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ATOMHAS ®U3UKA

B ocHOBe mocoOusi — JEKINHN, YUTAHHBIE aBTOPOM JJIsl CTYI€HTOB MOCKOBCKOTO
(UBUKO-TEXHUYECKOTO HHCTUTYyTa. [JlaBHOE€ BHHMAaHWE VJEJIEHO BBIICHEHHUIO
(U3MUECKOTO CMBICIIA U COJIEPKAHUSI OCHOBHBIX 3aKOHOB U MOHSATUN aTOMHOU (PU3UKH,
YCTaHOBJICHHIO TPAHUI] TPUMEHUMOCTH dTHUX 3aKOHOB, PA3BUTHIO y CTYJICHTOB HABHIKOB
(GU3MUECKOTO MBIIUICHUS W YMEHUsS CTaBUTh M pElIaTh KOHKPETHBIE 3amauu. Bropas
qacTh BEIMIET B 1987 1.

Jns  cryneHToB  ¢u3Wueckux W (pU3MKO-MareMaTHdecKuX  (aKyIbTETOB
YHUBEPCUTETOB, (PUBMKO-TEXHUUYECKHUX W WHXECHEPHO-(PU3HUYECKUX HMHCTUTYTOB, a
TaK)Ke TeX BY30B, I/ie (PU3UKa SBISETCSI OCHOBHOW AUCIMILTHHOM.

OI'JTABJIEHME
IIpenucnosue 6
'JIABA 1
KBAHTBI CBETA
§ 1. DHeprus u UMITYJIBC CBETOBOIO KBAHTA 7
§ 2. dorosnekTpuyeckuii 3 pext 12
§ 3. Dddext Kommnrona 25

§ 4. Odpdext Jomnmnepa npu 1BUKEHUN UCTOUHUKA CBETA B BakyyMe ¢ GoTOHHOH 34
TOYKH 3PEHHUS

§ 5. OTpaxkeHue u npesomiieHre cBetTa B ((oToHHOHU Teopun. POTOHBI B cpejie 37
§ 6. U3nyyenune BaBmiioBa — Uepenkosa. Dddext Jonmiepa npu ABHKEHUN 40
HCTOYHUKA CBETA B CPELC

§ 7. ®OTOHBI B rPaBUTAIMOHHOM MOJIE 44

§ 8. HekoTopble onbITHI IO 0OHAPYKEHUIO KOPITYCKYJISIPHBIX CBOICTB CBETa 47
I'JIABA 11

CTPOEHME, DHEPTETUYECKHUE YPOBHU U CIIEKTPbI ATOMA

§ 9. SAnepnas moaens atoma u onbIThl Pesepdopaa 50

§ 10. Onpenenenue 3apsiia SApa U3 paccessHUs PEHTT€HOBCKUX JTydei 58

§ 11. CnexTpanbpHble 3aKOHOMEPHOCTH 61

§ 12. IToctynarsr bopa 65

§ 13. CnekTp Bozopoaa 68

§ 14. DxcnepuMeHTaNbHOE TOATBEPKIAECHHUE MOCTYyIaTOB bopa 80

§ 15. Pe3oHaHCHOE CBEUEHHUE U JTIOMUHECLICHIIUS 87

§ 16. IIpuHumnnaneHbIe HEAOCTATKU Teopun bopa 91
TI'JTABA 111

BOJIHOBBIE CBOMCTBA YACTUI] BEIIIECTBA

§ 17. T'unoresa ne bpoiins 94

§ 18. DkcnepumeHTanbHbIE MOATBEPKICHHS THIIOTE3BI € bpoiiis 101

§ 19. Cratuctuyeckas HHTEpHpeTanus BoJH e bpoitis u BoaHOBOM QyHKIMK 112

§ 20. CooTHOIIEHNE HEOTIPEIETIEHHOCTEMN 121
I'/IABA IV

YPABHEHUE IIPEJUHI'EPA. KBAHTOBAHHUE



§21.
§ 22.
§ 23.

Vpasuenue lllpennnrepa
VYpasuenue lllpenuHrepa u KBaHTOBaHUE
["apmoHHMYecKHil OCHMIIIATOP

§24. OnHOMEpHBIE, IPSAMOYTOJIBHBIE IOTEHIIUAJIBHBIE SIMBI.

§ 25.
§ 26.
§ 27.

§ 28.
§ 29.

KBanToBanue B ciyyae cepuyecku CUMMETPUYHOTO CHIIOBOTO MOJIS
Cucrema 1ByX B3aUMOJEHCTBYIOIMX YaCTHII
KBanToBanue Bo1opo01og00HOr0 aTromMa B chepruiuecki CHMMETPUYHOM
ciry4ae
[ToTenunansHbie Oapbepsl
K 00BsicCHEHNIO KOHTAaKTHOHN pa3HOCTH MOTEHIMATIOB. XOJIOAHAs IMUCCHUS
3JIEKTPOHOB U3 METAJUIOB

I'’/IABA V

JAJBHEWIIEE IOCTPOEHUE KBAHTOBOM MEXAHUKH U

§ 30.
§ 31.
§ 32.
§ 33.
§ 34.
§ 35.
§ 36.
§ 37.
§ 38.

§ 48.
§ 49.
§ 50.
§ 51.
§ 52.

CIIEKTPbBI
OnepartopHblil MeToA
MOMEHT NMITyJIbCA YaCTHUIIBI
CI10’)keHHe yriioBbIX MOMEHTOB
KBaHTOBaHME BOJIOPOTHOT'O aTOMa B OOIIEM Cilydyae
DHepreTuyeckue ypoBHU U CIIEKTpajIbHbIE CEPUH IIETIOUHBIX METAIJIOB
MarsaeTusm aToMOB
Onpritel [lITepua u I'epnaxa. CivH 31€KTpoHa
Dddext CagoBckoro u cnuH GoTOHA
UYeTtbIpe KBAaHTOBBIX YHCJIA JIEKTPOHA U TOHKAsl CTPYKTYpa CHEKTPaIbHBIX
TEPMOB

. [IpaBuiia oTO0pa npu U3Ty4EHUH U TOTJIOIIEHUH CBETa
. TOHKas CTpyKTypa CHEKTPAIbHBIX JUHUM BOJOPOA U ILET0OYHBIX

MCETAJlJIOB

. [IpocToii u cnoxueiit 3¢ Pext 3eemana

. MarHuTHbIN pe30HaHC

. Oddexr Ultapka

. JIaMOOBCKHUI CIBUT YPOBHEN aTOMHBIX JIEKTPOHOB

. ®u3nyeckuil BakyyM 1 00bsSICHEHHE JISMOOBCKOTO CIIBUTA

I')TABA VI
ATOMHBIE CUCTEMBI CO MHOTUMH JIEKTPOHAMHU

. [IpyHIUII TOXKAECTBEHHOCTH OAMHAKOBBIX YacTull. [Ipuniun [Taynu
. O0BsiICHEeHHE TTEPUOANIECKON CHCTEMBI XUMUYECKHX demMeHToB J[. U.

MenneneeBa
PentrenoBckue nyun
AToM renus
Xumuyeckas cBsi3b. MoJieKyiia BOIopoia
[TapaBonopoa 1 opTOBOIOPOA
MoneKynsipHbIE CHITbI

I'TABA VII.

HEKOTOPBIE MAKPOCKOIIMYECKUE KBAHTOBBIE SIBJIEHUS

132
137
144
147
153
155
158

163
174

179
189
198
202
206
215
220
225
235

244
248

252
261
270
274
277

282
288

298
312
322
330
332



§ 53. BO3MOKHBIE COCTOSTHUS YaCTHUIIBI B OTPAaHUYCHHOM 00bheME 338

§ 54. Teopus Jlebast TEIIIOEMKOCTH TBEPBIX TEI 340
§ 55. Tunel cBsA3eil aTOMOB B TBEPJBIX TeIaxX 347
§ 56. Konebanust aToMOB B OTHOMEPHOUN MPSIMOIMHEHHOHN IIeOYKe 349
§ 57. ®OHOHBI ¥ KBa3UYACTHUIIBI 357
§ 58 DHepreTudeckue 30HbBI B TBEPABIX TEIaX 366
§ 59. 30HHas cTpyKTypa U BOJIHBI biioxa 372
§ 60. CepxTekydecTb. ONbITHBIE (hAKTHI 383
§ 61. IToHsATHE O TEOPUU CBEPXTEKYUYECTH 393
§ 62. IlonsaTHE O TEOPUU CBEPXIIPOBOAMMOCTH 401
NmenHon ykaszarenb 411
IIpeameTHBIN yKa3aTeb 413

[lonumanue sBIeHUH aTOMHOM (U3MKH, KaK W BCEX SBICHUH MHUKPOMHPA,
HEBO3MOXKHO 0e3 KBaHTOBBIX HpeAcTaBileHUi. [loaToMy B HacTosleM TOMe
3aTparvBalOTCsl OCHOBHbBIE TIOHATHS W MPHUHIMIIBI KBAHTOBOM MexaHHUKU. Jlenaercs 3To
Ha OCHOBE OJKCIHEPUMEHTAJBbHBIX (DAKTOB, KOTOpPHIE OJHHM TOJBKO C TOJHOH
yOeOUTENbHOCTBI0 W BBIHYXKJAIOT HAac TMPUHATH KBAaHTOBBIE IIPEJICTABICHHUS.
Pazymeercs, B oOuieil (u3nke KOIUYECTBEHHOMY PAaCCMOTPEHMIO JOCTYHHBI TOJIBKO
npocreimue 3anadd. bBoNbIIMHCTBO BOMPOCOB paccMaTpUBAETCS KAayeCTBEHHO Ha
OCHOBE OOLIMX MPUHIUIIOB.

B mepBoii yacTu HaAcCTOAIErO0 TOMa pPAacCMaTPUBAIOTCS HE TOJBKO SIBJICHMS,
OPOUCXOJAIIMNE B  OJEKTPOHHBIX 000JI0YKax aroMoB U Mojekyil. Cueays
HCTOPUYECKOMY XOJy pa3BUTHs, BHayaje BBOJUTCS MpeicTaBlieHHe O (POTOHAX U
paccMaTpUBAIOTCS ONTUYECKHE SIBJIICHHUS, CBA3aHHBIE C TAKUM IPEACTABICHUEM. 3aTEM
UeT OCHOBHOW MaTrepua, OTHOCSIIUICS yXe K aTOMHOW (pU3HMKEe B y3KOM CMBICIe—
¢u3MKe HIEKTPOHHBIX 00o0J0ouYek aromoB. HakoHel, KOpPOTKO TOBOPUTCS O
MaKpOCKOIMYECKUX KBAHTOBBIX SBJIEHUSX — CBEPXTEKY4ECTH, CBEPXIPOBOAMMOCTH U
np. SnepHoii ¢pusmke OyaeT MOCBsIIEHa BTOpasi 4acTh ATOrO TOMA.

MMEHHOU YKA3ATEJIb

A0GGe 126 bubepman 113
AGpuxocos 403 bnox 269, 372, 377, 381, 403
ABorazapo 86 bmkerr 55
Annen 389 Boromrobos 394, 395, 402
Awmrrep 215 Boze 284, 338, 395, 399, 401
AnnponukamBuiu 387 Boaenman 268, 337, 343, 371
Bbak 259 bop 65—70, 72, 73,75, 77, 80, 85, 91,
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Bpoiins ne 94—106, 110, 112—117,
119, 120, 122, 123, 125, 126, 131,
132,168, 169, 174, 183, 187, 225,
342,343, 357,372,377

bpoarr I'enpu 92

Bbparr Jloypenc 29, 102, 103, 105, 109

bpakxker 65

Basuiios 40, 42, 44, 49, 359, 361, 398,
399

Banpasen 401

Ban-nep-Baansc 333—336, 348, 399

Ban-JIésen 216

Buneman 89

Buiscon 30, 51, 55

BonbTa 175

Byna 87, 90

Bymed 29, 103, 105, 109

Iaiitnep 322, 327

I'amunbToH 186, 285

layncmur 222, 223

l'aycce 51

[eitrep 48, 50

['eitzentepr 94. 123, 126, 127, 129,
131, 143

167, 184, 188, 198

I'epnax 220—225, 253, 268, 400

I'epu I'enpux 12, 137, 229, 239, 234
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I'opekos 402

I'yk 271
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345, 349, 354, 357, 364
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Hxepmep 102, 103, 105, 106
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Hproap 391
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Kanmma 386, 391

Kapman 539

Keeszom A 390
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Kiese 305

Kieiin 58, 60

Kanmmuar 298

Komnron Aprtyp 25, 26, 28, 29, 34, 94,
168

Komnron Kapa 19

Kponwur 222

Kynon 51, 55, 56, 240, 276, 277

Kymep 402, 403

Ksucman 101

Jlarpamx 271

Jlaiiman 63, 65, 67, 68, 76—78, 248,
273

Jlangay 386, 392, 393, 397, 399

Jlange 253

Jlamxesen 216

Jlanmac 157. 271, 313

Jlays 29. 105. 106. 111, 298, 299

Jlenapn 12, 15, 50

JleonToBnu 172

Jlonnon 322, 327. 405

Jlopentn 10, 210, 225, 359, 267

Jlyknpckuii 19, 178

JIom6 275, 276

JIsanynos 375, 376, 377

Mak Byn 386

Makcsemn 8, 12, 132, 279, 340



Manaenasmram 120, 172, 342, 356, 361,
365

Mapcnaen 50

Martsé 374

Max 396

Meiiccuep 408, 409

Mennenees 56, 288, 289, 305

Méccbayap 45

Munnuken 19, 47, 178

Munkosckuii 33, 96

Mo3zmu 56, 304—306
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Hepner 341, 344

Hunscon 305
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Oxcendenna 408, 409
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406
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ITpunexaes 19

IItu 341, 345

[Ipynn 65

Pabu 264

Pamsayap
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Paccen 240, 259

PeOke 45

Pesepdopn 50—52, 54—56

Petinonsne 386

Puru 12

Pun6epr 63, 69, 71, 73,78, 79, 91, 92,
210, 252, 280

Puzepdopn 275, 276

Putn 57, 62, 64, 67, 68, 211

Puuapncon 19

Pynre 258
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Cunbsepa 401

Cxobenbipia 31

Credan 343
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Tamm 42, 58

Taprakosckuit 108, 109

Twucca 386, 392
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Toppu 269
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XanbBakc 12

XaHceH 269

Xemn 105, 108, 109

Xwumn 374, 375

Xwiepaac 316, 317

Xomn 380

Yeopimes 146



Yepenkos 40, 42, 44, 49, 89, 359, 361,
398

UsnBuk 55

[Baprymmneg 270

[Iepep 105 108, 109

[Ipenunrep 74, 94, 98, 112—138, 143,

Mpuddep 402

rapk 270—274

HlTepn 110, 220—225, 253, 268, 400

OuHmreitH 8, 16, 17, 19, 37, 45, 92 222
284, 338, 340, 341, 395, 399, 401

Onurreitn 270

144,148, 150, 153, 155, 157, 159, Opmut 146
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[IPEIMETHbBIN VKA3ATEJIb

Astononu3amus 310 — — —, MOKa3aTenp npeaomieHus 98,
Anunabarnyeckoe npubamxenue 323 104
AxTrHUIE 297 Bripoxnenue 205

Axkyctuyeckas (1ebaeBckasi) BETBb
4acToT 356

Axuenrtopst 372

AMIEpOBBI MOJIEKYJISIPHBIE TOKH 215

AmmuntyHble Ko unueHTs 164

Atom renus 312

besbI3nyuaTenbHble nepexoast 67

boze-uactuiib (0030Hb1) 284

boposckuii paguyc 75, 162

Bakyym Teme30HOB 278

— ¢usnyeckuii 277

— (oToHHBIH 277

— BJIEKTPOHHO-TIO3UTPOHHBIN 278

Banentnslii anektpon 206

Bekropnble quarpamMmsl 197

Buptyanbnblie yactuisl 277

Buxpesas Hutb 398

Buxpessie konbua 399

Bryrpennuit norennuman 104

Bonoponomnono6Hslii aTom

Bonnosas ¢pynakus 117

BonHOBOE UMCIIO CIEKTPOCKONINYECKOE
62

Bonnosoii maker 112, 122

Bonns! bnoxa 377

— BeposiTHocTH 114

— ne bpoiins (dpazoseie) 95

— — —, TPYIIOBas CKOPOCTh 96

lNamunpronunan 186

I'apmonuku 70

INapmonnueckuii ocuwuistop 144

l'emmii I 385

—II 385

— *He 384

I'mpomaranTHOE oTHOWEHUE 218

— — 7151 BIEeKTpoHa 224

I'my6una npoHukHOBeHuUs 166

I'panuna cepun 65

JaBnenue 3Byka 358, 364

JBmwxenune napuHuTHOE 143

— HOopMasbHOe 387

— cBepxTekyuee 387

— (punutHOE 142

JByxskunkoctHas monens He II 386

Henrepuit 74

Heittpon 74

Jucnepcuonnslie cooTHOMIEHUS 359

Jusnextpuku 369

Honopst 372

JIbIpKu B osynpoBogHuKax 371

— — DJIEKTPOHHBIX o0osoukax 303

JpIpouHas NpoBOAUMOCTb 372

Hy6ner 236, 238

EcrecTBeHHas mMpuHa CeKTpaIbHON
nuHnu 130

Komnoruit 289

3aKkoH KyOOB



Jlebas 344

— Mosznu 306

3akonsl nucnepcuu 377, 393

3anpet nHTepKOMOMHAIHH 312

3anpemieHHbie iepexoast 241, 248

3apsn sapa 78

3ByK BTOpO# 392

— niepBblid 392

3ona bpunmtosna 351, 356

— BasieHTHas 369

— npoBoguMOCTH 369

30HBI 3anpenieHHbIe 369

— paspeueHHsie 369

N3nydenne nunonsHoe 211

— KBajpymnonbHoe 211

— okTynonbHoe 211

— pexoMOMHaIHOHHOE 73

— cromHoe 369

— TemneparypHoe (paBHoBecHOE) 89

W3nyuenue xapakrepuctuieckoe 369

N3oronmmueckwnii adpdext 401

N3oTonnueckoe cMeleHne
CIIEKTPAJIbHBIX JINHUM 74

WutepnonsuunonHas popmyna lebas
345

WutepdepenimonHoe otpakenue 161

Wntepdpepomerp @adbpu —Ilepo 78

Kannomomunectienmust 90

Karonontomunecnenuus 90

KBazuumnynsc 357, 359

KBanT 8

— MarHutHoro notoka 405

KBanroBanwue 69, 137

— BojIopoionoo0HoTo atoma 158, 202

— MarHuTHOro noroka 405

— ocuuiusitopa 144

— npoctpaHcTBeHHoe 305

— poratopa 197

KBanToBas xugkocts 384

KBanToBoe uncino 69

— — BHYyTpeHHee 236

— — riaBHoe 205, 206, 207

— — Mmar"utHoe 197, 206, 207

— — opbutansHoe 197, 205, 207

— — IPOEKIMHU NOJIHOIO0 MOMeHTa 235

— — panuansHoe 206, 207

— — cnuHOoBOE 207

KBanTtoBerit ancam6p 115

— BUXpb 398

Ksaprer 238

Ksunter 238

Knaccuueckuii panuyc anexkrpona 59

KomMnronoBckas nianHa BOJIHEI 28

Konpencar 395

Konpgencamusg bose —Oinmrerina 395

KoHTakTHas pa3HOCTh NOTEHIIMAJIOB
175

KopoTtkoBonHoBas rpanuna
PEHTT€HOBCKOTO

n3nyueHus 21

KopmyckynsipHO-BOJIHOBOM Jyanu3Mm 9

Koppensauu 403

KoaddunmenT uCTUHHOTO MOTJIONEHUS
308

— ocnabnenus 308

— oTpaxeHnus 160

— TIOTJIONIEeHH aTOMHEIN 309

— — Maccosblil 309

— — MoJIeKyJspHbIA 309

— npomnyckanus 160, 172, 173

— paccesHus 61, 308

Koapdpuuuentsr Openens 165

Kpaii nornomenus 309

KpatHocTb (cTenens) Boipoxaenus 205

Kpucranner nonnsie 348

— KOBaJIEHTHBIE 348

— Mertauinyeckue 348

— MoJeKyIsipHbie 348

Kpurnueckas ckopocts 396

Kyneposckas mapa 403

JlapmopoBckas gactoTa 253

JlopenTueBckuii Tpumiet 253

JIsm60BcKkuit ciBur 276

JIromuHecnennus 87, 89

JIromunogopst 90

JIsamOna (A)-nunus 385

— Touka 385

Marneron bopa 219



MarauTtHoOe 110JIe cHiTbHOE 256, 260

— — cmaboe 255, 260

MaruuTHbIil MOMEHT 217

— — dJIeKTpoHa 267

— — — aHOMaJbHbIN 267

— — — CIIMHOBBIN 222

— pe3oHaHc 262

Me3zoaTomsl 79

Meramnsr 370

Meron Jlays 105

— Jle6as —IIlepepa —Xemnma 105

Mexanuka BosiHOBas 94

— KBaHTOBas 94

— Marpu4Has 94

MHuorogotoHHbIe TpoLecCh 67

Monexkyna Bonopoaa 322

MonekymnsipHoe (peeeBCKOe)
paccestaue 308

MowmenT ummynbsca 189

Mynetumner 237, 238, 240

MynbTHILIETHOCT YPOBHS 253

MHoxuTeNnb

Jlanne 253

MroonHas mosnexyna 329

HunbscOopnii 289

Hopmanbhubie konebanus 335

— KoopauHaThl 334

Hynesas sneprus 142

Hynesble konebanus 143

Hyne — nyns (0—0)-nepexosst 245

OOwmenHast sHeprus 319

Oo0OmMmenHoe B3anMoelicteue 319, 326

O6pasoBanue nap 29

ObpatHas pemterka 356, 357

O6pamenue nunuit 307

OOparieHHas cxema ypoBHEH sHepruu
301

O6eptonsr 70

O6onouka 290

Omneparop 179, 184, 185

— 'amunbrona 186

Omneparop ummynsca 184

— nuHeHbn 180

Onepatop MarHUTHOro MoMeHTta 219

— MepecTaHoBKH 283

— cnuHa ¢poToHa 223

— yrJoBoro MmomenTa 189

— sHepruu 186

Oneparopuslit metoa 179

Oneparopbl aHTUKOMMYyTHpYrOLMe 179

— KoMMyTHpyronue 179

OnTuueckast (OOPHOBCKAs) BETBb
gacToT 353, 356

OptoBonopon 330

Optorenuit 312

Optococtrosinue 318

OcHoBHas yactota 70

[TapaBonopon 330

[Taparenuii 312

[TapamarseTusM 3J1€eKTPOHHBIN 267

— siiepHbIN 267

[TapacocTosue 318

[IepexonHble 3eMeHThI 257

[leproauueckast cucrema 3J1€EMEHTOB
288

[InotHOCTH BeposiTHOCTH 118

— — panuaneHas 161

IToBepxHOCTH

®epmu 403

[To3utponuit 79

[TonruHOMBI

YeObimieBa —IpmuTa 226

[TonynpoBoauuku 371

[Tonspuzanus Bakyyma 280

ITopsankoBbIil HOMED 2eMeHTa 288

[TocTostHHas

JIsanynosa 375

— Ilnanka 8

— Punbepra 63, 71

— TOHKOU CTPYKTYpHI 76

— sKkpanupoBanus 306

[ToTennnaner BO30yxaeHUS 83

— noHu3auuu 83

— KpuTndeckue 83

[HorennmansHblie 6apbepsl 163

— sambl 147, 154

[IpaBuna 3anpera (ot6opa) 212, 214
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[TonumaHue siBieHHH aTOMHOH (H3HKH, KaK H BCeX SIBJEHHII
MHKPOMUpA, HEBO3MOXKHO 6e3 KBAaHTOBHIX lpeficTaBiaeduil. [Tostomy
B HaCTOSILLEM TOME 3aTPAarHBalOTCSl OCHOBHbIE [IOHSTHS H [IPHHIUNLI
KBAHTOBOH MexaHHKH. [leslaeTcs 3TO Ha OCHOBe 3KCICPHMEHTAJb-
BbiX (aKTOB, KOTOpH€ OLHH TOJBKO € NOJHOH yOeAUTENbHOCTBIO H
BBIHYKJAOT HAaC NPHHAThL KBAHTOBHIE (pelcTaBjeHHs. Pasymeertcs,
B 00wel (pH3HKE KOJHUYECTBEHHOMY PaCCMOTPEHHIO NOCTYIHBI TOJb-
KO npocTefilliHe 3afayd. BOJBUINHCTBO BONPOCOB paccMaTpHBaercs
KayeCTBEHHO HA OCHOBE OOLUHX NPHHIHIIOB.

B nepBofi yacTH HacTosleTO TOMa PacCMAaTPHBAIOTCA HE TOJBKO
SIBJIeHHs], TPOUCXOASIIIHE B 3JIEKTPOHHBIX 0GOJOUKAX aTOMOB H MO-
Jekya, Caeayst HCTODHYECKOMY XOAY Pa3BHTHs,, BHauaje BBOLHTCSH
npejcraBieHde O (OTOHaX H PacCMaTPHBAIOTCS ONTHYECKHE SIBJE-
HUS, CBAI3aHHble C TAKHM INpEICTaBJIEHHEM. 3aTeM HIET OCHOBHOH
MaTepHan, OTHOCAMWMHCSH YyiKe K aTOMHOH (PU3HKE B Y3KOM CMBIC-
Je — ¢H3UKe 3JIEKTPOHHBIX obosouek aToMoB. Hakowel, KopoTko
TOBOPHTCSI O MaKPOCKOMHUYECKHX KBAHTOBBIX SIBJIEHHSIX — CBEpXTeE-
KYYeCTH, CBEDXNPOBOAHMOCTH H Np. $SlaepHol ¢u3uke 6yner 1ocBs-
II€Ha BTOpas YacCTb 3TOTO TOMA.

Kax u upejblayiipe TOMa, 3Ta KHHrA COCTaBJeHa Ha OCHOBE
JIEKIH#A, KOTOpble aBTOP MHOTOKPAaTHO 4YHTajJ B MOCKOBCKOM (u3H-
KO-T€XHHYECKOM HHCTHTYTe,

Kak u B ocTaibHbix Tomax «O6uwero kypca (QH3HKH», B 3TOH
KHHTE B KauecTBe OCHOBHOH npuMeHsercs cucteMa eaunun CI'C B
ee rayccoBoit ¢opme. Hcnoabsyercsa Takxe onpasraBuias cebs
yno6Has BHECHCTEMHAsl elHHHIIA SHEPrHH 3JeKTPOHBOJLT (3B) c ee
KpaTHbiMU ennHuHuamu (k3B, MsB, I'sB). Mexnynapoanas cucre-
Ma (CH) coBcem He npumensieTcs. McKyccTBEHHOe H HeHYXKHOE BBe-
JeHHe pas3sMepHbIX 3JeKTpHYeCKOH W MarHHTHOH MOCTOSHHBIX Ba-
KyyMa [ejlaeT 3Ty CHCTeMy B JaHHOM cJjyyae HeyXOBJeTBOpH-
TeJbHOH.

Pykonuch 3T0H KHHTH OblJa npopeleH3HpOBaHa YJeHOM-Koppec-
nouaentom AH CCCP npodeccopom C. C. T'epuitefinoM, a Takxe
Ha Kadenpe skcmepHMeHTaJbHOH (H3UKH KHeBCKOro rocynapCTBeH-
Horo yHuBepcutera uM. T. T'. [lleB4enxo, pyKOBOMUMON 4JI€HOM-KOD-
pecnonneatoMm AH YCCP mnpodeccopom HU. C. I'opbanem. § ray-
6oko OGsarofapeH BceM peleH3eHTaM 3a Ao0poiesnaresbHOe OTHO-
lleHHe K MOeMy TpyAy H 3a BCE 3aMeuaHus, Crnoco6CTBOBAaBIUKE €ro
yay4IIEHHIQ,

H. B. Cusyxun



TJIABA I
KBAHTbI CBETA

* %

§ 1. Dueprus W UMNYJbC CBETOBOrO KBAHTA

1. K cepeaunne 19-ro Bexka BOMHOBasi NPHPOJa ¢BeTa CYHTaNach

JOKA3aHHON oOKoHuaTeJbHo. Ee noATBep:kAadn sBJAeHHs HHTepde-
peHuun M andpakunu csera. A onwmit ®yko (1819—1868), kasa-
JIOCh, HCKJI0UaJ BCAKYI0 BO3MOMKHOCTH KOPNMYCKYJSIPHBIX npeJcTaB-
jgenuit o cere (cM. T. 1V, § 3). 210 mefictBHTenbHO ObljIO OBl TaK,
ec/u 6bl UMeJiach B BH/y KOPIYCKYJsSpHAs TeOPHs B HbIOTOHOBCKOMN
dopme (cM. § 5).
- OpnHako W BOJHOBasi TeOpHs CBeTa, /laxke B €€ 3JEKTPOMAarHHT-
HOH (opMe, oKazajacb HENOCTATOYHOH [Jifi HCTOJKOBAHHUS BCcel
COBOKYIHOCTH ONTHYECKHX siBJeHHH. BrepBbie 3T0 6bl10 OCO3HAHO
NpH pacCMOTPeHHH MPObJeMBl PABHOBECHO20 (4epH020) U3AYHEHUS.
HacrofiyuBbie MONBITKH pelinThL 3Ty NpobjeMy B paMKax BOJHOBBIX
NpeACTaB/ieHHH Ha OCHOBE KJACCHYECKHX 3JEKTPOAHHAMUKH H CTa-
THCTHKHM 33aKOHUYMJHCh Heyfaued (cM. T. IV, § 117). dopmyna, co-
rJacyiomascs ¢ ONBITOM BO BCeM JHarnaszoHe JJHH BOJH, Obljia yra-
nana [lnauxkom (1858—1947) B okra6pe 1900 r., cHayaja aMnupH-
yeckd, HemHoro nosske [lnaHk Hamen u TeopeTHYECKHH BHIBOA
cBoeil hopMmyannl, fon0oxKeHHBIH UM 14 nexa6ps 1900 r. Ha 3acenaHuu
HeMenkoro ¢usuueckoro obmectsa. ATo GBLIO HCXOAHBLIM NMYHKTOM
BO3HUKHOBEHHS TNPHHLUHNHAJBLHO HOBBIX — KBAHTOBbLX — MPEACTAB-
gexufi. CHayaja OHH KacaJHCb TOJNILKO NMPHPOAB CBeTa, HO 3aTeM
MOCTENEHHO NPOHHKJH BO BCce pasziensl HH3HKH.

Okazasoch, 4TO MNOHSITHS H NPHHUHNBL KJacCHUYECKON (H3UKH,
BO3HHKIIIHE Ha OCHOBe H3YUYeHHU MaKPOCKOMHUYECKHX OOBEeKTOB, He-
NPUMEHHMBl WJIH OTPAHHYEHHO NPHMEHHMH B 0O6JIACTH aTOMHBIX H
cybaToMHBIX MacliTaboB. B 3ro#i o6nacTH moTpe6oBajuch HOBbIE
NpeJCTaB/jieHUs H 3aKOHBI, KOTOPhIE B KOHLIE KOHIOB M GbljiH Hai-
nensl. OHH COCTaBHJIM OCHOBY HOBOH, TAaK Ha3HBaeMOH KB8aHTOB0!
¢usukn. OnHako H3naraTh KBAHTOBY0 (PH3HKY CHCTEMATHYECKH H
JIelYKTHBHO, MOJIHOCTBIO OTBJIEKAsiChb OT HCTOPHY €€ Pa3BUTHS, KaK
3TO JenaeTcsi B TeopeTHuecKoH ¢u3uke, B 06mell ¢usnke 6ujio Gbl
Heuesiecoo6pa3no. CHauyasa HaJ0 O3HAKOMHTb HAYHHAIOLErO ¢
OCHOBHBIMH ONBITILIMH (baKTaMH, KOTOpble OJAHH TOJLKO H MOTYT
y6elHTL ero B HEeJOCTAaTOYHOCTH H OFPaHHYEHHOR OPHUMEHHMOCTH
KJacCHUeCKUX mpeAcTaBjeHuit, OHH XKe, H 3TO NaBHOE, NO3BOJAIOT
HaMeTUTb MyTH I/ BBeJEHHS HOBHIX mpelcrtabjeHuii. Mmenno Ta-
KOl MeTON H3J0XEHHs MPHHAT B HAcTosiuel KHHre, maomell sJe-
MEHTapHOe BBelcHHE B KBAHTOBYIO (PH3HUKY.
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2. Bepnemcs, oflHAaKO, K HCTCKaM KBaHTOBHIX Mael. Ilpu BHI-
Bole cBoell (GOpPMyJsl IJA PAaBHOBECHOro HajayueHus Ilaank BBeJ
YYXKAYI0 KJIACCHYECKOH (PH3HKE THIOTE3Y, UTO U3AYHeHUEe U NO2AO0-
WeHUe CBETa BEU{eCTEOM NPOUCXOOUT He HenpepsisHO, 4 KOHe4HbIMU
nopyuamu, usu xgarTamu. Tak KaK CBOHCTBA PAaBHOBECHOTO H3JYy-
YEHHUSl B IOJIOCTH He 3aBUCAT OT BEHIECTBA CTEHOK IOJIOCTH, Belle-
CTBO 0e3 OrpaHHueHHst OOHIHOCTH OH paccMaTpHBAJ KaK COBOKYI-
HOCTb TapMOHHYECKHX OCHHJJIATOPOB, A uTOGbl COrJacoBaTh CBOIO
FUNOTe3Y ¢ 3aKOHAMH T@DMOAHHAMHKH H 3JeKTpoaHHaMukH, Ilnank
NDHHSJ, YTO SHEPrHd KeaHTa &, H3jyyaeMas HAM MoOrJoilaeMas
rapMOHHYECKHM OCILH/JISTOPOM YacTOTHl v, CHpenedsieTcss BbIpa-
JKEHHEM

& — hv, (1.1)

rie h— yHHBepcaJbHas T[OCTOAHHASA, NOAYUHBINAs Ha3BaHHE AO-
croannoil Iaanka {cu. 1. 1V, § 118). E» 3nauenne GblJI0 BBIYHC-
JeHo caMuM [11aHKOM H3 3KCNEPHMEHTANbHBLIX PE3yJbTaToOB, MOJY-
YEHHBIX TIPH H3yYEeHHH PACNpeliesIeHHs] 3HEPI'HH B CIIEKTpe H3Jydye-
HHSL a6coAtoTHG 4epHoeo Teaa. OjHako moctosiHuada [lnanka, Kak
M BcsAkas (pyHAAMEHTaJbH25 MOCTOAHHAA, BXOAHT B MHOXeECTBO
Apyrux (pusuueckux fpjeHHl. Bce OHH [alOT HE3aBHCUMBIE CHOCOOH!
OnpejiesieHHA 3TOH MOCTOAHHOH M B mpefesjax OWHO0OK H3MepeHU#
NPHBOIST K cOrJiacylolluMcs pesyabraTam. I10 coBpeMeHHbIM JaHHBIM

h=16,626176 (36) - 10™* spr - c!). (1.2)

B HekoTOpBIX BOIpOcax, B OCOGEHHOCTH B TEOPeTHUECKOH (H-
3HKe, Gosiee yao6Ha NOCTOAHHAA

h = 1,0545887 (57) - 10~ 7 apr - c, (1.3)

BeefleHHan JlupakoM (1902—1984). Ee Takke HaA3bIBalOT HOCTOAH-
notl Ilaanka — nepeyepkuyroil unu oupakosoti. Yepes 3Ty mocTosdH-
HYI0 3HEepPTHs KBAaHTa H3JyYeHHs BeIpaxaercs GOpMyJoH

& = ho, (1.4)

rae ® = 2mv — YUKAUYeCKAs 4aCcTOTa usaywerus. Mul 6yneM noJb-
soBaThcad Kak Boipaxenuem (l.1), Tak u Boipakenuem (1.4).

3. Cawm INnank, KaK BHAHO U3 H3JOKEHHOro, NOJAaraj, 4To KBaH-
TOBble CBOMCTBA CBeTa MPOABJSAIOTCA TOALKO 8 AKTAX UBAYHEHUR U
nozaowenus, 1. €. npu s3aumodeiicteéuu ceera ¢ seujecrsom. Pac-
pOCTpaHEHHE Ke CBeTa B NPOCTPAHCTBE, MO ero BO33PEHHSIM, Mpo-
HCXO/IUT Henpepsi8HO W ONMHCLIBAETCS KJACCHYECKHMH ypaBHEHHAMH
Makcseana (1831—1879). bosce panukanbHas H 3aKOHueHHad

opMa Oblla TNpHUAAaHA KBAHTOBOH TeopHH cBeTa JHHIUTEHHOM
1879—1955) B 1905 r. PyxoBoACTBYACb HEKOTODBLIMH TeOpeTHYe-

) 3pech, Kak H BCIOZY B janbHefilleM. B CKOGKax NpPHBENEHO CTaHIAPTHOe
OTKJIOHeHHe TIOCAeHHX ABYX UKH(P OT HX CPelHero 3HayeHHS.
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CKHMH COOODaCHHSIMH M 3KCIIEPHMEHTaJbHBIMH (aKTaMu, JHH-
WITeiH NpHINeJ] K NPeACTABJIEHHIO, UTO H NPk PACNPCOCTPAHERUU 8
npocrpancree céer eeder cebsi NOOGOHO COBOKYNHOCTU KAKUX-TO
4QCTUY, TPHUYEM 3HEPrHA KaXKIOH YaCTHUbI ONpEeHeasieTcs Popmy-
goit Ilnanka (1.1) uam (1.4). Takue vacTHubi MO3AHEE [OJYUHJH
Ha3BaHUE KBAHTO8 C8ETQ UJIH OTOHOS.

OTo He OBLIO NPOCTHIM BO3BPATOM K HbIOTOHOBCKOH KOPIYCKY-
JSPHOHN Teopuu cpeTa. Hesb3sg CMOTpeTh Ha OTOHBI KaK Ha OObBIU-
Hble YacTHUB!l CBeTa, aHAJOTHYHBIC MAaTEPHAJBLHBIM TOYKAM KJI&CCH-
YeCKOH MeXaHHKH W IBHXKYLIHECS MO ONpejesieHHHIM TPaeKTOPHAM
B IIPOCTpaHCTBe. DTO BHAHO YKe H3 TOro, uto (OTOHAM CROACTBEHHA
unrepgepenyus u Ouppaxyus. Oun o61agalT HE TOJNLKG KOpmyc-
KYJSPHBIMH, HO H 804HO8biMU ceoticTgamu, Takas ocobeHHOCTh ¢O-
TOHOB Ha3bIBAETCH KOPHYCKYAAPHO-GOAROGHIM Jyaauamon, Buic 6ot
6e3HagexKHO NBITaTbCA HCTOJKOBATh KOPNMYCKYJApHO-BCJIHOBOH Aya-
JHU3M B JyXe IpeiacCTaBjieHHH KiaaccHueckoli ¢usuku. Yesoseueckoe
BooOpa)keHHe He B COCTOSIHHH CO3ZaTh 00pa3, obJafalouHii OxXHO-
BpEMeHHO H CBOHCTBaMH KOPHYCKYJBI, H CBOHCTBAMHU BOJHB. ONHAKO
npupona Oorauve BooOpakeHus uesoBeka. Ilpu ee M3yueHHH Hazo
PYKOBOJACTBOBATbLCH He TeM, UTC AOCTYNHO BONGpaKeHHI: YeJOBeKa,
a TeMm, 9To HaoT HabgawiaeHHs H onbT, OTMeTHM YyXKe ceffuac, 4ToO
oObIUHbIe KODMYCKYJBl — JIeKTPOHBI, HEHTPOHBI, aTCMBl, MOJIEKYJIhi
H IIp. — TakKke 06JafaloT BOJHOBHIMH cBoHcTBaMH. OnbiTsi, 3acTas-
JAI0IHE NPHHATDL 3TO 3aKJ0yeHue, OyayT paccMmorpeusl B § 18, [1o-
3TOMYy 00CyxKIeHHe BOMPOCA, KaK cOBpeMeHHAas (H3UKA HCTOJIKO-
BBIBAa€T KOPIYCKYJSIPHO-BOJHOBOH NYyaJH3M, Mbl OTioxBM 1o § 19,
nocJie TOTO KakK 6yNyT H3yYeHb! BOJHOBbIE CBOHCTBA ReELIECTBA.

4, Ecau ¢orton obnagaer sHeprued, T0 OH J0JKeH o0nalaTtk H
HMIYJIbCOM, KaK 3Toro TpefyeT TEOpHS OTHOCHTeabHOCTH. MMnynbe
(OoTOHA NpPOsBJSETCH, HAlpUMEp, B AamjeHHH cBeTa. CBs3b MexIy
Heprued & W HUMOYJIbCOM P IIPH JBHKEHHH 4acTHIBI B TEOPHU OT-
HOCHTEJIbHOCTH BBIpaaercsi popMyJiof

1&[cf — p? = (myc)? (1.5)

(em. 1. IV, § 111). (Ilpn 3TOM npeirosaraercs, 4TO BO BpEMS
IBHKEHHSI BHYTPEHHEe COCTOsIHHE YacTHLb, a ¢ HHM H ee Macca
MOKOSl my ocTalTes Oes uaMeHeHHs.) QOTOH ABHKETCS B BaKyyme
CO CKOPOCTBLIO CBeTa €, T. €. SABJIAETCH PeAATUBUCTCKOLE 4dacTuyed,
Ecnu 6b Macca nokos ¢oroHa m, Ob1A OTIHYHA OT HYJAHA, TO €ro
PeJATHBHCTCKAsA Macca

m = my/ /T — 32

Oplna 6Bl GeckoHeuHO Beanka. IloaToMy Hajo AOTYCTHTH, YTO MAJIA
tdorona my =0, B pesyabraTe npenbiiyliee COOTHOLIEHHE 3allH-
IeTCs B BHAE

& = pe. (1.6)
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(3HaK MHHYC NpH H3BJEUEHHH KBaJAPaTHOTO KOPHS CJAEAyeT Omy-
CTUTb, IPHHHMAs, 4TO HMIYJbC (OTOHA P HAMPaBJEH B CTOPOHY pac-
NPOCTPaHEeHHs CBeTa.)

Heknaccuueckuit xapakrep cootsoweuuss (1.1) uau (1.4) npo-
AIBJSIETCH, MEXAY MPOUYHM, B TOM, UTO IO KJACCHUECKHM MpeACTaB-
JEHHAM 3HepPrus JAoJ:KHA OBITh CBf3aHa HE C YacTOTOH, a C aMm-
naurydoi konebanus. ITo 3TuM npeacTaBJeHASIM KOPNYCKYJISAPHO-
BOJIHOBOTO Jyajn3Ma He AOJMXKHO ObiTh. [Ho ecau takoid ayanusm
BCe XKe CYUIeCTBYET, TO CBA3b MEXAY KOPNYCKYJADHBIMH H BOJIHO-
BLIMH CBOHCTBAMH H3JIYUYEHHS He MOKET OrpPAaHHUUBATHCH COOTHO-
wenneM (1.1) wnau (1.4). Kopnyckyasipuble cBOHCTBA H3JyYeHHUS
XapaKTEPHU3YIOTCA JHepeuell & H umnyabcom p, BOJHBOBbie — 4a-
CTOTO#l ® H BOJHOBHIM BeKTOpPOM k. B T€opHH OTHOCHTENBHOCTH Be-
JUYHHB & H p OOBEAUHSAIOTCA B OJHH 4ETOLPEXMEPHbIL 8eKTOp
anepeuu-umnyrsca (&, cp). Pasa Boanbl wt— kr, Kak NOKa3aHO
B T.1V, § 107, unsapuanrna ornocutesrono npeobpasosanus Jlopenr-
ya. A Tak xak (¢,r/c) — ueTblpexMepHBIH BEKTOp, TO OTCIOJa CJe-
IYyeT, 4YTO 4acTOTa ® H BOJIHOBOH BeKTOp K TakKe OOBEIHHSIOTCS B
wervipexmeproill 8exrop (w, ck). BpemeHHble KOMNOHEHTH & H ©
yeThipeXMepHbIX BekTopoB (&, cp) u (o, ck) onmHakoBo npeoGpa-
sylotcsl npu npeobpasoBanusix Jlopenrua. IlosToMy cooTsolueHue
(1.1) {uaum (1.4)) ynoBsnerBopsieT HEOGXOAHMOMY TpebOOBAHHIO pe-
AATUBUCTCKOL unBapuantHoctu. Ho peNATHBHCTCKH HHBAaPHaHTHOE
COOTHOLIEHHE HE MOXeT OTPaHHYHTBCSA CBA3bIO TOJBKO MEXIy Bpe-
MEHHBIMH KOMIIOHEHTAMH 4YeThipeXMepHBIX BeKTOPOB (&, cp) u
(w, ck). CBs3b 10MKHA CYLIECTBOBAThL MEXAY CAMHMH ueTvipexmep-
nowmu gexkropamu. Otclopa chaejnyer, uro ecqu runoreza [lnanka
& = hw BepHa, TO H3 Hee W H3 TpeOoBaHHUS PeJATHBHCTCKOH HHBa-
DHAHTHOCTH C HEH3GEXKHOCTbIO BbITeKaeT, uTo p = hk. [loatomy MHI
B KayecTBe THIOTe3bl NPHHHMAaeM, YTO

& =ho, p="rk. (1.7)

[Ipu stom anst potoHa &2 — (pc)? = (moc?)2 =0, 1. e. obpalenue
B HYJb Macchl OKOs (OTOHA Mo SKBHBAJEHTHO YTBEPK/EHHIO, UTO
Ans QOTOHA UeTbIPeXMepHbI BEKTOpP 3Hepru-nMnyiabca (&, cp)
IBJIIETCS CBETOBBIM BEKTOPOM.

5. [Ipu B3aUMOJEHCTBHH C BeulecTBOM (OTOHBl MOTYT HCHY-
CKaTbCH, MOTMIOMAaThes U paccensaTbes, CoxpaHeHHe ynucia (OTOHOB
He MMeeT MecTa. 3aT0 JOJIKHBI BHIONHATLCS 3AKOHbL COXPAHEHUS
aHepeuy: u UMnYALbCa.

CBOGOMHDI 3/IEKTPOH MOXKET TOJNBKO PaCCesiTh, HO HE HCIYCTHTh
WM NOrJOTHTb (oTon. UTOOH MOKa3aTh 3TO NMPOCTEHLIHM CIOCO-
6oM, BOCIONL3yeMCs CHCTEMOKH OTCYera, B KOTODO#l 3JIEKTPOH fep-
BOHAYAJLHO MOKOUACA. TTyCTb 3JEKTPOH HCIYCTHI HOTOH ¢ HMIIYJb-
coM P 1 suepriedl &y. O603HaUMM HMNYJILC 3NEKTPOHA ToCHe
HCTIyCKAHHS uepe3 P,, a 9Hepruio — uepes &». M3 sakonor coxpaue-
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HHSl HMIIYJIbCA U HEPLHH Cllefyer
Pyt pp=0, &,+ &y=myc’
rie my— Macca nokos ajexipona. Orcioza
2 ___ 2 2 __ 2 2 2\2
(cp,)?=(cpy)s EL=&} —28& ymyc® + (myc?)>

BbluTeM nepBoe paBeHCTBO H3 BToporo. Toraa ¢ yueToM COOTHOLIe-
uua (1.6) mas dorora u coorHowenus (1.5) mus ssekTpoHa mo-
JYUHM

&ymoc? =0.

Orcrona caenyer &4 =0, T. . HCOYCKaHHe HeBO3MOXHO. TakKHM XKe
paccyJieHueM yOexjaeMcs, UTO HEBO3MOXHO H IOIJIOLIEHHE,

[Tonyuennblii pe3ysnbTaT B M3BECTHOM CMEICje TpHBHaxeH. Ho-
Ka3aTeJbCTBO MOJYAJHBO MPEANOJarajo, 4YTo Macca HOKOS 3JeK-
TPOHA [0 HCIOYCKaHHS PaBHA €ro Macce [OKOSl [OCJe HCIYCKaHHS.
DTO 3HAUHT, UTO BHYTDEHHEE COCTOAHUE IAEKTPOHG 8 pe3yabTare
UCNYCKAHUA He U3MeHUAoCs, B TakoM ciyuae MmosiHasi SHEPTUA JIEK-
TPOHA MOXKET TOJIBKO BO3PacTaTh 3a CUYeT KHHETHUYECKOH 3HepTHH,
moJiyuaeMoil 3JeKTPOHOM NpPH OTAaye BO BpeMs Hcnyckanus, Hcmy-
IeHHbI QOTOH B CBOIO OUEpEAb HECeT [ONOKHTENBHYIO 3HEPTHUIo,
Ecan 6bl ucnyckanue 6bIJIO BO3MOXHO, TO OHO CONMPOBOXajoch Obl
HapylUleHHeM 3aKOHA COXPaHeHHs HEPTHH,

B 3ak/ioueHne HeCKOJbKO CJ0B 006 ob6o3HaueHHsAX. B ¢u3uke
9J€eMEHTAPHBIX YacTHIL [OJ Maccoi YaCTHIBl NPHHATO MNOHHMAaTb
Mmaccy nokos U o6osHauath ee uepes m (ONycKas HYJb B HHAEKCE).
Onnako, MOCKOJNbKY HApsiAy £ MAaccoil NMOKOS HaM MPHIETCH MOJb-
30BaTbCSl M PENSITUBHCTCKOH Maccofl, MH COXPaHHM AJA 3THX Be-
JHUUHH CTAHAAPTHbie 0603HAUEHUS me U m. DTO B ocobeHHOCTH 6Y-
JeT JenaThCsl TOrAa, KOrjAa KOHKPETHBIH BHI YaCTHIBl He Hrpaet
poan. Tam xe, rie peub HIeT 06 3JCKTPOHAX, IPOTOHAX, HEHATPOHAX
M APYTUX 3JeMEeHTapHBIX YACTHIAX, NMOA e, Mp, My, ... MB 6yIeM
NMOHAMAThL HX Macchl NOoKosd. JacTo B O6UIHX DACCYXKIEHHSAX MacCy
nokost yAoGHO 0603HauaTh yepe3 myg, YTOOBl OTJIHYHTL €€ OT peJis-
THBHCTCKOH Macchl m. B oxoHyaTesbHBIX Ke DesyjabTaTax sy Le-
Jaecoofpa3Ho 3aMeHHTb Ha M, Mip, Mp, ..., YTOOBl SIBHO YKa3aTh,
0 Macce MOKOsl KaKOH 4acTHIBl HAET peub.

3AIAYH

1. OnpefeJuTh AJHHY BOJHH Ay, NPH KOTOPOH 3HEPrHs CBETOBOrO KBAaHTA

paBHa 3Hepru# MOKOA 3JeKkTpoHa. Takas AJHHA BOJHE Ha3blBAeTCH KOMATOHOA-
ckod daunoli ans siektpoHa {cM. § 3).

. 1
Orset. Ag=h/mie~243-10 ""eM, rae mo— macca noxos 3JIeKTpOHa.

2. OnpesieNHTh DPEJNSITHBHCTCKYIO MacCy /M CBeTOBOTO KBaHTA C JJHHOH BOJ-
HBL A.

OrBeT. m= (AK/M M.

3. Ecain 6n ¢doToH obnajgan Maccodl NMOKOs /My, TO CKOPOCTb CBeTa B Ba-
KyyMe foNXKHa Oblaa Obl 3aBHCETb OT AJHHBI BOJIHbL. Hccenys skcliepuMeHTasnbHO
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5Ty 3aBHCHMOCTb, MOXHO Oblo Obl OUSHHIb HHMKHHA 0penen aas Mmacch (OTOHA.
Haiitn uipakenus s $a3oBoil u rpynnoBoil CKOPOCTH CBETa B BaKyyMe B Mpel-
MNOMQKEHHH, YTO Mg = 0.

Pewenne dueprus ¢oTtoHa Aw n ero uMny/bc Ak CBA3aHB COOTHOUIEHHEM

2 __ - 2\2
(hw) (chk) ——(m(bc ) (1.8)
rie, pasymeercs, MOA ¢ CJAefiyeT NOHHMAaTh yXe He CKOPOCTb CBEeTa B BakyyMe,

a HeKoTOpYyi0 GyHAaMEHTaJbHY!0 CKOPOCTb, BXOASILLY!IO B TEOPHIO OTHOCHTEJb-
HocTH. M3 ypaBuenus (1.8) u onpepenurcs ¢daszosas CKOpOCTb CBeTa B BaKyywe

v = w/k:
2 2
A e L{ = | BN
v ¢ 2 ho ’
Ha onbite uamepsiercsi He ¢da3zoBasi, a IrpynnoBas CKOpPOCTb cBera. [dnsa Hee ua

dopmynsl (1.8) nodyuvaercs
' = do/dk = c? (k]®) == c*/v, (1.10)

u—-c[l-—-—_ ”’¢>”)]=c[1—_;_(%m¢)2]. (1.11)

CoBpeMeHHble PaAHONOKALMOHHLIE METOLbl H3MEPeHHsl CKOPOCTH cBeTa MNpH pas-
JHYHBIX 4acTOTax UPHBOAAT K pedyabrTaty Mg << 4-10~% m,, rae m.— macca
3JeKTPOHA.

HJIH

§ 2. doroaaekrpuueckuii adekt

1. OgHUM H3 siBJeHHH, MOATBEPKAAIOUWHX THIOTE3Y (HOTOHOB,
AABASIeTCS (poTO3AeKTpuYeckull 3Pexr, K PacCMOTPEHHIO KOTOPOro
Mbl U nepedjeM.

B 1887 r. I'enpux I'epu (1857—1894) o6Hapy:xuJj, uTO OCBellle-
HHe YJAbTPadHOJETOBLIM CBETOM OTPUYATEAbHO20 IAEKTPOOA HCKPO-
BOTO MPOMEXKYTKA, HAXOASIIErocss MO HampsiKenueM, obJeruaer
NMPOCKAKHBaHHE HCKPHl MEXJy ero 3JeKTpPOoAaMH. 3aHATHH B TO
BPEMS HCCJENOBAHHSMU 3JEKTPOMArHHTHBIX BOJIH, IpPEICKa3aHHbIX
MakceesioM, 'epu He o6paTui Ha 3TO SIBJEHHe CEPbE3HOT0 BHHU-
manus, [lepBble HcclenoBaHHS fIBJEHHS NpHHAAAexaT XaJjbBakKcy
(1859—1922), Puru (1850—1921) u B ocoGeunoctu A. I'. Croue-
ToBY (1839—1896).

CymHocTb siBJieHHsi, oOHapyxenHoro [epuem, cOCTOHT B TOM,
YTO MpU OCBejeHUU YAbTPAPDUOAETOBOIMU AYLAMU OTPUUATEALHO
BAPANCEHHO20 METAAAULECKO20 TEAQ OHO TepaeT OTPULATEAbHbIE 3a-
pad. Tlpu ocBelICHHH TAKHMH e JYYaMH [OJOXKHTEJNbHO 3apsKeH-
HOro Tesa moTepwu 3apsaa He Habmogaercs, boaee Toro, ecau Teno
He OblJIO 3apSKEHO, TO NPH OCBELLEHHH OHO 3apsKaeTCAd NOAOCKNCU-
TeAbHO [0 MOTEHLHAJa B HeCcKoJabKo BoabT. [locie OTKPLITHA 3J€K-
TpoHa B 1897 r. Hx. [Ixk. Tomconom (1856—1940) onnitamu ca-
moro Tomcona, a Ttakxe Jlenapaa (1862—1947) Bckope Obln Hafi-
ned yAeAbHbIH 3apAa e/m IJA YacTHL, TepAEMBLIX TeJaMH fpH
oceerieHnn, OH OKazaJscs TakHM JKe, KaK H AJf YaCTHL KaTOANLIX
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gyueil, TeM caMbiM OBIIO 10KA3aHO, UTO NP OCBCUIEHHH Tena Te-
PAIOT 3.4€KTPOHbL.

$IBsieHHe BLIpLIBAHHS 3JEKTPOHOB M3 BEIIECTBA [IPH OCBELIEHHH
€ro CBETOM INOJYYHJIO HasBaHHe (POTOIAeKTPpUtCCKO20 3P eKrTa HIH,
Kopoue, ¢oroadexra. PasnuualoT grewinull U 8HYyTpensul ¢oTo-
s¢pdexr. Tlpn BHeuwHeM ¢oTO3hdeKTe 3/71€KTPOHB OCBOGOKAAIOTCS
CBETOM H3 MOBEPXHOCTHOTO CJOSl BeLiecTBa H MEpeXoAAT B APYIYI0
cpelly, B 4acTHOCTH B BakyyM. Ilpu BHyTpeHneM ¢poroapdekte ontk-
4ecKH BO30YK/EHHBIE 3JEKTPOHB OCTAIOTCS BHYTPH OCBEIIAeMOro
Tesa, He Hapyuias 3JeKTpHUeCKY0 HEeHTpaJ/JbHOCTb NocjenHero. Has
060CHOBaHHA THNOTe3bl (POTOHOB OCHOBHOE 3HAUEHHE HMeeT GHeli-
Hull GoToshpexT, KOTOPHIH NPEHMYNIECTBEHHO H paccMaTpHBaeTcs
B aToM naparpade. O BHyTpenneM ¢(oTosd¢pexTe U 0 ero npHMeHe-
HUAX OyJeT CKa3aHO HeCKOJIbKO CJIOB B KOHILE 3TOro e maparpacda.

DJIeKTpPOHB!, BHIPBaHHbBIEe MOA JeficTBHEM cBeTa, Ha3blBalTCa Po-
T034eKTpOHaMU, DOTO3EKTPHUECKHMH CBOACTBAMH 006/a/al0T Kak
MeTaJlJlb, TaK U JH3JEKTPHKH, a TaKKe TNOJYIPOBOJHUKHN H 3JEKTPO-
JIUTBI, MPHUYEM HeoOXOMUMBIM (HO HEeLOCTATOUHBIM) YycJoBHeM ¢o-
To3eKTa ABJAAETCH 3aMeTHOE MOIJIOUICHHEe HCNO0Jb3yeMOro cBeTa
B MOBEPXHOCTHOM cJloe ocBeliaeMoro tesna. PoTo3JeKTpHUCCKUH 3¢-
¢eKT BHI3LIBAaETCH He TOJBKO YJabTpadmuonseToBHIMH Jyusamu. lle-
JOYHBEe MeTajdJabl — JUTHH, HATpuH, Kaauil, pyObunuil, uesuit —
BeCbMa YYBCTBHUTEJbHBH K (DOTO3JEKTPHUCCKOMY AeHCTBHIO H B BH-
auMoi o6sacTH cnekTpa. A cnenuasbHas o6pa6oTkKa noBepXHOCTEH
5THX H APYTHX MeTaJJOB JesaeT HX CNOCOOHBIMH HCIYCKaTb (oTo-
3JEKTPOHBI llaxe Moj AeHcTBHEeM HHODAKpPAacHBIX Jydefl.

2. Ha puc. | nokasaHa NPHHUMNHAJbHAs cXeMa 3KClEpUMEH-
TaJbHOM YCTAHOBKH [1Js1 HcclelloBaHHA (orosdderra. PoTosnex-
TPOHHI, BEHIPBAHHBIE OPH OCBENICHHH H3 KaToJa, YBJeKalTcA MpH-
JIOXKEHHBIM HanpsKeHHeM K aHOAy H 3aMHIKawT Lenb. [1o ckopocTH

Al

G

Céem

. i P
 anexmpo- l I
Mermipy

Puc. 1 Puc. 2

3apAAKH 3JEKTpoMeTpa (BMEeCTO 3JEeKTPOMETpPa MOXKHO B3fATh YyB-
CTBHTE/IbHBIH Ta/IbBAHOMETP) MOXKHO ONpPENeNHThb CHJIY 3JEKTpuue-
CKOTO TOKa B LeMNH, a ¢ Hell H KOJHUeCTBO (OTO3JEKTPOHOB, AOCTH-
rajolluXx aHoAa B eAMHHUY BpeMenH. OnwIThl NoAOGHOrO poaa B



14 KBAHTHI CBETA ra. 1

paHHHX HCCAE0BAHUAX HPOH3BOAMINCH B razax. Ho ux syuule npo-
H3BOJHTL B BaKyyMe, TaK KaK ra3 TOJbKO OCJIOXKHAET SIBJIEHUA,
NPOHCXO/sIHEe B MOBEPXHOCTHOM CJI0€ MeTaJla.

Qotos¢hexT ¢ JaHHOTO BellleCTBa CHJBHO 3aBHCHT OT COCTOSIHHS
€ro MoBepXHOCTH. [IJA [OJyUeHHS OJHO3HAUHHBIX Pe3yJbTaTOB HC-
cJelilOBaHUe 3TOro fBJeHHsl HeoOXOAHMO MPOH3BOJHUTH B XOPOIIEM
BaKyyMe, IIpeBApPUTENLHO TIHATENbHO OUUCTHB MOBEPXHOCTh HCCJIE-
ayeMmoro Teja. llepen nomelieHHeMm 3JekTpojoB B npubop wMmare-
puaJ, cayxalllid KaTOAOM, II0/BEPraloT INeperoHKe B BaKyyMe, a
3aTeM HAHOCAT TOHKHM CJIO€M Ha KaKyl-J1HOO0 MOAJOKKY.

Ecnu mpu NOCTOSIHHBIX HHTEHCHBHOCTH H 4YacTOTe Mafaloniero
cBeTa MEHsTh nalnpskenne V Mexiy aHOAOM H KaToIOM, TO 3aBH-
CUMOCTE. POTOTOKA [ OT V mnpeacTaBHTCH KPHBOH, CXeMATHUECKH
#300paxkeHHON Ha puc., 2. OHa HAa3bIBAGTCH XAPAKTEPUCTUKOL (hO-
TO3AEMEHTA, T. €. TOTO mpubopa, B KOTopoM Habalojaaercs (oTosd-
¢dekr. [lpn yBe/HUYEHHH HANpPsiZKEHHS XapakTEpUCTHKA MEPEXOAHT
B° IOPH30HTAJbHYIO TPSIMYIO, KOTOPOH COOTBETCTBYET MaKCHMaJb-
Helfi TOK. On Ha3piBaeTcsi TOKOM Hacsiujerusi, HacoineHue LOCTH-
raeTcsl TOrAa, KOrAa BCe 3JEKTPOHbI, BBIDBAHHBIE CBETOM C I10-
BEPXHOCTH KarToja, NonajaloT Ha anoA. JlasabHefillee MOBLILEHHE
HaNpsiKEHUs] He MEHsIET CHIY (OTOTOKA: OHQ 0npedenfieTcst TOAbKO
KOAUYECTBOM eHCeCeKYHOHO BbLPBIBAGMbBLY IAEKTPOHOS.

CyliecTBOBaHHE TOKA HACHIILEHHS KCIEPHMEHTAIbHO GBIIO yCTa-
nosaeno A. T'. CroneroBuM. UM ke OBLIO JOK434HO HA ONBITE, UTO
TOK HACHUCHUSL CTPORO NPONOPYUOHAACH UHTERCUBHOCTI nadarouie-
20 ceeTa, ecJH TOJBKO 4acToTa ero ocraercss mocrosinHo#. Touice,
TOK HACBIIIEHHS TPONOPIIMOHAJIEH HHTEHCHBHOCTH HO2A0UAEMO20
cgera. OAHAKO TOCJEAHsIs B CBOK Quepelb NPONOPLHOHANLHA HH-
TCHCUBHOCTH MAaJaollero cBera, a NoToMy B (GOpPMYJHPOBKY 33aKOHA
M BXOJHT HHTEHCHBHOCTh TOTO e cBeTa. KpoMe TOro, 3akoH mpo-
nopunoHaabHocTH CTOJIETOBA CTPOro COOMIOLACTCA JHINL NPH YCJ0-
BUH, KOQJa TOK HachlUleHHS 06pasoBaH TONLKO IJEKTPOHAMH, OCBO-
GOXACHEBIMH CBETOM C C8ETOYYBCTBUTEAbHOI HOBEPXHOCTU TeAd.
IJist 370ro cBeTOUYBCTBUTENbHAA TOBEPXHOCTDL [AOJKHA MOMEIAThCH
B BakyyMe. B razonHanosHeHHBbIX IpHbopax Moryr HabaiogaTncs 3a-
MEeTHBEI® OTCTYIJIEHHSi OT INPOCTOH mNpomopuxoHasbnocTH, Takue
npubopbl OOBIYHO YYBCTBHT@JbHEE BAKYYMHBIX, TaK KaK B HHX K
TOKY 3/16KTPOHOB, OCROBOXKAEHHBIX CBETOM CO CBETOYYBCTBHTEJNBHOMN
MOBEPXHOCTH Tesa, A00aBaAeTcs elle TOK LOHU3AYUU 2a3a, HANoJ-
Halomero npubop. [1osToMy rasoHanoJHeHHBIMH NpUBOpaMH, €cJH
OHH MPUMEHSIIOTCA JJ15 H3MepeHHH, HAJO0 NOJb30BATbLCA C OCMOTpPH-
TEJLHOCTbIO. .

3. MoxHO OblI0 OBl NONBITATbCSl AATh KA4eCTBEHHOE OOBACHEHHE
dorosdperra ¢ BOJHOBOH TOUKH 3peHHA. CBOGOAHBIE 3JIEKTPOHHI,
B H300MJMM HMEIOLIHeCH B MeTaJjie, YAepkKHBalOTCA B HeM 3ajep-
JKHBAIOLUIHM MOJEeM, CYUleCTBYIOUIMM Ha TpaHHie MeraJdga, Pa6ora
BbIXO/JA 3JIEKTPOHA M3 MeTaJjula COCTaBJSeT HECKOJbKO 3JEKTPOH-
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BOJbLT. B 3JeKTpHUECKOM [0Jie CBETOBOH BOJIHB CBOBOAHBIH 3Ji€k-
TPOH NPHUXOAHT B KosebGaHusi, Korna sneprus KonebOaHui chenaercs
nocTaToudo GOJLLIOH, 3JEKTPOH MOXKET MpeofoseTh 3alep:KHBalo-
mee noJe 0 YHTH 3a npefednsl Meranasa. Ecaun e 31eKTpoH cBs3aH-
HbIf, TO Bce 6YIeT NpoOUCXOJUTh aHAJOrHYHO, HO 3aBHCHMOCTb 3HEp-
rHu KoJebaHull OT 4acToThl OyJeT HOCHTL 0oJiee CJO0XKHHIH, pe3o-
HAHCHDIH Xapakrep.

OnHako Takoe OObsICHEHHe He corjacyercst ¢ onbiToM. KuuetH-
yecKasi 3HEpPrus KoJeOJIOIIerocss SJEKTPOHAa 3aHMCTBYETCs OT CBe-
TOBO# BOJIHBL. Kasajoch Obl, UTO 9HEpPrus BilJETEBLIEro 3JEKTPOHA
HOJXHa OblTh TeM 6oJablie, ueM 60Jblle HHTEHCHBHOCTL MaJaiollero
cBera. Ho onbiTel JleHapda W MHOTOYHCJEHHBIE HCC/AEAOBAaHHS OPY-
THX YYeBBIX NOKa3ajH, YTO MAKCUMAAbHASL CKOPOCTb, ¢ KOTOPOU
IAEKTPOHbLL BbIACTAIOT U3 TEAQ, OT UHTEHCUBHOCTU nadaroujeeo caeta

co8cem He 3a8UCUT, a Onpederfercs ToAsko eeo 4acrorod. (Ilpen-

floJlaraeTcs, 4TO MaTepHaJ TejJa U COCTOSIHHE OCBELlaeMOH NoBepx-
HOCTH OCTAlOTCs HEH3MEHHBIMH,)

Hpyroe peskoe pacXoIeHHEe ¢ ONLITOM NOJYYHTCH, €CaH Ha
OCHOBe NPHBEJEHHOro OOBACHEHHS OUEHHTb 8peMS B03HUKHOBEHUA
goroappexra. eficTBUTenbllO, BO3bMEM, HalnpHUMep, 3JeKTpHUE-
CKYi0 JIaMIouKy MomHocThio P =100 Br. las npocrote Oynem
CUHTATL €e TOYEUHLIM H H3OTPOIHO H3JyYalOUIUM HCTOUYHHKOM CBe-
ta. Tlo k/iaccHuecKoHd BOJIHOBOIN TEOPHH MOTOK JYUYHCTON 3HEPTHH
pacrpocTpaHsieTcss OT HCTOUHHKA CBETA HENPepbl8HO BO BCE CTOPO-
HBl, 1lycThb cBeT manaeT HOPMAJbHO I1a MJOCKEH (OTOKATOXL H3
IHHKAa, PacloJOXKeHHbI!i Ha PacCTOSHUH r OT JaMIOYkH. DHEPreTH
yecKasi OCBEIIEHHOCTb, CO3/aBaeMasd JaMIOUYKoH na ¢(oTokaToje,
6yner P/(4nr?). PaGota BwiXxoJa 3JeKTpoHa A M3 HIHHKA COCTAB-
Jjsier okono 3,74 3B, flcHo, uTO AA% BHIXOJA 3JEKTPOHA HA MeTaJsja
IHEPrHus, HAKOIJIEHHAS UM NPH BBIHYMKIEHHBIX KOJeOaHHAX, N0JKHA
6bITh He MeHblle A. MakcuMaJsbHasi 3HEPrHs,, KOTOPYIO MOMKET HO-
JYYUTh aTOM OT H3/]YYeHHS 323a BpeMs {, COCTaBAfAeT & wmaxc ==
=(P/4nr?) ot, rlle 0 — nonepeuyHoe CeueHHe aTOMa, DHEpPrus, mepe-
JaHHasi 3JEKTPOHY 3a TO Ke BpeMsi, MeHblie & wakc. [HO OHA JOJIK-
‘Ha OBITb He MeHblie A, 4TOOBl 3JeKTPOH MOr BHINTH H3 MeTaJla,
T. €. &wake > A, a NOTOMY JOJKHO ObITh t > (4ur?/cP) A. Cpennee
paccTosiHue MeEXJAY aToMaMHu LMHKa HaHjeTcs no ¢opMmyne d =
={(M/8N,)!/3, rne Na—nocrosHnas Aporagpo, M — moaspuas
Macca, 8 —mnaorsocTs HHHKa. Mas punka M =65 r/moab, 6 =
=17 r/cM®, a caenosatednnho, d ==2,49-10~% cMm. CeueHnHe ¢ MOXKHO
OLeHHTL Mo QopMmyse o & d? & 6-10-16 cm2, Ecau nosoxurs enle
r==1 M, T0 noayuurcsa ¢ > 1,25 c¢. Takum obpasom, no Kaaccuye-
CKOL B80AHOBOU TeOpull HoToahgext Joaxncen nPOTEKATsL ¢ 3ana3dbl-
sanuem. Ecan yuecTb, 4To GOTO3JEMEHTHE pearupylor Ha 3HAUHTEN]b-
Ho Gousee cjabble CBETOBLIE NOTOKH, Y€M B HallleM [PUMepe, TO H
3anmasnbiBagne (orosaddeKkTa MoOXKET NOJAYUHTBCS MHOro GoJiblie
TOrO, KOTOpPOEe MBbl BHIYHCJHJAH. MexXay TeM onoiT noxasbisaer, 4To
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poTosppext nporexaer 6e3blHEPUUOHHO, T. €. (POTOTOK NOABARETCA
MEHOBEHHO — OOHOBPEMERHO C oceeujeruesm., VIMeHHO Ha TaKol
6€3bIHePLIHOHHOCTH OCHOBAHBI MPAKTHYECKH BCE HAYYHC-TEXHHUECKHE
npuMmeHenus ¢oroadpdexra.

4. YxaszauHble TPYAHOCTH OTNajaloT, ecan ¢Goroaddekr pac-
CMaTpuBaTh ¢ (QOTOHHOH TOYKH 3peHHs. B3auMonefcTBys C agek
TPOHOM MeTanana, (OTOH MOMXKeT OOMEHHBATbLCA ¢ HUM 3Hepryedl u
HMIyascoM, Tako#i npouecc B3aUMOAEHCTBHA HaNOMHHAeT yaap
urapoB, a NOTOMY ero o0pa3HO Ha3blBAIOT CTOAKHO8eHueMm. PoTo-
3¢ deKT Bo3HUKAET NPH Heynpyeom cTOAKHOBenuu (HOTOHA C 3JeK-
TpoHoM. IIpn Takom cronkHOBeHHH (OTOH norjouiaercd, a ero
SHeprusi mepelraercs 3JeKTpoHy. Takum o6pasoM, 3JeKTPOH INpH-
o6peTaeT KYHETHYECKYI0 3HEPTHIO He IOCTelleHHO, a4 ¢pasy — 8 pe-
3yavTaTe eOURUYHO20 QKTA CTOAKHOBeHUS. DTHM H oOBACHIETCA
6e3bIHEpLLHOHHOCTD (hoTo3a(dekTa.

JHeprua mnorJomaemoro ¢oTOHa MOXKeT 3aTpayuBaTbcd HA OT-
pPBIB 37€KTPOHA OT ATOMAa BHYTPH MeTaJjna, OTopBaHHHH 3JeKTPOH
MOKeT B3aHMOJEHCTBOBAaTL C aTOMOM BHYTPH MeTajJa, pacTpauvH-
Bas 3HEPrHI0 Ha Temjo. MakcuMaJbHOH 3Hepruef BhIJIEeTeBUIHH
3JeKTpoH Oyner o6salaTb TOTAa, KOrJa BHYTPH MeTajla OH Obll
cg0600en, T. e. He CBSI3aH C aTOMOM, @ IPH BHLIETEe HapyXy He
pPacxonoBas 3HePrHi Ha Tenso. B 3TOM ciyyae KHHeTHUeCKast 3Hep-
THSl 3JeKTPOHA TPATUTCS TOJNBKO HA NPEeoJOoJCHHe 3aJepKUBAOUIUX
cHJl, NeHCTBYIOIKX B TMOBEPXHOCTHOM CJloe MeTaJjsa, T. €. Ha pa-
60Ty 8blx0da. TIpenonoxuM, UTO 3J1eKTPOH NOJYUHJ KHHETHYECKYIO
3HEPrHIO NPH CTOJNKHOBEHHH TOAbKO ¢ OOHUM (poTOHOM. MHOrodo-
TOHHBIE TPOLECCH, KOTOpble OyAyT paccCMOTPeHBl B NYHKTe 9, BO3-
MOXHBI, HO MPH cJaGblXx HHTEHCHBHOCTAX CcBeTa (JIHHEHHAs ONTHKA)
MaJioBepOSTHH. Torja makcumaroHas KUHeTU4eCcKas 3Hepaus, Ko-
Topoi 6yder 064a0aTy golreTeswitli 3AEKTPOH, onpedeaurca (fop-
myaotl

Yom o2, =hv—A4, (2.1)
rie A—pabGora BHIXOLA, a M- Macca I[OKOS 3JIeKTpoHAa. ITa
topMyma BrnepBble Obljaa NMoJydeHa DHHIITEHHOM H HOCHT €r0 HMA.

[Tpexne ueM aHanusupoBath Gopmyay JfiHiuTesina, Heo6X0AUMO
BBISICHHTb, KaK MOXET «CBOGOJHBIH 3JIGKTPOH B MeTaJjlle» IOrJo-
THTb HOTOH. He NPOTHBOPEUHT JIH 3TO YTBEPKIAEHHIO, NOKA3aHHOMY
B KOHIIE Npejpljpyuiero naparpaga, corjacHo KOTOpPOMY NOrJolle-
HHe (OTOHA CBOOOJHBLIM 3JE€KTPOHOM HECOBMECTHMO € 3aKOHAMH
coxpaHeHHs 3HePrHH M uMmmyJbca? Ha camoM jene mpoTuBOpeuus
Her. IlpoTHBopeuHe BO3HHKAeT H3-3a HeyJauHOH TEPMHHOJOTHH.
«CBOGOIHBIA 3JEKTPOH B MeTaJjlie» B JCHCTBUTEJAbHOCTH He €80~
600en. On Kak Ol 3anepT B fAllHKe, BONH3H CTEHOK KOTOPOTO JeH-
CTBYeT 3ajiepxHBaollee nose, POToOH B3aHMOLEHCTBYET He TOJNBKO
C 3JIeKTPOHOM, HO NPOHCXOLHT B3aMMOLEHCTBHe OO0€HX 3THX YacTHIL
¢ MertasJoM B ULeioM. IIpn B3auMomeACTBHH Ke TpeX Ted 3aKOHB



32 PDOTOSJIEKTPUUECKHUH 3ODEKT 17

COXPaHEHHUS] 3HEPTHH H HUMMYJAbCAa MOTYT BBHINOJHATHCA OJHOBPEMEH-
Ho. Mnyabc ¢doToHAa BOCHpHHHMAETCA KaK 3JEKTPOHOM, TAK H Me-
TaJIJIOM, SHEPTHS e MepefaeTcsl TOJbKO 3J1eKTPOHY, TaK KaK Macca
MeTaJJla MOXeT CUHTAThCA GeCKOHeuHO OOJbUIOH,

5. M3 ¢opmyansl DitnireiiHa (2.1) BeITeKaloT ABa CJeACTBHSA, Ha-
XOJSIIIUecs] B CTPOIOM COTJIACHH C OIBITOM.

1) MakcumaroHan KUHETUYECKAA JHEP2US BbIPBARHOLY INEKTPO-
HO8 AUHEUHO 3QB8UCUT OT YACTOT6L OCBEULAOUiee0 c8eTa U He 3a8U-
CUT OT €20 UHTEHCUBHOCTU., HHTEHCUBHOCTS 0KA36I8AET BAUAHUE
TOAGKO HQ KOAUMECTBO Bb6IPBAHHBIX HACKTPOHO8, HO COBCEM He
BAUSACT HA UX MAKCUMAAbHYIO KUHETU4YeCKYyro anepauro. JI1o6onbITHO,
4TO TAHreHC yrja HakjJoHa npsamo# (2.1) K ocH yacToT v paBeH
nocrosinHof [lnanka A (mo ocu abcnuce OTIOXKEHAa 4acToTa v, IO
OCH OpJHHAT — MaKCHMaJbHAasA KHHeTHYeCKas SHEPTuA 3JeKTPOHA
1/eMeU%yaxc). DTO JaeT HOBHIH MeTOJ H3MEpEeHHS [OCTOSHHOH
[lnanka.

2) Cyuwiecréyer Ruskoyacrotuas eparuya (nopoe) @orosggex-
TQ, T. e. TAKAA HACTOTA vy, HUNe KOTOPOU (hoTo3dhhext He Habaro-
daercsa. OHa 3aBHCHT OT COCTaBa 06/1y4aeMoOro Teja M COCTOAHHS
€ro HOBEPXHOCTH.

B camom jnese, mpexcraBuM paboTy BhIXOga B Buae A= Av,,
rje vo— MOJIOXKUTeJbHASA NMOCTOAHHAsA, U 3anulleM d¢opmyay (2.1)
TaK: ‘

Yo 2 o =B (v — Vp). (2.2)
Ipu v << vy mpaBasi 4acTh OTPHUATENbHA., A 3TO HEBO3MOMXKHO, TaK
KaK J1eBasl 4acTh CYILECTBEHHO NOJOXxHTebHA, CJenoBaTenbHo, MPH
v < vy horoadpdert nesBosmoxken. HactoTa vo ¥ ecTb HUBKOYACTOT-
Has eparuya Gorosgppexra. CyliecTBOBAHHE TAKOH PAHHILBI COBEp-
HIeHHO HEeMOHATHO C BOJTHOBOH TOUKH 3pEHHS.

6. DxcnepuMeHTanbHAA NMpoBepKa (opMynbl DfHUITENHA H Clel-
CTBHH H3 Hee HMeET I'DOMajilHOe 3HaUeHHE He TOJbLKO AJs TEOpHH
cBeta, HO u aJa8 Bce#l ¢usuxkd, OHa NPOH3BOJAUTCS MYTEM CHATHSA
XapakTepUCTHK (OTO3JEMEeHTa, B KOTOPOM Najaiomufl CBEeT BO3-
Oyxnaer ajeKTpHueCKHH TOK. IIpHHUMNHanbHAS CXEMa yCTaHOBKH
npuBefeHa Ha puc. |. CyllecTBeHHO, YTO (POTOTOK HOJKEH H3IME-
pPAThCH He TOJBKO [PH TMOJOXHTEJIbHBLIX 3HAUYECHHAX DPAa3HOCTH MO-
TEHUHAJNOB MeXIy aHOLOM H KaToAOM (YCKODSIOLiee MoJie), HO U
npu orpuyaresstelx (3amepisioniee mnosae). A noBHIeHHs TOU-
HOCTH H3MepeHHH NnpH60p KOHCTPYHUDPYIOT TakK, UTOOH NPaKTHUECKH
BCe (DOTO3/EKTPOHE], BbIpBaHHbIE CBETOM H3 KaToja, NONajajd Ha
aHof. C 3Tofi 1eJbl0 BMeCTO NJOCKOTO HPHMEHSIOT cdhepuyeckut
kOHOencaTop, BHEMIHEH 06KIaAKOH KOTOPOro CayXHuT GoJblias me-
tTajsnyeckas cgepa, a BHyTpeHHeld — MaJIeHbKHH LIApUHK H3 HCCJe-
JlyeMoro MarepuaJa.

®OoT03J1eKTPOH, OCBOGOXKAEHHBIH CBETOM, MOXKeT IIpeTepleTh
CTOJIKHOBEHHe C aTOMOM BHYTDH MOBEPXHOCTHOIO CJIOf MeTaJJa,
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M3-32 3TOro OH MOXKeT 3aMEMIHTbCA H JaxKe HEe BHHTH Hapyxy.
[punoxenHoe afekTpUUECKOE MOJE - CNIOCOGCTBYET YCKOPEHHIO 33-
MeIJIHBIIHACSA 3JeKTPOHOB H BLIXOAY HX H3 MeTaJjia. B atom npu-
YHHA, NoYeMy cHJa (POTOTOKA BO3PACTAeT C HANPSKEHUEM MeEXKIY
KaTojaoM H aHomoM. Hlus npoBepkuH ¢opmynasl Jinuteiina (2.1)
HaJI0 H3MEPHTL MAKCHMAaJbHYI0 KHHETHUECKYIO 3HEPrHio (poTo3JeK-
TPOHa, KOTOPOH OH obsajaer Mo BHXOAe H3 MeTajga. TaKue uame-
PEHHSI 3aTPY/NHEHBl KOHTAKTHOL PpA3HOCTbIO NOTEHYUAA08, BEChbMa
YyBCTBHTEJbHOH K IIOBEpXHOCTHOH oOpaboTKe MeTaJia, a NOTOMY
TPYAKO KOHTpoJHpyeMoH. [l HCK/IOUEHHS BJHSIHHS KOHTaKTHOH
pPA3HOCTH NMOTEHLHANOB HA BOJbT-aMIEPHOH XapakTepHUCTHKe (HOTO-
3JeMeHTa OTMEeUaloT ABe TOYKH: OIHY A, B KOTOpo# TOk ofpamaerca
B HYJb 33JepXKHBAIOIIUM noJeM; Apyryio G, ¢ KOoTopo#l HauuHaeTcs
TOK HachllleHust (puc. 2). [Tokasauus BoJbTMeTpa, COOTBETCTBYIO-
e 3THM TOoukaM, o6o3HauuM uepe3s V, U Vi ITO ecTb HMeHHO
NOKA3aHUSA 80AbTMETPA, @ HE PA3HOCTH INOTEHUHAJIOB MEXKAY aHO-
JoM u kKaronoM. K mocneiHuMm foskHa ObTbh go6aBjieHa KOHTaKT-
Hasi pa3HOCTb NOTEHUHANOB V. MeXAy TeMH ke 3jJekTpoiamu. IloJ-
Hble Pa3HOCTH NOTeHUHatoB paBuel Vs -+ V. u Vg 4+ V. coorser-
CTBEHHO.

Ilpu noxasaHHSAX BOJbTMETPa MeHblle V4 BCe 3JEKTPOHBL 3a-
JEpPIKIBAIOTCS W He OOCTHraloT aHojga. Koraa BOJBTMETP NOKasbi-
BaeT Vi, aHOJLA HAYHHAIOT MOCTHraTb 3JEKTPOHBI C MaKCHMaJ/bHOH
CKOPOCTLIO Umaxe. [IpHPAaBHUBAs 3HEPrHU 3JEKTPOHA B TOyKax A
# G XapaKTePUCTHKH, NOJYUHM

l/2m’evfaaxc =e (VA + Vc)’

rle ¢ —3apsaja 3JeKTpoHa 1o abcoJoTHOH BejuuuHe. (TensoBbIMH
CKOPOCTAMH Mbl IpeHefperaeM, TaK Kak CPeIHAR 3IHEPrUsS TeIJo-
Boro nBuxkenusl 2T npeneGpe:kMMO MaJa 10 CPaBHEHHIO C SHEPTHEH
dotoHa hv.) Korza xe BoJabTMeTp nokasnieaeT Vg, Ha060pOT, Haxke .
3JIEKTPOHBI HYJEBOH CKOPOCTH HAYHHAIOT HOCTHraTh aHOAa, NOITOMY

O=—e(Vg+ V).

M3 nocnennero ypaBHEHHSI HAXOLHTCS KOHTAKTHas DPAasHOCTb I10-

Tenuuanos: V.= —V;. IlepBoe xe ypaBHeHHe onpelessieT HCKO-
MYI0O MaKCHMaJbHYI0 KHHETHUECKYI0 IHEPTHIO (JOTO3JIEKTPOHA:

Yom ol =e(Vs—V,). (2.3)

N3 ypasuenus Vs = —V,. crenyer, 4To noJoxenue TOUKH Vg

Ha BOJbT-aMIEPHON XapakTepHCTHKE (POTO3JEMEHTA 3aBHCHT TOJb-

KO OT KOHTAKTHOH pP43HOCTH NOTEHIHAJIOB, HO HE 3aBHUCHT OT da-

CTOTHI v Majaoilero csera. HanpoTus, nosioxkeHue TOUKH V4 Me-

HSIeTCSl ¢ YacTOTOH v, TAK KAK OT YacTOTH 3aBHCHT MaKCHMaJibHas

sueprua  '/,m vl KoTopoii omnpejensiercs BejauuuHa Vi, -+ V.

Makc’

[1pu yBesqHUEHMH YACTOTHl XapaKTEPHCTHKH OYyIyT CMeIAThCs BJe-
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Bo, HO abcuucca Vg Oyaer ocraBaThesl HeH3MeHHOH. Ecan xapak-
TEDUCTHKH CTPOHTH B TakoM Maciutabe, 4ToObl Ha HHX TOK Hacbl-
illeRHA Bceria H3o06pakascsi OpPAMHATAMH OJHMHAKOBOH BEJHUHHBI,
TO BCEe OHH OYAYT INPOXOAHTE uepe3 OHY M Ty Ke Touky G.

B nauane nynkrta 6 OblIO OTMEUEHO NPEHMYILECTBO chepHye-
CKOro KOHJeHcaTopa nepejd miaockuM, Teneps, mocse H3N0XKEHHS
HIeH MeTo/ld OnpejesieHHs MaKCHMaJbHON KHHEeTHYECKOH 3IHepruy
(hOTO3/EeKTPOHA, MOXKHO YK&3aTh HA JApYroe npeumyuiectso. B cay-
4ae MACCKOrO KOHJAEHCaTOpa JJig nonajaHus (HOTO3JeKTPOHOB Ha
aHOJ HMeIoT 3HAYeHWe He MOJIHble CKOPOCTH HX, a TOJbKO COCTaB-
JS0ILHE, NepHelInKYJIsIpHble K NOBEPXHOCTH aHoja. KacaTesbHbie
COCTABAAION[HE NPHBOAAT K TOMY, UTO XapaKTePHCTHKa (oTo3Jje-
MeHTa B Toukax A U G He nepecekaeT IOPH3OHTAJbHBIE MPSIMBIE,
a NOAXOJUT K HUM GCUMATOTUHeCKU. DTO 3aTPYAHSAET OmpelesieHHe
noJgoxenus camux touek A H G. B chepHueckoM ke KoHAeHCATOPE
C MaJbiM BHYTPEHHHM LIAPHKOM 3TOTO He NOJAydyaercs, TaK KakK BCe
CKOPOCTH (DOTOBNEKTPONOE NPAKTHYECKH paAHafJbHble, T. €. HOp-
MaJIbHBl K TOBEPXHOCTH aHOAa.

ToyHas 2KCepUMeHTasJbHast NPOBePKa (GopMyan DHHLITeHHA
Obla BOepBhle ocyilecTBiaeHa Puuapaconom (1879—1959} u Kap-
aoM Komnronom (1887—1954) B 1912 r.,, a eme 6oJee TLlATENbLHG
Muannkenom (1868-—1953) ® 1916 r. O6e paGoThl NOATBCPAUIH
dopmyay iHwreiiHa, Xo- 5
TS K OLIIW HE COBCEM CBO- M '
doanbl 0T BO3paXKeHHIl. QO 1 O N
B naunfosee 4HCTBIX YCJI0- A
BUsIX [pOBepKa OblAa Npo- ? K

; < F \
uspegena I1. M. Jlykup- — :_,‘! R _
ckum (1894—1954) u C. C. K =
Ilpunexaesim B 1926 1, <= ’ I | »
CxeMa HX YCTaHOBKH MpH- —'J
BefleHa Ha puc. 3. Tlpubop *L o | [_—|y..-| ) 1
npeAcTtaBassa  cobofi cde- = =
PHUECKHH KOHJIeHCaTop, Puc. 3
B KOTODOM  CO3jaBaJjics
BAKYYM, C Hapy»KHOH OOKJaJAKOH B BHAe cJosi cepebpa, HaHeceH-
HOTO Ha BHYTPEHHIO MOBEPXHOCThb cdepnl S (¢ anamerpom 11 cumj.
BuyTtpeHHe# oOKJaaako# cayxua wapuk N (¢ aunamerpom 1,5 cm)
M3 MeTaJ/nia, ¢ NOBEPXHOCTH KOTOPOro usydaics dortosdgexrt. Uro-
Obl LWAPHK MOXHO OBbIJIO JIErKO 3aMeHATb, OH HaBHHYHMBAJCS Ha
CTep:KeHb, CBA3AHHbIHA co WIHdoM. KBapueBasi H30a41HsT yCTpanaa
BO3MOXKHOCTb BJIMSIHHS MOJ3Y4YHX 3apsfoB co crekna., lapuk N
MOXHO GBLIO OCBellaTh Yepes OTBepCTHe “A, 3aKPBITOE KBapLEeBOl
njaactTuako#. CBeT mocTynan OT PTYTHOH AYTH, MpefBapHTENLHO
npoiias uyepes MoHoxpoMmaTop M. Bwuln uayuen tdoroadderr ¢ Me-

taanos: Al, Zn, Sn, Ni, Ag. Cd, Pb, Cu, Pt. Ha puc. 4 npuBeseHbl
XapakKTepUCTHKH doTosseMeHTa a8 unHra (A =230,2; 253,7:
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313,0 am aas xpuBmx I, 2, 3 coorpercTBEeHHO). [na Apyrux Me-

TaJJIOB XapaKTEPHUCTHKH HMEJH aHaJOrHYHbl BHA. Bce OHH fo-

CTPOeHbl B TaKoM Macluitale, B KOTOPOM TOK HACHIIIEHHS YCJOBHO

npauar paBubiM 100. [IpH 3TOM ycnoBHH Bce KPHUBBIE AJA OJHOMO

H TOro K€ MeTaJJja, HO [PH Pas3/jHYHBIX AJHHAX BOJH CBEpXy me-

peceKasHCh B OJHOM W TOfl JKe TOYKe, B KOTOPOH OHH mMepexoinJu

p B TOPH3OHTAJbHBIE YYACTKH.

| ITO HaxXONHUTCS B COTJIACHH C

} TeM, uTo OBIIO CKa3aHO Bhbillle,

100 ABTOpH TOJYYHAH AJs [O-

crosiHHOlH Ilianka 3HaueHHe

h ==6,58-10-27 spr-c (ecan

! 2 3 NepecUHTaTh UX Pe3yJbTAT Ha

0 COBPEMEHHOe 3HaueHHe 3apsi-

=05 0 10 V 20 1a 3JeKTpPoHa).

7. sl peHTreHOBCKHX Jy-

yell SHEPTHS CBETOBOTO KBaH-

Ta fiv BesUKA MO CPaBHEHHNO

¢ paboroli Buixoaa A. UHLIMH ciioBaMu, 4yacToTa v BeJHKa 1O CpaB-

HEHHIO C YacTOTOH# Vo HH3KouacTOTHOH rpaHHUb doTosddekra.

B stom cayuae B ypaHenuu (2.1) Besquunno# A MoxkHO npeHe6pedn
H HaOHCAThb

Zn

Puc. 4

l/2me maxe hv, (2.4)

eV = hv, (2.5)

rie eV — 3HeprHsl 3JeKTPOHA, BEIpAXKEHHAN uepe3 yCKOpsiollee Ha-
upsxeHue. dta opMmyJa CnpaBeAJHBA He TOALKO OAR NPAMO20
¢oToaghpexTa, B KOTOPOM 3SHEPTHS CBETOBHIX KBAHTOB [IEPEXOIHT B
KHHETHYECKYIO SHEPTHIO 3/1eKTPOHOB. OHA OTHOCHTCH H K 06paTHOMY
poTOshheKTy, B KOTOPOM PEHTIEHOBCKHE KBAHTH RNOJYyYalofcs 3a
CYeT KHHETHYECKON 3HEePTHH 3JeKTPOHOB, 60MOaPAHpPYIOWHX MeTalll.
WUMeHHO TaKko#i IpollecC TPOHUCXOAHT B PEHTTEHOBCKUX TpPyOKax.
B stom cayuae dopmyna (2.5) onpepensieT MAKCUMAAbHYIO 4ACTO-
TY, C KOTOPOH MOTYT WCNYCKATHCH DEHTTEHOBCKWE NyUH aHTHKATO-
JAOM NpH 3a/JaHHOM Hamnpsi:keHuH Ha TpyOKe. CyuiecTBOBaHHe Mak-
CHMaJNLHOH FpaHHYHON YaCTOTH NMOATBEPXKAAETCA ONBITOM. DTO TakK-
’Ke TOBOPHT B 10J1b3y KBAaHTOBO! TEOPHH CBeTa.

Ilpn GomOGapaMpoBKe aHTHKATOAA 3JEKTPOHBI TOPMO3ATCH, H3-3a
yero BO3HHKAeT TaK HA3bIBAEMOE TOPMO3HOE PEHTEeHOBCKOE U3AY-
wenue. CIEKTp TOTO H3JYUEHHA NPH PA3JOKEHHH N0 AJIUHAM BOJH
OKa3BIBARTCA CNAOWIHBIM, KAK W CIeXTP BHANMOro Oesnoro caeTa.
[lo 3701l npHuHIile CNJOIINOE PEHTTEHOBCKOE H3JYyUeHHE Ha3BIBAETCH
beaoin, Ero cnekTpasbHas HHTEHCHBHOCTb NMPH PA3JHYHBIX HATNpS-
KEHHsIX Ha TpyOKe npeicTaBieHa KPUBBIMH Ha PHC. 5 (AJs BOJb-
dpamMoBoro aHTHKaToja). B CTOPOHY NJHHHBIX BOJH KpHBasl HH-
TEHCHBHOCTH cniajaerT MOJOro, aCHMNTOTHYCCKH MPHOJHAKAACL K

HJTH
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HYJIO C YBeJHYEHHeM JJHHBl BoJHbL. Hanpotns, co cTtoponsl KopoT-
KHX BOJIH KPHBAs HHTEHCHBHOCTH Pe3KO oOpbIBaeTcs NPH HEKOTOPOM
3HAUEHHH [JIHHBl BOJIHLI, Ha3bIBAEMOU KOPOTKOBOAHOBOU eparuyed
CRAOUWIHO20 PEHT2eHOBCK020 U3AYYeHUs. DTa TPAHULA ONpeaenseTcs
dopMyaoii (2.5), u3 Kotopoii caenyer

A’MHH_‘ eV

. h 12,40
= A, (2.6)

rjie HanpsxKeHHe Ha TpyOKe V H3aMepdAercs B KHJOBoJbTax. Kopot-
KOBOJIHOBasl TpaHHLlAa He 3aBHCHT OT Marepdajga aHTHKaTolda, a
onpenessiercss TOALKO Hanpsoke-
Huem Ha Tpybre. Ecnn yseauuu- 21 50x8B
BaTb HalpAXKeEHHE Bhillle ONpese- -
JEHHOrO [pejena, 3aBHCALILErO
0T MarepHajga aHTHKaToxa, TO
Ha CMNJOIIHOe H3JY4YeHHe HaKJa-
ABbIBAIOTCS Yy3KHe CIeKTpaJbHble
JHHHH, COCTABJSIOLUIHE TaK Ha-
3bIBAEMOE  XAPAKTEPUCTUHECKOE
usayverue antukarona. Ho u B
3TOM cJy4ae KOPOTKOBOJHOBAas
rpaHyulla PeHTreHOBCKOro clek-
Tpa CYLIECTBYeT H ONpelessiercs
npexuefi ¢opmysaoit (2.6). Cy-
LIeCTBOBAHHE TaKoH TpaHHUIlbl
ABJseTCA OJHHM M3 Haubosee
SPKUX TPOSIBJIEHUH KOpPNYycKY-
JSIPHBIX CBOHCTB DEHTIeHOBCKOro Puc. 5

H3Jy4eHHs.

Hsmepenre KOPOTKOBOJHOBO!H TpaHHIBl PEHTTEHOBCKOrO H3Jy-
UeHUs faeT OJHH H3 METONOB TOYHOrO OMNpeldeseHHss MOCTOSHHOH
Mnanka A. Odas storo cayxut dopmyrna (2.6). Ta xe dopmyna
NpUMEHSIeTCS [JI H3MEepeHHs AJHH BOJH OYeHb KECTKOIo peHTre-
HOBCKOIO W raMMa-H3JyUueHus.

8. Jlo cux mop npu paccMoTpeHHH (oToIPdeKTa Mbl aKUEHTH-
poBaJii BHUMaHUe Ha kopnyckyaaproix csofictBax ceta. Ho ¢oto-
HaM CBOICTBEHHBl TaKXe M B604HO8ble cwolicTBa cBera. [Iposis-
JAIOTCS JIH OHW B siBjenusix totoaddekra? Ha stor Bonpoc cneayer
OTBETHTb YTBEPAHTEJNbHO. BOJHOBBle CBOHCTBA TNPOSIBJIAIOTCA B
3aKOHOMEDPHOCTSIX TAaK Ha3bIBAEMOrO CEAeKTUBHO20 (T. €. U36HpaTe/b-
Horo) ¢orosppexra. O6o3HaunM uepes /[, CHIY (OTOTOKA HACHI-
lIeHHs, OTHECEHHYIO K €IHHHYHOMY HHTEpBaJy AJHH BOJH H K €iH-
HULIE TOTJIOUIEHHON JyuucTod 3Heprud. las ¢otoaddekra, Hasbi-
BaeMOI0 HOPMAALHb6IM, BeHUHHA [, MOHOTOHHO YOBIBAaeT C MJIHHOH
BOJIHB, CTPEMsICh K HYJNI0 Ha JJHHHOBOJIHOBOH rpaHHue A = Ay
(puc. 6). Ho ecau saextpuueckuii BekTOp mnajamlicii BOJHB He
nepnendukyAaper K TJOCKOCTH MNaJieHusi, TO y psila MeTaJJIoR

Bonsppar

Humercubrocme
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0Cc0oBeHHO ILIeJOYHBIX, Ha KpHBOH /3 (A) Habuaiomaercs pesxko seipa-
HeHHbUL maxcumym B onpeneneHHoll objacTd cuekrpa. ¥ uarpus,
HanpuMmep, MakCHMyM JexXHUT npu A = 340 uM, y Kanus npu A =
==435 uM, y amiOMHHHA TNpH A =215 M H T. A. (CM. KDHBYIO Ha
pHC. 7, OTHOCALIYIOCA K CIABY KaJjusi U HaTpHs). Bepositho, aHa-
JOTHYHBIE MAKCHMYMBI CYIIECTBYIOT H JUIA JAPYFUX MeTaJsjIoB, HO
JIeXAT [aJeko B KODOTKOBOJHOBOH 06JaCTH CHEKTpPa, a [OTOMY

AL

Puc. 6

TPYRHOAOCTYNHBL And Habmogenua. Poroapdexr, xapakTepusyio-
IWHHACA NOJOGHBIMH MaKCUMyMaMH Ha KPHBOH [, (A), H HaspBaeTcs
CeACKTUBHBIM.

MaxkcuMyMm Ha KpHBofl {,(A) AnA celeKTHBHOTO (oTo3ddekTa
HAMOMHHAeT DPE30HAHCHBIH MAKCHUMYM MpH BBIHYXXJEHHBIX KoJjefa-
HHSIx rapMolpueckoro ocuminaropa. IlostoMmy MoxKHO cKa3zaTe, YTO
5JEKTPOHE B MeETaJje mpk ceJeKTHBHOM (oroaddekTe Beayr cebs
TaK, Kak ecau Ob OHH o6najgall COOCTBEHHBIML 4ACTOTAMU, B
OKPECTHOCTH KOTOPBIX M HAGMIOZAIOTCH MAKCHMYMBbI BeJUUHHH /3 (A ).

Opyras ocobGeHHOCTH ceneKTHBHOTO (oTo>((peKTa, B KOTOpPOH
TaKXKe NPOSBJAIOTCS BOJHOBBIE CBOHCTBA CBETA, COCTOHT B TOM, YTO
UHTEHCUBROCTb (POTOTOKA CUALHO 3G8UCUT OT NOAAPU3ALUL nadato-
wezo csera u or yeaa nadenus. CeaekTusHoil Goroappext e Ha-
6ao0aercs, koe0a 3aekTpuueckuli 8eKTop nadarowell 80AHbL nep-
neHOUKyAApern K NAOCKOCTU NadedHus, a TAK¥Ce NpU HOPMAAbHOM
nadenuu csera. B 000HX cjayuasix B najalouieM cBeTe eCTb COCTaB-
JS0ILAs 9JeKTPHIECKOro MoJis, KacaTelbHash K TPaHHIE MeTaJana,
HO HeT HOpMaJbHOH cocTaBasioulel. jIBIeHHe NPOUCXOANT TAK, KakK
ecsin OB CEJEKTHBHOCTL (oroaddekra 6pia obycioBaeHa cocTab-
JSAOLEH 2NeKTPHUECKOTO BEKTOpPA, HOPMAAbROL K NOBEPXHOCTU Me-
rassq. Hopmaabraa cocrasnfiomias 6ojee 3ddexkTHBHA A1 BH-
pLiBaHUs 3JEKTPOHA M3 MeTaljla, YeM KacaTeslbHas COCTaBJSIOmMAs.
B 4acTHOCTH, CeJeKTHBHOCTh (hoTos(pdekTa BhipaxeHa Haubosee
DE3KO TPH CKOJb3SLUEM NaAeHHH MOJAPH30BAHHOIO CBETA, 3JEKTpH-
yecKnii BEKTOP KOTOPOrO JI€XKHT B NJOCKOCTH nagenHa. Jas winio-
CTpauHH BHICKA3aHHLIX YTBepXK/IeHHE Ha puc. 8 mpuBeieHa 3aBH-
cuMocTb /5 (A) oT A IJs pa3jinyHbIX NOJAPH3AUHMH Najarlluero che-
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Ta, @ Ha PHC.. 9-— 3aBHCHMOCTb OT yrJa mnajeHdda. PHCYHku oTHO-
CATCA K TOMY XKe CIJIaBy Ka/lufl H HATPHSK, YTO H PHC. 7.

9. C usobpereHueM Jase-
pOB TMOSIBUJACh BO3MOMHOCTb 60 ' L
3KCIEPHMEHTHPOBATh € MOIl- :1} Zggggz;mu x/\
HBIMH [YYKaMH cBeTa M Ha- j
6J101aTh  HeAuHelinvle OCo- 120
6ennoctu doroaddexra. Ecan \x
TOYHO BeJHKa, TO 3JEKTPOH, 80 \
npexie ueM NMOKHHYTh KaTOA,

MOXeT TNpeTeprneTh CTOJKHO- /|
BEHHE HE C OJHUM, a € He- 40 X A\
cKoaskumu gporonamy {MHoOe2O- e
gorounsi npoyecc). B atom 0 R ]
cllyyae BMeCTO ypaBHeHHs 200 300 00 500 Ao
(2.1) caenyer wHanucaTk !

Ygm 02 = Nhv — A, (2.7)

€ MakKc

WHHTEHCUBHOCTb CBeTa MA0CTa-

Domompx

rae N — 4HCJIO CTONKHOBEHHH
3JeKTpoHa ¢ (POTOHAMK. 0 UO""
JINUHHOBOMHOBAs  rpaHHla \

doToadpexTa cyllecTBYeT 1io-
npexHeMy, HO rpaHHuHast ya- 200
cToTa ompejeaseTcss Bbipa- 15/0
xKenneM vo=A/(hN), T. e. ‘\\
yMmeHpliaetcs B N pa3 1o 150 0\
CpaBHEHHIO C OAHOGOTOHHBIM

apdekrom. Habmonenuo ta-
KOr0 MHOro(hoTOHHOrO HeJH-

HefiHoro 3pdeKTa AJHTEND- 3
HOe BpeMs IIpemsiTCTBOBAJIO ﬁ
HarpeBaHHe MeraJJia [IpH Jia- 27°

3epHOM ocBelllenud. OHO co-
IPOBOXKAAeTCst TEePMOIAEK-
Tpornol amuccuedl, 1asi KOTo-

X
—

Domomox

=
S
]
_
V

poH, pasyMmeeTcsi, NJIHHHOBOJ- 40 11° 1 \
HOBasli TpaHHLA He Cylile- v

crByeT. Mackupyioiiee BJIHS- \\\

HHE TEPMO3JIEKTPOHHOHR aMHC- 0

CHH YAAJOCh YCTpPaHHTb MOY- 00 400 900 R
TH TOJHOCTBIO IpHMEHEHHEM Puc. 9
CBEPXKOPOTKUX UMnYnscoe

AQ3EPHO2O u3aytenus aautensHoctbio 10~ — 1012 ¢, Ananornuso

NEefCTBYET CKOAb3Aiee ocB8eujenue ¢porokaroda (yron maaeHus
~85°). TakuMm myTeM JJiMHHOBOJHOBasi IpaHHLa MHOTOQOTOHHOLO
doroadpderra HamexxHo 2aduxcuposana upH N =23,4,5 anasa
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pasjuuHbix MerassioB (Na, Ag, Au u np.), a TakKe IOJYIPOBOAHH-
KOB NPH H3MeHeHHH MHTeHCHUBHOCTH cBera ot 0,1 mo 103 MBT. A Hc-
cJel0BaHHe BJHSHHA NOJSPH3ANUH CBEeTa H yrJja NajeHHsi Ha TOK
HACLIUIEHHS TMO3BOJIHJO YCTAHOBHTb, 4YTO MHOro¢oTOHHHIH (oTo-
3¢bdeKT BLI3BIBAETCH HCKJIUHUTENBHO COCTABJAIOLIEH 3JeKTpUYe-
CKOT'0 MOJISl, HOPMAALHOL K NOBEPXHOCTU KaTOOQ.

10. B 3akiaiouenHe KpPaTKO OCTAHOBHMCH Ha BHYTPeHHeMm GoOTO-
afipexre v Ha npHMeHEHHAX QoToadderra. BHyTpeHnnit goToad-
(eKT MOXKeT NPOHCXOAHTb B NOJYNPOBOJHHKAX H [IH3IJEKTPHUKAX.
ITox pmeficTBHeM cBeTa uYacTb 3JeKTPOHOB H3 BaJIGHTHOH 3HepreTH-
yeCKOH 30HBI IIepeXOJHT B 30HY npoBoAuMocTH (cM. T. III, § 100).
KonleHTpauus HOCHTe/J el TOKa BHYTPH TeJa yBeJHUHBAeTCs — BO3-
HHKaeT oTOnposoduMOCTs, T. €. MOBbILICHHE 3JEKTPHUECKOH MPO-
BOJUMOCTH TeJsia HOJ JefcTBHeM cBera. [lepepacupenenenue snek-
TPOHOB 10 PA3JIHYHBIM 3HEPTETHUECKHM COCTOSIHHAM MOXET IPHBECTH
TaKXe K H3MEHEHHIO BHYTPECHHE20 INeKTPU4ECKO20 NOAs B KPHCTAJ-
Je, DTO BeleT K NOABJEHHIO 3AexTpodsurcyuieti cuast (PoTo-31c)
Ha TPaHHIAaX JBYX Pa3JHYHLIX NOJYIPOBOAHHKOB HJIM MOJYIPOBOJ-
HHKA M MeTajuia 1npH ux ocBeuienud. OKoJO TpaHHIbl o6pasyercs
nepexoOHbil cAOL, TIPOIYCKAOUHI TOK TOJbKO B OJHOM HampabJe-
HHH, T.e. obyanawolnil genrusonoinu ceodcrsamu (em. t, I11,§ 100).

®orosdderr (KaK BHEWIHUH, TAK U BHYTPEHHHH) HCIOJB3yeTCs
B (POTO3NEKTPOKHbLY npubopax, MOJYYHBLIHX Pa3HoOOpasHble MpPH-
MEHEHHSI B HAayKe H TeXHHKe (B TeJeBHIAEHHH, KOCMHUECKOH TEXHH-
ke u T. A.). Hauuu mimpokoe npumenenue oroasements ¢ BHell-
HiM (poTo3ddeKTOM, T. €. ABYX3JEKTPOAKble NPHOOPH, B KOTODPHIX
najawllas Ha OBEPXHOCTb KaToJa JYYHCTasl SHEPTHsI HPU BHENIHEM
IIPHJIOXKEHHOM HaNPSIKEHHH MeXJy 3JEeKTPOAaMH NpeBpallaeTcss B
IHEPTHIO 3JIEKTPUYECKOTr0 TOKA, DJIEKTPHUECKOE CONMPOTHBJEHHE TO-
JYNPOBOJHHKOB TajaeT MPH OCBELIeHHH; 3TO HCNOJb3yeTcs AJs
ycTpo#icTBa  goroconpoTussenul. BosnnkHoBenHe (OTO-34C IIpH
OCBCIIEHHH TPHKOHTAKTHOH 00/IaCTH ABYX PA3JIHYHBIX COTMpHKAacaio-
LMXCS TTONYTPOBOJHUKOB HCIIOJNB3YyeTCd B poTroduodax s Hemno-
CPECTBEHHOTO IMpPeBpallleHHs JYYHCTOH 3HEPTHH B 3JIEKTPHUYECKYIO.
dorosaekTponnsie ymromcureau (cM. 1. 111, § 103), ycunusarwiiue
nepBOHAYaJbHBIH (HOTOTOK BO MHOrO pas, MO3BOJSIIOT PErHcTPHpO-
BaTb OYeHb caaboe H3JyUeHHe, BIJIOTb A0 OTAEJbHBIX KBAHTOB.

3AXAYH

1. OnpenesuTh MaKCHMAJBHYIO CKOPOCTL (POTO3JEKTPOHOB, BHIJIETAIOMIHX H3
HUKEJEeBOI0 3JeKTPOfa, OCBEIaeMOro yJbTpadHONeTOBhIM CBETOM ¢ IJHHOH BOJIHBI
A = 220 uM. PaGoTa BbIXOla JeKTPOHA M3 HHKeas A = 4,84 3B,

2 he
OTBET. Uyake =C /\/_me_c"’_(_}»—_A)=510 KM/C.

2. Hafity uMcs10 37eKTpoHOB N, BLIPHIBAEMEIX CBETOM B OAHY CEKYHIY H3 Ka-
TOA2 BAKYYMHOFO (GOTOJEMEHTa, eCJK TOK HACHILEHHs, NPoTeKaloKil depe3 Hero
IpH OCBellleHHH, paseH [ = 5-10-10 A

OrBeT. N =1Ile=31-109 ¢!,
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3. BbIUHCAUTBL AJIHHY BOJHBL A [/ AJHHHOBOJHOBOM rpanuubl dorosdderra
Ha UHHKe, ec1H paboTa BbIXOAa 3JeKTPOHA H2 uMHKa A = 3,74 3B.

OrBeT. A= hc/A = 330 um.

4. MakcuMajbnass KHHeTHUecKass 35Heprus ()OTO3/JeKTPOHOB MPH OCBEIleHHH
Le3HeBOro 3JEKTPOAa MOHOXPOMATHUCCKHM CBCTOM OKas3anach pPaBHOH & waxe =
= 0,15 5B. BulMncanTh AJMHHY BOJHLI A CBeTa, NPHMEHSBIIEroCs NPH OCBELIEHHH,
ecsii pafoTa BLIXOAA 3JeKTpoHa u3 mesns 4 = 1,89 3B.

Otrser. A= he/(&nakc + A) = 600 um.

5. YennHeHHBIH MeAHBIH mapuk o6Jjydaercst yJbTpadHOJETOBEIM CBETOM C JJIH-
HOH BosiHbl A == 200 HM. Jlo Kakoro MaxkCHMAaJbLHOrO NOTEeHlLHAa a 3apsaHTcs illa-
PHK, ecau paboTa BLHIXOAA 3JeKTPoHa u3 Mean A = 4,47 3B?

OrBer. V=—}—l&e—i=l,04B.

6. Hpu KaKHX AJHHAX BOJH A oOsydalollero cBeta HWIAPHK B YCJOBHAX Mpe-
JBIAVIIEH 321844 3apsKaTbhes He Gyger?

OtBerT A= he/h = 274 nwm.

7. BakyymHblil oTO3/1eMeHT ¢ KaTOAOM H3 MOJuGieHa OCBellaeTCcs MOHOXPO-
MAaTHYeCKHM CBETOM C AJHHOH Boauel A = 250 uM. IIpH HasoeHHH 3ajepKUBalo-
el Pa3HOCTH MOTEHIHAM0B (OTOTOK yMeHbllaeTcss H ofpamiaercss B HyJb, KOraa
OHa poctHraer 3HadenHs V = 1,8 B. OnpefenuTtb BHEWHIO KOHTAaKTHYIO pas-
HOCTb NOTEHUHA/JIOB MCXAY MOJHGACHOM U MaTepHasoM aHoja, ec1i paboTa BbI-
Xo[a 3JeKTPOHa H3 MoJaHbGaeHa A = 4,27 3B.

OTBeT. chh—c/%j—A—V=—1,4OB

OtpuuareabHblfi 3HaK O3HAYaer, 4TO NPH KOHTaKTe MoaubACHA C MaTepHaJoM
aHola TOTeHUHaJ MOJHGAEHA OKaXeTCs HHXKe.

8. OnpeneinTb HaHOOJbIIYIO CKOPOCTb 3JeKTPOHOB U Ha aHO/[E PECHTI'CHOBCKOMH
TPYOKH, eC/IH MHHHMAJAbHas AJMHA BOJHBEl CIIJIOMIHOTO PEHTICHOBCKOrO H3JY4eHHs

cocTasasteT A = 0,1 um.
OrBert v = hA/mA = 7,3-10% km/c.

§ 3. aq)q)exf KoMmntona

B 1922 r. Aptyp Komnron (1892—1962) OTKpbla1 siBJIEHHE,
KOTopoe, KakK H (0To3(hdeKT, NOATBEep:KAAeT THUIOTe3Y (HOTOHOB.
KomnToHn H3ydaJs paccesiHue s#ecTK020 PEHTTeHOBCKOTO H3JYUYEHHS
Ha Tenax, COCTOALIMX M3 sezkux aromos (rpadur, mapadun u np.).
CxeMa ero ycTaHOBKHM moxasaHa Ha puc. 10. HMcrounukoM peHTre-
HOBCKOTO H3JIyu€HHS CJIY)KHJa PEeHTreHoBcKas Tpybka ¢ Moaubie-
HOBHM AaHTHKATOJOM. Y3KHH NIY40K MOHOXPOMATHYECKOI'O pECHTre-
HOBCKOT'O M3JIyueHHs Bblieasiicss auadparmamu Dy u D, u paccen-
BaJcsl Ha HccaefyeMoM Teje R. [last Hccsie10BaHHS CNEKTPAJbHOTO
COCTaBa PAacCefHHOrO H3JyYyeHHs1 OHO MOcJe INPOXOXKIEHHS psjaa
nuadparM nonapajo Ha KpHcTaan K pPeHTTeHOBCKOro CIEKTporpa-
(ha, a 3aTeM B HOHM3AUHOHHYK KaMepy HJH Ha (OTONJACTHHKY P.
Okasasnoch, UYTO B PpaccesiHHOM H3JYYeHHH, Hapsay C HCXOXHOMN
IUIHHON BOJIHBL A, TIOABJISIETCS CMEWEHHAS AUMUSA ¢ AJHHOH BOJIHBI
A > ). M3aMeHeHHe JJUHBI BOJHB A" — A B JJIHHHOBOJHOBYIO CTO-
POHY CIeKTpa IpPH pAacCesiHHH H3JIYUEHHS [OJYYHJIO HA3BAHHE
KOMARTOHOBCKO20 CMeUjenus, a caMo siBJleHHe — aphpexra Komnrona.
OnuT noKasajd, uTO KOMATOHOBCKOE cMeuierue N — L 044 uccae-
00BAHHBIX BEULECT8 He 3QBUCUT OT COCTABA PACCEUBQAIOWL20 TeAd
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u daunel nadaroujeti 8oarot h. OHO 1PONOPUHOHANBHO KBAAPATY CH-
Hyca NOJIOBHHBI yrja paccesinus .

Ha puc. 11 npeicraBieHel pe3ynbTaTsl H3MepeHHH Ha rpadute
(pH pasJuUHBIX yraax pacceguuss ansg K-JHHUH Moanbaena (A =
=0,0712605 nm). Csepxy mokaszaHa (popMa JHHHH HCXOJHOrO H3-
JydeHus: (T. €. yrJoBoe pacnpejie/eHHe HHTEIICHBHOCTH B JIMHHH),
Huxe caenano To xe camoe ass pac-
CeTHHOTO H3JyUeHHA NpH PasJHUHBIX
3HayCHHAX yraa pacceaudsa, $cHo
BH/JHO, YTC NEpBOHAYAJIBKO OLHHOYHASA K= nunum
JHHHA B pe3yJbTaTe pacCeaHns cTa-
HOBHUTCH JBOHHOH. YuIupsHHe o06enx
KOMMOHEHT DPAaCCeTHHOrO U3JyUYeHHSA l Lo

Mo

06YyCJI0EJNeHO [BHXKEHHEM 3JIEKTPOHOB | Paccennus

H aTOMOB, Ha KOTOPHIX MPOHCXOLHT papuman rod

paccesiHue, yenon
2. Knaccnueckasi Teopusi He cMor- B=45

J1a 06bICHUTb 3aKOHOMEPHOCTH KOMII-

TOHOBCKOTrO paccesiHus (CM. nyHKT 8). Al

Ounn ObljiE NMOHATH TOABKO HAa OCHOBE
KBaHTOBOL  Teopuu, NTPeI0KeHH0N B=90°
HezaBHcuMo camMuM Komnronom u [e-
Gaem (1884—1966). o nux npencras-
JEHHAM paccesiHHe DEHITE€HOBCKOTO

y ! E h=135°
1
TN
‘D{ ‘DZ [
P -
630 7° 7°30
Puec. 10 Puc. 11

KBaHTA C H3MEHEHHEM IJIHHbI BOJHBl €CTh PE3YJAbTAT OOUHO4HO20
QKTQ CTOJIKHOBENHS €ro € 3JeKTPOHOM.

B nerkdux beuiecTBax, ¢ KOTOPLIMH [POH3BOJH/IHMCH OIBITH
KoMmnToHa, sHeprus CBS3W 3/1eKTPOHA C aTOMOM Maja no cpasHe-
HHIO C SHEpTHeH, NepeiaBaeMoill eMy PEHTTEHOBCKHMM KBaHTOM MpH
CTOJIKHOBEHHH. DHEpPrHusi, NepeaaBaeMasi aTOMY KBAHTOM MPH CTOJK-
HoBenMH, Tem Oousblue, yeM Ooablie yron paccesuusi. [Tostomy yka-
3aHHOE YCJOBHE BHIMOJHSETCS TeM Jyullle, yeM Gojbuie yroja pac-
cesHus. B Jilerkux aToMmax 3HeprHeidl CBSI3M 3JIEKTPOHA BHYTDH aTOMa
MOJKHO NpeHe6peyn NMPH BCeX yrslax paccesiHHs, T. €. BCe 3JMEKTPOHH
CYHTaTb CBOGONHEIMH. DTO W jaenaerca B Teopun Komnrona — [le-
6as. Toraa OJHHAZKOBOCT: KOMNTOHOBCKOrO CMelleHHs A — A nada
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BCEX BeIlleCTB CTAHOBUTCSH NOHATHOH caMo coGof. JleficTBHTeNbHO,
B TEOPHH C CaMOro Hauana MpeAnoJaraercsi, 4To DacCeHBalolee
BEIIECTBO B CYIIHOCTH COCTOHUT TOJBKO H3 CBOGOAHBIX 3AEKTPOHOS,
T. €. HHAMBHAYaJbHblE OCOOEHHOCTH BELIECTBA HHKAK HE YUYHThHI-
pawoTca. He 270 10nycTHMO TOMBKO AJs JerkHx aTomoB. las BHY-
TP2HHHX 3JEKTPOHOB TAXKEJbIX aTOMOE TaKas HJeanu3auHs He ro-
NHTCs. YueT 3HepPrHH CBfI3H BeAeT K OTCTYIJEHHAM OT HpPOCTOH
dopmyan: (3.3), BoiBoAHMON HHke. TakHe OTCTynJeHHs [LeHCTBH-
TeabHO OblNH OOHApPYKEHHI.

3. PaccmoTpuM Temnepb CTOJKHOBeHHe (OTOHA €O CBOGOAHHIM
anektporoM. [lpu B3aHMOLEHCTBHH 3THX [ABYX YacCTHI AOJKHBI CO-
O/1I01aTbCSA 30KOHbL COXPAHEeHUn 3Hepeuu u umnyavca. T1ockonbry
NPH CTOJKHOBEHHH C (DOTOHOM 3/EKTPOH MOXKET NOJYYHTb PEJISTH-
BHCTCKHE CKODOCTH, CTOJKHOBEHHE [0JKHO pacCMaTpPHBAThCA Ha
ocHoBe peaatusucrckod mexanuky, (Q603Hauum uepes &y U Po
PHEPIUI0 H UMNyJabc (OTOHA [0 paccesnus, a uepes &y H Py —

nocje paccesHus. Jlas sMeKTpOHA NOJHASA SHEPLHA U HMIYJLC A0
paccesHusi OYAYyT COOTBETCTBEHHO &g = moc? u 0 (3meKTpoH [0
paccesiHusl NOKOHJCS), a mocje paccesidusa &. U pPe. Toraa 3akoHwl
COXpaHEeHHs1 SHEPTHH H HMIYJbCa LAIOT

g¢+go=g;+ge’ P¢=P&,+Pe,
=&, — &, + &, p.=p,— P

ép‘e 2 2 (ép _'8:1’_*_8)2 ’
(T) —pi= " — (P — P 3.1)

ﬂﬂﬂ KaX/JOH YacTHIb! KBaJApaT 4Y€TbIpEXMEPHOro BEKTOpa B
NpoCTpPaHCTBe MHHKOBCKOTO €CTh HHBapHAHT, T. €.

(&/c)* — p*=Inv, (3.2)
npuyeM 1Js (pOTOHA STOT MHBAPHAHT PaBeH HYyJ0, DTO AaeTr
(&ofc) —pe=(&y/c),
¢ 2
(Eofc) =Py (Fo/c)=ry-
C yuertom atoro u3 (3.1) noayuaem
&4 n Fs8)  Ey®y

HJIH

OT1cwona

c? 2 T T _depl;J:O’
HJIH
i 1
l—cosﬁ=moc(—,———— ,
Py Py

rae § — yroj paccesisus, T. €. YroJl MexJy BeKTOpaMu p, H p;).
,U,O CUX NOp KBaHTOBaf MpHUpPOJA CBLTA, BO BCAKOM CJaydyae B e€
cueunannioin popme (1.7), He ucnoabzosasiach, Mu onepHpoBank
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JIHIUb MOHSITHSIMH SHEPrHH H uMOyJbca asnyyeHus, Hame paccmort-
peHHEe CNpaBeiJUBO U 8 KAACCUHECKOU ¢u3uke, NOCKOJLKY B Hef
H3JYUEHHIO TaKxKe IPHCYLIH ONpeje/eHHble 3HEePrust H HMIYJbC,
NOOUUHSIIOUIHECS 3aKOHAM coxpaHeHus. Ha ocHose aTux 3akoHOB
COXpaHeHHS Mbl H PaCCMOTpeE/IH B3aHMOJAEHCTBHE 3JIEKTPOHA C Olpe-
Ie/CHHOH moplHeHd H3/JyyeHHs. Terepb MBl yd4TeM, 4TO TaKOH mop-
IHel H3JYYCHHA sABJAAECTCS (OTOH € HAYaJbHLIM HMIYJABCOM pg =
= h/\N ¥ KOHEUHHM p(’hzh/k’, rie A ¥ A’ — IJUHH BOJH Najalno-

HIEro H pacCesiHHOrO H3JYUCHHS, B pe3yabTaTe MnoJyuuMm

A" — A=Ak (1 — cos B) = 24 sin2 (§/2), (3.3)
rge
A = h/mec = 2,4263096 (15) - 107" cm, (3.4)

npuyeM B MocjefHedl GOopMmyJse MacCy TOKOA 3JeKTpoHa Mbl 0060-
3HAYMJH yepe3 M. (cM. Konen § 1).

M3 (3.3) caenyeT HE3aBHCHMOCTb KOMITOHOBCKOrO CMELLEHHS
A/ — A orT BellecTBa pacceHBamWero Teja (A1 JAerKHX aTOMOB).
KauecTBeHHO 3TOT pesysabraT yxe Obl1 moayden Bouinre, Gopmysa
(3.3) mpHBOAHT TaKXKe K HE3aBHCHUMOCTH KOMITOHOBCKOIO CMeLle-
HHSl OT NepBOHAYa/JbHOH [JHHB BOJHB A. JTO CHEUU(PHUHO JHIIb
ISl PeAATUBUCTCKO20 PACCMOTPEHHS, €C/IH [IONOJHHTEJILHO YUYeCTb,
YTO Macca INOKOs OJHOrO H3 CTAJKHBAalIUXCS Tesl ((poToHa) paBHa
HYJIIO.

YuuBepcanbHas MOCTOAHHAS Ak, onpenenasemas gopMmynoir (3.4),
ABJASAETCA OJHOH H3 Ba)XHeHIIHX ATOMHBIX NOCTOSHHbIX, OHa Ha-
3LIBAETCST KOMNTOHOBCKOL OAUROU Oas 34eKTpora. KoMnToHOBCcKas
IJHHa TNpeacTaBiaseT cobof H3MEHeHHE NJHHBEI BOJHB (DOTOHA MpH
ero paccesiHMM Ha yrol ¢ =n/2 Ha CBOGOJHOM HEMOJBHKHOM
saektpone. Jlpvro# QH3HYeCKHH CMBIC/A KOMITOHOBCKO!H JJIHHBI
6ynet ykaszau B § 17. CymecTByeT KOMNTOHOBCKAsl JJIHHA IJIs1 NPO-
TOHA, HEATPOHA M APYTHX 3JeMeHTapHHX uyacTHL. OHa TakkKe ompe-
JeasieTcs BhipaxenueM (3.4), ecau B HeM Maccy 3/eKTpoHA 3aMe-
HHTb Ha MacCy COOTBeTCTBYWOIIEH YacTHUH. B TeopeTHuecKuX Hc-
C/eIOBaHUAX TPEANOUHTAIOT I10Jb30BAThCA APYTOH YHUBEPCANbHOMN
[NOCTOSIHHOH:

XK = hf/mec = Ag/2n = 3,861592 (4) - 107" cm. (3.5)

Ee Takke HA3bIBAIOT KOMNTOHOSCKOU OAUHOL O 3aeKTpoHa (ne-
peuepkrYTOL WIH npusedenHod).

Caenyer oco60 NMOLYEPKHYTb, YTO 3JEKTPOH, Ha KOTOpPOM Dac-
cenBaeTcsl (POTOH, B paccMaTpPUBaeMOH TEOPHH INPEINOJaraeTcs He-
noJBHAKHBEIM, ECJIH K€ 3JIeKTPOH [IBHIKETCH, TO MPH CTOJKHOBEHHH
OH MOJET NepelaTb CBOK KHHETHUYECKYlO0 3HeprHio (OTOHY, a cam
OCTAHOBHTbLCS, DTOT NPOLECC CONPOBOKAAETCSH YMEHBbIICHHEM JIJTHHB
BOJIHB (DOTOHA H Ha3bBaeTcs 06parrneim Ipgextom Komnroua.

4. ®opmyna ¢3.3) moKasbiBaeT, 4TO paccesiHHe (OTOHOB Ha He-
HOABHMXHEIX CBOGOIHHIX 3JEKTPOHAaX BCErAa JMOJIKHO COMPOBOXK-
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JaThCsd KOMITOHOBCKHM YyBeJH4eHHeM AJHHBE BOJHB. KakoBo e
NPOHCXOKAeHHe HecMelleHHOH JauHHH (cM. puc. 11)? OHa BHI3HI-
BaeTCs CBA3AHHBLIMH 3JeKTPOHAMH. B 3ToMm cayuae paccesiHHe Npo-
HCXOAHT Ha QTOMAX, MacChl KOTOPHIX MOTYT CUHTAThCs ORCKOHEUHO
6osbuInMH. 15 GecKOlleuHO TSXKEJIO0ro aToMa KOMITOHOBCKAf IJIH-
Ha, a ¢ Hel u cMemenne A" — A, cornacHo dopmyaam (3.3) u (3.4),
obpamaoTrcsi B HyJb. ATOM [OJydyaeT HMIYJbC OT majawomero ¢o-
TOHA, HO €ro 3Heprus ocraercsi 6e3 H3MeHeHHs. C POCTOM aTOMHOTO
HOMepa OTHOCHTEJbHOE YHCJIO0 CBA3aHHBIX 3JEKTPOHOB YBeJIHYH-
Baercsi. IlosToMy mpoHCXOAHT M BO3pacTaHHe HHTEHCHBHOCTH He-
CMEUIEHHOH KOMIOHEHThl 110 CPaBHEHHIO C HHTEHCHBHOCTBIO CMe-
IleHHOH.

Kak e MeHseTCs COOTHOULIeHHe MeXJAY HHTeHCHBHOCTAMH CMe-
IIEHHOA M HeCMeIeHHOH KOMIOHEHT HNpPH H3MEHEHHH yrJja pacces-
HuA? Bplwe OBIIO OTMeUEHO, 4TO YCJOBHe, NIPH KOTOPOM 3JIEKTPOH
MOXKET CYHTAThcH CBOGOJHBLIM, BHIIIOJNHSETCS TeM Jydlle, ueM 60/b-
e yrog paccesuus. Otclona ciaenyeT, 4YTO NPH YBeJIHYEHHH Yria
paccesiius yBeJHUYHBAETCS OTHOCHTE/NbHAA AONA CBOOOIHBIX 3JeK-
TPOHOB, @ C HEH M OTHOIIEHHE HHTEHCHBHOCTEH CMELICHHOH H He-
CMeLIeHHOH KOMIIOHEHT.

Uem 6osbliie Heprusi GoToHa, TeM B MeHbUIeH CTeNeHH OpOsIB-

JSIETCS CBSI3b 3JEKTPOHa ¢ aToMoM. Botr noueMy ans Habaiogenus
sdekra KOMITOHA JOJKHBI MPUMEHATLCA HeCTKUe PeHTeeHOBCKLe
ayqu, OpHaKo, KOTAA 3Heprus (OTOHA HAYHHAeT NPEBHIIATL yIBO-
€HHYIO 2HeprHio MOKOs 3JEKTPOHa 2mec?, NPH B3aHMOAEHCTBHH €ro
C BeLIECTBOM HAyHHaeTcs Npollecc 06pa3osanus nap, T. e. NpeBpa-’
nieHHe $HOTOHA B Mapy 3JeKTPOH — NO3HTPOH. C yBe/lHUeHHEM 3Hep-
rdd (OTOHA 3TOT INpolecc HAET OTHOCHTEJNbLHO BCe OHICTpee H GhICT-
pee W NpH SHEPTHAX, 3HAUHTEJbHO NPeBBIIIAIOMIHX 2Mmec?, mogaBasieT
KOMIITOHOBCKOe paccesiHHe, lJf BUIMMOIO CBeTa 3SHEPrHsi CBSA3H
3JIEKTPOHOB B aTOME [peBHIIAeT 3HEpruilo ¢oroHa. Bor mouemy
B BuUAMMOH obaactH 3ddekt Komnrona ne Habiiomaercs.
. OTmerum ewe, uto paccesnie ()OTOHOB HA aTOMaX KO2EPEHTHO,
a ua cBOOOAUBIX 3JEKTpoHax HekoeepenTro. IlocienHee OueBHIHO,
MOCKOJIbKY CBOOORHBIE JEKTPOHEI H HX JBHXXEHHS HE3aBHCHMBI, a
MOTOMY HE3aBHCHMEI H paccesHHs Ha Hux. Kose6aHHA Ke CBsizaH-
HBIX 3JIEKTPOHOB, BHI3BaHHBIE Majawlleii BOJAHOMH, coraacoBansl. [1o-
3TOMY BOJIHBI, paccesHible Ha CBfI3aHHBLIX 3JEKTPOHAX, MOTYT HH-
TepdepupoBaTh Mexay cofolt M ¢ najgalomel BoaHOH., MMeHHO Ta-
Kasi HHTepdEepeHLHsi NPOABAACTCS NPH NPOXOKAEHHH PeHTTEHOBCKUX
Jydyefi depe3 KPHCTaAJabl H onpejesseTcsl H3BECTHHIMH YCJIOBHSIMH
Jlays u Byaoda — Bparra (cm. 1. 1V, § 61).

5. Ilpu paccessHHHM PEHTreHOBCKOrO (JOTOHA HA CBOGOAHOM 3J€K-
IpOHE 3JEKTPOH MoJydaeT OTAady, KakK 3TO H300payKeHO mapajse-
JorpaMMmoM Ha puc. 12. M3 3Toro napajanesorpaMma nojayuaem

p,cos @+ pycos®=p,, p,sing=p, sind.
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Hcknioyast oTciofa p, H yUMTHIBAs COOTHOIIEHHE qu/p;J:K’/h, no-

JAYUHM
t sin &
EP=7 JA —cos©

Ornowenue A'/A uafimem ¢ nomoitbwo dopmyan (3.3). [locae ne-
CJOXHBIX peofpas3oBaHuil MoJayyaem

_ ctg(8/2) _ ctg (8/2)
=T agh = TF hvjime?) °

(3.6)

JTo# GOpMYJIOH ompefesisieTCsl HANpPABJIEHHe BBIETA JEKTpPOHa OT-

auyd. AHAJIOTHUHO HETPYAHO MNOJYUYHTEL €r0 3HEPTHI0 H HUNYJbC
(cM. 3anauy 2 k 3TomMy naparpacdy).

6. Ilpouecc, nzobpaxennblii Ha puc, 12, nabawonanca B xaMepe

Buabcona (1869—1959). HanomuuM, uro B Kamepe BuiabcoHa

O6bICTPEIM  aJlnabaTHUECKHM pacllliipeHueM

¢ co3flaeTcs IMepechIeHHbil BOASHON map

A N (em. 1. 11, § 119). 3apsixennas wacTuua,

] o npoJeras uepes KaMepy, HOHH3YeT OKpY-

¢ Y7 =>4 xkalomui Bo3ayx. Ha uonax ocemailor Ka-

’ ks e MeJIbKH TyMaHa, JAeJaI0llHe BUAHMDBIM CJe]

% e 3apsixeHHO uacTtune. Tako#l chaex Hasbi-

A Baercss Tpexkom. HanpaBjeHue [BUKEHHA

Puc. 12 anektpona otaaud (OA Ha puc. 12) mox-

HO, CJe/loBaTe/bHO, (PUKCHPOBAThL B KaMepe

Busscona. SHeprnﬂ Xe H BCJIHYHHA HMIYJbCa SJIKTPOHA OTAAUH

onpenensTcs AMHHOM ero mpobera, T. . AJMHOH Tpeka. ¥immyabc p,

3JEKTPOHA OTAaYH MOXKET, TaKHM 06pasom, CUHTAThCH H3BECTHLIM.
Ho kak onpeae.iuts orpeskn OB n OC, uzobpaxaioiine HM-
NyJbchl Majalomero H paccesiHHoro ¢oToHoB? QOTOHB HE 3apsiKeHbi
W He OCTaBJSIT CJAeA0B B KaMepe Buabcona, Oxnako Havajo ot-
peska OB oTMeuaeTcsi TOYKOH, B KOTOPOW HEYHHAETCS TPEK 3JieK-
TPOHAa OTAAuYH, a AJHHA 3TOTO OTPe3Ka onpejessieTcs BeJHUHHOH
HMITyJbca Najatouero GoroHa. STHMH AaHHLIMH oTpe3ok OB onpe-
nesnex nojHocthlo. OcTaercs onpeseiHTs ToJMbKO orpesox OC, nas
yero AOCTAaTOYHO 3HATh noJioxenue ToukH C. Ho ona Gyner ompe-
JleJieHd, €cqH pacCesiHHbii (HOTOH CaM NPETEPNHT KOMITOHOBCKOE
paccesinde, B peay/bTaTe uero OyfeT OTMEUEH HOBLill 3JIEKTPOH OT-
paud, B atoM caydae Bce Tpu otpeska OA, OB u OC 6yayr us-
BECTHHI, H MOXHO Yy6exgurbcsi, uro OB [IeHCTBHTENbHO sBJsIETCS
JHarOHaNMbIO NapaJJenorpamMMa, nocrpoendHoro sa OA u OC, kak
Toro TpeGyer kBaHToBas TeopHs 3¢pdekra Komnrona. MoxHo, B
YAaCTHOCTH, YOGEAHTHCH, 4YTO MEXJY yIJaMH paccesiHHs (oToHa H
3JIEKTPOHA OTAAuyH JAeHCTBHTEJbHO BHINOJHSAETCA COOTHOILUEHHE -
(3.6). KoneuHo, Bce 3TO Hesb3s MNOJYUHTb C MOJHOH [AOCTOBep-
HOCTBIO B PE3yJbTaTe TOJBLKO OAHOro onbira, Ha ocnoBaiuu ofHOro
ONbITAa HEJb3A YTBEPKAATh, YTO HOBBIH TPEK OCTaBJeH HE KaKHM-TO
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caydafiHpiM 3JIEKTPOHOM, HC UMECIOLLHM OTHOILEHHSI K paccMaTpi-
BaeMOMY SIBJEHHIO, a HMEHHO HOBBIM 3JEKTPOHOM OTAAauH, O KOTO-
pPOM TOBOPHJOCH BEbllle, ITO MOXKHO YTBEpKiaTh TOJLKO ¢ TOH WJIH
HHOH CTenexbro 8epOATHOCTU, HA OCHOBE CTATHCTHYeCKOH 06paboTKu
PEe3yJ/ibTaTOB OUeHb GOJBIIOrO YHC/A ONBITOB. TaxKas CTaTHCTHUECKAs
o6paGoTka M MNOATBEpAHJIA NPABHJIBHOCTL HCXOAHLIX [OJOXEHHH
dorounoél teopun addexkra Komnrona, Ona noxasaja, B YaCTHO-
CTH, UTO B3QKOHbL COXPAMEHUS IHepeuu U UMRYAbCA B6LNOAHSIOTCA
8 IAEMEHTAPHOLX AKTAX PACCESHUSL (POTOHOB HA 3ACKTPOHAX.

7. JI. B. CkoGenbupinbiM (p. 1892) Habai04anHCh 3/1€KTPOHLI
oTzau¥ B Kamepe BujbcoHa, noMemienHofi B CHJAbHOE MarHHTHOE
noJe, npu obJaydelnn ee y-JyuaMH pajiuoaKTHBHOro npenaparta. Mx
TPaeKTOPUAMH ObLAH OKPYXHOCTH paxnyca

R=cp,/eB, (3.7)

rae B — HanpsixkeHHOCTb MarHutHoro noJs. Mamepus ator paauyc,
MOKHO C MOMOIWBIO 3TOH (OPMYJbl BHIUHCJIHTH HMIYJbLC, & 3aTeM

no gpopMyJe
&= (p.c) + (myc?) (3.8)

H sHepryio sJjektpona. Oxasajoch, 4TO 3TO JAEHCTBHTENbLUO pead-
TUBUCTCKUE 3ACKTPOHbLL, 4 TOTOMY [0Jb30BATbCA TeopHeil OTHOCH-
TEJNbHOCTH AJ51 HHX 0653aTesbHO,

8. B cBfi3H C nocjeJHHM pe3ysbTaToM 3aTPOHeM BOIIPOC O He-
BO3MOXKIIOCTH KJaCCHYECKOI'0 HCTOJKOBaHHA 3¢pdekta KomuroHa.
[TocKOMBKY 3J1EKTPOHBL B JIETKHUX aTOMaX MOTYT CUHTATbCA CBOOOMI-
HBIMH, HUKaKHMH cOOCTBEHHLIMH YacTOTaMu Ol He objaapaior. Pac-
CMOTPHM C KJaCCHYECKOH TOUKH 3pEeHMS] HX [OBCAEHHE B MOJe MO-
HOXPOMAaTHUeCKOH 3JEeKTPOMArHHTHON BOJHB, IlpenefpexeM cHa-
yaja JefiCTBHEM MATHUTHOrO 0oJis. B 3TOM npubaukeHHH, eciu
npeHefpeub TaKxe 3aTyXaHHEM, 3JIEKTPOH MPHXOAUT B KojebaHus,
4aCTOTa KOTOPBIX COBNAjfaeT C 4acCTOTOH 3J€KTPOMArHHTHOH BOJIHBL
Konebaoniificst 3/1eKTPOH [epen3ydyaeTr 3JeKTPOMarHuTHble BOJIHE,
KOTOpble U OpPeACTaBJAIOT coOoll paccessHHOe u3ayuenue, [losTomy
C KJACCHUECKOH TOUYKHM 3DeHHsl 4acTOTa pAacCCeSHHOTO H3JydYyeHHs
JIOJI2KHaA COBNAaAaTh C 4aCTOTOH Majfaioulero.

DTOT BBIBOA, OJHAKO, ObIJ NOJYYeH B ApeHebpeKeHHH AeHCTBHEM
mMarautHoro nosas. Ecau yuecTb marHuTHoe noje B u cHoBa mpe-
Hebpeut 3aTyXaHHEM, TO ABHXKeHHe CBOOOJHOTO 3JeKTpoHa Oyaer
ONUCHIBATbCS YPaBHEHUEM

i)=-—e(E—i—%[vB]).

B HepesAaTHBHCTCKOM MPHOJHXKEHHH 3TO — JHHelHoe anbdepeHun-
aabHOE ypaBHeHHe C MepeMeHHbIMH Koahduuuentamu. Buaarogaps
5TOMY [pPH BLIHYXAEHHBIX KOJeOaHHAX 3/1eKTPOHOB MOryT BO30Yy-
OUTbCSl YAacCTOTHl, OTJHYHBIE OT YaCTOTH Najatouiefi Bostbl. KoHeuHo,
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TakKasi BO3MOXHOCTb MOXeT HpPOSIBUTBCS TOJLKO TOTHA, KOUAa CKO-
POCTb 2JIEKTPOHA ¥ He NpeHeOpeXKHMO MaJja 1Mo CpPaBHEHHIO CO CKO-
pocTbio cBeta. Oco60 CyLIeCTBEHHON OHAa MOMKET OBITH IPH PEISTH-
BHCTCKHX CKOPOCTSIX, KOr/la JBHIKEHHE 3JIEKTPOHA K TOMY Ke OCJIOXK-
HeHo HeauHefubiMu b dexramn. Ho B  addexre Komnrona
NOSIBJISIIOTCST HMEHHO PeJSITHBHCTCKHE 3JIEKTPOHBI OTHZAYH, KaK 3TO
CleAyeT U3 ONBTOB ¢ KaMepoH Buabcona. Kasanoces 6ml, nosieasiercs
HaJleXJa, UTG IPH PacCesHHH Ha CBOGOAHBIX 3JEKTPOHAX MONKeT
BO3HHKATbh H3MEHEHHE YaCTOTH 3JMEKTPOMATHHTHON BOJIHBL.

OfHako ecau Gl Ja)e 3TO H3MEHEHHe UaCTOTH IOITHHANOCH
Ha6JofaeMol 3aBHCHUMOCTH OT YIVIa PaccesiHufl, TaKYI0 HaAeKIy
cleflyeT OCTaBHTb. J[OCTATOUHO MOCTaBHTh BONPOC, OTKYAa B He-
(IPEepPbIBHON 3/JeKTPOMATHHTHOHA BOJIHE MOTYT NMOSIBUTHCS PEJSTHBHCT-
CKHMe 3JIEKTPOHBI O0THauH? (A ONBIT MOKa3HIBaeT, YTO, KaK H B CJay-
yae PoToaddexTa, OHH NPH OCBELIeHHH raMMa-Jy4aMH IOSBJISIOTCS
6e3 3anasamBanusa!) HeooGpasumo, Kak MOxeT HenpepblBHAs
3JIEKTPOMArHUTHAsT BOJIHA CXKATbhCS B IJIOTHBIA CTYCTOK 3HEPTHH H
COCPeLOTOUYNTh CBOe JeHCTBHE Ha oTAesbHOM 3JjekTpone! [Toatomy
cleflyer MPH3HATB, YTO ONBIT BBIHYXKIACT HAC MPHHATH KBAHTOBYIO
TOUKY 3peHHs], COTVIACHO KOTOPOH KOMITOHOBCKOE paccesHHe H3Jy-
YEHHSI H 3JEKTPOHBI OTAAYH MOSIBASIIOTCS B pe3y/abTare 00UHOUHOEO
OeiicTeus GOTOHA HA OTHAEJbHBIH JEKTPOH.

SAILAYHA

1. B pesynbraTe KOMNTOHOBCKOrC pacCEesiHUS Ha CBOOGOAHOM MOKOSIEMCH
37IeKTPOHe AJHMHA BOJAHH ¢oToHA ¢ 3HeprHel &g yBeanuujgacs B o pa3. Haltu
KHHETHUECKYIO HePriio &, 37€KTPOHA OTIA4YH.

Ortser. &= &gp(a—1)/a.

2. ®OTOH PEHTIeHOBCKOTO H3JyueHHst ¢ sHeprHeii &g B DPe3yabTaTe KOMITO-
HOBCKOTO paccesiHHsi Ha cBOGO/JHOM MOKOSILEMCH 3JEKTPOHe OTKJOHMJICH OT MepBo-
HaYaJbHOrO HanpasieHus wa yroa . OnpefeNHTb KHHETHUECKYIO SHEPTHIO & yun H
UMITYJIBC p; ssekTpoHa orpaud. [loka3aThb Ha OcHOBe reOoMeTPHUECKHX coobpaxe-

HHi, 9TO MMNYJbC 3JEKTPOHA MO aGCOMOTHON BeJMUMHHE OKAXKeTCs GOMblle HM-
nyabca najawllero GOTOHA, ecJH (GOTOH OTKJOHHTCS OT MePBOHAYaJbHOrO Ha-
npasJenyst Ha yroa O = n/2.

OrBer.

he A. ’ 2 __
Eron = s (1 T A+ 24y sin? (8/2) ) (pec) mm + 2mc’E ki

3. ®oron ¢ nQJuHOH BOJNHH A pacceaics Ha EBHXKYIieMcA cBOGG/IHOM 3JeK-
Tpose. B pe3ysbraTe 3JeKTDOH OCTaHOBMJCA, a (OTOH OTKJOBHJCSH OT [EpBOHA-
YaJblioro HanpasJenust Ha yroa . HaliTH u3MeHeHHe ganHBI BOJHb dotoHa A’ — A
B TakoM npouecce. CBecTH 3Ty 3ajady K 3ajade O paccesiHHH $oToHa Ha Hemo-
JABHXHOM 3JIeKTPOHE.

OtBeT. M—XL=—(2h/m.c)sin?(0/2). B peayabTaTe paccesHus [JaHHA
BOJIHH (HOTOHA yMeHbINAeTCH.

4, T'aMMa-KBaHT C 3Hepruefi Av pacceHBaeTcss Ha HeNOABHXHOM 3JeKTPOHe.
HafiTh nanmpaBieHHst pacCesiHHOIO KBaHTa, YTOGH MPH B3aHMOJeHCTBHH C Belle-
CTBOM OH MOT NMOPOLHTb 3JEKTPOH-NO3MTPOHHYW nNapy. HaflTH Takxe npepesbHOe
3HaueHHe Unpeg YIVIa paccesiHuf, NPH KOTOPOM 3TOT MPOLECC BO3MOMEH AJA ram-
Ma-KBaHTOB OYeHb BLICOKHX SHepTHil.
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OrBer PaccesHHBH TraMMa-KBaHT MOMET MOPOAHTL 3JEKTPOH-HOIHTPOH-
HYI0 [apy, ec/IH paccesiHie MPOHUCXOJHT BHYTPb KOHyca

cos® > — + mec

Ecnn e HanpaBseHHe pacCesiHHS JIEXKHT BHE 3TOTO KOHYCa, TO POXK/IEHHE 3JIeK-
TPOH-TIO3HTPOHHKIX Map HeBO3MOXHO. [Nl KBaHTOB OYeHb BHICOKHX 3Heprui
(hv — o) [apet MoryT 06pa30BbIBaTbCsl, €CAM yroJ paccestHHsl He MPeBOCXOJAHT
ﬂnpea =

5. HoxaaaTb, YTO TPH B3aHMOJAEHCTBHH C BelleCTBOM (GOTOH CKOJb YrOJHO
BHICOKOIi 3HEPrHH, HCMBLITABUIHE KOMITOHOBCKOE paccesiHHe Ha HEMOJBHIKHOM
3JekTpoHe cTporo Hasax (U = ;), He MOXeT MOPOJAHTh 3JEKTPOH-NO3HTPOHHYIO
napy.

6. Ilyctb v — wactora ¢OTOH3 A0 KOMITOHOBCKONO paccesiHHsi Ha 3JIeKTpOHe
B CHCTEME OTCY€Ta, Ie 3JCKTPOH TMOKOUTCS FOC/ae coyjAapeHdst ¢ (OTOHOM, a V/—
yacTora GOTOHAa NOC/Je COyJapeHHsl B CHCTeMe OTCYeTa, rjle 3JEKTPOH MOKOHJICS
10 coyaapenust (1. e. B naGoparopHoii cucteMe). [Tokasats, uto v = v/ (Teopema
B3aUMHOCTH).

Pewenne O6o3znaunm Gombuinmu OykBaMH P u K ueTHpeXMepHbie HM-
nyJbchl 3J7CKTPoHa M dortoHa (p, &/c) 1o coymapeHusi. Te Ke BeJHUHHH MocJe
coylapeHus 0603HAUHM TaKHMH Xe OyKBaMH, HO WITPHXOBaHHHIMH. IIpH ynpyrom
CTOJIKHOBEHHH UYeTBIpeXMepHbl HMMYJbC CHCTEeMB ()OTOH — 3JIEKTPOH COXPaHAETCH:

P+ =9+ X

[Mepenuca 3T0 COOTHOUeHHe B Buje P — N’ = P’ — X' W BO3BEAA €ro B KBajd-
paT, noJayIuM

P4 W 0PH =P W — 2PN

KBajapaT 4-uMny/ibca yacTHUBl B MpocTpancTBe MunkoBckoro'!) ectb uHBapHaHT.
s 3J1eKTPOHA OH paBeH

P pt— EY = pt— B[P = — e,

rae uepes my obo3HayeHa Macca MOKos 3jekTpoHa. s doroHa TaKoit ke HHBa-
pHaHT pameH Hymo: J? =0 (Tak Kak Macca nokos (GoToHa paBHa Hymo). Ta-

KHM obpa3om,
PH =P K.
B cucreMe OTCUETa, Fite 3NEKTPOH A0 CTOJKHOBEHHA- MOKOHJCH,
7
P = (0, myc), X' = , hv'/e), Tak uto PH = — mhv’.
(0 ¢ 0

B cucTeMe e OTCYeTa, r1€ 3JeKTPOH MOKOHTCS MOCJe COYNapeHHs,
’ — ’ —
P = (0, mye), N = (p¢, hvfe), P'H = nohv.

Or1ciona v = v/, uto u Tpe6oOBaJIOCh JOKA3aTh.

7. Tloka3ate, yTo uactoTa (OTOHA MOCJ]e KOMITOHOBCKOrO PACCEAHHN B CH-
CTeMe OTCueTa, B KOTOPOH 3JIeKTPOH MOKOHTCH IMOCJe COyAapeHHs, PaBHAa UYacTOTe
najatoulero $GoToHa B NabopaTOpHON CHCTeMe.

8. ITokasaTb, 4TO NPH KOMNTOHOBCKOM paCCE€sHHH B CHCTEMe OTCUeTa, BCe
BpeMs CBSI3aHHOW C 3JIEKTPOHOM, HYaCTOTHI Majalolllero H PAaCCEAHHOro (OTOHOB
OJMHAKOBH, @ HMINyJbCbl PaBHbl N0 BeJUYHHE, HO NPOTHBOMOJOXKHO HAMPaBJIeHHL

1} HanoMHHM, yTO B TakoM INPOCTPAaHCTBe KBAApaT 4-BEKTOpPAa paBeH pa3HO-
CTH KBaApaTOB NPOCTPAHCTBEHHON H BpeMeHHOH cocTapJasiiolux. B ckansproe mpo-
H3BelleHHe 4-BCKTOPOB IIPOH3BeJleHHe BPEMEHHBIX COCTABJSIOUIHX TaKXKe BXOAHT CO
3HAKOM MHHYC.
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§ 4. ddexr Honraepa npu NABUKEHHH HCTOYHHKA CBETA
B BaKyyMe ¢ (DOTOHHOH TOYKH 3peHHs

1. ®orosaektpuueckuil apdext u 3pdext Komrnrona — THRHUHO
K8QHTOBble ABACHUS, He JONYCKaIOUiHe KJ1aCCHUECKOH TPaKTOBKH.
B sroM u cueaywounx Tpex naparpadax paccMaTpHBAaIOTCH. siBJe-
HHS, KOTOPBIC JOMYCKAIOT KJacCHYeCKOe H KBaHTOROE OOBSCHEHHS,
coraacylonnecst Mmexay cobofi. PaceMorpuM chavagaa addexr on-
miepa (1803—-1853) B HepeJATHBHCTCKOM [PHOJHIKEHHIL,

Bo3snMmeM Kakylo-1u60 HHEPUHAJLHYIO CHCTEMY OTCUETa, B KO-
TOpoH HCTOUHHK cBera Macchl M JBHKeTCSl B BAKYyMe CO CKO-
POCTbI0 v. DHeprus HCTOYHHKA CJ1araeicsi M3 KHHeTHUECKOH 3Hep-
ruH !'/Mv? u BHyTpeHHell 3Hepruu & BO30OYKiAeHHBIX aToMmoB, [Ipn
HCOYCKAHUHM CBETa BHYTPEHHSS SHEPTHS HCTOUHHKA H3MEHSIETCH.
HauasnbHoe 3HaueHue ee 0603nauuM uepes &, KOHeuHoe — uepe3 &
Kpome Toro, u3-3a [1aB/ieHHSl H3Jy4eHHS] UCTOUYHHK HCILITBIBAET OT-
Jlayy — ero CKOpoCTb noJydaer npupamienue (v’ — v). Ilo sakonam
COXpaHeHusi SHEPTHH H UMOYJbLCa

2
YMo? 4 & = Mo + & + &0 @.1)
Mv:Mv,""puam (42)
rae &uan U Puan — SHEDTHA H HMNYJbC H3JYYEHHS B paCCManHBae-
MOH I/IHepLHaﬂbHOH cHCTeMe oTcyerTa.

BosseseM BTOpoe ypaBHeHHe B KBajapar, pa3feluM NOJYUYEHHOE
cooTHOolleHue Ha 2M W BbluTeM ero U3 nepBoro. Torga noJiyuum

& —& = guan - v,phil.'l — pisn/QM’
HJIH Ha OCHOBaHUH (4.2)
& — g, = gusn - vpuan + p331/2M

Ecam Macca ucrtounnka M Besnuka, TO NOCJAEAHHM UJeHOM B 3TOM
ypaBHEHHH MOXKHO TipeHedpeub. B aToM npuO/IHIKEHUH

&—& = & yan — UPuan (43)

B 3TOM COOTHOLIEHHH MOKHO €llle HCKJIIOUHTb HMOYJIbC U3JIY4eHHs.
Uanyuenue — cymiecTBeHHo peasTusucrcxull o6sexkr. Jlas wero um-
NYJbC BHIPAXKAETCS Yepe3 SHEPTUI0 COOTHOIICHHEM Puzn = & uan/C.
[ToacTaHoBka 3TOro BHpaXKeHHS B NpeJblAyliee ypaBHEHHe Aaer

g——c%"=$,,3,,(l—-z—cos1‘}), (4.4)

rae O — yroj Mex1y HampaBJeHHeM JBHKEHHS H3/Yyualollero Tesa
U HaUpaBJEeHHEM H3JyueHHs (T. €. yroJ MeK1y BEKTOpaMH v H p).

Cootnouenue (4.4) 6bl10 nOJNydeHO Oe3 UCNMOAb308AHUNL KAKUX
6ot TO Hu 66110 K8aHTOBbLX npedcTassenut. [Ipu ero BHIBoge HC-
I0JIb30BAJHCh TOJDBKO 3aKOHbl COXPaHEHHst 3HEPTHH H HMIYJbCa,
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§ 4] IPGEKT JIOMIJIEPA

CNpaBe/UIHBble KAK B KJAACCHUYECKOH, TAK H B KBAHTOBOH (HU3HKe.
TlpuMeM Tellepb, YTO H3JAyYCHHE MPOUCXOAUT B (opMe (HOTOHOB.
Ilpeanosoxum, uto ucnyiieH oauH ¢ortoH. Ecau uactoty ¢$oToHa
B CHCTEME OTCUeTa, B KOTOPOH HaJyuarenb ABHKeTcst (1. €. B pac-
CMAaTpHUBaeMOH HaMH WHEPLHAJIbHOH CHCTEMe OTcYeTa), ORO3HAUHThH
uepes v/, T0 &usn=hv'. HacToTy Xe H3AyUEHHA B CHCTEME OT-
cueTa, rje HaJyuaTesab NMOKOHTCH, o6o3HauuM depe3 v. Toraa, pac-
CMAaTpUBasi NMPOLECC HCIYCKAHHS B TAKOH CHCTeMe, MOXHO HallHCaThb
& — & = hv, Tak Kak B 3TOH CHCTEMEe H3MeHEHHE BHYTpeHHeH
SHEPrHu H3JydyaTess NPOHCXOAHT TOJLKO 33 CUeT HCNYCKaHHS CBe-
ToBOro xBauta. [loacTaBisis 3TH BbIpa)KeHHs B COOTHOIIeHHe (4.4)
U coKpamas Ha A, NoJayuuM

V= (4.5)

l—icosﬂ
¢

dta dopMmysaa BepHa TOJNbKO B nepsom nopadke, T. €. C TOU-
HOCTBIO [0 YJIEHOB NepBOH CTeNEeHH OTHOCHTEJbHO U/c, TaK Kak
oHa Oblia NOJyU€Ha Ha OCHOBE HepessTHBUCTCKOH MexaHHKH, [lo-
3TOMY BMecTo GopMmydasl (4.5) ¢ TOH e TOYHOCTBIO MOXKHO M0Jib-
30BaTbcs POPMYJIOH

v'=v(1+§cosﬁ). (4.6)

2. Ilonyuum Ttenmepp 18 sddexrta Honmiepa pesaTu8ucTciyro
hopmyay, KOTOPOH MOXKHO NOJb3OBATBCA yxKe INpH JOOLIX 3Haue-
HUSX CKOPOCTH v. B 3TOM cjyuyae HeT cMbicja pa3jiesaTh NMOJHYIO
(peJISAITHBHCTCKYI0) 3HEPTHIO Tesd HAa KMHETHYECKYI0 H BHYTDEHHIOIO.
[Ton & u & Mb GyleM Teneph NOHUMATL HOAHbIE IHepauu Tena
B paccMaTpHBaeMOHl HHepLHAJbHOH CcHCTeMe OTcueTa X0 H IOC]Ie
HCIYCKaHHs CBeTa COOTBETCTBeHHO. COOTBETCTBYIOIUIHE SHEPTHH MO-
Kol Teja A0 M INocjde MCnyckanus oGozHauuM uepes &, u &,.
CHoBa 6ylIeM ONepHPOBAThL C SHEPrHAMH H HMIYJAbCaMH, BBOAA
KBAHTOBLIE TNpeACTABJEHHS JHIIb HA 3aKMIOYHTeNBbHOM 3Tale BhI-
YHCAEHHH.

3aKoHbl COXpPaHEHHsI 3HEPrHH H HMIYJbCA HPH HCIYCKAHHH
cBeTa ynoOHO 3anHcaTh B gopme

& =& — éanam P, =P — Pusn- . (47)

BosBeneM o06a paBencTBa B KBaJApaT, YMHOXHB INpPEABAPHTENbHO
BTOpOE H3 HHX H4 ¢, a 3aTeM BmYTeM nousneHHo, C yuyeToMm cooT-
HOUIeHHH

& —(pcf =& & — pci=E&], & i =CDyan

,'rIOJIyun ;
Ey =& =288, + 2Py
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YuTeMm Temepk, YTO
p=mv = (&/c*)v=&B/c,

rae B =v/c. Torna

& — &' =288, (1 —pcos?), (4.8)
HJIH
,_ 28 .
80—80__—_$0+$6 & on (1 — B cosB).

31ech, Kak W npexje, O o3Hauaer yroJ Mexjay HalpaBJeHHeM IBH-
KEeHHSl M3JYYaloIero TeJa W HapPAaBJeHHEM pAClpPOCTPaHEHUs H3-
ayuennsi, Ecniy Macca Teja BesnHKa, TO B 3HaMeHaTeJe NOCJEIHEro
COOTHOLIEHHSI MOXHO TNOJNOXHTb &(= &, Yura eme, 4TO

&= 30/»\/1 — B%, npHAEM K COOTHOLICHHUIO
(&, — &) V1 —p?=&,,, (1 —Bcosd) (4.9)

Tenepb Bocno/b3yeMCsl KBAHTOBEIMH COOTHOLIeHHAMU &, — &=
=hv u &, =hv',cOBEPIICHHO TAKUMH e, KAK U B HEPeJATHBHCT-
CKOM cJyuae. B pesysnbrate H HONYUYHM peAfTUSUCTCKYO Hopmyry
aas spdekra Honnnepa:

’ '\/1 - ﬂz

H3Ja (

3. O6e ¢opMmynn QoToHHOH TeopHu i addekra Honnaepa,
HepessATUBHCTCKas (4.5) u peasartuBucrckas (4.10), coBnagator ¢
COOTBETCTBYIOIIUMH (OpPMyJNaMHu, KOTOPHie AaeT KJaccHuecKasi BOJI-
HoBag Teopus csera (cM. T. IV, §§ 107, 108). I'ny6okas upuuuna
TAaKOrO COBIAJEHHS COCTOHT B TOM, 4T0 B (DOTOHHOH Teopuu obe
dopMynsl noayuyatoTcs u3 cooTHoweHHH (4.3) u (4.9). dTH XKe
COOTHOLIEHHS!, TOCKOJIbKY OHH BBIBEJEHBl U3 OJHHX TOJBKO 3aKOHOB
COXpaHEHHS SHEepPrHd M HMNYyJbca NMPH MCHYCKAHUK CBETa, OCTAlOTCH
CNpaBelUBBIMH HE3aBHCHMO OT TOrO, HPEJCTABJSET JH CBET He-
[pepHBHBIE BOJHB HJIH COCTOMUT H3 OTZenbHHXx (oToHOB. Enmu-
CTBEHHOe [1PEefI0JIOKEHHEe KBAHTOBOTO XapakTepa, KOTOopoe ObhlIo
cleNaHO NMPH BHBOAe (OPMYJ ANs YacTOTHl HCNYCKAEMOI'o CBeTa,
COCTOHT B TOM, YTO HepPrus GOTOHA OJHO3HAYHO ONpejesaeTcs ero
yacrotoil. Dosiee TOro, cBfisb MeXJ1y 3THMH BeJHUYHHAMH [A0JIXKHA
6bITb CMEIHaJbHOTO BHJA: Heprus (GoToOHA TMPONOPLHOHAJBHA Ya-
cToTe cBera. 3HaueHHe XKe Ko3¢p(pHIHeHTa NPONOPLHOHAJBHOCTH,
T. e. nocrosiHHas [lygaHka A, BhmajaeT W3 OKOHYATeJbHBIX (OpPMyn
A5 4acTOTH KoJeGawHH. A TO 06CTOATENBCTBO, UTO CBA3b MEXAY
& ¥ v JoMKHA ObITb HMEHHO TaKOH, BHIHO H3 TOTO, UTO IIPH Ipe-
o6pasoBaHun JlopeHTua BennuuHsl & u v npeobpasyroTcs ONHHa-
koBO. Tosbko 6sarozaps 2TOMY, Kak yXKe OTMeYaJoch Bbllle, CO-
oTHomeHne & == hv PeJATHBHCTCKH HHBapHAHTHO.
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Mur BepueMces kK addexty Hdonmniepa B § 6, rae npeanosaraercs,
4YTO HCTOYHHK CBeTa [BHIKETCS He B BaKyyMme, a B cpeflle C INIOKa-
3aTesieM NPeJOMJCHHS 1.

