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Nekuns 3.
Mogaean atomoB. Ot [Ix. Tomcona 1o H. bopa.

Amom Tomcona.

[Tpocneaum Teneps 3a pa3BUTHEM NPEACTABICHUN O CTPOEHUH aToMa B Hadaje XX Be-
ka. Mcropuuecku mepBoit (pu3mueckol MOAENBIO aToMa SIBHJIACh MOJENb TOMCOHa, Tpeyio-
xeHHas UM B 1903 rogy. B cooTBeTCTBUM C 3TOH MOJIeNbI0 MPOCTEHIINI aTOM (aTOM BOZOPO-
71a) TPENICTaBIsUT COO0H paBHOMEPHO 3apsDKEHHBIM MO 00beMy Iap, BHYTPH KOTOPOTO HaXo-
uiicst 3NeKTpoH. [1ockoabKy atoM B LI€J0OM HEHTpalieH, MIOTHOCTh MOJ0XKHUTENBHOTO 3apsaa
p, CBS3aHA C Pa3MEPOM IIapa R COOTHOLICHUEM.

e:§RR3p0. (3.1)

3nech e - 3apsa daekrpoHa. OueBHIHO, LEHTPAJIbHASI TOYKA LIapa OMpPEAEIAeT IMOJO0XKEHUE
paBHOBECHSI, ITPU CMEILIEHUU AJIEKTPOHA U3 ATOM TOUKH MOSBUTCS BO3Bpallarollas CUIa, CTpe-
MSIIAsICs BEPHYTHh €ro 00paTHO. J[eCTBUTENBHO JBMKCHUE JICKTPOHA TTPOUCXOIUT MO JCH-
CTBHUEM CHJIbI, ICUCTBYIOIIEH Ha HETO B 3JIEKTPUUYECKOM I10JI€ PABHOMEPHO 3apsKEHHOTO 111apa.
HampskeHHOCTB 1OJIsl Ha PACCTOSTHUM 7 OT IICHTpa IIapa JISTKO HalTH u3 Teopemsl ['aycca:

E-4nr’ =4n~§nr3po, (3.2)
OTKyJla IMEEM

- e .

E= FI" . (33)
Toraa ypaBHeHHE ABUKEHUS 3JIEKTPOHA 3aIUIIIEM B BUJIE

2
= e

mr = —Fr , (3.4)
WIH

F+ =0, (3.5)

e 2, =,/é’ / mR® - xpyrosas uactora koneGauuii. Pemenue ypasuenus (3.5) ecTb rapmo-
HUYECKHE KosebaHus ¢ yacToToil (2. Hampumep, eciiu B Ha4aabHbIH MOMEHT BPEMEHHU 3JIEK-
TPOH CMEILEH U3 LIEHTpa (€ro KOOpJAUHATA 7,) U UMEET HyJEBYIO HAUaJIbHYI0 CKOPOCTb, pelle-
HHUe ypaBHeHHs (3.5) umeer BUA

r(t) =7,cosL2t. (3.6)
MMmeHHO Takoe mpejacTaBieHue 00 aTroMe, Kak 0 TapMOHMYECKOM OCHWJIISATOPE U ObUIO 3aJ10-
XKEHO B DJIEKTPOHHYIO Teoputo Jlopenna. OueHuM Tenepb 4acToTy JEKTPOHHBIX KOJICOaHUH.

0
[lonaras aromuslif paauyc R =1 A (mOHUMaHME, YTO ATOMBI UIMEIOT pa3Mepbl TAKOTO MOPSI-
Ka, cnoxuiocs eme B XIX Beke), momyuum 2, ~ 10" ¢! 1o 3HaueHne YacTOTHI MOIaIacT B

yIbTpapuOIETOBBIN HMANa30H YacTOT M B KAayeCTBE IMEPBOrO MPUOIMKEHUS YyIAOBIETBOPH-
TETHHO COOTBETCTBYET HAOI0OJaEMbIM ATOMHBIM YaCTOTaM.

PaccMoTpenHas Mojenb HE YYUTHIBAET MOTEPHU SHEPTUU HA U3IyUYEHUE, BOSHUKAIOIIHE
MIPU YCKOPEHHOM JIBM>KEHHUH 3JIeKTpoHa. [loTepu sHepruu Ha U31yyeHUuEe MPUBOMAT K IMOsBIIE-
HUIO JIOTIOJHUTEIBbHOW CHJIBI — CHJIBI PaJUAIlIOHHOTO TPEHHS, KOTOPYIO HaJI0 BKIIOYUTH B
ypaBaenue (3.4) wnn (3.5). BeipaskeHue ams 3TO# CHITbI MOKET OBIThH 3alMCaHO B BHJIE:
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2

f :—r (3.7)

Cuna okasblBaeTcs IPONOPLUOHAIBHA TpeTbeﬁ MIPOU3BOJHOU OT pau:uzlyc-BeKTopa.1 IIpenmno-
JI0KUM, YTO CHJIA paILI/IaHI/IOHHOFO TPEHHS MaJIa IO CPABHEHUIO C BO3BPAILAOIIEH CUIION, AEH-
CTBYIOIIEH Ha BJICKTpOH Torna pewenue (3.6) Oyzaer HpI/I6J'II/I>KeHHO BEPHBIM H MOYKHO 3aMe-

HHUTBH TPETBIO MPOM3BOJIHYIO, BXOANIyI0 B (3.7), Ha nmepByto: 7 ~ —(2.7 . B pesynbrare cuna

pagvanMOHHOIO TPEHUs OKa3bIBACTCS MPOINOPLIMOHAIBHA CKOPOCTH IBWKEHMS M IOXO0XKa Ha
OOBIUHYIO CHITy BSI3KOTO TPEHMSL:

- 282[202 =
S E——T. 3.8
/, 300 (3.8)
C yuerom (3.8) 3anuiiieM ypaBHEHUs JBUKEHUS SJICKTPOHA
r+yr+.(2r—0 (3.9)

3mech v =2e’ Q] [3mc® - xnaccuueckas noctosHHas 3atyxanus. [Ipu suauennu 2, =10'° ¢

-1
nonydaem Y~ 6-10° ¢, Kak BumHO, y << £2,, Konebanus OyayT 3aTyXaTh ciabo, U Halle
MPEICTABJICHUE CUIIBI PaIMAlIUOHHOTO TpeHUs B Buje (3.8) onpaBaaHo.
Pemenne ypaBuenus (3.9) ans Tex ke Ha4aJbHBIX YCIIOBHH 3alUIIEM B BUIE

F(t) =7, cos!2t+%sin[2t exp(—y/2), (3.10)

rae 2 =497 -y’ / 4 . 3aMeTHuM, 4TO y4eT 3aTyXaHus MPUBOJAUT OJHOBPEMEHHO K CJIBUTY Yac-

TOTBI OCLHMIIIIATOPA, HO 3TOT 3PPeKT KpaiiHe Man. OTHOCUTEILHOE U3MEHEHUE YaCTOThl PaBHO
AQ = |_Q -0, |/_(20 ~ 3(2/8_(202 << 1. Iloaromy nepenuiiem (3.10) B Buze

F(t) = 7, exp(—yt/2)cos 2yt . (3.11)
BbI4HCIIsS SHEPIUIO OCLMILIATOPA KaK (byHKI_[I/IIO BPEMEHH, HaiiieM
E(t)= ; e 2 =E, eXp(— yt). (3.12)

3nech E, - HauaibHOE 3HAyeHue dsHepruu. Kak BuaHO, Bpems T =1/y mpexncrasisier coGoit
BpeMs 3aTyXaHHsl 3HEPTrUM OCLIUIATOPA, T.€. BPEMs XKH3HH aToMa B BO30YXKJAEHHOM COCTOSI-

HUM. DTa BEIMYMHA COCTABNIAET T ~ 10~ ¢, 4TO HEMIOXO COracyeTcs ¢ SKCIEePHMEHTATBHEIMH
JTAHHBIMU.

Taxum o0pa3oM, B pamkax mozenn ToMcoHa aTOMHBIN 3J€KTPOH, Oy/lyur BBIBEIEH U3
HOJIOKEHHUSI PaBHOBECHS, COBEPLIAET MOUYTH FapMOHMYECKHE KOJeOaHUs, TOCTEIIEHHO OTAaBast
PHEPTHUI0 Ha M3JIy4EHUE, U BO3BPALLACTCS B UCXOAHOE IOJIOKEHHE paBHOBecus. [Ipu aTom 3a
BpeMs U3IIy4YEHHUs JJIEKTPOH YCIEET COBEPIUUTH NOPsIKa 10° — 107 xoneGanmii. ITo 03HAUaeCT,
YTO CTENEHb MOHOXPOMAaTUYHOCTH U3JIy4E€HHS BECbMa BbICOKA.

3aMeTuM, 4To 00001IeHHEe MOJEIN Ha Clyyail MHOTO3JIEKTPOHHBIX aTOMOB BO3MOJKHO.
CoBOKYITHOCTB 3JIEKTPOHOB pacrojiaraercst BHyTpu mapa. COOTBETCTBYIOIIUE PAaBHOBECHBIE
KOH(UTrypaluyu MOTyT ObITh pacCUMTaHbl B PaMKax KjaccH4ecKod mMexaHuku. Ilpu sTom 3TH

' 310 KkpaiiHe cepbe3Has MPo6IEMA, UMEIOMAs 1ANEKO HyIIHe IOCIeACTRHS. [I TAKOTO 3aKOHA CHIIBI OOBIYHOI
MIOCTaHOBKH 33124 B KJIACCUUECKOI MeXaHUKe (33aHbl Ha4aJIbHbIC 3HAYEHUsI KOOPIMHATHI U CKOPOCTH) OKa3bl-
BAETCS! HEAOCTATOYHO. Y PAaBHEHUS JBIDKCHNUS OKa3bIBAIOTCS YPAaBHEHUSIMU TPETHETO TIOPAKA [0 BPEMEHH, U,
3HAYUT, HEOOXOANMO 3a/1aTh M HadaJbHOE 3HAYEHHE YCKOPEHHUSL.

