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IMPEANCIIOBUE

Hactosmee nocoOue mpencTaBiseT co00i TeopeTHIecKuid MaTepHall Imo
OJTHOMY W3 pa3felioB Kypca oOmeit ¢pusuku, yntaemoro B Tynl'Y mis cryneH-
TOB MH)KEHEPHO-(PU3NYECKUX M TEXHUYECKHX CIEHAIbHOCTEH B paMKax Oaka-
naBpckoil moarotoBku. Ero m3ydenue TpedyeT 3HaHUA BBICIIEH MaTEMaTHKH B
oobeMe nuddhepeHHaTbHOr0 U MHTErPAIbHOT0 HCYHCIICHUS], BEKTOPHOTO aHa-
JI13a, METOJIOB PEIleHUs IPOCTHIX AN PEepeHIHATBHBIX YPaBHEHHH, a TaK)Ke
npeAcTaBiIeHus 0 U depeHHaNIbHbIX OnepaTopax.

Nmeercst nocTaTOYHO MIMPOKUI HAOOP pEeKOMEHAyeMoi y4eOHOil uTepa-
TYpBI, PACCMATPUBAIOLIEH T€ K€ TEMBI, YTO U JaHHOE nocodue. Ho mpakTiye-
CKH BCsI OHa pacCUMTaHa Ha 3HAYNUTEIbHO OONbIINI 00beM BpeMeHH, HE00X0-
JIMMOTO JJIsl N3y4YCHUS Kypca, YeM ONpeeIeHO0 YIeOHbIMHU nporpamMmamu. K
TOMY k€ OOJIbIIast YacTh Y4eOHUKOB U TIOCOOUH IT0 OCHOBAM KBAaHTOBOW TEOPHH
IpeAHa3Ha4YeHa JUIs CIENUAIN3NPOBAHHOTO U3YUEHHS M N3JI0’KEHA C MTOMOIIBIO
(hopMann30BaHHOTO MaTEMaTUIECKOTO aNIapaTa, MiI0Xo MOHUMAeMOro Mpu
HEepPBOHAYAIILHOM IIPOYTEHNH MaTepuana. [Isitascs pazodparscs B Gpuznueckont
CYTH KBaHTOBBIX MPE/ICTABICHUH, CUIBHO OTIMYAIOMINXCS OT KJIACCUYECKHX,
YuTaTCJib OJHOBPEMEHHO JOJKEH OCBAMBATh HCIPHUBBIYHBIC U CJIOKHBIC METO-
JIbl OIIEPATOPHOT'0 MCUUCIICHUS, & TAK)KE pa30UPAThCs B PEIICHUH HETPUBHAIb-
HbIX KPAaCBbIX 3aJia4, HC BbIPAXKACMbIX U€PE3 JIEMCHTAPHBIC (l)yHKLII/II/l.

[TombITKa 00ETYUTH YCBOEGHHE MaTepHajia yIpOIIEHHEM HCII0JIb3yEeMOr
MaTeMaTUKH He MPUBOJUT K YCIEXY, TaK KaK KBAHTOBBIE SIBJICHUS HENb3S OITH-
CaTh C TIOMOIIBIO 3JIEMEHTAPHBIX MATEMaTHYECKUX AECUCTBUM, UCIIOJIB3YEMBIX B
KJIaCCHUYECKOM TeOoprH. 3allOMHHAS IPOCThIE KOHEYHBIE BHIBOABI U (POPMYIIHI,
YUTATEIh HE IOHUMAET ¥ HE yCBaMBAaET OCHOBHBIX IPHHIUIIOB KBAHTOBOW TEO-
PHH, PE3KO OTIIMYAOIINXCS OT MPUBBIYHBIX KJIACCHYECKUX MPECTaBICHNH.

K Tomy >xe Hanbosee afleKBaTHBIN SI3BIK I OTTMCAHHSI MHOTOUHCIIEHHBIX
(bU3MYECKUX SBICHUM — 3TO SI3bIK MATEMAaTHKHU. 3aMeHa KOMITaKTHBIX MaTeMa-
THYECKUX (popMyIT M IPeoOpa3oBaHUH JITMHHBIMHA Ka4eCTBEHHBIMH CIIOBECHBI-
MU OITUCAHUAMH (l)l/ISI/l‘leCKI/IX IMPOUECCOB B UX MHOT'OYHCJICHHBIX MPOSABJICHUAX
U JIeTaJIAX OOBIYHO JeNIaeT yUCOHUK CIIUIIKOM PACTSIHYTHIM B 00bEME U TPY/-



6 [IpenucnoBue

HOIIOHUMAEMBIM JIJISl YU TATENIsI, KOTOPBII CTaJKMBAETCS C N3yYyaeMbIM MaTepHa-
JIOM BIEPBEIE.

Cy1iecTByeT U Apyrasi BO3SMOXKHOCTD — PE3KO OTPaHHYHTh PSAI U3y4aeMbIX
B Kypce GU3HKH TeM. DTOT MyTh KQKETCsI CAMBIM MPOCTHIM, HO TIPHBOJMT K
YXYALICHHIO KayecTBa 00y4yeHus. YacTs MaTepHuaia, BO3MOKHO HMEHHO Ta, YTO
Oyznet HamOoJiee BaykHA B OyAyIIel MpaKTHIECKOH IesITeTbHOCTH, OCTAETCS HE
YCBOGHHOH, a MpuoOpeTaeMble 3HaHU NMEIOT BHI OTAECNIBHBIX, IJIOXO CBSI3aH-
HBIX JPYT C IPYTOM PELENTOB.

Takum 00Opa3oM, pH MOATOTOBKE JJAHHOTO TIOCOOUS IIepes] aBTOpaMH
CTOSUIM CIIEAYIOLIHE 3aJa4H:

— BBIICJIUTH TaKOH 00EM TEOPETHIECKOT0 MaTepuaa, KOTOPBIH SBIsET-
Cs1 COBEPILEHHO HEOOXOANMBIM JUIsl IOHUMaHUS CyTH pacCMaTpUBaeMbIX (H3H-
YEeCKUX SBJICHUI U 3aKOHOB, M H3JIOKUTh STOT MaTepHall B HAanOoJee KOMIIAKT-
HOM (opme;

— MCIOJIB30BaTh IPH U3JI0KEHUH TaKOW YPOBEHb MaTEeMaTHKH, YTOObI UH-
TaTeJIb MOT HETOCPEICTBEHHO IMPUMEHATH 3ydaeMble 3aKOHBI K PEILICHHUIO JII0-
ObIX 3a/1a4, KaK MpejIaraeMbIX B Kypce o01ei (PU3UKH, TaK U BOZHUKAIOLIUX
IIpU U3YUCHUUN MTPUKITAAHBIX AUCHUIIINH,

— JIOKa3aTh BCE MOJIy4aeMble CIEACTBHS C IIOMOLIBIO OTHOCUTEIILHO He-
CJIOXKHBIX MaTeMaTHYECKUX NIPe00pa3oBaHUi 1 BHIYUCICHHH;

— WDTIOCTPHPOBATH U3JIOKEHHE HAIJIAHBIMU IPUMEPaMH, B3SITBIMU 3
Pa3IMYHBIX 00JIaCTel HAYKH M TEXHUKH, 1 OJTHOBPEMEHHO yKa3aTb BO3ZMOXKHO-
CTH IPUMEHEHUS U3y4aeMbIX (PU3NYECKUX 3aKOHOB Ha NPAKTHKE.

B 3aBHCHMOCTH OT YpOBHS IIOJTOTOBKH, OT BEIJIEIIEMOr0 Ha H3yYCHHE
Kypca BPEMEHH U OT CIICLUANM3alMH CTYICHTa YacTh HanOoJiee TPYIHOTO IS
MOHMMAaHHs MaTepralla BeleneHa 001ee MeIKUM MPU(GTOM U MOXKeET OBITh
OITyIlIeHa NIPH YTEHUU JaHHOTO IOCOOHs 0€3 CMBICIOBOH MOTEPH.

Bce ¢opmynbl, npuBeeHHbIE B JAHHOM IIOCOOMH, 3aIIMCaHbl B CHCTEME

CU. Durypuas Gyksa k Berony ossauaer noctosuuyio k=1/(4ne))=9- 10°.



I'maBa 1
TemioBoe n3iayyenue

1. M3yyeHue HArpeThIX cpej

JIroboe Harperoe Teno WIM Y4acTOK Cpelbl HCITyCKaeT 3JEeKTPOMAarHUTHBIE
BOJIHBI. I/I3nyqa10T 9TU BOJIHBI ABWXKXYIIUECSA MOJICKYJIbI U aTOMBI CpE€Abl 3a CUHET
CBOCH BHYTpeHHEH (TeIuIoBoi) sHepruu. PesynpraTtoM OyJeT mepenadya SHEpruu
B BHUJIE JIEKTPOMArHUTHOTO M3ITy4eHHsl OT OoJiee HAarpeThIX K MEHEee HarpeThiM
y4acTKaM Cpefibl 1 YCTaHOBJIEHHE TeIVIOBOr0 PABHOBECHUsI, BBIPABHUBAHHE TEM-
nepaTyp BO Bcex Toukax cpensl. [TogoOHOe M3imydeHne Ha3bIBatoT TEIIOBbIM. Ero
CIIEKTP COAEPXUT BCE BO3ZMOXKHBIE JUTMHBI JIEKTPOMArHUTHBIX BOJIH 0 < A < 0 .
Ipumep: namna HakanuBanus (puc.l.1), B kKoTopol Mex-
Jly CIIAPaJIbI0 HAKAIUBaHUS | M CTEKJITHHON 000JI0YKOit 2
HaXOJUTCs BakyyM. ENMHCTBEHHBIM CHOCOOOM mepenayu
Teria ot crupanu 1 k obonouke 2 OyJeT TEIIoBoe U3Iy-
geHre. OJTO W3Ny4YeHHe OyIeT MOIIOMAThCS aTOMaMH
0007104KH 2, KOTOpas HarpeBaercs M, B CBOIO OYepenb,
HCITyCKaeT TeIyIoBoe u3nyueHue. Harperas cnupans 1 He
TOJIBKO M3JIy4aeT, HO U IOIIOIIAET TEIUIOBOE U3IydeHHE,

Puc. 1.1 MIPUXOSINee U3BHE OT 00OJIOUKH 2.

W3 paccMOTpeHHOTO MpUMepa BUIHO, YTO TEIUIOBOE M3IydYEHHE HCITyCKaeT-
csl IpH J1I0001 TeMIiepaType HarpeToro Tesa, Ja)xe eclii OHa MEHbIIIe TeMIlepa-
TypBI OKpy>Karomei cpensl (y o6onoukn Ha puc.l.l Temneparypa 7, MeHBIIE,

4yeM TemmepaTrypa I; packajlleHHOW cmupanu). Eciau HcIyllleHHOE y4acTKOM

cpebl TEIUIOBOE M3JIydeHHE OOJblle, YeM IOMIOLUIEHHOE, TO 3HEPIrUs 3TOTo
y4acTKa M €ro Temieparypa OyayT yMeHbIaThCs. [1ocie BBIKITIOUCHHS JlaM-
MOYKH Ha puc.l.] oOMEeH TEemJIOBBIM M3Iy4EHHUEM HPUBOAWT K BHIPABHHBAHHIO
TEMIIEpaTyp CIUPAIN U OKpYXKarollel 3aMKHyTol obonouku: 17 =7, . Ilpu yc-

TAHOBUBILEMCS PABHOBECHH TEMIIEpATyp H3jydaemasi SHEprsi paBHa MOIIIO-
IaeMOH, U HArpeToe TEeJI0 OKPYXKEHO PAaBHOBECHBIM TEILUIOBBIM H3JTyYCHHUEM B
BHUJIC HEIIPEPHIBHO U3JTyYAEMBIX M MOTJIONAEMBIX JICKTPOMArHUTHBIX BOJIH.

U3 Bcex BUIOB U3JIYYEHUS TOJIBKO TEIJIOBOS MOXKET OBITh PABHOBECHBIM.
Jpyrue BUIBI U3TYYCHUS HE IPUBOASAT K BRIPAaBHUBAHUIO Temiieparyp. Hampu-
Mep, "X0J0HOoe" CBeYeHUE 00JIOMKOB THHIIOTO JIEpeBa — XEMUTFOMHHHUCIICHITUS
— IPOMCXOJINUT 33 CUYET XUMHUCCKUX PEAKIUN 1 HE MEHSACT TeMIICpaTypPhIL.

2. 3aKOHBI TEIUIOBOI0 U3JTy4YeHHs

XOTS TEII0BOE H3JIYYCHUE UMCCT BCC JJIMHBI BOJIH )\., HO UCITYCKaHUEC U 1O~



8 I'nasa 1. TennoBoe uznyueHue

IJIOIICHHE BOJIH C Pa3HBIMU A IIPOMCXOMHUT C Pa3HOH HHTEHCHBHOCTBIO.
ITycTh Ha eAMHUYHYIO IOBEPXHOCTH HATPETOTO Tella MaJaeT U3BHE TEIIIOBOE
dEjnanS AdE) orp HIYUCHHE, B KOTOPOM SIEKTPOMATHHTHBIC BOIHEI C
- JUTMHAMHU OT A 10 A +dA HecyT snepruto dEj . . Yacts

Teno g dEy o 3TUX BOJH C 3Hepruel dE; ,,r; MOIIIOIIACTCS TENIOM, a
4acTh ¢ 9Heprueit dEj o, = dEy yay — dE) ory — OTpaxa-

Puc. 1.2 etcs (puc.1.2). OTHOLIEHUE MOTJIONICHHON SHEPIHH K Ma-
JIAFOIIE JUTs TeTUIOBOTO M3JIyYeHHMs C JUIMHAMHU BOJIH OT A 0 A +dA Ha3biBa-

€TCsI CHEKTPAJbHOW TIOTJIONIATENBHON CIIOCOOHOCTHIO WIIM MPOCTO IOTJIOIIA-
TENbHOM cIOCOOHOCTBIO HATPETOTO Tela

(lk (7\.,T) = dE}\.HOFH/dE)\,HaH < 1

Ora BeIMYMHA 3aBUCUT OT JUIMHBI BOJHBI A U OT TeMIieparypsl 7 paBHOBECHOTO
TEIUIOBOTO U3JTy4EHHUs.

B cBoto ouepesp, HarpeToe TEI0 U3Ny4YaeT, U C €AUHUIIBI €0 MOBEPXHOCTH
[0 BCEM HAIpPAaBJICHUSM 3a €IMHHUILY BPEMEHHU DJIEKTPOMAarHUTHBIE BOJHBI C

JUTHHOM OT A 10 A+ dA yHocsT sHepruio dE) ., . Benmuauna
1 (MT) = dEp sy Jd)

Ha3bIBACTCA CHeKTpaJ'IBHOfI HCHYCKaTeHLHOﬁ CITIOCOOHOCTBIO WM MpoCTO HUC-
IIyCKaTeJIbHOU CITOCOOHOCTBIO HarpeToro TeJa. OTa BEJIMYMHA TAKXKE SBJISCTCA
¢dynkumeid A u T.
HpOI/IHTCFpI/IpOBaB HCIIyCKAaTCIbHYIO CIIOCOOHOCTB TI0 BCEM JJIMHaM BOJIH,
TIOJTYYM DHEPTETUIECKYIO CBETUMOCTH HAarpeToro rejia
o0
R(T)=[ry (MT)dN, (1.1)
0
T.€. DQHEPTUIO, YHOCUMYIO TEIJIOBBIM M3JIYUCHUEM C €AMHUIIBI ITIOBEPXHOCTU TE-
JIa 32 €AUHUIY BPEMEHU.
[Tpu BeIYMCIEHHUIX YIOOHEE ONPENEUTh CIEKTP 3JIEKTPOMArHUTHOTO U3y~
YEHHS] C IIOMOIIBIO YaCTOThI ® = 2nc/ A, e ¢ — cKopocTh cBeTa. [loaTomy mc-

ITyCKATEJIbHYIO CIOCOOHOCTH MOYKHO OIPEIETUTh KakK (DYHKIUIO IEPEMEHHBIX M
u T rm(m,T):dEmmn/dm, rae dE,,,; — DHEPrUs, YHOCHMAsS C €IMHHIIBI
TOBEPXHOCTH 3a €MHUILy BPEMEHH BOJHAMH C YACTOTOH OT ® 10 ®+dwm, a

topmyia (1.1) npumer Bua:

R(T)=[ry(0,T)do. (1.2)

o8



2. 3aKOHBI TEIJIOBOTO M3ITYUYECHHUS 9

YroGsl cesizath 18e Gyrkunn n (A, T) u 7, (o,T), Hago caenarh 3aMeHy me-

PEMEHHO TIo]T 3HaKOM HHTerpana B popmynax (1.1) u (1.2):

A=0 ©
R(T)= | rw[ﬂ,T)d(Ej: J'z—?rw(ﬁjjdk,
oo A A 0 A A
OTKyZHa
2mc (ZTCC 2mc

27c
rx(k,T):}L—zrm T’Tj U, aHAJIOTHYHO, 7, (w,T):?rx(?,Tj.(l.S)

Korza crucrema HarpeTbIX Tel U TEIIOBOE U3ITyUEHUE IPUXOIST B TEIUIOBOE PaB-
HOBeECHE, T.€. TeMIiepaTypa 7 BceX M3/Ty4aroIiiX 1 MOINIOIIAOIIHX TN OIMHAKOBA,
TO OTHOIIEHHE UCITYCKaTeIbHOM U MOIIIOIIATENBHOM CIOCOOHOCTH HE 3aBUCHT OT
(hOpMBI 11 CTPOEHHMS HATPETOTO TeJa, a SIBISIETCS] YHUBEpCATIbHON (DYHKIMEH TeM-
TIepaTypsbl ¥ JUTMHBI BOJIHBI (MJIK YaCTOTHI), OIMHAKOBOH JUTS BCEX TEJI:

AT AT n (AT

L] Y 0] I V) | == f(WT). (14
a (}\"T) Teino 1 . (}\"T)|Teno 2 A (}\"T)|Teno 3

Ot10 — 3aKkoH usnydeHus Kupxroda (1859 r.), o0CHOBHOM 3aKOH TEILIOBOTO H3-

JTy4EHHUS.
JlefcTBUTENBHO, pACCMOTPUM CUCTEMY Ha puc.l.1, cocTosLIyI0 U3 IBYX TEl.

Ecnn (r, /ay ), > (1./@) ), » TO 1O OTHOWIEHHIO KO BTOPOMY Tety TiepBoe Gyiet

M3ITy4aTh OOJIbIIE SHEPTUH, YEM MOIIOMATh. B 3TOM ciydae B 3aMKHYTOH cHc-
TeMe TeJI0O | HauyHeT MOCTENCHHO OXJIaXIaThCsl, a TENO 2 — HarpeBaThCsl, YTO
NPOTUBOPEYHUT YCIOBUIO TEIJIOBOrO paBHOBecHs. [lo3TOMy IOJDKHO OBITH

(m /@), = (n./a), . DTOT e apryMeHT MOKHO HCTIONB30BATH, NOGABIsS K
cHCTeMe HOBBIE TeJa.
Ocraetes onpenenuts yHusepcanbhyto pynkumo f (A7) B 3akone (1.4).

Just atoro I'. Kupxrod BBen noHsiTHe aOCOJIIOTHO YEPHOTO Tela — 3TAIOHHON
U/ICTLHON HETPO3pavyHOM Cpesibl, KOTOpasl MpH JII000H TeMIlepaType IMOJHO-
CTBIO TIOTJIONIAET BCE MA/AIOIIEe HAa HETO 3JEKTPOMATHUTHOE M3IYUECHHUE C JIIO-

0ol AIIHOI BOJHEIL, T.€. UIMEET MOTJIOMIATEIbHYIO CIIOCOOHOCTD |d) 4 (X,T ) =1

(mamexkcom "4" OymeM 0003HAYaTh BEIMYHHEI, OTHOCSIIAECS K aOCOIIOTHO
YEPHOMY TEmy).

Torna, cornacuo (1.4), yauBepcansHON QyHKIHEH B 3akoHe Kupxroda Oy-
JIET UCITyCKaTeJIbHas CIOCOOHOCTh 3TAIOHHOTO a0COIIOTHO YEPHOTO Tea:

S(AT)=rpq (T). (1.5)

B mpupozne abcomoTHO YepHBIX TENl HE CYIIECTBYET, HO HEKOTOPHIE peajib-
HbIE CpeJIbl 0 CBOMM CBOMCTBaM MPAaKTHUECKU COBIAJAIOT ¢ HUMU. Hampumep,
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— (otochepa wim uzydaroniasi moBepxXHOCTh 3Be31 (CoHIa); caxa (s KOTo-
poii ay (A,7)=0,94+0,96 npn Temneparypax 370 — 470 K); miatuHoBas

uepib (ay (A,T)=0,93+0,99).

Xopoieil MOAEIbI0 UM UCIOIb3YEMBIM Ha Ipak-
THUKE 3TaJOHOM a0COJIOTHO YEPHOTO Teja SBIeTCS
3aMKHyTasi MOJIOCTh, B KOTOPOH HPOAENAHO HEHO0JIb-
moe oteepctre (puc.1.3). Ilonamee B oTBepcTHe
H3JIYUYCHHUC HCHBITBIBACT MHOXCCTBCHHBIC OTPAXKCHUA
Ha CTeHKax moyocTd. [lormommarensHas criocoOHOCTh
CTCHOK OTJIMYHA OT HyJis (XOTs M He paBHa 1). [Toaro-
My BOIICAIIHN Jy4 IMOCTESIICHHO TOTJIOIACTCS MPaK-
THYECKH MOJHOCTBIO, TAK KaK pa3Mep BXOTHOTO OTBEPCTHUS MaJjl, © BEPOSITHOCTD
TIOTIACTh B HETO MPU OTPAXKCHUH Takxke Majia. CTEHKH, HarpeBasich, N3IyYaroT, U
B IIOJIOCTH yCTAHABIMBAETCS PABHOBECHOE TEIUIOBOE M3ITyUEHHE, PABHOMEPHO 3a-
MOJHSOIIee 1MoJ0CTh. O4eHb HeOOMbIIas YacTh 3TOTO PABHOBECHOTO H3ITyUCHHUS
TOTIa1aeT B TPl OTBEPCTHS M BBIXOAUT HapyxKy. CIEKTp BBIIICIIIETO PaB-
HOBECHOI'O M3JIYYCHHS OTJIMYCH OT CIICKTpa U3JITYyUYCHUS, BXOAALICTO B CUCTEMY, U
OIIpeieNIsIeTCsl TEMIIEPATy POl CTEHOK TIOJIOCTH.

Ilpumep: oOpaTuTe BHUMAHUE HA OTKPHIThIC OKHA 3MaHuid. JIlHeM OHHM Ka-
JKYTCSl YSPHBIMHU, XOTSI BHYTPH KOMHAT JIOCTaTOYHO CBeTO. J[eno B TOM, 9TO
MaKCUMYM HU3JIYYCHUS, BHIXOASIIETO U3 OKOH-OTBEPCTHI, MPUXOJUTCS YXKE Ha
HHppaKpacHy0 00JacTh CIEKTpa, HE BUAMMYIO Tia3oM. [lo Tol ke mpudnHe
TKaHb C ITOpaMH U CKJIaJKaMH UMeeT 0oJiee HACHIIICHHBINA IBET, YeM OKPAIICH-
Has TeM JK€ KpacHUTeNleM TJaaKasi MIeTKOBas TKaHb, JIydIlle OTPaKaromlas COJ-
HEYHBII CBET.

Bonpoc: momecTuM mpenMeT BHYTpPb SIIIIUKA, CTEHKA KOTO-
pOTO MOKPHITHI cltoeM caxu (puc.1.4). Caxa, Kak 1 aOCOTOTHO
YepHOE TeJO, MMOTJIOMIAET MPAKTHYECKH BCE TEIUIOBOE M3ITyde-
HHUE, NNOCTOAHHO HCITYCKa€MOC MNPEIAMETOM. By;[eT JIX1 Takast
CUCTEMA XOJIOAWILHUKOM?

Omeem: HeT. AOCOJIOTHO YEPHOE TEJIO HE TOJIBKO IMOIJIO-
IIaeT, HOo W m3nydaer. [Ipu onpeneneHHoi temreparype 7 yc-

Puc.1.4 TAaHOBHUTCS paBHOBecwe. CIOH caku, KaK U MpeaMeT, OyayT u3-
Jy9aTh CTOJIBKO K€ SHEPTUH B BUJIE TEIIOBOTO M3IYICHHS, CKOJIBKO TOTIIOMIAT.

3aMeTuM, 4TO BUAMMBII IBET aOCONIOTHOTO YEPHOTO Tella MOXKET He OBITH
YepHBIM (Ca)Ky MOKHO pacKalluTh TOKpacHa). ITO CBA3AaHO C TeM, UTO HCITyCKa-
TEJNbHAs CHOCOOHOCTh TAKOTO Tella 3aBUCHT OT A, M NPH HEKOTOPOH JIJIHHE

BOJIHBI UMeeT MakcuMyM (puc.l.5). Takyro JIuHY BONHBI A =L, MOXHO Ha-

Puc.1.3

3BaTh HamboJiee BEPOATHOW JIMHON BONHBI TEIJIOBOTO m3nydeHws. Ha 3ty
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AJUHY BOJIHBI MPUXOAMTCA MAKCUMYM B CHeKTpe PaBHOBECHOIO M3Jyd4e-
HHSA 20COJTIOTHO YePHOI'0 TeJsa.
Okas3bIBaeTcs, 4TO BEJIMYUHA A, CBsS3aHA C TEMIIEPAaTypOH HarpeToro Tena

COOTHOLICHUEM

Ap T =b=const|, (1.6)

KOTOpOE HOCUT Ha3BaHHUE 3aKOHA cMelieHus: BuHa, u Op110 BeiBeneHO B. Bu-

HoMm B 1893 r. 3gecy b =2,898- 10 MK - nocrosunas Buma.

u(LT) ITpy xoOMHATHBIX TeMIIepaTypax BeMYMHA A, IOIa-
Jaet B MH(QpakpacHyto 00JacTh, U IJla3 HE BUAUT PaBHO-

BECHOr'0 TeruioBoro maiydeHus. Ho cormacho (1.6) npu
2 YBEIMYEHMH TeMmIepaTypbl I MaKCHMyM H3Iy4EHHs JOJ-
0 Am JKEH CMEIAaThCs B 00JIaCTh 0oJiee KOPOTKUX JUTMH BOJH, U

Puc.1.5 Va3 YBUIMT, YTO NOBEPXHOCTb PACKAJICHHOIO Tesa MpH-

oOpeTaeT cHavalla TEMHO-BHUINHEBYIO, a IIOTOM KPAacHYIO

u xenTyro okpacky. IIpu 6000 K aGconroTHO YepHOE TETI0 UMEET IIBET COTHEU-
HOM MOBEPXHOCTH.

[Tomans mox kpuBoit Ha puc.l.5, cormacuo Gopmyie (1.1), Oyaer suepre-
THUYECKOH CBETMMOCTBIO, 3aBUCSLIECH OT €ro TeMIieparypbl. JTa 3aBHCUMOCTB,
ycraHoBiieHHas B 1884 r., HocuT Ha3BaHue 3akoHa Credana-bobiimana.
OHepreTryeckasi CBETUMOCTh a0CONIOTHO YEPHOTO Tejla HpPONOpLHMOHANIbHA
YETBEPTOH CTENEHH €T0 TEMIIepaTyphl:

Rq(T):TrM(x,T)dx:cT“, (1.7)
0

e mocTtosHHas o =5,67032- 1078 BT/ (M2 -K 4) Ha3bIBAETCSI NOCTOSHHOM

Credana-boasnmMana.

Puc.1.6.

Ha puc.1.6 moka3aHo, 9TO IPOUCXOINT C HCITYCKATENEHOW CIIOCOOHOCTEHIO
HaxXOJSIIETOCs B TETJIOBOM PaBHOBECHH aOCOJIOTHO YEPHOTO TElIa C POCTOM
TemnepaTypsl. Ha puc.1.7 Takas ke 3aBHCHMOCTh M300pakeHa UI HCITyCKa-

TEIBHOU CIIOCOOHOCTH 7, (w,T ) , 3aBHUCSILEN OT YaCTOThl 0 U3Iy4YeHHs. 3ame-
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THM, YTO i JTod (GYHKIMM 3aKOH cMelleHus Buna npumer Bupj
®,,/T = const, T.e. ¢ poctom T HauGoiee BEPOSITHAS YACTOTA UNIYUCHHS O ,,

YBEIHMUYHBACTCS.

DHepreTudeckas CBETUMOCTH (M MCITyCKaTelbHas CIIOCOOHOCTBH) peabHBIX
Cpes MeHblile, YeM Y aOCOJIIOTHO YEpHOro Telia IpH Toi ke Temneparype. OHa
omnpenensiercs mo ¢popmynam (1.1) — (1.4) BeipaxkeHreM

0
= J.a;L (MT)ry g (M T)dA < oT?.
0
INornomarenbHas CIOCOOHOCT @ (X,T ) <1 — 310 QYyHKUUS TIEPEMEHHBIX
A u T, pa3nuyHas A pasHbIX cpel. Y HEOJHOPOAHBIX CPEA B ONpPeeIeHHBIX
uHTepBaNax 7 ¥ A TomIomaresibHas CIIOCOOHOCTh NMPAaKTHYECKH IOCTOSIHHA.
Takue cpenbl Ha3bIBAIOTCS CEPBIMH TeNaMM (HalpUMep, KaMEHHBIH yrob, s
kotoporo a; =0,8 npu 400 <7 <900 K, u 1.11.). CleKTp paBHOBECHOTO U3ILy-
YEHUsI CEpOro Teja TAKOi ke, KaK U y aOCOJIIOTHO YepHOTo Tela.
B moboMm ciywae sHepreTHyeckas CBETMMOCTb PEAIBHOH Cpelbl MOXKET
OBITP 3amMcaHa B BUJE
R(T)= A(T)oT?, (1.8)

rae A(T ) <1 — K03 GUIMEHT NOTIOMEHHsI CPebl, 3aBUCSIINN OT TeMIepaTy-

PBI CIIOKHBIM 00pa3oM W pa3IMYHbBIN JIsS pasHeIX cped. s ceporo tena ero
MOJKHO CUHTATh ITOCTOSTHHBIM.

Ipumep: 1) BonbdppamoBblil Bosocok (koadduuuent nornomenus 4 =0,3)

2r ¢ § ¢ ? § BKJIFOUEHHOM JIaMIOYKU MOIIHOCTBEIO P = 100 Bt

umeer paauyc r = 0,05 mm u quny [/ = 0,5 M (B

/l\ v v @ W/ pa3BepHyTOM cocTosiHuH, puc.l.8). B crammonap-

o U & HOM COCTOSIHUH BCSl BBIICISIFOIIASCS TPH MPOTeE-

KaHUU TOKA JDKOYJIEBA MOIIHOCTH JOJDKHA H3ITY-

4yaTreCsi C OOKOBOI IOBEPXHOCTH BOJIOCKA

S =2mnrl. [ooTOMY C €AMHHIIBI TIOBEPXHOCTH 32 €IUHUIY BPEMEHH HCITyCKa-

Puc.1.8

ercst, cornacto (1.8), sneprus P/S=R=AcT 4 , OTKy/Ia TeMIIEpaTypa BOJIOC-

CION caxu Ka T = W =2470K.

2) Bynem cuuTath 3eMIIIO CEpPBIM TEJIOM C
C KO3 PHUIIUEHTOM MOTJIOIIEeHNsT A, CO cpel-
\\W W/ 7 Heil Temmeparypoir 7 ~300K wu ¢ mwioa-

39""”" IO TIOBEpXHOCTH S =4mr? (puc.1.9) Con-

Puc.1.9 HEUHAas OHEPrHs, IOTJIomaeMas 3emileil
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©XKECEKyHTHO, JI0JDKHA OBITh paBHA SHEPruM (MOIIHOCTH), HCIyCKaeMol 3eM-
JIeH B BUZE TETUIOBOTO M3IIyYEHHS B COOTBETCTBUH ¢ (hopmyoit (1.8):
By=R,-S = AcTy'S. (1.9)

Takas nmanerapHas karactpoda, KaK MmomnajgaHiue B 3eMJII0 KPYIHOTO acte-
POM/Ia T MacCOBBII B3PBIB SACPHBIX OOCTOJIOBOK B Pa3HBIX FOPOJaX, BHI30BET
BbIJICJICHHE OOJIBIION TEIUIOBOM SHEPrUM M HArpeB 10 BBICOKMX TEMIIEparyp,
MIPH KOTOPBIX HAYMHAIOT TOPETh (OKUCIATHCS) O€TOH, TIoYBa u T.1. Bee 310 co-
MIPOBOXTAETCS TMOSBICHUEM MOIIHBIX MOTOKOB ('Tprb" aTOMHOTO B3pBIBA), BBI-
HOCAIIIUX MUKPOHHBIC YaCTUYKH CaXHW Ha OUYCHb 60.]'[])]_]1le BBICOTY, B TpPOIIO-
chepy, rae naaeHue TeMIeparypsl o Mepe yAaJleHHs OT 3eMJIM CMEHSIETCS ee
pocrom. KonpeHcanuu Biaru B Tpomocdepe HET W oOjaKa Cakd CHOCOOHBI
"BUCeTh" B HEll rogamu.

Kak abcostoTHO 4epHOe Tejo, caXka IMOTJIOIIAeT COTHEYHOE M3IIydeHue, Ha-
rpEBAeTCsl U UCIyCKAET TEIJIOBOE HM3IyYeHHE B 00e CTOPOHBbI (1paBas 4acTh
puc.1.9). B pesynprate Ha 3eMITI0 TOMAAAET TONBKO MOJIOBUHA U3ITYUICHUS, IPH-
xozstiero ot CONHIA, ¥ YCTAHABIMBACTCS] HOBAsl CPEIHSISL TEMIIepaTypa 3eMIIn:

P=PR /2= AcT*s. (1.10)
CpasuuBast BeipakeHus (1.9) u (1.10), Bugnm, 9To CpemHss TeMIepaTypa
3emmn ymensmutes Ha AT =T, — T, / {2 ~50K! Takyto karacTpody Ha3bIBa-

0T SIEPHOH 3UMOH, U ATUTCS OHA JI0 TeX MOp, ITOKa HE PacCceroTcs 00JIaka Caku
B aTMocdepe.

B mpuBeseHHOM mpuMepe HE y4TEHO MHOrO (akTopoB. Tak, NeTalbHbIH
pacueT Mmokas3bIBaeT, YTO B IIEHTpe KOHTHHEHTA (B paiioHe Tyisl) Temmeparypa
ynaner Ha AT =45K, a mageHue TeMmepaTypbl OKeaHOB He MpeBeicHT 1 K

(Boa MMeeT BBICOKYIO TEIUIOEMKOCTh M SIBIISIETCS XOPOIINM aKKyMYJISTOPOM
Teruia). bopIIoit mepenan TeMneparyp BBI30BET IOCTOSIHHBIC YparaHbl B OKea-
HE U BHIMAJICHAE KIIOMETPOBBIX CYTpOOOB Ha ITOOEPEKbE.

3ameTum erie onH GaKkTop — caxka He SIBISIETCS] aOCOIOTHO YEPHBIM TEJIOM
B JUTMHHOBOJTHOBOH yacTu crekrpa. OHa XOpOIIO MOTJIONIaeT KOPOTKOBOJIHOBOE
n3ny4deHue, npuxozsmee or CoiHIa, HO MPOIMyCKaeT WH(ppPaKpacHOEe U3ITyde-
HHUe 3eMJTH, YTO TMO3BOJISIET 3amnucath Gpopmyiry (1.10).

C npyro# CTOpOHBI, YIJIEKUCIIBIA Ta3 HA000POT XOPOLIO MPOIYCKaeT KOPOT-
KOBOJIHOBOE, HO TIOTJIOIAeT HH(pakpacHoe u3nydeHue. [1o3ToMy MOBBIIIEHHE
koHUeHTpau CO, B arMocdepe NMPUBEET K 3aJEPKKE U BO3BPAILCHUIO Ha
3emitto Bce OOJIBbILEH OJIM MUCIYIIEHHOTO €0 TEIIOBOTO M3JIyYeHHs W IOCTe-

MCHHOMY Pa30TPEBAHUIO 3eMIIH, T.c. K BO3HUKHOBEHHIO IMTPOTHBOIIOIOKHOTO
MapHUKOBOTO 3 dekra.
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3. Boluucienne HCHyCKaTeJ'Il:HOﬁ CIOCOOHOCTH a0COJIIOTHO YEpHOro TeJjia

C moMouIpi0 3aKOHOB KJIACCHMYECKOH (PU3MKM onpesienuM SIBHBIH BUJ YHU-
BepcalibHOM (QyHKIMU B 3aKoHe u3nydeHus Kupxroda, rpaduk koTopoii npu-
BeJieH Ha puc. 1.5 -1.7.

BHauane cBskeM 3Ty QYHKIHIO CO CIIEKTPAIbHOW INIOTHOCTBIO YHEPTUH PaBHOBEC-

HOTO TEIJIOBOTO M3IIy4eHHs W, (m,T ) , THE Wg,-d® — 3T0 SHEPTHs dICKTPOMArHHT-

HBIX BOJIH € YaCTOTaMHU OT ® 10 ®+ d® , HAXOAALIMXCS B eAMHUIE 00beMa (Juis y1006-
CTBa JATBHENIINX BBIYUCIEHHI paccMaTpuBaeM ()YHKIMH, 3aBUCSIIUE OT YaCTOTHl (), &
HE OT A).

PaBHOBECHOE TEMIOBOE M3JIyYEHHE BOSHUKAET B

- g
;7N dlw nonocT, ¢ TOJOCTH, CTCHKM KOTOPOH SIBISIOTCS aGCONIOTHO
1
/ |d\Q nanyueHnem  GCPHBIM TEIOM. B paBHOBecun Ha JI0OYyI0 BbIIe-
[ AS ! nenHyto miomaaky AS Ha cTeHKe WM BHYTPH MO-

~ 1 H
@ >, N dlw JIOCTH JIOJKEH TIONAJaTh OAMHAKOBBIM IIOTOK SHEP-

AS, UM, IPUYEM TaKOM MOTOK, ONpEeNsieMblii BeKTO-
g HepaH?)% pom Hoiintunra j, =cw, d®, rae ¢ — CKopocTs
AS Teno 9JICKTPOMAarHUTHBIX BOJIH, M30TPOIEH, T.€. OAWHA-

KOB BO BCeX HampasJjeHusx. [103ToMy mioTHOCTH
Puc.1.10 MOTOKa 3HEPTHH, MPOXOJSIIEro B Ipeaenax Telec-
Horo yrna dQ =sin0d0d¢@ nox yrnom 6 k Hopmamm 7i Kk mmomaake (puc.1.10)
HPOIOPLUOHAIICH BEJIMYUHE 3TOTO yIJIa.
djw:jw@» (1.11)
4n
rae 4T — HOJHBIA TEIECHBIHA yrodL.
U3 onpenenenus Bexropa [lolHTHHTa, B yKa3aHHOM HAIPaBICHUH 3a SUHUILY BPEMEHH
vepe3 HopMalibHyIo wiomanky AS| = AS-cos0 (puc.1.10) yxomut sueprus
dEy, =djy -AS ] .
IMoncrasisist B nmocienHee BeipaxkeHue Gpopmyity (1.11), IpouHTErpHpoBaB Mo BCeM yriiaM B
npenenax 0 <@ <2m, 0<0<7/2 u pasnemus na AS , HOTyuMM HEPrHio, UCTycKae-
MYIO eMHHUIICH ITOBEPXHOCTH CTEHKH 3a SJMHHUILy BPEMEHH B HMHTEpBAJIC YacTOT OT (O 10
®+d® , CBI3aHHYIO C HCITYCKATEIBHON CIIOCOOHOCTBIO:

/2 2n c )
Fou(0,T)do= {[ d6£ d(P[EWm (0,T)do cos® sm@}

OTKyJa

ro)q((’)vT):%Wm((’),T)~ (1.12)
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/T\Z JUuist yIpOIIEHHs! BEIYUCIIECHUS CIICKTPAIBHOM MIOTHOCTH
oy L  ,  OHEPTHH W, OyIeM CYHTaTh, YTO MOJOCTh C M3TyYCHHEM
L /2 Y umeeT BUI KyOHMYECKOTrO sIMKa (PE30HATOPA) CO CTOPOHOM

L. B paBHOBecHOM (YCTaHOBMBLIEMCS) COCTOSIHHM 3JIEKTPO-
MarHUTHOE M3JIyYeHHE B TAKOM SIIMKE CYIIECTBYET B BHJE

Ny=3 X
0 CTOSYMX BOJH. MEXy MPOTHBOIOJIOKHBIMUA CTEHKAMHU pe-
L 30HATOpA MPH 3TOM JOJDKHO YKJIAJIBIBATHCS LENOE YHCIO
Puc.1.11 JUTAH TIOTYBOJTH 7»/ 2. Bumons ocu x Ha puc.l.11 momyunm
A y
L= Enx , n, =1,2,3,.... Tak Kak BOJIHOBOIT BEKTOp HMeCT BEIMUUHY K = ZTc/k , TO B

pe30HATOPE MOTYT YCTAaHOBUTBHCA TOJIBKO CTOSYHUE BOJIHBI C MPOCKIUAMU BOJHOBOTO

sexropa ky =nn. /L, ky,=nn,[L, k; =nn.[L, tze n,, N, — He3aBUCH-

ny, ng
MBIC LIEJIBIE TIOJIOKUTEIbHBIC YHCia. Pasmuanbsle HAOOPH! TAKMX YHCET COOTBETCTBYIOT
Pa3IMIHBIM CTOSYMM BOJIHAM, CHOCOOHBIM CYIECTBOBATh B PE30HATOPE.

CBsKeM BeJIMYKHY BOJHOBOIO BEKTOpA € YacTOTOH u3-

JIyUCHUs

® T
k=—=\/k§+k§+k§ :—\/n§+n§+n§ :
c L

n, >

" BBC€IEM BEKTOPD n 5 AMEFOTIIHI HEJIOYNCIICHHBIC MTPOCKIINH

UNNINNIEES 1,2,3,... (puc.1.12) u Benmuuny

Lo
Puc.1.12 n=[ni+ny+n: == (1.13)

H3menenue 000ro U3 4ucesn Ny, n,, WIA 7N, Ha CIUHHILY O3HAYACT NEPEXOI K CO-

y
celHeMY Y3Jy DEIIETKH, COCTOsIIeH M3 KyOUKOB eIMHHYHOro odnema (puc.1.12). B
3THX y3/IaxX JIOJDKEH OKAHYUBATHCS BEKTOP 7 .

14
O6bem V = g : 5 nn3 TIOJIOXKUTEIIBHOTO KBaJpaHTa c(ephl ¢ paauycoM n Ha puc.1.12

3
COICPXKUT TN 6 Takux CANMHUYHBIX KyGI/IKOB WK y3JIOB, U PaBEH YUCIY pPasHbIX CTOsI-

YUX BOJIH. HOE)TOMy YHCJIO CTOSYMX BOJIH, I KOTOPBIX BEJIMYHUHA 71 JICKUT B IIPEALCIIaX OT

Tlfl’l2

n 1o n + dn, oxaxercs paBupiM dV = Tdn . Iloncrasum crona Beipaxenue (1.13) n

YMHOXKHM Ha 2, T.K. KXAast HJIEKTPOMAarHATHAsI BOJIHA TTONIEPEYHa i MOXKET UMETh J1Ba He-
3aBHCHMBIX HallpaBJICHUS MOJIpu3ali. HaxomuMm 4ncio pasmmdHbIX 3JIEKTPOMArHATHBIX
BOJIH € 4aCTOTaMK OT ® A0 ®+ d® , CyLIECTBYIOLIUX B KyOMYECKOM PE30HATOPE:

L3 Co3
2n2e’
[Momyunnu pe3ynsTar, HE 3aBUCAIINN OT (POPMBI TTIOJIOCTH:

dN =2- do.
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YHCJIO CTeNeHed CBOOOABI PABHOBECHOTO 3JEKTPOMATHUTHOTO H3IYYEHUSI
UIIN YUCIO0 paSJ'lI/l‘iH])IX 3HeKTpOMaFHI/lTHI)IX BOJIH C 4YaCToTaMu OT ® MO0
2
o°do

== (1.14)
7526‘3

®+dm B equHuLe 00beMa dN, =

Knaccuueckass TepMOAMHAMUKA YTBEP)KIAET, YTO HA KaXKIYIO BOJHY HIIH
KoseOaTeNbHYI0  CTeleHb  CBOOOJBI  MPUXOAWTCS  CPEAHssi  DHEPrus

1 _
<E > = 2~5k5 T,rne kg =1,38-10 23 Jx/K — mocrossaHas bonbivana (1osto-

BHHA DTOW DHEPTUH MPUXOJHUTCS Ha JNIEKTPHIECKYIO, a OJIOBUHA — HA MarHHT-
HYIO SHEPTHIO BOIH).
ITosToMy cnekTpalibHas INIOTHOCTh SHEPTHU ONPEAESNSETCS M3 COOTHOLIE-

HUA Wy, do=dN; kgT , a uciyckartenbHas ClIOCOOHOCTb a0COIIOTHO YEPHOI'O
Tena — cornacHo ¢opmyiie (1.12). C ydgerom (1.14) npuxoaum K cieayromemy
pesynbTary:

| ¥ ! 2
wd (T ) ()
1 Ty =—f. T (1.15)
e—"'Knacc (V@q) B .
, Kiace 47‘[262
OKCEPUMEHT Orto dopmyna Panes-J[xuHca, TOTYyYSHHAS C ITOMO-

IIBI0 TIPEJCTaBICHUH KJaccuueckor ¢usnku. OHa
XOpPOILIO COOTBETCTBYET JUIMHHOBOJHOBOH 00J1acTh
(puc.1.13). Cormacao ¢opmyne (1.15) mpakTuyecku
BCSl BHEPIUsi HArpeToro Tena JOJDKHA OBITh HEMen-
JICHHO UCITyIIeHa B BUJE M3IYYCHUS C OUY€Hb OOJBIION YacTOTOW W MO JIJTH-
HOM BOJIHBI. DTOT pe3yJibTaT Ha3BalM ylbTpaduoneroBoit katactpodoii Panes-
JxmHca.

Bv1600: 3aK0HBI KIIaCCHYECKOW (HM3UKKM HENPUMEHUMBI K OIMHMCAHMIO TEIUIO-
BOTO U3JTy4CHUSI.

ITosTOMy HMCHONB30BaBIIMECS KJIACCHYECKHE 3aKOHBI HE SIBIISIFOTCS MCTHH-
HeIMH. OHH OyZyT TOJBKO MPHOJIMKEHHWeM HCTHHHBIX KBAHTOBBIX 3aKOHOB
MPUPOJIBI, CIPABEIIUBBIM JIUIIb TPH OMPEICICHHBIX YCIOBUSAX VIS ONMUCAHUS
MaKpOCKOIINYIECKUX TEII.

Puc.1.13

4. ®otonbl. ®opmyna [lnanka ais u3TydeHus aOCOTIOTHO YEPHOIO TeJjia

YcTpanun ykazanHoe Beimie npotuBopeure Makc [lmank B 1900 r.
Knaccuueckast Teopust IpearnonaraeT UCIyCKaHue W MOTJIOMIEHHE 3IEKTPO-
MarHUTHBIX BOJIH C JII000ii 3Hepruei u yactotod o . [InaHk mpeanonoxum, 94To

SJICKTPOMAroMTHOE U3JTYYCHHUEC MOKET UCIIYCKATHCA HArp€ThIMU TECJIAMU TOJIBKO
OTACIBbHBIMHA IMOPUHUAMU — KBAHTAMM.
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KBaHT 311€KTpOMarHUTHOTO W3JTyYEHHs N03)KE Ha3BAIM JOTOHOM (B JaTHIHU
cIoBO “‘quanta” o3Hawaer "mopmus'). DHeprus HCIyMEHHOTO (HOTOHA WK
KBaHT DHEPIHH UMEET BEJINUNHY Ep=ho, (1.16)

rae 1=1,0546- 10734 JIk-¢ — nocrosinHas [1naHka.

Yacto sHEPruio (pOTOHA 3aIKCHIBAIOT Yepe3 00bIYHYO YacToTy Vv = o/27. To-
it Ecb =hv,rtne h=2nh=6,626- 10734 Jx - ¢ — Taroke nocrosiHHas [lnaHka.

@DOTOH HE MOXKET OBITh HCIYIIECH YacTsIMH, a TOIBKO IIEIUKOM, KaK JacTHIIa C
OITPE/ICIICHHON DHEPIrUcH. DNEKTPOMArHUTHOE U3JIydeHHE 00JIalaeT HE TOJIBKO
BOJIHOBBIMU CBOMCTBaMHM, HO M CBOMCTBaMH 4actul. Vcmyckanue sHepruu Ha-
TPETHIMU TEJIaMU TPOUCXOAUT HE HENPEPHIBHO, a OTHEJIbHBIMU TOPLMSIMHU —
KBaHTaMHU.

Tak kak Macca MOKOs 3JEKTPOMAarHUTHOTO MOJIL paBHAa HYJIIO, TO U3 CBS3U

y 2 2 22
SHEPrHA U MMILyJIbCa PESTUBACTCKOH vacTuupl (E/c)” — p” =m°c” naxogum
E ho 2nh
BEJIMUMHY UMIYJIbca HOTOHA: Py = i L = (1.17)
c c

BuaHo, 4T0 (OTOHBI, KaK U JIFOObIC YACTHUIIBI C HYJIEBOW MAacCoOil OKOsI, MO-
TYT JABHUTATHCS TOIBKO CO CKOPOCTHIO CBETA.

Knaccuueckas Teopust mpearonaraer, YTo aToMbl BELIECTBA, UMEIOIIIE HEKOTOPYIO Hau-
MEHBIIYIO BO3MOXKHYO SHEpruto £y , MOTYT IpH HarpeBaHUH IPHOOPECTH JIIOGYFO JTOTIOI-

HHTEJIBHYIO TEIUIOBYIO 3Hepruio E. Uncio atomoB ¢ sueprueit ot E 1o £ + dE onpenensiercst

—~(Eg+E)/ksT

pacnipezienenreM Bonbumana dn (E ) = const-e dE. Takue atoMsl cOBEpIIA-

0T KOJIE0aHHsl OTHOCHTEITBHO MOJIOKEHHS PABHOBECHUSI M CIOCOOHBI BEPHYTHCS B COCTOSHUE
C MHHMMAIIbHOM 3Hepruel £, , NCITyCTHB 3JICKTPOMATHUTHYIO BOJIHY C TOH ke SHepruei E.

Cpez[Hsm OHEPrus HCHyIl[eHHOﬁ BOJIHBI
o0 o0 o0 o0
(E)=[Edn(E) | [dn(E)= jEeE/"sTdE/j e EIT g = kT
0 0 0 0

Y9TO COOTBETCTBYET opmyiie (1.15).
CornacHo runorese [lnanka, aToMbl CHOCOOHBI IPHOOPECTH TOJIBKO OT/ENb-
Hble (TUCKPETHBIE) 3HAYCHHUS JOTIOTHUTENBHOM SHEPTHH 171, TAe  — OTpe-

JIeNIeHHas 4acToTa, NpUCyllasi TaHHOMY aToOMy, 7 — TOJOXKHMTEJIbHOE LIENoe
yucno. Ilepexons B cOCTOSSHME ¢ MUHUMAIBHOW dHEprueil £, aTOMBI UCITyC-

KaloT (POTOHBI C TEMH K€ TUCKPETHBIMH YHEPTHAMHU Ecb =nho,n=12,3,...

BepositHOCTD IpHOOpeTenust sHeprun E, = Ey + nfi® ¥ MOCIEAYIOLIEro mc-
IMycKaHus (JOTOHA MO-TIPEKHEMY OIpeaessieTcs pactpeneneHiueM bonpmana:
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)
-E, kT -E, kT
'Pn —e n/ B Z e n/ 5
n=0
HO CpEaHAA SHEPIUd UCIIyCKAaeMOro (bOTOHa (HI/ICerTHO MeHHIOHIeﬁCH BEJIIMYU-

HBI) <E¢J>: Y EyuP =2 nho B,
n=0 n=0

ocnenHow GopMyity, BBOAS NepeMeHHy0 x = Aw/ky T 1 cokpawias 4nc-

o —Ey/k,T
JINTEJIb 1 3HAMCHATEIIb HA HECYIICCTBEHHBIM MHOXKHUTEIb € 0/ 5% MOXHO TIe-

penucarb B BUJIE
o0 _ o0 _ d o0 _
<Eq)>: dnhwe " [ e ”x:—hco—ln(Ze "x].
n=0 n=0 dx n=0

0

2
Ho reomerpudeckast mporpeccust » e " =1+e " + (e_x ) +=—=
—X
n=0 1-e

-1
= (1 -e ) , TOATOMY CpeJiHsist SHeprHst (POTOHA TEILIOBOTO U3JTyUESHHUS

—-X
<Eq)>:hu)diln(l—e_x)=hm—e: ho o <E¢>=W (1.18)

x l-e* &' -1

b

DTOT pe3ynbpTaT COBMAIACT C KIIACCHYECKIM BBIPAKCHHEM (E ) = kT TonbKO B
O X0
~1+ +....
b

®opmyna (1.14) mis yucna cTeneHed CBOOOIBI OCTACTCS CIPaBEIMBOM,
mo3romy, cornacuo (1.12), ucmyckaTrenabHast CIIOCOOHOCTh a0COJIFOTHO YEPHOTO

00J1aCTH MaJIbIX JacToT, Koraga exp[

TE€J1a IPUMET BU:
2

¢ dN Q) o
Tru (w,T):——1~<Ecb> WK |7y (0,7) = o
4 dw 4n“c exp[th—l

(1.19)

b

|| 510 — popmyna [nanka, onuceiBaromas HCTHHHOE PACIIPE/ICIICHHE SHEPIUH B
CIIEKTPE PaBHOBECHOI'O M3Iy4deHHUs abcomroTHO uepHoro tena. Ee rpaduk
n3o0paxeH Ha puc.1.7.
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[IpounTerpupoBas BeipakeHne (1.19) mo Bcem yacToTaM W HPUHSB BO BHUMAaHHE

© 3 4
. x’dx mw
TaOJIMYHBIA MHTErpal j —— =~ » IPUXOJMM K H3BCCTHOMY M3 OIIbITA 3aKOHY Cre-
0 e — 1

(dana-bonpimana (1.7):

Ry(T)= [ 1ya(0.T)do=cT*,

0
kgt
rae nocrosiiHas Credana-bospiiMana G = —ZB3 .
60c” h
C nomorpro Gopmyt (1.19) u (1.3) MOXKHO MEPEHTH K HCITyCKATEIBHOM CIIOCOOHOCTH
22
4n°c™h 1
Ba(MT)= < ) (1.20)
2> exp(2meh/hkgT) -1
dr ra
VYcnoBue mMakcumyma 3TOW (yHKIMH, M300paskeHHOH Ha puc.l.5 u 1.6, x =
A=y

npusout K ypasuenmio (5A,, T—a)exp(a/A,, T)=5A, T, rae a=2nch/kg . Ero

pemenne A,,T =0,2014-a = b u3BecTHO Kak 3aKkoH cMelieHust Buna (1.6).

5. MeToabl oNTHYECKOI MUPOMETPUHU

Hcnyckaemoe HarpeTbIMH TellaMH TEMJIOBOE H3IydeHHE MO3BOJISIET J0CTa-
TOYHO TOYHO ONPEAENINTh UX Temueparypy 7. 3To 0COOEHHO Ba)KHO IPU M3Me-
peHun Beicokux Temmeparyp 7 > 1000 — 2000 K, korja Henb3sl HCHOIB30BATh
OOBIYHBIE TEPMOMETPBI U JATYUKHU TEMIIEPATYphl (HarpuMmep, pu u3MepeHuu 1’
pacIuIaBIEHHOM CTaJIM B MapTeHe), a TaKKe B TOM ClIydae, KOrJia HarpeToe Tejo
yZIJIEHO WJIM UMEET O4Y€Hb MBI pazMep (M3MepeHHne TeMIepaTyphl 3B€371, BO-
JIOCKa HaKaJa B JIAMIIOYKE H T.II.).

B 3THX ciydasx CpaBHHBAIOT M3IIyUCHHE M3MEPSEMOTO TENa C STaJOHHBIM
M3JTyYeHHEM aOCONIIOTHO YEPHOTO Tesla M Ha OCHOBAHHH TaKOTO CPAaBHEHUS BBI-
oKynap 3 YHCIIAIOT UCTHHHYIO TEMIIEpaTypy Tena. JTOT CIo-
co0 M3MepeHusl TeMIepaTyp Ha3bIBaeTCsA ONTHYE-
CKO# MUPOMETPHUEH.

CxeMa mpocTelniero mupoMeTpa ¢ ucye3aroei
HHUTBIO M300pakeHa Ha puc.l.14. Ha nyTtu nziyude-
HUS OT PacKaJeHHOTo Tenla | momemarT HUTh Ha-

none /7=, 2 Kaja 2, TOK B KOTOPOH MOXXHO MEHSTH C IOMOIIBIO
3peHus _:"@DZ peoctara, u3MeHss spkocTh HUTH 2. [Iprbop, nzme-
PAOLME TOK, TpafiyupyIoT Kol Temueparyp Tg
— 3TO TemIepaTypa abCOITIOTHO YEPHOTO Tema, y KO-

Puc.1.14
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TOPOTO HCITyCKaTeJIbHas CIIOCOOHOCTH COBIAJIAET C MCITyCKaTEeIbHOM CII0CO0-
HOCTBIO HUTH 2, HArPETOH MPOTEKAOMNM TOKOM. CpaBHEHHE MOXHO IPOU3Be-
CTH TONBKO JJIfl ceporo Tesa. [loaToMy Ha MyTH JTydeil OT UCTOYHHUKOB | U 2
ctaBiaT cBeToGmwibTp 3 (puc.l.14), 0OBIYHO KPAaCHOTO I[BETA, IMPOITYCKAFOIINI
JIy4{ B y3KOM MHTEpBaJe JUIMH BOJIH AL .

B mosne 3peHunst okyisipa BUIHA CBETSIIAsACS HUTH 2 HA (JOHE CBETSIIErOCs
tena 1 (puc.1.14). Hakan HUTH yBEITMUUBAIOT WIIM YMEHBIIAIOT JI0 TEX MOp, MO-
Ka OHa He "HcUue3HeT", T.e. CTAaHeT Hepa3IMIUMOi Ha (OHE PacKaJIeHHOTO Tela.
OTO 03HAaYaeT, YTO W HUTh 2 ¥ TeNO | OANHAKOBO M3Iy4alOT B MHTEPBAJIC BOJIH
A)\ , T.€. IMEIOT OZIMHAKOBYIO SIPKOCTb M UCITyCKAIOT OJANHAKOBYIO SHEPTHIO

V}Lq(k,Tﬂ)Ax:V)L(}\.,T)AXICI)LV;L(I(X,T)A%. (121)

JUIS HATH 2 uist Tena 1

HcnyckarenbHasi cloCOOHOCTh HUTH 2 TIPOrpalydpoBaHa Mo M3Iy4eHHIO abco-
JIFOTHO YEPHOTO TeJIa, a UCITyCKaTellbHasl CIOCOOHOCTh HccieryemMoro tena 1 B
npaBoii yactu paBeHcTBa (1.21) BhIpakeHa yepe3 HCITyCKaTEIbHYIO CIIOCO0-
HOCTH aOCOJIFOTHO YEPHOTO TeNa ¢ MmoMolnbko 3akoHa Kupxroda (1.4) — (1.5).
N3mepsemas temneparypa Ty Ha3bIBaeTCs IPKOCTHOM TeMIEpaTrypou — 3TO Ta-
Kasi TeMmreparypa abCOIIOTHO YEpHOTO Teja, SIPKOCTh KOTOPOTO COBMAJAET C
SPKOCTBIO UCCJIEIYEMOro Tella JUIsl HCII0JIb3yEeMOTro HHTepBalla JUIMH BOJH AX .

3ameTnM, 4TO HaOMIOJaeMBbIil BU3YaJIbHO ONTHYECKUH AWANa3oH (KPacHBIH
CBET) OTHOCHTCSI K KOPOTKOBOJIHOBOI YacTH CIEKTpa TEIJIOBOI'O H3JIyYEHHUS.
HetpynHo BBIYMCINTE, 4TO IS A ~ 600+ 660 HM SKCIOHEHTa B 3HAMEHA-

KpacH
tene popmynsl [Tmanka (1.19) wm (1.20) 3HaunTensHO Oombie 1, M BBIpaxe-
HHE VISl HCITyCKATEILHOH CIIOCOOHOCTH a0COJFOTHO YEPHOTO Tella IPUMET BHJ
o’ ho an’c’n 2nch
exp| — n 7y (A T)»———exp| -
A2 kg T A Mg T
D10 — 3aKoH ¥M3aydYeHus BuHa, crpaBe/UMBBIN B 00J7aCTH KOPOTKHMX JUIMH BOJIH

TOYHO TaK ke, Kak (hopmyina Panes-/[xunca (1.15) cipaBeymBa mis 6ompmmx A .
IMoncrasnsis Beipaxkenue (1.22) B ypaBHenue (1.21) u B3sB norapudm ot

o (@,7) ~ . (1.22)

. 2nch 2nch
obeux uacTed, nolmyuyuM ————=Ina; ————, OTKyJa HaxXoAUM HCTHH-
5 1a kg
My Ty
HYIO TeMIIepaTypy packaineHHoro tena: 1 =Tg /| 1+ ﬁln a
nc

Tak kax HorjaomarenbHas CIocOOHOCTb pealbHbIX cpel @) <1, To UCTHH-
Hast Temrieparypa 7 Bceraa 0oiblie SpKOCTHOHW TeMneparypsl 1y,
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1. BHemiHuii 1 BHyTpeHHUIi GoTodrddext

MHOro4uciaeHHbIE ONBITHI, IPOBeAcHHbIE B KOHIE XIX — Hauane XX BB.
(A.Croneros, I1.JIeonapa, I'.I'epir u ap.) moka3aji, 4To MOIJIOMICHHE KOPOTKO-
BOJIHOBOI'O JJICKTPOMArHMTHOI'O U3JTYUCHHSA METAJJIAMU TaKXKE IMPOTUBOPCUUT
MIPE/ICTaBIICHUSIM KIIaCCUUECKOl (PU3MKH.

Paccmorpum ombir CroneroBa (puc.2.1), B KoTO-
POM MOHOXPOMATHYECKOE DJIEKTPOMArHUTHOE H3IIyde-
HHE C YaCTOTOW ( MajaeT Ha METaul U BHIOMBAeT U3
HETO0 3JIEKTPOHBI, JIETSIINE K aHOy U CO3/AOIUe B Iie-
U TOK, Ha3bIBaeMbIil HOTOTOKOM.

BriOuBaHuE 3JIEKTPOHOB M3 MeTajula IaJaroluiuM
CBETOM WJIU APYTHM JIEKTPOMArHUTHBIM H3ITy4YEHHEM
Ha3bIBAeTCs BHEITHUM (hOTOI()PEKTOM.

OT0 sBNICHUE 00IaaeT PSIOM CBOMCTB.

1) ®oTo3ddexT nmpexkpamaercs MPH HEKOTOPOH YaCTOTe Maaalolei

BOJIHBI 0, , HA3bIBAEMOI1 KPAaCHOI1 rpanuieil Gporosddekra

Puc.2.1

hoTOTOK

0 (puc.2.2). Ilo xmaccuyecKuM MPENCTaBICHHUSIM BOJHA C JIFO-

00Ji 4acTOTON ® < Oyp » MOTTIOIIASCH METAILIOM, Oyxner mepe-

Wyp () JAaBaTth eMy dHepruio. [locTeneHHO 9Ta HakaluIMBaeMas SHep-

Puc.) THsl CTAHOBHUTCS 3HAYUTENBHOH, COOOIIAETCS ANEKTPOHAM, H
uc.2.

MOCIIeTHUE JIOJDKHBI MOKUAATh METAIL, YTO He HaOIoIaeTcs.

2) ®OTOTOK yCTAaHABJINBAETCSI 0YeHb OBICTPO 32 BpeMs T ~ 107%¢ (xoTst
MOJKHO OBIJIO O’KHMIATh, YTO IHEPTHS MAJAIONICH BOJIHBI CKAIUIMBACTCS ITOCTE-
MIEHHO U C HEKOTOPOMH 3aJIEP>KKOU MEPeIaeTCs IIEKTPOHAM).

3) [Ipu HEKOTOPOM 3HAUSHHUHW TIOAAHHOTO Ha aHOJ
Jwo>lwy 3anepikuBaromIero Hanpskenust U, o6paTHOro 3Haka
' (puc.2.1) dorotok mpekparmaercs (puc.2.3). Tak kak
KUHETHYeCKast SHEPT sl BBUICTAIOIINX U3 KaToa JIeK-
U TpoHOB HmeT Ha NPEOJOJEHHE 3aIEpPIKUBAIOLIEN
Puc.2.3 Pa3HOCTH MOTEHIMAJIOB, TO 3Ta BHEPrUsl OrpaHUYEHA

BEJIMYHHOM m02/2 = e|U3| , 2.1

rae m, e — BCJIMYMHA MACCHI U 3apsijia 3JICKTPOHA (CCJ'II/I ObI nagaronias BOJIHaA

Jwi

nepejaBaia YHEPIU0 HEMPEPHIBHO, TO SHEPTHs MOTJIAa Obl JOCTHIaTh OOJIBIION
BEJIMYMHBI, © MOXXHO OBUIO OXHJAaTh BBUIETA 3JICKTPOHOB C Jr00O0H, Kakoi
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YTOJHO OOJBINON YHEPTUCHT).