§ 5. Otpaxenue u npesomiaenue ceera B8 doToHHONH Teopuu.
dortoun B cpene

1. B 19-M Beke cyHTag0Ch, 4TO onbiToM PYKO OKOHUATENLHO
ONIpOBepPrHYTa KOPNYCKYJAsipHAsi TeOpHsl CBeTa. DTOT OMBIT [oKa3al,
4TO CKOPOCTb CBeTa B BOJAe MeHbllle, 4eM B BakyyMme. OgHako 1mo
BOJIHOBOA TEOPHH TaKOe COOTHOIIeHHe MeKJAYy CKOPOCTSMH OTHO-
CHTCA K (ha30804 ckopocTu cBeTa. B onbiTe ke PyKo, ecan Obl cBeT
TeACTBHTENbHO NPEACTaBJAa cO6O0H BOJHB, H3MEDPAJACh 2pynnosasn
ckopocte (cM. T. IV, § 108). IlosToMy ¢ 4HCTO JIOTHYECKOH TOUYKH
3peHHsi apryMeHTanusi ¢pH3HKoB 19-ro Beka JoJKHa OBITH AOMNOJ-
HeHa YKa3aHHeM Ha TOo, 4TO B onbiTe ®YKO CKOPOCTh CBeTa H3Me-
pAJiack B NPaKTHYECKH HEJHCIEPrupylomux cpeaax. B atoM cayvae
¢$asoBasi CKOPOCTb COBNIafdeT € IPYNINOBOH. 3aKIIOUEHHE O HeCOo-
CTOSAITEJILHOCTH KODNYCKYJAPHOH TEODHH OCTaeTcss BepHbIM, C TOH
CYLECTBEHHON OTOBODPKO#, UTO OHO OTHOCHTCA He K KOPNYCKYJspHOH
TeopHH BoOOWle, a K KOPNYCKY/IspHOH TeopuH 8 ¢popme Howorona,
Kak e 06cTOHT aeJo B HOTOHHOH Teopuu DHHITEANA?

OTpaxkeHHe U IpeJOMJEHHe CBeTa B KOPNYCKY/JIAPHOH TeopHH
HeioTona paccMaTpHBa/OCh Ha OCHOBE KJIaCCHUYECKOH HbIOTOHOBCKOH
MexaHukd. K ¢oToHaM KJaaccHueckas MeXaHMKa HelpHMeHHMa,
[Ipupona ¢oronos — dsoticreennas. Tlpu pacnpocTpaHeHHH OHH
BeAyT ceGs Kak 60.4H6. H TOJbKO NPH B3aHMOAEHCTBHH C Belle-
CTBOM TPOSBJSIOT CB0LUCTBA 4aCTUY. A TOCKOJbKY OTpaxKenne H
npejoMJeHHe SABJAAIOTCA CHELHaJbHBIMH CJAYUaaMH DacnpocTpaHe-
HHs cBeTa, (GOTOHHAA TEOPHUA HNPH PACCMOTPEHHH 3THX SBJEHHH
IOJIKHA TIPHBOJAMTb K TeM 3Ke pe3yJbTaTaM, YTO H KJdacCHYecKasl
BOJIHOBAsl TEOPHS.

2, DrtoT BoOmpoOC 3acayxKupaer OoJiee MOAPOOHOrc paccMorpe-
HHsl, KOTOpOe W NPHBOAHTCA HHXKe. B cpele, Kak M B BakyyMe,
MOXKHO BBECTH TpeJCTaBJeHHe O PacnpOCTpAHEHHH CBeTa B BHIe
¢otonos. [1pu 3TOM cpelay Mbl 6yaeM cuutaTh Henodsusicnoi. Vbl
MH CJOBaMH, OyjJeM DacCMaTpHBaTh SIBJIEHHSI B CHCTEME OTCYeTa,
OTHOCHTE/JbHO KOTODOH cpefla HenmoJBHKHA. Takas cucTeMa sBJaseTCs
sullenennol, UIH npuguieeuposanHol. Bonpoc 3aKa09aeTcsl B TOM,
KaKOBbl HEPrusi H HMNYJabc GOTOHa B cpele? 3aMeTHM, UTO 3Hep-
2us U UMRYAbC (POTOHA CAG2AIOTCA U3 3Hepeul U UMNYAbCa 3AeK-
TPOMAZHUTHO20 nOAs u cpedei. Ho B HalleM DacCMOTPCHHH HIAET
peub O CyMMe 3THX BEJHUYHH, T. €. O NOAH6LX IHEPTHH H HMIYJbCe,
CBSI3aHHBIX C pacnpocTpaHeHneM ¢oToHa B cpele. Cpeny Mbl Gynem
CYHTATb H30TPOUHOH H XapaKTepH30BaTh ee CBOHCTBA MOKasaresjeM
npesoMJeHus n{w).
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[lo doToHHEIM npeacTaBIEHHAM NPH OTPAXKEHHH H IpeJOMJe-
HHH 06ujee 4ucao poTonos e menserca. Ecau epanuya nenodeusc-
HQ, TO He MEHAIOTCA U IHepeul OTPANEHHO20 U npouieduieeo GoTo-
HOog. JloKaxKeM 5TO yTBep:KACHHe cHauaja AJf OTpaXKeHHus, Npej-
nosaras, 4To GOTOH najaeT Ha CpPejy H3 BaKyyMma. DHeprus najnaio-
niero ¢oroHa &. = hm, T. €. OAHO3HAYHO ONPelessseTcs 4YacTOTOH
o. Taxkoe e COOTHOIIEHHe MEXAY 3Hepruefl W 4yacTtoToH AOJKHO
CYlleCTBOBAaTb M AJS OTpaxkeHHoro (poTOHA, NOCKOJNLKY OH paclpo-
CTPaHSeTCs B TAKOM K€ BaKyyMe, Kak ¥ najamoumu# ¢oron. Ho npu
OTPa’XeHHH OT HENOJBHXKHOH rpaHHlbl 4acTOTa o HE MeHseTcs,
B npotHBHOM cayyae NMpoHcXoguno 6bl H3MEHEHHe lBeTa OTpaeH-
HOro Jjydya, 4ero Ha caMOM jeJe He NPOHCXOAHT. TakhuM obpazowm,
3Heprusi oTpaxkenHoro doToHa &, Takxke paBHa hw, T. e. &, = &..

3. Ias npoweninero ¢poToHa yKa3aHHOe YTBep:KIeHHE He CTOJb
oueBuHO. UTO6H ero A0Ka3aTb, pacCMOTPHM MJIOCKONapaJjesbHbli
NyYoK, cocTosiuiHfi U3 N, MOHOXpOMaTHUYeCKHX GOTOHOB, NafaolUA
M3 BaKyyma noj JIOOBIM YIJIOM Ha HENOABHXKHYIO FpaHHLY CPeihl.
[Mycts uucsio oTpakeHHBX ¢oToHOB Oymer N, npowenmux Ng,
a COOTBEeTCTBYWOIHe UM 3Hepruu &, u &4 Ilo 3akoHy coxpaHeHHs
3HEPTHH

’ N.&,=N,&, + N;&4. (5.1)
YcnoBre coxpaHeHHst obuiero uucsaa GoTOHOB:
N,=N,+ N,. (5.2)

Hakonen, no pokasauHoMmy &,=&.. Orciona noayuaercs &q=
=&,, uTo U TpeboBaJjoCch J0Ka3aTb, TakuM obpazoM, u Aas $oTo-
HOB B Cpejle CIpaBeJHBO COOTHOLIEHHE & = Rw.

PaccmoTpuM Temepb uMIysabc goTona B cpese. Kak H B cayuae
9HEePrHH, MOXKHO HallHCAaTb

Nepeerpr—i_Ndpd’ Ne=Nr+Nd» (53)

rje HHAEKCH e, r, d OTHOCATCS K NaJarwlleMy, OTPaxKeHHOMY H
npoiueameMy ¢oroHaM. PaccMOTpHM cHauaJsa NoBejieHHe KacaTeJb-
HBIX COCTaBJSIOUAX HMNYyJabcoB, HanpaBuM ock X BAOJB rpaHHIb
‘pasjena, a ocb Z — NneplneHuKyAspHO K Hefll. JIio6as Teopus ponxk-
Ha NPHBOAHTb K 3aKOHY OTPa)KeHHsl, M3 KOTOPOro CJeayeT, 4YTo
Pex = Prx. Ho TOTO@ ANS Pex, Prx, Pdax NONYYAETCSH B TOYHOCTH TaKas
e CHCTeMa ypaBHeHHH, Kak M 1J5 COOTBETCTBYIOUHX 3Heprui. M3
Hee HaXOAHM

Pex = Prx = Pdx» (5.4)
T. €. KacaTeJbHble COCTaBJSIOIIME HMIYJbCOB BCeX Tpex (OTOHOB
OJMHAKOBHI.

CoBceM HHaye BelyT ce0s HOpMaJsibHbie COCTaBJsIIOILHe. B atoM
cyyae NO-IIPEeXHEMY

Nepez == Nrprz + Ndpdz'
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OaHako ecny majalouiHd QoToH npubAHKAETC K cpeflle, TO OTpa-
JKeHHBIl yraJsieTcss OT Hee, TaK UTO P, == — ... B pesysbTaTte no-

JIYUHTCHA
(Ne + Nr) DPez = Ndpdz’

(Ne+Nr)pez=(Ne—Nr)pdz’

N+ Ny coso
Pa = Ne— N, cosxppe’

rjle @ — yroJ najeHus, a P — yroJ npesjoMJeHus.

KoneuHo, ¢Bsi3b MeXAy ps H p. ONpellensieTcsi CBOHUCTBAMH cpe-
Abl H He MOXET 3aBHCEeTb OT Xapakrepa MOJAPH3AUHH MajaloLIero
cBeTa. JTO MO3BOJSET YNPOCTHTL BbluHc/enHsa. [Ipeanosoxum, uto
MafalouiHi CBeT MOJISPH30BAH MEPTIEHAMKYJSPHO K NJOCKOCTH na-
aenusi, Toraa sjekTpHuecKHe BEKTOPH Bcex GOTOHOB GYAYT KOJJIH-
HeapHbl, TAK YTO HA OCHOBAHHH QopMyan Ppenens

N, ncos P — cos @
Ne = ncosyp+cosg

(cm. 1. IV, § 65). JeficTBHTeIbHO, B MOHOXPOMATHUYCCKOI! BOJIHE BCe
(oTOHB KOTEpeHTHbl, H nostomy N,/N, naeT oTHoweHHe amnautyd,
a He HHTEHCHBHOCTel OoTpa)kenHoil M mazgalouiell BosH. BriGop snaka
B nocsefHel GopMmyae onpejesed U3 TeX COOOpaXKeHHH, UYTO yHCJa
dotoHoB N, H N, CyHIeCTBEHHO MOJOXKHTe/bHb, B pesysabrarte no-
Jydaercs

HJIH

WJIH, HaKoHell,

Pa=np. (5.5)

4. PesioMupys H3/10XKEHHOE, NPHXOAUM K 3aK/IOUEHUIO, 4TO, KaK

M B BaKyyMe, 5HepPTHSl H HMIYJbC QOTOHA B BElLIECTBE ONpeeaaoTCs
dopmynamn

& =he, p=rhk. (6.6)
OAHAKO B BELeCTBE BOJHOBOE YHCAO
= nojc, (5.7)

T. e. B n pas GoJibllle, yeM B BakyyMe. Ecau BBecTH (pa3oByio cKo-
pocTb v ==¢/n W AJHHY BOJHB A = 2mnv/@ B paccMaTpHBaemoil
cpele, TO noJayqatca GopMyJibl

: k= ofv =2n/A, (5.8)
OJlHHAKOBO MPHMEHHMBIE K BAaKYyMy H BeleCcTBY, TaK Kak B Ba-
KyyMe v =c. CBsi3b MeXAy 5HeprHell 1 HMOYJbCOM (POTOHA B Cpeje
NpHHHMaeT BHA

& = pv = pc/n. (5.9)

PasyMeertcsi, 3T0O COOTHOLIEHHE CIpPaBeAJIMBO TOJBKO B MPHBHJETH-
POBAHHOM CHCTEMe OFcueTa, B KOTOPOH Cpella NOKOHTCH.

N3 usnoxeHHOro BHAHO, 4TO (OTOHHAA TeOpHS INpeJoMJEHHS
¢BeTa aHaJOrHYHa HbBIOTOHOBCKOH, O0e TeopuH onpenensior yroJ
NpeJjioMJieHHsl CBETOBOTO JydYa H3 3aKOHA COXPaHEHHA HMIYJbCa,
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TOYHEe — ero TaHleHIHaJbHOH cocTaBisiiouield, TONbKO HbIOTOHOB-
CKasl TeOpHsi CBfI3bIBAaeT 3TOT 3aKOH C HAaNpaBJeHHEM CHJIBI, [eH-
CTBYIOIlEH Ha CBETOBYIO KOPNYCKYJYy HOPMaJbHO K TpaHUlle pas-
AeJa, 4To B caydae (OTOHA JHIIeHO cMbicaa, KoJHuecTBeHHOE Xe
pasJHuMe Mexy pesyabTaTaMH o0eHX TEeOPHH CBS3aHO C TeM, 4TO
UMNYALC HOIOTOHOBCKOU KOPAYCKYALL APONOPYLUOHANCH €€ CKOPOCTU
v, @ umnyasc gorona 8 cpede obparno nponopyuoraien. [lo sToi
npHYuHe (DOTOHHAS TEOPHSA MPHBOAHUT K TAaKOMY K€ BBLIPAXKEHHIO
151 ToKasaTels NpeJoMJelNHsl, KaK H KJacCHYeckas BOJHOBas
TeopHsl,

IlpencraBnenne o ¢oToHax B cpeje IPHMEHHMO HE TOJBKO K
NPEJOMJEHHIO CBeTa, HO H KO MHOTHM JPYTHM SIBJEHHSM, O KOTO-
PBIX TOBOPHTCA B [OC/EYIOUIMX Maparpacgax.

5. B sakJjaiouenue — OJHO NPHHLUHIHAJbHOE 3aMedyaHHe, 3aTpa-
ruBawllee yxe (usuyeckoe TOAKOBAHUE KOPIYCKYJSPHO-BOJIHOBOTO
Ayanausma, Kak yxke 6blio OTMeyeHO Bbliiie, ofliee 4HCaAO (POTOHOB
NPH OTpPa)KEHHH M TpPeJOMJEHHH He MeHseTca. EcjaM Ha rpaHuuy
pasjena majaer Bcero OAMH (OTOH, TO MOCJAe NafeHHS OH OyneT
oBHapyxeH JHOO B BHJe OTPax{eHHOro, JHOO B BHAe NpOLIeALIEro
¢porona. MMnyJbc y oTpa)KeHHoro (poToHa — TakOH Xe N0 BeJH-
yHHe, KaK M y Najaiollero, Ho UMeeT HHOe HampaBjeHHe. MMmyJabc
npollesuiero (poToOHAa MeHsieT He TOJbKO HallpaBJeHHe, HO U BeJH-
uiHy. He siBasieTcss M 3TO HapylUIeHHEM 3aKOHA COXPaHEHHS HM-
nyJbca B 3AEMEHTAPHOM npoyecce, T. €. LJas eAHHHYHOrO (oToHA?
He siBasieTcsi AW 3TOT 3aKOH JMIIL CTATHCTHYECKHM 33aKOHOM, Kak
3T0 (hakTHyecKH TpeboBaJjochk B nyHKTax 2 u 3?7 Takoe 3ak/aioueHHe
oTBepraeTcsi COBpEMEHHOH KBAHTOBOH TeopueH.

SIBiennss uHTepdepeHUHH (OTOHOB MPHBOIAAT K 3aKJ/IOUEHHIO,
4TO NpPH NajeHHH (GOTOHA Ha TPAHHLY pasjiesa BO3HHKAET HO80€
cOCTOSiHUe, He TOAJjalolieecss ONHCAHHIO HA $3bIKE KJIACCHUECKOMH
reopud. OHO XapaKTepu3yeTcsi TeM, YTO (IOTOH OTHACTU HAXOOUTCA
¢ COCTORRUL OTPANCEHUS, OTHACTU 8 COCTOAHIUL NPLAOMACHUS, 3QKOH
COXPAHeHUs UMAYAbCA cOOAI00aeTCs U 8 IACMEHTAPHOM npouecce.
Ecan e npousBecTH ONBIT N0 O6HAPYKEHHIO (HOTOHA (B KBaHTOBOH
MEeXaHHKe ero HasblBaIOT usmepenuem), 10 6yner obHapyken aubo
nTpaxeHHblll, 160 npoweatnit ¢oton. Ho namepenue mensier co-
CTOSIHHE CHCTEMBl, HAapyUIeHHS 3aKOHA COXPAaHEHHS HMNyJabca He
IIPOHCXOAHT. B KakoM cocTossHHU OyleT oOHapyKeH (POTOH, — B CO-
CTOSIHHH OTPaXKEHHsI HJH B COCTOSIHHH MPENOMJEHHS, — 3TO 3apaHnee
'peliCKa3aTh C JOCTOBEPHOCTbIO HEBO3MOXKHO. MOXKHO YKa3aTb JIHIIb

"POSITHOCTY TOTO U JPYrOro COCTOSIHHH.

§ 6. UsnyueHne BaBnaoea — UYepenkora. ekt Nonnaepa
MpH JBMXKEHHH HCTOMHHKA CBeTa B cpeje

1. [lycTb HCTOUHMK CBeTa ABUXKETCS B H30TPOIHOH cpejle C Mo-
KasaTej1eM MpeaoMJeHHs #n(w). 3aKOHbBl COXpPAHEHHS SHEPTHH H
AMITyJIbCa NIPH HUCIYCKAHHH CBETa MOXHO 3alHCaThb COBEPUICHHO TakK
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XKe, KAK H B cjJydae BakKyyMma, T. e. B BHAe (4.7), COXpaHHB MpH
3TOM MnpexHHe obo3Hauenus. Pasymeercsi, Mbl NOJb3yeMCsl TIPHBH-
JETHPOBAHHOH CHCTEMOH OTCYeTa, B KOTOPOH paccMaTpHBaemasi cpe-
aa HenoOsuxcra, C TOMOIIBIO OAHHX TOJbKO 3aKOHOB COXDaHEHHS,
KOHEeUYHO, HeJb3f PellHTb BONPOC, NMPOH30HIET HJH He NMPOH30HAET
HcnyckaHue cBera, Jlas 3Toro HeoO6XoAHMO NpHBJIeUL Oojee fe-
TaJbHbBE BJEKTPOJAHHAMHuecKHe ypapHeHusi, Ho ecau 3axonsr co-
XPAHEHUS He BbINOAHANTCA, TO UCHYCKAHUE HEBO3MOXCHO. 3 aKOHBI
COXpaHEHHS] He PAacKpBIBAIOT MexaHu3Mma sijeHusi. OHH MOTYT AaTh
TONBLKO Heo6xodumoe, HO He JOCTATOYHOE YCJIOBHE HCIYCKaHHS,

C ypaBHeHusAMH (4.7) MBI DOCTYNMM B TOYHOCTH TaK e, Kak
B § 4, ¢ TOA TOJBKO pasHHLEH, YTO CBSI3b 3HEPTHH C HMIYJbCOM
H3JyueHHs 3aNHUIeM B BHIE Pusx == NE& wan/C. TOrna nonayuum

EL—E=82 (n—1)—28&, (Bncos®—1).  (6.1)
[Ipp n=1, KaK H HOJKHO OHITb, 3TO COOTHOIUEHHE IMEPEXOJHT
B (4.8). OnHako, B oTJIHUHe OT BaKyyMa, ypaBHeHHe (6.1) yunTeiBaer
TO OOCTOATENBCTBO, UTO B SIBJEHHH YyYaCTBYIOT He TOJBKO H3Jyualo-
WK aTOM M €aMO H3JyueHHe, HO H cpeda, B KOTOPOH IBHKeTCS
aToM. DTO YYHTHIBaeTCs ()EHOMEHOJOrHUeCKH — IOCPECTBOM MOKa-
3aTefsl MPeJOMJIEHHS CPEe/Ibl.

2. TlpumeruM ypaBHenHe (6.1) Kk ABHIKEHHIO YACTHUbI, BHYTPEH-
Hee COCTOAHUE KOTOPOU npu OBUXCEHUU HE MEHAEeTCs, T. e. YacTHUA
BCe BpeMs HAXOIHUTCH B OJHOM H TOM K€ KBAHTOBOM COCTOSIHHH.
B cayyae ycToHuuBOH HacTHLH 3To OyaeT BCerfga, KOrja 3HepTHH
B3aHMOJEHCTBHA €e C OKpYXKAIOWEH cpefofi HEAOCTATOUHO, YTOOH
nepeBeCTH YacTHLY B 0oJee BLICOKOE SHEPTreTHYeCKOEe COCTOSHHUE,
Tak 6ymer o6cTosITh A€o, HANpHMeEp, NMPH JABHIKEHHH 3JEKTPOHA,
MpoTOHa M APYrofi, /Aame HEyCTOHUHUBOH, 3JieMEHTAPHOH YaCTHIHI,
€CJIH TOJIbKO BO BpeMs TIoJileTa OHa He pacmajfercs UJAH He HCIBITaeT
Kaxoro-nu6o JIApyroro npespalieHHs. Bo Bcex 3THX cayyasgx of
BHYTPEHHHX CTeneHeH CBOOOIB 4aCTHLBI MOXKHO OTBJEUbLCA, CUUTASA
ee Kak O6bl OeccTpYKTypHOH. Macca mg, a ¢ Hefl H 3HEPrHs NOKOS
& = moc? uacTHUB BO BpeMs [BH)KEHHS OCTAIOTCH MOCTOSTHHBIMH,
B ypaBnenun (6.1) caeayer nonoxurs &, =&, u10 naer

& s (M2 — 1) — 28 (Brcos & — 1)=0,

€CJH TOJbKO HCIyCKaHHe CBeTa JIeACTBUTEJBHO [IDOUCXOAUT

(Eusn 5= 0). C yuerom cooTnouenust & = &y/4/1 — p? orcroma no-
Jyuaem

& e 260 - _
o= s by (B cos ® — 1), 6.2)
a noToMy -
1 '\/l—ﬁz(nz—l) Evwan
cos =+ i 5 ) ) (6.3)
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Ecnu vactdua vcnycTina OAMH KBAHT, TO &usy = Ao, a UOTOMY

1 n AVT=P% (n? (0) — 1) ho
B (0) 2Bn (o) &’
BTopoe ciaraemMoe B 3TOfi (popMyJie YUHTHLIBAET OT/AYy, KOTOPYIO
noJiyyaeT H3Jydyaloulas yacTHLA NP HCOycKaHHW KBauTa Ao, Ecan
npeHebpeuyb 3TUM CJaraeMbiM (4YTO JOMYCTHMO, KOUJd OHO MO MO-
IyJlI0 OYeHb MaJIO MO CPABHEHHIO ¢ eJHHHIEH), TO MOJYUHTCS KJjac-
cHyeckas (opmyJia

cos ¥ =

(6.4)

—_ 1 R

cosﬁ——m. (6.5)

M3 ¢dopmyan (6.5) caenyer, 4to cos & >0, T. e. HCOYCKaHHe

CBETAa MOXKeT NPOHCXOAHTb TOA6KO gneped. Jlusi HCNyCKaHHA CBeTa

4acToTh @ He06x0AHuMO, 4TOOH 6bli0 firn (w) > 1. To xe mosyuaercs

H u3 obieli dopmyan (6.4), Tak Kak oba caaraeMbix B NpaBoil

JyacTH 3TOH (OpMYJibl CyHIeCTBEHHO MoJioxKuTeJbHBL. Ecian BBecTH

$a30Byl0 CKOpPOCTb CBeTa B cpele No (opmyJtie n(w)==C/VUpus, TO
MOJIYYHTCS

v > vc];aa’ (6-6)

T. €. 048 ucnyckanus cgeta Heobxo0umo, 4066l CKOPOCTL 4ACTUN b
npesocxodusa (asosyio ckopocTe csera 8 cpede. OTcOAa Caeilyer,
YTO HCIyCKaHHE HEBO3MOXKHO IIPH ABHIKEHHH YaCTHLB B BaKyyMe,
TaK KaK B 3TOM Cly4Yae Ugpas == C. JHEPrHs H3JYUCHHS uepliaeTcs
34 CueT KHHETHUeCKON 3HEePrHH YaCTHILH, TAK KaK NpPH HCOYCKAaHHH
CBeTa BHYTPeHHee COCTOSIHHE 4acTHUBl ocraercsi 6e3 uameneHus. [lo
3TOl NpPHYHHe [IBHIKeHHe yacTulbl 3aMennserca. OJHAKO yCKOpeHHe
camo no cefe Ha MeXaHH3M fIBJIEHHS He BJHAeT. B 3ToM cMbicie
roBOpPST, YTO HCIyCKaHHE CBETa BO3MOXKHO H TIPH PABHOMEDHOM
dsuncenuu 3apsiXKeHHOH UaCTHUB B Cpeje, €CJIH TOJNBKO BHIIOJHEHO
ycsoBHe (6.6).

PaccmoTpeHHoe sABJeHHe Oblio OTKpHITO B 1934 r. H 3Kcnepn-
meHTanbHo uccaenoBaHo 1. A. UepenkosniM (p. 1904) B na6opa-
tTopun u noa pykosoactsom C. M. Basusnosa (1891—1951). Ero
Ha3LBawT usay4eHuem Basurosa — Yepenrosa. Knaccuueckas Teo-
pusi sBjeHuss Obuia cosmana M. E. Tammom (1895—1971)
H. M. ®pankom (p. 1908), a xBantoBasg — B. JI. I'nn3Gyprom
(p. 1916) (cm. 1. IV, § 38).

3. PaccMoTpuM Tenmepb caydad, Korja npu O0BUNCCHUL 8HYTpPeH-
Hee cocTOsHUe usdayuarowiell wacruor usmensercs, [lpumepom Mo-
KeT CJYKHTb ABHKYUHHCH aTOM HJIHM MOH. B 3TOoM ciyyae ucmy-
CKaHHe CBeTa TMPOHCXOJHT 3a CUeT BHYTpeHHeH H KHHETHUeCKOH
sneprud atoma. Kak u B § 4, uyacrory u3iyduaemMoro cBera HeMmo-
IBHXXHOrO atoMa 0603HAYHM uyepe3 @, a JBHXKYIIErocs — uepes w’,
(9TH o0603HaueHUs OT/IHUAOTCst OT 0O603HAaueHHH NpeAblAyHlero
nyHkra.) Kpome roro,

&= 8= (8,4 8)) (8,— 8) =[25,— (8, &))| (5, ~ &)
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Ipu noamcraHoBke 3TOro Bhipamenus B (6.1), paan ynpolueHus,

npeneOpexkeM KBajpaTaMu MajblXx Belnunn &, H (&;— &)).

OGe 5TH BeJaHYHHBI, KaK BHAHO H3 JajbHeHIIero, MpONOPUHOHAb-
Hbl h% B ykasaHHOM NpuOJIHXKEHHH, CJ1e10BaTeNbHO, YUHTBIBAIOTCS
yJleHbl, JHHefiHbe M0 A, U 0TGPACHIBAIOTCH YJEHBI, 1PONOPLIHOHAIb-
Hble k2. DBJaropaps 3TOMy H3 OKOHYATEJbHOrO BLHIPAXKEHHS LJIS ua-
CTOTH H3/1y4aeMOro cBeTa Bbinajaer noctostHHas Ilnanka h, H and
spdekra Honnsnepa mosyyaercsl KjaaccHuecKHii pesyabTaTr. B Hem,
¢ TOYHOCTBIO A0 MaJIbIX KBAHTOBBIX NONPaBOK, COAEpIKaTCA BCe Cy-
IIeCTBEHHbIE BHIBOALI. BHINOJHHB .yKa3aHHYIO MOACTAHOBKY H yuTd

npu 31oM, uto & = &,/+4/1 — p?, MoNyunM KaaccHueCKylo GopMyay

- " -
P VI =8 (& — &)
H3 T 1 — Bncos @ :

Bo3MOXHH TpH cayuasi.

1) 1 —pn >0, 1. e. CKOPOCTb HCTOYHHKA MeHblIe $Ha30BOH CKO-
pPOCTH cBeTa B cpele. B stom cayuae teM Gosee | — frncosd > 0,
T. €. 3HaMeHaTeJb B (6.7) moJoxuTeseH. Tak KaK NpH HCIYCKa-
HHHU Bcerla &yusa = 0, TO HCyckaHHEe BO3MOXKHO JIHIIb MPH YCJIOBHH
&,—&,>0, 1. e. aToM B pe3yJbTaTe HCIYCKaHHs NOJKCH lepe-
XOAHTb ¢ OoJsiee BBICOKOro Ha 6oJjiee HH3KHI 3HepreTHYECKHH ypo-
BeHb, B' uwacTHOCTH, HeBO3GYKAEHHBII aTOM B paccMaTpHBAEMOM
clydyae H31yuyaTb He Moxer. UToOBl OT 3HEpruu mnepeldTH K ya-
cTore, 3aMeTuM, uto & =ho', a & — & ="ho, TaK Kak B cay-
yae HENOJABHXKHOTO aToOMa BCS €ro BHYTPCHHSSI SHEPTHs NpH Ilepe-
Xole ¢ BepxHero ypoBHa &, Ha HMKHHi &) mpeRpallaeTcs B

H3nyueHHe, B peaysabrarte ua (6.7) moayuaercst popmysna

LA e m'\/l—ﬂ"’ ,
T I —Pncos® I —(v/vg,,)cos & {

(6.7)

» 6.8)
OHa otm/HYaeTcss OT COOTBETCTBYWOILEH GOpPMYyJan A4l Bakyyma
(4.10) TonbKO TEM, UTO BMECTO CKOPOCTH ¢ B Hel crout (asobas
cKopocTb cBeTa B cpele. Ha mnonepeunom sdoekre Honniepa
(cos® =0) BausAHHe cpeAbl HHKaK He cKasbiBaeTcss. OH onpeje-
JSIeTCsl HCKJIOUHTEJNbHO DeJATHBHCTCKHM 3aMelJieHHeM BpEMeHH
(em. 1. 1V, § 107).

2) 1 —Pn <0, T. e. CKOPOCTb HCTOYHHKA Gousiblie (ha3oBOH CKo-
poCTH cBeTa B cpele. B atom ciyuae, Ha KOTOPHHE 06paTH/IH BHH-
manue B. JI. I'uus6ypr u M. M. Opaux, ropopsart o ceepxceerosom
HWIH aHoOMaAbHOM 3pdexTe [lonnaepa. 31ech B CBOWO OUepelb e€cTh
JB& BO3MOXHOCTH.

Bo-nepBhIX, HCNyCKaHHe CBeTa MPOHCXOAHT MOA TAKHM YTJ0M
¥, yro 3HaMmenarteJb B (6.7) mosoxHTesNeH, T. e. cos ¥ << 1/Bn.
Hupimu cioBaMH, H3/1ydeHHEe HANpPaBJCHO B8HE 4ePEHKOBCKOZO KOHY-
ca, T. e. KOHyca, onpejesaseMoro ypaBueHnem cos O = 1/pn. Kak
u B cayyae (1), ucmyckaune Bo3MoxHO, ecnn & > &, T. €. atoMm
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JOJIXKEeH MepexoAnTb ¢ O6oJjee BBICOKOIO 3HEPreTHYeCKOro YpOBHSA
Ha Gosee nuskui. Yacrora o’ omnpelenserca npexueii ¢opmysaon
(6.8).

Bo-BTophiX, HCIYCKaHHE CBeTAa MPOUCXOJAHT MOJ TaKHM yrjoMm ¥,.
yTo 3HaMeHartenb B (6.7) orpuuaresen, T. e. cos® > 1/pn. dto
3HAYHUT, YTO H3JYUEHHC DaClpOCTPaHSETCs EMYTPU YEPEHKOBCKOTO
Konyca cos O = 1 /Pn. L1 BO3MOKHOCTH HCMyCKaHHSI HEOOXOIHMO,
uTobbl Obi10 &, < &, — NPH HCMYCKAHHH aTOM JOJIKEH Mepexo-
AHTbL ¢ Oojiee HU3KOrO Ha §oJjiee BHICOKHI ypoBeHb, T. €. B0O30y-
xaatbesd. MenmyckaHue cBeta H BO30yXKJ€HHE aTtoMa MPOHCXOAAT
3a CueT KHHETHUeCKOH >Hepruu atoma. B sTom cayuae &,— & j=ho,
T. €. (@ O3HAYaeT d4acToTy, ¢ KOTOpPOH Hcmyckancs Ob  CBeT
HEMOABHKHBIM aTOMOM MpH Mepexofe C Bepxuero yposus &, Ha
HUXKHHE & OHa paBHa TOH uacToTe CBeTa, KOTOpYyI0 cnocoGeH
MOrJIOWATH HEMOABHKHBIA aTOM MPH 0OpaTHOM MEPEXOle C HHKHEro
ypoBHst & Ha Bepxuuii &;. Uro kacaerca &usx, TO 3Ta BeJHYHHA
onpefessieTcsl NPeXKHHUM BhipaKeHHeM & usa = ho’. [lostomy noay-
yaercs gopmyaa

o — (o'\/l——ﬁ2 . (uo'\/l-—ﬁ2
Prcos® —1 " (vfvg,,)cos & —1"

(6.9)

3) 1—Bn=0, T. e. aToM JABHXKETCS CO CKODOCTbIO, PaBHON
(a30BOH# CKOpPOCTH CBeTa B cpeAe, B 3TOM cuyuae, ecjau aToM 3a-
psxeH, mosiBAsieTcs H3JaydeHne BapusioBa — HUepenxoBsa.

§ 7. ®0oTOHLI B rPaBUTALHOHHOM noJe

1. PaccMOTpHM ¢ KBAHTOBOH TOYKH 3DEHHS HU3MEHEHHEe UacCTOTbi
CBETa H HCKDHBJIEHHEe CBETOBOrO Jyua B TPaBHTAlHOHHOM IOJe,
[lepBui#t addekr yxe paccmaTpuBasca Kaaccuuecku B T. | (§ 72) n
8 7. IV (§ 109) Ha ocHOBe mpuHUHIA 3KBHBAJEHTHOCTH ROJSA TATO-
TEHHSl H YCKOPEHHOro ABHKeHHs. [losyueHnble TaM pesyJbTaThl Bbi-
BOASATCH 3/€Ch H3 3aKOHA COXPaHEHHS 3HEPIrHH C HCIOJb30BaHHEM
CBfI3M Mexkay dHepruell u yacroroll GortoHa: & = L.

CorsniacHO TeOpHH OTHOCHTEJBLHOCTH BCAKas >Heprusi obnajpaer
MaccoH, MpHYeM HHEPTHAs M rpaBHTALHOHHAS MAacChl PABHBI MEKAY
coboii. [IpuMeHHM 3TO MOJIOKCHHE K OTDAHHUYEHHOMY MyuKy CBeTa
¢ sHepruel &, pacopocTpaHsiomeMycss B MOCTOAHHOM TPaBHTaLLHOH-
HOM mosie. TpaBUTALHOHHBIN NOTEHLUHAN [10JA @ (F) MOXeT MeHATH-
ca B npoctpanctse. [lockosbky cpeT ofjajaeT rpaBHTaUHOHHOM
Maccolt m = & /c?, rpaBHTAllIOHHOE MOJe HaJ HHM COBepLIaeTt pa-
6ory. Ecan cBeT nepexoAHT H3 TOYKH C TPABHTAlIHOHHBIM NOTEH-
IIHaJOM ¢ B TOUKY C TPaBHTALHOHHBLIM NOTEHIHAJOM ¢ + d¢, TO
JHEPTUsl CBETA [0NYUaAeT NpHpalleHHe

d& = —Gmdp=—0GC &

- d(P’

c?
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raie G — rpaBHTalHOHHAA nocTossHHasa. MHTerpupysa 3T0 ypaBHeHHe
MeXAY Toukamu | u 2, noayuum

& G
Inz= =7 (@ — ). (7.1)

DT0o CcooTHOlIEHHE HMeeT OOILHH XapakTep W He CONEPKHT elle
HUKaKUX KBAaHTOBbIX npeanonoxenuii, OHo B paBHO#A Mepe cnpaBel-
JHBO W B KJaccHyecKo#t, U B KBaHTOBoH dusuke. Ho moayuutb us
HEero COOTHOIIEHHE AJS 4acTOT BO3MOXKHO JHLIb ¢ HCIONb30BAHHEM
3aBHCHMOCTH MeXJy 3Heprueil B uacToTofl, KOTopas JaeTcs B KBaH-
TOBOH Teopun. B camom pnese, ponycTuM, 4TO CBETOBOH MYHOK CO-
CTOHT BCEro U3 ofHoro ¢GotoHa yactoTsl w. B 3TOM cayuae & = ho,
H cooTHoweHHe (7.1) nepexoaut B

n22 =9 o —qp. (7.2)

[Tocroaunaa [lnanka Bbinana U3 OKOHY4TENLHOTO peayabrarta, Pe-
3yJbTaT He 3aBHCHT OT €e 4HCJEHHOro 3HadeHHs. Taxk H AOJKHO
ObITh BO BCEX CJyyasX, €c/H OKOHUATEJbHbIA pe3y/bTaT COBMajaer
C KJIACCHYECKHUM,

IlepBonauanbio cootnowenue (7.2) 6bJIO NPOBEPEHO ACTPOHO-
MHYECKH# — N0 CMELIEHHIO CHNEeKTPajbHbLIX JHHHHA B noJje TAro1eHHS
3ge3l. OtkpuiTue 3ddekra MéccGayspa (p. 1929) nosBosuio
[Taysny (p. 1919) u Pebke B 1960 1. npoBepuTb €ro B 3€MIIbIX
ycaoBusix. B UXx onbiTax Obli0 H3MepPeHO H3MEHEHHE UacTOTH CBeTa
Ipu OPOXOKJAeHun B noje TsxectH 3eman Bcero 19,6 M no pep-
THKaJAH. TOT Bonpoc OyaeT paszobpaH B sAepHOl dH3HKe.

2. HckpHBieHHe CBeTOBOrO Jyda B MoJe TAFOTEHHS TaKXKe MO-
xeT O6biTb pasofpaHO Ha OCHOBe NPHHIIHNA KBHBAJEHTHOCTH Ge3
NpHBJEYEHH KBaHTOBKLIX npeicTaBjeHnil. Bnepsole Bonpoc 6bli mo-
CTaBJIeH ¥ pelled HMEHHO TakuM nyteMm dfinwreiiHoM B 1911 r,, eme
00 co3fanusi o0lledl TeOpHH OTHOCHUTEJBLHOCTH. Bnpouem, noanoe
pewlende 8onpoca moxceT 6uiTe 0aHO TOALKO 8 pamkax obujeld Teo-
puu oTHocureasvHocTy. Pellilenne, IPHBOJHMOe HHXKe, NaeT NPaBHJb-
HBIi Pe3y/bTaT JHIIb C TOYHOCTBI A0 YHCJA0BOrO MHOXHTenas. Ono
MO CYUIECTBY KJacCHUeckoe, XOTl no (opme BHLINIAAHT KaK KBaH-
TOBOE.

[Tpennonoxum, uto poton nposeraer mumo CoJHLA HJIH IpY-
roro macciuBHoro nebecsoro tesa macch M. Ecau 6b He 6uly10 noJjs
TAFOTEHHA, TO OH ABurajca Obl npamoauHeiino. doroH obaanaer
MHEPTHOH Maccoif, KOTOpYI0o Mb 00603HayuM uepe3 m (pasymeercs,
peub HIET O PENATHBHCTCKON Macce, Tak Kak Macca nokos (oroHa
paBHa nyjwo). [lo npHHHHNY 3KBHBAaJNEHTHOCTH HHepTHAasi Macca
BCerja paBHa Mmacce rpaBuranuonHoi. [lostomy ¢oron Gyper moa-
BepraTbcs BO3AEHCTBHIO cHabl TAroTenns GMm/R?, nanpabienHont
Kk ueHtpy Cosnua (R — paccrosinve oT uentpa Coauua). Bausnue
KacaTeNbHOH cocTapjafAwouledl 3TOH CHABl ObLIO BHISICHEHO B MpeJHl-



16 KBAHTHI CBETA [ra. 1

AyLleM MyHKTe — OHA BLI3bIBA€T H3MEHEHHe UacTOThLI CBETOBOH BOJI-
Hbl. HopMaJsibHas cocTaBAAIONIAs HCKPHBJACT TPAEKTOPHIO (hOTOHA,
T. €. cBetoBoit ayu. [ToaTomy npu npoxoxaenus mumo CoJHIA CBe-
TOBOH /yd JOJI2KEH OTKJAOHATBCA K €ro

A o dr 8 LEHTPY.

A % BeruncauM yros oTkJIOHEHHsT CBe-

Uy 7 ToBOro JAyda. B orcyrcrBue mosast Tsi-

rOTeHUs Jy4 Obl1 OBl mpsiMOil JUHHEN

0 AB (puc. 13). Byaem cuurath, uTo B

noje TArOTEHHS OH MaJo OTJIHYAETCs

or AB. 3apaua CBOAHTCSI K BbIUHCJIE-

Puc. 13 HHIO I/IMHyJIbcaS F,dt  HopmaibHOH

cunwl F,, aedcTBywouiefl Ha ¢oroH, 3a
Bce BpeMs ABuKedust. Murerpan Ao/KeH OBITb BBIYHCIEH BHAOJb
ucTunnol Ttpaexktopuu ¢GotoHa. Ho B paccMaTpuBaeMoM cJayudae
MOXHO TMPHMEHHTb MeTO0 B03MYyuienutl, 3aMEHHB MpPH BLIUHCJECHHNA
HHTErpajia HCTHHHYIO TPAeKTODHIO HEBO3IMYIUEHHOH NpaAMOJHHeHHOH
tpaekropueil AB ¢orona. JonycTuM, 4TO HEBO3MYLUIEHHBII JyY Ka-
caercsi Kpasi Connua, Toraa, Kak BHAHO H3 DHC. 13,

Mm
,:2

Fn=G£RZlcosﬁ=G cos® O,

x=rtg®, dx=—co—rsg—ﬁ-dﬁ,

rae r — paguyc Coanua, CieoBaTe bHO,

+m/2
SF" dt = S F, A = St S cos g o 20Mm

cr cr
/2

3TOT HMNYABC HOPMAJBHON CHJIBEI JOJKeH OBITh paBeH H3MEHEHHIO
KOJIMYIeCTBA JBHXKeHHs (oToHa, B paccMaTpuBaeMOM mpHGJHKEHHH
KOJIHYECTBO JIBHMKEHHs (POTOHA MeHseTcsl TOJNBKO 110 HATPaBJICHHIO,
HO He no BesanuydHe. Ero HaMeHeHHe PaBHO mcQ, A€ ¢ — yroJ Io-
BopoTra cBeToBOro Jyda. IlpupaBHuBas 00a BHIpaXEHHS, [NOJYYHM

o=2GM/c’r.

O61i1ast TeopHst OTHOCHTENBHOCTH NMPHBOJAHT K BJBOe GoJibLieMy pe-
3yJbTary:
D = 4GM/c’r. (7.3)

Hnst Conuna ata BenauuuHa pasua @ ==1,76", uto cornacyercs ¢
SKCIEPHMEHTOM.
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§ 8. Hekoropbie onkITH N0 00HAPYIKEHHIO
KOPAYCKYAKPHBIX CBOHCTR creTa

I A & Hobde (1880—1960) n H. H. HoSpoupasos (1891—1949) B 1925 .
SKCICPHMCHTANBIO NOATBEP AN KBAHTOBYIK KapTHHY dorosddexra, o Koropoii
ropopusock B § 2. BmecTo puaumMuXx 1 yAbTpadhONeTOBHIX Jydell OHH I10Jb30BA-
JHMCb PEHTreHOBCKUMM JydaM!, KBaHTbl KOTOPHX MHOro KpynHee. B ux onwrax
MHKPOCKOTHUCCKAs [MBIIHHKA, 3apskKaBluasfcs H Nepe3apsKapliasics NPH OCBelle-
HHH DEHTreHOBCKHMH JyYaMH, YPaBHOBEUIABAJACh B 3JEKTPHYECKOM MOJC KOHJIEH-
caTopa, aHaJiorHU#Or0 TOMY, C MOMOLIbIO KOTOPOro Munnuken omnpepensn 3apsij
snektpoHa. IToka 3apsaj MBUIHHKH OCTaBaJcsl NOCTOSIHHBIM, OHA HENOJABHIKHO BH-
Cesqa B 9JEKTPHUECKOM IMOJe KoHJelicaTtopa H Hafmonanach CGOKY ¢ INOMOIIBIO
MHKpOcKona. Ho ecay NBIMHKY ocBeilaH ¢1abuiM TOTOKOM PeHTI'eHOBCKHX JydeH,
To fpoucxonua borospdekr. Bpemsa ot

BPEeMEHH Ha IIBJIMHKY MONajal PeHTICHOR- ‘ %

CKMll KBaHT, OCBOOOXKIAABIIHA 3JEKTPOH.

3apsaa NBUIKHKH MeHsJCs Ha 3apsijl OJIHOTC v 7 !
5JEKTPOHA, M MNbUIMHHKA BHIXOAWJIA H3 s W 4
pasHosecHs. Ha omeite okasajoch, 4TO
HUMEHHO TaKoii KBaHTOBOH KapTHHE (OTO
3¢ ¢deKTa COOTBETCTBOBANO MOBEACHHE IIhi-
JIUHKH,

Ha pnrc. 14 nokasana cxemMa ONbITa
Hodbde u dobponpasosa. B Toscroit 360-
HHTOBOMl IJIACTHHKE MPOCBEpJeHbl OTBep-
ctus L i R. Yepes orBepctie R u3 odpa-
30BasllCHCs MOJOCTH OTKAYHBAJCH BO3AYX,
uToGhl MOJOCTH CTajJa INpo3pauyrofl A
yautpaduosera. Yepes ovpeperne L, 3a-
KpLIBaBijleecs KBAPLEBLIM OKOUIKOM, IIpO-
XOAWJIH yabTpathHOJeTOBLle JyuH, ocBe- Puc. 14
ulaBlIHe KOHEil aJIOMHIHEEofl IPOBOJOYKH
K ¢ nnamerpom 0,2 mM. OGpasoaBuinecsi GOTO2IEKTPOHL YCKOPAJIHCh SJEKTpHUE-
ckum HanpsikenneM 12000 B, npHioXeHHBIM MEXIY NPOBONOYKOH H aJOMHHHe-
pofi doabroit A, 3axpeBalomiefl rnoacerh  ceepxy. loanma  Qoabra {~5-
-10-% mM) moabrpanach Tak, YTO OHA NPAKTHYCCKY He MOTJIONiaJja PEeHTIeHOBCKHE
Nyun, BO36YXAaBUIMEC B Hel NMPH TOPMOMKCHHH 3JiekTpoioB. OcBeilleHHe KOHYHKA
poBoJoYKH K mouBHpanock HAaCTOLKO CaabblM, UTO YHCJO (POTOSNEKTPOHOB H
CBA3AHHLIX C HAMHM DEHTIEHOBCKHX HMIYJLCOB chcTaBaaso oxode 1000 B cekyuay.
AnoMuHueBast QOJbra OLHOBPEMEHHO CJAYKHJIA HHxKHefl 0OKJIAAKON KOHAEHCATOpA.
Ot nee Ha paccrosunu npumepno 0,02 cv ypaBHOBeliuBajach BHCMYTOBAs IIbi-
nuHka W pasmepom okoJso 6-10-5 cu.

OnbiTH MoKasafdd, YTO B cpeiHeM pa3 B 30 MHHYT NbUIMHKA BLIXOJAHJA. H3
paBHOBECHA, T.€. C TaKoil cpeinel yacTOTO PCHTreHOBCKHE Jy4YH BHIPLIBANI H3
Hee 5MeKTPoH. B TedeHHe yKa3aHHOrO BpeMeHH 0O0pa3oBHIBAJOCH OKONO N ==
== 30-60-1000 = 1,8-10° penTrenHoBckux HMnymabcoB. [1o KlaccHYecKHM MpeicTas-
JIGHHSIM 9HEPTHsl KaXKJAOTO HMIyYJbCa AOJMKHA PAaCMpOCTPAHSITbCS BO BCe CTOPOHLL
B Buae cdepuieckoli Bormbl. Kaxniislfi B3 TaKHX HMIyJAbcOB OvAaBajd OH MbLIHHKE
HHYTOXKHYIO 4YacTL CBOeil JHePrHH IH3-32 MalOCTH TeJeciloro yriaa, MOX KOTOPHIM
MBUIHHKA BHAHA H3 OJmXKajimero Mecta (OJBbIH, I'le BO3OYK/AaMHCh PeHTIeHOB-
ckde Jay4d. Kpome Toro, sta 3Heprus pacmnpedcassach Gbl MeXAy MHOXKECTBOM
3JeKTPOHOB NbIIHHKA. Tlpu Taxyx ycnoBHsX 65110 6bl COBEPIUEHHO HEBEPOSITHO,
yTo6bl B TeucHHe 30 MHEYT Goabllias QOJIA 3HEPTHH SJCKTPOHOB MBIIHHKH cocpe-
JIOTOUHJIACh TOJLKO Ha OJHOM 9JIeKTpOHEe, KOTOPBIH AOJIKEH BBIJETETb H3 NBIAHH-
KH. $ICHO, YTO C TOUKH 3DEHHs KaacCHUeCKOH BOJIHOBOH TEOPHH pe3YJbTAThbl OIbI-
Tos Nodpde n [obpoHpaBoBa HemoHaTHs. HampoTHB, B KBAHTOBGII TCODHH OHH
BIIOJIHE CCTECTBEHHDI.

Caeaymoljee 3/JeMEHTAPHOE BBIYHCAEHHE [IOKA3LIBaeT, 4YTO KBAHTOBas HHTEp-
[IpeTallus ABJICHUA BBHINEDKHBAET W KOJHUECTBEHHYI NpoBepky. Ecin cuutaTtp, 4T0
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IJ1s1 PeHTreHOBCKOro (poTOHa BCe HaNpaBJeHHs JABHXKEHHS MOCJe BHJICTa DaBHO-
BePOSATHH, TO BEPOATHOCTb NonajanHs (OTOHA B MNBIIHHKY Oyfer paBHa Qf4m,
rae Q — TeJecHEIH yroJ, NOJA KOTOPHIM MBJIHHKA BHAHA M3 TOYKH, OTKyda HCXO-
AAT DEHTreHOBCKHe JyuH. EC/IM exceCeKyHAHO HCTOYHHK HCHOYCKaeT B CPElAHEM 1
¢oronoB, To 3a Bpemsi { oH uenyctHT N = nf dortouoB. M3 HHX Ha NBUIMHKY MO-
nafer B cpenneM N Q/4m = nf Q/4n ¢doroHoB. CpenHee BpeMsa !, B TeueHHE KO-
TOPOro Ha MBUIHHKY NONajaeT oAHH (OTOH, onpeleauTcs H3 ycjosus ni Qfdn=1,
OTKYZa
' t = 4n/nQ.

B onbirax Hodde u JobporpasoBa 6o n = 1000 c¢~!, Q= (n/4) (6-10-5/0,02)2,

€CIH TBLIHHKY CuHTaTh WapukoM. ITopcraHoBka 3THX 3HaueHHH B npelblayliiee

Bhipaxenue naet f = 1800 ¢ == 30 Muu, uTO corsiacyeTcst CO BpeMeHeM, Haluo-
nasuamcs B onieiTax Hodde n Job6ponpasosa.

2. Mo knaccHueckHM TNPEACTABJACHHAM JyYHCTash SHEPrHs DACMpOCTPaHseTCs

OT HCTOUHHKA B pasHble CTOPOHH OfHoBpeMeHHo. Ho 3To He Tak, ecaH pacmpo-

CTPaHeHHe TNpPOHUCXOAHT KBaHTaMH. OtTjaeJibHble KBAHTHl HCIYCKANOTCS HE3aBHCHMO

Apyr oT Apyra. IToT 3bdeKT, ecau OH AeHCTBHTENbHO CYLUIECTBYET, NOJIKEH GHITh

BbIDaXXeH TeM OTYeTJHBee, YeM KpymHee KBaHThl. s

ero oOHapyxennsi Ha onbite bore (1831—1957) B

A 1924 r. mosnb3oBancst peHTreHOBCKHMH JYYaMH.

B onbitax BoTe KBaHTHI H3JydeHHs OOHapyXKHBa-

3 Jauch cueTyHkaMu lefirepa (1882--1945). Cuerunk leii-

repa mnpeicTapsserT co00f MaJieHbKHH UMJIMHIPHYECKHH

T KOHJeHCaTop A, HamoJHeHHBIH Ta3oM Noj AaBJeHHEM

e R B HeCKOJBKO MM pT.cT. (pHc. 15). BHyTpeHue# 06-

T K/MaJKo#l KOHJeHcaTopa CJYXKHT TOHKAas MeraJlJIHyecKas

HHTb, HaTAHyTas BAOJb OCH UMJHHAPHKA, HJH TIHA-

_l_ TeJbHO 3aTOYeHHOEe MeTaJlJIHYecKoe OCTpHe, YKpeIlleH-

= HOe BHYTPH UHJHHAPHKAa Ha H3oasTOope. BHyTpeHHss
Puc. 15 W HapyxHas OOkJaAKH KOHJAeHcaTopa COeJHHEHbl
yepes Gatapeto B u oueHb 60Jblloe CONPOTHBJEHHe R,
HHXKHHfI KOHell KoToporo 3aseMJseH. Takum o6pasom,
Mex1y OOKJafKaMH KOH[eHCaTopa MOJAePKHBAaeTcss PasHOCTh MOTEHIHAJ0B OKOJO
1000 B. B64H3K HHTH HJIH OCTPHA CO31aeTCsl CHJIbHOE Pe3KO HEOJHOPOJHOE 3JeK-
Tprueckoe moJe Ecau B CYUETUHK rnonajgaer Kakaa-iu60 4acTHLA (B TOM 4HC]e H
($OTOH), TO OHA HOHM3yeT MOJeKyan rasa. O6pasoBaBluuecs 3/JeKTPOHEI H HOHH
YCKOPAIOTCS 3THM IMOJIEM H IIPH CTOJKHOBEHHAX C MOJEKyJaMH rasa CaMH HOHUH-
3y1oT uX. HoBble HOHBI H 3JEKTPOHBI TaKiKe YCKOPAIOTCH, H T. 1. BosHHkaer 3aek-
TPOHHO-HOHHAf JIaBHHA, Yepe3 CYETYHK MPOXOAHT HMIYJbC 3JEKTPHYECKOro TOKa
3aMeTHOR cuabl. M3-3a sToro mpusoxeHHoe HanpsikeHHe Nepepacnpeaeasercs. Oc-
HOBHasl 4YacThb HampspKeHHss OyleT MPHXOAMTbCS Ha CONMPOTHBJeHHe R, a Hanps-
JKeHHe Ha KOHAeHcaTope cueTYHKa ymajger moyTH Ao Hyqas. Tok yepes cueTwHK mpe-
KpaTHTCH, HANpsiXKeHHe Ha KOHIeHCAaTOpe BO3PAacTeT, CYETUHK BepHeTcs B palouce
cocrosHue, UMNysabc 3JeKTPHYUECKOTO TOKa, MpPOLIeANIHH uepe3 CUETUHK, MOKHO
OOGHApYKHTb YYBCTBHTEJbHBLIM 3JeKTPOMeTpoM E, NMPHCOENHHEHHHM K BHYTpeHHeH
o0knajKe KouJeHcatopa cdyeTynka. [0 3THM HMINyJbcaM MOMCHO PerHCTPHPOBATh
(cuHTaTh) KaXkAYI0 OTIEJbHYIO YacTHIY, BEHI3BABIUYIO MEPBHUHYI0 HOHH3ALHIO asa,
€CJIM TOJIBKO BpeMsi 3a)KHIaHus paspsijia MeHblle BPeMeHH MeXAy MONalaHHAMH
B CYETYHK [ABYX MOCJeI0OBaTeJbHbIX wacTHLU. CoBpeMeHHble CUETYHKH CHaGXeHbl
ABTOMAaTHYECKH JeHCTBYIOMIHMH YCTPOKCTBaMH, NPOM3BOASLIMMH TaKyl0 perncTpa-
nuio. Cuerunk [lefirepa ceifpaa M npogoJs:KaeT HrpaTe OOJbLIYIO POJAb MPH H3y-
UeHHH SAepPHOH (H3HKH, KOCMHUECKHX Jydyedl, 3JeMeHTapHHX 4YacTHU M nOp.
B onbite DBore npuMeHssanch aBa GwictporeficTByloulux cuetynka C; u C,
(puc. 16), perucTpHpoBaBIUHX NDPOXOXK/JeHHe KaXKJAOIO PEHTreHOBCKOTO KBaHTa.
CHMMETPHYBO MEXAY CUeTYHKaMH fOMelllaJach TOHKAA 2KeJe3Has HJH MeJHas
¢oabra A. Poabra ocsemanach c6OKY PeHTIeHOBCKUMH JydaMH R 10CTaTO4HOMN
KECTKOCTH M 6Jarogaps 3TOMY caMa CTaHOBHJAachb HCTOYHHKOM XapaKTepPHCTHUC-
CKOrO PEeHTreHOBCKOrO H3JydeHHst (peHTreHoBcKas ¢iyopecueruns). [Tomapanue
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PEHTreHOBCKOTO KBAHTa B OJHH H3 CYETUHKOB BLISHIBAJIO HEMeiJieHHOe (MeHee ueM
uepes 0,001 ¢) B3gparsBaHHe HHTH 3JeKTpoMeTpa. TakHe B3APArdBaHHs PErHCTPH-
pOBAJIHCh aBTOMAaTHUYeCKH Ha ABHAKYIelics JeHTe. Ecau 6 n3 merounka A Bo Bce
CTOPOHB PacnpOCTPAHSAJIHCh BOJHE, KakK TOro TpeGyeT KJacCHUeCKasl TEOPHsS, TO
cpabaTeiBaBusl CYETUYHKOB [POHCXOAHJIH Obl OJHOBPEMEHHO H c¢OIMIacoBaHHO (c
MaJBIMH CJAyuaiiHbiMH BapuanuaMu). Ecau ke HctounHk A ucnyckana 6bl peHT-
reHOBCKHE KBAHTHI BNPABO H BJEBO GeclNopsiI04HO H He3aBHCHMO, TO cpalaThiBaHHA
CYETYHKOB OHIJIH Obl TakKe OecNOPAJOYHBIMH BO BPeMeHH H He3aBHCHMBIMH. ONHT
MOKa3aJ, YTO BCe NPOHCXOAHT TakK, Kak

ecad 6Bl PEHTTEHOBCKOE H3JydeHHe dJy- > R =
OpecleHlH: pacHpOCTPaHsIOCh B Biile § §
KBaHTOB, CJyyaHHO HanpaBJeHHHX TO 3 z
K NpaBoMy, T}; K JIeBOMY cueTunky. Tak S -—'L—-——~\\[]// l—- §
H JOJKHO ObITb NO KBAHTOBBIM Npen- n‘w L A l ¢§
CTaBJNCHUSAM, S 2 7 S

3. B o6oux omHCaHHBLIX OMHITaX, HO t x
CYLIECTBY, H3YYaJIHCh PAYKTYAYUOHHbLE Prc. 16

fA8AeHUA B cJabLEIX MOTOKAaX DPEHTTEeHOB-
ckoro u3JayueHud. Ha6maopate aHaso-
THYHbIE ABJIEHHA C BHAWMHEIM CBETOM 3aTPyAHHTENBHO H3-3a MaJIOH BEJHYHHEI CBe-
TOBBIX KBaHTOB B 3TOH 0OJMacTH chektpa. UyBCTBHTENLHOCTh CYLIECTBYIOUIHX 00b-
€KTHBHBIX METOJOB DerucTpallHi elle HeJOCTaTOYHA, 4TOGB PErHcTPHPOBATb OT-
JeJbHble KBaHTH BUAMMOro csera. HaGarogenust cinabpix CBETOBHIX NOTOKOB HPO-
Boana C. M. Basunos. O Bocnoab3oBaJcs TeM, UTO MepHpepHUECKHE YUACTKH
CEeTYATKH YeJoBeYeckoro riasa (MajouykH), AOCTAaTOYHO J0Jr0 NPOGHIBIIETO B TEM-
#oTe, 06/121a10T HeOGXOAHMOH YYBCTBHTEJIBHOCTBIO K CJ1aGOMY CBETY, C KOTOPBIM
NPHXOAN/IOCH HMETh [eJ0 Ha ONHTe, BaBHJIOB BOCHOJb30BaJjcs TaKXKe CYLIECTBO-
BaHHEM MNOpora 3pHTEJNbHOrO OLIYIleHHs. Ecin 4Hcao KBaHTOB, MOMajalOliHX NPH
KPaTKOBDeMeHHOH BCHbILKe Ha nmephdepHUYeCKHH Y4acTOK CeTYaTKH, MpeBHIUAECT He-
KOTODYI0 MHHHMAJNBHYIO BEJNHUHHY flg, TO /a3 BHAHT BCOBIUKY. Ecan ke OHO
MeHBIlle flg, TO BCObIIKA He BUJHA coBceM. [lo ouenke BasujoBa ny cocrasnser
BCErO HECKOJBKO IECHTKOB H, BO3MOXKHO, Jaxe HeCKOMbKO KBaHTOB. CyllecTBOBa-
HHe TMOpPOra 3PHTeNbHOrO OLIYIIEHHS] CHCTEMaTHYECKH HCIOJb30BAJOCh BaBHJIOBLIM
OpH M3yYeHHH JIOMHHECUEHUHH H BMecTe ¢ UepeHKOBLIM NPH OTKPHITHH SIBJIEHHS,
Hocsillero Mx ums. Mlcmoap3dys ykaszaHHBe cBOACTBA rsasa, BaBusaoB pa3spaGorat
YyBCTBHTEJbHLIH METOJ BH3yadbHbIX HabmoAeHHA GJYKTYyalUu# HHTEHCHBHOCTH BH-
JIHMOTO CBeTa B clalbix CBETOBBIX NMOTOKaxX. B pe3y/bTaTe MHOTOJETHHX 3KCIEPH-
MEHTaJbHHX HCCJe[0BaHHil TakuxX GJAyKTyauuii BaBuioB Inpuilen K 3ak/iote-
HHIO, YTO OHH MPOHCXOAAT aHaJOTHURO GJYKTyallHsiv 4YHCJAa MOJIEKYJ rasa, T. e,
TaK, Kak ecaH Ob CBET COCTOSJ H3 KOHCYHBLIX TNOPLHA, HIH KBaHTOB.



FITABA 1I

CTPOEHHUE, 3HEPTETHYECKHUE YPOBHH
H CIIEKTPbl ATOMA

§ 9. Sflnepnas Moxens atoma M onuitel Pesepdopaa

1. B nepsoii detBepTH 20-ro Beka GBLIO YCTaHOBJEHO, YTO aTOM
COCTOHT U3 MOJOXKHTEJNbHO 3apAXKEHHOTO A0pa H OKpyKaiollell ero
3AeKTPOHROL 060404k, JINHeAHble PadMepsl aipa nopsaaka 10-18—
1012 cm. Paamepsl caMoro atoma, onpefessieMble 3JeKTPOHHOM 060-
JO4YKOH, npuMepHo B 10° pas Gouabure. OaHAKO MOYTH BCA Macca
aToMa (He Menee 99,95 % ) cocpenoToueHa B siipe. ITO CBA3aHO C
TEM, 4TO SAPO COCTOHT H3 «TSXKEJBIX» MPOTOHOB U HEHTPOHOB, a
3JIEKTPOHHAA 000/M0YKA ~— H3 OJHHX TOJBKO <JETKHX» 3JEKTPOHOB
(mp = 1836,15me, m, = 1838,68m.). UHcs10 2JeKTPOHOB B 060JI0UKE
HEeHATPaNbHOTO aTOMa PAaBHO 3apAdy fAlpa, €CAH 3a eAHHHHY NpH-
HATb 3JEMEHTapHBEIN 3apAn (T. €. 3apaj 3JEeKTpPOHAa no abCoJIOTHOH
BesqnunHe). Ho ssekTponHasi 060/0UKa MOKET TEPATb HJIH NPHOG-
peraTs 3J€KTPOHbl. TorJa aToM CTAHOBHTCA 3JEKTPHYECKH 3aps-
JKEHHBIM, T. €, NPeBpAallaeTcsl B MOJOXKHTENBHBIH HJIH OTPHIATENb-
HBIH LOH.

XuMHyeckne CBOHCTBA aToMa ONpEeAeNsIoTCs 3JeKTPoHHOH obo-
JIOYKOH, TOUHEE, €2 HAPYXHBIMH 3JEeKTpOHaMH. Takue 3JeKTPOHHI
CPaBHHTENBHO CJafo CBA3aHBI ¢ aTOMOM H IOTOMY Haubojee Mof-
BepXEHbl 3JEKTPHUECKHM BO3JEHCTBHAM CO CTOPOHBl HAPYHKHBIX
37eKTPOHOB COCEJHHX aTOMOB, TO € OTHOCHTCA K CHJAM NpPHUTH-
JKEHHS WJIH OTTANKHBAHHA MEXJY HEHTpaJbHBIMH aTOMaMd H MO-
JeKyJaMH (K MOJeKyJNsSpHBIM cuiaM). HanpoTus, mpoToHn M Hedi-
TPOHHl TNPOYHO CBA3AHBl BHYTPH sapa. UTo6B BO3AEHCTBOBATL Ha
A0pO, HYXHBI CHJBl, B MHJJHOHB Pa3 NPeBOCXOASMIINE Te CHJBI,
KOTOpEIE JOCTATOUHBI [J51 OTPbIBA HAapY:KHBIX 3JEKTPOHOB aTOMaA.
OpHako CTpOeHHe U CBOHCTBA 3JEKTPOHHOH 000JIOUKH ONpefensiioTcs
B KOHIle KOHIIOB JICKTPHUECKUM [TOJeM HApa aToMa.

2. Ec/H H3J0KeHHash MOJeJb aTOMa COOTBETCTBYET JeHCTBHTEID-
HOCTH, TO aTOM JAOJIKEeH ObITb B BBICOKOH CTENEHH NPO3PAUYHbIM A
[POHH3BIBAIOIIHX ero uyactHu. [as Myyka SJEKTPOHOB 3TO OBLIO
ycTaHoB/eHO enle JieHapaom. OJHAKO OKOHUATENbHOE PKCIEPHMEH-
TalbHOE J0Ka3aTeNbCTBO 3TOH Mojenu aTtoMa Obkio jgaHo Pesep-
doprom (1871—1937) B 1911 r. IlosToMy oHA NO cpaBeANHBOCTH
HaspiBaeTcss Modeavto Peseppopda. Ilo npepyoxeHuio H nox py-
KoBOJACTBOM Pesepdopna ero yuennku [efirep u Mapcuen (1889—
1970) uccnenoBanu KOJUUECTBEHHO paccedHHe a-YacCTHI, HCIycKae-
MbIX DaJMOAaKTHBHBLIMH BeIleCTBAMH, B HX ONBITaX mapasieabHbll
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NYYOK o-4aCTHL {HANpaB/fJCs B BaKyyMe Ha TOHKYIO MeTajjande-
cKylo (oJbry u pacceuBaJgcs ew. IIpuMeHsiicad BH3yasbHBIH METOJ
perucTpalnyd paccesHHblXx o-vyacTHU. [Ipu ymape o ¢ayopecuupyo-
WIHH 3KpaH M3 CEePHHCTOro HHMHKA o-YacTHIA OCTAaBJfAJAa Ha HeEM
BCIBILKY (CHMHTHAJALHKIO ). OTAeNbHble CUUHTHAJSALUNNR MOXHO OBLIO
HabJlogaTh B TEMHOTe Yepe3 Jyny Hiau MuKpockom M skcmepu-
MEHTATOPHI NPOU3BOAUJH NOACUET TAKHX CUHHTHIJAUKA.

Oxkaszasoch, 49T@ NOJABJAIOIEE YHCJIO ¢-UYaCTHI PacCeHBaoCh
Ha peGosblune yriael nopsiaka 1—3° ¥Yraosoe pacnpempelienue TAKUX
YaCTHL XOPOLIO ONHCHLIBAJOCh KPUBOH caydaliHbXx olHOGOK ['aycca
(1777—1855). Onnako Ha6mMoAaJHCL TaK¥XKe OTIEJAbHbE O-UACTH-
IBl, OTKJOHSIIOLUIHEeCS HA GosbpluHe Yrabl, AoxoxuBiiue o 150°. Ort-
HOCHTEJNbHOE YHCJIO0 TAKHX 4acTHL Obl1o HHYTOXHO. Hanpumep, nph
NPOXOXKAEHAH yYepes MIaTHHOBYIO fosbry myuka e-uactuu or RaCl)
3 8000 napamoulHx YacTHL B CpeJHEM TOJBKO OJHa 4acTHUa OT-
KJIOHAJach Ha yroJ, npepoiiuasiuuit 90°. Ho u atoro 610 661 cauil-
KOM MHOFO, ec/1H 6b 60JIblliHe OTKJIOHEHHS BO3HHKAJU B pPe3yJbTaTe
HAKOMJACHHS MHOMECTBA CAyUYaHHbIX OTKJIOHECHHH.

Pescpdopa caenan BbIBoJ, YTO KaxkAoe GOJbLUIOE OTKJIOHEHHE
NOSIBJAETCS B Pe3y/bTaTe eOUHUYHO20 AKTA B3aUMOAEHCTBHS KAKO-
ro-TO MPaKTHYECKH TOUYEUHOro CHJOBOTO UeHTpa ¢ OJNH3KO MpoJe-
Taomell o-uactuuell, TaKHM CHJIOBBIM UEHTPOM H SIBJASETCS TOJO-
KUTEJLHO 3apsiKenHoe a0po aroma. CaMa q-yacTHLA eCTh TaKKe
aToMHOe $11po, UMEHHO SIpO aToMa rejus. DTO MOJATBEPXKAAETCs
TeM, UTO O-UACTHIA MOMET OHTh MOJyuYeHa B pe3yJbTaTe ABYyKpart-
HOH WMOHM3AUHH aToMa TleJus, Kak 3To OHJIO0 yXe paHee YCTAHOB-
neHo TeM ke PezepdopnoM. DJeKTpocTaTHUECKOe B3aHMOJEHCTBHe
MeXXAy 3THMHU [BYMs silpaMH U BhI3bIBaeT paccesiine q-4acTHIU Ha
60JIbILIHE YTJIBL. ,

M3ji0xeHHoe MOLTBEDPXKAAETCA CHUMKAMH TPEKOB o-UacTHI B
Kamepe Buabcona, O6GBIYHO KOHELl TpeKa o-UacTHUL HHKAKHMH 0CO-
GeHHOCTSIMH He oT.iHuaercs. Ho H3peika mab/lofaloTcsd TPeKH, 3a-
KaHYMBAKILIHeCHd H3MIOMaMH U «BHJAKaMHu». TaKol cayuall BOCIIPOH3-
BeJleH Ha puc. 17. 31ech 3aUKCHPOBAHO CTOJKHOBEHHE 0-YaCTHIEI
¢ sigpoM. B pesyabraTe CTOJKHOBEHHS HanpaBjieHHE JBUKEHUS
@-4aCTHUBl pe3KO H3MEHHJOCh, a HpHIIeAllee B JBHXKEHHe sAPO
OCTaBHJIO HOBBIl TpeK, KOTOPbIl BMeCTe C TPEKOM CaMOM o-4acTH-
bl 06pasoBas «BHJIKY>.

3. Pesepdopa paspaborasn M KOJHUECTBEHHYIO TEOPHIO pacces-
HUSl a-yacTull. B 3To# Teopuu K B3aUMOJENCTBHIO o-UACTHLH C S]-
poM npumensietcsi 3axon Kyaona. D10, KOHEUHO, FUNOTE3a, TaK Kak
o-4acTHUA MOXeT MOIXOIHTh K sAAPY Ha PAaCCTOAHHA MOPAILKa
10~12 c¢m (cm. 3amauy | K 310My naparpady), a Ha TakKHX paccros

1) Ha camom nese HCCAeN0BABHINECS o-WaCTHUH Acnyckaanch RaC’/, spasio
WHMCsl KOPOTKOKHBYULHM npodyktom RaC  (Ilepwos monypacnaga RaC’ — okodc
10-% ¢))
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nuax 3akon KyJoHna e Obl npoBepeH 3KcnepuMeHTaabHo. Pasy-
MeeTcsl, ABHXKEHHE oi-4acTHUb B mosie sapa Pesepdopiom paccmat-
puBajoch Kaaccuuecku. TIpUMEHHMOCTh KJIACCHUECKOHK MEXaHUKH B
paccMaTpHBaeMOM cJyyae MOXHO OOOCHOBATb C MOMOILLbIO KBAHTO-
BO#l MeXaHHMKH, BO3HHKLIEH HeCKOsbKo nosiHee (cM. § 20). Hako-
Hell, Macca fjipa npeanosaraercss GOJBIIOH N0 CpaBHEHHIO C Mac-
COH o-UaCTHILBL, TAK YTO AAPO MOXKET CUMTATLCA HeNoABHKHLIM, OT
noCJAeAHEr0  NPeAnoJOKEHAS  JIeTKO
O0CBOOOAHNTbLCA, 3aMEHHB Maccy o-da-
CTHUBl npusedeHHOl maccol.

B onbitax Pesepdopaa npumens-
JHCb OYeHb TOHKHE MeTaJIHYecKHe
donbru ¢ ToawuHON nopsaka 10-5—
10-* cM. B rakux cayyasx npu pac-
CeslHHU Ha OOoJblIHE YTkl MOXHO GhI-
JO He YYUTHIBAaTh MHOTOKpaTHbIE
CTOJIKHOBEHHSI 0-4aCTHUH € aTOMHHI-
MH sajapaMH. BeposTHocTb ABYKpaT-
HEIX, a TeM §oJee MHOTOKPATHBIX
CTONIKHOBEHHH ¢ OOJbUIMMH OTKJOHE-
HHAMH HHYTOXHA. Huutoxkna BseposT-
HOCTb paccesiHua Ha GoJbliHe YrJbl H
Ha 3JeKTpOHax BBHAy MaJOCTH HX
Macc. MHoOroKpaTHble CTOJKHOBEHHS C
SpaMH M C 2JeKTPOHAMH aTOMHBIX
06oJI0ueK HUrpaioT pPoJb TOJLKO [IPH
OueHb MaJblx yriaax paccesuus. Ta-
KHe yIrJb Mbl HCKJIOUMM H3 paccMmo-

HHE. “TF tpeus. Torpa, yuHTHBasg B3aUMO-
JefCTBHE G-4aCTHUHB TOJBKO C OZHHM
SpOM, K KOTOPOMY @-4acTHLA NOAXOAMT HauboJee OJH3KO, MbI
npufeM K gadaue 0syx res. OT BCex OCTANbHBIX fAJep o-4aCTHHA
MPOXOAAT MHOTFO Aajblille, ¥ MNOITOMY B3aHMOJCHCTBHEM C HHMH
npene6Gperaercs. Takum o6pasom, Teopua Pesepdopia npuMmeHuma
AJ1s1 GOJBLIMX OTKJOHEHHH, KOTJa OTKJOHEHHE BLI3LIBAETCS TOJBKO
3JIEKTPHUECKUM noJeM 00HO20 A0pa, TaK UTO N0 CPABHEHHIO C 3THM
OTKJIOHEHHEM BCe MpOUHe OTKJIOHEHHs, BMecTe B3fThle, npeHebpe-
®uMo Magnl. COOTBETCTBYIOLIEE paccesiHue HasbiBaeTcsi pedepghop-
Oosckum. OHO ABNSETCS yApyedM B TOM CMBIC/Te, UTO KHHETHYeCKas
SHEPTUsl -4acTUlBl B Pe3y/bTaTe pPaccesiHua He H3MeHAeTcd, T. €.
He pacTpauuBaercsi Ha BO30OYyXAeHHE aTOMOB, a TeM 0oJ/iee aTOMHBIX
aaep.

ChopmyanpoBannass 3ajaua QopMajbHO aHaJorHyHa 3adaue
Kenaepa (1571—1630) o naBuxeHun mnnaaHetsl Bokpyr CoJiila.
M TyT u Tam cHia B3aHMOJEHACTBUS Tesl — UEHTPAJAbHASA H MeHsieTcs
06paTHO OpPONOPUHYOHANBLHO KBaApaTy pacCTOSIHHA LAY HHUMH
B c/ayvae njaaHeThl 3TO CHJA NPHTAMXKEHHS, B Clyyae o-4acTHIb —
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CHJla OTTaJIKNBaHHA. IDTO NpPOABJIAETCS B TOM, 4YTO nJaHera (B 3a-
BHCHMOCTH OT €e [MOJIHOH 3HepruH) MoxKeT ABUraThCAd U MO 3J-
JIMNCY, M No runepbose, a a-4acTHIA — TOJAbLKO Mo runepbose, Ho
B MaTeMaTHUECKHX BBIUMCJIEHHAX 3TO HE HMEeT 3HaUeHHs. YroJ
paccesHus a-uacTHUH ¢ paBeH
yray Mexjy acHMITOoTaMi ee
runep6osH4IecKoli  TpaeKTOpHH
(puc. 18). Ilas Hero Owlia mo-
JyuyeHa ¢opMmyJa
mbv?

0

(cM. 1. 1, § 58). 3necyr m — Mac-
ca o-7aCTHIbl, U-— ee CKOPOCTh
B «0ECKOHEUHOCTH», T. €. BLAJH
OT aapa, Ze —3apsan ainpa, 2e — 3apsil o-4acCTHILB, PaBHBIH YABO-
eHHOMY 3JeMeHTapHOMY 3apsany e. (Uucio Z HasmiBaeTcst 3aps-
dogbim qucaom fapa. Paau KpaTKOCTH €ro 4acto HasblBaIoOT
npocTo 3apadom adpa, NojipasymeBasi, uTO 34 eIHHHIlY NPHHAT 3Je-
MeHTapHbIH 3apsal e.) Uepe3 b obo3HaueHo npuyessHoe paccroanue,
T. €. AJIHHA NEPNEHAUKYIADPA, ONYIIEHHOro U3 A1pa Ha HEeBO3MYILeH-
HYIO TPSAMOJHHENHYIO TPaeKTOPHIO o-4acTHOB (HJH, Y4TO TO Ke
CaMoe, Ha KacaTe/bHYIO K peabHOM TPaeKTOPHH, KOrla o-4acTHIA
HaXoAHJacCh GECKOHEUHO 1aJeKO OT fapa).

4. DkcnepuMeHTaJbHON MpoBepKe B 06JaCTH aTOMHBIX SIBJIEHHH,
pasyMeercsi, AocTynHa He caMma dopmyaa (9.1), a crarucruuecxue
caedersus w3 Hee. BBenem Tak HasmiBaeMoe Oughreperyuarvroe
agpextusHoe ceuenue pacceanus, O603HaYUM depe3 / HHTEHCHB-
HOCTb [JIOCKONAPAJJIeNbHOTO [ydYKa o-4acTHIl, HaJeTaloHX Ha
AP0, T. €. YHCJAO @-4aCTHIL MyYKa, IPOXOAAINX B €HHHIYY BpeMeHH
yepes €IHHHYHYIO HJOIAJKY, MepNeHAHKYJsAPHYI0O K nortoky. H:
3TOrO UHCJa Yepe3 3JeMEHTAPHYIO NJOIIAJAKYy 4O, TakXe MepreH-
JHKYJAAPHYI0O K NOTOKY, mpoxo1nt dN,=1[do a-vactun. Ilocae
paccessHUA 3TH YaCTHLB MONAJaOT B 3JeMEHTaPHbIN TeJecHbI yrog
dQ. Koneuno, BeqHYHHA TejecHOro yria dQ H HampaBjieHue ero
OCH onpelessiOTCs] BEJHYHHOA H noJioxkeHneM naomanku do. Tlo-
3ToMy dN| MMeeT TakKXe CMBIC] YHCAa o-YaCTHI, pacCeHBaeMbIx
AIpPOM B €NMHHLY BpeMeHH B TejecHbHl yroa dQ. OTHoumeHue dN,
"'k / paBHO do H HMeeT pasMepHOCTb nsomain. OHO u HasbIBaeTcs
Bughdhepenyuaroroim dpheKTUsHOLM ceyenuem A0pa Oaa paccesHus
Q-4acTuYy 8 TerecHoul yeonr dQ. JTo NOHATHe NPUMEHAETCS K pac-
CEAAHHIO HE TOJIBKO ®-4aCTHI, HO H 4f066lx 4ACTUY, a TaKKe K Opy-
2um npoyeccam, NPOHCXOAfMMM ¢ vacTuuaMu. TakuM o6pasom, mo
onpeneNeHHIo

do=, 9.2)
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T. e. Ougepenyuarsroe s¢ghexTusnoe cedenue paccesHus ecTs
OTHOWEHUE YUCAQ 4ACTUY, DACCEAHHbIX ATOMOM 8 eOuHUYY 8peMeRU
8 Tesechslll yeoa dR, Kk unrencusHnoctu I nadarouwjux wacruy.

Onpenenum Ttenepp AuddepeHlUHaNbHOE ceueHHe MJs pacces-
HHSl o.-4aCTHIl Ha OTJEJbLHOM siipe aroMa. 3ajaya CBOJMTCSH K Olpe-
JeJeHHI0 BEJHYHHBI IJOWAJKH 0, NpoHAs uepe3 KOTOpYW «-ua-
CTHIA [NOCJE pacCesiHusi NMONajaeT BHYTPb 3a4aHHOTO TeJeCHOTO
yrina dQ). BosbmeMm 3a och X NpsSMOJHHeHHYI0O TPaeKTOPHIO TOH
0-4aCTHIEl, KOTOPO#l COOTBETCTBYET NpHIUEJSbHOEe paccTosinke b =0
(rakasi yactuma ucnbiTana 6bl C AAPOM JOGOBOE CTOJKHOBEHME].
Hcnonb3ysi NHAHHAPHUECKYIO CHMMETDHIO, 1751 YIPOIIEHHS 3aMe-
HHM do Ha KoJbleBYlo miaomajky do = 2nbdb, nepnenauxyasp-
HYK K II0TOKY. BHyTpeHHu#i paguyc TakoH njomaiki paBeH b, Ha-
pyxHb# b + db, a uentp pacnosoxen Ha ocu X (puc. 18, cneBa
BBepxy). MutepBany b, b + db cooTBeTcTByeT HHTEPBaJ YIJOB pac-
cesinua 9, ¥ -+ 49, npuvuem no dopmyse (9.1)

Ze? do

db= mv? sin? (6/2) °

Beens tesecHbllt yroa dQ = 2nsin @ d®, B KoTophiil paccenBaiorest
@-4aCTHILbl, MPOLIeJIHe YePe3 KOJbUEBYIO MJOILIAAKY, HETPYAHO ilO-

JY4YUTh 2
Zer \2  dQ /
do = ( mo* ) sin® (8/2) {9.3)

B takom Bume cdopmysna (9.3) cnpaBelnHBa s 410004 3eMEH-
TapHOH NJowWankH do, a He TOJBKO AJs KoJblleBoll. OHa W Hasw-
Baercst goopmyaod Pezepgpopda (cM. 3apauy 3 k § 20).

5. Ilpexnae ueM mMOMHTH AaJbllie, BBeJeM IOHATHE HOAHOZO Ce-
HeHUsT paccesnus WIH Kakoro-inbo apyroro mpouecca. Oxo ompe-
IEeSeTCH KaK OTHOMeHUe ROAHO20 4UCAQ 4ACTUY, ApeTepnesuiux
paccmarpusaemsili npoyecc 8 eQUHUYY BPEMEHU, K UHTEHCUBHOCTU
nadaroujeco nyyxa uacruy. IlosHoe ceuenHe ¢ MOXKeT OLITH MOJIY-
yeHo U3 AHDdepeHNHAABHOTO ceueHHs] dG NYyTeM HHTErPHPOBAHHSA
ero MO BCeM BO3MOXKHBIM 3HaueHHsM d€). B cayuae paccesinus
a-yactill B Qopmyae (9.3) caeldyer cHauaja NOJOKHTb dQ =
= 2nsin9dY, a 3aTeMm BHNOJHUTL HHTEDHPOBAHHME B Ipejesax
or $ =0 10 ® =n (cM. 3afauy 2 K atoMmy naparpady). dto naer
6 == oo, Peaynprat ator noHsiteH. Yem panblie niomajnka 4o ynaa-
JeHa oT ocd X, TeM Meublie yroa paccesnus ¢. Yactuum, npoxo-
IsiiHe yepe3 yAaJieHHble MJOLAJTKH, IPAKTHUECKH He OTKJOHSIOTCS,
T. €. IPOXOAAT B OKpecTHOCcTH yraa paccesuns ¢ = 0. Cymmapras
nJomais, TaKUX NJOMIANOK, a ¢ Hell W IOJIHOe UHCJO pacCesiHHBIX
yacTHI, OecKOHeYHO BeJHKH. DecKoHeuHO BeJNHKO H MOJHOE TMole-
peyHoe ccueHHe paccesHusi. BnpoueM, 3TOT BHIBOA HMeeT (opMab-
HBIH XapakTep, TaK KakK IIPH MaJIblX yrjax paccesiHua ¢opmyaa Pe-
aepdopna (9.3) HenpuMeHHMa.
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6. [pusenem rtenepo dopmyay (9.3) kK BHLY, NOCTYNHOMY IJId
SKCNEepPUMEHTANbHOH NpoBepKU. AKTH paccesHusl o-UacCTHIL pasJuu-
iIbIMH aTOMaMHu Heaasucumot, OTCIOAA clelyeT, YTO €CJAH A — UHCJ0
agep (aToMoB) B eauHHIe 0o6beMa, TO YHCJIO ¢.-4aCTHI, pacCeHBae-
MBIX o6beMoM I/ B eIMHHIlYy BpeMeHH B TesleCHBIH yroa df2, ompe-
JeJ1IeTCA BblpaXceHHeM

Ze? \2 aQ
dN =Vnl do = an( mjg) ST (9.4)

B TakoM Buae ¢opmyna Pesepdopra M 6bla mMOATBEpKIEHA Ha
onbiTe, B uacTHOCTH, Ha ONbITe OBLIO NOKAa3aHO, YTO NPH NMOCTOSH-
ctBe dQ Beauunna dN sin*(8%/2) nocrosiHHa, T. €. He 3aBHUCHT OT
yriaa paccesHus ¥, Kak 3TO H AOJXKHO OBITb COrMacHo QopmyJe
(94).

[TonrBepxkaenne ¢opMmyan Pesepdopaa Ha ombeiTe MOXKET pac-
CMaTPHBATLCS KaK KOCBEHHOe doKa3aTeabcT80 3akoHa Kyaowa Ha
TaKUX MajblX PACCTOSHHAX, HAa KaKHe MOTYT COJHKATLCS LEHTPHI
@-4acTHIBI M B3auMojJelicTBylowero ¢ Helf sapa. lpyrum noxasa-
TEJBCTBOM MOTYT CAYXKHTH ONbITH Baskerra (1897—1974) no pac-
cesHHI0 o-yacTHL B raszax. QororpadupoBajochk 60Jbllioe KOJHYE-
CTBO TPEKOB ¢-UaCTHIl B KaMepe BHJIbCOHA, H3MEPAJHCH YIJIOBHIE
OTKJOHEHHS! WX M IOICUYHTHIBAJOCh, KAK 4aCTO BCTPEUAIOTCH ONpe-
JAEJNeHHbIE Yriabl paccesHHs. DTH OMNBITH TakXKe NOATBepAHIH (op-
myay Peseptoprna. Ho rnasro#i nenbro ux Oblia mpoBepka 3aKOHa
Kynona. Okasanoch, 4To MPH PACCTOSHUAX MEXAY HEHTpPaMH q-ua-
CTHIILIL H B3aUMOJelicTBYIOILEro spa B ciayuae Bo3ayxa or 3-10-12
g0 5-10-19 ¢m, a B cayuae aprona ot 7-10712 go 10-% cm 3axon
Kynona noxrsepxjaercss skcnepuMmeHnTtanbHo, OTcloga He caepyer,
YTO 3TOT 3aKOH CIIPaBEIJIHB Ha JIOOBIX DACCTOSHHAX MEXJYy LEeHT-
paMu B3auMoneHcTBywmux sigep. ONLITH MO ynpyroMy paccesiHuio
JIETKHX SiJIeP, YCKOPEHHBIX YCKOPHTEJSIMH, TaKkXKe Ha JIETKHX, HO He-
MOABHXKHBIX SIAPaX TOKasaJ/H, 4To HabJIoJaloTcs pe3Kue OTCTYII-
JAeHHsi oT 3akoHa KyJsoHa, Korja yxa3aHHoe paccTOsiHHE YMeEHb-
waercs 10 10-'2 cM u Menbute. Ha TakHX paccTOSIHHAX NPOSBJAAIOT
CBOe IeHCTBHe fdepHble CUAbL NPHTAMKEHHS, NepeKpPLIBAIOLIKE KyJ0-
HOBCKHE CHJIBI OTTaJKHBaHHSA filep.

7. Popmyay (9.4) MOXKO NPUMEHHTb [Jis1 M3MepeHHs 3apana
anpa. Jas atoro Hajgo uaMeputb dN u [. [locse 3Toro MoxHO BHI-
YHCJHTL Z, TAaK KaK BCe MPOuYHe BEJHUMHBEL B popMynae (9.4) moryt
CUMTATbCA H3BeCTHHIMH. OCHOBHAsfi TPYAHOCTb COCTOHT B TOM, UTO
BeJHYHHH dN u [ oueHb CHALHO OTJIHYAOTCA APYr OT Apyra. B mep-
BLIX OINBITAX OHU H3MEpPAJHCb HAa PasJHYHBIX YCTAHOBKAaXx, T. €. B
pasHBIX YCJAOBHSX, UTO BHOCHJO 3HAUHTeNbHBble OHMIHOKH. B ombitax
Usneuka (1891—1974) stor HemocTaTOK OB ycTpaHeH. Paccen-
Batowwas ¢osbra uMena popmy koaoua AA’ (puc. 19), paxHoakrus-
HHH npemapaT R (HCTOUHHK o-4acTHI) H (ayopecuupyouiui
3KpaH § H3 ZnS YCT3HABNMBAJHCh H3 OCH KOJbLA HA OJHHAKOBHIX
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paccTofiHHAX OT Hero. [lis nojcyera CHHHTHJAMAHHH OT a-YAaCTHI,
pacceaHHbIX QoJibrofl, oTBepcTHe Kogabua AA’ s3akpoiBasoch 3Kpa-
HOM, HenpospauHpiM Aaf o-uacTul. Hao6opor, aas uamepenusi /
NPOH3BOJHJICA MOJCYET CUHHTHJJMALNH, KOT[a OTBEpPCTHEe OLlI0 CBO-
Gonno, a xonbuo AA’ sakpniTo. Tak Kak B 3TOM cJyuae YHCJIO
CHHHTHJJIALHMH ObLIO OUEHb BEJHKO, TO JJIS €ro YMEHbIIEHHS fmepes
3KpaHOM S yCTaHaBJHBAJCA BpAaIAOWHACA AHCK C Y3KHM BhIpe-
30M, 3Has LWIMPHHY BbIpe3a H COCUHTAB YHCJO CUHHTHJIJAUMH, MOXK-
HO BbIYMCAHTL /. UsABMK Hawen Aaa niatiubl Z = 77,4, cepebpa
Z =46,3, menn Z ==29,3. ATOMHHE HJH TOPAAKOBBIE HOMEpPA 3THX
3JIeMEHTOB B MEPHOJHYECKOH CHCTEMe
MenjgeneeBa paBHB COOTBETCTBEHHO
78, 47, 29. Tem caMmbiM OBl NOJA-
TBEPXIEH yXKe H3BECTHBIH pe3yJbTar,
BIepBble  yCcTaHOBJAeHHBIH  Mo3su
(1887—1915), uro 3apsan agpa Z cos-
najaeT ¢ aTOMHBIM HOMEPOM 3JeMeH-

ta (cM. § 48).
8. BepueMcs cHOBa K MoJiesid ato-
Puc. 19 Ma, oBocnoBannofi omnbltaMu Pe3sep-

dopra. Moryr aM atoMHoe SAAPO H
OKpy:Kawollas ero aJekTponHas o0o/0uyka 06pasoBaTb YCTOHUHBYIO
CHCTEMY, KaKoH, HecOMHeHHo, siBjsercsl atoM? Ecau 6b 370 6blI0
BO3MOXHO, TO 3TH YaCTHLbI He MOIJM Obl HaXOAMTLCH B TMOKOe.
B nporuBHOM -ciiyuae fiogyuusaach OB 3JeKTPOCTaTHYECKas CHCTeMa
(IpakTHYECKH) TOUEUHBIX 3apAL0B, MEXKAY KOTOPBIMH OelcTBYIOT
KYJIOHOBH CHJIbI, @ TaKasi CHCTeMa, CorJacHo TeopeMe MpHuoy (cM.
1. III, § 9), HeycrofiuuBa. KysoHOBBI cusabl MeHAOTCH O6pPATHO
MpONOPUHOHANBbHO KBaJpaTy PACCTOSHHA MEXK/Ay B3aHMOJHCTBYIO-
WwHMH yacTHuaMu. Ho Tak Ke MeHAIOTCS TrpaBHTAUHOHHBIE CHJTHI
MeXAY TeJaMH IVIaHeTHOH CHCTeMBl. YCTOHYHBOCTHL NJIaHETHOH CH-
cTeMbl ofecreunBaercs BpalieHneM mnuaneT Bokpyr Coanua. Ilo-
stoMy Pesepdopa ecrecTBeHHO INpHLIeN K naanerapHoti modeau
aroma, B KOTOPOH 3JEKTPOHBl BpallaloTcss BOKPYr fapa.

OnHako, COTJIaCHO KJacCHUecKoH 3JeKTpOJHHAMHKE, NPH [BH-
XKeHHU 3apsjfa MeHsieTcd H /JeKTPOMAarHHTHOe [oJie, HCTOUHHKOM
KOTOpOro siasieTcs 3apsii. B uacTHocTH, ssexkTpuueckuii 3apsao,
dsuncyuyulica YCKOPEHHO, U3ay4aeT 3AeKTPOMAZHUTHbLE 80AHbL. Bpa-
waromnics 3JeKTPOH HMEeT YCKOpEHHe, a MOTOMY JOJIKeH Hempe-
PLIBHO H3JayuyaTb. Tepsis SHEepPTHIO Ha H3JydyeHHe, JeKTPOH Hempe-
pBIBHO NpHOAMKaJcA Obl K AApY W B KOHIE KOHUOB ynmaJ Obl Ha
Hero (cM. 3ajauy 4 K sTomy naparpadly). Takum o6pasom, uH npu
HAJHUMH JBHXKEHHS [OJyyaeTcsl HeycTowyueas MOJedb aToMa.
MoxHo Obl10 Obl IPEANOJIOKHTh, 4TO 3akoH KynoHa H mpouue 3a-
KOHBI, ONpe/Ie/isioliHe 3JeKTPOMarHHTHOe MoJe B 3JeKTPOJAHHaMHUKe,
HapywWaioTCcs B cJyyae 3JeMEeHTapHLIX 4YacTHIL H MaJjblX paccTosi-
HHul. MoXHO 6blo Obl yyecTb siAepHble CUJIBI U BBECTH HEU3BECTIIbIE
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HAM THNOTETHUECKHE CHJbI, 06eCreuynBaioliHe YCTOAYHBOCTL aTOMa.
Ho u 3to He cnacaer mojoxenns. KakoBel 6bl HH ObIJH CHJBI, CO-
raacHo O6IIMM UPHHLHMMAM KJIACCHYECKOH MeXaHHWKH CIeKTp H3Jy-
YEeHUH aTOMa AOJKEH COCTOSITh M3 HECKOJNbKHX OCHOBHBIX 4YacTOT
H COOTBETCTBYIOIHX UM 06epToHOB, ONBIT NPHBOAHT K COBCEM HHOH
3aKOHOMEPHOCTH, BbIparKaeMOl KOMOUHQYUOHHbIM npuryunom Pur-
ya (1878—1909) (cm. § 11). IlpuxoauTcs KOHCTATHPOBATb, 4TO
KJacCHYecKas MeXaHHKa K 3JEeKTPOJMHAMHKa OKa3aJHChb He B CO-
CTOSIHMH OODBACHHTD CHUW,eCTBOBAHUEC ATOMOB KaK YCTOHYMBBIX CH-
cTeM aTOMHBIX siiep M 3JeKTPoHOB. Pemenne 310l npobaemsl Hbl10
NOJIYYEHO TOJIBKO B PAMKAX KBAHTOBOH MeXaHHKH.

SALAYHU

1. Ha xakoe paccrosiHue r npu JOGOBOM CTOJKHOBEHHH MOTYT COMHKATBCH
UEHTPH Q-4acTHUB ¢ 3HeprHefi & == 6 M>3B u HenmomsHxkHoOro siapa 3onora? 3a-
psn siapa sonaota Z = 79.

OrBetT. r=2Ze%& = 3,8-10-12 cm.

2. Onpesenuth ceueHHe AC pe3epdOpIOBCKOTO PacCesHHs (-4YaCTHULI HA. ATOM-
HOM siipe Ha YroJ paccesiHus, npeBbiaoWui ¢

OTBerT. . 8
Ao = 4n (-Z-‘f—) clg? 5. (9.5)

mo?

3. B onbiTax no paccesHHIO -YaCTHIL NPHMeHs/Iach NiaTHHOBas ¢dosbra ToJ-
wuHoi 6 = 8.10-5 cm. [Tpober a-uactuuwl ot paius C’ B Bo3ayxe (mpu 15°C u
daBnaeHud 760 MM pT. cT.) okasaJjcs paBHeIM 6,96 cM. M3 rpacduka, Bbipaxaio-
LeTo COOTHOLIEHHE MeX1y NPOGeroM H KHHeTHYeCKOH 3Hepried & o-4acTHIH,
MOXHO HaliTH, uto & =& 5,9 M3B. OnpegenuTs OTHOCHTENBHYIO AOJIO CL-YACTH!,
pacceHBaBIUIMXC Ha yroJj, npessituapowuii & = 90°, ITnotHoCTh nAATHHEL p =
= 21,5 r/cM?, 3apsa aapa Z = 78, atoMHas Macca A = 195,

Pemenue Cornacio ¢opmyne (9.5) nonepeyHoe cedyeHHe paccesiHHA B
yran & > n/2 onpenesisieTcs BhHpajXkeHHeM

AG =2n (Ze*&)?,

TaK Kak KHHEeTHUecKas 3Heprus o-uactHubl & = mu?/2, Uucio pacceHBAlOIIHX
sigep B Qombre N = S8n, rae S — nonuas muowanb Gosbrd, a n-— YHCAO Hjaep
B eaunHle of6beMa. Ha omno saapo npuxonutess miaowanb s = S/N = 1/8n)
B yran ¥ > n/2 nonajalorT @-4acTHIBL, paccedBalolliiecs TOJMbKO B pe3yJbTaTe
e/lHHHYHBIX AKTOB CTOJIKHOBEHHsA ¢ siApaMH. TakWe CTOJIKHOBEHHS He3a8UCUMbL
[TosToMy OTHOCUTeJBHAst AOJS YacTHI, pacCeMBaeMbIX B TakHe YrJbl, Gymer

Ao Ze? \2
—S—=2n( & ) on

Moacrasass cioga n = pNa/A, rae Ni— nocrosiHHas ABoraapo, noayuum

Ao Ze* \2 p 1
-—S_=2n( & ) I A =g500

4. Yepes kaxo# NPOMeKYTOK BpeMeHH { 3JieKTPOH, BpAIUAIOLIHACA BOKpYT
NPOTOHA 1O OKPYKHOCTH pajHyca ag = 0,53-10-% cm, ynan Gvl Ha AApO Besen-
CTBHe NMOTepb 3HEPrHH Ha H3JyueHHe, eclH OB K HeMY ObiiH NPHMEeHHMEl KJacCH-
YyecKHe MEXaHHKa H 3JIeKTPOAHHaMHKa?

Pemwenne HecMoTps Ha HanxuHe H3AYYEHHS, NMPH OPHOGNHIKEHHOM BLIYHC-
JIeHHH YCKOPEHHs 3JIEKTPOHa MOXHO TMOJB30BAaTLCS (Popmyaoit (vl = v¥/a, rae
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a — nepeMeHHOe pacCTOsiIHHE 3MeKTPoHa OT siApa. [Ipn BpallieHHH 1O OKPYKHOCTH
mvila = e*a?, otkyna

mo?  e*
2 2a’
Tonnas sHeprus sJekTpoHa
__ mu? e2 &
T T T T e

[oTeps sHepruH Ha u3jnydeHHe B €NHHHUY BpeMeHH
d& 2 e -, 2 e? vt 2 e?

T TIFY I F S mea

Moacrasub cloaa BepaxeHHe aad &, noayudv

d ( 1 ) _ 4 et

dt \a/) 3 m?at’
e4
m2¢?

OTKyj4a

ag—.a3=4 £

[onaras spech a = 0, HaXOAUM HCKOMOe Bpems NaACHHA:

t=m2c3ag/4e4= 1,6 - 107" e

§ 10. Onpenenenne 3apaja aapa
H3 paccesiHUA PEHTIEeHOBCKUX Jiyuel

. B § 3 npu paccmoTpennu paccessHHsl PEHTreHOBCKHX JYy4de
112 cBOOOAHBIX 3JEKTPOHAX Mbl HHTEPECOBAJIHCHL TOJbKO H3MEHEHHEM
IJHHBl BOJHB B 3aBHCHMOCTH OT yraa paccesHus. [as pemenuns
3TOro BOIPOCA Oblila LOCTATOYHA MPOCTAsi KBAHTOBASI TEOPHS, OCHO-
BAHHAsl TOJbKO HAa 3aKOHAX COXpaHEHHs SHEPTHH H uMnyJnca. Ecan
xKe TpebyeTcst Oonpefe/iHTh HHTEHCHBHOCTb H NMOJIAPH3ALHI0 PAaCCesiH-
HOTO H3JIyUeHHs] B Pa3/IHUHLIX HAMPAaBJEHHAX, TO HEOOXOAHMO YyiKe
N0JIb30BATbCA MOJIHOH CHCTEMOH YPAaBHEGHHH KBAHTOBLIX 3JIEKTPO-
IHHAMHKH H PeJSITHBHCTCKOH MexaHHKH. FIMeHHO Tak Takas 3ajgaua
6uiia pemena O. Kuoefinom (1894—1977) u Hummnod (1890—
1951) B 1929 r. u Gonee ctporo U. E. Tammom B 1930 r. Pacemor-
peHHe 3TOro BOMpoca AaJjeKo BLIXOLHT 33 PaMKH HACTOSALLETO py-
koBojacTBa. OIHAKO H NPOCTast KJIaCCHYCCKAS] TEOPHSA MPHBOAHT K
NPaBHJBLHOMY pe3yJbTaTy B Npefes]bHOM CJYydae, KOrja 3HEprusi
najawliero KBaHTa Av MaJja N0 CPaBHEHHIO ¢ COOCTBEHHOH 3Hep-
THe#l 3JeKTPOHA MmeC? (HJIH, YTO TO Xe caMoe, KOTAa [JIHHA BOJIHBI A
BeJIHKA M0 CPABHEHHIO C KOMNTOHOBCKOH IJMHOH Ag [Jis1 3JIEKTPO-
Ha). Taxoll cayyall mpelcTamisieT Onpele/ieHHBIH HHTepec, TAK KakK
IJIsl JIeTKHX 3JEMEHTOB OH JaeT He3aBHCHMLIH MeTOX OmpeaeseHHs
3apspa sapa Z. PaccMOTPHM 3TOT BONPOC IIPH YKAa3aHHOM YCJIOBHH,
yT0 Av & mec%. OHAKO PEHTreHOBCKHE KBAHTHl GyAeM MNpeanoJa-
ratb BCe K€ HACTOJBLKO KECTKHMH, YTO HX SHEpPrusl BeJHKa IO
CPaBHEHHIO C SHeprHed. CBA3H 3JEKTPOHOB, TaK UTO 3JEKTPOHKl MO-
TYT CUUTaThCsl CBOGOAHBIMH. Y IOBJETBOPUTH OGOHM YCJOBHSM MOXK-
EO TOJILKO AJIs1 Ae2KUX IAEeMEHTO8,
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2. CBo6oaHBIH 3J€KTPOH B MOHOXPOMATHYECKOM 3JEKTPHYECKOM
noje E = Ey cos @f moayuaeTr yCKOpeHue

= —le/m)E = — (e/m) E, cos ot

(ecoin mpeHeOpeub aeficTBueM MarHuTHOro noJs). CorsiacHo Kaac-
CHUYEeCKOH 3JIeKTPOAHHAMHKe TAaKOH 3JIEKTPOH H3JydyaeT, Tepss 3Hep-
THIO B BHJE PacCesiHHOrO H3JyuyeHHsl, DHeprus, pacceHBaeMas 3JeK-
TPOHOM B eJHHHIY BpeMeHH, NAeTCH BBIPa)KEHUEM

et
e _LC L & p2.5s2
x a5 £ cos? ot

(em. 1. II1, § 141). CpenHee mo BpeMeHH 3HAaueHHE 3TOH BENHYHHEI
paBHoO
a& 1 e
T Tdf T3 mit

PaccesnneM Ha TsXe/bX aTOMHBIX SpPax MOMKHO MOJHOCTBIO Mpe-
He6peub, TAK KaK B 3TOM CJydae B 3HaMeHaTesab nociaeiHed ¢op-
MyJE BoHjeT O6osbllias BeJqHYHHAa — Macca 3apsXKeHHOH YacCTHIBI
B KBajpare.

Ecau napalouiasi BoJHA NJAOCKAfA, TO IJOTHOCTh MOTOKA 3JeK-
TPOMArHUTHOH 3HepPrHH uHcJaeHHO paBHa Bektopy [loifiHTHHra

EZ.

— ¢ — C e p)
S= y™ EH = e E? cos® wt.

P 2
Ee cpenHee 3HaueHHe 1o BpeMeHH S=(c¢/8xn)E;. Pasgenus cpen-
HIOIO pacCeHMBaeMYI0 SHEPTHIO Ha S, NOJYUHM HOAHOE HOnepeqnoe
cedenue paccearus Ha cBOGOIHOM 3JEKTpOHe:

8n et

, - 2
Op = T;z—ﬁ? =0,6652448 (33) - 107" cm". (10.1)

drta ¢opMysaa Obljia MosayyeHa ellle TOMCOHOM Ha 3ape SJEKTPOH-
HOH Teopud. BesuuHHA Or HA3BIBAETCH TOMCOHOBCKUM MNONEPEHbIM
ceweHuem pacceanus 042 3aekTpora. Ee MOXHO npeacTaBuTh B BHAE

oy = %’"2’ (10.2)
rle re— TaK Ha3biBAGMBIH KAQCCU4eCKUli paduyc 3A4eKTpoxa:
ro==€%m.c?==2,8179380 (70) - 107" cm. (10.3)

Cornacuo (10.1) 4HTEHCHBHOCTb paccesiHuss B PEHTI€HOBCKOH
06J1acTH CIeKTpa COBCEM He 3aBHCHT OT YaCTOTH Malaloulero Hs-
Jdyuenus. Hanporus, B ontuyeckofl 06J4aCTH WHTEHCHBHOCTH CBeETa,
paccessHHOTO aTOMaMH H MOJEKyJaMH, a TaKxe JIOGHIMH MaJbIMH
HEOJHOPOJHOCTSIMH CpPelnl, MPONOPIHMOHAJbHAa YeTBepPTOH CTeleHH
yactorel (cM. T. IV, § 98). DTo pasnuude cBA3aHO C TEM, 4YTO. B’
PEHTreHOBCKOH 06/1aCTH CIEKTPa YCKOpeHHe 3JeKTPoHA (a OT Hero
3aBHCHT paccesiHHe) OmpelensieTcs CaMHM 3JEeKTPHUECKHM HOJleM,
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B ontuuecko# ke obaacTH pasMephl aTOMOB H MOJIEKYJ MaJbl MO
CPaBHEHHIO ¢ OJHHOH CBeTOBOH BOJHLL. B mnpene6pexkeHHH pe3o-
HAHCHBIMH 3dheKTaMHu 3[ecb HAaNPSKEHHOCTbIO 3JMEKTPHUYECKOTO
oy OnpefenseTcss AHNOJbHBIH MOMeHT uacTHubl p = BE. Pacces-
HHE Xe NPOMOPLUHOHAJBHO KBaJpaTy ero BTOPOH NPOU3BOAHON MO
BpeMeHH, T. €. YeTBepTOH CTelMeHH YacTOTHl ®. To Ke OTHOCHTCHA H
K HeOJHOPOLHOCTAIM Cpelbl, €CJAH TOJNbKO HX JIHHeHHBle pasMephl
MaJibl 10 CPABHEHHIO C A

Tounas ¢opmyna Kiefina — HHIUHHE 1011 TOJHOTO CeueHHS
KOMITOHOBCKOTO paccesiHHsl Ha HENOABHAKHOM cBOOOJHOM 3JIeKTpo-
He HMEeT BHI

o _3fldy ity _
E’I‘_——"‘{ Y3 [ 1+ 2y ln(l+2Y)]+

1 1+ 3y
rie y = hv/m.c* — OTHOLIECHHE 3HepPrHH Najaollero KBaHTa K sHep-
CHH TOKOS 3JeKTpoHa. PopMyJsa 3Ta XOPOLIO COrJIacyercsi ¢ OMBIT-
nbiMH AauubIMH. [To cpaBHennio ¢ dopmyaoii Tomcona (10.2) oua
JaeT MOHOTOHHOe yOEIBaHHe ¢ C BO3DACTaHHeM SHepPrHH Najaloulero
KBaHTa. DT0 y6biBaHHe HJIIOCTpHpyeTcs Tabuuuei 1. Makcumasb-
HOrO 3HaueHus ¢ gocturaer npH y — 0. OHO paBHO oOT.

Ta6bauuga 1

ﬂonepeqHOe CEYECHHE KOMNTOHOBCKOr0O paccedHHuda
NPH PA3NAHYHBIX IHEPrudX NEPBHUHBIX (pOTOHOB

v alar v o/aT
0,05 0,913 5 0,191
0,1 0,84 10 0,123
0,2 0,737 20 0,0754
0,33 0,637 50 0,0376
0,5 0,563 100 0,0215
1 0,431 200 0,0122
2 0,314 500 0,00556
3 0,254 1000 0,00304

3. IlepefineM Temepb K paccesiHHIO Majawoollero Iyuka peHTre-
HOBCKOrO H3JIyueHHSI BceM aToMOM. B ciyuyae [1OCTaTOYHO XKecT-
KO0 H3JIyYeHHS 3JEeKTPOHB aTOMHOH 0060J0YkH OYAYT pacceHBaThb
5TO H3JIyUEHHE HEe30B8UCUMO, T. e. HekozepenTHo, Tem Oosee 3to 6Y-
€T CIOpaBelUIHBO JUI 3JEKTPOHOB PAa3jHUHBHIX aTOMOB. 3aMeTHB
3TO, PacCMOTPHM TNapaJjiesbHBIl NYY4OK PEHTreHOBCKHX JydyeHd C
eIHHUYHOH MJIOLLAJbl0 NONePeyHoro ceueHus, pacnpocTpaHsouiics
B HampaBsJeHHH ocH X. Mexjy JBYMf MNONEPEUHBIMH CeUeHHAMH
3TOr0 NyuKa ¢ KOOPIHHATAMH X H X -+ dx HaXOAUTCA n dx aTOMOB,
rfile n— YHCJO aTOMOB B enuHuue ob6bema. Ecmu atoM HefiTpaned,
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TO B HEM COJEp:KHTCS Z 3JeKTpoHOB. B ednHuuy BpeMeHH OHH pac-
CeuBalOT 3HepTHIO Zo/, a 3JEeKTPOHHI BCeX n dx aTOMOB — 3HEPTHIO
Zoln dx, rie | — uHTeHCHBHOCTL Majawoollero myuyka. Ms-3za Ttakoro
paccesiHHsl HHTEHCHBHOCTb MYy4Ka yMeHbllaeTcs Ha [« dx, Trlle » Ha-
3LIBACTCH KOIPPuUYUEHTOM paccesarus U ONpelessieTCsl BhlpaXkeHHeM

n=onl. (10.5)

OcsnabneHne my4YKa MPOUCXOAHT HE TOJBKO H3-3a PacCCESHHS, HO
H H3-3a n02A0ujeHUs PpeHTreHOBCKHX Jydell. [lorsouienme compo-
BOXKJAAeTCs BblAE/IEHHEM Tensa BHYTPH Tesa, TaK YTO OHO MPHHIH-
NHajJbHO MOXET OBbITb OTAeNeHO OT paccesHua. CaM Ko3duLHeHT
paccesiHua % NPONOPUHOHAJEH A, T. e, IJIOTHOCTH p TeJa. [TosTomy
Ha ONbiTe LeJecoobpa3Ho H3MepsiTb OTHolleHHe x/p. QueBHIHO,
p = nAmy, TIe my-— Macca aToMa BOJOpoAa, A-— OTHOCHTeNbHAas
aTOMHAas Macca pacceuBaioliero BemectBa. HMcnoabsysa Ans o TOM-
coHOBcKoe 3HaueHue (10.1), HeTpyaHO MONYYHTD
% or Z VA
= m—l = ~ 0,40 — cm?/r, (10.6)
Haiigennas Ha onblTe BeqHdHHa x/p OKasanacb IJs JETKHX 3Je-
MEHTOB He 3aBHcsllefl OT AJHHBL BOJHB H PaBHOH NPUOJIH3HTENLHO
0,20 cm?/r. Hcnoab3ys 310 3Hauenue, u3 (10.6) nonyuaem Z/A ~
= 1/2, 1. e. y Jerkux 3JeMeHTOB (32 HCKJIIOUYEHHEeM BOJ0pOJa) 3a-
pALoBOe YncJo Z (YHCJEHHO COBMAjaloliee ¢ NOPAAKOBHIM HOMEPOM
3JleMeHTa) PaBHO NPUOJH3NTENBHO NOJOBHHE MacCcoBOro umcaa A,
910 HefCTBHTEbHO NPHOJIHKEHHO ONpaBILIBAETCH B Hagaje [e-
PHOLHYECKOH CHCTeMBl 3JeMeHTOB. PU3HYecKasi NPHYHHA TAKOH 3a-
KOHOMEDHOCTH H OTCTYNJEHHH OT Hee OyJICT BHISICHEHA NPH H3ydYeHHH
aTOMHOTO s14pa.

§ 11. CnekTpajbHblie 3aKOHOMEPHOCTH

1. HaxgaseHHble TBepAble TeJla HCHOYCKAIOT CHAOWIHble CHACKTPbL.
Y rasoB (Hapsay co cnjoumHo# o6aacTbio) HabaioLanTes AuHelya-
Tble H n0AOCATble CeKTpel. JIMHeHUaTBIl CIEKTP COCTOHT H3 psia
3aKOHOMEPHO DAacHOJOXKeHHbIX 6oJee HJIH MeHee Y3KHX CNeKTpaJb-
HHIX JHHUHA. ‘B noJsiocaToM cnekTpe MOJOCH KaxyTCAd CINJOUWHBIMH
npu HabJIOACHHH B CNIEKTPOCKON MaJoH paspewatomeft cunsl, [lpu
NPUMEHEHHH CNeKTpaJbHOrO anmnapara BLICOKOH paspeliamiied
CHJIBl OHH pacnajalioTCs Ha MHOMKECTBO TECHO DAacCroJoXeHHBIX
CNEKTPAaJbHBIX JIHHUA,

K wagany 20-ro Beka OblJIO BHISICHEHO, UTO AUHEl4ATbIe CHEKTPbL
2a308 UCNYCKAIOTCA ATOMAMU U UOHAMU, G NOAOCATbIE — MOAEKYAQ-
mu. [ToaToMy HX HA3HIBAIOT TaKXKE QTOMHbLIMU H MOAEKYASPHbIMU
cnekTpamy, ATOMHBEIAl CHeKTp BoZopola YAaeTcsl Haba01aThb OpH
3JEKTPUYECKOM pa3palle B BaKYyMHOH BOJOPOAHOH TpyOKe TOJBKO
Torfa, Korga OoJsibilasi YacTb MOJIeKyJ BOAOPOAA AUCCOLMHPOBAJA
Ha aTomel, Ho B mapax Mofa moJocH MOJEKYJAPHOr0 CleKTpa B
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OCHOBHOM HCU€3aI0T YyXKe B MpolLecce JAUCCOUMALNH MoJiekya . Ha
atoMul [

Hanuyne MHOTHX CNeKTpa/bHBIX JHHHI aToMa yKasnBaeT Ha
CJI0XKHOCTb €ro BHyTpeHHeH cTPykTypel. Heyausuresnsho, uto Gora-
TeHINH MaTepHan, HaKOMJAEHHbI SMIHPHYECKH [IPH HU3YyYEHHH CIIeK-
TPOB, NOCAYXHJA B 20-M BeKe OCHOBHBIM (DYHIAaMEHTOM, Ha KOTOPOM
pa3BHiach TEOPHS CTPOEHHSI aToMa.

IlonoxeHnne crmekTpanbHOit JMHHM B CIEKTPE XapaKTepU3yeTCs
Oaunoli s8oaHel L MR wacroroil v = c/Ah. YHactora Gosee ymobua
AJs1 BBIpaXKeHHs CNEKTpaJbHBIX 3akoHoMepHocTeH, Ho ass ee BHI-
YHCJIEHHS HaA0 3HaThb CKOPOCTb CBETa €, a OHAa OblIa H3MepeHa
C HEJAOCTAaTOUHOH TOYHOCTBIO, BO BCSIKOM cllyuae A0 CaMOTO MOCJIeA-
Hero BpeMeHd. [{nuHa ke BOJIHBL A H3MepseTCH CHEKTPaJbHBIM an-
NapaToM C BBLICOKOH TOYHOCTbIO — IO CeAbMOrO JeCATHYHOTO 3HaKa
# Buiue. [TosaToMy BMeCTO v CHEKTPOCKONMHCTHI ynoTpebJsiloT Tak
Ha3bIBaeMOe CHEKTPOCKORUYECKOEe BOAKO80€ HUCAO V. DTO €CTh HHC-
'JI0 BOJIH, YKJAABIBAIOLIHXCSA B BaKyyMe Ha | ¢M AJIHHHL:

5=1/a1). (11.1)

B cHeKTPOCKONMHH 4aCTOTYy H CHEKTPOCKOMHYECKOe BOJHOBOE YHCJIO
npuHsTO 0603HaYaTh OAHOH H TOH e OyKBOi#l v. Bo usbexanue He-
JopasyMeHHli MBI 3TOrO AesnaTh He GyneM. Hacrtory Gynem o6osua-
4yaTh yepe3 v, a CIEKTPOCKOIHYECKOe BOJHOBOE YHCJIO — Yepes v,
T. €. B NOCJEJHEM CJayuae CTaBHTh HajJ v 4epTouky. Bnpouem, BMme-
CTO Vv NpeANOUTHTE/bHEee 110Jb30BaThCsl 0003HaueHHeM 1/A.

2. OCHOBHHIM 33KOHOM CIIEKTPOCKONHH, YCTAHOBJEHHHIM SMIIH-
pudecku B 1908 r., siBasieTcss kOMOUNQUUOHHKbLL npuryun Putya.
On COCTOHT B TOM, 4YTO Bce MHOT00Opa3He CIeKTPaJbHbIX JHHHH
paccMaTpHBAaeMOro aToMa MOXKeT OLITh NOJYYCHO TTyTeM MONapubiX
KOMOHHAIMA ropa3io MeHbUICTO YHC/JA BeJHYUH, HAa3LIBAEMBIX CHeK-
TPAAGHbIMU TepMAMU HIHM COKPalleHHO NpOoCTo Tepmamu, Yacrora
(BOTHOBOE YHCJO) KaXJIOH CIEKTPa/JbHOA JIMHHH BBIPAXKAETCH
pPa3HOCTbIO JABYX TEPMOB:

Qzl/x.—_.—Tm—-T,“. (112)

TeprI NPUHATO CYHTATDL CYLIECTBEHHO NMOJIOXKUTEJNBUBIMU H HY-
MepoOBaTh HX Tak, gTOORl C BO3pacCTaHHeM HOME€pa TepMa ero Be-

1) B mnacToslllee BpeMs NpHBeleHHHE COOOpaXKeHHs YTPaTHIH CBOe 3Haue-
Hye. MeToAaMH HeaAHHEHHOH ONTHKH YHaJOCh HA OfbITEé H3MePHTb YacTOTYy CBETO-
BBIX KOJCOaHH M MPHTOM ¢ TOYHOCTBIO, MPeBHIUAONICH HAMepeHHe AJHHB BOJHN)
B cnekTpockomud. CKOPOCTb Ke CBeTa B BaKyyMe CB3aHa C YAaCTOTOH V W AJHIOH
BOJIHB A cooTHowenHeM ¢ == Av. [loatomy B oxrsibpe 1983 r. T'enepanbnas kon-
depennus nO MepaM M Becam MpHHsJa HOBoe onpepenewde metpa. Ilo sromy
onpelesieHHIo CKOPOCTh CBETa B BaKyyMe NPHHHMaeTcs paBHON

¢ == 2,99792458-10% m/c rouHo.

MeTp XKe onpeielsieTcsi yepe3 pacCTOSTHHe, NPOXOAMMOe CBETOM B BaKyyMe B Te-
yeHHe oAHOH cekynan. [TostoMy B npuHudne 6ri10 Obl 0e3pa3iM4HO, MOJMb3O-
BaThCS M B CNEKTPOCKONHH BeJNMUHHON 1/A Hau BeaHuHHOH c/A.
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JUuHHa yMemnbllajacb. B npusegennofl gopMy.e, HaipuMep, JL0OIXK-
HO OBITh 1y << ng, Tn, > Th, Ecau GHKCHPOEATL 1 W NpuaaBaTh Hy
BCEBO3MOXHbIE BO3pACTAIOUlHe 3HaYeHHs, HAYMHasg ¢ Ng = 1y + 1,
TO NOJYYHTCS CUCTEMa JIMHUH, Ha3biBaeMasi CHeKTPaAbHOU cepuel.
COBOKYNHOCTb CMNEKTpPaJibHBIX CepHuil cocTap/sieT CneKTp paccMar-
pUBaeMoro sjeMenta (atoma).

PaccMoTpuM JABe CleKTpaJbHble JHHHH OAHOH H TOH XXKe CepHH:

{712 = Tn, _— Tnzy {713 - Tm - Tn,;,

peAnosaras, 4To vig = vis (@ cJel0BaTeqabHO, ng => n3). Boiuuras
H3 MEPBOTO PaBeHCTBA BTOPUE, TOJYUHM

Vig—Vis=Tpn, — Th,

Ho 370 ecTb BO/MHOBOE YHCJI0 KaKOH-TO CEKTPAJbHOH JHHHH TOTO
JKe 3JIeMEHTa, IPUHAjJJexallell K CepUH ¢ HauaJbHBIM TepMoM T, .
Takum o6pa3oM, U3 KOMOUHANIMOHHOTO MPUHIHKIA CJAeyeT, YTO pas-
HOCTb 4AcTOT (804HOBbIX wuCen) 08YX CREKTPAAbHbIX AUHUL 00HOL
u Tou ae cepuu aroma 0aeT 4acToty (B0AHOB0€ HUCAO) CREKTPAALb-
HOL AUHUW KaKOU-TO Opyeoil cepuu T020 dce aroma. Brnpouem, Takol
JUHHH MOXKET He OKa3aTbCfl B CIEKTpe, TdK KaK Ha KOMOHHALUH
TEPMOB APyl C APYyroM HAaKJAaAbIBAIOTCS HEKOTOpbIE OrpaHHYeHHSs,
Ha3bIBaeMble npaguiamu orbopa.

3. AHaquTHUeCKHe BBIPAXKEHHS [JIsi TEPMOB [OJaBJISIOLIETO
GOJIBIIHHCTBA 3JIEMEHTOB HeH3BeCTHHl, B syullleM ciydyae oHH mpen-
CTaBJSAIOTCA NPHOJMKEHHBIMH SMIHPHUYECKHMH HJIH MOJYy3MIOHPH-
YeCKHMH ¢opMynaMu. Ilas aTOMOB LIEJOYHBIX METaJJIOB TakHe
tdopMyanl O6yayT npusenensl B § 34. Mckaiouenue cocTaBasieT npo-
CTEHIIHH aTOM — aTOM BOJAOPOAA, COCTOSIIHA H3 OAHOTO HPOTOHA
W ogHOoro 3JjektpoHa. [as aToMa BOJOpPOAA TePM C BHICOKOH CTe-
NeHbI0 TOYHOCTH HUMeeT BH]

R
Tn=—,'l‘zi n=1,23,...), (11.3) .

rae Ry — nocTosiHHAS, Ha3biBaeMasi NOCToAHHOU Pudbepea (1854—
1919) nns Bomopoaa. Ee uucieHHOe 3HayeHHE PABHO

Ry =109678,76 (1) cM~. (11.4)

Takoe »xe BBIpa)KeHHe, HO C APYrHM YHCJCHHBIM 3HAYEHHEM IO-
crosinHoll Puabepra cnpaBeisuBO AJs BCeX H30TONOB BOAOPOAA H
BCEX OJHO3JEKTPOHHBIX HOHOB (cM. § 27).

M3 Bripaxenns (11.3) nyreM koMOHHALH# NOJYYalOTCA CAEAYIO-
lilHe CTeKTpaJbHble CEpPHH:

Cepus Jlaiinana:

v=g=Ru(l =), n=23 4 .. (11.5)

dta cepus ObLia OTKpbiTa Jlafimanom (1874—1954) B 1916 r. B
yAbTpacHONETOBOMH 06J1aCTH CIEKTPA,
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Cepus Baasmepa:
QZ%IRH(%_%), n=3, 4,5, ... (11.6)

Yeroipe nepBble JHHAM 3TOH CEPHH JeXaT B BHAUMOH 06,1acTH
cnekTpa u o6o3HauyaloTcsi uepe3 H,, Hg, H,, H,, ocrajbHble — B
obaactn yabTpaduosera. Ha 3Tux ueTnipex JsuHHAX banbMepoMm
(1825—1898) B 1885 r. u Ouisia BHisiBAeHa 3AKOHOMEPDHOCTD, Bbl-
paxkaemas ¢opmyaol (11.6). C storo Hayasnocp CHCTEMATHUECKOE
HCCJIeflOBAHHEe CIEKTPaJbHBIX cepHH., Mbl PHBOJHM CXeMaTHUECKoe
H3obpaxenue cepun banbmepa (puc. 20). Tabauna 2, B KOTOpO#

He Ha o | Hs
A=656,3 4861 4340 402 3647 H
h Puc. 20

IPUBE/IEHB BHIYHCJIEHHBIE H HAaOJI0AeHHbIE 3HAYeHUs JAJAHH BOJIH A5
nepBLIX AeBATH JAHHHH cepun basbMepa, mokasbiBaeT, ¢ KaKOH Bhi-
COKo#l ToynocTbio (Gopmysa (11.6) corsacyercss ¢ onbiToM. dnuHbl
Ta6anga 2

JIAHHbE BOJAH 6aabMepOBCKOH CepHH BOAOPOAA

A, HM }, uM

Ogoana- O6o3na-

n YeHue n YeHHe
BblYHCJEHo | HabGaOAeHo BbiUHCJICHO HaBMI0 eHO

3 Hy 656,279 656,285 8 H; 388,905 388,906
4 Hﬁ 486,133 486,132 9 HT] 383,539 383,540
5 Hy 434,047 | 434,046 ) 10 Hg 379,790 | 379,791
6 Hg 410,174 410,173 11 Hl 377,067 377,065
7 Ha 397,008 397,007

BOJIH OTHECEHBl K BO3AYyXYy, rle OHH OBLIM 3KCIEepHMEHTaJbHO H3-
Mepenbl. [losToMy BbiuncjeHubie no ¢opmynae (11.6) naueb BoJH
OblIH MepecuHuTaHbl /5 BO3JyXa.

Cepus Nawena:

{,=.}{-=—_RH(3L2—-712—) (n=4, 5, 6). (1L.7)

3ty cepuro npelckasan Purtu B 1908 r. Ha ocHoBe KOMGHHAILIHOHHOTO
npuHuuna. Bce JHHUM 3TOH cepuH NOaydaloTcs nyreM KOMOHHaIMI
U3 JauHufl cepun banbMepa. PaccMarpuBaemas cepHs B TOM Xke
rony Onlna obOHapyxeHa [lamenom (1865—1947) B HHdpakpacHoil
o6acTu creKTpa.



§ 1z [OCTYJIATHl BOPA 65

Cepusn Bpakkera:

'O:.%’—:R“(-II‘T——_% (n=5, 6, 7,-.-)- (118)
Cepus [1pynda:
o r (=) w67 i

OTu cepuu JekaT B AajneKoll uudpaxkpacHoil obsactu cnekrpa. OHu
6olsin OTKpHITH B 1922 1, u 1924 r. cooTBercTBenHo. KoHeuHo, cepus
bpskkera nosyuaercs nyrem komOGuHauui u3 Jaunui cepuu [la-
ulena, a cepus [ldynaa (1879—1949) — us nuuuii cepuu Bpakkera.
MakcuManbHas AJHMHA BOJHB /A cepuu JlaliMana noayuaercs
npu n =2. Ona paBHa A =4/3Rn = 121,56713 nm. CooTBeTCTBYIO-
was JIHHUSI HA3LIBAETCS PE30HAHCHOU AuHuell sodopoda. Makcu-
MajibHasg dactora (BOJHOBOE YHCJO) HOJYYHTCH no GopMmyaam
(11.5)—(11.9) opu n = oo. DTa yacToTa Ha3bIBaeTCA 2paHuyetl ce-
puu. laa cepun bBasbMepa, HanpuMep, rpaHulla CepuHH paBHa

v, = Ru/4 =27 419,69 CM‘f Han A, =4/Ru==364,70142 um,

[lpu npubaukeHHH K TIpaHHLe CePHH CIEKTPAaJbHbIE JHHHH Cry-
Ial0TCA — PA3HOCTh AJIHH BOJIH MeXIy HHMH AaCHMITOTHUYECKH
CTPEMHTCH K HYJI0; CTPEMATCA K HYJIO M HHTEHCHBHOCTH JIMHHUH.
3a rpaHulEll CepHH CHEKTP He oOpbIBaeTcs, a CTAHOBHTCH CI.IOUI-
HBIM, DTa 33KOHOMEPHOCTb NPOABJSAETCH B CHCKTPaJbHBIX CEpHsX
He TOJbKO BOLODOJA, HO H APYTHX 3JEMEHTOB. 31eChb TakKxe Cy-
IECTBYIOT TPaHHUB CepHil, 3a KOTOPBIMH CJEAYET CIJOWHON
CIIEKTP.

§ 12. TMocryaats Bopa

1. 3aKOHBl KJ1aCCHYECKOH (DH3HKH, 10 CYNIECTBY, NpHCIOCOOIEHBI
MU OMHUCAHHSI Henpepuisrbix npoyeccos. Mex1y TeM pe3koCTb
CMIEKTPAJIbHbIX JHHHH, HCOYCKAeMBIX aTOMaMH XUMHUYECKHX 3JeMeH-
TOB, YKa3bIBaeT Ha TO, YTO MpoLleccaM BHYTPH aTOMOB CBOfiCTBEHHA
U3BECTHAS MPePLIBHOCTL MM OuckpeTHocTs, Hapsily ¢ Henpepbis-
HOCTBIO JHCKPETHOCTb N0JXKHA ObITb OTpa’keHa B OCHOBHBIX (DH3H-
YeCKHX 3aKOHax, Jto scHO moHsaa Huabce Bop (1885—1962), cdop-
MmysaupoBaBwuil B 1913 r. ABa mocryaara,

1) Arom (4 8cakas aATOMHAS CUCTEMQ) MONCET HAXOOUTHCA He
B0 8CE€X COCTOAHUAX, OONYCKAGMbIX KAQCCUHECKOU Mexanukow, a
TOABKO 8 HEKOTOpbLX U3OpaHHblx (KBAHTOBLIX) COCTOAHUAX, XAPAK-
TepU3YyIOUUXCcs onpedesennbIMU NPEPLIBHLIMU, OUCKPETHBIMI 3HQA-
wenuamu suepeuu &1, &s, &s, ... B arux cocrosnusx, sonpexu
Kaaccuueckoll 3neKTpoduramuke, arom He usdayqaer. [Tosromy onu
HA36IB8QI0TCA CTAYUOHAPHOIMU COCTOSHUAMIU.

KBaHToBas MexaHHKa, NpHIleAlIasd HA CMeHY Teopuu Bopa, aB-
TOMATHUECKH NPHBOAMT K CTAIMOHAPHLIM COCTOSIHHAM C JHCKpeT-
HBIMH YpOBHAMH sHepruu. [IpaBaa, ona AOMycKaeT H CTalHOHAPHbLIE
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COCTOSIHHS C HeNpepHBHBIMH ypOBHSIMH 3Heprud. OHaKO B HOCae]-
HeM cJydae 3JeKTPOHb H fiapa He 06pasyioT CBSI3aHHYIO CHCTEMY.
ITo kpafiHeil Mepe HIEKOTOpPHe H3 HHUX IBHXKYTcs HHUHHTHO. B aTo-
Max e H MOJEeKyJaX COCTaB/fIOIMHe HX 9YaCTHUBI CBS3aHH, T. e.
IBHKYTCA (QUHHTHO. B 3THX ciyyasix sHepreTHYeCKue YDOBHH JHC-
KpeTHH, Kak Toro H TpefyeT mepBel mocrysnat bopa (cm. § 13,
OyHKT 3, a takxe § 22). Onnako, KaK yxe GbJIO YIOMSHYTO BHILIE,
nocryJjar bopa B KBaHTOBOH MeXaHHKe He SIBJSETCS HE3aBHUCHMBIM
yrBep:kaeHHeM. OH siBAsieTCSl CJEJCTBHEM OCHOBHBIX [PHHIIHMIOB
KBAHTOBOH MeXaHHKH.

Cam Dbop nepBOHayaJbHO NpPHHAJ, YTO ABHIKEHHE 3JEKTPOHOB
B CTAllUOHADHBIX COCTOSIHHSIX ATOMOB XapaKTePU3YeTCs TEMH Ke
MOHATHAMHU M BeJHUYHHAMH, UTO W ABHXKEHHE 4YaCTHL, B KJjaccHue-
ckoff Mexauuke. VIHBIMH CJIOBAMH, OHO NPOHMCXOIHT IO ONpeleneH-
HBIM TPAaeKTOPHAM H B KaxJbIi MOMEHT BPeMeHH XapaKTepH3yeTcs
onpeje/eHHBIMH 3HAUEHUSIMH KOODAHHAT H CKOPOCTEH 3JIEKTPOHOB,
Takasi Toyka 3peHHS HECOBMECTHMAa C OCHOBHBIMH [PHHLHNAMH
KBAaHTOBOH MexaHUKH. KBaHTOBasi MeXaHHKa OTBepraeT NpeJCTaB-
JleHHe O TPAEKTOPHAX, MO KOTOPHIM SIKOGH ABHKYTCA 3JEKTPOHBI H
npyrue mukpouactuunl (cM. § 20). ITostomy MHI, NpHHHMAas mnep-
BuIll moctysnat Bopa, 6yaeM XapakTepH3oBaTh CTalHOHApHbIE CO-
CTOSIHUSL TOJIBKO 3HAUEHHSIMH 3HEPTHH, HO He 6yaeM BBOJHTH HHKA-
KHX HArJsHBIX TPeACTaBJEHH! O ABHIKEHHH 3JeKTPOHOB B aToMax.

2) Hpu nepexode u3 CcTayUOHAPHO20 COCTOAHUA ¢ 6oabuiel
anepeueti &n, 8 CTAYUOHAPHOE COCTOAHUE C MeHbuiel auepauell
&, onepeus aroma usmensercs Ha &n,— &n. Ecau taroe us-
M@HEHUe NPOUCXOOUT U3-3G USAYHEHUs, TO NpPU 3TOM UCRYCKAETCSH
0Qun oTon ¢ anepeuel:

hvesho=&,, — &, (12.1)

Takoe e COOTHOIIEHHE CHPABEAJIHBO M JJsA CJaydast MOrJIOIIEHHS,
KOrza najaiomuil (GOToH MEepeBOJHT aTOM C HHU3LIErO 3HepreTHye-
CKOro ypoBHA Ha OoJjiee BBICOKHfl, a caMm HcuesaeT. COOTHOIIEHHe
(12.1) uaseiBaercs npasuaom 4acror bopa.

2. TakuM o6pa3oM, aTOMHAs CHCTeMa NMEpPeXOAMT H3 OAHOro CTa-
L{HOHAPHOrO COCTOSIHHA B JApyroe cxa4xamu. Takdne CKAayKH Hasbl-
BalOTCA KBQHTOBbMU. UTO NPOHCXOAUT ¢ CHCTEMOH BO BpeMs
cKayka, T. €. MeX/Jy ABYMS MOCJQIOBATEIbHBIMH CTAaLlHOHAPHBIMHU CO-
CTOSIHHSIMH, — Ha 3TOT BONPOC TeopHsl Bopa He maBasa orsera. He-
KOTOpBle BenyliHe (QH3HKH CUMTAJH NOAOOHBIE BOIPOCH NPHUHIHIH-
aJbHO HE HMMEWONIMMH CMbICTa, TaK KakK (MO HX MHEHHIO) OHH He
JIOMYCKAIOT 3KCMepUMeHTa bHOH mpoBepKd., OHH BBIABHraJd B Ka-
yecTBe TeOPeTHKO-NO3HABATENBHOrO NpHUHIHIA Tpe6oBaHHe, YTOOHI
HAYKAa He IBITAJaCh ONHCHIBATH ABJEHHA NPUPOAH crnocobamiu, He
IOMYCKAaiOUWHMH 3KcnepHMeHTanbHOf npoBepku. Hayka ponxkua
ONEepUPOBATL TOJNLKO TeM, YTO NMPHHIMIHAJILHO LOCTYMHO Habmiofe-
uno, Ho B Takoh o6mel dopMyaupoBke 3T0 TpeboBaHHE COBep-
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WweHHO OeccoepKaTe/lbHO, H3 HEero Heab3si NMOJAYYHTh HHYEro Ho-
poro. OHO noayuuso 6vi cogepikanue, ecau Obl OBLIO YKa3aHo, 4TO
NPHHUHIHANBHO AOCTYNHO HAOJIOACHHIO, a4 YTO NPHHUUIHAJBHO He-
noctynHo. Ho HHKakoro ofllero KpuUTepHus AJjs pelleHHusi 3TOro Bo-
npoca 3apaHee yKasaTb Hesnb3d. Ha 3TOT Bomnpoc MoMKer OTBETHTh
TOALKO TEOpus, a NPaBHUIABHOCTb MOCJeAHeH KOHTPOJHPYETCs Ollbi-
toM. Pasinynele TeOpuH OTJAHYAIOTCS OZHA OT LPYrod, Mexay Mpo-
YHM, TeM, K4K OHH pellaloT NocTaBaeHHBIA Bonpoc. OTKa3 TeOpHH
Bopa or oTBera Ma Bompoc, YTO NPOHCXOAHT BO BpeMsi KBAHTOBOTO
CKauKa, YKa3blBaeT Ha ee HEAOCTATOK, Ha ee HenoJsHoty. OaHakKo
ecu Obl TeOpHSA OTKA3aJach OT PACCMOTPEHHS KOHKPETHBIX SIBJEHH
JI0 pellleHHs] 3TOro BOMpOCa, TO OHA BHE BCAKUX COMHEHHH OKasa-
Jgack Obl GecniofHOH, 31ech AeJo OOCTOHUT TaK Xe, KAK C 3aKOHOM
BCEMHPHOro TAroTeHuss. HBIOTOH NMOTOMY JOCTHT ycriexa, 4YTO OH
COCPEeLOTOYUJ BHHMAHHE HA BBIBOJE KOHKPETHBIX CJAEACTBHI H3 yKa-
34aHHOTO 3aKOHA, COBEPUICHHO OCTAaBHB B CTOPOHE BOIPOC O (PH3HUe-
CKOH NPHpPOJE TATOTEHHS.

3. BO3MOXHBl H MHO20(OTOHNbIE NPOYECCHl, KOTAA NEePEeXOn aTo-
Ma C OJHOTO YPOBHS Ha APYrOH CONPOBOXKAAETCS HCIYyCKaHHEM HJIH
[OIJIOLILEHHEM He OJHOTO, a Cpa3y HecKOJbkHX ¢oToHOB. Ho Takue
npouecch Heaurnernol. OHH MOTYT NPOHCXOJAHUTH TOJbKO B CHJBLHBIX
I0JI1X, HanpHMep B TaKHX, KOTODble BO3HHKAIOT B THTAHTCKHX HM-
nyJabcax JjaszepHoro HajayueHus, Mx Mbl paccmMatpuBath He Bynem,

HakoHell, BO3MOXHBI W 0e36i34y4aTeAbHble nepexodst, KOTIAa
SHeprusl BBLAEJAACTCS HJH NOTJOULAeTCs, HAIPUMED, HE B BHAE CBeTa,
a B BHJe Temsaa, ATOM MOXKET COBEPUIHTBH NepeXO] C OJHOro ypOBHS
Ha JApyroii He 00f3aTeJbHO B Pe3yJbTAaTe H3JAY4YEHHS HJIH IOIJO-
meHusl QOTOHA, a, CKaXeM, B Pe3yJbrarTe CTOJKHOBEHHS C APYroi
yacTUIeH.

4. TlpaBusio yacror bopa (12.1) obbsacHsieT KOMGHHALHOHHBIMH
npuHuun Purtua. Ms Hero 47151 CneKTpOCKONHYECKOro BOJHOBOTO YHC-
na v=v/c noayyaercs

1 &, &,
CpaBuHuBasi 370 cooTHolllenHe ¢ (11.2), naxoaum
T,=—&,/ch. (12.3)

Tem caMbiM packphiBaeTcAd (H3HYECKHH CMBICT CHEKTPaJbHBIX TEp-
MoB. OHH OnpeaensioTCst SHEPTeTHUECKHMH YPOBHSIMH aToMa.
CTaHOBHTCA INOHATHBIM M JAPYrOoH 3KCIEPHMEHTAJbHBIN pe3y/b-
tat. EcaH B cHeKTpe H3/YyYeHHs aTOMapHOro BOJOpoAa HabJIo-
naetcsi cepust JlafiMana, To HaOMOAAIOTCA U BCe NPOYHE CNIEKTPaJib-
uele cepun: BambMepa, [lamena u np. Hanporus, B cnektpe nor.o-
LIeHHS HeCBETALerocss aToOMapHoro BoJgopoaa Hab.iofaercd TOJABKO
cepusi Jlafimana, a Bce mpoude cepuH He HabmopawoTcs. Jeno B
TOM, YTO [/ TOSIBJIEHUS B CIIGKTPe H3JyyeHHsl cepun Jlafimana
Heo6XOAMMA 9HEPTHA, AOCTATOYHAA [AJA ylajJdeHHsd 3JeKTpPoHa
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C CaMoOro HU3KOrG 3HepreTHuecKkoro ypos#s. [Ipu atom Moryr Bo3by-
XJATbCH U BbIllesexalllie 9HepreTHYecKHe YPOBHH, T. €. YIAJAThCA
9/JCKTPOHBl C HHX, TAK KaK MJIs 3TOro TpelyloTcs MeHblliHe 3Hep-
rud. B pesyabrate cTaHYT BO3MOXKHBIMH MEpexO/bl MeX1y BCEBO3-
MOXKHBIMH JHEPTeTHYECKHMH YPOBHSIMH, T. €. B CIIEKTpe H3JyYeHHS
NOABATCS BCEBO3MOXKHbIE CHEKTpaJbHble cepud. FlHaue npoucxomut
CO CIIEKTPOM IOTJIOUleHHUsl. Ec/u BOLOPOA He M3JyuyaeT, TO e€ro aTo-
MBI HaXOAsITCA B HOPMAaJIbHOM COCTOSIHHH, T. €. HAa CaMOM HH3KOM
3HepreTHuecKOM ypoBHe. Ha apyrux ypoBHsx atomoB HeT, [losTomy
(IpH TIOTJIOLIEHHH CBeTa BO3MOXHBI TOJBKO MEPEXOAbl C CaMOTo HH3-
KOTO 3HePreTHYeCcKoro ypoBHs Ha Gosee Boicokue. Ilpu Takux me-
pexojax B CIHEKTPe HOIJIOLEHHsA NOSABHUTCS TOJbKO cepHs JlafimaHa,
UTo6Ll NpH NOIJOUICHHH BO3HHKJIHM H ApYyride CepPHH, HEOOXOAMMO,
4TO6Bl yKe 10 OCBCLIeHHSl OBIIH BO30Y:KAEHB H JPYrHe 3HEpreTH-
yeckHe ypoBHH. Ho Toraa nosasuTca u cnekTp HCIyCKaHHs paccMmar-
puBaeMoro rasa. JIMHHM 1OIJIOLIEHHSl TaKHX CepHH MOryT HabJIlo-
JlaTbCsl TOJNIBKO Ha (hOHe CcleKTpa ucnycKaHHs rasa. [losromy He-
ob6xoaumo, uToOBl TOCJefHHe OblIH MeHee SPKHMH, 4eM COOTBET-
CTBYIOLIME JHHHH OCBEILAIOLIEr0 H3JyYeHHs. AHAJOTHYHO BeAyT
cebfl U CMEeKTPhl APYrHX aTOMOB,

5. COBOKYIHOCTb 3HAYEHHUH 3SHEPTHH CTALHOHAPHBIX COCTOSHHH
atoMa &, &3, &3, ... obpasyer snepeeruueckull cnexrp aroma. Ilo
KJaCCHYECKOH TEOpHH H3JyyaeMble 4acTOThl aToMa (B MpocTeiiieM
cAyyae 0JHOMEPHOro ABHIXKEHHs1) TaKxKe MOXKHO NPEACTABHTL B BHJE
psiia vi, Vo, va, ..., IEPEHYMEPOBAB HUX ONHHM HHAEKCOM. B 3ToM
HEKOTOpble aBTODHl BHJAT KAKOE-TO [POTHBOpEUHE MeXAy KjaacCH-
yeckol TeopHell H oneiToM, JleHCTBHTEJbHO, FOBOPAT OHH, OMNBIT
NPHBOJAHT K KOMOHHauumoHHoMYy npuHUuny Purua. CorsacHo stomy
MpUHUUIY U TeopuH Bopa Kaxaas wactoTa 1oJydaeTcs NYTEM KOM-
GHHALMU BYX TEPMOB H JOJKHA HyMepoBaTbecsl 08ymsa uudexcamu,
HalnpuUMep vig, Vis, ... |lepBbii HHAEGKC YKa3hiBaeT HOMEp HauaJb-
HOTro, BTOPOH —— KoHeuHoro TepMoB. [lo3tomMy yacToTh AOKHB 06-
pasoBBIBATH HE OJHOMEpPHBIH PAl, a NPSAMOYroJbHYIO TabJHIy, WU
marpuyy. Taxoe Bo3paxKeHHe ABJAAETCS HedopasyMeHHeM. Mul yka-
3blBa€M Ha HEro TOJBKO I[OTOMY, 4TO OHO AEHCTBHTENbLHO BCTpe-
Yaercs ¥ MOXET ObITh BOCHPHHATO UHTATEJEM KaK JeHCTBHTEJbHOE,
a He (QUKTHBHOe Bo3paxkeHue. Ha camom nese, Kak xopouio Hs-
BECTHO M3 MaTeMaTHKH, 3JieMeHTbl NPAMOYroJIbHOH MaTpHUB o6pa-
3yIoT Jub0 KOHEYHOe, Jméo cyeTHOe MHoxkecTBo. Mx Bcerga mMoxHo
nepeHyMepoBaTh C NMOMOUIbI0 00H020 uxdeKca, 1axe B TOM CJyuae,
KOTJla YHCJO 3JEMEHTOB B KaXJOH CTPOKE H KaxKAOM cTonabue Mar-
pulibl 6ECKOHEYHO BEJHKO.

§ 13. Cnektp BoJOpOnAa

1. Onpenecienne 3HauyeHHil 3Heprun artoMa &1, &g &3, ... B
CTALMOHAPHBIX COCTOSIHHAX HA3BIBACTCS KBAHTOBAHUCM, TOYHEE —
KEAHTOSAHUEM 3Hepeuu aToMa. DBop npeisoXH/ NPaBHIO KBaHTO-
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BAHHsS [Jg BOIOPOJNHOI'O aTOMa, MPUBOAsLlee K NPABUIALHEIM pe-
syabraraM. llpo6iema kBauToBanHsi B ofuieM Buae Owblna cdop-
MYJHPOBaHA B KBAaHTOBOH MeXaHHKe, U [PHUTOM He TOJbLKO AJf
BOJOPOAHOrO aToMa, HO H s 4000lx aTOMHBIX cucTeM (cM. § 22).
Ona goBosbho cioxua. [Ipasuno kBantoBanus Bopa npeacrasisier
TOJLKO HCTOPHYECKHH HHTepec. TeM He MeHee [OJI€3HO NpPHBECTH
[poOCTOe pellelde 3aAdaYd O KBANTOBAHHH AJS aTOMa BOAOPOAA WJH
BOAOpOAONOA06HOTO aToMa, OJIH3KO MPHMBIKAaloulee K HAesM Dopa.
B ocHOBe Takoro peleHus JEHKHT aHAJOTHS C KJAAaCCHUECKOH Mexa-
HUKOH W 3MOUPHYECKH YCTAHOBJIEHHOE BBIpa)KeHHe Uil CMEKTPaJsb-
HBIX TEPMOB aTOMa BOAOPOJA.

[IpumeM, 4TO chmekTpaJibHble TEPMBl H COOTBETCTBYIOIHE HM
YPOBHH 3HEPTHH aToMa BOAOPOAA HMEWT Oassmeposckuil sug:

T, = 2R/, (13.1)
&= — chT, = — chZ®*RIn?, (13.2)

rie R — nocroannas Pudbepea, a 3apsamoBoe uucjo Z sapa BBe-
JeHo papu yao6erBa, Llesnoe uMcio n HasbIBAeTCs 24A6HLIM KBAH-
T086LM 4lcaom. C BO3pacTaHHeM A COCEJHHE YPOBHH 3HEPTHH aToMa
COMMKAIOTCSA, W HPH A — 0o PACCTOSHHE MEXKAY HHMU CTPEeMHTCS
K HYJ0. [JHCKPETHOCTb 3HEpPreTHYEeCKOTo CHEKTPa CTAHOBHTCH BCC
MeHee W MeHee 3ameTHOH. [103TOMY MOXKHO 0XHAATL, YTO B TAKOM
NpefesIbHOM Cjlyuae KBaHTOBas cHcTeMa OyAeT BecTH cebsi, Kax
KJaccHyeckasl. ITo moJioxkeHue GblI0 BHABHHYTO DOpoM M HasBaHo
UM APUHLUNOM COOTBETCTBUA.

[IpuHUMD COOTBETCTBHSI MO3BOJISIET BHIPA3HTh MOCTOSIHHYIO Pui-
Gepra R uepe3 dyHaaMeHTaJbHBIE NOCTOSIHHBIE, XaPaKTePH3YyOLlLE
atoM. [Hus obuwuocTH GyAeM paccMaTpHBATh 8000p000N0000HY: !
arom. Tak Ha3bIBaeTCs HOH C 3apsfoM sifpa +-Ze, BOKPYr KOTOpOro
Bpaimaercss oAUl aJjekTpoH, [Ipu Z =1 on nepexoAuT B OOHIUIILI
HeATpaJabHLIH aTOM Bojgopona H, npu Z =2 -— B 0/lHOKPATHO HOHH-
30BaHHBI! aToM resus Het, npu Z =3 — B JBaxKAb HOHH30BAUHLI
atroM autusa Litt w 1. 1. Pasymeercs, Hame paccyxaeHue Oynper
npeanoJiaraTth CnpaBelJHBOCTh BhHpaxkeHus (13.2) # s Bopopono-
nogo6uoro atoma. OpuHakoBa sM nocrosiHHasi Punbepra ans pas-
JIMUHBIX BOAOPOJOMOMOOHBIX aTOMOB — 3TO 6y/AeT BHIACHCHO B AaJb-
HeHlueM.

2. Iaa opoctote Bop ipuuan, 4To 3JeKTPOH BpallaeTcs BoO-
Kpyr siapa 0o okpyxHocTH. [losanee 3ommepdennn (1868—1951)
obobimi paccyxientss bopa ua cayuaft saaunrudeckux op6ur. On-
HAKO ¢ MOSIBJICHHEM KBAHTOBOH MeXaHHKH 3TO 0606LIeHHe MOTEPSIo
3HaueHHe, H Mbl €ro paccmartpusath He OyneM. Orpanuuumcs 6o-
Jee OPOCTBIM CJayyaeM KpyrosolX op6uT. [lo Kiaccuueckum npej-
CTABJEHHUSIM YacTOTa H3/1YYacMOro CBeTa paBHA YacToTe o6pallleHHs
3JleKTPOHa 1o KpyroBoii op6urte. {15 HH3KHX 4acTOT 3TO 6e3yCJ10BHO
BEPHO, KaK 0Ka3blBaeT CpaBHEeHHE KJIACCHYCCKOH TEOPHH C OHbITOM
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B obJjacTH pajHojHanas’oHd. K TakuM 4acToTaM H OTHOCSATCS [IPH-
BOJHMble HHMKE€ BHIUHCJIEHHS, J3JeCb YacTOThl, BHIYHUCJEHHBlE MO
KBAHTOBOH U KJIaCCHYECKOH TEOPHSM, MOJIKHBEl COBNAJaTh, KAK 3TOTO
TpeCyeT MPHHIHN COOTBETCTBHA, HApPO Mbl OyAeM cuuTaTh 6eCKo-
HeYHO TsxesNbIM, a TNOTOMY HenoABHxKHBIM. Ilpu Bpameunun mo
OKPY2KHOCTH pajHyca r ¢ MHKJIHYeCKOH JacTOTOH ©

molr = Zé¥r?, (13.3)

otkyna o = Ze?/(Lr), rme L == mr?® — MOMEHT KOJIHYECTBa JBH-
XeHHs 3jeKTpoHa. Ilonnasi sHeprusl ajeKTpoHa cjaraercs H3 KH-
HETHYeCKOH M IOTeHNIHAaJ/bHOH U paBHA

Ze? Ze?

_l 2.2 —
éf—erco ——= o

Crie1oBaTebHO, N0 KJIACCUHUECKOH TEOPHH JOXKHO GLITh
w=—2&/L. (13.4)

C npyroff CTOpOHBI, YDOBHH 3HEPTHH BOLOPOJLONOAOGHOTO aToMa
JLOKHB uMeTh GanbMepoBckuil Bux (13.2). Otcioma caenyer, 4to
NpH Mepexojax aroMa C OMHOrO YPOBHA Ha APyrofl BejuuuHa & ,n?
JOJIKHA COXpaHATbeA: & nn? == const. [TosroMy npu Goablunx KBaH-
TOBBIX YHCJAX 1 U MaJbX HX H3MeHEHHAX An JIOJKHO BHIIOJHSITLCS
COOTHOLIEHHE

A& An
g 25 ="
Orcroaa ¢ yyeroMm npaBuaa yactoT Bopa A& == fie noayuyaercs
2&
(0—————'—’1—’1- 11, (135)

npudeM y & MBl ONYCTHAH HUHJAEGKC n M cuuTaeM An >0, uToOH
He BBOJHTH OTpPHLATEJNbHBIX uacToT. HauMeHblIas 4yacTora COOTBET-
cTByeT nepexody An =1. 3To— OcHO8HAA 4QCTOTA. 3HAYEHHSM
An =2, 3, ... COOTBEeTCTBYIOT €€ 2apMOHUKU, UIH obepTonsl, [lo
NPHHUHIY COOTBETCTBUSl OCHOBHas uacrota B Qopmyae (13.5)
JoJXHAa COBINAjAaTh € KJjaaccHueckod uactorod (13.4). D10 BO3-
MOKHO TOJBKO TOTAa, KOTAa

L=nh. (13.6)

3nauut, no Teopun Bopa MoMeHT KonHuecTBa JABUXKEHHS, MO Kpai-
Heff Mepe npd OOJbHIMX KBAaHTOBBIX 4HCAAX N, KBAHTYETCs, T. e.
MOKeT NPUHAMATD TOJbKO H3O6paHHbie 3HaueHus (13.6).

U3 popmyant (13.3) Tenepb nmoayuaem

(mr*e) = Ze*rm = (nh)>.

Orcrona
r ==n’n*(Ze’m), (13.7)
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a CJeJ0BaTe/bHO,

&, = — 2 2r = — (Z&*? m/21°n>. (13.8)
CpaBuenneM 370l dopmyanl ¢ (13.2) Haxoaum
4 anZmet ~
R = ey =~ —=109737,309 £ 0,12 cm . (13.9)

Mubl cHa6auny R HHIEKCOM oo, YTOOBI YKa3aTb, 4TO NPH NOJY4YeHHH
dopmyant (13.9) macca aapa M cuuranach GeckoHeuyHOH, a caMo
AP0 HEemOABHXKHBIM. B 3ToM npubnukenun nocrosiHuas Punbepra
OJHHAKOBa JJis BCeX BOAOPOIONOAOOHBIX AaTOMOB.

Teoperuueckoe 3HaueHHe noctossHHo# Pupbepra (13.9), xota u
O4yeHb OJH3KO K IKCIEPpHMEHTAJbHOMY 3HAUEHHIO [1Jsi aTOMOB BO-
mopoxa Ry =109677,576 cM~!, HO NpH CHEKTPOCKOMHYeCKOH TOY-
HOCTH M3MepeHHH HX pasjhuue Bce e oueHb BeJHKo. OHO CBS3aHO
C TeM, YTO NpH BeiBoJe Gopmyasl (13.9) He yuHTHIBasach KOHEUHOCTh
Macch sapa M. Utoful ydecTh 3TO, HAQLO Maccy 3JeKTpoHa m 3a-
MEHHTL Ha npuBeleHnyo Maccy Mm/(M + m). Torna nosayuutcs

RDO
RIW (13.10)

B stoM npubauikeHuH INOCTOosiHHAsE Pupabepra 3aBHCHT OT MaccCh
sapa, a MOTOMY €e 3HAa4CHHs A/ Pas3/JHYHBIX BOJOPOLOMOAOGHBIX
4TOMOB OTJIHUAKTCS JPYr OT Apyra, XoTs H ouedb Mano. Jas ato-
ma Bogoponaa ¢opmyaa (13.10) paer R =109677,6 cm~!, yto xo-
POIIO COTNacyeTcsl ¢ 3KCIEPHMEHTOM.

®opmyrna (13.10) MoOXKeT CJAYXKHTb A5 BLIUMCJAEHUS MOCTOSIHHON
Punbepra R. A9 GecKOHeUHO Tsxenoro sapa. Ias storo gocra-
TOYHO BOCHOJBL30BATHCA CIEKTPOCKONHYECKUM 3HaueHueM R, Hampu-
Mep, Aas BOAOpOAa, a TaKkKe 3HaueHHeM m/M H3 Macc-CmeKTpo-
CKOMHYECKUX H3MEPEeHHH.

3. ®opmyana (13.8) nonayyeHa ana GOJBIIHX 3HAYEHHH KBAHTO-
BLIX uKcea n. Ho oHa ocTaercs cnpaBedsquBOH Apu Ar0bslx 3Haue-
HUsx 1, TaK Kak NpH ee BLIBOAe Obla MOCTYJHPOBAH 6aNLMEPOBCKHH
BuA TepMoB (13.1), B KOTODOM Ha 3HAYEHHS A HE HAJOXKEHO HHKa-
Kux orpanuuenuii. Hama 3anaua cocrosija JHIIL B TOM, 4TOGH Ha
OCHOBe TMPHHIHUNA COOTBETCTBHS IOJYUHTb TeOpeTHYecKHe (hopMYJIH
(13.9) u (13.10) mas mocrosinubix Pugbepra Reo u R. Ho 3tH mo-
CTOSIHHBIE, OUEBH/JHO, He 3aBHCAT OT n, & NOTOMY HX 3HAYEHHS H
MOYKHO OBbLI0 MONYYHUTh, IPOBOJS BBLIUHUCJEHHS] TPH GOJBLIKX A.

B CHeKTPOCKONHH CMEKTPaJjbHble TepMbl H YPOBHH 3HEPTHH MpPH-
HATO H306paxarb FOPH3OHTANbHBIMH JIHHHSAMH, a MepPexXoibl Mexay
HUMH — cTpejkaMu, CTpesnkaM, HalpaB/JeHHBIM OT BBHICUIHX YpOBHeH
SHEPTrHH K HH3IIHM, COOTBETCTBYIOT JHHHMH H3JAYUYeHHS; CTPEJKaM,
MpoBeJeHHHM B OOpaTHHX HaNpaB/eHHSX, — JHHHH [OOIVIONIe-
nust. B KauectBe mpuMepa Ha pHc. 21 rtakuM nyTeM H306pa¥KeH
CNEKTP BOJOPOJA. YPOBHH 3HEPTrHH 3/eCh HYMepYIOTCSi KBAHTOBHIM
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YHCAOM n. 3a uyanL (pHHATA SHEPrHsl VPOBH ¢ A == 0o, DTOT ypoO-
BeHb i1306pasKeH BepxHEH I'OPH3OHTAJLHON IIYHKTHPHOM ipsiMoil. Bee
SHEpTeTHUYECKHEe YPOBHH, PACIIONOKEHHbBIE HUIKE, THCKpeTHR. MM co-
OTBETCTBYIOT OTPHUATE/bHblE 3HAUEHHA [OJHOH 9SHEPTHU aTOMa.
Bbllle NyHKTUPHOH JIMHHH SHEPTHA HE KBAHTYETCS, T. € 3JHEPreTH-
uecknli cnektp nrenpepoiBen. Ho npu & < ( aABHMeHHE 3J€KTpPOHA

0 e e e e dunuTHO, 2 UpPH & >0—

5 e HHQUHHTHO. DTO Hero-

4 ¢ Bp g CPE/CTBEHHO CJelyeT U3
3 7 coorpercrayiouiefi  Teo-
DEMbl KJacCHUeCKoiH Me-
xaHHkn (cMm. 1. I, §§ 25,
YV 57), UOCKOJABKY  apu

& GOJILIIHX 1 €€ MOXKHO

MPUMEHSITh. CootBert-

CTBYIOIIAsi TeopeMa MoO-

XKeT OHThL JloKazaHa H

B nocneloBaTe bHOR

A ~cepun Sadnana KBAaHTOBOH MeXxaHUuKe

5~ »  Bamwepa (cM. § 22), 1. e. coBep-
M= n  Dawenz IWICHHO CTpOro.