? D10 yTBEpIK/ICHNE, KOHEYHO, JI0JKHO GBITh TIOTOM TIPOBEPEHO.
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AMEKTPOHBI MOTYT OBbITh pa3/ieleHbl Ha TPYMIIbI, 00YyCIaBIUBAIOIINE TEPUOJUUYHOCTh CBOWCTB
XUMHYECKHX AJIEMEHTOB.

Onvimul Pezepgopoa. Ilnanemapnas modenb amoma.

Cepbe3Hblii yap 1mo Mojieiu aroma ToMcoOHa HaHECIU pe3yJIbTaThl OMBITOB IO paccesi-
HUIO O - YacTHI] (10 COBPEMEHHBIM MPEACTABICHUSAM — siICp aTOMa Teliisl) Ha TOHKUX MeTall-
JUYECKHX (30JI0ThIX) (oJIbrax. DTH OMBITH OBLITN MPOBEICHBI 3.Pe3ep(1)0p,u0M3 C COTpYJHUKa-
mu. CyTh 3THX OIBITOB 3aKioyaeTcs B cieayromieM. [Ipu nmpoxoxaenun yepe3 Goibry o -
YaCTULbl MCHBITHIBAIOT PACCESIHUE U OTKIOHSIOTCA OT CBOETO NEPBOHAYAIBHOIO JBUKEHUS.
Oxkazanoch, 4To OOJBIIAS YaCTh Ol - YACTHUI[ IPOXOIUT Yepe3 (oIbry, OTKIOHASICH Ha HEOOIb-
IIME YIJIbI, OAHAKO HEKOTOPOE KOJUYECTBO (IPUMEPHO OJIHA U3 JAECSITH THICAY) O - YACTHUIL
paccenBaeTcs Ha yIiibl MOPSAKA 90° u Ja)ke WHOrIa BIUIOTH JIO 180°. O6BACHUTL Takue pe-
3yJIbTaThl B MOJIENIM paccesiHusl Ha aToMe ToMCOHa JaXke ¢ y4eTOM MHOTOKPATHOrO HAaKOILIE-
HWSI OTKJIOHEHHIT HA Masble YIIIbI OKA3bIBACTCS MPHHIMITHAILHO HEBO3MOXKHEIM . EIMHCTBEH-
HBIM CIIOCOOOM OOBSICHUTH MOJYYCHHBIC TAHHBIC SBISETCS MPEANOIOKCHHE O HATUYUU BHYT-
pu aroma 00JaCTH KOMIAKTHOTO PACIIONIOXKEHHSI BCEro MOJOKUTENBHOIO 3apsiia, T.€. MPearno-
JI0’KEHHE O CYIIECTBOBAHUM aTOMHOTO fJIpa.

Paccmotpum tenepp nponecc paccessHug Ha arome TOMCOHA M ONPeIeIuM MaKCUMallb-
HO BO3MOXHBIH yTOJ OTKJIOHEHUS, HA KOTOPBI MOYKET OTKJIOHMTBCS O - 4yacTtuua. Mel orpa-
HUYUMCSI PaCCMOTPEHUEM PACCESHMSI HA TOJOKUTEIBHO 3apsKEHHOM OCTOBE aTOMa, MCKITIO-
YUB U3 PACCMOTPEHUS 3JEKTPOHBL. VX yuyeT, 04eBUIAHO, MOKET JIUIIb YMEHBIIUTh BEIUYHHY
yria paccesHug. Cxema mpoliecca paccessHusl puBeeHa Ha puc.3.1. ATOMHBIA OCTOB UMEET
3apsin Z W XapakTepusyercs pasMepoM R. XapakTepHOe 3HAUCHHE DHEPTHUU O, - YaCTHIIBI
E, =5 M>5B°. Yacrua, pacceuBaronasAcs Ha AIpe, XapaKTEPU3yeTCsl 3HAYCHUEM PULIETBHO-

ro napamerpa b. Mbl 0)kuaeM, 4TO MaKCHUMaJIbHO BO3MOXKHBIM yrosl OTKJIOHEHUs OyJeT Ma-
JIBIM, TTIO3TOMY TPAEKTOPHIO JBUKECHMS O - YACTHUILBI MOXXHO CUHUTATh IOYTU MPSMOJIMHEHHOMN.
Hampasum ocb OX BI0ab BEKTOpA HAYaJIbHOM CKOPOCTH O - YACTULIBI U MONBITAEMCS ONpEe-
JIUTH TENEPb UMITYJIbC, KOTOPBIN OHA
pUOOpeTaeT B HANpaBICHUM, Iep-
NEHAUKYJIIPHOM CBOEMY JBUKCHHIO:

T T 2Ze’bdt
P = J;Fi ()dt = J;)—(xz (t)e+ b2 )3/2 .

(3.13)
3necy F| - cuna, AeHCTByOLIas Ha

Puc.3.1. PaccesiHne Ol— 4acTulbl Ha aToMe TOMCOHa.
O - YacTULy B HaIlIpaBJIE€HUH, IIEpP-

MNEHAUKYJISIPHOM ABHXKXCHUIO, MHOXUTCIIb «2» - 3apsaa Ol - 4aCTHLBI. Broas CKOPOCTb JABUIKC-
HHS 9aCTHULBI BAOJb TPACKTOPUUN V  , U IIEPEXOJAd OT HUHTCIPUPOBAHMA IO BPEMEHU K UHTCTPU-

POBAHUIO BAOJIb TPACKTOPUHU O - YACTHULIBL, [TOTYYUM
T bedx/v 2Ze* 7 dg 276’
2 o
pLZZZeJ 2 23/2:b 'ZJ‘ 23/2:b /2"
_w(x +b ) Va o(1+§ ) Va

(3.14)

3 E.Rutherford (1871-1937) — anruiicknii dusnk, Hobenesckas npemus no xumun (1908).
* HeckobKO MO3XKeE MPH H3yUCHUH PACCESHHS O, - YACTHIL B ra3ax ObUIO YOEAUTEIBHO MOKA3aHO, YTO OTKIOHEHHE
Ha OOJIBIIO yroj MPOUCXOIUT B PE3yJIbTaTe OHOTO €IUHCTBEHHOTO CTOJIKHOBEHHUSI.

5 DHepruM MOAABISIONIErO OOJBINMHCTBA YACTHI[ OT O - PaJHOAKTHBHBIX MCTOYHHKOB JICKAT B MUama3oHe 4-6
MbB.
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Muz1 Y4Y4IH TAaKXKC, YTO 3HAUCHHWEC HMHTCIrpajia B MOCICAHEM BBIPAXKCHHU PABHO CIWHUIIC. VYron
OTKJIOHCHUA OIIPECACINM KaK OTHOIICHUEC UMITYJIbCA p | K HaYaJIbHOMY UMIIYJIbCY YaCTUIIbI:

P 27e% /b
m,v, E '

0~

(3.15)

a
2
3necy E, =m,v, / 2 - KUHETHYECKas SHEPIUs O - YaCTHUIIbI.

MBI MOTy4YWIIM UHTEPECHBIN pPe3yJbTaT — Yrojl pacCcesHus paBeH OTHOIICHUIO TOTEHIH-
ANbHOW SHEPTUU B3aMMOJCHCTBHS O - YACTHUIIBI U ATOMHOTO OCTOBA MPHU WX MaKCHMaIbHOM
cOMmmKeHnH (B HalleM NPUOIMKEHUU NPSIMOJIMHEMHON TPaeKTOpPHM 3TO MPULEIbHBINA Mapa-
MeTp) K KMHETUYECKOM SHeprum o - yacTuibl. [lodyueHHOe BbIpak€HHE CIpaBeAJIMBO JJIs
3HaueHud b > R. O4eBUAHO Takxke, 4yTo ciiydyaid b = R OyAeT COOTBETCTBOBATH MAaKCHUMAallb-
HOMY YTy OoTKJIOHeHHs. [IpoBO/s YKCIeHHYIO OIIEHKY MMEHHO JUIsl 3TOTO ciiydyas W moJjaras,

urto Z =79 (30m010), a R =10" cm, momyunum 0, ~4-107*. Dro Beero mBe coThIX Tpamyca.