4) Ilpu Bo3pacTaHuM NpsAMOro HampspkeHus U MeXmy KaToJOM M aHOJIOM
BCJIMYMHA (l)OTOTOKa CTPEMUTCA K MMOCTOAHHOMY 3HAYCHHIO, HA3bIBAEMOMY TO-
KOM HachlmeHus [,,. (puc.2.3). BennunHa ToKa HACHIIEHHMS, T.€. KOIUYECTBO

BBIOMBAEMBIX JJIEKTPOHOB, NTPONOPIHMOHANILHA HHTEHCUBHOCTH NaarOLIEro M3-
nyuenus und Bextopy IlodnTunra: I,  ~ < jw)- B xnaccuueckoit ¢pusuke yc-

PEOHEHHBIN N0 BpeMeHU BEKTOp IIoMHTHHIra 3aBUCUT OT aMIUIUTYHBI 3JEKTPO-
MAr"HuMTHOTI'O I10JIsI U HC 3aBHCHUT OT €TI0 4YaCTOThI, XOTA U3 pI/lC.2.2 BHUJIHA J3KCIIC-
pUMEHTAIbHAS 3aBUCHMOCTE (DOTOTOKA OT YaCTOTHI ® .

Bce st mpotuBopeuns ycrpanmt A.JiHmreiH (1905r.), mpeanonoxus, 9To
AIIEKTPOMArHUTHOE M3ITyYeHHE HE TOIBKO MCITyCKAeTCsl, HO M IIOTJIONIAeTCs OT-
JICTIbHBIMU KBaHTaMH — (POTOHAMHU. DJIEKTPOH MPOBOJUMOCTH, CBOOOTHO JBU-
KYIIUICS B MeTalule, moriomaet (GoToH ¢ sHepruerd 7w . YacTh 3Toi 3HEprun
WIET Ha TPEOOJICHUE 3a[epPKUBAIONICH Pa3HOCTH TMOTEHIINATIOB Ha TPaHUIIC
MeTaia. MUHIMaNbHAs SHEPTHS, KOTOPYIO HaZ0 COOOUIHUTE 3JIEKTPOHY, YTOOBI
OH TIOKMHYJI METajUl, Ha3pIBaeTcsi paboTOH BBIXOAA SJEKTPOHA M3 MeTaia
Apyx (BeTMUMHA pabOTHI BBIXOA PA3JIMYHA JUIS PA3HBIX METAIIOB).

OcTaToK PHEPruM OyAeT KHHETHYECKOM SHEPTUEl 3JIEKTPOHA, BBIJIETEBIIETO
u3 Metaiia. TakuM 00pa3oM, 3aKOH COXPAaHEHUS SHEPTHH 3aITUIIETCS B BUIE
ypaBHeHHUs DWHIITENHA Julst BHEIIHETO doTodddexra:

2

ho= A, +%, 2.2)

YpaBHeHHEe DHHINTEHHA IPAaBHIIBHO OITUCHIBACT BCe 0COOCHHOCTH (hoTOID(EKTa.
1) Ilpu yMeHBIOICHWH YacTOTHI WM YBEIHYCHUHN [UIMHBI BOJHBI MAIA0IIETO
M3ITyYEHHUs] YMEHBIIAETCS CKOPOCTh U BBUIETEBIIEro AiekTpoHa. Korma snep-
rus magaroriero JoToHa cpaBHsETCs ¢ paboToit Beixona, 0 v =0 u
nc _ 2mch

2
0= = A gy /T k:XKp:m——A . (2.3)

Kp BBIX

DHeprus GOTOHA B UITYUICHUH C OONBIICH MIMHOW BOJHBI (CMEIICHHOTO B
“KpacHyr0” CTOPOHY CHEKTpa) MEHbIIE pabOTHl BBIXOMA; €€ HEAOCTATOYHO IS
TOTO, YTOOBI JIEKTPOH MOKHUHYJ MeTasul, U (orodddekr He mpoucxoauT. [To-

aTOMy yciioBue (2.3) Ha3bIBaeTCsl KpacHoit rpanuiiel potoaddekra.

3ameuanue: y GONBIIMHCTBA METAIIIOB A =2+ 60B, A, =600+200HM,

W KpacHas rpanuna GotodgpQexra MOXKET JiexKaTh 3a npenesiaMi BUANMOTO CIeK-
tpa. PoT03(HEeKT XOPOIIO BHI3BIBACTCS YIBTPA(PUONETOBBIM M PEHTTCHOBCKHM
M3ITyYCHHEM.

2) Mornowenue (GOTOHA O03HAYACT YBEIHUYCHHE SHEPTHH AJICKTPOHA CKay-
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KOoM. TOK BBIOMTBIX 3JIEKTPOHOB yCTaHABIMBAETCS MPU BKIIIOYEHUH H3ITy9YEHUS
OYeHb OBICTPO.

3) Usmepsist B ombiTe Ha puc.2.] BEeNTUUMHY 3a[Cp)KUBAOIIETO TOTCHIIAAA
U, u 3Has 4aCcTOTy ® MaJaroOILEro U3Ty4eHHs, MOKHO C TIOMOIIBIO YPABHEHUH

(2.2) u (2.1) ompenenuts paboTy BBIXO/a 3JEKTPOHA U3 JTAHHOTO MPOBOIHHUKA:
Apx =ho—eU, .

P.Mwuumiken (1916 r.), n3mepuB no ucuesHoBeHuto (ororoka (puc.2.3) Be-
JINYUHY l]3 JJIA U3JTYUCHUS C YacTOTOH , 3aTE€M BBIKJIIOYaJl BHCHIHCC HAIIPSKE-

HUEC 1 YMCHbIIAI YaCTOTY NaJaroliero Ha TOT K€ KaTo/] CBETa OIAThH 1O UCUC3HO-

BeHHsL (pOTOTOKA (pHC.2.2). DTO MO3BOIMIO €My ONPEACTHTE (M, H, B COOTBET-

cTBUM ¢ ypaBHeHUsIMHU (2.1) — (2.3), BriepBbIe JOBOJIBHO TOYHO BBIYMCIUTH IKC-
NepUMEHTAIBLHOE 3HaYeHre NocTossHHON [1nanka:
pe_eUs
O = O,

4) Ipu GpUKCHUPOBAHHOM YACTOTE ® HM3JIYUEHHUS YUCIO BHIOUTHIX JIEKTPOHOB
((pOTOTOK) MPOMOPIHMOHATIEHO KOIMYECTBY (DOTOHOB B ITyUKe U3JIyYCHUS], T.C. UH-
TCHCUBHOCTH U3JTyYCHUA.

VYpaBHeHue DHHIITEHHA MOXHO IPUMEHSTH U K BHyTpeHHeMY (oToaddex-
Ty, KOrJa najaromuii GOoToH BEIOMBAET JIEKTPOH M3 aTOMa PEUIeTKH (HO 3TOT
9JIEKTPOH OCTaeTCs BHYTPHU TBepAoro tena, (puc.2.4)). B aTom ciyuae BMecTo
MeTann paboTHI BEIXOAA B ypaBHEHNN DHHINTEHHA

ho = E, +mo*/2 (2.4)

nony -
MPOBOAHNK|  nomKkHA CTOSITH DHEPrHs MOHM3AIMM F, — HaHMEHb-

el
Jh%ﬁf oY AvenekTpuk| 1As SHEPIHs, KOTOPYIO HAZ0 COOOLIUTH OJIEKTPOHY
JUI €T0 BBIPBbIBAHWS U3 aTOMa WJIKM MOHA PEIICTKU.

Puc.24 Bui16o0: dorodddext mokassiBaeT, 4To IMEKTPO-
MAarHUTHOE W3JIYYCHUE CIOCOOHO BecTH ceOs kak wactuna — (otoH. [Ipu mo-
TJIOIIECHUH, UCITYCKAaHUH WM B3aUMOICHCTBUHM (POTOHA C JIFOOBIMU YaCTUI[AMU
HAJI0 MCITONTB30BATh TE XK€ 3aKOHBI COXPAaHEHHSI SHEPTUH M UMITYJIbCa, 9TO U IPH
B3auMoeiicTBur yactull. OmHAaKO (POTOH JABHXKETCS CO CKOPOCTBIO CBETa U TO-

ATOMY 3aKOHBI COXPAaHEHHS HAJIO IHUCATh B PEISITUBUCTCKON (opMe.
> Ilpumep: MOKaxxkeM, 4TO CBOOOIHBIH, HU C YEeM HE
[\Jp@\/\;ﬂcz Pe B3aMMO/ICHCTBYIOLIMI 3IEKTPOH, HE MOYET HOIJIOTUTH
> WM uenycTuth GotoH. st 3Toro nepelzeM B HHEPIH-
Eo Ee v aJbHYI0 CHUCTEMY OTCUeTa, TJie dJEKTPOH MepBOHAYAIb-
Pue.2.5 HO nokouTcs (puc.2.5). Tam OH UMeeT HaualbHYO 3HEep-

ruro nokos Ej = mc* u HyJIeBOIl HauyalbHBIA UMIyIbC p,, =0, a mocie Ho-
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rionieHus GoToHa ¢ dPHeprueit Ep =ho u uMmynscoM pg, = Eg, /c (cM. dop-
Mmyiy (1.17)), obnagaer monHoit 3Heprued E, M PeNSTUBHCTCKUM HUMITYJIECOM

De - 3aKOHBI COXPAHEHHUS SHEPTUHU — UMITYJIbCA UMEIOT BH]

2 E
mc mo
E¢+m02:Ee:—; —(b:pe:—. (2.5)
J1-2%/c? ¢ J1-2%/c?
o mco 2
HcxiounB U3 cucreMbl ypaBHeHHH (2.5) Ey , monyuuM ————=+mc” =
1-2? / ?
mc2

=—— > OTKYa CIIe1lyeT, 4TO CKOPOCTh MaTEpUAIbBHOW 9aCTHULBI — DIIEK-

1-0%/c

TpOHA — paBHA CKOPOCTH CBE€TA ¥ = C , YTO HEBO3MOXKHO. HOSTOMY HEBO3MOXXHO
IIOTJIOICHHUEC (I)OTOHa CBO60,HHI>IM 3J'ICKTp0HOM!

DoTo3¢h(eKT MOKET HMPOMCXOIUTH TOJIBKO B CHCTEMaX, B KOTOPBIX 3JICK-
TPOHBI CBSI3aHBI M B3aUMOJICHCTBYIOT C IPYTUMH YaCTHUIIAMH.

XOTs 3JEKTPOHBI MPOBOJUMOCTH, MEPEMEIIAIOIINECS 0 KPUCTAIIMYECKO
peleTke MeTaia, ¥ Ha3bIBalOT ‘‘CBOOOJHBIMU”, OHU HENPEPHIBHO B3aHMMOJIEH-
CTBYIOT C DJIEKTPHYECKHMH TOJSMH HOHOB M JIPYTHX 3JIEKTPOHOB, M3MEHSIS
CBOI MMITYJIbC M HampasiieHne JBIbkeHus. [lostomy B ypaBHeHusix (2.5) Hano
y4ecTh Iepefady MMITYJIbca M SHEPIUH APYTUM B3aUMOJCHCTBYIOIIMM YacTH-
I[aM B MOMEHT ToriomeHus ¢porona. B stom cinydae cucrema (2.5) mmeer mpa-
BIJIBHOE perneHne, 1 GoTodPPeKT BOZMOXKEH.

2. Paccesinue 3J1eKTpOMarHuTHOro u3ny4denns. Ipdext Komnrona

ITycTs Ha 3apsHKEHHYIO YacTHUILy C 3apsSAOM ¢ U Maccoil /m MajxaeTr Iiek-

TPOMATHHTHAs BOJHA C YAaCTOTOH . DIEKTpUUECKoe Tojie £ BOJIHBI 3aCTaB-
JSIET YaCTHUILy KonebaThCsl, a YCKOPEHHAs 3apsDKeHHAsl YaCTHIA, B COOTBETCTBUH
C 3aKOHAMH 3JICKTPOMArHETHU3Ma, HCIYCKAeT BTOPUYHBIC 3JIEKTPOMArHUTHBIC
BOJIHBI (pHUC.2.6) ¢ TOH Ke YaCTOTOH .
- BropuuHoe WM paccessHHOE W3TydYCHHE
E napatowan » TaKke 00pa3oBaHO (POTOHAMH U MOXKET MPOH3-

gofiHa > BomuTh (Qotodddexr. Ilpomecc Ha puc 2.6

lw  moxmo paccMaTpuBaTh Kak paccesHHe IydKa

|f| W mgqg najaronmx (pOTOHOB Ha 3apsDKEHHOMN YacTHIle.
pa%%?_mrlble Ecnmu sra yactuma cBoOOmHa, TO IUIOTHOCTH

Puc.2.6 notoka sHeprun (Bexkrop lloiitHTHHTA) j,
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paccessHHOW BOJIHBI 3aBUCUT OT HAlpaBJICHUsI PACCEsHUS, HO HE 3aBHCUT OT
4acToThl . Takoe paccesHue Ha3bIBAETCS TOMCOHOBCKHUM.

Ecnu paccesHre NpouCcXOqUT Ha B3aMMOJCHCTBYIOIMX YaCTUIIAX, HAIPUMED
Ha 3JIEKTPOHAX, CBA3aHHBIX C APOM, TO IUIOTHOCTh MOTOKA SHEPTUU PACCESTHHOTO
U3IIYy4EHHS Jy, ~ o*. HauGonee XOPOILIO PAaCCEUBAETCSI KOPOTKOBOIHOBOE 31Ty~
yeHue. Takoe n3inydyeHue HaspiBaeTcs paieeBckuM. Ho B moboMm ciayuae

B KJIaCCHYECKOH (PH3HKe YacToTa ® 3JICKTPOMATHUTHOTO U3IYYCHUS, paccesH-
HOT'O Ha CBOOOIHO# 3apsHKEHHON YaCTHIIE, COBIIAAACT ¢ YaCTOTOM IMaaroIiero
U3ITYUICHUS.

Omnako B 1922 r. A.Kommron o6Hapy)ui 3¢ (exT n3MEeHEHUST YacTOTHI U3-
Jy4eHUs IPU PacCesHUM, KOTOPBII HEe MOXKET OBITh OOBSACHEH B paMKax Kiac-
cuueckoil pu3uku. Jliast ero onucaHus CIeLyeT CUUTaTh, YTO NMajalolee U3JIy-
YyeHHe COCTOMT M3 OTAeJbHBIX (JOTOHOB, M YUUTHIBATH 3aKOHBI COXPAHEHUS
peHﬂTHBHCTCKOﬂ OHEPrun v uMIlyJibCa MNpPHU OTKIOHCHUUN Ka)KI[Oﬁ YacTHLbI—
(horoHa Ha yros 6 OT MEPBOHAYAIBHOTO HANIPABICHUS ABHKCHHUS.

[lepeitnem B cucreMy oTcyeTa, B KOTOPOH 4acTH-
I1a ¢ Maccoil m , Ha KOTOPOW IPOUCXOJUT paccesHue,
MOKOMJIaCh TEpes CTOJKHOBEHHEM ¢ (oToHOM

(puc.2.7). E, =mc? , De=01 Eé , p(; — JHEprus u
UMITYJIBC YacTHUBl O M TMOCIE CTOJKHOBCHHS.
Ey=ho, py=Eyfc n Ey=ho', p, :Eq)/c -

SHEPTHs ¥ UMITyJIbC ()OTOHA IO U TOCTE CTOIKHOBE-
HUSL. BBIpasuM 13 3aKOHOB COXPaHEHHsI SHEPTHH U UMITyJIbCa

E +Ey=Eq+Ey; ﬁcb:ﬁe'm(i)
BEJINYMHBI SHEPTUH U UMITYJIbCa YaCTHIIBI TIOCIIE COYNapEHHs:
E(; =mc? +ho—ho';
"2 2 "2 ' hoV (he' . hohe'
(pe) :(pd)) +(p€p) —2pcbpcb cos@z(TJ + — —20—20056
(ucmonp30BaM TEOPEMY KOCHHYCOB U TPEYTOJIbHUKA C yriaoM O, obOpaso-
BaHHOT'O UMITYJIbCAMH YacTHUIl Ha puc.2.7).

[ToacraBinsist 3TM BeAMYMHBI B (QOPMYJTY CBSI3H PEISTUBHCTCKOTO MMILYJIbCA

2 2
W SHEPTUH YaCTHIIBI (Ee) =(cpe) +m2ct, MOJY4YNUM TI0CJE COKPAIICHHS

OJIMHAKOBHIX CJIaraeMbIX YpPaBHEHHE
2h(m—m')m02 =2ho ho'(1-cos0).
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Pazzenus 00e 4acTh TOrO ypaBHEHUs HA AmMc®®'/T ¥ yunTHIBAs CBS3b Yac-

2nc 2nc
TOTBI M JUIMHBI BOJIHBL A = ——, A'=——, npuxoauM K popmysie Komnrona
® ®
Ah=A'-A=A(1-cosH), (2.6)

2nh o .
rie BeIu4nHa A = ——— Ha3bIBaeTCS KOMIITOHOBCKOW MUIMHOM BOJIHBI YaCTHIIBI
me

€ Maccoi n.
®opmyna (2.6) Beipakaer cyTh dbdekra KoMnToHa: Ipu paccesHUH Ha yrod
0 mmuHa BosHBI ()OTOHA BO3pacTaeT Ha BEIMYMHY AA . DHEPrHs pacCestHHOTO
(OTOHA, COOTBETCTBEHHO, OKA3bIBAETCS MEHBIIIE SHEPTUH (POTOHA, MaJaloIIero
Ha gacTHLly: hio'<hom.

Dddexr KomnroHa mporcXoauT Ha JIFOOBIX 3apSHKCHHBIX YaCTHUIAX, OJHAKO
HauOoJiee 3aMETeH OH IPU PAcCesHUM Ha CaMbIX JIETKHX YacTHIAX — 3JIEKTPO-
HaX, HWMCIOUIMX  HAuOOJBUIYI0  KOMITOHOBCKYH  JJIMHY  BOJIHBI

A, =2,43. 10712 M. Ho maxe B 5Tom cllydae U3MEHeHHe AA HAaCTOIBKO MaJo,

4YTO HE MOXET OBITh 3aMETHO HEBOOPYXKEHHBIM TJ1a30M KaK M3MEHEHHE 1IBEeTa

PACCESHHOTO U3ITy4YeHHS.

B 2nectpon Bce mpoBeneHHBIE SKCIIEPHMEHTH XOpO-
oTAa4u = ,| 110 COOTBETCTBYIOT BbIBOAY (2.6). Hampumep,

Pe| B ombrrax Kommrona u Caiivona (1925 1)

he L _ o PEHTTEHOBCKOE M3JTy4YeHHE C YaCTOTOH ® Ha-
1X _/79 MpaBsuIoch B Kamepy Buibcona (puc.2.8),
paccegHHHﬁ\ S o @ 3aII0JIHEHHYIO TMEePErpeToi >KUIKOCThIo. Jlis

dpoToH 2 N (hoTOHOB ¢ OOMBINION SHEpTHEH /i BHEIIHUE,

kamepa BunbcoHa cnabo CBsI3aHHbBIE C SIPOM 3JICKTPOHBI B aTo-

Max XHUIAKOCTHU, ABJIAIOTCA IMPAKTUYCCKHU CBO-

Prc2.8 6onupiMu. [Tostomy B Touke 1 ¢oToH, pac-

ceuBasich Ha yroi 6, cooOIuan TakoMy 3JI€KTPOHY 3Hepruto E, , BBIOUBas ero u3

atroma. TpaekTopusi BBIOUTOTO 3JIEKTPOHA MPOCIIEKUBAETCS MO 00pa3yeMoH Iie-
MOYKe My3bIpbKOB B Kamepe Bunbcona. Tpaekropusi paccesHHoro (oroHa He
BUJIHA ¥ M300paKeHa ITyHKTUPOM Ha puc. 2.8. OnHaKko B TOUKE 2 OH BHIOWBAaET
CJIEITYIOIINIA JIEKTPOH, U, IPOBOAS HPsIMYI0 1-2, COSNMHSIONIYI0 Hayajla Tpaek-
TOPHIA 3JICKTPOHOB OTJIAYH, H3MEPSIEM yToJ paccesHust 0 ¢oToHa.

IIpu BkIIIOYEHHOM MarHUTHOM Tojie B moj AeWcTtBueM cuibl JlopeHua Tpa-
EKTOpHUs BEIOMTOTO 31eKTpoHa 1 MckpuBisiercs. V3MepeHne paanyca 3TOH BHIH-

MOM TPACKTOPHUHU NO3BOJICT BbIYUCINUTDL CKOPOCTh, UMITYJIbC Z?e 1 SHEPIruro Ee
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aNeKTpoHa oTnayd. IloirydeHHbIe pe3yNbTaThl XOPOILIO COINIACYIOTCSI C NpHUBE-
JICHHBIM BBIIIIC YPAaBHEHUEM.

D¢pdexr KoMmnrona sKCIiepuMEHTaIbHO TTOATBEP)KIAET KBAHTOBYIO TIPHPOLY
AIIEKTPOMATrHUTHOTO M3IydeHus. K npyruM HaOogeHUsIM, YKa3bIBAIOIINM Ha
KBaHTOBYIO Mpupoy, kpome dorodddexra u apdexra Komnrona, MOxHO OT-
HECTH OIIBITH BaBmiIOBa M MPOIecC POXKISHHUS SIEKTPOH — IO3UTPOHHBIX I1ap.

1) B ombrtax C. BaBuiioBa HabmrogaeTcs CBET ¢ OUYEHb MaJloi MHTEHCUBHO-

CThIO0. AJIAaNTHPOBAHHBIA B TMOJIHOM TEMHOTE YEIOBEUECKWH TJa3, KaK CaMblil
CBETOYYBCTBUTEIBHBIN NpUOOpP, CIOCOOEH 3apUKCHPOBAaTH CBETOBOWM IMOTOK,
COOTBETCTBYIOLIMH SHEPrUHM BCEro COTEH M JIaKe AeCSATKOB (hOTOHOB. MHTEH-
CHBHOCTbH HAOJII0JIaEMOT0 CBETa yCTaHABJIMBAJIACh HA YPOBHE IOpOra 4yBCTBHU-
TeJILHOCTH. Tak Kak (h)OTOHBI MCILyCKAarOTCS UCTOYHHKOM CJIy4aiiHo, (B OauH
MOMEHT OOJIbIlle, B APYrOl — MEHBINE), TO HaOMogaTens BUACN (DIyKTyannu
gucna (OTOHOB KaK MEpIIaHWE CBETOBOTO HMCTOYHHWKA (B OJWH MOMEHT CBET
€CTb, B APYTON — HE BHUJICH).

\\ fﬁ"j 2) Ilpu CTONKHOBEHWH YaCTHIIBI M aHTUYACTUIBI (Ha-
— +

OTOHbl TIpUMeEp, HNEKTPOHA e ¥ MO3UTPOHA e C OJMHAKOBBIMU
L“%g MaccaMH U PaBHBIMU 110 BEJIWYHHE, HO Pa3HBIMU I10 3HAKY

Puc.2.9 3ap>1z[aM1/I), MpOUCXOAUT IMPOUECC AHHUTWIAIUN — IIpe-
BpalicHue BCel OHEPIrun 4aCTull, BKIO4Yast SHCPTHUIO MTOKOA

2mc?, B SHEPTHI0  DJIEKTPOMArHUTHOTO  W3JIyYEHHMs
ﬁ;g (puc.2.9), T.e. npeBparienue yactui B Gotousl. Oaun ¢o-
@ TOH NPH 3TOM 00pa3oBaThCS HE MOXKET. JTO 3ampeniaroT
3aKOHbI COXPaHEHHUs], 3allMCaHHbIC B BUJC YPaBHEHHH, aHa-
JIOTHYHBIX (2.5).
Puc.2.10 OOpatHBIil TIpolecc NMpeBpalleHHs YacTUIBI-POTOHA B

¢OTOH

napy e e’ HasbiBaeTCSs TPOLECCOM POMKIEHHS DIIEKTPOH-TIO3UTPOHHOH HAphI.
OnHako [Uisi OJJMHOYHOTO (POTOHA TaKOe MPEBpAILCHHE 3AIPEICHO TEMH JKe ca-
MBIMH 3aKOHAMH COXpaHeHWs1, aHaJornaHeMH (2.5). Kak u dotoaddext, mpo-
lecC POXKICHHS Iapbl UIET TOIBKO IPH OJHOBPEMEHHOM B3auMoJeiicTBUH 00pa-
3YIOIIMXCS YacTHII C APYTUM 0OBEKTOM, HalIpUMep, ¢ ToseM atoma (puc.2.10).
OmBIT NOKa3bIBAET, YTO €CIHM HAIIPABUTh JKECTKOE 3JIEKTPOMAarHUTHOE U3IY-

4yeHne (7} -M3JIyu4eHHe) ¢ YacTOTOH ® > 2mc? / h= 1,55-10210_1 Ha COCTOSIILYIO

M3 aTOMOB CpPEJly, TO HAYWHAIOT BOSHUKATH DIICKTPOH - TIO3UTPOHHBIE TIAPHL.

Hpoueccm AHHUTWJIAIUN N pO)K[leHl/Iﬂ nap y]lOBJ'IeTBOpl/ITeIl])HO OIINChIBA-
IOTCsI TOJILKO B KBAHTOBOM T€OPHH, MPEAIOJIArafomiel CynecTBOBAaHUE YaCTHII-
(DOTOHOB C OMpENEe/ICHHOW BEIMYUHOM DHEPrHMU M UMITyJbca. BriepBbie 3TH
npotiecchl ObuTH npejickasanbl [1.J[upakoM U 9KCIEPUMEHTAIBHO OOHAPYKEHBI
B 1933 r.
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3. Bounbl 1e Bpoiiis. BosiHOBBIE cBOiicTBA MUKPOUYACTHIL

B 1924 r. Jlyn ne Bpoiinb ony0nuKkoBa napajoKCcaibHyI0 THIIOTE3Y:
€CIIM DIIEKTPOMATHUTHOE M3Iy4E€HHE C JUIMHONH BOJNHBI A =27c/® IOIDKHO

TIPOSIBIISITH CBOMCTBA 4acTHIbI-GOTOHA ¢ dHepruel E = hw = 2rwhc/A u uM-
nynscoM p = E/c =2nh/)\, TO n MaTepuabHble YacTHLBI ¢ SHeprued £ u

MMITYJICOM P JIOJDKHBI 00JIa/IaTh CBOMCTBAMHE BOJIHBI C 4acToTol 0y = E/h u

JUIMHOM BOJIHBIA [, = Znh/ p . Taxast BoyiHa Ha3bIBaeTCs BOJHOM e bpoins.

Ecmm YUYCCThb PCIATUBUCTCKUC (bOpMyJ'ILI JJIA IOJIHOM OHEPIruu U peisATUBU-
CTCKOT'0O UMITYJIbCAa YaCTHUIbI, TO YaCTOTY U JJIMHY BOJIHBI 1€ BpOﬁJ’IH MOXHO 3a-
nucaTtb B BUJC

_E__ md . 2mh_2mh [ 575
mB_h_hm’xE_p_mv‘h 0?/c2, 2.7)

rIe m,0 — Macca W CKOpoCTh yacTuisl. U3 (2.7) cienyer, 4TO COOTHOIICHUE

}MB S 2TCC/(,OB HapyHICHO. OHO BBIIOIHAETCS TOJBKO JJIA YIABTPAapCIaATUBUCT-

CKHUX YaCTHUIl, UMECIOIINX CKOPOCTh 0 =~ C . Ho JJIs1 TAKUX YaCTHUIL JJIMHA BOJIHBI
e BpOﬁJ’IH A 5 HACTOJIbKO MaJia, 9TO BOJIHOBBIC CBOfICTBa, KaK 1IpaBuJio, HE MO-

I'yT HaOMIOJAThCS HAa OMBITE. DTO € OTHOCHTCS U K MaKpOCKOITHYECKUM 00b-
exktaMm. Hanpumep, st yacTuipl ¢ Maccoil m ~1Mr u CKopocTeio v ~ Im/c

MOJIY4UM A ~ 10727 u. [Moatomy

00BIYHO BOJIHOBEIE CBOMCTBA MOTyT Ha6J'I}OL[aTI>C$I Ha OIBITC JIMIIb Yy TaKUX
MUKPOYACTUII, KaK 3JICKTPOHBbI, aTOMBI 1 T.II.

B cucreme CH sHeprust ObICTpO JIETSANIEH MUKPOYACTHLBI OYE€Hb Masia, To-
3TOMY TaKyI0 SHEPIHIO NPUHSTO ISl y100CTBA BBIYMCIISTD B DJICKTPOH-BOJIBTAX

BB =1,602-10""" lx; 1Mo8=10°5B |

Torma st caMoil JIETKOW MUKPOYACTHIIBI (DJEKTPOHA) C XBZIO_IOM

dbopmyna (2.7) naer v/c < 0,024 . MUKPOYACTHIIBI MOYKHO CUMTATh HEPEISTH-

BUCTCKUMH U UCIIOJIb30BaTh POPMYJIY

Ay = 2nh _ 2nth
p mu

2.8)

IIpu >TOM KMHETHYeCKas 3HEpPrus 3JIEKTPOHA C A >10710y Oyzmer paBHa

mo? 2= 2721 [m)2 <150B .




3. Boansl ge bpoitsist. BonHoBbIe cBOHCTBa MUKPOYACTHIL 29

[TapagokcanbHOCTh TpeanoiOKeHUs: A€ bpoiins
P COCTOMT B TOM, YTO BOJIHA, I1ajlas Ha BE IIEJIH-
orBepctus (puc.2.11), mpoxogut yepe3 obe e u
CO3/1aeT Ha JKpaHe WHTePPEPEHIMOHHYIO WU [TU-
(pakIMOHHYIO KapTHUHBI MOJOC WM TATEH pa3ind-
HOM OCBEIIEHHOCTH. OJEKTPOH HE MOXKET pasfie-
JIUTHCS, TIPOUTH OIHOBPEMEHHO Yepe3 00e miejau u
Puc2.11 TeM caMbIM cO3]laTh B Touke P skpaHa aBe cxonus-
IMecsi KOT€peHTHBIE BOJHBL. JTO MPOTUBOPEUUT

KJIACCUYECKHUM MPEACTABICHUSIM.
TeMm He MeHee, IKCIIEPUMEHTBI ¢ MYYKAMU MUKPOYACTHL MOATBEPAUIN

runore3y ne bpoiiis.

ny4oK
3NEKTPOHOB

I
SSY ASSSTTIINNS

B ombrrax K.JI3Buccona m JI.JDxépmepa
(1927 r.) y3Kuif My4OK 3IEKTPOHOB C KHHETHU-
— yeckoil sHepruedt E ~1003B mnaman HOp-

MaJIbHO Ha MOHOKDPHCTAJI HUKEISI M pacceu-
BaJICS Ha aToMaX IOBEPXHOCTHOTO CNIOS IOA
pasabMu yraamu 0 (puc.2.12). JInnHa BOTHEL
ne Bpoiins Takux 371eKTpoHOB ObDIa CpaBHEMA

C MEXaTOMHBIM paccTOsiHEM d ~ 10710y, Jetexrop /1

1 I
| |
: : (rayIbBAaHOMETDP) M3MEPWJI UYETKHE MAKCHMyMBI TOKa
é1 9, é3 (puc.2.13) mox yrmamu 6, yIOBIETBOPSIONMMH YCJIO-

BUIO HHTEP(EPEHIIMOHHOTO MAaKCHMYyMa!
A=dsinO, =k\, k=12,3,....

My4oK Kpome Toro, B onbitax JlaBuccona—/lxepmepa mpu mo-
SNEKTPOHOB I BOpOTaxX KpucTaiia HaOmronancs Apyrod Habop uHTEpde-
PEHIMOHHBIX MAaKCHMyMOB Ha Pa3JH4YHBIX aTOMHBIX
miIockocTaXx (puc.2.14). DTu MakCUMyMbI JOJDKHBI OBUTH
YIOBJIETBOPSATH ycinoBuio Bynsda—bparra:

A=2A;=2dcosO, =kh,, k=123..,

HO OKa3aJMCh CMEIIEHHBIMH.
Jleno B TOM, YTO NpU MPOHUKHOBEHHHU 3JIEKTPOHA B Me-

Puc.2.13

Mg

2
TaJll €ro SHEPIrus E=mov /2 JOJKHA BO3pacTyu Ha BEJIH-

4uHy paboThl BhIXO#a A gy . IIpM 5TOM JUIMHA BOJHBI J€

Puc.2.14

bpoitis B coorBercTBHM ¢ (dopmynoit  (2.8), rme

L, mo’ »
Ay = 27'57%/ Zm% = 2T5h/\/ 2mE , ymensmutcs B )TB = Et Ay +;B“X pas

b
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ny4oK Bcenomunaem, 4To npu mMpoXoXKIEHHM CBETa U3 Ba-

3M1EKTPOHOB g /> KyyMa B Cpefy ¢ MOKa3aTesleM NPEIOMICHHs /1 ATHHA
BaKyym W BOTHEL YMEHBIACTCA B n pas. H?3TOMy MeTann Oyner
Ng=1 JUISL JNIEKTPOHHOH BOJHBI Ae Bpoiins cpenoit ¢ mokasa-
T
d

_T TENEeM TPENOMICHHA 1y = 1[(E + Appix ) / E . Torma

metann
Ng>1 paccesiHie JIEKTPOHOB Ha aTOMHBIX CJIOSX HPOUCXOAUT
% e 7 Tak, KaK IoKa3aHo Ha puc.2.15, a He Ha puc.2.14. Yc-
JIOBHE HMHTEP()EPEHIMOHHBIX MaKCUMYMOB 3aIHIICTCS
Puc.2.15 B BUIE

A=2d\n%=sin® 0, =k, k=123,.., (2.9)

YTO COOTBETCTBYCT I/IHTep(bepeHL[I/IPI OTpa)KeHHOfI BOJIHBI Ha INTACTHHKE C IMOKa3aTCJIEM
NpEJIOMIICHUS N U TOJIIUHON d 5 paBHOfI PacCTOSAHUIO MEXKAY aTOMHBIMHU IIJIOCKOCTS-

Mu. YcnoBue (2.9) Xopomnio COOTBETCTBYET HAOOIAEMBIM MaKCUMyMaM.
B Tom ke 1927 r. JIxx. ToMCOH U He3aBHU-

torera f\l/ doTonnactuika cumo 1. TaprakoBckuii Habmomanu 1u-
/7 (bpakIMIo DJIEKTPOHOB IPH MPOXOXKICHHU

= Yyepe3 TOHKYI0 METAUINYECKYI (ONbT

m[_ S (pII/:C. 2.16). }’}aKaﬂ tomnbra sn;n}s]{eTc91(1)1'10JH/1}j
snyeKTpOHOB \ KPHUCTAILUIOM, U Ha (DOTOILUIACTHHKE IPH I10-
MaJlaHU| SJICKTPOHOB OKa3bIBAIOTCS 3acBe-

S YEHHBIMH Y3KHE KOJIbIIA, aHATOTHYHbIC IH-

Puc2.16 (bpakMOHHON KapTUHE IUISI PEHTTCHOBCKUX

myueit B Mmetozae ebas—1éppepa.

Ho BO3MOXHO, Iy40OK 3JE€KTPOHOB, MOMAaJas Ha BEIECTBO, BBI3bIBAI BTO-
pPUYHOE PEHTIEHOBCKOE M3Iy4EHHE, KOTOPOE U CO3AaBAIO JU(PAKIUOHHYIO
KapTuHy Ha ¢ororuiactTuike? YToObl IPOBEPUTH 3TO, 3a (OJIBIOM CO34aBaJIOCh
MarauTHoe nosie (puc.2.16). OHO He JeicTByeT Ha PEHTI€HOBCKHE JIy4H, HO
OTKJIOHSIET 3apsHKEHHBIE DJIEKTPOHBI.

Kapruna konen Ha (oToriacTHHKE CMEIAIach MPU BKIIOYEHUH OIS, T.€.
JIeMCTBUTENIFHO OblIa 00pa3oBaHa PacCesTHHBIMH AJIEKTPOHAMHU.

DJIEKTPOHBI B THICSUY pa3 CHIIbHEE B3aMMOIECHCTBYIOT C aTOMaMH BEILIECTBA U
paccenBaroTcs, 4eM (POTOHBI PEHTTEHOBCKOTO M3IIy4EHHS. JTO MO3BOJISIET IMOITy-
4aTh AU(PaKIHOHHYI0 KapTHHY B ONBITE Ha pHc.2.16 mpu oueHb CIadbIX dJIeK-
TPOHHBIX Mydkax. YToObI yOeanThCs, 94TO AU(PAKIKS HE BbI3BaHA B3aHMOJCHCT-
BHEM 3JIEKTPOHOB Mexay co0oii, JI.budepman, H.Cymikun u B.dabpukant (1949
I.) UCIOJb30BAIM HACTONBKO CJIAOBI MCTOYHMK 3JICKTPOHOB, YTO 3J1EKTPOHBI
NMAJaJIM M NpoxoauwIn 4epes ¢oJbry no ognomy. HaGmonaemas mudpaxnu-
OHHAsI KAPTHHA MPH ITOM He M3MEHMJIACH, OTKY/Ia CJIE/IyeT BHIBOJ!
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BOJIHOBBIMH CBOMCTBaMU 06J1azxaeT KaxJaast MUKpO1acTulid, a HC TOJIbKO UX CO-
BOKYITHOCTb.

JudpaxkunoHHble KapTHHBI OBUIN TOJYYEHBI NIPH PacCestHUM HEHTPOHHBIX,
ATOMHBIX, MOJIEKYJIIPHBIX IIy4YKOB, T.€. BOTHOBbIE CBOWCTBA, B COOTBETCTBUH C
runore3oi ae bpoilis, npucyy BceM MUKpOYacTULAM.

4. KopnyckyJasipHO — BOJIHOBOI 1yaau3M

Hanmawe y MuUKpo4acTHIBl (WM Y IEKTPOMATHUTHOTO M3IYYEHHUs) cpasy
JIByX CBOWCTB — 4YacTHIBI ((hOTOHA) W BOJHBI HA3BIBACTCS KOPHYCKYISIPHO —
BOJIHOBBIM fyanm3MoM. C TOUKH 3peHHS KIACCHIECKOW (U3UKU ITH CBOHCTBA
HeCOBMeCTUMBI. HeBO3MOKHO OMHOW YacTHIIE — DIIEKTPOHY pPa3[IeNUThCS Ha
JIBa KOT€PEHTHBIX AJIEKTPOHA, IPOB3aMMO/ICHCTBOBATh OJTHOBPEMEHHO C COCE-
HUMHU aTOMaMU U CO3/1aTh MHTEP(HEPEHIIMOHHYIO KAPTUHY IPU CIIOXKEHUH. Tem
HE MEHee, OIBIT IMOKa3bIBAeT HAJMYNE BOJHOBBIX M KOPITYCKYJIAPHBIX CBOWCTB
OJIHOBPEMEHHO.

[TosToMy cremyeT OTKa3aThCs OT MPEICTABICHUNA KIACCHYSCKOH (M3UKHU H
HPEIUIOKUTH COBCEM HOBBIH CIIOCOO ONMMCAHUS MHKPOYACTHL M (OTOHOB, pas-
pemaronni KOPIyCKYJISIPHO — BOJIHOBOHM JAyanu3M. Takoe onrcaHue Ha3bIBACT-
Cs1 KBAaHTOBOH (DPU3HUKOH.

Henpb3st TOBOpUTH, 9TO B OAHMX YCIOBUAX (OMBITaX) SJIEKTPOH SBISAETCS
YaCTHIICH, a B Ipyrux — BoJaHOH. OH OJJHOBPEMEHHO 00JIaaeT U TEMH H JPY-
TUMH CBOMCTBaMH (U 4acTHIIA, U BOJHA). HO B OIHMX yCIIOBHUSIX OKa3bIBAIOTCS
0oJiee 3aMETHBIMH BOJIHOBBIC CBOICTBA, a B IPYTrUX — KOPITYCKYJISIPHBIC.

Hampumep, mnposiBieHrne KOPHIYCKYJISIPHBIX CBOWCTB 3JEKTPOMArHUTHOI'O

W3TYYCHUS] YCUIIMBACTCS TIPH BO3PACTaHMHU YacTOTHl . JKecTkoe y - m3imyde-

Hue (> 1020 c'l) BeJleT ce0sl MPAaKTUIECKH KaK MOTOK YacTHUI-(POTOHOB. Pa-
JTUOBOJIHBL (@ < 102 c'l) KOPILYCKYJISIPHBIE CBOMCTBA NMPAKTUYECKH HE IPOSIB-

nstoTcs. CBET WIIM PEHTT€HOBCKOE H3ITyYeHHE (1015 <w<10" cfl) B OJIHUX

YCIIOBHSIX TIPOSIBIISTIOT BOJTHOBEIE CBOICTBa (MHTepdepeHnus, tnppakuus), a B
IPYTHAX — KOPITyCKyJSIpHBIE (POTOA(hdeEKT, IyueBasi MM TeOMETPHIECKAast ONTH-
Ka). BomHOBBIE CBOHCTBA NMPaKTHYECKH HE 3aMETHBI IS MaKpPOCKOIMYECKHX
WY yJIbTPapesITUBUCTCKUX YaCTHLL.
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I'maga 3
HpeI[CTaB.TIeHI/Ie 0 CTPOCHHMH aTOMA
1. OnsbiThI Pe3eppopaa u Moaeanr aroma

Pa3mepsl aTOMOB U IpyriX MUKPOOOBEKTOB HACTOIBEKO Majlbl, YTO UX BHYT-
pEHHEE CTPOSHHE MOXKHO OIPEIENIUTh TOINBKO ‘“‘00CTpenuBas’ MHKPOOOBEKT
OTIENFHBIMA YaCTUIIAMH M aHAIH3HUPYS Pe3yIbTaThl TAKOTO “o0cTpena”. Bmep-
Bbie 310 caenan J.Pesepdopn (1911r.) ¢ uenbio u3ydeHHs pacrpeaeieHus
3IEKTPUYECKOTO 3apsiia B aTOMe.

ITycTh my4oK yYacTHI[ C 3apsiiOM ¢ M Maccoil m KaxIas HalpaBIeTCs CO
CKOPOCTBIO T, Ha UCCIIeIyeMblii MHKPOOOBEKT ¢ 3apsnoM Q. Bynem cuntath

Maccy M HacTOIBKO OOIBIION, YTO IPH B3aUMOJICHCTBHAN C HAJICTAIOLINMH Yac-
TUIIaMH 3apsia O OCTaeTcs HEMOJBIKHBIM B Hadane koopanHat. OCh X Harmpa-
BUM 4epe3 LEeHTp 3apsiga ¢ BIOJb CKOPOCTH HajleTaroIux yactul (puc.3.1).

N3 xypca MEXaHHWKHM HU3BECTHO, UTO NpHU JEH-
CTBUM KOHCepBaTHBHOW cmibl KylioHa TpaekTo-
pusl OTKJIOHSIOLIEHCS 4acTULbl IIOCKasi, T.€. 3a-
JIaeTcsl AByMsl KOOpAUMHATAMU * U @ B MOJISIPHOMI

cucreMe (Ha puc.3.1 3Ta TpaekTopus nzo0pakeHa
B Clly4ae OJIMHAKOBOTO 3HaKa 3apsiioB ¢ u Q).

HpI/I JABMOKCHUMN BBIITOJIHAIOTCA 3aKOHBI COXPAHC-
HUA SQHCPTUHU

E=mo*[2+kqQ/r = const, (.1)

rme k= 1/ (4ng, ) , 1 MOMEHTa HMITyIIbCA

L:Ioo:mrzﬂ:mv / = const (3.2)
dt ¢

(Ha OONBIIOM YJAJICHUMH YaCTHIlA ¢ JICTUT BIOJb OCH X, U IUIEYO [ UMITyJIbCa

[—70 = mZ70 Ha3bIBaCTCs NPULICTIBHBIM HaDaMeTDOM).

B nonsipHoit cucteme koopauHaT

2 2
0% = (ﬂj +r2 (d—“’j , (3.3)
dt dt

a TaK KaK ypaBHEHHE IUIOCKOH TPAaeKTOPUH 7 = () , TO U3 3aKOHA COXPAHCHHS

(3.2) cnenyer, uto @=ULI, (3.4)
dt ;2
d(1
ﬂ_ﬂﬂ:&lﬂ:_volﬂ_ (3.5)

dt de dt 2 do do
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[Moncrasnss npousBoansie (3.4) u (3.5) B ypaBHenue (3.3) u 3aTeM B 3aKOH
coxpaHeHus >Hepruu (3.1), momydanm

2
2R (d(l/r)j +%v§ ? (l/r)2 + kgQ _ E = const .

2 do r

Beruncinm npou3BoHYIO [0 ¢ OT 00eHX YacTel MOCeIHET0 YPaBHEeHNUSI:

1 2
mvglz—d(/r) ) (/r)+(1/r)+2 =0, rzme &:kqQ.
de d(p2 12 mZ)g
=0

Hynro nomkHO ObiTh paBHO auddepeHiaibHoe ypaBHeHHe, B3sToe B (u-
TYpHBIE CKOOKH, ¥ 3TO ypaBHEHHE UMEET 00IIee peleHne
1 . ®
—=Acos@+Bsinp——. (3.6)
r 2
HewusBecTHble IOCTOSIHHBIE A M B HaX0auM M3 HavajdbHBIX YCJIOBHM 7 = 00
npu =@ (Ha OOJBIIOM YyIaleHWH OT TOYKH paccesHus, puc.3.1), oTkynma

. 1 1
A= —ae/ I , rsing = —=[/ umw B=-. YpaBHEHHE TPACKTOPHUH PaCCEU-
=7 B l
BaecMOW YaCTHIIBI PUMET OKOHYATCIIEHBIA BUJI:

1 1 ;]
—=-sin(p——(1+cosq). 3.7
;TS ( ®) 3.7)

VY panssch mocie paccesiHusi B 06CKOHEYHOCTh, YaCTHIIA OTKJIOHSIETCS OT Ha-
YaJbHOrO HANpaBJICHUS JBWKCHUS Ha yrona paccesHus ¢ =0 (puc.3.1), koTo-

PBIF MOXHO HaWTH U3 ypaBHeHH (3.7) mpu 1 = 1 =0:
r o0

lsine=gsingcosg=£(1+cos6)=2200s2§,0T1<yzla
! T2 T 2 2

k
ctg—zi, re &= qg. (3.8)
2 = mop

Benmuuna yrina paccestaus 0 3aBucHT OT npunensHoro napamerpa /. Iloatomy

do = d(2arcctgij =— 2xdl
®

2 (3.9)
YacTuiibl, JIETEBIINE C IPUIIETBHBIMU TTapamMeTpamu ot / 10 [+dl, paccenBarorcs
(OTKIIOHSTCS OT TIEPBOHAYAILHOTO HATPABJICHUS IBIKCHHS) HA YIJbl OT O 110
0+d0 (puc.3.2). Uem Gobiie /, TeM MEHBIIIE YTOJI paccesHus !
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ITycts Ha pacceuBaromuii 3apsg () Hamnpas-
JE€H TOTOK YacTHI[ C IUIOTHOCTBIO IIOTOKA 7
(3TO YMCIIO YacCTHUI], €KECEKyHIHO IMaJal0IInX
Ha €AMHUYHYIO NONEPEYHyIo Iuomanxy). To-
I7la YUCII0 YacTHll, €KECEKyHIHO MONaaoInX
B TMpeAenbl 3allTPUXOBAaHHOTO HA pHC.3.2
KoJIblla C Iuiomansio 2mldl u paccemBaeMbIX
Ha yriiel oT © 10 O+d0, T.e. yneraronmx B

Puc.3.2 npesienax TenecHoro yrna dQ =2msin0|d6)|,
dN =n-2nl|dl|. (3.10)
OTHOILIEHNE YKCla YacTUL, PACCESHHBIX B TEJIECHBIA yroyn dQ), K IJIOTHO-
CTH MOTOKA Mafallmx yacTul do =dN/n uMeeT pasMepHOCTb IUIOWIAIN U

Ha3bIBaeTCs AU QepeHIMaNbHBIM TONEPEYHBIM CEUCHHUEM paccesiHusl. Beipasus
BemumHEI [ 1 dl n3 cootHomeHni (3.8), (3.9) u ucnons3ys (3.10), HaxoguMm 3a-
BUCHMOCTh CEUEHHS PACCESHHS OT YIJIa PACCEsSHHS:

_ &%dQ

0
e’ [1 +ctg? 2) aezncosgsingde
do = 2nl|dl| = 2na- ctg—- 6= 2
2 40

2z sin? g 2sin

AN do .
2_4 . 0
2m7vy  gin* 5

(3.11)

Oto — dhopmyna Pesepdopna mist nuddepeHInaIb-HOTO CeUeHHs pacCcessHUs To-
TOKA YaCTHII C 3apsAI0M ¢ Ha HEMOJBIKHOM 3apsie O Ha yroa oT 6 g0 0+d0.

Ecnu 3apsn Q uMeer KoHEUHYI0 Maccy M M MOXET JIBUTaThCs, TO B (OpMyJie
(3.11) Hano 3aMeHUTH Maccy m HaJIETAIOIIEH YaCTHIbl Ha TIPUBEJCHHYIO MacCy
p=(m+M)/(mM).

AeTekTop B ombitax Pesepdopaa (1911 r.) y3kwmit my4ok o -
dsS a2 /\ / yacTun (siaep Tenus) C TOJOXKUTENBHBIM 3apsiioM,

PaBHBIM yJIBOCHHOMY 3apsily 2J€KTpoHa g=+2e, U C

a_
HacTULb| 7 suepreii  Ey = mod /2~ 5Mos=8-10"" Ik na-
—
\ MPaBJSICS. HA METAUTMYECKYIO TUIACTUHKY ((ombry).
\ PaccesiHIEe TIPOMCXOMT Ha aToMax (OIBIH, KOTOpas
onbra TIOJDKHA OBITH JOCTATOYHO TOHKOM JUISL TOTO, YTOOBI
Puc.3.3 OL-YaCTHIIBI HE YCIIEBAIM CTOJKHYTHCS C ATOMAMH

TMOBTOPHO U TIOCJIE TIEPBOI'0 KE CTOJIKHOBCHUS (paCCCfIHI/IH) BBIICTAJIX U3 (bOJ'ILFI/I
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noz pasaeiMH yrimamu 0 (puc.3.3). Torzma 4mcio YacTHIl, pacCesHHBIX B OMpesie-
JICHHOM HaIIpaBJICHHUH KaXKJIbIM aTOMOM, CKJIaJIbIBACTCs. I[eTeKTOp H3MEPACT IoIa-
JIAIOILIEE B HETO €KECEKYHIHO YMCIIO YacTULl AN .
DT0 yucio YacTull onpeaensercs no popmyne (3.11):
k2 (Ze)* 0 AQ
2 . 490
8E, sm4 —

AN =N, -ndo =Ny n , (3.12)

A€ n — MJIOTHOCTDb MOTOKA B ITy4YKE O -HaCTULI, N, ar — YHUCJIO pacCCUBAIOIIMX aTO-

MOB B ¢onbre, AQ = AS/ 2 , AS — momaabs MOBEPXHOCTH JETEKTOPa, a ¥ — €ro

yIajieHue OT TOYKU paccestHus (puc.3.3). 3apsa o -4acTHIl, IPUXOISIINX B IETEK-
TOpP B €JVHUILy BPEMEHH, CO3a€T B HEM JIETKO U3MepseMblii Tok [ = AN -2e .
OnbIThI, IpoJeNanHbIe ¢ (HONBrOi U3 Pa3HBIX METANIIOB, TOKA3BIBAIOT, YTO
MTOJIOKUTEIBHBIN 3apsaa aToMa O, BEIYUCIIIEMBIH 13 popmys (3.12), mpormop-
LIMOHAJIEH €T0 IOPSAKOBOMY HOMepy Z B Tabnuie MeHzeneesa: m, T.C.
9JIEMEHTHI BHICTPOCHEI B Ta0MIe MeH ielieeBa B IOPSAKE BO3pACTaHUS dJIEK-
TPUYECKOT0 3apsiaa ux saep. Ynucno Z Ha3pIBaeTCs 3apAA0BBIM YHCIOM.
Jpyro#i BeiBon Pesepdopn cruenan, oOHapyXMB Ha OINBITE O -4aCTHLBI C

2
sHepruen £, = mzﬂ =5M>dB, paccesiHHBIE Ha yroi 0 Zg (puc.3.3). [ns aToro

pa3mep obnactu AV, 3aHATON MOJOXKUTEIBHBIM 3apsiioM aToMa O=Ze, N0JKEH
OBITH MEHBIIIC IPUIEIFHOTO TapameTpa /, BeraucisieMoro no dpopmyse (3.8):

2
1< e 72,8810y !
E, 4
N _=_|aTombl JTa BeJIMYMHA HAMHOIO MeHble pa3Mepa aTo-
e — Ma, ycraHoBieHHoro JlenapaoM B 1903r. B ombITax ¢
%—x—@”/ ociabieHneM ITydKa 3JIEKTPOHOB, IIPOXOAIIETO Yepes
S”_>__@ N-dN cmoi Beuectsa (puc.3.4). Ecnu nonepeunas mormans
= 9NIEKTPOHHOTO IIydKa S, CEYEHHE PACCESIHUS OIHOTO
+z£%>‘_ = aroMa S), KOHIIEHTPAIUA aTOMOB 7, TO B CJIO€ Belle-
SNEKTPOHBI Ty CTBa TOJNIIUHOHN dXx ¢ 00bEMOM S dX HaXOIATCA aTOMBI

Puc.3.4 ¢ obmeil mromanpto S;-nSdx. Unucno 3neKTpoHOB,
uc.3.
TOMABIINX B HPEAENbl 3TOH IUIOMAAN, CTONKHYBIINX-

Sl C aTOMaMH M PACCESHHBIX U3 My4Ka, OIPeeNeTCs] U3 MPOIOPIUT
N  —dN
S S-nSdx’

rae N — 4KCiI0 AJISKTPOHOB, MAIAIOIINX HA CJI0H dx, a 3HAK

[N

O3Ha4aeT yOobuIb
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JNIEKTPOHOB B Iydke. IHTErpupyst nocneanee ypaBHeHHE, HAXOAUM SKCIIOHEHIH-
QJIBHBIN 3aKOH yOBIBaHUS IIOTOKA YACTHI] B ITyUYKE C IPOIHICHHBIM PaCCTOSIHHEM X'

NdN T —nSx
7=—nS1Idx, otkyma |N =Nye ). (3.13)

No 0
Ilo OCJ'Ia6J'I€HI/IIO OJICKTPOHHOI'O ITyYKa J'[eHapz[ OIIpCAciidl BCINYNHY 3(1)-

(hexTHBHOTO CceueHus paccesHus S| = nd 2 u 3¢ PeKTHBHOTO AHaMeTpa d aTo-
MOB pa3NMYHBIX BemecTB. OKa3anoch, 4TO pa3Mep aTOMOB

-10
d~10""m|. (3.14)

OmnsiT Pesepdopna mokaszan, 9To MONOKUTEIBHBIN 3aps)i aToMa +Ze 3aHU-
MaeT HIYTOXKHYFO 9acTh 00bEMa aTOMa U COCPEIOTOUYCH B SAIpe aToMa pa3Me-

pom ~ 107!° M. Ocranbhas wacts 3NEKTPOHEUTPATBHOIO aTOMa, T.€. IPAKTU-

YECKH BECh €ro 00BEM C MOMEPEYHBIM Pa3MEpOM ~ 10710 M, JIOJDKHA OBITH

3aIloJIHEHA OTPHUIIATENEHBIM 3apsIOM WA 00JaKOM 3IIEKTPOHOB.

Ho cuctema anekTprdeckux 3apsaoB HE MOKET HAXOTUTHCS B CTATHIECKOM
paBHOBecHuH, OKOUThCs. [ToaTomy
Pesepdopa caenan BbIBOA O IUIaHETAPHON MOJEIHM aToMa: BOKPYT LEHTPaIlb-
HOTO Siipa BpaIarTcs 1Mo opouTaM dIeKTpoHsI (puc.3.5).

3ameuanue: B ombiTax, KoTopble npojenan Jle-

Hapj, Iy4YOK DJIEKTPOHOB pacCceMBajCs Ha OTPHILA-
TEJIFHO 3apsDKEHHOM 3JIEKTPOHHOM 00O0JIOuKe aTo-
MoB. B ombitax Pesepdopna odeHb ObICTpBIE O -
YaCTHILBI €CIM M PAaCCEUBAIKNCH JIEKTPOHHOU 000-
JIOYKOH, TO Ha O4eHb Majble yruel O =0 . A pacces-

Hue Ha Oonbiume yribl 0> 7/2 NPOMCXOAWIO Ha

LEHTPAILHOM SIZIpE.

2. bopoBckas mojaeab atoma. Ilocrynarel bopa

IInanerapHas Mozenb aToMa MPOTHBOPEYUT KIACCHUYECKOM TEOpHUU JIIeK-
TpOMarHeTu3Ma: BpalIAloNUiics BOKPYT sApa JIEKTPOH IABIKETCS C YCKOPEHH-
€M U, CIel0BaTelbHO, TOJDKEH H3JIydaTh 3JIEKTPOMAarHUTHbIE BOJIHBEL. Pacuer
MOKAa3bIBAET, UTO NIEKTPOH MOTEPSAET SHEPTUI0 HA U3IyUYEHUE U yHaAeT Ha Aapo

32 HUYTOXHOE BpeMs < 107 et
ITo 3aKkoHaM Kj1accu4yeckoii pU3MKHM aTOMBI CylIeCTBOBATH He MOTYT.
Kpome Toro, Bpamasce 1o opouTe ¢ MPOU3BOIBHBIM PAJNYCOM 7 M, MEHSIS

pamnyc 0p6I/ITBI, OJIEKTPOHBI TOJIKHBI U3JIyYaTh BOJHBI CO BCEMHU BO3MOKHBIMHA
yacToTamMu . B IeicTBUTEILHOCTH H3JIy4YC€HUE aTOMOB MPOUCXOJAUT TOJIBKO C
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OTJEJIBHBIMU, TUCKPETHBIMU UYaCTOTAMHU, KOTOPBIE ONPENEINIAIOTCS, HAIpPUMED,
IMIMPUYECKOIi, T.€. TOIYYCHHOH U3 OTIBITa, POPMYIIOi

o=—3 N (3.15)

(n+B)* (m+Bs)*

rac n, m — 0ejabIC 4Ynucia, o, B — HEKOTOPbIC TOCTOAHHBIC.

D710 3MIUpHUUecKoe MpaBwio ObUI0 chopmyiupoBano Purnem (1908r.) u
M3BECTHO KaK KOMOWHAITMOHHBIN NMpUHIMO PuTia:

BemmunHa T'(n) = oc/ (n+ B)2 , n=1,2,3,... Ha3BIBACTCSI CIIEKTPAIBLHBIM TEP-

MoM. Bce HaOmmogaemMple 4acTOTHI M3IYHIEHHUsI AaTOMOB SIBIISIIOTCS Pa3HOCTHIO
(xoMOMHAIINEH) ABYX CIIEKTPATBHBIX TEPMOB:
o=Tn)-T(m), (3.16)
1 00pa3yIoT JINHEHYATHIHN CIIEKTP (CTIEKTP U3 OTHEIBHBIX JIMHUHA W 9aCTOT ).
Uto0bI OOBSCHUTH YCTOHYMBOCTH aTOMOB W HAOIFOJACMBI Ha OIBITE JIH-

HeluaTeIil criekTp ux m3nydenns, Hunbcy Bopy mpumimocs B 1913 r. BBecTn
MIPEATONI0KEHHs, HE COBMECTUMBIE C NPEJCTaBICHUAMH KIACCHUECKOH (Pr3uKu.
OHu U3BECTHBI Kak MoCTynaTsl bopa.

1-11 nocmynam Bopa: aToMbl MOTYT HaXOJAUTHCS TOJILKO B OTAEIBHBIX CTa-
LMOHAPHBIX COCTOSIHUSIX C paspelleHHbIMH dHeprusimu Ey, By, E3 ..., He u3-

JIy4ast IpH 3TOM.
2-11 nocmynam bopa: u3nydeHne IpONCXOJUT TOJIBKO MPH MEPEX0/e aToMa
U3 OJTHOTO CTAllMOHAPHOTO COCTOSIHUS ¢ dHepruei E,, B Ipyroe cranuoHap-

HOE COCTOSIHHME ¢ MeHbIleH 3Heprueil E, . Takoil mepexon MpOUCXOIUT CKad-

KOM U COHpOBO)KI[aeTCﬂ HUCIITYCKAHHUEM (DOTOHA C 3Hepr1/IeI71
(3.17)

Pa3penieHHBIM 3HaUEHUSIM SHEPIUU COOTBETCTBYIOT OT/ENIBHBIE Pa3pelleH-
HbIC OPOHUTHI AJIEKTPOHOB B IUIaHETapHON Monenu aroma (puc.3.6). [TombiTaem-
csl OOBSICHUTD UX CYILECTBOBAHHE C IMOMOIIBIO BOJIHOBBIX CBOWCTB AJIEKTPOHA.
B 3aMkHYTOM ITpOocTpaHCTBE (pe30HATOpE) 3JIEKTPOMArHUTHOE M3JydeHHE Ha-
XOJUTCA B YCTOMYMBOM COCTOSHHMM B BHIE CTOS4YMX BOJH. Ilo3TomMy MOXKHO
0KUAATh YCTOMYMBOIO COCTOSHUS ‘‘CTOoA4Yel” BONHBI A€ bpoiing snexkTpoHa B
aToMe, KOT/ia B/I0JIb OPOUTHI YKIIAIBIBACTCSI IIEI0E YHCIIO AIMH BOJIH Jie bpois:

2nr, =ndg, n=123,.]. (3.18)

U3 dopmyn (2.8) u (3.18) ciemyer mpaBmio kBaHToBaHUS bopa, ompene-
JSFOLIEE PAAMYChl Pa3pelICHHbBIX JIEKTPOHHBIX OPOHT:

L, =mv, 1, =nh, n=123,.] (3.19)

31eck m - Macca IEKTPOHa, ¥, - eT0 CKOPOCTh Ha OpOUTE C paguycoM 7, . Mo-
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MEHT UMITYyJIbCa DJIEKTPOHA Ln MOJKET OBITH PaBE€H TOJIBKO LEJIOMY YHCIY I10-

crosiHHbIX [Imanka 7 (T.e. /i —3TO KBAaHT MOMEHTA UMITYJIbCA).

Takas mosaykJjaccu4eckasi MOJIeib, KOTJa 3JEKTPOHBI PacCMaTpUBAIOTCS
Kak KJIACCUYECKHE TOYEUHbIE YAaCTHUIb, JIETAIOIINE BOKPYT aTOMHOIO siipa Mo
OTJCNIFHBIM Pa3peIIeHHBIM OOPOBCKUM OpOWTaM, Ha3bIBACTCS OOPOBCKOM MO-
JTENBI0 aTOMa.

PaccMoTpuM MOzEIb BOJOPOONOA00HO-
IO WM OJHOAJICKTPOHHOI'O aToMa, KOTJAa BO-
KpYT siipa ¢ 3apsiioM +Ze BpamaeTcs 1o op-
Oute c paguycoM 7, €IUHCTBEHHBIH O3JIeK-

>~ e TpoH (puc.3.6). Oto atom Bojopoma H,_;,

B6opoBckme

+
OpBUTHI / V WoH renust He,_, , IByKpaTHO NOHU3UPOBAH-

o -+
Puc.3.6 HBIM WOH JINTHUA lez3 ¥ T.I. 3amucaB IS

QJICKTPOHA KJIACCUYCCKOC YPAaBHCHUC ABUIKCHUSA mﬁn =F n IoACTaBUB ILICH-
2
TPOCTPEMUTEIILHOEC YCKOPEHUE a, =0, I"n 1 KYJIOHOBCKYI CUITY MPUTSIKCHUS

ksapy F =kZe? [r? k=1/(47t80)=9~109,n0nyan

n

mo? =k ze? Jr, . (3.20)
U3 cuctremsr ypaBrennit (3.19) u (3.20) nerxo HalTH pa3pelIeHHBIE CKOPOCTH
9NIEKTPOHA U PaJyChl OPOHT:
k Ze? n’h?
T oan " =mee2’
[TocnenHioo Gopmyity 3aIiCHBAOT B BUIE
ro=ntr, n=123,..], (3.22)

rae », — OOPOBCKUM paiuyc WM PaJiyc IIepBOH OOPOBCKOIT OpOUTHI (U1 aTOMa

o, n=1,273,.. (3.21)

Bonopoxa (Z=1) oH paseH 5,291- 107 M , 9TO COBIAaeT ¢ orieHKon (3.14)).

