHUSI HyJeBOro crnuHa. Kak yxe oTme-
YaoCh BBIIIE, YACTUIIBI C IETBIM WM HYJIEBBIM CIIMHOM OTHOCSTCSI K 6030-
HaM, K KOTOPBIM, B CBOIO OUY€pE/lb, OTHOCSATCS T-ME30HbBI C HYJICBBIM CITHHOM.
W3BecTHO, YTO 7 -ME30HBI COCTOST M3 KBAPKOB M AHTHKBAPKOB CO 3HAYCHUSI-
MU CITHHA, PaBHBIMHU, COOTBETCTBEHHO, +1/2 1 — 1/2. O4eBUIHO, YTO CyM-
MapHBI CMKUH y Takoro 0030HA PaBeH HYIIIO, TaK K€, KaK Y JJCKTPOHOB B
aTOMeE Tens.

6.4. 'upockonuyeckue cBOMCTBA BPALIAIOIINXCS CHCTEM

[IpuMeHsieMBle B TEXHHUKE MAaCCHUBHBIC CHMMETPHUYHEBIC TeEia, Bpa-
IIArOIIUecs ¢ OOJBIION YTIOBOM CKOPOCTHIO, HOCST HA3BaHUE BOJIYKOB WIIH
THPOCKOIIOB.

Panee ObIIO IOKA3aHO, YTO IPUYNHON TPOSIBIICHAUS BOJIHOBBIX CBOMCTB
Yy KBaHTOBBIX YaCTHII SBIIIETCS MX CHHPAIBHBINA XapakTep ABIKCHHUS, a JHEP-
THS K€ JBIKCHHUS KBAHTOBOW YACTHIIBI OOYCIIOBJICHA BpamlaTebHON U IIO-
CTYIMATEeIHHON €ro COCTABIISIOIINME. DTH COCTABISIONINE CIIUPAIHHOTO JBH-
JKeHHUS KBAaHTOBOW YaCTHIIHI HECYT B ce0€ paBHBIC KOJMUECTBA KHHETHIECKOH
SHEPIuu, KOTOPHIM B CyMME COOTBETCTBYET JIEMEHTapHBI MOMEHT KOJIHMYe-
CTBa IBM)KCHUS, PABHBIH /1.

Takum oOpazom, OBLIO ONpPEAETICHO, YTO KBAHTOBBIE YaCTHIIbI Bpala-
IOTCSL BOKPYT COOCTBEHHOM OCH, a 3TO 3HAYHUT, YTO OHH SIBJISIOTCS SJIEMCH-
TapHBIMH TUPOCKOIIAMH C COOCTBEHHBIM MOMEHTOM KOJHYECTBA JIBHYKCHUS.
[TockoNBKY 3JIEKTPOHBI B aTOME OOBEJAMHEHBI B CUHYIO CBS3aHHYIO CHUCTE-
My, TO KaXAbld U3 HUX JIOJDKEH B3aMMOJEHCTBOBATH C 3TOM CUCTEMOM He
TOJIBKO KaK OTPHIIATEIFHBIN 3apsill, HO M KaK THPOCKOII, YTO HeH30eKHO TPH-
BEJICT K OPUCHTAIIH OCH €T0 BPAMICHUS B aTOME OMPEICICHHBIM 00pa3oM.
U3BectHO, 9uTO M000€ M3MEHEHHE OPHEHTAMH OCH BpAIIEHHUS THPOCKOIA
TpeOyeT IMPMIIOKEHHS CHIIBI, YTO OOYCIIOBIEHO COTPOTUBIIEHHEM T'HMPOCKOIA
Ha 3TO M3MeHeHHe. B To jxe BpeMst aTOMBI B 11€710M (OCOOSHHO aTOMBI HHEPT-
HBIX T'a30B) TUPOCKOMUYCCKH HEHTPAIbHBI, T.C. OHH HE MMEIOT THPOCKOIIHYC-
CKOT'O COTIPOTHBJICHHS, CBS3aHHOTO C U3MEHEHHWEM OpHEHTAINK cBoel ocu. B
MPOTHBHOM ClIy4ae MpPU Iepexo/e Ha KPUBOJHHEHHYIO TPACKTOPHUIO JBHXKE-
HUSL OHH NPOsGIAIU Obl 0UeHb OOIbULYI0 HABCOCHHYIO UHEPMHYIO MACCY, CB5-
3AHHYIO € IMUM 2UPOCKONUYECKUM CONPOMUBTIEHUEM.

Takum 00pa3oM, MEKTPOHBI U MMPOTOHKI B aTOME JOJKHBI 00pa30BBI-
BaTh TUPOCKOIMMYECKH HEHTpPANbHBIC CHCTEMBI, a 3TO 3HAYUT, YTO IPH TIOMa-
JTAHWW B aTOM KaXKIbIH M3 HUX JOJDKEH UCIBITATh Ha ceOe TPOsBIICHIE THPO-
ckommyecKkoro dhdekra, CBA3aHHOTO ¢ M3MEHEHUEM OPHCHTAIIMH OCH COOCT-
BEHHOTO BPAILICHHUS HIIEKTPOHA.
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CyTb rupockonuueckoro 3¢¢pexkra COCTOUT B TOM, UTO HPU BbIHYiC-
OEHHOM B8PAUeHUU SUPOCKONA 68 KAKOM-TUOO HANpagieHuyu OH CMpemMumcs
PACRONIOdNCUMb OCb C80€20 8PAUJeHUSI MAKUM 00pA30M, 4mobbl 0HA 00pa3o0-
8b18ANA KAK MOJICHO MEHbUUIL Y201 C OCbI0 GbIHYHCOCHHO20 BPAWJCHUS, U
umobbl 004 BpAWeHUsI COBEPUIATUCH 8 OOHOM U MOM dice HanpagIeHuu.

JIisl TIOATBEPKACHHS BBIMICH3IOKEHHOTO CIELYyeT M3Yy4YUTh HEKOTO-
pbl€ AMHAMUYECKHE CBOMCTBA TMPOCKOMMYECKUX CHUCTEM, a TAKXKE YCIOBHS
00pa3zoBaHus B IPOCTPAHCTBE THPOCKOIMYECKH HEWTPAIBLHBIX CUCTEM C yde-
TOM TIPOSIBJICHHS IIPY 9TOM FMPOCKOITHUYECKOTO d(deKTa.

Bhauaie paccMOTpHM CBOMCTBAa THPOCKOIIOB Ha IIPUMEpE Bpallalole-
rocsl INCKa, MpeJCTaBlIeHHOro Ha puc. 6.4. [IposiBieHre THPOCKOIINYECKOTO
a¢dexTa, CBI3aHHOIO ¢ BPAILAIONIUMCSA BOKPYT OCH JHCKOM, 3aKIIOYaeTcs B
TOM, YTO €CJIM K 3TOMY BPAIIAIOMIEMYCsl JUCKY NPWIOKHTH Tapy CHJI, CTpe-
MSIIUXCS TOBEPHYTh €r0 BOKPYT OCH, NEPIEHANKYISIPHON K OCH BpaIICHHS,
TO TMCK CTAHET MOBOPAYMBATHCS BOKPYT TPEThEH OCH, MEPICHANKYIISIPHOH K
nepBbIM 1BYM. [lycTh, HanpuMep, THPOCKOIT B BUIE AWCKA BPAIAE€TCsl BOKPYT
ocu OO’ B HaNpaBIEHNUH, YKa3aHHOM CTPENKOH Ha puc. 6.4. TIpu 3ToM K ru-
pocKomy TIpuiioXkeHa Tapa cwi F u F', MeprneHauKyIspHbIX K TIIOCKOCTH
PHCYHKA M CTpEMSIIHXCS TIOBEPHYTH JMCK BOKpYT ocu AA’. Torma BepXHuii
KOHeI[ rupockona O OTKIOHHTCS BIPABO, @ HIDKHHUIT — BJIEBO, KAK yKA3aHO
crpenkamu ¥ u V') T.e. rupockon moseprercs okoso ocu BB', meprenmuky-
JISIPHOH K TNIOCKOCTH PHCYHKA.

U3 puc. 6.4 BuaHO, 4TO B pe3yibTaTe THpocKonuueckoro sddexra
BPALIAIOMINICS AUCK CTPEMHTCS PACHOJIOKUTH OCh CBOETO BPAIIEHUS TaKUM
00pazoM, 94ToOBI OHa 00pa30BbIBaTA KAK MOJKHO MEHBIIMH YTOJ C OCBIO BBI-
HYJICHHOTO Bpamienus A4’ 1 4To6bl 06a BPaIIEHHs COBEPIIAIICH B OJHOM
U TOM K€ HalpaBJICHHH.

F! JocTrkenue «rupoCKOnu4ecKom»

o ¥ HEUTPAJILHOCTU B TaKOW CHUCTEME 3a-
KIIFOUaeTCs] B OTCYTCTBHH CTPEMJICHUS Y

B! JIICKa COBEpIIAaTh BpalleHHE, COBMa-

JIafoIee ¢ KaKUM-JIMOO HarpaBieHHueM

A." BBIHYKACHHOI'O BpaIllCHUs. O‘ICBI/II[HO,
YTO JOCTHXKCHHE TAKOH HEHTPaTbHOCTH
BO3MOXKHO TOJIBKO B CHCTEME T'MPOCKO-
TOB.

B cucreme W3 HECKOJIBKHX Bpa-
MIAOIINXCS JUCKOB €€ TUPOCKOIMIECKas
HEWTPaNbHOCTh JOCTUTACTCs MPU CyM-

Puc. 6.4. Jlunamudaeckas cxema MapHOM MOMEHTE KOJIMYEeCTBA IBIDKE-
rapocrona HUs, paBHOM Hym0. OUeBHIHO, YTO CHC-
TeMa M3 OJJMHOYHOTO BPAILAIONIETOCs JUCKA HE MOXET UMETh IMPOCKOITIYe-
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CKYI0 HEHTpalbHOCTh, @ 3HAYUT, HE MOXET UMETh HYJICBOH MOMEHT KOJIHYe-
CTBa JABWXXEHHS. [ MPOCKONMMYECKYI0 HEHTPaIbHOCTH MOTYT HUMETh TOJBKO
CBSI3aHHBIE CHCTEMBI M3 MHOXKECTBA BPAIIAIOIINXCS MAaTEPHATIBHBIX OOBEK-
TOB, HAIIPUMEP, CHCTEMBI CIIMHOBBIX ITap 3JIEKTPOHHOW 000JIOUKH aToMa.

PaccMoTpuM BO3MOXHBIH MEXaHHU3M OOPa30BaHUS THPOCKONUYECKH
HEWTpaIbHBIX CHCTEM B aToMe. B CBS3aHHBIX BpaIAlOLINXCS CHCTEMaX, Ta-
KX KaK aToM, KaKAbIH OpPOMTAJIbHBIN 3JIEKTPOH CO3[JAaET MOCTOSHHOE Mar-
HUTHOE II0JIe, KOTOPOE B3aUMOJECHCTBYET C MAarHUTHBIMHU IOJIAIMH APYTHUX
a5eKTpoHOB. [Ipn 3TOM Ha BIIEKTPOH OKa3bIBAET CHIOBOE BO3JIEHCTBHE 00BE-
JIMHEHHas TPyIINa 3apsHKEHHBIX YacTHIL SIpa U 3JIEKTPOHHOW 00OJIOYKH aTo-
Mma. JlomycTuM, 4TO 3TO CHIIOBOE BIMSHHUE HA JIEKTPOH MPOSBIAETCS B BUIE
OIpeJIeTICHHBIM 00pa3oM OPHEHTHPOBAHHOTO BBIHY)KIEHHOTO BpalIaroliero
JefcTBUA MO NMPHUHLUIY, IpeAcTaBleHHoMy Ha puc. 6.4. Ha puc. 6.5 mpen-
CTaBJICHA MOJIENIb TAKOTO BO3JICHCTBHS Ha THPOCKOII, ITOIBEIICHHBII HAa HUTH.
Ha auck 1, Bpamaromuiicss Ha oc 2 B pa3HbIX HalpaBJICHUSX, YEPE3 HUTH 3
co00IIaloT BEIHYXJEHHOE BpamieHne. Kak mokasano B 1mo3. A, IpH coBIaje-
HHUM HaIpaBJICHUS BPAIICHHUS IUCKA HA HUTH C HAIIPABICHUEM BBIHYXJICHHO-
rO BpaIleHHWs OCh BPAIICHMS
JVCKa OPHEHTALMI0 CBOIO HE
MEHsIET. A eclii ITH HaIlpaB-
JICHUS BpallCHUA HE COBIIa-
naor (mo3. A'), T0 MbI Ha-
OmromaeM TIPOSIBJICHUE THPO-
ckormmueckoro 3¢ ¢exra. Ipu
9TOM OCh BpalleHHs Iucka |
HauMHAET  IOBOPAYHMBATHCS
TakuM 00pazoM, dYTOOBI Ha-
MIPaBJICHUE BpAIlEHHUA U OpH-
SHTaIus OCH JHCKA COBIAA-
JI1 C HaIllpaBJICHUEM H OpHeHTaHHeﬁ BBIHY>KICHHOI'O BpaliCHUA JUCKa Ha
HUTH, KaK MoKka3aHo B 1103. b u C.

B peanpHOI 21€KTpOHHON 000JOYKE aTOMa B KauyecTBE HHUTH, Iepe-
JIAfOIIel BBIHYK/IEHHOE BpAILCHUE DJIEKTPOHA Ha OpOuTEe, BHICTYHAET JJIeK-
TPOCTATHYECKOE MOJE sApa, KOTOPOE 3acTaBiIsI€T OPUEHTHUPOBATHCS CIHH
JJIEKTPOHA TaKUM 00pa3oM, YTOObI OH COOTBETCTBOBAJI €0 OPOUTAIEHOMY
BpalleHnio. B aToMe Takoe KOJUIEKTHBHOE BO3JCHCTBHE OKa3bIBAETCS HA BCE
3JIEKTPOHBI TI0 MIPUHINIY 0OpaTHOHM CBSI3HM, YTO 3aCTaBIIIET KAKIOTO M3 HUX
camoynopsaounBarbcsi. Kpome Toro, B Takoi cHcTeMe THPOCKOITIOB M3 KBaH-
TOBBIX JaCTHI[ KQ)XKJBIIl €€ WICH OKa3bIBACT BO3/EHCTBIE HA APYTHE YJICHBI U
HaobopoT. Takum 00pa3om, Takasi CBA3aHHAS CHCTEMa, B KOHIIE KOHIIOB, Oy-
JET CTPEMHUTHCSI OPHEHTHPOBATh BCE THPOCKOIBI II0 HAMPABICHUIO E€IMHON
ocu BpauieHusa. OueBUAHO, YTO THPOCKOMUYECKass HEUTPaIbHOCTh B TaKOH
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CBSI3aHHOW cucTeMe OyJeT JOCTUraThCsl MPH HyJIEBOM MOMEHTE KOJIMYECTBA
JIBUDKEHUS BCEH CHCTEMBI B LIENIOM. Takoe COCTOSIHME MPH OJUHAKOBOI OpH-
SHTAIMM THPOCKOIOB MOXET OBITh JOCTUTHYTO PAaBHOMEPHBIM pacripezere-
HUEM BEKTOPOB MOMEHTAa KOJIHMYECTBA IBMKECHUS B NPOTHUBOIOJIOKHBIX Ha-
MIPaBIIEHUSAX.

O4eBUHO, YTO TMPOCKOMHMYECKAs HEHTPAIbHOCTh MOXET OBITh ZOC-
TUTHYTA KaK [0 OCEBO JTMHUY, TaK U HA IUNIOCKOCTH BPALLEHHS JHUCKA.

Jl1s1 BBISICHEHHSL IECTBEHHOCTU TMPOCKOIUYECKOW HEHTPAIBHOCTH B
TaKUX CBA3aHHBIX CHCTEMax IO OCEBOM JMHUHM M HA IUIOCKOCTH BpalleHHS
JIUCKa MPOBEIEM HEKOTOPhIe MAHUITYJISIIMU C CHCTEMaMHU THPOCKOTIOB.

Ha puc. 6.6 mpuBeneHs! cBs3aH-
F! Hbl€ THUPOCKONMYECKHE CUCTEMBI Ha
miockoctu. Kak BUAHO, B 1103. 4 y Tu-

B / B'

< F 1 >L'}'§ 2 > pOCKOHH‘leCKOﬁ CUCTEMBI 00a JAHUCKa

\ 0 BpAIlAIOTCSL B OJHY M Ty K€ CTODPOHY.
o’

Ios3. A o’

Ilos. B o 74
” Ecnu peiicteuem napsl cun F u F' Bo-

@ @ kpyr ocu OO’ npuBecTH BCIO CHCTeMy
P BO BpAICHUE B HAINPABIECHUH, HE COB-

Y
B 5 T4JAOIIEM C HANPAaBICHHEM BpAIICHHS
0 JUCKOB / U 2, TO INIOCKOCTH BpalllCHUS
Hos. € o’ 3THX JHMCKOB TOBEPHYTCS BOKPYT OCH
B #  BB' ma yron 180°. Ilpu 3ToM Hampas-

S 1 )Egc P 2 * JIeHWs BpauleHusi JUCKoB 1 u 2 coBna-

OyT C HampaBJICHHUEM BBIHY)KICHHOTO

Bpamenns Bokpyr ocu OO', kak moka-

Puc. 6.6. Tupockonuueckue cucteMsl  3aHO B 103. b. B rupockonnueckon cuc-

TEMe, MPUBEAECHHOW B MO3. A, ANCKH

1 1 2 UMEroT MOMEHT KOJIMYECTBA JBIKCHHUSI OJHOTO 3HaKa. Takas THpoCKo-

MUYecKass CUcTeMa He 00JialaeT HeHTpalbHOCTHIO, T.K. OHAa pearupyer Ha

BO3CUCTBUE CHJIBI, BRI3BIBAIOIIEH BBIHYX/IEHHOE €€ BpaIleHHE U3MEHEHHEM

HaNpaBJIeHUs BpallleHUsT U OpHEHTAaIMed oceil JUCKOB COOTBETCTBYIOIINUM
obpazom.

JIng pocTuxkeHHs TUPOCKONUYECKON HEHTPalbHOCTH TaKOW CHCTEMBI
HEOOX0MMO, YTOOBI CyMMapHBIii MOMEHT KOJIMUECTBA JIBU)KEHHS AUCKOB | 1
2 Obw1 paBeH HyIO. s sToro aucku 1 M 2 MOJDKHBI BpamaThes B pa3HbIC
CTOPOHBI C OIMHAKOBOH YTIIOBOH CKOPOCTBHIO.

B no3. C puc. 6.6 npuBeeHa CBsi3aHHAsA TUPOCKONMYECKAsi CUCTEMA, Y
KOTOpPOH JMCKH UMEIOT MPOTHBOIOIOKHBIE HAIIPABJIECHNS BpaleHus. B stom
ClTyyae THPOCKOITMYECKas CHCTEMa B IIEJIOM MMEET HYJIEBOH MOMEHT KOJIHMYE-
cTBa ABWXKeHMA. Eciu Takylo cucTeMy MpPHUBECTH BO BpAIlleHHE BOKPYT OCH
00’ B M06GOM HATPABIICHHH, TO 3TA CHCTEMA COXPAHUT HATIPABIICHHE BPAILC-
HUS AMCKOB | ¥ 2 B HEM3MEHHOM COCTOSIHUH, T.€. THPOCKONHUYECKas CUCTEMa
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C CyMMapHBIM HYyJIEBBIM MOMEHTOM KOJIHMYECTBA JBUXKEHUS HUKAK HE OTpea-
THpYeT Ha BEIHYX/IEHHOE Bpamienue BOKpyr ocu OO'. Takum oGpa3oM, Tu-
pOCKOITYECKas CHCTEMa U3 IBYX JMUCKOB Ha OJTHOH IJIOCKOCTH C MPOTHBOIIO-
JIOXKHBIMH HAaIpaBJICHISIMA MX BpalICHUs 00J1aacT IMPOCKOMMYECKOi Hel-
TpanbHOCThI0. OTHAKO 3aMETHM, YTO B HEUTPATBbHON TMPOCKOIITYECKON CHC-
TeMe CBsI3b TUCKOB 11 2 yepes3 och BB’ nomkHa GBITH KECTKOM.

BTOpBIM THIIOM T'MPOCKONMYECKON CUCTEMBI

e 0’ SIBIIICTCSI CHCTEMa, Y KOTOPOM AHCKH BpalaroTcs
Ha OJJHOM OCH, HO Ha yJalleHUuH JAPYT OT Jpyra, T.C.
JIUCKU MMEIOT €JMHYI0 OCh CO CMEIIEHHBIMH IIIO0C-
' KOCTSIMM BpALIEHUS.
Itos. B o Ha puc. 6.7 npuBeneHsl THPOCKONUYECKHE

@ CUCTEMbI, OCH BpalllCHUA AUCKOB B KOTOPBIX COB-

nagatoT. B mo3. A aucku / u 2 BpamarmTcs B OJHY

1.4 cropony. Ilpu BpaleHun Takoil rupOCKOMUYECKOM

- cucTeMbl BOKpyr ocu OO’ Bes cucrema 3aiimer
@ MIOJIOJKEHHE, IMIPUBEJEHHOE B MO03. b, B KOTOpOM

Hos. © HaIlpaBJI€HUs BpallleHUs IUCKOB COBIAAyT C Ha-

0°
IIPABICHUEM BBIHYKICHHOTO BpameHus. Takas
. CUCTeéMa JWCKOB Ha OJHOW OCH C HalpaBIEeHUEM
! BpallleHHsI UX B OJHY CTOPOHY THPOCKONHUYECKU
o

aKTUBHA, T.€. UMEET THPOCKONUYECKOE COMPOTHUB-
JIEHME Ha BBIHYXKAEHHOe BpaieHue. Eciu ke auc-
KM BpalllaTh B pa3Hble CTOPOHBI, KaK MOKa3aHO B
nmo3. C, To oHa Ha BpaIIEHHE TMPOCKOMMYECKOM
cucTeMbl 0koso ocl OO’ HUKaK He OTpearupyer, T.e. CHCTeMa CTaHeT THPO-
CKOTIMYECKN HeHTpanbHOW. O4YeBHIHO, 9TO B HEUTPabHOH CHCTEME THPO-
CKOIIOB, TIPUBEJEHHOM B 1M03. C, CyMMa MOMEHTOB KOJMYECTBA JBIKCHUS Y
JIICKOB paBHAETCS HYJIIO.

CxozHyI0 KapTHHY THPOCKOITNYECKON HEHTPaIbHOCTH MbI HaOIroqaeM
U B DJIEKTPOHHON 000JI0YKE aTOMOB, KOT/Ia MOMEHTHI KOJIMYECTBA JIBHXKEHUS
3JIEKTPOHOB B aTOME B3aMMHO HEHTPaIHU3YIOTCA. DTO OCOOSHHO APKO IPOSB-
JIieTCA y aTOMOB MHEPTHBIX Ia30B.

[TockonbKy eAMHIYHBIE KBAHTOBBIE YaCTHIBI 00JIa1al0T COOCTBEHHBIM
MOMEHTOM KOJIHMYECTBA ABIKEHMSI, TO IS JOCTHXKEHUS T'MPOCKOMMUYECKOU
HEWTPaIbHOCTH OHHU JIOJDKHBI OOBETUHATHCS B CBSI3aHHBIE CHUCTEMBI, IPU
3TOM HX THPOCKONNYECKasi HEUTPaIbHOCTh JOCTUTACTCS 10 OJHOMY U3 CIIO-
c00OB pacCMOTPEHHBIX BBIIIE.

Kak yxe ynoMuHanoch, THPOCKOIIMYECKas HEUTPAILHOCTh YacTHIL
JOJDKHA OBITh UX HEOTHEMJIEMBIM CBOMCTBOM, T. K. B TIPOTHBHOM CIIy4ac OHU
OynyT obnanaTh HeaJeKBATHBIM HABEICHHBIM MHEPTHBIM CONPOTHBICHUEM,
00yCJIOBICHHBIM BBIHYX/ICHHBIM IIOBOPOTOM OCEH MX BPAIIEHHS MPU JBHXKE-
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HHUHM 10 J11000H Tpaekropuu. Hanpumep, Takoit ske oTpunaTenabHbId ddext
MOXET OBITh JOCTHTHYT NPH BBIHY>KACHHOM M3MEHEHUH TPACKTOPHHU JBHKE-
HUS TypOOPEaKTHBHOTO caMoJIeTa C ABYMsI TYypOOIBHIATEIIIMHY, BPAIAfOLIH-
MHCS B OJTHY M Ty K€ CTOPOHY, Ha pa3HbIX KPBUIbSIX camoiieTa. ITo o0yciaB-
JMBaeTCA TEM, YTO JUIS BBIOJIHEHUS TAKOrO MaHEBpa HEOOXOAMMO MpHiIa-
raTh AOTOJHUTENBHBIE YCHIHS U1l IPEOMOJICHNS THPOCKOIMMYIECKOTO I dek-
Ta (HaBEeIEHHOTO WHEPTHOTO COMPOTHUBICHUS TYpOWH), CBA3aHHOTO C M3Me-
HEHHWEM OpHMEHTaluu oced BpamieHus TypOuH. [lodTomMy Ui yBenmuueHwus
MaHEBPEHHOCTH CaMoJieTa ero TypOWHBI JOJDKHBI BpallaThCsl B ITPOTHUBOIIO-
JIOXKHBIX HaIpaBJICHUSIX.

Heo6xoauMocTh THPOCKONMYECKOH HEWTPAILHOCTH aTOMOB U MOJIe-
KyJl MOKET OIpEACIIONNM 00pa3oM CKa3aThCsl Ha UX MPOCTPAHCTBEHHO-
JMHAMHYECKO# cTpykType. IloaToMy B nasibHeieM Mbl OyneM paccMaTpu-
BaTh MPOCTPAHCTBEHHO-IMHAMHYECKAE CBOMCTBA KBAHTOBBIX YaCTHIl C yde-
TOM TpeOOBaHUI WX THPOCKOMTMYECKOW HEHTPATTEHOCTH.
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I'naBa 7

Onucanue COCTOSIHUI 3JIEKTPOHOB aTOMa B IIPOCTPAHCTBE
NMOTEHUMAJIBHBIX cdep

7.1. BoatHoBas q)yHKIII/lﬂ ABHKCHUSA IJICKTPOHA B aTOME€ U MHTEIrpajJIbHast
CUCTEeMa KOOpaAUHAT

BoJsiHoBasi pyHkuusi. 1I3B€CTHO, UTO AJIEKTPOH, COIVIACHO COOTHOLLIE-
HUIO e bpoiins, mpyu IBIKEHUH B IPOCTPAHCTBE BeAeT ce0s Kak BOJHA. B 1.
6 OBUIO MOKA3aHO, YTO BOJHOBOE JIBIDKEHHE HJIEKTPOHA IpecTaBisieT co0oi
CIHpANbHOE [BHXXEHHE, OOpa30BaHHOE €ro IOCTYMAaTEIbHBIM ABMKCHHEM
IpH BpalECHHH.

Takum 00pa3zoM, BOJHOBOE TOBEJICHUE DJIEKTPOHA M JPYTHX KBAHTO-
BBIX YaCTHIl HE UMEET MPOTHUBOPEUH ¢ UX KOPIMYCKYJIAPHBIMH CBOMCTBaMH,
W T03TOMY OIIMCAHUE JBIKECHUS JJIEKTPOHA B CBOOOIHOM ITPOCTPAaHCTBE U
aToM€ BOJHOBBIM ypaBHEHHEM HE HMEET IPHHIUITHATBHBIX 3alIpPETOB.

MaremMaTHuecKu BOJHOBOE JABW)KEHHE BbIpakaeTcsl AU (epeHnnans-
HBIM YpaBHEHHEM BTOPOTO TIOPSAKA, HAIIPUMED, B BUIE:

O’¢ 1 9’0 -

o> & o 71
IJIe ¢ — CKOpPOCTh PacHpOoCTpaHeHHs BOJHbI, @ — BonHOBas (QYHKIMS, Xa-
paKkTepu3yoIlas CMEIIEHUE, HalIpUMep, CTPYHBI.

BomnaoBas ¢yaxums @ sBisiercss QyHKIHEH NmepeMeHHON x B 000U
MOMEHT BPEMEHH ! M, CJIEJOBATEIbHO, IPEACTABISIET COOOM aMIUTHTYIy.
YpaBHeHHE TaKoro BHAA NPHUMEHHMO ITOYTH KO BCeM (OpMaM BOIHOBOTO
JBIDKCHUS, HauWHasg OT KoyieOaHWs CTPYHBI M KOHYAsl 3JIEKTPOMArHUTHBIM
U3ITy9eHHEM.

B TpexmepHOM eKapTOBOM HPOCTPAHCTBE BOJIHOBOE YPaBHEHHE HME-
€T BUJ:

O’ 0 ¢ 1 2’

+ + — 7.2
ox* oy’ o0z° ¢t ot 72
NnJIn
1 0°®
Vd=— , 73
c? ot (7-3)

rae V — omnepatop Jlamiaca, KOTOpbIii paBeH:
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2 2 2
) 0 0 0
V= st T3
ox~ oy~ 0Oz
TUIHYHBIM IPEMEPOM Takoii BonHoBol dynkimuu @ asnsercs ypas-
HEHHE CHHYCOM/IBL:

(7.4)

D= Asin%r(x —ct). (7.5)

[Tprmepom BOJTHOBOH (QYHKIIMK MOXKET OBITh J1100ast Apyrast QyHKIUSL.
[TpaBuIbHOCTE BEIOOpA TOW MIIM MHOM (YHKIMU MOXET OBITH OIIEHEHA TOJb-
KO I10 TOJIy4aeMbIM C €€ IIOMOIIbIO Pe3yIbTaTaM.

OcTtaHOBUMCS HA IBMKCHUH 3JIEKTPOHA B aTOME, II€ BOJTHOBAs (DyHK-
IUsT TOJDKHA TIPEJCTaBIsATh cOOOH ypaBHEHHE CTOSUMX BOJMH. OOBIYHO IpH
ONMCAHUM 3aKOHOMEPHOCTEH [BI)KEHHMS KBAaHTOBBIX YacTHIl, HalpuMep
AIIEKTPOHA, BOJHOBYIO (YHKIHIO 0003Ha4aoT OykBoW ¥, mpH 3TOM CKO-
POCTb CBETa ¢, BXOJAIIAsl B BOJHOBYIO (DYHKIIHIO, 3aMEHSETCSI HA CKOPOCTh
KBaHTOBOM 4acThIbl v. Toraa ABHKEHUE 3JIEKTPOHA MOXKET OBITh BBIPAKEHO
o01elt (hyHKIMEH cTosTueH BOJIHBI BUAA:

W =Asinax. (7.6)

IpuHUMNBbI MHTEPHPETALMHU BOJHOBOM pyHKkuuu. Kak otMedeHo B
. 4 1 5, caMbIM CYIIECTBEHHBIM (D)aKTOPOM OIIMOOYHOW HHTEPHPETAINH
BOJIHOBOH (DYHKIIMH SIBIISICTCS] PACCMOTPEHHE TPSMOIMHEHHOTO paBHOMEPHO-
IO JBIDKCHUS IEKTPOHA B IEKAPTOBOW CHCTEME KOOPAMHAT, I'Zie LIEHTpP aTo-
Ma ITOMEIIIEH B Ha4alo KOOPAMHAT, a KOOPJUHATHBIE OCH 0003HAYAIOT 3HAUe-
HUS paguycoB. IIpsiMoNMHENHOE IBI)KEHHE AIICKTPOHA BIOJIb TAKUX KOOPIH-
HATHBIX OCEH MpE.IoNiaraeT ero IBIKEHUE MPH MOTepe WIM NPUOOpETeHUN
9HEpIuu, T.e. IPU U3MEHEHHH CBOEr0 SHEPreTHYEeCKOr0 COCTOSHHA. A 3TO,
KaK M3BECTHO, IMPOTHBOPEUMUT YCIOBHSIM JBHXEHHS 3JEKTPOHA B aToMe B
SHEPreTUYECKH CTAMOHAPHBIX YCIOBUSX.

B ri1. 5 ObUTO MOKa3aHO, YTO PaBHOMEPHOE MPSIMOJIMHEIHOE ABHKECHUE
B [IPOCTPAHCTBE 0€3 IMOTEepH WIIM NPUOOPETEHHS] SHEPTUH H3BHE IKBHBAJIECHT-
HO TaKOMy JK€ PaBHOMEPHOMY, HO KPYTOBOMY IBIDKCHHIO MaTepHalbHBIX
yacTull. [IpUHATHI NPUHIUI 3KBHBAIEHTHOCTH KPYTOBOTO W MPSIMOJIHMHEH-
HOTO JIBIDKCHHH JaeT BO3MOXHOCTh PaCCMaTPHUBaTh CTEHKH TPAJAUIMOHHOTO
MOTEHIUATIBHOTO AIMKA C IPSIMOJIMHEHHBIMA CTOPOHAMH KaK CTEHKH ITOTEH-
IIUATBHON c@hepbl C COOTBETCTBYIOIIMMH CTOPOHAMH X, ¥ ¥ Z B BUAE MOTYOK-
PYXHOCTEH ompenereHHoro paauyca. Toraa 3T HOITyOKpPY>KHOCTH KOOPIH-
HATHBIX JIMHUH SBISIOTCS TPaHUIIAMHU TIOTCHIHAIBHOU cdephl. Takol moaxo
MO3BOJISIET PacCCMaTPUBATH JIBIDKEHUE AJIEKTPOHA B MOTCHIMATIBHON cdepe B
JIBOMHOM B3aUMOCBSI3aHHON CHUCTEME KOOPAUHAT C OJHOBPEMEHHBIM OTpaXKe-
HHEM TIPOEKIMH KPYroBOIO OpOMTAIBHOTO JABMKEHHS M pajuyca OpOHTHI
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9JIEKTPOHA Ha COOTBETCTBYIOUIMX KOOPAWHATHBIX OcsaX. B ri1. 5 Obumn npuse-
JICHBI IPUHIUIIBI TOCTPOCHUSI TAKOH TBOWHOM CHCTEMBI KOOPIUHAT, KOTOPYIO
MBI Ha3BaId UHMEZPATbHOU CUCMEMOU KOOPOUHAM NOMEHYUATbHbIX chep
(UCK I1C) nmu ipocTo unmezpanvhotl cucmemoti koopounam (UCK).

HHTerpanbHas cucTeMa KOOPAMHAT U ee cBoiicTBa. [IpemioxkeHHas
B IJ. 5 MHTETpaJbHAs CUCTEMa KOOPAMHAT OJHOBPEMEHHO MOXKET OTpa)kaTb
MIPOEKINH JBIKCHUS! MAaTEpHAIbHONW YacTUIBI Ha IPOU3BOJIBHO OPUEHTHUPO-
BaHHOW OpOMTE Ha IJIOCKOCTSIX KPYTOBBIX KOOPIUHATHBIX JUHUNA X, Y u Z, a
TaKXKe TPOEKIHMU paguyca opObutel R Ha KOOpPAMHATHBIX OCAX paaHycC-
BexTopoB R, R, u R,

3aMeTHM, 4TO KPyroBble KOOpPIUHATHBIE OCH X, Y U Z MOTYT OBITh KaKk
METPUYECKUMHU, TaK U YIIOBBIMHU, T.€. OHU OJHOBPEMEHHO MOTYT OTpa)aTb
paccTosiHME W yroJ MOBOPOTa Ha OpOMTE, YTO 3HAUYUTEIHHO YNPOILAET OIH-
CaHWE BPAINAIOIIMXCS CHCTEM C IIOMOIIBI0 TAKOM WHTETPabHOM CHCTEMBI
KOOpJIMHAT.

VYBenuueHne MPOTSHKEHHOCTH W, COOTBETCTBEHHO, pajiyca KOOPIIH-
HAaTHBIX OCEH B MHTETPAIBHON CHCTEME KOOPIWHAT JOCTUTACTCS MEPEX0I0M
B CIIEAYIOIIYIO NOTEHIHAIBHYIO cepy U Tak JO0 OECKOHEYHOCTH. JTO 3Ha-
YHT, pacCMaTprUBacMasi MHTETpalibHas CUCTEMa KOOPAUHAT SBISIETCSI MHOTO-
YPOBHEBOW OTHOCHUTENBHO MOTEHIUAIBHBIX cep, T.e. NpeIIoKeHHas! CUCTe-
Ma KOOpPAMHAT MOXKET OMMCHIBATH IUIOCKHME MPOCTPAHCTBA HAa MTOBEPXHOCTU
cepsl OTHOBPEMEHHO JUIsl MX OECKOHEYHOTO MHOXKECTBA C Pa3IMYHBIMU
SHEPreTUYeCKUMHU U BPEeMEHHBIMH XapaKkTepucTukamMu. Takas cucreMa Koop-
JUHAT 00JIaZaeT HArJSTHOCTBIO M MPOCTOTOW INPHM ONHMCAaHWU CIIOXKHBIX U
SHEPTeTHYECKH CBA3aHHBIX MHOTOYPOBHEBBIX CHCTEM, HAIIPUMEpP TaKHX, KaK
CHCTEM MHOTORJICKTPOHHBIX aTOMOB, 0€3 HCIIOJIF30BAHUSI CI0XKHOTO MaTeMa-
THUYECKOTO armapara.

Ha puc. 7.1 npuBeneHa uHTErpaabHas CHCTEMa KOOPAMHAT JIBYX IIO-
TEeHIMAIBHBIX cdep, A u B.

Kak BugHO 13 puc. 7.1, MHTETpanbHasi CUCTEMa KOOPAMHAT HOTEHIIH-
aIBHBIX c(ep COCTOUT M3 JIBYX B3aMMHO COIPSHKEHHBIX KOOPJIUHATHBIX CHC-
TeM. OnHONW M3 HUX SBISETCA JEKapToBas CHCTEMa KOOpAWHAT paauyc-
BekTopoB Ry, R, n R;. OTH KOOpAMHATHBIE OCH OTPAXAIOT NPOEKLUU PaJM-
YC-BEKTOpa ¥, MPEACTABISAIOIIEIO MPOU3BOIABHO OPUEHTHPOBAHHYIO KpPYTo-
BYIO OpOUTY.

Pannyc-BekTop opOUTHI I MOXKHO MPEACTABUTH KaK CyMMY IPOSKIHN
r =rd +rj+rk, rae i, j, K — e1uHU4YHBIE BEKTOPHI, HANIPABIEHHBIE 110
OCSIM KOOPJMWHAT; 7%, 7, F. — CKalApHbIE 3HAYEHHMs INPOEKUMH paauyc-
BEKTOpa OpOWTHI I Ha COOTBETCTBYIOUIME KOODIWHATHBIE OCH paanycC-
BekTopoB Ry, R, 1 R.. Hanpasnenue paauyc-BeKTOpa OpOMTHI I' COBIANAET C
HalpaBJIEeHUEM BEKTOpA YIIOBOH CKOPOCTH, T.€. OAYMHACTCS MPABUITY Ipa-
BOTO OypaBuHKa.
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OTHOCHTENBHO IPOTHBOIIOJIOKHBIE HAIIPaBJICHHS KOOPJIUHATHBIX
ocel pagmyc-BexkTopoB R,, R, n R; onpenensrorcs snakamu cnuna +s. Ipo-
eKIINH PaJnyc-BEKTOpa OpOWTHI, B 3aBUCHMOCTH OT 3HaKa CIIHHA £S5, MOTYT

+S OBITh KaK MOJIOKUTEIBHOI0, TaK

OZ“RX A OTPHULATEIBHOIO Halpasie-

Hus. Takum oOpas3om, mpu B3au-

MOJAEWCTBUH CIIHHA C KOOPHAHU-

HaTHBIMHU OCSIMH panuyc-

BEKTOpOB, Hampumep s R,

cobmojaeTcsl paBeHCTBO s - R,
=+ R,

B3zanmnuas ~ opuenranms
KOOpJIMHATHBIX oOceil paamyc-
BEKTOPOB JOJDKHA OCYILECTB-
JATBCSI TaKUM 00pa3oM, YTOOBI
Y R, NPOEKIMU pajgHyc BEKTOpa Op-
OUTHl Ha KOOPIMHATHBIX OCSX
OJTHOTO 3HaKa JaBaji Pe3yJIbTH-
pyIOLIUi paguyc-BEKTOpP OpOH-

Puc. 7.1. UnTerpanbHas cuctema KOOpAUHAT
MOTEHIHAIBHBIX chep

ThI MEXJLy HUMH.

Bropo#i koopauHaTHOH cucteMol siBisieTcsl cepuyueckas cUcTema
KOOPJHMHAT, I7ie OOJBIIMMU B3aUMHO TNEPHEHUKYJIIPHBIMU OKPY>KHOCTSIMU
opOuTanbHON cepbl 0TOOpaXkaroT KOOpAWHATHBIE JIMHUU X, ¥ U Z. DTH KO-
OpAVHATHBIE JINHUY MPUHAUIEKAT KaK MOJI0XKHUTENBHBIM, TaK U OTPULIATENb-
HBIM HAIPaBJICHUSAM OpOWTAIBLHOTO BPAIICHHS, COTJACHO 3HAKAM CIIMHA +S,
COOTBETCTBYIOIIUX KOOPAMHATHBIX OCel paamyc-BekTopoB R,, R, m R.
[Tpuyem anmuHA OKPY>KHOCTH OPOMTHI BCETAA COBIIAAAET C [UTMHOM OOJBIION
OKPYKHOCTHU HOTeHHHaﬂbHOﬁ C(bepbl, a 3HAYUT, U C JJIMHAMHU KOOpANHATHBIX
muHUn X, Y u Z.

OpueHTanuo opOUTHI Ha TIOBEPXHOCTH MOTEHIUAIBHOM cepbl MOTyT
OTpaXxaTh MPOEKLHUH paJnyCc-BEKTOpa 3TOH OpOUTHI Ha COOTBETCTBYIOIIUX
KOOPJMHATHBIX OCSX Paanyc-BeKTOpoB. [Ipn 3TOM mpoekuuu camoil opOUTHI
0TOOpaXKaAIOTCs HA IUIOCKOCTSX KOOPAWHATHBIX JMHUN X, Y u Z B BUIC OK-
PYKHOCTEH CO CKaJSIPHBIMH PaANyCaMH, COOTBETCTBYIOIIUMH MPOEKIHAM
paanyc-BeKTOpa OpOUTHI Ha OJHOMMEHHBIE KoopAuHaTHEIE ocl Ry, R, n R..
3aMeTHM, YTO MPOEKIIMH OPOUTHI MOTYT OTPAXXaThCS U Ha MIOBEPXHOCTHU cde-
PBI Ha IUVIOCKOCTSIX, NapajuIeIbHbIX KOOPAUHATHBIM JUHUAM X, ¥ U Z.

Tak kak ABMKEHHE B MHTETPAbHOM CHCTEME KOOPAMHAT OCYIIECTB-
JII€TCSl 110 KPYTOBOM JIMHUM, SKBUBAJIEHTHOW NPSMOM, TO, KaK FOBOPHIIOCH
BBILIE, KOOPJMHATHBIC JTMHUH OJHOBPEMEHHO MOTYT OTOOpa)xaTh KaK UIUHY
JIyT OKPY>KHOCTH, COOTBETCTBYIOLIYIO IIPOHJEHHOMY IIyTH, TaK U YroJj Io-
BOpOTa OT Haydajla KOOpJAWHAT. 910 3HAYUT, UX MOXHO MPEACTaBUTh U KakK
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JIMHUM KPYTOBBIX CHHYCOWJ. 3aMETHM, YTO CKaISIPHBIC 3HAYCHUS CUHYCOH]
MIPOEKINI paanyc-BEKTOPOB OPOUTHI JIEkKAT HA KPY208blX TMHUSX TPOCKINI
OpOUTHI, KOTOpPBIE, B CBOIO OYEPEdb, PACIIONAraloTCsi Ha COOTBETCTBYIOIINX
IJIOCKOCTSIX KOOPAMHATHBIX TUHUN X, Y U Z.

Hauvano xoopavHat KpyroBbelX KOOPAMHATHBIX JIMHUN X, Y u Z, B 3a-
BHUCHMOCTH OT MOJENBHBIX YCIOBUH 3aJadH, MOXET OBITh YCTAHOBJICHO Ha
11000H TOYKE 3THX KOOPAUHATHBIX JMHUH, Hanpumep, Ha Toukax Oy, 0, u 0.,
Kak Moka3aHo Ha puc. 7.1. OnHako B MHTETpajIbHON CUCTEME KOOPAMHAT, TaK
XKC, KaK U B ﬂeKapTOBOﬁ, PacioJIOKEHHUA MOJOXKUTECIBHBIX U OTPHUIATCIbHBIX
KOOPJMHATHBIX OCEH paJinyCc-BEKTOPOB B3aUMOOOYCIIOBIICHBI.

JomycTtum, 4T0 KOOpJAMHATHl MaTepUalbHOM TOYKH Ha OpOUTE MOTYT
NPUHUMATh 3HAY€HHs OT HyJs J0 MaKCUMAaJIbHOTO 3HA4YeHWs, paBHOTO 77
Tak kak myiHa O0JIBIIOTO Kpyra cepsl B 1Ba pa3a OoJIbIle U paBHSETCS 277,
TO MaTepHATBHBIX TOUEK Ha OPOHTE C PAa3HOCTHIO (a3 MEXIy HUMH, PaBHOM
7r, MOXeT ObITh 11Be. IIpn 3TOM OHEM OyAyT MMETh OAMHAKOBBIE KOOPANHATHI,
a JIBIDKCHHME MX MOJKET OBITh OIIMCAHO OJHUM U TEM XK€ YPaBHCHHUEM CTOsTUCH
BOnHBL. MX Ha opOHTE MOKHO OTIMYHUTH TOJIBKO YHCTO yCIOBHO — IIO B3a-
UMHOMY PAacCIIOJIOKEeHHIO, T.€. 10 NPOTHBOIIOIOKHEIM 3HaYeHUM (a3 opou-
ThI, 0003HauaeMbIX tf, HanoMHuM, 4TO Takne 4acTHUIIBI 110 JINHUU OKPY>KHO-
CTH OPOUTHI OTCTAIOT PYT OT APYra Ha PacCTOSHUE 7

C yueToM TOro, YTo MaTepHajbHasi TOUKa Ha OPOUTE MOXKET BpaIllaTh-
csl B IIPOTHBOIIOJIOXKHBIE CTOPOHBI, T.€. MOXET UMETh MPOTHUBOIOJIOXKHBIC
3HAYEHHMs CIIMHA, 0003HaYaeMble +5 KOJINYECTBO MaTepHAIbHBIX TOYEK, OIH-
CBIBAEMBIX OJIHUM M TEM K€ YpaBHEHHEM CTOSYel BOJHBI B MHTETPAIHLHOMN
CHCTEeME KOOPAMHAT, yABOUTCA. JTO 3HAYMT, YTO HA OAHOW TPAEKTOPHHU Op-
OWTBI C OIMHAKOBBIMH XapAKTEPUCTUKAMH YPABHEHHUS CTOSYCH BOJIHBI MOTYT
IIPUCYTCTBOBATh MaTE€pPHUAIBHBIE TOYKH KaK C IOJIOXKHUTEIBHBIM, TaK U C OT-
pHLATEIbHBIM CIIMHOM, KOTOPBIE, B CBOIO 04EPEb, OTINYAIOTCS MPOTHUBOIIO-
JIOKHBIMH 3HAa4eHUAMH (a3 £f,. B o0mieil clio)XxHOCTH, KOJIMIECTBO MaTepH-
JIBHBIX TOYEK Ha OPOUTAX C IOJIOKHUTEIBbHBIMA M OTPHLIATEIbHBIMHU 3HAYC-
HUSIMU CITMHOB 5 M (a3 Lf,, ONUCHIBAEMBIX OJJHUM U TEM XK€ ypaBHEHHEM
CTOsIYEH BOJIHBI, PaBHAETCS YeThIpeM. TakuM 00pa3om, Kax/Jas U3 YeThIpex
MaTepUaJIbHbIX TOYECK B HHTCI’paHLHOﬁ CUCTEME KOOPJAWHAT, OIMChbIBacMast
OJTHUM M TEM K€ YPaBHEHUEM CTOSYEH BOJIHBI, OTJINYACTCS OJHA OT JPYroi
TOJIBKO TI0 COYETAHHSIM TOJIOKUTEIBHBIX W OTPUIATENHHBIX 3HAYCHUH CIH-
HOB ¥ (ha3, KOTOpbIe UIMEIOT BUJI:

(t5+1o), (F5—1o) (—5—fo) (=5 +fo). (7.7)
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PaccMoTpuM 3TO Ha mpruMepe BOJHOBOH (YHKIHH B «OJHOMEPHOI»
MHTETPAJIBHOW CHUCTEME KOOPAWHAT, MOCTPOCHHOW MO BBIICIICHHOMY Ha-
MIPABJICHUIO.

7.2. IBM:KeHUE 3JIEKTPOHA B MOTEHUMAJBHOI cdepe

JIBH:KeHHe 3JeKTPOHA Ha op0uTe B BbIIeJICHHOM HaNpaBJeHHH
NOTeHINAAbHOI cdepbl. PaccMoTpuM JBIXKEHHE 3JEKTpOHA Ha IpPUMEpE
BOJTHOBOH (DYHKIMM B «OJHOMEPHOI» HHTETPaJbHON CHCTEME KOOpPIHMHAT,
MIOCTPOEHHOM O BBIJCICHHOMY HAIIPaBICHHIO. B yCIOBHAX CHHMpaIbHOTO
JIBIDKCHUS 3JIEKTPOHA B aTOME JUTMHA OKPY)KHOCTH OPOUTHI KpaTHA JUTHHE €TO
CHHYCOHMJAJIbHOM CIMPAIbHON BOJHBL. JTO 0OCTOSATENHCTBO AETACT MpEeisa-
raeMyl0 CUCTEMY KOOPAMHAT aJeKBATHOM CIMPaIbHOMY IBHXXECHHIO, TJE Op-
OmuTa SBIAETCS TPAaeKTOPHEH ABIKCHHSA (POHTA CIHUPAIBHON BOJNHBL OTO
3HAYUT, YTO €CIHM TPACKTOPUIO OPOUTHI MPHUHSTH 33 KOOPIUHATHYIO OCh, TO
oHa OyJieT KOOpAWHATHOM OCBIO JIBWKEHHS (PPOHTA CUHYCOHUJAILHOM BOJIHBL.

B wunTerpanpHON cucTeMe KOOpAWHAT, NMPHUBENCHHOM Ha puc. 7.2,
«OJTHOMEpHas» CHCTEMa TPEJICTaBIIeT co00i OeCKOHEUHBIH HabOp OKpYX-
HOCTEH pa3iIMYHBIX pajlyCcoOB, HAPUMED, 7| U 7, C OOIIUM LIEHTPOM II0JI0-
JKUTEJIFHOTO M OTPUIATENIFHOTO HANpaBJICHUH BpAIEHUs 110 3HAKY CIHMHA S.
Hanpumep, 31eKTpoHBI, Bpaliaomuecs Mo KpyroBoit opoure n 0603HaueH-
HBIE CBETIIBIM KPY)KKOM, HIMEIOT ITOJIOKHUTEIIFHOE 3HAUYCHNE CIHMHA +§, COOT-
BETCTBYIOIIICE BHIOPAaHHOMY IIOJIOKHTEIBHOMY HAIPABICHUIO PaIHyC-
BekTopa Ry. TakoMy momoXuTETbHOMY 3HAYCHHUIO CIIHHA +S OPOHUTHI B BBI-
OpaHHOM HAIPaBIEHHH COOTBETCTBYIOT IOJIOKHTENbHAS M OTPHLATEIbHAS
(a3el £f, OPOUTHI C PA3HOCTHIO 77 DJICKTPOHBI, BPAIIAIOIIHECS Ha OpOUTE C
OTpHUIATCIBHBIM CIIMHOM, O603Ha‘-ICHI)I TEMHBIMH KpPYXXKaMH, KOTOPBLIC 11O

: CBOUM  KOOpJHMHATaM

R.A g Ha 9TOH opOUTE TaKxKe
y o _ §  coomsercBylor momo-
—% +% JKUTENBHON W OTpHla-
o ’,,——""""‘~~}:\f TeJIbHOH (pazam =,
- -
X ¥ - N SSONKY Kak BumHO ©3
/7 7/ - 7\\7'2 \\\\
/ ’AIX X AN \ O\ puc. 7.2, BIEKTPOHBI
L <0 \ !
T ™ Ha opOWTE C MPOTUBO-
0 I _/ 0 fonowmsvu  smave-
X X  HUAMH CIHHA Bpauia-
f o I0TCS B TPOTHBOIIO-
isf R,|-s _T_?p JIOKHBIX HAIPaBJICHH-
v ax. IIpu 3TOoM Hauana

Prc. 7.2. OtHoMepHas MHTETpaTbHAsA CHCTEMa  KOOPAMHAT OpOUT ¢
Koop/Har OTPULIATENIBLHBIM u
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MOJIO)KUTEIBHBIM CIIMHOM YCTaHOBJICHBI B MPOTHBO(A3e ¢ pa3HOCTHIO (a3
.

PaccMOTpHM KOHKpPETHBIH Ciydaid JBHXKEHHS JICKTPOHA MO OpOuUTe ¢
OIIpe/ICNICHHBIM PAJMyCOM, Ilie CIUPaJIbHOE JBIKCHHE €r0 MOXET OBITh BBI-
pakeHO oOmiel (QyHKIHEeH cTosueil BOJHBI, Kak OTMe4eHO Bbime B (7.7),
Bua: i/ = Asinqx.

JonycTtum, 4T0 CIUpalibHOE JBIKEHHUE OCYIIECTBISIETCSI B OIpe/e-
JICHHBIX TPaHMIAX MMOTEHIMAIBHOTO MPOCTPAHCTBA pa3MepoM a. Toraa npu-
MEM, YTO Ha KOHI[aX 3Toro orpe3ka npu ¢ =0u X = @ BBIIONHAETCS COOT-
HOILIEHHE:

0= Asinax. (7.8)

3Ot0 paBeHCTBO crpaseiuBo npu ycnosun 4 = 0. Ho Hac untepecyer
Jpyroil cnoco® coXpaHEHHs paBeHCTBA. VI3BECTHO, YTO CHHYC yIJjla paBeH
HYJIO TIpu KpatHoM m. Takum oOpaszoM, ecnu o =nz/a, TAe n — 1enoe
YHCIIO, TO PAaBEHCTBO TOXKE COXpaHUTCS. Tormga ABMXKEHHE 3JEKTPOHA IO
MOJYOKPYKHOCTH OPOUTHI OyIeT NMOAYMHATHCS (YHKIMU CTOSYEH BOJIHBI
BUIa

V/:Asinﬂx. (7.9)
a

[TpumeM, 4TO B MHTErpajbHOM CHUCTEME KOOPJIMHAT JIBMKEHHE (CITH-
palIbHOE) DJIEKTPOHA OCYIIECTBISIETCS HA OpOHMTE B Ipezeiax OONbLION Mmo-

JyOKpPY KHOCTH II0 IIOBEPXHOCTH NOTEHIMANBLHOM cepsl npu a = 77, . To-

Tla B Ipeaciax OTpE3Ka d KOOPAMHATHI SJICKTPOHA HPUHUMAIOT 3HAUCHUS OT
x=0 A0 X = Ttry. B atux YCIOBUAX BOJIHOBOC YPABHCHUC IPUMCT BU:

. n
W = Asin—x, (7.10)

rx
IJie ¥, — Paanyc OpOMTAIBHOIO JBIKEHUS JICKTPOHA B IIOJIE 3apsja, T.e.
paanyc OBIDKEHHS HYKJIOHA 1O KPYTOBOM JIMHUM OCH X, COOTBETCTBYIOIIEH

3HAYEHHUIO 7.

C nomousio (7.10) HaiiieM OHO M3 BO3MOXKHBIX 3HaYEHHH KOd(Qdu-
nuenTa 4. JlnvHa OpOMTHI IBMKEHHMS DJIEKTpOHa paBHa: A = 2zr,. Torma B

npenaeiax MmoJyBOJHBL IIPpU d = 7Z7’x MaKCHUMaJIbHOC CMCHICHUE DBJICKTPOHA

OT CpeflHeil TOUKU paBHOBecusi OyneT paBHO: zr,/2. Takoe cMelleHHue CIu-
paJbHOW BOJHBI 1O XOAY IBHKCHUS M MOXKET OBITh TMPUHITO B BBIPAKCHUU
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(7.10) 3a koapdunment 4. Torna cooTHomeHHE s KodhGuUImeHTa 4 mMeet
BUI:

A=—"*. 7.11
5 (7.11)

Bripaxenne (7.10) npu pUKCHpOBaHHOM 3HAKe CIIMHA OJHO M TO K€
JUISL 3JIEKTPOHOB Ha OpOWTE Kak C IOJIOXHTEIBHOM, TaK C OTPUIATEILHOMN
(azamu. Takoe ke MPABHIO COXPAHSETCS UL 3JIEKTPOHOB Ha OpOHMTE NpH
(huKcHpOBaHHOM 3HaKe (a3bl, HO C Pa3HBIMH 3HaKaMH CIIHHA. [lokaxkeM 3T0.
ITycTh oTpHIaTeNbHOE 3HAYEHHE CIHMHA COOTBETCTBYET OTPHUIATEIHLHOMY
3HayeHnto x ot 0 1o zr, TOorna 3HaUeHHe paauyca r, pyHkmun (7.10) Toxe
Oyzer mMmeTh oTpHuaTeibHOoe 3HayeHue. B wurtore ¢ynkums (7.10) Oynmer
HAMETb CJIECLYIOIINNA BUJL:

v = Asini(—x).
- X

ITocne cokpaleHns B YHCIUTENE U 3HAMEHATEIE OTPULIATEIbHBIX 3HAKOB MbI
yoexmaemcs B Hem3MeHHOCTH QyHKIUH (7.10) A MOJTO0KUTEIEHOTO U OT-
PHLATETBHOTO 3HAYEHWH CIMHOB OpOWTAIBHOTO JIBMKEHMSI HYKIOHOB. Kak
YCTaHOBIICHO, 3aMeHa 3HaKa ciuHa s B Gyakimun (7.10) He MeHseT ee BU/a, a
JUIIb YKa3blBaCT HA OTHOCHUTEIBHOE W3MEHECHHE HAIpPaBICHUS pPaguyc-
BeKTOpa opOUTHI Ha 0OpaTHOE.

Kak ynomunanoch paHee, NpOWAEHHBIH MyTh 110 KOOPIUHATHBIM JIH-
HUsM X, Y U Z B UHTErpajlbHOU CUCTEME KOOPAMHAT MOXKHO OTPa3HUTh Kak
0OBIYHON Mepoi IITMHBI (COOTBETCTBEHHO Yepe3 X, ¥ U z) AYTU OKPY>KHOCTH,
TaK U B YIJIOBBIX €MHHUIAX. DTO 3HAYUT, YTO B MHTETPAIBLHON CHCTEME KO-
OpJAMHAT JJIsl OTPaKEHHsI MHTEPBaJa, a TAKKe BOJHOBOM (YHKIMHU B paju-
QIBPHBIX KOOpAWHATaX HET HEOOXOAWMOCTH B CHENMATbHBIX MaTeMaTHde-
CKHX NpeoOpa3oBaHMAX UIA Mepexoja OT METPHUECKOI B pajHalbHyIO KO-
OpAMHATHYIO CHCTEMY.

Ecnu BbIpa3uTh 3HA4YEHHE ITyTH Y€pe3 YIJTIOBBIC KOOPAMHATHEL, TO C

Y4ETOM TOTO, 4T0 X = JF , UMeeM

. n9
v =Asin—r. (7.12)
rX
BonHossie ¢ynkuuu (7.11) u (7.12) sBastorcst, 10 cyTd, QYHKIUSIMA CTOS-
11t BOJIHBI OT YEThIPEX 3aBUCUMBIX PYT OT Apyra apryMeHTOB — 1, 7, X, 3.
SIcHO, 4TO B MOTECHIMAIBHOM Kpyre paguyc (pUKCHPOBaH U MOXET UMETh
MECTO PaBeHCTBO 7, = 7. Torma BojHOBas (QYHKUMS IS NOTCHIMAIBHOTO

MOJyKpyTa ¢ pa3MepaMu /7' IPUHUMAET BUJ:

112



v =A sinn§. (7.13)

Takum 00pa3oM, MBI MOYYWIIA BOTHOBYIO QyHKIHUIO (7.13), KOoTOpas
pu (pUKCUPOBAHHOM PaZHyce OPOUTAIFHOTO IBIKCHUS 3aBUCHUT TOJIBKO OT
yria moBopoTa ¢ TpaekTopuu awxkeHud. OxHako B (7.13) HazHaueHUe Iie-
JIOYMCIICHHBIX 3HaYeHUH (hakTopa /7 HE COBCEM SICHO; KPOME TOTO, IPH 3Ha-
YeHUH & = 77 BONHOBas (PyHKUUS JOIDKHA PaBHATHCSA HyJO. JlOMyCTUM, YTO
LENOYNCIICHHBIE 3HAUCHUSI 7 UMEIOT M APYroe Ha3HAadCHHE WIN CBOMCTBO.
Paccmotpum 3t0.

Kak cBugerenscTByercss B IJ1. 6, IpH CHHPaJIbHOM ABWKEHHH JIIEK-
TPOHAa MOMEHT KOJIMYECTBA JBMKEHHUsS ero 1o (6.17) ompeaensioT mo BbIpa-
JKECHUIO:

mvr, =—,
27
L€ ¥ — paguycC CIUpaIu.

H€O6XO,HI/IMO OTMCTHUTDH, YTO AJIMHA BOJIHBI TaKOI'O CHI/IpaHBHOFO JBH-
JKCHUS 3J'IeKTpOHa BOJIb KOOp,HPIHaTHOfI JIMHUN XpaBHa 27[]’} " HET 3anpeTa
TOMY, 4TOOBI paJiiyCc OpPOHTHI #, MOT OBITH BBIpaXKEH uepe3 3HaUCHUE pajIiyca
Cl'[I/IpaJ'II/I ¥'¢cx BOJIHOBOTO JABHMXXCHUA C-)J'ICKTPOHa. Torna HUMCEM:

. nY
w=A4 sm—r,_. (7.14)
X
B cootBercTBum ¢ (6.31), opOuTaIbHOE JBIYKEHUE KBAHTOBOW YacTH-
1Bl B [10JIE€ 3apsAfia C PaJiyCOM 7 UMEET CIEAYIOIEe BBIPaKEHUE AJIs1 MOMEHTa
KOJINYECTBA IBUKCHUS:

nh
mvr, = —,
27

T7ie ¥, — paguyc KpYroBoWd KOOPAMHATHOW JIMHMU X, T.e. pajuyc OpOHTHI
JIEKTPOHA.

OueBHUHO, YTO B BBIPAXKCHUSX JJISI MOMEHTA KOJIMUECTBA JBH)KCHUS
CIHPAIBHOTO U OPOUTANBEHOTO ABM)KEHUI Macca M CKOPOCTh JUIs 000nX City-
4JaeB €CTh BEIMYMHBI MMOCTOSHHBIE. Torna, pa3nenus 0o0e 4acTH MOCIETHETO
BBIDOKCHMSI HAa COOTBETCTBYIOIIME YacTH AHAIOTHYHOTO BBIPAKCHUS I
BOJIHOBOTO CITUPAJIEHOTO JBIKECHUS, OTydaeM:

n=-=x (7.15)



r7ie A, — JJIMHA BOJIHBI CIIUPAIEHOTO JIBMKCHUSI.

OTO CBHAETENBCTBYET O TOM, YTO B IIOJIE IIEHTPAIBHOTO 3apsjia Ha
JUINHY OKPY’KHOCTH NMOTEHIMAIBHOTO KPYTa MOMEIIAETCs IEJI0e YHCIIO JUTHH
BOJIH Jie Bpoiins ABMKEHUs 3JIE€KTpOHA, paBHOE n. A 3TO 3HAYUT, YTO €CIIH
JUIMHA MOTEHIINATBHOTO KPYyTa paBHa A,, TO BBIMOIHSAETCSA COOTHOIICHHE A, =
nl., Pacder monTBep)kAaeT Halle MPEANOI0KEHHE U3 M. 6 O TOM, YTO Iie-
JIbIC 3HAYEHHSI YHCNIa /1 B BOTHOBOH (DyHKIMH BBI3BaHBI HEOOXOAUMBIM YCIIO-
BUEM 00Opa30BaHWS CTAI[MOHAPHBIX CTOSYMX BOJIH JABHXKEHHS KBaHTOBBIX
yacTull e bpoiins mo kpyroeoii opoure.

[Moncrasnsst Bepakenue (7.15) B (7.14), Haiinem BOJNHOBYIO (DyHK-
LU0 ISl TOTEHIMAILHOTO Kpyra pasMepoM HOJyUIMHBI BOJIHBL 1 Bpoiis,
paBHOH 7¥.,, KOTOpasi UMEET BHUI:

v =A sind. (7.16)

Takum 00pa3om, MBI HallUIM W3BECTHOE BBHIPAXKEHHE BOJHOBOH (hyHK-
I[N B YTJIOBBIX KOOPJHMHATaX I MPSMOJIMHEHHOTO IBW)KEHHS KBaHTOBOW
yacTuIrsl e bpoiins B mpoctpanctee. Bomnosas ¢ynknus (7.16) Moxer sB-
JAThCSA OOBIYHOM aMIUIMTYTHOW (DYHKIMEH Ui pamuyca WIH JUId Ipyroi
XapaKTEPUCTHKH, YTO MOKAa3bIBAET HECOCTOATEIBHOCTh €€ BEPOSTHOCTHOM
TPaKTOBKH.

Beipakenus (7.10)—(7.14) obnanatoT 3ameyaresbHbIM CBOWCTBOM — B
HHUX OJHOBPEMEHHO MOTYT OBITh 3aJI0XKEHBI Cpa3y HECKOJIBKO (YHKIMH, KakK
OBl BIIOXXCHHBIX OJTHA B ApYryto. U nefcTBUTENBHO, B KAXKIOM M3 YKa3aHHBIX
BBIPOKECHUI OTpakeHbl (PYHKIUHU JBMXKCHHUS DJIEKTPOHA, KaK BOJHOBOTO
JBIDKCHUS YacTUIBI Ae Bpoiins, Tak ¥ IBMKCHUS YacTHIBI 10 OpOuTe IIeH-
TPaIBHOTO CHIJIOBOTO TIOJISI C OTPAXKEHHEM MPOEKIUH pajuyca OpOUTHI B BBI-
OpaHHOM HampaBieHUH. DTH QYHKINHU, HAPSTy C BBIPaKCHHUEM ITPOIEHHO-
TO MyTH, ONPEEISIOT ¥ Yrojl MOBOPOTa MAaTEPUAILHOTO Tella Ha opouTe.

Kak nmokaspIBatoT IpoBeICHHBIE UCCIIE0BaHNS, ONIMCAHNE CITUPAILHO-
IO JBM)KEHHS JIEKTPOHA B CHJIOBOM IIOJIE Siipa B MHTETPaJIbHON CHCTEME
KOOPJMHAT HPOCTHIMH TPUTOHOMETPUYECKUMU (PYHKUIMSMU TO3BOJIAET Ha-
ITIAAHO OTpakaTh NMpeObIBaHUE 3MEKTPOHA B aTOME. JTH TPUTOHOMETpHUYE-
ckue (yHKIMHU BKJIIOYAIOT B ce0sl BCe MHTETPANIbHBIE YCIIOBUSI OPOUTAIBHOTO
JIBIDKEHUS] KBAHTOBOM 4acTHIBI 1ie bpoiins B critoBoM mose sijpa Kak B MeT-
pHYECKHX, TaK M B YIJIOBBIX KOOpAWHATaX 0e3 KakuxX-1nbo mpeoOpa3zoBaHHU
CHCTEMBI KOOPIMHAT.

JBMKeHUe IJIEKTPOHA B MOTEHUHUAJIBLHOI cdepe ¢ MPOM3BOJIbLHOI
opueHTanueii opoUTHI. B paccMOTpeHHOM BHIIIE ITpUMeEpE ABM)KEHHS 3JIEK-
TPOHA II0 KPYTOBOW OpOWTE YUHMTHIBAIOCH €r0 ABMXEHHE TOJBKO II0 OIHO-
MEpPHOW KOOpPAMHATHOM JIMHUM X, KOIZla HalpaBlI€HUE paJNyC-BEKTOpa Iy
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KPYTrOBOH OpOMTHI COBMAJajo C HalpaBJICHHEM COOTBETCTBYIOLIEH KOOP.IH-
HaTHOH ocu R,. OmHako kpyroBas opOWTa JIEKTPOHA OTHOCHTEIHHO KOOP-
JIUHAT MOYXET OBITh OPUEHTHPOBAHA MMPOU3BOIIEHBIM 00pa3oM.

[TockoapKy Hac MHTEpECYeT XapaKTEePHUCTHKA TONBKO CaMOW OpOWTHI,
HCKJIIOYasi KOHKPETHBIE KOOPAMHATHI ABIDKYIIETO MO HEW Tena, TO B WHTE-
TPaJbHOM CHCTEME KOOPAWHAT HE0OXOAWMO HaWTH TOJIBKO CIIOCOOBI OIHca-
HUSl OPHEHTAIMX 3TOH OpOUTHL. {1 3TOTO0 TOCTATOYHO OMPENEeIUTH MPOSK-
MU pafuyc-BeKTopa opOUTHI Ha KoopauHaTHble ocH Ry, R, u R,, a 3atem 1o
3THUM TPOEKIHSIM MOXHO OyJeT y)Ke HalTH U TPOEKIHH TPACKTOPUH OPOHTHI
Ha TIOCKOCTSIX COOTBETCTBYIOUINX KOOPIAMHATHBIX JIMHUH X, ¥ u Z. DT npo-
eKIMK OyIyT JIeXKaTh Ha IUIOCKOCTAX KOOPAMHATHBIX JIMHUI opOWTH X, Y 1
Z, 00pa3ysi OKpYXHOCTH C pajlycaMH, paBHBIMH WJIM MEHBLINMH, YeM pa-
JYCHI 3TUX KOOPIMHATHBIX JIMHUK (HAITOMHHUM, YTO PaJHyChl BCEX KOOPIH-
HATHBIX JIMHUH paBHEI). [Ipoekiu opOUT, B CBOIO O4epenlb, MOTYT OBITH OT-
pakeHBI W Ha TUTOCKOCTSX, MapajuIeNbHBIX TUIOCKOCTSM KOOPAWHATHBIX ITH-
HUM Ha TIOBEPXHOCTH MOTEHIMATBHOMN chepbl OpOUTEHL.

Takum o0pazom, Ui XapakTePUCTUKA OPOWUTHI B MPOCTPAHCTBE IIO-
TEHIMAJIbHOHN c(epbl OIpeneNeHHOro paanyca JOCTaTOYHO 3HATh OPHEHTa-
IO PaJNyC-BEKTOpa I 3TOM OPOUTHI MyTEM OMPEACICHUS €TO MPOCKINH Iy,
Yy U I, Ha COOTBETCTBYIOIIME B3aUMHO MEPIEHIUKYIIPHbIE KOOPIHHATHBIE
ocu R, R, u R,

B nocneoyrowem coxpanum obosnauenue KOOpOUHAMHOU OCU PAOUyc-
sexmopa R,, a 3nauum u coomeemcmeyrowel Koopounamuou aunuu X, Kax
0603naueHUe KOOPOUHAM 6 GblOCIeHHOM HANPABIEHUU.

Ry Ha puc. 7.3 mnpen-
CTaBIICHA HHTETpaTbHASL
crcTeMa KOOPIWHAT ¢ TIpO-
W3BOJIBHOM  OpHEHTaluen
OpOUTEI, a 3HAYHUT, U PAIH-
yC-BEKTOpA I' 3TOH OpOHTEIL.

Kak Obu10 mokazaHo
paHee, Takasi MHTerpajbHas
CHCTeMa KOOPIHHAT COCTOHT
W3 JIByX B3aWMHO JIOTOJI-
HSIOIMX  KOOPJMHATHBIX

TIpoexuust opOUTEH
Ha INIOCKOCTH X

Opbuta cucreM. OQHON U3 HUX SIB-
JIETCSL JIEKapTOBasi CUCTEMA
R,V KOOpJ:[I/IHaTR R paliﬂyz

BEKTOPOB n R,

Puc. 7.3. Opuenranus opOUTEHI ¥ paanyc-BEKTOpa P, vy <
B MHTETPANIbHOM CHCTEMe KOOpANHAT Apyroit  — - chepureckas

cHCTeMa KOOpJHMHAT, Mpel-
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CTaBJISIIOIIAs COOOM KPYTOBbIe KOOPAMHATHBIE JIMHUAK X, Y 1 Z OONBIINX OKpYX-
HOCTEH MOTEHIMAIBHOH c(hephbl Ha B3aNMHO HEPICHANKYIIPHBIX TNIOCKOCTSIX.

Kak BugHO u3 puc. 7.3, Mpou3BoOIbHAsE OpUEHTANs OpOUTHI B MHTE-
TPaJIbHOM cuCTeMe KOOpIMHAT 3aJaHa Pa3JIoKCHUEM paiyc-BEKTOpa OpOH-
THI I' Ha MIPOEKLUH Iy I'y ¥ I, TI0 KOOPJAMHATHBIM OCAM PaJlyCc-BEeKTOPOB R,,
R, u R;. JIng 1anHOi OpOMTHI CKaIAPHBIE 3HAYEHHS PAJNYC-BEKTOPOB Kak-
J0# m3 xoopauHaTHeIX ocel Ry, R, v R; ABIAIOTCSA MOCTOSHHBIMU BEJIHYH-
HaMHU ¥ MEXAy OO0 paBHBI.

CKkalsIpHyI0 TPOEKLUI0 pPaanyc-BeKTopa OpOWTHI I, Hampumep, Ha
TUIOCKOCTh KOOPJIMHATHOW JTMHUM X MOXHO Haiitu u rpaduuecku. s atoro
BHAyYaje ONycKaeM INEepHeHIUKYJIp U3 KOHIA pajnuyc-BEeKTOpa I Ha KOOpIU-
HaTHYIO ocb R, M HaxoauMm ry. Jlajgee Ha MOBEPXHOCTH MOTEHIIMAIBLHOHN cde-
PBI U3 TOUKH €€ MepeceueHHs ¢ KOOpAUHATHOM ocklo R, mpoBoguM muHMIO
MepHIraHa 10 TOYKH KOHIIA PaJnyC-BEKTOpa I', & 3aTEM M0 TPACKTOPUH EIH-
HOH OKPYKHOCTH — J0 TOYKHU IepecedeHns (ToUka T) MEpHUANaHa ¢ KOOPIH-
HatHOM nuHuer X. Ilocne 3TOro Ha paauanbHOW JIMHUU OT LIEHTpa MOTEHLHU-
aIpHON cdepbl 10 TOYKM T OTKIAAbIBAEM CKAISPHOE 3HAUYEHHE DPAIHyC-
BEKTOpa Iy (mpoekims). [Ipu 3ToM yroi ¢ Ha KOOpIUHATHOW JTMHUU X, MEXK-
Iy Toukamu N (TOuKa mepecedeHHs JIMHUN OpOUTHI M KOOPIMHATHOM JIMHUN
X) u 1, Bcerna pasen /4, te. 9=x/4. Takoit xe yron (paBHbIit
9=r/4) obpaszoBan (Ha THHUKM OpOMTHI) Mesxkmy urKeil NN' u Hampasiie-
HHEM CKaJSIPHOTO pajyca OpOUTHI 7 Ha MEPHIHaH.

Heo0xoauMo 3aMeTHTh, YTO B 3TOM Cliy4ae YIJIBI MEXIY paauyc-
BEKTOPAMHU I U Iy, & TAKXKE CKAISPHBIMHU paliycaMu OPOUTHI 7 U €€ IPOSKIIH-

e ry AMCIOT OAWHAKOBBIC 3HAYCHHUA, PABHBIC ﬁr‘ Takum O6p330M, B UHTC-

TpaJIbHOM CHCTeMEe KOOpJHMHAT NMPOCKIMU PaHyc-BEeKTOpa OPOMTHI Ha Kax-
JIYI0 U3 KOOP/IMHATHBIX OCEH HAarJAHO OTPasKaroT OPUEHTAINIO OpPOUTAIILHO-
IO JBWXCHUS, HAIIPUMEpP 3JIEKTPOHA, YCIOBHO YKa3blBas OPHEHTALMIO 3TOU
OpOMTHI OTHOCHTENBEHO KOOPAMHATHEIX ocell paauyc-BekTopoB Ry, R, n R;, a
TaK)X€ OTHOCUTENIbHO KOOPAUHATHBIX JIMHUN X, Y u Z.

3ameTuM, 9TO NMpH (PUKCHPOBAHHONW aOCONTIOTHON BETMUMHE TPOCKIINN
Yx 6 GblOENIeHHOM HaNnpasienuy MPOCTPAHCTBEHHAS! OPUEHTAIMs OOIIETo pa-
JIMyC-BEKTOPa I' TIO3BOJISIET MMETh U (PUKCHPOBAaHHOE aOCONIOTHOE 3HAYEHHE
BEKTOPA I'y,, WK I'; Ha OPOMTANBHON MIIOCKOCTH, KOTOPOE PaBHO CyMME BEK-
TOPOB Iy U I', 10 COOTHOILEHUIO:

2 2
r, =1 :,/ry +r . (7.17)

[Ipu aTOM OpOHTANTBHAS TUNIOCKOCTH COBIA/IAET C TIOCKOCTHIO KOOP/IH-
HaTHOM JIMHMH X, Ha KOTOPOI! JI&KUT OPOUTANIBHBIH pajilyc-BEKTOP Iy,. DTOT
Paznyc-BEKTOp MOXKET OBITh Pa3IokKeH Ha MPOEKIMH PaJuyCc-BEKTOPOB Iy U
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r,. O4eBHAHO, 4TO IIpU COOMIOIeHNH paBeHCTBa (7.17), Ka bl U3 3THX BEK-
TOPOB MOYKET NPUHATH CKAIPHOE 3HAYEHUE OT HYJIs JIO Fyy

OTH 3HAYEHHS PAIyCOB, B 3aBUCHMOCTH OT 3HaKa CITHHA, MOTYT OBITh
KaK MOJIOKUTEIbHBIMH, TaK M OTpHIaTenbHbIMH. Kak BHIHO U3 puc. 7.3, cKka-
JSpHbIE 3HAYEHHWs M HANpPaBICHHUE PaJHyC-BEKTOPOB Iy U ¥, UMEIOT OTPHLA-
TEJIbHOE 3HAUCHHE.