[Toyunth GOMBINIOE 3HAYEHHUE YTIIa PACCESTHUS «MEIIAET» CIUIIIKOM OOJBIION pa3Mep aTOMHO-
T0 0CTOBA. DTO €IMHCTBEHHBIM CBOOOIHBIN MapaMeTp B HamieH 3agade. [loaromy, eciu MbI X0-
TUM TOHATH Pe3yJbTaThl ONBITOB Pe3epdopaa, Mbl JOKHBI PE3KO, TOYTH Ha YETHIPE MOPSIIKa,
YMEHBIIUTB pa3Mep 00JaCTH JIOKAIU3AIUHN TTOJI0KUTEIBLHOTO 3apsiia. TO €CTh Mbl BBIHYKICHBI

TIPEJITONIOKUTh, YTO BHYTPH aTOMa CYIIECTBYET sAApo pasmepom R, ~ 107 cm, Hecymee Bech

HOJIOKUTENbHBIN 3apal. Ilockosbky pasmep aToMa COCTaBIISIET BEIMYUHY MOPsIKa aHICTpeMa,
clleflyeT MPEeNoN0XKNUTh, YTO ATOT pa3Mep ONpeNeNseTcss aTOMHBIMU 3JIEKTPOHAMH, KOTOpBIE
JBUKYTCS B KyJOHOBCKOM IoJjie sjpa. Tak Mbl NpUXOJUM K IUIAHETapHOM MOJENIN aroma,
npeoxxeHHol O.Pesepdopaom B 1911 rony. B cinyuae npocreiiiero atoma (aToma BOA0Opo-
J1a) AJEKTPOH JIBUXKETCS BOKPYT sJIpa MO JUIMITUYECKON (B YaCTHOM Cilyyae — IO KpyTOBO)
TPaeKTOPHUH.

HeynosnerBoputensHocTs Moaenu Pesepdopna Oblza oueBHaHA C caMOro Havana.
DJEeKTPOH, ABUTasiCh 10 KPyroBOW (MM 3JUIMNTHYECKON) OpOUTE NOJDKEH U3IIydaTh 3JIEKTPO-
MarHUTHBIE BOJIHBI, TEPSATH SHEPTUIO U, B KOHEYHO CUETE, YNACTh Ha sIp0. ATOM OKa3bIBaeTCs
HECTAOHIbHBIM, XKUBYIIHM KOHEUHOE BpeMs’. OIHAKO SKCIEPUMEHTAIbHbIC (HAKThl HAZEKHO
YTBEP)KIAIOT, YTO CBOOOJHBIE aTOMBI, HE OyIy4Yd MOJABEPTHYTHl KaKOMY-THOO BO3AECHCTBHIO,
abconmoTHO cTabuinbHbl. Mojiens Pesepdopnia B 3TOM cMbICIIE OKa3bIBACTCS 3HAUUTEIBHO XYyXKe
mozenu ToMcoHa, B KOTOPO# cTaOMIBHOCTh aTOMa TOJTy9aeTcsi caMa COOOM.

Jl1st TOoro 4TOOBl OKOHYATENbHO BHECTH SICHOCTh B CUTYALIUIO, Ha/10, KOHEYHO, OLIEHUTh
BpEeMs JKU3HU aTOMa OTHOCHUTEIBHO MaJ€HUs 3JIEKTPOHA Ha AApo. DTy 3a7ady MOKHO PEIIUTh
aHAJIOTUYHO YK€ PACCMOTPEHHOM HaMU 3a7audl O 3aTyXaHUU KoJIeOaTeIbHOTO IBUKEHUS JJIEK-
TpoHa B aroMe Tomcona. OJiHaKo elie NMpolne 3TO CAENIATh, UCXOS U3 YHEPreTUIECKUX CO00-
pakeHuil. Mcnonb3yem Juist 3TOro BeIpaskeHHe Il CKOPOCTH MOTEPH SHEPTHM Ha U3ITyueHHE

2

d—E:—zé\}fr. (3.16)

dt 3c
CuuTas A8 IPOCTOTHI OPOUTY KPYroBOif, uMeeM i = v’ / r,TAe V U F - CKOPOCTb JIBUKEHHUS
3JIEKTPOHA 110 KPYTOBOW opOUTE U ee paauyc. Bocronb30BaBIIMCE ypaBHEHUEM JIBHKCHUS

mvz/r:ez/rz, (3.17)
3TU BEJIMYUHBI JIETKO BBIPA3UTh Yepe3 MOJIHYI0 SHEPrulo 3eKTpoHa. JlelictButensHo, u3 (3.17)
uMeeM

E=-m[2=-¢"/2r, (3.18)

% B ormune ot Moaenu Pesepdopra B Moaenu ToMcOHa 3aTyXaHHe KONeGaHHMil IPUBOIUT K BO3BPALLICHHIO aTOMa
B OCHOBHOE (HEBO30Y>KICHHOE) COCTOSHHE.
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T.€. TIOJIHAsl HEPrUsl YacTUIbl paBHA KMHETUYECKOW YHEPIUU ¢ OOpaTHBIM 3HAKOM, WM IOJIO0-
BUHE MOTEHIMAJIbHON SHEprun B3aumoaencTBus ¢ sapom. C ydyerom (3.18) nepenuiiem ypas-
Henue (3.16) B Buze

dE 4
~— = _BE*, 3.19
7 p (3.19)
32 1 .
rae f= ERCERER Wurerpupys (3.19), Halinem
TdE
— =—Pr. (3.20)
E, E*

3n1ech T - BpeMs Ma/ieHus AIEKTPOHA Ha A11po (TIOJIHAs SJHEPIHsl 3JIEKTPOHA IIPU 3TOM CTPEMUT-
ciK —o0), E - HauanbpHas 3Heprus aektpona. 13 (3.20) nomyuaem:

3
1 1 ( mc? r

_ =— | — | .=, 3.21
E 3B|E0|3 32\ |E| ) ¢ (3:21)

e 7, =e’ / mc’ - KIaccHuecKuil paauyc d1eKTpona. Kak BHIHO, BpeMs JKU3HH aTOMa CHIIBHO

3aBUCHUT OT BEIUYHMHBI SHEPTUU HAYaJbHOTO COCTOSHUS. CUIBHO BO30YXKICHHBIE COCTOSHUS
(U1 HUX 3HaYeHHe E, I HEMHOT'O MEHBIIIE HyJIs) MOTYT KUTh JOCTAaTO4YHO Aoiro. OgHa-

KO0, A7 sHeprun E, = —10 3B, uTo XapakTepHO A1 OOJBIIMHCTBA HEBO30YKAECHHBIX aTOMOB,

u3 (21) HaxomuMm T ~ 10" ¢c. CobcTBEeHHO, ATa OIEHKA U HE MO3BOJISCT BCEpPbE3 OTHOCUTHCS K
TJIaHETAPHOW MOJEIIM aTOMa: JIEKTPOH yHaAET Ha SIAPO CIUIIKOM OBICTPO.

Amom bopa.
Pemaromuii mar Ha myTH pa3BUTHs KBAHTOBBIX MPEICTABICHUN O CTPOCHHH aToMa ObLI

cneman H.Bopom’ B 1913 romy. OcraBasich B paMKax ILIaHeTapHOH moxend, Bop mpesmono-
KWL, YTO cpear OECKOHEYHOI0 MHOXKECTBA OPOUT, YAOBIETBOPSIOIIUX KIACCUYECKUM ypaBHE-
HUSIM JIBIDKEHHS, pa3pelieHbl TOJIBKO T€, JUISI KOTOPBIX BBIMIOJIHEHO YCIOBHE KBAHTOBAHUS MO-
MEHTa KOJIMYECTBA JABIKEHHUS: MPOEKIMS MOMEHTa Ha OCh, MEPHNEHAMKYJSPHYIO IIOCKOCTH
OopOUTHI, KpaTHa MOCTOSTHHOM [1nanka:
L =nh, n=123,.. (3.22)

[Tpu 3TOM, HaXOIACh HA ATUX Pa3pELIEHHBIX OPOUTAX JIEKTPOH, HE U3Iy4YaeT BOMPEKU 3aKO-
HaM KJIACCMUYECKOW MeXaHUKU. M3iydeHue SHepruy MpOUCXOAUT MpH Mepexonie ¢ OpOuTH Ha
opOUTY, NMPUYEM PHEPTUsl UCITyCKAeMOI'0 KBaHTA /i® €CTh pa3HMIA YHEPrHil HAYaJBHOTO KO-
HEYHOT'O aTOMHBIX COCTOSTHHI.

CraenaHHbIe BBIIIE YTBEPKICHHUS U3BECTHBI Kak MocTynatel bopa. [Ipexne yem ncnomib-
30BaTh UX JJIS pacueTa aTOMHBIX COCTOSIHUI, 0OCYIuUM BOMNPOC, U3 KAaKUX MPEIIOJIOKEHUN
MOYKHO MIPUATH K TIOCTYJIaTy KBAaHTOBAaHMS MOMEHTa KondecTBa ABkeHus. [Ipu obcyxaeHnu
3TON MpoOIEeMBbl MBI BOCIIONb3yeMCsl CPOPMYIUPOBAHHBIM bOpoM MPUHLUIIOM COOTBETCTBUSI,
COIJIACHO KOTOPOMY PE3YJIbTaThl, OJYUYCHHbIE B paMKaX KBAHTOBOT'O MOJXO4, B IPEAETIbHBIX
ciaydasix (Oonbplliie KBAHTOBBIE 4YKCIA, Majlas BEJIMUYMHA DHEPIMHM H3Jy4aeMOro KBaHTa IO
CPaBHEHHIO C DHEPTUeHl CUCTEMBI U T.II.) JOJDKHBI MEPEXOJUTh B PE3yIbTaThl KIACCHYECKOTO
paccmoTpenus. B nanpHeimeM JUisi IpOCTOThI OTPAaHUYUMCSI TOJIBKO CITydaeM KPYTrOBBIX Op-
owur.