OHeprus >IeKTPOHa CKIIaJbIBACTCS M3 KMHETHYECKONH 3HEPrHU M MOTEHIH-
aJbHOW PHEPTUU KYJIOHOBCKOI'O B3aUMOJEHCTBUS C SIIPOM:

m v,% k Ze?
E, =" _
2 7

n

C yuerom dopmyn (3.20) u (3.21) onpezgensieM BETUYMHY TOH pa3pelieHHON
SHEPIHH CKTPOHA B BOJOPOIOIOA0OHOM aToMe:
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KZ?me* |E|
En =—T=——2 5 (323)
2h'n n
rae 1ejoe yucio n =1, 2, 3,... Ha3bIBa€TCs [JJaBHBIM KBAHTOBBLIM YHCJIOM.
3ameuanue: A.3omMmepderbl, UCMONB3Ysl MPAaBUIO KBAHTOBAHUS, aHAJO-
ruyHoe (3.19), paccuuTan 3HEPruM 3JIEKTPOHOB, BPAIIAIOIINXCS BOKPYT sapa
0 3JUTMNTHYECKUM OpOMTaM, M IOJIyYHy TOT ke pe3yibtaT (3.23). bopoBckue
OpOUTHI B COOTBETCTBUM C 3aKOHAMH KJIACCHUYECKOH MEXaHHWKH MOTYT OBITH He
TOJIBKO KPYTOBBIMH, HO U SJUTANITHYECKUMH.

3. Nonm3anus u Bo30yxkaeHue atoma. OnbiTel ®panka-I'epua

E,sB . Korma SHCK”[;pOH HaXO,HvI/ITCH B COCTOSIHUHU
mv2/2 C ompeJeNneHHol sHeprueil £, , TO roBOpAT,

O YTO OH 3aHUMACT pa3peuleHan71 YPOBCHb
_$g15; —:fg_ sHeprun E,. Cxema Takux YpOBHEW st

aToMa BOAOPOAA, pacCuuTaHHas Mo (GopMmy-

hC)  n=2 ne (3.23), mzobpaxkeHa Ha pruc.3.7. CoriacHO

3,403 I'|<9I0B606 BTOpOMy mnoctynary bopa, ucrmyckanue ¢o-

BO3DYXAEHHOE TOHA TIPOMCXOJUT TIPH TIEPEXOTIE SIEKTPOHA
CocTosHMe Eu p JUT TIPH TIEPEXOZL P

C OZIHOTO Pa3peIICHHOTO0 YPOBHS SHEPIHHU Ha

heo JIPYTOM, PACTIOIOKEHHBIN HUKE.
hw OCHOBHBIM WJIM CTa0MJIBHBIM Ha3bIBaET-
\wﬁ 1 Csl COCTOSIHHE aTOMa, B KOTOPOM 3JIEKTPOH
13,8144 choBros COCTOHnH_VIe 3aHUMAeT HU3IIMKM JHEPreTHYECKUH ypo-

B€Hb, T.€. UMEET HAMMEHBINYI0 BO3MOK-
HYI0 JHepruio (B atoMe BOJOpPOJA TaKOi
AIIEKTPOH HAaXOIWTCS Ha TepBoU OOpoBCKoW opbute). B 3TOM cocTossHIE aToM
MOXKET IPeObIBATh KaK YTOJHO JOJITO.

OnHAKO IEKTPOH MOXKET CKayKOM IPHOOPECTH JONOJIHHUTENBHYIO SHEPIHIO
E, — E, m6o 1npu Bo3JeiCTBUY HA aTOM BHEIIHETO YJIEKTPOMArHUTHOTO U3ILyde-

Puc.3.7

HUS (IPOMCXOJIUT MOTJIONICHHE JOTOHA), IMOO MPH CTOIKHOBEHUHU aTOMa C APYTOU
gactured. Takoil mporecc Ha3pIBaeTCs BO3OYKICHUEM aroMa. B BO30yKIeHHOM
COCTOSIHUM aTOMa 3JIEKTPOH 3aHUMAeT OIWH U3 BEPXHHUX Pa3pelIeHHBIX SHEPreTH-
YEeCKMX YPOBHEH (HAXOAWTCS Ha yIaJIeHHOH OOpoBCKoii opbuTe, puc.3.8).

Ilpumep: U3 PacnoIOKEHUS SHEPreTUUECKUX
I,e I, ypoBHeil B arome Bojopoaa (puc.3.7) BHIHO, UTO

*e\ mmst BO3OYXXIEHHS MPH CTOJKHOBEHHH aTOMBI BO-

@ @ JI0pOJia IOJDKHBI JIETETh HABCTpedy ApYr ApPYyry C
OCHOBHOS/  BO3GYMASHHOE CyMMAapHOM KUHETUYECKOU 3Hepruen
COCTOSHKS aToma BoaopoAa 2~(3kET/2) > E,—E =10,2 9B, rae k, — mo-

Puc.3.8
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crosinas bonbimana. B aroMapHOM BOZIOpO/IE MPOLIECCH BO30YKIEHHS HAYHYT
NPOMCXOAUTh TOIBKO IpW HarpeBanmu 10 Ttemmeparyp T >(E, —Ey)/3k; ~

~40000 K! Ipyrue aTomMpl BO30YKIAIOTCS MPU CTOJIKHOBEHWH IPU TAaKUX K
GONBIIIX TEMIIepaTypax.

[Ipome BO3OYIUTH aTOMBI MPH CTOJKHOBEHHH C
YCKOPEHHBIMHU 3JIEKTPOHAMH, YTO OBUIO MPOAEMOHCT-
pupoBaHo B onbltax Ppanka-I'epra (1913 r.), cxema
KOTOpBIX TOKa3aHa Ha puc.3.9. DneKTpoHbI, BbLIE-
TeBIIUe U3 Karona K, yckopsutuch pa3sHOCTHIO MOTECH-
muanoB U mexnay karonoMm K u cetkoit C u nmproOpe-
Taym 3Hepruto eU. 1o MyTH OHH CTaJKHBAIHCH C aToO-
MaMH{ TIapOB PTYTH, 3aMOIHSIOMNX CTCKISTHHBIN Oa-
noH. Ilpu mamom nmaBrmenun mapoB pryt (~100 Ila)
YHCJIO CTOJKHOBEHHH C aTOMaMH OBLIO HEOOJBIIHM.
Puc.3.9 U3 cka3anHOTrO BBIIIE CHE/IYET, HTO BO30Yy>K/IeHIe
aTOMOB IIPH KOMHATHOI TeMmeparype MOIJO IpOHC-
XONUTHh TOJBKO B PE3YJIbTAaTe CTOJKHOBEHHS C JJIEK-
TPOHOM, a HE C APYIMMH aToMaMHu PTyTH. Mexny
aHogoM A u cetkoit C co3aaBaioch HEOOJBIIOE 3a-
JIEpYKUBAIOILIEE HATIPSHKEHUE U3 ~ 0,5 B . Oka3zainocs,

YTO aHOAHBIN TOK [ 4 , U3MEPSEMBIN raJIbBAHOMETPOM,

HE BO3pacTajl MOHOTOHHO, @ IEPUOANYECKU yMEHb-
HIAJICSI TIPY YBEJIMYEHUH YCKOPSIOIIEr0 HaIpsOKEHUsI
U uepes kaxapie 4,9 B (puc.3.10).

Obwschenue onvima @panxa-I'epya: pa3sHOCTH MEXIY dHEpruei Onvkaiiiie-
ro BO30Y)KIEHHOTO COCTOSHMSI M DHEpPruell OCHOBHOT'O COCTOSHMSI aTOMa PTYTH
Kak pa3 paBHa AE =FE, ., — E .y =4,9 oB. Korna sHeprus ycKOpeHHOTO 3J€K-

TPOHA HEMHOT'O MPEBBICUT 3TO 3HAYEHHE, TO CTATKHBAIOIIMNACS 3JEKTPOH OTAAET
atoMy sHepruto AE , a ocraBiueiicst y Hero sHepruu eU —AE < eU, ¢ Henocra-

TOYHO, YTOOBI ITIPEOJOJICTh 33/IePKUBAIOIIYI0 Pa3HOCTH IOTEHIMANOB. Takue
JJIEKTPOHBI HE MONAAyT Ha aHOJ, U TOK B LIETIM YMEHBILIAETCSL.

[Ipu panpHelimeM pocte U TOK CHOBA HAYHET PAacTU U CHOBA YMEHBIIUTCS, €C-
m eU —2AE <eU, (notepsiB 3Hepruio AE TIpH NEPBOM CTOJIKHOBEHHH, 3JIEK-
TPOH YCIIEBAET YCKOPHTBCSA M, CTOJKHYBILIMCH, BO30YIWTH BTOPOI aToM, OTIaB
cymMmapHyto sHepruto 2AFE ). Caenytoiiee yMmeHblieHne Toka (puc.3.10) Haunercs
nupu U =3AE/e=14,7 B, Korjia 51€KTPOH yCIIeBAeT BO30YIUTH TPH aTOMA PTYTH.

OnbiTel @panka-I'epa HEMOCPEICTBEHHO AEMOHCTPUPYIOT CYIECTBOBAHHUE
JVCKPETHBIX PHEPTeTHUECKUX BO30YKAEHHBIX COCTOSHUI aToMa.
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B BO36y)K}16HHOM COCTOSHHHU aTOM MOXKET HaXOJUTHCA OYCHb HCAOJIO. Cneg!Hee

-8
BpeMsi )KU3HHU aToMa B BO30YxIeHHOM cocTosHuU|Af ~ 107" c¢|. Cmyctst 310 Bpe-

Ml DJIEKTPOH, IepelIeANnii B BO30YKIEHHOM aTOMe Ha BEpXHHUH pa3pelIeHHBIN
YPOBEHb SHEPIUH, JA0JDKEH MEPeTH Ha HIKENeKAllnii ypoBeHb (Ha Ooliee OJiu3-
KYIO K SJIpy CBOOOIHYIO OOPOBCKYIO OpOUTY), Hcmyckas ¢otoH. [TosTomMy ypoBHH
9HEPryy, JISKAIIUE BBIIIE OCHOBHOTO, HA3bIBAIOTCS HecTaOWIbHBIMH. [Ipowuecc
BO30YXICHHS COIPOBOXKIACTCSI HEMEJICHHBIM HCITyCKaHHeM (DOTOHOB, T.€. CBe-
YEHHEM, COMPOBOXKAAIOLINM IIEPEXOJT aTOMA B CTAOHIBHOE COCTOSTHUE.

Ilpumep: Bo30y:x1eHNE aTOMOB NapoB pTyTH B ombiTe Opanka-I'epua (puc.3.9)
MOYHO YBUJIETb T10 HAUaBIIEMYCs CBEUCHUI0. CBEUEHUE Ta30HANIOIHEHHBIX JIIOMU-
HHCIIEHTHBIX JIAMIT ¥ TPYOOK PeKJIaMbl BEI3BAaHO BO30Y’KI€HUEM aTOMOB Ia3a B HUX.

CBeueHne BO30YKAEHHOTO ra3a OTJIMYHO OT TEIJIOBOTO M3JIyYeHHs Harpe-
ThIX Tel1. POTOHBI UCITYCKAIOTCS TOJIBKO € OTAEJIbHBIMH YaCTOTAMH, COOTBET-

CTBYIOIIUMH PA3HOCTH D3HEPrUil pa3pelleHHBIX YPOBHEH o = (En -k, )/ h.
Bo030yKk/1eHHbIE aTOMBI HMEIOT JINHEHYAThIH CIIEKTpP U3ITyYeHHsI.
OHeprus noHuzanuu E, BOXOPOIONOAOOHOTO aToMa, HaXOJIIIErocs B OC-

HOBHOM COCTOSIHMH, PaBHa HaWMEHbBLICH SHEPruu, HEOOXOAUMOH ISl OTpHIBA
anekTpoHa (cM. puc.3.7):

E, =|E|=13,6-Z% 5B,
4TO XOpPOILIO COOTBETCTBYET IKCHEPHMEHTANbHBIM JaHHBIM ( £, =13,6 3B nms

Bojioponia, 54,4 5B ans He' ; 1225B s Litt eel)
6 Honwnzanus ra3a mpou3BOIUTCS WIIH,

)m B COOTBETCTBHH ¢ (opmyinoii (2.4), ¢
/é/_,' @\;g/ TIOMOIIIBIO PEHTIEHOBCKOTO H3IyUeHHs C
./ %g_
~

\

. z i
W ﬁ'/ JacTOTOU @ > 7“ =7. 1016 c 1 (s
= yAapHas

dotovonmnzamus vV VoHM3aLS BOJIOPO/a JTOT MpoOLECC TMOKa3aH Ha
puc.3.11,a), Wik TpU CTOJKHOBCHHUHU C
Puc. 3.11 JacTHLAMH  (DJIEKTPOHAMHU), YCKOpPEH-

2

mo
HBIMH 10 SHEPTHU - > E, (puc.3.11,0). Otn mporneccsl Ha3bIBAIOTCS, COOT-

BETCTBEHHO, (hOTOMOHM3AIIUEH U YIAPHONH HOHU3ALIMEH.
O0pa30BaBIIKICS MOH MOXKET MOTJIOTHTH CICAYIOIINA HaJeTAIONIHHA dJIeK-
TPOH M CHOBA MPEBPATHTHCS B aTOM B OCHOBHOM (WJIH BO30Y>KAEHHOM) COCTOSI-

. mo
uun. [Ipu aToMm Oynet ucnymieH GOTOH ¢ YaCTOTOH ® = N + |E1| .
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Tak kak NOJNOXKKUTENbHAS SHEPTUS mov* / 2 MOXeT OBITh 11000, TO

yAapHas MOHU3alusg CONPOBOKAACTCA PEHTTCHOBCKUM U3JTYUCHHEM C HEIIPC-
PBIBHBIM CIIEKTPOM YaCTOT. Taxoe H3JIy4Y€HHE HA3bIBACTCA TOPMO3HBIM.

4. CriekTp HU3JIy4eHHs aToMa BOAOpoOAa

@DOTOHBI C OTAENBHBIMH Pa3pEIICHHBIMH YaCTOTAMU HCITYCKAIOTCS TIPH Tie-
pexonax Ha HU3IINE pa3pelleHHBIe YPOBHHU SHeprum (Ooyee OMm3KHe K SAPY
6oposckue opoutsl). Ucnons3ys dopmyny (3.23), HAX0IUM 3TH YaCTOTHI:

E,—E, Eme(1 1 11
@y, = En ’"f ———5 |=2ncR| 5 ——5 || (3.24)
h 2h n® n' n® n'
e n U n' — 1enble Yucia, ¢ — CKOPOCTh CBETa, m — Macca JJIEKTPOHa,
R= (kzme4 )/(4nch3 ) =1,096- 107 m~! — nocrosinnas PusGepra. [Momyuennsrit

pe3yIbTaT COOTBETCTBYET SMIUpudeckuM dopmyiam (3.15) wm (3.16).
JIMHBI BOJIH COEKTPAJIbHBIX JIUHUN

-1
2nc (1 1
Aoy = =R [—2——2j . (3.25)
Op'5n n n'
E,sB
0 \ \ \

— cepud MalleHa
~0.85 Wity " —
-1,51 cepus

MaweHna
-3,40 cepma n=2
Banemepa TOPMO3HOE
nanyyeHue
PV cepus
¢ ~banbmepa
n=1
-136 cepua
NanmaHa
Puc.3.12 Puc.3.13

CriekTp aroma BOAOPOAa MOXKET OBITH pa3zelcH Ha HaOmromarommecs Ha
OTIBITE CIIEKTPAJBLHBIE CEPHUU, COOTBETCTBYIOIINE ITEPEeX0aM dIEKTPOHA Ha OIl-
pEneNIeHHBI YPOBEHb SHEPIHH CO BCEX JICKAINX BHIIIE BO30YKICHHBIX dHEP-
reTuaeckux ypoBHer (puc.3.12). CoOTBETCTBYIONINE MEPEXOAbl MEXITy OOPOB-
CKMMH OpOWTaMU TIOKa3aHbl Ha puc.3.13:
cepust JlalimaHa — nepexo/ibl HA OCHOBHOM YPOBEHb 3HEPTUU n' > n=1;
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cepus banbMepa — mepexosl B IepBoe BO30YKICHHOE COCTOSIHAE n' > n =2 ;
cepus [lamena — nepexoasl n' —>n=3;

cepus bpokera — nepexoas! n' — n =4;

cepus [1byHna — mepexonsl n' — n =>5;

cepus Xomdpu — nepexoasl n'—>n=6 HT.I.

Berunciennsie o ¢opmyie (3.25) aiauHBI BOJIH CIIEKTPAIbHBIX CEPUil BO-
Jopojia u300paxensl Ha puc.3.14. Tak kak pa3pelieHHbIC YPOBHU SHEPTUH pac-
MOJIO)KEHBI Bce 0oJiee IUIOTHO C POCTOM IJIABHOTO KBAaHTOBOTO YHCIIA 7
(puc.3.12), TO ¥ TMHUM CTIEKTPAILHOM CEpUM pacroaraloTcs Bce Ooee 4acTo ¢
YMEHBILICHUEM JJTMHBI BOJIHBI U OKAaHYMBAIOTCSI O0JIACTHIO CIUIOIIHOTO CIIEKTPa
TOPMO3HOTO M3ITyYeHHs (3aIITPIXOBAHHBIC y4acTKH Ha puc.3.14).

cepus

J'Ial?lF:AaHa cepusa banbmepa cepus MalleHa cepust bpakeTa
M ) . . N
LA T WL Al o
0 200 400 600 800 1000 1200 1400 1600 1800

~ | ~l—
chch)-lnbeT1?oaB_oe/'\ BUOMMBIA UHppaKpacHoe nanydeHne
UanyyeHune ceer

Puc.3.14
Kak BHIHO M3 3TOTO pUCYHKa, M3-32 OOJBIIOr0 MPOMEKYTKA MEXKIY YPOB-
Hamu E, n E, cepus Jlaiimana nomasiaer B yibTpaduosieToByto obnacts. Ce-
pus [lameHa u nepekpsiBaroInascst ¢ Heil cepust bpakeTa u T.1. oka3bIBaeTcs B
nHdpaxpacHoi obxacTy. ['1a3 yBUANT TOJIBKO TPH NEPBbIE JIMHUK cepuu baib-
Mepa ¢ A ;_,,=656 HM (KpacHbIil 1BET), A 4_,,=486 HM (OMPIO30BBIH 1IBET) U

A s_,,=434 uM (TeMHO-(uoneToBblii 11BeT). [lo3TOMY CBEYEeHHE BO30YXKICHHO-

TO BOJIOPO/ia MMEET PO30BATYIO OKPACKy (CMECh yKa3aHHBIX IIBETOB).
3ameuanwe: mpu BeiBoAe dopmyn (3.20) — (3.23) saapo aToma cYUTAIOCH He-
MOABMXKHBIM. ECIi yuecTh KOHEUHOCTh Macchl M siipa, TO U AP0, U JICKTPOH
OyIyT BpalaThCsi BOKPYT OOIEro EHTpa Macc CUCTEMBI. [lonyueHHast 11t SHep-
ruu anekTpoHa ¢opmysna (3.23) uMeeT TOT e BUJI, HO MacCy m 3JIEeKTPOHa B Hel

ClIeflyeT 3aMEHUTh HA MPUBEICHHYI0 Maccy W =mM / (m+M). B srom ciyuae

JUTHBI BOJIH CIIEKTPAIBHBIX JIMHUK OY/yT 3aBUCETh OT Macchl M siipa:

m (1 1
7\.nv4)n=(l+ﬁ\J'R ! T——z . (326)
n n

Bomopos cyiiecTByeT B TpeX M30TOMHBIX COCTOSHHSX C OJMHAKOBBIM 3apsi-
oM (+e) U pa3zHOW maccoi simpa: Bojopon (M = 1,673~10_27 KT ), JelTepuit

(M =3,343-10"7 kr ) u Tpummii (M =5,007-10%7 kr ). Cornacto dopmyie
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(3.26), naGmonaemble I8 HUX CHEKTPaJbHBIC JIMHUM HEMHOTO CMEIIEHBI JpyT
OTHOCHTENBHO Jipyra. Takoe CMEIIeHUE JIMHHIN N3JTydeHHs aTOMOB Pa3HBIX M30-
TOIIOB HA3bIBACTCS N30TONWYECKUM CABUIOM. 10 OTHOCHTENBHOW MHTEHCHBHO-
CTH KaXI0H M3 CMELIEHHBIX JIMHUA MOXHO ONPEAEIUTh NPOLEHTHBIA cOCTaB
W30TOTOB B BO30YXICHHOM CBETSIIEMCS ra3e, He MPOBOAS XMMHUUECKUH aHAIIN3.

OTMeTHM elile OauH BakHbINH (hakT. B 60pOBCKO# MOAE/ M 3JIEKTPOH Bparia-
€TCsl 110 n-H Pa3spelIeHHOl OpOUTe ¢ YIIOBOIi CKOPOCTBIO ®©, =0, /7, , WIH, €

k2 me*
yuetoM opmyisr (3.21), Oy =35 (3.27)
n’n

B xnaccuueckoi TEOpHH 3NEKTPOMarHeTH3Ma 3apsKeHHas 4acTHUlla, Bpala-
SICh C YIJIOBOM CKOPOCTBIO (O, JOJKHA U3J1y4aTh BOJHY C TOM K€ LUKINYECKOU
yacTtoToil ®. Ho uvacrorsl u3nyuenuid cepuit Jlaiimana, banbmepa, Ilamena
(dopmyma (3.24)) coBepIiieHHO HE COBIATAIOT C YIIIOBOU CKOPOCTHIO (3.27)!

W TonpKko npu nepexoax Mexy COCEIHIMHU YPOBHAMH SHEPTHH
n'=n—>n-1,rne n>1, us popmyisl (3.24) Hax0UM:

k2me* 1 1 Nkzme4(1 2_ _lj_kzme4
) —h3n3 )

2 | (n-1)? w? ) 2w’n?

[Momyunnn KnaccuYecKuid pe3yspTaT: Ipu 72 >> | 4acToTa U3JIy4eHHs COBITaIa
C YIJIOBOW CKOPOCTBIO BpaIlleHHs 3JIeKTpoHa. Kpome Toro, mpu #>>1 nuckper-
HbIE pa3pelieHHbIe YPOBHU SHEPIUH PACIONAraroTcsi BCe MIOTHEE, MPUOIMKasICh
K KJITAaCCUYECKOI KapTHHE HEMPEPBIBHOTO crieKTpa sHepruu (puc.3.7, 3.12).

310 nozsosmiio H.Bopy cdopmysmpoBars ciieyromnmii IpHHIUIT COOTBETCTBHS:
€CJIM KBaHTOBBIE YHCIIA BEJMKHU (7 — o0 ), TO HAYMHAIOT PaboTaTh Kiaccuye-
CKHE 3aKOHBI, T.€. PE3yJIbTaThl KBAHTOBOH (PU3MKHU MEPEXOAT B PE3YJIbTATHI
KJIaCCHYECKOH (DPU3UKH.

Bov1600: GopoBcKasi IIaHeTapHas MOJEIb MPAaBHIBHO OOBSCHSIET HEKOTOPBIE
CBOIiCTBa aToMa — HanpuMep, 0COOEHHOCTH CIIEKTPOB BOIOPOIONOAOOHBIX aTo-
MOB, CYIIECTBOBaHHE BO30YKIEHHBIX COCTOSIHMHM. HO MONBITKM NPUMEHNTD ee K
OOBSICHEHHIO CIEKTPOB MHOT'O3JIEKTPOHHBIX aTOMOB KOHUYMJINCH Heynadeil. Kpo-
Me Toro, Teopusi bopa He 0OBsICHMIA psiJi OCOOEHHOCTEH CIIEKTpa BOJIOPOJA, O
KOTOPBIX MBI emie He roBopwin. Hampumep, myOreTHOe paciieryieHue KaxIou
JUHUH criekTpa (3.25) B IBe ITMHUH, T.€. HATWYIHE TOHKOU CTPYKTYPHI H T.II.

Haxkonen, Bropoii noctynat bopa 3amperiaer cylecTBOBaHUE 3JIEKTPOHA MEX-
Iy ABYMsI pa3pelieHHbIME OopoBckuMu opoutamu. Ilonbitka bopa mpencrasuts
9MIEKTPOH KaK YacCTHILy, NCYE3AIOLIYIO B OHON TOUKE MPOCTPAHCTBA (Ha OHOM 00-
POBCKOIi OpOUTE) 1 MTHOBEHHO BO3HUKAIOLIYIO B JPYTOi TOUKE IPH CKAuKooOpas-
HOM M3Jy4eHuH (oToHa (Tenenoprauus) Hexonycruma. [loaromy GopoBckas mo-
JIyKJIacCHYecKast MOJIEI b aTOMa MPOTHBOPEUHBA B IIPUHILIHIIE.

Opsp—1 = =
n
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KBaHnToBasi TeOpusi MUKPO4aCTHIbI

1. (I)YHKHHﬂ COCTOAHUS MUKPOYACTHUIIBI

[MTonyuum OGoiiee neTajbHBIE BBHIBOABI U3 HAJH-
Yusg U KOPIYCKYJSIPHBIX, U BOJHOBBIX CBOMCTB Yy
MUKpouacTull. PaccMorpum cienyromuil MbICJIEH-
Hell onbliT P.DeiiHMana, u300paKeHHBI Ha

[TycTp 37€KTPOHBI MO OTHOMY IIOJUICTAIOT K
HEMPO3pavYHO perpajie ¢ ABYMs Y3KUMH IIEIIIMH-
MpOpe3siIMH, W OHA W3 IIeJel 3akpeita (puc.4.l).
To4HO U3BECTHO, YTO HJIEKTPOHBI JIETIT uepe3
€/IMHCTBEHHYIO OTKPBITYIO 11eJIb, © UHTEHCUBHOCTh
nouepHeHwust /(x) pacroyioKeHHOH c3aau GoToruia-
CTHUHKHN HUMECET BHJ CAHUHCTBCHHOI'O IIMKa C ILICH-

Takoll ke IMK MOJIy4UTCs U HallPOTUB BTOPOM
IIENH, €CIM Mbl OyZe€M YBEpEeHBI, YTO 3JICKTPOHBI
IpOJIETAOT CKBO3b Hee. I109ToMy ecnu yCcTaHOBUTh
JeTeKTophl [, TOUHO ompeaesionue 1ieJb, Ye-
pe3 KOTOPYIO JIETHT KasKAbIH 3J1eKTPOH, TO MO-

nperpaga X
7
)
1 X ©
7
*~—— 1 :/ §
- g < TAS
*— 7
™ ’ ¢ puc4.l-43.
-
—  op 5
g o
% k2
7
/
Puc.4.1.
nperpaga <
- [
. ¢ _ 140 = E TPOM HAIPOTHUB LIENH.
7] : 5
-e %— 8
*—— / E
*~— [e]
) 24n] 5
8
Puc.4.2

yepHeHHE (OTOILIACTUHKU NOJDKHO OBITH CyMMOH
IIBYX MHKOB (puc.4.2)

Ho »nektpoHbl 00J1a0af0T BOJHOBBIMH CBOWCT-
Bamu (§3 T11.2), a BOJHBI, IPOXOAIINE YEPE3 JIBE
IIeNH, AOJDKHBI mHTepdepupoBats. T.e. ecam 3a
3JIEKTPOHAMM He CJIeIUTb U HE ONpPENETATh, Yepes
KaKyI0 UMCHHO III€JIb MPOJICTACT KaXK/BIN DJICKTPOH,
TO Ha (POTOIIACTUHKE OKAXETCsT MHTEP(EPECHIINOH-
Hasl KapTUHA MOJI0C TIoYepHeHus (puc.4.3).

[MoBemeHre MUKPOYACTHIIBEI M KOHEYHBIH pe-

3yJBTAT 3aBHCUT OT TOTO, CICOWM MBI 32 YaCTH-
el win Her!

Jemo B ToM, 9TO TOOOH u3MepumenvHulii TIPH-

nperpaga

ANANANNNNNN

I(x)

= 1§

(NNNNNNNY

*———

N
ANANANRNRNNY

Puc4.3

x

hoTONNaCTUHKa

60p perucTpupyer HHPOPMAIIUIO 0 KaKOM-THOO 00BEKTE, TOINBKO B3aMMoJeii-
cTByst ¢ HUM. Hammpumep, nerektop [l — 3TO 3apsiKEHHBIN JIMCTOYEK 3JEKTPO-
CKOMAa, W IO OTKJIOHEHHWIO ATOTO JIMCTOYKA PETUCTPHPYETCS MPOJICTAIOIINI
anexkTpoH (puc.4.4). Ho oqHOBpeMEHHO OTKJIOHSAETCS W MpOoJIeTaloIIas yacTuua!
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MHEKpOYACTHIBI — HACTONIBKO Majible OOBEKTHI, YTO JHOOBIC
(bu3nYecKkre M3MEHEHMS! MX IOJOXXCHUS WM CKOPOCTH JIIO- T_ a
OBIMH TIPUOOPaMHU WIIH METOaMu OyIyT H3MEHATH IBIDKEHHE [©
yactul. MHpOpMaUs 0 NOIOKEHHU H O CKOPOCTH MUKpOYac- 9\
THLBI, T.€. O €€ TPACKTOPUH, MPUHLUIHNAIGHO HE IOIEKHUT
n3MepeHunio. Jlrobast MombITKa MONYYUTh ATy HH(OPMAIHIO
HU3MEHUT TPAEKTOPUIO MUKPOYACTHIIBI. Puc.4.4

Taxk, onpenenssa aerekropamu /[l menb, 4yepe3 KOTOPYIO MPOJIETACT KAXKIbIN
AJIEKTPOH, MBI H3MEHSIEM COCTOSIHHE €r0 JIBHXKECHUS 1 KOHEUHOE paciipe/iesieHue
WHTEHCUBHOCTH Ha ()OTOILUIACTUHKE, KaK BUIHO M3 puc.4.2 u 4.3.

B ornnume ot kimaccuyeckod (U3WKH, TOC IBUKCHUE JETCPMUHHPOBAHO,
T.C. B JIIOOOH MOMEHT BPEMCHH MOXHO OIPEACIUTh TOYHBIC 3HAUCHHS TaKUX
JIMHAMHYECKUX MEPEMEHHBIX, KaK KOOPIUHATHI 7 , CKOPOCTb O, UMIYJIbC P,

OHEPIUIO En T.II., B KBaHTOBOM TCOPUH OTO CTAHOBUTCA NPHUHIUIIAAIBHO HE-
BO3MOJXHBIM.

Ecnu Bce AMHAMUYECKHE MEPEMEHHBIC Ui MUKPOYACTHI(BI U3BECTHBI, TO
TEM CaMbIM M3BECTHA U €€ KJacCHuYecKasi TPAEKTOPHs, & TOI/Ia U3BECTHA ILIelb,
gepe3 KOTOPYIO OHA MPOJIETUT B ombITe Ha puc.4.2. MHTephepeHmoHHON Kap-
TuHHI (puc.4.3), HabaogaeMoi Ha OIBITE, MBI IIPH 3TOM HE TOIYIHM.

Peun naeT HE 06 OKCIICPUMECHTAJIbHBIX MOI'PCHIHOCTAX U3MEPCHUA BCIINYUH
JAMHAMHUYCCKUX MIEPEMCHHBIX, a O HpHHL[HHMaJ'IbHOfI HEBO3MOXKXHOCTHU TOYHOI'O
OINPCACIICHNA BCCX 3TUX BCJIMYUH B OAUH MOMEHT BPEMCHMU. CTpOFO ToBODH, B
KBaHTOBOW TEOPUH OIPEICIACTCS COCTOSHHE JBUKCHUS MHUKPOYACTHUIIHI,
OIHCBHIBAEMOE C IIOMOIIHI0 HEKOTOPOH QyHKINK coctosiaus U .

[lycTh cocTOsSTHHUE ABMYKEHHS AIICKTPOHA, TIPH KOTOPOM OH 3aBEIOMO IPOJIeTa-

eT yepe3 menb 1 (wm gepes mens 2) Ha puc.4.3, onuceiBaercs GyHkuuein U

(mm ¥, ). UroObl mpousonnia nHTepEepeHnust, BOJHA JOJDKHA OZHOBPEMEHHO

npoiTn depe3 obe menn. I1o3ToMy coCTOSHHME ABWXEHHWS 3JIEKTPOHA, HPOIIe/-
IIEro 4yepe3 Iperpajay M CO3AAIOIIEro Ha (OTOINTACTHHKE MHTEp(epEeHIMOHHBIC
MOJIOCHI, JTOJDKHO OBITH CyMMOW (CMECHIO, CYIEpPHO3UIMEH) IBYX COCTOSHHIA
3NIEKTPOHA, COOTBETCTBYIOLINX IPOXOXKICHHUIO Yepe3 LIenb 1 1 mienp 2:
U~ +7,, 4.1)
Tonbko Tak MOXXHO OOBSCHUTH MHTEP(EPEHIHIO M HAOJIIOacMble BOJIHOBBIC
cBoiicTa yactuil. [Toatomy ¢yHKIMIO cocTOsiHUST W HA3BIBAIOT TaK)Ke BOJHO-
BO# pyHKIHEH.
3ameuanue: HeNb3s1 TOBOPHUTH, UTO HaJAfOIINE 3JIEKTPOHBI C BEPOSTHOCTHIO
50% npoiinyT yepe3 menb | u ¢ BepostHOCTBIO 50% — yepes mens 2. 10 yT-
BEPKIIEHHE O3HAYaeT, YTO HaM H3BECTHO, YTO YACTHUIIA MPOXOIWT HYepe3 Oll-
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peleNieHHYIO 11IeNb, XOTS U He M3BECTHO, Kakasi HMMEHHO YacTHIa. B pe3yib-
TaTe MOyYNM KapTHHY Ha puc.4.2.

@opmyna (4.1) o3HaUaAeT, UTO KaXKIBIA SIEKTPOH, OKA3aBIIUICS 3a Iperpa-
IO, SBJISETCS CMEChIO JIBYX DJICKTPOHOB: IMPOLICANIEro 4epe3 menb 1 u
Tporremero yepes menb 2. Boobpasure cebe 10M ¢ ABYMS OTKPBITHIMH JIBE-
pPSMH, B KOTOPOM HaxoAWJIach KOIIKa. 3a KOLIKOH He CIeIMIN, ¥ Korxa OHa
BBIOEKaAJIa U3 IOMa, TO OKa3aJlaCh CMECBIO IBYX KOIIEK, BHIOSKABIINX Yepes
pasHble JBepH. JTO CpaBHEHHE MOKa3bIBaeT, HACKOJIBKO Pa3IMYaloTCsl CBOM-
CTBa M CHOCOOBI ONHMCaHUS MHUKPOOOBEKTOB M KIACCHUECKHX OOBEKTOB.
Kiaccuyeckast kolika He MPOSIBISET BOJTHOBBIX CBOWMCTB, M, HE3aBUCUMO OT
TOTO CIEIST 3a HeH WJIM HeT, OKaKeTCsl KOIIKOW, MpoOerkaBIleH yepe3 eauH-
CTBEHHYIO JIBEDb.

Te ke paccykIeHHs CIpaBeIUIMBBHI JUIL HeJe-
JIMMBIX KBaHTOB JJICKTPOMarHUTHOTO U3JIyYEHHS —
¢otoHOB. Ecii MCTOYHUK HM3NIyYeHHs OYEHB cial,
TO ()OTOHBI MOJJIETAIOT K Iperpane co MEeIAMH 0
OJHOMY M HE MOTYT pa3ldelHThCs U OAHOBPEMEHHO
npoitu yepe3 obe menu (puc.4.5). Tem He meHee,
3a Iperpajioil OHM OKa3bIBAIOTCS CYMMOH JIBYX

nperpaga x

doTonnacTnHKa

BOJIH, XapaKTCPU3yCMbIX HAMNPAKCHHOCTIMU El u

E, , KOTOpBIE CKJIA/BIBAIOTCS W HHTEP(EPUPYIOT B
Puc.4.5 TM000H ToUKe (POTOIUIACTHHKH
E=E+E,. (4.2)
Ha ¢otormmactiake HaOIrOMAaETCS OCBEMICHHOCTD, MIPOMOPIIOHANBEHAS KBaIpa-
Ty HANPSKEHHOCTH: I(x)~ |E |2 :
CpasuuBast popmyst (4.1) u (4.2), Bunum, uro HabI0JaeMON Ha OIBITE Be-
JIUYMHON JTOJDKHA OBITh HE BOJHOBas GyHKIuMsS W, a KBaapar ee MOIYJIs |\I/|2 R

MPOMOPILMOHANBHBIA OCBELICHHOCTH HWIIM TOYEPHEHUIO (OTOIUNIACTHHKHU, T.C.
YHCITy MOMABIINX B JaHHYIO TOYKY MUKpodacTul. Ecim snextponsl (puc.4.3)
wi ¢ortoHs! (puc.4.5) MoIeTaloT N0 OJHOMY, TO HPUXOJIUTCS KIAaTh A0OCTa-
TOYHO JIOJTO, YTOOBI Mperpagy Mpeogosiesio 0obLIoe YUCao YacTul N, U MH-
TephepeHIIMOHHBIE MOJOCH! OKa3aIMCh YETKHMHU.

Pa3nenuB uncno MukpovacTHl dN, NONAaBIIMX HAa y4acTOK (h)OTOIUIACTUHKH
C KOOpJMHATAMH OT X JI0 X + dX , HA YUCIIO YacTHLl IV, NaJaBIIuX Ha Iperpaiy,
MOJIYUYMM BEPOATHOCTL IMOIagaHUsA 4YacTUll B IMPEAC/Ibl JAaHHOI'O Yy4dacTKa:
dP=dN/N . Yncno dN mponopuMOHAILHO IIMPUHE dX Y4acTKa U €ro OCBe-

ImIeHHOCTH (TmodepHeHuto). [103ToMy MOXHO TIpHIATh BOJHOBOW (DYHKIHHU OII-
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peleNieHHbIN (PU3NUECKHIA CMBICI, CBSI3bIBAsI €€ C BEPOSTHOCTHIO OOHAPYKEHUS
2
YaCTHIL: d77=|\Il| dx .

To xe camoe CrpaBeUIHBO ISl MUKPOYACTHIIBI, €IIIe He IMomaBiiei Ha ¢o-
TOIUIACTUHKY.

Ecnu coctosiHMe JBM)KEHHMS 4YaCTHIBI OIMCHIBAETCS BOJHOBOW (YHKIHMEH
U(F,t), To BEPOSTHOCTh e¢ OOHApYKCHHsI B IIPeienax Manoro oobema dV B

MOMEHT BPEMEHH ¢ OTpeeisieTcsi popMyIIon
- 2
dP =|U(7.t) dv| (4.3)

3mecy 7 — HE KOOPAMHATHI YACTHIBI, KOTOPEIE OCTAIOTCS MPUHLIUIHAIHHO He-
OTIpE/ICIICHHBIMH, 3 KOOPIWHATHI YYaCTKa IPOCTPAHCTBA ¢ 00beMOM d V.

Bv1600: 4T00BI OOBACHUTH KOPITYCKYJISIPHO-BOJIHOBOH Tyaslu3M, MPUXOIUT-
Csl CUMTATh EAMHBII MHUKPOOOBEKT BOJHA-YACTHILA «Pa3Ma3aHHBIM» B MpO-

2
CTPAHCTBE C INIOTHOCTBIO BEPOSTHOCTH || .

DTO HE O3HAyYaeT, YTO B IPOCTPAHCTBE pa3MasbIBaeTCs caMa dacTuma. [lpm
TIOTBITKE OOHAPYKUTH €€ YacThIa OyAeT HalJeHa B KaKOH-TO TOYKe, HO B Ka-
KOW — HEW3BECTHO 3apaHee. "Pa3ma3aHHON" B MPOCTPAHCTBE OKAa3bIBAETCS 00-
JIaCTh, B KOTOPOH 9acTUIIa C BEPOSTHOCTHIO (4.3) MOXKeT OBITh OOHApYKEHA.

BeposiTHOCTB TOTO, YTO B JAHHBI MOMEHT BPEMEHH ¢ YaCTHUIIA IPUCYTCTBYET
"roe-to" paBHa 1. [Tostomy, npouHTerpupoBaB Beipaxkenue (4.3) o Bcemy 00b-
€My Halero Mupa, Mbl 1MoJIy4nM YCJI0BUEC HOPMUPOBKHU BOJIHOBOM (bVHKIII/lI/I:

[[w (70 av =1|. (4.4)

2. IIpuHUMN KBAHTOBOM CyNepNo3HIHT
CocTosiHUE JIBUKEHHS MUKPOYACTHIIBI 33/Ia€TCS TOJILKO €€ BOJHOBOU (yHK-
uneii W(7,7). Bee ocranbHble (usnueckue mepeMeHHsie f =7, p, E,... wu

YacTHLl MPUHOMIHMAILHO He ompedenennl. Ho Bcerna MOXKHO NMPOHM3BECTH
OIIBIT ¥ M3MEPUTH 3HAUCHHE JII00O0H IepeMeHHOH f. D10 3HaueHue OyIeT KOH-
KPETHBIM YHCIIOM (€CIIHM HE YYUTBIBATh IOTPEITHOCTE H3MEPEHHS TTPHOOpPa).

Bce onpenereHHble 3HaYeHHsT IEPEMEHHOM f, KOTOPBIE MOXKET UMETh YacTHLA

1 KOTOpBIE MOT'YT OBITH H3MEPEHBI Ha OIIbITE, HA3bIBAIOTCS PA3PEIIEHHBIMH.

HexoTtopble pa3peneHHble 3HaUeHUs / MOTYT MEHATHCS HelpephIBHO. B Ta-

KUX CIydasX TOBODAT, YTO CHEKTP pa3pelIeHHbIX 3HAYeHUH BEIWYUHEI [ He-
npepbiBeH. Ho Bo MHOrux 3ajgayax pa3pelleHHbIe 3HaueHHs f MOTYT OBITh
TOJIbKO OTJACIBHBIMU YMCIaMU f,, n = 1,2, 3, .... B aTOM cilyuae CIeKTp pas-
pEIICHHBIX 3HAYCHUH BEIUYMHBI / TUCKPETEH.
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Ilpumep: >Heprus 37A€KTPOHA MOXKET MPHUHUMATh TOJIBKO OTPHULIATENIBHBIE
JIICKpETHBIC 3HaueHus E,, ecnm »JIeKTPOH HAXOAUTCS B aTOME BOAOPOJA, U MO-
JKET OBITh TH00O0H IMONOKUTETHHON BEIMYMHOM, €CIIM 3JCKTPOH BBUICTEN W3
aToMa M cTall CBOOOTHBIM (puc.3.7).

JIMCKpETHBIM CIIEKTPOM Pa3peIICHHBIX 3HAUCHUH SHEPIUH, a) ,
/

nMIryjibca u T.II. o6naﬂaeT JacTuia, CoBEpIaarouias ShI/IHI/IT-

HOe JBIKeHHE (B OrpaHHMYEHHOM OOBEME MPOCTPaHCTBA -e
(puc.4.6,a), a HENIPEPBIBHBIM CHEKTPOM — YaCTHLA, IBUXKY- 6) -e
masicss B HEOTPaHMYEHHOM IpocTpaHcTBe (MHQUHHTHOE -~~~

4.6.6 Puc.4.6
JBUXeHHe, puc.4.6,0).

Ecnu B mpouecce u3MepeHus Mbl ONPEIEIUIN HEKOTOPOE KOHKPETHOE pa3-
pelIeHHOe 3HaueHue f, I GU3MYECKOH IepeMEHHOH f, TO, BOZMOXKHO, MBI

M3MEHWTH BIKEHHEe YacTUIlbl. Ternepb COCTOSHME ee JBHKEHHs OMHCHIBAETCS
HOBOH BoNHOBO# dynkumeii U, (7,¢), coorBeTcTByIONICH 3HaUeHHIO f, . Ham

M3BECTHO, YTO B COCTOSIHUM C BOJMHOBOHN (yHKImerd W, dusudeckas rnepemMeH-

nocne
Has f, ONMCHIBAIOINAS YacTHUIly, paBHa f,, U [0 M3MepeHus <= pamepeHus
MPOLIECC M3MEPEHHs BEIUYMHBI [ 3aBEIOMO iy \\an
X . r,
mact f = f,. ¥ i)
o {- He onpeneneHo il
JIro6oii mporecc M3MEPEHHs WM B3aMMO-
NEHCTBUS MOYET W3MEHUTHh COCTOSHHE IBH- Puc.4.7

JKEHHS ¥ BOJTHOBYIO (DYHKITHIO MUKpOYacTUIH (puc.4.7).

Jlo u3MepeHuss He M3BECTHO, KAKOS KOHKPETHOC 3HAYCHUE BEJIUYHHBEI f OY-
JIET U3MepeHo. V3BeCTHO JIMIIb TO, YTO OHO MOJXKET OKAa3aThCs JOOBIM U3 pas-
PEIICHHBIX 3HAYCHUH f,, n = 1, 2, 3, ..., U JBIKCHHE YaCTHIIBI IEPEUIET B CO-
CTOSIHHME ¢ BOJHOBOH (yHKkimel ¥, . 910 mo3Boissier chopMyaupoBaTh OCHOB-

HOM NOCTyJIaT KBAHTOBOW TEOPUU —

IPUHIMI KBaHTOBOW CYNEPIO3ULIIH:
M000€ COCTOSTHHE MUKPOYACTHIIBI SBISIETCS CYTIEPIIO3UIIEH (CYMMOI) COCTOSI-

HHil, COOTBETCTBYIOLINX BCEM Pa3pEILCHHBIM 3HAYCHMSIM JIF000H U3 (usmde-
CKHUX TIEPEMEHHBIX f:

U(7,0) =Y e, W, (7r1), (4.5)

rae ¢, — IHOCTOSHHbIE KO3()(DHUIIEHTHL.

Ilpumep: Bbipaxenue (4.1) sBISETCS YACTHBIM CIIy4aeM MaTeMaTHYEeCKOU
(hopMyJIMPOBKM TPHHLMIA KBaHTOBOW cyrnepnosunuu (4.5). 3a nperpaaoil Ha
puc.4.3 BoaHOBast QYHKIHS JIEKTPOHA OKa3bIBAECTCS CYNEPIIO3HIIIENH BOIHOBBIX
(hyHKIMIA SJIEKTPOHOB, MPOIIEALINX U Yepe3 Ielb 1, 1 uepes meins 2.
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Koadunuents! ¢, B BelpakeHuu (4.5) MOTYT OBITh KOMIIJIEKCHBIMH, KaK U

2
BOJIHOBBIE (PyHKIMH, HO CMBICT UX OYeHb NpocT. Bennuuna P, = |cn| —3TO
BEPOSITHOCTH TOTO, YTO IIPY U3MEPEHHH TIEPEMEHHOM f JUII MUKPOYaCTHIIbI, Ha-

XOJISIIIEHCS] B COCTOSIHUM C BOJTHOBOW (hyHKIIHEH \I/(?,t) , OyIIeT moTy4eHo pas-

PCUHICHHOC 3HAYCHUEC f = fn . ECTGCTBGHHO, 4YTO CyMMa BepOﬂTHOCTeﬁ BCEX
BO3MOJXKHBIX PE3YJIbTATOB

2
ZPn=Z|Cn| =1. (4.6)
n n
R cos§-¥, ¥pow="Fi Ipumep: otaenbHbie (HOTO-

I BonHbl.  [loaTomMy  doToHBI,
nag|( . npou npomeamure 4epe3 IoJsapu3a-
Lnan sing- ¥, powien p p
nonspuaatop aHanusaTtop TOp, OyIyT MONSAPU30BAHBI B

IJIOCKOCTU TMPOMYCKAaHUS IO-

Puc.4.8

nspuszaropa. anee 3tu oTo-
HBI TIQIAI0T Ha JPYTO# Moisipu3aTtop (aHaIM3aTop), IIOCKOCTh MPOIMYCKaHUSI
KOTOPOTO OBEPHYTA Ha yTrold 6 OTHOCHTENBHO IIOCKOCTH MPOIYCKAHWS ITOJIsI-
pusatopa (puc.4.8). JKcIepuMEHTaIbHO YCTAaHOBJICHHBIA 3aKOH Mairoca yT-
BEpKJAeT, YTO 4Yepe3 aHaNU3aTop MNPOMAET TONbKO AOJS MaJarollero CBETa,
paBHas

oy E Hbl 00JIaJAI0T BCEMH XapakTe-
/m +W (UUD_> PHUCTHKAaMH JJIEKTPOMATHUTHOM

Inpomeam /Ina)lalom = COSZ 0. (4-7)

Ho xaxnp1if oTAeTBHBIN MaJaloniii Ha aHATU3aTop (JOTOH HEAeJUM U He MO-
JKeT OBITH MPOMYIIEH YACTHYIHO.

C TOYKM 3peHHsI KBAHTOBOM TEOPUM BOJIHOBAs (PYHKIHUS Magaromero (horo-
Ha SIBJISIETCS CYNEPIO3ULHUEN COCTOSHUM:
Wan =080 Y +sin0- 0, . (4.8)
BsanmoneiicTBre ¢ aHamM3aTOPOM TepeBeneT GOTOH JHOO0 B COCTOSIHHE C IIIOC-
KOCTBIO MOJIIPU3ALIMH, COBNAAIONIEH ¢ MIIOCKOCThIO MPOIYCKAaHHs aHAINU3aTO-
pa (OHO OMHCHIBACTCS BOIHOBOM (QyHKIMeH W), MO0 B COCTOSHHUE C HEPIIeH-

JUKYJIAPHOH IIOCKOCTBIO HosApu3ateit (1 ¢ BonHoBoi dynkuuei ¥ ). B co-
crostinn Y GpOTOH HeJaHKoM Oy/eT NPONyILIeH Yepe3 aHAIU3aTop, a B COCTOSI-
Huu V| OyZJeT HOJHOCTHIO MOTJIOLIEH.

Koadpunmentsr ¢, =cos6 u ¢, =sin0 B paznoxenun (4.8) ynosnerBopsi-
10T ycinoBuio (4.6). BeposiTHOCTB TOTO, 4TO OTAENBHBIN (DOTOH TEpenneT B co-
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crostane W u OyZzer mpomyuieH aHanuzatopom P = cos?0.C BEPOSATHOCTHIO

1-P =sin’ 0 najaronmii GoToH OyIeT MorIomaThes anaau3aropom. [lpu ma-

JieHHH OO0JIbIIOro yucia (GpoToHOB N,

naatony » 1MCIO (OTOHOB, MPOMYLIEHHBIX

4Yepe3 aHaAIM3aTop, OMPEACINUTCA BEPOATHOCTHIO MIPOXOKIACHUA P
N, =N,

2
TIPOLIEIIT nagatowy €08 0,

1 3akoH Mamtoca (4.7) 6yaeT BBITIOJTHEH.

3ameuanue: hopmynsl (4.5) u (4.6) ObuTH 3amHMCaHBI A AUCKPETHOTO CHEKTpa pas-
PCIICHHBIX 3HAYCHHUH BENUYMHBI f. ECIIM 3TOT CIEKTP HENpPEephIBEH, TO B COCTOSHHH C
OIIPE/ICJICHHBIM 3HAUCHUEM (DU3NYCCKOH IEepPEeMEHHOH f MHUKPOYACTHIA ONHCHIBACTCS

BOJTHOBOW (hyHKIHEH \If( f ,F,t) , @ IPUHIUI KBAaHTOBOM CYNEPHO3ULIUU 3aIUIIETCS B

BHIE: U(F,t)=[e(f)U(f.F.1)df, (4.9)

IJI€e MHTETPUPOBAHWE TPOBOJMTCA IO BCell OONACTH pPa3pelleHHBIX 3HAYECHUN f,
NV
dP = | c(f )| df — 3TO BEpOSTHOCTH TOTrO, YTO MPH U3MEPCHUM IIEPEMEHHAs! f/ UMEET

3HayeHue B uHTepBasie ot f o f +df ,u

2
[le() ar=1. (4.10)
[MpuHImn KBaHTOBOI! cyrneprio3uiyy (4.5) OCHOBBIBAETCSI HA TOM, YTO MOYKHO
TOYHO U3MCPUTH 3HAYCHUC OﬂHOﬁ N3 JUHAMHUYCCKUX TIEPCMCHHBIX f Ho moxHo
JIM 3TO CHENaTh IS IBYX TEepeMEeHHBIX cpaszy? Hampumep, omHOBpeMEHHOE OI-
peneneHrue U KOOpAWHAT 7 , U UMITyJIbCa P DIIEKTPOHA MOJIHOCTBIO 3a[IaeT €ro
KJIaCCHUECKyIo TpaekTopuio. C OHOM CTOPOHBI, Takas TPAEKTOPHUS HAOIIOAaeTCsI
B KaMEpe BI/IJ'II:-COHa, C €€ MOMOIIBIO PAaCCHUTHIBAIOT NONAJaHUC 3JICKTPOHOB B
HCO6XOHI/IMyIO TOYKY KWMHECKOIa U T.II. C prl"OfI CTOPOHBI, IJICKTPOH HE JOJLKCH

2
JIBUTaThCsl KaK TOUEUHas 4acTUIA, a C IUNIOTHOCTBIO BEPOSITHOCTH |\I/| OJTHOBpE-
MEHHO 0OHapy»KMBAETCs B Pa3HBIX TOYKAX NPOCTPAHCTBA.
[Mokaxxem nanee, KaKk 3TO 3aTpyJHEHHE O0BSCHIETCS KBAHTOBOM TEOpHEil.
3. llpuHIUN HeoNmpeaeJeHHOCTH

X PaccMmoTpuM 371€KTpOH € IUIMHOM BONHBI 1€ bpoii-
7 Ap Y UMITYJIBCOM p, AJAIOINHA Ha MIETb MINPUHBI

NANNNNNNNNN

>
- W y @ (puc.4.9). UTtoOBI 2JIEKTPOH TPOIIEN 3a IIelb, OH
Ae | AR JIOJDKEH TIONacTh B JIOOYIO €e TOUKy, T.C. Heolpeze-
A JICHHOCTb KOOP/IMHATEHI X AJIEKTpOHA Ax =d .
X=a

OOnazast cBOiicTBaMM BOJIHBI, AJIEKTPOH Iudparu-
pyeT Ha menu. byaeMm cunrars, 4TO OH PacCeUBaeTCs B

A\ANNNRNNNY

Puc.4.9
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npesenax HeHTPaIbHOrO JU(PAKIMOHHOTO MakCUMyMa W IpHOOpeTaeT Heorpe-
JEIEHHOCTh IIPOEKIMY UMITYJIbCa Ha HONEPEUHYIO OCh X: Ap, ~ psin@;, Iae @,

— Yroj, COOTBETCTBYIOILIHI MEPBOMY TU(PPAKIIMOHHOMY MUHUMYMY, OIpe/ese-
MOMY YCJIOBHEM
a-sing; =1-Ag. (4.11)
U3 dpopmyn (4.11) u (2.8) Haxonum:
dp_2mh
a a

DTO — KaUeCTBEHHBIN pacyeT, HO OH MPHUBOIUT K BAXHOMY pe3yibrary. UToOBI
TOYHEE OMPECIUTh KOOPAMHATY IAJAIOMIET0 AJICKTPOHA, HAYHEM YMEHBIIATh
mmpuHy 1end. [Ipu 3ToM HeonpeaeIeHHOCTh COOTBETCTBYOIICH MPOSKIIUH M-
MyJibCa HAYHET BO3pacTarh (3JEKTPOH MOXKET IMONacTh B JIIOOYIO TOUKY LICH-
TPAITBHOTO TU(PPAKIMOHHOTO MAKCUMyMa, KOTOPBIH OYAET pacIIipaThCs).

Bv1600: koOpAUHATY X U MIPOEKIMIO UMITYJIbCA p, SIEKTPOHA HENb3s OIpe-

Ap, ~p wm  Ap,-Ax~2nh.

JeNIUTh OJHOBPEMEHHO. [IonbITKa yMEHBIINTE HEONPENEIEHHOCTh OJHON Ie-
PEMEHHOM NpUBEAET K YBEIMUYEHHIO HEONPENENICHHOCTH IPYroil nepeMeH-
HOH. DTO — CJIEACTBHE KOPITYCKYJIIPHO-BOJIHOBOT'O TyaIH3Ma.
®duznveckue mepeMeHHbIe, KOTOPBIE HEb3sI ONPEACINTD MK U3MEPUTH OI-
HOBPEMCHHO HA3bIBAIOTCS CONPSUKCHHBIMA. K HUM OTHOCSTCS: X M Dy 3 VU Dy 3

ZHW p,; @ (Yroa moBopora BOKPYTI HEKOTOPOi#l ocH) u L (IPOEKLUs MOMEHTa
HMIYJIbCa Ha 3TY OCh).

HeomnpeneneHHOCTH CONPsKEHHBIX BEIMUUH HE CBSI3aHBI C IOTPELTHOCTSIMU
pUOOPOB MIIM METOI0B U3MEPEHHSI.

Bepuep [eiizentepr (1927 r.) Ha3Baa HEONPEACICHHOCTHIO JTFO00H TUHAMMUYE-
CKOU MepEeMEHHON f €€ CPEeIHEKBAIPATUIHOEC OTKIIOHEHHE OT CPEIHETO 3HAYCHYS:

Af = /<(f—(f))2>. (4.12)

CpenHue BENIWYHMHBI BBIYHCISIFOTCS C IOMOIIBIO BepositHoctd (4.3), T.e.

( f ) = I f |\I/|2 dv / '”\I/|2 dV . TeM caMbIM HEOTPEEIEHHOCTh JTI000H THMHAMY-

YECKOM MepeMEeHHOMN CBsi3aHa TOJBKO C COCTOSIHUEM JIBUXKEHUS MUKPOYACTHUILIBI
Y HUKaK He CBs3aHa C MOTPEIIHOCTbI0 U3MEPEHU.

C momomipio (4.12) IefizeHOepr BBIBEN COOTHOIICHHS HEONPEICICHHOCTEH
TS TF000# Taphl CONPSHKEHHBIX (PU3MUSCKIX EPEMEHHBIX

h h h h
Ax-Ap. >—; Ay-Ap, >—; Az-Ap, >—; A@-AL>—;... 4.13
Py = =5 Ay Apy =2 Pz =55 A9 2 (4.13)
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OTH COOTHOLIECHUS U COCTABIISIIOT CyTh IIPUHIIMIIA HEOIpeAerIeHHocTy [ ei-
3eHOepra:

HU B OJJHOM SKCIIEPUMEHTE, HUKAaKUMU UCATbHBIMH U3MEPUTCIBLHBIMHU IPUO0-
paMu HEJb3s OJAHOBPEMEHHO MU3MEPUTh TOYHBIE 3HAUEHUS JBYX CONPSIKEHHBIX
TIEPEMEHHBIX U OJHOTO W TOTO e MHKpooOBekTa. Henp3s maxe mpemmoro-
JKUTh, YTO OJHOBPEMEHHO M3BECTHBI BEJIMUMHBI IBYX CONPSDKEHHBIX MEPEMEH-
HBIX — HallpUMep KOOPAMHATBl X M IMPOEKUUH MMIYNbCa p, — 3TO IPHUBEIET K

MPOTUBOPEUHIO.

Mo sTo¥i npuunHe GpyHKuUIO cocTosiHUSA (4.1) MUKPOUYACTHUIIBI MOKHO 3arlu-

caTh 100 Kak (hYHKIHIO KOOPAWHAT \I/(F,t) (3TO0 — KOOpAMHATHOE TPENICTaB-

JICHUE BOJIHOBOH (DYHKIIMHM, KOTOPOE MBI Oy/IeM MCHOJIb30BaTh B JaJbHEHILEM),
100 KaK QYHKIHIO UMITYJIbCOB (MMITYJIbCHOE MPEJCTaBICHUE).

MoO>KHO, OZIHAKO, TIPEIUIOKHUTD OITBIT, B KOTOPOM OJIHAa U3 CONPSDKEHHBIX I1e-
PEMEHHBIX U3MepsieTcst TOUHO. HeornpeneneHHOCTh BTOpOil NepeMEHHON MTpHU
3TOM, coriacHO (4.13), Bo3pacTeT 10 OECKOHEYHOCTH, U O €€ BEITMYNHE HEeNb3s
OyZIeT ckazaTh HUYETO.

Ipumep: x0OpaAUHATY 3MEKTPOHA 3a(UKCHPOBAIH C MPEAETHHON TOYHOCTHIO
(Ax — 0) B HekoTopoii Touke. Torma coBepIIEHHO HEM3BECTHO, C KAKHM HM-
MyJbCOM 3JIEKTPOH IpoJieTed 4epe3 3Ty Touky (Ap, —>oo). Eciu ke To4HO

OIpENeINTh UMITYJIbC, TO HEU3BECTHO, B KaKOIl TOUKe MPOCTPAHCTBA MPOJIETAET
NEKTPOH C 3TUM UMITYIbCOM.

BriBog, cnenyromuil U3 MOCIEIHEro MpUMepa, U3BECTEH KaK NPUHIUN JI0-
NOJHUTEIbHOCTH, chopmysmpoBanHbiii H.bopom B 1927 r.:

nojiyyeHrue uH(opMaiuu 00 OJHMX CBOMCTBaX MHKPOYACTHIIBI, 00 OJHUX €€
(hU3UYECKHUX BEMYMHAX MTPUBOAUT K OTEpe HHPOPMALIUH O APYTHX €€ CBOMCT-
Bax, O IPYTUX CONMPSDKEHHBIX (MIIH TOTIOTHUTEIBHBIX ) BEINIHHAX.

OlLieHuM HeoMNpeAeNIeHHOCTH KOOPJMHAT U UMITYJILCOB YACTHI], UCIIOJIb-
3yEeMBbIX B TEXHHUYECKUX YCTpoHcTBax. IIycTh 3/1€KTpOH, YCKOPEHHBIN Pa3HO-
TpaekTopus cthio moTeHnuaaoB U = 100 B u 00s13aHHBIN 110 KJIACCH-
SreKTpoHa YECKMM  NPEACTABJIEHUAM  O0JagaTh  MMILYJIbCOM

g p=~2meU =5,4- 1072* kr-m/c , MMEET COBCEM He3a-
% METHYI0 HEOIpPENeIeHHOCTh HUMIyJbca Ap ~ 107°. p.
7{ Torna HEOIPEEIIEHHOCTb ero KOODPJIMHATHI
h
Puc.4.10 Ax ~ By ~0,01 MM. DT0 — TOTIEpEUHBIN pa3Mep Tpaek-
\p

Topuu 31eKkTpoHa (puc.4.10). C ToukH 3peHHs TEXHUYECKUX MPUIOKECHUH Takas
""TpaekTopus” BRITJBIOUT YPE3BBIYANHO TOHKOW JIMHUEH, U € KOHCUHYIO IIUPH-
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HY MOXXHO HE YUYUTBIBAaTh, CUUTAasl AJIEKTPOH Kiaccuueckoi vactuuel. Jpyroe
JIEJI0 — W3AETHsI MUKPOAJIEKTPOHUKN WM HAHOTEXHOJIOTHH, T/Ie pa3Mep YCT-
poiicTBa cpaBHUM C Ax , U 3JEKTPOH HAJ0 pacCMaTpUBaTh TOJbKO KaK KBAHTO-
BBIi, ""pa3Ma3aHHbIA" B MPOCTPAHCTBE OOBEKT.

COOTHOLIEHUE HEONIPEAEIEHHOCTEN MOKHO 3alicaTh U JJis SHEPTUU U Bpe-

MeHH: , (4.14)

HO B HEPEJIATUBUCTCKON TEOPUU OHO UMEET PYTyI0 HHTEPIPETALHIO B OTIINYHUE
OT COOTHONICHHWI HEONpPEeAeTeHHOCTH (4.13) I mpovmXx COMPSOHKEHHBIX JWHA-
MHUYECKHX NepeMEHHbIX. Peub He MOXKET WATH O HEONpeaeeHHOCTH E B JaH-
HBIX MOMEHT BpemeHH (B (4.14) Bxoaut uaTepBa)t BpeMern At ). [Tostomy co-

otHoureHne (4.14) paccmMarpuBalOT KaK NPUHIUIHAIGHYIO HEBO3MOXKHOCTD
TOYHOTO OIPEIEICHUSI SHEPTUU MUKPOYACTHIIBI (AE - O) 3a KOHEYHBIA WH-
TepBal BpeMeHU Af . DHeprusi OyAeT W3BECTHA TOJIBKO C HEONPEIeIEHHOCTBIO
AE>h/At.

MoHO paccMaTpUBaTh IBOJIOLUIO, T.€. U3MEHEHHE COCTOSHHMS YaCTHILIBI
nin 000 ApyToi KBaHTOBOM CHCTEMEI co BpeMeHeM ¢ . Torna BenmuunHa A E
B (opmyne (4.14) Oymer HeompeIeNeHHOCTHIO 3HAYCHUS DHEPTHUH, KOTOpas
BO3HHUKAET 32 BpeMsl IBOJIIOIUKN Af .

CootHomeHus HeomnpeneneHHocTe (4.13), (4.14) uMeroT BUA HEPABEHCTB U
MOTyT 6I)IT]J HCIIOJIb30BaHbl TOJIBKO JJIA OLICHKHU, 4 HC AJIsA TOYHBIX BBIYMCJICHUH.
Tem He MeHee, OHM MO3BOJISIOT CAENATh CIEIYIONUE BaXKHBIC 3aKIIOUCHHS.

