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MeXaHIKN



Tema 1. KBaHTyBaHHS €J1€eKTPOMAarHITHOI'O

BUIIPOMIHIOBAHHSI

Jlekiiga 1. TerioBe BunpomMinioBaHHdA. PoToedeKT.

§1.1. IIpobiema TermIoBOro BUIPOMiHIOBAHHS

EstekrpoMaruiTHe BUITPOMIHIOBAHHS, TII0 BUITYCKAETHCH JPKEPEJIOM, 3a01pae 3 coOOIO eHeprilo.
3asexKHO BiJI TPUPON JKepeJia PO3PI3HAITh BUM BHUIpOMiHOBaHHs. He Oymemo Tx mepe-
paxoByBaTH, OCKLILKM HaC IIKABUTHL JIAIE OJIHE BUIPOMIHIOBAHHS — TEILIOBE, OOYMOBJICHE
HarpiBaHHsIM, TOOTO IiaBeleHHSIM TeiioTu. lle BuIpomiHIOBaHHS 3aiiMae 0coOJIMBE Miclie ce-
pe/JT iHMUX BUJIIB BUITPOMiHIOBaHHA. Ha BiAMiHY BiJl HUX TEIJIOBE BUIIPOMIHIOBAHHS - 1€ €TNHUI
BU/I BUITPOMIHIOBaHHS, K€ MOKe 3HAXOJ/IUTUCH Yy TePMOJIMHAMIYHI piBHOBa31 3 TLIaMMu.

106 ckmacTu cobi ysiBJEHHS PO XapaKTeP TEIJIOBOI0 BUIIPOMIHIOBaHHS, PO3IJIsTHEMO KiJIbKa
TiJI, HATPITUX O PI3HOI TeMIepaTrypu 1 MOMIMIEHNX y 3aMKHYTY MOPOXKHUHY, CTIHKH SKOI
MOBHICTIO Bi/IOMBAIOTH BUIIPOMIHIOBAHHS, IO Majae Ha HUX. JlocBij mokasye, Mo Taka cucre-
Ma 3PeIITOI0 NPUXOJUTh Yy CTaH TEIJIOBOI pIBHOBAru, IpuU AKOMY TeMIilepaTypa BCIX TiJT cTae
ojinakoBoio. Tak BiOyBaeThcd 1 B TOMY BHIQJIKY, KOJM MiXK TiJlaMH B MOPOKHUHI OyJe Baky-
VM, 1 Tila MOXKYTb 3MIHIOBATUCH €HEPTi€l0 TLIHKW MIJISXOM BUITPOMIHIOBAHHSA Ta TOTJIMHAHHS
€JIEKTPOMArHITHUX XBWIb. 3a Oy/Ib-gKUl TTPOMIXKOK HYacy €Hepris, IO BUIIYCKAECTHCA TiJTaMH,
cTae PIBHOIO €Heprii, MO MOIVIMHAETHCH, 1 MIIJIbHICTh eHepril BUITPOMIHIOBAHHS B IIPOCTOPI MizK
TIJIAMU JIOCATAE TEBHOI BEJIMYUHU, IO BiJINIOBiJIa€ BCTaHOBJIEHIN TeMiiepaTypi. Takuit ctan Bu-
MIPOMIHIOBAHHS Y TIOPOXKHUHI 3aJIUIIAETHCA HE3MIHHUM Y daci. BOHO 3HaXOUThCHA, SIK y2Ke OyJI0
CKa3aHOo, y TEPMOJIMHAMIYHIN PIBHOBA31 3 TL/IaMU, IO MalOTh IIEBHY TeMIIEpaTypy, 1 TOMy HOro
HA3UBAIOTH PIBHOBAXKHUM ab0 YOPHUM BUIIPOMIHIOBAHHSIM.

Bugasngerbes, mibHICT €Hepril piBHOBAaXKHOTO BUIPOMIHIOBAHHS 1 HOT0O CIIEKTpaIbHMI
CKJIaJ] 30BCIM He 3aJiezKaTh BiJl PO3MipiB i (opMu MOPOKHWHHU 1 Bij BJIACTUBOCTEH TiJ, IO
3HAXO/IAThCA B Hill. XapaKTep pPiBHOBaXKHOTO BUIIPOMIHIOBAHHSA 3aJI€KUTh BiJl TeMIepaTypH.
Tomy MoKHa FOBOPUTH PO TEMIIEPATYPY CAMOI'O BUIIPOMIHIOBAHHS, BBayKAIO4M 11 PIBHOIO TEM-

reparypi Tijl, 3 SKMMHA BOHO 3HAXOJUThCA B TEILIOBiil piBHOBa3i. PiBHOBaXkHEe BUIIPOMIHIOBAaHHS
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OJIHOP1JIHE, 130TPOIHE Ta HEIOJISAPU30BaHe.

Jlng  eKCnepuMeHTAJIbHOTO — BUBYEHHS  CIEKTPAJBLHOIO  CKJIaJly  PIBHOBayKHOTO — BU-
IPOMIHIOBAHHS POOJIATH HEBEJUKUN OTBIp y CTIHII MOPOXKHUHU, IO MIJATPUMYETbCS ITPU
neBHiil Temmeparypi. BuxoguTh Ha30BHI Yepe3 OTBIp BUIPOMIHIOBAHHS MAa€ TaKWil »Ke CIie-
KTPaJIbHUN CKJIaJI, IO 1 BCEPENHI TTOPOKHUHUA.

Poszmiosiist eneprii 3a jioB:KUHaAMI XBUJIL A a00 9aCTOTAMU W XapaKTePU3yIOTh CIIEKTPAJIHLHOIO
IIIJIBHICTIO BUIIPOMIHIOBaHHS u) ab0 U, TaK IO BeJUUnHA U)d\ J1a€ eHepriio oJuHuIl ob’emy
BUIPOMIHIOBAHHS 3 JIOBXKUHAMU XBIJIb B iHTepBasi (A, A+d\), a u,dw — 3 qacToramu B iHTEpBAJI
(w,w + dw).

Y BunaJKy PpiBHOBa)KHOIO BUIIPOMIHIOBAHHS CIEKTpabHa IIUIbHICTE 1w, (abo wuy) €
YHIBEPCAJIBLHOIO (DYHKIIIEO TiIbKE YacToTu (abo JoBKUHU XBU/Ib) 1 Temmeparypu 1. OcHoBHA
1pobJieMa Teopil TEIIOBOrO BUIIPOMIHIOBAHHS 1 IOJIITa/ia B 3HAXO/ZKEHHI TTi€l (PyHKITIT.

Vei ciipobu BUPIMIATH IO IPOOJIEMY 3a JIONOMOTOI0 KJIACUYHUX Y{BJIEHb 3a3Ha/U HeBJladi.
BaB/IaHHS PO PIBHOBAI'Y BUIIPOMIHIOBAHHSI 3 HAUIIPOCTIIINM IIPUKJIAIOM BHIIPOMIHIOIOYOrO TijIa
— JIHIHUM TapMOHIYHUM OCIMJIATOPOM IIPU3BOIU/IO JIO abCypJHOro pesyibrary. IIpobiema

TENJIOBOI'O BUIIPOMIHIOBaHHS 3aillilyia B IVIyXUil KyT.

§1.2. Ilocriitna Il1anka

BinkpurTtsa nocriitHol Ilnanka. Ile cramoca B 1900 p. ITlmask orpuman dpopmysty jjis clie-
KTPAJIBHOT MIIIBHOCTI U, (T') TEIoBOro BUIIPOMIHIOBAHHS, sIKa, JOOPEe yY3rO/KYEThCsI 3 €KCIIePH-
MeHTaJIbHUMHE JTannMu. OTHAK JJIs MO0 HOMY J0BEJIOCS 3alpOBa/INTH TiIOTE3Y, TKa JOKOPIHHO
CYIepeunTh yaBJICHHAM Kjacudnol izuku. [lmank npuiycTus, mo eHepris OCIUIATOPA MOYKE
npuiiMaTu He OyJ/ib-#Ki, & JIWIIe TeBHI JUCKPETHI 3HAYEHHs &,, NPOIOPILiHI JIedKiil eeMeH-
TapHiil 1Mopii eHeprii — KBaHTY £g. ¥ 3B’gI3Ky 3 IIUM BHUIIPOMIHIOBAHHS Ta ITOTJIMHAHHS €Jie-
KTPOMAaTHITHOTO BUIIPOMIHIOBAHHS OCIUIATOPOM (PEUOBUHOIO) 3IHCHIOETHCS HE Oe3ePEepBHO, a

JIICKPETHO Y BUIVIS/Il OKPEMIX KBAHTIB, BEJIMIMHA SAKUX IIPOHOPIIiiHA 9aCTOTI BUITPOMIHIOBAHHSI:
g0 = hv = hw, (1.1)

Jie W = 27TV - NUKJIYHA 9acToTa, a KoedilieHT h, dK Koedilli€HT MPOIMOPIIHHOCTI MiXK £) Ta
JIHIHOI YacTOTOI0 v, 3roJoM oTpuMaB Ha3By moctiiiuol [Tnanka. [Tocriiina A = h/27 iHKOIN
Ha3UBaeThCs nocTiiiHowo Jlipaka, aje 4acTo X He PO3PI3HAITH (KoedimieHT 27 He Mae Gi3uIHOro
HABAHTAKEHHsI) 1 BOHA TAKOXK HA3UBAEThHCs mocTiitnoro [lianka.

BI/ISH&‘{eHe CKCIIEpPUMEHTAJIbHO 3HaAYC€HHI ,ILOpiBHIO€
h=6.626-10"3T:xx - ¢ = 6.626 - 10" epr-c = 4.136 - 107 eB - ¢; 12)
h=1.054-10"%"JIxx - ¢ = 1.054 - 107> epr- ¢ = 6.582 - 107 '%¢B - c. '

Y disuri € BenuauHa, 110 Mae po3MipHicTh “eHepris X 4ac’. [T mHasmBaiors mieto. Ilocriitna
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IO PO3MIpHICTh A 30ira€Thcs 3 PO3MIPHICTIO MOMEHTY immysbcey. Lleit 36ir, gk Mu mobadnmMo
JaJii, He BUIIAIKOBHIA.

[Tocriitny Ilanka Oy/i0 BU3HaYEHO €KCIEPUMEHTAJILHO HE JIUIIE 3a JIONIOMOrOI0 3aKOHIB Te-
IIJIOBOTO BUITPOMIHIOBAHHSI, & ¥ IHIMUMHI, OLIBIT TPAMUMEI 1 TOYHUMU METOJaMU. JHadeHHs h,
OTpPUMaHi Ha OCHOBI pI3HUX (DI3UUHUX ABUIN (TEIIoBe BUIPOMiHIOBaHHSI, (HOTOEdEKT, KOpO-
TKOXBUJIbOBA M€XKa CYILJIBHOIO PEHTTEHIBCHLKOTO CIEKTPY Ta iH.) J00pe Yy3roJKyIOThCs OJMH
3 OJIHUM.

[Tocriftna Ilmanka — 1e HaiiBak/MBiIa yHiBepcaJbHa KOHCTAaHTa, dKa I'pDA€ B KBAHTOBIi
dizuri Taky K GyHIaAMEHTAJIbHY POJIb, K MIBUJKICTH CBITJIa B Teopil BijiHOCHOCTI. BigkpurTs
nocriitnol [lnanku ta no’sa3aHol 3 HelO iiel KBaHTYBaHHsS O3HAMEHYBAJIO HAPOJIZKEHHS HOBOI,
KBaHTOBOI Teopil. Pi3uKy, siK HAYKY, CTAJIU TIOJIJIATU Ha KJIACHIHY (HEPEJIATUBICTCHKY Ta PeJisi-
TUBICTCHKY) 1 KBAHTOBY, HEDO3PUBHO TI0B’si3aHy 3 (DyHAMEHTAJIBHOI KOHCTAHTOHO fi.

Otxe, Ilrank j10BiB, 1m0 GOpMyITy i CHEKTPaJbHOI IILIHHOCTI eHepril TerIoBOro BH-
POMIHIOBAHHS MOYKHA OTPUMATH JIUIIE B TOMY BUIIQ/IKY, SIKIIO JIOIYCTUTH KBAHTYBaHHS €HePril,
0 CyHEPEYNUTDH KJIACHIHUM YSIBJICHHIM.

Baxkko 0y/10 npuMupuTHUCS 3 TAKOIO BiJIMOBOIO BiJl KJIACUYHUX yABJIeHb, 1 [[1ank, 3poOuBIm
BeJIMKe BIJIKPUTTS, TTe KiJTbKa POKIB HaAMaraBcs 3pO3yMiTH KBAHTYBaHHS €HePTil 3 TTO3UIII KJta-
cuunol ¢dizuku. BesycrimuicTs nmux crnpod mpusBesa JI0 OCTATOYHOIO BUCHOBKY, IO B PaMKax

KJIACUYHOI1 TeOpi'I. IpUpoaAy TEIlJIOBOI'O BI/IHpOMiHIOBaHHEI 3p03}IMiTI/I HEMOXKJINBO.

§1.3. ®oroedekT

CBityioBi kBanTu. KpanTosa rinoresa [lnanka orpumMalsia moJaabIinii PO3BUTOK HACAMIIEDET
y pobotax Eitnamreiina.
Bin mnepmmii BkazaB Ha Te, IO OKpPIM TEILJIOBOIO BU-
A IIPOMIHIOBaHHS ICHYIOTH I 1HII SBUIIA, AKI MOXKHA MOSICHUTH Ha
OCHOB1 KBAHTOBOI T'iIIOTE3M.
Y 1905 p. Eitamrreitn BucyHyB rirnoresy CBITJIOBUX KBaHTIB.

Bin npumycrus, mo JucKpeTHUil XapakTep NpUTaMaHHUN He

TIJIBKU TIpoIlecaM BUITPOMIHIOBAHHS, aJjie 1 mporecaM MO/ IMHAH-

@ 1 Hs cBiTIa. ['inore3a mpo KOPIYCKYJISPHI BJIACTUBOCTI CBIT/IA ITPH

MTOTJIMHAHHI J03BOJINJIa IIOACHUTU PE3YyJIbTaTu eKCHepI/IMeHTiB 3

doroedekTy, aOCOTIOTHO HE3PO3YMIJI 3 TMO3UIN KIACUIHOI eJre-

Puc. 1.1 KTpOMarHiTHol Teopii. PosrisinemMo 1e nmuraHHg JIOKJIa THIIIE.
DoroeieKTpudIHUM edeKToM, ab0 (hoToedeKkToM, HAZUBAIOTD
BUIIPOMIHIOBAHHSI €JIEKTPOHIB PEYOBUHOIO 1111 JIi€to cBiT/a. JlocimKeHHs: 3aKOHOMIpHOCTENR POo-
ToedeKTy MPOBOJISATH HA yCTAHOBIN, CXeMaTWIHO Tokaszaniit wHa puc. 1.1. Ilpu ocsitienni ka-

Tojia K MOHOXpOMATHYHKM CBITJIOM Yepe3 KBapIloBe BiKOHIE (IIPOIyCKHe Ta yibTpadiosieroBe
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IPOMIHHSI) 3 KaToja BUPUBAIOTHCsI (DOTOETIEKTPOHH, 1 B JIAHII031 BUHUKAE (POTOCTPYM, IO pe-
ecTpyeThed rajibanoMerpoMm G. ['padik 3asmexknocti doroctpymy I Bij mpukiaienoro Vo mix
KaTogoM Ta anojiom A mpejcrasiennit na puc. 1.2. leit rpadik Ha3zmBarOTh XapaKTEPUCTUKOIO
doroenremenTa, TOOTO TOTO MPUIALY, B AKOMY CIIOCTEpIraloTh poroedekT. s 1miel 3a1ekHoCTi
XapaKTepHO HASIBHICTD JIITHKU CTPYMY HACUIE€HHS [y, ., KOJIU BCi €JIEKTPOHU, BUPBaHi CBITJIOM 3
OBepXHi KaToja K, MOTparisiioTh Ha aHo A, Ta iHmol JiigHky, Ha sKiit GoToCcTpyM 3MeHITy-
€ThCsI JIO HYJIS TP JIEsTKOMY 30BHINTHBOMY 3aTpUMyBajbHOMY Hanpysi Vi (nHa puc. 1.2 V; < 0).

YucjieHHUMI €KCIIepUMeHTaM# 0YJI0 BCTAHOBJIEHO TPU OCHOBHI 3aKOHOMIpHOCTI (hoToedeKTy:

1. @orocTpyM HACHUEHHSI IPOMOPIIHHUI A al090My CBITJIOBOMY TIOTOKY (IIPU TOMY Camo-
My crekTpajbHOMy cKia). Ile o3Havae, M0 KUIBKICTh €JIeKTPOHIB, 10 BUPUBAIOTHCS CBITJIOM
IIIOMUTI, IPOIIOPIIIHA TOTYZKHOCTI Maavoro ceitia. Buepie 1e 6yso Bcranosieno A. I'. Cro-
nerosum (1889).

2. ]It KOXKHOTO MeTajly iCHYe MaKCHMAaJsbHA JIOBXKMHA XBHJI CBiT/a A, (ab0 MiHiMasabHA
9aCTOTa Wy ), KOJIH 11e BiIOYBAETHCsSI BAPUBAHHSI €JIEKTPOHIB. SIKINO JOBKUHA XBUJI [EPEBUIILYE
Ax — TaK 3BaHy YEPBOHY MeXKY (poToedeKTy, — TO BUIPOMiIHIOBaHHs (DOTOEJIEKTPOHIB BiCYTHE
HaBITh 334 JIOCTATHBO BEJIMKOI IHTEHCHUBHOCTI IIaJIal0vu0ro CBITJIA.

3. MakcumasibHa KiHeTHYHa eHeprig (hoToesIeKTpoHIB K JIHINHO 3a/IeKUTh BiJl 4acTOTH
w onpoMiHKYOro ceitiaa (mpuaoMy Kyae 3pocrae 31 30LIbIIEHHAM W) 1 He 3aJeKUTh BiJl
IHTEHCUBHOCTI CBiTJIa. 3ayBaykKuUMO, 10 MaKCHMaJjibHe 3HAYEHHs KiHEeTUYIHOI eHepril doroelie-
KTPOHIB BU3HAYAIOTH 38 TAK 3BAHOI PI3HUIIEIO TIOTEHIHAJIB, 0 3aTpUMY€E (11e TUTAHHS PO3IJIsi-
HYTO HUZXKYeE).

3 morsy KJIACHIHUX XBUJIBOBUX YABJIEHb caM (DaKT BH-

I PUBAHHS €JIEKTPOHIB 3 MeTasly He JUBHUI, OCKLIbKU eJIeKTPO-

Tuack - Mar"iTHa XBUJId, IO M1aJIa€, BUK/JIUKAE BUMYIIIEHI KOJIMBAHHS €Jie-
KTPOHIB y MeTaJii. EJIeKTpOH, MOrInHAIOYN €HEPrilo, MOXKe HAKO-

IMIYATH 11 B KiJIbKOCTi, JIOCTATHIN JJIsI HOJOJIaHHS IOTEHIIIITHOrO

/ 6ap’epy, IO YyTPUMYE €JIEKTPOH Y MeTaJii, TOOTO Jijid podOTU BU-

Vi 0 f/ XO/y. Ko 1e Tak, To eHepris pOTOEJEKTPOHIB Ma€ 3ajIeXKaTu
BiJ iHTeHcuBHOCTI cBiT/Ia. 30LIBINIEHHS K IHTEHCUBHOCTI CBIT/I&
Puc. 1.2 [IPU3BOINTD JIMIIE 0 3POCTaHHSA KiJIbKOCTI (pOTOEJIEKTPOHIB.

[Tona st Te, pi3ke po30iKHICTH TEOPIl 3 JOCBIJIOM BUHHKAE 34
JIyzKe MaJiol IHTeHCUBHOCTI CBiT/Ia. 3a KJIACHIHOIO XBUJILOBOIO TEOPi€l0 hOoTOedEKT y MUX yMO-
Bax IOBUHEH MPOTIKATU 3 TOMITHUM 3alli3HEHHSIM, OCKLJIbKU MTOTPiOEH KiHIIEBUIl Yac JIJid HaKO-
nuvaeHHsT HeoOXimHO1 eHeprii. OHAK JT0CBi MOKa3ye, 1Mo GoToedeKT 3’IABIIEThCA MTPAKTUIHO
MHUTTEBO, TOOTO OJIHOYACHO 3 OYATKOM OCBITJIEHHSI (IPOMIZKOK 9acy MiK [OYATKOM OCBITJIEHHSI
Ta 1osBoI0 GoTocTpyMy He nepepuirye 1079 ¢).

Yci TpyJIHOII BiIIaIal0Th, AKIIO (oToedeKT po3risajiaTi 3 ypaxyBaHHAM rinore3m FitH-
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mreiiHa Mpo CBITJIOBI KBaHTU. BiamoBijHO 70 Ii€l TinmoTe3w majaiovde MOHOXPOMaTHYHE BU-
MPOMIHIOBAHHS PO3IJIAJIAETHCA FK IMOTIK CBITJIOBUX KBAHTIB — (POTOHIB, €HEprisg & SIKUX

IIOB’sI3aHAa 3 YaCTOTOIO W CIIiBBIIHOIIEHHIM
£ = hw. (1.3)

[Ipu nmorynmmuanHi dpoToHA HOTO €Heprisd MOBHICTIO MEPEIAEThCS OTHOMY eJIeKTPOoHY. Takum 1n-
HOM, €JIeKTPOH HalOyBa€ KiHETUIHOI eHepril He IOCTYIIOBO, a MHUTTEBO. LluM i mosicHIOEThCs

6ezinepriiitnicts horoedekTy.

®opmyna Eitamreiina. Orpumana eJeKTpOHOM eHeprisg Aw YacTKOBO BUTPAYAETHCH
3BIJIbHEHHS 3 METAJLY, a PeIlTa NePexXoUuTh y KIHETUYHY eHepriio (hOoToe/eKTPOoHa, 0 BUJIETIB
3 Merasy. MiHiMa/IbHY eHeprifo, HeoOXiHY J7I 3BLIbHEHHS €JIEKTPOHA 3 METaJIy, TOOTO JJIs TO-
JIOJIAHHSI TIOTEHIIHHOTO Oap’epy, HasuBaioTh poboToro Buxoay A. OTxke, /1/ist (hOTOETEKTPOHIB 3
MaKCUMAaJbHOIO KIHETUIHOIO €HEePTicio K,k 3AKOH 30epeKeHHsI eHePril B eJIeMEHTaPHOMY aKTi

noryInHaHHA (POTOHA MOXKHA 3allMCATH TaK:
hw = A+ Kyaxe- (1.4)
s dpopmyna Brepie 6ysra orpumana Eiinmreiinom i HocuTs ftoro im’d - dhopmysta Eitnmreiina.

IIpuknan. Bijmaneny Bij iHIIUX TijT MeTasieBy KyJIbKYy, poOOTa BUXOJly €JI€KTPOHA
3 MOBEPXHI KOl JIOPIBHIOE A, BUCBIT/IIOIOTH €JIEKTPOMATIHITHUM BUIIPOMIHIOBAHHSIM
i3 JIOBKUHOIO XBUJI A. 3HAIJIEMO, /IO SKOTO MiHIMAJBHOIO MOTEHIHANY (Pyaxe 38D

JIUTHCs KYJIbKa, BUITYCKAIOUN (POTOEJIEKTPOHM.

Y Mmipy BUIpoMiHIOBaHHS (POTOEJEKTPOHIB KYJIbKa OyJie 3apszKaTucs, ToOTo Haby-
BaTH IO3UTUBHOIO IOTEHIIAJY (0, IO I'Pa€ POJib 3aTpumyrodoro mnorenmiasay. Ko-
JIM TJIMOWHA ITOTEeHIHHOI siMu, 3 Kol Mae “‘BuOparucst’ (HOTOEJTeKTPOH, BUSIBUTHCS
PIBHOIO lOT0 MaKCHUMaJIbHINI KiHeTH4Hili eHepril, HacTa€ piBHOBara, 1 MU MOXKEMO

BiosiHo 10 (1.3) 3amucaru:
ePuaxe = Kyaxe = Tw — A.
3BijicH BUILIMBAE 3 OISy Ha Te, M0 w = 27¢/ A,
Ornaxe = (2mhe/ X — A)/e.

3 ocrarHBOI (hOPMYJIN BUIHO, IO CIiBBiHOIIEHHS MiK A 1 A Mae OyTu Takum, 1mob

BeJINUMHA, IO CTOITh y JAyKKaX, OyJia MO3UTUBHOIO.
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[Tosepuemocst o dopmynu Eitnmreitna (1.3). 3 Hel aBTOMATHYHO BUILIMBAIOTH TakKi 3aKO-
HOMIPHOCTI, 110 11epedyBaioTh y IMOBHIiil 3rofi 3 J0CBiIOM.

1. MakcumaJsibHa KiHeTUYHa eHeprig (hOTOEJIEKTPOHIB JIIHIITHO 3a/Ie2KUTh BiJl YaCTOTU T1a/1a-
I0Y90r'0 CBIiTJ/IA 1 HE 3aJIe’KUTH Bijl lOr0 iHTEHCUBHOCTI. [HTEHCUBHICTDH 0OYMOBJIIOE JIUIIIE KIJIBKICTh
¢doTOEIEKTPOHIB, ajie 30BCIM He BILIMBaE Ha IXHIO MaKCUMaJbHY KiHeTwdHy eHepriio. J[o peul,
HaXUI TpsiMOii Ha TPadiKy Kyaxe(w), sk BujHO 3 dopmysu (1.3), 10610 dK pmk./dw = h. Ha
IIbOMY 3aCHOBaHWIl OJINH 13 METO/IiB BU3HavUeHHs mocTiitHol [l1anka.

2. IcHye HU3BKOYACTOTHA IPAHUIIA - TOPIT (poToedEKTY, TOOTO TaKa JacToTa Wy, HUXKIE SKOI
dboroedexr Bigcyrniit. [lg gacrora, BignosiaHo jxo (1.3), Bianosinae pisHocti hwy = A. ko
w < wp, TO eHeprii doToHa He BUCTAYAE, MO0 €JEKTPOH Ml TOJO0JATH MOTEHIHHUN Oap’ep
“pucoror0” A i BuOparucs 3 merasry. Ha 1iboMmy 3aCHOBAHO OJUH i3 METOJIB BU3HAYUEHHS pOOOTH
BUXOJlYy (BOHA TAKOXK MOXKe OyTH BH3HAYEHA EKCIIEePUMEHTAJbHO He3aslexkKHO Bij dhoroederTy,
HAIPUKJIAJI, 32 JOMOMOIOI0 JOC/IIJIZKEHHST TePMOeJIEKTPOHHOI eMicil). 3a3udail poboTa BUXOLY
BaJIEKUTH BiJl HU3KHU (haKTOPIB i Mae MOpsI0K Kiabkox eB.

Hacrori wy Bigmosigae depBona Mexka (oroedeKTy, JIOBKUHA XBUI KO A\, = 2mc/wp.

HasgsricTb Takoro KOp0oHYy abCOTIOTHO HE3PO3yMija 3 XBUJIBOBOI TOYKHU 30DY.

Tpynsnomnii ekcniepumenTy. Ciiiji 3a3HAYUTH, 0 OJEPKAHHA TOYHUX PE3Y/IbTATIB JIyzKe
YCKJIAIHIOIOTH JIBi 0OCTaBHHMU:

1) ekciepumentasbra kpusa (V) y cdepi Vi (mus. puc. 1.2)

iIXOAUTH A0 oci V' IpaKTUIHO aCUMIITOTUIHO, BHACJIIOK YTOIO

BUSHa4YCHHA ‘/1 JOCUTDH HEBU3HAYCHE;

K
M 1 =e 2) Bcio kpuBy [(V') 3wmimgye (BaiBo abo BIpaBo) HasBHICTD
‘\\\ / @ TaK 3BaHOI KOHTAKTHO! PIHHI HOTEHIAIB, TOOTO PI3HUIL TI0-
TEHIaJliB, 0 BUHUKAE MiXK JIBOMa DI3HUMH MeTajaMu (a 1ie
© JIOBOJINTHCS, K MPABUJIO, POOUTHU, OCKLIbKU Karoja K Ta aHoj
’ A BUTOTOBJISIIOTH IO HEOOXiMHOCTI 3 pi3Hux Metasis). [Ipuaomy
Puc. 1.3 BiJIOMO, III0 KOHTAKTHA PI3HUTII TOTEHITIAIIB MizK KaTOJIOM Ta aHO-

JIOM He 3aJIe?KUTh BiJ IPUPOJIM ITPOBITHUKIB, 10 1X 3’€JIHYIOTh.
HU3KY IHINMAX €KCIEPUMEHTAJTHLHUX TPY/IHOMIB 1 JKepes TIOMUJIOK — Ie IPU3BEJIO JI0 TOTO, 10
JIOCUTH TOYHE TIITBEp/ZKeHHsI piBHsAHHg Fitnmreitna (1.3) 6ysio orpuMano He Bigpasy.

[le piBHstHHS OyJIO MiATBEPZKEHO y pereibHuX Jociaimax Mimrikena (1916) Ta nacry-
IIHAX JOCJITHUKIB, sIKi CTBOPHUJIM YCTAHOBKY, B siKiif KaToji K MaB (hopMy HEBEJIUKOI KYJIbKH,
HOMIIIEeHol B TieHTp cdepuanoi ookiaakn — anoga A (puc. 1.3).

[Ipu raxiit KoHdirypariii MpakTUIHO BCi €JIEKTPOHU, BUPBAHI CBITJIOM 3 KATOJIA, TOTPAILIs-
I0Th Ha aHO/I 1 Y BIJICYTHICTb NPUCKOPIOIOYOI Pi3HuUIli noreniiaais. KpiM Toro, xapakrepuctuka

takoro ¢doroenementa I(V) cramae 10 Hysis J0CUTH KPyTo, 1 3HadeHHst V) (juB. puc. 1.2) moxe
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OyTH BU3HAYEHE 3 XOPOIIOI TOYHICTIO.

3arpumyroda pizHuig moreHniaimiB. Came 1g BeJinanHa, J10-

IA 3BOJIIE 3aTpuMaTh (POTOEJEKTPOHM, IO BUJIITAIOTH 3 KaTo/a 3

——— MaKCHUMAaJIbHOIO KiHETUIHOIO eHEPTi€i0 K ayc, MO MPU3BOJIUTH J10
HpUITMHEHHST (DOTOCTPYMY.

Sk6u Karox Ta aHo poroesieMeHTa Oy BUTOTOBJIEH] 3 OJIHO-

ro i TOro » MeTaJly, TO KOHTAaKTHa PI3HUIlA IMOTEHIHaiB Oy/ia 6

BIJICYTHS, 1 BUBHAYEHHA 3aTPUMYIOYO0]l PI3HUII MTOTEHIIA B 3BO-

JIJIOCst © TIPOCTO JI0 BUMIPY 30BHINIHBOT 3aTPUMYIOYOl HAIIPYTH,

SN
<Y

0

T06TO TOKazauHsM BojbTMerpa Vi < 0 (Puc. 1.4). Cupasxi, 3a
Puc. 1.4 V' = 0 Bce doroe/leKTpoHH, HE3aJEKHO Bij HAYAJILHOI TTBUJI-
KOCTi, jocdranan 6 aHojia, i MU ByKe MaJii O CTPyM HACHYCHHS.
Busznadenns 3aTpuMyrov0l pi3HUIN MOTEHIIAIB YCKIATHIOETHCA, AKIIO KATO/ Ta aHOJI BU-
rOTOBJIeHI 3 pi3HuX MerasiB (1m0 3a3Buvail OyBae€). Y IbOMY BHIQJKY [MOYMHAE BijirpaBaTn
IIOMITHY POJIb KOHTAKTHA PI3HUIlS IOTEHIaIB. fKIO BOHA € 1, HAIIPUKJIAJ, TaKa, IO IaJbMy€e
Ti (poTOESIEKTPOHN, IO BUJIITAIOTH 3 KATOJA, TO JOBOIUTHCS MMPUKJIAATH 30BHINIHIO HAIIPYTY V/
(BUMIDIOETHCsT BOJIBTMETPOM ). | SIKIIO 1151 HAIIPYTA TaKa, [0 KOMIIEHCYE KOHTAKTHY PI3HUILO TI0-
TEHIIAJIB, 10 rajIbMYy€ €JICKTPOHHU, TO MOYATOK NOPU30HTAILHOI JIJISAHKY (CTPYyMYy HACHYEHHS)
— TOYKa 2 Ha puc. 1.5 — 3pyHIUTh TPABOPYY, Y OIK O3UTUBHUX 3HAYEHD ITOKA3aHHS BOJILTMETPA
V.
Takum gwmHOM, 3aTpuMyloda pi3HUI HOoTeHIia B V, Oyie

IA JOpiBHIOE (3a MOjyJIeM) cyMmi

4 V,=Vo+ [Vi| = Vo= WA, (1.5)

o~

dgK moKaszaHo Ha puc. 1.5, me V; < 0. 3ayBazkmmo, 110, B3araJi

A
Y

KaxKy4u, V] € ajredpaldHa BeJITIMHA, BOHA MOYXKe MaTH OY/Ib- iK1

3HAK a00 JOPIBHIOBATU HYJIIO.

HKHLO KOHTaKTHa piBHI/IHH HOTeHHiaJﬂB HE TaJIbMY€, a IIpH-

L =
|4 0 W 4 CKOPIOE (PpOTOEJIEKTPOHH, TOOTO Ma€ IMPOTUJIEKHUI 3HAK, TO Xa-
Puc. 1.5 pakrepucruka doroesementa (V') pasoM 3 TOUKOI 2 3MICTUTHCST
BiBo. [Ipu npomy Bupas (1.5) ayist V, 3a/IMIIa€ThCsI, 9K JIETKO TIEPEKOHATUCS, HE3MIHHUM, TIIbKH
B HBOMY 0OOHjiBa mokasanHst BosibT™MeTpa (Vo 1 V)) MOXKYTh BUSIBUTHCS HETATHBHUMHE, aJie TXHs
pisHud, sk i panirre, OyJie TO3UTUBHOIO 1 PiBHOIO V.
Omxke, BuzHaumBImu V,, MU UM 3HAXOIUMO MaKCHMAaJbHY KiHETHUIHY eHeprito ¢oroese-

KTPOHIB — Kyaxe v dopmyii Eitnrureiina (1.4):

Kmaxc - 6‘/; = 6(‘/2 - ‘/1) (16)
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K

Malﬁc“
BazHaunMO, IO MOJIOKeHHST TOYKHU 2 Ha puc. 1.5, ToOTO 1m0-

KazaHHs BoJibTMeTpa V' = V5, 3a/1e:KUTh TIIBKU BiJl KOHTAKTHOT
PIBHUIN MTOTEHIAJIB, TOJOXKEHHS K TOYKH 1, TOOTO IOKa3aHHS
V] BoJIbTMeTpa - Bij 9acTOTH W IAJal0vY0ro CBiT/Ia. SHAYUTH, 1

PIBHUIIA MTOTEHIaIIB V;, 10 3aTPUMYE, TEXK 3aJI€KUTh B W.

N
e
S
ey

Axio mobyyBaTn eKcrepuMeHTaabHuil rpadik 3a1eKHOCTI

Kyaxe(w), TO Buxomuth npsama (puc. 1.6), 1m0 € mepeKOHINBUM /

_Al

mirBepkentsim dopmysu Eitnmreitna (1.3).
BayBaKuUMoO, 110 TOYKA IEPEeTUHY IIPsMOI 3 BiCCIO abCIUC BU- Puc. 1.6

3HAYAE JacTOTY Wp, IO BiJIOBiae 4epBoHiil rpanuii goroede-

KTY, & TOYKa [IePETUHY ITPOJIOBXKEHH IIPSAMOI 3 BiCCIO OpIMHAT — POOOTY BUXOLY . SKINO K Ha OCi

opauHaT Bigkiagaru V) (mokasaHHs BOJBTMETPA, P AKOMY (OTOCTPYM 3BEPTAETHCS B HYJIb),

TO 3a3HaYeHi JIBi TOUKH He OyIyTh BiANOBIIATH wy 1 A depe3 HasIBHICTH KOHTAKTHOI PI3HUIIL I10-

tenmiagis. Ha »kajb, 11e 4acTo He BPaxXxoBYIOTb, 1 OTPUMaHi pe3yJIbTaTU CUJIHHO BiJIPISHAIOTHCS

Bi/I MIHCHUX 3HAYEHD.

ITpuknan,. [Tpu noctiloBHOMY OCBIT/IeHHI KaToja CBIT/IOM i3 yacToToio v = 1,0-101°
I'miv = 1,4 x 10 I'u nokazaHHs BOJLTMETPA, IIPH AKX (DOTOCTPYM HPUIIHHIBCH,
susBuincs Vi = —0.40 B ta V) = —2.0 B (nus. puc. 1.5). Bnaiigemo nocriitny [lian-

ka. Ckopucrasmmcs piBasgansaM Eitnmreitna (1.3) ta dopmysoro (1.5), 3anumemo:
2rh = + (Vo = V),
2rhy = + (V2 — V1),
e V) <01iV; <0. [lo6 nosbyrucs nesimomux i Vs, Bigaimenmo (2) 3 (1):
2nh(Vv —v) = e(Vy — V).
3Bigcu

p_ e ViV 48-1071-16/300

—_— . —27 .
Sy —v  or.04.10m 010 eprec

§1.4. l'anpbMiBHE PEeHTreHIBChbKe BUIIPOMIHIOBAHHS

ko eHeprist KBanTa hw 3HATHO MEPEBUIIYE POOOTY BUXOJY , TO piBHsAHHs Eitnrrreitna (1.3)

HabyBa€ OLJIBIT MPOCTOrO BUTJISLY:

fw = Kyaxe. (1.7)
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4 [lro dopmyay MoxkHa iHTepHperyBaTH il iHaKIme: He siK Iie-
L4 50 kB

pexiJT eHeprii CBITJIOBOTO KBAHTA B KIHETHIHY €HEPTii0 eJIEKTPOHA,
a HaBIIAKH, SK IepeXiJl KIHETUIHOI eHepTil eJIEKTPOHIB, ITPUCKOPe-
HUX PI3HUIICIO ITOTEHITIa B V', B eHeprito KBaHTIB, 1110 BUHUKAIOTh

IIpU PI3KOMY TaIbMYBaHHI €JIEKTPOHIB y MeTasti. Toi

eV = hw. (1.8)

Puc. 1.7 Came Takwmit mporiec BiJOyBa€TbhCs y PEHTIEHIBCHKIiil TpyOIIi.

Bomna sBisie coboro BakyyMmHIIT 6aJI0H, B IKOMY 3HAXOIUTHCS Ka-

TOJI, 110 HAIPIBAETHCSI CTPYMOM — JIZKEPEJIO TEPMOEJIEKTPOHIB, 1 pO3TaIlllOBAHUIT HABIIPOTHU AHO/I,

4acTO 3BaHWil aHTUKATOJIOM. [IpUCKOpeHHS €JIeKTPOHIB 3/1IICHIOETHCST BUCOKOIO HAIPYTOI0 V|
[0 CTBOPIOETHCA MiK KaTOJOM Ta aHTUKATOJIOM.

[Tiy1 BrtuBoM Hanpyru Vo eJIeKTpOHU Po3raHAioThes 10 eHepril eV . Ilorpanusmm B MeTaste-
BUil aHTHKATOJ, €JIEKTPOHU PI3KO TaJbMyIOThCsA, BHAC/IIOK YOT0 BUHUKAE TaK 3BaHe raJbMiBHE
peHTreHiBCbKe BUIIpoMiHOBaHH:A. CIEKTP 1IbOT0 BUITPOMIHIOBAHHS 1P PO3KJIA/IAHHI 110 JIOBYXKU-
HaX XBUJIb BUABJISIETHCS CYIIJIBHUM, K 1 CIIEKTP BumuMoro 6ijsoro csitia. Ha puc. 1.7 nokazano
eKCIIepIMEeHTaIbHI KpUBl po3noity inrencusrocTi I, (10610 dI/dA) 10 NOBXKUHAX XBUJIb A,
OTpHUMAaH] JIJIs PI3HUX 3HAYEHDb MPUCKOPIOBAJLHOI Hanpyru V' (BOHM BKa3aHi HA MAJIIOHKY ).

[ TyT Mu BusBJ/IsIEMO HASIBHICTH KOPOTKOXBHUJILOBOI MEXKi CYILILHOIO PEHTIEHIBCHKOTO CIIe-
KTPY. ¥ IIJIOMY HPOIECU BUITPOMIHIOBAHHS ITPU TaJbMyBaHHI €JIEKTPOHA B METaJl aHTUKATO/Ia
JIy2Ke CKJIaJIHUI, ajie iCHyBaHHsI KOPOTKOXBUJIBOBOI MeXKi 3 KOPIIYCKYJ/ISIDHOI TOYKU 30Dy MAa€
JlyKe IpocTe TosicHeHHd. /JificHO, SKINO BUIPOMIHIOBaHHSI BHHUKAE 3a PaxXyHOK €HEeprii, Imo
BTPAYAETHCA €JIEKTPOHOM IPHU TaJIbMyBaHHI, TO BeJIUYNHA KBaHTa Aw He MOyKe OyTH OiJIbINO0
3a eHepriio ejekTpoHa eV . 3Bijcu BUILIMBAE, 10 YaCTOTA W BUIIPOMIHIOBAHHS HECITPOMOXKHA
[IEPEBUIIYBATU 3HAYCHHS Wypaxe = €V/h. 3HAYUTD, JOBKUHA XBUJI BUIPOMIHIOBAHHSI HE MOYKE

OyTH MEHIIIO0, HiXK

orhe  1.24
T 22 1, (1.9)

AMiH =
eV %4

ne V 3amaetbes y KB, a Ay - v HM.

[cnyBamHsT TaKOl I'PAHUIN € OJHUM 3 HAWOLIBIN ICKPABUX MPOSIBIB KBAHTOBUX BJIACTUBOCTEMH
PEHTIeHIBCHKOTO BUITPOMIHIOBAHHS. 3 TIO3UIIT KJIACHIHOI €JIEKTPOMArHiTHOI Teopil KOPOTKOXBU-
JIbOBOI I'DAHMII B3araJji He TIOBHHHO OyTH.

3a BUMIpOM 3aJIe2KHOCTI TPAaHUIHOI YACTOTH BiJl IPUCKOPIOBAJIBHOI HAIIPYTH MOYXKHA 3 BHUCO-
KOIO TOYHICTIO BU3HAUYMTH 3HadYeHHsd TocTiitHol [Lnanku. [Ipu mpoMy BUXOIUTH rapHa yroja 3i
3HAYEHHAMU, 3HANJIEHNMU 3 TEIJIOBOTO BUITPOMIHIOBAHHS Ta (POTOEMEKTY, 10 eKCIIePUMEHTAIb-
HO JIOBOJINTH BUKOHAHHS CITIBBITHOIIEHHS € = fw MiXK €Heprie€io KBaHTa Ta YaCcTOTOIO JIJIs JIy2Ke

IIITPOKOTO JIialla30Hy CIIEKTPY Ta BKA3y€ Ha YHIBEPCAJIBHICTH I[HOTO CIIIBBIIHOIIEHHS.



PO3JILJ 1. EKCIIEPMMEHTAJIbHI OCHOBU KBAHTOBOI MEXAHIKI 12

I, N Meron Busnauenns nocriitaoi I1nanka, 3acHoBaHMiT Ha BU3HA-
8 o YeHHI KOPOTKOXBHUJIOBOI I'DAHMUINl T'aJIbMIBHOI'O PEHTTEHIBCHKOIO
6 b BUIIPOMIHIOBaHHS, € HaifTouHimmmM. Voro Ha3MBAIOTH METOIOM

izoxpomart. Ileit Meroj moJisitae B TOMY, IO CIEKTPOMETD JIJIs
4 PEHTreHIBCHKOTO BUIIPOMIHIOBaHHS BCTAHOBJIOIOTH TakK, 100 Yy
2 JIYMJIBHUK T[OTPAIIAJIO BUIIPOMIHIOBAHHS OJIHIET 1 Ti€l a IEBHOI

JIOB’KMHU XBUWJI, 1 BUMIPIOIOTh IHTEHCUBHICTH [) 3aJI€2KHOCTI BiJL

32 36 40 V, B

JIOJTAHOT JI0 PEHTTeHIBChKiit TpyOKn Hapyru V. 3MEHIIYI0Yr Ha~
Puc. 1.8 npyry V', oTpuMyIOTh 3aJI€2KHICTh iIHTEHCUBHOCTI [) BiJl HAIIpYTH
V. la 3ameKHICTh Jj1g TPHOX JIOBXKWH XBWJIb ITOKa3aHa Ha PHUC.
1.8. Excrparmoipys KOKHY 3 KPUBHX JIO HIEPETUHY 3 Biccio abciuc, 3HAXOAATh Vj, a MoTiM 3a
Jroromororo (opmyiiu (1.7)
e

h=—V 1.10
e 05 ( )

Je e - 3apsj eJIeKTPOHA.

Jleknisa 2. EdexkT KomnTona

§2.1. Hocaig Bore

eit mocsin HaitblIbIn Ge3mocepeHbO IMATBEP/KYe TinoTely KEitHmreitHa mpo CBIT/IOBI

KBaHTU. B 1poMy JI0CBiJli TOHKY MeTajieBy I BCTAHOB/IIOBAIN MiXK JIBOMA IIBHIKOIIIOUIMUI
munasaukamu G ta Gy (puc. 1.9).

@oJtbr'y OINPOMIHIOBAIN CJIAOKUM ITIYIKOM PEHTT€HiBCHKOI'O

x ¢ BUIIPOMiHIOBaHHsT X, IIiJ1 JII€I0 SIKOT'O BOHA caMa CTaBaJa JIxKepe-

JIOM PEHTTeHIBCHKOro BUIIpOMiHIOBaHHS. BHac/i0K yKe cirab-

{ ? KOI IHTEHCUBHOCTI IIEPBUHHOTO Iy4YKa KIJIbKICTh KBaHTIB, 1110 BU-

MyCKaloThed (POIbroio, Oysia JOCUTH MAaJIoIo.

AKOu eHeprig MHOTO BUIIPOMIHIOBAHHS IOIIMPIOBAJIACA Y BU-

F Il cpepuuHux XBUJIb, TO OOMJIBA JHYMJILHUKN MaJid O crpa-

bOBYBaTu ojHo4acHo. Jloci, ogHak, mokasas, MO JIYMILHUKHA

Puc. 1.9 pearyBaJii abCOJIIOTHO He3aJIeXKHO OJIMH BiJI OJIHOTO, 1 KiJIbKIiCTh

30iriB He ITepeBUIIyBajIa OTiKYBAHOI KiJIbKOCTI BUIIAIKOBUX 30iriB.

Bce BifgbyBasiocs Tak, HiON BUpomMiHoBaHHS (HOJIBIU F' PO3MOBCIOIZKEHHST MAH/IPYBAJIOC Y BU-
VIS OKPEMEUX KBAHTIB, AKi MOIVIM HOTPAILISITH ab0 JI0 OJHOr0, abo JI0 iHIIOro JHYHIbHIKA.

[le MoKHA OSICHUTH JIAIIIE THM, 1[0 B OKPEMUX aKTaX BUIIPOMIHIOBaHHSI BUHHKAIOTh KBaHTHU

BUIIPOMIHIOBaHHsI, TOOTO YaCTKH, IO JIETSITh TO B OJHOMY, TO B IHIIOMY HAIPSMKY. 3BHYaii-

HO, OyJia IpHUiTHATa 00EPEXKHICTH BiJI TOTO, IO B PE3yJIbTaTi MEPBUHHOTO OIPOMiHEHHS (OJIbIa
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BUITyCKaJIa eJIeKTpOHU. [Ijis BUKJTIOUEHHS OO BiKHA JIYNUJIBHUKIB MAJIM TaKy TOBIIUHY, 100
BOHM MOTJIM TOTVIMHYTH Il €JIeKTPOHU 1 BUKJIIOYUTH 1X BILUIMB Ha PE3yJIBTaTH JOCBILY.
OTxke, eKCcriepuMeHTAIBLHO OYII0 JIOBEICHO iICHYBaHHS OCOOJIMBUX €JIEKTPOMATHITHIUX KBAHTIB,

ab0 (oTOHIB, sIK X 3r0J0M HA3BAJIN.

§2.2. PoroHH

®oroun. PosrsanyTi Buine jgocaiay i psay inmux (manpukiaz, gocaig A.D. Todpde ra H.I.
JlobponpasoBa, aHajoriuHumit 3a ijeeto gocBiny Bore, a Takox jocin C.1. BasisioBa 3 BusiB/ienHst
dbaykryaniit crabkux nOTOKiB BUAMMOro ceitia. Bignomenns w/c = 2nv/c =21 /X =k, ne k —
XBHJIbOBE 1unciio, 1 o (1.12) wabyme Burmsy p = hk) 3 yci€lo MepeKOHIUBICTIO T ITBEP/ N
rinore3y Eitnmreitna nmpo cBiT/IOBI KBaHTHU - (DOTOHU.

Ceitiio wacrorn w 3riguo 3 Eitamreitnom — 1e 1o cyTi nmoTik (hoTOoHIB 3 eHeprieio € = hw.
CBITJIO0 TIOMUPIOETHCA ¥ BaAKyyMi i3 MIBUJKICTIO ¢. 3HAYNTH, 3 TAKOIO K IMIBUJIKICTIO MOITHPIO-
10Thesd 1 doronu. BinmosigHo g0 Teopii BiaHocHOCTI OBHA eHeprisg E Oy/ib-gKOI YaCTUHKH, IO

PYXa€TbCA 31 H_IBI/I,ZLKiCTIO V BUSHaAYa€THCA AK

E =mc*/\/1— (v/c)2 (1.11)

VY Burnaiky GoToHa v = ¢, i 3BHAMEHHUK IIhOI'0 BUPa3y IEPEeTBOPIOEThCS Ha HYJIb. /1 (poToHa,
[0 MA€ KIiHIEBY €HePTilo, 1e MOKJIMBe Jiuiine 3a yMoBH m = (. TakuMm YuHOM, MU Ma€MO CIIpaBy
3 YaCTKOIO, Maca CIIOKOIO sIKOI JIOPIBHIOE HYJIIO.

CKOpHCTaBIINMCH 3B’SI3KOM MiXK €HEPri€io Ta iMITyJIbCOM P PyXOMOI YaCTUHKHU, TOOTO
E? — p*c? = m2c, (1.12)
IIPUXOJMMO JI0 BUCHOBKY, 1110 poToH (m = ) mae He TiibKu eHeprito F = hw, a it iMIysibe
p=lhw/c. (1.13)

Takum gmHOM, POTOH FK YACTUHKA Ma€ €HEPrilo Ta IMIIYJIbC. 3allMCAaBIIN IMIIYJILC Y Be-

KTOpPHIiT (hopMi, OTPUMAEMO OCTATOYHO JIJIsI €HEPril Ta IMITY/IbCy (hOTOHA HACTYITHI BUPA3U:
€ = hw, p=hk, (1.14)

Jie k — XBUIboBHit BEKTOD, MOJIYJIb sIKOTO k = 27 /.

YacroTra w Ta XBUILOBHUII BEKTOP Kk XapaKTepu3yiOTh XBUJIHOBI BJIACTHBOCTI MOHOXPOMATH-
YHOI'O CBITJIA&, a €HEeprid € Ta IMILYJIbC P - KOPILYCKYJISPHI.

Cuip 3BepHYTH yBary Ha Te, 10 00’'€KT, 3 IKUM MU O3HaifiomMuincs, hOTOH, sIK IaCTUHKA
Mag€ JIyKe CBOEPiIHI BjacTuBocTi. Bin He Mae macu, i floro eiununii ctan — 11e pyX i3 rpaHuIHOIO

IIBUJIKICTIO ¢, OJIHAKOBHiIl y Bcix cucremax Bijpriky. He icaye cucremn Bijyiiky, B sKiii BiH Ou
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criounBaB. POTOH y cTaHi CIIOKOIO — MOHATTS, 1030aBjene dizuanoro cency. Crpobda 3ynuHuTH
doron abo 3MIHUTH HAIIPSIMOK HOr0 pyXy PiBHOCWJIbHI #oro 3uuiennio. Takuit Bupas, gk «do-
TOH PO3CIABCA Ha TaKiil YaCTUHIT» IMUPOKO BUKOPUCTOBYIOTD, aJle JINIIIEe OCTIIbKHU, OCKIJTbKH I1e
He CyNepeduTh POy JeAKUX ABUI 3 €HepreTUIHOI TOYKU 30Dy, 1 TIIbKMH.

HesBarkatoun na i “auBarrsa’; (pOTOH BCe K TAKW 3PYUHO PO3IJISJIATH 3 TUX K€ MO3MUIIIIA,
Mo i YaCTUHKH, IO MaTh Macy. [Ipm mpomy ciij mijgkpecsuTu, 1mo (HOTOH HE CXOXKUIl Ha

3BUYAliHY YaCTUHKY, JIUIIE JesKi BJaCTUBOCTI (POTOHA HAraIyIOTh BJIACTUBOCTI YACTHHKM.

KopnyckyiisipHO-XBUJIBOBUIA Jyasii3M. I3 ekcriepuMeHTaabHUX (aKTIiB BUILIUBAE, IO IIPU
B3aEMOJIil 3 PEYOBHHOIO CBITJIO BUSBJISE KOPIYCKYJApHI BiactuBocTi. OaHAK yIBJIEHHS PO
CBITJIO K IOTIK KJIACHYHUX KOPITYCKYJI HECyMiCHE 3 KJIACUYHUMU YABJICHHSIMHU IIPO €JIEKTPO-
MartiTHi XBuIi (sIKi TITBEP/KYIOTHCs B gBUIAX iHTepdhepeHIiii Ta qudpakiil).