OueBHIHO, YTO CKAIAPHOE 3HAUCHUE PAJUYC-BEKTOPA I U AJIMHBI — /
OpOUTHI ONPEENIeTCs] COOTHOILICHUEM:

r=ar +ry2 +r) wm =,/ +ly2 +12,  (7.18)

rae I, I, n I. — NIMHBI OJTyOKPYKHOCTEH NPOEKIHMIA OpPOUTHI Ha TIIOCKOCTH
XYuZ
Cootnomenue (7.18) mist panmyca MOXKHO TIPEICTABUTD B BUJIE:

2 2 2
r r 7,
S+ S+ =1 (7.19)
r r r
Ecnu yudects, uro
2 2 2
r r r
x 2 y o 2 z 2
. =cos” S, r—z—cos ,By, pe =cos” S, (7.20)

e fy,. — YIIIBl MEX]Y PajIdyC-BEKTOPOM OPOUTBI U COOTBETCTBYIOIMMH
KOOpauHaTHeIMU ocsiMU Ry, Ry 1 R,, OyieM umeTs:

2 2 2

r r r

x Y z 2 2 2 —
r—2+r—2+r—2—cos B, +cos ,By+cos p.=1. (7.21)

3aMeTuMm, 4TO yroj HaKJOHA f pamuyc-BEKTOpa OpOUTHI HA 3aTaHHYIO KOOp-
JIUHATHYIO OCh OTIpEJIeNIAeT BENUYMHY MPOEKINU PaJuyC-BeKTOPa OpOUTHI Ha
3TY OCb.

Ilyctp ABMMXeHUE MaTEepUAIbHOW YAaCTHUIlbl, HAIPUMED, JIEKTPOHA Ha
opOute spa onuckiBaeTcs Kak B (7.13) GpyHkumei:

Wiy = Asinnd. (7.22)

OueBUIHO, YTO €CJIM M3BECTEH YroJjl HaKJIOHA MIOCKOCTH OpOUTHI f K IIoc-
KOCTH KOOPJIMHATHOH JIMHUH, TO MOYKHO HAlTH e€e MPOEKIHI0 Ha TIOCKOCTh
9TOM KOOpAWHATHOM NuHUM, HanpuMep, X. Eciu yuects (7.11) u (7.20), To
IUTS OTIPEICIICHUS] IPOSKIIMH OPOHUTHI HA INTOCKOCTH X MIMEEM COOTHOIICHHUS:
AX rx

7:7:cosﬂx, (7.23, a)
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4,
_A =—=cosf_, (7.23,6)

7

AZ rz
4 =—=—=cosp,, (7.23,0)

r

KOTOpBIE JUIsl TAHHOW OpPOUTHI MO KaKJIOMY W3 HaNpaBICHUH MMEIOT OJJHO U
TO e 3HaueHue. Toraa BoaHOBast QYHKIHS [TPOSKINH OPOUTHI Ha INIOCKOCTh
X BBIpa3UTCH Kak:

Wy =Asinng-cos f, . (7.24,2)

ITo ananoruw ¢ (7.24,a) 1 17151 OCTAIBHBIX KOOPJAMHATHBIX JIMHUH Y U Z nMeeM:
¥, =Asinnd-cos B, (7.24,6)
W, =Asinng-cos f.. (7.24,0)

Ecnu ncxomuts u3 (7.23,a)—(7.23,c), To Beipaxenus (7.24,a)—(7.24,c) npuoo-
peTaroT BUL!

Wi =4, sinng, (7.25,a)
W, = Ay sinn 4, (7.25,6)
Y., =A.sinn§. (7.25,c)

PaccmaTpuBasi JBIKEHHE KBAaHTOBOM YacTHIBI 1O OpOHMTE, MBI HCXO-
UM U3 TOTO, YTO €€ IOJIOKCHHE Ha opOuTe HE ompeneneHo. Toraa yron
MIOBOPOTA JACTHIBI HA OPOMTE MOYKHO IPHUHITH OAMHAKOBBIM JUIS BCEX IIPO-
exuuit aToit opoutel. OTciona, ¢ yuetom (7.10), (7.13) u (7.22), BelpaxkeHus
BOJIHOBBIX (yHKIMH (7.25,2)—(7.25,c) MOXKHO PUBECTH K BUILY:

. h . n
Wi =A,sin—x=4 sin—[, (7.26,a)
r, ' r
.n . n
Wiy =A,sin—y=4 sin—I[, (7.26,6)
r r
y
. n . n
W =A.sin—z=4 sin—[, (7.26,¢)
v r

V4
IJIC X, Y U Z — KOOPJMHATHI MPOCKIUH OPOUTHI HA COOTBETCTBYIOIIUX ILIOC-
KOCTSIX KOOPAMWHATHBIX JUHUN X, Y u Z; |, — 3HA4eHus JJIUH OPOUTHI B Mpe-
JIeNiax ee MoJIyOKPY>KHOCTH; 7 — pajuyc OpOUTHI.
Heo0xoauMo OTMETHTB, YTO 37€Ch KOOPIUHATHI TIPOCKIMN OPOUTHI X,
Y | Z UMEIOT CIEAYOUIUE 3HAaUYCHUs:

x=%,y=% uz=9r..
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K Takomy ke BUIIy MOXHO NPUBECTH U cooTHOIIeHue (7.22) nust obuier Bo-
HOBOM (YHKIIMH, KOTOPOE BBIPA3UTCS KaK

.n
Wi =4 sm;lo. (7.27)

Bripaxkennst (7.24)—(7.26) sBistroTcsi MPOEKUMAMH 0OmIed (yHKINH
opouts! (7.27), KOTOpBIE OTAMYAIOTCS APYT OT APYra TOJBKO MOCTOSHHBIMU
MHOXKUTEISIMH, PaBHBIMH KOCHHYCY YIJla HAKJIOHA IIOCKOCTH OPOHTHI Ha
COOTBETCTBYIOIUE IUIOCKOCTH KOOPAWHATHBIX JIWHWH. Bwipaxenus (7.24)-
(7.27) cripaBeSTUBEI U B YCIIOBISIX HEOTPEAETICHHOCTH HAX0XKICHHS YaCTUIIBI
Ha opOuTe, Koraa Hac OyayT MHTEPECOBATh TOJBKO MPOEKINH TONH OpOUTHI
Ha COOTBETCTBYIOIINE HANIPABJICHNS B UHTEIPAIbHOM CHCTEME KOOPANHAT.

Hanomuum, 4t0 B cheprueckoil CUCTeMe KOOPIMHAT CKAJSPHBIA pa-
JIMyC OpOUTHI # paBeH pajnycy MOTEHIMAILHON cdepbl R, U MOITOMY CKa-
JSIpHBIE PaINyChl KPYTOBBIX KOOPAWHATHBIX JIMHUN OPOUTH Ry, Ry v Ry Mex-
Jty co00ii paBHBI, T.€. IMEET MECTO PaBEHCTBO:

R=R=R,=R,=R.

Mexmy coOoi paBHBI TaKXKe UIMHBI MTOJYKPYra OpOUTHI M KPYTOBBIX KOOP-
IWHATHBIX MMHMH X, Yu Z ,1e. [,=X=Y=Z.

®opma npoexknuii opOUT B HHTErpPaJbHOIl CHCTeMe KOOpPAWHAT.
Kak Bugno u3 (7.23,a)—(7.23,c), npoeknus paanyc-BeKTopa OpOUTHI Ha Kax-
Jyro u3 xoopaumHaTHbIX oceil Ry, Ry m R, nuMeer mocrosnnoe 3Hauenue. A
3TO 03HAYAET, YTO MPOEKIMH KPYroBOH TPAaCKTOPHH OPOMTHI Ha IIOCKOCTSIX
KOOPJMHATHBIX JINHUW JTOJDKHBI UMETh ()OPMY OKPYKHOCTH C PaHyCOM, CO-
OTBETCTBYIOIIUM MPOEKLIUH PaJNyC-BEeKTOpa OPOMTHI HA JAHHYIO KOODP.IH-
HaTHYI0 OCb. DTO Ba)KHeiIIee CBOMCTBO MHTErPaNbHOM CHCTEMBI KOOPJUHAT
MOTEHIMAIBHBIX c(ep, KOTOpOe MO3BOJISIET NPUHATH MOHATHE — «PAHyC-
BEKTOp OpOHTHDy. OUYEeBHIHO, YTO TAKOMY PaJNyC-BEKTOPY BCET/Ia COOTBET-
CTBYET JBWKEHHUE TOJBKO M0 KPYTOBOH TPAEKTOPHH.

3TO CBOMCTBO MHTETPAIbHOI CHCTEMbI KOOPJWHAT BBITEKAET U3 TOTO,
YTO MPU MPOCLUUPOBAHNH OPOUTHI HA IUNIOCKOCTh COOTBETCTBYIOLIEH KOOPIH-
HAaTHON JIMHUY yroJ MOBOPOTa MPOELUPYEMOi TOUKH Ha OpOWTE U Ha ILIOC-
KOCTH IPOEKLUH OCTAETCS OJHUM U TEM K€, 9TO TPAAULUOHHO HE BBIIIOIHS-
eTcsl B IEKapTOBOIl cucTeMe KOOpIMHAT.

VYTBepKACHHE O TOM, 4TO IPOEKIIMU KPYTOBOH OPOUTHI HA TIOCKOCTH
KOOpJAUHATHBIX JUHUM X, ¥ U Z UMEI0T KpyroBble TPAEKTOPUUA MaTeMaTHye-
CKHU JIETKO JOKa3yeMo. JTO, B YaCTHOCTH, BBITEKAET U3 TOr0, YTO MPOEKLUA
panuyca opOHMTBHI UMEET MOCTOSHHOE 3HAaU€HHE U ONpeNesieTcs, Halpumep,

JUISL 7' BBIDAKEHUEM 7 = 7 COS [3_, TIe yrojl HaKJIOHa OPOUTHI B, UMEET T10-
CTOsTHHOE 3HaueHue. Kpome 3Toro, Kak Mbl YCTaHOBHWIIM, KPYTOBasi TPAeKTO-
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pust OpOUTHI SKBUBAJICHTHA MPSIMOJIUHEHHOMY IBUKCHUIO. A 3TO 3HAYHT, YTO
1 TIPOCKIIHSI €€ OPOUTHI TOKE JOJDKHA OBITH IKBUBAIICHTHA MIPSIMOIMHEIHOMY
IBIDKEHUIO M TIPOIIOPIIOHANIFHA KPYTOBOH TpaekTopuu opouthl. Takum 00-
pa3oM, MPOEKIMH OPOUT Ha TUIOCKOCTH KOOPIMHATHBIX JIMHUHA BCETIa UMEIOT
(hopMy OKpYKHOCTEH, a HE AIUTHIICOB, KaK 3TO BOCIIPUHUMAETCS BH3YaIBHO.

Ha puc. 7.4 npencraBnena cxema GOpMUPOBAHUS PEATHHOI MPOESKINH
OpOWTHI Ha IUIOCKOCTH KOOPAMHATHON THMHHUU X. 37ech Ha cxeMe A JaH BH]
Ha MJIOCKOCTh OPOUTHI COOKY, a Ha cxeMe b — Bu cBepXy moj yriioM 7/4—p,
K TUIOCKOCTH OPOHTHI.

BusyanbHas npoexius
Ry - DITUIIC

&9
3
K
0
S
3 PeanbHas npoeku
&

- OKPY’KHOCTb N 9
-
A b R, ¥

Puc. 7.4. Cxema opMupoBanus NPOEKLUH OPOUTHI HA IJIOCKOCTH KOOPAMHATHOM JIMHUM X

l\

Ha cxeme A koopamHatHas ock R, IPOXOIUT MEPHNEHAMKYIAPHO K
IUTOCKOCTH PHCYHKa, a PaJnyCc-BEKTOp opOHUTH R, MMeeT HakIoOH K paguyc-
BekTopy R,, paBublii yriay f, OueBHIHO, 4TO TAaKOW k€ Yrojl HaKJIOHA f
MMEET IJIOCKOCTh OPOUTHI 0 OTHOIICHUIO K INIOCKOCTH KOOPAWHATHOM M-
Huu X.

Paccmorpum opmupoBaHue MPOEKIMK TOYKK T Ha OpOUTE Ha ILIOC-
KOCTh KoopAuHATHOH nuHuu X. Eciu nuHUIO TiepeceueHuss OpOUTHI ¢ KOOp-
IWHATHOH ockio R, MpUHATE 3a HauanbHyro TOYKy ( Touka N) OpOHTHI, TO
Toyka T Ha OpOUTE PACHOJIOKEHA OT 3TOW HYJIEBOW TOYKHU IO/ YTJIOM, paB-
HBIM 9 (cxema A). Touka T Ha KOOPIUHATHOW JMHUHU X MMEET UACHTHYHYIO
TOYKy T' TIpH TakoM ke yrie noopora 9 (cxema B), koropas nomyuena
MyTeM MOBOPOTa IJIOCKOCTH OPOMTHI BOKPYT ocu Ry Ha yron f,, T.e. 1o ee
cnusHUS ¢ KoopAawHaTHOW nuHMeH X. Takum oOpas3oMm, TpW MPOEKINH, Ha-
IpUMep, pajaiyca OpoUTs OT CHHYCOMAANBHON (YHKIIMH Ha IUIOCKOCTh KO-
OpAMHATHOM JIMHUY 3HAYEHHsI CHHYCOB YIJIa Ha OpOUTE M Ha MPOCUUpPyEeMOn
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KOOPJMHATHOW JINHUHU JOJKHBI OBITh ONMHAKOBBIMH, T. €. YTOJI TIOBOPOTA 9
TOYKM T Ha OopOUTE M Ha MPOEUUpPYyEeMOW KOOPIMHATHOH JIMHUK X JOJDKEH
OCTaBaThCsl HEU3MEHHBIM.

Kak BugHo u3 cxemsl b, Bu3yanbHas ommOOYHas MPOEKLIUST OPOUTEI
umeet (opmy auumnca. M3 Bu3yanbHON MPOEKIUH TOYKH T Ha IUIOCKOCTh X
BHJIHO, YTO BMECTO YIja, 0OpPa30BaHHOTO MEX[y KOOPJIMHATHON ochio Ry 1
panuaabHON JIMHUEH, MPOBEICHHON OT LEHTpa OpOWTHI A0 TOYKH T (cxema
B), oOpasyercs yxe Apyroit yroji, paBHbId (/. A B WHTErpajbHOU CHCTEME
KOOPJMHAT TaKO€ U3MECHEHHE yIJIa IOBOPOTa TOYKH T OT 9 Ha opOHTEe U 10
O/ Ha IPOEKIHH, B IPUHIIUIE, 3aMpeleH0. Takol 3anpeT AOJKEeH AeHCTBO-
BaTh U B JIEKapTOBOM CUCTEME KOOPAHMHAT, IOCKOJIBKY IIPH MPOEKIUU TOJIXK-
HBI TIOJy4aTCsl MPOTOPIMOHANBHBIC BEIWYMHBI, & OJHOBPEMCHHAS JBOMHAS
MPOEKIMS JUIMHBI U YIJIa, KaK MPHHATO B 3TOW CHCTEME KOOPIMHAT, TaKylo
MPOTIOPIIMOHANBHOCTh HE JaeT. DTO 3HAYUT, YTO M B JEKAPTOBOH cHcTeMe
KOOPJMHAT HEOOXOJMMO HCKIIOUHTH NMPOEKIMU YIIIOB MOBOPOTA, HANpHUMED
Mo opOuTe, OCTABIISS JIUIIH POCKINH JJTMHBI HHTEPBalia OpOUTEHL, YTO OyAeT
CIOCOOCTBOBATh YIPOIICHUIO PEIIEHUS MHOTHX 337ad, TOCKOJIBKY IIPH 3TOM
J00ble MHTEpBAJIBl KPYTOBBIX JIMHUM OyIyT MPOELUPOBATHCA MPOMOPIHO-
HAJIBHO B 3aBUCHMOCTH OT yTJjla HaKJIOHA IJIOCKOCTEH, Ha KOTOPBIX JIeXKAaT 3TU
HHTEPBAJIBL, K IPOSUHUPYEMOH MIIOCKOCTH.

Kax yxe roBopHiIOCh, MPOEKIMsI OpOUTHI TOJILKO TOTJa BEpHA, KOrja
(PMKCHUPOBAHHBIN yroJI MOBOPOTA TOYKH HA OPOUTE M COOTBETCTBYIOLIMI yroJl
MOBOPOTA MPOEKIUU 3TON TOUKU HA MIOCKOCTH KOOPAMHATHOW JIMHUM PaBHBI
Mexy coboi. Hanprmep, 3HaueHHE NMPOSKINH aMIUTUTYAbl CHHYCOUIAIbHON
(DYHKIMU MBI JOJDKHBI HIMETh TIPH COXPAHEHUH 3HAUYCHMS CHHYCA, YTO JOCTH-
raercsl Ipy OHOM M TOM K€ 3HaYCHUHM yIiia cuHyca. Kak mokasaHo Ha cxeme
b, ecin 3HaueHne yriia MoBopoTa TOUKM T Ha OpOWTE, paBHOE 9, OTHECTH K
MPOEKIMU aMIUTUTYIbl CHHYCOUAANBHOMN (pyHKIMN r. =rsin$-cos S _, TO OHa

CMECTHUTCS Ha TO3ULIMIO TOUKU Ty, KOTOpAst JIEKUT Ha JINHUU OKPY>KHOCTH pe-
IBHOW TIPOEKIMU OpOWTHI. I, HaKOHeN, OIWHAKOBHIC BEJIMYMHBI MOBOPOTA
yIJla BpaIaromerocs Tejia Ha OpOuTe M Ha €€ MPOCKLHIX OYEBUIHBI, IIOTOMY
YTO IIPY TTOJHOM 000POTE TOYKH Ha OPOMTE OHA Ha BCEX NMPOEKIHAX COBEpIIa-
€T TaKKe OJIUH MOJHBINH 000pOT, PaBHBIH 27.

Taxkum 00pa3oM, NOABEIS UTOT CKa3aHHOMY MOKHO YTBEP)KAATh, 4TO
B MHTETPAIBbHOM CHUCTEME KOOPJMHAT MPOEKIUH KPYTOBOH TPAaeKTOPHUH IPO-
W3BOJIbHO OPUEHTHPOBAHHOW OPOUTHI Ha MJIOCKOCTh Ka)JOH M3 KOODJHHAT-
HbIX JIWHUH X, Y U Z UMeroT (GOopMy OKPYKHOCTH C PaJycaMH, COOTBETCT-
BYIOIIMMH TPOEKLUSIM pajnyc-BeKTOpa OpOHMTHI Ha KOOpAWHATHBIE och Ry,
R,uR,.
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7.3. XapaKTepuCTHKA COCTOSIHMI{ 3JIEKTPOHOB B aTOMe

Yci0BUSA KBAHTOBAHHOIO IBM:KEHUsI HA MpoeKkuMsax opour. [lycts
KPYTOBO€ IBIKEHHE 3JEKTPOHA 10 OpOMTE C NMPOM3BOJIBHONW OpHEHTalMeH,

cornacHo (7.27), mogunaseTcs GyHKIUN Vi = Asin”; . Haiinem, kak pac-
xyz o
r

IpeAeNseTcss SHEepTusl AJIEKTPOHA, BpAlIalolerocss Mo KpyroBod opOure c
MPOU3BOJBHON OpHEHTAalMel, OTHOCUTEIbHO HAINPABICHHUS KOOPAMHATHBIX
ocel paamyc-BekTopoB R,, Ry 1 R, WiIn OTHOCUTENBHO IIOCKOCTEN KPYTo-
BBIX KOOPJIMHATHBIX JIMHUHN X, ¥ U Z B UHTErPAIbHOM CUCTEME KOOPAMUHAT.

Kak u3BecTHO, KHHETHYECKast SHEPTHs AJIEKTPOHA B aTOME ONpeeNs-
ercs Kak Ej; = mv?*/2. OUeBHIHO, 4TO CKOPOCTh NEPEMEIICHHS YIEKTPOHA V 10
opOuTe B ciy4ae CIUPATIbHOTO ABHXCHUS PaBHA:

v=Av=2mr-v, (7.28)

r7ie A — JUIMHA OKPYXKHOCTH OpOUTEHI, paBHas A = 2[, = 2zr; V — 9acToTa op-
OWTAILHOTO BPALICHUS YaCTHIIBL; /,— JUIMHA MTOTYOKPY>KHOCTH OPOUTBL

Kak 6buTO TIOKa3aHO paHee, MPOSKIHU paJuyc-BeKTopa opOuTel R Ha
KOOpAWHATHBIE OCH PpaINyC-BEKTOPOB, COTJIACHO BBIpakeHHAM (7.23,a)—
(7.23,¢) IMEIOT MOCTOSHHBIE 3HAYEHUS CKAIIAPHBIX 3HAYECHUH PaJUyCOB 7y, 7
U 7, HE3aBHCUMO OT yIJIa IIOBOPOTA 3JIEeKTpoHa Ha opoute. IIpu 3tom oue-
BUJTHO, YTO YaCTOTA BPAILCHHUs JIEKTPOHA V OTHOCHTEIBFHO BCEX HallpaBlie-
HHUI KOOPJMHATHBIX OCEH MMEeT MOCTOSIHHOE 3HAYCHHE. A COOTHOLICHHS JUTs
COOTBETCTBYIOIIUX JJIMH OKPYKHOCTEH (X, ¥ U z) MPOEKUUH OpOUTHI NMEIOT
BUJ

x=2l cos B, =2mr Lo 27, (7.29,a)
r
r

y=2l,cos f, =2m = =2m, (7.29,6)
r

z=2l cosf, =2mr- Lo 27, (7.29,¢)
r

CornacHo (7.28) ckopocCTh dJIEKTpOHA Ha OpOUTE V IpU (PUKCHPOBAH-
HOH YacToTe BpalleHHs MMEET NPSMONPONOPIUOHAIBHYIO 3aBUCHMOCTD OT
pamuyca opoutsl. [Ipy 3TOM O4YEBHIHO, YTO YACTOTa BpaIlIEeHHs 110 OpOuTe 1
Ha BCEX €€ MPOEKIMIX OCTAaeTCs OJMHAKOBOM. Torna BeIpakeHHs Uil IPOEK-
LUH CKaJSIPHOTO 3HAYCHHS BEKTOpa CKOPOCTH Ha OPOHTE, COOTBETCTBYIOIINE
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HATIPABJICHUSAM KOOPIUHATHBIX JTUHUNA X,Y U Z, MpOMOPIUOHANEHBIX TPOCK-
UM pagnyca opOuTHI, B cooTBeTCcTBUH (7.23,2)—(7.23,¢), UMEIOT BU

v.=vecos B =2l cospB -v=2mr v, (7.30,a)
Vv, =Vcos ﬂy =2/, cos ﬂy V= 27Z7”y v, (7.30,6)
v.=vcos . =2l cos B, -v=2mr, -v. (7.30,c)

HOCKOJ’ILKy CKOPOCTb ABUIKCHUS DJICKTPOHA IO Op6I/IT€ SABIIACTCA BCK-
TOpHOI\/'I BGHI/I‘IHHOﬁ, TO BBIPAKCHUC IJII CKOPOCTHU YCPE3 €€ NPOCKINU UMECT

BUI:
v=olvi+v:+v? =v\/cos2 f. +cos® B, +cos’ 3.

CornacHo paseHcTBY (7.21), cymMmma KBaJpaTOB KOCHHYCOB PaBHIETCS €IH-
HHUIIE, YTO CBHUAETEIBCTBYET O CIpaBeIUBOCTH BhIpakeHuid (7.30,a)—
(7.30,c).

Takum o0pazom, ¢ yuerom (7.28) u (7.30,a)—(7.30,c) crpaBemTUBHI
paBeHCTBa

rx_vx r,V_v)/ rz_vz
—_—=—, —=—, ==—=. (7.31)
r \% r v r \%

Cornacno BeipakeHnto H. bopa, ydarem ycrnoBnue KBaHTOBaHHS JBHKE-
HUSL DJIEKTPOHA TI0 OPOMTE U MO €€ MPOEKIHAM. Takoe BBIpaKEHUE AJISI CKO-
POCTH IBIKEHUS DJIEKTPOHA 1O opOuTe MMmeer Buf v = nh/mr, rae n — 00-
iee KBAaHTOBOE YHCJIO, OTpaKalolee KBaHTOBAHWE MOMEHTa KOJMYECTBA
JIBIDKEHUS DJIEKTPOHA Ha MPOM3BOJILHO OPHEHTHpOBaHHOW opbute. Haiinem
YCI0BUA KBAHTOBAHUA ABWKCHUA JJICKTPOHA JJIA HpOeKLII/Iﬁ €ro Op6I/ITI>I B
BBIJICJICHHOM HaIpaBIICHWW M B HANpaBICHHWHU, NMEPHEHIAMKYJSIPHOM K IIO-
CIIEIHEMY .

Kak xoHCTaTHpoBasloCch, B MHTErPaIbHOM CHCTEME KOOPIHMHAT Gblde-
JIeHHO€e HanpasjieHue ompajicaem K6aHMoB0e YUCIO NPOeKyuu opoumsl
KOTOpPOE€ COOTBETCTBYET MPOCKIMN PaJNyC-BEKTOpa OPOUTHI Ha HAMIPABICHHE
KoopanHaTHOHM ocu Ry. Torma mpoexknuio opOUTHI B HaNpaBlIeHUH, MEPIICH-
JUKYJIIPHOM K BBIJICICHHOMY HAIIPaBICHHIO, OyIEeT OTpaxxaTh KBAHTOBOE
YHCIIO NPOEKUMHM OPOMTHI 71,. M, COIIAacHO BeIpaxkeHHIo (7.17), ckansipHoe

3HAYECHHE OPOUTANBHOTO PaJInyC-BEKTOPA PaBHO: r. =+ ryz +r .

o cymecTByoIIel TEOPUU KBAHTOBOI MEXaHUKH KBAHTOBOMY YHCITY
IPOEKIUN OPOUTHI 7, COOTBETCTBYET OPOHTaNbHOE KBAHTOBOE UHCIO /, T.€.
n,. = I. Kak n3BecTHO, 00lI€e KBAHTOBOE YHMCIIO 72 U OPOUTANIbHOE KBAHTOBOE

123



yuciao [ MOTYT MPUHUMATL TOJIBKO HCJIOYUCIICHHBIC 3HAYCHUA, a Op6I/ITaJ'IB-
HOE KBaHTOBOE YHCIIO [ — CIIIC Y 3HAYCHHNEC, PABHOC HYIIIO.

Takum 06p330M, COOTBCTCTBYIOIIUC BBIPAKCHUA JIA YCJ'IOBI/Iﬁ KBaH-
TOBAHHOTI'O ABMIKCHUS 11O NPOCKIHUAM Op6I/ITBI HUMCIOT BU!:

nh
v, = : (7.32,2)
mr
[-h
v, = . (7.32,6)
mr

31ech V,, — MPOEKIHs CKOPOCTH ABIKEHHUS 110 OpOUTE B HAMPaBICHUH, TIep-
MEHUKYJISIPHOM K BBIJICICHHOMY HAlpaBJIeHUIO, T.€. OpOMTAIbHAS CKOPOCTb.
Mo>kHO TIOKa3aTb, KaKk ¥ 1 paBeHCTB (7.31), 4To B ciiy4ae KBaHTOBAaHHOTO
JIBUKEHUS CIIPaBeIMBO PaBEHCTBO

r z V z
= (7.33)
r \%
Tornma, ¢ yuerom BelpakeHui (7.32a) — (7.33), mocme coOTBETCT-

BYIOIIMX MTPe00pa30BaHMl HMEEM:

v n
= == (7.34,2)
r n
2
7 [
L1 =—. (7.34,6)
r n
CripaBeIHBHI TAaKXKE PaBEHCTBA!
2
v n
| ==, (7.34,¢)
r n
2
r n
= ==, (7.34,1)
r n

n
L =4 - 4= =] (7.35,a)

nim
no+l=n+n,+n,=n, (7.35,6)

a TaK¥XKe



I=n,+n,. (7.35,¢)

Beipakenue (7.35,0) CBUIETENBCTBYET O TOM, YTO CYMMA 3HAYEHUL K8AHMO-
6bIX yucen npoekyuti opoumot (1., n, U n.) pAGHA 3HAYEHUID 00Uje20 KEaHMo-
6020 yucaa Mot opoUmuL N.

HeobxoauMo OTMETHTH, YTO 1O MaTeMaTH4ecKoMy (OpMaNu3My H
YCIIOBHSIM KBaHTOBaHUS, TpaBas 4acTh cooTHomneHuit (7.34,a)—(7.34,1) Mo-
JKeT TIPUHUMATH TOJIBKO IOJIOKUTENbHBIE 3HAYEHHUA. DTO 3HAUNT, UTO 3HAKU
00uje20 K6aHMOB020 YUCIA N U K6AHMOBbIX HUCe] NPOEKyull Opoumul ny, n, 1
N, NO ONPeOeNeHHbIM HANPAGIEHUAM MO2YM UMEMb MONbKO NOJIOHCUMENbHbLE
3nauenus. VI XOTsI KBaHTOBbIC 4YKCIa 77 M [ UIMEIOT TOJIBKO ITOJIOKHUTEIIBHbIE
3HAYEHHMsI, B TO )K€ BPEMsl JIOTUYHO YYUTBHIBATh UX OTHOCHTENBHBII 3HAK MO
OTHOUICHHIO K COOTBETCTBYIOIIMM CIIMHOBBIM KBaHTOBBIM YHCIIAaM M (azam
OpOUTHL.

KBanToBanue yHeprun no npoexumusimM. CornacHo (3.24), st KuHe-
THUYECKON SHEPTUH YaCcTHUIBI B MOTEHINAIBLHOM I10JI€ SJIEKTPUYECKOTO 3apsiaa
WJIY 2JIEKTPOHA B aTOME CIPaBEUIMBO PABEHCTBO:

2 2
my Ze
2 2r,
ECHI/I HpI/II[Cp)KI/IBaTBCﬂ OHpe,IICJIeHI/Iﬁ HOTeHL[PIaJIbHOﬁ N KHHETHUYC-

CKOW 3HEpPIuH JIEKTPOHA B aTroMe, mpuHATHIX H. Bopowm, To obmias sneprus
YacTHIBI Ha OpONTE WM JIEKTPOHA B aTOME, B COOTBETCTBUH € (3.25), paBHa:

Ze? B Ze* Ze*

" kT gy r 2r (7.362)
NJIn
my
E =——. 7.36,6
0 > ( )

C yuerom BeIpakeHus (6.32) s paamyca, mpeoOpa3yeM COOTHOIICHHE
(7.36a) x BULY
2n’me*Z’
En =3, > (736,0)
nh

YTO COTJIacyeTcs ¢ BeIpaxkeHHeM (3.26) mms oOmiel HepruuM 3JCKTPOHA B
n-OM KBaHTOBOM COCTOSIHUH.

PaccMoTpuMm paciipeneneHne 3HEpruy 3JIEKTPOHA MO COOTBETCTBYIO-
MM HPOEKIUSIM OpOUTHI B MHTETPAIbHOM crucTeMe KoopanHat. 13 Beipaxe-
Hus (7.36,0) BUIHO, YTO 3HEPTHS DICKTPOHA UMEET MPSIMYIO 3aBUCUMOCTH OT
KBajpata ckopocTu. Haiinem 3HaueHust oOuiel sHEpruu DIEKTPOHA B MHTE-
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TpaJbHOM CHCTEME KOOPAWHAT IO COOTBETCTBYIOIIMM HAIMPABICHHUSM, ypaB-
HEHHS U1 KOTOPHIX, cornacHo (7.30,a)—(7.30,c) u (7.36,0), IMEIOT BHI:

2 2 2
mv my°~ cos
Ex - 2x - 2 ﬂx :En COS2 ﬁx’ (7.37,3)
mv; mv? cos’ y 5
Ey = — 2 = — 2 = En COS ﬂy 5 (737,6)
2 2 2
mv my-~ cos
E =- 22 =— 5 A. =E, cos’ B.. (137.¢)

Torna cornmacuo (7.20) u (7.34,a)—(7.34,11), IMEIOT MECTO COOTHOIIICHHS:

n n n
_ X _ y _ X
E =E, =~ E =E,—~uE =E,—*. (138
n n n
OueBHAHO, YTO OOIIas JHEpPTHUs DJICKTpOHA Ha 0p6HTe CKJIQJIBIBACTCA W3
CyMMBI HEPIHid, COOTBETCTBYIOILMX MPOEKLUHAM Op6I/ITBI, COTJIaCHO Clie-
JYIOIIETO COOTHOIICHUS:

n n n
E,=E +E +E =E —+—+-—=| (139
’ n n n

C yuerom (7.35,a) u (7.36,c) BeIpaxkeHHE s OOIICH 3HEPTUH JICKTPOHA B
aTome mpeobpasyeTcs B

2n’me*Z* (n, N, n,
E =-" _——— | >4 2 = (7.40)
n 212
n°h n n n
nimn
2n’me*Z? (n, 1
R | Ay

BosHoBbIe PYHKIUH ¢ BKJIIOYEeHNEM KBAaHTOBBIX YHCeJ MPOEKIHIi
OpOMTHI 1y, 1y, M 1. IIpoeKIMAM OPONTEI MO HANPABICHUAM KOOPJMHATHBIX
ocel NOTeHIMAaIbHOH c(epbl NOIKHBI COOTBETCTBOBATEH BOJIHOBBIC (DYHKIIUH,
KOTOpBIE 10 aHajoruu ¢ (7.26) oTpa)keHbI Yepe3 KBAaHTOBBIE YNCIIA TIPOCKIHN
OpOMTHI 7y, 1, U n.. Takue BONHOBBIE (YHKIMH 1O COOTBETCTBYIOIIUM Ha-
MMpaBJICHUAM JOJI>KHbBI UMETH BUJ]

. N,
Wi =A4,sin—*x, (7.42a)

rx
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n
v, =4, sinr—y v, (7.426)
y

. N,
Wi =A4.sin—=z, (7.42¢)
z
TAe X, ¥y U z — KOOPIWHATHI MPOCKIIN OpOHUTHI HA COOTBETCTBYIOIINE Ha-
MpaBJICHUS KOOPAUHATHBIX TUHUHN X, ¥ U Z.
HanomuHaeM, 9to 31€Ch KOOPIMHATHI TMPOCKIWN OpPOWTHI MMEIOT 3HAYe-
HPIﬂx:,grx, y:,_gry u Z=19;.

Ecmn xaxnas u3 BomHOBBIX (ynkumit (7.42,a)—(7.42,c) omuceiBaeT
MPOEKIUIO OPOHUTHI IO ONpENEJICHHOMY HANpaBICHUIO, TO KaXJIOW M3 HUX
OTBEYAET COOTBETCTBYIOIIAsl YacTh YHEPTHM JJIEKTPOHA W3 OOIIeH ee BeH-
4yuHBl Ha opbute. Torna, BBIpaXKCHHs JUI SHEPrHHl SIIEKTPOHA, COOTBETCT-
BYIOIIME MPOCKIHAM OPOHTHI, COTNIACHO KBAaHTOBBIM YHCIIAM NPOCKLHHA Op-
OUTHI 1y, 1y, U 1., AMEIOT BHA!

27°me*Z}

E = EERETER (7.43,2)
27z2me4Zi

E, = REcrea (7.43.6)

)

27°metZ?

E =-"—""22 (7.43.¢)

n’h?

V4
B Bepaxkenusix (7.43,a)—(7.43,c) mpoeKkuusiM opOUTHI COOTBETCTBYIOT OIIpe-
JielIeHHbIE 3HAaUeHus JelcTBuA 3QPexTuBHOrO 3apsana Z,, Z, u Z.. Haiinem nx
yepe3 BeNWYHHY OOMIero 3apsja, JSWCTBYIOMIETO Ha JIEKTPOoH B atome. [lo-
Ka)XeM 3TO Ha MpHUMepe IS MPOCKIIMKA OPOUTHI 1O X, IpUpaBHUBAS TPaBbIC
yacTu BeIpakeHui (7.36,¢), ¢ yuerom (7.38) u (7.43,a):

2. 452 2 452
2rme 7. 2r°me’Z" n
B 272 - 272
n_h n°h n
Janee, npoBesi COKpalleHus: U Ipeodpasysi paBeHCTBO OTHOCHTENBHO 3apsi-
Ja, MOJIYYHUM IO BCEM IPOCKIUAM CICAYIOINE COOTHOIICHUS !

3 3 3
n n n
VA =1/—"Z,Z =1f—yZ,Z =.—=Z. 7.44
x n3 y n3 z n3 ( )
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Takum oO6pazoM, Mbl Hanuy BelpaxkeHus (7.44), KoTopsle B MacuiTade
aToMa ITOKa3bIBAIOT AU HepeHIHaHI0 AeHCTBHS O0LIEro 3apsiaa Mo Hampas-
JICHUSM KOOPIMHATHBIX OCEH.

[Mpoekumsam oOmIero 3apsiga Ha COOTBETCTBYIOIIUE HANPABICHUS KO-
OpIMHATHBIX OCed MPUHAAJIEKAT COOTBETCTBYIOIINE NPOSKIUH Paanuyca op-
OUTBI — 7y, Iy ¥ 7 , KOTOPBIE HAEHTHYHBI BRIPAKEHUAM [ OOIIETO paguyca
OpOHTHI:

272
. (7.45,a)
vV =————5 4y,a
X 2 2 >
dr"mZ e
272
n,h
V= (7.45,6)
2 2 b b
b AnimZ e
272
.k (7.45,c)
Vv =————. 4),C
2 2 ’
T 4n'mZ.e
[MoncraBus mpaBeie YacTu Beipaxenuit (7.44) B (7.45,a)—(7.45,c) BMecTO 3a-
psna (Z), HageM COOTHOIICHUS JUIA MPOEKUUI pajiyca opOUTHI 10 Hampas-
JIEHUAM KOOPAMHATHEIX ocel Ry, Ry m R,:

7 L8 nn =r "y (7.46,a)

=— =r,—, 46,a
Y ArtmZer VT n
h 3 n,

Ty = [ =T, (7.46,0)
A mZe ’ n
n’ 3 n,

v, =————S5 N =T |— (7.46,c)
dr“mZe n

[None3ysice nomy4eHHbIMU BblpaskeHusiMu (7.46,a)—7.46,c) 1 cooTHoIIE-
HueM (7.18), Halinem pajiyc opOUTBI MITH paJiyc NOTEHIMATIBHOM chepbl:
h’ 3
r:—\/n (n,+n, +n)). (7.47)
dr’mZe’ g

Cornacro (7.35,6), n,+ n, +n, =n. Torna noACTaBiAs B BhI-

paxenue (7.47) BMECTO CyMMBI KBAHTOBBIX YUCEIl My, 1y, U 1, O0IEE KBAHTO-
BO€ YHCJIO 7, MOJYYMM COOTHOLICHHE Ul paguyca OpOHTHI, WACHTUYHOE
cootHomeHuio H. bopa, 9To ToBOpHUT 0 cripaBeyIMBOCT BhIpaXkeHHi (7.46,a)
— (7.46,c). Kpome aToro0, Takoil ke pe3ynbTar JUid 3HAaYeHUH pajinycoB Mpo-
ekuuit opouT, kak mo (7.46,a)—(7.46,c), MOKHO MOJYYHTh, €CIU BOCIIOJB30-
BaTbcs cooTHomeHusMu (6.32) u (7.34,a) — (7.34,n).
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KoaunuecTtBo 3JIEKTPOHOB B aTOMe C (l)PlKCHpOBaHHLlMH 3Ha4ve-
HUSIMHM KBAHTOBBLIX 4MCe€]d R, Ry, Ny, U N, HpI/IBeI[eHHBIC BBIIIC PE3YJIbTATHI
I/ICCJ'IC,I[OBaHI/Iﬁ MoKa3ajii, 4YTO COCTOAHUC IJICKTPOHA B aTOMEC, OIIMCBhIBACMOC

001el BOJTHOBOW (DYHKIIHEH — Asin™7 , xpoMe 0GLIEr0 KBAHTOBOTO
Vi) sin—1,
,

YHCIIa, ONPENENseTCs elle TpeMsl KBAHTOBBIMU YMCIIAMU TPOEKIUHA OpOHTHI,
ny Ny U .. HalileM KOIM4ecTBO 3JIEKTPOHOB B aTOME B MHTETPaIbHOM CHC-
TEME KOOPJIMHAT IIPU OJHUX U TEX K€ 3HAUCHUAX KBAHTOBBIX YMCEI 1, Ny, H,
U n,. B 3THX yCIIOBHSIX 3JIEKTPOHBI Ha OpOMTE IOJDKHBI 00J1a/laTh OJIMHAKO-
BBIM 9HEPTETHYECKUM COCTOSIHUEM, YTO ONPEACIACTCS OANHAKOBBIMH 3HAUC-
HUSIMH KBQHTOBOTO uKcia #. OIHAKO MPH 3TOM Yy SJIEKTPOHOB C OJMHAKOBBIM
HabOpPOM KBAaHTOBBIX YMCEN 71, 7y, My, U N, 3HAKH CITMHOB 5 KOOPJUHAT PaJH-
YC-BEKTOPOB 0 Ka)KAOMY HAIPABJICHHIO MOTYT OBITh pazHbIMH. Ompernene-
HHE KOJIMYECTBA KBAHTOBBIX YACTHUI] 10 COUETAHHUSIM 3THX CIIHHOBBIX KBaHTO-
BBIX YHCEJI 110 BCEM TPEM HAIlpaBICHUSM CO3JaeT OONIblIyI0 ImyTaHUILy. [lo-
3TOMY B YCJIOBUSX MHTETPalTbHOM CHCTEMBI KOOPAMHAT KOJIMYECTBO KBAHTO-
BBIX YaCTHUIl Ha OpOUTE C OAMHAKOBBIMU 3HAUEHUSIMHU KBAHTOBBIX YHUCE 7, M,
7, U 1, yA0OHO ONPENETATh TONBKO IO OJHON MPOEKIMU OpOUTHI, HATIPUMED,
B BBIJICJICHHOM HarmpaBJICHUH KOOpAHHATHOH ocu Ry. [TomoOHEIi citydaii ObLT
paccMOTpEH BBIIIE B OJTHOMEPHOI (110 paauyc-BEKTOPY) HHTETPAIBLHON CHC-
TE€Me KOOPJHMHAT, U ObUIO yCTAaHOBJIEHO, YTO JUIS 3TOTO yIO0OHO BOCIOJB30-
BaThCsl COYECTAHMUSAMH 3HAKOB (ha3 *f, ¥ CIMHA OPOWTHI +5 B BBIACICHHOM Ha-
npasieHnd. VHade ToBOps, KOJMYECTBO KBAHTOBBIX YAacTHIl Ha OpOHTE C
(MKCHPOBAaHHBIMHM 3HAYEHUAMH KBAHTOBBIX YMCEJ 1, 11y, 71, U 71, OIIPENEIIAETCS
KOJIMYECTBOM COYCTAHHH ITOJIOKUTENIBHBIX M OTPULIATEIbHBIX 3HAKOB (a3 1,
U CIIMHA +5 NPOEKIUH OPOUTHI B BBIACICHHOM HANpaBICHHHU. A KOJIUIECTBO
N coueranuii ¢a3 +f, u civHa £s JIsl IPOEKIUK OPOUTHI B BHIJICJICHHOM Ha-
MpaBicHUH, coriacHo (7.7), paBHO YETHIPEM, M 3TH COYCTAHHS MPHU (HUKCH-
POBAHHBIX 71, My, 1, U 1; UMEIOT CIIEAYIOMINI BUI:
(ts 1) (Fs=Jo) (=5 —Jo) (5 +1o).

Takum oOpazom, HaliieHbI yCIOBUSI KBAHTOBAHUS SHEPTHH 3JIEKTPOHA
B MHOTO3apsIIHOM aTOME, MCXOISl M3 MPEICTaBICHUS, O TOM, YTO (YHKIIHS
JIBIDKCHUS 3JIEKTPOHA B aTOME UMEET HE BEPOSTHOCTHBII XapakTep, a aMIUTH-
TynHyo npupoxny. Kak BumHo u3 Beipaxenus (7.40), COCTOSHUS IEKTPOHOB
B aTOME 3aBHCAT OT OOIIETr0 KBAaHTOBOTO YHCIA 71, ONPEACIISIONIEr0 UX YHEp-
TEeTUYECKOE COCTOSIHME Ha OpOHTE, OT KBAHTOBBIX YHCEN MPOEKIUI OpOHUTHI
1y, Ny ¥ 71, ONPENENSIONIUX PACIIPEIEIEHUE SHEPIUH 10 IIPOEKUUAM OPOUTEI
W OT 3HAUCHHS CIMHA *5 U (Pa3sl £f, OpOUTEL
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I'naBa 8

Konuenuusi CTpyKTYpHO#i OpraHu3amum aromMa

8.1 O6mue yc1oBHS CTPYKTYPHOI Opranu3anuu aToMa

Pemenne BOTHOBOTO ypaBHEHUSI, ONMCHIBAIONIETO ABMKEHHE KBAHTO-
BBIX YAaCTHI], HAIPUMEp, IEKTPOHA B aTOME, HE MOXET OTpa)xaTh (H3HUe-
CKYIO peaJbHOCTh 0e3 yueTa COCTOSHHH BCEX YJICHOB CHCTEMBI B CHITY TOTO,
YTO 4YaCTHULbI CUCTEMbI BCCrAa HAXOOATCA B YCJIIOBHAX B3aUMHOTO BJIMAHHUA
OOHUX Ha OAPYTHUEC. 910 JOJDKHO YYUTBIBATHCA MPHU OMPEACITICHUU I'PaHUYHBIX
YCIIOBHH pEelLIeHUs] BOJTHOBOIO ypaBHEHHUs, U B 4aCTHOCTH, ypaBHeHus Illpe-
JIUHTepa.

Tak kak cOCTOSIHME 2JEKTPOHA B aTOME HE 3aBHCUT OT BPEMEHH, TO
HEOOXOAMMO ITPOAHAIN3UPOBATh YCJIOBHS YCTOWYHMBOTO CYIIECTBOBAHMUS
3aMKHYTOH NPOCTPAHCTBEHHOI CHCTEMBI 3JIEMEHTAPHBIX KBAaHTOBBIX YACTHIL
BO BpeMeHH. Takas crcreMa A0/DKHA OBITh YCTOWYMBA B YCIOBHSAX BHEIIHETO
BO3A€HCTBU. J{71s1 3TOr0 HEOOXOANMO YUECTh CIEAYIONINEe (PaKTOPHI:

— MEXAy 3apsHDKEHHBIMH YacTHUIAMH, KaK MEXIy YICHAMH €AWHOMN
CHCTEMBI, CYIIECTBYIOT THPOCKOIIMYIECKUE CHITbI B3aUMOICHCTBHS;

— CHUCTEMaA 3apsHKCHHBIX 4YaCTHL JJId BHCHIHUX CHJI JOJDKHA OBITH B
LIE€JIOM TMPOCKOIMYECKHU U 3JICKTPUUECKU HEUTPAIIBLHOM;

— CYMMapHBIi MOMEHT KONHWYECTBA JBM)KEHUS, a CJIEOBaTeNbHO, U
CyMMapHbI MarHUTHBIM MOMEHT 3apsKCHHBIX YacTUI[ B CUCTEME, IOJDKEH
OBITH paBeH HYJIIO;

— 3aMKHYTasl IPOCTPAHCTBEHHAsI CUCTEMa 3JIEKTPOHOB B aTOME HaxXo-
JUTCS B IIEHTPAJILHOM TOJIE 3apsijia Apa U HUCIBITHIBACT CHILY €r0 NMPUTSDKE-
HUS,

— MEXIy OJHOMMCHHBIMH 3apsKCHHBIMH YaCTUIAMH CYIIECTBYIOT
CHJIBI OTTAJIKMBAHHUA.

BHauane paccMOTpHM MOJICNIBHBIE YCIOBUS CHHXPOHU3HPOBAHHOTO
OpOHTABHOTO JBIDKEHHSI JJICKTPOHOB B CHCTEME JJICKTPOHHON 000JI0YKH
aToMa.

Panee HUCXOJUIIN U3 TOr'0, YTO 3JICKTPOHBI B aTOMC ABMIKYTCA 110 3aMK-
HyTBIM opOutam. [Ipexae Bcero, HEOOXOAMMO BBISICHUTH, KaK MOTYT OBITH
B3aMMHO OPHEHTHPOBAHBI IFIOCKOCTH OPOHT 3JIEKTPOHOB, a TAKXKE KaKOB Xa-
pakTep B3aMMOJEHCTBHSA 3JEKTPOHOB, KaK JJIEMEHTAPHBIX THUPOCKOIOB, C
CHJIaMH BBIHY’>KJCHHOTO BpaIeHUs HA opOuTe.

MHO’XeCTBO 3JIEKTPOHOB, BPALIAIONINXCS HA OPOUTE sipa aToMa U 00-
pa3ylomuX eIUHYI0 CHCTEMY Yepe3 3JIeKTPOMAarHUTHYIO CBSI3b C SIAPOM,
MIPEICTaBIseT COOON CBSI3aHHYIO THPOCKONUYECKYIO cHcTeMy. B ri. 6 6pum
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paccMOTPEHBI TUPOCKOIMYECKUE CHCTEMBI M IIPH 3TOM OBIIO yCTaHOBIICHO,
YTO BCE aTOMBI JOJDKHBI 00J1a1aTh «TUPOCKOIINYIECKOW» HEHTpaJbHOCTRIO. B
IPOTHBHOM CIIy4ae TAKUE CUCTEMBI U3 KBAHTOBBIX YACTHIl MPU U3MEHEHHUU
HanpasJICHUs [JBIDKEHUS OyayT oOnazaTh HealeKBaTHBIM HABEICHHBIM
MHEPTHBIM CONPOTUBIICHUEM, OOYCIIOBIEHHBIM IIPOSBICHUEM THPOCKOIHYE-
ckoro 3¢ ¢exra.

H(HZO/VIHMM, umo noboe epawameilbHoe osudiceHue mamepuailbHblx 00beKmos
6 NPOCMPancmee co30aem 2upoCKOnUecKull 3pgdexm, 006yCro8IeHHbIL COXPAHEHUEM
opueHmayuu ocu 8pawjerHuss 8 npocmpauncmee. 1lpu 8ulHy*HCOEHHOM 8paweHUU 2Upo-
cKona, 6 Kakom-aubo HanpaesjleHuu OH 6 pe3ylbmame cUpPOoCKOnU4ecKoco 347(1)61(‘}’”&
cmpemumecst pacnojiodCunmbd 0Cb C60e20 spawjerus maKum 06[)6130}[4, umobwsl ona 06-
pasoesledia Kaxk MONCHO MeHbUuiuLL yeoi ¢ ocelo 8blHy9de€HH020 epawerus, u oba
epawierus Coeepulailucob Obl 8 OOHOM U MOM Jice Hanpdaejlernuu.

[posiBnenne rupockonuueckoro 3ddekra B CTPYKTYpHBIX B3aUMO-
JMEHCTBUAX W HEOOXOIUMOCTh THPOCKOIUYCCKON HEHTPATLHOCTH aTOMOB W
MOJIEKYJI MOKET ONPEACIIONINM 00pa3oM CKa3aThCsl Ha MX MPOCTPaHCTBEH-
HO-ZIMHAMHUYECKOM CTpyKType. B pe3ynpTare rHpOCKONMMUYECKUX B3aUMOJCH-
CTBHH JOJDKHA OBITH JTOCTUTHYTA TaKasl CTPYKTYpa CHCTEMBI, 4YTOOBI CyMMap-
HBIII MOMEHT KOJIMYECTBA JBM)KCHUS KBAHTOBBIX YaCTHII, BXOIIIUX B COCTaB
aTOMOB WJIM MOJIEKYJ, B COBOKYITHOCTH CTpeMmiIcsi Obl K Hyito. Takum oOpa-
30M, HYJEBOH CyMMAapHBI MOMEHT KOIMYECTBA ABIKCHHS DIIEKTPOHHOH M
AIEpHOI 000IOUEK aTtoMma SIBIAETCS HEOOXOIMMBIM YCIIOBHEM JOCTHKEHHMS
UM THPOCKONHMYECKONM HEUTPANIbHOCTH, MOCKOJIBKY 3TH IOKa3aTelld TaKoi
CBSI3aHHOW CHCTEMbI B3aMMOOOYCIOBICHBL. Hanpumep, U3BECTHO, UTO 3JEK-
TPOHHAs 000JI0OYKA aTOMa WHEPTHOTO I'a3a UMEET CyMMAapHbIi MOMEHT KOJIU-
YyeCTBa ABUKCHUS paBHBIﬁ HYJII0, YTO SABJIACTCA YCIIOBHUEM FI/IpOCKOHI/I‘IeCKOI‘/II
HeﬁTpaJ'leOCTH O9THX aTOMOB.

[Ipexe 4eM HPUCTYNUTH K PEHICHHIO BOJHOBOTO YpaBHEHHs, HE0O-
XOJUMO YCTaHOBUTb NPHUHLUIBI CO3JaHHUS BO3MOXKHOM IPOCTPAHCTBEHHO-
JUHAMUYECKON MOJIENN CHCTEMBI U3 KBAHTOBBIX YACTHUI] HA IMpPUMEpE dJIEK-
TPOHHOW 00O0JIOUKH U si7pa aToma. [Ipy 3TOM MBI TOJDKHBI YUUTHIBAThH CIEN-
CTBHS TPOSIBIICHUSI TUPOCKONMYECKUX 3(P(PEKTOB M YCIOBUS JOCTIDKCHHS
THPOCKOIUYECKON HEUTPAIIBHOCTU CHCTEMBI U3 CBSI3aHHBIX 3apSKEHHBIX 4ac-
THL, a TAK)KE CUJIBI DJIEKTPOMATHUTHOTO B3aUMOJICHCTBUS U HEKOTOPBIE JPY-
rue pakTopsl. Takol Moaxo] MOMOXKET B AaJbHEHUIIIEM HanOojee TOIHO OIl-
PEACIUTb 'PAHUYHBIC YCJIIOBU IIPHU PCIICHUU BOJHOBOI'O YpaBHCHUSA U B I10-
CJICAYIOUIEM MPaBUJIbHO UHTCPHIPETUPOBATH BBITCKAIOINUE U3 HETO BHIBO/EI.

8.2. O0pa3oBaHue CHHHOBBIX Map YIEKTPOHOB B I0JIe 3apsiia aapa

Brauaie 6y,Z[CM HUCXOJHUTh U3 TOro, 4YTO aTOM B IECJIOM JOJDKCH OBITh
TUPOCKOITNYCCKHA HeﬁTpa.HbHBIM. Kak 0ObL10 YCTAHOBJICHO B TIJI. 6, TUPOCKO-
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MUYECKYIO HeﬁTpaJ'H;HOCTI;, Hanpumep, 3J'ICKTpOHHOI71 000JI0UKH aToOMa MO3K-
HO JOCTUTHYTb, CBA3aB 3JICKTPOHBI B CIIMHOBLIC ITAPHI 11O OCCBOH JIMHUU WA

M0 TUIOCKOCTH BpamieHus. PaccMoTpuM oOpa3oBaHME TaKuMX CIHHOBBIX Iap
AIIEKTPOHOB B aToMe Oosiee moipoGHO.

Ha puc. 6.7 (nmo3. C) u3obpaxkeHa HeEHTpaibHas TUPOCKOMUYECKAs
CHCTEMa, COCTOSINAs U3 CIIMHOBOM ITapbl BPAIAFONIMXCS AUCKOB Ha OJHOU
ocH. MOXXHO MOZEIBHO MPEACTaBUTh, YTO KaXKJOMY BpalllaloIleMycs JUCKY
COOTBETCTBYET BpalllEHHE DIIEKTPOHA Ha OpOUTE, a IIEHTPAITLHON TOUKE MEX-
Iy BpaIaroUIMMHCS ANCKaMH — LEHTP aToMa, I/Ie pachoiokeHo sapo. Ox-
HaKoO IIPH 3TOM BO3HHKAET BOIPOC: MOYEMY B TAKOH CIIMHOBOM Mape IEHTPHI
OpOUT 3JIEKTPOHOB CMEIIECHBI OT IIEHTPa aToMa 10 OCEBOW JIMHUM OpOWT Ha
PaBHOM YJIaJ€HUH OT IIEHTpa aToMma. JleficTBUTENbHO, IpH IEPBOM NPHOIH-
KEHUH Ka)XETCsI, YTO OPOUTHI IEKTPOHOB C NMPOTHBOIMOJIOKHBIMU CITHHAMH,
T.. C TIPOTHBOIIOJIOKHBIMU HAINPaBICHISIMA OpOUTAIBHOTO BpAILEHUS
JIOJDKHBI JIEKaTh B OIHOU TIOCKOCTH. OYEBUAHO, YTO Takasi MOAENb Hepabo-
TocnocoOHa. Paspenienue Takoi cuTyalnuy MOXKET AaTh Y4eT IMPOCKOIHYe-
ckuX 3¢ QEeKTOB MpH 3aXBaTe JIEKTPOHOB B aToM. HamomuHaem, 4To 3Jek-
TPOH IIPU CIIUPAIBEHOM JIBM)KCHHH IIPENCTaBisieT coboll rupockorn. OueBui-
HO, 4TO THPOCKOIMYECKas HEHTPaJIbHOCTh 3JIEKTPOHHOW O0OJOYKM aToMma,
Kak Ha puc. 6.7, MOXeT OBITh JOCTHUTHYTa JIMIIb IOCIE TEPBOHAYAIBHOTO
TIPOSIBJICHNS] TUPOCKONNYECKUX 3()(EKTOB MpH 3aXBaTe KaXIOTO OTAEIBHO
B3ATOTO JIEKTPOHA B aTOM 3aPSKCHHBIM SIPOM.

PaccMoTpum mpomecc 3axBaTa 3JIEKTPOHA, UMEIOIIETO ONPEIENICHHYTO
CKOPOCTH CIHMPATBHOTO JABHKCHUS, HA OPOUTY IMOJIOKUTENBHOTO 3apsaa sif-
pa. JlomycTuMm, 4TO 3JEKTPOH, MPHOIMKASCh K aTOMY B €r0 HOTEHIIHATbHOM
noJje, MPHOOpeTaeT HEKYyI CKOPOCTh, UMEsl OOIIYI0 DHEPrHI0 CBOETO CIIH-
paJbHOTO IBIKEHHUS, PAaBHYIO mV' U 3axXBaThIBaeTCS Ha opouty sapa. Kak
Hamu OBIJIO YCTaHOBJICHO paHee, KpyroBoe JABMKEHHE dJIEKTPOHA Ha opOuTe ¢
HEKOH TOCTOSIHHON CKOPOCTBIO AKBHBAJIEHTHO €TI0 MPSMOJIMHEHHOMY JIBHIKE-
Huo. IIpy 3TOM ABMXKEHHUE HIIEKTPOHA MUMEET CHHUPaJIbHBIH XapakTep, a CKO-
POCTH KPYTOBOW COCTABIISIOIIEH 3TOTO CIHMPAJIBHOTO IBIKEHUS! paBHA OpOu-
TaJIFHOM CKOPOCTH NPH JJIMHE BOJHBI CIIMPAIBGHOTO IBIKECHUS, paBHOH 277,
T7ie ¥, — Paglyc KPyrOBOM COCTaBISIOICH CHHMpPAH, WIN PaliyC CIUpalb-
HOTO JABWXCHHA. M Kak yCTaHOBWIIM paHee B IO, HA YCTOWYHMBOH opOHTE
3JIEKTPOHA Pa3MEIIAETCsl TOJIBKO LEN0e YHCIIO JUIMH BOJH (CNIUpan), paBHOE
KBaHTOBOMY 4YHCIIy #. DTO 3HAYUT, YTO BBIPAXCHHUE IS paanyca OpOWTHI
3JIEKTPOHA, cOTIacHo (6.27), IMeeT BH:

r=nr,. 8.1

PaCCMOTpI/IM, KakKue€ MOTyT IMpPOUCXOAUTH HU3MCHCHUSA OpHUCHTAUUU
9JIEKTPOHA-THPOCKONA IIPH €ro nepexoje Ha opoury sapa. Ha puc. 8.1 npu-
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Op6urais Be/IeHa cxema o0pa3oBaHuUs
TaKOi CIIMHOBOHM Taphl MpHU
TepexoJie IBYX DJICKTPOHOB
D4 ¥ Jp B THPOCKOMUICCKH
HEUTpaIbHOE CBSI3aHHOE
Tt ; COCTOSIHHE Ha TIpUMeEpe TOo-
—— = — 5 JIO)KUTENBHOIO  BYX3apsl-
e === HOro sifpa aroma. Kak Bua-
HO u3 puc. 8.1, och cmu-
paJbHOTO BpAIIEHHS 3JICK-
TPOHA C PaJUyCcoM F. IOCIe
ero 3axeaTa Ha OpOUTY C
pamzuycoM  r  CTaHOBHTCS
TIEPIICHANKYIAPHBIM K OCH
Puc. 8.1. OGpasoBanne CIMHOBBIX Map IEKTPOHOB  OPOUTEHI BBIHYKJIEHHOT'O
B IBYyX3apsI/IHOM atome BpalleHus. DTO 3HAYUT, 4TO
MIPOUCXOIUT TOIEPEUHAsT MOIAPU3AHI KPYTOBOW COCTABISIONICH CIIHPaIhb-
HOTO JIBIDKEHUS DJIEKTPOHA K IJIOCKOCTH OPOWTHI, KaK WM IMOJSPHU3ALMSI TPO-
CTpaHCTBa 0 AKMMOBY ipu Bo3mymieHmsx [11, c. 12]. BecrmexcrBue rupo-
ckomuyeckoro 3¢ ekra 3IEKTPOH MCHSET CBOK TPACKTOPHIO JBHIXKCHUS Ha
opOuTe TakuM 00pa3oM, YTOOBI HAINPABJIEHHE OCH €r0 CIIUPAIBLHOTO Bpalle-
HHSI COBITA/IANIO C OCBIO OPOMTHL. BeKTOp crimpanbHOTro IBMKEHHMS, a 3HAUUT U
BEKTOP CKOPOCTH 3JEKTPOHA IIPU ITOM HAaYMHAET OPHEHTHPOBATHCS B CTOPO-
HY YZaJeHUs OT siApa, CTAaHOBSCh NapauleNIbHO K ocH opOuTHL. OqHAKO, Ha-
XOJISICh B TIOJIC 3apsizia s/pa, HIEKTPOH HE MOXKET YHAJTUTHCSA OT HETO W BEHI-
HYXXICH TOPMO3HUTH CKOPOCTh CBOETO ITOCTYMATEIFHOTO JBWKCHHUS NIO TIOJ-
HOW OCTaHOBKH. B WTOTEe 31EeKTPOH 3aiiMeT CTAallMOHAPHYIO OpOHTAah CITH-
paJIbHOTO BpalleHUs MO Oocu OopOuThl. OYEBHOHO, YTO NPH TOPMOKECHUH
AIIEKTPOHA M3Iy4aeTcsl KBaHT PHEPIUH, PABHBIA SHEPTHH €T0 IOCTYHNaTelhb-
HOW OCTaBJISIONIEH CIIMPATFHOTO JBIDKEHHS. DTa W3IyUCHHAs DHEPTUs paBHA
T0JIOBMHE YHEPTHH €r0 CIHPAILHOTO ABIKCHHS, T.¢. mv’/2.
[Ipu 3axBare Ha OpOMUTY siZjpa BTOPOTO AJIEKTPOHA OH, OYEBUIHO, MO-
KET 3aHATh TaKyl0 e CTAHOHAPHYIO OpOWTAIb, KaK U MEPBBIH, HO TOJIBKO
Ha IIPOTHBOIIONIOKHON CTOPOHE OT sipa. Takum 0oOpa3oMm, 3JIEKTPOHBI 3aiMyT
CBSI3aHHBIE TIOJIOKEHHUS TT0100HO BpPAINAIOIIUMCS AUCKAM B MOJIEIH, NPUBE-
IeHHo# Ha puc. 6.7 (1m03. C), 1. 6. B TakoM COCTOSHUM 3JICKTPOHEI B aTOME
JJEKTPUYECKHU CBSA3aHBI OUYEHB )KECTKO Yepe3 AP0 U BPaIIaroTcst B (PUKCHPO-
BaHHOM ITOJIOKCHUH B TIPOTHUBOIIOJIOKHBIX HAIPABICHUSX, T.€. IMEIOT TPO-
THUBOTIOJIO’KHBIC 3HAYCHUS CITMHA.
OUKCUPOBAHHOE MOJIOKEHHUE AJIEKTPOHA B TOJE sIpa, OOpeTeHHOe
BCJIEICTBHE THPOCKOMIYECKOro 3¢ ¢eKra, B HanbHeHeM OyaeM Ha3bIBaTh
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opbumanvlo. HaoMHNM, YTO 3JIEKTPOH Ha OpOWTAM COBEpINAET KPYrOBOE
BpAIIEHNE C PaJIyCOM CIHPaIbHOTO ABUKEHHUS 7.

OueBHUIHO, YTO MPOTHBOIIOJIOXKHBIE MO3HIMH IEKTPOHOB B aTOME OT-
HOCHUTENBHO si7ipa (OPMHUPYIOTCS BCJIEJACTBHE B3aUMHO OTTAJKHBAOILIECTO
s¢dexra 0THOMMEHHBIX 3apsnoB. KpoMe Toro, Mexmay 3TUMH OJHOMMEHHBI-
MH OTPHULATEIbHBIMH 3apsJaMy Ha paBHOM yJIaJICHUU OT HUX B LICHTPE aTOMa
HaXOJUTCs MOJIOKUTEIbHBIN 3apsij, KOTOPBI HEUTpanu3yeT B3aUMHO OTTaJl-
KUBaroIui 3Q(GEeKT 3JeKTPOHOB, YTO aTOMY JHEpPreTH4ecKu BhiroaHo. [Ipu
3TOM MPOTUBOIOJIOKHBIE HATIPABIICHUS BPAILICHUS CBS3aHHBIX 3JICKTPOHOB Ha
OpOUTANSIX C pamuycoM CHHPaJIbHOTO JBM)KEHHs CIIOCOOCTBYIOT HEHTpalu-
3aIlM UX MOMEHTOB KOJHMYECTBA JIBM)KCHUSI U OOPETEHHIO THPOCKONTNYECKON
HEHTPaIbHOCTH BCEH CUCTEMOH 3aps0B.

Takum 06pa3om, B aTOMe UMEET MECTO TPOSIBICHHE CTPYKTYpHOH ca-
MOOPTAHH3ALMH 3JIEKTPOHOB B HEHTPAIBHYIO THPOCKOIHYECKYIO CHCTEMY C
(hopMHpoBaHNEM e€ANHOI OCH BBIHYKJCHHOTO BPAIICHNS MX CITMHOBOI Mapsl,
IIPY KOTOPOM CyMMapHBIH MOMEHT KOJIMYECTBA JIBIKCHHUS 3JICKTPOHOB PaBeH
HYJIIO, @ CaMU OHHU 3aHUMAIOT (pUKCHpOBaHHBIE OpOUTATH. DTO 3HAYHMT, YTO
BCE BJICKTPOHBI aTOMa, CBSI3aHHBIC B €AMHYIO CHCTEMY 4epe3 IEHTPalbHbIN
3apsm, OyIayT cTapaThCs 3aHATh OPOUTANIN B DJIEKTPOHHON 000JI09KE OTIApHO
1no o0e CTOPOHBI sJpa C MPOTHUBOIOJIOKHBIMHU HAIPABJICHUSIMH BpPAIICHUS,
CYMMapHbIii MOMEHT KOJIMYECTBAa JIBI)KEHHs KOTOPBIX paBeH Hymo. [Ipu
3TOM DJIEKTPOHHAsI 000JI0YKA aTOMa CTPEMUTHCS JOCTHYh THUPOCKOIIMYECKON
HEWTPaIBHOCTH B LIEJIOM B KAKOM-JINOO OJTHOM HarpaBJIeHUH, KOTOpoe (op-
MHpYETCS 10 €JMHON OCH BBIHYXJICHHOTO BpPAIlCHHS aTOMa.

B nanpHeiimeM Takyio eIMHYIO OCh BBIHYXXICHHOTO BPAIICHHS KBaH-
TOBBIX YaCTHI C MPOTHUBOIOJIOKHBIMHI CIIMHAMH IPHUMEM B aTOME 3a Gbloe-
nennoe nanpasnenue. CHOPMHUPOBABIIASCS €IMHAS OCh BBIHYKIECHHOTO Bpa-
IIEHUsT 00JIaJaeT TaKUM CBOWCTBOM, MPU KOTOPOM BCE 3JIEKTPOHBI, MOMa-
JIAIOIIME B IOJI€ LEHTPAIBHOTO 3apsza, BCIEACTBHE THMPOCKOIMMYECKOTO -
(hexTa, BBIHYXK/ICHBI BHICTPAUBATHCS BJIOJIb 3TOM OCH M CHJION IPUTATHBATHCS
K Heii, eclM OHa 3aHsATa JPYTUMHU JICKTPOHAMH. 3aMETHM, YTO IIPOSBICHHE
THPOCKONMYECKOro 3¢ ¢deKTa JOMKHO UMeTh (pyHIaMEHTalIbHOE 3HAaueHHE B
CTPYKTYPHOH OpraHu3alMi Kak MHKpO, TaK M MakpokocMmoca. Hampumep,
3¢ PEKT THPOCKONMMYECKOTO MPUTSDKEHNST OpOUTaneil 3JeKTPOHOB K OCH BbI-
HYJICHHOTO BpAIlIEHHs C OOIINM BBIICIICHHBIM HalpaBiIeHHUEM MOXKET UMETh
OTHOULIEHHE K OCHOBE HPUPOJBI CTPYKTYpHOH opraHusanuu BcerneHHOMH,
T'PaBUTAIIMOHHOTO MPUTSDKEHUS | T.1.

PaccrosiHue CTaIIOHAPHOTO ITOJIOKEHUS HJICKTPOHA Ha OPOUTAIH OT
IIEHTpa aToMa, coraacHo (6.28) u (6.32), mpeAIONOKUTETHHO TOIKHO OBITH
PaBHO paguycCy » pacueTHOW opOUTHI. B 3TOM citydae amekTpoHHast 0007109Ka
aToMa B MpezeNnax pajuyca BHEUIHEH OpOWTHI », OYEBHAHO, OyIeT 3amoi-
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HATHCS TI0 TPUHIMITY IJIOTHOW YIaKOBKM OpOWTasiedl BHYTPEHHUX JJIEKTPO-
HOB, 4TO OyJIeT MOKA3aHO HIKE.

Takum 00pa3om, IPUBEACHHYIO Ha pHC. 8.1 MOIETb MOKHO MIPUHSATD
3a pabovyr0 MOJeNb THPOCKOMYESCKH HEUTPaJIbHON CHCTEMBI JIIEKTPOHOB B
aToMe 1o ocH BpameHus (puc. 6.7, mo3. C). 1o cooTBeTCTBYeT W (HHUTOH-
HOM Mozenu AKHMMOBA, MPEACTABISAIOIEH IUHAMMYECKYIO CTPYKTYPHYIO
enuHUIy (QU3MYECKOro BakyyMa. Takoe COBIaJeHHEe OpraHM3alUHM JHHAMH-
YECKOH CTPYKTYP 3JIEKTPOHHOW 000JIOUKM aToMa U (PUTOHA SIBJISIETCS] HE CITy-
YyalHBIM U TOBOPUT O MNPUHIUIIHAAIBHOM COOTBETCTBUH HX (bI/ISI/I‘-leCKOﬁ pe-
QIBHOCTH.

HHTEpecHO OTMETHTD, YTO HEONPEAEIEHHOE COCTOSIHUE DIIEKTPOHA Ha
opbuTe sapa, BCIEICTBHE THpocKomuueckoro 3¢ddekra, obperaeT ompene-
JICHHOCTH CBOETO ITOJIOXKEHHS Ha OpOUTAI. MOKHO MPUHSTH, YTO OpOUTAIIB
9JIEKTPOHA OTHOCHUTENBHO $/Ipa HAXOAUTCS B COCTOSHHM YCIIOBHOTO IIOKOSI,
TIOCKOJIBKY KOOPJHMHATBHI ¢ LEHTpa B HMHTErPAIbHON CHCTEME KOOpIMHAT
HEU3MEHHBl W ONpPEICIAITCA KOOPAMHATAMU TPOCKLUHMH pPaJUyC-BEeKTOpa
OpOUTEL. DTO 3HAYMT, YTO B UHTETPAILHON CHCTEME KOOPIUHAT MOTEHINAIIb-
HBIX cep pacnperneneHue JIeKTPOHOB B aTOME MOKHO OIUCATh TaKUM o0pa-
30M, YTO KOHIBI PANyC-BEKTOPOB OPOHUT OyIyT yKa3bIBaTh HA TOYHOE IOJIO-
KEHHE OJIIEKTPOHOB, COOTBETCTBYIOIlEE WX OpOWTamsiM Ha s, p, d U f-
o0osoukax aroma. Heo6XoauMMoO MpH 3TOM y4decTh TO, YTO OpOMTAIH 3JIEK-
TPOHOB C IPOTHBOIOJIOKHBIMHA CIIMHAMH B CTAI[MOHAPHOM COCTOSHHHU JIOJIXK-
HBl ObUIM OBl yNacTh Ha IUIOCKOCTh OPOWTHI B IEHTPAIBFHOM YacTH aToma,
HaKJIa/IBIBAsICh OJIHA HA APYTYIO, KaK OPOUTHI C MPOTHUBOIIOJIOKHBIMH CITHHA-
MH Ha €JIMHOW IIOCKOCTH. OIHAKO TaKoro majeHus opOHTaield Ha IUIoc-
KOCTb OpPOHTHI HE JOJDKHO MPOUCXOAUTH, OO TOrZAa MpPEIIOKCHHAs BBIIIC
THPOCKOINUYecKas cucTeMa He Obuta ObI paboTococoOHOU. B cooTBeTCTBUM
C OTHOW W3 Bepcuil, paboTOCIIOCOOHOCTh paccMaTpHUBaeMON THPOCKOIHYE-
CKOHM CHCTEMBI CBf3aHA C TEM, YTO IEKTPOH Ha OPOMTAIM BpaILIaeTcs ¢ pa-
IyCOM CITHPAJIBbHOTO IBH)KEHHUS, PaBHBIM 7., YTO CO3/AET €ro COOCTBEHHOE
YCIIOBHO c(epruecKoe MarHUTHOE I0JIE C TaKHM K€ PaJuycoM, KOTODBIH
YCIIOBHO MOKHO MPUHSTH 33 pazMep dJeKTpoHa. JIpyroi 3JeKTpOH B CITUHO-
BOW mape Tarke 00JazaeT COOCTBEHHBIM C(DEPUUECKUM MarHUTHBIM ITOJIEM,
KOTOpO€ OPHEHTHPOBAHO IPOTHBOIOJIIOKHO MAarHUTHOMY IIOJIIO MEPBOTO
9JIeKTpOHA. B pe3ynbrare B3anMoAeHCTBUS CheprHUeCKUX MArHUTHBIX IMOJeH
9JIEKTPOHOB B MPOTHBO(a3e OHU JIOIKHBI ITOJIEPXKUBATH JPYT JpyTra B aTOMe
KaK IIapbl, NPEMSATCTBYS MAJCHUI0O MX OpOMTaledl Ha IUIOCKOCTh OpPOMUTEL
[MpuobpereHnto opOUTAIIMA TaKOH CPeprudecKoil GOpPMBI JOIKHO CIIOCO0-
CTBOBaTh U TO, YTO OHH SIBJISIOTCS B3aUMHO OTTAJIKUBAIOIIUMUCS 3apsiaMU
JJIEKTPOHOB.

3aMeTHM, YTO NpH 3HAYE€HUU OOIIEero KBAaHTOBOTO YUCia n = 1, pajauy-
CBl OPOUTBHI ANIEKTPOHA U COOTBETCTBYIOLICH il opOHTany paBHBL. JTO TOBO-
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PHT O TOM, YTO LICHTPBI BPALICHHS OpOUTANIeH CIIMHOBOM Maphl ANIEKTPOHOB B
aToMe IIPU COCTOSIHUM n =1 HAaxXOLATCS Ha PACCTOSIHUM JAPYr OT Apyra He
OmmKe, YeM Ha JiBa pajauyca OT UX KpyroBOTrO JIBMXKEHHs 1o opoute. Takum
00pa3oM, Kak 0TMEUaJIoCh paHee, eclid (OpMy OpOUTAIU PUHATH 32 ChepH-
YECKYI0, TO OPOUTAIH SIIEKTPOHOB B CIIMHOBO# Mape ynuparoTes APYT B APY-
ra Kak JiBa yIpyrux mapa, B TOYKEe CONPHKOCHOBEHHSI KOTOPBIX HAaXOIHUTCS
PO aToMa.