/]\Z 1) IlycTs nBMXXKEHHME MUKpPOYACTHIBI C Maccou m orpa-
S T HUYCHO YYacTKOM IPOCTPAHCTBA C HENPO3PauyHBIMHU CTEH-

KaMH (TaKo# y4yacTok, n300pakeHHBIH Ha puc.4.11, Ha3bI-
'dl BaeTCs MOTEHIIMAIBHBIM AIIMKOM). Tak Kak 4acTHIa 3aBe-
/ JIOMO HAaXOAWTCS BHYTPH AAaHHOHM o0JlacTh, TO HEOIpeae-
l JICHHOCTH €€ KOOpJIMHAT HE IMPEBHIAIOT MONEPEYHOTro
pasmepa nmoTeHuuanbHoro smmka: Ax,Ay,Az <d . Tlosro-

Puc.4.11

My, corJiacHo (4.13),
h h
(822 D = (82 )y = (892 )i = )2

max

a KHHCTUYECKasA SOHEPIUst K = p2/2m YacCTHUILbI HC MOXCT OLITH MEHBIIIE BEIU-
YHUHbI

(8p:) + (00, ) +(80.)" a2

~

K ~ .
2m 8md>

min =
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| ‘ IIpy ymeHbIIEHHH pa3MEpOB MOTEHLUAIBHOTO SIUKA HauMEHbIIAs paspe-
LIEHHAast YHEPTHS HAXOAALICHCS B HEM YacCTHUIIBI IOJDKHA BO3pacTaTh!

ITo 3T0if IpHUYMHE JIEKTPOH He MOKET YNACTh Ha SI/APO ATOMA MJIH HAXO-

AUTHCSl BHYTPH s1pa. Ero kuaeTnyeckas sneprus OyaeT Bo3pactatsb ObicTpee

3 kzeé?
8md>
TMIOJIOXKUTEIIBHOU, M 3JIEKTPOH 00513aH MOKUHYTH SIPO.

2) CpenHee BpeMsl KH3HU DJIEKTPOHA B BO30Y>KAEHHOM HECTAOMIIBHOM CO-

noteHImanpHOH. CymmapHast sHeprus £ =K +U > OKa)eTcs

CTOSSHMU aTtoMa Af ~ 10_80. DTO — HEONPEIEIEHHOCTh BPEMEHH, TaK KaK He-
BO3MOJKHO yKa3aTh TOYHBI MOMEHT BPEMEHH, KOTJa 3JCKTPOH MEPEeXOAUT B

E B036YxaeHHOe OCHOBHOE coctosiHue. B coorBeTcTBUM C (4.14) Bce
: cocroanme g AE YPOBHH dHEpTHE BO30YXK/IEHHBIX COCTOSHUH '"pas-
g MBITBI" B MOJNOCKH WHpuHbL AE ~ i/ At . ®oTOHBI,

s B(W+AW)  uzityuaeMble IPH MIEHTHYHBIX TEPEXO0/AX B OCHOB-
¢Wﬁw Hoe cocrosiHue (puc.4.12), MOTyT MMETb pasHYIO
yacToTy. HeonpeneneHHOCTh 4acTOTHI

Ao =AE/h~1/At ~108c7!

OYC€HBb MaJia MO CPaBHEHHUIO C qaCTOTOﬁ, Ha-

npuMep, BUAUMOTO CBETa M =~ 10 +10'0¢7!,

Bce cniektpanbHbie JIMHUU OyyT Pa3MbIThI B TIOJIOCKU ITUPUHEI

2710) _2mc YR

OCHOBHOE COCTOSAAHME

Puc.4.12

5 Ao~ e A7 <A
® nc At
DTa mMprHA HA3bIBAETCS €CTECTBEHHOW IIMPUHON CTIEKTPaIbHOU JUHUM U HE
MOXET OBITh YMEHBIIIEHA HH OJHUM CIIEKTPOrpadoM, Jaxe €ClH ero paspe-
HIaromiasi CliocCOOHOCTh UICANTbHA.

[upuna ocHOBHOTO ypoBHS SHeprun AE — 0, Tak KaKk BpeMs HaX 0K ICHHS
Ha HEM 3JIeKTpoHa At — 0.

Asz(
®

3) CootHomienue (4.14) TOBOPUT O TOM, UTO SHEPTUST MUKPOUYACTHUIIBI MOXKET
0e3 BCSAKHMX Ha TO NPUYMH MEHATHCS Ha BEJIMUYHHY
AE . DHepruss AE yHOCUTCS BUPTYaJbHBIMU 4ac-
TUIIAMH WJIM KBAaHTaMH, KOTOpBIE CITyCTS BpeMs
At ~h/(2AE) 06s3aHBl HCYE3HYTH, OBITH MOIJIO-

IICHHBIMU JTHOO TMEPBOHAYAIBHOW YacTUIEH, 10O
APYIrUuMHU 4aCTUllaMU CUCTEMBI.
JIrobass MHKpodacTHila OKpyxeHa "oOmakom"
HENPEPHIBHO UCITYCKAEMBIX U ITOTJIONIAEMBIX BUP-
TyaJbHBIX YaCTHUI], KOTOPOEC MBI HAa3bIBAEM IIOJICM.
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DJEeKTPOHBI U JPYTHe YaCTHIIBI C 3JIEKTPUIECKUM 3apsiIoM OKpY>KeHHI "o0ia-
koM" BHPTYalIbHBIX (DOTOHOB, O0Opa3yrIIUX >SICKTPOMATHUTHOE IIOJIe
(puc.4.13). BzaumoneiicTBre Ha PacCTOSHUH ITOCPEACTBOM IIOJIST TPOUCXOTUT
npyd OOMEHe BHPTYAIBHBIM (DOTOHOM, IIEPEHOCAIUUM dHEpruto AE u uM-
IyJabCc AP OT OIHOHN 3apsDKEHHOW YacTHIBI K JPYroi (3JeKTpUYECKUi 3apsim

(hOTOHBI HE TIEPEHOCHT).
Bce dusmueckue monst IMEOT KBAaHTOBYIO Tpupoay. Eciou dopmanbHO
ycrpemuts /i — 0, T0 Ag — 0, 1 9acTHILBI TOTEPSIOT BOJIHOBBIE CBOMCT-

Ba, CTAaHYT KJIACCHYECKUMHM C OMPENIEICHHBIMU TPACKTOPUSIMU U OIpeJe-
JICHHBIMHM TMHAMHYECKUMH T€peMeHHbIMU 7, p, E . Ho mpu 3Tom ncues-

HYT BCE TOJIS, U MBI IIOJIYIUM MHP KIACCHYECKHX, B3aUMOACHUCTBYFOIIIX
TONBKO TIPY HETIOCPEACTBEHHBIX CTOJKHOBEHUSAX YaCTHI. Mup IpeBpaTuT-
cs1 B UACaIbHBIN Ta3.
3amerum, uto mepexon % — 0 coBeprraercs ¢popmanbHo. Takum ke ¢op-
MAJIBHBIM TMEPEXOAOM ¢ —> 00 (HOPMYJIBI PEISTHBUCTCKOW MEXaHUKH MPEBpa-
marTes B (OPMYJIbl KITACCUYECKOW MeXaHUKUW HBIOTOHA, HO 3TO HE O03HAYaeT,
9TO CKOPOCTH CBE€Ta ¢ OECKOHEYHa.
3aKOH COXpaHEHHS YHEPTHU-MMITYJIbCa HAaJO0 MPHUMEHSITh K CHCTEME YacTH-
ra-moJie. CTpOro roBopsi, HENMb3sl PACCMATPUBAThH JBHKCHUE YacTHUI] Oe3 yue-
Ta BIUSHUS CO3/1aBa€MbIX MMHU IOJICH, YeM 3aHMMAETCs KBaHTOBAasl TEOpUS
noJs.
4) Cunrasi, 9TO 3HEPTUs BUPTYaJbHON YaCTHUIIBI-IIEPCHOCUNKA B3aMMOJICH-

CTBUSA OrpaHUYCHA SHCpFHCﬁ IIOKOs AEZWICZ, a €€ CKOpPOCTb OrpaHuvcHa

CKOPOCTBIO CBETA U < C, MO)XKHO ONEHHTb DAJNYC B3aUMOAEUCTBUS 7y, . OTO

MPECIbHOE PACCTOSHHE #, HA KOTOPOE MOXET YAAJIUThCS BUPTYaIbHAS YaCTU-
na 3a Bpemst Ar (cm. puc.4.13):

ch <p =
2AE - % 2me’

Macca nokost porona my =0, u paauyc IeHCTBHs SICKTPOMArHHTHOrO

(4.15)

MOJISI CKOJIb YTOJHO BEIHK. A MEPEHOCYHMKH C1aboro B3aumojeiicteus — W- u

Z-0030HBI — UMEIOT Maccy m = 1,6'10_25 kr . [Toatomy ciaboe B3ammoneicT-
BUE, OTBETCTBEHHOE 3a SJIEPHBIE PACIajbl, MPOMCXOANUT, COTJIACHO (OpMyJie
(4.15), TonbKo TpU CONMKEHNH B3aMMOJICHCTBYIOIIUX YACTHIl HA PACCTOSHHUE
F < Py ~ 1078y (3TO MEHBIIIEe pa3Mepa aTOMHOTO SIpa).

5) Oitamrretin, [Tomonsckuit u Po3en mpemmoxumu B 1935 1. cremyrommid
OCTPOYMHBIH 3KcnepruMeHT. OTHOBPEMEHHO U3MEPHUTh KOOPIUHATY U UMITYJIBC
OJIHOM MHKpO4YacTULbl Henb3s. Ho paccMoTpuM nmokosimyrocst yactuny M, Ko-
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TOpad pacnagacTtcda B ABE YaCTHULbI, pas-

1 M 2 JIETAaoIIecs Ha CTONb OONBIIOE paccTOsHUE /
> Cé < ZIpyr OT Apyra, 4TO B3aUMOJICUCTBUE MEXKIY HU-

P, mu mpakrmueckn orcyrcrsyer (puc.4.14). s
NIepPBOIl YaCTUILIBI IPOBEAEM H3MEPEHHE TOYHOTO

Puc.4.14 - N
3HAYCHHUS KOOPAWHATHI 7j, a JJIA APYrOod 4YacTH-

16l — U3MEPEHNE TOYHOTO 3HAYCHUS UMITyNIbCa p, . M3 3aKOHA COXpaHEHUs UM-
MyJbca CIeNyeT, YTo P, =—p, . 1€M caMbIM TOYHO ONpe/esIeHbl 1 KOOPIUHATA
7i, 1 UMITyJIbC p; HEPBON YACTHILBI, YTO 3aMpEIECHO MPUHIUIIOM HEolpese-

JICHHOCTH.

Ortcroa ciemyer, YTo pasjeTaroIINecs] YaCTHIIBI HEJIb3sl paCCMaTPHUBAaTh Kak
HE3aBUCUMBIE, JXKE €CII OHU pa3ieTeNnch Ha Oonblnoe paccrosHue. OHU 00-
pasyloT OoJHy KBaHTOBYIO cucteMy. KBaHTOBasi cucremMa Hegennma, He MO-
JKeT ObITH pa30uTa Ha He BO3JeHCTBYIOIME APYr HA APYyra 4acTH, M Kak
1eJi0e OMMChbIBaeTcsl OHOI BOIHOBOI (yHkumei U . Pesynbrarel usmepe-
HUI, IPOBOJMMBIX HAJl YaCTHLIAMH B PA3HBIX YacCTAX OJHOHN U TOM ke KBaHTO-
BOW CHCTEMBI, 3aBHCHUMBI APYr OT JApyra. Takas 3aBHCHMOCTb Ha3bIBACTCS
KBAHTOBBIMU KOppeaauusamMy. M3mepenne UMIyiibca p, JOJDKHO TaK MOBIMATH

Ha pe3yJIbTaT U3MEPEHUsI KOOPAUHATHI 7, 4YTO COOTHOLIEHHE HEONPEAEICHHO-

CTeH OCTaHeTCsI HCHAPYIIICHHBIM.

Ctporo roBops, pedb 31eCh UACT HE 00 OTIACIHHON CUCTEME U3 JIBYX paslie-
TAIONIMXCS YaCTHII, 2 0 CUCTEME M3 YaCTHII U m3Mepsromux npubopos. [Iporecc
W3MEPEeHUs] B OJHOW TOYKE MEHIET COCTOSHHUE BCel KBAHTOBOH CHCTEMEI 0e3
y9acTHsI KaKHX-TO MaTEePHAJIbHBIX YACTHII, IEPEHOCAIINX B3aMMOAEHUCTBHE CO
CBEPXCBETOBOM CKOPOCTBIO.

B kmaccuueckoi (u3uKe MBI IPUBBIKIN K JOKAJIBHOMY XapakTepy Bcex
B3aUMOJICHCTBUHN (IPUHIMIT OJIM3KOJNCHCTBUSA) — BCE HM3MEHEHHS JIBUKCHHS
JIOJDKHBI TIepelaBaThCsA OT YACTHIBI K YAaCTHIIE C KOHEYHOH CKOPOCTHIO, HE Ipe-

BBILIAIONIEH CKOPOCTH CBETa ¢=3-10% m/c. B kBaHTOBOl ¢u3MKe OT ITOrO
NPUHIMIIA UHOTIA IPUXOAUTCS OTKA3aThCSL.

B Muxpockonnyeckoil KBAHTOBOM CUCTEME, TAaKOM Kak aToM, 3TOT OTKa3 He
NPUBOJUT K 3aMENIaTeNIbCTBY. PacCTosiHME MEXOy SAIpOM H 3JIEKTPOHOM

d ~10"'" M Hacronsko MaJo, 4TO Mepeaada B3auMOAEHCTBHS BUPTYaIbHBIMU
(hoTOHAMH C KOHEUHOH CKOPOCTBIO ¢ IIPOUCXOAUT 38 HEU3MEPHUMO MaJloe BpeMsI
t=dfc~10""% c.

OpHaKO BBICHUJIOCH, YTO pa3Mep KBAHTOBOH CHCTEMBI MOKET OBITH
CKOJIb YrogHo Beqnk. Ha puc. 4.14 310 paccrosinue [ Mexy pa3jieTeBIIMMUCS
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gacturiamd. KBaHTOBBIC KOPPENSIMU O3HAYAKOT, YTO PE3YJILTATHl OJHOBpeE-
MEHHBIX H3MEPEHHUN B pa3HBIX TOUYKAX KBAHTOBOW CHCTEMBI Ha yIaICHUH [ ApyT
OT JIpyra HE HE3aBHCHUMBI, a CBS3aHHI JPYT C ApyroM. KBaHTOBas Teopus I0-
MyCKaeT JalbHOACHCTBHE.

CymecTBOBaHHE KBAaHTOBBIX KOppemsauuii Obuto JokazaHo B Hadame 70-x
rofoB XX BeKa B dKCIEPUMEHTaX C MOoJspu30oBaHHBIMU (poToHamu. Mmes Tako-
T'O DKCIIEPUMEHTa n300paXkeHa Ha puc.4.15.

B B030yXIICHHBIX aTOMaxX KaJIbIHs JIEKTPOH MOCIEI0BATEIBHO MEPEXOIUT
¢ ypoBHA 3Heprun E; Ha ypoBeHb 3Hepruu E,, a 3aTeM Ha ypOBEHb SHEPTUH

E, . Ilpu 5TOM IpaKTHYECKU OJHOBPEMEHHO HCIYCKalOTCs 1Ba ()OTOHA C dHEp-
rusiMu hioy = E; —E, n ho, = E, — E| . [lonmHblil MOMEHT uMIityibca atoma Ca

B MIPOIIECCE ABYX MEPEX0JI0B HE N3MEHSIETCS, U CUCTEMa M3 ABYX HCITYICHHBIX
(hOTOHOB MMeeT CyMMapHBIi MOMEHT HMITYJIbCA, PaBHBIN Hymio. Pasnmerarscs
3TU (OTOHBI MOTYT B pa3HbIE CTOPOHBI, HO B ClIy4ae JIMHEHHOH MOoiIpH3anuu
IUIOCKOCTH NOJISIpH3anuu 000UX (GOTOHOB B MOMEHT HCIYCKAHMSA JOJIKHBI

COBIAAATD.

Curnainsl OT OTOHOB € Hacro-
TOM ; ¥ 4aCTOTOH ®,, MPOIIEA-
IIMX COOTBETCTBEHHO Yepe3 IOJIs-
puzatopsl II; u II,, ycunusarot-

¢ (hOTOBICKTPOHHBIMH YMHOXHU-
tersivu (ODY) U cpaBHUBAKOTCS B
JJIEKTPOHHOW CXEM€ COBHaJACHUN
PI/IC..IS (CC), 4uro0bl OBITH YBEpEHHBIMH,
YTO 3TO CHTHAJIBI OT IBYX (poTO-

HOB, UCITYIICHHBIX OJJHUM aTOMOM OIJHOBpEeMeHHO (puc.4.15).
Pasnbie atombl Ca UCITYCKaIOT Hapbl POTOHOB, MOJISIPH30BAHHbIC MO/ Pa3HbI-
mu yrinamu 0 x miockoctr I . Iporecc npomyckanust poToHa Yepes Mosspr3a-

Top II; ciay4aeH, kak obcyxnanocs B §2 (puc.4.8), 1 BEpOSATHOCTb €TI0 IPOXOXK-
nenust B = <0052 9> =1/2.

To ke MOXXHO CKa3aTb U O BEPOSTHOCTH IPOXOXKAEHHS BTOPOro ()OTOHA uepe3
nonsipuzatop I, , noBepHyTHIA Ha yron 0,: P, = <cos2 (6+6, )> =1/2. Tlo-

3TOMY, €CIIH pa3jeTaronecss (OTOHBI HE3aBHUCHMBI, TO BEPOSITHOCTh MX OJHO-
BPEMEHHOTO IIPOXOXKICHHS Yepe3 00a MmoJsapu3aTopa, T.e. BEpOsTHOCTh cpadaThi-
BaHUs cxembl coBmajgeHust P =R P, = 1/ 4 . OHa omvHAKOBa TIPH JIIOOOM yTie

0, MexIy IIOCKOCTAMU HpoIycKaHus nosapuszaropos I u II, (puc.4.15).



4. BonrHoBast (hyHKIMSI CBOOOAHON MUKPOYACTHUIIBI 59

OpHako pe3ysbTaThl U3MEPEHUH OKa3bIBAIOTCS ApyruMu. PoToHB! "mOMHAT"
00 yCJIOBHHM INEPBOHAYAIBLHOTO COBIAACHHA MX IUTOCKOCTel mossipusanuu. Ilo-
3TOMy  YCIIOBHas  BEpOSTHOCTb  CpabaTbIBaHMS  CXEMbl  COBIMAJICHUS

P= <cos2 0-cos’ (6+6, )> 3aBUCHT OT yria 0, (ycpeaHeHHe 37ech MPOU3BO-

JUATCS TI0 BCEM BO3MOXHBIM yriiam 0 ). BeposiTHOCTh mpoxoskaeHust (JOTOHA ye-
pe3 nmossipuzatop I1; 3aBHCHT OT BEPOSTHOCTH O{HOBPEMEHHOI0 IPOXOXKICHUS

Apyroro (1)0TOHa qepe3 MnoJapusaTop Hz , XOTs 9TH MOJISIPU3ATOPHBI HAXOAATCA HA

6omnpirom ynanenn / (B onbiTax 66ut0 / ~10+20 m)!
KBaHTOBBIEC KOPPEISIIY TAFOT BO3MOXKHOCTh CO3/IAHUSI TEXHIYECKUX YCTPOHCTB,
paboTaroIIyX Ha OTJCTBHBIX aTOMAaX, HAPHMEDP — KBAHTOBBIX KOMITHIOTEPOB.

4. BoiHoBasi pyHKUIMSA CBOOOIHOI MHUKPOYACTHIBI

KopmyckysspHsle U BOJHOBBIE CBOMCTBa ()OTOHA M MHUKPOYACTHLIBI aHAJIO-
THYHBI, KaK CJICAYET U3 MHOTOYHCIICHHBIX OIBITOB, OMHMCAHHBIX B IJ1.3.

dotony ¢ sHEprIeH /i , TETAIEMY BIIOJIb OCH X MOKHO COIIOCTAaBUTH BOJTHOBYIO
(YHKLIMIO TIOCKOH MOHOXPOMATHYECKOH SMEKTPOMArHUTHOM BOJHBL, PaclpocTpa-
nsttomieiics Bons ocu x: E(x,7)=Ejcos(w r—kx), rae k =2n/A — BonHoBoe
YHUCIIo, a BeMYMHA E SBISeTCs HalpsDKEHHOCTBIO SJIEKTPUYECKOTO ITOJIS BOJTHEL

3anumieM 3Ty QyHKIIHIO B KOMIUIEKCHOM BHJE:

E(x,t) _ EQ e—[(mt—kx) ,

M 3aMEHUM 4YacTOTy W JUIMHY BOJHBI (DOTOHA HA YACTOTY W JUIMHY BOJHBI 1€
Bpotiinst (2.7). Tloxy4urM BOTHOBYIO (DYHKITUIO

i
—i(ogt—2nx/A —(Ei=px)
U(x,t) = de”(O2m300) _ g0 (4.16)
cBOOOTHOM MHUKPOYACTHIIBI C SHEPTHEH £ W UMITyITECOM p, JIETSIIEH BIOIh OCH
X, 7€ A — HeKOoTOpas HOCTOSIHHASL.
Ecnu vactnna ABMKETCS B IIPOM3BOJIEHOM HANpPAaBICHUH, TO €€ BOJIHOBAsS
GbyHKIMSA

- E1-pF)
U(F,t)=Ae " . (4.17)
To, uro BonHoBast pyHkuus (4.16) wiu (4.17) KOMIUIEKCHA, HE JIOJDKHO HAc
0ecnokouTh, Tak Kak (M3MYECKUH CMBICII MMEET JICHCTBUTENbHAs UIOTHOCTD
BEpOSITHOCTH (4.3), T.€. NeHCTBUTENBHBIN KBaApaT MOAYJIsl QYHKINU

dP/av =]’ =" =| 4] = const. (4.18)

Haiinennast BepositHOcTh (4.18) oOHapy)keHHs 4YacTHIbI OJHHAKOBA BO
BCeX TOYKAX NPOCTPAHCTBA B TOJHOM COOTBETCTBHU C COOTHOIICHUSIMH HE-
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omnpeneneHHocTH (4.13). MBI npunmumcany 4acTHIE ONpPENeSICHHBIH UMITYJILC U
HEONPE/CNCHHOCTE e¢ KoopauHaT Ax ~7/(2-Ap)— o mpn Ap — 0. Kpome

TOTO, (ha30Bask CKOPOCTH IIOCKOHN BONHEI (4.16), BEIUUCIIsIEMas ISl PENSTHBH-
CTCKOI#1 YacTHIbI 110 hopmyIte

dx _£= mcz/\ll—v2/02 _i

Z)(ba3=dt_p mv/ ,71_02/52_05

MPEBBIAET CKOPOCTh CBETa C, T.€. HE CONOCTaBUMa C HMCTUHHOM CKOPOCTHIO
YacTHULIBI O .

PeanpHas cBOOOIHAS MHKpOYacTHIA — OoJiee CIOXKHBIN OOBEKT, YeM IUIO-
CKasi MOHOXpOMaTH4eckast BonHa Je bpoiiinsa. OnuceBas ¢ IOMOIIBIO BOJHEI
ne Bpoiiist ee BOITHOBBIE CBOWCTBA, MBI TepsieM MH(POPMAIIHIO O KOPITyCKY-
JISIPHBIX CBOMCTBAXx.

INonblTaemcs omucaTb CBOOOAHYIO YACTUIY C MMILYJIbCOM p, C HOMOILbIO

BOJIHOBOTO IIaKeTa, T.€. COBOKYIHOCTH IUIOCKHX BONH J¢ bpoiis co Bcemu
BO3MOYKHBIMH MMITYJIbCAMHU OT py —Ap/2 mo p,+Ap/2 (uactnua umeer He-

OIIpEeIeTICHHOCTh UMIysibca Ap ). BonHoBas (yHKIMS makeTa 1mojydaercs cio-
JKeHHeM 1o paBuity (4.9) BoIHOBBIX QYHKIMH (4.16) OTAEIBHBIX BOJH:
p0+Ap/2 —i(E[—px)
U(xt)= [ A(p)e? dp. (4.19)
Po—Ap/2
Taxoll nakeT uMeeT KOHeuHbI pa3mep. JleHCTBUTEIbHO, IPOUHTEIPUPYEM BhIpake-
Hue (4.19) B ciyuae A( p) =C =const. Ecniu Ap mano, To 3aBUCALIYIO OT UMITYJIbCA
SHEPrHI0 YaCTHIIBI MOXKHO 3aIIMCaTh Kak CyMMY JIByX NEPBBIX ciaraeMslx psana Teiopa

E(p) = E(p0 ) + (dE/dp)|p7p (p - po) . Toncrasnsiss aT0 pasnoxenne B (4.19) u
=Po

E
BBOJUI HOBBIE IlepeMeHHble oL =| — || -f =X, & = p— p,, nonydum
Dy
i i i
—(E(p)=pox) W2 —at  2ch . (abp) —(E(p)i=pox
U(x,1)=Ce h( w)i=ro) j e d&z—sin(—pJ e h( b)ipo)
—Ap/2 o 2n GBICTPOOCIMILTUPYHOIITHA
aMIUINTy1a MHOKHTCIIb

I110THOCTE BEPOATHOCTH OKa3bIBAETCSl PABHOM KBaApaTy aMILTUTY Il 3TOTO BbIpa-

JXKCHUS.
2
ﬂsm(ﬂj‘ . (4.20)

2_
()= o 2
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|"P|2 v Ee 3aBucuMocTs oT x B MoMeHT ¢ = () uzobpaxkena Ha
rp 2
puc.4.16. Hanbonpmee 3HaueHHE |\IJ| JIOCTUTAETCs B
AX
oL N~ X JE
TOUKe, U1 KoTopoi oo =| — | - —X =0. Ora Touxa,
Puc.4.16 dp

Py
T.€. MECTO, I/Ie BEPOATHOCTh OOHAPYKEHHs YACTUIII MAKCUMAJIBHA, TIEPEMEIATCS
BJIOJTb OCH X CO CKOPOCTBIO Tpyy = (dx/dt)‘a 0= (dE/ dp)‘p . Y3 hopmym (2.6) crenyer,
= 0

YTO MBI MOTYYHIH IPYIIIOBYIO CKOPOCTh BOJTHOBOT'O MAKETA, ONPECIAEMYIO ULl BOTHBI
nie bpoiiist cooTHOIEHHEM

_do  doyg dE

Up="T ="~
T
Pok d(2m/rg) dp
Jlns cBoGOIHON HEpeNATUBUCTCKOM yacTuisl £ = p2 / 2m,u vy, = py /m=v, —
CKOPOCTb KJIACCHYECKOH YaCTHUIBI C UMITYJILCOM ) .
PasMep MHKpPOYACTHIIBI, T.C. HEONPENEICHHOCTh €€ KOOpAHHATEI A X MOXHO CO-
MOCTaBUTh C LIMPHHOW LIEHTPalbHOro Iuka Ha puc.4.16. Ero rpaHuIibl COOTBETCTBYIOT

. AxA
npu ¢t =0 ycnosuro sin P

4nh
=0, otkyna Ax = ™ (CpaBHUTE C COOTHOUICHUEM He-
\p

onpeneneHHocTy (4.13)).

Kaxercs, 94T0 MUKPOYACTHUIly MOXKHO TPEACTaBUTHh KaK IMAKeT BOJH e
Bpoiins ¢ BonHoBo# (yHkiuen (4.19), KOTOpbIil 3aHUMaeT B MPOCTPAHCTBE KO-
HEYHBIA 00BEM C pa3MepoM AX W JBHIKETCSI CO CKOPOCTHIO KIIACCHYECKOM Jac-

3 MUl ¥y = py/m. Ha puc.4.17 s10oT naker uso0paxen

N

—-

V kak "o0nako" IUIOTHOCTH BEPOSTHOCTH OOHApYKEHUs

il 2
. TTx HaCTHIEI |¥|”, nepememaromeecs BaoMb 0CH X.

— AX_= OIHAKO HEMEIJIEHHO CIIEAYET BO3PAXKEHUE CHETAHHOMY

Prc.4.17 TpeanoyioxeHuto. Bonnsl ge bpoilnst ¢ pasHOCTBIO M-
uc.4. .
yJIECOB Ap MMEIOT Pa3HOCTB CKOpocTeit Av ~ Ap/m .

BoHOBO MaKeT 10/14€eH PACILILIBATLCS CO BPEMEHEM.

OTO aHAJOTUYHO SBICHHUIO IWCIEPCHUU AJIEKTPOMArHUTHBIX BONH. IlycTh
HayaJbHBIA pa3Mep BOJHOBOIO MaKeTa-dJIEKTPOHAa Ax, ~ 10710u . Torna
_Ap _ A4nh

m mAx

Av , U cIycTsa Bpems ¢t = 1 ¢ OH pacIUIBIBETCS 10 pa3Mepa

Ax ~ Ay + Aot~ 41010 e
mAx
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371ech OIATh MPOSABISAETCA KOPIYCKYISIPHO-BOMHOBOH nyamusm. Ilpu yuere
BOJIHOBBIX CBOWCTB (BOJIHOBOTO NAKEeTa) HE YAACTCS YAOBIECTBOPUTEIHHO OIH-
caTh KOPIYCKYJISIpHBIE CBOMCTBA dacTUIBL. KBagpaT MoIyssl BOTHOBOHM (yHK-

2 2
oOun |\If| HEJIB3s pacCMaTpuBaTh KaK IJIOTHOCTb YaCTHUIIBL. Bennunna |\I/|

OyZieT TOJNBKO NMUIOTHOCTHIO BEPOSITHOCTH ee O0HAPY KeHHUs B JIAHHOW TOYKe
MIPOCTPAHCTBA B JIAHHBIA MOMEHT BpeMeHH. J[J11 HaxoXJIeHNsI 3TOH BEpOSTHO-
CTH HEOOXOIUMO MONYYHTh OOIIee YpaBHEHHE, ONpelelronee 3aBHCUMOCTb
U OT KOOpPIUHAT ¥ BPEMCHHU.

5. HecrannmonapHoe ypasnenue llIpennnrepa
CocrosiHue CBOOOIHONW MHKPOYACTHIIBI, [BIKYIICHCS BIOJb OCH X C OIpe-
JICJICHHBIM 3HAYCHUEM SHEPTUU £ W UMITyJIbCca p, OMHUCHIBACTCS IUIOCKOM BOJI-
Hoii ge bpotis (4.16). Berauciss npousBoaHsie ot GyHKIuH (4.16), HaxommMm:
p_ihov ihov  , KoMV

—L(Et—px)
rie \If(x,t) =Ae " .(4.21)

“voa P ua P T T 2

JIro6oe npyroe cocTosiHHE YacTUIBI MOKHO B COOTBETCTBUH C MPHUHIUIIOM
KBaHTOBOH cymnepno3uiiuu (4.5) wiu (4.9) npeacTaBuTh B BUAE CyMMBI COCTOSI-
HUI CO BCEMU pa3pelICHHBIMH UMITYIbCAMU:

—i(En t=p, x)

U(x,t)=2 A, e (B ciTydae JMCKpETHOro cnektpa),  (4.22)
n

© —L(Et—p x)
U (x,t)= j A(p)e " dp (B cloyyae HENPEPHIBHOTO criekTpa). (4.23)
0

Ho ypaBHeHMe KBaHTOBOIl TeopHH, NMO3BOJIAIONIEE HAWTH BOJHOBYIO (DYHK-
M0, JTOJDKHO HMMETh OAMHAKOBYI0 (OpMy sl JIIOOBIX cocrosHui (4.21) —
(4.23). Ecniu montHas sHEprust £ HepeIITHBUCTCKOI JacTHIIBI OTIpe/ieIcHa, TO

oHa GyzeT CyMMOii NOTCHIHANBHOM SHeprun U (X) M KMHETHYECKOH SHEprum

K:mvz/Zzpz/(Zm):
2
_Pp
E=Lsu(x). (4.24)

IMoncrasnsas cootnomenus (4.21) B popmyny (4.24), mpuxoaum x auddeper-
[UAIEHOMY yPaBHEHHIO

QY _ 1t 2%

ot 2m axz

+U(x)¥|. (4.25)
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OHo Ha3bIBaeTCsl HECTALMOHAPHEBIM ypaBHeHHeM [llpeaunrepa u Obu10 Npe-
noxeno J.11Ipexauarepom B 1927 r. I onrcaHWsI BOJHOBBIX CBOMCTB MUKPO-
YaCTHII.

PeanbHas gacTuna ABMKETCS B TPEXMEPHOM MPOCTPAHCTBE, U JUIS €€ ONHCa-

HUS HAJIO MCIIOJIb30BaTh BOJIHEI e bpoiins (4.17). Torna p2 = p% + p)z, + pz2 =

2 2 2
= —th\Il/ V,rne A= 6_2 + aa—z + 6_2 — nuddepeHnmanbHEI onepatop Jlam-
X 3 z

jlaca, W TOCJie TOJACTaHOBKH B (4.24) moiy4ynMM HECTallMOHAPHOE ypaBHEHHE
IlIpeaunrepa B BUzE:
ov

jh—=———AV+U (7 )V]. 4.2
i 5 . +U (F) (4.26)

Oro ypasHeHue KomiuiekcHo. Ero pewenne, T.e. BonHosas Gyuxuus U (7,¢),

OIUCHIBAOLIAsl TOBEJICHHE MUKPOYACTHIIBI C MACCOM 71 BO BHEILHEM II0JIe, TaK-
)K€ MOXET OBbITh KOMIUIEKCHOW. J[is pernenust auddepeHInanbHbIX ypaBHEHUN
(4.26) wm (4.25) HEoOXOMUMO 3a/aTh HAYALHOC M TPAHWYHBIC YCIOBHS JUIS
(hyHKINH \I/(F,t).

PemnB HecraumonapHoe ypaBHeHue lllpenunrepa, MOXHO HalTH 3aBUCUMOCTb

BOJTHOBOH (DYHKIIMH OT BPEMEHH, T.€. ONPeIeIUTh 3BOJIIOIHI0 KBAHTOBOH CHCTEMBI CO
BpeMmeHeM. Haiinem 3Ty 3aBHCHMOCTD st GDM3UYIECKH HAOIIOJAEMOH INIOTHOCTH BEPOST-

HOCTH OOHAapy>KeHHs] MUKPOYACTHIIBI Py = |\I/|2 . YMHOXUM ypaBHeHue (4.26) Ha \I/* ,a

KOMILIEKCHO CONpPsDKEHHOE ypaBHenue (4.26) —ua W, U BHIYTEM OJIHO YPABHEHHE U3 JIPY-
TOro:
&

« OU ov n?

e L e L SN2 7N
ot ot 2m
= = - a - a = 5
Tak kak A=V-V  tne V=i —+ j—+k—, 10 npaByio 4acTs I0CIEAHETO ypas-
x "oy Oz

HEHHSI MOXKHO ITpeoOpa3oBaTh ¢ MOMOIIBIO NIPABIJIA BEIYHUCICHHS IPOM3BOAHOM OT HPOH3-
BEJICHHS JIBYX (DYHKIIHIA:

UAY = 6(@*6@)—(6@*)(6@); YAY* = 6(@@*)—(?@)(6@*).

*
P oU  ov ih o~ e B,
Torsa —(\I'*\I/) L =—V(\I/*V\I/—\I/V\I'*),
ot or o 2m
HOJIy‘IeHHOe y ABHCHHUC AaHAJIOTUYHO ypaBHeHI/IIO HereprBHOCTI/I 3HeKTpPI‘{eCKOrO

aptB +divj, =0|. 4.27)

3apsiaa
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Kax 3apsn meperexaeT B MPOCTPAHCTBE, CO3/aBasi JIEKTPHUYCCKUHA TOK, Tak U "obOmako"

2
IJIOTHOCTH BEPOATHOCTH Py :|‘1/| Oyzer mepememiatbest B mpoctpaHcTBe (puc.4.17),
€03/1aBast INIOTHOCTb IOTOKA BEPOSTHOCTU

- lh
JB =

(\If*w —uv ) . (4.28)

om

Tlpumep: noncraBus B (4.28) BONHOBYIO (QYHKIMIO cBOOORHOH uacTuus! (4.16) mmm
(4.17) HeTpyTHO MOJIyYUTh

Jo = Lo =p,7 . (4.29)
m

TIIOTHOCT BEPOSTHOCTH IEPEMELLAETCS! B IPOCTPAHCTBE CO CKOPOCTHIO YacTHIIBI U .
I Bameuanue: ecnn Gyukupss U onuchlBaeT 4yacTHily C 3apSAOM ¢, TO BEIUYUHBI
p=gpg u ] =q jB OyIyT INIOTHOCTBIO 3apsijia ¥ INIOTHOCTBIO NIEKTPHIECKOrO TOKa,
CO3/IaHHOTO JIBMKEHHEM YaCTHUIIBL.

6. Crannonapnoe ypapHenue Ilpenunrepa

YacTo BCTpeYaroTcsl CUCTEMBI, B KOTOPBIX YaCTHIIAa HAXOJUTCS B COCTOSIHUHU C
oIpesiesieHHO dHeprueld £ (Harmpumep — 3JIeKTpOH B aToMe U T.I1.). Takue co-
CTOSIHMS Ha3bIBAIOTCS CTAIlMOHAPHBIMH. B cilydae cTalMiOHApHBIX COCTOSHHI
ypaBHeHHeE (4.26) nomycKaeT pa3/ieNieHne MepeMeHHbIX:

U (7,t)=@(t)-b(7). (4.30)

[oncrasiss (4.30) B ypaBaeHue (4.26) u pazaenuB obe 9acTH HA IPOU3BeIe-
HHUE (-, TOIY4nM:

. 2

ih do(t h - -

( ):— — A(7)+U (F) = const. (4.31)
0] (t) dt 2m) ( 7 )

JleBast u paBast yacTu ypaBHEHHA (4.31) SBIAIOTCS He3aBHCUMBIMHU (yHKIUS-
MM Pa3HbIX NepeMeHHBbIX f W 7 . OHU paBHBI MEXIy COOOM TOJBKO TOT/a, KO-
rJia paBHbI HEKOTOPOW KOHCTaHTE, KOTOPYIO JIETKO OIPE/IENIUTh, OACTABUB CBS3b
(4.30) B mepBoe n3 cooTHOIEHMIH (4.21):

i
ih d d ] ——Et
D99 const=E, OTKyJa - TEdt w o(t)=e " . (4.32)
¢ dt I h
U3 dopmyn (4.30) — (4.32) cnemyeT, 9TO B CTAIMOHAPHOM COCTOSIHUH C OTIpe-
JIeICHHBIM 3HAYCHUEM SHEepruu £ 3aBHCHMOCTH BOJHOBOH (DYHKLIMH MHKpOYac-

THIBI OT BPEMEHH YIUTHIBACTCS SKCIIOHCHINAJIBHBIM MHOXHUTEJIEM!

U(7t)=e ' O(F)|. (4.33)
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[TroTHOCTB BEpOSTHOCTH OOHAPYKEHHS YACTHIIBI B CTALIMIOHAPHOM COCTOSI-
HUH, KaK crienyeT u3 (4.33), He 3aBHCHUT OT BPEMEHH:

-| e_%thp(?) o)

BomHoBas dyHKImsA w(F ) , 3aBUCSIIAS TOJIBKO OT KOOPAHMHAT, SIBIISIETCS pe-

v (7,0

IICHHEM CTalloHapHOTo ypaBHeHus IlpenuHrepa.

.\ 2m - -
Alb(r)+h—2(E—U(r))w(r)=0 . (4.34)

B cimydae oqHOMEpHOTO ABMIKEHUS BIOJIb OCH X CTAllMOHApHOE YpaBHEHHE
[Ipenunrepa mpuodOpeTaeT BUI:
d>p 2m
—+—(E-U(x))Y(x)=0]. (4.35)
e (EUW))

Ilone U (17 ) , B KOTOPOM HAaXOJUTCS 4YacTULld, CYUTACTCS U3BECTHBIM. YPaB-

werwne [lpenmarepa (4.34) wm (4.35) MO3BONSIET HAWTH U BOJHOBYIO (PYHKIIHIO
) YacTHILBI B 3aJJaHHOM TIOJIE, ¥ BCE pa3pelICHHbIC 3HAUCHUs €€ MOJIHOI SHep-

ruu E. J{ns sroro npu peennn quddepenumaibHoro ypasnenust Llpeaunre-
pa 00s13aTe/IbHO HAN0 33JaTh IPaHUYHbIC YCA0BHsS 11 QyHKIMU ) WK

2
JUISL TDIOTHOCTH BEPOSITHOCTH OOHApPY>KEHHS YaCTHIIBI |1b| . 1 BeposiTHOCTB

2
|1b| , ¥ BOJTHOBas (DYHKIMS ) HOJKHBI MEHSTHCSI IVIABHO, 0€3 CKAYKOB.
3ameuanue: ypasuenus (4.34) u (4.35) BeIeCTBEHHBI, HOATOMY IIPOCTPAHCTBEHHAS
4acThb 11;(17 ) BOJIHOBOH (DyHKIMH, omlpefenseMas CTalMOHapHbIM ypaBHeHueM Illpe-

JUHIEpa, MOKET OBITh BeIHeCTBeHHOﬁ. Ona onpenesieHa ¢ TOYHOCTBIO 10 HECYHIECTBECH-

- i (= v
HOro ($ha3zoBOro MHOXKHTENS lb(r) e lb(r) , TIIe Ol — BEIECTBEHHO. JlelcTBUTE b-
o 2
HO, (DM3MYECKHi CMBICI UMEET TUIOTHOCTh BEPOSTHOCTH OOHApYkKeHus dactuusl | V|~ ,

o o |2 jo ¥ iol
Ky/a (a3oBbIii MHOKHUTENb HE BXONT, Tak Kak | €' |[“= (') % =1.

7. Ypasuenune Kneitna-I'opaona-®oka 115 peJIITHBACTCKON 4acTHIBI

VYpasuenue Illpenunrepa OMUCBHIBAET HEPEISITUBUCTCKYIO MHUKPOYACTHILY.
YroOBl MOMYYIUTh YpaBHEHHE IS BOTHOBOM (DYHKIMM PENSATHBHCTCKOIN 4acTH-
11, BOCTIONIB3YEMCS PEIATUBHCTCKOMN CBSA3BIO SHEPTHU M UMITyJIbCa

2
(EJ -t =m*?, (4.36)
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Y TIOZICTAaBUM B HEE BBIPAKCHHUS IS KBaApaTa SHCPTUU U UMITYJIbCa, TOTy4CH-
HBIE C IIOMOIIIBIO TPON3BOIHBIX M3 BOTHOBOW (yHKIMH (4.17) M aHAIOTUYHEIE
BEIpakeHUsM (4.21):
L s A S o O ol Ao o nd
E=—Y— PPyl a2 2
v o U ox oy oz
[Mpuxognm x nuddepennuaasHOMy ypaBHeHUI0 Kieitna-I'oprnona-®oka, aHa-
norudHoMy ypaBHenuto IllpenuHrepa, HO OINMUCHIBAIOLIEMY BOJHOBYIO (DYHK-
LU0 CBOOOIHO PeISITHBUCTCKON YaCTUIIBI:

(hzm—i-mzcz)\ll(?,t) -0|, (4.37)

o o * @
rae quddepeHnnanbHbI onepaTop O= B I R Sl s
c”ot° o0x° 0y° Oz

Ha3bIBacCT-

cs omeparopoM 1 Anambepa.

3ameTuM, 4yTO ypaBHeHue (4.37) cmpaBeAnvBO TOJBKO [UIS YAacTHUIl, OIMHCHIBAEMBIX
CKaJSIPHOIl BOMHOBOM (yHkimed W W MMeomux HyJIeBOil CIHH, O KOTOPOM Oyjer
cka3aHO B riaBe 6. K TakuM yacThIiaM OTHOCSTCS, HaIpuMep, T — Me30HbI. PensTuBu-
CTCKHE DJIEKTPOHBI, CTPOTO TOBOPSI, OMIUCHIBAIOTCS COMHOPHOM BOJHOBOH (pyHKIMEH HITH
crHopoM. Taxkast (hyHKIHMS IPH TOBOPOTAX OCei KOOpAWHAT B 4-MEPHOM IIPOCTPAHCTBE
MHHKOBCKOTO HE Ipeodpas3yeTcst Kak CKaysip WK BeKTop. OHa MOIUMHSACTCS PEeIISITUBH-
cTCKOMY ypaBHeHuro Jlupaka (06o0mieHuto ypaBaenus Kieitna-I'opmona-®doka Ha vac-

THLBI C TIOTYLIEJBIM CIIMHOBBIM YHCIIOM § = 1/ 2).

YpaBHEHUE U BOJHOBOH (DYHKIIUHM PEITUBUCTCKOM YacCTHIIBI Oe3 CInHa,
HAXOJAICHCS BO BHEIIHEM II0JIE, MPOIIE BCETO 3alUcaTh B TOM CiIy4ae, Korna
3TO TMOJIC MOTEHIHAJIBHO ¥ CTAIIMOHAPHO. TOoraa K MOJTHOM 3HEPTUH YaCTHUIIBL,
ompenesieMoil cooTHorreHueM (4.36), Hamo T00ABUTH YHEPTHUIO B3aUMOJECHCT-
BHS C BHELIHUM IIOJIEM:

E=+p*c? +m*c* +U(F), otkyna (E—U)2 =p2c? +mct. (4.38)

[Moncrasisist B (4.38) BblpakeHusi, aHanoruuuble (4.21), mpuxoauM K CTauo-
HapHOMY YPAaBHEHUIO

1 2
A¢+W[(E—U(r)) —mchw:o , (4.39)

MO3BOJIAIOIIEMY HAWTH BOJHOBYIO (DYHKLIHIO w(F ) PEISITUBUCTCKON YaCTUIIBI

BO BHCITHEM IIOTCHIMAJIBHOM I10JIC.
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IMpumeps! pemiennst ypasuenus Hlpexunrepa

1. TynHeabHbIH 3 deKT

TyHHenbHBIM 3 dEKTOM Ha3bIBACTCSA MPOXONKIACHUE MHUKPOYACTHUIIBI Uepes3
MOTEHIMAIBHBIA Oaphep B TOM Ciydae, KOIJa IOJIHAs 3HEprus E YacTHIIbI
MEHBbIIIE BBICOTHI Oapbepa (puc.5.1, a).

B knaccuueckoit Teopun 310 HEBO3MOXHO. Eciu

KJIacCHYecKasi 4acThlia ¢ dHepruei F =mov® / 2,

CKOJIB3s Oe3 TPCHUA, MOBCTPEYACT TI'OPKY BBICOTHI

h> 02/2g (puc.5.1, 6), To, HOAHSBIIUCH IO TOYKH
noBopota I, B KOTOpOH Bcs ee KUHETHUYECKas
SHEprus MepeiieT B MOTeHINATBHYT0, YacTHIIA T10-
BepHeT oOpaTHo. Kunernueckas sueprus £ —U He
MOXET OBITh OTPHIATEIHFHON, W TMOTCHIIMATBHBINA
6apeep U = mgh > E He Oyaer npeooieH.

Tem He MeHee, Ha NIPAKTUKE KBAHTOBBIN TYHHEJbHBII

a¢dexT BCTpedaercss TaK YacTo, YTO O €ro IMPHUPOJE
O6]:I‘iHO HC 3aIlyMbIBarOTCA.

: Ipumep: MeTami, HaxoIsCh B BO3JyXe, BCEraa IO-

i KpBIBA€TCSI OKUCHOW TUJIEHKOH, KOTOpasi SIBJISETCA XOpO-

____\_LA OIMM JTUDJICKTPUKOM. Takas TUIeHKa o0pa3yeT MOTCHIIH-

- aﬂLHLIﬁ 6apbep JUIsL 3J'IeKTp0HOB, CO3Jar0mux 3ﬂeKTpI/Iqe-

CKHi TOK. BosbIast 9acTh 3THX 3JIEKTPOHOB MMEET SHEp-

THI0, HEAOCTATOUHYIO TSI MPEOJIONIEHUs 3TOro Oapbepa.
ITosTOMYy MO KJIaCCHYECKHM 3aKOHAaM ITPOTEKaHHE TOKA Yepe3 OKHUCIECHHYIO TI0-
BEPXHOCTh MeTalla (BHIIKY, BKIIOUEHHYIO B PO3€TKY) CHIIBHO 3aTpyIHEHO. Tem
HE MEHEe TOK BO3HHMKAET OJyiaroapsi TyHHEJIBHOMY IIE€PEXOAY 3JIEKTPOHOB
CKBO3b OKHCHYIO IJICHKY.

Ux) e IToxaxxem, uto ypaBHenue Ulpeaunrepa no-

ho b [ ImvZa MyCKAET TyHHE/bHBIH sddexr. Ilycts yacTuma c

\‘g A [ Maccoil m ¥ sHeprueil £ IBIKETCS BIIOJIb OCH X U

BhiX
S Uo HaJICTaeT HAa MOTCHIMAIBHYIO CTYHECHBKY (00-
E ! X J1acTh, B KOTOPOH MOTeHunuanbHas sHeprus U,
;ﬂ_ YacTuLbl TocTosiHHa U Uy > E).

FHFFFFFFF LS

metann ~€ _ - Bakyym DTO MPOUCXOAUT, HATIPUMED, TP JBHKCHUN
e o o e e e e e e

bbbttt gt CBOOOJTHOTO BIICKTPOHA C dHEpruci £ B MeTaiie
Puc.5.2
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(puc.5.2). CymecTBoBaHNE ABOWHOTO SJIEKTPUUECKOTO CIIOSI HA TPaHMIE MeTalia
NPHBOJKT K TOMY, YTO TIOTCHIMAIIBHAS SHEPIHs JIEKTPOHA BHE METaJllla BO3pacTa-
er Ha Benmuuny U\, te Uy — E = Ay, — paboTa BbIXO/a 31EKTPOHA U3 MeTalLIa.

Kraccnvecknii SIIEKTpOH OKa3aThCsl BHE MeTania B obmacth x >0 He Moxer
(puc.5.2) v BBUIETACT U3 METaJlIa TOJBKO 3a c4eT GoTodddekra, moriomas GoroH

coHeprueit o> Ay, -

U(x) K nortennuansHoii sueprun U (x) MOXKHO JI0-
ZOTD Uo 0aBUTH WM BBIYECTH JIIOOYIO NMOCTOSIHHYIO BEJIH-
el ¥ - " yuHy. I103TOMY COBMECTMM HA4ajgo KOOPAUHAT
naa X 120 cocryn iub 0-
a5 - = YHEHBKON U OYIEM CUMTATH, YTO B O
obnacte I = obnacts Il mactu 1 (x <0) nOTEHUMANBHAS YHEPIUsl TAALO-
Puc.5.3 I1Iel HA CTYNEHbKY YaCTHIIbI paBHa Hy1o (puc.5.3).
Ypasuenwue [penunrepa (4.35) miist 4aCTUIIBI 3aIUIIETCS B BUIIE:
2 2
d 2m d
1é’IJr—z(E—o)lplzo, win “ﬁuk%plzo npu x < 0;
dx h dx (5.1)
2 2 ’
d 2m d
#+—2(E—U0)1|)H =0, wm #—ae%bu =0 mpu x>0,
dx h dx

€CITH BBECTH TIOJIOKHTEITbHBIE KOHCTAHTHI k> = 2m E / nou e’ = 2m(Uy—E )/ n.

Pemenus ypasHenwuit (5.1) n3BecTHsI:

lbl(x)erikx+Be_ikx; Yy (x)=Ce ™" + Fe®, (5.2
— —_—
=Ppan =w0'rp :wnp =0

rae A, B, C, F — IOCTOSTHHBIE HHTETPUPOBAHUSL.
OU3MYECKUI CMBICT TOIYYEeHHBIX perieHuil (5.2) o4eBHICH, €CH MOJICTa-

BUTh BBIpaXK€HHE KMHETHYECKOU sHeprun E—U = p2 / 2m . Toraa B Kjaccuue-

cKu paspeleHHoii obnactu I umeem k = p/i . Cpauusas ¢ hopmyinoit (4.16),

BHJIMM, 4TO BOJHOBas QyHKIUA ., = AehX = 4P x/h OIIUCKLIBAET CBOOOI-
HYI0 YacTHILy, JIETAILLYIO BJOJb OCH X, T.. NAJAI0NULYI0 HA CTYNeHbKY. BonHo-
Bas QyHKIAS Vo, = Beikx — geipx/h COOTBETCTBYET YaCTHUIIE, JECTAIIEH
MIPOTHB OCH X, T.€. OTPAsKEHHOM OT CTYIICHBKH.

BonHOBast GpyHKIUSA wnp =Ce ®* onmuier cocTosHUE YaCTHUIb, NPOLIE/-
el B KJIacCHYECKH 3ampelnieHHyr obmacts I (kmaccmyeckas gacTuma B 3TOH

00IIaCTH CYILECTBOBATH HE MOXET, TaK Kak e¢ uMIyisc p =./2m(E—U,) Oy-
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JeT MHAMBIM). [locTosIHHYI0 MHTErpUpoBaHust F IIpUpaBHUBAEM HYJIIO U3 Tpa-
2
HUYHOTO YCJIOBHUS |1bH|x_m # 0 (BEpOATHOCTh OOHApPY>KEHUsI YaCTHUIIBI B 00-

JIACTH X —> 00 HE MOXKET ObITh OCCKOHEUHOM ).
[ocrostaabie 4, B n C HaxomuM W3 YCIOBHUS HEMPEPBIBHOCTH = (PYHKITUH
{(x) Ha rpanune obmacreii I u 11 (puc.5.3):

Ha JII000# rpaHMIe ClexyeT NMPUPaBHATH BOJIHOBBIE (DYHKIHMH M WX ITIEPBBIC

dy dvy
TIPOM3BO/THBIE Ul g =Vnl_g: —H = o
x=0 X

5.3
- . (53)

IMocne noxcranoBku ¢yHkwid (5.2) B ycnosus (5.3) NoIydnM cucteMy H3
JIBYX JINHEMHBIX YpaBHEHUI

k—ie
B=—4,
A+B=C, k+iee
) ) U ee pelieHre 5.4
ikA-ikB=-a&C 2k
C= — A.
k+ize

Ecnu Ha cTyneHbKy MajaeT 3a eUHUILY BPEMEHHU OOJbIIOE YUCI0 N OIUHAKO-
BBIX YaCTHII C dHEprueil £, TO MOTOK NaJArOIKX ¥ OTPAKCHHBIX YaCTHIl MOXKHO
OTIPENICITHUTH C MIOMOIIBIO INIOTHOCTH MTOTOKA BeposaTHOCTH (4.28) mnu (4.29):

*
_ , il Onay  * Oy kh 2
Jnag = N jg = Nﬁ 1Jr)nazl Ox 1Jr)na.LL Ox = N; |ﬂr’nau| (5:5)
2
¥, aHAJIOTHYHO, Jowp =N kR |¢0Tp
m

IIoTOK YacTull j — 3TO YMUCIIO YACTHIL, IPOJIETAOIIMX 3a CAUHULYY BPEMEHH Ye-

pe3 eAMHUYHYIO MONEPEYHYIO TUIOLIAJIKY.

Kosdhdunmentom oTpaskeHUs WM BEPOATHOCTHIO OTPAXKEHUS YACTHUIBI OT
IIOTCHLIMAJIBHOT'O 6apbepa niin HOTeHLlHaHbHOﬁ CTyHeHI)KI/I HA3bIBAKOT OTHOIIIC-
HHUC ITOTOKA O’I'pa)KeHHl)lX qacTung K HOTOKy Inagaruiux.:

R= jOTp /jnaz[ - (5.6)

U3 dopmymnsr (5.4) creayer, 9To B ciaydyae OCCKOHCUHOW MOTCHIIMATBHON
CTYIEHBKH (pHUC.5.3) BEPOSITHOCTH OTPAKEHHUSI

.12 \F .
2 2 2 2 |k—iz k—ixe) (k—ie
N L e L
@ (k+iz) (k+ie)
Tem He MeHee, BEpPOATHOCTb OOHAPYXXUTh YACTHILy B KIIACCHYECKH 3aIpe-
meHHoi 11 obyacTu oTIMYHA OT HYJIS:

=1.
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2
2 _ —&x 2 _ 2k —2&ex _
|wnp| —‘C@ _k+l’&A e =
2 -2./2m(U, -E
:%Mfe‘z“ zﬂexp #)x . (5.7)
k +& UO h

OTa BEpOSTHOCTHh YOBIBACT IO JKCIIOHEHTE C TIIyOMHOW MPOHUKHOBEHUS X B
KJIACCHYECKH 3alpelIeHHYI0 00JIaCTh M OYeHb OBICTPO CTAaHOBHUTCA IPEHEOpe-
KHUMO Maslol. HacTHIbl HE MOTYT IPOHUKHYTbH JAaJIeKO M 00s13aHBI OTPA3UTHCS C
BEPOSITHOCTBIO R = 1.

Ho ecnu BMecTo GeCKOHEUHOH MPSAMOYTOIFHON MOTEHIIHAIBHON CTYICHBKH
PacCMOTPETh MPSIMOYTOJIBHBIA MOTEHIMAIBHBIN Oaphep KOHEYHOH HIUPUHBI

= const- ¢ 2&¢

X=a
OKaXKeTcsl 3a 0apbepoM W YIETUT Jajee BIOJb och X. OCYIIecTBISEeTCs TyH-
HenbHbIA dddekT!

2
(puc.5.4), TO YacTUIla C KOHEYHOW BEPOSTHOCTHIO |1bnp|

U(x) KoapdunreHTOM NpOX0XICHUS WIA Be-
Jorp Yo inp POSITHOCTBIO TIPEOIOJIEHHS TTOTCHIIHAIBLHOTO
=~ — Oapbepa Has3bIBACTCA OTHOIIECHHWE ITOTOKA
iiE Jnan :: X OPOIIEANINX YACTHI[ K TOTOKY TAJAFOIIHX
0« —
Puc 54 D= jup [ Juan | (5-8)

Juist mpsiMoyroJibHOTO Gapbepa Ha puc.5.4

=i i} <o = constcxp( 2,20, o) 59)

U(x) Ecnu noreHimanbHblii Oapeep UMeET MpOM3-
BOJIbHYIO (h)OpMY, TO pa3oObeM €ro Ha 71 OYeHb y3-
KUX TIPSIMOYTOJBHBIX OapbepoB IMPUHOW Ax U

$E ﬁ\F § BbicoToil U (x) Kakmplii (puc.5.5). Ilotok wac-

TULl, NPOLIEANINX 4Yepe3 Y3KUM IPSAMOYTOJIbHBII
Oapbep, OyzeT MOTOKOM 4YacTHll, MaJAIoIIMX Ha

Puc.5.5 cremyrolmii y3kuii 6apbep. Iloaromy koadduim-
SHT TPOXOXKIICHUS Yepe3 Bce Oapbepbl coryiacHo (opmyiie (5.8) okaxkercs: mpor3Be-
JieHHeM KO3 (HUIMEHTOB MPOXOXKICHHS Yepe3 KaKIblil 13 OapbepoB:

0 X1 Hpx X2

podm _Jw Jn o J2 N =D,D, ,...D,D;.

Juan In Jn-l J1 ]na;[
INokazaTem SKCIIOHEHT B COMHOXHUTEIIX (5.9) mpH 3TOM CKIIAIBIBAIOTCS W TIPH
A x — dx naroT MHTErpa:
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(5.10)

272
D = const- exp - f 1/2m(U(x)—E) dx
R

— 3TO BEPOSITHOCTh TYHHEIBHOT'O IPEOJIOTICHUS MaJarolied MUKPOYacTUIEH ¢
MAaccoit m 1 3Hepruei E MOTeHINAIFHOTO Oaphepa MPOU3BOIBHON POPMEL.

®opmymna (5.10) sBaseTcs MPUOIIKSHHOM, TaK KaK MOJMy4YeHa ¢ TOYHOCTHIO
JI0 TIOCTOSIHHOTO MHO>KHTEIIs, 3aBUCSIIEro oT Gpopmsl 6apbepa. Ho rinaBHbIM pe-
3yJIbTATOM OYZeT KCIIOHEHIMAJIbHAS 3aBHCHMOCTH Koddduimenta D oT Toi-
IIMHBI ¥ BBICOTHI Oapbepa U OT MAaCChl YaCTHUIIBL.

U(x) Ilpumep: xoj0aHas SMUCCHS WU BBIPbIBAaHUE
B Yo JJICKTPOHOB M3 METajyla BHEIIHUM 3JICKTpUYC-
BHXm'e \ CKMM TIOJIEM C HAaNpsKeHHOCThI0 E  (puc.5.6).
E R x  OIHOPOAHOE I0JIe, HAMIPABICHHOE IIPOTUB OCH X,
0 X2 x
PRI < saym X cosjaer moteHmman ¢(x)= Jde =Ex, u no-
metann ;& Hre—2" >
- 0
R e o e e o e (S )
TEHLUANIbHASL SHEPTUS IJEKTPOHA C OTPHULIATEIb-
Puc.5.6 HBIM 3apsSIOM —e B TaKOM I0JIe YOBIBACT C POC-

ToM x nmueiiHo: U (x)=U, —e@(x)=U, —eEx (cpauure puc.5.6 u puc.5.2).

BozHuKaeT TpeyroiapHbIH NOTEHIUANBHBINA Oapbep, TOJNIIHHA KOTOPOTo, KaK
BUJIHO U3 PHUC.5.6, onpenenseTcs: BEIMYHMHONW pabOThI BEIXOa IEKTPOHA U3 Me-
Tana Ay =Ug—E:

3 42m A3/2

BBIX eExdx |=exp % BBIX

/ X2
D ~exp —MI A
h 0

Beranciiennas BepoATHOCTb 04eHb Mana. it Metamna ¢ Ay, =2 3B momyda-
eM D~4-10" npu E=10° B/m.

" /[\ > Tpumep: TyHHENbHBIM MHUKpOcKom. Ilepe-
T e MeIIasi MICTOYHHK JJIEKTPOHOB HA OYEHh MATOM
e
a

I
v i-d 36 595 yAaJleHUu! a~1079M HaJl TIOBEPXHOCTBIO Be-

T ee D@ @ @ et (puc.5.7), u3MepsItoT TOK I, TEeKyIIMid
4Yepe3 UCTOYHHUK 3a CUCT TYHHEJIIBHOI'O IEPEXO0-

Jia 3JeKTPOHOB. BeposTHOCTH Tepexona, T.e.
Puc.5.7 BEJIMYMHA TOKA [ OYEHb CHIILHO, SKCIOHEHI[H-
aJbHO, 3aBUCHUT OT paccTosiHus d. [10 M3MEHEHUIO TOKAa MOKHO HAlTH U3MeHe-

"n
& /FTOK][ aTOMHble Crou

HUEe Aa < 1071 u OTIPEJICTINTh PACIIONIOKEHHE aTOMHBIX ci1oeB. TakuM oOpa-
30M M3MEPEHBI pa3MeEPhI U PACHOIOKEHHE aTOMOB B OTJCIIBHBIX MOJIEKYJIaX.




72 I'masa 5. IIpumeps! pemienus ypasaenus lllpeaunrepa

Hcnonp3yemslii TepMuH "TyHHENIBHBIH 3 dexT" MOXeT co3aarh HeBEpHOE
BIIEYATJICHUE O TOUYEYHOW MHUKPOUACTHUIIE, MPEOJ0JIEBAIOIIEH MOTEHIMAIbHBIN
Oaprep ckBO3b HEKHi "TyHHenmb". JTO HeBepHO. KBaHTOBas Teopwst — ypaBHe-
wue [llpennHrepa — OMUCHIBACT HE TOYCUHYIO YaCTHILY, a ""pa3zMazaHHoOe" B IPO-

n " 2
cTpancTBe "06/1aK0" TIOTHOCTH BEPOSTHOCTH €€ OOHAPYKEHHS |1b(x)| (bop-

Mmyaa (5.7)). Ecnu wacth 3TOro "oOsaka" oka3sIBacTCs Mo3aau Oaphepa, TO s
MHUKPOYACTHUIIBI CYIIECTBYET KOHCUHASI BEPOSTHOCTh OKa3aThCs 32 0aphepoM.
U Ecmu xe paccMaTpuBaTh 4acTUIly Kak TOYEY-
T HBIA OOBEKT, yMEHBINAS HEONPEICICHHOCTh €¢
Us AE KOOpAWHATEl Ax, TO BO3pacTaeT HEOIpeleIeH-
HOCTb MMIIyJIbCAa U 3Hepruu. Torga yactuna Mo-
E § E X JKE€T OKas3aTbCsd B BUPTYAJIbHOM COCTOSIHUU U W3-
0 a MEHHTh  CBOIO  JHEPTUI0  HA  BEIHYHHY
Puc.5.8 AE > U, — E . 3TO IPOUCXOAUT B pe3yibTaTe Io-

IJIOIEHUST BUPTYaJIbHOTO (D)OTOHA, MCITyCKAeMOI'0 YacTHLAMH, CO3AAIOLIMMH
HOTEeHIUabHEI Oaprep. Haneraromas yactuia okaxkercs HaJ 6apbepoM IIH-
pusbl a (puc.5.8). Ecinu Bpems cyliecTBOBaHMS YacTHUIBl B TAKOM COCTOSIHHU
At >afc (c — CKOPOCTh CBETA), TO OHAa MOXKET yCIETh "HEpEreTeTh” depe3

Oaprep M BEpHYTHCS B COCTOSIHHE C MPEKHEH dHeprueit E.