Takum o6pazom, rd-
PO U 3AEKTPOH 06pasyior
CBA3AHHYIO  CUCTEMY —
arom — TOAGKO 8 CAY-
yae OUCKPETHO20 3Hep-
2eTUMECKO2O — CHeKTPA.
[1Ipu wenpepvisHOM 3HEP-
reTHYeCKOM CIIEKTpe
9JeKTPOH MOXKeT Kak

/ 'RRA YTOJHO AaJIeKO YAaJsITh-

I ca OT alpa. B stom cay-

Puc. 21 yae napy 4acrtuil — siipo

H 3JeKTPOH — MOXHO

JA¥UIb YCJIOBHO HAa3biBaTh aToMoM. Ecjiu noHuMarts MO aToMoM

YOJIbKO CBSI3aHHBbIE COCTOSIHHS, TO MOKHO CKa3aThb, UTO YPOBHH 3Hep-
I'HH aToMa Bcerja RHCKDPEeTHB!, Kak 3TO W noctyauaposaj bop.

Hanuuue HecBA3aHHBIX 3JEKTPOHOB JIGJA€T, OJHAKO, BO3MOXK-
ibIMH KBaHTOBble MNEPEXOAbLl MEXKJAY COCTOSHHAMH HENPEePhLIBHOIO
9HEPreTHYECKOrO CINEKTPa, a TakKkKe MEXJAYy TAKHMH COCTOSHUSIMH H
COCTOANMAMY JHCKPETHOTO CNeKTPa 3HEPruu. IDTO [POSIBJISETCS B
BHJE CIMJOWIHOIO CIeKTpPa HCNYCKAHHS WJ/H IOTVIOILEHHS, HAKJALbI-
pajolllerocs na JHHEHUaTHH crekTp aroMa. Bor nouemy, B uacTHoO-
©TH, CHEKTP aTOMa He OOPBIBAETCA Ha TpaHHUIle CEpHH, a NPOAOJ-
AKaeTca 3a nee B CTOPOHY OoJjiee KOPOTKHUX BOJIH, TJ€ OH CTAHOBHTCSH
cwnounniM,  KBaHTOBBe Tepexois! H3 COCTOSIHHHA HeIpepLIBHOTO
./ICPIeTHUECKOT0 CleKTpa, T. €, M3 COCTOSIHHH, B KOTOPBIX aTOM

3

G~ »  Bpanrema
flp= »  [lpynia

121,6 nM
102,6
973
45,0




§ 13] CTTEKTP BOJIOPOIA 73

HOHH30BAH, B COCTOSHHsI HCKPETHOrO CHEKTPa CONPOBOKAAIOTCS
pPeKOMGHHALHEH 3JMEKTPOHOB C COOTBETCTBYIOLLUMH MOJOXKHTENLHDI-
mMu Homamu. Maayyenne, BO3HHKaiollee NPH TakUX NepPexonax, Ha-
3hIBAETCS PEKOMOUHALUOHHBIM,

Ilepexos aToMa H3 HOPMAaJbHOTO COCTOSIHHSI Ha 6oJiee BBICOKHE
SHEPreTHUECKHil YPOBEHb JHCKDETHOTO CHEKTPa ecThb 8036ydclerue
aroma, [lepexon xe aroMa C OJHOTO H3 YpOBHeH AUCKPETHOrO
crnieKTpa B 06JacTh CIJIONIHOrO CHEKTpa fnpeBpallaeT aToM B He-
CBA3AHHYIO CHCTEMY. DTO ecTb upolecc uonusayuu aroma. Ecau
BHayajie aTOM HaXOQWJcs B HOPMaJbHOM COCTOSTHUH, TO, OYEBHA-
HO, MHHUMAaJIbHAs 3HEPrHs HOHH3aIUH aTOMa OlPEeRessieTCs BhIpa-

KenueM &uon ==& — &1 = —&, T. €. [1J1 BOAOPOAOIOAOGHOrO
atToMma
& wou = (22 m/21? = 2nchZ?R , = chZ?R , (13.11)
HJTH
& on=21,8-10""%2" 5pr =13,6 Z° 3B. (13.12)

4. ITo 1913 r., 1. e. no nosiBjenus Teopud bopa, Bogopoxy npu-
MHCHIBAJIUCE €lIe J(BE CEPHH:

=23 4,..., (13.13)

I
I
2
jso)
—~
‘5:,
BN

A
%——RH(EZ——M—JF‘W), i=2 3, 4, ... (I3.14)
Cepus (13.13) 6bna otkpurra Qaysiepom (1889—1944) B cmecn H
u He, a cepusi (13.14) nabmopanacs [lTukepuHrom B crekTtpe mia-
HerapHo#l TyMaunoctd (§ Kopwmnl). Onnaxo, cornacuo reopuu Bopa,
JAMHHA 3THX CepHHl npHHajjNexaT He BojgopoAy H, a onHokparHo
HoHu3oBaHHoMy resnio Het, OHH comep:KaTcsi B CHEKTPaJbHLIX Ce-
PHSIX MOCJIENHErO!

1
= 4RHe(32———2-), n=4,56 ..., (1313
1

- = 4Rue (42 -

ecsu npeHe6peq]D pasjnuHeM MOCTOSIHHBIX Puiabepra ajas Bojgoponaa
u rejids. B JefCTBHTENBHOCTH 3TH MOCTOSIHHBIE HEMHOTO OTJIHYAIOT-
csl 0JlHA OT APYrofl, KaK BHAHO U3 (HOPMYJH
Rpe 14 me/My
RH 1+ me/MHe

n=5,6 7 ..., (13.142)

f12

—1,00041. (13.15)

Ecnn, oAHaKo, He YUHTHIBAThH Pa3iuude MeXAy Ruye # Ry, To B 3T0M
npubaukenun JuHuH cepHH (13.13) coBmagyT ¢ JAHHHSIMH CepHH
(13.132) npH YeTHBIX 1, a JHHHH cepun (13.14) — ¢ nuHHsIMH cepuu
(13.14a) mnpn meueTnnix n. W pmeficTBUTe/bHO, cepuu (13.1335

(13.14a) nonyuaiuch 3KCIEPHUMEHTAIBHO B WHCTOM reJIidH. KOHe‘lHO,
HeT HHKaKHX OCHOBaHHH AeJHuTb efunble cepur (13.13a) u (13.14a)
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Ha JBe I[OJIOBUHBL, Bbienass M3 HuUX cepud Qayaepa (13.13) u I[Tu-
kepurura (13.14). B pe#cTBUTENBHOCTH Rue HeMHOro Gouaplie Ry.
bBanarogapsi stoMy cnekTpasbHble JHHHH OJHOKPAaTHO HOHH3OBAH-
Horo renus He™ okasbBalOTCS HeMHOro CMelLIeHHBIMH B KOPOTKO-
BOJIHOBYIO CTOPOHY CIEKTPa OTHOCHTE/bHO COOTBETCTBYIOIIMX 0aJib-
MepOBCKHX JHHHH Bojopold. Tako#l 3¢ddekT HasblBaeTcss uU30TONU-
YECKUM CMCULCHUEM CNEKTPAAbHOIX AUHULL,

Pasymcercs, 370oT 3d¢dexr cyllecTByeT W AAS APYTHX XHMHUe-
CKHX 3JIeMEHTOB H HX HOHOB, XOTs [J151 MHOI'O3JIEKTPOHHLIX aTOMOB
€0 H 1esb3sl TPAKTOBATL CTOJDb XK€ NPOCTO, KaK B C/Iyiae aTOMOB
BOLOPOAONONOOHBIX. JleficTBHTENbHO, pa3/IHuNble H30TONBl OJHOTO H
TOTO 2Ke XHMHUECKOro 3JeMeHTa HJIH HOHA OTJIHYAWTCS TOJbKO Mac-
camu sizep. Ho oHHM HMeOT oJMHAKOBHE 3apslbl SiAep, a [OTOMY H
OJlHIIaKOBble 3JIeKTpPOHHBIE 060J0uKH. [Ipoleccs ke H3nyuenus cBe-
Ta NMPOUCXOLAT KAK Pa3 8 INCKTPOHHbIX 06OA0HKAX.

ToBopuTb 06 H30TOMHYECKOM CMeleHHH JHHHHA TeJHs OTHOCH-
TEeJBHO JIHHHE BOAOPOLA HA NepBbIA B3IJAA KAXKETCs HEJOTHUHBIM,
MOCKOJIbKY TeJIHH He sIBJsieTCsl H30ToNoM Bojopoia. Opuako B 30¢-
(peKTe CMELLEHHS CNEKTpatbHBIX JHHHHA peyb HAeT He 00 aToMax
refusl, a 0 ero o0HOKPATHO WOHU308aHHbIX aToMaXx, [locaennue xe
B paccMaTpHBaeMOM BONpOCe BeAyT cels KAK H30TONB BOLOPOA.
Tak xe 06CTOUT JIe/I0 H B C/ydae JPYrHX 3/7eMeHTOB.

3ameTHM, uTO H30TONHYECKOe CMelleHHe CHEKTpPasbHBIX JHHHH
0B6yCJIOBJEHO He TOJBKO pasjHYHEM MacC H30TONOB, HO U pasiu-
wuem pasmepos ux aromnsix adep. 3aberas Buepen, 3TO HETPYHHO
MOHATh, ecad npobieMy KBAaHTOBAaHHS pacCMaTpPHBATBL Ha OCHOBe
ypaBuenusi llpenunrepa (cm. § 22). B camom nene, ais pasuuy-
HBIX H30TONOB KYJOHOBCKHE H SlJ[EPHBIE CHJIOBBbIE NOJS BHYTPHU siipa
HECKOJBKO OTJHMYATCS JAPYT OT Apyra. PasjiHUHBL TakKe pasMephl
obJacTefi, 3aHUMAaeMBbIX 3THMH NOJAMH, DTO BeleT K HEOOJbLIIOMY
pa3/JHuHIO BOJHOBBIX (QYIKUHH M COOTBETCTBYIOLIHX HM COGCTBEH-
HBIX 3HAuYeHHH sHePTHH, BJuHsHMe Da3MepoB sipa HAa W30TONHYCCKOE
cMellleHHe CHEeKTPaJdbHbIX JHHHE OCOGEHHO CYIIECTBEHHO IS TS-
XKeJIbIX AAep. 3/ech H30TONHYECKOe CMelleHHe, BBHI3BAHHOE pAasJH-
yHeM pa3MepoB sijep, TOTO Ke NMOPAAKA, YTO H H30TONMHYECKOe CMe-
lLleHHe, BHI3BAHHOE pPa3judHeM HX Macc.

5. UsBecTHO, 4TO Hapsly ¢ OOGBIYHBIM BOAOPOJOM CYIIECTBYIOT
ABa H30TOMNA €ro, HasbiBaeMble OeldTepuem u Tputuem. dapo atoma
06BLIYHOro BOJOPOLA COCTOHT BCETO M3 OJHOro nporoHa. Takoil Bo-
JIOPOA Ha3blBaercss nporuem. Slopo aTtoma JedTepHst uasblBaercs
OeiiTponoM, a sIPO droMa TPHTHA — TpuTOHOM. IIeHTpOH cocTouT
M3 NPOTOHA M HEHTPOHA, TPHTOH — H3 NPOTOHA M JABYX HeHTPOHOB.
ITH siApa TsKenee sifpa NPOTHHA COOTBETCTBeHHO B 2 W 3 pasa.
ATtom pefiTepust obo3Hayaercss yepes D wmau 2H, a atoM TpuTHs —
uepes T unu 3H. efrepuli — cTabunbHbli H30TON, a TPHTHI —
pajpnoakTiBubli. TpuTHil 06pasyercs HCKYCCTBEHHO npi Gombapau-
pOBKE YCKOPEHHBIMH NEHTPOHAMH JHTHEBOH WM OEpH/IHEBOR MH-
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ueHeil. B HHYTOXKHBIX KOJHYecTBax OH obpasyeTcs Takxe B aTMO-
cepe noa neficTBHEM KOCMHUYECKHX Jydeld. B mpHpOAHEIX coenuHe-
HUSIX BOABI Ha Kaxkjble 6800 aToMOB NpOTHS NPHXOAHTCA B CpeHEM
OJIMH aToM JeiTepusi. baarogaps OTHOCHTEJbHO GOJBUIOH pasHOCTH
mace D u H pasnuunme ux ¢usnueckux CBONCTB BHpPaXKeHO 3HAUH-
TeJbHO CUJbHee, YeM NJf APYTHX H30TonoB. Tak, NJIOTHOCTb THMKe-
aoit Boasl DO npumepno Ha 10 9% OGosblile MJIOTHOCTH OOGLIKHOBEH-
Hofi Boawl H,O, a rtemneparypa nJnaBJeHdst (NPH HOPMaJbHOM
atmocdeproM aasaenun) cocraasier 3,8 °C. Ho nszoronnyeckoe cme-
leHHe CreKTpalbubix JuHui 1as1 D u H HeBesuxo. JeficTBHTeNbHO,
HanpuMep,

Ry 14 m /My

B = TFm iy 1,000272.

OTC}OlIa cjaenyer, UTo AJs HU30TOMHUYECKOro CJABHra 4aCctToT WJaH AJHH
BOJIH neﬁTepI/m OTHOCHTEJIbHO BOAOpOAA NoJyuaeTcs

Av AL Rp— Ry 1 1
—V—Z*T——TH'——me(M—H—'AA—I)-)——O,OOOQ’?Q

Tak, 6aspbMepoBCKass JuHHA D, jnedTepH CMEI(EHA OTHOCHTEIbHO

COOTBeTCTBYI0OUIEH sauuUH H, BoJOpPOJAa B KOPOTKOBOJHOBYIO CTO-

pony cnextpa Bcero Ha |AL|=0,179 um.

6. Pacuernl, npuBeeHHbIe Bbille, 060CHOBAHBI TOJIBKO NPH 60Jb-
KX KBaHTOBBIX uyHcjax n. Oxnako Bop nepBoHAuasabHO NpHHSAT,
YTO 9JEKTPOHB B CTALHOHAPHBIX COCTOSHHAX IBHXKYTCH 10 Onpe-
JejeHHblM OpOHTaM, KaK uYaCTdlbl B KJAaCCHUGCKOH MEXaHHKe.
C >TOll TOYKH 3pEHHA ¥ NPH ManablX A JOJXKHa OLITh CIpaBelJHBa
He ToabKo dopmyaa (13.8) nJs 5HepPTHH CTALMOHADHOTO COCTOSTHES,
Ho H popmyna (13.7), onpeneasionmas paanyc opOUTHI 3JEKTpOHA.
KsanrtoBasi MexaHuka OT op6ur oTkadanacb. Ognako ¢opMmyJa
(13.7) coxpaHsieT cMBICJ H B KBaHTOBOH MexaHnuke. OHa 1o 1mo-
PAAKY BEJMUYHHBI ONpEAeJsieT Pa3MEphl aToMa B COOTBETCTBYIOUIUX
CTALHOHAPHBLIX COCTOSIHUAX, TOUHBIH CMBICJT 3TOrO BHIpaxeuus &y-
ner ykasaH B § 27. Cefiuac xe 3aMeTuM, YTO pagHyc OpPOHTH 3J€K-
TPOHAa B HOPMAJbHOM COCTOSIHHH aToMa oGBIYHOTO Bojopoaa (T. e.
npu n = 1) nHasbBaercs 6oposckum paduycom n obo3Havaercs de-
pes ry. Coraacuo (13.7) on pasen

rg = %me’ = 0,52917 - 107° em. (13.16)

[To mopsiaxy 3Ta BeNWYHHA COBIadaeT C pa3MepaMM aTOMOB, K KO-
TOPHIM paHee NPHBOAHJA KHHeTHUeCKas TeopHd BemiectBa, Hanps-
MEHHOCTb 3JIEKTPHYECKOrO NOJs sApa Ha NepBol GopoBCKoH op-
6HuTe aToMa BOLOpPoOJA

E=e¢e/ri=17,2-105 CTCD =351,5.10% B/cm.

Boob6uue, Bequunna £ ~ 108 B/cm sBasieTcsl xapakTepHLIM MacliTa-
oM ansl HanpSXKEHHOCTEH BHYTPHATOMHBLIX 3JIEKTPHYECKHX MOJeH.
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Bo BHemHHX MOJASIX ¢ HaNPSKEHHOCTBIO TAaKOro MOPAAKA aTOMBI
OBICTPO HOHH3YIOTCH.

Jlerko BHAETh, UTO CKOPOCTb IBHKEHHS 3JEKTPOHA MO CTALHO-
HapHO# KpyroBo#l opOHTe ONpefeaseTcss BhIPaAXKeHHEM

v=(Z/n)ac, (13.17)
Tle o -— 6e3pasMepHas NOCTOSHHAS:
o= ¢’/hc =1/137,03604 (11) ~ 1/137, (13.18)

HasbiBaeMast HOCTOAHHOU TOHKOG cTpykTypoel, A NBHXKeHUA 10
nepeoi 60pOBCKOH opOUTe aTOMa BOAOPOAA

v =qac=1¢/137 = 0,00730c. {13.19)
Ecau mocrosuHyo « BBectH B (dopmyay (13.8), To moayuurcs
&, = — (2*/2n%) &’mc?, (13.20)

T. €. &, BHIPa3HTCH yepe3 COOGCTBEHHYIO JHEPUHIO 3JeKTpoHa mcl.

3AJAYH

1. HaliTn rpasuubl cHeKTpaJbHOR 067acTH, B MNpelenax KOTOPOft pacrosio-
JKEHH JHHHH cepuH DajbMepa aTOMapHOro BOAODPOAA.

OTBeT Apo <A <Apg e Ap o =4/Ry==364.705 um. Ag, =36/(5Ry) =
= 656,468 HM (KpacHasi JHHHS).

2. Ucnonn3ys AaHHble, NOJYYeHHBIE NPH pelleHHM MpelulAyIIel 3ajadn, ompe-
JeJHTb [JHHBl BOJH KODOTKOBOJHOBEIX TpaHHU BOJAOPOAHEIX cepuit Jlalimana u
IMawena.

OtBer. Has cepun JlafiMana Mg ==Ag /4=91,1762 um. Ilas cepuu

Mautena Ay o = °/4dp o = 820,586 nm.

3. BoluHCAUTE 3HEPrHio, KOTOPYIO HaA0 COOOIMHTL aTOMY BOAOPOAZ, UTOGH
ero cepus BasbMepa comepxasa TOJNbKO OAHY CHEKTPAJbHYIO JHHHIO.

OrpeT. & <& K &y, rne & = 8y hcRyw = 12,09 3B, &, = Y/jhcRy =
= 12,75 3B.

4. Kaxue chmekTpasbHEle JIHHHH MOSBATCA B CIEKTPe ATOMapHOroO BOAOPO.A
npH 00Jyd4eHHH ero yJbTPpadHONETOBHIM CBeTOM € MIHHOH BOMHBI 100 AM?

OTtBerT. A = 4/3Ry = 121,5682 um, Ay = 9/8Ry = 102,57317 um, A3 =
== 36/6R;; == 656,46828 um.

5. Dyser sn aToM BOAOpOL2 MOr/IOMIaTH H3JYydeHHe C BOJIHOBHIM  YHCJIOM
1/A = 3R?

OrBerT. Takoe mOrjoMeHHe NPOHCXOLHT H CONPOBOXKAAETCA HOHH3ALHEH
aToMa. )

6. TlepBonauanbHO HENMOABHAKHBIA aTOM BOAOPOAA HCOYCTHA POTOH € yacTo-
TOH, COOTBETCTBYIOIEl rOJ0BHOM AHHUY cepHH Jlafimana. Ompese/aHTb OTHOCHTEIb-
Hoe H3MeHeHHe yaclroTet ¢orToHa Av/v, u3-3a orpaun. Kakyio ckopocTb v mpuo-
6pen atom mocJse H3aydeHHs (GOTOHA?

OTrBeT

Vo—v _ hvg 3 me a_ —9
Vo Omarc? 16 maq o =544-107%
v————i—&— a?c = 326 cM/c,

Mar

rie o = e2/fic == 1/137 — 1oCcTOsIHHAA TOHKOM CTPYKTYPHL
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7. Hafitu norennnajs HoHusanuu woHos He* u Lit+,

OtBeT Vye == 4Vy = 54 B; Vi = 9V, = 122 B.

8. Haftn anuny BoJHLI pe3oHaHCHO JuHHU He*.

Oiser A= 30,375 um.

9. OnpefleIUTh HAHMEHBIUYIO 3HEPrUI0, KOTOPYK HAJ0 COOGILHTb B OCHOBHOM
COCTOSIHUH TPHIKALI MOHH30BAHHOMY ATOMY GepHJIHs, 4TOGH BO3GYZHTH TOJHULI
CMEKTDP 3TOro aToMa.

Orser. &y, = heZ?Ry = 217,5747 5B.

10. doton ronosHofi cepun JlafiMaHna HoHa renus Het morsomgaercs sojo-
POMHLIM aTOMOM B OCHOBHOM COCTOSIHMH H HOHH3yer ero. OnpenennTtb KHHeTHYe-
CKYI0 3Heprui0 & yus, KOTOPYIO NOJYUHT 3JEKTPOH UPH TAKOH HOHM3AUHH.

OtBeT. Ewun=2&n, won = 27,2 3B, rne &y, uon — dHEPIHS HOHU3AUHH
aToMa BOfopoja.

11. Ouenuts mo TeopHd bopa uHC/IO CAEKTPaNbHEIX JHHHA, KOTOpHIE MOXHO
MOJIyUHTb B Pas3JHUHEIX CePHAX CNEKTPa HCNYCKAaHHs aTOMapHOro BOAOPOAAa B Trazo-
paspsajiHofl Tpy6ke NpH jaBieHud P ==5 MM pT. cT. u Temnepatype T = 300 K.

Peuwenue Bonopoaubie cepun Jlafimana, Banvmepa, Tlamena u 1. g. n3ay-
4alOTCA  U30JAMPOBAHHBIMH ATOMaMH, T.e. MPAKTHYECKH TOTAA, Korga auamerp 0o-
POBCKO#H OpOHTH 27 == 2n’rp He HPEBOCXOJHT CPELHEr0 PACCTORHHS MeXIY aTo-

MaMi [ = (kT/P)”S. ITonp3ysicb 3THM, MAaKCHMaJbHO AONYCTHMHIA HOMep OpPOUTLE
n MOXHO OUeHHTb 1o (opmyse n = A/[[/(2rg) MakcuManbHO BO3MOXHOE UYHCNO

JHHUE, KOTOPbIE MOXHO Hal/i0AaTh B TPyOKe MPH N3BJEHHR H TeMmeparype, yKa-
3aHHBIX B YCJIOBHUHM 3ai1auH, 6y/eT pPaBHO:

B cepuu Jlalimana n—1 .

B cepun DBaabMepa n—2 11,

B cepuu [lamena n—3 = 10.

12. B cunektpax HexoTophix 3Be3n Rabuojaercsi m ~ 40 JHiuil BoAOpOnHOR
cepuu Baabmepa. Tlpr kaxoMm HanmeHbmem yucie N mtpuxoB nndpakunonzofi pe-
IIETKH MONHO Da3peulHTb 3TH JHHHH B CNEKTpe [epBOro IOPsiAKa?

Ortper. N = m?8 = 8000 wrpuxos.

13. B6ausu cnektpajbHoli JUHHHM Bojaopoaa A, = 486,1320 um [Opu (1893—
1981) B 1932 r. o6napyxun 6/H3KYIO JAHHHIO A9 == 4859975 nwm. Ilpenmosaras,
4YTO 3Ta JHHHS OOYCJOBJeHA HeGOJbIIOH NPHMEChIO K OOLIYHOMY BOLOPOLY €ro
H30TONA, ONpPeleNHTb OTHOCHTEJBHYIO AaTOMHYIO Maccy fmy/my 3TOro H30TONA.

Pemwenue. U3 popmyan (13.10) nerpynso moJydnTb

~

~
~
~

&L~ | — rne/rnH
e

T —me/my’

The My — ATOMHAas MacCa HEH3BECTHOro HM30TONa. OTClOﬂa

A’l _ Aq ~ Me Me
~ - —-Y
A mx my

ecslH TpeHeGpcub BeJIHUHHOMN fMe/Mmy NO cpaBHeHHIO ¢ enunuuell. (B npemesax tog-
HOCTH pacdeTa MOA A MOXKHO NOHHMaTb JM060e W3 3HaueHHH Ay, Ag.) CuiepoBa-
TEJLHO,

Tak xak me/mu = 1/1835, To oTciona nonyuaem me/m, = 1/3727. CjenoBaTebHO,
my/my = 2. JIUHHR Ay NPHHATIEKHT AeHTEPHIO.

14. OnmpeaenuTh PasHOCTH OJHH BOJMH 6a/NbMePOBCKOA CepHH BOZOPOAA H Refi-
TepHsi B BUAUMOH 06JacTH chnekTpa.

OTBenr. AHG ——?»Da=0,179 HM A

= 0,118 nwm; }‘Ha——}‘Da:O’“S HM.

— A, =0,1328uM. A, —A, =
Hﬁ Dﬂ HV DV
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15. OnpepenuTh paspelnamulyio cmocofHocth R (He MyTaTh € MOCTOSHHOM
PunGepra) crnektpanbHoro ammaparta, HeOGXOAIMYIO st HabJIOIeHHs H30TOMH4cC-
CKOTO CMEILEHHSl CMEeKTPaJbHBLIX JHHHH AefiTepHa OTHOCHTEJLHO JHHHII BOAOpOAA.
Kaxora so/mkna GuiTh IHPHHA b OCHOBAHHS MPU3MBI H3 TSKCEJIOrO (JunTa ¢ JHC-
nepcueit dnfdh = 1000 cM—! (B gMama3oHe KPacHOrO CBeTa) B NPH3IMEHHOM CIIeK-
Tporpade, ccai ero MPUMEHATb AJIsi OOHAPYXKEeHHS H30TOMHYECKOrO CMElleHHs To-
.HOBHCO)ﬂ (aauHHOBOMHOBOH) JHHUH cepuu Bampmepa?

TBET.

my 3
me 00 5> dn/dA

16. Cepusa JlaliMana uabiiojaeTcsi B CMeCH aTOMapHBIX BOJAOPOJA H TPHTHSsI.
OnpceHTh paspenIaonlyd CIOCOGHOCTE R CreKTpasbHOro npHbopa, AocTaToy-
HY1I0 AJs Pa3pelieHHst H30TONHUYECKON CTPYKTYPH CHEKTPA/IbHLIX JHHHI 3TOH ce-
pun. Kax Mensietcs TpefyeMast paspelnamonlas COOCOCHOCTb [DH Mepexofe K ADY-
ruM cepusM (Banbmepa, IMamena) Toit xe cMecH? MoXKHO JH DaspeliHTb H3OTO-
MHYECKYIO CTPYKTYPY CIeKTPaJbHBIX JHHHH paccMaTpHBaeMOH cMecH B BHAHMOH
o6sacTH CclMeKTpa ¢ MOMOIIBIO CTEKJSHHON MPH3MBI C OCHOBaHHeM b =1 cM u
aucIepcHeli mokasatesis nmpenoMaenus dn/dh = 1000 cM—'? KakoBo n0/mxHO GHITh
atdekTHBHOE UHCIO0 OTpaKeHHH N,pe H HOPSAOK 11 HaG/IO1AEMOrO CHEKTpa, uTo-
Obl pa3pellNTb H HCCJAELOBATH Ty Ke CTPYKTYPy C MHOMOHIbI0 HHTepdepoMeTpa
datpu — Iepo?

O rseT. Paspemaiomas cnoco6HOCTh A0MxKHA ObITh He Menbie 3/omp/m. =2
as 2800. OHa oAMHAKOBA NSl BCEX JHHHH CNEKTPaNbHBIX cepHil cMecH. Pa3pemato-
mas cnocofHOCTh MpH3Mul b dn/dh = 1000, T. e. HegocTaTouHa AR pa3pelleHHS.

R>2 ~ 3,7 cMm.

m < 3famp/me < Naggpm.

17. 3nas MOCTOSIHHBIE Pun6epra nas Bogopojpa H relHs  (Ruye =
= 109 722,267 cm~!), a Takxe R, BHIUHCJAHTL OTHOIIEHHE Mie/My MACCH aTOMa
resiig K Macce aToMa BOAOPOAA.

OTBeT.

18. ¥VneabHBblt 3apsaj 3JeKTPoOHa &/m MOMKHO BHIUHCAHTh CIEKTPOCKOMHUECKH.
IIpousgecTy 3TO BbIUHCJEHHE, NMOJMb3YSCh CIEKTPOCKOTHUECKHMH NAHHBIMH

Ry = 109677,576 cu ™!, Rp=109707,419 M},

MOJISIPHEIMH MacCaMH aTOMapHBIX BOAOPOAA H NeiiTepHs
My = 1,008142 r/mons, A = 2,014755 r/monb

n mocrosiHHON Papanes
F=N,e==289366-10'* CTC3/mone = 9632,19 CI'CM/mob.

Pewmenue. Ilocrosguupie Puabepra ans BOAOPOAA H AeHTepHsi:

Ry= 1+ m My’ Rp = L4 m My’

rae My 0 Mp — macen anep Bogopona u aefitepus. Otciona monayqaeM

1 1 Ry R D)

m,  Rp— Ry My~ My

e

YMuoxasi ofe HaCTH 3TOr0 COOTHOIUGHHsI Ha e M TNPHHHMAs BO BHHMaHHe, UTO
(My + m)Na = My, (Mp + me)Ny = Ay (3necb me, My 1 Mp — B rpammax),
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Nae = F, natigem

e F ( Ry Rp )
m, Rp— Ry \ Ay — Npym, Mp — Npm,
Tak KaK Macca 3JeKTPOHA MaJja IO CPaBHeHHIO ¢ Maccoli aToMa, TO HeT HeoOxo-
JIHMOCTH BHIYHCASTh BeJHUHHY Namle C BBICOKOH TOYHOCTbIO. [locTaTOyHO TpH-
HATD

Nam, =6,022-10%-9,11-107%=549.10"* r/moxs;
nojyyaem
My — Npm, = 1,007593 r/mony; HAp— Nym, = 2,014206 r/mounb.

[MopcTaBaas 3TH 3HAYeHHs B NPeALIAYILYIO (GOpMyJy, HAXOLHM
e/me=="5,2732-10'7 CI'C3/r = 1,7590 - 107 CT'CM/r.

TouHOCTh 3THX BBIYMCJAEHHH TepsieTCs NPH ONpefelieHHH pasHoctH Rp — Ru.
IMosToMy camu BennusHEl Ry M Rp Hadd 3HATh ¢ HCKJIOUHTENBHO BHICOKOH TOY-
HOCTBIO. CyllecTBEHHO, YTO MocTosHHAA Puabepra R B BEYHC/EHHS He BXOAHT.

19. TTosuTponuil (XUMHUeCKH# cHMBoa Ps) mpepcrasiseT co0off CBA3aHHYIO
CHCTEMY H3 3JIeKTPOHA H IIO3HTPOHA, BPAMAKILHXCS BOKPYr leHTpPa Macc 3TOH
cucrembl. ITo3uTponnii ob6pasyercss NpH CTOJKHOBEHHH MEAJEHHEBIX TMO3HTPOHOR C
aTOMaMH BellleCTBA W 3axBaTe IO3HTPOHOM ATOMHOIO 3JEKTPOHAa. ITO — HecTa-
Gu/bHAS CHCTEMA, TAK KAK 3JIEKTPOH M TO3HTPOH OUYeHb OHICTPO aHHHTHJIMPYIOT
B nBa {3a Bpems ~ 101 ¢) unn TpK (3a spemMs ~ 10-7 ¢) ramwma-xpanra. Hafitu
YPOBHH 3HeprHH, SHEPTHI0 HOHH3AUHH H [JTHHY BOJHBL PEe30HAHCHOH JMHHH AJS
TIO3HTPOHHSL.

OTBer.

Epy=— (he/2n) R_; &,,=(hc/2) R_ =680 5B, A, =243 1.

20. TTpn TOPMOIKEHHH B BellleCTBe OTPHIIATENBHO 3apsiKEHHBIX 3JeMEeHTapHBIX
yacTHL, (MIOOHOB W™, T~-Me30HOB, K—-Me30HOB M MP.) OHH MOIYT 3aXBaThIBATAHCSH
KyJIOHOBCKHM TIOJleM f1pa, 3aMellas 3JeKTPOHH 3JeKTponHol obomoukH. Haubons-
Iice 3HaueHHe HMeeT 3aXBaT OTPHUATENbHBLIX MIOOHOB. IIpaKTHUECKH MOXKET 3aMe-
IATLCS JHIIE OOHH 2iekTpoH. Ilonyuyaiouimecs B pe3yJbTaTe Tako# 3aMeHLl CH-
CTeMBl Ha3HBAOTCA AMegoaromamu. Macca mwona m, == 207m.. BulducaAuTL 1O

Teopu Bopa paauyc mepsoii kpyrosoii op6uTel (K-opOHTE) MIOOHA B Me30aTOMe.
PaccunTaTth sHepreTHYeCKHe YPOBHH Me3oaToMa. Kakoe uanydeHne Oyfer nabiio-
JaThCst TpH Nepexone Ha K-opButy miooHa ¢ Gosee BucokHX opGHT? Ilouemy wuc-
C/leflOBaHHE TAKOTO H3JyYyeHHS NMPUMEHSETCS /1S BBHISCHEHHS CTPYKTYPHl TSXKENLIX
ATOMHBIX sep BOJH3H HX moBepxHocTel? Maccofi MI0OHa 1O CPaBHEHHIO ¢ Maccoil
siapa npeneGpeyb.

Peurenne DrekTpoHHas 060J04YKa aTOMa MPAKTHYECKH HE OKa3blBaeT BJIHS-
HUsl Ha JBHIKCHHE MIOOHA B Me30aTOMe, TaK KaK NMOCJeAHHH HaXoaHTCs JHOO 0Y2db
6au3ko or sApa, aubo BHyTpH sjapa. [lostomy u3-3a cdepuueckofi cHMMeTPHH
3JIEKTPOHHOTO 00JIaKa CO34aBaeMOe UM 3JCKTPHUeCKOe MOJM2 B MeCTe HaXOXKACHHA
MIOOHA MOIKET CUHTATbCA PaBHLIM HYJKO. EcnH opbuTa MIOOHA NMPOXOAHT BHe AADA,
TO AJs pagnyca K-opOHTH MIOOHA NMOJy4aercs

h? __0,0026
4nlemy Z Z
4T TpuMepHo B 200 pa3 MeHbllle COOTBETCTBYIOLIEr0o 3HaueHHs r; IJIsl BOAOPOZO-

nogo0HOro aToMa C TeM JXe 3HayeHHeM 3apAA0BOro 4ucJaa Z. B toM xe npeano-
JIOXKEHHHN 1J11 YPOBHEH 3HEPIHH MOJydaeMm

En = — heRoZ*my[me == — 28202° »B.

Orcrona BHAHO, YTO H3Jy4YCHHE, BO3HHKAIOLLEe NPH MepeXoje MlooHa Ha K'Op-
futy ¢ Gosee BHICOKHX OpOHMT, OyleT pacmoNQKeHO B PeHTTeHOBCKOH ofnacTi

ry== <1078 cm,
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cnekTpa, a npu Goabmux Z —B obnactu y-aydefi. [Ipy Goawmux Z K-opbura
MIOOHA [POXOAHT BHYTPH ffipa aToMa. B 3ToMm cayuae npupeieHHBle Bhillle (op-
MYJbl CTZHOBATCA HeNPHMEHHMBIMH. Pe3yabTaTH CHIbHO 3aBHCHAT OT pacrpeaele-
HHS 3JEKTPHYCCKOIO 3apaja B AAPe, C YeM H CB3aHA BO3MOXHOCTb HCIOJIb3O-
BaHHA Me30aTOMOB JIJI5 H3yYeHHHA CTPYKTYPbl aTOMHOTO fipa.

§ 14. dKkcnepuMeHTaJbHOE MOATBepXKAeHHe nocTyaaTtos Bopa

1. PesyabTaTh, H3J0XEHHBIE B NpeAblaylieM INaparpade, sB-
JAI0TCS yOCAHTENbHBIM 3KCIEPHMEHTAJbHLIM [OATBEPXKACHHEM [0-
crynatoB bopa. Iloctynatni Bopa Jjexar B ocHoBe (DH3HUECKHX
Ipe/ICTaBJeHHH, KOTOPHIMH DYKOBOJACTBOBAJHChb INPH CO3JaHHH H
COBEPIICHCTBOBAHHH ONTHYECKHX KBAHTOBHIX TI'eHEPaTOPoB (/1a3e-
poB) (cMm. T. IV, ru. XI), OTKPEIBIINX NMPHHUMNHAJLHO HOBHIE NYTH
HE TOJIbKO B (pH3HKe, HO H B TeXHHKe H APYrHX OTpac/]faxX HayKH.
To o6crosiTebeTBO, YTO 3TH NPHGOPH pafoTalOT B COOTBETCTBHH
C NpPeJACKAa3aHHSAMH TEOPHH, CBHJETEJbCTBYET O MPaBHJIbHOCTH MO-
cle/Hell, a CJENOBATENbHO, H O MPABUJIBHOCTH CaMHX IOCTYJ4aTOB
Bopa.

B stoM mnaparpade npHBOAATCH ApPYTHe 3KCIEPHMEHTAJbHBIE
(dakThl, NOATBEPKAAIOIINE NTOCTYJIaTH Do ga Crofia OTHOCATCS Tpe-
®Kae Bcero onbiThl xkeiimca @panka (1882—1964) u ['ycraBa [ep-

(1887—1975), HauaThie HE3ajp0JrO 110 nosiBiexusi Teopuu Bopa.
[lepBoHauasbHasl U&JMb HX COCTOSIIa B H3MEPEHHH MOTEHYUAAOS
uonuaayuyu aromos. Ho 3TH ONBEITE MPHHECAH 3KCIEepHMEHTAaJNbHOE
nojATBepKAeHHe nocTynatoB bopa, . e. pemnnn 6osnee BaXHYIO
3anauy. B onbitax ®panka u I'epua uepes HccaeayeMmbldl ras npo-
XOUJM YCKOpEHHble 3JeKTPOHHL. IIpH CTOJNKHOBEHHM C aTOMaMH
rasa nocaelHHe MOIVIH NEPEXOAHTb B 8036yocOernnbie COCTOAHUA,
KaK/10e M3 KOTOPHIX XapaKTepH3yeTcsi ONpeJeseHHBIM 3HaUCHHEM
sHepruu. Ecsan sHepretrnueckve YpPOBHH aToMa JIHCKPETHB, Kak
yTBepKJaeT NepBhil mocTyaaT bBopa, To KuHeTHueckKas 3HEprHs
3JE€KTPOHOB JAOMKHA ObITh He MeHbIe HEKOTOPOH MHHHMAaJbHOH
BEJUUUHE,, YTOOBI OHHM HayalH B030y:KJAaTb aToMbl rasa. Takofi
MeTOH BO30YXK/EHHS aTOMOB OCOOEHHO NPHUroAeH AJ1 HHEePTHBIX
rasoB M IapOB METaJJOB, TaK KaK aTOMH 3THX BellecTB He obJa-
Jal0T 3JEKTPOHHBIM CPOJACTBOM, T, €. He NPOABJAIOT CKJIOHHOCTH K
3aXBaTy 3/€KTPOHOB ¥ 0O6Pa30BAHHIO OTPHUATEJIbHLIX HOHOB, Ppank
i Tepu B CBOMX NepBLIX ONBITAX MOAb30OBAJHCL NapaMH pTYTH.
Pasymeercsi, PTYTHBI Nap JAOJI2KeH ObITb CPABHHTENbHO IJIOTHHIM,
9TOOBl 3JIEKTPOHBI CTAJKHBAJHCh C ATOMaMH JOCTATOYHO YacTo.
OnbITH NPOXU3BOAKIKNCH NPH PA3JHYHBIX IJIOTHOCTSIX PTYTHOTO Iapa.
C 3To#t 1esbIO JaMIa, B KOTOPYIo OBLIO BBeIEHO HECKOJbKO Kallesb
PTYTH, noMellaJach B IeYb, TEMIIEpPAaTypy KOTOPOH MOXKHO OBLIO
MEHSTL ¥ NOJJIEPKUBATh NOCTOSHHOH BO BpeMs ONbITa.

2. Cxema onbvita @panka u I'epuna npusedena ua puc. 22. Ycko-
psouiasi pasuocTh MOTEHUHAJOB V NpHIOKeHAa MeX1y HakaJHuBae-
MbiM KaTofoM K u ceTkoit S. Buiiias us K, s/1€KTpoHbl, Npoias ue-
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pe3 mapbl pTyTH, HampaBafAIOTCA K ceTKe S. Ecnm nx KnuHeTHueckasi
SHEPrHsl €lle AOCTAaTOYHO BEJHMKA, TO MOCJIE MPOXOXKICHHS uepes
CeTKYy OHH MOrYT NPEOAOJIETh HeOOJBLIOH 3aJepXKUBAIOUIUA MOTEH-
nuan V), nopsaaka 0,5 B ¥ nomacth Ha coOHpawUIMil 3/eKTpol
(xonsekrop) P. B NpOTHBHOM ciyuae OHH He CMOTYT HPEOJOJIETDL
3aJlepXKHUBAIONINA NOTeHHHAJ V| H Ha KOJNJEeKTOD He MoDajyrT.
f
— |~ P
1§

¢(4

e T

Puc. 22

OnekTponHbif TOK [ Ha KOJJIEKTOD H3MepsAeTcs rajbBaHOMETPOM.
Amnepmerp A CHYXKHT AJs KOHTPOJSt NOCTOSTHCTBA TOKAa HakaJa,
CrexadaHHbE 6asJOH, B KOTOPLIH 3aKJKUeHbl HAaKaJHBaeMblH Ka-
TOJ, CETKa U KOJJIEKTOp, Ha PHC. 22 He H306paxKeH.

Ecan 6Bl B cocyle NOAJEPKHUBAJCA BaKyyM, TO NpUMepliasg 3a-
BHCHMOCTb TEPMO3JEKTPOHHOIO TOKa / OT YCKODSAIOLIEro Hampsixke-
nusi V npeicTabasjack Obl KpHBOH, npuBeleHHOH Ha puc. 23. H3-3a

I

I

/
/

f

]

1
AV

v ] 5 10 V8
Puc. 23 Puc. 24

NPOCTPAHCTBEHHOIO 3apsAja 3Ta KpHUBasg B CaMOM HauyaJbHOM YYacT-
Ke cJjenoBasia O6bl 3aKOHY TpexX BTOpHIX, [Ipu Gonblinx HanpsizKeHHsix
nmonyvanacss Obl TOK HacblmeHus, He 3aBucauui or V (cm. 1. 111,
§ 101). OnsiT nokasaJj, 4To DPH HAJHYHH B COCYAe PTYTHHIX NapoB
HJIH JApYyrux rasoB kpuBast | = /(V) uMeer KaueCTBEHHO COBCEM
apyrofi Bug. Ha nefl mosBasiloTcsi pe3Ko BbIpaxelllible MaKCHUMYME
H MHHHMYMDI ToKa. [l pTyTd (puc. 24) paccTofiHHs MexAy NBYyMS



82 3HEPTETHYECKHUE YPOBHHU U CIIEKTPbl ATOMA {rJ1. 1

COCeIHHMH MaKCHMyMaMM HJIM MunuMymamH paBiel 4,9 B. Taxkue
MAKCHMYMbl H MHHHMYMBbI CBHAETEJBLCTBYIOT O JHUCKPETHOM Xapak-
Tepe 3JHEpPreTHYECKHX YPOBHeA aToMmMa, IpHUYeM JUIss aToMa pTYTH
OMuKaHIUE 3HEPreTHUYECKHH YPOBEHb JIEKHT BBIE HOPMAaJbHOIO
(nanuusuero) yposus npumepno Ha 4,9 3B.

3. JelcTBUTEJBHO, CTOJTKHOBEHHS 3JEKTPOHA C aTOMaMH PTYTH
MOTYT OHITb ynpyeumu U Heynpyeumu, TIpy ynpyrux CTOJKHOBEHHSIX
BHYTPeHHee COCTOSIHHE aToMa PTYTH He MeHseTcs, a MOTOMY KHHe-
THYECKAsl 3HEPTHs 3JEKTPOHA He TPATHTCA HA €ro Bo3OYXKJeHHe,
OHa MOXKeT nepexoAHTb TONBKO B KHHETHYECKYIO 3HEPTHIO aToMa
KaK nesoro, Ho ¢ 3TuM npolleccoM MOXKHO COBCeM He CYHTATHCS,
TaK Kak Macca atomMa pTyTH noutd B 400 ThicsY pas npeBbllIaer
maccy 3JeKTpoHa. IIpu CTOAKHOBEHHH C aTOMOM 3JIEKTPOH OTpa-
JKaeTcss OT Hero, Kak OT HeMOJBHXKHOH CTeHKH, MeHSSl TOJbKO Ha-
npasJieHHe cBoero aBHxeHHs, IIpH 3TOM MOXKHO He YUYMTHIBATH Tel-
JIOBOTO JBHXKEHHS] CAMOI0 aToMa, TaK KakK CPelHss 3HePrHsl TAKOro
IBHXKeHHs1 3/;kT oueHb Masa 1O CPaBHEHHIO C SHepruef, npuoGpe-
TaeMOH 3JIEKTPOHOM IIPH YCKOPEHHH B 3JeKTpuueckoM mnoJe, Iloka
KUHETHUYECKAs SHEPrUs 3JeKTpOHa MeHblle & =~ 4,9 3B, oH He MO-
)KeT MepPeBOJHTb aToM DPTYTH B B030YXKIEHHOE COCTOSIHHE — BCE
CTOJNKHOBeHHsT GyayT ynpyrumu. IloHSTHO, 4TO cpeiu MHOXKeCTBa
VNPYrUX CTOJKHOBEHHH 3JEKTPOHA C aTOMaMH PTYTH HMEKWTCS He
TONbKO CTOJIKHOBCHHS, B KOTOPEIX 3JIEKTPOH TepsieT HanpaBJeHHe
[1epBOHAYA/IbHOTO JBHIKEHHS, HO B CTOJKHOBCHHS, [IPH KOTOPBIX 3TO
HampapJeHHe MOYTH BOCCTaHaBJuBaeTcss. Ecan aaekTpoH ObLl B CO-
CTOSIHUY [MPEOJOJETh 3aJCpPKHBAOLINA NOTEHUHAX KO CTOJKHOBE-
HHH, TO OH CMOXKET CcIeNaTh TO XKe CaMoe H IO0CJe HECKOJbKHX
yOpYrux CTOJKHOBEHHH IIDH yCJOBHH, 4TO HanpaBJieHHe ero JBHKe-
Hus crajso npexHuM. [1oaToMy, OKa CTOJKHOBEHHS! YNpYTHe, 3/eK-
TPOHHBIH TOK / pacTeT ¢ pOCTOM HAaNpsi>KeHus V.

[TonoxenHe MeHsieTCS, KOTJa 3HEPrHS 3JCKTPOHA JOCTHrAET
suavenus & =4,9 3B uan Goabute. Toria 3JeKTPOH CMOKeT 3a-
TPaTHTh CBOK KHHETHUECKYIO 3HEPIHIO0 HJHK 4acTb ee Ha 80306yicde-
Hue aroma pryTu. B 3TOM caydae CTOJNKHOBEHHS HA3LIBAIOTCH
reynpyeumu. Eciu NpH 3TOM ocCTaBUIEHCS KHHETHYECKOH 3HeprHu
3JIEKTPOHA OKAXKEeTCH HETOCTATOYHO, YTOOBI NPEOLONETh 3a/1ep KUBAI0-
muil morenunaa Vi, To 3JIEKTPOH Ha KOJJEKTOp P He momamer, W
¢ POCTOM HANpsKeHHst V 3JeKTpogHbH TOK [ HauHer yOniBath. [Ipu
JOCTHKEHUH 3HePTHH &y TOK / He majaeT CKaykoofpasHO A0 Hy.id,
TaK Kak He BCE CKODOCTH 3JIEKTPOHOB OJHHAKOBHI, XOTS Obl MOTOMY,
YTO TIPH BBIJIETe H3 HHTH NOJAYYaeTcs TEI0BOH pa3bpoc ckopocTei.
Kpowme ToOro, ans npeofo/]eHHs] 3aAepKHBAIOLIETO MOJs HMeeT 3Ha-
yeHHe He IMOJHAS CKOPOCTh 3JEKTPOHA, a TOJBKO €e NpodoabHas
cocrasAsioujas, T, €. COCTABJAAKWIAS BAOJb MOJSA; MONepedHas co-
CTaBJIAIONIAS] POJIH HEe HUrpaeT. A 3Ta cOCTaBJSAOIAS MEHAETCH [pH
YIOPYTHX CTOJKIOBEHHSIX — COXPAHACTCH TOJBKO MOJIHAS CKOPOCTB,
Bce 310 BefeT K criaxkuBanuioo KpuBolt [ ==/(V). dtum ke 06b-
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SICHSIeTCS, NOYEeMY MAaKCHMYMBl Ha KPHBOH TOKa IOJy4YarOTCsl He
TOYHO IPH 3HEPruy &, AOCTATOUHOH AJs BO3BYKIAEHHS aroma, a
NP 3HEPIHH HECKOJBKO MEHbIIEH,

[Ipn nanbHeHlueM BO3pACTAHHH YCKOPAIOIIETO HAMPSIKEHHS
3JIeKTPOH, OCTABILIMHACA mocC/Je YNPYrOro CTOJKHOBEHHSI B YCKOPSIO-
IieM [oJie, MOXKET BTOPHUYHO HA6paTb IHEPLHIO, JOCTATOUHYIO A/
BO36YXK/IEHHUS [EePBOTO 3IHEPreTHUECKOr0 YpOBHA aroma &,. Ecau
OH CHOBA NPETEPIHT HEYNPYroe CTOJKHOBEHHE H NOTEpsieT IHEPTHIO,
TO NpPH JOCTAaTOYHO BEICOKOM IMOTEHIHaJe V OH MOMXKeT B TpeTHH
pPas yCKOPHUTBbCA A0 3HePrHH, HEOOXOAMMOH AJA BO36YXKIEHHS TOTO
e MEepBOTo HEPreTHYECKOro YPOBHA aTroMa, U T. 1. B pesyabrare
TaKHUX MHOTOKPATHBIX BO3OYXKIeHHH yPOBHA & Ha kpuBon [ = [ (V)
U MOABJSIOTCS MaKCHUMyMBI BOJIM3H 3HAYEeHHH 3Hepruu &y, 2&,, 38,
u T. 1. Hanuuue KOHTaKTHOL pA3HOCTU HOTEHYUAAO8 MEXKAY KaTo-
JIOM H CeTKOHN HCKaxaeT [0Ka3aHHA BOJbTMeTpa V, cmeliasi BCIO
kpusyto /= [(V) BnpaBo uau BaesBo. OAHAKO KOHTAKTHAsl pas-
HOCTb MOTEHIHANOB HCKJAIOYaeTCs, €CAH BeIHYHHY & ONpeaensTh
IO pacCTOSHHIO MEeXJy COCeIHHMH MakcUMyMmamH toka [ = [(V),
KOTODOE OT Hee He 3aBHCHT.

4. Heymnpyroe CTONKHOBEHHE C BO30yXKAeHHEM I€epBOro Bo306Yy-
XKJEHHOro YpOBHS & MOXKET H He NPOHM3OHATH. DNEKTPOH MOKET
NPOJOJKATh YBEJHUHBATH CBOIO HEPTHIO B 3JEKTPUUECKOM [OJE,
TOKa OHAa He JIOCTHTHET 3HAYeHHA, AOCTATOYHOIO AJs BO3GYKAeHHS
BTOPOTO 3IHEPreTHUYECKOr0 YpOBHA &9, TPEThEro ypoBHS &3 H T. A.
YcKopsIoniHe HaNpsiKeHHs, COOTBETCTBYIOLIHe 3THM YPOBHAM 3HEp-
THH, HA3LIBAIOTCS HOTEHYUAAAMU 8030YyxOeHUs WM KPUTUHCCKUMU
norenyuasamy. Takum ob6pasoM, B NPHHIHIEe Ha KpuBoH [ = [(V)
BOJIM3H KPHTHYECKHX MOTCHLIHAJNOB MOTYT MOSBHTBCS HOBhIE Mak-
cuMyMbl. OIHAKO B NJNOTHHIX rasax 3TOr0 (GaKTHYECKH He [POHC-
xoauT. Tak 6B10 ¥ B nepBeIX onbTax Ppanka u ['epua (mpu Tem-
nepatype, HanpuMep, 210°C paB/ieHHe PTYTHHIX MapOB COCTABJSET
24 Mwm pr.cT.). leso B TOM, 4TO AJil HAKONJIEHHS HYKHOH HepTHH
9JeKTPOH 6e3 Heynpyrux CTOJKHOBEHHH AOJKeH INPOHTH B YCKO-
pAIOINEM 3JIEKTPHUYCCKOM I0JI€ PACCTOAHHE, 6O0JblLIOE M0 CpaBHEHHIO
¢ MJHHOH cBOOOAHOrO mpofera MexXAy JABYMS NOC/eA0BATEIbHEIMH
HEeYNPYTHMH CTOJIKHOBEHHSIMH. DTO YCJIOBHE B CJyyae IJOTHBIX Ta-
30B He BHIIOJHSAeTcA. Bo3byk/eHHe BRICUIHX JHEPreTHYECKHX YPOB-
neit &3, &3, ... BOSMOXHO NpH Oojiee HHU3KOM [OaBJEHHH rasa H
6oJiee COBeplIEHHOH anmapaType (CM. NYHKT 6).

5. OnHaKo, HE3HAUYHTEJbHO H3MEHHB CXCMY DHC. 22, MOXHO NpH-
CIOCOBHTD ee [/ HU3MEPEeHHs NOTeHylUaL08 uonuszayuu aromos. [lo-
TeHYUAA UOHU3AUUL — 3TO HAUMEHbUIEE YCKOPAOUee HANPANeHue,
npu KOTOPOM QTOMbL HAYUHANOT UOHU308AT6CA U 00PA308b6I8AIOTCA
noaoxcuresstole uoHst, TTOHATHO, YTO A5 BO3MOMKHOCTH HOHH3ALHH
3JEKTPOHBI HOMKHE ObITb YCKOPEHBI 10 2HEPTHH, He MEHbIIEH JHep-
euy uonuzayuu aroma. B cayuae pTyTH s 3TOro TemuepaTtypa
MeYH J0JKHA OHTH HEBBICOKOH, UTOOLI AAaBJeHHE PTYTHHIX NapoB
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coctasasnio npumepro 0,5 MM pr.cT. Cxema phc. 22 coxpausiercs.
Tospko Temepb N0JOKUTENBHBIH MOJIOC BOJibTMeTpa V| Hapo co-
€IHHHTbL C OTPHIIATEJbHLIM, a HE C MOJOMKHTEJbHLIM [0JIOCOM
BosbT™MeTpa V. Torma Bcerma mnoreHunan Kojjekropa OyneT 0Opu-
vepHo Ha 0,5 B HuXe noreHuuana KaTola, KakoBo Gbl HH ObLIO
3HaueHHe YCKODPSAIOIIEero CeTOYHOro HanpsikeHusa. Baaropaps atomy
3JeKTPOHDLI, HCycKaeMble KaTOLOM, He CMOryT MmomajaTb Ha KoOJ-
Jektop. Tok depes rajbBanoMeTp (G He NOHAET, MOKAa HET MOJOXKH-
TeJbHLIX HOHOB, T. €, IOKA YCKOPSIIOIIME CETOYNILIH MOTEHIHAJ HHKe
noTeHIHasa HOHH3alMH. Kak TOJbKO ycKopsioliee ceTOUHOE Hamps-
JKeHHe JOCTHTHET MOTeHLHasa WOHH3alhH, HAYHYT 06pa3oBLIBATLCA
NOJIOXKHUTENbHBIE HOHBI — yepe3 rajbBatoMerp nofiner Tok. [lokasa-
HHe BoJAbTMeTpa V B 3TOT MOMEHT H JacT NOTCHIHAJ HOHH3ALHH
pryTu. KonedHo, B 3T0 noxkasaHue [0/KHA ObiTh BBeJeHA NONDPABKA
Ha KOHTAKTHYIO Pa3HOCTb MOTEHUHAJOB MEXAY KaTOAOM H CETKoi,
KOTOpasl HaXOAUTCSl U3 NPeAblAYLIUX H3MeDeHUH NepBOro MoTeHIHa-
Jla BO30OYXKIEHHSA PTYTH.

6. Uto6bl mOBLICHTL paspeliaroilyio cnoco6HOCTL npubopa U Ha-
6Jt0aTh MaKCHMYMBbl, COOTBETCTBYIOILHE BBICIIUM 3IHEPreTHUECKHM
YPOBHAM PTYTH, MOXKHO BOCHOJIb30BATLCH NpexkHell cXeMofl, H30-
GpaeHHOH Ha puc. 22, HO BMeCTO OLHOH B3ATL 08¢ CeTKU, MEXKIY
KOTOPbIMH HaKJaajbiBaeTcss ci1a6oe YCKODSIOMIEE HalpsKeHue 1o-
psaka 0,1 B. OcHoBHOe yckopsiiollee HampsiKenne cO3JaeTcsl Me-
WAy KATOAOM M MepBOfi CETKOH, a TOpMO3fllee HaNpAKeHUe — Me-
KLYy BTODOH CETKOH H KOJJIEKTOPOM, DTHM [OCTHTaeTcs TO [Mpe-
HUMYIECTBO, YTO cO3AaeTcs 6OJbIIOe NPOCTPAHCTBO MEXKLY CeTKa-
MH, RO4TU €80000HOE OT noas. B TaKOM NPOCTPAHCTBE 3JeKTPOHBI,
YCKOpEeHHble 10 MOTeH-
nnaJia Bo30yXKAeHHS HJH
BhILle, TrJaBHBIM 0Opa-
30M H OpeTepneBaloT He-
YOPYTHE CTOJKHOBEIHS,
Hanporus, paccrosnue
MeXAYy KaTroaoM H YCKO-
pawoLiell ceTKOH NOJIXKHO
ObITh HEBeJHKO, 4TOObI
MEXAY HHUMH ObLIIO OT-

Puc. 25 HOCHTEJIbHO MaJ0 CTO.IK-
HoBe#u#l. C 9THM H CBSI3aHO MOBHLILEHHE pa3pellaroilell cnocoGHOCTH
npu6opa. [lonsTHo, uTO NaB/eHHe rasa B TPyOKe NOJKHO ObITb He-
BBICOKHM (A5 PTYTHHIX MapoB Nopsiika 5-—6 MM pr. c1.). Taknm
nyTeM y atoMa pTyTH oOHapy:KHBaeTcsl BTOPOH moTeHUIHaJa BO3OYX-
nenasi V =6,7 B. Tperu#i norenuwan Boz6yxgenns V=104 B
ABJAAETCH YXe HOHU3aIHOHHBIM,

Bonee coBepureHHLIi W YYBCTBHTENLHLIE METOA HW3MEPEHHS KPHTHUECKHX [10-
TEHUMANOB 6bl) paspaboran [epueM. B atom MeTope 3JeKTpOHEI, BLLIeTeBLINe 3
katopa K (puc. 25) # yckopeHHBle NOTenuHasom V| nonajaiot s cBoGOAHOe OT
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noJis [POCTPAICTBO, OrPAHHUCHHOE (MJIMHAPHYECKONl ceTKofl, H300paxcHHOH Ha
pHc. 25 nynxTHpOM (MepHAHOHANBHLIE pa3pe3). TaM TMPOHCXOAAT UX CTOJIKHOBE-
HHs ¢ atomaMmu rasa. [lpn ynpyrux CTOJKHOBEHHSIX 3JIEKTPOHBI, He TEPAs 3Hep-
IHH, OTKJOHSIIOTCS H MOIYT BblJeTaTb 4epe3 GOKOBYIO MOBEPXHOCTL CETKH B Caa-
Goe 3afepkHBaloliee MoJe, co3zapaemoe moTeHuHasoM V, = 0,1 B, HaN0XeHABHIM
MEX/y CEeTKOH H OKpYXKaloli{iM ee COOHpAIOUMM >JeKTpoaoM P (KoJjekTopoM).
DHeprus 3JeKTPOHOB JocTaTouHa, 4uTobbl mpeonoJsers V| u monacts #Ha P. Ecau
Ke TPH YBEJHUYCHHH YCKOPSIIOUlEro HampsiKeHHs V gosiBsiTcss HeynpyrHe CTOJKHO-
BEHHs,, TO NOCJE CTOJKHOBEHHS 3HePrHsl 3JEeKTPOHAa MOKET 0Ka3aTbCs HeloCTaTou-
HO#, uTOGL MPeoLoJeTh 3alep KHBalONLes 1OJe H monacTs Ha koJckTop P. Tok ia
KoJutekTop P naMmepsietcs rasissanomerpoM G HsmepeHus npoHaBopsTcs NpH ABYX
6JH3KHX 3HAYCHHAX 3ajlepXHBaiOLiero norteHunana: Vy = 0 u, nanpumep, V, =
= 0,1 B.

[loxa cTOJKHOBEHHsI yNpyIHe, (OKAa3aHUs raibBaHoMeTpa B OOOHX CJyyasx -
NpakTHYECKH OJHHAKOBHL. EciH Xe ycxopsioliiee Hampsikenue V jgocTHraer 3Haue-
HH§l OJHOTO H3 KDPHTHUECKHMX [OTEHIHAaJOB, TO MOSBJSIOTCS HEYIPYrHe CTOJIKHOBe-
HHS, H BO BTOpOM cJaydae (T. e. npu Vy = 0,1 B) 1ok B raspBanomerpe G pesgo
nanaer. Pasnocts nokasauufi rasbBanomerpa npr Vi =0 u V, = 0,1 B moxer
CJAYKHUTh MepOH IJS YHCJIA 3JeKTPOHOB, BHIJIETEBUIHX H3 CETKH C dHeprHeH MeHblUe
0,1 3B, T. e. AJa 4HC/a 3/eKTPOHOB, HCNHITABIUHX HeyIPyrue CTOJKHOBCHHH B OK-
PEeCcTHOCTH paccMaTPHBAeMOro KPHTHUECKOIO MNoTeHUHasa. Tak Kak  2JeKTPOHH
CTAJKHBAIOTCA C aTOMAaMH TaM, Tje 3JeKTPHUECKOro MoJs HeT, TO [10cje CTOJKHO-
BEHHs OHH He MOTYT BHOBb Ha6paTb 3SHEPrHIO, NOCTATOUHYIO IJa BO3OyXKieHHs
atoMa. [lo atolt npuunne na xpusoil / = I(V) yxke He NOSIBATCA PaBHOOTCTOA-
e MAKCHMYMBl, COOTBETCTBYIOIUHe OJHOMY H TOMY X€ KDHTHYECKOMY TMOTEH-
uHasy. KpaTHoro noBTopeHHsl TakKHXx MAaKCHMYMOB, Kak ObJIO paHblle, He Mpo-
Hzofiger. HenocpesncTBeHHOe HCK/IIOUeHHE KOHTAKTHOW Da3HOCTH [OTEHIHAJOB OKa-
}Kercs HeBO3MOXKHBIM. OJHAKO KOHTAKTHYIO PA3HOCTL MOTEHLHAJOB MOXHO HafiTh
H 3aTeM yYeCTb ee BJHUsIHHe, eCJH H3B2CTHO 3HaueHHe XOTa Obl OJHOTO KPHTHYe-
CKOro moreyuuasna. MoKHO TakXKe BOCINJB30BATbCsS CMECHbIO IBYX ras3oB, A OX-
HOTO H3 KOTOPHIX KPHTHYECKHe MOTEHLHAJbl H3BECTHHL

7. Onpitel ®@panka u Tepua NOATBepPXKIAOT TaKXKe W BTOPOI
nocrysnar bopa, 1. e. mpaBuJsio yactor. OKasbiBaercs, 4TO NPH YCKO
pSIIOLIeM HanpsiXKeHHH MeHblile NEePBOT0 KPHTHYECKOIO MOTEHIHAJA
~4,9 B napel prytu He cBersitcsi. B atoMm cayuae HeT BO3OyKIAEH:
HBIX aTOMOB DPTYTH, a CJ€JOBaTe/bHO, H HX IMEpPeXOJOB B 11€BO3-
6yxIeHHOe cocTosiHHe, [1pH MOBLIIEHHN YCKOPSIIOIIEro HaNpSKEHHS
npumepHo 10 4,9 B nosBiasiorcs mepBhie BO3OYKIEHHBIC aTOMBI
[Ipu mepexomax Hx B HOpPMa/JbHOE COCTOSIHHE [OJMKHO [OSBHTBHCS
csevenne. M peficTBUTENIBHO, B 3TOM cJyuae Haba0JaeTcsi CBEUeHHe,
cocTosillee U3 OLHOH PE3CHAHCHOH yJAbTpaduo/eTOBOH JHHHH A =
= 253,7 HM.

Koneuno, a/1s HabJ/0leHHs] 3TOrO CBeUeHUsl CTeKJAAHHbIHA 6andoH,
B KOTOPOM HAaXOJSITCA Napul PTYTH H OCTajbHafd annaparypa, He
FOJUTCS, TAK KaK CTEKJO Henpo3pavyHo Aas yJabTpadHOo/eTOBLIX JY-
yeii. He roautcs u crekasinnas ONTHKA AJS UCCJAEIOBAHUA CIIEKT-
paJbHOTO COCTaBa H3aydeHus. [loaXxoAsmMMH MaTepHasnaMH MOTYT
ObITb KBapl HJAH (JIOOPHT, OpO3pauHble COOTBETCTBEHHO NPUOIH-
suteabHo 10 180 u 120 uwm.

[To nnuHe BOJIHBI JHUHHH A == 253,7 HM MOXKHO BHUHCAHTb H mep-
BBIH KPHTHUYECKH IOTEHIHAJ PTYTH, W NIPHTOM 3HAYHTEJbLHO TOUHEE,
ueM 10 MakcuMyMaM Ha kpuBoi#l [ = [(V), moayuaemoli B onniTax
®panka u Tepua. das 3Tofi LelH MOXKHO BOCHONB30BATHCS
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dopmyJoi
&y~ & ==eV = hv==hc[A.

TloacranoBka B Hee YHCJEHHBIX 3HAYEHHH naetT

1240
m‘) HM. (141)

Ilonaras B atofi gopmyse h = 253,7 uM, Haiigem V =4,887 B, grto
XOpolo corjaacyercss co 3HaueHueM 4,9 B, mosydeHHBIM B onmbTax
®panka u [epua.

Ilpu Gosiee coBeplUeHHOH MeTOJAHKE 3SKCIEpHMEHTa Yy aTOMOB
PTYTH oO6HaApyKHUBaeTCs BTOPOH KpUTHYECKHH noreHuunan V =6,7 B,
[Ipu sToM npu nepexoie B OCHOBHOE COCTOSIHHE MOSIBASIETCSH H3JAY-
YyeHHe ¢ [JJHHOH BOJHBI A = 1849 HM, JTOH cnexkTpasbHON JHHKH
no ¢opmyae (14.1) coorserctByer V =6,705 B, uro rakxe Haxo-
OUTCST B IIPEBOCXOAHOM COIVIACHH C ONBITOM. TpeTHH KpHTHUeCKHH
norennuan prytd 10,4 B sBasiercss yxe noHudauuoHuoiM. CrefoBsa-
TesbHO, NMpu V > 10,4 B mo/XHB NPOMCXOAHTH NEpPexo/Jbl U3 He-
CBSI3aHHBIX COCTOSIHHII Ha BCE HHXKEJEXKalllHe SHEPTeTHUYECKHE YPOB-
HH, Y IeHCTBHTEABHO, ONBIT NOKA3aJ, YTO MPH 3TOM Bo30yxKIaeTcs
MOJIHBIH aTOMHBIA CHEKTpP PTYTH.

8. Jlasi Bo3GyxIeHHS W HaOAIOAEHHS CBEUEHHH rasa yaapaMmi
3J1eKTPOHOB YCTAHOBKY JIydllle HeCKOJIbKO H3MEHHTh, TAK KaK Telepb
yckopsioouiee nojsie yxke He Tpefyercd. IlpunuununasdbHas cxema,
OpurofHasi AAs HaOJIOJAeHHs CBEYEHHS, NpHBe-
JeHa Ha puc. 26. Yckopsiwoulee Hanpsixkenue V
co3flaeTcss MeXAYy MNOJorpeBaeMbeiM KatonoM K
H OKpYXamwlleH ero UHAHHApPHYecKoN ceTkoil S.
B cBoo ouepenr ceTKa S OKpyxKeHa LHJIAHHAPH-
yeckuM aHogoM A. 3aszop Mexay xaroaom K H
ceTkodl S poJuxkeH ObITb HeGOJbLIHM, YTOGBl B
HeM IpOHCXOAHJIO MaJjo CToJKHoBeHnu#t. Hanpo-
THB, IPOCTPAHCTBO MeXAy ceTKolt S u aHomom A
JAOJIXKHO OBITh OTHOCHTEJBHO GOJIbIIHM, YTOGH
v MOYTH BCe CTOJIKHOBEHHS MPOUCXOAHJIH UMEHHO B

3TOM MPOCTPAHCTBE. IDTO MPOCTPAHCTBO AOJKHO

Puc. 26 O6BITb CBOOOAHO OT MOJS, AJAs1 Yero aHOMA H CeTKa

coefiuHAOTCA MexXAy cobofi. Takum o6pasom,

Kak u B ycraHoBke [epua (puc. 25), ycKopsioll#i NpoMexyToK

oTJeJieH OT IPOCTPAHCTBA, Pie 3JeKTPOHBI CTAJAKHBAIOTCHA C aTOMaMH
rasa ¥ Bo30YyXJAaOT HX.

HonyctuM, HampuMmep, YTO JaMOa 3amoJHeHa MapaMH HaTpHd.
OnHT NOKa3blBaeT, YTO Naphbl HATPHSI HE CBETATCH, eCJaH YCKOPSIO-
mee nanpsokeHue V meusuwie 2,1 B. llpu Hanpsaxenun 2,1 B Haun-
naer BO30YXKAATHCSL TONbKO Kearasg D-nuHus HATpusa A = 589,6 M.
3HaunT, oHA ABJSETCA pe3oHaHCHOH JHHHeH, a V = 2,1 B— peso-
HaliCHBIM MmOTeHIHa oM. Ero BeJMUHHY MOXKHO YTOUHHTB, NOACTABHB

A=

Al S5
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3Hauenne A B ¢opmyay (14.1). dto naer V= 2,103 B. Ilpu nain-
HefillleM YBEJHYCHHH YCKOPSIOLIETO HaNps:KeHHS  IOSIBJSIOTCS
OCTaJbHblE JTHHHH CIIEKTPa HCNYCKAHHS HATPHS. '

§ 15. Pe3soHaHcHOe cBeueHHE H JIOMHHECLIEHIUSA

1. B nobasaenue K npelblaylleMy naparpady paccMOTPHM OIbl-
el Byna (1868—1955) no Bo3Oy:K/eHHIO CBeueHHsl B rasax, Haua-
Toie B 1904-—1905 rr. B sBakyHpoBaHHBIH cTeK/IsiHHBIA GangoH Byn
NoMeliaJa Kycouek MeTaJuanueckoro HaTpHs. [locie HarpeBanus 6aJ-
JIOH HallOJIHSJICS TapaMu 3Toro Merasnaa. KouaeHcopHasl JHH3a
KOHIIEHTPHPOBAJa Ha MMapax HaTPHSA CBET OT FOPEJKH, B I1aMs KO-
TOpOH BBOJHJACH MOBapeHHasi cosb, Takoi HCTOUHHK CBeTa OGHJBHO
HCTycKaJ IBe KeJThle JHHHH Dy u Dy HaTpua ¢ NJIMHAMH BOJH
Ap,=0589,6 uM u Ap,=>589,0 um. Ha mnyru napawowero nyuxa
napbl HATPHsS HAUHHAJH CBETHTHCS SIPKHM 2KEJITbIM CBETOM, pac-
NpOCTPAHABIINMCA BO BCe CTOPOHBI, a HE TOJLKO B HalpaBJEHHH
nagawouero cBerd. CHeKTPOCKONMUUECKOe HCCJIEJ0BAHHE N0KA3allo,
YTO CBEYEHHE COCTOHMT M3 TeX e [ABYX KeJTHIX JHHUH HaTpus D
H D,. OkasaJoch Takxe, YTO JUHHH D; H D, CHALHO NOIJIOIIAIOTCSA
napamu Hatpus. C NoBbILI€HHeM TEMIEpaTypH, a CJeLOBAaTeNbHO,
M TJIOTHOCTH MapoB INOTJIOLIEHHe yBenHuuBaercs, Iy6HHA MpPOHHK-
HOBENHs Majalollero cBeta B map yMeHbliaercs. BciencTsie aToro
npojo/bHble pa3Mephl cersiefics obanacTi coxpawarTes. Ipu xo-
CTATOUHOH NMJIOTHOCTH NMapoOB CBEUEHHE COCPEAOTOUYHBAETCS B TOHKOM
MOBEPXHOCTHOM CJ10€ B MeCTe BXOX/JEHHs NMaJalollero nydka cpeTta.
Ilpu srtom ob6e nuuuk D; u D, paclIHPSAIOTCA H B KOHIE KOHIIOB
CJMBAIOTCS.

Ananoruunoe siBnenue Byx wabnofan u B mapax pryTH. Bos-
OyXKIaI0HM CBETOM CJYKHIO YAbTpadHOJeTOBOE H3JIYYeHHe PTYTH
¢ gauHo¥ BosaHb A = 253,7 M. KoHeuno, Bo usfexaine CHALHOTO
IIOTJIOLEHHA COCYA, COAEpXKALIHA PTYTHBle Maphbl, B 3TOM CJjaydae
IoJKeH ObIThb M3TOTOBJEH H3 KBapla, a HCTOUHHKOM CBETa MOXKET
CJ1yKUTh, HAaNpuUMep, pTyTHasd kBapuesasd Jjamna. Okasajoch, 4TO
pPTYTHBHIE Mapbl CHADHO MOTAOILAIOT CBET MMEHHO € JUIMHOH BOJIHH
A =253,7 HM, a 3aTeM IepPEH3JIYy4yaloT €ro BO BCE CTOPOHBI C TOH
JKe JUIHHOHN BOJIHBL. $IBJeHHe yAanoch HaGJaI0AAaTh, OCBEILAs PTYTHbBIE
mapsl ¥ BTOpOH JHHHeR pTyTH A = 185,0 HM, XOTA B 3TOM cayudae
Ha60/ieHHE 3HAYNTENbHO TPYAHEE, TAK KaK yKa3aHHAfl JHHHUS HO-
raouiaetcsl ropasio cujapHee, BrmocseAcTBuu yaasoch pacupoctpa-
uTh HabaoLeHuss H Ha ApYyrue ajdeMeHTsl. He BbI3bIBaeT coMuenus,
YTO OMHCAHHOE SIBJIEHHE CYIIeCTBYeT BO BCEX BEIIECTBAX, XOTS €ro
BOCTPOH3BEJEHHE NPAKTHURCKH OCJIOMKHAETCS CHJABHBIM TOTJIOLLE-
HHEM H HEOOXOJHMOCTBIO HMeTb NOAXOAAIIHH HCTOUHHK CBeTa,

2. B to Bpewms, Korg2 Bya na6mionan onHcaHHbBle fIBJIEHHS, HX,
KOHEUHO, MCTOJIKOBBIBAJIH KJACCHYECKH. ATOMY CBOIICTBCHHB Ompe-
HeJeHHBbIC COOCTBeHHbIE HACTOTH, € KOTOPBIMH OH II H3JyyaeT
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cileKTpaJbhble Junud, [Ipn ocBelleHHH aTOMAa MOHOXPOMAaTHYECKHM
CBETOM ONpejiesieHHol 4acToTH B HEM BO3GYXKAAKTCSH BHIHYXK/ICHHbIE
KoJebanus, 0 aTOM HaYHHAET Nepeu3JyuaTb CBET ¢ TOH Ke YacTo-
ToH. 3TOT 3deKT A0/KeH ObiTh BbipaikKeH 0COOEHHO CHJIIbHO, KOTAA
Y3aCTOTa BHEIIHEero H3JydyeHHs COBNAAAET ¢ OAHOH H3 COBCTBEHHBIX
yacToT aToMa, T. €. npu pe3onaHce. IlosToMy fBieHHe MOJYUYHJIO
Ha3BaAHHE PEIOHAHCHOZO USAYHEHUS WIIH CBEHEHUS.

KoHeuno, npuxoAsiini B KojJeGaHHe aTOM MOXKET He TOJIBKO
lepensayuath NOJYYEHHYIO IHEPrHIO, HO, HANpHMep, NepenaBarh ee
6e3 H3JayUeHHs] OKPYIKAIOUIHM aToMaM. JTa 4acTb IHEPTHH B KOHIE
KOHIIOB Bblgessercsd B Bule Tensa. Takofi addext npossutcs B
ocnabJieHdd WJIH TyWeHHH pe3oHaHcHoro cBeueHusl. OH OyneT BhI-
pakeH TeM CHJIbHEe, ueM CHJIbHee B3aHMOAeHCTBHE MeXAY aToOMaMH
paccMaTpHBaeMoro rasa. B 4acTHOCTH, TO NPOH3OHAET NpH yBe-
JHYEHHH IJIGTHOCTH ra3a WJIH NpH N0oOaBJEHHH K HEMY aTOMOB IO-
CTOpPOHHEro BerlecTBa, Tax, B napax PTYTH npH AaBjaeduu 0,001 mm
PT.CT. pe3oliaHCHOe CBeueHHe XO0pomo BhipaxeHo. Ho npu nobas-
JeHuu BoJopona moja AasiaenueM 0,2 MM pT.CT. HHTEHCHBHOCTDL CBe-
ueHys] yObiBaer BJBOE, a OpH AadbHedmeM N06aBJeHHH BOJOPOAA
ocsabeBaer elie 3HauuTeJbHee, AHanOrAUHO AeficTByer nobaBienue
H APYTHX ra3os.

3. IlpuBeleHHOe KJ1acCHYeCKO® TOJKOBAHHE PE30HAHCHOIO H3Jy-
YeHHs Ha NePBbld B3IVIAA NpPEACTaBJAAETCH BecbMa yOeNHTENbHEIM H
eMHCTBEHHO BO3MOXHLIM, [IpH KDHTHYeCKOM paccCMOTPEHHH 3TO
OKashiBaeTcA He coBceM Tak. [lefiCTBHTeNBbHO, PE3OHAHCHOe H3JyUe-
HHe He ecTb 000co6JieHHOe siBJeHHe, a NPeACTaBJAeT YACTHHIH CJay-
‘yaii GoJsiee OOILETO SIBJEHHUS — UBAYHCHUA CREKTPAALHOLY AUHLIL.
B ocHOBe 060HX 9THX SBJCHHH AOJKEH JeXKaTb 00U U TOT He Me-
xanusM. [IpoucxoKJeHHe CNEKTPAJNbHBIX JHHHME H CHEKTPa/bHbBIX
cepuii Kjaaccuueckas (Hu3HnKa OOBACHHUTL He MOrjaa, ITO YNajoCh
cAenaTh TOJBKO KBaHTOBOH TeopuH, EcrecTBeHHO ayMaTh, 4TO H
pe30HaHCHOe H3JydeHHe AOJKHO HMETh TaKxkKe KBAHTOBOE HCTOJKO-
Banune, [locneaHee neHCTBUTENBHO CYIIECTBYET H 3aKJIOYAeTCA B
CJIeIVIOIIEM,

KBanTt nanamowero ceera Av foJXKeH BO3OYAUTL aToM, T. €. Te-
peBEeCTH €rc ¢ HOPMAaJbHOTO YHEPTreTHYECKOTO YPOBHS &) HA Bhille-
aexkamuii yposenb, Ilycers &, — 6anxkaiuinii yposeHn, jexaniui
poie &;. Ecan Av << &3 — &y, TO 3HEPTHH CBETOBOrO KBauta Av
"HE[OCTATOYHO, YTOOL NepeBecTH aToM Ha ypoBeHb &». B atom cay-
yae Bo30yXKJAeHHe aTOMa CBETOBBIM KBAaHTOM HEBO3MOXKHO. [las
Bo36y:KaeHus ypoBHsl &» HeobxoauMo, 4ToOH &2 <X & + hv. Mak-
cuMaJjibHoe BO30yXKIeHHe OYAeT NMPOHCXOAHTb MPH YCJAOBHH &g =
= &, -+ hv, Korga Bcf 3HEPrHs KBanTa Av pacxoldyercs Ha Bo3by-
XaeHnue ypoBHA &2 Yepe3 KOpoTKOe BpeMs aToM C YpOBHS &
Bo3Bpamaercss Ha OJHXKaHWMA HuXKe/JeXalWul ypoBenb, T. ¢. &).
[Tpu atom HajydaeTcsl CBETOBOH KBaHT hv' = &, — &, Taxkum 06-
pasoM, v/ =v, T, €, 4acTOTH BO30yX/JalOLIero M fepeis/yiaeroro
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CBeTa OJ\MHAKOBH, B 3TOM W COCTOHUT pe3oHAHCHOe H3JyueHHe, eCJiH
ero paccMaTpHBaTL ¢ KBAHTOBOMH TOUKH 3PEHHUS.

To o6crosiTeNsCTBO, UTO B Napax HaTpus HaAOJIOAAETCH H3JIy-
yeHHe He OMHHOYHOH JHHHH, a ABYX ONHU3KUX JHHHUHA D; u Dj, 00B-
SICHICTCS TeM, UTo BTOPOH BO3OYKIAEHHBIH ypoBeHb &y aToMa HaT-
pus B JI€HCTBHTEJBLHOCTH COCTOHMT U3 ABYX OJIU3KO PACHOJOXKEHHBIX
YpPOBHei.

C KBaHTOROH TOUKH 3peHHs, KAK H C K/JACCHUECKOH, [OHATHO H
SIBJICHUE TYUleHUs. C8e4eHusl TIPH YBEJHUEHHH KOHUEHTpalWu rasa.
JeficTBUTE/NLHO, aTOM, HAXOASIUHACH HA BO3OYKAECHHOM ypoBile &o,
MOXKeT MepefaTh CBOK JHEPrulo 6e3 H3/IYUEHHS OKPYXKalOUIHM aro-
MaM. 37107 3¢hdeKT ycunupaercss ¢ yBeJHYeHHEM MJOTHOCTH rasa
HJH npu JoBaBJeHHH K HEMY NOCTOPOHHHX mpHMeced.

HanoxeHHoe npeiacTaB/sieT TOJIbKO OCHOBHYIO CXeMY SIBJIEHHS,
HO He OXBaThIBaeT Bcex ero CTOPOH. B 4acTHOCTH, MBI OCTaBHJIH
B CTOPOHE BCE€ BONPOCH, CBA3aHHBIE ¢ YIUIMPCHHEM >HepreTHUe-
CKUX ypoBHeH M cnekTpajbHbix AdHu#. Ho 3To He Bxomut B Hamy
3alauy.

4. TMoctynaty Bopa €OCTaBJAAIOT OCHOBY AJfl MOHHMAHHA ABJAEHHH AOMUREC-
yewyuu, KOTOPHE 10 3TOTO OCTABAJHCh COBepUIeHHO HemoHATHBIMH. OTBeTHM cHa-
4aJia Ha BOIUIPOC, YTO TAKOE JIOMHHECUEeHUHs?

Bce Tena HcmyckaloT 3JeKTPOMAarHUTHbie BOJIHBI, HHTEHCHBHOCTh H CTelleHb
MOJIIPH3AUUHE KOTOPHIX B Pa3/IMUHBIX YYaCTkaXx CHeKTPa ONpelessioTCs TEeMIepaTy-
poii Tena M ero fOrJOLATENLHON CIOCOGHOCTLIO B COOTBETCTBHH ¢ 3aKOHOM KHpx-
rodpa (1824—1887). Takoe H3jyueHUEe HA3LIBACTCHA TEMNEPATYPHLIM WK paAcHOBEC-
rown, [loMuMo TeMmepaTyPHOrO H3JyueHHs, MHOrHe Tesla B pe3yJbTaTe Pa3/HUHLIX
BHelIHHX BO36yJHTesefl Jaf0T H3GHITOYHOe H3JyuckHe, He OfNpelesilouleecs TeM-
nepatypoit Tesa. TaxoBo, manpumep, cBedeHHe 3KpaHa B TeJEBH3OPe, CRCHelHe
rasa B ra3opaspsjiHofi TPyGKe NPH NPOXOXK/JAEHHH Yepe3 HEero 3JeKTPHYECKOro TOKa,
CBeueHHe caxapa NIPH DACKaJbiBaHHH, CBEYEHHe HEKOTOPHIX JXUBLIX OPraHH3MOs
(cBeTasiukOB), cBedeHHe THUIOMEro AepeBa H T. A. Bce 370 — npuMepnl xo400K020
caeuenus. Taroe u3bpiTounoe HAO TEMNEPATYPHULIM U3AYUEHUE HA3LIBAETCS MOMU-
necyenyuell, ecau €20 OAUTEABHOCTbL NOCAe NPEKPAujeHus sreulneeo 8030eidcTeus
(nocaecsevenue) 3nagurensHo npesovluaeT nepuod csetosbix xKorebaruil.

[lepBas uacTb 3TOro onpefeseHHs W CaMblfi TePMHH «JIIOMHHECUCHUHSI> GRIIH
ppedentt E  Bunemanom (1826-—1899). Bropas uwacTo — kpHTepuH AjnuTelbHO-
ctn — 6u1 BBeaeH C. M. BaBuioBeiM, 4T06bl OT/IHUHTL JIOMHHECHEHUHIO OT Gosee
KPaTKOBPEMEHHBIX sIBJEHHH BTOPHYHOT'O H3JyUeHHs -— OTPaXKeHHsi H paccesHus
CBETa, TOPMO3HOI'O H3JYUeHHS 3apsKe¢HHBIX YacThu, H3NydeHus Basuaosa — Ue-
penkosa u np. KoHeuHO, 3TOT KpuTepuil He omnpefesnecH BMOJHE XKECTKO H MOXET
CNYKHTh TONBKO LIS 00weli opuenTuposxu. B psne cayuacs oH He NosBoJiger npo-
BECTH Pe3Kylo TPaHb MeXAy JIOMHHeclleHUHed H HeJlOMHHecileHuHeH. Paubliie siB-
JIeHHs  JIOMHHeCUeHUHH [eqHJIH Ha @ayopecyenyuio U gocgopecyenyuro. [lon
dJayopecUeHLHell NMOHAMAAN M3JyyeHHe, NPeKpallaloLleecs MTHOBEHHO NOCJe fpe-
KpalleHHst [efiCTBHA BbLI3LIBAIOLIErO €ro BHCIWIHero so36yanrtens. Ecau ke coeuenne
MPOAOJKAETCA HEKOTOpOE BpeMs H mOcJe YAaJeHHs BO3OYAHTENs, TO ero Ha3H-
Basr (ochopecueHuned. B cBeTe Gosee HO3/HHX HCCACHAOBAHHA (bLIO BHIACHEHO,
UTO HHKAKOH UPHHUHNHAMLHON PasHHIE MeXAy dayopecienuHed n docdopecuen
uxefl HeT. Pa3ssiMune Mexay HHMH UHCTO KOJHUECTBCHHOE — (10 BPEMEHH AJHTENb
HocTd nocaecBevenus. ITlostoMy ykasanmoe genedne noTepsao cMeica TepmaH
«(ayopeclleHHHA> OPHUMeHseTca U cefiuac, HO TOJABKO AJSl TOroO, YTOOH KaueCTBEHHO
NOAYepPKHYTb KPaTKOBPEMEHHOCTh cBeueHHs. Hanpumep, asmuredbHocTb pesonaHc-
HOrO CBEYEHMA Pa3peXEHHLIX Ta30B, KaKk NOKa3ajH CheuHajbHhHE H3MepeHns, INO-
paaka 108 — 10-9 ¢,
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K nmpuBeneHHOMY OmNpejiesleHHIO JIIOMHHeCUEHIHH clefyeT A06aBHTL HEKOTOPbIE
saMeqanHd. [lockoJbKy TeMIepaTypa — MaxkpoCKOnu4ecKkoe NORATUC, Pa3lensiTh
NOJIHOe H3JyYeHHe HA TEMMEPATypPHOE H JIIOMHHeCLEHLHIO HMceT CMEICA He JJIf
OTAENbHBIX MOJICKYJ H aTOMOB, @ TOA6KO 048 UX COBOKYNHOCTed — TeJl, HMEIOLIHX
onpejeneHHyio Temnepatypy. EcliH cocTosiHHe Tesla CTOJIb HEPABHOBECHO, YTO TOBO-
PUTL 06 ero TeMnepaType He NMPHXOAHTCS, TO B 3TOM cJyuyae Hesb3si FOBOPHTb H
O TeMMepaTyPHOM W3JIyYeHHH, H O JIOMHHecCLeHUHH. Tak 6yxer H Npu cBeYEHHH OT-
JeJbHHX aTOMOB H MOJeKyad. [lo 3Toil npuyHHe A5 CBedueHHs a308, HCCIEAOBAH-
HOro BynoM, Mbl mpeaNousH HeHTPaabHBIH TEDMHH «PE30HAHCHOE H3JydeHHe» BMe-
CTO 4YacTo ynoTpe6JseMOro TepMHHa <«pe3oHaHcHasi ¢JayopecleHUHs». [leficTBH-
TeJbHO, TAaKOe CBeYcHHe Habmoaercss U B pa3peXeHHBIX rasax. TepMHH Xe «pe-
30HaHcHas (JyopecleHIHs» ONpaB/aH, KOrjga peub HAET O CBEUEHHH CPAaBHHTEJbHO
MJIOTHBIX Ta30B.

BemlecTBa, B KOTOPHX BO36yXAaeTcs JIOMHHECUEHIHsl, HAa3bIBAIOTCS AOMUHO-
popanu. ITo Metony BO36YXKAeHHs CBEYEHHs Pa3jIHYaIOT:

1) ¢orosromunecyenyuro — NIOMHHECIEHIIHIO, BO3HHKAIOUIYI0 OpPH OCBELIeHHH
JIOMHHOGOPA BHIMMBIM HJH YJIbTPa(QHOJIETOBEIM CBETOM;

2) penTeenOstrOMUHECYEHYUIO — CBeUEHHE JIOMHHOpoOpa MNpH oO6JAyYeHHH ero
PEeHTreHOBCKHMH HJIH y-Jy4aMH;

3) karodoaromunecyenyuio — cBedeHne JMioMHHOGoOpa npH GoMGapIHPOBKe ero
9JIEKTPOHAMH (KATOAHBIMHU JYyYaMH);

4) paduostomunecyenyuro — cBedeHHe NOJA AcHCTBHEM fAJEPHBIX H3JMYUeHHH:
OL-4aCTHL, B-yacTul, y-JyueH, IPOTOHOB H T. I.;

5) asexTposlomunecyenyuro — CBeUeHHe JIOMHHOQOpPa, HanpUMep ra3oHANoN-
HEHHOH BaKyyMHOH TPYGKH, B 3JIEKTPHUECKOM MOJIE;

6) xemusiomusecyenyuro — cBeueHHe TeJd [PH XUMHUECKHX DeaklHsX;

7) TPUbOAOMURECYEHYUK — CBeUueHHe, BO3HHKAWOIlee NPH PACTHPAHUH, Pa3jiaB-
JMUBaHHU MMM PacKaJEIBAHHH HEKOTOPHIX KPHCTaJUIOB (HAalpHMep, caxapa);

8) kauOosoMuHecyeryuro — cBeYeHHe (HO He TeMIepaTypHOe), BO3HHKaWllee
OpPH TOMEIIEHHH HEeKOTOPHIX BellleCTB B IJIaMsl, HaOpUMep B [JaMs rasosol
FOpeJIKH.

5. OcrasJsieM B CTOPOHe BONPOC O MOJHOTE H OGOCHOBAHHOCTH 3TOTO CIHCKA,
BonpocaM JIOMHHECLEHUHH, H Jaxe ee OTJeJbHLIM BHIaM, MOCBAllleHa OOWHpHaS
crmeuyaJbHas JHTepaTypa, H MH He MOXeM BXOAHTb B HX obcyxpaenne. Cylect-
BEHHO TOJDbKO OTMETHTbL KBAHTOSbLI xapakrep aomuHecyeryuu. Kak u Bcskoe H3-
JydeHe, JIOMHHECUEHIHsS BO3HHKaeT B pe3y/bTaTe KBAHTOBLIX MEDEX0J0B H3JY-
qallleil CUCTEMBI ¢ KAKHX-TO BO36YXJeHHLBIX SHEPreTHYeCKHX YPOBHell Ha YpOBHH
Gosiee Huakue. C 3TOM TOYKH 3DeHHSI CTAHOBUTCHA NMOHATHLIM OJHH H3 XapaKTEPHBIX
NPHU3HAKOB JIIOMHHECLEHIIHH — OAUTEAbHOCTS c8edenus, — H60 MHOTHe Tela MOryT
HAXOAUTLCH B BO36GYXK/AEHHBIX COCTOAHHAX AJHTEJbHOE BpeMs. Xapakrep JIOMHHeC-
LEHI[HH ONpelenseTcs CTPYKTYPOil SHepreTHUECKOro CleKTpa TeNa, CpefiHHM BpeMe-
HEM ero npebbiBaHHst B BO30YXKJAEHHEIX COCTOSTHHAX, NpaBHJaMH oTHOpa MpH noo-
MIeHHH ¥ H3JYYeHHH CBeTa H T. A. :

Ilas ¢poromomuHecueHunn CrokcoM (1819—1903) B 1852 r. Guli0 ycTaHoB-
JIEHO APABHJIO, COIIACHO KOTOPOMY Oauna soanst A’ csera aromunecyenyuu 60svule
Oaunst goansl A 8036yscdaroujeeo cgera. DTO NPABHIO YKA3bIBAeT HA KBAHTOBHH
xapakTep (poTOMOMHHECIeHIHHE. JleicTBHTEMbHO, ec/ld KBAKT BO30YKAaI0MIEro cBeTa
IepeBOJHT CHCTEMY ¢ HOPMAJbLHOTO YPOBHS & Ha BO36YXKJAEHHHH ypoBeHb &g, TO
&2 << &, + hv. Tlpu o6paTHOM BO3BPAllEHMH CHCTeMBl HA NpeXHHH ypoBeHb &)
4acToTa H3JayyaeMoro ceera Gyfer v = (&, — &) /h, a notoMmy v’ <L v. Cucrema
MOXeT BEPHYTbCSI C YPOBHA &, He Ha NpexkHHI ypoBeHb &, HO Ha YPOBeHb, Jer
XKAWHA HECKObKO BHIle. Torga Tem Gomee v/ << v.

Opnago mpasuio CTOKca [OMycKaeT HCKMOYeHHsi. JlOMyCTHM, 4TO CBETOBOH

KBAHT MEPEBOAUT CHCTEMY C KaKOrO-TO BO30YMKAEHHOTO YDPOBHs é’f Ha Bblllene-
JKalluil ypOBeHb é‘; Torpa, KOHEUHO, é’;g&; + Av. Ho Tak kak é“; >&, 10
MOXKEeT CJHYYHThCA, UTO 5’; > &+ hv. B 3ToM ciydae NPH BO3BPAIIEHHH CHCTEMH
Ha HeBO3MYLleHHHWH ypoBeHb &, OyleT HCIYCKAaTbCs KBAHT C YAcToToft v/ > w,
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§ 16. NMpuHuunnajbHbie HegocTaTku Teopuu bopa

Teopua bopa-—BaxHblli 3Tan B NOHMMaHUH BHYTPHATOMHBIX
aBjgedui. Koaccuueckas ¢H3HKaA, CO3JaHHAs NPH H3YYEHHH Mak-
POCKOMHYECKHX SIBJICHHH, CTOJKHYJACh C NPUHIHNHAABHBIMH TPYI-
HOCTSIMH, KOTJla ee CTajli NPUMEHATb K aToMaM, MOJEKyJaM H BO-
obule K siBjaeHusiM MHKpoMupa. Teopusi Bopa noaroroBusa nousy
IS YACHEHHs TOro BaxKHeHlIero ¢axra, 4yTo 048 HOHUMAHUA A8~
ACHULL MUKPOMUPA KAQCCUHCCKUX NOHATUL U KAGCCUYCCKUX 3AKOHO8
rHedocTaro4no. B 06JacTH MHKPOMUpPA HYXHBl NPURYUAUAAGHO HO-
8ble NORATUA U 3AKOHbL, 37eCh NEPBEHCTBYOAA PONb AOJXKHA NpPH-
HajaJexaTb KBaHTy AeiicTBudA, oTKpeiToMy Ilnankom. Teopusa Bopa
Noc/ayXHuJjga MOLUIHBIM CTHMYJOM JJs NOCTAaHOBKH MHOTHX 3KCIEpH-
MEHTaJIbHBIX HCCJAEJOBAHUH, NPHHECIINX BaxKHbIE pe3yabTaTel, laxke
B TeX caydyasx (a Takux cjyuaeB ObLIO OOJBIIMHCTBO), KOTAa TeO-
pHsi Obla He B COCTOSHHH JaTb KOJHYECTBEHHOTO OODBACHEHHS
MHOTHX fBJeHHH, ABa mnocrtyjgaTa bopa cayxuiam pyKOBoAsAIleH
HHTBIO NPH KJacCH(UKALMH H KaueCTBEHHOH MHTePIIpeTallHH 3THX
aBjenHd, Ha HX ocHoBe, HanpuMep, Obl1 KJIaCCHPHUUPOBAH TPO-
MaAHBIH 3MIHPHYECKHH MaTepHaJ aTOMHOH H MOJIEKYJAPHOH CIek-
TPOCKOTIHH.

Ho nByx nocrynatoB Bopa, kKoHeYHO, HEZOCTATOYHO MJs IO-
CTpOeHHs NIONHOH TeopuH. OHH NOJKHBEL OHITh JOMOJHEHBl NpeXae
BCETO NPAsUAAMU KBAHTOBAAKUS, C TIOMOULLIO KOTOPBIX MOTYT OBITh
BBIYHCJIEHLE YDPOBHH SHEPIHH aToMa, bBop npemtoxusa npaBujo
KBAHTOBAHUS KPYTOBBIX OPOHUT 3JIEKTPOHOB B OJHO3JIEKTPOHHBIX aTO-
max. Ouno Bolpaxaercs ¢opmydaoit (13.6). Ilpu nonyvenun sToH
¢opMyasl Bop, kKak oH caM npH3HaeTcs, HCXOAHJN H3 TpeGoBaHHS
MOAOTHATL TEOPETHUYECKYI0 HOPMYJIy [/ YPOBHElH 3HEPrHU NOJI 3M-
NHPHYECKH YCTAaHOBJCHHYIO ¢opMyay BanrbMepa anas cnekTpasibHBIX
TepMOB Bogopozna. Heckonbko nosxe 3ommepdenns obobuua npa-
BUJNO KBaHTOBaHHS Bopa Ha c/ayuafl ABHXKEHHS 3J1€KTPOHA [0 3JI-
auntiyeckuM opbutaM. Ho u nocsae 3Toro mpaBHAO KBAaHTOBAHHS
OTHOCHJIOCH TOJIBKO K aTOMY ¢ OJHHM 3JeKTpoHoM. He yrasnoch pac-
NPOCTPAHUTb NpaBHJa KBAHTOBAHHA HA MHOTO3JIEKTPOHHLIE aTOMEL,
Iaxe Ha NPOCTEHIIHI NocjJe BOAOPOAA aTOM TesHsl, COCTOALHHA H3
Aaapa H ABYX 3JeKTpoHoB. OT T€OpHH, KOHEYHO, Heab3sl TpeboBaTh,
yToGbl OHa JAaBaJja aHaJHTHYECKOe pelleHHe 3ajzaud Tpex Tes. Ta-
KOe pellleHHe MOXKeT OKas3aTbcsl HEeBO3MOKHBLIM, Ho Teopus noJxHa
VKa3aTh APUHLUALAAbROLE MeTO0 YHCJIECHHOTO PEINEHHS C TOUHOCTBIO,
JLOCTATOUHO IJIl CPaBHEHHsI C SKCIEPHMEHTOM '), DToro rteopus

1) Hmenno Ttak obcrouT neno B HeGecHOH MexaHMKe. AHaJHTHYECKOe pelle-
HHe 3ajauyy Tpex Tes NOJYYHTb He yjaadoch. Ho B nebecHol MexaHHKe paspao-
TaHhl 3QdeKTUBHEE MPHONHIKEHILIE METOABl YHCAEHHOrO PEIIEHHT 3aa9H, AaOLine
Heob6xonuMyio touHocTb. [IpaBaa, 3ynaman B 1912 r. Hawen aunajuTHteckoe pe-
eHHe B BHAe PajgoB. Ho ansd NosyueHHs YHC/AIEHHBIX Pe3y/bTaTOB 3TH PAAH He-
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bBopa natb ve mMoraa, Ona teM GoJiee He MoOrJia AaTh NPHHLHIHAb-
HOTO pelleHHss H OoJjiee CJOXKHOTO BONpoca — 06pa3oBaHHA MoJe-
KyJ, #axe [pocTeHlled MOJeKy/abl BOAOPOAA, COCTOSILEH W3 ABYX
IIPOTOHOB H BYX 3JEKTPOHOB,

Teopusi Bopa, naxe B MpocTeHIlEM cjyuae OAHO3JEKTPOHHBIX
4TOMOB, MO3BOJIsAJa BBIUHCIAATH TOJAbKO YaCTOTH CNEKTPaJsbHLIX JH-
HUH, HO He MX HHTEHCHUBHOCTH H mnoJspusauuio. [IpaBpa, ans ua-
XOXJeHHS WHTCHCHBHOCTEH U NOJAPH3aLHH OHA I0Jb30BaNach
npunyunom coorgercréus. Ho npHHUHND COOTBETCTBHA MOT ObITh
OnpaBjaH TOJbKO NpH OOJLIIKX KBAHTOBHIX UYHCJAX, T/le BhIUHCTIE-
HHSl MOTJIH ObITb NPOH3BeJEeHH KJaaccHYyeckH. Teopus Dopa pacnpo-
CTpaHsAJa pe3yabTaT W Ha MaJjble KBaHTOBble 4YHCJad, AJS UEro He
OblJO HHKAKHX OCHOBaHuH. TakuM 00pa3oM, B KOHILE KOHLOB HH-
TEHCHBHOCTb U NOJSIpH3ALUSA ONpeLesuCh KJIAaCCHUECKH.

Ho ocHoBHOH npuHUHNHAJbLHBIA HejocTaTok Teopuu DBopa — B
ee HenocaedosarenrvrocTy, OHa NPHHHMAaJa CYLLIECTBOBAHHE TOJLKO
CTalHOHAPHLIX. COCTOSIHHA aTOMa HJH, Kak rosopuna cam bop, cta-
ITHOHADHBLIX OPOUT 2JEKTPOHOB, 3TO COBEPLIEHHO HENOHATHO C TOUKH
3peHHs KJaCCHYyeCKo#l MeXaHHKH. B To e BpeMs K ABHXKEHHIO
3JeKTPOHOB B CTAallHOHAPHBIX COCTOSIHHSIX OHA NPHMEHSJa 3aKOHUI
KJACCHUCCKOH MeXaHHKH, XOTSl M CYHT4/J]a HenpHMeHHMOH KJaccHu-
YECKYI0 3JEKTPOAMHAMHKY (MOCKONbKY HeT uaaydenus). [lo ury-
TouHOMY 3ameuanuo . Dpsrra (1862—1942), B Teopun DBopa no
MOHEEIbHHKAM, CpelaM H NATHHHAM HaJj0 NPHMEHATh KJacCHue-
CKHE 3aKOHBI, a 110 BTODHHKaM, ueTBepraM u cy6601aM — KBaHTO-
Bole. JBa mnocrynara DBopa, ecianm He noJn3oBaThbes lIpeicTaBlle-
HHAMH 00 opbuTax 3/eKTPOHOB B aTOMax, KaK 3TO [eJaJoCh HaMH
BBILIE, NPOBEPEHbL IKCNEPUMEHTAALHO H TOTOMY AOJKHBE CUHTATHCH
npaguasHoimu. Ho cama rteopuss Bopa B 1esoM sBJSETCH TOJIBKO
POMEKYTOUHBIM 3TanoM Ha NMyTH K OoJiee COBEpHIEHHOH W mocJe-
ROBaTeJIbHOI TEOpHH., IJTO Jyullle JPYrux nonnMana cam bBop, ko-
TOPOMY [PHHAJJIEAKNUT TJIaBHAsh 3acjJyra B OCMBICJHBAHHH [DHH-
UUIHANbHBIX [OJOXEeHHH KBaHTOBOH MeXaHUKH, NpHlIeAllcdl Ha
cMmeHy Teopuu Bopa,

[Tnauk BBen NpeicTaBjieHHE O KBAHTOBOM XapakKTepe NPOIECCOB
M3JIYYeHHS] H TOTJOMCHHS CcBeTa. JHHIITEHH DAcCNpOCTPAaHHA KBaH-
TOBaHHe CBETAa W Ha €ro pacnpocTpaHCHHe B MPOCTPAHCTBe, BBEJS
npeicraBierne o (GorToHaXx. A Tecpus TemsoeMKocTell DfHmTelna
npsAMO yKaselBajla Ha TO, UTO BBeJenHas [liankoM mnocrosHHas h
NPOSIBJSIETCS He TONBLKO B CBETOBLIX fIBJEHHAX, HO H B HpOLeCCax,
rpoucxoAsiHX B BewiectBe, JlanbHenmuit mar caenan Bop. Yenex

MPUrOAHBl, TaK K3K OHH CXOASTCA O4YeHb MeijeHHo. Hanpumep, 4ToGH C HOMOIILIO
pALOB 3yHAMaHA JOCTHIHYTb TOM € TOYHOCTH, KOTOPYI [3I0T COBPEMEHHblE
aCTPOHOMRYECKHE eXeroAHHKH, HAX0 NPOCYMMHPOBATb [IppMepHo 108000000 gpe.
HOB - DTO AaNeKO BBIXONHT 3a MpPeJeJH BO3MOXHOCTeH COBDEMEHHLIX H Oyayluux
CaMblx GOMLLIKX 3/ieKTPOHHBIX CYETHBIX MaALIHH.
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Teopun Bopa npu seiyncaenun nocTosHuoil Punbepra u pasmepos
aToMa BHIIBHJ 3HadyeHHe NOCTOAHHOH [lnanka kak ywusepcaasHoil
(pyHOaMeHTANBHOL BeAu4linsl AJSI ONMHUCAHHS BCeX BHULOB MaTepHH,
a He TOJIbKO /5l ONHCAHHS KOPMYCKYJAPHO-BOJHOBOTO AyaJjH3Mma
ceeta. M nefictBuTeIbHO, NocToAHHas IliaHKa, uMemomias pasmep-
HOCTb /[efCTBUS (T. €. pa3MepHOCTb NMPOH3BEAEHHA HMIYJAbCA HA KO-
OpAHHATY MM 3HEPTHH HA BpeMs), NPOHH3LIBAET COJep:KaHue BCel
goBeliiel (KBaHTOBOH) (PH3HKH.



TJIABA 1II
BOJIHOBbIE CBOMCTBA YACTHLI| BEILIECTBA

§ 17. Tunore3a pe Bpoiina

1. Co3naHue mocaeloBaTe]bHON TEOPUH AJSl OHHCAHHS SIBJEHHH
arOMHBIX H cy0aTOMHBIX MacIiTaGoB OBIJIO HaUaTO H BUepHE 3aBep-
weHo B 1925—1926 rr. Takas Teopus NOJYUYHJIa Ha3BaHHE KBAHTO-
god mexanuxy. CHayana BO3HHMKJIO TO HAaNpaBJeHHE B KBaHTOBOH
MEXaHHKe, KOTOpOe MNOJyUH/I0 Ha3BaHHe marpuuxoill mexanuxu. Ee
OCHOBHBIE HJEH OBIIH 3aJ0XeHbl B OCHOBomoJsaramlned padore ['eii-
seHBepra (1901—1976) «O KBaHTOBOMEXaHHUECKOM HCTOJKOBAHHH
KHHEeMAaTHUYeCKHX H MeXaHHUeCKHX COOTHolleHHHA», CHcTeMaTHUeCcKoe
NOCTPOEHHE MATPHUYHOH MeXaHHKH Oblj1o AaHO Dopuom (1882—
{970) u Hopaanom (1902—1980), k KoTOpBIM B AajbHellieM MpH-
coenunuaca n cam [‘efisenbepr. K 3ToMy HanpaB/eHHIO NPHMBIKAET
4 Ta dopMa KBAHTOBOH MeXaHHMKH, KOTOpasl MPaKTHUECKH ONHOBpe-
MEHHO H He3aBHCHMO 6bi1a paspaboraHa Jupakom. HemHoro mosxe
B paborax lllpeaunrepa (1887—1961) nosiBusOCL Apyroe Hanpas-
JeHHe, Ha3BaHHOe B804H080L mexaruxod. Bckope GBIIO BHISICHEHO,
UYTO 3TH /IBA HaNpaBJCHHS, OTIHUESACH N0 HOPMe, TOXKAECTBEHHEI 1O
CBOEMY (PH3HUCCKOMY COJEpKaHHIO.

B o6ueM Kypce 'elenecoo6pasHo rOBOPHTE O BecbMa abCTpakKT-
HOl MaTpuuHoll MexaHHKe. OrpaHHYHMCSl TOJBKO H3J0XKeHHeM, 1a-
JEeKO He MOJHBIM, (PU3HYECKHX NPEACTABJCHHNA BOJHOBOH MeXaHH-
ku. PasyMeercsi, MBl He MoXeM MOAPOGHO H3JaraTtb CJAOXKHBIE Ma-
TEeMAaTHYEeCKHH annapar, COCTAaBJAIOUIHA HEOThEMJEMYI0 H BecbMa
BAXKHYI0 YaCTb KBAHTOBOH MEXaHHKH. DTO JeJaeTcs B Kypcax Teo-
peTHYecKon (H3HKH.

2. MocTpoenuto BoJHOBOH Mexanuku lllpeauHrepa npefniectso-
sanu paborel Jlyn ge Bpoias (p. 1892). B 1923—1924 rr. on BH-
JABHHYJ M pasBHJ HACH O BoJHax BewmiecTBa. K ToMy BpeMeHm B
ONTHKE YyXKe CJO0XKHJIAChb NapajokcanbHas, HO NOATBepxKAaeMast
ONBITOM CHTyalMsi: B OJAHHX siBJeHHAX (uuTepdepeHuun, audpakx-
MK, ...) CBET BeleT ceBsl KaK 80AHbL, Apyrue siBjeHus (HoTozd-
¢ext, spdexkr KomnTona, ...) TOKa3plBalOT C HeMeHbUieH yGemH-
TEJbHOCTBIO, 4TO OH BeleT ceba M Kak uwacruys.. e DBpoiub
NMOCTaBHJ BONPOC, He pacnpocTPaHsAETCs JIH NOAOGHbIA KOpIYCKYJIsip-
#10-BOJHOBOH Ayann3aM W Ha o6biuynoe BewmecTBo? Ecau 3To Oeilt-
CTBHTEJBIIO TaK, TO KAKOBB BOJHOBBIE CBOHCTBA UACTHIL BelllecTBa?
Otser, NOATBEPXK/JEHHHH B JaJjbHelilleM ONbITAMH, 0KasaJjcsg Mo-
JICK AT bHBIM,
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[Mycte uacTuuma ABHKeTCS B CBOOOJHOM INPOCTPAHCTBE C THO-
CTOAHHON cKopocThio v. [e Bpolinb npeanosexun, uto ¢ Tako# 4a-
CTHIIEH CBsi3aHa Kakasl-TO MJOCKasg MOHOXpOMaTHyecKasl BOJIHA

W = Yol (br—ot), (17.1)

pacnpocTpaHsaplascs B HanpaBJeHHH cKopocTH wv!). O mpHpoje
3TO# BOJIHHI, T. €, O (u3HUecKOM cMbicie ¢yHkuun ¥, ne Bpoinb
He MOr CKas3aTh HHYero onpeiesexHuoro. OTBjeueMcsi BpeMeHHO H
MBI OT OOGCYXKJEHHs 3Toro Bompoca. Boanw tuma (17.1) nonyuuan
Ha3BaHUe (PaA308bix 80AH, B0AH 8eyeCT8a UIU 804H de Bpoiirs.

[ToneiTaeMcst yCTaHOBHTh PalMOHAJbHYIO CBA3L MeXAY KOpHyc-
KyJSPHBIMH H BOJIHOBBIMH XapakTepHCTHKAMH YaCTHLbI, KOTOpas
COBCEM He 3aBHCHT OT (PHU3HUYECKOH NpHpOAb Bennuunbl W, Bynem
PYKOBOACTBOBATLCS TpeGoBanueM, 4TOBH 3Ta CBSI3L OHla pedsiTH-
BUCTCKHM HHBapHaHTHA. KopnyckyJ/sipHble CBOHCTBA YacTHULl Xapak-
TepH3yIOTCSl ee 3Hepruell & H HMNYJbCOM P, BOJHOBHIE — YacTOTOH
® H BOJHOBBIM BekTOopoM k. [Ton & MBI OyneM NOHHMATh MOAHYIO
SHepeuo YAaCTHLIBL B CMBIC/IE TEOPHH OTHOcUTesabHocTH. OHa ompe-
IoensieTcsl OJHO3HAYHO TpeGOBaHHEM, UTOOL aHepaus U uMnyrsve 06-
pasossisasu vetoipexmeproili sexrop (&/c,p) (em. 1. 1V, § 111,
nyskt 3). HactoTy o ompenenuMm H3 TpebOBaHHA, uToOH asa BoJ-
Ul of — kr 6blla peNATHBHCTCKH HHBApHAaHTHA (CM. MO 3TOMY MO-
oy § 19, nyukr 9). Torga o u k 6yAyT o6pasoBbIBaThL YeThIpex-
MepHbl# BekTOp (w/¢, k). Ecau morpe6oBath, UTO6LH BpeMeHHBIE H
NpPOCTPAHCTBEHHBIE KOMIOHCHTH YeTHIPeXMEPHBIX BeKTOopoB (& /c, p)
u (o/c, k) GHIH TPONOPUHOHABHB APYT APYry, TO MOJYYaTCsl pe-
JIATHBHCTCKH HHBAPHAHTHBIE COOTHOLICHHSA

& = ho, (17.2)
p="hk. (17.3)

Oun 6yayT coBnagaTh C COOTBETCTBYIOLIHMH COOTHOINGHHSIMH JJ8
(OTOHOB, eCaH s BCEX YACTHL A MOJOMXHTH PABHOH NOCTOSHHOM
[lnauka, uto MBl H cpenaeM. Takoil BBIGOp fi JIOTHUECKH He Heo6
XOJUM, a ONpaBABIBAETCA MOCAEAYIOUMMH pesyabrTaTaMi. COOTHO:
mwenus (17.2) u (17.3) u OblIH NOCTyNHPOBaHH jie Bpoiliewm.

Bo BcsiKOH HHEpPUHAJIbHON CHCTeMe OTCUeTa BOJHOBOH BeKTOp K
onpefener aO6COJIOTHO OJHO3HAYHO, TOCKOJBKY COOTHOLICHHEM
(17.3) OH OXHO3HAUHO BLIPAXKAETCH UYEPE3 HMMYJbC YACTHUL P =
= mv. Hanporus, cooTHouieHne (17.2) TakoH aGCoOIOTHOR OLHO-
3HAYHOCTBLIO He OT/JMYaeTcs. 3AeChb OJHO3HAYHOCTL HABA3aHa HC-
KYCCTBEHHO — TpeGoBaHHeM, uTo6bl & M ® OBUIH BpeMeHHHIMH

) B ontHKe MOHOXPOMATHYECKaH BOJHA 3aMuchiBatace B puge e (%7

Cefivac Mpl ynorpe6igeM KOMIJIEKCHO CONPSIKEHHOe BbIpaxKeHHe PRLURCL AT P
crocofa nanucauus COBepIIeHHO pasnonparuel. Ho B kBaHTOBOH MexaHHKe yKopoe-
KHJIOCh HamHcaHnue BOJHEL MMeHHO B ¢opme (17.1). OgHako He3aBHCHMO OT crmo-
cofa Hanucauns non ¢asofl BOJHEI CJcAyeT NOHHMATH BuIpaxkeHHe ol — Kr.
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KOMIIOHEHTaMH UYeThIPEXMEPUBIX BEKTOPOB. B npuduune xe sneprus
onpefecJiesa Bcerla ¢ TOYHOCTBIO A0 MPOH3BOJALHOH a[JAHTHBHON NO-
cTositHHol. Mbl yBuanm nagee (cM. § 19), uTo U wacToTy ® MOXKHO
nepeonpeieNuTb Tak, 4ToOb OHA TaKXKe colepikaja aJlHuTHBHVIO
NOCTOSHHYIO,

3. PaccmoTpum HekoTopble CcBO#CTBa BOJMIH Ae bpoiins, BoiTe-
Kawliie u3 coorHommenuit (17.2) u (17.3). I1pexne Bcero u3 (17.3)
MoJlydaeM BbipajKeHHe [JIst JUIHHBL BOJiHBL Ae Dpofas:

A =2nfk=2nh/p=h/p. (17.4)

STa BeJiMUMHA B KaXZOH HHEPUHAJbHON CHCTEMe OTCUeTa Onpene-
JieHa OJIHO3HAUHO.
Ias ¢asoBofi cKopoctu BoJiH e DBpoias dopmynw (17.2) w
(17.3) naor
vy =0k =&/p. (17.5)

B penstuBucrcko#i Teopun & = mc?, p==mv, rjge v — CKOpPOCTb
4aCTUIEL, @ 7 — PeJATHBHCTCKas macca. B aTom cayuae

0y = c/0. (17.6)

[lockonbky Bcerna v << ¢, OTCIOAA CJeLyeT, 4To Ug == €. [asa ¢o-
TOHOB B BaKyyMe v ==(, a NOTOMY B 3TOM cJyuae vs = C. [loay-
YeHHBIH pe3yNbTAT He AOJKEH Hac CMYLLaTh, OCKOJbKY HA BeJH-
yuHy ($a30Bofl CKOPOCTH He HaKJaJblBaeTCi HEKAKHX OrpaHuuenui.
K Tomy xe B paspHefilieM 6yjneT MOKa3aHO, YTO, COTJIACHO COBpe-
MEHHOH (HU3HUCCKOH HHTepnpeTanuH, ¢a3oBass CKOPOCTb BOJH
e Dpoiisisi WMeeT 4HMCTO CHMBOJIMUECKOE 3HAaYEHHE, TaK KaK 3Ta
HHTEpHIpPETAaLHs] OTHOCHT ee K UMCJY NPHHLUUNHAJAbLHO HeHabJualoxzae-
MBIX BeJHYHH.

[{punuunuanbao HabnofaeMOl BeJIMUHHON SIBJAAETCS TPYNmIoBas
CKOPOCTb BOJIH Ae Bpofias

Vyp = dofdk = d&/dp. (17.7)

DTa BeNHYHHA HE COJEPKHT HHKAKOH HeolpeleseHHOCTH, [OCKOJb-
Ky HE TOJIBKO dp, HO H NpHpAllleHHe 3HeprHH d& onpenesieHn O]
HosHauno. [Ipu moGoli CKOPOCTH NBHXKEeHHS dYacTHULl d& = v dp,
TaK 4TO BCeria

Urp =10, (17.8)

T, €. rpynnoBas CKOpOCTb BOJIH e Dpolasi paBHa CKOpOCTH ya-
cTulpt. 3aMenuB Teniepb B dpopmyne (17.6) v Ha vy, nosiyuaem

— 2 |

Vglrp == C*. (17.9y

dopMaJibHO MOXKHO 00pa30BaTh BEJHYHHY, aHAJOTHUHYIO [JiHHE

poansl jae Bpofina (17.4). Hdas atoro 3aMeTuM, UTO [JiHHA YeThHi-
PEXMEDHOr0 BeKTOPA 3IHEPIHH-HMIYJAbCa 4YacTHLB B MPOCTPAHCTBE

MunkoBckoro pasha +/(&/c)> — p®. DTo ecTb HHBAPHANT, PaBHBIL
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mgc, The my— Macca noxkos dactHubl. Ilogesws Ha svero mocTosiH-
nyw [laanka h, noJy4uM HHBAPHAHTHYIO BEJHYHHY

hok = hfmqc, (17.10)

HMCIOILYIO pa3MepHOCTh AsHHbB. OHa npeactassaser co0ofl KOMIl-
TOHOBCKYIO AJHHY 4acTHUH. TakuM oOpa3oM, GopMaibHO Ak MOIKHO
paccMaTpHBaTh KaK JJHHY BOJHBl A€ Dpofas, Kotopoi#i coorBeT-
CTByeT BE€JHUHHA HMIYJbCa, PaBHAsl HHBApHAHTHOH [JIHHe UETHI-
PEXMEDHOTO BEKTOPA 3IHEDPrHH-HMIYJbCa YaCTHIbBl B NPOCTPAHCTBE
MHuUHKOBCKOTO.

4. e Bpo#inp ucnonwsoBas npejcraBieHde o (as3oBbIX BOJHAX
AJIs1 HarJIAJHOrO TOJIKOBAHHSI TAMHCTBEHHOIO NPaBHJIA KBAHTOBAHUS
Bopa (13.6) B caydae 0[HO3JEKTPOHHOTO
atoma. OH paccMorpes pasoByio BoaHy, Oe-
TyUlyl0 BOKpPYr siApa Mo Kpyropodl opOure
anekTpoHa. Ecau Ha opOHTe AJHMHE BOJIHbE
A YKJaApiBaeTcs LeJoe UHCJIO pa3 (pHC.
27), To BosiHa npH 06X04e BOKDYT sfpa Oy-
JeT BCAKHH pa3 BO3BpallaTbCcsl B HCXOAHYIO
TOUKY ¢ ToH e (as3ofl ¥ aMIJIHTYyAOH.
B xaxaol ToukKe Op6HTH YCTAHOBHTCSI He-
H3MeHHBIH KoJeOaTe/bHbBIE peXUM BO Bpe-
MeHH H He BO3HHKHET H3ayuenus. B srtoMm
clyyae OpOHTa MOJYUYHTCS CTallHOHADHOH.
Ecan xe ykaszauHoe YCJ0OBHe He BBITOJA- Puc. 27
gsieTcsl, To npu obxolde BOKpPyr sApa ¢asa
H aMIJHTyla BOJHBI He BO3BPATSATCS K CBOHM HCXOAHBIM 3Haye-
HHUAM — CTAlHOHAPHOTO COCTOsiNKs He nogyuuTtcs. Mcxoas u3 3THX
coobpaxenui, ge Bpo#ar 3ammcan yciaoBHe cTalMOHApPHOCTH Op-
OHTH, HJH NPABHJIO KBAaHTOBAaHHS, B BHIE

2n R\ =n, (17.11)

rae R — pajauyc KpPyroBoii OpOGHTHE, a # — Lejoe YHCJI0 (TJaaBHoe
kBaHTOBoe uHcj0). [lonaras 3pech A = h/p = 2nfi/p n 3ameuas,
yto L = Rp ecTb MOMEHT KOJHUECTBa [BHMKEHHs 3JEKTPOHa, [0-
JIYUHM

L=nn, (17.12)

yTO coBnajaaer c ycaosueM (13.6). B atoMm ge Dpofiab Bujgea ycnex
cBoefl KoHuenuuH ¢das3oBbix BoJH. B pasabnefiniem ycaoBue (17.11)
yaaJjoch 0000WHUT, H Ha cayual 3JJIHOTHUYECKHX OpPOMT, Korja mju-
Ha BOJHBl A MEHSIETCS BJAOJb TPAcKTOPHH 3JeKTpoHa, KasaJjoch,
uTO 3TO elle OOJbLIE YCHAUBAJNO yClleX TEOPHH.

Ha camoMm nene 3TtoT ycnex npuspaunnli. B paccyxiaenuu
ne Dpofina npeanosaraercsi, yTo BoOJIHA pacnpocTpausieTcs He B
[IpOCTPaHCTBe, a BAOJb JHHHH — BAOJb CTalLHOHAapHOH OpPOHTHI
sjekTpoHa Takas H/leaJH3alldsi COOTBETCTBYET NPHOJHKEHHIO
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reoMeTpHYecKoil (Jyd4eBOH) ONTHKH. JTHM NPHGANMKEHHEM MOMKHO
10/1b30BaTLCA B mnpelebHOM cjayuae, KOrja IJIHHA BOJHB A Ipe-
HeOpeXKUMO Masa [0 CPaBHEHHIO C PAagHycoM opOGHTBI 3/E€KTPOHA,
T. €, NpH GOJbLIIMX KBAHTOBBIX uHcaax. A Torpa npofjemMa KBaH-
TOBaHHA HecyllecTBerHa. UTOOH JeHCTBHTEJbHO NOJYUYHTH CYIlie-
CTBEHHO HOBOE, HaJO 3aMEHHTb reOMETPHUYECKYIO ONTIHKY BOJHOBOH,
D10 ¥ 60 cjenauno lllpennnrepom.

5. K NnonyuYeHHbIM pe3ysabTaTaM MOXKHO NPUUTH KW APYTHM my-
TeM. [1as 3TOrO BBENEM n0KQ3ATEAb npeAOMAEHUs u BOAH Ae Bpoii-
JI — BaXKHYIO BeJIHUHHY, MMEIOIYI0O H CaMOCTOATEJNLHOE 3HAaueHHe.
[IpocTpancTBO, B KOTOpPOM pacnpocTpansercs Boana ae bpofing,
ycJ0BHMcsl HasblBaThb cpedod. Ecan B cpelle HET CHAOBOrO moas, TO
cpera 6ynmeT ojxHopoxHo#l, [lokazartesb NpeJOMACHHUS CPeXbl MOXKET
OLITh ONpejened JULIb C TOYHOCTBIO IO NPOH3BOJBHOTO [IOCTOSIH-
HOr0 MHOXKHTeNA, TaK Kak A/ npeJoMJeHns ¢$as3oBblXx BOJH HA
rpaliie pasjiefia ABYX CpPCA HMEET 3HAYEHHE TOJNbKO OTHOLIEHHE
NoKasaTesell NpeJoMJeHHs 3THX cped. Bo BCAKOH BOJHOBOH Teo-
pud u obpaTHO nponopuuona’neH $asoBoll cKopocTu BosiHHE. B cay-
yae BOJMH Je Dpoias p ~ 1/vgas = v/c2 Onyckada nocTosHHbli
MHOXHTEJb, MOXHO TIPHHATD

w=uv. (17.13)

OnpenensieMutii 3Toli GopMyJiofi NoKasaTedb NPEJOMIEHHS YCJIOBHO
fyieM HasulBaTb abcoaroTHbim, Popmyna (17.13) coxpaHser cMbica
U B TOM cJyyae, KOIjJa CKOPOCTh YACTHIB U MEHSIETCSl OT TOYKH
K TOUKE, T. €. NpH HaJHUYHK CHIOBHIX Noseil. CKOpocTs v, a ¢ Helt
H |1 B KaXJOH TOUKe OJHO3HAYHO ONpEeNATCH ypaBHEHHEM 3Hep-
run & -+ U =const, B KOTOpOM NpeAnosaraeTcs, YT0 NOTEHUHAMb-
nas ¢yuxkuusg U 3aBHCAT TONBKO OT KOOpPAMHAT, HO HE 3aBHCHUT
SIBHO OT BPEMEHH.

B npensenbHOM caydae KODOTKHX JJIHH BOJH pacnpocTpaHenHe
NOCACAHUX IPOMCXOAHT BJAOMAb HE3aBHCHMHIX JHHHUA HAH ayuell
(em. 1. 1V, § 6). Dr1oT cayuall HasbIBaeTCH 2eomeTpUYECKOL HAN AY-
yeeol onrtukotl., PacnpocTpaHeHHe BOJHOBOrO BO3MYIIEHHS BAOJb
ayvefl GopMasbHO AHAJOTHYHO ABHMKEHHIO UacTHUIB KJACCHUECKOH
MEXaHHKH N0 TpaeKTOpHsAM. Palnyc KpUBH3HHE R nydYa WU Tpaek-
TOPHH YaCTHUHI onpeneasercs GopMmyaoi

%=_a?ﬁ(mu)=%(mv), (17.14)

rae AuddepeHLIVpoBaHHe NPOU3BOAHTCA B HANPAaBJEHHH TJIaBHOf
nopmaan N K syuy man tpaekropuu (cm. 1. 1V, § 4). Dra dop-
MyJa, KOHEYHO, MOXeT OHTb HCIONL30BaHa (BMecTo ypaBHeHnil
Hebiorona ) anst onpefesaeHds (HopMbl J1y4a HJIH TPAEKTOPHH YaCTHIHL.

BepHeMcsl Tenepb X BHIBOAY OpaBHJAa KBaHTOBaHHS, AaHHOMY
re DBpofiseM. YcsioBHe NpUMEHHMOCTH TeOMETPHUECKOH ONTHKH K
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ABHKEHHUIO 3JIeKTPOHA BOKPYT fpa aToMa BhelpaxaeTcs dhopMyJof
|Adu/dri€p, 1. e. |Adojdri<u.

[loacraBus cloga A =2nA/p, p==0 ¥ OrpaHHYUBANCh HEPENATH-
BUCTCKHM NPHOJUIKEHHEM, 3aTUIIEM 3TO TAK:

| 90t dojdr | < po = 2K, (17.14a)

rae K — knHeTHuecKasi sHeprusi sjekTtpoua. CKOpOCTb v Halgercs
U3 ypaBHeHHsl 3HepTHUH
mu? Ze?
—_— ==&
2 r
Orciona HaxoAuM
dv Ze’

mur _dl' =~— 7

={,

rie U — notennuanbuas sueprus. Ecau saekTpod aBuxerca 1o
OKPYXKHOCTH, TO mur == i, a NOTOMY

du

TaK KaK OpH ABHKEHUH 1m0 oxpyxuocth & + K = 0. Coiioctaass
MoJy4eHHoe COOTHOlIeHHe ¢ HepameucTBOM (17.14a), naxoium

n>2mn,

T. €. KBAHTOBOE YHCJO A AOMKHO ObITh GOJNBLIHM B COTJIACHK C TEM,
4TO OBIJIO YCTAHOBJAEHO BHIIHE.

6. Bce u3q0XKeHHOe NPEACTaBAsieT COB0H UHCTO YMO3PHUTEJbHOE,
FHIIOTETHYECKOe [OCTPOCHHE, a MOTOMY He HMEeT J0Ka3aTeabHoH
cuabl, McTHHHOe A0KAa3aTeNbCTBO HJIM ONPOBEPIKEHHE MNOJYUEHHBIX
pPe3yJbTaTOB MOXKeT [AaTb TOJABKO ONBIT. B Kakux Ke SABJEHUSAX
[PUPOLE MOLYT MPOSIBUTbCA BOJIHOBble CBOHCTBA BeUICCTBA, €CJIH
OHH IeHCTBUTENBHO cyulecTBYIOT? HesaBucumo ot dHsaHuecko# upH-
POLB! BOJIH CIOlA OTHOCATCA sIBJAEHHA HHTepPhEpPeHLHH U AHPPaKiUU.
HenocpencTBenno Had.1104aeMOH BeJHUHHONA B HUX SABJSAETCH AJHHA
BoaiHbl A. Bo Bcex caydasx anunbl BOJAH Je Dpofiida onpeneasiores
dopmynoit (17.4). [lpuMeHnM ee K HEPEJATHBUCTCKOMY ABHKEHHUIO
YaCTHUIL

sl 3/71€KTPOHOB, YCKOPEHHBIX PAa3HOCTHLIO MOTEHIHAJIOB V, uM-
nyapc onpeeasercs Qopmynodl p=+/2meV, Tak 4T0 B adCco-
JIOTHOH CHCTeMe eJHHHUIL

Ae==h/~/2m.eV . (17.15)

[losnoxum 3aech hc = 1,2399.10~* 3B-cM, mec? =511003 5B. To-
r1a NOJYYHTCS npakTuueckas GopmyJsa

he = /150,42 V s, - 107 cm = 2204

AV

HM. (17.16)
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Hast npoTOHOB .
A, =10,02862/4/V g, um. (17.17)

BbluncsauMm ellle AJHHY BOJHE e bpofina aas Monekysn Hemo-
ABHXKHOTO raza npu abconoTHOH TeMneparype T. 3ajgaua 3ta — He
COBCEM OINpejlesieHnas, NOCKOAbKY MOJEKYyJabl [ABHXKYTCS € Temo-
BLIMH CKODOCTSAMH, pacnpelesEHHbIMH MO 3aKoHy MaxkcBeasa. He
BAaBasch B 00OCHOBaHHMe (CM. 3ajayy K cjaelymolleMy naparpady),
6yneM MOHHMATh MOA U CPEJHIOW KBaAPaTHUHYIO CKOPOCTL MoJe-

kyael. Torga ee uMmnymabc 6ymer p=+/3mkT. Orcioga aerko rmo-
JYUUTD IJIs aTOMOB reqiusi (mpye == 6,7-10-24 r)

He==1,26/+/T HM. (17.18)
Jlns MonekyJ BOROpona

w=1,78/A/T um, (17.19)
4 ANs1 TenJOBbIX HEHTPOHOB

An=2,52/A/T nm. (17.20)

Ot GopMyaB NOKa3BIBAKOT, UTO MJA 3JEKTPOHOB, YCKOPEHHBIX
fo notenunnana 100—10000 B, gns aToMOB resiHs H MOJeEKyJ Bo-
Jopoja NpH KOMHATHOH TeMIepaType, a Take JJs TelJOBHIX Hel-
TPOHOB H JAPYTrHX <«Me[MJEHHBIX» JIeTKHX 4YacTHl JJHHB BOJH
Jge Dpofins Toro xe nopaaka, YTo U JJIMHB BOJH MATKHX peHTre-
HoBCcKUX Jyuell. [TosToMy nudpaKUHIO TAKHX YaCTHI HALO NMLITATbCA
HCKATh METOLAaMH, aHAJOTHUHBIMH TeM, KOTOpble MPHMEHSIOTCA B
clyuae peHTreHOBCKHX Jyuell. OpHako runotesa Ae DBpoiia npen-
CTaBJgJach HACTOABLKO (DAHTACTHUHOH, YTO CPABHHUTEJNLHO J0JTO HH-
KTO M3 3KCIIEPHMEHTAaTOPOB HE NBITAJICA NMOJABEPTHYTb ee 3KCIepH-
MEHTAaJbHOH MPOBEpPKe,

3A0AYH

1. O6o6mut, HepensTuBHcTckHe ¢opMyas (17.18), (17.16) u (17.17) Ha
cryuyall peNSITHBUCTCKUX 3/MEKTPOHOB W UPOTOHOB. [IpH KaKOM 3HAYEHHH YCKOPSIO-
mwero noteHnMasa ¥V MOMXKHO UOJB30BATHCA HEPENSTHBACTCKHEMU (OpMYJaMH, 4TOGH
omruOKa He NPEBOCXO/IMIA OJHOTO NPOIEHTA?

Otmer.
( )"”2 (17.152)
-10a
\/ZmoeV 2m0c2 !
I‘Ilé Ny — MAacCa NOKOA YACTHILHL. ILJ'[H JIEKTPOHOB
1,2264 _6
A, =222 (140978- 1075V )" (17.16a)
(B)
ANs IPOTOHOB
0,02862 -
Ay =20202 (1 1 0,533 107° Vi) ™ . (17.172)

v/ Vg
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HepesTHBHCTCKUMY QOpMYyAaMH OPH YKA3AHHOH TOYHOCTH pacyeTa MOIKHO MOJbL-
30BaThCs AJs 3jekTPoHoB npu V< 20 3B, nam nporonos mpu VK 40 MsB.

2. HafiTn npubaukeyHoe BbpaxKeHHe [N JJAMHH BOJHBE e Bpoiis yabTpa-
PEJSITHBHCTCKOH YACTHIB, T.€. TaKOfi YaCTHLL, KHHETHYECKAs 3HePrUs & quy KOTO-
POl MHOro Goblie SHepru 1okost Moc?. TIPH KaKHX 3HAUEHHUSX & wuy NOJNYUEHHAS
Gopmyna Oyner naBath ownbky, He mpeBocxoasimyio 1 %? Hafitu A 1as yaetpa-
PEJAATHBHCTCKOA HacTHUL ¢ KHHETHUeCKOH sHeprucil & g = 10 ['3B.

OtrBeT. A= hc/&vuu Tlpn &wun = 100 mec? ommbra ue npesocxoadt 1 %.
Ipn & = 10 T3B L = 1,25-10" cm.

3. Ilpu Kako#l CKOPOCTH YacTHUB ee¢ fAe(#)0HJeBCKag M KOMITOHOBCKAS JJHHH
BOJIH paBHbl MeXIy co0of?

Otper v=2c[4/2.

§ 18. AkcnepuMeHTaNbHblE MOATBEPXKAEHNS runortesnl ae Bpoiias

1. UnTepdepenuns 3JeKTPOHOB NPH OTPAXKEHHH OT KPHCTAJ/IOB
6nia obHapyXkeHa, HO He MOHSITA elje O I[OSIBJEHHS THIOTE3kl
e Dpoiis. [1pon3Boas onbIThl O paccesiHuio 3JeKTPOHOB TOHKHMH

a)

6)

5 [

Puc. 28

MeTaJJInYeCKHMH ¢onsraMu B 1921—1923 rr., d3Buccou (1881—
1958) n Ksncman uHab.mofann ONpefeseHHO BHIPAXKEHHYIO 3aBHCH-
MOCTb HHTEHCHBHOCTH PacCesiHHOTO Nyuka OT yrJa paccesinus. [lo-
JIOXKeHHe H BeJHUYHHA MOJYy4aloluXCsl MAKCHMYMOB Ha KPHBOH pac-
CesIHUST CYIECTBEHHO 3aBHCEJNH OT CKOPOCTH 3JIEKTPOHOB., B oaHOM
H3 OIBLITOB, B KOTOPOM 3JIEKTPOHLL DACCEHBAJUCh HUKEJNEBOH iia-
CTHHKOH, CTEKJASAHHHIH 0pHOOp JOMNHYJ M OJACTHHKA OKHCJHJACH.
[locae anuTeNbHOTO NPOKAJHBAHHA MJIACTHHKH B BakKyyMme # art-
Mocdepe BOAOPOAA NPOH3OUIIA MEpeKpHCTaMIH3aluus ¢ ofpas3oBa-
HHeM HEeKOTODOro KOJIMYecTBa KPYNHHIX KpHcTasioB. [lpu mostope-
HUH ONBITA [0 PACCESHHIO JIEKTPOHOB ¢ ITOH MJACTHHKON KpuBas
paccessHHss pe3KO H3MEHHJAcb: KOJHYECTBO MaKCHMYyMOB CHJIBHO
BO3pOCJI0, a CaMH MaKCHMYMH CJAeJaJHCh 3HA4YHTeJbLHO Oogee oT-
yeriuBIMH, Ha puc. 28 npuBefens nosnsipHble AHarpaMMbl pac-
CesiHUA 3JIEKTPOHOB [0 NPOKaJNHBAaHHA MNJACTHHKH (@) H [O0cae
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npokajipanus (6). Ha 3Tux guarpamMmax BAOJbL paJHyCOB-BEKTOPOB
OTJIOXKEHbl OTPE3KH, [POIOPUHOHANbHBIE HHTEHCUBHOCTH DaccesiHUs
3/1eKTPOHOB B COOTBETCTBYIOIINX HaNpaBJeHUAX.

IIpoucxoxaenne MakKCHMYMOB MU MHHHUMYMOB Ha KpHBBIX pac-
CesiHHs1 JOJIFO€ BPEMs OCTABAJOCh HEMOHSITHBIM, [OKA HX He HC-
TOJIKOBAJH KaK pe3y/abTaT HHTep(epeHLHOHHOro OTPaXKeHHs BOJH
e Bpoiins OT cOOTBETCTBYIOIMX ATOMHBIX [JIOCKOCTEH KPYyMHBIX
KpUCTaJ/10B, 06pa30BaBUIMXCS B pe3ysabTaTe MepeKPUCTAJIH3alUHH.
310 HcTOAKOBaHHe 6bljio NOATBepxkiAeHo B 1927 r. ounramu Jl3BHC-
cona u Jlxepmepa (1896—1971). Ha atux onniTax Obl1a OTKpbITA
audpakuug ajgekrporoB, C HHUX HayasJochb CHCTEMAaTHYECKOe HCCJe-
JIOBaHUE 3TOrO SIBJEHUS,

2. B onbitax JI3BHccoHa u JlxepMepa mpexje BCEro HCmoJjb3o-
Banca smerod JI. Bpseza (1890—1971), HO OpHMEHUTEJBHO He K
PEHTreHOBCKUM JyuaM, a K-BoJjHaMm Je Dbpohns. IlapannensHbiit
NYyYyoK 3JEKTPOHOB OJHHAKOBOH CKODOCTH, CO3/AaBAeMBIl «3JeK-
TpoHHOH nywkofi> A (pHc. 29), HanpaBasAJICA HAa MOHOKPHCTAJI

w0
S~ S
N, A
it
W ﬂ c
| \
\‘\\‘ 4/ /l, \ \
Nzz=7 V|
Kpuemain ~2 'l

HUKENR \\f
~o l
Puc. 29 Puc. 30

HHKeJs1. Paccesnnble 3/€KTPOHB Y/aB/JAHBANIHCL KOJJeKTOpoM C,
COeJHHEHHBIM C rajabBaHoMeTpoM, KoaJeKTop MOKHO OblIO YycTa-
HaB/JAHBATb NOJ JOObLIM yrJOM K HampaBJeHHIO Majalollero nyuka,
Bpallasi ero BCe BPeMsi B OJHOH NJOCKOCTH (MJIOCKOCTH PHCYHKA).
ITo nokasauuio ranpBaHOMeTpPa MOXKHO OHIIO CYLHTh 06 HHTEHCHB-
HOCTH INIyYKOB 3JEKTPOHOB, PacCesHHBIX B Da3/HYHBIX HanpasJe-
nusax. TunnuHas mossipHass AMarpaMMa WHHTEHCHBHOCTH paccesdHus
3JIEKTPOHOB mpeacTasJjena Ha puc. 30. Ha Heli umeercs pesxo BHI-
paxkeHHHH MaKCHMYM, COOTBETCTBYIOLIHI 3ePKaJBbHOMY OTPaXKeHHIO
3JIeKTPOHOB, KOTJld yroJs NajeHHs paBeH yr.ay oTpaxenusi. Tor ke
OIILIT, HOBTOPEHHBIA C NOJHKPHCTAJMJIHYECKOH MJIACTHHKOH HHKess,
COCTOSILIEH M3 MHOXKECTBa Me/byaHIIHX OecnopsJ0YHO OPHEHTHPO-
BaHHBIX KPHCTaNJIMKOB, He OOHapyXHJ HHKAaKOro NPeHMYUlecTBEH-
HOro HanpapJieHHs NPH OTPaKEHHH JIEKTPOHOB,
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B onmrax [ssuccona n Mxepmepa rumoresa ne bpofins 6blaa
NOABEPrHyTa 4 KOJIMYECTBEHHOH npoBepke. Kak H3BecTHO, oTpaxe-
HHE PEHTTEHOBCKHX Jydell OT. KPHCTAJJIOB HOCHT WHTEPHEPeHUUOH-
Houi xapaxtep (cM. T. IV, § 61). Ot pasnaHuHbix napananejbHBIX
ATOMHBIX MJIOCKOCTEH KpHCTaJja HCXOAAT BOJHBL, Kak Obl HCOHI-
TaBIIHE 3epKa/JbHOE OTpa)ieHHe Ha KaXXAOH H3 3THX NJOCKOCTeH.
Ecan Beinosnneno ycaoeue Bparra — Byabda

2d sin @ = mA, (18.1)
rie @ —yroa CKoJbxeHUsl, d-— MeXNJIOCKOCTHOE pacCTOsiHHE,
m=1, 2, 3, ..., TO 3TH BOJHBI NPH HHTep(EPEHUUH YCHIHBAIOT

Apyr Apyra. B pesynbTaTe H BO3HHKaeT oTpaeHHas BosaHa. He-
06XOJHMBIM YC.IOBHEM TaKOH TPaKTOBKH OTPaXXeHHS SIBJASETCH Bbi-
nosHeHHe HepaBeHcTBa mA/(2d) < 1, T. e. MaJOCTb AJHHBL BOJHBI.
Takoe ycioBHe BhIMOJHSIETCA W B chayuae BonH ne DBpofiasa npu
YCKOPSIIOIEM HANpSXKEeHHH B JAeCATKH H COTHH BoJbT. [loatomy,
Lax{e He 3Has [erajbHO CaMOro MEXaHH3Ma OTPaX{CHHA BOJH
Ae Dpofiyis, MOXHO OXHJAaTb, 4YTO OHO TaKXe HHTep(hepeHIHOHHoe,
H 1o 3ToH npuuHHe yc/aoBHe (18.1) NOMKHO BHIMOJHATHCA H AJA
BosiH je Bpo#as!).

B cjydae MOHOXPOMATHUECKHX PEHTTEHOBCKHX Jyuell IJHHY
BOJIHBl A BO BpeMs ONbTa COXpaHsdloT nocrosHunod, Ha onwite Me-
HAIOT YroJ CKOJbXEHHS ¢ H 3aMeyaloT, NPH KAaKOM 3HAUYEHHH ¢
HacTymaeT HHTepdepeHlHoHHoe oTpaxenHe, B cayuae BoaH
fe Dpohns 3HayuTesbHO ynoOHee BO BpeMs ONbBITAa YroJ ¢ cOXpa-
HSATL HEH3MEHHBIM, NOOHBasiCb WHTEP(PEPEHUHOHHOTO OTPaXKEHHUs
lyTeM H3MEHEHHs YCKOPSIOILEro HANPAXKEHHUA, T. e. JJIHHB Aebpofi-
AeBcKolt BOMHE A. Tak H NOCTYNHAH 3KCTIEPHMEHTATOPHI.

[To TeopuH MakCHMyMBl OTpaKeHUs JOJKHHI NOABHTHCA TOJLKO
npu Tex 3HAaUYeHHAX A, KOTOpHe noayuawnres no dopmyne (18.1)
npu ueablx 3uaueHHax m. llopcraBasa B 3Ty (OpMyJy 3HaueHHe
A us (17.16), moayunMm LJsi HEPENSATHBHCTCKHX 3J1€KTPOHOB

1,226
\/V 2dsing (18.2)

3necy V BhpaxeHo B BosbTax, a d— B HaHoMmerpax. Ha puc. 31
NpUBeJEeHa KPHUBas, NojaydyeHHas B onbiTax JsBuccona u Hxkepmepa
¢ MOHOKpHCTaljoM HHKejs npu ¢ =80°, d =0,203 um. ITo ocu
abeuuce OTJ0KEHO 3Hauenne 4/V, a M0 OCH OpPAHHAT — OTHOCHTEb-
Hasi MHTEHCHBHOCTb OTpakeHHsi, Ha TOM e pHCYHKe CTpeJSKaMu
NOKa3aHO M0JOXKEeHHe MaKCHMYMOB, HafilleHHOe o gopMyac (18.2).

'} B cylHOCTH, OTPaKeHHe W paccesHHe MJIHHHBIX BOJR (AJHHA BOJHH KO-
TOPHIX BeJHKA M0 CPAaBHEHHIO C MeXMOJEKYyJsPHHIMH H MeXaTOMHBIMH PaccTos-
HHSIMH) TaKXe MOXHO paccMaTpHBaTh Kak HHTepdepenuunonHoe. Posb aTOMHBIX
NocKocTed B STHX CJy4asix HrPalT KaKde-TO Napaj/eibHble H PAaBHOOTCTOAUIUE
cack. Ho 3Th CJIOH ABAAIOTCA MaKpocKonHueckuMH (cM. T. IV, § 66, 99), a He
MOHQATOMHBLIMH, ‘
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()3KHAA10Ch, 9YTO MAaKCHMYMBl AOJKHBI OBITb PaBHOOTCTOSIIHMH, a
paccTosiiHe MEXKAY HHMH *[OJIKHO cocTaBasth 3,06 B2, Bee 3to
NOATBEPLHJIOCL HA OMBITE, HO TOJBKO NPH GOJBLUIMX 3HAUYEHHSX M
(m=6, 7, 8). [lpu ManblXx m TOJYYHJHCL CHCTEMATHUECKHE OT-
crynjenust ot Gopmynas (18.2).

3. [IpuunHa yKa3aHHOTO pacxoxjaeHHs Oblaa BuisscHeHa Dere
(p. 1906), KoTOpbIl MOKa3aJ, 4TO JEKTPOHHEIM BOJiHAM 1e DBpois

1
0 5 0 15 20 25 yi#
' Puc. 31

B KpHCTaJJe HaJ0 MPUIHCATh NOKa3aTelb NpejoMJeHHs, GOJbUIHHA
nokasarejsl NpeJOMJEHHS HX B BaKyyme, B caMoMm xese, noJoxn-
TeJIbHO 3apsKeHHble HOHBl KPHCTAJJIHUECKOH pelleTKH MeTaJja H
OTpHUATE/bHBlE 3JEKTPOHHl MeXJYy HUMH NPOCTPAHCTBEHHO HE COB-
nagawT. [loaToMmy B MeTa/sie CyHIeCTBYeT 3JEKTPHUECKOE MOJE, M0-
TeHIMAaJ KOTOPOro MEepHOAHYECKH MEHsIeTcsl OT TOYKY K Touke. Ilpn
rpy6oM pDaccMOTPEHHH ero MOXHO 3aMEHHUTb MOCTOSHHBIM MNOTEH-
uuanoMm Vo, KOTOPHIA MOJNYYAETCSA M3 UCTHHHOTO MOTCHIHAJA NyTeM
yCPEIHEeHHUs] €ro No npocrpaHcTBy. Takol ycpelHeHHBIH MOTEHLUAJ
Vo HasbiBaeTcs GRYTPEHHUM nOTeHyuarom Metajia, Ecauw noten-
nHaJ BHEIIHEro OpPOCTPaHCTBA NPHHATb PaBHBIM HYJO, TO BeJH-
ynHa Vy AoJKHA OBbITh [OJOXKHTEJNbHA, YTOOB 3JEKTDPOHB MOIVIH
VIOEPKHUBATLCS BHYTDH MetaJnia. [leficTBHTEJbHO, B 3TOM cJjyyae
(IOTeHLIHAJbHAS DHEPTHS 3JCKTPDOHA BHYTpH MeTajsia OyleT OTpH-
HATeJbHON — 3JCKTPOH KaK Obl OyAeT HaXONHTbCA B HOTEHIHAJb-
HO#l siMe MOCTOsiHHOW TyOHHBl Vo, Ha CTeHKax KOTOPOH MOTeHLHas
CKauyKoOOpa3HO MEHSIETCS OT HYJ/Sl CHAPyXH IO NOCTOSIHHOrO 3Ha-
uyeHust Vo. Hannunem BHyTpeHHEro nNOTEHLMAaka MeTaljia ¥ MOXKHO
OOBACHHTbL YBEJHUEHHE [10Ka3aTesasl MpeJOMJeHHsl NpH Hepexoje
13 BaKyy™Ma B METaJ.

JeficTBUTENBHO, MYCTh HAPYXKHBIA 2JCKTPOH fajlaeT HAa MeTaJl.
Ecau oH mpolues yCKOpSIOIHA noTeHuxan V, To ero ckopocts 6y-

fetT v;~4/V. B Merajdne CKOPOCTb 3TOTO 3JEKTPOHA BO3PACTET

0o vy~ A/V+ V, [loaTomMy npu Bxoae B MeTajJ TPaeKTOpHus
3/J€KTPOHA U CBsI3aHHAsi C HHM BosiHa e DBpoiys Mo/IKHB HCAbI-
tatb npenoMaenue, CorsaacHo (17.13) OTHOCHTENLHHIH MOKasaTesb
npeJOMJIEHHS] MeTaJIa s 3Toro mpouecca Oyaer

by = Uy/v, = A/1 + V/V. (18.3)
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HMHnekc 21 pannm KpaTKOCTH ONYCTHM, T. €. GyIeM [0Jb30BaThCs
3Jech 00603HAUEHHEM W = Qg (He NyTaTh ¢ «abCOJNIOTHBIM» [OKa-
3aTesNeM MpeJoOMJIeHHS ).,

C yueToM MNpesOMJEHHS 3JEKTPOHHLIX BoJIH ge bpoiins yciaosue
bparra — Byabda (18.1) cnenyer mucate B BHAE

2dp cos P ==mh (18.4)

(cm. 1. IV, §§ 33, 61; morepsi MONYBOJIHBI NPH OTPa’keHHH 3/€Ch He
Bosnukaer). Iloa 1 31mech MOHUMAeETCH yroJ M[peJOMJEHHs, TOrza
KaK ¢ 03HayaeT yroj cKojbKenusa (a ue nagexus). [lostomy 3akoH
[[peJIOMJIEHHUS CJAEAYeT MUcaTh B BUIE

cos ¢/sin ¢ = .

W3 Hero wuaxomum cos = (1/u) v/p* —cos®’¢. Takum ob6pasom,
ycaosie Bparra — Byabda npuiauMaer BUL

2d A/ p? — cos? ¢ = mAh. (18.5

[IpaBUALHOCTL MPHBEAEHHOTO OOBACHEHUS TMOATBEPXKIAETCS
pacueramu, Ha onblte npn (HKCHPOBAHHOM VIJe ¢ H3MEpPSIOTCH
3HaueHHs] YCKOPSIOUlero noteHuuasna V, nopH KOTOPBHIX MOJydYaioTcs
Ap3rroBcKHEe MaKCHMYMbl pasjHuUibIX NopsakoB (m =3, 4, 5). Ilo
tdopmyse (17.16) BHIUHCASIIOTCS COOTBETCTBYIOLIHE HM IJIHHBEI -BOJH
ne Bpoitasi. 3atem no ¢dopmyae (18.5) HaxoasAT mokasaTesaH mpe-
aomJaenus p. Haxouen, no ¢opmyne (18.3) omnpeaensiior BUYTpeH-
gufl moteHunaa V, Meranana. Okasanaochb, 4TO B fpejenaax OmHOOK
uaMepenuii V, 3aBHCUT TOJALKO OT NPHPOABI MeTaJjJa, HO He 3aBH-
CHT OT mnopsiika oTpaxenus m (1. €. oT V) u oT yraa ¢. Tak u
ROJKHO OBITh, €CJAH TOJBKO OOBSICHEHHe, AAaHHOE BhIlle, MPaBUJb:
noe. Ilns nukensi, Hanpumep, Vo = 15 B. Takoro xke nopsiika BHyT-
PeHHHE [OTEHIHAJAbl H AJsA APYrHx MerananoB. Bnpouewm, aas o6b-
SiCHEHHs] pPsifa ABJEIHl 3aMeusiTh HCTHHHBII DOTEHIIHAa B MeTaJge
ycpeaHeHHbIM HepocTaTouno. Hamo npupsite BO BHHMAaNHe, YTO
HCTHHHBII NOTEHIHA] NEPHOANYECKH MeHsieTcsl B mpocTpaHcTBe. Ha
9TOH OCHOBE MOCTPOEHA TaK HazbiBaeMasi OUHAMUYCCKAS Teopus
unreppepenyuu soan de bpoiias, coznannas Takxe Dere B 1928 r,

4. MeTo, ¢ NOMOLUbIO KOTOPOro OBbIIH MOJYUEHbl TpHBEIEHHbIE
pe3ynbTaThl, MBl HasBaJH merodom bpseea, VccaegoBanune nudpak-
[IHH PEHTreHOBCKHX Jydell MPOH3BOJAHTCA TAKMKE IBYMS JPYTHMH
r1apilbIMi MeTogamu: merodom Jlays (1879--1960) u merodom [e-
6ass— Ulepepa — Xeara (cM. 1. IV, § 61). Takue ke MeTOAB MOXK-
HO TMpPUMEHSITL B /S HCC/leJoBaHHsA AHGPaKUHHM BoJH e Dpoiias.
Hasuccou n [I:kepMep B 1927 r. npumensnu merton Jlays. B mMerone
Jlays yskH#l 0y4OK PEHTTEHOBCKHX Jiyueil [pONMyCKaeTcsi yepes Mo-
HOKpHcTana. Jludparuposayubie Jdyud NOmafaloT Ha (HOTONJIAacCTHH-
Ky H (QUKCHPYIOTCS Ha HeH B BHAE CHCTEMBl CHMMETPHUYHO pac-
nosoxeHHbiX nsATeH. CHEKTp PEeHTreHOBCKHX Jayded, Kak OO
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BbisicHeHo B T. 1V, § 61, nonken 6bTh 06s3aTeAbHO cnaowrbim. L1py
H3YYEHHH IH(pPaKIM4 3JeKTPOHOB 10 MeTody Jlays» Hajgo Gblio Obl
9KCTIEPUMEHTHPOBATbL C MYYKAMH 3JEKTPOHOB C HeNpPepbIBHHIM pas-
6pocoM cKopocTel, UTO MPAKTHYECKH HeBO3MOXKHO, CKOpPOCTH 3jeK-
TPOHOB, BBLIXOASUIHX H3 3JEKTPOHHOH MYUIKH, OJAHHAKOBH WJH, TOU-
Hee, HelPePLIBHO pacnpejiesieHbl B y3KUX Npeienax. Ycnosusa Jlays
(pasyMeercs, HCIpaB/eHHblE C YY4eTOM [M0Ka3aTels [MpeSOMJACHHS
3JIeKTPOHHBIX BOJH Je Dpoifina) Ans nydka 3/JeKTPOHOB ONpejeleH-
HOH CKopocTH, Booblie roBOps, He BHIMOJHAKTCA H HHTEp(pepeHuUs
He Bosuukaer. [losToMy ana nosydeHuss AHPPAKLHHOHHBIX MaKCH-
MYMOB MPHXOAHTCA IIAr 3a WIaroM HEAPePbsiBHO MEHAT6 CKOPOCTbH
3AeKTPOHO8 (NyTeM H3MEHEHHs YCKOpfllero moTeHlHasla, HaJjo-

XKEHHOTO Ha NYINKY) H OZHOBPEMEHHO MOJIOKEHHE KOJAJIEeKTOopa.
5. B onbite Jl3Buccona u [l:kepmepa HCMOJIb3OBAACSH MOHOKPH-
CTa/J HHKeas (KPHCTaaa KyOGHYecKOH CHCTeMbl), colindOBaHHBIA
BJ10/1b NVIOCKOCTH € MHJUJIEPOBCKHMM HHJEK-

3”%’%?:”” o&g@, camu (111) (cm. 7. 11, § 135). [epuenau-
*\L‘\‘*‘@ KYJASIpHO K coullu¢OBAHHOH MJOCKOCTH B

/’ BaKyyMe MajajJ Ny4yoK 3JeKTPOHOB, HCIYy-

§ CKaeMH# 3JaeKkTpoHHON nymko# (puc. 32).

Hdnst ynaBanBaHus paccesiHHBIX 3MEKTPOHOB
npuMensijica ABoHHoH unaunap Papanes
€ HajexHOH KBapueBOH H3oJsiLHeH Mexny
Hapy»KHbIM ¥ BHYTPEHHHM UHJIHHApPAMH.
BuyTpeHHHH UHMAHHAP OB COENHHEH C UYB-
CTBHTEJbHBIM  ranbBaHoMeTpoM. UToGw
YCTPaHUTh HEYNPYTO pacCesiHHble 3JeKTpo-
Hbl, MOTEPSIBILAE MPH PACCESTHUH 3HAYHUTE/b-
Hyl0 4acTb CBOeH 3HEpPTHH, HA BHEUIHHH
HUJHHAP HaKJaABBaJCad 3aAep’KHBaNLHi
Puc. 32 (oTpuuaTesbHBIA)  LOTEHNHAJ, BeJHYHHA
KoToporo 6nila B AeCATb Pa3 MeHblle YCKO-
psloIero noTenllHasga, B pesy/abrarTe NpHEeMHHKAa MOIVIM HOCTHTATh
TOJNILKO 3JIEKTPOHBI, OTpPa3uBLIHECs YNPYro, a UMEHHO TaKHe, y KO-
TOPHIX CKOPOCTh NPH OTPaKEHHH yMeHbIIHJAach He GoJjiee ueM Ha
10 %. HceaenoBasoch KOMHYECTBO PacCesiHHBIX 3JEKTPOHOB B 3aBH-
cuMocTu oT 1) yraa paccesinusi, 2) CKOPOCTH 3JEKTPOHOB B MyuKe,
3) aauMyTa, T. €. yraa MOBOPOTa KPHCTaJdaa BOKPYr OCH, MepleH-
JTHKYJAApHOH K paccenpalolefl HJI0CKOCTH.

Ha puc. 33 npusenena noaspHas guarpamma, onpefensiomas
3aBHCHMOCTL YHCJ/Ia PacCesiHHbIX 3JeKTPOHOB OT yrja paccesHHs 0
Mp¥ TOM MOJIOXEHHH KPHCTaJJ/1a, KOTOpOe COOTBETCTBYeT puc. 32,
B 3ToM nosoxeHu# couwlNH(OBaHHAs NOBEPXHOCTb KpPHCTAJia [O-
KpblTa NPaBHALHLIMA PAJAMH aTOMOB, NEePNEHAHKYNAPHBIMH K MJ10-
CKOCTH najeHds (IJOCKOCTH PHCYHKa), pacCTOSIHHE MexXAy KOTo-
puiMu pasho d = 0,215 uM. KosnexTop Mor noBopaunBaTLCs, ocTa-
BasiCh BCe BpPeMs B IJIOCKOCTH nNajenus, MeHsjcs Takxe yckopsito-
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wHi norennua, [lpn yriae 6 =50° 1 passiHUHLIX YCKOPAIOIIKX Ha-
npsKeHHsx HabJiogascs MaKCHMyM, HO CBOEro MOJHOTO Pa3BHTHS
OH JIOCTHraJj NpH yckopsiouleM Hanpsikeuuu 54 B (A =0,167 um).

Ve
2° ¥
7
7
v
y g

7/

//
///
148 7Y 248 548 588
a) ) 8} 2) a)

Pue. 33

Ero MOXHO HCTOJKOBaTb KakK AU¢paKUHOHHBIH MaKCHMYM [epPBOTO
ropsilka OT MJIOCKOH AH(PPAKLHOHHOH peiIeTKH C MepHoAOM d ==
=0,215 uM. B camoM gese, BbiuHCJeHHe yria 0 no dopMmyse
dsin0 = A NpHBOANT X

pesyabtaty 6 = 51°, yTO A i
XOpollo corjacyercss ¢ | 2
9KCIICPHMEHTOM. ﬁ Vz‘g;?‘ { i

Ha ounite npousso- 10
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HUSE YHCJA PAacCesHHBbIX t*! ib \%P?J XJ&’! }4
9JIEKTPOHOB [PH HeHus-

MEHHOM NOJIOXKEeHHH KOJI-
JEKTOPa M MOCTOSHCTBE
yraa 0, Ho npu pasJny-
HBIX a3uMyTax KpHCTaJ-
Jga. Unaue rosops, KpH-
CTaJAJ MOT  1I0BOpauH-
BaTbCsl BOKPYT OCH, mep-
NeHAHKYJAApHOA K CO-
WJIH(OBAHHOA  MJIOCKO-
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o yrjoB 0 =44° gy Puc. 34

6= 50° i cooTBeTCTBYIO-

IUKX HM YCKOPAIOWIHX HanpskeHuf. DoJbllas wacrb MaKCHMYyMOB
Ha 3THX DHCYHKaX oTBedaeT MPOCTPaHCTBeHHOH HHTepdepeHLHUH,
T. €. B3aUMHOH MHTepQpepeHIHH BOJH, PACCESIHHBIX ATOMaMH INpPO-
CTPAHCTBEHHOH pelleTKH KPHCTaJJa. Hpn MOBOPOTE KPHCTAJJMa Ha
360° kpuBBlE TPHKABI OBTOPSI0TCA. ITO CBA3AHO C TEM, 4TO mep-
MEHAMKYJIAP K oTpaxaloulell miaockoctd (111) siBiasieTcsi mOBOPOTHOH
OCbi0 KpHCTasja TpeTbero nopsika. st NoJHOro KOJH4eCTBEHHOTO
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corsiacus ¢ Teopuell HeOOXOAHMO Obl0 YuecThb HOKa3aTelb NPeJdoM-
Jenusi KpucraJuia. HeGoublloe 4HCIO0O MaKCHMYMOB COOTBETCTBYET
HHTep(hePEeHIHOHHOMY YCHJEHHK BOJH, PACCeSIHHBIX aTOMaMH, af-
COpGHPOBAHHBIMH B TNOBEPXHOCTHOM CJ0e KPHCTaana. JTHM OObsC-
HSleTCS, MOUeMy Ha HHXKHEH NoJOBHHe pHC. 34 H3 Tpex GOJbUIHX
MaKCHMYMOB CPeARHI HeCKOJbKO HHKe IBYX KpalHHX.