PaccmoTpum TpaHCchOpMAINIO KHHETHYECKOW SHEPTUH JICKTPOHA Ha
opbure. M3BectHO, uTO, MO Teopuu bopa, obmias sHeprus anekrpoHa E, B
aTOMe B 7-OM KBAaHTOBOM COCTOSIHUH PaBHA CyMMe KHHETHYECKOW M MOTEH-
LUaIbHON SHEPIUii:

E,=E_ +E,, (8.2)

rae E. — KUHeTUdecKas (CIHMpPaNbHOIO JBHMKEHHA) U E, — MOTeHLHaIbHAs
sHepruu. Kak Op110 1mokaszaHo B 171. 6, B MOMEHT 3aXBaTa JIEKTPOHA Ha OpOH-
Ty NMOTCHIMATIbHAS SHEPTUS 3JIEKTPOHA MOIHOCTHIO NMEPEXOJUT B KUHETHUE-
CKYIO DHEPrUI0 CIMPalIbHOrO ABWXKEHUS FE,.. IIpu 3TOM, COracHo COOTHO-
meHuo (6.19), a taxke umest B BULY TO (akT, 4TO MOTECHIUAIIBHAST SHEPTHS
3NIEKTPOHA, 10 OMPEAEICHUI0, UMEET OTPULATENBHOE 3HAUYeHHE, CyMMa KH-
HETUYECKOW M MOTEHIUAIBHON PHEprui, T.e. oOIas SHEprusl JOJDKHA paB-
HSATBCS HYJTIO, YTO OTPaKaeT COOTHOIIEHUE:

E,—E, =0.

Kak yxe roBopuioch, 1mocje 3axBaTa 3JI€KTpOHa Ha OpOUTY, BCIEICTBHE T'H-
pockommueckoro s¢dexra, opbura TpaHCHOPMUPYETCSI B CTAIMOHAPHYIO
opbuTtans snexTpoHa. IIpu 3TOM mocTynarensHast CKOPOCTh AJIEKTPOHA MOJ-
HOCTBIO TOPMO3HTCS C U3ITyYCHNEM ITOJIOBHUHBI CBOEH KMHETHIECKOW YHEPTHN
CIHPAJILHOTO JIBUWKEHHUS, paBHO# E,,, = E,/2, a ocTalbHas MOJIOBUHA KHUHE-
TUYECKOH dHEPrHH, Kak oTMeyany B (6.34), Takke paBHas E =E /2, Ipy-

HaJJISKHUT DJIEKTPOHY Ha cTanuoHapHOW opOurtamu. ITockonbKy, coriacHo
(6.19), E = E , To o0mast SHEPTHs HICKTPOHA HA OpOHUTAIN paBHA:
KC P

1 1
En :EEKC _Ep = EK _EP :_EEP’ (82,8)

YTO MOJHOCTBIO COTJIACYETCSl C BEIMYMHON OOIIEeH 3HEpPTUM SJICKTPOHA B
atome bopa. Takum o6pa3om, Hamre MPEIIONIOKEHHE O THPOCKOIMHMYECKON
TpaHcopmanuu OpOUT IEKTPOHOB C MOTEPEHl 4acTH KMHETUYECKOW IHEp-
THU DIJIEKTPOHA TOATBEPKIAeTCsl (haKTUYECKHM 3HAYeHHEeM SHEPruH 3JeK-
TpoHa B arome. Heo0XxoauMo 3aMeTHUTh, YTO Takas, UMEoIasi THPOCKOIHNYe-
CKHUi XapakTep TpaHcdopManusi OpOUTHI ISl SIEKTPOHA SHEPTETUIECKH BbI-
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TOJIHA, T. K. OH IIPU 3TOM HPHOOpETAaeT MHUHUMAJBHYIO SHEPTHIO, PaBHYIO
OTpHUILIATETEHOMY 3HAYCHHIO €ro 00IIeH SHepTHH.

PaccmoTpenHas TpaHc(opMalHs SHEPTHH 3JIEKTPOHA IOJIHOCTHIO
TIOATBEP)KAACT U HaJM4YWe COOCTBEHHOTO CIIMHA JJICKTPOHA, paBHOro 1/2 B
enuHUIax /i. JIeWCTBUTENBHO, JIEKTPOH IOCe 3aXBaTa aTOMOM COXpaHseT
TOJIBKO BpAINATENIbHYI0 YacTh JHEPTUH CIUPAIBHOTO JABMIKCHHUS, PABHYIO
mv’/2, KOTOPOit COOTBETCTBYET TOIBKO TOJNOBHHA OBIIEIr0 MOMEHTA KOJIHUE-
CTBa IBUKCHUS, paBHas fi/2.

VY4uThIBast, YTO MPH 3aXBaTe JIEKTPOHA HAa OPOUTY TMPOCKOMHYECKOE
TOPMOXKCHHUE IMOCTYNATCIbHOI0 ABWKCHHA DJJICKTPOHA MPOUCXOAUT HEIIPE-
PBIBHO, TO TaK Ha3bIBaE€MOW OPOUTHI C IOJHOIM SHEpPruel CupaitbHOTO JIBU-
JKeHUs B aToMe (paKTHUECKH He cymiecTByeT. OpOnTa IBMKEHHUS DIIEKTPOHA B
aToMe, KaK 3TO IMOHUMAJIH paHee, OKa3bIBaeTCs MHUMOW M 10 HEll peanbHoe
JBIDKECHHE DJICKTPOHA OTCYTCTBYET, @ €CTh TOJIBKO HCKPUBICHHOE COCTOSHUC
NPOCTPAHCTBA B MOTECHIMAIBLHOM TOJIE siapa. B 3ToM ciydae CBSA3YIOIINM
3BEHOM MEKIy MHHMbBIM JBIXKCHHEM 110 OpOUTE U (PMKCUPOBAHHBIM COCTOS-
HHEM DJIEKTPOHA HA OPOUTAIN C PAIUYCOM 7, SBIAETCS CKOPOCTH KPYrOBOH
COCTABIISIONIEH CITUPATBbHOTO ABMKEHHUS JIEKTPOHA Ha OpOMTANIH, KOTOpasd,
cormnacHo (6.28), onpenernsieT 3HaUYeHUE OOIIEro KBAHTOBOTO YHUCIA 71 TIO 3(-
(hexTHBHOMY 3apsny spa.

Kak 0but0 mMokazaHo paHee, CHWKEHHE d(QQEKTUBHOTO 3apsiia MOXET
UMETh JIIOOYI0 KPaTHOCTh, HO U JOCTW)KEHHS YCTOWYHMBOTO COCTOSTHHMS
9JIEKTPOHA B T0JIE SIIpa 3TO CHIDKEHUE JTOJDKHO OBITh KPAaTHBIM LIEIOMY YHC-
1y n. Hike paccMOTpUM 3TO B yCJIOBHSIX BO3MOXHOM JedopMannyl CHIIOBBIX
THIOJICH MHOT03apsITHOTO sipa.

KBanrtoBoe unciio n u negpopmanus opoursl. PaccMoTpum eme oa-
HY BO3MOXXHYIO XapaKTEpUCTHKY OOIIero KBaHTOBOTO YHCJA /1, B COOTBETCT-
BuH ¢ (6.28).

Cornacno (8.1), s o0IIero KBaHTOBOTO YHCHIA 7 BBIOTHIETCS CO-
OTHOWIEHUE 7 =7 /r,. OYEBUIHO, YTO MPU p =1 BBHINOJIHIETCS PABEHCTBO

r=r. Ecnu takoe PAaBCHCTBO OTBCYACT 34 CTAHMOHAPHOC COCTOSIHUC DJICK-

TPOHA B aTOME, TO BBIPAKEHHUE 1 = N7, IPU 1 >1 MOXKHO IPUHATH 3a BBIpa-
JKEHHE, OTBEYAIOIEe 3a COCTOSHHE IICKTPOHA MPHU ero 1e(opMHUpPOBaHHON
opbute. B Takom ciydae obImiee KBaHTOBOE YHCIIO # MOXHO PacCMaTpUBATh
KakK IT0Ka3aTellb CTENEeHU Ae(OopMalu OpOWTHI IEKTPOHA, YTO SIBISETCH,
HapALy C JPYTUMH €r0 XapaKTEPUCTHKAMH, €lle OJHOM XapaKTePHUCTHKON
KBAHTOBOT'O YUCIIA.

PaccMoTpuM 3Ty CHUTYyalMIO B aTOME CXeMaTHYEeCKH, C y4eToM aedop-
MaIli{ MOTEHIMAJIbHBIX CHIIOBBIX TUHMUHU siapa. Ha puc. 8.2 npuBeneHa cxema
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OpOUTATIBHOTO JIBYKEHHMS JNeKTpoHa npu n = 1 (A) m cxema aedopmanun
ero opoutsl pu n = 1+2 (b).

JomyctuM, 4To 0pOUTa 3IEKTPOHA CHOPMHPOBAHA COTIACHO CHIIOBOU JIMHUH
sIpa aroMa, KOTopas IpU TJaBHOM KBaHTOBOM YHCIIEC, PAaBHOM EIHHHIIE,
UMeeT B ceueHHH (HOpMy NMpaBHIBHON OKpyXKHOCTH. IIpm 3TOM pajgmyc Ok-
PY)KHOCTH CHJIOBBIX JIMHUH PaBeH PajUyCy CHHPAIBGHOTO IBHM)KEHHUS DIIEK-
TpoHa 1o opoute. Toraa pagnyc opOUTaIbHOTO ABMXKEHUS JIEKTPOHA paBeH

paanycy OKpy>KHOCTH CHJIOBBIX JIMHUI r, wmm opouts! (puc. 8.2, A).

Puc. 8.2. Cxema obOpa3oBanust OpOUT M OpOHTAIICH IEKTPOHOB
IPH Pa3IMYHBIX 3HAYCHHUSX TNIABHOTO KBAHTOBOTO YHCIIA /1

[Ipu rupocKONMYECKOM Mepexo/ie ABMKEHHS AJIEKTPOHA 110 OpOUTe Ha
CTallMOHAPHYIO OpOHUTAIbh C PaJUycoM 7., KaK MOKa3aHO Ha cxemax A u b,
JIEKTPOH MOBOPAYUBAET OCh CIIUPATIBHOTO ABMKEHUS 0 CIUSHUS €€ C OChIO
opoutsl. Ilpu smom niockocme opoumanu 6ydem aexcamov HA 6epuiHe mo-
A CUNOBLIX TUHULL.

Takxum oOpazom, mpu n = | pacueTHBIA pagnyc OpOUTHI SIEKTPOHA, TI0
TPaTUIIMOHHON TEOPHUH, COOTBETCTBYET PACUCTHOMY PaJNyCy €ro opOuTai,
IDIOCKOCTh BpaIlIeHUs KOTOPOH, Kak TMOoKa3aHo Ha puc. 8.2 (A), oTcTaer oT
[IEHTpa aToMa Ha PAacCTOSHUE pacueTHOTO paamyca opOuThl. [Ipu 3Tom opOu-
Tajb, COOTBETCTBYIOIIAS OCHOBHOMY COCTOSIHUIO 3JIEKTpOHA B aTome, oOpa-
3yeT KOHYC C BEpIUIMHOM B LIEHTPE aToMa M OCHOBAHUEM, OTPaHUYCHHBIM OK-
PYKHOCTBIO OpOUTAIIH.

3aMeTuM, YTO COOTBETCTBYIOIIAs OCHOBHOMY YCTOHYHBOMY COCTOS-
HUIO opOHTanu npu # = 1 00pa3yromas KOHyca UMEET YroJl CO CBOEH OChIO,
COBMNAJAIONIEH C BbIICJICHHBIM HalpaBlieHWEM, paBHbIM 45°. A Bce mocie-
Jytomye aehopMUpOBaHHbIE CHIOBBIC JIMHUY Sipa aToMa IpH 1 > 1 Tpoxo-
JIIT BHYTPH OKPYKHOCTH OpOuTamy mpu n = 1.
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Ha puc. 8.2 (b) nokazans! ne)opMHpOBaHHBIE CHIOBBIC JIMHHUU SiApa
npu 00IIeM KBaHTOBOM 4Hcie n = 2. 37eCh COOTBETCTBYIONIAsl PACUETHOU
HeneOpMUpPOBaHHAsL OpONTa M OPOUTANIE IEKTPOHA NPH 7 = 2 0003HAYEHBI
MyHKTUPHON JIMHUEH.

Kak BungHO m3 cxemsl b, mpu n = 2 KpyroBwle cHiIOBbIe JTUHUH (000-
3HA4YeHbl MYHKTUPOM) Ie(OPMHPOBAHEI M NPUHUMAIOT (GOPMY JIUIHIICA, Y
KOTOPOTO pajguyc OpOMTHI MEHBINE, Ye€M €r0 pacdeTHOE 3HAueHHE, B n = 2
pa3a M paBeH pajinyCy CHHPaJIbHOrO JBIKeHUs. [Ipu 3TOM opOHTaNb diek-
TPOHa yJajeHa OT sipa aTOMa Ha pacueTHOE PACCTOSHUE painyca OpOUTHI 7.

Takum 06pazoMm, 1e)OPMUPOBAHHBIM CHIOBBIM JIMHUAM (B (hopme 31-
JIMIICA) COOTBETCTBYIOT M MEHBIIAsl 110 OKPY)KHOCTH, YeM pacueTHasi, aedop-
MHUpOBaHHasi opOuTa (KpyroBas) W COOTBETCTBYIOILIAas OpOWTalb, PajnyChl
KOTOPBIX MEXIy CO00 Bceraa paBHBI, Kak u 1pu # = 1. HamomuuMm, uto npu
n =1 opbuta 371€KTpoHA NMeeT (HOPMY NPaBUIBHONH OKPYXHOCTH U €€ pajiu-
yC paBeH paJuycy opOnuTaim.

Kak nokazano Ha puc 8.2, pacyeTHOE 3HaUCHHE PaaNyca OPOUTHI / IPH
JAHHOM 3apsiie ¥ 00IIeM KBAaHTOBOM YHCIIE 71 OIPENENIETCS. PACCTOSHUEM OT
IIEHTpa aToMa JI0 IIEHTpa COOTBETCTBYIOIIEH OpOWTaM, YTO IO Hampasie-
HUIO ¥ BEJIMYMHE COOTBETCTBYET CKASIPHOMY 3HAUYEHHIO DPaHycC-BEKTOpa
pacdeTHOI OpOUTHI B MHTETPaJIbHON CHCTEME KOOPIUHAT.

[ToxBens uTor pacCy AeHUSIM, MOKHO KOHCTaTUPOBATh, YTO JIEKTPOH
B aTOMe, COTJIACHO 3apsiy sApa U KBAHTOBOMY UHUCITy, UMEET pacueTHOE 3Ha-
YeHUe pajuyca OpOUTHI, ONpeessoliee 0 OCH OpOUTHI paccTosHIE OpOu-
TaJM OT IeHTpa aroma. [Ipum 3TOM IBMXXEHHE SJIEKTPOHA 1O OpOHTe syIpa
MPAaKTHYECKH MIHOBEHHO MEPEXOJUT BO BPAILCHNE B CTAIMOHAPHOM COCTOSI-
HUM Ha OpOUTAITH.

Pagnyc opOuranu r. MOXXHO HPHHATH 33 Paanyc NePOPMHUPOBAHHOM
OPOMTEI — 7, T.€. BBITIOJIHAETCS COOTHOMIEHHE 7, = r,. B 9TOH cBA3M obmiee

KBaHTOBOE 4MCJIO /1, OIPEIEIISAIOIIEE COCTOSHUE MIEKTPOHA B aTOME, OTpaXKa-
eT crerneHb JaeopMaiu OpOUTHI B KPAaTHOM IO BEJIMYMHE COOTHOIICHHH
pacyeTHOTO 3HAuYCHHUS pajuyca OpOUTHI r K 1e(OPMUPOBAHHOMY 3HAUYEHHIO
ee paguycar,, T.e..

n=rlr,. (8.3)

IockonbKy IBHM)KEHHE JJIEKTPOHA MO OPOMTE SBISCTCS BPEMEHHOH M
MEPEXOTHOH XapaKTePUCTUKOI €ro COCTOSIHHUS B aTOME, CTAHOBHTCS HOHST-
HBIM BCS CJIOKHOCTb IIYTH IIO3HAHUS DJIEKTPOHHOM CTPYKTYphI atoma. Ha-
IpyMep, 0 KBAaHTOBOH TeOpHH, B BoIoponononooHoM atome bopa cymect-
BOBaHHE OPOUTHI AIEKTPOHA JOKA3BIBACTCS HKCIIEPHMEHTaMH, HO KOTJa BO-
MPOC 3aXOIUT O MOCTPOCHUM CTPYKTYPHOH MOJENH aToMma, 3TH «OpOUTHD)
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BXOJAT B NPOTHUBOPEYHC C TeOpI/Ieﬁ. U umenno O3TOMY CO34aTCIn TCOPUU
KBAaHTOBOM MEXaHUKHU MPpUIKACAIN DJICKTPOHY HEOOBIUHEIC CBOﬁCTBa, Hanpu-
MCp, TaAKHC, KaK CIIOCOOHOCTH €T0 Hpe6bIBaHI/I$I B aTOMC B COCTOSIHUH DHEPIC-
THUYCCKOr'0 BEPOATHOCTHOTO o0uaka.

8.3. YnakoBka op0uTaseii 3JIeKTPOHOB B aTOMe

Ecmu OJICKTPOHBI B aTOMC HaAXOJAATCA Ha CTAIMOHAPHBIX Op6I/ITaJ'I$[X, TO
pa3Mepbl STHX OpOUTaJIel YCIOBHO MOXHO MPUHSTD 32 pa3Mephl JIEKTPOHOB.
B takoMm ciydae, ecim HamM pacCykAEHHs BEPHBI, 9TH OpOMTANHN JOJDKHBI
3aIOJHATH JJIEKTPOHHYIO 000JI0UKY aroMa B BBIZECICHHOM HAIpaBJICHHU IO
NPUHLOUIY IJIOTHOHM ynakoBKH. [103TOMYy paccMOTpPHM COOTBETCTBHE pa3Mme-
POB opOHTAaNeil BHYTPEHHHUX JIEKTPOHOB IIPH UX IUIOTHON YIIAKOBKE B BBIJIC-
JICHHOM HaIlpaBJICHUU pa3Mepy OpOHTHI BHELIHETO JIEKTPOHA.

Kak m3BecTHO, pa3Mepbsl OpOUT DIEKTPOHOB B aTOME 3aBHCAT OT UX
SHEPreTHYECKOTO COCTOSIHUSA, T.€. OT 3HAUCHHUs OOIIero KBAaHTOBOTO YUCTIA .
Ha puc. 8.3 npuBenena cxema IJIOTHON yITaKOBKH OpOHTAaNe! B BBIICICHHOM
HAIPaBJICHUH, B COOTBETCTBHMM C BO3PACTAIOIIMMH 3HAYCHUSMH OOILEro
KBaHTOBOT'O YHCTIa 71 OPOUTHI.

-

. e s
e OpObutam K % N
P -f—-3------- ~——-R716
Pa3mepst opouT, < Ny ~ \

/ d

Puc. 8.3. Cxema ynakoBKu opOuUTaseii ¢ poCTOM 3Ha4eHHs KBAHTOBOI'O YUCIIa

Ha 3t1oii cxeme OpOUTHI M MX COOTBETCTBYIOIINE OPOUTAIN OTPayKEHBI
TOJIBKO B OJIHOM HAIPaBJICHUH M3 CIIMHOBOW Iapbl paauyc-BeKTopoB. Oue-
BUJIHO, YTO IIGHTP aToMa COBIIJaeT C LIEHTPOM OpOHWT, a IEHTPHI opouTaIeh
CMEIICHBI OT IIEHTPa aToMa B BBIJICIICHHOM HAIpaBJICHUU Ha pacCTOSHHE pa-
JyCOB COOTBETCTBYIOLIUX OPOUT.
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Kak u3BecTHO, paguyc 7, pacueTHOH OpOMTHI JIEKTPOHA B aTOME IPH
MOCTOSTHHOM 3HAUCHMH 3apsi/ia MPONOPIHOHAJIEH KBaIpaTy 3HAUCHUS O0IIEeTo
KBAHTOBOTO UHCIA 71, T.€.:

r =Cn?, (8.4)

rae C — k03¢ (HUIIEHT TPOOPITHOHAIEHOCTH.

Kak yxe KOHCTaTHpOBaJOCh, paJuyc OpPOHMTAIH, T.€. PAIUyC CIHUPAIBLHOTO
JBIDKEHHS JICKTPOHA 7y, COOTBETCTBYIOLINIT €T0 OPOUTAIEHOMY JBIKCHHIO
P JaHHOM 3HAUYCHUH TTTABHOTO KBAaHTOBOT'O YHCIIA /1, UMEET BBIpasKeHHeE:

r,=r /n=Cn. (8.5)

[IpousBeneM MOCIEIOBATENBHBIN pacueT PaJlycoB OpPOHT 10 BO3pac-

TAIOIIUM 3HAYSHUSM OOIIEero KBaHTOBOI'O YUCIA 7 U CyMMeE pa3MepoB (jana-
METPOB) OopOUTaleii M0 KaXKAOMY 3HAUCHHIO INIABHOI'O KBAHTOBOTO YHCJa OT
MEepBOH 10 MocieIHeH opOuTaIy, T.€. OT IEHTPa aToMa JI0 IIEHTpa OpOUTaIH
MocJeIHeH OpOUTHI, a 3aTEeM CPaBHHUM Pe3yJIbTaThl 3TUX pacueToB. [Ipu cym-
MHUPOBAaHUH HEOOXOMIMO UMETh B BUIY, YTO y TOCICIHEH OPOUTATH YUUTHI-
BaeTCs TOJILKO IOJIOBHHA €¢ pa3Mepa (Mamerpa), paBHOTO €€ pajuycy, T.c.
BO BHHMAaHHUC TPUHUMACTCS pa3Mep OpOUTAIM TOJBKO JO €€ IICHTpA, JiexkKa-
LIET0 HA JINHUH MOCJCIHEH pacueTHON OpOUTHI.
Homyctum, uto C =1, TormaumeeMm: s n=1 ri=rg=1;,mman=2r,=
Cn=2, 1’2:Cn2:4I/IJII/II"2: 20 tro=2+2=4;0man=3 rz=3,1r3=
Cn’=9 WIHT3 =21 T2+ 1r3=2+4+3=9;. . s0man=7 ro=7,1r=
Cn’ =49 wm 17=2r T 200+ 2r; + 21+ 215+ 2retrg=2+4+6+8
+10+12+7=49ur.n.

Kaxk nmoxazano Ha puc. 8.3, pazmep pacueTHOl OpOUTHI TOYHO COOTBET-
CTBYeT pa3Mepy OpOWTHI, MOTYYCHHOW IIOTHOW YIAaKOBKOH opOuranei (1o
Mepe BO3pacTaHUs KBaHTOBOTO YHCIA 1) MO JHHUAU paauyc-Bektopa R, 10
IEHTpa MmocieaHel opouTanu. B MmaTemaTudeckoit hopme Takas 3aKOHOMEp-
HOCTb JIJIsl HAXOXKICHUSI PaIyca PaCueTHOM OPOUTEHI 7, uepe3 pa3zmepsl opou-
Tajei IS JaHHOTO 3HAYEHHs OOIIEro KBAHTOBOTO YHCIIA 71 HIMEET BUL:

r, :i2Cn—Cn :C(ZZn—n). (8.6)
1

Torna, ¢ yueToM BeipakeHus (8.4) 1y1st 00IIEro KBAHTOBOTO YHUCIIA 71 KMEEM

Cn’ = C(2Zn—n)
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nimn

n’ :ZZn—n.

[pu n =1 mnoctosHHBIN MHOXUTENs C paBeH paguycy MepBOil pac-

YETHOH OpOMTHI HIIH PAJIyCy CITUPAIBHOTO JBIKEHUS 3TOH OpOuTHI, T.€. C =
r.1 = ri. B 3TOM ciydae aist pacdeTHOTO paanyca OpOUTHI TPH JAHHOM KBaH-
TOBOM UHCIIC IMEEM:

r, =1 (ZZn - n) (8.7)

T/Ie |— paJinyc NepBOH pacueTHONW OPOUTHL

C y4eroM TOTO, 4TO HEHTP OPOUTAIN BHELIHETO JIEKTPOHA HAXOAUTCS
Ha JIMHUK OpOWTHI, 3HAUEHHE pajuyca OOOJIOYKH ITOH OpOHTHI, T.€. aToMa
Oosbllie Ha BEMUYMHY pajnuyca 3Toi opoutamm. Toraa i pagiyca aToma 7y
IIPU JJAHHOM 3HaY€HUH KBAaHTOBOTO YHCIIA UMEEM:

r, :2C2n.

A C y‘ICTOM BLIpa)KeHI/Iﬂ JJIA Vl2 nu C =r HOHy‘IaeM:
ry=rn(n+1). (8.8)

TaKI/IM 06pa30M, MBI Y6CZ[I/IHI/ICB B COOTBCTCTBHUU HaﬁHCHHBIX HaMHn
CYMM pa3MepoB OpOHuTaieil 3JeKTPOHOB M Pa3MepoOB aTOMOB IO 3HAYCHHSIM
pamuycoB BHEIIHHX OPOUT, KOrJa 3TH OPOMTAIM 3AMOHSIOT AJNEKTPOHHYIO
000JI04Ky aToMa OT LEeHTpa K neprudepru Mo NPUHIUIY [UIOTHOH yNaKOBKH.
BelnonHeHne Takoi 3aKOHOMEPHOCTH IIPU MOCTOSHHOM 3HA4YCHHH 3apsija
H}:[pa JJIA OHpeI[eHeHI/Iﬂ COCTOAHUIA 3HCKT'pOHHBIX O6OHO‘ICK OYCHBb BAa’XHO KakK
JJIS BOZ[OpOI[OHOZ[O6HOFO aToMa Jid BCEBO3MOXKHBIX €ro COCTOHHHﬁ, TakK "
JJIS MHOFOSapH}IHI)IX aTOMOB. 3apsm ﬂ,upa MHOFOSapHI[HOFO aToMa MOXXHO
paCCManI/IBaTL, C OZ[HOﬁ CTOpOHBI, KaK €JHHOC 1CJI0C, a C Z[pyl"Oﬁ, — KakK
CTPYKTYpHOE 00pa3oBaHue, Koryia d(pQEeKTUBHBIA 3apsi sipa Uil SJIEKTPOHA
3aBUCHUT OT paCCTOﬂHI/Iﬂ, Ha KOTOpOM OH HaxoOauTCsa OT 3TOIO s[;[pa. A 3TO, B
CBOKO Oqepeﬂb, OHpeZ[eJIHeT 3HA4YCHHUC 061.].[61"0 KBAHTOBOT'O YHCJIa KaXXA0I'0 U3
3J'ICKTpOHOB aTomMma, OT KOTOpLIX 3aBUCAT KOOp,Z[I/IHaTBI pa,I[I/ch-BCKTOpOB cTa-
IHOHAPHBIX OpOUTAIIEH DIIEKTPOHOB.

HOI[Be,Z[fI HUTOoTr CKa3aHHOMy MOXHO KOHCTaTI/IpOBaTB, qTO IIJIOTHaAiA
yHaKOBKa CTaHI/IOHapHBIX 0p6HTaHeﬁ B aTOME, COTJIaCHO MX KBAHTOBBIM YHC-
JaM, yOeIUTEIbHO TOATBEPKIAET CHPABEUIMBOCTh HALIMX PACCYKIACHUH O
CIHPAJILHOM JBI)KCHHM 3JIGKTPOHA B TMPOCTPAHCTBE. Takoe CHHpaibHOE
JIBIDKEHHUE 3JIEKTPOHA [IPU NIEPEX0JIe €ro Ha OpOUTY, BCIECICTBUE THPOCKOIIH-
YCCKOIo 3(1)(1)61('1"&, HCpeXOZ[I/IT B CTaHI/IOHapHOG COCTOSIHUC HpI/I BpaHIeHI/II/I Ha
Op6I/ITaHI/I. TOpMO)KeHI/Ie HOCTyHaTCHBHOFO JABHUXKCHUA 3.]'I€KTpOHa BBI3BIBACT
I/I3J'Iy‘{€HI/I€ B HpOCTpaHCTBO OCBO60HI/IBIH€I7[C$I HpI/I S5TOM KHHCTI/I‘ICCKOﬁ
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OHCPIrUu. EIIIC pa3 HAariOMHUM, YTO OpHUCHTAl U TaKOH Op6I/ITaJ'II/I B aToM¢€
MOJHOCTBIO COOTBECTCTBYCT OPUCHTAMU camoit pacquHoﬁ 0p6I/ITBI, a KOop-
JAUHATBI LCHTpa Op6I/ITaJ'II/I COOTBCTCTBYIOT 3HAUCHUAM HpOGKL[I/Iﬁ paanyc-
BCKTOpPA Op6I/ITBI Ha COOTBCTCTBYIOIMUC KOOPANHATHBIC OCH.

8.4. Equnas cuctemMa CIMHOBBIX Map aTOMa U MPHHIUIIBI HX pac-
npeaenaeHust

CnuHoBbIe Mapbl 1 MATHUTHOE KBAaHTOBOE 4MCJI0. Bhiie Mbl pac-
CMOTpENIM 00pa30BaHNe TUPOCKONMUYECKH HEHTPaJbHBIX CHCTEM TOJIBKO JUIS
JIBYX 3apsOKCHHBIX KBAaHTOBBIX YaCTHII, MPEJCTABICHHBIX JICKTPOHAMH, U
yOeaunuch, 9To Takue HEeHTpaJbHbIE THPOCKONMYECKUE CHCTEMBI IS DJICK-
TPOHOB 00pa3yIOTCS 10 OCEBOW JIMHUM C MPOTHUBOIIOJIOKHBIMH 3HAYESHUSIMU
cnimHa. Kak M3BECTHO, B aTOMe TeJIHs JIEKTPOHHAs 000JI0YKa, OTBEYAIONIast
KBaHTOBOMY YHCITy # = |, COCTOHUT U3 ABYX 3JEKTPOHOB ls-opOuramu. OTim-
YHUTEJBHBIM [PH3HAKOM COCTOSIHHS 1S SIBISETCS TO, YTO HANPABICHUS Paju-
yC-BEKTOPOB OPOHT BIIEKTPOHOB COOTBETCTBYIOT BBHIIEIECHHOMY HarpaBlie-
HHIO C NPOTHUBOIIOJIOKHBIMH CHHHAMH, IIPH KOTOPOM HPOSKIHH OpOHUTalIb-
HBIX paJiyc-BeKTOPOB, IIEPHEHANKYISPHBIX K BBIIEICHHOMY HallpaBICHUIO,
paBHBI HYJI0. DTO, KaK IPUHATO B TEOPHH KBAaHTOBOW MEXAaHUKH, COOTBETCT-
BYET HYJIEBOMY 3HAYE€HHIO OpPOHMTAILHOIO MOMEHTA KOJIMUECTBA JABMKECHHS, a
3HAYUT, U OpOUTAIILHOMY KBaHTOBOMY uuncity [ = 0.

Heo6xoauMo o0patuTh BHUMaHHE €Ilie Ha OJJHO BaXXHOE 00CTOSATEINb-
CTBO, 3aKJIIOYAIOIIEECs: B TOM, YTO CHIJIOBOE ITOJIE SIpa MOJCIUPYET MECTOHA-
XOXKACHHE 3JIEKTPOHA B AJICKTPOHHOI o0oiouke aroma. Torma mo 3akoHy
00paTHOI! CBA3M MOKHO TPEIIOI0KHUTE, YTO CIPYKIMYPA NeKMPOHHOU 000~
JIOYKU_amoMa_adeKkeamua _cmpyKkmype e2o sA0pd. ITO 3HAYHT, YTO NPHHIHI
00pa30BaHUs CIIMHOBBIX ITap MPOTOHAMH B CTPYKTYpE SIpa TaKOH ke, Kak U
JUTS 3JIEKTPOHOB B atoMe (mpuBeneHo Ha puc. 8.1). U3 ckazanHOTO, B CBOIO
o4epesib, MOXKHO IPEIIONI0KUTE, YTO_HPONIOHbL 8 A0Pe UCTbINbIBAIO MAKOE
JHce_Oeticmaue dIeKmpuyecko20 3apaod u3 yeHmpa A0pa, KaxK u 1eKmpoHbl
co_cmoponsl A0pa_amoma. B TakoMm ciyuae, ecii IPOTOHBI B Siipe, TaK XKe
KaK ¥ JIEKTPOHBI B COOTBETCTBYIOIIEH 000JI0UKE aToMa, CTPYKTYpHO Opra-
HHU30BaHbI MOAM(UIIMPOBAHHBIM AJIEKTPHUECKUM TOJIEM MTPOTHBOIIOIOKHOTO
3HaKa, TO OTIMYMS MEXaHHU3MOB OOpa30BaHUs CIIMHOBBIX Hap JJIEKTPOH —
9JIEKTPOH U MPOTOH — MPOTOH MPaKTHYECKH HE CyliecTByeT. [IpuMedaresns-
HO TO, YTO, B COOTBETCTBUH C (6.28), CKOPOCTH IBHKEHHS NMPOTOHA U DJICK-
TPOHA Ha OpOMTE, & 3HAYUT, K Ha OPOUTAIN MEXKTY COOOK0 PaBHBL

CnuH u oOpa3oBaHue CNMHOBBIX map. Paccmorpum oOpazoBaHHe
CIMHOBBIX Iap JJIEKTPOHOB HJIM IPOTOHOB B CIydYasx OTKJIOHEHHS paauyc-
BEKTOPOB HX OPOHT OT BBIIEJICHHOTO HAIIPABICHHS.
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OueBHUTHO, YTO MPH OTKIOHEHHSX paJiyC-BEKTOpa OPOUTHI OT BBIJE-
JICHHOTO HAIpaBJICHNUs OPOUTAIBEHOE KBAHTOBOE YHCIIO MPUHUMAET 3HAYCHUS,
OTIMYHBIC OT HyIA, T.€. [ > 0. CormacHO (7.35), 3T0O MOXET CIYIHTHCS TOIh-
KO B TOM CJIydae, eci¥ 3HauYeHHe 00IIero KBaHTOBOTO Yucia n2 > 1.

PaccmoTpum mpuHOMIBEI 00pa30BaHUs THPOCKOIMMYECKN HEHUTPAIbHBIX
CHCTEM B BBIACICHHOM HAIpaBJICHUH B 00bEME TPEeXMEpPHOH c(epsl U B Ha-
MPaBJICHUH, TEPNEHINKYISIPHOM K 3TOMY BBIICJICHHOMY HAIpPAaBJICHHUIO Ha
TUIOCKOCTH 000JIoueK OpOuTaneil, MPUMEHNTEIBHO K CIIMHOBBIM TapaM W3
AJIEKTPOHOB WJIM MPOTOHOB. [IJIs1 3TOr0 BHaYase BBEAEM HEKOTOPBIE MOHSATHS
u onpezenenus. Eie pa3 HamoMHUM, YTO TOJ CIIOBOM «CIIMH» BCeraa Oyaem
HMMETh B BUJY BpallleHHEe OOBEKTa TUIIa THPOCKOIIA B ONPE/ICIIEHHOM HaIpaB-
nerny. CIIMH MOXKET NMPUHUMATH TOJIOKHUTENIFHOE WM OTPHLATEIBHOE 3Ha-
YyeHHe. 3HaK CIMHA ONpeJelsieT 3HaK HalpaBJeHUs] pajnyc-BeKTOpa, a 3Ha-
YWT, U 3HAaK MOMEHTa KOJIMYECTBA ABMKECHHUSI OTHOCHTEIIFHO OMPEEIICHHOTO
HanpasieHus. TakuM o0pa3oM, 0OBEKTHI, BPAIAIONINEcs] B IPOTHBOIIOIONK-
HBIX HallpaBJICHUSX, T.€. IMEIOINE BEKTOPHI MOMEHTA KOJIMYECTBA JIBIKCHHUS
C OJMHAKOBBIMH CKaIAPHBIMU 3HAYEHUSIMH, HO OPUCHTHPOBAHHBIE B IPOTH-
BOIIOJIOXKHBIX HAIPaBICHUAX, IPUHUMAIOT 3HAUYCHUS CIIMHA MTPOTHBOIOIOXK-
HBIX 3HAKOB. B nmanmpHEHIIEM CIUH B BBIJCICHHOM HAIpaBICHHH B 00BEMe
TpexMepHOU chepbl 0003HAYMM JIATHHCKON OYKBO# «s» W OyZeM Ha3bIBaTh
MIPOCTO «CIIUH», KOTOPBII MOXET MPUHUMATh 3HaueHus s = +1. Takum obpa-
30M, CIIMH B BBIJICJICHHOM HAIlpaBJIEHUH B 00bEME TPEXMEpPHOH cdepbl Mo-
JKET OTpakaTb OTHOCHUTEIbHBIH 3HAaK OOIIEro KBAaHTOBOTO YHCIA, B CBOIO
odepellb, OTPAKAIOIIETO MPOTHBOIIOJIOKHBIEC HAIPaBJICHUS! BEKTOPa MOMEHTA
KOJIMUECTBA JIBIDKCHNUS U paanyc-BekTopa Ry.

CnuH, NEHCTBYIOIIMA B HaNpaBICHUH IIEPIEHIUKYIIPHOM K BBIJE-
JICHHOMY B 00beMe CQepsl, T.e. Ha OpOUTANBHON INIOCKOCTH, U 0003HAYAr0-
X TaKKe BBIAEICHHOE HAINIPABIEHHE HA 3TOM IJIOCKOCTH, OyAeM Ha3bIBaTh
OpOHTANBHBIM CITHHOM U 0003HAYHM «S,». OpOUTaNbHOMY CIIMHY COOTBETCT-

ByeT OpPOMTAIbHOE KBAHTOBOE YHMCIIO , KOTOPOE OTpaaeT KBAaHTOBOE YHCIIO
NPOCKIMU PaJyC-BEKTOpa OpOUTHI HA IIOCKOCTh OOOJOYKH OpOUTANCH.
OpOuTaNbHbINA CIIUH, TaK XKe, KaK CIIMH B BBIICJICHHOM HAINPABICHUH B 00be-
Me, IPUHAMAET 3HAUCHUS S, = =1 W olpenessieT OTHOCUTEIIBHBIN 3HaK opOu-

TaIBHOrO KBAHTOBOTO YMCia [ M MPOEKIMK pajryc-BEKTopa opouTEl — Ry, B
HAarpaBJCHUH, NEPIICHANKYIISIPHOM K BBIICJICHHOMY HAlpaBJICHHUIO B 00bEMeE.
ITpu sToM npuHIUIIEI GOPMHUPOBAHMS CIIMHOBOW Mapbl KBAHTOBBIX YaCTHUI] HA
IUIOCKOCTH 000JIOUKM OpOMTajel TaKue JKe, KaKk U B BBIJCJICHHOM HarpasJie-
HUM B oObeMe. B nanpHeimeM BblielleHHOE HalpaBlieHHE B 00bEME Tpex-
MepHO# cepsl OyeM Ha3bIBaTh IMPOCTO — BBIACICHHBIM HallPaBICHUEM.
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OpOuTanbHbIA CIUH S,, B CBOIO O4Yepellb, MOXKET BBIPAXKATHCS OpOH-
TaNbHBIMA CIIUHAMH S,y H S,; COOTBETCTBYIOIIMX HAIPaBICHHH Pajiyc-
BekTOpoB Ry n R,

Yemanosum, umo opbumanvhblil cnun npunumaem 3Haveuue S, = +1
MONLKO RPU NONOHCUIMENLHBIX Soy U Soz U So =—1 NPU OMPUYAMENLHBIX S,y
U S

Kak cBuaeTenscTBOBanoch B IV 7, OTAEIBHO B3sATas KBAaHTOBAs 4ac-
THI[a B aTOMe IPH HHKCHPOBAaHHOM 3HAUEHHM KBAHTOBBIX UMCEN /1, My, My, U 1,
MOTEHIUAIBHO MOXET 3aHSTh YEThIPE Pa3HbIC MO3MIUH. DTH MO3UIHUH B UH-
TErpajbHON CUCTEME KOOPAMHAT ONPENEISIOTCS BO3MOXKHBIMHE COUYETaHUSIMHU
3HaKOB CIIMHA U (a3 Ha OpOMTE, KOTOPHIE, COTTIACHO BBIpakeHHUIO (7.7), uMe-
10T BUI: (+5 + £5), (5 — 1), (—s— f,), (—s + f;). OnqHako BMECTO IpOTH-
BOIIOJIOXKHBIX 3HaueHUH (a3 *f,, Tak ke, Kak M CIIMHOM +S B BBIJICIICHHOM
HaIpaBJICHUH, yJ0OHEE MOTB30BaThCsl TAKUMH XKE IMPOTUBOIIOIOXXHBIMU 3HA-
YEeHUSMH OpOUTAIBHOTO CIIMHA £S5, Ha IUIOCKOCTH OpOHMTaliell IPH yCIOBHH,
YTO 3HaKU (a3 OpOUTHI BCEra COBIAAAIOT CO 3HAKaMH OPOUTAIBHOTO CIIHHA.

B TakoMm ciydae coorHomienne (7.7) MOXET ONpenessThCs coueTa-
HUSAMH CIIMHA £S B BBIJCICHHOM HAaIpaBJICHHH M OpOUTAIBHOrO CIMHA +s,
CJIeTYIOIIEeTO BHIA:

(+s5+5,),(+s5s—5,), (=s+5,),(=s—35,). (8.9)
O6onouka +S Op6Ourans  O4YeBHIHO, YTO KOJUYECTBO TAKHX
opoutaneii  TRx COYCTAHUH TaKKe PAaBHO YCTHIPEM,

KaXI0€ U3 KOTOPBIX OMpEICIsIcT
BO3MOJKHBIE ITO3HIIMA KBAHTOBBLIX
YaCTUL[l B aTOME C OJUHAKOBBIMHU
3HAYEHUSAMH KBAHTOBBIX YHUCEN 7,
My, Ny W 7.

Ha puc. 8.4 mpuBenena BO3MOX-
Hasl cXeMa pachpesieNieHHs THUpo-
CKOMHUYCCKH HEHTPAIBHBIX CITHHO-
BBIX IIap KBAaHTOBBIX YaCTHI[ B
aroMe, COIJIaCHO  COYETAHMIM
CIIMHOBEIX KBAHTOBBLIX YHCEN +S5 U
+s, mpu GUKCUPOBAHHBIX 3HAYC-
HMAX KBAHTOBBIX YHCEN Hy, Hy U 1,
, @ 3HAYUT, OOIIEro 7 U OpOUTAIh-
HOro [ KBAHTOBEIX YHCEIL

Puc. 8.4. Cxema pacrnipe/iesieHUs] 4aCTHIL
Ha 000s10uKe OpOuTalIeH, COrIaCHO
COYCTAHHSIM CIIMHOBBIX KBAHTOBBIX YHCEI
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3amerum, 4to s S-o0osouek opoutaneit 3Hauenue [ = 0. [Ipu 3Tom cyme-
CTBYET TOJIBKO CIIMHOBOE KBAaHTOBOE YMCIIO S B BBIJICJICHHOM HAIlPaBJICHHUH,
a Ha 0p6HTaﬂbH0f/lI IIJIOCKOCTHU KBAHTOBBIC HAaCTHUIIbI OTJINYAIOTCA TOJIBKO ITIO
3HakaMm (a3 £f,.

MarauTHoe KBAHTOBOE YHCJI0 111 U 000J109KH opouTAaJIeii.

Kak mokazano Ha puc. 8.4, mpy 3HaUu€HHSAX OOIIET0 KBAaHTOBOTO YMCIIa
n>1 ¥ OpOUTANILHOTO KBaHTOBOTrO 4ncia / > 0 paccTOSHUE MEXIY CIIHUHO-
BbIMU TTapaMU KBAHTOBBLIX YaCTUIl YBCJINYUBACTCA. HpI/I 9TOM, KpOME€ BbIJC-
JICHHOTO HAaIPaBJICHHUS, TOSIBIISIFOTCS IPOSKIMU paIiyC-BeKTOpa OPOUTHI U Ha
IUIOCKOCTAX 00004ek opouTaneit. [IpoTMBONONI0KHbBIE HAIIPaBICHUS IPOCK-
IUHA  paJuyc-BEKTOpa OpPOUTHI ONPEAENSIOTCS, COOTBETCTBEHHO, 3HAKaMHU
CIHHA B BBIAEICHHOM HalpaBJICHUH £ W opOUTansHOro crnmHa +s,. Covera-
HUSI OTUX CITMHOBBIX KBAaHTOBBIX YHCEII IO TMPOEKIHMSIM palyCc-BEKTOPOB Ja-
IOT YETBIpE pa3pelleHHbIE MO3MINK OpOuTanel, KOTOPHIM COOTBETCTBYIOT
OTIpeJIeTICHHBIC 3HAYEHHS OOIIETO 7 M OPOUTATIBHOTO / KBAHTOBBIX YHCEL.

Takum 00pa3om, CIIMH s B BBHIJEJICHHOM HANpPaBICHWH COBMECTHO C
OpOUTAIBHBIM CIIMHOM +5, TPH B3aUMOJCHCTBUU C OpOUTAIBHBIM KBaHTO-
BBIM YHCJIOM / MOXET 1aTh U3BECTHOE MarHUTHOE KBAHTOBOE YHCIIO /1, KOTO-
poe OTBEUaeT 3a paclpeNeiCHUE DIICKTPOHOB Ha OpOUTANIbHBIX S, p, d U f-
0000UKax.

PaccMotpum cityyan, Koraa npu pUKCUPOBaHHOM 3HAUSHUU OOILETO
KBaHTOBOT'O YHCJIa 71 OPOUTaNIbHOE KBAaHTOBOE YHCJIO / MPUHUMAET Pa3iny-
HBIE pa3pelleHHbIe 3HAUEHHs, TIPH KOTOPBIX YYUTHIBAIOTCS M COUSTAHHS CITH-
HOBBIX KBaHTOBBIX YHCEIl.

Heobxoaumo 3amMeTuTh, 9TO AJISI BEISICHEHUS TOTO, KaKk (POPMHUPYETCS
MarHuTHOE KBaHTOBOE YHCIIO 71, BaKHO 3HATh OTKIOHEHHE PaIHyC-BEKTOpa
OpOuUTHI 10 00€ CTOPOHBI OT BBIZECICHHOTO HANpPABICHUS TOJBKO IO JIWHHUAM
MEpHUIUaH TOTEHIMAIBHOHN c(hephl, JISKAIIM Ha OJHOH INIOCKOCTH.

Ecny y4nThIBaTh TONBKO OPOUTANBHBIN CIIUH +5,, TO MOKHO IPHHSATH,
YTO MarHUTHOE KBaHTOBOE YHCIO MpuU (DUKCUPOBAHHOM 3HAYEHUU 00uje2o
K6aHmo6o2o uucia n (A COXpaHEHUH TPAJULIUOHHOTO BBIPAKEHHS) Oyaer
MMETh W3BECTHBIN BU:

m=+s(0, 1, 2,..,[)=+0, +1, 2, +I.

[TpumeM Bo BHMMaHHUE, YTO W3BECTHOE BHIPAYKEHUE JUISI OPOUTAIILHOTO KBaH-
ToBoro uncna (3.44) umeeT BUA:

[=0,1,2,3...(n-1).
Ecnu npuHATE, 9TO 3TO BHIPAXKEHHE BBIMOJIHACTCS TAKXKE Npu (PuUKCUPOB8aH-
HOM 3HAYeHUU 00Wje2o0 K8AHMOB020 YUCAA N, TO TOSBISIOTCS M3IHIIHUE CO-
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YeTaHUs BO3MOJKHBIX 3HAUCHHI 0p6I/ITaJ'II>HOFO W MAardHuTHOI'O KBaHTOBBIX
HUCce] Ha OAHOM SHEPICTUYCCKOM YPOBHE, YTO HCAOITYCTUMO. Torz[a, 4TOOBI
HCKJIIOYHUTD 3TO U BO3MOXKHOM MyTaHUIbl, MArHUTHOC KBAHTOBOC YHCJIO JOC-
TAaTOYHO NPEACTABUTH B BUJIC!:

m=zxs -l

Hanee 3ametum, uro npu / = 0 opOuTaIbHOrO CHMHA +s, BOOOIIE HE
CYIIECTBYCT. HO, HECMOTpPA Ha 3TO, MAarHMTHOC KBAHTOBOEC YUCJIO m HpI/IO6-
PEeTacT NpH 3TOM TAKIKC ABA 3HAYCHUA, YCIIOBHO PaBHbIC + 0, B COOTBECTCTBUHU
C MOJIOKUTCIIBHBIM U OTPpULATCIIbHBIM 3HAYCHUSAMUA (1)33BI Zl:ﬁ), 3HAaKH KOTOPO-
T'0 COBIIaAAalOT CO 3HAKaMH 0p6I/ITaJ'IBHOFO CIIMHA £ So.

Ecmu y‘H/ITBIBaTB CIIMH £ § B BBIZACJIICHHOM HaHpaBHeHI/II/I, TO KOJIUYCCTBO
CO‘{CTaHHﬁ, OTHOCAIIUXCA K MaFHI/ITHOMy KBaHTOBOMy LH/ICJ'Iy, y,I[BOI/ITCﬂ, I10-
CKOHBKy HpOTI/IBOHOHO)KHBIM HaHpaBHeHPI}IM BeKTOpOB Op6I/ITaJH)HBIX MOMCH-
TOB KOJIMYCCTBA ABHUXCHHs, COBIIaJAIOIIM CO 3HAKaMU CITMHOBBIX KBAHTOBBIX
YHUCCJI KaK Ha Op6I/ITaJ'H)HOI\/II IINIOCKOCTH, TaK U B BBIJACICHHOM HaHpaBHeHI/H/I,
COOTBCTCTByIOT BeKTOpBI MAarduTHBIX MOMCHTOB HpOTI/IBOHOHO)KHBIX HaHpaB-
ﬂeHHﬁ. HpI/I OTOM JJICKTPOHBI OJHOI'O YPOBHs, Y KOTOPbIX COUCTAHUSA CIIMHO-
BbIX KBAHTOBLIX YUCCJI IPU MCPEMHOKCHUUN NatOT OAUH U TOT KC 3HAK, UMCIOT
CAVHYIO B3aUMHYIO OPHUCHTAILIUIO HHOCKOCTCﬁ Op6PITaJ'I€I>i C MIPOTUBOIIOJIOXK-
HBbIMH HAIPABJICHUAMHW MAarHUTHBIX MOMCHTOB. B urore BBIPAXKCHUC IJIA1 Mar-
HHUTHOI'O KBaHTOBOI'O 4YHCJ]Ida, COIJIACHO COYCTAaHUSAM CIIMHOBBIX KBAHTOBBIX
YHCe, TPUOOPETAST CIACAYIOIINNA BU/I:

m==xs-*s -l. (8.10)

o

DTO 3HAYUT, 4TO, cornacHo (8.10), mpu M3MEHEHUHN 3HaKa CIHHA S B
BBIACJICHHOM HaHpaBHeHI/IH, Haan/IMep, C MOJIOKUTCIIBHOI'O HaA OTpI/II_IaTeJ'H)-
HBI{, 3HAK MarHUTHOTO KBaHTOBOI'O YHCIIA TAK)KE MCHSCTCS HA OTPHUIATCIIb-
HBII (0OpaTHOE 3Ha4YeHHE). OTMETHUM, YTO MarHUTHOE KBAHTOBOE YHUCIIO OT-
paXkaeT CTPYKTYpPy IJIEKTPOHHOW OOOJIOYKH aToMa, UMEIOIIYIO TPH OIHOM
YUCIICHHOM 3HAYCHHU [ YETHIPE TIO3HIIUH.

Ipu / = 0 KONUYECTBO COYETAHMI KBAHTOBBIX YHCET B BBLICICHHOM
HAMpPaBICHUH TAK)KE yJIBAMBACTCS, B COOTBETCTBHU C YCJIOBHBIM BBIPAKEHH-
eM [ = +5-0. 31ech YCIOBHBIC MOJIOKHUTEIHFHOE U OTPUIATEIILHOE 3HAYCHUS
HYJIsI OpOUTAIBHOTO KBaHTOBOTO YHCIA MO 3HAKY CIIMHA B BBIIEIICHHOM Ha-
MpPaBJICHUN OTBEYAIOT CAMOCTOSTEIBHBIM MO3UIHUSM 3JIEKTPOHOB, TOCKOIIBKY,
KaK MMOKa3aHo Ha puc. 8.1, opOUTAaIM AIIEKTPOHOB, COOTBETCTBYIOIINE TIPOTH-
BOIIOJIO’KHBIM 3HAYCHHUSIM CIIMHA B BBIACJICHHOM HaHpaBﬂeHI/II/I, pacnpeﬂeﬂe-
HBI B Pa3HBIC CTOPOHBI OT IICHTPA Apa.
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Ha puc. 8.5 noka3ano (Ipu (pUKCUPOBAHHOM 3HAUCHUM OOILEro KBaH-
TOBOTO YHCJA 1) PAacHpeieNIeHHEe 3JIEKTPOHOB B MHTETPAJIBHON CHCTEME KO-
OpAMHAT MO JWHUSM MEPUANAHOB MOTEHIMAIBHON cephl Ha OHOMN IIOCKO-
CTH (JINCTA) TPH PA3IUYHBIX 3HAYCHUSX MarHUTHOTO KBAHTOBOTO YHCIA 1,
COTJIACHO COYETaHMSIM CIIMHOBBIX KBAHTOBBIX umces. Kak BuaHO U3 puc. 8.5,
KOHIIBI painyC-BEKTOPOB OPOUT YKa3bIBAIOT Ha IIEHTPBI OpOUTAIIEH JIEKTpPO-
HOB. CrIMHOBBIE TapBl OpOUTANEH HIEKTPOHOB 00Pa30BaHBI MPH PA3IUIHBIX
3HAQUCHUSX OPOUTAIBHOTO KBAHTOBOTO 4YMCIA /, B COOTBETCTBUH CO 3Haue-
HUSIMU OpOUTAJILHOTO CIIUHA * S, ¥ CIIMHA * §, B BBIICJICHHOM HaIlpaBJICHUN
npu GUKCUpOBAHHOM 3HAUEHUU 0020 K8AHMOBO20 YUCIA M.

+S U3 puc. 8.5 BugHxo,

OGonouka  +Ry OpGuTam YTO 3HAYEHUS IPOEKIMH
opouTgIe | / panuyc-BeKTOPOB OpOHTHI,
[\ = COOTBETCTBYIOIINE PAa3IIHU-

Opbutsl  , ~% 2 » HBIM 3HA4€HUSAM OpOUTAIIb-

2 HOTO KBaHTOBOI'O ducia I,

3aBUCST OT CTEIICHU OTKJIO-

So o HEHHSA STHX panmyc-
R BEKTOPOB OT BBIACICHHOTO
) HAIPaBIICHHUSL. OKpyx-

HOCThb, OOpa3oBaHHas BO-
KPYT BBIZICJICHHOTO HAIPaB-
JICHUS NpU PUKCUPOBAHHOM

? 3HA4YeHUuU 0p6umaﬂbH020
K8AHMOB020 4uciaa l, npu-
-S MCHHUTCJIBHO K JJICKTPOHY

Puc. 8.5. Pacnipenenenye CniHOBBIX map KBAHTOBLIX  aTOMa, UIEHTUPUIHUPYETCS
YacTHIl Ha S, p, d ¥ f~00ono4ykax opoOuraneit IEKTPOHHOH  0GOMOUKOIA,
11O JIHHHI MEpRana KOTOpasi B HHTErpaJbHOU
CHCTEME KOOPIMHAT SIBIISA-
eTcst 000JI0UKOI opOuTaseit 31eKTpoHOB. B manbHeiiemM OyieM Ha3bIBaTh €€
000J104K0i1 opOuTael WM MPOocTo 000JOYKOM, NMpHCBauBas MPU ITOM el
M3BECTHBIE UHJIEKCHI «S», «p», «d» M «f» B COOTBETCTBHU CO 3HAYCHUEM Op-
OWMTaNPHOTO KBaHTOBOrO 4YHcia. TakuM 00pa3oM, KBaHTOBBIE YacTHIBI B
aToMe 3aHUMAIOT S, p, d u f~obonoukn opburaneit ( uiam npocto s, p, d U f-
000JI09KH), COTJIACHO BO3PACTAIOIINM 3HAYCHUSIM OpOUTAIILHOTO KBAHTOBOTO
qucia /=0, 1, 2, 3.
Kak BugHo u3 puc. 8.5, kaxnas u3 s, p, d U f~0005104eK Ha TOBEPXHO-
CTHU NTOTEHIMANBHOM cepbl 00pa3yeT KOJIbI0, Yepes LEHTP KOTOPOTo MPOXo-
JIIT BBIJICJICHHOE HAIPaBJICHHUE, NEPIICHANKYIISIPHOE K TUIOCKOCTH 000JIOYKH.
Takum 00pazoM, IO OKPYKHOCTHU KOJIbLIa PACIIONIATAIOTCS COOTBETCTBYIOLIHE
OJTHOMMEHHBIE OpOMTAIM 3JIEKTPOHOB. Pa3Mep Takoro koiblia TemM OOJbLIE,
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yeM OoJIbIlle COOTBETCTBYIONIEE 3HAYCHNE OPONTAILHOTO KBAHTOBOT'O YKcIa /
U TeM OoJiblliee KOJMYECTBO OpOUTAICH OHO BMELIAeT, YTO OYyAET PaccMOT-
PEHO HHUXE.

Korza HampaBieHHe paauyc-BEeKTOpa OPOHMTHI COBMAJACT C BEHIICICH-
HBIM HaIlpaBJICHHEM, COBIIQJAIONINM, B CBOIO OYepenb, C HalpaBlieHuEM Ry,
TO KOHEIl PaJiyc-BeKTOpa OpOUTHI YKa3bIBA€T HA IICHTP S-000J0UYKH (MK S-
opburann).

Ha s-opOutanu 3HaueHue OpOMTANBHOTO CNMHA paBHO HYJ0. Ho MBI
MOKa3aJi, YTO Ha OJHOW 000JIOUKE S-OpOUTAI MOTYT HaXOAMTHCS JBA JJIEK-
TpOHA, B COOTBETCTBUU C IMOJOKUTCIIbHBIM U OTPHUIATCIbHBIM (1)a3aMI/1 Op6I/I-
THl * f,. [Ip 5TOM pasmep s-000JIOUKH COBIIA/ACT C Pa3MEpoOM s-OpOUTan
IUIsL OTHOTO dJekTpoHa. C y4eToM CIIMHA + s B BBIICICHHOM HAIPaBICHHH,
KOJIMYECTBO S-OpOHTAIEH yIBaHBACTCS, U YHUCIIO 3JIEKTPOHOB Ha S-OpOUTANIAX
PpaBHO YETBIPEM.

W3 puc. 8.5 BuaHO, uTO Ha p, d U f~000JIOUKAX OTKIOHCHHS pPaanyC-
BEKTOPOB 0p6I/IT OJICKTPOHOB OT BBIACJICHHOTO HAMpPaBJICHWUA OTJIWYHBI OT
Hyis. [1pu 3TOM 21eKTpOH Ha Kaxka0H U3 p, d M f~0007109eK UMeeT KaK opou-
TaJIbHYIO CIIMHOBYIO Iapy, TaK CHMHOBYIO Iapy B BBIZEJICHHOM HalpaBICHUN
B COOTBETCTBHH C IOJIO)KUTENBHBIM U OTPHLATEIBHBIM 3HAYCHHSMH CIHHA.
Takum 006pa3oM Ha OJHOHM INIOCKOCTH, JUTA KXAOTo (PMKCHPOBAHHOTO 3HA-
YeHHs OOLIEro # U OpOUTAIBHOTO / KBAHTOBBIX YHCEN C YYETOM CIIMHOBBIX —
+ § U + 5, IMEETCSI YeThIPE MO3HULIH IEKTPOHOB (KBAHTOBBIX YaCTHII).

3ameTuM, 4TO Ha p, d U f~000709YKaxX 3apsHKCHHBIC KBAHTOBBIC YaCTH-
6l B OPOMTAJIBHON CIIMHOBOM Iape, KaKk OJXHOMMEHHBIE 3aps/bl, OTTAIKHUBA-
I0TCA APYT OT Jpyra. ITO MPHUBOIUT K PACIPEACIEHUIO UX B OpOUTATHLHOMN
CIMHOBOW Tape Ha JWaMETPAlIbHO MPOTHBOIOJOKHBIX CTOPOHax p, d W f-
000J104eK.

8.5. Fpaﬂwml,le yciaoBusa JIeHCTBHSI KBAHTOBBIX YHCEJ B aTOMe
M CHCTeMa 3JieMeHTOB MeHesieeBa

Jlanee paccMOTpHUM BO3MOXKHBIE 3HAYEHUS] KBAHTOBBIX UHCEJI, IPHHS-
TBIX HAMH B MHTETPAJIbHON CHCTEME KOOpPIWHAT, JUIA ONpPEAETCHUs paspe-
IIEHHBIX COCTOSIHUI, HAIIPUMEP, 3JICKTPOHOB B aTOME.

KBanTtoBble uncia. O0iee SHEPreTHIecKoe COCTOSHUE AJIEKTPOHOB
B aTOMe OIpeJielisieT o0Iiee KBaHTOBOE YUCIIO #, KOTOPOE MOXET IPUHUMATh
TOJIBKO LEJIOYUCIICHHBIE 3HaYE€HHs KaK 10 CYIIECTBYIOLIEH TEOPUU KBAHTO-
BOWM MEXaHUKH, TaK ¥ B MIPUHITOM HaMH CIIOCOOE ONMCAHUSI COCTOSHHS Yac-
THI] B MHTETPAIBHON CHCTEME KOOPJHMHAT, B COOTBETCTBUH C PAaBEHCTBOM
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n=1,2,3, .., N (8.11)

Heo6xoaumMo 3aMeTHTh, YTO MaKCHMAIILHOE 3HAUEHHUE 7 B MHOTO3aPSIHOM
aToMe B HOPMAIIBHOM €T0 COCTOSHHH OTPaHHYCHO 3apsiioM Z 3TOTO aroma,
KOTOPBIi, B CBOIO OYEpElb, MOJDKEH OBITh PaBEH KOJIHUYECCTBY Pa3peIICHHBIX
COYETaHNH KBAHTOBBIX YUCEI 71, Fly, Ny U 1., UTO TIOKAKEM HIDKE.

Jlyist o011iero KBaHTOBOTO YMCIIa, coryacHo (7.35,0), BBIMONHACTCS pa-
BEHCTBO 11 =n_ +n, +n_> TAE Ny, Ny W N, — KBAHTOBBIE YHMCIIA NIPOEKIMH O-

OWTBI B MHTETPAJIbHOI CHCTEME KOOpAMHAT.

Panee 3a BbIICTICHHOE HAMpPABICHHEC B MHTErPANBHOM CHCTEME KOOp-
JUHAT YCJIOBWIUCH NPHUHUMATh HaAIPaBJICHHUC KOOp)IPIHaTHOﬁ OCH paauyc-
BekTopa Ry, a COOTBETCTBYIOIIEE KBAHTOBOE YUCIIO MPOEKIMU OPOUTHI 71, —
3a MIaBHOE KBAaHTOBOE 4Kci0. B To ke Bpems, cormacHo (7.35,0), cooTHoIIe-
HHE JJIsl 00IIEro KBAaHTOBOT'O YKMCTa HIMEET BHUI:

n=n_+I[,
rae /| — opburanpHOe KBaHTOBOE YMCIO. Torzna KBaHTOBBIE YHCHA 71, H 7,
COOTBETCTBYIOIME NPOCKIUSIM paJHyc-BEeKTOpa OpOUTHI Ha KOOPIMHATHEIC
OCH, COTJIACHO BBIpaKEHHIO (7.35,C) MOXHO CUATATh COCTABIISIONINMH OPOH-
TaJIBHOTO KBAHTOBOTO YKCIIA / TP COOMIOIEHNH PAaBEHCTBA!

I=n,+n,. (8.12)

Kak 6bUT0 TOKa3aHO B II1. 7, KBAHTOBBIE YUCIA A, N, U [ MOTYT IIPUHU-
MaTh TOJIBKO IeJIOUHCIICHHbIE 3HaueHUs. PaHee, Ipu pacCMOTPEHUH yCIOBUI
CTPYKTYpPHOM OpraHU3aliy dIEKTPOHHOI 000JI0UKY aToMa ObLIO yCTaHOBIIE-
HO, YTO CIIMHOBBIE MaphI AJIEKTPOHOB OPUEHTHPOBAHBI B OJJHOM BBIIETIEHHOM
HalpaBlieHUH. A caMOi yCTOHYMBOH, HeJe(OpMUPOBAHHOM, EPBON pacyeT-
HOW OpOuTE AIEKTPOHHOM 00OJIOYKH COOTBETCTBYET OpOHMTAllb, KOTOpPAs SIB-
JISIeTCsl OCHOBAaHUEM KOHYCa C BEpPIIMHOM B LeHTpe sipa (puc. 8.2). [Ipu atom
o0pa3yromias 3Toro KOHyca UMEET yToJl C BBIICIICHHBIM HalpaBJICHUEM, PaB-
HBI 45°. TIOTHOCTRIO 3aIONHEHHYIO dIIEKTPOHHYIO 000JIOYKY aToMa B HOp-
MaJIbHBIX YCJIOBHSIX MOXKHO NPEACTABIATH KaK OOOJOYKY — «OpOHTAIIb»
€IMHOTO OTPHUIIATENIFHOTO 3apsija, IPOCTPAHCTBEHHOE PACIONIOKEHHE KOTO-
POi OTHOCHUTENIFHO LIEHTPA aTOMa JOJDKHO OBITh UIEHTUYHO OpOHTANH 3IIEK-
TpOHA TEPBOI pacueTHO opOHTHL. Torma ycTOHYHMBBIE MaKCHMAaJbHBIE OT-
KJIOHEHHs PaJiyC-BEKTOPOB BHEIIHMX OpOMTaslell aToMa OT BBIJIEIEHHOTO
HAarpaBJIeHUs HE MOXET ObITh OoJbie 45°. A 3TO 3HAYMT, YTO TIIABHOE KBaH-
TOBOE YHCJIO 71,, COOTBETCTBYIOIEE BBIJICJICHHOMY HAlPaBJICHUIO, PU (HK-
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CHUPOBaHHOM 3HAYCHWHU OOIIEro KBaHTOBOTO YHCIA 7 TI0 OIPEAEICHHI0, HE
MOXeET OBITh MEHBIIE TIOJIOBHHBI €TI0 3HAYECHUS, T.€. BCETJa JOJDKHO BBIMON-
HATBCSI COOTHOIIEHME #, > n/2. OYeBHIHO, YTO TIIaBHOE KBAHTOBOE YHCIIO
MIPOEKIUH OpOWTHI 71,, KaKk W 00Iee KBAHTOBOE YUCIIO #, HE MOKET IPHUHH-
MaThb 3Ha4CHHUE, PABHOE HYJIIO, & MAKCHMAaJIbHOE €r0 3HAUCHNUE PABHO 3HAYe-
HHIO OOIIET0 KBAaHTOBOTO 4Mcia. TakuM 00pa3oM, B MHTETPAIbHOM cHcTEMe
KOOPJMHAT KBAaHTOBOE YHUCIIO MPOECKINU OPOUTHI B BBIJCICHHOM Halpasie-
HUM TpU (UKCHPOBAHHOM 3HAYEHHWU OOIIEr0 KBaHTOBOTO YHWCIA 71 MOXKET
MPUHUMATH CJIEAYIOIINE IIeJIOYHCICHHbBIE 3HAUEeHUS:

n n n ; n
I’lx:E, E‘Fl, E+2, ..., N, npu n;mn ZE (813)

MuHuManbHOE 1eIOUUCIIEHHOE 3HaUYeHUe TIIaBHOTO KBAHTOBOTO YHCIA MPO-
eKIINU OpOUTHI — n;‘"“ , TI0 OTPEIETICHNI0, HE MOXKET OBITh MEHBIIIE MOJIO-

BUHBI 3HAYCHHUS OOILIET0 KBAaHTOBOTO YHCIA OPOWUTHI 7, HOO B MPOTHBHOM
Cllyyae OHO TEpSET CTATYC IJIABHOTO KBAHTOBOTO YHCIA, COOTBETCTBYIOIIECTO
BBIJICJICHHOMY HAIPaBJICHUIO.

[Ipy HedeTHBIX 3HAYEHMSAX OOILIETO0 KBAHTOBOTO YHUCIA N TEOpETHYE-
CKO€ MHHUMAJIBHOE 3HAUCHHE TIIABHOTO KBAHTOBOTO YHCIIA, COTJIACHO COOT-
HomeHuto (8.13), MOKHO NMPUHUMATE HeyenouucieHHoe 3HaYCHHE, YTO 3a-
nperieno. [1o3ToMy TJlaBHOE KBAaHTOBOE YHCIO MPUHUMAET MHHUMAIBLHOC
3Ha4YeHHe, OTBEyalollee OJIMKaiIeMy pa3pelieHHOMY LEeJIOYHCICHHOMY
YHUCITy B CTOPOHY OoJblliero 3nadeHus. Hampumep, npu n = 3 TeopeTHIecKoe
MUHHMAJbHOEC 3HAYCHHUC TJIABHOTO KBAaHTOBOTO YHcia 7, = 1.5, a memouwc-
JICHHOC €r0 MHUHHMAJIBHOE 3HAYCHUE, OTBEUaloliee COOTHOmeHHI (8.13),
MOXET OBITh TOJIBKO TIPH 71, = 2.

Cormacuo (7.35,0), o4eBHAHO, YTO MaKCHMalbHOE 3HaYCHHE OpOU-
TaJILHOrO KBAaHTOBOTO YHKCIA [ HE MOXKET OBITh BBIIIE TEOPETUUECKOTO MUHU-
MallbHOTO 3HA4YEHUsI TJIABHOTO KBAaHTOBOTO 4ucia 7. Toraa, mpu coluro/e-
HUM ycIoBuHA BeIpaxkeHus (7.35,0) u (8.13), opOuTanpHOE KBAHTOBOE YHCIIO
MOXET MPUHUMATh 1IEJI0YHCICHHBIC 3HAUEHHs, COOTBETCTBYIOIINE BhIpaXKe-
HUIO:

n n
[=0,1, 2, ..., —, [ < —. 8.14
> npu 5 (8.14)

OTC}OJZ[a BBITCKACT, YTO MNP HCUYCTHBIX 3HAUYCHUAX 06I_H€FO KBAaHTOBOI'O
qucia n Op6I/ITaHI:-H0€ KBAaHTOBOC YHCJIO JOJDKHO HMMCTb HeyenoducieHHvie
TCOPECTUUYCCKUE 3HAYCHUS, YTO HECAOMYCTHUMO. HOSTOMy MaKCHUMaJIbHOC 3Ha-
YCHUC Op6I/ITaﬂLHOF0 KBaHTOBOI'oO 4uclia Z[e—(l)aKTO OTpAaHUYUBACTCSA MPEAbI-
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JyIIUM MEHBIIUM IEJOYHCICHHBIM 3HadeHueM. Hampumep, npu 3HaueHHH
n =3, cormacHo cooTHomeHHo (8.14), TeopeTHIecKoe MaKCUMAIIEHO JTOITYC-
TUMOE 3HaueHHWe OpPOUTAIBHOTO KBaHTOBOTO 4Mcia [ = 1.5, a IeJI04nCIIeH-
HOE €r0 MaKCHMAaJIbHOE 3HAYCHUE MOXKET OBITh TOJBKO IPH [ = 1 .

HanoMHuM, 4TO KpoMe IEpPEUMCIIEHHBIX KBAHTOBBIX YHMCEN B HHTE-
TpaJlbHOM CHUCTEME KOOPAMHAT, CYHMIECTBYET U MarHUTHOE KBAaHTOBOE YHCIIO
m. DTO KBAaHTOBOE YHCIIO CTPYKTYPHUPOBAHO COTJIACHO IOJOXKHUTEIBHBIM U
OTPHUIATEIbHBIM 3HAUYEHUSM CIIMHOBBIX KBAaHTOBBIX YHCEN. Takoe CTPYKTy-
PUpPOBaHHOE MarHUTHOE KBAHTOBOE YHCJIO, KaK Mbl YCTaHOBWIM, IPHHUMAET
3HA4YEHUs IO CIIEYIOLIEMY COOTHOIIEHHIO:

m=zxts-ts -l =%s5(2l). (8.15)

ITocnenoBaTebHOCTb 3aNOJHEHHUS 3JeKTPOHHBIX 000104eK H Ile-
puoauyeckas cucrema djiemenros .. MenaesieeBa.

Kak u3BecTHO, COBOKYITHOCTb 3JIEKTPOHOB C OJMHAKOBBIM 3HAYECHHEM /
HA3bIBAIOT AJIEKTPOHHON 000JI0YKOM M 0003HAUAIOT, KaK OBUIO CKa3aHO BBI-
me, s, p, d u f-o0omouku, a OpOUTANIN INEKTPOHOB Ha 3TUX 000-
Jovkax OyjneM 00O3HauaTh COOTBETCTBEHHO S, p, d U f~opOutanu. Paccmot-
PHM TIOCIIEIOBATEIbHOCTD 3aIOJHEHHS S, p, d U f~000JI04EK, COOTBETCTBYIO-
mUX (pUKCUPOBAHHBIM 3HAYEHHUSM OOIIEr0 KBAHTOBOTO YHCIIA A WM OIpee-
JICHHBIM SHEPIreTUYECKUM YPOBHSM (CIIOSIM).

OueBHIIHO, YTO 3JIEKTPOHBI, B IEPBYIO OUYEpE/ib, AOJDKHBI 3alOIHITH
CIMHOBYIO Tapy s-000J104eK (MM S-OpOWTAaJM) COTJIaCHO CIMHOBOMY KBaH-
TOBOMY YHCIY * S, IOCKOJIbKY HAIIPaBJICHUS PaJHyC-BEKTOPOB KOOPIHHAT
9THX OpOMTANell COBIANAIOT C BBIACICHHBIM HampaBiieHHeM. Ilpu 3ToM Ha
KOXI0H U3 $-000J0UeK BHAYaIe JIOJDKHO PACIIONAraTbCs TOJNBKO 110 OJHOMY
3NEKTPOHY, MOCKOJIBKY KOKIBIH M3 HUX OyIeT BBITECHATH BTOPOH 3IIEKTPOH
Ha ciepyiomue p, d u f~000JI0YKH C MaKCHMalIbHO BO3MOYKHBIM 3HAYCHHEM
OopOHTaTbHOTO KBAaHTOBOrO 4ucia /. Hampumep, ecin Ha JaHHOM SHEpreTH-
YECKOM YPOBHE MaKCHMallbHOE 3Ha4eHHE OpOUTAILHOTO KBAHTOBOTO YHCIIA
paBHO 3, TO mocie s-000JIOUKH, B IEPBYIO OUYEpeb, OYICT 3arOJHATHCS
f-obonouka. JleHCTBUTENBHO, SJIEKTPOHBI B OpOWTAIBbHOW CIIMHOBOM mape,
KaK OJHOWUMCHHBIC 3aps/bl, OTTAIKUBAIOTCS KakK APYr OT JApyra, Tak ¥ OT
9JIEKTPOHA Ha S-OpOMTANN. DTO MPUBOJUT K PACTIPEEIICHUIO MIEKTPOHOB Ha
000JI0YKE ¢ MAaKCHMAaJIbHO BO3MOKHBIM 3HAUCHHEM OPOHUTAIBHOTO KBaHTOBO-
ro uncia /. [Ipu 3ToM 31eKTpOHBI Ha Hell 00pa3yloT OpOUTaIbHbIC CIIMHOBHIC
mapbl, B KOTOPBIX OHH PacIioiaraloTcsl Ha JUaMeTPaibHO IPOTHBOIOIOKHBIX
CTOpPOHAaX O0OJOYKH.
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B monb3y 3amoiHEHHs 3JEKTPOHAMH, B MEPBYIO O4epeib, 0OO0JIOUYKH
(moce s-opOHTATIH) ¢ MAKCUMAIEHO BO3MOXKHBIM 3HAUYCHHEM OpOUTAILHOTO
KBAaHTOBOTO YHCNA [ CBHICTENBCTBYET M PACIONOKECHHE TaKOH O000JIOYKH
OTHOCHTENBHO IIeHTpa aroMa. Hampumep, mpH MaKCHMaJIBHOM 3HA4YeHHH
OpOHUTATBPHOTO KBAaHTOBOTO YHCTa, Kak [™™ = n/2, OKPYKHOCTH O0OJIOYKH
opburaneir 00pa3yeT KOHYC C BEpIINHON B IIEHTPE aToMa. A y TaKOTr0 KOHyca
o0pa3yrolas IMeeT yrojl CO CBOEH OChI0, COBIAIAaoIel C BbIJCICHHBIM Ha-
MPaBJICHUEM, PaBHBIA 45°, 4TO, KaK ObUIO MOKa3aHO Ha puc. 8.2 (A), coot-
BETCTBYET Hanboyee yCTOHYMBOMY OCHOBHOMY COCTOSIHHIO STOH 0OOJIOYKH
opOuTaneu.

Hampumep, npu 7 = 6 MaKCHMaJIbHO BO3MOXKHOE 3HaYCHHE OpOHUTAIIb-
HOTO KBaHTOBOTO uucna /™™ = 3, 4ro yka3pIBacT Ha 3amojHeHue ( MoCie S-
opbuTanm), B IEPBYIO o4epep, f~000moukn. OU4eBUIHO, YTO 3aTEM, ITOCIIEIO-
BaTEIbHO MO YOBIBAIOUIMM 3HAYEHUSIM OpPOWTAIBHOTO KBAaHTOBOIO YHCIA [,
3aIOJIHAIOTCS OCTANBHBIC p U d-000JI0YKH. A TONBKO B CaMyIO ITOCIIEIHIONO
o4epenb A03aIoNHAETCS S-OpOUTAIb BTOPBIM JIEKTPOHOM. [Ipn 3TOM pasmep
000JI0YKH S-OpOUTAIH C ABYMS 3JIEKTPOHAMH JOJKEH COOTBETCTBOBATH Pa3-
Mepy OpOUTaIN C OJTHUM 3JIEKTPOHOM.