Wtak, 3anumieM ypaBHEHHs JIBHKEHHS JJIsl SJIEKTPOHA, OOpaIaloIerocs: Mo KpyroBoi
opOuTe BOKPYT sijipa ¢ 3apsioM Z:

" N.Bohr (1885-1962) — narckuii ¢puzuk, HoGenenckas npemust (1922).
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2 2
mlz%. (3.23)
r r

MpsI Takke 3HaeM, YTO MPH JABMKEHUU B LIEHTPATbHO-CUMMETPHYHOM TIOJIE COXPAHSETCS MO-
MEHT KOJIMYeCTBa ABWXKCHHA. i1 ero z - mpoeknuu (OCh z HaIlpaBUM IMEPIEHIUKYISIPHO
TUIOCKOCTH OpPOUTHI) UMEEM:

L_=mvr = const . (3.24)
Ornpenenum MoJHYI0 YHEPTUIO PJIEKTPOHA HA OpOUTE
E:mv2_262 :_mv2 (3.25)
2 r 2

BrIpa3um Teneps SHEPrHO JIEKTPOHA Yepe3 OpOUTATBHBI MOMEHT KOJIMUECTBA JIBYOKEHUs. 13
(3.23) u (3.24) Haxonum

L. =2Ze/v. (3.26)
[Toncrasmnss (3.26) B (3.25), nonyuum
2 4
E:—ﬁgél. (3.27)

Torma mpu nepexojie ¢ OpOUTHI HAa OPOUTY M3MEHEHHE DPHEPTUU U U3MEHEHHE MOMEHTa KOJIH-
YeCcTBa JBHKEHUS CBSI3aHLI COOTHOILIEHUSIMH :
2 4
mZ-e
AE = — AL . (3.28)
r :
z
DTO U3MEHEHHNE SHEPIUH CBA3aHO C M3JIyYeHUEM KBaHTa /. B ciayuyae BRICOKHX OpOUT, KOTIA
JBUKEHHUE 3JIEKTPOHA JIOJDKHO OBITH MOUTH KJIACCUYECKUM (TIPUHIIUI COOTBETCTBUSA!), HacTOTa
ATOr0 KBaHTa JOJDKHA OBITh paBHA KPYroBOM 4YAacTOTE OOpallleHHs 3JIEKTpOHA IO OpOuTe
o=v/r,re.
2 4
v mZ-e
AE =ho=h—= h—3.
r L

z

(3.29)

Conocrasnss (3.28) u (3.29), nomyyaem, yTo JUIsl BRBICOKUX OPOUT B CHITy IPUHIIMIIA COOTBET-
CTBUS JIOJKHO OBITh BBIITOJIHEHO

AL, =h. (3.30)
ITycts 31O BepHO ans mooObx opout! Torna, oueBUAHO, MOTy4aeM, YTO OPOUTHI, IO KOTOPBIM
JIBMDKETCSI 3JIEKTPOH, JIOJIKHBI YIOBJIETBOPATH TPEOOBAHHIO

L_=nh+const, (3.31)

rae n - mo0oe 1enoe Yucio, He paBHoe HyJio. Ciydail OTpULIATENbHBIX 7 COOTBETCTBYET
BPAIICHUIO 3JICKTPOHA B IMIPOTHBOIIOJIOKHYIO CTOPOHY M (PAKTHUYECKH OMUCHIBACT OJHO M TO KE
9HEPreTUIeCKOe COCTOSIHUE. ECTECTBEHHO MOJOXKHTH, YTO const =0, W TOTAa MBI MOTydaeMm
cOpMyITHPOBAHHOE BBILIE [PABIIO KBAHTOBAHHS MOMCHTA .

Wtak, mbl uMeeM nBa ypaBHeHHs — (3.22) u (3.23). HeusBecTHBIX BEIHUUH TOXE JIBE —
9TO pajlyC SJCKTPOHHOW OPOWTHI U CKOPOCTH JIBFDKEHUS MO Hel. Paspemas 3T ypaBHEHUs
OTHOCHUTEIILHO 7 H V, TOJIy9aeM

® Mgt nonaraem, uto AL, << L.
? [lpyras BO3MOJKHAs abTEPHATUBA BEIGOPA KOHCTAHTEI, TAK YTOOBI MOMEHT TIPOGEras TUCKPETHbIH HAGOp 3HAUe-
HUH, OTCTOSIIIMX HA BEJIMYMHY NIOCTOSAHHOM [lnaHka, 3akitoyaeTcst B yClnoBUU CONSE = h/ 2 . Ml He GyneM aHa-

JM3UPOBATh 3Ty CUTYAIMIO, OJHAKO HHTEPECHO, YTO YK€ B MoAenn bopa MporisiipBaloT MPeaCTABICHHS O TIOJTy-
IIEJIOM MOMEHTE KOJIMYECTBA ABHKEHHS.
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K n? n’

n = me2 7 =a, 79 (332)
2

v :%% (3.33)

3neck a, = h?/me* =5.29-10° cm — GopoBckHii pamiyc, GaKTHIECKH 3TO pa3Mep aToMa BO-
nopojnia B ocHOBHOM cocTtostHuu (7 = 1). CootHomienue (3.33) ynoOHO nepenucarh B BUIE

2
v,[c=—=. (3.34)
fic n

Bosnukaer eme omHa KoMOWHAIMs (yHIAMEHTAIBHBIX KOHCTAHT, IpudeM Oe3pa3mepHas,
a=e’ / he =1/137. Dra BenMYMHA HOCUT HA3BAHUE TIOCTOSHHOW TOHKOM cTpyKTyphI' . DTa 1I0-

CTOSIHHAs UMeeT (yHIaMEHTAIbHbIN (GU3HUUeCKUl CMBICI: OHA OMpPEAETseT ANEKTPUUECKUN 3a-
P B HEKOTOPBIX €CTECTBEHHBIX O€3pa3MEpHBIX €AMHUIAX. A IEKTPUUECKUH 3aps]] €CTh Mepa
WHTEHCUBHOCTH 3JIEKTPOMArHUTHOTO B3aWMOJICHCTBUSA. MaJjoCTh BETUYMHBI O O3HAYAET, YTO
B HEKOTOPOM CMBICJIE 3JIEKTPOMarHUTHOE B3aUMOJCHUCTBHUE SBISETCS ClIa0bIM. DTOT (aKT Je-
J)KAT B OCHOBE COBPEMEHHOW KBAaHTOBOMW 3JIEKTPOJAMHAMUKH, PACCMATPUBAIOLIEH 3JIEKTpOMar-
HUTHOE B3aUMOJIEMCTBHE 0OBEKTOB B paMKaxX TEOPUHU BO3MYILIEHHI 110 MaJloMy MapaMmeTpy o .

OTMeTUM TakXe, YTO HAIlIM PAacUeThl MOKA3bIBAIOT, YTO aTOM SBISIETCS HEPEISATUBUCT-
ckoii cucremont. [Ipu Z =1 ckopocTh 3JeKTpOoHA Ha TIEpBOM OOpOBCKOM opOuTe paBHa 1/137
ckopoctu cBera. OHAKO B TSKEIBIX BOJAOPOAONOAOOHBIX CHCTeMaX CUTyanus Mensercs. Ha-
npuMmep, npu Z =92 (BOAOPOIONONOOHBINH HOH ypaHa) umMeeM v, /¢ ~ 1. DTo 3HAYHT, 9TO pe-
JSTUBUCTCKOE 000011eHne Moienu bopa npeacrapiser 3HaYUTEIbHBIA HHTEPEC.

Bocnonbs3oBapuiuce Beipaxkenusimu (3.25) u (3.33), onpeaenum paspelieHHbIE YPOBHH
YHEPTUU DJIEKTPOHA B aTOME

2 4 2
my me” Z
=T __ = 3.35
" 2 2n* n’ (-39
4
O6o03HauuM Ry = };1;2 =13.606 >B. ®akTnuecku 3Ta BeJIWYMHA NPEACTABIsET COOON MOTEH-

a1 HOHU3AIMH aTOMa BOJIOPO/IA.
OmnpexnenyM Tenepb YacTOTY M3IYYCHHsS, MUCITYCKAeMOT'O BOJOPOIONOAOOHBIM HOHOM
IpY TIepeXo0/ie HIIEKTPOHA ¢ OPOUTHI 71 Ha OpOUTY m :
o 1 1
ho, =Ry-Z (—2——2) n>m (3.36)
m- n
Cryyaif m > n COOTBETCTBYET MOTJIOIIEHHUIO KBAaHTA MIPU MIEpexoie, Ha000poT, ¢ Oosee HIU3KOM
Ha 0osee BBICOKYIO opouty. @opmyna (3.36) u3BecTHa kKak oboOmmenHas Gopmyna banpmepa u
OTIMCHIBAET BCIO COBOKYITHOCTh YACTOT B CIIEKTPAX BOAOPOAONOJOOHBIX CUCTEM.