6. HMccaegopane AuppakUHH 3JeKTPOHOB MeToioM [leGasg —
[llepepa — Xeasa npousBoanaocek, nauunas ¢ 1928 r, 1. TI. Tom-
coHom (1892—1975), I1. C. Taprakosckum (1895—1939) u neko-
TOpPbLIMH Apyrumu ¢usHkaMu. Tomcon nmponyckas TOHKHH MOHOXpO-
MaTHYeCKHT MyT0K GbICTPBIX 3JeKTPOHOB (YCKOPSIOIHA NOTeHUHAa

Puc. 35 Puc. 36

or 17,5 no 56,56 kB, cooTBeTCTByIOUIHE AJHHBI BOJH, BHIUHCJEHHbIE
no peastusucickod ¢opmyne (17.16a), ot 0,092 no 0,052 uwm)
CKBO3L NOJHKPHCTANIHYECKYI0 doabry tonumuHoli ~ 105 em, (He-
N0J1b30BaHHe OBICTPBIX JMEKTPOHOB CBSI3aHO C TeM, UTO {ojee Men-
JIEHHBIE 3/€KTPOHBl CHJBLHO morjomaloTes doabroil.) Ha doronaa-
CTUHKE, OCTaBJeHHOH 3a $obIroH, 1HONYUHIOCh IIEHTPalbHOE MSATHO,
OKpyxKeHnHoe AH(paKkUHOHHLIMH KoablamH. Ha puc. 35 Bocnpous-
BeJeHa HAHGDPaKIHOHHAS KapTHHA, NOJydyeHHAasl OMHCAHHBIM MeTO-
A0M ¢ 3070ToH (oabrofi. Odenn npocThiM onbitoM TOMCOH noKa-
3aJ, 4TO AM(pakuHoHHas KapTHHa 00pPa3OBLIBANACL CAMHMH pac-
CeAHHBIMH 3JIEKTPOHAMH, a He BTODHUHBIMH PEHTT€HOBCKUMH Jiyya-
MH, BO3OYIKAAeMBLIMM HMI: TPH BKJAIOYEHHH MAarHHTHOTO T1OJs BCH
radpakuuoHHasl KapTHHA CMeMiajJach H HCKamagdacb. IT1oro, Ko-
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HEUHO, He JOJIKHO 6bl0 6Bl OBITH, ecaH Obl KapTHHA BO3HHKAaJa
B peayJbTaTe JH(PPaKLUHK PEHTreHOBCKUX JyueH.

[Tpoucxoxpenne AUdpPaKIHOHHBIX KOJEIl B Cjydde 3JEKTPOHHOH
AudpakLIHH — TaKoe Ke, KakK M B caydae JAHMPAKIUU PEHTreHOB-
ckux Jsyueit (cMm. 1. IV, § 61). [Tonukpucraannueckas ¢osabra, npo-
BU3bIBAEMas 3JEKTPOHHBIM JYYOM, COCTOHT H3 MHOXKECTBA MeJib-
yafimux (~10—% cM) GecrnopsafoUHO OPHEHTHPOBAHHBIX KDHCTAJIJIH-
KoB. Kak yKe yKasblBaJoch Bblllle, 3J1eKTPOHHBIH Jayy B Metone [e-
6as — llepepa — Xeana posxkeH ObiTh MOHOXpoMatHyeckuM., Ho
npH QUKCHPOBAHHON JJIHHE BOJHH A CPeIH MHOXECTBA KPHCTAJJIH-
KOB HafgyTcsl TakHe, NPH OTPa’KEHHH OT KOTOPHIX BHIMOJHSETCSH
ycaoBue bparra — Byabsda 2d sin ¢ = mA (puc. 36), rae ¢ — yron
CKOJIbXKEHHS, a d — MeXIJIOCKOCTHOe paccTosiHHe. (Paau npocroth
MBI OTBJIEKJIHCh OT YCJOMKHEHHS, CBS3AHHOTIO C NPEJOMJEHHEM 3JIEK-
TPOHHBIX JydYeH. D10 06CTOATENBCTBO JIETKO ydecTb,) CraTHCTHUe-
CKH COBOKYMHOCTb TAaKHX KPHCTaJJHKOB obsafaeT cuMMmerpuedl Bpa-
LleHHs BOKpPYr HanpaBbjenus napgatowero Jaydya ABO. [loatomy
toukn € Ha ¢oTONMIaCTHHKE, Kylda MNONAaJaloT COOTBETCTBYIOLIHE
JYYH ¥ Bbi3blBAlOT HX [OUYEPHEHHE, JOJIKBbI pacnojarartbcsi BAOJb
KoJsell ¢ uentpoM B O. Hajirem cBA3b MeX/1y paauycoM KoJablia 7
U AJUHOHR BOJHBI A. [IpH MasbIX yriax CKOJIbXKeHHSA

sin @ ~ ¢ =mi/2d =r(2D,

rae D — paccTosinne oT QoJabrd Ao QotonnacTuHku, Takum ofpa-
30M, JIOJI?)KHO BBINOJIHATHCS COOTHOLIEHHE

r/A = const. (18.6)

Ono OyjerT chnpaBeAJUBO U TNPH ydeTe MpesomJenus. Ecau Boc-
noJab3oBatbea QopMysaoit (17.16) (ansg MeNJIeHHBIX 3JEKTPOHOB)
uan (17.16a) (mna GercTpeix agexktpoHoB), To (18.6) npeoGpasyer-
cst B COOTHOLIEHHs Mexay r H V. Takne COOTHOLIEHHS NOATBEDIH-
JIUCh Ha ONBITE,

[pyroe KOJHUeCTBEHHOE [0KA3aTeJNbCTBO AHU(DPAKIHH 3JEKTPO-
HOB B KPHCTaJJaX INOJYUHTCs, €CJH CPaBHHThb 3JEKTPOHOTPaAMMY
KpPHCTaJJa C PEHTIeHOTPaMMOH TOTo Ke Kpuctasna, C UX NOMOLLbIO
MOXHO BBIYHCJHTL [OCTOSIHHYIO KpHCTaJJHYecKOl peuretk, Oka-
3aJ10Ch, 4TO 3TH Pa3JUYHbie METOJLl NMPHUBOAAT K OJHHAKOBBLIM 3Ha-
YEHHSAM.

AHaJlorHUHBIe HCCAEOBAHUS AHGPAKIHH 3JCKTPOHOB O METOAY
Hebas — llepepa — Xesasa npoussoauauchk 1. C. TaprakoBckuM.
On noab3oBaJicad MeHee GHICTPLIMH 3JEKTPOHAMH (yCKOpsilOWHi no-
tennuan go 1700 B, A > 0,297 uM) u amomuHueBoli ¢oJbroit. M
CJIe/I0BAHUS BEJHChL NPH MOCTOSIHHOM YyrJe paccesinuda. [Ipu usme-
HeHHH CKOPOCTH 3JeKTPOHCB HabJiogasncs pajl MakCHMYMOB, AJf
KOTOPLIX BBINOJIHSJIOCH yeacBre Bparra — Byabda.

7. OHppakuua 3JeKTPOHOB HabJIoAalach TAKXKE Ha OTAEJNbHBIX
atoMax M MoJekynax. e ocranasaupasicb N0OADOGHO HA 3TON
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Bonpoce, orpaHuHyMMcs saMeuyanuem, uto eule B 1920 r. Pamsaysp
(1879—1955) orkpbli aBReuue, HaspaHHoe ero uUmeneM. OHO co-
CTOHT B aHOMAaJ/bHOM YBEJHUYEHHH NPOHHIAEMOCTH HEKOTOPLIX I'a30B
AJ BecbMa MeJJIeHHBIX 3JIeKTpOoHOB. MIHBIMH CJ0BamH, nojHoe -
¢exkTuBHOE ceueHue aTtoMa {(cM. § 9, a rakxke 1. II, § 87) no or-
HOWICHHUIO K NMPOXOASILIEMY yepe3 ra3 HMydyKy 3JIEKTPOHOB CTaHOBHTCS
aHOMaJIbHO MaJbIM NPH YMEHbIIEHHH HX CKOPOCTH. $IBJieHHE oco-
6eliHO OTYETJNHBO BHIPAXeEHO [Js O6JAaropoAHbLIX ra3oB: aproHa,
KpHITOHa W KceHoHa. C Kkjaaccuyeckoil Touku 3penus (cM. § 9)
sdpeKTuBHOE CceyeHHe aToMa [JOJXKHO OBLIO OB MOHOTOHHO ma-
1aTb C YyBeJHYEHHEM CKOPOCTH 3JIeKTpOHOB. HanpoTus, oOmbIT
NOKa3biBaeT, 4YTO [AJI aproHa, KPWITOHA H KCEHOHA OHO HMeeT
ray6oKHi MHHHMYM TpH ycKopsiiomeM Hanpsikedun =0,6 B. Ilo
obe CcTOPOHBl OT yKa3aHHOrO MHHHMYMa 3(¢QeKTHBHOE ceyelHe
pe3Ko BO3pacTaer, JOCTHrast MakcuMyma npu 6 (xceuon), 11 (kpun-
Tod) u 13 B (apros). Dro oObsicHseTcs HHTepdepeHIIHOHABLIMY
ocjaabJeHnsIMH H YCHJEHHAMH BOJIH A€ DpoiJs NIpH npoxoXkAeHHH
HX Yyepe3 3JIeKTPHUECKOe HoJie BHYTpH atoMa. ['pybo rosops, BJHS-
HHEe T4KOro M0Js1 CBOAHTCS K JeHCTBHIO HEOAHOPOLHOH CpeAbl, NOKa-
3aTedb NPeJOMJeHHst KOTOPOH BHYTPH aToOMa HENpPepblBHO MEHSEeTCs
0T TOYKH K TOUYKE.

8. Jlo cux 10p roBOPHJIOCH O AH(PPAaKLHH 3JEKTPOHOB. ATOMMI
H MOJeKyJbl TakxKe npereprneBaloT Andpaknuio, Kak nokasaa
Mrepn (1888-—-1969), nns TsKenblX aTOMOB, KOTAA [JMHA BOJIHBI
pe Bpoiiast A = h/mov ouenb Mana, JUPpPaAKILHOHHAS KapTHHA JHGO
COBCEM He noJiyuyaercs, Jnb0 NoJydaeTcs BecbMa pAcCnJbIBYaTOM.
Ho s nerxkux atomoB u Mojexyn (Hs, He) na6aonaorcss Becbma
yeTKHe Hil()paKUHOHHBIE KAPTHHHL, ¢ OOJbIIOH TOYHOCTLI NOAYH-
ssomnecs dopmyse A = h/mv. Kax suano us dopmya (17.18) u
(17.19), nns MoJekysa BOAOPOJa M aTOMOB TeNHSl CpellHsis IJiHHA
BOJIHBl TpH KOMHaTHO! TeMmnepatype nopsizxka 0,1 uMm, T. e. Toro
&Ke TopsAAKa, 4TO W NOCTOSHHAs KpHCTaJJHYecKOH pemretku. Of-
H4KO 3TH YacTHIB 06Jaal0T TeNJaoBHM pasbpocom ckopocteil, J1as
1NOJYIeHHs 4eTKOH AHGPAKLUHOHHOH KApTHHH HX NPeABAPHTENBHO
Heo6X0IMMO MOHOXpOMaTu3upoBaTh, [loaxomsuuii cenekrop ckopo-
cTeli MOJIEKYJ cXeMaTHueCcKH H3o0paxen Ha puc. 37. DTo ABa IH-
cKa, Haca)KeHHble Ha OOWLYIO OChb, C OAHHAKOBBHIMH, HO [OBEpPHY-
THIMH OJHA OTHOCHTEJNbHO APYroH wensMu. JIHCKH MOTYT npuBoO-
AWTLCS BO BpamlenHe BOKPYr stoll ocu. Ha aucku nanpasasiercs
IyYOK aTOMOB HJIM MOJEKYJ fapaJsjeibHo ocu Bpanienus. Cenex-
TOop B ApuHUHUNe paboTaer Tak Xe, KaK 3y6uaToe Kojleco B U3BECT-
Hom Meroae Puzo (1819—1896) uamepenus ckopoctu cbeta. B or-
HOWIEHHMH AHGMPAKIUOHHBIX KapPTHH, M0Jiy4aeMbIX C ATOMAPHBLIMH H
MOJIEKYJISSPHBIMH MYyYKaMH, 3aMeTHM, UTO 3TH NY9KH HE MOTYT upo-
HuKath B raybn kpucraajos. Kpucranawl AefiCTBYIOT Ha HUX Kak
MJIOCKHe ABYXMepHBIe OTpa)kaTejbHbie pemeTkH. Ha puc. 38 upu-
Bejiena KapTHHA AHPPAKUIHH aTOMOB rejHa OT KpHCTaala (TOpH-
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CTOro JIHTHSl, T. €. YIJIOBOe pachpeieneHde audpardipoBaHHbLIX
a4TOMOB.

9. OcranoBumcst elie KpaTko Ha OQudpakyuu nelirpornos. Heifi-
TPOH — HelTpaJibHas 3JeMeHTapHasl 4acTHila, Macca KOTOpol MouTH
TOUHO paBHa macce nporona. bBaaroaaps oTCYTCTBHIO aJeKTpuue-
CKOro 3apsilia OH B3aUMOJEHCTBYEeT TOJNLKO C SJpaMH aTOMOB —
NOCpPeICTBOM siiepHbiXx cua. Ha snexTpoHbl aTomubix o6ogouek, a
c/JeoBaTebHO W Ha (POTOMMACTHH-

Ky, HefiTpoH He naeiictByeT. UTOOHI Toarad " 1
TeM He MeHee MPHMeHHTb (poTomia- o 3
CTUHKY, (OTOCHOH MOKPHBAOT HH-
AueBoit oJabroit, B KOTOpOH B Me-
CTax nonajaHus HefTPOHOB MHpPOHC- 1%
XOISIT silepHBble peakliHy C BbleJe-
HHeM 3JEeKTPOHOB H Yy-KBaHTOB, 140
JeACTBYIOUIHX Ha (QOTOIMYJILCHIO.
Has nonydenust AHQpaKUHOHHOH 148
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kaptuHbl (HefiTpoHOrpaMMbl) no merony Jlays «Oeantit» Mmydok ren-
JIOBLIX HEHTPOHOB OT SIEPHOrO PEAKTOpAa HanpasJsioT Ha KDVMHBIH
MOHOKDHCTaA/], B KOTODOM H
AuparupyloT HeATPOHHL.

Ha purc. 39 npuBeieHd
HEATpOHOrpaMMa, MoJyueHHax
npy  MPOXOXKIEHHH  MydKa
HEeATPOHOB Yepe3 MOHOKDPH-
craann NaCl. Tlomumo 1uen
. TPaJbHOrO MATHA, MOJYUHJIACL
cHCTeMa CHMMETPHYHO pacno
JOXEHHBIX MATEH, COOTBET-
CTByIOUlasl MOBOPOTHOH oOCEL -
YeTBEPTOro Mopsijika KpHcrasa
aa NaCl. [IpuBnekaer BHHMa-
HHe H30JHPOBAaHHOCTb IATEH.
310, Kak OHJIO BBISICHEHO B Puc. 39
T. IV, § 61, cBsI3aH0 C TeM, uTO
dboronsacTHHKa MocTaBaena He B (GpayHrodepoBoii o6aacTH AH-
dpakuny, a 61M3KO OT KPHCTAMNIA — 8 0BAACTU NPUMEHUMOCTU 2€0-
Merpudeckoll ONTUKU,— HO BCe e [OCTATOUHO [AaJeKO, YTOOHI
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OT/Je/bHBle MyYKH, HAa KOTOPble pasiessieTcsl B KpHcTauae Najalo-
as BoJIHa, yXKe ycrnegan pPasodTHCh.

PesoMupys, MoXHO CKa3aTb, 4TO BOJHOBBIE CBOHCTBA 4acTHIL
HEe TOJIBKO JI0Ka3aHbl IKCTICPHMEHTANbHO, HO H MOJYYHJH OOLIHpHBIE
Hay4YHO-TeXHHUYeCKHe MpUMeHeHHUs (3JeKTpoHorpadus, HEHTpOHOrpa-
dus u np.).

3ALAYA

Ha cenexrop ckopocreét (pue. 37) u3 meyd HarnpasjeH Oy40K aTOMOB HJIH
MOJIEKYJl, CKOPOCTH KOTOPLIX B IEUM pachipeleseHbl no 3akoHy Makcsenna. Cesek-
TOpP BBIAE/sIET NYYOK 4acTHIL, aBCOJIOTHBIE CKOPOCTH KOTOPHIX 3aK/IOUEHB B HHTEp-
Baje U, U+ du MOCTOSIHHOH MHPUHWL dU. [IpH kakoM 3HadeHHH U (BbIAeJsTeMOM
CKODOCTbIO BPAUICHHH [AHCKOB) uYepe3 ceJeKTOp MPOALET MaKCHMaNLHOC HHCIO
yacTuu?

Otser. v?=30kT/m, 1. e v 104XKHO GuITb CpelHeld KBafpaTHUHOH CKO-
pocTsIo.

§ 19. Cratuctudeckas HHTepipeTauus BoaH ge bpoian
¥ BOJTHOBOH YHKLHH

1. KakoB ke (H3HYeCKHH CMBICJ BOJIH Ae Dpofas M KakoBa HX
CBSI3b C YACTHLAMH BelliecTBa?

Onna u3 njaefl, KoTopo#l HekoTopoe BpeMs npuaepxusaics Hlpe-
RUHTep, a 3aTeM OLICTPO OTKa3aJjcs OT Hee, COCTOHT B CJAeNYIOLIEM.
Hukakoro Ayasnama BOJH H YacTHU B JAeHCTBHTENBHOCTH HE Cylie-
ctByeT. CyLlecTBYIOT TOJALKO BOJHB. YacTHLBI Ke MPeACcTaBJASIOT
coboil cynepnoduyuu 80o4ax. Jleso B TOM, YTO B CuJIy maTemaTHu®
ckofi reopembl ®yprpe (1768—1830) H3 BOsH passiHUHBIX ©aCTOT H
HanpaBJ/JeHHH BCerfa MOXHO COCTAaBHUTL B0AHOB0OU nAaxer, T. e. Takoe
BOJIHOBOe 00OpasoBaHHe, YTO MPH HAJOXEHHH B ONpeJejeHHBIH MO-
MEHT BpPeMeHH BOJHBl OYAyT yCHUJHBAThL APYr APYra B KakoH-To Ma-
JOH o6sacTH TPOCTPAHCTBA, a BHe 3Tofl 06JacTH OPOU3OMIET HX
noanoe rauenue, Takod 80aH080Ud naxer w ectv uacTuya. Huren-
CHBHOCTh BOJIH e Dpofina paccMarpuBaeTcsi Kak BeAHUHHA, MPO-
IOpLHOHAJALHAS NJOTHOCTH CPEJbl, H3 KOTOPOH ofpasyeTcs yacTHia.
Kasanoch, 4TO NoOATBepIKACHHEM TaKOH TOUKH 3DEHHSI CAYKUT TO
06CTOATENBCTBO, UYTO LEHTP BOJHOBOTO MaKeTa, MOAOGHO UEHTPY
TPYNNbL BOJH, AOJXEH B BaKyyMe DAaclpOCTPaHATBbCH ¢ TPYNNOBOH
CcKOpOCThIO. A coraacHo (opmyae (17.8) rpynmnoBasi CKOPOCTh BOJiH
e Bpofias paBHa CKOPOCTH YaCTHILBI.

Ojnako BOJHOBOH MAKeT He MOXET BECTH cefsl KaKk 4yacTHUA
CKOJIb YTOAHO JJnTesNbHOE BpeMd, [IpHunHa 3TOro B-TOM, 4To naxe
B BaKyyMme BoJiHbl je Dpofiasi obnanaior ducnepcueid. JelcTBHTeNDb-
HO, CBSI3b MeX/Jy HMIYJAbCOM UYaCTHUL p U ee 3Hepruell & Buipa-
Kaetcs dpopmynoit

(Elc?— p? = (my?. (19.1

[ToxcrasuB B Hee 3Hauyenust & n p u3 dopmya (17.2) u (17.3), no-
JYYHM 3aKOH JHCIEPCHH BOJH Ae Dpofis

(hofc? — (hk2= m,p. (19.2)
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K3 Hero BuAHO, uTO (haszoBas CKOpPOCTb BoOJH Ae Dpoilas vy = w/k
3aBUCHT OT YacTOThl @, — B 3TOM H COCTOMT JHcnepcusi. Jonyctum
Tenepb, UYTO B KAKOH-TO MOMEHT BpeMeHH, cKaxem [ ==0, BOJHH
de bpoitas ycunuBawoT ApPYyr Apyra B HEKOTOPOH MaJsiofi obaacTd
IPOCTPAHCTBA, 4 B OCTAaJbHOM HPOCTPaHCTBe BOJHOBOE noJse obpa-
maercss B Hyas. Kax 6yzer 3BOJIOLHOHHPOBATH TaKOH BOJHOBOH
naker Bo BpeMeHM? MoOHOXpPOMAaTHUECKHE BOJHBI Pa3HBIX 4acCTOT,
H3 KOTOpPhIX 00pa3oBaH NMakeT, OYAYT PacXOAHThCs C Pa3JIHYHBIMHU
tas3oBHIMH CKOpOCTSIMH. DTo NpHBEAET K jaedhOopMallHu, pac/biBa-
HHIO H B KOHILIE KOHIOB K pacnady nepBOHAYaJbHOTO BOJHOBOIO Ma-
kera., Takum o0pasoM, uacTHLad, ecaH Obl OHA MpeicTaB/afga BOJ-
HOBOe o6pasoBaiine, Obla Obl HeycToduusa v OLICTPO pacnajganach
Obl. TO HH B KaKOl Mepe He COOTBETCTBYeT AeHcTBHTENbHOCTH. Ta-
KHM 00pasoM, uactuya He moocer ObiTo 80AHOBbIM nakerom, obpa-
sosantoim u3 goan de bpoias.

2. Hean3s upHHATHL W NPOTHBONOJOMXHYIO TOUKY 3PeHHs: TMep-
BUYHBIMH SIBASIOTCS #QCTUYbL, @ BOJHLI NPEACTABASIOT UX 06paso-
8anus, T. €. BO3HHKAIOT B Cpede, COCTOsIleH H3 4acTHi, NOROGHO
3BYKY, pacnpoctpansiouneMycss B Bosayxe, JleAcTBHTENbHO, Takas
cpega ao/xHa OBITh AOCTATOUHO NJAOTHOH, HOO O BOJAHAX B cpene
YACTHIl HMEET CMBICJ TOBOPHTH JHIIb TOra, KOrjaa CpelHee pac-
CTOSIHME MEXKAYy YacTHUAMH OYeHb MaJjo MO CPAaBHEHHIO C JJHHON
BOJMHBL., A B THIHUHBIX CJAy49asX, KaK MBl BHAENH, [AJs BOJH
ne Bpoiias 3TO yca0BHE He BBINOJHACTCS.

Ho ecnau 6bl ga)ke MBI NIpeofoJieNn 3TO 3aTpy/AHeHHE, TO BCe
XKe yKasauHasi TOUKa 3peHHs LoaXKHa ObITh OTBepruyrta. B camom
feJe, OHA O03HAUAET, UTO BOJIOBbLIE CBOMCTBA MPUCYLIH CHCTEMAaM
MHOTHX YaCTHIL, a He OTAeJbHBIM YacTHUAM, Mex/1y TeM BOJHOBHIE,
HHTep(hCPEeHLHOHHbIE CBOHCTBA YaCTHI, HE HCUE3aloT H NPH MaJjbx
HHTEHCHBHOCTSIX MaAAMHX NYYKOB. DTO OHIO J0KA3aHO NPSMBIMH
onuitamMu bDudepmana, Cymknua u Pabpuxkanta (p. 1907) ¢ siek-
tpouamu u Suomu (1912 —1978) ¢ dotonamn.

B onbitax bBuGepmana, CymknHa u Pafpukauta npuMeHsJIHCH
CTONb cJafble NYYKH 3JEKTPONORB, UTO CPeAHHH MNPOMEXYTOK Bpe-
MeHH MeXAYy /[ABYMS [OCJAELOBATENLHBIMH TPOXOXKACHUIMH 3JIeK-
TpoHa Yepe3 AUGPAKIHOHNHYIO cHCTeMy Obln npuMepHo B 30 000 pas
Gosbllie BpeMeHH, 32TPauHBAEMOr0 OJAHMM 3JEKTPOHOM Ha NpOXo-
Kaenpe pcero npHbopa. [Ipu TakHx ycJOBHSIX B3aHUMOJeHCTBHE Me-
AKJY JAEKTPOHAMH, KOHCUNO, 1le HIPaJo HHKAako# poH. Mexiy Tem
MpH AOCTATOUNO JJIHTENbHOH SKCIO3HLMH BO3HHKaMa NHQPPAKIHOH-
Has KApTHHA, HAUEM He OTJAMYaIoINasicss OT KapTHHBI, MOJYYaeMOH
MpH KOPOTKOI 3KCNO3MHKKM C NYYKAMH 3AEKTPOHOB, HHTEHCHBHOCTD
KOTOphIX Gbisia npuMepno B 107 pas Goablie. BaxXHO TOJNBKO, 4TO
B ofoux ciaydasx oolllee UYHC/IO 3JEKTPOHOB, MONaBHIUX HA (OTO-
IAaCTHHKY, ObLIO OJHHAKOBO. DTO MOKA3bIBAET, UTO U OTOeabHbLe
wacTudbl 094a0a10T B0AHOB8bIMU c8olcTBamu, KocseHHLIM noKasa-
TEALCTBOM 3TOTO SIBJASIETCst TaKxe TO, YTO BOJHOBHE CBOMCTBA
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NPOSIBJSIOT 3JEKTPOHL dTCMHBIX 000J0YeK, dalpHMep eJHHCTBEH-
HBLH 2J1eXTPOH aTOMa BO/0pPO/Aa, KOTAd 0 cpeae, 00pasoBallHOf 3JeK-
TPOHAMH, FOBOPHTH lie NPHXOANTCS.

3. IlpuBenennbie nBe mONbITKH (PH3UUECKOrO TOJKOBaHUS BOJH
ae Dpolinst sB/sIlOTCA UYUCTO THIOTETHYeCKUMH, B cBere 3kcnepH-
MEHTaJbHBIX (aKTOR 00e OHH OKa3aAHChb HECOCTOATENBHBIMH. MBI
He HaMepeHbl B jajdbHefdmleM UATH 110 OYTH PHIOOTE3, a NpeAlouH-
TaeM fosiee HaleXHbIH MeTON — meT0d npunyunos., JonycTuM, 4To
NY4YOK 4acTHU (/18 oNpefeseHHOCTH OyleM roBOPHUTb 00 3JeKTpo-
Hax) majaer Ha Kakoe-1ub60 aU(PaKUHOHHOE YCTPOHCTBO, HAMPH-
Mep Kpucraasa. Kak BbiscHeHo Builie, AHGPAKUUS CBOHCTBEHHA H
BOJNIHAM je DBpofind, conyTcTByouuM ToNbKO onHofi uacthue. [lo-
TOMY MOXKHO NPEANOJOXKHTh, YTO NaAAOUUHA NYYOK COCTOHT BCEro
H3 oAHOro 3jextpoua. [lpu npoxox/leHHH COOTBETCTBYIOUIEH 3JjeK-
TPOHHON BOJIHBL Je DBpoiaa uepes kpucransa ona pasOuBaercs Ha
HeCKOJIbKO JH(QpaKUHOHHBIX nyukoB. Henbssa ponycrurs, 4To B Ka-
MAOM B3 TAKUX NYYKOB HAXOJAHTCH KaKasi-TO A0Js 3JeKTPOHA. DJeK-
TPOH AEHCTBYeT BCerJa KAaK LEeJNoe U HHUKOrAa He oOHapy:KUBaeTcs
4acTh JAEKTPOHA, — B 3TOM MNpOSBJASieTCS ATOMH3M, CBOHCTBEHHHBIH
Mugpomupy. Jornyctum, uTo Ha nyTd oAloro u3 AubpPardpoBaHHBIX
IYYKOB [OCTaBJjeH CUYETYHK JJS YJAaBJAHBaHHS 3JeKTpoHoB. Ecin
CUETYHK cpabaTblBaeT, To OH Bceraa o0HApY:KUBaeT yeasid 3aeK-
TPOH, a OTHIOAb He ero yactb. }3 3Toro Hesn3si 3akJa0O4UTh, YTO
A0 o0Hapy:KeHHs 3JEKTPOH HAXOJHUJCs TOJALKO B OJHOM paccMaTpH-
BaeMOM IyukKe, a NOTOMY BCe OCTaJbHble AH(PArHPOBaHHbLIE MYUYKH
HUKAaKO# pOJIM He MIrpajJu — HX OpPOCTO [e CYLIeCTBOBaJo. Takas
TOYKAa 3peHHs o3HayaJja Obi, 4TO 3JEKTPOH NPOXOAHT 4Yepe3 IKC-
epUMEHTa/blloe YCTPOHCTBO KAaK MaTepHajibHasg TOYKa KJjaccuue-
CKOH MeXaHUKH., JTO Heco8MecTuMO ¢ ABAECHUSMU UHTepphepenyul
u dugparyuu 34eKTpoHos. Ecau NOBTOPHTbL TOT XKE ONLIT C APY-
UM 3JIEKTPOHCM, TO 3JEKTPOH OOHAPYMKHUTCSl TAKMKE B ONHOM H3
JAu¢parupOBaHEbIX NYYKOB, HO, BOOOIIE roBOps, He B TOM e ca-
mom. [lofo6Hble TPYAHOCTH BBIHYAHAH DopHa UpelJOXKHTHL (Ta-
TUCTUHYECKYH unTepnperayuro BoJH Je DBpoftas, no3BoJsouIylo co-
yeTaTb aTOMH3M YaCTHLL C HX BOJIHOBBIMH CBOHCTBAMH.

4, CorsiacHO CTaTHCTHUYECKOH HHTepDNpPeTaLMH BOJiHBl Ae Bpofis
cAellyeT paccMaTpHBaTb Kak 80AH6L eposarnocTu. DBosee onpene-
JIGHHO: UHTEHCUBHOCTb 80AH6L O¢ Bpodan 8 kakom-auGo mecre npo-
CTPARCTBA NPOROPYUUOHAABHA BEPOATHOCTU ODHAPYICUTE HACTUYY 8
atom mecre. Ho craTucTHueckHe HJId BepPOSITHOCTHHIE CBOMHCTBa ua-
CTHIL MOTYT OBITb YCTAaHOBJIEHB! HA ONBITE HEe ¢ OJNHOH YacTHueH, a
JIMIIb CO MHO2UMU 4QCTUYAMI WJIH TOJbKO C OJHOH uyacTHUeH, ecuu
ONBIT MPH ONPENCJNCHHBIX YCJOBHSIX HOBTOPEH MHO20KPaTHO. ['0BO-
pHTb O CTAaTHCTHKE H BEPOATHOCTH HMEET CMbICJ JHUIL 10 OTHO-
HIEHHIO K ONpPEJeIEHHON COBOKYNHOCTH 3JIEMEHTOB, K KOTOPHIM 3TH
MOHATHS OTHOCATCA. DTO MOKeT ObiTb JHGO COBOKYMHOCTb MHOTHX
O/IHOBPEMEHHO HaO0JII0/aeMblX 2JEMEHTOB, JIHOO OJHH 3/EMEHT, MHO-
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FCKPAaTHO Ha0JII0AAeMbIl B [OCJIEAOBATENIbHEIE MOMEHThl BpPeMeEHH,
Takue COBOKYUHOCTH 3JIEMEHTOB B KBAHTOBOH MeXaHHKE Ha3bIBalOT-
ca KeauToBbLIMU aHcamOaamu, Ksauroseul ancambab, ¥ B 3TOM CO-
CTOHT OAHO H3 OCHOBHEIX MOJIOXKEHHH KBAHTOBOH MeXaHHKH, pea-
AUBYETCA nyTem 3a00HUA KAKUX-TO MAKPOCKOAUYECKUX NAPAMETPOS.
IT0, KOHEYHO, HE¢ 03HAYAET, UTO BOJHOBLIE CBOHCTBA IPHCYIUH aH-
caM0/iiM 4acTHL, a He caMHM uacTHuaM. AHCaMOJd HeOGXOAHMBEI
TOJABKO AJist OOHAPYICEHUs TAKHX CBOMACTB.

CraTHcTHUecKas HHTeplpeTalHsl SIBJCHHH MOSIBHJIACh BHEPBHIE
B CTaTHCTHUeckol ¢usnke, OJHAKO B OCHOBE KJACCHYECKOH CTa-
THCTHYECKOH (DH3HKH J1eXKaT AHHAMHUECKHE 34KOHBI, JONYCKAIOLlHEe
B [MpHHIHNE BO3MOXKHOCTb TOYHOrO MPEeACKAa3aHHSl MOBEJeHHS BO
BPCMEHH Ka)kjoH HMHAHBHAYaJbHOA MHKDOUACTHIB cHcTeMbl, [las
3TOTO HYXKHO TOJbKO 3HATb HauaJbHble YCJOBHA /IS BCEX MHUKPO-
4acTHIl M CHJB B3aHMOJEHCTBHA Mexay HuMH. Tak, noBeaeHue
raza B COCTOSIHHH MOKOSl MaKPOCKONHUYECKH ONpeJe/IieTCs ero TeM-
fiepatypoil, AanaenueM 1 obbemoM. Ho 310 noseaenue MOXHO OBIIO
6bl B NPHHLHIE OIIHCATDH MOJOXKEHHAMH W CKOPOCTAMH KaXKAoH Mo-
JEKYJbl B KaxablH MoMeHT BpeMeHu. [lo oTHOIIeHHIO K MakpOCKO-
(IHYeCKOMY OIIHCAHHIO MOJOXKEHHA H CKOPOCTH MOJIEKYJ rasa Hrpaml
POJIb CKpBLITHIX AApameTpos, T. €, BEJHYHH, He MNPOSBJAIOIIMXCA
MaKpocKomHueckH. MoxHO Oblio Onl jlyMaTb, 4TO H B OCHOBE CTa-
THCTHUECKOrO ONHCAHHS, AAaBAae€MOro KBAHTOBOH MeXaHHKOH, Jiexai
TaKyKe KaKHe-TO HEH3BECTHble JAHHAMHUCCKHE 3aKOHHI, YIpPaBJsio-
LUIHe MOBE/JEHHEM HEHM3BECTIIBIX CKPBITHIX MapaMeTpoB, oJsee TOHKG
¥ JeTaJbHO ONPEAENAIOUIMX COCTOSHHUS CHCTEM, 4eM 3To Henaercs
Ha coBpeMenHoM ypoBHe, Takas ToukKa 3peHHs AEHCTBHTEJLHO Cy-
uectsyer. Ho oHa moka wTo He NMpHBeJa HH K KAKHM [0JIOXKHTEJb-
HBIM pe3yJbTaTaM. A IOTOMY BOIPOC O CKPBITBIX MapaMeTpax Mbl
OCTABHM B CTOPOHE H OrDAHHYHMCS CTATHCTHYECKHM OIHCAHUEM,
KOTOpOe jJaeT cOBpeMeHHas KBaHTOBas MexaHHKa. CylLeCTBEHHO 3a-
METHTb, YTO TAKOE ONHCAHHE JOCTATOYHO AJS MPEACKA3aHUSA H HH-
TePIpETalHH 3KCIEPHUMEHTAIbHBIX PEe3ynbTaToB, N0 KpafHeHd Mepe
Ha COBPEMEHHOM YPOBHE.

5. Kak co cratucTuvecko# Touku 3penuss obbAcHsaercs AHPppak-
UHsl YacTHL, Halpumep 3JekTpoHOB? [lepen nomananueM Ha aH-
$pakIHOHHO® YCTPOHCTBO /@KTPOHB NPOXOAAT ONpPEAeCHHYIO YCKO-
PAWONIYI0 Pa3HoCTh MOTEHLUHANOB, KOTOPOH COOTBETCTBYET OLHO H
TO e 3naueHHe MJHHBI BOJHBI Je DBpoias. Ycxopswouwuil norten-
Hdaj H SBJASETCA TeM MaKPOCKOMHYECKHM I[apaMeTPOM, KOTOpHIf
pblAessieT KBaHTOBLIA aHcaMbib wacTd. IlycTh perucrpauus sjek-
TPOHOB MPOH3BOAHTCS QoTonnacTHHKOA. B kakoe MecTo dortoma-
CTHHKH [MONajeT WHAHBHAYAJbHBIfI 3JIEKTPOH, C JOCTOBEPHOCTHIO
IpeAcKa3aTh HEBO3MOMKHO; 3TO MOXKHO CAENATh TOJBKO ¢ Toff Him
HHOH CTEeNEeHLIO BEPOATHOCTH. BeposTHOCTL monajauus 3JeKTPOHa
B TO HJH HHOE MECTO (DOTONJIACTHHKH MPONOPUHOHAIbHA HHTEHCHB-
HOCTH BOJHb Ae Dpofiia B 3T0M Mecte. OTAeJNbHBIA 3JEKTpPOI



116 BOJIHOBbIE CBOMCTBA YACTHIL BEIIECTBA {rJ1. 111

0CTaBJsieT Ha (OTOMJIACTHEKE (IOC/e ee MPOsBJEHHS) MATHBHILIKO.
Ecau snektpoHoB Mano, To GoTOnJacTHHKA OyAeT HallOMHHATL MH-
iLleHb, MPOCTPeJEHHYI0 HEBOJbIINM KOJHUECTBOM MyJab. B pacnoJo-
JKEHHH NSITHHILEK Ha (OToIJIaCTHHKE He OOHAPYXKHTCA HUKako# 3a-
KOHOMEPHOCTH. 3aKOHOMEPHOCTD BLISIBUTCS CTATHCTHYECKH, KOria Ha
IJIACTHHKY [OTajleT OYeHb MHOTO 3JeKTPOHOB. B 3ToM cayuae oHm
NpEeUMYyLIeCTBEHHO NTOMAAYyT B Te MecTa (OTOMJIACTHHKH, I'le AOJIXK-
Hbl MMOJNYYHUTBCS AUGPAaKUHOHHBIE MAKCHMYMBI BOJH ae Bpofias. Co-
BOKYIHOCTb COOTBETCTBYIOLIHX NMATHBIIEK H €CTh AH(PpaKUHOHHAA
KapTHHa, mosiyyalouascs Ha onbite. [Toka sjekTpocTaTHueckoe OT-
TaJKUBaHHe MeXAYy 9JCKTPOHAMH HeCYLIeCTBEHHO, AH(PPaKUHOHHAS
KapTHHA MOJYYUTCH OAHOH M TOH e He3aBHCHMO OT Toro, obpa-
3yeTcst Jid OHa 3JIEKTPOHAMH, MOCJAELOBATEIbHO MNPOXOASUIUMH 110
04HOMY uepes npubop, HJIH Cpa3y HHTEHCHBHBIM MYyYKOM OJHHAKOBO
VCKODEHHBIX 3JEKTPOHOB, B KOTOPOM COJEPXHTCH TO XK€ YHCJIO
YaCTHLL.

6. CuMBosanueckHi xapaktep BoaH Je bBpofas npossasercs,
MexIy MpouuM, B TOM, 4yTo ¢yHkuua (17.1), npexacraasiowas
miockyio BosiHy gae bBpouna W(r, !}, cywecrsenno xomnaekcua.
C KOMIJIEKCHBIMH BBIPa)XEHHAAIMH TaKOro THUNA MBI HMeJH [ej0 H
B KJaCCHUecKOW (H3MKe, HO Torga (hHU3NUeCKHH CMBICJ MBI CBfI3bl-
BaJil TOJbKO C BelleCTBEHHBIMH YacTSIMH 3THX Bupaxenud. [lo-
cJleHHe MOXHO OBUIO M He JOMOJHATb COOTBETCTBYIOUIMMH MHH-
MBIMH YacTMH. DTO [eJaJ0Ch TOJIbKO B LEASAX COKPAlICHHS Mare-
MaTHueckux npeofpaszoBaHuil W yA00OCTBAa MHTEPIpeTAlHH OKOHUa-
TeAbHHIX pe3ynbTaToB. He Tak 06CTOMT Aelo B KBaHTOBOH Mexa-
nuke. 3neco GyHkuua W(r, t) npunyunuasbno xomnaexcna. Bee
¢u3HUecKHe BEJHUYMHDLI, HMEIOIlHe peabHbIH (PHU3HUECKHH CMBICH,
BHIPAKAIOTCHA 4Yepe3 8cro KoMmaekcuyio ¢yukuuio W(r, f), a He
TOJIbKO Yepe3 ee BELIECTBEHHYIO 4acTb. KoHeuHo, MOMHO Oblio 6bl
coBceM H36eXaTb NpPUMeHEHHS KOMILUIEKCHbIX ¢yukuui. Ho rtorma
IR u3oOpaxeHust BoaHbl e bpoiiia norpeboBasach 6bl He 0413,
a dge BemecTBedHble ¢yHKUuH, OIHa W3 HHX TpeacraBasana Obl
BEIIECTBEHHYO 4acTb, a Apyras — KO3G(HUHEHT APH MHHMOH HacTH
kommyekcHoll ¢yukoun W. Ho 3To TOJBKO yC/H0XHHIO 6B jmedo.

Temepb BepoATHOCTL OOHAPYXHTh HACTHIY B KaKOM-1HOO MecTe
POCTPAHCTBA MOXHO MPEACTaBHTb KBaApaToM MOAyJs QyHKuun W
B TOM e MecTe, T. €.

| WP =",

B cayuae maockod BoJsHbl Ae bpoiis (17.1) sTor KBagpar monyas
paBeH
W (r, H W (r, 1) =¥, ¥,= const,

T. €. DaBHOBEPOSTHO OOHAPYXHTb 4UacCTHIY B JI000M MecTe Mpo-
cTpancTBa. BesAkuil Apyroét pesyabrarT [JAs DaBHOMepPUO ABHIKY-
glefics 4JacTHIB B TeuyeHHe OECKOHEUHOr0 BPEMEHH HeCOBMECTHM
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C OLHOPOAHOCTBIO npocTpaucTBa. o ow une noayuniacs 6w, echu
6Ll BMECTO KOMINIEKCHOTO Bolpaxenus (17.1) mas Bonno e Bpoiis
B3ATb BELIECTBEHHOE, HANPHMEpP Sin HJH c0S. DTO MOMKET CJyKHTb
O/IHHKM H3 ONpaBAaHHH HCIOJb30BAHHS KOMILJIEKCHbIX BHIpaXKeHHH
BMecTo BemecTBenunlx. Ho 6yaeT au nabuiofnatecs HHTEpdEPeHIHs
BOJIH, €CJH Ka)/JA4as H3 HHX CyUIeCTBEHHO KOMIJIeKcHa? Jlerko BH-
JeTh, uTO Aa. [lelcTBHTEJBHO, NYCTh ABe BOJHB Ae Bpofing npen-
CTaBJATCA BHPAXKEHHIMHU

lp'l — ei(kr—mt), l{fz == pl (kr—mt—b(r)),

T. €. MeXKJAy OOeHMH BOJHAMH CylLlecTByeT pasHocTb ¢as 8(r). [Ipu
HX HaJoXeHHH nogydaercss Boana ¥ = W, 4 W, Beposrtnocts 06-
HapYKHTb YacTHILY B KaKOM-1HGO MecTe NPOCTPAHCTBA BYAeT upo-
NOPIUHOHAJNBHA

Y'Y = (‘P’; + ‘P’;) (IP'I + ‘I’z) = (_‘1’:‘1’l + ‘F;‘Ifz) +
(W, 4 W) =2 4 e+ e i) = 2(1 + cos d).

OHa cofepXKHT HHTeppepeHIIHOHHBIA ujeH 2cos §(r), Meusiomuics
B npocTpaHcTtBe oT —2 A0 -2, B 3aBHCHMOCTH OT pasHocTH (a3
§(r). Takum obpasom, unrepdepenunss 6yaer HabJa0AaThCS.

7. Jlo cux NIOp TOBOPHJIOChH TOJbKO O MJIOCKMX BOJIHAX Jle Bpoi-
A, nipeAcTaBaseMblx BoipaxkenuneMm (17.1). Takue BOJIHBI CONMpPOBO-
#aaoT crobojHOe paBHOMEpHOe ABHXeHHe uactul., Heofxoaumo
teneph 0GOOUIUTL MOJYUYEHHBIE Pe3YJLTATHl Ha cjydafl npoussoss-
HbLX OQUICeHUL] 4wacTUyol @ NPOUBBOAbHLLY CUA0BbIX NOAAX. B 3Tux
cJyuasix MOJHOE OlHCAHHe COCTOSIHHA YacTHUB B KBAHTOBOH mexa-
HUKE JaeTcsl He nJockoil BoJHOH ae Dbpofiad, a kKakoi-to Gosee
ca0XHol KoMmekcHoll dyukuneli W(r, ), 3aBHCAWEH OT KOOpau-
HaT u BpeMenu. Ona HasblBaeTCsl 804HO80U (yxryuel. B wacthoy
cayyae cBOOOAHOro ABHIXKEHHS YaCTHLBl BOJHOBas (GyHKUUA mepe-
XOJHT B IUIOCKYI0 Boany ae Bpo#aa (17.1). Cama no ceGe BoJsHO-
Bas (GYHKLHS BBOAHTCS KaK HEKOTOPLIl 8CHOMO2ATEAbHbUL CUMBOA
H He OTHOCHTCA K YHCJY HENOCPEJCTBEHHO HabJMI0NaeMBIX BEJTHUHH,
Ho ee 3HaHHe 1O3BOJISIET CTATUCTUYECKU npPeOCKA36l8aTs 3HAYEHHS
BeJUYHH, KOTOPbIE MOJYyUaloTesl SKCIEPHMEHTANbHO H MOTOMY HMEIi
peaibHbil PH3HYECKHT! cMBICA. DTa CBSA3L BOJHOBOH (PYHKIHH C TEM,
yro HabJaloaaeTcss B ACHCTBHUTEJNLHOCTH, OYAET pacKphiBATHCS MO-
CTENEeHHO Mo Mepe jAannHefimero usnoxenns. Ceffuac e Mbl orpa-
HHUHMCS TOJIBKO OJHOH CTOPOHON 3TOr0 Bopoca.

Uepes BOJHOBYK (PYHKIHIO ONpPELENSIeTC OTHOCUTEeAbHAA - Be-
pPOATHOCTY OOHAPYXKEHHA YacTHIBl B PAa3JHYHBIX MeCTax MPOCTpaH-
ctBa. Ha 3Tofi cTajuH, xorja roBOPHUTCH TOJbKO 06 OTHOIIEHHSX
BEPOSATHOCTECH, BOJHOBAA (YHKLUUS NPHHUHIHAJIBHO onpefeseHa c
TOYHOCTHIO [0 MPOH3BOJBHOIO MOCTOSHHOTO MHOXHTeasi. Ecau Bo
BCeX TOYKaX MPOCTPAHCTBA BOJHOBYIO (DYHKUHIO YMHOXHTb Ha OJHO
H TO XK€ MOCTOSTHHOe (BOO6Ile roBOps, KOMIJIEKCHOE) YHCJO, OTJHY-
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HOe OT HyJfl, TO MOJIYYHTCA HOBAas BOJHOBAfl (PYHKI(Hs, OITHCHIBAO-
iasg B TOYHOCTH TO de cocTosinue, He MMeeT cMbicjia TOBOPHTD,
uto ¥ paBHa HYJI0 BO BCeX TOYKAxX MPOCTPaHCTBA, 6O Takas «BOJ-
HoBasl (DYHKIHS» HHKOIZa He MO3BOJIsSIeT 3aKJIOYHTb 06 OTHOCH-
TeJIbHOH BepOSITHOCTH O0HapyKeHHS YaCTHIUb B Pa3jHYHBIX MeCTax
npocrpaHcTBa. Ho ueonpejeseHHocTh B onpefeseHHH W MOXHO
3HAYHTEJILHO TY3HTb, €CJIH OT OTHOCUTEAbHOL 8ePOATHOCTU nepeliTu
Kk abcoarorroti. PacnopsiiHMCsi HeompeleJeHHHM MHOXHTEIEeM B
¢yukuun ¥ Ttak, ytob6bnl Besnnuuna |W|2dV npaBana abcoarorHyro
8epPOATHOCTy OGHAPYKEHHs] YAaCTHLB B 3JeMeHTe ofbeMa NpoCTpaH-
crBa dV. Torpa |¥|2=W¥*W¥ Gyner uMeTb CMBICI NAOTHOCTU 8e-
POATHOCTU, KOTOPYIO CJIEAYeT OXHAAThL IIPH NONBITKE OGHADYKEHHS
yacTuiel B npocrpancrse. [Ipu atom W Gyzer onpefenieHa Bce eiije
C TOYHOCTbIO 00 NPOUBBOALHOZO NOCTOAHHOZO KOMNAEKCHOZO MHO-
wurean, modyas Koropoeo, oGHaxo, pasen edunuye. Ilpu Takom
ONpeeNeHHH JOJXKHO GBHITh BHIIIOJHEHO YCAOBUE HOPMUPOBKU

S;\p|2dv=1, (19.3)

rie uHTerpas Gepercs No BceMy GecKOHEYHOMY npoctpanctBy. OHo
O3HayaeT, YTO BO BCeM IIPOCTPAHCTBe uacTHUA OylerT obHapykeHa
¢ JAOCTOBEPHOCTHIO,

HopmupoBka (19.3) Moxer OKasaTbCsi HEBO3MOXHOH, €CJH HH-
rerpan (19.3) pacxodurca. Tax Gyner, HanpuMep, B clydae mJo-
CKOH BoJIHBI Ie Bpolias, xorga BepoATHOCTh OOHAPYKEHHS] YaCTHIbI
OJlHHAKOBA BO BCex TOYKax npocTtpaHcTtBa. Ho Takue cayuau cie-
AyeT paccMaTpuBaTh KaK HJAealH3alHH peajbHOH CHTYalMH, B KO-
TOpOH 4YacTHIA HE YXOAHT Ha OeCKOHEUHOCTb, a BBIHYX/EHa Haxo-
AMTbCS B OrpaHuueHHoH obJiactu npocrpaHcTtBa. Torma HOpMHPOB-
ka (19.3) ue BnisbiBaeT 3aTpyaHeHHH. Ho npeiesibHbHIM HEPEXOAOM
OT Hee MOXHO HOJYYHTb DalHOHAJbHYIO HOPMHPOBKY H B clyuae
YaCTHI(bl, HE JIOKAJIU30BAHHOK B KOHeuHOH 0O6JACTH NPOCTPAHCTBA
(cMm. § 30).

8. Urak, HenocpeacTBeHHbI (GH3MUECKHH CMBICJI CBA3BIBAaETCS
we ¢ camoll dpyukunefi W, a ¢ ee modyaen P*W¥ (unu Booblue c Ka-
KHMH-TO BHIpaXKeHHsIMH, GunuHedHoiMu mo W* u W), [louemy xe
B KBAaHTOBOH TeOPHH ONEPHPYIOT C BOJHOBHIMH PyHKIUAMH ¥, a He
HEMOCPEACTBEHHO C SKCNePHMEHTaJbHO HabJI0AaeMbIMH BeJHYHHA-
M P*W? 310 HeoOXOAMMO [/l HCTOJKOB2aHHS BOJIHOBBIX CBOHMCTB
BEIlIeCTBA — HHTepdepeHUHH H audpakiHu. 31ech aeno OOCTOHT
COBepHIEHHO TaK e, KaK BO BCAKOH BOJNHOBO# Teopuu. OHa (BO
BCAKOM CJyuae B JHHEHAHOM NPHOAHXKEHHH) NpPHHUMAET clpaBe-
JIHBOCTb NPUKYUNG CYREPROSUYUL CaMUX BOAHOBLLX noael, a He HX
HHTEHCHBHOCTEH M, Tak#M. 006pa3oM, JAOCTHraeT BKJIOUEHHS] B Teo-
NHIO fIBJIEHHIT HHTepdepenuud W Audpakuun BoaH. Tak u B KBaH-
10BOH MeXiHWKe NPUHHUMAeTCs B KaueCTBe OJHOIO M3 OCHOBHLIX MO-
CTYJIATOB APUHLUN CYNepnosuyul 80AHOBbIX (PYHKYUL, 3aK/loualo-
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wuiics B caenywomeM. Ecau Wi(r, ¢) n Wq(r, t)— 8oanoasie pynx-
Yuu, onuchlearoulle KaKue-To 08a COCTOAHU HACTUUbL, TO BCAKAA
Ux aunelnas KombuHauus ¢ NOCTOAHHBIMU  KO3(puyuenTamu
¥, + ¥, npedcrasaser Takme 80AHOBYO (PYHKYui0 TOL ke 4a-
CTUYbL, onucuiBarowyo Kaxoe-to cocroanue ee. Hafinga W ykasau-
HbBIM [yTeM, MOJHO B AaJibHeHlleM Omnpee/HTb W MJOTHOCTH Be-
positHoctH W*W B coctosinun V.

OnpaBagaHueM Takoro NMPHHUHUNA CYIEPIO3HIHH SBJSETCS COra-
CHe C ONBITOM BHITEKAIOIIHX H3 HEro cjaeACTBHH, $IBjisieTcs JiM mpHH-
UHI CyNepro3HLIHHY TOYHBIM 3aKOHOM MPHPOAL], HJIH OH BEpPeH TOJb-
KO B JIHHEHHOM TNpHOGJHMKEHHH, 3TOT BONPOC HE MOXET CUUTATbCS
BbIICHEHHBIM. Mbl OyjieM CTPOMTb AaJibHEeHIYI0 TEOPHIO B MpPeAno-
JIOXKEHUH, UTO MPHHIHN CYNEPIIO3ULUHU BEIMOJHAETCS TOYHO.

[TopuepkHeM 0co60, XOTS 3TO U COLEPKHTCH B H3JOKEHHOM
BBHIIIE, YTO (PU3HUECKHH CMBICA BOJHOBOH ¢pyHkuun W cBsAsau He
TOJIBKO € €e MOAyJeM, HO H ¢ €e ¢hasod, onpenensieMoil MHUMOH
yacTplo 3T0H QYHKUHH. Ecan 66 peub mia o BOJIHOBOH (YHKIMH
TGJBKO OJHOTO COCTOSIIHA, TO MOXKHO OblIO Obl OpAHHYHTLCHA O1-
HUM TOJIbKO MOAyJseM, Ho eciu peub HAET O HAJOXKEHHH COCTOSHHH,
TO MPOUCXOAHMT HX HHTep(dEepeHUHs, a OHA ONPeAesasieTcss OTHOCH-
TeJIbHOH Pas3HOCTbIO (a3 BOJIHOBBIX (PYHKUHMHA, ONHCHIBAMOLIUX 3TH
COCTOSIHHS,

9. B cBfA3H ¢ H3JIOXKEHHBIM CTAHOBHTCA MOHATHBIM, NMOYEMY MpH
paccMOTpeHHH OOLIYHLIX BOJIH, HANpUMeEp 3JeKTPOMACHHTHBIX, HH-
BapHAaHTHOCTbL (asbl BoJHb wf — Rr namu dokassisasace (cM. 1. 1V,
§ 107), torpa kKak B cJaydae BOJH e bDpolas aro ue deaaroce,
a 4yacToTa o CrnenHajsbHO noabupanach Tak, 4yToObl ykasanuas Hiu-
BapHaHTHOCTb Obl1a obecrneuena (cm. § 17, nynkr 2). [Jeno B Tom,
YyTO J0Ka3aTelbCTBO, npHBegeHHoe B T. IV (§ 107), npennoaarado
B03MONCHOCTb CHETQ B0AH, TPOXOJHBIIUX MHMO Habmoaatens. as
8oaH Oe bpodas takas 803MONHOCTO uckAroderHa, ub6o Habmaiona-
TeJb MOMKET CJeluTh He 3a camoi BoqHoH W, a ToabKko 3a mJoT-
noctoio BepoaTHocTH W*W. [103TOMy yKasaHHOe [0Ka3aTeJbCTBO K
BOJIHAM e Dpoilsia HenpuMeHumo.,

10. YacroTa Boaubl Ae Dpoilad o 4 BooOlle YacToTa BOJHOBOH
(YHKUHH OTHOCATCA K APUHUUNUAAGHO Henabatodaembim 8ealdu-
HaMm. DTHM MOXHO BOCHOJB30BAThCS, 4TOOB nepeliTH K KBaHTOBOH
MexaHHKe 8 Hepeaartusucrcrkot ¢opme. 1 B Kiaaccuueckoll mexa-
HHKe oOliMpHas o6sacTh fBJEHHH OXBAaTbIBA€TCS B HEPEJSATHBHCT-
ckoM TpHOanxeHHH. To ke MoXKeT ObITh CleNaHO W B KBAaHTOBOH
mexaHuke. K ToMy ke 3jech nepexof K pPeasITHBHCTCKOMY pac-
CMOTPEHHIO OCJIOKHSAETCS CACAYIOUIUM 00CTOATENbCTBOM, B CHILHBIX
MoJsiAX, KOrja 3SHeprust nojs (Hanpumep, y-KBaHTa) TNPEBOCXOIHT
9mec?, Hauupaercss powcderue nap 3AeKTPOH — RO3uTpoH. To xe
Habuofaercs B aHAJOTHUHBIX Caydasix M AAd APyrux dactuu. [To
3Toll MPHYUHHE 10CAe008ATEAbHAS PEAATUBUCTCKAS KBAHTOBAS MeXa-
nuxa He modxceT ObiTo Teopuell odnoeo Tesa (oauol vactuuwm). Teo



120 ) BOJIHOBBIE CBOWICTBA YACTHUL, BEINECTBA [FJI. 111

pus 00HO20 TeAQ BO3MOJNCHA TOALKO 8 HEePeARATUBUCTCKOM Npubau-
aernuu. ITostoMy B AanbHeHIIEM MBI OTPAHHYHUMCH TOJBKO HEpeas-
THBHCTCKOH KBAHTOBOH MEXaAHHKOH.

B HepensTUBHCTCKON KBAHTOBOH MeXaHHKe Mbl 6YJeM IMO-NMpexK-
HEeMY M0JIb30BaThCA COOTHOUIEHHAMH

& = to, (19.4)
p=tik. (19.5)

Oxnako coOGCTBEHHYIO 3HEPTHIO YACTHIB fMgc? YUHTHLIBATL He GYAEM.
3To 3HAYHT, 4TO, HAYHHAS C 3TOrO MeCTa, Mbl BBOJHM HOBYIO ua-
CTOTY, OTJHUAIOUIYIOCS OT INpexxHeH yacToThl Ha nocrosinuy. Jdas
HOBOM 4acTOTH COXPaHUM INpexHee o603HaueHHe w. B uacTtHOCTH,
B cjayyae cBOOOJHOIO ABHXEHHS é’—p“’/?m H 3aKOH JHCIEepCHH
3aMUCHIBaeTCs B BH/E

@ == (h{2m) k2 (19.6)

BMeCTO NpexHero cooTHoumeHHsi (19.2). 3To npUBOAHT K HOBOMY
BHIpaXeHH Aas (asoBOA CKOPOCTH BoJIH e Bpotfas:

== ofk = hk/2m = p/2m = v/2. (19.7)

OnHako 3T0 He MOXKET OTPa3uThCA Ha (U3HUECKHX BHIBOJAX TEO-
pHH, TaK KaK ¢has08as CKOPOCTb, KAK U CAMG HACTOTA ® BOAHbL
de Bpoiins, OTHOCUTCA K HUCAY NPUHLUNUAAGHO HeHabarodaembix
geaunur, CylleCTBeHHO, YTO (PH3HYECKH HAOB10JaeMble BeJHYHHD —
MJIOTHOCTL BepoATHocTh W*W u rpynnoBast ckopocts (17.8) — mpw
HOBOM BBIGOpE UacTOTBl OCTAalOTCSl HEH3MeHHBIMH (cM. § 17,
nyHKT 3). OcTaloTcs HeH3MEHHBIMH, KaK 3TO Oy/JeT BHAHO U3 [1aJb-
HellIero, W BCEe BEJAMYMHBI, AOCTYNHBIC M3MEDEHHIO HA OMBITE.

11. OcranoBumcss B 3akJ/loucHHe Ha oOumed XapaKTepHCTHKE
BCAKOH KOJHYCCTBEHHON (H3UuyecKofi TeopuH. Takas XapaKTepHCTH-
Ka O0CO0eHHO CyUIeCTBEHUA IMPH H3YUEHHH KBAaHTOBOH MeEXaHUKH.
Kak ormeuan J1. M. Maugeanwiram (1879—1944), Bcsikasi Teopus
COCTOMT, BOoOllle roBOpA, M3 JABYX [ONOJHAIOLMX APYT Apyra Ya-
creil. [lepBasi yacTb — 3T0 Maremaru4eckull annapar reopuu, T. €.
ypaBHEeHHs MeXAy Ppa3JIHYHLIMH MaTEeMaTHUYECKHMH CHMBOJIAMH,
BXOJSIIIUMU B Teopuio. Bropas 4acTh onpefensieT €8A3b6 3TUX CUM-
80408 ¢ npupodod, ¢ peanbHON AeHCTBHTEJALHOCTBIO. be3 BTopofi
Y4aCTH TEOPHUs HJIIO30PHA — 3TO UHCTash MAaTeMAaTHKa, a He ecTe-
cTBeHHasi Hayka. bes neppoft wacTH BOOOILe HET KOJHYECTBEHHOH
Teopud. Toavko cos8okynHocTy obeux wacreid cocTagAseT KOAuue-
CTBEHHYIO (PUBUYECKYIO Teopuio.

Knaccuueckne TeopHHM BCeria HauyHHAJAHCh CO BTOPOH yYacTy.
CMbICs1 CHMBOJIOB, KOTOPLIMH OIMEpHPOBaJa TeOPHS, CYHTAJNCH HU3-
BECTHBIM 3apaHee HJH YCTaHaB/JAHBAJCHA H YTOUHSAJCA B Ipolecce
ee mocTpoenHsa. Takoebl Oblan BpeMs, AJHHA, Macca, CHJa, 3JeK-
TPHUECKHH 3apAjl, HANPHKCHHOCTH 3/JEKTPHYECKOT0 H MarHHTHOTO
noseft W 1. A llpaBma, TouHmle HayuyHble ONPEJETEHHS COOTBET-
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CTBYIOIIHMX MOHATHH HHOrAa 6ecco3HaTeIbHO NOAMEHSJIUCH HaHBHBI-
MH NpPeJCTaBJeHHAMH, 3aHMCTBOBAHHBIMH M3 MOBCEIHEBHOH MKH3HH.
STo npuUBOAUAO K TpYAHOCTAM, Tak 6bl1O, HaNMpUMEpP, C MOHSITHIMH
NPOCTPAHCTBA H BPEMECHH, KPHTHUECKHH MepecMOTP KOTOPBHIX MpH-
BeJ K TEeOPHH OTHOCHTesNbHOCTH. Ho mopsiiok moCTpoeHHst TeopHH
BCerjla OCTaBaJICl MPEXHHUM — CHAauaJa BblpabaTblBaJHCh MOHSATHA
M JIMIIb [OTOM YCTaHABJHBAJHCh COOTBETCTBYIOIIHE YpaBHEHHS.
KBauroBasi MexaHHKa mnomsa no apyromy nyrd. CHauajna OblIH
YCTAHOBJIEHbl ypaBHEHHS [J151 KAKHX-TO CHMBOJIOB (K YHCJAY HX OT-
HOCHTCSl, HanmpHUMep, BOJHOBas (QyHKUHA), (HHU3HUECKHH CMBICT KO-
TOpBIX OblJ COBCeM He siceH. JIMIIb MOTOM 3aHAJHCH OTHICKAHHEM
CBSI3H 3THX CHMBOJIOB C peaslbHOH AeHcTBHTeNbHOCTbIO. Tako# myTh
MOCTPOEHHS] TEOPHH XOTA M NpPeACTaBJSeTCA NPOTHBOCCTECTBEHHBIM,
HO JIOTHYECKH OH AOMYCTHM, €CJH TOJbKO CBA3b C PeajbHOCTBIO MOJ-
HOCThI0 ycraHoBJeHa, Ilo TakoMy NMyTH NpPHXOAMTCS HIATH H HaM,
[Ioka uT0 MH CBf3ajH BOJHOBYI0 ¢yHkuuio ¥ ¢ cooTBeTcTBYyMOILER
MJIOTHOCTBIO BepoATHOCTH ¥*W, Ho 3TuM He HcuepnbiBaercsi ¢H3H-
uyecKasi WUHTEPNpETAlHsl BCeX NOHATHH M BeJIHYHH, KOTOpble NpH-
ULTOCH BBECTH B CBfA3H C hyHKIHeH V.

§ 20. CooTHoleHHe HeonmpeaeeHHOCTEH

1. B k1accHuecKOH MeXaHHKe COCTOSIHHE MAaTepPHaJbHOH TOYKH
B KaX/Iblii MOMEHT BpeMEHH XapaKTepH3YeTCs ee NHOAOMEeHuem H
umnyavcom. PealbHble MHKPOYACTHIBI — 3JEKTPOHBI, MPOTOHHI,
4TOMBI, MOJIEKYJH H Op.— 6ojee caoxHele o6beKTH. Heasv3s xa-
PAKTepuU308aTs MEHOBEHHOE COCTOSHUE MUKPOYACTUYbL TOYHbLIMU 3Q-
Januamu ee noaosxeHus u umnyasca. IlpaunHa 3T0ro B TOM, UTO
BCAKasi MHKPOYACTHIA TIPOSIBJSIET U KOPMYCKYJaApHLIE, H BOJHOBHIE
cBoiictBa. Hesbas ckasaTb, 4TO B ONpepeseHHOH TOYKE MPOCTPaH-
CTBa AJIMHA BOJIHBI PaBHAa A, €CJIH O BOJIHOBOM IMOJI€ BO BCeX OCTallb-
HBIX TOYKAX MPOCTPAHCTBA HHYEro He U3BeCTHO, [LMHMHA BOJHBI €CTh
xapakrepucTuka cunycoudoi, a CHHycouna — OecKOHeuHas nepuo-
Ouueckan «pusas. Eciu U3 Hee Bblpe3aThb Majblfl KyCcOueK M ynaa-
JIUTb Bce OCTaJbHBIC YAaCTH, TO OCTaBUIMHCS KyCOYEK MOTepsieT ca-
MOe XapaKTepHOe CBOHCTBO CHHYCOHAH — ee MePHOAMYHOCTb. [ss
KyCcOuKa, MaJOro IO CPaBHEHHIO C A, MOHSATHE [JHHBI BOJIHBI He-
NPUMEHHMO, SICHO, YTO BHIpaXKeHHS «/JHHA BOJIHB B JaHHOH TOYKe
MpOCTPAHCTBA X PaBHa A» HJIH «4acTOTa BOJHOBOrO Ipolecca B AdH-
HBHI MOMEHT BpeMeHH [ paBHA ®» He HMEIOT HHKAaKOro cMbicaa —
BeJHYMHA A He sABJseTcs QYHKUHelN x, a BeJTHYHHA o — QYHKLUeH f.

C apyrofi CTOPOHH, ecaH Kakoe-iu60 BOJHOBOe oOpasoBanHe
3aHEMaeT OTpaHHYeHHYI 06JacTb NPOCTPAHCTBA, TO €ro Bcerja
MOXXHO MPEeACTABHTb CHHycOuAaMH. TOJBKO OAHOH CHHYCOHAH AJA
3TOro HeAOCTaTOUHO, Tpebyercsi BOJHOBOH MakKeT — CyMepno3HIHs
MHOKeCTBa CHHYCOMJ Pa3JIHUHHIX YacCTOT, KOTOpPHE YCHJAHBAJIHUChL Ghl
B ONpeje/ieHHOM HHTEpBaje MPOCTPAaHCTBA M B3aUMHO TracHiHd OH



122 BOJIHOBLIE CBOMCTBA UACTUIl BEILECTBA [T 1t

APYr Apyra BHe 3Toro MHTepBaga, Ecam AaHHA BOMHOBOro nakera
paBHa Ax (paaum npocToThl MBI OTDaHUYMBAEMCS OAHMUM H3Mepe-
HHEM), TO BOJIHOBBIE YHCJ/a R, HEOGXOAHMbIe AJs ero oGpa3oBaHus,
He MOTYT 3aHMMAaTbh Kak yroAHO Y3KHH HHTepBas Ak, MuuumasnnHas
IUHpHHA HHTepBaJa Ak 1OJXKHA NPHMEPHO YIOBJETBOPATH COOT-
HOLICHHIO

Ax - Ak > 2n 20.1)

(em. 1. 1V, § 30). dro— uucro 80oanosoe coorHowerue, W3 uero
clelyeT, 4TO B KOPOTKOM palHocHrHase (Majoe Ax) Bceria npea-
CTaBJIEHbl C 3aMETHOH MHTEHCHBHOCTBHIO MOHOXPOMAaTHUYECKHE BOJHBI
C pasMHYHBIMH 3HaueHHssMH A. TakHe CHTHAJABl OYyAyT NPHHAMATHCSA
NpHEMHHKAMH, HACTPOEHHBIMH Ha pasJugHble BoJHB. Ecan ke
TpefyeTcss MPHHHMAThL CHrHAJb, OJH3KHE K MOHOXPOMATHYECKHUM
(manoe AA), TO OHH O HEOGXOJHMOCTH NOJKHB GHITb AJHHHBIMH
(6osbIoe Ax}).

HanoMHHM, KaK H3 3JeMeHTapHbIX COO6paKeHuH MOXHO MpHATH
K cootHomeHnio (20.1). PaccMOTpHM MHOXKECTBO CHHYCOMWA OJHHA-
KOBBIX aMILJIIUTYA, BOJIHOBLIE YMCJAa KOTOPBIX % INOcJefoBaTesbHO
BO3PACTAIOT OT CHHYCOMAM K CHHYCOMAE HAa ONHY H Ty e BeJu-
ypHy. B Touke x ¢a3nl BoMH MeHsOTCA OT kx R0 (k4 Ak)x, 1. e
Ha Beauuuny xAk. Ecaun xAk = 2n, 10 B 3TOH TOUKe BCE CHHY-
COH/Bl B3aHMHO racaT Apyr apyra. Haiigem O6auxafmyno Touky
X -+ Ax, B Kotopoli OyneT NPOHCXOAUTb Takoe raiieHue. B 3Tol
TOUKE Pa3HOCThL (a3 Mex Ay KpaHHUMH cHHycoMdaMHu Oyner

(k+AR(x +Ax)—k{x+Ax)=x Ak + Ax - Ak =2n+ Ax - Ak.

Bauxaiiuiee rameHde npousoiiaer, korga Ax-Ak =2n. Takum 06-
pasoM, Bce BOJIHOBOE BO3MYVIIeHHE pPa300beTcsi HAa OTPE3KH OJHHa-
KOBO# AJHMHB Ax, MPHUEM HA KOHLLAX KaX/JOro OTpe3Ka BOJHOBOE
nojie o6paTHTCA B HyJb. Takod pe3ysabTaT NMOJYYHJICS MOTOMY, YTO
BCe CHHYCOWABI OblMM B3SITHl C OJHOH W TOH Xe amnautynoi. Ho
€Cc/1d BOCMOJb30BAaTbCH CHHYCOHAAMH BCEBO3MOMHBIX aMIJIHTYM, TO
MOKHO YCHJIHTb BO3MVlLI€HHe B Mpejiesiax TOJIbKO OJHOrO OTpPEe3Ka
Ax, a BHe 3TOro OTpe3Ka BCIOJy €ro INOracuTb. DTO CJEAYeT H3
MaTeMaTHYecKol TeopeMbl Pypbe, npHYeM HEOOXOAMMBIM YCJIOBHEM
SIBJAETCA BHOJHEHHe cooTHomienus THna (20.1). WMmenno rtakod
caydaih MBH H 6yfeM HMeTb B BHAY.

2. PaccmoTpuM Temepb BOJIHOBOH nakeT H3 BoaH fe Bpoias,
pasMepsl KOTOPOrO H COOTBETCTBYIOIIHe MPEJE/bl BOJIHOBBIX 4HCEJ
yaoBnerBopsioT yeqaoBuio (20.1). CornacHo cTaTHCTHYECKOH HHTEp-
MpeTalnd BEPOSATHOCTb OOHAPYKEHHA 4YacTHUB OyAeT OTJaHunHa OT
HyJsi TOJbKO B mpejesax nakera. A 4emy G6yleT paBeH HMIYJnC
yactuubl? Kaxpaofi Bosane ne DBpofins ¢ BOJHOBHIM BeKTOpoOM R
COOTBETCTBYeT 3HaueHHe uMOyJabca p=fhk. OnpeneseHHOro wuM-
nynbca IJsi BCero makera He cymecTtByeT. Cyuectryer HaGop M-
NyJabcOB, 3aNOJHAKUIMX HHTepBal OT p=Hhk 10 p+ Ap=
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= h(k + Ak). HeusBecTHO, KaKOH HUMIyabc OyJleT OOHapyxeH B
BOJIHOBOM MakeTe [PH H3MepeHHH. B syuiliem ciyvae MOXHO YKa-
aaTh TOJIbLKO €ro BeposiTHOCTb. [IpH uaMepenun umnysanc 6yner o6-
HapYXKeH ¢ TOH HJH HHOH BEPOATHOCTBLIO MeXRAYy p=hk u p + Ap =
= h(k + Ak). [TosTomy, Bhipaxas k uepes p, cootuoweinue (20.1)
MOXHO [epenucaTbh B BHIE

Ax - Ap = 2ah = h. (20.2)

3TO COOTHOLLUEHHE HA3LIBAETCS COOTHOWLeHUEM WIH APUHYUIOM
HeonpeOeaennocreld efdsenbepea 041 KOOPOUHATHL U UMAYALCA 4a-
cruypl. OHO ONpeaensieT AONYCTHMBIE npunyunuasvuel npeden He-
royHocTeld Ax 1 Ap, ¢ KOTODBIMH COCTOSIHHE YaCTHUbBl MOXHO Xa-
pPaKTepH30BaTb KJ4CCHUYECKH, T. €. KOODJAHHATOH X U UMIYJAbCOM p.
Uem TouyHee x, TeM C MeHbLUEH TOUHOCTHIO BO3MOXKHO XapaKTepH-
30BaThb p, U HaobopoT. Ho coorHoulenue l'efizenbepra HHKOUM 06-
pPa3oM HeJsib3f TOJKOBAaTb B TOM CMBIC/E, YTO YacTHNa B Kax/[bifi
MOMEHT BpeMeHH HMeeT OnpejesieHHble 3HAYeHHU X U p, HO ML HX
NPHHUUNHAJABHO HE MOMEM Yy3HaTb C CoJbllefi TOYHOCTBIO, YEM 3TO
TM03BOJSIET COOTHOlIeHHe HeonpepenenHoctelt (20.2). Taxas aruo-
CTHYECKasl TOYKA 3PeHHs CYLIeCTBOBaJjia, HO OHA COBCEM He COOT-'
BETCTByeT NMPHPOAE H3yuaeMblX MUKPOOOBeKTOB. MCTHHHBIE CMBICH
cooTHowennst (20.2) orpaxkaer ToT (aKT, ¥To B npupoie 06vek-
TUBHO He CYujecT8yer COCTOSHHHA YAaCTHL C TOYHO OMNpeIe/ieHHbIMH
3HAYEHHUSMH OGEHX NMEepPEMEHHBIX X U p.

[IpuHuun HeonpeneseHHocTel Obl1 copmyanpoBan [efizenGep-
roM B 1927 r. u ABHJCA BaXXHBIM lIaroM B HHTepHpeTalHH 3aKO-
HOMEpPHOCTeH MHKPOMHpPa H NOCTPOEHHH KBAaHTOBOH MEXaHHKH,

B wacTHOM cJyyae HeonpejeJeHHOCTH Ap MOKeT H He OBITb
(Ap =0). Tak Oyazer, HanpHMep, B cjyuae NJOCKOH MOHOXpOMa-
THYeCKOM BOJIHBI e DBpoilns. Ho Ttorma, coraacHo cooTHOUIEHHIO
HeonpeaeneHHocTell, Ax == oo, T, e. 0 MecTe, rie O6YyAeT J1OKaJH30-
BaHa 4acTHla, HWUero ckasaTb Heab3s. OHa MoxeT OHITH ¢ paBHOW
BEPOSITHOCTLIO OOHapy:xeHa B Jii00OH TouKe mpocTpaHcTBa., Hanpo-
THB, Korga Ax =0, To Ap = oo. B 3toM cayuae BosHOBas (GpyHKUHUS
craruBaercss B Touky. [Ipu sokanusaumu-yacruna Oyner obHapy-
XeHa B OJHOH ONpeAeneHHON TOYKe (HANpHMep, Hayajle KOOPIH-
HaT), Ho 006 HMOyJbce, KOTOPHH OyneT HalleH NPH JOKAJIH3ALUHH,
MOKHO BBICK23aTh TOJbKO BEDOSITHOCTHOE YyTBEpKAeHHE, MOKHO
noKasaTb, YTO B 3TOM CJyuae Bce 3HA4Y€HHs HMIyJbca OyayT pag-
HOBEPOSITHHL

3. B TpexMepHOM cayyae KJACCHYECKH YaCTHLA XapakTepH-
3yeTcsi TpeMsl NPAMOYrojbHbBIMH KOODJAHHATaMH X, y, 2 H conps-
*KEHHBIMH HM HMIYJbCaAMH Py, Py, P.. B 3TOM cjyyae cOOTHOWWEHHS
HeonpejeseHHocTel [eiisenbepra BblpaxaloTcsl TpeMsl HepaBeH-
CTBAMH

Ax-Ap,=h, Ay-A,p=h, Az-Ap,>h. (20.3)
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Hukakux orpannueHufl Ha npousBenenus rtuna Ax-Ap,, Ay-Ap.,
KOTOpHIE MOJAy4aloTcsl OT YMHOKEHHS HeollpeleNIeHHOCTEeH KOoOopH-
HAT Ha HeonpeIe/]eHHOCTH HMIYJLCOB, CONPSMKEHHBIX C JAPYFHMH
KOOpAMHATaMH, COOTHOLIEHHS HeOoNpejeseHHOCTel He HAKJ/abIBAIOT,
BeqH4HHB X U py, X H P, OAHOBDEMEHHO MOTYT HUMeTb U COBep-
LIEHHO TOYHBbE 3HAUEHHSI.

4, Cootnowenunio (20.2) MOXKHO MPHAATH TOYHYIO KOJHUYECTBEH-
Hyl0 QopMy, KOTOPYIO MBI npuBeieM 06e3 jAoKaszaTenbcTBa. B coort-
HolennH (20.2) Bennuunbl Ax u Ap TouHO He onpefnenensl. Ho Jro-
6ast BosHOBas ¢yHkuusi ¥ nossosseT onpeienuTh cpedree 3Ha4e-
Hue KOOpOuUHAT6L X, a ee CIIeKTPaJbHKIA COCTaB — cpedHee 3Haue-
rie p. VI3 3THX BeJHYHH HaXOJSITCH OTKJIOHEHHS OT cpefHero Ax =

=x—2X, Ap=p— p 4 cpeiHHe KBaJApaThl 3THX OTKJOHeHHH Ax?
1 Ap? TouHoe cOOTHOLIEHHEe HeoNpeae eHHOCTEH [acuT:

A - A2 = nY4. (20.4)

Kak npaBuso, Mbl He OyneM NOJb30BaTbcs 3THM COOTHOIIEHHEM,
TaK Kak BO BCeX MPHHIMIIMAJbHBIX BOMNPOCAX CYWECTBEHHO 3HATh
JHIIL HOPSI0OK geauxurol Ax-Ap, a He ee TOUHOe 3HAYeHHUe,

5. Mpl pacnpocrpanuM coOTHOMIeHHs1 HeonpeaeennocTedi (20.3)
¥ Ha caydall Maxpockonuuweckux TeA, XOTS B 3TOM cJjyyae H He
CYHIEeCTBYeT HHKAKHX ONBITOB, MNOJATBEPIKAAIINX HJH ONPOBEPraio-
ILHX 3TH COOTHOWIEeHHs. ENHHCTBEHHBIM ONpaBIaHHEM COOTHOLIEHHH
HeonpejesieHHOCTE B 3THX CJydyasix CJYKHT Halla yBepPeHHOCTb
B HX yHHBepCaJbHOCTH M BceoOmHocTH, [lo3TOMY MBI nocraBuM Bo-
npoc, Kak cKasaJjocb Obl COOTHOIUIEHHE HEONpeJeJieHHOCTe! Ha ABH-
MEeHHH MaKpPOCKOINHIECKOro TeJa, ecliH Obl 3TO COOTHOILIEHHE B pac-
cMaTpHUBaeMoM cJyuae Obl1o AeHCTBHTENbHO BepHO? BosbMeM Ma-
JeHbKHH wapuk ¢ Maccolt m ==1 r. Onpenenum NoJOXKEHHE LEHTPa
3TOr0 WApUKa ¢ BEICOKOH TouHOCTbIO Ax = 10-% cM, T. e. ¢ TOU-
HOCTbIO [0 pasMmepa aTtoMa. Toria Heonpele/€HHOCTh HMNYJbCa
mapuga Oyrer Ap ~ h/Ax =~ 6,63-10-'° r.cm/c, a Heonpenesen-
HOCTb CcKopocty Av == Ap/m = 6,63-10~1% cm/c. Takasd TouHOCTb
HeZOCTyNHA HUKAKOMY H3MepeHHi0, a MOTOMY H OTCTYIJIEHHS OT
KJaCCHUYECKOTO ABHMKEHHS, BbI3bIBaeMble COOTHOLIEHHEM Heompeje-
JeHHOCTeH, AaJjeKo JeKaT 3a [pejfenaMH BO3MOXKHOCTEH 3KCMepH-
MeHTa.

CoBcem HHaue OGCTOMT AeJO C /JBHXKEHHEM 3JEKTpOHa B aTo-
Me. MmeeT am CMBICJ TOBOPHTb O KJACCHYECKOM JIBHXKEHUH 3JIEK-
TpoHa no GopoBckol opOure? BosbMeM AJsA ONpeleNeHHOCTH aToM
BOJAOPOAA H MepBYI0 GOPOBCKYI opOuTy. UTOOb Takoe ABHMKEHHE
HUMEJIO CMBICJ, HeO6XOAHMO, YTOOR HeonpeleeHHOCTL 3HAUYeHUd pa-
puyca Ar 6blia MaJa [0 CPaBHEHHIO € CaMHUM DajHycOM OpDOHTLI
r = h?/(me?). Ho B aTOM ciiyuae HeomnpejaeieHHOCTb 3HAUEHHs pa-
AHAJbHOIO HMNYyJabca OyleT

Ap, = A/Ar > h/r = 2nhfr = 2np,
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YTO [PEBOCXOJHT CaM HMIYJbC 3JeKTPoHa p==Fh/r. AHajoruunoe
CIpaBeUIHBO H s APYrHX GODOBCKHX ODOHT, eCJH TOJbKO KBaH-
TOBOE UHCJO He OUeHb BEJHKO. [IpH TaKHX ycnoBHSX mpeICTaBJeHHE
0 IBHXEHHHM MO KJaccHYecKHM opOutam tepsier cMbica. [loatomy
KBAHTOBAasl MeXaHHKa MPH OMHCAHHH ABHXKEHHH 3JEKTPOHOB B aTO-
Max OTKa3alachb OT MOHATHA TPAGKTOPHH — 3TOMY MOHSATHIO 3[€Ch
peaJbHO HHYero He cooTBeTcTBYeT. Tak ke 0OCTOMT AEN0O H C IpY-
THMH 3JIEMEHTapHBIMH YacTHLAMH [PH ABHXKEHHH B OUEHb MaJibiX
06J1aCcTsAX MPOCTPAHCTBA,

6. Coornouenue (20.2) mposABJsieTCA NPH BCAKOH MOMbITKE H3-
MepEHHA TOYHOTO [MOJOXKEHHS HJIH TOYHOrO HMOYJbCa YaCTHIHL,
OxasbiBaeTcs, UYTO YTOUHEHHE MOJOXKEHHs YaCTHIIBI CKa3LIBAETCH Ha
yBeJHYEHHH HETOUHOCTH B 3HAUEHHH HMOyabca, U Haobopor. Hia-
JIOCTPHPYEM 3TO Ha TpeX MpHMepax.

Hepsoui npumep. 1lycTb IBHXKEHHE 3/JeKTDPOHA ONHCHIBAETCS MJIO-
CKo#l MOHOXpoMaTHueckoHl BosHOH Oe Bpolina. Dnektpon B Takom
COCTOSIHHM o6sajzaeT BrOJNHE ONpeJe/eHHBIM HMIYJAbCOM, HO €ro
KOODAHHATA COBepLIEHHO He ompeleseHa. I/as onpejpeseHHs x-Ko-
OpPIHHATHl 3JEKTPOHA HAa NYTH BOJHLI NepHeHIUKYJsApHO K ee pac-
MPOCTPAHEHHIO CTABHTCA HENPO3PAuHLI 3KPaH CO LIENbIO HIHPHHBL
d (puc. 40). [lyctb kKoopanHaTHaa mjockocTh XY pacrosoxeHa B
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Puc. 40 Puc. 41

MJOCKOCTH 3KpaHa, mpHYeM och X HanpaB/eHa NepleHIHKYJIapHO
K Iejad. Ecau 3/eKTpoH Npolles uyepe3 Mienb, TO B MJIOCKOCTH Ca-
MOH ulesld KOOpAHHAaTa x Oyler 3a(MKCHPOBAaHA C TOYHOCTBIO Ax ~,
~ d. OnHako B pe3ynabrate IHpPaKUHH Ha wieJH BOJTHOBAas (QYHK-
uus suexTpoHa W usmenurcs. OHa OyjeT HMeTb MaKCHMYMbl H
MHHHMYMBI, DJIEKTPOH K€ MOXKeT OblTh oOHapyKeH B JIOOOM MeCTe,
rae W = 0. [IpakTHueckn BCe BOJHOBOe moJie 6yJeT cOCpeLOTOYEHO
B npejenax UEHTPaJbHOrO MaKCHMyMa HyJeBoro mnopsika. Ero
yriosas [HpHHa paBHa 20, npHueM dsin ¢ = A. DToT LEHTpa/b-
HBEi MakCHMYM Mbi NpPHONHXKEHHO MOXEM MPHUHATH 3a BCE MOJe,
orGpackHBasl Bce ero ocTajJbHble YacTH. B aToM npubauKeHHH N0CJa€
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[[POXOXK/IEHHS] yepes lle/ib HEONpeJeNeHHOCTb Apy UMIYJbCa 3JEK-
TPOHa MNOJIYYHTCS MNOPSIAKA Ap, = psin®. YMHOXKas 3TO Bhipaxe-
HUe HAa Ax = d 4 npuHHMAsi BO BHUMaHUe dsin® =k u p = h/A,
noayunM Ax:Apx > h, Kak H J0JXKHO OHITb COIJIACHO COOTHOLIe-
o [efizenbepra. Yem yike Iledb, TeM TOuHee OyaeT H3MepeHa
KOOpAHHATA 3JEeKTPOHA, HO 3aTO MOTepsAeTCs TOUHOCTb B IHAYEHUH
ero HMMyJsbca.

Cyxasi wesb 10 pa3MepoB d << A, MOXKHO CAeJaTh Heonpene-
JIEHHOCTb KOOPJHHATBl CKOJb yrofHo MaJgo#l. Opnako npu d << A
BOJIHOBOE TMOJI€ 3a IIEJbI0 nepecTaer ObBITh MJOCKOH OABOPOAHOH
BoJiHO# fie Bpoitnsa. [Tonydaercs neonHoponHas BosHa, OBICTpPO 3a-
TyXxapllass Ha pacCTOSAHHMH NOpsiAKa A H MeHblle. B stom ciyuae
Hama oueHka Ap HenpumennMa. OIHAaKO COOTHOLIEHHe Heomnpeje-
JEHHOCTeH, KaK MOKasniBaeT 60jiee TOYHOE HCCJEJOBAaHHE, OCTAETCs
B CHJE,

Bropoii npumep {(mricaenHeli onbT [efizeHfepra ¢ MHKPOCKO-
nom). IlycTe yacTuna naxoxutes noj MHKpockonom {puc. 41}, das
Onpefe/ieHHs] ee MOJOXKEHHS] OHA OCBEIAaeTCs MOHOXPOMAaTHYECKHM
¢doToHOM KOpOTKOH Aauubi BoaHel A. [lo mecty nonaganus dorona
Ha (POTOMJIACTHHKY H CYAAT O NoJoxeHuw xactHuwl. [IpH ocBeure-
HHH NYYKOM CBeTa H300paxeHHeM YaCTHIBl CJYXKHUT AHGPaKUHOH-
Hasl KAPTHHA CO CBETJIBIMH H TEMHBIMH KOJbLAMH H CBETJBIM KPYHK-
kom B nentpe. Ho ¢ oxnum dortoHom AHdpakUHOHHYIO KAPTHHY MO-
JyuuTh Hesib3si. [lpH pacceanud Ha 3/eKTpoHe (GOTOH € TOH HJH
HHOIN BEpPOATHOCTBIO MOXKET [0NacTh B JIOGYI TOYKY MOTEHLHAJbLHO
BO3MOXHOHA nH(PaKIUHOHHOA KapTHHB, rie HHTEHCHBHOCTL CBeTa
oTau4Ha oT HyJas. [IpakTrueckn Bce (HOTOHBI MOryT MOMACTH TOJBKO
B Npedesibl UEHTPAJbHOrO KPYKKa. MHTEHCHBHOCTBIO OCTaJ/bHEIX
KOJIEL MOXKHO npeHeOpeus. Panuyc ILeHTPadbHOIO Kpykka R =
~ M/B. B stoM npHOJIUKEHHU NOJSOKEHHE TOUKH HonafaHus ¢o-
TOHa B MJIOCKOCTH H300paKeHHSI MOMKeT OBTh ONpeleseHo C TOu-
HOCTBIO mopaAka R. HerouHocTe nosoxkenns Ax ssnekTpoHa B mpef-
METHOH MJOCKOCTH HaHjeTcsli M3 ycJoBHA cHHycoB AGGe Rff =
= Axsinea, 1. e. A =Axsinoa. Uem MmeHblle A, TeM TOYHee ompe-
AeJasieTcst noJsioxeHHe uactHlel. Ho tnpu paccesnun ¢dortona Ha
3JIEeKTPOHE NMOCJAEAHHHA HCNBITHIBAET OTAAYy, B Pe3y/JbTaTe YEro M-
NyJabC 3JEKTPOHA NOJAyYaeT HEKOHTPOJHpYyeMoe UpHpawmenue Ap, ~
~ (h/M)ysina. Uem Menbule A, TeM 60JibIlIe 3TO HEKOHTPOJHPYyEMOE
upupamenune, TakuMm 006pa3oM, NpH OXHOBPEMEHHOM H3MeDEHHH X
U Py MBI OPUXOAUM K COOTHOLIEHHIO HeONpeneqeHHOCTH Ax-Apy ~

Tperuti npumep. PaccMOTpPUM H3MepeHHe CKODOCTH JBHXKYIIe-
rocsi MaKpOCKOMHYECKOro TeJla N0 JONMJIEPOBCKOMY CMelleHHIO 4a-
CTOTHl NPH OTPa)KEHHH MOHOXPOMATHUECKOro CBeTa OT 3TOrO TeJa.

[Tycrs TeJiOM CAYXKHT HA€aJbHO OTpaKalolllee I1JJOCKOe 3epKaJo,
JABHKyllleecd B HalpaBJeHHH HOPMaJH K CBOEH [MOBEPXHOCTH, a
cBeT ((OTOH) majaeT HOPMAaJLIIO HA €ro NOBepPXHOCTh., JlomycTum,
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UTO nafarlifil QOTOH paclpocTpaHseTcsl B HallpaBJeHHH ABHXKe-
Hus 3epkaJsa. Torna oTpa)keHHbH (OTOH OTpasuTcs B 06pPaTHOM
HanpasJjeHHH, Ha ocHOBaHHY 3aKOHOB COXpDAaHEHHS SHEPTHH H HM-
nyJbnca 2
he, + fomu o= ho + !/,m0?, (20.5)

hoyc + mvy= — he/c 4 mv, (20.6)

Tlle m— macca TeJa, Up U U-—ero CKOPOCTH JO H M0CJe OTpaKe-
Husi portoHa, @y H ® — YACTOTHl MNAaJAOUIET0 H OTpa)KeHHoro ¢o-
ToHOB, [lepenmncaB 3TH ypaBHEHHS B BHAE

m (09 — v?) ==2h (@, — m), (20.7)
m (v — vy) = (h/c) (@ + @), : (20.8)
MOYJEHIIBIM [deJIeHHEM HAXOLHM
v+ vy =2¢ w, — 0)/(e, + o).

Maccy 3epkaaa m MOXHO CUHTaTh OecKoHeuHo GoJbLIOH Mo cpas-
HeHuro ¢ Maccofl ¢orona. Toraa

V=10, =0, — 00, + 0). {20.9)

M3MepuB uacTtoTel @y H ®, MOXHO MO 3TOH (OpPMYyJe BBLIYHCIAHTH
CKOpOCTh 3epkaJia v, HacToTy wy MOXKHO CYHTATh U3MEPEHHOH TOu-
no. Torpa omnbka Av B onpejeseHun CKOpPOCTH OyjeT onpenensiTh-
C$ HETOUHOCTbIO H3MEpEeHHs 4acToThl ®. YroObl H3MEpPHTb ® ¢ TOU-
HOCTbIO Aw®, A5 H3MepeHHs TpebyeTca MHHHMAaJnHoe BpeMs Af,
YAOBJETBOPsitolilee ycaoBHIO Aw-Af ~ 2n. Ha ocHoBanun (20.9)

AU = — 2coAof/(0) + @ ~ — cAe/2w,.

Tax kKak MOMEHTHl OTpaKeHHsi (OTOHA W3BECTHBI ¢ omHOKOH Af,
TO HETOUHOCTb B CKOPOCTH v HOBefeT K OLIHOKe B OMNpefeNeHuH
KOOpIHHATHl 3epKaJa

Ax ~|Av - At ] ~ (c/20) ] Aoy - Al | ~ Tic/w,.

Ho cornacno (20.8) npu BsaumoneilicTBHH ¢ (GOTOHOM 3epKaJjo Mo-
Jy4aeT HEKOHTDPOJHpYeMoe H3MeneHHe HMAOyJbca Ap ~ 2wh/c.
C/ieroBaTesNbHO, ONSAThH MOJYyUaeTcsi COOTHOLIEHHE Heompe/esielHo-
cTelt Ax-Ap ~ 2nh = h.

7. TlpuBedenHbie MpUMeph OKA3BIBAIOT, 4TO H3MEPEHHS B KBaH-
TOBOH 06saCTH NPHHUMIHAJBHO OTJHYAIOTCA OT KJACCHUECKHX H3-
mepeHHi. KoileyHo, H Te M Apyrde H3MepEHHS COMPOBOKAAIOTCSH
omubkamu. OpHako KjaaccHuyeckas (H3HKa cuuTasa, uTO OyTew
yAyUIIEHHS) METOAMKH H TEXHHKH H3MepenHii OWIHOKH B OpHHIIiie
MOTyT ObiThb Clle]aHBl CKOMb yrofHo manabiMH. HanpoTus, coeaacuo
KB8AHTOBOL (husuke CYULecT8YeT NPUHUUAUAAbHLIL npeden TOY4HOCTU
usmepernuil. On aevcut 8 npupode geujell u He mouceT 6oiTe npe-
83000eH HUKAKUM COBepUIEHCTBO8AHUEM npubopos 1 merodos us-
mepenuid, CooTHOIIGHHS HeonpepeseHHocTell [efisenbepra W ycra-
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HaBJHUBAIOT OJHH H3 TAKHX npejestoB. BaauMopaeicTBHe Mex 1y Mak-
DOCKONHUECKHM H3MEpPHTENbHBIM OPHOOPOM H MHKpOUacTHLEHd BO
BpeMsl H3MepeHHs] NPHHIHUIHAJBHO HeJb3sl C/efaTb CKOJb YTOJHO
MaabM. Ecan n3MepsieTcs, HanpuMep, KOOPAHHATA YACTHIB, TO H3-
MepeHHe HEeH30eXHO MPHBOAHMT K NPHHUHIHAJBHO HEYCTPaHHMOMY
HEKOHTPOJIHPYEeMOMY HCKaXKEHHIO NepPBOHAYAJBHOrO COCTOSIHHA 4a-
CTHUBI, a CJA€AOBATENbHO, U K HeonpeleJE€HHOCTH B 3Ha4YEeHHI HM-
nyJabca npu noclelylonieM HaMepeHHu. To K¢ caMoe NPOHCXOMHT,
€CJIH TOPSAAOK H3MEDEHHS KOOPAMHATHl M HMMYyJbCa YACTHUB I10-
MEHSATb MECTaMH.

8. OTMeTHM HEKOTOpble BBIBOJBI, BHITEKAIOI{HE H3 COOTHOUICHHS
Heonpegnesennocrei (20.2).

Ilpexyne Bcero BH/JHO, UTO COCTOAHUE, 8 KOTOPOM HACTUUA HA-
x00uTcs 8 NOAHOM RNOKOe, He8o3MOscHO. Ilasnee, B MakpOCKONHUe-
CKOH (pHU3HKe HMIYJbC YaCTHUBl onpenesieTcss GopMyaod p = mu.
Hsi Haxox/leHusi CKODOCTH ¥ HM3MepsIOT KOOPAHMHATH YacTHUBI X}
H X3 B ABa OJH3KHX MOMEHTAa BpeMeHH f; H f,. 3aTeM HaXOAAT
yactHoe (xp — x1)/(f3 — {;) M BHLIMOJHAIOT TNpejeNbHBIA Iepexos
to—t,. Takoll MeTOA He TOJAUTCH JIJIsi H3MEPEHHS] MTHOBEHHOH CKO-
pPOCTH MHUKpouacTHUBI, [lefcTBHTE/NbHO, TMpeeabHBIH TNepexop Tpe-
GyeT TOUHOTO H3MEPEHHS X| H Xo. A TOUHOE H3MepEeHHE KOOPAHHATHI
CYULIECTBEHHO MEHSAET HMIYyJbC YacTHUB. $fCHO MO3TOMY, 4TO mpe-
JIETbHBIM MEPEXOJAOM Hesb3sl HafTH MIHOBEHHYK CKOPOCTb HH B
OJHOM T[0JI0KEeHHH YacTHUbl. MoXHO, NpaBjia, [(POMEXYTOK Bpe-
MEHH fp — f; B35Tb JJHHHILIM, @ H3MEPEHHS X, K X MPOH3BECTH C
maJjiofi TounocTbio, Toraa oWMOKH H3MepeHHs MaJo CKaKyTCs Ha
CKOPOCTSIX YaCTHIB U Ha 3HAuUeHHH APOOH (x2 — x1)/(f — ;). Ho
TakUM nyTeM OyjleT HaljeHa He UCTUHHASL CKOPOCTb 4ACTUlbL, 4 e
cpeduee 3nauerue Ha unTepsase 8pemexu t, — t;. IMmyabc Muk-
pPOYACTHIBl MOXKHO ONpPEAeJATh MO Pa3HOCTH MOTEHLHAJO0B, MPOH-
JEHHOH €10 B YCKOPAIOIEM 3JeKTPHUECKOM I10Je, HJIH [0 AJHHE BOJ-
HH Je Bpo#asa A, H3MEPEHHON KAKUM-IH00 AH(GPaKUHOHHBIM YCTPOH-
CTBOM.

B x8anTO0801 MexarUuKe TepseT CMbiCA Oederue NOAHOU sHepauu
& HQ KUHETU4ECKYto U NOTeryuasbuyro. JleHCTBHTeNbHO, OJHA U3
3THX BEJHUYHH 3aBHCHT OT HMIYJbCOB, a Apyrasi oT KOOpAHHAT, DTH
e NepeMeHHble He MOTYT HMETb OJIHOBPEMEHHO ONpeje/eHHble 3Ha-
ueHHsl, JHeprus & OOJKHA ONpelensTbcd ¥ H3MePAThCA JHIIb Kak
noAnas snepeus 6e3 Oeserus HA KUHETUYECKYO U NOTEHYUAALHYI,
06 sTom noppobHee OyaeT cKazaHO HHIKE.

9. B KsaccHYecKOH TEOPHH He OBbIJIO NapaMeTpa, Ompelesio-
mero pasMepbl atoMa, CoOOTHOIIGHHE HeonpejJeseHHOCTeH M03BO-
JisleT YCTAHOBUTH TAKOH napamerp. PaccMOTpHM Aas mpuHMepa BoO-
JOpOAoNOAO0OHBIH aTtoM ¢ 3apajoMm sjgpa Ze. Paccyxpaasa Kaaccu-
yeCKH, HalHileM ypaBHEHHe COXPaHEHHS JHEPTHH
) 2 2

2%; —_ -Z—f— = const.
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Ecny npeanonoxuTs, 4To 3JeKTPOH BHAvalie HAXOAMJICH Ha GECKO-
HEYHOCTH NPAKTHYECKH B COCTOSIHHH IOKOSl, TO CJedyeT MOJIOXKHUTh
const == 0. Dtum onpexpenurcsa p?, a 3atem

pirt==2mZé’r.

CooTHOIEHHE HeONpeesieHHOCTEH BO3bMeM B TouHo# dopme (20.4).
Tak kak Bo BcskoM caydae Ar < r, Ap << p, TO H3 Hero Cjejiyer
p?r? > h?/4, a notomy 2mZe* > h?/4, oTkyaa

1 52 1 -
r> 5 g = 0,66 107 cm. (20.10)

IMopsnok pasmepa atoMma 3Ta GopMyJsa onpefessieT NPaBUIBHO.
UucneHHoMy KO3(bGHUIHEHTY He cjelyeT mpHAaBaTbh ocofoe 3Haye-
HHe, TaK KakK ¢opmysa (20.10) HOCHT TOJNBKO OLEHOYHHIH Xapak-
Tep. B dacTHOCTH, OLEHKAa NOKa3blBaeT, YTO B KYJOHOBCKOM HoOJe
Apa NajeHHe 3JeKTPOHAa Ha $ipo HeBO3MOXHO. DBoJee Toro, Ha-
XOXKJeHHe 3/J1eKTPOHAa BHYTPH aTOMHOTO sjpa HECOBMECTHMO C CO-
OTHOLIEHHEM HeomnpefeneHHocTell I'efiseHbepra.

Ecian npuMeHHTb Takylo Ke OLEHKY K ONpeJeJ/IeHHIO pa3MepoB
aToMHoro siipa, to B ¢opmyne (20.10) BMecTo m Hajno ObLIO OBl
MOJACTaBUTb Maccy NpoToHa. B pesysabraTte nast pajuyca sijpa mo-
Jy4yujaac, Obl BenuunHa npuMepHo B 2000 pas MeHblasi, ueM
(20.10). Ho u 3t0 canmkom MuHoro (pa3Mep sApa HNOpsSIKa
10-1% ¢cM). DTO noKasbiBaeT, uTo d41 06paszosanus s0pa KYyaroHOS-
ckux cua Hedocrarouno, B silpe noJKHBL AeficTBOBaTh GoJee MOLL-
Hble — 2deproble — CHIBL, IPEBOCXOASAIINE KYJIOHOBCKHE IPUMEPHO Ha
JlBa TOpsiKa.

10. Hapaay c coorHomeHueM (20.1) B BONHOBOH TEOpHH BHI-
BOJHTCS TaKxKe COOTHOLIeHHE

Al - Ao > 2n (20.11)

(em. 1. 1V, § 29). CMBIca 3TOrO COOTHOLIEHHS COCTOHUT B TOM, UTO
OrpaHHUYEHHBIH BO BpeMeHH BOJHOBOH HpoliecC He MOXeT ObITb MO-
HoxpoMaTuueckuM. Ecau npomecc AauTcs B TedeHHe BpeMeHH Af,
To pasbpoc uactoT A® BXOASAIIMX B Hero BOJH B JY4YIeM cJjydae
ynoBaeTBopsieT cooTtHoweHHo (20.11). ITeatoMy, ecan mps Habio-
JleHHs JaXKe MOHOXPOMAaTHUYECKOro Npouecca NpeAocTaBleHo Maljoe
BpeMsi Af, TO 4acroTa mpolecca NpHHLUHUNHaAbHO OyHeT HaliieHa B
JdyduieM cJjydae ¢ OLIMOKOH, MOAYMHSIOMIENACS COOTHOUIEHHIO
(20.11).

Ecan uacToTe ® CONOCTAaBUTH 3HEPTHIO N0 GdopMmyne & = ho,
T0 dopmyaa (20.11) nmepefiner B

Al - A& = 2nh =h. (20.12)

®opmyaa (20.12) HaspIBaeTCsA COOTHOUWLeHnueMm HeonpederennocTel
Tefizenbepea 0aa apemenu u snepau,
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CootHowenue (20.12) o3Hagaer, 4yTo 4YeM Kopoue BpeMsi Ccylie-
CTBOBAaHHS KAKOTO-TO COCTOSIHHSl MJIH BPEMS, OTBeJeHHOE IJA €ro
HabaOAeHHsl, TeM C MeHblleH ONpe/le/eHHOCTBIO MOXKHO TOBOPHTH
06 anepruu srtoro cocrosnHs. Haobopor, uem Gosblie 3TO Bpems,
TeM ¢ osbiuefi TOYHOCTLIO OMpejeJeHa 3HEprus coctosiHus. Eciw
COCTOSIHHE CTAalHOHApHO, TO OHO MOXET CYLIEeCTBOBATb OGECKOHEUHO
aoaro. MIMeHHO 1o 3TOi NPHYHHE 3HEPTHS CTALHOHAPHOTO COCTOA-
HUSI MMEET BIIOJIHE OlpejesqeHHoe 3HaueHHe, [IpoTHBOMOMOXKHBEIM
NPHMEpPOM MOXKET CJAYXHTb HecTabu/bHAsA 3JeMeHTaplhas 4acTHOa,
pacnajamoulascs 3a OdeHb KOPOTKOe BpeMs (CKaxKeM, MOpflKa
10-20 ¢). O6 onpepneneHHOH HEPrHH TAaKOH YACTHIH FOBOPHTb He
npuxoautcs. [ToaToMy npu paccMOTpeHHH lpouecca ee pacnajia He
TpefyeTcs HajaraTh yCJOBHE COXPAHCHHUS 3HEPTHH.

3AJAUN

1. Ha Kakywo KHHETHYECKYIO JHEPruio & xus AO/KeH OLITb PacCUHUTAH JMEKTPOH-
HEI (1 MPOTOHHBIH) YCKOpHTENIb AJA HCC/AELOBAHHA CTPYKTYP C JHHEHHDIMH pasMe-
pamu [ ~ 1 depmun (10~ cm)?

OtBer.

&xun > mc? '\/1 + (A/D? — mc?,

rae A = h/(mc) — KOMNTOHOBCKAsl AJHHAZ BOJIHEL 3JeKTpoHa (mpotcHa). [laa
SJACKTPOHA

Exuu > Meche/l = 720 M3B.
s 1poToHa

Enn > Mpc® VT F (Ap/D)E — mpc? 2 600 MsB.

2. CpenHee BpeMsl XU3HH aTomMa B BO30YXAEHIOM COCTOSIHHH COCTaBJSAET
okono At ~ 10-3 c. Tlpn mnepexoge aToMa 3 HOPMaJLHOC COCTORHIE HCHYC
kaetcsi GOTOH, cpejHsis AJHHA BOJHB KOTOPOro paBHa A == 500 um. Ouenurtb mu:
puHY AM M OTHOCHTEJbHYIO IWIHPHHY AA/A H3MyuaeMmoil CIIeKTpaJbHON JIMHHH, eCJH
He MPOUCXOAHT ee YUIHDeHHs 33 cyeT Apyrux npoueccos. (Takas mupnHa Hasu-
BAETCH eCTECTBCHHOHR UIUPHHOH CNeKTpafbHOH JIHHHK.)

OrBeT.

AR A

PNt ————— Py _7
A cAt 107~

Al —4
AA’NW ~ 10 HM,

3. TlprHUMas BO BHHMaHHe, YTO KJacCHYecKasd (KOPHYCKYJsipHas) MeXaHHKa
siBJIsieTesl NPHOJHXKEHHBIM MpefeNibHbIM CJydaeM MeXaHHKH BOJIHOBOH, HalTH ycJo-
BHe, 0PN BBIIOJNHEHHH KOTOPOrO paccesiHHe C-4acTHI, H 3JEKTPOHOB Ha aTOMHEIX
AApaX MOKHO DacCYHTBIBATb KJACCHYECKH, KaK 3To Hedan Pesepdopa npH BHBOAe
ceoefl popmyan (9.3).

Pemenue O6o3nayuM yepes a paauyc atoma. MoxHo cuutath, 4TO pac-
CeHBAIONIAACS YacTHUA DOABepraeTcst AefiCTBHIO KYJOHOBCKHX CHJl s/lpa TONBKO
B npefenax chepel paiHyca a Cc UeHTPOM B UeHTpe aToMa. Takas Hieau3auus
HenpHMEHHMa TOJIBKO MPH ovelb [aJeKHX TNPHUENBHLIX DACCTOSIHHSX, KOrAa 0OJy-
yaloTCsl C/AHIIKOM MaJble YI/bl PAaccesiHHsi, MPH KOTOPHIX 3KCMepHMeHTaJbHBIE HC-
cle/lOBaHHS HE MPOH3BOAATCA. PaccMOTPHM MJAOCKONADAJMebHE Hy4OK YacTUU ¢
RNOMEpPeyHbIM ceyeHHeM AX, Mafaloiiuii Ha aTOM, H BLIACHHM, NIPH KaKUX YCJOBHSX
ero pacnpocTpatieHHe B aTOME MOXKHO pacCMaTPHBaTb KJIAcCHYeCKH, T. €. 0e3 yuera
ARQPaKUHA YacTHL (KaK 3TO [ejaeTcs B NPHOJHXEHHH TeOMeTPHYeCKOH ONTHKI).
JudpakiHOHHBIM pacUIHPEHHEM MY4YKa, KaK H3BECTHO H3 OnTHKH (cM. T. IV, §6),
MOXHO npeHeGpeub, eciH [ < Ax%/A, rae | — nauva nyuka. B paccmartpuBaemoi
3adaue nop ! creayeT UOHMMAaTh fyTh Jyya B KYJOHOBOM moJge atoma. [lo mo-
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pAAKY BeJdHYHHB! | & a,Ax ~ a. TakuMm o6pa’loM, ycaoBUe NPHMEHHMGCTH NPHOJIH-
MEeHUSl TeoMeTPHUecKoil ONTHKH NpuHHMaerT BuA a & a’/A, nau A < a. Tloacra-
BHD CHOJ1a BbIpakKeHHe 1Ji AJUHBL BOJHBI fe Bpoftna 7 = h'n = h/(2m& )2, na-
XOJIHM HCKOMOE YCJOBHE:

& > h?[(2ma?). (20.13)

Tlpn Hamem paccMOTpPeHHH He yuTeHO fAelficTBHe siepunix cua. Ho panuyc sia-
pa Qaz, [Ae H JAEACTBYIOT siIEpHHIE CHJB, NpuMepHo B 10° pas MeHblle pajanyca
aToMa dar. 1TosTOMY HA AP0 Manaer NpuMepHO B {dar/Gqz)? = 100 Mmedbuwe ua-
CTHII, 4YeM Ha aTOM. TOYHO TaK ke He HIpaloT CYIIECTBCHHOH POJH H KYJOHOBCKHE
CHJIBl B HeNOCPeJCTBEHHOH GJH30CTH OT sjpa. DTHM Halle NPHOJHIKEHHC ONpas:
AaHO.

Ilpn uncaennnix pacuerax dopmyny (20.13) yno6uo nepernucaTb B Buje

(he)?

&> 2mca®’

(20.14)

NOJb3YSCh YHCJCHHBIM 3HauyeHHeM hc = 1,24.10-% 3B.cm. Duepruio mce? caepgyer
6patt B 5B, a aauny a B cM. Jdas a-uactHUE mc? = 3,75-10° 3B. [Moaaras a =
= 10~8 cM, moayuaem B 3TOM cjayyae

&> 0,2 3B.

SHeprusi @-yacTHULl mopsiika 1 M3sB, tak uto B cayyae o-4acTHI MpPHMeHcliie
KJIaCCHUECKOH MeXaHHKH ONpaBjaHo.

Hasa asnexkrpona mc? = 0,511-108 3B, a notoMy ao/kHo ObTh & > 120 3B
Taxkum 06pa3oM, IJIsl 3JEKTPOHOB ¢ KuueTHueckoH 3sHeprHell ~ 100 3B knaccuue-
CKOH MeXaHHKOH MMOJb30BaTbCs YiKe Helb3si.

PaccMoTpenHyl0 3ajauy MOXHO OBIC 6bl TakXe pelIMTb Ha OCHOBe INpHI
uMna »eonpesaeicHHocrell [eitaenbepra.



FTTABA IV
YPABHEHWE HWIPENWHIEPA. KBAHTOBAHHE

* *

§ 21. YpaBHuenue Wpennnrepa
1. Ilaockas BoaHa Ae Bpoiis
P — Ce! (kr—atb) (211)

ABJIETCA BECbMa CIHENHaJbHBHIM BOJHOBHLIM 00pas3oBaHHeEM, COOT-
BETCTBYIOLIHM CBGCOOJHOMY paBHOMEpPHOMY J[BHKEHHIO 4YacTHUH B
Opele/eHHOM HaNpaB/JeHHH H C OonpelejeHHHM HMNyJabcoM. Ho
qaCTHLA, Jaxe B CBOOOJHOM NPOCTPAHCTBE H B OCOOEHHOCTH B CH-
JIOBBIX MOJIAX, MOXKET COBEPIIATb H APYTrHe IBHKEHHs, ONHCHIBaeMble
GoJsiee CJ0MKHBIMH BOJIHOBHIMH (DyHKIHAMH. OCHOBHas 3ajaya BOJ-
HOBO! MEXaHHKH KaK Pa3 ¥ COCTOHT B HAXOXKJEHHH BOJHOBBLIX (QYHK-
Uufi ¥ CBSI3aHHBIX C HHMH (DPH3HYECKHX CJEACTBAH B CaMBIX PasHO-
06pasubix ycaoBuaX. [{/1s ee pemieHHs CHYKHT G0AHOB0€ YpasHeHue,
nHaiinennoe [lpeaunrepom B 1926 r. DT0 — ocHogHOe ypasHeHue
KB8AHTOBOL MeXAHUKU, HO OHO CIpPAaBeLJHBO TOJbKO B HepeAdTu-
BUCTCKOU KBAHTOBOU Mexanuxe, T. e. B Cjyuyae [IBHXKEHHH, MeJJeH-
HBIX MO CPABHEHHIO CO CKOPOCTBIO CBEeTa B BaKyyMe.

VpaBuenne UlpenuHrepa posxHO OHTH 0OWHM YypaBHEHHEM,
T. €. JOJKHO ObITb NDHIOAHO /s pellelHs 6cex, a He TOJbKO
yacTHRIX 3ajnau. IloaToMy B Hero He IOJIKHB BXOJHTbH 3HAUEHHS
napameTpoB (HanpHMep, HadaJbHble yCJIOBHS, KOHKPETHHIH BHJ CH-
JOBHIX MoJefi W 1p.), BBIAEJsIOUIHe YaCTHble BHALl JBUXKEHHS.
B nero Moryr BXOAWTb MHPOBBIE [OCTOSIHIIBIE, HAlPpUMEP MOCTOSAH-
nasi Ilnauka. Moryt BXOAHTb MacChl B HMMOYJbCH 4aCTull, HO HX
YHCJEeHHble 3HAYEHHS He JOJKHBI OHTb KOHKPeTH3HpoBaHbl. CHJIO-
BLIE TIOJIsl, B KOTODHIX JBHIKETCSl YacTHIA, TaKikKe JOJKHB GbITh
npeACT2RJAeHB B oOwieM BuAe. 3Jech AeN0 OOCTOMT TakK e, Kak
¢ ypaBHenusamu HbloTona nam MaxcBessa, KOTOphle RPHCROCOG-
JleHbl AJIA pelleHHsl BCceX, a He TOJIbKO YaCTHBIX MEXaHHUECKHX HJIH
3JeKTPOAMHAMHAYECKHX 3aiay. Kpome TOro, nano norpe6osarhb, 4To-
6ol ypasuenue lllpeanurepa 6bl10 aunedno u odHopodwo no W.
IrtuM Gyner obecrnedeHa CnpaBelJHBOCTh NPUHLHMNA CYNEPHIO3HLIHH
BOJIHOBHIX (PYHKUHHA, HEOOXOAHMOCTh KOTOPOTO AMKTyeTCst uuTepde-
peniHell W AHppakuued BoaH BewectBa (cM. § 19, nyukr 8).

2. [lpu orbickaHuH ypaBHenusa lllpeaunrepa saMeTuM, 4TO Oj-
HHM M3 pelleHHH ero B CBOGOJAHOM INPOCTPAHCTBE JOJKHA OBITh
j1ocKasi BonHa Oe DBpo#iia (21.1). Hafizem anuddepenuunanphoe
VpaBHEHHE, YIOBJETBOpsIOIee MepedyHCIEHHBIM BHIIE YCJOBHAM



§ 21] YPABHEHHE WIPEJUHTEPA 133

pellieHHeM KOTOPOro sBJasfeTcad 3Ta BoJaHA, Hudbdepenunpopanue
(21.1) mo x pmaer

o¥ . ik

e — —_— b2

x =ik W, = REW.
Taxue ke COOTHOLIEHHS MOJYYHM NDH NHGM(EePeHLUHPOBAHHH IO Y
H z. Cl0XeHHeM NOJyUeHHBIX BTOPBLIX TIPOM3BOJHBLIX HaHaeM

2

VY =— Y =—22 v (21.2)
I10 — nuddepennranbHoe ypaBHEHHe, HO He TO, KOTOpPO€ MB
uueM. [efcTBUTeNbHO, NPH BHIBOAe BeJHYHHA p OPelANoJaraJach
nocTOsAHHOH, a NoToMy ypaBHeHHe (21.2) omuchiBaeT KOHKpeTHOE
ILBHXKEHHE C 3aJaHHHIM NOCTOSIHHBIM HMnyjabcoM. [lpoxuddepe-
nupyem renepb (21.1) no BpeMeHH NPH MOCTOSIHHOH ®:

& oV =—iTw (21.3)
D10 ypaBHeHHe Takxke He roguTcA. OHO ONHCLIBaeT JBHXKEHHE 4a-
CTHIBI B CBOGOLHOM MpPOCTPAHCTBE C INOCTOAHHOH KHHETHYECKOH
sHeprueft &. PasgesauM, olJHaxko, NoweHHO ypaBHeHHe (21.2) nHa
ypaBHeHue (21.3) W ydreM, 4YTO B HEPEJATHBUCTCKOH MeXaHHKE
& = p?/2m. TakuM m0yTeM TNPHAEM K OJHOPOAHOMY JHHEHHOMY
YPaBHEHHIO

. 0¥ h?

KOTOpOe y:Ke He COJEpIKHT HHKAKHX HHIHBHIYaJbHBIX MapaMeTpOB,
BLLAEJAIOLINX KOHKpeTHOe [ABHikeHHe, [IpumeM B KauecTBE MNOCTY-
Jara, yto ypaBHeHHe (21.4) cnpaBelyiHBO 178 JIOOBIX ABHKEHHH
YacTHILl B CBOGOJHOM NPOCTPAHCTBE. DTO YpaBHEHHE H €CTb ypas-
Henue lllpeduneepa 8 oTCYTCTBUE CUAOBBLY NOACL.

O60o6uum Tenepb ypaBHenue (21.4) Ha cayuaii JBUKeHHH B CH-
JOBLIX 1ogsaX. OTrpaHuuuMcA CJAyyaeM HOTeHYUAAbHbLY CUAOBbLY
noseii, KOTOpbe, KAK U B KJaCCHUGCKOH MEXaHHKe, XapaKTePH3YIOT-
CSl NOTEHYUAAbHOU hyrkyued UIN noTeryuaasvrol nepeued U (r).
EQHHCTBEHHBIMH HENOTEHIHAJbHBIMH CHJIaMH, BCTPEUYAIOUIUMHUCH B
ATOMHOH MeXaHHKe, SIBJSIOTCA CUAbL MA2HUTHbLE, HO MBI BPEMEHHO
OTBJIEYEMCSl OT HX PacCMOTpeHHsl, 3aMeTHM Tenepb, 4To F/0f uMeeT
pPasMepHOCTL 3HEPrHH., 3HAUHT, OJHHAKOBYIO Pa3MEPHOCTb HMEIOT

., 0¥ . .
W BeJHUYUHBl i <5 U U(r)¥. [lostoMmy npu6apjeHne B npaeolt ua-

ctd ypaBuenusi (21.4) cmaraemoro U(r)¥ He MeHACT pasMepHOCTH
3TOr0 ypaBHeHHs. MOXKIO JAyMaTh, YTO NOJYyYEHHOE TAKHM [yTeM

ypaBHeHHe
i — P ey yi)w 21.5)
ot 2m :
6yﬂeT HpaBHﬂbHO YQHTHBaTb BJAHAHHE MOTEHUHAJLHOTO CHJOBOrO

noJIsl Ha ABHXKEHHE UAaCTHIHBL. DTO U eCTh ypasHeuue [Ipedureepa.
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[TyTb, KoTopbiM MBI npHILIH K ypaBHeHuio Ulpenuurepa, xo-
HEYHO, He MOKET CJAYXKHTb JI0Ka3aTeabCTBOM 3Toro ypasnenus. Ho
ypaBHenne lllpexunrepa — cyulecTBeHHO HOBHIA npuuuun, Ero
HeJIb3s1 JIOTHYECKH BLIBECTH H3 CTapbIX IPHHLHIOB, B KOTOPbIX OH
He coaepxkuTcsi. EXHHCTBEHHBIM JOKa3aTeJbCTBOM ypaBHenusi Ilpe-
JHHTepa sIBJSIETCA TOJBKO OIbIT — ONLITHASl NPOBEPKa BCEX BBIBO-
IHMBIX H3 Hero cjeactBuil, Takywo npoBepKy ypaBHenue llpenun-
repa BbIAEPKAJO.

3. B ypaBuenuun (21.5) B HesiBHO# (OpMe yxKe 3aj0kKeHa JBOH-
CTBeHHasl — KOPNYCKYJIspHO-BONHOBas — npupoda BeutectBa, Co-
[JIACHO HHTEpMpeTalHH BOMHOBOH (yHKUHH W uyacTHUa He JOKa/H-
soBaHa. OHa, Kak [pPHHSITO TOBOPHTb, C OINpeJAEJeHHOH BeposAT-
HOCTBIO «pa3dMasaHa» B mpoctpancTBe., KasaJjock 6bl, 4TO npu Ha-
nucaHud ypaBHeHHs (21.5) 3T0 06CTOSATENBCTBO C CaMOro HauaJja
IOJKHO ObITb NPHHSITO BO BHUMasue, T. e. mox U caenoBaso 6wl
MOHHMATb NOTEHUHAJbHYIO 3HEepTHi0 YacTHUH C YYeTOM BCEX BO3-
MOXKHEIX TOJOXEHHH ee W WX BeposATHocTed. Ha camom pene B
ypaBHeHHH (21.5) 3To He mpeanosaraercd. [loTeHunanbuasi QyHk-
uust U(r) paccmaTpuBaeTcsi B HeM TaK e, KaK B KJaCCHUECKOH
dUB3HKe, T. €. KaK PYHKUUS AOKAAU308AHHOL, 8 4ACTHOCTU TO4EHY-
Hoil, wacTuysl 8 cusogom nose, Hanpumep, B aToMe Bogopona AJs
3MeKTpOHa B noJe siapa nodarawot U(r)=—e?/r, T. e. nocrynaior
TaK Xe, Kak ecqu Obl o6e 3TH 4acTHIB OLIJIH JOKAJH30BaHbI.

4. YpaBuenue Illpenunrepa — nepsoeo nopadxka no BPeMeHH.
Orclopa chaepyer, uTo 3ajnaHueM BoJHOBOH ¢yHKuuu W Bo BceM
NPOCTPAHCTBE B KaKOH-1HOO MOMEHT BDeMeHH (Hampumep, MPHHH-
MaeMbli 3a HayaJbHHIH) OAHO3HAYHO omnpefenasercs ¢yHkuus ¥
TaKXe BO BCeM I[IPOCTPAHCTBe BO BCE MOCJEAYIOIHe MOMEHTHl Bpe-
mend. He caeayer cmoTpeTh Ha 3TO YTBepiK[eHHe KakK Ha BhIpa-
MeHHe MPHHLHIA NPUYUHHOCTH B KBAaHTOBOH Mexanuke., M6o Bbl-
pa)kaeMas UM <IIPHYHHHOCTb» OTHOCHTCA K BOJHOBOH dyHKUuH VP,
A BosnHOBasi QYHKUHSA CBsi3aHa C peasbHO HabNlOIaeMbBIMH 0GBeK-
TaMH BEepPOSITHOCTHBIMU COOTHoweHHsAMH. Ilo3ToMy KBaHTOBasi Mme-
xaHHKa, MO KpailiHe#l Mepe B coBpeMeHHOH ee ¢opMe, sBAsETCS
APUNYUALAABHO CTATUCTUYECKOW Teopueli.

5. ¥Ypapuenne Ilpexunrepa, Kaxk 3To TPe6OBajOCh ¢ CaMOro
Hauaja JJs1 BBIMOJHEHHUs] MPHHUHNA CYNCPHNO3HUHH, AUHELHO U
00nopoOHO ornocuTervno ¢pyuxkyuu W. B TouHol MaTemaTHyecKoOl
$bopMe NPHHUHN CYNEPHO3HLHH CBOIHTCS K JABYM YTBeDXKIEHHSIM,
Bo-nepBuix, ecau Wy, u Wy — kaxkue-aubo 08a peulenus ypasgHenus
[ peduneepa, 10 u écaxan aunednas kombunayus ux oWy - ooy
C nOCTOAHHOIMU (8006Ue 2080pS, KOMAACKCHBIMU) KO3PHuUULeHTa-
MU o U Oy eCT6 TaKMCe peulerile T020 Xe ypasHexus. Bo-Bropwix,
ecau goanosvie pyukyuu ¥y u Wy onucersaror Kaxue-aubo dsa co-
CTOAHUA cucTemsl, 70 U auretinas xkombunayusa oV, + oW, taxce
onucel8aeT KaxKoe-To cocTosinue 71Ol osice cucTemul, KoneuHo, co-
CTOSIHHME 4YacTHULHI ONpejensieTcs He caMHMH Kosdbduuuentamu o
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H O3, @ TOJbKO HX OTHOUIeHHEM &;/ae. CocToAHHE He H3MEHHTCS,
ecan oba KoapdHUHeHTa YMHOXHTb HAa OLHY H TY Ke BelUIeCTBEH-
HYI0 HJIH KOMIUIEKCHYI0 MOCTOSIHHYIO. 3TO NO3BOJSET, HAnpHMEp,
by W= oV + as¥,; HopMHpOBaTh (ecqH HHTErpan

S‘F"de, B3SITHIH [0 BCEMY [POCTPAHCTBY, CXOAUTCH ).

6. OcoGoe 3HaueHHe B KBAHTOBOH MeXaHUKE HMEIOT CTAUUOHAD-
Hble cOCTOAKUA., DTO — TAKHE COCTOSIHHS, B KOTOPHIX BCe HabJionae-
Mble (PU3HUECKHE [MapaMeTPbl He MEHSIOTCS C TEUeHHEM BPEMEHH.
Cama BonHoBasi ¢yHkuua ¥ He OTHOCHTCH K 3THM napaMerpam.
Ona npunyunuasvio Henabarodaema. He [ONXKHBI MeHATbCA BO
BPEMEHH TOJAbKO puduyecku Habarodaemble 8eAudUHblL, KOTOPbIE MO-
ryT 6biTh oGpasoBanbl U3 W 0 npaBHJaM KBaHTOBOH MeXaHHKH.
Oxka3sbiBaeTcs, 4TO B CTallHOHAPHBIX COCTOSTHHAX

W (r, 1) =1 (r)e 1, (21.6)

rjge yactoTa « MNOCTOfIHHA, a QYHKUHA P(r) He 3aBHCHT OT Bpe-
menH. He pacnonaras cefiuac npaBunaMu coctaBiieHus u3 W npuH-
HHIHAABHO HA6/10aeMbIX BeJMYHH, NPOBEPHM, UTO OAHA H3 TAKHX
BEJHYHH, 2 HMEHHO MJIOTHOCTb BEPOSITHOCTH p = W*W B COCTOSHHH
(21.6) BO BpeMeHH OCTaeTCf NOCTOAHHOH. IeHCTBHTENbHO,

p=1"(r)e’ Y (r)e ot =P (r) ¢ (r),

a 3Ta BeJHYHHA OT BPEMEHH AeHCTBUTENLHO HE 3aBHCHT.
HOas onpepenenuss GyHKUMHA P(r) B CTALHOHAPHBIX COCTOAHHAX
noacrasjsieM BblpaxkeHHe (21.6) B ypaBHenue (21.5) u nHaxomum

how =[— 4 v+ U (1)] .

[To aHajorHH cO CBETOBBHIMH KBaHTAMH NPHMEM THIIOTE3Y, YTO Be-
JHYHHA "Al@ TpencTaBgasieT CoGOH INOMHYIO 3HEPrHi0 yacTHUB & B
CTaLHOHAPHOM cOCTOSAHHH. TakuM 06pasoM, /st 3HEPrHH B CTALHO-
HapHOM COCTOSIHHH [OJIy4aeTcsl ypaBHeHHe

[~V +Um]v=6v. 21.7)

3To ypaBHEHHe He COJEePXKHT BPEMEHH H HA3LIBACTCA yPABHEHUEM
Uipeduneepa Oas cTAyUOHAPHLIX COCTOSHUL. B oTaHuke OT Hero
(21.5) HasbiBaeTCH gpemMeHHbIM WU 00uwium ypasuenuem Illpedun-
eepa. B oOTHolIeHHH NOTeHIHaJAbHOH GyHkuuu U(r), Bxoasuel B
ypaBHeHHe (21.7), MOJHOCTbIO CNPABENJHBH 3aMeuaHHsi, KOTODBIE
ObLIH CHe/aHbl B CBA3H C ypaBHeHHeM (21.5). ®yukuus U(r) onpe-
AEJNSeTCs KJIaCCHYECKH, KaK ecJi 6bl HHKAKHMH BOJHOBBIMH CBOfi-
CTBAMH 4acTulla He obsanaga.

YpaBuenne llpenuHrepa s CTaHOHAPHBIX COCTOSIHHE, KOHEY-
HO,. yAOBJIETBOPSieT NPHHUHNY cynepnosuuud. OXHAKO CynepnosH-
UHS CTaUHOHAPHBIX COCTOSIHHA C Pa3jHYHBIMH SHEPTHAMH YXe€ He
GyAeT CTallHOHAPHEIM COCTOSHHEM,
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[lpenunrep nokasaa (cM. § 22), uTto ypaBHenue (21.7) nou-
HOCTBIO pemiaeT npo6JeMy KBaHTOBAHHS YHEPIUH cHCTeMbl. Jlas 3TO-
ro nof & cjaeiyeT NOHHMATbh YHEPTHIO CHCTEMBI B CTal[HOHAPHOM CO-
CTOSIHHM, & OTHOCHTEJNbHO (H3HUECKOTO CMBICAA CaMOH BOJIHOBOH
byHKUNH P (r) HHUKAKHX NpPEANOJOXKEHHH BBOJAHTHL He Tpebyercs.
Heo6xoauMo TONBKO Ha/lOXKHTb Ha pelileHuss Y (r) ypaBHeHHS
(21.7) HeroTOpBlE ecTecT8eHHble YCAOBUS, KOTOPLIM OHH JIOJIKHBL
YIOBJETBOPATL Ha OGECKOHEYHOCTH H B OCOOGBIX TOUKAaX MNOTEHLH-
ajabHO¥ ¢yHKRUHM U(r). B cnenyoumem naparpade 6yner nokasaHo,
UTO TaKUe peuleHus CyuwecTayroT, 8000ue 2080pA, He NPU GCAKUX
3Hauenusx &, a TOALKO nPU HEKOTOPbLLX. DTO U ecTb H3bpaHHble 3HAa-
UYeHHS 3HEPrHH B CTAllHOHAPHBIX COCTOSIHMAX. B wacTHOCTH, HJIs1
atoMa BOJOPOJa MOJYYaloTCs B TOYHOCTH T€ Ke 3HadyeHus &, KO-
TOpble faBaja crapass Teopus DBopa. Jto OblT mepBbHil KpynHBIH
yclex BOJHOBOH MEXaHHKH, C KOTODOTO HauaJoChb e€e jaJjbHeHliee
OypHOe pa3BHTHE. ,

7. YpaBHeHHe (21.7) B coueTaHHH C NPHHIHIOM CYIEPIO3HIHH
eCTeCTBeHHO TNPHBOAHT U K npasuay 4actor bopa., C 3TOH LedbIO
3aMETHM, UYTO BCSIKHH (PU3HUECKHH MpOLecC XapaKTepH3yeTCs H3-
MeHEHHSIMH BO BPEMEHH KaKHX-TO peaJbHbIX (PH3HUECKHX BEJHYHH.
Ho B crauuoHapHBIX COCTOSIHHAX BCe peasbHble (QH3HUECKHE BEJIHU-
YHHBl OCTAloTCsl NMOCTOSIHHBIMH, [lo3TOMY BosHOBas (yukuus, omu-
CHIBAIOLIAS COCTOSIHHE, B KOTOPOM IIPOHCXOAAT peatbHble (H3HUe-
CKHe sBJeHHs, AOJ:KHa ObITb 00s3aTeJbHO HecTayuoHaprou, Pac-
CMOTPHM TpocTefilllee HECTALLHOHAPHOE COCTOSIHHE

Y=, 4, (21.8)

npejcrapJasiomee co60H CyNeplo3HUHI0 JABYX CTallHOHApPHBIX CO-
CTOSIHUH
W =1, (r)e o, W=, (r)eiod, (21.9)

BBYHCIHM B 3TOM COCTOSIHMH MPOCTEHINYIO peasbHO HabJI0AaeMyIo
BEJIHYHHY — MJIOTHOCTH BeposiTHOCTH p. [Toayuum

p=WW = (Wi, + Wib,) + Wyipie! o) pplemiemont,

YdreMm pasnocTb (a3, KOTOpash MOMET CYIIECTBOBATb MEXAY Y1
H Po. Jast atoro mosoxum Py =[P, [e~, P, =] P, |e~ %, rme §
H 82 — BeJMUHHBI BellecTBeHHEe. Toraa mosyuudm

p=(P P4+ 19 P4 219 |- ]cos [{0,— )t 4 (8, — 8;)]. (21.10)
TakoBa (HEHOpMHpOBaHHAsA) TJIOTHOCTb BEPOSATHOCTH COCTOSHHSA

Y =Y, 4 W, Ona CONEPKHT NOCTOSHHBIA uieH (|y;|24 |P2]?)
¥ uHTepdepeHUHOHHBIH wieH 2|y;|:|Ps|cos(wiof + 62 —8y), rap-
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MOHHYECKH KOJIeGJIOWHUACA ¢ GOPOBCKOH 4aCTOTOH

0)12:0)2-——(01=(82—$1)/ﬁ. ‘\21.11)
[TosHas MJIOTHOCTL BEPOSITHOCTH p MOMKET MEHSITHCS OT MAKCHMaJb-
Horo 3HaueHust (|yi|4|¢2])? Ao MunumanbHoro (|yi|—|wpa|)2

Ona cofepKHUT uJieH, OCHHJJNHPYIOILHA ¢ GOPOBCKOH 4acTOTOH ®iz.
ITosaToMy mpHBeAeHHOe pacCy:k/eHHe B COUYETAHHH C KJaCCHUYeCKOH
3J1eKTPOAHHAMHKON HaBOAMT Ha Mblcjab (HO OTHIOABL He JOKasHl-
BaeT), UTO C TOH e YaCTOTOH AOJKHO HPOHUCXOJHUTbL H H3JyueHHe
cBeta. [leACTBUTeNbHO, €CJAH e — 3aPsj YacTHIbl, TO BeJHYHHA pe
UMeeT CMBICJ IJOTHOCTH BEpPOSTHOCTH 3JEeKTPHYeCKOro 3apsaia B
npoctpaHucTBe. Ecan Obl ona Gbljla NPOCTO IJIOTHOCTbIO 3apsiia, a
He ee BePOATHOCTbIO, TO MOJIyunJca Obl KJaCCHUYeCKHH caydal, B KO-
TOPOM 3apsij NepHoAHUYecKH KoJelaercss Bo BpeMmeHH. [lo knaccuue-
CKHM MpejCTaBJeHHM TaKOH 3apaj AoJKeH u3jnaydats. [Ipasjo-
0J06HO OXKHAATh H3JY4YeHHS U B KBAHTOBOM Cjlyuae, T'le [JIOTHOCTD
3apsaja 3aMeHsleTcs ee BePOSITHOCTHIO.

[MpaBna, untepdepenitonunifi uned B (21.10) umeer xapakrtep
HesaTyxatolle#l crosidell Bosubl. s nonjgep:KaHus HenpepbiBHOTO
U3JyUeHHs], €CJH OHO YXOAHUT OT CHCTeMBI, TpefyeTcs MOABOAHTH
sHepruo. Ho H B kinaccHueckoH (H3HMKe, HaNpHMep NPH paccMoT-
PEHHH H3JIyueHHs NPH He3aTyxalollHX KoneOaHusix punoss Fepua,
NoJIoXKeHHe TaKoe e, Mbl paccunThiBaeM I0oJle B HHTEHCHBHOCTB
H3JMyueHHusi, OTBJeKascb OT TOr0, KAKHM MEXaHH3MOM MOAJLEpIKH-
BaeTCH MOCTOSAHCTBO AMIIHTYALI H CBA3AHHOH C HEH 2HEPTHH KO-
neGaHuti.

Kak u B nepBoHauansHoH Teopuu Dopa, GopoBekas yactora e
NOSIBJISIETCS B pe3yJbTaTe KBAHTOBBHIX MEPEeXOJ0B CHCTEMBl C OJHOTO
3HEePreTHYeCKOro YPOBHS Ha JAPYroi.

§ 22. ¥Ypapnenue lllpeaHrepa U KBaHTOBaHHE

{. KBaHToBanue 5HEPTHH BO3HHKAeT MOTOMY, YTO Ha BOJHOBHIE
DYHKUHH, ABJAIOIHECA pelleHHAMH ypaBHenua llpenunrepa (21.7),
HaKJIaAblBAlOTCA ONpeje/eHHble ecTecTBeHHble orpaHuueHusa. IIpd
3THX OTpaHHYEHHSX ypaBHeHue (21.7) uMmeer peutenus, BooGuie ro-
BOpS, He TpPH BCeX, & TOJbKO NPH H36PAHHLIX 3HAUCHUAX MaApa-
merpa &. 3/ech meso OGCTOUT aHAJIOTHYHO TOMY, YTO HMeeT MECTO
B 3ajlaue 0 CBOGOAHBIX KOJeGaHHAX CTPYHBI C 3aKpeNJIeHHbIMH KOH-
namMu. M3-3a 3akpen/ieHHsl KOHLOB 3TH KoJeOaHHSl NpPeACTAB/IAIOY
coBofi CTOsiYHEe BOJHBI C TAaKHMH H3GpaHHBIMH YacTOTAMHM, YTO HA
IJHHE CTPYHBI YKJaJbBAeTCA LeJ10e YHCAO HOJYBOJIH.

EcTecTBeHHble OrpaHMYEHHs, HaKJIajblBaeMble Ha peLIeHHA
ypaBheuus lllpeauurepa (21.7) (B HeCKOMBKO YCHJIEHHOH, HO MpakK-
THYECKH BCErJa BHIIOMHAWLIIeHcA dopMe), COCTOAT B TOM, UTO 804-
HO8as pynkyus P (r) u ee nepsvie NPOCTPAHCTBEHHbIE NPOUIBOOHLE
JoaocHbt OblT6 KOHeuHol, OOHO3HAUHbLL U Henpepsisnsl daxe 8 TOU-
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Kax (a TaKdCe AURUAX U NOBEPXHOCTAX) pPA3Pbl8A NOTEHYUAAbHOL
pyuxyuu U(r). (OLHO3HAYHOCTL O3HAYAET, UTO MpH 06x04e MO Ji0-
060My 3aMKHYTOMY KOHTYpPY QYHKUHS {(r) doJKHA BO3BpallaTbCst
K CBOEMY HCXOIHOMY 3HaueHH10.) M3OpaHHble 3HaueHHs napaMeT-
pa &, ana xoropux ypaBHenue (21.7) uMeer pelueHHsl, yAOBJAETBO-
pAIOILHe NepeuHCJeHHBIM OTpaHHUYEHHAM, HA3LIBAIOTCA COOCTBCHHbL-
MU 3Ha4eHuamMU 6eauvunsl & AN AHdQepeHUHANbHOTO ypaBHEHHSA
(21.7), a cOOTBeTCTBYIOIIHE HM PpelIEHHS] — COGCTBEHHbIMU (YHK-~
yusamu Toro ke ypaBHeHus. ColOcTsenHsle 3HAueHus & U npunu-
MAIOTCS 30 BO3MOXNCHbLE 3HAYEHUS IHEPIUU 8 CTAYUOHAPHBLX COCTOSA-
Husx. CobCTBEHHbIE 3HAYEHHS 3HEPrHH & MOryt ObiTh OUCKDETHbL-
MU, 2 MOTYT HenpepuléHO 3ANOAHAT6 KOHEUHBLIH HJH OecKoHeyHbIH
HHTepBaJ. B nepBoM caydae roBopsT, UTO SHEPrETHYECKHH CIEKTP
OuckpeTHsiii, a BO BTOPOM ~~ Henpepolatbtil,

- TloAcHuM H3J0KEHHOE Ha YaCTHOM CJayuae OJHOMEPHOro [BH-
XEHHA YaCTHUB B MOTEHIHAJbHOM nNoJe cuj. lonmycTum, uto ya-
CTHUA J[BHXKeTcs BAOAbL ocH X, a norenunanbuass QyHkuus U(x)

Ulz)
1. 2w D
|

A A :
! | ?}(ﬁ \\ ¥, (1;\)\\
2) 8) )
%CZ‘/)(\ | #(z) i ¢(7) ‘ljiz(y\ /\%(f)
O e ¢

Puc. 42

¥MeeT BHI CHMMETPHYHOH <«IOTEHUHaJbHOH fMBl» (pHC. 42, a) xo-

neunoil ray6uusnl. [lyets U(x) MakcuManbHa NpH X = —Z=0co U MpH-

HHMdeT TaM OJHO H TO e 3HaueHue. [IpumeM 23To 3HaueHHe 3a

HyJb oTcuera 3Heprud. TakuMm obpasoM, npeanonaraercs, uato U(x)

BCIOAY OTpHLATENbHA W MPH x = -toco obpaulaercs B Hyan, B og-

HOMepPHOM cJayuae ypaBHeHHe [llpeaunrepa (21.7) npunumaer Buj
h? d2y

_aw — =0. 22.1

o 2 (& —U)p=0 (22.1)

Kosh¢puuuentsl 3TOro ypaBHeHHs BewlecTBeHHbl. [lostomy ono

HMeeT BellleCTBeHHDLIe PelieHusl, KOTOPbIMH H MOXHO OTpaHHUHTLCA.
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IlpaBna, Bcsikoe peulenne ypaBHeHHst (22.1) ocTaHeTcsi TaKOBHIM,
€CJIH ero YMHOXHTb Ha MNOCTOSIHHBIH MHOMHTE/b, KOTOPBIH MOXKET
ObITh ¥ KOMIIEKCHBIM. HO KOMIJIEKCHOCTb He BJHSIET Ha 1 *i,
a TOTOMY He CKa3blBaeTCsl HH Ha KaKHX (PH3HYECKHX BbIBOAAX
TEOpHH.

2. Paccmorpum cHavana cayua#l, xorpa & << 0. ITo knaccuue-
CKHM IIPEJICTABJEHHSIM YaCTHIIA He MOXKET 3aX0JuTb B Te 06sacTH
HpoCTpaHCTBa, B KOTopeix U > &, Tak Kak pasHocTb & — U paBHa
muv?/2, T. e, KHHETHYECKO#l 3HEPTHH, a OHa He MOXKeT ObITb OTpH-
natenbHof. HacTHila MOXKET IBHraTbCsl TOJBKO MEXKAY ABYMs TOY-
KaMH, B KOTOpblX U == &. JIOCTHTHYB OJHOH H3 3THX TOYEK, 4acTH-
Ha AOJIKHA NOBEPHYTb O6paTHO. DTH TOYKH HA3bIBAIOTCA TOYKAMU
nogopora. COTJIACHO KJ1acCHYecKOH MexaHHKe MPOCTPAHCTBO BHE
TOYeK MOBOPOTA AJA YacTHHB HefocTHkuMo. Ho ypasHenmne (22.1),
€CJ1d OHO HMeeT pellieHHe, He PaBHOE TOMKIECTBEHHO HYJIO MeXAay
TOYKaMH NOBOPOTA, AOJXKHO H 32 TOUYKAMH IIOBOPOTa MEPEeXOJHTb
B pellleHHe, He ofpaujamolicecss TOXKACCTBEHHO B Hyab. [edcTBH-
TeJIbHO, pellleHHe ypaBHeHHs (22.1), MOCKOJIBKY 3TO ypaBHEHHE BTO-
poro nopsilika, OJJHO3HAYHO ONpejessiercs 3ajaHHeM ¢ H dy/dx B
Kakoi-1160 ONHOH TOYKE MpocTpaHcTBa, Bo3bMeM 3Ty TOUKY B 006-
JacTH 3a TOYKaMH moBopora. EcCAM JONYCTHTb, YTO TaM Y =
==dp/dx =0, TO Ha OCHOBaHHHM CKA3aWHOTO GYHKUHSA ¢ [JOJKHA
TOXK/1eCTBEHHO 00paulathCs B HYJb BO BCEM NIpOCTPaHCTBe, B YacrT-
HOCTH M MeX/Jy TOYKaMH moBopota. K3 H3/0XeHHOro ciefyer, YTo
He CYUIeCTBYeT pelleHHsl, KoTopoe Obuo 6bl OTAHYHO OT HYJAA
MeXAY TOUKaMH IOBODPOTA M TOXKJecTBeHHO ofpaltajoch Ol B HYJb
3a 3THMH TOYKaMH. ‘

TakuM o6pa3oM, NJOTHOCTb BEPOATHOCTH {*P OTJIMYHA OT HYJA
H 3a TOYKaMH NOBOpPOTa. 3HAYHT, COTJIACHO KBAHTOBOH MeXaHHUKE,
CYULPCTBYET KOHEHHAs BePOATHOCTL OOHADYNCeHUs HACTUUbL U 8
Kaaccusecku Hedocrusmumor obaacty npocrpancrsa, ede U > & .
[IpuBeneHHOe BBILIE KJIaCCHYECKOE paccyxjeHHe B KBAHTOBOH Me-
XaHHKE HeNPHMEHHMO, IIOCKOJbKY B 3TOM CJjyyae H3-3a INpHHHIHTA
HEOTIpe/IeJICHHOCTH TepseT CMBIC] pasjejieHHe NMOJHOH 3HepPTHH Ha
KHHETHUECKYI0 M NMOTeHUHaJbHYI. COCTOSHHE YacTHUB ¢ IHEepruei
& XapakTepH3yeTCsi €lHHOH BOJIHOBOH (¢yHKuUHeH Bo BCeM O6ecKo-
HEYHOM HHTepBajie —oo < x < 400, a He TOJbKO e€e 4acThbi0 Ha
HHTEpBaJie MeXKAy KJIAaCCHUECKMMH TOYKaMH MOBOPOTA,

3. [Ipu x— £ oo ypaBHenue (22.1) acCHMOTOTHYECKH IepeXxo-
IHT B

A ey =0, (22.2)

rie npu & <0 o —noN0OXKHTeNbHAsi [OCTOSIHHAs, paBHas

a=+/— 2m&[r?. TlocielHeMy YpaBHEHHIO YLOBAETBOPSIOT (YHK-
uud Cie~* u Coet®* mpH NPOU3BOJIBHBIX 3HAUEHHAX NOCTOSAHHBIX ()
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u C;. Bropasi dyHnkuus o6pauaercs B 6eCKOHEYHOCTb NPH X = - 00,
Toria Kak nepsasi, Cie—®* ocTaeTcs peryJsipHoil IpH BCex MO0Jo-
JKHTEJbHBIX 3HAYeHHUAX X. AHaJOrHYHO, NPH BCEX OTPHHATEJIbHBIX
3HAYEHHAX X OCTaeTCs peryJasipHoH Tosabko QyHKuHS Coeto,

PaccmoTpuM Tenmepb ABa peluennst ypaBHenus (22.1): opuo
Y1 (X), KOTOPOE NPH NOJOKHUTEJbLHEIX X HA GECKOHEYHOCTH acHMITO-
THYECKH mnepexoluT B Cie~%*, apyroe Pg(x), KOTOpoe NpH OTPHILA-
TeJNbHbIX X Ha GECKOHEUHOCTH ACHMIITOTHYECKH MEepexoiuT B Coe+e*,
HckoMass @yHKuHs §(x), NpeacTaB/sollas pelLueHHE YPaBHEHHS
(22.1) Bo BCcelt GeckoHeyHOH o6jacTH —oo << x < 00, AOJKHA
noJyyaTbcs CLIHBaHUEM 000HX pelueHH# Py (x) U Po(x) mpH x =0,
Ilpn TakoMm CIIHBaHHH [OJIKHBI OCTaBATbCS HENpPEePLIBHBIMH caMa
GyHKUua P (x) U ee mepBas npousBoaHaa dy/dx. HBIMH CcJ0BaMH,
JOJIKHB! BEIIOJIHATBCS JBa PABEHCTBA:

()= (1), L =S oy om0, (223)

Ecnn dukcupoBath nocrosuuyio C;, To noctosiHHoft Cy MOMKHO
pacnopsaauTbesl Tak, yToGHl cobiionajoch nepBoe paseHcTBo. On-
HAKO BTOpDO€ paBeHCTBO, Boobuie roBopsl, cobawonatbcd He Oyrer.
Ecan e yIOBJCTBOPHThL BTOPOMY paBeHCTBY, TO, BOoOlle rosops,
He Oyzer cobaonatbcs nepBoe. O60ouM paBeHCTBAM MOXKHO OJHO-
BPeMEHHO YJOBJETBOPHThL JHIIb NMPH ONpeleeHHBIX 3HAYEHHSX na:
pamerpa &. DTu u3bpaHHble 3HAYEHHS] H OVAYT COOCTBEHHbIMU 3HA-
YeHUAMU 3Hepeuu YacTHILl HAH ypaBHenus (22.1).

Hans uccnenoBaHusi BO3MOXKHBIX COOCTBEHHLIX 3HAueHHH & 3a-
METHM, u4TO 3HaKu QYHKuHi d*P/dx? u (& — U){ npOTHBONOJNOKHEI,
DTO HemocpeACTBEHHO BHIHO M3 ypaBHenus (22.1). Ilostomy npwu
(& — U)y >0 kpuBas P = P (x) obpallleHa BHINYKJIOCTbIO BBEPX,
a npu (& — U)y << 0 —Brus. B toukax mosopora & — U =0, a
Takxke npu P =0 3Ta KpuBast UCOLITHIBAET neperud.

4. PaccMoTpuM cHayaJa cJaydaH, Koria o6e TOYKH IIOBOPOTa
coBmajgaioT Mexay cobof, T. e, xoria & = Uuyun, Te Uyux — HaH-
MeHblllee 3HaueHHe MOTeHIHANbHOH (QyHKHUM U, NpHHHMaeMoe el
npu x =0. Torna & — U = Uywu — U << 0. Ecau dynxkuun §;(x)
H Po(x) BHIOPATH MOJOMKHTEJIbHBIMH COOTBETCTBEHHO NPH X = —-00
H x=—o00, TO B 3THX Toukax (& — U){; << 0, (& — Ul << 0,
T. €. ofe BTOpbIE MPOU3BOAHBIE d*P/dx? U d*py/dx?* Ha GeckoHeuy-
HOCTH OYAYT TOJOXKHTEJNbHBI, 3HAUWT, npH YObBaHuH |X| obe Kpu-
Bble P == P (x) H P = Po(x) HAUHYT moAHHMaThcsl BBepX. [lo mepe
y6niBanHus |X| 3TOT mOABEM TOJLKO YCHJHTCS, TAaK KaK IPH 3TOM
geanyunbl (& — U)p; u (& — U)o, ocTaBasicb OTPHUATEIbHEIMH,
GyAyT HempepLIBHO BO3pacTarh N0 MOAYJI0. 3HAUHT, IPH YOLIBAHHH
| x| obe kpuBLie P = P;(x) H P = Po(x) AOMKHE MOCTOSIHHO MOA-
HHUMAaTbesl, OyAy4d oOpalleHHBIMH BLINYKJIOCTSMH BHH3 (pHC. 42, 6).
Ha kpusoil Y == ; (x¥) nepBast npoussBojHas. di;/dx OTpHLATEJbHA,
a Ha KPHBOH Y = (x) — nojoxurenbHa. [losToMy HeBO3MOXKHO
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OJIHOBPEMEHHO YJAOBJeTBOPDHTbL oboum ycaoBusiMm (22.3). leHcTBH:
TeJbHO, €CJd NpH x ==0 YyIOBJETBOPSETCS [epBOe YCJIOBHE, TO
BTOPOE YCJOBHE YHOBJETBODATLCSH HE MOXET H3-3a PasjHuHs 3HA-
KOB (IPOH3BOAHBIX dVi/dx u dpg/dx: apu cuiuBanuu Py (x) 1 Pa(x)
Ha KpHBOH ¢ = + ¥ nosiBuTCcs yraoBasi Touka (puc. 42,6).
Mo:Ho ycTpaHHTbL pasphiB [€pBOH MPOH3BOAHOM, BEIGpaB QyHKIHH
Pi1(x) U Pa(x) NPOTHBONOJOKHBIX 3HaKOB (Ha puc. 42,6 orpuua-
TelbHas (YHKUHMA P M3006paxkeHa nyHktupom). Ho Torza B Touke
x == (0 oKkaxercs pa3pbiBHOH cama ¢Qyukuus P == P; + p,. U3 us-
JIOJKEHHOTO CJeAyeT, UTo 3HaueHue & = Uyyy He MOXKeT OBITb cO06-
CTBEHHbIM 3HAUE€HHEM JHEpTHH.

5. Bynem Tenepb HenpephBHO yBesnuuHBaTb napamerp &, T, €.
NOJHHMATb BBEPX TOPU3OHTAJBHYIO NpsiMyio U (x)= & Ha puc. 42, a.
Torpa toukn nosopota A W A’ mauHyT HenpepniBHO pa3ABHraThcA,
HaXOASCh Ha PaBHBIX PAacCTOAHHSX OT HadajJa KOOPAMHAT, B CHJY
CHMMeTpuH noTeHUHaAbnOH sAMB U = U(x). Ilockoarky A n A’
ABASIOTCA TOYKAMH neperuba, obe KpHUBBIe P = P;(x) U P == Po(x)
MEXK/AY HHMH HauuyT 3arubatbcss BHH3. DyHKuuu ¢;(x) H P2(x)
BbpiOepeM Tak, 4ToOH cobaiofajnoch nepsoe ycaosue (22.3). [lpm
HeGOMBIUINX 3HAUeHUsIX & 00e KpuBble P = P (x) K P = Po(x) npH
x =0 no-npexHeMy OyAyT [epecekaTbCsl NOJ HEKOTOPBLIM, YIJOM.
Koneuno, BBHAy CHMMeTpHM NOTeHUHanbHOH AMB U = U(x) 3TH
KpHUBble 3epKa/JbHO CHMMETPHYHBI OTHOCHTEJBHO BEPTHKAJbHOH OCH
koopauHat, [To Mepe yBesauueHust mapamerpa &, T. e, 10 Mepe pas-
ABUTaHHs TOueKk nmoBopora A u A’, yroj Mexjay HHUMH yMEHbIIaeTcs.
Bcerga HacTynuT MOMEHT, Koria B Todke x = ( KacaTeabHasi K
OJ/IHOH, a CJef0BaTeJbHO, H K APYrof KPHBO# clesnaeTcs rOpH30H-
tajpHol. Torma obe xpuBble P == P;(x) U P = Po(x) naaBHO mne-
peliayT oana B Apyryilo (puc. 42,8). CooTBeTcTBYyIOlllee 3HAUEHHE
napaMmerpa & = & U OYAET nepeuim UAU HOUMEHbIUM COOCT8eH-
HbIM 3HQ4eHuesm 3nepeuu. B cayyae CUMMeETPHUHOH NOTEHIHAJIBHOH
AMbl HauMeHbliee COOCTBEHHOE 3HaYeHHe & BCEr/[a CYLIECTBYET.

6. Ilpu nanbHeilliem yBeJHYCHHH napaMerpa &, a CjleJOBaTeNb-
HO, W PacCCTOSIHHS MEXAY TOUKaMH IOBOPOTA KPHBHIE § = ) (x)
H P = Po(x), no-nmpexkHeMy 3arufaschb BHH3, HAUYHYT OMYCKATBCH.
Ousth Ha BEPTHKAJBHOH OCH NMOSBUTCA YraoBas Toyka (puc. 42,2),
T, e. Bropoe ycjoBHe (22.3) nepecTaner BHINOAHATbCS. OAHAKO B
KauecTBe pemieHus ypaeHenus Ilpexunrepa npu x << 0 Teneps
MOXKHO B3SITb HOBYI0 (PYHKUHIO Pg(X), OTNHYAIONIYIOCH OT NpexHel
¢byHkuun Po(x) sHakom. OHa H3oOpaxkeHa Ha pHC. 42,2 NMyHKTHp-
HO#l KpuBOH. SIcHO, 4TO 3Ta NMyHKTHpPHAS KPHBAsl 3€PKajJbHO CHM-
MeTpHYHA C HpPEXHeH KDPHBOH Y == ;(X) OTHOCHTEJIbHO TOPH3OH-
TaJIbHON KOODJAHHATHOH OCH, a CJieJ0BaTeJ]bHO, CHMMETPHYHA C KPH-
BOH ¢ = ;(x) OTHOCHTeNbHO Hauaja Koopiuuat. Korza yruosas
TOYKA, YIOMsAHYTas Bblle, ONYCTHUTCA B HA4aJ0 KOOPAMUHAT, BEPXHSs
KpuBass P == P;(x) HeNPEPLIBHO COMKHETCH C HIKHeH (MyHKTHP-
"HOH) KpHBOH, T, e. nepBoe ycjaosue (22.3) 6yner BrunosueHo, Co-
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OTBETCTBYlOUlAs PE3YJIbTHPYIOLLAd KPUBas uaobpaxena Ha puc. 42,0
y»Xe BCIOAy CIUIOMHOH JHHHeH. IIpH 3TOM OyJeT BLINOJHEHO H BTO-
poe ycioBHe (22.3), Tak Kak B Hauaje KOOPAHHAT ; == Yo, a NO-
TOMY OHO sIBJfAeTCA TOUKOH Meperu6a pe3yabTHPYIOIIEH KpHBOM.
PaccMoTpeHHOMY ciyuaio COOTBETCTBYET 8TOpoO¢ COOCT8EHHOE 3Ha-
uetue snepeuu & = &,. ’

Tpervemy cobcraennomy 3naderuro & == &3 COOTBETCTBYET BOJ-
HOBaa QYHKIMA, NPeJcTaBlennas Ha puc, 42, e.

ITpononzkasi aTOT npouecc Aajblie, yOexjpaeMcs, 4TO cOOCTEEH-
Hble (PYHRKYUU CTAUUOHAPHGLX COCTOAHUL UMEIOT Y3Abl, 8 KOTOPbLLX
OHu obpauiarorcs 8 Hyas, Hucao ysa08 Ha eOuUHULY MeHbUle HOMEPQ
COOT8ETCTB8YI0Uez0 COOCTBEHHO20 3HAHEHUS IHEPeULL.

7. Utak, npu & < 0 cob6cTBeHHBle 3HAUEHHS 3HEPrHH 06pasylor
duckperroui cnexkTp. ITockoabKy B 3TOM cllydae BOJHOBasl QYHKIHS
CTALHOHAPHOTO COCTOSIHMA HAa OGECKOHEYHOCTH acHMITOTHYECKH 3KC-
IIOICHIHA/IbHO YOBIBAeT, MOXKHO CKasaTh, 4TOo NpH & << 0 wacTHua
HaXoJAHUTCA B TNpPAaKTHYECKH OrpaHHuYeHHOH 06/1acTH NpPOCTPAHCTBA,
T. €. COBepllaeT QunuTHoe O0sunexue. HanoMHuM, 4To B KiaaccHue-
CKOH MexaHHKe yCJoBHe QHHHTHOCTH JABHXKEHHs Takke HMeeT BHI
& <0 (em. 1. 1, § 25). Pasanune COCTOUT TONBKO B TOM, 4TO CO-
[JIACHO KJaCCHUeCKOH MEeXaHHKe YacTHLA He MOXKeT HNPOHHKAThb
B NpPOCTPAHCTBO 3a TOYKAMHM MOBOPOTa, TOrJa KaK MO KBaHTOBOH
MeXaHHKe €€ MOKHO OOHApYXHTb H B 9TOM NPOCTPaHCTBe, XOTA H
€ BEDOSAITHOCTBIO, OBICTPO YyOHIBalolleH NpH YJaJdeHHH OT TOUeK IO-
BOpOTa.

Unc10 BOSMOXKHBIX CTAlHOHAPHBIX COCTOSIHHI HJIH 3HepreTHue-
CKHX YpOBHeH 3aBHCHT OT BHJa NoTeHUHaJbHOH dyHKinu U(x). OHo
MOKET OBITb KOHEYHbIM HIA OecKOHedHbim. B uacTtHOCTH, Korja
riybHHa CUMMETPHYHOH NOTEHUMAaNbHOH $AMBHI JOCTAaTOYlIO Mana,
BO3MOXKHO BCEro OOHO CTalHOHapHOe cocTOsiHHe. Ecau e uuc/I0
JHCKPETHHIX 3HepreTHueCKHX ypoBHeH GeCKOHEUHO BEJHKO, TO, oue-
BHIHO, C BO3DAaCTAHHEM HOMEpa YPOBHS €ro 3Heprus JO0JIKHA acHMI-
TOTHUECKH npubanxkarecsd K & = 0, a paccTrosHHe MexAy Cocell-
HHMH YPOBHSIMH — CTPEMHTBCA K HYJIO.