Takum 00Opa3oM, pH TaHHOM 3HAYEHWH OOIIET0 KBAaHTOBOTO YHCIIA 71,
BHauaJle, HAaTlOJIOBUHY 3aIlOJHSETCS CIIMHOBAs Mapa s-opOuTasield B BBIJICIICH-
HOM HAalpaBJIeHWH, a 3aTeM — CIHMHOBBIE Mapbl 000JIOYEK ¢ MAaKCHMAJILHO
BO3MOKHBIM 3HaYCHHEM OpPOUTAILHOTO KBAaHTOBOTO YHCIA / U T.J., IIOCIEI0-
BaTEJIbHO MO YOBIBAFOIIMM 3Ha4YeHUsAM. Hampumep, mycts mpu QUKCHpOBaH-
HOM 7 Pa3pelleHo 3alloJIHeHHE S, p, d U f~000JI04eK, Toria, BHaYae, Harojo-
BHHY 3alIOJHSIETCS S-OpOUTaih (B CIIMHOBOM Mape — JBa AJIEKTPOHA), 3aTEM
UIET MOCTeI0BaTENbHOE 3aM0JIHeHHE f, d U p-000II04YeK, a B CaMOM KOHIIE —
JIO3aTIOJTHEHHE S-OPOUTAIH.

[IpuBeaeHHAs OYEePEIHOCTD 3aMOJHEHUS 000JI0UEK OpOUTAICH MOJIHO-
CThI0 cooTBeTcTBYET Ilepuoauueckoii cucreme anementos .M. Mennenee-
Ba, B COOTBETCTBHU C HOMEPAMH MEPHOJOB 3TOH CHUCTEMBI, KOTOPBIM COOT-
BETCTBYIOT (PMKCHPOBAHHBIC 3HAUCHUS OOMIEro KBAHTOBOTO YMCIIA A1,

PaccMmoTpuM 3amoiHeHHE TEPHOANICCKON CUCTEMBI 3JICMEHTOB C y4e-
TOM IPUBEACHHBIX BBIIIC TPAHUYHBIX YCIOBHUIl ISl KBAHTOBBIX YUCEN 1, M, U
/, a TakKe yCTaHOBIICHHOW OYEPETHOCTH 3aMlOHEHUA S, p, d U f-~000I0YeK.

B cucteme snemeHTOB MeHpeneeBa nepBoMy MEPHOAY COOTBETCTBYET

paBeHCTBO 1 = 1. B 3TOM ciyJae riiaBHOE KBAaHTOBOE YHCIIO MOXET IPHHH-
MarTh OJIHO €IMHCTBEHHOE LEOYMCIEHHOE 3HaUeHNe 1 = 1, a OpOHMTaIbHOE
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KBaHTOBOE YHCII0O — TosIbKo / = 0. B muTore nepBoMy mnepuojy COOTBETCTBY-
IOT TOJIBKO TaK HAa3bIBAEMBIC S-3JICMEHTBHI.

Bropomy mepromy 3TOi TAaOIMIBI COOTBETCTBYET 3HAUYEHHE OOIIETO
KBAaHTOBOT'O YMCJA n =2, HPU KOTOPOM MAaKCHMAIbHOC 3HAYCHHE ; =2, &

MHUHHMaJbHOE — 71, = |, Ipu KOTOpOM / = 1, 9TO COOTBETCTBYET MOSABICHUIO
B 9TOM IIEpPHOJie BHEIIHEH p-000JI0UKH, T.€. p-DIIEMEHTOB.

B TpetbeM nepuoae »n = 3, M Kak ObUIO MMOKa3aHO BEIIIE, IOMYCTUMOE
MHHMMAJIbHOE 3HAYEHUE p™" =2, & JIONyCTUMOE MaKCHMAIbHOE 3HAYEHHE

OpOUTaJIBHOTO KBAaHTOBOTO YMCHA [ =], YTO IOJHOCTBIO COOTBETCTBYET 3a-
TOJHEHHUIO BHEIIHEH OO0OJNOYKM TEpUOJMYECKOM CHCTEMBI IIocie 3s-
3JIEMEHTOB TOJIbKO 3p-anementamu. Kak npunsaro, 3aeck mudpa 3 nepexa uH-
JIEKCaMH § U p 0003HAaYaeT 3HAYCHNE OOIIETr0 KBAHTOBOTO YHCIIA, COOTBETCT-
BYIOII[EE PHEPTeTHUECKOMY YPOBHIO DJIEKTPOHA, K KOTOPOMY NPHHAIEKAT
BHEIITHHE S U p-000JI0UYKH aTOMA.

B mo ofce 8pems, co2lacHo cyujecmayioujeti meopuu K8AHMOBOU Mexd-
HUKU, npu n=3, ¢ yuemom (3.44), opoumanvhoe K6aHmosoe Yucio mModxicem
NPUHUMAMb MAKCUMATIbHOE 3HadeHue [ = 2, u, cCOomeemcmeenHo, mpemui
nepuood cucmembvl NEeMEHmo8 00aicen 3anoausmocs 3d-snemenmamu. O0na-
Ko amoeo 8 Ilepuoouyeckoii cucmeme snemenmos /[.U. Menoeneesa ne na-
On100aemcs, Ymo ceuUOemenbCmayem o MmoM, 4mo npu peuwenuu ypasHeHus
lpedunzepa epanuunvie yciosus Oeucmeus OpOUMATbLHOZ0 KBAHMOBO20
yucaa | bvliu onpedenenvl HeNnPAGUIbLHO.

B YCTBECPTOM HEPUOJAC CUCTEMbI 3JICMCHTOB 3HAYCHUC O6H.[€FO KBaH-
TOBOI'0 4ucJjia, COOTBCTCTBCHHO, PaBHO YCTBIPEM, n = 4. HpI/I 3TOM B HUHTC-
FpaJ'ILHOﬁ CUCTEMEC KOOpAMHAT MUHHUMAJIbHO BO3MOKHOC 3HAYCHUC TJIABHOT'O

min

KBaHTOBOI'O 4HCJia n, =2, a MAKCUMaJIbHO BO3MOXXHO€ 3HAYEHUE [ = 2 , UTO

COOTBETCTBYET 3aII0JHEHHIO BHEUTHEH 4d-0007104KH.

ITo npaBunaM, 000CHOBaHHBIM BBIIIE, OUYEPEAHOCTH 3AMOIHEHUS 000-
JIoueK opOuTasIell YeTBEpTOro Neprosia npu 7 = 4 Xapaktepusupyercs ciie-
JIYIOIINM TIOCIIeIOBATEIBHBIM MOPSIIKOM BHEITHUX 000JI0ueK opOuTaneii: 4s,
4d u 4p. Takum oOpa3oM, HalileHHAass HAMU OYEPETHOCTD 3aIMIOTHEHUS 000-
J04eK opOuTanei npu GUKCHPOBAHHOM 3HAYCHUH OOIETO KBAHTOBOT'O YHCIIA
n = 4 TOJHOCTBIO COTNacyeTcsi ¢ JaHHBIMH llepHonuYecKol CHCTEMBI 3ie-
MmeHToB [I.11. Menneneesa 1mo (pakTHUECKOW O4epPETHOCTH 3alOJHEHUS S, p U
d-0601049€eK y HIIEMEHTOB.

B nsiTom mepuone n = 5, W IIpU 3TOM MHHAMAIbHO BO3MOXHOE Iie-

JIOYKMCIIEHHOE 3HAYEHHE TJIABHOIO0 KBAHTOBOI'O YHKCJIA MOXKET OBLITh TOJILKO
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NpH ;""=3 a MaKCHMalbHO BO3MOXKHOE LIENOYUCIEHHOE 3HA4YeHUE OpOH-

TaJIbHOTO KBAHTOBOI'O YHWCJIa — IIPU [=2. B utore B narom nepuoac CUcCTe-
MBI 3JIEMCHTOB HMMECM TaKyIO K€ O4YCPCAHOCTHL 3allOJIHCHUA 1O BHCHIHHUM
000J109KaM OpOUTAJICH, KaK U B YSTBEPTOM miepuoae: Ss, Sd u Sp.

B 1recToM mepuosie, COOTBETCTBEHHO, 72 = 6, U MPH ITOM TaK XKe, KaK u
B TIATOM MEPHOJIE, ;™" =3, @ MaKCHMAJbHO BO3MOXHOE IIEJIOYMCIICHHOE

3Ha4YEHHE OPOUTAILHOTO KBAHTOBOTO YHCIA [ = 3, YTO COOTBETCTBYET IMOSIB-
JICHHIO f~000J1049KH. [IpH 3TOM 0YEPETHOCTH 3aAMOHEHHS BHEITHUX 000T0YCK
opOwuTanel B MIECTOM MEPHOJE ClieaAyIoIas: 6s, 6f, 6d u 6p.

B ceapmoM nepuone, COOTBETCTBEHHO, n=7, U IIPH 3TOM n;“i“ =4, a

MaKCHUMaJIbHO BO3MOYKHOE I[EJOYHCICHHOE 3HAUYCHHE OPOUTAIBHOTO KBAHTO-
BOTO YHCJA TaK )K€, KK W B IIECTOM HEPUONE, | = 3 , YTO COOTBETCTBYET
3aMOJIHCHUIO f-00050uku. [Ipu 3TOM OYEpEeTHOCTh 3alOJHEHHUS BHEIIHUX
obotouek opbuTaneil B CEbMOM MEPHOJIE TaKask ke, KaK U B MECTOM MEPHO-
JIe CUCTEMBI 3JICMEHTOB, ¥ UMeeT BuA: 7s, 7f, 7d u Tp.

OuepeHOCTH 3aIl0JIHEHUsST 000JI04eK S, p, d U f~opOuTainei mo mepuo-
JlaM CHCTeMbI 3JIeMeHTOB MeH ieneeBa npuBeeHa B tab. 8.1.

Tab6muma 8.1

OuepeaHOCTh 3aNI0JTHEHNUsI BHEIIHUX S, P, d U f~0060J104€eK B
Ilepuoauueckoii cucreme siementoB .. MeHesieeBa 1o nepuoaam

OuepeHOCTH 3aM0THEHUS] BHEITHUX
Ilepnoasr | 3Hauenmue oboJiouex s, p, d u f~opourtanei
N n 110 NepuoAaM
I 1 1S
11 2 28 2P
111 3 38 3P
v 4 4S8 4D 4P
\Y 5 58 5D 5P
VI 6 68 6F 6D 6P
Vil 7 78 TF 7D 7P

Takum 00pa3oM, MOXKHO YTBEPIKIATh, UTO KANCOOMY IHEPLEMUYECKO-
MY YPOBHIO K8AHMOGLIX HACMUY 8 amome No (UKCUPOBAHHOMY 3HAYEHUIO
0bwezo Kkeanmosozo uucia N 6 Ilepuoduueckoll — cucmeme 9I1EMEHMOB
JLU. Menoeneesa coomsemcmayem cmpoeo onpedeseHHblll nepuod co 3HA-
yenuem N, m.e. 3anonnenue s, p, d u f~060104eK 0AHHO20 NEPUOOA CUCEMbL
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eMeHmMOs 6ce20a omeeuaem 00HOMY IHEPEMUUECKOMY YPOSHIO NO PuKcu-
POBAHHOMY 3HAYEHUIO 00We20 KBAHMOB020 YUCIA.

[IpuBeneHHbIE BHINIE JaHHBIE IO 3aIOJHEHHIO 000JI0YeK opOuTanen
CUCTEMBI 3JIEMEHTOB MeHpeneeBa co Bceil OUEBUAHOCTBIO CBUACTEILCTBYIOT
0 BEPHOCTU INPEAJIOKEHHON HaMU CTPYKTYPHOH TUHAMHYECKON MOJENHU aTo-
Ma, TIOCTPOSHHOW Ha OCHOBE HCIOJIb30BaHUSI WHTETPAIBHON CHUCTEMBI KOOP-
nuHat. [IpenyoxeHHas MOAeNs OJHOBPEMEHHO JIOKa3bIBAIOT HECOCTOSTEINb-
HOCTb CYILIECTBYIOIIEH TEOPUU KBAHTOBOW MEXAHUKH, yTBEp KIArOUIEH, YTO
BHYTPH OJHOTO TIIEPHUOJIa CHCTEMBI 3JICMCHTOB 3aIlONHSIOTCS O000JI0OYKU
BHEIIHUX OpOuTalicii, COOTBETCTBYIOUINE Pa3HbIM YHEPTETHYCCKIM YPOBHSIM
(pa3HBIM 3HAYCHUSAM OOIIETO KBAHTOBOTO YHCIIA).

8.6 IIpuHIMNBI 3aMI0THEHUs1 000/104eK opOuTAaIeli aTOMOB

HamomuHaeM, 4T0 TPHHIKIIBI 3AIIOIHEHUs] 000JI0UeK OpOuTasel mpo-
TOHOB M 3JICKTPOHOB €JIMHBI, I0O3TOMY HHOTJA MX OyJeM Ha3bIBaTh MPOCTO
KBaHTOBBIMH YacTHLIAMH. J[0 CHX MOp Mbl pacCCMaTPUBAIN TOJIBKO MPUPOIY U
TPaHUIIBI ISHCTBUS OPOUTATLHOIO KBAHTOBOTO YKC/a /, BOSHUKAIOIICTO MPU
OTKJIOHEHUH DPaJNyC-BEeKTOpa OPOWTHI OT BBIICICHHOTO HAIPaBJICHHS, CO-
TJTACHO COYCTAHUSAM TOJNBKO CITHHOBBIX KBaHTOBBIX urcell. OTHAKO U3BECTHO,
4yTo oO0IIas MpoeKiHs OpOMTaNbHOrO pajauyc-BekTopa Ry, nexamas Ha
TUTOCKOCTH, TIEPIEHIUKYJISIPHOW paauyc-BeKTopy R, M cooTBeTcTBylOmIas
OpOUTATBHOMY KBAaHTOBOMY YHCIY /, B CBOIO OUYepe/lb, MOXKET UMETh MPOCK-
MM [0 KAXKI0U U3 B3aUMHO MEPICHIUKYIIIPHBIX KOOPAUHATHBIX Oceil opOu-
TaNBHBIX paguyc-BeKTopoB Ry m R,. DTuUM mpoekimsM OpOUT OTBEYaroT
KBaHTOBBIE YUCIIA 71, U 71, CyMMa KOTOPBIX, COIIIaCHO BhIpaxeHuto (7.35,0),
paBHa 3Ha4YeHHIO OpOHUTANBHOrO KBaHTOBOrO umcia /. Toraa, mpu dukcupo-
BaHHOM 3HAaYeHUH OPOMTAILHOTO KBAHTOBOTO 4Hcia [ paguyc-BEKTOPHI Op-
61/IT MOT'YT OTKJIOHATHCA OT BBIACJICHHOT'O HAIlpaBJICHUA, paclpEaCIAACh IO
JIMHUM OKPY>KHOCTH BOKPYT 3TOTO HAaIlpaBJIEHHs, T.€. 0 000JI0YKe opOuTa-
nen.

CornacHo BwIpaxkeHutoo (8.15), kaxkmoe (UKCHpOBaHHOE 3HAYCHUC
MarHUTHOTO KBaHTOBOT'O YHCIJIA m SIBISIETCS CyMMOW pa3pelIeHHBIX coveTa-
HMI KBAHTOBBIX YHCE 71, U 1, 6 COOMEEMCMEUL C BBIPAKEHHEM:

m=zxs-ts, -I=tsts5 (n,+n,)
nin
m=xsts,(n,+n,). (8.16)
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MarHuTHOE KBaHTOBOE YHCIIO 71 BKITIOYAET B ce0s OopOHTaNbHOE Mar-
HUTHOE KBAaHTOBOE YHCIO M, KaK ITPOSBICHHE MAarHUTHOTO MOMCHTa Ha
TUTOCKOCTH 000JI0YeK OpOHTajei, COTIacHO 3HAKy OpOWTAIBFHOTO CITMHA.
YcnoBumcs, 9T0 OpOUTAIBPHOE MarHUTHOE KBaHTOBOE YHCIIO 71, COOTBETCT-
BYIOIIeC OPOUTATILHOMY CITUHY + s, » IPUHAMACT CIICAYOLINE 3HAYCHHUSL:

m,=4%s,-l=%s,(n,+n,) (8.16,)

B (8.16,a) 3HaKM KBaHTOBBEIX YHCENl 7, U 7., KaKk U OPOMTAILHOrO
KBaHTOBOTO YHCJa /, ONMPEAENSIOTCS 3HAKOM OOLIEr0 OpOMTAlbHOTO CHHMHA
+5,, TIOCKOJIBKY C 3THM €r0 3HAKOM, KaK ObUIO YCTAaHOBJIEHO paHee, COBIIaJia-
IOT 3HAKH OPOUTATBHBIX CIIUHOBBIX KBAHTOBBIX YHCEI Soy M 8o Taxkoe coBma-
JICHHE 3HAKOB OPOMTANBHBIX CIMHOBBIX KBAHTOBBIX YHCEINl S,, Soy U S,; HE
Cily4aiHO. DTO NMPOJAMKTOBAHO HEOOXOIMMOCTHIO (hOPMHUPOBAHUSI THPOCKO-
MUYECKH HEHUTPaAIbHOM CHCTEMBI HE TOJIKO B BBIIICIICHHOM HAaIPaBICHUN
BCETO aToMa, HO M Ha INIOCKOCTH 000s10ukd opOutanei. I1pu sTom Ha 3TOH
TUTOCKOCTH 000JIOYKH opOuTanell oOpas3yloTcsi CIMHOBBIE Maphl KBAHTOBBIX
YacTHI, KOTOpble (JOPMUPYIOT OOIIYI0 THPOCKONMHYECKH HEHTPAIbHYIO CITH-
HOBYIO Tapy OOOJOYKHM C CyMMapHBIM HyJIEBBIM MOMEHTOM KOJIMYECTBa
JBIDKCHUS.

Takum 00pazoM, 0Opa3oBaHHE TUPOCKOIIMYECKH HEHTpaIbHOM cucTe-
MBI aTOMa M3 CIIMHOBBIX MHap MO KaXJIAOMY M3 B3aUMHO NEPICHAUKYJISAPHBIX
HAarpaBJICHUH, COOTBETCTBEHHO MO OCEBOW JIMHUU M Ha IUIOCKOCTH (KaK 3TO
OBLIO ITOKA3aHO B TJI. 6), sABIIsIETCs OOIIMM npaBuiioM. [IpudeM Ha mtockocTn
0001104KK opOuTanell oOpa3oBaHHEe IMPOCKONMMYECKOH HEHTpalbHOM cHcTe-
MBI COIPSDKEHO KaK 110 OCEBOM JIMHUH, TaK MO TNIOCKOCTH.

Coyeranusi KBAHTOBBIX YHCeJ] 7, H B, IPU (PUKCHPOBAHHOM 3HA-
YeHUH OPOMTATBHOT0 MATHUTHOI0 KBAHTOBOI'0 YUCJIA M,

Tak kak MarHUTHOE KBAaHTOBOE YHCJIO TPEJCTABIAET CO0OH cymMMy
KBAHTOBBIX YHCEI A, H N, TO 1l PUKCHPOBAHHOTO 3HAYEHHsI OPOUTANBHOTO
MarHUTHOTO KBAaHTOBOTO YHCIIA 71, PAa3pELICHHBIE COYETAHUS 3TUX KBAHTO-
BBIX YHCeN OYAYT ONpPENessiTh KOJMUECTBO CITMHOBBIX Nap Ha OJJHOH 000J104-
Ke opOuTaneii.

Jlns HaXOXKJIEHUs pa3pelIeHHbIX COUYETaHUI KBAHTOBBIX YHCEN 1y, U 7,
BHayaJle HEOOXOJIUMO BBISICHWUTH, KaKHE 3HAUYEHHS OHM MOTYT NPUHHMATh.
To, 4TO O «KBAaHTOBBIMY YCIIOBHSM JBHKEHHSI OHU MOTYT IPUHUMATh LIEJI0-
YHCJICHHBIE 3HAYCHMsI, — OOIIen3BecTHO. MOTYT JIM 3TH KBaHTOBBIE YHCIIA,
1, ¥ 1, IPUHUMATh KaKHe-JIM00 APyrue 3HaYeHUs ¥ ECIIU J1a, TO Kakue?
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W3BecTHO, 4TO OpOHMTANBEHOE KBAaHTOBOE YWCIIO / MOXXET NMPUHUMATh
TOJIBKO 1ICNIOYHCIICHHBIC 3HAUCHMS U 3HaYeHHe, paBHOE Hymo. Torma, ¢ yde-
ToM BbIpakeHns (8.12), rme / = n, + n., cyMMa KBAaHTOBBIX YHCEN TOXKE
JIOJDKHA OBITB IIETIOYHCIICHHON HIN paBHOW HyJr0. MI3BECTHO, YTO AJIEKTPOHEI
B aTOME MMEIOT COOCTBEHHBII MOMEHT KOJIMYECTBA IBIKEHUS, paBHBIN 1/27.
Orciona 049€BHIHO, YTO M 3HAYEHMS KBAHTOBBIX YHCEN MPOEKIUH OpOUTHI A,
U 1, TI0 OTACIBHOCTH MOTYT OBITh KPaTHBI APOOHOMY uuciy 1/2 1o ciemyro-
UM cooTHomeHusm: n, = 0, 1/2, 1,..., lun, =0, 1/2, 1,..., [. Onnaxo, npu
3TOM HMX CyMMa, coriacHo (8.12), nomkHa ObITh paBHA LEIOMY YUCIY WA
HYJIIO.

[Ipn $puKCHpOBaHHBIX 3HAYEHHUSIX OPOMTAIHLHOIO KBAaHTOBOTO 4HCia /
UM CYMMBI KBAHTOBBIX YHCEN 7, U . PACCMOTPHM HX BCEBO3MOXKHBIE COYe-
TaHWS TPU 3HAYCHUSX, KPAaTHBIX 1/2 M MpH HyJe ¢ Y4eTOM NPOTHBOIOJIONK-
HBIX 3HAKOB Y 3HAUCHUI OPOUTAIBHOTO MArHUTHOTO KBAaHTOBOTO YHCIIA M.

JlaHHBIE COYETAHMH CYMMBI KBAHTOBBIX YHCEI /1, U 71, IO 000JI0YKaM
opOwuTanel mpuBeICHHI B Ta0I. 8.2.

3aMeTHM, YTO BCE COYETAHMS KBAHTOBBIX YHCEN #, U /1. IPH OJHOM H
TOM JK€ 3HaYEHHH OPOHUTAIBHOTO KBAaHTOBOTO YMCIa / IPUHAUIKAT K OIHOM
obomouke opOuTanei.

Tabmnuma 8.2

CoueTanusi KBAHTOBBIX YHCE] 1y, M 1, TI0 000J1049KaM opOuTaJeii
NnpH PUKCUPOBAHHOM 1,

Pa3pemennsie coueTanusi KBAHTOBBIX YMCEI
So l m, N (ny+nJ
I-[I)I/I N BO3MOJKHBIX COCTOSIHHUIT = 2(l+ 1/2)
f +3 |7 1.5+1.5 | 2.5+0.5 | 0.5+2.5 | 142 | 2+1 0+3 | 3+0
+ d| 2 |5 1+1 1.5+0.5 | 0.5+1.5 | 0+2 | 2+0 - -
p +1 3 0.5+0.5 0+1 1+0 - - - -
s | 0 |1 +0 - - - - - |-
s | 0 |1 0 - - - - - |-
_ p -1 3 0.5+0.5 1+0 0+1 - - - -
d 2 5 1+1 0.5+1.5 | 1.5+0.5 | 2+0 | 0+2 - -
fl -3 7 1.5+1.5 | 0.5+2.5 | 2.540.5 | 2+1 1+2 | 340 | 0+3

Kak BugHo m3 Tabm. 8.2, KOJUYECTBO BO3MOIKHBIX COCTOSHUN 3JICK-
TPOHOB WIJIM TIPOTOHOB B aTOME Ha 0OHOU O0OJOYKEe OpOUTaei o BCEBO3-
MOKHBIM COYETaHUAM CYMMbI KBAHTOBBIX YHMCEN IPOEKUUK OpOuTHI (1), + 71,)
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npu  (GUKCUPOBaHHOM 3Ha4YeHUH m, paBHO N = 2(/+1/2), uTo cormacyercs ¢
JaHHBIMU KBaHTOBOW MEXaHUKH IIPH y4eTe CIMHA §, = *1.

3a0cTpM BHHMaHHE Ha TOM, YTO KOJHMYECTBO COYETAHHH CYMMBI
KBaHTOBBIX YHCe (71, + 1.) TIPH JAHHOM 3HAYCHHH T /m, IPUHAUICKUT TOJIb-
KO OfHOHM 00onouke opOuTaneil 6e3 y4era X CIIMHOBBIX Iap B BHIICICHHOM
HarpasJeHUH B MaciiTade aToma.

Takum 00pa3oM, U3 CIIMHOBBIX Iap OpOMTaNei Ha KaXIoi u3 s, p, d U
f-000moueK, COOTBETCTBYIONMX (DUKCHPOBAHHBIM 3HAYCHUSIM *+ Mi,, POPMHU-
pyercst «oOuias» opOuTaNbHas CIMHOBAS Mapa Ha IUIOCKOCTH IO OCH +5, B

KaKOM-JINOO BBIJICICHHOM HAaIlpaBI€HUH OOOJIOYKH. DTO 3HAYMT, YTO BCE
CIMHOBBIE TTaphl KBAHTOBBIX YAaCTHIl MOJSIPH30BAHBI HA OPOHUTAIBLHOM ILIOC-
KOCTH MO OCH * S,, TaK €, KaK ¥ B BBIJICICHHOM HAIPaBJICHUH BCETO aToMa
II0 OCH =+ §.

Ha puc. 8.6 nmpencrasnena cxema 06omodek opouTaneil Ha MIOCKOCTH,
nmapauielbHOW KOOPIUHATHOW JIMHUH X, ¢ 00pa30BaHHEM THPOCKOITHIECKH
HEWTPAIBbHBIX CHHHOBBIX Map, COINIACHO 3HAYEHUSIM OPOHMTAILHOTO CIIHHA.
[TyHKTHpHas NWHUS (0 OKA3bIBAET YCIOBHOE pa3feieHHe KOOPIHMHATHOU
ymmand X (Haganmo KoopauHat B Touke 0, Kak Ha puc. 7.1) Ha ABe YacTH ¢ Io-
JI0)KUTEILHON U OTPULIATENLHOH (hazamMu +f.

Kak BumHO u3 puc. 8.6, Ha Kax10# U3 000JI0YCK S, p, d U f~opburane
HaXOJISTCS CIEAYIOIIEe KOJMYECTBO KBAHTOBBIX YACTHII:

— Ha § — JIB€ KBAHTOBBIE YaCTHUIIBI (COrIaCHO 3HAYEHUSIM (a3);

— Ha p — IECTh KBAHTOBBIX YACTHUI[ WA TPH OPOUTAIBHBIC CIIMHO-
BbI€ TaphI;

Puc. 8.6. Cxema 3anonHenus s, p, d ¥ f~0005104eK opOuTanei

— Ha d — JACCATh KBAHTOBBIX YAaCTUL] WM IIATh HX Op6I/ITaJ'H)HI>IX
CIIMHOBBIX I1ap,
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— Ha f— YeTHIPHA/ANATh KBAHTOBBIX YaCTHUI] WA CEMb OPOHUTATBHBIX
CIHMHOBBIX Map.

Kak y»e roBopuioch OpOHTaIbHBIC CIIMHOBBIC MAPhl KBAHTOBBIX Yac-
THII, HAPUMEP JJIEKTPOH-3JIEKTPOH, PacUIeIUIEHbI HA BCIO IUPUHY 000J109-
ku opburaneii. [ToguepkHeM, 4TO TPUHIUIBI (GOPMUPOBAHHS THPOCKOIIHYE-
CKU HEHTpaJIbHBIX CHCTEM C 00pa30BaHHEM CIIMHOBBIX Map KaK B BBIICICH-
HOM HaIIpaBJIeHHH B Maciitabe aToMa, Tak M B BIJICJICHHOM HalpaBJICHUU Ha
OpOUTANBHON MIIOCKOCTH, €IUHBI.

CoueTaHusi KBAaHTOBBIX YHCeJl, COIJIACHO MATHMTHOMY KBAaHTOBOMY
YHUCITy m.

Eme pa3 BepHeMcs K aHaM3y AaHHBIX Ta0l. 8.2. C y4eroM opOUTaIEHOTO
MarHUTHOTO KBaHTOBOTO YHUCIA M, = £S5,/ = £5,(n, + 1), KONMMYECTBO COUETAHUI
KBAHTOBBIX YHUCENl 71, U 71, Ha KaXIOH U3 s, p, d U f-000JI049€K, COOTBETCTBEHHO,
paBHbl 2, 6, 10 u 14. B T0 e Bpemsl, ¢ y4ETOM MPOTUBONOJIOKHBIX 3HAKOB CIIMHO-
BOT0 KBAaHTOBOTO YKCIIA B BBIJICICHHOM HAIpaBJIeHHH BCErO aToMa npu s = +1
WM O0IIETO MArHUTHOTO KBAHTOBOTO YMCIIA /77, YMCIIO BCEX COUCTAHMM ISl 3apsi-
JKEHHBIX KBAaHTOBBIX YaCTHIl y/BamBaeTcs. Torna KOJIMYECTBO COYETaHWH, KOTO-
PpbIe TIpUHAIISKAT S, p, d 1 f~000JI0YKaM, COOTBETCTBEHHO OyzeT paBHO 4, 12, 20 u
28. TakuM 00pa3oM, KOJIIMYECTBO COYCTAHHHN I OHOMMEHHBIX 000JIOUEK OpOu-
TaJeH, C y4eTOM MX CIMHOBBIX Iap B BBIACJICHHOM HAIPaBJICHHH, CTAHOBHUTCS B
JiBa paza OoJbIIe.

OO1mee 4eThIPEXKPAaTHOE YBEIHMUCHUE KOJIMUYECTBA PA3PELICHHBIX CO-
4eTaHUH CyMMBI (71, + 71.) COIJIACYEeTCs C KOIMYECTBOM COYETAHMH CIIMHOBBIX
KBAHTOBBIX YHCE S U §,, PABHBIM YETBIpeM. DTU cOuYeTaHHus, coriacHo (8.9),
HWMEIOT CJEeAYOIINNA BUA:

ts-ts, =(+1-+1),(-1-=1),(+1-=1),(=1-+1).

B 1a6un. 8.3 mpuBeCHBI BCEBO3MOKHBIC COYCTAHHS CYMMBI KBAHTOBBIX
quceNl MPoeKUui opOutel (n, + n;) And QUKCHPOBAHHBIX 3HAYEHHH OpOH-
TanpHOTO KBaHTOBOTO uncna / = 0, 1, 2, 3 ¢ y4eToM COYeTaHWI CIHMHOBBIX
KBAaHTOBBIX YHCEII § U S, WA 3HAYCHU MarHUTHOTO KBaHTOBOTO YHCJA 11, B
cooTBeTCTBUH ¢ BeIpakeHHeM (8.15). Kak BugHO w3 Tabm. 8.3, KOMHMYECTBO
pa3peuIeHHBIX COCTOSIHUHN 3apsKEHHBIX HYKJIIOHOB B aTOME, TI0 CPaBHEHHIO C
JTAaHHBIME Ta0J1. 8.2, yBEeNTUYMIOCH B 1Ba pa3a.

[IprMeHUTETHHO K peaTbHOMY aTOMYy KOJIMYECTBO Pa3pEmICHHBIX CO-
CTOSTHMI JIOJDKHO COOTBETCTBOBATh KOJMYECTBY O3JEKTPOHOB M MPOTOHOB,
COTJIaCHO UX DHEPreTHYECKUM COCTOSHUSAM. OHAKO, KOJHUYECTBO JJEKTPO-
HOB, paBHOe 4, 12, 20 u 28, COOTBETCTBEHHO, Ha KaXIOH w3 s, p, d U f-
000JI09eK aTOMa B JIBa pa3a OOJbINE, YeM MOJOKECHO X KOJIMICCTBY HA ITHX
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000J104Kax 10 W3BECTHBIM JaHHBIM. HO 3TO HEcoOoTBETCTBHME MOXKET OBITH
JIETKO YNpPa3IHeHO IPH y4eTe COBMECTHOH TpaHC(OpMaIMU I KOHBEPCUH
Ka)XI0T0 BTOPOTO M30BITOYHOTO JIEKTPOHA M MPOTOHA B aToMe ¢ oOpa3oBa-
HHUeM HelTpoHa. [1o3uIuK 3THX HEHTPOHOB B SIAPE COOTBETCTBYIOT COCTOS-
HHUSAM Ka)KIOTO BTOPOTO IPOTOHA MO Pa3pelIeHHBIM COYETaHHSAM KBaHTOBBIX
grcen (Tabn. 8.3). Takas smepHast KOHBEPCHUS AIIEKTPOHOB U MPOTOHOB aToMa
B HEUTPOHBI SHEPreTHYECKH BBIFOAHA M OHA JOJDKHA IPOUCXOIUTE IIpH (Hop-
MHUPOBaHHU aTOMOB B HeJpax 3Be3/I.

Tabnuua 8.3

CoueTanusi KBAHTOBBIX YHCeJ NPOeKUUii 0pOMTHI (1, + n,)
NPH pa3pelieHHbIX 3HAYeHUIX MATHUTHOT0 KBAHTOBOI'0 YHCJIA

s |/ CoueTaHusi KBAHTOBBIX YHCEI IIPOSKIMI OpOUTHI ( n,+ n,)
OpOUTANBHBIH CIIUH S, = +1 OpOUTANBHBIN CIIUH S, = -1
(0+3)(3+0)(1+2) (0+3)(3+0)(1+2)
3 | (2+1)(2.510.5) (0.5+2.5)(1.5+1.5) | (2+1)(2.5+0.5) (0.5+2.5)(1.5+1.5)
+ | 2 (0+2)(2+0)(1.5+0.5)(0.5+1.5)(1+1) | (0+2)(2+0)(1.5+0.5)(0.5+1.5)(1+1)
1 (0+1)(1+0)(0.5+0.5) (0+1)(1+0)(0.5+0.5)
0 0|0
0 010
1 (0+3)(3+0)(1+2) | (0+3)(3+0)(1+2)
_ 12 (2+1)(2.5+0.5) (0.5+2.5)(1.5+1.5) | (2+1)(2.5+0.5) (0.5+2.5)(1.5+1.5)
3 | (0+2)(2+0)(1.5+0.5)(0.5+1.5)(1+1) (0+2)(2+0)(1.5+0.5)(0.5+1.5)(1+1)
(0+1)(1+0)(0.5+0.5) | (0+1)(1+0)(0.5+0.5)

B Tabn. 8.3 i HOBBIX YCIIOBHIA TO3HUIINU COYCTAHWH KBAHTOBBIX UH-
CeJI ISl MPOTOHOB BBIICIICHBI KUPHBIMU 3HaKaMH, a MTO3UINHA HEHTPOHOB —
00bIYHBIMU. OTHOCHUTEIBHO K€ ANEKTPOHHON 00OJIOYKH aToMa, COYCTAHUS C
JKUPHBIMH 3HaKaMH OTPEACISIIOT MO3UIHUU DJIEKTPOHOB, a C OOBIYHBIMUA —
0003HAYaAIOT X OTCYTCTBHE.

SnepHas KOHBepcHs MPHUBOAWUT K YIPa3THEHUIO NEHCTBUS OpOHTAb-
HOTO cIuHA §,. OO0CHOBAaHHUE SIIEPHON KOHBEPCHH 3JICKTPOHOB U ITPOTOHOB U
yIpa3HEeHue JISHCTBHS MPU 3TOM OPOUTAIBHOIO CIMHA S, PACCMOTPHUM 00-
Jiee MoAPOOHO B CIICAYIONINX TaBax, MPEABAPHB HX PACCMOTPECHUEM O0IIEro
pacnpeieneHys MPOTOHOB U AJIEKTPOHOB B aTOME.

8.7. PacnpenesieHie NPOTOHOB MJIH 3JIEKTPOHOB B aTOME.

PaccmoTpum ofmiee pacnpeseneHre IPOTOHOB WM 3JIEKTPOHOB B pe-
QIBHOM aTOME II0CJIe SAePHOI KOHBEPCHHU TI0 BCEM Pa3pelIeHHBIM HEPreTH-
YECKHM COCTOSIHHSAM, C YY€TOM BCEBO3MOJYKHBIX COYETAaHHUH HEOOXOIUMBIX
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JUTSL 3TOTO KBAHTOBBIX uucel #n, [, m u s. Takum oOpa3oM, mocie siIepHOM
KOHBEPCUH UMEEM CIEIYIONINE YCIOBUI KBAaHTOBAHUS YaCTHUI] B aTOME:

— ofmee KBaHTOBOE YHICIIO HE MOXKET PABHATHCS HYIIO M TPHHAMACT
TOJBKO TETIOYHCIICHHBIC 3HaUeHus 7 = 1, 2, 3, ..., N 1 MOXeT OBITh BEIPaKCHO
Yyepe3 KBAaHTOBBIE YUCIA MPOEKINHA OPOUTHI IO B3aMMHO MEPIECHINKYIISIPHBIM
HaIpaBJICHUSM MO COOTHOMICHHUIO: 11 = 1, + 1y, + 1}

— TJIaBHOE KBAaHTOBOE YHCIIO MPOEKUIWH OPOHUTHI B BBIIEICHHOM Ha-
MIPaBJICHUU TPUHUMAET CJICTYIOIINE [EIOYUCICHHbIC 3HAUCHHUSI:

n .
+1, E+2, ..., nOpAE ™M >

=
NSHIN]
(S
NS

— CyMMa KBAaHTOBBIX YHCET A, W 7., COITIACHO COOTHOIIEHHIO [ =
ny+n. onpenenseT opoUTaIbHOE KBAHTOBOE YHCIIO, KOTOPOE IPUHUMAET 3HA-
yenns: [=0, 1,2, ..., n/2 mpu "< n/2;

— CIIMHOBOE KBaHTOBOE 4YHCIO, paBHOe §==I1, Gopmupyer marHur-
HOE KBAaHTOBOE YMCIIO M OTPaKaeT yCJOBUsI TMPOCKOITUUECKON HEHTpabHO-
CTH B BbBIACJICHHOM HaIlpaBJICHUU,

— MarHMTHOE KBAaHTOBOE YHCIIO /1 YUUTHIBAET KOJIMYECTBO CHOCOOOB
OpHeHTauu opOuTEHI, coriacHo (8.15), 1o cieayromemMy COOTHOLICHUIO:

m=zxs-l=xs-(n,+n,). (8.17)

HpI/I 9TOM KOJMYCCTBO BCEBO3MOXKHBIX MPOCTPAHCTBCHHBIX COCTOSIHUI NHpI/I
JaHHOM 3HAYC€HWW MArHUTHOI'O KBAHTOBOI'O 4HCJIa m ONPEACISACTCA COOT-
HOIICHUCM:

N =+£52(I+1/2). (8.18)

B Ta6n. 8.4 Ha mpuMepe aToma paans MPHUBEIEHBI TO3UIUN SIEKTPOHOB WIIN
IPOTOHOB HAa OCHOBE BCEBO3MOXKHBIX COUETAHMI KBAHTOBHIX dmcen (1, + 1),
cojiepranuxcs B Ta01. 8.3, mpyu BCEBO3MOXKHBIX 3HAYCHUSAX KBAHTOBBIX YUCIT
n, n, 1 | 10 saepHoit KoHBepcuH (TI0Ka ¢ y4eTOM OpOUTalIHOTO CIHHA +5,). B
3TOU Ta6HI/IHe 1A IPOCTOTHI U HAITIAAHOCTU COYETAHUS KBAHTOBBLIX YUCCIT
HPOEKUUH OPOMTHI 71, ¥ h, NPU (QUKCHPOBAHHBIX 3HAUCHHAX OPOUTAIBHBIX
KBaHTOBBIX YUCEN /, T.e. MIs S, p, d u f~000JI0YCK, 3aMCHCHBI HA YCJIOBHBIC
oOo3Hauenus. Hampumep, oano coueranue s-opoutamu (0+0) obo3HaueHO
kak 7(0), Toe MHACKC 1 OTpakaeT 3HaYeHHE OOIIero KBaHTOBOTO YMCIa, KO-
TOPOMY NPHHAUISKUT OPOHTATIb. A BHYTpU CKOOOK 0003HAYCHBI TTOBTOPHBIC
3HAUEeHHSA CYMMBI COUETAaHWH KBAHTOBHIX 4HMceld (1, + 71.) IpU JaHHOM [ 1O
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KOJIMYECTBY TO3UIIMHA, COOTBETCTBYIOIIEMY KOJIHYCCTBY cOYeTaHHWU. Takum
o0pasoM, it oboouek p-opburaneit, BMecto coderarnit (0 + 1)(1 + 0)(0.5

+ 0.5) Ha Tpex mo3unusAx, nMeeM obo3HaueHue codetannit 1(111), ms o6o-
mouek D opOuraneit, BMecto couetanuit (0 + 2)(2 + 0)(1.5 + 0.5)(0.5 + 1.5)(1

+ 1) Ha naTH mo3unusX, — M(22222) u, HaKoHel, Ui f—o6onoqe1<, BMECTO
coueranuit (0 + 3)(3 + 0)(1 + 2)(2 + 1)(2.5 + 0.5)(0.5 + 2.5)(1.5 + 1.5) Ha

cemu mo3unwmsx, — 1(3333333).

Tab6muua 8.4
Pacnpenenenue mo3unuii 3JIeKTPOHOB MJIM MPOTOHOB B ATOMe HA OCHOBE
BCEBO3MOJKHBIX COYETAHMIT KBAHTOBBIX YN CeJI HA PUMepPe aTOMa paausi

O003HaueHNE COUYETaHUH KBAHTOBBIX YHCEII MPOCKLMIA OPOUTHI IO CyMMe

S | My I=(n,+n),
pacIpeie]IeHHBIM Mo 3HAYEHUSM OpOHMTANIBHOTO criuHa +S,
J10 sIJIEPHOM KOHBEPCHHU
+3 +2 +1 +0 -0 -1 -2 -3

1 2 3 4 5 6 7 8 9

7 70) | 7(0)

6 6(0) | 6(0)

5 6(111) 50) | 5(0) | 6(111)
+ 4 6(22222) | 5(111) | 4(0) | 40) | 5111) | 6(22222)

3 | 6(3333 | 5(22222) | 4(111) | 3(0) | 3(0) | 4(111) | 5(22222) | 6(333

333) 3333)

2 4(22222) | 3(111) | 2(0) | 2(0) | 3111) | 4(22222)

1 2111) | 10) | 1(0) | 2(111y)

1 2(111) | 1(0) | 1(0) | 2(111)

2 4(22222) | 3(111) | 2(0) | 2(0) | 3(111) | 4(22222)

3 | 63333 | 5(22222) | 4(111) | 3(0) | 3(0) | 411y | 5(22222) | 6(333
_ 333) 3333)

4 6(22222) | 5(111) | 4(0) | 4(0) | 5111) | 6(22222)

5 6(111) | 5(0) | 5(0) | 6(111)

6 6(0) | 6(0)

7 70) | 7(0)
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B maba. 8.4 yumeno u omcymcmeue £, 6 8blpadceHuu Oas MAcHUM-
HO20 K8anmosozo uucaa m (8.17), makum o6paszom, umo 6 co4emanusix, npu-
BE0EHHBIX 8 CKOOKAX, HCUPHBIMU YUDPamu 0603HAUEHbI MOTLKO me NO3UyUlL,
KOMopule cOOMEemcmayon 2AeKmMpOHAM Ul NPOMOHAM, He NOBePAGUIUMCA
A0epHOU KOHBepcUl ¢ 00pazosanuem HelmpoHos.

Kak yxe ynoMHHaI0Ch paHee, B 9THX COUETaHUSIX OOBIYHBIMH LU(pa-
MU 00O3Ha4YeHbI, IPUMEHUTEIBHO K 3JEKTPOHHOW 000JI0YKe, MO3UILUH, Ha
KOTOPBIX AJIEKTPOHBI OTCYTCTBYIOT; MPUMEHHUTENBHO K SJEPHOI 000I04Ke —
MO3UIMKA HEHTPOHOB. DTH MO3MLMH C >KUPHBIMH M OOBIYHBIMH HUPpPaAMH,
OTpa’karollue, COOTBETCTBEHHO, MO3ULUU DJIEKTPOHOB WM OTCYTCTBHE HX,
OTHOCHUTENBHBl U HE MMEIOT INPUHIMIUAIBHOIO 3HAYEHMS, IOITOMY MOTYT
MIOMEHSATHCSI MECTAMU.

B T1abn. 8.4 B mepBoii KoJOHKE 0003HAYEHBI 3HAKU CITUHA s = =1 B BbI-
JIEICHHOM HaIlpaBJIEHHH, COTJIACHO KOTOPBIM BCE SHEPIrETUUYECKUE COCTOSHHMS
3JIEKTPOHOB WJIM ITPOTOHOB OOPETAIOT CBOIO CIIMHOBYIO Mapy B BBIJICIICHHOM
HarpaBsJIeHUN Ha 000J04Kax opOuTanell. Bropas kojoHKa yKa3bIBaeT, Kako-
MY 3HAUEHHIO TJIABHOTO KBAHTOBOT'O YKCIIA, PABHOIO 11, = 71 - [, IPUHAICKAT
000109KH OpOUTATIEH.

Kak yxe oTMedanu, 3Ha4eHUs! pa3pelleHHbIX 3HAYCHUH OpOUTAIBHOTO
KBaHTOBOT'O YHCIa, PaBHbIE [ = 1, + 1., NPUBEJEHBI B CKOOKAX 10 HECKOJIb-
KUM IOBTOPHBEIM IO3ULIUAM, COOTBETCTBYIOIIMM KOJIHMYECTBY COYETAHHUMH (71,
+ n). [Ipu 3TOM 3HAYEHUS OOIIETO KBAHTOBOI'O YMCIIA 71 JAHBI YepPe3 MHICK-
cbl nepes 3tuMu ckoOkamu. CoriiacHO naHHbIM TaOu. 8.1, 3HaYeHue oouero
KBaHTOBOT'O YHMCIIa 7 COOTBETCTBYeT HOMepy nepuona [lepuomuueckoit cuc-
Tembl teMenToB J[.M. MenneneeBa. TakuM o0pa3om, Kak 1Moka3aHo B TaOII.
8.4, ogMHaKOBbIC 3HAYECHUS MHAEKCOB 71 TIepesl CKOOKaMH yKa3bIBaloT Ha 000-
3HAYEHHBIE BHYTPH 3TUX CKOOOK S, p, d M f~000JI0UKH, TIPHUHAJISKAIIIE O~
HOMY HEpHOLy TaOJIUIIBI XUMHUYECKHUX 3JIEMEHTOB MeH ieneeBa.

OuepeHOCTD 3aIOIHEHUS] COYETAHNI KBAHTOBBIX YHCEIN MO 0007104-
KaM opOWTanell IMOJHOCTBIO COOTBETCTBYET paHEE PacCMOTPEHHOW odepen-
HOCTH B Tabm. 8.1, maHHBIE KOTOPOH TAaK)Ke ITONHOCTHIO COTIACYIOTCS C (hak-
THUYECKOH OYEepeTHOCTBIO 3alOoNHEHHsT 000J70YeK opOuTanel Mo mnepuogam
CHCTEMBI JJIEMEHTOB.

PaccMoTpuM 00mmii mpuHIMI 3arnoHeHus Tabm. 8.4.

Jns atoma paaus MakCUMaJbHOE 3HaYCHHE OOIEro KBaHTOBOTO YHC-
na pasHo 7. Torna, cormacuo (8.11), tne n =1, 2, 3, ..., N, o0Iiee KBaHTOBOE
4HCIIO B aTOME pajiusi UMEET CIeIyIOIUe pa3pelliCHHbIE 3HAU€HHsI, paBHbIE 1
=1,2,3,4,5 6 u7, npu kaxxaqoM (UKCHPOBAHHOM 3HAYEHUH KOTOPOTO
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TJIaBHOE W OpOWTAJIbHOE KBAaHTOBBIC YHCIIA IIPHHUMAIOT COOTBETCTBYIOIIHE
3HAYCHUs, COTJIACHO BhIpaxkeHUsM (8.12), (8.13) u (8.14). Hampumep, npu n
= 1 raBHOE W OpOHMTAIBHOE KBAHTOBBIC YKCIIA, COOTBETCTBEHHO PAaBHBI 71, =

l,al=0;mpun=2— n=1,2,a =0, l;mpun=3— N,=2,3, a [=0,1;
npu n=4— n,=2,3,4, a I=0, 1,2;npun=5—n,= 3,4us5,al=0,1mun
2;mpun=6—n,= 3,4,5u6,a [=0,1,2u3;npun=7—n,= 4,5,6n
7,a1=0,1,2u3.

B unTerpanpHOl cucTeMe KOOPIMHAT MO3UIMK AJIEKTPOHOB WK MPO-
TOHOB B aTOME MOTYT OBITh BBIYHCIEHBI. VX MOJOXEHHs ONPEAessIIoT MO
3HAYCHUSAM KBAHTOBBIX YHCEN MPOCKIUH OpPOUTHI U IO 3HAYCHHUIO OOIIero
KaHTOBOI'O YHCJIa, COTJIACHO BhIpakeHUsM (7.46) u (7.47). Ilpu s3ToM HeoO-
XOJMMO 3aMETHTh, YTO KOOPIUHATHI 3JICKTPOHOB U MPOTOHOB B aTOME MOTYT
OBITh CYIIECTBCHHO TOJKOPPEKTUPOBAHBI M3-3a SICPHON TpaHC(hOpMAaIuu
YaCcTH 3JCKTPOHOB U MPOTOHOB C 00pa30BaHUEM HEHTPOHOB. B TO ke Bpems
MPHUHIUITEL PACTIPE/ICTICHUS DJICKTPOHOB W TNPOTOHOB B aTOME Ha OCHOBE
MPEVIOKEHHBIX Pa3PEIICHHBIX COYETAHUN KBAHTOBBIX YMCEN OCTAIOTCS He-
HM3MEHHBIMH, YTO BEChbMa BYKHO JJIs1 paciin()pPOBKU CTPYKTYPHOH JTUHAMHUUEC-
CKOM MOJIENIN aToMa.

IMoaBenst oOIIMIA UTOT CKA3aHHOMY MOYKHO KOHCTaTUPOBATh, YTO MPH-
BE/ICHHBIC TPUHIIUITBI TOCTPOCHHS MOJIEIN aTOMa MO3BOJISIIOT OTPaXKaTh MO-
JIellb  TUHAMHYECKOH CTPYKTYpbl aToMa, COOTBETCTBYIOILIYIO (H3MUYECKOM
pCabHOCTH M COBPEMCHHBIM JaHHBIM [lepronn4eckoil cucTteMe 3JCeMEHTOB
J.N. Menneneesa.
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I'naBa 9

Bepcusi pemnenusi BosiHoBOro ypasuenusi lllpeagunrepa
B HHTEIrPAJIbHOM CHCTeMe KOOPAHHAT

9.1. IToaxoabl K pelieHHI0 BOJTHOBOI0 YPaBHEHUSI

PaccmoTrpuM cymecTByrome NoaxoAsl K pemeHuto ypasaenus Llpe-
JIUHrepa NPpUMEHUTENBHO K 3/1eKTpoHy. Kak M3BeCTHO, BOJTHOBOE ypaBHEHHE
[peanarepa coaepXuT BOMHOBYIO (GyHKIMI0 @. OOBMHO Ui BOJHOBOW
(yHKIIMH 3JIEKTpOHA BMECTO 0003HaueHus1 @ ncrnons3yor ¥, u ecnm 3ame-
HHUTH CKOPOCTH CBETa ¢ B ypaBHEHHUH (7.3) Ha CKOPOCTH AIIEKTPOHA V , TO T10-
Jy49UM ypaBHEHHUE IJIs1 IBYKCHUS YaCTHUIIbL:

2 1 &%y

Viy o 9.1)
Kak BumHo, BonmHOBas QyHKIUA ¥ ABseTcs (yHKIWEH IPOCTPAHCT-
BEHHBIX KOODAUHAT U BpeMeHU. HeoOXxoauMoe I Hac ypaBHEHHE CTOSYHX
BONIH He IOJDKHO COIEp/KAaTh BPEMEHH B Ka4ecTBE IepeMeHHON. Jig Toro,
4T00BI MOMYYUTh TAKOE BOJHOBOE YPABHEHHE BBOIAT NOMYIIECHHE, 3aMEHSS

byukimio ¥, Ha npousBeneHne GyHKUMA Y.y = Yz 8, T W (o)

(GyHKLUA TONBKO HNPOCTPAHCTBEHHBIX KOOPIMHAT, g(; — (YHKIHUSA TOJBKO
BpeMeHHU. {11 TOro, 4ToOBI OTAEINUTh BPEMEHHYIO 3aBUCHUMOCTD OT BOJIHOBO-
ro ypaBHEHMs, MOXKHO MCIIOJb30BATh HECKOJBKO BONHOBBIX (QyHKIMH g ,

TaKux, Kak exp(2zivt) wau Sin (27v¢). Eciu npousBecTH MOACTAaHOBKY

Y ey = W (=) €XP(27 V1) B ypaBrerue (9.1), To momysmm:

2
Vz 2mvt 1 0 27vt
Vien® =7 52 Viom®

Tak xak omepaTop % COZIEPKUT TOJBKO MPOCTPAHCTBEHHBIE KOOP-
JIUHATHI ¥ HE 3aBHCUT OT BPEMEHH, TO BPEMEHHYIO (DYHKIIMIO B JIEBOW YaCTH
YPaBHEHHSI MOXHO CUMTaTh MOCTOSIHHOM BeanuyuHOM. B mpaBoil ke yactu
ypaBHeHUs! QyHKIUIO ¥(,),) MOXKHO CUNTATh MOCTOSIHHON IO OTHOIIECHHIO K
omneparopy &/d¢. Tlocne npeoGpa3oBaHMs MIOTYYNM ypaBHEHHE:
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eZﬂinZW _ 1 l// 82 (eZHiV[)
(xyz) VZ (x2) atz

WM TIOCJIE ABYKPATHOTO TU(PEepeHIIMPOBAHIS:

: 1 0 ;
2mvig 2 . 2mvt
eV = 7 W iey = Qmive™"),

ot

2mvt

; 1
27V 2 _ 2 2
e v l//(xyz) _v_zl//(xyz) (_472- 14 )e 5

47°y?
2 _
VW iy == 2 V(e - ©2)

YpaBuenue (9.2) yxe HE CONCPIKUT MEPEMEHHOH £, U, TAKMM 00pa3oM,
YZIJIOCh TIOJIyYUTh BOJIHOBOE ypaBHEHHE, COJEpIKalllee TOJIbKO HMPOCTPAHCT-
BCHHBIC KOOPAWHATBI CUCTEMBI.

Teneps HEOOXOTUMO OTPA3UTh B YPaBHECHUH KOPITYCKYJISPHBIA Xapak-
Tep anekrpoHa. Kak m3BecTtHO, 1Mo cooTHomeHuto ae bpoins (4.21), ms
KBAaHTOBOM YaCTHLBI CKOPOCTh ABMKEHUS paBHAY = AV = hv/ p, TAE A

— JIMHA BOJHBI; V — 4acToTa; p — uUMIlyJbsc. IlogcranoBka 3Toro Bupa-
JKeHUs B ypaBHeHHe (9.2) naer:
2.2
v?2 4z"p
Vien =775 Vi ©-3)

OnexTpoH Ha opbuTanu aToma, coriacHo (6.34), oGmagaer TOIBKO TO-
JIOBUHOI KMHETUYECKOU SHEPTHHU CIIUPAILHOTO JIBHXKEHHUS, paBHOH Ey = E;/2
= mv*/2. Tora COOTHOIICHHE MEX/Ty HMITY/IbCOM p U KHHETHUYECKOI SHEPIH-

el E, 27IeKTpOHa B aTOME UMEET CIEAYIOIIMMN BU:

» _(mv)” _ p*

2m 2m’

K

E =—mv
2

TMozcTaBss 3HadeHue p° B ypaHenue (9.3), monydaem:

47°(2E m)
2 K
VWi == 0 ¥ om)
703071
87°m
2
V l//(xyz) =- h2 Ekl//(xyz)' (94)
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Tak Kak KMHETHYECKasi HEpIusi OpOUTAIBHOTO JIBIXKEHHS HIICKTPOHA
paBHA Pa3HOCTH MEXy OOlIel sHepruei £, ¥ NoTeHUMalbHOH sHepruei £,
T.e. £, = E,- E,, TO BOJJTHOBOE YPaBHEHHE MOKET OBITh BBIPAKEHO B (hopme
[8, c. 50]:

2

2 8 m
v l//(XyZ) = hz (En _Ep)l//(xyz)
I
2 87°m E_E 0
v Wins T n? (E, - p)W(xyz) =V. 9.5)

Takum o0pa3om, BbyIenuB K3 obuiero auddepeHnraisHOro ypaBHe-
HU BOJIHOBOT'O JIBMXKCHUA Ty €ro0 4acCcTb, KOTOpas 3aBUCUT OT MPOCTPAHCT-
BEHHBIX KOOpDIMHAT, U HCIIOJIB30BAB ypaBHEHUE A¢ bpoiuid uis npuaaHus
€My KOPILyCKYJIIPHOTO Xapakrepa, MbI IOJYYWIM HE 3aBUCSIIEE OT BPEMEHHU
n3BectHoe ypaBHeHue lllpeauHrepa uist BOJTHOBOTO JBM)KEHHS 3JICKTPOHA B
aToMe.

[puauun cynepno3uuun. Jlerko 3amMeTuTh, YTO AJSI OJHOMEPHOTO
ciryqast ypaBHeHue (9.2) npuHUMaeT BUJ:

dzl//(x) 472'2\/2

dx2 V2 (x)
Ar*y? 5
Ero MoXHO ynpocTuTh, 0003HaYHB —=a,
%
d’y
(x) 2
——+ay,., =0. (9.6)
dxz (x)

OpHuM u3 pemeHnit Takoro auddepeHnanIsHOro ypaBHeHs OyaeT:

¥, =Asinax+ Beosax . 9.7)

[MocnenHee NErko MPOBEPHUTH, MPOBEAS ABa MOCICAOBATEIbHBIX AU hepeH-
nupoBanus ¢pyHkImu (9.7),

d*y
) 2 g _ 2
———=—a (4sinax + Becosax) =-a’y .

dx

HpI/I OTOM BBITIOJIHACTCSA IPUHIIAIT CYTICPITO3UIINH. OTMCTI/IM, qTo
W, = Asinax

TaK e, KaK
Y. =Bcosax
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_ iox
W =Ce™.
OHH TaKKe SBISIOTCS pelieHusMu TuddepeHuansHoro ypasHenus (9.6).
OTMeTHM, YTO B COYETAHHH C MPUHLUIIOM CYIEPHO3ULNH Jr00as

JIMHEHHAS KOM6I/IHaHI/I$I peHIeHI/Iﬁ TOKEC SABJIACTCA PCHICHUEM 3TOI'0 ypaBHE-
Hus. Ha ocHOBaHuM BbBIIIECKA3aHHOT'O, BBIPA’KCHUE

W, = Asinax £ Ce™

oyner pemenueM nuddepeHIaabHoro ypasuenus [8, c. 51].

B naneHeitmem Hac OyleT WHTEPECOBATh YACTHOE PEHICHUE JIJIS OIIH-
CaHMsI COCTOSTHHS KBAHTOBBIX YAaCTHI], HAIIPUMED, IICKTPOHOB B aTOME, KOTO-
pO€ MOKET OBITh TIOTYYCHO, €CIIY MPHUHATH BO BHUMAHHE ONPEICICHHBIC TPpa-
HUYHBIC YCIOBUSL.

9.2. Bepcus pemenust ypapHeHust lllpequnrepa 1Jist «o1HOMEpPHOW»
NMOTEeHNHMAJIBLHOM cdepsbl

Paccmotpum pemenue ypasaenus Lllpenunrepa s onpeneneHus co-
CTOSAHHA MHOXKCCTBA JJICKTPOHOB B NMOTCHIIUAJIBHOM IIOJIE AApa C YUCTOM HX
CIHPANBHOTO XapaKTepa JBUKECHUS.

B 1. 7 mokaszaHo, 4TO I ONIMCaHUS COCTOSIHUSA AJIEKTPOHOB Ha opOu-
TE sIpa B BBIICJIICHHOM HAaIlpaBJIEHHH MOTYT OBITH MCIIOJIb30BAaHBI CHHYCOH-
JlaNTbHbIe (QYHKIHH.

Ecnmu B uHTerpanbHOl cucteMe KOOpAMHAT HAIpaBICHUE paanyc-
BEKTOpa OpOWTHI OyNeT COBNaAaTh C HAINPABICHUEM paJyC-BEKTOPA BBIJE-
JICHHOTO HampasieHus! Ry, TO MONyYrMM OJHOMEpPHYIO CHCTEMY KOOpPIHMHAT,
IpH KOTOPOH cos B, = 1. [Ipu 5TOM 0011ee KBAHTOBOE YUCIIO PABHO KBAHTO-

BOMY YMCILy IIPOEKIIMH OPOMTEI B BBIIECICHHOM HANPABJICHUH, T.€. 1 = 71, U 71,
=n,=0.

Ha pucynke npuBesieHa oJJHOMEpHas MHTETrpajbHAs CUCTEMA KOOP/IH-
HAT TOTEHIMAIBHBIX TUIOCKOCTEH NPU Pa3HBIX 3HAUYEHHSX TJIABHOTO KBAHTO-
BOT'O YHUCIIA 71, IPOSKLUH OpOUT JIEKTPOHOB aToMa. Takas ogHOMEpHas CUC-
TEeMa KOOpJHMHAT I03BOJISIET OTOOpakaTh OECKOHEYHOE MHOXKECTBO OpOHT ¢
COOTBETCTBYIOUIMMH 3HAYE€HHSIMH paJuyCc-BEKTOPOB R, B BbIIEIICHHOM Ha-
IIPaBJICHUH.

HamomHnM eme pas, 4To CKamsdpHBIE 3HAYEHHUsI NMPOSKIMHA paanyc-
BEKTOPOB COOTBETCTBYIOT pajiiycaM IPOEKIHid OpOuT 7.

Kaxk BUITHO 13 pHCYHKa, OpOUTHI MOT'YT MMETh KaK ITOJIOXKHUTENbHBIE, TaK U
OTpHLaTesbHbIC HAlpaBIeHUs BpAIIEHHUS, OIpeJesseMble OJOKUTEIbHBIM 1
OTpHLaTeIbHBIM HaIpaBJICHUSMH pajinyc-BeKTOpoB R, KoTOphIe, B CBOIO Ove-
PEZb, COOTBETCTBYIOT ITOJIOKUTEIIBHBIM M OTPHLATEIEHBIM 3HAUYCHHSIM CITHHA § =
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+1 B BbIICJICHHOM HarpaBiieHnH. Kak yske roBOpHIIOCk, 3HaKH CITHHA COBITAIAl0T
CO 3HaKaMH{ BEKTOpa MOMEHTA KOJIIYECTBA IBHKCHIIS.

+S, Ry, Takum oOpa3zom, Kak
N OBUIO TIOKAa3aHO B TI. §,
ANEKTPOHBI HA OPOUTAX IOJ
JIEICTBUEM TUPOCKOIHUYE-
CKHX CHJI 3aHMMAIOT B aTo-
M€ CTallMOHapHBIe opOuTa-
JIM C PaJANyCOM CITUPAILHO-
ro JBUXCHUA 7., COOTBET-
CTBYIOIIUM  pajguycy Jie-
(hopMHUPOBAHHOW  OPOUTHI.
[Ipn »TOM, Kak BUIHO H3
PHUCYHKA, 3TH OpOUTAIH IO
CBOMM pa3MepaM 10 Mepe
YBENWYCHUS 3HAYCHUS pa-
UyC-BEKTOpa OpOWUTHI OT
LIEHTpa K repudepun TOUHO
HAKJIagBIBAlOTCS OJHA Ha

Op6uragp

Pacnipenenenue no3unuii 31€KTPOHOB Ha “0HOMEPHON” prry}ov 1o HpUHOAITY
HOTEHIMAJIBHOM cepe NMpH pasHbIX 3HauYeHHsX miapHoro IJIOTHOW YyIAKOBKHM.
KBaHTOBOTO YMCIIA 1 Paccmotpum  perre-

HUE BOJHOBOTO YpaBHEHUS

[Ipenunrepa ¢ UCMOIB30BaHUEM MHTErPAlbHOM CHCTEMBI KOOPAMHAT NOTEH-
IUAIBHBIX c(ep VI ee OJJHOMEPHOTO CITydasi, IPUBEACHHOTO Ha PUCYHKE.

OnHOMEpHBIM BBIPAKCHUEM MOTCHIUATIBHOW CQEphl SBISETCS IIIOC-
KOCTh OKPY>KHOCTH KOOPJMHATHOW JMHUHU X, Y KOTOPOH €CTh COOTBETCT-
ByIOI[ass KOOpAWHATHAs OCh pajuyc-BekTopa Ry. CTeHKamMm Takoro noreH-
IIUAJBHOTO KPYTra, T0A00HO CTEHKaM IOTEHIIMAIBHOTO SIIIHUKA, SBISIOTCS €T0
MOJTYOKPYKHOCTH, HO C TEM OTJIMYHEM, YTO 3JIEKTPOH MOXKET JIBUTATHCS
TOJIBKO T10 JINHUU CTEHKH.

B ogHOMEpHOM sIiKe BOJHOBAsE (DYHKIMSI MOXKET OBITh ITpeACTaBlICHA
KaKk ¥y, KOTOpas ONMCBHIBAET JBMKEHHME PEAIbHOM YacTHIIbl, HATPUMED, Ta-
KOM Kak 3JIeKTpOH. DJTa BOJHOBAas (PyHKLMS JOJDKHA OBITH HENPEPHIBHOM,
KOHEUHO! U OIHO3HAYHO OTIPEENIEHHOM BO BCEM MIPOCTPAHCTBE.

BonHOBOE ypaBHEHHE U TPEXMEPHOTO ciydas ObLIO JITaHO BBIpaXke-
HueM (9.4), KoTopoe At OTHOMEPHOTO CITydas UIMEeT BUI:

le//(x) 872'21’)’1
2 + 2
dx h

Ew, =0. 9.8)
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2

W3 ypasHenus (9.8), mpuHuMas, 9to o2 = 87;72’” E,» HIoJly4aeM ypas-
HEHMe, UJCHTHYHOe ypaBHeHu!o (9.6). Ero perienuem, a 3Ha4UT, U pelIeHU-
€M BOJIHOBOTO YpaBHEHHS JUIsl YaCTHIBI B OJJHOMEPHON MOTEHIINAIBHON che-
pe WM B MOTEHIMAIBHOM SIIIUKE OYAET pelleHHe, IPEICTaBICHHOE BhIpaXke-
Huem (9.7).

3O10 obmee pemrenne U HepeHINATBPHOTO ypaBHEHHS caMo 10 cede
HH O YeM He TOBOPHT, IIOKa HA HEro He HaKJIa/JblBaTh IPAHWYHBIC YCIIOBHS.
PaccMoTpuM TrpaHUYHBIE yCIOBHS, HAKJIa/IbIBACMble Ha JAHHYIO YacTHYIO
cucreMy. Tak Kak yCTOIUMBOE CyIIECTBOBAHHE 3JIEKTPOHA B Ipenenax Io-
TEHIMATBHOTO KPYTa HE 3aBUCHUT OT BPEMEHHU M OH HE JIOJKCH CYIIECTBOBATh
BHE 3TOT0 Kpyra, HeOOX0MMO, YTOOBI BOJHOBAasE (DYHKIIMS ObLIa paBHA HYJIIO
Ha KOHIIaX CTOPOH KpPyTa, T.€. Ha KOHIIaX MOIyOKpYy>KHOCTeH npu x = 0 u x =
7r. A 3TO 3HAYUT, YTO JJIs HAICH OJTHOMEPHOM MOTEHIMAIBHON chepsl Py =
0 B Touke x = 0. Takum 0Opa3oM, B Touke x = 0

0= Asina0+ Bcosa0
W
0= A4(0)+ B(1).

Jns Toro, yToOBI paBEeHCTBO COOJIIOAATOCH, MOCTOSHHAS B 10JDKHA
OBITh paBHA HyJ0. Torna MOIyYNM YNPOIIECHHYIO BOJHOBYIO (pyHKIHIO, KO-
TOpast UMEET BUJ:

W =Asinax.

OueBHAHO, YTO HA APYroM KOHILE MOJYOKPY)KHOCTH BOJTHOBAasl (yHK-
IUsI TAKKe JIOJDKHA OBITH paBHA HYJIO, T.€. B TOUKE X = 77 JOJDKHO BBIIOJ-
HATBbCA paBeHCTBO ¥,y = 0. DTO ycnoBue NpeanosaraeT JBa BO3MOMKHBIX pe-
meHus. J{is Touku x = 7 BOJHOBasE (GYHKIMS MMEET BUIIL:

0=Asinanr,.

Takoe paBeHCTBO cIpaBe;yIUBO U npu yciaoBuu 4 = 0, HO Takoe peleHue
TpuBHAIbHO. Kak M3BEeCTHO, €CTh U APYroil crocod perieHus, Koraa CHHYC
yria paBeH HyNIIO IpU 3HA4YE€HUM yrina, kpatHoM n. Hampumep, eciu
a=nrl/a, TAEe n — 1IeJI0€ YHUCIO, TO PABEHCTBO TaKKe coxpaHserca. B Ha-
IIeM cIydae CTOPOHOM a NMOTEHIHAILHOIO KpyTa SBISIETCS MOIYOKPY>KHOCTh
a =nrmr W TOTHA o = n/r . BBeleHwe LeNOro 4ducia n MPEAIoNaraet
JBIDKCHNE YacCTHUIIBl, HAIPUMEP 3JIEKTPOHA, B MOTEHIUAILHOM IIOJIE 3apsiaa
a1pa ¢ 00pa3oBaHUEM CTOSYEil BOJHBL B TakMX IpaHMYHBIX yCIOBHSX BOJI-
HOBasi pyHKIMS JUIsl YACTUIIBI TPUHUMAET BUJI:
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. nxw
Y, =Asin—x
a
nin

. n
W =Asin—x. 9.9
r
X
C takoif QpyHKIHEH B TI1. 7 MBI y’KE BCTPEUAINCH. 31eCh, KaK MBI paHee YCIIo-

BHJIMCB, JUISL TIPOM3BOJILHO OPHEHTHPOBAHHOM OpOMTEI IpU cos ff, =1 mnnHa

MOy OKPY’KHOCTH OPOUTHI [, = X U paglyC OpOHUTHI 7' = F,.

B (9.9) xosppunmenT 4 MOKET IPHHUMATH JTF000€ 3HAUYCHHUE, HATIPH-
Mep, 3HaYCHUE paanyca MOTESHIMAIbHOTO Kpyra 7, U T.A. win, 1o (7.11), mo-
’KeT ObITh PaBeH IIOJIOBUHE [UIMHBI ITOJYOKPY>KHOCTH IOTEHIMAIBEHOTO KpyTa,
A=mr/2.

[loncranoBka Beipaxenus (9.9) ¢ koadpdunueHToM 4 B ypaBHEHHE
(9.8) momwkHa yHOBJIETBOPATH PELICHUIO DTOTO YpaBHEHHsI, KOTOpoe OyaeT
HUMETh BHI!

. n
d*A, sin—x -
r T°m . n
X4+ E, A sin—x=0

2 k“ x
h r

X

dx?

nim

. n
d’A_sin—x
r

h2

. n

- =FE A sin—x. (9.10)
87°m dx’® e r,

Torna, npoussens auddepenipposanue (9.10), umeem:

2 2_12
h? n . n h™n n
———| -~ |4,sin—x=——F——4 sin—x  (nesas
&8t m| r; T, & mr, T,
4acTh),
a Ipasasi 4acTb paBHa E _A_sin - X.

X
O'—IeBI/IJIHO, YTO IOJYUYCHHBIC BBLIPpAXKCHUA PABHBI, €CJIM SHCPIHUA IJICKTPOHA
OnpeaACIACTCd COOTHOICHUEM!
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n’h’
E =—F—, 9.11
¢ 87’ mr? G0

rnen=1,2,3,...

Ms1 nonyunnn ypasHenue (9.11), mpeoOpa3oBaHne KOTOPOTO JIaeT BCE M3-
BecTHBIE ypaBHeHUst bopa /i pagmyca opOUTHI, CKOPOCTH M DHEPTHHU JJIEK-
TPOHA, a TaKXKe APYIHe BBIPAKCHHUS, ONPEEISIONIEe 3aKOHOMEPHOCTH €Tro
cocrosHuA B atroMe. Hanpumep, cornacHo (8.2,a), o0mmas dHeprus 1eKTpoHa
B aTOME paBHa:

1
E =—F =-F . (9.11,a)
n 2 P K
Otcroa BeIpakeHHE IJ1s1 001Ieit sHepru, coraacHo (9.11), nmeer Bua:
n*h’
=TT - (9.11,0)
87 mr}

Ecmm B (9.11,a), cormacHo (7.46,a), IONCTaBUTh BRIPAKEHUE I Paliyca, TO, C
yYeToM 7, = n u Z, = Z, TIOJy4lM H3BECTHOE ypaBHEHHE U OOMIei SHeprun
3NIEKTPOHA B aTOME, HASHTHYIHOE YpaBHEHHIO bopa, KOTopoe uMeeT BU:
2n’me*Z?
En :—sz. (9.11,0)
X
Takum ob6pasom, Mbl Hauun QyHKUMIO ¥y M 3HaYEHHE DHEPTUH,
yzaoBieTBopstomme ypaBHenuio (9.8), 1.e. pemmnn ypasaenue Lllpennarepa
JUI. OJJHOMEPHOM MOTEHUUAJIbHOW cdepsl, Mpearoarasi, Yrto €e CTeHKaMu
SIBIIIFOTCSL MTOJIyOKPYKHOCTH. DTO TOKAa3bIBAET, YTO BOJHOBAas (DYHKIHS B
ypaBuenun lllpenuHrepa siBnsieTcst aMIUTUTYIHOM (yHKUuMel, Hanpumep, B
JTaHHOM citydae, (GyHKIen oT 7r/2.
Ha sToM MO>kHO OBUTO OBI 3aBEPIIUTH PENIEHNE BOJTHOBOTO YPaBHEHMUS,
OJTHAaKO, JJIsI YTOUHEHHS! BEPHEMCS K €ro TPaJMIMOHHOMY PELICHHIO Yepe3 Hop-
MHPOBaHNE BOJTHOBOTO YPAaBHEHHS M CPAaBHHM IOJIyYCHHBIE PE3YIIbTATHL.
st aToro BHawyasge HEOOXOAMMO HaWTH 3HadeHHe kodddunmenta A,
KOTOPO€ MOJKET OBITh OINPEIETICHO ITyTEM HOPMUPOBAHUS BOJHOBOW (DyHK-
mun (9.9). C Toukwm 3peHus MaTeMaTHYeCKHX TPeOOBaHWH, MOCTOSHHAS A
MOJKET MPUHUMATH JIF00bIe 3HaueHus 1. OxHako pu3ndeckuil CMbICT (HyHKIIUN
Y2 ) OGYCIOBIMBAET HEOOXOMMOCTh BBIGOPA ONPEIETIEHHOTO 3HAUEHUS A, a
HMCHHO, BEJIMYUHY A BBIOMPAIOT TakoW, YTOOBI CyMMapHas BEPOSTHOCTH
HAXOXKJCHUS 3JICKTPOHA B MOTCHIMANBHOM cdepe Obuta paBHa enunmuie. [lo-
CKOJIbKY JIEKTPOH JIOJDKEH HAaXOTUTHCS B IPEAenax Kpyra HOTCHIHaIbHOU
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cdepsl, TO BEPOSTHOCTh HAXOXKACHHS €ro B 3THX Ipeieiax JODKHA OBITh
paBHa CIUHUIIE.

[osicauM 37€Ch, 9TO MBI IPUHAMAEM BEPCHIO TAKOTO BEPOSITHOCTHOTO
pELICHUs] YUCTO C TEXHHYECKOH CTOPOHBI M TOJBKO JUIS CPaBHUTEIHHOTO
aHaJM3a, a HE MOTOMY, UTO TOBEJICHNE JAaCTHIIBI B TIpeJenax MOTCHIHAIbHO-
ro Kpyra mpeacTaBiseT coboil BEpOSTHOCTHOE 001ako cocTosHuA. Panee
OBUIO TTOKa3aHO, YTO TEOPETHUYECKast OpOUTa ABMKEHHS 3JIEKTPOHA OIpese-
JieHa, T.€. OIpeelIeHbl JUaMeTp U OPUEHTALUS 3TON TeOpeTUdecKoi OpOUTHI,
a 3Ha4YMT, KOOPAMHATHI OPOUTANIN JIEKTPOHA, pa3MePbl KOTOPOH Mbl TIPHHSIIN
3a pa3Mepsl AJIEKTPOHA.