OuernHo siBHe mporupivust. [lificHo, criesignommenns (1.13) moB’s3y0Th KOPILyCKYJ/ISIPHI
Ta XBUJIbOBI BJIACTHBOCTI CBITJIA: JIiBI 9aCTHHU (€ Ta P) XapakTepu3yloTh (GDOTOH K YACTHHKY,
npaBi K MicTATh w 1 K, 110 Bu3HAUYae 1X XBUJIBOBI BJIACTUBOCTI. AJjie caMe CIiBICHYBaHHS IUX
BJIACTUBOCTEI 1 HE MOYKe OYTHU JIOTIIHO HECYTIEPEUINBO MTOSICHEHO KJIACHIHOIO (hi3uKor0. 3 MOrJIs-
JIy OCTAHHBOTO MOHATTS YACTKU Ta XBUJI BUKJIIOYAIOTH OJIHA OJIHY. ZIK (DOTOH-dacTUHKA MOXKE
MaTH XBUJIHOBI BJIACTHBOCTI?

YsBuTH Takuii 00’€KT, KWl TIOEIHYBaB OU HeCcyMicHe, — I1e BUIIEe MOKJINBOCTEH Halmol (Kiia-
cuunol) ysisu. JlocBimueni k GakTu 3MyIIyI0OTh KOHCTATYBATH, 110 1€ TaK 1 €, TOOTO CBITJIO BU-
SBJISIE KOPIIYCKYJISPHO-XBUJILOBHUIT yasizM. [Ipu niboMmy hoToH BUSBIISIE CBOI KOPIYCKYJISPHO-
XBUJIbOBI BJIACTUBOCTI y PI3HUX CIIBBIIHOIIEHHSX: HAIIPUKJIA, ¥ cdepi JOBruxX XBUJIb — IIepe-
Ba’yKHO XBUJIbOBI BJIACTUBOCTI, a 00JIACTI KOPOTKUX XBUJIb — KOPITYCKYJISIPHI.

Otxke, GpOTOH HE MOXKHA YSIBUTH MOJIEJLIIO, IO OIMUCYETHCS KJIACHIHUM YMHOM. Bin € kBaH-
TOBUM 00 €KTOM, sIKHil y IPUHITUAIN HEMOXKJIMBO YSIBUTHU COD1 3a JIOIIOMOI0I0 KJIACUIHUX 00pa3iB.
Mu 3myireni BU3HaTH, IO TPU BUBYEHHI SBWII CJIiJI KEPYyBaTHUCS HE TUM, IO JIOCTYITHO HAIIiit
ysBi, a TUM, 0 JTAIOTh CIIOCTEPEXKEHH Ta JIOCBII.

Babiratoun BIepe/i, 3ayBaXKMMO, 10 3BUYAiHI KOPIIYCKY/IU — €JIEKTPOHU, HEHTPOHU, aTOMU
Ta iH., S9K 3’siCyBaJiocd HaJaJji, MalTh 1 XBujeBl BjacTupocTi. [locriau, ki 3MyIIylOTh Hac
NPUWHATU 1€l BUCHOBOK, OY/yTh PO3TJIAHYTI B posjain 3. Tomy obroBopenHs mpobJieMu, sk
cydacHa (izuKa TJIyMaduTh KOPIYCKY/ISPHO-XBUJIBOBUIM JIyasli3M, MU BiJIKJIaJEMO JIO TOTO, SK

Oy/IlyTh PO3IJIAHYTI XBUJIBOBI BJIACTUBOCTI PEUOBUHH.

§2.3. Edekr KommiTrona

Hocaimn Komnrona. Kowmmron (1923) Biskpus siBuile, B sIKOMY MOXKHa GyJI0 CIIoCTepiraTH,
mo GOTOHY TpUTaMaHHI eHeprisg Ta iMiysbc. Pe3ynbraTu 1b0r0o J0CIy — IIIe OJiHe Iepe-

KOHJIMBE TiJITBEP/IZKEHH TioTe3u EitHINTeitHa TPO KBAHTOBY PUPOJLY €I€KTPOMArHITHOTO BU-
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IIPOMIHIOBAHHSI.

Komrrton j1octijizKyBaB po3citoBaHHs }KOPCTKOT'O PEHTTEHIBCHKOI'O BUITPOMIHIOBAHHS Ha 3pas3-
Kax, 10 CKJIAJAIOTHCA 3 JIETKUX aTOMIB, TakuX sk rpadit, napadin Ta inmi. Cxema fioro ycra-
HOBKU TI0Ka3aHa Ha puc. 1.10.

JI>kepesloM  PEHTTEeHIBCHKOIO — BUIIPOMIHIOBaHHS — CJIYZKH-
Jla pEeHTreHiBCbKa TPyOKa 3 MOJIOJIEHOBUM aHTHUKATOIOM.
Hiadbparmu Dy ta Dy BUILISIN BY3bKHII ITYYOK MOHOXPOMA-
TUYHOI'O PEHTTEHIBCHKOI'O BUIIPOMIHIOBaHHS, SKUN IOTIM I1a/1aB
Ha JIOCTIKYBaHuil 3pa3oK . Jl1s 10c/IiKeHHs CIIeKTPaIbHOTrO

CKJIQJTy PO3CISTHOTO BUIIPOMIHIOBAHHS BOHO ITIC/IS TTPOXO/IZKEHHST

psty miadparM MOTpaIisgio Ha Kpucrtaial K PeHTreHiBCHKOro

criekrporpada, a moTiM B JIYWIbHUK (200 Ha (DOTOIIACTUHKY ).

Puc. 1.10

Komriron BugBUB, 110 y PO3CIsTHOMY BUITPOMIHIOBAHHI, ITOPSIT

3 BUXIJIHOIO JOBXKHMHOIO XBIJI A, 3’SIBJISIETHCSI 3MillleHa JIiHis 3

noxkuHOIO xBuai A > . Ile orpumasio Ha3By KOMIITOHIBCHKOIO YCYHEHHS, a caMe SIBUIIE —
edexty Kommrona.

JlocBin mokasas, 1o KOMIITOHIBChKe 3MimeHHsT A — A, [0 CIIOCTEPIra€ThbCsl, HE 3aJIeKUTh
BiJI MaTepiajy PO3CiloI0Yoro 3pas3ka i JIOBXKUHU XBHUJI A MaJal090r0 BUIIPOMIHIOBaHHs, a BU-
3HAYAETHCS JIMIEe KYTOM 6§ MiK HAIPAMKAMU PO3CISHOrO 1 MaJIAI0u0ro BUIPOMIHIOBAHD (JIUB.
puc. 1.10). 3i 36i1blIeHHSM KyTa IHTEHCUBHICTH 3MIIIEHOT KOMIIOHEHTH 3POCTAE, a HE3MIIIEHOI0
najae. [le mokazano ma puc. 1.11 je mpejicrasiieni pe3yabTaTé BUMipIOBaHb Ha rpaditi mpum
PIBHUX KyTax PO3CIIOBaHHS JIJI TaK 3BAHOI ~JIiHIl MO0y, 1110 Mae JoBKuHY XBuji 0.071 mm.
3miBa mokazana dbopma JiHil BUXITHOTO BHIPOMIHIOBaHHS (TOOTO CIIEKTPAJbHE PO3IOJLICHHS
IHTEHCUBHOCTI 110 JIOBJKMHAX XBUJIb). [Ipasiie — Te came jijist pO3CisTHOrO BUIIPOMIHIOBAHHSI TIPU

PI3HUX KyTaxX PO3CIIOBaHHS.

Teopis edbekra Komnrona. Kiacuuna Teopist BUsBUIACS HECIIPOMOYKHOIO IMOSICHUTH 3aKO-

HOMIPHOCTI KOMIITOHIBCHKOI'O PO3CISTHHS Ta B IIEPIINy Yepry MosBa 3MIIEeHOT KOMIOHeHTH. Bo-

0=0 0=45 0=90 06=135

Puc. 1.11
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HU 3PO3YMiJIU JIMIIIE 3 OCHOBI KBaHTOBOI Teopil. KOMIITOH NpUITycTHB, IO PO3CIIOBAHHS PEHT-
reHIBCHKOT'O KBAHTa 31 3MIHOIO JIOBYKWHM XBUJII CJTIJ PO3IVISIATH SIK Pe3Y/IbTAT OJNHOYHOTO aKTa,
3ITKHEHHS HIOTO 3 €JIEKTPOHOM.

B aromax jierkux ejieMeHTiB, 3 AKMMU ITPOBOJIMJIMCS JOCJIIJIH,
eHepris 3B’43Ky eJIEKTPOHA 3 ATOMOM MaJia IIOPIBHAHO 3 €HEPTi€lo,
IO IIE€PEJIAEThCA €JIEKTPOHY DPEHTIeHIBCBbKUM KBaHTOM IIiJI dac

siTkHeHHs. Ile BHUKOHyeTbCcss TUM Kpalle, 0 OUIbIIUil KyT

po3ciioBaHHs. Y JIEFKUX aTOMaX €HEPri€io 3B 13Ky eJIEKTPOHA BCe-

pe/inHl aToMa MOXKHA 3HEXTYBaTH 3a BCIX KyTaxX PO3CIIOBaHHH,

Puc. 1.12

TOOTO BCE €JEKTPOHU BBaXKATUMYThCA BiJIbHUMH. TOji ojiHa-

KOBICTb KOMIITOHIBCHLKOrO 3MimeHHda A > A Juisd BCIX peYoBUH
oJipa3y crae 3po3ymisioio. /lilicHo, ajppke 3 caMoro MmovaTKky nepeadavacTbCs, M0 PevYoBUHA, IO
PO3CiIOE, TI0 CYTi CKJIAJIAETHCA TLIBKH 3 BLIBHUX €JIEKTPOHIB, TOOTO 1HUBIya/IbHI 0COOJIUBOCTI
30BCIM HE BPaXOBYIOTbCs. AJie Iie MPHUILyCTUMO Jinie Jierkux atomiB. s BHyTpimmHix esre-
KTPOHIB BayKKIX aTOMIB TaKe ySBJIEHHS T'OJINTHCS, SK 1 MITBEP/IKYE JTOCBII.

Tenep posrisaemo 3iTkHeHHA (POTOHA 3 BITLHUM €JIEKTPOHOM 3 YpaXyBaHHSM TOTO, IO ITPU
IIOMY TOBUHHI JIOTPUMYBATUCS 3aKOHIB 30epezKeHHs eHepril ta iMirysabey. OCKLIBKI BHACITOK
BITKHEHHS €JIEKTPOH MOXKe CTaTH PEJIATUBICTCHKUM, IIeii TIporiec OyJIeMO PO3TJIsiJlaTh Ha, OCHOBI
PENSITUBICTCHKOI TUHAMIKMN.

Hexait Ha BibHUIT eJIEKTPOH, 110 CIIOYATKY HOKOIBCS, 3 €HEepTielo CIOKOI0 mc? majae poToH
3 eHeprieo € Ta iMIyIbcoM £/c.

[Tics 3iTKHEHHSI eHeprist (OTOHA cTaHe PIBHOW €', a eHeprist Ta IMITyJIbC eJIeKTPOHA Bijyiadi
E ra p'. BignosigHo 10 3aKOHIB 30epeykeHHs eHepril Ta IMIIyJIbCy CHCTeMU (POTOH-EJIEKTPOH,

3allnIIeMo J10 1 Iicjid 31TKHeHHd HACTYIIHI PIBHOCTI:
glc+me® =& + F, (1.15)

p? = (g/c)® + (¢'/c)* — 2(e€’ /c?) cos b, (1.16)

Jie JIpyTa piBHICTH 3ammcaHa Ha OCHOBI TeOpeMU KOCIHYCIB [Tl TPUKYTHUKA IMITY/IbCIB (pHC.
1.12).
Maroun na yBa3zi, 1O 3B’A30K MiXK €HEPri€l0 Ta IMIIYJILCOM PEISTHBICTCHKOTO €JIEKTPOHA
srigro (I1.3) mae Burasg
E? —p?c? = m?c, (1.17)

suaiigemo E? 3 dopmymu (1.14) ra p?c?® 3 (1.15):
E? = (e — ' +mc®)? =2 + % + mPc* — 2ee’ + 2emc® — 2¢'mc?, (1.18)

(p'c)? = e 4 & — 2e€’ cosb. (1.19)
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Bigmimarouan Bignosiguao (1.16) Bupas (1.18) 3 (1.17) i npupiBusaBIIN OTpUMAaHUiT Pe3yIbTaT
m2ct, oTpuMaeMo MicIsa CKOPOUIeHb:

ge’

e—¢ = @(1 — cosf). (1.20)

BasmiaeThest BpaxyBaru, 1o € = fiw, ¢’ = Aw’, a TakokK 3B’s130K MK w Ta A (w = 2mwc/N), 1

MK OTPpUMaAEMO:

A= XN =Xc(1—cosb), (1.21)

J1e A\c - KOMIITOHIBCbKA JOBXKMHA XBUJI* 9aCTUHKH MaCH 11,
A¢ = 2mh/me. (1.22)

YHiBepcaibHa TIOCTIHA Ao € OJHI€I0 3 HalBaK/IUBIIIUX aTOMHUX KOHCTaHT. JLis ese-
KTpoHa Ao = 2.43 - 1071 cuM. IHKOJIM KOMITOHIBCHKOIO JOBXKMHOIO XBIJII HA3MBAIOTHh Ta-
KOXK Ao/2m = h/mec. 3i 3pocTaHHsIM aTOMHOIO HOMEpa BIJIHOCHE YHCJIO TIOB'SI3aHUX eJie-
KTPOHIB 301/bIyeThcsd. Tomy Mae BijOyBaTHCS 3POCTAHHA IHTEHCUBHOCTI HE3MIMIEHOT KOMIIO-

HEHTHU TOPIBHSHO 3 iIHTEHCUBHICTIO 3Mimenoro. Came 11e i crocTepira€Tbest B eKCIePUMEHTI.

Amnanis ogepxkanux pesynbrariB. Crissisnomenns (1.20) mayxke 106pe y3roJzKyeThCs 3
3aJIe2KHICTIO KOMIITOHIBCHKOTO 3MIMMIEHHS, 0 CIIOCTEPITaeThCd Ha JIOCBII, BiJT KyTa PO3CIIOBAHHS
0 (muB. puc. 1.11). Tlomupennsi 060X KOMIIOHEHTIB PO3CIHOrO BUIIPOMIHIOBAHHS O0YMOBJIEHO
PYXOM €JIEKTPOHIB i aTOMiB, Ha sKUX BiJ0yBaeThbCs po3citoBanns, TOOTO edbekrom Jloriepa.

HagpuicTh He3MilieHOl KOMIIOHEHTH B  PO3CIAHOMY BHUIIPOMIHIOBAHHI  OOYMOBJIEHO
BHYTPINTHIMU €JIEKTPOHAMU aTOMIB PEYOBUHU, IO PO3CIIOE. [xms enepris 3B’SI3KY, 0OCO-
O/JIMBO y BasKKMX aToOMax, IMOPIBHAHHA 3 €HEPri€lo PEeHTreHiBChbKUX (DOTOHIB, i, OTXKe, Taki
eJIEKTPOHM BXKe He MOKHa BBarkaTu BiabHIMU. OOMIH €HEPri€io Ta iMITyJIbCOM PEHTIeHIBCHKOTO
doToHa BiJIOyBa€ThCs 3 aTOMOM sIK IiijiuM. Maca aToma Habararo IepeBUIILYE Macy €JIeKTPOHA,
TOMY KOMIITOHIBCbKE 3MIillleHHs (POTOHIB, PO3CIAHUX Ha TAKUX aTOMax, Mi3epHO, 1 1X 3MilieHa
JIOBYKIMHA XBII A/ IIPAKTUIHO 30ira€ThCs 3 JOBXKHHOIO XBIJI A IAJAaf0U0r0 BUIIPOMIHIOBAHHSI.
e, no peui, Bigpasy sumno 3 dopmy.r (1.20) ta (1.21).

Kpim Toro, 3i 3pocTanHsaM KyTa po3ciloBaHHs § 4acTKa €Hepril, M0 Mepela€ThCs eJIeKTPOHY,
3pocrae. 3Bijcu BUILUIMBAE, MO MpH 30LIbIIEHHI KyTa po3citoBaHHs € 3pocTae BiIHOCHA Yac-
TKa eJIEKTPOHIB, 9Ki MOXKHa, BBayKaTH BLILHUMU, & OTKe, 3POCTAE 1 BiTHOINEHHS IHTEHCUBHOCTI
3MiIEeH01 KOMIIOHEHTH JI0 IHTEHCUBHOCTI HE3MIIIEHO], 0 i TToKa3ye JOCBiJI.

Otxke, mo Oinbine eHeprist (pOTOHA, TO MEHIIOI MIipPOIO IIPOSIBJISETHCS 3B’SI30K €JIEKTPO-
HA 3 ATOMOM, THM OLJIbIlle eJIeKTPOHIB, sIKi BBasKATUMyTbCs BiibHEUMEU. Came TOMY JIJIsI CIIO-
crepexkenns 3a edekTom Kommrona morpibHO BHKOPHUCTOBYBATU YKOPCTKE PEHTTEHIBCHKE BU-

npominioBanusg. Och yomy edexktT KomnTona He criocrepira€Tbes y BUIUMIN 00JIACTI CIIEKTPY.
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Enepria Bignosigaux oTOHIB HACTIIBKU MaJia, 10 HaBITh 30BHIIIHI €JIEKTPOHU aToMa HEe MO-
KYTh BiJIirpaBaTH POJIb BiIbHUX.

Y nomanbmux gocitigax Kommnrona Ta iHIIX JIOCTIIHUKIB BIAJIOCS 3aPEECTPyBaTH €JIEKTPO-
HU Bi/J1adi Ta MOKa3aTH, M0 B €JIEMEHTAPHUX aKTaX PO3CiloBaHHA (DOTOHIB Ha eJIeKTPOHAX BU-
KOHYIOTbCsI 3aKOHHU 30€peKeHHsI eHepril Ta iMITyJIbCy.

Y 3B’g3Ky 3 UM 3rajJaeMo, HaIPUKJIaI, gocaian Bore i T'eii-

I fl'><>— repa (1925), ski goBesH, MO €JIEKTPOH Bijadi Ta posciguuil ¢o-

TOH 3’gBJIAIOThCA OJiHOYacHO. CxeMa JIOC/IiIy IOKa3aHO Ha PHC.

X 2 C| 1.13, ne X - mKepejo PEHTTeHIBCHKOrO BUIIPOMiHIOBaHHS, P -
I po3citoBad, B IKOMY IIiJI JIi€0 BUIIPOMIHIOBaHHsI BiJI0yBa€TbCs
9 L komiToH-edexrT, i F - miauabHUKE po3cigaux (pOTOHIB Ta eje-

Puc. 1.13 KTPOHIB Bi/yradi. [li JiYnmIbHUKE BCTAHOBJIEHI CUMETPUYHO IIOJIO
posciioBava 1 BKJIIOYEH] JIO cXeMu 30iriB , TOOTO B €JIeKTPUIHY
CXeMy, sIKa JIO3BOJISIE PEECTPYBATH JIUIIE Ti BUIA/IKU, KOJIT (DOTOH

Ta eJICKTPOH Y JHduabHIKax ® Ta E 3’gaBISAI0THCA OJTHOYACHO.
Y pesyibraTi Oy/10 BCTAHOBJIEHO, IO YUC/I0 OJHOYACHUX peecTpalliii (poToHa 1 eJIeKTpOHA B
JIYMJIBHUKAX y 6arato pas3iB MepeBUIIye Te YHCIIO, sike MOKHA OyJI0 OUiKyBaTH IIPU BUIIA/IKOBI
nosiBi hoTona i eslekTpona. Tak Oys10 JI0BeJIeHO iICHYBaHHS 1H/IMBI/yaJIbHOTO 3iTKHEHHSA (DOTOHA,

3 eJIEKTPOHOM.

Sama4dl g0 temu 1

Tennose 8UNPOMIHIOBAHHA

Bamayga 1.1. 3a jgomomororo dopmysn [lnarka orpumarn npubu3si BUpasn Jjisi 00 €MHOT
CIIEKTPAJIbHOI MIILHOCTI BUIIPOMiHIOBaHHs: a) B obsacti, jge hw < kT (dbopmyna Pees-
xkunca); 6) B obuacti, e hw > kT (dopmysa Bina).

Domoegperm,

Bamaya 1.2. Busmauntu weppony rpanuiio doroedekra s IUHKA 1 MaKCHUMaJIbHY
IMIBUJKICTH fOro (hpoTOeIEKTPOHIB, IO BHPHUBAIOTHCS 3 HOr0O ITOBEPXHI €JIeKTPOMAarHiTHUM BH-
IIPOMIHIOBAHHAM 3 JIOBXKUHOIO XBIJI 250 HM.

Bamaya 1.3. [Ipu neBHiit 3aTpumyrodiit pisHuili moTeHIiaiB (GOTOCTPYMIB 3 IOBEPXHI JHTIIO,
[0 BUCBITJIIOETHCS €JIEKTPOMATHITHUM BUITPOMIHIOBAHHAM 3 JIOBYKUHOIO XBUJI \g, TPUINAHSIE-
ThCsl. SMIHUBINU JIOBYKUHY XBUJI BUITPOMIHIOBaHHS B 7) = 1.5 pa3u, BCTAHOBUJIN, IO JIJIs IPUTIU-
HeHHs POTOCTPYMY HEOOXiTHO 301IBIMUTU 3aTPUMYIOUY PIZHUIO MOTEHIaMIB y 1) = 1.5 pasu.
Pobora Buxomy erekrpona i3 mopepxHi Jjiitito A = 2.39 eB. O6uuciutu \g.

Samaua 1.4. [Ipu moueproBomy OCBITIEHHI TOBEPXHI AESKOIO METAJIY CBITJIOM 3 JOBXKHUHAMU

xBib A = 0.35 MKM 1 Ay = 0.54 MKM BHUSIBIJIU, 110 BiJIIIOBiIHI MaKCHUMAaJIbHI IIBUIKOCTI (hOTO-
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eJIEKTPOHIB BiJIPI3HAIOTHCA O/HA Bij ojuol vy 1 = 2.0 pasziB. 3HaiiTi pobOTy BHXO/a 3 MTOBEPXHI
IILOT'O MeTaJTy.

Bagaua 1.5. /o ssIKoro MakcuMaJjbHOIO IOTEHIaIy 3apsauThCd MiJHa KyJjs, IO J100pe
i3071bOBaHA BiJT IHINTUX TL/I, IPW OITPOMiHEHHI 11 €JIEKTPOMArHiTHUM BUITPOMIHIOBAHHSAM 3 JIOBXKU-
HOtO XBmi A = 140 am?

Bamaua 1.6. Y BakyymHoro dotoejieMeHTa OJUH i3 eJIEKTPO/IIB Te3i€Buii, a iHINi - MiTHUIL.
Busnauntn MakcuMabHY HMIBUIKICTH (DOTOEJIEKTPOHIB, IO M AIITal0Th A0 MiJHOIO €JIEKTPO/IA,
IIpU OITPOMIHIOBAHHI T€31€BOTO €JIEKTPO/Ia €JIEKTPOMATrHITHIM BUIIPOMIHIOBAHHSAM 3 JIOBYKUHOIO
xBUI A = 0.22 MKM, FKIIO €JIeKTPOJIN 30BHI KOPOTKO 3aMKHYTH.

Bamaua 1.7. CtpywM, 1110 BUHHKAE B KOJII BAKyyMHOr0 (poTOoeIeMeHTa IIPU OCBITJICHH] ITMH-
KOBOI'O €JIEKTPOJIa €JIeKTPOMArHITHUM BHIIPOMIHIOBAHHSIM 3 JIOBXKHHOIO XBHII A = 262 HM,
[PUIUHSIETHCS, KOJIM 30BHIIIHS PI3HUIE TIOTEHIaJ B (I0Ka3:u BOJILTMETPA) J0CATae 3HAUCHHS
Vi = —1.5 B. Maroun Ha yBasi, mo poboTa BUXO/Ly eJIeKTpOoHa 3 moBepxHi uHKy A = 3.74 eB,
BU3HAYNTH 3HAUEHHS Ta IOJISPHICTh 30BHIINIHHOI KOHTAKTHOI PI3HUIN ITOTEHITIAJIB MiXK KaTOI0M
Ta aHOJOM JIAHOTO (pOoTOE/IEMEHTA.

Penmeeniscoruti cnexmp

3anayga 1.8. [Ipu 306isbIeHH] HAIIPYTH PEHTTEHIBCHKOI TPYyOKM y 1 = 1.5 pasiB J0BKHUHA
XBIJII KOPOTKOXBHJTHOBOI I'PAHMUIIL CYIILJIBHOIO PEHTTEHIBCHKOTIO CIIEKTPY 3MiHmIach Ha A\ = 26.
SHaiiTu HAIIPYTY PEHTTeHIBCHKOI TPYOKHU 70 3MiHMU.

Bamaya 1.9. [lic/is 30ibeHHS HAIPYTH HA PEHTTEHIBCHKIil TpyOIii B 1) = 2.0 pa3u nmoyaTko-
Ba JIOBXKHWHA XBUJI \g KOPOTKOXBHUJIBOBOI M€XKi CYIIJIbHOI'O PEHTTE€HIBCHKOTO CIIEKTPY 3MiHUIACS
Ha Al = 50 oM. 3HaiTH .

amaga 1.10. 3naiiTé JOBXKUHY XBUJII KOPOTKOXBHUJILOBOI TDAHUIN CYIIJILHOIO PEHT-
TeHIBCHKOT'O CIEKTPa, {AKIIO MIBUIKICTH €JIEKTPOHIB, MO MiJITAIOTh JI0 aHTHUKATOILY TPYOKH,
nopiBHIoE v = 0.85¢, A€ ¢ - MBUAKICTH CBITJIA.

Egexm Komnmona

3amaga 1.11. Ckiactu BUpa3 JIsd BEJIUIUHU, IO MA€ PO3MIPHICTH JIOBXKUHU, BUKOPUCTO-
BYIOUH JIUIIIE TIBUJIKICTH CBIT/IA ¢, Macy YacTuHKA m Ta noctiiiny [lnanka h. Ak HazuBaeThCs
151 BeJINInHA?

Sagaua 1.12. QoToH 3 eHEePTie0 £ PO3CigBcs i KyToM § Ha BITBHOMY HEPYXOMOMY €Jie-
KTpoHi. BusnaunTn KyT (o, IMi/1 AKUM BUJIETIB €JIEKTPOH Bi/Iadi 010 HAIPaBJIeHHs (hOTOHA, IO
HaJIeTiB.

Bamaga 1.13. [lpu onpomiHeHHI pevOBMHU PEHTTEHIBCHKUM BHUIIPOMIHIOBAHHSIM 3 JIESTKOIO
JIOBXKMHOTO XBUJII A BUSIBIJIN, 110 MaKCUMaJIbHA, KIHETUIHA €HePTisl PeIsiTUBICTCHKIX €JIEKTPOHIB
Bimmadi mopisuioe K,,. Busnaure \.

Bamaua 1.14. Qoron 3 immyascom p = 1.02 MeB/c, ne ¢ - mBujkicTsb cBiT/Ia, PO3CisiBes HA

BIJIBHOMY HEPYXOMOMY €JIEKTPOHI, BHACIIIOK 10ro imirysibe porora cras p’ = 0.255 MeB /c. Tlix
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AKUM KYTOM PO3cisiBcst pOTOH?

Samayga 1.15. @oron 3 enepriero hw = 250 keB poscisgBes mig kyrom 6§ = 120° Ha BiIbHOMY
HEPYXOMOMY eJIeKTpoHi. BuznaunTn enepriio ¢gporoHa, 1mo po3cisBes.

Bamaua 1.16. I1i yac 3iTKHEHHS 3 PEJIATUBICTCHKUM €JIeKTPOHOM (DOTOH PO3CIABCA HA KT
0, a eJIeKTPOH 3YNMMHUBCA. SHANTH KOMIITOHIBCHKE YCYHEHHS JJOBYKIUHU XBUJI PO3CITHOTO (DOTOHA.

Samava 1.17. 3uailTu JIOBXKWUHY XBUJII PEHTTEHIBCHKOI'O BUIIPOMIHIOBAHHS, SKIIO MAaKCH-
MaJIbHa, KiHeTUYHa eHepris KOMITOHIBCbKUX €IeKTPOHIB T},,, = 0.19 MeB.

3agadga 1.18. JloBecTn 3a JI0IIOMOI0I0 3aKOHIB 30€perKeHHsI, 110 BIILHUI €JIEKTPOH He MOXKe
MOBHICTIO TIOTTIUHYTH (DOTOH.

Samaga 1.19. @oron 3 eneprieto iw = 1.00 MeB poscisBes Ha BITbHOMY HEPYXOMOMY €Jie-
KTPOHi. 3HAHTH KiHETUYHY €HepPTiio eJIEKTPOHA BijIadi, SKIMO BHAC/IIIOK PO3CIIOBAHHS JIOBYKUHA
xBui orona 3Minmnaca wa 7 = 25%.

3amaga 1.20. @oron 3 enepricio hw = 0.15 MeB poscigBcsg Ha HepyXOMOMY BUIHBHOMY
eJIEKTPOHI, BHAC/IIIOK 90ro foro joB:kuHa XBU 3Miamiacd Ha AN = 3.0 M. 3HaiTH KyT, i
AKUM BUJIETIB KOMIITOHIBCHKUN €JIEKTPOH.

Bamaga 1.21. @oron i3 joBxkuHOIO XBUIi A = 6.0 M po3cisgBes MM IpIMUM KyTOM Ha
BIJIBHOMY HEPYXOMOY €JIeKTPOHI. SHANTH: a) 4acToTy po3cistHoro hboroHa; 6) KIHeTHIHY eHepTito
eJIEKTPOHa BlJIadi.

Bamauga 1.22. ®oron poscigses g kyrom 6 = 120° Ha BIIBHOMY HEPYXOMOMY €JIEKTPOHI,
BHACJIIIOK YOT0 €JIEKTPOH OTpuMaB KinetudHy eneprito K = 0.45 MeB. 3naiitu enepriro porona
JI0 pPO3CiIOBaHHA.

3amada 1.23. QoToH BHACIIIOK 3ITKHEHHS 3 PEJSTUBICTCHKUM €JIEKTPOHOM PO3CISBCH IIiT
kyToM # = 60°, a eJIeKTPOH 3YyNUHUBCA. 3HANTU KOMIITOHIBCHKE YCYHEHHS JOBYKUHU XBUJI

po3cisgiHoro oToHa.



Tema 2. @opmyBaHHSI KBAHTOBUX ySABJIEHDb

Jlekmis 3. daepua mogeap aroma

§3.1. CnekTpaJibHI 3aKOHOMipHOCTI

Jlimittyacti cnektpu. Hacamiepes Hac IIKAaBUTUMYThH  CIEKTPHU, 3YMOBJIEHI  BU-
IIPOMIiHIOBAHHSIM aTOMiB, IO HE B3aEMOIIIOTH OAuH 3 oxHuM. Lli cmekTpm ckiagaTbes 3
OKPEMUX BY3bKHUX CIEKTPAJbHUX JIHIHM, TOMY 1X Ha3WBalOTh JIHIHYACTIMUA.

HagpuicTe 6araTbox CIIEKTPaJbHUX JHHIH CBIIYATH PO CKJIAJHICTD BHYTPINIHBOI Oy/10BU
aTroma. BUBUYEHHS aTOMHUX CIIEKTPIB MOCTYKUJIO KJIIOUEM JI0 Mi3HAHHSA BHYTPIITHBOT CTPYKTYPHU
aromiB. Hacamriiepe 1 Oy/io omideHo, Mo creKTpaJibHi JIiHil po3TamnoBaHi He 6e3/1a/HO0, a yTBO-
pIOIOTH cepil Jiiniit. Bus4arouu Jiniiinuii ciiektp atomapHoro Bojnio, Baabmep (1885) Beranosus

HaCTYIIHY BaKOHOMipHiCTb. N CydJaCHUX ITO3HaYC€HHAX BOHa BUIJIAIA€ TaK:

w:R<%—%>,n:3,4,5,..., (1.23)
JIe W - MUKJIYHa 9acTOTa, 0 BiIOBIIae KOXKHIN criekTpasibhiii jainil (w = 27e/N), R - nocriiina
Pinbepra: R = 2.07 - 10%¢ 71,
Y CHeKTPOCKOIIT MPUHHATO XapaKTepu3yBaTU CIIEKTPAJIbHI JIiHIl He 9acTOTOIO, a TaK 3BaHUM
XBUJIOBUM YUCJIOM V:
1 w 1

V= —=—CM
A 27e ’

Je A\ - josxkuHa xuii. @opmysia BaigbMepa, HamcaHa Jijisg XBHJIbOBOTO YHUCIA I/, Ma€ TaKuii

camuit BurIsiL, 9K (2.1):

e nocriitna Pinbepra R Mae 3HAUEHHS
R = R/2mc =109737.31cm .

@opmyny  (2.1) wmasuBarorb dopmysiono  Basbmepa, a

BIAIIOBiIHY cepilo chnekTpaabHux JiHI - cepiero Bambmepa 656 486 434 \,HM

(puc. 2.1). OcuoBHi JiHil 1i€l cepil 3HAXOAATHCS y BUJINMIN ]
JacTUHM CHIEeKTPY. [lomasbii J0CIiKeHHS CIIeKTPY aTOMapHOIrO -

., H, H

Y

21 Puc. 1.14



PO3JILJ 1. EKCIIEPMEHTAJIbHI OCHOBH KBAHTOBOI MEXAHIKI 22
BOJIHIO TIOKa3aJIM, 110 € I1e Kiibka cepiit. B yiaprpadioserosiit
YaCTUHI crieKTpa - cepid Jlaiimana:
1 1
:R(ﬁ—ﬁ>,n:2,3,4,..., (1.24)
a B indpadepBoniit yactuhi crekTpy - cepig [lamena:
1 1
w:R(§—ﬁ>,n:4,5,6,..., (1.25)
a Takoxk cepil bpekera Ta [Idyna.
Bei i cepii MoxkHa mpejicTaBUTH y BUTJIsI y3arajabHeHol hopmysin baabmepa:
1 1
- R(— _ —), 1.26
ng n? (1.26)

ae ng = 1 ana cepii Jlaitmana, ng = 2 mra cepil baabmepa i T.1. [lpu 3a1anomy ng auciio n

HaOyBae BCIX IMIJINX YHUCes, TOYNHAIOIH 3 Ng + 1.

MakcumasbHa JoBKuHa XBUI cepil Jlaiimana (2.2) Biamosigae n = 2, 11e Ayaxe = 27C/Wyin =

8mc/3R = 121.6 um. BignosijHy criekTpajibHy JIHIIO HA3UBAIOTH PE3OHAHCHOIO JIHIEI BOJIHIO.

3i 3pocTaHHSIM 7 YacToTa JIHIN y KOXKHI cepil HAOJIMKAETHCS IO TPAHUIHOIO 3HAYEHHSI

R/n3, ake nasupaioTh rpanuneio cepii (mus. puc. 2.1). 3a rpanuneio cepii cnekTp He oGpHBa-

€ThCs, a cTae cyuuibHuUM. lle mpuTamanHe He JuIle BCIM CepisiM BOJIHIO, a i aToMaMm IHIIHX

€JICMECHTIB.

ITpukaan. 3uaiieMo crieKTpaJbHUI iHTEpBaJ, y MeKax SKOrO pO3TAIOBaHi JIiHIT
cepil Basbmepa aromapHoro BojiHIO (B J0BXKUHAX XBUIIb). [lanuii inTepBas obmeke-
HUI 3HU3Y TOJIOBHOIO JIHIEIO cepil, A3z, Mo Bimosimae n = 3y dopmysn (2.12), i
3BEPXY TPAHUIEIO cepil, Ay (N = 00). Matoun Ha yBasi, Mo JacToTa w MoB’d3aHa 3

JIOBKUHOIO XBIJI A\ §IK w = 27m¢/\, OTpUMAEMO

2mce 2mc
Mo = =2 656 M, Ao = —C = 365 .
2= R(5/36) e R/4 m

Taxum amHOM, Ccepid, IO HAC MMIKABUTDh, YKJIa/IeHa B CHEKTPAJLHOMY 1HTEpBaJsi BiJ
365 uM 710 656 HM, TOOTO JIilicHO, BCi 11 OCHOBHI JIiHIT po3TaIIoBaHi y BHAUMI 00/1aCTi

CIIEKTDY.

§3.2. PoscitoBanHg ajibda-dacTuHOK i popmysia Pesepdopaa

Bcryn.

B nanwnit vac Mu 3HAEMO, IO OY/Ib-AKHiT ATOM CKJIQIAEThCA 3 MTO3UTHBHO 3aPsIIZKEHOTO

sIpa Ta HOro eJeKTPOHHOI 06010HKH. Posmipu sipa menme 10712 M, posmipu camoro aroma,

110 BU3HAYAIOTBCS eJIEKTPOHHOIO 000JI0HKOI0, 6/m3bK0 1078 cM, ToO6TO B JecaTKu Tucad pasis

OibIi 3a po3mipu sjpa. [Ipu 1mboMy TpaKTUIHO BCS Maca aToMa 30CepeJizKeHa Y sIpi.
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Aximo Bee 1€ Tak, TO aTOM Mae Oy TH BUCOKOIO MipOIO IPO30PUM I YACTUHOK, IO TIPOXOJIATH
CKpi3b HhOTO. EKCciepuMenTa/IbHII JOKa3 BUKJIaIeHOI MoJie i aroma 0yJio Hajiano Pesepdopaom
(1911) 3a ;OMOMOTOK0 PO3CIIOBAHHS (-YACTUHOK (siZIep ATOMIB ) TOHKOK METaJIeBO (hOJIBIO0.

Bysio BusiBjieHo, 10 NepeBazKHa KITBKICTh (-9aCTHHOK PO3CioBaacs Ha HeBeJNKi KyTu (He
6ibine ~ 3°). HaromicTh criocrepiramest TAKOK OKpeMi a-9acTUHKH, PO3CisHI HA BEJIMKI KyTH.
[Iloo ocrannix Pezepdops 3poduB BUCHOBOK, IO TaKi YaCTIHKH 3’dBJIAIOTHCS B pPE3yJIbTaTi
OJIMHUYHOTO KTy 1XHBOI B3aEMO/III 3 s/IPOM aTOMA.

Buxoasgan 3 mpuILyeHb, Mo B3a€MO/Iisd 3a3HAYEHNX (-YaCTUHOK 3 sJIDOM € KYJIOHIBCHKOIO,
a 3apsJ] 1 Maca sjpa JOoKaJi30BaHi JyzKe MaJiol obsacti atomy, Pesepdop/i po3podbuB KiIbKicHY
TEOPit0 PO3CIIOBAHHS (-9aCTUHOK 1 BUBIB (hOPMYJLY JIJIsT PO3IIOJILITY PO3CITHIX (--IaCTUHOK B 3aJ1e-
JKHOCTI BiJt KyTa BigxueHHs 6. Y cBoix mipkyBanHsx Pesepdops Opas j10 yBaru po3ciroBaHHS
(-9ACTUHOK TITBKU Ha $paxX, OCKITbKHU IMOMITHOTO BIIXWJIEHHSI (-9aCTUHOK eJIeKTPOHAMU He
MOXKe OyTH depe3 Te, 10 Maca eJeKTPOHIB Ha YOTUPU MOPSJIKU MEHIa MaCh (-9aCTUHOK.

Komu a-vactunka npostitae mobu3y sjipa, 11 TpaekTopis €
rinep0oJI0t0, TPUIOMY KYT BIIXHIEHHS (-9aCTUHOK — KyT 0 —
JOPIBHIOE KTy MizK acUMITOTaMu rinepbosn (puc. 2.2).

s xkyTa 6 6yj10 oTpUMaHO BUpa3

9_ dqo

g2 = K’ (1.27)

Jie ¢ 1 qo, BIIIOBIIHO, 3aps/i¥ YaCTUHKH, 10 HAJITAE, 1 djapa, b —

Puc. 1.15

HPUIIBHIN TapaMeTp, TOOTO BijicTaHb Bi/l g/pa /10 TOIATKOBOIO

HAIIPSIMKY PYXy YaCTHHKH, 110 HAJIITAE, KOJIM BOHA 3HAXOUTHCS JaJIeKO Bijl sijpa (juB. puc. 2.2),
K — xineTndHa eHepris YaCTUHKHU JAJIEKO BiJl sijipa.

3 dopmyau (2.5) BHIHO, MO YMM MeHIIUil TpUIIbHUE mapamerp b, TuM OGiabIIMA KyT

Bijxuienns 6. Busenenns popmy/inm Mu TyT OIIyCKAEMO.

®opmyna Pesepdopma. bBesnocepenns nepesipka dbopmyiu (2.5) eKCliepuMeHTAJIbHO He-
MOKJIUBA, OCKIJILKU MM HE MOXKEMO BUMIPSATHU NPUILIbHUI apaMeTp b 4acTiHKH, M0 HAJITAE.
I[Ipore, 3riguo 3 Pesepdopmom, mu MozkeMo mokaactu (hopmyrty (2.5) B OCHOBY Jiist HACTYITHUX
PO3paxyHKIB.

PosryistreMo TOHKWIT IIap PEYOBUHHU, IO PO3Citoe, HACTLIBLKE TOHKHUi ((osbra), mob Ko-
JKHa HaJiTaioda JacTKa IydKa 3a3HaBaJia JIMIe OJHOPAa30BOro BinxuiaeHHs. g BiaxuieHus B
inrepBasi kyTiB (0, 0 + df) npuninbauii napamerp mae 6yTu 3amMkHenuit B inrepsasi (b, b+ db).
[Ipn bomy 3Hadenus df Ta db OyayTh OB s13aHi meBHNM criBBigHOMEeHHIM. 1106 3HAlTH fiOTO,

HepenuinemMo crodarky (2.5) y Burisii

b= ——ctg = (1.28)
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a ToTiM BiZbMeMO judepeHItial Biji IbOro BUpas3y

qq  db

b= 2K 2sin(6/2)

(1.29)

BHak MiHyC y I[bOMY BHpaKeHHi oOymoByeHuii Tum, mo 3uaku db i df B3aeMHO TpOTHIIE-
»kui. Hagani cyrreBum Oygie smmrme mMoaysb Besmaun db i df, Tomy 3mak minyc y (2.7) mu He
BPaxOBYBaTUMEMO.

Hexait mroria momepevHoro mepepisy By3bKOTO IydKa IaCTH-
HOK, IT[0 HAJIITal0Th, jopiBHIoe S. To/1i Tucio s1ep TOHKOro mapy,
IO PO3Citoe, JopiBHIOBaTHME NS, JIe N — 4Yucio gjaep (aTomis) y
pPO3paxyHKy Ha OJMHUIO 1oBepxHi. [Ipu nmpomy BinHOCHE |MCIIO
YACTUHOK, 0 MAaIOTh NPHUILIbHUI napamerp b B imrepsasi (b,
b+ db) i, orke, poscisinux B iHTepBasi KyTis (6, 6 + df), Gymue

dN dS nS-2mbdb
N 5 5

Jie dS - cymapHa Iiora Kijerp y mepepisi S myuka, dN - moTik

— n - 2rbdb, (1.30)

YaCTUHOK, po3cisiHux B inrepsasi kyTis (0, 0 + df), i N - norik

Puc. 1.16

YJACTOK, 110 MMaJIaf0Th B Iy YKY.
[Tigcrasusimm B (2.8) Bupasu juis b i db i3 (2.6) i (2.7), orpumaemo:
dN a9 > 2 cos(0/2)do
— =n|(—= — . 1.31
N n<2K "5 (0/2) (1.31)

[ToMHOKIMO YHCETHHUK 1 3HAMEHHUK PaBol YacTHHU Ii€el piBHOCTI Ha sin(6/2). Toxi

dN 2 97 sin 06
—:n(qq°> i (1.32)

N 2K/ 4sin*(6/2)’

Jie Bupa3 27 sin 0df - ne rinecuuit Kyt df), B Mexkax SKOTO YKjaJeHi KyTu poscitoBanus (0,
0 + df). Tomy (2.6) MOKHA IEpENICATH TaK:

WV _,(2)*_d9

4K/ sin*(6/2) (1.83)

N

e i € dpopmyna Pezepdopia. Bona Busnadae BiIHOCHY KiJIBbKICTh YACTUHOK, PO3CIIHUX Y
Tijecnomy KyTi df) mij kyTom 6 510 mOYaTKOBOrOo HampsaMKy iX pyxy. Haragaemo, 1o B it
opmysti n — ducsio gyep Ha OJMHUINO MOBEPXHI IMapy, 1o po3cioe (dosbru).

gxmo Hac nikaBuTh BijHOCHA KiTbKicTh AN /N 9acTHHOK, DO3CISIHUX y KiHIIEBOMY iHTepBaJi
KyTiB Bijg 6, 110 61, T0 Bupas (2.11) Tpeba npoinTerpysaTu 3 origay Ha Te, mo dS) = 27 sin 0df.
[Tpu mpoMy cJTijt MaTH Ha yBasi, 10 Jisi MAJUX KyTiB pO3CilOBaHHs (MPUOIM3HO MEHIIHNX 3a
3°) dopmyna Pesepdopia we 3actocoByeThest. Lle moB’s3aH0 3 THM, 10 Jy?Ke MAJUM KyTaMm
BiJIITOBITAIOTH BEJINKI 3HAYEHHS ITPUIIJILHOTO ITapaMeTpa, o BUXOJIATh 38 MEXKi aTroMa, Jie CHJIa,

B2Ke He Ma€ KYJIOHIBCBKOT'O XapaKTepy.
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BayBakuMo, 10 MUTAHHS MIPO 3HAXO/KEHHS BiTHOCHOI KiJIBKOCTI YaCTUHOK, PO3CITHUX Y
KIHIIeBOMY iHTepBasi KyTiB ), Moxke GyTu Bupimene 3HadHO mpoctime (6e3 interpysanms). Sk

caMe, IIOKa3aHO B HaBEJICHOMY HM2KYE IIpI/IK.TIa,ZLi.

EdektuBunii neperun. QPopmyiy Pesepdopa (2.11) mMoxkHa 1M0JaTH Yy JIEIIO IHIIOMY BH-
VI, SKIO BBECTU MOHATTH JIMPEPEHIiaIbHOr0 Iepepi3y do, Mo JIOPIBHIOE ILIOMNII KiJIBIlH
pajiycom b Tta mmpunoio db (mus. puc. 2.2). Matouu npuriibhi napamerpu B intepsasi (b,
b+ db), 9acTUHKH, 10 HATITAIOTH, BLIXUISIOTHCS siipamMu 3riaHo (2.5) Ha KyTu B iHTepsai (6,

0 + df). Ockinbku

do = 2mbdb, (1.34)
dbopmymy (2.11) MoKHA 3ammcaTH SK:
dN

Jie judepenniaabauil epeKTUBHIIT 1Tepepis3

) .
do — (qq(]) 2 sin 0dO (1.36)

4K/ sin*(6/2)
Takum gunoM, dopmyna (2.13) o3Hauae, MO BiHOCHA KiJIbKICTh YACTUHOK, PO3CISHUX B
inrepsasi kyTis (0, 6 + df), nopiBHIOE JOOYTKY KiTHKOCTI sijiep Ha OJMHUIO MOBEPXHi (hobru

n Ha BiamoBigHuil qudepeniianbauii mepepis (2.14).

IIpuknan. 3naiinemo Bignocue ynciao AN/N gacTuHOK, po3cisHuX B iHTepBasi KyTiB Bijx 6
110 0. Perra nepenbadaernest 3agaauM. Besmanna AN/N nponopmiitaa 3rigHo (2.13) mwrori

KLJIbIISI, BHYTPIIIHIN Ta 30BHINIHIN paJiilycl SKOTO JOPIiBHIOIOTHL by Ta by, TOOTO:
_ 2 2
AN/N = n(mb; — 7b7).

Buauenns by i by omHO3HAUHO TOB'si3ani 3 Kyramu 0 i 0y dbopwmysnow (2.5). 3amiHuBmm

napamerp b Bupasom (2.6), orpumaemo:

N 2K 2 2/

Ocb i1 Bech po3paxyHOK.

ITepesipka dopmynu Pesepdopaa. Popmysa (2.11) Gysa mijgrBep/KeHa eKCIiepUMeHTa b-
HO. B gKocTi HasiTalOYMX YACTHHOK BHKOPHCTOBYBAJIM a-dacTUHKU (1X 3apsijy ¢ = 2e) Bix

paioakTUBHOTO JizKepesia. Kinernyna eneprisi a-gacTuHOK Oy/ia 0/m3bKo Kijbkox MeB.



PO3JILJ 1. EKCIIEPUMEHTAJIbBHI OCHOBU KBAHTOBOI MEXAHIKI 26

'ﬁ‘:{ Axmo 3adikcyBartu TilecHuit KyT df2, y IKOMY I1i/IpaX0OBYyIOTh
PO3CisiHI (-9aCTUHKH, Ta 3MIHIOBATH IIpU 1[boMY KyT 6 (puc. 2.3),
do 10 3 hopmysn (2.11) BumIHBAE, 110
) I 6 dN -sin*(6/2) = const 1.37
B (6/2) = const. (137)
dosabra

ExcnepumenTtanibno nacamiepes; OyJio mepeBipeHo JIoTpuMa-
Puc. 1.17 HHs caMe 1€l ymoBHU. BusgBuiocd, 1Mo He3BaXKalouW Ha Te, IO
KOKEH 13 CIIIBMHOXKHUKIB y JIiBiii wactuni (2.15) 3mintoBasest (y mporeci 3mian kyra 6) Ha Tpu
MOPSAJIKH, TXHi#l JT0OYTOK 3 JJOCTaTHBOIO TOYHICTIO 3a/uiaBces rnocriitauM. [le o3nadae, 1o ¢op-
mysta (2.11) npaBUIBHO ONMUCYE TPOIIEC PO3CIIOBAHHS (-9acTUHOK. J{octiin, 1o miITBep/Ky0ThH
dopmyity Pezepdop/ia, MOXKYTH pO3T/ISIIATUCH sIK HEIPSIMUIT J0Ka3 crpaBeinBocTi 3akony Ky-
JIoHa Ha Jtyzke Maux Bijgcranax (sig 10712 10 1072 em). KpiM Toro, Bonu cBiguaTh Ha KOPUCTh
HPUITYIIEHHIO, 10 Maca aToMa IMPaKTUYHO MOBHICTIO 30Cepe/izKeHa B JIy»Ke MaJiiil fioro obsacti

— B JIpi, po3Mipu fKoro He nepesuiryioTh 10712 cu.

ITpuknan. 3uaiiieMo BiJCTaHb, HA SIKY HAOJIU3UTHCS (-UACTHHKA JIO HEPYXOMOIO
dJipa aToMa 30JI0Ta, PYXalo4YuCh TOYHO y HANPAMKY JI0 ioro 1neHTpy. [lopgakosuit
HOMEDP aToMa 30J10Ta Z = 79 i KiHeTu4IHa eHepTrid TeCTOBOI (-4aCTUHKU JIaJIeKO BiJl
siapa K = 5.7 MeB. V MmomeHT 3ynnHKN (-9acTUHKY 11 KiHETHYIHA €HePTis MOBHICTIO

IepeTBOPIEThCsd Ha ToTentiiiny: K = 27e?/r 4. 3Biacu

27¢* 2-79(4.8-10710)2
Tnmin = =
K 5.7-1.6-10-6

=4-10""2cm.

3 BHUIIECKA3aHOIO HE MOXKHA POOMTH BUCHOBOK, IO 3aK0oH KysoHa crpapeuBuit Ha Oy/ib-
SIKIX BIJICTAHSIX MIi»K T€CTOBOIO YAaCTHUHKOIO 1 siapoM. Jlociau om0 po3citoBaHHS, HAIIPUKJIAI,
BUCOKOEHEPTeTUYHNX ITPOTOHIB Y TMPUCKOPIOBaYl MOKa3aJ/IH, M0 NP JOCUTHh BEJMKUX €Heprisdx
CIIOCTEPITAIOTHCS PI3Ki BiJICTYIH BijT 3akoHy KysioHa, KOJIM MPUILJIBHUN TapaMeTp CTa€ MEHIITIM
3a 107!2 cm. Ha Taxux BifgcTaHaX BHUSABJISIOTH CBOIO JI0 sICPHI CHIM TAYKIHHSA, FKi 3HAYHO

MIepeBePITYIOTh KYJIOHIBCHKI CHJIN BiIIIITOBXYBaHHS.

§3.3. daepra Mmoaeap aroma

Otke, pe3ysIbTaTH JIOCIIB 3 PO3CIIOBAHHS (-9aCTUHOK CBITYATH IIPO SJIEPHY MOJIE/Ib ATOMA.
OpienTyounch Ha MOIIOHICTD KYJIOHIBCHKOI CUJIN TsI>KiHHS 1 rpaBiTariitaol cuu, Pesepdop,r 3a-
IIPOIIOHOBAHYB “TIaHEeTAPHY MOJIEIb aToOMa, y AKiil eJIeKTPOHN 00ePTAIOThCsI HABKOJIO ATOMHOTO
si7Tpa OJIIOHO 10 TOTO, K TIaHeTH 0bepraioThesd HaBkoIo Conrg. OHaK 1 MOJIEIb OTTMHUIIACS

B Pi3Kiil cylepedHoCTI 13 3aKOHAMM KJIACUYHOI eJIEKTPOINHAMIKY.
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[Tpumnyrmienns, 1Mo eIeKTPOHN PYXaIThCA HABKOJIO sJipa MO KPYroBUX ab0 eTNTHIHUX Tpa-
€KTOPIsiX, HAIITOBXYETHCs Ha HerepeOGOpHi (3 TOUKM 30py KJIACHIHOI Teopil) Tpy/Hori. Pyxaro-
YHUCh IO BUKPUBJIEHNM TPAEKTOPiAM, €JIeKTPOH 3a3Ha€ IMPUCKOPEHHHA, a OTKe HEMWHYYe ITOBU-
HEH BUIIPOMIHIOBATH ejleKTpoMarHiTai xsuii. [leit mporec cympoBoJIzKYEThCs BTPATOIO €HEPril,
B pE3yJIbTATI YOr0 €JIEKTPOH IMOBUHEH 3PEIITOI0 BIACTH Ha SPO0. Jac KUTTA TAaKOTO aTOMa, BU-
apigeTbesa ommspko 1071 ¢, Ileit pesyabTaT KpacHOMOBHO CBiTUMTB PO CTYIIHB HECTiHKOCTI

POBTJISTHYTOI MOJIEJII aToMa.