8. OTMeruM elle pas, UTO He CYUW,ECTBYET CTAYUOHAPHOR20 CO-
croauus ¢ suepeueit & = Uwuy. B TPOTHBRHOM CJlyuae yacTHUa BCE
BpeMsi HaxoaHsaach 6bl B Touke ¥ =0, T. €. MOKOHJIAch OBl Ha [JHe
MOTEHIHAJbHON MBI, YTO NPOTHBODEUHT NPHHLHNY HeonpeaejieHHO-
credl TeiisenGepra (cm. § 20, nyukr 8). Hanmenbluass sneprus, xo-
TOPYIO MOXKeT HMeTb YaCTHLA B HNOTEHIHaJbHOH fMe, paBHa & 1.
Dta sHeprus HasbiBaercsl Hyiaesod suepeuetl. Hysepasi sneprus s
3aflaHHOH norenuuanbHolt aAMme U(x) He MoOxeT OBITh OTHSTA OT
YaCTHHBI, MOCKOJbKY OHa $iBJseTcd HaHMeHbllell JONYCTHMOH 3Hep-
rueii. UtoObl ee H3MeHHTb, HaJl0 H3MEHHUTb CaMy NOTeHIHAaJbHYIO
AMY.

Hynesast sHeprus npospjfercs BO MHOTHX fBjeHHsiX. Ilpume-
poM MomeT CiayxuTh renuil. Ilpu abconloTHOM HyJe TemIepaTypH
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ero aToMbl HE HAaXOAATCA B NOKOe, a Gsarofaps HaJHYHIO HYJEBOH
SHEPTHH COBEpPIIAOT TaK HasblBaeMble HysAegble koAebanus. Bonnsu
abCONIOTHOrO HYJs OHH ellle AOCTATOYHO HHTEHCHBHB, TOrJa Kak
CHJIBl MOJIEKYASIPHOTO NPHTAMKEHHS caafbl. THX CHJI HEAOCTaTOYHO,
yTOOH KHAKHH residii NepeBecTH B TBEpPJOE COCTOSIHHE, Haxe IpH
abconoTIIoM HyJie TeMnepaTyphl, TpeGyeTcsi HOBLICHTb JaBJeHHE Ha
rejuil 10 24 atM uau Bhitle, utobul o (npu T ==0) nepewesn B
TBEpP0E COCTOAHHKE.,

9. Ocrasoch paccMOTpeTh pelrerue ypaBuenusi (22.1) npu no-
JIOXKHTE/bHBIX 3HaueHUsAX napamerpa &. B 3Tom ciyuae Ha Gecko-
HEYyHOCTH ypaBHeHHe (22.1) acUMNTOTHYECKH NEPEXOAHT B

%“2’_ + B2 =0, (22.4)

rae p==+/2mdéji’, T. e. p-—nonoxuTenbHas nocrosuuas. Ouo
HMeeT JBa JIHHEHHO He3aBUCHMBIX pellleHHs sin fx u cos fx, ocrato-
IlHecs KOHEUHBIMH npH X == = oo, [loatoMy atoGoe pemtetne P (x)
ypaBHeHus (22.4) TakXe KOHEYHO NPH x— = 0o, XOTA [PH 3ITOM
OHO H HE CTPEMUTCH K OIIpEeJe]eHHOMY (peaeay, 8 OCLHJINHPYeT.
Ecnn U(x) HenpepniBHA, TO OyAeT HENPEpPHIBHO H BCAKOe pellesine
ypaBHenus (22.4) BMmecte co cBoell mpousBoaHolt B M0O0OH TouKe
HUHTepBaja —oo < x < + oco. BasB jto6oe peuiexne, OCLHAIHPYIO-
mlee Ha OTPHUATEABHOH OCCKOHEYHOCTH, H HPOJOJKHB €ro B CTO-
POHY MOJIOXKHTENBHBIX X, MBI NOJYYHM BCIOJIy Helpephislioe pellieHHe
C HenpepbIBHOH MPOHM3BOANOMH, OCUHJJIMPYIOLiee HA MOJOXKHTENLHON
OeckoHeuHOCTH. ¥Ycgopde cmmBauds (22.1) BhINGJHsieTCcs aBToMa-
THYECKH.

Taxum o06pasoM, kaxum Obl HH Obll NOJOXKUTEIbHBIA napaMerp
&, n10boe pewenne ypasHeHusi (22.1) MoxeT OhTb BOJROBOH (YHK-
uvel. ITo 3HAUUT, U4TO Nnpu & >- 0 SHepreTHYeCKHUIl CNEKTP YaCTHUK
Henpepoierould, TTockodbKy NpH x == =00 QyHKUUS P OCTaeTCH KO-
HEeYHOH, 4acTHUA ¢ OTJHYHOHK OT HYJsi BePOSITHOCTbI0 MOXET YXO-
IHTbH B 6ecKOHeuHOcTh, MubiMu cuaoBamu, npu & > 0 aBHXeHue va-
CTHUB OyaeT ungunutrho, TakoBo Ke yca0BHe UHGHHHUTHOCTH IABHU-
*KEHHs H B KjaccHueckoll Mexanuke (cM. 1. 1, § 25).

10. B sakmoyende 3aMeTHM, YTO ecTecTBeHHHI¢ TpeGoBaHHs, Ha-
KJaabpiBaeMble Ha pelieHdsi ypaBreHus [lpenunrepa, o KOTOpPBIX
TOBOpPMJIOCH B HayaJje 3Toro naparpacda, MOryT OHITh ocCaa6JieHbl,
IlocTaTouHO OrpaHNuUNTBLCSE TpPeXMEpHbIM cJayuyaeM. Bo-nepseix, B
3TOM clyuyae IMOTeHUHasbhas GyHKuMs {(r) MOXKET B HEKOTOpPO#
TouKe oOpamiatbhest B 6eckoieutocTb, [lyerb Tako#t Toukodl siBasieTcs
nauasno goopauHar r==0. Torpa, Kak MOKa3bIBaeTCs B KBAHTOBOH
MeXaHHKe, JNONYCTHMH peLIeNHs, KOTOpHe B OKPECTHOCTH HayaJa
KOOPAMHAT BeAYyT cebs Kax ¢ ~ 1/r® ¢ NoJ0XKHTEJIbHBIM 3HaYeHHeM
noctosinHofl @. OnHAKO JOMXKHO OuTh o < 1. Bo-BTOpPHX, H3 (H3H-
ueCKHX cCOOOpaKeHHH sICHO, UTO TpeGoBaHHe OJHO3HAUHOCTH HOJKHO
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HAJAraThCsl He Ha caMy GYHKUHIO ), a HQ NAOTHOCTb 8ePOATHOCTU
v*¢. Ho Bo Bcex sompocax, paccMaTpHBaeMbix B KBaHTOBOH MeXa-
HHKe, OHO CBOJMTCH K OJHO3HA4YHOCTH VY. Ha sTHX Bonmpocax MH He
MOEeM OCTAHABJHBATHCS.

§ 23. 'apMoHHYecKHH OCHHJANSATOP

1. lapmonuueckum OCYUANATOPOM B KJIACCHYECKOH (H3HKe Ha-
3BIBAIOT YACTHILY, HA KOTOPYIO AEHCTBYeT CHJa, MPONOPIHOHANbHAA
OTKJIOHEHHIO YAaCTHLB H3 MNOJIOXKEHHS PAaBHOBeCHS M HanpaBjeHHad
K HeMy. OCUMANATOP HA3bIBAeTCS OOHOMEPHbIM, €CJIH 4acTHIA MO-
WMET JABUraThbCd TOJbKO BJOJb ORHOH npsamoii. [locsiegHion Mbt npu-

MeM 3a ocb X, a MOJIOMKEHHE PABHOBECHS —
Uz) 3a HauajJo Koopausar. IloTeHunaJbHas
—_—t (OYHKUHS 4acTHUIBI HMeeT BHJ

— U=/, ks, (23.1)

—_t rae k — nocrosinHas (ko3agduyuent ynpy-
. 20CTU), a X-— OTKJIOHEHHe 4YacCTHLL OT 1o-
Joxenus paBHoBecusi. Fpadukom Pynkuuu
U(x) sBasiercst mapaGosaa (puc. 43). Co-
0 © TJIACHO KJIACCHUECKOH MeXaHHKe OCIHJJA-
Prc. 43 TOP COBEpIIAET TapMOHHYECKHE KOJIeOaHHS
¢ HEKAMYECKOH uacToTolf @ = A/k/m, rge

m— Macca 4acTHIHI.

B xBaHTOBOH MeXaHHKe NOHSTHE CHJBLI He Hcnoawsyercs. [lo-
3TOMY KBaHTOBbIH rapMOHHYECKHH OCHUJISATOD CJEAYET ONpEeleNHThb
KaK YacTHIY ¢ MoTeHUMaJbHOH ¢yHkuuelt U(x). Haiigem sHeprun
CTALHOHAPHBIX COCTOSIHHH OCHUMJLISATOPA, CJAeAys HAesIM Npejbiy-
wero naparpacda. Ho 3mech BosHHKaeT cjelyollasi TPYAHOCTb.
Pyukuuio U(x) Helh3s HOPMHPOBATH TaK, 4ToGH OHA ofpalyasach
B HYJb B OECKOHEUHOCTH, TaK KaK IPH X == —4-co OHAa caMa 6ecKo-
HeuHO Beauka., Ho 3Ta TpyAHOCTb HCcKyccTBeHHasi, B peasnnHbIX cu-
CTeMax NpH BO3DACTAHHH |X| HAUHHAIOT MPOSIBJATBCS OTCTYMJIEHHS
ot napa6osnueckoi ¢popmyan (23.1), Tak uto U(=zo0) craHOBHTCH
kKoHeyHoH. PaccMorpum cayuaii, koraa U(x) cHMMeTpHUYHA, TaK YTO
U(+o0)= U(—). Torna metoas npeablaymiero naparpada cra-
HoBATcA npuMenumbiMu, Ho 3mech ypobBhee 3a uyap U(X) npuusrs
ee 3Haueidne npH x ==(0. Mpl npoBejeM pelleHHe, npelanoJaras, uTo
tdopmyna (23.1) cnpaseisnusa npu Job6bix x. OgHaKO AJas pealib-
HOrO OCHHJIISATOpA [OJYyYeHHble pe3ysabTaThl GYAYT CIpaBelHBb
LJS He CJAMLIKOM GOJILIIHX 3HAYEHHH |x].

2. Ypapuenne lllpegunrepa ajis OXHOMEPHOTO TapMOHHUECKOTO
OCLANAATOPA HMEET BHJ

B
— g Rt = &, (23.2)
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Ecan BBecTH GeapasmepHble BeTHUHHLE

A=2&/to, &=x+klho, (23.3)

TO OHO npeodpasyerca B

d*P . .
— =1, (23.4)

[1pu ompesenenszoM 3HaueHHH IapaMeTpa A 3TO ypaBHEHHE HMeer
pewlenie P ==e%’, rpe o — NOCTOsHHaH, KoTopasw cefiuac Oyner
onpejeiena sMecre ¢ A. JIeHCTBUTENBHO,

dlg = 2afe®®’ = 2afp,

‘fjg"; = 2ap + 208 L = (1022 4- 2a) .

[ToncraBassa 3TH 3HavyeHUs B (23.4), NOJYYUM
(1 —40% E2 — 20 =,

MpHYEM 3TO COOTHOLUIEHHE [OJIKHO BBIIOJHATECA TOXAECTBEHHO
no & 3rto 6ymer roraa H TOJbKO Toraa, koria 1 —4oa? =0, A=
= —2a, T. e. & = +1/2. 3HaK maioc ciaeayer OTGPOCHThL, TaKk Kak
B 9TOM cayuae ¢yukims P = e®’ obpawmanacs 66l B 6eCKOHEUHOCTD
npu § = d-oco. Takum 06pa3oM, NOJAYUAETCS pelenye

P == et (23.5)

ecad A ==1, 310 peureHHe He HMeeT Y3JOB, & NOTOMY OHO ONHCHI-
BA€T OCHOBHOE COCTOsKUe 2APMOHUYEcKoeo ocyuariropa. EMy co-
OTBETCTBYET HyJeBas HEPTHH

&o=={A/2) ho = ho/2. (23.6)

3. B crampmonapHoM COCTOSIHHH C 3Hepruell &, OyHkuus 1
NOMKHA MUMETh 7 Y3J0B. TaKOe YHCAO Y3J0B UMeeT DYHKIUHSA

V=P, (E e ¥?, (23.7)

rae P,(E) — nosuHOM -l CTENEHH C HEKPaTHBLIMH BELICCTBEHHLIMH
KopusimH. llpu H36paHHBIX 3HauyeHUsX TNapamerpa A Takas (QyHK-
uus JeHCTBHTENLHO SIBISIETCS DPelleHHeM ypaBHeHus (23.4) u 006-
paulaercsi B HyJb Ha GeCKOHeUHOCTH. IlIpH TakHX 3HaueHusix A oHa
u Oyaer BONHOBOH (yHKUHel ocunaiasitopa. JBaxkasl auddepeniu-
pys ee u moxcraBass d*p/dx? B ypasuenne (23.4), noayuum

— P (8 + 28P, () + P, (§) = AP, (§). (23.8)

3T0 COOTHOLIEHHE NOJKHO BBIIOMHATHCS TOXKAECTBEHHO 10 . B HeMm
BCe MoJYepKHYThIe U/eHbl SBJASIOTCA MOAHHOMAMH cTenehu . CTe-
_Nenb mojgunoma P, (§) na JBa Memblle, T. e. paBHa n—2 (n = 2).
Y1060 OmpeaeiuTs A, HOCTATOYHO CPABHUTL KODDULUHEHTH NPH
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CTapliilx yJjeHax MNOAYEPKHYTHX noJauHoMoB. Eciu kKospdHIHEHT
npu &" B nonunome P,(E) paBed a,, TO B nomunome 2P (E) coor-

BETCTBYOUHH Ko3dhdHuuuent paseu .2na, I[lostomy Heofxomumo,
4TOOBl BHIIOJHAJNOCL COOTHOIUeHHe 2n 4 1 = A. Torpa

— P7(E) + 2EP (§) = 2nP (E). (23.9)

[TonuHOMBI, ABASIOULHECS PELIEHHAMH 3TOrO ypaBHEHHsl, HA3bIBAIOT-
ca noauwomamu Yebeuwesa — Fpmura. MoxHo nokaszatbh (Ha yeM
Mbl HE OCTAHAB/UBAEeMCsl), YTO BCe KOpHH noguHoMor Uebbimesa —
DpMuTa HeKpaTHLle H BellleCTBEHHBle. DTO JIerKO AOKa3aTh JJis
HeOOAbIIHX A, GAKTHUECKH HAXOAS CaMH NOJUHOMBI H BBHIYHCJSA HX
KOpHH (CM. 3a71a4yy K 3TOMy naparpady).

[MoacraBass A=2n-4+1 B (23.3), HaXoAHUM >3HepreTHUECKHE
YPOBHH OCLHJIJISITOpA:

Ea=to(n+3) (n=0,1,2 ... (23.10)

OTH ypOBHH 3K6UOUCTAXTHOL, T. €. HAXOAATCS HAa PaBHBHIX paccrof-
HUsIXx Apyr oT apyra. Ha puc. 43 oHu u306paxeHb TOPH3OHTAJb-
HBIMH [IPIMBIMH,

Knaccuueckuli oCUMJJIATOD H3JYuaeT CBeT TOJbKO ¢ OJHOU ua-
crorolt ®. Kasanock 6bl, 4TO B COOTBETCTBMH C NPAaBHJOM YaCTOT
Bopa B kBaHTOBOM cJiydae BO3MOXKHO H3JiyueHHE CO BCEBO3MOXK-
HBIMH KpaTHHIMH dYactoTaMu Ne (N — penoe uyuciao)., Ha camom
fese npH uH3NydYeHHH (OTOHA 3TOro He upoucxour. M3 storo 3a-
TPYJAHEHHS B CTapoi KBaHTOBOH TeopHH bBop sniiues, pyKoBold-
CTBYSICb IIPHHUHMNOM COOTBeTCTBHA. UTOOB MCK/IIOYUTL KpaTHblE 4a-
CTOTBI, Ha TIEPEXOJibl MEXJIy YPOBHAMH SHEPrUH ocuMAAsiTOpa ObLI0
HaJOXKeHO orpaHHyeHHe, HasbiBaeMoe npasurom orbopa. CoraacHo
TOMY [PaBHJy KBAHTOBOE UHCJO 1 OCLHJJIATOPA TPH HU3JyYEHUH H
norJomenny GoToHa MOXKeET MEHAThbCH TOJBKO Ha -1, T. e,

An== 41, (23.11)

70 npaBHao 0T60pPA BHIBOAHTCA H B NOCJAE40BaTeNbHOR KBAHTOBOI
MeXaHMKe, He oOpawiasicb HH K KakOMy NDHHLIHNY COOTBETCTBHS.
KBanToBas MexaHuka no3BoJsAET BHIYHCAHTL BEPOSITHOCThL fepexoia
OCHMJLISITOPA C OJXHOrO YpOBHsI HA APYrofl C H3JydYeHHEM HJH NO-
raomendeM porona. Oxazanoch, YTo 3Ta BEpPOSTHOCTh ofpalaercs
B HyJb, KOrjga npasuio ordopa (23.11) une cobaropaercs.

3AILAYA

Hafitn noannomy Yebnlinena — DpMuTa 0 BoanOBLIE (QYHKIHH OAHOMEPHOLO
rapMOHHYECKOrO OCUHANATOPA [na n == 1, 2, 3, 4, 5.

Pewenne Pagn npuMepa paccMoTpuM caydahi n = 4. 3anaya CBOAHTCA K
peitieHHIo ypapHeHHa (23.9) B BHie uosuHOMa

Py (§) = a§* + ast’ + a:f" + aif + a0
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[MoncraBass sTo BHpa)ieHHe B ypaBHenHe (23.9) M cpaBHHBast KO3(PQHIHEHTH,
HaillleM, 4TO OHO YJOBJETBOPSIETCS NPH JIOOOM 3HAYEHHH a4, KAK 3TO H JOJKHO
6LITb coryacHo o6llelt TeopHH. Jlajee, RAXOAHUM Qg = —3a4, A = —saa = 3/sas.

a3 = a, = 0. Urak,
Py (E) =a, (8 — 387 + 3/4).
KopHu storo nosnHoma

t=x+4/1, 36
BellleCTBEHHBl H HEKPATHHL
Ananorununo,
Py () =ai§,

Py (§) =a, (82— 1/2),
P3(E) = a3 (k3 — %/,8),
Ps (§) = as (£° — 583 + '9/48).
BonHoBele (YHKUMM NONyYawTCAs YMHOMKEHHeM STHX NONHHOMOB Ha e 52 x
OGLIMHO HOPMHDVIOT K €/HHHILE, T. €. MOJMHHSIOT YCJOBHIO
+ oo
\1P@e ¥ Rag—1.

— 00

§ 24. OpHoMepHblE NPAMOYrOJbHble NOTEHUHAJIbHbBIE fiMbI

1. KBanTtoBauue Ha ocHoBe ypaBuenus Llpenunrepa (22.1) no-
NIE3HO YSICHHTh Ha INpPHMepe OAHOMEPHOH CHMMETPHUYHOH «MOTEH-
IHaJbHOR AMBI» npsaMoyrosabHoH ¢opmbl. Tak HasbBaeTcs NOTEH-
suanbHas ¢yukmus U(x), npuHHMAalOmWas Ha HHTepBale —a <<
< x < 4-a nocrosiHHoe 3HadeHHe —U, M ofbpamaruiasca B HyJb
BHE 3TOro MuTepBana (puc, 44). Ilas 3Toro caydasi Jerko noJyduTh

Uzy |

Puc. 44 Puc. 45

TOYHOe pelleHHe ypaBHenus lllpenuHrepa W Ha ero OCHOBE pac-
CMOTpeTh 3afauy O KBaHTOBaHWM 3Hepruu. Ho sTum 3Hauenue nps-
MOYTOJBHBIX NOTEHUHAJbHHIX AM He HcuepnbiBaercs. B psage cay-
yaeB (Hampumep, B ffepHOR ¢u3HKe) UCTHHHBIA XOI NOTEHIMAJb-
no#i ¢yuruun U(x) uemsBecreH. Annpoxcumupys U(x) noTenuu-
aJbHOH $MOH NMPAMOYrOJAbHOA (QOPMBI, MOJYUAKT B TAKHX CJAy4asx
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He TOJbKO KayecTBEHHBIC, HO [aXe KOJHUYeCTBEHHble DEe3YJbTAaTHl
OLLEHOYHOrO XapakTrepa,

2. Haunboslee npoCTHIM B MaTeMaTHYCCKOM OTHOINEHHH SIBJIAETCS
caydyalt Geckoneqno 2aybokold NOTEHUHAJNLHOH SIMBI, Korja BeJH-
unHa Uy obpaiiaercs B GecKOHEUHOCTb. B 3ToM cayuae uenecoob-
pa3Ho 3a HyJb NOTEHUHAJbHON (QYHKUMH NPHHATL €e 3HAYeHHe Ha
«JlHe» MOTeHUHAJbHOH SIMB, T. €. HAa HHTepBaje —a << x << +a.
Torpa na «cTeHKax» siMbl (T. e. IpH x == a) ¢yHkuusa U(x) Oy-
JeT npeTepneBaTh pasphiB OoT 0 10 4oo. Takas noreHuuasbHas Ma
H306paxkeHa Ha pHc. 45.

MareMaTHuecKoe ynpollleHHe 33ja4yH NpH nepexoje OT SIMH KO-
HeYHOH ryOUHH K GecKOHeyHO rJyHOKO#l siMe CBS3aHO C TeM, 4TO
B NOCJeHeM CJy4yae BHe UHTepBaja —a < x << +a, rie U BCciony
fecKOHeYHO BenMKa, QyHKUHS ¢ AOJKHA obpamarbcs B HYJb. Hefi-
CTBUTEJILHO, COTJIACHO KJIacCHYecKof (HM3MKe, 4aCTHIA C KOHEYHOH
sHepruefi & He MOXeT HonacTb B 06JjacTe, rae U(x)= 4 oo.
B kBaHTOBO#i MexaHHKe 3TO YTBepXKjAeHHe 3aMeHsieTcsi TpeGoBaHKHeM
ofpalleHuss B HYJb IVIOTHOCTH BEPOATHOCTH Y*§, a CJeLOBATEJNbHO,
n camoft pysHkuuy ¢. Takum o6pa3oM, JOCTATOUHO PacCMOTPETh pe-
menne ypaBHeHus [lpeanHrepa TOJBKO B HHTepBajle —a << x <<
< +a, 4TO U BeJleT K YIPOILeHHIO 3aJaun.

Buytpu wuHTepBana —a << x << +a U(x)=0 u ypaBHenue
(22.1) npuaHMaeT BHJ

¥ p=0, (24.1)

rje BBCIEHO obo3HaveHue
B = 2m&|h. (24.2)
He Tepsis 061HHOCTPI, AOCTATOUYHO OrPpaHUYHTLCA IOJOXHTEJbHBIMH

3HAueHHSIMH R, 4TO W npelAnosaraercs HHxe. O6lllee pelienue ypas-
wenus (24.2) umeer BHA

p = Acos kx + B sin kx,

npHyeM Ha CTeHKaX SIMbl X = =@ JOJXHO ObiThb § = 0. IT10 Jaer
Acoska+ Bsinka=0 upu x=+a,
Acos ka— Bsinka=0 npu x=—a.
Eciu A=£0, to Acoska =0 H, cjleloBaTeNbHO, CO0s ka =0,
sin ka 5= 0, B==0. Hao6oport, ecin B0, to Bsinka =0 u, cie-
noBaresbHo, sin ka =0, cos ka =0, A=0. Takum o6pasom, Bce

peuleHnsl ypaBuenus (24.2) pacnagalorcs Ha JBa KJjacca:
1) ¢ yeTHHIMU QYHKLIHAMH

bv=Acos kx, ka=n/2, 3n/2, Bn/2, ...,

2) ¢ HeyeTHHIMH QYHKUHAMHU
p=Bsinkx, ka=2(xn/2), 4(n/2), 6(n/2), ...



§ 24 OJJHOMEPHDBIE TPEMOVYTOMLHBIE MOTEHUHAJBHBIE $Mbl 149

BosMmoxHocTh £a = (0 BO BTOpOM CJydae HCKJIOHaeTCd, TaK Kak
Torfia Onijio Ob Y =0, uto He HMeeT (H3HyecKoro cMuicaa. [lo-
crosHuele A u B 06GbIYHO ONpeiesloTC H3 YCJIOBHS HOPMHPOBKH
+a
S [YPdx=1 (p1s pasbupaeMoro HaMyu BOMpPOCA 3TO He HMeeT
—-a

3HaueHud ). Torna mosayuaercs

1 nx
— COS 5, TPH HeUeTHHX n,
3
p={ "V ’ (24.3)
L sin ™% npu wetnnix n
l Aa o, P ’
B oboux cayuasx k= nmn/2a, Tak 4To 0pH JIOOOM LEJIOM 1
R T SR e
g_——ﬂ ke = Sma? n-. (244)

OTclofia BHAHO, 4TO 3HEPTHS KBAHTyeTCHl, JHepreTHUeCKHE YPOBHH
duckpernst, 1pu Uy = 400 uncso ux GeckoHeyHo BesiHKO. Tak Kak
3HaueHne n =0 HCKJIOYAeTCHd, TO 3HEPrHs HAHHHU3LIEIO YPOBHA
paBHa hAn?/(8ma?). Dro — HyJseBas 3HepPTHs, HEOOXOAUMOCTh KOTO-
poH caelyeT u3 ob6LHX NOJOKeHHH.

[1IpoTHB NpHUBEAEHHOrO PeIEHUA MOXKHO BHABHHYTHL CJEAYIOLIEE
BospaxeHnHe, Ha Bcsikofi MOBepXHOCTH paspbiBa MOTEHIHAJBHOM
byukuun U(x) D0/KHBE BHIIOJHATBCS FPAHHYHBIE YCJIOBHSA

Yol — )=y (x+0), E=0_ bED (55

rae ¢;(x) — dyHruus P(x) 00 OAHY CTOPOHY INIOBEPXHOCTH Pas-
peIBa, a Pp(x) —mo apyrywo (cM. § 22, nyukr 1). B namem cayuae
BHYTPH HHTepBasa —a < x < -+a P ==1; 1aeTcs BBIPAKEHHAMH
(24.3), a BHe aroro wunTepBasa P == Pp,=10. IlepBoe ycsjoBHE
(24.5) BuinosHseTcsi, TorJa KakK BTOpPOE He BHINOJHSETCS., TakuM
06pa3oM, Ha CTeHKax MOTeHHHAJbHOH MBI MepBasi NPOH3BOJHAS
HailJeHHOA HaMH GYHKUHH Y (x) HOpeTepleBacT pa3pblB HeNPEpPHIB-
HocTH. ONHAKO 3TO NPOTHBOpeuHe ¢ OOWUMH TpeOOBAHHSMH, KO-
TOpPbIM JIOJIXKHA YAOBJETBOPATh (QYHKOHA Y (x), SIBASETCA TOJBKO
KaXKyLIUMCS U BO3HHKAeT B Pe3YJbTaTe MATEMATUYECKO20 nepexoda
K npedeay. Bo BcsiKoM peasbHoM cayuae ray6una amel U Koneuna,
XOTSl ¥ MOXeT ObiTb 0OYeHb 60JibioH, B 3TOM ciiyuae BOJIU3U CTEHKH
no obe cTOPOHEl OT Hee Y(x) u dy/dx, Booblle roBOpA, OTJIHYHH
OT HyJas, u ychaoBHsi (24.5) crporo BumosHsiotes. Ho mpu mepe-
Xofe K npejejly GeCKOHEYHO Iy6OKOH SMBI OHH MOrYT H He BHI-
HOJIHATBCS 1151 pelesbHbIX 3HaueHHH 3THX BeJHUYHH. [ eHcTBHTENL-
HO, W3 cooTHomenuii (24.5) He cielyeT, UTO JOJKHB BBIIOJHATHCS
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H NpeAcJibHbIC COOTHOILUECHUS
lim 4, (x — 0) = lim g, (x + 0),
d . 1 .
= lim gy (x — 0) = ——lim ¢, (x + 0).

DTO HA caMOM jeJsie U NPOHCXOJAHUT ¢ NPOHSBOAHLIMU GYHKIMH P (x).
HafneHnHoe HaMHu pellleHHe OTHOCHTCS HE K peasibHOll GYHKUMH P (X)
NpH oueHb GOJLIIOM 3HAaueHHH U, a K ee npedeabHOMY 3HAUEHUHD
npu Uy — oo,

Ha atoM npumepe ¢ 0co60H OTUETIHBOCTbIO NMPOSIBJAAETCA OTME-
YyeHHasl BhIIle AaHAJOTHSl MeXAy 3ajaueil O KBAaHTOBAHHH JHEPTHH
M 3ajauell 0 KoseGaHUH CTPYHBL C 3aKpenJeHHBIMH KoHUaMd. JleH-
CTBUTEJbHO, B CAyuae NPAMOYroJbHOH 6ecKOHEYHO Ty1yOOKoiH MOTeH-
HHAJbHOR sIMHI 00e 3aJaud MaTeMaTHYECKH TOXIECTBEHHHL.

3. PaccmoTpuM Teneps cayyall CHMMETPHUHOH NpSAMOYrOJIbHOH
AMBI KOHeunoi 1ayOunbl (puc. 44). IloTeHnuanbHylo QYHKHUIO
U(x) BHe saMbl npuMeM paBuoil Hyato, BayTpu simul U (x) = Uy << 0.
3a Hauano KOOpAMHAT BO3bMeM UeHTp JjHa sAMu 0. Hccaeayem
cHayaJsa caydal, KOTAa NOJHAas 3HepTHs & OTpHUATeJdbHAa, NpHUEM
Uy << & < 0. Beenem o6osHauenus

k=4 2m(& —Ug)/1?, a= -+ /—2m&[R. (24.6)
Torpa ypasuenue lllpeaunrepa BHYTPH sIMBI Oyaer

2
2+ k2p=0, (24.7)

a BHE SIMEI \
oY —a%p=0. (24.8)

O6iiiee pellenne ypaBHenus (24.7) HMeeT BHI
‘ P = A cos kx + B sin kx. (24.9)

Pewenvem ypashueHusi (24.8) ssasercss e*®*, 3pech Hano BHIGpaTh
Takof 3HaK, 4TOOBI pellieHHe 00pallajoch B HYJL NIPH X = * oo,
Taknm 06pasoM, BHe SIMBI JOJIXKHO ObITb

P==Ce % npu x>a,

Pp=De** 1npu x < —a.
W3 coobpaxkenuii CHMMETPHH CJelyeT, YTO IJIOTHOCTb BEPOSITHOCTH
|p|? nomkHa OHITH cHMMeTpHUHOH (YHKLHeH X OTHOCHTEJNbHO Ha-
yana koopauuat, CleaoBartenbHo, A0KHO ObITh C? = D?, T. e, BO3-
Moxnbl aBa caydasi; C=D n C= ~—D. Ilocrosunnie A, B, C, D

Hajo BHIOpaTb TaK, YTOObl Ha Kpasfx sMbl (QYHKUHS { H ee NPOH3-
sognas dp/dx O6wnu HenpepeiBHH. Ha rpanuue x = +4-a 310 naer

A cos ka + B sin ka = Ce~ %4,
— kA sin ka + kB cos ka = — ale 84,
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a Ha rpaHule x = —a
A cos ka — B sin ka == De 4,

kA sin ka + kB cos ka = aDe~0,
Orcoaa _

24 cos ka=(C + D)e—0a, “ 2B sin kg =(C — D)e~9,
2kA sin ka=a(C 4 D)e=94, « 2kB cos ka = — o (C - D)e—ca,
Ecau As=0u C=D, 10

kigka=a. (24.10)
Ecnu ke Bs=0u C= —D, 10 ‘

kctg ka= — a. 24.11)
OTH ycJoBHS He MOryT GBITh YIOBJETBOPEHL OJHOBPEMEHHO, Tak
KaK B MPOTHBHOM CJyYae NOJAYyYdaoch 6bl k2 = —a?, a 3T0 HeBO3-

MOXHO BBHAY BeUleCTBEHHOCTH k2 H . Pewenne, xorma Bce Ko3g-
¢unmuents A, B, C, D paBHH HyJ10, DU3HUECKOrO CMBICJIA HE HMEET,
Takum oO6pasoM, Bce BO3MOXHble DelIeHHS pa3jessloTCs Ha JBa
KJacca: pelleHHss ¢ yeTHOH BosaHOBOH ¢yHkuuel, korna A==0,
B=0, C=D, u peweHus c HeueTHOH BoJNOBOl (pyHKIHel, Koraa
A=0,B%0, C= —D.

YpOBHHU 3HEPTHH HAHUAYTCS NyTeM Tpa(HyecKoro HJaH HMHCJEHHOTO
pewenuss ypaBHenusi (24.10) wuaum ypashenus (24.11), B KOTOpPHIX
MOJIOXKUTE/IbHbIE BEJHYHHBl k& U o ONpEeAeNsioTcs BblpaXKEHUAMHU
(24.6). Jlns rpagHuyeckoro pelleHHsl BBeleM Oe3pasMepHble BeJH-
YHHBI

E=ak, mn=aqc. (24.12)
Torna
8 4 n? = — 2mUa¥/1?, (24.13)
npuUueM JJsi pelleHHH ¢ ueTHOH BOJHOBOH ¢yHkuded H3 (24.10)
caenyet
n=_E1tgg, (24.10a)
a JJs pelleHHH ¢ HeueTHOH BOMHOBOH ¢yHkuued u3 (24.11) noay-
yaeM
n=—E&cigt. (24.11a)
Ha puc. 46,a noctpoennl Kpubnie M= EtgE, Ha puc. 46,6 —
KpuBble N = —fctgf BepTHKaJbLHEIMM NYHKTHPHBIMH JIHHUSIMH

u306paxenbl acHMIOTOTH ITUX KPHBHIX. BBUAY nosoxHTeNbHOCTH §
H 7] HYXHBl TOJbKO YYacTKH KPHBEIX, PacrojioXeHHble B NOJOMKH-
TeabHOM KBajapaHTe (§E >0, n >0). IlepeceueM 3TH KpuBble
okpyxHocThio (24.13), paamuyc xoropoit +/—2mU, a/h noaxen
CUMTATbCA M3BECTHBHIM, MOCKOJBKY H3BecTHH BedHunHbl Up u a. Ko-
OPAMHATH TOUEK T[epecedeHHss 3TOH OKPYXKHOCTH C KPHBHIMH
(24.10a) n (24.11a) naAyT BO3MOXKHble 3HaueHus § H 1, a caefio-
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saTesbHo, £ U a. Ilocae atoro no gopmynam (24.6) serko Ha@Tu
snayeHus &. Uucjao ypoBHEH Bcerja KOHEYHO U ONpefessieTcs [Jy-
OuHolt — Uy n mupHHON 2a norenuHasbHoH simbl. Hanpuwmep, ecau
pajHyc OKPYKHOCTH paBeH 7, TO MoJydaeTcs NATb ypoBHed, Tou-
KaM nepeceueHuss /, 3, 5 COOTBETCTBYIOT UeTHBIe, a ToukaMm 2, 4 —
HeyeTHble BoJHOBHe (yukuuu, Ecan 0 = —Uga? << h2%n2/(8m), To
UMeeTcsl TOJBKO OJIHA TOYKA NepeceueHHs, KOTOPOH COOTBETCTBYET
yeTHas BOJIHOBas (yHKuHs. Tak Kak BeJHUYHHA g CYUIECTBEHHO OT-
JHUHA OT Hyas, To u3 (24.6) caeayer, uto & > Uy. Bce yposhmu

-gctgg
7=-sctgl

Nof=-E ctyE

|
|
|
|
I
I
!
|

!
I
!
!
|
|
J
{
|
!

5

/2 n n

Puc. 46

SHEPTHUH, B TOM 4YHCJ€ M CAMBIH HH3IMMH, JIeXKAT Bhile Alla NOTEH-
wuanpuoil siMpl. OnsATL Hallle pelleHHe MPHBOLHT K HEOOXOAHMOCTH
CYIIECTBOBAHHS HYJIEBOH 5HEPTHH.

4, Ocraercs paccMoTpeTh cayuai, Koria & > (0. B' arom cay-
yae BEJIHUHHA ¢ UHCTO MHUMasn: a == (. Bmecro (24.8) noayuaercs

ypaBHEHHE

d2
Lt pv=0. 124 82)

Ero pemesus:
Y=A"cosPx+ B’ sinpx npu x> +a,
P=A"cosPx+ B”sinBx mpu x < —a.

Qfa pemeHHA OCTAIOTCA KOHEUHBIMH NpPH J100BIX 3HAYEHBHAX X, B
4aCTHOCTH CKOJIb YTOAHO GOJBIIMX No abcomioTHo# Benuuune, OHu
coepykaT ueThipe NPOU3BOJMBHBLIX noctosuuux A, B, A”, B”. Jtu
pelIeHHsl HaJ0 CIIHTb C PelleHHEM BHYTPH HHTepBaja —a < x <<
< +a, Koropoe mnpexacrasascrcs GopMyaoit (24.9), utobbl npu
3TOM OCTaBaJHChL HenpepulBHBIMH ¢ M d{/dy Ha 00eHX CTeHKax
OTEHUHaJLHOH AMBL. TaKHM MyTeM MOJiyuaoTcs YeThipe JHHEHHBIX
ypaBHEHHsI OTHOCHTeJbHO Koadduunenros A, B/, A”, B”, conepxa-
wue A u B B kavecTBe mapamerpoB. ITOro Kak pas JOCTATOYHO,
uroBH BBHIPA3HTh 3TH HeH3BecTHble K03hduuHeHTH uepes A u B.
[Ipu atom A u B Moryr npuuumarn mwobble snayenus, Orcioga cie-
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ayer, 4To npH & >0 3HeprHsi He KBAHTYeTCS -— 3HEpreTHUYeCKHH
CIeKTp Henpepoisexn. BonHOBas QYHKIHS He CTPEMHTCH K HYJIO MpH
X — 400, T. e, JBHXKEHHEe UYACTHLB UAHMUAUTHO, KAK TOrO H Tpe-
6yeT obuias Teopus.

§ 25. KpantoBaHHe B ciyyae chepHUeCKH CHMMETPHYHOIO
CHJIOBOTO 0.5

1. B atoMHO#ll pusuke Gosee BaxkeH cJjyyai, KOI'a NOTEHIHAJDb-
Hasg ¢yukuus U He odHOMepHa, a cepuuecku CUMMETPUHHA OT-
HOCHTEJIbHO HEKOTOPOTO CHJIOBOro ueHrpa. [IpumepoM Moxer cay-
JKHTb MOJIOKHTENbHO 3apsi)KeHHOe aTOMHOE SIAPO, B 3JeKTPHYeCKOM
noJie KOTOPOro JABHxKeTcsl 3JeKTpoH. CHJOBOl LeHTp (HanmpHMmep,
aTOMHOE AAPO) MBI CHadaja OyleM CUHTATb GECKOHEHHO TANCCAbIM
H HenoOsuscrbim, Hadano KoopAHHAT OMECTHM B CHJIOBOM LEHTpE.
O6o3HaunM yepe3 r pajHyC-BeKTOp, NMPOBEJCHHBLIA W3 Hayajga Ko-
OpAHHAT K paccMarpuBaeMoil yactuue. Torpa B cayyae cdepuue-
ckoii cummerpun U =U(r), rae r =|r|. B stom cayuae BoJHOBas
byuxuus P, T. e. peilenne ypaBuenusi llpenunrepa (21.7), Moxer
3aBHCETb HE TOJbKO OT f, HO M OT YIJOBBIX NMepeMeHHLIX, orpele-
JSIOIMKX HampasJ/jeHHe paanyc-Bektropa r. OpHAKO MBI OrpaHu-
YHMCS  3[leCb TOJBKO Chepudecku CUMMETPULHbIMU Pellenuamu,
T. €. pelIeHHsIMH, 3aBHCSIMMH ToOJBKO OT |r|; ¢ =1(r). Torna
ypaBHenue [lpennHrepa aas cTauuoHapHbIX cocTosHHH (21.7) 3a-
NHOIeTCS B Byme

B (S 240 gy p=0. ©25.1)

r dr

OTo ypaBHeHHe OTJIHYAETCA OT HCCJAEJOBAHHOrO BHILIE OLHO-
MepHoro ypabHenusi (22.1) najgMuHeM [OMNOJHHTEJbHOTO UJEHA

%-‘2—?. OIHaKo NOACTAHOBKOMH
b=1y/r (25.2)
OHO NPHBOANTCS K BHLY
h? d*
5 & —U(N]x=0. (25.3)

IT0 ypaBHeHHe MaTeMAaTHYECKH TOXJIECTBEHHO ¢ YypaBHeHHEM
(22.1) pas omnomepHoro cayuas. [Tostomy Bce pesyabTathl, noay-
yeHHble B § 22, cOXpaHSIOT CHUJY AJA BCIOMOraTesJbHOH (PYHKUHH
%(r). EAnHCTBEHHOE OT.IMYHE COCTOHT B TOM, 4TO NpH r =0 ¢yHK-
UHSA § A0JXHA OLITh HE TOJBKO KOHEYHOH, HO H 06pailaTbCcsl B HYJIb,
TaK KaK B IPOTHBHOM cJjyyae ¢yHKuus ¢ = y/r obpamanacs 6vl
B GeckoneuxHoctb npu r ==0, [losToMy mosioBHHa pelLIeHUH, MOJTY-
4eHHBIX B § 22, noskHa ObITh uck/awueHa, Hamo ocTaBHTB TOJBKO
pelieHHsi, H300pakaiollHecss KPUBBIMH, MPOXOAAIUMH uepe3 Haua-
Jo koopauuat (puc. 47). Ilpu & <C 0 3Tu pemienuss Qs NMOJOXKHU-
TeJBHEIX 7 MPEeACTABJNEHB CIJIOWHBIMH KPUBBIMH, 8 HX MPOLOJIKEHHS
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3 00JacTb OTPHLATEJbHBIX r-— NYHKTHPHBIMH KpHuBbIMU. Pasy-
Mmeercs, B Hallled 3ajfade OTpHUATeabHbIe r He UMET (PH3HYECKOro
CMBIC/IA H BBeJeHbl (GOPMaJbHO MaTeMaTHYeCKH, YTOOBl NOJIYYH/IACh
aHaJorus ¢ oXHOMepHbIM cayuaeM. [loaToMy ocraercs crpasenJu-
BOH J0OKazaHHast B § 22 TeopeMa, UTO uHCJIO y3J0B pyHKuuH $(r)
(r cyllecTBEHHO IIOJIOKHUTEJILHO) Ha eJAHHHLY MeHblle HOMepa co-
OTBETCTBYIOLLEro co6cTBeHHoro 3Hayenus. [lpn atom Touka r =0 3a
y3eq1 He cunTaercd. Puc. 47 HAJIOCTPHPYET 3TO yTBEPKIEHHE.

x(r) uiri
2
—— r‘
’\/\// \\ - g
VAN S
7 Ay
=
N S
Z 1
~ /
\\\ // )
1\\\/,
Puc. 47 Puc. 48

2. YacTHblM caydaeM coepUyecKH CHMMETPHYHOrO CHJIOBOrO
NOJsA fABJAAETCH TPEXMEPHAA Chepuyecku CUMMETPULHAR NOTCHYU-
AAbHAS AMA, CeUeHHe KOTOPOH IJIOCKOCTbIO, MPOXoAfAliell uepes CH-
JIOBOH LEHTP, HMeeT mpAMoyroabvHyio dopmy (puc. 48). Tak uasu-
BaeTcsl TpexMepHas noTeHUUaabHAaA QyHKUUS U, 3aBHCAMIAN TOJBKO
OT pacCTOAHHA r O CHJIOBOrO LEHTPa, KOTOpas onpeiensieTcsi BHI-
paKeHHAMH

—U, mpu r<a,

v (r)_—={ 0 npu r > a. (25.4)

M3 U3n0XKeHHOro BhILLE CJlelyeT, YHTO B 3TOM cayyae cepHyeckH
CHMMETDHYHBIE BOJIHOBble (DYHKUHM ' (r) U 3HaueHHA & B cTalHo-
HAapHBIX COCTOAHUAX HAXOAATCA TaK e, KaK H B ClAydyae OLHOMEp-
HOH 0psIMOYroMibHOH MOTeHNManbHOH aMBI (cM. § 24). Pasanune
COCTOHUT TOJBKO B TOM, YTO TeNepb YeTHble pellieHHs YpaBHeHHs
(25.3) (ecnu pemenus (GopMaJbHO NPOJOJIKHTL B CTOPOHY OTpH-
LATeJbHBIX 7) JOMKHBI ObITh HCKJOUeHbl. MIHBIMH c/i0Bamu, 1pH
& <7 0 ocTaloTCsl TONLKO pellleHus

p=2Bsinkr mpu 0<r < +a,
Pp=Ce npu r > -+ a,

rae k U o ONpeleNsloTCs NpexHuMH dopmynamu (24.6). B coor-
BETCTBHH ¢ 3THM H3 ABYX ¢opmyn (24.10a) u (24.11a) nago coxpa-
HHTb TOJNBKO BTOPYIO, T. €.

(25.5)

n=—gctgé, (25.6)
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TNPHYEM ¢ H 1) OLPEACJSIOTCS [PeKHHMH BhiparkeHHAMH (24.12),

B cayyae 0JHOMEPHOH CHMMETPHUHOH sIMbl 8ceeda cywiecrsyer
no kpatineli mepe 0OHO cOGCTBEHHOE 3HAHEHUE NUCKPETHOTO CHEKTpa
IHEpPrHu ¢ YETHOH BOJHOBOH (QyHKuueHh. B cayuae chepuueckn cum-
METPHYHOH NPSIMOYTOJbHOH sIMbl 3TOr0 MOXeT W He OblTb. [efl-
CTBUTE/bHO, KpHuBas n = —§ctg § nepBuli pas mnepecekaeT ropH-
30HTaJbHYIO OCb KOOPAMHAT B Touke § =mn /2, n=0 (puc. 46,6).
k13 popmyss (24.13) BHAHO, YTO ecJH

(/20 > — 2mUa?/1?,

— Uy < n21%(8ma?), (25.7)

TO 3Ta KPHBasl HHTJe He epecedeTcs ¢ OKpyxHocTbio (24.13). Dto
3HAYHT, YTO MNpPH YCJIOBHH (25.7) B NOTeHLUHABHOH siMe He IO-
ABHTCS HU OOHO20 YPOBHA OUCKPETHO20 cnexkTpa 3unepauu. [lepBbii
YPOBeHb MOABJAETCS, KOrAa KpaiHss JjeBas KpuBasg m == —Ectg§
Ha pHuc. 46,6 HauHWHaeT IepeceKaTbCst C COOTBETCTBYIOUlEH OKpYK-
HOCTBLIO. DTO MPOHCXOAHUT B Touyke E=wm/2, n=0. M3 Broporo
ypaBHenus (24.6) caexpyer, uto B 3ToM caydae & =0, T. e. npu
BO3pacTaHHH TIyOHHBL SIMLI [epBHIH YpOBeHbL TOSBJASIETCST Ha rpa-
HHIE JMCKPETHOrO H HENpepLIBHOTO ClleKTpoB. Paccrosinue 3rtoro
YPOBHSA OT /AHA NOTEHUHAJEHON siMbl paBHO —U, = h%n?/(8ma?),
KaK 3TO JIErKO NOJYYHTh U3 mepBoil dopmyanl (24.6). B paccmarpn-
BaeMOM cJyyae BeChb JHCKDeTHBIH CIIEKTP COCTOHT H3 OJHOIO TOJLKO
YPOBHS HYJIeBOHl 3HEPrHH.

§ 26. Cuctema IBYX B3aHMOAEHCTBYIOIHX YAaCTHI

1. Jo cux 1op Mbl paccMaTpUBA/IH ABHXKEHHE OOHOL 4acTHUb
B 3a/laHHOM cHJI0BOM noJe, bosee peaibHBIM sBJIsieTCS cayuail 0gya
YyacTHil, B3aHMOJEHCTBYIOILUX MexkAy cobor. B kaaccuueckoir Me-
XaHWKe B 3TOM cJydyae [BHXKE€HHe pacrnajaercs Ha ABHXKeHHE CH-
CTEMBl KaK I€JIOTO B OTCYTCTBHE BHEIUIHUX CUJA (O8udicerue yeHTpa
MQCC) 4 Ha JBUXKEHHE OOHOL wacTuysl OTHOCUTEAbHO Opyeoti Toj
JedCTBHEM CHJ B3aUMOJEHCTBUS MEXAY HHUMH (OTHOCUTeAbHOe
dsuscenue). Tlocnennee HopMalbHO CBOAMUTCH K ABHXKEHHIO OJHOH
YACTHIBE C 3aMEHOH ee HCTHHHOH Macchl Ha npuselexsnyro maccy
m == mmyf/(m, 4+ my), (26.1)
rae m; W Mz — Maccel nepBod H BTOpOH yactuiu., CoBepleHHO Tak
ke OGCTOHT AeJ0 H B KBAHTOBOH MeXaHHKe NPH PacCMOTPEHHH CTa-
LIHOHAPHBIX COCTOAHHH.
HcxonnbiM cayXuT ypaBHenue Ipeaunrepa s cTallHOHApHBIX

cocTOSIHHE ABYX yacTHL. OHO sBJAETCA €CTECTBEHHBIM 06061leHHeM
ypapuenus (21.7) U UMeeT BUA

B, R
|- Vi — g it U(r —r)]e=8v. (262
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3xech
o 0 a2 9 .
Vi axt T ay’ T oz’ V2 ax§

2
+ 5+
0!/) 022
a gepes ry(xi, Y1, 21) H ra(xs, Y2, @) 0603HAUCHB KOOPAHHATH pac-
cmaTpHuBaeMblx uacTull. IloTeHunanbpHast QYHKUHST B3aUMOAEHCTBHA
U(ri—ry) 3aBUCUT TOJIbKO OT Pa3HoCTeldl KOOPAMHAT MePBOH H BTO-
pofi yactul. O6LYHO (B CJaIyvyae LUEeHTPaJbHBIX CHJ) OHA SIBjsieTcA
GYHKUHEH TOJbKO PACCTOSIHUSI MEXIY HHMH r == |r; — rel.
2. Ilpeo6pasyem ypaBHenue (26.2) X HOBBIM HE3aBHCHMbLIM Me-
pPEMEHHBIM: KOOPAMHATAM leHTPa Macc

R(X, Y, Z)=M (26.3)

my + my
K KOODJHHATaM IePBOfi YaCTHIbl OTHOCHTEJBHO BTOPOH
rix, y,2)=r —r, (26.4)

BesnunHa + Tenepb siBasercss QYHKUHEH [IECTH NEpeMEHHBIX: | ==
= (ry, ry). Ho MB aas coxpamienus BHIKI3aZOK (6e3 HapyLleHHS
OOUIHOCTH) MPOM3BEJEM HX TOJNbKO A (YHKLUHH (X, x2) IBYX
mepeMeHHBIX X1 H Xz H COOTBETCTBEHHO A8 ¢ (X, x), rue

X =

myxy =+ myxy

e X=X T X

Ha ocHOBaHHWM HHBApHAHTHOCTH MoOJHOro Anddepenunana
o . A oY kA
FP dx, + ax dxy == 5% dX + ax dx.

[logcTaBum B IpaBYyKs 4dCThb

mydx; + mydxs

dX = e dx =dx, — dx,.
CpaBHeHI/IeM Koaq:)q)HU,HeHTOB HOJIyqaeM
oy _(_m 2 om0 2
6x1 - my + 14 %) '3X + ox 1!')? 0x2 m, —l‘* oy 0X 6x) ‘lp.

Mpbl TpencTaBHAM pe3yabTaT AU GEPeHUHPOBAHHS B ONEPATOPHOM
dopme. DTo NMO3BOJSET CPasy HAMUCATb BLIPAXKEHHS IS BTOPHIX
IIPOU3BO/IHBIX:

A m 0 0Ny

dx; (ml—{—mz ax_i_ax)ilJ
mi a*p om0 ™y
(rn]—{—mz)2 6X2+ M+ m,; dx ax® "’

m% o™ m, o

<

(my + my)? 0XZ ~ “ mi+m, 9x ' ox
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[TogenuB 3TH COOTHOLIEHHUA COOTBETCTBEHHO HA M U My H CJIOXKHB,
MONYYHM

1 ¢? 1 92 1 9?2 1 i 9?2
Ao L o w+(_;_+__)w

2 2 g 2
my 0x) my 0x; m, 4+ m, 0X . my ) 9x

Tenepb yxe Jerko nepeidTH K TpeM [I€PEMEHHBIM, a 3aTeM Npel-
c1aBHTH ypaBHeHue lllpenunrepa B BHJE

h? "2
[— 2 (my + my) V??"?EV2+U("1_'2)J¢=$‘P’ (26.5)

rae V%4 u V?—onepartopnl Jlansiaca cOOTBETCTBEHHO B MEPEMEHHBI
X,Y,Zux,y,z

3. Onepartop, AelicTBylolHit HA P B sneBOH uyactH (26.5), pac-
najaercsi Ha CyMMY JBYX HE3aBHCHMEIX UJIEHOB, OJIHH H3 KOTOPBIX
3aBHCHT TOJbKO OT R, a Apyroi ToAbKO OT ¥ =r| — ry. B cooTBer-
CTBHH C 5THM pellleHHe ypaBHEHHS (26.5) CBOJUTCS K peLIeHHIO
IABYX ypaBHEHHH:

h?
— S Ty VRV (R =& gb(R), (26.6)
h?
— 5 VI + U (r) =& P(r), (26.7)
rae &, u & — mocTosHHBIE, VIOBJIETBOPSIOLIHE YCJIOBHIO

&r-+ & = &. W3 nux nepsoe onuchiBaeT c80600H0e Osudcerue
UeHTPa MACC CHCTEMBl — BOOOpaKaeMoH YaCTHUEL ¢ Maccod
m; -+ my. BTOpoe e OMHUCBIBAET OTHOCUTEAbHOE Q8uiceHue nepsoll
4aCTUYbL OTHOCUTEAbHO BTOPOL, B HEM KCTHHHAS MacCa YacTHIH
saMeHeHa MpUBENEHHON Maccolt m = mymqy/(m; + mz). B camom
neje, npoussefienne P (r)y(R), B KOTOPOM NEPEMEHHHIM SBJSETCS
R, a r paccMarpuBaeTci Kak mnapamerp, T. €. B CYLIHGCTH Kak
[IOCTOAHHAS, ONHCHIBAET TO Ke [IBHXEHHe IEeHTPa Macc, 4Ty W
dyuruus P (R). Ananoruyno, 70 xe npousrefenue P (r)Y(R) Gyner
ONNCHIBATHL OTHOCHTEJbHOE® [BHXKEHHE, €CJIM 3a JIePeMEeHHYIo MNpH-
HATb r, a R paccMarpuBaTh Kak napamerp. Ecan terepb (25.6)
yMHOXHTb HA Y(r), a (26.7) Ha Y(R) u oba ypaBHEHHS] CHOKHTh
MOWIEHHO, TO MBI MOJIY4HM, 4TO (yHKIOHS P =P (r)¢(R) Oymer
o6ujum peuwerniem ypaBreunus (26.5). Takum obpaszom, obwas 8o4-
HOBAA (QYHKNUA, ONUCHBAIOWAS HE3ABUCLMbIE OBUICEHUS UeHTpa
MACC U OTHOCUTCAbHOC JBUNCCHUE 4ACTUY, PUCRGIGETES HA APOU3-
gedenue 08yx (ynkyul or pasiuynolx nepemenanx: P(r) u Pp(R).
[pu 3ToM, KaK ¥ B KJI4CCHYECKOH MeXAHHKe, NCJdas 3Heprua pac-
nagaeTcsi Ha CyMMY SHEPTH#, CBA3aHHONH ¢ JBUKEHHEM IEHTpPaA Macce
CHCTEMBI, H SHEPTHH OTHOCHTEJbHOTO JBHKEHHS 4acTHIL

Ecau oOTBJedbcsl OT ABHKEHHS LEHTPa Macc, CYHUTAs ero Kak
6bl HENOABHXKHEIM, TO ypaBHeHHe (26.6) ornapaer. Ocraercsi ToJb-
Ko ypasHeHue (26.7) MJiv OTHOCHTE/JLHOrO [BHXKEHHUS YacTHL.
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[Tostromy 310 ypaBHeHue Mbl OyjeM MHCAThb NPOCTO B BHAE

P ey Uy =& .26.8)

em

3A0AUYA

JLefiTPOH COCTOHT U3 CBAR3HHBIX MPOTOHA W HefrTpona. OHH YLEPKHBAOT APYT
npyra IOCPeACTBOM KOPOTKOAEHCTBYIOWMX f0epHbly cua. TloTeHIHANBbHYIO (YHK-
LHI0 B3aHMOJEHCTBHA MOMHO aNIPOKCHMHUPOBATb NMPOCTPAHCTBEHHOH MOTEHLHAJDb-
HOl sAIMOH mpaMoyroJbHO# ¢opMbl ¢ raybuHolt —Uy U paguycoM a (paccTosHH2
MeXJy LeHTpaMmu NPoTOHa u kefiTpoHa). MdeliTpou umeeT Tossko 00xO cBS3aHHOC
cocTosiiye. DHeprust CBA3M AeHTPOHA, H3MepeHHasi SKCHEePHMEHTAJbHO, COCTABJSET
2,225 MsB. dToro HemocTaTOYHO AJA oOlpelesieHHs ABYX HeusBecTHoix Uy ¥ a.
SamamuM a = 2-1071 ¢Mm (3TO HemasteKo OT HCTHHBI). Mbl He HacTauBaem, 4TO
3TO eCTb TOYHOe 3HaueHHe a. Halia uesab — NPHBeCTH TOJMbKO CXeMy pacyera. U3
5THX AaHHBIX ONMpeeJHTb IMyOHHY NOTeHUHAMbHOH ambl —U,.

Pewenue. [lpegcraBiasier dHTepec TOJNbKO OTHOCHTEJBHOE [BHXKEHHe NpO-
TOHa H HefitpoHa. [T09TOMY MOXKHO BOCNOJIb30BAThesl ypaBHeHueM (26.8), nonnmas
noj m UPUBeAEHHYIO maccy cHcTeMmbl. Ecan mpeHeGpeub passuuueM Macc NPOTOHA
H HefiTpOHA, TO MpHBejeHHas Macca Oyxer m/2, rpe m -— Macca OfHOA H3 YaCTHU
(nanpumep, npoToHa). B gaJybHefIIHX BHYHCJAEHHSNX HCNOJB3YIOTCS CJeaviouiHe
MOCTOSIHHBIE:

me® = 038,28 MsB, fic=1,97329-10"! MsB-cm.

Tak kak y }.Iei:{TPOHa TOJMbKO OJHO CBAA3AHHOE COCTOSHHE, TO €r0 3Heprus B 3TOM

cocTosHH & = —2,225 M3sB. 3t1o nossoaser no dopmyaam (24.6) u (24.12)
Haiith 1. Toabko B ¢opmyse (24.6) m cienyer 3aMeHHTb Ha m/2. D10 Aaer
N = — m&a*lh? = — mc’&a’/hc® =0,21437 7 = 0,463099.

Besuuuny ¥ HaxoAuM H3 ypaBHeHHs
n==—Ectgk.

CHayaja pelllaeM 3TO ypaBHeHHe TIDy6o rpaduuecku, MoJb3ysch KpafiHe#d Jepoii
KpHBOl Ha pHc. 46,6. 3aTeM yTOUHsIeM pellleHHe aHAJHTHUECKH C HCIOJb30OBAHHOM
HHTepmoaupoBaHus. TakuM nmyteM 6e3 TpyZa HaXOLHM

£ =1,81993.
Uckomas rayGHHA MOTEHUHAIBHON MBI
= fL'ZCZ 2 2y — A 7
— Uy —W(E + n%) =36,61 Mal3.

§ 27. KBaHTOBaHMe BoaopoaOnoAo0HOTO aToMa
B chepHYECKH CHMMETPHYHOM cJyyae

I. IlpuBeneM eule OJ\HH NMPHMep Ha KBAHTOBaHHe 3HEPTHH ATOM-
HO# cHCTeMbl. Peun uier o BoropoAonofo6HoM atoMe, PaccMoTpum
YaCTHHH caydai, Korga BOJHOBasi (YHKUHs P 3JEKTPOHA B aToMe
chepuuecku cummerpu4na, T. €. 3aBHCHT TOJbKO OT Dajuyca r-—
paccTosiHHsT 3JEKTPOHA OT aToMHoro siipa. Takol ciayuail He mpe-
AycMaTpusajics crapoil teopueii Bopa. B Heil Bcakoe jBHKeHHe
3/1€KTPOHA BOKPYT $ipa MPOHCXOIWJIO IO NAOCKUM OpOuUTAM W, Clle-
NOBATEJbHO, He MOIJO OHTh cdepHyecKH cHMMeTpHYHuM. Ho B
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KBAHTOBOI MEXAaHHKE, B KOTOPOH HET OPeNCTaBJEHHS O ABHKEHHH
3JEeKTPOHOB 110 Op6HTaM, HeT HUKAKHX [PENSTCTBHH A5 peanusa-
UK cepruecKH CHMMETPUUHBIX COCTOAHHE aToMa. M3 cdeprueckoi
CHMMETPHH cJejlyeT, UTO B TaKHX COCTOSIHHSIX I0JX<Ha ofpalaTtbes
B HyJb BeJHYHHA, COOTBETCTBYIOLLAs TOMY, YTO B KJAacCHYeCKOH
MexaHHKe Ha3bIBAETCS MOMEHTOM KOJuYecTBa ABHXKeHHsl. B Teopwuu
Bopa HyJeBEIM MOMEHTOM KOJIHYeCTBa JIBHKeHHS obnafan Obl 3JeK-
TPOH, ABHKYLIHHCH MPSIMOJHHEHHO BACL paauyca. [1pu Takux nBH-
MEHHAX OH HEHU3MEHHO [peTeprneBan Obl CTOJNKHOBEHHSI C aTOMHBIM
siapoM. Crapasi Teopusi bopa He gaBasna ynOBJIETBOPUTEJILHOTO pe-
LIeHHs] BO3HHKaBIIeHA 3lecb TPYAHOCTH, — YToOGBI H36eXaTb CTOJK-
HOBEHHH ¢ s1JpOM, OH& MPOCTO HCKJNOYajia BO3MOMKHOCTh pajHalb-
HEIX JABHXCHHH 3JekTpona, [loHSITHO, UTO B KBAHTOBOH MexaHHKe
nof06HOH TPYAHOCTH He BO3HHKAeT.

2. Ilycte Ze —3apsan sapa. EcrecTBeHHO 3amucaTh ypaBHEHHE
Hlpeansnrepa B mosisipHbix KOOpAHWHATax. B paccmarpuBaeMoM ciy-
yae chepuuecKOll CHMMETPHH o0 6yneT

da? 2 d
g (P 8) =0, (27.1)
rie BBeleHbl 0003HaYeHHs
BZ=—2m&[R%, q=2mZe*h? 97 2)
BBenem HoByio ¢yukuHio ¢ (r) mo dopmyne
p=—"" i’) e br,
Torna )
d d
=2+ Lu=o0. (27.3)

HuieMm peurenue 3TOro ypaBHeHHsI B BHIE psija

U= év apr’, (27.4)

rie y - MOCTOAHHOE YHC/I0, NOKAa YTO He omnpeneseHHoe. [loacras-
ass (27.4) B (27.3) u npupaBHUBAs WiEHBl ¢ NAWHAKOBEIMH CTe-
MEeHAMH, IPHAEM K COOTHOLIEHHSIM

yiv—1)=0, (27.5)
kik+ Da,,  —2Bka,+ qa,=0 npu ks=y. (27.6)

M3 (27.5) creayer, uto aubo y =0, anbo y = 1. [lepBas Bo3MOXK-
HOCTb HCKJIOYAETCs], TaK Kak npH y = 0 HyJeBol unex psina (27.4),
T. €. @o, Obl OBl OTJIHYEH OT HyJsi. A B TakoM cayuae QyHKunHs
npu r =0 obpaianacs Obl B 6ECKOHEUHOCTb KaK @o/r, 4TO MpPOTH-
BODEYHT OOIIHM TPeOOBaHHAM, HAKJaabiBaeMbiM Ha Y B OCOOBIX
Toukax. Takum o6pasowm, pasioxenue (27.4) NOMKHO HAYHHATHCH
¢ k=1, a 310 3HauHT, 4TO Y == I,
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. Hceaenyem Tenepn mnosenenve psiga (27.4) na OecKOHEHHOCTH.
M3 (27.6) noayuaem
ak+1 2ﬁk-"q

2 =TT (27.7)

OTcroaa cienyer, 4To npu & — oo

Oy 2P
a, k41"

CpaBuum pasaoxenue (27.4) ¢ pasjoxeHHeM TmoKasaTeJbHOH

(PYHKUHUH:
Z Z 1
e2|3r = ckrk == '—-kl (Qﬁr)k

k=0 k=0

KoaddpuuuenTsl ¢p mocaeaHero pasjioKeHHs aCHMITOTHYECKH BeAYT
cebs1 Ha OECKOHEYHOCTH TaK e, Kak U Ko3h(HUUHEHTH ap, ubo

Cryr 2B
c, k41

3HaunT, Ha GECKOHEYHOCTH cyMMa psina (27.4) acMMITOTHYECKH Be-
JeT ce6sl KaK INOKasarejbHast QyHKuusi et?8’ a BojaHoBasfg (QyHKIUHSA
P (r) —kax ePr/r, 1. e, IpU MPOU3BOJILHO BHIGPAHHOM 3HaYeHHH &
bynKUHs Y (r) npit r = oo obpaiaercsi B GECKOHEYHOCTb, JTOrO He
6yner TOJBbKO AJs TaKHX 3HAaueHHH &, NpH KOTOphix psn (27.4)
0o6pbIBaeTCd, T. €. NMEPEeXOAHT B CYMMY KOHEUHOIO YHCJa YJEHOB.
[lyctb, Hanpumep, npu k==pn 4YHCAHTe b ¢opmyan (27.7)
2pk — g=0. Torga, kak BuaHO H3 (27.7), @u+1 H Bee MOCIELYIO-
iHe KO3DduuHeHTH OYAYyT paBHB HYMW, T, €. psaa (27.4) obo-
pBercsa, CaenoBaTeNbHO, Nn-H SHEPTETHUYCCKHA YPOBEHb OMpeNeNHTCH
ycaoBueMm 2fn — q¢ = 0. Hcnonabays ero, 3 (27.2) Haxoaum

& = — mZ%Y2K%n?, ' (27.8)

YTO COBNaJaeT C COOTBETCTBywoIUlell ¢dopMyJofi Teopun bopa.

H310keHHBIM ellle He pelllaeTcs 3ajaua O CeKTpe BOAOPOAHOTO
H BOAOPOJAONOAOOHOrO aToOMOB, Aa)Ke B ee Haubogee rpy6oll mo-
craHoBKe. Yro6H 06BACHHTH CIEKTpaJbHBE CEpHH, HEOGXOAHMO
CXeMy 3HepPreTHueCKUX YpPOBHe!l AONOJHHUTL npasusamu oréopa nupu
H3nyyeHnu ¢oToHOB. OKa3biBaeTcs, 4TO NEpPexOAbl MexAy HafJeH-
HbIMH HAaMH YPOBHSIMH 3HEPrHH, COOTBETCTBYIOLIHMH C(epHUeCKH
CHMMETPHYHBIM COCTOSIHHSIM BOJODOAONOAOOHOIO aTtoMa, SBJSIOTCH
3anpeujenHHoimu, T. €. He CONPOBOXKAAIOTCA (AHIOJBHBIM) H3JIydUe-
HueM. [1s1 o6bACHEHHS CHEeKTPAJbHBIX CepDHH HEoOXOAHMO paccMo-
TpeTb CHepHUECKH HECUMMETPHYHBIE COCTOSIHHS BOAOPOAONOA0GHOrG
aToMa W YCTaHOBUTL npasuaa orbopa. ITo OYIeT CARJAAHO HHXKeE
(cm. § 39).,
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3. Ons cpapueHuss ¢ Teopued bopa wnafifem elie BOJIHOBYIO
GyHKIUIO ) (7) OCHOBHOrO COCTOSIHHSI B C@PHUYECKH CHMMETPHYHOM
cayuae, Tak HasbiBaeTcsi CTallHOHApHOEe COCTOSIHHE HaHMeHbilel
snepruu. IlocMOTpHM, NpH KaKHX 3HAUCHHSX MapaMeTpoB & H 4
ypaBueHuo (27.1) ymoBieTBOpsieT 3KCHOHeHLHaJbHAs QYHKUHA

Py (r)=e~ ", (27.9,

rie a; > 0. d1a pyuruns He uMeeT y3aoB. [Tostomy, ecan ¥(r)
ynoBaeTBopsier ypaBuenuio Ulpennurepa (27.1), To oHa u Oyner
BOJIHOBOH (pYHKLHKEH OCHOBHOro coctosinusi, Hduddepenunpys ;(r)
ABaXKIAbl MO r W MOACTaBJsAS peayabTaTH B (27.1), mogyunm
1 2 q 2

- =+ L=

ay ar T
3TO COOTHOIIEHHE AOJXKHO BBIIOJHATLCS TOXKIECTBEHHO MO 7, a IO-
TOMY JOJIXKHO OBITb

la?=p% 2/a =g,

HJIH Ha OCHOBaHHH (27.2)
a,=hmze?, & =&,= — mZ%*[2h%. (27.10)

[TocnenHee BolpaXkeHHe SIBJsIETCS 4acTHbIM ciyuaeM (27.8) npu
n == 1, KaK 4 LOJKHO GBITh 1J51 OCHOBHOrO cocTosinus. Ilapamerp a,
HMeeT pasMepHOCTb MJIHHBI, IpH
Z = 1 oH obpauaercst B 60pOBCKHH 3
paguyc. O @H3HUECKOM CMBbIC/Ie o]yl
3TOTC NapaMeTpa B KBAHTOBOH Me-
XaHHKe OyleT CKa3aHO HeCKOJIbKQ
HHXKe.

|
Oyukuus P, (r) opu r=0 obpa- ik : Fr
1iaeTcsi B €AHHHUIY, T. €. OCTAETCs |
KoHeyHo#l. CJjefoBaTesbHO, IIpH |
r=0 u(r)=ry;(r)=0, Kak Toro R R T
! 1 1 {

TpebyeT H obuiasi TeopHsl.
Ecan ¢ynkumna +, HopMHpOBa- Pue. 49

Ha, TO | |? KaeT 0ObEMHYIO IJIOT-

HOCTb BEPOATHOCTH OOHAPYXXEHHS 3JEKTPOHA B I[POCTPAHCTBE.
Hapany c Heii BBedeM paduaiskyro NAOTHOCTG BEPOATHOCTU ;.
BepositHocTh 06HApYKEHHS! 3/1eKTPOHA B CHEPHUIECKOM CJI0€ MEeXAY
r u r+4dr paBHa 06beMy sTOro cjost 4nr?dr, yMHOMKEHHOMY Ha
{12 1. e 4nr?|$i]2dr. DTy BepOATHOCTL MOXKHO IPEACTABHTH
B BHIe p,dr. Benlnunna p, W ecTb palMajbHad IJOTHOCTL BEpOSIT-
HOCTH — NMpPOH3BeleHHe O,dr NaeT BEpPOSITHOCTb TOrO, YTO /1€K' pPOH
6yner o6Hapy:KeH Ha DACCTOSIHHH OT siipa Mexay r u r + dr. Ta-
KM o6pa3zoM,

Py =Ce "%, p,=4nC¥?e 9,
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HMuTerpupys Bropoe Bbipaxkenue no r B npegenax o1 0 10 +oo u
NPHPAaBHUBAS pe3yJbTaT eJIHHHIE, HAXOAHM HOPMHPOBOUHYIO NO-
cTosiHHYIO C M TAaKHM MYyTEM [0JyuaeM

Py = .__173“”01, p’=_%_r?e‘2’/a‘. (2711)

na, a;

Ha puc. 49 npeacraBnaens rpaduku kpuBwix |¢:1|% u p,. Opau-
HATH IEPBOH KPHBOH yBeJHUEHH B AeCATbL pa3. Kpusas p, npoxoaur
yepes MAakCHMYM npu r = a;. CjenoBaTe/bHO, B KBAHTOBOH Mexa-
HHKe paAvyc nepBoH 6OPOBCKOH OpO6HTH HAal0O HCTOJNKOBATbL KaK Ta-
KOe pacCTOSIHHEe OT A4pa, Ha KOTOPOM BEPOSITHOCTL OOHApy»KeHus
3JEKTPOHA MaKCHMaJbHa.

3AI0AYMH

1. HafiTu cpentee paccTtosinne 7, Ha KakoM GyjeT o6Hapy:KeH 3JeKTPOH OT
sApa aToMa, ecJd TOCAejiHNH HAXOANTCS B OCHOBHOM COCTOSIHHH.
OTBET. F==3q,.

2, B To#l e 3ajaue HAHTH cpeiHee 3HAYEHHE (I/r) 06paTHoro paccrosiHug
3JIeKTPOHA OT fApa.

Otser. (I/r) = l/a;.

3. Halitu cpennue 3naueHHs norenunanpHol U H xuHetHueckofl & yun 3HeEp-
THit OCHOBHOIO COCTOSIHHSI BO/JOPOAONOA0GHOrO aToMa.

Otser. U= —Zea;; &wuyw = Z6%/2a, = —U/2. OT™MeTHM, 4TO Takoe xe
cootHolleHHe MeXAYy U H &xwy MONYuHJOCH OBl B KJIACCHYECKON MeXaHHKe [
3/IEeKTPOHA, [BHXYUIErocs BOKPYr fiapa no BCsKOH KpyromoH op6ure.

4. OnpesleiuTh yPOBHH 3Hepruy B CHEPHUECKH CHMMETPHYHOM COCTOSIHHH BO-
A0pOAONON0GHOr0 aToMa MO UHCIY Y3JOB BOJHOBOH (YHKUHH, MOROGHO TOMY Kak
3710 Gpiso clejano B § 23 /s rapMOHHYECKOrO OCUMJIATOPA.

Pewenne BojnoBee ¢yHKUHH BO36YXAEHHBLIX COCTOSIHHH JO/KHE HMeTb
y3JH, UHCJO0 KOTOPHIX Ha eMHHIY MeHblle HOMepa COOTBETCTBYIOIIEro CTalHO-
HapHOTro COCTOSHHSI. DTOMY YCJOBHIO 1Jf 71-T0 CTaLHOHAPHOTO COCTOSIHHS YA0-
BJIETHOpPSIET BHIPaXeHHe

—ri
(=P, (ne "n,

rae a,— NOJOXHTeJbHAasA MOCTOAHHAA, a P,-1(r) — moJHHOM cTeleHH n— 1, Bce
KOPHH KOTOPOro BellecTBEHHL K pa3jnunbl. HeoGxoaumo, utobul dyHKUHA V. (r)
ynosaersopsaia ypaseennto Illpeaunrepa (27.1). IlpocteiM anddepenunposannem
HaxonuM

Do — (= =Pu i+ Pr)e ™

d'\Pn :(ao Pn«l_—Pnﬂl_i_Pn‘l) J’!an-

2
dr n a,
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[locae noacranosku B (27.1) nonyuaem
’

1 2 ’ 2 P, 2P, _ qP, .
—5 Pooy—— Py P —— gt R pp, =0

2 n ,
a, n a, r r

STO COOTHOIEHHE AOJIMHO BBIMOJHATBCH roaecTBenio ao r. Crapuyio cTefeHb
r*=1 cogepxaT TOJBKO NepBoe W mocseinee caaraeMbie. [10sToMy 10A%HO GHITB

1/ai=ﬁ‘ win /o, =18

Crenenb r"~2? conepkar TOJbKO NoAYepKHYTHe 4wieHb. [1pH aTOM 0pu B3#THH OpO-
H3BOMHON Py, noABasercAa Kosdpouument (n— 1). C yuerom storo

_____2(n_1)_.g_+q=(), "An _2._r1=q,
an an an
Takum o6pasom,
2R
ap = 7 =Ny = 1Ay
& — — P r_ mZ
T 2m 2ma®  2R'A?

4T COBMAjfaeT ¢ PaHee NOJYYEHHBIMH Pe3yJabTaTaMH.

Henoctatok npuBeicHHOrO pelleHHs — B TOM, 4TO MBl He HCCJACNOBAJH M0
KOHUA, YTO Hamwa GyHRUHS P,(r) AeHcTBATENbHO SBJAETCA DelLeHHeM ypaBHEHHS
peaunrepa. s HeGonbWHX 7, N0A06GHO TUMY Kak 3T0 6hiio caenauo s § 23,
HeTPYAHO HAHTH B SBHOM BHAE 00AWHOMB P,_(f) W COOTBETCTBYIOWIHE MM MO-

CTOSIHHble @, TaKHM 0yTeM MOXHO yGeaHTbes, 9T0 GyHKuHn § (r)==P, _ (11X

~ria .
X e " geficTBHTeAbHO YAOBAeTBOPsOT ypasHennio ([lpeanurepa. Moxno npo-
BepHTL TaK¥ke, YTO BCe KODHH NOJHAHOMA P,_;(r) BellecTBeHHHE W HEKPATHHE.

§ 28. Notenunaabhbie Gapbepbi

1. K 3ajaue 0 KBAaHTOBAHUM SHEPrHH B MOTEHIHAJbHHX SIMax
NpHMbIKAeT 3a4a4a O NPOXOXKAEHUH YaCTHIBl Yepe3 NOoTEHIHAJNbHbIe
G6apbepst  OrpaHHuMMcs  paccMOTpeHHeM

00HOMEPHbLX — NOTeRYUAAbHbLX — 6apPbepos, ,

Korja noteniHaipias ¢yukuus U 3aBHCHT >

TOJIBKO OT ONHOH KoopiauHaTh x. [loTeH- i) U,
(HaJbHBIM 6apbepOM TAKOTO THIA Ha3bi- I
BaeTCss  OrpaHMyeHHas  napaJjiejbHHMH I 0 I
N0CKOCTSIMH 06J1aCTh MPOCTPAHCTBA, B KO- Prc. 50

Topoli norexnnasbHaa gpynkuust U(x) 604b-
e, 4YeM B UPUMBIKawUUX 06dacTaX.

Haunem c¢ unpocrefiliero uAeaH3HpPOBAHHOrO cJyYas npamo-
Y20AbHO20 NOTERUUAAbHO20 6apbepa, KOTAA OJHA M3 €ro CTEHOK
ylaneHna B OeckoHeuHocTs (pHc. 50). Taxofi Gapbep MoxeT OHTb
Ha3BaH CTYNexuarsiM, TAK KaK noreHuuadbHas ¢ynruus U(x) s
3TOM cJjydae OPeACTABJASETCS CTyIeHYaTol JHHHeN:

U, = t 6 1, 0, .
U(x)={ y==const B o6GJacTH rae < 8.1,

Uy=const B oGaactu [/, roe x>0,



164 YPABHEHUWE WPEAHWUHTEPA. KBAHTOBAHHE [TJL IV

apuuem U, > U,. Ha rpauuny 6apbepa cjeBa ¢ NOCTOSHHOH CKO-
POCTBIO HaJleTaeT YacTHUA HJH NOTOK yacTHu. C KJacCHYeCKOH TOu-
XM 3peHHs YacTula BejeT cebA Mo-pasHOMY B 3aBHUCHMOCTH OT TOTO,
dyder Jd ee NMoJHas s3Heprus & Oosblle uan menbiie Us. B nepsom
caydae, korga & > U,, uacTHua, JOCTHTHYB TpaHHubl Oapbepa, 0y-
feT NpOAOJKATh [BHXEHHe B MPEXKHEM HalpaBjeHHH, HO C MeHb-
wel KuHeTHUYecKOH sHeprued. Bo BTopom cayuae, korga & << U,
yacTHna BooOLle He MOXeET NPOHHKHYTb uepe3 rpaHuuy 6apbepa.
OHa 0TpasuTCs OT HEro W HAYHeT JBHMKEHHE B OOPATHOM Hampas-
JeHUH ¢ TOH Ke KHHeTHYCCKOH 3Hepruefl.

2. CoBceM HHOe pelleHHe 3a/ayd JaeT KBAHTOBas MeXaHHKA.
34ech ABHXKEHHE YACTHIBl, XOTS M CHMBOJHUYECKH, CBSI3aHO ¢ pac-
npocTpaHeHHeM BoJHb. OCHOBHOe ypaBHEHHE KBAaHTOBOH MeXaHH-
KH — ypaBHenne IllpeiuHrepa — onuceiBaeT (H NMPHTOM JeTEPMUHH-
CTHYECKH) pacnpocTpaHeHHe HMEHHO 804K, a He JABHXKEHHE YaCTHIL
[lepexon e OT MOBeACHHS BOJH K JIBHXEHHIO HacTHIL yCTaHAaBJIH-
BAGTCS BEPOATHOCTHbIMU 3axkonamy. 11o3TOMy nocraBieHHas HaMH
3ajlaya JoskHa OBITL nepe@opMy/aHpOBaHa, a 3aTeM pelleHa AJs
BOJH Ha ocHoBe ypasveHus Ilpenunrepa. Ilocaeanee Mb 6ymem
3aMHUCBIBATL B BHIC

2
X+ ryp=0, (28.2)

rjae
=208 —0), (28.3)

npuyeM [ uMeeT pasHble, HO NOCTOsHHBIE 3Haueuus U, u U, mo
pasHble CTOPOHBI rpaHuusl 6apbepa. COOTBETCTBYIOLIHE HM 3Hade-
HHA k ofo3HaualoTes depes Ry U ks
BMecTo 1moToKa YacTHI Tenepb HAAO NPEANOJOKHTH, UTO B 06-
nacta | K rpanulle 6apbepa paclpocTpaHseTcsl NJOCKasi MOHOXPO-
MaTHyecKas BOJHA
11)1 = gl (Bix — of),

Yro6bl yAOBJETBOPSAHCH I'PAHHYHBIC YCJAOBHA AaS Y U dp/dx Ha
rpannue 6apbepa, B o6jacTH / J0JXKHA CYLIECTBOBATh OTPaXKeHHAs

BOJHA
'lb; =r e—i(k1x+mt)’

a B obsactu // — npoulejlias BoJgHa
thy == d gt (Fex o),

AMmnnTya najamouiell BOJNHbL MPHHATA PAaBHOR eIMHHIE, UTO, Ode-
SHHO, He HapyllaeT OOLIHOCTH NOJYyYaeMBIX HHKE pPe3y/bTaroB.
iTocTosiHHbIe 7 U d HA3BIBAIOTCH AMAAUTYOHLIMU KO3(puyuenTanu
OTpa:xKeHuss W nponyckaHus BOJH. [lag ux omnpejieneHus 3ame-
THM, YTO GYHKIHA p H ee NPOH3BOJHAs 10 X Ha IpaHHLe Gapbepa
JOJKHBI OBITL HENpPEpPLIBHBL. DTO 3HAUYHT, YTO Npd ¥ = 0 ZOJKHB
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BBINOJHATLCH COOTHOLIEHHS
N d X N d‘\IJ
("‘pl +\bl)~"‘\b2’ —d;‘_('\p( +\I’I)—‘#:
HJIH
l+r=d, kl_k1r=k2d.
OTclola HAaXOAHM

bk o
mTE . YT TR (28.4)

DTO TakHe XKe COOTHOLUEHHS, HO 3aNHCaHHbie B HHOH (opMe, KOTO-
pele ObLIM IMOJYy4YeHbl B ONTHKe AJI51 Koaghpuyuentros DPpexeasn
(1788—1827) npu HOpMasbHOM HaJeHHHM CBeTa Ha rpaHHLy pas-
aena cpen (cm. 1. IV, §§ 65, 69). OuM cnpaBeAsuBL He TOJLKO NPH
U, > U, (norenunanbHbiéi Gapbvep), Ho u npu U, << U; (noren-
uHanbHasg AMa).

3. [IpuHUHNHAa/JIbHOE OTJIHYHE KBAHTOBOMEXAHHYECKOrO pellleHHs
OT KJACCHYECKOTO COCTOMT B TOM, YTO B KJacCHYeCKOH (H3HKe ua-
CTHUA [10KAAU308aHA, a2 B KBAHTOBOH MeXaHHKe — HeT, B kJaccu-
yeckofi hu3HKe roBOpAT 00 3HEPTHH KW COCTOAHHH YACTHUH, KOria
OHAa HAXOAWTCS B ONpeNe/eHHOM MeCTe MPOCTPAHCTBA, HE3ABHUCHMO
OT TOro, 4TO M[POHCXOAHT B OCTAJbHHX MeCTax MPOCTPAHCTBA.
B kBaHTOBOH MexaHHKe 3TO He Tak. PellleHHe, faBaeMoe KBaHTOBOH
MeXaHHKOH, BOJIHA, eCTb [IOHSITHE, OTHOCALIEECH KO 8CeMYy NPOCTPAH-
crgy. [lapaipoulass BOJHA OPraHHYECKH CBSiI3aHAa C OTPaXKEHHOH H
apouenuiell BoqHaMH. Heab3s BELAENHTHL ORHY M3 3THX BOJH, OT-
BJIEKAsACb OT OCTaJbHEX. [losiHas sHeprHst & OTHOCHTCS He K Ka-
Ko#-1160 ONHOHK BOJIHE, @ K COCTOAHUIO 4ACTUYbL 8 YeAOM, ONpene-
J5IeMOMY BCEMH TpeMs GYHKUHAMH i, P{, Po. [loHHMaHHe 3TOrO
06CTOATENbCTBA [103BOJSeT H36eXKaTh MHOTHX MapafOKCaJbHHIX BHI-
BOJOB, CBSI3aHHBIX C [POXOXKIEHHEM YAaCTHU 4Yepe3 [OTeHIHAaJbHble
Gapbephl. )

3ameTnM ellle, 9TO 3ajaya o6 onpeleNeHHH AMIJUTYAHBIX KO-
3()(HILHEHTOB OTPaXKEHHST K NPONYCKaHHs BOJH eCcTb YUCTO derep-
munuctuqeckas zadaqa. QOHa (GOPMYJIHUPYETCS M pellaeTcs B CTHJE
KJ1acCHUeCKOl (DM3HKH — Ha OCHOBEe TOYHO C(HOPMYJUPOBAHHOTO
ypapHenus LlIpefHHrepa u COOTBETCTBYIOLIHX eMy MPAHHYHHIX yCJIO-
Bufi. Ho He 3TH KO3 (HUHEHTH ONpefeNsilOT peaJbHble BEJHYHHH,
C KOTOPLIMH MPHUXOAMTCS HMeTb jeso Ha onbite. Ha onbite uaMme-
PSAIOTCS KO3(hhUYUEHTbL OTpaXenus u NPONYCKAHus He AJS BOJH,
a 0as wacruy. OHP Xe CBA3aHB C aMIVIATYAHLIMH KO3(dUUHeHTaMH
OTpa)KeHHs U NPONYCKAHUSA BOJNH B8ePOATHOCTHOIMU COOTHOULEHUAMU,
Kosh¢dHuukeHTsl OTPaXKeHHs] H NPONYCKAHHS MJSf YaCTHL Onpeje-
AsoTcsa HEXKe. TakUM o6pa3oM, OTpaKeHHe YacTHI[ OT NOTeHUHAaJb
HOro Gapbepa H NPOXOXJIEHHE UYepe3 Hero onpeaensioTCs BEPOAT
HOCTHBLIMH 3aKOHaMH.

4. Tlpu cpaBHEHHH KBAaHTOBOMEXAHHYECKOTO DEIUeHHS C KJaccH-
YeCKMM pacCMOTPHM cHayasa cayda#t & > U, B atom cayyae Bce
TPH BOJIHBL — NaAalOLlas, OTPa)KeHHas M npollegmas — oGHopod-

r



166 YPABHEHME WPEIWHTEPA. KBAHTOBAHUE [T 1V

#ol, OTAHYEe KBAHTOBOrO CJyYasi OT KJ1aCCHYECKOTO COCTOHT Npeae
BCEr0 B TOM, YTO B KJIACCHYECKOM CJIyuae HeT OTPAKEHHOro I0TOKa
YyacTHi., B KBaHTOBOM Ke ciiyuae HeH36eXHO NOABASETCH OTPaiKeH-
Had BOJIHA, a C Hell W BepOATHOCTb OOHApYKHTb YaCTHIY, JABUXKY-
IYIOCS HaBCTpeuy najamolueMy [OTOKY., [Jd oZHOpoAHOH BOJHHI
MOKHO BBECTH TIOHSITHE NAOTHOCTU BEPOATHOCTU NOTOKA BewecTsa.
B caMoM nesie, 00HOPOOHbIL NOTOK He AOKAAU3OBGH, OH XapaKTepH-
3yeTcs onpelesieHHOH MAOTHOCTHIO UMAYAbCA, TOTAA KAK €ro Koop-
NHHATAa COBEPLIEHHO He onpefesneHa. MoXKHO rOBOPUTb H O CKOPOCTU
pacnpocrpaneHun 8epoATHOCTU Takoro notoka. OHa mpocto coBna-
JaeT ¢ KJaCCHUECKOH CKOpOCTbIO M paBHa v = p/m = hk/m. Hako-
Hel, MJOTHOCTb BePOATHOCTH M[OTOKZ MacChl BellleCTBAa paBHa
mop*p = hky*p. B najgaoiieli BoJHe 3Ta BeNHYMHA paBHA
hkpp, = hk,. AHaJOrHYHO, NJOTHOCTH BEPOATHOCTH MOTOKA Be-
L[eCTBA B OTPAXKEHHOH U NMpoOLIeAlIeH BOJHAX PABHbI COOTBETCTBEHHO
[r|2nky u |d|?hks,. OTHOUIeHHE TMJIOTHOCTH BEPOSTHOCTH (IOTOKA
MacChl B OTpajsKEHHON BOJIHE K MJIOTHOCTR BEPOSATHOCTH MNOTOKA
MacChl B Majaiolledl BOJIHe HA3LIBAeTCA KO3IPPuYUEHTOM OTparerus
wacTuyst R. AHAJOTMUHO onpefeliaeTcs Ko3puyuenr nponyckanus
wactuysi D. OH Has3bIBaeTCs TaKKe NPONYCKAEMOCTHIO WJIH NPO3PAY-
HoCTbi0 Bapvepa. dns 3THX BeJHUHH HAXOAHM

kl - kg 2 D —- k') o 4k\kz
ki + ko k (ky + ka)*

tak uto R 4+ D == 1, B corjlaciy ¢ 32aKOHOM COXPaHeHHs BellleCTBa.

5. O6patuMcs temepb K cayuawo, koraa & << U,. B stom cayuae
tdopmyabl  (28.4), KOHEYHO, TaK¥Ke OCTAIOTCA CIPaBelJHBLIMH,
Ocraercs cnpaseaanBodi u neppas dopwyna (28.5), mockoabky
OTpa)KeHHasi BOJIHA no-npexHeMy ofHopoaHa. OiHako BeauuHHa ky
GyIeT 4ucTo MAuUMOU, TaK uYTO BOJHA BO BTOPOH 06JacTH CTaHer
HeoOnopodHot. B nepsoit xe dopmyne (28.5) uucaurtens u 3ame-
HaTesJb OYAYT BeJHYHHAMM KOMIJIEKCHO CONPSIKEHHBIMH. 3HauuT,
R =1, 1. e. oTpaxeHHe YaCTHIl CTAROBUTCST NOAHbIM, KAK U B aHa-
JIOrAUHOM cJjayuae B ontuke. OqHako Bojna Bo BTopoll o6aacTh He
ucuesaer. JlelcTBUTeNbHO, noaaras k; = iq, AJ9 3T0H BOJHB NO-
Jyuaem

R:]rF—_—

(28.5)

— 2k, —-0xp— it /
‘l’? TR Tk e e ' \286)

T. €. aMIVIHTYAa Boaub B obaactu [/ sKcnonenumanbho saTyxaer
Npu ylaJjeHun OT rpaHUIB paszjdena obJacreil. [ny6una npoHHKHO-
BeHHs [ onpejessgercs Kak pacCTOHHE, HA KOTOPOM [JOTHOCTL Be-
POSITHOCTH NOTOKa BellecTBa yOmBaeT B e pa3. Jlus uee nogayuacm

[ = 1/2a == hy/4m, (28.7)
rjue :
2mnh h

2T T am (U, — &) vam (U, —

(28.8)
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Takum obpasom, BoaHa npoHukaer B obaacTb [/, HecMoTps Ha
TO, 4TO OHA OTpPa>kaercs NOJHOCTbIO, @ BEPOATHOCTb OTPaKeHHs ya-
CTHUB ofpaulaercsd B eanHuuy. PaspellenHe BO3HHKAIOULEro 31ech
KasKyllerocs f1apajokca B TOYHOCTH TaKoe Xe, Kak U B cayuae
OJHOTO OTpa)enus csera (cM. T. [V, § 66). Hawe pemennc oTHO-
CUTCH K CTQUUOHAPHOMY COCTOSHUIO, TIOCKOJBKY OHO OCHOBAaHO Ha
ypasnennu lllpeanHrepa uMeHHO AJs TakHX cocTossHuA. [IponunkHo-
BEHHe e BOJHB BO BTOPYIO 06J1aCThb NPOHCXOAHT B MepeXOAHbIf
(eproj, KOTAa COCTOsIHIIE BO BPEMEHH ellle He yCTAaHOBHJIOCh. B 3TOT
nepexoAHbIA MEpPHOML TOJHOTO OTPaKeHHs BOJHBl elle He MOKE:
ObiTo. HMccienoBanune ke nepexofHOro mepHolda MOXeT OLTb OCVY-
llecTBJeHO Ha ocHOBe ypaBHeHusi [lpenudrepa, HO yXe A1s HecTa-
LHOHAPHKHIX cocTostHuM (21.5).

6. [lonuepkHem elle pas3, 4To B HAHAEHHOM HAMH CTaLHOHapHOM
COCTOSIHHH, OMHCBIBAEMOM TPEMsl BOJIHOBBIMH QYHKUHAMH P, P), by,
yacTulla He JokaJjuszoBaHa. OHa MOXeT ¢ TOH HWJH HHOH BeposiT-
HOCTbIO HAXOAHTbCs B JI0GoH Touke npoctpaHcTBa. OOmnM aad
BCEro 3TOI'0 COCTOSHHS siBjsieTcsl mapameTp &, Ha3BaHHBIH HaMu
noanoli 3uepeuedl dactHubl. CrefyeT ¢ OCTOPOXKHOCTbIO OTOXKIe-
CTBJIATh 3TO MOHSITHE ¢ MOJHONA 3Hepruell, Kak OHa MOHHMaeTcs B
KJacCHUeCKONl MexaHHKe. Tak, Mbl yXe YKasblBaJH, 4TO B KBAHTO-
BOH MexaHHKe He BCerga HMeeT CMbIC] JeJeHHe MNOJHOIl 3HeprHH
Ha KHHETHUeCKyl0 H moreHuuasapuyw (cMm. § 20, nyukr 8). Urobwl
onpefe/uTh napaMmerp &, HaAO MPOH3BECTH u3MeperHue, T. €. Kak-To
BO3/eACTBOBaTh HAa YaCTHILY.

7. PaccMOTpuM cHayasna CoCTOsSIHHE HaCTHUB B YaCTH MPOCTPAH-
crBa [. OHO npeAcTtaBiasieT cOOOH CYNeprno3HUHIO IABYX [JIGCKHX
MOHOXPOMATHUECKHX BOJH P, H VP, PaCHPOCTPaHSIOUIHXCA Ha-
BCTpeuy Apyr Apyry. HMx BoJjHOBBIE #HCAA HMEOT ONpele/eHHble
3HaueHUs, OAHHAKOBble M0 BesnuuHe. IloaToMy oanHakoBb Mo Be-
JHUYMHE W HMIYJbCHl, COOTBETCTBYlOUIHe o6enM BoJHam, HMamepss
MMIYJIbC, KOTAA YacTHUA HAXONHTCA B YAaCTH NpocTpadctBa [, Mbl
HalAeM, 9TO OH C TOU HJIH HHOfl BEPOSITHOCTBIO paBeH JaHGO py = hk,,
1160 p;==— k. CONJIacHO COOTHOLUIEHHIO HEOlpe/eNeHHOCTel
lefizen6epra onpeneseHHOCTb UMIYJbCa B KaXK[A0H BOJIHE CBf3aHd
C TeM, 4YTO H4AcTUya He AoKaAau3osara. lleficTBHTETbHO, Heompene-
JIEHHOCTb KOODAHHAaThl Ax 6eCKoHeYHO BeJNHKa, H MOTOMY, COrJacHO
cooTHouleHHI0 (20.2), HeonpeneseHHOCTb HMIYabca Ap AJs KaxKAof
BOJIHB OfpallaeTca B HYJb. YUuTbiBas COOTHOUWeHHe p==fik, ¢op-
Myay. (28.3) MOXHO mepenycath B BHIE

O .
&= ™ + U, (28.9)
T. e. &, KaK H B KJaCCHUCCKOH MexXaHHKe, paBHa CyMMe KHHETHYe-

CKOH M NMOTeHUHaJIbHOH 3HepruH. Takoe coBmajeHHe ¢ KJIaCCHYECKOMH
MeXaHUKOH 06YCJIOBJIEHO TeM, UTO noreHuHassHaa dyuruus U; Bo
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BCeM NpocTpaHcTBe / MOCTOSIHHA, T. €. 3TO NPOCTPAHCTBO CBOGOLHO
ot cua. K ToMy ke pe3yinTaTy Mbl NpUAEM K B mpocTpaHcTee [/,
€ClIH TOJbKO B 3TOM npocrtpaHcTBe & > U, H, cllefoBaTelbHO,
BOJIHA OJHOPOJAHA.

8. PaccMoTpuM renepp obaacth // B cayuae, korga & << U.
BeposiTHOCT 06HapYKHTb yacTHLUY B o6sactd // B 3TOM cJayuae
paccMaTpuBaJjack Kak napafokc. OcHoBaHHEM AJS 3TOTO ABJSETCSH
cooTHoweHHe (28.9), W3 KoToporo cJieayer, uto Bcerda & > U,
TaK KaK KHHETHYecKasi SHeprHsi p2/2m CyllecTBEHHO NOJOXHTENbHA.
Onnako, KaK yxe HeOJHOKPATHO MOAuEpPKHBaJoCh, dopMmyaa (28.9)
€CTb COOTHOUlEHUE KAQCCUHECKOU MeXaumuku W HelpUMeHHMa MpH
& < U. B atom cayuae BosHa Ae Bpoiins HeogHOpoaHa W 0GbIUHbIE
BHIDAJKEHHS HMIYJbCa H KHHETHYECKOH JHEPrMH YaCTHUH TEPHIOT
cMbics. OnHaKO 06HAapYXHTb YacTHUY B ofsacTH // BO3MOMXKHO, Nno-
CKOJIbKY BEpOSTHOCTb TaKOTO OGHAPYXKeHUS He ofpallaeTcs B HyJb,
a JIMLIb 3KCINOHEHUHAJbHO yObIBAeT N0 Mepe YAAJEHHUs OT TPAHHIBI
Gapbepa B CTOPOHY MOJIOXKHTENBHBIX x. OOGHADPYKUThL YACTHLY — 3TO
3HAUHT YKa3aTb IPAHHLb, MeXAy KOTODBIMH OHAa OKaXeTcs B pe-
3yabTaTe o6HapyXeHusi. [IpaKTHUECKH 4acTHLY MOXKHO O6HAPYXHTb
TOJIbKO B TOHKOM MOBEPXHOCTHOM CJIoe BOJIH3H TDaHHLUB Gapbepa,
TOJIUIHHA KOTOPOTO NOpsiAKa TJyOUHB NpOHHKHOBeHHS [. Benuunna
I u mMoxeT GbITb MPHHSATA 3a HEONpPEAEJIEHHOCTh KOOPAHHATH 10cJe
obHapyxeHHs1 yacTHUb. HeonpenejenHocTs uUMNyabca 0603HAUHM
yepe3 Ap. Torza B CHJy COOTHOLIEHHSI HeomnpelesenHocTel {20.4)

Ap?- 2= hY4.
[Noacrasasisi clofa 3HaueHue [ u3 (28.7) u (28.8), nonyuum

A 2

s =U,— &,
T. €. JUIS JIOKAJH3aLHH 4HacTHLUH B obsactu // B cJjoe TOJUIMHBI [
el He06X0AMMO COOBLIHNTh KHHETHUECKYIO 3HEPTHIO, BeJHUYHHA KOTO-
poit BO BCAKOM cJuyuae He MeHblie Us;—&, T. e. NOJIOXKHTE/bHA.
Takyio 5HEPrHI0 UY4CTHIA MOXKeT, HAanpuMep, MOJYYHTb NpPH OCBe-
IlEHHH €€ CBETOBHIM KBAHTOM JOCTATOUHO KOPOTKOH IJIHHBI BOJIHHI
(3d¢dexr Komnrona). [lonaTHo, uTO Takas JIOKaNM3alHss MeHseET
KBaHTOBOe COCTOsIHHe uacTulbl. Ilociie B3auMOAEHCTBHS CO CBETO-
BbHIM KBaHTOM BOJIHOBas (DYHKIHS HacTHUb OyAeT OTJIHUATbCA OT
HyJsi TOJbKO BHYTDH BHIODAHHOrO HaMHM CJIOSl TOJUHHHE [, o6pa-
asick B HyJib BHE 3TOTO CJIOS.

He o6s3aTenbHO, 4TOGH CJIOH TOJUIHHBL [, B KOTOPOM 06HADY KH-
BaeTcsl yacTHlla, pacnoJjaraJcsi y Kpas 6apbepa. On Moxer OHiTh
pacroJioxXeH rae yroaHo B o6saacTu //. OT ero mosoXeHHs 3aBHCHT
JIMIIb BeJIMYHHA BEPOATHOCTH OOHapy»KeHHs dyacTHLBl B cjoe. Ho
3HeprHs, KOTOPYIO Hal0 COOBUIMTh YacTHLE MPH ee JIOKAJH3aLUHH B
cJloe TOJILHHBL [, 3QBUCUT TOAGKO OT TOAW,UHbL CAOS, 2 HE OT €ero
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nosoxenust, TodiuHa Ke CJIOS1 ONpeaeJsercs 3KCIoHeHTOl e—2%
H OT TOJIOXKEHHS CJIOSl He 3aBHCHT.

HamoctpupyeM poJb H3MEpeHHUS €llle Ha CJeldyiollleM npHMepe,
Yactua Ao/JXHa ObITh JOKAJH30BaHAa BHYTPH CJIOA TOJLIHHH [,
C 5TOH LeJbI0 OCBETHM ee TYYKOM CBETa, PaclpoCTpaHsIOUIHMCS
BAOJb CJI0S1 NeprneHAdKyJasipHo K ocu X. Ecam mpousoiiger pacces-
HHUe CBeTa, TO 3TO H OYAeT 03HayaTh, YTO YACTHIIA B MOMEHT pac-
cesiuusi GeJIa JIOKaJH30BaHa BHYTPH paccMaTpuBaemoro cios. U3
ONTHKH H3BECTHO, YTO AJHHA CBETOBOH BOJHBI /S JIOKaJH3aLHH
noJKHa ObITb Kopoue /, T. e. A <C /[ M3 dopmyn (28.7) u (28.8)
noJjaysaem \

AnAem (U, — &) '

HJIH
(hefh 2== hv)? > 32n*mc? (U, — &).

HepenstuBucrckasi Mexanika NpHMEHHMa K [polleccaM, KOraa 3Hep-
I'Hsi CBETOBOro KBaHTa Av MaJla 10 CPaBHEHHIO ¢ COGCTBEHHO! 3Hep-
ruell yactHUH mc?. [ToatoMy, pasje/nuB JeByi0 4acTh NpeibIAYLIETO
HepaBeHCTBA Ha MEHbIUYIO BeJHUHHY Av, a MpaByl0 Ha GOJbIUIYIO
32n%mc?, noayunum teM GoJiee

hV>U2‘—g.

Takum o6pa3oM, AJsl JOKaJH3aLHUH JOJKHBE IPHMEHSThCS CBETOBbIE
KBAHTHI, 9HEPTHSI KOTOPHIX BO BCSKOM CJyyae He MeHbllle PasHOCTH
MeX/y NMOTEHLUHAJ bHOH H MOJHOH 3HEPTrHAMH 4YacTHUH. 3To Haxo-
JUTCS B COTIVIACHU C TeM, 4To OHJIO CKa3aHO BHIILE,

9. 3akaHuyuBasg pacCMOTpPeHHe CcTymenyatoro Gapbepa, BhiBe-
JleM HEKOTOpble 06lllHe COOTHOIUIEeHHS, CBSI3bIBAIOIME aMIJIHTYAHHE
K03 (PUIHEHTH OTpaXKeHHss H INPONyCKaHHS BOJH He Dpo#ias Ha
rpandue 6apbepa. Eciu nepeMeHHTh Ha NPOTHBOMNOJIOXKHBEIE HANPAB-
JIEHHS! PaclpoCTpaHeHHs BceX BoOJH 1e Dpofins Ges maMenmeHus ux
aMILIMTYA, To ypaBHenue IlpeauHrepa H cOOTBeTCTByIOLIHE €My
TpaHHYHble YCJAOBHs OYAYT no-npexHeMy ynosaerBopens. Otciona
CJleflyeT, 4TO eCJIH BO3HHKJIO COCTOssHHe, H306pakeHHoe Ha puc. b1, a,
TO BO3MOXKHO TaKxKe H COCTOsIHHEe, H3oBpaxkeHHoe Ha puc. 51,6. Ha
9THX PHCYHKaX Kaxaas BoJiHa Je Bpoiias npencrasiesa nyMs cHM-
BosiaMu. [1epBH# U3 HHUX NMPelAcTaBJSeT aMIIHTYLY, & BTOPOH — BOJI-
HOBOE UYHCJO COOTBETCTBYIONIEH BOJIHBI, PACIpOCTpaHSIOUleHCcs B MO-
JIOJKHTe/IbHOM HJIH OTPHLUATeNbHOM HanpabJeHuH ocu X. Hanpasae-
HHSl paclpocTpPaHeHHs BOJH 0603HaueHbl cTpesikamu. Ha puc. 51,a
©CTb TOJABKO OAHA, a Ha pHc. Bl, 6 — aBe magamiire Bojubl. O603Ha-
yuM uepe3 r’ U d’ aMIIHTYAHbIe KOSPPUUHEHTH OTpaKeHUS H MPo-
MyCKaHH#, KOT[a Majalolllas BOJHA PaclpoOCTpaHseTcs clpaBa Ha-
JdeBo u3 obaactu [/ k obnactu [. [lagawmas Boauna (r, k) naer
oTpaKeHHyIo BoJany (r2, —k,). Ilanaomasn Boana (d, —k;) BO36YXK-
naeT npoxoasiywo Boany (dd’, —ki). O6e BO3Gy:KAeHHblE BOMHE
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AQJIKHB DY HAJOMEHHU AATb YXOAALLYIO BOJHY (1, —ky). Takum
06pasoM, ROJKHO OBITH
rP4-dd =1. (28.10a)

Anajiornuso, BoJIHa (r, k) BO36YXKAAET NPOXOAALLYIO BOsHy (rd, k,),
a BosiHa (d, —k;)— oTpaxeHHYI0 BoJHY (dr’, k). O6e BO3GyxaeH-

oty

AT . 1,-k
) - ! —
—al 44 LA A Ay
- —_— E.
r-ky ok
—— a) &)
Puc. 51

Hble BOJIHBI AOJIXKHBI FacHTb APYr Apyra, T. e. rd -} dr' =0, oTkyna

rr=—r. (28.1006;

CootHowenus (28.10a) u (28.106) cnpaBeasuBbl Kak A5 OAHO-
POIHBIX, TAaK H AJS HEOAHOPOAHBIX BOJIH. OHH OblAH yiKe NoJydeHp
B T. IV (§ 67) nas cBeroBbix BOJIH. [lpuMeHUM X K NPsIMOYFOJb-
HOMY MOTEHIHANbHOMY Gapbepy (MJH sIMe) KOHEUHOH IUDPHHLL.

bapbep BMecTe ¢ napawmilell BosHOM u306paxeH Ha puc. 52,a.
Dosnee perannHas kapruila najaiollefl, npowepliny U OTPaKeHHbIX
BOJIH lIpeACTaBReHd Ha  pHC.

U 52,06. s BoJIH B UX HallpaBJe-

a) l HHUH npuMmeM Te e 0003HAUERHS,
L U yTo M Ha puc. 51. AMIIUTYAHBIE

Ji KO3((QUUHEHTH OTPaXKEHHA H
IPOXOXKAEHHA BOJAH (C/JeBa Ha-

a npaBo) Ha nepBOi rpaHule obo-

3HAUHM yepe3 ri W d;, Ha BTO-

‘K poft — uepes ry u do. L obpar-

5) ARMBES ok HOFO HanpaBJIeHHs BOJIH (crnpa-
-~ - — Ba Ha/eBO) Te e KOa(pdulKeH-
bR ~bk 172 Tl 0603HauuM uepes r,, d,, rl,

d,. PesyibTHpylOllHe aMNJHTYA-

Hble KO3((PUIHEHTH OTPAXKEHUT

Puc. 52 . 1 TPONYCKAHUS BOJH IJS BCero

Gapbepa ©003HAUHM  COOTBET-

CTBEHHO uepe3 r u d. Bce BOJHB!, KOTOpble BO3WHKHYT BHYTPH H BHe
Gapbepa, npeacTaB/jeHbt HA puc. 52, 6. Buytpu Gapbepa B [1POTHBO-
MOJIOKHbBIX HanpaBJieHUAX OYAYT paclpoCTpaHHATbCS ABE BOJHBL
(a, k) u (b, —k). Ha neBoit rpauuue 6apbepa, KaK BHAHO H3 pPH-
CYHKa, CXOJAATCS YeThipe BOJHBIL, a Ha NpaBod — TPH BoJHB, Hamu-
CaB rpaHUYHblE YCJAOBUS — HENpephBHOCTL P M dip /dx Ha KaxioH
rpaHulle Gapbepa, — Mbl TOJYYHM UeTblpe ypaBHEHHS MepBoll cTe-
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MeHH, U3 KOTOPBIX MOryT OBITb HalleHbl BCE HEU3BECTHbie AMILIH-
TyaH r, a, b, d. OnHaKo BHIKJAJAKH YIPOCTATCA, a4 Pe3YJALTATH Bhl-
passitcs B 6oJiee KpaTKOfi M KOMIAKTHOH ¢opMe, ecsid NOCTYNHThb
HECKOJbKO HHaYe.

10. PaccMoTpuM cHauajia yCJIOBHS Ha JIeBOH rpaHule 6apbepa.
[Tpumem 3Ty rpaHuny 3a Hauamo KoopiaunHat. K Hell moaxonsit JBe
poaubl: (1, k) caesa u (b, —k) cnpasa. O6e BoJHB OTpaxKarTCs
OT paccMaTpHBaeMoi rpaHulbl Gapbepa W YaCTHYHO [POXOAAT Ue-
pe3 Hee. B pesyjbrate HaJIOXKeHUsST OTpaxKeHHOH W mnpolleanieii
BOJIH B MepBOH 0O6JacTH [[OJXKHA [OJNYUHTBCH Pe3yJbTHPYIOLAf
OTpaKeHHas BoJHa (r, —Kk;), a BHYTpH b6apnepa — BosHa (a, k).
Takum 06pa3oM, HOJNKHO OHTh

r=r +db, a=d +rb. (28.11)

AnanoruuHo noctynaeM Ha BTOPOH rpaHHile Gapbepa. ToJbkO
Tenepb HayaJo KOOPAMHAT HaAO MNepeHecTH Ha BTOPYIO I'DaHUlly H
COOTBETCTBEHHO 3TOMY Apeo6pa3oBaTh aMIJAHTYAB CXOASILIHXCS Ha
Hell BOJIH. AMILTUTY/[H -BOJIH, H306paMeHHBX HAa puC. 52,6, OTHe-
CeHBl K HayaJy KOOpAMHAT, MOMeLleHHOMY Ha JeBofl rpaHuie. CooT-
BETCTBYIOIHE KOODAHHATH 00O3HAUYeHBl Yepe3 X, a KOOpPAHHATH OT-
HOCHTEJILHO Hauaja, MOMELIEHHOro Ha BTOPOH TpaHuie, 0603HAYHM
yepes x’. DTH KOOPAHHATH CBA3aHB cOOTHOWIeHHeM X == x’ - [. [Ipu
npexHeM BbIOOpe Hauala KOODJAHHAT BOJIHH, CXOASAIIHECS Ha mpa-
BOM rpaHuile 6apbepa, NPeACTaBASAIOTCA BbIPAXKEHHAMHU

aetkx,  be-ikx, etk
(BpeMeHHOH MHOXHTe b e~ ! Mbl onyckaem). Ilpu 3amene x uepes
x’ Te Xe BbHIpaXKeHHs npeob6pasyoTcs B
‘aetkt) gtkx’ gbe—ikl)e—ikx’, (detk:b) eikax’
Tenepb posib aMIJIUTYJ BOJH HTPalOT BHIPAXKEHHS, 3aK/IOUEHHble B

KpyrJex cKo6Kax. B pesyabraTe YycJoBHSL Ha NpaBod rpauHuie
f6apbepa NpUHUMAIOT BUI

deikd = d,qei®!, be- ik =r,qel?!, (28.12)

W3 ypaBuenuit (28.11) u (28.12) MoKHO HalTH BCe HEH3BECTHHE
r, d, a, b. 13 uux NPEACTABJISIOT HHTEpeC Mpexje BCero r H d.

C yueTOM CcOOTHOwleHuii r\==—r W ri--dd =1 pis nux Ha-
XO4HM .
r+ f2€2tkl d e d]dge—”ki_k)l 98 1
- 2ik1 — k[ (28.13)
I+ rrse 14 riree

11. Ilonb3ysics 3TUMH QoOpMyJaaMH, MOXKHO PacCuHTaTh Ko3ddu-
HHEeHTH OTPa*KeHHS W MmponycKaHus ajas uactull, Paccumraem ko3c-
¢uniuent nponyckanust D. lpennonoxnm, yto sHe 6apoepa U; < &
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u U, < &, trorna kak BuyTpHu G6apbepa U > &. Toraa obe BeHUHHbI
| | —
k= V2m(&—U) u k= Vom (& — U,
BeIlleCTBEHHB M NOJOXHTEJNbHB, BHYTPH Xe Oapbepa k = ia, rie

a=—};—f\/2m((/—5).

Jaunee,
r=k,———k__k,—ia r=k—k2:ia—-kz
! Btk ki +ia’ 2T Tkt &y ia+ ky
VTR 4k R e 27 k4 kT Ry tia

Kosdpduunent nponyckaHus uacTHIb, corjacHo (28.5), seiuuc-
Jsiercs mo popmyJe

_ ks ke
D= |dp=dd". (28.14)

[lpocTble, HO HECKOJNBKO JAJHHHbIe BLIUHCJAEHHS NPHBOAAT K pe-
3yJbTaTty
D — 16k, koa*

- (kf+a2) (k3+a2)(ezal—|—e’2“1)+2(az~—k,k2)'

B GoJbIIMHCTBE HHTEPECYIOLUIUX HAC CJAYYaeB 3KCIOHEHTOH e—2a!
B 3HaMeHaTesle MOXHO 1npeHeGpeub. [lonycTum, Hanpumep, 4to
U—&=50 3B=0,8-10"1° 3pr. Toraa ans 3JekTpoHa o =
= 3,64-108 cm~!, e2® = 1,45-10%, e-2® = 0,69 10-3, MoxHO Takxe
npene6peyn cjaaraeMbiM 2(a?— kjk;), TaK KaK OHO TOr0 Xe [o-
psilka, 4To M Ko3(pduunent (ki o) (k54 o®). B pesynbrare mno-
Jygqaercs {Ipoctas ¢opmyJna

D= Dyl = Doexp[— 2 NamU = & (2816

rae Kosd¢uuuent Dy cnabo Mensercs ¢ usMmenenueM [, &, U,, U,.
Ero MOXHO OpUHATb NOCTOSAHHBIM H B OOJBLIMHCTBE HHTEPECHBIX
C/IyuyaeB CUHTATb MOPSIAKA €AHHHIBI.

Ecnu vacruua nagaer Ha 6apbep ¢ OAHOH CTOPOHBI, TO MO KJac-
CHUECKHM rpeacraBiaendsaM 0pu U > & oHa He MOXeT MNOABUTHCSH
c Apyrofi cTopoHbl. HampoTus, corgacHo KBAHTOBOH MeXaHHKe 3TO
B0o3MOXHO. Yacruna kak Obl OPOXOAHT MO TYHHEJIHD YeEpes KJac-
cHYecKH 3ampelleHHyio obmacte U >¢&. DT0 sBJeHHe MNOMYYHJIO
Ha3BaHHEe TYHHeabHO20 3Pgexra. Ecan npu stom Uy == U, (cum-
MeTPHUYHBIH OPAMOYroJbHBEIA MOTEHUHAJNbHHHA 6apbep), TO KHHETH-
yecKas 3HepPrus, ¢ KOTOPOH wacTHla noAeafeTcs 3a Oapbepom,
paBHa HA4aJbHOH KHHETHYECKOH 3HEpPruH, ¢ KOTOpOH OHa magaJa
Ha Gapbep. Hauasno npeacraBnenuss 0 TYHHEJBHHIX Nepexogax GblIO
sajoxeno B 1927 r. JI. 1. MangensimrraMmom B M. A, JleontoBuuem
(1903—1981). Ouu Ha ocHoBe ypaBHenns Ulpeawnrepa pacemo-

{28.15)
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Tpesan npobJjeMy KBAHTOBAHHS [Js AHTaPMOHHYECKOrO OCIHMJA-
Topa, y KOToporo noTeHuuasbHas ¢yukuus U =1/kx? npu |x| << a
u U = const npu |x| > a.

12. Ml paccMoTpend noTeHUHAbHBIH 6Gapbep MNPAMOYTOJbHOI
dopMu (puc. 52). Dro GbIIO CleTaHO TOJBKO € LeJIbl0 MaTeMaTH-
YeCKOro ynpoilleHus 3anaud, Huuero npHHUHNHAJBHOrO NpuU 3TOM
noTepsiHO He 6bl1o. 4 NOJMHOTH PAacCCMOTPHM TeNepb NOTeHLHAMb-
Hbli Gapoep, B KoTopoM U siBAsieTcd npow3BOJbHON (yHKOHeH x,
TIpuMep Takoro Gapbepa npuBepeH Ha puc. b3. TopusoHTadbHAs

T

7 'U-S

z ) \X

Puc. 53

npamast U(x)=¢& mnepecekael KpuByio Gapsepa B IBYyX TOuYKa..
¢ abciuccaMHi x; H Xo. ANOPOKCHMHPYeM Kpusylo 6apbepa Hal 3TOH
npsMoll crymenuatoit auHueii. Torza ses maowans, the & << U,
pas3obpeTcs Ha 3aUITPHXOBAHHbIE MPSIMOYTOAbHHKH, KaXKAbH H3 Ko-
TOPBIX MOKHO paccMaTpuUBaTh KaK NPAMOYTOJbHbEIA NOTEHUHAJbHBI
Gapbep. llycTh IIHpHHA OAHOIO H3 TAKUX NPSMOYIOJbHHKOB PaBHA
dx, a Beicota U(x). Ecan dx B3ATb AOCTATOYHO OOJBIIHM, TO KO3(-
(buLHeHT OpomyckaHHsi TAKOro NpAMOyrosbHoro Gapbepa mpeicTa-
BHTCSI BHIPAXKEHHEM

Dgexp[—- 2? A2m (U — 8)].

Koadpduunenr nponyckanus scero Gapbepa MHOJIYUHTCS NyTeM Me-
PEMHOXKEHHS BblpaskeHHH Takoro BuAa. [IpH 3TOM MNoOKasaTelH Cre-
leHel CJA0KATCH, U Mbl IPHJAEM K BbIPa’KeHHIO BHIA

D = Dyexp —S%—¢2m(u—8)dx . (28.17)

X

A1y npubANKEHHYIO POPMYJy MOXKHO 060CHOBATH H MaTeMaTHUECKH
6osiee cTporo.

TyHHeJbHEIM [POXOXKACHHEM uepe3 [OTeHLHAJbHHEA 6Gapbep
06BsIcHAIOTCH MHOrde (H3uyeckne asienua. Cioja oTHocsiTcs pas-
6upaeMble B clefylolleM nmaparpade KOHTaKTHas pasHOCTb [OTEH-
LNaJIOB H XOJMOJAHAN 3MHCCHR 3JeKTPoHOB H3 MeratnoB. Croaa ke
OTHOCSATCH TakHe SBJEHHS, Kak «-pacnaj, CNOHTaHHOe JejeHHe
ATOMHHIX siep, silepHBle PeaKlWH, Korja [0 KJIaCCHUECKHM Mpef-
CTABJIEHHAM KHHETHYECKOH SHEPrHH CTaJKHBAIOWHXCA dA1ep Heao-
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CTaTOYHO AJ5 APCOAOJEHHN KYyJOHOBCKOro [1OTEHIHaJbHOro 6apbepa
MeXAy HHUMH, U T. A. OTH siBJeHHs OyayT pa3obpaHH B dAepHOH
tbusnKe.

BALAYA

B npsMoyroabHom Gapbepe (uan aMme) U, == U,. IIpH KakoM yCJIOBHA YacTHiLE
Re GYJeT OTPa)KaTbCA OT [OTEHUHaNbHOro Gaphepa (AMul)?

Orset [lonnas sHeprua & pnomxHa GBITH Gosiblie MOTEHUHUAILHOA IHEPrMH
U gactnunl BHyTpH Gaprepa (sMul). TomunHa Gapnhepa (sAMH) Ao/DKHa OBTh [ ==

= A, 34h, 5/iA, ..., rie A= h/A/2m (& — U) — nauna sonuun ae Bpoins suy-
Tpn Gapbepa (aAMHl).

§ 29. K 00DbsiICHeHHI0O KOHTAKTHOH Pa3HOCTH MOTEHIHAJIOB.
XosonHan 3MHCCHA 9JIEKTPOHOB H3 MeTaJJOB

1. byaeM ucxomuth H3 npocTefilieif MOAeNH MeTajja — MOJEJH
c80600nbLx 34eKkTpOHOE. COrlacHO 3TOH MOIeJNH 3JeKTPOHH B Me-
TaJle BeAyT cebs KakK ras HeB3aMMOJAeHCTBYIOWHX 4YaCTHI, ABHXKY-
UHXCS B CBOOOAHOM OT I110J11 NPOCTPaHCTBE. DJEKTPOHH YAEpIKH-
BalOTCA B MeTaJle CHJZMH OTTaJKHBAHHA, BO3HUKAIOUIUMH HpPH
MpuUOAHKEHHH 3JeKTPOHOB K CTeHKe MeraJja. B rakod Mmoneau
MeTasJ MOXKHO DacCMaTpHBaTh KaK IOTEHHHAJILHYIO SIMY, B KOTO-
poil 3anepTh 3JeKTpoHH. ns npocToTH GyneM cuMTaTh AMY HPSIMO-
yroabHo# onpeneseHHOl ray6unbl. MB He MoXeM JaThb yAOBJETBO-
puTeJbHOe OOOCHOBAaHHE W YKas3aTb IPaHHIH NPHMEHUMOCTH TaKoH
Mollesn. Ocofoe yAHBJEHHE BEI3BIBAET TO, YTO 3JEKTPHUYECKHE CHJIH
B3aUMOAEACTBHS MeXIY 3JeKTPOHAMH He YUHTBHIBAIOTCH, XOTA OHH
OTHIOAbL He MaJibl. BO3MOXHOCTb OTBJNEKATbCH OT TAKHX CHJ, MO-BH-
JIHMOMY, CBfI3aHa ¢ TeM, UTO B3aHMOJAeHCTBHE MeXIy 3JeKTPOHaMH
He MeHSIeT 4YHCJAa 3HepreTHYecKuX ypoBHell cucTembl. [locaexnee
onpenessieTcss TONbKO OOU{UM HUCAOM 3AEKTPOHOB, a HEe CUJIAMH
B3auMojelicTBua Mexay HHMHU, [as psiga siBmenuil, no kpaiinefi
Mepe TNpH UX KayeCTBEHHOM pAaCCMOTPEHHM, CYUeCTBEHHO HMEHHO
oblllee YUCJIO SHEPreTHYECKHX YPOBHeH, a He HX TOYHOe pacroJo-
xeHue, PasyMmeercs, Kak H BCAKas Mofefdb, MOJAeab CBOGOIHBIX
3JIGKTPOHOB 00'BSICHAET OTHIOAb He BCe CBOH-
crBa MerannoB. OnHaKo paj sBJIeHHH 06bsic-
HseTCA 3TOH MOJeJbl0 IPaBMJbHO, O Kpalined
Mepe KauyecTBeHHO.

Ha puc. 54 npencraBiena Mojeldb MeTaJia
B BUJAE NPAMOYroJbHOW NOTEHLHAJbHOH SIMBI.
- Hemann Buytpu wmeranna (T. e. Ha [JHe INOTeHIH-

aNbHOW sMbl) NOTeHHMAJibHAs QYHRKHUS TNpU-

Prnc. 54 HTAa pPaBHOH HYJO, Ha CTEHKaXx fMbl OHa
CKauyKo0OPa3Ho MeHseTCsl A0 NOCTOSHHOrO 3Ha-

genust Us > 0. KoneuHo, sHepreTHueckHe ypOBHH 3JEKTPOHA BHYTPH
SIMBl JHCKDETHH, XOTA B MaKpPOCKOIIMYecKHX KyCKax MeraJja H
pacrnosioxens oyeHb rycto. CoOGCTBeHHO rOBOpPs, HeJb3si CKa3aTb,

Baryym

Baryyr
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4TO B MOJEJNH CBOOOAHLIX 3JEKTPOHOB MEXAY 3JEKTPOHAMH HeET
HHKaKoro B3aumojekictBus., OHo uMeercs. Ho 310 He ecTnb cmiosoe
B3aUMOJEeHCTBHE, a B3aUMOAeHCTBHE 0cO0Oro pojaa, KOTOPOE HE MO-
KET OBbITh MOHATO B paMKax KJaaccuyecKoli Mexanuku. O HeM nO-
ApoGHo roeoputes B ra. VI. Takoe B3aumopeficrsue nposiasiercs
B TOM, YTO B Ka:KAOM KBAaHTOBOM COCTOSIHHH CHCTCGMHB MOXeT Haxo-
LUTbCst He Oojiee OAHOro 3JEKTPOHA. ITO OOMOKEHHE HA3RIBACTCH
npunyunom Ilayau (1900—1958). Ilox KBaHTOBBIM COCTOSIHHEM B
paccMaTpUBaeMOM HAMH BONpoOce CjefyeT OHUMAaTh 3Hepreruye-
CKH{l YPOBEHb 3JEKTPOHa (C OAHUM YTOUHEHHEM: AOMYCTHMOE 4HCJIO
3/1eKTPOHOB HAa JHEPreTHUECKOM YPOBHE MOJIKHO GHITh YABOEHO
M3-32 HAJHYHst Y HHX CIIHHA, HO 3TO OGCTOATEILCTBO B pa3bHpaeMbix
ceflyac BOmpocax He HUrpaeT POJH, H Mbl ero YYHTHIBATh HEe GyAeM ).

DyzeM Temeph TmOCJEL0OBATENbHO 3aMOJHATb MOTCHIHAJTLHVIO
MY 3JIEKTPOHAMH B OPEANOJIOKEHHH, YTO TEMINeparypa CHCTEMB
paBHa a6cosoTHOMY HyJIo. [lepBbfl 3JeKTpoH 3afimer caMmuifi 1HXK-
HHil (HYJeBOH) ypoBeHb 3Hepruu. BTopoil 3.1eKTPOH pacno/0KuTCs
Ha BTOpPOM 3HepreTHueckoM ypoBHe # T. A. Ilocmeanuil sackTpon
COOTBETCTBYET TAKOMY COCTOSIHHMIO MeTaj/1a, Koraa oH cleaaercs
TEKTPHUECKH HeATpaJbHbIM. 3ITOT 3JeKTPOH 3ailiMer HauBHICLIH{
YPOBEHb 3HEPrHH n, HasbBaeMblll yposwem uan suepeueti Pepuu
(1901—1954). Takum oGpasoM, HHxKe ypoBHSI MDepMi Bce 3Hepre-
THYeCKIle YPOBHH TOTEHUHAJbHO{ SMBl 3aMOJHEeHbl, a Bbille — CBO-
Goanbl. HamoMRuM, 4To 1pH 3TOM TeMiepaTypa MeTaJsja Npeano-
naraercs paBHOH afCOMIOTHOMY HYJi0. UTo0Ob yoanuTh 3JEKTPOH H3
Mertanna ¢ yposHs Pepmu, HeobxoanMo 3aTpaTuth pabotTy, He
MEHbIIYIO0

A= Uy — p. (29.1)

1o W ecTb pabora 66ixo0a 3neKTpoHa u3 MeTadna. Pasymeercst
dopmyna {29.1) ocraerca cnpaBelJHBOH ¥ TOrAa, KOrAa BeJHIHHE

o B 4 OTCYHTHLIBAIOTCH HE OT AHA SIMBl, a OT IIPOM3BOJBHO BLIGpaH-
HOrO yPOBHS.

2. O6patnMcs Tellepb K OOBACHEHHIO KOMTAKTHOU PABHOCTU NO-
Tenyuaaos, oTKpuiToll ewme Boabrofi (1745—1827). Paccmorpum
aBa pasubix metanana [ v /I {puc. 55,a). [Ho o6enx noreHuHamb-
HbIX fIM M BCe YPOBHH 3HEPTHH yCJOBHMCS OTCUHTHIB4TH OT OAHOTO
H Toro Xe obutero ypoBHs. JIHO NOTeHUHAJILHOH SIMBl EPBOTO Me-
TaJjJja, Booblile roBops, He GyleT coBnajaTbh ¢ AHOM MOTEHUHAJbHOM
SIMBl BTOPOrO MeTaJa. 7 0 e caMoe OTHOCHTCS K COOTBETCTBYIOLIHM
yposusiv QPepmu. [lyctb, nanpumep, yposedb Pepmu nepBoro me-
TajJa pacfosoXeH Bbllle, yeM y BToporo MeTaJia. CoausuM oba
MeTaJjJsa APYyr ¢ APYroM, uToObl 3330p MeMKAY HHUMH CTaJ NOPSIiKa
atoMubix paccrtosnufl, T. e. 10~% cm (puc. 55,6). Torna B 3azope
MeXy MeTajJamu ofpasyeTcd ysKHI NoTeHUHAAbHLIH 6apbep, ue-
pe3 KOTOPHI 3JEKTPOHBI ¢ 3aMETHO! BEPOSITHOCTBIO MOTYT Nepexo-
IHTh M3 OJHOro MeTajja B JApyrof. ITepexox s/eKTpoHOB H3
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veraaqa / B Meraan /1 pefictBHTensHo Gyaer ocyutectsastbesi, On-
Hako o6paTHBIA Nepexod U3 Mertansa [/ B meTas1/ HEBO3MOMKEH, TaK
KaK BCe YPOBHH 3HEPrHH, HA KOTOPble MOTJIH OBl IepeXOUTh 3JIeKTPO-
Hbl U3 MeTaJna [/, B MeTase | yxe 3anosHeHel. B pesyabraTte Me-
Tana [ 6yfer TePSTh 3JEKTPOHE U 3apsAXKAaThCs MOJOXKUTENBHO, €ro
MOTEHLHAJ HayHeT NOBHIIAThLCS, a ypoBeHb Pepmu monuxkaTocs. Ha-
obopor, Metaan [/, npuobperas 3JeKTPOHbl, HAUHET 3aPAKATLCH
OTPHLATENBHO, €ro MoTeHuHas] OyAeTr yMeHbUIAThCA, a YPOBeHb
®epmn noauuMatbea. CraTHCTHUecKOe paBHOBecHe YCTaHOBHTCH,
kKoria ypoBHH Depmu oboux MeransoB cpaBHsawoTcH. Ho 310 ectdb

e pusirnan ey e _T p— ma—

Hy

H,

a) I
Puc. 56

KaK pa3 TO ycJOBHe, Ha ocHoBe Kotoporo B Tome Il (§ 104) Gwiio
moApo6HO PaCCMOTPEHO BO3HHKHOBEHHE KOHTAKTHOH pasmocTH Mmo-
TEeHUHANOB, KaK BHyTpeHHeli, Tak u BHewHeild. [Tostomy uer Hanob-
HOCTH TIPOLOJIXKATh AaJjbHelilllee H3JI0XKeHHE, a JAOCTAaTOUHO OI'PaHH-
YHThCH CCBHIIKOH Ha YyKazaHHBIE maparpad toma I1lI. 3mech ke
BaXHO ObIJIO MOAYEPKHYTH TOJBKO TO, YTO [POLECC YCTAHOBJIEHHS
PABHOBECHOTO COCTOAHHS OCYIHECTBJSIETCS IYTEM TYHHEAbHbIX ne-
pexo0os8 3JIeKTPOHOB uepe3 MOTEHUHAABHBIT 6apbep.

3. lNepefinem Tenepb K PACCMOTPEHHIO 3MHCCHH JIEKTPOHOB U3
sierassioB. Korza teMnepatypa MeTasna Aesaercd LOCTATOUHO BHI-
cokoit (Beime ~ 1000°C), mosiBASIOTCS GHICTPLIe 2JEKTPOHH, CIIO-
cofuble MpeofoseBaTh 3a]epKHBAIONIHA MOTEHIHA] H BHIXOAHTH U3
MeTasaa. JTO — TepModreKTpounas 3amuccus (cM. 1. 111, § 101).
OnHako 3MHCCHS 3JIEKTPOHOB MOXET MPOHCXOAHTb H U3 XOAOOHOZ0
MerasJa. s 3T0oro HOpMaJsbHO K MOBEPXHOCTH MeTaJsla Halo MpH-
JOXHTL CHJIbHOE 3JeKTpuueckoe mose (mopsaxa 105 B/cm), wua-
npaBjeHHOe K MeTasay. Takasi 3MHCCHS HasblBaeTcsi X0A00HOU.
O6bsacHeHue 3TOro fABJEHHS, B OOIIMX YepTax coryacyioliieecss ¢
OMNBbITOM, OCHOBRHO Ha TEOPHU MPOXOXKAEHHUS BJIEKTPOHOB UEPe3 MO-
reHIHaJdbHBL 6apbep.

B orcyTrcTBHe BHEIUHEro 3JEKTPHUECKOr0 [oJs noremmaﬂbnaﬂ
3HEPTHsi 3JIEKTPOHA [peAcTaBJaseTc® Ha pHc. b6 cTynenuatofi su-
nuefi AOBC, npuuem Hauasgo KoopawHat O MOMEIIEHO HA CTEHKe
Merasna. BHyTpd Mmerasna MOTEHIHWAsbHAA SHEPTUA [PHHATA pPaB-
Hofl HyJ/ilo, BHe MeTaJ/1a OHa noctosinHa U paBHa C. Ecau vasoxKuTth
BHelIHee 3JeKTpuueckoe mose E, HanpamieHHoe K MeTajly, TO B
MOTAJJ OHO HE MPOHHKHET, H NOTeHUHaAbHad 3HEPIUsd 3JEeKTPOHA
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B MeTaJlle mo-npexHeMy OyaeT paBHa HyJlo. CHADYXH Xe MeTal/a
K moTeHunuasbuol sueprun C noGaBUTCA MOTEHIWANLHAS SHEPTHA
3JIeKTPOHA BO BHeIHeM 3JeKTPHYecKOoM mnoJe, paBHas —eEx (3a-
psii 3JeKTpoHa o6o3HaueH yepes —e). OHa H306paKeHa HAKJOH-
Ho#i mpsimoli BM. B pesyabrate noJiHasi noreHnHadbHas QYHKIHA
3JeKTPOHA BO BHEIIHEM MOJIe NpeacTas-
JfeTcs BBIPAXKEHHSIMH

0 npu  x <0, [N
C—eEx npu x>0 O

U(z)

Ulx) =

Mexay MeTamioM U BAKYyMOM BO3HH:
KaeT nmoTeHUHanbHbE Gapbep OBM. Bo- 7
JleJIJUM B MeTaJle TPYNNy 3JeKTPOHOB ¢
sHepruel, 6Ju3kodl K &, [lponuuae-
MOCTbh Oapbepa AJf 3JEeKTPOHOB = TAKOH
sHeprueit nafaercs no dopmye (28.17), B KoTopoH caeayer noJo-
®uTh x; == 0. 31ech x, HafigeTcs us ypaBuenuss C—eLxy =&,
KoTOpoe naeT x; == (C — &) /eE. 3anaua cBOAUTCA K BLIYHCAEHHIO
WHTErpana

S= S Ve |Uix)— & | dx = S V2m(C —eEx —&,)dx =

) 0

2 5= (C=&F
=73V 2m eE ’

Takum ob6pasom, KoathHUHEHT Npo3pauHocTH Gapbepa Ans 3JeK-
TPOHOB C 3HeprHel &, BbIpaxaercs QopMy.aof

5 e 302
D(#,)=Dyexp{—+ Vin (€= &) ). (29.2)

KoaduunedT 3TOT MMeeT HeCKOJbKO pasHbie 3HAUEHHS JJ5 pas-
JHIHBIX & . MoXHO BBecTH cpeluuil uau sgexrusneul xKo3ppu-
HUEHT Npo3pauxocTu Oapbepa MyTeM COOTBETCTBYIOILLEro ycpejHe-
HHSA Mo &, (4TOOBI MOJYYHJICH TOT e TOK sMuccuu). BeAkoe yepen-
HeHHe CBOJUTCS K yCpe/HEHH BbipaweHus Buaa Doexp [—f(&x)/E],
rae cMblca QyHKUHH [(& ) Merko ycTaHaB/JIMBaercsi CPaBHEHUEM C
dopmysofi (29.2). [TockonbKy ycpeaseHHe MPOU3BOAUTCS 10 & NMpPH
PukcupoBannoM E, ycpeaHenHio GaKTHYECKH MOAIEKHT PYHKUHSA
f(&+). dra QyHKIUA moJ0OXKHTeNbHAa, TaK Kak C > &, a noromy
nocsie yCpelHEHHs1 ee MOXKHO OpPEACTaBHUTh B BHJE IKCIOHEHIHAJb-
HOro BoIpaxeHHA. B pesysabrate aaa ycpelddennoro kosddunuenta
MPO3payHOCTH Oapbepa moJaydaem

D=Dg e ©* (29.3)
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rae Do n Eq— noctosiHHBIE, 3aBHCALLAE OT poja MeraaJga. Tok Xo-
JIOLHOH 3MHCCHH BhIpa:kaertcs (opMyJol

[E)=[D = Ae ®E {29.4)

MmeHHO Takasg 3aBHCHMOCTb TOK4 XOJMOJAHOHA 3MHCCHH OT HAOPSIKEH-
HOCTH BHEIUIHEro MPHJ0XKEHHOro 3JeKTPHYECKOro noJa Gbljia 3Kcie-
puMenTanabao noxrsepxkaena [1. M. Jlykapckum.

Knaccrnueckylo Teopuio XOJOAHOH SMHCCHH N €e cpaBHeHHe C Ofhi-
TOM CM. B 3ajaue K 3toMy naparpady.

3ADAYA

XOJIOAHYIO 3MHCCHIO 3JIGKTPOHOB ¥3 METalja (BITallCh OOBICHHTE KJACCH-
UECKH BJHSHHEM CHJILI 3JIeKTPHYeCKOro H306paKeHHst e2/4x, ¢ KOTODPUH 3JeKTPoOM
UpHTATHBaeTCA K 0oBepxHocTH meraana {cm. 1. III, § 23, aynxi 2). C yuerom
5TOfl CHJH MOTeHUHa/bHas 3HEPrHs 3JeKTPOHA BOJHM3H MOBepPXHOCIH MeTajana Ha
paccToauug x 0T Hec npeacrapaserca seipaxeddem U = C — eEvy — ¢%/4x. Yuer
3TOH CHAL NOHHXKAe! MOTEHIHaAbHBIH Gapeep, KOTOPH A0/KeH OpCconoders 3a¢K
TPOH, YTOGH BBIITH M3 MeTasJa, T ¢ ymeublwaer paboTy Bbixoga. Paccuntath
3TO yMEHDIICHWEe B OileHHTb HANDRIKEHHOCTh BHEIIHETO »JeKTPHUECKOro nonsg. Ha-
uiiHay C KOTODOrO AOJIKHE Obina HLi [iDOHCXOAHTH XOJONHAS IMuccHs. Tlpoge-
CTH 4YHCJEHHWH pacyeT aas BoJbdpama. Pabora BuiXxoaa aas sonb(hpama A =
= 4,5 3B, -

Peweuye @Dyukuua U nocTHraer makcuMyma npyg x = '/, Aelk KOTOPBIf

paBen
Unaxe =C — AV Ee?

OT1co/ia BHAHO, 4YTO CHJ2 3JEKTPHYECKOIO H306PaEHHS yMCHBIIAET  BHLICOTY
Gapbepa, a ¢ Hefl H BeJHUHHY PabOTHl BLIXOAA Ha BeJHUnHy A/Te' Honas pa6ora
guxoga A'=A— \/Ee? Xononnas sMHCCHS HaynHaercsi, goras A’ = 0. dro
naer

£ e Atfet = Vo (29.5;

[Tocaentee BulpameHHe noJyyaeTcsl H3 MNPeALIAYLUErO, echd paboTy BHXOAA BHIPA-
3UTh 4Yepes COoTBETCTBYIONiee HanpsipkeHue V no dopmyne A = eV. [Has Boan-
tpama V = 4,5 B = 1,5-10~2 CTC3,
£ = % — 0,469 - 10 CTCD = 1,41 - 10% B/ew
4,8-107

Mexay Tem MuiiukeH noayuan cH/AbHBIE TOKH XOJOXHOH sMHCCHB yxe npu £ =
=~ 4.10% B/cwM.



FrJ1ABA V

OAJIbHERWEE MOCTPOEHUE KBAHTOBOM MEXAHHKH
H CNEKTPbI

§ 30. OnepatopHbiii MeTOA

1. Oneparopueii merod WHPOKO pacnpocTpaned B 0OJBIUIHHCTBE
HCCJe/l0BaHHH KBaHTOBOH MeXaHHKH, a NMOTOMY HeoOXOLHMO CO06-
IIUTb KPaTKHEe CBelieH#s o HeM. JTO TeM 0Oojee HeoOXOAMMO IS
TOro, 4To0bl 1aTh 3aKOHYEHHYI0 (OPMY CBSI3H CHMBOJIOB KBAHTOBOH
MEXaHUKH ¢ pPeajbHO Ha0J10JaeMbIMH BeJHUHHAMH.

oA oneparopom NOHHUMAIOT CHMBCJ, KOTOPHIY Npu LEHCTBHN Ha
(YHKUMIO HEKOTOPBIX NEPEMEHHHEIX AaeT HOBYI0 (QYHKUHIO TexX Xxe
nepeMeHHBIX, [Ipumepamyu Takoro meHcTBUSL MOTYT CJYXHTh YMHO-
JKeHHe Ha X MJA HAa Kakylo-1ub6o dyuxuuio f(x). PaccmatpuBaemuie
¢ 9TOH TOYKYM 3PEHHs CHMBOJIB X M [(x) SBJSIOTCH OnepaTopami,
s oTanunst 01 yucen ux oGo3HauawT 4epés £ f(x), T. e. cTapar
uIsanky Han x u f(x). Apyrum npumepom orgezzpa'ropa MOKeT ¢Jy-

5 .

KHTb AMPPEPeHUHPOBAHHE N0 X, T. €. F—. Zur - -«

OnepaTophl MOXHO CKJIanwBatk. [Tox cymmoid oneparopos A-+B
IOHUMAIOT TAKOH onepaTop, [AeHCTBHe KOTOporo Ha a6y (yHk-
unio f(x) maer pesyaesrar Af(x) + Bf(x). [lon npoussedenuem one-
paropos AB noHHMAIOT ollepaTop, pe3yJabTaT AeHCTBHS KOTOPOro Ha
aw6yio dyururio f(x) pasen A[Bf(x)]. 3necy dyuxuus f(x) cua-
yaja moABepraertcsl AeHCTBHIO onepaTtopa B, a zaTeM Ha noJyyeH-
HH# pesysabrar AefictByer omeparop A. YacTHBIM ciaydyaeM npous-
BelleHHusl OepaToOPOB sIBJSIETCS NPOH3BELEHHE onepaTopa A Ha YMCJIO
A, T. e. au60 A4, mu6o Ah, U60 BCSIKOE YHCIO MOMKHO pacCMaTPUBATh
KaK yaCTHHI cayuall onepatopa. B anreGpe omepatopoB He Bceria
cobaofiaeTcss KOMMYTATHBHLIE 3aKOH OTHOCHTEJBHO YMHOMKEHHS.
1o 3HauuT, uTO He Bcerna AB = BA. Ecau Takoe paBeHCTBO cO6.110-
AaeTcs, TO TOBOPAT, 4TO omnepaTtopwt A uw B kommyrupyoor npyr
¢ apyroM. MHaue HX Ha3BIBAIOT KOMMYTUDYOWUMU ONepaTOpamu.
B npoTuBHOM cJiyuae omnepatopul A W B He KOMMYTUPYIOT H Ha3bl-
BalOTCS HEKOMMYTUPYIOU{UMU WY AHTHKOMMYVTHDPYIOIUHMH. [Ipume-
pOM HEKOMMYTHPYIOLIHX OMEPATOPOB MOTYT CJAYXHTb YMHOXKEHHE
Ha x v AuddepenunpoBane no x. [leficrBuTensno,

Y B IO
(x-é_;)f——xax’ (axx)f—“ax'\xf?—f_*_xgx—’
TaK 4TO
wr T Eey =L (30.1)
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DTn onpenesenns No3BOJSIIOT (10 3aAaHHBIM ofepatopaM A n B
CTpOUTb Apyrue onepatopbi L (4, B), sBasiouuécs ux QyHKIHIMH.
Ornpesesienne 3TO UMEET CMBIC] TOJNBLKO JJII YEAbLX PAYUOHOALHBLY
pyrkyul onepatopo A 4 B. JloctaToyHOCTb TAKOrO OrpaHHUeHHs
B 3TOM MOCTPOEHHH CBSI3aHa C TeM, YTO UMEHHO MPH TAKOM OrpaHH-
YeHHH B KJaccHuecKoll QusHKe onpeleisioT HOBHIe (H3HUeCKHEe Be-
JIMYHHbI Yepe3 ApyTHe, paHee BBeleHHble (H3HUECKHe BeJHYHMHbL.

ClloeHHe H YMHOXKEHHe ONepaTOPOB MPOM3BOAMTCS No 0OO6bIY-
HBIM a/re6pauyeckuM [MPaBHJIaM CJOXKEHHS H YMHOMKEHHs UHCel.
Enuucreentoe oT/HY4He COCTOMT B TOM, YTO NPH YMHOMKEHHH orepa-
TOPOB HE BCErja MOXKHO NepecTaBJsiTh NOPSLOK comHoxHTedel. Ha-
npumep, Bceraa

(A+BY=(A+B)(A+ B)= A2+ BA+ AB + B~
B o6mem Buge 6by10 6bl HENPaBHJABHO [HCATb
(A+ B)?P= A2+ 24B + B2

Takas dopMysa BepHa ToJbKO TOTAa, Korja onepatopbl A u B KoM-
MyTHPYIOT MexAy coboi, 6o npu BA = AB oHa noayuyaercsi H3
npeabiayiiedf. Ho B clyuyae HEKOMMYTHPYIOUIAX ONepaTopoB 3Ta
dopmysa HesepHa, H6O B 3TOM ciayuae BA #= AB.

Onepatop A HasbiBaeTCsi AUHElHbIM, €CAW AJsi JIOObIX IBYX
byukuuf f 1 @ @ J106bIX NOCTOAHHBIX A H {1 coBJ104aeTCsi COOTHO-
HIeHHe

A (Af + po) = AAf + pdo.

B kBaHTOBOH MeXaHHKe PHMEHSIIOTCH TOJNLKO JHHEHHBIE ONepaTopHl.
B npornsHoM cayuae wapywancsi Obl npusyun cynepno3uyuu co-
croanull.

2. [lpeanonokHM Tenepb, 4TO MHOTOKPATHO MPOW3BOAHUTCS H3-
MepeHHe KOOpPAHHATH X YACTHIB, NPHYeM YacTHLA, NMOCKOJbKY 3TO
[103BOJISIET ONBIT, BCAKHH pas NPHUBOAUTCH B OOUHAKOBbIE MAKPOCKO-
nudeckue ycaosus. Toraa COCTOAHHE 4YaCTHUH B STHX ONHITax
MOXHO XapaktepH3oBaTh BOAHOBOH ¢ynkuueli W(x), kotopyio mbl
paid npoctoTh OGyAeM cuuTaTbh GyHKLHeH TOJbLKO 04HOM npocTpan-
cTBeHHOH KoopAuHaTh x. Cpelnee 3HaueHHe KOOPAHHATH, KOTOpOe
Gyaer HalineHo B pe3yabTaTe U3MepeHHH, MOXKHO 3anucaTh B BHAe

() = S OV dx,

n6o0 ¥*Wdx ecrp BeposITHOCTL TOro, 4TO uacTHua Oyaer oGHapy-
XKeHa B HHTepBaJge ¥, ¥ 4- dx. [1pn 370M HE06X0AHMO OrOBOPHTD, UTO
¢vukuns W(x) BCOLYy KOHeuyHa, OTJIHUYHA OT HYJA B OrpPaHHUYEHHON
06/1acTH [IPOCTPAHCTBA H HOPMHPOBaHAa K e[HHHIE, T. €.

S W dx =1, (30.2)
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rJe HHTEerPHPOBAHHE NPOHU3BOAUTCA MO BCEMY (IPOCTPAHCTBY, B KO-
topoM ¥ orau4yHa OT HyJss. BeipaxeHue NJa cpelHero 3HauyeHHs
{x> MBI MpEeANOYUTAEM 3aNHCaTh B BHIE

(x) = S WY dx. (30.3)

CoBepIleHHO TaK Ke BBIUHCJASETCS CPefHee 3HadyeHHe QYHKUHMH f(x),
T. e. 1o gopmy.Je

(F(x) = S W (1) f (0) W (x) dx, (30.4)

B KOTOPO# f(x) paccMartpuBaercs Kak onepartop.

Ecau cocroanue ¥ Mensiercs BO BpeMenn, 1o ¢opmyaa (30.4)
JaeT cpejHee 3HauYeHHe [Js OINPEACNCHHOrO MOMEHTAa BpEMEHH.
B aToM cayuae B pyHkuun W(x, f) cireayer Bpemsa !/ paccMaTpuHBaTh
KaK napamerp, T. €. TPH B3ATHH HHTErpaja ero cJelyeT CHHTATh
TIOCTOSIHHBIM.

3. Kak xe BpyHCcaATL no BoJHOBOH ¢yrKuun W(x) cpenuue
3HAUEHHUs UMIyJbCa YACTHUBl HJIH CPEIHHe 3HAUYEHHs LEJBIX pa-
IHOHAJbHBIX (QYHKUMA OT mMnysabca? Dylem npeamnosnarats, uto B
KaXAbt MomeHT BpeMeHu ¢ynxuus W(x) Bcioay KoHeuma u oOf-
JUYHA OT HYJs B OTPaHHYEHHOH o6JsacTy OpPOCTPAaHCTBA, a HNOTOMY
Moxer O6niTh HOpMHpOBaHa corjyiacHo dopmyae (30.2). B neasx
MaTeMaTHUeCKOro YIPOLICHHS] OPHMEHHUM HCKYCCTBEHHBI apHem. 3a-
MEHHMM HCTHHHYIO BoJHOBYIO ¢yukuuio W(x) apyrofi nepuoanueckod
dyunkuueli @(x) ¢ nepuosoM [, tak 4To npu JjgoboM x O(x+4 /)=
=O(x). Pynkuus ¥ (x) orauyHa OT HYJAA TOJBKO Ha HeGOJBLIIOM
yyacTKe riae-to B cepeinHe uHiepBasga 0 <C x <[ (OCHOBHOroO Ie-
puona). B stom unreppase o6e dyuxuun W (x) u ®(x) coBnagaor.
Bue uHrepBasa 0 << x << ! ¢ynkuna W(x) obpallaercs B HYyJb.
[TosToMy u3 HopmupoBkn (30.2) c/ieldyeT HOPMHPOBKa AJs (YHK-
nnn @ (x): z

S O (x. D (¥ dx=1. (30.5)

0

YkasaHHasi 3aMeHa He MOXeI CYLIeCTBEHHO OTPa3UTbCs Ha B
JeHUsX, TNPOTEKAWIINX B paccMaTpHUBacMoe BpeMsi B paccMaTpi-
BaeMOH HaMM o6JjacTh npoctpancTBa. [leficTBuTe/bHO, pasaudue
mexay Qynkuuamu @O (x) 1 W{x) oTHOCHTCS TOMILKO K A0OCTATOUHO
yAaJleHHBIM 06J1acTIM [POCTPAHCTBA, KOTODhle HE MOTYT 0KasaTh
CyllecTBEHHOe BJHSHHE Ha (pPOTeKaHHE H3yuyaeMOro HAMH SIBJIEHUS.
B npenene, koraa | — oo, HeGoJbllIe UCKAXKEHHS ABJEHHN, BLI3BaH-
nele 3aMenoll W #a @, coBceM Hcue3alor.

[Tepuoanueckyio ¢pyukuuio @ (x) pasnoxum B pan Dypoe:
n=+oc

Q)= Y cue's”, (30.6)

N —
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roe
L= (2n/l)n (30.7)

Yro6u onpenenTbh KoaQQHUHEHT Cn 3TOrO psija, Halo 00e 4acTH
~ik

(30.6) yMHOXHTL Ha € "™ B NpOMHTerpupoBaTh Mo x or 0 10 L

[Ipu atom

3 —
Sei(kn_km)xdx= L 1 ecnn n=m,
- = =&
B T =) € 0, ecou nsE=m,
TaK Kak _ .
el (kn”km)[ E=S el2ﬂ (n—m) = 1 == eo.
C yueToM 3TOrO noJydaem
I [
1 —ik 1 —~i
cm=—I—SCD{x)e *m® = S‘P'(x)e “mt dx. (30.8)

0 a

C Y4€TOM TOrO 2kKe YCJOBHA HOPMHPOBKA MPHBOAHUTCA K BHAY

I I n=-+oo
SCD‘CDdx=S‘P"Ifdx=l 3 e, P=1. (30.9)
4] 0 n=-—o0

Brisenem eille o4HY BC[IOMOI‘aTeJIbHle dopmyay. Humeem
1

. 0 * lkx@ ik, x
0SCD 5- x—SZZc c,e oy ndx =

=iSZZ Tk et Fn=Fm) ¥ gy,
0 m n

MM MOC/]e MEPECTAHOBKH MOPsAAKAa CYMMHPOBAaHHS M HHTETPHPO-
BaHHA .
. I(ky—Rpy)x
SCD—-CDdx—-LZZcmcnan dx.

Bxoaauui ciofla HHTerpaJ y»e ObL1 BBIUHCJIEH Bhillle. Bocmosb3o-
BaBLUKCh BBIYUCJAEHHBIM 3HAYEHUEM, MOJYIHM

1
. « 0
—LOS(D—O—;CDdx—-—'IE len B k. (30.10)

4. Mo cux nop ™Mbl He ofpaulaJu BHUMaHAsL HAa 3aBHCHMOCTB
¢byuxuan ¥, a ¢ neil u pynkunu O, or spemenu f. Hawu sriuncre-
HHS, B CYLIHOCTH, OTHOCHJHCb K ¢yukuuam W(x, {) u @(x, {) nps
(MKCHPOBAHHOM 3HaueHHH {, — BpeMsl { pacCMaTPHBAaJOCh KakK mna-
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pamerp. BpemeHHas 3aBHCHMOCTb onpefiequTcs 43 TpeboBaHuUA,
yrobn ¢yuknuy ¥ u @ ynoB/ieTBOpAaN BpPEeMEHHOMY YpaBHEHHIO
Ulpeannrepa (21.5). TakoMy YCJIOBHIO yAOBJAETBOpSieT PyHKIHUS

Dix, =) c,e' En*70n"), (30.11)

n

Ile 4acTOThl ®, ONPEle/fIOTCA 3aKOHOM JAHCIEPCHH ©p == 0, (R,)
no dopmyne (19.6). dror pag upeacrasaser coboil pasnoxeHue
dynknun @ (x, ¢) 00 nJaockUM BONHAM jge Dpofasa!).
Bosaune ge Bpo#iis gt (Fn¥ o) COOTBETCTBYET HMINYJAbC Pn == fikn.
n n
3Hauenusa UMIyJbCa AUCKPeTHb. HO 3Ta AHCKPETHOCTb HCKYCCTBEH-
Hasl U MOJYYHJAcCh B pe3yJaLraTe 3aMeHbl HCTHHHOH BOMHOBO!H (YHK-
uun W(x, ) Ha BcloMoraTe bHylo nepruoanueckyto Gyukuuo O (x, £).
Hcrunnsie snadenus umnyabca Henpepsignsl, VI neficTBUTENBHO, YeM
AJiHHHee B3sITh MEPHOMA [, TeM MeHblie PAaCCTOfHHEe MeXLy COCel-
HHMH 3HAYeHHAMH JHUCKPETHOrO ClexkTpa HMmnyJbca, B npesede,
Korga [—- co, 3TO PacCTOsIHAE CTPEMHTCHA K HYMO, Tak 4To dakTu-
eCKH HMIYJAbC CTAHOBHUTCH BEJHUHHON, MeHsiolelics HellpepbiBHO.
Hsmepenue umnyabea B cocroauuit M(x, {) LaeT OLHO U3 3HAUEHHI
pr. BepoatHocTb 3T0ro 3HaueHud, B CHAY YCJOBHA HOPMHPOBKH
(30.9), paBua [|c,|% [losToMy CcpeiHee 3HAYEHHE HMIIYJibCA, KOTO-
poe MOJYUHTCA B Pe3yabrTaTe H3MepeHHs, BYLET paBHO

()= 11¢spn (30.12)

#ad B cuay cootHouenusa (30.10)

(p) = glqr (—in =) ®ax.

]

Tenepb MOXKHO BBHIIOJHHMTL NpelefbHBH nepexold K [—- oo u mnoay-
YHUTL QOpMYJTY

(p) = S‘F‘(—ih%)‘l’dx, (30.13)

B KOTOPOH BCHKas HeONpeJe/eHHOCTb, CBA3aHHAA ¢ BBeJeHHEeM
scrioMoratenbHoll yHkuuu @, ucuesna. I'lpu ITOM HHTerpHpoOBaHHe
pacnpocrpaHsieTcsd yxKe Mo BceMy GeCKOHEUHOMY NPOCTPAHCTBY, Tak
Kak GoJjbliHe 3HAYEHHS x He BHOCAT HHKAKOrO BKJala B HHTerpaJt.

1y [poussossHylo dyHkuno D(x, {), NePHOAHIHYIO MO X, MOXHO Pa3JIOXKHTDH
B pan dypwe 00 r, Ko3pdHuHeHTH KOTOporo GyayT dyukuuamu f Pacmpocrpa-
HEHO OWHGOYHOE MHeHHe, YTO 3TO M eCTh passioXeHHe MO MJOCKHM BOJHAM e
Bpoitaa. Omu6Ka COCTOHT B TOM, 4TO nepuoaudeckas ¢yHkuua @(x, {) He Mo-
#eT OBITb MPOH3BOJLHON, a [0JKHA yRoBJaeTBOpsATh ypaeHenuio Ipexnurepa
(21.5). dro HakNaABIBAeT OrpaHHIeHHs Ha KO3 HIHEHTH Pa3JjoxKeHHs KaK QyHK-
Y BpeMeHH £
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Paccyxnast anasorpunelM ofpasoM, Moxem 06e3 Tpyla nojy-
4HTb [JI51 MPOH3BOJIBHOIO LEJIOro NMOJOXKHTENbHOTO 11

0"y =W (— ih )" W dx, (30.14)
a AJs1 1eJod paunoHabHofl GYHKIIHH UMIYJbca
Fpn=\wFp)wdx, (30.15)

rie yepes f o6o3HayeH oneparop
p=pe=—ih . (30.16)

Ha3blBaeMbIH 0neparopom UMAYALCA, TOUHEE — ONEepPATOPOM INPOEK-
IHH HMIYJbCa Pr.

5. KBaHToBass MeXaHHKA MOCTYJAaTUBHO 0000LIAET [OJyueiHble
pe3ysbTaThl Ha J00EEe (H3HUECKHE BEJUUHHBI, BJAsSIOLLIHECS (DYHK-
ILHSIMH KOOPJAHHAT M uMnyJbcoB. FHaue roBops, oma mosaraer

(F x, p))= S W' X F (£, P (x)dx. (30.17)

3necs F(x, p)— uesas paunuoHaJbHAA (PYHKIUA KOOPAHHAT H HM-
MyJbCOB, KAK OHA ompejenseTcs KJaaccuueckd, a F (£, f)— cooTser-
cTByfollnil efi onepatop. ®opmyaa (30.17) 1 MoxkeT GBITH N0OJO¥KEHA
B OCHOBY BBEJ€HHsI OMEPATOPOB B KBAHTOBYIO MEXaHHKY. 3aMeTHM,
UTO MOCKOJbKY MBI pacroJaraeM onepatopaMu £ u p B MpsiMOYTOJb-
HBIX KOOpAHHATAX, IPH HAXOXKIeHHH onepatopa F (£, p) Hamo ucxo-
NHTb U3 COOTBETCTBYIOWeH KaaccHuecKod QOPMYJIb TaKXe B IIPSIMO-
YTOJIbHBIX KOOPAHHATAX HJH B BEKTODHOH (dopMe.

Heauumne noauepkHyThb, uto nod x u p B Gopmynae (30.17)
HesIb3si NOHHMAaTh 3HAUeHHS KOOPJAHHATHI X H HMIYJbCa P, NOJYUEH-
qble B pe3yJpTaTe OJHOIO H TOTO XKe H3MepeHHA. Takoe mougMaHHe
IPOTHBOPEUHT mpHUHLUNY Heonpenenennoctell [efizenBepra. Tlog x
M p CJelyel NOHUMATb KOODAMHATY H HMIY/JbC B KJAaCCHYIECKOM
cMplcsie. KBantoBass MexaHHKa 3aMeHseT 3TH BeJHUHHLI omepaTo-
paMH £ ¥ P U BBOAHT HOBBIE ONMEPATOPH F(x p). Oneparop F{£, §)
MoJyyaercss B pe3y/ibTaTe TPHMEHeHUS K £ H f Tex xe omepauni
CJIOMKEHHS H YMHOXKEHHS, C fIOMOIbIO KOTOPHIX B KJACCHUECKOH (u-
3UKe 10 3HAYEHHUSIM X ¥ p HAXOAWUTCA 3HauyeHue PyHKuuu F(x, p).
31ecy HeT ellle HHKAKON CTATHCTHUHOCTH, CBOHCTBEHHOH KBaHTOBOH
vexannke. CTaTHCTHYHOCTb NOSIBJASETCA NPH Nepexone K Gopmvie
(30.17), u60o ona naet TOAbKO cpeiHee 3HadeHHe dyHKuuu F(x, p),
a He ee HCTHHHOe 3HaueHHe (KOTOpOe B KBAHTOBOH MeXaHHKe, BO-
ofre roBopsl, MOMKeT He UMEThb HHKAKOrO CMBbIC/JIa H3-3a HEBO3MOXK-
HOCTH XapaKTepH30BaTb COCTOSIHHE YACTHIB OAHOBPEMEHHHM 3aja-
uneM x u p). [Toayuenne oneparopa F (£, ) u3 KaaccHueckoli (hyHk-
une F(x, p) ofycaoBauBaer, HaDpiAy C APYIHMH COOOpaXeHHSIMH,
TECHVIO CBSI3b MEXJV KAacCHuecKoH H KBaHTOBOH Mexauukamu. [lo-
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Jydaercs napalloKcaJbHOe YTBEpIKAEHHE, 4To OOOCHOBaHHe KBaH-
TOBOH MEXaHHKH APUHLUAUAALHO HEB03MONCHO 6e3 MeXaHHKH KJjac-
CHUYECKOH, XOTsl KBAHTOBAasi MeXaHHMKa H sBJsiercd GoJjiee obliell Teo-
pHell, B KOTOpONl KJaccuuecKas MeXaHHMKa COJNEPIKHTCS KaK Ipe-
JeJIbHBIH YacTHBIA cayyall. DTOT npefedbHBLIE chaydai MoJyuaercs
M3 KBAHTOBOH MexXaHHKH, Korja nocrosinnasi [lmanka h npeunebpe-
KHMO MaJjia Mo CPaBHEHHIO CO BCeMH BeJHUWHAMH TOH 3Ke pasmep-
HOCTH, UTPAIOLINMH POJIb B PACCMATPHBAECMOM SIBJIEHHH.