Ilonnas OHEPIrus E MUKPOYACTULILI TP TYHHCJIBHOM II€PEX0€ U3MCHUTLCA
HC MOXCT.

Tynuenbubiit 3ddext HaOMOmaeTcs B Tex cCilydasx, Korga KodpQuiueHt
MIPOXOX/IeHHs1 Oapbepa He CIUIIKOM Majl. DTO IMO3BOJISET C IOMOIIbI0 (hopMy-
161 (5.9) OIEHHUTH MHUPUHY MOTESHIIHAIBHOTO Oapbepa, sl KOTOPOTO BO3MOXKEH
TYHHEIBHBIA 3P PEKT:

1/m(UO—E)a/h~1 WIIH agh/,lm(Uo—E). (5.11)
Eh-e — Ilpumep: paspelieHHbIE HSHEPreTHYECKUe
OZ_/H%I‘ YPOBHH 3IIeKTpoHa ¢ Maccoit m=9,1-107! kr

7 7 B arOMax HMEIOT  BEIUYMHY |E| ~10 B
(puc.3.7). MexaToMHOE pacCTOSTHHE B KpH-
~/\qu CTaJUIMYECKOU penreTke d ~ 10710y ~h/m

[TosTOMy 3JIEKTpPOHBI, CBSI3aHHBIE C ATOMHBIM
Puc.5.9 SIIPOM KYJIOHOBCKUM B3aUMOJIECTBUEM

N\

Uyn ~ —k Zé? / 7, MOTYT TIEPEXOIUTH U3 OJHOTO aToMa (MOHA) B APYTOH, HE

BBIPHIBASsICh M3 aTOMa U HE CTAHOBSCH CBOOOIHBIMH, a 3a CUET TYHHEIHHOI'O
s dexra (puc.5.9).
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2. OTpakeHnue OT MOTEHIUATBHOT0 0apbepa U paccesiHue MUK-
poyacTHIl

PaccmoTprM BHauane 0JHOMEPHOE JIBUKEHUE YACTHUIIBI C MOJIHOM 3HEpruen
E wan noreHnmaneHO# crymenpkoi (puc.5.10). Ypasaenus lpequarepa (5.1)
1 uX o0mue pemreHus (5.2) B 3TOM cllydae 3aluIIyTcs B BUIC

2 . .
d_ﬂ;l+k21b1:0 u wl(x):Ae’kx+Be_’kx npu x <0,
X :wnau :%Tp

(5.12)

2 N
d ﬂ;ﬂ +(k')2 V=0 wu ﬂ)H(X):Celk X npu x>0,
dx T

=Uyp

TE€ TIOJOXUATEIbHBIE KOHCTAHTHI k =~/2mE /h,

U(x)
jL — ¥ k'=\2m(E-U, )/h, a B o6mactu 11 mpometmas

E wﬂaﬁl — Up YaCTHUIIA MOXKET IBUTaTLCS TOJIBKO B MOJIOKUTEND-
X HOM HaIlpaBJIEHHH OCH X.
[oncraBum (5.12) B ycnoBUSI HENPEPHIBHOCTH
(5.3) BonHOBO# QyHkunu Ha rpanune x = 0. Io-
Puc.5.10 JIy4UM YpaBHEHHS, CBS3BIBAIOIINE HEU3BECTHBIC
nocrostaubie A, B u C:
— '
f4+B._C ] }, OTKyza B:k_k A4, C= 2k
ik A-ik B=ik'C k+k' k+k'
Oxa3bIBaeTcs, 4TO NP ABMKEHUH YAaCTHIBI HaJl HOTCHIIMAIBHBIM 0apbepoM
(dTo pa3pemnieHo KIaCCHIeCKOW MEXaHHKOW), YacTUIa ¢ HEKOTOPOH BEPOSTHO-
CTBIO JOJKHA OTPA’KaThCsl M MEHATH HAalPaBIICHUE IBIKCHUS. JTa BEPOSITHOCTD
R Boruncnsiercs no popmysam (5.6) u (4.28) ¢ yuerom cootHourenust (5.13):

2 2
R:h_TP:M:ﬂ:(k‘k'f:[\/E_VE_U‘)]. (5.14)
jl'laLl k|ﬂ)naﬂ|2 |A|2 k+k' \/E-F,[E—UO

BeposTHOCTh TIPOXO0XKACHUS YacTHIBI B 00macte x >0 (puc.5.10) ompene-
JUTCS aHAJIOTHYHOU opmyroit (5.8):

obnacts I 0 o6nacts 1T

A (5.13)

2
- ﬂ D= jnp/jnaﬂ = k‘|1bnp| /(k|¢naﬂ|2) = k'|C|2/k|A|2 .
E I 0 X Ho cyMMa BepoATHOCTEN OTpayKEHUsS U POXOXKIEe-
U HUS Bcerza pasHa 1.
0

[Mosromy D=1-R]. (5.15)

Puc.5.11
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Cutyauusi BBIDIIUT ellle NapajoKcalbHee, €Cin
YaCTHIA IBHKETCS W3 00J1acTH ¢ OOJNBIIIEN B 001aCTh C
MEHBIIIEH TOTEHIHANbHON 3Hepruei (puc.5.11). Ilpu
BbIBOZE hopmyit (5.12) — (5.15) nano 3amenuts U, Ha

Puc.5.12

—U,, 1 BEPOSITHOCTb OTPAKCHUS IIO-TIPEKHEMY OKa-

Kercsi HeHyseBoir R > 0. Kiaccnueckoro ananora stomy HeT. Ckoib3s 0e3
TPEeHHsI 10 T'OPHU30HTAIBHOHM IUIOCKOCTH M JIOCTUTHYB Kpas sMbl (puc.5.12),
KJlaccH4ecKasl 4acTHla 00s3aHa CBAJIUTHCS B HEE W HE MOJXKET MOBEPHYTH 00-
parHo.

Bv1600: kBaHTOBas TEOpUS MPEACKA3bIBA-
€T, YTO MUKPOYACTHI[a C HEKOTOPOil Bepo-
ATHOCTBIO OTPaXKaeTcsd M MEHsET Halpas-
JIGHUE CBOETO IBWKECHHS (paccenBaeTcs)
Ha BCEX y4acTKax IPOCTPAHCTBA, A€ Me-
HACTCA €€ NOTCHUHAJIbHas 3HCPTUA U, Ha
BCEX MOTEHUMAIBHBIX Oapbepax W sMax Puc.5.13
(puc.5.13), naxe B TOM ciydae, KOrja ee KMHETHYECKas SHEPrusl OCTaeTcs
MOJIOKUTENBHOU: E > U .

3ameuanue: I OTAEIBHBIX AMCKPETHBIX ypoBHel sueprun E = E, wactuua
Ha puc.5.13 He Oymer oTpakaTbcs OT NOTCHUOHAIBHOTO Oapbepa WM OT SIMBI
(R =0,D= 1). Takue ypoBHHM SHEPrHU Ha3bIBAIOTCS PE30HAHCHBIMH. [Ipu 3TOM mIM-

puHa Oapbepa WK MOTCHIMAIBHON SIMBI JJOJDKHA COBIAAATH C LEJIBIM YUCIOM [UTHH [0~
ayBonu e Bpoitns wactnupl: a = ng /2, n=1,23,....

Tenepb 0OpaTUMCST K PACCESHUIO PEabHbIX MUKPOYACTHIL, JIBUKYIIUXCSA B TPEXMEP-
HOM IPOCTPAHCTBE U PACCEHBAIOLIMXCS HAa PEabHbIX aTOMax, sApax H.T.IL DTO ABIKECHHE
B 00ILIEM ClTydae OIUChIBACTCSl HeCTallMOHapHbIM ypaBHeHneM [lpenunrepa.

> - Uro0bl mepeiTH K CTAalHOHAPHOMY
dpac wpac(r YPaBHEHHIO, PACCMOTPHM MOTOK YaCTHII C

i \\ IJIOTHOCTBIO oy (5.5), HEMpepbIBHO ma-
0

A){ JIAIOIINX Ha HEMOIBIDKHBIA pacceuBaro-
<~—/T it nentp O (puc.5.14). B kaxmom y4a-

w(f) 0 — w(a)-O% CTKe IpocTpancTBa AV mocTosiHHO Oyner
0 0" "= HaxOAMTHCS HEKOTOPOE UHCIO MaNAfOIIIX

— WM PAacCEesHHBIX YacTHI[ (KOTOpbIE He-

>
J nag NPEPLIBHO BJICTAKOT U BBUICTAKOT U3 3TOr'0
yqacn(a). D10 4YHCIO TMponopuruOHaILHO

BEPOSATHOCTH ‘w(F )‘2 AV obHapyxeHHs

Puc.5.14 4acTHLI, e BonHoBas (QyHKuas |(F)

HE 3aBUCUT OT BPEMEHHU U ABJIACTCSA PCIICHUEM CTALITUOHAPHOI'O YPABHCHUSA U_Ipe;[I/IHrepa
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Aw+;—T(E—U(?))w:O. (5.16)

3nece U (? ) — NOTEHLMAIbHAs DHEPrusl B3aUMOJCHCTBHUS MPOJIETAIONMICH YacTHIBI C
pacceuBaroUM LeHTpoM O, m — Macca pacCeMBaeMOil YaCTHIIbL.
[lepenumem ypasuenue (5.16) B Bune

Aw+k2w:2—’? U (7). (5.17)
h

Ero pemreHne cknaaplBacTCsl U3 OOIIEro peleHUs] OAHOPOJIHOTO YPaBHEHUS U YaCTHOTO

pelieHys HEOAHOPOIHOTO YPABHEHHMS: ﬂ)(? ) =1y (? ) + wpac (}7 ) . Penrenue ogHopo-

HOro ypaBHeHust A +k21b0 =0 onmceBaeT CBOGOIHYIO HANETAIONIYI0 YACTHIYy M

y = ik, 7
BEIpaxkaercs popmyuoit (4.17): LU (r) =Ae ™", (5.18)
rne ko = Poy/h — BomHoBoit BexTOp BonHEI fe Bpoiima. YacTHoe perrenue Vpac (}7 )
OyJIeT BOJTHOBOM (DYyHKIIMEH pacCesTHHOM YaCTHIIbL.
Bo MHOTHX MpakTHYeCKHX 3aiavax B3ammopeiictsue U (}7 ) HE CJIMLIKOM BEJHUKO, U
MOJABIISIFOIIEE OOJIBIIMHCTBO HAJICTAIOIIMX YaCTHI MHHYET PACCEHBAIOIIMIT LICHTp Oe3 13-

MEHEHUsI IBMKeHUs. VX BoHOBast (1)yHK]_[I/ISI ”q,)o (l7 ) HE MCHACTCA. BepOSITHOCTI; pacced-

. 2 2.
st ouenb Masa: | Ypae || g [ 5 B nepBoM NpUOMIDKEHH MOXKHO NpeHeOpeth MabM

crmaraembiM U wpac B mpaBoil yactu (5.17) u uc-

KaTbhb 4aCTHOC PCIICHUE U3 YPABHCHUA
2 2m - .
Apae + kU pae = po U(F)bg (7). (5.19)

Takoe npubnmKeHne Ha3BaHO OOPHOBCKHM (B
yecth M.bopHa, nepBBIM paccMOTPEBLIETO 3aauy
paccesiHUS B KBAaHTOBOI TE€OpUN).

Pemenue ypasuenus (5.19) xoporo n3BecTHO
B Kypce MaTeMaTHKH:

U ) (F)av (5.20)

PaccmoTpuM ympyroe paccesHue, B pe3ylbTaTe KOTOPOTO HE NMPOHCXOAUT M3MEHEHUS
BHYTPEHHHUX COCTOSHHUI (SHEPTHil M T.II.) BCEX YaCTHIl CUCTEMBI U He 00pa3yeTcsi HuKa-
KMX HOBBIX yacThll. [Ipy ynpyrom paccessHud Ha yros O MeHseTCs HalpaBiieHHEe BOJI-
HOBOTO BeKTopa Jie bpoiins HameTalomei yactuus! (puc.5.15), HO He MEHsIETCS eTo Be-

JIMYUHA koz = k2 = k2 = 2mE/ h2 . Paccrosnue 7', Ha KOTOPOM YacTHIIa 3aMETHO

B33HMOHeﬁCTByeT C LICHTPOM O, MHOT'O MEHBIIC PACCTOAHUA ¥, HA KOTOPOM Ha6n}0;1a10'r
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paccesiHHYyI0 4acTuly, T.e. 7 '/r < 1. Ipu sTOM, KaKk BUIHO U3 puc.5.15,

I 2r'cosa
|r —r'| :\/r2 +r2=2rr'cosa zr,/l——+... ~
r

zr(l—l~m+...jzr—i; k[F 7|~ kr—k(F[r)-F'=kr—kF",
2 r r

rne k — BONHOBOM BEKTOp paccessHHOM 4acThIbl. [10ACTaBss MOCIEHNE COOTHONIEHNS B
dopmyiy (5.20), Haxoaum

ﬂ)pa0(’7):_

ikr (7 T\ =
m_e je‘(""‘k)’U(f')dV'. (5.21)
2nn? g

HWurerpan B 3TOM BBIpOKEHUH Oepercs Mo BceMy oObemy V' mpocTpaHcTBa BOKpYT
nenTpa O, B KOTOPOM CyIIECTBYET B3aUMOACHCTBHE.
BbigenuM Ha pacCTOSHUM 7 B MpPeenax TeIeCHOro yria d{) sIeMeHTapHYIO ILIo-

manky dS = r2dQ (3amrrpuxoBana Ha puc.S5.15). JuddepeHnmanbHpM ceueHreM pac-

cesnns dGC Ha3bIBAECTCS BEIMYHMHA, UMEIOMIAs PA3MEPHOCTD IUIOMIAAN U PABHAS OTHO-
IICHHUIO YHCIIa PACCESHHBIX YaCTHI, MPOIIEAIINX Yepe3 3Ty IUIOMAAKY, K MOTOKY Iia-

JAFOIINX YaCTHIL: do = jpac ”? dQ/jna;[ = |ﬂ)pac|2 ”? dQ/|1bo|2 ,

€CIIH UCIIONB30BaTh (hopmysl (5.5) wm (4.28).
2
= 1/ 2 , Ha-

XOJMM B OOPHOBCKOM NpUOMMKeHUH T PepeHIMaIbHOe CeYEHHE YIIPYTOro PacCesHUs

Hoacrasum cropa Gpyuxumuu (5.21) u (5.18) u, yuuTsiBas, 4ro ‘eikr/r

B TestecHbIi yroa d€) mpu Ir0o60M THIIE B3aUMOIEHCTBHUSL:

2| i(Rok) ?
do=—"— je’( o-k) U(Fdr'| do|. (5.22)
4n°h
Hpmep: B ClIy4yac ynpyroro pacCesHusa 4aCTHUIl C 3apsAI0M ¢ Ha HEIOJABUXXHOM TO-
YE€YHOM IEHTPE C 3apsaaoM Q , T.€. TIIpU KYJOHOBCKOM B3aPIMO,[[efICTBPIPI

U(r') =k Qq/r' , popMyna kBaHTOBO# Teopuu (5.22)
2
r'2 sin@'dr'd0'de'| dQ

do = m2 < T ZJZT ei‘lgo—lg‘r‘cose'qu

41 |, 0o 9o r
HOCJIC HHTETPHPOBAHMS JIACT TOT JKE Pe3yJIbTaT, uTo U Kiiaccuueckas Qopmyia Pesepdop-
na (3.11), 94To COOTBETCTBYET AKCIIEPUMEHTAILHOMY Pe3yJIbTaTy onbIToB Pesepdopa.

Ho ¢dopmyna (5.22) no3BosisieT BHIUUCIHTG CEUCHUE PACCeSsIHHS B TEX CIIy4asx, KOraa
paccesiHie NPOUCXOAUT Ha 3apsHKEHHOM YacTHIe KOHEYHOro pasmepa. B sTom ciydae pe-
3ysbTar Oyner oTinyarhes ot GopmyIsl Pesepdopaa Ha HEKOTOPBIH MHOXKHUTEIb, KOTOPBIH
HasbiBatoT opmbakropoMm. Bemnunna dopmdaxropa 3aBUCHT OT pasMepa 4acTULBI U OT
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pacrpeneneH st JIEKTPHIECKOro 3apsiaa B Hell, 9To yuutsiBaetcst B Gyrkumn U (f) . On-

pezensis B SKCHEPHUMEHTAX 110 PACCESHUIO YaCTHIL CEYCHHE PACCESHUS M aHAIU3UPYS €ro
OTJIMYME OT CEYEHHUs PACCESIHUS Ha TOYEUHOMN YacTHIIE, MOXKHO C/IeJIaTh BBIBOJ] O BHYTPEH-
Heil CTPYKType YacTHLI, Ha KOTOPBIX HPOUCXOAUT PACCESHHE.
Hanpumep B ONBITaxX M0 YIPYroMy PacCesHHIO SJIEKTPOHOB Ha IIPOTO-
P Hax Ha yckopurene B CToH(pOpAe ObLIO BBIICHEHO, YTO MPOTOH SIBIISIETCS
YJacTHIEH KOHEYHOro pa3Mepa, INIOTHOCTh IEKTPHIECKOro 3apsiia B KO-
TOPO# 3KCIOHCHIMAIBHO YMEHBIIAETCS C PACCTOSHUEM 7° OT LIEHTPa Mpo-
ToHa (puc.5.16) mo 3akoHy
| r
0 <> p(l’):ﬁe V/OL
Puc.5.16

“Cpennuii paanyc” MpoTOHA MOXHO BBIYHCIUTH 10 GopmyIie

#N=(rpdV/[pdV =30~7-107"° u.
(ry=[reav/ip

, TOe ¢ —3apsg OpoTOoHa, (1:2,35~10_16 M.

3. Mmcpoqacnma B HpﬂMoyFOHBHOﬁ HOTeHIIHaJ'lLHOﬁ aAMe

U HaubGonee mpocro ypasHenue llpeanHrepa pemaercst B
TOM CJIy4ae, KOr[a 4acTHLa HaXOAUTCS B IPAMOYTOJIBHOM MO-
TCHIMAJIbHOW SIME€ IIMPUHBI a C OECKOHEYHBIMH CTEHKaMH
(puc.5.17). Tax xak BHyTpH siMbl U =0, TO B OJHOMEPHOM

rl'l ciydae ypaBHeHue (4.35) npuHUMaeT BUJ
2
X ab ;b +k2p=0, 118 k% = _2rr12E , (5.23)
0 a dx fi
Puc.5.17 U UMEeT PelleHUe
He-- ¥(x) = Asin (kx+a). (5.24)

BruteTeTh U3 SIMBI 4acTHIIA HE MOXET, W IUIOTHOCTh BEPOSTHOCTH €¢ O0Hapy-
2
JKEHUS |1b| BHE SIMBI M HA CTE€HKAX SIMbI paBHA HYJI0. JTO JaeT rPaHUYHBIC yC-
noBus it GyHkumu (5.24):
1b|x:0 = Asina =0, orkyna o = 0;
) J2mE mn
w| =Asinka=0, otrkynaka=nn wm k=———=—1,2,3... .
X=a h a
DHeprus MUKPOYACTHIIBI C MAaCCOH M, HAXOAIICHCS B MOTCHIIMATBLHOM sIMe
HIMPHHBI @ Ha puc.5.17, MOXKeT NPUHUMATh TOJIBKO OTAEIbHBIE pa3pellCHHbIE
3HAYCHUA

£ - h*n?

=
2ma2

,rme n=1,2,3,..|. (5.25)
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KaxxmoMy 3HaueHHIo 3Heprun E, COOTBETCTBYET CBOS BOIHOBas (GyHKIHS,
OTIMICHIBAIONIAS COCTOSTHUE YACTHIIBI:
U, (x)=4sin(nnx/a).
HewnsBecTHyI0 MOCTOSIHHYIO A MOXHO HAUTH U3 YCIOBUS HOPMHUPOBKU (4.4):
a

a 2
[ P d = 42 ;smz(mypﬂ:l.
0 0 a 2
Ora nmocTtostHHaA A = 4 /2/ a Oyzner OOMHAKOBOM IUIS BCeX (DYHKIIUH:

Uy (x) = 2 Sin(ﬂx) (5.26)
a a

[110THOCTh BEPOSITHOCTH OOHAPYKEHUSI YACTHIIBI B PA3HBIX TOYKAX MOTEH-
LIMAJIBHON SIMBI B COCTOSIHUSIX C pa3HOM 3Heprueit nzodpaxena na puc.5.18. Ec-
JIM KJTACCHYECKasi YacTHIA B MOJOOHOW sIME IBUKETCS C IMOCTOSIHHON CKOPO-
CThIO, U BEPOSATHOCTH €€ OOHApyKEHHS BO BCEX TOYKAX OJMHAKOBA, TO JIs
MHUKDPOYACTHIIBI 3TO HE TaK. B HEKOTOPBIX TOYKAX BEPOSITHOCTH OOHAPYKUThH
MHUKpPOYACTHUIy MAaKCUMAJbHA, & B HEKOTOPBIX (HAMpHUMeEp, BOJIMU3U CTEHOK IO-
TEHIMAJIBHOH SIMBI) — paBHA HyJIO (pHc.5.18).

Bonpoc: xakum jxe 00pa3oM MHUKpOYACTHUIA OTTAIKHBa- W |2
€TCs OT CTEHOK M MEHSET HalpaBliCHHUE JBUKEHHsS, €CITU
BOJIM3U CTEHOK OHA HAXOMUTHCS HE MOXKET?

[TocTaBuB BOIPOC TaKUM 00pa3oM, MBI OIATH IOJIb3Y- E, D D
€MCsl MPEJICTABIICHHEM O YaCTHIE, KaK O KIACCHYECKOM
00beKTe, UMEIOIIEM B 33JJaHHON TOYKE BOJIM3U CTEHKH OII-
PEICICHHYI0 CKOPOCTh. JTO 3ampenieH0 COOTHOIIEHHEeM
HeolpeaeJJeHHOCTeH.

CoCTOsIHIE MUKPOYACTHIIBI OIUCHIBAETCS TOJILKO BOJIHO- Puc.5.18

Boii ynkimeii W(x,7), 3amaomeii "06/1ako" MIOTHOCTH BEPOATHOCTH e¢ 00-
HapyxeHus (puc.4.17). JIBiokeHne 4acTHIlBl B KBAHTOBOM TEOPHUH MOHUMAETCS
KaK M3MEHEHHE TaKOW MJIOTHOCTH |\I!|2 co BpeMeneM. CTallMOHapHOE ypaBHe-
uue llpeauHrepa BooOIe HE OMUCHIBAET HUKAKOTO JBIKeHus! B crammonap-
HOM BHCIIHEM I10JI€ U(I_’:) MOYKHO ONPpEACIUTL SHEPIUIO E MUKPOYACTHUIIbI,

HO TIpY TAHHOM HEM3MEHHOM 3HAU€HHH 3HEPTHH OHA BeZeT cedsl Tak, 4To "00-
JIaKO" IJIOTHOCTH BEPOSITHOCTH €€ OOHApY)KEHHUS HEMOJBIYKHO M HE MEHseTCs
co BpemeHeM (puc.5.18).

CTaioHapHOE COCTOSIHUE MHKPOYACTHIIEI MOKHO OIMCATh, HO €0 HEJb3s
HabOmronate. JIr000# mporece moaydyeHus HHGOPMAITUN O ICHCTBUTEILHOM CO-
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CTOSIHUM YacTHIBI HectaruoHapeH. OH NPOMCXOINUT NMPH B3aUMOJCHCTBUU C
YaCTHUIICH, IEPEBOAIIEM €€ B APYroe COCTOSTHIE.

Bw1800: 3Has SHEPTHIO YACTHUIIBI, MBI TepsieM HHPOPMALIHIO O €€ KOOpINHATE
BHYTPH MOTCHINAIBEHON MBI M MOKEM OIIPENIEIIUTh TONBKO BEPOSTHOCTH €€
oOHapy>XeHHsT B Pa3NUYHBIX Todkax (puc.5.18). HaoGopoT, mombpITaBIINCH
HAWTH TOYHOE MECTOIOJIOKEHHE YaCTHIIbI, MBI MOTepsieM HH(OPMALIUIO O ee
SHeprud. B COOTBETCTBUM € MPHHLMIIOM CyIepHo3uiuu (4.5) Takas gyacTuia
OyZieT ONUCHIBATHCS BOJIHOBOW (DYHKIMEH

bx) =2 by (%),

2
rac |C‘n| — BEPOATHOCTDH TOI'0, UYTO U3MEPECHHAA SHCPTH YaCTUILIbI OKAKETCA

paBHOH E,, . Tak paboTaeT IPUHIUII JOIOJIHUTEIbHOCTH.

3ameyanue: PacCTOSHHE MEXIY COCENHHMH Pa3peIICHHBIMH YPOBHIMH
suepruu (5.25)
232
h
AE = Eypy = By =2—{(n+1)" -n?)
2ma

242
nh
=—2(2n+l). (5.27)

2ma

0—25

Ecmun paccMaTpuBaTh MOJIEKYJIBI UACAJIBHOIO rada ¢ MaccaMu m ~1 KI' B

3aKpBITOM cocyne mupunsl a ~ 0,1 M, To paccrostaue AE ~ (2n +l)'10_21 sB

CTaHOBUTCA HACTOJIbKO MaJIbIM, YTO MOJICKYJIbI I'a3a MOXHO CUHUTATh KjIaCCUYC-
CKHMMMH YaCTULlaMU, SHCPTUA E KOTOPbIX MCHACTCS HCIPEPBIBHO.

Ho mnst snexTpoHOB C Maccoi m~9,1~10_31 Kr, "3amepTeix" B aTrome,

umetomem pasmep a ~ 10710 m |, nonyuaem us (5.27) AE ~ (2n+1)-10 5B Pas-

HOCTb MEXY IUCKPETHBIMU YPOBHSIMHM 3HEPIUU HACTOJIBKO BEIUKA, YTO aTOM
HEJIb3sl OUCHIBATH C IIOMOILBIO KIACCHUYECKUX 3aKOHOB.
U B npupoe NoTeHIHAaNBHbIX M C 6ECKOHEYHO BBICOKUMHU
Uglr==== — CTeHKaMH He cyimecTByeT. JIo0asi moTeHHuadbHAas siMa
HMeeT KOHEeYHYH TIiayOuHy. [IpuMmepsl Takux sM IpsMo-
YTOIBHOH (OpMBI N300paXKeHs! Ha puc.5.2 (Ut cBOOOIHOTO
r DJeKTpoHa B MeTauie) mwiu Ha puc.5.19 ( oms HeHTpoHa B
ATOMHOM sI7Ipe).
_ PaccmoTpuMm mocienHuil npuMep B Haubosee NMpPOCTOM
obnacte I cpyuae, cuuras, uTo HEHTPOH ¢ Maccoii m MMeeT HyJIeBO
MOMEHT HMMITyJIbCa, & €r0 MOTEHLHaNbHAs YHEPIUsl HEUTPOHA
“« BHYTpH siIpa paguyca R paBHa Hymo. [IpuoOperas sHEprHIO

E > U, , ueiiTpon BbIpbIBaeTCS U3 SIAPa U CTAHOBUTCS CBO-

Puc.5.19 G0HBIM (sIBJIEHKE, aHATOTHYHOE POTOIDEKTY).
VYpasuenue llpenunrepa (4.34) 3anumercs Kax
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A‘bl(”)“Lz_r;EﬂJl(’”):O mpu 0<r<R,
hz (5.28)
Albll(’)*h—’;(E—UoWH(V):O npu r>R.

Omneparop Jlammaca ans (GyHKOWM, 3aBHCAIIEH TOJIBKO OT PACCTOSIHUS 7, UMEET BUL

Aw(r) :riz%(rz %J . [epeiinem k HOBOI hyHKINH
b(r)=f(r)/r. (5.29)
df Jdr)— 2
Torza Amb:ii rzi[i 1 d(rz'r( If/dr)-f\_1d f’ -
r2dr dr\ r P2 drk 72 r dr?
2 2
(5.28) npumyT BHA d—§I+k2fl =0; d—fzn—a‘lzfu =0,
dr dr

e k? =2mE / n?, e?= 2m(Uy—E) / 7% . Pemenus nocneasux yPaBHEHHII OYeBH -

uet: f1(r)=Asin(kr)+Bcos(kr); fy(r)=Ce * +Fe*".
Ho mbr uuieM BosHOBbIE dyHKIUH (5.29), KOTOPBIE JODKHBL ObITh KOHEUHBIMHU [IPU

=0 unpu » — 0. [losromy mocrosuasie B=0, F =0, u KOHEYHbIE pEIIEHHUS
ypaBHeHHH (5.28) BHYTpH U BHE pa UMEIOT BHJ], COOTBETCTBEHHO,

lL’I(V):1‘1Sinrkr; "@II(F):C(W (5.30)
VcoBre HEMPEPHIBHOCTH BOJHOBOM (yHKIMM Ha rpaHune » = R maer:
Utl,_p =Vn|, - Asin(kR)/R=Ce ™R /R,
dvrl _dvn i A(chos(kR)—sin(kR)) C(—Ra?e_aeR—e_aeR) :
drl,_g  drl-g R2 = I

INomenus 1o YacTsAM HIDKHEE U3 MOTYyYCHHBIX YpaBHEHHH HA BEepXHee, H30aBiseMcs OT
HEWU3BECTHBIX MOCTOSHHBIX A ¥ C ¥ IPUXOANM K COOTHOLIEHHIO

ctg(kR):—% Wi tg(kR):—é:— UEE’ (5.31)
\ o

KOTOPOE BBIITOJHSIETCS TOJIBKO JJIS OTIEIBHBIX Pa3pEICHHBIX 3HAYCHHI SHEPTHH E.
I'pacduku neBoii u mpaBoii yacteit ypaBaenus (5.31) uzobpakens! Ha puc.5.20. Touku

TNEPECCUCHUA ITUX Fpaq)I/IKOB COOTBETCTBYIOT Pa3spC€lICHHBIM 3HAaYCHUIM En . ILJI}I qacTu-

LB, HAXOUILIEHCS B IOTeHIHANbHON sime, E < U, u mepemennas k R Ha oToM rpaduke
HE MOXET IPEBBIIATh MAaKCUMAaJIbHOIO 3HAUYCHUS (kR)max =R\/2mU, / 7. TIpu stom

3Hauenun £ —> U, n (—k/ 33) — —o0 . [To3TOMy YHMCIIO paspenieHHbIX 3HaueHunil £, Oy-
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JE€T KOHCYHBIM.
Bu1600: wactuna, HaXOASMIAACS B MOTCHIMAILHON SIME KOHEYHOM TITyOHUHBI,
BCErJla IMECT KOHEYHOE YHCIIO PAa3pPCIICHHBIX 3HAYCHUH SHEPTHU.
f=tg(kR) BosHukaer eme OguH JFOOOMBITHBINA 3¢-
(exT, He MMEIOMMK aHajora B KJIACCHYECKOU
¢usuke. M3 pumc.5.20 BumHO, UTO MpH

kR <m/2,T.e mpu U, < n’h?/(8mR?
max 0

HE CYLIECTBYET HM OJHOM TOUYKU IIEpECEUEHHS
rpadgukoB. PasperieHHbIX ypOBHEll 3Hepruu
HET, U 4acTULa HE MOXET HAXOAUThCSA B I10-

TEHIHAJIbHOH  sMe! U=mgh
Puc.5.20 [pencrassre  cebe | m /
KJaccuyeckyro vactuiy (puc.5.21), koropast HE Mo- 4
JKET TOKOHUTHCS B siME (IIyCTh Jake MEIKOW) U 00s1- = —R

3aHa BBIIPBITHYTH U3 HEe. Puc.5.21
KBanToBast TeOpus TOIMYCKaeT OTCYTCTBHE CBA3aHHBIX COCTOSHHH, T.e. He-
BO3MOKHOCTb CYILECTBOBAHMS MHKPOYACTHLBI B IOTEHIUATIBHOH sSIMe.

4. KBaHTOBbBIIi TADMOHMYECKHIA OCHUILISITOP

0000
000

X IIpumepom Tako# cuCTeMBI OyIeT MOH KPUCTAI-
000 mmm@ mmam@mé JIMYECKOW PEILETKU TBEPAOIO Teja, COBEPILAIOIINNA
TeroBble Konebanus (puc.5.22). Ho cBoiicTBamu
TaAPMOHUYECKOTO OCIHJUIATOpa 00JIamaeT TaKkxKe JIFo-
W?Qmmm@mmmm@m 6asi MEUKpOYACTHIIA, COBEPIIAIOIIAs MaJIble KoJ1eda-
HHUSI BO3JIC IIOJIOKCHHSA PABHOBECUA B IMOTCHIUAIIb-

2000000000
2000000000
QO.QQQQQ

Puc.5.22 HOI1 siMe TPOM3BOJIBHOM (hopMBI (puc.5.23).
U(x) JIeHCTBUTENBHO, COBMECTHM Ha4ajao KOOPJAMHAT C
TOYKOW MHHHUMyMa MOTEHLIUAJIbHOW KPHBOH (TOTEHIH-
m AIBHYIO SHEPIUI0 MOKHO M3MEHHTH Ha NMOCTOSTHHYIO Be-
X JIM4uHY, 4T0oOBI BbINONHsUIOCH ycioBue U(0)=0). Pa3-
0 JIOXHM TIpou3BoNbHYI0 (yHkuuio U(x) B psn Toiinopa
Puc.5.23 BOIM3K TOUKH X =0
dUu 1 d U
U@ =U@O)+—~ -x+ X
dx x=0 2'dx
=0 x=0
=0

W3 ycnoBus MUHIMYyMa (d U/ dx)|x70 = 0. OrpaHu4MBasCh ISl MaJIbIX KoseOaHuii
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HEpPBBIM HENCUE3AIOMIMM cllaraeMbIM U 0bo3Havas K = (d u / dx? ) , IOJTy4aeM

x=0
HOTCHHI/I&HBHY}O 3H€prI/IIO T apMOHI/IquKOFO OCHI/I.TU'[HTOpa C ‘laCTOTOﬁ w= K/ m .
Ux)=Kx2/2. (5.32)

PaccMoTpuM 0fHOMEpPHBI rapMOHUYECKUH OCUMILISTOP MACChI 711, COBEPILIAIOILINI
KoJiebaHust B1oJb ocH x. Y pasHenue Llpenunrepa (4.35) ai1s HEro mpuMeT Buj

2 2.2
ﬁﬂ_’”{g_”“” x }p_o. (5.33)

d> 2
3ameHoii nepemenHol & = ( mco/ h ) X TPEBpaIacM €ro B ypaBHCHUE
d* 2E
—lzb—ézlb-i-oubzo,rne o= (5.34)
dg ho

2
Peutenve ypasnenus (5.34) umiem B BuIe lb(é) =¢ s / 2]‘(&) . Iocne mozxcTanoBky 1

BBIYUCIICHUS TIPOU3BOJAHBIX MPUXOIHUM K I[I/I(i)d)epeHHI/IaJ'ILHOMy YpaBHEHUIO JIJI1 HEU3BECT-

Hoi pynkumn f(€) :

af . df
— 2= -1)f=0. .
e §d§+(a )f=0 (5.35)
Ipencrasum pyrximio [ (€) B Buze psina
1(e)= X 448", (536)
k=0

YTO TIOCIIE MOACTAHOBKY B (5.35) maer
> Agk(k-1)e2 23 A ke +(a-1)3 4,88 =0.
k=2 k=0 k=0
CoBepinast B IEPBOii CyMMe 3TOr0 BBIPAKEHHUS CIBUT MHIEKCA CyMMmupoBanus kK —> k+2 |

MPUBOJIAM €T0 K BUIY
o0

3 [ Apan (k+2)(k+1) =24,k +(a-1) 4 |F =0.

k=0
Bce coMHOXuTENN NPU JIMHEHHO HE3ABHCUMBIX (BYHKIIIX ?‘;k , BBIJICJICHHbBIC KBaJPATHbI-
MU CKOOKaMH, JOJDKHBI o0paIiaThcst B Hyilb. ITomydaeM peKyppeHTHOE COOTHOLICHHE JUIS
OIPE/ICNICHUs] HEM3BECTHBIX KOd(QHIMEeHTOB A

2k—a+1
(k+2)(k+1)

Api2 Ay (5.37)
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2
IIpu k — 00 3710 COOTHOLIEHNE NPUMET BUL Ao = ;A i - Ho 910 k0o puImenTs! pas-

2 o0
NoKenus B psin GyHKimn (ﬁ) =5 = > §2k / k!. ®ynkuus £, a BMecTe ¢ Hell v pyHK-
k=0
st b Gyner GeckoHewHo Bo3pacTath mpu & — 00w X — oo . Ho 310 dusuyecku 6ec-

CMBICTIEHHO. [IIOTHOCTE BEpOSITHOCTH OOHAPY>KEHHs! OCLIULIATOPA |1b|2 HE MOXET CTaTh
OGeCKOHEUHO! IpH X —> o0 .

[oatomy psin (5.36) 00s13aTeNBHO TOKEH OBITH 0OOPBAH: IPXU HEKOTOPOM IIEIOM YHCIIe
k = n aucnurens cootHomenus (5.37) oOparuaercs B HyJlb:

2n—o+1=0. (5.38)

Torza psin (5.36) comeput KOHeUHOe Yncio cnaraeMbix, 1 P(E) — 0 mpu & — 0.

O0s3arensHOe yenosue (5.38) ompenernsier pa3pelleHHbIe 3HaYeHUs SHepru £, KoTopble
JIETKO MOy YHTb, OZICTaBIss Benmunny o = 2E/(ho) .

PazpeluieHHbIC 3HAYEHNS SHEPTUU OJTHOMEPHOTO U
KBaHTOBOI'O TAPMOHUYECKOTO OCIHILIATOpA m [ E,
1 Y 2w /
E, =ho| n+—|, n=0123 .| (539) Es
ol
SKBUIICTAHTHBI (pUC.5.24), T.e. HAXOIATCS Ha OAWHA- C‘f E/ o X
— 7Z =0 =
KoBOM paccrostanu AE =E, | —E, =ho 1pyr or 0
npyra. IToatoMy mpu mepexojie U3 OJHOTO pa3pelieH- Puc.5.24
HOTO COCTOSIHHSL B JIPYTO€ OCLMJUISATOpP MOXKET HCITYC-
KaTb OSHEPIUI0 TOJBKO OTACIBHBIMH  KBaHTaMH-(DOTOHAMH C  SHEPrHeH
Eporona = Epr —E, = =(n'-n)ho . Haumenbiuas sHeprust uCIycKaeMbix ¢o-
TOHOB paBHa /i®, TAe ® — COOCTBEHHAsI YacTOTa KONEOaHHI OCIMILIITOPA.

Tem caMbIM MBI 00BSICHIIH TUIIOTE3Y [ L1aHKa — (DOTOHBI TEIUIOBOTO M3TYyUYCHHUS C
KpaTHbBIMU 4aCTOTaMH MOI'YT HUCITyCKaTbCA KOJ'IC6J'IIOLHI/IMI/ICH HOHaMU KpUCTaAJIIINYC-
ckoit pemietku. Ho nomydenHsiit pe3ynsrat (5.39) no3BosisieT cienars erie OJuH BbI-
BOJI.

YacTwis! K1accrdeckoro raza npu temmeparype 7 = 0 K 1omkHbI HaXomuTses B
nokoe. KBaHTOBast TeopHs 3TO 3alpelaeT — Helb3s OJHOBPEMEHHO MOIy4YHTh U
KOOPIMHATY TIOKOSIIIEHCS YaCTUIIBI M €€ OMpPEIe/ICHHBIN (HyJIeBOMH) UMITyIibe. [1o-
3TOMY BCE TPOLIECCHI IIPU HU3KUX TeMIIepaTypax ONMCHIBAIOTCS He KJIACCHYECKOM,
a kBaHTOBOM Teopuel. Ecmu oxmagute metawt o 7 =0 K, koneGanust atToMoB B
HeM He mpekpatsaTcs. OIHOMEPHBIH OCIUIATOp OyIeT Mpu 3TOM HMETh MUHH-
MaslbHY0 SHepruto E, = 7iy/2 (puc.5.24) u yMEHBILHUTE 3Ty SHEPTUIO HE MOYKET.
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3ameuanue: BOMHOBBIE (YHKIMH KBAaHTOBOI'O TapPMOHHYECKOTO OCLMILUIATOPA
UMEIOT JOCTaTOYHO CIOXKHBIN B, OHH BBIPAXKAIOTCS Yepe3 ClieUaibHbIe QYHKIA
— IOJIMHOMBI DPMHTA, KOTOPbIE SBJISIFOTCS PelieHHeM Tu(hepeHIHaTBLHOTO ypaBHe-
Hus (5.34). Hanbosee mpocTo 3amvcaTh BOTHOBBIE (BYHKIMH OCIFULIATOpA VTS HU3-
IIMX Pa3peleHHbIX 3HaUYeHUH SHEePTHH:

2
Po(x)=4 m—;:e_m o’ 20 (B cOCTOAHMM ¢ HU3LIEH dHEpruel ),
T
(5.40)

3
4dm> o _ 2 .
X)=4—— xe MO [2n B COCTOSIHHH C 3Heprueit £,) M T.IL.
1 h3 p 1
T

ITpoBepsTe 310 MOACTAHOBKOH AaHHBIX (pyHKIWMII B ypaBHenue Llpenunrepa (5.33).
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KBaHTOBOMEXaHHYECKHE ONIEPATOPBI
1. KBanTOBaHUe JTUHAMUYECKHUX NePeMEeHHbIX

B npenpinymeit rnaBe OBIIO IMOKa3aHO, Kak C IOMOINBIO YpaBHEHUS
IlIpenunrepa HailTu paspelieHHble 3HadeHus sHepruu E. Ho B kBaHTOBOH
TeOpun HEOOXOAMMO OIpPENENsTh pa3pelieHHbIe 3HA4YeHUs JII000# apyroi
(u3nueckoil BennunHbl f. Pemaercst Takast 3aada JOCTaTOYHO MPOCTO.

Jro0yro MaTeMaTHYECKYIO OTEpaIHio, IePEeBOIAIIYI0 oqHy GyHKunuio ¥ B

IpyTyio (QYHKIHIO T , 0003HAYAIOT IEHCTBHEM OIIepaTopa A (BCe omepaTopsI
Oynem 0003HauaTh 3HAYKOM " A "):
AV =0,

OmnepaTop MOKeT 0003Ha4aTh MPOCTO YMHOKeHue GpyHKIHu V¥ Ha Kakoe-To
gucno win GyHkuuio. Hampumep, ecnu pyrkinus U sBusercs QyHKOuEH Ko-
OpIUHAT, TO JCHCTBHE OIepaTopa KOOPAHHATEL X O3HAYAeT yMHOXKCHHE (yHK-
IIUM Ha COOTBETCTBYIOIIYIO KOOPIUHATY:

xUFEH=xV(#,1), yUFED=yV(F,), 2VFEH=zP(F,1) . (6.1)

Omneparop Mo)KeT 0003Ha4YaTh BHIYMCICHUE TPOU3BOJAHON MJIM MHTErpa-
na ot ¢pyukuuu . Takue omepaTopbl Ha3bBalOT AUG(GEPCHIMATBHBIMU WA
UHTErpajgbHbIMU. [IprMepom nmuddepennuansHoro oneparopa OyIaer oneparop
BBIYHCIIEHHS I'PaJIUCHTa:

grad U = fi+ji+l€i Y=VU.
ox "~ Oy Oz
Ecnu npu neiictBum onepaTopa Ha (GyHKIUIO HOIYYUM Ty XKe caMylo (yHK-

IMI0, YMHOXKCHHYIO Ha MOCTOSIHHOE YHCIIO!
AV, =AY, (6.2)
TO TaKoe Yucio A Ha3bIBalOT COOCTBEHHBIM 3HAaYEHHEM oreparopa A, a coot-

BeTcTBytouyto pynkunio ¥, — cobcTBeHHOM (yHKIMEH oneparopa A .

3ameTnM, 4TO AJIsl BOJHOBOW (pyHKIMHM CBOOOAHOW yactuusl (4.16) Bbimoi-
HSIIOTCS CIETYIOIUE COOTHOLICHUS:

i

Et-p,.x
ih@:E\I/ u —ih@:px‘l',me U=Ae h( )
ot ox
. n ., 0
JuddepenimanbHbIi onepaTop Dy =1 ha— (6.3)
X

HAa3bIBAOT OIIEPATOPOM HNPOCKINU UMITYJIbCA HA OCb X.
I OmnepaTop UMIyJIbca B KBAHTOBOM MEXaHUKE UMECT BUI
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p:ipx—"jpy"‘_kpz:_ihV, (64)
€ro coOCTBEHHBIMU (pyHKUIMSIMH OyIyT BOJHOBBIE (QyHKIMH (4.17).

B pendaruBUCTCKOM KBAaHTOBOM TEOpUHU, A€ INOTCHLUUAIbHYIO SHEPIUIO

B3aUMOJEHCTBUS YaCTHI[ APYT C IPYTrOM OINPENeSUTh Hellb3sl (MHAauYe KOHCepBa-

TUBHBIE CHIBl F =—-VU MrHOBEHHO TNepenaloT B3aWMOJICHCTBHE Ha JFOOBIC
paccTosiHMs), U TZie “BpeMEHHasi” 0Ch ¢! TPOCTpaHCTBA MHUHKOBCKOT'O KBHBA-

A .0
JICHTHA KOOPJMHATHBIM OCSIM X, ¥ U z, omepatop FE :lha— SIBIISICTCS. KOM-
t

MTOHEHTO!N OIlepPaTopa SHEPrUU-UMIYIbca CBOOOIHONW PEISATHBHCTCKOW MUKPO-
YaCTHILIbL:

E ) (.0 ..o

—,p |=|ih—/,—ihV |. (6.5)
c Oct

B HepenaTUBUCTCKON TEOpUM OCh BpEMEHU BblAeleHa. M3 Kypca MeXaHUKHU

M3BECTHO, YTO JIIOOYI0 THHAMHUYECKYIO TIEPEMEHHYIO f, OIMHMCHIBAIOIIYIO CUCTE-
My, MOXXHO BBIPa3UTh 4epe3 KOOPAMHATHI M MMITYJIECHl YaCTHUIl, 00Pa3yIOIIHX
3Ty cuctemy. [1o3TOMy oneparopsl IeHCTBYIOT B KOOPAUHATHOM MPOCTPAHCTBE,
WX MOXHO BBIpa3UTh 4epe3 KOOpPAUHATBl X, y, Z W 4Yepe3 MPOU3BOJHBIE IO

3THM KoopanHaTaM. lIponenypa KBaHTOBaHHUS 3aKIIOYAETCS B CICAYIONIEM:
1. Hapmo 3ammcaTh B sSIBHOM BHJE BBIpOXEHHE IEPEMEHHOW [ uepe3

KOOPAWHATHI 1 UMITYJIbCHI: f(x, V.2, Px> Py Dz ) .

2. 3areMm clieyeT 3aMEHHUTh B 3TOM BBIPYKCHHH BCE KOOPAUHATHI M UMITYJTh-
CBI Ha COOTBETCTBYIOMIHE oriepaTopsl (6.1) u (6.3). [Tomygaem onepartop f :

- A a A A 0 0 0

=X, 9,2 Drs Do =flxy,z—ih—,—ih—,—ih—|. 6.6
f f( Y223 Dy Py pz) flxy P > P (6.6)
3. Hakonen, Hazo 3anucaTh ypaBHeHHE (6.2) 118 onpeaereHns COOCTBEH-

HBIX (QYHKITI 1 COOCTBEHHBIX 3HAYCHHUH orepaTopa f :
S (F0) = [, (F D). (6.7)

Tak kak orneparop f BKJIIOYAET oreparopbl qudpepeHnpoBaHus, TO ypaB-
Henue (6.6) Oymer muddepeHInaNIEHEIM YpaBHEHUEM, U IJISI €T0 pEeIICHUS
HaJI0 ONpPEeeIATh 'PAaHUYHbIC YCIOBHS.

Bce cobOctBennbie 3HaueHus f 3amauu (6.7) oOpa3yroT Bech HaOOp paspe-
LICHHBIX 3HaYeHUI nepeMeHHoi f. COOTBETCTBYIOIHME COOCTBEHHbIE (DYHKIMU
VU, ONHUCBHIBAIOT COCTOSHUE CUCTEMBI C ONPE/IETEHHBIM Pa3PEIICHHBIM 3HaYe-
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HHeM riepeMeHHOH f . CHeKTp pa3peuieHHbIX 3HAYCHUH f MOXKET HOJIyIHUTHCS

KaK HeTIPEePbIBHBIM (ECITH IBIKCHUE HH()DUHAUTHO), TaK M AUCKPETHBIM.

Ipumep: oneparop MOJHOH SHEPTUH MUKPOYACTHIIBI B COOTBETCTBHH C
dopmymoii (4.24) uMmeeT CIeAYIOMIUN BU:

RS (ihﬁ)z n
E=L tuF)=——L UF) = A+U®F). (6.8)
2m m 2m

A

DTOT OmepaTrop TaKKE HA3BIBAIOT OMEPaTopoM laMunbroHa H  CHCTEMEI
(H - E)

B crammonapHoM cirydae, Korja SHeprus E dacTHIbI MOXKET OBITH orpeie-
2

JieHa, ypaBHeHHe (6.7) 3amumeTcs B BUIC Ewb(?) = —2—Amb +U = E{ nm
m

A¢+1—T(E—U)¢:0. (6.8")

[Momyunnu m3BecTHOE cranmoHapHoe ypaBHenue llpenunrepa (4.34). Ero pe-
[IEHWE JAeT CIEKTP pa3pelieHHbIX 3HaUeHUI 3Hepruu E.

3ameuanue: B KJIaCCHYECKOW MEXaHHMKE, BhIpakas JTUHAMHYCCKYIO MEPEMECHHYIO f
YEPE3 KOOpAUHATHI U UMITYJIbChI, Mbl HE o6paman1/1 BHUMaHUA Ha UX PACHOJIOKEHUEC, TaK

KaK IpousBe/ieHue (QyHKIUH KOMMYTaTUBHO: X P, = P, X . OTO HeBepHO 1 qudde-

peHLuanbHbIX onepaTopos. Hanpuwmep,

ov 0 ov
xp,V=—ihx—#p xVU=-ih—(xV)=—iAV—-ihx—.
Px ox Px 8x( ) ox

ToBopsr, uto Ba onepatopa f W ¢ KOMMYTHUPYIOT, ECIM HX MOYHO IEPECTABHTE

MeCTaMH: f gU=¢ j} U ¥ He KOMMYTHDPYIOT, €CJIH J} gV =g J} U . B aToMm ciyyae

sBoast oneparop C = f g— & [, HasbiBaeMmblii KoMMyTaTopom onepatopos f u & .
He KOMMYTHPYIOT ONIEpaTopbl X U P, , & KOMMYTHPYIOT, KaK JIETKO IIPOBEPHTB, OMEpa-
TOpBI X U ﬁy Wi Y u p, (Wi ABYX MOCIEHUX [ap OEPATOPOB KOMMYTATOD PaBeH

HyJ'IIO) B YaCTHOCTHU, KOMMYTATOP OIIEPATOPOB MOXKET OKa3aThbCsA YMUCIIOM, KaK BUIHO U3
MPUBEACHHOI'O BBIIIEC ITpUMEpaA:
Xpo—pk=ih.
Tenepb MOJKHO CKa3aTb, i1 KaKUX BCJIWYUH CICAYET NPUMEHATH NPUHIUIIBI HEOII-
PEACICHHOCTHU U NOIOJIHUTCIIbHOCTHU.
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A

Ecnu oneparopsl f ¥ g (DU3MUECKUX NMEPEMEHHBIX HE KOMMYTHPYIOT, TO 3TH Tie-

peMeHHbIe OyIyT CONpPSHKCHHBIMH, UX HEBO3MOXHO TOYHO W3MEPHTh OJHOBPEMEHHO, U

Juréwar|.

X 1
JUIsL HUX BBIIIOJIHSETCS COOTHOLICHUE HeomnpexesenHocreir Af -Ag > E

A

Ecnu e onepatopsl f ¥ € KOMMYTHpPYIOT, TO BEJMYHMHBI f U g MOYKHO ONPEACTUTE U

HU3MEPUTH OJHOBPEMEHHO.

2. CBsi3b ypPaBHEHHM I KBAHTOBOI U KjIaccuyeckoil GU3UKU

Bce ¢usnueckne cucremsl COCTOSAT W3 MUKPOYACTHI] — aTOMOB, MOJIEKYJ,
JIEKTPOHOB U T.II. [I03TOMY OHM NOAYMHSIOTCS KBaHTOBBIM 3akoHaM. OIHAKO
O4YCHb MHOTHE (PM3MUYECKUE SBICHUS MOXHO ONMCATh 3aKOHAMH KIIACCHYECKOM
(PM3UKH U TOJyYUTh OYEHb XOPOIIEE COOTBETCTBHE C OMBITOM. J[Is omucaHus
TPaeKTOPUH KaMHs, OPOILIEHHOTO B MOJI€ CHIIBI TSXKECTH 3€MIIH, WK JIEKTPOHA,
BBUICTEBILETO M3 3JIEKTPOHHO-TY4eBOH TPYOKM KHHECKOIa, MOXKHO OOOHTHCH
YPaBHEHUSIMU KJIACCUYECKOW (U3MKH.

Bb1600: Ipy HEKOTOPBIX YCIOBHUAX KBAHTOBAs TEOPHUS IOJDKHA JIaBaTh TE XKe
Ppe3yIbTaThl, 4TO M KJlacCHUYecKasl. Y paBHEHHUS] KBAHTOBOW TEOpUH OyayT 1ie-
PEXOJUTh B ypaBHEHUSI KJIACCHUECKOM (DU3UKH.

BersicHuM 31U ycnoBusi.

JI1st 3TOTO ydTEM, UTO NMPEATIOKEHHAs BBILIE NPOIeAypa KBAaHTOBAHUS IOKa-

3bIBAE€T COOTBETCTBHE MEXK/IY YPaBHEHHSIMH KIACCHUECKON U KBAHTOBOH (pU3HKH:

BCC KIIACCUYCCKUC COOTHOLICHUA MEKAY AUHAMUYCCKUMHU MCPEMCHHBIMU CJIC-
AYCT 3aMCHUTHb Ha aHAJIOTUYHBIC COOTHOLICHUA MECKIY UX OIIEPpATOPaAMMU.

Ipumep: MMITYyIIbC KITACCHIECKON YaCTUIBI p =m0 = m(d Fld t) . B xBan-

TOBO#l Teopun p =md . TeM caMbIM ONPEIENIAETCS OMEPaTOP CKOPOCTH MHUK-

dr _1s_ e L (6.9)

poyacTuipl: 0 =——=
dt m m m o0x

VYpaBHeHHE JBMXEHHUS KIacCH4ecKo uyacTuiel (BTOpod 3akoH HbroTOHA)
3aMMILIETCS B ONIEPATOPHOM BHJIE

‘jl—’t’ —Fo—gndU(F)  wm  mi=-VUEF). (6.10)

3ameuanue. B onepatopusie ypaBHeHus (6.9) — (6.10) BXOAAT onepaTopsl Mpou3-
BOJHBIX 110 BpeMeHH 0T BeimuuH f . Takue onepaTopsl B KBAHTOBOI MEXaHHKE OIIpe-

NIEIISIOTCS Yepe3 KoMMyTatop orepatopa f u oneparopa lamunsrona H (omeparopa
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nonHo# sHepruu (6.8)). Ecin nunamudeckast nepemeHnas | (x, Y>2,Px>Py> D ) 3a-

BUCUT TOJILKO OT KOOPJIUHAT U UMITYJIbCOB U HE 3aBUCHUT SIBHO OT BpEMCHU t , TO oInepa-
TOp €€ MPOU3BOJHOM 10 BPEMEHH UMEET BHI
A
d Pifnn oA a
_f:__(fH_Hf).
dt h

UroObl HalTH M3MEpsSEMBblEe Ha OINbBITE pa3pelIeHHbIE 3HAYCHUSI CKOPOCTH
WIA YCKOPEHUS] MUKPOYACTHIIBI, HAJIO0 MOJCHCTBOBATh OIEPATOPHBIMU YpaBHE-
HusMHE (6.9) — (6.10) Ha BomHOBYIO (yHKIMIO. HO WacTHIa MOKET HaXOAUTHCS
B COCTOSIHMHM C TaKoW BONHOBOHU (yHKumedt W, kotopas He OyneT coOCTBEHHOM
(hyHKIHEH onepaTopHOTO ypaBHeHus. Hanpumep,

0,9 =—(in/m)-(0¥/0x) =0, ¥,
rle v, — ONpPEACICHHOE YUCII0, 3HAaUCHUE MPOSKIMU CKOPOCTH. B aTOM ciydae
CKOPOCTb ¥, YacTHUIbl HE ompezeneHa. Ha ombiTe ¢ pa3sHON BEPOATHOCTHIO MO-
ryT OBITh U3MEPEHbI pa3Hble 3Ha4YeHHs 0, . B Kimaccudeckoil xe Teopuu Beiu-

YUHA KaXI0H IMHAMUYECKOW MEPEMEHHOM, ONUCHIBAIOIICH IBUKEHHE YacTH-
I[BI, MOXKET OBITH OTIpeieTIcHa B KaXKIbIi MOMEHT BPEMCHU.
Bv1600: pe3ynbTaThl KBAaHTOBOI TEOPHH HEPEHIyT B pe3yIbTaThl KIaccHie-
CKOW TEOpHH, €CIIM HEONPENEeICHHOCThIO JMHAMUYECKON MEPEeMEHHOM f, BbI-
yrcnsieMoit o gopmyie (4.12), MokHO TpeHeOpeds 0 CPaBHEHHIO C BENH-

YHHOM STOW epeMEHHOM: |Af | < | f | .
Bynem cuntarh, 4TO MUKpOYACTHUIIA COBEPIIAET OJHOMEPHOE IBHIKECHUE BO
BHEIUHEM TI0JI¢, U ¢¢ IOTCHIHAIbHAS S9HeprHs B 5ToM nosie pasHa U (x) . CBsisb

(4.24) no3BomsieT HAUTH UMITYJIbC p(x) =,[2m (E - U(x)) .

—2m(0U/0x)-dx

Orcrona dp:#:_z_m(a_l]}dx
2m(E-U) p \ox

3amenum nuddepennnanst B popmyiie (6.11) Ha HeonpeneIeHHOCTH, KOTOPbIE

OYEHb MaJlbl, IOCKOJIbKY CBSI3aHbI COOTHOLICHHEM (4.13) ¢ OYeHb Manoil KOH-
cTaHToil f1: Ax~h/2Ap :

Ap ~ _2_m[8_Uj_h WU (Ap)2 ~ m_h (a_UJ .
p \ Ox J2Ap p \Ox

HCOHpe,HCJ'IeHHOCTL Ap MOXXHO HC Y4YUTBIBATh, €CJIM OHAa OYCHb MaJjia IO CpaB-

6.11)

HEHUIO C BEITMYUHOMN HMITYJIbCA:
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oU
(Ap)2 < p?, OTKyza pP>mh i (6.12)
X

Cootnomernne (6.12) u Oyzer ycaoBHeM MPUMEHHMOCTH YPaBHEHUH KJiac-
CHUEeCKOi (M3HKHU: CHCTEMY MOXXHO ONKCBHIBATH C MOMOIUIBIO 3aKOHOB KJIACCH-
4yeckor (pu3uky, ecnu ee UMITYJIbC JOCTaTOYHO BelMK. Kak mpaBuiio, 3To ycio-
BUE BBIMIOJIHEHO TSI MAKPOCKOITHMUECKUX TeJ ¢ OOJIBIIOH Maccoil, KOTOpPhIC 5B-
JISTIOTCSI KJIACCHYEeCKUMU 00bekTaMu. Ho KITacCHUeCKUME YPaBHEHUSAMH MOYXKHO
OMHCATh U MUKPOYACTHILY, ABIKYIIYIOCS B JOCTATOYHO IDTABHO MEHSIOIIMXCS
MOJISIX.

Bakyym |+ metani Ilpumep: >NEKTPOH, ABIKYIIUICI B BaKyyMe,
// B TOJE 3apsHKeHHOro meramwia (puc.6.1) MoxHO
cuuTaTh Kiaccuyeckod yactuued. Ho Ha rpanune

+
/// i’ X 7 MeTaJjia ero SHEPTHs MEHSETCS PE3KO, |6 U/o x| —

= +
B ///// BenmKko. BHyTpH Meramia yenosue (6.12) Taoke He

BBIMOJTHSCTCS, TAK KAaK HA JJICKTPOH IEHCTBYIOT
Puc.6.1 orpomuble cuibl Fy, =—0U/0x ¢o CTOpOHBI ApY-

THX 3JISKTPOHOB U MOHOB PEIIEeTKH. J[BU)KEHHUE AIIEKTPOHA B METaJlJIe OAYNHSET-
sl KBAaHTOBBIM 3aKOHAM.

VYcnosue (6.12) ymoBneTBopsieT MPUBEICHHOMY B TJIaBe 3 MPHHIUITY COOT-
BETCTBHSI.

3. KBaHTOBaHNEe MOMEHTA HMITYJIbCA

Oneparop MOMEHTa UMIYJIbCa YacTHIBI (pUC.6.2) JIETKO ONpPENeUTh C TOo-
MOIIBIO TIPOLIEYPHI KBAHTOBAHUS (6.6):

L 5 i J ok
"':‘:_—{_) o Z:[?,ﬁJ: x y oz =ff, ] lg
_—F by by b
Puc.6.2

TA€ onepaTophl NPOCKIIMU MOMEHTA UMITYJIbCa HA OCH X, ), Z

L =ih zi—ya , ﬁy—lh(xi—zgj izzih yi—xg . (6.13)
oy oz 0z Ox ox oy
Brraucss nponu3BOAHEIE, JIETKO MMPOBEPHUTH, YTO 3TH OIEPATOPHI HE KOMMY-

THPYIOT MEXAY co00ii: ]:x ]:y NS Zy ix U u t.0. [Toatomy

OOAHOBPEMCHHO HECJIb3d OHNPCACIUTL WKW U3MCPUTHL HNPOCKIHWU MOMCHTA HM-
ITyJibCa Ha BCC TP OCHU KOOpAUHAT. I/I3Mep1/m) MOJKHO TOJIBKO OJHY U3 HUX.
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X=rcos¥sing B kauecTBe BBIZIETIEHHON OCH BBIOMPAIOT OCh Z U JIS
' Y=I'sin¥sinf ynoOcTBa BBIYHCIEHHHA NEPEXOIST K CHEepHIecKuM Ko-

FA NN
RS }=I‘cos€ opauHaraMm (puc.6.3). B aTux KoopauHaTax
L, —inl | (6.14)
o9

Haiinem pasperieHHble 3HaueHus: L_, pemas 3a1ady
(6.7):

Eoot -2 o).
de
Pa3znensiss nepeMeHHbIE U HHTETPUPYS, TOTYUIUM
IﬂziLz Jd(p u lnﬂ):iLz ¢o+InA,
booh h
rae In A — mocTosiHHAss MHTErpUpoBanus. Toraa
b(e)=de . (6.15)

I'paHngHBIM yCIIOBHEM B JAaHHOH 3amave OyAeT YCIIOBHE MEPUOIMYHOCTH.
[Tpu noBOpOTE BOKPYT OCH z Ha Yyrod 27 BOJHOBas (GYHKIHS HE JOJDKHA M3Me-

Hutbest: | (@+27) =\ (¢) . B atoM ciyuae u3 hopmyasi (6.15) cnenyer
ol=2m/h cos(2nL, /h)+isin(2nL, /h)=1.
L =1 ] L =0 ]
Otcrona 2n L, / h=2nm , Toe m — uenoe gucio. HaiieH criekTp pa3perneHHbIX

3HAYEHUI HpOGKHI/II/I MOMECHTA I/IMHyJIbca qaCTULbI HA BBII[GJISHHyIO OChb Z:
L. =hm, e m=0,+1,+2,.]. (6.16)

ITocrostHHy10 4 B BRIpaskeHHH (6.15) HaX0AUM U3 YCIOBUS HOPMUPOBKU

2n 2m
“w|2 d(P=|A|2 Jd(P=27t|A|2 =1, orkyma A:e"(‘/\/ﬂ’
0 0

IJie O, — HECYILECTBEHHBIN (ha30BbIli MHOXXHUTENb, KOTOPBII OOBIYHO IPHPaBHU-
BatoT Hymo. CoOCTBeHHBIE BOJIHOBBIE (YHKIMH oreparopa L., COOTBETCT-
BYIOIIME pa3pelIeHHbIM 3HaueHUsIM (6.16), IMEIOT BUA
im
b (@ =e'"/\2m . (6.17)

IToMuMO npoexnyu MOMEHTA UMILYJIbCA HA BBIICIECHHYIO OCh, MOXHO OIIpe-
JIENMUTh W KBaApaT MOMEHTa wuMiyiasca. Omepatop 5TOW BETHYUHBI

[?>=L §+ L f,+ L § B c(epUIEeCKUX KOOPIUHATAX 3aIUIICTCS KaK
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2 2
L2=—n? o 5 +ctg6i+—12 i 3
09 00 sin“0 0¢

Jlerxo BUACTH, YTO KAXKA0C M3 CJIaracMbIX, BXOASAIINUX B 3TO BbIPAKECHUE, MOK-

(6.18)

HO IIEPECTaBUTh MECTAMH C YAaCTHOH npou3sBoaHoil (0/0¢) . Ilostomy omepa-

TOpHI (6.14) 1 (6.18) KOMMYTHPYIOT U

OJTHOBPEMEHHO MOXKHO OIPENENUTh BEIMYMHY MOMEHTa MMITyibca L (Wiu ee

KBajpar 2 ) ¥ OJIHY U3 ero NpOeKLHH, HapuMep, NPOeKLUUio L. .