Bosee moapoOHO OCTAaHOBUMCSI Ha CEPHAIbHBIX 3aKOHOMEPHOCTSIX B CIIEKTPE aTOMa BO-
nopoma (Z =1). Ormernm, uto eme B 1885 rogy M.Baxsmepom'' 6110 mOKa3aHO, 4TO HAGIIO-
JlaeMbI€ JJTMHBI BOJIH B BUJIMMOM YaCTH CIIEKTpa aTomMa BoJopoja (B TO BpeMsi ObLJIO U3BECTHO
BCEr0 TPU TAKWUX JIMHHWH, B HACTOAIIEE BPEMS MX YHCIO COCTaBISET HECKOJIBKO JIECATKOB)
YJIOBJICTBOPSIIOT COOTHOIICHHIO

1% TIpomcxox/ieHne 3TOro Ha3BaHMs CBA3AHO C TAK HA3BIBAEMO# TOHKOH CTPYKTYPOil aTOMHBIX CIIEKTPOB, KOTO-
pas Oyzet o0Cy)IaThCsl MO3Ke.
' Balmer (1825-1898) — mBeiiriapckuii (pu3MK 4 MaTEMATHK.
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A 22 n’
3neck R - IOCTOSIHHASA PHL[6epra12, e umcIeHnoe 3naueHre R =109700 cm™'. CooTHOmEHNE
(3.37) onpenensier ceputo banbmepa B cniektpe Bogopona. Heckonbko mosxke (B 1906 romy)
Jlaiimasom" aHamornunas cepust (cepus Jlaiimana) Gbiia oGHApYXEHA B yIbTPadHONETOBOI
YacTH CIIEKTpa

1 R(i—ij, n=345,.. (3.37)

1 1 1

—=R———|, n=234,.., 3.38

A (12 nzj ( :
a B 1908 roxy ITamernom'* — B mH(ppakpacHoil yacTH CIeKTpa

1 1 1

—=R ———|, n=456,.. 3.39

A (32 nzj ( )

Mopens bopa HaxoauTCs B IPEKPACHOM COTJIACUU C dTUMH IKCIIEPUMEHTATBHBIMH JIaHHBIMU,
JNEeNCTBUTENBHO, (3.36) MOKHO nepenucaTh B BUJIE

B 1 Ry ( 1 1)

= ———|, n>m
;5 A,, 2mhc m*  n’
) (3.40)

NpUYEM TEeOpHs MpEJICKa3biBaeT IIpa-
BHJILHOE 3HAYEHHME JUI1 TOCTOSHHOI
Punbepra R = Ry/2mhc =109700 cm™.

Cxema 3HEpreTH4ecKuX ypoBHEH aToMa
BOZIOPO/A U COOTBETCTBYIOIIUX CIIECK-
TPaJIbHBIX CEpUIl NIpUBENEHA Ha puc.3.2.
Jluauu cepun JlaliMana npuHATO 000-
3HauaTh OykBoW L cepum banbmepa —
OykBoil H , HOMep JMHUU B cepuu 00o-
3Ha4yaloT OyKBOW rpeuyeckoro angasuT.
Hanpuwmep, Ha puc.3.2 0003HaueHBI de-
TBIpE JIMHUU cepuu JlaiimaHa
LOL,L[},LV,L8 A TPU JHUHUU CEPUU

banemepa H,,H,,H, . IlepByro nuHuH

1000 cepun NPUHATO HAa3bIBaTh IO-
nosHoW. Hanpumep, L,, H_ - roios-

o’ [¢3

HbIC JIMHUM cepuii Jlalimana u baneMepa
COOTBETCTBCHHO. J[BE IEPBBIX JIMHUU
cepuu [lamena Taxxe npeacTaBieHbl Ha
puc.3.2.

Y [To3xe B MH(ppakpacHOil a 3aTemMm
U B PaJUOYaCTOTHOM 4YaCTAX CHEKTpa
Obuln OOHApy)XEHbl M JIPYT'HE CEpHH,
omnuckIBaeMbIie 000011eHHO# hopmyroit bansmepa. B wactHoCcTH, mepexoab

Ha ypoBeHb m = 4 co Bcex 0ojee BbICOKUX n = 5,6,7,... COCTaBIAIOT ceputo bpakera,

Yy vy

Puc.3.2. CnekTp atomapHoro sogopoaa.

Ha ypoBeHb m =5 - cepuro [Ipynna (n = 6,7,8...),

12 J Rydberg (1854-1919) — mBenckuii GU3NK ¥ MATEMATHK.
' T.Layman (1874-1954) — aMepHKaHCKHI (PH3HMK — SKCIIEPUMEHTATOD.
' F Paschen (1865-1947) — HeMenkuii (pH3HK — SKCIIEPHUMEHTATO.
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Ha YpoBeHb m = 6 - cepuro Xomppu (n=7,89...),

Ha ypoBeHb m =7 - cepuro XaHceHa - Ctponra (n =8,9,10,...).

Bce 3TH cepum HOCAT MMEHa YYEHBIX, BIEPBbIE HACHTU(QUIMPOBABIINX COOTBETCTBYIOIINE
CHeKTpasibHble TUHUUA. OTMETUM, YTO NMPOJBM)KEHUE B 00JIACTh BCE OOJBLIMX 7 CHIBHO 3a-
TPYAHSET U3MEPEHHs ~, B 4aCTHOCTH cepusi XaHcena — CTpoHra Oblna 0OHAPY’KEHA TONBKO B
50-x rogax XX Beka. B Hacrosmiee BpeMs B acTpoPpU3NUECKON MIIa3Me HaOII0AI0T ePEeX0/Ibl
MEXY YPOBHSIMH aTOMapHOTO BOJAOPOA ¢ KBAHTOBBIMH YUCIIAMH, MTPEBHIIIAIONIIMU 3HAYCHHUS
n,m >100. Takue cunbHO BO30YKIACHHBIE COCTOSIHMSI aTOMa Ha3bIBalOT pUIOEPTOBCKUMH CO-

CTOSIHUSIMH, UX W3YYCHHE MPEACTABISACT KaK MPHUKIAHON, TaK U 00MEeU3NIECKUN HHTEpPEC.
[Tocneanee cBsi3aHO, B YACTHOCTH, C TEM, YTO B COTJIaCHO MPUHLUIY cooTBeTcTBUA bopa 3Tn
COCTOSIHHSI [IOYTH KJIaCCHYecKue . I109TOMy MOSBISETCS SKCIEPUMEHTAIBHAS BO3MOKHOCTD
Ha0JI01aTh 32 TIEPEX0JJOM OT KBAaHTOBOMEXaHMYECKOTO OMKCAHUS aTOMa K KJIACCUYECKOMY .

[ToxBoas UTOT CKa3aHHOMY, OTMETHM, YTO MOJeib bopa, Oyaydu BHyTpeHHE MPOTHUBO-
pEYMBOI 1 HANOJIOBUHY KJIACCUYECKOM, HAITOJIOBMHY KBAaHTOBOM, OKa3ajlaCh B MIPEKPACHOM CO-
TJIACKU C IKCTIEPUMEHTAIBHBIMU JAHHBIMH 110 CIIEKTPY aTOMa BOJOPO/Ia ¥ BOJIOPOAOIOI00HBIX
CUCTEM. DTO O3HAYaeT, YTO HJesd KBAaHTOBAHUS MOMEHTA KOJIMYECTBA JIBUKEHUS MPABUIHHO
CXBaThIBAET OCOOCHHOCTH KBAHTOBOMEXAHUYECKOTO OMMCAHUS CTPOCHHS aTOMa.

OTtMeTuM TaKke, 4To 0000meHne Moaenu bopa Ha ciydail ayumMnTudeckux opouT Obl-
JIO BBIIIOJTHEHO A.30MMep(1)enbn0M17 ¥ HOCUT Ha3zBaHHe Mozenu atoma bopa — 3ommepdenbaa.
Monenb bopa — 3ommepdenbaa, CylecTBeHHO pa3ABUTas BO3MOKHOCTH OIMMCAHMS OJHOIJIEK-
TPOHHBIX CUCTEM I10 CPAaBHEHMIO C NIEPBOHAYAIILHOM Mojienbto bopa, sBisieTcs, TeM He MEHee,
CBOEOOpPa3HBIM TYIUKOM B Pa3BUTHM KBAaHTOBOW TeOpHH. B pamkax Takoro rnojaxoja okas3blBa-
€TCsl HEBO3MOXXHBIM IIPOrPECC B OMUCAHUU CTPOEHHUSI MHOTORJIEKTPOHHBIX aTOMOB, UX B3aHMO-
JEHCTBUS C BHEIIHUMHU 3JI€KTPOMAarHUTHBIMU MOJISIMU U APYT C IPYrOM, B YACTHOCTH BOMPOC O
BO3HUKHOBEHUU XMMHUYECKON CBS3M M O0pa30BaHMM MOJIEKYJ. boiiee TOro, camo ommcaHue
JBUKEHHSI SJIEKTPOHA 110 HEKOTOPHIM pa3pelIeHHbIM OpOUTaM MPOTUBOPEUUT HAIIUM KBAaHTO-
BBIM TIPEJICTABJICHHUSIM O TOM, YTO TaKhe€ OPOWTHI B MPHUHIIUIIE HE MOTYT CYIIECTBOBATh, IO-
CKOJIBKY B CHUJIy COOTHOUICHMSI HEOINpPEAEIECHHOCTEH OAHOBPEMEHHO TOYHBIE 3HAYEHHUS KOOp-
JTUHATBI M CKOPOCTHU DJIEKTPOHA OMPE/IEIICHBI ObITh HE MOTYT.

Mooenv bopa u eunomesa de bpotins.