§3.4. Iloctynaru Bopa

Abcosorna HecTifiKicTh IanerapHoi Mojei Pesepdopia i BomHOYAC TUBOBUMKHA 3aKO-
HOMIDHICTh ATOMHUX CIIEKTPIB, 1 30KpeMa iX JUCKpeTHICTD, nmpu3sesin H. Bopa 10 neobxigHocTti
cdopmymoBaru (1913) apa HafiBazkmBiII HOCTYIATH KBAHTOBOI (hi3UKM:

1. ATom MoKe TpuBasHii Yac mepedbyBaTH TIIBKU B MEBHUX, TaK 3BAHUX CTAI[IOHAPDHUX CTa-
HaX, gKi XapaKTepu3yloThCd JIMCKPETHUMU 3HadeHHAMU eHepril Ky, Fy, Fs,.... Y 1nux craHax,
BCyTleped KJIACUIHIN eJIeKTPOINHAMII, aTOM He BUIIPOMIHIOE.

2. IIpu nepexosi aroma 3i cTalioHaPHOTO CTaHy 3 OLIBINOI eHeprieio Fy B cTallioHapHUil cTaH

3 MEHIIOIO eHepI‘i(SIO E1 Bi,IL6yBa€TbCH BI/IHpOMiHIOBaHHS{ KBaHTa CBiTJIa (d)OTOHy) 3 eHeprieIo hw:

Taxke X CHiBBiIHOIIIEHHSI BUKOHYETHCSI 1y pa3i MOTJIMHAHHS, KOJIU ITOIVIMHYTHH (POTOH IIE€pEeBO-
JINTH aTOM 3 HUYKYOT'O €HEPreTUYHOro piBHg [; Ha BUIuii piBeHb Fsy, a caM 3HUKAE.
Cuissigaomensst (2.16) HasuBaTh paBuIoM Yactor bopa. 3ayBaKuMo, 10 Iepexojin aTo-
Ma Ha OLIBIN BUCOKI eHepreTHyHi PIBHI MOXKYTh Oy TH TAKOXK 3yMOBJIEH] B3aEMOJIIEI0 (HAIPUKIIAJ,
3ITKHEHHAMM) 3 IHITIMI ATOMAaMIL.
TakuMm 9MHOM, aTOM IIEPEXOUTH 3 OJHOTO CTAIIOHAPHOTO CTaHy JO IHIIOro cTpubkamu (iX
HasuBaroTh KBaHToBuMu). 1110 BinGyBaeThest 3 aTOMOM y IpOIECi mepexojiy — Iie [MUTAHHS B

Teopil Bopa 3a/IuIaeTbes BiIKPUTUM.

Jlekmis 4. Moneab aToma bopa

§4.1. Hocaimn Ppanka i I'epma

i mocmimm (1913 p.) manm mpsiMuii 10Ka3 JUCKPETHOCTI ATOMHUX CTaHiB. [imest mociifis
IOJIsiTa€ Yy HacTymHOMY. [Ipu npyKHUX 3ITKHEHHSX €JIEKTPOHA 3 aTOMOM BiJIOYBa€ThCs IIepeiatia,
eHepril BiJl eJIEKTpOHA aTOMYy. ZIKINO BHYTPIITHS €Heprisg aToMa 3MIiHIOEThCA Oe3IEePEePBHO, TO

aToMy MoxKe OyTH TepegaHa Oy/b-sgKa IMOPIlis eHepril. fAKINo K cTaH aroMa JUCKPETHUi, TO
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fOro BHYTPINTHS €Heprid MpH 3iITKHEeHH] 3 eJIEKTPOHOM MTOBIUHHA 3MIHIOBATHCS TAKOXK JIMCKPETHO
— Ha 3HAYEHH$, PiBHI PI3HUIN BHYTPIITHLOI €HEPril aTOMa B CTAIllOHApHUX CTaHAX.

OT}KG, 3a HEIIPY2KHOI'O 3ITKHEHHS CJICKTPOH MOXKe IIepeJaThu

< | K clA aTOMYy JIUIIE TIeBHI MOPIlil eneprii. Bumiproroun ix, MoKHa BU3HA-

YATH 3HAYEHHs] BHYTPINTHIX €Hepriil cTallloHapHUX CTaHIB aTOMa.

U, [e i moTpibHO OYJI0 MEPEBIpUTU €KCIIePUMEHTAIBHO 3, JIOTIO-

’ MOI'OI0 YCTAHOBKH, CXeMa KOl IoKa3aHa Ha puc. 2.5. Y OaJjioHi 3
;N 7 -

napaMu pryTi mig Tuckom 6m3bKo 1 MM pr. cr. (130 Ila) Gynn

Puc. 1.18 Tpu enekrpoau: K - karom, C' - citka i A - amox. Enexkrponn,

[0 BUITYCKAIOTHCS TapsAdrM KaTOIOM BHACJIIOK TePMOEJIEKTPOH-
HOI eMicil, TPUCKOPIOBAJIUCS PI3HUIEIO MOTEHIa B V' MiXK KaToJIoM Ta ciTkoio. Bemumuuny V
MOKHa OyJ10 1IaBHO MiHsTH. MiXK CITKOO 1 aHOJIOM CTBOPIOBAJIOCH CJIabKe I10J1e, IO TaJIbMYE, 3
pisHHIEo norenHmiaiB 6m3bko 0.5 B.

Takum amHOM, FKIO AKUICH €JIeKTPOH MPOXOINTh KPi3h CITKY 3 eHepri€io mMeHmowo 3a 0.5
eB, To BiH He mosleTuTh 0 anoga. TiMTBKHM €JIEKTPOHM, €Heprisd AKUX MPHU IMPOXO/PKEHH] CITKU
oipie 0,5 eB, moTpamnisaTh Ha aHOJI, YTBOPIOIOYN aHOIHUN CTpyM [, JTOCTYIHU BUMIpY.

Y nocainax (aus. puc. 2.5) H0CTIKyBaIach 3a1€KHICTh aHOIHOTO cTpyMy [ (rajbBaHOMe-
tpom () Bij npuckopoBaiabHOl Hanpyru Vo (BoabrMerpoM V). OrpuMani pes3yabTaTu HOJAHO
Ha puc. 2.6. Makcumymu BijioBijialoTh 3HaYeHHIM eHeprii £y = 4.9 eB, Fy = 2FE,, E3 = 3EF;,
TOIIIO.

Baysaxkumo, mo kpusa [ (V') Ha puc.2.6 Mae Takuil BUIIIsi JIUIIE Y BUAJIKY, SKINO BiICYTHS
30BHIITHS KOHTaKTHa PI3HUIA moTeHIiamiB Ap MixK KarogoMm i cirkoro. Hassricte Ap mnpu-
3BOJUTD 710 3mimends Kpusoi [(V) BiiBo abo Bmpaso. Bigmocne posraimyBaHHS MaKCHMyMiB
3aJI€2KUTh TLILKHU Bl pojy ra3y (aromis). Bemumunny A MOXKHA BUKJIIOYUTH, SIKINO eHepriio £
BUMIPIOBATHU 10 BiJICTAHI MiXK CYCIJIHIMU MaKCUMyMaMU, 110 3a3BUYail i pobJIATh.

Taknit Bif KPUBOIO MOSICHIOETHCS THM, III0 aTOMH JIICHO MO-
I JKyTb TIOTVIMHATH JIUIIE JUCKPETHI MopIiil eHepril, pisai 4,9 eB.

[Ipu emneprii esekTponis, Mmenmol 4,9 eB, ix 3iTKHeHHS 3
aToMaM# PTYTI MOXKYTb OyTH TiIbKM NpyKHUMU (6€3 3MiHu
BHYTPIIIHBOT €Hepril aToMiB), 1 €JIeKTPOHU JOCSTaroTh CITKH

3 €eHepri€r, JOCTATHBOI JIJIs TOJIOJIaHHS PISHUI TaJbMy€ II0-

0 5 10 15 V,B TEeHIllaJ/11B MI12K CITKOIO 1 aHOIOM. Koim x IIpUCKOpIOBaJIbHa Ha-

upyra V' jopiBaioBatuMe 4,9 B, eJleKTpoHU MOYNHAIOTH BUITPOOO-
Prc. 119 BYBATHU TO0JIN3Y CITKN HENPYKHI 3ITKHEHHS, BiJIJIAI0UN aTOMaM
PTYTI BCIO €Heprifo, 1 BXKe He 3MOXKYTbh I10JI0JIaTH PI3HUITIO T0-
TEHIAJIIB, IO TAJIBMYE, Y IPOCTOPI 3a CITKOI0. 3HAYNUTH, HA aHOJ A MOXKYTh HOTPAITUTH TLIHKH

€JIEKTPOHMU, gKi He 3a3HaJjIi HeIPYKHOTO 3iTKHEHHs. ToMY, TOYMHAIOYN 3 ITPUCKOPIOBAJIbLHOI Ha-
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upyru 4,9 B, anojnuii crpym I 3MeHITyBaTUMETHCS.

[Ipu momaJibIoMy 3pocTaHHi TPUCKOPIOBAIBLHOI HAIPYTH JOCTATHS KUIBKICTH €JIeKTPOHIB
MiC/Isi  HENpyKHOTO 3ITKHEHHS BCTUTA€ NPUJIOATH €Hepriio, HeOoOXiTHy JjId IO0JIaHH
raJIJbMiBHOTO TI0JIsI 3a ciTkoio. [lounmnaernhea moe 3pocrannsg cuau crpymy [. Koam mampyra,
[0 IPUCKOPIOE, 30LIBIIUTHCA 110 9,8 B, e1ekTponn 1mic/isgs 0HOr0 HEIPYZKHOrO 3ITKHEHHS J10Cs-
raloThb ciTku 3 eHeprieio 4,9 eB, mocraTHbOI 171 JIpyroro HenpyKHoro 3iTkHeHHd. [[pu apyromy
HEIPY>KHOMY 3ITKHEHHI €JIeKTPOHHM BTPAYaiOTh BCIO CBOIO €HEPTilo 1 JIOCATAaOTh aHoja. oMy
aHOJIHUiT cTpyM [ MOYMHA€E 3HOBY 3MEHITYBaTHCA (JPYruil MaKCHMyM Ha puc. 2.6). AHagoriaHo
MOSICHIOIOTHCS HACTYITHI MaKCUMYMH.

3 pesysbTaTiB JIOC/TIIIB BUILINBAE, 0 PI3HUI BHYTPIIIHIX €Hepriii OCHOBHOIO CTaHy aTo-
Ma PTYTi Ta HaOJMKIOro 30y/2KeHOro crany JopiBHIoe 4,9 eB, 110 it JIOBOIUTH JIUCKPETHICTH
BHYTPIITHBOI €HePril aToMa.

Amnastoriuni gocstian Oyau mpoBeeHi HaJa i 3 aroMaMy 1HIIMX rasiB. I IM Oysio oTpuma-
HO XapaKTEepHi PI3HUIN MMOTEHIIa B, X Ha3WBAIOTh PE30HAHCHUMU IOTEHIIaJIaMi YU IIePITUMHI
noTeHIiagamMu 30y/KeHHsd. Pe3oHaHcHUIT MMOTEHIa BiIIIOBI/Ia€ epexo/y aroMa 3 OCHOBHOTO
cTaHy 70 HalOaum:K4Ioro 30yzkeHoro. s BusB/IeHHs OLIBIN BHCOKUX 30Y/:KEHUX CTaHIB OyJia
BUKOPUCTaHA JIOCKOHAJIINA MEeTO/INKa, ITPOTe IMPUHITUIL JTOCTIIZKEHHS 3a/IUIIaBCA TUM CAMUM.

OTzke, BCi JOC/TI U TaKOrO POJLY HMPUBOISTH JI0 BUCHOBKY, IO CTAH ATOMIB 3MIHIOETHCSI JIHIIIE
juckperno. locmimn @panka Ta [epria mijrBep/KyOTh TakKOXK 1 Jpyruil mocrynar bopa —
MIPABUJIO JACTOT.

Bugpnsgerbes, mo npu JlocarHeHHI mpuckopioBasbHol Hanpyru 4,9 B mapuprytina modn-
HalOTh BUIIyCKaTH Y/bTpadioieToBe BUIIPOMIHIOBaHHs 3 JIOBXKMHOIO XxBWJi 253,7 HM. Ile Bu-
IIPOMIHIOBAHHS TIOB’si3aHl 3 IEPEXO/JI0M aTOMIB PTYTI 3 HEPIIOTO 30Y/KEHOIO CTAaHy OCHOBHE.

Cupaszi, 3a ymoBn (2.16) Bunsmsae, mo

2mch 2w -3-10'-1.054-107%

E,— E, = —
2o h\ 253.7-10-7-1.6-10-12

= 4.9¢B. (1.39)

[eit pesysbraT 100pe y3TrOIXKYEThCs 3 TOIEPEIHIMI BUMipaMU.

§4.2. BopiBcbka MOieIb aTOMa BOIHIO

Eneprii cramionapuux craniB. [1[o6 orpumaru 3roy 3 pe3ybTaTaMu CIIOCTepeXKeHHs, Bop
BUCJIOBUB TPUITYIIEHHS, M0 €JIEKTPOH B ATOMi BOJHIO PYXA€ThCA TIIBKU MO TUX KPYTOBHUX
opbitax (mizmime 3ommepdesib) y3arajbHuB MipKyBaHHs Bopa Ha eminTudsi opbiTh, ojHAK
HUHI [1e BTPATUJIO 3HAYEHHsI, | MU 3aJIMIIIAMO T1e TINTAHHS 11038 YBarol), JIJIs SKUX f0r0 MOMEHT
IMITYJIbCY KBaHTYETHCS:

M =nh, n=1,2,3,..., (1.40)

Jle N - KBAHTOBI 4mcJa.
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3a JI01I0MOroI0 IIHOT0 MTPABU/IA KBAHTYBAHHS MOYKHA 3HANTH PAJIyCH KPYTOBUX CTAIIIOHAPHUX
opbiT BopHesux cucrem (H, He™, Lit™* ...) ta signosinui im eneprii. Hexait sapsn sapa Bo-
JIOPOJIONOJIIOHOT cucTeMu JIOpiBHIOE Ze. Maca sjpa 3HAYHO OiJIbIa 3a Macy eJIeKTPOHa, TOMY
AJIPO MIPH PYyCi eIeKTPOHa MOYKHA BBarKaTH HEPYXOMUM. 3rijiHo 3 Bopowm, npumyckatumemo, 1o
eJIEKTPOH PYXa€ThCs HABKOJIO s1JIpa 110 KOJIy paJiiyca 7.

Binmosizno 10 2-ro 3akony Hbiorona

2 2
v Ze
M—=— 1.41
=5 (L41)
Jie M - Maca eJIeKTPOHA. 3BiJICU KiHETUYIHA €HEePTis eJIeKTPOHA
2 2
muv Ze
K=—=—, (1.42)
2 2r
Ta TIOBHA €HepTis eJIEKTPOHAa y KYJOHIBCHbKOMY ITIOJI SIJIpa
2 2 2
mu Ze Ze
E=K+U-= — = — . 1.43
+ 2 r 2r ( )
Bingnosiyro o npasuia kBantysanus (2.18), rmv = nh, 3Bigku
= nh/rm. (1.44)

[Ticog migcranosku (2.22) B (2.19) orpumaemo Bupas jyist pajiiycy n—Ii crarioHapHol opoiTu:

h2 712

= ——. 1.45

" me2 Z ( )
Pajiiyc mepimol crarionapaoi op6iTu eslekTpoHa B aromi BojHIO (n = 1, Z = 1) nopiBHioe

Ry = h?/me* = 0.529 x 10~% e (1.46)

Ioro HasmBaoTh GOPIBCHKIM PaJHiyCoM.

Eneprist E,, ejekTpona Ha n—ii crarionapsiii op6iti BusHadaerbest dhpopmysioro (2.21), B skiii
i r Tpeba posymitn (2.23). I My IpUXOIMMO JI0 HACTYITHOTO BUpa3y it Fy:

_ me' Z? a7

s dopmysia onmcye piBHi eHepril crarioHapHUX CTAHIB €JIEKTPOHA Y BOJIHENO/IiOHI cucTeMi.

s aToma BOJIHIO cxeMa eHepreTUIHUX piBHIB, BianoBigaux (2.25), nokasana Ha puc. 2.7.
[Ipu n — oo piBHI eHepril 3ryIyIOTHCS JI0 CBONO TpaHUIHOrO 3HadeHHsd F., = 0. Cran aroma
i3 Haifimenowo enepriero (n = 1) HasuBaTh OCHOBHUM. JIjisi aToMa BOJHIO OCHOBHOMY CTaHy
BioBiae enepris By = “13.53 eB. 1 enepris (3a MojrysieM) € eHEpri€io 3B’s3Ky €JIEKTPOHA B

ocuoBHoMmy ctaHi: F,, = E;. Came Taky enepriio Tpeba mepeiaTu eJIeKTPOHY B OCHOBHOMY CTaHi
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(n = 1), mob BujamuTH HOro 3 aTroMa BOJHIO. 3 Ii€l NMpUYMHY 11 HABUBAIOTH Ie il eHeprieo
ioHi3zaIii:

FEiow = E,, = 13.6eB. (1.48)
[le 3navenns, orpuMane B OOpPIBCHKIil T€OPil aToMa, 3HAXOIUTHCS Y JI00Piit 3rojii 3 pe3yabraTaMmu

€KCIIEDIMEHTY.

ITpuknan. 3uaiigemMo MIBUJIKICTH €JIEKTPOHA Ha Iepiiiit 60piBCbKiit opbiTi aToma
BozHIo0. [yist boro y dopmyity (2.22) migcraBumo (2.23) 3 ypaxyBaHHSIM TOTO, IO B

HAIIOMY BUIJIKY Z = 1 in = 1. ¥V pe3yabrari OTpUMaeMo:

v =e’/h=22-10%wm/c.

CunekrpaJsbHi cepii BogHenomibHux cucreM. 3rigHo 3 jpyruMm nocryiarom bBopa (2.17),
[0 BU3HAYAE eHepriio (DOTOHIB IPU MEPEXO/Ii CUCTEMH 3 OJIHOI'O CTAIllOHAPHOIO CTaHy B iHIIHIA,

i dopmyoro (2.24) maemo:

472
hw:Eg—Elz%(ni%—%). (1.49)
3Bigcu gyacrora GoToHA o
W= %(% - n%) (1.50)
Takum anHOM, MU IPHUHATILIN 10 y3araJbHeHol (hopmysin Bab-
Mepa (2.16), BCTAHOBHBIIK LPU LBOMY Bij fKuX BesnmuuH 3ajte- E, aB ) n
KUTH roctiitna Pigbepra: 0 : *
A | T
R = 2€ asny 2] Cepns 3
2h3 mIlamrena,
[limcranoBka B 1ieil BUpa3 YNCJIOBUX 3HAYEHb M, € 1 h Jae BeJu- -4: g‘;ﬁlﬁ; epa
YUHY, 110 JI00pe Y3ro/ZKYEThCS 3 eKCIIEPUMEHTAILHUM 3HAUEHHIM -6
nocriitnoi Pinbepra (2.13). Iumexkc oo npu R (2.28) oznavae, mio §
15l BeJIMINHA OTPUMaHa B MPUITYIIEHH], [0 Maca sijpa Jy’Ke Be- -8
JIMKA, 1 sIJIpO TIPW PYCi eJIeKTPOHA HEPYXOME. 10 :
YpaxyBaHHS KiHIIEBOCTI MacH sJipa MPU3BOJIUTH JIO TOTO, IO ]
Macy m ejekTpoHa (2.28) ciiji 3aMiHUTH HA HABEJEHY Macy [ -12 4 CepUI’IH
CHUCTEeMU eJIeKTPOH-s1po: (1 = mM /(m + M), ne M - maca siipa. 13 5’ I Jlaimana 1
Tomi . ’
o0
R = m (1.52) Puc. 1.20

fx 6aunmo, rocriiina Pindepra 3ajaexuTh 1 Bijg Macu sjiapa. s aroma BOIHIO, siIPOM SIKOT'O €

nporoH, dopmyra (2.29) gae 3HaUEHHS, MO GLIBIT TOYHO 36Ira€ThCs 3 €KCIIEPUMEHTAIBHIM.
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Hagesiena na puc. 2.7 cucrema eHepreTUIHUX PiBHIB JIONIOMAra€ HAOYHO MOJIATU CIIEKTPAJIbHI
cepil Jlaifimana, BasbMepa Ta iHII 9K rpyn mepexoIiB MizK Bijmosigaumu pisaamu. i nepexon
300pazkeHi Ha MAJIIOHKY BEPTUKAJHLHUMU CTPITKAMU.

CI/ICTeMy CHEPIreTUuIHnuX piBHiB aToOMa HprIHHTO Ha3MBaTHU I iHAKIIE - CUCTEMOIO TepMiB.

Tepm T — 1e BesmumHa, sKa BU3HAYAETHCs 3rigHO (2.16) i (2.25) gk
T, = R/n? = |E,|/h. (1.53)

jge R - nocriiina Pindepra. Ha Biaminy Bin emeprii E,, TepM — BeJUYMHA MO3UTHUBHA, 1 IO
HIZKYHUI PiBeHb, TO OlIbIe #oro 3uadeHHs. TepM Mae Taky K PO3MIPHICTH, K 1 9acToTa w,
0670 ¢~ t. Bijimosiina yactoTa poTOHA, BUIIYIEHOIO IPHU IIEepexo/li aToMa 3i CTaHy 3 KBAaHTOBUM

YUCJIOM M7 Y CTaH i3 KBAHTOBUM YHCJIOM N9, BU3HAYAETHCS (POPMYIIOIO

R R
Wig = TQ — T1 = P — P (154)
2

Dopmysn (2.15) 1 (2.28) 103BoIAIOTH 3ammcaTH BUpa3 JUId eHepril 3B’s3Ky (eneprii ioHizarri)

BOJIHEBOI CHCTEMU B OCHOBHOMY CTaHI y OLIBIT 3pyYHOMY BUTJISI:
E., = By = hRZ?. (1.55)

IIpukiazn. 3uaiieMo eHepriio 3B’s3KYy €JIeKTPOHA B OCHOBHOMY CTaHi BOJIOPOJIO-
MO/IIOHMX 10HIB, y CHEKTPI BUIIPOMIHIOBAHHS SIKUX JOBXKUHA XBUJI TPETHOI JIiHIT cepil

Bambmepa A3 = 108.5 HwMm.

[Ilykana eneprisa BusHadaeThest hopmysiono (2.31). ¥V gaHoMy BUNAIKY Z HEBLIOMO.
JLg floro 3HAXOJIKEHHsI CKOPUCTAEMOCS THM, IO 9acTOTa TPEThOl JIiHil cepil Bab-

Mepa
1 1 21

— ——— ) =—RZ%

22 (2+3)2) 100

Yacrora w 1MoB’sA3aHa i3 JIOBXKWHOIO XBUJI A3 (DOPMYJIOI0

w3 = RZz<

w3 = 2mc/As.
Orcrona BUILIUBAE, 110
100 27rc
RZ? = ———.
21 A3
Takum anHOM, IITyKaHa €Heprid 3B A3KY
100 wch
E,, = —— =>54.4¢B.
21 A ¢

[Tpunarijzo 3 dopmysu (2) MoxkHA 3HadTH, M0 Z = 2, TOOTO MH MA€EMO CIPaBY 3

ionom He™.



PO3JILJ 1. EKCIIEPUMEHTAJIbHI OCHOBU KBAHTOBOI MEXAHIKI 33

MaruiTHuit MOMEHT aToMa BOJHIO. Hexaii eJleKTpoH pyXaeThcs 31 MIBUJIKICTIO ¥ 110 OPOITi
pajiycom r (puc. 2.8). Yepes Maiijlanvuk, 1110 nepeTuHae opoiTy eJIeKTPOHA, EPEHOCUTHCSI 0~
MHUTI 3apsiji €N, JIe € - 3apsij] eJIEKTPOHA, 1 - YICJI0 0O0POTIB eJIEKTPOHA HABKOJIO SIJIPa 3a CEKYH/LY.
Otxke, eJIEKTPOH, IO PYyXAEThC 110 OpOITi, yTBOpIOE Kpyrosuii ctpym [ = en. OcKibKEU 3apsi
€JIEKTPOHA, BiJI'€MHUI, HAIIPAMOK PYXY €JIEKTPOHA MPOTUJICXKHUI HAIIPAMY CTPYMY.

MaruiTHUT MOMEHT Takoro crpyMmy (B raycoBiii cucremi) 3a BU3HAYEHHSAM JOPIBHIOE [i =
ev - r? /c. BpaxoByioun, 1mo 277y = v, NepenuineMo Ionepe/Hiil Bupas3 y BUIJIsI

erv

H= e

3aumaeTbes BpaxyBaTH, MO0 MOMEHT IMITYJIbCY €JIeKTPOHA
M = rmuv, i Mu OTpUMaEMO: M A
e

—_ "M 1.56
1 5 M, (1.56)

Jie 3HaK MIHyC BKa3y€, IO HAIPAMKH 000X MOMEHTIB, it Ta M,
B3a€EMHO ITPOTHUJIEXKHI.
Bekrop M nHazuBaioTh 0opOiTAJIBLHUM MOMEHTOM €JIEKTPOHA. I e

Bin yTBOpioe i3 HAmpAMOM pyXy €JeKTpOHA ITPABOBUHTOBY CH-

cremy (auB. puc. 2.8).

Bignomiennss MarfiTHOro MOMEHTY 4YacCTUHKH JI0 11 Me- v “
XaHIYHOI'O MOMEHTY HA3WBAIOTh TIPOMArHITHUM BIJIHOIIEHHSIM.
JLnist eJleKTpoHa BOHO JIOPiBHIOE Puc. 1.21
r_ (1.57)
M  2mc

Cxopucrapmmch 6GOPIBCHKUM ITPABUJIOM KBAHTYBAHHST MOMEHTY IMITYJIbCY, TOOTO (hOPMYIIOI0

(2.18), mepenumiemo (2.33) y Buruisiii
w=pusn, n=1,2,3.... (1.58)

Jle [ip - Tle TaK 3BaHuii MaraeToH bopa:

h
s = 4 = 0.927 - 10~ epr/T. (1.59)

© 2me

Takum 9uHOM, TP PyCi €JIeKTpOHa 110 mepimiii 6opisebkiit opbiTi (n = 1) fioro MarxiTHUIIT
MOMEHT JIOPiBHIOE OJiHOMY Marnerony Bopa. Hajami mMu mobadmnmo, 1o 1e pi3ko po3biraeTbest
3 eKCIIEPUMEHTOM, a I1e 03HAYA€, 1[0 OTPUMAHUN Pe3y/IbTaT BUSBJIAECTHCS aOCOTIOTHO HEBIDHIM.
Twum ne menrn, mu HaBe I (DOPMYJIU, IO OB’ I3yI0TH MArHITHUI MOMEHT 3 MEXaHIYHUM, OCKLJIBKI

BOHHU CTaHYTb OCHOBOIO [IJId OTPUMaHHA IIPAaBUJIbBHUX pGSYJIbTaTiB.
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§4.3. Hemosikm mozesti Bopa.

Teopisa Bopa crasia BeTmKuM KpOKOM y PO3BUTKY TEOPil aToOMa, y pO3yMiHHI HOBUX KBAHTOBHUX
3aKOHOMIDHOCTEl, 3 sKUMU 3ITKHYyJIacd (pisuKa Mmoo AUl MikpocBity. [lg Teopis BupasHo
MoKa3aJja HeMPUITHATHICTh 3aKOHIB KJIACHIHOI (Di3UKM JJIsT ONMUCY BHYTPIITHHOATOMHIX SBUII.

Teopiss Bopa crumysoBasia mocTaHOBKY 0araThoX €KCIIEPUMEHTIB, sKi JIajil BayKJIUBI pe-
3ysibTaTu. HaBiTh y THUX YUCIEHHUX BUMNAJKAX, KOJHU TEOPis He MOIJIA JATU KLIbKICHE IOSCHe-
HH¢ {BUII, JIBa IMOCTYJIaTU DBopa C/Iy:KUIu KepiBHOIO HUTKOIO Ipu Kjacuikalil Ta KiJbKicHii
iHTepIpeTalil MUX sIBUIIL.

[Ipore nBox mocryarie Bopa 3amasio noOy1oBu nosHol Teopii. Bornn MaioTs OyTHn JonmoBHeHi
npaBmwiIaMu KBaHTyBaHH«. [l mpaBmia, gKi JOCHTH MITYYHO 3ampoBaun bop s ogHOe)te-
KTPOHHOTO ATOMa, PA/HKAJBHO IPOOIEMI He BUPIINIMIMA. 1X HEe BIAIOCS IONMPHTH HABITH HA
HaMIIPOCTIINIA MiC/IsT BOIHIO aTOM TeJIifo, 0 MICTHTh JBa ejleKTpoHu. Kpim Toro, Teopia Bopa
JIO3BOJIMJIA, OOYHMCJIUTH JIWIIE YAaCTOTU CIIEKTPAJIBHUX JIiHIi, ajie He IXHIO iIHT€HCUBHICTD.

OcuoBuuit, npunnunoBuii Hejo0Jik Teopii Bopa — me i1 memnocsioBHicTh: BoHA Oysia Hi
MIOCJTIJIOBHO KJIACUYHOI, Hi TIOC/TiZIOBHO KBaHTOBOI. [l Teopis npuitmasia icHyBaHHs CTAI[IOHAPHUX
CTaHIB aToMa, IO HE3PO3YMIJIO 3 TOTJIfA/ly KJIacudHOl (pizuku. I BogHOTAC JI0 PYXY €JIEKTPOHIB Y
CTalllOHApHUX CTaHaX BOHA 3aCTOCOBYBaJIa 3aKOHU KJIACUYHOI MEXaHIKHU, X04 1 BBarkaJla He3aCTO-
COBHOIO KJIACHYHY €JIEKTPOJMHAMIKY (OCKIJIbKM HeMae BUIpOMiHIOBaHH:). OTiKe, IJIaHETAPHY
MOJIe/Tb aTOMa He MOYKHa, BBayKaTu cepilo3noio Teopiero. Bona npocrto mernpasuiibia. Toit dhakr,
110 T MOJIEJTb IPU3BOIUTD JI0 JIy2Ke JTOOPUX pe3ysbTaTiB y pas3i aroma BOJIHIO (IIPU PO3PAXYHKY
JIeKUX BEJINIWH), MO CyTi, BUMaIKoBHil. Lleil ycmix craB moTy»KHUM IMOIITOBXOM JI0 PO3BUTKY
KBaHTOBOI Teopil aTtoma. Cam Bop posrisjiaB cBoO TEOpilo K MPOMIXKHUII eTal y TOIIyKax

paBUILHOI Teopil. TaKoro MOC/IiIOBHOIO TEOPIEI0 cTaia KBAaHTOBa (hi3nKa.

Jlekmis 5. KopIirycKyagapHO-XBUJIBOBUIT JTyaJai3m

§5.1. I'itore3a me-Bpoiiasa

JIyi ne-Bpoitnb (1923) BHCIOBUB i PO3BUHYB iI€10 1TPO Te, MO Ma- TepiajibHi YaCTUHKHU I10-
BUHHI MaTH XBUJIEBI BjacTuBOCTI. Ha Toil 9ac BxKe cKJtasiacd mapaJjoKcasbHa, aJje IiITBepIzKeHa
JIOCBIJIOM cHTYyallisl PO CBITJIO: B oJ{HUX siBuiax (iHrepdepentis, qudpakiiis Ta iH.) CBITIIO Mpo-
dABJIdE cebe gK XBUJI, B IHIIMX SBUINAX 3 HE MEHINOI MEPEeKOHJIMBICTIO — 9K dacTuHKH. [le i
CIIOHYKAJIO Jie-DBpoiisisd momupuTi mogi0Huit KOPITYCKYISIPHO-XBUIBOBUI JTyasTi3M Ha YaCTHHKH
3 MACOIO CIIOKOIO, BIJIMIHHOIO BiJ] HYJISI.

Ko 3 TAKOIO YACTHHKOIO MOB’SA3aHA SKACH XBUJIsSA, OUIKYETHCs, M0 BOHA MOIIUPIOETHC Y
HAPAMKY TIBUJIKOCTI v dacTuHKH. [Ipo mpupomy 1iel XBujii Hidoro meBHOTO Jie bpoitaem ne

Oys0 BucsioByieHo. He OyeMo i Mu 1MOKHU 110 3’s1COByBaTHMEMO 1XHIO TTPUPOJLY, X0Ua 0JIpa3y kK
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I JIKPEC/TIMO, IO 111 XBUJI He eJIeKTpoMaruiTHi. Bonu MaioTh, ik My obadnmMo faJi, crenudiany
HPUPO/LY, JJIs sIKOI HEMa€ aHaJora y KjaacudHiit gizuri.
Orxe, ne-Bpoitib BucsioBus rinoresy, mo crissignomenss (1.12), mo BigHocuThCst 110 Ho-

TOHIB, Ma€ yHiBepcabHuil Xapakrep. ToOTO g BCiX YaCTUHOK JIOBXKUHA XBUJIL

A= 1.60
Pl (1.60)

s dopmyna orpumasia HazBy dopmyan jge-bpoitas, a A - meOpoilIiBCchbKOl JOBXKUHU XBHJI
JacTUHKHU 3 iMIysibcom p. e-

Bpoitnb TakoK MpHUITyCTUB, IO IyY0K YaCTUHOK, IO T IaI0Th Ha MOJBINHY IIJIINHY, TOBUHEH
3a HUMU iHTepdepyBaTH.

Hpyrum, nesanexxuum Bijg dopmysnn (3.1), criBBigHONIEHHSIM € 3B’s130K MiXK eHeprieio F
YACTUHKM Ta YaCTOTOIO W JIeOPOIIiBCHKOI XButi: F = hw.

Y npuHIum enepris F BU3HaUYeHa 3aBXK/IM ¢ TOYHICTIO JI0 J0J/IABAaHHSI JIOBLJIBHOI ITOCTIHHOT
(ma BimMminy Big AE), oTKe 9acToTa W € HPUHIUIIOBO HECIIOCTEPEXKYBAHOIO BEIUIHHOI (Ha
Bi/IMiHY Bij eOpOMJTIBCHKOT JIOBYKUHU XBHIL ).

3 9acToTO0 W i XBUJILOBUM YHCJIOM K IOB’d3aHi /1Bl MIBUAKOCTI - ha30Ba Vg, 1 IPYTIOBaA Upp:

0
Vg = % Ta U= a—z (1.61)

[ToMHOXKUBIIN YMCEJILHUK 1 3HAMEHHUK 000X BUpa3iB Ha h, OTpUMaEMoO:
hw=FE ma hk=2nth/\=Dp, (1.62)

Jie Ipyra piBHICTH HamucaHa Ha mijgcrasi (3.1).

OBMezKIMOCsT PO3IJIAIOM JIMIIEe HepeIATHBICTCHKOTO BHIAJAKY. Bpaxkaroun E = p? /2m
(kineTnmaHa eHepris), mepemnuireMo BiJ HomeHHs (3.3) 3a gornomororo (3.4) B ixmmiii dopmi:
E o (p? p
v=—, u=—|—)=—=u. (1.63)
D Op \2m
3BijicH BUIHO, 10 I'PYIIOBaA MIBUJIKICTH JOPIBHIOE MIBUIKOCTI TaCTUHKU, TOOTO € BEJIMIMHOIO, 10
IPHUHIUIIOBO CIIOCTEPIra€Thes, Ha BIJIMIHY BiJ| U4, — 4Yepe3 HeoJHO3Ha4HICTh [

3 nepmoi dopmysu (3.5) Burmsae, 1mo das3oBa MBUIKICTD JeOPONTIBCHKIX XBUJIb

E E hw
_ _JE 1.64
= amE  Vom = Vo (1.64)

TOOTO 3a/Ie’KUTh BiJl 9aCTOTH W, & 3HAYUTDH JIEOPOMIIBCHKI XBUJII MalOTh JIUCIIEPCII0 HaBITH y
Bakyymi. [lani Oyze mokasamno, 10 BiNOBiAHO 10 cydacHol (biswdHOl iHTepupeTarlil dhazoBa
MIBUJIKICTH JIEOPOMIIBCHKIX XBUJIb MA€ CyTO CHMBOJIIYHE 3HAYEHHS, OCKLJILKY IisI iHTepIIpeTallis
BIJIHOCUTB 1X JI0 YKCJIa MPUHIMIIOBO HEeCIocTepiraHnx BemydnH. BTiM, ckazaHe BUIHO 1 Bijgpasy,

tomy o E B (3.6) BusHaUYeHa, sIK y2Ke TOBOPUIIOCS, 3 TOUHICTIO JI0 JIOJIAHHS JIOBLTBHOI TOCTIHHOT.
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Beranossiennst Toro dakty, mo 3rigHo (3.5) rpynoBa MBHIKICTH J1e6POATIBCHKIX XBUJIb
JIOPIBHIOE MIBUJIKOCTI YACTUHKH, BIIIIPajIO CBOI'O Yacy BayKJIUBY POJIb Y PO3BUTKY HPUHIIUIIO-
BUX OCHOB KBaHTOBOI (bi3uku, i Hacamrepes y izuuHiil iHTeprperaliii 1e0poilliBCbKUX XBUJIb.
CriogaTky 0ys10 3po0sIeHO CIIPOOY PO3IVISIATH YaCTHHKN SK XBUIBOBI AKETH JLy2Ke MAJIOl ITPOTSI-
JKHOCTI 1 TaKMM YMHOM BHUPIIIATH MapaIoKC JIyadi3My BIacTHBOCTel dacTuHOK. OIHaK Mo/ Ii0oHa
iHTepIpeTallis BUABUIACA TOMHUJIKOBOIO, OCKLJIbKM BCl TapMOHIiiiHI XBWJI, 10 CKJIaJIAI0OTh XBU-
JIbOBI MAKETH, MOIMIUPIOIOTHC 3 PI3HUMEU (HPA30BUME IMBUIKOCTIMU. 3a HASIBHOCTI BEJIMKOI JIHC-
nepcii, BJIACTUBOI JIeOPOTIBCHKUM XBUJIb HABITH Y BaKyyMi, XBUJILOBUI ITAKET “PO3ILIUBAETHCH .
Jl1s1 9acTUHOK 3 MacoIo MOPSJIKY MacH eJIEKTPOHA MMaKeT PO3IINBAETHCH MPAKTHIHO MUTTEBO,
TOJIi sIK HACHPABJ/ YaCTUHKU € CTAOITbHOMU YTBOPEHHSMH.

Takum YuHOM, YBJIEHHS YACTUHKU Yy BUIVISl XBUJIBOBOTO TAKETY BUSBUJIOCH HECIIPO-
MokHUM. [Ipobsiema jiyayismy BJIACTUBOCTEH YACTUHOK BUMAaraJia iHIIOrO IiJIXOJy JIO CBOTO
PiIIeHHS.

[Tosepuemocs 1o rinoresu jie Bpoiisa. 3’dacyemo, y sKUX SBUIAX MOXKYTh BUSBUTUCST XBU-
JIOBI BJIACTUBOCTI YaCTUHOK, AKIIO BOHU, IIi BJIACTHBOCTI, cupaBii icHyloTh. Mu 3HaEMoO, 110
He3aJIe2KHO BijI (Di3UYHOT TPUPOIM XBUJIb — Iie iHTepdepenIlis Ta audpaxiiis. Besmaunoro, 1mo
Oe31mocepeIHbO CIIOCTEPITAEThCS B HUX, € JOBXKHUHA XBUJIL. ¥y BCIX BUIIAJIKaX JeOPOiIiBChbKa T0B-
JKMHA XBIUJI BU3HavaeThest hopmylioio (3.1). IIposeaenmo 3a 11 H0MOMOroI0 Jiesiki OIiHKH.

Hacammepes nepekonaemMocs, 1o rinore3a je-Bpoitis ne cy-
MEPEYNUTDh TMOHATTAM MaKpPOCKOIYHOI (pizuku. Bizbmemo gk Mma-
KPOCKOITIYHII 00’€KT, HAPUKJIAJ, TOPOIINHKY, BBaYKAIOUM, IO
it maca m = 1 mr i mBugkictb v = 1 mMrMm/c. Bignosigaa it

J1e0poitTiBCchbKa JTOBXKIHA XBIJI

27h
A=———=7-100"cm. 1.65
V2mK ( )

TobTo HaBITH y TAKOrO HEBEJMKOIO MAaKPOCKOIIYHOTO 00 €KTa
K TIOPOIIUHKA JIeOPOMJIIBCbKa JIOBXKUHA XBUJI BUSBJISIETHCS
HE3MIPHO MeEHIIe PO3MipiB camoro ob’ekra. ¥y TaKUX yMOBaXx
JKOJHI XBHUJIbOBI BJIACTHBOCTI, 3BUYAHO, BUSABUTHU cebe HE MO-

KYThb.

[nma copaBa, Hanmpukiaj, y eJIeKTpOHA 3 KIHETUIHOIO
eneprieio K Ta immysibecom p = 2mi. Moro nebpoitiiBcbka 10B- Puc. 1.22

JKUHA XBUJIL

\ 2mh 1.22
= = HM.
vVo2mK VK

ne K - xinerwuna eneprig dactunku B eB. IIpu K = 150 eB nebpoitiiBcbka JoBKUHA XBUJT

(1.66)

esekTpoHa 3rigHo (3.8) mopismioe A & 0.1 uvM a6o ~ 1 A (10610 1 amrcrpem). Taxmii cammit

MOPSAJIOK BEJIMYUHU Ma€ IOCTifiHa KPUCTATIYHOI permnTku. ToMy, aHaJOridHO TOMY, 9K Yy pasi
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PEHTreHIBCHbKIX TTPOMEHIB, KPUCTAJIYHA PENIiTKAa MOXKe OYTH BiJIOBIIHOIO CTPYKTYPOIO IS
oTpuManHs Judpakiiii j1edpoit/liBChbKUX XBUJIb e/IeKTpoHiB. [Ipore rimoresa je-Bpoitisa 31aBa-

Jlacd HACTLIBKMA HEPeaJbHOIO, 0 JOCUTh JOBIO HE IMijJlaBajiacd eKCIlepUMeHTAJIbHIN 1epeBipIi.

§5.2. EkcnepuMeHTaJIbHI HiJITBEpA2KEHHsI Tinmore3u jae Bpoiiis

Hocaign deBiccona ta Ixxkepmepa (1927). ILues jociiais nojsraia B HACTYITHOMY. SIKIIO

MIyYOK €JIEKTPOHIB Ma€ XBUJISICTI BJIACTHBOCTI, TO MOXKHa& OYIKYBaTH, HABITH He 3HAIOYM Me-

XaHi3My BiJIoOpakKeHHsI TUX XBHUJIb, IO 1X BiJIoOpakKeHHs Bij KpUCTajga MaTUMe TaKuil Ke
intepdepentiitauii xapakrep, K Y PEeHTTeHIBCbKUX ITPOMEHIB.

B oamiit cepii mocainis [esiccona Ta [Ikepmepa jisi BUSIB-

JieHHsT InpPaKIiifHuX MaKCUMyMiB (SIKIIO TaKi €) BUMIDIOBAJIACS

0=50" MIPUCKOPIOIOYa HAIIPYTa €JIEKTPOHIB 1 OJIHOYACHO TIOJIOYKEHHS JIe-

7/ rekTopa D (/iunibHUKA BiIOUTHX eJIeKTPOHIB). B ekcriepuMenTi

! 4 BUKOPHUCTOBYBABCsl MOHOKDHUCTAJ Hikeso (KyGiuHOi cueremn),

v zinuridpoBanmii Tak, K MOKaszaHo Ha puc. 3.1.

ITadarwwuil
nYy4yox
\

s k1o floro moBepHYTH HABKOJIO BEPTUKAJILHOI OCI B ITOJIOZKE-

z V=54 B unus#, mo Biaosijae MaIOHKY, TO B IILOMY I10JIOYKEHH] HOBEPXHsI

3inuridoBaHa MOKPUTa IPABUILHIMEI PAIAMI aTOMIB, IePIIeH I1-

Prc. 1.23 KYJISIPHUME JI0 TIJTOTIIUHA A IiHH (TIOMUHA MAJTIOHKA), BiJICTAHb
MixK grumu d = 0.215 HMm.

erexkTop mepemimiann y monuHi mainas, 3viaoodn kKyT 6. [pun xyri § = 50° Ta upn-

cKoproBaJIbHIM Harpysi V' = 54 B crocrepiraBcss 0coOJIMBO BUPa3HUT MAKCUMYM BiJIONTHX eJie-
KTPOHIB, HOJIIPHA JlarpamMa gKOro noka3aHa Ha puc. 3.2.

[eit MmakcuMyM MOYXKHA BUTIYMAYUTU K iHTepdEepeHIiiiHmii

MaKCHUMyM TIEPIIOr0 MOPAJIKY BiJI MJIOCKUX JUMPAKIIITHUX I'paT ITadawwui
. . . . nYyuox
i3 3a3HaYEHNM BUIIE MEPIOJIOM BiAIOBITHO 10 hopmyn

1 2

dsinf =\, (1.67)

mo BUAHO 3 puc. 3.3. Ha mpoMy pHCYHKY KOXKHa YKHDHA TO-

YKa € MPOEKINEI0 JAHITIOKKa aTOMIB, PO3TAIIIOBAHUX Ha MPAMIit,

HePHeHUKY/IIpHIN 1tomuai  masonka. [lepiog d wmoxke Oy-

T BUMIPSHUI HE3aJIEXKHO, HAIPUKIA, 0 JIudpaKIil peHT-

Puc. 1.24

MeHIBCHKUX ITPOMEHIB.

O6uncrena 3a dopmysiomwn (3.8) aebpoitaiBebka qoB)uHa XBUI 11 V' = 54 nopisaioe 0.167
uM. Bignosigaa gosxkuna xBu, 3Haiigena 3 ¢popmynu (3.9) gopisuioe 0.165 um. 36ir HaCTiIBKI
XOPOIIHii, 1110 OTPUMAHUN Pe3Y/IbTAT CJIiJ] BU3HATH IePEKOHINBUM IIiITBEP/?KEHHAM TillOTe3H J1e

Bpoits.
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[nma cepis mocmigis Jlesiccona ta J[zxkepmepa nosidrajia y BuMmipi intencuBaocTi I BijouToro
€JIEKTPOHHOTO TTyYKa ITPHU 33/ JaHOMY KYTi ITa IiHHs, aJie TPU PISHUX 3HAYEHHIX TPUCKOPIOBAIHLHOL
nanpyru V.

TeopeTnyno OBUHHI 3’IBUTUCH TIPU IIHOMY IHTEPGEPEHITiTHI MAKCUMYMU BiIOUTTS T10/11O0HO
JI0 BiIOMTTSI pEeHTTeHIBCHKMX IIPOMEHIB B/ KpucTaJia. Bif pisHHX KPUCTAIIYHUX ILIONIMH KPU-
cTajia B pe3yJsibTaTi Judpakiiil maJalouoro BUIPOMIHIOBAHHS Ha aTOMaX BHUXOJSTH XBUJI, IO
HIOM Biguy/u J3epKajibHe BimoOparkeHHs Bif 1ux 1wronuH. Jlani xBusi npu inrepdepentil mo-

CUJIIOIOTH OJTHA OJIHY, {IKIIO BUKOHYEThCA yMoBa bperra-Bysbda:
2dsinaa =m\, m=1,2,3,..., (1.68)

Jie d - MIXKIIJIOIUHAA BiJICTaHb, (v - KyT KOB3aHHSI.

Haranaemo BuBenenus i€l dopmysn. I3 puc. 3.4 BuiHO, 110
PIBHUIIA XOJY JABOX XBWJIb, 1 1 2, M0 BiAOWINCA J3€PKAJIBHO BiJl
cycinuix aromunx mapiB, ABC = 2dsin a. O1ke, HAIPAMKH, y
JKUX BUHUKAIOTH 1HTEepdEpeHIiiitHi MaKCUMyMH, BU3HAYAIOTHCS
ymoBoio (3.10).

Tenep mincraBumo y dopmyry (3.10) Bupas (3.8) ais je-

OpoiIiBCbKOI T0BKUHU XBUJIi. OCKIJIBKI 3HAUEHHsT (v Ta d eKcIie-

PUMEHTATOPU 3aJuIain He3MiHHuME, TO 3 dhopmynn (3.10) Bu-

IJIIBAE, 10 Puc. 1.25
V Vi xm, (1.69)

T06T0 3HadeHHs +/V,,, IPH AKUX YTBOPIOIOTHCA MAKCHMYMH BiJOMTTS, HOBUHHI OyTH IIpO-
HOPIHI miuM gucaam m = 1,2, 3, . .., IHIITUMHA cJI0BaM#, IepedyBaTU Ha OJIHAKOBUX BiJICTAHAX
OJIMH B1JI OJHOTO.

[e 6y10 IepeBipeHo y JAOCIiJI, pe3yabTaTh SKOro IpejcTaBieHi Ha puc. 3.5, jge V 3amgaHo y
BoJIbTaX. BujiHo, 1110 MakcuMmyMu inTencuBHOCTI [ Maiizke pIBHOBIIIaIeH] OJIMH BiJT OIHOTO (Taka
caMa KapTUHA BUHUKAE 1 npu audpakiiii peHTTeHIBCbKIX MPOMEHIB BiJl KDUCTAJIB).

Orpumani JleBicconom i JIxkepmepom pe3yabraTi JIyzKe MEPEeKOHIUBO I ITBEP/ZKYIOThH
rinore3y e Bpoitrsg. 3ayBaxKmMo TakoXK, IO TEOPETUIHO, sIK MU Oadmim, aHasi3 audpaxiil
JIeOPOIMTIBCHKIX XBUJIb IIOBHICTIO 30ira€Thes 3 JMPAKIEI0 PEHTTeHIBCHKOIO BUIIPOMIHIOBAHHS.

Omrxe, xapakrep 3ajexkHocTi (3.11) ekcriepuMeHTaIbHO MITBEPAUBCS, IPOTE CIIoCTepiraacs
Jlesika po301KHICTH 13 TporHo3amu Teopil. A came, MiXK IOJIOKEHHSIMHA €KCIIEPUMEHTATbHIX 1
TEOPETHYHUX MAKCUMYyMiB (OCTaHHI TOKa3aHi CTpLIKAMU Ha puC. 3.5) CIOCTEPIraeThCs CHCTe-
MaTHYIHA PO30IKHICTH, KA 3MEHIIYEThCs 31 30LIbIeHHsIM MpUCKOpIoBaJibHOl Harnpyru V. Ila
PO30IKHICTD, K 3’dCyBaJiocs HaJaJli, 0OYMOBJIEHA TUM, IO IPU BuUBeJeHHI dhopmysiu Bperra-

Bynbda ne 6y10 BpaxoBaHo 3a710MJI€HHS JeOPOMIIBCHKIX XBUJTb.
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IIpo 3ajiomyieHHS AeOpPONIIBCHbKMX XBWJIb. |lOKa3sHUK 3ajlOMJIEHHsST 1 JeOPOMIIBCHKIX

XBUJIb, SIK 1 €JIEKTPOMATHITHUX, BUZHAYAETHCs (DOPMYJIOIO
n = v,/ Ve, (1.70)

ne v, 1 v, - da3oBl MBUIKOCTI IUX XBUJIb y BakyyMi Ta cepejosuini (kpucrani). Buiie Gyno
3a3HavYEHO, 110 (hpa30Ba MBUIAKICTH AeOPOMILOBOI XBUJII - IPUHIUIIOBO HECIIOCTEPEXKYBaHA BEJIN-
auHa. Tomy dopmysy (3.12) ctij neperBoputn Tak, mobd MOKA3HUK 3aJ0MJIEHHS 1 MOXKHA, BYJI0
BUPA3UTH BiIHOIIEHHS BUMIPIOBAHUX BEJIMYIMH.