Paccmompum npusedenue 60110601 PyHKyuu K U0y, NPUSOOHOMY 015 ee
sepoamuocmuou oyenku. OuesuoHo, umo Keadpam 80NHOB0U QYHKYUU NPONOPYUOHA-
Jen (HO He paser) 8epOsMHOCIU HAXOICOCHUs. INEKMPOHA 8 OAHHOM INIeMEHMAPHOM
obveme dxdydz. Dmo evimexaem uz moeo ¢axma, umo ecau ¥ — smo pewenue 60-
H06020 ypasHeHus, mo ymuodxcenue ¥ na mobyio nocmosanmyio eenuuuny A oacm 6on-
nosyio ynxkyuio A¥, komopas maxice Oyoem A6NAMbCA PEUIEHUENM BOTHOBO20 YPaB-
nenus. Tlosmomy Hemvss ymeepocoams, umo unmezpan |¥ 2 dxdydz paenosnauen
6EPOAMHOCIU, OH TUUL NPONOPYUOHALEH BEPOAMHOCIU HAXONCOEHUS INEKMPOHA 6
oannom obveme. Ymobvi dmom unmezpan ompaxjican 6epoAmMHOCMb Npedbl8anus
NEKMPOHA 8 ONPeOeeHHOM 0DbeMe HYHCHO, 4mOObl 6ePOSMHOCHb ONPeOeNeHHOCU

PasHAlACh edunut;e, m.e.:
[y drdydz =1

Ecnu eonnosaa @yunxyus yoosenemeopsem smomy 6bipadtCeHulo, 2080pam, Ymo OHA
nHopmuposana. Ecnu oce V — ne Hopmuposanmas QyHKyus, mo ee MONCHO YMHO-
JHCUMb HA NOCMOAHHYIO 8eUUUHY A, NO00OPA My 8eNUUUHY MAKUM 0OPA30M, YMO-
ov1 npoussederue AV ovinio Hopmuposannol pynxyuel. Hopmuposanuaa @ynxyus
AY oonoicra yoosnemeopanes mpebosanur:

jA wAy " dxdydz =1
HOCmO}lHHyIO BEIUYUHY A2 MOJACHO 8bIHECTNU U3-TIOO Uurmeepana:
£ j wy dxdydz =1 um A7 = j wy*dxdydz

Benuuuny A nasvigaiom Hopmupylowum MHodICUmMenem, KOmopulii Modicem Ovims on-
peoenen u3 8bluenpuse0enHo20 BbiPANCEHUSL.

Hrak, 3Hasg, 4TO BEPOATHOCTb BBIPAXKAETCA KBAaJPATOM BOJIHOBOMI
(bYHKIMH, MOYKHO 3aInCaTh:
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jww3ﬁ=L
0

4qTO JacT:
a

IAZ sin? axdx =1
0
nin

1 a
)
— = |sin” axdx,
A2
0

rne o =nrxla.
Ecnu 310 ypaBHEHHe pelINTh OTHOCHTENBHO A WM pe3ysbTaT IOACTABHTH B
nepBoe BOJIHOBOE ypaBHEHHE (9.9), TO OKaXeTcsi, 9YTO MOTHOCTHIO HOPMHPO-
BaHHasA BOJIHOBas (byHKL[l/ISI U1 4aCTHUIlbl B OJIHOMepHOI‘/II HOTCHLIHaHI:-HOﬁ
ctepe paBHa:

2 . nrxw

W(x) =,/—SIn—X
a a

WK, €CIIM YIECTh, 9TO ( = /I, , OHA MPeoOpasyeTcs K BULY:

|2 . n
Wiy =,|—sin—x.
727/‘)( rx

OJHaKO HAC MHTEPECYET TONBKO JHEPreTHYECKOE COCTOSIHHE NIEKTPO-
Ha. J{ng aToro HeoOs3aTenbHO OBLIO ONMPENENsATh BOJHOBYIO (pyHKUIMIO U
NPOBOJIMTh €€ [albHeiliee HOPMHUPOBAHHE. DHEPTHI0 3JEKTPOHA MOXKHO
OIIpeNIeNINTh, €CIM W3BECTHO 3HA4YCHHE IlapaMeTpa « , KOTOPHId BXOAUT B
BBIPQYKCHISL:

2
, 81°m n
== "E na="-.
h r
W s Hameil oJJHOMEpHON NMOTEHUMAIBHOHN cdepsl, NpUpaBHUBAS ITH J1Ba
3HAUCHUA (X , TOJTy4acM:

o

2
7" m n
2 k™ 2
h r

X
WJIH, peliasi IPOHOPLHUI0 OTHOCUTENBHO £, , Oy/IeM UMETh:
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212
n-h

E P 82—2 .
7T omr,

MpbI MONyYnIIM YpaBHEHHUE, TOXKIECTBEHHOE ypaBHeHuto (9.11,0) s
onHOMepHoro city4yas. Takum oOpaszom, pemienne ypaBHeHus lllpeanHrepa
yepe3 HOpMHUPOBaHHE (DYHKIIUH, KOTOPYIO ONPENEISIOT KaK BEPOSITHOCTHYIO,
SIBJISIETCS TOJIBKO NMPONOPLUHOHAIBHBIM OTPAKEHHEM HOPMAaIbHON aMIIHTY-
HOHW (YHKIWY JUIsl ONMCAHMS IBM)KEHHS 3JIEKTPOHA IO OpOHTe.

Hanee manuM HEKOTOpPHIE MpeoOpa3oBanus ypasaeHus (9.11,0).

Hoxacrasnss E; = mv'/2 B Beipaxenne (9.11,6), nomyunm:

2712
n-h mvj

2 2
& “mr, 2

Pemas TIOCJIEAHEE PABCHCTBO OTHOCUTEIIBHO CKOPOCTH Vy, UMEEM:

nh

vV, = % . (9. 12)
X

Mps1 nomyunim Beipakerue (9.12), uaeHTHIHOe BBIPaXCHUIO IS CKO-
POCTH 3JIEKTPOHA Ha OpOUTE A1pa B BOJOPOJIONOA0OHOM aTOMe, NOIy4CHHO-
My Bopom u otpaxkenHoMy panee B (4.5). Beipaxenue (9.12) nist ckopoctu
MOXHO Mpeo0pa3oBaTh Ul ONMUCAHUS MOMEHTa KOJIMYECTBA JIBHXKEHHMS, 10-
cTynupoBanHoro bopom, mis ycioBuii mpeObIBaHKS JIEKTPOHA B aTOME, KO-
TOpOE UMeeT BUJ mvr = nh/2x.

B 1. 6 Hamu ObuTO MaHO BBIpakeHHE (6.28) U CKOPOCTH JABHKEHHS
3JIEKTPOHA B TIOJIE 3apsa spa MPH BO3MOXHOM CHIDKEHHH 3()(EeKTHBHOTO
3apsia Ha IIeJI0€ YKCIIo /1. B 3TOM BBIpaXKeHHH CKOPOCTB ABHKEHHS JIEKTPO-
Ha 3aBHCHT TOJIBKO OT 3 (PEeKTHBHOrO 3HAUCHHUS 3apsAAa s/Apa, B IOJIE KOTOPO-
ro oH aBmxercs. IIpu 3ToM HU Macca, HU pajguycC OBMKEHUS JUIA CKOPOCTH
3JIEKTPOHA 3HAYECHUs He UMeIoT. [IpupaBHNBas HalileHHbIE HAMU BBIPA)KECHUS
(9.12) u (6.28) myia ckopocTelt, UMeeM:

7.8

2nmr,  n h
Pemas ato BBIPAKCHUE OTHOCUTCIIBHO KBAaHTOBOI'O 4YMUCJIA n U paguyca ry,
MIOJIYYUM:
2 2
, 4rmr.Z e
nw=— (9.13)
2
h
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n’h?
T arimze @14

3amerum, 4TO 1pH 1, = n u Z, = Z Beipaxenue (9.14) nnentryno (7.46,a).

ToacTaBnss MONMydeHHOE BhIpaXkeHue i n° B (9.11) s sHeprum u
MIPOU3BES JAJIbHEHIINE COKPAIIEHHS, OTy4aeM BbIPaKCHNE AJISI KHHETHYE-
CKOM SHEPI'UU 3JIEKTPOHA!

2
Ze
>
2r,
KOTOPOE MOJHOCTHIO UACHTUYHO BBIPAXKEHUIO (4.8) 151 KHHETUYECKOW dHEP-
MU B BOJIOPOJIONOI00HOM aToMe, ipuBeAcHHOMY Bopom.
Ecnu nmpunepxuBaThCs OMpeeNieHns MOTEHIMATFHOM M KUHETHYe-

CKOH OHEPrun SBJICKTPOHA B aTOMC, IMPUHATOIO BOpOM, TO 06111a$1 OHEPIrusa
QJICKTpOHA B aTOMC, KaK U3BECTHO, paBHA:

E (9.15)

2 2 2
Eank+Ep=Ze _ Ze :_Ze
2r r 2r
Torna, noacrasiss 3HaueHue r, U3 (9.14) B ypasuenue (9.15), momy-
YacM BBIPAXKCHUC JIsI SHCPTHUU JJICKTPOHA B 7-OM KBAHTOBOM COCTOSIHUH,
MOJTHOCTBIO TOXAECTBEHHOE BhIpaskeHHIO bopa (9.11,c), koTopoe, kak H3-
BECTHO, IMEET BUJI:

2 452
£ 2r°me”Z
n T 272
n-h
pu n, =nu Z, = Z 310 BeIpaxerne uaeHTHgHO (9.11,¢).
3aMeTHM 3/1eCh, YTO MbI MOJYYHIIH PEIleHHE YPAaBHEHUS] OTHOCHTEIb-
HO DHEPTHH IEKTPOHA B aTOME, KOTOPOE CIPABEIMBO JUIS BCEX DIIEKTPOHOB

MHOTO3apsITHOTO aToMa, a HE TONBKO JUIA PaziIHMYHBIX COCTOSHHI OTHOTO
3JIEKTpOHA B Bogopoaononoonom arome H. bopa.

9.3. Bepcusi pemenusi ypapHenusi lllpenunrepa
AJIsl KTPeXMEepPHOiD» NOTeHUMAJbHOM cepbl

BonHOBOE ypaBHEHHE IS YAacTWI] B TPEXMEPHOH INOTECHIHAIHHOM
cdepe TOIHKHO OTPaXkaTh BOIHOBBIE (PYHKIIMH BCEX TPEX NMPOCTPAHCTBEHHBIX
KOOPJMHAT PaJNyC-BEKTOPOB W KPYTOBBIX KOOPAWMHATHBIX JMHUHA. Torma
BOJIHOBBIE (DYHKIIMH, KaK M I OJHOMEPHOTO Ciydas, yI00HO NPEeICTaBUTh
B MHTETPAIBHON CHUCTEME KOOpPIWHAT MOTEHIMAIbHBIX C(ep, NPUBEICHHON
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Ha puc. 7.1. B TpexmepHO#l MHTerpanbHOH CHCTEME KOOPIMHAT (YHKIHS
OpOUTANIBHOTO ABMKEHHS MAaTEPHAIBHONH TOYKH OJHOBPEMEHHO MOXKET OT-
pakaTh KaK METPHUUYECKHE KOOPAWHATHI MPOEKIMH OPOWTHI 1O JIMHUSM OK-
PYXKHOCTEH, TaK W MPOCKIUH PaJyCc-BEKTOpa 3TOH OpOWUTHI Ha KOOPIMHAT-
HbIE OCHU B IIPSIMOYTOJIBHOM CHUCTEME KOOpAMHAT. B MHTErpanbHON cucteme
KOOPJMHAT, KaK YKa3blBaJoCh B TJ. 7, (YHKIMSA NPOH3BOJBHBIM 00pa3zoM
OPHEHTHPOBAHHOTO OPOUTAIBHOTO JBM)KEHHSI MAaTEPUATbHOM TOUKH SIBIISCT-
s OOILeH JUIsl BCeX HANpaBJIeHH CUCTEMbI KOOPJHMHAT U MOXET OBITh BhIpa-
JKeHa uYepe3 JUIMHY OKPYKHOCTH OOJIBIIOTO Kpyra HMOTeHIHMAaNbHOU cdepbl n
CKaJSIPHOE 3HAYCHHUE paJuyc-BEKTOpa 3TOW MOTeHIManbHON chepbl. Takas
oOmas QyHKuus npuBeneHa B BeIpakeHUH (7.27), KOTOpasi B TpeXMEpHOH
UHTETpajbHOI CUCTEMEe KOOPIUHAT UMEET BUJ:

. n
Wy = Asin 710 , (9.16)

I7ie ¥ — paanyc OpOUTHI WM NMOTEHIUAIBHOM cdepsl, [, — JIMHA MOIYOK-
PYKHOCTH OpOUTHI WIIN TIOTEHIIMAIBEHOH C(ephl.

Pemenne ypasaenus Ilpenunrepa s Takux QyHKIUE MBI yKe UMe-
€M U B JAJIbHEHIIIEM BOCIIONB3yeMCs BRIBOIAMH U3 HETo. B TO ke Bpems opu-
SHTaIMs OPOUTATIBHOTO JBIKCHUSI MOXKET OBITH OTPaskeHa MPOEKLIUSIMHU IIPO-
M3BOJIBHO OPHEHTHPOBAHHOTO pajuyc-BekTopa R opOWTHI Ha COOTBETCT-
BYIOILME KOOPAMHATHBIE OCH paauyc-BekTopoB Ry, Ry n R,. CootHomenne
o01mIero pannyc-BeKTOpa OpOUTHI MEXKIY €ro MPOEKIHSIMU MOXET OBITh OT-
PaKEHO JOMOIHUTEIBHBIM YPaBHEHHUEM, IPUBEICHHBIM B IUI. 7 B BBIPAKEHH-
ax (7.19) wm (7.21). Kak 0buto moka3aHo, 3TH COOTHOILIEHUS MOTYT OBITh
MPUMEHUMBI JIsI ONPEACTICHUA COOTBCTCTBYIOMIUX HpOCKLII/Iﬁ OHEPreTUYC-
CKOTO COCTOSTHMSI KBAHTOBOW YacTHIBL. Toraa oOmias KWHeTH4ecKasi SJHeprus
3JIEKTPOHA Ha OpOUTE MOXKET OBITH ONpeIeNieHa CIIeYIOIINM BBIPaKCHUEM:

E, =E, (cos2 B, +cos’ B, +cos’ ,6’2)

NI
2 2 2
r r r
_ X y
r r r

rae E, — xkuHeTH4YecKas HEpTus JIEKTPOHA HAa OPOWTAIH, COOTBETCTBYIO-
mast 00ImeMy KBaHTOBOMY YHICITY # TIOTEHIIMATBHOHN c(ephl, a BEIpaKCHHE B
KaBBIUKax, cornacHo (7.19), paBHO eauHUIIE, T.C.:

2
2 ry 7”2
S+ +5 =1
r r r

C yuetom Beipaxkerni (7.34 ) u (7.35), BBITOTHAETCS PAaBEHCTBO:
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nv n}’ nz
R (9.18)

Torna, cormacuo (9.18), o0mmIast KHHETHYECKas SHEPTHS JICKTPOHA Ha OpOHTe
B ypaBHeHUH (9.17) MokeT OBITH BBIpakKeHA Yepe3 CyMMY OTHOIICHHWIA KBaH-
TOBBIX YHCEN NPOEKIHI OPOUTEI 71y, 1, W /1. K OOIIEMy KBAaHTOBOMY YHCITY
OpOHTEI 1

n
E =E|Zryr | (9.19)
n n n
Haiinem pemenue BonHoBoro ypasHenus lllpenunrepa B MHTErpaib-
HOH CHCTEME KOOPAMHAT JIISI «TPEXMEPHOT0» MPOCTPAHCTBA MOTEHINAIBHBIX
ctep. Kak yxe orpaxkanock B (9.4), B MHOTOMEPHOH MOTEHIMATBHON cdepe
BOJIHOBOE YpaBHEHHUE VISl CHCTEM MHOXECTBa YAaCTHUI] B OTCHIUAIEHOM T10-

JIC, BKITFOYAIOMICE KUHETUYICCKYO DOHCPIUt0, UMECT BUA!

2
T m

) 8
7 +TEM(,WZ) =0.
Orto muddepeHnraTbHOe YPaBHEHUE YaCTHBIX MPOU3BOJHBIX C TPEMsl Iepe-
MEHHBIMH. BceiiecTBre Toro, 4To BMECTO TPEX BOJTHOBBIX (DYHKITHIA C TpeMs
MEPEMEHHBIMI MBI OYZEM PacCMaTPHBATh TOJBKO OJHY OOIIYIO BOJHOBYIO
¢ysakumio (9.16) ¢ omHUM MTEpEeMEHHBIM, OTPAXKAIOIIUM [UTHHY TPON3BOIHHO
OpUEHTHPOBAHHOH OPOUTHI, BOJTHOBOE YpaBHEHHUE MTPeoOpa3yeTcs K BHUIY:
2 2
dl//(xyz)+87l' mE _0
dlZ hZ k l//(X,VZ) o
Torma, mojacTaBiisis B 3TO ypaBHEHHE 3HAYCHHUE OOIICH BOIHOBOU

dyukimu (9.16) u 3HaUCHHE KUHETHYSCKON 3HepruH (9.17) Iist TpEeXMEPHOTO
ciydasi, IOIy4uM:
2

d*Asin, o o .
dlzr o EkAsm710=0 (9.20)

o

rzie /, — NpOU3BOJbHAS [UIMHA OKPY>KHOCTH OPOWTHI WJIM MOTEHLUAIBHOU
cepsl, KOTOpas paBHa:

[ =9r. (9.21)

MakcuMalbHbIH pa3Mep JJTHHbI OKPYKHOCTH [, paBeH JJTHHE MMOIYOKPYKHO-
cry, T.¢. I, = 7r.
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Takum 0Opa3oM, MBI UMEEM CHCTEMY ypaBHeHHH, (9.18), (9.19), (9.20)
u (9.21), koTOpas ompenesseT yCIOBHS MPEOBIBAHUS AIICKTPOHOB B IMTOTCHIH-
aNBpHOM T0ITe. M MeHCTBUTENBHO, TS OTIPEIEIICHUS] COCTOSIHUS SJICKTPOHOB B
MTOTEHIINAIFHOM TI0JI€ HEOOXOAUMO YYHTHIBATh CIIE M TO, YTO PAAHYCHI Op-
OUT ¥ MX NPOEKUUM Fy, 7y, ¥ 7z HE MOTYT OBITh IIPOU3BOJBHBIMU U JIOJIKHEI
MOTYUHATHCSI KBAHTOBBIM YCJOBHSAM CYIISCTBOBAaHHS AITHUX JIIEKTPOHOB Ha
obmmx opburax, a Tarke Ha uX mpoekiusax. Cucrema ypaBHeHHd (9.18),
(9.19), (9.21) u ypaBuenue Ilpemunrepa (9.20) omuchiBalOT OpOUTAILHBIC
JIBIDKEHHUST JJIEKTPOHOB B MOTEHIMAIBLHOM MOJIE TPH Paanyce MOTEHIUAb-
HOU cepbl 7, KOTOPBIM COOTBETCTBYET 00II[ee KBaHTOBOE YKcio 7. Kak Hamu
OBUIO TIOKa3aHO, OpHMEHTAIMs STHX OpPOUT OTHOCHTEIHFHO KOOPJIMHATHBIX
oceil paanyc-BektopoB Ry, Ry n R, MoXkeT ObITh BbIpaKe€Ha 4epe3 COOTHO-
IIEHHUs pajnyc-BeKTOpPOB opouT R m mx mpoekiuii. 31ech OpUeHTAUN Op-
OuT, T.e. MpoeKuH paauyc-BekTopoB Ry, Ry n R, onpenenens! yepes KpaH-
TOBBIE YHCIIA 7y, Ny, U N, OTPAKAIOIIME KBAHTOBBIE YCIIOBUs JBHIKEHHS DIIEK-
TPOHOB Ha MPOCKIHAX 00IIel OpOUTHI OTHOCHTENBHO TUIOCKOCTEH KOOpP.IH-
HATHBIX JIUHUNA X, Y u Z.

Kak u3BecTHO, 00llee KBAHTOBOE YHCIIO OPOUTHI 7# MOXKET MPUHUMATh
TOJILKO IICJIOYKMCIICHHBIC 3HaYCHUs, paBHbIe nn = 1, 2, 3, ..., N. Ilpu ¢pukcupo-
BaHHOM 3HAYE€HUHU OOIIEro0 KBAHTOBOTO YHCIIA /I TaKUE K€ LIETOYHCIIEHHbIE
3HAYCHHS MOXKET IPUHUMATH U KBAHTOBOE YHCJIO TIPOCKIIMHA OPOUTHI B BhIJIE-
JICHHOM HaIpaBlICHUH 7y, 1, = 1, 2, 3, ..., n. [Ipu 3Tom, cormacuo (8.13), mu-
HUMAaJIbHOE 3HAYCHUE TJIABHOTO KBAHTOBOTO YHUCIIA 71, KOTOPOE OHO MOXKET

MPUHUMATD, TUKTYCTCSA COOTHOIICHUCM nmi“ > E A ocTanbHEIC JBa KBaHTO-
. =2

BBIX 4HCTIA 11, U 1, B CyMMe OTPa)KaroT OpOUTaIbHOE KBAHTOBOE YHCIO /, KO-
TOPOE TAKXKE MPHU (PUKCHPOBAHHOM 3HAUCHHM OOIIEr0 KBAaHTOBOI'O YKCIA 1
MOJKET MPUHUMATh HYJICBOEC, a TAKXKE ICIIOYHCICHHBIC 3HAUCHUS, PABHEIC, B
CcoOTBeTCTBUH ¢ BhIpakeHueM (8.14), [ =0, 1, 2,..., n/2. 3ameTuM, 4TO MaK-
CUMaJTbHOE 3HAYCHUE OpPOUTATHHOTO KBAaHTOBOTO YMCIIA MCHBIIC MM PaBHO
MOJIOBHHE (PUKCHPOBAHHOTO 3HAYCHHS OOIIEro KBaHTOBOTO yucia. J{s mar-
HUTHOTO KBAaHTOBOTO YHcia, coryacHo (8.15) mpu GpuKkcupoBaHHOM 3HAYCHHUU
00IIero KBaHTOBOTO YHCIIA 71, BBIMOIHACTCS COOTHONICHHWE m = +s-+s,] =
+(£/), rae +s u £s, — CIIMHOBBIC KBAaHTOBBIC YHCIA, NCHCTBYIOIINE, COOTBET-
CTBEHHO, B BBIJICJICHHOM HAIlpaBJICHIH U Ha OPOUTAIEHON TIOCKOCTH.

[Nonyuennoe namu ypaBuenue Llpenunrepa (9.20) ¢ BoaHOBO# (QyHK-
uer (9.16) s MPOM3BOJIBHO OPUCHTHPOBAHHBIX OPOHMT TPEXMEPHBIX I0-
TEeHIMAIBHBIX cep uaeHTnuHo ypaBHeHHIO (9.10) I OgHOMEpHOW IOTEH-
LMAIBHON cepbl IIPH YCIOBUU cos B, =1, UIMHBL OPOUTSHI [, = X U pajuyca
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opOuTH! 7 = r,. PemieHne Takoro THma ypaBHEHUsS] HaM yX€ U3BECTHO, U JUIs
(9.20) oHo Oymet TakuM ke, Kak ¥ 1 ypaBHeHHA (9.10), ¢ TOH JHIIB pa3Hu-
e, 4TO SHEeprus 3JIEKTPOHa OyJIeT COOTBETCTBOBATh UX MHOXKECTBY C IPO-
U3BOJILHO OPHEHTHPOBAHHBIMU OpOUTAMHM, UMCIOIIUMH PAJUYC, COOTBETCT-
BYIOIIMH JUTMHE OKPY>KHOCTH NOTCHIMAILHOU cdepsl /, npu  QukcupoBaH-
HOM obOmeM kBaHTOBOM umcie n. OOmee ypaBHenue lllpemmnrepa (9.20)
UMeeT pPeIleHHe, eCIM KMHETHYeCKast SHEPIusl JIEKTPOHA C OOIIMM KBAaHTO-
BBIM YHUCJIOM 7 Kak JJIsi IPOM3BOJIEHO OPUEHTUPOBAHHOM OPOUTHI, TaK M LIS
OJHOMEPHOTO CIIydast UMeeT BU:

212
n-h

= (9.22)
87 imr?

k

4TO TOATBEPKIACTCSI M3BECTHBIM PEIICHHEM 3TOT0 YPaBHEHUS ATl OIHO-
MEpHBIX MOTEHIMAIBHBIX cep C MONyYeHHUEeM JJIsi KWHETHUECKON DHEpruu
paBeHCTBa, MIEHTHYHOTO BblpakeHuto (9.11,0). [IpousBenst anamorudneie
npeodpazoBanus ¢ (9.22) (kax u ¢ BeipaxkeHueM (9.11,0)), MbI OIy4nM cie-
IYIOLIAE COOTHOLICHUS:

— 7151 KHHETUYECKOH SHEPTUH NP 001IeM KBaHTOBOM YHUCIIE 71

n’h* mv:  Ze* 2rx*mZ’e’
E=—F—=——="—=""""0,(923)
87 mr 2 2r n-h
— Juist OOIIEH SHEPTUH YacTHUIlbl £, B MOTCHIIHAILHOM TI0JIC:
27*mZ%e’
En :_Ek :—T; (924)
n-h
— JId CKOpOCTI/I YJaCTULbI HA Op6I/ITe HpI/I KBAHTOBOM YMUCIJIC 1.
nh
y=— (9.25)
27mmr
— JUTS pagyca OpOHTHI IIpH KBAaHTOBOM YHCIIE 71.
__nk (9.26)
Ar*imZe’

[Tomyuennsle BbIpa’ke€HUs] MOATBEPXKIAIOT MPABHIBHOCTh PELICHUS
ypaBuenust llpenunrepa ¢ mpeyioxeHHoOH BonHOBoW ¢(yHkumed (9.16) B
MHTETrpaJIbHOM CHCTEME KOOPJHMHAT MOTEHIMANBHBIX cdep. DTO MOKa3bIBaeT,
YTO MBI HAIIIM BOJHOBYIO (DYHKIIMIO, a€KBAaTHO OMMCHIBAIOIIYIO NMPEObIBa-
HHE YacTHUI] B NOTCHIIMAJIBHOM IIOJIC, HAPUMEP 3JCKTPOHOB B aTOME, NPE-
rojaras, YTo JIBIDKCHHE OCYIIECTBIISIETCS MO CTAIlMOHAPHBIM OpOHTaM, ITpe-
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00pa30BaHHBIM TIPU CIIAPATHFHOM UX JBIXKCHHU B opOuTaiu. [Ipu 3ToM moka-
3aJH, 9TO BOJIHOBasi GyHKIUS B ypaBHeHHH [llpennHrepa sBisercs amIuii-
TynHOW (GyHKIHMEH, HallpuMep B TAaHHOM CIIydae, OHa MOXET OBITh (PYHKITHCH
OTKIJIOHEHUS JICKTPOHA HA OpOUTE B KAKOM-THOO BBHIACICHHOM HAIIPAaBICHUN
OT HYJICBOW TOYKH Ha BEJIMYMHY paanyca OpOWUTHI WIN JJIMHBI CTOPOHEI I10-
TeHuuanbHo# cdepbl. TakuM 00pa3oM, Bce OpOMTHI AJIEKTPOHOB B aToMe,
OpMEHTHPOBAHHBIE TPOU3BOIBHBIM 00pa30M, OMHCHIBAIOTCS OJHOM MPOCTON
BOJTHOBOW (pyHKIIMEH, MpeacTaBisIoNieil co0oil cuHyconay, B KOTOpOH Bce
COCTOSIHHSL DJIEKTPOHOB OTJIMYAIOTCS JIUIIB pa3pellieHHbIM Ha0OpOM KBaHTO-
BBIX 4HCeENI. OTO CBUACTCIILCTBYCT O TOM, UTO MPCAIOKCHHAA UHTCIpajibHaA
CHUCTEMa KOOPIUHAT NMOTCHIMAIBHBIX Cep OTpa)kaeT ABIKCHHE KBAaHTOBBIX
YaCTHI] B YCIIOBHUSX MOTCHIMAILHOTO TOJS, YTO aJIeKBATHO (hU3UUECKON pe-
anpHOCTU. [IpM 3TOM TS ONMICAaHUS ABIDKCHHS 3JICKTPOHOB B ATOME HCIIOJb-
3yeTcs OJTHA MPOCTAast BOJHOBAS (DVyHKIIHS.

[MockonpKy HeT HeOOXOAMMOCTH B pemieHnn ypaBHeHus lpenuarepa
yepe3 HOPMHUpPOBAHHE BOJHOBOW (DYHKIMM W ompeielicHHe Kod(pQHUIHeHTa
9TOH (YHKUIWH, OTpAaHUMYUMCS TOJBKO €T0 HCCIIEIOBAaHHEM HAa COBMECTH-
MOCTB C ITOJyYeHHOM HaMH cucTeMoi ypaBHernuit (9.18) u (9.19)

Cormacao (9.19), mailimem BBIpaXKeHHE M OOIIEH KHHETHYECKON
SHEPrUM DJIEKTPOHA Yepe3 paclpe/iesieHHe ee Ha MPOeKUUsX opOuThl. s
3TOoro B BhIpaxeHue (9.19) moacTtaBUM 3HAYCHHUE KUHETHYECKOH SHEPIHU
3JIEKTPOHA, COOTBETCTBYIOIIEE 001IeMy KBaHTOBOMY YHCITy B COOTBETCTBHU C
(9.22). Torna BeIpakeHUE I OOIIEH KMHETUYCCKOW YHEPTUU, BEIPAKECHHOE
Yyepe3 CyMMY ee 3HaueHUH Ha ITPOEeKIUIX OPOUT, IPUMET BHUIL:

n*h? n, n*h? n, n’h*

4

2 2 22 2 2
8r"mr™ n 8rmr- n 8x°mr- n
WIH

272
nh® (n, n, n
E, =——| —+—+—|. (9.27)
22
' mr '\ n n n
VYunteiBas cooTHomeHnue (9.24) nust oOmiel SHEPriM AIEKTPOHOB B
MOTEHIINAJILHOM TI0JIE, TTOTY4NM:
2 2
2ntme*Z (12 v, il
e — = +

272 2 "2 2
n°h r r r

E=— (9.28)

Tor;[a KakK CyMMa 3Hepr1/1171 Ha MPOCKIUAX Op6I/ITLI, BbIpa>KCHHAasA 4C€PE3 KBaH-
TOBBIC YK CJIa, UMECT BHU/I:
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2n*me*Z’ n, 27x’me*Z* n, 2x’me*Z’ n,

E= —= - - —=
n’h? n n’h* n n’h? n
nin
27°me*Z? [ n n n
E=-"——— |4 242 (9.29)
n-h n n n

TakuM 00pa3oMm, Mbl MOJYYWJIM BBIpRXEHHE Ui OOLIeH HSHEpPruu
3JIEKTPOHA B MOTEHIHAJIBHOM I0JI€, MOTHOCTBIO COIJIACYIOLIEECs C ypaBHe-
Huem H. Bopa, HO C JOMOJHUTCIIbHBIMU 3HAYCHUAMMN KBAHTOBBIX YUCECII ITPO-
€KLUH OpOUTSI 1y, 1, U 1, IO BCEM TPEM HaNpPaBJIEHUAM MOTEHIMALHOH che-
pBI. OTO OAYEPKUBATIOCH M 30MMeEpQEIbIOM NPU KBAaHTOBBIX pacdeTax aTo-
Ma BoJioposia. PasnuyHble coYeTaHUs YETHIPEX KBAHTOBBIX YMCEN, 1, My, Ny U
N, , ONPEICISIIOT Pa3pElICHHBIC COCTOSIHUS 3JEKTPOHOB B IHOTECHIIHATHHOM
noje. B nHTErpanbHON crcTeMe KOOPAMHAT pa3pelleHHbIC COUCTaHHs KBaH-
TOBBIX YHCEJ TO3BOJISIIOT ONPENEIATh IHEPTETUIECKHE COCTOSHHS 3JIEKTPO-
HOB B aTOME€, a TaK)K€ OPUCHTALMIO OPOUT C yKa3aHHEM TOYHBIX KOOPIUHAT
ux opOuTaeit, OCKOJIbKY, COTJIACHO COOTHOIICHUIO (7.34), BEIpakeHUe IS
3HAYCHUN MPOEKINN PaiyCc-BeKTOpa OpOUTH IMEET BHI:

r=\—\|r,r,=|—\|r,r=|—|r, (9.30)

T7ie ¥ — paguyc OpOUTHI, T.€. PAANyC MOTEHIMAIBHON c(epbl, KOTOPHIH OI-
penersiroT u3 paBeHcTBa (9.26).

Ecnu m3BecTHBI paguyc OpOMTHI M €ro HPOEKIMH Ha KOOPIUHATHBIC
ocH, T.e. KOOPAUHATHI OPOUTAIN IEKTPOHA B MHTETPATBHON CHCTEME KOOp-
JIMHAT, TO NU3BECTHBI U BOJHOBbIE (DYHKIMH MPOEKIMU OPOUTHI HA COOTBETCT-
BYIOIIIME IJIOCKOCTH KOOPAMHATHBIX JIMHUKN X, Y U Z.

BonHOBBIE (hyHKIMH TPOEKIMH OPOUTHI B MHTETPAIILHOM CHCTEME KO-
OpAMHAT HA IUIOCKOCTSAX B3aMMHO MEPHEHIAUKYISPHBIX KOOPAMHATHBIX JH-
Huil X, Y u Z otpaxaroTcs KpyroBbIMU JTMHHUSAMHU X, ¥ U Z, COOTBETCTBYIOLIH-
MM IPOEKLUAM OPOUTBI, C PaANYCaMHU 7y, ¥y U .. Takue GyHKIMH HAMU pac-
CMaTpHUBAJINCh, B YACTHOCTH, B paBeHCTBO (7.26). HarmoMHMM, 9TO OHU nMe-
10T BUJ:

Yo =A,sin—x,y =4 sin—y,y. =4 sin—z.
r r r
x y z
Paccmorpum u BoiHOBBIE (yHKIHU (7.42) C COOTBETCTBYIOIIMMU

KBAaHTOBBIMM YUCJIAMM 1y, 7, U 7., & TAKXKE 3apsafamu Z,, Z, u Z., I0Iy4eH-
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HBIMH TIepepacipeie/ieHHeM OOIIero 3apsijia MO HalpaBJICHUSIM NPOSKIMH
payc-BeKTOPOB OpOUT, KOTOPBIC UMEIOT BHI:

n
_ : X _ : y _ : z
Vi =4, sm—r X, W, =4, sm—r VoW =A. s1n—r z.
y zZ

Hns atux Gynkuumii, momo6Ho (9.8), Takke MOTYT OBITH COCTaBIICHBI
CBOM HE3aBUCHMBIC BOJHOBBIC YPaBHEHUS ISl OMHOMEPHOTO CIIydasi, pele-

HUS KOTOPBIX [T 00IIel SHepTHid, Kak U B (7.43), UMEIOT BU:
2 452
2r"me’ 7

X

2 472
E 2n’me'Z; £ 2 me’Z,
x S =TT 55 =
‘ nh’ ! nh? : n’h’
[Ipu 3TOM BBIpaXKeHUS ISl CKOPOCTH YaCTHUIIBI HA COOTBETCTBYIOIINX
MPOEKLHUAX OPOUTHI OTOOPA3SITCS KaK:
n.h nh n_h
v=—r— y =—— y =—F— 9.31)
y z
27mr, 27mr, 27mr,
Cornacuo (7.45), nnst paanyca NpOEKIUH OpPOMTHI B COOTBETCTBYIO-
IIEM HaIpaBJICHUH UMEEM:
272 2p2 272
n’h n,h n’h
"= 2 T
4r“mZ e dr"mZ e

r. = -
x 2 2°
4r°mZ e
B Bepaxxenusix (7.44) Mbl moKa3ajiu, 4TO paBeHCTBA JJIs 3P PEeKTUB-

HOT'O 3HAYCHUA 3apsaja s Ka)KZ[OfI us3 HpOCKIII/Iﬁ Op6I/ITI)I UMCIOT BHU!:
3

3 3
n n n
Z=1/—"Z,Z,=1{JZ,Z= =/ .
X n3 Yy I’l3 z n3

Ecnu atu Beipaxkenus st 3apsina (7.44) noacrasutk B (7.43) st 3HaUeHUN
SHEpruil 3JeKTPOHA, TO MOIYYUM BBIPAXKEHUS AT SHepruu kak B (7.38), co-

OTBETCTBYIOIIUEC MIPOCKIIUAM 0p61/ITI)I, KOTOPbIC UMECIOT BU:

27’meZ? n,

E =-—"—7 .=, (9.32,)
n-h n
27*metZ? n

E =-—"T—-"—".—2, (9.32,6)
n-h n
27*me*Z? n

ey (9.32.¢)

E =-=22""=

: n’h’ n

Takum o0pa3oMm, HaM yAaJIOCh HAHTH (QYHKIHIO UIS aJleKBaTHOTO
OTIMCAHUs MPEObIBAHMUS IIEKTPOHOB B aTOME C HCIOJIb30BaHUEM MHTETPAIb-
HOH cucTeMbl KoopauHaT. [Ipy 3TOM HaiiieHO pelleHre BOJIHOBOIO ypaBHE-
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HUS A7 ONpPEENICHHs] COCTOSIHHA JJIEKTPOHOB B MHOT03apsHBIX aTOMax, B
COOTBETCTBUH C pa3peIICHHBIMA COYCTAHUSIMH OTIPEIEICHHBIX KBaHTOBBIX
gucen. Kak mokazanu HaIm MCCIeIOBAHUS, pa3pelICHHBIC COYCTaHUS KBaH-
TOBBIX YHCEI JAIOT TOJHBIH HA0Op YHEPTETHUECKUX COCTOSHHN C YKa3aHHEM
MO3UIHN JIEKTPOHOB B aTOME, KOTOPBIE MOTHOCTBIO COTIACYIOTCS C TaHHbI-
mu Ilepuoanueckoit cucremsl snementoB [I.M. Menneneesa. Ilonoxurens-
HOE )K€ PEIICHNE BOJHOBOI'O YPABHEHUS U ONHCAHHS COCTOSHUS 3JIEKTPO-
HOB B MHOTO03apsAJHBIX aTOMax elle pa3 JAO0Ka3bIBaeT aJeKBaTHOCTh MPEIJIO-
KEHHOM MHTErpalbHON CHCTEMbI KOOPJIUHAT MOTEHIMANBHBIX cep U BOJIHO-
BOI (DyHKIMU (PU3MYECKON peabHOCTH.

B 1. 8 MBI npeAnonIoKmIn, 9TO CTPYKTypa 3JIEKTPOHHOW OOOJIOUKH
aToMa aJIeKBaTHa CTPYKType ero aapa. B TakoM ciydae momydeHHoe pelie-
Hue ypasHenus lllpenuHrepa crnpaBeyvBO W ISl ONMCAHHS NPEOBIBAHUS
MIPOTOHOB B SApPE aTOMA.

B 10 xe Bpems HaiineHHBIe Hamu (T7. 8) pa3pelICHHBIC COYCTAHUS
KBAaHTOBBIX YHCEN, KOTOPBIC SBILIIOTCS YCIOBHSMH PEIICHUS BOJHOBOU
(yHKIMHM, ONMHMCHIBAIONICH NpeObIBaHKWE 3apsHDKEHHBIX KBAHTOBBIX YacTHI] B
aToMe, MOTYT COOTBETCTBOBATh HE BCEM (DAKTUYECKHM IO3HUIHSIM DIIEKTPO-
HOB U IIPOTOHOB B aTOME, a TOJBKO Ka)J0H BTOPOH U3 MX CHMHOBOM Hapbl
opbutanei. [loaTomy B cieayromeil rjilaBe Mbl PacCMOTPUM BO3MOXKHBIE
MPUYMHBI TAKOW CUTYallMH B YCJOBHSIX B3aHMMOJECHCTBHS JJIEKTPOHHOH 000-
JIOUKU U A]pa aToMa.
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I'naBa 10

@®opMHUPOBaHHE MPOCTPAHCTBEHHO-IMHAMMYECKOM
CTPYKTYPBHI siipa aTomMa

Ha ocHOBe yCTaHOBJIEHHBIX HAMHU 3aKOHOMEPHOCTEH IPOCTPAHCTBEH-
HOTO pacrpeJiesieHNs JJICKTPOHOB U ITPOTOHOB B aTOME ITOCTPOUM IIPOCTpaH-
CTBEHHO-IMHAMHYECKYIO CTPYKTYPHYIO MOJIENb s/[pa aToMa, a 3Ha4lT, U €ro
JJIEKTPOHHON 000JI0YKH, MTOCKOJIBKY, KaK OBIIO IMOKa3aHO paHee, MPOTOHBI U
JNIEKTPOHBI aTOMa Ha COOTBETCTBYIOIIUX 00O0JIOYKaX UMEIOT CAWHBIA MPHH-
LUI PACIpe/IeNieHUs], MO3UIMI KOTOPBIX B3aUMHO OOYCIIOBIICHBL SImepHas
000JI0YKa aTOMa, KPOME IPOTOHOB, COICPXKHT M HEWTPOHBI, YTO B IIEIIOM
Oyzner BIUATH HA paclpeelieHue X MO3UIKi Ha 000JI04YKe opbuTaneii sapa,
a 9TO, B CBOIO OYepellb, — Ha paclpe/eeHHe TTO3ULHH 3JIeKTPOHOB Ha COOT-
BETCTBYIOIIMX 00OJOYKax opOuranei atoma. IloaToMy BHawame, paccMoOT-
PHUM yCJIOBUsI 0Opa30BaHUs CUCTEM U3 IPOTOHOB U HEUTPOHOB Ha 00OJIOUKAX
opOuTasnell 1 3aTeM Ha OCHOBE 3TOr0 — (POPMUPOBAHUE MTPOCTPAHCTBEHHO-
JTUHAMHUYECKON CTPYKTypHl sipa aroma. O4eBHIHO, YTO HalJIeHHas Mpo-
CTPaHCTBEHHO-IMHAMHUYECKasl CTPYKTYypa siipa Oy/eT OTBEYaTh U CTPYKTYpe
AIIEKTPOHHOM 000JI0YKH aToMa.

10.1 SInepuas Tpancgopmanusi 3JIeKTPOHOB H IPOTOHOB

Cucrema pacripesieNieHusl 3IIEKTPOHOB M IIPOTOHOB B aTOME, PACCMOTPEH-
Hasg B T 8, cootBeTcTBYET [leprnoandeckoii cucteme snementoB J[.M. Menne-
JieeBa, HO, KaK BBITEKaeT u3 Tabi. 8.3, 8.4, mpu ux KoymdecTse B 1Ba pa3a 00Ib-
IIeM, YeM I JAaHHBIX 3TOM cHUcTeMbl. Ecim oOliiee KOJMYECTBO 3JICKTPOHOB U
IIPOTOHOB aroMa BBIYUCIIATL C YYETOM HMX KOJIMYECTBA B COCTaBE HeﬁTpOHOB
aToMa, TO KaKyIerocs: u30biTka Her. OTCIo1a MOKHO TPEINOI0KUTh, YTO U3-
OBITOYHAS MMOJIOBHHA MPOTOHOB M 3JICKTPOHOB B aTOME MOXKET TPAHC(HOPMHPO-
BaThCs ¢ 00pa30BaHHEM HEWTPOHOB sipa. Takas TpaHchopMAamus MOXET OBITh
HEM30C)KHOM, €CIIM B PE3yJIbTaTe €¢ aroM MEepeiIeT M3 MEHEE YCTOHYMBOIO B
Oomee ycroitumBoe coctosiHue. [l MPOSICHEHHS 3TOTO BOMPOCA PACCMOTPUM
YCTIOBHSL 00pa30BaHUS aTOMOB, KOTOPBIC MOTIIH OBl OBITH CO3IAHBI B IPOIIECCE
00pa30BaHMs KOCMHYIECKHX Tl (3BE31).

[IpencraBum cebe, YTO B KOCMOCE Ha KaKOM-TO 3Tale CHKaTHsl BOJO-
POZHOM TyMaHHOCTH B €€ sipe, Kotopoe (opMuUpyeTcs B sSApo Oyayiiei
3BE3/1bI, BOSHUKAIOT YCIOBHS 0Opa30BaHM aTOMOB H3 CI'YCTKa IPOTOHOB H
OJICKTPOHOB. O‘IeBI/II[HO, YTO CIr'YCTKH ITPOTOHOB B YCJIOBHUAX CHJIBHOI'O JJICK-
TPOMArHuTHOTO I'PaBUTALIMOHHOIO CKATHA NOJIKHBI BCTYIIATh MCEKIY CO60ﬁ
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B sJIepHBIC peakinuy 1 00pa3oBBIBATH SIPa, a TAKKE MapaieIbHO GOPMHUPO-
BaTh HJICKTPOHHBIE 000JIOYKN aTOMOB.

[TycTh B mepBOHAYANBHBIN MOMEHT 3JIEKTPOHHAS U siIepHast 000JI0UKH
aToMa 3alOoJIHEHbI, COTJIACHO Pa3pElICHHBIM COYETAHWSAM KBAaHTOBBIX UHCEI,
B COOTBETCTBHH C JaHHBIME Tabn. 8.3 u 8.4. Kak ObIIO ycTaHOBIIEHO paHee,
SHEPreTUYECKHE COCTOSHMS U MO3UIUH JIEKTPOHA U IPOTOHA B aTOME JOJIXK-
HBI OBITH aJEKBATHBI APYT OPYTY. A 3TO 3HAYUT, YTO 3AMOIHEHUE COOTBETCT-
BYIOIIUX 3JICKTPOHHOMU U SIICPHOM 000JI0UEK aTOMA JIOJIXKHO MPOUCXOIUTH 110
€IMHOMY TPHUHLIMILY.

Kak HaMu ObLIO MOKa3aHO, OHOMMEHHBIE 3aps/Ibl Ha JIEKTPOHHOU U
SAepHOI 000JI0YKaxX aToMa CTPYIIHPOBAHBI IO MPUHIUIY IUIOTHOW yITaKOB-
K, @ UX OpOHTaIM Ha HUX BPAIIAIOTCS B OJHY U TY )K€ CTOpOHY. Takas Kom-
MIOHOBKA 000J104eK OpOUTaneil aToMa COOTBETCTBYIOIIMMH 3apsiiaMHi HE MO-
JKeT ObITh ycToWunBOi. Hampumep, ecnm 1Be Kpyriible MaTepHallbHBIE dac-
THIIBI COTIPHUKACAIOTCS APYT C APYTOM, TO OHH OyIyT IIPOTHBOIEHCTBOBATH NX
BPAIICHUIO B OJHY U Ty )K€ CTOPOHY, & OJHOMMCHHBIE MarHUTHBIC MOMEHTBI
3THX YacTHIl OYAyT BBHITAJIKMBATh WX U3 0005I09kH opbuTaneii. 1o 06cTos-
TEJILCTBO MBI HE YYMTHIBAIHM IIPH COCTaBJICHUH ypPaBHEHHH OpOWUTAIBHOTO
JIBIDKCHUSI KBAaHTOBBIX YAaCTHUIl B YCJIOBHMSAX NMOTCHIUAIBHOIO MONS B HHTE-
rpajibHOI cucteMe KoopauHaT. Takum 00pa3om, Hallla THPOCKONMYECKH Hel-
TpajibHasl CUCTEMA DJIEKTPOHOB U ITPOTOHOB aTOMa B TAKUX YCJIOBHUSIX MOMKET
OBITH HEyCTOWYMBOW. B TO e BpeMsi B Heapax 3Be3[ IPH YCHIMBAIOIIEMCS
TPaBUTAILMOHHOM M 3JIEKTPOMAarHUTHOM JIaBJICHUH MOTYT CO3/1aBaThCsl YCIIO-
BUSI, KOTJ]a CTAHOBUTCS BBITOJHBIM BBITECHEHHE KaXKI0TO BTOPOTO JIEKTPOHA
W3 BCEX CHMHOBBIX Map s, p, d u f~opbuTaneil 1 mocieayoee noriaomeHne
UX TPOTOHAMH Ha COOTBETCTBYIOIIMX OPOMTANsIX 00OJOYEK siep aTOMOB C
oOpazoBanueM HEHTpoHOB. Torma y SIEKTPOHHBIX M SOCPHBIX S, p, d U
f~o0omouek aTromMa KOJUYECTBO 3JIEKTPOHOB M MPOTOHOB, COTIacHO Tabm. 8.3
u 8.4, cTaHeT B ABa pa3a MEHBILEC U IPUJET B COOTBETCTBHE C COBPEMEHHBIMHU
nanHeiMu Ilepuoguueckoii cucremsl siemeHToB JI.M. Menneneesa. Ilpu
9TOM B AAp€ aToOMa MOABATCA HeflTpOHbI, KOJIMYECTBO KOTOPBIX COOTBETCTBY-
€T KOJMYECTBY IMOITIOIICHHBIX SAJApPOM aToMa 3JJCKTPOHOB. HO3I/II_[I/II/I 9THUX
HEHTPOHOB B siipe OyAyT COOTBETCTBOBATH COCTOSHUSIM Ka)KJOI'O BTOPOTO
MPOTOHA T10 Pa3pPEIICHHBIM COYETAHHUSIM KBAHTOBBIX YHCEIL.

Hanomunaem, uro B Tabn. 8.3 u 8.4 /I 3TUX HOBBIX YCIOBHH MO3H-
IIMM COYETaHWH KBAHTOBBIX UYHWCEN JUIS TPOTOHOB BBIJIENCHBI «KUPHBIMI)
3HaKaMH, a MO3UINH HEUTPOHOB — OOBIYHBIMH. J[J1s1 37IEKTPOHHOH 0007I09KH
aToMa COYETaHUS C (CKHPHBIMI» 3HAKAMH OIPEACISIOT TMO3UINHU 3JIEKTPO-
HOB, a OOBIYHBIMH — 0003HAYAIOT UX OTCYTCTBHE.

He yenybonaace 6 oemanu, MOINCHO NPeOnOAONCUMb, YMO Me NO3UYUL,
Komopbule 0c80000UNUCL BCIEOCMEUE NONOUWEHUS  DNIEKMPOHO8 NPOMOHAMU
a0pa, mMo2ym Ovlmb 3aHAMbL HEUMPUHAMU, M.e. KHeUMPAIbHbIMUY 3]1eKMpo-
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HAMU, MOYHO AK Jice, KaK HellmpOoHbl 8 sI0pe 3aHUMAIOM NO3UYUU NPOMOHOG.
Takue nelimpuro mocym Oblmb GeUHbLIMU CHYMHUKAMU 3J1€KMPOHO8 U omoe-
JISIMbCA OM HUX MOILKO NPU RO2NOWEHUL 3TIeKIPOHO8 NPOMOHAMU S0P

Heo0xoauMo OTMETHTB, 9TO pacrpeie]IcHUs IPOTOHOB U 3JICKTPOHOB
B aTOME B3aMMHO OOYCJIOBJICHBI W a/IEKBATHO OTPAXKAIOT COCTOSIHUS M MTO3H-
IIUH IPYT APYTa 110 WACHTHYHBIM COYETAHMSM KBAHTOBBIX yuces. OueBUIHO,
YTO B3aMMOJICHCTBHE NMPOTOHOB C HEHTPOHAMH B SAPE aTOMa TaKKe BIHSCT
Ha COCTOSIHHUE W TO3WIMU DJIEKTPOHOB HAa COOTBETCTBYIOIIMX OO0OJIOYKaX
aToma.

PaccMoTpuM BO3MOXKHYIO TpaHc(hopMaIiMio 000J04YeKk opOuTanei, a
Takke 00pa30BaHUE PHEPTUHU CBSI3HM MEXKY HYKJIOHAMH B 3THX HOBBIX YCIIO-
BUSIX SIIEPHON KOHBEepCcHH OoJiee moIpoOHO.

OdeBHIHO, YTO TOCHE SACPHONH KOHBEPCHH YAaCTH NMPOTOHOB B HEU-
TPOHBI B SACPHON 000JI0YKE aToMa MPOTOHBI U TTOSBUBIIHECS HEHTPOHBI 00-
pa3yrT CHCTEMY CIWHBIX YacTHUI] U3 ACHTPOHOB. PaccMOTpUM BO3MOXKHBIH
XapakTep B3aUMOJCHCTBHUS MPOTOHOB C HEHTPOHAMH ¢ O0Opa3oBaHHWEM JIeH-
TPOHOB.

B omimmuue oT npoTOHA, HEUTPOH SBJISAETCS AIEKTPUUECKU HEUTpanbHON
YacTUIIEH, HO C OTIIMYHBIM OT HYJII MOMEHTOM KOJMYECTBA IIBIDKCHHUS W Mar-
HUTHBIM MOMEHTOM. Kak M3BeCTHO, COOCTBEHHBIN CIIMH Y HEHTPOHA, TaK JKe, KaK
U y TPOTOHA, paBeH 1/2, a MATHUTHBIM MOMEHT y HETO, B OTJIMYKE OT MPOTOHA,
orpuuateneH U paseH u,=[—1,9131148+0,000066]u,. Ilpu 3TOM MarHUTHBINA
MOMEHT HPOTOHA paBeH: 4,=[+2,792763+0,000030]u,, rae u, — Tak Ha3bIBac-
MBIH SIIEPHBIA MAarHETOH.

3aMeTHM, 9TO COOTHOIICHHE MATHUTHBIX MOMEHTOB IPOTOHA M HEH-
tpoHa K, = w,/i, = 1,459774, 4to NpuOIN3UTENLHO PABHO CPETHEMY COOT-
HOIIICHHUIO KOJIMYECTB HEHTPOHOB W MPOTOHOB B sAape aroma. Hampmmep, ec-
T B AApe aToMa KCEHOHA COOTHOIICHNE HEUTPOHOB M MPOTOHOB paBHO 1.43,
TO 3TO COOTHOIICHHE B SIApE aToMa pazoHa paBHO 1.58, a B siapax TpaHCypa-
HOBBIX DJIEMEHTOB — OKO0JI0 1.5. DTO HAaBOAUT HA MBICIL O TOM, YTO OOHOU U3
npuUYUH NPeobiadanusi HeUmpOoOHO8 8 amome Modcem Oblmb HeoOXO0OUMOCHb
KOMNEHCayuy CymMmapHo20 u30blmoyH020 MACHUMHO20 MOMEHMA NPOMOHO8
OMpUYAMeNbHbIM MASHUMHLIM MOMEHMOM U30bIMOYHO20 KOIUYEC8a Hell-
MPOHO8.

Ecnu cymma MarHUTHBIX MOMEHTOB MIPOTOHA U HEUTPOHA PaBHA:

p, + p, = (2,79255-1,91280) 1, = 0,879754, ,
TO MarHUTHBIA MOMEHT JEHTpOHA, ONpe/iesIeHHbIN U3 onbita [12, ¢. 88],

u, =0,857354,,
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9TO OJIU3KO K CYMME MarHHUTHBIX MOMEHTOB MPOTOHA U HeWTpoHa. [[is toro,
9TOOBl HEHTpAIM30BaTh TAKOH IMOJOXHUTEIHHBI MArHUTHBIA MOMEHT JIeH-
TpPOHA, HEOOXOAUMO CIIEAYIOIIee KOIMISCTBO HEHTPOHOB:

N,=u,u, =(1)’§f—2723=0,4482.
b
B stom ciydae Ha oauH npoToH npuxomutca 1,4482 HeltpoHa, 4TO
OJIM3KO K TOJyYeHHOMY HaMH paHee 3Ha4€HHIO COOTHOUICHHsI HEWTPOHOB U
IPOTOHOB MO MX MarHUTHBIM MOMEHTaM. 3aME€THM, YTO 3HAU€HHs] MarHUT-
HBIX MOMEHTOB NPOTOHA U HEUTPOHA, B 3aBUCUMOCTH OT 3HAYEHUS MarHuT-
HOTO KBAaHTOBOTO YHCJA, MOTYT OBITh Pa3sHbIMU, HO M3MEHEHHUS MX MarHUT-
HBIX MOMEHTOB OYAYT IPOIOPIHOHAIBHBI, H MOITOMY COOTHOIICHHE 3THX
BEJINYMH OCTAHETCSI OCTOSHHBIM.
PaccMoTpuM BO3MOXHOE Pacmpeie/icHHe MarHUTHBIX MOMEHTOB y
napsl HyKJIOHOB NPOTOH-HEUTPOH, T.€. y AelTpoHa. [lo mosy4eHHbIM B 1O-
CJICZIHUE TOAbI SKCIIEPUMEHTAIBHBIM JaHHBIM, B [ICHTPE HEUTPOHA HAXOAUTCSA
MPaKTHYECKH BECh MOJIOKUTEIbHBIN, a Ha TIepu(epruH ¢ HEKOTOPOI BHEITHEH
IIPOCIIOUKON IOJIOKUTEIBHOIO 3apsAla paclpeieicH OTPULATEIbHBIA 3apsij
[12, c. 85]. IIpu 3TOM 3HaK MarHUTHOTO MOMEHTa HEHTPOHA ONpeNeNeH OT-
PUILIATENBHBIM 3apsIOM.

Ha puc. 10.1 npusenena
BO3MOXHasi cxema 00pa3o-
BaHWA Mapsl IPOTOH-HEH-
TPOH, T.€. IeHTpOoHA. Y CTOU-
YUBOCTh COOCTBEHHOTO
BpallleHUsI TAaKOW TMapel B
OJIHOM IINIOCKOCTH B aTOMe,
BEpOSITHEE BCEro IMOIIEP-
KHUBAIOT THUPOCKOIUYECKUE
cuibl, OOYCJIOBJIEHHBIE CO-
OTBETCTBYIOLIIEH  OpHEHTa

el uX OpowuT.

Kak nokazano na puc. 10.1, BHemHu# cioil y HelTpoHa ¢ HEOOIb-
IIOM TPOCITOMKOI MOJOXKUTETBHOTO 3apsiia MMEET, B OCHOBHOM, OTpHIIa-
TENBHBINA 3apsA]], 2 BHYTPSHHUH CIIOM — TIOJOKHUTENBbHBIA. DTOT BHYTPCHHHH
MIOJIOXKUTEIBHBIN 3apsi] HEHTPOHA, COCTABIIAIONINI OCHOBHYIO MaccCy, Bpala-
eTcs B OIHOM HalpaBJIECHUH CO CBOMM MapTHEPOM B AEHTPOHE — MPOTOHOM.
ITpu 3TOM MarHUTHBIC MOMEHTHI BHEIIHETO M BHYTPEHHETO CIOEB HEWTPOHA
OPHEHTHPOBAHbI Ha MPOTHUBOIOIOKHBIE CTOPOHBL. 3aMETHM, 3TO YHCTO YyC-
JIOBHOE PaCCMOTPEHHE IMPUPOABI CBSI3U MMPOTOHA M HEUTPOHA B JCUTPOHE, T.K.
€CJIM ACUTPOH pacCMaTPUBATh KaK €AMHYIO YAaCTHILy, TO €r0 AIEKTPOH MOXKET
PaBHOM CTEIICHU MTPHUHAJIEKATh 000UM ITPOTOHAM.
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B cuity Toro, 4ro B HEWTpOHE MAarHWTHBIH MOMEHT 3JIEKTPOHA I0-
MHUHHUPYET, B II€JIOM MarHUTHBI MOMEHT y HEWTPOHA UMEET OTPHLATEIBHOE
3HaueHue. 1loaToMy B AE€HTpOHE MAarHUTHBIE MOMEHTHI ITPOTHBOIIOJIOKHOTO
3HaKa, NMPHUHAIEKAININE NPOTOHY W HEHTPOHY, CO3MAIOT CHIBI B3aUMHOTO
npuTsHKeHus (3Hepruro cBsu). Ecnu obiryuaTs neittpon D y-mydamu, To mipu
ONIPEJENICHHOM 3HAU€HWM OJHEPruM )-Tydell OH pacmajercss Ha MPOTOH U
HEUTPOH:

y+D=p+n.

MunymanbHas SHEPTHsl ) -KBAHTOB, IPU KOTOPOH MAET peakuus, k£, =

2,23 Mbe [12, c. 86]. OueBuanO, uTO BenuuMHA E, U ONpEIEISAET SHEPIHIO
CBsI3M MPOTOHA U HEUTPOHA B JCUTPOHE. DTa PHEPTUSA CPABHUTEIHHO BEJIHKA,
MOCKOJIBKY 3HEPTHUS 3JICKTPOCTATHYCCKOTO OTTAIKUBAHUS MPOTOHOB, HANPH-
Mep B SIpE Telvs, COCTABIISAET:

2 -10y2
U,., =< = (4’§310 ) —~1 Mbes.
Yook 2-1007-1,6-10

PaccmoTtpum, Kak pacnpeaenstoTcs IeHTpOHbI Ha 000JI0YKe opOuTa-
neid. B 1. 8 ObUIO MOKa3aHO, YTO pacHpelelieHHe MPOTOHOB Ha 000JI0YKe
opOuTanell Ha OCHOBE WX CITMHOBOW MOJISIPU3AIMN COOTBETCTBYET CXEME 3a-
MIOJTHEHNS, TIpeCTaBICHHON Ha puc. 8.6. Ha obomouke opOuTanelt cimHOBast
mapa MPOTOH-TIPOTOH PACHICIDICHA Ha BCIO e MHpHUHY. llpm mormomeHun
OTHUM W3 HUX DJIEKTPOHA U3 €T0 AIIEKTPOHHOI 000JI0YKH 3TOT MPOTOH Ipe-
Bpamaercs B HEUTPOH. DTO 3HAYMT, YTO OCTABIIMKCS MPOTOH MOTEPSUT CBO-
€ro OJIHOMMEHHOI'O MapTHEpa M0 CIMHOBOH mape. Takoe ke 00CTOATEILCTBO
¢ moTepeit mapTHepa CKJIQABIBAeTCA U AJI JIEKTPOHA HAa COOTBETCTBYIOIIEH
00osouke opOuTaneil. B Takux yclioBHsX Kak Ha 000J0YKe OpOHTAaICh Hpo-
TOHOB, TaK M Ha 00OJIOUKE OpOHMTaNell 3JIEKTPOHOB HAPYIIAECTCS IPHHIMII
pacIpeneneHus 3apsadiceHHbIX 9acTHLl TI0 OpOMTAIBHBIM CITMHOBBIM Iapam,
T.€. IO OpONTAJILHOMY KBAaHTOBOMY UYHUCIY S, M NeHCTBHUTENBHO, B pe3ybTa-
Te SICPHON KOHBEPCHUH KOIMYECTBO IIIEKTPOHOB M IMPOTOHOB HA COOTBETCT-
BYIOIIMX 000JI0YKaxX OpOWTanell CTAaHOBHTCS HEUCTHBIM, YTO IMPHBOAHUT K
BEIHY)KJIICHHOMY pAaCIpeIe]ICHAI0 UX IO BCei 000J0UKe opOHuTaneil paBHO-
MEpPHO, a He M0 CIIMHOBEIM ITapaM, COTJIACHO OpOUTaIbHOTO KBAHTOBOT'O YHC-
na s,.

Taxum obpazom, cmpykmyphoe opmuposanue si0epHblX U IJ1eK-
MPOHHBIX 000NI0UEK amoma umeem 280I0YUOHHBIN Xapakmep. Eciu «meo-
pemuyeckoe» pacnpeoeneHue 21eKmpoHO8 U NPOMOHO8 8 amome 0CYujecmes-
JISLEMCSL CO2NACHO 08YM CHUHOBbIX KBAHMOBbIM YUCIAM S U S, , MO pealbHoe
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pacnpeoenenue ux nocie 10epHoli KOHBEPCUl 3a8UCUTN MONILKO OM CHUHA S 8
BbIOCIEHHOM HANPAGIEHUU, NPU IMOM NPOMOHbL U IJIEKMPOHbL HA 000I0UKe
opoumaneu pacnpeoensioncs paeHOMepPHO.

PaBHOMepHOE pacnpeneneHue 3apsHKEHHBIX KBAaHTOBBIX YacTHIl Ha
0005109Ke opOuTaIell BBITOAHO UM KaK C MO3ULUH OJHOMMEHHO 3apsKEHHbBIX
YaCTHUIl, TaK U C TOYKU 3peHHsT 00pa3oBaHusI 000I09eK opOuTaneit ¢ cymmap-
HBIM HYJICBBIM MOMEHTOM KOJIMUEeCTBa JBIKeHHs. K ToMy e, B 3TOM ciry4ae
Ha 000JI0YKe OpOUTAJICH IPOTOHOB 00PA30BABIIUECS HEHUTPAIbHBIC YaCTHIIBI
— HEWUTPOHBI OKAXKYTCA MEXKIY MPOTOHAMHU U CO3JaQyT 3HEPreTHYECKU BbI-
TOJIHYIO €IMHYI0 MATHUTHYIO CBSI3b [0 KPYTrOBOM JIMHUU O0OJIOUYKH.

Ha puc. 10.2 nmpexncraBneHa paBHOMEpHas CX€Ma 3alOJIHEHUS p-
000JI04KH spa aToMa OpOMTAISIMH IIPOTOHOB M HEHTPOHOB IPU 3HAYEHHUU
OopOUTaIbHOrO KBaHTOBOTO ymcia [ = 1. 371ech THPOCKOITMYECKH HEHTpaib-
HBIE TIapbl IPOTOH-TIPOTOH ¥ HEUTPOH-HEHTPOH 00pa30BaHbI TOIBKO B BhIJE-
JICHHOM HaIpaBJICHAU.

Ha puc. 10.2 ams ynpoImieHns: BOCIPUSTHS MTOKa3aHbl IPOCSKIINN OpOH-
TaJieil TOJIBKO B BBIACICHHOM HANpaBJICHUHU 0€3 MX HAKIOHOB, a CTPEIKaMHU
0003HaueHBI 00IIMEe HATIPABJICHUS BPAICHNS IIPOTOHOB 1 HEHTPOHOB Ha 000-
JouKke opOuTaneil.

Kax Bumno u3 puc. 10.2, Ha
p-000JI04YKEe TO3UIMK  OpOHTAlIeH
MIPOTOHOB M HEWTPOHOB YEPEIYIOT-
csl MEXKAy CO0OM, YTO IPUBOAUT K
00pa3zoBaHUIO nap MIPOTOH-
HEWTPOH Ha IUIOCKOCTH O0O0JOYKH
TI0 €€ paJuaIbHON JIMHUN, KOTOPBIE
MOTYT BBICTYNaTh KaK JIEHTPOHBEIL.
A KaxOplii U3 3TUX NEHTPOHOB, B
CBOIO O4Yepelb, MMEET CIHMHOBYIO
Iapy B BBIJICTICHHOM HallpaBJICHUH.
Orta cnuHOBas Tmapa JIeHTPOHOB
Npe/CTaBIsIeT U3 ceds Kak Obl eu-

HYIO YaCTHUIly C MarHUTHOU CBSI3bIO
Puc. 10.2. CxeMa 3am0JIHEHUS 13—06<v)noq1<1/1 BCEX YETHIPEX HYKJIOHOB.
CIMHOBBIMH IIapaMu OpOUTaIel 1eHTPOHOB

Kak nmokazano Ha puc. 10.2,
: NPOTOHBI M HEHTPOHBI pacriojara-
I0TCS Ha p-000JI0YKe Ha YHAICHUH OT OCH BBIIEJICHHOTO HAIIPABIICHUS, Yepe-
IysiChb IPYT ¢ APYTOM IO KPYTOBOIl JIMHUH, YTO B YCIOBHSAX CHIIBHOTO JJICK-
TPOMAarHUTHOTO M TPaBUTALMOHHOTO NAaBJICHHS B HEpax 3Be31 CIIOCOOCTBYET
CO3IaHMIO EIUHOW CHCTEMBbl MarHUTHBIX CBS3€H HYKJIOHOB IO OKPYXHOCTH
opbutanpHON 000704YKH. B 3TOM citydae Ha oOosouke opOuTaei cozmaercs
CIUIOIIHOE KOJNBIO LEeNU NeUTPOHOB. TakuX ONMHAKOBBIX KOJIEI 000JI0YeK
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opOuTasneil ¢ IEHTpaMH 110 OCH BBIJICJICHHOTO HalpaBJIeHus /1Ba, a opOuTanu
B HUX 00pa3ylOT MeXIy coOOH CHHHOBBIC Mapbl TAKXKE B BBIICICHHOM Ha-
npaBieHny. Torga yclIoBHO MOXKHO CUHTATh, YTO 3TH KOJbLA, OPUEHTHUPO-
BaHHBIE MEXXAY CO0O0M CIMHOBBIMU ITapaMy opOuTanei, 00pa3yroT yCIOBHYIO
CIMHOBYIO Tapy B BBIJACICHHOM HampasieHuu. Ha puc. 10.2 Takas ciimHOBast
napa KoJjel HPUHAIJICKUT CIMHOBOM mape oOonouek p-opOurtaneii. [Ipu
(UKCHUPOBAHHOM 3HAYEHHH OOLIEr0 KBAaHTOBOTO YMCIIA 77 MOKHO BBIYJICHHUTH
B BBIJCJICHHOM HalpaBlIeHUH CIIMHOBYIO mNapy cemeiicta s, p, d u f-
000J1049eK (3TIEKTPOHHOTO CJIOST) U T.1.

Takum oOpa3oM, opOWTaNH, paclpelesieHHbIE B SApe M0 CIHHHOBBIM
napam, oObeJMHEHBI B Oojiee KpYHHbIE — HMEPapXHUYeCKd OpraHM30BaHHBIC
YCIIOBHBIE CIIMHOBBIE TapHI.

OTOT MepapXuueckuii MOpSI0K 00pa3oBaHUs CITMHOBBIX IMap B BbIJe-
JICHHOM HAIpPaBJICHUH UMEET CIICAYIOIIYIO MOCIEA0BaTEIbHOCTS!

— CIIMHOBBIE MAphl OpOUTATIEH;

— CIIMHOBBIE MAaphl 000JI0UEK OpOHuTaIIeH;

— CIHMHOBBIE MAPHI CeMeHcTBa s, p, d U f~000I0UeK Ha JAHHOM JHEp-
TEeTUYECKOM YPOBHE WM 3JIEKTPOHHOM CJIO€, B COOTBETCTBUH C (DHKCHPO-
BaHHBIM OOIIMM KBaHTOBBIM YHCJIOM /I B BBIICJICHHOM HallpaBICHHUH;

— KOHEYHas CIIMHOBas Mapa JHEPreTHYeCKHX YPOBHEH WIIM CIIOeB
Bcero Habopa 00I1ero KBaHTOBOT'O YUCHIA A.

B koHeuHOM cuere, ANIEKTPOHHAS U siJiepHas 000JOYKH aToMa Ipel-
CTaBJISIIOT COOOM MO OTAENBHOCTH TaHTEIH T'MPOCKOINMYECKH HEHTpallbHBIX
YCIIOBHBIX CIIMHOBBIX Tap, O0Opa3oBaHHBIX IO CXeMe, MPEICTABICHHOW Ha
puc. 10.2.

DHeprus cBsI3M HYKJIOHOB B KoJblle AeliTpoHOB. Kak BHIHO U3 pHC.
10.2, Ha omHOI 000JIOYKE MPOTOH C HEHTPOHOM CBS3BIBAIOTCS MEKIY COOOH B
IIECTH TOYKAaX CONPUKOCHOBEHMs. TakuMm 0Opa3oM, HMOIHOCTBIO 3allOIHEHHYIO
0001I04YKy OpOHTasIeit MOYKHO CUMTATh €AMHOW YacTHIICH, 0Opa30BaHHON W3 JeHi-
TPOHOB, KOTOPbIE UMEIOT Ha 000JI0YKE caMoe BBITOJHOE (HaUMEHbIIIee) SHepre-
THYECKOe cocTosHue. OuesuoHo, umo 3anoiHeHHas 06010YKa opbumanell Ha
NAOCKOCIU XAPAKMePU3Upyemcs Haubonee IHepeemuyecku 6b1200HbIM COCHIOSN-
HUeM, YeM COCmosAHUe 08yX He3aNONHeHHbIX 000NI0ueK opbumanei 6 CHUHOBOl
nape 6 8bl0eeHHOM Hanpasnenu. A 5mo 3Hawum, 4mo npu 3anoIHeHUY CHUHO-
6011 napvl 000104eK 6 BbIOEIEHHOM HANPAGIEHUU SHAYAE BO3MOICHO NOTHOE
3anoHeHue MoabLKo OOHOU U3 HUX, a 3amem yice Opy2oll.

OHeprus paspeiéa KoJiblla AEHTPOHOB Ha 000JOYKE opOHTalel, co3-
JTAHHOTO B YCJOBHSX CHJIBHOTO T'PaBHTAllMOHHOTO M 3JIEKTPOMArHUTHOTO
JIABJICHUS B HEZPaxX 3BE3/Ibl U MPEACTABILIIONIETO COOOH MATHUTHBINA GKIyT»,
JOJKHA OBITh TOPa3/0 OOJBIIE SHEPTHH CBSI3H MEXKAY MPOTOHOM M HEUTpO-
HOM B feiiTpone. Kpome Toro, 3Heprus paspsiBa Koiblia OyAeT TeM OoJblIe,
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yeM Oosiblle AEHTPOHOB BMEINAET JaHHas 00oJiouka opOHTanei, T.e. 4yeM
OoJpIre 3HaYCHHE OPOUTAIEHOTO KBAHTOBOTO YHCTa /.

Ecnn yBenmueHne sHEpTuy CBSA3U B IEHTPOHE C POCTOM BEITMUYHMHBI Op-
OWTATBPHOTO KBAHTOBOTO YHCIIA / CBSI3aHO C MPOMOPIIHOHATBHBIM YBEINICHH-
€M MarHMUTHOTO MOMEHTA, TO SHEPIrHs JIOKAIbHOTO pa3pbiBa KOJIbIA, OOJb-
masi 0 BEIUYUHE, YEM SHEPTHUs CBA3M B OTACIBHBIX JIEHTPOHAX OOOJIOYKH,
TpebyeT HEKOTOPBIX MOSCHEHHUH.

O‘leBI/I):lHO, 4YTO IpHU OJAMHAKOBBLIX 3HAYCHUAX 0p6I/ITaJ'H)HOFO KBaHTO-
BOrO 4YHMCIIa Takas BO3pOCIIAs SHEPrusl CBSI3U IMPOSIBISET ce0sl TOJBKO IMpU
HapyIIeHNH LEJIOCTHOCTH KOJbLA, T.€. B MOMEHT €ro JIOKAJIBHOTO pa3pbIBa.
OT0 NPOUCXOAUT MOTOMY, YTO LIEIOCTHOE KOJBIO JIEHTPOHOB IMPU 3TOM pac-
MaJaeTcs elle U Ha OTJEJIbHBIE JEUTPOHBI, YTO COMPOBOXKIACTCA Pa3pbIBOM
CBsA3el MEXIy HUMHU IpU IepepacipeieIeHUd SHEPTUil CBA3ed MEexXIy Hel-
TPOHAMH U IPOTOHAMH. A TaKoil pa3pbiB BCEX CBA3EH MEXIy ACHTpOHAMHU Ha
0005109Ke opOHTaNIel MPOMCXOANT HOTOMY, YTO MarHUTHBIE MOMEHTHI Y HUX
MMEIOT OZIMH M TOT )K€ 3HaK, YTO MPH OTCYTCTBHH E€IWHON CBSI3M HYKJIOHOB
M0 KOJbIly 3acCTaBiIA€T JEUTPOHBI OTTAJIKMBAThCA APYT OT apyra. B To xe
BpEMS B IIETIOCTHOM KOJIBIIE MOJI0KUTEIbHBIE MATHUTHBIE MOMEHTBI KaXKI0TO
U3 IEHTPOHOB OOBEAWHSIOTCS B OAMH OOIIUII MarHUTHBI MOMEHT, KOTOPBIN
Hei/'lTpanmyeTca TaKHuM XK€ O6T)CILI/IH6HHI)IM MAarHuTHbIM MOMCHTOM I/136I)I-
TOYHBIX HEUTPOHOB fApa. A IMpH JOKAJIHHOM pa3pbiBe CBs3eil B MAarHUTHOM
(OKTYTe» B OJHO MTHOBEHHE PACIANaeTCsl BCS CHCTEMa CBSI3eH MEXIy Jei-
TPOHAMH, YTO MPUBOJUT K HAPYIICHUIO MATHUTHON CBA3M MAarHUTHOT'O <OKTY-
Ta» ¢ N30BITOUYHBIMH HeliTpoHaMu. OYEBUIHO, TO3TOMY B TAKOM KOJIBIIE JUIS
pas3pbiBa OJJHOM CBS3M MEXKAY NMPOTOHOM M HEHTPOHOM HEOOXOIMMO 3aTpa-
TUTbH SHEPTHUIO, HEOOXOIMMYIO JUIS pa3phiBa CBSI3€H MEXIy BCEMHU ACHTpOHa-
MH Ha 000JI0UKEe OpOUTANIEH C YIETOM IPYTrUX MarHUTHBIX CBSI3€H 00OIOYKH.
WNuade roBops, HEOOXOIUMO MPEOIONIETh TaKOH MOTEHIHAIBHBINA Oapsep mpH
pa3pbiBe KOJbIla MAarHUTHOH CBSI3M, KOTOPBIN IPEOAOJIEBACTCS B HeIpax
KOCMHYECKHX 3BE3JJHBIX TEI MPU CO3JaHMU SAECPHON CBSA3M MEXIY HYKIOHA-
MH. BenmunHa Takoro moTeHIMAIbHOTO O0apbepa YBEJINYMUBACTCS, €CIH yUH-
ThIBaTb MAarHuTHYIO CBA3b O6OJ'IO‘-I€K B MX CIIHHOBOM nap€ B BbIACJICHHOM
HaIllpaBJICHWH, a TAKXKE MCKIY dTUMU O6OJ'IO‘IKaMI/I )51 I/I36I)ITO‘IHI)IMI/I HeﬁTpO-
HaMmH aapa atoma. O4eBUAHO, YTO B TOUKE Pa3pbiBa KOJbIA JEHTPOHOB MO-
JKET MPOSIBIATHCS 3P PEKT JOKATEHONH MOOMIM3ALNH KOJJIEKTUBHON SHEPTHU
CBSI3U JIEHTPOHOB 10 Bcell oOosouke opOuraneil. BennunHa takoi sHeprun
MOXET OBITh CpaBHHUMA C BEIMUYMHON SHEPTUH 00pa30BaHUs BCEX JCHTPOHOB,
BXO/AIINX B 3TO KOJBIO HA 000JI0UKE OpOUTAIEH U MOXKET PAaBHSTHCS TOJIO-
BUHE 3TOW SHEPTUH, TIOCKOIBKY IIPU 3TOM pacHaJaeTcsl MOJOBHHA BCEX CBSI-
3eil MeXy IPOTOHaMU U HEWTpOHaMu B KoJble. Hanpumep, eciu sHeprus
MarHUTHBIX IOJIEW MPOTOHA U HEUTPOHA CO3/1AET SHEPTHIO CBSA3U B IEUTPOHE,
TO YBEIMUYCHHE MX KOJHMUYECTBA, YTO COOTBETCTBYET 0Ojee BBICOKMM 3Haue-
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HUSM OpOUTAITBFHOTO KBaHTOBOTO 4yucia /, OyJaeT crocoOCTBOBATH BO3pACTa-
HUIO OOmIel SHEprHU CBsS3M MEXIy AeiHTpoHamu. Kak yke TOBOpPHIIOCH,
SHeprust 00pa3oBaHUS OJHOTO JEWTpoHa paBHA 2,23 M58, 1 OHa COOTBETCT-
BYET DHEPIUsM MAarHUTHBIX MOJICH HYKJIOHOB. [Ipu 3HaYCHUH OpPOUTAIBLHOTO
KBaHTOBOT'O unciia / = 3 4nciio HyKJIOHOB Ha 000JIouKe opOuTaneit paBHo 14,
a 9TO 3HAYUT, YTO DHEPTHUs CBSA3U MPOTOHOB U HEUTPOHOB Ha 000JIOUKE OpOH-

Tayel NeHTPOHOB JOKHA OBITH He MeHee 2,237 = 15 M»s¢. Toraa Ha cBA3b
MEX]y IeHTpOHaMHU Ha 000JI0YKE MPUXOIUTCA OKOJIO 7 M>8 SHEpTHH CBSI3H,
KOTOPYIO HYXXHO ITIPEOOJIETh NPHU Pa3pyIICHUH KOJblLia AEHTPOHOB Ha 000-
JIOYKe, KaK PHEPTui0 MOTeHIHaIbHOro Oapbepa. Takas nmpuiiokeHHast U3 BHE
SHEPrHsl MOTEHIMAILHOTO Oapbepa MPUMEPHO COOTBETCTBYET CPEIHEH BelH-
YHHE 3HEPruy, HeOOXOIUMOM Ui OTphIBA HYKJIOHA OT siipa aToMa M, Iociie
paspymeHus: 000JI0YKH, MOXKET M3JIYYHUThCS B IPOCTPAHCTBO B BHJIE KBaHTa
SHEPTrUM WM BBI3BaTh W3JIyYeHHE OBICTPHIX HEHTPOHOB, KOTOPBIE, B CBOIO
ouepejib, MOTYT BBI3BaTh pa3pylIeHHE 000JI0YEK JASHTPOHOB B sIpax JIPyrux
aTOMOB, YTO MOKET MIPUBECTH K LIETHOW PEaKIUHU UX paclaja.