O6cyaum Tenepb CBSI3b MEXIy MOCTYJIaTOM KBaHTOBAaHHS MOMEHTA KOJMYECTBA JIBU-
JKEHHUS B aTOME U BOJHOBBIMH CBOMCTBaMHU 3JIeKTpoHa (runoresa ae bpoits). [ns sToro nepe-
nuIieM KBaHToBoe ycinoBue bopa (3.22) B Buze

L, =mv,r =@-r =nh,

n'n n
D

WM
nh, =2nr,, (3.41)

T.e. Ha JUIMHE OpOMTHI YKIJIAJIBIBACTCA I1IeJI0e Yuciio BoiH ae bpoiuia. Ycinosue (3.41) umeer
MOHATHBIN (pu3nyecknii cMbici. PaKTHUECKH CTallMOHApHBIE OpOUTHI bopa COOTBETCTBYIOT
CTOSIYMM DJIEKTPOHHBIM BOJIHaM Jie bpoiuist B atome.

"> OnHa U3 mpUYMH 3TOr0 — GHICTPOE YMEHbIIEHHE BEPOSATHOCTH MEPEX0/ia C yBETUUCHHEM JUTHHBI BOIHBI CIIEK-
TpanbHOW nuHUY. [IpuunHy 3TOr0 MBI OyaeM 00CyXAaTh NPU M3YYEHHN KBAaHTOBOW TEOPHH 3JIEKTPOMAarHUTHBIX
HEePexo0JI0B.

' B03MOKHOCTH Tepexo/a K KIACCHUECKOMY HpeJeNTy TPH OIMCAHMH KBAHTOBOH CHCTEMBI TpebyeT, KOHEUHO,
ropaszo OoJee moIpOOHOTO PACCMOTPEHUSI.

17 A.Sommerfeld (1868-1951) — HeMelKHii (UMK — TEOPETHK.
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Pensmusucmcekoe 0bobuenue mooenu bopa.

Beiie MbI yke oOpariiaid BHUMaHUE HA TO, YTO B TSKEIIBIX BOJOPOIONOIO00HBIX CHC-
temax (Z >>1) 3JIeKTPOH CTAHOBHUTCS PEISATUBUCTCKHUM, T.C. HAIICH MOJIENN Y)KEe HEAOCTATOY-
HO. PaccMoTpuM Teneps pensaTHBHCTCKOE 0000IieHue moaenu bopa. Tak e kak U paHblIe,
OTPaHUYUMCS CIIy4aeM KPYTOBBIX OPOUT. 3amuileM PeSITUBUCTCKOE YpaBHEHHE BU)KCHUS B
BHJIE

- 2
LA Ta— (3.42)

2 3
d =Gy
[Tockonpky Ha KpyroBoil opOuTe MOAYJb BEKTOpa CKOPOCTH OCTAETCS MOCTOSHHBIM, ypaBHe-
Hue (3.42) MOXKHO TIepenucaTh B BUJIC

2 2
ymv Ze
= . 3.43
r r’ (3.43)

2 o
3nech y = 1/ V1= (v/ c) - pensituBUCTCKUM (pakTop. DakTUyeckn ypaBHeHUE IBMXeHus (3.43)
OTJINYAETCS OT HEPEISATUBUCTCKOTO cirydas (3.23) mosiBieHneM MHOHUTENS Y .

Bbynem takke cunrtaTh, KBaHTOBOE ycioBue bopa (3.22) BepHO U NpU pEISITUBUCTCKUX
ckopoctsx. Torna nmeem:
L =ymvr=nh. (3.44)
Onsate umeeM nBa ypaBHeHus (3.43) u (3.44) nist onpeneneHus: paanycoB OpOUT U COOTBETCT-
BYIOILIUM MM CKOpocTel iBrxkeHus. [lociie HecaoxkHbIX TpeoOpa3oBaHuil noydaem
v,Jc=0Z/n, (3.45)
2

r =a0n7 1-(0uz/n) . (3.46)

n

OTmeTuM, B 4YaCTHOCTH, YTO BBIPAXKEHUS JJIs1 CKOPOCTH JABMXKEHMS IO OpOUTE, MOJyUYCHHbIE B
PENSITUBUCTCKOM U HEPEJSTUBUCTCKOM Cllydasix, coBlajaroT. Haiiem Tenepb sHEpruro siek-
TpoHa Ha opOuTe. [TockonbKy py ABUKEHUU B KYJIOHOBCKOM I10J1€

E =ymc’ _Z_e2 = ymcz(l —vz/cz): me?\[1-(v/c), (3.47)
r
E, =mc*\1-(azZ/n) . (3.48)

Moxer ObITh, HaUOOJEEe yAUBUTEIBHBIM SIBIISIETCS TO, YTO PEIIECHUE 3a/1a4ll CYIIECTBYET HE
qutst mi00b1xX Z . Kak BugHO u3 (3.46) u (3.48) At OCHOBHOTO COCTOSIHHSI CUCTeMBI (7 = 1) mmo-
JYYCHHBIC BBIPAXKCHUSI TEPSIFOT CMBICI I CBEPXTSDKENBIX SIIEP C 3apsIoM OOJIbIlIe HEKOTOPO-

*
T'O KPUTHYECKOI'O A

MoJIy4Ynm

Z>7 =1/a=137. (3.49)

Ipu Z =27 =137 monHas >Heprus SJEKTPOHA (BKIIOYAS SHEPTHIO TOKOsA) oOpamaercs B
HOJIIb, a OpOUTa UMeeT HyNeBol paauyc. [l saep ¢ GOIbIIMM 3apsSA0M YCTOMUNBOM OpOUTHI,
COOTBETCTBYIOLIEH cityyato # =1, B pamkax moaenu bopa Haiitu Henb3s. To ecte Moaens bopa
(dakTHyecKu NpeacKka3bIBaeT CyllecTBOBaHME KOHLA Tadnuibl MenaeneeBa. MHTepecHo, 4uto
TOYHO TAaKOW K€ OTBET IOJy4yaeTcs M B PaMKax PEJIATUBUCTCKOM KBAaHTOBOW Teopuu, Oasu-
pYIOLIEICS Ha PEICHUH BOJIHOBOTO YPaBHEHUS I[I/IpaKalg. [IpoBeputh cuenanHbie MpeacKas3a-
HUSI HAIPSMYIO BPSJL JIM BO3MOXHO, MTOCKOJIBKY CHHTE3UPOBATh Apa CO CTOJb OOJBIINM 3HA-

'8 P A.M.Dirac (1902-1984) — anrnuiickuii pusuk — eopetnk, Hobenesckas npemus (1933).
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yeHueM Z (HeoO0XO0auMO eIle JIEKTPOHHYIO 000JIOUKY CO3/1aTh) B HACTOAIIEE BpeMs MpooIie-
MATHYHO .

Uyt Oosiee mMOApOOHO OCTAaHOBHMCS TETEph Ha clydae HEOONBIINX 3HAYCHUH Z W
paccMOTPHUM BONPOC O PEISATUBUCTCKUX MOIPABKaX K SHEPreTUYECKHM YpPOBHSM aToMma BOJO-
pozia 1 BOAOPOAOIOA00HBIX HOHOB. OTMETHUM, MPEX]IE BCETO, UTO B BhIpaxeHue (3.48) Bkito-
YeHa TaK)Ke SHEpPrus MOKOs JIEKTPOHA, KOTOPYIO Mbl HE YUUTHIBAJIUM B PAMKAX HEPEISTUBUCT-
ckoil Teopun. [TosTOMy ISl CpaBHEHHUSI PE3yIBTATOB U HAXOXKICHUS PEISTHBHCTCKUX IOTpa-

BOK IepenuuieM BoipaxxeHue (3.48), HCKII0UMB U3 HETO SHEPIUI0 MOKOs

E =E, —mc* = —mcz(l —J1-(az/n) j : (3.50)

[Iposoas B (3.50) paznoxxkenue kopHs B psij Teinopa, nmoayyaem
~ 1 z?
E, z——oczmcz—z, (3.51)
2 n
YTO, KaK HETPYJHO BHJETh, COBIAJaeT ¢ BblpaxxeHueM (3.35). PenstuBucrckas mompaBka K
sHepruu OF , MoJy4aeTcs NpH y4eTe BTOPOro WICHa pasiokeHus KopHs B (3.50):

1 s la’z? Z?
8E ~——mc*(aZ/n) == | -Ry—|. 3.52
P 8 ( / ) 4 n2 Y nZ ( )
Hanpumep, 17151 OCHOBHOTO COCTOSIHHSI aTOMa BOZOPOIa HMEEM
1 1
SE, zgmczoc4 :ZoczRy ~1.8-107* 3B. (3.53)

DKcnepumeHmanbHoe 00KA3AmMenbCmeo OUCKPEmHOl CIMPYKMYpPbl AMOMHbIX YPOBHEL.
Onvimer @panka u I'epya.