[le moxkHa 3pobuTu B Takuii croci6o. 3a Bu3HaYeHHAM, (a30Ba MIBHUIKICTH
v=uw/k, (1.71)

ne k - xBuiiboBe anciio (27 /). Bazkatoun anasioriano (poroHam, mo 9actora w 1e6poiiiBCbKIX
XBHJIb T€XK He 3MIHIOETHCsI [IPU MEPEXOJi MeXKi PO3JILIY cepeioBHIl (SKIIO Take MPUILYIeHHS
HeCIpaBe/[JInBO, TO JIOCBIJI HEMUHYYe BKazke Ha Iie), npejcrasumo (3.12) 3 ypaxysanusam (3.13)

Y BUTJISATI

n=—=—. (1.72)

[Morparuisitoun 3 BakyyMy B KpUCTaJI (MeTaJ), eJIEKTPOHU OMUHSIOTHCS Y MOTeHIiiHii svi. TyT
ix kimernaHa eneprig K 3pocrae Ha “rimbuny” noreniiituol ssmu (puc. 3.6).
3 dopmyin (3.8), ne K = eV, 6aunmo, mo A < 1/4/V. Tomy

Bupa3 (3.14) MOXKHA IepernucaT Tak: -
lK =eV \
no YV Vo i N (1.73) e(V+Vy)
VvV |4 ev,
Jie Vo - BHYTpIMNIHIN OTeHIia  Kpucrasa. BuaHo, 1mo aumM OiibIne '
V' (BimHocHo V), Tum Gumzkde mo 1o ojmHuii. Takum duHOM, Puc. 1.27
LA
0 5 10 15 20 W

Puc. 1.26
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n 1uposBjge cebe ocobsmBo npu maaux V', i dhopmynia bperra-

Bynsda nabysae Buristy

2dvn? — cos? a = mA. (1.74)

[Tepekonaemocs, mo dopmysna Bperra-Bynsda (3.16) 3 ypaxyBaHHsM 3a70MJIEHHSA XBH/Ib Jie-
Bpoiisis gificHo mosicHIoe mosiozkeHHst MakcuMyMiB inTencusrocti (V') Ha puc. 3.5. Saminusuim
B (3.16) n i A 3rizHo 3 bopmymamu (3.15) Ta (3.8) ix Bupasamu yepes IPUCKOPIOBATIBHY DI3HHITIO

norexIiaais V', To6To

n?=1+V/V, A=1226/VV, um, (1.75)
OTPpHUMaAEMO:
Vo 9 m 1.226
— pr— e ——— 1-
v + sin 24 v (1.76)

Tenep Bpaxyemo, 1110 posmoaiia [ (\/V ) Ha puc. 3.5 OTPUMAHO Jisl HIKeJIIo Jijist 3HaueHb Vo = 15
B, d=0.203 am i a = 80°. Tozi (3.18) micist HECKJIQIHUX TIEPETBOPEHD MOYKHA, TIEPEITUCATH TAK:
V9.1m? =V,
Vy =Y 0 (1.77)
sin «v
O6unesmMo 3a. 1iero GopMyIIoio 3HadYeHHs \/V | HAIPUKIIA, IS MAKCAMYMY TPETHOTO TOPSIIKY

(m = 3), 1ys sikoro po36izkHiCTD 13 hopmysoro Bperra-Byibsda (3.10) BusBmiacs HailblibIiom0:

9.1-32-15
N7 ARREEEL

So%F = 8.3BY3, (1.78)

30ir 3 [ifiCHIM TOJIOKEHHSIM MaKCHMyMy 3-TO HMOPAJIKY He IMOTpeOye KOMEHTapIB.
Omxe, mocaiau Jesiccona i xxepmepa cirif BUSHATH OJIHMCKYIUM ITATBEPIXKEHHSIM TIIOTE31

ne-Bpoiis.

Hocaigm Tomcona ta TaprakoBchbKoro. VY IuX JOC/TIIax IIyYOK €JI€KTPOHIB ITPOITYCKAB-
st gepes noslikpucraaiuny dosbry (3a meromom lebast mono audpakiiii peHTreHiBChKOro B-
npoMiHIOBaHHs ). fIK 1 y BUIIQJIKy PEHTIeHIBCHKOrO BUIIPOMIHIOBaHHS, Ha (DOTOILIACTHUHII, PO3-
TaIIoBaHiil 3a (OJIbroIo, crocrepiraigacs cucreMa audpakiiinnx Kizenb. [loaibHicTs 060X Kap-
TiH Bpakae. [limo3pa, mo cucreMa 1uxX KiJiellb MOPOJIZKYETHCA HE €JIEKTPOHAME, & BTOPUHHIM
PEHTTEeHIBCHKUM BHUIIPOMIHIOBAHHSM, 1[0 BUHUKAE BHACJIJIOK I iHHA €JIeKTPOHIB Ha (DOJIBIY,
JIETKO PO3CII0ETHCsI, SKITO Ha MIISIXY PO3CIsSHUX €JIEKTPOHIB CTBOPUTH MaruitTHe moJie (mijgHectn
nocriiiauii Maruit). BoHo He BiIMBae peHTreHIBChbKe BUIIPOMiHIOBaHHs. Taka mepeBipka MoKa-
3aJ1a, 10 iHTepdepeHIiiiiHa KapTuHa Bijipa3y K crioTBoproBaJacsd. [le o/iHO3HAYHO CBIIYUTh, 110
Ma€MO CIIpaBy caMe 3 eJIeKTPOHAMM.

. Tomcon s3aificau pocsiau 31 mBugakumu ejekrponamu (jgecarku keB), I1.C. Taprakos-

CbKUiT — i3 TOpiBHAHO HOBLIbHIME estleKTpoHaMu (10 1,7 keB).
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Hociainn 3 HeliTpoHamMu Ta MoJieKyJjamu. Jlnsg ycmimuoro crocrepekenns: Judpakiiil
XBUJIb Ha KPUCTaJIaX HEOOXiTHO, MO0 JOBXKUHA XBUJII IIUX XBUJIb OyJia MOPIBHAHHA 3 BiJICTAHAMU
MIXK By3JIaMHU KPUCTATiIHOI perriTku. Tomy s criocTeperkenHs audpakiiil BaxkKKUX YacTUHOK
HEOOXiTHO KOPHUCTYBATHCHA YACTUHKAMU 3 JIOCUTH MaJUMK MIBUIKOCTAMHU. BimmoBiaxi jgoctian
11010 Audpaxilil HeHTPOHIB 1 MOJIEKYJI IIPHU BiAoOparkKeHHi Bij KpucraJsis Oy/u 3pobJieHi i Takoxk
MOBHICTIO TITBEP/ININ TinoTe3y Jjie-bBpoilisg y 3acTocyBaHHl Ta 10 BayKKUX YaCTUHOK.

BaBigkn  1bOMY OyJI0 €eKCIIEpUMEHTAJIbHO JIOBEJIEHO, IO XBUJIIOIOYI BJIACTHBOCTI €
YHIBEPCAJILHOIO BJIACTUBICTIO BCIX YACTHMHOK. BOHU He OOYMOBJIEHI SKHUMUCH OCOOJTUBOCTSIMHU

BHYTPIIIHBOI Oy/IOBU Ti€l 4M iHINOI YACTUHKY, & BiJI0OparKalOTh IXHi 3arajibHUil 3aKOH PYXY.

Hocaign i3 omuHoYHUMU ejieKTpoHamu. Oruucandi BUINE JIOCTIIN BUKOHYBAJINUCS 3 BUKO-
PUCTaHHSIM IIy9YKiB YaCTUHOK. TOMYy BUHUKAE IPUPOJHE IMUTAHHS: XBUJIHOBI BJIACTUBOCTI, IO
CIIOCTEPITAlOTHCS, BUPAYKAIOTH BJIACTUBOCTI IyYKa YACTHHOK a00 OKPEMUX TaCTUHOK !

[MIo6 Bigmosicru ©Ha 1e 3anurtanag, B. @abpuxant, JI.

Bibepman ta H. Cymkin 3xaificauau y 1949 p. jociigm, B sSkux
3aCTOCOBYBAJIMCS TaKi CJIAOKI IyYKH €JIEKTPOHIB, 10 KOYXKEH eJie- a) . .
KTPOH ITPOXO/INB dYepe3 KPHUCTaJ HaIleBHE IIOOJIMHIN 1 KOXKeH
pO3CisHUIl eJIeKTPOH peecTpyBaBcs doTomnacTuHko. [Ipn mpo- . .

MYy BHUSBIJIOCS, IO OKPEMi €JIEKTPOHU TOINA/Ial B Pi3HI TOYKH * . .

dororracTuHKI abCOTIOTHO Oe3/1aHUM Ha HMEPIIHN HOrJIsII IH-

HoM (puc. 3.7, a). Tum gacom mpu JOCTATOTHO TPUBAJIOI €KCIIO-

3uIlil Ha (HOTOIIACTHHIN BUHUKAIA Mudpakiiiina kapTuHa (puc.

3.7,6), abCcoTIOTHO i/ieHTHYHA KapTuHi ndpakiiil Bi/l 3BUIaifHOro 5)
eJIEKTPOHHOIO Ty4Ka. Tax Oys10 JJ0BeJIeHO, 0 XBUILOBI BIaCTH- A ‘
BOCTI MalOTh 1 OKpeMi YaCTUHKU.

Takum 9rHOM, MU MaeMO CIIPaBy 3 MiKpOOO €KTaMu, siKi Ma- i

IOTh OJTHOYACHO K KOPIIYCKYJSIpHI, TaK 1 XBUJIbOBI BJIACTUBOCTI. e, o1

L[e J03BOJIA€ HaM Y II0/IaJIBIIIOMY I'OBOPUTHU IIPO €JIEKTPOHU, aJle e

BHCHOBKHU, JIO AKMX MU IIPUIIJIEMO, MAIOTh OLJIbII 3arajbHIi 3MIiCT

i 0JIHAKOBO 3aCTOCOBHI JI0 OY/Ib-IKMX YaCTUHOK. Puc. 1.28

§5.3. IlapaokcaabHa MOBeiHKA MIKPOYaCTUHOK

PosriisryTi B monepeanboMy naparpadi eKcriepuMeHTH BUMAaraloTh KOHCTATYBATH, IO ITePe
HaMM OJIUH 13 Hali3araJIKOBIIINX IapaJ0KCIB: 110 O3HAYa€ TBEP/KEHHS “‘eJIeKTPOH — I OJIHOYa-

CHO YaCTWHKA 1 XBuada !
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Crpobyemo po3ibpaTucs B IbOMY TUTAHHI 38 JIOTIOMOTOIO ySIB- a) 0)
HOT'O eKCIIePUMEHTY, aHaJjoridaoro jocBiny FOura 3 BuBUYeHHS 1
. . . . . . - ! | P
inrepdepennii citia (dporonis) By apox miimH. [Ticas mpoxo- €= i )
JKEHHS TTyYKa eJIEKTPOHIB Yepe3 JIBl MIIJIMHN Ha eKpaHi YTBOPIO- 5 |Q\23 Ig/
€ThCS CUCTEMa MAKCUMYMIB 1 MiHIMYMIB, CTAHOBHITE SKIX MOXKHA
Puc. 1.29

pospaxyBaTu 3a (GOPMYyIaMU XBUIHOBOI ONTHKY, SIKITO KOXKHOMY
eJIEKTPOHY 3iCTaBUTHU JIEOPONIIIBCHKY XBUIIIO.

Y gaBumii inTepdepeHmil BiJi JBOX IJIMH TalThbCsd caMa CyTh KBAHTOBOI TeOpil, ToMmy
IPUJIIIIMO IIBOMY IMUTAHHIO OCOOJIMBY yBary.

ko Mu Maemo cupaBy 3 (GOTOHAMH, TO TMAPAIOKC (YACTHHKA - XBUJIsI) MOYKHA YCYHY-
TH, MPUITYCTUBINH, 10 (DOTOH Uepe3 CBOIO Crelu(ivHICTh PO3MIEIIIOEThC Ha JIBl YacTuHu (Ha
MILIMHAX ), K T0TIM 1HTePhEPYIOTh.

A enexkrponn? AKe BOHM HIKOJIM HE PO3MIEIIIOIOTHCS — IIe BCTAHOBJIEHO J0CTOBIpHO. Eie-
KTPOH MOKe TPONTH depe3 MnHy 1 abo depes miiauny 2. OTrKe, pO3MOILI IX Ha eKpaHi Mae
Oy cymoro posnoiiis 11 2 (puc. 3.8, a) — BiH MOKa3aHWil MyHKTUPHOIO KPUBOIO.

Xoua JIOTiKa B IUX MiIPKyBaHHSAX Oe3ji0raHHa, TaKWil pO3IOIiI He 3iificHIoeThess. HaToMicTh
M CcrocTepira€mMo 30BciM iHmmit posnomin (puc. 3.8, 6).

Yu He € 1e KaTacTpod OO INUCTOI JIOTIKHY 1 37I0POBOTo Ity3ay ! AKe Bce BUTTISIAE TaK, STKOU
100 4+ 100 = 0 (y Touni P). Cupasji, Ko BigkpuTo abo miianay 1 abo mimHy 2, TO B TOUKY
P npuxoautk, ckaximo, 1mo 100 e/leKTpOHIB Ha CEKYHJLy, a SKIIO BIJIKPUTI OOWJIBI MIIJIMHU, TO
ZKOTHOTO!

Binbie Toro, gKImo crnovarKy BiAKPUTH HIUHY 1, a TOTIM ITOCTYIIOBO BiJIKPUBATH MILIMHY
2, 30impmIyoun 11 MIUPUHY, TO 3a 3J0POBUM TUIY3JIOM KILJILKICTH €JIeKTPOHIB, IO HPUXOJATDH Y
Touky P momuti, nosunna 3pocratu Bij 100 10 200. Hacnipasmi xk Bona 3mentyeTbest Big 100
JIO HYJIS.

Ao nogibHy MpoIe/ypy TMOBTOPUTH, PEECTPYIOUN YaCTKU, HAIPUKJIAJ, ¥ TOYI (JUB. puc.
3.8, 6), BUHMKa€ He MEHII MapaJOKCAIbHINA pe3ysabrar. Y Mipy BiIKpuBaHHg miauau 2 (mpu
BiKpuUTiii miiimai 1) gncio yacTuHOK y Touri 3pocrae He 710 200 B CeKYH/LY, sIK CJIiJT OUiKyBaTH,
a 1o 400!

AK BiIKpWBaHHS THIJIUHA 2 MOXKE BIUIMHYTH Ha €JIEKTPOHH, SKi, Ha9eOTO, MPOXOIATh de-
pe3 miiyimay 17 TobTo, KoyKeH e/IeKTPOH, MPOXOo/Id4un depe3 SKyCh IIJINHY, HIONTO “BigdyBae” i
CYCIIHIO MIIJTMHY, KOPUT'YIOUN CBOIO MOBeJiHKY. AGO, 1o/ iibHO J10 XBUJII, IPOXOIUTDH Bijpasy de-
pe3 obuei misiman (7). Ajpke inakmie inrepdepenniiina kapruaa He Moxke BUHUKHYTH. Cripoba
BCe K TaKW BU3HAYUTH, Uepe3 AKY IIIJINHY ITPOXOIUTH TOI UM iHINN eJIeKTPOH, IPU3BOIUTE /10
pyitHnyBaHHs inTepdepeHIiiiHol KapTUHH, aJjie Ie ByKe 30BCIM iHIIe MUTaHHS.

Aruit BucHoBoK? €aunnii criocid “mosicHeHHsT” MUX MMapa0KCAJILHIX PE3YJIbTATIB MOJISIrae y

CTBOPEHHI MaTeMaTUIHOTO (hOPMAaJIi3My, CyMICHOTO 3 OTPUMAHUMU PE3yIbTATAMU, IO 3aBXK N
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NIPaBUJILHO TIepeabadae SBUIIA, 0 crocTepiraioTbes. [Ipuaomy, 3po3ymisio, 1eit ¢phopmaliizm Mmae
OyTH BHYTDIIIHBO HECYEPEUTUBUM.

I rakuit popmastizam Oysio crBopeno. Bin cTaBuTh y BiINOBIIHICTD KOXKHIiI JACTHHIL JEAKY
KoMILIeKcHY Tici-pyHKiiio V(r, t). PopmabHO BOHA MAE BJIACTUBOCTI KJIACUIHUX XBUJIb, TOMY 11
YaCTO HA3WBAIOTh XBUJILOBOK (PYHKITEW. AJjie OiIbIN JOK/IAIHO PO 10 (DYHKINIO, 11 (hi3u it
CeHC 1 PIBHAHHA, sIKe Kepye 11 TOBE/IIHKOIO B ITPOCTOPI 1 9aci, HTUMEThCA B HACTYITHOMY PO3JILITI.

[ToBepTatounck J10 MOBEIIHKN €JIEKTPOHIB IIPU ITPOXO/I?KEHH] Yepe3 /Bl MIIJIMHU, MU TTOBUHHI
BU3HATHU: TOH (DaKT, MO B IMPUHIIUII HE MOXKHA BIJIOBICTH Ha 3allUTaHHs, Yepe3 dAKY NIy
IPOXOJIUTE €JIEKTPOH (He pyiiHyoun iHTepdepeHIiiiHoT KapTUH), HeCyMICHUIT 3 ySIBJICHHSIM PO
TpaeKTOpifo. TakmM YIMHOM, eJIeKTpOHaM, B3araJi KayKydu, He MOXKHa IIPUITICATH TPAECKTOPII.

Ojinak 3a MeBHUX YMOB, a caMe, KOJIu JeOpOIiBChKa JIOBXKUHA XBUJI MIKPDOYACTUHKU CTAE
JIy2Ke MaJIOIO0 1 MOKe BUSBUTHCS HADAraTo MEHINOI0, HAIIPUKJIAJ, BiJICTaHI MiXK IIIJIMHAMEA a00
ATOMHUX PO3MIPiB, MOHATTS TPAEKTOPil 3HOBY HalOyBae cency. Posriisinemo 1e muTanHs J0-
KJIaJIHime i copMyTI0eMO KOPEKTHIIIe YMOBH, 3a SKUX MOXKHA KOPHCTYBATHCS KJIACUIHOIO

TEOPIEIO.

Kpunrepiii kimacuaaoro onucy. Iloibno 10 Tiel posi, Ky Bifirpae MBUIKICTH CBiT/IAa TIPU
BUPIIIIEHH] TUTAaHHsS PO 3aCTOCOBHICTH HBIOTOHIBCHKOI (HEPEJSTHBICTCHKOI) MEXaHIKH, iCHYye
KPUTEPIil, AKWiT TOKA3ye, y AKUX BUIIAIKAX MOYKHA OOMEXKHUTUCH KJIACHIHUMHE ysiBiaeHHaMu. [leit
KpuTtepiit noB’s3anuii i3 nocriitaoro [Lianka h.

®isugna posmipHicTs h gopiBHIoe (eHeprist) X (uac) abo (immysbe) X (moBxKuHa) abo (MO-
MeHT iMITyJibey ). Besmmauny 3 Takoro po3mipHicTio HazuBaioTh Jieto. [locriitna [Tanka € kBanToM
T

Kpurepiit nonsarae y nacrynaomy. Zkmo B miif ¢iswdniili cucteMi 3HaUYE€HHS TEBHOI Xapa-
KTEpPHO! BeJmunHu H 3 po3MIipHICTIO il 3a MOPSIKOM BEeJIUYNHHU OJIM3bKe 0 /i, TO IOBeIiHKa
i€l cucreMu Mozke OyTH OIHMCaHa JIMIIe B paMKax KBaHTOBOI Teopil. fAkio 3uadenns H jiyxke
BeJIMKE IMOPIBHAHO 3 /i, TO OBEIHKY CUCTEMU 3 BUCOKOIO TOYHICTIO OMUCYIOTH 3aKOHU KJIACUIHOL
dizuku.

BaszHaunmo, oJIHAK, IO Ieil KpuTepiit Mae HaOMMKeHUT XapakTep. Bil mokasye jmuiire, Koam
¢yt BusBIATH 0bepexkHicTh. Masticts il H He 3aBXK/IU CBIIINTH PO MMOBHY HE3aCTOCOBHICTH
KJIACUYHOTO MJIXOy. ¥ OaraThbOX BHUIAJIKAX BOHA MOXKE JIATU JiesiKe SKICHE YSIBJIEHHS I0JI0
MOBEJIIHKYM CUCTEMU, SIKy MOXKHA YTOYHUTH 3a JIOIMOMOTOI0 KBAHTOBOTO IIIXOJTY.

Benmumunnu MakpocBiTy, 110 MalOTh PO3MIPHICTB J1il, Ha 6araTo MOpsiJIKiB IEPEBUIIYIOTH KBAHT

i1l h. Och KiJIbKa IIPUKJIa/IIB.

IIpuknan 1. Manenbkuit magTnuk. Hexait cepeansa eneprig itoro kosmmsanb F ~ 1

epr,arepios koamBanb 1’ &~ 1 ¢. Besmmunna 3 po3mipsicrio ail — e E-T'. Bignomenns

ET/h ~ 10%.
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IIpuknan 2. Tino, mo obepraeThed, 3 MoMenToM iHeprii I = 1 1 - cM? i KyToBOIO
mBuKicTio w = 1 pag/c. Bignomenns MoMenty iMiysbey o kBauty il [w/h ~
1026,

IIpuknan 3. Hepenukuii rapmowniiinmit ocimigrop. Hexait itoro maca m = 1 1,
MaKCUMaJIbHa MBUJIKICTH v = 1 cM/c Ta MakcuMasibHa aMiunityga a = 1 cm. Toxi
floro MakcuMaJIbHUIL iMITysibe mo = 1 1 -cMm/c. Benmanua a - mv mae po3mipHicTs il

i BigHomenns amuv/h ~ 10%.

OueBnHO, IO y BCiX TphOX BUIlaJKax Jid H > h, a me o3Hadae, 10 OIUC PyXy TaKHX
CUCTEM MOKHA BIIEBHEHO MPOBOJIUTH B paMKaX KJIACUYIHOI (DI3UKH.

3oBciM iHaKIIa crpasa, koan dig H crae mopiBasgraoO 3 h. TyT Mm BCcTymaemo B 00J1aCTh,
Jie JIOTH 30BCIM iHIII 3aKOHH — 3aKOHU KBAHTOBOI (Bi3UKM. 3 IIUMHU 3aKOHAMH HAM 1 HAJIEXKUTH

IIO3HAIOMUTHUCH.

§5.4. IIpuanun HeBU3HAYEHOCTI

Y Kiacu4Hiil GpizuIi BUYepHuii Onuc crany YacTUHKA BUSHAYAETHCA JTUHAMIYHIMU ITapaMe-
TpaM#, TAKIMHA AK KOOPJIUHATH, IMITYJILC, MOMEHT iIMITY/IbCy, eHeprid Ta iH. [Ipore peanbna mo-
BeJIIHKA MIKPOYACTUHOK MOKA3Y€, M0 iICHY€ IPUHITUIIOBA Me¥Ka TOYHOCTI, 3 IKOIO TOi0HI 3MiHH]

MOXKYTb OyTH 3a3HaYeHI Ta BUMIPSIHI.

CuiBBigHOIIIEHHsT HeBU3HAYEHOCTi. [ tubokwuit anasii3 npuyanH iCHyBaHHs I1i€T MeXKi, sIKy Ha-
3MBAIOTH NPUHIMIIOM HeBu3HadeHOCTi, mposis B. Teiizentepr (1927). Kinbkicui crisigHOmIEHHS,
[0 BUPAKaIOTh Iell TPUHIATI Y KOHKPETHUX BUIIA/IKaX, HA3WBAIOTH CIIIBBITHOIIIEHHSAM HEBU3HA-
YEHOCTI.

HaiiBaxkmuBimmmu € JiBa CHiBBIIHOIIIEHHS HEBU3HAYEHOCTEIH.

[Teprire 0OMezKy€e TOTHOCTI OHOTACHOTO BUMIPY KOOPJIMHAT 1 Bi/IMIOBITHUX ITPOEKIIiH IMITY/ILCY

wacTuHKA. |19 MpoeKIii, HanpuK/Iaa, Ha Bich X BOHA BUIJIAIAE TAK:
Az - Ap, > h. (1.79)

Jlpyre CHiBBiIHOIIIEHHS BCTAHOBJIIOE HEBU3HAYEHICTH 3MiHM eHepril, AF, 3a JaHuil MpoMizKOK
qacy At:
AFE - At > h. (1.80)

BayBakuMo, 110 y TOYHOMY CITiBBiHONIEHH] HeBu3HaYeHOCTel i Az i Ap, TOBUHHI pO3yMiTHCSH
CepeIHbOKBAJIPATUYHI BiIXUJIEHHSI BiJI CepejiHiX 3HAYeHb, a crpaBa He h i He K, a h/2. Mu He
Oy/IeMO KOPUCTYBATHCS TOYHUM CIIIBBITHOIIEHHSIM, TOMY IO Y BCIX NPUHIMIIOBUX MUTAHHIX

CYTT€BO 3HaTHU JIMIIC ITIOPAAOK BCJIMINHU Az - Apl, a He 11 TOYHE 3HAYCHHS.
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[TosicamMoO 3MicT 1UX JIBOX CITiBBiHOIIEHD. [lepie 3 HUX cTBep/Ky€E, MO AKIMO MTOJIOXKEHHS
YACTUHKHU, HAIIPUKJIAJ, 110 oci X, BijloMe 3 HeBU3HAUEHICTIO Ax, TO B TOW K€ MOMEHT ITPOEKIIIO
IMITyJIbCY JACTUHKN Ha IO BiCh MOXKHA BUMIPATH TLIHKMA 3 HEBU3HAUYEHICTIO HE MEHINOIO HiXK
Ap, ~ h/Az. 3ayBaxKumo, O 11i OOMEXKEeHHsI He CTOCYIOThCS OJJHOYACHOIO BUMIPY KOODMHATH
YACTUHKU 10 OJHIA OCl Ta IPOEKINT IMITY/IbCY — 110 1HIIIA: BeTMYUHA T 1 Py, Y Ta P, TOIIO MOXKYTh
MaTH OJTHOYACHO TOYHI 3HAYEHHS.

BimosiHo 10 apyroro cuiBeigHomenHst (3.21) jyig BuMiptoBanHs eHepril 3 moxuokown AE
norpiben uac, He Menmmii, Hixk At ~ h/AFE. Ilpukiagom mMoxke 6yt “po3MUTTs’ €HepreTH-
YHUX DPIBHIB BOJIHEBUX cHCTeM (KPiM OCHOBHOTO craHy). Ile moB’d3aHo 3 THM, 110 YaC KUTTS Y
BCix 30yrkenux cramax mux cucrem 10 8 ¢, PosMuTTd K piBHIB IPU3BOANTH /10 POSMIMPEHHS
CIIeKTpaJIbHUX JIiHi# (IpUpPO/IHe PO3IIUpEeHHs), siKe crpaBji crocrepiraerbes. Ckazane crocye-
Thed 1 OyJ/Ib-9KOI HecTabLIbHOT cucTeMu. KINO Yac 11 XKUTTA JI0 PO3MaJLy MOPSIKY T, TO Uepe3
KIHIIEBICTH IHOIO Yacy eHepris CHCTeMHU Mae HeBH3HAJYeHICTb, He MeHIny, HixK AE ~ h/T.

Hapani Oy/ie nmokazano, 1o B 0araThboxX BHUITAIKaX BMijie 3aCTOCYBAHHS CITiBBIJIHOIIIEHH HEBH-

3HAYEHOCTEll J103B0JIsIe BrajaTu (abo nepeadadaTn) OCHOBHI PUCH SIBHIIL.

ITpo coisBigHomenus Az - Ap, > h. O06roBopuMoO JOKJIATHIIIE 3MICT Ta MOKJIMBOCTI I[HOTO
cuiBBiiHOMmMeHHs. Hacammnepe 1 3BepHeMo yBary Ha Te, IO BOHO BHU3HAYA€ NPUHITUIIOBY MEXKY
HeBusHadenocreit Ax ta Ap,, 3 SKUMH CTaH YaCTUHKH MOXKHa XapaKTepHU3yBaTH KJIACHYHO,
TOOTO KOOPJIUHATOIO T Ta MPOEKINEI0 IMITYJIbCY P,. UMM TOUHINIE T, TUM 3 MEHIIOI TOYHICTIO
MOXKH& BCTAHOBUTHU P, 1 HaBIIaKN.

[TiikpeciMo, 110 cripaBXKHii cerc crissigHomenns (3.20) Bigobpazkae Toit dhaxT, Mo B IPU-
po/ii 00’€KTUBHO He iCHY€ CTaHIB YaCTUHKU 3 MMEBHUMHU 3HAYECHHSAMHU 000X 3MIHHUX, X 1 p,. Bo-
JTHOYAC MU BUMYIIIEH1, OCKIJTBKY BUMIpH ITPOBOJAATHCS 38 JIOTIOMOT0I0 MaAKPOCKOIIIYHUX TTPUIAJIIB,
MPUTTICYBATU YACTUHKAM He BJACTUBI IM Kytacuuni 3MiaHi. Hetoiku Takoro mijixo/ty i BUCIOB-
JIIOIOTH CITiBBITHOIIIEHHST HEBU3HAYEHOCTE.

[Ticist Toro, sk 3’dcyBajiach HEOOXITHICTH OMMCYBATH MTOBEJIIHKY YaCTUHOK XBUJILOBUMU (DYH-
KIIi$IMU, CITiBBIJTHOIIIEHHS HEBU3HAYEHOCTENl BUHUKAIOTH MPUPOIHUM UMHOM SK MaTeMaTHUIHU
HACJIJIOK Teopil.

Beazkatoun criBsijHoIeHHsT HeBu3HadeHocreil (3.20) yHiBepcaabHUM, OIIHIMO, SIK BOHO IO~
3HAYMJIOCS Ha PYyCl MaKpPOCKOMIYHOrO Tina. BisbMeMo jryke MaJIeHbKY KYJIbKYy Macu m = 1 MT.
BusnaunMo, HaIpUKJ/Ial, 3a J0HOMOIOI0 MiKPOCKOIA f0ro HoJI0zKeHH s 3 moxuoKoo Az ~ 107° cM
(BoHa 06yMOBJIEHA PO3/IBHOIO 37aTHICTIO MiKpockoma). To/1l HeBH3HAYEHICTD MIBUIKOCTI KYJlb-
ku Av = Ap/m =~ (h/Ax)/m ~ 107 cm/c. Taka BemuanHa HEJOCTYIHA KOJHOMY BUMIDY, a
TOMY i BIJICTYH BiJl KJIACUYHOTO OIHCY 30BCIM HeCyTTeBUil. [HIMMMu cjioBamMu, HaBITH /I TaKOL
MAaJIeHbKOI (aJie MaKpPOCKOIIYHOT) KYJIbKU TOHSTTS TPAEKTOPIl MOYKHA 3aCTOCYBATH 3 BUCOKUM
CTyIIEHEM TOYHOCTI.

[nakie moBoUTHCA eIeKTpOH B aroMi. ['pyba orinka mokasye, 10 HEBU3HAYEHICTH ITBU/I-
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KOCTI €JIEKTPOHA, 10 PyXaeThCsd ODOPOBCHKOIO OPOITOIO aTOMa BOJHIO, MOXKHA MOPIBHATH 3 CAMOIO
mBuaKicTIo: Av & v. Y Takiil cuTyalil ygBIeHHS PO PYX €JIEeKTPOHA 3& KJIACHIHOI0 OpPOITOIO
BTpadae BCAKMil cenc. | B3araJi, nmpu pyci MiKpOYaCTHHOK Y JIyKe MaJiuX 00JIaCTdAX IIPOCTOPY
MTOHATTS TPACKTOPIT BUSBJISIETHCS HECITPOMOYKHIM.

Pazom 3 TmMm, 3a meBHMX yMOB PyX HaBiTh MIKPOYACTUHOK MOXKE POBIJISIATUCH KJacH-
YHO, TOOTO K pyX TpaekTopieio. Tak BiIOyBaeTbCs, HAIPUKIIA, Il YaC PyXy 3apsiZKEeHUX
YaCTUHOK B €JeKTPOMATrHITHUX TOJIAX (B €JIEKTPOHHO-TIPOMEHEBUX TPYOKaX, MPUCKOPIOBAYAX
ta in.). LI pyxu MoOKHA PO3IVISIATH KJIACHYHO, OCKIIBKU Jjisi HUX OOMEXKEHHsI, 3yMOBJIEHi
CIIIBBIIHOIEHHSAIM HEBU3HAYEHOCTEll, 3HEBAK/IMBO MaJli TIOPIBHAHO 3 CAMUMU BeJIMIrHaMK (KO-

Op/INHATAMHU Ta IMITYJIECOM ).

Hocaix i3 miimmmuoro. CrissijHomenHs HeBusHauenocteil (3.20) BusiBise cebe 3a Oyb-sIKOI
CIPOOY TOYHOT'O BUMiPIOBAHHS MOJIO?KEHHST ab0 IMITY/IbCy MIKPOYACTUHKH. | IIIOpasy Mu Mpuxo/u-
MO JI0 “HEBTINIHOrO” Pe3Y/IbTATy: YTOUHEHHS TOJIOXKEHHS YACTUHKHU PU3BOIUTD J0 301TbIITEeHHS
HEBU3HAYEHOCTI IMITy/IbCy, 1 HaBnaku. fIk igocTpaliito Takol cuTyarlil po3rjisiHeMO HACTYITHU
NPUKJIAT.

CrpobyemMo BU3HAYUTH KOODJMHATY & BIIHHOI YaCTHHH 3 IMITyJIbCOM P, TMOCTABUBINKA Ha T1
nigxy miauay mmpuaoo b (puc. 3.9). Jlo mpoxojrKeHHsT 9acTKU Yepe3 MUINHY 11 MPOeKITis
iMIyIbCy p, Mae TouHe 3HadenHs: p, = 0. e o3naugae, mo Ap, = 0, aje KoopJuHATA T TaCTUHKH
€ abCOJIFOTHO HEBU3HAYEHOIO.

AKImo yacTuHKa Ipoiiae Kpi3hb MIIJIUHY, TO Y IJIONUHI MLITHI
Koop/inHaTa & Oyje 3apeecTpoBaHa 3 HeBH3HadeHicTIO Ar = b.
[Ipu oMy BHACIIOK Judpakiil 3 HaiOLIbIIO WMOBIPHICTIO

JaCTUHKA PyXaTHUMeThCd B MexKax Kyra 20, me 6 — Ky, 110

BijIoBiIae nepiomy Judpaxiiiinomy minimymy. Bin Buznadae-

ThCs YMOBOIO, 38 AKOI PI3HUIIS X0y XBHUJIb Bijl 000X KpaiB IIIJIMHHA

Puc. 1.30

JopiBHIOBaTHME A (11€ JIOBOJMTHCS B XBUJIBOBIN OIITHIL ):
bsinf = . (1.81)

Y pesyabraTi gudpakiiii BUHUKaE HeBU3HAYEHICTH 3HAUEHHSA P, - IMPOEKIIl iMITyJIbCy, HEBU3HA~
YEeHICTh SKOTO JIOPIBHIOE
Ap, ~ psinf. (1.82)

Bpaxosytoun, 1mo b ~ Ax ta p = 2wh/\, OTpEMaEMo 3 JIBOX MOIEPEIHIX BUPA3iB:
Az - Ap, ~ p\ = 27h, (1.83)

IO Y3TOJIZKYETHCs 1O HOPsi/IKY Beamauau 3 (3.20).
Takum 4guHOM, CIpoOA BU3HAYUTH KOODJMHATY I YACTUHKH, JIfiCHO, IpU3BEIa JI0 HOSIBH

HeBU3HaIeHOCTI Ap, v IMIy/Ibca TaCcTUHKH.
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Amnajiz 6ararpox cuTyarliif, MOB’siI3aHUX 3 BUMipaMU, IOKa3ye€, IO BUMIPH B KBaHTOBIi
00J1acTi TPUHIUIIOBO BiJIPI3HAOTHCA Biji KjaacmaHux BumipiB. Ha Bijaminy Big ocramnix, y
KBAHTOBIl (i3uIl icHye mpupojHa MeKa TOYHOCTI BUMipiB. Bona 3akjajieHa y cawmiii mpu-
poJii KBAaHTOBUX OO’€KTIB 1 He MOyKe OYTH IIOJ0JIaHa KOJIHUM YJIOCKOHAJEHHSAM IPUIAJIB Ta
merozis BuMmipi. CrissigHomends (3.20) 1 BCTAHOBIIOE OJHY 3 TAKUX MeXK. B3aeMOJIi0 MikK
MiKPOYACTUHKOIO Ta MaKPOCKOIIIYHUM BUMIiPIOBAJILHUM MPUJIAJIOM HE MOXKHA 3POOUTH SIK 3aBIO-
JTHO MaJ1ot0. BuMiproBanHs, HAITPUKJIA, KOOPJIMHATH YACTUHKNA HEMUHYYe TTPU3BOIUTH JIO IIPUH-
IIUIIOBO HENIePeOOPHOT'O Ta HEKOHTPOJIBOBAHOTO CIIOTBOPEHHS CTAaHy MIKPOYACTUHKU, & 3HAYUTH

1 /10 HEBU3HAYEHOCT] y 3HAUEHH] IMITYJIbCY.

Hesiki BucHoBku. Cuisinnomenus nepusnadenocreit (3.20) € oganm i3 dyHIaMeHTATIBHIX
MOJIOYKEHb KBaHTOBOI Teopil. OJIHOTO MBOrO CIIBBIIHOIIEHHS JIOCTATHBO, OO OTPUMATH PsI
BaKJIMBUX PE3YJIbTATIB, 30KpeMa:

1. HemoxkmuBmit cran, y SKoMy 4JacTka nepedyBaja 6 y cTaHi CIIOKOIO;

2. IIpu posrisai pyxy KBaHTOBOIO 00’eKTa HeOOXiTHO ¥ OaraTboxX BUITAIKAX BiIMOBUTHUCH Bil
€aMOT'0 MOHATTA KJIACUYHOI TPAECKTOPIL;

3. Hacro BTpadae ceHC MOJLI TMOBHOI eHepril £ 4acTHHKHU (K KBAHTOBOIO 06’€KTA) HA TO-
rerriitny U i kinernuny K. Hacupasi, nepiia, To6to U, 3a/Ie2KUTh BiJi KOOP/IMHAT, a JIpyra -

BiJI IMITYJIbCY, & T1i JIMTHAMIYHI 3MiHHI HE MOXKYTh MaTH TeBHE 3HAUEHHS OJTHOYACHO.

Po3mip aroma Bognio. Ileprn HiK pO3IVISHYTH BaxK/JIUBUM MPUKJIAI, IO CTOCYETHCA aTOMa,
BOJIHIO, 3yIIMHUMOCSI Ha TUTaHHI, gKe JacTO BUKJIMKae 1mojuB. Hexail gactunka “3aMKHEeHa’ B
OJTHOBUMIpHIii JiiistHI po3Mipom [. [Tpu 3Hax02KeHHI MOXKJIMBOTO 3HAYEHHS MiHIMAILHOT eHepril
E,jiy 9aCTUHKY MU 3a3BUYall BBAXKAEMO, 110 IMITYJIbC YACTUHKY TI0 ITOPSAJIKY BEJIMIMHE JTOPIBHIOE
ftoro HeBM3Ha"eHOCTI, TOOTO p ~ Ap. Ha sxiii mijgcrasi?

[ITo6 3po3ymiTH, YoMy Iie Tak, ygBIMO, IO YaCTHHKA B Iiil obacTi Mae eHepriio F > F,.
Toni 11 immysibe MoxKke OyTu tpejcrasienuii sk p = (p) + Ap. Ternep mouHeMo MOTYMKH 3MEHIITY-
Batyu eneprito F, a snaunts i immysse (p). [Ipu mpomy Ap He 3minioeTbest, ockinbku Ap ~ h/l
BimosiHO j10 crieeigHomenus (3.20). Kosn E crane piBHOWO Fyjy, BeJuanHa (p) MepeTBOPUTHCS
Ha HYJIb 1 3aaumuTbest TTbKE Ap. [lio Beamauny i 6epyTh 3a p.

Tenep nepeiiemo 10 aroma BojHo. OMiHUMO flOr0 pO3Mip Ta CIPOOYEMO 3PO3YMITH, TOMY
CJIEKTPOH HE MaJa€ Ha sJIpo (sK Ie MOXKHA MOFCHUTH 33 JIOMOMOTOIO CIIiBBIIHOIIEHHS HEBU3HA-
JeHOCTelh ).

Toune cranoBuIlE €JIEKTPOHA Y IIHOMY aTOMI 3200POHEHO TPUHITUIIOM HEBU3HAYEHOCTi: OyB O1
HECKIHYEeHHO BeJIMKUI PO3KWJ y WOro imiysibei. ToMy /11st OIiHKN HallMeHIIIOl MOYKJIMBOI eHepril
Eliy e1eKTpoHa B KYJIOHIBCHKOMY ITOJII s1/Ipa MOYKHa MOKJIACTU PO3KUJL BiJICTaHeil eJIeKTPOHa BiJl

siupa Ar &~ r ta Ap ~ p. Toxi 3riguao 3 (3.20) p ~ h/r, i enepris E moxe OyTu mnpejcraBieHa
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K 2 2 B 2
P e e

F=— - = _— 1.84

2m r 2mr? r ( )

Buauenus r, npu skoMy F = FE\;, MOXKHa 3HaiiTu, npupiBHsBIM 10XiaHy dE /dr no myis:

h? €2
—— 4+ —==0. 1.85
mr3 + r2 ( )
3Bijcu cijye 1o
r = h*/me?. (1.86)

OrpuManuii pe3ysibrar MOBHICTIO 30iraeThcs 3 6OPIBCHKUM pajiu- BycoM (2.23).

[Tigcrasusmm (3.23) y (3.22), Mu 3naiigemo eneprio Emimn:

e? me*

By = —— = ——— = —13.6¢B, 1.
o o7 3.6¢ (1.87)

1[0 TAKOXK 30ira€ThCs 3 €HEePri€lo OCHOBHOIO CTaHy aToMa BOJHIO (2.25).

3po3ymisio, 36ir HaImmMX rpyOUX OIMIHOK 3 TOYHUMU 3HAUEHHSIMU 7 Ta F CJIij] BBayKaTH BUIIAI-
KOBHM. BaK/IiBO JTuIire Te, Mo OTPUMAHO IPABUIHBHUI MTOPSIOK X BEJIUYIUH 1 M0, IPYHTYIOYHCH
Ha XBUJIBOBUX YSIBJIEHHSX, YU IIPUHITUII HEBU3HAYEHOCTI, MOYKHA 3PO3YMITH, YOMY €JIEKTPOH B
aroMi He majae Ha s/1po. Po3Mip aToma € pe3yIbTaToM KOMIIPOMICY JBOX JIOJAHKIB eHepril (3.22),
[0 MAIOTh IIPOTUJIEXKHI 3HAKU. SIKIIO 301/IbIIMTH HeraTUBHUIN J10/]aHOK (HOTEHIIiiHy eHeprio),
3MEHINUBIINN 7, 30L/ILIMUTHCA KIHETUYHA, €HePTis, 1 HaBITaKu.

Takum 9MHOM, CITIBBi/IHOIIEHHS] HEBU3HAYEHOCTE MPOsBIsAE cede B aToOMi MOJIOHO /10 CHIT

Bi,ILIHTOBxyB&HHH Ha MaJIiiuxX Bi,ILCTaHHX.

3agadi 10 TeMn 2

@opmyana Pezepgopda

Bagaua 2.1. Anbda-gactunka 3 KinetuvaHoio eneprieio 0.27 MeB poscisiiiack 305101010 hoJib-
roro Ha KyT 60°. 3HATH BiAIOBIIHE 3HAUEHHS IPUIIJIBLHOIO IIapaMeTpa.

Sagaua 2.2. Byspkuii mydok ajibda-dacTiHOK 3 KiHetnvaHoio eneprieio 7' = 600 keB naae
HOPMaJIbHO Ha 30J0Ty dosibry, mo micrurs n = 1.1 - 100 anep/2. Bnaiitu BigHocHY 4acTKy
aJIb(Ma-IaCTHHOK, 10 PO3CIIOI0ThCs i KyTamu 6 < 6y = 20°.

Cnexmpasvhi 3aKOHOMIPHOCTNI

Samaua 2.3. ki jiHil MICTUTH CHEKTD MOIIMHAHHS ATOMAapPHOIO BOJIHIO B JIAIIa30HI JOBKIH
xBuJib Bij 94.5 um 10 130.0 aMm?

Bamaua 2.4. O6uncauTH i AaTOMApPHOTO BOJHIO: (&) JIOBYKUHMU TIEPINUX TPHOX JIiHIHA cepil
Basbmepa; (b) miniMaibHy po3jiibHY 371aTHICTH A/JA\ CIEKTPAIBLHOIO IPUCTPOIO, TPU SIKiil
MOKJIMBO po3pizuuTu nepii 20 jiniit cepil Bajabmepa.

Modeav amoma Bopa
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Bamaua 2.5. Yacrunka 3 Macol0 m PYXae€TbCsd 10 KPYroBiii opbiTi B IEHTPAJILHO-
CUMEeTPUYIHOMY TIoTeHmianbHoMy ol U(r) = kr? /2. 3naiiTu 3a J10110MOror0 60poBCHKOr0 KBaH-
TYBaHHS MOYKJIUBI paJiiycu opOIT Ta piBHI €Hepril JaHol YaCTUHKH.

Bamaga 2.6. 3HaliTé eHeprioo 3B’s13Ky €JeKTPOHA B OCHOBHOMY CTaHI BOIOPOJIONOIIOHUX
10HIB, y CIIEKTpI KX JOBXKWHA XBUJII TPeThol JiHil cepil Baabmepa jopiBaioe 108.5 HM.

Bamaua 2.7. O6unciutn jyisg aroma BoJHIO: (a) pajiyc meprinol 60poBCHKOI opbiTH Ta
MIBUJIKICTD eJIEKTPOHA Ha Hiil; (b) KiHeTHYIHY eHepriio Ta eHeprito 3B’43Ky eJIEKTPOHA B OCHOBHO-
My craHi; (¢) moreHmias ioHi3aIil, nepruii moTeHriaa 30y/KeHHs 1 JOBKUHY XBIJI PE3OHAHCHOT
mHil (0 =2 —=n=1).

Bagaua 2.8. O6uucyuru jyist iona He™: (a) paiyc nepiioi 60poBCbKOT 0pOiTH Ta MBUJIKICTD
eslekTpoHa Ha Hiii; (b) KiHeTHUYHY eHeprilo Ta eHepriio 3B’3Ky €JIEKTPOHA B OCHOBHOMY CTaHi;
(c) morenmias ionizamii, meprunii moreniiag 30yIZKEHHsT 1 JIOBXKUHY XBUJI PE30HAHCHOI JIiHil
(n=2—=n=1).

X68UAb061 84GCMUBOCTNE YACTNUHOK

Samaga 2.9. O6uncyuTu J1eOpOitIiBCHKI JTOBKUHI XBUIbH €JIEKTPOHA, ITPOTOHA 1 aToMa ypa-
Ha, [0 MAIOTh OJHAKOBY KiHeTwdHy enepriio 100 eB.

Bamaua 2.10. Orpumaru Bupa3 i AeOpPONIIBCHKOI JOBKUHIA XBIJII A\ PEISITHBICTCHKOL
YACTUHKMY, [0 PYyXa€Thed 3 KiHeTH4HOIO eHeprieio 1. [Ipu akux 3navennax 7' moMmika y o04u-
CJIEHHI \ 3a HEepeJITUBICTCHLKOI (DOPMYJIO0 He TepeBuInye 1% it eJleKTpoHa i npoToHa?

Bamaua 2.11. Heiirpon 3 kineruuHoto eneprieto T = 25 eB nasitae Ha jgefiTpon (A1po jeii-
Tepist - BaXKKOIO BOJIHIO), IO MOKOIThCsI. SHANTH JIeOPOMIIBCHKI JOBKIUHN XBUJIb 000X YaCTHHOK
B CHCTEMI IX IIeHTPa 1HEepIIil.

Bamaga 2.12. 3uaiitu JeOpOIiBCbKY JIOBXKUHY XBUJI PEIATUBICTCHKUX €JIEKTPOHIB, IO
IiUTITAIOTH JI0 AHTUKATOJLY PEHTTEeHIBCHKOI TPYOKM, AKINO JOBYXKUHA XBUJII KOPOTKOXBUJILOBOI
IPAHUI PEHTTEHIBCHKOTO CIeKTPy Ao = 10.0 mm?

Samaua 2.13. Yactunka 3 Maco m 3HAXOJAUTHCA B OJHOBUMIDHINl MPAMOKYTHIN I10-
TeHIiliHili gMi 3 HecKindyeHo Bucokumu crinkavu. [upuna svu nopiBaioe [. 3HAWTH MOXKJIUBI
3HaYEHHS eHepril YaCTUHKM, MalovYu Ha yBa3i, 1110 peasi3yloThCs JUIe TaKl pesKUMU 11 pyXy, Ipu
AKUX B TPAHUISAX ITOTEHINHHOI SMI BMIILYETHCS JIUIIE I1iJIe YUCJIO JeOPOIiBChKIX HAIIBXBUIb.

Ipuruyun nesusraverocms

3amaga 2.14. Yactunka 3 Macol0 M PyXa€TbCd B OJHOBHUMIDHOMY MOTEHIHATLHOMY ITOJI
U = kz?/2 (rapmoniunuii ocumysarop). OUiHUTH 3a JOMOMOIOI0 BiJHONIEHHsS HEBU3HAYEHOCTI
MiHIMaJIbHO MOXKJIUBY €HEPril0 YACTUHKHU B TAKOMY TIOJI.

Bamaga 2.15. OrinuTy 3a JOMOMOIOI0 MPUHIINAIIA HEBU3HAYEHOCTI MiHIMAJIBHY KiHETUIHY
eHepriio ejIeKTPoHa, 10 JoKaIi30BaHuil B 00s1acTi 3 po3mipom [ = 0.20 HMm.

3amaga 2.16. [ly4ok esekTpoHniB, IpucKopeHux pisuuriieio norenmiams U; = 15, najae Ha

IIOBEPXHIO MeTaJia, BHYTPIIIHIA HOTeHIiaa SKoro gopisHioe B. 3HaiiTi: mMoKa3HUK 3aI0MJICHHS
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merasia Jyisi ejiektporis 3 U = 150 eB; sigmomennst U/U;, 3a sIKOrO TOKA3HUK 3aJ0MJICHHS

MeTaJia BIJIPI3HAEThCA Bij oguHuIl He 6libme Hixk #Ha 1 = 1.0%.



TeMma 3. EjgeMeHTHI KBAHTOBOI MEeXaHIKN

Jlekitia 6. Pisaauns IlIpeninrepa i kBanTyBaHHHA

§6.1. Ctan 4acTKN y KBAHTOBIiii Teopil.

Posriisn muramag mpo mareMaTwdaHUil (hopMasisM, aJIeKBaTHY MMapaJOKCAJIbHY MOBEIIHKY
MIKPOYaCTUHOK, MU MOYHEMO 3 3’dCyBaHHs MPHUHIMINB, HA IKUX OyIyeThcd (DyHIaMeHTaIbHA
dizmana teopisd. [IpocrexkumMo 3a 3MicTOM IUX TPUHINIIB Y KJIACHYHIM Ta KBaHTOBiil Teopil Ha
HaRIIPOCTIINIOMY IPUKJIAJl PYXYy HEPEJIATUBICTCHKOI YaCTKU Y CTAI[IOHAPHOMY CHUJIOBOMY IIOJII.

g boro MaroTh OyTH BU3HAYEHI:

1) BesMYMHM, IO 3a/af0Th CTAH YACTHHKI;

2) piBHSIHHS PyXYy, [0 BU3HAYAE 3MiHY CTaHy YaCTHHKH Y Yaci;

3) dbisuuni BesmIMHU, JOCTYIHI BUMIDY, 1 c11oci6 OTpUMaHHS X 3HAYEHDb Yy I[OMY CTaHi (1e
HeOOXIJIHO J1JIsT TIOPIBHSIHHSI BUCHOBKIB TeOpIil 3 €KCIIEPUMEHTOM ).

Bynemo mpumyckaTu, 1Mo yutadeni JOCUTDH J00pe BiJIOMO CTHO, 9K IIe¢ POOUTHCA B KJIACHYIHIH
Teopii. Tomy 3BepHEMOCS Ojpa3y 70 BUPIMICHHS IUX IMUTAaHb Y KBAHTOBIN Teopil.

s MIKpOYACTUHOK Yepe3 CIIIBBIIHONIEHHS HEBU3HAYEHOCTEN K/IaCUYHe BU3HAYEHHS CTaHy
JacTKU (KOODJMHATH Ta IMITYJIhC), B3araji KaxKydu, Brpadae ceHc. Lle crocyerbes 1 moHsaTTst
CUJIN, dKa 3a BU3HAYEHHAM € (DYHKINEI0 KJIACUIHOrO CTaHy. BiIIOBIIHO /10 KOPITYCKYJIAPHO-
XBUJILOBOTO JIyasIi3My B KBAHTOBIil Teopil cTaH YacTHHKY 3a1aeThes nen-gyukiieo W(r,t), saxa
€ KOMILJIEKCHOIO BeJIMYMHOIO 1 (hOpMAaIbHO Ma€ XBUJIHLOBI BJIACTUBOCTI.

Poszyminns dizudanoro cency rci-pyHKINUN MPUHAIILIO IO TOMY, SIK 3’sCyBaJIOCH, 1110 XBUJIBOBI
BJIACTHBOCTI XapaKTepHi Jijig OKpeMux 4dacTuHOK. lleii pakT MOKHA BUTIIyMAYUTH 3a 1JEE€I0
Bopra (1926) tak. Pyx Gy/ap-gKOI MIKDOYACTHHKE OKPEMO IJIKOPSETHCS IMOBIDHICHUM 3aKO-
HaM. Po3moisn fiMOBIpHOCTI, MO XapaKTepu3ye el pyX, TPOABIAETHCA B Pe3Y/IbTaTl PeeCTparril
JIOCUTH BEJIMKOI KIJTBKOCTI YacTUHOK. lleil po3mojiil BUABISAETHCA TaKUM CAMUM, K PO3OJILIT
IHTEHCUBHOCTI XBWJIi: TaM, J€ IHTEHCUBHICTH XBWJI Oi/IbINa, PEECTPYEThC 1 OLIbINa KiJIBKICTH
JaCTHUHOK.

YV KBaHTOBIII Teopil MOCTAaHOBKA IMHUTAHHS IIOJIATA€ B HETOYHOMY IepejabadeHHi 1o/iiii, a y
BU3HAYEHHI WMOBIpHOCTEH 1UX MMOfifl. 3a 3HAYEHHAME HMOBIPHOCTEN 3riJHO 3 MEBHUMH IIpa-

BUJIAME (JIMB. HIZKYE) MOYKHA 3HANTH Cepe/iHi BUIAJKOBI 3HadYeHHs (DI3UYHUX BEJTMUIHH, $Ki

o1
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nocrymnai ekcriepumenty. len-dyukiig V(r,t) i € Ti€lo BeIMINHO0, siKa JO3BOJISIE 3HAXOAUTH
BCl IMOBIpHOCTI.