JuddepenunansHoe ypaBHenue (6.7) Ui HAX0XKAESHUS pa3pelIeHHBIX 3Ha-
yennit 1>
A o* o 1 &
L 21b(9,(p) = —hz —2+ctg9—+—2 —2
09 00 sin“0 0¢

HMEET pEeIICHHE B BHIC CHEHHAIBHBIX chepuuecknx (QyHKImi ﬂ)(e,(p):

V(0,9) = L*0(0,¢)

=" (6,9), KOTOpbIC NPUBOAITCS B MATEMATHYECKHX CIPABOYHUKAX H 3aBUCST
OT JBYX LenbIX uuceln / u m. Takue GpyHKIMU OyyT COOCTBEHHBIMU (DYHKLIMSIMHU
U oriepaTopa ?.n oneparopa L, :

Y™ (0,0) =12 1(1+1)1" (0,0); L. Y (6,0)=ham ¥"(6,0),  (6.19)
I7ie 1e0e yuciao / Ha3bIBaeTcs OpOUTAILHBIM KBAaHTOBBIM YHMCIOM M MOXET
npuHuMarts 3Hadenus / =0, 1, 2,3,... Kak BugHO U3 nepBoro ypasaenus (6.19),

BEJINYMHA MOMEHTA HMITyJIbCa JIF000H MHUKPOYACTHUIBI MOXET OBITh paBHa
TOJIBKO OTACJIBHBIM PA3pCHICHHBIM 3HAYCHUAM

L=nJI(1+1)]. (6.20)

[enoe 4nCiio m HA3BIBAIOT MATHUTHBIM KBAHTOBBIM YKCIOM. Takoe Ha3Ba-
HHE 3TO KBAHTOBOE YHCJIO MOJYYWJIO MO TOW MPUYUHE, YTO BBIJCICHHOE HAa-
MpaBJieHHE OCH z OOBIYHO 33JaeTCsl HAllPaBJICHHEM BHEIIHEr0 MarHUTHOTO TO-
Js1, NEWCTBYIOIIEr0 Ha 3apsHKCHHbIE YaCTUIBI B PEAbHBIX MHKPOCHUCTEMAax
(aToMax " T.IL.).

VYurem, uto L gﬁ ? (poexuys BEKTOpa He MOKET MPEBBIIIATh AJTHHBI BEK-

Topa), OTKya CleyeT m> < I(1+1) n |m|<1.

MOMEHT HMITyJIbca MUKPOYACTHIIBI, ABMKYILIEHCS B IF0O0M BHELIHEM MOJE,
umeer Bemmunny L =hyI(1+1), [=0,1,2,.... OH MOXKET UMETb TONBKO 2/+1

Pa3IMYHBIX 3HAUCHNH MPOeKIMU L, = im Ha 00y BBIICICHHYIO OCh Z, TIe
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m=0,£1,£2,.. /.

[Tpumep: B OGopos-
CKOM MOJEIN aroMa
(puc.3.6)  TIOCKOCTH
AIIEKTPOHHOH OpPOUTEHI C
y Daluycom 7, JOKHA

: = OBITh EPICHAUKYJISIP-
=1 NS /' Ha  COXPAaHS;IIIEMYCS
’}//M._M BEKTOPY MOMEHTa HM-

N

Puc. 6.4 m=-24-_ZLA_‘_.,§ .7 ¢=2 nymsca L, BemmunHa

+- KOTOpOIro L,=nh,

rae n=1, 2, 3,....0TOT pe3ynbTar He coBnajaeT ¢ BeiBooM (6.20). bopoBckast Mo-
JIeNTb HEMPABUIIBHO OIKCHIBAET BPalllEHHUE 3JIEKTPOHA B aTOME.

B neiicTBuTENnbHOCTH OpHEHTALMS BEKTOpPa L B MPOCTPAHCTBE He OMpe-
aesena. Ha puc.6.4 nmoka3aHa BO3MOXHasi OPHEHTAIMsI BEKTOPA MOMEHTA MM-
MyJIbCa AJIEKTPOHA B COCTOSHUSAX ¢ KBaHTOBBHIME uuciamu /=1 u [=2. Tak kax

npoekuu L, u L, ONpeNenuTh HEBO3MOXHO, TO BEKTOp L u300pakeH Ha
9TOM pUCYHKE "pa3Ma3aHHBIM" B KOHYC BOKPYT OCH z. Benuuunel L, u L npu
9TOM omnpeaeneHsl. Ho mpencraBuTh TPaeKTOPUIO IEKTPOHA B BUJE IUIOCKOM
0opOUTHI, NEPHEHANKYISIPHON (PUKCUPOBAHHOMY HalpaBJIeHUIO L , Hemb3st!

3. KBanToBaHHE MATHHTHOIO MOMEHTA

JlBurasich 1Mo KpyroBoil opbute pajmyca r CO CKOPOCThIO U, YaCTHIIA C 3a-
PALIOM g COBEPIIAET OJMH 060POT 3a Bpemst At =217 /v , u cosnaet d3bdeKTus-

HbI Kpyrooit Tok [ =Aq/At=qv/2nr (puc.6.5). Ilnomwans Takoro Toka

S=n r2 , @ CO3/TaBaeMbIil UM MarHUTHBIM MOMEHT

P =1S =qor/2.

I C yueToM HalpaBl€HHs BEKTOPOB, YKa3aHHBIX Ha pHUC.6.5,
ﬂ = JIBIDKYLIAsICS 3apsDKEHHAs YacTHIa 00J1ajaeT MarHUTHBIM
7 )Y momenrom

A

By :%[F, 7]. (6.21)

Ota ¢opmyra cripaBeINBa HE TOJBKO I KPYTOBOM, HO
U A J000W APYrod TpaeKTOPHH YacTUIBL. Eciam ydecTh, YTO MOMEHT HM-

yJbca yacTulpl L = [17, 13] = m[?, 6] , TO OKa3bIBAETCs, YTO
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MarHUTHBIM MOMEHT U MOMEHT HUMITyJIbCa JIBI/I)KyHJ,eI‘/IICSI 3ap51>1<eHH0171 YacCTHUILbI
CBs3aHbl COOTHOLICHHUEM

P =L, (6.22)
2m

KOTOPOC HA3bIBACTCSA TUPOMArHUTHLIM OTHOIICHUCM.

Ha puc. 6.5 m300pakeH0 OBMKEHHUE MOJOKUTEIBHO 3apsHKCHHOW YaCTHUIIHI.
3apsn 3NEeKTPOHA ¢ = — e OTPULIATENIEH, U JUIA JIEKTPOHA C MacCOM m, BEKTO-

pbl P, U L HampapieHBbI B IPOTUBOIOIOKHbIE CTOPOHBI (PUC.6.6).

Me T HamarnuunBanue cpenbl MOXKET MPOUCXOAHUTH MPHU TOSB-
-e
: JICHUW JJIEMCHTAPHBIX TOKOB HAMATHWYHMBAHUS, CO3JaHHBIX
) JIBIXKEHUEM 3JIEKTPOHOB. [Ipu CIOXKEHUH MarHUTHBIX MOMEH-
m Puc.6.6 TOB OTJICJBHBIX 3JICKTPOHOB, coriacHo (opmyne (6.22), ckia-
uc.6.

ABIBAIOTCA 1 MOMEHTBI UX UMITYJIBCOB!:

ZZ, = e Z.
2m, 2m

e

DPm = Zﬁmi ==
e
I'mpomMarHnTHOE OTHOILIEHWE CIIPABEIJIMBO HE TOJBKO ISl OTHAEIBHOTO
AJIEKTPOHA, HO U ISl BCEr0 HAMArHU4YEHHOTO 00pasiia B [[eJIOM.
Oro OBUIO TIPOBEPEHO B ONBITax DWHINTEHHa-me Xaasza
5m (19151.) (puc.6.7). BHyTpH coneHOHMZa C TOKOM CO3/1aBaloCh

MAarHuTHOE Toie B , KOTOPOE HAMATHUYHMBANIO
I MOJIBEIIEHHBIN MeTalInuecKuil numuuap. [Ipu B\_

26}

> IIOABJICHUUM MECXAHHUYCCKOIO MOMCEHTAa HM- -

i\\ _ | mymbeca L HWIMHAP HA4YMHaAJ BpallaThCi B p?‘

> | T  HampasIeHUH, YKa3aHHOM CTPENKOM. )

> Oo6pataerii 3ddexr bapherra ObuT 00Ha- U

> pyxeH eme B 1909r. Ecnmn deppomarHuTHBIH

\V[/_L) JKEJIe3HBIH LWIMHAP NPUBECTH BO BpAllCHUE /
Puc.6.7 (puc.6.8), TO OH HAMarHUYMUBAETCS M CO3/ACT Puc.6.8

JIONIOJTHUTEIBHOE MarHUTHOE 1oje B .
[Monyuennas ¢popmyna (6.22) TOBOPUT O TOM, YTO MarHUTHBII MOMEHT 3a-
PSDKEHHOW MHKpPOYACTHIBI OYZET KBAaHTOBAThCS BMECTE C €€ MOMEHTOM HM-

nyibca. Jis sanexkrpona p,, =—(e/2m, )L . Ecin BBeCTH OCTOSHHYIO
m e

by =eh/2m, = 9,27-107* A-m?|, (6.23)

Ha3blBaeMyl0 MarHeToHoM bopa (e u m, — 3apsn u Macca 3JIEKTPOHA), TO C
yaeroM ¢opmyn (6.16) u (6.20) momyyaeM AMCKPETHBIA CHEKTP pa3pelICHHBIX
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3HAYCHHMI BEJIWYMHBI MAarHUTHOI'O MOMEHTA U €ro MPOCKIUN Ha BBIACJICHHYIO
OCBh z I ABWIKYIIETOC DJICKTPOHA:

Pm =R Jl(1+1) ,rme 1=0,1,2,..; p,,, =—pyzm,tae m=0,%1,..+/|(6.24)

Marneton bopa — 3T0 KBaHT MarHUTHOro MoMeHTa. OpHeHTalusl BEKTopa
Py B TIPOCTPAHCTBE N300paXKACTCS aHAIOTHYHO pHC.6.4.

5. Cnun

CornacHo 1aHeTapHOW Mozenu (puc.3.5) MarHUTHBIA MOMEHT aToMa JI0JI-
KeH OBITh CyMMOW MarHUTHBIX MOMEHTOB BCEX €rO JJIEKTPOHOB: Dy, = D Ppi -

MarHuTHbIM MOMEHTOM siipa, B CHIly (Gopmyibl (6.22), MOXHO THpeHeOpeub,
TaK Kak Macca spa B THICSIYM pa3 Oouibllle Macchl dneKTpoHa. IlomnbITka n3me-
puth p,, aroma BIepBble Oblla clenaHa B ombiTax Illtepna-I'epnaxa (1921r.),

cxeMa KOTOPBIX IpUBEAEHA Ha pUC.6.9.

VY3Kuil my4oK aTOMOB UCHApEHHO-
ro cepedpa MPOXOAMI Yepe3 00JacTh
HEOJHOPOAHOTO MAarHWTHOTO TIOJIS,
TpajiueHT KOTOPOTrO HAIIPABJIEH BAOIb
ocu z. Kaxnsiii atom OyneT Kpored-
HBIM MAarHUTHBIM [HUIIOJIEM, SHEPTHS
KOTOpPOro BO BHEIIHEM MAarHuTHOM

vrperan |

HarpeTbIn

nap =
mg

Puc.6.9 none U =—-p,,-B. Ipaguent sroii

SHEPIruu oNnpeaciasdaeT Cuiy, HeﬁCTByIOHIyIO Ha aTOM:

0B

y4

1074

F, =—grad U :% Pmx By +Pmy By + PmzB:(2) |= Pm:
N
OTKJIOHEHHE aToMa BJOJIb OCH Z OOJIXKHO 6BITI) IpONOpUHUOHAJIBHO MPOCKIUN
Pmz €ro MarHuTHOro MOMcEHTa.

Pesynbrat onbiTa LlTepHa-I'epiaxa okazancsi cTpaHHBIM: aTOMBI ITy4YKa IO-
Maslajii TOJIBKO B JIBE€ CHMMETPUYHO PAacIlONOXXEHHbIE TOUYKH P, u P, JKpaHa

(puc.6.9), T.e. UMENM TOIBKO [1Ba Pa3PEILEHHBIX 3HAYEHUS IPOCKLUHUU Py, , !

OTOT pe3ynbTaT AOKA3bIBA€T, YTO MArHUTHBII MOMEHT KBaHTyeTcs (MMeeT
TOJIBKO OT/IETIbHBIC pa3pellieHHbIe 3HAUEHUS ), HO TPOTUBOPEUHT BhIBOAY (6.24).

®opmyia (6.24) npenckaspBaeT paclieIeHHe My4YKa aTOMOB Ha HeYeTHOoe
grciao 2/+1 mydkoB (3TO YHCIIO pa3HBIX 3HAYEHWH MAarHUTHOTO KBaHTOBOTO
yucna m). Jlaxke eciu aroMbl HE BO30YXKIEHBI M HAXOJISTCS B COCTOSIHUHU C
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KBaHTOBBIM 4HCJIOM /=0, BECh ITy4OK JOJDKEH TONaJaTh B HEHTPAIbHYIO TOUKY
O skpana (puc.6.9).

Pesynprar ompita [lItepHa-I'epmaxa cMoria OOBSCHUTH THUIIOTE3a O CYIIECT-
BOBaHWM y MHKPOYACTHI[ MOMEHTA HMMITyJIbCa, He CBSI3AHHOTO € JABHKEHHEM
yacTHilbl B MPOCTPAHCTBeE. DTa rumnote3a Obiia npemiokeHa J[x.YienbexoM u
C.Jlayncmutom B 1925 1. 11 0OBsSICHEHHA psiia OCOOEHHOCTEH CIIEKTPOB U3ITY-
YEHHSI aTOMOB, O KOTOPBIX OyJET CKa3aHO B CIEIYIOLIMX I7IaBax. Takoi MOMEHT

HAa3BIBACTCS COOCTBEHHBIM MOMEHTOM UMITYJIbCA, WKW CIIMHOM LS (OT AHTJIMH-

CKoro cjoBa "spin" — Kpy>xeHne, BepueHune). Bennuanna cimaa L cTporo ¢ukcu-

pOBaHa JuIs KKIOW YaCTUIIbI K HE MOXKET MEHSTHCSL.
C KJIacCHYeCKOW TOYKH 3pPEHHUsi MOMEHT MMITyJbCa, HE CBSI3aH-
L HBIl C JIBWKEHHEM B MPOCTPAHCTBE, MOXKHO CBS3aTh TOJBKO C Bpa-
S menuem wacThLpl BOKpPYT cobcTBeHHO# ocH (puc.6.10). Torga Mox-
HO IPOKBAHTOBATH CO6CTB€HHI)II>1 MOMCHT HMITYJIbCa aHaJOTMYHO

tn. MOMEHTY L= [7, ﬁ] U IOJIy4UTh (OpMyYIIBI AT pa3pelIeHHbIX 3Ha-
e
YEHHWH BEIIMYMHBI L, ¥ €ro NpOEKIHH Ha BBIICIEHHYIO OChb L.,

Puc.6.10
aHasoruuHele hopmynam (6.16) u (6.20):

Ly =nys(s+1); Ly, =ho, rie o=..,x(s—1), £s| (6.25)

Bennunnsl cimHa L W €ro NpoeKUyH L, ONPENeNAoTca AByMs KBaHTO-

BBIMH YUCIaMH § ¥ G . UHCIIO § Ha3bIBaIOT CIIMHOBBIM KBAHTOBBIM YHCIIOM (2
9acTo — MPOCTO CITHHOM).
3ameuanue: BeNMYUHA CIHMHA SJIEKTPOHA, CIENYIOIIAs M3 DKCIEPHMEHTA,

L= 9,14-10_35 KT - M2 / c. Ecnm cuntaTh 351eKTpOH mIapUKOM pajiyca » ¢ MO-
MEHTOM UHEepuuu [ =2m, ? /5, BpalLIAOIIUMCs BOKPYI CBOEH OCHU C YIIOBOM
CKOPOCTBIO ®=L/I, TO CKOPOCTH JBM)KEHUs TOYKH Ha MOBEPXHOCTH IIAPUKA

v=w0r=5L / (2m,r). Jo cux mop pazMep 3JIEKTPOHA HE U3MEpPEH, MO Kpaii-
Hell Mepe, OH MHOTO MEHBbIIE pa3Mepa aTOMHOTO sIpa (r <1071 M). YroObt

Ipyu BpalllCHUU YaCTUIbl C TaAKUM PaJUyCOM BO3HHUK MOMECHT HMITYyJIbCa LS C
NIPUBEICHHOW BBIILIE BEJIMYMHOM, TOJDKHO HApylaThCsi OCHOBHOE TpeOoBaHUE
TEOPHHU OTHOCHTEIBEHOCTH 0 = @F < ¢ = 3- 108 M/C , 4TO HEBO3MOXKHO.

Bvi600: cniH MUKpOYAcTHI] HE CBS3aH C JICHCTBHUTENBHBIM BpalleHUEM B
MIPOCTPAHCTBE. JTO — KBAHTOBOE CBOMCTBO. Jlaske eciy pa3sMep 4acTHULbl paBeH

HYJIIO, OHa BeZIeT ce0sl TaK, KaK eciy Obl Bpalianack ¢ MOMEHTOM UMITyibca L .
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C OTCYTCTBHEM PEAJILHOTO BPALIECHUs CBA3aHbI 1B OCOOCHHOCTH CIIMHA.
1) B omymume oT LenbIX KBAaHTOBBIX YHCEN [ ¥ m , CIMHOBOE YUCIIO § MO-
JKeT OBITh KaK IeNTBIM, TaK U moiynensiM. s ¢oToHa s = 1; mis s1eKTpoHa,
NpOTOHA, HelTpoHa s =1/2 .

2) C coOCTBEHHBIM MOMEHTOM HMITYJIbCA CBSI3aH COOCTBEHHBIH MarHMT-
Hbli MOMEHT p,, .. HO rupoMarauTHOE OTHOIIEHHE JJIs HEIO aHOMANLHO,

OHO B /iBa pa3a OoJpuie oTHomeHus (6.22). [lns anekrpoHa
Pms :_(e/me)zs : (6.26)

dopmyia (6.26) ObLIa MPOBEPEHA SKCICPUMEHTAIBHO B OIBITaX JHHINTEH-
Ha-fe Xaa3a (puc.6.7) B ciaydae (peppoOMarHUTHOrO MIMHAPA. Benmanna p,,

onpeneidinachk 1Mo Co3aaBa€MOMY HaAMarHUYEHHBIM LUJIWHAPOM MAarHUTHOMY

TOJII0, @ BENWYMHA L — 110 yIuly 3aKpy4MBaHWs HHTH NoABeca. VX oTHOmeEHHE
OKa3aJoch PaBHbIM €/, , T.€.

(heppoMaraeTusM 0OYCIIOBIEH COOCTBEHHBIMH MarHUTHBIMH MOMEHTAMH 3JIEK-
TPOHOB, & HE TOKAMU HaMarHMYHBaHHUS.

C yuerom (6.25) u (6.23) ¢hopmyJibl KBAHTOBAHUS COOCTBEHHOTO MarHUTHO-
rO MOMEHTA JIEKTPOHA UMEIOT BH/I:

Pms =20gy/s(s+1), tae s=1/2; p,, =—2pz0, 108 ©=%1/2](6.27)

W crme L, n COOCTBEHHBIH MAarHUTHBIHA

MOMCHT 3JICKTPOHA p,, , MOTYT UMCTb TOJBKO

JiBe NPOEKUMH Ha JIOOYK BBIIEIECHHYIO OCh
(puc.6.11): Ly, =+h[2; p,e.=1p;. D10

oOBsicHsieT pesyiprar ombita LlTepHa-I'epnaxa
(puc.6.9): paciieruieHnne Ha [Ba MydYKa IpO-
W30LIIO0 M3-32 TOTO, YTO MAarHUTHOE IOJIe JIeH-
CTBOBAJIO HA COOCTBEHHBII MArHUTHBI MOMEHT
anektpona: F, = p,, . 0B/oz.

Puc.6.11
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I'naBa 7

KBanToBasi Teopusi 01H03JIEKTPOHHOI0 aTOMA

1. OAHO03JIEKTPOHHBIH aTOM B HEPeJSITUBHCTCKOM NMPUOIUKEHUH
Ormpenenum CBOWMCTBA KBAHTOBOM CHCTEMbI, 00Pa30BaHHOM AJIEKTPOHOM, JBHIKY-
IIMMCS B TI0JI€ MACCHBHOTO HETIOJIBIDKHOTO sifpa ¢ 3apanoM +Ze. [lomykaccude-
CKasi MOJICJTb TAKOTO BOAOPOIONOI00HOTO aToMa Yrke ObLia paccMOTpeHa B §2 1.3,
DNeKTPOH ¢ Maccoil m, HaXOOUTCS B OECKOHEYHO ITyOOKOH KyJIOHOBCKOM

MOTeHLMAIbHOH siMe (puc.7.1), u ero BosHOBas (YHKIMS OyJIeT pelieHueMm
crayoHapHoro ypasaeHus Llpeannrepa (4.34):

2m 2
AG(r,0,¢)+ 26 g2 O(r,0,0)=0, E<O0. (7.1)
h r

OnpenenuM Takyr BOJHOBYIO (QYHKLIHIO ),
KOTOpasi OJHOBPEMEHHO SBJIsLIach Obl COOCTBEH-
HOW (yHKIMeW oneparopa NOJHOW 3Hepruu (pe-
nieHueM ypaBHeHus (7.1)), a Takke oIepaTopoB
KBaJ[paTOB MOMEHTa MMITYJIbCA U MarHUTHOTO MO-
MEHTa U MX IpoeKUuil Ha ock z. Bece aTu oneparo-
PBI KOMMYTHPYIOT JIpYT € IPYT'OM M, CII€JOBaTelb-
HO, JUISI 3JIEKTPOHA B ATOME OJJHOBPEMEHHO MOX-
HO HAaWTH pa3pelICHHbIE 3HAYEHHUS BCEX BEIMYUH

Puc.7.1 E L, pys Ly pyy -

r2 o
Vurem, uto oneparop L~ (6.18) mpornopimoHaieH yriioBoil yactu oneparopa Jlar-
Jaca, 3alHMCaHHOTO B c(hepUUECKUX KOOPIHHATAX:

2 2 72
A:lzﬁ[rza]+12 a—2+ctg6i+ 12 872 :126[;’26)—];2 (7.2)
2orl or) 2| a0 00 sin“0 99~ ) r70r\ Or) nr
9TO TO3BOJISICT pa3ACIUTh NIEPEMEHHBIC
O(r,0,0)=f(r)Y"(6,9), (1.3)

rae Ylm — cepuueckue dynxuuu. Iogcrasnsas (7.2) u (7.3) B (7.1) u, yuntsiBas dop-

Myay (6.19), IpUXOIUM K YPaBHCHHUIO JJIsI OMPEICIICHUS PaaHaibHOM YacTH BOJHOBOM
¢dyHKIMN:

————t+———21f=0, 7.4
r2or or r12 nr 72 / 4

Li(ﬂﬂ} =2 2z 1(+1)

T'1I€ BBEACHBI ITOJIOKUTCIBHBIC KOHCTAHTBI
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n? 20°E 2m, E
— " @& =— =" "’2 . (15)
k“m,e fi

r =
km,e
Kaxk BuHo u3 popmyinsl (3.21), 7| — 3710 paguyc nepsoit 6oposckoii opoutsl.  IIpusenem
ypaBueHue (7.4) k 6osiee yJ00HOMY IS PEIICHUS BUTY, COBEpIIIas 3aMCHY (YHKIIUH
f)=R@)/r. (7.6)
a 3aTeM BBOJSI HOBYIO 0€3pa3sMEpHYIO NEpeMEHHYy & = r/ r, . B pesynprare npeobpa-

30BaHUi MOJTy4YuM

2 I(1+1
d—f+2—ZR—¥R-ae2R 0.
deg” & 3
IMocne MOACTaHOBKH R(&) = %5 FJH 2(&) (7.7)

U TI0CIIe BBIYHMCIICHUS BCEX IPOMU3BOAHBIX 3TO YpaBHEHHE NPHUBOAUTCS K AuddepeHiu-
aJILHOMY YPAaBHEHHIO [JIs1 onpeenenus neussectHoit Gpyukumu g(§) :

d2g dg
—2+(2]1+2-2 —=+(2Z-2x(/+1 =0 .
adéz +(20+ aeE_,)da+( & (l+ ))g , (7.8)

KOTOpO€ HOCHUT Ha3BaHue ypaBHeHus KyMmepa uiaM BBIPOXKICHHOI'O TUIEPreOMEeTpHYe-
ckoro ypaBHeHHs. Ero pemennem OyaeT crienuaibHas BRIPOKICHHAS THOEPIEOMETPH-

qeckKada {12 YHKIIAA

g(g):F(g—l—l; 20 +2; 236&). (7.9)
&

Be1600: xak BUANM, BOIHOBBIE (YHKIHNH BCEX PEATBHBIX (DH3MIECKHX CHCTEM
3aMHCBHIBAIOTCSI C MOMOIIBIO JOBOJBHO CIIOXKHBIX CHEHUANbHBIX (yHKOui. KBaHTO-
BbIe O0BEKTHI TPEeOYIOT 0COOOr0 MaTeMaTHYecKOro si3blka. IIpmpoxy Henb3s omm-
catb, a TeM 0oJiee HelIb3sl MOHSTh, UCHONB3Ys TOJIBKO NpaBUiIa apu()METHUKH U die-
MEHTapHbIe MaTeMaTHYecKue (QyHKIHN.

3anmmrem pemenue (7.9) B Bune psapa (5.36): g(é’;) = z Ay &k . Ilocne noxcra-
k=0
HOBKH B (7.8) momy4unm

S Apk(k=1) 4 (20+2) 3 4, kgF -
k=2 k=1

2wy Ak +(22-2x(1+1)) Y 4,8 =0.
k=1 k=0

B nepBbIX IBYX cyMMax IIOCJIEAHEr0 COOTHOLICHUS CHEIAEM CIBUT MHIEKCA CyMMHpPO-
Bauuss kK — k +1, 4T0 MO3BONISET IPUBECTH €TO K BULY

i[AkH(k+1)k+(2l+2)Ak+1(k+1)—23eAkk+(22—2ae(l+1))Ak]§k =0.
k=0
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. k
Bce cOMHOKUTENN PH JIMHEIHO He3aBUCHMMBIX QYHKIMAX & , BbIICICHHBIE KBapaT-
HBIMH CKOOKaMH, JIOJKHBI 00paIlaThCs B HYJIb, YTO JaCT PEKypPPEHTHOE COOTHOIICHHE
At onpezieneHust koadduuuentos Ay

_2ae(k+l+1)—22
ke = (k+1)(k+21+2)

Ipu k — o popmyna (7.10) npumer Bun Ay, = 2 Ak/k . Ho 310 KO3 PunmenTs!

Ay . (7.10)

o0

pasinoxenus B psg Gynxuuu g(§) = 5 = > (Zaeé)k / k!. Dra pynkuus, a BMecTe ¢
k=0

ueii u pynxuuu (7.7), (7.6) u Bonuosas Gyukuust ) Oyner GECKOHEUHO BO3PACTATh [PH

(t’—) © u r—>o. I1o (1)I/I3I/I‘{eCKI/I 6CCCMI>ICIICHHO, TaK KaK INIOTHOCTb BEPOATHOCTHU

2 o
[ ]° HE MOKET OBITH GECKOHEUHOIA.

ITo3TOMy DSl IOJKEH OBITH KOHEYHBIM — IPH HEKOTOPOM LIEJIOM 3HAYEHHH
k=n,=0,1,2,..., KoTOpOE HA3BIBAIOT PAAUAILHBIM KBAHTOBBIM YHCIIOM, YHCIHTEIb

BelpaskeHus (7.10) 00s13aH cTaTh paBHBIM HYJIIO:
ae(nr+l+1)—Z=0,I/IJm en=172, (7.11)

rae uenoe umcio |[n=n, +1+1=1,2,3,...| Ha3pIBaeTCA [JIABHBIM KBAaHTOBBIM YHMCIIOM.

Taxk kak /[ =n—n,—1 n [ >0, 1o BenuunHa OpOUTAIBHOrO KBAHTOBOTO YHCIA B O1-

HODJICKTPOHHOM  aTOM€ OrpaHW4Y€Ha 3HAQUYCHHEM TIJIaBHOI'O KBAHTOBOI'O 4YHCJIA:

‘l =0,1,2,...,n —1|. U3 cootnowenuii (7.5) u (7.11) cnenyer:

&=Z[n= [—2h2E / (kz mee4) , 4TO IO3BOJISIET BBIYUCIIUTD SHEPTuto E.

PaspelleHHbIe 3HAYEHHS JHEPTUM JJIEKTPOHA B OJHOIIEKTPOHHOM aTOME,
SBJIAIOLINECS OJHOBPEMEHHO Pa3peLIEHHON SHEPIHEH caMOro aToMma,
252 4
k*Z* m,e
E, =3¢ n=123,. (7.12)
2h°n
COBIIAJAIOT CO 3HAYEHUAMHU, TOTyYEHHBIMU B GOPOBCKOM MOJIENH.

BoHOBBIE (DYHKIIMM BCEX COCTOSHHI OJHO3JIEKTPOHHOIO aToMma ¢ paspe-
IICHHBIMH 3HAUCHUSMH 3HEPrUM E, BBIpaXaroTcs yepes3 c)eprHyecKhe U BHI-
POXIEHHBIE TUTIEpreoMeTpudeckue pyHKIUK (MX MOXKHO HAlTH B MaTeMaTH4e-
CKHUX CIIPaBOYHHKAX) 10 Gopmynam (7.3), (7.6), (7.7), (7.9) u (7.11):

!
r —Zr/nr
Vi (1,0,0)=A4] — | e /g —n+l+1;20+2;
I"l n 1”1

2Zr

Y/ (6,0)} (7.13)
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2
I7le TIOCTOsSIHHAs A ompezensieTcs U3 yCIOBHUS HOPMHUPOBKH I |1b| dV =1. BoI-

POXKAEHHBIE THIIEpreoMeTpudeckre GpyHKIMU F(n, m,; X) IPH LENbIX apryMeH-
Tax 7 U m KOHEYHBI U Ha3bIBAIOTCS MoMHOMaMu Jlareppa.

BomHoBast ¢yskuust (7.13) 3aBUCHT OT TpeX KBAaHTOBBIX YUCeN 1, [ U m, T1e
rJIaBHOE KBaHTOBOE 4HMCIIO n =1, 2,...,00

opburtansHoe kBaHTOBOE yucio [=0,1, 2,...,n—1; (7.14)

MarHuTHoe KBaHToBoe uncio m=0, +1,£2, ..., +/,

a paspemenHas >Heprust E, (7.12) 3aBUCHUT TOJBKO OT IVIABHOI'O KBAHTOBOT'O

qucaa n. YPOBHU SHEPrHMM B TaKOM aTOME BBIPOXKIEHbI. ONHOMY U TOMY K€
3HaUeHUI0 £, COOTBETCTBYIOT pa3HbIE BOJIHOBBIE (DYHKIUH, Pa3IHYAIOIIHECs

yrcaaMu / 1 m . DTH BOJNHOBBIE (PYHKLIHHU OIUCHIBAIOT COCTOSHUS C Pa3HBIMHU
pa3pelIeHHbIMY 3HAUCHUSIMU MOMEHTA HMIIyJibca L, MArHUTHOTO MOMEHTa p,,

1 MX TIpOeKIHi (B cOOTBETCTBUU ¢ hopmynamu (6.16), (6.20) u (6.24)):

L=nJI(I+])) 5 p,, =pz/I(I+1); [=0,1,..,n-1,
. =hm; Pz =Wzm; m=0, 1, ..., /.

(7.15)

CocTrosiHUE 3JIEKTPOHA B aTOME NPHHATO XapaKTEepU30BaTh JABYMs KBAaHTO-
BBIMH 4HcIaMu (1, [), 3aMEHSIs BETMYNHY KBAaHTOBOTO 4ncia / OyKBoii:
opburanmpHOe umcno/ |0 |1 |2 |3 |4
COCTOSIHHE! s|p|d]|f |g

[IpuBeneM BbIpakeHHE HECKOJIBKUX BOJHOBBIX (byHKuHH (7.13) B HU3MIMX 3Hepre-
TUYECKUX COCTOSHHAX UL aTOMa BOJOPOa (Z 1):

1s — cocrosuue (n =1, [=0) Voo = 7r/r1
-r/2
2s — coctosuue (n =2, [ = 0) Dygp = r/ - :
87‘C " 2n
2
2p — cocrosiame (n =2, 1= 1) Vo = ——e /2 B (9 (p)
24r

e ¥ = Jicose, yH=F /isine e
4n &n

B kavecTBe ynpaxHeHH ITOJCTaBbTe 3TH (GYHKIMH B ypaBHeHHe LllpenuH-
repa (7.1) u ybeaurech, 4TO OHH OYAYyT €rO PEIICHUSIMH, COOTBETCTBYIOIINMHU
sHeprusM (7.12).
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Hauboiree mpocTo omuckIBaeTCSI OCHOBHOE 15-COCTOSIHUE aToMa BOJOPOJa C
Hu3mIed sHeprueit £ =—13,6 3B. O0nako MIOTHOCTH BEPOATHOCTU OOHApy-

JKEHUS 3JIEKTPOHA, KOTOPOE HA3BIBAIOT IECKTPOHHBIM OOIAKOM, PACIIPENEIICHO
BOKPYT sIIpa CHMMETPHYHO, HE 3aBUCHT OT YIJIOBBIX KOOPIAWHAT U MCYEC3aeT MPH
7 —> 00 . BeposITHOCTh HaX0XKJICHUS DIICKTPOHA HA PACCTOSHUU OT 7 110 r+dr OT
siipa BEIYUCIsIeTCs 1Mo popmyte (4.3):

P _4r”
dr r f .

I'paduk 3ToH QyHKIMK MOKa3aH HA pUC.7.2 U IMEET MaKCUMYM IIpH ¥ =7 .

dp= |w100|2 av = |ﬂ>1oo|2 4nr? dr , otxyna

ITepBas 6opoBckas opouTa ¢ paiycoM 7, — 3TO MECTO, TI¢ MaKCHUMaJbHa

BEPOSATHOCTh HAXOXKICHUS JICKTPOHA B COCTOSHIH C HANMEHBIICH SHEPTHEH.
K coxanenuro, mogo0HOE

1s-cocTosHME
_____ 26 COCTOSHME YTBEpXKIEHHE HEBEPHO LIS
— - — 2p-cocTosHue JIEKTPOHA B BO30YyKICHHOM
cocroguun. Tak, B 25 — co-

- _____ T crosHuH (QyHKIUA dP/dr =

! -
"%1‘1 T2 = P00 |2 Anr?  umeer aBa
Puc.7.2 MakcumyMma 1mpu r =0,764r,

NP
dr

u r=5,236r, (puc.7.2), ¥ 3TU KOOPIUHATHI HE COBIAAAIOT C PaJHyCcOM BTOPOIi
60pOBCKOH OpOUTEL 7, =47, . TOIBKO y JIEKTPOHA C KBAHTOBBIM YUCIOM [ =

= n — 1 Mecto Hamboylee BEpOATHOTO OOHAPYKEHHS COBIIAHAET ¢ OOPOBCKOU
opbwuroii (3.22).

B ocroBHOM 15 — coctostaru /= 0, 11 3MeKTpoH, coracHo gopmyiam (7.15), 06-
JIaJIaeT HyJIEBBIM MOMEHTOM HMITYJIbCA M MATHUTHBIM MOMeHTOM: L=0u p,, =0.

C Toukmn 3pCHUA KJIACCUYECKOH TCOPUH IJICKTPOH WU HE ABUKETCA, I COBEP-
[IaeT KojaebaHus 1o HpﬂMOﬁ JIMHUH, npoxoz[snuei/i qgepes Aaapo, 4To HEBO3MOKHO!

Bbi600: Henb3sl yTBEpKIaTh, YTO "DIEKTPOHBI B aTOME BPAIAIOTCS 110 OpOH-
tam". U kmaccuyeckas miaHeTapHas MOJeNb aToMa (puc.3.5), v moaykiaccude-
ckas Mojiesib bopa (puc.3.6) maroT HEeBepHBIC Pe3yIbTaThl. TPaeKTOPHUS TBUKE-
HUS 3JICKTPOHA B aTOME HE OmpejieicHa. Bee, 9To M3BECTHO 00 IEKTPOHE — 3TO
pacrpeneneHue IIOTHOCTH €To 3JISKTPOHHOTO 00JaKa, T.e. BEPOSATHOCTH HaxXo-
YKICHUS B TOM WJIM MHON TOYKE C TEM WM MHBIM pa3pelIeHHbIM 3HaYeHUEM
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SHEprHH, MOMEHTa MMIysbca M T.N. COrIacHO KBAaHTOBOM TEOPWH IEPEXO
3JIEKTPOHA U3 OJHOTO CTALlMOHAPHOT'O COCTOSIHUS C ONpPEAEIEHHON 3Hepruei £
B IPYTO€ CTAI[IOHAPHOE COCTOSIHHE O3HA4YaeT HE MEepexo] ¢ OJHOM OOpOBCKOI
OpOHTHI Ha IPYTYIO, @ U3MEHEHNE KOHPHUTYPAIUH HIEKTPOHHOTO 00JaKa B aTo-
Me (M3MEHEHHEe BOJTHOBOHM (PYHKITUH CTAIIHOHAPHOTO COCTOSHU).

Cremyer MOMHHTB, YTO 3JIEKTPOHHOE 00J1aK0 — 3TO HE CaM JJIEKTPOH, a
TOJIBKO IDIOTHOCTH BEPOSTHOCTH ero oOHapykeHUs. [Ipu momeITKe HaWTH €ro
HCTHHHOE MOJIOKEHNE OH OyAeT 0OHapy)KeH Kak TodedHas yactuua. Ho B mpo-
1ecce HAaXOXKACHUS TOYHBIX KOOPAMHAT JJIEKTPOHA CHUCTeMe OyAeT HepenaHa
TaKasi SHeprus, KOTopas pa3pyLIuT caM aToM.

Eme oauH mHTEpeCHBIH pe3ysbTaT — 3aBUCUMOCTD TUIOTHOCTH DJIEKTPOHHOTO
obmaka oT yria © Ayt 3JeKTpoHa, HAXOAAIIEToCs B p-, d-, f~ ...cocTosHUIX. Be-

POSITHOCTH OOHApyKEHUsI HIIEKTPOHA B IpeJienax TeNecHOro yriaa d) ompenens-
ercs, cornacHo dopmyne (7.13), kBagpatom Moayis cheprudecKoit (pyHKITI:

2
dpP ~ Y,’"(e,(p)‘ Q.

Or yria ¢ 3TO BBIPAXKEHUE HE 3aBUCHUT, a 3aBUCUMOCTD INIOTHOCTH 3JICKTPOHHO-

ro obmaka oT yrima 0 Juis HECKONbKMX HH3IIMX JHEPreTHYECKHX COCTOSHHI
rokaszaHa Ha puc.7.3.

B ép-COCTOﬂHMé
¢=1,m=%1

2p-cocTosiHne
¢=1,m=0

3d-cocTosiHue 3d-cocTosHMe

¢=2,m=%2 0=2.m=+1 3d-cocTosiHne

¢=2,m=0
Puc.7.3
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C momoImpl0 KBaHTOBOM TEOPHH YAACTCS OOBSCHUTH CTPYKTYPY MOJIEKYI
WJIN THIT KPUCTAJUTMYECKON PEIICTKH TBEpABIX Tel. CBS3M MEXAY COCETHUMH
aTOMaMHM BO3HHUKAIOT MPH MEPEKPHIBAHUK X JIIEKTPOHHBIX 00JIAaKOB, KOTOPHIE
BBITSAHYTHI B ONPEACICHHBIX HallpaBleHUAX (puc.7.3), © B COBPEMEHHOM KBaH-
TOBOI! XMMUH Ha3bIBAIOTCS AJIEKTPOHHBIMU opOuTanaMu. [TomoxeHus coceHUX
aTOMOB B KPHUCTAJUIMUECKOH pemeTke OyAyT CTPOro yrnopsiioueHbl B IPOCTPaH-
CTBE B COOTBETCTBHMH C HallpaBJlIeHUsMU opOuTaneil. Hanpumep, nepexpriBato-
Iuecs JIEeKTPOHHBIE o0JIaKa AJId JIba H300paXKeHb! Ha puc.7.4.

3ameuanue: oqHAKO OOBICHUTH CBOMCTBA JIaXke MPOCTEHUIIIEro aToMa BOA0OPOa
¢ nomoupto ypasHenwus Llpenunrepa (7.1) He ynaercs. OHO HepeJIsITUBHCTCKOE,
W TIO3TOMY HE ONHCHIBAaET BCE M3MEHEHUS B CTPYKTYPE SHEPreTHYECKHX YPOBHEH
aToMa, CBSI3aHHBIE C PENIITUBUCTCKUMH MTONPABKAMH U CO CIIMHOM 3JIEKTPOHA.

2. PeiITUBUCTCKHE MONPABKHU K CTPYKTYpPe IHEPreTH4ecKuX

YpPOBHeii

B neiicTBUTENILHOCTH HEPENATUBUCTCKAS
(u3KKa SIBISIETCS JIUIID yIOOHBIM MPUOITIIKE-
HHEM B Cllydae MaJlbIX CKopocTed v < ¢ . [lo-
npoOyeM oIucaTh CTalMOHAPHOE COCTOSTHHE
OJHOJICKTPOHHOTO aTOMa C TTOMOIUIBIO PEsi-
TUBUCTCKOrO ypaBHeHus Kielina-I'opnona-
—___-H ®oxka (4.39). BHenrHe OHO COBCEM HE ITOXOXKE
— O\,"“‘H Ha ypaBHenue llpenunrepa (7.1), u 6yner un-
(Hy TEPECHBIM BBIICHUTH, HACKOJIBKO CHJIBHO Me-
A HSIETCSl CIIEKTp pa3pelleHHbIX 3HAYCHUH 3Hep-

\
/6,# H THH TIPU YIETE PEIATHBUCTCKUX MOMPABOK.

H™ 4 3ameuanue: ypaBuenne  Kuieiina-

Puc.7.4 TI'oponona-®oxka (4.37) wim (4.39) cipasen-

JHMBO TOJIBKO JJISl YAaCTHL €O CHHHOBBIM
yueaom s =0. [IosToMy TOYHBIX 3HAa4U€HUI! SHEPIUH INEKTPOHA (YACTHIBI CO

CIIMHOBBIM 4UCIIOM § =1/2) B OJIHOANEKTPOHHOM aTOME OHO BCE €IE HE JacT.

Takoe ypaBHEHHE MOXET NPaBHIBHO OIMCaTh, HAIPUMEP, AJPOHHBIH aToM
(puc.7.5), B KOTOPOM BOKPYT MOJOKUTEIBHOTO SIpa BMECTO

AIIEKTPOHA “‘Bpamaercss” 7 -Me30H — YacTHIIa C TEM K€ OT-
PUIIATENIBHBIM 3apafoM, YTO M DJIEKTPOH, HO C OoJblueit
Maccoii u 6e3 crna (s =0). Puc.7.5

[NoacraBum B ypaBHeHHE (4.39) 3HEPIHIO KyJIOHOBCKOTO B3aUMOJACHCTBHUS 3JIEKTPO-

Ha ¢ sapom U :—kZez/ r. YureM siBHBIN BHJ oneparopa Jlamiaca (7.2) u pasnenum
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HEepEMEHHBIE C MOMOIIBIO TOCTaHOBKH (7.3). YTIiioBas 4acTh BOJHOBOW (PyHKIMH 1)

Tno-npekHeMy Bhipaxaercst chepuueckumu dyukiusvu Y, (0,0), A1 KOTOPHIX BbI-
nojHeHo cooTHomreHue (6.19). I[Mostomy ypaBHeHue (4.39) mpuBemeT K CIEAyIOMIEMY
b depeHIHaTbHOMY YPaBHEHHUIO ISl pauaibHOi yacti f'(7) BOJHOBOM (YHKIHH:

(1252.4/52 2
1 d(rzﬂj— m§c4—E2_2Zke2E+l(l+1) (kZe/hc ) oo,

2 dr dr n? n2ctr r?
D10 ypaBHEeHHUe coBanaet 1o gopme ¢ ypaBaenueM (7.4), Mony4IeHHbIM U3 HEPEISTUBHU-
crckoro ypasaenus IlIpenuHrepa, pemaercst aHaJIOTMYHO M IPUBOJHT K TEM XK€ BOJTHOBBIM
dynkmmsm (7.13). CrnemyeT TONBKO 3aMEHUTH MPEKHIE 3HAUYCHUSI TOCTOSHHBIX ®’ ,rpul
(I+1) Bo Bcex opmynax (7.5)+7.13) Ha HOBBIC:
2 4 2
hc myc  —E
— L

7 _ 2 52
n=_ eyl I(I+1)=I(I+1)—-a”Z",  (7.16)
rae 6espasMepHas KOHCTAHTa
a = ke® J(hc) = 0,00729 = 1/137 (7.17)

Ha3BIBACTCS NOCTOSHHOM TOHKOW CTPYKTYPHBI. DTO — Oe3pa3MepHasi KOHCTAHTa 3JIEKTPO-
MAarHuTHOTO B3aMMO/ICHCTBHS.

252 VI
Bemumna o”Z° < 1 no kpaiiseil Mepe uist Jerkux saep. M3 mocneqHero paBeHcTsa
(7.16) ¢ TOYHOCTBIO O CIAraeMbIX IEPBOTO MOPSAKA MAIOCTH HAXOUM

1. i 1 1 1)
l':——i\/—+l(l+1)—oc222:——+(1+—J 1-a?2? (1+fJ ~
27 V4 2 2 2

252
z_l+(1+lJ. l_liz :l—azZz/(21+1).
2 2 2(1+1/2)

JIMCKpETHBII CIIEKTP pa3pelleHHBIX 3HAYEHUI SHEPIUU OINPEAEIAETCS U3 COOTHOILEHUS

2
(7.11), obecnieunBaroIIero rpaHUYHOE YCIIOBUE |1l)| — 0 npur — o0 :

2,2
A Z L2 | (7.18)
n,+0'+1 n—oczZZ/(ZlJrl) n|  n(20+1)
rie n=n ,,+l+1 — I'JIABHOE KBAHTOBOE YUCIJIO.
U3 Broporo pasencrBa (7.16) cuemyer E2=m2c4/(l+oczaez), a TaK Kak

. -1/2
(xzzez <1, To Bocmomp3yemcs (OpMYJIOH PpasNOKEHHS B Pl (1+£) / =

=1- 8/2 + 382/8 —... ipu € <K 1. Iocne noxcranoBku (7.18) Haxomum
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2
EzL:mECQ(l—lQQaez +§a4 4jz
1+ a’a? 2 8

of 0?27 ozt 30tz
e teT 4
2n n’(20+1) 8 n

[loncraBuB crofa MOCTOSHHYIO TOHKOH CTPYKTYPHI (7.17), IpUXOIUM K BBIBOAY:

=m +O(OL626) .

e

yUeT PEeNATHBUCTCKMX MOMPaBOK NPUBOAMT K CIECHYIOUIEMY CIEKTPY paspe-
IICHHBIX 3HAUYCHUH YHEPTUH JIEKTPOHA B OJHOVIEKTPOHHOM aToMe:

k222 4 k4Z4 8
E, =m,ct -2 Me® e © (3— & ] (7.19)
21 n? Artat 8 2041
rIe m, U e —Macca ¥ 3apsig anektpona; n=1,2,3,.; [=0,1,2,..,n-1.

[epBoe crmaraemoe B (7.19) — 310 3HEprus mMokos »IeKTpoHa. Bropoe cia-
raeMoe coBmajaer ¢ pesyiasraToM (7.12). B mepBoM npuOaM:KeHHH peJsiTH-
BHUCTCKasi TeOPHsI AA€T TOT 7Ke CIEeKTP IHEPTHH, YTO M HEPEJIATHBHCTCKOE
ypaBHenue llpeaunrepa!

Tperbe cnaraemoe B (7.19) IpHUBOANT K PACIIEIICHUIO SHEPTeTHUECKAX YPOB-
Hel, Tak Kak pa3pelleHHbIe 3HAYEHNS SHEPTHHU 3aBUCAT HE TOJIBKO OT TJIABHOTO 71,
HO W OT opOuTanpHOro KBaHTOBOro umcna /. Kaxmelii ypoBeHb SHEpruu Ha
puc.3.12 pazgenurcst Ha n OIIM3KO PACIIONOKEHHBIX ypoBHEH. [TomoOHoe paciie-

IUICHUE OYEHb HEBENMKO, TaK Kak (k4m e & ) / (czh4) ~ 1,45-10_3 3B . ITosTomy

€ro Ha3bIBAIOT TOHKOM CTPYKTYPOW SHEPreTUYeCKUX ypoBHEH. OIHAKO MpaBUIIb-
HBIM BUJI TOHKOM CTPYKTYpBHI €llle HE OIpeeseH, OCKOIbKY Mbl HE YWIH CIHH
JaCTHII, COCTABIIIONIUX aTOM.

3. [loaHBIH MOMEHT UMILYJIbCA H CIMH-OPOUTAJILHOE B3aHMO/eiicTBHE

I[MoMuMO MOMEHTa UMITyJibCa L, CO3JAHHOTO OpPOUTAIBHBIM J(BHIKCHUEM
. YacTHIIBI, OHA 00JaJaeT COOCTBEHHBIM MOMEHTOM

[ . 3 -
B 3 ' ummynbca win cnuHoM L. B xiaccuueckoit Teo-
B =f /1 g
=P I/

0 I oy / PHM MOMEHTBI JIOJDKHBI CKJIJIbIBATECSA BEKTOPHO
Ls (puc.7.6), 0Opa3syst HOJHBIA MOMEHT UMIOYJIbCa
Prc.7.6 J=L+L,. (7.20)

Takum oOpa3om, Ul 37IEKTPOHA, 00JaJaloIIero CMHOM L, clemyer Hc-

KaTb pa3pelieHHble 3HAUCHHUS TOJTHOTO MOMEHTA UMITyJibca J . JTa 3amaya gaer
pe3ybTaThl, MoA00HBIe pe3yabTaTtaM (6.16) u (6.20) KBaHTOBaHHUS JTFOOOTO MO-
MEHTa UMITYJIbCA.
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HeBo3moxHO ompenenuts nmpoeknnyd J Ha Bce 0cH KoopauHat. OmHOBpE-
MEHHO C 3H€pFHeﬁ BHBKTpOHa MOXXHO OHpC,Z[eHI/ITL JIMIIIb BeHI/I‘{I/IHy IIOJIHOTO
MOMCHTA U €ro MnMpoCKInIo Ha OJHY BbBIACJICHHYIO OCh:

J=nj(j+1)| . [Jo=hm| . omy=12,£3/2,,% ), (7.21)
rz[ej u mJ — KBAaHTOBBIC YHCJIa, AaHAJIOTUYHBIC Op6I/ITaJ'II>HOMy U MarHuTHOMY
KBAaHTOBBIM YHCJIaM l num.

1z Bo3MoKHBIE 3HAYEHHS YUCEN j
mi=€+13 I, mh.',gh’m:g‘cr:% M m; MOXKHO HaiTH, CKJIaJbIBas
m=¢-1 |m=£,6=-% wn m=¢-1,0=1 W3BECTHBIE TIpOeKImH L, =mh,
m;= _% 1\m=€-1,0=—1§ - m=£-2,0=;— m=0,xL..,x] wu L, =oh,

o =xs,%(s—1),.... Jlust smekTpo-

Ha G=x1/2, u pesynbTar cnoxe-

0 HUs n3o0paxkeH Ha puc.7.7. Bua-
Puc.7.7 HO, YTO

mi=‘€'% m=—8‘0'=—% J, =L +Lg, =(m+cs)h=mjh,
OTKyZa

m;=+1/2,+3/2, ., %), tne j=1+1/2 wm [-1/2. (7.22)

CrnemyeT TakKe y4ecThb B3aUMOJICHCTBHE COOCTBEHHOTO MArHUTHOTO MO-
MeHTa ¢ 3QPEKTUBHBIM MarHUTHBIM TIOJIEM, CO3JJaHHBIM JBI)KEHUEM 3JICKTPO-

Ha U.y =D -E’am . MaruutHblii MOMeHT p,, (6.21) B 9TO B3aumoneHcT-

BHE HE BXOJHT, TaK KaK CO3/IaH TEM K€ JABIKCHHEM JJIEKTPOHA M caM Ha ceOst
JENCTBOBATh HE MOXKET.
Yro6sl momyuuth odHepruto U,, CIHH-

OpOWTANBEHOTO B3aMMOACWCTBUSA, TIeperaeM B
CHUCTEMYy OTCYeTa, TIe DJCKTPOH HEMOIBIDKEH
(puc.7.8), a mo opbute pamuyca r C yrIOBOH CKO-
pOCTBIO ® =U/r BpamaeTcs sApo, co3masas d¢-

(beKTHBHBIN TOK
L B Ze Zev
LY 2n/o  2mr
KonbreBoii Tok co3aaeT MarHUTHOE MOJIE€ ¢ MHAYKLIHEH
_Molspy  Ank Ly kZev kZelL
R INE PR meczr3 ’

(32 ogmH TIepro]T OOpAIICHUS).

B
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rae k= 1/ (471:80) , L =m,0r — MOMEHT UMITyJIbCa BJIEKTPOHA C Maccol m , . ITO

I10JIC ,HeﬁCTByeT Ha COOCTBEHHBI MarHUTHBI MOMEHT [—) ms DJICKTPOHA, OIpEac-

2
nsemblii hopmysoii (6.26). Haxomm U,y = —D,, s B sbd = %f; -L ,Ho9Ta
mycor
(opMmyna He COBCEM TOYHA, TOCKOJIBKY MPH MEPEXOAe U3 CUCTEMBI OTCUETa, CBS-
3aHHOH C AAPOM, B HEHHEPLUAIBHYIO CHCTEMY, CBSI3aHHYIO C JIEKTPOHOM, JIOJDKHO
MEHATHCSA Y MATHUTHOE T10JIE.
Tounas ¢opmyna A7 onepaTopa SHEPIUU CIIUH-OPOUTATBHOTO B3aUMOIEeH-
CTBUs, TIOy4aeMasl B KBAHTOBOI TeOpHHU, UMEET BUJ:
N,
co — T g " . (723)
2m; cr
310 — B3aUMOJAEHCTBUE MEXIY COOCTBEHHBIM M OpOUTAIBHBIM MOMEHTAMU
HMITYJIbCA.
Pa3permmennpie 3HaUCHUSI TOYHOM SHEPTHH JIETKO HAWTH ¢ ydaeToM dopmyisl (7.20):

A A A

A 3 ol 2 A A~ a2 2 43 2 A A A
JZ:(L+LS) 221201, omym L-Lsz(Jz—Lz—L%)/z.

IloacraBnsisg Croa U3BECTHBIE pa3peLICHHbIE 3HAUCHUA J 2,L2 u L? u3 ¢op-
mya (7.21), (6.20) u (6.25), momyyaeMm JBa BOSMOXKHBIX YHCIIA!

DR n?1/2 i =1+1/2
Ls-L=h—(j<j+1>—l(z+1)—3]= 2/“‘”” /
2 4) |0 (1+1)/2 npu j=1-1/2.

Heo6xoauMo y4nThIBaTh Kak PENSTHBUCTCKUE TTOTPABKH K SHEPTHH JIICK-
TPOHA, TaK ¥ PHEPTHIO CIIMH-OPOUTAIBLHOTO B3amMopaeHcTBus. st ux ompeze-
JIeHUs TIPUXOJUTCS pelIaTh HE peNsITUBUCTCKOe ypaBHeHHe KielHa-I'opmoHa-
®oxa, a ero 0600IIEHNE IS YACTHUI] CO CITMHOBBIM YHCIIOM § = 1/2 — ypaBHeHHE

Jupaka. B pesynpTare Kaxnablii dHEpreTWYECKHH ypOBEHb pacLIEIUIIeTCS Ha
JIBa TIOAYPOBHS TOHKOM CTPYKTypbl. BenmuunHa 3TOro paciiereHus mana, Tak

KaK, IPUHSB 7 = 10710y , uMeeM k ezhz/(2mze ? r3) ~10™*5B.. Ho ono pH-

BOIUT K HaOJIOaeMOMY pacIICIUICHHIO KaXJOW JIMHUU CIIEKTpa BOAOPOJA
(puc.3.14) B myGner u3 OByX OJM3KO pacriojioXKeHHBIX JUHUI. UTOOB yBUAETH
3TO pacIleIyieHne HaJ0 HCIOJIb30BaTh CHEKTPOMETpPHI (IudpaKkunoHHBIE pe-
IIETKH) C OOJBINON pa3penraoneil CnocoOHOCTHIO.

Uctranaas ¢GopMyna TOHKOW CTPYKTYPHI SHEPreTHYECKHX YPOBHEH BOIIOPO-
JIOIIOIOOHOTO aTOMa C Y9ETOM CITMH-OpOUTATBHOTO B3aNMOCHCTBISA IMEET BUI:
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k2 ZZ 4 k4 Z4 8 3
Ej=myc? -T2 eC (2 2 el (3_ | (7.24)
2h°n c“h'n k8 2j+1
men=1,23,.; j=I[£1/2; [=0,1, .., n-1 (cpaBaure ¢ popmyoii

(7.19)). 3amerum, uto j > 0, u mostomy ypoBuu ¢ [ = 0 B xyOuieT He pacuien-

nsotes (st Hux j =1/2).

4. ATOM BO BHEIIHEM I10JI€

IlomecTriM aTOM BO BHEIIIHEE MAarHHT-

AE
E AE T 40 o B
v n +7 HOE IoNe ¢ MHAYKUHMEH B, BBLIENAIOIee
-230—3P m f? -€3d2—mf$ HanpasieHue ocu z. Eciiu He yYuThIBaTh
1=0 €=1 T€——-2 cmmm, TO c MONIeM B HAuHET B3aUMOZCH-
ves AE CTBOBaTb MAarHUTHBIH MOMeHT p, . K
U
Log 2p m=0 SHEPTUM aToMa Hajo JOOABHTH SHEPTHIO
=0 ¢=1 -1 B3aMMOJICHCTBHS, KOTOpas ¢ ydeToM (op-
m=0 MyJIHI (6.24) IMeeT BeTMInHY

see UB3:—ﬁmE:—psz=prm,
_ ¢=0 m=o

}»13
Puc.7.9

P ,, HAIPaBIICH MPOTHBOIIOIOKHO BEKTOpPY L ).

roe m=0,+1,....+/ (7.25)

(3HaK HU3MEHUJICA U3-3a TOr'0, YTO BEKTOP

Kaplif pa3pelieHHbIH YPOBEHb SHEPTHH pacierusieTcs Ha 2/ + 1 momypo-
BEHb, KaK MOKa3aHO Ha pucC.7.9 (TOHKasi CTPYKTypa Ha 9TOM PUCYHKE OTCYTCT-
BYET, a MPOMEXKYTKH MEXAY YPOBHSIMH SHEPTUH MOKa3aHbl HEMPONOPLUUOHAIb-
HO). PaccrosiHue MeXay JIFOOBIMH COCETHUMH PACHICTICHHBIMH TOTyPOBHSIMHU
onuMHaKoBo: AE =p,B.

Takast mpocTasi KapTHHA pacIleIIeHHs] YPOBHEH BepHa Ui aJpOHHOTO aToMa

(puc.7.5). B peanbHOM OJHO3JIEKTPOHHOM (sanempoﬂa =1/2) aToMe KapTHHa

pacILeruieHns] ypOBHEH MHOTO CIIOXKHEe.
[TycTe BHeIIHEe MarHUTHOE II0JIE OTHOCHTEIBHO HEBENWKO. M3-3a cIuH-
OpOHUTATBHOTO B3aUMOJICHCTBHS OPOUTANBHBIA U COOCTBEHHBII MOMEHTHI MM-

IMyJbca 3JEKTPOHA CBA3aHbI B MOIHBIN MOMeHT J = L + L . BmecTe ¢ aHeprueit
MOHO HaWTH TOJIbKO BEIMYHHY J M Mpoekuuoo J, Ha och z. OTHOBPEMEHHO

OIMpPEACIACTCA BECINYNHA JIF000r0 BCKTOpA, IMapajljIcJIbHOTO J . Ho CyMMa mar-
HHUTHBIX MOMCHTOB
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e - e
A
me me

L, (7.26)

Pm+Pms =—

He mapajuienbHa Bektopy J (puc.7.10). CregoBaTebHO, ONPEICTUTh MOKHO

TOJIBKO BEKTOP I3m , HATIPaBJICHHBIH POTHBOMONOKHO BEKTOPY J , BeIMUMHA

KOTOpPOTO paBHA CyMM€ IPOEKLUI BEKTOPOB P, + P ,,s Ha HAIIpaBICHUE J:
P, =p,coso+p, cosp. (7.27)

TlepreHauKyIapHas K J TPOeKIs BEKTOpa J mt Pms

B cwiy npuHimmna [eiizenOepra OymeT MOIHOCTHIO HE
onpeneneHa. HarmsigHO 3TO MOXHO TPEACTAaBHUTH Kak

Lo ObICTpoe BpalleHUE (IPELecCUuro) p,, + P s BOKPYT

Hanpasnernss J (puc.7.10). PesymasTupyiomas mpoek-
mwsi p, +pP,,s Ha HalpaBleHUe, HEepHEHIUKYIIpHOe

J , OKakeTcs PaBHOM HYJIO, U PE3yJIbTUPYIOIIMI Mar-

HUTHBII MOMEHT 3/1eKTpoHa Oyzer paseH P, .

Puc.7.10

= 2 o S =2 o
Jns BexTOpOB, n300pakeHHBIX Ha puc.7.10, (J—L) =L, (J—Ls) =L",

oTkyI J~Z=(J2+L2—L§)/2, JLy=(s2+12 —LZ)/z. Mocne yuera
dopmyn (7.21), (6.20) u (6.25) Haxoamm

- = 2 2 2

JL JTHL =L jG+D)+I11+1)—s(s+1)

cosa = =

JL 2J L 2iG+DII+1)

J-L :J2+L§—L2 _JUAD+s(s+1)—I(+1)
2J L 2J L, 2[iG+)s(s+1)

[ToxcTaBuB ATH BBIpaXKEHHUS, a TaKKe COOTHOIIeHU (6.24) u (6.27) B ypas-
HeHue (7.27), NOIyYHM BBIpAKCHUE PE3YJIBTUPYIONIET0 MarHUTHOI'O MOMEHTA
JJIEKTPOHA B aTOME:

Pm =~ gm nim ﬁm :—(e/zme)gj , (728)
:l+j(j+l)+s(s+l)—l(l+l)
¢ 27+

cosP =

IIe MHOYKUTEIb (7.29)

HAa3bIBACTCA MHOXKHUTCICEM .HélHQC.
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B3auMopnelicTBie ¢ BHEHIIHMM MAarHUTHBIM IOJEM B, HalpaBIE€HHBIM IO
ocH z, 7aeT J00aBKY K pa3pelIeHHBIM YPOBHSAM 3HEPIHU:
L e 1 3 .
Uy =—P,, -B= gJ.B=uggm;B, tne m;=t—+—,...xj. (7.30)
2m, 22

Y pOBHHU 3HEPTHH PACIIEIUISIOTCS, HO M3-3a HAIMYUS MHOXHTEIs JlaHme 3To
paclieIUIeHHe Pa3IndIHO IS pa3HbIX YPOBHEH TOHKOM CTPYKTYpBHI.

CrabbIM MarHUTHBIM IIOJIEM OYZET Iojie, AJIsl KOTOPOI'o 3HEpPrusl B3aHMO-
neiictBus (7.30) MeHbIIIE SHEPTHU CITUH-OPOUTAIBHOTO B3auMoaercTsus (7.23):

2
Ug, <U,,,0Tkyna B %L ~1Tn mpu r= 10_10 M.
2m,cr’ Mg

E B) CHnbHOS norie B Kak BumaHo, 3T0 moje He
6) cnaboe ’ cIMIKoM  Mano.  OOBIMHO
a) B=0 none B BCTPEUYAIOIMECS] HAa IPaK-
23 9= 1 THKE  MAarHUTHBIE  TIOJ
IR { J=m, 0 p=M+20 UMEIOT MHIYKIHIO,  3HAUH-
28;_y/5 9=% - 1 TenbHO MéHbiyo 1 Tn. B
2 TaKuX IOJSIX paclIeIIeHue
YPOBHEH DHEPrUM aTOMOB
o nmeer Bux (7.30), mokasaH-
HBIE Ha puc.7.11,6. Oto
18,21/, = { pacIieruieHie  3HaYUTENbHO
j=0xL 9=2 - Meiﬂame pacuieniaeHus TOH-
Puc.7.11 KO cTpykTypsl (7.24), n3o-

OpaxxeHHOH Ha pwuc.7.11,a.