Bce mosyueHHBIC Pe3yJbTAThl BLIBELEHH /51 OJHOMEPHOrO CJIYy-
uas. ITO CAENAHO TOJBKO B IIeJIsiX MPOCTOTH H COKpalleHHs 3alHCH
¢opmya. Ho atu pesysibratnl 6e3 TpyAa obobluialoTesi 0 Ha Tpex-
MepHbIH cayuaf. Tak, omepaTopoM TPeXMepPHOro MMIYJbCa YACTHIIH
ABJISIETCS CHMBOJIHUECKHH BEKTOP

- . J ., J , a .
a dopMmysa Aas1 cpelHero 3HAYeHHs] TAKOTO UMIyJabCa NMPUHUMAaeET

BU
(py = S W (— iRV W 4V, (30.19)

rie HHTerpHpOBaHHe INIPOH3BOJLHMTCS IO BceMy mnpocTpaHcTBy V, a
byaxkuua ¥ npeanoJiaraeTcss HOpMHPOBAHHOH K eJUHHILE:

Sqf*qf dv = 1. (30.20)

Takum oGpasoM, BCAKOH Kiaccuueckoii seiuuune F(r, p) xBan-
TOBasi MeXaHHKa cofocTaBasieT omnepatop F(r, p), noayuawlixiics
3aMeHOH KJACCHUECKHX BEeJHUYHH F MU P Ha COOTBETCTBYIONIHE Ofle-
patophl ru /3 [Ipu 3TOM CBsI3b C peasbHO HAGAI0JAeMbIMH BeJHUH-
HAMH YCTAHABJIHBAETCA CTATHCTHUECKH C NOMOLIbIO HOPMYJIbI

(F (r, p))=S‘P‘F (r. p)wav. (30.21)

6. [TocTaBuM Temepb BONLPOC, He CYLUECTBYET JAH TaKHX COCTOA-
HH#l, YTO NPH HM3MepEeHHH BeJHuMHbl L, COOTBeTCTBYIOLIEeH omepa-
tTopy L, Bcerga mosyuaercsl onpejesenHoe snauenue L. Jlerko Bu-
JeTb, YTO TAKOMY YCJOBHIO YAOBJIETBODSIOT BOJHOBble (DYHKIIUH,
SBJAIOLIHECS PpeLIeHUSIMH yPaBHEHUS

Ly =LY, (30.22)
N clicTBUTENBHO, B 3TOM CJayuae
wy={wivir={viva=1{vwir=1L,

T. e. cpeanee 3HaucHHe (L) Bcerpa paBHO L. A 3T0 BO3MOXKHO TOrna
H TOJILKO TOT[a, KOTJa Pe3y/bTaT KaXAoro HaMepeHus pasen L. Mnl
Jl0Ka3aJjJu AoctaTouHocTb ycsoBHs (30.22). Hemuoro cioxuee go-
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Ka3biBaeTcsd W ero HeEOOXOAHMMOCTb, HO Ha 3TOM Mbl He OyaeM ocra-
HaBAUBATLCH.

Oyuxkuun W, yaopgeTtsopsiionive ypaBuenuio (30.22), nasbiBa-
I0TCSI COOCTBeHHbIMU PyHKyuamu onepatopa L, a yncaa L —ero
cobcTBeHnbiMU 3HAYeHuaml. B KBaHTOBON MexaHHKe NpHHHUMAaeTCH,
YTO npu u3MepeHuu (Qu3u4ecKol BeAUHUHbl MO2YT NOAYHUTHCA
(c TOU wau uHOU BEPOATHOCTBIO) TOALKO COGCTBEHHblE 3HAYEHUSA
coorsercTsyroujeeo ell oneparopa. Tak Kax (H3HUECKHE BeJHYHHBI
CYULCTBEHHO BeUecT8EH !, TO onepaTophl L (GH3HUECKHX BEJIHUHH
LOJIKHBI OBITb TAKHMH, YTOOBl HX COOCTBEHHBIC 3HaueHHs ObLIN TaK-
xe gewgecrgernoimu. Ho Mbl He GyaeM yray6asTbesi B 06CyKaenHe
YCJOBHH, NPH KOTOPBHIX 3TO TPe6OBAHHE BBINOJHSETCS.

YpapHenne (30.22) spasiercs o600lleHHEM Ha caydail JHOGBIX
(PU3NYECKUX BEJANYHH NpaBHNa KBAHTOBAHHS 3HECPTHH, PACCMOTPEH-
Horo B npeablaylied raase. Uro6bl ybequThCS B 3TOM, HalJeM ome-
patop H, cooTBeTCTBYMIOUIHH MOAHOH 3uepruu uyactuubl. Cornacuo
U3J10XKEHHOMY TaKOH oNepaTtop IMpejCcTaBJseTCsl CYMMOH oneparo-
pPOB KHHETHUECKOH H NOTeHUHAJbHOH 3HEPTHH, T. €.

ﬁZ
2m

ﬁ=2_‘m_p2+0=_ V24 U. (30.23)

CnegoBarenbHo, (30.22) mepexoaut B
ht
(- v+ U)o =5

dto ypasueuue Ulpenunrepa (21.7) s crauuoHapHLIX COCTOSHHIE.
TakuM 06pa3oM, COKpalleHHO ero MOXKHO 3a[HCaTh B CHUMBOJHYe-
CKoH ¢opme ~

Hy =&, (30.24)

orauuatomefics ot (30.22) ronbko obosnauenusmu, ObGiuee ypasue-
uue Ulpenmurepa (21.5) AJs HeCTAallMOHAPHBIX COCTOSIHHE Takxke
MOXHO 3aIHCaTb CHMBOJHYECKH:
ov

ik
Ias moaHoThl 3aMeTHM, uTo ypasrenue (30.25) cnpasedauso
He TONLKO 8 CAy4ae NOTEHUYUAAbHOIX CUA, HO U 8 cAydae, K020a cuAbl
norenyuarom He obaadaror (Hanpyumep, MarHuTHble cHabl). Tpe-
6yercst TOJAbKO, 4TOOB COOTBETCTBYIOLIHE KJACCHUECKHE ypaBHEHHA
MOTJIH GHITh 3amicaHbl B QopMe ypasnenutd Iamuarvtona. B stom
cayyae A Ha3blBalOT 0n12paropom [amuibTOHQ HIH 2aMUALTOHUA-
HOM. Ecau cunn NOTEeHLIHaJbHDBI, TO TAMHJbTOHHAH TOXACCTBEHHO
coBIIaflaeT C ONMEpPaTOpPOM 3SHEPrHH.
[TpuBenem BTOpPOH npHMep Ha mpHMeHenue ypaBHeHust (30.22).
HatineM coGcTBeHHBle (YHKIHM H COOCTBEHHEHE 3HAUeHHS olepa-
Topa uMnyabca. OrpaHUuHBAasiCb ONMHOMCPHBIM CJydYaeM, MNOJOXKHM
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L=p=-—ih0/0x v nonyuum

Orciona
== C () etP*'n = C (1) eiF*.

Yrobbl yaosaerBoputh o6iiieMy ypaBHenuo Llpemunrepa (30.25),
caenyer noaoxutb C(f)= Ce=%* T, e,

P = Cei tkx—ab), (30.26)

Taknm o6pasom, cobCTBeHHBIMH (GYHKUUAMU OliepaTopa HMIYJbca
ABJSIOTCSH IJIOCKHe BOJIHH Ae Dpo#asa. [lapamerp p MoeT NpHHH-
Martp Ja1o0ble 3HAY€HHA, T. €. CIeKTP COOCTBEHHbIX 3HAaueHUH omnepa-
TOpa P HenpepbiBHLIA.

B cBsizu ¢ 3THM 3aMeTuMm, uTO K ypaBHenuto (30.22) Mbl npHilau
na ocHose vpaBHeHusi (30.21). Haw BHBoA mocsaeanero npeanona-
raJ BHIMOJHeHHe ycaoBHsi HopmupoBkd (30.20), T. e. obpameHus
PyHKUMH ¥ B HyJb Ha OeckKoHeuHOoCTH, COOCTBEHHble (QYHKOHHU
(30.26) sToMy YCJIOBHIO He YAOBJETBOPAIOT. Jla u B cayuae omnepa-
Topa 3Heprud nNpu & > 0 coOCTBeHHble 3HaAUeHUs 06pPa3ylOT Hempe-
‘PHIBHBIH CieKTP, U HopMupoBka (30.20) He MOXKET ObiTh BbLIMOJHEHA,
B stux cayuasx Haue gokasarteabcTBO ¢opmyan (30.22) He mpo-
xoaut. OnHaxko cama dopmyna (30.22) ocraerca sepHofl. Moxuo
Tak 0606wuTh HOpMHpPOBKY (30.20), uTo6Hl pacnpocTpaniTb AOKa-
3aTeJbCTBO M Ha TakHe cayyau. Ho ans 3TOro Haao mnosib30BaThCA
o6o6uiennoimy Gyuxkyuamu. Ha 3toM dopMaabHOM BONpOCE Mbl
OCTaHaBJIHBATbCA He OGyfeM. B dusnke B npuHuMne AOCTATOYHO
OrPAHUYHTLCS BOJHOBLIMH (QYHKIHAMH, 06pallalollUMHCA B HYJb
Ha GecKOHeUHOCTH, AJas KOTOpPHX HopmupoBka (30.20) scerga Bhi-
NOJIHSAETCH,

7. OcTaHOBHMCH B 3aKJ/IOYECHHE ellle HA OAHOM BOIPOCE, CIIelu-
($hHUYECKOM TOJILKO ISt KBAaHTOBOH, HO He KJACCHYECKOH MEeXaHHKH.
[Tycts 4 n B — ABa KBaHTOBOMEXaHHUYECKHX OMNEpaTopa, KamaoMmy
H3 KOTOPBHIX COOTBETCTBYeT CBOH CIEKTD COOCTBEHHbIX 3HAUYeHWH.
Beerna sm cyumectyer cocroanue ‘W, B KoTopoM o0fa oneparopa
UMEIOT onpejeneHHble cobcTBeHHble 3navenuss A u B? Wubimu cio-
BaMH, cyllecTByeT Ju cocrosiHne ¥, B KOTOPOM o0fe BeJHUMHBI
A u B usMepuMmbl onHoBpeMeHHO? [lsisi oTBeTa Ha 3TOT BONPOC
nonycrum, uto W, siB1aerca cOOCTBEHHOH (YHKIMEH Kak oneparopa
A, Tax u omneparopa B, 1. e.

AV, = A,¥,, BY,=B,¥,,

rie A, u B, — uncaa, npeacrasJsioiine coboil co6¢TBenIble 3Haye-
Hus onepatopoB 4 U B B 0HOM W TOM ke cocTosHUH ¥, YMHOXKHM
epBoe paBeHCTBO cjaeBa Ha onepartop B. [loayuum

BAW, = BA, ¥, = A,BY, = 4,B,\V,.
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AuaJsiornuno -
ABY,=RB,A,Y,.

Orcioga (AB — BA)W¥,=0. Ha arom ocHoBaHuu Hesnb3s elle 3a-
KJI0unThb, yT0 AB — BA = 0, tak Kak ¥, — e npousso/bHasi QyHK-
M8, a JHUIb OAHA U3 OOMWHX cOOCTBEeHHBIX (YHKUHHA onepaTopon
A n BY).

Honycrum, oAHakKo, 4TO KaxAas cobCTBeHHas (yHKUHSA omepa-
Topa A siBasieTcs Takke co6cTBeHHON QyHKuueH omepatopa B u Ha-
¢6opor. CyuiecTByeT MaTeMaTHyecKasi TeopeMa, KOTOPY Mbl AOKa-
3bIBaTh He OyAeM, 4TO NPOU3BOJbHAs BoJHOBAaA (Gyukuus ‘¥ momxer
OBITh pas3soKeHa N0 COOCTBeHHBHIM (yHKUHAM omepaTtopa A (uam,
qTO TO XKe caMoe, oneparopa B), 1. e.

v=> c,¥,

(npeanoJsiaraercs, 4TO CHEKTP AHCKPETHBIH, UTO HECYIIECTBEHHO).
W3 atoit dopMyasl H u3 coorHollenuss (AB — BA)W, =0 caeayer

(AB— BA)¥ =0.
Teiepb yKe BBHAY MPOH3BOJNBHOCTH W' MOXKHO 3aKJIIOYHTh, YTO
AB = BA, (30.27)

T. . onepatopbl A u B KOMMyTaTHBHB. [lefCTBUTEIbHO, eAHHCTBEH-
nbil omeparop, ofpallaliiHid B HyJb OPOH3BOJBHYI (YHKIHIO,
eCTb ONEPATOpP YMHOXKCHHA HA HYJb. :

Wrak, ecau 8ce cobcersernele (pynxyuu oneparopos A u B cos-
nadaror, TO 3TU oneparopvl Kommyrupyror. CnpaBennnBa u obpat-
Has TeopeMma: ecau oneparopsl A u B xommyrupyor, to cosnadaror
U ux cobCT8exHble (PYHKyuu. DTy TeopeMy Mbl TaKikKe mpumem Ges
J0Ka3aTe/bCTBa.

[TpuBeneHHOH TeopeMe MOXKHO NPHUAATL H JAPYrylo dopMmynu-
voBKy. J8e seauuunot A u B usmepumor 00HOBpemenro, 6006t e
2080ps, T020Q U TOALKO T020a, K020a COOTBETCTBYOUWjUE UM onepa-
Topol A u B kommyTupytoT. IT0 NPABUJIO MOKET HAPYIIATHCA TOJBKO
B OTJEJbHBIX HCKJIIOUHTEJbHBIX caydaax (cM. § 31, nyHkre 1 u 4).

Hanpumep, KOOpAHHATH X H y¥ MOXHO H3MEDHTb OJHOBPEMEHHO,
Tak Kak oneparopbl £ n § KoMMyTupyloT. Hanportus, koopaunara x
¥ COOTBETCTBYIOUIHH €il UMMYJbC Px OAHOBPEMEHHO H3MepeHbl GbITh
HE MOTYT, [OCKOJbKY onepatopsl £ U fr He KOMMYTHPYIOT, KaK 3TO
BufHo u3 dopmyan (30.1). Mmenno storo Tpebyer mnpuumun He-
onpeznenentocrell Iefizen6epra. Koopaunarta x u umnyasc p,, co-
OTBETCTBYIOIIMA APYrofi KOOpAHHATE y, H3MEPHUMbl ONHOBPEMEHHO,
- 9? 3 ki

1) Hanpuwmep, H3 paBeHcTBa (W —3}?) x =0 He cneuyer, aTO v

3

= {.

———
Ax?
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160 omepaTtops £ u p, = —ih d/dy KOMMYTHPYIOT, MOCKOJbKY 0pH
anddepeHUnPOBAHNN IO Yy KOODAHHATa X BeleT cebs Kak HocTo:
SHHAA,

§ 31. MomeHT nmMnyabca 4acTHUB!

1. MoMeHT UMNyJbca 4acraub [ OTHOCHTEJbHO Hauasa KOOp/u:
Hat O B KJacCHueCKOH MexaHHKe ONpejeJisieTcsi BEKTOPHBIM IPOH3-
pefenuem |rp]. Takoe ompejienesue B KBaHTOBOH MexaHHKe He
MMeeT CMbIC/IA, NOCKOJbKY He CYILeCTBYeT COCTOSIHHA, B KOTOPOM Obi
o6a BeKTOpa r U p HMeJau olpejesieHHble 3HaueHHd. B KBaHToBO#H
MeXaHHKe BEKTOPHOMY OPOH3BelEHHIO [rp] COOTBETCTBYET OnepaTop

1=[7ro! 31.1

PackpbiBasi 3T0O BEKTOpHOEe [MpOH3BeAieHHEe W cOOJMIOAas MPH 3TOM
MOPSA0K PacHo/OXesHus ONepaTopoB KOOPAHHAT H NPOEKLHH BeK-
TOpPa HMNyJbca, HafijleM OnepaTopbl MPOEKUHH MOMEHTa HMIyJbCa
Ha KoopAHHATHBIE ocu X, Y, Z:

» . N . 3 é \

lo=(9p.—2p,) =in(z 3y Y )

B=t2p.— 2p)=in(x-% —25-), (31.2)
ad Y

Uepes 3TH MPOEKUHH CaM OINEpPaTOP BEKTOPAa MOMEHTa HMIyJbCa
BbIpazkaercsi popMyaoH

l=il, i, -+ H,. (31.3)

CMBICH 3TOTO BEKTOPHOrO ONEPaTOpa BBLISICHUTCS, €CJAM HAalHcaTh
pe3ysbTaT AeACTBHA €ro Ha MPOHU3BOJIbHYI0O GYHKLHIC . JTO ecTs

fp=i(l, )+ j )+ k() 131.4)

T. €. BEKTOP C COCTaBAAIOMHUMH L, [, 1 [-y. Takum ob6pasoM, npo-
H3BOJIbHO! BOJiHOBOI (GYHKIIHL { COGTBETCTBYeT BEKTOD, ONpeaese-
Mblil BeipaxxenueM (31.4). Bosnukaer, oAHaKo. BOINPOC, CYWIECTBYeT
i Takas QyHKUMs P, AAS KOTOPOH BCe TPH MPOEKUHH BEKTOpa
{31.4) uMelOT onmpejeseHHble 3HAYEHHS, T. €. OLHOBDEMAHHS BHINOJ-
HSIOTCS BCE TPHU PABEHCTBA:

Lp=109 Io=19 [Lbo=1"Lyp. (31.5)

,U,JIH OTBE€Ta Ha 3TOT BONPOC HAAO HafiTy fipaBiaa KCMMYTallHH
onepartopos lx, Iy, I.. llepemnozkas onepatopni I, u I, u coxpanan
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NOPANLOK HX pacrnoJOoXKeHuda, [NoJyYHM

y=—tt(egy —v ) (5 — 255 ) =
=——ﬁ2(za—ayx y%x%—z%z%—i—y%z%)=
=— 1 (28 g5 — g — 2 oy T Y2 ager T 3.
AHnaJiortydo
Zyixz-—ﬁz(zy%mxy%—f afay Tz azaay T X 6ay

Onepanun AudoepesuypoBaHus 110 ABYM He3aBHCHMBIM Oepe-
MEHHbIM [lepecTaHOBOYHbLI, T. €., Hanpumep, 02/0xdy = 0*/dy Ox.
[losTOoMy noOYJeHHBIM BLIUMTAHHEM NpPEAbIAYLILHX DABEHCTB NOJAYYHM

PP PR . a 9
(s e
L, ohx fi Uy, X 57 ihl,

AHasIOTHYHO MOJYHAKOTCsl H ABa OCTAJbLHBIX OpPaBHJa KOMMYTallHH.
Hrak,

y
i, —1d,=inl, (31.6
[, —10, =in,

Takum o6pasoM, aw0bobie 08e npoekyuu ONeparopa MOMEHTA He
KOMMYTUPYOT mexcdy coboi. [Toatomy He cyuwjecTeyel COCTOAHUAR,
8 KOTOpOM bbL 8ce Tpu u Oasce Kakue-aubo 08e u3 Tpex NpPoekyuil
Iy, ly, Iz umeau onpederennoie snauenun (cm. § 30, nyaxt 7). Hc-
KJIOUEHHEM SIBJSETCH TOJbKO CJydvail, KOrA2 BCE TPY (POEKLMH OA-
HOBDEMEHHO paBHH HyJ10. 3HAYHT He CYwecTsyeT cOC10AHUS, 8
KOTOpOM OblL U CaAM BeKTOP MOMERTA UMRYAbCA UMeA onpedeienHoe
3HaueHue, 1. e. bbia BbL NOAHOCTbIO onpedenen KAK NO Beiuuune,
Tak u no nanpasaenuro. Viubimu cnosamu, oneparop momenra 1 we
umeer COOCTBEHHbBIX (DYHKUUL U COOTBETCTBYHOUWUX UM BEKTOPHbIX
cobcraennbix 3nadenud. CBi3b BEKTOPHOIO ONEpaTopa MOMeHTd C
peasbHOH NeHCTBHTENLHOCTHIO B OOllleM BHAE yCTaHaBJHBaeTcs cra-
TucTukecku — ¢ nomoulbic Gopmyant (30.21), koTopas uno3BoJsieT
HaXOAUTb CpellHHe 3HaYeHHs, NOJyJyaeMble NPH H3MEPEHHH CAMOTO
MOMEHTa HMIYJAbCA, 4 HE COOTBETCTBYIOUIEI'O €My ONepaTopa.

2. KaguMu xe HU3HYecKHMH BesauuyuunaMiu (a He HX omepartopa-
MH) XapakTepusyeTCs B KBAHTOBOH MexaHHKE MOMEHT HMOYJhbCa
gacTHUH? J{/5 peluenns 3TOro BONPoca BHPA3HM mpexae BCEro omne-
paTopbl NpoeKlufi MOMeHTa HMNyJbca depe3 chepuueckHe (moJsp-
Hble) KOOpAHHATH. Bonpoc 3TOT mometr 6BITL NPOCTO PELIEH aHaJH-
THYeckKH. Ho aHa/HTHYEeCKoe pellleHHe ROBOJhHO FpOMO3NKo. Mul
NpennoyHTaeM UPUBECTH reoMeTpHyeckoe peuleHHe. Haualjo kooup-



§ 31 MOMEHT MMMYJILCA “TACTMLIDL 191

AWHAT npaMoyroawbuoft XYZ u cdepuueckoil cHCTEM KOOPAHHAT MO-
mectaM B o6ulell Touke O (puc. 57). B chepHuecKHX KOOPAHHATAX
NoJoJKEHHe TOUKH A XxapaKkTepuayeTcs paccTosHHeM ee r oT ToukH O
W ABYyMA yraamu 9 (poaspublil yron) u ¢ (asumyt). B touke A mpo-
BeleM KacaTeabHylo AB K mepnanany ZAN u kacatenpnylo AC K
. COOTBETCTBYIOUIlEll  mapaJJedt.
BBenem BcmomoraTenbHylo nps-
MOYTOJIbHYI0 CHCTEMY KOOpPIH-
Hat Ev¢ ¢ ocsimu Of u On, na-
pa/JeJbHBIMH  COQTBETCTBEHHO
AB u AC, u ocvio O, nanpas-
Jennoil BAOAb paguyca OA
[Ipeanonaras, uro (KJacchue-
CKasl) 4acTHIIA HAXOJAHTCH B TOYU-
ke A, moayuaem ans Hee E =
=1 =0, { = r. [lostomy, 3ame-
usaa B dopmyaax (31.2) x, y, 2
Ha &, n, £, MoxXeM Hamucarthb

on’ N
3 Puc. 57

OF

Ho, xak Buano ua puc. 57, dg==rd® (IpH MOCTOAHHBIX r H W),
dn = rsin & dy (npu nocrosiHHeiX r u §). [loaTomy

2 . h 0 $ ., 0 2
lgzlma—(p, ln-—"—“—-——lh'gg, l;=0

Tenepb serko mepefiTH K HCXOAHON NpAMOYTOAbHON CHCTEeMe KO-
opaunar XYZ, nonbsysach OOBYHBIM NPABHJIOM Npe06pa3oBaHuA
npoekiuil Bekropa. [IpHMeHIMOCTE TAKOTO NpaBujia K oneparopam
o6ycaoBeHa TeM, UYTO HamnpasJsioulHe KOCHHYCHI, ONpeldesioline
pacnosoXkeHne KoopAHHATHHIX cucteM XYZ u Enl OTHOCHTENbHO
APYT Apyra, clelyeT pacCMaTpPHBATh KaK BEJIHYMHBI OCTOAHHbIE, HA
KoTOpBle onepatopel 0/00 u 0/0¢p He pAeHCTBYIOT. 3amuiieM HYX-
Hble HAMPABJSIOUHE KOCHHYCH B BH/E TaOJHIbI:

3 n £
. X cos ¢ cos @ —sin @
Y cos ¢ sin ¢ cos ¢

Z —sin & 0 cos ¥




192 OAJILHEPIIUEE TIOCTPOEHHWE KBAHTOBOWM MEXAHHMKH [TJL v

Toraa
[,=Il¢cosBcosp—1,sing,
[,=1I;cos® sing+1,cosg,
[,=—1Issin®,

HJTH

sziﬁ(sinqj-é% +ctgﬁcos<p—a%),

iyzih(—COSQ% +ctg® sinma(%), (31.7)
l‘z=—ifz-a%.

OTMeTHM CyUIeCTBeHHYIO Pa3HHUY MeXAy KJacCHYeCKHM MOMEH-
TOM HMIyJbCa YacTHUb [fP] H COOTBETCTBYIOIHM €My KBAHTOBHIM
onepatopoM MomeHTa (31.3). Kuaacchuecknii MoMeHT 3aBHCHT OT
palHyca-BeKTopa r, T. e. 0T Bbl6opa Hauasa KoopauHaT O, OTHOCH-
TeNbHO KOToporo 6epercss MoMeHT umnyabca. OnepaTop MOMEHTa,
Kak BHAHO u3 ¢opmya (31.7), He COLEPIKHT r, a 3aBHCHT TOJBKO OT
yraoB 9 ¥ @. DTO 3HAUHT, YTO omepatop MoMeHTa (31.3) ue 3aBucHT
oT BbifOpa HauaJja KOODAHMHAT, a 3aBHCHT TOJBKO OT HampaBJIeHHS
koopauHaTHbIX ocefi. [losToMy ero Jayuine HaswBaTh oneparopom
Yea08020 WIHN 8pawyaressnoec momenra uyactuusl. [lpu paccMortpe-
HHHM YIJIOBOTO MOMEHTZ, B OTJIHUHe OT KJACCHUECKOr0 MOMeHTa HM-
Iy/Abca, He HalAO yKa3blBaTh, OTHOCHTEJBHO KaKOro HauaJja OH Oe-
percsa. Pasymeercs, He 3aBHCAT OT BHOOpa HauasJa KOOpIHHAT H
co6cTBeHHble 3HaUeHHs OMepaTOPOB MpPOeKUHH H KBajapaTa yrjoBOTO
MOMEHTa, O KOTODBIX FOBOPHTCSI HHIXKE,

3. Tenepp mocraBHM BOIPOC, MOXET JI¥ OJHA H3 IPOeKUHH yrio-
BOrO MOMEHTa HMeTb OnpejlelleHHOe 3HaueHHe? $ICHO, UTO eCaH BO-
MpoC pelllaeTc B IOJOXKHTEJbHOM (HJH OTPHUATENLHOM) CMBIC/IE
A4Sl KaKoH-au60 OAHOH M3 IPOEKUHH, TO OH JAOJIXKeH pellaThbCAd B
TOM e cMbicJe H AJISl KaxXIOoH H3 OCTaJbHBbIX ABYX MpOEKUHH, a
TaKKe [1Js MPOEKIHH YTJIOBOTO MOMEHTa BAOJb 0600 NPOH3BOJBHO
H36paHHOTO HampaBJ/eHHs. DTO HEeNOCPeACTBEHHO CJelyeT H3 H30-
TPONHH MPOCTPAHCTBA, T. €. H3 3KBUBAJEHTHOCTH BCEX HAMpaBJeHHH
B npocrpaHcTBe. He Moryr HWMerp B OLHOM H TOM e COCTOSIHHH
onpeleNeHHble 3HAYEHHS] NPOEKUHH YIJIOBOIO MOMEHTa BJAOJb [ABYX
pasJHuHbIX HanpaBJeHHl. V3bpaHHoe HanpaBJeHHe MOXHO IO3TOMY
B35Tb MPOH3BOJbHO. Takoe HampabJeHHe OOBIYHO NPHHHMAIOT 32
ocb Z, TaK Kak B 3TOM cayuae omepatop [, BEpaxaercs HauGoJee
npoctoit GopMyJof. Has pelleHHs NOCTaBJAEHHOrO BONPOCA CJAYXKHT
ypaBHeHHE i

Ly =1L,

HJH 5
s 0V
—ih _OT = z¢7 (31-8)
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rae [, — nocrosinnasi. Ero peileHneM siBJsercs
$=C1r, ﬁ)exp(i%q)). (31.9)

B cuay tpebyemolt oaHO3HAYHOCTH VP 3Ta QYHKIHs A0OJKHA BO3-
BpAalLlATLCH K CBOEMY HCXOJHOMY 3HAUEHHIO, KOrfta apryMeHT ¢ Mo-
Jyuaet npupaiiesne 2m, H60 TaKoe MpHpalleHHe BO3BPallaeT HCXOA-
HYIO TOUKY B HauaJbHOe moJjioKeHHe. TakuMm 06pas3oM, AOJKHO OHITH

exp(i % q)) = exp {i lh—z(q)—l— Qn)}.

Tak kak mokasarenbHasi GyHKUIUS NepHOJAHYHA ¢ NepHOAOM 21, TO
3TO PABEHCTBO MOXKET BLIIOJHATHCS TOJBKO NMPH YCJIOBHH

o .
i 2n=m - 2mni,

HJIH

[, =mh, (31.10)
rae /M — lea0e MOJI0KHTEAbHOE RJAH OTPHIATEIBHOE YHCAO0, BKIIOUAS
u Hyap (m=0, =1, =2, ...). PaBeacrBo (31.10) osnauaer, uto

NpPOeKINs yTROBOO MOMeHTa Ha J1060e HanpapieHHe KBAHTYETCH.
L5 coxpallleHHs1 32 €AHHHIY YrJOBOTO MOMEHTa OOBIUHO MPUHH-
MaloT mocrosinnyio fi. [lpn TakoMm corsalieHdH roBOpPST, YTO MpPOEK-
LHUsl YrJOBOrO MOMeHTa Ha u36paHHOe HalpaBJeHHe MOXET MPHHH-
MaThb TOJIBKO LieJOUHCJeHHble 3HaueHus m = 0, =1, 2, ... [Ipoek-
ILHIO YIVIOBOTO MOMEHTa Ha oCh Z MNpHHATO 0603HAYAThH UCPE3 iz,
Takum o6pasom, mz = m.

[lpaBuso (31.10) mo cmoefi Qgopme aHAMOrHUHO COOTBETCTBYIO-
leMy [paBHJy KBaHTOBAaHHS MoMeHTa umnyJabca (13.6) B reopun
Bopa. Opnako Mexay 3THMH AByMs NPaBHJaMU eCcTh [JyOOKoe pas-
auune. B dopmyne (13.6) moa L ciaeayer moHHMAaTh MOJHBI MOMEHT
HUMIyJbCa 4acTULB (37eKTpoHa), Toria kKak B (31.10) peun uger
T0JbKO 00 OLHOI NPOEKLHH MOMEHTa HMIyJbca Ha Kakoe-1ubo Ha-
npaBJeHHe, a caMoro BeKTOpa MOMEHTa MMIYJbca, KaK TOUHO Olpe-
JeJeHHOH BeJHUYHHEBI, BOOOLle He CYyIecTBYeT.

4. HerpyIHO HeNOCPEACTBEHHO T[POBEPHTh, UTO COGCTBEeHHAA
byHkuHs onepartopa [, T. e. yukuus (31.9), He MOKeT GHTb OAHO-
BpeMeHHO coGcTBeHHOH (yHKUHed HH omepartopa [x, HH omepaTopa
{,. JonycruM nporuBomoJoxuoe, uto (31.9) sipasiercs coGerBenHoOM
¢yuxuues, nanpumep, oneparopa .. i sTofi GpyHKUHH uMeeM

fxxp = Iif (sin Q %g— + imctg O cos @ C) eim9,

DTOT pesyJbTaT HE MOXKeT ObITh NpeiAcTaB/eH B BHAe [P, KAK MbI
npeanoaoxuau (Ix — nocrosivHoe uncao). YtoGw y6eauthess B 3TOM,
JIOCTATOYHO PAacCMOTPeTb HacTHbH cayuail, korga ¢ = 0. Toraa

[ p=—rAmctg 9.
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C npyroii cTOpoHbl, M0 HalEMy IPEANOJIOXEHHIO AOJ/KHO ObITh
lx"-p =1,¢.

W 06a stn cooTHOLIeHHs AOJKHE cOGTIOAATHCA NPH JIOGHX 3HA-
YeHHAX yraa ¥, 4yTO, OYEBHAHO, HEBO3MOXKHO. TaKoe XKe paccyxe-
HHE NPUMEHHMO AJs omeparopa I,. DTo NOATBEPKAAET MNpPeXKHHUI
pesysbTar, 4TO He CyillecTBYeT BOJIHOBOH ¢yHKunn ‘¥, koropas
6ni1a 661 OJHOBPEMEHHO COOCTBEHHOM cpyHKuHeH onepaTtopoB [y, [y,
[.. MckmouenneM sBJjisseTcs TOJIBKO ciyuail, Koraa ¢ynkuus ¥ che-
pHYeCKH CHMMeTPHYHA, T. €. 3aBHCHT TOJBKG OT r. B atoM caygae
¥ 6yner coGcTBeHHOH $YHKLHEH BceX Tpex onepatopos lx, Iy, I,
a BCe TPH NPOEKUHH YIJIOBOTO MOMEHTa /My, My, M. 06paTaTcs
B HYJIb.

5. Bropoli BeqHuHHON Hapsily ¢ npoeKLHeH m., XapaKTepH3Yio-
efl BeJIHYHHY YrJOBOrO MOMEHTA, IBJSIETCS K8AOPAT NOAHO0 y2AO-
8020 momenra. Ero 1npunsato o6o3nauats depes 2. Ho 310 He ecTh
KBajJpat Bekropa [ (KOTOpOIo He CyLIECTBYeT), a COOCTB8EHHOe 3HA-
Yenue Ksadpara oneparopa. yeA08020 MOMEHTA, T. e.

P=(l a4l jrip)=04+0412 (31.11)
[Toatomy ofuienpunstoe ob6o3HaueHue {2 HeyqauHo, HO MH He Gy-

jgeM ero MeHsTb. OQHAKO MCTHHHBI CMBICA BeJHYHMHH [2, Kak oG-

CTBEHHOTO 3HAaueHHs KBajpaTa ONepaTopa YIJIOBOrO MOMeEHTa B,
HaJo MOCTOSIHHO HMeTh B BHAY.

Uro6bl y6ennThCs, YTO BENHYHHB [2 B m. MOryT GHITh H3MepeHbl
B OJIHOM H TOM e COCTOSIHHH, Hajl0 MOKa3aTb, YTO Omepartopsl [2 u
I. xoMMyTHpYIOT ApYT ¢ ApyroM. Jus srtoro muiem

Pl,= G+ 0400 =1.0L) +1, () + 1
HJM B CHJIy COOTHOLIeHHH KomMMyTauuu (31.6)
2, =1, (05, —inl,)+ 1,010, +inl,) + I3
Ananoruuso
=004l )i, + A1, —in )i, 412

[Moy/ileHHHM BHIUUTAHHEM HAXORHM
i, —1,i2=0, (31.12)

4yro H Tpe6oBajoch AoKa3aTh. PasyMeercs, TaKOe Xe COOTHOLIEHHE
KOMMYTAllUH CIpaBefJIHBO H AJISi onepaTopoB [y 1 [y.

Hrak, cyujecrsyer cocrosnue, 8 KOTOPOM OOHOBPEMEHHO UMEFOT
onpedesentble 3HAYEHUS K8AApPAT yeno8o20 momenra 1> u o0na us
ezo npoexyutl nHa usbpantoe xanpasienue. OO6HYHO 3TO HampasJe-
HHe [PHHHMAIOT 3a OCb Z.

PaccmorpuM kakoe-1u60 coctosinne W, B KOTODOM BeJIHUHHHL [2 1
m: (& clefoBaTeNbHO, H MJ) OJHOBPEMEHHO UMEIT ONpe/e/eHHEe
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3HaueHHs. JloKaxKeM, YTO B 3TOM COCTOSIHHH BCeTfa (3a HCK/OYe-
HueMm cayuast [2=10) 12> m2. C 3Toll LesbIO PACCMOTPHM oOfepa-
TOpHOE PaBeHCTBO

22 52 .
Has onepatopa I°— 1z ¢yukuua ¥ sBasercs coGeTBeHHOH ¢
cobcTBeHHBIM 3Hauennem I2—m2. To e 3HaueHHe HMeEET H COOT-

BeTCTRYIOIAA cpeauss senuuynHa. [loaTomy, npousBoasi ycpeiHeHHe
no gopmyae (30.21), mosyuum

zﬁ—mg=glp‘(ii—|-ii)\pdv.

Ho unrerpan cnpapa CyllecTBEHHO NOJOXHTe/eH, TaK KaK OH Mpej-
CTaBiseT CpelHee 3HAYGHHE CYLIECTBEHHO MOJIOXHTEIbHOH BesH-
uunb /,+ /2 B cocrosnun V. Hrax,

?>m3, (34.13)

[TosTOMY YrJIOBOH MOMEHT He MOKeT OPHEHTHPOBATHCSA TOYHO BLOJB
ocH Z. B j1060M COCTOSIHHH OH BCETAA COAEPKUT NpPOEKIMH [y U Iy,
KOTOpblE, OJHAKO, B pPAacCMaTPHBAeMOM COCTOSIHHH OCTAaKTCH He-
olnpejieJIeHHBIMH, DTO — Y3Ke H3BeCTHbIH HaM (aKT, COrJaacHo KOTO-
pOMY He CYIIeCTBYeT COCTOSIHHS, B KOTOPOM BCe TPH MpoeKUHH [y,
ly, [, uMe0T onpeaesieHHbIC 3HAYEHHS.

Ilpo 3TOT (aKT HHOT/JA TOBOPSAT, YTO B COBCTBEHHOM COCTOSIHMH,
rie [? uMeer onpejesieHHOe 3HaUYEHHE, YIJIOBOH MOMEHT COXpaHsAeT
CBOIO JUTHHY, paBHYIO 4/I% HO ero HanpaBJeHHe HCIBITHIBAET (BUIYK-
Tyailud. Bpsa i 3TOT cnoco6 BhIpaXKeHHS MOXKHO NpPH3HATh yAau-
HbiM, HOO OH TNpeAnosaraeT, YTo CYINeCTByeT KaKoil-To BekTop I,
HMEIOIHA B KaXABH MOMEHT BPeMeHH ONpeleeHHYIO IJIHHY H
HampaBJeHHe, HO 3TO HalpabJeHHe 6ecrOpAAOYHO H HEMPepPHBHO
Mensercsa Bo BpeMmenn. Ha camoM jpejie, KaK MBI BHIEJH, TaKOTro
BEKTOpa He CylIeCcTByeT, a MOTOMY KapTHHA ero (aykTyauunil He
COOTBETCTBYET AeHCTBHTEJIbLHOCTH.

6. Ocraerca omnpeae/suTbh COGCTBeHHble 3HAaueHus 2 onepartopa
KBaJpaTra yriaoBoro MomeHta l2. DTo MOJXKHO chesaTh ¢ MOMOILBIO
OJHHX TOJIbKO TpaBura koMMytauuu (31.6). IIpusenem cmauajia stu
npaBuJia K ApPyromy BHAY, Oosee yao6HoMYy ans Hallel nesu. Bse-
JeM ABa oneparopa:

f,=I 4+, I_=i,—i, (31.14)
HETPYAHO MNOJYYHTb
o bf =10, =h,, IJ_ —I1,=—#l_ (31.15)

Torna us (31.6
[ —I1i,=2n

Haugaee

)
[

N

. [ +I1-Y (i+—i_2 £2
ll:(+2 )+ 2 )+l‘
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HIH
c o os ) s s oa o .
U=l _ 4 L—n,=I[1_+1;+ 4. (31.16)
Tak kak [ ectp BeanunHa orpannuenHas, to u3 (31.13) cae-
AyeT, 4TO /M2, a NOTOMY H M. CyTb TaKxe BeJHUHHBl OrpaHnyeH-
ubie, OfoszHauuM uepe3 [ HauboJbllee MOJOXKHTEIbHOE 3HAYEHHE
NPOEKUHH M1, IPU 3aJaHHOM 3HAUEHWH KBaAparta Momenrta [2. [lycrb

Y — ofwas BosHoBas (PyHKuMs omepaTopoB I? u [ npuuem cob-
CTBEHHOE 3HaueHHe omepaTtopa [, paBHO M. B 5TOM mpeanonoxenyu

Py =2y, [¥=hHv. (31.17)

M3 coornowennit kommyrtanun (31.15) ans rtaxkoll ¢yHKuUHR 1O-
Jaydaem o . )
10 =, £ Al )W =R (£ 1) LY.

Orciona BuaHO, uto. GyHKUNH LW u [_W SBJAIOTCS COOGCTBEHHBIMH
GyHKuUsMH onepatopa [r, HMEIOIIHMH COGCTBEHHBIE JHAaYeHHS
h(l4+1) u A(l—1) coorsercrenno. Ho Beauuuna h{/ -+ 1) ne
MOXKeT OBiTh COOCTBEHHBIM 3HaueHHeM omepaTtopa [, Tak Kak 1o
NPEANONOMEHHI0 Hanboablllee COGCTBEHHOE 3HAYEHHE 3TOrO ONepa-
topa pasuo hl. Takum ofpasom, paBeHCTBO

[ v=n0+1i ¥

HEeBO3MOXKHO. HO 3TO paBeHCTBO JOrHYECKH CAELyeT H3 COOTHOLIe-
nnit kommyraunn (31.15) u ypasnenusa ;W = /¥. Usbexats npo-
THBOpEYMs] MOXKHO TOJbKO Toruga, korma [,W =0, uGo B 3ToM
cayyae yKasaHHOE PABEHCTBO, KoHeuHo, Oyjer yaosaersopeno. o
u3 storo caenyer, uro [I,W = 0, uau B cuay cootHomenus (31.16)

(1>~ ~nl)w=o0.
Ho B cuay (31.17) [3¥ = r22W, ALY = (¥, Tak uto
(22— r22 — R W =0,
HJIH )
PY=ri(+ VY.
Suaunt ¥ ectb cobcTBeHHas (PYHKUMSA oneparopa KBajparta yr.ao-
BOIO MOMEHTA ¢ COOCTBEHHbIM 3HAUEHHEM
P=nrA{l+1). (31.18)
7. Mlycte KBajgpaT yraoBOro MOMeHTa [2 HMMeeT OmpeieseHHOe
snauenue [([ 4 1). Bo CKOJBKHX COCTOSIHHAX MOXKET PeasH30BaTHCH
TaKast CHTYallisi, €CJIH B HUX NMPOEKUHS M TaKXKe HMEeT OnpejcieH-

[10€ 3HaueHue? OquI/IL{HO, B TAKHX COCTOSIHHAX /M MOKET MNPHHH-
MarTh CJACAYOHIHE 3HAYeRUs:

m=—{ —I—=1, ..., —1,0, +1, ..., +(~—1), +1,
T. e. BCETO TaKux cocrosuufi 6ymger 2/ + 1.
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[lonyuenHble pesyabTarhl, onpeAensiouiie BO3MOXKHbBIE 3HAUEHHS
[ u 12, Ha3BIBAIOT NPOCTPAHCTBEHHBIM KBAHTOBAHUEM. DTOT TEPMHH
3aHMCTBOBaH M3 crapodl Teopuu bopa, B KoTopo#l mpocTpaHncTBeHHOE
KBAHTOBaHHEe ONpPefe/sijlo BO3MOXKHBle HalpaBJeHHs] BEKTOpa YIJIO-
Boro MoMenrta [ B mpocrpaHctBe. C TOUKHM 3peHHS KBaHTOBOH Me-
XaHHKH TE€DMHH «IPOCTPAHCTBEHHOE KBAHTOBaHHUE» BPSJ JH yAaueH,
TaK KaK «BEKTOp» [ NPHHIMIHAJbHO HE HMEET ONpejeJeHHbIX Ha-
npaBaeHd# B npocrpanctBe. s HarJAsSAHOCTH NPOCTPAHCTBEHHOE
KBAHTOBaHHE OOGBIYHO INPEACTABJIAT TPa(QHUCCKH HA BEKTOPHbLX
Juaepammax. Ilo ocH Z OTKAQABIBAIOT BO3MOXKHble 3HAUCHHS M1,

paccMaTtpuBasi #X Kak mpoekuuu Bekropa ! maumn A/l (I 1),
HMeEIOLero AUCKPETHble HaNpaBJeHHs B NpocTpaHcTBe. B KauecTse

Puc. 58

npuMepa Ha puc. 58 NpUBeEHbI BEKTOpHble AHArpaMMbl AJs CJy-
yaeB /=1 u =2 (3a elHMHHLY YIrJ0BOrO MOMEHTa NpHHATA NO-
crosinnasi Ilnanka f). OTH quarpaMMbl Heqlb3sl NOHHMATh OyKBaJb
HO. OHH NPaBUJIBHO [EPeJaloT TOJBKO [Ba ()akKTa: BO3MOXKHbBIE 3HA-
YeHHs] NPOEKLUHH /M H BO3MOXKHBIE 3HAUEHHsl KBaApaTa YIJVIOBOLO
MoMeHTa I2.

KBautoBoe uuc/a0o / 0O NPHYHHAM, KOTODHIE BBLISICHATCS HHIKeE,
Ha3bIBAIOT OPOUTANLHOIM KEBAKTOBLIM HUCAOM, d UHCIO Ml —— MACHHUT-
HbIM KBAHTOBBIM YHCJOM.

8. B ksaccuuecko#f MeXxaHHKe KHHETHYeCKad HEPTHs Bpallaio-
Werocsl TBepAOro Teqa onpeiedasercs PopmyJioi

& =P/2],

rge / — MOMEHT HHEPLUHM Tejia OTHOCHTEJNbHO COOTBETCTBYIOWIEH OCH
Bpallenus. Takas Ke QopMysaa copaBeAJHBa H B KBAHTOBOII Mexa-
HHKe. Pasjuune COCTOMT B TOM, uTO 3/€Ch BeJHUHHa I KBaHTyercs,
npuHuMas AHCKpeTHble 3Hauwenus 2= h2/(l4 1). Heusmensemasn
Bpalllalolllascsl CHCTEMAa B KBAHTOBOH MeXaHHKE HA3HIBaeTCs pOTA-
Topos. TakuM 06pas3oM, SHepreTHyecKye YpOBHH poTaTopa JHCKper-
Hb U onpelensioTcs GhopmynoH

h2
&, =1+ 1) (31.19)
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Takofi QopMysoll MBI yxKe NQJB30BAJHCL NPU KAUCCTBEHHOM pac-
CMOTpPEHHH BpalllaTeJbHOH TENMOEMKOCTH MoJeKya (cM. T. 11, § 69).

BrnipoueM, HeoOXOAMMO 3aMETHUTb, YTO HA€aJIU3HPOBAHHOE IpPEJ-
CTaBJEHHE O pOTATOpE, KaK M TNpeAcTaBieHHe o0 uieasbHO TBeD-
JOM TeJjle, HeCOBMECTHMO C INPHHLUHIOM HeomnpeldeneHHoctell Tei-
3eHbepra. B camom nese, B MonesH HA€aJbHO TBEPAOro TeJaa €ro
pasMmepnl B JI0GOM HampaBieHHH (HANpHMEP, B HAlPaBJEHHH OCH
X) crporo onpegmeseHbl H HE MOTYT MEHATbCA BO BPEMEHH, T. €.
neomnpefeneHHoCTh KoopauHaTet Ax = 0. Ho Ttorna nas umnyanca
B TOM )X€ HaNpaBJ/IeHHH H3 COOTHOLICHUS HeONpeJleeHHOCTeH cJie-
ayer, uto Ap.==oo. B Tese Heu30eXKHO BO3HUKHYT KoJeGaHHs,
MeHSIIOLIHe BeJHUYHHY MoMeHTa uHepuwu /. Hanpumep, mpaiuaro-
IIYIOC MOJIEKYJy MOXKHO AJS HEKOTOPHIX LeJled pacCMaTpHBATD
KaK XeCcTKHH poTaTop H noJb3oBaThcs (opmynoit (31.19), ecan
H3MeHeHHs [, cBfi3aHHble C BpallleHHeM, HEBEJHKH,

§ 32. Caoxenne yrioBbX MOMEHTOB

1. Tlonsite yrmoBoro MOMeHTa MOXHO PaCHPOCTPAHHTL H Ha
chHcTeMHB uyacTHl. Paxw npocrtoTel 6yAeM mnpeanofaraTh, YTO CH-
CTeMa COCTOHT TOJbKO H3 ABYX vacthu: 1 u 2. Koopawnatm (pa-
lmyc-BeKTop) nepBoOH yacThUbl 0603HAUHM Uepe3 i, BTOPOH — uepe3

5. OnepaTopoM YrJIOBOrO MOMEHTa ] CHCTEMBl HA3BIBAIOT CyMMY
onepaTopos YIJOBEIX MOMEHTOB €€ 4yacTeH I uly

T1=10+1, (32.1)

Tak ke omnpelefnsieTcs H ONepaTop NPOEKUHH YIJOBOLO MOMEHTa
cucTeMbl Ha H3GpanHHOe HanpabJenHe. Hanpumep,

lz=llz+122- (322)
ByzneM npeanoJsarats, 4TO YacTHLH He B3aHMOAEHCTBYIOT MeXY
co6oit. Torma BosiHOBaA ¢YHKUHA nNepBoH vactHum V¥, (r;) OGyner
o[Ha M Ta e HEe3aBHCHMO OT TOrO, €CThb BTOPAs YacTHUA HJH HeT.
A1y (YHKUHIO MOXKHO YMHOXHTb Ha MPOH3BOJBHYID INOCTOSHHYIO,
KOTOpasi MOXKeT 3aBHCeTb OT fp KakK OT mapaMerpa. B uacrtroctH, 32
Hee MOXHO TPHHATb BOJHOBYW (yHKUHIO We(ry) BTOpOH YacTHUM.
Torna BosHOBasi QYHKIHS NepBOH wacTHLB NPEACTABHTCS MPOII3BeE-
aenneM ¥ = W (r,) W,(r2). Ho oueBHIHO M3 Tex XKe coobparxkeHnt,
YTO B TAKOM XK€ BHJEe NPeINCTaBHTCA H BOJHOBas (QYHKINIS BTOPOM
gactuisl, [Tostomy W ==W,¥, MOXKHO paccMaTpHBATh KaK BOJHO-
BYI0 (PYHKIHIO CHCTEMH HeB3aHMoOAeHcTBYWOLIMX dacTHl 1 u 2. [Ipu
5TOM NS Hee OyIeT coOXpaHeHAa HOPMHpPOBKa

Sp{frzcwlde:S|qfl |2dV,S|‘I'2|2dV2=1. (32.3)

2. Ecau orpaHHyHTbhCcs NeHCTBHEM ONEPATOPOB TOJBKO Ha (byHK-
o ¥ = W, W¥,, To #3 J0Ka3aHHOrO CJaeflyeT, YTO ONepaTophHl l; H lg
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NepecTaHoBOYHH. B camom gene, uockonbky oneparop I nefictsyer
ToNbKO Ha ¢yHKuHIc V) H He AeficTByeT Ha ¢ynknuio Wy, a onepa-

top Iy, HaoGopor, peiictByer Touabko Ha Wy u He meificTByer Ha Wy,
MOKHO HamHcaTh

i122qf = 2122 (‘1’11{’2) = 21 (‘Pllzqf2) (12‘{&,) (iqul) = (illpl) (i2‘P2)-

K Tomy Ke pesysbTaTy NPHBOAMT U AelicTBue omeparopa lyl,. 3ua-
4HT, A1 QYHKUMA BHAA ¥ = ¥V, cnpaBelJHBO OIEPaTOPHOE pa-
BEHCTBO [ 12— 1211, 4TQ M AOKa3hblBaeT Hallle yTBep:kAeHHe. TaKuM
Ke NyTeM JoKaxKeM Aasl GYHKUHH TOrO Xe BHAA W IepecTaHOBOY-
HOCTb OIIEpPATOPOB NPOEKUHH yIJIOBOrO MOMEHTa B cjydae CHCTEMbI
He3aBUCHMBIX yacTHIl, HanpuMep Ix U lox. M3 jgokaszannoro caeayer,
yro npaBuja kommyrauund (31.6) u Bce cJeNCTBHS H3 HHX JJd
OTIeJNBbHOH YacTHIBl PACIPOCTPAHAOTC 0e3 BCAKHX H3MeHEHMH H
Ha CHCTEMbl He3aBHCHMBIX YACTHIL. L

Beuny kommyraumu omepatopos Iy u I, omepatop KBajpara
yrJoBoro MoMenra I? 6yger paBeH

P=(i, 1) =B42(i1) + & (32.4)

Tenepb BHACHKM, KaK KOMMYyTHpPyeT ONepaTop KBajipaTa yriio-
BOTO MOMEHTa 12—12 +l2 +12 C ONEepaTopoM OAHOH H3 NMPOEKIHH
ero, Hanpumep I« —le+z2x. Ouepnpno, onepartopsl f1x H [y KOM-
mytupyoT ¢ I u ¢ IZ. Ocraerca TOJbKO NPOBEPHTH KOMMYTATHB-

HOCTb OIepaTOPOB L, n I;. VimeeM
(L)l = (Fidox + ilyi2y 4 Dadoe) (Fix + fa) =
= (Dyafox + Difay -+ Tradee) Dix 4+ (udox 4+ Digfay + Fiofaz) o
Awuanornyno -
I (L) =11, (Fdoe + ilyi2y A Fiadoe) 4 lax (Tidox + Digley -+ Dadsz).

Ecnn Bocmosb3oBaThes npaBuaamu KoMMyrtauun (31.6) u tem 06-

CTOSITENILCTBOM, uTO omepatopbl I} U I, JefcTBYIOT Ha BOJIHOBLIE
(yHKUHH Pa3HBIX YACTHL, TO NOC/IENHEE BHIPAXKEHHE JeTKO IPHBECTH
k npeabiayuemy. Hrak, onepatop I*==(l; + I,)* kommyTtupyeT ¢
onepatopaMu npoekuuit [ Ha Jj06oe HanpasJenue. [loatoMy cyiie-
CTBYET COCTOSIHHE CHCTEMBI, B KOTOpOM [? ¥ oJlHa M3 NPOEKUHil Ha
moBoe HampaB/EHHE HMEIT ONpelejeHHbe 3HA4YCHHSA.

3. CocTosiHHe mepBOH YACTHIH MOXHO XapaKTepH30BaTh 3HA-
YeHHAMH i H m, BTOPOH — 3HaueHUAMH [ H mg. Yucsao [, onpe-
AenseT KBalpaTr YIJIOBOTO MOMEHTa NepBoi uvactHuwl /[ (/4 1),
4HCI0 [y — KBaApaT TaKOTO K€ MOMEHTA BTOPOH 4acTHlbl [y (ly 4 1).
Uucna my u my onpelessiioT NPOeKUHH HA oCb Z YIJIOBBIX MOMEHTOB
l, uly (B eaunnuax £ ). OueBHAHO, COBOKYNHOCTb uuced Iy, ly, my, mg
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XapaKTepH3yeT HEKOTOPOe COCTOSIHHE CHCTeMBbi 06eHX He3aBHCHUMbIX
yacTHU. BosHoBY QyHKUMIO TAKOro cocTosiHus 6yleM 0003HauaTh
4€Pe3 @, mm,s ONPENGIHM YMCJAO COCTOSHHA TaKOro THRA, T. €.

YHCJIO JIMHEHHO He3aBHCHMBIX QYHKUHH @ NpH 3aKaHHbIX 3HAUEHHAX
Iy u ly. Tlpu 3apanHOM [, uucao m; MoxeT upuHuMats (24 + 1)
3navendfi (cM. § 31, nyurt 7), 0pH 3ajaHHOM [y UMCIO 3HaueHHH
my paBuo (2/;4 1). Takum ob6pasom, ups sagausbix [, 9 ly ucko-
MO€ YHCJO COCTOSTHMH ¢ BOJIHOBbIMH (YHKUHSIMH THOE @ pPaBHO
(2L + 1)(2 + 1). U3z rakux (20, + 1)(2L, 4 1) cocrosiuufi myrem
HX JHHeHHbIX KOMOHHAUUH MOMXKHO COCTaBUTH JI0G0E COCTOAHHE CH-
CTEMbI ¢ 3aJaHHBIMH [} " [o.

Ho snHeliHO He3aBHCHMBIE COCTOSIHHSA, H3 KOTOPBIX MOMeT GhiTh
COCTaBJEHO JI000€e COCTOSIHHE CHCTeMbl C 3aJlaHHbIMH [| H lp, MOXKHO
Bbi6paTh H HHaue. [[OJUKHO OCTABATBbCH MOCTOHHHBIM JUlTL obliee
YUCNO TaKMX JHHEHHO He3aBHCHMBIX COCTORHUH, T. €. 3TO UHCIO
no-opexHeMy N0JKHO GuiTb paBHo (20, + 1)(2/s+ 1). Beuay cnpa-
BENJHBOCTH AJA BCell cHcTeMbl npaBua roMmmytauuun (31.6) cy-
UIeCTBYIOT NpPH 3aJaHHBIX [; W [y COCTOSIHHSI BCEH CHCTEMBI C Ollpe-
LeNeHHBIMH 3HauenusiMu kBajypara [(/ 4 1) moaHoro yriosoro mo-
MeHTa ! 4 ero npoekund m Ha ocb Z. BoJiHOBHE (QYHKIHH TaKHX
cocroanul 6ynem o603nayath uepes ¥, ,,.. HUs unx nyrem iuneii-

HBIX KOMOMHauUu#l MOMKHO COCTABHUTb BOJNHOBYIO (YHKUHIO JioGoro
cOCTOfIHNA ¢ 3aJaHHbiMK [} B lp. TloaToMy uucio JiuHeliHO He3aBH-
CHMBIX GyHKIME THHA Y, ;. C 3alaHHBIMH [ B [y AOJKHO BHITH
paBuo (2L 4+ 1)(2L+1).

Y6enumcsi B 3TOM nyTem 0psAMOro Bbiunciexusn. K3 dopmyan
(32.2) HemoCpeACTBEHHO CJeAyeT, 4TO eCJAH UPOeKUMH #; ¥ My
HMEIOT oflpele/]eHHble 3HAYEHHS, TO H OPOEKUHS M TaKXe HMeer
onpefesfieHHOE 3HaueHHe m, fapHueM m = rm, + my. Paan onpene-
Aennocty Gyaem npeanonaratb, 9t0 [} > lp. Toraa npu sagannnix
l; u ly BO3MOXKHBIE IONOXKUTEJIbHEIe 3HAYEHHS m, NONyYaeMble TaKHM
nyTem, nHpeacTasaTcs cjaeAylollelt tTabauned:

m, m m

Ly Iy L1,
ll lz'—l —
W DO L
I Iy—2
L —1 lg— 1 Lh1l,—2

l[ "‘l‘] l' —11

OrGepeM Tenepb BCEBO3MOKHbLIE COCTOSIHHSA (UPH 3afaHHbIX [
A ly), AN KOTOPHIX MaKCHMaJ/bHble 3Ha4eHHs OPOeKIMH M COOTBET-
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ctBeHHo paBubl ([;+ L), (L4 lL—1), ... Dro 6yayr cocrosiHus
C ONpelLesNieHHbIM 3HAueHHeM [, paBHbIM
l—'_—'-(ll+lg), ll+(lc_>'-1), ...,ll—lg.

Yucno Takux cocTosiHul paBHO 2l + 1. B Kaxnom u3 atux cocros-
Huil m wMmoxer npunumath (2[4 1) snavenunit. TakuM o6pasom,
YHCJIO BCEBO3MOXKHBIX COCTOSIHHE (IpH 3a4aHHHX [y U [3) ¢ JHHeHHO
He3aBUCHMBIMU QyHKUMAMH THNA P, 1/ Gyder

2+ +1+2(+L—-D+ 14+ ... +F20—L)+ L

dT1o — apudMeTHUecKas INpOrpeccHs ¢ pasHOCTbIO —2 ¥ 0O6IUM
gyucaoM uneHoB 2, 4 1. Ee cymma paBHa

2 A= L o, + =2+ 1) (2 + 1),

YTO W TpebOBAJOCh JOKA3ATh.

4. TloayueHHble pe3y/abTaThl OTHOCATCS HE TOJBKO K CJOKEHHIO
YIJIOBBIX MOMEHTOB JABYX HeB3auMoOXeficTByluux yactui, OHH pac-
npocTpaHsoTcss 6e3 BCAKHX H3MEHECHHH M Ha NIPOHM3BOJIbHBIE CJIOXK-
Hble CHCTEMBI, COCTOsIIHe H3 [BYX HEeB3aUMOAEHCTBYIOIMAX YacTel
1 u 2. KBazparh UX yrJoBbIX MOMEHTOB (eC/JH OHH HMEIOT ONpeje-
JieHHble 3HaYeHHs) oNpelensaloTcs BhpaXenusMu L,(L,+ 1) u
Lo(Ly+ 1), rae Ly u Ly — nesble nosoxureavube unciaa, Coorper-
CTBYIOLIHE NPOEKUUN HA OChb Z (ec/M TaKOBble TaKXKe MMEIQT ompe-
AeJleHHble 3HAYEHUS) MOT'YT MPHHHMATh 3HAUEHHS:

M1=—Ll’ —(Ll-—l), ses gy +(L1—l)a +Ll;
M2=__L2, —(Lf_,——l), ey +(L2—1)v +L2'

Torza KpaJpaT pPe3yJbTHPYIOLLEr0 YrioBOr0O MOMEHTA BCeH CHCTEMBE
MOKeT upuHuMartb 3HauweHnsa L(L 4+ 1), rie L MeHserca B mpe-

aesaax
L=L+L, L+L—1 ..., L—L, (32.5)

npuueM npeanonaraercs, 4ro L; > L;. CooTBeTCTByIOILHE MPOeK-
UHH Ha ocb Z MOryT NPHHHMATb IeJOYHCJAEHHbIE 3HAYCHHA OT
M= —L 1o M= +L. lloayueHHbl#i pe3yawTaT Ha3bIBAaeTC APA-
BUAOM CAOMCCHUS [eA0BbIX MOMEHTOB.

B nosyueHHOM COCTOSIHHH CJIOXKHOH CHCTEMBl HMEIOT ofipe/lesieH-
Hble 3HaueHHs TaK:mke ckaJasipHble npousBesenus LL,, LL; w LL,,

T. €. COOGCTBEHHble 3HAUeHHS COOTBETCTBYIOWUX onepaTopoB L,L,,
LL, u LL, 3to0 cnenyer u3z dopmyan (32.4), eca HaNUCaTh ee A
onepatopos L, L;, L,. Hanpumep,

T r T2 2 T2

LL,='|L"-L{— L] (32.6)
HJIM, epexofst K COOCTBEHHBIM 3HAMEHHUSIM,

LL,="hL{L+D)—L(Li+1)—L(L+ 1] (327
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AnaJsioruuno

LL =" [L(L+ D)+ L (Li + 1) = Ly (L, + 1)], (32.8)

LL, =", [L(L+ 1)+ Ly(Ly-+ )~ L (L + D], (32.9)

5. ManoxenHvle pe3ysbTaThl NPHHSITO NPEACTABJATh HA BEKTOP-
ubix auarpammax. CraaabiBaeMmbie Bektopbl Ly u Ly nzo6paxkatorcs
crpeakamn ¢ mimHami /L (L 4+ 1) 1 4/Ly(Ly+ 1), a pesyabru-
pywouuii Bektop L — crpenxoit ¢ aamnunoii 4/L (L - 1). B kauectse

npumepa Ha puc. 59 npusene-
HA BEKTOPHAs AMarpamma AJs

1 L, Li=2u Ly=1 npu pasauu-
L, HBIX YrJax MeX1y BeKTOpaMH

Ly u L, Tlonyuaercs Bcero

L, L TPH BO3MOXKHBIX cJyyasi, B CO-

L OTBeTCTBHY ¢ TeM, uyto L Mo-

L  KeT MNpHHHMATb 3HAYEeHHS

5 5 Li+Ly=3, Li+L—1=
L,=2 L;=2 =2 H L1+L2—-2=1 Ta-
L= L=1 Kas JAuarpamMma IpaBHJBHO
=2 L=1 nepejaer JJMHB BCEX BEKTO-
pOB H HX CKaJIfipHBlE MpPOU3-

Puc. 59 Begenuss. Ho oHa He oTpa-

JKaeT HCTHHHYIO KBaHTOBYIO
OpPUPOAY YTJOBBIX MOMEHTOB, NOCKOJLKY MOCJelHHe, UMesl olnpeje-
JIeHHBle JUIHHB, He HMeEIOT OIlpefleseHHbIX HanpasjeHuid B mpo-
CTpaHCTBe,.

Ecou cucreMbl 1 u 2 He B3aUMOAEHCTBYIOT H HET BHEWINHX CHJI,
TO COXpAaHsieTCHd He TOJbKO pe3yJbTHPYIOLIHH yIrJIOBOH MOMEHT CH-
creMbl L, Ho u 06a momenrta Ly u L. I1pu Hauuuu B3auMogeldcTBHA
mexay cucremaMn | u 2 momentw Ly n L, B oTaesbHocTH He co-
XpaHAIOTCA, & coXpaHseTcss TOJNbKO oOmui moMeHnT L (mpu oreyr-
CTBHH BHelUHHX cuJa). Ecau B3aumopeficTBre ciaaboe, To 1o amHaJo-
THH ¢ KJaCCHYECKOH MEeXaHHKOH CJeAyeT OXHAAThb, UTO JJIHHBI BEK-
topoB L, u L, npu atoM npakTHueckH He OynyT uaMeHsarhcs. Ha
BEKTOpHON Auarpamme Bektopul L, u L, 6yayT coBepilaTh mpelec-
cHI0, T. €. BpallaThcsd BOKPYr Bekropa L ¢ onuo#l u Tol ke yrioBoii
ckopoctbhio. K TakoMy e BBIBOAY HOPHUBOAHUT H I[OCJIEROBATEIbHOE
KBAaHTOBOE PacCMOTpEHHeE.

§ 33. KsaHToBaHHe BOJOPOAHOIrO aTOMa B O0IEM cayuae

1. B § 27 6nla paccmoTpeHa 3ajiaya 0 KBaHTOBAaHHH BONOPO-
HOro (MJIH BOAOPOAONOAOOHOrO) aToMa B NMpPEeNNOJOXEHHH, YTO BOJ-
HoBasi QYHKUHWS Y paAHaJbHO CHMMETDHYHA, T. € 3aBHCHT TOJbKO
or r. B Takom ciydae yriosoii MOMEHT 3JIeKTPOH2 B aTOMe€ paBeH
HyJI10, TaK KaK OnepaTup MOMEHTa [AEHCTBYeT TOJbLKO Ha YTJOBLIE
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nepeMensnie ¢ U ¢, HO He AcHCTBYeT Ha r, YpaBHenHe xe lpenun-
repa Ui CTALHOHAPHBIX COCTOSIHUI 3aMHCBIBAETCS B BHJE

A =&v, (33.1)
rie onepatop H, onpeuenﬂeTCH Bpra}KeHHeM
H"z 2m ( are + r or ) + U (33'2)

H OMHCHIBAET TOJNIbKO PaJHalbHOE KBAHTOBOE [BHKEHHE 3JeKTPOHa
B aToMe. YuTeM Telnepb 3aBHCHMOCTb (DYHKLUHH P TaKikKe OT yrJOBBHIX
koopauHaT & u @. Has atoro K omnepatopy A, Halo K06aBHTHL ome-

1 =
paTop 2—mr‘512, COOTBeTCTBy}OIIlHH KHUHeTHYeCKOH SHEPTHH Bpame-
HHS 3JIEKTPOHA BOKPYT sfpa:

A=H,+ 5 . , (33.3)

SIcHo, uto omepatop H, KOMMyrtHpyer ¢ omepartopaMu 12 u I,
IOCKOJIbKY MOCJA&AHHE He AEHCTBYIOT HA 7, a AEHCTBYIOT TOJILKO Ha
yraoBhle nepeMennble ¥ u ¢. To :Ke OTHOCHTCH K omnepatopy
(1/2mr?)1%, Tak Kak HaJHuHe MHOXHTEedsd 1/2mr? He oTpakaercs
Ha Ttakoi kKommytanuu. CliefoBaresbHO, H NOJHBIH omepatop H
KOMMYyTHpYeT ¢ 2 u [z, 4 cTallHOHApHOE COCTOSIHHE 3JIEKTPOHA B BO-
JOPOAHOM HJH BOJOPOAONOJOGHOM aTOME€ MOXKHO XapaKTepH30BaTb
ero aHepruefl &, KBagpaToOM yrjaoBoro MoMenTa I2 u ero mpoekuuen
[, Ha u3bpaHHOe HampaBJ/eHHe — OChb Z.

YpaBuenue Lllpeguurepa st TTaLHOHADHEIX COCTOSIHHE Temepb
3amHLIeTcs B BHAE
o2 2 9y
or? ++ r or +

2 (5 —U— e )¥=0. (334

3pech npuMeHsercss yactHoe auddepenunpoBanie Mo 7, MOCKOJIbKY
BOJIHOBas (PYHKUHA ' MOXKET 3aBHCETb HE TOJNBKO OT 7, HO M OT
yrJaoBHX nepeMmeHubix ¢ U ¢. Ho kakoBa 6b HH 6BIJIa 3aBHCHMOCTD
or ¥ W ¢, AJs CTAaUMOHAPHHIX COCTOSIHHA C ONPE/ENEHHBIM 3HAye-
HHeM KBaapaTta yriooro MoMenra L2y = L% == h2[(/+4- 1 ). Tlo-
3TOMY B TaKHX CJyd4asax

2 h? 1)

i (p-v - ) v=0. @39

T omrt

310 ypaBHeHHe oT/MYaercst OT ypaBHenus (33.1) HanuuueM B CKOG-
Kax JOnoJHHTeJbHOro uneHa —h2[({-41)/(2mr?). dopmaJbHo
ypaBHeHue (33.5) uMeer BRA ypaBHenus lllpenshrepa B panguaJb-
HO-CHMMETPHUHOM CHJIOBOM 10Jie C NOTEHUHAJIbHOH CHJIOBOH (hyHK-
uneft

U()—|—’”l+1).

2mr?
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Ha BTopoe csiaraemoe 3T0ro BpipaXKeHHs MOMKHO CMOTPETb KdK Ha
NOTeHUHAJIbHY (YHKLIUIO 3JEKTPOHA B MOJie LUEeHTPOGCKHOH CHIH,
npuyeM caMo ypasHenue (33.5) MOXKHO paccMaTpHBaTh KaK ypas-
HEHHEe JABHXKEHHS 3JEeKTPOHA BO «Bpalllalolilefics» CHCTEMe OTCueTa.

[TockosibKy, OflHAKO, HE3aBHCHMBIe [epeMeHHble O H ¢ B ypas-
Herne (33.5) He BXOAST, BOMHOBAs (YHKUHS ) J0JKHA HUMETh BHA
f(9, )¢ (r). Bo Bcex Bhiunciaenusax ¢pyuruus [(&, @) 6yaer neiony
BXOJIHTh B BHJe MHOXKHTeJs, KOTOPLIH He 3aBHUCHT OT 7, T. €. BeJeT
ceba Kak nocrosnnad. [ToaToMy pajn KpaTKOCTH MHOXKHTEb f(¥, ¢)
Mbl GyjaeM BCIOAY ONYCKaTh, T. €. PacCyXAaTh TakK, KakK ecju 6wl
¢dyHKUHA P 3aBHCeNa TOJLKO OT r. JTO, OUEBHAHO, He Hapyuiaer
OOLIHOCTH PacCyXAeHHH H HX Pe3yJpTaToB.

2. Jo cux mop $BHBIH BHA mnoTeHuuasbHOH (yukuuu U(r) ue
Henods3onaJcsd. Mmes renepb B BUAY BOJOPOAONOAOGHBIE aTOM, MO-
aoxum U(r)= —Ze2/r u BBefleM Takue XKe 0603HAUENHA, KAaK B
§ 27, 1. €.

le= 2m&EIR, q=2mZe k. {33.6)

Torga ypasuenue (33.5) sannumercs B BHIE

0 . 2 oy (q 2__1(1+1)) _
ot TP 7 )e=0. (337)
IJis ero HccaeloBaHUSl NpUMeHsieM TaKOH Ke MeTOZ, YTo M AJ9
HccsaenoBanus ypasHenus (27.1), T. e. BBOANM HOBYIO (YHRUHIO
u(r) ¢ IOMOINBIO COOTHOHIEHHS

p= LY p-pr, (33.8)
Torxa d? d g+
2u u q _
2 g+ [ - =0, (33.9)
HMieM penienne 3TOT0 ypaBHEHHs B BHjE psija
u=>y, art (33.10)
izy

H TyTeM CpaBHeHHS KO3(DGHHLUHEHTOB HaXOAHM
yiy— D=1+ 1)=0,

(33.11)

[k(k+1)—1(+ Djarr=(2k —¢q)a, npn kz=y.
W3 nepBoro ypaBHeHus noaywaercs Jubo y =1+ 1, qubo y = —I
3nauenne y == —[ JoJXKHO GHThH OTGPOIIEHO IO TeM e coobpaxe-

HHSIM, KOTOpBIE MPUMEHSJINCH MPH pelleHHH aHaJOTHYHOIO BOMPOCA
B § 27. Taxkum o6pasoMm, cJefyeT BOCHOJIb30BATLHCA 3HAUECHHEM
y=1I1+1
Hast uccnepoBanusi cxoxuMoctu psiaa (33.10) us dopmynn
(33.11) maxonum
ak+1 Qﬂk"‘q

a, kEF+H~I0+1)"
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ACUMNTOTHUECKH
ey B
ap - k + 1

3To BbIpaXKeHHE B TOUHOCTKH COBHAJaeT C COOTBETCTBYIOUIHM BbIpa-
xennem u3 § 27. [lostoMy, KAK W paHblie, 3aKJAIOUAaEM, UTO DS
(33.10) mosxeH o6pwiBaThbesi. M3 yeaoBHS 06pHIBa MoJyuaeM Mpexk-
Hio10 opmyay (27.8) anst sHeprun arToma:

& = — mZ%*(2h°n?). (33.12)

3. M3 Ha/j0XKeHHOTO CJeAyeT, UTO 3HAUEHHSA SHEPTHH B CTAIUO-
HapHBIX COCTOSIHHAX BOAOPOAONOAOGHOrO aTOMa 3aBHACAT TOJBKO OT
[JIaBHOTO KBAaHTOBOTO uHcaa n. Ho cocTofnHus ¢ 3aganubim n (T, €.
¢ 3aganHofl 3Hepruefl &) MOTYT OTJHUYATBCH OJHO OT APYTOro pas-
JHUYHLIMH 3HAUEHHSIMH KBAHTOBBIX 4ucen [ H m (He nyraTh ¢ Mac-
cot). TakuM 06pasoM, OJAHOMY H TOMY Ke 3HAUEHHIO & COOTBET-
CTBYIOT HECKOJbKO PAa3/JHUHBIX KBaUTOBBIX COCTOsHHE. B 3TOM
cayuae TOBOPSIT, UTO COCTOsIHHe ¢ aHeprued & guiposcdeqo. Duepre-
'\THUGCKHH YDOBEHb & 11a3bIBAIOT TAKXKE BBIPOKAEHHBIM.

Unesno He3aBHCHMBIX COCTOfHHUH, CYMNEPMNO3HIIHEdl KOTOPBIX MO-
’KeT OBITh [OJYUeHO 3aJaHHOe COCTOSIHHe ¢ 3Heprued &, Hasbl-
BaeTCsl CTENeHbi0 WJIH KPATHOCTHbI0 solporcdexus. HaligeMm creneHb
BLIPOXKIEHHS AJs1 BOAOPCAONOA06HOTO aTOMa B COCTOSIHHH ¢ 3ajaH-
HBIM TJIaBHBIM KBaHTOBBIM HHCJIOM A.

PaccMoTpuM cHauajga COCTOSIHHSI, B KOTOPLIX (Hapsiny ¢ #)
UMeeT onpejleseHHoe 3HaudeHHe M uHcao [. Bocnosbsyemcesi dopmy-
Jgoit y = [ 1, Koropas 10 CHUX MOp elle He NPUHHMAJach BO BHH-
manune., Mwmest B Buay, uro psan (33.10) moxxeH o6pbiBaThes Ha
yjeHe A-f CTeneHH, 3aMHIIeM ero B BHAE KOHEUHOH CYMMBI:

n a=n—1-1
n= D, ayt=rtt Z Arpar1 7% (33.13)
k=T+1 a=0

Orciofa BHIHO, UTO TJIaBHOE KBAaHTOBOE YHCJO A HMEET CMBICJ
crapilero nokasaTensi cTenedd B noduuome (33.13). Udeso [ na-
3bIBAETCSl  OpPOUTAAbHLIM  KB8aHTOBbIM 4ucaoMm. OHO olupeneiser
KBajZpaT yrioOBOTO MOMEHTA,

P=I1(+1) (B exunnuax #?).

DHKCHPYS 7, MOACUHTAEM YHCJO KBAHTOBBIX COCTOAHHM, OTJHYAIO-
IIHXCS OAHO OT Apyroro sHaueHusiMd [. Haumenbuiee 3Hauenue !
ectb [ =0, HauGouabliee /== n— 1, TAK KaK B TOM c/JyYae cyMMma
(33.13) cBoautcst K onnomy useHy. CJedoBaTesNbHO, IPH 3a4aHHOM
A YHCJIO [ MOXKeT MPHHUMATh 3HAUEHHS

1=0,1,2, ..., (n—1), (33.14)

T. €. BCEr0 A 3HAueHHd H COOTBETCTBYIOWIHX MM KBAHTOBBIX COCTOH-
HUH ¢ ompeldejeHublMH 1 u [. OyHKUHs 4, KaK BugHO H3 (33.13),



206 JANBHEMIIEE [IOCTPOEHUE KBAHMTOBOM MEXAHWKHU fJ1. vV

HMeeT M, = n—1[—1 y3JI0B, €CJH HCKJIOYHTb H3 DPACCMOTPEHHA
ysen r = 0. Ho uucio ysqos, Kak uspectiio (cMm. § 25, nyukr 1),
olpejesasieT HOMep BOJHOBOH QYHKUMH ¢ 3ajgaHHbiM n. [losTomy
rJ1aBHOE KBAHTOBOE UYHCJIO n MOXHO TaK¥Ke ONpeNe/HTh COOTHO-
HIeHHEM

n=n,+141. (33.15)

KBantoBoe uuc/io n, 6110 BBeLeHO elie 3oMMepdhesibIoM B CTapoi
KBAaHTOBOH TEOPHH H MOJYUHJIO Ha3BaHue paduaibHO20 KBAHTOB020
qucaa.

3aMeTuM Temepb, UTO B COCTOSHHH C OINpPENENEHHBIM [ MOXKeT
HMETb pPasJIHUHble 3HAUEHHS KBAHTOBOE YHCJO M, ONpepessioliee
NPOEKLHIO YIVIOBOTO MOMEHTa Ha och Z (OHO Ha3bIBAETCS MASHUT-
roim). Hmento:

=—L—0=1, ..., =1L 0, +1, ..., +U—=1), +I, (33.16)

T. e. Bcero 2/ 1 3nauenuii. [loaToMy noJHOe UYHCJIO KBaHTOBEIX
COCTOAHHH, C MOMOWIbIO KOTOPBIX MOXET PeaH30BaTbCsl COCTOAHHE

C 3a/laHHbIM n, PABHO
I=n—-1

N= Y (2[4 )=n2 (33.17)
I=0
B nefictBuTesNbHOCTH, KaK GyleT nokasaHo B § 36, 310 uuciao cue-
AyeT YABOHTb 1H3-3a HAJHUMA CHHHA 3JMeKTpoHa. TakuM obpasoM,
KPAaTHOCTb BBIPOXKAEHHS 3IHEPTreTHUECKOTO YPOBHA B BOAOPOAOINO-
n0GHOM aToMe paBHa 2n2.

§ 34. 3HepreTHYeCKHe YPOBHHM M CHEKTPaJjbHble CEPHH
IleJOYHBIX METaJ10B

1. B atomax ule/IOYHBIX MeTaJIOB (JHTHH, HaTpuil, Kaaui, py-
6HaHH, Ue3HiH) 3/deKTpOHHAA 000JI0UKA COLEPIKHT OAHH HaPYXKHBI
(BaJIEHTHBIA ) 3J1EKTPOH, CPABHUTENbHO cMab0 CBSI3AHHBII C SIAPOM
atoMa. To Ke OTHOCHTCA K HOHH3OBAHHBIM ATOMAaM, €CJH TOJBKO
OHH COJEPXKAT MO OLHOMY HApYXHOMY (BaJIEHTHOMY) 3JIEKTPOHY
(OMHOKDPATHO MOHM3OBAHHBIA aTOM TeJsusi, ABYKPaTHO HOHH30BaHHEIH
aTOM JIHTHS, TPEXKPAaTHO HOHHM30BAHHHIA aToM OepHJJHS H T. I.).
Ilepexonbl Mexay 3HepreTHYeCKHMH YPOBHSIMH BaJIEHTHOI'O 3J€K-
TPOHA CONPOBOXKAAIOTCA H3JYYEHHeM HJH [OrJOolleHHeM KBaHTOB
CPaBHHUTEIbHO HH3KHX YACTOT — M3 ONTHUECKOH 06JacTH CIIEKTPa.
Ocranbibie Z— 1 3nekTpoHOB (Z — 3apajx sipa, BhIPaMKeHHLIH B
3/leMeHTapHHX 3apalax) BMecTe ¢ AApoM 06pasyioT CPABHHTENbHO
INPOYHBIE OCTOB, B 3JIEKTPHUECKOM IOJe KOTOpOro MABHIKETCs Ba-
JIeHTHBIH 3/1eKTpoH. MI3MeHeHUs1 2HeprHU KBAHTOBBIX YPOBHeH 0CTOBA
CPaBHHTEJBHO BEJHKH H NOPOXKJAAIOT PEHTTECHOBCKHME CIEKTPHE. DTOT
BONMpOC 3JeCh paccMaTpuBarthcs He Oyger. Mbl cocpeloTOUMM BHH-
MARAWE TONBKO Ha W3MYUEHWH it [MOTMOIICHAHN CBeTa, CBA3AHHHEIX ¢ MO~
BeJeHHEM BaJIEHTHOrO 3JIeKTPOHA, :
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[Tpu TakoH nocTaHoBKe BONpOCAa aTOM ILUEJOYHOTO MeTaJjia Mo-
XKET PacCMaTPHBATLCH KaK 0OHOIAEKTPOHHbIL ATOM, B KOTOPOM PoJb
siApa Hrpaet yKasaHHbfi octoB. IlocaeqHuii MOXHO XapaKTepH30-
BaThb KaKUM-To 3(QdexTuBHbIM 3apagoM Zge. Jas HefiTpasibHOro
atoMa Zs=Z— 1, AN ONHOKpPaTHO HOHH30BaHHOrO Z,=Z —2,
IJ51 IBYKPaTHO MOHH30BaHHOTO Z,=Z—3 u T. A. Ecau yaanuthb
BaJIEHTHHIH 3JIEKTPOH, TO pacnpejeleHHe 3JeKTPHUECKHX 3apsi0B
B OCTOBE H €0 JEKTPHUECKOE MoJe CAealoTcd ChepHuecKH CHM-
METPHUHBIMH.

2. CrauHoHapHbIC COCTOSIHHSI BaJIEHTHOTO 3JIEKTPOHA B TaKOM
noJie ONpefeNsioTcs TEMH K€ TpeMs KBAHTOBBIMH YHCJIaMH, UTO H
B aTOMe BOAOPOAA, 8 HMEHHO 2AQB8HbIM KBAHTOBbIM HUCAOM N, OPOU-
TAAbHBIM KBAHTOBLLM HUCAOM | U MACHUTHOLM KBAHTOBLIM HUCAOM M,
KBsantoBoe uucao ! onpefenser KBaJpaT YIJIOBOI'O MOMEHTA 3J€K-
TPOHa :

P=pI(+1,

MaTHHTHOE UYHCJIO M ONpejeJsaeT NMPOEKUHIO yIJIOBOTO MOMEHTa Ha
u30paHHOe HanpabJeHHe, OOLIYHO MPHHUMAaeMoe 32 och Z:

m, == l,mh.

Ilpu sapandom [ uncao m MoXeT npuHuMatbh 2/ -4 1 3Hauenud,
a MMEeHHO

Iﬂ="'—l, —(l_l), sy '—11 Or +1v LI | (l_"l): l-

[naBHOe KBaHTOBOE uyHCJIO onpefenserca dhopMmyaolt n=n,+ 41,
rae r,— TaK Ha3blBaeMoe paduaisHoe KBAHTOB0e HUCAO, PABHOE
YHCJy Y3J0B BOJHOBOH (QYVHKIHH ¢ BIoJAb pajuyca (touka r =0
3a ysen ne cuuraercsi). Ilpu saganHoM 71 4HCAO | MOMKeT NPHHH-
MaThb CJAeLyIOIIHE 3HAUCHHA:

[=0,1,2, ..., n—1.

Takum 06pa3oM, NOJyyaeTcst BCEro n? He3aBHCHMBIX KBAHTOBHIX CO-
CTOSIHHH, C MOMOILIBIO KOTOPDHIX MOXET OBbITb Peaju30BaHO J1060e
COCTOTHHE C 3aJJaHHBIM 3HaYeHHeM TJIABHOT'O KBAHTOBOrO UHCJIa 1.
Mul vBMAMM Jasblle, YTO TPH KBAHTOBHIX uHcha 1, [, m JOJKHBI
OBITh AONOJEEHL YETBEPTHIM — CHUHO8bIM — KBAHTOBLIM UHCJAOM s,
KOTOpOe MOXeT NPHHHMAaTh [ABa 3HaueHHs Ms==1/2. Or sToro
ofliee 4uCJ0 He3aBHCHMBIX KBAHTOBBIX COCTOSIHHH yaBansaercs. Ho
OT CIIMHA 2JIeKTPOHA MBI B 3TOM naparpade oTBieueMcs.

Pasanunble COCTOAHHUS 3JEKTPOHA B aTOME NMPHHATO 0603HAYATh
MaJpiMH OYKBAMH JIATHHCKOTO aldaBHTa B 3aBHCHMOCTH OT 3Haue-
HHA uyucaa [ ¥ B COOTBeTCTBHH CO CieAyloUlell cXeMoi:

KsanTtoBoe uucao / | 01 2 3 45 6 7

O503H3YCHHE COCTOSHUS

s pd [ g h i &
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[oBopsT, nmanpuMep, o6 S-COCTOSIHHSIX W S-3J1EKTPOHAX, pP-COCTOS-
HHSIX H p-3JeKTpoHax Y T. A. Takas TepMHUHOJOTHS CJIOKHIACh NMOX
BJHSHHEM paHHUX CNEeKTPOCKOMUUECKUX HCCJEJOBAHHE, KOrLa elle
He CYLLeCTBOBANO IMpeACTaBJIEHHsT HE TOJbKO O KBAHTOBBIX COCTOS-
HHSIX, HO ¥ 0 CTPOEHHH CaMOro aToMa.

3. OGpawaeMcst K paccMOTPENHIO TMOBEJEHHS BaJeHTHOTO 3JeK-
TPOHA B 3JCKTPHUECKOM MOJ€ 5/epHO-3/JeKTPOHHOro ocTosa. BHel-
HUH 3J1eKTpOH, AeNCTBYS Ha OCTOB, HCKAXaeT paclpefesecHue 3aps-
JIOB U 3JeKTpHueckoe MoJe octoBa. B nepBoM npub/aHKeHMH moJe
OCTOBAa MOXKHO DPACCMATPHUBATH KaK HaJOMXeHHe TMOJSI TOUEUHOro
3apsiia Zse 4 [0JS TOYEUHOTO JHUIOJS, PACHOJOXNKEHHbIX B LEHTpe
~artoma, [lpu 3TOM ocb AHNOJA HanpasJeHa K BHCIUHEMY 3JIEKTPOHY.
[ToaTomy ABHIKeHHe NOCJEeAHEro NPOHCXOAUT TaK, KaK ecin OBl moJe
OCTOBA, XOTH H HCKaXaJloch 3JEKTPOHOM, HO COXpaHsioch cdepu-
yecKH cUMMeTpHUHBIM. COOTBETCTBYIOLLIAA NOTEHLHHAJbHAS (YHKIHSA

MO¥XeT ObITb npeacrapJjgcHa B BUJAC
Zge? Zge?

r

U=—2£ ¢

(34.1)

rie C— nocrossHHasg. Ha 3To BHpaxKeHHe cjelyeT cMOTpeTh Kak
Ha pasioxkenue Pyuxiun U no crenewsam 1/r, oGopBannoe Ha BTO-
poy ujeHe. B cooTBeTcTBHH C 3TuM wiaeH —CZqe?/r? Hago paccma-
TPHBATL K&K [ONpPaBKY K OCHOBHOMY useHy —Zqe?/r. Takum oGpa-
30M, B OPHHATOM NpPHOJHXKEHHH BCe OTJHNUHE OT BOAOPOAONOI0G-
HOTO aTOMa COCTOUT B TOM, YTO K MOTEHUHaJbHOH (GyHKUHH N06aB-
asercs wien —C(Zq.e?/r?). B ypaBHenuu (33.5) 3T0T 4wien MoKHO
06GBEIMHUTD C LEHTPOOEKHON SHEPrHel H MOJYYEHHYIO CYyMMY Mpej-
CTaBHTb B BHJE

2 e? 2% (1%

th(,lnj;l) -—-CZG. =ﬁl(l+1), (34.2)

r? 2mr?

rie MOCTOSTHHOE YyHucao [* onpeaesaseTCsl KBaApPaTHBIM ypaBHEHUEM
P =10+ 1) — 2 cze (34.3)

B pesyabraTe Mbl CHOBa INpHAEM K ypasHeHHIO (33.7), B KOTOpOM
yucao [ Hajo 3aMeHHTh YHeJoM [*, T. e. K YPABHEHH!IO

oy, 2 o P s DN ,
ar? +T or +(T_—6 rt )11)_-0’ (34.4)

NpHUYEM Tenepb

q" =2mZ eIH. (34.5;

B otauyue ot [, yucao [*, Boobuie rosops, He Lesaoe. Ho aro ne
pMeeT HUKAKOrO-3HAUEHHS /715t IPHMEHEHHSt MeToJa, H3.10KEHHOro
B npeabiayiien naparpade. [lo-npexuemy dynkmuio u(r) ciae-
AyeT uckaTL B Buie psaaa (33.10). Jas [* u3 (34.3) moJsyyaercs
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BbIpaxKeHue

2 .
lu:_“%j:\/0_+%g — 2z (34.6)

[Ipu sTom mnosoxKHTedbHYIO BeJuuHHy (2m/h%)CZ.e? cnepyer pac-
CMaTpHUBaTh KaK [ONPaBKy K OcHOBHOMY uieHy (/4 1/2)2. Koraa
9Ta nonpaeka o6pallanach B HYJb, Mbl BUAEJH, YTO Nepej KBapar-
HBIM KOpHeM cJeiyeT OpaTb 3uak mimoc. CJefoBaTesNbHO, TO Ke
Hajlo flelaTb W TOrJa, KOrja NonpaBka oT/aHuHa oT Hyas. [Ipu or-
CYTCTBHH monpaBkH y =[!- 1, npy HaJgHuMu TagoBOM y = [* 4 1.
Takum 06pasoM, Bce OTVIHUHE aTOMa LIENOYHOrO MeTajsa OT BOLO-
POAOMOROGHOr0 CBOAHMTCS K 3aMeHe uHcsaa [ Ha uucao [*. ITostomy
3HepreTHYeCKHe YPOBHH aTOMOB IIEJQUHBIX METaJJOB H CXOJAHHX ¢
HHMH HOHOB JIOJ3KHBI ONpesesThcsa hopMyJoi

mZZe4
28% (np + 1"+ 1)%

Bsoas raasmoe kKBauToBoe unciao (33.15), srofi dopmyse moxkHO
NpHAaTh BHJ

&=—

mz2et
gz_ﬁﬂﬁﬁv’ (34.7)
rie A =¥ — 1.

4. Bennuuuna nonpaBkH A, Kak BUAHO u3 ¢opmyan (34.6), sa-
BUCHT OT opGutanbHoro kauroboro uncaa I Ilocrosunas C Takxe
3aBucHT OT [. KauecTBeHHO NPOUCXONKAEHHE NOCAeAHEH 3aBHCHMOCTH
0COBGCHHO SICHO C TOUKH 3peHHA Moieabuoli teopuun Bopa. MakcH-
MaJLHOMY 3HaueHHI0 [ B 3TOH TEOPHH COOTBETCTBYET KPYTOBasi op-
6uTa, MHHUMAJbLHOMY — HauboJ/iee BHITAHYTAA 3JJHOTHYECKAd Op-
6uta. B nocnenneM cayuae op6HTa BaJCHTHOIO 3JEKTPOHA Ti1yGoKo
NPOHHKAET BHYTPb aTOMHOIO OCTOBA H NO3TOMY CHJbLHO BO3MYyIlaeT
ero nose. B ciayuae KpyroBbeix op6UT TAKOro NPOHUKHOBEHHA HET, H
BO3MYILeHHe MoJjyuaercs Menblie. KBantoBass Mexauuka, oTepras
B NPUHIHIE HarJfinble KJIacCHUCCKHe TPAeKTOPHH, M0 CYIIECTBY
naet takoe e obbacHenue. C ee TOUKH 3PEHHS JHeJO CBOAHUTCH K
TOMY, UTO BEpPOATHOCTL OOHAPYXKEHHS 3/J1eKTPOHA TIJIy6OKO B aTOM-
HOM ocToBe GoJblle MpH MaJablx [, yem npu OoJbliHx. B camom
Jese, npyu GOJMBIUHX [ MJIOTHOCTL BEPOSTHOCTH OGHAPYKEHHS 3JIeK-
TpoHa B aroMe OJuxe K CQepHYeCKH CHMMETPHYHOH, 4eM mnpH
MaJblX. [IpH MaKCHMaJbHbIX 3HAYeHUSAX [== 1 — 1 OHa cranoBuTCA
npocto cdepuueckd cHMMeTpuuHOH. [Ipu Manwx [ aeso oGerout
nao6opor.

B npexbiaymeM naparpade GbJIO NOKAa3aHO, 4TO B BOAOPOLHOM
HJIH BOAOPOAOMOAOGHOM aToMe NPH OJHOM H TOM Ke A1 PasJHYHBIM
3HAUEHHSM [, M COOTBETCTBYET OJAMH M TOT 2Ke YPOBEHDL 3HEprHH.
Taknum 0o6pazoM, SHEPris 3aBHCHT TOJbLKO OT A, T. €. HMEET MecTo
goLposcdenue no oboum KeanTossin ducaam | u m. Takoe BHIPOKIe-
HHe — cayuafiHoe M CBS3aHO C TeM, UTO 3JIEKTpHYECKoe moje flpa
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atoMa BOAOpOAa, T. €. MPOTOHA, — KYJOHOBO, MOCKOJBKY MPOTOH
MOXHO paccMaTpHBaTb KakK TouyeuHhl# 3apsid. B arome uiesiounoro
MeTaJjljla BaJIGHTHBIl 2JIGKTPOH HaXOAUTCA B 3JIEKTPHUECKOM MoJe
aTOMHOFO OCTOBa. 3apA] MOC/AeJHEero — He TOUEUHBLIH, XOTS H pac-
npefesieH B HeM c{epHUeCKH CHMMETDHUHO. DJIEKTPHUECKOe TOoJie
0CTOBa yXe He OOpPaTHO NMPONOPIHOHAJBHO KBaApaTy pacCTOAHUS
IO leHTpa ocroBa. bJarogapss 3TOMy W MOJyYaeTcst 3aBHCHMOCTB
3HeprHH 3JEKTPOHA He TOJNBKO OT IMIaBHOTO KBAHTOBOTO YHCJIA 71, HO
u or opb6urasnpHoro uucaa [. VHBIMH cJ0OBaMH, B HEKYJIOHOBOM
LEHTPAaNbHO-CHMMETPHYHOM M0Je BHIPOXKAEHHe MO [ cHuMaercst. Bu-
pPOXJAEHHe MO /M OCTAETCSs, TAK KAaK 3HEPrus He MOXKeT 3aBHCETb OT
m BBHIY H30TPONHH mnpocTpadctBa, C 3THM H CBS3aHO OTJIHYHE
CNEeKTPAJbHLIX TEPMOB LIEJOUHEIX METaJIJIOB OT TEPMOB aToMa BO-
nopoja.

5. YpoBHaMm sHeprun (34.7), corsmachHo dopmysne (12.3), B ato-
MaX WeJOYHRX MeTaJsJIOB COOTBETCTBYIOT CHEKTPaJIbHbIE TEPMbI

& & Z2R
TTTR T T 2wk T (n¥ b2 (34.8)
rﬂe 254 4
2mnle me
R= ch® T dcuh® ) (34.9)
Taxolt BUJ TepMOB [JIs1 LIEJOYHEIX METAJJIOB (T. e. mpH Zo=Z — 1)

6Bl 3MOMpHYECKH ycTaHOBJeH PualGeprom B Kouue 19 Bexa. 3tu
TEPMBL HMEIOT BOAOPOAONOA06HE BuA. OHM OTJIHYAIOTCA OT BOJO-
POLHHIX TEPMOB NONPaBKOH A, KoTopas MJIA BOAOPOLA paBHA HY.JIIO.
3aMeuareJbHO (M 3TO MOPa3HJO NepBbIX HccJeXoBaresefi), uro R
eCThb Ta e mocTosinHasi PuaGepra, KoTopas BXOAHT B BBIPAKEHHS
JJIs1 BOAOPOAHBIX TEPMOB.

CrnekTpasbHble TepMbl I1eJOYHBIX ATOMOB XapaKTepH3yIOTCH
IByMSi KBAHTOBHIMH UHCJaMH: TVIaBHBIM KBaHTOBBIM YHCJAOM A1 H
OpGUTAIBHBIM KBAHTOBHIM uHc/IoM [. [1aBHOe KBaHTOBOE 4HCJIO
CTaBUTCS BIepelH H ofo3Hauaercs LHPPOH, 32 HUM cjeayeT 3Ha-
yeHHe yucaa /, o6o3Hauaemoe GYKBOH, B COOTBETCTBHH ¢ TabJIHLell
nyukra 2. Hanpumep, 3s o6o3nauaer tepM ¢ n=3, [ = 0; cHMBOJI
5d o6osnauaer Tepm ¢ n =25, [=2 u 1. A. Takum o6pasom, nas
ILeJJOYHBIX METa/JIOB MOIYYaloTca Caelyiolllne 0603HAUEHHST TepMOB!

— R __R __ R
=T TR nd I (34.10)

H T IO UHcJieHHBIE 3HAUEeHHS nonpaBKH K YHCAY n B HpaBOfI JacCcTH

o6o3nauensl 3nech uepes s, p, d, ... VIX He HANO CMeLIHBATL C TEMH
JKe CHMBOJIAMH, CTOSILIHMHU caeBa (31ech OHM 0603HAUAIOT COOTBET-
creeio [ =0, [=1, =2, ...). Takasi TEPMHHOJIOrHA HCTOPH-

YeCKH CJOXHJaCh €lle NPH YHCTO 3MIHPHUYCCKHX HCCJELOBAaHHAX
CHEKTpa/JbHEIX 3aKoHOMepHocTel. Uncao Z, 3/1ech NOJOXKEHO pas-
HEIM €JINHHLe, TaK KaK HMEIOTCH B BHAY HE HOHbI, a HeHTpajbHble
aroMbl.
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6. CaMblli HH3KHI ypOBeHb 3HEPTHH BOAOPOAONOJOGHOTO aToMa
3aHMMaeT 3JEKTPOH ¢ IJIaBHBIM KBAHTOBBIM YHCJIOM 7 = 1. D10 Xe
TJaBHOE KBAHTOBOE 4YHCJAO MOXKET HMeThb ellle OAHH 3JEKTPOH
(mogpobuee cM. § 38). C npHcoennHeHHeM ero B cayyae Z =2
nosiyyaercst nefiTpanbhblii atoM resusi. Dodbille ABYyX 3J€KTPOHOB
C TJIaBHbIM KBaHTOBBLIM yHCJIOM # = 1 G6bITh He MoxeT. Takue aBa
3JeKTpoHa 06Pa3yioT 3aMKHYTYI0 06OJ0YKY TeIHd — TO, YTO BBl
ObIJIO HA3BaHO ATOMHBIM ocToBOM. Ecan npHcoefiHHHUTb TpeTHH
9JEeKTPOH, TO OH HAUHHAET 3aHHMATh CAeAyIOLLYyI0 060JIOUKY C rJaB-
HBIM KBaHTOBBIM uHciaoM n = 2. Toraa npuH-Z =3 moayuurcs Ule-
JoyHOH 3JeMeHT JaTuH, [locTpoenne 3Tofi 3aMKHYTOH 060/0UKH
3aKaHuMBaeTcsl Ha 3JeMeHTe HeoHe. llasee HAyT UIeJOUYHBC 3Je-
MEHTHI, ¢ KOTOPbIX HauHHAeTCAd JIOCTPOEeHHe CJeAyIOUIHX 3aMKHYTHX
o6osouek: HATPHH (Awun = 3), KAMUR (Awur = 4), pYOUIHH (Hyuu =
= 5), uesnl (Awux = 6).

7. TlyreM KoMOHHAUMH pa3JHYHBIX TEPMOB BO3HHKAlOT ClieK-
TpaJibHble JHHHH B COOTBETCTBHH € KOMOHMHALHOHHBIM TPHHIHIOM
Purna. Toapko He Bce KOMOHHAILHHM, CONPOBOXAAIOUIHECH H3jyue-
HHeM (MJIH TIOTJIOLIEHHeM ) CIeKTPaJIbHBIX JIMHHH, paspelleHbl. YiKe
IMIOUDPHYECKH MABHO OblIO 3aMEYeHO, UTO B ILIeJOUHBIX Merajnax
IpH M3JyYeHHH (M [OTJIOLIEHHH) cBeTa TepMBl § KOMOHHHDPYIOT
TOJLKO C TEPMaMH p; TepMBl p KOMOHHHPYIOT TOJBKO C TepMaMH
s u d, Tepmbl d KOMGHHHPYIOT TOJbKO ¢ TepMaMu p u f, u T. A. Ha
aTOMHOM SI3LIKE 3TO 03HAyaeT, UYTO NPH COOTBETCTBYIOLIHX KBaHTO-
BLIX NMepeXxoAax, COMPOBOMKAAIOIIHMXCA H3JydeHHeM CBeTa, 4uciao [
MOJKET MEHSTbCA TOJBKO Ha €IHHHIY:

Al = +£1.

SToT M aHaJOTHUHBIE pe3YJbTaThl MOJYUYHJH Ha3BaHHE RPABUA
or6opa. OcranbHele KOMOHHALHKU 3anpeujerst. ITO He 3HAUUT, UTO
COOTBETCTBYIOUIHe Ilepexoibl Booblle HeBO3MOXHH. IlpaBuna ot-
60pa OTHOCSATCS. TOJNBKO K OUNOABHOMY USAYHEHUIO U NOSAOUWLEHUIO
c8era u He OTHOCATCS K APYTHM IIPOLECCaM, KOTOPhe MOTYT IPOHC-
XOAHTb B atoMax. Hanpumep, npm ynape BO3MOMXHBI NepPeXOiH
¢ Kakoro-iuGo ypoBHS S Ha YpoBHH 4, f, g u T. 1. OgHAKO IPH 3TOM
He MPOHMCXOJHT H3MEHeHHs AHMIOJBHOIO MOMEHTA aTOMa, CONPOBOXK-
nawlleecs H3JTy4yeHHeM cBeTa. Dosee Toro, U «aampelleHHBE Tne-
PEXOABLI» MOTYT CONPOBOXAATbCA HCIYCKaHHEM CIEKTPaJbHBIX JIH-
uuit. Ho 3To He 6yner Junoastoe usiyvesue, NIpu KOTOPOM MeHsleTcs
JMIOJbHBI MOMEHT aToMa, a, HallpHMeD, K8aOPpYnoAvHOe UNH OKTY-
HOAbHOE W3JYYEHHS, BO3HHKAIOLIHE H3-3a U3MEHEHHS] KBaipYIOJb-
HOTO H OKTYIOJBHOrO MoMeHTOB. K Takoro poja H3JydeHHsM lipa-
BHJI0 ot6opa Al = =1 He oTHOcHTCcSl. 3aMETUM elle, YTO Ha H3Me-
HEHHsl TJIAaBHOTO KBAHTOBOTO 4YHCJa 1 HHUKaKHe OTDAHHUEHHSA He
HaKJIablBAIOTCS.

KaauToBdaa MexdHuKa cHdJia OKPOB TaHHCTBEHHOCTH, C KOTOPOH
N0 Hee BOCIPHHUMAJHCL TpaBHAa or6opa, OHa mocraBHjaa H
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paspewnna Oodsiee 00ULyl0 3ajauy: HAUTH 8epOATHOCTs hepexoda
aTOMHOH CHCTEMBbl C H3JydeHREM CBeTa U3 OJHOTO KBAHTOBOTO COCTOS-
g B Apyroe. OkasaJjochk, YTO NPH HecoGTIOAeHHH NpaBHa oTGOpa
COOTBETCTBYIOLIAS BEPOATHOCTh OOpall{aeTcsi B HyJb, DTO H NPHBO-
AHT K IpaBHJaaM OoTOOpa WJH, Jyulle, npasuiam sanpera (Zas ILu-
MOJIBHOTO H3JIYUEHHs CBeTa). DTH NMpaBHIa MOXKHO MOJYUYHTL, H He
npuberas K KOHKPETHOMY BBIYHCJEHHIO COOTBETCTBYIOIIHX BEpOsAT-
HocTeli, a u3 obuiux coobpaxenunil. Hano socnonbsosarbest TeM, UTO
3aKOHBl NPHPOABl 3ePKAALHO CUMMETPUYHbL, T. €. UHBAPUAHTHbL OT-
HOCUTCAbLHO onepayuu uUHBepcun — 3aMeHe BCeX Tpex HalpaBJeHuil
KOODAHHATHBIX ocefl Ha MNpoTuBonoJoxkuole. Ho Ha »3ToM Bomnpoce
MBIl OCTAHOBHMCSI B YaCTH 2, NOCBSIIECHHOH sifepHON (DU3UKe.

8. C yueroM npaBuaa orbopa Al= 1 Jerko moHATb, 4TO B
CTMeKTpax LUEJOUHBIX 3JEMEHTOB JOJKHB MOJyuaTbhes (U AeHCTBH-
TEJBHO MOJYy4aJuCh Ha ONBITE elie 10 BCAKOH TEOpHH) CJeAyIOLIHE
CREKTPAABHOE Cepull:

enaskan cepus

V== ns — mp; (34.11)
nepsas nobouras, unu oupysnaa, cepus v _

v ==np — md, (34.12)
8ropas nobouHas, UJIH peskas, cepus

V==np — ms; (34.13)
cepus Bepemana, unn dyndamnenrassnan, cepus

v =nd — mf. (34.14)

3necy v = 1/h— cnekrpockonuueckoe 80AH080e uucao. Hucio
f B KaX[0H CepHH COXpaHfeTC MOCTOSHHBIM, YHCJIO #1 B TJIABHOH
CepHH [OJIKHO NpoberaTh 3HayeHHs m=n, n+ 1, n+2, ..., a
B OCTaJbHBIX CepHUsix— 3HaueHuss m=n-+1, n+2, ..., uroOn
noJyunjuch Bce JuHHH cepuil. IlonpaBku A B nepemeHHbIX ujeHaX
B mpefelax KaXKAoH CepHH OCTAIOTCS NPAKTHYECKH MOCTOAHHBIMH,
HO MEHSIIOTCSl OT CEPHH K CepHH.

CxeMa KBAHTOBHIX TepeXOLOB H COOTBETCTBYIOILHE HM CIIeK-
TpaJbHble JHHHH TpefcTaBJeHs Ha puc. 60 maasa autus u Ha puc. 61
Aas Hatpusl. JLIMHBL BOJIH CIEKTPaJbHBIX JHHHHA LAHB B anrcTpe-
max (1A =0,1 um). B nepsom croabue (s) ua puc. 60 usobpa-
XKeHBl 3HePTreTHUECKHE YPOBHH JIMTHA B S-COCTOSHUY MPH Pa3jHy-
HLIX 3HAYeHMsIX TJaBHOTO KBAHTOBOTO UHCHA4, BO BTOPOM — TO e
IpH PAasJHYHBIX £, HO NPH ONHHX H TeX XKe 3HAYEHHAX p, B
TpeTbeM— IIPH OJAHHX H TeX ¥Ke 3HaueHHsX d M T. 1. B cayuae xy-
JIOHOBA [OJS TOJYUMJUCh OBl HHEPreTHUeCKHe YPOBHH, 3aBHCAIIHE
TOJBKO OT M, HO He 3aBucsiive oT . s UIeJOUHBIX MerTaJsoB
TaKoe BBHIPOXKAEHHE 3HEpPreTHMUECKHX YPOBHeH CHHUMaeTcs u3-3a
OTJIHUHSA 3JEKTPHUECKOTO MOJS OT KyJoHOBa. Heranu cnerTpaabuoil
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AHArpAMMBl HATPHS, 4 TAKAE BOIPOCH, KacalollHecs CHeKTPa/JbHOH
CHMBOJINKH, BHsicaaTces B § 40.

2 2, 4 2
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Puc. 60

[naBuasi cepusi BO3HMKAeT B pe3y/bTaTe KBAHTOBHIX NMEPEXOAOB
BAJICHTHOTO 3JIEKTPOHA M3 PA3JHUHBIX P-COCTOSIHHI Ha HauboJsee
ray6okuii s-ypoBeHb. Ha 3TOM ypoBHe ATOM HaXOAUTCS B HEBO3-
OVXKJEeHHOM COCTOSIHMH H MOXKET IIepeXOJUTh B 3HepreTHyecku HoJee
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BrHIcOKHe cocTosinusi. [loaromy raaBHasi cepust Habaiogaercd He
TOJbKO B UCHYycKanuu, HO H B noeaowenuu. Ha puc. 62 nokazauna
B CIIEKTPe [OTJIOIIEHUS rJaBHasi cepHa napoB HarTpus. [IpuBedena
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Puc. 61

TOJBKO KODOTKOBOJIHOBAsi YacThb CepHH, HAYHHAA € MATOro uJeHa
(A==2594 A). I'naBHas cepua cofepKuT HauGOJee XapakTepHyIO
AJfl pacCMaTPUBAEMOro 3J€MeHTa Pe30HAHCHYIO JIMHHIO

Vpea == NS — np. (34.15)
TakoBbl, HanpHMep, KpacHAA JIMHHUA JUTHA H XKeJaTasl JHHHS HATPHSA,
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[Teppast moGounasi (audpdysHas) cepus BO3HHKAET B pe3yabTaTe
MEepPEeXOA0B BaJEHTHOrO 3JEKTPOHA H3 Pa3fUuUHBIX d-COCTOSHHE Ha
Hanbojee ray6eKind p-yposenb, BTOP2T nobounas (pe3xas )— H3

Puc. 62

pa3JHUHbIX S-COCTOAHHH Ha TOT XK€ Cambii rAYOOKHH p-ypOBEHE.
OnpaBnanue HaspaHuit «auddysnas» u «peskasdg» GyeT LaHO
B § 40.

3AJAUYN

1. ByayTr su B NpHHUHIE ONHHAKOBEL CNEKTPa/bHble JHHUH aTOMOB, Alpa KO-
TOPHIX HMEIOT OAHHAKOBLIC 3apsibi, HO OTJHYAIOTCH pa3MepaMH H (OpMOH?

Pewewnne. CnekTpel OYAYT HECKOJBKO (XOTH M oOdeHb MaJ0) OTJHYATLHCA
Apyr oT Apyra, Tak Kak IO BOJHOBOHi MeXaHHKe MOBeACHHE SJeKTpOHa Ompeze-
JsieTCs BOJIHOBHIM YDaBHEHHEM BO BCEM INPOCTPAHCTBe, e CYIIECTBYET CHJIOBOE
noJse.

2. Jlns nutHs 3HaueHHe TePMa 2p, BLIYHCIEHHOe H3 NpefelioB NMOGOYHHX ce-
pu#t, paBHo 2p = 28581,4 cM~!. Jlauubl BoaH JHHuA 2p — 3d u 3d — 4f papuwl
COOTBETCTBEHHO A, == 6103,77 A n Ay = 18697,0 A. BHUHCIUTD AJIHHY BOJHH
2p — 4f.

Pew ey ue CNeKTPOCKONHYECKHE BOJHOBBIE YHcaa aunufl 2p — 3d u 3d — 4f
pPaBHbI COOTBETCTBEHHO

1M =% =163833 cM™}, 1/h,=%,=53484 cm .

Orcropa 3d = 2p —v; = 12198,1 cv—!, 4f = 3d-:v'2. = 6849,7 cMm~; 2p — 4f=
= 21731,7 em~!, A = 4602,8 A.

§ 35. MarHetrHamM aTomoB

1. Co Bpemenu Amnepa (1775—1836) marnetusM G6bln cBefleH
K 94eKTpudeckum TOKAM, KOTOPHIE, [I0 €ro MpeACTaBJIEHHAM, IIUPKY-
JHPYIOT BHYTPH MeJsbuafilluX 9acTHY BellecTBa (aTOMOB H MoJle-
kysi). Ilpupona aTHX TOKOB Obl1a YCTAHOBJAEHA C MOHBJACHHEM
3JIeKTPOHHBIX NpeACTaBJeHHH O CTPOEHHH BelllecTBa M Teopuu Dopa.
CuyHTanoch, 4TO QMNEPO8bL. MOAEKYASPHbIE TOKU CO3Jal0TCH 3JeK-
TPOHaMH, BpalllalOLUMHCA BOKpPYT siApa atoma. OfHAaKO KaaccHue-
cKast (U3HKa [0 BBeJeHHs KBAHTOBBIX MNpeldcTaBJeHuil Oblja He B
COCTOSIHHH OOBACHHTL HE TOJIBKO ABHMKEHHE 3JIEKTPOHOB BOKDYT
Aa0pa, Ho H caM (aKT cyllecTBOBaHHA aroMoB. MeTomamu cratu-
CTHUECKOH GU3NKH ObJIO CTPOro MNOKA3aHO, UTO € KAACCUHECKO!
TOUKIL 3peHUs 8 YCTAHOBUBIUEMCS COCTOSHUU BeuiecTGO He MOeT
GblTb HAMASHUYEHO, T. €. He MOXCET UMETb OTAU4HbIL OT HYAs mae-
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nutHoti moment (bop, Jlopentn, Ban-Jlésen; cm. T. 111, § 75). D10
He 3HAYHT, UTO €ro HeJb3si HAaMarHUTUTb BooblUle. DJIeKTpHUECKHE
3apsiibl MOXKHO IPUBECTH BQ BpalUleHHe, T. €, BO3GYAUTb B BellleCTBe
KpyroBble TOKH. A B TaKOM cJyuyae MOSIBUTCS MATHUTHBIH MOMEHT,
T. €. HaMarHuuuBaHHe BellecTBa. CMBICJ NPHBEAEHHOTO yTBEpIKje-
HHSI COCTOHT B TOM, UTO €CAU HAMAZHUHEHHOE B8eujecT8o npedocTa-
8UTb camomy cebe, noddepocusas Temneparypy eeo NOCTOAHHOU, TO
OHO CAMONPOU3BOALHO RPuUdeT 8 PABHOBECHOE COCTOAHUE, 8 KOTO-
PON BCAKQA HAMASHUMEHHOCTS UCHE3HET, OQIKE eCcAu BUecT80 No-
MeuwjeHo 8 mMaeHuTHoe nose, DTO HE coryacyeTcs ¢ GakTaMu.

[lonnManue NpUpOABI MAarHeTH3Ma OPHIILIO TOJNBKO [0C]AE CO37a-
HHsl KBAHTOBOH MeXaHUKH. MarneTusM, Kak U CyIlecTBOBaHHE aTo-
MOB H MOJIEKYJ, OKasaJcsa Keawrosvim apgexrom. Knaccuueckue
TeOpHd HaMarHHuuBaHus (JlaH:KeBeH) HMeJNH HM3BECTHHI ycmex, H
MPUTOM HeMaJblfi, TOJbKO MOTOMY, 4YTO OHHM MOJYAJHBO BBOAHJH
JONYUIEHHS] CYULECTEEHHO KBAHTOB020 XAPAKTEPA, a HUMEHHO cylle-
CTBOBAaHHE y aTOMOB FOTOBBIX MATHHUTHHIX MOMEHTOB, HJIH CTAIlHO-
HapHBIX OPOUT, MO KOTOPHIM BpAIAIOTCH 3JEKTPOHBL. A 3T0, B cyml-
HOCTH, W J0JxHa Gbljia 6Bl 0OBSCHUTL TEOPHS.

2. TlockoabKy 3JeKTpOHBI, o6pasymooliHe 000J0YKYy aroma, 3a-
psixKeHbl M 00JaJaloT MaccaMH, ¢ HX JABHXKeHHeM B obosiouke (OHO
HasbiBaeTcsl opOHMTAJbHBIM) CBSI3aH HE TOJBKO MOMEHT KOJHUECTBA
JBHIKEHUS, HO U MAHUTHbUL MOMeHT aroma. CBsI3b MEXLy 3THMH
AS JByMsi MOMEHTaMH y¥e paccMaTpHBajgach B

7 1. IIT (§ 75)— B TOHi Mepe, KaK 3TO MOKHO

== 6bL10 clenaTh A0 BBEJEHHS KBAHTOBBIX (pex-

craBaenuil, Ta e CBfI3b COXpaHAETCd U B

. kBautoBoli Mexaruke. Ho ee cmplcn, a notomy

dr ¥ 060CHOBaAHHE—HECKOJIbKO HHBle, yeM B KJiac-

= CHUECKOH MeXaHHKe, TaK KaK [OHATHE MOMeEH-

Ta KOJHYecTBa ABUXKeHHS (YrJOBOro MOMEH-

r Ta) He MOXeT OBITb [eDeHeCeHO aBTOMATH-

YeCcKH M3 KJACCHUYECKOH TeOpHH B KBAHTO-

BYy10. OJTO JeNaeTcsi MOCPEJCTBOM BBeAEHHS

0 COOTBETCTBYIOLIEro omepaTtopa. Tak xe Hajo

Puc. 63 MOCTYIUTh M C TMOHATHEM MAarHUTHOrO MO-

menta. OTOpaBHbIM NYHKTOM [MDH 3TOM A0

KHO CJYXKHTL KJACCHUECKOe pacCMOTpeHHe, ¢ KOTOPOro Mui H
HauHeM.

Cornacio snextpoanHaMuke (cM. T. I11, § 75) 3aMKHYTHI BUTOK
nocrosiwHoro roxa I (puc. 63) obaajzaer MarHUTHBIM MOMEHTOM

m=1s, (35.1)

rie S — BeKTOp (JIONLAJH, HATAHYTOH Ha KOHTYp TOKa. DTOT BEKTOD
pbelpaaercst Gpopmysoi

S=—é—(§[rdr]
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H He 3aBHCHT OT BHOOpa Hauasja KoopAHHAT O, MOCKOJbKY KOHTYD
TOKa 3aMKHYT. HanpasJenue o6xola KoH1ypa mpeanoJaraercs COB-
[[afa0UIHM ¢ HarnpasjeHHeM Toka, OHO HAXORHTCA B NPABOBHHTO-
BOM COOTHOIIEHHH ¢ BeKTopoM S. Takum o6pasom, MarHHTHHIH MO-
MEHT 3aMKHYTOT'0 MOCTOSHHOTO TOKA MOXKHO MPEACTaBHTb B BHIE

= § rar) (35.2)

Ho tox / oGpasyercs aBuxyumuMucsl 3apsgamu. llocaenHue #
SIBJISIIOTCS. HeMOCPeACTBEHHBIMH CO3J4aTeJqsIMH MAar#HWTHONO MOMEHTA
m. Kaxnnlii 3apsad, ecJn OH JBHXKETCHA, C0342€T MAarHHUTHHIA Mo-
MeHT. [Tonublii MaruuTHBIE MOMEHT Tesa oGpasyeTcs BEKTOPHOH
cynepno3uisell MarHHTHbIX MOMEHTOB OTAEJNbHBIX 3apaL0B, ABHXKY-
uuxcst B HeM. [Ipeo6GpasyeM no3TOMy KOHTYypHBIH HHTerpana (35.2)
B MHTerpaJ Mo BCeM ABHXKYyLHMcs 3apsaaM tenaa. [lycte dg — 3a-
psiA, NpOXOAsilliil 3a BpeMs df uyepe3 MONepeyHOE CeYeHHE BHUTKA
C TOKOM (B CJyuae [OCTOSIHHOTO TOKa 3Ta BeJHUYMHA HE 3aBHCHT OT
TOro, B KAKOM MecTe B3fATO CceueHHe BHUTKa). Toraa [ = dq/dt,

m=—217®j—tq[rdr]=—2lc—®[rf;—:]dq.

B sToit dhopMyJe WHTerpupoBaHue IPOU3BOAUTCS elle 1o df, Tak
YTO HHTErpaJ OCTaeTcsi KOHTYpHBIM. BuifepeM, oanako, s1eMeuT KoH-
Typa dr Tak, uro0bl 3a BpeMs df 3apsii dg nepemeluancs Ha dr.
Torpa dr == vdf, 1 Mbl IOJYYUM

2% S (rv]dg= gzw S[rp] dg, (35.3)

rie U-— CKOpOCTb, P-— HMIIyJbC, a W — Macca, CBA3aHHas C [BH-
KyuuMmcs sapsagom dq. (Hasi maccwl ucnosbsyercs o6o3HaueHue W,
TaK Kak uepe3.m o6o3HavTaeTcsi MarHMTHOE KBaHTOBOE YHCJO.)

Ho npu crenanHoMm Bbi6ope dg ecTb Kak pa3 3apsl, coaepka-
muiica B paccMaTpHBacMblil MOMEHT BPeMeHH Ha dJEeMeHTe KOHTypa
dr. Tlpn TakoM HCTOJKOBaHHH 3apsalda dq Bpems df BHIAJI0 M3
dopmyan (35.3). M3 Hee BuIIaJO W BCSIKOE YNOMHHAHHE O BUTKE
C MOCTOSIHHBIM TOKOM (NO3TOMY-TO W ONYIUEH KPYXOK y 3HaKa HH-
terpaaa). OcTasach TOJILKO CHCTEMa 3apsAA0B, KaXAblil H3 KOTOPHIX,
IOMHMO CBOefl BEJHUYHMHBI, XapaKTepH3yeTCs [OJIOXKCHHEM M CKO-
pocTbio ABHXKeHHs. TOJbKO 3TO H CYLIECTBEHHO IJs CO3/aHUs Mar-
HHTHOro MoMeHTa Tesa. Kak cosjaercs cucreMma 3apsioB U ee co-
CTOSIHUE — 3TO HE UMeeT 3HAUeHHs,

Dopmyna (35.3) u npedcTaBJasieT MATHHTHBI MOMEHT Tesa Kak
CyNepro3nUHi0 MarHHTHbIX MOMEHTOB HBHXKYIUIMXCS 3apafoB. Ee
MOXHO OOOGLIUTb K 3a0HCaThb B BHIE

1
m=-%g[ruv) (35.4)
i
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npeancJaras, 4yro HMeeTcs B BHAY CHCTEMa TOMEUHBIX 3apsloB ¢,
JBUKYIHXCA B pAacCMaTpPHBaeMblii MOMEHT CO CKopocTsMHM v, Hu-
KaKHX NpPeANOoJOoXKeHUH O XapakTepe ABHIKEHHUS IIPH 3TOM He BBO-
JUTCS,

3. Kaaccuueckoe Bbipaxkenue (35.4) 1Js MarHUTHOTO MOMEHTA
CHCTeMbl JABHXKYUIMXCS 3apfJ0oB 3aBHCHT OT Bbi6Opa Hayaja Koop-
IuHaT. JlefiCTBUTENbHO, €CJH @ — PajHyC-BEeKTOP HOBOro (LITPHXO-
BAaHHOT0) Haya/a OTHOCHTEJbHO CTApPOro (HEWITPHXOBAHHOIO), TO
LJIsl BCeX 3apsiioB r,=r,+ @, TaKk 4To

7 1
m=m'+ %" g,]av;].
i

Orciofa BHIHO, YTO CTapBIl M M HOBBLIH M’ MarHHTHbIE MOMEHTH
TOJMBKO Torga OYAyT BCeria oOAMHAKOBREI, Koraa IJas Ji6Goro Bek-

Topa @ BEKTOPHOe NpOH3BeleHue (@ ), q,9;) ofpalaercs B HYJb.
B uacTHOCTH, 5TO HMEeT MECTO AJIS BCAKOTO 3aMKHYTOTO HEMOJBH K-
HOTO BUTKa IOCTOSIHHOTO TOKA, TakK KakK Toraa 2, q;v; = 0.

4. 11 OAMHOUHOrO TOYEUHOrO 3apsja, ABHKYIMIErocss CO CKO-
pOCTBIO U,

=L [ro)= 2LM [rp), (35.5)

rae p— Mmacca, a p-— HMNYJbC 4acTHUbI, HecywleH stor 3apsii. Ta-
KHM 06pas3oM, KiaccHyecKas (GpU3HKa NPUBOAHT K COOTHOIUICHHIO

m="TL, (35.6)
rae
I' = g/2pc. (35.7)

A1H dopmysasl Gosee NMPHMHUTUBHBIM IMYTeM yXKe ObJIM MOJyUeHbl B
1. III (cM. § 75). lna aneKTpoHa g = — e,

= —e/2p.cC. (35.8)

B stoM cayuae orTHOmlenHe I' MarHHTHOTO MOMEHTa 3JIeKTpOHA K
MEXaHHUECKOMY HA3bIBAGTCS 2UPOMACHUTHBLIM OTHOWeHuUeM JJs
OpGHTAJBHOTO JIBHIKEHHSA 3IJEKTPOHA.

3aMeTHM ellle, YTO IPU BHIBOJE BCeX MOJYUEHHBX COOTHOLICHHH
[OPHUMEHSJIACh HEPeAATUBUCTCKAS MeXarnuxka (3aBHCHMOCTL Macchl
OT CKOPOCTH He YUYHTHIBAJach), a YacCTHUbl CUHTAJHCH TOYEUHBLIMH.
BrnpoueM, uacTHUB MOryT OBITh H NPOTSKEHHBIMH, T4aK KaK HX
MOHO MBICJIEHHO pa36UTb Ha MaJjble 4aCTH M PacCMaTpUBaTh NO-
cjaennue Kak Toukd, O4HAKO 4TOOH OTHOLIeHHe M/L He HM3MeHHJOCD,
HeOGXOUMO NPEANOJIOXKHTh, YTO 3apsAbl H MacChl pacnpeieseHbl B
MPOCTPAHCTBE MO OJAHOMY H TOMY Ke 3akKoHy. Hus sapsiKeHHOro
IapHKa, HalpuMep, BPalllaloIlerocss BOKPYr AHAMeTpa C HepessaTH-
BHCTCKOM CKOPOCTBIO, KlaccHueckas (pu3HKa NPUBOAHUT K GopMyaaM
(35.7) u (35.8) He3aBUCHMO OT TOro, KaK paclnpeieseHbl B HeEM
3apsAbl U MacCHl; BaXHO TOJbKO, 4TO6H 00€ BEJHYHHBI GBLIH pac-
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npegeneHsl odunakoso. Ho, KoHeuHO, pe3ynbTar MOMYYHTCA HHOM,
ecsiM, Hamnpumep, sapsiil OydeT HaXOHUTHCS B LEHTPe, a Macca
pPaBHOMEPHO pacnpefiefieHa Mo o6beMy LIApHKA.

5. Tenepp cJefyeT KJaccHueckHe NpeJACTaBJeHHS 3aMEHHTh
KBaHTOBHIMH. B KBauToBOH MexaHuke dopmyaa (35.5) He Moxer
CJYXHTb ONpeJleJIeHHEeM MAarHUTHOIO MOMEHTa, INOCKOJBKY He cy-
IECTBYET HHKAKOrO COCTOSIHHSI YaCTHIBl, KOTOPOEe XapaKTepH30-
BaJoCh OBl M €€ TOYHLIM IMOJOXKEHHEM F, H €€ TOUHLIM HMIYJIbCOM P.
Kak u B caydae yrioBoro MOMeEHTa, OT KJacCHUeCKOH (opMyJsl
(35.5) KBaHTOBas MexXaHHKA TNePEXOLHT K OREPATOPHOMY COOTHO-
HieHUIO

m=-L[ro =_2.f;c_[?,‘;], (35.9)
HJIH N N
m=TL. (35.10)

I/Isyqe}me MArHHTHOrO MOMEHTAa dYacTHIbl TEM CaMbiM CBOIHTCS K

u3ydeHHio csolfictB onepatopa mt. [Tockosbky onepatops mtu L ort-
JIMYAIOTCS TOJBKO (IOCTOSIHHBIM MHOXHTEJEeM, HX CBOHCTBA COBep-

IEHHO aHaJOorHyHbl. B dacrtHocTH, onepatop W, kak u L, cosep-
WIEHHO He 3asucur or 8sibopa Hauaia koopduxar. MarHHTHHH H
yrJoBOH MOMEHTBl KBaHTYIOTCA MO OJHHaKOBbIM npasuiam. Co-
CTaBJSAOI{HE MACHHTHOrO MOMEHTa Ha JI06ble ABa pas3JHYHBIX Ha-
NpaBJieHUs] He MOeyT OOHOBPEMEHHO umeTb onpedeseHHoie 3Ha4e-
Hus. B cTauHOHApHOM COCTOSIHHH ONpeleJeHHble 3HAYeHHSI MOTYT
HMeTb KBaJpaT MarHHTHOrO MOMEHTA H OJ(Ha H3 ero NpOeKUHH Ha
KOOpIHHATHBEIE OCH. 3a TAaKOBYK OOBIYHO NMPHHSTO NMPHHHMATh OCh
Z. U3 dopmyn (35.8) u (35.10) nas opOUTANBHOrO JBHKEHHS
3JEKTPOHA HENOCPEJACTBEHHO BHITEKAeT

mz=—mL = — Mpm, (35.11)
rae
mp = Spes =9,274 . 10‘21 spr - el -(35.12)

[TocTosinHas WMy HOCHT Ha3BaHue maeHeToxa Bopa. Marueron Bopa
MOXHO PacCMaTpPHBATb KAK KBAHT MAZHUTHOZO MOMEHTQ (TouHee,
ero MpOeKUHH Ha u3GpaHHOe HANpaBJeHHe).

Boamoxen apyroit cnoco6 Buisoga ¢dopmyanl (35.11). Mz spemecunnoro ypas-
nenusi lllpenunrepa nosyuaioT ypaBHeHHe HelnpephiBHOCTH Jp/df --- divj == 0, rae
0 H j— TNJOTHOCTb BEPOATHOCTH H IVIOTHOCTb TOKa BepoATHOCTH. Ilo 3Havenuwo
nocsefHeii H MO BOJNHOBOH (YHKUHH HAaXOAAT TVIOTHOCTb BEPOSITHOCTH 3JIeKTpHHUE-
CKOro TOKa B CTAllUOHADHOM COCTOSHMH aTOMa, a 3aTeM HEeNOCPeNCTBEHHBIM HHTE-
rPUPOBAHHEM HAXOAAT M CPEAHHH MarHHTHLIH MOMEHT, CO3JaBaeMBIl 3THM TOKOM.
DTOT MpSAMO CIIOCO6 paccyAeHHss o6nafaeT TeM NMPHHUHNHAJILHHIM HEAOCTATKOM,
4TO MJOTHOCTb TOKa BEPOSTHOCTH j ONpelensieTcss HepeASTHBHCTCKUM VpasHeHHeM
Hlpenunrepa He 0dnN3HA¥HO: K TIOJNYYEHHOMY BBIPAXKEHHIO MOXHO 106AaBHTbL JIO-
Goe caaraemoe BHaa rota (mockonbky divrota == 0), He MeHss 3HAYEHHA MO.-
HOro MOTOKA BEPOSITHOCTH Yepe3 JIOOYI0 3aMKHYTYI0 MOBEPXHOCTb, KOTOPHIH TOJBKO
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H poctryned nabmofenuo. [1MOTHOCTE caMOro 3JCKTPHUCCKOrO TOKAa B aToMe, B
OTVIHYHE OT MOTOKA BEPOSTHOCTH, KOHEUHO, — Betuyuda Habawodaemas, KO ANs ee
O/LHO3HAYHOrO ONpefencHusi 00HO20 HEPeARTUBUCTCKO2O ypasHenus Il peduncepa
Hedocrarouno. HeonHo3HAUHOCTE MOXHO YCTPaHHT,, HO /IS 3TOrO HAaao NMepeiiTH
K peasrTusucickod reopuu. B camMom fenie, BeJMUMHA O O CBOEMY CMBICAY CCTh
BEIHYHHA OOHO3HQ4YHASR. A B PeJATHBHCTCKON TEOPHE CKAAAD O H TPH KOMIOHEHTLI
BeKTOpa j OOGBeAHHAROTCA B OAHH DPeAATUBUCTCKU UHGAPUAHTHBLI 4eToipexmepHbll
8eKTOp, BPeMeHHON KOMIIOHEHTOH KOTOPOTO SBJISEeTCs P.

§ 36. Onbitol llTepHa u Iepaaxa. Coul 3nekTpoHa

1. Hannune y aToMOB MarHUTHBIX MOMEHTOB M HX KBAaHTOBAHHE
6pu10 moKaszano npaMmbiMu onsitaMu Llrepna u Iepnaxa (1889—
1979) B 1921 r. B cocyae ¢ BLICOKHM BaKyyMOM CO31aBaJcA C IO-
Molubto Anadparm B u B’ (puc. 64) pe3ko orpaHHYEHHBIH aTOMHBI
MyYOK HCCJIEIYyeMOro 3JeMeH-
Ta, Ucnapswllerocs B nedu K.
[Tydox mpoxoaun uepes CHJb-
HOe MarHATHoe noJe H Mex-
Ly TMOMIOCHBIMH HaKOHEYHH-
kaMu N u S asekTpoMaruura.
Onun u3 HakoHeunukosB (N)
UMeJq BHA NPU3MBI C OCTPHIM
pebpoM, a BoJb Apyroro (S)
O6bl1a  BLITOUEHAa  KaHaBKa.
Buaarogaps Tako#l KOHCTPYK-
[HH MOJIOCHBIX HAKOHEUHHKOB
MarHdTHOE [0Jie [10J1y4aJtoch

Puc. 64 cunrvbno Heodnopoduuim. Iloc-

Jie TMPOXOXKIEHHsT uepe3 Mar-

HUTHOE [oJle My4YoK nomafas Ha (GOTONJNACTHHKY P W ocTaBisj Ha
Hel caen.

PaccunTaeM MNOBeJeHHE aTOMHOrO MydykKa CHauaja ¢ KJaccHue-
CKOll TOUKH 3DEHHsi, pejarnoJsarasi, YT0 HIKaKOro KBaHTOBaHHs Mar-
HHTHBIX MOMEHTOB HeT. Ec/iH M — MarHuTHBH MOMEHT aToMa, TO Ha
aTOM B HEOJHOPOLHOM MAarHHTHOM [oJe JAeHCTBYeT CHJa

f=(my)H.
Hanpapum ocb Z BroJb Maruutsoro noss (T. €. ot N Kk S mepnen-

JIMKYJSPHO K MOJIOCHBIM HakOHeuHHKaM ). Torla NpoeKuHs: CHJbI
B 9TOM HalpaBJjeHHH Oyler

0H, 0H, 0H,
fo=m, 5y +my 5, M5
HepBbIe JiIBa cJjlaraeMblX B 3TOM BbIpAXKCHHH HE HrpatoT pPOJIH.
B caMoM JeJie, 10 KJAaCCHUYECKHUM MpelacTaBJ/JeHHAM aToM B MArHHT-
tIOM I10JIC COBEpIIaeT [Ipenecculo BOKpPYr ocCH Z, Bpauladacb ¢ Jap-

MOPOBCKOIt 4acToTok
Q= —eH/[2pc
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(3apsa nexTpoHa o6o3Hauen —e). [losTomy npoexuun my, u my, co-
Beplualon KoJjeOaHHA ¢ TOH »Ke 4acTOTOH, CTAHOBACH NONEepEeMEeHHO
TO MO0.J0:K1 TeJbHBIMH, TO OTPHLIATENbHBIMH. ECIH yrioBas CKOpPOCTD
NpPEUeCCHH JOCTATOYHO BeJIHKA, TO CHJY [ MOXHO YCPEeAHHTb IO
BpeMeHH. I1pn 3ToM mepBbie ABa useHa B BHIpaXKeHHMH LIS [ o6pa-
TATCH B HYJIb, H MOXHO HAmHCaThb

0H
2 gz -

Yro6bl COCTABUTL NPEACTABJIEHHE O CTENEeHH AOMNYCTHMOCTH Ta-
KOTO YCpeAHeHHs, IpoH3BeleM UUucIeHHyo oleHky. [lepuon mnapmo-
POBCKOII OpellecCHU paBeH

p e 2 dwe 7-1077 c
| Q1 efl ’ H ’
roe nose H uamepsiercss B rayccax. Hanpuwmep, npu H == 1000 I'c
nonyuaeM T = 7-1071° ¢. Ecau ckopocTh aToMOB B IYyYKe paBHA
v=100 mM/c = 10* cMm/c, To 3a 3To BpeMsI aTOM IpoJeraerT pac-
cTosiHHe x = 7-10-% =~ 10-% cM, npeHeOpexXumMo Majoe IO CpaBHe-
HMIO CO BCEMH XApaKTEepPHBIMH pasMepaMH YCTAaHOBKH. IDTo H JOKa-
3bIBAET MPHUMEHUMOCTb [IPOBEAEHHOIO YCpelHEeHHs.

Ho dopmyna (36.1) moxker GbiTb oupasiaHd H C KBAHTOBOH
TOUKH 3peHHs. B camMoM jene, BKJIOUEHHE CHJIBHOLO MAaTHUTHOTO
noJs1 BAOJIb OCH Z. NPHUBOAMUT K COCTOSIHHIO aTOMa TOJBKG C OAHOIM
ompeleeHHON coCTaBJsOUlel MarHHTHOTO MOMEHTa, a UMEHHO M.
OcragabHble IBe COCTABJASIOMNE My H My B 3TOM COCTOSIHHH HE MOTYT
UMeTb OmIpelejeHHbX 3HaueHul, [IpH u3MepeHHSIX B ITOM COCTOSI-
HHY My 1 My IOJIYUYHJAH Obl pa3/iUuHblC 3HAUEHHS H IPUTOM HX Cpejl-
Hue Oblin Obl paBHBE HyJa10. [T0o3TOMY M IDH KBAaHTOBOM pPaccMOTpe-
nnu ycpensenue (36.1) ompasaaxo.

2. TeM He MeHee CJelyeT OXHJAATb Pa3/JHUYHLIX Pe3YJbTATOB
OIBITA C KJACCHYECKOH M C KBaHTOBOH TOYeK 3peHHsa. B omwbirax
[Irepua 1 Tepaaxa cHavasna noJdyyadcs cjlef aTOMHOTO NMyyKa NpH
BHIKJ/IIOY€HHOM MArHHTHOM II0Jle, & 3aTeM MpH BKJUeHHOM. Eciu 6l
IpOeKius M, MOTJIa NMPHRUMAThb BCEBO3MOXKHBIE HEMPEpbIBHbIE 3HA-
yeHud, Kak TpebyeT KJaccHueckas TeOpHs, TO CHJa [, TaKXKe NpH-
HuMaJja Obl BCEBO3MOXHblE HeNMpepblBHbE 3HaueHHs. Braoyenue
MarHHTHOTO MOJISI NIPUBOAHJO OBl TOABKO K yuwuperuro nyuka. He To
caejyeT OXH/AThL MO KBAHTOBOH Teopuu. B 3ToM cayuae mpoekius
M, a ¢ Hell M CPeAHsisi CHJA [, KBAHTOBAHGL, T. €. MOLYT [IPHHUMATDb
TOJMBLKO psJ, AHCKPeTHHX H30pauHblx 3HaueHuH. Ecau op6urasbhoe
KBAHTOBOE UUCJO aToMa PaBHO [, TO MO TEOPUH NPH paCIieNJeHHH
noayuutcst 2/ -1 1nyukoB (T. €. OHO PaBHO YHCJIY BO3MOXKHLIX 3HA-
yeHHiI, KOTOpble MOXET NPHHUMATbL KBaHTOBOe 4YHCJIO m). Takum
06pa30M, B 32BHCHMOCTH OT 3HAUEHHS 9HCJAA [ caeL0Baso Obl OXKH-
[aTh, UTO ny4ox pacwenurca va 1, 3, 5, ... cocrasasiouux. Oxu-
JaeMoe UHCJI0 COCTABJSIOUIMX N0JKHO OblJIO OB OLITH 8ceeda wHe-
YETHBIM.

©f=m (36.1)
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Onbite Lltepna un Fepnaxa noKasanu KBAHTOBaHHE NPOEKIIHH
m,. OfHaKo HX pe3yJbTaThl He BCErAa COOTBETCTBOBAJH TEOPHH,
H3JIOXKEeHHO! BeIUle. B MepBOHAYANBHEIX ONBITAX NIPHMEHSAIHCH TYUYKH
aToMoB cepeGpa. B MarHHTHOM mNoJie NYYOK pacCUIENJsJCHd Ha [JBe
cocrapiswouine, To Ke mosaydanoch IJs atoMoB Bopopoaa. Jjs
aTOMOB APYI'HX XUMHYECKHX 3JIEMEHTOB Ilosydajach H Gojee CJa0K-
Has KapTHHA pacllleNJeHHs], OAHAKO UYHCJO PaCUIeNJeHHBIX MYyYKOB
MOJIY4aJI0Ch He TOALKO HEYeTHbIM, UTO TPe6GOBaJOCh TEOpHEH, HO U
4eTHbLIM, UTO IPOTHBOPEUHJO eii. B TeopHIO HeOGXOAHUMO GHIJIO BHECTH
KODPEKTHBBL.

3. K aromy cuenyer HOGaBHTb pe3yJbTaThbl ONbLITOB JHHIUTEHHA
u ne Faaza (1878—1966), a takxe onbiToB bapuera (1873—1956)
10 ONpeJeJIEHHI0 THPOMArHUTHOrO OTHOUIEHHS, KOTOpble ObUIH H3-
goxenw B 1. III (§ 78). das Kenesa, HanmpuHMep, 0OKa3aJsJoCh, YTO
THPOMAarHuTHOE OTHOUIeHHE PaBHO

m

L

e

el

(36.2)

T. €. BABOe 6oJbule, yeM TpeGyeTcsl N0 TEOpHH.

Hakonen, okazasnocb, YTO CHEKTDAJbHBIE TEPMbl ILENOUHBIX Me-
TaJJIOB HMEIOT TaK HasbiBaeMylo O0ybaeTHyto CTPYKTYpPY, T. €. Cco-
CTOSIT M3 JABYX OJIM3KO DPacHOJNOXKEeHHBIX ypoBHeH. Jas omnucanus
3TOH CTPYKTYpHl TPeX KBAHTOBBIX WHCeJ 1, [, m OKa3aJoChb HEAOCTa-
TOYHO — MOTPeBGOBAJIOCh 4eT8ePTOe KBAHTO80e 4UCAO. DTO SIBUJIOCh
TJIaBHBIM MOTHBOM, NOCJY:KHBIIHUM ¥ eHbexy (p. 1900) u Fayacmury
(1902—1979) B 1925 r. ana BBeEHHS THNOTE3bl O CHUHE JALK-
Tpora '), CylHOCTb 3TOH T'HIIOTE3B COCTOHT B TOM, UTO Y 3JIGKTPOHA
€CThb HE TOJIbKO MOMEHT KOJIHYeCTBa [ABHMXKEHHS H MarHATHRIE MoO-
MEHT, CBI3aHHbIe C MepeMeLleHHEM 3TOH YaCTHIBI KaK LIeJOoro. dJIeK-
TPOH HMeEET TaKkKe COOCTBeHHbUI WIH BHYTPEHHULl MexaHuueckudl
MOMEHT KOAu4ecTsa Jd8uxceHus, HANOMHHAsT B 3TOM OTHOUICHHH
KJIaCCHUeCKHH BOJIYOK, JTOT COGCTBEHHBIH MOMEHT KOJHYECTBA ABH-
JKeHHS U HaswBaeTcs crnusoxm (0T anrauiickoro caosa o spin — Bep-
terbesi). COOTBETCTBYIOWIHH €My MarHHTHBIH MOMEHT Ha3biBaeTcs
CRUHOBbIM MQZHUTHbIM MOMEHTOM. DTH MOMEHTH 00603HayanTcs
COOTBETCTBEHHO yepes Ls u Mg B oTuulie oT op6HTAJLHBIX MOMEHTOB
L, u m;. Cnun yale 0603HAYAOT NPOCTO yepes S.

B onwitax lltepna u TI'epnaxa aToMBl BOAOpOAA HAXOAHJIHCL B
$-COCTOSIHHH, T. €. He o61ajanu Op6HUTAJbHEIMH MoMeHTaMu. Mar-
HUTHBIH MOMeHT siipa mnpeHebpexkumo MaJg. Ilostomy VieuGex wu
FayacMuT npeamosoXHIH, YTO pacllelJieHHe [yYKa o6YCJ0R5eHo
He OpOUTAJIBHBIM, 2 CRUHOBbIM Ma2HUTHbIM momenToMm. To XKe camoe
OTHOCHTCSI K ONBITaAM € aToMaMH cepedpa. AtoM cepefpa HMeeT
eJHHCTBEHHBII HapDYXHBI 3/JeKTPOH. ATOMHHIE OCTOB BBHAY ero

1) Tumoresa © chHHe 37ICKTPOHA paHee BBOAHIach Kpounrom (p. 1904), no
ero pabora He Gbia omyGJHKOBaHa. :
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CHMMETPUU CIIHHOBLIM U MarHUTHBIM MOMeHTaMH He o6janaer. Bech
MATHHTHBIA MOMEHT aToMa cepebpa co3faeTcsl TOJbKO OQHMM Ha-
PyKHBIM 371eKTpoHOM. Korja atroM HaxoduTcsi B HOpMaJIbHOM, T. €.
$-COCTOAHHHU, TO OpPOHMTAJbHBIH MOMEHT BaJIEHTHOrO 3JEKTpPOHa pa-
BEH HYJIIO — BECb MOMEHT fIBJSETCS CIHHOBLIM,

4. Camu Yaen6ek u I'ayacMur mpeanosarai, 4ro CIHH BO3HH-
KaeTr H3-3a BpAllleHHS JeKTPOoHa BOKPYr coOcrBenHo#t ocu. Cyiie-
CTBOBaBIIasg B TO BPeMs MOJeJb aToMa IMOJyYHJa elle Gojbliee
cxonctBo ¢ ConnedHol cHCTeMOH. DJIEKTPOHB! (IJIaHETH ) HE TOJBKO
Bpawaiorcs BoKpyr agpa (CoJnua), HO H BOKPYT cOBCTBEHHBIX ocedl,
OnHaKo cpa3y e BbISICHHJIACh HEeCOCTOSITENbHOCTH TAKOTO KJACCH-
YecKOro MNpeACTaBJEHHS O CIOHHe (cM. 3ajmauy 1 X 3ToMy napa-
rpady). ITaysn cucreMaTHyecKH BBeJl CIIHH B KBAHTOBYIO MeXaHHKY,
HO HCKJIOYHJ BCAKYIO BO3MOM{HOCTb KJACCHYECKOTO HCTOJKOBAHHA
oT0# BesHuyHMHB. B 1928 r. Jlupax nokasas, 4TO COHH 3JIeKTPOHA
aBTOMATHYECKH COJAEPKHTCA B €ro TEOPHH 3JEKTPOHA, OCHOBAHHOMN
Ha peJSTHBHCTCKOM BOJHOBOM ypaBHeHuH. B Tteopum [upaxka co-
JAepXKHUTCA TaKXe H CIHHOBBIH MarHHTHBIH MOMEHT 3.eKTPOHA, NpH-
yeM JAJisT THPOMArHHTHOrO OTHOUIEHHSI NOJyyaeTcsl 3HAuYeHHe, corJa-
cyioueecss ¢ onbIToM. IIpd 3TOM 0 BHYTpeHHell eTpyKType 3JeKTpoHa
HHYero He TOBOPHJIOCH — MOCJeHHH PacCMaTpHBAJCSI KaK ToueyHasl
yacrula, objajamilas JHWbL 3apaaoM H Maccofl. TakuM o6pasowm,
CRUN 3AEKTPOHA OKA3AACA KBAHTOBO-PEAATUBUCTCKUM 3(deKTom,
He umeroujum KAAQCCUYECKO20 UCTOAKOBAHUA. 3ateM KOHUENIIHS
CIHHAa, KaK BHYTPEHHEO0 MOMEHTa KOJHYeCTBa [ABHXKCHHS, Oblia
pacnpocTpaHeHa Ha ApYrHe 3JeMeHTapHble H CJIOXKHBIE UACTHIB H
Hallla TMOATBepXJeHHe H UIHPOKHE IPHMEHEHHS B COBpPeMEeHHOM
tdusuke.

5. Pasymeercs, B obuleM Kypce (OH3HKH HET BO3MOXKHOCTH BJa-
BaThCSl B NOAPOOHYIO H CTPOTYIO TEOpHIO clHHA. Mbl npuMem B Ka-
YecTBe HCXOAHOTO MOJIOMKEHHUs!, YTO CIHHY § COOTBETCTBYET BEKTOp-
HBIl omepaTop S, NPOEKIHH KOTOpOro Sx, 8y, S, yHOBIETBOPAIOT
TaKHM 3Ke [IePeCTaHOBOUYHSIM COOTHOWEHHAM (31.2), 4To H mpoekiHH
onepatopa OpOHTaJbHOTO MOMEHTA, T. €.

8,8, — 8,8, =1ih3,,

Sy — 8.8, =ihs,, (36.3)
o8y — 8,8, = ihs,.

L N

M3 uux caenyer, 4To onpejieieHHble 3HAYEHHUS B OJHOM H TOM Ke
COCTOSIHHH MOTYT HMeTb KBajpaT MOJHOTO CHHHA $2 W OfHA H3 ero
IpOeKIHHA Ha ONMpele/IEeHHYI0O OCh (NPHHEMAaeMylo 06bIYHO 32 och Z ).
Ecin MakcHMa/bHOe 3HAYeHHEe NPOEKUHH S (B eHHHLUAX A) paBHO
S, TO YHCJIO BCeX BO3MOXKHMLIX NPOEKIHH, COOTBETCTBYIOLUIHX AaHHOMY
s, 6yaer paBuo 2s + 1. Onwitor llltepHa u Tepsiaxa nokasanm, ato
JUISL 3JIEKTPOHA 3TO YHCJIO PaBHO 2, T. e. 25+ 1 =2, otkyaa s ==
= 1/2. MakcuManbHOe 3HAYeHHE, KOTOPOE MOMKET [PHHHMATD



294 AAJIBHEAUWEE fAOCTPOEHHE KBAHTOBOW MEXAHMWKU rn. v

NpoeKLHUs cliHHa Ha u3bpaRioe HallpaBJeHHe (B eIHHHLAX 1), T. €.
YHCJIO S, H MPHHHMAETCA 32 3HAYEHHE CIHHA YaCTHILDI.

CriiH yacTuilbl MOXKeT GbITh JHGO HesbiM, JHOO noJaynessim. las
3JeKTPOHa, TakuM o6pasoM, cnun pasen 1/2. M3 nepecTanoBOYHBIX
coornowenuil (36.3) caepyer, yTo KBAaApaT CHHA YacCTHLL paBeH
§2=s(s-+1), a aaa snextpona 82 ="'/, (/o + 1)=3/4 (B exuun-
nax h?).

MaMepennss npoekuMH MATHUTHOTO MOMEHTA My [0 METOLY
[lIrepna u [epaaxa nokasaau, 4TO 1Js aTOMOB BOJOPOAA H Cce-
peGpa BesHunHa M. paBHa MarHetoHy bopa mg, 1. e. (35.12). Takum
06pa3oM, THPOMAarHUTHOE OTHOLIEHUE MJisi 3JeKTPOHA

m, my e
T, | ™ a2 PeC
B corsacHd ¢ (36.2).
3AJLAYN

1. C K/accHUecKOl TOYKH 3PEHHS CITHH 3JEKTPOHA MbITAJHCh HCTOJKOBATb Kak
MOMEHT KOJIMYeCTBa /[ABHXKeHHs, BO3HUKAIOIUAA H3-3a BpallleHHs 3JEeKTPOHA BOKPYTr
CBOEro /[HaMeTpa. JJIEKTPOH CUMTAJICA WAaPHKOM, ero Macca ONpeje/iajach N0 pe-
JSTHBHCTCKOH (opmyse & = [ic?, npuueM NPHHHMAJIOCH, YTO COGCTBeHHAs 3Hep-
THd 3JeKTPOHA HMEeT YHCTO 3JeKTpocTaTHueCKoe MPOHCXoxjeHHe. [Ipoananuaupo-
BaTb TPYAHOCTH, BO3HHKAlOLlHE MPH TaKOM KJaCCHYECKOM HCTONKOBAHHH CIHHA.

Pemenne MoMeHT Ko/JHYUECTBA ABHIKEHHS 3JEKTPOHA MpPH ero BpalleHin
L =1/2=lw, rae | ~— MOMEHT HHEPLMH IEKTPOHA OTHOCHTEJLHO AHAMeETPa, a
® — yrnosasi ckopoctb. OueBHaHO, [ < Wr? TaK KaK MAaKCHMaJbHOe 3HaueHde [
nosyyuioch 6w, ecan Obl BCA Macca 3JeKTpoHa Gblia paclipesesieHa MO OKPYK-
HOCTH, @ MMEHHO 10 3KBaTODy BpalUaioIlerocs sjiekTpoHa. TakuM oGpasoM,

/2 < prie. otkyda v > A/2ur.

rAie U = o — MaKCHMaJbHan JHHefiHan CKOPOCTb HA [OBEPXHOCTH 3JEKTPOHa.
Macca anektpoHa = &/c? [Ipu onpepeseHnu COGCTBEHHOW SHEPrBH 3JeKTPOHA
& BO3HHKaeT TPyAHOCTb. Beanuntia & 3aBHCHT OT pacnpejieleHus MOJHOIO 3a-
psja e 3JekTpoHa 1o ero obbemy. MunuManpnoe 3Hauenne & = e%/2r noiy-
YHTCA NMPH paclupefesieHHH 3aps#ha € N0 NOBEPXHOCTH sjekTpoHa. [Ipu paBHOMep-
HOM pacnpejesneHUH 3apsga Mo oGbeMy 3JeKTpOHA noayunsoce Obl & = 3/5¢%r.
[IpumeM, uto & = e?/r. Torua

rie o == €%/fic — Ge3pa3MepHasl BeJHUHHA, HA3bIBAeMas MOCTOAHHOU TOHKOU CTPyx-
rypei (o6 = 1/137). Takum oGpasom, Mpn cAedanHbX NpeanosoxeHusax v > 68,5 ¢,
T. e. v GoJbllle CKOPOCTH CBETa ¢, YTO HEBO3MOXKHO.

2. ITokasartb, uro MmerogoM llrepna u Tepiaxa H3MepHTL MAarHATHBIA MO-
MEHT 3JIeKTPOHA HEBO3MOXHO, €CJH ONBIT MPOM3BOAHTCH CO CEOOOOHEIM 3AEKTDPO-
HOM, a He C 3/ICKTPOHOM, CBSI3aHHBIM C ATOMOM.

Pewenue [lonepeuncle pasmepol myuka uacTHin Ax BO BCeX HanpasJefiHsx
[OKHB YAOBNETBOPHTL YCJAOBHIO Ax 3> A, rie A — jJnHa BOJHB A¢ Dpodas ans
3THX 4YacCTHl. B npoTuBHOM ciyyae myyok OblcTpo pasmoerca H3-3a AHOPAKUHH.
B oubite LlrepHa u Iepiaxa NpPoH3BOAHTCH OTKJIOHeHHe (paclilelleline) Myyka
£TOMOB (TOYHee, HOHOB C 3apALOM e) B HampapjeHun ocu Z (puc. 64). Cpentas
cuia, BHI3BIBAWOIIAs 3TO OTKJOHEHHe, onpeleaserca BupaxedHem (36.1). Ecau
yuecTb ypaBHeHHe Of [0y + OH:/0z = 0 (B nHanpasJeHHH OCH X MAarHATHOe MOJIe
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- MOXHO CUHTaTb PaBHBIM HyJIIO), TO 3TY CHJY MOKHO MpPEACTaBHTb B BHAE

- 0,
[z=—m, 5y

(36.4)

Ecnu atoMm nBuKeTcsi B MAOCKOCTH ZX €O CKOPOCTbIO U, TO BBHAY CHMMETpHH
BekTop H nexut B ToH e niaockoct. [TosroMy cuna Jlopentua (e/c)[vH] Gyner
HanpasJeHa siodb ocH Y. OHa BbLi30OBeT cMellleHHe MydYKa BIOPABO HJM BJEBO BLOJb
Toft ke ocH. B paccMarpuBaeMOM BONpOCe 3TO He HMCET 3HAUYCHHS, CYLIECTBEHHO
JHIL cMelleHHe NMyyka BAOJMbL ocH Z. Ho ecam gacTHua cMellleHa B CTOPOHY Ha
Ay or naockocty ZX, TO mosiBHTCs clarapolias cuasl JlopeHtua B BROAb OCH Z,
a MMEHHO

(F1op)s = — = 0y,
B nepsom npubamxkennn H, = (0H,/0y)Ay, Tak yro
ev 9H
(fﬂop)z =— 0yy (36.5)

CMelllenns dacTuul Az B Asz, BH3wBaeMble cuiamu (36.4) u (36.5), orHocaTcs
KaK

A]Z =' fz — mz

Ayz (f HOp)z (ev/c) Ay

Cuiitas, 4TO aTOM — OHO3apANHEIN HOH, B KaudecTse M, CJedyeT B3sThb MarHeTOH
* Bopa (35.12). Torna

Az R
Agz 2uet Ay’

Ecan pe — Macca atoMma, TO
A12 1 1% A

Rz ~ I e By (36.6)

rae A — AJuHa BoJHbl fe Bpofiaa nng atoma: A = h/p.v.

B orcyTcTBHe MarmMTHOro mnoas Llens, obpasyemas auadparmamu B u B,
n306pasnTcs Ha NJacTHHKe P ropH3oHTaJbHOH Nosockoft. IIpy BKJIIOUEHHH HEOAHO-
POJAHOTO MATHUTHOrO MNOJsl IEHTP MOJOCKH CMECTHTCA CHIOf .. HewentpaspHble
TOYKH [I0JIOCKH HCIHITAIOT JAOMOJHHTENbHEIE CMelleHHs Nojx jaeHcTBHeM cuasl Jlo-
penTia. MakcuMa/bHble AOMDOJHHTEeJNbHEE CMEIUEHHs, H NMPHTCM B NPOTHBONOJOXK-
HblG CTOPOHHI, MOJAYYaT Kpas NOJOCKH. B pesyabrate nosocka Ha NaacTuHke P
nepekocutcs. s npumenuMmoctu mertofa lltepaa u [epnaxa Heo6xonuMo, 4T0o6HE
nepekoc Obll Mal. DTO 3HAYHT, 4TO LOJMKHO BHIOMISNTHCS yeaoBue |Ajzl >
> |Ag2|maxe, TAE |A22|marc — CMeLleHWe Kkpasi MOJNOCKU, BLI3BBaeMoe cHJIOH Jlo-
penTna, T. e. ee 3HaudeHHeM NPH |Ay| = |Ay|wae. Has cBoGoanoro saektpona
Pa == fe, 0 (36.6) naer Aj2/Acz = A/(4n Ay). B stoM cayuae yciaosuio |Az| >
> |As2|maxc YAOBAETBOPUTL HEBO3MOXHO, MOCKOJLKY AOMKHO OBITE |AYlwace >
> h. Ho yZNOBJETBODHTH €My OKa3biBaeTCs BO3MOXHDIM B CJay4ae aTOMOB H3-32
TOrO, 4TO OTHOMIEHHE Uo/U. OYEHb BEJHKO. DTO H Hcmoapdyercss B merone llrepna
u 'epnaxa.

§ 37. 2ddexr CanoBckoro n cnuH $hoToHa

1. B 1889 r. pycckuii ¢dusux A, M. Capgoscku#i (1859—1921)
TEOpEeTHUECKH NPeAcKa3aJ, 4To CBET, NOJISIPU30BAHHEI 10 KPYTY HJH
SJIMIITHICCKH, A0TXKeH 06/1aJaTh MOMEHTOM KOJTHYECTBA [BHIKCHHS.
DTOT pesyabTAT MpOlle BCEro MOHATH, HCXOAS H3 3aKOHA COXpaHe-
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HHSI MOMEHTA KOJIHuecTBa ABHKeHHsa. COryacHO 3TOMY 3aKOHY NOJ-
HbIl MOMEHT KOJIHYeCTBa [BHXKEHMS 3aMKHYTOH CHCTeMbl AO/KEH
0CTaBATbCsl MNOCTOSHHBIM. PaccMorpuM adpdekt CaJoBCKOTO CcHa-
yaja ¢ KAaccudeckold TouKu 3peHus..

HonycTuM, 4TO 3JeKTpHYeCKUH 3apsill e BpALLAETCS [0 OKPYXK-
HOCTH paluyca r BOKpDYr [pyroro HEMOABHXKHOTO 3apsafga ToH xe
BEJUUYUHbI, HO NPOTHBOMOJOXHOTO 3Haka. Kak u3BecTHo, npu Bpa-
ILEHHH NO OKPYXHOCTH MOJHAs 3HEPrus, CK/JAalAblBAaIOlafAcAd H3 KH-
HeTHYeCKOH W moTeHIHaJbHOMH, paBHa & = —e%/2r, T. e. MOJNOBHHE
NOTEeHIHAJbHON 3Hepruu 3apspa. BpallleHue 00 OKPYXKHOCTH ecTb
IBHKEHHE YCKODEHHOE, a MOTOMY IO 3aKOHAM KJAaCCHUECKOH 3JeK-
TPOLHHAMHKH 3apsl € AOJNKEH H3/y4yaTb 3JeKTPOMATHUTHbIE BOJIHHI,
[Mpu Hannuuu H3JydYeHHs 3apsf YKe He MOXKeT ABHraThCs TOYHO
no okpy»HoctH. OH Byaer HenpepLIBHO NPUOIHIKATLECA K €e LEeHTPY.
[IpennosoxumM, 4To 3a BpeMsi 0JHOTO 060pOTa YMeHbILEHHE paccrof-
HHS r 3apsaja 10 LeHTPa OKPYXKHOCTH OYeHb MaJio N0 CPABHEHHIO C .
Toraa aBu)keHHe 3apsiia e Bce ellle MOXKHO 0XapaKTePH30BaThb KAK
BpallleHHe [0 OKPYXKHOCTH, PaAUyC KOTODOH HempephiBHO YMEHb-
waercsi. MaMmeHeHnus sHepruu & W panMyca r MNPU 3TOM CBSI3aHLI
COOTHOLIEHHEM

d$=—2i:.2——dr.