B 1913 rony [lxeitmcom ®paHK0M20 u ['ycraBom l“epueM21 OBLT MPOBEJIEH KCIEPH-
MEHT, J0Ka3aBIINNA HAJIMYME B ATOME AUCKPETHBIX dHEPreTHuecKkux ypoBHel. OnelT dpanka u
I'epua cocrosin B cienytomeM. K paspsaHoit TpyOke, conepskameii karoxa (K), anox (A) u cet-
Ky (C), mogaBajioch HampspKeHHE, Kak MoKa3aHo Ha puc.3.3 (ycKopsiollee HanpsHKeHUe MEKIY
Ku C V,. n cnaboe Topmossuiee Hanpsbkenue mexay C u A V., ). TpyOka 3anosissuiach Ha-

CHIIICHHBIMUA TMApaMH PTYTH. DJICKTPOHbBI
IMUTHPOBAIHCH C MOBEPXHOCTH KaTO/a, yC-
Kopsuiich B mpocTpaHcTBe Mexay K u C, a
3aTeM MOMAAIM B TOPMO3SIIEE MO MEKIY
C u A. B npouecce IBUKEHUSI OT KaToda K
AHOJy SJICKTPOHBI HCIBITHIBAIOT YIPYTHE H
HEYIpPYrhe COYIapeHUs C aTOMaMu PTYTH.
: [Ipu ynpyrux coymapeHusiX aToM PTyTH OC-

'_I|___I|_ TaeTcsl B OCHOBHOM COCTOSHHH, TPU ITOM
= DHEPIUs AIICKTPOHA MPAKTUYCCKA HE MEHS-

Puc.3.3. OnbiTbl dparka 1 Mepua (cxema yctaHoskn),  CTCA. B HEynpyrom coynapeHuH SI€KTpOH
TEpSICT SHEPTUI0, ATOM MEPEXOTUT B BO30Y-

KIICHHOE COCTOSIHUE. B sKcrepruMeHTe HM3MepsUICs aHOJHbIM TOK (KOJMYECTBO AJICKTPOHOB,
NPUINEANIMX Ha aHOJ) B 3aBUCUMOCTH OT BENUYMHBI Hanpspkenus Mexay K u C. Tunuynas

' Ha camoM Jiesie npu Takux GONBIINMX 3HAYCHHAX Z HEOOXOAMMO YUHTHIBATH HETOUEUHOCTh ATOMHOTO SIPA, UTO
NPUBOJINT K elle OOJIbIIEMY YBEIHYCHHIO KPUTHYESCKOTO 3apsia.

20 J Franck (1882-1964) — nemenxnit husnk, Hobenesckas npemus (1925).

! G.Hertz (1887-1975) — nemenxuit dusuk, miemsuuuk I'enpuxa epua, Hobenesckas npemus (1925).
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BOJIBT - ammepHas xapakrepuctuka (BAX), momydaromniascs B TaKUX SKCIIEPUMEHTAX, MPUBE-
JeHa Ha puc.3.4. OHa xapakTepu3yeTcss HEeMOHOTOHHOM 3aBUCHUMOCTBIO aHOJIHOTO TOKa OT Ha-
NPSDKEHUST MEXKIY KaTOJOM M CETKOW, IPUUEM «PACCTOSTHUE» MEXKIY MaKCUMyMaMu (MUHUMY-
MaMH) TOKa cocTaBisieT npuMepHo 4.9 sB. dusnueckas npudrHa 3TOrO 3aKIOYAETCs B Clie-
nytoiieM. Eciam sHeprust anekTpoHa, HaOpaHHas B MPOMEXYTKE MEXKIY KaTOJAOM U CETKOM, He-
JIOCTAaTOYHA ISl TOTO, YTOOBI BO30OYIUTH aTOM, OH OYJET UCTBITHIBATH TOJIBKO yIPYTHE CTOJIK-
HOBEHMSI U 0€3 TpyJla IPEOA0JIEET TOPMO3AIIEE TOJIE MEXKY CETKON U KaTo10M (Mbl IIOJIaraeM,
4yro V. >V, ), BHECA CBOM BKJIaJ B aHOAHBIN TOK. Ecau sHeprus 3ieKTpoHa JIHIIb HEMHOTO

MPEBBIIIAECT BEJIMUMHY MMOTEPh HA BO30YXKACHUE, SJIEKTPOH OyAeT 3aJep:kaH TOPMO3SIIUM TO-
JIEM U BEpPHETCs 00paTHO Ha CETKY, YTO MPHUBEAET K YMEHBIICHUIO aHOJHOTO Toka. B ciyuae
ecnu HaOupaemasi 3JIEKTPOHOM SHEPrus, HEMHOIO MPEBBIIIACT BETUYHUHY, KPATHYI0 MHHH-
MaJIbHO HEOOXOTUMOM JUIsi BO3OYKIECHHS aTOMa, HAa 3aBHCHUMOCTH aHOJHOTO TOKAa OT YCKO-
PSIOLIETO HAMPSDKEHUS TaKKe BO3HHUKAIOT MPOBa-
! Jbl. OTU TpOBajbl 00YCIOBIEHBI TEM, YTO DJIEK-
TPOH C HEKOTOPOW BEPOATHOCTHIO MOXKET OTIaTh
JHEPrUI0 Ha BO30YXKJICHUE IBYX M 00Jee aTOMOB
pTYTI/I22. Takum 00pa3oM, MOHATH MOJYYECHHYIO
BAX MOXHO, €ciM TpeArnojoXuThb, YTO MHHH-
MajbHas TOPLUS SHEPTUU, KOTOPYIO SJIEKTPOH
JOJDKCH TIepellaTh aToMy PTYTH TP BO30YXkJIe-
HuHU, coctaBiser 4.9 3B, T.e. crekTp cocTosHUN
aToma SIBJISIETCS JCHCTBUTEIBHO TUCKPETHBIM.

Hzomonuueckuti cosue amommvix yposHel.
Jlo cux mop npu pacCMOTPEHHUH JBHKEHUS
aTOMHOTO OJJICKTPOHA MBI MPEIIoiaraiu, 4YTO
aTOMHOE SIAPO SIBJSIETCSI OECKOHEYHO TSKEINBIM.
OT0 NPUOIMKCHHUE SIBIISCTCS BIIOJHE OIPaB/IaH-
HBIM, TaK KaK Ja)ke IS CaMOro JIETKOIo aTroMa,

0 5 10 p B aroMa BOZOpOJa, SIpPO KOTOPOrO COCTOUT M3
Puc.3.4. 3aBUCMMOCTbL aHOLHOIO TOKa OT CAMHCTBEHHOI'O IIPOTOHA, BBIIOJIHCHO YCIIOBUE
YCKOPAOLWEro HanpsxeHus m/mp ~ 1/1836 ~54-107 (m, - macca mporo-

Ha). OgHako 6ojee CTPOro, Mbl UMEEM 3a/1auy ABYX TeJ, M JEKTPOH U MPOTOH OOpaIlaroTCs
BOKPYT OOIIEro IeHTpa Macc. YUYeCTh KOHEYHOCTh MAcChl aTOMHOTO SiApa JIETKO: YISl ATOTO
BCIOJly B TEOPHMU BMECTO MACChl 3JIEKTPOHA M HAJ0 MCIOJb30BaTh NPHUBEACHHYIO MaccCy
w=mM / (m+ M), tne M - macca atomHOro aapa. Toraa, yauTbiBas, 4To m/M << 1, BbIpa-

JKEHHE Il SHEPTUU 1 -TO CTAIlMOHAPHOTO COCTOSIHHSI B BOJOPOIOTIOJOOHOM HOHE, 3alUIIIEM B
BHIE

uet Z° Z? m

=5 A Ry—|1-——|. (3.54)

2" n n M
[Tockonpky Macca siaep pa3audHbIX M30TOMOB>> OIHOTO U TOTO JKE XUMUUYECKOTO SJIEMEHTA SB-
JISIETCS PA3TUYHOM, MBI TIOJy4aeM, YTO TIOJIOKEHHE DHEPIeTHYECKUX YPOBHEH Yy pa3IMUHBIX
M30TOMNOB TAKXE OTJIMYAETCA APYT OT Apyra. ITO CMEUIEHUE YPOBHENH HOCUT Ha3BaHUE H30TO-

*C yBenMUEHHEM YCKOPSIOIIETo HAIPSKEHHs HEMOHOTOHHASI CTPYKTYPa 3aBHCHMOCTH HOCTENEHHO Pa3MbIBaeT-
Cs1, UTO CBSI3aHO C BO3MOXHOCTBIO BO30YKACHHS BBILIEIEKAIINX ATOMHBIX COCTOSTHHH.

» M30TONaMu Ha3BIBAIOTCS ATOMBI OJJHOTO H TOTO e XHMHYECKOTO HJIEMEHTa, Spa KOTOPHIX COEpIKAT Pasiiid-
HO€ YHUCIJIO HEUTPOHOB.
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nuyeckoro casura. Takum o6pa3oM, Mbl MOKA3aJIM, YTO OJHOH M3 MPHUMH’' H30TOIHMYECKOro
CMeEILEHHsI YPOBHEH SBJISIETCS KOHEYHAs Macca aTOMHBIX sJIep.