HamomunM, 4To Takas cuija NMOTCHLMAIBHOTO Oapbepa MpOSBISIETCS
TOJIBKO B MOMEHT JIOKQJIFHOTO Pa3pbIBa KOJIbIIA MAarHUTHOW CBS3HM Ha 000-
Jo4ke opoutanei. Bo3MoXHO, OTYaCTH MOATOMY 3TH CHJIBI MOXKHO HJICHTH-
(GUIMpoBaTh SACPHBIMH CHIAMH, KOTOPBIE CUHUTAIOTCSI KOPOTKOJEHCTBYIO-
HIMMH, ITOCKOJBKY OHHU JEMCTBYIOT TOJIBKO B MPEAEIAX LENOCTHOTO MarHUT-
HOTO KoJblia AeUTpoHOB. Kpome aToro, cieayer yuecTb U TO, 4YTO HyKJIOHBI B
SJIpe YAEPKUBAIOT U THPOCKOIMUYECKHE CUIIBI, KOTOPBIE IEHCTBYIOT TONBKO B
npeaenax aToMa, O3TOMY TaKXkKe ABIISIIOTCS. KOPOTKOJEHCTBYIOIUMU.

[IpuBeneHHBIE BBINIE PacCyKAECHHUS B TO )K€ BpeMs TPEOYIOT Iallb-
HEHIINX YyTOYHEHUH U HKCIEPUMEHTANBHBIX IPOBEPOK, NMOKA K€ OHU MOTYT
BBICTYTIaTh B KAYECTBE OPUEHTUPOBOUHBIX JAHHBIX.

JHeprus CBS3U HYKJIOHOB B si/ipe aToMa.

VYcroiurBass BO BpEMEHU CTPYKTYpHAs OpUEHTAlMs CIIMHOBBIX Iap B
aToMe BO3MO)KHA TOJIBKO O1aroapsi TOMy, YTO OHH SIBJISIIOTCS] WIEHAMH OJHOU
CBSI3aHHOW TMPOCKOIIMYECKOM cucTeMbl. B Takoil cucreme HampaBlieHHE Bpa-
IIEHXS OIHHX T1ap BIMACT HA HAIIPABJICHUE BPAILCHUS IPYTUX TaKUM 00pas3oMm,
YTO, KaK YKa3bIBAJIOCH BHIIIE, B MacITabe BCero aroma obpasyercst ogHa 00-
I1asi THPOCKONIMYECKH HeWTpabHas CIIMHOBAA Mapa. 3aMeTHM, YTO IS HyKJIO-
HOB siJpa aTOMa CO3JaHMI0 TaKOW TUPOCKONHNYECKH HEUTPAIBHON CHUCTEMBI
CHOCOOCTBYIOT W MarHUTHBIE MOMEHTHI BPAILAIOLINXCS HA OpOUTAIISIX HPOTO-
HOB U HEHUTPOHOB. IIpH 3TOM y CUCTEMBI C OTCYTCTBYIOIUM IMPOCKOMMUYECKUM
sddexToM cymMMapHOe 3HaYCHHE MOMEHTa KOJIMYECTBA JBIKEHUS IOJDKHO
OBITH paBHO HYITIO.

Taxkum o6pa3om, HEWTpabHAs TUPOCKOIINYECKasi CHCTEMa aTOMa CO3-
JlaeTcs JEMCTBUEM IIEKTPOCTATHUECKUX CHII IPOTOHOB U 3JIEKTPOHOB aTOMA.
OTH IPOTOHBI U AIEKTPOHBI, HAXOAACH HA CTAIIMOHAPHBIX OPOMTAIAX, CO3a-
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IOT B aTOME 3JIEKTPOMArHUTHBIE CHIIBI, KOTOPBIE SIBISIOTCS OJHUM M3 (aKTo-
POB 00pa30BaHMs MEXly HyKIOHAMH SJCPHBIX CHJI CBSI3H IIPH OTIPECICHHON
CTPYKTYPHOM OpTaHM3aINH sAaApa. PaccMOTpUM 1arnee IpUMEpHYIO CTPYKTYPY
JeicTBuA M OanaHc 3THX cwil. [Ipw 3ToM HE0OXOIMMO TOMHHTH, YTO, Kak
TOBOPHJIOCH PaHEE, NMPOTOHBI U 3JIEKTPOHBI, COOTBETCTBEHHO, B SIIEPHON U
JNIEKTPOHHON 000I0YKax aroMa MOJU(UIMPYIOT MHO3UIMU ApPYT Ipyra.
MOXHO HPEANOI0KNUTh, YTO POTOHBI HCHBITHIBAIOT TAKUE XKE CHIIBI MIPUTSI-
XKEHUS U3 LIEHTpa spa, KaKue HCIBITHIBAIOT 3JIEKTPOHBI CO CTOPOHHI A1pa
aToMa.

Kak u3BecTHO, 3HEPruo CBA3M £ HYKJIOHA C SIIPOM aTOMa OIICHHUBAIOT
10 BEJIMYMHE SHEPTHH, KOTOPYIO HAJ0 3aTPaTHUTh, YTOOBI YIaJIWTh U3 sapa
OJIMH HYKJIOH, HE cO00Ias eMy KHHETHYEeCKOH sHepruu. O4eBUIHO, 4TO YeM
Oosblre sHeprus cBs3u E, TeM ycroiunBee snapo. IIpy Manbix 3HaYEHUSIX
aTOMHOTO Beca A4 siipa BEJIMYMHA SHEPTUH CBSI3M MMEET aHOMAIBHO MAITyIO

BenuuuHy. Hanpumep, st tputust (77°) E = 2,78 Mbe. [lanee Bennunna E
MEIJIEHHO BO3pacTaeT A0 3HaueHus 8,5 Moae npu A = 50, 3atem 10 4 = 150

ocTaeTcsl MPUOIM3UTENFHO TIOCTOSIHHOM, ITOCTIe YeTo ¢ YBEIWYeHHEeM A Me-
JICHHO TaJiaeT, TocTuras s ypana 7,4 Mg [12, c. 38].

ITpu Gonee moAPOOHOM pacCMOTPEHHMH NpPOsiBICHHA E, KaKk (YHKLIHH
A, OOHApYXUBAETCS, YTO SHEPTHS CBA3M MAKCHMAJIbHA Y YETHBIX ep C,°,

0;6 , T.€. y A7Iep C YETHBIM YHCIIOM NIPOTOHOB M YETHBIM YHCIOM HEHTPOHOB.

D10 00CTOATENBCTBO yKA3bIBACT HA OCOOYIO MPOYHOCTH CHCTEMbI U3 HYKIIO-
HOB, YHCJIO KOTOPBIX KPaTHO YETHIPEM, T.€. KPaTHO, COOTBETCTBEHHO, 2p U
2n, 4T0 OBUTO OTpa)keHO Ha puc. 8.4. AHaJOTHYHAas CTPYKTypa CO CXEeMOM

JICHCTBUSL MaTHUTHBIX MOMCH-

06030“{ TOB IPUBOJUTCS] HUKE Ha PUC.

opbutangit  +s OpOuTans 10.3 B Buae suelku, MOIy-
+R o

Ky x ﬁ YEHHOH COYETAaHMSMH CIHHO-

BBIX KBAHTOBBIX YHCEN +S U
+s,. DTa s4yeika W3 YeThIpex
HYKJIOHOB SIBJISIETCS COCTaB-
HOM 4YacTbl0 CIIMHOBBIX IIap
obosiouek opOuTaneii Hanbo-
Jiee yCTOWYMBOIO f7ipa, y KO-
TOPOT0 KOJIMYECTBO HYKJIOHOB
KpaTHO YETHIPEM.

Ha puc. 10.3 mokazansl
-S HaTIPaBIICHUS MarHATHBIX

Puc. 10.3. Cxema B3auMOJCHCTBUS 3 MOMEHTOB M@Ky IIPOTOHAMH
MarHUTHBIX MOMEHTOB IIPOTOHOB M HEHTPOHOB
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(TemHbIe OpOUTAIN) M HEUTPOHAMH (CBETIIbIE OPOUTAIIH), KOTOPHIE 00pa3yIoT
CIMHOBBIE Taphl HAa OpOWTAIBHOW IUIOCKOCTH, & TaKKe B BBIACICHHOM Ha-
npasinenud. Kak BugHo u3 puc. 10.3, mpoToH 1 HEUTPOH B COCTaBe NEUTPOHA
pacIIeruieHsl Ha BCIO IIMPHHY OpOWTanbHOM o0omouku. Kak moxaspIBaroT
HaNpaBJIeHUs] MarHUTHBIX MOMEHTOB MEX/y HyKJIOHAMH CIIMHOBOW Mapbl U3
JIEUTPOHOB, B BBIICIICHHOM HANpaBICHHH M Ha IJIOCKOCTH oOpoOuTanei B
CTPYKType AEHTPOHA CYIIECTBYET MarHUTHAsI CBsI3b, KOTOPAs 3aCTaBIIsIET UX
cONMM3UTBCS B 00OMX HANpaBICHUSIX. 3aMETHM, YTO 3TO MOXET MPUBECTH K
BpAIlCHHUIO BCEH 000JIOUKH.

3amMeTuM, YTO CHJIa MarHUTHOM CBSI3M B BBIACIICHHOM HaIlpPaBJICHUU
MEXIy IPOTOHOM M HEWTPOHOM HMMeeT HanOoJiblee 3HaYeHUE NP OTKIIOHE-
HUM paJiyCc-BEKTOpa OpOWTaIM OT BBIIACIEHHOTO HampaBlieHus1 Ha 45°, mpu
KOTOpOM OpOWTaJIbHbIE KBAHTOBBIE YHCIIa 000JI0YEeK OpOUTalIeii MIMEIOT MaK-
CHUMaJIbHO BO3MOJKHBIE 3HAUCHHS.

Takum 00pas3om, AEUTPOHHI B sAApe, Kak moka3zaHo Ha puc. 10.3, obec-
MEYNBAIOT MarHUTHYIO CBSI3b MEXIY CO00I HE TOJIBKO HA 000J0YKe OopOuTa-
Jiel, HO ¥ B CIIMHOBOI Mape B BBIIEJICHHOM HAIIPABICHUH. JTH CIIMHOBBIE
napsl AEHTPOHOB, B COCTaB KOTOPBIX BXOIAT [Ba IIPOTOHA M J[Ba HEHTpOHA,
COBMECTHO C JIpyTUMH, 00pa3yioT, B CBOIO O4€pe/lb, CIIMHOBYIO Mapy 000JI0-
4yek opOuTasell B BBIJCJICHHOM HalpaBJIeHWH, Kak MOKa3zaHo Ha puc. 10.2.

10.2. IIpocTpaHcTBeHHAsA MO/iEJIb S/IPa ATOMa

Pa3mepsl opouTaseii u ux 00oJ04ek. OIEHIM MPOCTPAHCTBEHHOE
pactipeneneHne opOuTaneii HyKIIOHOB, HAPUMEp, B SIpEe C yUETOM UX pas-
MEpOB, COTIIACHO 3HAYCHUSM OOILETO 7 U TIPH €ro GUKCUPOBAHHOM 3HAYCHUN
opbuTanbHOrO / KBAaHTOBBIX YHMCEN, a TaKKe KBAHTOBOTO YHCIA IPOCKIHUU
OpOWTHI B BBIACIICHHOM HAIPaBICHUH 7. J{JIs1 3TOr0 BOCHOIB3yeMCs JaHHBI-
Mu Taba. 8.3 u 8.4, rie NpHUBEICHBI pa3pelICHHbIE COYETAaHHsT KBAaHTOBBIX
YHCell, ONPEENSIOINX COCTOSHUS HYKJIOHOB B siape aroMma. J{ist Toro, 4To0sl
MPOCJIEIUTh 32 BO3MOXHBIMU M3MEHEHUSAMH HaNJEHHOMN MPOCTPaHCTBEHHOM
CTPYKTYpBI B pe3yJIbTaTe SACPHON KOHBEPCUU YAaCTH IIPOTOHOB U 3JIEKTPOHOB
¢ 00pa3oBaHNEM HEWTPOHOB, HEOOXOMMO HANTU TEOPETHYECKUE PA3MEPHI S,
p, d 1 f~000709€K, COOTBETCTBYIOIIUX Pa3HBIM 3HAYCHUSM OOIIEro KBaHTO-
BOTO YHCIIA 71, TIOCTIC YEeTO OICHUTh BMECTUMOCTH OOOJI0UEK COOTBETCTBYIO-
mmx opOuTanelt mpoToHoB. KoOHEUHO Ke, Takas TeOpeTHIecKasi OIeHKa IPO-
CTPaHCTBCHHBIX XapaKTCPUCTHUK MOXET OBITh TOJNBKO OPHEHTHPOBOYHOM,
MTOCKOJIBKY TIOKa MBI HE B COCTOSTHHH y4YeCTb BCE (DaKTOPBI, KOTOpPBIC JCHCT-
ByIOT B aToMe. OHAKO 3TH JaHHBIE TIOMOTYT OTBICKATh MPHEMIIEMYIO TIPO-
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CTPAHCTBEHHYIO MOJIEJIb aTOMa, MAaKCUMAaJbHO NPHOJIMKCHHYI0 K (HU3Hye-
CKOM peasbHOCTH.

B r1. 8 OpUTO TIOKA3aHO, YTO B pe3yNbTaTe THPOCKOMMYECKOTO d(-
(ekTa KOOpAMHATHI IICHTpa OpOHTaNel Ha MOTEHIMATBFHOU cdepe ompere-
JISIOT KOOPAWHATHI IMPOEKIUK panuyc-BeKTopa opOUTH. Torma KOOpIUHATEI
opbuTanel, COOTBETCTBYIOIINE OMPENEICHHOMY YHEPIeTHUYECKOMY YPOBHIO,
COTJIACHO 3HAYCHMIO TIIABHOTO KBAaHTOBOTO YWCIIA 1, HAWIEM B COOTBETCTBHHU
¢ (7.46), mo paanycaM MPOCKIIHMIA MPOU3BOJILHO OPUCHTHUPOBAHHOW OPOUTHI.
BeIpaskeHus a1 HuUX, HaHpI/IMep, HAMEIOT BUJ:

47r mZe* \/n " —C\/n "
h2
r, :W\/nyrf = C\/nyn3

u r, = \/nn —C\/nn .

47r mZe’
Jns ynoOcTBa pacdeToB MOCTOSHHBINA K03 durmeHT C B 3TUX BBIPAKCHUAX
nepel KBaJpaTHBIMH KOPHSAMHM IPHUMEM paBHBIM eauHMIe. Torna HamM BbI-
paxxeHHs1 IPeoOpasyroTCs K BUIY:

=1-ynn’ o1, =1 nyn3 , 1 =1nn’ . (10.1)

C yderoM TOTO, YTO, COTIACHO BBIpaXkeHHto (7.35,c), opbuTaspHOE KBaHTO-
BOE YHCIIO MOXET NPHHUMATh 3Ha4eHusl [ = n, + 1., BHIPOKEHUS ANIA ¥y, U 7, B
cilydae orpeesicHus paguycoB 00010ueKk opOuTaseit ooparsrcs B:

=1-Il-n. (10.2)

3nech OpOMTANBHBIN PagMyc-BEKTOpP JISKUT HA IUIOCKOCTH KOOPIMHATHON
JMHUH X, T.€. HA MIIOCKOCTH MPOEKIMH OPOUTHI B BBIACTICHHOM HalpaBlICHUH,
napaJuleNbHasi IPOEKIUsT KOTOPOTo Ha IMOBEPXHOCTh MOTCHIHUATIBHOW Cepsl
YKa3bIBaeT Ha TOUYHYIO MO3HINI0 opOuTaimn. A coriacHo (7.35,¢), pa3pemeH-
HbIE COYETAHMA KBAHTOBBIX YHMCEN 71, M 1, ONPEIENAOT NMO3ULUK opOuTanei
Ha MOBEPXHOCTH MOTCHIUAIBHON C(EpBI M0 TUHUH OKPY’KHOCTHU C PaJNyCOM
7;, TUIOCKOCTh KOTOPOH TapajuielibHa MPOEKIUK OpOUTHI B BBIJICICHHOM Ha-
MIPaBJICHUU.

Hnst Toro, 4roOBl OLEHNUTH, CKOJBKO OpOUTANell MOXKET BMECTUTH
o0osouka opOuranei, paguyc r; KOTOPOH BBIUUCIEH 1O paBeHCTBY (10.2),
HEOOXOAMMO HAaWTH pa3Mepbl OpOWTajel, IUIOCKOCTH KOTOPBIX JIeKaT Ha
IUI0cKoCcTH obostouek. K Takum opOHTaisiM OTHOCATCSI OpOHMTANN TPOSKIMN
OpOUTHI B BBIJICICHHOM HAIlPaBICHUH. 3HAYUT BHA4YaJe CIEIYeT IO BhIpaXe-
Huto (10.1) HalWTH paguyc TPOEKIMH OPOUTH B BBIICICHHOM HAIIPAaBICHUU

rX
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7y, @ 3aTEM — COOTBETCTBYIOIIHIA 3TOW MPOCKIUU OPOUTHI paiyCc OpOUTAIN
T've, KOTOPBIH, B COOTBETCTBHH C (7.15), moymkeH OBITh paBeH:

r.=r/n. (10.3)

Temneps, Korga HaM M3BECTHBI BBIPKEHUS JIUIsI HAXOXK/ICHHS pajyca
00o0s109kH opOuTaNell u pammyca camoil opOHUTaIl, MBI MOXXEM IPHUCTYIHUThH
(c xopommM TpUOIMKEHHEM) K OIeHKe KoimmdecTBa N IENbIX opOuTanei,
BMEIIAIONIMXCST B 000JIOUKY 110 JIMHUM €€ OKPYXHOCTH. [lJIi OmeHOYHOTro
pacdera IOCTaTOYHO IOJAENUTH UIMHY MOIYOKPYXHOCTH O0OJIOUKH OpOHTa-
7eil Ha HaAWIEHHBIM paanyc MPOEKINH OpOWTaNel, 3aHMMAIOUINX 3Ty 000-
mouky. Takum 0Opa3oM, Ief10e KOJIHMYECTBO opOuTanell Ha 000JI0YKe HaXo-
JIMM TIO COOTHOILICHUIO:

N=mlr,. (10.4)

Ha puc. 10.2 mpencraBieHa cxema CIIMHOBOHM Tapbl, MOJHOCTBIO 3a-
MOJTHEHHOM OpOHTaNsIMu p-o0osouku. [IpumMep pacuera Juisi OXHOM M3 HUX
npu n = 2 npuBeneM Hivke. CoryiacHO BeIpakeHuio (8.4), st paanyca opou-
ThI BBITIOJHAETCS COOTHOIICHNE 7, = Cn’, T Koddduument C = 1, Kak MbI
paHee yCIOBIINCH. 110 3TOMY COOTHOLICHHIO NPH 71 = 2 PagnyCc NPOU3BOJIb-
HO OpHMEHTHPOBAaHHOH opOuTHI paBeH 4. Jlanee mo Beipaxkernto (10.1) mpu / =

1 HaxomuMm pajuyc 06osouku opoutaneit , =+/1-2° = 2,83 u 3HaueHUEe pa-
Jiiyca MpOeKIMK OpOUTHI B BBIJIENICHHOM Harpasienun », = 2,83. Torna, co-
riacHo BeIpaxkenuro (10.3), paguyc opbutamm 7, = 1,415. Takum oGpasom,

KOJIMUECTBO OpOMTAJIEH, T.€. HYKJIIOHOB Ha p-o0osouke npu / = 1, mo pacuer-
HBIM JIaHHBIM, coriacHo (10.4), paHo N = 6, 4TO COOTBETCTBYET TEOpETHYE-
CKHM JaHHBIM Tabi. 8.3. B sape 3T0 KOMM4ecTBO opOUTANicii COOTBETCTBYET
3 mpoToHaM u 3 HEHTpOHAM Ha p-000JIOUKE.

3HauecHNE paanyca Op6I/ITLI Vn MOXHO BBIYHMCJIUTH 110 3HAYCHUIO pa-

JUyca TMPOCKIMY OPOUTHI B BBIJICIICHHOM HallpaBlIcHUH, ,=2,83, ¥ 10 3Hade-
HUIO paguyca O0OJIOUKH OpOHTAIH, r=283. Torga, cormacuo (7.17) u

(7.18), HalizeM MO COOTHOLICHHIO 7, :\/’}2 +r,2 :\/2,832 +2,83% =4, 4T0

COOTBETCTBYET 3HaUCHHIO, HaliieHHOMY 110 (8.4). TakuMm oOpa3oM, 3HaUCHUS
pamuyca opOUThI, HAliICHHBIC IBYMSI Pa3HbIMU CIIOCOO0AMH, COBIAIAI0T. ITO
elIe pa3 J0Ka3bIBaeT CIIPABEUIMBOCTH BBIpaKeHHA (7.46) ISl HAXOXKICHUS
BEJIMYMH PaJIyCOB MPOEKIINI OpPOUTHI.

B tabmumne 10.1 cBemeHs! pe3ynbTaThl pacdeToOB KOJUYECTBA OpOUTa-
JIeH, T.e. HyKJIOHOB N, KOTOpPbIC MOT'YT pa3MeIIaThCs Ha S, p, d U f~000J104-
Kax, COTJIaCHO 3HaYEHUsIM OOIIero KBAHTOBOTO YHCIIA 1.
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Kax Buano u3 Tadn. 10.1, mo 3HaueHuss oOIIero KBAaHTOBOTO YHCIA 7,

PaBHOTO YETBIPEM, pa3Mephl p-000JI0YeK BMEIIAIOT CTONBEKO opOuTaieii Hy-
KJIOHOB, CKOJIBKO UMEETCSl Pa3pelIeHHBIX COUETaHHii, B COOTBETCTBUH C JIaH-
HbIMH Ta01. (8.3), (8.4). [IpuMeHUTENBHO K SIpY aToMa B YCIOBHUSX KOHBEp-
CHH YaCTH POTOHOB B HEUTPOHBI 3TO KOJIMYECTBO OpOUTalIel Ha p-000JI0uKe
TOYHO COOTBETCTBYET KOJIMYECTBY ITPOTOHOB M HEHTPOHOB, KaK IMOKa3aHO Ha
puc. 10.2. OmHako ¢ MOBBIIICHHEM 3HAYCHUH OOIIEro KBAaHTOBOTO YHCIA 1
pa3Mepbl 000JI04eK OopOUTaNicH MO3BOJIIOT BMEIIATh OOJbIE OpOUTAICH,
YEeM TEOPETHICCKOE KOJTMUECTBO N, pa3pemIeHHBIX COYCTaHMM.

Tabmuma 10.1

Pe3yibTaThl pacuera KOJIMYECTBA HYKJIOHOB Ha S, P, d U f-06010uKkax

3nauenus  nokazameneii |

n Opoura- l r 7y 7, N Ny
Jam TEOp.
1 S 0 0 1 1 -
2 S 0 0 4 2 - -
. 1 2,83 2,83 1,415 6 6
3 s 0 0 9 3 -
p 1 5,20 7,34 2,45 6 6
s 0 0 16 4 - -
4 D 1 8,00 13,70 3,43 7 6
d 2 11,30 11,30 2,83 12 10
s 0 0 25 5 - -
5 D 1 11,18 22,35 4.47 7 6
d 2 15,82 19,36 3,88 12 10
s 0 0 36 6 - -
6 D 1 14,7 32,86 5,48 8 6
d 2 20,78 29,40 4,90 13 10
f 3 25,45 25,45 4,24 18 14
s 0 0 49 7 - -
7 y/ 1 18,50 45,35 6,50 8 6
d 2 26,20 41,40 5,92 13 10
f 3 32,07 37,07 5,30 18 14

C y4eToMm sepHOM KOHBEPCHH YacTH NMPOTOHOB B HEWTPOHHI, ¢ 00-
pasoBaHHeM Ha 000J0YKe OpOMTanell eqUHOW CBSI3KH ICHTPOHOB Pa3MeEpsI
3THUX 000JIOUEK MOTYT CYIECTBEHHO M3MEHUTHCS. Kpome Toro, mpu KOHBEp-

199



CHM 4acTH NPOTOHOB B HEHTPOHBI 3apsj s1pa B IEJIOM YMEHBUIUTCS B JIBa
pasa, 9TO TaK)Ke MOXET MOBIHATH Ha pa3Mepsl 0007109eK OpOuTaICH.

Heobxoaumo 3aMeTHTh, YTO B ICHTPOHE OpPOMTAIN MIPOTOHA U HEH-
TPOHA MOTYT IIEPEKPBIBATHCS U pazMep ACHTPOHA MOXKET OBITh MEHBIIIE CyM-
MapHBIX Pa3MepOB NMPOTOHA U HEUTPOHA B OTAEIBHOCTH. [lo3TOMy IpeacTas-
JICHHBIE pPa3Mepbl 000JI0UEK OpOUTAIEH MOTYT PacCMaTPUBATHCS TONBKO Kak
OPHEHTHPOBOYHBIE M OLIEHOYHBIE. JIJIs1 HAaC Ba)KHO, YTO PACUETHBIC Pa3MEPHI
000J104€eK BHAYale COBIAIAIOT, a 3aTE€M TOJILKO HE3HAYUTEIbHO OTJIMYAIOTCS
B CTOPOHY yBEJIHMYEHUs M0 KOJUYECTBY BMEIIAEMBIX B HUX OpOHTaleil mpo-
TOHOB U HeﬁTpOHOB. Toma MOXHO MPCANOJIOXNUTh, YTO 3THU JIMIIHUC MO3U-
UM 000JIOYEK MOTYT 3aHSTh M30BITOUHBIE HelTpoHbl. Ho, ¢ yderom Toro,
YTO CBSI3KHM JICUTPOHOB Ha 000JI0UKe opOuTaneil 00pa3yrT eANHYI0 dHEepre-
THUYECKH BBITOJHYIO CHCTEMY, 3TH OOOJIOUKH OpOMTalel siapa MOTYT 3aIloj-
HSTH TOJBKO JICHTPOHBI.

B ycioBusx simepHO KOHBEPCHHM MPOTOHBI HA 000JI0YKax opOuTaneit
JIOJDKHBI 3aHUMATh CTPOTO ONpEAEIECHHbIC MO3WINH, CTPEMsICh paclpese-
JAThCS HA HUX PaBHOMEPHO, Kak TMoka3aHo Ha puc. 10.2. A ¢ yuetom ToTO,
YTO TMPOTOHBI U IEKTPOHBI MOICIUPYIOT TO3ULIUHU APYT Jpyra, TO M 3JEK-
TPOHBI Ha COOTBETCTBYIOIIMX 3JEKTPOHHBIX O0ONOUYKax opOHTanell aToma
JIOJDKHBI 3aHUMaTh CTPOTO OINpPEJEJICHHBIE MECTa, CTPEMSCh PACIPENEAThHCS
Ha HUX TaK)Ke PaBHOMEPHO.

Ha puc. 10.4 mpuBeneH mpoAOJBHBEINA pa3pes sAapa aToMa KCEHOHa C
MIPOCTPAaHCTBEHHBIM pacIpe/ielieHeM HYKIJIOHOB, COTJIACHO 3HAYEHHsIM 00-
IIEro # U OpOUTAIBHOTO / KBAHTOBBIX YHCEN IO PacdeTHHIM JAHHBIM TaOl.
10.1 (cxema A), a Takxe IMOClic KOHBEPCHH YaCTH NMPOTOHOB B HEUTPOHBI
(cxema b). 3nech CBETIBIM KpyraM COOTBETCTBYIOT S-OpOHTAH, Ha KOTOPBIX,
COTJIaCHO JaHHBIM Tabn. 8.3, HaxoAiATcs NO [Ba HYKJIOHA, CEPhIM —
p-opOuTaIy, a TeMHBIM — d-OpOHUTAIH.

Kak Bugao m3 pmc. 10.4 (cxema A), mpu (UKCHPOBAHHOM OOIIEM
KBaHTOBOM YHCJIE 7 OpOWTAaIN MPOTOHOB M HEHTPOHOB PACIOIOXKEHBI MO
JIMHUU OKPYKHOCTH CUMMETPUYHO OTHOCHUTCIIBHO BBIJACJICHHOT'O HaIlpaBJiC-
HUSI, COTJIACHO CITMHOBOTO KBAHTOBOTO YHMCIA §, KOTOpoe (hOpMHUpYeT mar-
HUTHOE KBaHTOBOE YHUCJIO 71 PEATIbHOTO aTOMA, paBHOE:

m=ts-l==%-]. (10.5)
Takum 00pa3oM, COOTHOIICHHE JJIsi MarHUTHOro KBaHToBoro uucia (10.5)
MOJITBEPIK/IAET HAIlIe MPEIOJIOKECHUE, TOMYIIEHHOE B IVI. 8§ OTHOCHUTENIBHO
(8.17). Ha a10i1 cxeme, BBIIOJHEHHOW B MacmTade HpPONOPHHUOHAIBHO pe-
aJIBHBIM pa3MepaM, I0Ka3aH TOJILKO MPOJIOJIBHBIN pa3pe3 opouTaieil B Bblje-
JICHHOM HalpaBJlieHWH, HO, TEM HE MEHee, Ha YPOBHE YETBEPTOIrO INEpHOAa
1pu n = 4 9acTe 000JI04YEK p U d-opOuTaNeil MPOTOHOB HepeKphIBatoTces. [1o-
3TOMY, B TOM YHCJIE€ U [0 3TOH NMPHUYIHMHE, TAKOE PACTIpee/ICHHE IPOTOHOB B
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aTOME MOJKET OBbITh HEYCTOHYMBBIM, YTO NPHBOAUT K AaJbHEHIIed KOHBEp-
CHH YacCTH IIPOTOHOB B HEHUTPOHBI.

Ha cxeme b (puc. 10.4) mokazaHo mpocTpaHCTBEHHOE Iepepachpee-
JICHWE HYKJIOHOB Ha IJIOCKOCTH 000JI0YEK §, p U d-opOHTanei mociae KoHBEp-
CUU BTOPOH MOJIOBUHBI CIIMHOBBIX Iap MPOTOHOB B HEWTpOHKIL. Ha cxeme mo-
Ka3aHbI TOJIBKO IPOEKINN OpOHUTaIeil B BBIAECICHHOM HalPaBICHUH.

Ha obomoukax s-opOuTaneii, Kak y»xe TOBOPHIOCH, IPOTOH U HEHTPOH
3aHUMAIOT MO3UIMK Ha OJHOM 00IIei opOuTany, HO UMEIOT POTHBOIIOJIONK-
HbIC 3HAYCHUS (asbl, tf,.

Puc. 10.4. Pa3zpe3 npocTpaHCTBEHHOIO panpeesieHUs: HyKIOHOB aToMa
KCEHOHa I10 pacueTy (cxema A) M TOCIIe siIePHON KOHBEPCHU
IIPOTOHOB B HEUTPOHEI (cxeMa b)

Kak BugHo u3 puc. 10.4 (cxeme B), paguyc obosouek opOuraeit
YMEHBIINIICS, BCICACTBHE 0Opa30BaHUs HA HUX JCUTPOHHBIX Map MO IIHPHHE
000JI0YKH, B KOTOPBIX MPOTOHBI M HEHTPOHBI MMEHOT MATHHTHYIO CBSI3b.
O0o00uKH opOuTaNeil JEUTPOHOB CTaIM UMETh U MCHBIIYIO MPOCSKIUIO pa-
JIMyC-BEKTOPOB OpOHTaneldl B BBIICICHHOM HANpaBJICHHH, T.€. OHH CTaJH
OmmKe K LEHTPY sAIpa, MOCKOJBKY CIIMHOBAas Napa JCHTPOHOB MMEET Mar-
HUTHYIO CBSI3b U B BBIJICJICHHOM HAIPaBJICHNH, Kak Moka3aHo Ha puc. 10.3. K
TOMY €, B YCJIOBHAX CYLIECTBOBAHHS MarHUTHOM CBSI3H MEXAY HyKJIOHAMH
ux 000JI0YKH OpOHTalell HaYHYT CKMMAThCs KaKk Ha OPOMTAaJbHOMN IIOCKO-
CTH, TaK M IO CIIMHOBBIM IapaMm 000J04YeK OpOHTaieil B BBIACICHHOM Ha-
IIpaBJICHUH. B wurtore Bce HYKJIOHBI B AAp€ CTaHYT 3aHUMAThb IMO3HUIUHU I10
NPUHIMITY IUIOTHOH YIMAKOBKH.

Takum 06pa3om, KOHBEPCHS YaCTH NPOTOHOB B sIIPE aToMa B HEHTPO-
HbI MPUBOAUT K CTPYKTYPHOH MepecTpoiike aroMa ¢ GpopMUpOBaHUEM 3HEp-
TeTHYECKH BBITOJHOW JUHAMHYECKOH CTPYKTYpHI Spa, KOIrJa B3aHMHOE OT-
TaJKHBaHHE IPOTOHOB B CIIMHOBOI Mape HE TOJBKO yCTpaHseTcs, a Haobo-
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POT, yCHJIMBAeTCS B pe3yJibTaTe BO3HWKHOBEHHS JIOTIOJHHUTEIBHOM MarHuT-
HOW CBSI3M MEXKAY MPOTOHOM WM HEHTPOHOM Tpu 0oOpa3oBaHUM neHTpoHa. B
MPEATIOKEHHON AMHAMUYECKOH CTPYKTYpe sapa OpOWTaIy MPOTOHOB M HEH-
TPOHOB 3aHMMAIOT MO3HIMH MO MPUHIMUITY IUVIOTHOH YIaKOBKH B HEpreTHYe-
CKH BBITOJJHBIX YCIOBHUSX.

Ha puc. 10.4 (cxema b) npexncraBneHa mioTHas ynakoBKa opOuTanen
HYKJIOHOB C PacueTHBIMH pa3MepaMH HX NMPOCKIHI B BBIIEICHHOM HalpaB-
JICHUH, KOTOpas MOAGIHPYET [P0 aToMa KCEHOHa.

Pasmepsl mpoekIuii opOUTajcii B BBIICICHHOM HalpaBICHHH YMCHb-
IIAIOTCS C POCTOM COOTBETCTBYIOUIMX 3HAYEHHH OpOUTAIBLHOTO KBAHTOBOTO
yrcna. B To ke BpeMsi peasibHBIE pa3Mephl opOuTanel, Kak M pa3Mepsl
s-opOuTanel, COOTBETCTBYIOT 3HAUEHHIO OOIIEro KBaHTOBOTO YHCIIA JaHHOTO
SHEPreTUYeCKOr0 YPOBHS OpPOUT.

[TnoTHast ymakoBKka opOuTaei MPOTOHOB M HEWTPOHOB MPOUCXOANT, B
COOTBETCTBUH C MX pEalbHbIMU pa3MepaMy, 1O NPHHIMITY, Kak-Oyaro Obl
OHHM MMEIOT 00beM mapa. OJHAKO MBI 3HaEM, YTO OpOUTAIN NPECTABISIOT
c000i1 KpYroBbI€ TPAEKTOPHUH BPAIICHUS] KBAHTOBBIX YaCTHIL HA IockocTH. C
Y4ETOM TOTO, YTO OHU MAarHUTHBI M UMEIOT 3apsij, YaCTHIBI MOTYT BECTHU Ce-
0s1 KaK map, 9To OBUIO IMOKa3aHO HAMH B TJI. 8.

C ydeTroM BBIIIEU3IIO-
YKEHHOT'0, O()OPMIIEH 1 Ha PUC.
10.5 mnpencraBieH MOpoaOIb-
HBI pa3pe3 MPOCTPAHCTBEH-
HOTO paclpeaeieHus HyKIIOo-
HOB sJpa aToMa pajJioHa C pe-
anbHLIMU pazmepamu OpOHTa-
JIe IPOTOHOB W HEHTPOHOB (B
maciirade). Ha atom pucyHke
TEMHBIMH Kpyramu oOO3Haue-
HBl OpOWTaNTH MPOTOHOB, Ce-
PBIMH — HEHUTPOHOB B CIIMHO-
BOM IIape C IPOTOHAMH, a
CBCTJIIBIMU — CBO6011HI>IX nus3-
OBITOUHBIX HEUTPOHOB. UTOOBI
NoKaszaTb, 4YTO S-OpOU-Taib
SIBJISIETCSl €MHOW OpOUTAJIBIO
OJTHOBPEMEHHO JUIsl TPOTOHA U
HEHTPOHA, YCIOBHO IIPHMEM,
YTO OJHa MOJOBHHA 3TOH Op-
ouranm, COOTBETCTBYIOIIAs
onHOl (hasze OpOUTHI, HMeer
TEMHBIM LBET, a Japyras —

Puc. 10.5. IlpomonbHelii pa3pes spa aTomMa pajoHa
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cepblil. [TyHKTUPHBIME KPUBBIMH, MPOXOJSIIMMHU Yepe3 LEHTPBl oponTaien
Ha PaBHOM yJIaJICHUH OT OCH BBIICJICHHOTO HAIPABJICHHS, BBIICICHBI TPAHU-
161 000JI0YeK OpOuTaNeH ¢ MX 0003HAYCHUIMHU.

Kax Bunno u3 puc. 10.5, sapo aroma pajJoHa COCTOUT U3 ABYX CHM-
METPUYHBIX IOJOBHHOK, KaKAas M3 KOTOPBIX 0Opa3oBaHa HACIOMBIIUMCS
IpyT Ha apyra HaOopoMm oboiodek opOuTaieil pa3HBIX ypOBHEU (CIOEB).
[Ipnuem Ha KaXKIOM M3 YpOBHEH 7 Ha BceX S, p, d U f-0007109KaxX HYKIJIOHEI
MPEACTABISIOT OPOUTAIN €TMHOTO pazMepa.

HCO6XO}II/IMO 3aMETUTH, YTO NPHU JAaHHOM 3HAYCHUH 06LL[eFO KBAHTO-
BOTO 4YHCiIa n OOOJIOYKH s-OpOWTael, B OTIMYMU OT obomnouek p, d u
f-opOutaneii, 3aHUMAIOT MO3UIMH, yJaJCHUE KOTOPBHIX OT LEHTpa sapa He-
MHOT0 00JIBIlIE, YeM BEJIMYHHA PAcCUETHOrO pajauyca opOuTh (0003HaUCHHON
MYHKTHPHBIMHU JIMHUSIMH), B COOTBETCTBHUHU CO 3HAYEHHEM OOIETO0 KBAaHTOBO-
TO 9ucia. JTO CBS3aHO C TEM, YTO BCE S-OpPOMTAIN C OJHOMMEHHBIMH 3apsi-
JlaM{ ¥ MarHATHBIMH MOMEHTaMH OJHOTO 3HaKa BBICTPOEHBI TOYHO IO OCH
BBIJICTICHHOTO HANpaBJIeHHUs, YTO CIIOCOOCTBYIOT 0ojlee WHTEHCHBHOMY B3a-
UMHOMY HX OTTaJKUBAHUIO B paJUaIbHOM HAIPAaBICHUH, Y€M Ha JAPYTUX
obomoukax opburanei. Kpome Toro, s-opOuTamm HaXOAATCS B LEHTPAIbHON
YaCTH BBIAEIEHHOTO HANPAaBJICHUS, ¥ TIO3TOMY OHH, BCICICTBUE IMPOCKOIH-
4yeckoro 3((eKTa, UCTIBITHIBAIOT CKUMAIOIIEE ACHCTBUE COCETHUX 000JI0UeK
MEXAy OpOMTAISIMH pa3HbIX YPOBHEM, a 3TO, B CBOIO OYepellb, CIOCOOCTBYET
YBEJIMUYECHUIO 3a30pa MEX/y COCCTHUMH YPOBHIMH S-OpOHTAIICH.

Kak yxe ormewanocs, Ha

000JI09KaX HEUTPOHBI M TPOTOHEI
o. O00BETMHEHEI B JCUTPOHBL, a TE YXKE
CO3MIAIOT MEXIY CO00I0 eINHYIO

P D F

OpOUTANIBHYIO CETh IO OKPYKHOCTH
3THX 000JI0YEK.

Ha puc. 10.6 npexcraBieHs
CXeMbl s, p, d U f~00oouex ¢ Hy-
KJIOHaMH, paclpeeCHHbIMA paB-
HOMEPHO TI0 OKPYXKHOCTSIM 3THX

Puc. 10.6. Cxema 3anoiaHeHus
s, p, d 1 f~obono4ek opouTaneit

000J104eK.

Kak nokazano Ha puc. 10.6, Takas IiIoTHas yrmakoBKa opOuTaneit mpo-
TOHOB W HEHTPOHOB Ha 00OJIOYKE CO3JAET EANHYIO KOJBLEBYIO CBSI3KY JACH-
TPOHOB, KOJMYECTBO KOTOPBIX COOTBETCTBYET NaHHBIM Tabi. 8.3 m 8.4, a
taxoke [lepuoguueckoii cucreme snementoB .M. Menneneesa.

3aMeTuM, YTO SJICKTPOMATHUTHOE Cy>KEHHE OOOJOYKH W3 EHTPOHOB
MOJKET TIPUBECTH K BpamIeHHIO 000JI0YeK opOuTaneil B IeloM, a Takke U
COOTBETCTBYIOLIMX 000JI0UEK OpOHUTAIIEH AIEKTPOHOB aTOMA.

Takum 00pa3oM, ¢ UCTIOIF30BAHUEM HMHTEIPAIEHOW CHCTEMBI KOOPAU-
HAT TpU y4eTe THpOCKommdeckoro 3¢ddexkra HaM ymaIoch MOCTPOUTH Ha-
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TJISAHYI0 MOJIETIb CTPYKTYPHI sipa aToMa, KOTOpasi COOTBETCTBYET M CTPYK-
Type ero JIeKTpOHHOU obooukH. [Ipe/uioxkeHHas TUHAMUYECKAsk CTPYKTYp-
Has MOJEJIb spa, OMHOBPEMEHHO M JJICSKTPOHHON O0OJIOYKH aTOMa, He Mpo-
THUBOPEYHUT COBPEMEHHBIM IOJIOKECHHSAM KBaHTOBOW MEXaHHMKH M JIACT JIOTH-
geckoe 00BsICHEHNE MHOTHM ()eHOMEHATBHBIM (pr3ndecKuM (hakTam, MpOsB-
JISTFOIIAMCS. B MEKPOMHUPE.

10.3. PoJsib 4 MecTO M30BITOYHBIX HEITPOHOB B sI/Ipe aTOMAa

Kak n3BecTHO, B siJjpe aToMa COOTHOIIEHHE KOJUYECTB HEHTPOHOB M
IIPOTOHOB OOJIBIIE EUHUIBI U, KaK YK€ YIIOMHHAJIOCh, 3TO COOTHOLIEHHE B
cpenHeM OJM3KO K COOTHOIICHUIO BEJIMYMH MAarHUTHBIX MOMEHTOB IIPOTOHOB
U HEHTPOHOB, paBHOMY K, = w,/ut, = 1,459774. MOXHO NPEANONOKUTH, YTO
M30BITOYHOE KOJIMYECTBO HEHTPOHOB B SAPE aTOMa BBI3BAHO HEOOXOIMMO-
CTBIO KOMIICHCAIMM CYMMAapHOTO M30BITOYHOTO MarHUTHOTO MOMEHTA Mpo-
TOHOB sifpa. B TakoMm ciydae W30BITOUHBIE HEWTPOHBI B aTOME JOJDKHBI
UMETh «CBOM MECTa», COTJIACHO MPHHIUITY TMPOCKOMUYECKON U CyMMapHOU
MarHUTHON HEUTPaNbHOCTH s1Ipa aToMa B LIEJIOM.

Panee OpuT0 ycTaHOBIEHO, YTO O0OJIOYKM OpOHTANEH siIpa 3amOTHS-
I0TCSI TOJILKO JICUTPOHAMH, 00pa3ysi Ha HEeH eTMHOE KOJIBIO CBS3aHHBIX MEX-
Jty co00I0 HYKJIOHOB. Takoe KOJIbIIO SIBJISIETCSl KaK Obl CIMHBIM SIJICPHBIM CO-
€/IMHEHNEM M HaXOJUTCSl B SHEPIeTUYECKH BBITOIHOM cocTosiHuU. Kak Obu10
TaKKe MOKa3aHO, paclpe/elieHne MPOTOHOB S1pa, B 3aBUCUMOCTH OT Yyelo-
YucnenHblX 3HAYCHUH OpPOMTAIFHOTO M IVIAaBHOTO KBAHTOBBIX YHCEIN, TOIUYH-
HSIETCSI CTPOTO OMNPEAEIEHHON 3aKOHOMEPHOCTH, M OTKJIOHEHHE Oceil nx op-
OuTaneil OT BBIACICHHOTO HAmpaBiieHHs Ha 45°0TBedacT OJHOMY M3 CaMbIX
YCTOWYMBBIX COCTOSHUH aToma. [Ipu 3TOM OTKIIOHEHHNE opOuTaneil MpOTOHOB
Goxpire, gem Ha 45°3amnpenteno. Kak sunHo u3 puc. 10.4, B mpenenax paspe-
IIEHHBIX COYETAHUM KBAHTOBBIX YHCEJ BCE MIPOCTPAHCTBO Apa aTOMa 3aHATO
HYKJIOHAMH TI0 NPUHLUITY UX IUIOTHOM ymakoBKH. OJHAKO, COTIACHO JaH-
HBIM Tabi. 8.1, MpHM HEYETHBIX 3HAYEHHSX OOLIET0 KBaHTOBOI'O YHCIA 71 3a-
nojHeHue 000J04eK opOUTaell HYKIOHAMU NMPU OTKJIOHEHHH OT BBIJIEJICH-
HOI'O HaIlpaBJICHUA Ha 450, HECMOTpPA Ha BbII'OJHOCTH TAKOI'0 COCTOSAHUA, HE-
TIOJTHO, TIOCKOJIBKY B 9TOM CJIydae IJIaBHOE U OpOMTAIbHOE KBAHTOBBIC YHUCIIA,
cornacHo (8.13) u (8.14), npuHUMarOT ApoOHBIE 3HAYEHUS, YTO JJISI HUX 3a-
npemeHo. B To jxe Bpemst 1l M30BITOYHBIX HEHTPOHOB JAEHCTBHE TaKOTO
3ampeTa JIOJKHO OBITh HECTPOTUM, MOCKOJIBKY OHH JJIEKTPHUECKH HEHTpaib-
HBI. Torna MOXXKHO TPEATION0XUTh, YTO TJIABHOE W OPOMTAIILHOE KBAHTOBBIC
YKciIa N30BITOYHBIX HEHTPOHOB B 3THX YCIOBHIX MOTYT IIPUHUMATh APOOHBIE
3Ha4YeHHA, KpaTHbIe 1/2. A 3TO 3HAYMT, YTO B AApE N3OBITOYHBIC HEHTPOHEI, B
MEPBYIO ouepenp, OyayT 3aHMMATh Hanboiee yCTONUNBBIE MO3ULUH B TIpE/ie-
Jax OTKJIOHEHMS WX OpOWTanell OT BBIIEIEHHOTO HampaBieHus Ha 45° mpu
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JpOOHBIX 3HAYEHUSX IJIABHOTO M OPOWTAJIBHOTO KBAHTOBBIX UYHMCEN, 3alpe-
IIEHHBIX JUI1 IpoToHOB. [lo3TOMy, MO Mepe BO3pacTaHMs 3HAUCHHUH 0OIIero
KBaHTOBOTO YHCJIA 7 TPH €ro (PUKCHPOBAHHOM 3HAYEHWHU TJIABHOE M OpOH-
TaJIbHOE KBAaHTOBBIC YHCIA JJIs1 N30BITOYHBIX HEHTPOHOB, B TIEPBYIO OYEPEb,
OyayT UMETh CIEAYIOIUE Pa3pELICHHbBIC 3HAUCHHUS:

1; . . (106 )
—; R .6,a
2

KonmuecTBo M30BITOUHBIX HEHTPOHOB NPH TAHHOM 3HAY€HUH OOILIETO
KBaHTOBOT'O YHCJIAa JOJDKHO PEryJIMpPOBATHCS W3 HEOOXOIMMOCTH HEHTpasu-
32l UMHU W30BITOYHOTO MOJI0XKUTEIBHOTO MarHUTHOTO MOMEHTA TIPOTOHOB
saapa B LenoM. TakuM o0pa3oM, B siape Hpu (UKCHPOBAHHOM 3HAYECHHH
TJIABHOTO KBAaHTOBOTO YHCIA /1 OyAyT 3allOMHATHCS pa3peIleHHbIE COCTOSHUS
JUTsl U30BITOYHBIX HEWTPOHOB, B MIEPBYIO ouepenb, B cooTBeTcTBrH € (10.6,a),
a 3aTeM, B CIIydae HEJJOCTATOYHOCTH MX, Ha 3TUX MO3MLUIX IJIsI HeHTpanu3a-
IIUH TIOJIOKUTENBHOTO MarHUTHOTO MOMEHTA IMPOTOHOB siipa HAYHYT 3aIloj-
HATBCSI 000JI09KH OpOuTanel N30BITOYHBIX HEHTPOHOB CO 3HAUYCHUSIMH OpOH-
TAJILHOrO KBaHTOBOT'O 4MCJIa NP [ > 1/2. DTO 0OBICHIETCSI TEM YTO, €CIIH Y
NPOTOHOB siZipa OpOUTaIbHOE KBAaHTOBOE 4HCIO, coriacHo (8.14), moxer
NpUHUMAaTh 3HaueHus B uHTepBaie 0 </ < n/2, To y U30BITOYHBIX HEUTPOHOB
— B uHTepBaje n/2 </ < n, T.e. OHU 3aHUMAIOT Te CBOOOJHBIC MTO3HIUH B
sape, KOTOpble HE pa3pelieHbl NPOTOHAM B LEHTPAJbHOM 4YacTh spa, Kak
nokasaso Ha puc. 10.5.

[Mockonbky 3HaueHus [ < n/2 B aape yXe 3aHATH ASHTPOHAMH, TO
N30BITOUHBIC HEHTPOHBI B SAApE paclpeneieHbl, B OCHOBHOM, COTJACHO Clie-
IYIOIINX Pa3pelIeHHbIX 3HaYeHUH opOuTampHbx KY:

1—% S+0s: 2+1 2+15 2+2 n. (1066)
B o6uiem ciyuae, u36bITouHbBIC HEHTPOHBI MOTIYT 3aHMMATh JH00bIE CBOOOI-
HBIE MECTa, COOTBETCTBYIOIIME Pa3pEIICHHBIM 3HA4YEHHsM /, KpaTHbIM 1/2,
OT HYJISL JIO 7.
Kak yxe ObUIO yCTaHOBIJIEHO, TJIaBHOE KBAHTOBOE YHCIIO 1, JUIs U30bI-
TOYHBIX HEHTPOHOB MOXKET MPUHUMATh KaK IIeJIble, TaK U IPOOHBIC 3HAYCHUS,
cornacHo (7.35,0), IO COOTHOIIEHUIO:

n,=n-I[, (10.7)

A€ ny — 3HAYCHUC I''ITaBHOI'O KBAHTOBOI'O 4HKCJIa.
Tak kaK U30BITOYHEIC HefITpOHBI 3aHAMAIOT HCHTPAJIbHYIO YacCTh dApa,
TO I'IaBHOC KBAHTOBOC YHMCJIO IIPpH (1)I/IKCI/IpOBaHHOM 3HA4YCHUN O6H.ICI‘O KBaH-
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TOBOT'O YHKCJIAa 77 MOXKET NMPUHAMATh 3Ha4YeHus B uHtepBaie 0 < n, <n/2, T.c.
TIPH 3TOM JIOJDKHO BEITIONHATHCSI COOTHOIICHHUE:

n,=05 1,15 ...; n/2<]. (10.8)

Hamomunm, 9T0 ¥ /U M30BITOYHBIX HEWTPOHOB 3HAYECHUS OOIIET0 KBAaHTO-
BOTO YHCIIA 1, COOTBETCTBYIOIINE MTO3UIUSAM N30BITOYHBIX HEHTPOHOB, TAKXKE
JIOJDKHBI OCTaBaThHCS LIEJIOYHCICHHBIMH.

Ha puc. 10.7 mpuBeneHs! IpoAoIbHBIE pa3pe3bl CTPYKTYP aTOMHBIX Siiep
MHEPTHBIX I'a30B C paclpeleieHHeM H30BITOYHBIX HEWTPOHOB B LIEHTPAIBHOI
YacTH szpa.

Puc. 10.7. Cxema mpomoIbpHOTO paspesa CTPYKTYPHON MOAENH Sep aTOMOB
MHEPTHBIX Ta30B

YacTp M30BITOYHBIX HEUTPOHOB B SIIpE pajioHa pacmpereneHa Ha opou-
TaJbHBIX 000JI0YKAX ¢ MEHBIIMM 3HAUYCHHEM ITIaBHOTO KBAaHTOBOTO YHCNIA, YEM
paspeleHo It MPOToHOB. Takoe pacmpereNieHue HEHTPOHOB B SAPE BO3MOXKHO
U3-3a UX JEKTPUUECKOH HEUTpambHOCTU. B 3TOM cityuae B3auMoeicTBIE Kax-
JI0T0 M30BITOYHOrO HEUTPOHA C SIPOM OCYLIECTBIIAETCS HE Yepe3 LEHTP aToMa ,
KakK B CJIy4yae ¢ IPOTOHOM, a TOJILKO Yepe3 MarHUTHbIE CHJIBI TT0 Tepr(epru, Kak
TIPUHLUINATIBHO NOKa3aHo Ha puc. 10.3.
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OueBHTHO, YTO M30BITOUYHBIC HEUTPOHBI PACIIONIOKEHBI B IEHTPAJIHHOM
YacTH sipa CUMMETPHYHO N0 00€ CTOPOHBI OT LIEHTpPa, CO37aBas OOIIYIO
HEUTPaNTbHYI0 THPOCKOIIMYECKYIO CHCTEMY. Y TaKOW CHCTEMBI CyMMAapHBINA
OTpHIATENbHBII MATHUTHBI MOMEHT N30BITOUYHBIX HEWUTPOHOB HEUTPAIN3yeT
CYMMAapHBbII MOJOXKUTEIbHBI MarHUTHBII MOMEHT CIMHOBBIX Map IEUTpO-
HOB A7pa. A 3TO CO3JA€T JONOJHHUTEIBHYIO HEPTHIO CBSI3M MEXIY CIIHHO-
BBIMHU IIapaMH aTOMa, YTO CHOCOOCTBYET IOBBIIICHHIO €r0 YCTOIYMBOCTH B
LIEJIOM U TapMOHHU3ALMU CTPYKTYPHOM JIMHAMUKH aTOMA.

Bwmecre ¢ Tem, kak nokas3ano Ha puc. 10.7, sapa aToOMOB HHEPTHBIX T'a-
30B C BO3PACTaHHEM HX aTOMHOT'O Beca COZIep KaT OoJIbIlee KOJTMIECTBO Hel-
TPOHOB, T.€. OTHOIICHUE KOJIMYECTBA N30OBITOYHBIX HEHTPOHOB K KOJIUYECTBY
IPOTOHOB B Ape TeM OoJblie, 4eM OoJblIe MacCOBOE YUCIO aToMa. Takyio
3aKOHOMEPHOCTb, BUIMMO, MOKHO O00BSICHUTH TEM, YTO Y aTOMOB C OOIBIINM
MacCOBBIM YHCJIOM OOJIBbIIE IPOTOHOB ¢ 00Jiee BEICOKMMU 3HAYEHUSIMU OpOH-
TaJILHBIX KBAaHTOBBIX YHCEL.

W3BeCTHO, 4TO y AJIEKTPOHOB C YBEJIIMUYEHHEM 3HAYCHUS OPOUTAIILHOTO
KBaHTOBOI'O YHMCJIa MOXKET PACTHU IMPOABJICHUC BHCITHET'O MArHMTHOIr0O MOMECH-
Ta. OUYEBHAHO 3TO CBS3aHO C TEM, 4TO OoJblliee 3HAYEHHE OPOUTAIBHOTO
KBaHTOBOT'O YHCJIa MIpEAIoaraeT OoJiblee 3HaYeHNUE TPOEKIIA MarHUTHOTO
MOMEHTa B HalpaBJICHUH, NEPHEHIUKYIIPHOM K BBIICICHHOMY HaIpaBie-
HUIO, T.€. B HANpaBJICHUH, HE CBA3AHHBIM C IIEHTPOM aroMa. A 3TO co3JaeT
HEOOXOAMMOCTh HEHTpaTu3alui TaKoTro NepH(EepUitHOr0O MarHUTHOTO MO-
MEHTa MarHUTHBIM MOMEHTOM H30BITOYHOTO HEWTPOHA, TP KOTOPOM ITOBBI-
LIAETCsl yCTOMYMBOCTD SApA.

C y4eToM rpaHUYHBIX YCIOBHUH, KOTOpEIe, coriacHo (10.6) u (10.8),
HaKJIaJbIBAIOTCS Ha OpOMTAIEHOE M TJAaBHOE KBAHTOBBIC YHCIA, M OTBE-
YarOIMX COCTOSHHUAM H30BITOYHBIX HEHTPOHOB B sApe, PacCMOTPUM 3a-
IIOJTHEHUE UMM Sipa aTOMa, YYUTHIBas TaK)KE€ MAarHUTHOE KBAHTOBOE YHC-
1o m, cormacHo (10.5).

Wtak, BHavaje MpoaHaIM3UPyeM 3aloJIHCHHE 000JI0ueK opOuTaleit
M30BITOYHBIME HEUTPOHAMH, JUISE KOTOPBIX 3TO MPOHCXOJHUT, B MEPBYIO OUe-
penb, cormacuHo (10.6, a), mpu HEYETHBIX 3HAYCHHUAX OOIIETO KBAHTOBOTO
9rcia, paBHBIX 7 =1, 3, 5, 7.

Cormacao (10.66) u (10.8), mpu # = 1 rTaBHOE KBAHTOBOE YHCIIO IS
HEHTPOHOB MOXKET NMPUHUMATH 3HaueHus 7, = 0; 1/2, a opburanpHOe — [ =
1/2; 1. V30bITOUHBIE HEUTPOHBI, B MEPBYIO OYepe.b, OYJAyT 3aHMMaTh 000-
nouky opbutaneii, corimacHo (10.6,a), mpu n, = [ =1/2. 3Hauerno opOUTAIH-
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HOI'0 KBaHTOBOro umciaa [ = 1/2 COOTBCTCTBYIOT CJIICAYIOIIHUEC COYCTAHUA
KBAHTOBBIX YHCEII HpOCKLII/Iﬁ Op6I/IT n, v n;:

(1/2 0) (0 1/2), N=2, (10.9)

rie N — KOJIMYECTBO COUCTAHHMH.

Takum 00pa3oM, couyeTaHUs KBAHTOBBIX YHCEN MPOEKLUN OpOMT 7, 1
n, Ha OJHOW 00oJI0OuKe OpOHTaNell ONpeieNsIOT /BE MO3UIMK HEHTPOHOB.
HamomuuM, 4T0 B peasbHOM aToMe NEHCTBHE OPOUTAIBHOTO CIIMHOBOTO
KBaHTOBOTO YHCIIA S,, KaK OBIIIO MOKA3aHO BBIIIE, aHHYJIHMPOBAaHO. Takum 00-
pasom, nipu 7 = 1 pearbHOE KOIMYECTBO COUYETAHUH KBAHTOBBIX YHCEN MPO-
eKIuii opOUTHI Ha OIHOW 000JouKe opOuraneii coorBercTByet (10.9) U paB-
HO JIBYM, a B sIIp€, C y4ETOM CIIMHA *S B BBIJCJICHHOM HallpaBICHUH, — Ye-
TeIpeM. Kak BugnHo u3 puc. 10.5, HEHTPOHBI MOTYT 3aHUMAaTh CBOOOIHBIE I10-
3ULUH MEXKAY YPOBHSIMH IIpU 72 = 1 U n =2 10 15-000J104€K ASHTPOHOB.

[Ipu 3HavyeHun oOIIEro KBaHTOBOTO 4YMCIA # = 3 MaKCHMAaJIbHO BO3-
MOXHOC€ 3HAUYCHUC T'JIaBHOT'O U 0p61/1Taan0ro KBAaHTOBBIX YMCCII IJIsA 1/136bl-
TOYHBIX HEHTPOHOB, coriacHO (10.6a), paBHo n, = [ = 1,5. 3HaueHuto opoOu-
TAJILHOTO KBaHTOBOTO uHciaa / = 1,5 COOTBETCTBYIOT BO3MOXKHBIC COYETAHMS
KBAHTOBBIX UHCE 71, M 11, IPOEKIMII OpONTHI BHAA:

(1,5 0)(0 1,5)(1 0,5)(0,5 1), (10.10)

IJie KOJIMYECTBO coueTanuii N=4.

Takum o0pa3oM, mpu 7 = 3 KOJUYECTBO PAa3pPCIICHHBIX COYCTAHUHA Ha
obomouke opOuTanel AN HEUTPOHOB PaBHO YETHIPEM, a BCETO, C YIETOM
CIIMHA B BBIJECJIIEHHOM HallpaBiieHWd, — BocbMU. Kak Buano u3 puc. 10.5,
9TH HEUTPOHBI MOTTH OBI 3aHATH MO3WINN B IIEHTPAILHON YacTH siapa (yKa-
3aHBI OENTBIMU KpyTaMu) Tipu n = 3 Mexay 3p u 3d-060109KkaMu TEUTPOHOB.

[Ipu 3HaueHWH OOIIEro KBAaHTOBOTO YHCIA, PABHOM /7 = 5, MaKCH-
MaJbHO BO3MO)KHOE 3HAYCHUE TIIABHOTO KBAHTOBOTO YMCJIA JJIST U30OBITOYHBIX
HelTpoHoB, coryacHo (10.6,a), paBHO 7, = 2,5, KOTOPOMY COOTBETCTBYIOT
opOHTaNBHOE KBAHTOBOE YUCIO / = 2,5 U COUeTaHHUs KBAHTOBBIX YHCEN 1, U 1,
CJIeIYIOIETo BU/IA:

(2,5 0)(0 2,5)(2 0,5)(0,5 2)(1,5 1)(1 1,5),  (10.11)

rIIe KOJNIECTBO coueTannii N = 6.
Takum 00pa3om, Ipu 7 = 5 KOJIUYECTBO Pa3pelICHHBIX COUYETaHUI Ha
000J109Ke opOUTaNeH IJIs1 HSHTPOHOB PABHO IIECTH, & BCETO, C YUCTOM CITHHA
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B BBIJICJIEGHHOM HallpaBiieHuu, — aeHanuatu. Kak suano u3 puc. 10.5, st
HEHTPOHBI MOTIIN OBI 3aHATH MMO3UIMU B IEHTPATBHON YacTH sapa (yKa3aHBI
OeBIMU KpyraMu) Tph 1 = 5 MeXIy 5d 1 5f~0001109kaMul IEHTPOHOB.

[Ipu 3HadeHWHM OOIIEro KBAaHTOBOTO YHWCIIA, PABHOM 1 = 7, MaKCH-
MaJIbHO BO3MOXKHOE 3HAYCHHUE IIABHOTO KBAHTOBOI'O YKCIIA JUIS U30BITOYHBIX
HelitpoHoB, cornacHo (10.6,a), paBHO 7, = 3,5, KOTOPOMY COOTBETCTBYIOT
OpOMTaNBLHOE KBAHTOBOE YUCIIO [ = 3,5 U COueTaHUs KBAHTOBBIX YMCEN My, U 1,
CJIeIYIOIETO BUA:

(3,5 0)(0 3,5)(3 0,5)(0,5 3)(2,5 1)(1 2,5)(2 1.5)(1.5 2), (10.12)

rlie KOJIAYECTBO coueTannii N = 8.

Takum 00pa3om, npu 7 = 7 KOJIUYECTBO Pa3pelICHHBIX COUYETaHUI Ha
00os104Ke opOHTaneil sl HEHTPOHOB PaBHO BOCHMH, a C YY€TOM CIIMHA B
BBIJICJICHHOM HalpaBJIeHUH, — IIECTHAIIATH.

C yueroM coueTaHui KBAHTOBBIX YMCEN 71, U /1,,Mbl PACCMOTPEIH BCE
BO3MOJKHBIE TTO3MIINN M30BITOYHBIX HEHTPOHOB B SJIPE aToMa IPH OTKJIOHE-
HHUM Oocell mX opOuTaieil oT BbIIEIEHHOro HampasieHus Ha 45°. Kak Obuio
YCTAQHOBJICHO, TIO3UIIMH, COOTBETCTBYIOIIME IPHBEACHHBIM COUYCTAHHAM
KBAaHTOBBIX YHCEN JUIi M30BITOUYHBIX HEWTPOHOB, 3aIOJIHSIOTCA B MEPBYIO
ouepeib, YTO OCYIIECTBIIETCS IO Mepe HEOOXOIUMOCTH T HEWTpanu3aun
M30BITOYHOTO MOJ0KUTETHHOTO MATHUTHOTO MOMEHTA ITPOTOHOB.

OpfHaKo KOJMYECTBO M30BITOYHBIX HEHTPOHOB, 3aHMMAIOLIUX BO3-
MOJKHBIE TO3UIIMM B Tpenenax 45° u 3aloyIHAOLIIMXCS B TEPBYIO OUYepeb,
JUIs. HEUTpalTM3alny BCEro N30BITOYHOTO MOJIOKHUTEIFHOTO MarHUTHOTO MO-
MEHTa MPOTOHOB MOXKET OBITh HEOCTaTOYHBIM. Torna JanbHeiiiee 3amosi-
HeHue 000Ji04eKk opOuTanell M30BITOUHBIMH HEWTpOHAMH OyIIET OCYIIECTB-
JIATBCS YK€ BHE NPENENOB Pa3peIIeHHBIX COCTOSHUN B BBIJEICHHOM Harpas-
nenun. 1 sto Oyzner nmpoucxomuts, cornacHo (10.6,a), B eHTpaJIbHOM YacTu
sapa 1upH [ > n/2, Ipu KOTOPOM yToJl OTKIIOHEHHs ocell opOuTanei oT Bblje-
JICHHOTO HarpaBlieHus Oonbmie 45°. [Ipu 3ToM nanmpHEHIee 3aroHEHHE
o0osouek opouTaneil OyneT oCcymecTBIAThCS, HAUMHAS C HU3IINX 3HAYCHUH
00I1ero KBaHTOBOTO 4mcia . PaccMoTpuM 3amoiaHeHne M30bITOYHBIMU HEH-
TPOHaMH 000J04€K OpOUTaNEH B yCIOBHAX, OTMEUCHHBIX BBIIIIE.

Ilocne 3anmonHeHMs W3OBITOUYHBIMH HEHTPOHAMH BCEX Pa3peIICHHBIX
MO3MIINN B BBIICICHHOM HaIlpaBlICHUH, KaK Mmoka3aHo Ha puc. 10.5, cBo6oa-
HbIE TIO3UIMY Ha 000JI0YKaX OpOHTaIeH siipa OCTAIOTCS, HAYMHAS TOJIBKO CO
3Ha4YeHHs O0IEr0 KBAHTOBOT'O YKCIIa, PABHOTO YETHIPEM.

[pu TakoMm 3HaueHHH OOLIEro KBaHTOBOTrO 4ucia (n = 4), MaKCUMaJIEHO
BO3MOXKHOE 3Ha4€HHE U1 W30BITOYHBIX HEHTPOHOB paBHO 7, = 1,5, KoTOpoMy
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COOTBETCTBYET 3HAUCHHC OPOUTAIFHOTO KBaHTOBOTO 4HCA, paBHoe [ = 2.5. Kak
MBI OTIpenieNy paHee B cootBeTcTBHH C (10.11), mpu TakoM 3HaYCHUN OpOHTATE-
HOTO KBaHTOBOTO YHCJIa KOJIMYECTBO PA3PEIICHHBIX COYETaH i Ha OHOH 000II0U-
ke N = 6, a Ha CIIMHOBOI Mape 00o04uek opouraneit — N = 12.

Crnenyrommid ypoBeHb 3aroiHeHus1 OyIeT it 7 = 5, MpU KOTOPOM BO3-
MOJKHOE 3Ha4eHHe OpOHMTAIILHOTO KBAHTOBOI'O YHCINIA ellle He3aloJHeHHOH 000-
nouku paBHo / = 3. Kak u3BecTHO, TaKOMY 3HAUEHHIO OPOUTAJIBHOTO KBAHTOBOTO
YHCIIa COOTBETCTBYET KOJMYECTBO Pa3pelICHHBIX COYETAHWI Ha CIIMHOBOM Mape
000J104eK OpOUTalell B BBIIEIICHHOM HAIpaBiieHHH, paBHoe N = 14.

[Ipn n = 6 BO3MOXXHOE 3HaYECHHUE OPOUTAIBLHOTO KBAaHTOBOTO YHMCIIA
eIe He3aroJIHeHHOH 00o0o4ku paBHO [ = 3,5, koTopomy, cormnacHo (10.12),
COOTBETCTBYET KOJHMYECTBO Pa3pEelICHHBIX COYETAHWH Ha CIHMHOBOHM Iape
obomouek opbuTaneii, papaoe N = 16.

C yd4eroM INpHBEICHHBIX 31eCh NaHHBIX, PACCMOTPUM BO3MOXKHBIC
CXeMBI pacrpeleNeHuss U30BITOYHBIX HEHTPOHOB Ha 000JIOYKax opOuTanen
sfiep WHepTHBIX Ta30B. Ha puc. 10.7 mpeacraBieHsl cXeMbl 3alI0JHEHUS 000-
JOYeK opOHTaNel saep MHEPTHBIX Ia30B HyKJIOHaMH. O4YeBHIHO, YTO OdYe-
PEIHOCTh 3alOJHEHHUS 00004ek opOuTanell M3OBITOYHBIMH HEHTpOHAMH
JIOJDKHA OCYIIECTBIISITBCS 110 MOPSIIKY, PACCMOTPEHHOMY BBIIIIE.

DJICKTPOHBI U JCHTPOHBI Y aToMa Tejus 3aHUMarT 1s-opourtanu. Kak
W3BECTHO, Y TEJUSl NMEETCSl TOJILKO OJIMH yCTOWYMBBIA M30TOI C MacCOBBIM
qucioM 4. DTO TOBOPHT O TOM, YTO Y T'elIvsi H30BITOUYHBIX HEHTPOHOB HET.

VY u3oToma HEOHA ¢ MacCOBBIM 4MCIIOM 20, OTHOCHTENIBHOE COJEpIKa-
HHE KOTOPOTO COCTaBisgeT mpuMmepHo 90%, M30BITOYHBIE HEHTPOHBI TOXE
orcyTcTBYIOT. OntHaKo 8.8% M30TONa HEOHA HMEIOT MacCOBOE YHCIIO, PABHOE
22, 1, COOTBETCTBEHHO, OH UMeeT 2 N30BITOYHBIX HEHTPOHA, KOTOPBIE MOTIIN
OBI 3aHATH MECTO, KaK MoKa3aHo Ha puc. 10.7, B IEHTpaIbHON YacTh Aapa
MPY 3HAYCHUH TJIABHOTO M OPOUTATIBHBIX KBAHTOBBIX YHceN 1o 1/2.

U3zoton aprona ¢ MaccoBbIM uuciaoM 40, OTHOCUTEIBHOE CO/IEPKAHUEC
kotoporo 4yth MeHbiie 100 %, umeer deTbpe M30BITOYHBIX HEHTPOHA, KO-
TOpBIE TaK JKe, KaK y HEOHa paclpeiesieHbl (Kak CIIMHOBBbIC Mapbl) B LIEH-
TpPaJbHOW YacTH sJpa MEXIY CHHHOBBHIMH TNapamMu oOojouek ls u 2p-
opbutaneid. [Ipy 5TOM KBaHTOBBIC YHCIa W30BITOUYHBIX HEHTPOHOB aproHa
NPUHUMAIOT CIIEAYIOIIUE 3HaYeHHs: o0IIee KBaHTOBOE YKHCIO — 71 = 1; TJ1aB-
HOe — n, = 1/2; opbutampHOe — [ = 1/2. Kak yka3bpIBasioch BHIIIE, B COOT-
BercTBuH ¢ (10.9), KOIMYECTBO pa3pemICHHBIX COYCTAHUHN I M30BITOYHBIX
HEWTPOHOB B CIIMHOBOW Tape B BHIICJICHHOM HAIllPaBICHUH PAaBHO YETHIPEM,
9YTO COOTBETCTBYET KOJIMYECTBY M30BITOUHBIX HEHTPOHOB Hamboiee yCTO-
YMBOr'0 U30TOIA APrOHA.
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Campblif ycTOHYMBBIN M30TON KpHUIITOHA (TI0Ka3aHo Ha puc. 10.7) umeer
MaccoBoe 4ucino 84. DTO 3HAYMT, YTO y €ro M30Tona umeercst 12 m30bITo4-
HBIX HEHTPOHOB, 4 M3 KOTOPBIX MOTJIM OBl 3aHATH MECTA TAaKUM K€ 00pazoMm,
Kak ¥ B sApe aproHa. A ocTaJbHbIE BOCEMb H30BITOYHBIX HEHTPOHOB, CO-
rinacuo (10.10), mornu 651 3aHATH MecTa ipu 11 = 3, n, = 1,5 u /= 1,5 Ha mpo-
MEXyTO4YHOI obosouke 3p u 3d-opOuTaneil, mo 4eTsipe Ha 000I0UKe OpOH-
Tajeil B UX CIMHOBOM Mape B BbIIEICHHOM HalpaBJICHUHU.

VYV crepyroomero u3 MHEPTHBIX ra30B, KCEHOHA, CaMblii yCTOWYMBBIN
M30TOI C OTHOCUTENBHBIM COJIEP)KaHUEM OKOJIO 26% U MPU KOJIMUYECTBE TIPO-
TOHOB B siipe 54 mmeeT mMaccoBoe yuciao 132. 3To 3HAuUUT, YTO y M30TOIA
KpHUNTOHa nMeeTcs 24 HM30BITOYHBIX HEWTpOHA, 4 M3 KOTOPBIX, COTJIACHO
(10.9), moryt 3aHATH MecTa IpH # = | Tak e, KaK B sSApe aToMa aproHa,
8 — mpu n = 3, KaK B AApe aTOMa KPUNTOHA. A ocTalbHBIEe 12 M30BITOYHBIX
HeliTpoHoB, cormacHO (10.11), pacpeneneHs! Mo mecTh MTYK Ha 000I0YKe
opOuTanel B X COMHOBOM Mape B BBIJCICHHOM HANPABJICHUHU NIPH 7 = 5, 1, =
2,5ul,=25.