Bpawarouuiics 3apsg o6J1anaer MOMEHTOM KOJHYECTBA JBHIKE-
Hust L = pr?o, rge p— Macca, a @ — kpyroBas uyacrora. [Ipu zBu-
KEeHHH 0 OKPYXKHOCTH pw? = &*/r?, oTKyla

o = e/(nr)"?,
A cJe0BaTeNbHO,

L=ce(ur)'2,
3uauur, \
L=y d& e
orl? *dL (p.ra)”2

HTBK, [pH ABHXEHHH 3apsaga [0 OKPYXXHOCTH €ro 2Hepruss U Mo-
MEHT KOJIHUEeCTBA [ABHXKEHHs1 yMEHbIIAIOTCA, NPHUYEM HX H3MEHEHHSH

CBsI3aHbl COOTHOUIEHHEM
d&

[Tosiast 3Heprusi U MOMEHT KOJIMUECTBa [JBHKE(HS 3aMKHYTOM
cUCTeMb! JOJ/IKHBI OCTABATBCH NOCTOSIHHLIMU. CHCTeMa COCTOMT U3
BEILECTBA H €ro H3JyueHHs, KOTOpble MOTYT OOMEHHBATLCA APYT
¢ IpPYroM H 3Heprueil, H MOMEHTOM KoJHuecTBa ABHXeHHUs. [losToMy
H3 NOCTOAHCTBA 3THX BEJHYMH AJS BCell CHCTEMBI CJAYET, UTO OPH
H3MeHEHHH s Ha dr HU3JyyeHHEe YHOCHT 3Hepruio —dé # MOMEHT
KOJIHUeCTBA JBHXKeHUs —dL,

CTpyKTypa H3JyuYeHHsl, KOHEUHO, ONpelessieTcs NpoleccaMy,
OPONCXOAHBIINMH B HaJyuaTese. Ho echu H3/yueHHe yiKe oTaenu-
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JOCh OT H3JyuYaTeas, TO TEPHETCH CBsI3b €ro ¢ HUaayuateneM. Maay-
YyeHHe NPOAOJIKAET CYyLIECTBOBATL YKe KaK CaMOCTOATEeJbHas CH-
creMa. CoOTHOIIEHHE MEXAY ero sHeprueil 4 MOMEHTOM KOJIHYeCTBa
JBHKEHHS [I03TOMY €CTb BHYTPEHHEe CBOLCT80 TOABKO caAMO20 OTOe-
Augwe2ocs usaydenus. OTciofa CJAeAyeT, UYTO TPH PacCMOTPEHHONM
HaMH cnocobe Bo30YKAEHUS U3JYYEHHS €0 IHEPTHS & nan H MOMEHT
KOJTH4eCTBA ABMIKEHHUS Lusn AOKHBI GBIThH CBSI3aHBI COOTHOWEHHEM

& vor Luan = ® = 2m1¢/h. (37.2)

2. Usnyuenue, oTpenuBllleecss OT H3JayuyaTedisi, B HalleM cJyuac
4MeeT JOBOJIbHO CJIOXHYIO CTPYKTYpy. Ero HHTEHCHBHOCTb M 105
pU3aLHs 0 Pa3sHbLIM HanpaBJeHUSIM He OJHHAKOBLI, B HanpaBJeHui,
NepneHIHKYJAsIPHOM K IIJIOCKOCTH OKPYXHOCTH, N0 KOTOpPOH Bpa-
1mlaeTcss 3apsl e, H3JIyUEeHUHe NOAAPU30BAHO RO KpPyey, B IMJAOCKOCTH
OKPYKHOCTH OHO MOAAPU30BAHO AUHEHO, a BO BCEX OCTaJIbHBIX Ha-
npaBJeHusX — d4aunTutecki. MoxHo, KOHeUHO, peobpa3oBaTh BCe
H3.]yuYeHHe B IUIOCKYK 6eryllylo BOJIHY, NOJSIPU30OBAHHYIO 10 KPYTY.
Ilns 3TOro MOXKHO, HAanpHUMep, NMOMECTUTb LEHTP OKPYKHOCTH, M0
KOTOpOH Bpalllaercda H3AyYalOmHA 3apsii, B POKyce GeCKOHEUHOTO
HleasbHO OTpakamwllero NzpabosiHueCcKOro 3epkKaja, uTobwl MJa0C-
KOCTb OKPYXKHOCTH Obljia MepHeHuKy/sipHa K OCH 3epkana. [loay-
YHTCA OTPaXKeHHas [Jl0CKas BOJHa, Oerymas apaJjJjelbHO OCH
napa6oaunueckoro sepkana. OHa BO3HHKAaeT B pe3yJbTaTe HHTep(e-
peHIUH OTPa>KeHHbBIX BOJH pa3JHYHOH mnoJasipusaunu. Ho BBuAay
LIUJHHADHYECKOH CHMMETPHH Pe3yabTHpyOILlasi BOJHa OyAeT MoJs-
pH3oBaHa no kpyry. OaHako Heslb3si 3apaHee yTBEPKAaTb, YTO [pH
OTpaxKe€HHH OT 3epKaja oOmMUH MOMEHT KOJIHYeCTBA JBHIKEHUs u3-
JyyeHHst He H3MEHHTCS,

UTo6bl Npecaocserb 3Ty TPYAHOCTb, BOCNOJbL3YeMCsi HAeasH3U-
pPOBaHHOH MGJEJbI0 H3JyuaTessi, aHAJOTHYHOH TOH, KoTopas MpH-
MeHsinach B T. 111, § 83, nas nosyueHHs NJOCKHX 3J1€KTPOMarHUT-
Hblx BoaH. Tam Owblo moKasaHo, uTo OGeCKOHeYHasi 3apsiKeHHas
NJIOCKOCTb, IPHBeleHHAast B YCKOPEHHOe ABHXKEHHe, SiBJISeTCS HCTOY-
HHKOM [BYX IJIOCKHX 3JIEKTPOMArHHTHHIX BOJIH, PaclpoCTPaHsiio-
HIHXCH OT Hee B pa3Hbie CTOPOHBI ¢ OAHOH W TOH Xe 3Hepruell. Uro-
65l HCKJIOYHTb CTaTHYECKOe 3JeKTPHYecKoe TMoJe 3apsiioB, MH
oMelllaJHl paHee PsAJOM C PacCMaTpPHBAaeMOR MJINCKOCTHIO BTOPYIO
HENOABHKHYIO OeCKOHEUHYI0 IJIOCKOCTb, 3apAXeHHYI0 3JeKTpPH-
YeCTBOM [IPOTHBOMNOJIOKHOrO 3HaKa. Ternepb H3MeHHUM cJerka 3Ty
MOJZedb H BO3bMEM CHOBA OeCKOHEUHYI IJIOCKOCTb, HO YK€ Hero-
ABHXKHYIO H HaxoAsllylocst B BaKyyMe. PasMecTUM Ha Hell paBHO-
MepHO M JOCTATOYHO TYCTO 3JeKTPHUECKHe AMNOJH C 3JeKTplye-
CKiIMH MOMEHTaMH, napaJ/JjejbHbIMH 3TOH ImjockocTH. [Tycth xax-
ABI{I AHNOJb BpaliaeTcss B 3TOH INJOCKOCTH BOKPYT CBOEro HEHTpa
C 04HOM M TOH 2Ke yrJ0BOH CKOPOCTBIO ® M OAMHAKOBOH HauaabHOM
dazofr. Takas NJ0CKOCTb, NOKPHITash BpallaiollUMUCH IHIOJSAMH,
BO30YAHT ONATbL ABe HJOCKHE BOJHbLI, PACNPOCTPaHsiIOlINecss B pPas-
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Hble CTOPOHBI, HO YKe MOJspH30BaHHBlEe MO Kpyry. B cuay cum-
METPHH HEPTHSI H MOMEHT KOJIHYeCTBa JABHIKEHHs paclpefensatcs
nOpoBHY Mexay obeumu BosHaMu. [loatomy aas Kaxkaofi U3 3THX
IBYX BOJIH B OTAEJbLHOCTH cOOTHolleHHe (37.2) coxpaHurcs.

3. HanpasJaenue spauienuss sektopoB E u H, nousatHo, LoJ/KHO
COBIaZaTh C HAlPABJCHHEM BpallleHUs] AHTOAS @, T. €. B 00eHX BOJI-
Hax Oyger oaHo # To Ke. Ha puc. 65 HanpaBnenne BpalleHHs

fuiojel p B MJIOCKOCTH YKa3aHO

£ E cTpenkoii. B coorBercTBUE ¢ YyKa-

Ly H Ly 3aHHBIM HalpaBJEHHEM MOMEHTH
1% Kos4ecTBa ABHKEHHs Lus, oGenx

5 [ Pyt 5 BOJIH HalpaBJ/eHbl CJeBa Hampaso.

O6e BosHBl OyAayT OerylmuMu H
YXOASIUIUMY, TakK 4YTO B 06eux H3
unx Bexrop [loduTunura S manpas-
JeH Hapyxy. 3HauHT, B BOJHE,
yXoisiuie# Hampaso, BeKTOp S Ha-
aOpaBJjieH TOXKe HANpPAaBO, T. €. OAHHAKOBO C BeKTOPOM Lusa. B BosHe
e, YXOAAlleHd HaJ/eBO, BEKTOP S HampaBJeHn HAJeBO, T. €. NPOTHBO-
[I0JIOJKHO BEKTODY Luan Ho Bosma, nayuiast Bnpaso, noasipusoBaHa
1o JIeBOMY Kpyry (Bpawenne BektopoB E u H cosepuiaercs npoTus
YacOBOH CTPeJIKH, ec/H BOJIHA HAeT K ruaasy HabJgiopates); BoJHA
Xe, WAyllas BJEeBO, MOJSPH30BAHA [0 NMpPaBOMY KPyry (BpallleHue
BexktopoB E u H coBepuraercss mo 4acoBOH CTpesike, eC/AH BOJHA
HIeT TakKxKe K rjasy Habsaroparens). TakuM ofpa3oM, B JeBOMOJs-
pH30BaHHOH BoJIHE BeKTOp Lyusn HampasJieH B CTOPOHY pacrpoctpa-
HeHHs BOJIHB, & B MPAaBONOJAPH30BAHHOA — B CTOPOHY, MPOTHBO-
NOJIOKHYIO HANpPAaBJEHHIO PACIpPOCTPAHEHUs BOJHBL To Ke 3aK/II0-
yeHHe, pasyMeeTcs, CHpPaBeLJUBO 1 AJfA BOJH, MOJSPH30BAHHBIX
JITHIITHYECKH.

Hennmne oco60 nog4epKHYTh, YTO B3aHMHOE PAaClOJOKeHHe BEK-
topoB E u H B Geryiuell Bo/He 0fHO3HAUHO ONpEeAE/sieT HanmpaBsJe-
Hue Bexkrtopa [lofinTHHra S, a ¢ HEM H HampaBJjeHHe pacnpocTpa-
denns BoJHbl. Ho 3TUM pacnosoxkeHueM ellle He ONpefesisieTcs BUL

5 5 NMOJIAPU3AIHH BOJHBI, NOJISAPHU-

30BAaHHOH 0O KPyry WJad 3.-
usn ; JUITHYECKH: noJsipH3alus
MOXeT OBbITb U JeBO#, H mpa-
Bo#t. Hanpumep, na puc. 66, a

Puc. 65

H # u 66,6 Bsektopst E, H u S

HMEIOT OJIHY M Ty K€ OpHeHTa-

YE a) f3 Lo g o H 06e BOIHE pacnpoctpa-
. HAIOTCS B OJHY H Ty e CTO-

Puc. 66 POHY, XOTA HAMpaBJeHHS Bpa-

menHs BektopoB £ n H, otme-
YeHHBle KPYTOBBIMI CTPEJIKAMH, B HUX IIPOTHBOMOJIOXKHB: puc. 66, a
COOTBETCTBYeT JNeBoH, a puc. 66,6 — npaBoil KPyroBol NOJAPH3ALHH.
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YKaxkeMm Tenepb, HACKOJBKO IYCTO HAaA0 PaCHOJNOXKHTL AHIIONH
B HM3Jyuaioulell MJOCKOCTH, YTOOLl MOMYUHJIUCH TOJbKO IJIOCKHE BOJ-
Hbl, pacOpOCTPAaHSAOUIHeCS NePNeHAHKYIPHO K 3TOH ILJOCKOCTH,
st 3TOro Halo yuecTb, YTO BOJIHBI, H3JydaeMble OTHAEJbHBIMH IH-
MOJIIMH, KOHEYHO, HHTep(depupyloT Mexay cobofi. Tpebyercs, uTOObI
0py UHTepgepeHLUHH OHH B3aHUMHO racHJH ApPYr Apyra BO BceX Ha-
NpaBJeHHUsX, 32 HCKJIOUeHHEM HanpaBJleHHH, MepleHAHKYJISIPHBIX K
n3ayudaiouie#i naockoct. s 3Toro A0CTaTouHO, YTOOBl PacCTOAHUE
seoicdy dunoaamu 6o1a0 meHovue Oaunbl 80ansl L. Torga BaaJum oT
[LIOCKOCTH BO3HUKHYT TOJLKO NJIOCKHE YXOASIIHEe ROJHBL. JIHIIB
BOJIH3H CaMOH MJIOCKOCTH HA HUX HAJNOXKATCH HeOOHOPOOHbLLE BOAHbL,
He WUrpawllue DOJKW B paccMarpuBaeMOM HAaMH BoIlpoce, TaK Kak
5TH BOJIHE OBICTPO 3aTyXalOT B TOHKOM INPHTPaHHYHOM cCJjoOe, TOJ-
LilHa KOTOPOro MOPsiiKa PAacCTOSHHA MeXKAy MHIOJSAMHU.

B uTore mnosyuaercs, UTO 8CAKAA NAOCKASA IAEKTPOMAZHUTHASA
BOAHA 4ACTOTHL O, NOAAPUBVBAHHAN NO KPYey, HECET MOMEHT KOAU-
HeCcT8a O8uNCeHUs, CBA3QHHbLUL ¢ 3Hepauell 80AHbL COOTHOULEHUEM
(37.2). Ecau noaspusayusn sesas, 1o 8ex10p Lysn nHanpasien 8 cro-
POHY paCNPOCTPAHEHUS BOAHbLL, €CAU NPasas, TO 3TU HANPABAEHUS
NPOTUBONOAONCHLL. DTO W €CTb OCHOBHOI Pe3yJbTaT, MOJYYEHHBI
A. H. CanoBckuM.

Cayua$l aaJunTHUECKOH NOJSPH3ALHNH CBOAHMTCH K CJAy4Yail0 Kpy-
ropofi mossipuzauuu. IlelACTBUTENBHO, BOJHY, NOJSPU30OBAHHYIO TIO
3JIIMIICY, MOXKHO Da3JOXKHThb Ha JiBe BOJIHBI, NOJSIPH30BaHHbIE IO
Kpyry: oJHY — IO MpaBoMYy, APYTylo — IO JIE€BOMY.

4. MoMmeHT KOJHYeCTBa ABHKEHHS H3JIYUEHHS MOKHO HAUTH H
6osiee HEMOCPENCTBEHHO, HCXOAS U3 CBOHCTB TOALKO CAMO20 UBAY-
yenus. [locaenHee, Kak H3BECTHO, 00JiafaeT KOJHUECTBOM ABHIKE-
HHSA, 00beMHasT MJOTHOCTb KOTOPOrO JAAeTCsl BHIPAMKEHHEM Gon =
= 8§/0, rne 8§ — Bexrop [loftuTHrra (cMm. 1. I11, § 81). Eciu B3sTh
MOMEHT BEKTOpa gsx H NPOHHTETPHPOBATH MO BCEMY MPOCTPAHCTBY,
3aHATOMY H3JyUEHHEM, TO H IOJYYHTCS MOMEHT KOJH4ecTBa JBH-
KEHHST H3JyueHHs. DTo JeJjaeTcss B 3ajade B KOHIE 3TOro mapa-
rpada, rie ykasaHHasl HpOLeAypa MPOBOAHUTCH NPHMEHHTENbHO K
M3JYUEHHIO 2J1eKTPHUECKOro AHNoJs [eplia, AUIOJBHBIE MOMEHT KO-
TOPOro, He MEHSISICh IO BEJHUHHe, PABHOMEDHO BpallaeTcss B ORHON
niockocTH. TIpH aTOM, KOHeUHO, peub HAET O MOMEHTE KOJHYECTBa
IBHKEHHS BCEr0 H3JyueHHd, HCIYCKaeMOro HCTOYHHKOM B paszJnu-
HBIX HanpaBJeHHdaX. Ho B KauecTBe HCTOUHHKA HBJYUEHHS MOIKHO
CHOBA B35ITh OECKOHEUHY!O MJOCKOCTb C paclpeleseHHBIMH Ha Hell
LOCTAaTOUHO TYCTO AMMOJasAMH [epla, Kak 3To [eaajoch B NyHKTe 2.
TakuM TyTeM MOXKHO MOJYUYHTbL YK€ MJOCKYIO BOJHY ¢ KDPyroBof
nosnsipuzauueil. Ilna Hee MOMKHO BBeCTH H INOHSITHE BEKTOpa MNJOT-
HOCTH MOTOKAa MOMEHTa KOJHUYecTBa NBHKeHHS Haaydenua M. Ha
ocHoBaHHU (GopMyasl (37.2) 3TOT BeKTOp ompedensercs (Gopmy.ioil

M= S/o. (37.3)
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5. [lpu (OTJIOUIEHHH CBETOBOH BOJHBI, [I0JAPH30BAHHOA MO
KPYry, Ha eAHHHLY MJollaau Tena Oyjaer AeficTBOBaTh BpalllaloiHi
MoMmenT M = S/m, eciin TOJIbKO BOJIHA NajaeT HA NMOBEPXHOCTb Tesa
HopMaJibHO. UTo6B cOCTaBHTbL NpPeACTaBJeHHe O BesJuunHe 3 dekra,
NPEANONOXKHM, UTO MJOTHOCTH MOTOKA 3HEPTHH B MNOJAPH3OBAHHOH
no Kpyry nJockofi ceeroBoft BoJsHe paBHa S =1 Br/cm?=
== 107 spr/(cm2-c). (D10 npumepHo B 7 pa3 GoJiblle HJOTHOCTH
MOTOKA COJIHEUHOrO, H3JyueHHs BOJAH3M 3eMJH 3a MpejesaMu ee
atmoctepn.) Toraa paa BuguMoro uanyuenus h == 500 uM dopmyaa
(37.3) maer

M=S8/o=14S/2nc=2,7 - 107° nuu/cm,
a AJS BOJHH A == 1 ¢M TOll e HHTEHCHBHOCTH
M=5,3.10"° nun/cm

Ecau BoJMIHa NpPOXOJAHT uepe3 KPHCTAJJIHUYECKYIO NJACTHHKY B M0J-
BOJIHbl, BHIPE3aHHYIO MapaJlJielbHO ONTHYECKOH OCH, TO OHa npespa-
1aeTcs U3 MpaBo- B JIEBOMOJAPH3OBaHHYI H HaobopoT. B coorser-
CTBHH ¢ 3THM Beaduuna M yiasauBaercs. [1pu s3apasHoll MOWHOCTH
u3JyueHusi s3¢dekT Bo3pacTaeT ¢ yBeaH4yeHHeM AJuHB BoaHu. Ho
OH BCe Ke OYeHb MaJ H 3KCIePHMEeHTaJbHO OblJ O6HAPYXKEH TOJIbKO
B 1935 r. aMepHKaHCKHM (pH3HKOM DBeToM, W MpUTOM He TOMBKO AJs
pPaiHOBOJH, HO N S BHAHMOTO CBETa.

6. [lepeiinem Teneps k paccmorpenuio addexkra Cagobckoro ¢
kB8aHTO80 Touku 3perun. OpHa H3 0OCOGEHHOCTEHl 34eCh COCTOUT
B TOM, Y4TO HCIyCKaHHe W MOCJHeAylolllee pacnpocTpaHeHUE CBETa
NPOUCXOANAT He HeNpepblBHHIMH MOPUASMH, a HeOeAuMbIMU KBOH-
ramu — @Pororamu. B COOTBETCTBHH ¢ 9THUM OTHagaer HeolXoAH-
MOCTb B MCKYCCTBEHHO!H KOHIEHTPAllWH H3JyUeHHS B ONpede/eHHOM
HanpamJenul, Kakasi MPUMEHSJach TNPH KJIACCHYECKOM paccMoTpe-
uvu. MHorodoToHHble npollecchl, KOTrAa B OLHOM aKTe H3JyueHus
HCMycKaeTcss He OJMH, a HECKOJbKO (POTOHOB, KaK MPOLecCh MaJo-
BeposivHBle, paccMaTpuBaTbes He O6yayT. Ipyras ocobensocth 3a-
KJAIOUAeTCs B TOM, UTO Y KBAHTO8020 BEKTOPA MOMEHTA KOAUHECTSA
Qsuscenuss ne mo2yT OOHOBPEMEHHO UMETb OnpedeNeHHble 3HAYeHUR
gce TPU RNPOEKUUU e20 HA KOOPOUHATHslE OCU.

ITpn nepexozme atoMa H3 OJHOTO CTAlHOHADHOIO COCTOSIHHS B
Apyroe ucnyckaeTcs odux oron ¢ 3Heprueil & = ho. [lpoekius
MOMEHTa KOJHuecTBA ABHIKEeHHS aToMa Ha U3GpaHHOe HampawJieHue
(ocb Z) npu opOuTAaNbHOM IBHXEHHH 3JCKTPOHA MOXKET NMPUHHUMATL
3Hadenusa mh. TlycTs npu usaydeHun QoToHa 3Ta NPOEKLHS H3Me-
HuJach Ha h. B Takom caydae B aKTe HM3JydeHHs aTOM MOOTEPSa
3HEpPruio Aw ¥ NpPOEKIHI0 MOMEHTa KOJHYeCTBa ABHXeHus fi. B co-
OTBETCTBHH ¢ 3aKOHAMH COXPaHeHHS 3HEPTHS d MOMEHT KOJHUeCTBa
ABHXKEHHS, MOTepSHHbIE aTOMOM, nepeidyr k usiyuernuro. [loatomy
cJelyeT 3aKJIOUHTb, YTO NPOEKIHS MOMEHTa KO/JIHYECTBA ABHIKEHHSA
n3ayuenHoro HoToHa paBHa fi. BHyTpeHHHH MOMEHT KoJHuecTRa
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JBHKEHHS (POTOHA, T. €. MOMEHT, He CBSI3aHHbIH C ero opOHTaIbLHBIM
JBHKEHHEM, Has3blBaeTcst CnuHom (porona. ToBopsT, 4To cOHH O-
TOHA [HeJNIOYHCJECHHBIH M paBeH elHHHOE (T. €. Ha caMoM JeJse k),
XOTs 3HAYECHHE A OTHOCHTCSI He K NOAHOMY MOMEHTY, a TOJbKO K e20
npoexyuu Ha usbpannoe Hanpasiexue. Ecad npoekuus (B elHHH-
uax k) paBHa s, TO, KaK AJsi BCAKOrO KBaHTOBOMO MOMEHTa KOJIH-
yecTBa [BHXKEHHS, KBajJpaT BeKTopa CMHHa (OTOHA oOfpele/sercs
BolpaxkeHueM s{s—+ 1)fi2 = 2x2, OtHoweHnue BeanunH & =ho H
L, =" naercs Qopmynoh

&L, =ho/h = . (37.4)
JTO cooTHOLIeHHe [0 (opMe coBmajaer ¢ KJaaccHueckum (37.2),
XOTSl MeX/Jy HHMH H ecTb CylleCTBeHHOe pasJjuune. B kraccuueckon
tdopmyae (37.2) L o3HavaeT nOAHbILE MOMEHT KOJIMYECTBA ABHXKEHHS
H3/yueHus, TOrAa KakK B KBaHTOBOH topumyae (37.4) L,="N naer
TOJIBKO APOCKYUIO MOMeHTa HA H3OpaHHOe HalpaBJeHue.

7. Macca nokost oToHa paBHa HyJio, [ToaToMy He cyllecTByer
CHCTEMBl OTCYETa, OTHOCHTENbHO KOTOpoH (OTOH HaxoAuscs Ob B
nokoe. Ero BHyTpeHHHH MOMEHT KOJIMuecTBa ABHXXEHUS, HJH CIIHH,
[03TOMY HeJb3sl ONPeAesATb KaK MOMEHT YacTHibl, HaxoAsllelcs
B COCTOAIHHH NOKOA. POTOH MOseT cyuiecT808ars TOALKO 8 J8ume-
HUU U NPUTOM CO CKOPOCTbIO c8eTa ¢ 8 4000l cucreme oTc4era.

Crporoe pellleHHe BONpPOCAa O MOMEHTE KOJHUYECTBA ABHIKEHHS
(oroHa MOXKeT OBITh JAHO TOJBKO B PEAATUBUCTCKOL KBAHTOBOU
reopuu. HepensituBucTckas TeopHs ¢OTOHA NPHHUIHMHAJIBHO HEBO3-
MO2KHa, MOCKOJbKY CKOPOCTb OTOHA BCerja paBHa CKODOCTH CBeTa
¢. B Hawem Kypce H3JaraTh peJSITUBHCTCKYIO TEOPHIO He mpef-
cTaBjsercss BO3MOXHbIM. OrpaHHuMMCs TOJBKO 3aMeuyaHHeM, 4To,
KakK W BCsKasi KBAaHTOBOMeXaHHuecKas BeJHYHHA, MOMEHT KoJIHYe-
cTBa INBHXeHHs (OTOHa oOnpejesseTcsi 4yepe3 COOTBETCTBYIONIHA
oneparop. OKasblBaeTcsi, 4YTO ONEPaTOpP MOMEHTA KOJHYECTBA ABH-
XeHHsl POTOHA COCTOHT 3 ABYX ciaraeMblx. OAHO ciaraemoe HMeeT
sua [rp), rae p—oneparop umnyasca gorona. Ouo naszbiBaetcs
opburaspnbim. JLONOJHUTENBHOE Cc/laraeMoe Ha3blBAeTCs CHUHOBLIM
unn oneparopom cnuna (orota. CoGCTBEHHOE 3HAYEHHE TPOEKLUH

oneparopa [rp] Ha u36paHHOe HAlpaBJeHHe HA3BIBAETCH OPOUTANL-
HbIM MOMEHTOM KoaudecT8a dsuicenus orosa. CoOGCTBEeHHOe 3Ha-
yeHHe NPOEKUHH onepaTopa CNHHA HA TO e HampaBJeHHE €CThb
CHUHOBbLE MOMEHT KOAUHECT8Q J8UNCEAUR UAU NPOCTO CHUH (PoToHA.

Byaem mnpeanoaarartb, 4to OpOHTaJbHOTO MOMEHTa y (OTOHA
HeT, Tak 4yTO BeCb €ro MOMEHT fBJsIeTCs CNHHOBBIM. Harusansim
onpaBlaHUeM STOrO MOXKeT CJAYXKHTb 3aMeuaHHe, 4TO OOBIYHO AJIHHA
BOJIHBI, H3JyYyaeMOH aTOMOM, OY€Hb BeJMKa [0 CPaBHEHHIO ¢ pas-
MepaMmu mnocjefHero. POTOH Ke He MOKeT OBITb JOKaJM30OBaH B
06,1aCTH 1POCTPAHCTBA, JHHEHHBIE Pa3Mephl KOTOPOH MeHbille JJIHHEI
cBeToBOl BOJHB A. C aApyrofi CTOpPOHBLI, pas3Mepbl H3JyyYalollero

aTtoMa 0O4YeHb MaJbl 10 CPaBHCHHIO C A. HOSTOMy (pOTOH H3JlyyaeTcs
1
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aTOMOM NpaKTHYeCKH Bcerjfa «IeHTpa/JbHo». POTOH nNpH 3TOM He
noJyyaeT HHKAaKOro OpOHMTAJbHOIO MOMEHTa KOJIHUeCTBa ABHKECHHA,
OH YHOCHT TOAbKO CRUKOBb6LE momenT. YToOBl Yy (POTOHA HOSABHJICH
JONOJIHUTEJbHBI OPOHTAJNbHEI MOMEHT, H3JyyeHHe LOJIKHO Npou-
30ATH C jganekoll nepudepud aroMa —C DACCTOSHUH TNoOpAlKa A.
BonHoBas QyHKUHS aToMa Ha TaKHX PACCTOSIHHAX, 8 C HeH W Be-
POSATHOCTL H3/1y4YeHUS HOTOHA HHYTOMNKHEL.

8. To o6CcToATENBCTBO, 4TO (HOTOH CYLIECTBYET TOJBKO B COCTOS-
HHUH JBUXKEHHS CO CKOPOCTBIO ¢, NMPOSIBJAACTCS elie B TOM, YTO B JIO-
Goil cucTeMe oTcueTa [Jsl HEro eCTb TOAbKO OOHO u3bparHoe Ha-
npasaenue — Hanpasaerue dsumcenus. Ha 310 HampapseHne H
NPOEKTHPYETCA BeKTOp cnHHa (oTona. A Tak KaK cnuH ¢QoroHa
s = 1, To KasaJjock OH, YTO OTHOCHTEJBHO 3TOrO HaNpaBJIEHHS CIHH
MOKeT OpHeHTHpoBaThCA 25 + 1 == 3 crmocob6amu: B NIepBOM IpoOeK-
LU CIUHA HanpagJeHa 10 ABUKEHHIO, BO BTODOM IIPOTHUB ABHXKEHHS,
B TpeTheM paBHAa HyJ10. B NeficCTBUTEILHOCTH TPETHS BO3MOXKHOCTb
HE OCYleCTBJIsIeTCS.

He BaaBasicb B MOAPOGHOCTH, 3aMETHM, YTO K 3TOMY 3aKJioye-
HHMIO TPUBOAMT ONHT. M3 momepeuHocTH 3J/IeKTPOMArHUTHHIX BOJH
cJaeAyeT, uTO AJs MOJyueHHd Ja06OH NOJSPH3AaUHH BOJHBL JOCTa-
TOYHO HAJIOXKEeHHs TOJbKO [BYX, a He TpeX BOJH C DPa3JHYHEIMA
noJsipu3anusMu. B corsacMm ¢ NPHHUHNOM COOTBETCTBHS CJe-
IyeT OXHAAaTbh, 4YTO B KBAHTOBOH TEODHH AJA NOJyHEeHHS ma:000ro
cocTostHus OTOHA AOCTATOUHO CYNEPTO3HUHH TOJBKO ABYX He3aBH-
CHMHX COCTOsiHMH ero. Kakue e coCTOsiHHA (POTOHA MOTYT GHITB
NPHHATH B Ka4ecTBe He3aBHCHUMHIX? I/l 3TOr0 paccMOTPHM CBsI3b
MexJy Tmoasipusanuei H cinuHoM (OTOHA.

9. [ousitue noaspusayuu (Kak H BCAKOe Apyroe nousitae) B ¢o-
TOHHON TEOPUH JIHIIEHO TOTO SICHOrO HarJsAHOTO CMbicja, KOTOPHIM
OHO OTJHYaercs B KJaaccHueckoi Teopuu. [TockonbKy, onnako, noas-
pU3alUs CBeTa CYLIeCTBYET M MPOABJSETCS Ha ONbITe, HeoGX0AHMO
yCTaHOBHTB, YTO COOTBETCTBYeT efi B QOTOHHOI Teopuu. Eduncrseen-
HOLl HanpasAeHHOU BeAuduHOll, xapaxrepusyooujeli BHYTPeHHue
ceoticrea Gorona, aganerca cnun. C Apyroll CTOPOHH, B KjaaccHye-

CKOfi TeOpMH MOMEHT KoJHYecTBa ABHKeHHR L BoaHbl, noasipuso-
BAHHOU IO Kpyry, HalpaBJeH NG WJIH MNPOTUB pPACHpPOCTPaHeHus
BOJIHb. [103TOMY €CTEeCTBEHHO CHUTATL (POTOH HOAAPUBOBAHHBLM NO
Kpyay, eCAU OH HAXOOUTCA 8 COCTOAHUL C ORpedefeHHblM 3HAUCHUEM
npoekyUL CRUKG HA HanpagAerue pacnpocTpasderus. Eciay cnuH Ha-
npaBJieH B CTOPOHY DPaclpOCTPAHEHHS CBeTa, TO NMOJsApH3alUusA ¢o-
TOHA Ha3biBaeTCsl 4e80U; B TPOTHBHOM cJjydae ee Has3bIBAIOT Apa-
aoil).

1) Takoe onpepesenye HpaBofi W JeBOM MOMSPH3aUMA COOTBETCTBYET TOMY,
qTO MPHHATO B KJACCHUECKON onTHKe. B KBaHTOBON 9JEKTPOAHHAMHKE MPHME-
HfeTcsl IPOTHBONOMNOXKHOE COrJallleHHe: NpaBoi NOJAPH3allHH COOTBETCTBYeT CIIHH,
HalpaBJeHHH B CTOPOHY pacnpocTpaeHHs ()OTOHA, JIEBOH — CNHH, HampabJeH-
HBIH HPOTHBONOJOXKHO.
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B knaccuueckofi onTHke Ji06as moasipudauusi (JHHEHHAs MJIH
9/ IMITHYEeCKast) Oerylllefl MJIOCKOH BOJNHBLI MOMeET ObITh MOJyYeHa
flyTeM CYNeprno3uuud ABYX (KOTePeHTHBIX) MO/siPH30BAHHEX IO
KPYry MJOCKHX BOJIH, PaclpOCTPaHSAOUIUXCH B TOM K€ HalpasJe-.
HUM, OJApPU3aALHUs OAHOH H2 KOTOPLIX MpaBasi, a Apyroil Jesas. Tak
4 cocrosiHhe (oToHA C KPYroBOH MOJApH3aluell, paclpoCTpaHsio-
Hlerocsi B ONpeAesCHHOM HANMpaBJeHHH, CJelyeT pacCMaTpPHBATh
KaK ero co6CcTBEHHOE COCTOSIHHE, KOTOPOMY COOTBETCTBYIOT COGCTBEH-
Hble 3HAYeHHUS NMPOEKUMH cmHHa s, = -1, 0, —1. [lyrem snunelinol
CYTepIO3HUHH TAKHX COCTOSIHHH MOXKeT OBITb Moayyen (HOTOH Ji0-
Boir moasipusaunu. Ho cocrosune ¢ s;==0 He ocyiiecTBasCTCS,
[TosTomy cocrosnue gorona ¢ a0boll noaspusayued, pacnpocTpa-
HAIOUe20C 8 ONPeCeAeHHOM HANPABAEHUU, MOXMCET GbiTb NOAYUEHO
AuHeliHol cynepnosuyuell TOAbKO 08YX COCTOAHUL: COCTOSHHS C
sz = -1 u cocTosAHUSA C S, ==—1.

Cynepno3ulusi TaKUX COCTOSIHUH, KOHEYHO, He 6ydeT KAQccu-
veckoil. OHa TIOHHMaeTCs B TOM K€ CMBICJe, KaK U CyNepHno3Hlus
KBAHTOBOMEXaHHYECKHX COCTOSIHHH YaCTHUH, . XapaKTepH3yeMbIX
BOJHOBBIMH QYHKUHAMH. A TaK KaK COCTOSHHS (OTOHA ¢ s, = 1
M ¢ s;= —1 siBJsIIOTCS COGCTBEHHBIMH, TO KBaApaThl MOAYJeH KO3(-
(QUUMEHTOB TIPH 3THX COCTOSIHHAX B CYNEPIO3HUHH ONPELEasIOT OT-
HOCHTEJIbHBIE BEPOSTHOCTH CAMHX COCTOSIHHH. DTO NMposB/sSeTcs, Ha-
npUMep, B TOM, YTO NIPH H3MEPEHHH NPOEKIUUH S (CKa)eM, IO Be-
JIHUMEE BPAUlAOUIero MOMeHTa, coo0llaeMOro TeJy MpH HOrJouie-
HU#I POTOHA ) MOXKET C COOTBETCTBYIOLIEH BEPOATHOCTHIO MOJYUHThCS
au60o sz = 1, aubo s, ==-—1. Hukaxko# npomexyTounbiii peay.b-
TaT MOJYYHTHCS HE MOXKET.

3AH0AYA

TeepAnfl NHNONL C 3JEKTPHYECKHM MOMEHTOM p DaBHOMEPHO BpalaeTcs BO-
KPyr CBOEro LEHTpa C MOCTOSHHOH YIVIOBOH CKOPOCTBIO ®, ApHYeM BEKTOP P BCe
BpeMs pacrmofioxed B OAHOH maockocTH. COrJacHO KIacCHYeCKOH 3JEKTPOLHHA-
MHKe OH H3jyuyaer, Kak Qumosp [epua. Mssiyuerne ofnazaer KoauyecTBOM ABH-
JKeHHus, 06beMHasi JIOTHOCTb KOTOPOr'O OMpele/sieTCsl BEIPaKeHAeM

gsn= (1/4nc) [EH] (37.5)

(cm. 1. III, § 84). UanyueHHe yHOCHT n MOMEHT KOJMUeCTBA ABMXKeHHs, [l BHI-
YHCJIEHHsS MOJHOrO MOMEHTa, YHOCHMOrO H3JIyueHHeM, NOCTATOMHO 3HaTh g£>; Ha
GeckOHeUHO YAaJleHHOH cdepe ¢ IEHTPOM B MeCTe HaxoxAeHHs aunoasd. Ortkyna
MOKET B3fIThCS TAKOH MOMEHT, €CJIH BLAJH OT AHNOJS (B BOJHOBOH 30HE) [OIS
E u H cBsszannl MeXay coBof, Kak B IJIOCKOH BOJIHe, H 06a NepNeHIHKYJISIPHEL
K pa/HyCy-BeKTODY r, NpOBEeJCHHOMY OT JHNOJsA K TOYKe HaOJIOJeHHA, TaK 4TO
BEKTOP gs: HANPABJEH BIOJb 7, a MOTOMY MOMEHT {rgs.] pasen nymn?
Pewenue YTBepileHHe, YTO B BONHOBOH 30He moiss E u H y6uBaior ¢
paccrosiHueM Kak 1/r, — mpuO/iHKeHHOe W BHIMOJHACTCS TOJBKO ACHMITOTHUECKH
npu r—oco. Takoe MNPHUG/MHMKEHHE NOCTATOYHO [JIA BBIYHUCJIEHHS MOJHOH 3HeprHH
HJIH TOJIHOTO HMIYJbCA, YHOCHMBIX M3JyueHHeM, TaK Kak Toraa sextop [EH] 6y-
LeT MeHAThcs Kak 1/r% BeCWIHe cTemeHH BesqWuHHB 1/r y4HTHIBaTH He Hano, NO-
CKOJIbKY TIDH MHTErpHPOBaHHM N0 cdepe OHH HHYEro He BHECYT, eCJH BHIIOJHHTDH
npefenbHbIl Mepexol 7 —- co. Ho NIOTHOCTD MOMEHTa KOJIMUeCTBA ABHIKEHHS op=—=
= [rg.x] ToOJydYaercs U3 g1 BEKTOPHBHIM YMHOXeHHeM Ha r. Beauuuuy
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8s>; Ha ylaJleHHOH cdepe, MOHATHO, AOCTATOUYHO BHIYHCJHTb TaKXKe C TOYHOCTbIO IO
4jieHoB 1/r’ BKMOYHTENbHO, @ AJf 3TOrO HAf0 yueCTh B BHPAXEHHH AN s,

usiens TpeThell cTemeHu no (1/r). Uro6u 3To caenaTh, AOCTAaTOYHO NOAB30OBATHCS
chenywoiiiMi GopMynaMH aJg nosas H3JNydeHHs Aunoas I'epua B BOJIHOROH 30He

B BaKyyMme:
3{pr) p] [(br‘ p ]
E—[ et T T e e 2t T T et

| G [ .
H =73 [p’]t—r/c + T [pf]t—r/c-

(37.6)

Onu nonyuatores u3 dgopmya (141.10) toma III, ecin ux HamucaTh AJis Bakyyma
H B COOTBETCTBHH ¢ 3THM mosoXuth D == E, v == c. Tlpn sTom B nepsoit popmyne
(141.10) or6polweH mnepBblil 4JeH, NPONOPUHOHaJbHBI 1/r3,
@ TaK KaK Ha gs, OH MOXET MOBJHATL TOJbKO B UleHe MOPSAKa

1/ri. Hs dopmyn (37.6) Hago Haitw [EH] B HyXHOM HaMm
g NpuOIHXKeHHH, ONyCKas [P 3TOM WYJEHH, KOJNJIHHEapHbe C f,

NOCKOJIKY OHH He HI'DAOT POJIH NHPH BBIYHCJAEHHH [rg.,]. Ta-

) KHM nyTeM, oNycKas 3Ha4oK { — rf¢, noayuaeM
5
{ TP 1, -
= (pr)p+(...)r (31.7)
1 . “
Prc. 67 lan= 5= {pr) [rp]. (37.8)

TIpeo6pasyeM 3Ty ¢opmyay, BOCMNOAb3OBAaBLIHCh TeM, YTO BEKTOP p He MeHseT
CBOEfi [IIHHE, 3 H3MeHsleTcsl TOJbKO H3-32 BpalleHHd. B Takom cayvae p = [0p].
To ke OTHOCHTCH H K p, T. €. p = [(Dp] B pesyabTate dopmyaa (37.8) npeobpa-
3yercs:

Lyn= 2n CreEs ——(pr) [rlopll= {pri{ipr)e —(@rp}. (37.9)

2nc rt

TO6bl HAfiTH TIOJIHBIE MOMEHT H3JIyYeHMsi, HCMyCKaeMOro AHINOJIEM B eIHHHLY Bpe-
MeHH, HaJ0 3TO BHIPaXKE€HHe YMHOXHTb Ha ¢ H De3yJbTaT NPOHHTErPHPOBAThL 1G
BCell OBEPXHOCTH GeCKOHeUHO yaaneHHoOH cdeprl. SICHO, 4TO H3-3a CHMMETPHH Bpa-
IieHHsT BOKPYr @ MPH TaKkoM HHTerpHPOBaHHH MOJYYHTCS BEKTOP, HampaBJeHHBI
B1OJb @. A TaK Kak BEKTOp p == [®p] nepmneHAuKY/speH K @, TO NOCJAeAHHH 4/eH
B (37.9) MoxHO onycTHTb. Toraa

lSJl

1 B
QJ'IC"f ( pl‘) = W P2 COSZCP .« ®. (37.10)

Ilpu HHTErpHpPOBAHHH MOXHO [IOCTYNaTb TakK, KakK ecJH 6bl BEKTOp P OCTaBaJCH
HEMOJBHIKHEIM, M BHOPaTh cdepHuecKyl0 CHCTeMY KOODAHMHAT, YKa3aHHYIO Ha
puc. 67. B 3ToM caydae sJemeHT nosepxHocTH chepnl Gyner dS = r?sin & dddo
B peayabrarte BJs MOMeHTa HMIYJbCA H3JyYeHHS HOJYUHM

T 2%

S S sin® & cos? @ d® dcp=-§26—3 pla. (37.11}
0 0

wp?
Lysp= —‘2:“03

DHeprus, uanyuaemasi AHHOJAEM B €NHHHLUY BPeMeHH, paBHa &usx = (2/3¢®) p? (cm
1. I11, § 141). A TaK xak p?= @?p? 1O noJyuaercs

Lyzn= &ysalo. {37.12)
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§ 38. YeTbipe KBAHTOBLIX YHCJA 3IJEKTPOHA
H TOHKas CTPYKTypa CNeKTPaabHbIX TEPMOB

1. Hanuune y 3/eKTpoHA BHYTPEHHEro MOMeEHTa KOJHYeCTBa
JBHXKeHHA (CIHHA) O3HayaeT, 4TO [Jsi 3JeKTPOHA (B OTJHYHE OT
TOYEYHOH KJacCHYeCKOH YacTHILH) TpeXx cTeneHed cBOOOAH Hep0-
CTATOYHO AJI XapaKTEePHCTHKH ero COCTOSIHHUSI JDJIEKTPOH B aToMme
ofnafaaeT LOMOJHUTEJLHOH — YeTBEPTOH — CTeNeHblo CBOGOAH, Ha-
3biBaeMo#l cnunogold. 3aMeTHM, YTO MOKa YTO MBI MMeeM B BHAY
BOJOPOAONOAOOGHBIA aTOM, a TakxKe BooOlle MHOI'03JeKTPOHHbI
aToM HJH HOH ¢ OOHUM HADPYXKHBIM (B&/JIEHTHbIM HJH ONTHYECKHM )
3JeKTPOHOM. TaKoil 3JIeKTpOH cefiuac U MpeANoJaraeTcss B HalleM
paccMoTpeHud. B KBaHTOBOH MeXaHHKe ero COCTOsIHHE ONHCHIBAETCH
YeTHIpbMSl KBAHTOBBIMH YHCAAMH: 1) ena8HbM KBAHTOBBLM HUCAOM H;
2) opburasvHbiM KBAHTOBHBIM HucAOM [; 3) opbuTaAbHbIM MA2HUT-
HbIM KBAHTOBGIM HUCAOM, KOTODOE MBI Tenepb GyfeM 0003HAauaThb
uyepes My, U 4) CHUNOBHIM KSAHTOBLIM HUCAOM M.

CMbicJ epBbIX TPEeX KBAHTOBHIX uHucea n, [, m; yxe OblJI Bbisic-
e B § 33. CuuHOBOE Xe UHCJIO ms ONpejesieT NPOeKUHH BEKTOpPA
chHHa § Ha BHAeneHHOe HampaBsJenue. Ecan aToM yiKe Haxoputcs
B COCTOSIHHH C OMpEeJeJeHHbIM 3HAaYeHHeM OpOHTaJbHOTO MoMeHTa [
(1. e. ¢ oripenenenusiMu {2 1 [;), TO BHdeNeHHOE HanpaBJ/eHHe (OChb
Z) npu I?==0 onpenensierca BekTopoM I. CnuH § MOXeT GbITb
opueHTHpOBaH JH60 no I, 1u6o npoTtus L. ITO 03HAUAET, YTO NPOEK-
{IHs] BEKTOPa § Ha 3TO BblJEJEHHO® HANpaBJeHHE MOMXEeT NPHHHMATb
TOJbKO ABa 3Havenus: -+A/2 nm —h/2, nau msh, toe ms = £1/2.
[Ipu I =0 (r. e. KOrga aToM HaXOAUTCA B S-COCTOSIHHH) BECb MO-
MeHT KOJHYECTBA [BHIKEHHs atoMa UHCTO CNHHOBGbIA: §. Eciu co-
CTOSIHHE aTOMa TAaKOBO, YTO OAHA H3 MNPOEKUHH Sk, Sy, Sz HUMeeT
onpeje/ieHHoOe 3HauyeHHe (paBHoe +%/2), TO COOTBeTCTBYWOILAS OCb
W OonpejessieT BbijeJeHHOe HAllPaBJeHHE B aToMe.

2. Op6uTanbubli MOMEHT KOJHUYECTBA JBHXKeHHS { U CIHHOBBIH
MOMEHT 5 CKJAAbLIBAOTCSA B MOJHBIH MOMEHT KOJHUECTBA ABHXKEHHS
j =14 s no npaBunam BekTopHOoro crnoxendsa (cMm. § 32). IIpoek-
{Mg MOJHOTO MOMeHTa Ha H3GpaHHOe HampaBJeHHe MOXKeT MPHHHU-
MaTb 3HaueHus m;f, rae m; == m; -+ ms==m; =+ 1/2 naszwBaercs
KBAHTOBLIM YUCAOM MPOCKLUU NOAHO20 MOMEHTA. $ICHO, UTO onepa-
TOpb NPOEKIH{l [OJIHOTO MOMEHTAa Ha KOODAiHATHblE OCH YIOBJe-
TBODPSIOT TeM K€ MepecTaHOBOUHBIM cootnoulenusam (31.6), uto u
onepaTophl npoekuuii opburansHoro Momenrta. OTciofa caenyer, 4to
onpeje/ieHHble 3HaueHHA B OAHOM H TOM € COCTOSHHH MOTYT
MMeTb KBajipaT [OJHOTO MOMeHTa j% W 0jHAa M3 ero NpoeKUHH Ha
KoopaunaTtuble ocH, OTCIOfa e CaeAyeT, 4To

PP=n(j+1),

rie ]— MaKCHMaJbHOE 3HAUCHHE, KOTOPpOE MOXKET NpUHHHMAaTb KBaH-
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TOBOE 4YHCI0 m;. VlHOraa | HasBiBaT BHYTPEHHUM KBAHTOBLIM
YUCAOM.

ITockosBbKY j ecTb MaKCHMAaJIbHOE 3HAYEHHE Yhcaa m;, a [— Mak-
CHMaJIbHOE 3HAUCHHE YHCJIa My, TO U3 COOTHOLUeHHS mj == my =4 1/2
caenyer

j=141/2. (38.1)

3HaK «IJII0C» COOTBETCTBYET CJY4alo, KOrAa CIHH 3JeKTPOHA OpHEeH-
THPOBAH B HAaNpaBJEHHH OpPOHUTAJBLHOTO MOMEHTA, & «MHHYC» ——
KOrZla OH OPHEHTHPOBAH NPOTHBONOJOXKHO. B 060HX ciyuasx 4uca0
j noayuesnoe, NOCKOJbKY [ Beceria meJoe.

[lpu 3anannom j Bo3MOXkHO 2f 4+ 1 KBAHTOBBIX COCTOSIHHH, OT/IH-
JaOUXCcsl OAHO OT JAPYroro 3HAueHHSIMY KBAHTOBOTO YHCJIA Mt

my=—j— G~ ...+ (=1 ] (38.2)

YHco 3THX COCTOSHHH Yy aTOMOB ¢ OJHHM BaJICHTHHM 3JEKTPOHOM
BCErZa YeTHOE, IOCKOJbKY j MOJyLeaoe.

3. BmecTo KBaHTOBBIX yHces 1, [, m;, mMs AJS XapaKTePHCTHKH
COCTOSIHUA O/JHO3JEKTPOHHOIO aToMa MOXHO NPHMeHATb W ApPYyTHE
yeTBEPKH KBAHTOBBIX UMCeJ], HanpuMmep n, [, f, ms. B coekrpockonuu
IPHHATO MOJb30BATHCA YHUCIAMH 4, I, j, 25 -+ 1 U 3aMeHATs ufici0 [
COOTBETCTBYIOLIEH OYKBOH JaTHHCKOrO aJjadaBUTa B COOTBETCTBHH
¢ Tadaunel, npuBefleHHoA paHee B § 34 (myHkr 2). CHavaja mamyr
YHCJIEHHOe 3HAYCHHE TJIaBHOTO KBAHTOBOIO HMCJA A, 33 HUM OYKBY,
3aMeHSIIOLIYIO YHCJIO /, YHCJIO j MHIBYT CipaBa OT 3TOH OYKBH B BHIe
HUXKHEro HHJAeKCa, a B KaueCTBe BepXHero HHAEKCA CJeBa OT TOH XKe
OYKBH NOHIIYT 4HCJIO 254 1, Ha3pBaeMoe MYAGTUAAETHOCTHIO
yposrsi. OHO MOKasblBaeT, CKOJBKHMH CHOCOGAMH CIOHH MOMKET
OPHEHTHPOBATBCA OTHOCHTEJNbHO HAMpPaBJeHHSi OPOHTAIBHOIO MO-
menta I. B cayuae aTomMa ¢ OJHHM BaJeHTHBIM 3JICKTPOHOM 3HAUOK
25+ 1 no cyilecTBYy H3JIMIIEH, TaK KaK JAJs 3JieKTpoHa § = 1/2,
a notoMy Bcerja 2s+ 1=2. Ho ecau O6bi COHH YAaCTHIH HMEJ
Apyroe 3HaueHHe, TO YKa3aHHe MYJbTHIJeTHoCcTH 25 4+ 1 npuobpeso
6Bl cyllecTBeHHOe 3HauyeHHe. To XKe camMoe MOXKHO CKa3aTb OTHOCH-
TeJbHO aHaJOrHYHOTO YHCJa B CJIyyae aToMa ¢ HECKOJbKHMH Ba-
JIEHTHHMH 3j1eKTpoHaMu (cM. OyHKT 10).

PaccMorpuM, HanpuMep, COCTOSIHHE

3512

(nasbiBaeMoe «TpH, AyGJeT sij». CMBLICT 3TOTO HasBaHHS PACKphI-
Baercsi B nyHKTe 4). B atoMm cocrosuuu n=3, [=0, j=1/2,
[Tonubpfi MOMEHT KOJHAYECTBA ABHIKEHHS — YHCTO CcOHHOBHI. B ¢dop-
MmyJae j=1[=1/2 3HaK MHHyC HalO HCKJIOUHTb, NOCKOJbLKY j =0,
T4K 4TO B paccMaTpHBaeMoM cJaydyae j ==/ 1/2. CocrosinHe uncro
popMasbHO HaamBaeTcs Ay6.eToM, Tak Kak npu [ =0 Bce Aanpas-
JeHHd AJs OPUEHTALHH CliHHa pasHonpaBHb. Ilo cymectsy 3To ecTb
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cuHrgaer. JTo, padymeeTcs, OTHOCHTCS KO BCEM S-COCTOSIHHAIM (T. e.
cocTosHusIM ¢ [ = 0).
B KkauectBe BTOpPOro mnpuUMepa BO3bBMEM COCTOSIHHE  <«UeTHIpe,
,7.1)/6.7161‘ d3/2>>, T. €.
42 dzp.

B stom cocrostunu n =4, | =2, j = 3/2, npuuem j=1I[--1/2, 1. e
CIHHOBBIH MOMEHT OPHEHTHPOBaH MPOTHB HAaNpaBJeHHs] opOHTa/b-
Horo moMeHTa. Ho B cocrosnnu 42ds, j = [+ 1/2, T. e. opHeHTaUHH
crniHa W opOUTAJBHONO MOMEHTAa OJAMHAKOBHL. TakuMm 06pasoM, co-
cTosiHue d MedCTBUTENLHO siBJsieTcsl Ay6JeToMm. To XKe clnpaBeiJiBo
IJIsST BCeX OCTAJIbHBIX COCTOSIHHE: p, f, &, ... (32 HCKJIIOUCHHEM
TOJbKO COCTOSIHHS S ).

4. OcHOBHOe B3aUMOJelCTBHe MeXAY 3SJMeKTPOHOM aToMa H
SIPOM €CTb JAEKTPOCTaATUYecKoe s83aumolelicTsue UX 3apsigoB. Ho
TaK KaK 3JeKTPOH ABHKETCS OTHOCHTEJNbHO aTOMHOTO sApa, TO BO3-
HHKaeT [TOIOJHUTEIbHOe B3auMoAeHcTBHe, 06YCJIOBJEHHOE CIHHOM
3JIEKTPOHA H 3apsiaoM snapa. Ero HasblBalOT CAUH-OPOUTAALHOIM
s3aumodeiicreuem. B cyllecTBOBaHHH CNHH-OPOHUTANBHOTO B3aHMO-
OefcTBHS MOXHO y6eIMTbCS HAIJIsSAHO, BOCIOJb30BABIUUCL MpeJ-
CTaBJEHHAMH moaykaaccuyeckol Teopuu Bopa. [Ipocrefimneii sBas-
eTcs MOJeNb aToMa BOAOPOLA, B KOTOPOH 3JEKTPOH Bpalllaercd Mo
kKpyroso#l opGure. [lepefineM B Hell K cucreMe OTCYeTa, B KOTOPOIl
3JEKTPOH MIOKOHUTCH, T. € caMa CHcTeMa ABHXeTCd BMecTe C 3JeK-
TpoHoM. B Taxoli cucreme orcuera siApo ABUXKeTCA H cO3JaeT Mar-
HuTHoe nojie H, BosneficTBylolllee Ha CIHHOBBI MarHHTHBIH MOMEHT
M, MOKOSIIErocsi B 3TOH cucTeMe 3JeKTpoHa. [TocKOJNbKYy 3apsiab!
OPOTOHA K 3JEeKTPOHA UHC/JAEHHO PAaBHBl U NOPOTHBONOJOKHB IO
3HaKy, JBHXYIleecsd sAPO B JABHXKylleficd cHcTeMe OTCUeTa CO3JaeT
B MecTe HaXOX/IEHHsl 3JeKTPOHA TaKoe e MarHHTHOe MnoJe, Kak
1 BpallamolUHHCS 2JeKTPOH B MOKOSAIeHCs cUCTeMe OTCYeTa B MecTe
HaxoxaeHua snpa. [lostoMy cnuH-op6uTasbHOE B3auMOJAEHCTBHE
MOXHO (opMasbHO paccMaTPHUBAaTh KaK B3aUMOAEHCTBHe Mexay
CTIMHOBHIM U OpOUTAIbHEIM MATHHTHEIMH MOMEHTAMH 3JEKTPOHA.

CHHHOBBIE MarHUTHBIH MOMEHT 3JIEKTPOHA Ms; MOXeT OpHEHTH-
poBaTbed Au60 BAOJAbL OpPOUTANBHOIO MATHHUTHOrO MOJS, JHOO Npo-
THBOTIOJIOXKHO, B TepBoM ciayuyae moTeHUHaJbHAs 3HEPTHsi B3aHMO-
NeHCTBHS 3JEeKTpPOHA H sijipa aToMa yMeHblaeTcs, BO BTOPOM
yBesHuuBaercs. [109ToMy u3-32 COIHH-OPGHTANBHOTO B3aUMOACHCTBHS
KaK/AbIil 9HEepreTHUeCKUH ypoBeHb aToMAa pacllensercs Ha ABa Nmoj-
ypoBusi. Mckiulouennem siBisercs ciaydall, Korga aToM HaxodHTCA
B S-COCTOSIHMH, TIOCKOJBKY B 3ITOM COCTOSIHHH Yy aToMa HeT op6u-
TaJbHOTO MaTHUTHOIO MOMEHTA, TaK YTO CIIHH-OPGHTAJBLHOE B3aHMO-
neficTBue mponajaer. PaclieleHHe 3HEPreTHUIECKOTO YPOBHs B pe-
3yJAbTaTe CHHH-OPOHTAJBLHOTO B3aMMOJEHCTBHS HA3bIBACTCS TOHKOL
crpyxrypoli yposrs. COBOKYNHOCTb MOAYPOBHel, Ha KOTOpHEe pac-
llenu/acsd paccMaTpUBaeMbil YPOBEHb, HA3BIBAETCH MYAbTUNACTOM.



238 NAJBHEWMIUEE MOCTPOEHWE KBAHTOBOW MEXAHMKH [T v

B saBucuMocTn oT yHc/la noAypoBHeH, W3 KOTOPBIX COCTOUT MYJbTH-
JeT, pa3auqawT dyb.aeTs:, TPURACTbL, KBAPTETbL, KBUHTETbL,... [1po-
CThle YPOBHH, HE pACLIeNAALUIHeCSs Ha MOAYPOBHH, HA3bIBANOTCSH
cureseramu. Takue Ke TepMUHBI ynoTpeGJsiOTCS W AJs COBOKYI-
HOCTEH CMeKTpaJsibHbIX JIHHUHA, MONYYAIOIUXCA NYTeM pacilen/eHus
u3 0HO# Jaunuy (cM. § 40).

Taxum o6pas3om, B cjyyae aTOMOB WJIM MOHOB C OJHHM BaJIEHT-
HbIM 3JIEKTPOHOM CHHH-OpOHTAJbHOE B3aHMOAEHCTBHE MPHUBOAHT K
TOMY, YTO Bce 3HepreTHyYeCKde YPOBHH, 32 HCKJIOUEHHEM S§-YPOB-
Hel, CTaHOBATCA Ay6JeTaMH, S-YpPOBEHb OCTAETCs CUHIJIETHBIM. Te-
nepb MOHATEH CMBICJA HA3BaHUH, KOTOPbie YHOTPEOJSAJIHCh BhIlIE B
nyukte 3. Hanpumep, ypoBenn 42ds/, Obl1 HasBaH «ueThipe, Ay6JeT
dyse». YnorpebieHue TepMHHA «Ay6JeT» AJS1 CHHIVIETHBIX YpOBHel
5, KaK YyKe MOAYepKHBAJOCh, YHCTO YycaoBHoe. OHO NpHMeHseTcs
IJg TOro, 4uTo6bl He BBIAGAATb 3TH YPOBHU CPeAH AeHCTBHTENBHO
Ay6seTHoIXx ypoBHe#l p, d, f, ... BrpoueM, cUHTJIETHbiE YPOBHHU §
thopMasibHG MOXKHO PACCMATPHBATL KaK Ay6JeThl, COCTOsIHE H3
ABYX CHUBLIHXCA monypoBHed. IloHsTed TakiKe QH3UUECKHH CMBIC]
MyJbTHIJIETHOCTH 25 4 l: OHa onpenressieT YUCJIO NOAYPOBHEH B
MYJbTHIJIETE, BO3HHKAKOUIEM H3-33 CIHH-OPOUTANbHOrO B3aHMOAEH-
CTBHS.

5. JIerko ONeHUTh NO MOPSAKY BEJHUHHB JONOJHHTENbHYIO NO-
TEHLUHAJbHYIO SHEPrHI0, BO3HMKAWINYI0 H3-3a CIHH-OPOGUTAJILHOTO
B3auMojeficreusi. BosbMeM aJs1 2TOro aToM BOZOPOAA B OCHOBHOM
COCTOSIHHH H BOCMOJb3YEeMCSl TeM MeXaHH3MOM BO3HWKHOBEHHS CITHMH-
OpOUTAJBHOrO B3aHMOAEHCTBHS, KOTOPbIH OBl OMWCAH B NYHKTe 4,
[TepefineM cHOBa K cucTeMe OTCYeTa, ABHKYLIEHCS BMecTe C 3JeX-
TpoHOM. MarHuTHOe MOJie B MecTe HAXOXKAEHHs 3/EKTPOHA, CO3/a-
BaeMOe B ITOH CHCTEMe NPOTOHOM, ABHXKYIIUMCS CO CKOPOCThIO U,
onpeensiercs ¢dopmynaoit H =e(vr] /cr®, rne r— panuyc-BexTop
3JeKTPOHA OTHOCHTE/bHO npoToHa, [To abcomioTHON Beanuude H =
=ae/r? rie a =v/c. Cornacko (13.19) nocienHss BesuYuHa ecTb
HOCTOAHHAR TOHKOL CTPYKTYPbl, onpelensieMass dopmyqaoi (13.18),
T. e. o ==e?/hc. B marautHoM nose H snexTpon obaanaeT noTel-
nuagabHoil sueprueii —(m,H), npuueM BeKTOp M, MOXKeT OLIThb Ha-
npasaeH qau60 no H, nu6o npoTHB. Ilo abconoTHON BeJuyuHe 3Ta
sHeprusi paBHa m.H = ws/{, rae mg = ehi/(2u.c) — marueTon bopa.
CpaBHMM ee ¢ [OJHOH 3Hepryeil aTomMa BOAOpOAa B OCHOBHOM CO-
croswun. CorsnacHo ¢opmyne (13.20) ona jaercs BrIpaiKeHuHeM
&1 = —atu.c?/2. B KauecTBe r csaenyeT B3siTb O0OPOBCKHH panmyc,
onpeiensempit dopmymnoit (13.16), 1. e. r5=h*/p.e’. B pesyn-
Tate NOJYYHM

mgH /& = o?=15,325 - 1075. (38.3)

6. IMockoabky oo =uv/c (rze v -— CKOPOCTb 3JEKTDOHA Ha [en-
BOH GOPOBCKOH opbuTe), cruH-0pOuTAAbHOE 83CLUMOOCICTSUE €CTh
agppext, K8adparuunsblli oTHocureavHo napaxmerpa o. [lostomy ero
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TEOPHA HNOJNXKHA ObITb PeAATUBUCTCKOU. DTOTO H CJAELOBAJNO OXKH-
AaTh, TAK KaK CaM CNUH eCTb KBAHTOB0-PeARTUBUCTCKUL 3(pekrT,
ucuesaroujuil 8 HepeAATUBUCTCKOM NPUGAUNEeHUU. 3as8UCUMOCTb
MACCHL OT CKOPOCTU TAKIE NPUBOOUT K TOHKOMY pACU,ENAeHUI)
9HepeeTUMeCKUX YpPOBHel yiKe B PAaMKax MOJYKJACCHUECKOH TEOpPHH
Bopa, kak 370 BmepBHe nokazan 3omMepdenbi. eso B TOM, 4TO
B G0POBCKOH HepeJSITHBHCTCKOH TEOPHH BCEM 3JJIUNTHUECKHUM OpOH-
TaM JeKTPOHa (BKJOYAas M KPYroByi0) ¢ OJHOH M To# xe 60Jb-
ol OCbIO COOTBETCTBYET 00HA U TA sie IHepeus. YueT 3aRHCHMOCTH
Macchl OT CKOPOCTH CHUMAET TAKoe BbLpoxcderue — BeJUUHHA SHep-
THH HauydHaeT 3aBHCeTb H OT 3IKCUEHTPHCHUTETA 3JUINMCA. ITO H UpPH-
BOAUT K TOHKOMY paclleneHHw© 3HepreTHUecKoro ypoBHA. TakMM
0o6pa3oM, YyTOuHAs NPHBEeJeHHOE BHILIE ONpelelieHHe TOHKOH CTpYK-
TYpHI, CJIelyeT CKa3aTh, YTO OHA BbI36I6ACTCA HE TOALKO CRUH-0POU-
TAAbHOLM esaumoaeucmuem HO U 3GBUCUMOCTHLIO MACCHL IAEKTPOHA
or cxopocru. Ofa paciienieHdst — BTOPOrO NOpSiAKA [0 NapaMeTpy
@, a NOTOMY JOJIKHBl PACCMATPHBATBLCHA OJHOBPEMEHHO.

Haubosee nocienoBaTesbHO TOHKAas CTPYKTypa MoxKeT ObiThb
paccuuTaHa ¥ HCCJAeLOBAHA HA OCHOBE PEARTUBUCTCKOU KBAHTOBOIL
reopuu [upaka, B KOTOPOH aBTOMATHUECKH YUHUTHIBAETCS H CIUH
3/JeKTpPOHAa, H 33aBHCHMOCTb MacCel OT CKOPOCTH.

B cayuae Bomopononono6Horo atoMa pemiesde BOJHOROTO peJs-
THBHCTCKOTO ypaBHenHs J[HpaKa NPHUBOILHUT K cjaenywouled (hopmyJe
L] HEPTHH B CTALLHOHAPHOM COCTOSIHHH:

(Ze*)? ue a?Z? 1 3 ,
§=— Sl + (Fm -] (38.4)
B xBajapaTHBIX CKOGKAax ONYUIEHH YJeHbl YeTBepPTOH M BBHICHIHX CTe-
meHefl no a. Baarozaps ManocTH NOCTOAHHOM o2 HOMpaBKa K Hepe-
JASITHBHCTCKOH ¢opMyse (13.8) mosyuyaeTcs oueHb MAaJiof, TakK 4To
paccMaTpHBaeMoe pdacCllelJieHHe YpOBHeH ONpaBAbIBaeT Ha3BaHHe
«TOHKOH CTPYKTYPHI».

3aMeTHM, UTO 2HEPTHH ypOBHel B BOAOPOJONOAOOGHEIX aTOMAaX MO
Teopuu [Mpaka BHIpCWAEHBl HO [, T. €. OHH 3aBHCAT (M IPUTOM B
Jno60M TPUOJIHMKEHHY) TOJbLKO OT IJIaBHOMO KBAHTOBOTO YHCJIA A
M KBAaHTOBOI'0 YHCJA MOJHOTO MOMEHTA j, HO He 3aBHCAT OT 0opOu-
TaaLHoro yucaa ! (06 oTCTymJeHHsIX OT 3TOTO pe3yJ/bTaTa TOBOPHT-
ca B § 44). Msaue roBops, B BOLOPOAe H BOJAOPOAONOLOGHBIX aTo-
MaX YPOBHH C OJHHAKOBLIMH KBaHTOBEIMH UHCJ4MH n W j, HO pas-
JHYHBIMH | coBmapnaioT. Takoe coBmajeHHe HMeeT MeCTO TOJbKO V
BOAOpPOAAa H BOAOPOAONOAOOGHBIX aToMOB. I/ OCTaJbHBIX OIHO-
3JIeKTPOHHBIX aTOMOB, HampHMep aTOMOB ILIeJIOYHBIX MeTaJJsoB, CO-
BNaj eHHs HeT.

7. BeqlMuHMHA TOHKOrO pacllen/eHuss 3IHEpPreTHUECKUX YDOBHeH
ILJs JleTKHX aTOMOB He npesbimaet 10~ 3B u cusibHO Bo3pacraer
C ‘yBe.lHUeHHeM 3apaia sapa. Has TAxKeablx aTOMOB OHZ MOXKeT
LOCTHIaTL ecATHlY jone#d B, rak uTe B 3THX CAyYasx HeT CMbIC.14
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Ha3bIBaTh pacliensexdue «ToHKuM». (HamoMuuM, yto sHeprusi uoHwu-
3allMd aToOMa BOJZOPOAA M3 OCHOBHOTO COCTOSIHHSI COCTaBJIsleT
13,6 3B.)

Jns noJHOTHL 3aMeTHM, YTO, MOMHMO TOHKOH CTPYKTYpHI, B
CIeKTpe BOAOPONA M MHOFHMX ADYIHX aTOMOB HabJ/i0jaeTcs elle Tak
HasblBaeMas c@epxTonkas crpyxkrtypa. OHa BO3HHKaeT H3-3a B3au-
MOJEHACTBUSI MATHUTHBIX MOMEHTOB 3JEKTPOHOB €O C1a0BIMH MarHHuT-
HBIMH [OJISIMH aToMHbIX sep. Popmysa, aHagoruyHas (38.4), k
CBEPXTOHKOMY paclielJieHuio HenpuMmeHuMma. CBEpXTOHKAf CTpPYK-
Typa OyJAeT pacCMOTpeHa B 4acTH 2.

8. Uro6Hl He BO3BpAlLaTbCi K BOMPOCY O KBAHTOBBIX YHCJAAX H
He H3JaraTb JABaXXAbl 0pasusg oT6opa NpH H3JIYUYEHHH CBeTa, pac-
cMaTpHBaeMblX B cJeiymolleM maparpade, oCTAaHOBHMCSI KPaTKO Ha
CAONCHOLX, T. €. MHO203AeKTPOHHbLX, aromax. [logpoOHBIE pas3bop
3aTParuBaeMHIX 3/leCb BOIPOCOB OTHOCHTCSl K CrelHaJbHbIM Kypcam
cnektpockonuu, B obumem Kypce ¢u3ukm 06 3THX BONPOCAX MOKHO
1aTh Aulp oflliee npeiBapHTe/bHOe MpeacTaBJeHHe, COBCEM He Mpe-
TeHAYS TPH 3TOM Ha MOJHOTY H JHOCTAaTOYHYIO YO€AHTeJbHOCTb H3-
JI0XK eHUsl.

B ciayyae MHOrO3JeKTPOHHBIX ATOMOB KaxKablil (i-ff) 3/€KTPOH
3JEKTPOHHOH OGOJIOUKH aToMa MOXKHO Oblio Obl XapakTepH30BaThb
op6GuTaNbHBIM [; H COHHOBBIM §; BEKTOPaMH MOMEHTa KOJIHYECTBA
neuxkeHus. OAHAKO ONBIT MOKA3blBAeT, UTO MNPH PACCMOTPEHHH HaH-
60Jiee BaXKHLIX BOINPOCOB MOXHO 0GOATHCH 3HAYHTEJbHO MeHee NOA-
po6rofi XapaKTepHCTHKON, o6beAuHsisi (CBA3bIBas) ONpeleseHHBIM
06pasoM MO NPaBHJIY BEKTODHOTO CJOXKeHHs OpOHTAJNbHbIE U CIH-
HOBBlE MOMEHTHI OTAEJsHBIX 3/eKTPOHOB. Eciin 6bl Hac mHTepecoBad
TOJIbLKO NOJHbIH MOMEHT KOJHYCCTBA [JBHXKeHHS aToMa J, TO nops-
JIOK CJOXKeHHST BekTopoB [; W §; He uMesn Obl 3HAUeHHS, TAK Kak
OKOHUATEJbHBIH De3y/JbTAT He 3aBHCHUT OT MOPAAKA DACHOJIOMKEHHS
cinaraeMblX. B nmeACTBHTeNbHOCTH HapsAy ¢ J CVIIECTBEHHEBI TaKxKe
JIpyrHe MOMEHTH H COOTBETCTBYIOUIHE WM KBaHTOBble ync/]a. Takue
MOMEHTH NOAYYaloTCs H3 [; U §; MyTeM BBLACJEHHS COOTBETCTBYIO-
WuX Tpynn cjaraemblx. Kakue Trpynmbl Hajo BLIAGIHTb H [POH3-
BECTH B HHUX CJOXeHHe l; H §; — 3TO 3aBUCHT OT OTHOCHTEJbHOH Be-
JUYHHBl PA3JUYHEIX B3aHUMOJEHCTBHH MeXAY 3/jeKTPOHAMH aToMma.
HawuGosee BaxkHOH ¥ pacnpocTpaHeHHOH fBJSETCS TaK Ha3biBaeMas
HOPHAAbHAA C8A3b, WU c673b Pacceaa — Cayrdepca, NpeloxKeH-
Hasi STHMH aMepHKaHCKHMHM acTpodusukamu B 1925 r. Ona ocy-
[ECTBJISIETCS, KOTAA 3JeKTPOCTaTHYECKOe B3aHNMOAEHCTBHE 3JEKTpO-
HOB — HX OTTAJKHUBaHHE 1O 3aKOHY KyJlOHA — BeJHKO MO CPABHEHHIO
CO CIUH-OpGUTAJLHBIM B3aHMOJeHCTBHEM, T. €. B3aUMOJefCTBHEM
MexXAY OpOUTaNbHBIMU H CIIHHOBHIMH MAarHHTHBIMH MOMEHTaMH 3JIeK-
TPOHOB. DTO, KaK MPaBHJIO, HMEET MeCTO B JIETKHX H He CJIHUIKOM
TSIKEJMHIX aTOMax.

9. HopmanwHasi cBsish 3akKJ/04aetrcs B TOM, YTO OpOHTajbHBIR
U CIHHOBLHIE MOMEHTH 3JIEKTDPOHOB 3JIeKTPOHHOH OOOJIOUKH B OT-
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AEJbHOCTH CKJA[bIBAIOTCS N0 NpaBHJIaM BEKTODHOTO CJOXKEHHS B
obwue opbUTANbHBLIL U CRUHOBLLI MOMEHTbL aroma, obo3HayaeMble
COOTBETCTBYIOI{UMH NpPONHCHbIMH (GosbinMu) OykBamu L u S, T.e.

L=l L+t ..
S — s, 8yt Sy - (38.5)

Cocrosinne 3JeKTpOHHON 000JNOYKH aToMa W XapaKTepH3YeTCsl CyM-
MapHeiMH MoMeHTaMu L u 8, a Takike NOJHBIM MOMEHTOM KOJHYe-
CTBA JBHXKEHHS aTOMAa, KOTOPHIH, KOHEUHO, 3aBHCHT OT YyIJia MexXay
BektopaMud L u S. Ero MoXHO n0a1y4uTh N0 GopMye

J=L+48S. (38.6

Bektopam J, L, S cooTBeTCTBYIOT KBaHTOBHe uucaa J, L, S,
Olpeae/sIole KBAaApaTH MAJHH 3TUX BEKTOPOB 1O (hopMysaam
(B exnHuuax )

P=Jy+0D, PP=L(L+1), $=SS+1. 387

dcHo, 4TO MpH YETHOM YHCJIe 3J1eKTPOHOB B aTOMe KBAHTOBLIE YHC-
na S u J 1enble, a NPy HEYETHOM — NoJyHe able. KBantoBoe yucao L
Bceria 1esaoe. Kak Bceraa, kBaHTOBHe yucia J, L, S HMEIOT CMBICI
#anGobIIKX 3HAUYeHUH, KOTOpble MOTYT TNPHHHMAaTh NPOEKIUH Bek-
topos J, L, 8 Ha u3bpanHoe HanpaBJjeHHe. COOTBETCTBYIOLIHE MPO-
eKIHH, CJ1e0BaTeJLHO, MOT'YT IPHHHMATh 3HAYeHUs (B elHHHLAX fi):

my=—J, — (-1, ..., +—=D,+J
—L,—(L—I),...,+(L—1),+L, (38.8)
—S, —(S—1), ..., +(8—1),+S.

B uacrtHOCTH, NpH 3aJaHHBIX L H S KBAHTOBOE YHCJIO J MOXKeT NPH-
HHMAaTb CJedYIONIHe 3HAYEHHS:

J=|L+S|, | L4+S—1}|,...,[L—S]| (38.9)

Koneuno, npu onpenenennu BektopoB L, S, J gocratouno orpa-
HUUYHTBLCST TOJBKO HADYMKHBIMH, BaJeHTHBIMH 3JEKTPOHAMH, €CJH
BHYTpeHHHe OGOJIOUKH aTOMa NOAHOCTbIO 3ANOAHEHbL IAEKTPOHAMU,
TaK KaK B 3TOM CJy'ae MOMEHTbl KOJHYECTBA JBHIKEHHA BHYTPEHHHX
2JIEKTPOHOB, KaK opOHTa/JbHble, TAK ¥ COHHOBLIE, MOJHOCTLIO CKOM-
nescuposaHst, T. €. NOJHbBIE MOMEHTH BHYTPEHHHX 000JIOUeK PaBHBI
HYJIO.

DNeKTpOHBI B aTOMe NOABEPraloTcs AEHCTBHIO 3JEKTPHUECKOTO
noJasi siapa, ofJajaroilero LEeHTpaJabHOH CHMMeTpued. BpnarozLapﬂ
ITOMY BeKTOp M0JHOro MoMeHTa J TogHo coxpausieTcs. Ho Bektopw!
L 1 S B OTAeJbHOCTH HE COXPAHAIOTCS, a H3MEHSAIOTCSA H3-3a CIMH-
opburanbHoro BzaumonaeHcteus. [Ipu 3ToM, OAHAKO, NJHHH BeKTO-
poB L u §, a 3HauuT, H KBaHTOBbHIe YHCJa L ¥ S ocTamTcs Opak-
THUeCKH HeM3MeHHBIMH. IIpakTHUeCKH cOXpaHSIOTCS TaKkKe MpPOeK-

3
I
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uuu BekTopos L u S na nanpabienne Bekropa J. Baaropaps stomy
KapTHHY BpeMeHHOro H3MeHeHHs L W 8 MOXKHO HarJsiiHo NpejicTa-
BUTL KaK INpeileccHio (BpallleHHe) 3THX BEKTOPOB BOKDYI HEH3MEH-
HOro HanpabJeHHs BekTopa J, W mputoM c oflleilt yrjoBoi CKo-
pocTbio. AHAJIOTOM 3TOrO MOXKET CJYXHTb CBOGOAHAs IpeieccHsl oCU
(UTYpPH H YIJIOBOH CKOPOCTH @ CHMMETPHYHOrO THPOCKONa BOKPYT
HEH3MEHHOTO HaNpaBJeHHs BEKTOpa MOMEHTa KOJIHYeCTBa /[BHIKe-
Hua (cm. 1. I, § 49). Pasanuke cocTouT B TOM, YTO B CJYyyae FHPO-
CKOTa HanpaBJieHHS OCH GUIypH H BEKTOpPa @ MOTYT MEHSIThCA He-
NPEPEBHO, TOTAa KakK B CAyyae aToMa OHH KBaHTYWOTCA. ITO Npo-
KCXOAHT H3-332 TOrO, 4TO NpoekuHn BekTopoB L u S8 Ha Hanpas.je-
Hue BekTOpa J MOTYT NMpHHHMATh TOJBLKO KBAHTOBAHHHIE 3HAYEHHS
mcli U mgh, rie mp U ms — COOTBeTCTBYIOIlNe KBAHTOBHIE YHCJa,
KOTOpble MOI'YT NPHHHMATb 3HAYEHHS] B COOTBETCTBHH ¢ ¢QopMmy-
aamu (38.8).

10. B cneKTpOCKONMHH COCTOSIHHE HApYXKHEIX (BaJIeHTHHIX) 3JeK-
TPOHOB aTOMa CyMMapHO XapaKTEPHU3YIOT KBAHTOBBIM 4ucJIOM L,
NpHyeM BMECTO YHCJEHHOTO 3HayeHHs L MPHMEHAIOT COOTBETCTBYIO-
myw OYyKBY JaTHHCKOro ajidbaBHTa. VIMeHHO, MOCTYNHaiT Tak ke,
KaK B cayuae OfHOro ajekTpoHa (cM. § 34, nyHkT 2). Tosbko BMe-
CTO CTPOYHBIX GYKB NMPHMEHSIOT TakKHe Xe, HO nponucHsie (60.b-
uive) OYKBH JaTHHCKOro asadaBHTa. MHaue rosops, noJb3yloTCs
cJeAyiolleil CXeMOH:

KBanTtosoe unciao L 01 2 3 45 6 7 8

OfosgaucHue €oOCTOA-
nusa S PDFGHIK L

H JaJjee 1o ajxdaBuTy ¢ nponyckamu 6yks P u S.

B xauecTBe #HMXHEro MHJAEKCa CIpaBa OT COOTBETCTBYioUle# OYK-
BBl CTAaBAT KBaHTOBOE UHCJIO NIOJHOIO MOMeHTa J,a B KayeCTBe BepX-
Hero uHAekca cJjeBa-—udcao 2S + 1, HasblBaeMoe myabTUNACT-
HOCTo10 YporA. 1o 3TOMY UYHCIY MOXHO BBIYHCAHTL HE TOJBKO
CnHH S, HO H YHCJO YPOBHeH, Ha KOTOpbie paclllensieTcss paccMart-
pUBaeMblH ypOBeHb H3-3a CHHH-OPOMTAJbHOIO B3aHMOJAEHCTBHA.
BripoueM, uucao 28 + 1 naer uHc/i0 KOMIOHEHT B pacllleIHBLIEMCS
YpOBHE TOJBKO B ciyuae, koria S < L. B npoTHBONOJNOKHOM CJay-
yae, Koraa S = L, 4yHCJO KOMIIOHEHT B DACIIEeNHBUIEMCS YpPOSHe
NTIpefeasieTCs YHCJOM BO3MOXHBIX MpoeKuuii Bektopa L Ha 6oJee
ATMHHHBIA BeKTOp 8, T. e. oHo paBHO 2L + 1. [lpaBaa, u B 3toM cay-
yae, XO0TA H 4ucTO GopMabHO, 4HCI0 25 + | HasHBAOT MYJbTH-
MJIEeTHOCTHIO YPOBHS.

Hanpumep, koraa HapyxHas 060J04Ka aTOMa COCTOHT H3 ABYX
3JIEKTPOHOB, TO BO3MOXKHBI /Ba CJayuas: 1) cnuHBI 3JEKTPOHOB Ha-
MpaBJeHbl MPOTHBOMOJANKHO, a motoMy S ==0; 2) CHHHU 3JEKTPO-
HOB MapaJarenLyH, roraa S =1
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B nepsom cayuae J=1L, 2S + 1 =1, T. e. BCe ypOBUB CuHe-
aeTHbt, COOTBETCTBEHHO DA3J/IMYHBIM 3HAYEHHAM [ MOJY4YaloTCs Cle-
AYIOlLIHE YPOBHH:

L=/ I 0 1 2 3 4 5 6

Y posun 1§ 'Py 'Dy 'Fy Gy 'Hs g

Bo BropoM cuayyae 254-1=23, T. e. Bce YPOBHH TpUNAETHOL,
32 HCKJ/IIOUEHHEM, KOHEUHO, YPOBHEH S, KOTOpHe BCEraa CUH2AETHOL.
3nech BO3MOXKHBI Tpu cayuasa: J=L—1,J=L, =L+ 1. B co-
OTBETCTBHH C 3THM IOJydyaeTcs Tabauna

L ’ 0 ‘ 1 2 3 l 4
J ,0 i ‘ 0 1 2|1 2 3|2 3 4|3 45
Vponin \330 3S, | 3P, 3P, P, | 3D, 3D, 3Ds | 3F, 3Fs 3F, | Gy %G, *Gs

Unrtateao pekomeHayeTcs pa3o6paTh aHAJOrHYHBIA BOMPOC,
Korja Hapy:kHas 000/104Ka aToMa COLEPIKHT TPH 3JEKTPOHA.

KoHeuHO, KBaHTOBLIMH uHcnaMu [, L, S cOCTOsTHHE 3JeKTPOHHOMH
000JI0UKH aTOMa XapakTepHu3yeTcsl elle He NOJHOCThI. [asi 60.1b-
1led NOJIHOTHl B CHEKTPOCKCOIHH YaCTO YKA3blBAIOTCS 3AEKTPOHHbLE
KOHG(ueypayuu HapyxHO# 060/J0YKH aToMa, T. €. 4HCJla 3JeKTpo-
HOB B Hell, HAXOASILIAXCA B COCTOAHUAX §, p, d, ...

11. B sakiiouyesde elie pa3 noiuyepKHEM, YTO HOPMAALHAA CEA3b
He ABAAETCA eOUHCTBEHHO BO3MOMCHOU. DTO — TOALKO O0UH U3 Kpaii-
HUX cayuaes ¢8a3u. JIpyruM KpalHUM ciaydaeM SBJAETCH Tak Ha-
3niBaemas (j, j)-cBsi3b, OCYLIECTBASIONIAsACSA, KOTAa MAarHATHOe CIHH-
op6uTajbHOE B3aHMO/eHICTBHE BEJHKO MO CPABHEHHIO C 3JEKTPOCTa-
THYECKHM B3aHMOAEHCTBHEM Pa3JUUHBIX 3JEKTPOHOB Mexay coboH.
B (j,j)-cBsi3n OpOHTANbHLIA M CIHHOBLII MOMEHTEl KaXK/IOTO 3J€K-
TPOHA CKJaALIBAIOTCA B OJUH NOJHBIH MOMeHT j; =1I; + §;. DTuMu
MOMEHTaMH{ H COOTBETCTBYIOLIHMH HM KBAaHTOBLIMY UHCJaMH H Xa-
pPAKTEpHU3yeTCsi COCTOsIHUE JeKTPOHHOH o6onouku atoma. [ToHATHO,
4TO NMOJHBLIH MOMEHT Bcero atoma J He 3aBHCHT OT PACHOJOKEHHS
ciraraemMbix I; m §; M MOKeT OBITh MOJYYeH BEKTODHBIM CJIOKEHKeM

no dopmyae
I=Yj. (38.10)

Pesko BblpaxeHHas CBA3b (j, /) BCcTpeuaeTcs B TSKEABIX aTOMax,
HO aocTtaToOuHO peako. OcyllecTBas0Tcs pasnuyHble Bojee CACHK-
file POMEXYTOUHblEe BHALI CBA3H. DB HACTOSILEM Kypce mpHMeHseT-
Cs1 HCKJIOUHTENLHO HauboJgee Ba)KHAA M 4AaCTO BCTPeYAOLAsica HOP-
MaJ/ibHasA CBA3b.
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§ 39. flpaBuna or6opa nNpu H3JYYeHHH H NOIJOLIEHHH CBETA

1. Ecin atoM naxoautcss B BO36YXAEHHOM CTALMOHAPHOM CO-
CTOSIHMH, TO OH MOXKeT NepeiiTH B 3HepreTHuecKH GoJsiee HU3KOE CO-
CTOsIHHe ¢ H3JydyeHHeM (oToHa. HaoGopoT, aTOM MOKET NOrJIOTHTL
(pOTOH ¥ B pe3y/bTaTe ITOTO NepedTH Ha OoJjlee BHICOKHI 3HepreTH-
yeckuii yposenb. O HaKo He BCe mepexoAbl TAKOTO Poja MOTYT ocCy-
IECTBJAATHCA B JAeHCTBUTENLHOCTH. Paspeuwientsie nepexodsi, co-
NPOBOXKAAIIHECS H3JYYeHHeM HJAK TOrJomeHHeM (oTOHa, HOAYH-
HAIOTCSL TaK HasblBaeMbIM npasuaam orbopa, Hepas’peuwieHnsie WIH
sanpeujennbie — npasuiam 3sanpera. Takve npaBuaa Gvid ycTa-
HOBJIEHLl B CIIEKTPOCKONUH YHCTO SMOHPHUYCCKH H HPOH3BOJHJH Bie-
yaT/eHHe KaKOH-TO TauHCTBeHHOCTH. [IpaBga, HeKkoTopuble u3 HHX
HAlUJI¥ HCTOJIKOBaHHe yxe B GODOBCKOH TEOPHM aTOMa Ha OCHOBE
fipHHIHNA cooTBeTCTBHS. C pasBHTHEM KBAHTOBOH MeXaHHKH IIO-
KPOB TAHWHCTBEHHOCTH C NPaBHJ 0TGOpa OblJ CHAT. BHISCHHIOCH, UTO
KaxJaoe U3 NpaBuJ 0T60PA BbIpaXKaeT KaKOH-TO 3aKOH COXpaxe-
HUs — TOYHBIH WY DPUOAHKEHHBIN.

2. HauGosee Ba)kHble mpaBHaa oT60Pa NPH HM3AYUEHHH HJH
MOIVIOUIEHHH CBeTa ABJSAIOTCSH CJACACTBHAMH 3AKOHA COXPAHEHUA MO-
MenTa koauuecrsa desuscerus. Bygem paccMaTpHBaTh TOJBKO 00HO-
GoTOHHbIE npoyeccsl ¥ HCKIIOYUM H3 PAcCMOTPEHHS KpaiiHe MaJo-
BEPOSITHLIE CJYyYaH, KOrja IpH U3JYyu4eHHH HCNycKaloTcd ABa GoToHa
uIn GoJblile. 3aKOH COXpaHeHMS MOMEHTa KOJHYEeCTBA JIBHIKCHHS
NpPH H3JYUYeHHH aTOMOM OZHOTO (pOTOHA MOXKHO 3alHCAThb B BHIE

J=1"+ s (39.1)

raie J— MOMEHT KOJHYecTBa JBHXKEHHS aToMa A0 H3JayueHHsn o-
ToHa (B eAmHHLAxX %), J’— mocse H3JayueHUs], a S — BEKTOp CIIHHA
¢orona. B panpaefimem HHAeKc «(» Aas KpaTkoctH OyAer ony-
ckatbesl. 3akoH (39.1) 3amucaH B CHMBOJHYeckolt (opMme, I0-
CKOJbKY B OJIHOM H TOM K€ COCTOSIHHH BCE€ TPH KOMIIOHEHTH KBaH-
TOBOMEXaHHUeCKoro BekTopa J He MOTYT HMeTh ONpejeseHHble
snauenus. OAHaKO 3TO He BHOCHT HHKaKMX HeomlpejejeHHOCTeH B
JdanpHefiliie pacCy»K/€Hus, NOCKOJbKY B HUX peub HAET He O CaMHX
Bexropax J,J’, 8, a 0 COOTBETCTBYIOIIHX HM KBAKTOBLIX qncaax J, /', s.
Pasymeercs, KBaHTOBHIe uHcjaa B 00eHX uacTax paBeHcTBa (39.1)
JOJKHLL OBITL OAHHAKOBBL, JTO U HCIOJB3YETCS B JaJdbHEAIIEM, TPH-
ueM KBaHTOBble 4Hc/aa npaBod gactu (39.1) noayualores mo mpa-
BHJly BEKTOPHOTO c1oXeHus (cM. § 32).

BnpoueM, ecTh 4YaCTHHII CJyual, Koria H B KBAaHTOBOH Mexa-
HHUKe BekTop J omnpejeseH OJAHO3HAUHO. JTO — cayuali, Korja KBaH-
Topoe uucno noasoro Momenra J=0. Torna IP=J(/+ 1)=0,
T. e. caM BekTOp J, a2 ¢ HUM U BCe ero NPOeKIHH HMeIOT ONpejeeH-
Hble 3HayeHus. B sToM oTHOwenun BexkTop J Bener cebdA Tak e,
KaK M B KJjaccuueckoM ciayuae. [losToMy nepexojibl H3 KBaHTOBOTO
coctosinus ¢ J = 0 B gpyroe cocrosiuue takxe ¢ J = 0 (Tak Hasol-
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BaeMble (-— O-nepexoanl) abcoar0THO 3anpeujers,. B NpOTHBHOM
cjiyuae M3-3a Ha/JMUMSl CiHHA y (OTOHA MOMEHT KOJIHUECTBA [BH-
JKEHHsl atoMa, [0 KpaHHell Mepe B OLHOM H3 3THX COCTOSIHHH, ObLn
6pl OTJIMUEH OT HyJs, d& 3TOr0 N0 MNPeANOJOXKEHHIO He JOJIKHO
OBITD.

3. Crporufi KBaHTOBOMEX2aHHUYECKHI BBLIBOJA MpaBHJI OT6Opa Mo-
Tpe6oBas Obl BBeJEHHS] MNOHATHH H MaTeMaTHYeCKHX MeTOJOB, BEHI-
XOAAUMX 3a Mpeznesn Haiero xypca. [1osToMy ™Mbl nocTynuMm He
BHOJIHE MOC/eI0BATENbHO M NPHUMEHHM MOJAENbHBI merod eexrop-
Holx Ouaepamm, YCMOBHBIH CMBICJ KOTOPBLIX YXK€ OTMeuaJjcs paHee
B § 32 (myuxr 5). Takoii npuHeMm He fBJ/SETCA HACTOSLIHM BBIBO-
JIOM — €r0 CKOpee CJefyeT paccMaTpHBATL KakK CMoco6 3amoMHHa-
HHSl ¥ OCMBICJIHBaHHs npaBuj oropa. OnpaBlaHHeM MeTOla MOXKET
CJAYKHTb TOJNBKO TO, YTO OH NPHBOAHUT K
npaBuJbHBIM pesyasTataM. B paccma-
TpUBaeMoM MmeTode cuMBoJLl J H § pac-
cMaTpHBalOTC KaK OOBIYHBIE Kaaccu4e-
ckue gexTopst. TOMBKO IJHHE THX BeK-
TOPOB CYHTAIOTCH PaBHBIMH He J W s, a 7 I’ J 7'
AMITUF+1T) u A/s(s+1). (Brpouewm,
ecau npuHath |J|=J u |s|=3s, T0 1n0O-

JydaTcs Te ke mnpasuaa or6opa.) Puc, a)

68,a BbIpa’kaeT 3aKOH COXpaHEHHS MO-

MeHTa HUMIyJbca NpH H3JYydeHHH (oTO- Puc. 68
Ha B paccMaTpHBaeMOH BeKTOpPHOH Mo-

nemu: J =T +s.

PaccMoTpuM cHayaJa ciaydail u3/aydeHHuss GOTOHA, KOraa HH OJUH
u3 BextopoB J u J’ He obpawaercs B Hyab, npuuem |J'|=|J]|.
Besikast cropoHa TpeyroabHHKa KOpOdYe CYMMH JUIHH OCTaJbHBIX
IBYX cTOpoH. BosbmeM u3 aByx ctopoH J u J’ Gojiee NJIHHHYIO, T.e€.
Bocrnosb3yemcst HepaBenctBoM |J/| << |J|+|s| nan

VI +H<<KATU+ ) +4/s(s+ 1) (39.2)

Tak kak ans $oToHa § == 1, TO NocJaefHee cjaraeMoe DaBHO ~/2.
Ksanrtosble unucsa J u J’ Lesble, KOrAa YHCJAO JEKTPOHOB B aToOMe
yeTHOe, W MOJYyLeJble, KOoraa oHo HeueTHoe. [Ipupamenne AJ =
= J'— ] MOXeT NMo3TOMY pPaBHSATHCS TOJLKO NOJNOXKUTEJALHOMY lie-
JIOMY YHCJY HJIH HYJIO0, TaK KaK OPH U3NY4eHHH (QOTOHA YMCIIO 3JeK-
TPOHOB B aToMe He MeHsercs. 3aMeHas B HepaBeHctBe (39.2) J/
Ha J + AJ u BO3BOAS e€ro B KBaAPAT, NOJYUUM

AP 4 21+ 1)Al —2<K24/2T (T F+ 1). (39.3)

ITpu cdukcuposannom J u npr AJ > 0 neBas wacts 3TOro Hepa-
BEHCTBA BO3pacTaeT C Bo3pacTaHuneM AJ, Tak Kak ee NPOH3BOAHAA
no AJ cyuwecrBeHHO nojoxuteabHa. Ilpn AJ =0 HepaBeHCTBO
(39.3) Bminosanserca. HepasenctBo (39.3) BHNOMHSETCS H TpPH

6)
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AJ =1, TaK KaK B 3TOM cJydyde OHO [E€PEXOAMT B OYEBHHOE Hepa-

BeHCTBO J < +/2/ (J + 1). Ho yxe apu AJ =2 nepabenctBo (39.3)
He BbinoHgeTcs. B 3Tom caydae oHo nepexoauT B 2(J 4+ 1@<
<<v2/ 4+ 1,a rakoe HepaBeHCTBO HEBEPHO, B 4eM JIETKO yGealiThb-
s, BO3BOAA ero B kBajapar. Hepaseucrso (39.3) tem Gosee e Bh-
noJiseTcsi NPH OOJbLIHX 3HAaYeHHsAX AJ.
Cayua# J' <</ cBoaurcsi K npejpbiayuleMy 3amenofi J Ha J/ o
Hao60poT.
" Takum 06pa3oM, Korja HH OAHO M3 KBAaHTOBHIX uucen J u J' ue
pPaBHO HYJIO, MOJydYaeTcA NpaBuJo oTGOpa NpH H3JAydeHHd (HOTOHA

Al=J] —J==+1 unm 0. :39.4)

Korza ofHO H3 KBaHTOBEX wWHces J wiu J/ ofpallaerca B HYy.b,
TpPeyroJbHHK Ha pHC. 68 BbipoxkAaeTcsl B ABa PaBHBIX OTpe3ka Nps-
MbIX, HaNpaBJeHHbIX OAMHAKOBO HJH MPOTHBONOJNOXKHO. Toria B
(39.4) cayuafi AJ =0 uckaouaercsi. Bo3aMOKHBL TOJLKO MEpexoanl
< Al.= +1

Cayuait, korna ob6a uncsa J u J/ paBHBl HyJIO, HEBO3MOXKEH, Ha
4TO OLLJIO YKA3aHO yiKe BHILIe.

[IpaBusa orbopa npu noesouenuu GOTOHA MOMYUAIOTCA TAK iKe,
Kax W 1pH u3jydeHuH. B stom cayuae J 4 s=J, a BMecTo
pHC.-68, @ Hano moJab3cBaTbhes pHUC. 68, 6.

Cohopmynupyem Tenepp mnpaBusa oT0Opa, KOTOPHIM AOJIKHEI
YLOBJIETBOPATb KBAHTOBble UHCJA 1, W M), TNPOEKUHH MNOJHOTO Mo-

MeHTa HMIYJAbCa aTOMa A0 H NOC/e H3JYYEeHHs HJAH NOrJIOLLeHHsS
dotona. Ilpn »ToM HeT HeoOGXOAHMOCTH NEPeXOAHUTb K BEKTOpPHOH
MO/1€JIH, 2 MOXKHO HallHCaTb Cpasy

Am,=m)—m,==+1 um O. (39.5)

DTH npaBH/a, KOHEUHO, JOJIXKHBI BBEINIONHATLCS NPH OAHOBPEMEHHOM
BHINIOJIHEHHH TIPeABIAYIIHX NpaBHI oT6opa. B uacTHoM ciayuae, Koria
OPOeKUHH M, U m, MaKCHMaJbHbl, OHH coBnaaawt ¢ J u J’, a npa-

Buna (39.5) nepexoasT B (39.4). OnRako BO3MOKHB H TakHe CJy-
yay, Korja no kpafiHefi Mepe OlAHa H3 3THX NPOEKUHI MeHblle CO-
OTBETCTBYIOLIEro KBAHTOBOrO yucJ/a J.

4. B cBA3H C H3JIOXKEHHBIM OTMeTHM cJjaeiywoouiee. B § 37 yka-
3LIBAJIOCh, 4TO cOHH (OTOHA MOXKET ODHeHTHUPOBATLCH BJOJbL Ha-
NpaBJEHHS €ro paclpoCTpaHeHHs TOJbBKO ABYMs crmocobamp. 3T1o
o3HavaeT, yTo gi060oe COCTOSIHHe MOJISpHU3alHH (POTOHA MOXKeT OBiTh
OCVYILIECTBJIEHO 1yTeM JIHHeHHOH KOMOHWHALHWU ABYX COCTOAHHI, B 04~
HOM M3 KOTOphIX MOJISpH3allHsl NpaBas, a B ApyroM Jesasd. Mexny
TeM [pH CIIHHE § YHCJIO GOCTOSIHHH € PA3JHYHBIMH MPOEKUHUAMH BEK-
TOopa § Ha M36paHHOEe HamlpaBJeHHe JOJKHO OblI0 Obl PaBHATHCA
2s - 1. [TosTOMy KasaJjoch, Obl, 4TO CNHH HOTOHA AOJKeH ObiTh 1/2.
Ho B TakoM cJjydyae TpH H3JyYeHHH U NOIJIOLIEHHH (POTOHA KBAHTO-
BO€ YHCJAO0 J MOJHOrO MOMEHTA KOJHYecTBa ABHIKEHHS aTOMHOH 06o-
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JIOYKH AOJIKHO Onsio 6bl MeHATbCA HA ==1/2, T. e. U3 wesoro nepe-
XOMUTb B NOJYLeEJoe H Hao6opoT. 3TO HAXOAUTCA B NPOTHBOPEYHH
C y»e OTMeYeHHbLIM (PaKToM, 4TO MM H3JTYYEHHH M NOrJOIEeHUR ¢o-
TOHA YHCJIO 3JeKTPOHOB B aTOME He MEHAeTCs, & K8AHTOB80e HUCAD
I aceeda yeroe npu 4eTHOM uilcae IACKTPOHOB U NOAYYEAOE — AP
HeweTHom. B nyukTe 8 § 37 yKe yKaszbiBaJoOCh, UTO H3 TPeX BO3MOIK-
HBIX NPOeKUMHl CHuHA NpW s = | B caydae (GOTOHA OAHA He OCYy-
EeCTBJASAETCS H3-32 NONEPeYHOCTH 3JEKTPOMATrHUTHBLIX BOJIH.

5. BuiBenennole npaBusia oT60pa A1 OAHO(GOTOHHBIX INpPOLEC-
COB OCHOBAaHB Ha CTPOrOM 3aKOHE COXPaHeHHMs MOMeEHTa KoJude-
cTBa ABHKeHHs. [locMOTpuM Teneph, KakMe mnpaBusia otb6opa cCBsi-
3aHbl C noBefeHWeM BeKTopoB L u 8. M3nyueHue 3J7€eKTPOMArHuT-
HBIX BOJIH OOYCJIOBJIEHO IAEKTPOMAESHUTHOIMU CBOUCTBAMU 3A€KT[O-
Ha, T. €. ero 3apsi0M U MAaTHHTHbIM MOMeHTOM. V3anyuenue ¢doToHa
BO3HHKaeT Ju60 B pe3yAbTaTe U3MEHEHHS ABHKEHHs 3apsana (u3Mme-
HeyHe Bekrtopa L), nubo B pe3ynabTaTe NOBOPOTAa CNKHHOBOLO Mar-
EHTHOIO MOMEHTa, JIH6o B pe3yabTaTe 0OOHX 3THX NpPOLECCOB cpasy.
13s1yyeHne, BHI3BaHHOE TOBOPOTOM CNHMHA, KOHEYHO, — Cylle-
CTBEHHO peNdaTHBHCTCKHE 3cddexT. Teopug nokaswiBaer, uTo M0pH
H3/yUeHHH CBeTa B ONTHYECKOM AHana3oHe B3aumojeicTBue doToHa
C 3apAA0M 3JIEKTPOHA Ha HECKOJbKO NOPSIAKOB CHJbHee B3auMojel-
CTBHS €r0 C MArHHTHBIM MOMEHTOM. DTO NO03BOJSeT CUHUTATh, UTO
H3J1yyeHue ($OTOHA B pacCMaTpHBAEMOM JHaNa3oHe He CBA3aHO C
u3MeHeHHem S, T. e.

AS =0. {39.6+

VIHBIMH cl0BaMH, U3Jy4eHHE M NOTAOIIEHHe CBeTa He CJHIIKOM KO-
POTKHX BOJIH NPOUCXOJAHT TaK, KaK ecau 6bl cnuHa Boo6lue He 6bl10,
a BeCb MarHHTHBIA MOMeHT aToMa OB TOJbKO opbuTasabHbIM. ITo-
3TOMY MOKHO BOCINOJb30BATHCS NMOAYYEHHLIMH BbIllle pe3yabTaTamy,
3aMeHUB nojiHulii MomeHT J Ha opbuTtanbHeilt MoMeHT L. Taxum 06-
pa3oM, NpH OAHOGMOTOHHKIX MpOLEecCaXx H3/JYYEHHS W MOTJIOLIEHHS He
CAVIIKOM KOPOTKHX BOJH JOJXKHBI NPHOJHMKEHHO BBINOJHATLCA Cae-
ayioline npasuaa orbopa:

AL=L"—L==+1 um 0, (39.7)

npuyeM XOrjaa OoAHO U3 uuceJ L u L’ ob6pamaercss B HYJb, 3HaueHue
AL =0 uckaouaercs. 3nauenne AL == 0 HeBO3MOXKHO TaKke I/
ATOMOB C OOHUM BQAEHTHbIM IAEKTPOHOM, HATIPUMED AJS aTOMOB
BOTOPOJa H IIEJOYHBIX MeTassoB. OQHAKO 3TOT 3anpeT CBfA3aH He
C 3aKOHOM COXPaHEHWsl MOMeHTa KOJHYeCTBa NBHIKEHHs, a C 3aKO-
HOM COXpaHeHus 4eTHOCTU 80aHO080L (ynkyuu. Ha stoM Bompoce
Mbl OCTAHOBUMCA B 4acTH 2. 37ech e OTMETHM TOJbKO, 4TO Npa-
Busao orbopa AL = +1 yxe 6bln0 Hcnoas3oBaHo Hamd B § 34 nas
"06bSACHEHHs] CMNEKTpPaJbHBIX CepHii ILeJOYHBIX MeTaJsJao0B.

6. Korgza AJ = =+, to uszayuaercd GOTOH ¢ Kpyeosoi noaapu-
sayuerd. Korpa e AJ =0, To nosnapusauus nosydyaercss AuHeldnord.
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Kasasoch Gbl, 4TO 3TO He corjacyercs ¢ TeM QakKTOM, 4TO CHH ¢o-
TOHA paBeH 1. KBaHTOBas MeXaHHMKa HaxOLUT OPUTHHAJLHBLIY BBIXOA
u3 3Toro 3artpyiHenus. OHa yTBep:KAdeT, YTO B pacCMaTpUBaeMOM
ciydae H3jydaeTcss GOTOH B COCTOSIHUK C HEONPeOeACHHbIM CRUHOM.
OfHakKo 3TO COCTOSIHHE. SIBJISETCS CYyNepno3umuedl ABYX COCTOSTHHHA
C KPYroBOH mnoJisipusaliueli — npaBofi U JeBOH, MpeACTaBJEHHBIX ¢
paBHOH BeposiTHOCTBbIO. [IpH H3MepeHHWH MOMEHTa HMNYJbca, KOTO-
poiif nepenaeT QOTOH TeJsy IIPH OOTJIOLICHHH, ¢ OAHHAKOBOH BeposT-
HOCTBIO MOZKET IOJIYUHTbCS TOJbKO Ju60 41, nubo —1.

Haxoneyn, ocof6o moayepKHeM, YTO BCe foJyueHHble 3Jech fpa-
BHJa 0TOOpa CBSI3aHBL CO CBOHCTBAMH (POTOHA H OTHOCATCS K KBaH-
TOBBIM II€DexoJaM € H3JyyeHHeM HJIH NOTJIOUEHHEM TOJbKO OJHOTO
t¢oTona. Ha MHOro(OTOHHBIE OPOLECCH H3JY4YEeHHS H MOIJIOMIEeHHS
OHH He pacrpocTpaHsaioTcs. OHH He PacNpoCTPAHSIOTCA U HA TAKHE
KBaHTOBble MNEPeXOAbl, KOTODble OCYUIeCTBJAIOTCS He ¢ NOMOIIbLIO
3JIeKTPOMArHHTHOIO H3JYYEHHS, 4, HAallpUMEp, BBLISLIBAIOTCS 3JeK-
TPOHHBIMH yJAapaMH B Ta30BbIX Pa3psjax, BO3HHKAIOT NpPH TeMmJo-
BOM BO30Y:KACHHUH aTOMOB H IIp.

Bo3MOKHBl H H3JyyaTeJbHble NMEpPexo[bl ¢ HapylIeHHEM MPaBHJ
uT6opa, NpuBeAeHHbIX Bbille. OHH HA3LIBAIOTCHA 3ANPEULEHHbIMU Ne-
pexodanu. X BepOATHOCTH MHOTO MEHbIIe BEPOATHOCTH PaspelieH-
HbIX Nepexoj0B. VMHTEHCHBHOCTb 3anpeiiennsix CReKTPAASHbLY AU-
HULl, KAK MPaBHJO, MHOTO MeHblle HHTEHCHBHOCTH pa3pelleHHBIX.

§ 40. ToHxas CTPYKTypa CHeKTPaJEHBIX JUHUH BOHOpOIA
W LEJOYHBIX METAJXMOR

1. B § 38 6bli0 mokasaHo, 4TO H3-32 CHOHH-OPOHUTAJNBHOrO B3aH-
MOAEHCTBHSI M 3aBHCHMOCTH MAacChi 3/JEKTPOHA OT CKODOCTH CIIEK-
TpaJbHble TEPMbl PACHIENJASIOTCA. DTO paclleleHHe Ha3bIBAETCA
TOHKOL CTPYKTYpoli CHEKTPAJbHBLIX TEPMOB HJH SHEPTETHYECKHX
ypoBHel. B HacToAumem naparpade paccMaTpHBAIOTCA TOJABKO aTOMbL
C OOHUM BaJIEHTHBIM 3JEKTPOHOM. B COOTBETCTBHH C 3THM TepMbl
0603HaY2I0TCs CTPOYHBIME (ManbiMu) GyKBaMM JaTHHCKOro aJda-
BHTAa. DHEDPrusl ypOBHA 3aBUCHT OT KBAHTOBBIX 4HCEJ n, [, j, HO B
OTCYTCTBHE MACHUTHOTO W 3JIEKTPHYECKOTO MOJeiHl He MOXKeT 3aBH-
CeTh OT MAarHHTHOTO KBAHTCBOIO YHC/A mj, TAK KaK B 3TOM Cjyuae
BCE HATNPAaBJieHHs B NPOCTPAHCTBE COBEPLICHHO 3KBUBAJEHTHE. T0Jb-
KO B cJyyae BOJOPOAa H BOAODPOAONOJAOOHBIX ATOMOB HMeeT MeCTO
cayuatinoe solpoxcdertie NO | H3-32 TOTO, YTO 3JEKTPHUYECKOe MOJe
s/1pa, B KOTOPOM [ABHIKETCS €AHHCTBEHHBIH 3JEKTPOH aTOMa, — Ky-
A0HogcKkoe. B 3TOM cayyae 3HePrus ypoBHA 3aBHCHT TOJBKO OT
KBAHTOBBIX 4HCeJ n H j, HO He 3aBHCHT oT . OHa omnpesnessercs
dopmynoit (38.4).

OT ToRKOH cTPYKTYpPoL TepMO8 CJAELyeT OTJIHYATE TOHKYHO CTPYK-
TYpY CNEKTPAALHBLY AUHUM, T. €. PacIIeN/IenHe CMeKTpaJbHON JHHHH
Ha HECKOJbKO OJIM3KO PACIOJIOXKEHHBIX KOMIOHEHT. ITO pacilen-
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JleHHe OMNpejJessieTcss pa3pelleHHbIMH MepexoJaMH MeXAy pasJnu-
HLIMH [0JAYPOBHSIMH PACUIENHBIINXCS YHEPIeTHUECKHX YPOBHed, T.e.
npaBujaMi otbopa (39.4) mn (39.7). Hna OAHO3ICKTPOHHBIX aTo-
MOB B OTCYTCTBHE BHELIHHX MOJIell OHH CBOAATC K CJeAYIOUIHM
IBYM: )
Al===1, 140.1)

Aj==41 wm 0. (40.2)

2. B kauecTse TpuMepa PACCMOTDHM TOHKYIO CTPYKTYPY JIHHHH
L, cepuu Jlafimana Bogopona:

v=1s—2p,

raie v= 1/A o603HayaeT CNeKTPOCKOMHUYECKOE BOJHOBOE UHCJO (CM.
§ 11). Tepm 1s cunrnerHulii, TepMm 2p — 1y6JeT U COCTOHT H3 JABYX

3[15/2
1=/
2Py, 3pya: 3y
2
) Py 3S42:9Py2
Py
154,
2521 2Pya
- —_ P a— —3
Puc. 69 Puc. 70

NOATEPMOB 2pi/e M 2p3; (puc. 69). [lpaBuaa orGopa (40.1)
(40.2) pomyckaloT nepexoj ¢ 060MX YPOBHEH 2pi, u 2ps3» HA Ypo-
BeHb 18y,2. IlosTomMy suHusA L, A0JaXKHA OBITH AYGJETOM, T. €. CO-
CTOATb M3 ABYX CHEKTPaJbHbIX JHHHH. JIUHHUS 1s),0— 2pse Gogee
MHTEHCHBHA, YeM JHHHA 18,2 — 2p1e, U u3obpazkeHa Ha puc. 69
BMeCTe C COOTBETCTBYIOUIUM NepPeXxoaAoM 2ps,, — ISy, GoJee kUpHO.
Paccroanne mexay o6edMMH JHHHAMH, KaK HETPYAHO MOJCYHTATh
¢ nomoulblo dopmyas (38.4), cocrasaser Av=10,365 cM~!, uau
B AJHHAX BOJH AA == 5,3-10~* uM. [IniHHaA BOJHBI caMOH JIHHHH L,
cocTtaBjseT A =121,6 umM. [laa paspelleHHs TOHKOH CTPYKTYpPhl JiH-
HHH Lo cnekTpajibHbIH NpH6OP [JOJIKEH HMEeTb Pa3peulaloilyio Cro-
COBHOCTb HE MeHee

AJAL = 1216 (5,3-10~%) =~ 2,23- 10°.

Anasoruunyio Ay6JeTHYIO CTPYKTYPY HMEIOT W OCTaJlbHblE JH-
uun cepun Jlafimana sojgopoaa: Lg, Ly, L.
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B kauecTBe BTOpOro npuMepa paccMOTPHM TOHKYIO CTPYKTYpy
JiHHM Hq cepun Baabmepa pogopoaa (puc. 70). [aBHoMy KBaH-
TOBOMY YhCJY 7 == 2 COOTBETCTBYIOT COCTOSAHHA 2Ss2, 20172 H 2P3/2.
[TockombKy 3HEprus He 3aBHCHT OT OPOGUTAJLHOLO yHMC/a [, EPBLIM
JBYM COCTOSIHHSIM COOTBETCTBYET OJHA K Ta ke 3Heprus, T. €. 3Hep-
TeTHYECKHH yDOBEHDb, COCTOSALIHA U3 ABYX CJAMBIIHXCA ypoBHeH. Ta-
Kuy 06pasoM, NpH KBAHTOBOM YHcCJe 7 = 2 MOJYYaloTcsi ABA YPOB-
Hd, U3 KOTOPHIX OoAHF cauBlHiica. [Ipu n =3 ducsao pasjuyHbIX
YPOBHEH DaBHO TpeM, NMpHYEM OJHH YyDOBEHb, 3ds2, NPOCTOH, a ABa
VDUBHA, (3ps/e, 3dase) u (3Sy,2, 3pis2), cauBiunecs. Jlunua Hy BO3-
HHKaeT NPH KBAHTOBLIX fepexolax ¢ BepXHux yposHell (n = 3) Ha
Huzxknue (n = 2). [lepexoanl, ynoBieTBopsAioUIKe npaBuiaM orbopa
(40.1) u (40.2), a Takxe COOTBETCTBYIOLIHE HM CleKTpaJbHbE JH-
HHH C yKa3aHMeM HX NPUMEPHOH OTHOCHTEJbHOH HHTEHCHBHOCTH
u3obpaxessl Ha puc. 70. Takum ob6pasom, JuHHA H,, a TakKe Bce
-OCTajbHble JuHUK cepun banomepa Hg, Hy, Hg, ... COCTOAT u3 NATH
KOMIOHEHT.

3. Tonkas cTpyKTypa ypoBHefl W CHEKTDAaJbHBIX JHHHH [LIe/0Y4-
HblX MEeTaJ/10B M CXOJHBIX C HUMH HOHOB B OCHOBHOM 00YyCJjOBJEHA
LRUH-OPOUTANbHOIM 83aumO0elicTaueM, a He 3aBHCHMOCTBIO Macchl

——T P32 4dy,
Y4 ¥ dsp
ISy,
jd iz
3 2
45y, Pz 3dyp
I
L 332
¥ \
30, 3542 / 3Py2
Seiwa cepus lnabras cepuq Auppysnas cepus
Puc. 71

3JEKTPOHa OT CKOPOCTH. JTO CBA3aHO C TeM, YTO paclielJeHHe
BCJ1eIACTBHE CNUH-0pOHTAJIBHOTO B3aHMOJEHCTBHA ObICTPO BO3pac-
Taet ¢ yBeauueHueM Z. [Ipu 6onbmux Z pacuiengesre ypoBHeH H3-sa
3aBHCHMOCTH MAacChl 3JE€KTPOHa OT CKOPOCTH HHYTOXHO [0 CpaBHe-
HHIO C pACIUCIJEHIeM H3-3a CNHH-OPOHTAJLHOIO B3aHMOAEHCTBHA.
KapTuua TOHKOrO pacllenyieHHsl y IIeJOYHBIX METaJJOB BHITJSIHT
mpotle, ueM y BOAOpOJa. ¥ BOAOPOAa 3Ta KapTHHA OC/JIOKHEHA Bbl-
posKieHHeM 0O [. Y LIeJOYHHIX METaJJOB 3TO BbIPOXKIAEHHE CHH-
MaeTcs, H 3aKOHOMEDHOCTH TOHKOIO pacllenJieHHsd NpPeAcTaloT B uH-
CTOM BHAE.

[Tponcxoxk/ienue TOHKOH CTPYKTYPbl B CHNEKTPaJbHbIX CEPHAX
HaTpua MOSACHEHO Ha cxeMaTtuyeckom puc. 71. I'naBHas cepus Bo3-
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HHKaeT B pe3yJibTaTe NepexofoB Ha HauboJjiee riayboKui ypoBeH:
3812 C BblIeJeXallux p-ypoBHell. YpoBeHb 3s;3 NPOCTOH, a Bce
p-YPOBHH [BOHHLIE, NpHYeM pPacCTOsIHHe MeXAY KOMIOHEHTaMH 3THX
ypoBHell yObIBaeT ¢ BO3pacTaHHeM [JaBHOTO KBAHTOBOTO 4ucja f.
[TosToMy u camu cnexkTpaJbHBE JIHHHH TJIaBHOH CEPHH NOJYy4aIOTCS.
ABOHHBIMH —- Oybaeramu. PaccTosiHne MeKAY KOMNOHeHTaMu ayo-
JeTa yMeHblUaeTcsl ¢ Bo3pacTaHHeM ero HoMepa (T. e. ¢ yBeJHue-
HHeM yacToThl). ['JlaBHas cepust BO3HHKaeT W B CNEKTpe NOIJolle-
HHSl, Tak Kak B HOPMAaJbHOM COCTOSIHHM aTOMBI HATPHsi HaXOAATCS
Ha HauboJiee HH3KOM YPOBHeE, T. €. HA 3S1,2. [lanbosee HHTEHCHBHOI
ABJSIeTCHA JKeJ/Tas pe30OHaAHCHAf JIMHHA HATpHA, BO3HUKAKOUIAA TNpPH
nepexonax 3pie—> 3Sy2 U 3Pz = 3S1/9. ITHM NepexolaM COOTBET:
CTBYIOT AJHHBI BoJiH A} = 583,6 1 Ay = 58Y,0 uM ¢ pa3HOCTbIO Me-
KAy HuUMH AL = 0,6 HM.

3aMeTHM, 4YTO C Bo3pacTaHueM Z pacllenjeHHe CHeKTPAaJbHBIN
JHHHA 11eJOYHBIX MeTaJ/JIOB CHJbHO yBesaruuBaeTcs. Tak, pe3odanc-
Has JuHUS pyOUAKA COCTOHT M3 JABYX KOMNOHEHT A; =794,8 1
Ay = 780,0 uM ¢ paccrosiHueM MexAy HUMH AX = 14,8 um. [laa ue-
3Hsi COOTBETCTBYIOLLile 3HAUCHHUS PaBHH A = 894,4 u A, = 852,1 um.
T. e. AA =423 um. Jlns Takux paculenjeHHi TePMUH «TOHKa#
CTPYKTypa» BPSlL ¢ SIBJISIETCA NOAXOASMLINM.

JIuHuu peskol cepuu TaKxe sBaATCA dybaeramu, OHW BO3HHU-
KalOoT B pe3yjbTaTe II€PeXoA0B C MPOCTHIX S-ypOBHEH Ha Jexxalluil
HHUzKe ABOHHOH 3p-ypOBeHbL, COCTOSLLMHA H3 NOAYDOBHeH 3Py, U 3P3/2.
[TosTomMy paccTOsiHMSE MeXAy KOMIOHeHTaMHu AyO0JIeTOB OAHM U Te
We AJs BCeH cepHH, NMPHYEM CAMH KOMIOHEHTHl SBJSIOTCH pPe3KUMU
aupusamu, [lo 2ToA npuunHe W cama cepus MOJyYHJa Ha3BaHHe
pesxodl.

HudpdysHas cepusa BO3HHKaeT NPH Nepexolax Ha ABOHHOI ypo-
BeHb (3pis2, 3psz) C BBILIEdEXKAIIHX TakxKe [ABOHHBIX YpoBHeil
(3dsso, 3dij2), (4dsse, 4dse) v T. 0. Ee chnekTpaJsbHBle JUHHH $B-
JAAIOTCS TPUNAeTAMU, TAK KaK nepexoabl THna 3ds;—- 3pi/e, B KOTO-
PhIX YHCJIO j MeHseTCd Ha 2, 3anpellleHb NpaBuaaMu otbopa (40.2)
PaccTosiHHst MeXX1y NOAYPOBHAMH pa3JM4HBIX d-ypOBHEH 3HAYH-
TeJbHO MeHblLIe COOTBETCTBYIOUINX PacCCTOAHHME 445 p-ypoBHel. [lo
3TOH NpHYHHe NPH HEAOCTATOYHOH paspellalollled CH/e CHeKTpaJib-
HOro ammnaparta KOMIOHEHTH TpHIJIeTa He paspelarnTcd, a caMi
JHHHH TNO0JydaloTcs pasMbITBIMH, [loHaTHO nostomy, nouemy pac-
cMaTpHBaeMasi CepHst NoJy4HJa HadBaHHe Judysnoll.

3AN0AUA

PaccuutaTh TOHKYIO CTPYKTYPy CHeKTpaibHoii auuuu H, cepun Baabmepa:
BOJOpOAA.

Peuwenue ODHepreTHueckye YpPOBHH 2TOMa BOAOpoAa onperensiotes ¢op-
MyJo# (38.4), B KoTopo#t cienyer nosokuth Z =1, T. e.

H 2
& _L[ a_(_J__i ] )
mi= =g |\ T T wm ) (40.3
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3amensin 31ech Maccy »JeKTpoHa |0 Ha NPHBeAEHHYIO Maccy, NMepemHileM 3Ty ¢bop-

MyJy TaK: . |
w7 ()]
o= [+ (=] 0

rie Ry — nocTosHHas Puafepra mJs Boaopona, ofpeleiseMas BHPaXeHHAMH
(13.10) u (13.9):

Ry =109 677,576 cv™ "
OHepreTHYeCKHe YPOBHH 3j1eCb H3MepHOTCS B 0OOpaTHHIX caHTuMeTpax Ksampar

MOCTOSHHON TOHKO® CTpPYyKTYpH pamen of == 53251-10-5. Tlpoucxoxaenune JUHHH
Hgy npeicraeieno Ha puc. 70. B coOTBETCTBHH C 3THM THOJAyYaem

&g ;o= — 27 419,395 - 1,00001664 = — 27 419,850 cm ',
&9 30 = — 27 419,395 - 1,00000333 = — 27 419,485 cu ™,

&y yp=— 12 186,397 1,0000197 = —12 186,639 cm !,
&4 3= — 12 186,397 - 1,0000067 = — 12 186,478 cm ™",
&350 =— 12 186,397 - 1,0000022 = — 12 186,423 cm ™",

DB3sis pasHOCTH 9THX YHCEN B COOTBETCTBHH ¢ puc. 70, HAXOQMM CHEKTPOCKO-
nHyecKile GOJHOBBIE yHcaa (B cM™!) H AJMHHBI BOJH (B HM) RJIA (ATH KOMIOHEHT,
Ha KOTOphie pacllenasiercs JdHHus Hg BOmOpoaa:

v, em™! A, HM
15 233,372 656,4534
15 233,211 656,4604
15 233,067 656,4660
15 233,007 656,4692
15 232,846 656,4761

3aMeTHM, 4TO AJHHLI BOJMH H CIHEKTPOCKONHYECKHe BOJHOBHE UYHCJAAa 34eCh OT-
HeceHH K BakKyyMy (a He K BO3AYXy, Kak 3TO OGBIYHO [eJiaeTcsi B CIEKTPOCKO-
OHH).

§ 41. lipoctoi u caoxHbil addext 3eemana

1. B xy/JoHOBCcKOM noJie (B HEPEJNSTHBACTCKOM MNPHOJHIKEHHH)
BCE SHEPreTHUECKHE YPOBHH 3JE€KTPOHA BbLpOJNCOCHbL — SHEPTHA 3a-
BHCHT TOJIbKO OT FJIABHOTO KBAHTOBOTO UHCJ/a A, HO He 3aBHCHT OT
op6utaabroro wucaa [. [lo 31off npuunHe Bce CHeKTpaJblble JHHUH
aToMa BOROPOia o0uHodAsle (CHHIAETH). ATOMBI IIeJOUYHEIX MeTaJ-
JIOB MOXKHO paccMaTpHBaTb KaK ORHOIJEKTPOHHBIE aTOMbl, B KOTO-
PBHIX 3/1eKTPOH ABHIKETCS B LEHTPaJbHO-CHMMETDHUHOM, HO YXe He
KyAoHogOM TIOJe. BuipoxieHue 110 [ CHUMAETCSl — 3HEPTHSI YPOBH3
3aBHCHT HE TOJbKO OT #, HO U OT [. C 3THM CBSI3aHO NMPOHCXOXKAe-
HHE CHEKTPaJ/bHBIX cepufl WesnouHblx MeraJnoB. Haanune cnun-op-
OHTAJILHOTO B3aHMOAEHCTBUSI NPHBOJAHT K TOHKOW CTPYKTYpe CleK-
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TpaJbHbIX JHHHH. Ho B OTCyTCTBHEe BHEIIHHX MOJeH Bce HampaBJe-
HHS B NPOCTPAHCTBe 3SKBHBAJIEHTHH, a INOTOMY 3SHEPrHH YpOBHeM
He 3Q8UCAT OT MQZHUTHOZO KBAHTOB020 4UCAQ m, XOTs NPH 3anaH-
HOM J 4HCJO m; MoxXeT npuHuMmaTth 2J 4 | 3uauenuii. KpaTHocTh
COOTBETCTBYIOILIEr0 BBIPOK/JEHUA paBHA, Takum obpasdom, 2/ + 1.
MaenurHnoe nose cHumaet 1 370 8bipoxcOenue: KaxXKAbli dHepreTHUe-
CKHll ypoBeHb paciuensiercss Ha 2/ + 1 moAypoBHeH. DTuM oO6bAcC-
HieTCst ahhexT Seemana, nonpobHo paccMorpeHHudt B T. 1V (§ 92)
¢ KJaccHueckol ToukH 3peHusi. OLHAKO A0 OTKDBLITHS CIIHHA 3JeK-
TPOHA K3-3a HAJHUMSl NpPaBHJ OTOOPAa KBAHTOBAsl TeOpHS, Kak H
KJaccuueckas, oGbsCHANA TOJbKO ApocTol ekt Jeemana.

B camom jaene, ecau atom o6JaaiaeT MarHUTHbIM MOMEHTOM M,
TO €ro SHEPTHS B MarHuTHOM noje B paBua & =&, — (mB), rue
& o—— 2Heprusi B OTCYTCTBHE MArHUTHOrQ moJsl. Ecau HeT chmuHa, TO
MarHHTHBIH MOMEHT 06YCJOBJEH TOJNBKO OpPOHTAJBHBIM [ABHIKEHHEM
3JeKTpoHOB. Ero npoekius Ha HalpaB/jeHue MarHHTHOTO MOJS CO-
CTaBJsieT LeJOe YHCJIO MarkeToHOB Dopa, T.e. mymp == m(efh/2u.c).
CrnenoBarebHO,

& =8&,—my (enB/2u.c) =&, — hQm,, (41.1
rie
Q = eB/2u,c (41.2:

— aapmoposckas wactora. KaxAavit ypoBeHb paclieNsferTcst B Mar-
HuTHOM moJse Ha 2L 4 | moayposHeii. B pe3y/jbTare KBaHTOBHIX Ie-
PEX0/0B MeXAy Pa3JHYHBIMH YPOBHSMH H3JyUaloTca CNeKTPa/lbHbIe
JHHHH C 9aCTOTaMH

o =00, — QAm,.

rie o, = A&o/h — yacToTa JUHHUH, H3JIyuaeMOH B OTCYTCTBHE Mar
HUTHOTO noJs. B cuny nparua orbopa Am, =0 win *1. Takum od-
pPa30M, 4acCTOTa H3JyyaeMOH JUHHU GyleT

O=0; HIH 0§t Q, (41.3

T. €. TIOJNYYACTCS AQPEHTUEBCKULD Tpunier. B cOOTBETCTBHH C KJjac-
cuueckofi Teopuell mepexonaMm Amp =0 COOTBETCTBYIOT KoJeGaHUA
BAOJL (7-KOMIIOHEHTH), a mepexoaaMm Am; = 41— nonepex mar-
HHTHOTO 1051 (G-KOMIOHEHTHI).

2. YueT cnuxa 34eKTPOHQ TIO3BOJHJI OOGBACHUTL U CAONCHOLE 3
pext 3eemana. ByneM HCXOANTbL M3 BeKTODHOH MoJeJH, NpeanoJa
rasi, 4yTo OCYILECTBJSETCS] HOpmarvHaa c¢efase (cBsizb Paccemaa —
Cayuzepca, cM. § 38, nyHkr 3). B neli aToM xapakTepusyercs op
6uTaJbHEIM MOMEHTOM KOJHYECTBA ABHKeHHS L, CIHHOBEIM MOMEH-
TOM S u o6lHUM MOMEHTOM KoJudecTBa aAsuxeHuss J =L 4 8. B omne-
patopuoit qopme J=1L + 8, J2 =12+ 8§+ 2(LS). Byxem pac-
CMaTpHUBATh COCTOSIHHE, B KOTOPOM KBajapaThl MOMEHTOB HMEIOT OII-
peilesienHble 3HaueHHs, T. e. PaBHH cooTBeTcTBeHHO J(J 4 1).
L(L+1), S(S+1). B Tom ke COCTOSTHUH HMeeT OIpejeJeHHOE
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3HaueHue ¥ cKaJsipHoe nponseeierne (LS), a umenno
L3;=" [ —L—8)="72JJ+ )= LiL+ 1} =S(S+ 1)].

414
Mowmenram KonuuectBa ABHmeHHs L u S cooTsercTBYI0T OpOu-
TAJbHBI ¥ COKHOBLIA MardHUTHble MOMEHTHl M, = —g,L, m, = —g,S.

(3Hak MHHYC nOCTaBJeH NOTOMY, 4TO 3apfi 3JeKTpolia OTpHiaTe-
JeH, a NOTOMY BeKTOpHl M, u L, a Takxke Mg 0 § HanpapJedbl 1po-
T¥BONOJ0&HO.) TIpuMeM 3a efUHHLY MOMEHTa KOJMUeCTBa ABYNKE-
4psi BEJMUMHY Fi, @ 32 eAHHULY MartuTHOIO MOMEHTa —— MarteToH
Bopa mp. B 3THx enuMHHUax aasa snexTpoHa g, =1, g; = 2. To 06-
CTOSITEILCTBO, 4TO g 5= gs, U obecneuuBaeT CHOKHBLIA Xapaktep
s¢dekta 3eemana. OQHAKO Mbl BpeMeHHO He OyAeM (HKCHPOBATH
yycJeHHble 3HaYeHua g; H gs, UMef B BHAY, UYTO BeJHUHHBl g; AdA
poTOHAa M HeATPOHa He DPaBHBl COOTBETCTBYIOLieHl BeJHYHHE s
3.1eKTPOHA.

B orcyrcTBHe BHelHero noJs oOIHH MOMEHT KOJHYECTBA JABH-
xenns J coxpaHsieTcs Kak MO BeNMunHe, TakK W MO HaNpaBJeHHUIO
(npuvensieTcsl BexTOpHas Mojeab). MomenTn xe L u § us-3a
CIHH-OpOHTAJBLHOIO B3aHMOAEHCTBHA HC COXpalisi-
orcst. OLHAKO B paccMaTpPHBAEMOM COCTOSHMH CO-
XpPaHAWTCSH UX AAMHbl. B pesyabrate oHu cosep-
HWIAI0T PeeyALPpHYO NPeYeccuio BOKPYr HeU3MeHHOro
Hanpapaeuns BekTopa J U NPUTOM ¢ ORHOH U TOf
XKe yrjaoBofl CKOpocThlo, Tak Kak sektopn L, S, J
JOJUKHBl BCE BpeMsl JieXKaTh B OQHON MJOCKOCTH.
C 710fl e yraoBoil cKOpocThio OYyAyT mnpeleccupo-
BaTb I COOTBETCTBYIOUIHE UM MATHHTHblE MOMEHTh
m, = —gL ums=—g.8 a takXe oBUIHI MarHUT-
Hbli  MoMmeHT M= -—g,L— g8. [leficTBuTennno,
BBHJY HEpPABEHCTBA g: M gs BEKTOp M He KoJil-
HeapeH BeKTopy J, a MOTOMY TaKKe HOMKEH Meus™
HaupasaeHne (puc. 72, rie NPUHATO BO BHHUMAHMUeE,
YTO BBHALY OTPUUATENBHOrO 3apsiia 3JeKTpous
HanpaBsiieHud pektopos L u my, a TakyKe BeKTOpoB S M Ms mpoTH-
BOMOJIOKHEL ).

HafiieM Ternepb mpoekidio m, BEeKTOpa M Ha HaNpaB/ieHnhe sex-
topa J. J1as1 3T0TO npexje BCEro HaxOAHWM CKa/JspHOe NMpou3Beseiiue

i, =(—glL—gSL+8=—gL*—c.%— a4 g LS,
HJW BBUAY cooTHOUieHHs (41.4)
(mJy = — gl 41.5)

riae yepe3 g o603HaueHa BeJIMUHHA

g +e g —g, L"—8*
g=— -t -
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#sy B 6oJiee N0APOOHOH 3amucyh

gt g,— &, SS+H—LL+1

g=—5—+— TUED . (41.6)
B uacThocTu, aas anekTpoHa g = 1, gs = 2, u Bupa:xenue (41.6)
fIepeXC/HUT B S L
__3 SE+H—LL+1
g——’2—+ TTFD . (41.7

B stom cayuae g siBasieTcs payuoxasbnol Opoboro. Besawuuna g
HasbiBaeTcs mHoauTesem Jlande (1888—1975).
Takum o6pa3om, Ha ocHoBanud (41.5) MOKHO HamucaTsb

my|J|= —g|J|? oTkyaa BuAHO, YTO MPOEKLHs BEKTOpPa W Ha Ha-
npapjeHHe BekTopa J wHMeeT OllpejeJieHHOe 3HaueHHEe, a HMEHHO
my= —g|J|. llepnenaukynspHas npoeKUHs M, KaK H [AOJKHO

ObITh, ONnpejeJeHHOT0 3HaueHusl He uMeeT. B BekTOopHOH Mojenn oHa
coBepiiaer npeueccHo BoKpyr Bektopa J. Ilpu paccMmoTpenun npo-
eccoB, MPOUCXOASLIMX MeAJEeHHO [10 CPAaBHEHHIO C 3TOH NpeleccHeil,
0T HaJHYUS NEePHeHAUKYJSAPHOH COCTABJAAOLIEH MOXKHO OTBJEUYbCH,
CUHTAast, YTO MOJHBIH MATHUTHBIH MOMEHT aToMa CBOJAMUTCA K OAHOH
TOJIbKO €ro TpoekiHH my. B sToM npubnuxenuu

m=my=—gl. (41.8)

HmenHo Takoli MarHUTHBIE MOMEHT aToMa MNpOSBJSETCS, HaNpHMeEp,
8 onviTax tepHa n epaaxa.

@opmyant (41.6) u (41.7) MoryT OGbITH NMOJYYeHBl ¥ [OCJEA0BaA-
TeNbHO KBAHTOBOMEXaHHUECKH. JlJsi 3TOro Hamo TOJbKO BBECTH
onepaTop NPOeKyUU MASHUTHOZ0 MOMEHTA M| W ONpPENeJHUTb ero cood-
CTBeHHble 3HadeHus. o Mbl He 6yaem 2TOro AenaTh, NpeANOUHTAs!
HarJsAAHLIA, XOTA M HeNocJieJoBaTe/bHblH BLIBOJ, [pUBEAEHHLIH B
TeKCTe. 3aMeTHM TOJIbKO, UTO He MNpeACTaB/seT 3aTpylHeHHH pac-
{IPOCTPAHUTh 3TOT HArJSAAHLIA MeToA Ha cJayuaii (j— j)-cBazu, a
TaKKe Ha [POMEXKYTOUHble BHAbl CBA3H. B sTux caywasax aaa ¢
noayudarotcs Gopmyasl, oTaudawlinecs ot (41.6) u (41.7). Hs-3a
3TOFO XapaKTep pacllielJeHHs CMNeKTPaJbHBIX JHHHH B CJOKHOM
s perTe 3eeMaHa MoJydaeTcss HECKOJNLKO HHBIM, YEM B CJIyyae HOP-
MaJbHOH CBA3u. MHTepecymoluXcsi 3THM BOMNPOCOM MBI OTCBIJIAEM
K CHOelHaJbHbIM KypcaM CHEeKTPOCKONHH, HalpHMEp K KHHIe
M. A. EnbsweBnya (p. 1908) «AToMHasi H MOJeKyJsipHas CHEKTpoO-
ckonusa», Gusmartrus, M., 1962.

3. Jlo cux nop npeanosaraJgochb, 4TO MarHUTHOro noJss uet. o-
NYCTUM TeNepb, YTO aTOM [OMELIeH B OJHOPOAHOE MarHUTHOE Mo.ie
B. Torna He 6yneT COXpaHATHLCH M NOJHBIH MoMeHT atoMa J. Ou moj
leficTBueM 10Jsi B HauHET COBEpINATL BbIHYNCOEHHYIO MPeyecruto.
PaccMoTpuM cHauana caydall caaboro noJsi, Korja sTa Mnpeleccus
coBepllaeTcsl MeAJIEHHO MO CPaBHEHHIO C NpellecCHefl, CBA3aHHOW
€O CNHH-0p6UTaJMBHBIM B3auMOAeHcTBUeM. MIHBIMH C/IOBAMH, MAarHuT-
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Hoe noje B J0JXKHO GBITL HACTOJIBKO CAAGHIM, YTOOLI BLIZLIBAEMOE
HM 3eeMaHOBCKOE pacLleJieHHe CIeKTPaJbHbIX JHHHH OBLIO Ma.j0
N0 CPaBHEHHIO C PACCTOAHHAMH MeX/Jy KOMIOHEHTAMH TOHKOM CTPYK-
TypHl CIIEKTpaJbHblX JHHUHA. B 3TOM cayuae addekr 3eemana mony-
qaeTcst CAOCHbIM. LT OMHHOUHBIX JHHUH (CHHTJETOB} yKasaHHOe
YCJIOBHE HHKOrJA He MOXeT BBINOJHATbCA. [lJd TakuX JMHUH Bes-
KOe MarHHTHOE ToJie SIBASETCS CUAbHbiM, U HabGa0naeMblil Ha HHX
3¢ ekt 3eemana Bcerja npocTo.

B cayuae cnaboro nmoJs AoNOJHHTebHas 3Heprus, nprHobpetae-
Masi aTOMOM B MAarHHTHOM IIOJie, MOXeT OLITb BBbIUMCJEHA B Npej-
NOJOKEHHH, UTO MOJHBIH MarHuTHHIH MOMEHT aToOMa JaeTcsl Bhlpa-
#enneM (41.8), uan B OBBIYHBIX eJHHHLAX

h
=—g 3‘}; J. (41.9)
Takum o6pasom,
& ==&, — (mB)= &, + gm,Qn, (41.10)

rie &g ~— 5HEPrUs aToMa B OTCYTCTBHe MarHHTHOro moJs. dta ¢op-
MyJia TOKa3biBaeT, Ha KaKHe SHEPreTHUeCKHe YPOBHH pacilleNJseTcs
KaKIbll YpOBEHb aTOMa NpH BHECEHHH ero B ciafoe MaTHHTHOE
nose. OHa :xe C yueToOM NpaBuJa orfopa onpejesisseT BO3MOKHEBIE
paauaudoOHHBlEe TNEePeXOoAbl MeXAY YPOBHSIMH, a CJeJOBaTe/IbHO, H
JJHHBL BOJH COOTBETCTBYIOLIHX HM CHEKTpaJbHHX JHHHHA, Oue-
BHJHO, ¥3 NpaBuJ oT6Opa HaJ0 NPHHATb BO BHHMaHHE TOJBLKO Cle-
Aylollee:

Am;=+1 uau O, (41.11

TaK KaK caMo coOOl pasyMeeTcs, YTO CIeKTpaJbHas JHHHA, O 3ee-
MaHOBCKOM paclLielnsieHnd KOTOPOH HJeT peub, He 3ampelleHa, T. e.
BCEM OCTaJibHBLIM NpaB#aaM orbopa yaoraeTBopseT. OQHUM CJIOBOM,
dopmyanl (41.10) u (41.11) cocraB/giOT OCHOBY AJs NMOHHMAaHHR
ABJeHHs 3eeMaHa, KaK CJ0XKHOTO, TaK H NMPOCTOTO.

4, TlpoucxoxaeHne ciaoxxkHOro apdeKkTa 3eeMaHa NpPOCJAEAHM Ha
npHMepe CHeKTPaJbHOH JIMHHH [EJOYHOTO MeTaJJa, COOTBETCTBYIO-
uieit mepexony ¢ AyGJeTHOro ypoBHA (2pij2, 2Psj2) Ha CHHIJIETHBIR
ypoBeHb 2sj/2. B uacTHOCTH, NpH 7 == 3 NOAYyYaeTCA BCeM H3BECTHHIH
XeaThili ay6ser Hatpud. Ho mbl He OyneM (GHKCHPOBaTh IjiaBHOE
KBaHTOBOE YHCJO, UTOOH MOJUEPKHYTDb, UTO XapaKTep 3eeMaHOBCKOro
paciienyieHdsi OT Hero He 3aBHCHT. PaccuuTaeM cHavaJia MHOXKH-
Tean Jlange no dopmyne (41.7). JIas ypoBHSA psjy [ =1, j = 3/2,
s = 1/2 nonyyaem g = 4/3. AHaJOrRYHO LJIs1 YPOBHA Pr/e & = 2/3,
a 1Js YpOBHSA Sy g = 2. CormacHo (41.10) cMellleHHs NOATEpPMOB,
Ha KOTOpble PacIlensiloTCs COOTBETCTBYIOLINE TEPMBl, PaBHBI gmy,
€cJu 3a eJHHHLY NPHHATb JOPEHTHEBCKOe pacllenjeHHe, T. e. 33



§ 41

fIPOCTOM U CJZIOJKHbBIM 3¢®EKT 3EEMAHA

257

efMHHIY 4acTOTbl NPHHATH JapMopoBcKkylo uyacroty . CooTser-
€TBYIOIllHE 3HAYEHHs INPHBELEHH B CjAeAyioLlell TadJjuLe:

mj —3/2 —1/2  +1/2 4372
P32 gm;j —2  —2/3 4213 42
my —1/2 4172
Pi gmj —1/3  +1/3
s mj —1/2 +1/2
112 gm; —1 +1

Pacuer pacmennenus aybaera pi; — Sie; Pajo—> Sijp B Ca1aloM
MarHUTHOM @oJe npuseaed B Tabua. 3. Homepa cooTBeTcTBylOmIHX

Ta6auna 3

Mepexoant m(jl)

(2)
> m;

[Moasapusauus

(amp) = ()

Homep
AHHHH

Pacmennenne munu pyp > 5

—1/2 > +1/2 ¢ —1/3 — 1 = —4/3 1
—1/2 > —1/2 n —1/3 —(—1)==2/3 3
+1/2 > 41/2 i/ 1/3—1=—-2/3 2
+1/2 > —1/2 o 1/3 — (—1) =4/3 4
Pacmennenne munnn p3fp > 812

—3/2 > +1/2 — nepexon 3anpeuleH

—3/2>—1/2 o —2 —(—1) = —1 ! 6
—1/2->+1/2 o —9/3 — 1 = —5/3 ’ 5
—1/2 > —1/2 n —9/34 1==1/3 8
+1/2 > 41/2 i 2/3 —1=—1/3 7
41/2 > —1/2 o 2/34+1=>5/3 10
+3/2> +1/2 o 2 —1=1 | 9

~+3/2 » —1/2 ~ nepexon 3sanpemen

JMHHA NpHBeleHB B MOpsiAKe BO3pacTaHMsi yacToThl. TaGauue co-
OTBETCTBYET CXeMa CIeKTPa/bHLIX MepexoioB, NpeiacTaBjeHHas Ha
prc. 73. Ha sroii cxeme B JeBOoM cTOs61€e H300paKeHE HepreTHye-
CKHe YDOBHH Si/2, P1/e, Pase B OTCYTCTBHE MaruuTHoro noJs (B ==0).
IIpaBee MmokasaHBl Te ke YPOBHH, pacllieNHBIIHecs B ci1afoM mar-
HHUTHOM mosje B, W Bce paspelieHHble NepexoAbl MeXAY HHMH,
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co3jalolliue KapTHHY 3eeMaHOBCKOro sddQeKkTa B pacCcMATpPUBaeMOM
caydgae. Mbl BHIHM, 4TO JIHHHA P2 —- S1/2 pacUieNuiack HA 4eTbipe
KOMIIOHEHTBl, H3 KOTODHX KpallHHe SABJAIOTCS O-KOMIOHEHTaMHY,
CpejlHye — T-KOMIOHeHTaMH. Bropast muHus pyje — s1/2 pacllenunach
Ha UIECTh KOMIIOHEHT: CpelHHe J(Be SBJSIOTCH -KOMIIOHEHTAMH,
OCTAaJIbHBIEe YeThiPe G-KOMIIOHEH-

&=0 820 m A0l ravu. Paccrosuns MexXIy KOM-
Em—— TIOHEHTaMH NpHBEAEHB B €IHHH-
by — "::;i}z,/} jps  Uax JIOPEHTLEBCKOro paciiene-
HUS, T. €. 32 €IHHHIY YacTOTHl
-3z NIPHHSITA JIapMOPOBCKAsl 4acToTa

eB/2uc.
) 5. Beanuuun gm; B Qopmy-
by — fl’}g }2/3 ae (41.10) sBas0TCS HEBOMbLIH-
MH palHOHAJLHBIMH YHCJaMH,
[TosTOMY U3 NpUBE/JEHHOH CXEMH
NIPOUCXOXK/EHUS CJOKHOTO 3¢-
12 tdbekta 3eeMaHa HemocpeACTBEH-
Sy == }z HO CJeAyeT [IpaBHJIO, 3MIHpHUE-
—ife CKU yCTaHOBJIEHHOE Pynre

(1856—1927) eme B TO Bpems,

:[DI ]I[DI Korja  (pu3Myeckash  MpHPOAA

o 5 caoxnoro 3¢pdexkra Obuia He
7 sicna. [lpasuao Pynee yTBepX-
b/ T 1aeT, YTO pACCTOSHHS MEXAY

KOMIOHEHTaMH, MOJYYHBLIHMHCS
Puc. 73 B cJ0xkHOM 3bdexte 3eeMana B
pe3yJbTaTe pacllellJieHUs! B Mar-
HUTHOM TIIOJIe, SIBASIIOTCSt HEGOALULUMU PAYUOHAALHOLIMU HYUCAAMU,
eCJIH 32 €RHHHIY PaCCTOSIHUS NPHHSITH HOpMAaJibHOE JOPEHTLEBCKOe
paclienyernye £, noayuampuieecs B TOM K€ MarsHTHOM MOJe.
Bropoe npaBu/o OBJIO YCTABROBJEHO TakKiKe 3MIHDHUYECKH J0O
co3faHus TeOpuH cJoKHOro 3ddekra 3eemana. ITo— npasuio
IlpectoHa, cocTosilliee B TOM, 4TO CIEKTpaJjbHble JHHHH, HMEIOUIHE
O0UH U TOT e CepUANbHbIL CUMBOA, NAIOT OOUHAKOSBLUE TUn Mmae-
HUTHOEO pPACU,ENAeHUA He3aBHCHMO OT 3HAYeHHH IJaBHbIX KBaHTO-
BoiX umces. [log cepHaJbHBIM CHMBOJIOM IIOHHMAlOT BhIpa)KeHHe
BHAA 2P3/y2Dg/9, B KOTOPOM 2Dg/o OTHOCHTCA K COCTOSIHHIO, H3 KO-
TOpOro, a 2Py — Ha KOTOpOE COBepIiaeTCss PaiHaLUOHHLIA MePexos.
TIpu 3TOM 3HaueHMs IJTaBHBIX KBAHTOBLIX UHCEJ KaK B HCXOAHOM,
TaK ¥ KOHEYHOM COCTOSIHHAX aToMa MOryT OblThb KakKuMu yrojHo. [lo
npaBuay IlpecToHa, HanpuMep, KOMIOHeHTHh 2S1,*P,; Ayb.1eTOB
rJ1aBHOW CepHH ILEeJOYHBIX MeTasJIOB pAacCielIATC] B cjaaboM
MArHHTHOM 1i0Jie OJIMHaKOBO He3aBHCHUMO OT 3HaueHHH I1aBHBIX KBaH-
_TOBLIX UHCEJ M OT XHMHUECKHX 3JIEMEHTOB, K KOTOPbIM OHH NpPUHAI-
gexat. To 3Ke OTHOCHTCS KO BTOPHIM KOMIOHEHTaM TeX e ayGJae-
TOB, 4 TaKXe K MYJbTHIJETaM pe3Kof H AuQQy3HOM cepuil 1menod-
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HbIX MeTasa0B. Orcrynsennst ot npasuia [Ipecrona cesasaubl Jubo
C Y30CTbI0 MYJbTHIJIETHOH CTPYKTYpH, KOrAa pPacCCTOSIHHS MexXIy
KOMIIOHEHTAMH MYJIbTHIJIETA NOPSAKa HJIH MEHbIIEe BeJHYHHBI pac-
IeNJeHUsl, BHI3LIBAEMOr0 MAarHHTHBIM NoJeM, Jub0 ¢ HapylIeHHeM
HOpMAaJbHOH cBA3H MexaAy L u S.

6. C Bo3pacTaHueM HamnpsKeHHOCTH MATHHTHOTO TOJs, KOTAa
BO3JeHCTBHE MAarHHTHOTO MOJSI HAa aTOM CTAHOBHTCA CPaBHHMLIM
uJau 6OoJbllle COHH-OpOUTAJbHOrO B3aUMOAEHCTBUS, LOJKHA MEHSTb-
cs M KapTHHa paclllelJieHUs B siBJeHHH 3eeMana. B 3Tom ciayuae
yXKe HeJb3d pacCMaTpHBAaTb MOBEJEHHe KarKJ0H KOMIIOHEHTH MYJb-
THIJeTa TOHKOH CTPYKTYPH B OTHEJbHOCTH, a CjAeAdyeT paccMaTpH-
BaTb Mmyavrunier e yeaom. Ilo mepe ycujeHUs MAarHUTHOrO MOJs
MeHsieTcd M caM MyJbTumier, OcoOeHHO MNPOCTHIX Pe3yJbTaToB
CJAeLyeT OXKHAaTb, KOrJa MAarHUTHOE [OJe CTAHOBUTCHA HAaCTOJBKO
CHJIbHBIM, YTO MATHHUTHOE paclleleHHe CTAHOBHTCS 3aMeTHO 6O0JIb-
e IHPHHBL NepBOHAYAJIBHOIO MYJbTHIJIETA. B 3TOM ciydae MOKHO
npeHe6peub CHH-OPOGHTAJIBHBIM B3aUMOJEHCTBHEM U PacCMaTPHBATH
BLIHYXAEHHYIO peleccHio BeKTopoB L u 8 B MarHutHoM mnoJe He-
3asucumo dpye ot dpyea. Torna

. eh
ne=m, 4 ms='—-§§(1‘+23),
H, CJeLOBaTeJbHO,

3=$0+;—$<L+23)B=30+m(mL+2mS).

Tak Kak, corJiacHo npaBusaam otéopa,Am, = =31 uau 0,a Ams =0,
TO OTCIONA MOJIyYaeM

Ao =A&h==+Q wumu 0.

U, neiictButennio, B 1912 r. IMawen u Bak (1881—1959) o6uapy- -
>KHJIM, YTO C BO3pacTaHHeM MArHUTHOTO MOJSl MPOHUCXOASIT MATHH-
TOONTHUECKHE [PEBPAIUCHUSA, KOHEHUHLIM pEe3YyAbTATOM KOTOPbLIX 8
CUAbHBLX NOAAX A8ARETCH npocToi TpunaerT 3eemana — Jopentya,
XOTsl B €r0 TPeX KOMIOHEHTaXx BCe ellle OCTaloTCs MaJjble Mo cpas-
HEHHIO C PACCTOSHHUSAMH MeXXAY HUMH M He 3aBHCSI[HE OT Hamps-
KEHHOCTH MAaIHHTHOTO MOJf pacllel/leHHsl TOro Xe MNOpsAAKa, 4TO
U TOHKAas CTPYKTypa MYJbTHIJIETOB B OTCYTCTBHE MOJsI. IDTO SIBJE-
HHe [OJYyu4WJO Ha3BaHue sgaexus llawena — baka.

7. Puc. 74 wamoctpupyer, 4TO moJydaeTcss Ha onwbite npu ¢o-
tTorpadupoBaHHHU NONlepex MAarHHTHOTO NoJiA. B neBOM BepxHeM yray
NepBOro psifia Noka3aHa OAUHOYHAS CNEKTpabHasl JUHHA (CHHIJET)
B OTCYTCTBHE MArHHTHOTO MOJIA, 3 NOA Hell — ee pacilelJieHue B JO-
peHTUeBCKHf Tpunjet B mardutHoM nose. CrnpaBa cBepxy cdoto-
rpacdhupoBaR KeJTHIH AyOsaeT HATPHUA, MOA HHM -— pacllelleHHe B
cJafoM MAarHHTHOM noje. JTOT cayuaifl 6blJ1 pacCUHTAH BHIIE B
nyuxkte 4. HakoHen, B HUKHeHl 4acCTH PHCYHKAa NpPHBENXEH TPHILIET
[HHKA, a 00J JUHHUAMH 3TOTO TPHUIJIETA — UX pacUIeleHue B cia-
60M MarLuTHEOM moJe.
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8. ChopMmyaupyem Tenepp KOAUHECTBEHHO, KAKHe MOJS AO/DKHBL
CUMTaThCA caaboimi, a Kaxue cuaoHoimi. Ilycts Aw o3nagaer uiu-
PHHY paccMaTpuBaeMoro MyabTHIvieta. Toraa nose Gyget caaboiM,

ez nona
Craboe
nons

ﬂpacmuu C/ﬂ»«/-/b/u .947:,veffm
mpunnem

Peswut mpunrem In

553 nosR
Crabos
nong

Cﬂaﬁkﬂbfu Ip@ekm

Puc. 74

eciu @ € Aw, © CHJBHBIM B NMPOTHBOIOJOXKHOM chayuae. Ecau me-
pefiTi K AJHHAM BOJH, TO Ao = [2ncA (1/A) | = 2ncAh/A2 Tloncras-
A5 3HaueHne Q ==eB/2uc, HaligeM, 4TO B caydae cjaabblXx noJief

B < 4mpc®Ahfel?. (41.12)

Hanpumep, B cayyae pe30HaHCHOH K€JATOH JIHHME HaTpHs
A =D590 um, AL=0,6 M, u dopmyna (41.12) naer nas caabmix
noseli B « 3,7-10° T'c. TlonsiTHO mO3TOMYy, MOYEMY pacCMaTpHBae-
Masi AuHuA B nonax nopasxa 10* T'c paeT caoxubfl sbdekr. as
auann L, naliMavoBCKOH cepuu Boaopoxa A= 121,6 uM, Al =
==5,3.10~* uM caabeimu siBasores noas B < 8000 T'c. B cayuae
JAuHuM H, cepun BansMepa A = 656 uM, Ak = 0,0227 um (cM. 3a-
Aady K npeawiayuiemy naparpady) B < I,1-10* Te.

M3 3THX JaHHBIX BHAHO, HACKOJBKO HEY/auHbl GbIJIH HA3BaHHA
«HOPMAaJIbHBIA» M «aHOMAaJbHBIA», KOTOPDBIMH AOJIO [0JB30BAJIHCH
Anst 0803HAYEHHsT COOTBETCTBEHHO MPOCTOrO H CJI0KHOTO 3hdexToB
3eemana. [TogaBasiiomie yacTo BCTpeyaercs CJIOXKHBIA a(dexT, a no-
TOMY HMEHHO €ro cJeinoBaJso Obl CYHUTaThb HOPMAJbHBIM, a HE aHO-
MaJIbHBIM.

3AJAYRK

1. Ha CKOJBKO KOMIOHEHT paclienuTcss B ¢Aa60M MATHATHOM ToJde STHHUA
IIENOYHOTO MeTala ¢ CepHANbHEIM CHMBONIOM 2D 502 Fy 0 ? CRONBKO HS HUX Byler T

Y CKOJbKO O-KOMTIOHEHT?



§ 49] MATHUTHBIM PE3OHAHC 261

OtBer Ha 18 M3 HuX wecTb M-KOMOOHEHT H ABeHAAllaTb O-KOMIIOHEHT.

2. C nomowrio nHTepdepomerpa Pabpu — Ilepo HabnwonaeTcad 3eeMaHOBCKOE
paclienyesHe KOPOTKOBOJHOBOH KOMIOHeHTHl D-NHHHH HATpHA B MAarHHTHOM I0Je

= 5000 I'c. KakoBO n0/KHO OLITH paccTosiHHe d MeXAy 3epKa/bHBIMH TJIOCKO-
CTAIMH HHTephepomeTpa, YTOOB OH OBLT MPHrOAeH /Js HCCICLOBAHHA paclienJe-
HHA paccMaTpHBAeMOIl JIHHHH?

Pemenune Kak nokaszano 8 texcte (cM. puc. 73), paccMaTpuBaeMmas JHHHSA
pacllenyiseTcs B MarHHTHOM II0Jle HA 1IeCTb PABHOOTCTOSIUMX KOMIOHEHT, pac-
CTOSIHHE MEXJY KOTOPHIMH cOcTaBJsieT Aj® = 2/3Q, a MexkAy KpPafuuMH Ayw =
= 19/3Q. CnekTpa/bHblii NPHGOP [/ HCCAENOBAHHSA pacluelIeHHs AO0JKeH He
TOJIbKO paspeliaTh pacllel/IcHHble JHHHH, HO W He AOJKeH NaBaTh NMepPeKPHITHA
NOPSAAKOB. 3HAYHT, 00JacTh AHCIepCHH NpuHGOpa AOMKHA ObITh He MeHblle Aym.
Ho o6nacts agucmepenn Aw B YacToTax [naeTcst GOOTHOILCHHEM Aw == w/m, rie
m = 2d/\ = od/nc — nopsgok cnekrtpa. Takum o6pa3oM, LOMKIIO GBHITH

o/m 2= Ao,
T. €.

m < o/Aswm. (41.13)
B pesyasTaTe Haxoanm

3 mpc?
d <-—5— —e§—=0,64 CM.

Paspewalonias cnoco6HOCTb NpHGopa Aaetcs BbipaxenueM Nigpm, rae Nsg —
sdexTHBHOE UHCAO HHTepdepHPYIOMHX nyukoB. Jlis paspelleHHsT HeoBXoaHMO

Nspm = o/Mo, T. e. Nypm = 50/A0.

B couerauuu ¢ (41.13) 3to naer N = 5.

§ 42, MarHutHblit pe3oHaHC

1. B MarguTHomM noJge Kax{Abli YpoOBeHb 3HepPru¥ atoma pac-
menasercs Ha 2/ 4 1 noayposHe#l. [ToaypoBHH OAHOTO H TOTO Ke
YPOBHA OT/JHYAIOTCST KBAHTOBLIMH YHCJAMH sy, ONPEAENSIOIIUMU
npoekluH BekTopa J Ha HalpaBJeHHe MarHHTHOro noJs. Pacizense-
HHE CIEeKTpaJbHBIX JHHHH, HabmalogaeMoe B ad¢ekTe 3eeMana, BO3-
HHKaeT B Pe3yabTaTe KBAHTOBLIX MEPEXOJ0B MEXAY INOAYPOBHSIMH
PA3JHYHbIX paclleNHBIINXCA YpoBHeH. CroOHTAHHbLIE NMepexojbl Me-
K1Y TOAYPOBHSIMH ORHOTO H TOrO K€ HCXOJHOrOo YDOBHsI MaJloBe-
POATHBI: HX BEPOATHOCTL NPOTOPIHOHANLHA KYOY paCcCTOAHUA MEWKLY
noaypoBHsIMH. KpoMe Toro, B cayuae 0HOTO BaJIEHTHOTO 3JeKTPOHA
TaKue Nepexojbl 3alpelieHbl npasuaom oréopa AL # 0.

Ho npaBuna orfopa OTHOCATCS K pPaAHAUHOHHLIM IEpPexoaam
U30AUPOBAHAHLLX @TOMOS. BbIHYXAEHHBIE NEPEXOAbl, T. €. MepPexois
1IOA AeHNCTBHEM BHEIUHHX CHJOBLIX MOJeH, MOTYT HPOHCXOAWTb H
TOrja, KOrjia 3TH MpaBHJa He BLIMOJHAIOTCA. TOYUHO TaK ke MOTYT
CYUIeCTBEHHO YBEJHUUTHCS W BEPOSATHOCTH COOTBETCTBYIOIIHX KBaH-
TOBBIX TEPeXOJACB, €CAH aTOM NOMECTHTb B HajJekallee BHEIIHEe
cusoBoe moJse, MIMEHHO 3TO NMPOHCXOAHT € KBaHTOBBIMH NEPeXOJaMH
MeX1y NOAYPOBHAMH OAHOTO H TOTO K€ YPOBHsl, pacUlelHBLIErocs
B IIOCTOSIHHOM MArHHTHOM noJse B. OHH HauMHAIOT OCYLIeCTBJIATLCH
C 3aMEeTHBIMH CKOPOCTSIMH, €C/M Ha NoJe B Ha/M0XHTL nonepeyHoe
cnaboe mepemerHoe MmaruuTHoe foge. LIuka sBseHnfi M METOROB
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HCC/IeIOBAHHSA, CBSI3aHHBIH ¢ BBIHYX/AEHHBIMH NEPEXOJAaMH TaKoro
pona (110 ApHYHHAM, KOTOPbIE BBISICHATCS B XO/A€ H3JI0XKEHHS), Ha-
3LIBAETCS MAZHUTHOLM PE30OHAHCOM.