Harmpukira i, iMOBIpHICTh 3HAXO/IXKEHHSI JacTKU B 00’eMi dV/, 110 IIiKaBUTH HAC, B MOMEHT
BU3HAYAETHCS K

dP = |V|2dV = WU*dV, (1.88)

ste U* - KOMILIEKCHO-CITOJTyIeHa (PyHKITisI. 3Bi/ICH I'yCTHHA HMOBIpHOCTI, TOOTO HMOBIPHICTH 3HA-

XOJIZKEHHsT YACTKU B OJIMHUII 00’ €My,
P=|V= 0y (1.89)

s BestmunHa € €KCIEPUMEHTAJIBLHO CIIOCTEPEXKEHOI0, TOJII AK caMa ICi-pyHKINA, OyIyIn KOM-
IJIEKCHOIO, He JIOCTYIIHA cIriocTepexkenHo. Haragaemo, mo B KjaacudHiil (i3uili BeJMIuHHU, 10
XapaKTepu3yI0Th CTaH YaCTUHKH, € IIPUHITUIIOBO criocTepexkyBanumu. [Ici-dynkiis, B3arasi ka-
JKYUM, BUSHAYAETHCS 3 TOYHICTIO JI0 TOCTifiHOTO 1ocTiitHoro MuoxkHuka. [le He BrimBae Ha cran
JacTKU, Kl BoHa orucye. [Ipore 1ci-dyHKIio BUOUpaloTh Tak, 100 BOHA 33/ I0BOJIbHIA YMOBI

HOPMYBaHH:
/|\11|2dv - /w*dv _ 1 (1.90)

Jie iHTerpaJj 0epeThes MO0 BChOMY IPOCTOPY abo Mo Tiit JUIAHIN, B gaKiit W BiaMiHHA Bij HYyJI.
YmoBa HOpMyBauHs (4.3) o3Hauae, Mo y Belit ginsad, jge W # 0, 9acTHHKA 3HAXOIUTHCS 3
socrosipicTio. [lci-dyHKiio, sika 3a/10B0JibHsIE YMOBI (4.3), HA3UBAIOTH HOPMOBAHOIO.
BasoBlibHITH YMOBI (4.3) MOKe Oy TH HEMOXKJIMBO, HAIIPUKJIA, KO W-(hDyHKIIis € MI0CKO0
XBUJIEIO Jie- Bpoiiis, Ko WMOBIPHICTE BUSBJIEHHS YACTUHKU OJTHAKOBA Y BCIX TOYKAX IPOCTOPY.
Taki BunaIKm i1 po3rIgIaTh sK i/ieasTizallio peaJbHOl CUTYyallil, /e YaCTUHKA 3HAXOIUThCA Y

BeJINKIl, ajie 0OMezKeHilt 00J1acTi IPOCTOPY, 1 TOI TPY/IHOII YCyBAIOTHCS.

ITpunnun cynepmnoswuii. Otike, 6e3nocepeniit dizuanuit 3mict mae cama W-dbyHkiiis, a
kBajipar i Mojysist |U|? un WU*. I tum He MeHIe y KBaHTOBiit Teopii onepyiors 3 U-byHKIIi€Io,
a He 3 BEJIMYMHOIO, 10 eKClIepUMeHTaIbHO crocTepiraetbest |W|2. Ile meobximHo jiytst TiiyMade-
HHS XBUJIOBUX BJIACTHBOCTEHl MIKpPOYaCTHHOK — iHTepdepentii Ta audpakiii. Curyaris TyT
abCOJIIOTHO 1JIEHTUYHA Tiff, SKy MU MaeMO Y XBUJIbOBIiil Teopil. ¥ XBUIBOBOI T€OPil MPUAMAETHCS
HMPUHIAI CYTIEPIIO3UI] caMUX XBUJIBOBUX TIOJIiB, a He X inTeHcuBHOCTEi. Came Tak BBOIATHCS
B Teopiio sBuUIa iHTepdepeH il Ta Judpakxiiii.

[TomibHrM YuHOM Yy KBAHTOBIH TeOpil CIPUITMAETHC SIK OJIUH 3 OCHOBHHX ITOCTYJIATIB IIPUH-
nun cyreprosumil W-dyukmiit. Aximo gesdka cucrema mae MOXKauBi ctann Wy i Wy, TO 1151 Hel
iCHye TaKoXK CTaH

v = 01\1’1 + CQ\IlQ, (191)

Je €1 1 ¢g - JIedKi mocTiitai KoedimierTn. SHAKIIOBIIM TaKuM IrHOM W, MOXKHA JajI BUSHAYUTH

i rycruny iimoBipHocTi WW* repedyBaHHS CHCTEMU y IIbOMY CTaHi.
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[TigrBep/pKrenHsM npuHIUITY cyrieprosuiiii (4.4) € 3roja 3 eKcrnepuMeHTOM HAC/IIJIKIB, 110 3

HbBOI'O BHUIIJIMBAIOTDH.

§6.2. PiBusauusa IlIpeainrepa.

[Tomyk piBHSIHHS, IO yIpaB/Isi€ 3MiHAME CTaHy cucteMu, To0To 11 V- yHKIII, yemnHo 0y/10
zasepineno E. HIpeginrepom (1926). Lle ocHOBHE piBHSHHS HEPEIATHBICTCHKOI KBAHTOBOI TEOPIT
- piBugnnag Hpeminrepa. [le piBuguus Oysio caMe 3HaICHO, i1 BOHO € HOBUM (DyHJIaMEHTA Ib-
HUM 3aKOHOM, AKHil HEMOYKJIMBO BUBECTH 3 KOJIUIIHIX ysIBJIeHB 1 Teopiit. CripaBeyIMBICTh IIHOTO
PIBHAHHS JO0Ka3aHa TUM, IO BCl HACJIAKU, IO BUILINBAIOTH 3 HHOT'O, ITATBEP/ZKEHI eKCIIepu-
MEHTOM.

CdopwmymoBasimu e piBasinast, [IIpemiarep Bigpasy K 3acToCyBaB HOro JI0 aToMa BOJHIO
i oTpuMaB I PiBHIB eHepril CHeKTp, SIKWil TOYHO CIIBIAJIA€ 31 cIeKTpoM 3 Teopieo Bopa i,
BIJIITOBITHO, 3 Pe3y/IbTaTaMU CIIOCTEPEKEHbD.

Piuannga Illpeainrepa rpae y KBaHTOBOI TeOpil Taky K pOJib, 9K OCHOBHE DIBHAHHS JTH-
Hamikn (2-it 3akon Helorona) y HepessiTUBICTCHKIN MexaHini.

Pipusinusa pesinrepa mae Takuit Burisi: (4.5)

ov h?
h— = —— V20U + UV 1.92
‘ ot ZmV + ’ ( )

ne i — yasaa oguauns (/—1), m — maca gactunku, V2 — oneparop Jlammaca, U — moTentiitaa
eHeprisi (Mu 0OMEKUMOCST PO3IJIAIOM TIOTEHIIHIX CUJIOBUX MOJIB, Jijid akux (yHKIiisa U(r) e
3aJIe2KUTh BiJ| Jacy).

3BepHiMO yBary Ha HacTynHy ocobuBicTh piBasiHHs (4.5). Y Toil ke dac, 3rijHO
intepuperariii V-yHKIIT, 9acTHHKA, 9K KayKyTh, ‘po3Ma3aHa’ y IIPOCTOPI, MOTEHIiiTHA eHepris

U posrasiaerbes B (4.5) gK QyHKI JTOKaIi30BaHOT TOYKOBOI YaCTUHKY B CUJIOBOMY ITOJI.

Cramnionapsi craau. OcobuBYy poJib KBAHTOBOI T€OPil IPafoTh CTaIllOHAPHI CTAHW — CTaHM,
y AKUX BCl (Di3UYHI BEJTMYINHU, IO CIIOCTEPIraloThCsd, He 3MIHIOIOThCA 3 minHoM 4acy. Cama W-
dyHKIIis, IK y2Ke TOBOPUIOCS, IIPUHITUIIOBO HE CIIOCTEPIraeThCsd. ¥ CTAIIOHAPHUX CTAHAX BOHA

Ma€ BUTLJISA,

U(r,t) =¢(r)e ™ w=FE/h, (1.93)

Jie dyHKIig 1(r) He 3a7eKUTh BiJl 9acy, a BUpa3 Jyis YaCTOTHU W HAIMCAHO 3rigHO (3.2).

[Tpu rakomy Buriisiji W-pyHKIil miibHICTh HMOBIpHOCTI P 3a/IUIIA€THCs TTOCTIHHOIO:
P =00 = () - (), (1.94)

TOOTO JIi#ICHO, MIIJILHICTH HMOBIpHOCTI P BiJl 4acy He 3aJIeKUTh.
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st smaxozkennst (byHKIII ¢(r) y cTarnioHapHuX CTaHax IijcTaBuMo Bupas (4.6) y piBHIHHS

(4.5), i Mu oTprMaeMo
h2
—%v% + Ut = Ev. (1.95)

[le piBusinag HazuBaioTh piBHsHHAM [llpesninrepa mna cramionapuux craniB. Ha BiaMminy Bif
HbOro (4.5) Ha3WBaKTHL YacoBuM abo 3araabHuM pisHsiHHIM [IIpesinrepa.
B nojasbioMmy Mu MaTUMEMO CIpaBy 3 Jiuiie nopiBHsaHHsIM (4.8) 1 Gygemo 3amucysaru fioro

(dK 1€ 3a3BUYAN MPUHHATO) y BUIVIAI
2m
V) + S (B = U)p =0. (1.96)

[Ile pa3 marajgaemo, mo mnoreHIiiina exepris — dyukiig U(r) — TyT BUSHAYAETHCS KJIACHIHO,

HiOM HIIKUMU XBUJILOBUMU BJIACTUBOCTAMU YACTHUHKA HE BOJ'IOJIiG.

KBantyBannsi. Ha Bijminy Bij mouaTkoBoi Teopii bopy, Jie KBaHTYBaHHS BBOIU/IOCH IITYYHO,
B Teopil [lIpeniarepa BoHO BUHUKae aBTOMATHIHO. JlocTaTHBO JtHiie BpaxyBaTH, MO (hi3suaHmit
3MICT MAIOTh JinIie Ti pirmeHHs piBasiHHs (4.9), 9Ki 33/I0BOJILHSAIOTH TPUPOIHUM abo CTaHap-
THUM ymMoBaM. LI yMoBH nosisiratoTh y ToMy, 1o Y-byHKIsA (1) Mae 6yTH KiHIIEBOIO, OJIHO3HA-
YHOIO, OE3MEPEPBHOIO Ta IIAJKOI (TO6TO 6€3 3/1aMiB) ¥ BChOMY IPOCTOPI, HABITH y THX TOYKAX
(minisx, moBepxHsX), Je norenniiina enepris U(r) 3a3nae pospusy. 1li ymMOBH He CTAHOBJISTH
qoroch ocobsmBoro. Ile 3Buuaiini BUMOru, 1Mo HAKJIAJAIOTHCA Ha PO3B’d3aHHs JTUdeEpeHIiitHoro
PiBHAHHS.

Pimenns, mo 3a/10BOJILHAIOTH UM YMOBaM, K BUSBJISE€THCS, ICHYIOTH JIAIIE MPU JICAKIX
sHavYeHHAX cHepril F. X HA3UBAIOTH BIACHIME 3HAYCHHAMI, dbyukmit ¥ (r), gki € pirmeHHsIMI
piBHsiHHA (4.9) npU NUX 3HAYEHHSIX €Hepril, - BJACHUMU (DYHKISIMHU, 10 HAJEKATH BJIACHUM
3Ha"YeHHAM [F. Y 1mboMy mosigrae TpUPOIHUIT 1 3arajJbHUil TPUHIIAIT KBAHTYBaHHS.

Bnacni 3nadenns enepril E 1 mpuiiMaloTbCs 3a MOXKJIUBI 3HaYEHHsI €HEPTril Y BIAMOBIIHIX
crarfionapanx cranax. 1{i sHauennst eneprii £ MOXKyThb OyTH JMCKPETHUMH (KBAHTOBAHUMIE) ab0
Oe3mepepBHUMM, YTBOPIOIOYN JUCKPETHUN ab0o Oe3nepepBHUIT €eHepreTUIHUA CIEKTD.

Barajiom BHNAJIKY 3aJeKHOCTI TOTeHIiiHol eneprii U(r) Bij KOOpMHAT, PillleHHs] PIBHSHHS
MIpeniarepa sBiisie coO0I0 Ay»Ke T'POMI3IAKe 3aBIaHHs. AJie SKIO MU BCE YK TaKW 3HANIILIN
ne pimenHs (r), TO B NPHHIMII MH MOXKEMO 3HAWTH He TLIBKH DPO3MOJILT HMOBIPHOCTI
MICIE3HAXO/PKEHHsI YaCTKU, ajle TaKOXK HMOBIPDHOCTI BJIACHUX 3HAYEHb PI3HUX (DI3UIHUX Be-
JIMauH (HAIPHUKJIAJ, €Hepril, iMIryjbey, MoMeHTy iMiysbey). Tpeba Tinbku 3uaT crocib, sx
OTpUMATH 3HAYEHHS IUX BeJInduH 3 (ByHKIT ¢ (r). AJie Ipo 11e HaJIaJIi.

BayBakuMo, 10 TIPU OLIBIIT CTPOrOMY PO3TJIS/Ii CTAIIOHAPHIX CTAHIB 3’SICOBYETHCSI, IO BOHU
He 30BciM crartionapsi. Pazom 3 Tum pimenns piBusuasg [Hlpeaiarepa npu3BogsaTh 10 HASBHOCTI

CTPOTO CTAIIOHAPHUX CTAHIB, Y TPOTUPIYYl 3 BiJIOMUMU €KCIIEPUMEHTATHLHUMU (PAKTAMI.
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Tyt BugBIseTbcd odeBuHa O0OMeKeHICTh piBHAHL [Ilpeminrepa: BoHU He ONHUCYIOTDH
pamiamiitaux nepexoais. [Ipote, nependauysani piBugausaMm [Ipeginrepa crarionaphi cranu 3
XOPOIIIOI0 TOYHICTIO BiINIOBIIAIOTH MaiizKe cTalioHapHuM cTtaHaM. [[po 1e cBigauTh JI0CBijIL.

Tenep nepeiijieMo 10 po3TIsLy KiJIBKOX HAWIIPOCTIMIMX BUNAJIKIB, Ha AKUX IIPOLIIOCTPYEMO,
IO KBAHTYBaHHS — II€ CIIPaBJIi MPUPOTHNI HACTIIOK HaBEJEHNX BUIIE YMOB, 0 HAKJIATAIOTHCS
Ha pimennas piBusanag [peminrepa. [Ipu 1ibomy »KOMHUX JT0JIATKOBUX IPUITYIIIEHb POOUTUH He

OTPIOHO.

§6.3. HacTuaka y NpIMOKYTHI sMi.

PosriisineMo TOBE/IHKY YacTKU B OJHOBUMIDHiil HpsMOKYTHIH moreHmiitaiit simi U(x), 1o
Mae JiBi pi3Hi KoHirypariii — jBa Bunajiku. [lepenbadaeTbes, Mo 9acTKa MOXKE PYXaTUCS JIATITE
B3JI0B2K oci X.

Bunazok 1. Ile naiinpocrimuii BUaiok: mpuHa sSsMu JOPIBHIOE [, CTIHKY $IMH HECKiHIEHHO
Bucoki (puc. 4.1, a). [Torenriiina ereprisg B bOMY BUIIAJIKy MAa€ TakKi 3HAYEHHs: BOHA JOPIBHIOE
myso B inTepsadi (0,[) 1 mepeTBoproeThest Ha HeckinuenHicTh pu © = 01 2 = [.

Buxomuvo 3 piBuanang [lpexinrepa (4.9). g  oxHO-

BUMIpHOTO BUIaJIKY B Mexkax simu (je U = 0) me piBasinns cipo- U-—w©  U—w n

IYEThCA: 4 E,
82
a—f + k=0, (1.97) 3 E,
x ; 5
JIe BBEJIEHO MMO3HAYEHHSI . £
0 I X
k* = 2mE/R°. (1.98) a) 0)
BarajibHe pintenns pisasiaas (4.10) mae Burss Puc. 1.31
Y(x) = asin (kz + ), (1.99)

a Ta, ¢ - JOBLIbHI IMOCTIIHI.

Tenep waiirosoBHime: Mu MOBUHHI BuMaratu Bij GyHKIGI ¥(x), 106 BOHA 3aJI0BOJIbHSIIA
npupojgHuM (cTaHgapTHUM) yMoBaM. Bujwo, mo ¢ (x) y surs (4.12) ogHo3HauHa Ta KiHIEBA.
Bona noBunna 0yTu 111e it 6€31epepBHOIO, a 1103a MO0 YaCTUHKA, He MOYKe 3HAXO/IUTUCH, 3HAYUTH
tam (z) = 0, i ;g 6esnepepsrocTi ¥(x)-byHKIT HEOOXiAHO, 1106 ipn = 0 1 = [ dyHKIA

(4.12) nopiBHIOBaIA HYJTIO. 3 YMOBH
¥(0) = asina) = 0,

BUILIHBAE, 110 @ = (. 3 yMOBHU K

Y(l) =asinkl =0
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n=1 n=2 n=3 n=4
2
Lo AN ANA ALAA
0 L6 i 0 T 0 Y

\/l

Puc. 1.32
y CBOIO 4epry BUILIUBAE, 110

kl = £mn, (1.100)
nmen=1,23,... (n=0 Bianamgae, romy 1o npu npomy 1) = 0 — JaCTHHKY B3araJji HEMAE).

kl = £mn, (1.101)

[MigcraBusmm k 3 (4.13) g0 (4.11), orpumaemo

252
The

E’n = 5 _10 )
2ml? "

n=123,.... (1.102)

Enepris BusiBiiacst KBAHTOBAHOIO, a i1 crieKTp — juckpernuit (puc. 4.1, 6).
Orxe, Bracui 3uavenns E suaiimum — 1e (4.14). Temep 3maiizemo Bignosigni iM BiacHi

dyukuii. st mporo migcrasumo 3uadenns k 3 (4.13) B (4.12), ge o = 0, moxi
Y(x) = asinnmz/l.

s BusHauennst KoedilieHTa @ CKOPUCTAEMOCS YMOBOIO HOp- BauHs (4.3). Y HammoMmy BU-

aKy BOHO HaOy/le BUIJIALY
!
. o NTL
a2/ sin? ——dx = 1.
0 l

Ha kinngx inrepsasny (0,0) miginrerpaibHa (QyHKI[S JOPIBHIOE HYJIO, TOMY 3HAYCHHS
iHTerpajsia MOXKHA TIPEJICTABUTH sIK JIOOYTOK CEpEeJIHbOrO 3HAYEHHsI KBaJlpaTa CHHyca (a BOHO
JopiBmioe 1/2) na mmpumy smu [:

a*(1/2)l =1,

3BiIKN @ = +/2/1.

Takum unHOM, BjIacHi PYHKINUI B JAHOMY BHUIIQJIKY MalOTh BHUIJILA

Un(z) = \/2/lsin(nmz/l), n=1,2,3,.... (1.103)

['padikn KimbKOX BacHUX (DYHKINH MMOKa3aHi Ha puc. 4.2 TyHKTUPHUMH JHHIIMUA, a PO3-
MIO/TLJT TILTBHOCT] IMOBIpHOCTI CyniJibHUMHU. 3 TUX rpadikiB BUJIHO, O B HUXKYOMY €HEPreTH-
qroMy craHi (n = 1) 3 HalbLIBIIOK AMOBIPHICTIO YACTUHKY MOXKHA BUSIBUTH B CEPEJMHI SIMU,
a MMOBIpHICTb 3HAXO/KEHH 11 oOJIM3y KpaiB gMU JiyKe MaJja. Taka MoBeiHKa YacTKH Pi3KO

BiJIPIBHAETHCS BiJl ITOBEIIHKHA KJIACUIHOI YaCTUKKU.
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3i 361abIneHHsAM eHeprii (ToOTo 31 3pOCTaHHAM KBAHTOBOIO YHCJIA 1) MAKCUMYME PO3IOILILY
12 () po3TAIOBYIOTHCS BCe GJIMKYE OJIUH JI0 OJIHOTO. [IpH JTysKe BeJIMKUX 3HAYCHHSIX 1. KADTUHA
po3moisty () OKpeMi MKN IPAKTUIHO 3JIMBAIOTHCS 1 PO3MOJILT HMOBIPHOCTI CTa€ piBHOMIpHUM
— YaCTUHKA MOYMHAE BECTH cede 30BCIM “KIaCHIHO .

YBaxkKHUI YuTad, OYEBUHO, TIOMITHUB, 1110 3Haiieni HaMu BiacHi dyHkIil (4.15) 3a10B0IbHS-
I0Th He BCIM MPUPOJHUM YMOBaM: Ha MeyKax aMu U-(DYHKIT He TJIaKi, BOHU 3a3HAIOTH 3JIAMY.
[Is1 obcraBuHa € HACIIIKOM TOTO, IO Ha I'paHuli amu U — oo, 90ro y peajbHOMY CBiTi He Oy-
Ba€. 3a Oy/Ib-IKOTO KIiHIIEBOINO PO3PUBY IMOTEHINHOT eHepril ¢-(DyHKINS BCe OJITHO 3a/IMINTAETHCS
raajiKoro (TIpo Iie JIOKJIa iHile HuXKYe).

3ayBaykKnMO TaKOXK, IO HA BIMIHY BiJl KJIACUKKM MiHIMaJIbHe 3HAYeHHs eHepril F JacTKu B
simi 3riHo (4.14) He mopiBHIOE HyJ10. [le MOBHICTIO Y3r0KY€EThCs 3 IPUHITUIIOM HEBU3HAYEHOCTI.
Ajoke y JacTHHKE B siMi OOMexkKeHa 00JIaCTh MOXKJIMBUX 3HAYEHDb 11 KOOP/IMHATH, TOMY Ma€
iCHyBaTH pO3IOILIT IO IMITYJIbCax, a OTKe, BIIMIHHA BiJT HYJId 1 eHeprid.

Bumnagok 2. Yacrtunka pyxaeTbesi B OJHOBUMIpHOMY mHoTermiitromy mosi U(z), mokaszaHo-
My Ha puc. 4.3. Bxke neil BUNIaJIOK NOB’si3aHUil 13 JIOCUTH I'POMI3JIKMMU MAaTEMaTUIHUMH IIe-
perBOopeHHAMHU. fKINO 1MoBHA eHeprid yacTtku F < Uy, TO KaxKyTh, MO YacTKa 3HAXOJIUTHCI B
MOTEHIIIHIHT sMi, abo y 3B’d3aHOMY cTaHi. Byab JacTKa KIacHIHOIO, BOHA He 3Morjia 6 3a 1€l
YMOBU BUUTH 3a MeXKi MU, OCKIJIbKI TaM 11 KineTudHa eHepris Oysia O HEraTUBHOIO, 10 HEMO-
»kJyimBo. BigbuBatounck Bij cTiH siMu, YacTHHKA pyxasacs 6 Tiabku B 11 Mexkax i moryia OyTu 3
PIBHOIO MMOBIPHICTIO BUSBJIEHA B OYy/Ib-AKOMY MICITI SIMU.

[croTHO iHAKINE MOBOAATHCA YACTUHKH, IO IJIKOPSAIOTHCS

U-© kBaHTOBUM 3akoHaM. I[I[o6 3’scyBaTm, dK came, CKOPHUCTaE-
A Moch piBasiHHAM [Ipeninrepa (4.9) B ofHOBUMIpHOMY BUTJISII.
E>U, Ockinbku dyukmis U(z), gk BugHO 3 puc. 4.3, € CTyHiHYIACTOIO,

TO 3PYYHO Po36uTH 00JacTh 3MiHM x Ha jBi JlisakE, (1) 1 (2),

U;) - — 3 TTOCTifiHUMU 3HaUeHHAMU [, OTpUMaTH PIMIEeHHA JJIA KOYKHOL
E<U, JIJISHKY, a TOTIM “3muT’ 11i pilenns tak, mod Y-dyHkiiis oyra
(1) (2) 0e31epepBHOIO 1 18 IKO0.
= Babesneunmo pimeHHs Ha giigam 1 iggekcoM 1, a Ha JiIsgHIN
0 ! X 2 — ingekcom 2. Temep zamnumemo piBusiaasg Ilpemainrepa st
Puc. 1.33 [IUX JIBOX JILJITHOK:
Y+ k% =0, k*=2mE/R, (1.104)
b+ KNPy =0, k2 =2m(Uy— E)/h>. (1.105)

BaraJibHi PillleHHs UX PiBHAHb MAOTh BUTJISIT

Yy (x) = asin (kx + a), (1.106)
Po(x) = be™ " 4 ce". (1.107)
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Bonn moBuHHI 3a/10BOJIBHATH TPUPO/IHI YMOBHU. 3 YMOBH Oe3mepepBHOCTI Y-(yHKIII, BpaxoBy-
foun, 1o npu z < 0 ¢ = 0, maemo ¥1(0) = 0, 3Bimku o = 0. 3 BuMorn KinrmiBocTi ¥-dyHKILil
BUILIUBAE, 10 KoedirieHT ¢ = 0, OCKIJIbKM eKCIIOHEHTa 3 MO3UTUBHUM ITOKA3HUKOM BiJIITOBi1a€
Oe31epepBHOMY 3POCTAaHHIO IMOBIPHOCT] BUSIBJIEHHS YacTKU B 00/1aCTi 2 31 301/IbIIIEHHAM IJINOU-
HU NpoHUKHeHHd x. | HapermrTi, BuMora 6e3mepepBHOCTI Ta TUIaIKOCTi Y-pyHKILT y Toumi © = [

O3Hadae, 10
¢1(Z) = @/)2([)7 ﬁ’i(l) = ¢§(l)-

3BijcH MU IIPUXOUMO JI0 TPAHCIEHICHTHOIO PIBHIHHS
tgkl = —k/k, (1.108)

dKe 3PYUHIIIe MMPeJICTaBUTH Yepe3 CUHYyC 3a (hOpMYJIOI0

sina = 1/4/1 + ctg? a.

B pesysnbraTi orpumaemo

sin kl = +Ckl, (1.109)
e C' = h/\/2ml2U.

Bo6pasusiim rpadiku JiBol Ta IpaBol YacTHH HON0 PiBHAHHS

y (inkl  CHY (puc. 4.4), 3HaiiMO TOYKH MIEepeTHHY npsamol i3 curycoinoto. [Tpu

7| IIbOMY KOPiHH ITHOTO PIBHAHHS, IO Bi/IIIOBI/Ta€ BJIACHUM 3HAYEH-

] 3T
0 | \ kl HAM E, Bi,ZLHOBi,ILaTI/IMe THUM TOYKaM HepeTI/IHy7 JJIAd AKNX tg k)l < 0

arigno (4.18). e o3natae, mo kopinng piBugnus (4.19) mae nepe-

OyBaTu B MapHUX YBEPTAX KoJia (I JiagHKN oci abcryce BujiiaeHi
Puc. 1.34 Ha MaJIIOHKY YKUPHUMU BiJIpi3KaMu).
I3 puc. 4.4 Bugno, mo Kopiuust piBHgaHHS (4.19), TOOTO
[IOB’si3aHi CTaHM, ICHYIOTh y Takiil smi He 3aBKau. [I[yHKTHpOM IOKa3aHO T'DAHUTHE I10JI0ZKe-
uus psamol Ckl.
Hamnpukiias, nepimii piBenb, 3'sBiserbes 3a ymosu kl = /2, ko Ckl = 1, 3Bigku E = U.
Hpyruit piBens - npu kl = (3/2)7 1 1.1
Taxkum ymnom, y miit ami npu E < Uy cruekTp BJIacHUX
m w s 3HAYCHb eHepril F BUSBIAEThCS JucKpeTHuM. [luMm 3HaUEeHHAM

a T~ Bi/IIIOBIJIAIOTH TIOB’d3aHi CTaHU YACTUHKH 1 11l Y-DYHKIII, 110 Xa-

NS N y, X PaKTepU3yIOTb Il CTaHH, OJHA 3 AKUX IIOKa3aHa Ha puc. 4.5.
Coain 3a3Ha9uTH, MO TaKa IMOTEHIHHA siMa, 9K CBIIINTH PO3-
Puc. 1.35 paxyHOK i rpadik Ha puc. 4.4, MoyKe He MICTUTH 1 YKOJTHOTO PiBHS
(e Gyzie 3a ymosu [2UZ < w2h? /8m). YV 1poMy BUNAJIKY PyX HYac-

TKHU He JIOKAJII30BaHUil y KiHIEeBii obJracTi - 11 pyX, 9K TO KaxXKyTb, iH(IHITHUI.
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He morkna He 3BepHYTH yBary Ha TOI JMBOBUKHUIA (3 mOrJIsty KiacudHOl Teopil) daxr,
0 YaCTUHKA, Oy/y4IH y 3B’93aHOMY CTaHi, MOYKe ONMUHUTHCS 1 B obsacti 2 (nus. puc. 4.3), 1e
i1 moBHa enepria F < Uy. llogcHioeTbes 1ie TuMm, 1o piBHicTh E = K + U y KBaHTOBIl Teopil
BTpadae ceHc: Kinerudna K ta norentiiina U eneprii yepe3 MpUHITUIT HEBU3HAYEHOCTI HE MOYXKYTh
OJIHOYACHO MpHUiiMaTh TOYHO 3aJiaHi 3HadeHHs. Hacrnpasai U 3aj1ekuTh Bij KoopjuHat, a K -
BiJl IMITyJIbCy YacTUHKU. TOMy He CJIiJ| IUBYBATHUCH 3 TOTO, IO B JETKUX MICISIX ITOBHA €HEPrid
E<U.

Bijsaaunmo TakoxK, 1m0 31 3pocTaHHSAM, HAIPUKJIaJ, TIHOUHU gMmu, ToOTO Uy, KLIBKICTH
piBHIB enepril £ i noB’g3anux cTaHiB Oyje 301IbITyBaTUCA, & HMOBIPHICTH BUSIBJICHHS YaCTKU B
obsacti 2 Oyye naenasti menrne, i npu Uy — 00 BOHA 3MEHITUTHCA JI0 HYJId, -MYHKINS B TOYIT
x = | mabyBae 31aMy (BTpadae IJIaJIKiCTh), 3 YMM MU 1 3iTKHYyJ/IHC y BUnaKy 1 i crocrepiraemo
B naHiil gmi B Touti z = 0.

JlopedHO TYyT TOPKHYTHCS NMUTAHHSA TJIAJIKOCTI 1-(DYHKIIT y MicIli KiHIIEBOTO pO3PUBY (DyH-
kiil U(x). Toopsiau 1ipo “po3pus”, Mu MOBUHHI pO3yMiTH Tieif TepMiH He B MaTeMATHYHOMY, a
y disuunomy cenci: dyukiia U(z) 3MIHIOEThCS BiJ OJTHOTO 3HAYEHHS JI0 IHIIOTO B JIy’Ke MaJiiit
obJacti mpocropy, Biguysaroun 1o cyrti crpubok. Came Tomy rpadik U(z) y Takomy micii 30-
OpaXKyoTh IMPAKTUIHO BEPTUKAJIBHUM BiJIPI3KOM.

[IpoinTerpyemo piBasguns [peinrepa 3a Maimm iHTEepBaJIOM KOOPJIMHATH L, YCEPEJINHI TKO-
ro € crpubok U(z), nanpukias, y Touri x = 0. Y pe3yibrari OTpIMAaEMO

oy 9 om

— — == —(F = U)dz,

ox Oz s h?
Jie KoopjimHatTy - 6epeMo y Majiomy inrepsasi (—d, +4). 3axatoun Ha Kinnesicts crpudka U (0),
inrepBas ipu § — 0 TexK mparHe HyJ/is. 3BiJICH i BUILIUBAE, 110 JIIBOPYY 1 MPAaBOPYY BiJi TOUKH

x = 0 noxigai JvY/dx 6yayTh OJHAKOBI, 0TKe )-(DYHKIIisT BUSIBIAETHCS DJIAJIKOLO.

§6.4. KBaHTOBMIiT TapMOHITHUIT OCITUJISATOP.

Bajaua 1po piBHI eHepril OJHOBUMIPHOTO TapMOHIWHOTO OCIUJISITOPa € OJHUM i3 HaiiBa-
JKJIMBIIINAX 3aBJaHb ITPO BJIACHI 3HAYEHHS.

Y KBAHTOBINl TeOpil MOHATTS CUJIM BTPAYa€ CEHC, TOMY KBAHTOBUN TAPMOHIMHUN OCIMIATOP
CJILJT BUBHAYHUTH $IK [OBEJIIHKY YaCTHHKU Mach M 3 MOTeHIiiiHo0 eHeprieo U(x) Takomo XK, K y
KJIACUIHOTO OCITUJIATOPA, a CaMe

U = kx?/2, (1.110)

Jie K - nocriitna. ['padikom dyukiii (4.20) € mapabosia (puc. 4.6). 3rijiHo 3 KJIACHIHOI Me-
XaHIKOIO OCI[UJISITOD 3JIICHIOE rapMOHIYHI KOJIMBaHHs 3 IUKJIYHOI 4acToron w = k/m. B
KBaHTOBOW TeOPIl 110 PIBHICTH CJIij] PO3IJISIATH POCTO SIK BBEJIEHHS JIESTKOI HOBOI MOCTIHHOT (i

He OlibINe), mpoTe, AK Oy/e BUIHO HaJaJ, 1e POOUTHCS HECHpPOCTa. 3apa3 yKe, BUPA3UBIIH Y
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dbopmyui (4.20) k yepes w Ta m, OTPUMAEMO

(1.111)

Tenep 3Bepremocs 10 piBusinng [peinrepa (4.9), sike B HAIIOMY OJHOBUMIPHOMY BHIIQJIKY
MaTUMe BUTJIsT , ,
a—¢+2—m(E—%:c2)w:o. (1.112)
Ox? h 2
3Haxo/KeHHsI PIillleHHs [IOI0 PiBHAHHS, TOOTO 1)-(DYHKIII, € TPOMI3JIKIM MaTEeMATHIHUM 3aB-
nmauaaM. st Hac rosioBHe He B boMy. Busiisgernest, piBasuns (4.22) Mae KiHIIEBi, O/THO3HATHI,

GesriepepBHi Ta TIaJKI pireHns (BiacHl (yHKIIT) IpU BJIACHUX 3HAYEHHAX | 10 JOPIBHIOIOTH
1
El,z(y+§)hw, v=1,2.... (1.113)

Cxemy BianoBimHux eHeprerwdHux piBaiB (4.23) HaBeneHo wa puc. 4.7. Bumawo, mo i pisai
€ eKBIJIMCTAHTHUMHU, TOOTO BiJICTOATHL OJIMH BiJI OJHOTO Ha OJHAKOBY Bejmduny. MinimasbHa
eneprig Ey = hw/2, 11 Ha3UBAIOTH HYJIBOBOIO EHEPTIEIO.

Te, mo wiHiMaJIbHA eHEpris KBaHTOBOI'O OCHHUJISATOPa HE

JOPIBHIOE HyJTIO (YacTKa He MOXKe ‘“Jieykarn’’ B HUKHIi TouIi mapa-

GOTMIHOT IOTEHIIHOT sIMH ), OB’ SI3aHO 3 TIPUHITUIIOM HeBU3HAYe-

v

| | 5

\\ /I 4 HOCTI, 9K 1 y BHIQJKY IIPAMOKYTHOI AMU. $IKOM eHepriga JacTHH-
3

KU JIOPIBHIOBAJIN HYJIIO, TO YaCTUHKA O TOKOLIACK, 1 1T IMITy/IhC

\ / 9 i KoopaMHATH MaJii O OJIHOYACHO II€BHI 3HAYEHHs, IO CYyIle-

\ / peunTh NPUHIUIY HeBu3HadYeHOCTi. HadBHicTh HYJIBOBOI eHepril

1 HIATBEP/ZKYETHCA €KCIIEPUMEHTAJILHO.
0 Binpm jreranbHUit  po3paxyHOK, IO BUXOIUTH 3& PaMKH

0 X piBugnns Illpexinrepa, mokasye, 1Mo Jjisd KBAHTOBOT'O OCITHJIS-

TOpa MOXKJIUBI TIEPEXOJ/IH JIUIIE MiXK CYCi/IHIMU “‘cTarfioHapHuMHA’

Puc. 1.36 . .
PIBHAMHU, 38 AKX KBAHTOBE YHUCJIO V 3MIHIOETHCA Ha OJIMHUIIIO:

Av = +1. (1.114)

[ro yMOBY Ha3MBAIOTH MPABUJIOM BiIOOPY /I KBAHTOBOI'O TaPMOHIIHOTO OCIUJISTOPA.

/\\voz 2 vy v
0 v=1 v=

2 v=9

v:

Puc. 1.37
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[Ipu KoKHOMY 3 IUX TIEPEXO/IiB BUIIPOMIHIOETHCH ab0 TOTJIH-

UA
HaeThed (POTOH 3 eHeprieo Aw, je w — mukiidna dacrora. Ca- r
Me TYT BBeJeHa paHillle IocTiiiHa w HabyBae (pi3UIHOrO 3MICTY. 0 i — r
[oBopuTH X, 10 B CTAIIOHAPHUX CTaHAX KBAHTOBUIl OCITUJISITOP :;
3a3Ha€ KOJIMBAHDb 13 9aCTOTOIO w, 1€ B IPHUHIUIN HENPaBUJILHO. \__
Cupasa 30BciMm inakima. [losgcaumo 1e 3a jgomomororo puc. 4.8 e =
HaBe IeHi rpadiku po3Ioity MibHOCTI iiMoBipHOCTI %2 (T) Po3- N
tanryBanHsg dacTku 1pu v = 0, 1,2 1 npu OLIBIINX 3HAYEHHAX V. Puc. 1.38

ZKupunmu Bizpiskamu Ha oci X mokasani iHTepBaJiv, HA KiHIIAX

aknx I = U. Knacndna yacTUHKA NMPU KOJMBAHHAX 3& MeXKi IHTEpPBAJIy 3aXOJIUTU HE MOXKE.
KsanTosa 2k qacTrHKa OBOJIUTHCA 30BCIM He Tak. BoHa, 9K BUJIHO 3 MAJIOHKA, MOYKe OyTH BUIB-
JIEHa 1 1103a MexKaMU 1uX iHTepBaJIiB, jJe ' < U. I Hi npo gKi KoJIMBaHHA KBAHTOBOTO OCIIIIATOPA
B CTAI[IOHAPHUX CTaHaX MOBU He MoyKe OyTu. Mu MOyKeMO TOBOPUTH JIUIIE PO PO3MO/IL I'YCTHHA
HMOBIpHOCT] po3TaliyBaHHd YACTKH. 31 3DOCTAHHAM KBAHTOBOI'O YUC/IAa KBAHTOBHIL OCITUJISTOD
BCe OLJIbINE CTa€ KJIACUIHUM, Y IKOT'O MIIJIHbHICTH HMOBIPHOCTI ITABHO 3MIHIOETHCA Bl MiHIMyMY
npu x = 0 710 HecKiHUeHHOCTI B TOYKax moBopoTy (e £ = U), T06T0 abCOTIOTHO MPOTHIIEIKHO

TOMY, 10 MU Ma€MO JIJisi KBAHTOBOTO OCITUJISTOPA, HAIPUKJIA, Moxke 3 v = 0 (nuB. puc. 4.8).

KonuBanHs MmoJsiekys. B aromuiit ¢isuiii 10 ociuisiTopa 3BOAUTHCS 3aBIAHHS PO KOJINBA-
HHsI MOJIEKYJT Ta OaraTo iHIMIX BaK/JIMBUX 3a/1a1. 3aCTOCYEMO OTPUMAaHI BUCHOBKH JI0 KOJINBAHb,
HAIPUKJIA], TBOATOMHUX MOJIEKYI.

Ha puc. 4.9 300pazkena mnotenmiajabua enepris U B3aemMosil

aroMiB y jBoaToMuiii Mojiekysi (tumy NaCl) B 3a/1€2KHOCTI Bij

BijicTani r Mixk sgpamu atomi. 3 Buiy kpusoi U(r) Burum-

Bag, M0 aTOMHU B MOJIEKYJII MOXKYTb 3/11{ICHIOBATH KOJIMBAHHS HSI +

IIIOJI0 PIBHOBaXKHOI BIJICTaHl 79 MiXK sjIpaMu, 1 Y MOJIEKYJIH, OT- +

’Ke, TIOBUHHI iICHYBAT! JUCKPETHI KOJIMBaJIbHI piBHI eHeprii. Bo-

HU OIUCYIOThCs Ti€ camoro dopmyson (4.23), me mig w Tpe- +

O = DN WC

6a posy™miTn wy = +/K/p, Jie p — HaBeJleHA Maca MOJIEKYJIH,

n = mlmg/(ml + m2>. 3 f
Huxna wactuna notentiiinol kpusol Ha puc. 4.9 36iraerbes

3 napabo/ioro (BoHa 300parkeHa IYHKTHPOM), TOMY IIPH Ma- 0) 0
JINX KOJMBAHHAX MOJIEKY/IH TIOBOJATHCS sK iJleasibHi, Tap-
MOHIHI OCIIUJIATOPH, 1 1X HUKHI KOJMBAJIbHI PiBHI MOBUHHI OyTH Puc. 1.39
€KBIIUCTAHTHUMHU, K ITOKaszaHo Ha puc. 4.10.

HagpricTbh MUCKpPETHUX KOJMBAJILHUX PIBHIB MPU3BOJAUTH JO MOABU B MOJIEKY/ISIPHUX CIIe-
KTpax JIiHiil, OB d3aHUX 3 MEPEXOJaMu MiXK IIMMU PIBHAMU BIJIOBIJIHO JI0 IIpaBUJa BiIOOPY

(4.24), i ToMy Bechb KOJIMBAJIbHWI CIIEKTD I[OBHHEH CKJIQJATHCA 3 OJHiEl JiiHil (auB. puc.
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4.10). Brim, npu 1poMy CIOCTEpIraeThbcs He CYTO KOJMBAJIbHUIL, a Tak 3BaHWUN KOJIMBAJILHO-
obepTaJIbHUIl CIIEKTP.

AnrapmonivnicTs  (BiaxwmiaeHHsi Bij rapMmoniiiHocTi), 1m0 HacTae€ 3i 30LIbIIEHHIM
IHTEHCUBHOCTI KOJIMBaHb, IPU3BOJIUTH JIO TOIO, IO 3i 30LJIbIIEHHSIM KBAHTOBOIO YHCJ/IA,
V eHepreTwdHi piBHI 3rymryioThes, i B ¢opmyry (4.23) HeoOXifHO BBOJAUTH IONPABKY HA

QHTapMOHIYHICTb.

Jlekirig 7. OcHoBH KBaHTOBOI Teopil

§7.1. Oneparopu (Pi3MIHUX BEJIMINH

Y morepeHbOMYy PO3iJ1i OyJIO IOKa3aHO, IO CTaH KBAHTOBOI YaCTUHKHM BU3HAYAETHCS HE
KOOP/IMHATAMH Ta IMITYJIbCOM, & 3aBJIAHHAM 1-(QYHKIINI, BUJI IKOI 3aJIE2KUTh BiJl KOHKPETHOTO
norenIiitHoro moJsisgd. Kpim Toro, sk 3’sgcyBaJjiocs, 1-pyHKIIS, M0 caMa 10 codi OIUCY€E PO
3a KOOp/IMHATAMU, BU3HAYAE TAKOYK PO3IOJIJ 3a& IMITYJIbLCAMH Ta IHIIAMA JUHAMIYHUMU Xapa-
KTEPUCTUKAMU YaCTUHKH, TAKUMU K KiHETUYHA €Heprisg, MOMEHT IMITyJIbCy Ta iH.

Takum amHOM, Y-DYHKIlS MOBHICTIO BU3HA4YAE He Juine ‘cTtaH’ YacTUHKH, a i yci 11 jau-
HaMI9HI XapakTepucTuku. Tpeda TIILKHM 3HATH PELENTH, 3a JOIOMOI0I0 IKIMX MOYKHA, “BUTATTH

indopmariito, 1Mo Hac MKaBUTh, 3 Y-yHKII. [lo BUpiienns nboro 3aBIaHHs MU i IPUCTYIIAEMO.

Cepeani 3Havennd isuunux BeanduH. [loHgaTTa cepeHbOro 3navenns pizHuX (Hi3uIHIX
BEJINUUH € JIy?Ke BayKJIMBUM Y KBaHTOBiil Teopil. PosrisHemo 1e nuTanHs Ha KOHKPETHOMY
MPUKJIJ — BU3HAYUMO CEPeTHE 3HAUEHHS KOOPIUHATH X YaCTUHKHU, SKITO Bijoma 11 ¢-yHKIIis,
SIKY MHJ 3JIJTs1 TPOCTOTH BBazKaTUMeMO (DYHKIIIEIO JIUIIE OJIHIE] TTPOCTOPOBOI KOOPINHATH .

Mu Bxke 3uaemo, mo |(x)|* abo ¥ (z)Y*(x) € miabHicTIO HMOBIPHOCTI 3HANTH YACTHHKY
063y KoopjuHaTu x. Tojai IMOBIPHICTE MiCIIE3HAXO/PKEHHSI YaCTKU B iHTepBasi (z,x + dx) €

dP = Y7)*dx, i cepeJiHe 3HAYUEHHS T BU3HAYAETHCS STK

(x) = /mﬁw*dx, (1.115)

Jie iHTerpyBaHHsI IIPOBOJUTHCS 3a 00JIACTIO, IO HAC IIKaBUTh. [Ipu mpoMy meperdadaeTbes, o

-byukuis B (5.1) € HOpMOBaHOMO, TOOTO 3a/I0BOJIbHSIE YMOBI

—+00
Yy*de = 1. (1.116)
I BSaI‘a,ﬂi, cepeiHe 3SHa9YCHHA 6y,[[b-HKOI (1)yHKLL11 KoOopJauHaT f($) BU3HAYa€THCA (1)OpMy.HOIO, aHa-

noriunomno (5.1), To6To

(f(z)) = /f(w)w*da:. (1.117)
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SHAYHO CKJIAJHININM € 3aBJIaHHS PO 3HAXOJZKEHHS CePeJIHBOr0 3HAYEHHS MPOEKIH] IMITyJIbCy
Pz YACTUHKH, CTAH SKOI 33JIA€ThCsI TIEBHOIO TIcu-DYHKIIE0 (). dyxKe rpomMiskuii po3paxyHOK

(110 BUXOJUTH 3a PAMKU Ii€] KHUTH) IPU3BOUTD JIO HACTYITHOTO PE3YJIbTaTy:

(pz) Z/w*(—ihg—f)dx. (1.118)

Tlst onmaxosocri repermmeno supasu (5.1) — (5.3) y Taxift opyi:
(z) = / N (1.119)
(f(2)) Z/w*f(w)¢dx- (1.120)
(p2) = /w*<—ihg—)da:. (1.121)

Bammc cepe/iHiX 3HAYEHD TUX BEJIMYUH caMe Y Takiit (hopMi JOMmoMoXKe HaM y HACTYITHOMY ITa-
parpadi 3poduTH BazKJIMBHIl KPOK Yy PO3BUTKY &JIEKBATHOI'O MaTEMATUIHOTO (POPMaJIi3My, IO

BUpaXKa€e crienudivni BJIaCTUBOCTI MiIKPOYaCTUHOK.

Oneparopu. OrepaTopoM HA3UBAIOTH CHMBOJIIYHE [TO3HAYCHHS MaTEMAaTUIHOI Olepartil, sKy
HeOOXiTHO 3/TificHUTH 3 TIiKaBOIO Jiisd Hac dyHKIle. [[pukiagom oneparopa MOXKyTh OYyTH MHO-
YKeHHd Ha r abo Ha aKy-HeOyb dbynkiito f(r), mudepennitosanus 1o z, Tobro 0/, 0%/0x?,
tomo. OuepaTopu MPUHATO MO3HAYATH JITepaMi 3 “KAIIeIOIMIKOM ', HAITPUK,/Ia,T Q, a 1oro JIiro

Ha JiesiKy (YHKIN0 f(x) 3amucyorh sk Qf (x).

Jesiki Bi1acTuBOCTi omeparopiB. OrtepaTopu MOXKHA CKJIJIATH: A+ B. Jlis Takoro cymap-
HOT'O oreparopa Ha Oyb-sKy dyskiio f(x) 66 nae pesyabrar Af (x) + Bf (x).

[Ti 1 106y TKOM o1iepaTopin AB PO3YMIIOTH OIlepaTop, PE3Y/IbTAT Jiil AKOTO Oy/ib-aKY (DYHKITIIO
f(x) nopisuioe A(Bf(z)). To6ro dbynukuis f(x) croyarky migiaerses jii oneparopa B, a norim
oTpUMaHmil pe3yJbTar - il oneparopa A.

Coin maM’sitaTu, 10 He 3aBXK/I1 AB = BA. 4lKio Taka piBHICTH JIOTPUMYETHCS, TO KaXKyTh,
110 ollepaTopu AiB KOMYTYIOTb OJIUH 3 OJHUM (KOMyTy04i oneparopu). B iHmomy Bumajky
OIlepaToOpy HA3MBAIOTHCA HEKOMYTyiounMu. [Ipmkiam HeKOMyTyloumx orepaTopiB — Iie T Ta

0/0x. Hiiicno,
0 of 0 0 of
<m8x)f x(‘?x’ ((%cm)f or 1 x@m' (1.122)

222,
oxr " Oz

JlomaBaHHs Ta MHOYKEHHSI OIepaTOPIB 3/IICHIOETHCA 3a 3BUYAHUMA aIreOpaldaHuMu ITPaBUIaMU

3Bijcu
(1.123)

CKJIQJIaHHS Ta MHOYKEHHS 4uces. BiaIMiHHICTH JuIne y IbOMY, IO IPU MHOYKEHHI OIepaTopiB
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HE 3aBXKJIM MOXKHA IEPECTABJISTH IOPSJIOK OIEepPATOPIB-MHOKHUKIB: 1€ 3aJI€sKUTh BiJI I[HOTO,
KOMYTYIOTH BOHH YHM Hi.
Oneparop A HA3UBAIOTH JIHIKHIM, IKIIO /s OYIb-aKUX JABOX (DYHKILN fi 1 fo Ta OyIb-aKuX

MOCTIfTHUX (1 1 iy BUKOHYETBHCS CIIBBIIHOIIEHHS
A(alfl +aafy) = alAfl =+ 042121f2- (1.124)

Came 3 JIiHIHICTIO OTIepaTOPiB OB’ I3aHUI IPUHITAIT CyTIEPIIO3UIT] CTaHIB.

§7.2. OcHOBHI mocTyJ/J1IaT KBAaHTOBOI Teopil

arajibHe TBEP/KEHHsI KBAHTOBOI TeOPil MOJIATa€ B TOMY, IO CEPEJ/IHE 3HAYEHHS OY/Ib-sKOl

dizmanol Besmunnn () 3HAXOAUTHCS 38 (DOPMYJIOIO
(@) = / U Qude, (1.125)

ze () - oneparop Pi3MIHOT BEJTUINHHA.

Bicrasusmmu (5.5) 3 (5.4), IPUXOAMMO JIO BUCHOBKY, III0 OIIEPATOPAME BEJIMIUH T 1 P, €

F=x, pp= —h(%. (1.126)

AmnajoriqHo 118 0onepaTopiB ¥, £, Py, D.-
Omnepatopu T i P, € OCHOBHUMHU B KBAHTOBOI TeOPil.

BarajibHe IPaBUIIO, IO JI03BOJISE 3HAXOJAUTH ONEPATOPU 1HINX (PISUYHUX BEJTUINH, TaKe:

Qopmysn KJIacuvHOT (Di3UKM JijId 3B’A3KYy MiXK BeJIMYMHAMHU KBAHTOBOI TeOpil CJIijl

po3rIgiaT siK (POPMYJIH, IO 3B’A3YIOTh OIEePATOPH IHUX BEJIMINH.

Tak, nanpukiajl, 3B’430K MiXK KBaJ[PaTOM IMITYJIbCY 1 KBaJpaTaMy HOTO IPOEKIi y KJia-

CHUYHI MeXaHiIl JaeThcst (POPMYJIOI0
2 2 2 2
p° =p; tp, + D

Tomy omepaTop KBajpaTa iMITyIbCY

2 2 A2 a L OPN2? 0PN 2 L O\2
2 2 2 2 [ _ )
b —pI—I-py—i—pz—( Zh(?a:) +( ! Gy) +< Zh@z) '
Y pesy/ibTaTi OTpUMaEMO
0 0 0\?2
=R+ + ) =-—hV? 1.12
p h(8x+8y+8z> V5 (1.127)

ne orepaTop V2 - 1e namsacian, To6To BUpa3 y KPyTJInX JIysKKax.
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AHaJI0ori9HO 3HAXOIMMO OIEePATOp KIHETUYIHOI eHepril:

- 1 R /0 0 0\? h2V?
Re L _ ( g _) _— 1.128
om? ox * dy * 0z 2m ( )
i onepaTop MOBHOI eHepril YaCTUHKH - TaMiJIbTOHIaH (HOro MO3HAYAIOTH H ):
R R R h2v2
H=K+U-=- +U. (1.129)
2m

Bnaroun Bupasu oneparopis p?, K i H moxua snaiitu cepenni sunavenus (p?), (K) i (E) za

dbopmyoro (5.5), sKo Bigoma Y-QyHKIS TaCTHHKH.