B cBot0 04epeib, pacIleIIeHHe TOHKO# CTPYKTYPBI MEXKLy YPOBHAMH 2 p 3y U

25 iy 1 (2D joyn ), paBHOE ~ 1073 5B , HIMHOTO MEHBIIIE PACCTOSIHUS MEX-
Iy YPOBHAMU 1§ j=12 2s =12 (s Bogopona oHo pasro 10,2 3B).

Ecnmu BHemrHee mojie CTAaHOBUTCS CWIBHBIM (B >1Tn), 1O cnus-

opbuTanbHas CBA3b JJII MarHUTHBIX MOMEHTOB pa3pbiBaercs. OpOuTaIbHBIN
D W COOCTBEHHBIH P, MAarHUTHbIE MOMEHTHI B3aUMOAEIHCTBYIOT C rosieM B

HE3aBHCHUMO, W DHEPrHsl B3aHMMOJCHUCTBHS, ONpPEACIIomas pacileruiecHHe ypoB-
Hel, 3armummeTcs: popMyoit

Us, =—Dm 'é_ﬁms 'EZ_(pmz +pmsz)B:uB(m+26)B’
e m=0,%1,...,4t/; c=+1/2.

(7.31)
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PacmenuienHble YpOBHU SHEPTUM CHOBA HAXOSTCS Ha PaBHOM PAacCTOSHUU
AE =p; B apyr ot apyra (puc.7.11,B). SIBieHue SKBUIUCTaHTHOTO pacllerie-

HUS YPOBHCH DHEPTUU aTOMa B CHJIBHBIX MAarHUTHBIX IMOJIAX Ha3bIBaeTCs 3(-
dexrom ITamena-baka.

AHaJloTH4HOE paclleneHne YpOoBHEll sHepruu

E >
=0 E#£0 aToMa BO BHEITHEM 3JICKTPUYECKOM II0JIC C Harps-
= E#0, "

2p.2s { AE xenHoctero E HaseBaercs dddexrom Illtapka.

) o
Jliis atoma Bojoposa 6e3 ydera TOHKOH CTPYKTYpPbI
ses 0HO u300pakeHO Ha puc.7.12. YpoBeHb 3HEpruH
is E,_, pacmemnsiercds Ha Tpu ypoBHA. Benuduna

Puc.7.12 pacmerutenns AE =+3h° E/(kme e).

5. MeTon Teopuu BO3MYLIEHUI

Hanuune BHEIIHET0 B3aUMOJCHCTBUSA U3MEHSIET HE TOJIHKO Ppa3pelI€HHbIE 3HAYCHUA
OHEPruM aToMa, HO U €ro BOJIHOBBIC (byHKLII/II/I. ﬂOHyCTI/IM, YTO HaM HU3BCCTHBI U 3HAYC-

Hus sHeprun E, , 3anannsie dopmynamu (7.12) mwm (7.24), 1 COOTBETCTBYIOLINE BOI-

HOBBIC q)yHKL[I/II/I lba JJI1 aToMa B OTCYTCTBUM BHCUIHETO IIOJIA. Onn OIIPEACISIOTCA

ypaBHeHHEM (6.7):
Eby=Eg, - (7.32)
BiiouaeM BHewHee MarauTHoe none B . K oneparopy sHeprun £ nobasnsercs
omeparop MOTCHUUANBHOM dHepruu B3aumopencreus Uy, = —Ism-é , KOTOPYI0 MOKHO
CYMTATh MAJIO Jaxke B ciaydae cwibHoro mojas (B8 mone B =1000Tn senuuuna
Uy ~1z8~0,060B <« |E1| =13,63B). Oneparop UBB Ha3bIBAaeTCs ONEPATOPOM BO3-

MYIICHUS.
Teneps npuaercs pewmars HoBoe ypasHeHue llpeaunrepa

(E+Uns )0l = Eq 0. (7.33)

OpHaKo HOBYIO BOJHOBYIO (YHKIHIO (penieHue ypaBHeHHS (7.33)) MOXKHO MPEICTaBUTh
B BUJIe cyneprno3unuu (4.5) BonHOBBIX (yHKUMi 3aga4n (7.32):

Py =2 CaeVe (7.34)

*
OpUYEM U3 YCIOBUS ~ HOPMHDOBKM  HOBOH  (DyHKLMH j(ﬂ)'a ) VpdV =

*
= CypCye _[ Vb dV =1 cnemyer, w4To A BeMONHEHMS TOXAecTBA  (4.6)
b,c

2
3| Cae I” =1 nomxno BIIONHATECS ycn0BUE
c
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[V eV =8, = Lnpub=c, (7.35)

bren T The ™ Ompub#c. '
[oncraBum pasnoxenue (7.34) B (7.33) u yurem cootHomrenue (7.32):

2. Cac(EVe +Ugb) =2 Cpp Eg g , oTRYMA

¢ =Ecwc ¢

ZCac(Umlbc - (£, —Ec)lbc)=0. (7.36)

*
VMHOXHM ypaBHeHue (7.36) ciieBa Ha KOMIUIEKCHO CONPSDKCHHYI0 QyHKIHIO 1y, ,

Y, IpUHUMAas BO BHUMaHue ycioBue (7.35), MPOUMHTErprpyeM MO BceMy 00BEMY IMpo-
CTpaHCTBa:

ancjwz 033 wc dav :zcac(Eéz —EC)HJZ wc av =

c
=2 Cac(Ey—E.)8ye = Cap(Eq — Ep).
c
CKaHﬂpHLIe BCIIMYUHBI

Uep = H)Z UvB3 Ve dV (7.37)

Ha3bIBAIOT MAaTPUYHBIMU 3JICMCHTAMHU OIlepPaTopa BO3MYIICHHS. BbIUUCINB 3TH BeIHYHN-
HbI, MOXXHO M3 IIOJIYYEHHOT'O YpaBHCHUSA

Cab(Ea’z_Eb):zCacUcb (7.38)
c

onpeznenuts 1 HemsBecTHbIe Kod(duumentsr C, ., 1 HOBbIC dHeprun E,, B ciiydyae ma-

JIOTO U3MECHCHUSA JHCPIruu Ucb < |Eb| . ILJI}I 9TOro IMpeACTaBUM HCKOMBIC BEJIMYMHBI B

mite Cye =8¢ +ACye, By =Ey+AE, ,t1e AC, <1, [AE,|~|Uep| <|E,| - va-
Jble 100aBKH, U MOACTaBUM UX B ypaBHeHHe (7.38):
(8ap +ACup ) (Ey+AE, —Ep) =3 (84c +AC,. ) Ugy.
C
C TOYHOCTBIO 10 MAJIBIX TIEPBOTO MOPSIIKA

8ap(Eq—Ep)+AE,8,p +AC,,(Ey —Ep)=Ugup +O(E?) .
=0
Ilpu a = b nonyvaem AE, =U,, . (7.39)
Ipu a # b nonydaem Acab:Uab/(Ea_Eb)- (7.40)

[Ipu mManoM BHEIIHEM BO3AEHCTBUH UCIIOJIb30BAaHHBIN METO/ TEOPUHN BO3MYIIIEHUHN
MO3BOJISIET HEMOCPEACTBEHHO OMPENCIUTH MO BEIYHCICHHBIM MATPHYHBIM JIEMEHTAM
(7.37) HOBBIC BOJTHOBBIE (DYHKIIUHI
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U
Wy =g+ X e (7.41)
c#a |Ea - Ec|
)51 COOTBeTCTBy}OH.[I/IC UM HOBBIC pa3peH.IeHHbIe 3HAYCHUSL 3HeprI/II/I
El'l =E,+Uuq (7.42)

(c TOYHOCTBIO JI0 IEPBOTO MOPSIKA MaJIOCTH).

6. [IpaBuaa oroopa u 3¢ dext 3eemana

PaccMoTpuM atom, cOCTOSIHHE KOTOPOTO OIMKMCBHIBACTCS BOJHOBOW (DYHKIIMEH
P, =V,7m (7.13), 1 KOTOpBIH, HaNPUMepP, HAXOIUTCSA B OCHOBHOM COCTOSIHHUH.

[lycTh Ha aTOM Ha4YMHAET JEMCTBOBATH MaJarollas Ha HEro AJIEKTPOMAarHUTHAs
BOJIHA, T.€. aTOM OKa3bIBAETCS BO BHEIIHEM JJIEKTPOMATrHUTHOM IIOJIE, KOTOPOTO
pansbIre He OpuT0. [Ipy 3TOM aTOM MOXKET H3MEHHTH CBOE COCTOsIHUE. B neficTBu-
TEJILHOCTHU TPH 3TOM OyJIeT POUCXOIUTH TMPOIIECC MOTIIOMICHUS aTOMOM ()OTOHA,
HO Takasl 3ajjaya MocjeI0BaTeIbHO PacCMaTpPUBAETCS JIMILIb B KBAHTOBOM Teopuu
moJisl (KBaHTOBAs SJEKTPOAMHAMUKA), TAE IEKTPOMATHUTHOE TOJIe KBaHTYETCH,
T.€. IIPEICTABIICHO B BU/IE COBOKYITHOCTH KBAHTOB TOJIST — (POTOHOB.

PaccmoTpuM TIpHONMKEHHYIO 3a7ady BO3ICHCTBUSA Ha JJCKTPOH B aToMe
ANEKTPUUYECKOTO TOJS MAAarouieil AMeKTPOMarHUTHON BOJHBI C HampspKEHHO-

cteio E , nponopruoHanbHON yncay GOoToHOB B enuHuIe o0beMa. Ecian aivHa
BOJIHBI A M3JIy9EHHs 3aMETHO MPEBBIIIAECT pa3Mep aToMa, TO OCYIIECTBISIETCS
JUIO0JIbHOE B3aUMOJICUCTBUE C SHEPTUEH

Up =P E, (7.43)

rae p, =—er — DJICKTPUYECKUH TUIIOIBHBIM MOMEHT 3JEKTpoHa, B — Hamps-

JKEHHOCTh 3JIEKTPUYIECKOro mojisi (OoTOHA (MAarHUTHOE MOJI€ BOJHBI JAEHCTBYET
HAa JJIEKTPOH B aTOME 3HAYUTEIBHO ciiabee).

B pesynbrare BO3IeHCTBHSI 3JIEKTPOH MOKET MEPEHTH B COCTOSIHUE C HOBOI
BOJHOBOH ¢yHKIme# ), (7.41) u oka3aThest B 1I000M BO30YKICHHOM COCTOS-

HHUH C BOJHOBOH (yHKImeH . # 1, . Eciu 3anmucaTs BEpoSTHOCTH TAKOTO TIe-
pexona B BO30YKIEHHOE COCTOSIHAE B COOTBETCTBUU ¢ popmynamu (4.5), (4.6)

u(7.41)
2 2 2
Fisse :| Cuc| = /|Ea _EC| >

TO OHA ONpENeNAeTCS MATPUYHBIM 31eMeHToM (7.37).
JlelicTBYIOIIAs HA aTOM 3JIEKTPOMAarHuTHas BojiHa (1 +2€

cocTaBisroIIue e¢ (POTOHBI) MOTYT UMETh TUIOCKYIO WIIH

MUPKYISPHYIO ToIsipu3anuio. B mepBoM ciydae Harmpa- Puc.7.13

U(IC

BHAM OCh z BJOJb HampsbkeHHOocTH E (puc.7.13) u 3amm-
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meM Qopmyiy (7.43) B chepudecknx KOOpAHHATAX:
Uy, =ezE=eErcosH. (7.44)

Bo BTOpOM cityuae HampaBUM OCh z BJIOJb HANpPaBICHUS PacIpPOCTPAaHEHHS
BOJHB! (puc.7.14) U mpeAcTaBUM LUPKYJISIPHO IOJAPU30BAHHYIO BOJIHY Kak
CYMMY JBYX IUIOCKOIOJIIPU30BAHHBIX BOJH C OJMHAKOBOM aMIIUTYJOH, CBETO-
BbI€ BEKTOPHI KOTOPBIX KOJICOTIOTCS BO B3aMMHO TEPIIEHIUKYIISIPHBIX Halpas-

nenusix co casurom das + /2. Toraa

X - -
/P -e E—l£+j 2 +”T/2 Hu
AR
Uy, =ex +eyE /2 _ eE(xiiy):

R TR

.. eE +i
cose(coscpilsm (p) =——cos0 e'?. (7.45)
2

_ekb
Puc.7.14 _E

BBIHuCIATE MaTpUYHBIC IIEMEHTHI [T B3auMoeiicTus (7.44) wmu (7.45) ¢
BOJHOBBIMH (yHKIMsIMU (7.13) mocraTouno crnoxno. Ho 3ameTnmM, 4to mrobast

coeprueckass GpyHKIUS uMeeT BUX Y lm (O,q)) =f lm (9)-6”"@. [MosTomy dop-

Mmyna (7.37) MoxkeT OBITh NpeJICTaBiIeHa B BHUIE IMPOU3BEACHUS TpEX WHTErpa-
JIOB TI0 HE3aBHCHUMBIM IIEPEMEHHBIM 7, 0, ¢

J‘ d n i(m—m')p
rj...de I e do Bcaydae (7.44),

Unim—sn'im =

[.dr]..de j mmEegg B ciyuae (7.45).

[MocnenHue WHTErpajbl B 3TOM BBIPOKCHHU OTJIMYHBI OT HYJS TOJBKO TPH
m'=m B cnyuae (7.44) u m'=m=1 B cnyuae (7.45). UnterpupoBanue mo 0
JIaeT HEHyJIeBOM pe3ynbTaT Toabko mpu ['=/+1, a WHTErpaji mo » He paBeH
HYJIIO 11l TIF0OBIX YHcen 7',

Bvi6o0: mop AeHCTBHEM BHELIHEro 3JIEKTPOMArHUTHOTO TIOJISL OJHO3JIEK-
TPOHHBIA aTOM MOXKET MEPEHTH B BO30YKICHHOE COCTOSHHUE C JIFOOBIM TITaBHBIM
KBaHTOBBIM 4mciioM #'. [ToaToMy mipr BO30Y>KAEHHH aTOMOB BOJOPOIa HAOIO-
JlaeTCsl BECh CIIEKTp, n300pakeHHbIH Ha puc.3.14. Ho 3HaueHns opOMTaNIBEHOTO
Y MarHUTHOTO KBaHTOBBIX YHCENl MOTYT IPH 3TOM M3MEHHUTHCS TOJIHKO Ha BEJH-
YHUHY

Al=+1 u Am=0, £1|. (7.46)

Chvii Tpe6OBaHI/I$I Ha3bIBalOTCA IpaBUJIaMH OT6ODa.
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BepositHOoCcTH TIepexo/ia B ipyrue Bo30yKICHHBIE COCTOSIHUSI PaBHBI HYJIIO.
[TosToMy mepexossl, HapymIatomye yciaoBust (7.46), He IPOUCXOAAT U Ha3bIBa-

IOTCA 3alTPCIICHHBIMHU.

AmnanoruuHas KapTHa BO3HUKACT U MPU H3JITYyYCHUU q)OTOHa BO36Y)KZleH-
HBIM aToMOM. Ecim YUCCThb CIIMH JJICKTPOHA, TO IpaBUJia 0T60pa JJIs1 KBAHTO-
BbIX YUCCJI 3alIMIITYyTCS B BUIC!

> I - .
a) B=0, 6) B#0 An—nw06oe; Aj =0, +1; e
E . . (7.
L AE Al=%1; As=0; Am; =0, £1
n=3 =
! - i | i { ITepexopl ¢ APYrM U3MEHEHHEM
o :AE Am=+1 Am=0 Am:ﬂ KBAaHTOBBIX 9HCEI j, [, s 1 m; 3ampe-
h=2 1 “ \L ~— IIEHBI.
T ; KapTiHa u3mydYaTebHbIX EPex0I0B
L ! . Toumner HanboJiee MpocTa B TOM Cllydae, Korja
! \ ! / MOXKHO TpeHeOpeYb CIIMHOM M PEIISITH-
A\ |
n=1 ' N BHCTCKUMH ITIONPAaBKaMH. JTO CIpaBejl-
Itpunnet Wy JHBO AJIS aJPOHHOTrO aroma Ha pwuc.7.5
v
| )\: |+| |<-A)\ |_>v| FA;\ » WM JUIS MHOTODJIEKTPOHHBIX aTOMOB, B
5 - KOTOPBIX CyMMa CIIMHOB 3JICKTPOHOB S =
-
- CNeKTP (. B oaToM ciydae  HMHTEpBaJIbI
Puc.7.15

AE =p, B Mexay ypOBHSIMH JHEPIuH,
pacIIeTUIEHHBIMH BO BHEIITHEM MAarHUTHOM TI0JIE, OAMHAKOBHI (puc.7.9).

Bce paspemennsie npaBuiaaMu 0TOOpa Mepexo bl MeXy pacileryIeHHBIMH
YPOBHSIMH TSl IBYX MHUH criektpa n' =2 —>n=1 u n' =3 — n =2 mnoka3aHsl
Ha puc.7.15,0. Bce 3Tn mepexonsl MPOUCXOMAT C pa3pelIeHHBIM H3MEHEHHEM
KBaHTOBOTO umcia Al =11, HO pa3pelIeHHbIe CIIeKTpalbHble TUHUNA 35 — 2p,
3p —>2s, 3d ->2p coBNajalOT NMpH OTCYTCTBUH CHHH-OPOMTAIFHOTO B3aH-
MOJENCTBHA. [N IepexonoB ¢ OJMHAKOBBIM M3MEHEHHEM Am PaCcCTOSHUS
MEXAy ypoBHSIMU 3Heprun E,_; u E,_, oanHaKkoBb! (OAWHAKOBA JUIMHA CTpe-
JIOK Ha puc.7.15,0). DTn mepexonsl JaxyT OMHY U TY JKe JTUHHUIO CIIEKTPa.

Bo BHeliHeM MarHUTHOM mone u JuHAS n'=2—>n=1, W JIUHASL
n' =3 — n =2 pacIeruisIfoTest B CIIEKTPe Ha TPH OJIM3KO PACIONOKCHHBIE JH-
HuK. Takoe TPHUIUIETHOE pacIIeIIeHHe JWHHUH CIIEKTpa aToMa BO BHEIIHEM
MarHUTHOM TI0JIe Ha3bIBAETCSl HOPMAIBHEIM MITH IPOCTHIM dddexTom 3eemana.
OmBIT MOKA3BIBAET, YTO LIEHTPaIbHAS JIMHUS TPHUILIETA, COOTBETCTBYIOMIAS T1e-
pexomam ¢ Am =0, SBISETCS IUIOCKONOJISIPU30BAHHBIM AJIEKTPOMArHUTHBIM
M3JTydeHneM, a OOKOBBIC TMHUM C Am =+ — OUPKYISAPHO-TIOISIPU30BAHHBIM
M3TyYeHHeM, Kak 3To H cienoBano u3 popmyn (7.44) u (7.45).
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Tak Kak SHeprust UCIryckaeMoro (pOToHa OTINYACTCS IS COCEIHUX JIMHUI
tpumiera Ha AE (puc.7.15,6), 10 Aw=AE/h =y, B/h, n narepsan Mexay
COCETHMMH JINHUSIMH TPHUILJIETOB B CIIEKTPE
2nc 2nc A2 ns B
—] T T e

[0) e
HPOTIOPIIMOHANIEH BEINYNHE WH-
JOYKIMH MarHUTHOTO NS B.

PeanbHOE pacrieruieHue -
HUH CIIeKTpa B aToMe Bogoposa (1
JIpyrHX aroMax) HMeeT Ooiee
CIIOKHBIH BHJI W3-32 HAJIHYUS
TOHKOH CTPYKTYypHI (puc.7.11).

s npumepa paccMOTpUM
pacuiemnyieHue OJHOM TOJIBKO Iep-
_ BoW nmHuM cepun Jlakimana
{ . - mfﬂ;; n'=2->n=1. Ha puc.7.16 uso-

Opa’keHBI CTpeJKaMH BCE paspe-
CMeKkTp ” ‘ | ‘ | I | ” A Puc.7.16 LICHHBIC nepexogum C pacuiCIicH-
HBIX TOAYPOBHEH 2p,, u2p,,

(@)

Asz(

E B
cnaboe none B

2p3/2 {

2P| {

1s

2

E cuneHoe Ha TOAYPOBHU ls,, (IPOOHBIA HHIEKC BHH3Y
none B~ M+20= .
+2 0003HauaeT BeNWYMHY KBAaHTOBOIo uucia j). Tak

——|— +1  Kak MHTEepBaJIbl MEX/y STUMH TIOJypOBHSIMH pa3-
7 0 nynbl (pasnmuuba nyMHA BCEX CTPENOK), TO B
R = -1 c1aboM MarHWTHOM II0JIe TIepBas JIMHHUS CEpPUH

'—‘:' ~ "2 Jlajimana pacmenurcs B 10 pa3smuuHBIX CHEK-

0 TpanbHBIX JHHUHA (puc.7.16). Takoe croxHOe

Am;=+1 Am.=-1 paciieluieHue JMHNAN CHEeKTpa Ha3bIBACTCAd aHO-

JL ] MaJIbHBIM WM CIOXKHBIM 3(ddekrom 3eemana n

1s { — —+1  ppnBano 3aBucHMocthio aktopa Jlamme (7.29),
T (7.30) or kBaHTOBBIX 4ncen /,j .

crekTp “” | ”” A Ho B cunbHOM BHelHeM MArHATHOM 10JIe B

KapTHHAa  pAaCLICIUVICHHA ypPOBHEH  M3MEHUTCS

Puc.7.17 (puc.7.11), a BMecTe ¢ TeM M3MEHHTCS M CIIEKTD.

Paspementsie nepexozsr Am; =0, £1 cHoBa 00pa3yIoT TPUILIET PaCIleIUICHHBIX

mvHMi (puc.7.17). B CHIBHOM MarHWTHOM TOJIe aHOMAJBHBIN ekt 3eemana
npeBpalaeTcss B HopMayibHbIH. Ho u3-3a o4ueHb HeOONBIIOro (M0 CpaBHEHUIO C
MarHATHBIM) CHHH-OPOUTAIEHOTO B3amMOAeHCTBUS (7.23) OOKOBBIC JMHUH TPH-
wreTa (HPKYIBIPHO-TIONSPH30BAaHHOE W3ITyYCHHUE) PACIISIUICHBI B IyOJeT, a IeH-
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TpaJibHas (IJIOCKOTIOISIPU30BaHHOE N3ITy4YeHne) — He paciiervieHa (puc.7.17).

OTMeTHM HECKOJIBKO 0COOEHHOCTEH CIEKTpa M3ITyUeHHsI aTOMA.

1) CymecTBYIOT YpOBHH 3HEPrHH, Ha KOTOPBIX JIEKTPOH HAaXOIUTCS B BO3-
Oy>XICHHOM COCTOSHUH, HO HE MOKET BEPHYTHCS B OCHOBHOE COCTOSIHHE, TaK Kak
TaKoH Mepexo] 3ampelleH npasmwiaMu otoopa. Takum, Hanmpumep, OyaeT ypoBeHb
25/, , OKA3aBIUUCh HAa KOTOPOM OJICKTPOH HE MOXKET BEPHYTHCS Ha OCHOBHOMH

ypoBeHsb ls ), , (puc.7.16). O1o 3anperiero npasuiom otbopa Al =+1!

Tewm ne MCHCC, O3TOT NEPEXOA NPOUCXOUT IO CIACAYIOINUM IPpUYUHAM.
CpeﬂHee BPEMs JKU3HU DJICKTPOHA Ha YPOBHIX, NEPEXOJbl C KOTOPBIX pa3-

pemieHsl mpaBwiamu ortoopa (7.46) n (7.47), At~ 108 ¢c. Dm YpOBHHI
(2 Py 2 P3s»-- B aTOME BOJIOPOZa) OyayT HeCTaOWIbHBIMU. PaccMoTpuM ypo-

BEHb HEPIUH, EPEXO0]] C KOTOPOTrO C UCITyCKAaHUEM OJIHOTO 3JICKTPOHA MpaBHJIa-
M (7.46), (7.47) 3anpemen. EcTe BO3MOXXHOCTB, 9TO OH IPOU30UIET MIPH OIHO-
BPEMEHHOM HCITyCKaHUH [IBYX WJIM HECKOJBKUX (DOTOHOB, HO BEPOSTHOCTH TAKO-
TO OIHOBPEMEHHOTO COOBITHA KpaitHe Mana. OmHako mpaBuia oroopa (7.46) u
(7.47) ObUTH TIOMYYEHBI JJIS1 IUIOJBHOTO M3JIYYeHHs, BOSHUKAOUIETO MPH B3au-

MOZEIHCTBHY C 3JIEKTPUYECKUM TosieM E IHIONBHOTO AIEKTPUYECKOTO MOMEHTA
atroma (7.43). ATom, MOMHMO JMIOJIBHOTO, MOXET 00JaJaTh KBaJPYIOJIbHBIM
(OKTYIONBHBIM | T.II.) JJIEKTPUYECKUMH MOMEHTaMH. K 3Hepruu IUIojsHOro
BanMozeicTeus (7.43) cnemyer 100aBUTH SHEPTHIO KBaJPYIOIHFHOTO B3aHMO-
JISUCTBUS ¢ BHEIIHUM TosieM E . DTo NMpuBEAET K MOSIBICHHIO JOTIOIHUTEILHOTO
KBaJPYIIOJIGHOTO M3ITy4YeHHUs], TTOYHHSAIONMIEr0ocs IPYTHM IpaBmiaM otoopa. Ilo-
ITOMY IIepEXO/Ibl aTOMa U3 OJHOTO COCTOSIHHS B IPYTOe, 3alpelieHHbIe paBUia-
M (7.46), (7.47) o AUTIONIBHOTO M3ITYyYEeHHUS, MOTYT OBITh Pa3pelieHbl IPyTHMU
IpaBUIaMK 0TOOpPa VIS KBAAPYNOIBGHOIO M3IYYEeHHs, I KOTOPOTO 3aIpelieHbl

nepexonpl Al = 1 u pazpemenst nepexogsl Al =0,12 .
U Bce xe KBaApyIoONbHOE H3IyYeHHe crabee TUIOIBHOro, a OKTYIIOIEHOE —

2 .
cnabee xBanpynomsroro B (A/d)” pas, tne d ~107'"m - pasmep atoma,

A — JUIMHA BOJHBI UCITYIIEHHOTO (poToHa. IT03TOMYy KBaApyNOJIBHBIM H3ITyYEeHH-
€M B CIeKTpe Ha puc.3.14 mpu HaJIMYMU TUIOJIBHOTO MOXHO NpeHeOpeub. OHO
CTaHOBUTCS CYIIECTBEHHBIM B TOM Ciydae, KOTJa AUIOJIBHOE M3Iy4eHHe 3arpe-
meHo. KBanpynoneHoe n3irydeHHe B 3TOM CIIydae MOXKET IPOHUCXOIHTh, HO €ro

2 6
MHTEHCUBHOCTb B (k/ d ) >10" pa3 MeHblIEe IUMOJBHOTO, U CpEeHEEe BpeMsi

2
KHU3HU Af DJIEKTPOHA HAa TAKOM YPOBHE BO3pPAcTacT B (k/ d ) pa3. IlomoOHbIe

ypOBHI/I 3H€pFI/II/I 500058 B036Y)KHCHHI>IG COCTOAHUS aTOMOB HA3BIBAKOTCS METACTa-
OWJIBHBIMH.
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Ecnn 3anpemiensl n TUOIBHBIE, M KBAIPYTIOIbHBIE MIEPEXOIbI, TO M3-32 OK-
TYIOJBHBIX TIEPeX00B A/ MOKeT Bospact eme B (A/d )2 pas. B pesyssrare
cpezHee BpeMsl )KM3HH BO30Y>KAESHHOTO 3JIEKTPOHA HAa METacTaOMIbHOM YpOBHE
MOYET COCTaBHTb OT Af ~ 1072 ¢ JI0 HECKOJIBKHX JTHEH U 1a)Ke MECSILIEB.
2) Ipu pacmiernneHny ypOBHEH SHEPTHH aTOMa M3-3a TOHKOW CTPYKTYPHI
WJIN W3-3a ACHCTBUS BHEITHEIO MarHUTHOTO TIOJISI BO3HUKAET BO3MOKHOCTD TIe-

PEXOI0B MEXAY paculenuBIIUMHUCS ypoBHAMHU. Ha puc.7.16 — sTo mepexomsl
2py, = 25y, - Takue xe mepexobl MOKHO n300pa3uth u Ha puc.7.15. OHN

OyIyT COOTBETCTBOBaTh 4YacTOTE @ = AE/ h=p; B / n~879-100 ¢! pu
B =1 Tn. JIuaum 3T0ro0 N3Iy4eHus: OTCYTCTBOBAJIM B clieKTpe Ha puc.3.14. OHu
HONAJA0T B 00J1aCTh PaJHOBOIIH.

Bo3HuKaeT BO3MOXKHOCTb OCYIIECTBJICHUS MarHUTHOTO pe3oHaHca. Hampa-
BUM BHEIIIHEE JIEKTPOMAarHUTHOE M3JTyYeHHe C MHTEHCHBHOCTBIO [, M 4YacTo-

TOM ® Ha BCIICCTBO (HaanMep, Ha BOB6y)KZ[€HHI;H71 BOOpOL, HaXOHﬂmHﬁCﬂ B

MarHuTHOM Tosie B , puc.7.18,a). TIpH COBNafEHNN YaCTOTHI (® C YACTOTOM Ie-
pexona ® = AE/h wusnydenue GymeT CHIIBHO MOTJIOMATHCS, MEPEBOIS IEKTPO-
HBI Ha BEpXHHUE pa3pelIieHHbIe YPOBHU. Bo3Bpaimascs 00paTHO, SIEKTPOHBI HC-
MYCKalOT (OTOHBI IO BCEM HAmNpaBlICHUSAM (PE30HAaHCHOE pacCessHHOE U3ITyde-
HHE). 3aBUCMMOCTh MHTEHCHBHOCTH NPOLICALIETO U3Iy4eHnst Iy, OT 4acTOThI

a) S B ® ToKa3aHa Ha pwuc.7.18,06. MarHuTHBIH pe3o-
S l]\ l]\ I HaHC MTO3BOJIIET OYEHb TOYHO OIPENEIUTh CTPYK-
np

[y~ |BelecTBo s TYPY PACIICTUICHHBIX YPOBHEH dHEPrHH.

s || | 3) Cornacuo ¢opmyne (7.24) ypoBHU SHEPTHH
f‘ ' N NIEKTPOHA B 25y, - U 2 P )5 - COCTOSIHUAX COBIIA-
6?[ Inp JAIOT, TaK KaK KBAaHTOBOE 4MCiO j =1/2 y Hux
o1 _pesoHaHc OJMHAKOBO. B JeHCTBUTENBHOCTH, OMBIT MOKA3bI-
! @  Baer, 4TO ypOBeHh 25, PACHOJIO}KEH BbIlIe
AE/n )
Puc.7.18 YPOBHR ZPya -

Takoe cMeleHHe ypoBHEH ObUIO IKCHEpH-
MEHTaJIbHO ycTaHoBleHo Y.JIambom u P.Puzepdopnom B 1947r. u Ha3pIBaeTcs
JOMOOBCKMM ciBUTOM. OOBSICHSETCS OHO B3aMMOJICHCTBHEM 3JIEKTPOHA C (QH-
3UYECKUM BaKyyMOM. DJIEKTPOH B KBAaHTOBON TEOPHH HEJb3s NMPEICTaBUTh Kak
YacTHIy, JBIXKYIIYIOCS B aOCOMIOTHOH mycToTe. du3nueckuii BakyyMm BOKpPYT
Hero Oynet "o61akoM" BUPTyaibHBEIX (GoToHOB (prc.4.12).
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-e [Tpouecc HeNMpepbIBHOTO HCIyCKaHUS
%H U TOIJIOLIEHUS BUPTYAIbHBIX (POTOHOB
Puc.7.19 MIPUBOIUT K MAOMOJHHUTEIFHOMY IpOKa-

HUIO AnekTpoHa (puc.7.19), koTopoe yBe-

JMYMBAET €TO TOJHYI 3HEPruio. PacueTsl MOKa3bIBAIOT, YTO 3TO YBEIHUCHHE
onpiue [Uist SIEKTPOHA B S-COCTOSHUM, M YPOBEHb 2/, CABHHETCS OTHOCH-

TENLHO YPOBHA 2 py/, Ha AE; =4,37 107 5B (puc.7.20).

4) Sopo BOOOpOAOMOJOOHOTO aroma Takke oOamaeT COOCTBEHHBIM Mar-
HUTHBIM MOMEHTOM J , o . HO Macca siipa B ThICSYM pa3 OOJbIIe MacChl SJ1eK-

TpOHa, U, cornacHo Gopmye (6.26), rie Macca CTOUT B 3HAMEHATeJIe, SAEPHBIN
MarHuTHBIII MOMEHT O4eHb Mal. TeM He MeHee, OH B3auMOJEHCTBYeT ¢ 3 dek-
TUBHBIM MarHUTHBIM T0JIEM, CO3/IaHHBIM JIBHKEHHEM 3JICKTPOHA:

UBS = _l_jmm B3(1)<1) =—Pmsanz B3q)(b = 2”’1551,& B3(1)(1) ‘G, 0= iS,i(S‘i‘l),.... .
OTa JONONHUTENbHAST PHEPTHS PACILEIUISIET KaXK/Iblii SHEPTeTHYECKUIT ypOBEHb
B CBEPXTOHKYIO CTPYKTYDY.

Jlns Bomopoza cnuH siapa s =1/2, 6 =+1/2, u CBEPXTOHKOH CTPYKTypOi

Oyzmer paclienjeHue B JBa IOJAYypPOBHsA, pACCTOSHME MEXAY KOTOPBIMH
AEcc = Wggan Bopg = 5,87~10_6 3B . KaptuHa paciiemieHHbIX ypoBHEH 3Hep-

THH aToMa BOJIOpPOJia B OTCYTCTBHH BHEIIHETO MarHuTHoOro mois (puc.7.11,a)
MIPUHUMACT B ICHCTBUTEIHHOCTH BUJ, N300paXKeHHBIH Ha puc.7.20.

E Ipumep: i BO30YKICHUSA
2p.,——————— BOJIOPOZIa B COCTOSIHHE 2p HE00-
¥2 T“ XOZIMMO HarpeTh €ro 10 TeMIepa-

AE 1+6=4,51-107538 Typ ~4-10*K . Mostomy Bosto-

TOHKaA CTpyKTypa pon B doTochepe 3BE3T U MeEK-

2s,, —— - &&En=4,3?'10_638 3BE3/IHOM CPEJIE OCTaeTcsi B OC-

2P4s F
1 .
/2 namBosckuii cagur  HOBHOM - COCTOSHHN lsl/z. Ho

JA0CTAaTOYHO HUYTOKHOI'O HArpeBa
Ha AT =AE ¢ [k =0,0681K

1S1/2 AE = 5,8?-10_638 YTOOBI TIEPEeBECTH JJIEKTPOH Ha

Harpes ) CBePXTOHKas CTpykTypa BEPXHUH YPOBEHb CBEPXTOHKOM
CTPYKTYpBI 131/2. Omnyckasicb Ha
Puc.7.20 .
HIDKHUH ypoBeHb (puc.7.20), oH
u3TydaeT (OTOH C 4acToToil v =AFE / 2nh= = 1420 MI'n n UIMHON BOJHBI

A =21,1cM . BeeneHHas 3anofiHeHa paION3ITyIeHAEM C TAKOH JJTMHON BOJHBL
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1. lIpunuun [ayau u 3JIeKTPOHHBbIE 000J10YKH aTOMA

CBolicTBa MHOTORJIEKTPOHHBIX aTOMOB OIPENCIAIOTCS (yHIaMEHTaIbHBIM
MPUHLIUIIOM, KOTOPBIN BBITOJIHSIETCS] BO BCEX Cllydasx. 9To —.

IOPUHLAIN TOXKICCTBEHHOCTH (HEPasIMYMMOCTH) MHKPOYACTHIL: JIBE COBEPILICHHO
OJIMTHAKOBBIE MUKPOYACTHIIBI B O/THOM KBAaHTOBOM CHCTEMeE abCOMIOTHO Hepa3Iuyn-
Mbl. Ecim X IMOMEHSTh MeCTaMH, TO CBOMCTBA CHCTeMbI He m3MeHsITcs. Henp3s
paccMaTpuBaTh COCTOSIHUE JIBHXKEHHSI OJHOTO ONPeIeJIeHHOI0 JIEKTPOHA B CHC-
Te€Me U3 MHOTHX DJIEKTPOHOB U CUUTATh, YTO 3TOT DJIEKTPOH HE MEHSIETCS] MeCTaMU
¢ apyrumu. Henb3st iepeHyMepoBaTh BCE AJIEKTPOHBI U TIPOCIEUTH 32 BIKEHUEM
Ka)JIOTO U3 HUX HE3aBUCUMO OT JBIKEHUS IPYTUX DIIEKTPOHOB.

CrnencTBueM TOro NpUHIMUIA Oy et

npuHin 3anpeta [laymu (1925 r.): B 0AHOM KBAaHTOBOW CHCTEME B OJWH MO-

MCHT BPEMCHH HC€ MOTYT HaXOAUTLCA ABC TOXIACCTBCHHBIC MHUKPOYACTUIILI C
TOJIYHEJIbIM CIIMHOM B OJMHAKOBOM COCTOSIHUH.

Tax kak cocTosiHUE DJIEKTPOHA B aTOME OIIMCBHIBACTCS CHCTEMOU M3 YETBIPEX
KBAaHTOBBIX YHCCJI (FHaBHOFO, 0p61/ITaJ'H)HOFO, MardmuTHOI'O CHI/IHOBOFO)Z

n=1,23.; [1=012 .,n-1 m=0,+1,+2 . +I; c=¢1/2|,

to npuHnun [aynu jus aToMa MOXXHO c(OpPMYJIMPOBATH TaK:

B MHOT'O2JICKTPOHHOM aTOME HAXOAATCA 3JICKTPOHBI, OTIIMYAIOIINEC 3HAUCHU-
€M XOTS OBl OJJHOI'O KBAHTOBOT'O 4YHCJIa.

EcrecTBeHHO, YTO 311€KTPOHBI OyIyT HAXOJUTHCSI B OCHOBHOM COCTOSIHUHM C
HavMeHbIIEeH BO3MOXKHOM SHEpruei, a Tak Kak coOpaThCsl Ha HU3IIEM JHepre-
THUYECKOM ypOBHe ls oHM He MoryT no npuHnumy [laymm, To mocnenoBarensHO
HAYHYT 3aIlOJHATH BCE CBOOOIHBIC YPOBHH (COCTOSHUS ), HAUMHAS C HI3IINX.

COBOKYITHOCTh COCTOSIHMH 3JIEKTPOHOB C OAWHAKOBBIM TJIABHBIM KBAHTOBBIM
YHCIIOM /1 Ha3bIBAETCS IEKTPOHHON 000s104Koii aToMa. Kaxkmast obonouka nenmmres
Ha 2JIEKTPOHHBIE MTOT000JI0YKH, T.€. HA0Op COCTOSIHMI C OJJMHAKOBBIMH YHCIIaAMU 71
u /. O00JIOUKH 1 10I000JI0UKH aTOMOB MPHUHSTO 0003HAYaTh OYKBAMH:

n 1 123 [4]5 / 0]1]2]3]|4
obomouku | K| L| M| N | O nogobosouku | s | p|d|f | g

TTOJIHOCTBIO 3aNONHEHHas T01000M0YKA COAEPKUT 2-(2/+1) IIEKTPOHOB,

Pa3TUYAIOIIUXCS 3HAYEHUSAMH KBAHTOBBIX YHCEN 1 M G . B MOJMHOCTBIO 3am0I1-
HEHHOIT 000JI0UKe OyIeT

n-1
> 2(20+1) = 2n%  5NeKTPOHOS . (8.1)
1=0
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2. BHeprm{ U CHEKTP U3JTYUYCHUH MHOT'03JJCKTPOHHOT0 aToOMa

UToOBI TIOHATH TOPSIOK 3aMOJHEHUS AJIEKTPOHHBIX 000JI0YEK, HAI0 3HATh
KapTHHY PACIOJIOXKCHUS Pa3pEIICHHBIX YHEPTeTHICCKUX YPOBHEH, KOTOpast OT-
JUYaeTCs OT TOW, UTO MOJYYCeHA ISl OJHOAIIEKTPOHHOTO aroma (puc.7.11).

Crnenyer HAOMHHTh, YTO BOJHOBAs (DYHKIIHSI OTIHCHI-
BAaeT BCIO KBAHTOBYIO CHCTEMY, T.€. BECh aTOM, BCIO COBO-
KYIHOCTh €r0 AJIEKTPOHOB B 11e1oM. [lo3ToMy omepartop
MOJTHOM 3Hepruu (6.8) BCero aromMa ¢ HEMOJBIKHBIM TO-
YeyHBIM siipoM (puc.8.1) 3amumiercs B Buae

7z 22 VA 2 VA 2

I S/ LA 5 )

i=12M, |

- i 209 j¢i|ri —F

[lepBast cymma B BeIpakeHUH (8.2) — 9TO KHHETHYe-

CKasi PHEPTHS BCEX JIEKTPOHOB, BTOpPAsi CyMMa — KyJIOHOBCKasl TIOTEHIHATbHAS

SHEPTHSI MX B3aUMOJAECHCTBUS C SAPOM, TPEThSI CyMMa — SHEPTHUs B3aNMOIEHCT-

BUS DIIGKTPOHOB MEXTY COOOH (B 3TOM CyMMe yUNTHIBACTCS B3aMMOJIECHCTBHE i-
T'O 3JIEKTPOHA C j-M U j-TO C i-M, I03TOMY TOSIBUJICSI MHOXKHUTENb 1/2).

JIJIs IpOCTOTHI PACCMOTPHUM aTOM C JBYMS 3JIEKTPOHAMHU, TTOJIOKEHUSI KOTO-

PBIX 337al0TCsl KOOpAMHATAMU 7, | 7, . [logcrasmss B (8.2) omepartops! (6.3),

noyyyaeM craimoHapHoe ypaBHenue LlIpemuHrepa, aHaIOTHYHOE YPABHEHHIO

(6.8"), B KOTOpPOE BXOAMT BOJHOBASI (QDYHKIIHS ﬂ)(Fl,Fz) CUCTEMBL:

2
(A +A,)0(7.7, ) + h";e E

kze* kze?
+ +

+Upon |¥(71:72)=0, (8.3)
n )

rae A; — sro nuddepenuansHelii oneparop Jlamnaca mo xoopauHaTaM i-ro
JJIEKTPOHA,
[ 2 l-= -
Uﬂon(rl,rz):ke /|r1—r2| - (8.4)
— SHEprHs B3aUMOJCHCTBHS 3IEKTPOHOB MEXTy coOoi. PemieHmeM ypaBHEHUS
(8.3) Oyner sueprust £ Bcero aroMa (TOYHEE — SHEPTHUSI CUCTEMEI €ro 3JIEKTPOHOB).

MO>XHO TIONBITaThCS PEMUTh 3a1ady (8.3) MeTooM TeopuHu BO3MYILICHHH, CUHTas,
4YTO B IIEPBOM IPUOIMKEHUU ODJIEKTPOHBI B3aUMOJCHCTBYIOT TOJBKO C SIIPOM, a

U

non = 0. B 9TOM TIpHGTIKEHUN TIOTHOCTH BEPOSTHOCTH OOHAPYIKEHUS JIEKTPOHOB
2 .
BOIM3M si7Ipa |1bl| , I =1, 2 He3aBUCHMBI APYT OT APYra, a BEPOSITHOCTH HE3ABHCHMBIX

COOBITHI MEPEMHOKAIOTCS. BOTHOBYIO (DYHKIIHIO CHCTEMBI MOXKHO HCKaTh KaK MPOU3Be-
JICHHUE BOJHOBBIX (D)YHKLUH, OMUCHIBAIOLINX KaXKABIA JJIEKTPOH:

“i)o(’71»?2):1P10(’71)¢20(’72)- (8.5)
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Tocne noncranosku (8.5) B ypasnenue (8.3), rne U,y = 0, mpuXxoaUM K ypaBHEHHAM

~ 2m k 262 - .
HIpemunrepa A;1; (ri ) + hze E+ r V; (”i) =0,i=12
i

JUISL OTHOBJTIEKTPOHHOT'O aTOMA, PEIIEHNUS] KOTOPBIX MOIy4eHbI B TIL.7.

C yueTom B3auMoneicTBus (8.4) MOXXHO BBIYMCIUTh U MATPUYHbIE JIEMEHTHI (7.37),
1 HOBbIE BOJHOBBIE (hyHKINH (7.41), 1 HOBBIE YpOBHHU dHEpruH (7.42) IBYX3ICKTPOHHO-
TO aToma:

* 0 k 62 .
E:Elo+E20+J.J.¢0(”1,”2)f¢0(”1:”2)d1/1de» (8.6)
77|
HO pe3yNbTaT MOJIy4aeTcsi OUeHb HETOYHBIM. DHEpruio B3ammopeictsus (8.4) Mexmy
JJIEKTPOHAMH HEJIb3sI CYMTATh MAJOH 110 CPAaBHEHHIO C SHEPTUEH B3aMMOJIEHCTBHS JJIEK-
TPOHA H siIpa.

[Tosromy J.Xéaptpu (1928 r.) mpeuioxun Apyroil NpUONIMKEHHBIM METOJ pacuera,
Jaronyii xopoumii pesyasrar. CyTh €ro B TOM, YTO ClIoXHOe ypaBHeHue [lIpenunrepa st
CHCTEMbl MHOTHX 3JIEKTPOHOB MPHOJIN:KEHHO 3aMeHsieTcs: ypaBHeHHeM Llpenunrepa uist
OJIHOTO i-TO JIE€KTPOHA, HAXOAAIIETOCS HE TOJIBKO B TOJIE SAPa, HO M B HEKOTOPOM JIOTION-

HUTEJIBHOM camocoriacoBaHHoM mone Xaptpu U, (}7, ) , KOTOpoe OyJIeT yCpeaHEHHOM! 1o~

TEHLMAIILHON SHEpruei B3auMOJEHCTBUSI i-TO 2JEKTPOHA CO BCEMH OCTAJIbHBIMU JJIEKTPO-
HaMH aToMa:

2y, 2 kze 3} 3
Ai"‘bi(ri)+ ;:;e El-+_rie -+Ux(rl~) 'L\)i<ri):(), (8.7)
~ * [, k@z -
e Up(7i)= 2 [0 (7 ) o=y (%) av; (8.8)
J# |rl~—rj|

Tlpumep: Hanbonee MPOCTO UIEI0 MeToa XapTpy NpHUMe-
HHTP K ILIEJIOYHBIM METallaM, y KOTOPBIX BO BHELIHEH dJIeK-
TPOHHOH 00O0JIOYKE HAXOMUTCS CAWHCTBEHHBIH DJICKTPOH
(puc.8.2). [onoKuTenbHbIA 3apsin +Z€ sIpa YaCTHIHO IKpa-

HHUPOBAH OTPULIATEIIBHBIM 3apsiIOM — (Z - 1) € DIIEKTPOHHOTO

obnaka BHYTpeHHHX o0Oonouek. [loTeHImanbHas SHeprus yc-
PEAHEHHOTO B3aMMOJCICTBHS BHEIIHETO 3JIEKTPOHA C TaKUM
3apsiioM

ké? a a' ,
U=—-I/[1+—+ — +-|»TAC @ M G' — HEKOTOPKIC TIOCTOSHHBIC. (8.9)
r r v
OrpaHIYMBIINCH JBYMS ClaraéMbIMH 3TOTO psifa, 3anmieM ypaBHenune lllpemunrepa mist
BHEIITHET0 2JIEKTPOHA B BHIE
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2m, £ ke* ke*a

AV +
v n? r r

V=0. (8.10)

Kak u B §1 1.7, pa3menseM nepeMeHHbIE B BOJHOBOH (DYHKIWH MOACTaHOBKOH (7.3) u,
yaursBasi (7.2), npuBomum ypasaenue (8.10) x Buny (7.4):

2 (141
%i(rzﬂj_ ae_z_iJr(_z) =0, (8.11)
re dr dr Wonr r

I/ie HOCTOSHHbIE 7 U aez oIpezeNeHbl CooTHoLeHuAMH (7.5), a
I'(I'+1)=1(1+1)~2afr, .
BBu1y MasocTu SKpaHUPOBKU 2a/ 7, <1 nocneaHee kBagpaTHYHOE YPaBHEHHUE HMEET

peleHue

T l+l(l+1)—2—a:—l+
2 |4 ro 2

1 1 2a 2a
-+ l+o ||l Rl
2 U 2L 2 4 3+1)2) r(20+1)
Koneunoe pemenue ypasHeHus (8.11), kak mokasaHo B §1 171.7, CyIIecTByeT MpH BBIIOJI-
Henun ycnous (7.11):
_h 2E 1 _ 1
ke? m, n,+01'+1 n—2a/r1(21+l)
OTcrona cieyer, 9To pa3pelieHHbIe 3HAUSHNS YHEPTHH BHEITHETO AJIEKTPOHA

B aTOME IICJIOYHOI'0 METaJlJIa

k? m, et

,ome n=n,+1+1=1,2,3....
e

2
_ Kmee g 2ahmee” 8.12)
212 (n+B) % (21+1)
3aBHCAT OT JBYX KBAaHTOBBIX YHCEI 11 1 /.
[IpoucxonuT pacluenyeHue YpOBHEH SHEPIUH, aHAIOTMYHOE TOHKOM CTPYK-
Type, HO TPUYIMHOM TAKOTO paclienieHus OyayT He PeNIITUBHCTCKUE HOIpaB-
KM, a BIUSIHUE OCTAIBHBIX 3JIEKTPOHOB MeTayta. CIHH-OpOUTaIbHOE B3aUMO-

JEfCTBHE OTIONHUTENBHO PACIIEIUIAET YPOBHH SHEPTUH B TyOner j=/+1/2.

E, =
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E,sB Kaptuna pacuiereHHbIX ypoBHEH
e __ 4dg, °OHCPTHH JUIS HATDHS (Z =11) npuse-
“1{5s— | —4d,, neHa Ha puc.8.3. Tak Kak moj BIUSHU-
4p ——|° |__3dg, €M BHemHero BO3/IeiiCTBUA B BO30YXK-
_,l4s = 3d,, nAeHHOE cocTosHHE OyzeT mepexonuTh
l?:%ap;(ﬁ; ﬂm{?;?)gz:Hag BHCIUHUH SICKTPOH, B OCHOBHOM CO-
3p,, i i 1 i L ¢ w ¢ €, C3T0${HI/II/I Haxoaﬂfgnncsl Ha ypOBH?
-3{3py—| . §1/2, TO Ha pHC.8.3 CTpeNKaMH yKasa
T HBI BCE BO3MOXKHBIE TIEPEXOIbI TAKOTO
4 rgggugﬂ JIIEKTPOHA, YAOBJIETBOPSIOLINE MPaBU-
mam orbopa (7.47). Ha BHyTpeHHHE
obomoukn n=1 u n=2 mnepexombl
-513s,, 3anpenieHsl NpuHIMNOM [laynm, Ttak
oty KaKk 3TH OOOJIOYKH 3aIOJIHEHBI BJIeK-
o——o—o—2D;, TPOHAMH CO BCEMH BO3MOXKHBIMH 3Ha-

v samoHoe 2Py YEeHUSIMU KBAHTOBBIX YHCEL.
U 060J‘1oq=m 28y, Bce BO3MOXHBIE TEPEXOABI COOT-
PN 184/, BETCTBYIOT CHEKTPAJIbHBIM CEPUSIM IIe-

JIOYHBIX ATOMOB:
Puc.8.3

LIIABHAs CEPUS — HEPEXOMBI 11' P/ N' P3jy —> 38y, n'=3,4,5,..;
De3Kas cepus — Mepexonbl n'sy/y —>3py)3,3p3/, n'=4,5,6,...;
nihysHas cepust — epexonbl n'd sy, n'ds;, —>3pyy,3p3n, n'=3,4.5,....

YacToTa U3IyueHus, COOTBETCTBYIONIAs IEPEUUCICHHBIM CEPUsM, MOMAacT B

BUJIMMYIO YacTh CIIEKTPa M BBIYHUCISIETCS IO hopmyIe
(,\)Z(Envlv —E31)/h .

IMoncranorka (8.12) mpuBOIMT K KOMOWHAIMOHHOMY TpuHIUIY Putna (3.15).
Bo3MoxHBI 1 ipyrue nepexo/isl Ha 0ojiee BBICOKHE SHEPreTHYECKHe YPOBHH, HO
OHHM [alOT M3JIydYeHHWe, IOMaJallee B HEBUAMMYIO, MH(paKpacHyr o0nacTh
CIEKTpa.

Bce nmHnmM rmaBHOM M pe3kod cepmil 00pas3yloT YETKO BHAWMEIE TyOJIEeTHI.
Paccrosiaue Mex/y KOMIIOHEHTaMH TaKHX Jy0/IeTOB 3aBUCHT OT HHTepBana AE ),

MEXITY YPOBHAMHU p3/5 U D/ (puc.8.3):
ﬁ] _2me, 22 .AEp

Ao =

AL = A[ 5
o 2nc A

(O]
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[lepBast muuuMs T71aBHOM cepu 3p — 35 B CIIEKTpe HATPHS 00pa3yeT N3BECTHBII
D-pybner ¢ mmmHaMu BoiH 589,593 M 1 588,996 HM.

-;-| r—A)\ | Jluanm muddysHoit cepun oOpasyroT Tpuruier. Ho
§
5 13-32 HEOOIBIIIOTO MHTEPBAIa MEXIY YPOBHAMA d 5/, U
Peskaa [udpysHan P P 32
cepusa cepus dsj, mannu n'ds;, —3py;, non'ds, —3ps), npak-
Puc.8.4 THYECKH CJMBAIOTCS M BBITJLSIIAT KaK OJHA Pa3MbITast

JIMHUS, OTICIICHHAs OT TPETheH JIMHAK TpUIUteTa n'd;y;, —3py/, (puc.8.4). Ilo-

3TOMY CEpHIO M Ha3Bay MU Py3HOH (pa3sMBITON).
3ameuanue: B MHOTO3JIEKTPOHHBIX aToOMax ycloBUe B <1, HCIOIb30BaHHOE

npu BbiBoAe (opmynbl (8.12), MOXeT He BBINONHATHCSA. [lo3TOMY 3HEpruro
BHEIITHETO JIEKTPOHA 3aIMCHIBAIOT B BUJIE

k? (z —G(n,l))2 m, et
21n?

rae o(n,/) — HOCTOSHHAS SKPAHMPOBKH, YUHTHIBAIONIAs SKPAHHPOBKY 3apsiia

sIpa SIEKTPOHAMH BHYTPEHHHX O0OJIOYEK. DTO — SHEPIHs OHODIEKTPOHHOTO

nl >

aroma ¢ 3apsiioM sapa (Z —o)e.

PeHTreHOBCKMH CHEKTpP M3ITydeHHsS MHOTOICKTPOHHBIX aTOMOB MOXKHO IIO-
Jy9UTh, BO3ACHCTBYS Ha HUX JXECTKUM O3JICKTPOMAarHUTHBIM H3IIy4YE€HHEM WA
IIYKOM O4YeHb OBICTPBIX YacTHLl. [Ipy noHM3aImy MOTYT OBITH BHIOMTHI SJIEKTPO-
HBI U3 BHyTpeHHUX K — wim L — o6omouek. [lepexop! 3eKTpOHOB M3 BHEIIHUX
000J104eK Ha OCBOOOIMBILMECS HE3aIlOJIHEHHbIE YPOBHH BHYTPEHHHX 000JIOUYEK
AQHAJIOTUYHBI Te€M, KOTOpbIe TOKa3aHbl Ha puc.8.3. OHU NPUBOAAT K MCILyCKaHUIO
XapaKTEPUCTUYECKOI0 PEHTTEHOBCKOTO M3AYYEHHs C OTAEIbHBIMU AUCKPETHBIMU
4acTOTaMH, BeIYMCIsIeMbIMU 110 popmyie (3.15). Kpome Toro MokeT BO3HUKHYTh
TOPMO3HOE PEHTTEHOBCKOE U3ITy4eHUE C HEMPEphIBHBIM crekTpoM. Kak ommcano
B §3 1.3, OHO MOSABIISIETCSI TIPU TIEpeX0Jax Ha OCBOOOMBIINECS YPOBHHU CBOOOI-
HBIX AJIEKTPOHOB, MIPOJIETAIOIIUX MUMO aTOMa.

PeHTreHOBCKMIT CIIEKTp HW3ITydYeHHS aTOMOB BO3HMKAeT MPU TIEPEXOAax

9JIEKTPOHOB BO BHYTPEHHHE JJICKTPOHHBIE O0OOJIOYKH, a ONTUYECKHH, BUAHU-
MBI CIIEKTP — IIPH TIepeX0/1aX BO BHEITHIX 000I09Kax (puc.8.5).

3. BostHoBast pyHKIIMSI MHOT031¢KTPOHHOI0 AaTOMa U 00MEHHAas YJHeprus

Merton XapTpH JIerko UCHOIb30BaTh IS IIEIOYHBIX aTOMOB, IIOCKONBKY IIPU
Mepexo/iax eIMHCTBCHHOTO BHEIIHEr0 3JIEKTPOHA B HE3allOJHEHHBIX BHEIIHHX
000JI0YKaX MOXXHO HE YYHTHIBaTh HpuHIMNO [laymu. 3amada cymiecTBEHHO yc-
JIOXKHSIETCS, €CITM BO BHEIIHEH 000I0UKEe HAXOAATCS HECKOIBKO AIIEKTPOHOB.



3. BosHoBast @yHKIIMS MHOTORJIEKTPOHHOT'O aTOMa U OOMeHHast SHeprus 127

Paccmotpum ciydait nByx snektpoHoB. Ecmm W (;71 ,}72) — BOJHOBAs (DyHKIIUS

2
CHCTEMBI, TO ‘\I/(rl,r2 )‘ dV, dV, — 3T0 BEpOATHOCTH OJHOBPEMEHHOTO OOHApY-
JKEHHS TIEPBOTO M BTOPOT'O 3JIEKTPOHA COOTBETCTBEHHO B o0beMax dV] u dV, ¢
KOOpIMHATaMU 7] U 7, . B cuily ToXxaecTBeHHOH Hepa3IMYUMOCTHU IEKTPOHOB

9Ta BEPOATHOCTH HE U3MEHUTCH, €CJIU IJIEKTPOHBI IIOMEHATH MECTaMH, T.€. IIOME-
HATH UX KOOPAWHATLI:

2 2
‘\11(71,72)‘ =‘\1f(72,71)‘ cotkyma W (7.7 ) =20 (7.7).  (8.13)
Ho B cuny npunimna [laynu IByX OJMHAKOBBIX 3JIEKTPOHOB, HAIPUMED, DJICK-

TPOHOB C OJMHAKOBBIMU KOOPJWHATAMHM, B CHCTEME OBITh HE MOXET, U BEPOST-
HOCTB TaKOTO COOBITHS paBHA HYIIIO:

(7,7 ) =0. (8.14)

Cpasrenne (8.13) u (8.14) moka3piBaeT, uTo mpuHOWT [laymi BBRITONHSIETCS
TOJIBKO B TOM CJy4ae, KOra BOJHOBas (PYHKIHMS aHTUCUMMETPHYIHA OTHOCHTEIb-
HO MEPECTAHOBKH JIFOOBIX JIBYX AJIEKTPOHOB CHCTEMBI:

V(7,7 ) =—(7,7). (8.15)

Ecnu onuceiBaTh cUCTEMY U3 IBYX 2JIEKTPOHOB B aTOME C TIOMOIIBIO ypaBHE-
nus [lpenuarepa, KOTOpoe He COEPXKUT ONEPATOPOB CIMHA (MAarHUTHOTO TTOJIS
HET), TO €ro pelmeHueM OyIeT KOOpAWHATHAs 4YacTb BOJHOBOM (DyHKIMH

Lo . 2
1])(1/1,}’2 ) . CiimHOBast yacTh BoNHOBOH dyHkumn ¥ (L, Ly, ), Te |)((LS1,LS2 )|
— BEPOSATHOCTb TOTO, YTO MEPBbI U BTOPOI JNEKTPOHBI HMEIOT CIUHBI C OIpesie-
JIEHHBIMH TIPOEKIMAMH Ly, W Lg,, =+7/2, 5TuM ypaBHEHHEM HE OIMCHIBAET-

cs. B aToM mipubnrmKeHNH BOTHOBYIO (DYHKIIMIO CHCTEMBI MOJKHO PacCMaTpUBATH
KaK [IPOU3BEICHUE €€ HE3aBUCUMBIX KOOPAMHATHOM U CIIMHOBOM YacTeM:

\1/(}71,}72)Zw(Fl,fz)'X(lesLsZ) :

a) z S=s+5,=1 B) A2 Bo3MOKHBI 1IBa Ciydas ClO-
Lo=%h Lo,=0.+1 JKEHHsS CITHHOB: KOTJa OHM Ma-
S7 NS S=s-s,0 PAMIEIBHBL, U CIMHOBLIC HCH
Ls=y2 R T2 3NIEKTPOHOB CKJIAIBIBAIOTCS
Ls=Lgz= _ _ _
\op s=Lsz=0 S=s+s,=1/2+1/2=1
S~
= Pic.8.6 (puc.8.6,a), U Korja OHU AHTHU-

napajielbHbl, ¥ CIIHHOBBIE
yncna BeMUTAIOTCS S =5 —5, =1/2-1/2=0 (puc.8.6,6). JIpyrux Bo3MOXKHO-

CTel HeT, Tak KaKk CyMMapHBIil CIIMH Takke onpenensercs Gpopmyinamu (6.25).
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Ecii cymMmapHOe CITHOBOE YHCIIO CUCTEMBI U3 JIBYX DJIEKTPOHOB S =1, To ee
CMUHOBAs BOJHOBas (DYHKIMS CHMMETPHYHA OTHOCHTEIHHO MEPECTAHOBKH 3THX
vactuit: (L, Ly ) = +%(Lgs, L ), @ KOOPIMHATHAs BONHOBAs (yHKIS B CO-
otBeTcTBHH C (8.15) 00s13aHa OBITH AHTHCUMMETPHUYHOI:

U747, ) = =b(, 7 ) npu S =1. (8.16)
Ecmm xe S =0, TO aHTHCHMMETPUYHON OTHOCHUTEIBHO MEPECTAHOBKH AIIEKTPO-
HOB Oyzer crmuoBast BomuoBast dymkums ¥ (Lg, Ly )= —%(Lsy, Ly ), @ cum-
METPUYHOM — KOOpAWHATHAS:
O (7,7 ) =+ (7,7 ) mpu =0, (8.17)
C ygeroM 3THX TpeOOBaHMI KOOPAMHATHYIO BOJTHOBYIO (yHKIHIO (8.5) crc-

TEMBI U3 JIBYX HEB3aHMMOCHCTBYIOIINX APYT C IPYrOM JIEKTPOHOB CIIEIYET 3a-
MICBIBATh B BUJE

1Po(”larz) \/—[ﬂh(”1)¢2(”2)+¢1(r2)¢2(”1)} (8.18)

Bepxuuii 3Hak "+" 3ammcaH s cummerpuuHoi ¢yHkumu (8.17), HUOKHHN 3HAK
nn

— JUTS QaHTHCUMMeTpUIHOH (yHKImu (8.16), N, / V2 - HOPMHPOBOYHBIA MHO-
JKUTEIb, KOTOPBII MOYKHO HAalTU U3 yCIOBHS HOPMUPOBKH

2
Hlbo(rl,rz)‘ dviav, =1. (8.19)
IMoncransst (8.18) B (8.19) n yuuThIBasi, 4TO BOJIHOBBIE (PYHKIMH OTAEIBHBIX

3NIEKTPOHOB HOPMUPOBAHBI, j ‘11)1 (;71 )‘2 dv = f ‘lbz (172 )‘2 dV, =1, Haxonum:

* 0, . * 0, -
N =1/(1£C) ,tne C = [y (7 )b, (7 )bs (7 )0y (7 )dndr, <1 (8220)
[MoacraBum Temneps BeipaxkeHus (8.18) u (8.20) B hopmyiy (8.6) must sHeprun
cucteMsl. PackpbiBast ckoOKM U mepeoOo3Havas epeMeHHbIe 0] 3HAKOM HHTe-
rpaja, IpUBOJIKM €€ K BUIY:
Ecycrems = Eio + Exp +(K £ 4)/(1£C), (8.21)

e K=H¢1 (7 ‘2|~ke ‘wz () ‘ dviav, , (8.22)
n

A= 13 ) e

=

|w2( 2 )by (7 )andry . (823)

KVJ'IOHOBCKaﬂ sHeprus K — 3To Cp€aHsA SHEPrust KyJIOHOBCKOI'O BSaHMOL[eﬁ-
CTBHUA ABYX BJICKTPOHHBIX O6J'IaKOB, IUIOTHOCTD 3apsiia KOTOPBIX
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2 2
! :—e‘wl (171 )‘ u p, :—e‘mbz (72 )‘ (cMm. 3ameuanue B koHue §5 1in.4). OHa

MMeeT HaTJSAHBIN KITACCHYECKHH CMBICTL.