VY mocnegHero U3 HHEPTHBIX ra30B — PaJOHA YCTOWYHMBBIX M30TOIIOB
HET, HO €r0 M30TOIl C MACCOBBIM YUCIOM 222 UMEET CaMO€ BBICOKOE OTHOCH-
TEJILHOE COZIEPXKAaHUEe, MOITOMY PACCMOTPHM paclpesielieHHe HW30BITOUHBIX
HEHTPOHOB y 3TOr0 M30TOoma. ¥ Hero umeercs 50 M30BITOYHBIX HEHTPOHOB,
24 W3 KOTOPBIX, TaK JKe, KaK U y KCEHOHA, MOTYT 3aHITh MECTa Ha CIIMHOBBIX
nmapax 000JI0ueK OpOUTAJICH MPH MIPUBEICHHBIX BBIIIC 3HAYCHUSIX KBAHTOBBIX
gucen. Y paloHa MO3HMIWHN I M30BITOYHBIX HEWTPOHOB, Pa3peIICHHBIX B
TpeeNax BBIICICHHOTO HAIpaBleHHA (B IMpenenax yria 45°), Oonblie HeET.
[TosToMy nmanee HauMHAETCs 3aNOJHEHUE IICHTPATbHOMN YacTH sapa mpu [ >
n/2. OcranpHpie 26 W30BITOYHBIX HEHTPOHOB pACHPEACICHBI, COTJIACHO
(10.11), mo mectp Ha o0onOYKe opOuTaNeil B MX CHMHOBOW mape (Bcero 12

mr.) npu n =4, n, = 1,5 u lx =2,5; mo ceMb Ha 000JI0YKE OpOUTATCH B UX

CMHOBOM mape (Bcero 14 mt.) npu n =5, n, = 2 u [, = 3. OT™MeTuMm, 410, Kak
BuaHO u3 puc. 10.7, B pesynbrate aedopmaliii CIUHOBBIX Map 000JI0UYEK
opOuTanei MPOTOHOB M JJIEKTPOHOB B PEAIbHOM aTOME CIHHOBBIE Mapsbl
o0osouek opOHTaneil B BBIACICHHOM HANpaBICHUU Uil M30BITOYHBIX HEWH-
TPOHOB IIpU # =4 1 n = 5 JeKaT Ha OJHOIN HYJIEBOM IIIOCKOCTH, TPOXOAALICH
4epe3 LEeHTP sAApa, TaKUM 00pa3oM, Kak OyITO WX INIaBHOE KBAaHTOBOE YHCIIO
npuHUMaeT 3HadeHue 1, = 0. B aToM cirydae Ha HyneBoH IIIOCKOCTH 000J104-
K1 opOuTajell BMemaercsl B ABa pa3a OoJjblle HEHTPOHOB, B COOTBETCTBHU
MX KOJMYECTBOM B CIIMHOBOH Mape 000JIOUEK B BBHIICIICHHOM HalpaBieHUH,
IpUYeM OpOWTANM Ha 3THX «HYJEBBIX» 000J0YKAX C MPOTHBOIIOJIOKHBIMA
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3HAYEHUSIMU UX CIHMHA B BBIICICHHOM HANpaBJICHUH YepenyrTcs ApPYr ¢
JIPYTOM.

Takum 00pa3oM, MBI HAIITM TAPMOHHYHYIO CXEMY PaclpeAeiIeHUs U3-
OBITOYHBIX HEHTPOHOB B S/APAX aTOMOB MHEPTHBHIX Ta30B, NOAYMHSIOIIYIOCS
[IPUHLMITY IUIOTHOM YIaKOBKM HYKJIOHOB B snpe. HaiineHHas cxema 3amodi-
HeHHs 000JI0YeK opOmTanell symep M30BITOYHBIMA HEHTPOHAMH XOPOIIO CO-
TJIACyeTCs ¢ HaWJEHHBIM 3KCIEPHMEHTAIBHO UX KOJIMYECTBOM B YCTOMUMBBIX
M30TONaX MHEPTHBIX Ta30B, a TAK)KE B U30TOIE PafioHa C CAMUM BBICOKHM €TI0
OTHOCUTCIIBHBIM COACPIKAHHUCM.

[IpennosxeHHast MOETb 3aIOJIHEHHS S/Iep aTOMOB M30BITOUHBIMU HEH-
TPOHAMH MOJKET PacCMaTPUBATHCS Kak pabodas BEpCHsl, KOTOPYIO CIIEA0BAJIO
OBl YTOUHHUTH C IOMOIIBIO SKCIEPHUMEHTAIBHBIX U PACYETHBIX TaHHBIX.

10.4. YnpouieHHas cxemMa pacnpeneieHust
3J1eKTPOHOB ¥ IPOTOHOB B aTOMe

B ycnoBusx TpaHcdopMmaluu aTOMHOTO sipa, Kak ObLIO MOKa3aHO
BBIIIIE, CTUHOBOE KBAHTOBOE YHUCIIO S, ACHCTBYIOIIEE Ha INIOCKOCTH OpOuTa-
JeH, TepseT cBoe (PYHKIMOHAIBFHOE Ha3HAYCHWE IS OIpEICIICHHs 3HaKa
MarHUTHOTO KBAaHTOBOT'O YHCJA KakK JJisg MPOTOHOB, TaK M JJISl DJEKTPOHOB.
[TosToMy 1151 peanbHON CTPYKTYPHI SACPHON M JIEKTPOHHOW 000JI0UEK aTo-
Ma 3HAKd MarHUTHOTO KBaHTOBOT'O YHKCIIA OBUIM ONPEAEICHBI TOJNBKO O CITH-
HOBOMY KBaHTOBOMY YHCIIy £§ B BbIJCJIECHHOM HarpaBieHuu. [Ipu sTom oc-
TaJbHBIC KBAaHTOBBIC YWCIIA TPUHUMAIOT NPEKHUC 3HAYCHUS. Takum oOpa-
30M, B YCIOBHSX PEATBHOTO aTOMa BBIPAXKCHHE TSI MATHUTHOTO KBAaHTOBOTO
gucna, cormacHo (10.5), mMeeT cnenyromuil yIpoeHHbIH B

m=zxs-l=x-I==%(n,+n,).

CoueraHus KBaHTOBBIX YHCEIN 1, U 1, 10 000J0uKaM opOuTanel npu
(PUKCHPOBAHHOM 711 B BBIJICIICHHOM HAIIPAaBIICHUU IPUBEACHBI B Tabm. 10.2.

Cormacao naHHeIM Tabn. 10.2, pacmpeneneHue KOIHYECTBA DJIEK-
TPOHOB (WJIM NMPOTOHOB) Ha KaXIOH U3 S, p, d u f~060J09eK JOCTATOYHO
YCTaHOBHMTb TOJILKO 10 OJHOMY Hab0Opy COYETaHMH KBAHTOBBIX YUCEN 7y, U
1, IIPH TOCJEAYIONIeH KOPPEKIUH UX 00LIero KOJMuecTBa Ha JaHHOM TH-
ne 000JI04€K, B COOTBETCTBUU C MArHUTHBIM KBaHTOBBIM YHCIIOM, COTJIac-
Ho (10.5). Kak u3BecTHO, Ha OJHOM 5, p, d U _f~000J0YKE U3 UX CIIMHOBOU
napsl B BBIJICJICHHOM HAIPAaBICHUH, COOTBETCTBEHHO, MOTYT HAXOIUThCS
no 1,3,5 u 7 npoTOHOB WK 3JIEKTPOHOB.

B Tabn. 10.3 Ha mpumepe aroma panusi IpUBEAEHBI BCEBO3MOXKHBIE
COYCTaHUS KBAaHTOBBIX YHCEI, B COOTBETCTBHUH C JaHHBIMHU TaOi. 10.2, mpu-
MEHHUTEIBHO K YCIIOBHSIM PEATHHOTO aTOMA.
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Tabxuma 10.2
Coueranusi KBAHTOBBIX YHMCeJ 1y, M 1; 110 000JI09KaM OpOHTAIeH
npu GUKCHPOBAHHOM /1 B BbIJI€JI€HHOM HANTPABJICHUN

N PaSpCH_IeHHBIe COYCTAHHUA KBAHTOBBIX YHCCII
S|l | m | couera-
HUH (ny + nz)

fF 117 15+15 | 25405 | 0.512.5 | 142 | 2+1 | 043 | 3+0

dl+2 15 141 | 15105 | 05+1.5 | 02 | 2+0 | - :
T [+ 3 05105 | 01 150 - - :

s | +0 | [/ +0 - - - - - -

s | O 1 -0 - -
~p | 3 [o0505] o 150

d| 2| 5 41 | 05+15 | 15105 | 2+0 | 0+2

F1 3 7 | 15415 | 05725 | 25+05 | 21 | 1+2 | 3+0 | 043

B tabm. 10.3 kaxxmas mMo3uIMsS MPOTOHOB WM AIIEKTPOHOB YKazaHa
BHYTpPH KaBbIYeK, HU(poid, o0o3Havaromel 3Hauenue /. KomuuectBo mosu-
muii (dp) mpH ITOM COOTBETCTBYET WX KONWYECTBY HA S, p, d u f-
00o0mo9YKax, corracHo 3ToMy 3HaueHHIo /. Hampumep, couetanue s-opourtaim
o6o3HaueHo kak 7(0), rae HHACKC /7 OTPaKaeT 3HaYCHHE OOIIETO KBAHTOBOTO
YHciia, KOTOPOMY IPUHAICKHUT opOuTams, a «0» BHYTPH CKOOKH TOBOPHUT O
TOM, YTO JIEKTPOH IpH /=0 3aHUMaET TOJBKO OJIHY TIO3UIIHIO.

Tabmuma 10.3
PeanbHasi cxemMa pacnipe/ieieHUsI 3JIEKTPOHOB U IPOTOHOB B aTOMe

OpGuTanbHBIE TIO3UINH YaCTHII 110 3HauerHusM [
S | Ay MIPU JAHHOM 3HaueHuu M
s 14 d f
1 2 3 4 5 6
7 7(0)
6 6(0)
+| 5 5(0) 6 (111)
4 4 (0) 5111 6 (22222)
3 3(0) 4 (111) 5(22222) 6(3333333)
2 2(0) 3111 4 (22222)
1 1(0) 2 (111))
1 1(0) 2 (111)
2 2(0) 3111 4 (22222)
I 3(0) 4 (111) 5(22222) 6 (3333333)
4 4 (0) 5111 6 (22222)
5 5(0) 6 (111)
6 6 (0)
7 7(0)
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B kononke 1 npuBeneHb! 3HAKH CITMHOBOTO KBAaHTOBOTO YHCIA S B BBI-
JICTICHHOM HarpaBJieHnH. B koJoHKe 2 yKa3aHbl 3HAYEHUSI TIIABHOTO KBAaHTO-
BOTO YHCTIA.

Hannsie, npencraBneHapie B Tabn. 10.3, mo peanpHOMY pacmpeneie-
HHIO 3JIEKTPOHOB (WM NMPOTOHOB) TIOJIHOCTBIO COOTBETCTBYIOT Ilepnoamue-
ckoll cucreme aneMeHToB [I.M. MeHneneeBa OTHOCUTENBHO PACIIPENETIEHUS
JJIEKTPOHOB IO MEPUOAAM U 10 §, p, d U f~000y0o4uKkamM Jyisi aroMa paaus. B
9TOW Tabiuie 3HaUeHUE OOIEro KBAaHTOBOTO YMCHIA, KAaK IIOKA3ald paHee
(cM. Tabm. 8.1), cooTBeTCTBYET HOMEPY Teproja Tabnuipl MeHneneesa.

214



I'naBa 11

ATOMBI 1 3JIEMEHTAPHbIC KBAHTOBbIC YaCTUIbI

11.1. O01HOCTDH CTPYKTYPHI ATOMA U
KBAHTOBBIX YACTHIY

B 1. 10 MBI npecTaBUIM AMHAMUYECKYIO CTPYKTYpY aTtoMma, o0paso-
BaHHYIO U3 OpOUTael 3apspKeHHBIX YacTHIl M HEUTPOHOB. Tereps BO3HUKAET
BOTIPOC O TOM, UMCIOTCS JIH €IlIe MaTepHaIbHBIC 0OBEKTHI, HA KOTOPBIX MOTYT
MIPOSIBIIATHCS PUHIIMITEI CTPYKTYPHOH OpraHW3alié aroma. TakuMmu o0bek-
TaMU, TPEXKIEe BCETO, MOTIH OBl OBITH dJEMEHTApHBIC KBAHTOBEIC YACTHIIBL,
HallpyuMep TAaKUE, KaK MPOTOH U JIEKTPOH, U3 KOTOPBIX COCTOUT aToM. Eciu
paccMaTpuBaTh CTPYKTYPY NPOTOHA, OPraHU30BAHHYIO AHAJOTUYHO CTPYK-
Type siApa atoma, TO CIeIyeT MPEIIONIOKUTh, YTO OH OyJOEeT COCTOSTh W3
JIByX OCHOBHBIX YacTeil ¢ OJMHAKOBBIMH 3HAYCHHUAMHU 3apsIOB, MOJISAPU30-
BaHHBIX 110 3HAKaM CIIMHA JUHEWHO. TakuM o0pa3oM, MPOTOH MOXKET Ipe/-
CTaBJATH COOOI CHUCTEMy CIIMHOBBIX Map CyHepMaiblXx opOHuTaneii MUKpo3a-
PAA0B, KOTOPbIE B CyMME COCTaBIISIIOT M3BECTHBIN 3apsa mporoHa. Ilporton,
TaK *ke, Kak U SApO aToMa, MOXET UMETh B CBOEM COCTaBE U HEUTpalIbHYIO
HE3apSHKEHHYIO YaCTh MACChI.

B Hactosmmee Bpemsi OOIIETIPU3HAHHON SIBIIICTCS KBapKOBas TEOPHUS
CTPYKTYpbl IIPOTOHA, B COOTBETCTBHM C KOTOPOH OH COCTOUT W3 KBapKOB,
UMEIOIINX CITUH, PaBHBIN 1/2.

YCTaHOBIIEHO CYIIECTBOBAHUE IIATH PA3HOBUAHOCTEH KBAPKOB: U, d, S,
¢, b (3mecp KBapKW TIepEUMCIIEHBI B TMOPSAKE BO3pACTaHUS HMX Macc:

m, ~5Mos, m, =7 Mss, m, =150 Mos, m,~1/3 I>6 m, =5

I6). Tlpenmnonararot, 4To JTOJKECH CYIIECTBOBATh U IISCTOM, eile OoJiee Ts-
JKeJIBIA KBapK, £. KBapku u, ¢ U ¢t UMEIOT 3JEKTpUUECKUil 3apsi, paBHBINA (+)
2/3, a kBapku d, s u b — 3apsn, pasublii (—) 1/3. KBapku c 3apsgom (+) 2/3
MPUHSTO CUNTATh BEPXHUMH, a ¢ 3apsiioM (—) 1/3 — HKHUMHU.

IIpOTOH COCTOMT M3 JBYX u-KBapKoB U ojiHoro d-kBapka (p = udu),

a HEWTPOH — W3 IBYX d-KBapKOB M OJTHOTO u-KBapka [13, c. 37]. Takas kBap-
KOBasi CTpyKTypa IPOTOHA HE MPOTUBOPEUUT U B KAKOH-TO Mepe MPUHINIH-
JIBHO COOTBETCTBYET CTPYKType aTOMHOTO siapa. B sape aroma mosoxu-
TEJIbHBIE 3apsiIbl, TaK JkK€, KaK BEPXHHUE U-KBAPKH B IPOTOHE, pa3AeicHbl Ha
JBC paBHLIC 4aCTH, a B ueHTpaanoi& YacCTu sJpa pacCroJIOKCHbI I/I36I)ITO'-IH]>Ie
HEUTPOHBI, Y KOTOPBIX OTPULIATEIIBLHBIN 3apsi]l COCPEJOTOUYEH B BEPXHEM CIIOE
(cm. puc. 10.1). IIpeacraBum cebe, 4TO U B IICHTPE MPOTOHA, TaK JKE, KaK Y
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Spa aToMa B €ro IEHTPAIbHONH YacTH HMMEIOTCS M30BITOYHbIE HEHTPOHBI,
BMECTO OTPHLATENBHOTO -KBapKa COCPEIOTOYEH HEWTpaNbHBIN KBapk, y
KOTOpOTO, TaK e, Kak y HEWTPOHA, B BEPXHEM CJIO€ COCPEAOTOUEH OTpHUIla-
TENBHBIA 3apsl, paBHBIN 3apsny d-kBapka. HedTpampHBIN KBapk mpu OOM-
GapaupoBKe OBICTPBIMH 3JIEKTPOHAMH, MPEXKIE BCEr0, MOKET OTPEarupoBaTh
Ha HUX OTPHLATEIBHBIM BEPXHUM CIIOEM, YTO MOKET NPHUBECTU K OIIHO0Y-
HOMY IPUHATHIO UX 32 KBapK C OTPHULATENbHBIM 3apsiioM. Torna, Tak xe, Kak
HEWTpaNbHBI KBapK MPOTOHA MICHTU(QHULIUPYIOT C OTPULIATEIHHO 3apsiKeH-
HBIM HW)XHHH d-KBapKOM, M30BITOYHBIE HEHTPOHBI B IEHTpPE sJpa TaKxkKe
MOXHO HICHTH(UIMPOBATh C MX BEPXHUMH OTPHLATEIBHBIMHU 3apsiaMH,
COCTaBIISIIOIUMY B CyMME OTPHULATENbHBIN 3apsij, COCPEAOTOYCHHBIN B LIEH-
Tpe sapa. JomyctuM, uto (Tabn. 8.3 u 8.4) saapo aTomMa UMEET B CBOEM CO-
CTaBe TOJBKO MPOTOHBI, OTBEUAIOIINE €r0 NEPBOHAYAIBHOMY COCTOSHHIO 10
saepHoil KoHBepcuu. Toraa B SApe TSHKEIOTO 3JIEMEHTa OTHOIICHHE BEJIMUHMH
CYMMBI ITTOJIOKHUTEIBHBIX 3apsAA0B K CyMME OTPHLATEIBHBIX (B COCTABE «H3-
OBITOYHBIX» HEHTPOHOB) B IEHTPE SAApa, B MEPBOM MNPHOIIMKCHHUH, OyIeT
TaKUM K€, KaK U OTHOIIEHHE CYMMBI IIOJIOKHTENBHBIX 3apsSJ0B IBYX BEpX-
HHUX U-KBapKOB, K 3HAYCHUIO OTPHUIATEILHOTO 3apsija OJHOI0 HUXKHETO d-
kBapka. [Ipu 3TOM mpenmnomaraercs, 4To, Tak e, Kak y M30bITOUHBIX HEH-
TPOHOB B fA1pe aTroMma, y HEHTpaJbHOW YacTH MpOoTOHA (y HEHTPaNbHOrO
KBapKa) NMpOSIBISAETCS TOJBKO BEPXHUI OTPUIIATENbHBIN CIOH, a HIDKHUHN 1MO-
JIO)KUTETIBHBIA CJIOH OCTaeTCsl CKPBITHBIM M3-32 HEBO3MOXXHOCTH €ro oOHa-
PYKEHHS COBPEMEHHBIMU METOaMU.
Ha puc. 11.1 npexacraBnena Bepcus-
T cxeMa KBapKOBOH CTPYKTYpHI HMPOTOHA, IIO-

Hp CTPOEHHAs 110 JMHEHHOMY IPUHIHUITY Opra-
+ HU3alUU B BBIICIICHHOM HAIpaBJICHUH Op-
/ — OWUTaNBEHOM CTPYKTYpHI aroMa. Kak BuIHO U3

puc. 11.1, y mpoToHa Ha OIHOW JHWHHUH II0

<> d —Ksapk 00€ CTOpPOHBI OT ILIEHTpPa PACIIOJIOXKEHO II0

OJITHOMY BEpXHEMY IIOJIOXKHUTENBHO 3apsi-

+ XKEHHOMY 4-KBapKy, a LEHTPaJbHYI0 00-

— JacTh, NOJO0HO HEWTPOHAM B aToMe, 3aHHU-

MaeT HeWTpanbHbeIM kBapk. Kak yka3eiBamu

My BBIIIE, €CIIM OTOT HEWTpaNbHBII KBapK, Tak

l ke, KaK ¥ HEHTPOH, UMEET B BEPXHEM CJIOC

Puc. 11.1. Cxema munamuueckoii ~ OTPHIATEIBHBIN 3apsl, TO OH NPH B3aHMO-

CTPYKTYPHI IIPOTOHA JIEHCTBUH C BBICOKOIHEPTETHIECKUMH DIICK-

TPOHAMH, BEpOSITHEE BCEro, OyAeT MpOsB-

JSTH ce0st KaK OTPULATEIBHBIN 3apsi, KOTOPBIA OIHOOYHO MOXKHO IIPUHSTH
3a OTPHUIATENFHO 3apsLKEHHBIN HIKHAN d-KBapK.

U -Ksapku
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B MMpOTOHE CyHEpMaJIbIC Op6I/ITaJ'II/I KaXX10ro U3 u-KBAapKOB CO34Ar0T

CYMMAapHBIH MarHUTHBIA MOMEHT AL, COCTAaBIISIONIHE KOTOPOTO HampaBie-

HBI B IIPOTUBOIOJIOXKHBIE CTOPOHBI 10 ofHOW nuHuK. Ha puc. 11.1 cTpenka-
MH TIOKa3aHbl OOIIME HaNpaBJICHHUS BpallCHUs CyIepMalblXx opOuTaien
u-kBapkoB. OYEBUIHO, YTO TaKas MapHas MEKTPOJMHAMHYECKash CTPYKTypa
IIPOTOHA HAXOAWUTCS B MOCTOSHHOM B3aUMOICHCTBUHM C INPOCTPAHCTBOM H
OTKJIMKAETCS Ha JIIOObIE 3JIEKTPOMArHUTHBIE M JIPyTHE BO3ICHUCTBHS C €T0
CTOPOHBI. 3aMETUM, YTO TaKas apHas CTPyKTypa IMPOTOHA MPEATIOIaracT ero
TUPOCKOIMYECKYIO HENTPAIBHOCTD.

Tak kak >JIEKTPOH, KaK M IMPOTOH, ABISETCS DJIEMEHTAPHON 3apsKeH-
HOM KBaHTOBOW YaCTHULIEH, TO NMPUHLMIBI OPraHU3ALMM SJIEKTPOAUHAMUYE-
CKOI1 CTPYKTYpHI IPOTOHA U DJICKTPOHA, a TAK)Ke MPUHLIUIBI B3aUMOICHCTBUSA
UX C MPOCTPAaHCTBOM JIOJKHBI OBITh OINHAKOBBIMH.

11.2. MarHuTHbI€ CBOMCTBA M COOCTBEHHBINH CIIMH KBAHTOBBIX
YaCTHIL

Panee mpu paccMOTpPEHUH ABMKEHHS 3JICMEHTAPHBIX KBAHTOBBIX Yac-
THUI] MBI UCXOAWJIN M3 TOTO, YTO UX CBOOOIHOE JBI)KECHHE B NPOCTPAHCTBE
nMeeT cnupaibHbld Xapakrep. [lokas3amu, 4TO cnMpasbHBIN XapakTep IABU-
JKEHUSI JJIEKTPOHOB M IIPOTOHOB ONPENENSIOMNM 00pa3oM BIHSIET Ha UX I10-
BEICHHE B MOTEHIMAIBLHOM IoJie siapa atomMa. OJHAKO BOMPOC O MPHPOAE
CIIUPAJIBHOI'0 JABMKCHUA KBAHTOBLIX YaCTHUIL JJIA HAC IOKa OCTA€TCA OTKPbI-
ThIM, HECMOTPSI Ha NPUBEACHHBIC B TJ1. 6 PacCyXICHUs, OObICHAIONIMNE QaKT
HaJIM4YUsl COOCTBEHHOTO CIIMHA Yy KBAaHTOBBIX 4YacThl. CyTh HEpEIICHHOTO
BOIIPOCA COCTOHT B TOM, YTO 3HaYCHHE COOCTBEHHOTO MOMEHTa KOJIMUECTBA
JIBUDKEHUS], HAlIpUMEP y 2JIEKTPOHA, ONPEAEIAIOT He MPSIMBIM OMNBITHBIM H3-
MEpPEHHEM 3TOH BEIMYMHBI, a 110 3HAYCHUIO TAK Ha3bIBAEMOTO TMPOMArHUT-
HOTO OTHOIIEHMS, T.€. MO 3HAYEHHWIO OTHOIICHMS MarHUTHOTO MOMEHTa K
MEXaHWYECKOMY MOMEHTY KOJMYECTBa JBIDKCHHUS 3JIEKTpoHa B atome. OnHa-
KO MOJKHO TOJIaraTh, 4YTO TMPOMArHUTHOE OTHOIIEHHE y KBAHTOBBIX YaCTHIL
JIOJDKHO TIPUHUMATH OZHO M TO K€ 3HAUCHHE TPH Pa3HbIX 3HAYCHUSAX UX COO-
CTBEHHOTO MOMEHTA KOJHMYECTBA JIBI)KECHHS. DTO 3HAYMT, YTO Y KBAHTOBBIX
qacTull Mnpu MOCTOAHHOM 3HAYC€HUM TUPOMArHUTHOI'O OTHOIICHUA MArHuT-
HBII M MEXaHMYECKUH MOMEHTHI KOJHUYECTBA JBUXCHUS 6yI[yT MCHATHLCA
MPOMOPIMOHANBHO JIPYT OTHOCUTENIBHO Jpyra. JTO ciefoBajio Obl YTOYHUTH
U3yYEHHEM MOJIENBHBIX YCIOBUI MX 3JEKTPOJMHAMHYECKOTO IOBEICHUS B
MIPOCTPAHCTBE, & HE TOJIBKO U3 ONPEAEICHUS THPOMArHUTHOTO OTHOILICHHS.

Huxe Ha mpuMepe 2JIeKTpOoHa, ¢ yU4eTOM MPEeUI0KEHHON HaMU BepcUU
€ro TMpPOCTPAHCTBEHHOW CTPYKTYPBI, PAacCMOTPHM 3JEKTPOAMHAMHUYECKHE
YCIIOBUSI €T0 JBIDKCHUS B aTOME W CBOOOAHOM mpocTtpaHcTse. [yt 3TOro
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BHAYaje MPHUBEIEM pPa3bsCHCHUE CYIIHOCTH W3BECTHOTO «THPOMATHUTHOTO
OTHOUICHUS.

I'upomarHuTHoe oTHomienue. CyIIECTBYeT MPOCTasi CBA3b MEKITY
MarHUTHBIM MOMEHTOM M7 U MEXaHUYECKHMM MOMEHTOM KOJIMYECTBA JBHIKE-
HUS L cuctemsbl 3apsokeHHBIX dactull [14, c. 19]. MarHuTHbIf MOMeHT M7y
KPYTOBOTO TOKa I, TEKYIIIEro 1o MI0CKOMY KOJIbIY C PanycoM R, paBeH

qvR
- b

2c
IZle ¢ — BEIMYMHA 3apsiia TeKyIIero Mo KOJIbIYYy TOKa; V — IYyTh, IMPOXOIH-
MBII 3apsIIOM 33 €IWHUILY BPEMEHH; C- CKOPOCTD CBETA.

C npyroil CTOpOHBI, MOMEHT KOJHMYECTBa JABIKCHHS L paccMaTprBaeMoin
CUCTEMBI PaBEH:

(11.1)

T

L=m/R, (11.2)

TJe m, — Macca ABIKYIIUXCS 3apsioB.
CpasuuBas (11.1) u (11.2), umeem:

My __q
L quc

Ecnu 3HAaTh, YTO TOK B MPOBOAHUKE OTO TOK IJICKTPOHOB, TO CTAHOBUTCA sC-

(11.3)

HeM, uTo ¢ = N -€e,a m g =M, rae N — 4uCIo JABHKYIIMXCS JICKTPO-

HOB IIPOBOJIHHUKA (3JIEKTPOHOB IpoBogumocTh). Toraa u3 (11.3) nonydaem:
M, __e

L 2m,c

Ornowenne ¥ = M, / L nonyuuno nassanue 2upomachumiozo om-

(11.4)

HOWEHUS.

Beipaxxenue (11.4), momydeHHOE TIPU PACCMOTPEHHH JIBMKEHHS JJIEKTPO-
HOB MO KOJIbILy, OCTAa€TCsI CIIPaBEUTMBBIM TSI BCEX CIIy4acB KPYTOBOTO JIBHKE-
HUSI, B TOM YHCJIE ¥ JUIS SJICKTPOHOB, ABIDKYIIMXCS TT0 OPOHUTE MOTCHIIMAIEHOTO
3apsizia, TA€ MOMEHT KOJIMYECTBA MX JBIDKCHUS IPHHIMAET TOJIBKO LIETIOUHCIICH-
Hble 3HaueHUA. Ecim MexaHW4ecKuii MOMEHT TaKOTo JBIDKEHHMS 10 opOuTe pa-
BEH L, TO BBIpaKECHHE JJI1 MATHUTHOTO MOMEHTA MIMEET BH/L:

M=—"1 (11.5)
2m,c

e
I'mpoMarHnTHOE OTHOIIEHHWE YacTO M3MEpSIOT B BeMnunHax —— . B pac-
m,c

e
CMOTPE€HHOM HaMHU CIyda€ €ro HaJ0 CUUTAaTb PaBHBIM €IUHHUIIC.
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B Boipaxennu (11.5) 3HaueHre MOMEHTa KOJIMYECTBA JIBIKEHHUS OY-
JIeT UIMETh N3BECTHBIN BHII:
L=h/2r=h. (11.6)
Torma, B COOTBETCTBUM C CYILECTBYIOLIEH TEOpHEH KBAHTOBOM MEXaHHKH,
JUTS DIIEKTPOHA Ha opbuTe atoma Bojopoxa, moacrasmit (11.6) B (11.5), mo-
Jy49HM, YTO 3HAU€HHE MarHUTHOTO MOMEHTa aTomMa OyieT:

eh
Uy =—. (11.7)
2m,c

Cootnomenue (11.7) a1 MarHUTHOTO MOMEHTa 0003HAYAIOT, KaK MPABUIIO,
OykBOH [i, W Ha3BIBAIOT MazremoHom bopa. Kak ycTaHoBMIIM paHee, JBHU-

JKEHHE 3JIEKTPOHA B aTOME IPEJICTAaBIsIET COOOM ero BpalleHHe Ha CTallHo-
HapHOH opOuranu. OTciofa MarHeToH bopa n ecTh 31eMeHTapHBIN MarHuT-
HBIII MOMEHT DJIEKTPOHA Ha CTAI[MOHAPHOW OpOWTaiH, a HE Ha OpOWTE, TaKk
KaK OH OTPa)KaeT TOJBKO KPYTOBYIO COCTABIIIONIYIO CIIUPAIBHOTO IBHXKEHHS
ANIEKTPOHA. A 3TO 3HAYMT, 4TO (KaK IMPEINojaraioch B II. 6) KPyrOBOMY
JBIDKCHUIO 3JIEKTPOHA Ha OPOWTAIM COOTBETCTBYET TOJBKO IOJIOBHHA MO-
MEHTa KOJMYECTBA €0 CIHPAIbHOTO JABW)KEHHS B TPOCTPAHCTBE, paBHas
1/2%. Torpa nns op6uramu cootnomenue (11.6) a1 coGCTBEHHOTO MO-
MEHTa KOJINYECTBA ABM)KEHHA Lg 3JIEKTPOHA MPUMET BU:

L,=h/2. (11.8)
[Tpu 3TOM 3HaYCHHE MArHUTHOTO MOMEHTa OpOUTAaIK OyIeT PABHO 3HAUCHUIO
marnerona bopa [, B coorsercTBuU ¢ cootHoumenueM (11.7).Torna, uc-

nosb3ysi cootHomenus (11.7) u (11.8), HaiiieM rUpOMarHUiTHOE OTHOIICHHE
JUIsl COOCTBEHHOT'O MarHUTHOTO MOMEHTA 3JIEKTPOHA, KOTOPOE UMEET BUJIL:
M e
y=—>~L=—n-. (11.9)
Ly m,c

Takum 00pa3om, 1Mo Hame BEpPCHH, THPOMAarHUTHOE OTHOIICHHE IS
opOuTanM 3JIEKTPOHA OKAa3aJOCh B JiBa pa3a OOJbINE, YeM JUIS JIBHKCHHS
3JIeKTpoHa 1o opbute. OTCIOAA BBITEKACT, YTO THPOMArHUTHOE OTHOIICHWE

e
JABMIKCHUS JJICKTPOHA Ha Op6I/ITa.HI/I U B €UHULAX —— YHCJIICHHO PaBHO

2m,c
)lByM, qTO HOHTBep)K}IaeTCH OonbITaMHU.

B 10 %€ Bpemst crpaBeIMBOCTD IIPEICTAaBICHHON HaMHU BEPCHU yBe-
JIMYCHUA TUPOMATHUTHOT'O OTHOIICHUA Tpe6yeT HCKOTOPBIX yTO‘IHeHHﬁ. HO—
9TOMY JaJIbIIEC IMOIbITACMCH pa306paTI)C$I C pC€ajibHbIMU NpUYNHAMH, KOTO-
PbI€ MOTYT BbI3bIBATHb YBCIIMYCHUC 3TOI'0 OTHOLICHUA B JIBa pasa. I[.HSI 3TOr O
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PaccMOTPUM HU3BECTHBIE HCTOUHHUKH, MPOSICHAIONINE JUHAMUYECKHAE CBOMUCTBA
JJIEKTPOHA.

Teopusi »aextpona /Iupaka. B 1918 r. {upak chopmymmposan
ypaBHEHHE, KOTOPOMY JIOJDKHA YJIOBJIETBOPATH BOJIHOBAs (DYHKIIHS 3JIEKTPO-
Ha ¢ TpeOOBaHMSAMH TEOPUH OTHOCHTENIBHOCTU. JIOTHYECKHM CIIEICTBHEM U3
9TOW PENATUBUCTUYECKONW KBAHTOBOW MEXAHUKM 3apsSOHKEHHOM YacTHULBI C
3apsIIOM e, MacCoM DIIEKTPOHA M, U OPOUTAIILHBIM CITHHOBBIM MOMEHTOM 1/2
0Ka3aJIoCh CYIIECTBOBaHHE y TaKOW YacTHIbI COOCTBEHHOTO MAarHWUTHOTO
MoMmeHTa [ 14, c. 43], uMerolero ABe MPOEKIUH, paBHBIE:

A, _+ (11.10)
2m,c

Kak BHIHO, TIONOKUTENEHOE U OTPULATEIBHOE 3HAYCHHSI MATHUTHOTO
MOMEHTa 3JICKTPOHA paBHbI MarHeToHy bopa, T.e. 1, = t /4, . 3nauut, ecin

CTPYKTypa BJIEKTPOHA, TaK ke, KaK M CTPYKTypa MPOTOHA, MOKa3aHHAs Ha
puc. 11.1, cknagpiBaeTcs B mapy M3 JBYX PaBHBIX ITOJIOBUHOK 3apsija, TO

MAardomMTHBIC MOMCHTBI JJICKTpOHA, PAaBHBIC + ,UE, MOXHO OTHOCHTH B OT-

JIENTBHOCTH T10 3HAKy K 0O€HM TIOJIOBHHKAaM 3apsAfa 3JIeKTpoHa. Torzna BbIpa-
xenue (11.10) mo teopumn Jupaka Henb3ss OOBSICHUTH, HE PUHHUMAsS, YTO Y
MTOJIOBUHOK 3aps/a 3JeKTPOHA MAarHUTHbIE MOMEHTHI [0 3HAYCHUIO MEHbIIIHE,
yeM MarHeToH bopa, cymecTBoBaTh He MOTyT. Takoe 3HaYeHHE MAarHUTHOTO
MOMEHTa y KaXXIOH U3 MOJOBHHOK 3apsjia 3JIEKTPOHA, PaBHOE MarHETOHY
Bopa, co3By4HO HaIMM MPEeanochUIKaM O TOM, YTO 3JIEKTPOH MO CTPYKType
MOJIHOTO PACHpEeNCHUs B HEM MHKPO3aps0B HAIlOMUHAET AJIEKTPOHHYIO
000J109Ky 710 MOMEHTA MOTEPH IO TOJOBHHBI 3IEKTPOHOB MPH MOTJIOMIECHUN
MOCIEHUX SAPOM aTOMa.

Pacuetsl, o Teopun [lupaka, MOKa3pIBalOT, YTO 3HAYEHUE T'MPOMAr-
HUTHOTO OTHOIIEHHS 3JIEKTPOHA B JIBa pa3a OoJjblie, 4eM Al KPyroBOTO
JIBIDKEHUS DJIEKTPOHA 0 cTarroHapHoi opoute bopa. Otn manusie /[upaka
COBIMAJAIOT C Hamledl BepcHel O 3HAYCHUHM T'MPOMArHUTHOTO OTHOIICHHS B
YCIIOBUSIX TIPeOBIBAHMS 3JIEKTPOHA B aTOME.

Ecnan HauMeHbIIMIT MarHUTHBI MOMEHT 3JIEKTPOHA Ha CTallMOHap-
HOHW opOuTanM aToMa M3BECTEH U PaBEH MarHeToHy bopa, TO MexaHH3M Mpo-
SIBJICHUS] COOCTBEHHOT'O MarHUTHOTO MOMEHTA 3JIEKTPOHA TIPH €ro JBHKEHUN
B NIPOCTPAHCTBE, a 3HAUUT, IPOABICHUE UM CIIMHA B 3TUX YCJOBUSAX HaM €Ile
HEOOXOAMMO BBISICHUTH. PacCMOTPHM 3TOT BOIIpOC.

MopesibHBIEe YCIOBHSI JBHJKEHHMS 3JeKTPOHA B IPOCTPaHCTBe.
IIpencraBnenne 0 XapakTepe ABHKEHHS DIIEKTPOHA B MPOCTPAHCTBE HAET
BEKTOpHAs JMarpaMMa 3JIEKTPOMAarHUTHOM JTUHAMUKH €r0 JBHMKCHHUs, IPEa-
cTaBiieHHas Ha puc. 11.2.
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Panee ObUTO yCT@HOBJIEHO, YTO KBAaHTOBBIC YACTHIIBI MO paclpeserne-
HUIO 3apAl0B B CIIMHOBOW Mape MOTYT OBITh JMHEHHO MOJISIPU30BAHBI, I10-
3ToMy Ha pHC. 11.2 3MEKTPOH cXeMaTHYeCKH paszelicH, Kak | Mo Teopuu Ju-
paka, Ha JIB€ paBHbIC [TOJIOBUHKH 3aps10B. Kajkias MONOBUHKA 3TUX 3aps/0B
uMeeT coGCTBeHHbI BekTop MarHuTHOTO Momenta M ' m M", xoropsre
HAalpaBJIeHbl B IPOTHBOIIOJIOKHbBIE CTOPOHBI.

Puc. 11.2. DnekrpoMarHuTHas JUHAMUKA CIIUPAILHOIO JABIKEHUS dJIEKTPOHA

B HalleM cilyyae HaJH4YME TAKOTO MapHOro COOCTBEHHOTO MArHMT-
HOTO MOMEHTA y 3JIEKTPOHA, KaK ObUIO MOKA3aHO Ha MPUMEPE MPOTOHA, 00Y-
CJIOBJICHO CyMMAapHbIM HYJICBBIM MOMECHTOM KOJMUYECTBA JABUKXCHUA CIIUMHO-
BBIX Map 000JIOYEK CyNMepMalbiXx OpOUTaNell MUKPO3aps 0B, OOIIME HaMpaB-
JIEHWS BPAILEHUs KOTOPHIX Ha KaXJIOW W3 MOJOBMHOK 3apsja 3JIEKTPOHA Ha
puc. 11.2 noka3aHsl CTpenKaMmu.
JIOTyCTHM, 4TO K 3JIEKTPOHY, COCTOSIIEMY U3 JIByX YacTel 3apsja, Mo
OCH BpAlIeHHUs MOIBOJMTCA MArHUT B C MAarHUTHBIM MOMEHTOM, PaBHBIM
oaHOMy MarHeToHy Bopa f{,. OueBuaHO, 4TO npUOIMKEHHEe MarHuTa B K
3JIEKTPOHY PAaBHOIEHHO TOKY I Ka/I0i IIOJIOBUHKH 3apsi/ia SJIEKTPOHA B CTO-
poHy pacrmionoxenus storo mMarauta B. Ilycts Tok I mpotekaeT Ha (oHe
TIEPIEH/IMKYIIAPHOTO K HEMY COOCTBEHHOIO MArHMTHOTO MOMEHTA KaxKIOH
TIOJIOBMHKH 3apsifia JJIEKTPOHA, PABHOTO /(5. BCIENCTBHE NEHCTBHS HA DIIEK-
TPOH BBOJMMOTO MAarHUTHOTO MOMEHTA /i3, COTJIACHO TIPABUIIAM SJIEKTPO/IH-
HaMUKH, TTosBUTCA napa cwi Jlopenna F,, KOTopas 3aCTaBUT BPALIaThCs MO-
noBMHKH 3apsiia dektpona Bokpyr ocu OO’ co ckopocteio V, uto Gymer
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CO3/1aBaTh y 2JEKTPOHA MATHUTHBIA MOMEHT IPOTUBOAEUCTBUS Mz MarHuTy
B, paBHblil oqHOMY MarHeToHY bopa us. B cBow ouepenp, y Bpaliaromero
3NIEKTPOHA HMEIOTCS coOCTBeHHbIe MarHuTHBIe MomenThl M u M" | xoto-
pBle co3mamyT HOBBIE cwulbl JIopeHIa, mepenaromie YHEPrui0 BpalleHus B
COCTaB JHEPrUM MOCTYMATEIBHOTO IBIKCHUS 3JEKTpoHA. Takum oOpazom,
9TH HOBbIE cuiibl JIopeHna OyayT TONKATh 3JIEKTPOH B CTOPOHY YAAJICHUS OT
Marauta B co ckopocteio V. OTcrofa BUHO, UTO BpalllaTeIbHOE U MOCTYIIa-
TEJILHOE JIBH)KEHHUS DJIEKTPOHA B3aUMHO 00yciioBieHbl. [J1si TOro, 4To0bl pu
MOSIBJICHUH MTOCTYTATENFHOTO JBIKEHHS BpalllaTesIbHasi SHEPTHsl 3JIeKTpOHa
COXpaHANach Ha OJHOM YPOBHE, NOTEps BPALIATENbHON SHEPTUU NOJKHA
MOCTOSIHHO BOCHOJHSATHCS JOMOJHHUTENBHON 3HEprueil BBOAUMOIO MarHuTa.
Takoe BOCIHOJHEHHE SHEPTUM MOXKET OBITH JIOCTHTHYTO yBEIMYEHHUEM Mar-

HUTHOTO MOMEHTa BBOJAWMOI'0 MarHuTa A0 ABYX MAarH€TOHOB Bopa 2#5 .

Tor;[a HpOTI/IBO,I[eI\/'ICTBI/IC DJIEKTpOHA TaKOH BEIIMIHHE BBOJIHUMOI'O MarHuTHO-
ro MOMCHTa IOJIXKHO OBITh PaBHOLEHHBIM, PaBHBIM CyMM€ MAarHUMTHBIX MO-

/ "
mentoB M, + M, = M ,, xoropas paBHa aByMm marueronam bopa. Oue-

BHHO, YTO TIPH ATOM 3JIEKTPOH MPHOOPETET CKOPOCTh CHHPATBHOTO JBHIKE-
HUSA, paBHYIO V, TIpH MOMEHTE KonudecTBa JBHkeHus /1. Takum o6pasom,
TMPOMarHUTHOE OTHOIICHHUE JJIEKTPOHA B €IMHMIAX e/2m,c PaBHO 2, HO MpU
3TOM CHHH 3JI€KTPOHA B AUHMIAX /i paBeH 1, a He 1/2, KaK IpeamonaraioT
10 CYIIECTBYIOIIEH TEOpHH KBaHTOBOH MexaHuku. Ho ecnm crimH ompene-
JISITH 10 THPOMAarHUTHOMY OTHOIIEHHIO, TO, IO HAIIUM pe3yJbTaTaM, CIHH
ANIEKTPOHA TaKXKe paBHseTCs 1/2.

3amMeTnM, 9YTO CO3JAHHIO TaKOr0 MAarHUTHOTO MoMeHTa Mp, paBHOTO
JIBYM MarHeToHaM bopa 1 HampaBieHHOrO MPOTUB XOJa JIBMKEHHUS HJIEKTPOHA,
CIOCOOCTBYIOT MarHUTHBIE MOMEHTBI £y KaJK/IOTO M3 MOJIOBHHOK 3apsijia dJIeK-
TPOHA, paBHbIE 110 CyMM€ CKAISIPHBIX 3Ha4YEHMII TakKe AByM MarHeToHam bopa,
HO HaTpaBJICHHBIE MEPIEHIUKYIISIPHO HAIIPABJICHUIO JBIKEHHUS.

Kax BunmHo u3 puc. 11.2, 1BukeHne >IEKTPOHA B TIPOCTPAHCTBE UMEET
CIIUPAJIbHBIN XapaKTep, MPU KOTOPOM CKOPOCTH MOCTYMATEIbHOIO U Bpalla-
TEJILHOTO JIBIXKEHUHM PaBHBI, a MOMEHT KOJUYECTBA JIBIXKEHUS AJIEKTPOHA B
enuHuIax 7 paBeH 1. [IpemnoxkeHHas cxeMa JBHXKCHHS JJICKTPOHA JIOKA3bI-
BaeT CIPaBEIIMBOCTh HANINX MPEAIONOKEHIH O CHOHPAIEHOM XapakTepe
JIBIDKCHUST KBaHTOBBIX YaCTHII, BHICKa3aHHBIX paHee B IiI. 6. Heobxommmo
MOIyTHO 3aMETUTh, YTO PACCMOTPEHHBIA NPUHIMII ABIDKCHUS KBAaHTOBOU
YaCTUIBI B TPOCTPAHCTBE MOXKET OBITh CMOJAEIMPOBAH B KAKUX YTOIHO
Goxpmux MacmTabax, 9TO MOYKET CIYXKHTb OCHOBOH JJISI CO3MaHHUS CPEACTB
MepeIBIKEHUS B IPOCTPAHCTBE.
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Kak BHIIHO, COOCTBEHHBIIf MOMEHT KOJMYECTBA JABMKEHHS 3JICKTPO-
Ha B CBOOOIHOM IIPOCTPAHCTBE, PAaBHBIM €IUHUIIE, a TAK)KE MAarHUTHBIA MO-
MEHT B eMHHUIAxX MarHeroHa bopa, paBHBII IByM, B /1Ba pa3a BBIIIE, YeM B
Cilyyae IBIDKCHHUS DIICKTPOHA Ha opbuTanu. B urore yoexxnaemcs, 4To Tupo-
MarHUTHOE OTHOIICHUE JUIS ABHKCHUS JIEKTPOHA B CBOOOIHOM IPOCTPAHCT-
B€ U Ha OpOUTaNN aTOMa MMEET ITOCTOSHHOE 3HAYCHUE, KOTOPOE 110 CYIIECT-
By}OIHeﬂ TCOpUU KBAHTOBOM MEXaHUKH NOATBCPKAACT 3HAUYCHHUC CIIMHA Y
9JIEKTPOHA 110 THPOMArHUTHOMY OTHOIICHHIO, paBHOe 1/2. OmHako mpu Ha-
XOXJICHUU 3HAYCHUA CIIMHA J3JICKTpOHA 4Y€pE3 T'MPOMArHMTHOC OTHOIICHUEC
0CTaeTCsl NPOTUBOPEUHE, CBSI3aHHOE C PA3JIMYHBIM 3HAYCHUEM Y HETo coOCT-
BEHHOT'O MOMEHTa KOJINYECTBA JIB)KEHHS, B 3aBUCHMOCTH OT TOTO, B KaKHX
ycnoBusX oH Jpmxkercs. OHaKO 3HaYEHHE CIMHA Y 3JIEKTPOHA, 10 CYIIeCcT-
BYIOIIIEH TEOPUH, ONMPENEISIETCS TOJBKO 3HAYEHHEM 'MPOMAarHUTHOTO OTHO-
IIEHHs, KOTOPOE, KaK yOeIMIich, BBIIE IPU PACCMOTPEHUH BEKTOPHOM Ha-
rpaMMbl MarHUTHBIX MOMEHTOB 3JIEKTpOHA Ha pHc. 11.2 kak mpu BparieHnn
Ha OJHOM MecTe (Ha opOuTalN), TaK IpU CIHPATFHOM ABIKEHUH PUHUMAET
OJIMHAKOBOE 3Ha4YeHHe. Harmpumep, npy ABMKEHUH JIEKTPOHA B IIPOCTPAHCT-
BE€ U MPH BPAICHUU Ha OPOUTANM aTOMa FTMPOMAarHUTHOE OTHOIICHHE NMEET
OJIMHAKOBOE 3HAueHHE, paBHOE (B eqUHUIAX e/2m.c) nByM. [lpu stom s
9THUX PA3JTINYHBIX yCJ'IOBI/Iﬁ JABHXXCHUA MOMCHTBI KOJIMYCCTBA JABUXCHUSA DJICK-
TpoHa (B €AMHHIAX /i) UIMEIOT pa3InuHbIC 3HAUCHHUSI, PaBHBIE, COOTBETCTBEH-
HO, | u 1/2. Tem He MeHee, JUIA 9THX JBYX CIIy4aeB JBIKCHUS yCTaHABIINBA-
10T OJIMHAKOBOE 3HAaUYEHHE COOCTBEHHOTO CITMHA DJIEKTPOHA, paBHoe 1/2, 4To
MPOTUBOPEYNT PU3HIECKOH PEUTEHOCTH. DTO MPOTHBOPEUNE CHUMETCS, €CIN
COOCTBEHHBII CITUH JIEKTPOHA (KBAaHTOBBIX YACTHII), KaK YCTAHOBHJIH B TJI. 6,
OTHOCHTB TOJIBKO K BPAIIATEILHON COCTaBIIAIONIEH €r0 CIIMPAIbHOTO JBIKE-
HUS, KOTOPO# COOTBETCTBYET MOMEHT KOJIMYECTBA JBUKCHHS B eMHUIAX 71,
paBHbIii 1/2, 6e3 Kakoro-a1b0 y4era ero MarHuTHOrO MOMEHTA.

Ha cxeme, mpencraBnenHoil Ha puc. 11.2, nBUKeHHE 3IEKTPOHA OCy-
IIECTBIISIETCS 110 JIEBOW CIMpPANIH, T.€. ABWKEHHE MMEET JIEBYIO IPOJOJIBHYIO
MOJIApU3aLMI0. DKCIEPUMEHTHI, MpoBeJieHHble B 19561957 rr., mokazanu,
YTO YACTHUIIBI B CJIAOBIX MpOLEccaX POXKIAIOTCS MPOIOIBHO MOJISIPU30BaHHbI-

MH. A 37eKTpoHbI ipu [3 pacniajie HEHTPOHOB BCET/Ia POKIAIOTCS € JIEBOI

MIPOJIOJILHOM TOJNIsipU3aIeil. 3TO 3HAYUT, YTO AJIEKTPOHBI MPHU ,3 pacnane

HEUTPOHOB BBIJIETAIOT U3 HEUTPOHA C OINPEIEICHHON CKOPOCThIO CIIMPAILHO-
rO JIBIKEHUS, KOTOPOE UMeeT JieBblil BUHT [13, c. 68]. B Hammewm ciydae cxe-
Ma CIIUPAJILHOTO JBHXKEHUS DJIEKTPOHA, peAcTaBieHHas Ha puc. 11.2, umeer
JIEBYIO TPOAOJBHYIO MOJISIPU3ALIMIO, YTO TOBOPUT O COOTBETCTBUU ITOU CXe-
MBI IPUPOJHBIM YCIIOBUSIM JIBUXKEHUS DJIEKTPOHA.
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U3 CIIUPAJIBHOTO ABWIKXCHHSA DJJICKTPOHA IMPU MOMCHTC KOJIUYCCTBA
JABWIKCHHUA, paBHOM €JIMHUIIC, BBITCKACT, YTO HpOﬂBHHeMHﬁ pasMeE€p KBAHTO-
BbIX HaCTHUIL B IPOCTPAHCTBE, B HAaCTHOCTH DJICKTPOHA, 3aBUCUT OT €0 CKOPO-

CTH BPAIIEHHS V M, COTIACHO BBIPAXKEHNIO M1, V¥, =l , paBeH paauycy cnn-

PaJbHOTO ABMXXCHUA, T.C.:

r.=——, (11.11)

TJIe 7', — pajiyC CHUPaILHOTO ABHKEHHUSL.

Bepuemcs erie pa3 K HAIMYHMIO JPOOHOTO 3HAYECHUSI CITMHA Y 3JIEKTPO-
HOB aTOMa HECKOJIBKO C MHOM TOYKH 3pEHHS.

I'mpomaranTHOE OTHOIIEHUE, paBHOE (B €QWHUNAX e/2m,c) ABYM, TO-
nydeHo u B onbltax llltepHa u I'epiaxa, Koraa 3J€KTPOHBI B COCTaBE IydKa
aTOMOB TIPOXOJMIM Yepe3 HEOJHOPOIHOE MArHUTHOE IOJie IPH O0abulol
ckopocmu.

[omyueHnsle qpoOHBIE 3HAYEHUS OPOMUTAIHFHOTO KBAaHTOBOTO YHCHA /,
no omnbitaM Illtepna n I'epnaxa, MOryT OBITH OOBSCHEHBI €IIE U TEM, YTO
31€Cb MAaroHuTHbIC MOMCHTbBI Op6PITaJ'ICI>i pearnpyroT Ha HaBCJICHHOC MAarHuT-
HOE T0JIE TOJBKO M0 OJHOM M3 BO3MOXHBIX JBYX HPOEKLUH OpOUTHL. OTH
MMPpOCKIUN B PIHTCFpaJ'IbHOFI CUCTEMEC KOOpAMHAT OTpa)aroTCsl KBAHTOBBIMH
YUCTAMH 71, U 71,. A OpOMTANLHOE KBAHTOBOE YMCJIO /, COTNIACHO BBIPAKEHHUIO

(7.35,c), paBHO CyMMe 9THX JByX KBAaHTOBBIX 4uceln, T.e. [ =1l , tn,. Pac-

npejeieHre BO3MOXKHBIX 3HAYE€HHH OpOMTAaIbHOTO KBAHTOBOI'O YHCIHA TIO
NPOEKIHUAM OpPOMT, T.€. O KBAHTOBBIM YMCIIAM 1, U 7., TIPUBEJEHO B TaOJI.
8.3. CornacHo 3T0if Tabaule, MPOEKIN OpPOUTAILHOTO KBAHTOBOTO YMCIIA 71,
W 7, IPHHEMAIOT 3HAUCHUS, KpaTHbIe 1/2 1 Bceria MEHbIINE WM PaBHEIE /,
COTJIACHO COOTHOLICHHSIM:

n,=0,1/2, 1., lun =0,1/2, 1., I.

HeobxoauMo 3aMeTHTh, YTO MPEICTABICHHBIE BEPCHU MPOSBICHUS
CIHMHA y KBAaHTOBBIX YACTHI] ABIAIOTCS TOJBKO Ka4€CTBEHHBIMH M PaOOUNMHU
BEPCUSIMHU, KOTOpBIE TPEOYIOT MAaIbHEHIINX IKCIIEPUMEHTAIBHBIX U PacdeT-
HBIX TTOATBEPKACHUH, HE HCKITIOYas Takke U Gpumocodpckux 0600meHHH.

Taxkum 00pa3zoM, MOBEICHNE IEKTPOHA B aTOME XOPOIIO OOBSCHSIETCS
B TIpelienax MPEJIOKEHHOH B MOHOTpa(uu KOHLENIUH O IMHAMHUYIECKON
CTPYKType aToMa 6e3 ero BeposTHOCTHOHN mHTepnpeTaiuu. Konnenmus 00b-
SCHACT NPUYMHBI HAJINYUA Y KBAHTOBBIX YaCTUIL CO6CTBCHHOFO MOMCHTA KO-
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JIMYECTBa JIBIKCHUS W TTOJTBEPXKAAET TMIIOTE3y AMIepa O MOJEKYJISPHBIX
TOKax, KOTOpasi B CBOE BpeMs ObUIa MOATBEPXkICHA IKCIEPUMEHTAMH DWH-
mreitHa u [le-['aaza. 3gece HEOOXOAMMO 3aMETHTh, YTO COOCTBEHHO OpOH-
TAJIFHOTO JBIDKCHHUS JJIEKTPOHOB B aTOME HE CYIIECTBYET, T.€. HET TOKa
AIIEKTPOHA MO0 OPOUTE, TOCKOJIBKY, BCIACICTBIE THPOCKOINIECKOTO deKTa,
OH IIEPeXOIUT Ha OpOUTajb MPH KPYyroBoM BpamieHun. OHaKo, Mocnie saep-
HOW KOHBEPCUH aToMa ¢ 00pa3oBaHUEM JICHTPOHOB, BCIECICTBUE KOJIBIIEBOTO
CTSDKEHUS OpOHTalieil Ha 000JI04Ke, IPU COXPaHEHUH MOCTOSHHOTO 3HAUCHHUS
MOMEHTa KOJIMYECTBA JIBU)KEHHsI OpOHUTaleil caMu 000JIOYKH TMPOTOHOB MO-
T'YyT NEePEXOJUTh BO BpallaTeIbHOE COCTOSHHE, yBIeKas U OOOJIOYKH 3JIeK-
TPOHOB, YTO MOKHO PaccMaTpUBaTh Kak KOJIBLEBONW TOK AmIepa.

IIpennoxxeHHass nuUHEHHas CTPyKTypHas OpraHU3alys KBAaHTOBBIX
YaCTHIl U, UCXOJ U3 JTOr0, HMX CIHUpalbHAs JUHAMHKa JBW)KEHHS B MPO-
CTPAHCTBE COTJIACYETCsl C HAIIMMH BBIBOAAMH, TOJyYCHHBIMH B TJ1. 6 00 MX
xapakrepe ABmwkeHusa. [loMuMo 3TOTO, KaK mokasaHo Ha puc. 6.3, mpu pas-
JIOKEHUH CIIMPATBHOTO ABMKEHHS KBAHTOBBIX YACTHII, HAIIPHUMEP HJICKTPOHA,
Ha JIBa B3aUMHO INEPIEHANKYIISIPHBIE CHHYCOUIBI BUIHO, YTO CHHYCOHJAa Ha
IUIOCKOCTU XV OTHOCUTENBHO HAlpaBJIEHUs OCH Z SIBJIAETCS BOJTHOBOW Xa-
PaKTEPUCTUKON HANPSKEHHOCTH MAarHUTHOTO TOJIS, @ CHHYCOM/Ia Ha IUIOCKO-
ctu XZ — snexrpudeckoro. [Ipy paBHOMEPHOM JABUKEHUH 3TU I0JIS1 KOMIIEH-
CHUPYIOTCA COOTBCTCTBYIOMIMMU HABECACHHBIMU MOJIIMHA (1)I/I3I/I‘ICCKOFO BaKyy-
Ma, a NPU TOPMO3HOM 3aXBaTe JJIEKTPOHA, HAIPHMEpP, B aTOM YacTh J3THUX
HaBEICHHBIX MOJEH H3IydaeTcss B NMpocTpaHCTBO. CTpyKTypHas TUHAMUKA
AJIEKTPUYECKOTO ¥ MarHUTHOTO ITOJIEH TAaKOTO M3JIyYEeHUs Takas ke, KakK Uy
3JIEKTPOHA TPH ABWKEHHH. TakuM 00pa3oM, BINIECKa3aHHOE ITOATBEPXKIAET
OOIIHOCTh TPHHIWIIOB CTPYKTYPHOW OpraHM3allil aTOMOB M KBAaHTOBBIX
YacTHII, a Takke (POTOHOB. ITO coryiacyeTcss U (GUTOHHON MOJIETIBIO TIEPBHY-
HOH CTPYKTYpBI IIpocTpaHcTBa AKkMMoBa. OHAKO 3aMETHUM, YTO, €CITH ANHA-
MHUECKas CTPYKTypa (UTOHA IOCTPOCHA, UCXOAS U3 NPECTABICHHS €ro KaK
MPaBO-JIEBYIO CIHHOBYIO Mapy M3 BOJHOBBIX IAKETOB, MPEACTAaBIISIOIINX
DJIEKTPOH-IIO3UTPOHHYIO APy ABYX IPOTHUBOIIOJIOXHBIX 3apsg0B, TO KBAHTO-
Bas YacTHIIA MPEJCTaBIseT co00M CHMHOBYIO Mapy MPOTHUBOMOIOKHBIX 3Ha-
KOB M3 BOJHOBBIX MAKETOB (OPOUTAIBHBIX 000JI0YEK) 3apsJOB OJTHOTO 3HAKA.
OTO0 rOBOPUT O TOM, YTO IPU PACCMOTPEHUH CTPYKTYpPHON OpraHU3aIMH Yac-
THUIl MUKPOMHPA, & TaKkKe CTPYKTYpPbI IPOCTPAHCTBA HEOOXOIAMMO pasiinye-
HHE CIIMHOB, KPOME MX 3HAKOB, U 110 UX NPaBO-JICBO opHueHTauu. [IprHIMIIBI
CTPYKTYPHOM OpraHH3aliK KaK MUKPO, TaK ¥ MaKPOKOCMOCA Ha OCHOBE CITH-
HOBBIX B3aMMOZEHCTBUII MOXXHO NPH3HATh CIUHBIMHU, ITOCKOJIBKY BBIOPOCHI
BEIIECTBA TIPH IBOJIONMOHHOM Pa3BUTHUH CBEPX3BE3[ OCYLIECCTBIIOTCA B
MIPOTUBOIIOJIOXKHBIX HANPABICHUSX, 110 BBIICICHHOW OCH, YTO TOBOPHUT O HX
rTyOWHHON CHHHOBOW IMPHPOAE CTPYKTYPHOW OpPTaHM3AIMH C +S, KaK U y
aTOMOB.
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3akjaueHue

Kak u3BecTHO, MPOCTpaHCTBEHHAs CTPYKTYypa aToMa JI0 CUX IOp OCTa-
erca 3araakoil. daktuyuecku He HaileHo peuieHue ypaBHeHus Llpenunrepa
JUTS OMMCAHUS COCTOSIHUS AJIEKTPOHA KaK B OJHO3apsSAHOM, TaK U B MHOT03a-
PSAHOM aToMe, KakK IpeAroiararoT, OTOMY YTO HEU3BECTEH BHUJ BOJIHOBOM
(yHKIMH, KOTOPOH MOTUMHSETCS MpeObIBaHUE HJIEKTPOHA B aTtoMe. ABTOp
MIPEACTaBICHHOW MOHOTpadHH CYUTAET, YTO MpoOIeMa pelIeH sl ypaBHEeHHs
[IpenunHrepa 3aKi04aeTcs HE TOJIBKO B OTBICKAHUM IPAaBUIIBHOTO BUJA BOJ-
HOBOM (pyHKIMH, a TAKXKE U B CYIIECTBYIOIIEM HECOOTBETCTBHU EBKIHMIOBON
reoMeTpud (B KOTOPOI paccMaTpHBaeTCs 3TO PELICHHE) PEeaTbHONH HCKPHB-
JIEHHOW reometpuun mnpoctpaHcTBa. Knaccuueckas mexanuka 1. HproToHa,
OCHOBaHHAs Ha TPEX 3aKOHAX IUHAMHKH M 3aKOHE TATOTEHHs, ObuIa cO3JaHa
Ha 0a3e eBKIMAOBOW reomerpuu. B wactHOCTH, [lepBriii 3akoH Hproroma
[JIACUT: BCSKOE TEJIO COXPAHSAET COCTOSHUE IOKOS WM PABHOMEPHOIO Mpsi-
MONUHeUHo20 IBIKEHHS A0 TeX MOp, MOKa BO3ACHCTBHE CO CTOPOHBI APYTHX
T€l HE 3aCTaBUT €ro U3MEHUTb 3TO CcOCTOsHUE. [IoBCEHEBHBIN OINBIT MOX-
TBEPXKIAET CIPABEIMBOCTh EBKJIMIOBOM T€OMETpHUHU, MOKa AETI0 KacaeTcs
OTHOCHUTEJBHO MaJbIX ckopocTel. [Ipu nepexoze e K ApyruM macimradam u
0OJBIIMM CKOPOCTSIM, HAYMHAs! OT MHKPOMHEpa JI0 MacltaboB KOCMOCa, TIPH-
XOANTCSI CTAIKMBATBhCA C (PaKTOpaMH HEOIHOPOIHOCTH CBOMCTB pPEaIbHOTO
MIPOCTPAHCTBA, B YAaCTHOCTH C (pakTopaMu ero uckpusieHus. IlosBrenue
JTaHHOI MOHOTpaduu ObLIO OBI IO BOIIPOCOM, eciu ObI BeimosHeHue [1epBo-
ro 3akoHa HproTOHa paccMaTpHBaiy MO TPAAULUHU TOJNBKO IIPH MPSMONIHUHEN-
HOM JIBIJKCHUH MaTEPHAIbHBIX TEJl B IPOCTPAHCTBE (€BKJINI0BA TEOMETPHSA).

Bompoc 00 oTHOLIEHNH €BKINAO0BOM reoMeTpud K GpHU3NYecKon pe-
QJIbBHOCTU CTaBWJICS JIaBHO M, AEHUCTBUTENbHO, B XIX B. BBISICHUIOCH, YTO
BO3MOKHO MOSBJICHHE HOBBIX HEEBKIMIOBBIX reomerpuil. K Hacrosmemy
BPEMEHU MOSBUIOCh MHOXKECTBO TEOPHI, MPEJIaraoliX CBOX I€OMETPUI0
npocTtpancTBa. OHaKO BCE OHM, IIPU MHOKECTBE BapHallUii MaTeMaTHUECKO-
ro opMaiu3Ma, CTpOSTCS Ha OCHOBE aJalTallii €BKINUJOBOH I€OMETPUU K
peabHBIM YCIOBHSIM UCKPHUBIEHHOTO MPOCTpaHCTBA. Takoil MOAXOMA IMPUBEIN
K TOMY, 4TO BCE€ 3TH TEOPHH OUYEHb CIIO’KHBI U HE MO3BOJIIOT CO3JaBaTh Ha-
TNIAJHBIE TPOCTPAHCTBEHHBIE MOAEIH CIOXHBIX JUHAMUYECKHX CHCTEM, Ha-
IIPUMEP TaKUX, KaK CUCTEM 3apsKEHHBIX KBAHTOBBIX YACTHUL] aTOMOB.

B MoHorpadgun npeuoxkeH NpUHIUIIHAIBHO HOBBIN IOIXOJ pellle-
HUSI TIPOOSIEMBL. BO3MOJMICHOCb PABHOMEPHO20 O8UICEHUS NO UHEPYUU @ 00-
HOPOOHOM NPOCMPAHCIBE, COOMBEMCMEYIOWEM e6KIUO0BOMY NPOCPAHCM-
8y, NO UCKPUBIEHHOU MPAEKMOPUU CKOIb Y20OHO 0020 NPUHSIMbL KAK YCI0-
8Us, COOMBEMCMBYIOWjUe NPUHYUNY HENnPepblsHOLl 00HOpooHocmu. Jlanee, Ha
OCHOBaHMU 3TOr0 MPUHIUNA HENPEPBIBHOW OJHOPOAHOCTHU, YCTAHOBICHO
COOTBETCTBUE I'€OMETPUH MPOCTPAHCTBA KOHpUYypayuu npocmpaHcmeeHHo-
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20 KOHMUHYYMA C OOHOPOOHLIMU OUHAMUYECKUMU CEOUCMBAMU, 8 KOMOPOM
MamepuanbHble meid MO2Ym HAXO0OUMbCA 8 COCMOSHUU NOKOs UM PAGHO-
MEPHO20 08UMNCEHUS CKONb Y20OHO 00/120. DTO 3HAYUT, YTO TEOMETPHS TPO-
CTpPaHCTBa COOTBETCTBYET (hOopMe CBOOOIHOTO PaBHOMEPHOTO JIBHKCHHS Ma-
TepHANBHBIX T IPH COXPAaHEHWH IMPEEMCTBEHHOCTH ACHCTBHS CYIIECTBYIO-
IIUX 3aKOHOB IMHAMUKH ABWKeHUs Ten HbloToHa. A 3TO, B yCIOBHSX yCTa-
HOBJICHHOH T'€OMETPUH MPOCTPAHCTBA MO3BOJMIIO, B CBOIO OuYepeb, BBEJe-
HHUE TPHUHIMIA SKBUBAJICHTHOCTH PaBHOMEPHOI'O KPYTOBOTO JIBHIXKCHHUS Ma-
TEPUATIBHBIX TEJ B PEaJbHOM MPOCTPAHCTBE TAKOMY K€ PaBHOMEPHOMY, HO
yKe TPSIMOJIMHEHHOMY JBM)KEHHIO UX B aOCOJIOTHOM IMPOCTPAHCTBE. JTOT
MPUHIOMN SKBUBAJICHTHOCTH HMMEET CIIEAYIOUIYIO PENaKIHIO: pAGHOMEpHOe
Kpy2060e O08UdCeHUe MAMEPUAIbHO20 Mend 6 PeanrbHOM HpOCMPAHCMEe 8
coomeemcmeue ¢ e2o 2eomMempuieckoll Konguaypayuet, 6bl0e1eHHOl 8 YCIlo-
BUAX HENPEPbIGHOU OOHOPOOHOCMU, IKEUBANEHMHO €20 PAGHOMEPHOMY Npsi-
MONUHEIHOMY OBUNCEHUIO 8 OOHOPOOHOM U U3OMPONHOM npocmpancmee. A
Ha OCHOBE 3TOT0 MPUHIHIA IPHHATO CIEAYIOLIee PACIIUPEHHOE TOJIKOBaHHE
[TepBoro 3axoHa HploTOHA: gcsakoe meno coxpanaem cocmosaHue NOKOA uau
DABHOMEPHO20 KPY208020 08UNCEHUSA NPU YOEPIHCUBAHUU €20 HA PABHOM YOd-
JIeHUU om onpeoeneHHo20 YeHmpa 00 mex nop, NoKa 8030elicmaie co cmopo-
Hbl Opy2ux men He 3acmasum ez2o usmenums smo cocmosuue. Ha ocHoBe
pacumpeHHoro TosnkoBaHnus IlepBoro 3akoHa HpioTOHa MOXXHO YTBEp)KAATh,
YTO MPSMOJIMHEHHOE JIBH)KEHHE MaTEpPHAIbHOTO TENa B MIPOCTPAHCTBE SIBIIS-
€TCs JIMIIb YaCTHBIM CIIyYyaeM KpPYTOBOTO JIBMIKCHUS, TIPH KOTOPOM Dajanyc
€ro KpHUBHU3HBI OECKOHEYHO OOJIBIION.
CucreMa KOOpPIMHAT W ONMHMCAHWeE BUKEHHS] KBAHTOBBIX YaCTHI
(KY). Ha ocHoBaHuu paciupeHHoro tojkoBanus [lepBoro 3akona Hetotona
JUISl YIPOIICHHOTO ONMCAHWs IWHAMHKH IBW)KSHHUS TEJ B PEalbHOM IpO-
CTPaHCTBE B MOHOTpauu BBEJEHAa HHTErpajbHas CHCTEMa KOOPIUHAT
s (UCK) notenmmansusix chep (IIC), sxBu-
0 BaJIeHTHas (pyHZaMEHTaIbHOH TeOMEeTpUH
NPOCTPAaHCTBA C IEHTPAILHON MOJspU3a-
e B Mukpo u mMaxkpoxocmoce. UCK IIC
(manee MICK) cocTouT U3 OBYX COMpSDKEH-
HBIX JIpYT C APYTOM KOOPJAMHATHBIX CHCTEM
Y MHHUMYM IIECTUMEPHA, KaK NIOKa3aHO Ha
puc. 1. B MCK paBHOMEpHOE KpyroBoe
JIBI)KCHHE 110 OpOUTE OTpaxkaeTcs ¢ Mo-
MOIIBIO B3aMMHO NEPIECHIUKYJIPHBIX KPY-

Puc. |. VIHTCTpanbHad CHCTCMA KOOPAUHAT TOBBIX KOOPJAMHATHBIX JIUHUN X Yu Z’ KO-

TNOTCHLIATLILIX Chep TOPBIC SBJIAIOTCA JIMHUSIMHA OOJBIINX OK-
pYX(HOCTeﬁ Ha cq)epnqecxoﬁ TIOBEPXHOCTHU IPOCTPAHCTBA, I'€OMETPUS KOTO-
PpOro moCTpo€Ha mnpu CO6J’IIOI[CHI/II/I IpUHIAIIA HerepBIBHOﬁ OJHOPOIHOCTH.
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KpyroBemm nuausSM X, Y 1 Z, cocTaBIsSIonuM cHeprIECKyI0 CHCTEMY KOOp-
JIMHAT, COOTBETCTBYIOT B3aMMHO IEPHECHAMKYJSIPHBIE Paanyc-BeKTOpPHl Ry,
Ry 1 R,, KOTOpBIE BBIBEJCHEI 3 UX LIEHTPOB U HANPABJIEHb! AHAJIOTMYHO BEK-
TOpaM MOMEHTa KOJIMYECTBA JIBMKEHUA. OTH paamyc-BekTopsl Ry, Ry u R,
cocraBisioT B ICK BTOpYyr0O KOOPIMHATHYIO CHCTEMY, SIBISIOLICHCS IeKap-
ToBOH cucremoii koopaunar (JICK). Kaxnapiii us paauyc-sektopos Ry, Ry n
R, B 3aBUCHMOCTH OT 3HaKa CIIMHA =+S MMEIOT MOJOXKUTEIbHBIE U OTPHIIA-
TeNbHbIC HAIlPaBICHUA. DTO 3HAYUT, YTO KPYTOBbIE IMHUM KOOPAUHAT X, ¥ 1
Z OJHOBPEMEHHO MOTYT NPHHHUMAaTh KakK IOJIOKUTEIbHBIE, TaK M OTpHUIla-
TeNbHBIE 3HAYEHHUS, KOTOPBIE OTPakaloT IPOTHUBOIIOJIOKHBIE HAIPABICHUS
newxkenusi. UCK sBisieTcss MHOTOYpOBHEBOWM OTHOCHUTEIBHO pajuyca Io-
TEHIMAJIbHOHN cepbl, T.€. MOXKET MPEJICTABIATH MPOCTPAHCTBA Ha MOBEPX-
HOCTH c(epbl OTHOBPEMEHHO JUISI UX OECKOHEYHOI'0 MHOXKECTBA C Pas3iny-
HBIMH 3HepreTHueckuMH xapakrtepuctukamu. MCK obGmamgaer HarmsiHO-
CTBIO M TMPOCTOTOW IMPH ONMMCAHHM CIOXXHBIX U HEPTeTHUYECKH CBSI3aHHBIX
MHOTOYpPOBHEBBIX CHCTEM, HallpUMEp, TAKHUX, KaK CHCTEM MHOTO3JICKTPOH-
HBIX aTOMOB M T.A. 0€3 HCIOJB30BAaHUS CIOXKHOTO MaTEMaTHYECKOIo am-

MpaBbIit CnH napata. Ilpn 5TOM MHTEPECHO OTME-

TUTh, YTO c(epuyuecKas CHCTEMa

KoopauHaT quHuil X, Y u Z B Bblje-

JICHHOM HampaBlEeHUH, HampuMep,
Sg R, c NONOXUTENBHBIME M OTpHUIIA-

TENbHBIMH 3HAUEHUSIMM CIIMHA =S

coriacyercs ¢  JAUHAMHUYECKOU

CTPYKTYpOH (HUTOHA, MPEIOKEHHO-

ro  AKHMOBBIM Kak II€pPBHYHOTO
SL BHUXPEBOTO 3JEMEHTA (DU3UIECKOTO

Bakyyma. OHUTOHBI, KaK TIOKa3aHO Ha

pHC. 2, IPEACTaBIAIOT COO0H CKOM-

MICHCUPOBAHHbBIE MPABO-JIEBBIE TEp-

BUYHBIE BUXPHU Sg U Sy , 3am0JHIIO-
IMe Bech NepBUYHBIA BakyyM. O4eBUIHO, YTO AMHAMUYECKast MOJIENb (DUTO-
Ha AxumoBa u MCK TanmeBa, oTpakaromias AMHAMUYECKYIO T€OMETPUIO
MPOCTPAHCTBA C LEHTPAIbHON MOJSAPU3aLUE B BBIJCICHHOM HalpaBlICHUH,
COOTBETCTBYIOT APYT K JIPYry Ha IPUHIMINAIEHOW OCHOBE.

CnupanbHas nguHamuka asmxkenns KUY B mpocrpancree. Pac-
CMOTPHUM TPHPOIY paBHOMepHOTo aBIKeHNsT KU B cBOOOIHOM MPOCTpaHCT-
Be. B MoHOrpaduu ycranosneno, uto dgudicenue K49 6 npocmpancmee ume-
em CRUpanbHblll Xapakmep, npuvem paeHOMepHble CKOPOCHU KpY2o8ou U
NOCMYNAMENbHOU COCMABIAIOWUX CRUPATIBHO20 O8UNCEHUs MedHcOy CcoOoU
pasHel. A 3TO 3HAYUT, YTO ABMKEHHE KBAaHTOBBIX YaCTHUI] B IPOCTPAHCTBE
MOXET pacCMaTpHUBaThCs, KaK BOJTHOBOE IBIDKEHHE, M IPU 3THX YCIOBHUIX
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JUIMHA BOJIHBI A paBHOMEpHOro cnupanbHoro jsikeHuss KU paBHa ummHe
OKPY>KHOCTH KPYTOBOH €TI0 COCTaBIISIOIIEH, T.€.:

A, =2, (1)

T/Ie ¥',— PajnyC CIIUPAIHHOTO JBIDKCHUS.