ITpuknan. 3uaiijemMo cepejiHe 3HaUEHHsT KiHeTuvHOI aHeprii (K) 9acTUHKY y cTaHi
P(x) = \/Lﬂe“””, k = p/h. @yukuis ¢ (r) nHopmoBaHa Ha iHTepBami — < = < [, 11032
M inTepBasoM 1(z) = 0. 3rigao (5.8)

* * —ikx h? 82 ikx
" Kwdx—— e ( e )dx:
1 +1 h2 h2k2 p2
= _ KAy = — =2
26/, 2m" T om T om’

dK 1 Mae OyTu. AJie Takuii TPOCTUI PE3yJbTAT BUXOIUTH HE 3aBXKIU. LyT TIIe
IIOB’sI3aHO 3 TUM, IO B MPOCTIiil JeOpOMIIBCHKi XBUJI IMITYJIbC 1 KIHETUYHA €HEePTris
MaroTh eBHI 3HadeHHsa. Cepe/iHi 3HAYEHHS JAHUX BEJIMINH 30irafoThCs 3 IIUMU €11~

HUMM 3HaQYCHHAMMU.

BHaiileMo HApEIITi orepaTop MOMEHTY iMITy/bCy. BiflmoBiiHO /10 KIacCuIHOI MeXaHiK1

ik
M=rxp=|z y =z]|. (1.130)
Dz Py D=

Y BIAIOBIIHOCTI 3 3araJJbHUM IIPABUJIOM OIlepaTOpa IMPOEKIlil MOMEHTY IMITY/IbCY, HAIIPUKJIA]I,

Ha BiCb Z MAa€ BUIVISII:

M, = xpy — yp, = :I:( - Zh(%) - y( - zhai) = _Zh<x§y - y%) (1.131)

Hagai mam J1oBesieThest BUKOPUCTOBYBATH TIeil oniepaTop, aJjie He B JICKapTOoBiil, a y cdepuaHiit

cucremi koopyuuat (1,6, ). Y 1iit cucremi oneparop M, Mae BULJIsi

N 0
— 1.132
M, = zh&p (1.132)

3ayBaknMo, M0 Ieil onepaTop CXOXKUil Ha BUIJIAJL OIEPATOPA P .
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[Toseprimocst 10 onepaTopa moBHOT eHepril (5.9). 3HaiijlemMo 3a J0MOMOro IHOrO OIEPATOPa

3B’SI30K MiZK CE€pEeIHIMU 3HAUEHHSIME IT0JIHOI, KIHETUIHOI Ta IMOTEHIHIHOT eHepriii:
(E) = / V(K + U)pdV = / YV KpdV + / W UpdV. (1.133)

[le oznagae 110
(E) = (K)+ (U). (1.134)

Orpumana piBHicTh He ekBiBajienTHa E = K + U. [lificHo, Yepes CIIiBBiIHOIIEHHST HEBU3HATEHO-
creit Besimannu K 1 U He MOXKYThb OJHOYACHO MaTH I€BHI 3HAYEHHsI, OCKLIBKNA K 3aJIesKUTh BiJl
immysibey p, a U — Bijg koopaunatu z. Brim, dopmya (5.13) nokasye, mo KiacuuHUi 3B’ 430K

30epiraeTbea MixK cepennHiMu 3Hadennamu F, K ta U.

Kpurepiit HagBHOCTI po3mnomiay. BceranoBuMo 3B'30K MiXK cepeJiHIM 3HAYEHHSAM JIESTKOl
BesimunHK (Q i cepejiHivM 3HaYeHHsIM Horo KBajparta %, To6ro (Q) i (Q?). Binomo, mo KoHKpeTHe

3HaveHHs () MOYKe OyTH IpeJICTABJIEHE sIK

Q=(Q)+AQ. (1.135)

Bnaiiyiemo cepesne 3navenns ((Q%):

(@) = ((Q) + AQ)%) = ((Q)* + 2(Q)AQ + (AQ)?).

Tyr (Q) i (Q)? - ue mpocro uncia. Ix cepenni smavenns popismooTs iM cammm. Cepenne ¥
(2(Q)AQ) = 0, ockinbku (AQ) = 0. 3BijcH BuIIEBAE, 1O

(@Q%) = (Q)* +((AQ)*). (1.136)

Cepenne 3nadenns nosutusnoi sesmunnn (AQ)? ne Moxke GyTH BiI €MHUM i HEPETBOPIOETHCS
Ha HYJIb B €IUHOMY BUITQJKY, KOIu Bci AQ) = 0, TOOTO KON HEMAE HiSTKOrO PO3IIOJILITY, 1 HAIa
BeamunHa () Mae eauHe 3HadeHHs (1m0 TouHO Bm3HadeHo). Popmysa (5.15) Bupazxkae coboIo
KPUTEPIii, 10 J03BOJISIE B KO(KHOMY KOHKPDETHOMY BUIIQJIKYy IIEPEBIPUTH, Y1 Mae€ I[iKaBa JIJIs HAC

BeJIMYMHA PO3IIOJLT abo BOHA Ma€ €IuHe 3HadeHHs. [Ijis IbOro jJocTaTHLO NopiBHATH (Q?) i3

(@)

BuoacHi craEm. VYV mnonepegHboMy PO3Ji MU BUPINIYBAJIM 3aJ@dy PO 3HAXOKEHHS -
(YHKII 9aCTUHKHU y CTaHax, Jie MOBHA €Heprid Mae IMeBHI 3HaYeHHs (y IBOMY IOJISTaE CyTh
KBaHTyBaHHsI). Taki CTaHl HA3MBAIOTH BJIACHUM.

O tHUM i3 OCHOBHUX TIOCTYJIATIB KBAHTOBOI TE€OPIil € TBEp/zKEHHS, 10 CTaH, B IKOMY (Di3udHAa

BesimauHa () Ma€ MeBHe 3HaYeHHs, 110 ONMUCYEThCA 1U-(DYHKIIEIO 1 € PIllIeHHAM PiBHAHHS

QY = Qv (1.137)
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Jie () - oreparop dizuunoi BeguauHu Q.
[Tepexkonaemocsi, 110 11e PIBHSIHHSI IPABUILHO BUPIIIy€e MMOCTaB/IeHy 3ajady. st 1poro 3ua-

iileMo cepejiHe 3HaUeHHsT () y CTaHi, M0 ONMUCYEThCA Y-(PYHKITIE, 0 33/ 0BOJIbHIE PIBHIHHIO:
@ = [wGuav = [w@uav =@ [wuav = (1.138)

[Tpu 3naxokenni () My 3aMiHWIN y MiIHTErPAJTBHOMY BHpPa3i Q Ha () BignosigHo j0 (5.16)
Ta BpaxyBaJu yMOBY HOpMmyBaHHs 1-byHKII. OTpuManuii pe3yjibTaT € OYeBUIHUM, OCKIIbKN
iHIIX 3HAYEHDb () y BOMY CTaHI HEMAE.

Taxkum auHOM, 1)-bYHKIT, siKi € po3B’si3koM piBHsHHs (5.16), AiiiCHO OMUCYIOTH BJIACH] CTAHHU.

Pisusinnst (5.16), B3araai KaykKydu, € PIBHSHHIME y YaCTKOBUX MHOXiIHUX. B Maremarwii
JIJISI OJHO3HAYHOTO PO3B’sI3aHHSI TAKMX PIBHSAHBb HOTPIOHI H0JaTKOBI OOMEXKEHHS, HAIIPUKJIA/I,
IPaHUYHI Ta [10YaTKOBI YMOBH.

YMOBU K, sIKi HAKJIaJ[a€ KBAHTOBA Teopis Ha pimteHHs piBHsaHHSA (5.16), MaroTh Jemo iHmmii
xapakTep: MI3UIHU 3MICT MOXKYTH MATH JIMIIE TaKi PIillleHHsd, gKi CKpPi3b KiHIEBi, O/IHO3HAYHI,
OesrepepBHi Ta Tajki. LI ymMOBH, K BXKe rOBOPWJIOCs, HA3WBAIOTH NMPUPOIHUME YU CTaHIap-

THHUMUA.

IIpuknan. Haiizemo 3a jornomoro piBHsHHs (5.16) 1)-dyHKIIO cTany, B SIKOMY
[POEKIis IMITYJIbCy Ha Bich X Mae 1meBHe 3HaueHHs p,. s mporo migcrasumo (5.16)

B AIKOCTI omepatopa () ornepaTop P (5.6). Toxi

oy
_Zh% = .

[poMy piBHAHHIO Ta BCIM HEOOXITHUM yMOBaM 3a/I0BOJIbHSAE (DYHKILisd

ikx
Y =e"" nek=py/h,
dKa € KOOPJIMHATHOIO YaCTHHOIO IJIOCKOI XBWJI jie bpoits.

Oyukil, ki € pimenasaM piBHstHHs (5.16) 1 33/10BOJIBHAIOTH TIPUPOJIHUM YMOBaM, HA3UBAIOTH
BJIACHUMU (PYHKIISIMU OTIepaTopa Q Ti sHavenns (), 3a IKUX Taki PillleHHs iCHYIOTH, HA3WUBa~
I0Th BJIACHUMU 3HadeHHsAMHU dizuanol Besmuanuu (). Ilpu nmpomy Habip B/IaCHUX 3HAYEHB IS
orreparTopa Q BU3HAYA€ 3HAUYCHHA (), Ki MOKYTh OyTH 3Hai/IeHI 3 eKCIIEpUMEHTY IIPU BUMIpi
i€l pi3smIHOT BEJTMINHMA.

Habip Biacuux 3uadens izuvHOl BequduHu () iHOJI BUSIBJIAETHCS Oe3MEpPepBHUM, a iHO/II
quckperHuM. J[oCBiT mOKasye, 1Mo B OCTAHHBROMY BHIIQJIKY BUMIpsiHI 3HaUeHHS () JIiiCHO BUSIB-
JIIOTHCS JTUCKPETHUMU Ta, 30iraloThed 3 BacHUME 3HadeHHsaMu (). [Ipukiaiom 1uckpeTHocTi B

MIKPOCBITI € OITUYHI CIEKTPU aTOMIB, dKi CKJIJaI0ThCd 3 OKPEMUX TOHKUX JIiHIM.
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Pisugnusg (5.16) € y3arajJbHeHHSIM TpaBUIa KBAHTYBAHHS €HEPril, PO3IJISIHYTOrO y IOmepe-
JIHBOMY PO3/ILT, v pa3i Oyab-akux ¢izunanux Beauant. [[[o6 nepekonarucs B 1iboMy, iICTABUMO

(5.9) — omeparop H y (5.16):
2
(_ h_v2+U)w:E¢. (1.139)
2m

Ile piusians peniarepa (4.3) ayst cranionapuux craniB. ToMy cKOpodeHO HOro MOYKHA 3ariu-
caTu y CUMBOJIIUHIN dhopmi

Hy = Ev, (1.140)

1o BiJpizasieTbes Bif (5.16) Juine mo3HAYCHHIMU.

§7.3. KBaHTYBaHHS MOMEHTY IMITYJIbCY

MowmenT imnyabcy. Mowment ivmmynbey M - ojHa i3 HaflBasK/IMBIIINX XapaKTEPUCTUK PYXY.
Moro 3mavennsi mos’szane 3 TuM, mo M 36epiraeThes, SKIO CHCTeMa i30/1b0BaHa abo pyxXa-
€TbCsl y TEHTPAJIbHOMY cujioBoMy 1osi. OHaK y KBAHTOBIl TEOpil MOMEHT IMITyJIbCy iCTOTHO
BIJIPI3HAETHCS Bij KJIacHIHOrO. A came, MOJY/Ib MOMEHTY IMITyJIbCY MOXKe OyTH 3aJaHWil K
3aBrOJIHO TOYHO TIJIBKM 3 OJHIEIO 3 MPOEKIii, Hanpuksaa, M,. [amm jaBi mpoekIiii npu 1mboMy
BUSIBJIAIOTHCS TTOBHICTIO HEBU3HAYEHUMU.

[le o3nauae, mo HanmpamMok Momenty MM y mpocropi € HeBu-

sHaveHnM. Hao4vHO 1Oi0HY cuTyarlito MOXKHa CIIpOOyBaTH IIPE/I- yA

ctaBUTU Tak: BeKTOp M dKoch “po3mMazaHmii’” 10 yTBOPIOIOYUUM (—
KOHYCY, BiCh SIKOT'O 30ira€ThCs 3 HAIPIMKOM KOOPJIMHATHOI OCi /£

(puc.5.1). Inmi asi npoexii, M, ta M, BUABJIAIOTHCS IIOBHICTIO \

HEBU3HAYCHUMU. \ M
\ z
loBopsium Hasasi npo “BeKTOp”’ MOMEHTY, MA MaTUMEMO Ha \

yBa3i caMe TaKuil KBAHTOBUN 3MICT Ii€l BeMIuHU. Y il TUIaBi \

MU 0OMEXKUMOCH PO3TVIAI0M MOMEHTY JIJIf OJTHOI'O €JIEKTPOHA. N

MIO/TAJILITIOMY B MiPY YCKJIAJHEHHSI CUCTEMU 3’sICYEMO, FK 1€ I10-

3HAYUTHCA HA MOMEHTI CHCTEMI.

Puc. 1.40

Moayns mMomeHTy immyabcy. [lounemo i3 kBajipata Mo-
meHTy. Bimmosigao m0 (5.13) st nporo HeoOXiTHO PO3B’si3aTH
PIBHAHHS

M*) = M. (1.141)

Oneparop M? focuTh CKJIaIHUil, i PO3B A3aHHS I[OIO DIBHAHHHA € JyzKe TpoMizakum. Tomy
MU OOMEXKMMOCST HaBeJIeHHSM OCTATOYHHUX Pe3yJIbTaTiB, IPUUIOMY JIHIIIE JIJIS BJIACHUX 3HAYEHD
JIAHOTO OTlepaTopa:

M? =1+ 1Dh* 1=0,1,2,..., (1.142)
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Jie | - Tak 3BaHe opbitaibHe (2060 a3uMyTasbHE) KBAHTOBE YHCJIO. 3BIJICH MOJIYJIb MOMEHTY

M=nm/I(l+1), 1=0,1,2,.... (1.143)

BuiHo, 110 1151 BesinunHa € JUCKPETHOIO (KBAHTOBAHOIO).

Cutift 3a3Ha9UTH, 0 Mi2K KJIACHIHIM MOMEHTOM IMITYJIbCY Ta BiIIIOBIIHUM flOMY OIIEpATOPOM
€ cyTTeBa pizunigd. Kiacuauauit MOMEHT r X P 3a/Ie2KUTh Bij| BuOOpy Touku (), BiIHOCHO SKOT
Geperbest pajiiyc-BekTop r. OmepaTrop MOMEHTY iMILYJIbCY 3a/iekuTh Bij Bubopy touku O (y
IIBOMY MOYKHA TI€PEKOHATHCS, 3AIMCABIIH IIPOEKITT MOMEHTY y CHepUIHIX KOOD/MHATAX ).

Ie o3Havae, MO OmepaTop MOMEHTY IMITYJIbCY 3aJIeKUTh JIUIIE Bl HAIPIMY KOODJIMHATHUX
oceit. Tomy #ioro Kpaire Ha3UBATU OIIEPATOPOM KYTOBOTO MOMEHTY.

He 3asexars Bijg Bubopy Touku O TakoXK BJIACHI 3HAUEHHST OTIepaTOPiB KBapaTa Ta MPOeKIil

KyTOBOrO MOMeHTY, M? Ta M,.

ITpoekiiisi MOMeHTY Mz. OckiIbKE B TOMY CAMOMY CTaHi IMPOEKIl MOMEHTY Ha JiBa Pi3Hi
HAIPSIMKI He MOXKYTh MAaTH [I€BHI 3HAUEHHS, TO 0OpaHUil HAITPSMOK MOYKHA B3TH J0BLTBHO. [eit
HaIpsSM 3a3BUYail TPUIMAaIOTh 3a BiCh Z, OCKIJIBKU B IIbOMY BUIIQJIKYy OIIEPATOD M, 3aaeTbes
6ibin mpocToro dopmysion (5.12).

Takum auHOM, JIJ1s1 BUBHAYEHHS BJIACHUX 3HAYEHb Ta BJIACHUX
dbyukiit nporo omeparopa tpebda, 3rigHo 3 (5.16), po3B’sa3arTu
PIBHAHHSA

L0
iy = M. (1.144)

[ligcranoBka ¢ = Ce®? mic/iss CKOPOUEHHsT Ha 3araJibHUl MHO-
JKHUK €% IPU3BOAUTD JI0 piBHAHHS —iha = M, 3 IKOro 3HaX0-

mumo o = iM, /h. Otxe, pimenus piBuanng (5.22) take:

Y = Ce™? m= M,/h. (1.145)

s dyukiig Kinnesa, 6e3nepepBHa Ta ry1a/ika. Bona noBuHHa Oy-

T TaKO2K OJHO3HaYHOIO, [JIfd 90I'0 Mae€ 6YTI/I BUKOHaHa YMOBa

Yo +2m) = P(p).

[l yMOBa BUKOHYETHCS TLIBKM 3a IMX 3HaUeHb m y (5.23). Puc. 1.41

Omxke, IPoOEKIlist KyTOBOIO MOMEHTY Ha Bich Z KpaTHa moctiiHiin [ranka:
M, =mh, m=0,+1,£2,.... (1.146)

OckisibKY Bich Z BUOUPAIOTH JOBLIBHO, PIBHICTD (5.24) 03HaYAE, 110 MPOEKIIis KYTOBOTO MO-

MEHTY Ha Oy/Ib-AIKHil HAPAMOK KBAHTYEThCA. CXeMaTHIHO Ie M0Ka3aHo Ha puc. H.2. 3Budaiiio,
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Taki CXeMH He CJIiJi po3yMmiTh OyKBaJbHO, TOMY IO “BeKTOp’ M HPUHIMIIOBO HE Ma€ IEBHUX
HAIPSIMKIB Yy TPOCTOPi. 3 HPUYUH, dKi 3’dCYIOTbCd HAJIAJl, YNUCI0 M HA3WBAIOTH MACHITHUM
KBAHTOBUM HHCJIOM.

3 ToYKHU 30py KBAHTOBOI Teopil XBUIbOBA (PYHKIIiSI 1, O BiIOBIa€ IIEBHOMY KBAHTOBOMY
qucity [, ABJIsIE€ COOOIO CYTIEPIO3UILTO CTAHIB (Y, ~DyHKIIIiT), 10 BiIPI3HIOIOTHCS OJIMH Bl OJIHOTO
KBAHTOBUM YHCJIOM M. [HaKIme KaxKydd, CTaH i3 3aJaHuM | € BUPOJKEHUM II0 1M, HTPUIOMY
KPaTHICTh BUPOJIZKEHHs, TOOTO YHCJIO PI3HUX 3HA4YeHb m, K 3posymisio 3 (5.24), mopisHioe
2l + 1. 4k Oyye nmokazaHo HaJlaJsIi, BUPOJZKEHHS 3HIMAETHCS IPH TIOMIIIEHHI aTOMa B MarHiTHE
oJie.

[Ipoekiiisi BeKTOpa MO)Ke OyTH Oi/ibllie MOJyJst IBOrO BeKTOpa, TobTo |M,| < M, Tomy

Biamosigao 110 (5.20) Ta (5.21) Mae BUKOHYBaTHCS yMOBa

m| < V(I + 1). (1.147)

3Bijcu BUILIMBAE, 1110 MaKCUMaJibHe 3HaYeHHsI |m| gopiBHioe [. Mu Gadnmo, Mo npu 3aaHoMy

[ anciao m upwuiimae 20 + 1 3HaEHD:
Li—1,...,0,...,—(—1),—,

[0 YTBOPIOIOTH CIIeKTp Beqaumduuun M,. 3ayBaKMMo, M0 B KBAHTOBINl Teopil npu BU3HAYEHHI
OpOITAIHHOTNO MOMEHTY MPUIHITO HA3UBATU TLIHKH [, OCKIIBKI BOHO 33/1a€ 1K MOJLYJIb KYTOBOTO
MOMEHTY, TaK 1 BCl MOKJIMBI 3HAYEHHS MOT0 MPOEKITiil Ha Bich . Tak, HAIpUKIa/1, KON KayKyTh,

0 OpOiTA/ILHII MOMEHT [ = 2, TO Ma€ThCsd Ha yBas3i Mojysib M mMomeHTy Ta crektp M,:
M = hV6, M, =2h,1h,0,—1h, —2h.

OTke, MH Ma€MO:

M=m/ll+1) 1=0,1,2,....

(1.148)
M, =hm, m=0,+1,£2,....

OTrpumaHni pe3ysbTaTi, M0 BU3HAYAIOTH MOXK/IUBI 3HadeHHss M Ta M, Ha3UBaOTh IPOCTOPOBUM
KBaHTYBaHHAM. [[Is HAOUHOCTI IPOCTOPOBE KBAHTYBAaHHS 3a3BHYAil M0/a0Th rpadiuno (aus.
puc. 5.2).

MipkyBaHHs, HaBeJIeHI BUIIE, MOKHA ITPOBECTH 1 Y 3BOPOTHOMY TMOPSIAKY: He Bijx M 10 M,
a HaBnaku. [Ipu nboMy MOKHa BUKOPUCTOBYBATH JOCUTH MOBYAJIBHUN ITPUHOM, TO3HATOMHUTHCS
3 SIKUM Mag€ CEHC.

Orxke, 3HaiiIeMO 3a/1eKHICTD Bi uncia [. s 11soro ysasBumo cobi 6e3/1i9 0JHAKOBUX IaCTH-
HOK 3 OJHHM 1 THM »Ke MoMeHToM M, aje 3 pisHuMu 3HavdeHHsSIME itoro mpoexiiii M,. Bimowmo,

IO JIJISI CEpeJTHIX 3Ha'UeHb CIpaBe/lJInBa PIBHICTH

(M?) = (MZ) + (MJ) + (M?2). (1.149)
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JliBa wacTuHa 1iei piBHOCTI H0piBHIOE TpocTo M?, a mpaBa, B CJTy PiBHOWMOBIPHOCTI BCixX mpo-

ekIiit, Moxke 6yTu npescrasaena sk 3(M?2). Toni (5.27) nabyme Burisry
M? = 3(M?). (1.150)

Haui, srigno 3 (5.21) npu Oyab-sikomy 3HadenHi [ mpoekiist M, moxe npuitmarn 21 4+ 1 pisaux

sHavenb. ToMy cepene sHauenns M? jopiBHioe

l 2
M2) — B2 () — 2 em=t 1.151

Cymy B 11bOMY PIBHAHHI MOXKHA OOYUC/IUTH:

L, 4 DRI+
Zm:( )20+ 1)

m=1 6
Toni dopmya (5.29) mepeTBOPIOETHCS 0 BUTIISILY
h2
(M?) = gzu +1). (1.152)

I mapemrri, micss nigcranosku (5.30) y (5.28), orpumaemo
M? = RA(l+ 1), (1.153)

0 i MoTpibHO OyJI0 JIOBECTH.

§7.4. Poratop

Y KBaHTOBIII Teopil 3 MOMeHTOM iMITybcy M TOB’si3aHUil HE TIIBKMA €JIEKTPOH, a i Take
BasKJIMBe TTUTAHHSA, 9K 00€PTAHHS MOJIEKYI.
Y kJlacuuHiil MexaHini KiHeTHYHa eHeprisd TBEPJOro Tija, 10 00epTaETbCsl, BU3HAYAETHCS
dbopmyinoo E = M?/21, ne I — momenT inepuii Tijia moJI0 BiOBIHOT oci obepTaHHs.
Taka cama dopmysta cripaBe/iBa i B KBAaHTOBIi#l Teopil, ajie TIIbKH Jjid 3B 3Ky MiXK OIle-
paTopamu:
E = M?/2I. (1.154)

3 1i€l hopmysu BUILIUBAE, IO BJIACHI 3HAYEHHS OlEPATOpPA €HEPril, sIK 1 BJIACHI 3HAYUEHHST OTIe-
patopa M? | € kBanToBaHuMH BesmauHamu. 3rigHo (5.21) Maemo
h2

ETZZT(T+1), r=0,1,2,..., (1.155)

e r - O6epTaJ'IbH€ KBaHTOBE YHCJIO (MI/I IIPOCTO saMinuwan [ Ha r, H_LO6 HaroJIoCuTu, 1o Ie

CIIBBIIHOIIEHHST BIIHOCUTHCST JI0 OGEPTAHHST MOJIEKYJI).
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Hesminny obepraibiy cucrteMy B KBaHTOBIN (izurli HazuBa-
10Th poraropom. Popmysa (5.33) BU3HAUaE #Oro eHepreTHYHI
piBHI, a oTKe, 1 obepTabHi piBHI MoseKymH. 3 i€l hopMyIn BU-
IUINBAE, 110 BIJICTAHb MizK 00ePTATLHUME PIBHSIMU poTaTopa (Mo-
JIEKYJTH ) 3pocTae 31 36iIbienHsM KBaHTOBOrO dncsa r. Cripasi,
iHTepBaJ MK piBHAMU 7 Ta T + 1

2 h2

AEZZ[(T+1)(T+2)—T(T+1)] :7(7"—{—1). (1.156)

Jl1st 0bepTabHOrO KBAHTOBOIO YHC/IA 1 JIi€ IPABUJIO BiIOODY
Ar = =+1. (1.157)

Tomy wacToTu J1iHiii, IO BUITYCKAIOTHCA IIPU TIEPEXOIaX MizK 00ep-
TaJbHUMHU PIBHAMHU, MOXKYTb MaTH 3HAUYEHHS, 10 BU3HAYAIOTHCS

yMOBOWO fw = AFE, 3BiKH

h
w=—-(r+1)=w(r+1), w =h/I,

I

72

N

3

]

2
1
0
2

®, 20, 3m,40,

Puc. 1.42

(1.158)

Jie T - KBAHTOBE YHCJIO PiBHS, Ha sKuil BimOyBaeTbes nepexin (r = 0,1,2,...).

BayBaxKumo, 10 y pas3i JBOATOMHOI MOJIEKYJIH MOMEHT

I = pd?, (1.159)

r" imepmil I 6eperbest mono oci OO, MO NPOXOAUTH depe3 i1

3 tieHTp mMac C' i meprieHInKyJIsipHa JI0 IPsMOI, M0 TTPOXO/IUTh

. % depes siyipa aromiB mosiekysu (puc. 5.3). Toxi (y mpomy Ko-
v 0 PUCHO TIEPEKOHATHCS CAMOCTIITHO)

ho, -

/ 3 e d — BijicTaHb MiXK dJpaMu MOJEKYJIU, i - 11 HaBeJIeHA

[ ' % maca, ff = myms/(my +ms), my Ta my — Macu 060X aTOMIB.

v’ ' 0 CrekTp obepTa/ibHUX PiBHIB eHeprii Ta BiAIOBITHUX CIre-

é : KTpaJIbHUX JIiHI 300pakeHo Ha puc. H.4. Hucro obeprabhi

Puc. 1.43

CIIEKTPHU MOJIEKYJT 3HAXOJAThCS B JlajieKiil indpadepBoHiit
obsacTi Ta B 00J1aCTi CAHTUMETPOBUX XBUJIb.

BumipsiBiim inrepBaim Mixk JiHigMu Aw = wp, MOXKHA

BU3HAYUTH MOMEHT iHepil I mosekysnn 3a dopmysioro (5.36), i, 3Ha0OUM Macu sjiep, — BiJCTaHb

d MIK HUMMU.

Panime OyJio nmokazano, 1o y MOJIEKYJI MalOTh icHyBaTu KoJinBaJbHi piHi. [loiino Mu po3-

DJITHYJTH OKpeMi obepTaJibhi piBHi. AJie B 3arajibHOMY BHITA/IKY MOJIEKYJIH KOJTUBAIOTHCHA 1 0bepTa-

IOTHCA OJHOYaCHO. L[e IPU3BOAUTDL O BUHUKHEHHA TaK 3BaHUX KOJII/IB&JIbHO—O6epTaJIbHI/IX CMYT,
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10 CKJIAJAI0ThCsI 3 BeJIbMU OJIM3bKUX JIHIN, PO3TAIIOBAHNX CUMETPUIHO MO0 “IiHil’ 3 JacTo-
TOIO Wy 1 Bijyianenux ofuH Bij ojHoro Ha Aw = wy = hA/I.

Cxema BiJIIIOBIIHUX PiBHIB, MEPEXO/IIB Ta PO3TAIIYBAHHS CIEKTPAJILHUX JIHIN Y cMy3i OKa-
3aHa Ha puc. 5.5. Y cepeJInHi CMyTHU IHTEpBaJI Mi2K CyCIIHIMU JIHIAMI BJIBIYl O1/IBINNIA, OCKIIBKI

JHIS 3 9ACTOTOIO Wy He BUHUKAE Yepe3 npasusio Bigoopy (5.35), srigHo 3 sxkum Ar = +1.

Sama4dl 10 TemMu 3

Pienanns Illpedineepa

Bamaya 3.1. YacTtuHka 3HAXOAUTHCS B OJIHOBUMIPHIH NMPSAMOKYTHIM MOTEHITHIA siMi TITi-
punu [ 3 HECKiHYeHO BUCOKMME HempoHukHuME crinkamu (0 < z < [). 3naiiTu fiMOBipHICTS
nepebyBanms dacTuakn B obsmacti (1/3)1 < x < (2/3)L.

Samaga 3.2. 3HallTH €HEprifo CTAIIOHAPDHOTO CTaHy YACTHHKH MacH 1M B OJHOBUMIpHIiil
NPAMOKYTHI TIOTEHITIHII gMi IMUPUHOIO [ 3 aOCOJIIOTHO HENPOHUKHUMU CTIHKaAMM, FKIO Ha
rpanumi ssmu & = 0 BijjoMo 3HaueHHs noxigHol v /0x, Tobro ¥’ (0).

Samaua 3.3. EjileKTpoH 3HAXOJUTHCSI B OJHOBUMIPHIN NMpPsAMOKYTHIl mOTeHIiiHIT saMmi 3
HECKIHYeHO BUCOKMMU HenpoHuKHuMEU crinkamu. [[lupuna samvu [ Taka, 1Mo eHepreTwdHi piBHi
po3TaIoBaHi jayzKe MiibHO. 3HaiiTu miabHicTh piBHIB dN/dE, T06TO 1X KIJBKICTH Ha OJUHHU-
JqHUit iHTepBast eneprii, B 3anexxuocti Bix dN/dE. O6uuciurun dN/dE nis E = 1.0 eB, sk
[ =1.0 cMm.

Samayga 3.4. YacTunka 3 MAacoi0 m 3HAXOJUTHCA Y JBYBUMIPHIiil MPAMOKYTHi{l OTEHITiiTHiit
sIMi 3 HECKIHYEHO BHCOKUMU HEIIPOHUKHUME CTIHKAMU. JHAWTU MOXK/IUBI 3HAYEHHS €Hepril Ja-
CTUHKH, FKIIO CTOPOHU SIMU JIOPIBHIOIOTH [ i lo, BiIIOBITHO.

Sagaua 3.5. YacTuHKa 3 Maco m 3HAXOMUTHCA Yy TPHOXBUMIPHiil KyOidHiil MOTeHIHiHIl
simi 3 abcosmoTHO HenmpoHuKHUMEU crinkamu. Cropona Kyba JopiBHioe a. 3Haiitu: (a) BiacHi
3HaueHHs enepril yactuaku; (b) pisHuro enepriit 3-ro i 4-ro piewis; (¢) eneprito 6-ro piBHs Ta
BUIMOBIIHY Tii KiZbKiCTh cTaHiB (KpPATHICTD BUPOJIZKEHHS ).

Samaua 3.6. /19 yacTUHKM 3 Maco , MO 3HAXOJUTHCA Y CHEPUIHO-CUMETPIdHIN 110-
rertiiiniit ssmi (Tobto, U(r) = 0 mpu r < 1o Ta U(r) = oo npu r = 1¢), 30aiiTu: (a) HOpMOBarHi
BJIaCHI (DYHKIIIT YaCTUHKY y cTaHaX, y sSKUX () 3a1exkuTh jmiie Bij r; (b) Haiibiabm itMoBipHe
BHAYCHHS Tz JJIS OCHOBHOT'O CTAHY YaCTUHKU, & TaKOXK HMOBIPHICTH 3HAXO/?KCHHS YaCTUHKU
B o0JtacTi r < Tya-

3amaga 3.7. Bukopucrosyioun dopmyiy i KoedillieHTa TPO30POCTi MOTEHIIHHOTO
O6ap’epy, 3HANTH JIJIsT €JIEKTPOHA 3 eHeprieio F IMOBIPHICTDH TPOXO/PKEHHS TIOTEHIITHOro 6ap’epy,
mupuHa gKoro [, a Bucora Uy, Ko 6ap’ep Mae dpopmy, IO IMOKa3aHa Ha PUCYHKY.

Koedinienr npozopocti norentiitaoro 6ap’epy U(x):

D =~ exp —%/ V2m(U(z) — E)dx
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Onepamopu, Gi3udHuUT 6EAUMUH

3amayga 3.8. [lepeBipuTn HACTYyIIHI OEPATOPHI TOTOXKHOCTI:

a o\ o 02 02

dr ' ay) ~ 0x2 " “oroy | o2’
d 1 d
b 2.7~ — 1.
(b) @ dx x zxdaz ’
cdr) ~di? " zdz
@ d \?
Samaua 3.9. 3uaiiTi pe3ysbTaT il orepaTopis sz Ta (d—x> Ha (PYHKIIIO COS .
x x

Bama4va 3.10. 3HaiiTu BjIacHe 3HaUEHHs orepaTopa A, Mo HAJIEKUTh BIACHINH (YHKITT 4,

STKIITO:
~ d? ] R d2
(a) A= o Ya=sin2z; (b) A= ot 2%, Pa = exp{(—2?/2)}.
d? d \?
Samayga 3.11. 3uaiiTu pe3ysbTar Jil OlepaTopis Fﬁ Ta (d—x> Ha PYHKITO e”.
x x

Bama4va 3.12. 3uaiiTu BjIacHe 3HaUEHHs orepaTopa A, Mo HAJIEKUTh BIACHINH QYHKITT 4,

SAKIIIO
- d* 2d sin o
A= —+—— = .
dz?  xdx’ Va T
Bama4ga 3.13. IlepeBipuTu HACTYIIHI PIBHOCTI /IS KOMYTaTOPIB:

(a) [z, 5) = i (D) [0,5,) = 0; () [Psy] = O.




Pozain 2

di13uKa aToMIiB
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Tema 4. KBaHTyBaHHsI aTOMIB

Jlekmis 8. KBaHTyBaHHS BOOHENOMIOHNX aTOMIB

§8.1. KBanTyBaHHs aTomMa BOJHIO.

Posriiinemo maitpoctinty cucteMy, MO CKJIAJAETHCS 3 €JIEKTPOHA €, M0 PYXA€ThCd Y Ky-
JIOHIBCBKOMY TIOJIi sjipa i3 3apsagoM Ze. Taky cucreMy Ha3mBaiOTh BojHeno 1ioHow. [lpn Z =1
e aToM BOJHIO, Ipu Z = 2 — OIHOPa30BO 10HI30BaHWii aToM remiro, ion He™, npu Z = 3 —
JIBOPA30BO 10HI30BaHMIT aToM JIiTiio, ion Lit1, Tompo.

[Torenmiitna eHeprisi B3aeMo/Iil €JIEKTPOHA 3 SIJIPOM y TakKiii cucTeMi JIOPIBHIOE

U(r) = —ZTe, (2.1)

Jie T — BiJICTaHb MiXK €JIEKTPOHOM 1 SIPOM, sKe B IMepIIoMy HaOJIMXKEHHI MU BBarXKaTUMEMO
ToukoBuM (TyT 1 masi).
PiBuannga [Ipeginrepa B boMy BHIQJIKY Ma€ BUTJIA]

Ze?
r

2m
V2 + ﬁ@ +

[Toste (6.1), B IKOMY DPyXa€ThCsl €JIEKTPOH, € IEHTPATLHO-CUMETPUYHUM, TOOTO 3aJI€2KUTH JIH-

>¢ —0. (2.2)

e Big 7. Tomy pimenns piBasiaast (6.2) HAKOLIBII JOMIIBHO TPOBOAUTH Y chepudHiil cucremi
koopjunar (1,6, ), ne oneparop Jlamaca V? mae Takuit Bur/is:
0”2 20 1 0 ( 6) 1 0?

2o @29 Yl —— &
v a2 " ror T rZsmaog " 2 sin? 6 D2

= (2.3)

Mu He BIATBOpIOBATHMEMO TYT eTalld pO3B’si3aHHs pPiBHsHHA (6.2), OCKIJIBKH BOHO HAJTO
rpomizjike (Ipo e KPACHOMOBHO CBLIYUTHL yiKe cam BuJ omeparopa Jlammaca). SynuHUMOCS
JIIIIE Ha CYTI MPOTIeCy PIIEeHHS 1 Ha aHaJi31 OCTaTOYHUX PE3yJabTaTiB.

Pimennst piBasgHHA (6.2) TPOBOJAATH METOJIOM MOJLIY 3MIHHUX 3 ypaxyBaHHSM MPUPOTHUX
BHUIMOT, 110 HaKJ/JaJal0ThCd Ha 1)-(yHKII0: BOHA Ma€ OYTU OJIHO3HAYHOIO, KiHIIEBOIO, Oe3repeps-
HOIO Ta I'JIaJIKOIO. ¥ TIPOIEC PIillleHHS BUSABJISAETHC, IO IIMM BUMOTaM MOYKHA 33/I0BOJILHUTH 3a
Oy/Ib-IKUX IMO3UTUBHUX 3HaYEHb eHepril F, aje B 00/1acTi HeraTUBHUX 3Ha4YeHb F — TLILKU TpU

JINCKpeTHUX 3HavYeHHsX F| a came, sxmo n = 1,2,3,... (6.4) Leit sunagok (£ < 0) ajs Hac

76
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CTaHOBUTH OCOOJIMBHUIT iHTEpeC, OCKUIBKY BiH BIJMOBI/Ia€ MOB’S3aHIM CTAHAM EJIEKTPOHA (eJie-
KTPOHY B aTOMi).

Takum umHOM, 110CTi/IOBHE pimenus piBuganug [lIpeainrepa vaBoautsb y BunaJiky £ < 0 10
dbopmysu (6.4) st enepreTuaHUX PiBHIB 6€3 BUKOPUCTAHHS Oy Ib-SKIX JOJATKOBUX MOCTY/IATIB
(ma BimMiHy Bij mogaTkoBol Teopii Bopa). Kpim Toro, 36ir 3 dbopmysioo (2.25) o3navae, 1mo mMu
JUin Tiel caMol cucteMu eHepreTudHuX piBHiB (auB. puc. 2.7). Lle came crocyeTnest i gacTor
BUITPOMIHIOBAHHS IIPH IepexojiaX MiK piBHAMHU. ToMy MOBTOpPIOBATH He TOTPIOHO.

BigMminnicTh B inTepupeTariii BiJJHOCUTHCI TLILKHU JIO CTAHIB €JIeKTPOHA: B Teopil Bopa 11e pyx
110 CTaIliOHAPHUX OpOiTaxX, TYT Ke OpOiTH BTpadaloTh (hi3UdIHUil 3MicT, IXHE Micle 3afiMaioTh -
dbyukuii. Biacui dyukmnil piBasas (6.2), T06T0 ¥-(hYHKIIT, MICTSATD, SK 3’sICyBaIOCs, TPU MLTHX
napamerpu — n, [, m:

Y = Yum(r, 0, ¢), (2.4)

Jle N HA3UBAIOTH MOJIOBHUM KBAHTOBMM YHCJIOM (1€ Te K came n, mo iy supasi jisa E,). Ila-
pamerpu [ i m — 1e opbiTajbHe 1 MarfiTHe KBAHTOBI YHCJIA, [0 BU3HAYAIOTH 3a (DOPMYyJIaMu
(5.25) 1 (5.26) momyib MoMenTy imMiysibey M Ta fioro mpoexiiio M, .

VY nporieci po3B’g3aHHS 3’ ICOBYETHCs, IO PIllIEHHS, 1110 38/I0BOJILHAIOTH TPUPOTHUM YMOBaM,
BUXOJIATH JIUIIIE 33 TaKUX 3HAYEHb [, MO He mepeBUMLyoTh n — 1. TakuM dYuHOM, TP JaHOMY N

KBaHTOBE YUCJIO l MOZKe HpHﬁMaTH N 3HAYECHb:
1=0,1,2,...,n— 1. (2.5)

Y cBoro uepry, npu jganoMmy | KBaHTOBe dncyio m 3rigHo (5.26) moxke nabyBaru 2[ + 1 pizHux

3Ha4Y€Hb:

m=0,+1,+2, ... =+l (2.6)

Enepris E,, enexrpona (6.4) 3a/e:KUTh JIMIIe Biji TOJOBHONO KBAHTOBOIO 4YHCIA N. 3BiJICH BH-
IJINBAE, M0 KOKHOMY BJIACHOMY 3HadeHHIO F, (KpiM Bumajky n = 1) BijmoBinae Kijbka Bia-
cHUX PYHKIUH Yy, 9KI BIAPISHAIOTHCA 3HAUEHHsIME KBaHTOBHX duces [ i m. lle o3uauae, mo
€JIEKTPOH MOXKE MaTH Te camMe 3HadeHHs eHepril, mepedyBarovn B KLIHKOX pi3HMX cTanax. Ha-

NPUKJIAJ, eHepriero Fy (n = 2) MalTh YOTUPU CTAHU: Pan, Y11, V210, V211

§8.2. KpaTHicTh BUPOI2KEHHS 1 CUMBOJIN CTAaHIB

Kparuicte BupomKeHHsi. (CrTanu 3 OJIHAKOBOIO €HEPTi€l0 HA3WBAIOTH BUPOJZKEHUMU, &
KIJIBKICTh PI3HUX CTaHIB i3 MEBHUM 3HAYEHHsM eHepril F, - KpaTHICTIO BUPOJIZKEHHS JIAHOTO
€HEepPreTUIHOI'O PiBHA.

KpatHicTh BUPOJIzKEHHS -0 PiBHSA BOJHENOIIOHOT CUCTEMU MOYKHA BUSHAYUTH, BPAXOBYIOUH

YUCJIO MOXKJIMBUX 3Ha4eHb [ 1 m. KoxkHoMmy i3 n 3HaUYeHb KBAaHTOBOrO unc/a [ Biamosimae 21 + 1
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3Ha4YeHb M. ToMy noBHe 4mncso /N PI3HUX CTaHIB JJIs JAHOTO N JIOPIBHIOE

—_

n—

N=» 2+1)=14+3+5+...4+(2n—1) =n (2.7)
l

I
o

Otike, KpaTHICTD BUPOJZKEHHS N-TO €HePreTHIHOr0 PiBHA BOJAHENOMOHIX CUCTEM JIOPIiBHIOE Nn2.
Hacnipasi, gk mokazano HaJaJi, e YUCJIO MOTPIOHO T0JIBOITH Yepe3 HasiBHICTH BJIACHOTO
MOMEHTY (CIMHA) Y eJIeKTpoHa. TakuM YMHOM, KPATHICTH BUPOJKEHHSI N-TO €HEePreTUIHOIrO

piBHS
N = 2n?. (2.8)

CumMBosn crtaHiB. Pi3Hi cranu ejeKTpoHa B aTOMi MPUHHSITO MO3HAYATH MAJUMU JTEepaMU

JIATUHCHKOTO a/ihaBiTy B 3a/I€2KHOCTI BiJI 3HAYEHHS OPOITAJILHOTO KBAHTOBOI'O YHCIa [:

KgsanTose uucio 1 ‘ 01 2 3 45

CumBoJs1 crany ‘s pdfgh

[Tpuitasito roBopuTH PO S-cTaHu (ab0 S-eJIeKTPOHN ), p-cTaHu (abo p-eJleKTPOHM) 1 T.11. 3Ha-
YeHHs TOJIOBHOIO KBAHTOBOI'O YMCJIA N BKA3yIOTh IEepe]] CUMBOJIOM cTany manuM [. Hampukian,
@JIEKTPOH, 110 Ma€ T'OJIOBHE KBAHTOBE YMCJIO N = 3 Ta | = 2, NO3HAYAIOTh CUMBOJIOM 3d, TOIIO.

Burmiemo moc1i1oBHO KijJibKa CTaHIB €JIEKTPOHA:

1s; 2s, 2p; 3s, 3p, 3d;.... (2.9)

§8.3. XBmboBi pyHKIIT aTroMa BOJTHIO

Buacui dyukuii piBasiaast (6.2) € 100yTKOM JBOX (DYHKIIIH, OJIHA 3 SKUX 3aJI€KUTh TLILKH

BiJ 7, a inmra - TibKHU B KyTiB 6 1 -

Vi (1,0, 9) = R (1) - Y (0, ), (2.10)

Jie TIepIInii CIiBMHOXKHUK 3aJI€?KUTh BiJl KBAHTOBUX 4ucesa n i [, a apyruii - Bij [ 1 m. @yHkiiis
Yim(0, ) € dbynkiieio oneparopa Ksajpata MoMeHTy immyabcy M2, Jlns s-cranis (I = 0) na

dyHKIIis € KOHCTAHTOIO, TOMY Y-DYHKIA BUILY V00 3aJI€KUTH TIIbKH Bifm r. B3arasi x
Yiu(6,9) = Oy (6) - €. (2.11)

Y rabmuanax (6.1) i (6.2) maBegeno gk NpuKIa BuJL HaimpocTimmx GyHKIii Ry () 1 Om (0) 3
TOYHICTIO JI0 HOPMYBAJILHUX MHOXKHHKIB.

Tyt p =r/ry, e r1 - 6opiBebKuit pajiyc (2.24).

Bignosigao 10 dopmysr (6.12) i (6.13) 1 muvu TabiuisiMu IPeJICTaBUMO, K BULJISIIAE, Ha-
npUKJIa, MYHKIHA V911

o1 = Are 7?1 sin 6 - elv,

Jie - HOPMYBaJIbHUN KOeiIlieHT.
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Cran | n, | R(p) Cran | 1, |m| | Oy (6)
s | 1,0 i s 0,0 1
2s 2,0 | (2—p)er? 1,0 cos 6
2p 2,1 p e P/ p 1,1 sin 6

§8.4. Pozsmiozin ryctuam iiMmoBipHOCTI

Y KBaHTOBIII Teopil He MOXKHA FOBOPUTH ITPO TPAEKTOPIT eJIeKTpoHa B aToMi. Mae cenc Jimiire
crad (1)-dyHKIIist) Ta AMOBIPHICTH MiCIIE3HAXO/ZKEHHST €JIEKTPOHA B TOMY UM IHIOMY MicCIli B 110JIi
danpa. g HaoIHOCTI BBOJAATH YSBJIEHHA PO €JIeKTPOHHY XMapy, MIJILHICTD PO3MOJILTY STKOI B
KOKHIil TOYI TPOTNopIiiiiHa miibHOCTI iMoBipHOCTI dP/dV Miclie3HAaX0/[PKEeHHSI eJIEKTPOHA B TIiit
TOMIII.

[TismbHiCTh EMOBIPHOCTI MiCIIE3HAXO/ZKEHHS €JIEKTPOHA HAJTAETHCA KBAIPATOM MOJLYJIsS XBU-
nboBoi ynKIii ||? abo *. O6MexkuMOcs /I TIPOCTOTH PO3IJIAIOM OCHOBHOIO CTaHy eJle-
KTpoHa 1§ aToma BOJIHIO, IKUil € chepuIHO-CUMETPUIHIM, TOOTO HOro 1)-(pyHKIISA 3a/1eKUTh

TUIBKH BiI 7:

¢ls (0.8 670”7 (212)

Jge a = 1/r, 17 - 6opiBebKuit pajiyc.
MOZK/IMBICTh 3HAXO/KEHHs eJleKTpoHa B ob’emi dV, gk mm 3Haemo, jopisuioe [2dV|.
Bizbmemo sk enementapuuii 06’em dV cdepuunuii map ToBmwmHOIO dr i pajiycom r: dV =

47rr?dr. Toni itmosipricTs dP 3HaXOMKeHHs 15-eJIeKTpoHa Y IIbOMY Imapi
dP = Ar?y*dr, (2.13)

Jile - HOpMyBaJbHHI KoedirieHT. 3Bijgcu rycruna iimosipaocti dP/dr, mobro iiMOBipHICTH
MICIIE3HAXO/PKCHHS €JIEKTPOHA y C(hEePUIHOMY IMapi OJUHUYIHOI TOBIIUHU MOOJU3Y PAJIyCy T
€

dP/dr = Ar*e " oc re 2, (2.14)

Iro rycruny #MOBIpHOCTI He cJiijl 3minryBaTu i3 rycrunoro iimosiprocti dP/dV, Bigaecenoi 1o
OJMHHI 06’eMy MOG/IU3Y TOUKH 3 PaJliyCOM-BEKTOPOM T, IO JOPiBHIOE |12,
Bugso, mo (6.16) meperBoproeThest Ha HyJib nipu 7 — 0 Ta ipu 7 — 00. 3HaiijemMo 3HaYeHHsT

2ar ocarae Makcumywmy. s mporo mpomamdepenioeMo #oro 1mo 7 i

r, 3a AKOTO BHpa3 12e”
IPUPIBHAEMO HYJTIO OTPUMaHHiT Bupas (Mic/a CKOPOIeHHsT eKCIOHeHT). B pesysbraTi oTpuMaeMo

HallIMOBIpHINTY BlJICTaHb €JIEKTPOHA Bl djpa:
rm=1/a=ry. (2.15)

Mu 6aamnmo, 110 7, TOIHO 30IraeThCs 3 PaJIilycoM IepIiol OOPOBCHKOI OPOITH eJIeKTPOHA B aTOMi

BOJIHIO.
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Ha puc. 6.1 nokazani rpadiku sanexknocreit 1(r), 1*(r) ta
dP/dr o< r?1)?. Cij 3BepHyTH yBary Ha Te, IO IPOCTOPOBUIi PO3-
MIOJIL/T B €JIGKTPOHHIN XMapi aToMa MOYKHA XapaKTepu3yBaTu ado
2

Y

o 2 KBajipaToM Moy/s Y-bynkii [¢(r)[?, abo Bemuaunoro r2)(r)[2.

[lepmmnit Bupa3 BusHadya€ HMOBIPHICTH MICIIE3HAXO/XKEHHSI eJie-

————_ KTpOHAa B OJUHUIII 00’€MY, JIpyTe - ¥ chepuIHOMY Iapi OJUHITHOT

TOBIMUHN. IXHI rpadiki icTOTHO BiAPI3HAIOTHCS OIUH BiJ| OHOTO,
Puc. 2.1 K BUJIHO 3 MaJIIOHKA.
Baysaxkumo, 1o ¥1,(r)|* me € rmaaxoo B Touni r = 0. Ile e
HACJIJIOK TOrO, IO TIOTeHIIiiiHa eHeprisi ejleKTpoHa pu r — () cTae HeCKIHYEeHOO (B IPUILYIIEHH],
IO $1JIPO € TOYKOBUM ). BpaxyBaHHs KiHIIEBUX PO3MIpIB sijipa ycyBae 1eii jgedert 1-hyHKILI.

Cran pyxy e/IeKTpOHa B aTOMi He 3aBK/U Ma€ HaBITh dAKUNCH HAOIMKeHuit anajor. Hampu-
KJIaJI, Y BCIX s-craHaX opOiTaJbHUI MOMEHT eJeKTpoHa JopiBHIOE Hy 0 (I = 0). 3 KIacuaHOT
TOYKH 30pY 1€ BIJINOBiJIa€ pyXy eJeKTPOHA B3JIOBXK paJiiycy, TOOTO €IeKTPOH IIPU CBOEMY PYCi
MaB OM mepeTHHATH 00/IacTb, 3afHATY sAJApoM. ¥ KjaacudHiil (isuri 1e HeMOXK/IBO. ¥ KBaH-
TOBIi#l Teopil cTaH 3 HYJIHOBUM OPOITAJIHLHUM MOMEHTOM ICHYE — IIe S-CTaHU €JIEKTPOHA, B SKUX
PO3IIOJILT “TycTHHHU eJIEKTPOHHOI XMapu chepuaHo-cumerpudauii. OTke, B OCHOBHOMY 1s-crai
KyTOBHiI MOMEHT eJIeKTPOHa, Ha BijMiHy Bij Teopii Bopa, qopiBHIOE HYJTIO.

Hacamkinerp KijibKa CJIiB PO PO3MOJILI €JIEKTPOHHOT XMapH B iHImuX craHax (p,d,...). Tyr
BOHO BKe He ¢(hepUIHO-CUMETPUYIHE 1 CUJILHO 3a/Ie’KUTh Bij KyTa 6. Pazom 3 tumMm, 3’sacyBastocs,
IO [IPU YCEPEIHEHHI 110 KYTY 6 3a/IUIaeThCsa 3a/IeKHICTD 1-(DYHKIHT TITBKY BiJT 7, 1 MAKCHMYME
posnoiy B cranax 3 [ = n”1 (Tobro Haibiabmn KMOBIpHI BijcTaH eJeKTpoHa Bij spa) mpu-
a/al0Th Ha BiAmoBiHi 60piBckKi opOiTu. Ile mokaszano s TphoX cTaHiB Ha puc. 6.2, jge Ha oci
abcIuc IOBrUMY BEPTUKAJIHLHUME BiJIpi3KaMU BiIMideH] paJiiycu BiOBiIHUX OpOIT y OOPIBCHKiit
Teopil aroma BojHIO. AHaJsoris 3 Teopieio Bopa Ha 1bOMy CKpOMHOMY (aJie mikaBomy) dakTi if

BI/IqepHyGTI}CH.
r2\|j2
( 1s

3d

0 2 4 6 8 10 12 r/r,
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Jlekmisa 9. JIy>kHi MeTain 1 KBaHTYBaHHS

OaraToejIeKTPOHHUX aTOMIiB

§9.1. PiBHi Ta cneKTpu JIy>KHUX METAJIiB.