B unTerpan (8.23) BXoAAT BONHOBBIE (PYHKIHH
9NIEKTPOHOB, OTHOBPEMEHHO HAXOSIIMXCS B TOYKAX
C pa3sHbIMM KOOpAMHATaMu 7, U 7, . B kmaccuue-

p-COCTOAHWE

S-COCTOAHME | .
CKOW (pH3MKe Takas CHUTyalus HEBO3MOXKHA. Bemu-

,J! ynHa A Has3pIBaeTCd OOMEHHOM JHepruei wmm 00-

/' MEHHBIM HHTErpPaJIOM, HO 3TO HE O3HAuaeT, YTO JBa
JNIEKTpOHA JEHCTBUTEIBHO MEHSIOTCS MECTaMH.
Kiaccuueckoro ananora y ¢opmynst (8.23) Het, u
BO3HHUKaeT OOMEHHAsi SHEPTHsl TOJIHKO B KBAHTOBOM
TEOpHUH BCSIKHH Pa3, KOraa TIepeKpbIBAIOTCS
3JeKTPOHHbIe 00Jaka. MaTerpuposane B (8.23) Hal0 NMPOU3BOAUTE 110 TOH 00-
JIACTH MPOCTPAHCTBA, B KOTOPOH OTIAMYHBI OT HyJISl BOJHOBBIE (DYHKIHH OOOMX
arekTpoHoB. Ha puc.8.7 Takas o0xacTh mokasaHa Ui aToMa Telws, B KOTOPOM
OJIMH 3JIEKTPOH HAaXOJUTCA B 15-COCTOSIHUM, a IPYTroi oKa3ajcsi B BO30YKICHHOM
2 p -COCTOSTHUY C KBaHTOBBIMM uuciamu [ =1, m=0.

Puc.8.7

Bub1600: SHEPrus MHOTOAIEKTPOHHOTO aToMa CKJIAJbIBAcTCA W3 CyMMAapHOH
SHEPTHH OTHENBHBIX DJIEKTPOHOB, B3aHMMOJICHCTBYIOIINX TOJBKO C SAPOM (3TH
SHEPTUH BEMUCILTIOTCS 110 popmyite (7.24)), U3 KyJIOHOBCKOM SHEPTHH B3aMOJICH-

CTBHSI IIEKTPOHOB M X 0OMEHHOI SHeprH: Eypoya = 0 B, +(K £ 4)/(1£C).

Tlpumep: NBYXANEKTPOHHEIA aTOM TEIHSI MOXET CYIIECTBOBATH B JIBYX CO-
crostHusx! B cocTostHME €O CITMHOBBIM 4HMCIIOM S =0 OH Ha3bIBaeTCsS aTOMOM
mapareius, a B COCTOSTHUH ¢ S =1 — aToMOM OpTOTeITHs.

B 0CHOBHOM COCTOSTHAH aToMa rejust 00a 3JeKTPOHA HaXOsITCsl B 1s- 0007104~
K€, UMEIOT OJJMHAKOBbIC KBAHTOBBIC urcna n =1,/ =m =0 u oiMHAKOBbIE KOOP-

JMHATHBIC BOJHOBBIC (DYHKIMH, 13 KOTOPHIX MOXXHO ITOCTPOUTH TOJBKO CHUMMET-

E naparenuii CIIVHbI puuHyl0 KoMOuHammo. B ocHOBHOM cocTosi-
S=0 @/ HHUM T'e/IMii SIBJISIETCS MaparemeM.

1s2p = B Husmem BO30Y)XZEHHOM COCTOSHUH,

1825 @ ~5AE KOrJla OJMH M3 3JEKTPOHOB IEPEXOAUT B

opToreni 25- IOH000I0UKY, BOIHOBBIE (PYHKIIUH pa3-

S=1 JIMYHBI, 1 BO3MOXHO KaK OpTO-, TaK W Iapa-

cocrostaue (puc.8.8). Ho y oprorenus c ma-

@ paJUIETbHBIMA CIIUHAMH 3JIEKTPOHOB KOOp-

JUHATHAs BOJIHOBas (YHKLMA aHTHCHMMeET-

puuna (8.16), n oOMeHHas sHeprusi 4 BXOIUT

@\@/

1s1s

OCHOBHO€ COCTOAHNE

Puc.8.8
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B DHEPIHIO aToMa co 3HakoM "—". Y maparenus — co 3HakoM "+". [ToaToMy pa3-
pelIeHHast SHEPTHsI OPTOTEIIUsI MEHBIIIE SHEPTUH COOTBETCTBYIOMIETO COCTOSIHUS

mapareinus Ha BennunHy AE = 2A/ (1- C2) (puc.8.8). OnHaKo TPEeBPATUTHCS B
OpPTOTENUi Tapareuii He MOXeT. JTO 3ampelieHo MmpaBuioM otoopa AS =0.
HeBo3MoxeH 1 00paTHBIH epexo ] OPTOTeNHs B Iapareiuii.

Hepexom,l MCKAY COCTOAHUAMH C Ppas3jiMdHbIM CYMMApHbIM CIIMHOM B
MHOTO3JICKTPOHHBIX aTOMaXx 3aIlipCliCHbI.

Huzmmee B030yxIeHHOE cocTosiHME ls2s aToMa reius MeracTaOwibHO. B
STOM COCTOSTHHH TeJIMH MOXKET HaXOIUThCSI MECSIIBI, IIPEXKIe YeM IepeiieT B oc-
HOBHOE COCTOSIHHE.

Bonee BbICOKHE YPOBHH SHEPIHH OPTOTEINHS PACIIEIUICHBI B TPHILIET, TaK Kak
npu S =1 BO3MOXHBI TpU 3HAUEHMS ITOJHOTO MOMeHTa j =/, /+1. YpoBHH na-

parenusi He pacIIeruieHbl. [103TOMy JMHHM B CIIEKTPE HW3IYyUYCHHS Mapareius
CHHTJICTHBI, & B CIIEKTPE U3JIYUICHHUS OPTOTEIHS — TPUILIETHBI. JTO JK€ BEPHO ISt
CIIEKTPOB M3YUEHHUSI BCEX IIENIOYHO3EMENBHBIX aTOMOB C IBYMsI DJIEKTPOHAMH BO
BHEIIHEN 000JI0UKE.

4. 3anoJiHeHUEe YJIEKTPOHHBIX 000J10Y€EK
U TepuoanyecKasi cucteMa MeHaesieeBa

B OCHOBHOM COCTOSIHUM aToMa 3JIEKTPOHBI 3allOHSIOT OMpKalIIne K supy
3IIEKTPOHHBIE 000JIOYKH M NMOZOOOJIOUKH, HAXOISACh B KOTOPBIX OHM MMEIOT HaH-
MEHBIITYI0 BOZMOXHYTO 3Hepruto (prc.8.3). 3anonHerne uaet no npuHnuy [lay-
77 B 000JIOUKE C IVIABHBIM KBaHTOBBIM YHCIIOM 7 MOXET HaXOIWTHCA He Oolee

2n? AJIEKTPOHOB.

DNEKTPOHHYI0 KOH(UTYpAIMIO aToMa, T.C. PACIPEICICHUE €ro 3JIEKTPOHOB
Mo 000JI0YKAM, ONHCHIBAIOT MEPEUUCTICHUEM 3aIOJHIEMBIX MTOI000JI0UCK (JHCIIO0
ClIeBa yKa3bIBacT HA HOMEp 00OJIOUKH, a MHICKC CIIpaBa BBEPXY IMOKA3hIBACT YUC-
JIO JIEKTPOHOB B JTAHHOW 1TO/J000JI0UKE).

Kak BumHO 13 Tabm. 8.1, uaeansHas cxeMa 3aloJHEHHS 000JIOYEK C POCTOM
YHcia AIEKTPOHOB Z NIEHCTBYeET Mo aToMa aproHa (Z = 18). Haumnas co ciemyro-
mero atoma kKamus (Z = 19), 3amoiHseTcs s-ofgo0ooUKa cliexyromen n = 4-
000J104KH, a 101000J104Ka 3d OCTAETCsT HE3AIOIHEHHOMA.
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DJeKTPOHHBIE KOH(PHUTYpALIUA AaTOMOB B OCHOBHOM COCTOSIHHA Tab6muma 8.1.
Z | 37eMeHT | KOHUTYpaIust Z |ameMeHT | KOoHpUTyparms

1 [H Is' 30|Zn KLM 4s’

2 |He 1s 31|Ga KLM 4s%4p'

3 |Li 1s%2s' o e

4 |Be 1s%2s? 36| Kr KLM 4s%4p°

5 |B 1s2s%2p' 37 |Rb KLM 4s%4p°5s'

6 |C 1s22s2p” 38|Sr KLM 4s*4p°5s>

7 IN 1s22s2p’ 39]Y KLM 4s*4p°4d'5s>

8 |0 1s%2s2p*

9 |F 15%2s%2p’ 43 | Tc KLM 4s%4p®4d’5s>

10| Ne 1s2s72p° 44|Ru KLM 4s*4p°4d’5s'

11|Na KL 3s' 45|Rh KLM 4s*4p°4d®5s'

12| Mg KL 3s’ 46 |Pd KLM 4s%4p°4d"

13| Al KL 3s%3p' 47| Ag KLM 4s%4p®4d'5s'

17|Cl KL 3s%3p’ 54 | Xe KLM 4s*4p°4d'°55*5p°

18| Ar KL 3s%3p° 55|Cs KLM 4s%4p°4d'°5s*5p°6s'
19K KL 3s*3p4s' 56 |Ba KLM 4s%4p°4d'5s?5p%6s>
20|Ca KL 3s*3p%4s” 57|La KLM 4s°4p°4d'°5s*5p°5d' 65>
21|Sc KL 3s%3p°3d'4s® |58 |Ce KLM 4s*4p°4d'°4£%55%5p%6s”
28 [Ni KL 3s3p®3d®4s | 64|Gd KLM 4s%4p°4d'°4f75s*5p%5d" 65
29| Cu KL 3s%3p°3d'%s' | ...

B 3701 TabmnHIIe TOTHOCTHIO 3aMI0JTHEHHbBIE 000I0YKH 0003HaYeHBI OyKBaMH
K=1s%; L=2s22p% M =3s*3p®34'0.

[Mpu4rHa B TOM, 4TO YPOBHHU SHEPIUHU, COOTBETCTBYOIIHE 45-110]J000JI0UKE,
OKa3bIBAIOTCS HIDKE YpOoBHEH sHeprun 3d-nomobonouku (puc.8.3). Tlomuepk-
HEM, YTO peYb HIET He 00 YPOBHSX JHEPTrHH BOJOPOAONONO0OHOT0 HOHA
(7.12) nnu (7.19), a 00 UCTHHHOMN SHEPTUH JIEKTPOHA B MHOTOIJIEKTPOHHOM
aToMme, SIBJISIIOILEHCS peleHreM ypaBHeHust (8.7) v yuuThIBarolei noie Xap-
TpPH, T.€. B3aUMOJICHCTBUE C OCTAILHBIMU 3JIEKTPOHaMH aroMa. FIMeHHO n3-3a
9TOTO B3aUMOJICHCTBUSI YPOBHHU YHEPIHU Pa3HBIX MMOJ000IOUEK 3HAYUTEIHHO
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PacXomsATCsl U MepeKphIBAIOTCs. [ 0BOPSAT, UTO MEPEKPHIBAIOTCS SIEKTPOHHBIE
obomouku. Crnenyromasi 000I09YKa HAYMHAST 3aIOTHATHCS TPU HE3aIlOTHEH-
HOH NpeaplayLen.

OOBSACHUTH TaKOE OTKIIOHEHHE MOYKHO B KBaHTOBOH TEOPHH, 3Has BOJTHOBYIO
(ynkumto snekrpona. Ha puc.8.9a,0,B n300paxkeHa 3aBUCUMOCTh TUIOTHOCTH Be-
POSITHOCTH OOHAPY>KEHHUS AIIEKTPOHOB 71 = 3-000JI0YKH OT PacCTOSHHUSA 7 10 SApa.
DJEKTPOHBI d-TI0000T0UKN pacHoNaraloTcs Oke K AApy, YeM DIEKTPOHBI p-
W s-mogo6osouex! Peyb ueT o BEpOsSTHOCTH HaXOXKICHHS JIEKTPOHA BHYTPH
0IHO¥i 000JI0UKH, a HE 00 IEKTPOHHBIX OPOHUTAX.

!
Ho 3aBuCHMOCTb BOJHOBOW (DYHKIMH OT / UMEET BHJ ~ (r/ rl) (em.(7.13)).

[osToMy I d-OJOOOIOYKN C Hau-

\ 3s,0=0
a) |¢| ’ 60J‘ILHII/IM 3HauYeHHEeM [ BEpOSITHOCTH

2 e — 2
: 3p, =1 |1b| OYeHb Mayia BOIW3M sipa, TIe pes-

6)
/2 ///f e KO BO3pAcTaeT KyJOHOBCKAs ?HEPIUs
Ar / €=2 r BauMoneHcTBUS —k Zspi e? /r . A ans

F)O s 48,6=0 ___ r 4s-cocTOSHMSI B 3TOH Yy3Koi ob6macTu
' Ar BEpOATHOCTH OOHAPYKEHHS SIICK-

w
o~ o

Puc.8.9
Tpora Oyner Beime (puc.8.9,r). B pe-

3yJbTaTe OTpHHaTeJ'ILHLIﬁ BKJIaJ KyJ'IOHOBCKOfI OHCPrun
Zogg ©
(Uega) = fr | =222 Hpar <o

OymeT OONBIIUM JUIs AJIEKTPOHOB 4s5-TI0000JOUKH, OHA CTAHET SHEPreTHYCCKU
OoJtee BHITOHOM W HAYHET 3aIIOJHATHCS NPEkK/Ie 3d-M0I000I0UKH.

Kornma BHyTpeHHss1 000JI04Ka WM TI01000JI0UKa MOJHOCTHIO 3allOJHEHa, TO
CYyMMAapHBIH MOMEHT MMITyJbca L , CIMH S BCEX €€ 3JIEKTPOHOB, a TAKKE CyM-
MAapHbI{ MAarHUTHBIM U COOCTBEHHBI MarHUTHBIA MOMEHTBl p,, U P, PaBHBI
Hymo. Takas o0onouka OyneT SKpaHMPOBATH 3apsi sapa, HO MPaKTUUECKH HE
BIIMSIET Ha CIIOCOOHOCTh aroMa y4acTBOBaTb B XMMHYECKOH CBS3H, HE CO3JaeT
opOuTanei.

XuMuueckre CBOMCTBA aTOMa OMPEIENISIOTCS KOH(DUTYpaIuel 3IeKTPOHOB U3
€ro BHelIHel 000JI0YKH.

W3 1a6n.8.1 BUIHO, UTO 3Ta KOHQUrypalus MepHOAUYECKH MOBTOPSIETCS, UTO
TI03BOJISIET BHICTPOMTE aTOMBI (XUMHUUYECKHUE DTIEMEHTBI) B IEPUOJIMYECKYIO CHCTEMY
Menneneepa. Tak, aTOMBI C MOTHOCTHIO 3AMOJHEHHBIMU 0007104KaMH (110100057104~
kamu) He,, Ne,, Aryg, Krsy, Xes, SBISAIOTCA MHEPTHBIMH Ta3amMH. Bce oHn
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HUMCIOT OYCHb 6OJ'ILI_HyI'O OHCPIrur0 MOHU3aAlun E " (T.e. MUHUMAJIbHYIO 3HEPTULO,

HEOOXOIMUMYTO I OTPHIBA OJHOTO AIIEKTPOHA OT aroMma, prc.8.10). AToMEI ¢ of-
HUM 2JIEKTPOHOM Ha BHEIHEH s-nojobonouke Lis, Na,;, K9, Rb3;, Csss 00pa-

3YIOT IIEJIOYHBIE METAITHI M 00JIaIaI0T Majloi 3Heprueit nonusaruu (puc.8.10).
IMocenoBaTebHOCTD 3allOJIHEHUS HapyIIaeTcs U Ui d- U f~noxobomnoyek. U3
Tabn. 8.1 BUAHO, YTO MOCIE 3aNOMHEHUS 4s-110J000I0YKN HAYUHAET II0CNIeI0Ba-

EVI,SB
25
20
15 Kr
; Br! xe
10 cuZzn cd/
1 ,,_Q;}\j Pj\[\/f"l'e l\ll'\d ad
] Ni ~"Ag
51 Ga |/ Mo “|n “{a v
] Rb Cs
] Z
0IIII|IIIIIIIII|IIII|IIII|IIII|IIII|

30 40 50 60 70

Puc.8.10

TENBHO 3aMONHATECS 3d-1107000I04Ka, HaYMHAsl cO CKaHaus (Z=21) 1 10 HUKeNs
(Z=28). A s cremylomero 3yeMeHTa OKa3bIBaeTCsl SHEPIeTHYECKH BBITOIHOMN

KoH(pUTypamms 3d104s1, a ne 3d°4s”. [osTomMy y atoma memu (Z=29) Ha
BHEIIHEH S-1I01000I04YKe OKa3bIBACTCSI OAUH JIEKTPOH, U OH B cucTeMe MeHne-
JieeBa BKJIIOYEH B IIEPBYIO TPYIIILY BMECTE CO LICNIOYHBIMI METAUIAMH, XOTS U HE
o0afaeT HU3KOHM SHeprueil MOHW3ALNH, T.€. BHICOKOH CIOCOOHOCTBIO Y4acTBO-
BaTh B XMMHYECKHX peakiusx. 1o jke caMoe OTHOCHTCS K aromMaM cepeOpa
(Z=47) u 30n01a (Z=79). ATOMBI pyTenus (Z=44) u ponust (Z=45) c xoHpurypa-

weit ..4d"5s' n ..4d%5s! HEPBOY IPyIIEe HE OTHOCST, MOCKOIBbKY Y HUX HE
3arroinHeHa 4d-1moxo0oouKa.

B GospImoit rpymime peaxo3eMenbHBIX 3JIEMEHTOB, HauMHAs ¢ JTaHTaHa (Z=57),
3aMoNHsIeTCs BHYTPEHHsIs1 4f-110/1000J104Ka (MHOTAA OJJHOMY 3JIEKTPOHY 3HEpre-
THUYECKH BBITOJIHO OKa3aThCsl B Sd-COCTOsIHUM). BHemHsis 6s-1o100010uKa y 3TUX
9JIEMEHTOB 3allOJIHEHa OJJMHAKOBO, U XUMHUYECKHE CBOWCTBA Y HHX OJUHAKOBBI.
To ke IPOMCXOIUT B TPYIIE aKTUHOWIOB, I/Ie 3alOJIHSIOTCS BHYTpEHHHE 0d- 1
5f-1101000I0UKH.
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CBoifcTBa aToMa, T.€. CBOMCTBA BCeW KOH(HUTYPAIMH €T0 JIEKTPOHOB B Iie-
JIOM OIIPEAESIOTCS CYMMapHBIM MOMEHTOM UMITyJIbca L, CIUHOM Lg U TOIN-

HBIM MOMEHTOM UMITyJIbca J BCEX €ro 3JIeKTPOHOB. Takyto cymMMy Hasio Opatb
JUISL QIIEKTPOHOB M3 BHEIIHMX YaCTUYHO 3arOJHEHHBIX MOJ000JI04YeK (s 3a-
HIOJIHEHHBIX [I0000I0UeK OHA PaBHA HYJIIO).

B atomax ¢ Z <40 cnmH-opOHUTaTBEHOE B3aUMOICHCTBIE U TOHKAS CTPYKTypa
MaJIbl 110 CPaBHEHHIO ¢ KYJIOHOBCKUM B3aHMOJICHCTBHEM 3JIEKTPOHOB MEXIY CO-
60ii. MOMEHTHI UMITyJIbCa M CIMHBI OTJENBHBIX 3JIEKTPOHOB CKIIAJIBIBAIOTCS He-
3aBHCHMO, a 3aT€M YK€ Pe3yJbTUPYIOIIME BEKTOPHI CKIIAABIBAIOTCS MEXIY CO-
060ii, co31aBas IIOJHBIM MOMEHT MMITYJIbCA BCETO aTOMa:

L,=XL;; Ly, =Y Lg;; Jy =Ly +Lg,. (8.24)
i i

Takoil MmopsAOK CcHOXKEeHUs HasblBaeTcs LS-CBA3bIO WM CBs3blo Paccen-
Caynnepca. [Ipy 3TOM MarHUTHBIE M COMHOBBIE KBAaHTOBBIE YKCIA JIEKTPOHOB
JIOJKHBI CKIIabIBAThCA, MIPUBOASL K MATHUTHOMY U CIIMHOBOMY KBAaHTOBOMY UHC-
JIy BCETO aToMa:

M:Zmi; MS:ZGi . (825)
i i
@DopMysl KBAaHTOBAaHMS MOMEHTOB HMMITYJIbCa aTOMa AaHAJIOTHYHBI (opMyram
kBaHTOBaHU (6.16), (6.20), (6.25) u (7.21) anst OTAETBHOTO JIEKTPOHA:

L, :h\/m; L,.=nM; Lg, Zh\/S(T-i-l);
Lsaz =iMg;  Jq :h\/m; Joz=hMy,

rJie CYMMapHO€e CITMHOBOE YHCIIO S II€I0€ B aTOMax ¢ YETHBIM YHCIOM Z JJIeK-
TPOHOB M TIOJIYIIENIOE B aTOMax ¢ HEYETHLIM Z, 8 KBAHTOBBIE YHCIIAa MEHAIOTCS B
npenenax
M=0%1,.,+L; J=|L-S|,.., L+5;
Y, 0,+1,.., %S, Y 0,+1,.,+J, eciu S —1eroe,
g = 7=
£1/2,+3/2,...,8, +1/2, +3/2,...,+ J, ecnu S —nonyuernoe.

Jis onpeneneHus BO3MOXKHBIX ynucenn M u Mg BakHO 3HAaTh MOPSIOK 3a-

MOJIHEHHS AJIEKTPOHAMHU Kaxkaon mnopobonouku. M3 ¢opmynsr (8.21) cnenyer,
YTO HHEPrus aToMa OyHeT MeHbIe, eI OOMEHHas SHeprus BXOIWUT B Hee C OT-
PHIATENIBHBIM 3HAKOM, YTO O3HAYaeT aHTHUCHMMETPUIO KOOPIAWHATHOM 4YacTh U
CHMMETPHIO CITHHOBOW 4acTW BOJHOBOW (yHkimu. [Ipum sTOM cnmH cHCTEMBI
MakcuMalieH (cpaBHuTe Gopmysisl (8.16) u (8.17)).
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Boinosnsercst npaBuiao XyHaa:
YeM OOJIBIIE CITMH aToMa, T.€. YeM OOJbIlle CyMMapHOE CITMHOBOE YHCIO S, TeM
MEHEBIIEe ero SHeprus. BHadame B mMomo00I0UKe 3alONHSIIOTCS BCE COCTOSHUS C
OJIHOM TIPOEKIMeH CIMHA, U TOJIBKO ITOTOM — C APYTOH.

[Tpumep mocienoBaTeN-HOCTH 3a0JHEHHS 2p-TI0A000I0YKH B COOTBETCTBHHI
¢ npuHImoM [aymu u npasmroM XyHza pUBEZEH B ciemyroniei tadm. 8.2

3HaveHVsI KBAHTOBBIX YUCEIN JJIsI JJICKTPOHHBIX 000JI0YeK Tabnuma 8.2
DjeMeHT B C N O F Ne
Kongwuryparms 1s22522pl 1s22522p2 1s22522p3 1522s22p4 1s22522p5 1s22522p6
Ksanrosble uncna | +1 (1/2) | +1(12) [+1(12) |+1(12) [+1(12) |+1(1/2)
D-TICKTPOHOB 0(12) | 0(122) 0(12) | 0(12) | 0(12)
m(uo) -1(12) |-1(12) |[-1012) |[-1(12)
+1 (=1/2) [+1 (—=172) | +1 (-172)
0(=1/2) | 0(=1/2)
-1 (-12)
Ksanrossie uucna | 1(1/2) | 1(1) 0(3/2) 1(1) 1(1/2) | 0(0)
aroma L( us )

XoTst ObI OJJTHUM KBAHTOBBIM YHCIIOM 3JIEKTPOHBI B TOI000JI0UKE OTIUIAOTCSL.

CrieKTp H3Iy4YeHUs] MHOTODJICKTPOHHOTO aToMa CHIIBHO OTJIHYAeTCS OT
CIEKTPa BOJOPOONOA0OHOTO aTOMa U3-3a CIOXKHOTO PACIICIUICHUSI YPOBHEH
sHepruu. Ho HaOIOMA0TCS TOMBKO T€ JIMHUU CHEKTPa, KOTOPBIE COOTBETCT-
BYIOT Pa3pelIeHHBIM MepexoaM JJIEKTPOHA C YPOBHS Ha YPOBEHb, MOI4YH-
HSIOIIUMCS ITpaBmiIaM 0TOopa:

An —moboe; AL=+1; AJ =0,%1 (kpome mepexomoB J' =0—>J =0);
AM;=0,£1; AS=0.

EcrecTBeHHO, YTO 3TH HEpexObl HE NODKHBI Hapylarth npuHuun [laymm:

3ampelieH nepexo/l Ha yXKe 3aIl0JIHeHHBIN AIEKTPOHOM YPOBEHb YHEPTHH.

3ameuanue: JJI TSKEJIbIX aTOMOB, HaxXOJAIIHUXCA B KOHLE HepHO}:[PI‘-IeCKOﬁ
CHUCTEMBbI, OYCHb CUJIbBHO BO3PACTACT SHEPIrus CHI/IH-0p6I/ITaJ'IBHOFO B3aHMOHeﬁCT-

Bus (7.23), mponopiuoHagbHas <Z / r3> ~Z*% Ona MIPEBBILLIAET SHEPTHUIO KYJIO-

HOBCKOTO B3amMmozeicTBus (8.8) anekrpoHoB npyr ¢ apyrom. [losromy BHavane
OyIyT CKJIaJpIBaThCSl OPOUTAIIBHBIN M COOCTBEHHBIH MOMEHTHI HMITyJIbCa KaX10-
TO 3JIEKTPOHA, a TOTOM ITOJTHBIE MOMEHTHI HMITYJIbCa 3JIEKTPOHOB CKJIabIBAIOTCS
B ITOJIHBII MOMEHT UMITYJIbCA aTOMA:

ji:Zi+ZS[; ja:zji'
i

DTOT MOPSIOK CIOXKEHHUS Ha3bIBaeTCs JJ-CBARBIO.
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Moaeryabl

1. Me:xkaToMHBI€e CBSI3M U 00pa30BaHNe MOJIEKYJIbI

KBaHTOBast Teopust MOJIEKYJ HCIIONB3YET T€ K€ METObI, YTO U TEOPHsI MHO-
TOBJIEKTPOHHBIX aToMoB. CBOICTBa MOJIEKYT MNO-NIPEKHEMY OIPEAEIIOTCS
AIIEKTPOHHBIMH 000JI0UKaMH, HO IBHXKYTCS JJIEKTPOHBI B KYJIOHOBCKOM I10JIE HE
OJIHOTO, @ HECKOJIbKUX AJ€ep.

a) f,-1,- R —e PaccmorpuM mpocteiiiryro  AByX-

aTOMHYIO MOJIEKYIy — MOJIEKYTy BOJO-
I, poJia, COCTOSIYIO U3 ABYX A1EP U ABYX
anexTpoHoB. Ilycte 7 u 7, — paauyc-

e ° BEKTOPHI JIEKTPOHOB B OTIEIBHBIX S1-

6) - E E _ pax, R — paauyc-BeKTOp BTOPOTO sIpa

N L OTHOCHTENBHO TmepBoro. OcranbHbe

N 4 PacCTOSIHUS MKy 3apsKEHHBIMH Yac-
X TUI[AMH yKa3aHbl Ha puc.9.1,a.

\ 7/ N\ / DNEKTPOHBI B OTICIBHBIX aTOMax

HAXOAATCS B KYJOHOBCKHX IOTEHLH-

-e 1s\<€ UKW:_A’%2 alpHBIX sMax (puc.9.1,0). 3a cuer TyH-

HENBHOTO 3 QeKTa OHI MOTYT MPEOIO0-

Puc.9.1 neBaTh Gapbep MEXTy SMaMH M Haxo-

JUThCS B 00CUX sIMaX. DTO YBEIMYMBACT HEONPEICICHHOCTh KOOPIUHAT Ar H,

1s

cornacHo (4.13), yMeHbIIaeT HEONpeAeNeHHOCTh MMITYJIbca U MUHUMAIIbHOMN
KUHETHYCCKON SHEPTUH
2 2
L _(ap)? (n2an)
min "~ ~ , TAe m, —Macca 3JIeKTpOoHa.
2m 2m,

YMeHbBIIICHHE SHEPTHH YKa3bIBAaeT HAa TO, YTO aTOMaM SHEPreTUYCCKU BHI-
TOJTHO CONMKATHCS W OBITH CBA3aHHBIMH B MOJIEKyTy. JIoKakeM 3TO, 3ammcaB
KYJIOHOBCKYIO TIOTCHIIMAILHYFO SHEPTHIO BCEX YaCTHUI] CUCTEMEI (puc.9.1,a):

ke*  ke? ke? ke? ke? ke?

=282 Uyt U oy =+

r ry R |71—ﬁ—72| |171—ﬁ| |i72 +ﬁ|

e

.(9.1)

VYpaBrenne llpeauarepa s BOTHOBOW (PYHKIIMH OJHOW KBAaHTOBOW CHC-
TEeMBI — MOJIEKyYJIbI MeeT Bu (8.3). TouHee 3To ypaBHEHHE TPUOIIDKEHHO pa3-
JIEISIeTCsl HAa YPaBHEHUS Ul 3JIEKTPOHHOM U SAEPHOM IOJCUCTEM MOJEKYJIbL. B
3TOM pa3zeNe Mbl UCCIIEyeM 3HEPIUI0 MIEKTPOHHOM CUCTEMBI. Tak Kak CIIUHEI
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SJIEKTPOHOB  CKJIAJBIBAIOTCS BEKTOPHO JHOO IMapaJulelbHO JpYT JAPYTYy
(puc.8.6,a), mubo aHTHHapamiensHo (puc.8.6,0), To u dhopMyna UIA YHEPTUH
ompenersieTcs Tak ke, Kak u Gopmyna (8.21) mis 3HEPruu IBYXIIEKTPOHHOTO
aToMma:

Eyon =E|+E, +(K+A4)/(1£C) 9.2)

rae £, u E, —3Hepruu oTAenbHbIX aToMoB Bogopoaa. C < 1 — mHoxxuTens (8.20),

KR = [0 Uson (172 B[00 )| ¥y . 93)
AR) = [ W} (F) by (F) U gon (FisFas R) 05 (o ) by (Fr)didVs, (9.4)

K(R) — xkynonosckas sHeprusi, A(R) — oOMeHHast SHEpTHsL.

OHeprus J1000ii MoJeKyJIbI onpeaensiercs popmyJioii, ananoru4Hoii (9.2).
Pacuer, nposenennsiii ®.Jlonnonom u B.Iaittiaepom (1927 r.), mokasbiBaer,

YTO ISl MOJIEKYJIBI Bomopona A > K mpu OONBIINX pacCTOSHUSX R MEXAy sa-

pamu u A < K nipu Manbix R (mpu R — 0 KyJIOHOBCKasi SHEpIUsi B3aWMOACHCT-

BUSL SiAEP CTAHOBUTCS OECKOHEUHOM). 3aBUCUMOCTb 3Hepruu E,,,, OT paccTos-

HUs R okaszaHa Ha puc.9.2.
COCTOSIHUIO ¢ NapaJIeIbHBIMU CIIMHAMH

EMOJ'I
91eKTpoHOB (S;; =1) COOTBETCTBYET BEpX-
Huif 3HaK "+" B dopmyie (9.2). AToMBI Bo-
R M R JIOpo/ia B 3TOM COCTOSIHUM 00pa3oBaTh MO-
E+E, CB>I\ JICKyly HE MOTYyT, UM JHCPICTHYCCKH BBI-
‘ E TOZHEE pa3jIeTaTbcsi Ha OECKOHEYHOoe yna-
PN

nerne R. OOBACHUTD 3TO MPOCTO — MPUHITHIT

Puc.9.2 [Taynu 3anpemaeT TYHHENbHBIA IEPEXOJ

3JIEKTPOHA BO BTOPOH aTOM, IIOCKOJIBKY TaM

y’K€ €CTb DIIEKTPOH B TOM € COCTOSHHM C TOW e Mmpoekuuer cruHa. CHibl
[Taynu pacTaKuBarOT OJUHAKOBBIE HIIEKTPOHBI.

Ecim e CITHHBI 3]IEKTPOHOB aHTHITAPAILIETBHBI (S, = O) , TO OOMEHHas 3Hep-
rusi A Bxomut B hopmyny (9.2) ¢ HIKHMM 3HaKoM "—", W BO3HHKaeT MUHUMYM
sneprun E,,; (puc.9.2). Pa3HOCTh MeXIly 9Hepruei JByX CBOOOIHBIX aTOMOB U
MMHHMAJIBHOW >HEpruedl E,, . Ha3bIBAETCS DHEPrUed cBsa3u £, WM dHeprueu

JUCCONMAMU MoJNeKy bl [l Mojekynsl Bogopona E., =~ 4,48 3B (nBa atoma

IIpH 3TOM HAXOJATCS Ha paccTosHuM R, ~7,41- 107y ). IIpu coobiiernu Mo-

JIEKyJIe 3TOW SHEPIUH OHA AUCCOLMUPYET, T.€. pacriagacTcsl Ha OTIETbHbIC aTOMBL
Bvi600: cuibl, TPUTATUBAIOIINE OAWHAKOBBIE aTOMBI IPYT K IPYTry, T.c.
MIPUBOSIINE UX B COCTOSHUE C HAUOOIbIIeH 0OMEHHOW SHepruen 4, Ha3bIBa-
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10TCsl 0OMeHHBIMU cuiaMu. OHM HE UMEIOT KIIaCCHYEeCKOro aHajora W siBIis-
I0TCSI KBAaHTOBBIM CBOIMCTBOM MHKPOYACTHI. BO3HHKArOT OHU TOJBKO MPH TIe-
PEKPBIBAHMH DIICKTPOHHBIX OOJIAKOB JJICKTPOHOB C MPOTHBOMOJIOKHBIMH
MIPOEKIUAME CTIMHOB. UeM OoIbIle mepekphIBaHNe 00JIaKOB, TEM CHIIbHEE 00-
MEHHbIe CHIBl. B ycTOHYMBBIX MosieKynax oOMEHHBIE CHIIbI YpaBHOBEILIHBA-
I0TCS KyJIOHOBCKUMH CHJIAMH OTTAJIKUBAHHS OJMHAKOBO 3apSDKEHHBIX YaCTHII.
MexaToMHast CBSI3b, BOSHUKAIOIIAS 338 CYET OOMEHHBIX CHJI, Ha3bIBAeTCS KO-
BaJICHTHOM CBS3BIO.

CTaHOBHTCSI TIOHSITHBIM, ITOYEMY HE MOXKET
o0pa3oBaThcs MOJIEKYJIa U3 TPEX aTOMOB BOAOPO-
na. B obmactu mepexphIBaHUS 3JEKTPOHHBIX 00-
JIaKOB MOJIEKyNsl H, (3amTpuxoBaHa Ha puc.9.3)

0000IIIECTBICHBI AJIEKTPOHBI C JBYMS BO3MOXK-

HBIMH TPOCKIMAMH CIHHA 1 H Y. DIEKTpoH
npoeKuum N
_ CMWHOB  TPETBEro aToMa MMEeT OJHY W3 ITUX MPOCKLUH
cnuHa W mo npuHuuny [laynu BOWTH B Ty e
) KBaHTOBYIO CHCTeMY He MOxeT. OOMEHHBIE CHIIBI
- NCKTPOHHOE OyIyT OTTAJIKUBaTh ODJICKTPOHEI B OJHOM 1s-

obnako N .
v COCTOSIHUU C OAMHAKOBOW MMPOEKUMEN CIIMHA.

Puc.9.3 Bbi600: KOBaNeHTHast CBSI3b MOXeT 00pazo-
BATHCsI TOJIBKO MEXKIy TEMH aTOMaMH, Y KOTOPHIX BO BHEIIHEH 000JIOUYKE €CTh

QJICKTPOH C HeCKOMHCHCHpOBaHHOﬁ Hpoekuneﬁ CIIMHa LSZ , 1, COOTBCTCTBCH-

HO, HE3aII0JIHEHHOE COCTOSIHUE C IPOTHBOIOIOKHOM MPOEKLUel cruHa. DieK-
TPOH IPYroro aroMa MOJKET 3allOJHHUThH 3TO COCTOSHHE, YTO Pa3peIieHo HMpPHH-
munoM [laynu, u co3maTh nepeKkpbIBaHUE 3JIEKTPOHHBIX 00JIAKOB C MPOTHBOIIO-

JIOKHBIMHU MTPOCKIUSAMU CIIMHOB <TJ¢) . Yucno QJICKTPOHOB C HECKOMIICHCUPO-

BaHHBIMU L, PaBHO YMCIIy KOBAJIECHTHBIX CBsA3€l, KOTOpOE MOXKET 00pa30BaTh

aTOM, U Ha3bIBACTCS BAJICHTHOCTBIO aTOMA.
Ilpumep:  >1IEKTPOHHAA

H
6) 7\\0/7// KOH(UTrypalus aroMa Ku-

et 1,06-%0_1?\/| 104,45° cropoja  NpUBEIEHA B
2 / Tab1.8.2. JIBa ero anekrpoHa

o H U3 2p-momo0O0I0OYKA C Mar-

HUATHBIM KBAHTOBBLIM YHCJIOM

m=0wum=— 1 uMeI0oT He-

Prc.9.4 CKOMIICHCHPOBAHHbIC CITUHBI

H Ly, =+h/2. Kouduryparms

ANIEKTPOHHBIX 00JaKOB (OpOHTaNeil) 3THX AIIEKTPOHOB M300paXkeHa Ha puc.7.3.
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DJeKTpoHHBIE 00JIaKa IBYX aTOMOB BOJIOPOA C IIPOTHBOIIOJIOKHOM MPOEKIHEH
crmHa Ly, =—h/2 NepexphiBaOTCs ¢ HUMH, 06pasys ¢ MOMOIUBIO IBYX KOBa-

JICHTHBIX CBsi3el Monekyny Boael H,O (puc.9.4,a). B neficTBuTensHOCTH yrom

Mexay aBymst O — H cBs3siMu (MOJIEKYJISIPHBIMU OPOUTAISIMU) B 3TOW MOJIEKY-
ne paseH He 90°, a 104,45° (pnc.9.4,0) u3-3a Toro, 4to ABa sapa H oTTalIKHBa-
I0TCSI IPYT OT Apyra, nedopMupys 3eKTpoHHBIE 00naka. BaneHTHOCTH KHCiO-
poJja paBHa 2.

ATOMBI € TTOJTHOCTHIO 3aMIOJHEHHBIMHU M0J000JI0YKaMH HE MOTYT BKJIIOYHTH
HHU OJTHOTO HOBOTO 3JIEKTpoHa. MX 31eKTpoHHBIE 00J1aka HEe MEPEKPBIBAIOTCS C
3JIEKTPOHHBIMH 00JaKaMH APYTUX aTOMOB, U KOBAaJICHTHAs CBSI3b 00Pa30BATHCS
He MoxeT. Takue aToMbl XMMHUYECKH WHEPTHBI M HE COSAUHSIOTCS B MOJICKYJIBI.

Bonpoc: y aroma yriepona (ls2 2522 p2) BCEro JBa 3JEKTPOHA Ha BHEII-

Hell MoJ000JI0YKe, WX AJIEKTPOHHBIE 00Jaka MOTYT NEPEKPHIBATHCS C ABYMS
AIIEKTPOHHBIMH O0JIAKaMH TPOTUBOIOIOKHO HAIlPaBIEHHOTO CIMHA, 00pasys
JIBE KoBaJIeHTHbIE cBsi3U. [loueMy cymecTByer Moniekyiaa metana CHy ?

Omeem: B Tabn. 8.1 u 8.2 mpuBeIeHbI MEKTPOHHBIE KOH(OUTYpaIlMK aTOMOB B
OCHOBHOM cocTossHHHM. Ho 9acTo aToMy SHEpreTH4eckd BHITOAHO 0Opa3OBBIBATH
MOJIEKYJTy, HaXOAACh B BO30YKIE€HHOM COCTOSIHMU. VIMEHHO 3TO NPOHCXOIWT B
monekyne CHy , TAe B BO30Y>KI€HHOM COCTOSHUHN BaleHTHOCTH C paBHa 4.

E BozMorkHa eme ogHa pa3sHOBUAHOCTD CBSI-
0 Na Cl 3u aToMOB B MoJekyny. U3 puc.8.10 BumHO,
51sB 3,69B 4ro SHEprus MOHU3ALMU ILEIOYHBIX METal-
3s - 3pC|~ OB 3HAUMTENILHO MEHBIIC SHEPIHH HOHM3A-

V uuu ranoreHos. Hanpumep, nis Na oHa pas-
139B Ha 5,13B, mna CI — 13 3B . YpoBHU sHEeprun

3p-niogo6onouku CI exaT HAXKE YPOBHS 3s —
110710607109KH Na C €AMHCTBEHHBIM JIEKTPO-
HOM, U 3TOT 3JIEKTPOH MOXET MOKUHYTh aTOM
Na n npucoenuauThest K aromy CI (puc.9.5,

rne TN — mampaenenms nmpoexmmu crim-
HOB 3IIeKTpoHOB). CKa3ath, 9TO 3TO SHEP-

\ TCTHYCCKN BBII'OJHO, HECIIB3dA, TaK KakK

ypoBHH 3p-niogo6onouku nona C/- mon-
HUMaloTcsl BBepx (puc.9.5). DHeprus mo-

Huzaruu nona C[ , paBHas 3,63B, Ha-

3bIBAETCS DJHEPrHEed CpOJACTBA XJiopa K
JNIEKTPOHY.
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EN Ho cnenyer ydects 1 KyJlOHOBCKOE, B 00-
| MeHHOe B3aumoeiictare (9.2). DmeKTpoHHbIe

noa0605104kk noHoB Na' 1 CI~ HOJHOCTBIO

3alONHEHBI W HE MOTYT IIepEeKPBIBATHCS
(pnc.9.6). Ilpu mepekprIBaHUH HapyIIaeTCs

Enat*+Ecr

sE | .
EnatEey npunnun Ilaynn, 1 oOMeHHBIE cHIBl Fig,,

CTpeMATCs. X pa3aBHHYTh. KynoHOBckue cu-

Mbl Fiy,, HANPOTUB, CTIPEMSTCS CONM3UTH

o K
28110 ™ Puc.9.7
b TIPOTHUBOIIONIOKHO 3apsDKeHHble HOHBL O0-

MeHHas dHeprusi 4 OyaeT BXxoauTthb B popmyiy (9.2) co 3HakoM "+", a KyJIOHOBCKas
sueprus K ~ —k & / R oxaxercs orpuriarenbHoi (puc.9.7).

ITycts Ey, u E¢; — 9HEPTHHU OTAENBHBIX HEHTPAIBHBIX aTOMOB, a E ot B
a

E ¢/~ — HEPrHH OTIENBHBIX HOHOB HATPHsA M XJIOpa. Monexyna NaCl o6pa3y-

€TCs, €CJIN BBIIIOJIHCHO YCJIIOBUC
Exg +Ect — Eyon = (Eng +ECZ)—(EN0+ VE, 4K+ A) —E,,>0 (9.5

(ecnu anexTpoHHBIE oONaka He nepekphiBatorcsi, To C — 0). Takas cBs3b Ha-
3pIBacTCs MOHHOW. OHa mo-TpekHeMY 0OBsICHAETCS dopmynoi (9.2), a ee ot1-
JUYUE OT KOBAJICHTHOM CBSI3M TOJIBKO B TOM, YTO MEHSIOT HAIIPABICHHUE PE3YITb-

TUPYIOIINE CHIIBL: KYJOHOBCKUE CHIBL Fy; CTPEMSTCs COIM3HTH HOHBL, a 00-

MEHHBIE CUIIBl [y, — OTTOJIKHYTb HX.

Omnpeznemnsemas Gopmyioit (9.5) sHeprus csizu E., (WM JHEPIUS JHCCO-
LMAIMK) — 3TO HaUMEHBIAs SHEPTHs, KOTOPYIO HaJ0 COOOLIUTH MOJEKYJe C
MOHHOH CBSI3bI0, YTOOBI pa3/ielITh €€ Ha OTIENbHbIC aTOMBL. il MOJEeKyIbI
NaCl ona paBHa4,23B.

2. MoJiekyJsipHbIe CIIEKTPbI

B orimmume ot u-
CNeKTp atoma o €0

HeHYaThlX  CIIEKTPOB

2” | | | || | | | | | A H3ITyYCHHs aTOMOB

B) cnexkTp Monekynl (pnc.9.8,a),  crekTpsI
BpaLLaTerbHo

3NEKTPOHHbIE KoﬁelétaTeanue BpaLyjaTernbHas M3ITYy9CHUA  MOJICKYII

nomnocsl nomnocel nomnoca COCTOAT U3 Habopa Io-

2 H“H ‘ ‘ A JIOC KOHEYHOH MINPUHBI

yneTpaguonetoean WHdbpakpacHas oGnacTb (puc.9.8,6).  ObbscHs-
obnacTb el Ié bpakp

€TCs ATO TeM, UTO S/Apa
Puc.9.8
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ATOMOB, BXOISIUX B MOJICKYITY, HCJIB3s1 CUMTATh HCHOJABUKHBIMU. Onu MOryT
COBCPIIATH KojebarenpHoe JBHXKCHUEC C YacTOTOH K> 06pa3y${ I‘apMOHI/I‘{CCKI/Iﬁ

OCHUILIATOP, a caMa MOJIEKYJIa MOYKET BpalaTbCsAd Kak HEJI0€ ¢ MOMEHTOM HM-

nymeca L (puc.9.9).

Puc.9.9

Ao

SMeRTPOHHOE | 0BHaKko

O0a JBMKEHHS] KBAHTYIOTCS B COOTBETCTBUH C (hop-
mynamu (5.39) u (6.20). K sneprun (9.2) snekrpoHHO-
sZICpPHON KOH(UTYpAIUK HAIo0 100aBUTh SHEPIUIO KO-
71e0aTeNBHOTO IBHKCHUS

Eron =ho (nc+1/2), e n =0,1,2,...,  (9.6)

U DSHEPrUi0 BpaIaTEeIbHOIO JBW)KEHHS C YIIIOBOH

CKOPOCTBIO (® Y MOMEHTOM umnyiibca L =1 :

Eyp=I0[2=17 21=(h2/21)-13(13+1), e 1, =0,1,2,.. (9.7)

(3mech / — MOMEHT MHEPIIIH MOJICKYJIBI ).

E
E——y
['Ik=3 _—B_ 12
_——ji =)
2p< (=2
Ng=1 AEon
| ~0,19B
3NeKTPOHHbIE
~100B e+« nepgxo,qm
BpalyaTensHo
" konebaTenkHble
=3 nepexoas
— BpalyaTenbHbie
189 N=2 B 2 = nepexon!
=yiz|= ==
nk=1 3 —t
U =10
K ﬂEBp
Puc.9.10

AE,, ~h2[21 =8-107 5B

[To cpaBHEHUIO ¢ W3My4YeHHEM atoMma (puc.8.3), BOSHHKAeT MHOXKECTBO Tie-
PEXOIOB MEXy pacUleIIeHHBIMH YpOBHAMH 3Hepruu (puc.9.10). Tak kak atu
YPOBHH PacHoJIOKEHB! OYEHb IUIOTHO, TO MX CIIEKTPajbHbIE JIUHUH CIMBAIOTCS

OJeKTpOHHBIE YPOBHU
SHEPTUM,  TOJIyYeHHbIC
paHee,  pacCILIEIUISIOTCS
(puc. 9.10), HO 3TO pac-
miersieHue mMano. J{is mo-
JIEKyJbl BOJOpOJa, Ha-
TpuUMep, 9acToTa Kojeda-
HUI HOHOB

o, =8-10"* 71,

a MOMEHT MHEPIMH
I=4710" kr-m2.
[TosToMy HMHTEpBaIBI Me-
Ky COCCIHUMH Kojeha-
TENEHBIMU YPOBHSAMHU
SHEPIrUH

AE (o =ho,=0,55B,
a MHTEpBaJbI MEXIy CO-

CEIIHUMH  BpalllaTeIbHbI-
MH YPOBHSIMH 3HEPTHU
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B TIOJIOCHI, HA0JI01aeMble KaK YJaCTKH HETPEPHIBHOTO CHEKTPA.

BpamarensHas nosioca — HaGIIIOAeTCS NIPH MEPEX0JaxX MEXKIY YPOBHIMH
SHEPIUHU BpaIIaTeNbHOU CTPYKTYPHI (9.7), YAOBIETBOPSIOUINX MPAaBHiIaM 0TOO-
pa Al, =%1 . D710 U3IyueHUe UMeeT OUeHb Malyl0 4acTOTY U MOIaJaeT B MUK-

POBOJIHOBYIO YacTh IMana3oHa (paguoBONHEI ¢ A ~ 0,1MM +1cMm ).
BpairarensHo-kosie0aTeIbHbIC TIOJIOCHI — COOTBETCTBYIOT MEPEX0aM MEKITy
YPOBHSIMH 3HEPTUH KoJe0aTeNbHOM cTpyKTYypHI (9.6). [Ipu 3TOM MoJIeKyia Oymet
HAXOJIUTHCS B BO30YKIICHHOM BpaIllaTeIbHOM COCTOSHUU C OOJIBIIAM KBAHTOBBIM
quciIoM [/, . OTO YUCIIO TaKKe MEHSETCs, M ONHOBPEMEHHO C KOJIeOaTeIbHBIM

TIPOUCXOMUT BpamIaTenbHbIi nepexon (puc.9.10). brams3ko pacmonoxeHHbIe -
HUH CIIEKTPa TaKOH TTOJIOCHI JISKaT B HHPPAKPACHOH 00JIaCTH CIIEKTPA.
3ameuanue: paspemeHHbIe nepexonpl Al, =+1 BO3ZHHKAIOT MPH B3aHMO-

JIEHCTBHH QJIEKTPUYIECKOTO OUITOJIBHOTO MOMEHTA f?e MOJIEKYJIBI C TIOJIEM U3-

JyyaeMoro ()OTOHa, Kak OBUIO TMOKa3aHO B §6 TI.7. Y HEMONSIPHBIX MOJICKYII,
HaXOJSIIUXCSI B OCHOBHOM COCTOSIHUHM, H 5, O5,...,3TOT MOMEHT p, =0, u

Bpall[aTeIbHbIE IEPEXO0bl HE BO3HUKAIOT. CIEKTPB! HEMOISPHBIX MOJIEKYJI 3Ha-
YUTEIBHO TPOILIE, YEM CHEKTPhI NOJIIPHBIX. BpamiarensHbie NOI0CH U3TyYeHUs
HETIONISIPHBIX MOJIEKYJ MOTYT MOSIBUTHCS TOJIBKO M3-332 CTOJIKHOBEHHH MOJICKYTT
Mexay coOoil. BpamarensHble MOIOCH CIIEKTPa MCUE3al0T TAKXKE, ECIN MOJIe-
KyJIBI 00pa3yroT KHUIKOCTh WM TBEPOE TENO, B KOTOPBIX B3aNMOICHCTBHE MO-
JIEKYJI APYT C IPYTOM HE TMO3BOJISIET UM CBOOOIHO BpaIlaThes.

ONEKTPOHHBIE MOJOCHI — COOTBETCTBYIOT IIEPEXOAaM JJIEKTPOHOB MEXKIY
YPOBHSIMH 3HEPIHHU M3 Pa3INYHBIX Nog00o0m04ek. OJHOBPEMEHHO U3MEHSIOTCS
U KBaHTOBbIE UHCIA 71 W [, , T.€. IPOUCXOMAAT KojeOaTesIbHbIE U BpallaTellb-

HbIe TIepexobl (puc.9.10).
Ha Bompoc 0 ToM, Kakasi IMEHHO JIMHHS KOJe0aTeIbHOrO CIEeKTpa BO3HUK-
HET MPH MEPEX0/Ie IEKTPOHA U3 OJHOU MOJ000IOUKH B APYIYIO, MOKHO OTBE-

THUTH C TIOMOIIbLIO NPUHIMIIA (DlzaHKa—KOHHOHaZ

E)J'ICK’I‘pOHHHﬁ Mepexoq NporuCxXoauT MpakKTUICCKU MIHOBCHHO, U 3a 3TO BpeMA
KOJ'IC6J'IIOHIPI€CH 1 Bpallaronuecs aToOMbl MOJICKYJIbI HE YCIICBAIOT CMCCTUTHLCA.

B BO30YKIEHHOM 3JIEKTPOHHOM COCTOSIHHM PAcCTOSIHHE R MEXIy LEHTpaMu
KOJIEOJTFOIIMXCSl aTOMOB, COOTBETCTBYIOIIEE MUHUMYMY SHEPIuH cBsizu (puc.9.2),
yBenuuuBaeTcs. [1ycTh B 3TOM COCTOSIHMM DHEPIUsl KONEOATENHHOTO BHKEHHS
Mojiekyibl (9.6) 6buta MuHnManbHa (n' =0, puc.9.11). IIpu MrHOBEeHHOM Ie-

pexojie 3IEeKTpoHa # p —> 1§ paccTosHMEe R MeXIy aToMaMHM He W3MEHMTCS, a
MOTEHIIATIbHAS IMa TAPMOHUYECKOTO OCHMIIIATOPA CMECTUTCS BIIEBO.
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MOJ'ICKyJ'Ia OKa’KE€TCd B TOM COCTOSIHUU, BCPOST- EA

HOCTB |1b|2 KOTOpOTO MaKCHMallbHa. BOJHOBBIC
(DYyHKIMHM OJZHOMEPHOTO OCILMIUIATOpA TPHBEICHHI B
(5.40), a wx w™Momxymu |1b|2 3alITPUXOBAHbl Ha
puc.9.11. Kak BHOHO, MakcUMyM |1b|2 MIPUXOAUTCA
Ha cocrosHue n, =1. T.e. IpH NIEKTPOHHOM IIepe-

xone np — 1s, m3obpaxenHoMm Ha puc.9.11, ¢ Hau-

OOoJbIIIel BEpOSATHOCTHIO IPOU30MIET KOJeOaTeTbHBII
nepexox n'e =0—>n,=1.

E

np

Puc.9.12

[yI- ni=2
ne=1
P =0 R
ne=2
=1
1s =0
Puc.9.11

Amnanornyno npunuun @panxa-Konpona mpu-
MEHSIETCS TpH OIpEJeNICHHH IIepexoaa B BO30yXk-
neHHoe cocrostHue (prc.9.12). OOpaTHBIN mepexon
B OCHOBHOE COCTOSTHHE MOXKET MPOU30HTH HE Cpasy,
a CIyCTs HECKOJIBKO KO0Je0aTelbHO-BpaIaTelbHbIX
IepexoioB, Kak n3obpakeHo Ha puc.9.12. Takoe
3ajiepsKaHHOE U3JTydeHHEe BO30YKIEHHOW MOJIEKYIIbI
HasbiBaeTcs (oromromuHucieHe. OHO He HaXo-
JUTCS B TEIJIOBOM PaBHOBECHHU C OKpY’Karolieil cpe-
nor. Ecnu mepexoj; ¢ BepXHEro ypoBHs SHEPIUU B
OCHOBHOM 3ampelleH MpaBUIaMH 0TOOpa, T.e. MO-
JIeKyJla OKa3bIBAaeTCsi B METAacTaOMIBHOM COCTOSI-

HUH, TO (OTOIFOMUHICIICHIIHS 3a/ICPKUBACTCS HAa OUCHB OOJBIIOE BpeMsl M Ha-
3pIBaeTcs (pochopecleHINEN.
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IIpeameTHblii yKa3zaTeab

a0COIIIOTHO YepHOe TeTo 9
agHATIIAAS 27
OopHOBCKOE MpuOIMKeHue 75
6opoBckue opoutsr 38
6opoBckas Mmoaens atomMa 38
BaJIeHTHOCTh 138
BUPTYaJIbHBIC YACTULBI 55
B030y>KeHue atoma 39
BosiHA fie bpoig 28
BoJTHOBas QpyHKIUS 46
BOJIHOBOM makeT 60
runotesa [Inanka 17
TUPOMArHUTHOE OTHOIICHHe 94
neirepmii 43
€CTECTBEHHas! IIUPUHA
CIIEKTPaJIbHOM JINHUU 55
3aKOH

— u3nydeHus Buna 20

— m3nyvenust Kupxrodpa 9

— cmemenns Buna 11, 19

— Credana bomprimana 11
3ampeleHHble nepexoasl 116
3apsiioBoe uucio 35
N3ITyYeHNE

— paccessHHOE 24

— paneeBckoe 25

— TopMO3HOEe 42

— XapaKTepUCTHUYECKOE

peHTreHosckoe 126

n3oTOnMuecKuil casur 44
HOHHas cBs3b 140

UCITyCKaTelbHas CIIOCOOHOCTD 8

KBaHTOBas cucrema 57
KBAaHTOBOE YHCJIO

— imasaoe 39, 100

— opburansHOoe 92, 101
— MmarautHOe 91, 101
— pagmansHOe 98

— cnuHOBOE 96

KBaHTOBBIE Kopperauuu 57
KBaHTOBBIN TapMOHUYECKUN
ocumiisaTop 81
KOBaJICHTHas CBsi3b 138
KOMOMHAIIMOHHBIN NPUHIINIT
Putna 37
KOMMYyTalusl orneparopos 87
KOMIITOHOBCKas AJTMHA BOJHBI 26
KOPITYCKYJISIPHO-BOJTHOBOH
nyanmusm - 31
ko3 purmeHT
oTpaxkeHUs 69
npoxoxaeHuss 70
MIOTJIOIICHUS cpenbl 12
KpacHas rparnna ¢orodpdexra 21
mMOoBCkui casur 119
maraeToH bopa 94
MarHuTHBII MOMEHT 93
MarHuTHbIN pe3oHanc 119
MaTpHUYHbIE 3JIEMEHTHI OTIlepaTopa
Bo3myueHuss 113
METOJ| TeOpuH Bo3MyleHuid 113
MHOXUTENb ((akrop) Jlanme 108
HanOoJee BeposSTHAS JUTMHA BOJIHBI
TEIUIOBOTO M3My4deHus 10
oOMeHHbIe ciitbl 138
orepaTop
— Bo3MmymieHus 112
— n'Anambepa 66
— nuddepeHnraIbHbId - 85
— UHTErpanbHeld 85
— umMnynsca 85, 86
— KoopAauHatel 85
— Jlanmaca 63
— MoMeHTa ummyibsca 90, 92
— TOJTHOTO MOMeHTa umiryiibea 106
— TONHOM SHeprun 87
— IPOEKINH UMITyIbca 85
— IPOEKIMHA MOMEHTa uMiyibca 90
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onrtuyeckas nupomerpus 19
OTIBITHI

— BaBunosa 27

— J»Buccona-/xepmepa 29

— Pesepdopna 34

— CroneroBa 21

— @panka-T'epma 40

— HIrtepHa-I'epnaxa 95

— DOiHmTeiHa-1e Xaaza 94
opburans 104
oprorenuii 129
naparenuit 129
MepHOANIECKas CHCTEMa

Menneneea 130

TUTaHeTapHAast MOJIENb aToMa 36
IUIOTHOCTD

— BeposiTHOCTH 48

— IIOTOKa BeposTHOCTH 64

— nmoToka vactur, 34
HorJomaTenbHas CmocoOHOCTh 8
nonuHoMsl Jlareppa 101

— Opmuta 84
T10JI0Ca CIIEKTpa

— BpaiarenbHas 142

— BpamateinbHO-KojIeOaTenpHas 142

— JNIeKTpoHHas 142
MOCTOSTHHAS

—Buna 11

— Ilmanka 17

— Punbepra 42

— Credana bonbimana 11

— TOHKOI1 cTpykTypsl 105

— 3KpaHUpOBKH 126
nocrynatsl bopa 37
MOTEHLIMATbHAS CTyNeHbKa 67
HOoTEeHIHaNbHAd aMa 77
IIOTOK YacTuil 69
mpaBmia otbopa 115, 135
mpaBuiIo kBaHToBaHUS bopa 37

— Xyumga 135
MPUHINT

— OimskoxeiictBus 57
— JIOTIOJTHUTEIBHOCTH 53
— 3ampera [Taymn 121
— KBaHTOBO# cymepro3urn 49
— HeompeIeNeHHoCTH 53
— cootBercTBUs bopa 44
— TOXKAECTBEHHOMN HEPa3IUIUMOCTH
Mukpouactury 121
— O®panka-Konmona 142
MpULIENbHBINA TapameTp 32
Impolenypa KBaHTOBaHUS 86
pabora BBIXOJa NIEKTpoHa 22
paanyc B3auMoneicTBus 56
pa3penicHHbIC 3HaUeHUsT 48
paccestHne H3ITy9eHHs
— paneeBckoe 25
— TOMCOHOBCKOE 25
camocoriacoBaHHoe noje Xaptpu 123
CBEpXTOHKas cTpykrypa 120
CBs3aHHBIE COCTOSHUS 81
JJ—cBsa3p 135
LS—(Paccen-Caynznepca) cBsizb
cepoe Tenio 12
CEUCHNE PacCesTHUS
— mudepennmansaoe 34, 76
COIIPSOKCHHBIE IEpEMEHHbIE 52
coOcTBeHHas GYHKIHUS orieparopa 85
COOCTBEHHOE 3Ha4YeHHUE onepaTopa 85
COOCTBEHHBIH MarHUTHBII MOMEHT 97
COOTHOIIIEHHUS HEOTpeAeTIeHHOCTeH 52
COCTOSTHHE aToMa
— BO30yxaeHHoe 39
— OcHOBHOE (cTabmibHOE) 39
CHEKTp JuHeHuaTeil 37
CHEKTpaIbHAs IUIOTHOCTh SHEPTUH
PaBHOBECHOTO TEILIOBOTO
mnydenus 14
CHEKTPATBbHBIE CEPHU
— banemepa 43
— bpakera 43
—rmaBHasg 125

134



146 IIpenMeTHBIN yKa3aTelb
— muddysnas 125 YCIIOBHSI HEIPEpBIBHOCTH 69
— Jlatimana 42 (ha3oBBIIf MHOXHTEN 65
— [Mamena 43 (uHUTHOE OBIKEHUE 49
—pe3kas 125 hopmyra

CHEeKTpanbHBIA TepM 37

criiH (COOCTBEHHBI MOMEHT
uMmnyisca) 96

CHHUH-OpOHTAIEHOE
B3aumMozeiicteue 107

cpenHee Bpems ku3HHM atoma 41

CTallMOHapHbIE COCTOSIHUSL 64

coeprueckne pyHKIuu 92

TEIJIOBOE U3NyueHue 7

TOK HACBIIEHUST 22

Tputhit 43

TYHHENBHBIA d3QdexT 67

yrou paccestaus 33

ymapHas nonmzamus 41

yibTpaduoneroBas karactpoda
Panes-/xunca 16

yupyroe paccesue 75

ypaBHEHHE
— Kneitna-I'opnona-®oka 66
— llIpenunrepa
— HecTarmoHapHoe 63
— cramoHapHoe 65, 98
— D¥HmTelHa

— mus BHenrHero otoaddexra 22
— BHyTpeHHero goTtorddekra 23
YPOBEHb SHEPTUHU
— BbIpoXaeHHbI 101
— metactaOmibHbIid 118
— HecTaOwnpHBIA 41, 118
— OCHOBHOM (cTaOmimbHbI) 39
— paspemenssiii - 39
— pe3oHaHCHBI 74
— TOHKas cTpykrypa 106, 108
yCIIOBHE HOPMUPOBKH BOJTHOBOH
¢bynkuun - 48
yCJIOBHE NPUMEHUMOCTH (HOpMYIT
kiaccudyeckoit pmsuku - 90

— Ilmanka 18

— Pesepdopna 34

— Panes-JIxunca 16
dbopmpaktop 76
dbocdopectiennms 143
dotononmzamus 41
dhotonmromuHUCTICHTHS 143
¢doron 17

— umIrynbc ¢porona 17

— sHeprus ¢porona 17
dotoTok 21
dhotorddext BaemHUNA 21
(hyHKIMA cocTosiHUA 46
XoJioaHas smuccust 71
AIIEKTPOMAarHUTHOE Tojie 56
JNEeKTPOH-BOJBT 28
3JIeKTpOHHAast 0boyouka 121
ANeKTpoHHOE obako 102
ANIEKTPOHHBIE TO000mouk 121
JNIEKTPOH-NIO3UTPOHHAs mapa 27
SHEpPreTUIecKasi CBeTUMOCTh 8§
SHEPIUs AUCCOUUAIIH (CBSI3H)

Monekynsl 137, 140
SHEprus
— pwonm3auuu 23, 41
— KyJOHOBCKasi 128
— obmennas 129
— OHOAJIEKTpOHHOTO atoma 39, 100
—cpoactBa 139
s dext
— bapuerra 94

116
117

— 3eeMaHa HOpMaITbHBIN
— 3eeMaHa aHOMAJTBHBIH
— Kommirona 26
— [Tamena-baka
— Hlrtapka 112
spKocTHas TeMmeparypa 20

112
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