YyTs nogpoOHEe OCTAaHOBUMCS Ha U30TOIMUYECKOM CIBUTE B BoJopoje. Kak u3BecTHoO,
B [IPUPOJIE CYIIECTBYET TPU U30TOMA aTOMOB BOJIOPOJIa: COOCTBEHHO BOAOPOJ, TSXKEJbIN BOJIO-
pox (aeitepuil) U CBEPXTSHKENBIA BOJOPOA (TpUTHI). S apo Tsxkenoro nzoromna (IeMTpoHa) co-
CTOUT U3 MPOTOHA U HEUTPOHA, SIIPO CBEPXTSHKEIOro M30TONa (TPUTOHA) — U3 IPOTOHA U ABYX
HEUTpOHOB. [IoaTOMY, HanpuMep, BbIpAXKEHUS I IOTEHLIUAIOB HOHU3AIMH BCEX TPEX U30TO-
IIOB MO’KHO 3aIlucaTh B BUJE:

I~Ry(1—-m/M), (3.55)
rae M - macca Kaxaoro u3 sep. B nmepBoM npuOIuKEHUU MOXKHO CUMUTATh, UTO MACCHI JICH-
TPOHA M TPUTOHA NMPEBOCXOAAT MAcCy MPOTOHA COOTBETCTBEHHO B JiBa M TpH pa3a. [lostomy
AJId pa3sHULbI IOTCHIWMAJIOB MOHU3allMKU U30TOIIOB BOJAOPOJaa U ILGfITepHSI UMEEM

I,—1, ~R| - =Ry " ~27.10"Ry, (3.56)

m 2m » 2m

p p

AH&J’IOFI/I‘IHO, JJI1 U30TOIa TPUTHUA MTOJTYUUM

Lo—1, ~ R e | Ry 2™ 36107 Ry (3.57)

m, 3mp 3m

P

AHaNOTHYHO MOKHO paccuuTaTth U USMEHCHUC JJIMH BOJIH CIICKTPAJIbHBIX JIMHAH. O‘ICBI/II[HO,
COOTBCTCTBYHIOIIAd BCIIMYMHA 6y,£[€T JO0CTATOYHO MEUIOfI, MO3TOMY JIs1 CCIICKTUBHOI'O BO3JCH-
CTBUS DJICKTPOMArHUTHOI'O U3JIYYCHUS HAa aTOMBI TOJIBKO OJJHOI'O U3 M30TOIIOB (HaHpI/IMep, JJIA
€TI0 MOHU3aAlUU C LCJIBIO MOCICAYIOUICTO PasaCICHUA I/I3OTOHOB) Tpe6yeTCH H3JIYUYCHUC C BbI-

COKOH CTETIICHBIO MOHOXPOMAaTHYHOCTH.

Mrwonuwiii amom 600opooa.

PaccMoTpum erie oHy HHTEPECHYIO BOJOPOIONOAO0HYI0 CUCTEMY — TaK Ha3bIBAEMBIiA
MIOOHHBIH aToM Bojopoza. B 3Toil cucteme BOKpYTr mpoTOHa (2 MOXKET OBITh JEHTPOHA, WU
TPUTOHA) BPAILIAETCS HE JJICKTPOH, & OTPULIATEIBHO 3apsHKEHHBIA MIOOH. DTa YacTHUIla MO CBO-
MM CBOWCTBAaM OYCHb IIOX0Ka HA BIIEKTPOH, HO TshKenee dnekTpona B 207 pas: m, =207m.

Kpome Toro, yactuua HecTaOWiIbHA, BPEMsl €€ KU3HU COCTABISACT T, ~ 2.2 MKC. DTO OYEHb

MHOTI'0, TOYTH O€CKOHEYHO MHOTO 10 MaciTabaM aTOMHOro BpemeHu. Vcnonb3ys mozaens bo-
pa IuTs OTMHMCaHUs 3TOW CHUCTEMBI (B MpeHeOpexeHnu >PQPeKTaMu, CBSI3aHHBIMH C KOHEYHOH
Maccoi s1ipa), MoJIlyuyuM, YTO paJuyc NepBoi OpOUTHI B TAKON CHCTEME paBeH

a,=h’/me* =a,/207~25-10"" cwm,
a MMOTCHI WAl NOHU3alluU
I, =m,e* [2n* =207Ry ~ 2.8 x3B.

CucreMa OKa3bIBa€TCsS OYEHb KOMITAKTHOM, U UMEHHO 3TO OOCTOSITENIbCTBO BBI3BIBAET K HEU
uHTEepec. MIOOHHbBIE aTOMBI MOTYT OOpa30BBIBATH MOJICKYJIBI TAK)KE KaK M OOBIUYHBIC aTOMBI.
[Tpu 3TOM paccTosiHHE MEXIY SApaMU OKa3bIBAETCS MOPsiAKa pa3Mepa OpOUT 3JIEKTPOHOB, 00-
PasyIOMMX XHMHYECKHE CBS3H . 1109TOMY, €CIH XapaKTepPHOE PACCTOSHHE MEKLY aTOMAMH
BOJIOpOJia B OOBIYHON MOJIEKYJIe BOJOPOAA COCTABIISET BEIMYUHY MOPSAIKAa aHTCTpeMa, TO B
MIOOHHOW MOJIEKYJIE 3TO PACCTOSHUE HA JBa MOPSJKA MEHBIIE. JTO AEIAET MIOOOHHbBIE MOJIE-
KyJIbl BOAOPOJA MHTEPECHBIMH C TOYKU 3pEHHUsl MpoOIeMbl aaepHOro cuuresa. OkaspiBaeTcs,

** CylIecTBYIOT M Jpyrue NPHYMHBI BO3HHKHOBEHHS M30TOIHYECKOTO CIIBHTA, C KOTOPHIMH MBI TIO3HAKOMHMCS
HO3XKe.
» CrpoeHue npocTeHx MoJIeKyIl Mbl Oy1eM 00Cy K aaTh Gonee MoAPOGHO B KOHIIE Kypea.
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NIPY PACCTOSTHUHM MEXTy NEHTPOHAMU (MJIH JIEHTPOHOM M TPUTOHOM) AOCTHTAEMOM B MEOOHHOU
MOJICKYJIC PEaKIUsi CHHTE3a MPOUCXOINT C JIOCTATOYHO OOJIBIION BEPOSTHOCTHIO, TAK YTO YIKE
He TpeOyeTcsl CO3/IaHre BBICOKOTEMIIEpaTypHOU mia3Mbl. [Ipu 3TOM cam MIOOH B PEaKIMH HE
YUYacTBYET, BBICTyNasi B POJIM CBOCOOpPA3HOro Kartayimsaropa (OTCIOJa Ha3BaHUE — MIOOHHBIH
karanu3). [IpuHOUIMaTbHAsT BO3MOXKHOCTh TaKOTO CIOCO0a OCYIISCTBICHHS YIPaBISEMOU
TEPMOSIICPHOM  peakiuu  Oblla  TPOJEMOHCTPUPOBAHA B JKCIEPUMEHTaX  TIPYIIIIBI
JI.AnsBapena® B 1956 roxy.

3agaun.

3.1.  Ilokazatrk, 4yTO B Ipejene OONbIINX KBAHTOBBIX yucel (7 >>1) yacToTa U3IydeHHs Ha
nepexoqe # — n—1 COBMamaeT ¢ KIACCHYECKOW Y4acTOTON OOpaIrieHus IeKTPOHA IO
opowure.

3.2. Cuutas ABWKEHME JIEKTPOHA B aTOME KJIACCUYECKHUM, OINpPENENIUTh BpeMs MajeHUs
AIIEKTPOHA Ha SIPO B BOJOPOONION00HOM HOHE C 3apsnoM Z . Paguyc HayanbHOH op-
outsl 7, = a,n’ / Z.

3.3.  IlocnenoBaTenbHOCTh AJUH BOJH JUHUNA B CIIEKTPAJIbHON CEpUM HEKOTOPOIO JIEMEHTA
omnpezensercs cooTHouieHueM (cepus [lukepunra)

; n

OHpeI[eJ'II/ITB, YTO 9TO 3a 3JIEMCHT, U NCPEXOJaM MCKIAY KaKUMHU YPOBHSAMHU COOTBETCT-
BYCT AaHHasA CCpUsl.

3.4. B pamkax mozenu bopa ompenenuTs paanycsl OpOUT, YPOBHU SHEPTUIM U MOTECHIIMAT
MOHU3aIIMM MIOOHHOTO aToMa Bojiopoza (p + W ).

3.5. B pamxkax moxaenu bopa onpenenuts paamycbl OpOUT, YPOBHU SHEPTHM W MOTEHITAAT
MOHU3ALUHA aTOMa [O3UTPOHUS (e+ +e).

3.6.  Bocmnosbp30BaBIIMCH KBAHTOBBIM yciioBreM bopa, onpenenuTs paaunycbl OpOUT U YPOB-
HU DHEPruil B LIEHTPAJIbHO-CUMMETPUYHOM CHJIOBOM I10JIE F =—ki. OpOuTHl CUUTATH
KpPYTOBBIMU.

3.7.  DnexTpoH ABHKETCS MO KPYroBOW OpOUTE B LIEHTPAJbHO-CUMMETPUYHOM MOTEHIIMAJIE
V(r)=-V, exp(— azrz), V, > 0. B pamkax Moznenu bopa HaiiTu ycnoBue, Ipu BBIIOJ-
HEHHMU KOTOPOTO B SIME CYIIECTBYET XOTsI Obl OJTUH YPOBEHb.

3.8. KBanToBaHME€ B MAaKpOCKONMHMYECKOM cHCTeMe: VICKYCCTBEHHBI CHOYTHUK MacChl
m =100 Kr OBWKETCS MO KpyroBoil opOute Ha Beicore H =100 kM Haj mOBEpPXHO-
cthio 3emiu. B pamkax mozaenu bopa ouieHUTh HOMEp KBaHTOBOT'O YMCJIA, COOTBETCT-
BYIOIIETO JBIKEHUIO 110 Takoil opoute. Onpenenuts U3MEHEHHE pajiyca OpOUTHI IPU
M3MEHEHUU KBAaHTOBOTO YKCJIA HA BEIUUMHY An = 1.

2 1 Alvarez (1911-1988) — amMepukasnckuii Gpusuk — skcrnepumentarop, Hobenesckas npemus (1968) «3a Bkimaa B
($HU3HKY DIIEMEHTAPHBIX YACTHLI ...)»