ChnekTpu Jy>KHUX MeTasiB. CHekTpr BUIIPOMIHIOBaHHs aTOMIB JIY’KHUX MeETaJiB, dK i
CIIEKTD aToOMa BOJHIO, CKJIAJIAI0ThCs 3 6e3iui crnekTpaabuux Jiniit. Kponorimsa cucremaruka
IUX CIEKTPaJbHUX JIHIH J03BOJIMIa 3TPYIYBATH 1X y cepii, KOKHa 3 SKUX 0B d3aHa 3 MepPexo-
JIOM 30Y/?KEHOT'O aTOMa Ha SKUHCh NeBHUil piBeHb. [[j1s aTomiB JIiTiio 1€ MokaszaHo Ha puc. 6.3.
Cxema piBHIB IHIUX JIy?KHUX METAJIB MA€ CXOXKY CTPYKTYPY.

AmnaJtiz oTpuMaHuX Pe3yJIbTaTiB JO3BOJIMB 3ICTABUTH 1X i3 JIOCUTH XapaKTEPHOIO CTPYKTYPOIO
€JIEKTPOHHOI OOOJIOHKH aTOMIB JIY2KHUX Z €JIeKTPOHIB, TO MOYKHa BBazKaTHU, MO £ — | €JIeKTPOHIB
pa30M 3 FJIPOM YTBOPIOIOTH IMOPIBHAHO MIIHWUI KICTAK, B €JIEKTPUIHOMY ITOJI TKOTO PYXa€ThCs
30BHIIIHI (BaJIEHTHUIT) €JIEKTPOH, JOCUTH €J1a00 MOB si3aHuii 3 KiCTSIKOM aToMa.

Y neBHOMY CEHCI aTOMU JIy?KHUX METAJIB € BOJIHENOIIOHIME, 11poTe He noBHicTO. CripaBa B
TOMY, 110 30BHIIIHIN €JIEKTPOH /1ehOPMY€E eJIeKTPOHHUN KICTIK 1 TUM CaMUM CIOTBOPIOE TI0JI€, B
SAKOMY PYXa€ThCd. ¥ MEePIIOMY HaOJIUKEHHI 1M0JIe KiCTSKa MOYKHA PO3TJISAJIATH IK CYHEPIIO3UITIO
MOJIT TOYKOBOT'O 3apsay € i Mo TOYKOBOTO JIWIIOJS, PO3TAIIOBAHOTO B MEHTPI KicTaka. [Ipn
IIbOMY BICH JIMTIOJISI TIOCTIMTHO CIIPSIMOBaHA JI0 30BHINIHBOI'O €JIEKTPOHA. LOMY pyX OCTAHHBOTO
BiJIOYBA€ThCS TaK, HIOW 10JIe KiCTsKa, He3BayKaloul Ha CIOTBOPEHHs:, 30epirajocs chepuaHo-
cumerpudnuM. [e /103BOJIsIE YEABUTH MOTEHITITHY €HEPriio 30BHINHBOIO €JIEKTPOHA B TIOJI TAKOTO

OCTOBa 4K

Ulr)=-———-—-, (2.16)

ne C' - geska nocrifina.

Pimennst pisusinug [pesinrepa jyist eJieKTpoHa 3 MOTEHIHHO0 eHepriero (6.18) mpusso-
JIATH JI0 TOTO, IO Terep J03BOJIeH] 3HaueHHs eHeprii B obsacti < 0 (1yist moB’si3aHuX cTaHiB
30BHINTHBOTO €JIEKTPOHA) 3aJIeKATUMYTh He TLILKHU BiJl TOJOBHOIO KBAHTOBOTO YUCJA 1 (K Y

BUIIAJIKY BOJIHIO), & ii Bij opOiTajbHOr0 KBAHTOBOTO YHCIIa [:

hR
Ey=—-——"—, (2.17)
(n + 0 l)
Jie 0 — | — pinbepriBebKa nomnpaska (ab0 KBaHTOBHIT 1ebeKT), Mo 3a1eKuTh Bij [. 3ayBazKkiMo,
1o y JiiTito (auB. puc. 6.3) OCHOBHEM CTAHOM € 28, OCKIJIbKU CTaH 3 n = 1 BKe 3aftHATHil JBOMA
eJIEKTPOHAMU, 10 BXOJATDH JIO CKJIaJLy KiCTAKa.

Enepreruunomy pisaio (6.19) Bignosigae tepwm, 1mo mae 3riguo (2.30) Bu

R

T=——.
T (n+a)?

(2.18)
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BajieXKHICTh eHepril eJIeKTPOHa Bijl OpOITAIbHOINO KBAHTOBOIO YHC/Ia | € BayKJIMBUM BiIMIHHICTIO
PIBHIB eHepril aTOMIB JIy?KHUX MeTaJliB BiJl PiBHIB eHepril aroma BojHO. L{g 3amekHicTh 03HA-
Yae, M0 y JAHOMY BUITAJIKY 3HIMAETHCS BUPOJKEHHs 110 [. DI3UYHO Te MOB’SI3aHO 3 THUM, IO
B aTOMax JIy?KHUX MeTaJliB 30BHIITHII €JIeKTPOH 3HAXOJIUTHCA B €JIEKTPUIHOMY TIOJII aTOMHOTO
KicTsiKa. 3apsi] OCTAHHBOTO HE TOYKOBHUIA, 1 fOT0 PO3IMOILT JIEIIO BiIPI3HIETHCS Bij chepuTHO-
cuMeTpudHOro. EjekTpuune 1ose KicTaka Bike He KysoHiebke (He o 1/r?). 3aBagkn 1mpomy
3’SBJISIETHCS 3aJIEKHICTD eHepril F ejleKTpoHa K Bij n, a it Bij [. [Hakime KaxKy4an, BUPOZKEH-
Hsl 110 | 3HIMAETHCA.

JloctipKeHHsT CIIEKTPIB 10HIB JIY?KHUX METaJliB IT0Ka3aJ10, M0 CyMapHUl MOMEHT iMITYJIbCy
aTOMHOr0 octoBa (T00TO sijipa Ta Z — 1 ejekTpoHiB) jgopiBaioe Hys0. OTXKE, OpOiTaTBHUIN MO-
MEHT aTOMa JIY?KHOT'O METAJIy BUSBJISETHCS PIBHUM MOMEHTY HOTO 30BHINTHBOTO €JIEKTPOHA 1

BU3HAYAETHCS KBAHTOBUM dncJioM [ (110 mokazano Ha puc. 6.3).

IIpaBusio noGopy. BunpowminioBanns (i morimHaHHs) BiIOYBa€ThCs ¥ Pe3yJIbTaTi MEPexoLy
30BHIIIIHBOIO €JIEKTPOHA 3 OJTHOTO piBHA Ha iHInii. [IpoTe He Bei nmepexoan Moxkaui. MoxKnBu-
MU € JIUIIE Ti, Y 9KUX opOiTa/ibHe KBAHTOBE YHCJIO [ 30BHINIHHOTO €JIEKTPOHA 3MIHIOETHCA PIBHO

Ha OJMHUITIO:
Al = +1. (2.19)

Lle oznauae, M0 JO3BOJCHUMHU € IEPEXOJH JIHMIIC MiXK S- Ta p-CTaHAMU, MiXK p- Ta d-cTaHaMH,
tommo (auB. puc. 6.3). 3ayBaKnMO TAKOXK, TOJIOBHE KBAHTOBE WHCJO 7. MOYKE 3MIHIOBATHCS Ha

Oy/Ib-siKe IIijIe 9HCIIO.

IIpuknan. BusnaunMo, CKIJIbKU CIEKTPAJbHUX JIHIN BUIIyCKATUME JIZKEPEJIO, 110
CKJIQJIA€ThCS 3 aTOMIB JITIIO, K1 ITOCTIIHO 30y/I2KYIOTh Ha piBeHb 4. Bianosiano 10

npasuia Bijoopy (6.21) Takux nepexois Gy/e miicte (auB. puc. 6.3), 1e:

4s — 3p, 4s — 2p, 3p — 3s, 3p — 2s, 3s — 2p, 2p — 2s.

3 morisijly KBAHTOBOI Teopil mpaBmiia BiOOPY MOB’si3aHi 3 IMOBIPHICTIO TIEPEeXo/ly 3 OJIHOTO
KBAHTOBOI'O CTaHy JI0 iHIITOr0. BugB/Ig€ThCH, IMOBIPHICTH IEPEXO/IiB, HE JJO3BOJIEHUX ITPABUIAMUI

BiIOOPY, MPAKTUYIHO JIOPIBHIOE HYJIIO.

§9.2. CnekTpaJibHi cepil i TOHKa CTPYKTypa

CnekTpanbHi cepii. 3 ypaxysanuswM mpasuia Binoopy (6.21) jierko 3posymitu, Imo y crie-
KTpax aTOMIB JITIIO CIOCTEPIraloThCs TaKi cepil:
rojoBHa W =2s—np n=2,3,4,...
piska w=2p—ns n=3,4,5,... (2.20)
mudysna w=2p—nd n=3,4,5,....
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. TyT w - wacrora minii, mo BumyckaeTbess. CrekTpasbHa JIiHIS TOJOBHOI cepil, o BiIIOBiTae
nepexojy 2s — 2p, € HaitintencusHimmoro. [{fo JiHi0 HA3UBAIOTH PE30HAHCHOTO.
Cepii (6.22) 3anucani y cumBosiusiii popmi. ¥ sBHOMY BUIJIsL X 3allUCYIOTh K PI3HUII

JIBOX BijmoBiHuX TepmiB. Hanpukiam, /st roJoBHOI cepil JriTifo:

S Y N (2.21)
(2405 (n+o0,)?

Amnajoriuno jyist iHmmMxX cepiif. 3ayBaskumo, 10 pidepriBehKi MOMPaBKN y MeXKaX KOXKHOI cepil

MPpAKTUYHO TOCTiiiHI, ajile 3MIHIOIOThCS BiJI cepil 10 cepil.

Touka cTpykTypa crieKTpajabHUX JiiHil. Jloc/iKenns crieKTpajbHUX JIiHill aToOMIB JIy-
JKHUX MeTaJIiB IPUIaiaMu 3 011600 PO3/ILILHOO 3/IaTHICTIO BUABIIIO, IO I1i JIiHI1 € TOABITHUMEI
(yb6aerami), TOOGTO YTBOPIOIOTH TOHKY CTPYKTYPY.

CrekTpaJibHi JIiHil, O CKJIAJAIOTHCA 3 KIJIBKOX KOMIIOHEHTIB, HA3MBAIOTH MYJILTHUILIETaMU.
Huces10 KOMIIOHEHT Y MYJIBTHILIETI PI3HUX aTOMIB MOXKe JIOPIBHIOBATH JBOM (Jy6JieTH), TphoM
(TpurieTn), 9OTUPHOM (KBapTETH), TOIMIO. 30KpeMa, CIHEeKTPAJIbHI JIiHIT MOKYTh OyTH i OJMHO-
YHUMU (CHHIJIETH ).

Touka cTpykTypa, TOOTO PO3IMIEIVIEHHS CIIEKTPAIbHUX JIHIN, OY€BUJIHO, CIPUYUHEHA PO3-
MIETUICHHSIM CAMUX €HePreTUIHuX PiBHIB (TepMmiB). PazoMm 3 TuM, 11e He BUILIMBAE 3 BUPIIIEHHS
piBasinng [lpeainrepa. Y oMy K TpUYUHA TaKOI'O 3araJIKOBOro posiierients? Bianosias Ha

Ile 3allUTaHHs — Yy HACTYITHOMY maparpadi.

§9.3. CmiH esreKTpoHA

I'imoreza cmina. Tonka cTpyKTypa CIEKTPAJbLHUX JIiHiNi, TOOTO IXHE PO3IIEILIEHH, SK 0YJI0
CKa3aHO HAIIPUKIHIII ITOIIepeTHBOIO Maparpada, € Hac/IiJIKOM PO3IIEIICHHS CAMUX €HEPIreTUIHIX
pieuis. Ile 6yB mepmmii ekcriepuMenTasbauii akt, mo cronykas Laymacmira ta Yiaenbeka (1925)
BHUCYHYTH TiNOTe3y MPO HASIBHICTH Y €JIEKTPOHA CBOTO MOMEHTY, Ha3zBaHoro crinom. Hamami 1o
rinore3y OyJIO IMiITBEP/ZKEHO i 1HIINX JIy?Ke TEePEeKOHTUBUX eKCIePUMEHTAJILHIX (haKTiB.

[Nimoresa crina Bijpa3y BiJIKPUJIA MOMKJIUBICTH ITPOCTOTO MOACHEHHS BEJIMKOI KiJIBKOCTI €KC-
EPUMEHTAJIBHUX (PaKTiB, JIedKi 3 AKHX MU PO3IJITHEMO JIaJIi.

Crin - 1me CyTTeBO KBaHTOBa BeJNYNHA, sKa HE Ma€ KJIACHIHOIO aHajora. Bin Hidoro
CHIJIBHOTO HEe Ma€ 3 YABJIEHHSM IIPO YACTUHKY, IO OOEPTAETHCS, K CIIOYATKY IPUITYCKAJIH
(3BizcH 1 HA3BA).

Crin xapakTepusye BHYTPIIIHIO BJIACTUBICTH €JEKTPOHA IOMIOHO 70 Macw 1 3apsy.
3’s1cyBaJIoCs, Mo CIIMH € BJIACTHBICTIO OJHOYACHO KBAHTOBOIO Ta peiaTusicTchkoo®. Ha BimMiny

Bl OpOITATIBHOTO MOMEHTY, CITIH 3aBXK/IU 30epira€Thesl (1K BHYTPIIIHS BJIACTHBICTB).
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CuinoBuit MomenT CriH eIeKTPOHA BU3HAYAETHCS 3a 3arajJbHUMU 3aKOHAMU KBAHTOBOI Te-
opii. Arajoriaao op6iTaJbHOMY MOMEHTY, TIeBHI 3HAUEHHsT B TOMY CaAMOMY CTaHi MOYXKYTh MaTH

KBajpar crmHa M, 52 (a 3HaunTHL 1 MOJysb ciimHa M) i opHa 3 ioro npoekiiit M, Ha JOBLIBHO

My =hy/s(s+1), s=1/2, (2.22)

Jie § - CIIIHOBe KBaHTOBE YHUCJIO, i

obpaHny Bicb Z:

M,, = hm,, my=+s=+1/2 1a —1/2. (2.23)

Buavuenns s = 1/2 orpumano 3 TaKUX MipKyBaHb. AHAJIOTIYHO OPOITATBLHOMY MOMEHTY, YHCJIO
MOYKJIMBUX 3HAYEHDb ITPOEKIIil M, BIIMMOBIIHUX JTaHOMY 3HAYEHHIO S, JOPiBHIOE 25 + 1. Excriepu-
MEHTAJILHO OYJI0 BCTAHOBJIEHO, IO T€ YUCJIO JIJIsi €JIeKTPOHA JIOPIBHIOE TBOM, TOOTO 25 + 1 = 2,
3BigKN s = 1/2.

BazHaunmo, 10 TepeBaykHa OLIBIMICTh JaCTUHOK Ma€ HeHy/IboBuUil crin. Hampukias, y mpo-
TOHa Ta HelTpoHa § = 1/2, a'y dorona s = 1.

Ockisnpku crimH eeKTpoHa § = 1/2; a iioro mpoekiii m, jgopiBaOOTE 1/2 1 —1/2, crae
3PO3YMLINM, 9OMY KPATHICTh BUPOJXKEHHS N-I'O0 €HEPreTHIHOI0 PiBHS aTOMa BOJIHIO JOPIBHIOE
re n?, a 2n?. Brim, ne ckopime KpaTHICTh BUPOJKEHHS He N-IO PiBHHA, a CyMapHa KPaTHICTD

BUPO/JI2KEHHSI JIBOX IIJIPIBHIB, Kl BIJIIOBIIAIOTh KBAHTOBOMY YHCJIIY 7.

§9.4. IToBHMIT MOMEHT iIMITYJIbCY €JIEKTPOHA

IIpaBusa ckyajaHHsi KYyTOBUX MOMEHTIB. 3 MexaHIYHUMU MOMeHTaMu (opOiTaJbHUM Ta
CIIHOBUM) TOB’si3aHi MarHiTHi MOMeHTH. BHaCIII0K X B3aeMo/Iil Bi/I0OyBaeThCs CKJIAIAHHS MO-
MEHTIB — BHUHHKAE€ IOBHHUII MOMEHT iMITyJIbCy ejieKTpoHa. CHMBOJIIYHO 1€ 3alUCyOTh TakK:
M; = M, + My, ze j - KBaHTOBE YUCJIO IIOBHOI'O MOMEHTY.

[IpaBuia ckiajanHsg KyTOBUX MOMEHTIB y KBAHTOBIN Teopil He 3aJiezKaTb BiJl TOTO, YU €
MOMeHTH opOiTaibHuMHU 4n crinoBumu. Tomy moBHuit MOMeHT eseKTpoHa M, BH3HAUAETHCA

dopmyJior0, aHAIOTIIHOIO (hopMy/IaM JIjisi OPOITAILHOrO Ta CIIHOBOIO MOMEHTIB, & came

M;=h/j(G+1), j=l+s=1+1)2. (2.24)

TakuMm 9rHOM, KBAHTOBE YMCJIO j € HAIMBILJIMM, OCKIJIbKEU [ — 1iije, mpudomy skio [ = 0, To
j = s =1/2. Kpim Toro, j 3aBXK/1 TIO3UTUBHO.

Y 3B’3Ky 31 3HaKamu + 1nepes ciiHoM S B (6.26) yMOBHO HPUITHITO TOBOPUTH, IO CIIIHOBUI
MOMeHT abo “conanpapyieHuil” 3 opbiTaJIbHIM MOMEHTOM (3HAK +), a00 BOHH MalOTh B3aEMHO
npoTusiexuuii “Hanpsamox’ (3Hak ).

Mozxusi npoekiiii Momenty (6.26) Ha Bich Z BH3HAYAIOTHCA K

sz:hmja mj:j,j_l,j_2,---,_j, (225)
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TOOTO Ipu JaHOMY 7 MO2KJIMBI 2] + 1 KBaHTOBHUX CTaH1B, IO BIAPISHAIOTHCA 3HAYCHHAMM 1M;.

Hanpuknas, npu [ =1
h=1+1/2=3/2, m; =3/2,1/2, —-1/2, —=3/2,
Jo=1-1/2=1/2, m; =1/2, —1/2.

Axmo x [ = 0, To BeCb MOMEHT IMITyJIbCY CYyTO CIIHOBHII.

BaranpHi pesynabraTu. Bunuimemo BiacHi 3HaYEHHs KyTOBUX MOMEHTIB (OpGiTajbHOrO,
CIIIHOBOTO Ta TOBHOIO) Ta X MPOEeKIiiil Ha Bich Z B oxHiit Tabsuni (tabs. 6.3), mob 3BepHY-

TN yBary Ha TXHIO O,ZLHOTI/IHHiCTb Ta IIOJICTIIUTH SaHaM’HTOByBaHHH.

M, = h/I(1 + 1), 1=0,1,2,...,
M,, = hmy, my=0,+1,4£2, ... £l
M = hy/s(s + 1), s=1/2, (2.26)
M,, = hm, my = +1/2,-1/2.
M; =h/5(j + 1), j=l+s=1+1/2
M;, = hm, m; =757 —1,7—2,...,—].

Hanauti na i opmym HEOTHOPA30BO MOCUIATUMEMOCH.

§9.5. Touka cTpyKTypa CHeKTpaJIbHUX JIiHIA

Touka cTpyKrypa. Posrismemo Ha HpuKIal aroMa JiTiio, siK 3 JOIOMOIOK CIIiHA MOXKHA,
MOSICHUTHU JTyOJIETHY CTPYKTYpPY JiHil criekTpa. BHACTIIOK TOro, 110 MOMEHT aTOMHOI'O KiCTSIKa,
JIOPIBHIOE HYJTIO, MOMEHT aTOMA JIITIO JOPIBHIOE MOMEHTY 30BHIIMIHBOTO (BAJIEHTHOTO) €JIEKTPOHA.
MowmeHT 1bOro eJIeKTpOHA JIOPIBHIOE CyMi OpOITaJIbHOrO 1 criiHoBOro MoMeHTiB. [loBHMIT MOMeHT

JIAHOTO eJIeKTPOHA 3riHO (6.30) BU3HAYAETHCS KBAHTOBUM YHCJIOM j:
j=1+1/2

qe [ i1/2 - opbitasbHe Ta crinoBe KBaHTOBI uncia. [Ipudomy y Bunajky | = 0 KBAHTOBE YUCJIO
J Mae JimIne ojiHe 3HaveHHs: j = 1/2.

Mu B:xe 3nHaeMo, mo momenTu M; ta M, B3aeMo1iIoTh 0/TuH 3 oaunM. EHeprid 1miel B3aemo,il
BaJICKUTH BiJl B3a€MHOI “OpieHTarlii” opbiTaJbHOTO Ta CIIIHOBOTO MOMEHTIB, MO i MPU3BOIUTD
JIO POBIIEIIEHHsI eHepreTnvHnX piBHiB. TakuM dmHOM, KOXKeH piBeHb (TepMm) pamy P(l = 1)
POBIIEILTIOETHCST Ha JiBa MiApiBHi 3 j = 1/2 ta 3/2, Koxken pisenb psany D(I = 2) - Ha nigpiesi 3
j = 3/2 ta 5/2, Tomo. Bunsarok cranoBaaTh piBai psyy S(I = 0), skuM BiANoOBiTae e ogHe

3HauYeHHsT ] = 1/2; TOMy PiBHI I[bOTO Psijly HE PO3IIEILTIOITHCS (3aIUIIAITHCS CHHIJIETHUMH ).



PO3JILJI 2. ®IBUKA ATOMIB 87

Orxke, KOXKEH psijl PiBHIB, KpiM S-psijty, Mae jiyosietHy crpykrypy. PiBHi (TepMu) npuitasaTo
MO3HAYATU CUMBOJIOM, IO BU3HAYAE 3HAUYCHHA KBAHTOBUX YHCe [, S 1 7, TOOTO IO CyTi MMOBHICTIO

“cTpyKTYpy’ KYTOBOTO MOMEHTY ejeKTpoHa. CHUMBOJIIYIHO 1€ 3aliCyIOTh TaK:
(L);, (2.27)

ne L - cuMBOJI CTaHy, 0 BU3HAYAETHCA KBAHTOBUM JHCIOM [ - BianosigHo (6.10), Tiibku Besu-
KAMH JIATHHCHKUMHI JjiTepamu: S, P, D i T.j1.; v - TaK 3BaHa MYJIbTHILIETHICTH, BOHA TIOB’sS3aHa
31 crinoMm: v = 2s + 1.

Bumnummemo KijibKa rmepmx psjiB TePMiB aToOMa, JIY?KHUX METaJIiB:

2(5)1/2; 2(P)1/2, 2(P)3/2; 2(D)3/2, 2(D)5/2; e (228)

Jlnst aToMmiB JIy:KHUX MeTaIiB JiyOJeTHe PO3IIEIJICHHS JIy’Ke MAJIo

3p (mopiBHSIHO 3 BijcTaHsIMU MiK “OCHOBHUMHU~ piBHsiME). PO3MIp TOHKOroO
PO3IICIUICHHS PiBHIB JIETKHX aToMiB Tpoxn Oiibine 10 ° eB. g BasKKIX

2p aTOMIB BOHO MOKE JIOCATATH JIECATHX 4acToK eB (Iie Bike BaXKKo Ha3BaTu
TOHKUM PO3IIerieHHsM ). lJist TOpiBHAHHS HABEIEMO PI3HUIO MiZK J[BOMA

piBHsMU Ha puc. 6.3, sgka JopiBHIOE ~ 2 eB.

2s IIpaBusia Bimbopy mass j . g KBaHTOBOro 4Yucjaa j JIi€ IMPABHUJIO
Puc. 2.4 BiIOOPY, 3TiAHO 3 SIKUM MOXKJIMBI JIMIIE Taki IMepexojidn MixK PiBHAMH, 3a
AKUX
Aj=0,=+1. (2.29)
Tonka cTpyKTypa CIeKTpaJbHUX JIiHIfl Oy/la BHUSB/IEHa €KCIIEPUMEH-
43 TAJIbHO 1 y aToMa BOJHIO. AJjie PO3IIENIeHHsT PIBHIB aTOMa BOJIHIO BUSBH-
JIOCsL JTy7Ke MAJIMM, 1 TOMY HaifdacTimie IM IpoCTO HEXTYIOTh (32 BUHSITKOM
38 JIy7K€ TOHKUX JIOCJIIJI?KEHB ).
3aKOHOMIPHOCTI TOHKOI CTPYKTypHu. IlosicHIMO 1TOXO/IKEeHHST TOHKOI
9 D CTPYKTYPH CIEKTpaJbHUX JIHII, HAIPUKJIAI, JITiI0, Y TPhOX BUITAJIKAX.
Torosna cepia. B pesyabraTi rmepexo/iiB i3 CyciiHiX MiJIpiBHIB p-TepMiB
Puc. 2.5 HA OJIMH 1 TO#l Ke piBeHb 25 BUHUKAIOTH JIBI OJIM3HKO PO3TAIOBAHI JIiHIT,

10610 Jjy6sier (puc. 6.4). Posmiensienus pisHux p-repmiB Oyje pisHEM,

3BiJICH 1 BI/IMIHHICTb y PO3IIEIJIEHH] BiIIIOBIIHUX J1yOJIeTIB.
Piska cepia. Tlepexonu 3 s-piBHIB Ha 2p-piBeHb (puc. 6.5) MPU3BOAUTDH 0 OJHOTO 1 TOrO XK
PO3IIENJIeHHs JIiHi# 11i€l cepil, OCKIIbKY y BCIX JIiHill BOHO 00yMOBJIEHO PO3IIEIJICHHSIM OJHOIO

it TOro camoro piBHs 2p.
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ds) Jlugpysna cepis. Buacaigok mepexojiB 3 d-piBHs Ha 2p-piBeHb (puc.
d3/2 6.6) — crekTpaJibHi JIiHII BUSIBJISIOTHCS TPHUILIETAMU, OCKLIBKU IEPEXO-
JI, y IKUX KBAHTOBE YUCJIO j 3MIHIOEThCA Ha 2, 3a00POHEHO IPaBUJIOM
Bi6opy (6.33). Takum € mepexif dso — 2pi/2, 300pazKeHHI ITyHKTHPOM.

Posmienients d-piBHiB 3HAYHO MeHIIE PO3MIEIIEHHA 2p-piBHA. ToMy KOM-

Db 3/2 . e
p MOHEHTH TPUILIETY He 3aBK/IM MOYKHA PO3PI3HUTH, a caMi JIiHIT BUXOJIATH
1/2 .
posmuTHME (3BiJcH Ha3Ba cepil).
Puc. 2.6 TakuMm YuHOM, TOHKA CTPYKTypa PIBHIB i CHEKTPAJIbHUX JIHIHT aTOMIB

JIVKHEX MeTaJliB 0OyMOBJIEHI CIIIHOM eJIeKTpoHa, abo, IO Te came, CITiH-

OpOITAILHOIO B3AEMOJII€IO.

IIpukaana. Y aToMiB JIedKOro JIy?KHOTO MeTaJly TOJIOBHA JIiHig PI3KOI cepil 3 JOBKU-
HOIO XBUJI A € JiyOJIeTOM, PI3HUIS JIOBXKUH XBWIb SKOro AN, SHailieMo BeTmIunHy

POBIIEIIEHHS B 9aCcTOTaX W HACTYIHUX JIHIHN i€l cepil.

OckinbKy BCl JTiHIT pi3KOT cepil 00yMOBJ/IEH] ITEPEX0/IOM 3 CHHIJIETHUX S-PiBHIB Ha TOM
caMuil PO3IIEIIEHNH HUXKHIN p-pPiBeHb, TO PI3HUI €Hepriil mepexo/iiB Oy/ie 0/ IHaKO-
Ba B KOXKHOMY J1y6Jieri. 3HAYUTH OJHAKOBUM Oyie i posmerieHas Aw. Y HaIIoMmy

BUNaIKYy AN < A\, TOMy, BPaXOBYIOUN 3B's130K W = 27¢/\, MOXKHa, 3aIUCaTH:

2me

§9.6. MexaHiYHMIT MOMEHT OaraToeJIeKTPOHHOI'O aToMa.

CkJ1a/IaHHSI KyTOBUX MOMEHTIB. K MOKa3ye po3paxyHOK (SIKUil MU OIIYCKAEMO ), CyMapHUii

opOiTaJIbHUIT MOMEHT CUCTEMU BU3HAYAETHCH BUPA30M

My, = hy/L(L + 1), (2.30)

Je L — opbiTasibHe KBAHTOBE YHCJIO PE3Y/IBTYIOUOTO MOMEHTY.
Y pasi cucremu 3 JBOX YACTUHOK 3 opOiTajbHUMU MoMeHTamu [ i ls KBaHTOBE 1ncio L -

Hiﬂe, HO3UTUBHE MOXKE MaTH TaKl 3HAYCHHI:
L = (ll+l2),(l1+l2—1),...,‘l1—lgl. (2.31)

3Bijcu BumumBae, 1o L (a orxke, i pe3y/abTyouanii MoMeHT) Moxke MaTu 20 + 1 a6o 2ly + 1 pizaux
3HaYeHb ([TOTPIOHO B3sITH MeHIIe JBoX 3HaueHb (). [le jierko nepesipuru; Hanpukia, s [ = 2
ily = 3 orpumyemo 2 x 2 + 1 = 5 pisuux 3uadens L: 5,4,3,2, 1.

K10 crucTeMa CKIaIa€ThCs He 3 JIBOX, a 3 0araTboX 9acTUHOK, TO KBAHTOBE UNCJIO L, sIKe BU-
3HAYAE PE3yJIbTYIOUNil OpOITAIBHIIT MOMEHT, 3HAXOIUTHCS MIJITXOM IIOCJIJOBHOIO 3aCTOCYBaHHS

npasuiia (6.35), aje My He 3yIUHATHMEMOCS Ha I[bOMY, OCKIJIBKI Ha a1l HaM Ie He 3HaI00UThCsL.
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[Ipoexkriisi pe3ysIbTYIOUM0ro OpOITAIBLHONO MOMEHTY Ha JedKhil HAIPSMOK 7 BH3HAYAETHCS
axaJsioriaao (6.28):
M, = kg, my =0,+1,42,... +L. (2.32)

[ToxibrM YMHOM BU3HAYAETHCA 1 CyMapHU CIIUHOBUIT MOMEHT CUCTEMHU:

Mg = h/S(S + 1), (2.33)

Jle KBaHTOBE YHCJIO S Pe3y/IbTYI0U0ro CIIMHOBOIO MOMEHTY MOKe OyTH IijimM ab0 HaIliBIIIIM
— 3aJIe’KHO BiJI YUC/Ia 9aCTUHOK — IIAPHOI0 UM HemapHoro. fkimo umciao N bacTUHOK IapHe,
0 S =Ns,Ns"1,...,0, ne s = 1/2, To6r0 y 1ipomy Bunajxky S — misi unciaa. Hanpukiag, mpu
N = 4 qucyo S moxke jopiBaioBaTu 2, 1, 0.

Axmo xx uncyio yactunok N Hemapse, To S npuiiMae Bei HamiBII 3HaveHHsd Bix N 10 s,

ne s = 1/2. Hanpukian, npu N = 5 MoxkiuBi 3nadenns S JgopiBHO0OTE 5/2, 3/2 Ta 1/2.

Tunu 3B’g3KiB y 6araTroeJIEKTPOHHUX aToMaX. ¥ 0araToe/leKTPOHHOMY aTOMi KOYKEH eJie-
KTPOH MOYKHa XapaKTepu3yBaTh OpOiTaJbHUM 1 CIHHOBUM MOMeHTaMu. BUHUKaE pUpo/iHe 1IH-
TaHHS: TOMY JOPIBHIOE TOBHUIT MexaHigHUiT MoMeHT aToma’? BiamoBimae e nmuraHHs 3a€KUThH
BiJlT TOro, sIKi MOMEHTH B3a€MO/IIIOTH OJWH 3 OJHUM CHJIbHiIIE: opOiTa/ibHi, CIIHOBI YU CIIiH-
opbiTasbHi.

BusiBisierbest, HaOLIBIT BayKJIMBUM 1 TIOIIUPEHUM € TaK 3BaHUl HOPMaJIbHUN 3B 30K, ab0
3B’s130K Peccenb-Cayniepca. [leit 38’130k mosisirae B ToMy, 1110 OpOiTaIbHI MOMEHTH €JIEKTPOHIB
B3a€MOJIIIOTh MiK COOOIO CHJIbHIINE, HiXK 31 CIIHOBMMH MOMEHTaMH. AHAJIOITYHO IOBOJATHCS
i crinoBi MomenTHu. BHacmiok 1mporo BCi OpOiTAbHI MOMEHTU CKJIAJIAI0THCS B PE3YJILTYIOUHil
opOitayibHuit MoMeHT M7, a ciiHOBi - B pe3ysibryounit MomeHT Mg. A motim B3aemojtis mix M,

ta Mg BuzHavae cymapuuii MomeHT M ; aroma:

My = h/J(J 1 1), (2.34)

Jie KBAHTOBE YHUCJI0 J TIOBHOI'O MOMEHTY MOYKE MaTH OJ[HE 3 HACTYIHUX 3Hadenb: J = L+ S, L+
S—1,...,]L-S9]
Buaunrb, J Oyme miauM, sakmo S 1iie (To6TO NpH TMAPHOMY YHCJ €JeKTPOHIB), abo

HAIIBILINM, KO S HamiBiijae (IIpu HemapHOMY ducii ejieKTpoHiB). Tak Hampukiia,

L ‘ S ‘ Moz nusi 3uauennus J
2 1 3,2, 1
2 |3/2 7/2,5/2,3/2,1/2

Taxwuit Bu 3B’513Ky, K IIPaBUJIO, BJIACTUBUIL JIETKUM, a00 HE HAJITO BasKKUM aTOMAaM.
OHak HOpPMAJIBHMIT 3B’SI30K He € €IMHO MOXKJ/IUBHM. Lle juine oauH i3 KpaiiHiX BHUIIAIKIB

3B’a3KYy. [HIMMi KpaiiHiii BUITaJIOK — TaK 3BaHUil j j 3B’€30K, KOJU JIOMIHYIOUOIO y KOKHOTO
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eJIEKTPOHA BUSBJISETHCS CIIH-OpPOiTaIbHA B3a€MOJIisd. ¥ IIbOMY BUITAJIKY CYMapHUil MOMEHT aTo-
ma My = > y M, To0TO JIOPiBHIOE CyMi OKpeMUX CIiH-OpOiTaIbHUX MOMEHTIB M.

Taxkwuit 3B’5130K 3ycTpidaeThcd y BaKKUX aTOMIB, ajie He4acTo. B OCHOBHOMY 3/1iICHIOIOTHCS
OLIBIN CKJIAHI TPOMIXKHI BuIM 3B’si3Ky. AJjie mMu X 3adinmatu He OyjiemMo, OOMEKUBIINCH B
OCHOBHOMY JIMIIIE HOPMAJILHUM 3B 3KOM, K HAHOLIBIN BarK/JIMBUM 1 TaKuUM, IO HaldacTimre

3yCTPIYAEThCS.

CriekTpaJyibHi MO3HAYEHHsI. Y Pa3i HOPMAJILHOIO 3B 13Ky TEPMU IIPUITHATO TO3HAYATH CUM-

Bostamu, nogibanMu (6.31):

“(L)y, (2.35)

jne v = 25 + 1 — MyJIbTUILIETHICTD, & J — KBAHTOBE YUCJIO MOBHOIO MOMeHTY. BinMinnicTb 3
nosHadeHusaM (6.31) suie Tomy, 1o Masi Jiitepu S 1 j 3amineni Ha BignosijHi Besmki S i J.
Hagesiemo npukiiajin TepMiB cucTeM i3 JBOMa ejieKTpoHamu. TyT MOXKJ/IUBI JiBa BUIAKU:
S =0 (crmmu eeKTpoHiB mpoTmirexkHi) Ta S = 1 (CHMHN CHPSIMOBAHI OIHAKOBO).
Y nepmowmy Bunasky J = Li2S+1 =1, ToOTO BCi TepMu — CHHIJIETH. Y JIPYTOMY BUIIAIKY
25 + 1 = 3, TobT0o BCi Tpu Tepmu — tpuiietu. [Ipudomy y apyruit BUnNajgKy MOXKJIUBI Tpu

snadenns J: L+ 1, L'i|L"1]. Ckasame st HA0IHOCTI 3Besieno y Tabiuigx 6.4 Ta 6.5.

S| L |J | Cunrnern S| L J Tpurutern
01010 1S 110 1,0 351, 250
0111 tp 111(2,1,0]| 3P, 3P, 3P,
01212 1D, 1]12]3,2,1]|3Ds,3D,, 3D,

Cunip 3a3Ha9UTH, MO MYJIBTHILIETHICTD ¥ JIa€ KIIBKICTD MiJIPIBHIB TIMBKE y BAMAAKY S < L

(y Bunagky ) S > L, qucio noapisuis jgopisaioe 2L + 1).

IIpaBusia mo6opy. Ilpu posrisiii 30BHINIHBOIO €JIEKTPOHA B aToMax JIy:KHHUX MeTaJliB Oy-
JIO 3a3HAYEHO, IO He BCi Mepexo/u MiXK TepMaMu € MOXK/uBUMUA. MOxKuBi Jimiie Ti, 1m0
I JIKOPAIOTHCs TipaBuiiaM Bigoopy (6.21) ra (6.33).

JLis posryisly CKJIaJIHUX aTOMIB IpaBuUjia BiOOPY HeOOXiaHO yTouHUTH. EMIipudno 0y/io

BCTAHOBJIEHO, 110 38 HOPMAJILHOTO 3B’SI3KY IpaBuja BiAOOPY /g KBaHnToBux uucea L, S ta J €

TaKUMU:
AL =0,=£1. (2.36)
AS = 0. (2.37)
AJ =0,+1. (2.38)

Opnak nepexin J = 0 — J = 0 3abopoHenmii.
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Ba3nadeni npaBusia BiOOPY OOIPYHTOBaHI KBAHTOBOIO TEOPIEIO, ajie BOHMU HMOBIpHICTI 1 He
3aBXKJIU € JIOCUTh KOPCTKUME (BTiM, Il BUIIQJKKU MU po3rjsaaru He Gyiaemo). Harajgaemo, 1o
CYyTh TUX TPABUJI y TOMY, IO JIMIIE 3a TaKWX 3MiH KBaHTOBuUX umcen L, S, J fimoBipHicTBH

BIJITTOBITHAX TEPEXO/IiB MI?K KBAHTOBUMHU PIBHSIMU € CYTTEBOIO.



Tema 5. Ilepioauyuna cucrema ejieMeHTIB

Jlexmis 10. IlepiogmaHa cucrema ejieMeHTIB

§10.1. ITpusamun Ilaymi

Y nonepeiHix naparpadax 1boro po3JiIy MU 3’dCyBaJju, 0 eJIEKTPOHN B aTOMaX MOXKYTb
nepedyBaTu B PI3HUX CTaHAX, AKUM BiJIIIOBIAIOTH Pi3HI HAOOPU YETBIPKUM KBAHTOBHUX YHUCE]T
n,l,my, mg, abo n,l, j,m;.

Hexait arom nepebyBae y He30y/IKEHOMY CTaHi. 3’SICYEMO, y AKUX CTAHAX [IPU IIbOMY MOXKYTb
OyTu floro eJIeKTpOHMU.

Ha nepruit noryisii BUIaeThes, Mo BCi €JIEKTPOHU MAIOTh 3aIIOBHUTH PiBEHDb 13 HAMEHIIIOO
MOKJIMBOIO eHepriefo. Ajte J0CBiI TTOKa3ye, IO Ie He Tak.

Y Mmipy 30i/IbIIeHHS TOPSIKOBOIO HOMEpa Z aroMa BiJIOyBAETHCS IOC/IIJIOBHE CTPOrO YIIO-
pPAJKOBaHe 3aIIOBHEHHSI €JIEKTPOHHUX PIBHIB aToMa. llosicHeHHS TaKOTro TOpSJIKY 3aIlIOBHEHHS

piBuiB snaitmos [Taymi (1940). Lle Gysio BesmKke BiIKpUTTsI, 3rofoM Ha3BaHe mpuHImmoM [layi:
y Oy/Ib-IKOMY KBAHTOBOMY CTaHI MOXKe 3HAXOJIUTUCS He OLIbINe OJIHOTO eJIeKTPOHA.

Tomy KoxKeH HACTYIHUIT €JIeKTPOH HE30Y/IZKEHOI0 aToMa Ma€ 3afiMaTu HairymoImii i3 e Hesa-
MOBHEHUX PiBHIB. PeTesibHa mepeBipka crajia IepeKOHJIMBUM ITITBEP/KeHHAM npuniuy [layoi.
Inmunvu croBamu, B atomi (1 B Oynb-siKiit KBaHTOBIH cucTeMi) He MOXKe OyTH €JIEKTPOHIB 3
O/IHAKOBUMHM 3HAYEHHSIMU BCIX YOTUPHOX KBAHTOBUX YHCEJL.
Came npuanun [laysti mosgicHUB, YoMy €JIEKTPOHU B aTOMaX He BUSABJIAIOTHCA BCI Ha HANHUK-

YOMY JIO3BOJIEHOMY €HEPreTUYHOMY PiBHI.

§10.2. 3anmoBHEeHHsI €JIEKTPOHHUX 00OJIOHOK

V § 6.3 6ym0 MoKaszaHo, MO JAHOMY 3HAMEHHIO 1 BiimoBimae 2n? cTaHiB, IO BipisHAIOTHCH
OJINH BiJI OJHOTO 3HAYEHHSIMU KBAHTOBUX d4wuces [, my, mg. CyKyIHICTh €JIEKTPOHIB aToMa 3
OJITHAKOBUMHM 3HAYEHHSIMU KBAHTOBOI'O YHCJIAa M YTBOPIOE TaK 3BaHy 000JIOHKY. BijimosimHo J10

3HAYEHHH 1. 0OOOJIOHKHU MO3HAYAIOTH BEJIUKUMU OYKBAMU JIATHHCHKOTO aJI(DABITY TaKUM UMHOM:

92
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3H3H6HHHH‘1‘2‘3‘4‘5‘6
OGomonka | K | L [M [N |O|P

O6osoHKa K L M
[Mino6osouka (n,l) 1s | 2s 2p 3s 3p 3d
my O[O0 |+1|O0|[-1]0 | +1|O0|-1]+2|+1|0]|-1]|-2
m NI NN N TN
KinpkicTh enekTponis | 2 | 2 6 2 6 10

OOGOJIOHKHU TOJISIOTH Ha, MOJ000I0UKH, MO BiAPIZHAOTHCS KBAHTOBUM YHCIOM [ (jIesKi aB-
TOPU HA3UBAIOTH OOOJIOHKH IIapaMu, a MiJI00J0YKHU - 000JIOHKaMU, TOMYy Tpeba OyTH yBazKHUM
JI0 puitHaTOl TepMminosorii). PisHi cranu B 16004l BiIPI3HIIOTHCSA 3HAYEHHAME KBAHTOBUX
quces my Ta mg. ducsio cranip y migbosourni gopisaioe 2(20 4 1).

[Tomobo/ioHKM T03HAYAIOTH ab0 BEJUKOIO JIATHHCHKOIO JHTEPOI0 3 YHUCJIOBUM 1HIECKCOM
(K, Ly, Lo, ...) abo y Bursiji

1s;2s,2p;3s,3p,3d;. ..,

ne mudpa 03HAYAE KBAHTOBE YHCJIO 1, TOOTO HAJEKHICTH JI0 BinoBiaHOT obosonku (K, L, , .. .).
MokuBi cTanu eJIeKTPOHIB B TOMi Ta IX PO3IOJILT 38 000JIOHKAMHE Ta MiJI00I0UKAME MTOKA-

3aHO B Tab. 6.6, B sKiil 3amicTh m03HaUeHb My = +1/2 Ta —1/2 BukopucTani Jjisi HAOYHOCTI

crpisiku T ta |. Bujgso, mo KiibkicTs MOKJIUBUX craHiB y K, L, M, ... 000J0HKaX JIOPIBHIOE
BimosigHoO 2, 8,18, ..., TO6TO MOpiBHIOE 2n2.
[ToBHicTiO 3amoBHEHI 000JIOHKK 1 1TO000 04Uk MaloTh L = 01 S = 0, otxe, i J = 0.

Hanpukia, 3d-110/1060/109Ka: cymapHe KBAaHTOBE 9ucyio my, = »_my = 0, 1 1ie €iuHe 3HaYeHH s,
tomy L = (0. Anajoriuno 3i cinom. Otike, jgiicno, J = 0. Ile BaxxyimBuii pe3yabrar: 3a MeBHUX
KBaHTOBUX qmces L 1 S aroma 3amoBHeHI mi0oI0uKM MOXKHa He OpaTu Jio yBaru (Mu BiKe

BUKOPHUCTOBYBAJIM 1€ y Pa3i aTOMIB JIy:KHUX METaJIB).

ITpuknan. 3’sacyemo, y gKOro aroma ejemeHTa 3amoBHeHi K, L i -obosonkwu, 4s-

111/1000/109Ka 1 HATIOJIOBUHY 4p-1111000109Ka.

Bupimenns 1nporo nutanHs 3BOIUTHCS JI0 3HAXOJIZKEHHSI ATOMHOTO HOMepa / , AKWil
JIOPIBHIOE 9HCITy €JeKTPOHIB B aToMi. Y KoxkHiil obosonmi € 2n? emexTponis. 3na-
YUTh, y 3aroBHeHuX K, L, — 0boJIoHKax MicTuThed 2 + 8 4+ 18 = 28 ejleKTpoHiB. Y
45-11071000JI04III - JiBa €JIGKTPOHU 1 B HAIIOJOBUHY 3allOBHEHIH 4p-110/1000/104I TPH
esekTponu. TakuM YuHOM, BCHOTO eJ1eKTpOoHIB 28+2+3 = 33. Lle i € Z, mo Binosiae

aromy As.



PO31IJI 2. ®IBUKA ATOMIB 94

K L M N
Z | CumBon | Enement | 1s | 2s | 2p | 3s | 3p | 3d | 4s | 4p | OcHoBHuil Tepm
1 H Bonenn Ty -1 -1-1-1-1-1- 29, /2
2 He lestiit 2 | - = - - - - - LS,
3 Li Jliiit 2 (1| -] -1]-1-1-]- 2512
4 Be Bepumiit | 2 | 2 | - | - | - - -] - 1S,
5 B Bop 20201 |- -1]-1]-1- 2Py js
6 C Byrmens | 2 | 2 | 2 | - | - - -] - 3p,
7 N Asor | 22| 3| -|-|-]-]- 155/
8 O Kucenn 2124 - - - - - 3Py
9 F drop 2025 | - | -] -1]-1-+- %3/

10 Ne Heon 21216 | -] -|-1]-1- 1Sy

11 Na Harpit | 2 |2 | 6 | 1| - | - | -] - 2512

12 Mg Marmiit | 2 | 2|6 2| - | -] -] - 2512

13 Al Amomimiit | 2 | 2| 6 | 2| 1 | - | - | - 1S,

14 Si Kpemniit | 2 | 2 | 6 | 2 | 2 | - | - | - %1 /2

15 Dochop | 2 |26 |23 |- |-]|- 3

16 S Cipka 2121624 | -1]-]- 183/9

17 Cl XJ10p 21216 2|5 -1]-1]- 3P3)5

18 Ar Apron 2021626/ -1]-]- 1S,

19 K Kauii 2121626 -1]1]- 2512

20 Ca Kamemiit | 2 | 2|6 |26 |- 2] - 1Sy

21 Sc Cranmiit | 2 | 2| 6 | 2| 6 2 | - 2Ds s

22 Ti Turan 2 1216 |26 ]2]2]- 3Fy

§10.3. IIpo nmepioguvHy CcuUCTEMY €JIE€MEHTIB.

Posywminns nepiomaHol cucTeMu eJIeMeHTIB I'PYHTYEThCA Ha ijiel Tpo 000JIOHKOBY CTPYKTY-
py enekTpoHHOI xMapu aroma. lIporec 3abymoBu nepmux 22 eJieMeHTIB MepioUIHOl CUCTEMU
npeJicrapjienuit y rabsmi 6.7.

Koxken nactymauit aroM BUXOIUTD 13 TOTEPETHBOTO J0/IaBAHHIM 3aps/ly dpa Ha, OJUHUILIO
(e) Ta joaBaAHHSIM OJJHOTO €JIEKTPOHA, SIKUil MOMINIAIOTH y 03BoJeHui npuHnumoM [Taysi cran
i3 maitmenmoro eneprieto. Tax, Tperiit eslement (J1iTiit) Mae, Kpim 3amoBHeHoOl K -060JI0HKH, OJMH
eJIEKTPOH y 1101000710411 28. Lleit erekTpon 1moB’a3aHuii 3 siApoM cadIie 3a iHINX 1 € 30BHIITHIM
(BasienTHIM, ontuaHNM ). OCHOBHUIT CTAH I[HOTO €JIEKTPOHA XapaKTEPU3YEThCsI 3HATCHHSIM 1 =
2. IluMm, 10 pedi, MOSICHIOETHCS, YOMY Ha cxXeMi PiBHIB aroma JiTito (auB. puc. 6.3) ocHOBHUIL
piBeHb mo3HAUYEHU 1 POo 2.

Jesiki KoMeHTapi /10 IepioIMIHOI CUCTEMMU.

1. Posmois efleKTpoHiB 3a cTaHAMHU HA3WBaIOTh €JIEKTPOHHOIO0 KOHIryparieo. [x mo3nada-
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K L M N
Z | CumBos | Emement | 1s | 2s | 2p | 3s | 3p | 3d | 4s | 4p | OcHoBHHEiT Tepm
23 \Y Bamagiit | 2 | 2| 6 | 2|6 | 3|2 - -
24 Cr Xpom 2121626 |4]2)|- -
25 Mn Manwran | 2 | 2 | 6 | 2| 6 | 5 | 2 | - -
26 Fe Sasizo 21216 |2]6|6|2]- -
27 Co Kobamer | 2 | 2 | 6 | 2| 6 | 7 |2 | - -
28 Ni Hikesb 21216 |26 | 8]|2]|- -
29 Cu Minp 21216 |26 10]1] - -
30 Zn Hwak 2121626 102 - -
31 Ga [auriit 21216 |26 |10]2]1 -
32 Ge Tepmamiin | 2 | 2 | 6 | 2 | 6 [10] 2 | 2 -
33 As Apcen 21216 |26 |10]2]3 -
34 Se Cesten 21216 |26 |10]2]14 -
35 Br Bpowm 21216 |26 |10]2]5 -
36 Kr Kpinton | 2 | 2 | 6 | 2| 6 |10| 2| 6 -

I0Th CUMBOJIIYHO, HAIIPUKJIAl, TaK:
1522522p°3s.

[le oznauae, mo B aToMi € JiBa 1S-€/IeKTPOHHU, JIBa 2S-€JIEKTPOHH, IMCTh 2-€JIEKTPOHIB 1 OJIMH
3s-eeKTpoH. 3 Tabsmi 6.7 BUIHO, IO 1e eJIeKTPOHHA KoHiryparis atoma Na.

2. O6os10HKY (260 1 A60I0UKY ), IOBHICTIO 3AII0BHEHY €JIEKTPOHAMME, HA3UBAIOTH 3aMKHY TOIO.
Y nomnepeiHBOMY TTaparpadi Mu BCTAaHOBUJIN, 10 BCI Tpu KBaHTOBI uncia (L, S, J) y 3aMKHyTHX
060/10H0K (i 11i160/1040K) J10piBHIOITH Hy/0. OCHOBHEMU TepMaMu TakuX 000JIOHOK € 'Sy, V
tabymri 6.7 B aroMmiB , Be, Ne, Mg Ta inmux. EjeKTpoHu B KOXKHIiil 11i/100/I0UIII HA3WBAIOTH
eKBiBaJIEHTHUMU, MAIOTh OJIHAKOBI 3HaYeHHS 1 1 [.

3. Jlo aTroma kaJito K 10C/IOBHICTH HAIIOBHEHHSI 0OOJIOHOK 1 I1i/100/I090K Mae “imeabHuii”
xapakTep. [leprmit “30iit” BiOyBaeTbcst 3 aToMOM /: 30BHINIHIN €JIEKTPOH 3aMiCTh 3d-cTamy
zafimae cran 4s. [loibne — He euHMiI BUTA 0K Y TIEPioIMTHIH crcTeMi, 1 11e TIOB’I3aH0 3 THM, 110
Taki KoHDIrypariii BUSIBJISIFOTbCS OLIBIN BUMIHUMEI B €HEPreTHIHOMY BijHOIIEHH] (pO3paxyHOK
1 TIOBHICTIO Mi/ITBEP/IUB).

4. IlepioguunicTh XiMIiYHUX 1 psy (I3UYHUX BJIACTUBOCTEN aTOMIB, IO CIOCTEPIraeThCH,
MOSICHIOETHCsI TIOBE/TIHKOO 30BHIITHIX BAJIEHTHUX €JIEKTPOHIB. 3’sICyBAJIOCH, IO T IEPIOIUIHICTD
OB’ si3aHa 3 TIEBHOIO TIEPIOIMIHICTIO eJIEKTPOHHOI KOH(DIryparliii aToMiB, 30KpemMa KOH)Iryparieo
30BHIIIHIX €JIEKTPOHIB.

5. Y mpasiit KosiouIi Tabs. 6.7 HABEEHO OCHOBHI TepMu aToMmiB. [[jisg mepmmx 4oTUpbOX
aTOMIB BU3HAYEHHsI OCHOBHOI'O CTAHY HE BUKJ/IMKAE TPY/IHOIIIB — JIJI IIHOI'O JIOCTATHBO IIPUHITUITY

[Taymi. Ane Bxxe i atoma 6opy B BUHUKaE HEBU3HAYEHICTH: OJHOMY p-€JIeKTPOHY BiJIITOBIIa€
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l=1is=1/2,3Binku j = 3/2 abo 1/2, To6T0 € nBa cTanm: Ps/o i P jo. $IKuil 3 HUX € OCHOBHEM,

MOKH& BUPIMIUTH JIUIIIE 3& JIOMOMOTOIO TTPABUJT XYH/IA.