3HayeHnE ¥, MOKHO TIPUHSATH 32 YCIOBHBIN pasmep apmwkymierics KU. Odge-
BUJIHO, YTO T€OMETPHUECKas KOH(UTypanus MPOCTPAaHCTBA MPIMOIMHEHHOTO
CIMPATBHOTO ABMKEHHS MPEACTAaBISIET COOOW MOBEpXHOCTh HmuHIpa. Ha
OCHOBE INPHHIMIA 3KBUBAJICHTHOCTH KPYTOBOM M IOCTYHATEJbHOH COCTaB-
JISIOMMX CHUPANBHOTO ABIDKEHHMS M PacIIMpEeHHOro TojikoBaHMsA IlepBoro
3akoHa HbIOTOHa CKOPOCTHM IBIKEHHS 3TUX COCTaBJSIONIUX, MEPHEHIUKY-
JISIPHBIX TI0 HAIPaBIICHUIO, MOTYT OBITH CIIOKEHBI BEKTOPHO, YTO IaeT SHEp-

ruro geuwkenns KU, pasuoit, £ = mv* , TIle m — Macca; v — CKOPOCTb Kpy-
TOBOW ¥ ITOCTYNATEJIbHON COCTABIISIOIINX CIUPAITBHOTO JIBIKCHNS. DHEPTHIO
crupanbHOro ABmxkeHus KY MOXHO NpeAcTaBUTh COCTOSILEN U3 ABYX paB-
HBIX 4acTel, KOTOPbIE OTHOCITCS K KPYrOBOH M IIOCTYIIATEJILHON COCTaB-
JSIFOIMM JIBYDKEHMA. ODHeprus aBmwkeHns KU B 1Ba pasa Oomblie sHEprun
PaBHOMEPHOTO JBIKEHUS (KMHETHYECKOW 3SHEPTUH) MaKPOCKOIHYIECKOTO

Tena, onpesenseMoii o Mexanuke HploTona, kak F = mv* /2. Bemnuuna
SHEpruu cnupaibHoro asuxkeHuss KU xopolno coriacyercs ¢ CylecTBYIO-
el Teopueil KBaHTOBOM MEXaHWKH, i€ BoJiHOBoe JBrxkeHue KY B mpo-
CTPaHCTBE MOCTYIUPYETCS COOTHOMICHNEM Jie Bpoiiis, KoTopoe mMeeT BHI;:

2
mv- =vh, )
rae h — nocrostHHast HHaHKa, V —dy4acrtora CHI/IpaJlLHOﬁ BOJIHBI.

UssectHo uto V =V + A, rae A — anuna ciupansHoii BonsbL Toraa ¢ yde-
ToM (1) u3 (2) nonyunm (yHAaMEHTAILHOE COOTHOMIEHHE JUII MOMEHTa KO-
JuuecTBa ABmkeHusa KY:

mvr, =h, 3

rae i = h/27 — nocrosHHas MoMeHTa KojuuecTsa ABrkeHus KU.
CootHomienue (3), yka3pIBaroliee Ha TIOCTOSHCTBO 3HAYEHUSI MOMEHTA KOJIH-
uecTBa jBrkenns KU, pasHoe 71, onpeenseT OTHOCHTENBHO MPOCTPAHCTBA
BHeEIIHero Habmoxatens MeTpuky KU mpu ycnoBuu, 4To METpHUKa IPOCTpaH-
CTBa HAOJIOAATENs] OCTAETCSl HEM3MEHHOW, KOTOpasi MpU JAaHHOM 3HA4YEHHUU
CKOpOCTH CcBeTa M (pyHIaMeHTanbHOM mocTostHHOM [Inanka —h onpenensercs
B OJHOPOJHOM IIPOCTPaHCTBE BO BpeMeHH. YcioBHbBIN pasmep KU mo (3)
3aBHCHUT TOJIBKO OT CKOPOCTH ABIDKEHMS: 4eM OOJbIlIe CKOPOCTh, TEM MEHb-
mre pasmep K u Hao60poT.

Onucanne quHamuku auxenusa KU B UCK. Tenepp paccMoT-
pum onucanue asmwkeHus KU, manpumep, snekrponos B MCK, nampumep,
NMIPUMEHUTENBHO K aToMy. OpOHTaIbHOE JIBH)KEHHE 3JIEKTPOHA B aTOMeE, OT-
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paxxaemoe B MCK coBeprraercs mo OONBIION OKPYKHOCTH IOBEPXHOCTH
cdepbl, pannyc KOTOPOH COOTBETCTBYET paamycy opOWUTHL. B aTtome mBmke-
HHUE JIEeKTpoHa orpanmdcHo umHOU opoutsl 1 B MCK oOpasyer crTosuyio
BOJIHY, KOTOpasi CONPsDKCHA CIIUPATbHBIM ero JBIKeHHeM. BomHoBas (QyHK-
U CTOSIIEH BONHBI MOXKET OBITH NpEACTaBICHAa KPYTOBOW CHHYCOHWIOH,
JUTHHA KOTOPO# paBHA JuIHE OpOUTHI. OUeBUIHO, UTO OIUHA CMoAYell 80Hbl
Ha opbume npu ee yCMoU4UB0CMU 80 8peMeHU 00NHCHA DblMb KpAmHa ONuHe

Cl’lupa]leOMV 60OJIHbL /IC Ha yenoe 4Yucio n, KOToOpoc B MOHOFpa(I)I/II/I HOPUHATO

kak obmiee kBantoBoe uucio (KB.H). Torma cooTHoleHue sl paguyca op-
OUTHI IMEET BU/I:
r=mnr,. 4)
DTO 3HAYMT, YTO COOTHOIIEHHE (3) /1T MOMEHTa KOJMYECTBa IBIKEHUS B
YCIIOBHSIX aTOMa ¢ y4eToM (4) OyJIeT UMeTh TPaIuIIMOHHEIHN, KaK U I aToMa
Bopa, Bun:
mvr = nh %)
YCTaHOBIIEHO, YTO CKOPOCTh CHHPAIBHOTO JABMKEHHS 3apsKEHHOM
KY 1o opbute B MOTEHIMAILHOM I10JIE€ IPOTHBOIOIOKHOTO 3apsija 3aBUCHUT
TOIIBKO om yucia 3apsfaa — Z MOTEHIMAIBHOTO 1o, 3pPeKTUBHAS BEIHIH-
Ha KOTOPOTO MOXKET OBITh CHIKCHA B OTHOIICHUH KPAaTHOM IEJIOMY YHCIY A.
Jis ckopocTu ABmKeHHs 3apspkeHHo KU B mose 3apsiia nMeeM COOTHOIIE-

mne:v=2/n-e*/h,rne e’ /i - nocTosHHbII MHOKHTEb, 2 € — 3aps.

B HCK mpoexmust KpyroBoi TpaeKTOPHH NPOU3BOJIBHO OPUEHTHPO-
BaHHOH OpOUTHI HA IIOCKOCTh KAKAOH M3 KOOPAMHATHBIX JUHUHA X, Y U Z
uMmeet (GHopMy OKPYXKHOCTH, a He djummrca kak B TpaauimonHon JICK. Pa-
JIMYCBHI IPOEKIUH OpOUT Ha MIOCKOCTAX X, Y ¥ Z COOTBETCTBYIOT HMPOEKIH-
M pajinyc-BEeKTOpa OpOMTHI Ha KoopauHaTHbIE ocu Ry, Ry, u R,. Torma B
NCK onuHakoBbIe 10 3HAUYCHUIO PAJIYChl — 7 M JIMHBI — [, MHOXECTBa Op-
OWT, OPHEHTHPOBAHHBIX NPOW3BOJLHO HAa JAaHHOW IOTCHIMAIBHOW cdepe,
MOTYT OBITh BBIPAKEHBI YEPE3 COOTBETCTBYIONIME UX MPOEKLMH 7y, 7y H 7, @
Takxke l, [, ¥ [, COOTHOLICHUAMH CJIEAYIOIIEro BU/A:

r=rl+rlriwl =D+ (6)

3amerum, gto B JICK TpamuImioHHO OCYIIECTBISIOT MPOEKIUIO, OJHOBpPE-
MEHHO, KaK MHTEpBaJa, TaK M ero yriia, 3aHHMaeMOro o OKPY»KHOCTH OpOH-
ThI, YTO TPU COOJIFOJICHUN MPUHIIMIIA YKBUBAICHTHOCTH MPSIMOJIMHEHHOTO U
KpPYTrOBOT'O PAaBHOMEPHBIX BH)KCHHUI ONIMOOYHO M HE JACT MPOMOPIIMOHAIb-
HYIO MPOCKIIMI0 MHTEPBaja OT yIjia HakjioHa. M nefcTBUTEIBHO, TAKOTO JKE
pe3yibpTara, Kak mo (6), MOXKHO ObUTO Okl TOOUTHCS U B TpamunuoHHo# JJCK,
npoerupyst (MCXOAs W3 yIia HAKJIOHA OKPYKHOCTH OpPOHTHI K IUIOCKOCTH
MPOEKIIMK) WHTEPBAI OKPYKHOCTH Ha IUIOCKOCTh TOJBKO MO JJIHHE 3TOTO

230



UHTEpBaJa U NPHU MCKIIOYEHUU OJHOBPEMEHHOIO IPUMEHEHUS TaKOH ke
MPOEKIMH Ul yTJia 3TOTO WHTEpBaia, 3aHMMaeMoro Ha opowure. [Ipn mc-
MOJIb30BaHMH B Ka4ECTBE apryMEHTa TOJBKO JUTHH OpOWT /,, a HE KOOpIHUHAT
3JIEKTPOHOB HA HUX, 3TO AAT0 Obl (POPMATBHYIO BO3MOXKHOCTH OIHCAHHS CO-
CTOSIHHSI CTOSIYEH BOJIHBI JIEKTPOHA B aTOME C HCIIOJIb30BAHUEM JIMIIb Tpa-
mumronHoi JICK. OmHako Takoil myTh IpH AOCTHraeMoi MPOCTOTE MPHUBO-
IUT K motepe HarmsaHoctH, npucymei CK, u x HekoTopoMy abcTparupo-

Bammio. Jlanee u3 (6) ouesmmwo, uto 7, /r=v /v, r,/r=v /v u

r,/r=v_/V,raevuv, v, v, — CKOPOCTH ABHKEHHUS HIEKTPOHA 110 OPOUTE
U TI0 €€ KPYTrOBbIM MPOEKIMSAM Ha IJIOCKOCTAX KOOPAMHATHBIX JIUMHUHN X, ¥ 1
Z. JIBWKEHHE 3JICKTPOHA 110 OPOUTE U TAK)KE HA €€ MPOCKIUSIX JOJKHBI OBITh
KBaHTOBaHHI, T.€. coryiacho (5) v = nhi/mr = nh/2mmr . Hanpumep, nis

HanpasjleHus X V= nxh / 27zmrx ,tne n, — npunaro kak Ke.Y npoexuun

opOuTHI IO X; m — Macca 3JIeKTpOHa; hA-noctosiHHas [1nanka; » — paguyc op-
outel. Torma cnpaBemIuBo:

2 2 2
(r./7) :nx/n,(ry/r) :ny/nn(rz/r) =n_/n. @)
Haiineno, uto, cornacuo (6) u (7) obmee KB.Y — n Beipaxkaetcs gepe3 Ks.U

HPOEKIHUIA OPOUTEI — Ay, 1, U1 0, CTIEAYIOIIUM PAaBEHCTBOM:

n=n +l=n+n, +n_, (®)

rae [ — opbutansHOoe KB.Y mpoekinu opOUTEI, paBHOE:
I=n,+n,. 9)
B MmoHOrpadum HaiieHo, 9TO 00IIas YJHEPTHUS IEKTPOHA U IHEPTHS,
COOTBETCTBYIOIIAsl POEKIIMU OPOUTHI, HalIpHUMep, 10 X, MOTYT OBITH BBIpa-
JKEHBI 4epe3 KBaHTOBele umcna: £, = — 1/2°E, “(n, + n, + n.)/n u E, = —

1/2°E,'n,/n, tne E, — norennuanbHas sueprus. [Ipn aTom pagmyc opOUTEI — #
U painyC €€ IMPOCKIINH, Haan/lMep 10 X, — 7, MOT'YT OBITh BBIPQ)KECHBI:

r=4” o \/ (n,+n,+n.)n
v, = A Imze? ———n.n’ =ryn /n.

B UCK crnupanbHOe ABUKEHHE 3JIEKTPOHOB B aTOME MOYKET OIHCHI-
BaThCsl (pyHKIMEH CTOsAIIEH BOJHBI OT YETHIPEX 3aBUCHUMBIX JIPYr OT Jpyra

aprymeHToB — n, 7, [,, 3 Buna:
Wiy =4 sin(1/r,)l, wm ¢ yuerom (4) Wi =4- sin(n/r)l,, (10)
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raec l = 197" — JJIHHa O OUTHI HAa MTOBEPXHOCTH HOTeHHI/IaHLHOfl C(peprl, 2119
o

— yron moBopota. Kak BUIHO, 3TH pa3HBIC apryMEHTHI B OJHOW (DYHKIIUU
OJTHOBPEMEHHO M HATJISAHO MOTYT OBITh OTpaxkeHs! Tosibko B ICK. Haiineno,
YTO MPOeKIHs 00Ieil PyHKINH JBIKSHHUS SJEKTPOHA [0 OpOuTe, HAITpUMeEp,
Ha R, (mmm X) umeet BUI:

w,=A(r,/r)sin(n/r)l, = A(n_/n)"?sin(n/r)l, = A, sin(n/r)l,

rae ¥, — pajuyc MPOEKUMH OPOUTHI Ha IIIOCKOCTh KOOPAUHATHOMH TUHMA X

Ha TOBEPXHOCTH cepsl C paJnyCcoM PaBHBIM paanycy opoutsl. Takol BUX
npoeKui oOwmel GyHKuny crnpapeanus u s HanpasineHuil Ry u R,. Takum
06pazom, koapdunuenTsl 4, A, U A, NpoeKUUH 00MIeH QYHKIMHI 3aBUCAT OT
PaanyCoB 7y, ¥, U 1, Wik OT Tpex KB.U — n,, n, u n, mpoexuuii opouTHL.
B monorpadun npu ycTaHOBIEHHBIX I'DAaHWYHBIX YCIOBHSX JeHCT-
Bus KB.Y Halineno pemenue ypaBHeHus lllpeaunrepa niasi MHOTO3J€KTPOH-
HOTO aToMa C HCIOJB30BAHNEM TOJBKO OTHON BoIHOBOW ¢yHKIUH (10). Pe-
IICHHE MMeeT TPUBHAJIBHBIN XapaKTep U UMeeT OJUHAKOBBIM pe3yibTaT Kak
JUISL IPOTOHOB, TaK U JJIS 3JIEKTPOHOB.
MopenpHble yCIOBHS CTPYKTYPHON OpraHu3auuu atoMa. B cumy to-
TO, YTO JIBM)KEHHE 3JIEKTPOHA U ITPOTOHA B IPOCTPAHCTBE UMEET CIIMPaJIbHBIN
XapakTep, YTO ONpeessieT UX KaK JBIKYIIMECS THPOCKOIBI, TO JUI HaXO0XK-
JICHUSI MOZETBHBIX YCIOBHH CTPYKTYPHOW OpraHU3alld aToMa, KpoMme rpa-
BUTAIMOHHBIX M JJICKTPOMAarHUTHBIX CHJI, JCUCTBYIOIIMX B aToMe, HE00XO-
JIIMO YYUTHIBATh u
v, OpGrram. TUPOCKONUYecKHe CUIbl. QOUeBHIHO,
YTO MpH 3aXBaTe OJJIEKTPOHA Ha
opbuty szmpa OH, KaKk THPOCKOTI,
MoJIBepraeTcs BBIHYKJICHHOMY
BpAalllGHUIO, YTO  MPHUBOIUT K
MOBOPOTY OCH  BpAIlEHUS  €ro
CIIMPAJIIBHOTO JBIDKEHUS 10
COBIAJICHUS C OCBIO BBIHYKIECHHOTO
BpalleHuss 1o  opbure  mpum
OPHEHTALMM HANPABJICHUS CBOETO

- -
Ql:‘;j IIOCTYIIATEIBHOIO  ABWJKEHHUSA  OT

Vi safpa aroMa IEpHEeHIUKYISIPHO K

TUIOCKOCTH OpOUTHI, KaK ITOKAa3aHO

Puc. 3. OBpas0EaHME CHIMHOE B NSE Ha puc. 3. Takum o0pazowm,
ANEKTPOHOE B ABYXSARARHOM STOME HpOI/ICXOI[I/IT HOHepe‘lHaﬂ

noJisipu3alusi KpyroBOM  COCTaB-
JSTIOIIEH CIMPAIbHOTO ABIDKEHHUS JIEKTPOHA K IUIOCKOCTH OPOMTHI, KaK M
HOJISIPU3ALUs IPOCTPAHCTBA N0 AKMMOBY IpHU BO3MyIIeHUAX. OHAKO dMeK-
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TPOH NPHU 3TOM HE MOKET YAAIUTHCS OT SApa, T.K. €ro MOCTYyNaTeabHOe JIBU-
JKCHHE TOPMO3UTCS CHJIAMHU TIPUTSHKCHUS Aapa. B wTore snekTpoH B aTome
3aliMeT CTAallMOHAPHOE COCTOSHWE CIMHA Ha OpOWTAlM C paadycoM Bparie-
HUS, PAaBHBIM KPYTOBOW COCTABIISIONICH CITUPAIBHOTO ABIDKEHHUS — 7. [lph
3TOM 3JIEKTPOH BBIHY)KJCH M3Iy4aTh KBAHT HEPTuH E,,, PaBHBIA MMOTEPSH-
HEl BEJIMYMHE KMHETUYECKOW SHEPIUU MOCTYNaTEeNIbHOTO ABWXXKEHHUA E,, T..

Eu3f1 = anph = EK s TAC Vygp — YACTOTA XapPAKTCPUCTUICCKOTO M3JIy4CHHUS,

h — moCTOsSHHAs TJIaHKa. A, Kak Mbl yCTAHOBMJIM, YTO IPU CIHPATbHOM
JIBIDKCHUH 3JIEKTPOHA 3HEPTHU BPAILATEIbHOTO M MOCTYIATEILHOTO JBHKE-
HUH paBHBI, TO SHEPIUs, N3TyUCHHAs IIPU 3aXBaTe 3JCKTPOHA B aTOM, B /IBa
pa3a MeEHbIIE DOSHEPrMM €ro CHHpaJbHOrO  JBWXKeHus E,., T.e.

E_ =F = 1/2- E. . Janee, ucxoms u3 9TOro, yCTaHOBHM 00IMil Oa-

JIaHC PHEPTUU JJIEKTPOHA B aTOMe. B MOMEHT Hadasa 3axBaTa 3JIeKTpOHa Ha
opOuTy A1pa ero ompuyamensvHas NOTEHIMANbHAs dHeprus — K, U sHeprus

CIIHpaNBHOTO ABIDKeHNs — E,. paBusl, T.¢. £, — F = 0 . Dnektpon nocie

3axBaTa B aTOM U M3JIYYCHHUS DJICKTPOMArHUTHOI'O KBAaHTa HUMECT 06H_ly10
9HEPTHUIO, PaBHYIO:

E =E.-E, ~v h=-1/2-E,=-1/2-E,_ =-E

CyeTcs CO CTPYKTYpOH paclpe/ielIeHUs] SHEPTUU 3IIEKTPOHa B aToMe bopa.

B UCK neHTp mo3uuuu 3J€KTpOHA, IEpelle/nero ¢ opouTsl Ha
CTalMOHAPHYIO OpONTAajb, TOYHO COBIA/IACT C KOOPAMHATAMH KOHIIA Pajnyc
BEKTOpa OpOMTHI, KOTOPHIE ONPEAEISIOTCS €ro MPOEKIUSIMH Ha COOTBETCT-
BYIOIIIME KoopauHaTHele ocu Ry, Ry u R,. Paguyc opburanu — r,, paBHbIii
panuycy CIMpanbHOTO JBW)KEHHS B MOMEHT 3aXBaTa JICKTPOHA Ha OpOHTY,
(haKTHIECKH MOXKET pacCMaTprUBaThCs Kak pasMep chepruuecKoro IEKTPOHa.
OTO MOATBEP)KAAETCSA B MHOTOJIEKTPOHHOM aTOME TOYHBIM COBIIaZCHHEM
CYMMBI pa3MepOB OpOHTAICH MO pajAnaIbHOM JIMHUK aTOMa C €r0 PasMepoM
10 IPUHIMITY TUIOTHOM YHMaKkoBKU. M Kak BUIHO U3 pHC. 3, SIEKTPOHBI B aTo-
Me BBIHYXKJEHBI 3aHATh OTHOCHTENBHO SJIpa JHMHEHHO NPOTHUBOIOJIOKHBIC
MO3MIIMHU, YTO ¥ MPUBOJIUT K CTPYKTYPHOI CaMOOpTraHU3alM{ 3JIEKTPOHHON
000JI04KH aTOMa B OJTHOM JIMHEHHO BBIICICHHOM HAalNpaBJICHUH C IMPOTHBO-
MOJIO)KHBIMH 3HAYCHUSIMH CIIMHA, KaK U B (DUTOHHOW MOJIENU CTPYKTYPHOU
eMHULBI (PU3UYECKOTO BaKyyMa AKHMOBA.

KBaHTOBBIE YnCIIa M CTPYKTYpHAs OpTaHHU3AIMs JJIEKTPOHHON 000-
no4ku aroma. ObIiee SHEPreTHIecKoe COCTOSHHE JIEKTPOHOB B aTOME OII-
penensier obmee K.Y — 1, KOTOpoe MOXKET MPUHUMATH TOJIBKO [EITOYHCIICH-
HBIC 3HAYCHMUS:

4qTO coria-

K

n=1, 2,3, .., N. (11)
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B HCK pmns obmero KB.Y, cormacHo (8), BBINOJHSAETCS pPaBEHCTBO
n=n_+n 5 +n,. Kak yxe oTMe4anu, COrIacHO CTPYKTYPHOH opranusa-

U atoMa, oxHO u3 3TuxX KB.Y mpoekuuii opOUTHI OTpaXkaeT BBIIEICHHOE
HalpaBJIeHUE, 32 KOTOpOE NPUHSTO HANpaBJiIeHUE paanyc-BekTopa Ry, a n, —
3a rmaBHOe KB.Y. O4eBHOHO, UTO 1,, OTpaXKAOIIEe CTEIICHh OPUCHTAINH Op-
OWTHI B BHIJICIICHHOM HAIPaBJICHUHN, HE MOXKET OBITH MEHBIIIC TIOJOBUHEBI 00-
mero KBYU — n W MOXET NPUHUMATH IIEJOYHCICHHBIC 3HAYCHUS, DPaB-

weie:n, =n/2, n/2+1, n/2+2, ..., n. Io6ounoe Ks.U npoek-

un opouTts / oTpaxkaet opouransHoe KB.U s, p, d u f~000104ek opOuTamnei.
Opb6utamsHoe KB.U — /, kak mo0OYHOE, HE MOXKET NPUHUMATH 3HAYCHUS
OoJIbIIIe MOJIOBUHEI 71, IOATOMY OHO IPHHMMAET LIEJIOYHCIICHHBIC 3HAYCHUS,
paBHbIE:

[1=0,1,2, ..., n/2. (12)

Paspemennrie couetanus obmero # u opoburansHoro K.Y — / onpenenstor
pacripezenenue s, p, d u f~obonouex OpOWTaIel HJIEKTPOHOB HA KaXKIIOM
HHEPreTUYEeCKOM YPOBHE aTOMa B COOTBETCTBHH C 3HAYCHUEM 71, YTO OTpaxe-
Ho B [lepuomuueckoii cucreme snementoB /.M. Menneneesa, rie HanOob-
1Iee paspeneHHoe 3HaueHue oduiero K.Y — n ompenenser Homep nepuoa
— N, a Habop 3HaueHui opdutansHoro K.Y — /, coorBercTBYIOMmUil aH-
HOoMy N, — pa3pemeHHbIil HabOp OpOUTANBHBIX S, p, d U f~obonouek. Ha-

npumep, ipu 71 =3 op6uranbHoe K.Y — / MOKET MPMHAMATDL TOJBKO IIE-
nouncnennbie 3nadenus, papusie [ =0, 1, xoTopsM B TpeThem mepuose

CHCTEMbI 3JIEMEHTOB COOTBETCTBYIOT BHEIHuE 35 U 3p-060mouku. [Ipu sToM
MakcuManbHoe apobHoe 3nauenne [ = 1,5 ne paspemeno. Ilpu 7 = 4 pas-

pemennsie 3nauenus [ =0, 1, 2, uro coorercTByer BHemHuM 4s, 4p, u

4d -000104KaM 37€KTpOHOB. TakuM 00pa3oM, MO NPEIIOKEHHOW CHCTEMe
pacupenenernus Ks.U B Tabmmiie MenneneeBa nepuony ¢ HomepoM N=n co-
OTBETCTBYIOT BHEIIHUE S, p, d U f~000J0YKH 3JIEKTPOHOB TOJIBKO MPH OTpe-
JICTICHHOM 3HAa4YeHWH OOIIEro KBaHTOBOTO YHMCIA 7, & UMEHHO CIIEAYIOIIHE
BHEIIIHHE OpOHUTaIbHBIE 0000YKH 37eMeHTOB: pu N=1 — Lls; mpu N=2 —
2s u 2p; npu N=3 — 35 u 3p; ipu N=4 — 4s, 4p u 4d; npu N=5 — 55, S5p u
5d; ipu N=6 — 65, 6p, 6d u 6f, npu N=7 — 7s, Tp, 7d u 7f. D10 3HAYHT, YTO
IpeuIokeHHast cucteMa pacnpezneneHus Ks.Y mogHOCThIO CHUMAIOT HEOOb-
SICHUMbIE (pakThl HECOOTBETCTBHs 3Ha4yeHUs obmero KB.U BHemnux d u f-
000JI09EK JaHHOMY IIEpPHOAY B CYILIECTBYIOLIEH cucreMe 3ieMeHToB MeHe-
JeeBa.
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Hanee paccmorpum npyrue nononuutensHsle KB U, coueranus ko-
TOPBIX OINPEACIIAIOT HOJHBIA Ha0Op BO3MOMKHBIX COCTOSIHHI 3JIEKTPOHOB B
atome. B ICK npoTrBONONIOKHBIC HANIPABICHUS PaANyC-BEKTOPOB, 3HAYHT H
NO3ULKIT opOuTaneil 3anarorces ciiHOBEIME KB.U: B BEIZICJICHHOM Harpasiie-
HUM Bcero atoma — +s (Ry) u Ha tutockoct opbutaneit — +s,,, KOTOpoe co-
otBeTcTBYyeT opburampHoMy KB.U — [, T.e. pagmyc-Bektopy R, CrnmHOBBIC
KY s, 1 s IpMHUMAIOT 3HaYeHUs +1 M ONPENessIOT KOJIWYECTBO CIOCOOOB
OTKJIOHCHUSA paanyC-BEKTOpa Op6l/ITI)I OT BBIJACJICHHOTO HaIIpaBJICHUA IPU
JIAHHOM 3HA4YE€HUH /, COTJIACHO CIICAYIOIIMM MX COUETaHHSM I10 3HAKaM:

(+s+s,),(+s—=5,), (=s+s,),(=s—5,). (13)
OueBuiHO, 4TO 3TH 4 criocoba OpHEHTalK pauyc-BeKTopa R; onpexaenstor
3HAKM MarHUTHOI'O MOMEHTa OpOWTHI NPU MPOCTPAHCTBEHHOM paclpesesie-
HHUHU TOr0 MOMeHTa. Beipaxkenue ais maruutHoro Ke.Y mpemnoxeHo B Mo-
HOrpaduu ¢ OrOBOPKAMH Ha OCHOBE M3BECTHOTO COOTHOLICHUS, U UMEET BHUI:
m=xs-%s5 (0, 1, 2,..., /). Onnaxo, 4TOOBI HCKIIOYMTH BO3MOXKHYIO
nyTaHuiy, MarauTHoe KB.Y mydie mpenctaButh 63 KaKUX-TMOO OrOBOPOK
COOTHOLICHHEM ClIefytomero Buga: M =Es-ts, -/. 3xech kommdectso
BO3MOJKHBIX ITO3HIUIA OpOUTalell Mpu JaHHOM /, COTJIACHO COYETaHUsM *£S, U
+s, paBHO "eTslpeM. Kpome Toro, cormacHo (9), opburtamsroe K.Y — / co-

CTOHT N3 CYMMEI 11, M 1, KOTOPBIE IPUHAMAIOT 3HAYEHHUSI KPaTHBIE APOOHOMY
qucy 1/2:

n,=0,1/2,1,.., I un_, =0, 1/2, 1,..., [. (14)
Cymma coderanuit >tux K.Y, papnas [ = n , T 1, onpenenser YMCIIO CIo-

co0OB OpHEHTaIK OpOuTalell Ha OHOW U3 §, p, d U f~000JI0YEeK, COOTBETCT-
BYIOILICH TAaHHOMY 3HA4YEHHIO /, 4YTO TpHBeNeHO B Tabmuie. TakuMm o0pa3om,
MarHUTHOE KBaHTOBOE YHCIIO 71, COTJIACHO COYETAHMSM 71, U /1., IPUHUMAET

suavenns: m =ts-ts -l =*s-ts -(n, +n,).

Tabnuna
1 N couer. PaspemeHnple coueTannss KBaHTOBBIX YUCEI (71,+1,)
0(s) | 1 +0 - - - - - -
1 () 3 0.5+0.5 | 1+0 0+1 - - - -
2 (d) 5 1+1 0.5+1.5 1.5+0.5 2+0 0+2 - -
3 7 1.5+1.5 | 0.5+2.5 2.5+0.5 2+1 1+2 3+0 0+3

IMo3uimu 3JIEKTPOHOB B aTOME IO BCEBO3MOXHBIM 3HAYCHHSAM 1
MOJIHOCTBIO COOTBETCTBYET TaOIMIlC 3JIEMEHTOB MeHeneeBa, HO MPH HX
KOJIMYCCTBC, MNPEBbINIAIOIIEM B JIBa pa3a, YTO HC MPOTUBOPCHUT eﬁ, €CJIn
YUECTb S0ePHYI0 KOHEEPCUIO, KOTOPas COMPOBOKIACTCS MOTIIOMICHHEM MMOJI0-
BUHBI DJICKTPOHOB IPOTOHAMH sijipa ¢ 0Opa3oBaHHEM S, p, d U f-000J0UCK
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,Hef[TpOHOB. Toraa BBIPpAKCHUEC JI1 MArHUTHOT'O KBAHTOBOI'O 4YMUCJIIa UMECT
prOH.[CHHBIﬁ 1 OKOHYATCIbHBIN BU:

m=zts-l=xs-(n,+n,). (15)

Crpykrypa aroma. B MoHoOrpadum ycTaHOBIEHO, YTO CTPYKTypa SA€pHOU
000JI04YKH aToMa /0 W TOCie SACPHOM KOHBEPCHH aJEKBAaTHA CTPYKType
3JIEKTPOHHON 00O0JIOYKH, MOCKOJBKY JBM)KEHHE IPOTOHOB MPOCTPAHCTBE U
3aKOHOMEPHOCTH ITPEOBIBAHMUS UX B AApe a0COMOTHO HACHTHIHBI JJICKTPOHY.
SnepHast KOHBEPCHsI, KOHEUHO, BHOCUT CBOM KOPPEKTHBBI B COCTOSIHUE IPO-
TOHOB U 3JIEKTPOHOB B aTOME, HO NPH 3TOM 3aKOHOMEPHOCTH MX paclpese-
JICHUs] B HEM, COTJIACHO pa3peleHHbIM coueTanusM KB.Y, kpome MarHuTHO-
r'0, OCTAlOTCA MPEXHUMH, KaK U JI0 4epHON KOHBepCHH. SIepHast KOHBepCus
B aTOM€ NMPHUBOAUT K MOBBIIICHUIO YCTOHYMBOCTHU fApa aTOMa 3a CYeT Mar-
HUTHOTO B3aUMOJICHCTBUS TPOTO-
HOB C HEHTPOHAMHU C MOCIEIYIO-
KM 00pa30BaHHEM YCTOWYHMBBIX
KOJIBIIEBBIX CTPYKTYp S, p u d-
obomouek opOuTaneil JeUTPOHOB,
KaK TMoKa3aHo Ha puc. 4 (BHUI
cBepxy). Ha puc. 4 nmpuBeneH tak-
)K€ MpPOAOJIBHBIA pa3pe3  suapa
aToMa KCEHOHa, TIZe€ YEPHBIMHU
Kpyramu 0O0O3Hau€HbI MPOTOHBI,
CepbIMU — CBSI3aHHBIC HEUTPOHBI,
OenpIMH — HM30BITOYHBIE HEHTPO-
Hbl. Koopaunate! atux KY B arto-
me, cornacHo (11)—(15), coorser-
Pre. 4. Cxema IpopoBHOTO Paspesa APAH  CTBYIOT pa3pelICHHBIM COYETaHHU-
SATOITHEHHA 5, P H d-0f0ueE opAHTaneH mpH AM 00mero — 7, Op6I/ITaJIBHOFO _
1= (BT CBEPXY) ATOMA KOEHOHA [, MAaTHUTHOTO — M, a TaKXke n, U
n, Ks.U. Kak BugHO u3 puc. 4,

BHELIHNE OpOHUTaIbHBIE 000JIOUKH S1pa B COOTBETCTBUHM C TAOIUIEH COCTOST
U3 CIEAYIOUIETO KOIWYEeCTBA IPOTOHOB WIIM HEUTPOHOB: s — 1, p —3 md — 5.
Cornacuo cimHOBoMY KB.Y +5, 311 5, p U d-OpOuTaIBHBIC 000IOYKH B aTOME
SBIISIOTCS. MApHBIMU. DTO MPUBOIUT B IEJIOM K YABOCHHUIO Pa3peuIeHHOTO
konndyectBa KY B aTOMe, YTO MOTHOCTBIO COOTBETCTBYET CHCTEME 3IEMEHTOB
MenzeneeBa. B MoHorpaduu, HalizieHsl Takke CHOCOOBI pacnpejeieHus B
sape W U30BITOYHBIX HEWTPOHOB. Y CTAHOBIICHO, YTO 3TH HEWTPOHBI 3aHMMa-
10T B OCHOBHOM LIEHTPAJIbHYIO YacTh SiIpa aToMa, 4TO0 00YCIIOBICHO HX 3JIEK-
TPUUECKOH HEUTPAIbHOCTBIO. B LleHTpanbHON 4acTH sipa MarHUTHBIE MO-
MEHTBHI M30BITOUYHBIX HEHTPOHOB KOMIIEHCHPYIOT CyMMapHbIE H30BITOYHBIE
MarHUTHbIE MOMEHTHI OPOUTAIBHBIX 000JI04EK JEHTPOHOB, YEM MOBBIIIACTCS
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YCTOWYHMBOCTS SAE€p, YTO Hanbosee MOHO U 3(P(EKTUBHO TOCTHTaeTCs B SII-
pax C 4HCIIOM 3apsi/ioB, KPATHBIX YETHIPEM, COTTIACHO KOJIMYECTBY COUCTAHUN
crmrHOBBIX KB.Y £5, 11 +5 110 (13).

Takum 06pa3om, MOXKHO yTBEPXKIaTh, YTO HailleHa MaTeMaTHIeCKast
u (Qu3ndecKass MOJIENb aTOMa, KOTOpasi OTPaXKAaeT €ro peaybHyI0 JHHAMHYE-
CKYIO CTPYKTYPy Ha OCHOBE KIIACCHUYECKHX IPEICTABICHUH ABM)KCHHUS KBaH-
TOBBIX YaCTHI[ B CBOOOZHOM IIPOCTPAHCTBE, a TAKXKE B YCIOBHUSIX MOTCHIH-
anbHOro nound. IIpu 3ToM Bepcus pacuipeHHOro TojiakoBaHus IlepBoro 3ako-
Ha HploTOHa TO3BOJISIET BHIWTH M3 NMPHUBBIYHBIX PAMOK IIOHHMAaHUSI T€OMeET-
PHUH IPOCTPAHCTBA M MOCTPOUTH HOBYIO PEATbHYIO €r0 I'€OMETPHIO, T03BO-
JISIFOIYIO YIIPOCTUTH MAaTEMaTHYEeCKOE ONMCAHUE COCTOSIHUSI KBAHTOBBIX Yac-
THUI] U JBIDKCHHUS IPYTUX MAaCCHBHBIX TeJl B YCIOBHSAX CHJIOBOro moss. Haii-
JICHHasI MOJIeNIb TMHAMHUYECKOIH CTPYKTYpBl aTOMa OTJIMYAETCsl IPOCTOTOH U
HarJISIHOCTBIO0. JIOCTHKEHHIO TAaKOTO PEe3yibTaTa CIOCOOCTBOBAIH CIIEIYIO-
€ OCHOBHBIE 3aKOHOMEPHOCTH M TIOJIOKCHHSI, BIIEPBBIC HCIIOJIb30BAHHBIC
ABTOPOM:

1. BBeneH mpuHOMI 3KBUBAJIEHTHOCTH PaBHOMEPHBIX KPYTOBOTO U
MPSAMOJIMHEHHOTO ABMKEHUH MaTepUalIbHBIX TeJl, COOTBETCTBEHHO B MOJISIPH-
30BaHHOM U a0CONIOTHOM (€BKIHIOBOM) MPOCTPAHCTBE, IPU KOTOPBIX 10C-
Turaercs BoinoiHeHue [lepsoro 3akona HeroToHa.

2. YcraHOBIIeHa ClIMpalibHas AWHAMUKA JBIDKCHUS] KBAHTOBBIX Yac-
tury (KY) B mpocrpaHCTBE, P KOTOPOH CKOPOCTH KPYroBOW M IIOCTYIIa-
TEJIFHOM COCTaBIIIONIMX PaBHBI, a JUIMHA BOJIHBI CIHPAJIBHOTO JIBMXKCHHMS
paBHa JUIMHE OKPYXXHOCTH KPYTOBOH €TI0 COCTaBJISIOIICH.

3. Ha ocHoBe mn. 1, nns onmcanus neuwxkeHuss KU B ueHTtpaibHO-
MOJISIPU30BAaHHOM IPOCTPAHCTBE, HAIPHMEpP, 3JICKTPOHOB B aTOME IPEIIO-
’keHa uHTerpanbHas cuctema koopauHat (MCK) nmorennmansaeix chep (I1C)
U B Hell BOJTHOBas (PyHKIUS CTOAIIEH BOJHBI OT YETHIPEX 3aBUCHUMBIX JIPYT OT
Ipyra apryMeHToB. BomnHoBas (QyHKOMS, HampuMep, HUMEET BHJ:

W (e = A-sin(n/r)l,, rae n — xpautoBoe uncio, oGo3nauakIIee 1eT0e

KOJINYECTBO CHHPAIBLHOM BOJHBI JIEKTPOHA HA YCTOHYMBOH opbwure; » — pa-

auyc opbutsr; [ = 9r— nnmHa op6uTsl Ha nosepxHoctu I1C, a9 — yron

o
MIOBOPOTA I0 opowuTe.

4. Pazpabotano rpaduueckoe U MareMaTHIecKoe 0OOCHOBAHUE CO-
OTBETCTBUSI KPYyrOBOTO JIBHJKEHHSI MO OpOMTE M TAaKUM K€ KPYIOBBIM €ro
MIPOEKIUSIM Ha IIIOCKOCTH KPYT'OBBIX KOOPIMHATHBIX JIMHUI HA TOBEPXHOCTU
[IC UCK wunn Ha mro0ble TIOCKOCTH, mpoxozsuue depe3 ueHtp MCK wnn
nexaptoBoii cuctembl koopaunart (JCK).

5. YuTeHbl THpoCKONMYEecKHe CHibl, neiicTByromue Ha KY mpu
CTPYKTYPHOH OpraHM3aIliy aToMa.
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6. OOGOCHOBaH W yUYTEH €AMHBIA NPUHIUI CTPYKTYPHOW OpraHu3a-
un 3apspkeHHBIX KUY (37eKTpOHOB W MPOTOHOB B aTOME) B YCIOBHAX ICH-
TPaTBFHOTO MOTEHIUAIEHOTO TOJIS.

7. VU4TeHO SBIICHHE SICPHON KOHBEPCHH AIICKTPOHOB U IMPOTOHOB B
JIEHTPOHBI U €TO BIMSIHNE Ha KOHEYHYIO CTPYKTYPHYIO OpTaHHU3AIHIO aTOMa.

B pabote moka3aHo Taxke, YTO MPUHIUIBI OPTaHU3aINN JHHAMUYE-
CKO# CTPYKTYpBI aTOMOB B KaKOW-TO CTETICHN OTPAXKAIOT MPUHIIUITEI OPTaHH-
3alUM CTPYKTYPbl KBAaHTOBBIX YaCTHII, I'lle pacrpelesieHne OJHOMMEHHBIX
3apsI0B UMEIOT TaKYIO e JIMHEHHYIO MOJSIpU3alnio, Kak U B aToMme. A Hail-
JICHHBIH TPUHLUI CTPYKTYPHOM OpraHM3alliy KBaHTOBBIX YAaCTHIl MEPEKIIU-
KaeTcsl TEOpUEH «CYNEepCTPYH», U3 KOTOPHIX, MPEAIOaraeTcs, COCTOUT (H-
3WYeCKOe TPOCTPAHCTBO, a TakXKe (PUTOH-TOPCHOHHOW MOJENBIO €TUHUYHON
CTPYKTYpBHI pocTpaHcTBa AkumoBsa u [1Iumosa.

[IpuHOUOBL CTPYKTYPHOH CaMOOpPTaHU3AIlMH aTOMOB YKAa3bIBAIOT
TakKe Ha HEPAPXUUCCKYI0 CAMOOPTaHW3AIMI0 TII00AaTBHOTO KOCMOCA, THE
COCTOSIHHE MaTEpHaIbHOTO Tela JFOOOTO paHra 3aBHCHUT OT COCTOSHHS BCel
CHCTEMHI B IIEJIOM U Ha000pOT.

B Oymymiem HOBBIE 3aKOHBI U TIOJOKEHUS, PACKPBITHIE B 3TOH MOHO-
rpacduu, ToTpedyIoT puaocodckoro mMepeoCMbICICHNS IPHUPOIBI CHII, AEHCT-
BYIOLIHMX B (PU3MUECKOM MHpPE, U TIPUPOJIbI UX BIMSHHS Ha CTPYKTYPHYIO Op-
raHU3alMI0 MaCCUBHBIX TEJ OT MUKPOMHEpA JI0 KOCMHYECKUX MacIITaboB.

[MpuHIMOBI CTPYKTYpPHOM OpraHu3allid aTOMOB, NPUBEJICHHBIC B
MOHOTpaduu, UMEIOT ¥ NPUKIaaHoe 3HadyeHne. OHM OMOTYT TITy0e HOHSTh
NPUPOJy XMMUYECKOW CBSI3M M TOHKO YIPABIATH €10 HE MHTYWTHBHO, a Ha
HHPOPMAIMOHHOM YpoBHE. [IoMOTYT Taxke HalWTH HOBBIC CITOCOOBI YIIpaB-
JICHUSA SIIEPHBIMH PEAKIMSIMA TIPH CHHTE3€ NCKYCCTBEHHBIX aTOMOB W HOBBIX
BEIIIECTB, BEIPAOOTKE SAEPHOM dHEpruu U T.4. [IpuBeIyT K CO3IaHUIO HOBBIX
MPHUHITUIIOB HAHOTEXHOJIOTHH, TEPEMEIIeHHUS B IPOCTPAHCTBE U T. 1.

Aemop Hadeemcsa, umo Odauwnas paboma Oydem cnocobcmeogams
pacceusanuio «Mymanay 6 NOHUMAHUU CIMPYKMYpPbl MUKDOMUDA, NOCIUdICe-
HUIO (MUCTIUYECKOUY 21YOUHbl (PUUYECKO20 8aKYYMA, A MAKICE PAZGUIMUIO
PUOCOPCKOU MBICAU 8 PACKPLIMUY NPUPOObL NPOSIGNECHUS. 6DEMEHU U M. O.
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Conclusion

Until now the spatial structure of an atom is known as remained an
enigma. Practically, no solution of Schroedinger equation for describing
the state of an electron in both a single-charged and multicharge atom
has been found yet supposedly for the reason that the type of wave
function which governs the presence of an electron in the atom is just
unknown. The author of the present study believes that the problem of
solving Schroedinger equation does not consist only in identifying a
correct type of the wave function, but is also attributed to existing dis-
crepancy between Euclidian geometry (in the framework of which such a
solution is being considered) and the virtual curved geometry of space.
Newtonian classical mechanics being based on the three laws of dynamics
and law of gravitation was developed on the basis of Euclidian geometry.
Specifically, Newton’s first law of motion reads as follows: any object (or
body) remains at rest or continues to move in uniform rectilinear manner
for as long as an impact on the part of other objects will make it to change
this state. Daily experience lends support to the verity of Euclidian geome-
try until we are dealing with relatively low velocities. =~ However, when
greater scales and higher velocities are involved, starting from the mi-
croworld and going then further to scales of the universe, one inevitably
would face the factors of the non-homogeneity of properties of a real space,
and, in particular, with the factors of its curvature. In fact, publication of
this monograph would have been questionable if only satisfaction of
Newton’s first law had been traditionally considered exclusively in terms
of a straight-line motion of objects (Euclidian geometry ).

The issue of relating Euclidian geometry to the physical reality
has been raised up long ago, and, indeed, the 19" century revealed a
possibility for appearance of some new non-Euclidean geometries. The
recent time has seen a great number of theories offering their own geometries
of space. However all of them, though with multiple variations of
mathematical formalism, are being built upon adaptation of Euclidian ge-
ometry to real conditions of the curved space. Such an approach has re-
sulted in all those theories being rather sophisticated while unable to de-
velop illustrative spatial models of complex dynamic systems, for instance,
such as the systems of charged quantum particles of atoms.

This study offers an essentially new approach to solution of the
problem. The possibility of steady motion under no forces in homogene-
ous space, corresponding to Euclidean space, along a curved trajectory
arbitrarily long are taken as conditions which correspond to the principle
of continuous homogeneity. Further on, on the basis of this principle of con-
tinuous homogeneity, the conformity has been identified of the geometry
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of space to the configuration of spatial continuum with homogeneous
dynamic properties, in which material objects can be in a state of rest or
steady motion arbitrarily long. It means that the geometry of space corre-
sponds to the form of a free uniform motion of material objects while pre-
serving succession of operation of the existing Newton's dynamics laws
related to the motion of objects. And this, under conditions of the estab-
lished geometry of space has allowed, in its turn, to introduce the principle
of equivalence of a steady circulatory motion of material objects in real
space to a similarly steady but yet a straight-line motion of them in
absolute space. This principle of equivalence has been formulated as fol-
lows: a steady circulatory motion t of a material object in real space in
conformity with its geometrical configuration, identified under conditions of
continuous homogeneity, is equivalent to its steady straight-line motion in
homogeneous and isotropic space. On the basis of this principle the follow-
ing extended interpretation of Newton’s first law has been accepted: any
object retains a state of rest or steady circulatory motion at having been
kept equally distanced from a certain centre for as long as the impact
on the part of other objects will force it to change that state. On the ba-
sis of the extended interpretation of Newton’s first law it is fair to claim
that a straight-line motion of a material object in space is only a special
case of the circulatory motion, at which the radius of its curvature is infi-
nitely long.
System of coordinates and describing motion of quantum particles
(QP). For a simplified description of the dynamics of object motion in
real space and on the basis of the extended interpretation of Newton’s first
law this study has introduced the inte-
(,;fn,, grated system of coordinates (ISC) of po-
tential spheres (PS), which is equivalent to
the fundamental geometry of space with
central polarization in micro- and macro-
cosmos. PS ISC (hereafter ISC) consists of
the two conjugated coordinate systems
being, as it is shown in a Fig. 1, minimum
hexadimensional. In ISC an orbital
steady circulatory motion is mapped by
means of mutually perpendicular circular
coordinate lines X, Y and Z, which are the

Fig.1. Integrated system of . . .
coordinates of potential spheres  lines of large circular curves on a spheri-

cal surface of space, the geometry of
which is built up with observance of the
principle of continuous homogeneity. Circular lines X, Y and Z, composing a
spherical system of coordinates, correspond to mutually perpendicular ra-
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dius-vectors Ry, Ryand R,, which are drawn from their centers and directed
similarly to the angular momentum vectors. In ISC these radius-vectors R,
R, and R, constitute the second coordinate system being Cartesian system of
coordinate (CSC). Each of radius-vectors R, Ryand R,, depending on spin
sign #s, has positive and negative directions. It means the circular lines of
coordinates X, Y and Z can simultaneously assume both positive and nega-
tive values which would reflect the opposite directions of motion. ISC is
a multilevel system in respect to the radius of a potential sphere, i.e. it can
represent spaces on the sphere surface simultaneously for their infinite aggre-
gate with various power characteristics. ISC features both demonstrative-
ness and simplicity when used for describing sophisticated and energeti-
cally connected multilevel systems such, for instance, as the systems of
multielectronic atoms etc. without aneed to apply complicated mathemati-
cal tools. At that it is interesting to note that the spherical coordinate sys-
tem of lines X, Y and Z in a specified direction, for example, R, with posi-
tive and negative values of spin s would agree with the dynamic struc-
ture of a phyton  proposed by
Akimov in the system of circula-
tory wave packets as primary vor-
Phyton tical elements of perfect vacuum.
Phytons, as shown in Fig. 2, are
Sk compensated right-left primary vor-
texes Sp and Sp that fill up the
Left-hand spin entire primary vacuum. It is obvious
there is a principal correlation be-
tween Akimov’s dynamic model of
St the phyton and Galiev’s ISC, re-
flecting the dynamic geometry of
space with central polarization in
Fig.2. Phyton model of perfect vacuum the specified direction.
Spiral dynamics of QP mo-
tion in space. Let us consider the
steady motion of QP in free space. This work has found out that motion
of QP in space shows a gyroidal character where uniform velocities of cir-
cular and forward constituents of a spiral motion are equal among them-
selves. It means the motion of quantum particles in space can be consid-
ered as undulation, and under such conditions the length of wave A of the
QP steady spiral motion is equal to the perimeter of a circle of its circum-
ferential component, i.e.:

Right-hand spin

A =2, (1)

where r;— aradius of the spiral motion .
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The value of r;, can be taken as a conventional size of a moving QP. It is
evident the geometrical configuration of space of the rectilinear spiral mo-
tion represents a surface of a cylinder. On the basis of the principle of
equivalence of circumferential and forward components of the spiral mo-
tion and extended interpretation of Newton’s first law the motions veloci-
ties of these components perpendicular in their direction can be combined

vectorially that gives the energy of QP motion equal to, £ = mv’ , where
m — mass; v — velocity of circular and forward constituents of the spiral
motion. The energy of the QP spiral motion can be presented as consisting
of the two equal parts, which are related to the circumferential and forward
components of the motion. The energy of the QP motion is twice as large
as that of the steady motion (kinetic energy) of a macroscopic body de-

scribed by classical mechanics as E = mv* /2. The amount of energy
of the QP spiral motion agrees well with the existing quantum mechanics
theory where the QP undulation in space is postulated by de Broglie rela-
tion which is given by:

mv =i, )
where / — Plank constant, vV — helicon frequency.
It is known that v=v-A, where A — a length of a helicon (spiral)
wave. Then, with regard of (1) we can obtain from (2) a fundamental rela-
tionship for the moment of momentum (angular momentum) of QP:

mvr, =h, 3)

where %= h/27x — constant of the QP moment of momentum. Rela-
tionship (3), being indicative of constancy of the value of the QP moment
of momentum and equal to /i, determines the PQ metric with reference
to space of an external observer providing the metric of the observer’s
space remains invariant, which at a given value of light velocity and
Plank fundamental constant /% is defined in homogeneous space in time.
According to (3) a conventional size of QP depends entirely on the veloc-
ity of motion: the higher is the velocity, the less is the QP size and visa
versa.

Describing the QP motion dynamics in ISC. Let us now con-
sider the way of describing the motion of QP such, for instance, as electrons,
as applied, for example, to the atom. The orbital motion of an electron in
the atom, as it is presented by ISC, is effected in a large circular curve of
the sphere surface, which radius corresponds to the radius of the orbit. Te
motion of an electron in the atom is limited by the length of the orbit and in
ISC it forms a standing wave, which is conjugated by its spiral motion. The
psi function of the standing wave can be presented by a circular sinu-
soid, which length is equal to that of the orbit. It is obvious that the length
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of the standing wave in the orbit with its stability in time should be multiple
to the length of  spiral wave A_ by whole number n, which is stated in

this monograph as general quantum number (QN). Then the expression for
the radius of the orbit takes the form:
r=nr,. “)
It means that expression (3) for moment of momentum in the conditions
of the atom with account of (4) will have a traditional form similar to that
of Bohr atom:
mvr = nh 4
It has been found out the velocity of a spiral motion of a charged
QP in the orbit in the potential field of an opposite charge depends only
on charge number Z of the curl-free potential field, the effective size of
which can be reduced in multiple ratio by whole number n. Here we have
the following formula for the velocity of the charged QP motion in the
field of the charge:

v=Z/n-e*/h,

where e’ /% - constant multiplier, and e — the charge.

In ISC the projection of a circular path function of the orbit ori-
ented in an arbitrary manner to the plane of each of coordinate lines X, Y
and Z has the form of a circular curve rather than that of an ellipse as is
assumed by traditional Cartesian system. The radii of the orbit projections
on planes X, Y and Z correspond to the projections of the orbit radius-vector
on coordinate axes Ry, Ry and R,. Then identical in their value radii » and
lengths /, of a set of the orbits, oriented in an arbitrary way in a given
potential sphere, can be expressed through their appropriate projections 7, 7,
andr,, aswellas [, [, and [, by correlations of the following form:

2 2 2172 /72 2 2172
r=(rtry ) Tal, =00+ + ) (6)

It should be noted that traditionally CSC performs a simultaneous projec-
tion of both the interval and its angle on the circular curve; this, however,
if observing the principle of equivalence of the straight-line and circula-
tory steady motions can not be considered as accurate as it gives no propor-
tional projection of the interval from a tilting angle. Actually, a result simi-
lar to that observed in (6), could be achieved with CSC by projecting
(basing upon the orbit circular curve tilting angle to the projection plane)
the interval of the circular curve to the plane only along the length of this
interval and by excepting simultaneous use of the same projection of this
interval angle placed in the orbit. Using as actual parameters nothing but
orbit lengths /, rather than electron coordinates in those orbits, would

243



provide with a formal opportunity to describe a state of the electron
standing wave in the atom by making use of traditional CSC. However
such a way of achievable simplicity though would result in loss of the
demonstrativeness inherent to ISC and some abstraction. Further on, it
comes from (6) that r./r=v /v, r,/r=v /v ad r,/r=v /v,
where vand v, v, v.— velocities of electron motion in the orbit and its
circular projections on the planes of coordinate lines X, Y and Z. The motion
of the electron in the orbit as well as in its projections should be quan-
tized, i.e. in accordance with s (5) v =nh/mr =nh/2mmr. For in-
stance, for direction X v_ =n _h/2mmr_, where n, — taken as QN of
the orbit projection on X; m — electron mass; /# - Plank constant; » — the or-
bit radius. Then true are:
2 2 2
(r./7) =nx/n,(ry/r) =n,/n and (r. /7)’ =n_/n (7)
It has been found out that in compliance with (6) and (7) the total QN,
denoted as n, can be described through the QN of orbit projections n,, n,
and n, by the following equation:
n=n,+l=n_+n,+n_, (®)
where /— the orbital QN of the orbit projection equal to:
I=n,+n,. 9)
The monograph reveals that the total energy of the electron and
the energy, corresponding to the orbit projection, e.g. on X, can be ex-
pressed through quantum numbers: E,=—1/2°E, “(n, + n, + n;)/n and E;=

— 1/2:E,'n,/n, where E, — potential energy. At that orbit radius » u radius
of its projection 7, e.g. on X, can be expressed as:

h2

3
r=—————.n (n_+n_ +n_) and
4772mZe2\/ (n,+n, +n.)

r Jn n’ =ryn_/n.
* 47r mZe*

ISC can describe the spiral motion of electrons in the atom by the
function of the standing wave of four interdependent actual parameters

n, r, 1, & of the form:
W (e = A-sin(1/r,)l, or with account of (4) ¥/, ..., = A -sin(n/r)l, (10)
where [, = 9r— the orbit circumference on the surface of the potential

sphere and ¢ — the angle of rotation. As is seen, only ISC can set out
these different actual parameters in one and the same function in a simulta-
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neous and demonstrative manner. It has been established that the general
projection of a general function of the electron motion in the orbit, for
instance, Ry (or X) has the form:

w.=A(r,/r)sin(n/r)l, = A(n, /n)"*sin(n/r)l, = A, sin(n/r)l,

where 7, — the radius of the orbit projection to coordinate line plane X on

the surface of the sphere with the radius equal to the radius of the orbit.
Such form of the projection of general function is also true for directions
R, and R.. Thus, coefficients 4,, 4, and A. of the general function projec-
tions would depend onradii r,, v, and 7. or on three QN —n,, n, and n,
of the orbit projections.

The study has found out solution of Schroedinger equation for a
multielectron atom through applying only the wave function (10) at de-
fined boundary conditions of QN effect. The solution is trivial and provides
a similar outcome for both protons and electrons.

Model conditions of the atom structural arrangement. By virtue of
the fact that the motion of an electron and proton in space is gyroidal which
qualifies them as gyroscopes, then for identifying the model conditions
of the atom structural arrangement one should take into consideration the

Orbital gyroscopic forces in addition to

o gravitational and electromagnetic

ones which normally act in the
atom. It is obvious that when cap-
turing an electron to the nucleus
orbit, that electron, being a gyro-
scope, is subjected to  a forced
rotation; this would result in angu-
lar displacement of the axis of rota-
tion of its spiral motion up to the
rencontre with the axis of the forced
orbital revolution with direction of
its translatory motion being oriented
Fig.3. Formation of spin electron pairs from the atom nucleus at right an-
in a double-charged atom gles to the plane of the orbit as is
shown in Fig. 3. Thus, there takes

place the cross polarization of a circular component of the electron spiral
motion to the plane of the orbit in the same manner as Akimov’s polariza-
tion of space. In which case, however, electron cannot move away from the
nucleus since its translatory motion is impeded by attraction forces of the
nucleus. Inthe result, the electron will take a steady-state condition of
a spin in the orbital with a radius of rotation equal to a circular compo-
nent of the spiral motion r,. At that the electron cannot but emita quan-
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tum of energy E,,,; equal to the lost amount of the translatory motion kinetic

energy E,, ie. E_,=v, h=FE_, where v, — frequency ratio of char-

.
acteristic radiation; # — Plank constant. And, as we known, due to the
fact that at the spiral motion the energies of rotatory and translatory mo-
tions being equal, the energy, emitted in the course of the electron being

captured in the atom, will be half as large the energy of its spiral motion
Ey ie. E _,=FE =1/2-E_. Further on, on this basis, we shall de-

ra
termine the total energy balance of the electron in the atom. At the initial
instant of the electron being captured in the orbit of the nucleus its negative
potential energy E, and spiral motion energy E,, are equal, ie. .

E . —-FE )= 0 . The electron, after having been caught in the atom and

after emission of electromagnetic quantum, shows the total energy equal
to:

E,=E,—E,-v, h=-1/2-E =-1/2-E_=-E

char K
which is consistent with the pattern of the electron energy distribution in
Bohr atom.

In ISC the centre of the position the electron, which has passed
on from the orbit to a stationary orbital, shows a precise coincidence with
the coordinates of the end of the orbit radius-vector, which are defined by its
projections to respective coordinate axes Ry, Ry and R,. The orbital radius
ry, equal to the radius of spiral motion, can, in fact, be considered as a
size of a spherical electron at the moment of the electron being captured in
the orbit. In a multielectron atom the support to the above can be lent by a
point-to-point correspondence of the orbital size sum along the radial line
of the atom with its own size by the principle of close packing. And, as is
seen from Fig.3, the electrons in the atom are forced to plant themselves
in the positions linearly opposite in relation to the nucleus as it is
needed for a structural self-organization of the atom electronic shell in a
linearly specified direction with spin converses as it occurs in a similar
manner in Akimov’s phyton model of the perfect vacuum structural unit .

Quantum numbers and structural organization of the electron
shell of the atom. The general energy state of electrons in the atom defines
the general QN, implied by the n, which can possess only whole-number
values, i.e. :

n=1,2,3 .., N. (11)
In ISC in accordance with (8) equation n =n_+n , T, is fulfilled for

general QN. As noted above, according to the atom structural organiza-
tion, one of these QN of the orbit projections reflects a specified or sin-
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gled-out direction, for which the direction of radius-vector R, is taken for,

while n, stands for main QN. It is obvious that n, reflecting a degree of
orientation of the orbit in that specified direction, can not be less than the
n-denoted half-QN and can  take whole-number values equal to:

n.=n/2, n/2+1, n/2+2, ..., n. The l-denoted azimuthal QN

of the orbit projection reflects the orbital QN of s, p, d and f-shells of orbi-
tals. Orbital QN /, being an azimuthal one, cannot take values larger
than half-n, therefore it takes the whole-number values equal:

[=0,1,2,..., n/2 (12)

The allowable combinations of general and orbital QN, denoted respec-
tively by n and /, define distribution of s, p, d and f-shells of the electron
orbitals at each energy level of the atom in accordance with the value of n
that is described by Mendeleev's Periodic System where the largest allow-
able value of the n-denoted general QN determines the number of period
N while the set of values of the /-denoted orbital QN, corresponding to
the given N, determines an allowable set of orbital s, p, d and f~shells. For

instance, at n =23 the /-denoted orbital QN can take only whole-number
values equal to /=0, 1, to which outer 3s and 3p-shells correspond in

the third period of the element system. Thereat a maximum fractional
value of [=15 s not allowed. At n=4 allowable values of

[ =0, 1, 2 that correspond to outer 4s, 4p, and 4d —shells of electrons.

Thus, as it follows from the proposed system of distribution of quantum
numbers, in Mendeleev’s Table the period with number N=n is matched
with outer s, p, d and f-shells of electrons only at a certain value of general
quantum number n, namely with the following outer orbital shells of ele-
ments: at N=1 — ls; at N=2 — 2s and 2p; at N=3 — 35 and 3p; at N=4 —
4s, 4p and 4d; at N=5 — 5s, 5p and 5d; at N=6 — 6s, 6p, 6d and 6f; at N=7
— 7s, 7p, 7d and 7f. It means the suggested system of the QN distribution
completely eliminates inexplicable facts of mismatch of the general QN
value of outer d and f-shells to the given period in Mendeleev’s system.
Further on, let us consider other additional QN, the combinations of
which would determine a complete set of possible states of electrons in the
atom. In ISC the opposite directions of radius-vectors and, consequently,
those of positions of orbitals are prescribed by spin quantum numbers:
i.e. by s (Rx) in the specified direction of the entire atom and by =S, on
the plane of orbitals, which corresponds to the /-denoted orbital QN, i.e.
radius-vector R;. Spin quantum numbers, s, and s, can take values £1 and
determine the number of ways of deviation of the orbit radius-vector
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from the specified direction at a given value of /in accordance to their
combinations by signs as follows:

(+s+5,)(+5-5,) (=s+5,),(=s—35,). (13)
It is obvious that these four ways of R, radius-vector orientation determine
the signs of the magnetic moment of the orbit at spatial distribution of this

moment. This study provides the expression for magnetic QN subject to
restrictions on the basis of a certain formula and it has the following form:

m=x=xs-ts (0, 1, 2,..., /). However, in order to avoid possible con-
fusion, it is preferable to present magnetic QN without any restrictions
by the following correlation: m = £s-%s_-/. At this time the number of

possible positions of orbitals at a given /, in accordance to combinations
+s5, 1 5, equals to four. Besides, as per (9), the /-denoted orbital QN con-
sists of the sum of n, and n, which take the values aliquot to fractional
1/2:

n, =0,1/2, 1,..., landn_ =0, 1/2, 1,..., [. (14)
The sum of combinations of these QN, equal to [ =n , T, determines

the number of ways of orientation of the orbitals on one of the s, p, d and
f-shells, corresponding to the given value of /, that is set out in the Table
below. Thus, magnetic quantum number m, as per combinations #, and .,

takes values: m =+s-ts, [ =*s5-ts5 -(n,+n,).

Table

1 N of Allowable combinations of quantum numbers (#,+n.)

com-

binations
0(s) | 1 +0 - - - - - -
1(p) 3 0.5+0.5 1+0 0+1 - - - -
2(d) 5 1+1 0.5+1.5 | 1.5+05 [ 2+0 | 0+2 | - -
3¢ 7 1.5+1.5 0.5+2.5 2.5+0.5 2+1 1+2 | 3+0 | 0+3

Positions of electrons in the atom for every possible values of m
show a complete compliance with Mendeleev’s Table but at their twice as
large quantity, which, however, is in no contradiction with it, providing
one takes into account the nuclear conversion, which is normally accompa-
nied by absorption of one-half of electrons by protons of the nucleus with
a consequent formation of s, p, d and f-shells of deuterons. In this case the
expression for magnetic quantum number will have a simplified and final

form: m=zxs-I=xs-(n,+n,). (15)
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Structure of the atom. The study has revealed that the structure of the
atom shell both before and after the nuclear conversion is adequate to the
structure of the electron shell so far as the proton motion in space and the
patterns of their sojourn in the nucleus are absolutely identical to those of
the electron. The nuclear conversion would, certainly, produce some im-
pact upon the state of protons and electrons in the atom, but yet the pat-
terns of their distribution in it, as per allowable combinations of QN except
for magnetic one, remain the same as they were before the nuclear conver-
sion. The nuclear conversion in the atom results in increasing the stability of
the nucleus of the atom at the cost of magnetic interaction of protons with
neutrons with a subsequent formation of steady ringed structures s, p and
d- shells of deuteron orbitals as is shown in Fig. 4 (top view). Fig. 4 also
shows a longitudinal section of the xenon atom where protons are
marked by black circles, connected neutrons — by grey ones and white cir-
cles stand for excess neutrons. Coordinates of these QP in the atom, as per
(11)-(15), correspond to
allowable combinations of
general - n, orbital -
magnetic - m, and also n,
and n. QN. Asseen in
Fig. 4, the external orbital
shells of the nucleus in
accordance with  Table
consist of the following
number of protons or neu-
trons: s - I, p-3 and d - 5.
According to spin QN +s
these s, p and d-orbital

shells in the atom are
Fig.4. schematic representation of the nucleus paired. On the whole it
section and filling the orbital s,p and d-shells
of the xenon atom at n=5 (top view)

Top view

results in doubling an al-
lowable number of QP in
the atom, and this is in full
compliance with Mendeleev’s element system. The present study has iden-
tified the ways of distribution of excess neutrons in the atom too. It has been
found out that these neutrons basically occupy the central portion of the
atomic nucleus due to their electrical neutrality. In the central portion of the
nucleus the magnetic moments of excess neutrons compensate the inte-
grated excess magnetic moments of the deuteron orbital shells that would
contribute into stability of nucleuses; in the nucleuses with the number of
charges multiple to four it can be achieved in the most complete and effec-
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tive manner in accordance with the number of combinations of spin QN,
+s, and +, as it comes from (13).

Thus, it can be claimed that there has been identified the mathe-
matical and physical model of the atom, which reflects its actual dynamic
structure on the basis of classical representations of quantum particle motion
in free space as well as in conditions of a potential field. In such a case the
version of extended interpretation of Newton’s first law allows to get out
from the traditional framework of conception of the space geometry and to
build up its new and real geometry that will allow to simplify a mathemati-
cal description of the state of quantum particles and the motion of other
massive bodies in conditions of the field of force. The identified model of
the dynamic structure of the atom is featuring simplicity and obviousness.
This outcome has been achieved due to the author’s pioneering the use of
the following basic provisions and objective laws:

1. There has been introduced the principle of equivalence of
steady circulatory and straight-line motions of material bodies in polarized
and absolute (Euclidean) space, respectively, at which Newton’s fist law
can be satisfied.

2. Recognized is the spiral dynamics of motion of quantum parti-
cles (QP) in space, at which the velocities of both a circular and a forward
components are equal while the wave length of the spiral motion is equal to
the perimeter of the circle of its circular component.

3. The integrated system of coordinates (ISC) of potential spheres
(PS) and, within it, the standing wave function of four interdependent
actual parameters has been proposed on the basis of item 1 for describing
the motion of QP in the central polarized space such, for instance, as that
of electrons in the atom. The wave function, for example, has the following

form: ., = A-sin(n/r)l,, where n— the quantum number denoting
the whole quantity of the spiral wave of an electron in a stable orbit; » —a
radius of the orbit; /, = 9r— the length of the orbit on the surface of PS,

a3 — the angle of rotation in the orbit.

4. Both graphical and mathematical substantiations have been
developed of correspondence of the circulatory motion in the orbit and its
projections on the plane similarly circular to the circular coordinate lines
on the surface of ISC CFS or to any planes which are crossing the centre
of ISC or Cartesian system of coordinates (CSC).

5. Account is taken of gyroscopic forces which have effect on QP
in structural organization of the atom.
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6. The unified principle of the structural organization of charged QP
(electrons and protons in the atom) under conditions of central potential field
has been substantiated and taken into account.

7. Consideration has been taken of such a phenomenon as nu-
clear conversion of electrons and protons into deuterons and its effect
upon final structural organization of the atom.

The present work also demonstrates that organizational principles
of the atomic dynamic structure reproduce to some extent organizational
principles of the quantum particle structure where distribution of similar
charges have the linear polarization similar to that in the atom. Moreover,
the identified principle of the structural organization of quantum particles
has something in common with the theory of superstrings, which, as
deemed, constitute a physical space, and also with Akimov’s and Shi-
pov’s phyton-torsional model of the monic structure of space.

The principles of structural self-organizing of atoms point out to
the hierarchical self-organizing of the global space where a state of a mate-
rial body of any rank is dependent upon the state of the entire system and
visa versa.

In the future the new laws and provisions, disclosed in this study,
will certainly call for philosophical rethinking of the nature of forces acting
in the physical world, and also of the nature of their impact on struc-
tural organization of massive bodies, starting with those in microworld
and further on up to those of cosmic scales.

The principles of the structural organization of atoms, given in this
monograph , also have an applied relevance. They can help to understand
the nature of a chemical bond more deeply and thus to exercise a delicate
control over it at the information level rather than intuitively. They will
also help to find out new ways of controlling nuclear reactions in synthe-
sis of artificial atoms and new substances, generation of nuclear energy etc;
they also can contribute in developing new principles of nanotechnolo-
gies, spatial motion etc.

The author expects the given work will contribute to dispelling
“the fog" in understanding of the microworld structure, insight in the
"mystical” depth of physical vacuum and also to development of philosophi-
cal idea for disclosing the nature of manifestation of time efc.
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Caenenust 00 aBTope

Paxumsin Cadyanosuu 'AJIMEB
rpaua-gokrop gunocoduu (Grand Ph.D.) <cMAUT»

Pomuncst B 1950 r. B bamkupuu. OxoHYMIT (PU3NKO-TEXHUYECKUI
(akynb-Ter Ypanbckoro mnonurexuuueckoro mHeruryra uM. C.M. Kuposa.
Croenyanuct B 001aCTU TEXHOJIOTHUM PEKHUX M PACCESHHBIX 3JIEMEHTOB, CO3-
JIaHWsI MaTepHajIoB, UCIOIb3YEMBIX B PaIUO3ICKTPOHUKE, TA3€PHOM U ONTHU-
4eCKOM TeXHHMKE, aTOMHOM dHEPreTUKEe, pAKeTOCTPOECHUU U T. 1. Jlonrue roast
PYKOBOAMJI HAy4YHO-HCCJIEJOBATENbCKONW J1abopaTopueil, MMeeT Hay4HbIe
TPYZABI B YKa3aHHBIX BBIIIE 00IacTsIX HAYKH W TEXHWKH, IJIsl CO3JaHUS KOTO-
pBIX TpeOOBaIMCH TITyOOKHME 3HAHHS OCHOB aTOMHOHM M simepHOW (usmkwy,
KBAaHTOBOW MEXaHHKH, CIIEKTPAIBHBIX W CTPYKTYPHBIX METOJIOB aHAJIM3a BeE-
IIECTB.
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IkcnepTHoe 3akawyeHue MHOO «MAUT»

Ha npoekT ["anueBa P.C. Ha couckaHue y4eHoil cTerneHu rpas-
noktop dunocodun (Gusnka) «MAUT» no Teme:
«Pa3padoTka 1eTepPMUHHHCTHYECKOI MOJeTH CTPYKTYPbI aTOMA
U aTOMHOTI0 SIApa»

HayuHast HOBH3HA MPEJCTABICHHON PAa0OTHI SBJISACTCS B TOM, YTO
BIIEPBbIC C JCTEPMHUHUCTUYECKHX TIO3MLHUH JIOTUYECKH MOCIEA0BATEIHLHO
M3JI0KEHO BCE acMeKThl U 3Tanbl (JOPMHUPOBAHUS CTPYKTYpPBI aTOMa M aTOM-
Horo siapa. Ilpumuem 3TO caenmaHo mpu MaTreMaTHYecKw (opMali30BaHHON
TEOMETPUH PEATFHOTO M MOJSIPH30BAHHOTO IIPOCTPAHCTBA, K YEMY aJalTH-
POBaHBI YCIIOBHUS BBITIOJIHEHNS 3aKOHOB MeXaHMKH HbIoTOHa B mX paciuu-
PEHHOM TOJKOBaHHWH. ABTOPOM IJIsl 3TOTO pa3paboTaH OPUIMHAIBHBIN MaTe-
MaTU4ECKUH amnmapat, 4To SIBJICTCS €ro 3acIyroi U B 00JIaCTH MaTEMaTHKH.

OueHp BaXXHO M TO, YTO BIIEPBBIE OTKPBITA, HEBO3MOXKHASL C TOYKHU
3pEHHUS YCTOSBILEHCS TEOPHH KBAHTOBOM MEXaHHKH, KOPITyCKYJISIPHAs CTPYK-
Typa aToma, MpPEJCTaBJICHHAs HE TOJBKO DJIEKTPOHHOH 00OJIOYKOH, HO WU
CTPYKTYPOH sIIepHON 000JIOUKH aToMa, TAe KaXIOMy HYKIOHY COOTBETCTBY-
€T He TOJIBKO CTPOro OINPEJeNICHHOE COCTOSHHE, HO M IPOCTPaHCTBEHHBIC
KOOPJMHATHI B TOJISIPU30BAHHOM CTPYKType aTtoma B nesoM. [Ipemroxena
TaK)Ke KOHLECINIUS MPHUPOALI CHIILHOTO B3aMMOJCHCTBHS HYKJIOHOB B szpe
aToMa. AHAJINTHYECKUI BBIBEJCH 3aKOH 3apsija aTOMHOIO sipa — 3aKOH
Mosznu. 3apsia aToma, a HE €ro aTOMHas Macca SIBIISIETCSI €T0 OCHOBHOHM Xa-
paktepucTukoi. 100 3apsin simpa onpenernsieT 9ucio aTOMHBIX 3JEKTPOHOB, a
3HAYUT, 1 XMMHUYECKHE CBOIICTBA aToMa.

CooTBeTcTBHE CTPYKTYpHI atoMa, oTkpeiToro P.C. 'anueBsim, k ¢u-
3UYECKOH PEATbHOCTH TOATBEPXKIAIOT yYEHbIE U3 XapbKOBCKOTO (PU3MKO-
TexHndeckoro nHctutyta. OHU chororpadupoBamm arom. Ilomydennas kap-
THUHKa aTOMa TMOJHOCTBIO MOJATBEP)KAaeT OMHApHYIO Mojenb atoma [ anueBa
P.C., mpenckazannyio B ero MoHorpaduu. Takum o0pa3om, IoApOOHO H IO-
CJIEZIOBATEJIFHO W3JIOKEHBI TPHHIUIIBI CTPYKTYPHOH OpraHu3aliy aToMma,
COTJIACYIOIIMECs KaK C KJIACCHYECKOH, TaK ¥ KBAaHTOBOM MEXaHHKaMH, a TaK-
e pemieHo ypasHeHue llpeaunrepa aist MHOTO3JIEKTPOHHOTO aroMa. U urto
O4YCHb BAXXHO, JaHHas paboTa JMIICHA NPUCYIIMX KBAHTOBOW MeEXaHHKE
BHYTPEHHUX IPOTHBOPEUHH.

HoBn3Ha npeioskeHHBIX KOHIETIMNA MTOMOXET B 00JIacTH IMO3Ha-
HHUSI MHUKPOMHpA BEPHYTHCSI OT BEPOSTHOCTHOH — K JETEPMUHHUCTHIECKON
napajurme, T.€. K BO3BpaTy INPUYMHHO-CIEACTBCHHBIX CBA3EH B Ipolecce
o3HaHusi MUKpomupa. IlepeocMbICiieHne U NPUHATUE MPENOKEHHOW ['a-
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mueBbiM P.C. B KOHLIENIMM O CTPYKTYPHOH OpraHM3aliHM MaTepHaIbHOTO
MHpa JacT KI0Y K MPEOJOJICHUI0 HAMETHBLIErOCs KpHU3Uca B KBaHTOBOW
MEXaHUKe M HOBBIM OTKPBITHSM B ITO3HAHWHM HE TOJBKO MHKpPO, HO M — MaK-
pomupa.

IIpoext I'amueBa P.C., pa3paboTaHHBI Ha OCHOBE €r0 MOHOTpaduu
«KoHuenuust AUHAMHYECKOH CTPYKTYphl B HMPOCTPAHCTBE ITOTEHLMATBHBIX
cdep» B TpexX W3JAHHMAX, SABILETCA PAOOTOMN, NMEIOIINH B (PM3UKE MUKPOMH-
pa QyHIaMeHTaJIbHOE 3HAUYEHHE W CIIOCOOCTBYET Pa3BUTHIO (PM3MKH W WH-
(hOpMaITMOHHBIX TEXHOJIOTHH B IIEJIOM.

Cuwraro, 4TO MPENCTABICHHBIH NPOEKT JTOCTOUH MPUCYKICHUIO aB-
TOpY YYEHOU cterneHu: rpana-gokrop ¢miocodpru (Grand Ph.D.) B obmactu
MH(OPMALMOHHBIX TEXHOJIOTUH ((pH3nKa).

Axkagemuk MAUT, 1.1.H., npodeccop B.H. Copoxun
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