§10.4. ITpaBuaa XyHaa

Ile mamiBeMIipuyHi paBUIIa, MO CTOCYIOTHCSI CUCTEME €KBIBAJIEHTHUX €JIEKTPOHIB (Y HUX N
i [ ojHaKoBi), TOOTO JIJIst €JIEKTPOHIB, IO 3HAXOAATHCS B OfHii migbosouri. [lux mpaswmwr jBa:

1. MinimasibHa eHepris JaHol eJIeKTPOHHOI KOHMIrypariii Mae TepM 3 HalOIIBIITIM MOYKIUBUM
3HAYeHHAM crirHa S 1 3 HAHOLIBITIM MOXKJIMBUM IIPU TakoMmy S 3HadeHH] L.

2. Ilpu 1iboMy KBaHTOBE YHCJIO

|L — S|, ko mijgbosiouka 3ar0BHEHA MEHIIe, HiK HAIOJIOBUHY;

L + S B inmmx Bumajkax.

Bacrocyemo 1i mpasBuiia J0 p-000J0HKHU. ¥ Hilt BCboro MoxKyTh nepebysatu 2(20 + 1) = 6
esleKTpoHiB. Bisbmemo, wampukiaj, arom kucHio O (y HBOTO eJIeKTpOHHA KOHMDIrypariis, siK
BUJIHO 3 Tabs1.6.7, Mae Bujt 15225%p?), To6TO -110/1060/104Ka 3alI0BHEHA He TIOBHICTIO. 306pa3uMo

cTaH i3 pisHnmu 3HaveHugMu my. s -migdoaoukn e 6yayts +1/2, 01 —1/2, TobTo Tpu cranu:

my | +1/2]0]-1/2
IR

ms

IToriM 3amoBHIOBATHMEMO I CTaHW (KOMIPKHN) esleKTpoHamu. KoxKeH eleKTpon m, = +1/2
abo “1/2. Jljst maodHOCTI I 3HAYEHHS Mg Oyjuemo, sik 1 pamime, 306paxkaru crplakamu T 1 J,
BIi/IITOBIJTHO.

[Tounemo i3 3al0BHEHHsI CTaHIB cliHaMu (TaKUX y KOKHOMY CTaHi Moxe OyTu He Gijbiie
ozHoro 3rijuo 3 npunnunoM [laysi). YerBepruit esleKTpoH 3i criHOM |, 10 3aaUIUBCs, Tpeba
MOMICTHTU B TaKWil CTaH, M; sIKOTO MaKCHUMaJbHU. Takum duHOM MU 3a6e31euyeMO MaKCHU-

MaJIbHI 3HAYEHHSI mg Ta Mpy,:

mgzg ms =1, mL:E m; = 1.

AJste MakcuMaJIbHI 3HAYEHHSA Mg 1 My, AOpiBHIOIOTH S 1 L, To6Tro S =11 L = 1. Y Hamomy Bu-
NaJKy Ii/100/I0YKa 3all0BHEHA OLJIBIIT HizK HAIIOJIOBUHY, TOMY 3TiJIHO 3 JIPYTUM IIPABUJIOM XYH/Ia
J = L+ S = 2. TaxumM 9uHOM, OCHOBHHIT TepM i€l KoHdiryparii e 2 Ps.

[ToBepHemocst 10 aToMa 60py . Y HBOI'O B HE3aIllOBHEHII -110,1000/I0UIIl JIUIIE OJINH €JIEKTPOH.
Jlerko 36aruy T, 1Mo B IIbOMY BUIAJIKY MaKCUMAJIbHI 3HaYeHHs Mg = 1/21my = +1, a 3HauUTH,
L =118 =1/2. Ilinbosouka 3amoBHEHA MEHIIE, HiK HAIIOJIOBUHY, ToMmy J = |L™S| =1/2. 1 mu
IPUXO/IMMO JIO TOTO, III0 OCHOBHUM TEPMOM € 2P /2

Posrisgmemo gk IIPUKJIaJd 3BOPOTHE 3aBJaHHA.
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ITpuknaan. 3uaiieMo 3a JIOMOMOTOK MPABUI XyH/A YUCIO €JIeKTPOHIB y €/IMHii

He3allOBHEeHiil 1001041l aToMa, OCHOBHHI T€pPM AKOTO 5 Fh.

Cumsosnr F' osmavae, mo L = 3. CnuHOBe YMCI0 3HAXOAWMO 3 MYJIBTHUILIETHOCTI:
3=2S5+1, 3Bigku S = 1. Ockisibku J = 2, BOHO MOXKe OyTH IIpeJICTaBIeHe TiIbKN
sk J = L°S, a 11e o3HauaE, 3riJIHO 3 JIPYIUM MPABUJIOM XyH/Ia, 110 mijgbosouka d (iit

BijoBiiae L = 3) 3al0BHEHA MEHIIe, HiK HAIIOJIOBUHY, 1 TIJILKU TAKUM YHHOM:

m | 2| +1]0]-1]-2
N

ms

lit Bimmosimae enextponna xondirypamis d?. Hampuxmian, arom turamy T4
(15225%p®3s2pSd*4s).

§10.5. XapaKTepuCTU4Hi PEHTTEeHIBChbKi CIIEKTPH

PentreniBebki criekTpwu, 110 BUHUKAIOTH ITiJ1 9ac 60MOap/lyBaHHs €/IEKTPOHAMH aHTHKATOIA
PEHTreHIBCHKOT TPYOKM, OyBAIOTH JIBOX BU/IIB: CYI/IbHI Ta JiHiiftdacTi. CyIiIbHI ClIeKTPU BUHUKA-
I0Th NP TaJbMYBaHHI MIBUJIKUX €JIEKTPOHIB PEYOBUHI AHTUKATO/A 1 € 3BUYAfHUM TaJbMiBHIM
BUIPOMIHIOBAHHSIM €JIeKTPOHIB (xuB. § 1.2). Burusiy mux crekTpiB 3ajeKuTh Bij MaTepiary
AHTUKATO/IA.

[Ipu mijgBumenni HAIPYTH Ha TPYOIIl TOPsi)T i3 CYIIJIBHUM CIEKTPOM YTBOPIOEThCS JIHIHHMIA.
Bin ckiajiaeTbesa 3 okpeMux JIiHIM Ta 3aJ€XKUTh BiJI Marepiajgy aHTHKaTojy. KoxkeH eje-
MEHT Ma€ CBiil XapakKTepHWil Jjisd HbOrO JiHiliHWIi crekTp. Tomy Taki CHEKTpW HA3WBAIOTH
XapakTepHuMU. 31 301/IbIIIeHHIM HAIPYTW Ha PEHTTeHIBCHKil TPyOIl KOPOTKOXBUJIHOBA MEXKa
CYILIBLHOTO CIIEKTpa 3MIIyeThest (uB. § 1.2), JiHIT K XapaKTepUCTHIHOTO CIEKTPY CTAIOTh JIH-
1€ iIHTEHCUBHIIMNUMHU, He 3MIHIOIOUNA CBOTO PO3TAIITYBaHHS.

OcobMBOCTI XapaKTEPUCTUYHUX CHEKTPiB.

1. Ha BigMiHy Biji ONTUYHUX JIHHIHYACTHX CIEKTPIB 3 1X CKJIAJIHICTIO Ta PI3HOMAaHITHICTIO,
PEHTTEeHIBChKI XapaKTePUCTUIHI CIIEKTPHU PI3HUX €JIEMEHTIB BIAPI3HSIIOTHCS IPOCTOTOIO Ta, OIHO-
MaHITHICTIO. 31 3pOCTaHHIM aTOMHOI'O HOMepa / eJIeMeHTa BOHU MOHOTOHHO 3MIILYIOTbCS B
KOPOTKOXBUJILOBY CTOPOHY.

2. XapakTepuCTUYHI CIIEKTPH PI3HUX eJIeMEHTIB MaloTh MOjibHMH Xapakrep (OJHOTHIIHI) i
He 3MIHIOIOThCS, AKINO IKaBUil JIJIsi HAC eJIeMeHT IepedyBae y mnoeaHanfi 3 inmmmu. [le mo-
JKHa TOSICHUTU TUM, IO XapaKTEPUCTUYHI CIEKTPU BUHUKAIOTH MPU IepexojaxX eJeKTPOHIB y
BHYTPIIIHIX YaCTUHAX aTOMa, YaCTUHAX, MAIOTh MOJIOHY OYy/I0BY.

3. XapaKTepucTUIHI CIEKTPH CKJIJIAI0Thcd 3 KiIbKOX cepiit: K, L, ,.... Koxna cepisa - 3
HeBesIMKOI KimbKocTi miniit: Ko, Kg, K, ..., Lo, Lg, L, ... 1 T.JI. IOPSAJIOK 3MEHIICHHS JIOBKIHI

XBUIL .
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Amnastiz xapakKTepuCTUIHUX CIIEKTPIB MPU3BIB JI0 PO3YMIHHSI, 1[0 ATOMAaM BJIACTHBA CHCTEMa
pentreniebkux TepMmiB K, L, ... (puc. 6.7). Ha 1ipomy K MaJIlOHKY [OKA3aHO CXEMYy BUHUKHE-
HH$I XapaKTePUCTUIHUX CIEKTPIB.

[Topyrmiennss aTomMa BUHUKAE IIPU BUJAJEHHI OJHOIO 3

BHYTPIIIHIX eJeKTpoHiB (i Jii€ro eJeKTpoHiB abo (hoToHIB J10- N |
CUTHb BeJIMKOI eHeprii). SIKIo BUPUBAETHCS OJUH 3 JIBOX €Jie- Illv E
krpoHiB K-pisasi (n = 1), To MmicIe, 1110 3BLIBHIIOCS, MOXKe OyTH M Lyl  M-cepus :‘j_
3affHaTe eJIEKTPOHOM 3 Oy Ib-IKOT0 OiJIbIIT BUCOKOrO piBHs: L, , N, L Ly“ §_
i 1. 1. B pesynbrari Bunukae K-cepis. [logibnum annom BUHUKA- K, L-cepus %
10TH 1 iHmmi cepil: L, , .. .. K g

Cepis K, gk BumHO i3 puc. 6.7, HEOJIMIHHO CYIIPOBOJIZKYE- IT* :;
ThCs TTOABOIO Ta IHIUX Cepiif, OCKIIbKN MPHW BUIyCKaHHI 11 JiHiit K K coprn
3BIIbHAIOTHCS €JIEKTPOHN Ha PiBHAX L, Ta iH., gKi y CBOIO 4epry

Puc. 2.7

3allOBHIOBaATUMYTbCiA €JIEKTPpOHaMM 3 BUIIUX plBHlB

Bakon Moazui. Mosni (1913) ekcrepuMeHnTaIbHO BCTAHOBHB

3aKOH, 3TiJIHO 3 SIKUM YacToTa w K ,-JIiHiil 3aje:KUTh BiJl aTOMHOTO HOMeEpa /Z ejeMeHTa SK
(6.43) me R - mocriitna Pigdepra (2.07 x 10'°~1), o - nocriiina, npakTu4HO piBHA OJMHUIL
(0 &~ 1) mna nerkux emementiB. Lleit 3akoH 3irpaB y cBiif 4ac BayKJMBY POJIb HPU yTOIHEHHI

pO3TallyBaHHS €JIeMEHTIB Yy 1epioIndHiil cucTeMi.

IMpuknaan. O6uucimmo pizuuiio AFE enepriit 38’sa3ky K — i L—eieKTpOHIB BaHA/Iif0
(Z = 23).

Jlocrarabo 3BepHyTHCA 70 puc. 6.7, 1 MU 1106AINMO, IO PIZHUIIO €HEPriil 3B’ 3Ky,
IO IIYKAEThCA, JIOPIBHIOE IPOCTO eHepril mepexoay MixK L— i K—piBHaMmu, sdxa

OB si3aHa 3 9acToToi0 K \-JiHil, ToO6TOo i3 3akoHOM Mo3zi. Takum duHOM,

AE = hwg, = th(Z —1)? = 5keB.

Bakon Mo3ziti JI0CUTh TOYHO BUKOHYETBHCS JIJIs JIETKUX ejieMeHTiB. J[ig BasKKuUX eJieMeHTiB
HONPABKA 0 3HAYHO BIJIPI3HAETHCS BiJl OMMHUIN; HAIpUKIIaL, st oiosa (0.29), nesio (0.00) Ta
Bostbdpamy (—2.1).

3 ojHOrO HOKY, SICHO, IO YaCTOTH, IO (PirypyioTh y 3akoni Moz, o0yMoBIeHi nmepexoiamn
MiK BIJITOBITHUMU PEHTTEHIBCHKUME TepMaMu. 3 iHITIOro OOKY, CIIpodU IIPeICTABUTH 3HATCHHS W
SIK pI3HUIO TepMiB Buiy = R(Z “0)2 / n? CTi/1 BUBHATH HEBIAJMMHE: Jy7Ke CUIBHO Bi/IPI3HAIOTHCS
MONIPABKU O JJIF PI3HUX TepMiB. Y 9OMy TyT CIpaBa — Il e 3'sCyBaTH, ajle CKOHCTPYIOBATH

sakoH Moz (6.43) 3a JIOIOMOTOK0 TAKOrO BUJLY TEPMIB HE BJIAETHCSI.
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OcobamBocTi gianazony moryimHaHHSA. KoedilienT normHans ( PEYOBUHU MPU ITPOXO-
JIPKEHH] Yepe3 HhOI'0 PEHTTEeHIBCHKOIO BUIIPOMIHIOBAHHS B3araJji 3pOCTa€ 31 30LIBIIEHHIM JOB-
»xuan xButi. OJTHAK [IpH JIeSTKOMY 3HaU€HHI A\x BIiH PI3KO Maja€, a MmoTiM MOYNHAE 3HOBY ILIABHO
spocratu (puc. 6.8, je oKa3aHi Ta JIiHIl BUIPOMIHIOBAHHS ).

Taka 0cobJIMBICTD MOTVIMHAHHS PEYOBUHOIO PEHTTEeHIBCHKOIO
1) K L BUITPOMIHIOBAHHS HS TOSICHIOETHCA JOCUTH pocto. Hexait moB-
JKWHA XBWJII PEHTIeHIBCHKOIO BUITPOMIHIOBAHHSA HACTIJIBKU MaJa,

mo 30yKyeThest K —piBeHb, oT:Ke, i iHmN. 3a paxyHOK IbOTO

: Ky Kq _ _

| I/ IHTEHCUBHICTD ITyYKa, IO IPOXOJIUTH Yepe3 PeIOBUHY, Oy1e 3MeH-
}i : mryBaTucs. [Ipu 301/IbIIeHH] JTOBXKUHU XBUJI, MMOYUHAIOYN 3 JIe-

“ JKOTO 3HAYEHHS \j, €Heprii peHTTeHIBCHKOIO KBAHTa CTa€ BIKE
Puc. 2.8 HEJIOCTATHBO, 1100 30yauTn K —piBeHb. Y pe3y/bTaTi MorInHaH-

Hsl PI3KO 3MEHINYEThCs. 3’ ABJISIEThCA TaK 3BaHuil K —Kpaii cMyTn
noryimHaHH«A. [[pu momaabiroMy 301/1bIIeHHI JTOBXKIHI XBIJII Ha, KPUBIiil IONIMHAHHS 3 SIBJISE€THCS
HOBHIT L—Kpail MOrJIMHAHHS, 10 CKJIAIAEThesd 3 Tphox 3yoris: Ly, Lry, Ly (mus. puc. 6.8).
[TonasbIne 30iIbIIeHHS JIOBXKUHU XBUJII CYITPOBOJIZKYETHCS MOABOI0 —KPai0 CMYTHU TOTJIMHAHHSI,
0 CKJIAJIAETHCA 3 I'ITH 3yOIiB, 1 T. 7. 3ayBazKuMo, IO JIJId JIETKUX eJIEMEHTIB 3yOIli pO3Talio-
BaHi JlyKe TICHO, i IPU PO3PaxyHKaX YacTO 1X XapaKTepU3yiTh OJIHIEI0 JOBXKWHOK XBUJI Af
abo Ayy.

Omrxke, Hanpukial, K-kpaii cMyru normHanHs (A ) OB’ sI3aHWi 13 TIPUIIMHEHHSIM TTOPYIITe-

nusg K-piBus. [le o3nadae, 1mo JOBXKUHA XBUJI A\i XapaKTePHU3Ye eHepriio 3B’sa3Ky K -ejiekTpona

) orhe  1.24
Ex = hwg = 2% = 227 1B (2.39)
e

SHaueHHs JOBXKWH XBWJIb, IO BiAmosigaloTh K — Ta L—KpasM HOTJIMHAHHS I PI3SHUX eJie-

MeHTiB7 BU3HAYEH] E€KCIIEpUMEHTAJIbHO Ta Hpe,ILCTaBJIGHi y BI/IFJIH,ILi CHeHiaJIbHI/IX Ta6JII/IHb.

ToHka CTpYKTypa PEeHTreHiBCbKUX CHeKTpiB. DBiibir je-

TaJILHUI aHaI3 XapAKTEPUCTUIHUX CIIEKTPIB IPU3BIB 0 YTOUHE- ; 55 \
HHsI CTPYKTYpPU PEHTreHiBcbKux TepmiB (puc. 6.9). K —repm 3a- £< ? g;g
JINIIAETHCSA MMOOJUHOKNM. L—TepM BUABUBCSA TOTPIITHIM, —TepM o %f%
II' ATUKPATHIM.
L 1 3/2

[Tosicaumo npuunny posmervienns. Hacammepen sasmadunm- =< ! %g
MO, IO MM 3yCTpidaeMocs TyT 13 BHUIAJIKOM JJ—3B 43Ky, KKBz
AKNN 3IICHIOEThCA Yy TJIMOMHHUX IapaxX BayKKUX aToMiB. Y K, g
K—obononku n = 1, orxke KoxkeH eyeKTpon mae [ = 0, s = 1/2 K X 0 12

ta j = 1/2 (1e eaune 3HaUCHHSA).

Y L—06010HKHN N = 2, KOzKeH esleKTpoH Mae [ = 0 abo 1. [Ipn Puc. 2.9
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l=037=1/2,aupul =1 3rigso (6.30) j = 1/2 ra 3/2. Orxe,
MM Ma€eMO TYT TPHU MiJPIiBHI B TOYHIHl BiIOBIIHOCTI /10 KpaTHOCTI L—Kpato ¢CMyTU MOTJIMHAHHS.

Bokpema, nipu n = 2 (L—0060J10HKA)

o] 1
il 1212 32

Anasnoriuao s —obosorku oo (puc. 6.9).
Kpim Toro, nHeobxijiHO BpaxyBaTH, IO MOXKJIUBI JIMIE Ti IMEPEXOJid MiK TepMaMH, sKi

1 JIKOPATOTHCS TIpaBUIaM J1000py:
Al =41, Aj=0,=+1. (2.40)

Tenep mators 6yTH 3po3yMisimmu 300pazkeni Ha puc. 6.9 nmepexoyu: TIILKI BOHU 33/I0BOJIbHAIOTD
i mpaBuia Bigoopy. Mu, 1o Jiinil K —cepil MaioTh j1y0/eTHy cTpyKTypy. KoMmionenTu ayo/eriB
[IO3HAYAIOTH 1HJIEKCAMU (v, (io; (31, B2 1 T. a. Hampuknan, K,-inis asisie coboro ayoser K, Ta
KQQ.

Cepig L Ta inmi MaioTh OlIbIle CKIaIHY MYJILTUILIETHY CTPYKTYPY.



Tema 6. MargaiTai BJIacTUBOCTI aTOMIB

JIekirig 11. MaruiTHi BJIaCTUBOCTI aTOMIB

§11.1. OpbitanbHNiT MarHiTHUIT MOMEHT aToMa

Pamnimre HeosHOpa30BO 3a3HAvYAIOCH, IO 3 MEXaHIYHMM MOMEHTOM aToMa  IIOB’dI3aHUil
MarHiTHuii MoMeHT . ¥ §2.3 Oysio orpumano KiacwaHuil Bupa3 (2.33) juist 3B’s3Ky 1 3 , 00-
YMOBJIEHOI OpOITAJIbHUM PYyXOM €JIEKTPOHA B aTOMi BOJIHIO. ¥ KBAHTOBIN Teopil BeJIMIUHU [t 1

CJIJT 3aMIHUTH oniepaTopamMu [t ta M:

ur=—puVI(L+1), L=0,1,2,... (2.41)
pr, = —pmyp, mp=0,%1,+2,...,£L, (2.42)

e f1 - MmaraeTon Bopa (2.36): u = eh/2mc. Bin rpae posib KBaHTa MArHITHOrO MOMEHTY (TOUHiIIe
floro TpPOoeKIIil /i, ).

3BiJicH BUILUIMBA€E, BUBYEHHS BJIACTUBOCTENl MAarHiTHOIO MOMEHTY €JIEKTPOHA 3BOJIUTHCS JI0
BUBYEHHS BJIACTUBOCTEN ONEPATOPIB [i 1[I, .

Ha zakindenns 3a3HadamuMo, IO

1) craBeHHs MArHITHONO MOMEHTY JIO MEXaHIIHOTO, TOOTO
u/M = e/2me, (2.43)

Ha3UBAIOTh I'IPOMArHiTHUM BiTHOIIEHHSM;
2) 3HaK MiHyC y HaBejeHHWX Buine (GopMmyJax BKasye Ha Te, IO “BEKTOPU (i 1 B3aEMHO

POTUJIEXKH] 3a HATIPAMOM (y KJIACHIHOMY CEHCI TIOHSTTS “BEKTODIB”).

§11.2. Hocaiam IlItepra Tta I'epiaxa

HagsuicTs B aToMiB MarmiTHUX MOMEHTIB Ta lOr0 KBAHTYBaHHS OYJ/I0 JIOBEJIEHO €KCIIEPUMEH-
taspao [Ireprom i Tepimaxom (1921). V ix gociiax mydoK aTOMIB MPOMYCKABCs KPi3h CHJIBHO
HeOJIHOPIiiHe morepedre MarHiTae nose (puc. 7.1 a). Heobxignuii cTymiab HEOIHOPITHOCTI TOJIsT

JIOCSTaBCS 3a JIONMOMOTOIO CIieliaibHol (DOPMU MOJIIOCHUX HaKOHETIHHUKIB N Ta S eJleKTpoMarHiTy

101
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(puc. 7.1, 6). Ilicsist IPOXO/KEHHSI MATHITHOTO TOJIA Iy YOK aTOMIB MOTPAILIAB HA (DOTOILIACTUH-
Ky P Ta 3a7umiaB Ha Hiil cri.
SKImo aroMu MaiOTh MArHiTHHIL MOMEHT, TO 3TiIHO 3 eJIeKTPOIMHAMIKOIO Ha HUX JIiATHMEe

chJIa, TPOEKINs Kol Ha Bich Z (aus. puc. 7.1, 6)

0B,
F. = ey (2.44)

Jie /L, - TPOEKIIid MarHiTHOIO MOMEHTY aToMa Ha Bich Z. 3 1€l popMyJIn BUJIHO, MO JIJIsI OTPHU-
MaHHS HEOOXiIHOTO ebeKTy NMpU MAJNX 3HAYEHHSX [i, TOTPIOHO 3a0e3MeYUTU JOCUTH BEJTUKY
HEOTHOPITHICTD 10151, ToOT0 OB /0%. 1le mocsarasocs 3a JOMOMOro0 3a3HaYEeHOl (POPMU IOJIIO-
CHUX HAKOHEYHUKIB.

3a BiJICyTHOCTI MArHITHOTO TIOJIST CJTiJT Iy YKa Ha (OTOIIACTUHIN P MaB BUTJISI] OJTHIET CMY K-
ku (z = 0). [lpu BKJIIOYEHHI MATHITHOIO TIOJIsI CIOCTEPIraJocst PO3IIelieH sl mydka (puc. 7.1,
B), 1110 OYJIO HACJIJIKOM KBAHTYBaHHSI IIPOEKIIil MATHITHOIO MOMEHTY fi, ¥ dopmyi (7.5): 1, Mo-
JKe IpuiiMaT TIIBKK PsiJi JUCKPETHUX 3HAUEHB. ¥ JIOCJIaX BUABUIIOCS TAKOXK, IO JIJI PI3HUX
ATOMIB YMCJIO KOMIIOHEHTIB, Ha fKi PO3IICILIIOBABCH IIyUIO0K, 0y/I0 ab0 HEemapHUM, ad0 IapHUM.

Anastiz orpuMaHuX pe3ysbTaTiB MOKa3aB, IO HellapHe YNC/I0 KOMIIOHEHT BUHUKAE Y aTOMIB,
[0 MAIOTh TIILKK OPOITAIBHII MEXaHIIHII MOMEHT 7, TOJi MarHiTHe I0Jie 3HIMa€ BUPOIZKEHHSI
1o L 1 91ucjio KOMIOHEeHT (3HaveHb i) Oye JopiBHioe 2L + 1, T0OTO HEmapHWM.

AKIO MOMEHT aToMa € CyMOIO OpOITaJIbHOTO i CIUHOBOTO, TOOTO BU3HAYAETHCS KBAHTOBUM
qucJioM J, TO YuCI0 KOMIOHEHT Oyjie jopiBHIOE 2J + 1, 1 3a/Ie2KHO BiJi TOro, HAIBILIIM abo
miyimM OyJie 3HaYeHHs J, 9MCJI0 KOMIIOHEHT Oy/ie BiJIIOBIIHO MapHUM ab0 HEIapHUM.

B0okpema, IpH MPOIYIIEHHI aTOMIB BOJHIO ab0 cpibjia IydoK PO3IIEILIIOBABCA Ha JIBI KOMIIO-
HEHTH, 1110 CBOT'O Yacy CTaJIO IIOBHOIO HECIIO/IiBAHKOIO, OCKLIILKI B OCHOBHOMY CTaHi X opbiTa/ibHi
MOMEHTH JIOPIBHIOBAJIH HYJIIO (a CIiHOBI MOMeHTH GyJsiu Ie HeBijoMi), 1 My4oK He TOBUHEH OyB
posiierroBaTucsa. Ajie He3abapoM IMOsSICHEHHsI OYJI0 3HAMIEHO: 1[I aTOMH MalOTh CIIHOBHUI MO-
MeHT (§ = 1/2), 1 uucyio 2s + 1 KOMIOHEHT Mg y TOBHIN BiIIOBIIHOCTI 10 JOCBiLy JIOPIBHIOE

JIBOM.

Z Z
—
3
a) 0) 8)

Puc. 2.10



PO3JILJI 2. ®IBUKA ATOMIB 103

§11.3. CninoBuii MarHiTHUiT MOMEHT aToMa

BHao4u CTYIiHb HEOJHOPIIHOCTI MarHiTHOro 1oJist, T06T0 JB,/0z, IllrepH i lepyax 3a Be-
JIMTIUHOIO PO3IIEIIEHHS IIydKa Ha (DOTOILIACTUHIN PO3paxXyBaJl 3HAYEHHS ITPOEKIIl CIIIHOBOI'O
MAarHiTHOIO MOMEHTY Ha HAIPSIMOK MarHiTHOTO IOJIf, [ip. 3 ACYyBAJIOCH, IO /g JOPIBHIOE OJIHO-
My Maruetrony Bopa. [leit pe3yibrar crio4aTky TaKOXK BUSIBUBCS HECIIOIIBAHUM, OCKLJILKU TTPU-
3BOJINTH JI0 TIPOMATHITHOIO BiJIHOIIEHHSI, 10 BJBiul nepepurye (7.4), 1mo 38’s3ye opbiTasibHi
MOMEHTH. ¥ 3B’g3KYy 3 UM KayKyTh, IO CIIUH Ma€ MMOABOEHUN MArHETU3M.

Otke, criHOBUIT MArHiTHUII MOMEHT Ta HOTO MPOEKIls Ha JOBLIbHY BiCh Z BHU3HAYAIOTLCS

AK

ps = —2u+\/S(S + 1), (2.45)

ls, = —pmg, mg=.S5,9—1,...,=S. (2.46)

Ilpu S =1/2mg=+1/21 —-1/2.

[Ipuitnsaro roBopuTH, IO CIIHOBUII MArHiTHUW MOMEHT €JIeKTPOHA JOPIBHIOE OJHOMY Ma-
ruetony Bopa. Taka TepMiHOJIOTiS 3yMOBJIEHA THM, IO IPW BUMIPi MArHiTHOIO MOMEHTY MU
3a3BUYail BUMIPIOEMO HOT0 TTPOEKIIiI0, & BOHA IKPa3 1 JIOPIBHIOE OJTHOMY /4.

Hocninm [HITepna i ['epraxa crau 1me o THUM ITEPEKOHIUBUM JIOKA30M HasIBHOCTI y €JIEKTPOHA

CIIMHA.

§11.4. IToBHMIT MarHiTHUiT MOMEHT aToMa

Buaciok 1mojBo€HOr0 MarHeTu3My CIIiHa TipOMArHiTHE BiHOIIEHHS ITOBHUX MOMEHTIB
p/M; BUSIBISIETHCS 3HAYHO CKJIQJHINIIM. BOHO 3ajiekuTh Bij KBaHTOBHX uncen L, S i J.
Binnosijiauit po3paxyHOK, 10 TPOBOJIMTHCS B KBAHTOBiil TeOpil, JIO3BOJIUB 3HANTH MarHiTHUI

MOMEHT [t Ta WOro MPOEKIIIo Ha BiCh /:
p=—pg\/J(J+1), (2.47)

p, = —pgmy, my=J,J—1,...,—J, (2.48)
Jie g - MHOKHHUK (260 dakrop) Jlamze:

3 S(S+1)—L(L+1)
2" 2J(J +1) ' (2.49)

g:

Bokpema, y cunryiernux cranax (S = 0) J = L, g = 1, i mu nupuxoumo 10 dopmyi (7.2) Ta
(73). Aupu L=0 (J =5, g =2) - 10 bopwmyx (7.6) Ta (7.7).

BazHaunMo TaKOXK JesIKi “‘ek30TnaHi’ Bumaaku. Hampukiiam:

1) y crani *Py g = 0/0; ug HeBU3HAYEHICTH MOBUHHA GEHTEXKUTH, OCKLILKA 3a J = ( Me-

XaHIYHUIT MOMEHT JIOPIBHIOE HYJIIO, OTZKe, BIJICYTHS 1 MAarHiTHUIT MOMEHT;
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2) y crani 1D, /2 g = 0, TOOTO MexaHiYHMIl MOMEHT €, a MarHiTHHI BiJCyTHiIi;

3) y crani °F) 5 g = —2/3, a 1e o3navae, mo B gaHoMy crami 3Hak Mimyc y dopmyrax (7.8)
Ta (7.9) 3aukae. MoBOIO KJIacHKH Iie 0O3HA4AE, 10 “BekTopu” 41 “connanpanieni’ (He B3a€MHO
IPOTUJIEKH] );

4) y crani PLg=5 /2, To6ro dakrop Jlange B neskux craHax Moxke GyTu i GLIbIIE JBOX.

Bunazaku 2) i 3), ko g = 01 g < 0, € gncTto KBAaHTOBI eeKTH, MO HE MAIOTH AHAJIOTIB Y

KJIacu4Hii (izur.

§11.5. EdexkT 3eemana.

[Ipu momimenHi jJKepesia MarfiTHe 1oJie oro CreKTpaJibHi JIiHIT BiTIyBalOTh PO3IIEILICHHS.
Ile i € edpexr Beemana (1896).
Posmienienns Jiiniit mos’si3ane 3 po3IIEIJIEHHIM CAMUX €HEPIeTUIHUX PIBHIB, OCKIJIBKH aTOM,

JAKHUI Mae MarHiTHUI MOMEHT, HaOyBa€ B MarHiTHOMY IIOJI JIOJIATKOBY €HEPTiio.
AFE = —ugB, (2.50)

Jie i - TIPOEKIIisd MOBHOT'O MAarHiTHOIO MOMEHTY aToMa Ha HalpsaMOK 1oJid B. Maioun Ha yBasi

dbopmyy (7.9), sanuiemo Bupas Jijist eHeprii KOXKHOTO M piBHS:
E:Eo—i—AE:Eo—FngBmJ, mJ:J,J—l,,—J, (251)

ne Fy - eHeprig piBHA y BIJICYTHICTH MArHiTHOTO TIOJIA.
3Bijicu BUILTBAE, 10 PiBHI 3 KBAHTOBUM YHUCJIOM J PO3MIEILIIOIOTHCS B MATHITHOMY TIOJI Ha
2J+1 piBHOBI IJIaJIEHUX OJIUH BiJ| OJHOTO MiIPIBHIB, IPUYOMY BEJIMYNHA PO3IIEILJICHHS 3a/IE2KUTh
BiJI MHOXKHUKA JlaHe g, ToOTO iHTepBasn § E Mixk cyciHiMU MM ApiBHIMEI TPOOPIIiHi g: 6 K X g.
Takum guHOM, MarfiTHe 1MoJie B PE3YJILTATI pO3IIEIIEHH PIBHIB 3HIMAE BUPO/ZKEHHT M, ;.
Kpim niporo, HeoOxiHO BpaxyBaTH, 110 MOXKJIMBI JIMIIIEe TaKi MEPEXO/Id MixK IiIPIBHAMHM, IO

HaJIeXKATh PI3HUM PIBHAM, 3a SKUX BUKOHYIOTHC TaKi IIpaBU/ia BiIOOPY /I KBAHTOBOT'O YUC/Ia,

myj:
Amy =0,+1. (2.52)
®opmynn (7.12) 1 (7.13) cranoBiasaTs ocHOBY po3yMinHs edekTy 3eemana.
3a3HaunMO TPUHATIIHO, IO KOMIIOHEHTHU, MmO Biamnosinarot Amj; = (, Ha3uBaIlOTH 7-
KoMmmoneHnTamu, a Amy; = +1 - o-xkommoHeHTamu. lIpum crmocreperkeHHi IepIIeHIHKY/IIPHO

MarHiTHOMY ITOJIIO IIPUCYTHI 1 77- 1 o-KoMIioneHTH. [Ipu criocreperkenHi y3/10B2K MArHiTHOTO MTOJIsI
T-KOMIIOHEHTU 3HUKAIOTh, 3aJIUIIAI0ThCA TIIHKH 0-KOMIIOHEHTH.

YacToTn w 3eeMaHiBCHbKUX KOMIIOHEHTIB CIEKTPAJIbHOI JIiHIl 3 YaCTOTOI0 Wy BU3HAYAIOTHCS
dopmyioro
E,+AFE, E+AE; E,—E, AE,—AE,

h —_ h = h — h = W + AC&)O.

w
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m; m;
1 +1 +2
P, 0 . / +1
-1 D, 0
\ 1
-2
®o G T GC o c T c
. ‘ +1
1 P, ‘ 0
S, 0 -1
®, 0,
0,~A® O +A® 0,~A® O FA®
Puc. 2.11
Bimmosinro (7.12), Aw - 3eemaniBcbKe 3MilneHHs (1010 HE3MIIEHOT JIiHiT):
Aw = (mags — myg1)owp. (2.53)

Jie BesmanHa dwy = 1B /h, 1T Ha3UBaOTh JIOPEHIIEBUM 3MIIEHHSIM.

ITpocTuit edpekt 3eemana. Tak HazwBaOTh edEKT, y STKOMY CIEKTpabHA JiHIS pO3IIe-
IUTIOETHCST Ha TPU KOMIIOHEHTH ([P CHOCTEPEXKEeHHI MePIeHUKYIISIPHO 10 MATHITHONO TIOJIsT).
[IpocTnit edpexkT nmpuTamMaHHuil CIEKTPAJILHUM JIiHIsAM, AKi He MalOTh TOHKOI cTpykTypu. Li simil
BUHUKAIOTH I1iJ] 9ac mepexojiiB MixK cunryietauMu pisasvu (S =0, J = L, my = myp, g = 1).

Tomy dopmysa (7.14) HabyBae BUTIsITY

Aw = Amy, - dwy, (2.54)
TOOTO BUHUKAIOTH JIICHO TPU KOMIIOHEHTH, 3¢€MaHIBChKE 3MIIEHHS TKUX

Aw = dwy, 0, —dwy. (2.55)

Ha puc. 7.2 mokazano posIeryIeHHs piBHIB 11g mepexony ‘P —1 S.

Ba BijcyTHOCTI MOJIs (JIIBOPYY) CIIOCTEPIraeThest OJHA JIiHiA 9acTOTH Wo. IIpu BKIIOYEHHI
0JIs1 BUHUKAIOTh TPU 3€eMaHIBChbKi KOMIOHEHTH BinosiiHo o (7.16).

Cxuaamimmii BUIAJIOK IIOKa3aHuii Ha puc. 7.3 maa nepexony D —! P. Oxpax i TyT, gKIo
YyBazKHO CTEKUTH 3a TEePEXOJaMu 3a JOIIOMOro0 npaswI Biabopy (7.13), BUHHKAIOTE JIUIe TPU

3eeMaHOBCKHe KoMioHeHTH (7.16). Bijnosijni IM nepexou MoKa3aHo bOMY MAaJIOHKY MPaBO-

py4.
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IMpukiaza. OmiHuMO y JIOBXKUHAX XBUJIb PO3IIEIIEHHS A CIIEKTPAJIBHOI JHHIT \ =

550 HM y pasi mpoctoro edexTy 3eemana B MarHiTHoMmy noJji 3 impykiiero = 10* I'c

(1 T).

Ockinbki A = 27¢/w, 10 OA = 276wy,

Baazkaroun, 1mo dwy — JIOpeHIieBe 3MilieHHsl, Mo JopiBHIoe p B /h, orpuvaemo:

—20 . 104
uB _ 0.927-107*" - 10 _
A= X" =(55-107")2 = = =14-10"" cm = 0.014 um.
2mch 2m-3-1010-1.054 - 10~

fx 6aunmMo, PO3MIEIUIEHHS JTy?Ke MAJIO HaBiTh 3a 3HAYHOI I JJTADOPATOPHUX YMOB

IHJIYKIIIT MarmiTHOTO HyJid. ToMy I BUSIBJICHHS TAKOI'O PO3IICILJICHHST BUKOPUCTO-

BYIOTH IPUJIAIU 3 BUCOKOIO PO3/ILIHHOIO 3AaTHICTIO, TUITY iHTepdepomeTpiB Padpi-

IIepo.

Ha sakinuenHs Big3HAYUMO, IO T- 1 0-KOMIIOHEHTH BUSIBJISI-
I0THCS TIOJIIPU30BAHUMH.
‘ ‘ a) B
[Ipu crocreperkenHi MePHEHUKY/ISPHO O MATHITHOIO MOJIsS
B, gk nokazano Ha puc. 7.4 a, BCi Tpu KOMIIOHEHTH IIOJISIPU30- ? G T - i
BaHI JIHIITHO: y T—KOMIIOHEHTH KOJIMBAHHA —BEKTOpa HaIlpaB-
JIEHI B3JIOBXK , & y O—KOMIIOHEHT - TepHeHIuKyadpHo . [lpu e —~—
CIIOCTEPEXKEHH] K B3JI0BXK MarHiTHOrO 1oJisi (auB. puc. 7.4, 6)
T—KOMIIOHEHTa BIJICYTHs (3HUKAE), 8 0 —KOMIIOHEHTH TIOJISIPU30-
BaHi 110 KOJIY Y TPOTUJIEKHUX IT0JIO OJIUH OJIHOTO HAIPIMKAX. 6) ® B
I
| )

Cximanuuii epekt 3eemana. Taxk HazuBaioTh edeKT, KoM
CIIeKTpaJibHa JIiHIA JIZKepea, 0 Y MarHiTHOMY IT0JTi, PO3IIETLIIO-
€ThCS HA YKCJIO KOMIIOHEHT OLIbINE TPhOX (YUC/IO 36eMaHIBCHKIX
KOMITOHEHTIB IIPH CKJIATHOMY e(eKTi MO¥Ke JIOCATaTH KiJIbKOX Jie-
caTkiB). Le moB’a3aHo 13 3a/1€2KHICTIO PO3IIEIICHHST CAMUX DIBHIB

Bij MHOXKHUKa JlaHge g, gk BugHO 3 (7.12), T06TO B KiHIIEBOMY

O

Puc. 2.12

PaxyHKY 3 HasIBHICTIO CIINHY €JIEKTPOHa Ta foro IIOIBOEHNM Mal'HETHU3MOM.

O

[Ipu nmosicnenni ckiagaoro eekTy 3eeMaHa BUXOJAUTUMEMO 3 TMPUIIYINEHH, [0 MA€ Miclie

HOpMaJibHUit 38’130k L — S (3B’s130K Peccenb-Caynjepca, qus. § 6.4). lle ekcriepumenTaibHO

i ITBEP/ZKYETHCS.

Bisbimn jokaiHuii XapakTep po3IieieHHs PiBHIB (IPUPOJIHE Ta 3eeMaHIBCbKe) Ta MOXKJIMBI

Hepexo/in MiK HUMH TIOKa3aHi Ha puc. 7.5. 3jiBa I[bOMY MaJIOHKY MOKA3aHO IPUPOJIHE PO3-

merieH st (TOHKA CTPYKTYpa, KOMIOHEHTH A1 1 Ag) BizgcyTHicTh MaraiTHOro mosisi. [Ipasopyu

- 3eeMaHiBChbKe DO3IIEIJIEHHsT B MArHITHOMY TOJii Ta MOXKJMBI 3a mpasusioM Bigbopy (7.13)

epexo/ii. 3ayBayKUMoO, IO 3 HAIBHOCTI MArHITHOTO IOJI MOYATKOBA JIiHIA Y pasi BiicyTHS.
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B=0 B+0 m, &
+3/2
2 +1/2
B, 1 43
-3/2
+1/2
P, 12 23
O]
}h Ao c - G i T
\ +1/2
'S 2
1z -1/2
| |
0‘)01 (002
Puc. 2.13

BawmicTp Jinil 2P, /2 —2 5 /2 3'ABJIAIOTHCA YOTHPH 3€eMaHiBChbKi KOMIIOHEHTH, 3MilleHHs SKUX
Aw = (£2/3,£4/3)0wy. Bamicts minil 2Py 5 —? S /9 3'BISIOTHCS MICTH 36eMAHOBCKIX KOMIIO-
HeHT, 3Mimenns akux Aw = (£1/3,4+3/3, £5/3)0wy.

Cknagauit edpekT 3eeMaHa CIIOCTEPIrA€ThC Y CJAA0OKOMY MarHITHOMY HYJIi, KOJIH 3€eMaHOB-
CKO€ PO3IIENJIEHHS CHEKTPAJbHUX JIHIIT Majo MPOTH 1HTEPBAJIOM MiXK KOMIIOHEHTaMH TOHKOI
crpykTypu™ (T. e. MpOTH pI3HUIEI0 A\; — Ag Ha puc. 7.5). 3ayBaxKuMO y 3B’sI3KY 3 IUM, 10 3
OJIMHOYHUX JIHINA (CHHIJIETOB) 3a3Ha4YeHa yMOBa OY/Ib-KOJM MOXKe BUKOHyBaTuCs. [l Takmx
JIiHIN BCSKE MArHiTHE IMOJIe € CUJIBHUM, 1 eeKT, M0 CHOCTEPIracThCsd HA HUX, 3aB¥K/IU ITPOCTHIA.

dAxuit ebekr 3eemana B caabKOMy MarHiTHOMY MOJ (IPOCTHI M CKJIAJIHWIA) BiadyBaTuMe

JlaHa CIeKTpaJbHa JIiHis — OJpa3y BIMOBICTH Ha Tie TUTAHHSA HE 3aBK/IM MOXKJIUBO.
IIpuksazn. Bigxecemo me muranuis 10 JiHiiA, 3yMOBJICHIX TEPEXOIAMIE: a ) ’Ds /2 —2
. F\ 5 5
P3/2, 6) I5 — H4.

Hacawmrmiepe neobxijiao mepesiputu, piBai um Hi MHOKHUKEN Jlamje B cranax, Mix
SKUMA BiOyBatoThes nepexoau. MoKkHa nepekoHaTucs 3a gonomoroio (7.10), mo y

BUTAJIKY
a) g1 # go, TOMY edekT 3eeMaHa CKJIaIHUIL;

6) g1 = go, OTIKE, TIPOCTHIA.
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B=0 B+0 m, mg m+2mg

) +1 +1/2  +2
P, / 0 +1/2 +1
p 1 ¥1/2 0
1/2 N 0o -1/2 -1
-1 -1/2 -2

g 0 +1/2 +1
v VN ANNNAE A o -1/2 -1

0N O—0M, ®;, OO0,
Puc. 2.14

§11.6. EdexT Ilantena-baka

Y cuwibHOMY MarsiTHoMy moui (iHmmit Kpaifniii Bumasok) 3B’a30K Mixk momentamu M i
Mg pospuBaeTbes, 1 BOHI HOBOJATBCH 110 BiIHONIEHHIO JIO MATUHITHOIO IIOJIS HE3aJIE’KHO OJINH
BiZl omgHOrO. Y IBOMY BHIIQJKY JOJATKOBA €HEprisd, NoB'dA3aHa 3 IX MArHiTHIMHI MOMEHTaMH,
BU3HAYAETHCA AK

AFE = puBmyp + 2uBmg = pB(my, + 2mg). (2.56)

Jlo3BoJteHi mepexo/in BiIIOBIIaI0Th ITIpaBuUiaM Bijgbopy
Amy =0,£1, Amg=0. (2.57)

B pesynbrari BuHMKae HOpMAaJILHUN 3€€MaHOBCKUI TPUILIET, CXEMAaTHYHO ITOKA3aHUN Ha PUC.
7.6.

SKIO B CHJIBHOMY MarHiTHOMY I10J1i MarHiTHEe PO3MIEIJIEHHS JIHIN BUAB/IAETHCA OL/IbIIE TOH-
KOI'O PO3IIEIUIEHHS, Tle O3Hadae, 1o Mu crocrepiraemo edekt llamena-bBaka. Takum gquroM,
3OUIBITYIOUN 1H/IYKIII0O B MAr"iTHOrO IMOJIs, MU CIIOCTEPIraTUMEMO CIIOYATKY TOHKE PO3IICILIe-
uHst il (tpu B &~ 0), noriM ckiajanuii edekr 3eemana (6araro KOMIIOHEHT) 1 HAPEIITI TIpu
CUIBHOMY TT0JT1 - ipocTuii edexr (Tpuruter). Mu posrisiayu kpaiini Bunajaku. HaitGiibm ckiia-
JIHOIO BUSIBJISIETHCSI KAPTUHA PO3IIEIIEHHsT CIEKTPAJIbHUX JIHI y MPOMIXKHUX BHUIAIKAX (IO-

JISIX).

§4.7. EnexTponnuii mapamMaraiTHuii pe3oHaHC.

Bume 6ysio Bcranos/ieHo, 1o 3 mapaMartHiTHONO aToMa B MarHiTHOMY IIOJIi KOYKEH PiBeHb i3

KBaHTOBUM YUCJIOM J PO3IIEITIoEThest Ha 2.J + 1 mipisuiB (unciao moxkiusux my). pu mpomy
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iHTepBaJ MizK CyciaHiMu miapiBasaMy, sk BumuBae 3 (7.12), nopisuioe 0F = ugB, 60 [dm | = 1.
Ko Ha aToM, MO 3HAXOAUTLCA B TAKOMY CTaHl, HAIIPABUTH €JICKTPOMATHITHY XBUJIIO 3

JaCTOTOIO W, KA 3a/I0BOJIbHSE YMOBI
hw =0F = ugB, (2.58)

TO ™ €0 MarHiTHOI CKJIAJIO0BOI MHajaiovol XBUil 3rigHo 3 mpasuiaoMm Bigoopy (7.13)
BiIOYBATUMYThCS TIEPEXOJIM aTOMa MiXK CYCIIHIMU TiJIPDIBHIMM, IO HAJEXKATh TOMY CaMOMY
piBaIO. Ile sBUINE, MOB’si3aHe 3 BUMYIIEHUMH Iepexojiamu, Brepire crocrepirap €.K. 3aBoii-
cokuii (1944). Bono it orpumasio Ha3By eJIEKTPOHHOIO mnapamartaitaoro pesonancy (EIIP) y
3B’A3KY 3 TUM, 1[0 Ma€ PE30HAHCHUIT XapaKTep: Mepexo/i BUHUKAIOTh ITPU TIEBHIiil YacTOTI 1ma/1a-
10401 XBWI. B Jy’KKax 3a3Ha4YMMO, IO CHOYATKY CIIOCTepiraBcs sJIepHUII MarHITHUN PE30HAHC
(Pabi, 1938). Oninumo 3a gomomororo (7.19) pe3oHaHCHY YacTOTy ¥ 3a TUIIOBOIO s Jrabopa-

TOPHUX yMOB injykuii MmarnitTaoro noaa = 10% Te (1 Ti). Beazkatoun g ~ 1, orpumaemo:

w pu-B 10
= —=——=10"T 2.59
v 27 21h t ( )

0 BiAOBia€ MOBXKUHI XBUI OJIM3BKO KiJIbKOX caHTuMeTpiB. OTKe, pe30HAHCHI 9aCTOTH 3HA-
XOAATHCA Y PaJIio Tiala30Hi. [x masusators HBY.

Cuij 3a3Ha9UTH, IO TIPU PE30HAHCI €HEPTis MepeIacThCs He TIBKHU BiJf IOJIS JI0 aToMa, a it
Y 3BOPOTHOMY HAIIPsSMi — IIiJT 9ac MepPexo Iy aToMa 3 BUIINX 3eeMaHOBCKUX IIi/IPIBHIB HA HUKI.
OjiHak 1pu TervIoBiil piBHOBa3i YMC/IO ATOMIB i3 MEHIIIOI €HEPri€l0 MEPEBUIILYE TUC/IO aTOMIB
i3 Oinbmoo eneprieo. Tomy mnepexojm, dKi 30UIBIIYIOTH €HEPril0 ATOMIB, MEPEBAYKAIOTH HaJL
IepexoJlaMu Y 3BOPOTHHLOMY HampsMi. Tak 1o B pe3y/bTaTi mapaMarHeTuk IOIJIMHAE €HEePTriio
Pa/II09aCTOTHOIO TI0JIsI Ta HAIrPiBAETHCS.

Excrnepumventu 3 EINP jpators moxiusicts i3 ymoBu pesonancy (7.19) BusHaumTu ojHy 3
BeJIMYUH - ¢, , a0 W) - 3a BiloMuMH iHMMMHI BejanduHaMu. Hanpukiali, BUMIpABIIHT 3 BUCOKOIO
TOYHICTIO 1HIYKIIiIO 1o B 1 9acToTy w),, 3a gonomororo EIIP Mokna 3HaiiTH 3Ha4eHHd g, a
MOTIM 1 MarHiTHUIT MOMEHT aToMa B CTaHI 3 KBAHTOBUM HYHCJIOM J.

VY pijmHax i KpucTajgaxXx aToMU He € 130JIbOBAHUMHM, OCKLIBKH B3a€MO/IIIOTH 3 IHIITUMHA aTOMa~
Mmu. [Ig B3aeMoIig MpU3BOAUTD JI0 TOTO, IO IHTEPBAJIN MiXK CYCIIHIMU PIBHAMU 3€€MaHiBCHKOTO
PO3IIEIICHHS BUABIAIOThCA pisauMu, i jinil EITP maioTh KinneBy mmpumy.

Jlnsa nocnimkens EITP 3acTocoBytoTh mpmiiajin, gKi Ha3UBAIOTHCS PAJIIOCIIEKTPOCKOTIAME. Y
HUX YaCTOTa W IJITPUMYETHCS IOCTIITHOIO, a 1HJIYKIif MAarHITHOTO T0JIS, CTBOPIOBAHOIO eJle-
krpomartitom NS (puc. 7.7), 3SMIHIOETBCsI Y MIUPOKUX MeKax.

Heseymmkuit 3pa3ok moMimaioTh B 00’eMHUil pe3zoHarop I,

R HaJIAIITOBAHWI Ha JIOBXKUHY XBWI A ~ 3 cMm. PajioxBusi Takol

44
N_)
T l <5 / D JIOBXKWHM, CTBOPIOBaHI TeHEPATOPOM , TiJIBOJSITHCS JI0 PE30HATO-
—aay ——N%

(s

Puc. 2.15

pa R uepes xBusiesin V' (TpyOKy ¢ mpoigaumvu crinkamu). [Ticos
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JaCTKOBOI'O TOTJIMHAHHS y 3pa3Ky BOHU TEXK HAJJIXOJATh depes
xBUJIeBOT V' Ha jerekTop D.

VY pe3y/bTari eKCIEePUMEHTY ILIaBHO 3MIHIOEThCSI MArHiTHE TI0-

Jie, CTBOpIOBaHe ejiekTpoMartitoM. [Tpu 3HadenHi iHyKIiil, 1m0 3a0B0sbHSIE yMOBi (7.19), cro-
CTepiraeThest iHTEHCHBHE (PE30HAHCHE) TOTJIMHAHHS XBUJI 3PA3KOM.

Cnain zasmauntu, mo EIIP — wme oama i3 Hajmpocrimmx, aJjie He €IMHUI MeTO.I

PaJOCIIEKTPOCKOIIIl, IO JIO3BOJISE PO3KPUBATH 0AraTo TOHKUX OCOOJIMBOCTEH OY/I0BU PEUOBU-

uu. i paJiioclieKTpOCKOIMIHUX METO/IIB XapaKTepHa JIyzKe BUCOKA PO3JIijIbHa 3J/IATHICTD, 10

B COTHI THCAY Pa3iB NEPEBUIILYE PO3/LIbHY 3JaTHICTH ONITUYHUX METO/IIB.