2. Ctporo moc/ie0oBaTes ibHOE KBAHTOBOMEXAaHUUECKOE PACCMOT-
peHHe MarHUTHOTO pe3oHaHca B ofuieM Kypce (PH3MKH NPOBECTH He-
B03M0kHO. OHO TpebyeT ucC/el0BaHUs BONPOCAa O BEPOATHOCTAX
BLIHYK/I@HHbBIX NMEPEeX0J0B ATOMHBIX CHCTeM H3 OJHOTO COCTOSIHHS B
apyroe. OfHAaKO Mg NOHUMAHHA CYUIHOCTH sIBJEHHs Liejiecoo0pasHo
BOCNOJIb30BATLCA NPOCTHIMH KJACCHUECKUMH COOGpaKeHHsiMU. ITO
TeM GoJiee ONPaBAAHO, 4TO fIBJEHHe MarHHTHOrO pe30HaHca Obljao
NpeJCcKa3aHO ¥ MNOHSITO UMEHHO Ha TakoM KJaaccuyeckoMm nyrtu. Pe-
3yJbTaThl 3TOr0 NpeiCKa3alusl OKa3aJ/JHCh B COTJNIACHH C OMBITOM, H
KJ1ACCHYECKHMH MOAENSIMH NOJb3YIOTCS U MOHBIHE, YTOGLl COCTABHTD
HarJsaAHYIO -KapTUHY siBjeHud. [locsenoBartenbHoe KBalTOBOMEXa-
HUUECKOe HCTOJIKOBaHHE MOSBHJIOCH HECKOJBLKO MO3KeE.

Mtak, nonmycTsM, 4TO 4acTHIA C MOMEHTOM KOJHUYECTBa ABHXKe-
Huss J ¥ MarHuTHHIM MOMEHTOM M IOMelleHa B OJHOPOAHOE HO-
CTOsIHHOe MarHHuTHOe noJe B. [lycThb 3TH MOMEHTH CBSI3aHBl COOT-
HomeHnem m==gl, rie g — eupomaenurnoe ornowenue. [1pn stom
npexnoJaraetcs, uto 3a eiunuuy J npuHumaercs nocrosiHan [laan-
Ka h, a 3a eAMHHLY MAarHUTHOrO MOMEHTa — MarHeTOH bBopa
et/ (2pec) ==9,274-10-2! opr/Tcuan aaepHslid Mardeton efi/ (2upc) =
==5,050-10-2* 5pr/I'c, B 3aBUCHMOCTH OT TOTO, OOYCJIOBJIEH JIH Mar-
HUTHBIA MOMEHT 9aCTHUbl 3J€KTPOHAMH HJM aTOMHBIMH SAPaMH.
31eCh Ye U pp — MAacChl 3JeKTpPOHA ¥ OPOTOHA COOTBeTCTBeHHO. [lo-
5TOMY siflephblii MardeTod B 1836 pa3 MeHblue 3JeKTPOHHOTO Mar-
HeToHa Dopa. Ecau ke rupoMarduTHoe OTHOLIEHHe BbIpaxaTh B ab-
COJIIOTHBIX €IWHHIAX, TO €ro Mbi 6yleM 0603HauyaTb 4epe3 Gasc H
nucaTh M = gascJ. TakuMm o6pasoM, BesnuYnHa g OGe3pa3MepHas,
TOrAa Kak gssc HMeel Pa3MepHOCTb BeJIHUKHE e/pc. Hanpumep, 141
CIIHHA 3JIEKTPOHA Fasc == €/eC, TOTAA KaK g == 2. CIHHBH slep 1o
NOPSAAKY BEJHYHHB TaKHE XKe, KAK ¥ Yy aTOMOB, H BHIparKaloTCs lie-
JBIMH HJIM MOJYLEJbIMH UYHCJI3aMH, TOTAA KakK silepHble MarHUTHbE
MOMEHTBl B THICAUH pa3 MeHblie 3JeKTPOHHBIX. [laa gacTuu pas-
HOTO pOJa BeJHYHHA g MOXeT ObiTb Pa3/HYHOH, HO 3TO 06CTOATEND-
CTBO ceflyac He UMeeT 3HAYeHHS.

Ha gacTHiy B MarH#THOM MoJe AeHCTBYeT BpalUAIOUIHi MOMEHT
[mB], Tak uto

j = [‘“B] =g36c[JB]-

ITo — ypagrerue 80a4xa. B yCTAHOBUBILEMCS COCTOSIHUH MOMeEHT J,
a C HAIM ¥ MOMEHT M OyAyT COBeplIaTh BHIHYXIEHHYIO PEryJsipHYIO
npeueccuio (puc. 75) ¢ yraoBo# CKOPOCTBIO

Qz—gaécB‘ (421)

Hanoxum tenepp Ha noJe B neprneHAuKyJAsipHOE K HeMy cjaaboe
marsHuTHoe noJse B’, ppamwatomeecs Bokpyr B. Toraa npeueccupyio-
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Ias yacTHlla NOABEPTHeTCs [EeHCTBHIO [AOINOJHHTEJBHOTO NepeMeH-
HOro MOMeHTa cua [mB’]. DTOoT MOMEHT, B 3aBHCHMOCTH OT ero Ha-
npasJieHusi, OyleT MeHATb yroa Mexay BekTopamMu J u B. Ecau
CKODOCTb mpeueccHd @ H yrjoBasi CKOpPOCTb BpalieHuss ' noas B’
3HAYHTEJbHO OTJHYAIOTCA APYr OT Apyra, TO pa3bl 3THX ABYX Bpa-
meHu#i OyAyT HenpepblBHO pacXOJAHTbCH, 4 BPalAOUIMH MOMEHT
[mB’] OyLeT HCOBITHIBATbL MaJjible NepHOoJHYeCKHe H3MeHeHHdA, Obl-
CTPO MeHsIIOINHecs I[I¢ BeJHYHHE H HampapJeHuio. Takue H3MeHe-
HHUSl BBI3OBYT TOJIbKO MaJible H3MEHEHHs yrya HakJjoHa Mexay J u
B, nepuoauueckn u GbIcTpo MeHsioliuHecss BO BpeMeHH. OHu 6yayT
Ju60 HeMHOro NPHGAHXKATBL MO HampasJ/eHHio BexTop J kK BekTOpy
B, nu6o HeMHOTO ypajsaThb, TakK 4YTO B Cpel-

HeM HamnpaBJjeHue BekTopa J ocraHercss Heus- B

MEHHBIM.
CoBceM HHas KapTuHa Oyaer HabuaoaaTb- (5]
cq, xoraa Q' coBnanaer ¢ Q. B atom cayuae , B

H BO3HHKaeT MAarHHUTHbIH pe3oHaHc. OH COCTOHT
B TOM, UTO JOIOJHHTEJNbHLIH MOMEHT CHJI fei-
CTByeT Bce BpeMs B OJHY H Ty K€ CTODOHY,
ycraHaBauBasi Bektop J Jsn6c MapaJnenbHo, g0}
JH60 aHTHIApaJJebHO MOCTOSIHHOMY MAarHuT-
Homy nogio B. Ilpu 3tom nauna sexktopa J
MEHATLCA He OyleT, HO 6yAeT MeHSITbCA ero
npoekuus J, Ha HampaBsJeHHe noja B.

3. PesyabTaT KBaHTOBOTO paccMOTpPEHHS Puc. 75
OTJIHYaeTC OT KJACCHUYECKOrO TOJBKO B TOM
OTHOLLEHHH, YTO B KBAHTOBOM cJiyyae npoekuusa J, KBaHTyercs, H
no 3ToH NPHYHHE ee U3MEHEeHHS BO BPeMeHH NMPOHCXOAAT CKayKooB-
pasHo, TOrja KaK B KJACCHYECKOM cJyyae OHHM COBEpPIIAIOTCS Hempe-
pbuiBHO. KJaaccHyeckoe paccMOTpeHHe IPHUBOJAHT K 3aKJIOYEHHIO, YTO
pesoHaHc AOJIKEeH HabJaio4aThesl TOJMbKO Ha OJAHON dactore L. Ecan
BOCIIOJIb30BATbCSl MPHHIUHIOM COOTBETCTBHS, TO 3TO MNPHBOAHT K
npaBuay oréopa Am;= =41, KoTOpOE HOJ:KHO COBJIOJATbCS IIpH
KBAHTOBLIX Ilepexojax Me’KIy NOJyPOBHSMH pacllleNHUBILErocs 3ee-
MaHOBCKOTO YPOBHSl. DTO O3HauaeT, 4TO pa3pelleHHBIMH fABJAIOTCA
TOJIbKO Nepexoipl Mex1y COCeJHHMH NOJYypOBHSIMH. JlefcTBUTE/ILHO,
paccTosiHHe MexJy NMOAYpoBHSIMH cocTaBisier A& = gB Am,h, Tak
YTO yacTtora nepexona Oyner o ==A&/h = gB Am,, uto coBnajaer
¢ 4 Q npu ycaoBun Am; =4 1. Pasymeercs, 3T0 NpaBuJo sBJs-
eTCsl TaKXKe CJIEJCTBHEM COXPaHEHHS MOMeHTa HMNyJbca, TaK Kak
BHIHYXKIEHHBI Mepexol MexxAy MNOAYPOBHSIMH MOXKHO pacCMaTpH-
BaTb KaK B3aMMOJENCTBHE aTOMHON CHCTeMbl ¢ (POTOHOM YacCTOTH Q
(cm. § 39).

4, JInss HaGJIOLEHHS MArHUTHOrO pe3oHaHca yAo6Hee MOJb30-
BaTbCsl He BpallaioluMcs noseM B/, a noseM, CHHYCOMAAJLHO KO-
Ae6aI0MUMCA B OJHOM M TOM 3Ke HampaBJ/eHHH MepNeHAMKYJISPHO
K OCHOBHOMY noJiwo B. IlpuHUMIOHA/BHO 9TO HHYEro He MEHSET, Tak
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Kak Takoe noje B’ MOXHO NMpeiCTaBHTb B BHAE CyMMbl ABYX noJefi
OJMHAKOBOH HaNPSIXEHHOCTH, BPallaOLIUXCA ¢ OAHOH M TOH Xe yr-
JIOBOH CKOPOCTBIO 2, HO B NPOTHBOMNOJIOMHBIX HanpasJenusix. M3
HHMX TIOJle, Bpallaiolneecs NPOTHB NPELeCCHH YaCTHIL!,, KaK BblsC-
HEHO BBIIIE, OKAa3biBaeT Ha Hee OLICTPO OCUMJJNHpPYIOlLIee BO3JeH-
CTBHE, He HIpalouiee poJau B paccmaTpuBaemoMm siejenun, Cyile-
CTBEHHO TOJIBKO INoJe, MeHsiioulee yroa Mexiay J W B Bce Bpems
B OJHY B Ty e CTOPOHY, T. €. NOJe, Bpallalouleecss B TOM Xe Ha-
npaBJeHHH, YTo M npelleccupyrouinii Bekrop J. Kpyrosasi yacrtoTa
Q, Heobxoxumasi 1J5 NONyYeHHs MarHHUTHOIO pe3oHaHca, OIpeje-
asietcs dopmyaoit (42.1). llpu nepexode K AJHHAM BOJH H3 Hee 0O-
JydaeM

2mc 2me

pom= 2RC __ Zme
Q 1Gase | B

(42.2)

Ecay MarHUTHBEIH M MEeXaHHYECKHA MOMEHTH YacCTHIBI 06YCJIO0B-
JIeHbl 3JIEKTPOHAMH 3JE€KTPOHHOH OGOJNOYKHM aToMa, TO MarHHTHBIH
Pe30HAHC HAa3LIBAIOT JACKTPOHHbIM NAPAMASHUTHOLM PE3OHAHCOM
(311P); ecnn XKe aTOMHEIMH siApaMH, TO €r0 Ha3blBalOT AdepHbiM
maenuTHoiM pesonancom (AMP). Pasauuaior takwxke ¢eppomaznur-
Holl, auTUeppomasHuTHoLl, @GeppumaehuTholl W JuamasHuTHbL
(4uxaoTpoHHeLd) pe3OHAHCH], O KOTOPLIX OyAeT ckazaHo B nyHkre 10,
MarHuTHblil pe30HaHC WIIPCKO NpHMEHseTCS AJS ONpejeJeHHA Mar-
HUTHBIX MOMEHTOB aTOMOB H ATOMHBLIX sifep, AJs H3yueHus CTpoe-
HHS MOJIEKYJ M KPHCTAJAJAOB H T. A.

I s »71eKTpPoHOB cnuH paBeH 1/2, TaK 4T0 gasc = e/uc. lIpu Ha-
npsi:xkeHnocTH MmaruuTHoro moass B &= 3-10% I'c dopmyaa (42.2) B
3TOM cJydae AaeT

A ==2nuc’/eB =~ 3,5 cM.

CooTBeTcTBYIOLLAS 4acTOTa
ve=c/A = 10* MTIu.

3To wyacToTH MHKDOBOJHOBOro jnanasosa (v > 300 Mru,
A <<1 M), naswiBaeMnole Takxke CBY. Slaepublii MaruuTeblifi peso-
HAHC NPH TeX K€ MATHHTHBIX MOJSIX HOJKeH HabJIoNaThCsi Ha BOJ-
HaX B THICSYH pa3 bojiee NJHHHBIX, YACTOTH KOTODPBIX MOpsiAKa He-
CKOJIbKHX Merarepll.

5. Mcropnueckn cHayasa Haba104aJCs sA€PHBIA MarHHTHLHIN pe-
30HAHC C HEATPAJbHBLIMH ATOMHBIMH MOJEKYJ/SIPHLIMH NYYKAMH IO
MeToLy, pa3paborannomy Pabn (p. 1898) B 1938 r. Mexanuueckuii
¥ MarHuTHBIH MOMEHTHl 3JeKTPOHHLIX 060JOYeK ATOMOB HJIH MOJe-
KYJ, H3 KOTOPHIX COCTOHT NYYOK, AOJIKHBl OBITh CKOMIEHCHPOBAHBL,
TaK 4To 006a MOMEHTa SIBJSIOTCS YHUCTO sAepHLIMH. B Mmerone Pabu
aTOMBl HJTH MOJIEKYJILI NyuKa, OpoiAs yepe3 liedb (puc. 76), cHa-
yaja MofajalwT B HEOAHOPOAHOE NoJje MarHuta A ¢ TpajHeHTOM,
HanmpaBJeHHLIM MepNeHAHKYJASPHO K IeJu, HanpuMep BHH3. 3a
maruutoM A pacnonoxeH MarHuT C, Co31al0Lluf CHABHOE OZHOPOA-
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HOe mocTosinHoe noJge B, B xoTopom pacnogozxeHna iueap S. 3ateM
HAeT MarHuT B, BNOJIHEe aHaJOTWYHBIH MarLuty A, HO CO3AaWOILHA
HEOJHOPOJHOE M0Je ¢ PajJHEHTOM, HAlpaBJAeHHBIM 1P OTHBOMNOJOXKHO
rpagHexTy nojs mMaruuta A, T. e. B HalueM cayuyae BBepX. Maruurs
A u B, cospaioliye HeOJHOPOAHBIE MOJs, KOHCTPYHPYIOTCS aHAaJO-
THYHO TOMY, KaK 3TO jJejaercs B onmtax llitepna u I'epraxa (cm.
§ 36).

Ecan 6b MarautoB A u B He 6blJ10, TO NY4YOK UACTHIL, Hanpas-

JenHb# BAOJb ocu nipubopa, Hpoiitesi 6Ll wepe3 liedb S W momnan
Ha perextop D. Ho B He-
oAHOpOMHbIX moAsiX, 6aaro- A AVA 52, %
1aps HaJHUHI0O y YacTH
nydyKa MAarCHUTHBIX MOMEH-
TOB, HA HHX AEHCTBYIOT MO-
nepevHble CHJIBI F=
=m,(dB/dz), HanpaBJeH-
Hble 460 1o, Jubo MpoOTH- A AW? B
BOIIOJIOXKHO rpajneHTy
MarHYTHOTO [OJA B 3aBH- Puc. 76
CHMOCTH OT 3H4aKa TpPOeK-
LUH N Ha HamnpaBJjeHue mojs. Takue CHJAL HUCKPHBJAIT TPaeKTo-
pan uactul. McTounnk coszpaer wacTunnl pas/iHunbIX CKOpocTefl H
HallpaBJeHu#. M3 HEX mnpeacTaB/sIOT HHTEpeC TOJbKO YacCTHUHI,
npoxoasiite uepes wedab S, Cuna F, geficTByIONIasd Ha 4acTULY NIPH
ee ABUIKEHHMU TIO TPAEKTOPHH, He MeHHEeTCs, TaK KakK IPH 3TOM npo-
eKLHs N, octaercda noctosinHoiH. [lo3TOMy B nepBoM NpHOJIHXKEHHH
TPAeKTOPHH HHTEPECYILIMX HaC YACTHI B NoJe Marsiuta A MOXKHO
CUMTATbL OKPYXKHOCTSIMH, PaJHyC R KOTOPBIX OMpejleNsieTcsl ypaBHe-
HHeM v?/R ={f, rie [— HopMaJbHas cuja, AeHcTBYIOIAas Ha enu-
HMIY MacChl YacTHIB B HeojiHOpozHoM moJsie marnuta A. Bce vac-
THLB TaKHX HallpaBJeHHH, He 3ajepxkaHHbe KpaAMH Auadpar,
npofiayT uepes meb S.

B nose marHaTa B, NMOCKOJLKY MPOEKUHH W, OCTAIOTCA MpEex-
HUMH, TPAeKTOPHH vacTHL OYAYT TAKUMH K€ OKDYKHOCTSIMH, HO
H30THYTBIMH B MPOTHBOIOJOXKHYIO cTopoHy. [1pn HamjexaleM noJe
MarHuTa B OTKJIOHEHHSl YacTHlL, BbI3BaHHble MaruHuToM A, KoMmneH-
CHpPYIOTCS MarHutoM B, W wactuusl nomafayr Ha Aetektop D. [IBe
TPaeKTOPHH TAKOTO Tuia n3obpakenn Ha puc. 76. B stoMm cayuae
JeTekTop D 3aperucTpnpyer MakCHMyM TOKa yacTHL.

Jlo cux nmop mpeamoJarasoch, YTO BCE MaTHHUTHBIC MOJISt HOCTOSIH-

s, HajoxuM Temepn Ha cHJILHOe noctosiiHoe mone B maraura C
nmomepeunoe K HeMy caafoe pagHOYacTOTHOe MarHHTHoe noJe B/,
rapMOHHUECKH MeHSIolleecss BO BpeMeHH ¢ 4acToToH o. Taxoe mnoJe
OyzleTr BBI3BIBATL BBIHYXK/IEHHLBIC KBAHTOBble MepexoibLl YacTHl, B pe-
3yJbTaTe KOTOPHIX MPOEKLHH N, HEKOTOPHIX UaCTHL OYyAyT H3MEHSAThb-
Csi, @ C HMMH H3MEHSTCHA W Cuabl, AefiCTByOLlMe Ha YacTHLB B He-
OXHODOAHOM TOJ1€ MArHHTa B. B mpoctpancTBe, 3aHATOM [0JieM
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Marguta B, 4acTHUp! 6YyAyT CXOAHTH CO CBOHX NPEXHHX TPaeKTOpHH
M MepecTaHyT 1onajath B AeTeKTop D.

HonyctuM cHauana, 4To o <C Q. Torga ¢ Bo3pacraHueM o HH-
TEeHCHBHOCTb N Ilyuka 4acTull, nONajaloumMx B AeTektop D, Oyner
y6biBaTh. [IpH o == HacTynaer Pe3OHAHC MEXAY KoJle6aHHAMH
nonsn B’ u napmopoBckofi Mpeueccheid YacCTHUB BOKPYr CHJBHOCO
fnocrosaunoro noas B. Toraa uuaTeHcHBHOCTL N mydka MOnajaloliHx
Ha feTeKTop uacTHI ofpaltaercs B MuHHMyM. [Ipn nmepexone uepes
PE30HAHCHYI0 HACTOTY Q C Bo3pacTaHueM o CyleT Bo3pacTaTb M yKa-
3aHHAas MHTEHCHBHOCTb. M3 ¢popmyns (42.1) creayer, YTO pe3oHaHC
HacTynaeT MpH

B
0= gage| B= g5 (42.3)

HJAH 5
e

rie Moi p CeAyeT MOHMMATb Maccy npoToHa (B caydae SIMP) nau
Maccy anekTpoHa (B caywae IO[1P). OmpepennB B MuHHMYyME ua-
CTOTY v M HalpsizKeHHOCTh moJsis B, moxHo 1o ¢opmyse (42.4) BwHI-
YKCAWTH W FHPOMArHHTHOE OTHOLEHHe g /ISt aTOMHbIX sinep. OTHO-.
cuTesbHAsT TOYHOCTb TakHx Hamepenuit pgocturaer 0,001 %. 3uan
CIMH $APA, MOXKHO HAfiTH W ero MaruuTHbii MomedT m. (K atomy
BOMPOCY Mbl BEpHEMCS B YacTH 2.)

Ha omnbiTe 4aCTOTy PaAHOYACTOTHOrO MarHuTHOro noas B’ yno6-
Hee MOAJEPIKHBATL NMOCTOSHHOLN, a HaNPAMEHHOCTb CHABLEOTO NOJA
B 1jaBHO M3MEHHTb B Ty M ADPYLYio CTOPOHY OKOJO HEKOTOPOro
cpennero suauenns. C 37oil lebio nose Mariuta C MOLYJHDYIOT
¢ Hu3koit uacroroil (50 I'm) c

N MOMOUIBIO MOAYJHDPYIOULEX KaTy-
100 ek, MUTaeMbix OT ceTH Topoi-
\}2 ckoro toxka. O6 ocrtpoTte nojyua-

30 IOIErocs Pe30HAHCHOro MHHHMY-
\) / Ma MOXKHO CYAHTb 10 3KcClepu-

a0 MeHTaJabLHOM KPuBOI puc. 77, no-
\gj!-v:@saﬂm nydeHnoit aas sgep 'Li (mydok

70 COCTORJ H3 MOJNEKYJd C KOMIEH-
CHPOBAHHEIMU 371€KTPOHHBIMH

crnudamu). [lo ropu3oHTasbHOMH

3300 3350 3400 3450 BTC oy ornomeHA HATPAKEHHOCTD

Puc. 77 «nocTodrHoro» noas B B I'c, no

OCH  OpAMHAT — OTHOCHTEJbHas

pETeHCHBHOCT: N MyuKa qaCTI, PerHCTpHpyeMblx jeTekTopom D.

Yacrora pajHOuacTOTHOrO MOJs, Ha KOTOPOH MOJYHaJCs pe30oHaHC-
HBlHl MEHEMYM, paBHa v = 5,585 MTu.

6. OnHMM u3 BakHefiwuXx npUMeHEHHH MarHUTHOLO pE30OHAHCA

¢ HCNOJAb30BAHHEM AaTOMHBIX MyuKOp fABJsieTCH H3MepeHHe MarHuT-

HOTO MOMEHTA JEKTPOHA Msa. (OKasanoch, 4TO 3Ta BeJHYHHA HE
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coBceM cophajaerT ¢ MarHetoHoM bopa. Eciau MarHuTHBIE MoOMeHT
3JIEKTPOHA NPeJCTABHTb B BHAE My ==!/pgmp, To daxktop g/2 He
TOYHO paBeH 1, Kak atoro Tpebyer Teopus JHupaka. MamepeHnus
C NyukaMH aTOMOB BOAODOJA B OCHOBHOM COCTOSIHHH [PHBEJH K
pesyJabTaTy .
YoGoken = 1,0011596524 4 20 . 10711,

3tor pe3yabTaT HAXOAHUTCA B XOpOLIEM COIJIaCUH C TEOPETHYECKHUM
3HayYeHHeM

o@reop = 1,0011596522091 + 31 - 10~1L,

Taxkum o6pa3oM, 0 KBAHTOBOH 3JeKTPOJHMHAMUKE MAarHUTHBIH
MOMEHT 3JIEKTpOHA

m3n=(1;001 1596522091 + 31 . [0—11) Mg.

DTa BeJHYAHA Ha3blBACTCS QHOMAADHOIM MOSHUTHOIM MOMEHTOM
3JIEKTPOHA. i

Metox MOJIEKYJISIpHBIX MYy4KOB HDHMEHHM TOJLKO K HelTpaib-
Hbiy YaCTHIAM, YTO cyxaeT obJjacTb ero DpUMeHUMOCTH. [JeficTBHU-
TeJbHO, Ha YaCTHLY ¢ 3apsajoM e, ABHXKYUIYIOCA CO CKOPOCTBHIO ¥,
nefictBoBana Obl cuia Jlopentua (e/c) [vB], Koropas Bhi3BaJja Gbt
CuJbHOe OOKOBOE CMelleHHe €€, W NPUTOM pPasjiMyHOe NS UYaCTHI
pasJHYHbIX CKOpPOCTeH.

MeToi MarHHTHOrO pe3oHaHCa C HCMOJB30BaHHEM HeHTpaJibHBIX
MOJIEKYJAPHBIX NYYKOB OTJHYaeTcsi OoJblIof TOYHOCTbIO. Bakuoe
JIOCTOHHCTBO 3TOTO METOAA COCTOHUT B TOM, YTO B HeM BO3AeHCTBHIO
pPaAMoyacTOTHOrO NOJs NOABepralnTes cg0600nble yacTuusl. OxHako
B 5KCHepHMeHTaJbHOM OTHOLIEHHH METOA OYeHb TpyJdeH u Tpebyer,
B YaCTHOCTH, CleLHAJbHOH BaKyyMHOH TexHHKH. [loaToMy Moseky-
JsipHBle NMYYKH NPHMEHAIOTCS CPABHHTEJbLHO PENKO.

7. lllnpoKoe pacmpocTpaHeHHe NOJAY4YHJ He MeHee TOYHBIH, HO
fojiee NMPOCTOH B 3KCNEPHMEHTAJbHOM OTHOLIEHHH MeTOJ MarHHWT-
HOTO pe3oHaHCa, B KOTODOM HCIOJB3YIOTCS MAKPOCKORUHECKUe KO-
AUYecT8a BelleCTBA B TBEPAOM, XHUJAKOM HJH rasoofpasHoM COCTOS-
HHH. ATOMBI, MOJIEKYJIBI HJIH HOHBl TAKOrO BellecTBa LOJIKHBI 00J1a-
JaTh MAarHHTHBIMH MOMEHTaMH — 3JIeKTPOHHBIMH HJH SAepHBIMH.
[Tpu nomeuteHun uccaeayeMoro o6pasua 8 CHJIbHOe NMOCTOSHHOE MAr-
HHTHOe nosie B B pesysbTaTe Me/1yaTOMHbBIX CTOIKHOBEHHH CIYCTA
KOpPOTKOe BpeMs yCTAHABJMBAETCS COCTOSIHHE paBHOBECHS, B KOTO-
poMm ofpasell OKa3biBaeTCsi HaMarHHYEHHBIM. IJTO — 34EKTDOHHbLY
WiH fdepHoll napamasHeTuam, a NOTOMY MeTOA M MNOJYYHJ HasBa-
nue DIIP wan AMP.

YacTuua, MarHHTHBIH MOMEHT KOTOPOH OPHEHTHPOBaH NO IOJIO,
obnajgaeT MeHbllel 3Hepruel, yeM TaKas ke 4YacTHlIa C MarHHUT-
HBIM MOMEHTOM, OpDHEHTHPOBaHHBIM npoTuB noas. [lo dopmyae
BosbiMana B COCTOSIHWH PaBHOBECHST 9HCJO NEPBBIX YacTHL OyaeT
fodabiie, uYeM BTOPHX. HMHBIMH CJAOBAMH, HHXHHE HOLAYPOBHH
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3€eMaHOBCKOIO paclleNjeHHs] OKaMKyTCsl 3aceJeHHBIMH GoJblle, UeMm
BEpXHHE.

OueHHM pasHOCTb 3acesleHHOCTeHl NOALYPOBHEH IpH KOMHAaTHOM
remrneparype T =293 K B npeanoJoxKeHHH, YTO MarHHTHBIA MO-
MEHT UYacTHUB paBeH OJHOMYy wMarHetoHy bBopa, m=9,27X
X 102! 3pr/Tc, a B=>5-10% I'c. Ecaiu 1y — 4HCJIO 4aCTHIL HA BEPX-
HeM MOAYPOBHe &9, @ N — HA HHUXKHEM IMOAYPOBHe &, TO MO ¢op-
myJe Bosbumana

~Z—2—'::-exp( 5’1)~1_|_ __1_|_2mB,

TakKk 4YTO
n kT

3HaYHT, Pa3HOCTb 3aCeNIeHHOCTeHl ABYX COCEAHHX MNOAYPOBHEH co-
craBJasieT Bcero okoso 0,2 9% oT 3aceseHHOCTH OAHOrO M3 THX IIOA-
ypOBHEH.

HecMOTpsL Ha CTONb HUYTOXKHYIO BEJNHYHHY 3TOH PasHOCTH, OHa
MOKeT MPOSIBHTbCS MAKPOCKOIHYECKH, NOCKOJbLKY YHCJAO YACTHI[ Ha
Ka3XJIOM TOJYPOBHe BecbMa BeJHKO. IIpH BBIHYXKiEeHHOM Nepexojie
YacTUIBl C BEPXHEro MOAYPOBHS Ha HHXKHHH HCIyCcKaeTcss KBaHT
SHePruH, COOTBETCTBYIOIIHH PAa3HOCTH 3HEPrH# 3THX NOAYpPOBHEH.
ITpn nepexojfax ¢ HHIKHETo YPOBHSI Ha BEeDXHHUH DacXojiyeTcsi 3Hep-
rus pajguodactoTHoro noJs. CHOHTaHHBIE NMEPEXOABl C H3JyueHHEM
SHeprHH H3-3d HX OTHOCHTE/JbHOH pPelKOCTH MOTYT He NPHHHMAThCH
BO BHUMaHHe. B pesysbTarte norjolleHue 3Hepruu 6yaer npesaJu-
poBaTh Haj H3JydeHHeM, HeCMOTPsI HA TO, YTO BEPOATHOCTH INPSAMBIX
H 00paTHBIX NepexofoB ofAHHAKoBH (cM. T. IV, § 119). Takofi pas-
HOCTHBIH 3(PeKT AOoCTUrHeT MaKCHMyMa IPH COBIAJEHHH YaCTOTLI
PaaMoYaCcTOTHOrO IMOJIA C JIAPMOPOBCKOH 4acCTOTOH mpeneccHpylollel
YacTHILI, T. €. NpH pe3ollaHce. B MaKCHMyMe IOTJIOLIEHHS 3HEp-
I'MH PajHOYaCTOTHOrO NOJsA BOJIH3H JapPMOPDOBCKOH 4acTOTH U MpoO-
SIBUTCSl MArHHTHBIA PE30HAHC.

B pesyabrare npeoGaafalolliXx NepPexOJOB YacCTHU C HHXKHHX
ypOBHell Ha BepXHHe 3HEPrHH IOAYPOBHEH HAUHYT BHIPABHHBATHCS.
3TOMy MNpensTCTBYIOT peJaKCallHOHHble MPOLECCH, CTPeMsIHecs
BOCCTAHOBHTb NepBOHAYaJbHOE paBHOBeCHoe cocTosiHhe. [ToaTomy,
yTOOH MACHUTHBIE pe30HaHC OBl BBHIPA)KeH JOCTAaTOYHO PE3KO, He-
06xoauM0, 4YTOGBl MEpPHON pPaAHOYacTOTHHX KojebGaHHH OblI MaJ
O CpaBHEHHIO C BpeMeHeM peJlaKcalliH, B TeUeHHe KOTOPOro BOC-
CTaHABJHBAETCS PAaBHOBECHOE COCTOSIHHE.

8. DJeKTPOHHBIH INapaMarHUTHbIH pe30HaHC OB OTKPHIT
E. K. 3aBofickum (1907—1976) B 1944 r. Ero nepsble Hab/oleHus
GBlIM [POH3BeJieHbl Ha COJMAX TPYNNbl xKese3a. B pasbHeliineM Kpyr
H3yyaeMbIX BELIeCTB 3HAUHTEJNLHO PACIIHPHJICS. 3aBOHCKHH IPOH3-
BOJMJ CBOH HCCJEA0BAHHS C PajJHOBOJHAMH JELHMEeTPOBOrO JHana-
30Ha, a [IOTOMY B COOTBETCTBHH ¢ (GopMyJoii (42.2) mnoabsoBaJcs
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MarHUTHBEIMH noasamH B HeGoJbiiofl HampsixKeHHOCTH. B cBsisu ¢
pPa3sBHUTHEM TEXHHKH YJbTPAaKODOTKHX BOJH 103/Hee B Metode I[P
CTaN{ TPHMEHATb PaJHOBOJHL CaHTHMETPOBOTO AHAMa30HA.

B coBpeMeHHBIX pPaAMOCNEKTPOCKONAX YacCTOTY paJHOCHTHAJMa
MOAJEPIKHBAOT MOCTOSIHHOH, a MarHuTHOe mnoje B Moayaupywor
Hu3kol uacrorofl (H0 I'm). Cxema pajHOCHEKTPOCKONA NOKa3aHa
Ha pHC. 78. DuekTpoMarHuT NS MHTAeTCsd MOCTOSHHBLIM TOKOM H CO3-
JlaeT CHJILHOE NTOCTOSIHHOE MarHHTHOE ToJe. DTOo 1NoJie MOAYJIHpYeTCs
karyikamu KK, nHTaeMbIMH llepeMeHHEIM TOKOM ¢ yacToToH 50 [,
Hccnenyemulii obpasent A obbeMOM B He-
CKOJIbKO MM® MoMelllaloT B OGBeMHBIH pe3oHa-
TOp R, HACTpOeHHBIl HA AJHHY BOJHBL A ~
~ 3 cM. DJeKTpOMarHuTHble BOJIHB Takof
AJMUHBl TEeHeDHPYIOTCS OTpaXKaTeJbHBIM KJH-
CTPOHOM H NOABOASTCS K pe3oHatopy R uepes
BosiHOBOA F. Ilocse 4acTHYHOrO IOTJIOIIEHHS
B ob6pasne A OHH, TakKe uepe3 BOJHOBOA,
NOCTYNAIOT K KPHCTAJNHYeCKOMY KpeMHHH-
BoJb(ppamMoBoMy JeTekTopy D, rae neTekTH-
pyIOTCS H MOTYT OBITh ycHJaeHbl, [TapaMaruur-
HOe TOTJIOLEHHe MOXeT OHThb O6HapyXKeHo, Puc. 78
€CJIH JeTeKTOP COeJAHHHTb C UYBCTBUTENLHBIM
ragbanoMeTpoM. Elle 66splias uyyBCTBUTEJILHOCTH AOCTHraeTCs,
eC/IM CHrHaJ OT JeTeKTopa, YCHJEeHHBIH ycujuTenaeM Y, pasBepHYTb
Ha 3KpaHe ocuuagorpaga (He ykasanHoro Ha puc. 78). CurHaa
NnojaeTcsl Ha BEPTHKaJbHO OTKJOHSIOUIME NJAaCTHHBI OCLHJIOrpada.
I'opu3aouTanbHOe OTKJIOHEHHe (QHKCHPYET MTHOBEHHOE 3HaueHHe
MarHUTHOrO IoJsi B. 2T0 OTK/IOHeHHE AOJIKHO OBITb cHaszupPOBAHO
¢ MoayJsilHeH wMmarHutHoro moas B. Ha »kpade ocuusiorpada
NoJIyyaeTcst KpHBasi MapaMarHUTHOrO MOIVIOLIEHHs! BellecTBa, aHa-
JOrHuHasl KpHBOH puc, 77. CoBpeMeHHbBIE PajHOCIHEKTPOCKONLI MpPU
HOpPMaJIbHOH TeMmepaType MO3BOJSIOT oOHapyxusath IJIIP B 06-
pasuax, cojepxamux a0 101'—10'2 napaMarHuTHLIX YaCTHIL.

9. SlnepHBIf MAarHUTHBIA PE30OHAHC C MOIJIOMWIEHHEM KODOTKHX
pPanAMOBOJIH MaKPOCKONHYECKHMH KOJHYECTBAMH BellecTBa BIEpBHIE
Habmionanu B kouue 1945 r. Ilapcenn (p. 1912), Toppu u Ilayun
(p. 1919) u He3aBucuMo oT HHX baox (p. 1905), Xancen (1909—
1949) u llakapa. XoTss B NPHHLUIHAJLHOM OTHOIUEHHH SAEpPHBIH
MarHUTHBII Pe30HAaHC ¥ He OTJHYaeTCsl OT 3JEKTPOHHOrO, AJSA €ero
SKCMEPUMEHTAJbHOrO HCCJIeJ0BaHUsl H3-32 GOJBLIOTO DPa3IHUYHA B
AJHHAX BOJH BBICOKOYACTOTHOTO 3JeKTPOMarHHTHOrO MoJs Tpebyer-
€Sl HECKOJIbKO M3MEHHTb MeToJ Hcc/aenoBaHus. Maesa oaHo# u3 Bo3-
MOJKHBIX 3KCIEPUMEHTAJbHBIX CXeM MOHATHA H3 CXeMaTHYeCKOro
puc. 79. I'maBHag oCOGEHHOCTb COCTOMT B TOM, YTO HCCJEAYeMBIH
ofpasen A nomellaercs B KaTYIIKY, MOCJAEA0BATENbHO COEIHHECHHYIO
¢ KaTyukoii Kosne6aTeJbHOro KOHTypa [eHepaTopa BBLICOKOH Ya-
CTOTBL. ueKTpoMarduT NS, NuTaeMblfl HOCTOSAHHLIM TOKOM, CO3/aeT
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CHJIbHOE MIOCTOSIHHOC MarHHTHOe nose. [luis CO3JaHHs NEpHeHHKY-
ASIPHOTO MOJYJHPYIOWEro MaCHHTHOTO I[OJsi [pUMeHsieTcs A0noJ-
HUTeJbHAR® KaTylika K, nuraeMas nepeMeHHBIM TOKOM C YacTOTOH
50 T'm. Tlpn nacTyn/ieHMH pe3OHaHCa YyBeJHYMBAETCs IOIJIOIIEHHE
BBICOKOUACTOTHOTD 3JeKTPOMATHHTHONO NOJs. DTO MPOsIBJISETCS B
yMeublUeHHHn A06POTHOCTH KoJieGaTe/blIOrO KOHTYypa FeHepaTopa H
Jlaxke B CpblBe renepamnii. BuicoxodacTOTHBIA curaad, nosBJSIONH-
Csi BO BHeLIHeH HeNH, WHAYKTHBHO CBSI3aHHOH € KoJe0aTesbHEIM
KOUTYypOM rexepaTtopa, JAeTeKTHpPY-
eTcsl M YCHJHBaeTcs YCHJHTeJeM
) Y. 3arem mosyyaetcst €ro pasBepT-
Ka, COBepIIeHHO TaK JKe, KaK IpH
nceaenopannu 1P,
10. B 3axkJjioueHHe 3aMeTHM,

4T0, IOMHMO 3JIeKTPOHHOTO H silep-
NMIKIgA s Y HOrO NapaMarHHTHBIX DPe30HaHCOB,
— pasAHuaOT Takke (PepPPOMAZHUT-

I l Hblil pe3oHanc, CBA3aHHBI ¢ H3Me-
' HeHHeM OpHEeHTAllHH 3JIeKTPOHHbIX

MArHUTHBIX MOMEHTOB BHYTPH [0-

MEHOB HWJIM MexXJ1y AOMeHaMu ¢ep-
POMAarHeTHKa, a TaK¥Ke aHTUpeppomasHuTHbL pPe30HANHC, CBA3aHHBIH
¢ H3MeHeHHeM OpPHeHTANHH CIHHOBBIX MarHUTHBIX MOMEHTOB B aHTH-
deppomaruerrke, UYacTHBIM ciaydaeM [OCJlejHero pe3oHaHca #B-
JasieTcs  (heppuMsMaeHUTHbLL PEe30HAHC — Pe30HAaHC, MNPOHCXOASALINH
B (deppuMarHéTHkax, T. €. aHTHQeppOMarHeTHKax C HEMNOJHOCTLIO
KOMIIEHCHPOBAHHBIMH TIPOTHBONOJOXKHO HaNPaBJEHHBIMH MarHHT-
HHIMH MOMEHTAMH CIIMHOB pelueTKH, a NMoToMy oOJalaolluMu dep-
POMAarHuTHBIMH cBoiicTBaMu. OrpaHHuHMcs ellle YIOMHHAaHHEM, YTO
K MarHHTHOMY pe30HaHCy MHorja (opmaJjbHO NPUUYHCAAIT Juamae-
HUTHOUL (YUKAOTPOHRSGLL) pe3oxanc, HMelollHi, 0JH4KO, COBEpUIeH-
HO HHYIO PH3HUECKYIO [IDHPOAY.

Puc. 79

§ 43. 9ddexr Wrapka

1. SIBnenne llltapka (1874—1957) cOCTOHT B TOM, YTO NPH HAJIOXEHHH 3JieK-
TPHYECKOTO MOJs 3HepreTHYeCKHe YPOBHH aTOMOB, MOJEKyJd H KDHCTalJOB CMe-
AlOTCs U pacllengioTcest HA MOAYPOBHY. DTO NMposBJseTcd B PaclllellJIeHHH H CMe-
LIeHHH CNEKTPANbHBLIX JIHHHHA B COEKTPaX HCIYCKAHHS H MOIJIOLIEHHS YKa3aHHbIX
Tena. O6 3TOM sBJeHHH yxKe KpaTko rosopusoce B T. IV, § 93. Tam ykaswisajocs,
KaxHe 3KCeDHMEHTaJdbHbie TPYAHOCTH BO3HHKAIOT NPH HaOJIOJAEHHH ABJIGHHS H
kag lllrapky yapanoce ux mnpeoposers. llltTapk OTKpHUT ABJeHHe, HA3BaHHOE ero
HMeHeM, a 3aTeM MN0APOGHO HCCNEA0BAaJ €ro Ha CHeKTPaJbHEIX JHHHAX CepHd
BasbMepa Bopopoaa. Bnocaenctsuu siBienue lllrapka 6buio o6Hapy)KeHO H Ha
ApyTHX aToMax.

Yxe c camoro Hauana OHJIO BEISACHEHO, 4TO KJACCHUSCKAA TECOPHA He B co-
cTOsHHH 06bsicHuTh sBjenre [lltapka. Teopus seaenus [Mrapka, ocHoBanHas na
noJiykaaccuueckoii Teopur Bopa, 6bina HesaBrcuMo noctpoena K. Ulpaprunabsom
(1874—1916) n I1. C. Suwreitnom (1886—1966) B 1916 r. Mx ocHoBHEIE pe3ysb-
TaThi GbLTM TOATBEPX/EHbH B MOC/eJ0BaTelbHO KBAHTOBOMEXAHHYECKOH TeOpHH,
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passutofi lllpenunrepom B 1926 1. I3 00eux reopusix HCHOJNb3YIOTCH BLIYHCJHTE]b-
HHle MeTOABl TEOPHH BO3MYIIeHHH, pasBuTble B HebecHoH Mexanure JlarpaHikeM
(1736—1813), Jlannacom (1749—1827) u np., a 3aTeM MOAePHH3HPOBaHHLIE NMPH-
MEHHTeNbHO K 3a7a4YaM KBAHTOBOH MeXaHHMKH. BBIYHC/IEHHH [JOBOJIBHO CJIOXKHBL H
He MOTyT ObITb 3/leChb BOCHPOH3BefeHH. MOXHO OrpaHHYHTLCSI TOALKO HEKOTOPHIMH
Ka4ecTBEHHHIMH cooOpameHHsIME H OKOHYaTeJLHLIMH pe3yJbraTaMu. IIpH 3TOM MBI
OrpaHHYHMCH WITApK-3pdeKTOM TOMLKO Ha atomax, a 3JekTpHueckoe moje E G6y-
JeM MpeANnoaraTb OLHOPOAHLIM.

2. YKe H3 NPOCTEIX KJACCHYECKHX COOGpaKeHHH JIerko MOHSiTb, KaKylo clle-
JyeT OXHIAaTb MOJADH3ALHIO KOMIOHEHT, HA KOTOpble DacIleNJATCs CNeKTpaslbs
Hbl@ JIMHHH NMpPU MOMeUleHUH HCTOYHHKA CBeTa BO BHEIUHee 3JIeKTpudeckoe noje E.
B snekTpuyeckoM moJie yacToTa KoJleOaHHI 37eMeHTapHOro HCTOYHHKA cBeTa (3JeK-
TPOHA) 3aBHCHT OT TOrO, COBEPLIAIOTCSH M KoJebGanusi BRois noas E win nepren-
NHKYJAPHO K HeMy. Bo Bcex cayyasx B #aG/iogaeMOM CBeTe BBHIY ero momepey-
HOCTH BO3MOXHH TOJNbKO KOJieGaHHsi, MepHeHAHKYJSPHble K JHHHH HaOMIOAeHHS.
Ecnu JnHHS HabJioJeHHs caMa NepneHAMKYJspHa K nodw E, To KoJebaHus, yao-
BJAETBOPAIOIINE ITOMY YCJOBHIO, MOLYT MPOMUCXOAHTH Kak Mo mojio E, Tak H
nepneHA¥KyasfpHo kK HeMy. OHH, BooGile rOBOps, MPOHCXOASIT C Pa3/IHYHLIMH Ya-
CTOTaMH, a NMoTOMY B HaG/IOLaeMOM CIEKTpe BCe JIHHHH OKaXKyTcsd MOJNAPH3OBaH-
HBHIMH JIHHEHHO: yacTh JUHHH Gyaer monspusosana BAoab mods E (m-koMmoHeH-
TH), a OCTaJbHasg YacTb MEePHeHAHKYJAAPHO K HeMY (O-KOMIOHEHTH).

Ecny ke sunus nabnofenns waupaniena Baodb noas E, To Bce koseGanus,
CONPOBOXKIAMLINECS H3JyYEeHHEM CBeTa, HANpaBJeHbl TOJBKO IepHeHAHKYASIPHO
Kk E. [Tostomy B Ha6monaeMOM cleKTpe MOTYT MOSIBHTbCS TOJDBKO O-KOMNOHEHTHI.
Bce oun GynyT HenoJsipH3OBaHbl, TOCKOJNbKY CHJIa, AefiCTBYION1af CO CTOPOHH 3J€K-
Tpuueckoro noas E Ha KoJeOMolIHECA 3JEKTPOH, He 3aBHCHT OT BEJHYMHBI H Ha-
[paBJIeHHst CKOPOCTH OABHXKEHHS IOCJAeAHero. B 310M cylllecTBeHHOe OTJHYHE 3JIeK-
TpHieCKOre noJs o1 marmutHoro, CHia, AeficTBymollast uHa 3JEKTPOH CO CTOPOHHI
MAarHHTHOTO M0JIs, TMPOMOPILHOHAJbHA €r0 CKOPOCTH U H MeHAeT CBOe HafmpasJe-
HHe Ra NMPOTHBONOJOXHOe C M3MEHeHHeM Ha MPOTHBONOJOXHOEe HaNpaBjeHHR CKO-
poctH v. [TosTomy-TO OHAa H H3MeHseT YrJOBhle CKOPOCTH KPDYrOBLIX BpallleHHH
3JIEKTPOHA, HAa KOTOPble MOXXHO DasJIOXHThb ero KoJe(aTenpHOe OBHIKEHHe. ITO
H3MEHEeHHC 3aBHCHT OT HANPaBJIeHHS BpAallleHWsl 3JeKTPOHA, ¢ YeM H CBf3aH Npo-
nonbHbiA 3ddekt 3eemana. B ciyyae seKTpHYECKOrO MOJAs MOAOGHOTO H3MeHeHNs
HeT, a MOTOMY KOMIOHEHTHl IUNTAPKOBCKOrO pacllielJeHHs MPH MPONOJbHOM HabJo-
JI€HHH OKAa3LIBAIOTCH Henoafspusdosawnsvimu. [Ipu RAGMOLeHHH Xe MOL YIJIOM K
momo E 5Ti KOMMOHEHTH OKaXKyTCAl NMOJAPH3OBAHHBIMH 4ACTHHUHO.

3. fIBnenne lllrapka BHIASAHT MO-pa3HOMY B 3aBHCHMOCTH OT TOrO, HMeeTcH
y atoMa (B OTCYTCTBHe 3JIeKTpHdeckoro nois E) AHIOJbHEIA 3MeKTpHYECKHA MO-
MEHT p WJH He HMeeTCs. B MepBOM ciyyae MpPH HAJOXEHHH 3JIEKTPHUECKOrO MOJA
E, ecnd OrpaHMYHTbCHA JHHEHHBIMH [0 [MOJIO YJeHAMH, 4TOM NOJAyYdeT AOMOJHH-
TeJIbHYI0 3Hepruio (—pE), MpoONmoOpuHOHANBLHYIO [epBOil CTEleHH 3JEKTPHUECKUTO
noas. CMellleHHe H pacUleN/IeHHe CNEeKTPAJbHEIX JHHH{ MOJAYYaTCH TakXKe NPONOD-
IHOHAJbHHIMH NepBOH CTeNMeHH 3JeKTpPHUuecKoro moJf. Tako#l addext # 611 cbHa-
pyxen Iraprom.

Bo BTOpoM ciyuyae y atoma HeT COGCTBEHHOIO 3J€KTPHYECKOTO MOMEHTaA.
B asekTpHueckoM IMoJe BO3BYXAaeTcs JHIUE uNOyyuposanHvil OunovHoul Mo-
ment p = BE, Tae P — noaspH3yeMOCTb aTOMa, KOTOpas MoXeT OLIThb BBIYHC/IEHA
MEeTOLaMH KBaHTOBOI MexaHHKH. I1pi yBenmuenwu snexktpuueckoro moss ot 0 go
E punonbHuI MOMeHT aToMa TakXe yBennunsaerca oT 0 jgo p. Ilpu stom Hax
aToMoM coBepiraercs pabora (pE)/2 = BE?/2, koTopas uaer Ha NpHpailleHHe IMO-
TEHUHAJbHOH 3HEPrHH aToMa B 3jekTpHuecKom mnoJe. (Kosdduuuent 1/2 mnoss-
JReTCA MO TOH JKe MPHYHHe, YTO H B AHAJOTHUYHOM CJydae NMPH BBIYHCJEHHH MO~
TEHIHAJbHO! 3HEPrHH YNpYro AeOpMHPOBAHHOrO TeJa, MOAYHHSIOWErocs 3aKOHY
[yka.) CMellleHHe H pacllelJeHHe CHEKTPAJbHBIX JHHHA OKaXyTcs MPONOPLHO-
HamHeIME E2. Dddexr Litapka B 3ToM cayuae HasbiBaeTcsi K8a0paTudHoLiL.
OH, pasymeeTcs, MHOTO MeHbllle JIHHefiHOro 3dekTa, moueMy H Obli oGHApYMKeH
no3aHee,
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Koneurro, aToMm ¢ coGCTBEHHBIM JHMNOJbHBIM MOMEHTOM B 3JEKTPHUECKOM TMO.JIE
noJjyyaeT H J00aBOYHBIH AHMOJALHBIN MOMeHT. B nepom npuGammxenuu 3ToT aoba-
BOYHBIA MOMEHT MOXKHO CYHTATh NPOMOPUHOHAABHBLIM MOM0. Torga mOMyYyHTCH HA-
JIoXeHHe aureldnozo W ksadparusnozo s3ddektoB Illtapka. Kapruna pacluensenus
YPOBHeH OKaXeTcs HEeCHMMETPHYHOH: BCC NMOAYPOBHH OY/AYT CMEIUeHL B CTOPOHY
GoJice HH3KHX 3HEPrHil, U TeM CHJbHee, YeM BhIlle OHH pacnofokens. CaMy NHHHH
OKaXyTCA CMEIIEHHBIMH B KPacCHY!O CTODOHY CHekTpa. DTO CMellleHHe HeBeJHKO.
Hanpumep, AJs ONHOM W3 WITAPKOBCKHX KOMIOHEHT JHHHR H  OHO cocTamsser

npuMepHo 1 cM~!, TorAa Kak paccTosHHe MeXny Kpafi-
HHMH LITaPKOBCKHMH KOMIOHEHTaMH 3TOR JIHHHH COCTaB-
n=2 asier 200 cw—' 1),

B mnoasx, He npesnuatwomux 10° B/cm, kBaapaTtuu-
HeiM 3ddextom ltapka B BOZOPOAE MOKHO HOJHOCTHIO
npenedpeun. Kpagpartuunmii umen ~E2 B BOZOpose
n HAayHHaeT CKa3kBATLCH TOJBKO MNP  Gojee CHIABbHBIX
nojsx. B nonsx, npespinatoomux npuMepro 4-105 Bfem,
MpOABJAAETCS H dlen TpeTheli cTemeHH ~ E3 KoTopwiil
TaKXe BLIYHCIEH Hapsgy ¢ ujgeHom ~E2 C  yuerom
3THX YJIEHOB TEOPHS XOPOUIO COrNacyeTcsi ¢ ONEITOM B
CaMbIX CHJBHLIX 3JCKTPHYECKHX TMOJSX, BMJOTL A0 [MO-

n={ 7 Jefi mopsigka 108 B/cM, KOTOPHIX yaalock AOCTHTHYTDb
£ B HACTOsILIee BPEMS.
Puc. 80 4. Ilpuunna, Mo KOTOpOfl B BOAOPOJAE, €ro H30TOMax

(mefiTepHii u TPUTHA) M BOLOPOAONOAOGHBLIX HOHAX 3(-

¢dext Llrtapka aunedsoil, COCTOUT B TOM, YTO B 3THX
cayyastx 3JeKTpUuecKoe MoJie fApa, B KOTOPOM /BHXKETCS! 3JEKTPOH, KYA0HOBO.
B Ky/nOHOBOM »Ke [0Je 3HCPreTHYeCKHe YPOBHH 3/1eKTPOH4 BHIPOXNeHH 00 [ Bee
COCTOAHHS O/HO3JCKTPOHHOrO aToMa ¢ OIHHM H TeM Xe 3HAayeHHeM T[JIABHOrO
KBAHTOBOI'O YHCJA #, OTJHYAIOLUIHCCS 3HAUCHHEM [, B 3TOM cJaydyae obaanaor odxol
u toll sice snepeuedi. Tipn atom cocTosHus, cymeprnosHiHed KOTOPLIX moJydaercs

Ly
ST ST ST

Puc, 81

x Ly

q1060e COCTOSHHe C 3aJlaHHBIM M, YKe 8 OTCYTCTBUE BHEUIHE20 INEKTPUHECKO20
noss 061aNAIOT COGCTEEHHbIMU OUNOALHBIMU IACKTPUNECKUMU MOMEHTamu. Tlpu
HaJJOXKeHHH BHEUIHero 3JeKTPHYECKOTO NOJA BHIPOXAeHHe (YaCTHYHO) CHHMaeTcs,
M 3HepreTHYecKHe YDOBHH, COOTBETCTBYIOILLHe pPA3JUYHBIM COCTOSHHAM, HCIBITH -
BAlOT pasublie cMelueHns. Ho Bce 3TH cMellleHHs W CBfI3aHHOe C HHMH pacllielJieHHe
CHEKTpaJbHEIX JHHHA NMpOMOpPUHOHANbHE Tomo E, noyemy s¢dexr Iilrapka u no-
JNYq9aeTCH AUHCUHLIM.

B cayyae Gosce CNOKHBIX aTOMOB H HOHOB C OJAHHM BaJIEHTHBIM 3JEKTPOHOM
aTOM MOXKET paccMaTpHBATbCH TaKKe KaK OAHO3JeKTpoxas cHerema, Ograko B
3TOM cJydyae ToJe sJApa, B KOTOPOM JABHIKETCS 3JMeKTPOH, HCKAXKEHO BHYTPEHHHMH
3NeKTPOHHBIMH 000JI04KaMH, a TOTOMY yXe He sIBIAeTCS KYTOHOBLIM. B TakoMm
MoJie BuIpOKAeHusa 1o [ HeT. Dosee nmonpobHoe uccienoBaHHe MOKa3uBaeTr, YTO B
K2XKIOM M3 COCTOAHHIl, XapaKTEePH3YeMKX KBAHTOBBIMH UYHCJAMH n ¥ I, cpeaHui
cOGCTBEHHEI 2/eKTpHUCCKHIl MOMeHT atoMa papeH Hymo [losTomy npu Hanome-
HHM 10/ paclierniende ypopHell HauMHaeTcs ¢ WISHOB, KBAAPaTHUHBIX MO momaio E.
Sddexr Ulrapka oxkasuiBaeTcs kgadparuyHoim.

'}y Kak suaro u3 dopmyas 1A ==vjc, 1 eu™'=¢ Tu=3-10" [y =
= 3104 MI'n. ' '
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5. O6pamaemecs k pacemorpenur sddexrta tapka B somopome. Tpu stom
He OyleM y4uThIBaTbh CIIHH 3JeKTpoHa, r. e. Oylem npexeBperarTh CIHH-OpGHTAL-
HbiM B3auMOfeiicTBHeM. B 3ToM npubanmenud 3a1add CBOLUTCA K PCLICHHIO YpaB-
Henst IlIpesunrepa ¢ yueToM NOTeHUHAJbHON 3HEPrHH aTOMa BO BHELIHEM 3JeK-
TpuueckoM noJe. B 3ToM chayuae 3apaua obaafaeT yuauHOpuueckol cummerpued,
MpHYeM OCb CHMMETPHH HallpapJeHa NapaJule/bHO 3JeKTPHYecKoMy nomw. Cdeprue-
CKHe KOOPJAHHATHl 7, ¥, () XOPOWIO MpHCIOCOOMeHb AJSl PCWEHHs 3aiay B MOJAX,
obnanaomux cdeprueckoil CUMMETpHEl, HO
HeyZOOHBl B cayyae LHJIHHIDHUECKON CHM- Hy
MeTpuH. B stoM cnyuae Gosee yAOOHH Tak
Ha3blBaeMble napaboauteckue KoOpOUHATYL,
o6aajaoimne HyXHON cHMMeTpheli. Peme- 77
HHe ypasueuus Ulpenunrepa ans atoma
BOAOPOAA NPHBOAHT K pe3yJabTaTy, 4TO
B MOCTOSIHHOM 3JIEKTPHUYECKOM [OJIe 3Hep-
FeTHYeCKH{i ypoBeHb ¢ JIABHBIM KBAHTOBHIM
4YHCAOM n pacnajaercs Ha 2n—1 moa-
ypoBHeil. [lepexoan MexAay ISTHMH M[oA-
YPOBHAMH, MOAYHHSIONIHECS NPaBHAAM OT-
6opa, H OMpelenAlOT KOMIOHEHTH!, Ha KO-
TOPHE DAacCIiemIsIOTCs CHeKTpaJbHbie JH-
HHM BOAOPOAA MPH HAJOKEHHH 3JeKTpHUe- ﬂ:Z{ ¥ y y

CKOro moJis. \ , 5
IlpH RajiMuHM BHEWIHEro 3JeKTpHUe- 71 g

CKOro 10Jisi 3aKOH COXpPaHEHHs MOMeHTa

KOJIMYECTBA /JBHXKeHHs, Booblle roBops, Puc. 82

He umeeT Mecta. OJHAKO B MNOCTOSHHOM

OHOPOAHOM 3JIEKTPHUECKOM MOJe AOMKHA

COXPaHNTHCA NPOEKYUS MOMEHTA KOAUuecT8a O3udceriis Ha HampaBJCHHE 3JeK-
Tpudeckoro mnois. [1o3ToMy B 3TOM cayuae COXPAHSIOT CuAy H npasuia oT6opa
MO MATHHTHOMY KBaHTOBOMY YHCJHY f71;, ONUPENEJSIOILEMY YKA3aHHYIO MPOEKIHIO
(cumu S, Kak cKaszawo Bhiwe, He yuntosaercs). Ilpu Any = 0 BO3HUKaeT I-KOM-
IOHEHTA, a npu Amy == =1 O-KOMMOHeHTH. 2TH npaBuia oT0Opa M OMpEAESIOT
BO3MOX<Hble MePeXOAbl.

Mpocrefilmeli ApAseTca KapTHHA pacilelJeHHs BOJOPOAHBIX AKHHM cepru Jlai-
mana. JIHHHH 3TOH CepHH MOJAYUAIOTCS NMPH Mepexolax C Bhilllee:Kaulnx yposHef
Ha yposenb n = 1, kKoTopulii He paciennsietrcs (27— 1 ==1). Yposenb n =2
pacuenisierca Ha 2n— | = 3 noayposus. [lepexoasl ¢ 3THX NonypoBHefl Ha ypo-
Belb 7 == | [al0T TPH KOMIMOHEHTH, Ha KOTOPHE pacliefiisercs J#HHA [, BOIXO-
posa. Dt nepexoas uzobpaxkensl Ha puc. 80. Ypoeuu n =3 n n = 4 paculeq-
JMI0TCA COOTBeTCTBEHHO Ha 21— 1 = b n 271 — | = 7 noayposueil. [lpn nepexo-
JaXx ¢ HAX Ha ypoBeHb n == | BO3HHKA!OT KOMIOHCHTH, HA KOTOPHE PacUi_MISIOTCS
auniug Lg u L. Kaptuua pacuiensenus npeicrasJena Ha cxemaThueckom puc. 81.

3dech T-KOMMOHEHTH H300parkeHbl JKHUPHBLIMH JIHHUSMH, OTJOXKEHHBIMH BBepPX, a
O-KOMMOHEHTH — TaKUMU JKe JHHHAMH, OTJOKeHHbIMH BHH3. JLAuHB 9THX JHHHA
NOKAa3bIBAIOT OTHOCHTENbHblE HHTEHCHBHOCTH CHEKTPaAbHBIX KOMIIOHEHT, BO3HHKAIO-
LHX [1PH HaN0KEeHHH JeKTPHUECKOro mojis. 3aMeTuM, uTo B cayuae /.. LEHTPaTh-
Hass KOMIIOHEHTAa OTCYTCTBYET, TaK UTO JHHHA L3 pacllennsercss Ha 4 KOMIO-
wenThl. Jlunus [, pacuwenisercs ua 7 KOMMOHEHT, U3 KOTOPHIX 4eThIpe ABJAIOTCA
m-, a Tpu o-komnoHeHtami. [lppBeneHHnle TeopeTHuecKHe pe3yJ/bTaThl MOATRCP-
XKAAWTCA ONbITAMW, KOTOPbIe, Pa3ymeeTcsi, AOJMHHBI BBIIOJHATECS C BaKyYyMHOH
CMeKTPaJbHON annapaTypol (yJjbtpadbuonet!). .

Heckonbko cnoXKHee pacllennsdiorcst CHneKTpasbHble JHHHH cepHd DBasbmepa
Bogopoaa. B 3TOM cityuae mepexosbl COBeplIaloOTCSl Ha TPH MONypOBHS pacillef#s-
merocsl yposHs n == 2. Bamxkafiwnil yposenb n = 3 pacillenngercst Ha 5 NO/1ypoB-
Hefi. B pesyaprare GanbmepoBckas nuHus //q  so3WdKaiollas MpH Mepexoaax ¢
yPOBHf N = 3 Ha ypOBCHb 7 = 2, pacuiennserca Ha 15 KOMNOMEHT, KaK 3TO BH.L-
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Ho ua puc. 82, Jlunmus #y pacuienasercs na 20 komuoneut, qunus Hy —Ha 27,
guuna Hy—na 32 u T. 1. (LenTpasibible KOMIIOHEHTH NpH paciiennenud Hy, Hy

He MOSABJSIOTCA, C YeM H CBA23HO yMeHblICHHe YHCJAA KOMIIOHEHT COOTBETCTBEHHO
¢ 21 10 20 u c 33 no 32.) Paciuenyenne aunuit H, u /lg npu s¢gexre lTapka,

npejcKazbiBaeMoc TeopHeli (cornacyioilefics ¢ onbiTOM), nokasaHo Ha pHe 83,
Auanoruuno pacuwenasiotes anHud Ay Hg ...

6. Onucannas KapTHHA WITAPKOBCKOTO PacllielJIeHHs MOJAYyYaeTcs, ecli¥ He yqu-
Thigars CAUK 3AeKTPOHa, T. €. lipeHebpeub TOHKOU CTPYkTypold CNeKTPaJbHHX JH-

| He Hg “ ,

T I T

o L g
11 I! L || | 11

& 6

Puc. 83

HHf. DTO MOXKHC fenaTh, KOTAA LITAPKOBCKOe paclienendHe 3HAaUHTENbHO NMpepoc-
XOAMT IIMPHHY TOHKOIl CTPYKTYDH! CHeKTpaJbHoH JHHHHM. B nosnax nopsaxka necst-
KOB THICAY B/cwm M Bbillie TOHKas CTPYKTypa mpakTHYeCKH He HrDaer posH. Takue
3MeKTpPHYeCKHe moJs (Kak ¥ B CJydae MarHUTHBIX Nosedi B addexte 3eemana)
MOXHO Ha3BaTb cuabHoimy. Korga xe LITApKOBCKOe pacllen/eHHe CTAHOBUTCA
CPaBHHMBIM HJM MeHblle UHUPHHB TOHKOH CTPYKTYphI, TO 3JIeKTPHUECKOE MoJe
Ha3blBAOT cAabuim. TaruM 06pa3soM, NPHBELeHHBIE Bbille Pe3yJbTAaThl OTHOCSHTCH
K CuAbHbiM (B yKa3aHHOM CMBIC/IC) SJIeKTPHUeCKUM MoasM. B cnabuix ronsax 3¢-
¢derr lHTapka ocnoxusieTcss TORKOU CTPYKI 1IPOL.

§ 44. JlamCGoBCKHH CABUT YPOBHEH aTOMHBLIX 3JE€KTPOHOB

1. B § 38 ykaswBaJjoch, 4TO, COTJIACHO pEeJSITHBUCTCKOH KBaH-
ToBO#l Teopuu [lupaxa, HEpPrus BOAOPOJAHLIX H BOAOPOAOHOAOGHLIX
aTOMOB M HOHOB € OJIHHaXKOBLIMH KBAHTOBLIMH HHCJAMH 2 U | JIOJIK-
HBEl TOYHO c08nadaTe He3aBUCHMO OT TOTO, KAKOBO 3HAUEHHE KBaH-
toBoro uuchaa [. Ilpu 3asaHHOM j 4YHcsnO [ MOXKET NPHHHUMATH 3HA-
yenuss j— 1/2 u j+ 1/2 B 3aBHCHMOCTH OT TOTO, KAK OPHEHTHPOBAH
cnuH 3JeKTpoHa. Tak, IJiaBHOMY KBAaHTOBOMY 4HCAY n =2 (Hwxk-
HUH TepM BOAOpPOAHON cepuu BanbMepa) cOOTBETCTBYIOT TPH YPOBHS
28172, 2p1j2 1 2pas2. JABA TIePBBIX YPOBHSA 110 Teoprk Jlnpaxa Aoix-
HBl COBIAJATh, TAK KaK OHH HMEIOT OJHO H TO )K€ KRAHTOBOE YHCJO
j=1/2

Je#cTBUTeNIbHO JH COBMALAIOT YPOBHH 2812 M 2pij2 — 3TOT BO-
IIPOC MBIT&JNUCH Pellurb METOAAMH ONTHYEeCKOH CMEKTPOCKOIHH, H3Y-
yasg TOHKYIO CTPYikTYypY BOJAOPOAHOH JHHUH H,, BO3HHKAIOULYIO NpPH
Nepexojax ¢ ypoBHEH ¢ IJaBHBIM KBAHTOBBIM UHCJIOM #n=3 Ha
ypoBHH ¢ n =2 OpHaKO pe3yabTaTHl [OJy4aJHuCh TPOTHBOPEUH-
BuIMH. OIHH HCCJeA0BATEN HAXOLAHIW NOJHOE corjiacue HabJmnae-
MOl TOHKOH CTPYKTYphl ¢ TeopHeit [lnpaka, TorAa Kak ApDyrHe OpH-
XOAHMH K pe3yanTaTy, YTO yPOBHH 2Si/ H 2D/ CMEUIEHB OTHOCH-
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TeJIbHO APYT ADYra NpHOJH3HTEJbHO Ha BeJHUHHY nopsaka 0,03 cm—!
Hau okoso 1000 I'u. dta BesuunHa npumepHo B 10 pas MeHbue
paccTosHus MeXAYy YKa3aHHbIMH YDOBHSAMH Y JI€XKAILHUM BbIIie YPOB-
HeM 2p3s. TPYAHOCTe HCCJENOBAaHHUA TOHKOH CTPYKTYPbI COCTOsJIa
B HCKJIOUHTENbHOH OJH30CTH CNEKTPaJbHBIX JHHHH, 00/44aBLIHX
LOBOJILHO GoJgbwof mupuHo#i. Habulonasimeecss HeGoJbLIOE HECO-
BNajleHHe YPOBHeH 2Si9 U 2p;/p JexKajo B Npejesax 3KCIepHMeH-
TaJbHbIX owH6oK. Bonpoc Obla1 pewen B 1947 r. Jlambom (p. 1913)
n Puzepdopuom (p. 1912) merodamu paduocnexrpockonuu. Qwxu-
jJaemble cMmeileHus ypoBHeH ~ 1000 I'u s1exkaT B 06J1aCTH CBEPXBHI-
cokux uactor (CBU), rae MoXHO BOCHOJIL30BATBLCA METOAAMH pa-
JIHOCNIEKTPOCKOIHH, a MOCJe[JHHe MNO3BOJSAIOT 00€CNeUHTb TOYHOCTDb
u3Mepenni go 1 .

2. Hnesa onnita Jlamb6a u Pusepdopaa ocnoBaHa Ha TOM, 9TO
BO30YKAEHHHH YpPOBeHb 2pse siBAseTCsl HecTaOHJIbHBLIM, a BO30YX-
JIEHHBIH YpOBeHb 2S;,2 — MeTacTabuAbHbIM. BpeMs XKH3HH Ha YpOBHe
25172 npumepHo B 108 pas Gosbuie, ueM Ha ypOBHE 2pjs. JlefcTBH-
TebHO, PaAHALHOHHBIA fiepexoa ¢ YPOBHSI 2pi;; HAa HeBO3OyK/IeH-
HbIi ypoBeHb 1Si2 C HCycKaHWem OJHOTO (DOTOHA pasperier npa-
susom orbopa Al = +1. llepexox ke c ypoBHs 2Si; Ha ypOBeHb
sy, 3anpeujen, nockoabky npu stom Al = 0. Taxo#i nepexoa Bo3-
MOXKEH TOJIbKO C HCIYCKaHHMeM 08yx (poToHO8, 4 MOTOMY OH COBEp-
maercss npumepHo B 10% pas melseHHee, ueM Nepexod 2pisz — 18y,
[To cpaBHEeHHIO ¢ MepexoioM 2§j—>1S12 -~

nepexoa 2pis;— 1S1/2 NPOHCXOAHT MNpH- IN
mepuo B 10® pas OnicTpee, T. e. NpakTH- 1 p
YeCKH MCHOBEHHO., --—ﬁ——l

B onuitax JIsmba u Puseptdopaa mo- 7 M l 5

JEKYJH BOJAOPOJa JHCCOLHHPOBAJIUCH

nojJ JeHCTBHEM BBLICOKOH TeMIEpaTyphl K]
B meun K (puc. 84). B pesyabrate mno-

Jdydajcs NYYOK aTOMOB BOAOpPOAa B =
OCHOBHOM COCTOSIHHH 1S1/2, HampapJsis- Prc. 84

IHACA Ha MeTAJJIHIECKYIO TIACTHHKY

(Muwenp) P, coefrHeHHYIO ¢ rasbBaHOMeTpOM. [10CKOMBKY aTOMbl
nyuka He Obliud BO36YyXKJAeHBH, OHH He MOFJH NepefaBaTb SHEPTHIO
3/leKTpoHaM MulleHH P. BbIpbiBaHHsS 3J€KTPOHOB M3 MHILEHH He
NPOMCXOJMJIO, W TajJbBaHOMETD He OOHAPYKUBAJ 3JEKTPHUECKOTO
TOKA. '

Ho uwactb aToMoB (mpuMepHO OAHY CTOMHJUJIHOHHYIO) MOXKHO
ObLJIO0 MepeBeCTH B BO30Y:KAEHHLIE COCTOAHHS 28y H 2P1/2, 32aCTAaBHS
MYUY0K AaTOMOB IlepeceKaTb 3JEKTPOHHBIH nyuok 3. Bosbyxaenue
aTOMOB MPOH3BOJUTCSA YAapaMH 3JIeKTPOHOB, TaK UTO npaBua 0T6opa
NpU H3JYUEeHHH He JelicT8ytoT. DHeprus BO30YKAEHHA COCTABJSET
10,2 5B. ATOMBl B COCTOSIHUH 2p;/2 HAa MHILIEHb P He IoOnajaoT, Tak
KaK OHH IPAaKTUYECKH MCHOBEHHO MEPexXOAsiT B OCHOBIIOE COCTOSIHHE
1s1/2. Ha Muiienb 43 BO36YXK/AEHHBIX ATOMOB MOTYT MONACTh TOJLKO
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aTOMbl B COCTOSIHHE 2Sy/9. DHEPTHIO BO3OYKAEHHS OHHM NPH CTOJK-
HOBEHHAX NEPEAAIOT 3JeKTPOHAM MHIICHH P, BBIpbIBasl MOCJAEIHHE
M3 MHLIEeHH. ['aJbLBaHOMETpP HauKHAET MOKA3bIBATh TOK, N0 BEJIHUHHE
KOTOPOTO MOXKHO CYIHTb O UHUCJE ATOMOB B METACTaSHJALHOM COCTOSI-
HUH 28|79, TONAAAIOLIHX HA MHUIIEHD.

Ecan Temepp Ha nyTu nmyuka aTOMOB BOJIOPO/AA BKJIIOYHTL LIHKJH-
YeCKH MeHsIolleecss MaTHATHOe IoJle HajJeXaillel 4acTOTH, TO B
cllyyae HecOBNAJeHHs YPOBHeH 2sy M 2Py, HAUHYTCH BBIHYMI€H-
Hbie nepexolrt MexkAy HuMu (cM. § 42, nyekT 2). Ouu 6yayr npo-
HCXOJHTb C MaKCHMaJIbHOH CKODOCTBIO TMpPH pe30HaHCe, KOrja ua-
CTOTA BHELIHErO MArHHTHOTO 1oJs 6yaeT COOTBETCTBOBAThL Pa3HOCTH
SHeprufl Mexkiay paccMaTpuBaeMbiMH YypoBHAMH. Ilepefinss u3 co-
CTOSIHHSA 2Si/2 B COCTOSIHHE 2pj;5, aTOM [OYTH MIHOBEHHO BO3Bpa-
maercs B HeBo3OyxKJeHHOe cocTosiHue 1Sis. Iloaromy uncmo Bos-
6y:KJeHHbLIX aTOMOB B COCTOSIHHH 2pys;, NMOMajalOLIHX HA MHILIEHD,
HaurHaeT yOniBaTh. BMecTe ¢ TemM HaumHaeT yOBIBATHL H TOK 4epes
raneBaHoMerp. Ilo MHEMMYMY TOKa MOXKHO OIpPE€JEAHThL pe30HaHC-
HYIO 4acTOTY IOJIS, a ¢ Hell M PasHOCTb YPOBHeH 2s1,,— 2p1,2!).

Onwite Jlsm6a n Pusepdopra nokasanu, 4TO YpOBHH 28y U
2p1y, He coBnajaioT MexAy coboft. Pa3HOCTb MexX1y HHMH MO Ya-
CTOTaM cocTaB/seT Aas Bojopoja 1057,90 40,06 Mlu. dra pas-
HOCTb (KaK ¥ BOOOIle Pa3HOCTb MeXKAYy YPOBHSIMH TOHKOH CTPYK-
TYPbt C OAHHAKOBHIMH # H j, HO Pa3JIHYHBIMH [) Ha3wiBaeTcsl 1ambos-
ckum cdsuzom. B3auMHOe pacroJsioxKeHHe ypOBHeH 28155, 2py M
— 2p3s0 C yKa3aHHEM DACCTOSHHH MEKAY HUMH AJS
f ~ 2Py BOAOpOJA TpHBeaeHO Ha puc. 85. JIamOoBckuil
CABHT OUeHb MaJj—oH mnpuMepo B 10 pas
MeHbIe PACCTOSIHHS MEXKAY YPOBHAMH TOHKOH
951011y CTPYKTYPEI 2p3/9 H 281/5. TeM He MeHee 3TO OYEHb
BaxHOE SBJEHHEe, TEOPETHUECKH HCTOJKOBAHHOE
B KBaHTOBOH aJsekTpoAinHaMuke. [lociexusis
—) , naeT jus jJ3MOOBCKOTO CABHra B cJydae BOJO-
105790 MI, poxa 1057,91 40,01 MIu, uro HaxoaHTcs B
— 20, 1pPEeBOCXOJHOM COIJIACHH C 3KCHEPHMEHTAJbHLIM
Puc. 85 3HaueHKeM, NpHBECHHEIM Bhe. CTOab XKe npe-
BOCXOJHOE COTJIacHe TOJydaeTcsl AJasd AeldTepus
M OJAHOKPATHO MOHM30BAHHLIX 2TOMOB TeJIHsl,

3. 3aMeTuM, UTO J3MOOBCKHH CABHT MHO3BOJSET CYAHTb O TOU-
HOCTH, C KOTOpO# onpaBjbiBaeTcs 3aKoH Ky/ioHa Ha paccTOSHHAX
nopsinka atoMueix (10-% cm). IlpeanosioxuM, 4TO HCTHHHBIA 3aKOH
umeer Bua E ~ 1/r*=v, [Ipeanonoxum janee, uto |y|==10-° Torza

25,

1) Ypomenb 2p, OKa3ancs JeXalliM HUXKe YPOBHS 2s,,9. [ToaTOMY BO3MOMK=
HH Nepexojsl 25;,—2p W B OTCYTCTBHe BHewHero Moss. OfHako Tak Kak pac-
ILETJIEHHe MaJlo, @ BEPOSATHOCTL MEPEX0j1a UPOROPUHOHAIRHA KYOV PACCTOSHHH Ae-
M1y YPOBHSIMH, TO 3T4 BEPOSTHOCTL KpaiiHe Mafia (COOTBETCTBYHILEE BpeMs XKH3-
HU — TIOPAJIKA HeCKOMLKAX JeT). [osToMy yKasaumulfi Mepexoj MOXKHO He IpH-
HAMATb BO BHHMaHHe.
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BBIUHCJIEHHS NPHBeNH OBl K H3MeHEeHHIO J3MOOBCKOIO CABHIa 281/ —
—2py/2 Ha BeJIHYHHY, OOJblIYI0 CYLIECTBYWOLIEH OWIMOKH H3Mepe-
Hus. Ha OCHOBaHHH 3TOro MOKHO 3aKJIOYHTb, YTO HA aTOMHBIX pac-
CTOSIHHSX |y| He MoxkeT ObITb Gosbiue 10-° (cp. 1. 111, § 6, nynkT 4).
Ha camom nese oTcTynseHusi oT 3akona KysoHa Ipu B3auMonefi-
CTBHH 3JIEKTPOHA C SApPOM HAUYHHAIOTCH TOrAa, KOrAa BKJ/IIOYAIOTCSH
ajgepHble cuabl. [lasa caydas xe, KOrAa y B3auMOAEHCTBYIOIIHX Ya-
CTHLl silepHBIE B3aHMOJAERCTBHS OTCYTCTBYIOT (3JeKTDOHH M IIO3H-
TPOHLI), B HACTOsLIEE BPEMs Ha YCKOPHTEJISAX € BCTPEYHBIMH IIy4-
KaMH 3aKOH KysoHa npoBepeH 1o paccrosHuii ~ 10-16 cm.

§ 45. ®u3nuecknif pakyym n o0bsicHeHHe
A3MGOBCKOIO CABHIra

1. JIsm60Bckull cAaBur Obl1  oObiAcHeH M paccuntaH DBere
(p. 1908) B KBaHTOBOH 3JeKTpojanHaMuke, [Tocko/abKY nocseaHsis
HaMH He H3Jarajachb, B HallleM Kypce MOKHO JaTb TOJbKO Kaue-
CTBEHHOEe NMpPeJCTaBJCHHE O TEOPHH JIIMOOBCKOro CABHra.

[IpeaBapHuTeabHO HEOOXOAHUMO OCTAHOBHTHCS HA BOIpOCE O ¢hu-
BUHECKOM 8AKYYMe W SUPTYAAbHLIX YACTUYAX — BAXHEHIIUX NOHS-
THSIX KBAHTOBOH TeopHH ImoJd. CorjiacHO KBAHTOBOH TEOPHH MOJsS
BaKyyM He ecTb a0COJIOTHAsl «IyCcTOTa», B KOTODOH HHYEro Het.
Bakyymy npucyliun mMHorue ¢usudeckue CBOHCTBA, H OH MOIKET Ha-
XOAHTbCS B Pa3JMYHLIX (PH3HYECKHX cocTOossHHAX. [loatoMy-To oH
B IOJYYHJI I[I0YeTHOe HasBaHHe «{Hu3uyecKOoro Bakyyma». B oriau-
ype OT THIOTeTHYecKoro s¢upa 19-ro Beka, KOTOPOMY NPHNHCHBA-
JIICb MeXaHHYeCKHe CBOHCTBA, NPHHIHIHAJILHO HE OTJHYAIOIIHECS OT
MEXAHHYECKHX CBOHCTB OOBIYHBIX MaTepuaJ/bHLX CPe/, COBPeMeHHas
¢n3uka NBITAeTCA YCTAHABJAMBAThb CBOHCTBA (PH3HYECKOTO BaKyyMa
TOJbKO Ha OCHOBE TBEPAO YCTAHOBJEHHBIX 3KCIEPHMCHTAJbHEIX
$aKTOB ¥ NPOBEPEeHHBIX ONHLITOM (u3nYeckux Teopui. Hukakux me-
XaHHYEeCKHX CBOHCTB (hH3HUECKOMY BAaKyyMy He NpPHIIHCHIBAeTCH.

Crtporo roBops, caelyeT pas3juyaTb He OAMH BaKyyM, a HeCKOJb-
KO, B 3aBHCHMOCTH OT TOT'O, C KAKHMH YacTHIAMH H NOJSAMH OH CBH-
3aH. Tak, 3/4eKTPOMArHATHOE IoJie, HJH IoJe (POTOHOB, MOXKET OT-
JaBaTh CBOIO SHEPTHIO KBAHTAMH BeJHUHHOH Av. I1pH Kaxao# Takoh
oTAaYe 4YHCJ0 (POTOHOB yMeHbliaeTcss Ha eAMHHUY. B pesyabrare
MI0C/I€10BATEJLHOCTH TaKHX NPOLECCOB B KOHIE KOHIOB BO3HHKAeT
COCTOSIHHE, B KOTOPOM YHCJIO KBAHTOB B CHCTeMe paBHO HyJ0. On-
HAKO, B OTJIHUHE OT KJACCHUECKHX IpeACTaBJeHHH, 3JeKTPOMAarHHT-
HOe mHoJie NPH 2TOM He HCue3aeT, a NepexOAHT B COCTOSIHHE C HaH-
MeHblIeH HepPrHel, OTHATL KOTODPYIO OT MOJS YKe Heab3d. DTo 3a-
KJIOYeHHe sIBJSeTCs CJAeACTBHEM CYLIeCTBOBAHHUS HYJEBOH 3HEpPrHH,
T. €. B KOHIe KOHIOB MNpHHIHMNA HeomnpenedeHHocTed. CocTosiHue
2JIeKTPOMATHHTHOIO IOJI C HamMeHblUeH BO3MOXKHOH SHepruef, B
KOTOPOM (POTOHOB HET, HA3LIBAETCS BAKYYMHbLM COCTOAHUEM 3AEK-
TPOMAZHUTHO20 NOAA WA (POTOHHOLYM 8AKYYMOM. DICKTPOMArHHTHOR
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noJje B BaAKYyMHOM COCTOSIHHH He MOXeT ObITb MOCTABILHKOM 3Hep-
THH, HO H3 3TOTO He cJjelyeT, 4TO OHO BOoOOlLle HHKAK He MOXeT
nposBUTbL cebs1. OHO MOKeT GbiTb NMPUUMHOH pasiuuHBIX HabJlolLae-
MLIX (QH3HYECKHX fBJEHKH, KaK 00 3TOM yKe YNOMHHAJOCh BLILIE
H noapobHee GyAeT CKa3aHO jAaJjblie.

AHanoruuHo W AJs APYTUX YACTHL BBOAMTCH IpEJCTaBJEHHE O
BAKyyMe KdK O HH3IIEM SHEpPreTH4eCKOM COCTOSIHHH II0JIA COOTBeT-
CTBYWOWIUX HacTul. Tax, pasjHuaioT 34eKTPOHHO-RO3UTPOHHLLE 8a-
KYyym, Ile TAKHMY 4aCTHLAMH SBJSIOTCH 3JEKTPOH U IO3HTDPOH, OT-
JIHUaoLlHecss APYyr OT APYra TOJbKO 3HAKAMH 3JEKTPHUYECKHX 3a-
panoB. CyuwecTByeT gakyym m-me30408 u T. 1. [1pH paccMoTpeHHH
B3aHMOJEHCTBUA NoJIeli BaKyyMOM MOKHO HAa3BaTh HH3ILEe 3Hepre-
THYECKOE COCTOsH}e BCell CHCTEMBl 3THX MMOJeH.

Ecan noaw, HaxoAsileMycs B BAKYYMHOM COCTOSIHHH, COOGILHTD
JOCTAaTOUHYI 3HEeprHi0, TO NPOUCXOAHT ero Bo30yxKIeHHe, T. e. POXK-
JleHHe YaCTHLbl — KBAHTa 3TOro nojis. Tak, B BaKyyMme IPOHCXOMMT,
HalpHMep, pOXKJeHHE 3JEeKTPOHHO-NO3HTPOHHBIX Nap. Poxkaenne
YaCTHLB MOXHO OINHCAaTh Kak lepexoJ U3 «HeHabJIOJaeMoro» Ba-
KYYMHOIO COCTOfIHHSA B COCTOSIHHE PeaJIbHOe.

2. CornacHo COBpeMeHHBIM IIpeACTaBJIEHHSIM B3aHMOLEHCTBHE
MeX{/y 4aCTHLAMH OCYILIeCTBJISIeTCHA NOCPeACTBOM 00MeHa KaKHMH-TO
JIPYTHMH YacCTHUAMHM, KOTOPbIM COOTBeTCTByeT CcBOH BakyyM. Tak,
3JIeKTPOMAarHuTHOe B3aUMOJACHCTBHE MEK/Y 3JeKTPHUECKH 3apsKeH-
HEIMH YaCTHLUAMH OCYILECTBJAAETCS IIOCPEACTBOM 3JEKTPOMArHuT-
Horo BakyyMa. OJHH 3JIeKTPHUECKHIl 3apsai HcnyekaeT (OTOH, HO-
rjoulaeMblil JpyruM 3apsjaoM, KOTOPbUl B CBOIO oyepejb HCIYCKaer
GoToH, lorJaoWaeMbll nepBbIM 3apsaoM. TakuMm o0pasoM, Mexay
3apsaMu IPOHCXOAAT ob6MeH GoToHaMH. B pesysibraTe 3TOro H3-
MeHsIeTCsl HyaeBoe (T. e. HeBO30Y K/IeHHOe) COCTOSIHHE BAKyyMa, UTo
N0 COBPEMeHHBLIM NpPeJCTaBJeHHAM NPOABJAETCS B CHJE B3auMolei-
CTBHA MEX1y uacTHLaMu, o6MeHHBawliumucs ¢oToHaMu. AHauo-
rMYHo, [0 HeJAaBHero BPEeMeHH CHMTAJoChb, 4TO B3auMoOJeHCTBHE
MeXAy HYKJIOHaMH (NpOTOHaMH H HeHTPOHAMH) OCYyLIECTBJAETCS
MoCpeACTBOM BakyyMma mn-Me30HOB. OAHH H3 HYKJOHOB HCIYCKaer
n-Me30H, a Jpyroi#i ero noraouiaer, 1 Hao6opor. CO BpeMeHH NpH-
HSITUS KBApKOBOH MOJleH siIepHble CHJIbL CBOMAT K B3aHMOAEHCTBHIO
KBapKOB.

M3ioKeHHble MpeLCcTaBJeHHS O B3aUMOAEHCTBUH Ha HepBHIH
B3IMJIsI HAxXoAATCS B NPOTHBOPEUYMH C TeM, 4TO YTBEPXKAanoch B
nyekre 5 § 1. ByjgeM a5 KOHKPETHOCTH HMeTb B BHJY B3auMOJeH-
CTBHe 3JIeKTPHUYECKHX 3apANOB, XOTd BCe CKa3aHHOe HHxe Oyner
OTHOCHTbCA M KO BCeM APYTHM THIam B3auMmolefictBuii. [loka B3au-
MO/IeHCTBHe He HayaJoch, Ka)Kjas M3 4acTHL sBJAAeTCA CBOOOAHOMN,
a cBo6oJHAS JACTHLA HH HCHYCTHTb, HH NOIJIOTHTb KBAHT He MOXeT.
B nporuBHOM Caydae B mpoleccax HCNYCKaHHA Y MOIVIOIUEHHS KBaH-
Ta Hapyulaics 6bl Jn60 3aKOH COXPaHeHHsl 3HePrHH, JIH60 3aKOH
coxpaHeHnsi uMmnyjbca. OJHAaKO nNpHBENEHHOE YTBEPIKAEHHE OTHO-
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CHTCA K HCNYCKAaHHIO HCTHHHBIX 4acTHU. B3aaumoseiictBhe xe ocy-
ILECTBJISIETCS] He peasibHBIMH, & BUPTYAAbHOIMU HACTULAMU, W TIPH-
BeJleHHOe BLIlle NPOTHBOPeuHe ycrpaHsercs. [103ToMy B npeabiay-
meM ab3ale TouHee Hajxo 6bLIO Gbl Be3je TOBOPHTL i€ MPOCTO O
yacTuiax, o6MeHOM KOTOPBIX OCYIIECTBJSETCS B3aHMOJeHCTBHe, a
0 BHpPTYyaJbHBIX YaCTHLAX,

BupryanbHble YacTHLUB CYLHECTBYIOT TOJBKO B TPOMEKYTOYHBIX
COCTOSIHHSIX H IPHTOM OYeHb KODOTKOE BpeMsl, UTO MpEeNnsiTCTByer
3KCMepUMEHTANbHON perucrpauun ux. Ho Bpemsi cyliecTBoBaHHs
BHPTYaJbHOH 4acTHUBL Af CBSI3aHO C HEONPENeJEHHOCTbIO €e 3Hep-
ruu cootHowenueM Af A& = h. Auanoruuno AxAp = h. Tlpu uaau-
YHH 3THX COOTHOIUEHHUH HeOINpeJe/eHHOCTH 3aKOHH COXpaHeHus
SHEPTHH Y)Ke He NpelnsiTCTBYIOT 60Jee UCNYCKAHUIO KBAHTOB HCTHH-
HBIMH CBOGOJHDLIMH YaCTHLIAMH, €CJH TOJbKO 3TH KBAaHTH HMEIOT
3Heprul0 A& W CYLIECTBYIOT B TeuéHHe [POMeXYTKa BpPeMeHH
At ~ 1L /AE. MoxHo cKasaTb, YTO BHPTya/bHas 4acTHLA €CTh Ta-
Kasi yacTHua, [Jis KOTOPOH He BHINOJIHsIeTCst OOGLIYHAsI KJjaccuye-
CKas cBf3b Mexxay aHepruefl u uMmnysancoM &2 = (pc,* 4+ m’c'.

3. 3a Bpems Af ecTeCTBEHHO NPHHATL NPOAOKHTENBHOCTh AKTa
o6MeHa MexK1y B3aHMOAEHCTBYIOUIUMH vactuuiamu. Ecnu 0puHATDH
Jajee, YTO B3aHMOAEHCTBHE paCHpOCTpaHAeTcss ¢ MaKCHMaJbLHOH
CKOpOCThIO ¢, To At =L/c, rpe L — paauyc nepernocumoro B3auMo-
gedicteust. Tlostomy sueprus kBawta A& == mee? = fic/L, tae mo—
Macca nokost kaunra. Orciona

L=T1/m(,C. (451?

UeM GoJsiblue mMacca /o KBaHTA, NEePeHOCHIIEr0 B3auMoAelicTBUE, TEM
KOpoue pajMyc AelficTBEHSI COOTBETCTBYIOUIHX cUJ. O 3HAUEHHH 3TOTO
(hakTa Mbl HaMepeHBH TOBOPHTL B 9acTH 2. OTMeTHM TOJBKO, UTO
aas goroHa mo==0. [loatoMy paanyc AeH#cTBUS KYJOHOBBIX CHJ]
6ecKoHeYeH.

TaxuMm o6pasoM, NPHHUHMI HEONPeJeJE€HHOCTH BBLIHYXKAAeT TpH-
HATh, UTO Kax/asi 3apsiKeHHAsi YaCTHLA OKDY»eHa o6JakoM HCIy-
CKaeMbiX ¥ MOTJIONIaeMbiX BHPTYaJbHHX (GOTOHOB. JIpyrue uyacTHib
OKpYKeHbl TaKXe COOTBETCTBYIOLIMMH KBAHTaMH, NePeHOCSIUMH
B3auMmosefictBue. Takas KapTHHA COOTBETCTBYeT BO33penusMm Papa-
jaest ¥ MaxkcBessa 0 HeZONYCTHMOCTH HeNOCPeACTBeHHOrO AeHCTBHS
Ha paccrosHud. Ilns paauMopaeficTBud HeOGXOAHMO HaJluue [Opo-
MexXyTouHoro areHra. OaHaKo KOHKpeTHOe IpejcTaBjieHHe, 4TO Ta-
KHM areHTOM SABJSIETCS KJACCHYGCKHH HeNpepbiBHBIA 3¢pup, Geana-
JIeYKHO ycTapeJso H MO)KeT ObiTb COXPAHEHO TOJbKO DAJH HCTOpHYe-
CKOr'0 HHTEpeca.

4. BakyyM sBJsieTcq CYNepno3dulHneil HyJeBbX KosaeGaHUH moJs,
T. €. COCTOSIHHA ¢ BHUPTYaJbHO BO3HHKAWOIUMH H HCYE32IUHMHU
BHPTYaJbRBIMH  (GOTOHAMH, BHPTyaJbHBIMH 3JEKTPOHHO-IIO3HTPOH-
HBIMH I1apaMH, a Takxe /APYFHMH TNapaMM YacTHL ¥ aHTHYACTHL.
DTH BUPTYyaJbHble UACTHIB B3aUMOACHCTBYIOT MEXKAY COOOH W ¢ He-
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THHHBEIMH 4acTHllaMmy. Tak, BOSUHMKIIHH BUPTYyaJabHbIH (OTOH MOXKET
NOPOJAHTL 3JICKTPOHHO-MO3WTPOHHYI0 mapy. [Ipu aHHHTHJALHH 1O-
cjelHefl BO3HHUKHYT HOBHE BHPTYyaJ/bHble (DOTOHH, U T. . Bo BHew-
HeM 3JIEKTPUUECKOM [0Jie, HANpHMEp B MOJi€é aTOMHOTO siipa, BHP-
TyaJlbHble JEKTPOHbl M TMO3HTPOHBI PacloJ/araioTcsi HepaBHOMEPHO.
BHpTYya/bHbIE MO3HTPOHBI CMELAIOTCS MPEUMYIIECTBEHHO B Hanpas-
MeHHN 3JIEKTPHUECKOTO MOJIl, BHPTYaJbHblE 3JIEKTPOHBl — IIPOTHB
3JIEKTPHUYECKOTO NoJisl. B pesyJbTaTe BO BHEUIHEM 3JEKTPHUECKOM
10/l BO3HHKaeT SsIBJIeHWe, Ha3biBaeMoe noaspusayuerl eaxyyma.
3710 sIBJICHHE aHAJOTHUHO OOLIYHOH NOJIPH3ALMH JH3JIEKTPHKOB BO
BHelliHeM moJie. ToJIbKO B AW3JAEKTPHKax peUp HAET O CMELICHHH
ACTHHHBIX 3JIEKTPHYECKHX 3aDsL0B, 4 B BaKyyMe — O CMELIeHHH BHD-
TYaJIbHDIX.

5. Tenepp MOXKHO 06pPaTUTLCA K OOBACHEHHIO JISMOOBCKOIO CABH-
ra. OcHOBHOH BKJal (~ @SR, rie o — nocrosHHas TOHKOH CTPYK-
Typhl, R — nocrosiHHas Puabepra) BHOCAT aBa BaKyyMHBIX sddekTta
(naseiBaeMbIX MHAve paduayuoHHbimu nonpaskanu). Bo-nepsoix, He-
nycKaHHe M INOIJIOLIeHHEe CB3AaHHLIM 3JIeKTDOHOM BHPTYyaJbHEIX (o-
TOHOB, YTO TIPHBOAUT Y HEro K HaMeHeHH10 3 pexkTUBHOA Macchl H MO-
SIBJIEHHMIO @HOMAJIBHOTO MAaTHHTHOTO MOMeHTa. Bo-BTOPBIX, MOJApH-
3alHUs BakKyyMa, T. €. POXKACHHE M aUHHTMJSIUMS B Bakyyme BH]-
TyaJLHBIX 3JEKTPOHHO-NO3UTPOHHBIX Map, YTO HCKAaXKaeT KyJOHOB
oTeHUMAa sApPa Ha PacCTOSHHAX HOPSIAKA KOMNTOHOBCKOH ANWHDI
soatibl aseKkTpoHa (~ 10—!! cm). [TocKONbKY KOMNTOHOBCKAs AJIMHA
BOJIIB 3JEKTPOHA MHOTO MeHblie CpeiHero pajguayca OODOBCKHX
opOHT B BOLOpOIE, 13MOOBCKHH CABHI B BOAOPOAE BbI3LIBACTCSH Ipe-
MMYILECTBEHHO 11epBOH NpHUYHHOH (H3MeHeHHeM 3G (EKTHBHOH Macchl
sjekTpoHa). Iloasipusauus Bakyyma NPHBOAHT K OAHHAKOBOMY AJS
BCeX ypoBHel cABHTY. Bkjaaj mnoJsfpH3alMu BakyyMa B BeJHUHHY
A3MB0BCKOro CMeIlleHHst YpOBHel HeaHauuTesen (B Boaopoae =3 Y
0B11ero cMelleHus /51 OCHOBHOTO YPOBHSA).

[To Teopun, coraacymwlefics ¢ ONbITOM, J3MOOBCKHHA CABHI ypOB-
Hs NpOMOPIHMOHAJEH 4YeTBepPTOH CTeNeHH aTOMHOTO HOMeDPa H 006-
paTHO NPONOPUHOHAJIEH TpeThel CTeNeHH [JABHOIC KBAHTOBOTO
qHCJIA.

Creayiolilee npocToe paccyXAeHHe NOSICHSAET BJHSHHE [VIaBHOTO
KBAHTOBOIO YHCJA Ha C/ABHTr ypoBHeH. OO6pasHO roBOps, $-3JeKTPOH
NPOBOAHT OCHOBHYIO 4acCTh BpeMeHH BOJIM3H sipa, T 3JeKTpuye-
CKO€ MOJie CHJIbHOE H Pe3KO HeOJHOPOJHOe, a p-3JeKTPOH B Cpel-
HeM HAXOAMTCs Ha 60Jee [aJEKHX DACCTOSIHHAX, Tle noJe cjalbee
M MeHee HeoaHopoado. C ApPYrofl CTOpOHBI, B3aUMOAEHCTBHE C Ba-
KYyyMoM (HCNyCKaHHe H MOrJjolletne BHPTYyaJbHblX (DOTOHOB) Kak
6bl packaunBaer (Tpsicer) sjexTpoH. MHa kjaccHueckoMm si3bike op-
6uTa 3JEeKTPOHa He MJaBHas KpuBas (HampuMmep, Kpyrosas), a Hs-
BHAKCTAs. DJeKTPOH TO Vviajsercs oT siapa, To NpHOAHIKaeTcs
K lleMy, W npuToM XaoTruecki. [loTenunasbhas 9HEprus B noie
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aapa U ~ 1/r. [1pu ysenutuenuu r Ha Ar sHeprus U MeHseTcsd Ha
BEJHYHHY

1 1 Ar
M~ = 7=~ 7r+8
IIpH YMEHBUICHHH 7 — Ha BeJUYHUHY
, Ar
e ey

yTo no abcomoTHoll BejanunHe OGoabuie AU. DTo 3HAYHT, 4TO Ba-
KYyMHOE ApOXKaHHEe JEeKTPOHA MEHseT 3HAK H3MEHEHHs €ro MOoTeH-
nuaapiofi sHeprun U. OcCoGeHHO BeJIHKO H3MEHEHHEe NOTEHUHAJb-
HOIl 2Hepruu BOJHU3M fApa, rAe U BejiMKa W Pe3Ko MeHsieTcd ¢ pac-
cTosinueM. Takum oBpasoM, BakyyMmHble A00aBKH K MOJHOH SHepPTHH
& OoJblie 15 $-3JEKTPOHOB, UeM AJS pP-3JeKTPOHOB. DTO B OCHOB-
HOM H pa3JABHTAEeT 3HEpPruil §- U P-dJE€KTPOHOB, KOTOphle 6e3 3Toro
conafanu 6wl (ecau He YYHTBIBATh CABHI YDPOBHEH, BHI3BIBAEMBIH
nonspu3anuell Bakyyma).



‘ FITABA VI
ATOMHBIE CHUCTEMBI CO MHOTHUMH 3SJEKTPOHAMH

* K

§ 46. MpuHuUMN TOXKAECTBEHHOCTH OAHHAKOBLIX YACTHIL.
Mpuruun Mayan

1. B oraunune ot MaKpPOCKONHYECKHX Tes, ONHOTHIIHbE YaCTHIBI
MUKDPOMHUDA (3JeKTPOHE!, TPOTOHBI, HEATPOHB!, BCE TAK HA3LIBAeMble
3JeMeHTaPHbIe YaCTHLBl, aTOMB H TIp.) 06JajaloT CO8ePULeHHO 00U-
HaKOBbIMU CBOHCTBAMU: Y HHUX OJAMHAKOBH Macca, 3JeKTPHYeCKHH
3apad, CIHH U np. B cBA3M ¢ aruM BO3HMKaeT BONPOC, KAK OTJIHYHTD
O/Hy YacTHLy OT Apyrofi Takof e yacTulbl. Bo3bmem B KauecTBe
IpuMepa CHCTEMY, COCTOSULYIO M3 JABYX 3JIEKTPOHOB. B Hexoropwlii
MOMEHT BpeMelH (IIpHHHMAeMbIH 32 HauyaJbHBIH) OTMETHM I0J0Ke-
Hue o6oux 3JEKTPOHOB, cHalAHB OJUH M3 HHX HoMepoM 1, a Apyroi
HomepoM 2. C KJIaCCHUECKOH TOYKH 3peHHUS 3JEKTPOH [ABHIKETCH [0
onpejesieHHOll TPAeKTOPHHU, TAK YTO NPHHUHIHAJIBHO BO3MOXKHO NPO-
CJe[UTb 3a ABUMKEHHEM KalXKJIOro H3 pacCMaTpPHBAEMBIX 3JEKTPOHOB.
‘O6GHapy:KHB 3JEKTPOH B KAKOH-TO MOCJeAYIOUIH MOMEHT BpPEMEHH,
MOXKHO B NpHHUHUIE CcKa3aTb, 6yAeT Ju 3TO 3JeKTPoH | uau sjex-
tTpoH 2. [lomMeHnsB MecTaMu H cKOpocTAMU 00a 3JeKTPOHA, Mbl MOJY-
YHM HOB0C COCTOAHUE CHCTeMBl. BoO BCceX OTHOWIEHHAX OHO
obnafaeT TeMH Ke CBOHCTBAMH, YTO H UCXOLHOE COCTOSIHUE, HO OT-
JIHYAeTCH OT Hero HyMepavLHell 371eKTpoHOB. C H3JIOKEHHOH TOYKH
3peHHs] OJIHHAKOBLlE YACTHUBl APUHYUNUAAGHO pa3AUYUMbL  WIIH
UHOUBUOYOAUSUPOBAHDL.

CoBcem HHaye OGCTOHT [e/10 ¢ TOYKH 3PEHHs KBaHTOBOH Mexa-
HHKH, OTBepraoumeil KJacCHuecKoe NpeACTaBJeHHE O JABHMCEHHH 4Ya-
'cmubr N0 TPAEKTOPHIL CocTosiHMe CHCTEMBl YaCTHL OMHCBIBAETCA
B KBAHTOBOH MeXaHHKe BOJHOBOH (yHKUHe#l, KOTODOH naercs Be-
pomﬂocmoe HCTOJIKOBaHHe. B HaleM npumepe oHa siBasercs QYyHK-
el BpeMeHH M KOOpAHHAT 060MX 3JeKTPoHOB. OGHApYKUB B Ka-
KON-TO MOMEHT BPEMEHH OJIMH H3 3JIEKTPOHOB, HPUKYUNUAALHO He-
BO3MOMCHO peUIuThb, 6YIAeT JH 3TO 3JeKTpoH | uan snexktpon 2. He-
BO3MOXHOCTb IIPUHIUNHAJIBHOIO peUIeHHs TOTO HJH HHOTO BONPOCA
03HAayaeT, YTO caMbli BONPOC NOCTAaBJeH Henpasuavno. K Takum
HCKYCCTBEHHO ITIOCTaBJIEHHBIM BOIPOCAM C TOYKH 3PeHHs KBaHTOBOH
MEeXaHHKH OTHOCHTCSL ¥ pas3OHpaeMblii HaAMH BONPOC O Da3/HUEHHH
JBYX OJIMHAKOBBIX yacTHU. EciM 1Be OJMHAKOBbIE YaCTHUH IIOMe-
HSITb MECTaMH, TO Pe3yJbTaT TAKOro o6MeHa HUKAK Hea»3s oGHapy-
ocutd akcnepumentassio. OT BCAKOH TeOpUH eCTecTBeHHO Tpe6o-
BaTh, YTOGH ABA CUCTOAHHS, MPUHLUUIHAJBHO HEpPa3JHUMMble HHKa-
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KHMH ONBbITAMH, OHA PacCMaTpHBAJa KaK OJHO U TO e COCTOAHUE.
MiMeHHO Tak mocTynmaeT KBaHTOBas MexaHlKa, KOTOpasi MPHHHMAET,
4YTO NpPH NepecTaHORKe ABYX OAMHAKOBBIX YACTHIl He BO3HHKAeT HO-
BOTO COCTOSIHHSI CHCTEMBI: OHO OCTaeTcss abCOJIOTHO TeM XKe, YTO M
10 nepecTaHoBKH. ONHHAKOBBIE UACTHIDI NPUHUUNUAALHO HEPAZAU-
4uMol WIH obe3audersl, MOXNKHO TFOBOPHTL O COCTOSIHUH CHCTEMBL
"ONMHAKOBBIX YACTHIL TOAYKO B 4eAOM, @ He O COCTOSHHH Kaxaofl
TaCTHUH B OTAENBHOCTH. JTO [OJOXKEHHe MOXKHO (HOpMYJHPOBAaThb
B BH/le NPUHYUNGA TOMKOIECTGBEHHOCTU OOUHAKOBOLIX HACTUY:

8 cucrteme OOUHAKOBbIX YACTUY PEAAUBYIOTCA TOAbKO TaKkue Co-
CTOAHUA, KOTOPbIe He MEHAIOTCA NpU NePecTamHosKe MecTamu 06Yx
A10661x HacTuy.

DTOT NPUHUHUN B KBAHTOBOH MexaHHKe SIBJSETCH CYILECTBEHHO

HOBBIM, T. €. JIOTHYeCKH He BBITeKaeT H3 OCTAaJbHBIX OCHOBHBIX f10/10-
JKeHHH ee, HO MOXHO [0OKa3aTb, UTO OH He NpPOTHBODEYHT HM. Ero
C/efyeT NPHHATb, MOCKOJbKY OH [OATBEpIK/AeTCsl BCeii COBOKYM-
HOCTLIO OTIBITHBIX (HaKTOB.
"7 2. CocTosiHHe CHCTEMbl 4aCTHL B KBAHTOBOH MeXaHHKe Xapak-
TepH3yeTcsl BoJMHOBOH (yHKkuuel. Kaxkue e BosHOBHE (PYHKUHE 10-
NYCTUMBI, T. €. YAOBJETBOPAIOT NPUHUHNY TOXK/AECTBEHHOCTH OZHHA-
KOBBIX yacTuu? [lnis pellleHus 3TOro BONpOca AOCT2TOUHO OrpaHH-
YUTLCS PACCMOTPEHHEeM CHCTeMBbl M3 JABYX OAMHAKOBLIX uactuu. Ot
3aBHCHMOCTH BOJIHOBOH (QYHKIHH OT BPeMeHH [ MOXKHO OTBJeYbCs
M NHCaTb ee B Bujle Y(qi, ¢z). B cnyuae GeccnHHOBHIX YacTHU NOA
gy cJeiyeT TMOHHMAThb COBOKYINHOCTb TpPeX MPOCTPaHCTBEHHBIX KOOp-
JIMHAT NepBOf 4acTHUBl, a MOA ¢ — BTOpOiH. Ecan xe wactuua 06-
Jajaer CIIHHOM, TO K TPOHKe MPOCTPAHCTBEHHBIX KOODJAHHAT Cjenyet
elle A06GaBHTbL CNUKOBbIE KOOPOUHQATH!, KOTOpble MOTYT NPHHHMAaThb
LUCKpeTHBbI psij 3HaueHMil. Hanpumep, B caydae 2/4€KTPOHOB npo-
eKIHfA CIIHHA MOXKET NpPHHHUMATb ABa 3HaveHus: +1/2 u —1/2. dtu
3HAYEHHS] B pacCMaTpUBAEMOM CJydae H SBJSAIOTCA CIHHOBBIMH KO-
Op/IHHATaMH.

[TepecTaBuB Tenepb MeCTaMH YacTHLUBI | U 2, NOJ1YUYHM QYHKUHIO
P (g2, g1). DTy omnepauuio MOXKHO paccMaTpHBaTb Kak AeHCTBHE Ha
byHKUHIO ¢ (g;, §2) JAnHeHHOro omepartopa P, HasplBaeMoro onepa-
TOPOM NEPECTAHOBKU:

b (qy q) =PV (g1, 92
[lepectaBHB paccMaTpuBaeMble YACTHIE BTOPHYHO, MOJYYHM HCXOA-
HYI0 GYHKLHIO

V(a1 2 =P¥ (g 9 =P (q, o).

Otcrona P? =1, a notomy P = 4-1. 3HauuT, IONYCTHME BOJHOBbIE
OYHKUHH ABYX THIOB:

Vs (91, G2) = b5 (q2, q1) (46.1)
Ve (91, §2) = — ¥, G2 G1)- (46.2)

H
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B nepBoM cayyae BosiHOBasi PYHKLMs NpH llepecTaHOBKE 4acTHI| He
n3Mensiercsi. OHa Ha3BIBAETCS CUMMETPUYHOLU, a NOTOMY H cHab-
XKaeTcd HuAekcoM s. Bo BTopom ciayuae yHKLHS HAa3bIBAeTCd QHTU-
cummerpudnold W cHabuaeTcs HHAEKCOM . AHTHCHMMETPHUHAs
(YHKLHS NPH NMEPECTAHOBKE OJZMHAKOBBIX YACTHI[ MEHHAET 3HAK.

[lonyuennsie pesyawtathl ofo0ualOTcs H JAJAS CHCTEM, COCTOS-
IIHX M3 KaKOIo YroJHO YHCJa OJHHAKOBHIX UacTHU. B 3ToMm cayuae,
KaK IIOKa3blBaeT OMNbIT, CHMMETPHS HJH aHTHCHMMETpPHsSI BOJIHOBOH
(YHKLUHH HMeeT MeCTO IIPH mepecTaHOBKe AHO6IX 08YyXx ONHHAKOBHIX
qacTHll.

3. Yactuub, coctosinne KOTOPLIX OMUCHIBAETCS CHMMETPHYIHLIMH
BOJIHOBBIMH (QYHKLUHAMH, Ha3bIBAIOTCSl 603e-dacTuyamu wiau 6030-
namu. HacTHLB ke, ONUChIBaeMble aHTHCHMMETPHYHBIMH BOJHOBLIMH
(O YHKUHUSMH, HA3bIBAIOTCS (hepmu-uacruyamy wiu gpepmuonamu. Ta-
KHe Ha3BaHUSA NPUHATBI NOTOMY, UTO CHCTEMEIl, cCOCTOsiLiHe H3 6030-
HOB, NOJUMHSIOTCS crartuctuke bose — JinuwiTelina, a COCTOsILHE H3
tbepMHOHOB — crarucruke Pepnu — Hupaxa (cm. 1. II, § 82).
K 6o3oHam oTHocATCs (OTOHLI, ;- U K-Me30HBI — BoOGIe Bce ua-
CTHLBI C HYJeBBIM WJH LesabiM cnuHoM. K ¢depMHOHAM OTHOCSATCS
3JCKTPOHBI, NPOTOHbI, HEHTPOHBI, HEATPHHO M BCE 3JeMeHTapHble
YACTHLUB H AHTHYACTHILEI C TOJYNEeJBIM COIHHOM. CBSI3b MEXAY CIIH-
HOM U CTATHCTHKOH, YCTAHOBJIEHHAsI CHAyaJa 3MIHpHUecKH AJsi (o-
TOHOB H 3JIeKTPOHOB, Obljia B 1940 r. pacnpocTpaHeHa TeOpeTHUECKH
[Taynu Ha Bce 3jeMeHTapHble YaCTHLH ¥ aHTHYacTHLLL [layau ycra-
HOBMJI 9Ty CBsI3b, UCXOJAH H3 CAMEIX OOLIUX NPUHIHIIOB KBaHTOBOH
TEOPHH — pEJATHBUCTCKO HHBApPHAHTHOCTH, HEOTPHUATEJIbHOCTH
NOJHOH SHEPTHH, [IPHYUHIIOCTH H T. IL

YKazaHHas CBsI3b MeJKAy CINHHOM H CTAaTHCTHKOH cIpaBeiJHBa
H JJI CJOYKHBIX YACTHIL, NOCTPOEHHBIX M3 3JCMEHTApHHIX, T. €. JJs
ATOMHBIX silep, aTOMOB U MOJIEKYJ, €CJH TOJbKO paccMaTpHBAIOTCS
S(BJIEHHSI TPU AOCTATOYHO HU3KHX IHEPIHAX, B KOTOPBHIX Kax/Jasl U3
CJ0XKHBIX 4YacTull BegeT cebs Kak nejoe. [IpHnaanexHocTs CJ10xK-
HOH dacTtuubl K 6o3onaMm ujad (pepMHOHAM ONpELe/seTCs ee CIHHOM,

Hamnpumep, atoM BogopoAa COCTOUT U3 ABYX (DePMH-YACTHLL: NPO-
TOHA W 3JEKTPOHA, CIHMH KaxKJA0H U3 KOTopHX paBeH 1/2. Cymmap-
HbI MexaHHYeCKHH MOMEHT, T. €. CIIUH aTOMa BOJOpPOAa B HOpMaJb-
HOM COCTOSIHHH, MOXeT ObITh paBeH Ju6o 0 (CIHHBI IPOTOHA H 3JEK-
TPOHA aHTHIApaJieJbHbl), 160 1 (cnuHBl NapajagesbHu). B o6oux
cJyyasix aTOM BOJOpPOAa B HOPMAJbHOM COCTOSIHHM 6yaeT 6O30HOM.

o 4
[IpuBeneM BTOpO# 1puMep. Aapo atoma reaus sHe, T. e. e-ua-

CTHIIA, COCTOUT U3 NBYX NMPOTOHOB M JBYX NeHTpoHOB. CIHH 3TOro
fiapa paBeH HYJIO, T. €. OHO fABJAeTCS] GO30HOM. BosoHOM Gyner u

4
caM atoM sHe B HopMaJbHOM cocTosHuH. Ho sapo SHe cocrtouT

H3 HeYeTHOro uucsaa (3) YacTHL cO CIOHHAMH 1/2 JIByX IMPOTOHOB
H oanoro HeltpoHa. CIHH 3TOro f1pa HequHbm T. €. OHO SIBJIsSIeTCS

tdepmuonom. PepMuonom OyaeT M ¢aM aToM ‘He. flapa u aToMH
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2He NOJUHHSIOTCS CTaTHCTHKE Dose — DiiHwTeiina, sifpa u aToMB
sHe — cTaTHCTHKe Gepmu — Hupaka. 3To MpOSIBAAETCS B TOM, UTO
BOJIH3H a0CO/IOTHOrO HYJS TeMIepaTyphl ;He oGnanaer cBepxre-
KyuecTblOo, B TO BpeMs Kak sHe ne oGaajaer (yroudeHue aaercs
B§61,n7).

4. IlpuMeHHM NpPHHUHUIB CHMMETPHH H AHTHCHMMETPHH K CH-
CcTeMe OAMHAKOBbIX YACTHL, He B3aHUMOACHCTBYIOIIHX MeXKIAy COOOH.
[1Ipn 3Tom cHauasaa 6yaeM pacCcy:KiaTb TakK, KaK €Cad GH 3TH ya-
CTHUbL He 00Jajanu cnuHaMu (ypaBHEHHS AJS BOJHOBLIX (PYHKIHH
NpH HAJHYHUH ClIHHA B 3TOM Kypce He DAacCMaTpPHBAIOTCs), a 3aTeM
0600IIHM NOJyUeHHble Pe3yJabTaThl Ha CJyya#l HaJHUHs COHHA.

HauneM ¢ npocrediulero c/ayuasi, KOTJa CHCTEMAa COCTOHT BCEro
H3 ABYX OJHHAKOBBIX YaCTHIl, AeKaPTOBBI KOOPAHHATH KOTOPHIX 060-
3HAUHUM COOTBETCTBEHHO #1epe3 xi, Yy, 21 H Xg, Yy, 22. Ecan H — ore-
patop [amuabTona Bcedt cucteMbl, a A, 0 Ay — KaxkJIoH K3 4acTHL,
10 A=A, + A, Ypasuenune llpeaunrepa AJsi CHCTeMBbl YACTHI, B
CTaLHOHAPHBIX COCTOSIHUAX OyaeT

= (H + Hy) b= &V, (46.3)

rae oneparop H;, MOCKOJbKY YaCTHIbI HE B3aHMOAEHCTBYIOT MEXKAY
cobofi, 3aBHCHT TOJLKO OT KOOPJAMHAT MNepBOH uacCTHIb, a My —
TOJbKO OT KOOPAKHAT BTOPOH YaCTHIDLI, 4 HMEHHO:

~ h2 a2 02
= — ( 2+02+ 22)+U(x1,y1,21),
i

(46.4)

=~ h: o2 9
Hy=— (_-—2+3;3—+—£)+U(x2’ Yo 2a).

O6a onepatopa Ay u A, coBepLIEHHO OJHHAKOBBI, TAK KAK OJ1HHA-
KOBHl CaMH YaCTHIBI, HO 3TH ONePaTOPH 3aBUCAT OT Pa3HBIX KOOD-
JIHHAT.

Has pewenus ypaBHenus (46.3) npuUMeHHM TOT ke MeTOH, Ka-
Ko#l Obl1 ucrmoan3oBaH B § 26. Tax xak oneparop H, neficTByer
TOJBKO HA KOODAHHATH Xy, Y1, 21, @ ONepatop Hy— TOJBKO Ha KO-
ODJAHHATH! X2, Y2, 22, TO YpaBHeHHe (46.3) pacmajnaercs Ha fBa:

Ap=8&w, Hap=8&y, (46.5)

rie &, H &9~ MOCTOSHHbIE, YAOBJETBOPAOLINE YCJAOBHIO & -+
+ &5 == &. Peiuenne nepsoro ypasHenHua (46.5) umeeT Bua @pps (1),
rjle IJs KPaTKOCTH COBOKYIHOCTb KOOPAHHAT Xy, Y1, 2, MePBOH Ha-
cTHIB 00o3HaYena Uudpoit 1. AHaTOrHYHO, COBOKYIHOCTH KOOPIH-
HAaT X2, 42, 22 BTOPOH yacTuubl OyaeM oCo3HayaTbh nuppoi 2. B 06-
mem cayuae KO3h@UIHEHT @p MOKET 3aBHCETh OT KOOPJAHHAT 2, T. €.
s = 93(2). Pynkuuio ¢p(2) cneayer BoOpaTh TaK, YTOGH YAOBJE-
TBOPANOCh W BTOpoe ypaBhenHe (46.5). Has 3Toro noaxHo 6HITH

Hoo()=&9.(1) 1 Hpy(2) = &s04(2). (46.6"
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Takum o6pasom, QyHKUMS @q(l) OMHCBIBAET COCTOSIHHE HEPBOH 4Ya-
CTHULI C 3Hepruell &, a QyHKuHs @p(2)— cocTosiHHe BTOpOH ua-
CTHLH C 3Heprueii &, CoortHowleHue & = &, 4 &, o3Hauaer, 4ToO
SHePTHs CHCTEMBl IBYX HEB3aHUMO/AEHCTBYIOMIHX YACTHL PABHA CYM-
Me SHepTHil 3THX YacTHll, KaK 3TOTr0 W CJeJ0BaJio OxHAaTh. Pelie-
HHe ypaBHeHus (46.3) npuHuMaer BUA P == @u(1)pa(2), T. €. oHO
ABJISETCS, KAK MPHHATO TOBODHTb, DEIIEHHEM C pa30efrouyUMucs
nepemeHHolMLL.

YpaBHeHns (46.6) no cyumectsy oauHakosel. OHH OT/IHAIOTCA
OJIHO OT APYTOTO TOJBKO 0GO03HAYEHHSMH HE3aBHCHMBIX ME€pPEeMEHHBIX
1 3HAaYeHHSIMH MOCTOSIHHBIX & H &2 KoHeuHo, co6cTBeHHOMY 3Ha-
UeHHI0 &) MOTYT COOTBETCTBOBATh HECKOJbKO HE3aBHUCHMBIX pelle-
HHl mepBoro ypaBHeHHA (46.6). B obueMm caydae nmoi ¢q(l) caie-
IyeT MOHHMATh HX JIHHEHHYIO CYNepHO3HIUIO C MOCTOSTHHBIMH K03(-
(dbuUUeHTaMH, KOTOpasi TaKxke SBJSAETCS peilleHHeM YypaBHEHHs
(46.3). To xe oTHOoCcHTCs K PYHKUNE @g(2).

[Tpexnae ueM uHATH Aajblue, YUTeM Hajnude cnuHa. /s 3Toro
AOCTaTOYHO TOHHMATh NMOA | M 2 COBOKYNHOCTb HE TOJNBKO mpo-
CTPAHCTBEHHBIX, HO H CnuHo8bvlx xoopdunar yactuu. [lo-mpexHeMy
HaxoAHTC GyHKUUuA Qo (1)@a(2), sABasOmasics peimleHHeM ypas-
HeHHsl, 3aMeHsiomero ypasHenue lllpenuHrepa mpu HaJHUWMKM COHHA
(Takoe ypaBHeune HaabiBaeTcst ypaBHeHueM [layau). B cuay tomx-
NEeCTBEHHOCTH yacTull GYHKUHS @ (2)@p(l) sBasteTcs pemeduem
TOoro ke ypapHeHus. Ona noJsyuaercs H3 GYHKHHH @q(l)@a(2),
€CJIM TOMEeHSITb MeCTaMH YacTHUB | U 2, T. e. IPOU3BECTH NepecTa-
HOBKY MX TIDOCTPAHCTBEHHHIX U CHHHOBBIX KOOPAMHAT.

Oznvako HH oaHa W3 3THX GYHKUHHA He YAOBJETBOpSeT NpPHH-
LLMIY CHMMETPHH HNU aHTHCHMMETpPHH. HO W3 HHX MOXKHO COCTaBHTh
AuHeliHble KOMOUHAIIHH C NOCTOSSHEBIMH KO3 (HLUHEHTaAMH, KOTOpLIe
TakxKe ABJSIOTCS peieHusiMi ypaBHeHnusi tuna lpeaunrepa. Cpean
3THX KOMOHHALUA €CTh CUMMETPUYHAL PYHKYUA

\ps=q3a(l)(Pg(2)+(Pa (2)(P(3(1) (46.7)
H QHTUCUMMETPUUHASR
© e =00 (1) 94 (2) — @ (2) @y (1) (46.8)

CocTosHue, OnHcbIBaeMoe (DyHKUHEH s, MOXKeT JeHCTBHUTENbHO pea-
JH30BAaTbCSl B TNPHpOJE B cjaydae CHUCTeMbl [ABYX OJHHakOBHIX 6030-
HOB, a COCTOSIHHE, ONHChIBaeMoe (yHKUHeH Pg, — B Caydae CHCTeMb
JIBYX OJHHAKOBBHIX (epPMHOHOB.

5. TlpuBenennoe paccy:xiaeidne 6e3 BCAKHX 3aTpy/[dHeHUH paclpo-
CTpaHsieTcsl Ha cJyHall CHCTeMBI, COCTOsIeH H3 POH3BOJLHOTO
yncaz N ToXecTReHHBIX yacTui. [lpexxie Bcero mnoJyvyaercss BoJ-
sorasi GyHKIHS

P=1a 1, 2 g, 3 ... Py (N)
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C pazJesloUKMUCa nePpEMEHHBIMH, B KOTOpOI‘;I COXpaHeHbl IpexXHHue
00603HaYeHHs. OTCIOZIa, nocJseaoBaTteJbHO MEHsAd MeCTaMH KaxK/ible
AB€ 4yacTUlbl, NoJjydaeM HOBbI€ BOJIHOBLIE prHKUJdPI C pasjeJsiiouiu-
MHCA NEepPEMECHHBIMHU!

P’ =1y (2) ‘qjg(l) ‘qu (3) ... e (N),
W= b0 (3) 0 (2) Wy (1)« By (N)

M T. 1., KOTODHIM COOTBETCTBYeT TO Ke 3HaueHue napamerpa &. Co-
CTOSIHHE C TaKuWM 3HaueHHeM & N-kpaTHO BbIpoXxJAeHO. OJHaKO HHU
OJIHO M3 THX CCCTOSIHHH He peaJiu3yeTcs B NPHPOJE.

B cayyae 6030HOB peaJsiu3yeTcs TOJbKO HX CHMMeTpPHUYHAs KOM-
OHHalus

b=, Py, (46.9)

rie P —onepaTop nmepecTaHOBKH KOODJAHHAT ABYX YacCTHI, NPHYEM
CyMMa pacnpoCTpaHsieTCsl Ha BCEBO3MOXKHble NePeCTaHOBKH. K umc-
Jy TaKHX NePeCTaHOBOK OTHOCHTCA H TOXKAEeCTBeHHasl [epecTaHOBKA,
He MeHsIollasi KOOpAMHATH BCeX YaCTHI, NPH KoTopoH QyHKuusa
He u3MeHsercd. Takum obpa3om, cyMma (46.9) comepxutr N cia-
raeMbix.

B cayuae ¢epMHOHOB peasiH3yeTcsl aHTHCHMMeTDHYHas KOMOR-
HaLus

Py = ., = P, (46.10)

IpHYeM 3HaKy NJIOC COOTBETCTBYET YeTHOE YHCJIO TPaHCHO3WLHUH
(T. e. nepecTaHOBOK ABYX YacCTHIl), a 3HaKy MHHYC — HeueTHoe. Ta-
KM 06pa3oM, aHTHCHMMeTpHUYHas (YyHKIHS MOXeT ObITb 3aMHCaHa
B (opMe onpeleuTeNs

ba () wg(1) .o Pa(l)
o=t W@ @ ), (46.11,
ba (N) bg(N) ... Pe(N)

O6buHo BosHOBHE ¢yHKuMH (46.10) u (46.11) HOpMHpYIOT, yMHO-
JKasi HX Ha omnpejleJleHHble YHCJIOBble KO3 puuHeHTs. O1HAKO B pas-
6MpaeMOM HaMH BONpOCE HOPDMHDOBKA He HMeeT 3HAYEHHs M I10-
3TOMY He MPOH3BOJUTCH.

6. B cayuae HeB3aHMOJEHACTBYIOLIMX OLUHAKOBBIX YaCTHU HMeer
CMBICJI TOBOPHTb O COCTOSIHUH HE TOJbKO CHCTEMBI B LIEJOM, HO H O
cocroanuu o0Holl wacruyst. HampuMep, MOXKHO CKa3aTb, 4TO OJHA
KaKasi-TO 4YacTHIA HaXOAHUTCS B COCTOSHHH Vg, a APYras B COCTOS- .
Huu Pg. IIpy 3TOM BOJIHOBHlE QYHKUHH (epMHOHOB BeAyT cedHs Cy-
IleCTBEHHO HHaYe, YeM BOJHOBHE (PYHKIHH GO30HOB.

B cucreme odunaxcsvix Gepmuonod He moxer OuiTb 08yx 4a-
CTUY, HAXOOAWUXCA 6 OOHOM L TOM e cOCTOANUU.]lns YacTHOro
cayuyast CUCTEMBI, COCTOSILLEH M3 ABYX YaCTHIl, 5TO HENOCPeACTBEHHO
BHIHO M3 (opmyan (46.8), Tak Kak B ciydae P = Ppg BOJHOBaA
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¢ynkumns p, obpautaercs B HyJb, UYTO (HU3HUECKH HE COOTBETCTBYyer
HHKAKOMY cOCTOsHHIO. B oflieM cayuae N 4yacTHI 3TO BHAHO H3
dopmyanl (46.10) u B ocobenHoctn u3 dopMmyas (46.11), rak kax,
HalpuMep, NPH Pg = Pp NOJYUHJICA OBl ONpeJesuTes]b C ABYMS OAU-
HAaKOBBIMH CTOJIOAMH, a4 TakOH onpejennTesb 00pallaeTCss B HYJIb.
TakuMm o6pasoM, 8 cucreme TONOECTBEHHLIX (DePMUOHO8 HEe MO-
ocer 6oiTo 08YX HACTUY, HAXOOAWUXCA 8 OOHOM U TOM HCe COCTOA-
Huu. DTO TMOJIOMEHHE Ha3blBaeTcst Mpunyunom wiu sanperom Ilay-
A4, KOTOPHIA BEHICKA3aJ e€ro 4Js1 JeKTPOHOB B aTOMe elle 40 c03ja-,
HUSl KBAaHTOBOH MexaHuKH. B nepsonauanbHO#l QOpPMyJHPOBKe
npunnun [Tayan yrtBepknan, uto 8 arome He moxer Goite dsyx
3AEKTPOHO8, XAPAKTEPUSYIOIUXCS OOUHAKOBLIMU HeTBEPpKAMU KBAH-
TOBbLLX HUCEA.
" B cMmbicae SCHOCTH W TOYHOCTH npunnun [layau ycrynaer npus-
yuny anTucummerpuu 6o0aHogolx Qyaxyuld. Tlocaeanuit npHHLUMN
CrpaBelJIHB M IIpH [1aJHUUU B3aHMOJEHCTBHS YaCTHI, TOTJa Kak B
npuninune [layau peyb HAET O COCTOSHHAX OTAEJbHBIX YacTHI, O
KOTOPbIX, CTPOTO I'OBOPS, MOKHO FOBODUTD JIHIIb B OTCYTCTBHE B3au-
vogaedcTBusl. Tem ne MeHee npuHuun [Taynm, naxe B mepBoHauaJb-
ol ¢opmynuposke camoro Ilayau, okasaiacs odeHb NJOLOTBOP-
HBIM, HampuMmep, AJsl OOOCHOBAHHsS MNEPUOLHYECKOH CHCTEMBI
MeHzeeeBa, a TaK)Ke HEKOTOPbIX 3aKOHOMepHOCTeH B ChieKTpax.
[TpuHUKHD aHTHCHMMETPHH BOJHOBBIX (DYHKIHH (epMHOHOB HHOIJA
H3HBAT 0606WeHnbim npuryunom Iayau.
T UYro xacaeTcst 6030HOB, TO HAa HX COCTOSIHHUSI RPUHUUR CUMMET-
puu 80AHOBOLX gryHKyull He HAaK/NaJblBaeT HHUKAKHX OrpaHWYeHHH,
aHaJoruuHbX 3aupery [laynu. B oaHoM W TOM e COCTOsSIHMH MO-
JKET HaXOAUTbCSl 11060€ 4uca0 OAMHAKOBEIX 6030HOB. DTO Henocpen-
CTBEHHO BHAHO H3 BhIpaxeHH# (46.7) u (46.9) Ans BOJAHOBHIX GYHK-
Lzl Takux 6030HOB.

§ 47. OGbscHeHHe MEPHOTHUYECKOH CHCTEMBI
XHMHyeckux anemenToB J1. U. MeHpeneeBa

1. [Tepuoanueckass nOBTOPSIEMOCTh CBOMCTB XUMHYECKHX 3Je-
menToB, oTkpuiTas 1. M. Menneneesnim (1834—1907) B 1869 r. u
oTpaxeHHas B ero nepuodudeckoll cucreme, 6bi1a obbsicHena Bopowm
B 1922 r. Ha oCHOBe CO3JaHHOH MM TeOpHM cTpoeHus atoma. Okxa-
3aJ0Ch, UTO HE aToMHasi Macca (aTOMHBI Bec MO CTapoil TepMu-
HOJIOTHHU), a 3apsad a0pa JexKUT B OCHOBE CHCTEMAaTHKH XHMHYECKHX
sjeMeHTOB. Eciv 3a eAnHMIY NDHHSTHL 3JeMeHTapHHH 3apsii e, TO
3apsia siapa OyldeT BHIPAXKATbCS LEJBIM UHCJIOM, KOTOPOE IPHHATO
o603navatTh 4yepes Z. Uuncao Z u onpenessieT HOMEP XHMHUYECKOrO
3JeMeHTa B NMepHOAHUYecKol cucTeMe. B 3ToHl CBsI3H €ro HasLBawOT
Takme HOPAOKO8LIM HOMepOMm 3JeMeRnTa, 3apsl silpa YHCJIEeHHO pa-
BeH YHCJY 3JeKTPOHOB B 3JIeKTPOHKOH 000JI0UKe, OKPYKAIOlLeH ALPO
refiTpanbHOro artoma. CBOHCTBa ke 3JeMEHTA B34BHCAT Mpexie
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BCEro OT YHCJA /MeKTPOHOB B 3JIeKTPOHHOH 060JI0UKE H OT ee CTpoe-
HHs. HUTO KacaeTcsl xumuueckux cg8olicrs sjieMeHTa, TO OHU Ompee-
JSAIOTCS HAPYICHOIMU IACKTPORAMU ITEKTPOHHOH OGOJIOUKH.

CyiiecTBeHHOe YCOBEpIIEHCTBOBAHHE OOBACHEHHE NePHOLHYE-
CKOH CHCTeMH noJayuuso B 1925 r. nocje OTKPHTHA HPUHYuUNA
ITayau. IToT NPHHIMLO ONpPeNeH MAKCHMaJbHOE UHCJO 3JEKTPOHOB
B 3JIEKTPOHHOH 000/104Ke aTOMa, KOTOPble MOFYT HaxXOLHThCS B OH-
pelesieHHOM KBAHTOBOM COCTOSIHUH. [locsie 3TOro €Tasio MOHSATHBIM
pacnpejeseHre XHMHYECKHX 35JeMEHTOB MO TpylmaM H IepuojaM
MePHOAHYECKOH CHCTEMBl, 3MIHDHYECKH yrajaHHoe MeHueNeeBHM H
MOTIOJIHEHHOE 3aTeM APYIrHMH XHMHKaMH,

B ecTecTBeHHOM COCTOSHHH B NpHpoae BcTpedaerca 90 asemeH-
ToB. Haubosnpwuii aToMHBIE HOMep (92) HMeer ypaH. DJieMeHTH
wsTc (TexHenn#) u ¢ Pm (npomeTuii) B eCTeCTBEHHBIX COCTOSHHSIX
He Bcrpeyatorcs. OHH paJHOAKTHBHEI, IpHYeM NEePHOA HX HoJaypac-
naga (y Haubonee BaxkHoro uzotoma *¥Tc 2,12-105 jet, y u3oTonos
Pm — OT HeCKOMBKHX JIeT A0 AeCATKOB JeT) MHOTO MeHblle BO3-
pacta 3eman. Co BpeMeHu 0Gpa3oBaHHs 3eMJIH 3TH 3JIEMEHTHI Ie-
JHKOM pacnaJuck. O6pa3oBathcs Xe NpU PaAHOAKTHBHHIX IpeBpa-
LIEHHAX COCEIHHX 10 3apaly sjaep (H3 uHCaa BCTpeUAIOLUXCH B
MpHPOJE) OHH He MOIJIH, TaK KaK BCe 3TH COCeJHHe siipa cTaluJIb-
HBl. D/IeMeHTHl C ATOMHBIM HOMepoM foJibiue 92 HA3LIBAKOTCA TPAKC-
yparo8eimu. OHH BCe PaAHOAKTHBHBL H TaKKe NOJYUeHbl HCKYCCTBEH-
Ho. K HacTosilieMy BpeMeHH TMOJIyYeHBI 3JEeMeHTHl C MOPALKOBBIMH
HoMepamu 1o 109 Bk/IOYHTENBHO.

Crnocofbl NOJNyYeHHs] TPAHCYPAHOBHX 3J€MEHTOB OYAYT KpPaTKO
omhcaHBl B 4actu 2. 31ech ke 3ameTHM, yto B 1983 r. nmocrynumao
coofiieHue o nosyyennn yueHoiMH ®PI (Japmmrazat) 109-ro axe-
MeHTa B KojuyecTse ojaHoro atoMa. B 1984 r. 8 CCCP ([y6Ha)
6BLIO TIOJYYEHO BOCEMb aTOMOB TaKOTro sjeMmeHTa. B ToMm ke ropy
Tam XKe OBlIH CHHTe3upoBaHbl aBa H3orona 108-ro ssemenra. Ha-
3BaHud 3jeMeHTOB 102 (HOoGenuit) u 103 (moypeHcHil) He ABAAOTCA
ofIIeNPHHATHIMHE, TaK KaK NMepBOHauyaJbHBlEe coofumeHHda 06 ux or-
KPBITHH C IPUCBOEHHEM MM YKAa3aHHBIX Ha3BaHHH He NOATBEDPIHJHCH.
Yuyenvie Jy6ub npendoxuia 102-fi ajeMeHT Ha3LBaTb XKOJHOTHEM
(JI) B uyects JKosmno-Kropu, a 103-fi siemeHT — pesepdopaneMm
(Ri) B uects Pesepdopna. 105-ff aeMeHT UMH Xe NpPeIJOXKeHO Ha-
3bBaTh HUuJabcGopHeM (Ns) B uects Huibca Bopa. Ocranpume TpaHe-
ypaHOBHIe 3JIEMEHTHl ellle He TOJY4YHJIH HasBaHmi. Mx mo npumepy
H. U. Menneneesa MoxHO Obljl0 6B HasBaTb 3KaBOJb(PpaM, sKa-
peHuH, sKaocbMHH, 3Kaupuau#. IIpHcraBKa «3Ka» oO3Hayaer, 4TO
B [epHOJHUYECKOH CHCTeMe Ha3BaHHbBE 3JIeMEHTH JleXaT COOTBeT-
CTBEHHO MOJ BOJIbPPaMOM, DEHHEM, OCbMHEM, HPHIHEM.

2. Ilepronuyueckas NOBTOPSEMOCTL CBOHCTB XMMHUECKHX 3JIEMEH-
TOB ABJISIETCA BHEIIHHM INpPOsIBJeHHeM BHYTpPeHHEH CTPYKTYPHI 3J€K-
TPOHHBIX 060JI0UEK aTOMOB. K BEISICHEHHIO YKA3aHHOH CTPYKTYPH H
CBOJHTCS NOCTPOEHHE TEOPHH MEPHOAHYECKOH CHCTEMBl 3JIeMEHTOB.
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B cyuiecTByoliefl HbiHe TEOPHH NI€PHOAHYECKON CHCTEMDI XapakK-
TEPUBYIOTCS COCTOSHHUSI OTOEALHOIX HAEKTPOHOB 3JEKTPOHIUOH 060-
JIOUKH aToMa, a He ee COCTOSHHe B LeJIOM. DTO, KOHEUYHO, HeJI0CTa-
TOK Teopuu. CoCTOsiHME 3JIeKTPOHHOM 060J0YKH LOJKHO GBLAC GBI
XAapaKkTepH30BaTbCs BOJHOBOH (YHKIMEH Bcex KOODJHHAT ee 3JeK-
TPOHOB, NpHYeM INPH HaJHUYHH B3aHMOLEHCTBHS MEXAY 3JAEKTpO-
HaMH 3TH KOOD/JHMHATH He PAa3LeJslOTCS, T. €. BOJAHOBAas (PYHKUUA
He NpPELCTaBJIIeTCss B BHAE NDOH3BEJEHHSA BOJHOBHIX (YHKUHHA OT-
IeJIbHBIX 3JE€KTDOHOB. DTO W 3HAUMT, YTO TOUHBIH CMBICJ HMEET CO-
CTOSIHHE Bceli 3JeKTPOHHOH 060JI0UKM aTOoMa, a He OTAeJbHHIX 3JeK-
TPOHOB, U3 KOTOPHIX OHa cocTouT. He TOuHOe HaxoxzeHuwme BOJIHO-
BOH (DYHKLUHH CHCTeMbl MHOTHX B3aHMOAefiCTBYIOIIHX YaCTHL, eile
6oslee HeAOCTYHNHO MeTOAAM COBDEMEHHOH MaTeMAaTHKH, UeM pelle-
HHe 3HAMEHHTOH 3aJau¥ MHOTHX (B 4acTHOCTH, Tpex) TeJ B KJjac-
cHuecKOH MexaHMKe. [T03TOMY-TO M NPHXOLHTCA BBOAMTL NPHO/IH-
JKeHHOEe TpeJcTaBJjieHlle 0 COCTOSIHUAX OTAEJLHBIX 2JIEKTPOHOB.

CocTosiHHe OTAEJBHOTO 3JEKTPOHA XapaKTePH3YETCsi YETLIPbMs
KBAHTOBLIMH YHCJAaMH, 32 KOTOpDHle yAOGHO NDPHHATH #, [, mi, ms.
Ilpunnun [Tayan, Ha KOTOPOM OCHOBaHa TEOPHS NEePHOAHUYECKOR CH-
CTeMBl, Toraa 6yJeT O3HAYATb, UTO 8 OOHOM KBAHTOBOM COCTOAHUU
MOSCET Haxo0uTvcs He 6oaee 00HO20 3aeKTpoHa. VIHIMBUIyanH3a-
IIUS1 3JEKTPOHOB NPH 5TOM HE HCIOJB3YEeTCs — CYLIECTBEHHO TOJLKO,
CHOJIbKO 3JIEKTPOHOB HAXOJAHTCH B 3aJaHHOM COCTOSIHUA (A, [, my, s},
a He Kakue 3TO 3JeKkTpoHH. Ecau aBa ssnexkTpoHa obGMeHsioTCA
CBOMMH KOOpDJIHHATAMH, TO COCTOsiHHE 3JIEKTPOHHOH 0BO0JIOUKH OcTa-
Herca abcoarotHo Tem sce. CIIHHOBOE KBAHTOBOE YHCJIO s MOXKHO
HCKJIIOUHTb M3 DaCCMOTPEHHSI, eC/1H Y4YecThb, YTO OHO MOXKET IPHHH-
MaThb TOJBKO JBa 3HauUeHMsd: ms== =+ 1/2. Ecau sT10 capenath, TO
MOXHO CKa3aTh, UTO 8 KBAHTOBOM cocTOoaHuu (n, I, m;) moscer Haxo-
Ourben He 6oaee 08YX FABKTPOHOS.

3. COBOKYNHOCTb 3JEKTPOHOB aToOMa C 3aJaHHBLIM 3HaueHHeM
rj1aBHOro KBaHTOBOI'O 4YHUC/IA n OOPAa3yeT IACKTPORHbUL CAOL WIH
NpocTo €A0f. B COOTBETCTBHH C TEPMHHOJIOTHEH, IPHHATOH B peHTre-
HOBCKOH CHEKTPOCKOIHNH, C¢JIOH 0603HAUAIOTCS NPONUCHEIMH GYKBaMH
JAaTHHCKOro a/(aBHTa, & UMEHHO:

n 1 2 3 4 5

Cioft K L M N 0]

MakcnamajipbHoe 4HCJIO
9JEKTPOHOB B CJI0O€ 2 8 18 32 50

CoBOKYNHOCTb 3JIEKTPOHOB C 33JaHHBIMH 3HAYEHHSIMH 1 H [ 06-
pasyer 060404xy'). Pasnnunble cocTostHus B 060JI04Ke OTJIHYAIOTCS

1) Tepmun «o6o;049ka», KAK STO fAe]ajochb BHIIE, NPHMEHSETCS TaKMe B CMbi~
€Ji¢ COBOKYMHOCTR 8CeX 54eKTPOKOS, OKPYMJIOLIHX .aTOMHOE #/1pO.



§ 471 MEPUOIVYECKAS CUCTEMA 3JIEMEHTOB MEH/EJEEBA 291

3Ha4YeHHMsAMHA KBAHTOBOrD uucna . [locKo/bKy moc/eiHee MosKeT
NMPUHHUMATL 3HaueHus m; = —I, —(I—1), ..., 0, ..., +({—1),
-+1, B 0o6oJsi0uKe ¢ KBAHTOBHIM YHCJIOM [ MOMKET HAXOAMThCH He 6o-
jgee 2(21+ 1) saektpoHoB. O6osoukn 00603HaYAOTCA CTPOYHBIMH
fyKBaMHU JATHHCKOTO ajdaBuTa, a HMEHHO:

l 0 1 2 3 4

O6o.10uKa s p d f g

Maxkcenmanbnoe uncno
9J€KTPOHOB B 06o-
JouKe 2 6 10 14 18

CHMBOJI, yKa3blBaIOIHA cJIOH, OBOJNOYKH H YHCJIa SJEKTPOHOB
B Kax 0 060/04Ke, HA3BIBACTCH IAEKTPOHHOL KOHQuUeypayuei ato-
Ma. Hanpumep, 1s?2522p® o3nayaer, yro B cocTosiHuU n = 1, | =
HaXoAATCA 1Ba 3JIEKTPOHA, B COCTOAHHM n == 2, [ == (0 — Takxke 1Ba
5JEeKTPOHA, a B COCTOSAHHHM n ==2, [ = | — wiecTb 3JeKTpoHOB. M3
nRanedefimiero 6yleT BHIHO, YTO 3TO — 3JeKTPOHHAA KOH(HUIypauus
HeoHa. MaKcHMasnbHOE YHCHO 3JIEKTPOHOB B CJIOE C 3aJaHHBIM 3Ha-
yeHueM n IOAYUHTCSI CYMMHPOBAHHEM YHCEJ 3JEeKTPOHOB BO BCEX
060/104Kax ¢ JONYCTHMBIMH 3HAYEHUSIMH [, @ HMEHHO

n—1
lZ 220+ 1) =2n2 (47.1)
=

COOTBETCTBYIOIHE UHCa AJS Pa3JHYHBIX # GLIIHM NPHBELEHB BHILE.

4. IlocmoTpuM Tenepn, Kak MEHAIOTCS 2JeKTPOHHBIE KOHHrypa-
UM [IPH NE€pexoje OT OJHOroc aroMa K APYroMy B IOpAJKe BO3pa-
cTaHus WX aTtoMHBIX HOMepoB Z. Ilpu Bo3pacrauMu Z Ha eJUHHIY
yBeJHUYUBAETCA HA €IMHHULY 3apsji fA/pa, 4 K 3JeKTPOHHOH 060.7104-
Ke atoma jobaBnasieTcss o/iMH 3jaeKTpoH. [lpuHuun, onpenensiouiuét
IPH 3TOM H3MEHEeHHe 3JIeKTPOHHOH KOH(HIYpaUHH, COCTOUT B TOM,
YTO BHOBb NMoJsiydyaeMas KOHuUrypauus uz Z -+ 1 ajeKTpOHOB J0JKHA
o6aanaTth Haumensuield 3nepeuell U3 BCEX BO3MOXKHBLIX 3HAUCHHH ee,
JIonycKaeMbX KBaHTOBOH MexaHHKOH. ViHade roBops, SHeprus CBA3Y
BHOBb NPHCOEJHHAEMOr0 3JEeKTPOHA B aTOMe NOJXKHA OBITb MaKcu-
marvro 8oamoxcnol. OnHaKo (haKTHYecKoe NPHMEHEHHe TOro NMpUH-
uuna tpefoBaso OB pelleHHs KBAHTOBOMeXaHHUECKOH 3ajady MHO-
THX TeJ, YTO NPaKTHUeCKH HeBbNoJHUMO. [losToMy mnpuxonurcs
N0JIb30BATHCS SMIMPHUECKHMH JaHHRIMH, B YaCTHOCTH XUMHUECKUMH
¥ B 0COOEHHOCTH NAHHBIMH CHNEKTPOCKONHH 06 MOHHM3AUMOHHBLIX MO-
TeHIHANaX aTOMOB. JTO NPHAaeT TeOPUH HepHOAHYECKO CHCTeMB!
TIONyIMNKPHUECKHH, ONMHUCATeNbHBIH XapakTtep. Jlyume Obijjo Obl Io-
BOPUTHL HE O TEOPHH, & 00 00DACHEHUN TIePIIOAHYIECKOH CHCTEMDI, UTO
M OTPa2KEHO B 3aIJIaBHH HACTORLIEro maparpada.
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Kasagoch 6bl, 4TO CJOH LOJXKHBl 3aI0JHATLCH MOCJeA0BATEJBLHO
ApYT 3a APYroM, a B IpejeJsax KaxKAOro CJOsi cHayaJa J0JIKHa 3a-
MIOJIHATLCS LETHKOM $-000J04Ka, 3aT€M TaKKe HequxkoMm /- d- u f-
0060J104KH. B AeHCTBHTEJNBLHOCTH TakKoH «uaeaJbHBIH» nopsaJa0K 3a-
MOJIHEHHA He COIJacyeTcss C TOJbKO 4YTO CHOPMYJHPOBAHHEIM MPHH-
uunoM. Hapyluerue 3Toro nopsaka o6bsiCHSI@TCS TJIABHBIM 06pasoM
HaJ¥yHeM y 3JeKTPOHOB OPOHTAJbHBIX MOMEHTOB KOJIHYeCTBa JBH-

XKeHnsa L= 1/1 ({4~ 1) A. DHeprua CBSA3H 3JEKTPOHA 34aBHMCHT He
TOJILKO OT ero NOTeHLHAJbHOH 3HePTHH B 3JeKTPHYECKOM IoJe sApa
H OKpyxKampllell ero aJeKTPOHHOH 060J0UKH, HO TAKXKE OT «IEeHTPO-
6exxHO 3Heprun» L 41
h‘z
2merd = Qmerz

rje r — pacCTofAHHe 3JIeKTPOHA OT fiapa. «lleHTpoGexHada» U 3Jjek-
TpPUUECKasl 3HEPTHH HMEIOT INPOTHBOMNOJIOXKHBIE 3HAKH H TO3TOMY
JeACTBYIOT B pasHble cTOpoHbl. O6pasHo TroBops, HeHTpoGe:KkHas
CHJIa, BO3HHKAOLAs MPH OpOUTAJIBHOM BpallleHHH 3JeKTPOHA, CTpe-
MHTCA YyAaJHThb 3JeKTpon oT sapa. ITo 31of mpuunne xaxabii u3
10 snexktpoHoB 3d-060/04KH 0O6JajaeT MeHbUIeH 3SHePrHeH CBS3H,
g4eM KaXX/AblH H3 ABYX 3JeKTPOHOB 4s-060J0ukH. [lo3Tomy-TO 060-
JoyKa 4s 3amnoJiHsAeTcs 3JeKTPOHAaMH paHbloe, YeM obosouka 3d,
XOTA TIJaBHOe KBaHTOBOE 4HCJIO BO BTOPOM CJydYae MeHblIe, yeM
B nepsoM. OcoGeHHO BeJHKa «LeHTPOOeXKHasi 3HEPTHsl» B cJayuae
d- u f-o60s0ueK, MOCKOJBKY MJs 3THX 000JOYeK COOTBETCTBEHHO
({4 1)=6 u [(l+ 1)==12. C HanuuueM 3TuXx 0060JIOUEK H CBS-
3aHBl OTCTYIJEHHS OT TOTO «HJeaJbHOTO» NOPsJAKa 3alOJHEHHH, 0
KOTOpPOM T'OBOPHJIOCH BHILIE.

B 1efCTBHTEJBHOCTH CJOH # OBGOJOUKH, €ClH OTBJEUbCS OT He-
KOTOPBIX fAeTaJjefl, yKa3aHHBIX B Ta6J. 4 (CM. HHXKe), 3aNOJHAKTCA
B CJeAYIOLLEM MOPSAKe:

15 2 3J1eKTpoHa,

25% 2p5 8 3JEKTPOHOB,
352 3p° 8 3J1eKTPOHOB,
452 3d'0 4p® 18 3JIeKTPOHOB,
5s? 4d'0 5pb 18 371eKTPOHOB,

6s24f1*5d'° 6p° 32 anekTpona,
752514 64" 7p® 32 snekTpona.

5. Caolt n =1 COCTOMT Bcero H3 OAHOH s-o6osouku ([==0).
B Bomopoae Ha 3TOH 0oGosouKe (T. €. B COCTOSIHHH lS) HaxoauTCs
JHIIb OJHH 3JeKTPOH. B aToMe rejus K HeMy NPHCOeIHHSETCS BTO-
pOfl 3JICKTPOH B TOM 2Ke coCTOsiHHH |s. Cpeansisi sHeprus CBSi3H OX-
HOTO 3JIEKTPOIIAa B aToMe rejins IPHOJIH3HTENbHO B ABa pasda 6ob-
e, 4yeM CpPEeJHsAS 3HEPTHs CBSI3H 3/JeKTPOHA B aTOMe BOAOpoAad. DTo
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o6bAcHseTcs TeM, UYTO 3apsji siipa reJust BABoe GoJbllie 3apsia
siipa BOAOPOJAA, W MO 3TOH NpHYMHE 3JEKTPOH B HOPMAJIBHOM CO-
CTOSIHHH TeJIUsl HAXOLHTCA Ha MEHbIIeM DAaCCTOAHHH OT SiApa, YeM
B aTtoMe Bojopoja. Hasuune e BTODOrO 3JeKTPOHA yMeHbIllaeT
SHEPrHIO CBS3M NepBoro. JIBa sjeMeHTa -— BOJOPOL H requft — obpa-
3YIOT nepssili nepuod NepuoAHYECKOH CHCTEMBL.

[IpucoeinHuM Tenepb K aTOMY TpPEeTHH 3JEKTPOH, YBEJHUYHB O-
HOBDEMEHHO Ha eAMHHNY 3apsil siapa. TpeTHH 3/1eKTPOH HE MOKeT
HaxXo#uThecsi B cjoe K (n=1), Tak KaK 3TOT CJOH yKe LEeJHKOM
sanosnel. O HauHHAeT 3amoJHATh S-060704Ky ¢a0g L (n=2), no-
najgaa B coctosinue 2s. [osyuaercs mesounoft metana sLi. Uersep-
TbIfl 9/JE€KTPOR TaKXe NonajaeT B COCTOAHHE 2§ -— MOJyyaetcs aJe-
MeHT Gepunnuii 4Be. [IATbIH 371€KTPOH yKe He MOKET OBITH MPHCO-
ellHeH K ofoJiouke 2s, TaK KaK OHa 3aMoJHeHa HesukoM. [TosTomy
¢ 6opa ;B nauuHaer 3anoaHsTbCA 2p-o60j04Ka. B pesysbrate mo-
cjejioBaTesibHO moJsiyuarorest sgeMeHTH ¢C, 7N, 3O, oF. ITocrpoenne
o6osouKH 2p 3akaHuyuBaercs 6saropoaHbM rasoM pNe. Tak o6pa-
syetcst 8ropol (xopoTkutl) nepuod uEPHOAUYECKON CHCTEMB, CO-
CTOANINA U3 BOCbMH 3/JeMEHTOB.

3aTeM, HayHHAs ¢ LlejoYHoro sjeMenta ;1Na, naer samosiHeHHe
cnoa M (n=23). OnHako mocJse 3aMOJHEHHS §- H pP-060J0YEK OHO
3aKaHyuBaeTcs OJaropoAHelM ra3oM gAr. lloayuaetcs rperud
(onmaTh koporkutl) nepuod nNEpHOAHUECKON CHCTeMBI, COCTOSILHA
TaKKe M3 BOCbMHU 3JeMeHTOB. C 3TOrO MecTa NOARJAAIOTCA Hapyile-
HHsl «HJeajJpHOro» MopsjiKa 3alojHEHHS CJ0eB H obosouek. Mmen-
HO, CHauaJa 3anoJHserca 4s-060/04Ka U TONBKO MOCJE 3TOTO HAYH-
HaeTcd 3alloNHeHHe NPONyIeHHo! 3d-060/04KH, 12 U TO TIpH ee 3a-
MOJIHEHHH BCTPEUAIOTCA pas3JiHYHBIE HEPeTyJsipHOCTH,

6. ITopsimok 3amosHeHHs caoeB H 06OJOYEK ykaszan B Tabu 4
B et npuBeneHnl 3/eKTPOHHblE KOH(QHUTYpPalMH AJiS KaXKAOrO 3Jie-
MeHTa. Bce sneMeHTH pa3buTh Ha JABe MOJOBHHBI [lepBas noJo-
BHHA HaneyaTaHa CcJeBa, a BTOpasg CMelleHa OTHOCHUTEJIbLHO Hee
BIpaBo. Tak ke NMPHHATO MOCTYNaTh B XHMHHM C CHMBOJIaMH TeX XKe
37€MeHTOB. IPH Ne4YaTaHHH MepPHOLHYeCKOH CHCTEMB!, C LeJbIo pac-
MOJIOXKHTbL APYT TOA APYTOM 3JeMEHTH CO CXOJHBIMH XUMHUECKHMH
cBofictTBaMu. B sisieMeHTax Nepsoll NMOJIOBHHB! 3aMOJHAIOTCA S- H p-
060JIOUKH. DTO 3aMOJIHEHHe NMPOHUCXOAHT Bcerja 3akoHoMepHo. CHa-
yajja LEeJHKOM 3anogHsercs s-000JI0UKa, a 3aTeM TaKiKe LEeJHKOM
p-06oJouka Toro ke cJjosi. K 2/exTpoHHOH KOH(HIypanuu KaxKJoro
3JeMEeHTa NOCJe0BATENLHO NPHOABJ/IAETCS O OAHOMY S- WJIH p-3JeK-
TPOHY — TOTAa [0JYyYaeTCs 3JeKTPOHHAfA KOH(PHUIYpalHs CTOSHIErO
10CJ/Ie HEro 3JeMeHTa.

B sseMmenTax BTOpOH NOJOBHHLI HAeT 3aloJjHeHHe d- u f-ofoJio-
yex. [Ipu 3TOM U FIPOUCXONHT HaDyLIEHHE <«HAeaJLHOTO» NOPsAAKa
3af0JIHEHUS, O KOTOPOM TIOBOPHJOCH BHIUe. Tak, B 4ergeprom he-
puode 3a 3JeKTPOHHOH KoHpurypauuefl sanaaua 4s23d® craenyer
3JIeKTpOHHAas KoHpurypauua xpoma 4s'3d% (koudpurypaumio aprosa
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TaG6anua 4
DeKTpoHHbHE KOHDHTYPALHH JeMEHTOB

Hounaa-
Me- DneMent SnexkTpoxuas U‘[égﬁg:{ﬁ
HOR, KOHQHIypauus A,
B
; I H sonopon Is' 13,539
" | 2 He reautt 1s? 24,45
Koudurypauus renns +
3 Li guTteR 2s! 5,37
4 Be Gepuanuil 2s? 9,48
5 B 6Gop 252 2p! 8,4
2| 6C yraepox 252 2p? 11,217
7 N asor 2s% 2p3 14,47
8 O kucsopog 2s2 2pt 13,56
9 F d¢rop 252 2p° 18,6
10 Ne Heou 252 2p8 21,48
Koudurypanusa neona +
11 Na wnartpni 3s! 2,12
12 Mg maruunit 3s? 7,61
4 13 Al aniomunui 352 3p! 5,96
3 [ 14 Si xpemumi 3s2 3p? 7,39
15 P docdop 3s? 3p® 10,3
16 S cepa 3s% 3p* 10,31
17 Cl  xuop 3s? 3p® 12,96
18 Ar aprou 352 3pt 15,69
Koudurypauus aprona +
19 K xanui 4s! 4,32
20 Ca kaJjbudit 45? 6,09
21 Sc ckaunpui 452 34! 6,57
22 Ti Tutau 452 34d* 6,80
23 V. Banauui 4s* 343 6,76
24 Cr xpom 45! 34° 6,74
.25 Mn mapramen | ds73d° 740
, i 26 Fe xeseso il 42345 7,83
| Mepexomitus 4 97 Co kopaner ;| 4523d7 7,81
VICMERTR {28 Ni mmkens | 4s?3d° 7.61
29 Cu mexp 45! 34'0 7,62
30 Zn uMHK 18" 310 8,35
31 Ga raaaui 45 4p' 3d'° 5,27
32 Ge repmanui 4s? 4p* 3410 7,85
33 As MBILIBSK 4s? 4p® 34'° 9,4
34 Se ceaeH 45 4p* 34'°
35 Br Gpom 452 4p® 34'° 14,8
36 Kr xpunrtou 45 4p® 3410 13,94
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[lponoaxenune tada 4

I/on-maa;
Ie- AneMeHT SASKTPORHAR lurluo)zg:lxlh
pHOA Kol Hrypauus uHA,
B
Koudurypanus
KPHNTOHA -+
37 Rb py6ununit Hs! 4,16
38 Sr crponuui 5s? 5,67
39 Y wurrpnit 552 44! 6,5
40 Zr UNPKOHHH 5s? 44?
41 Nb wuunoGuit 5s? 4d*
42 Mo wMmoaubaex 5s! 44d° 7,65
43 Tc Texuenuft 5s? 445
H u 1447
5 | Mepexommwe © 43 {1 DYl ) 253, 77
SACMEHTH 46 pd pannammit | 4410 8,5
47 Ag cepe6Gpo Bs! 4410 7,54
48 Cd kammu# 5s% 4410 8,95
49 In wHAME 5s? 5p! 441° 5,76
50 Sn onoBo 5s25p% 4410 7,37
B1 Sb cypbMa 552 5p? 4410 8,5
52 Te teanyp 552 5p* 4d'°
53 I  won 5s? 5p5 4410 10,44
54 Xe KceHOH 552 5p0 4410 12,08
| Kondurypanus
KceHoHa -+
55 Cs nesuii 6s! 3,88
55 Ba Gapuit 6s? 5,19
57 La nadtan 6s2 54!
58 Ce uepuit 6s2 4f2
59 Pr mnpa3eoaHM 652 4f°
60 Nd 1eoium 652 4f*
61 Pm npometn# 652 4f8
5 62 Sm caMapHii 652 4f°
= 63 Eu esponuii 6s2 4f7
= 64 Gd ragoansuh i 6s25d! 4f7
6 > 65 Tb Tepbuit 6s25d! 4f8
B 66 Dy aucnposuit 652 4f10
= 67 Ho roabMut 6s2 4f!!
68 Er spouit 652 4f!'2
69 Tm Tyauh 652 4f13
70 Yb uTTepOHA 652 4f14
71 Lu moTenu# 6s2 541! 4f!4
72 Hf raduui 652 54> 4f'4
73 Ta TtaHTan 6s? 5d® 4f14
74 W Boivdpam 652 5d* 4f14
75 Re penuii 652 5d5 4f'4
Mepexontse 1 76 Os ocMmufi 6s! 5d7 4f!4
o pmeuﬂ { 77 It upuan# 652 5d7 4f14
JAEMEHTEL ¢ 78 Pt naaTtuua Bs! 547 4714
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Mpononxenue 1261 4

[/on-maa-_
[Te- Dnement DJIeKTPOHHAS uﬁg?::fn
PpHOA KoH(HTYpauus ”“E?”‘
Kondurypanus
KCeHOHAa -
79 Au sonoto 63! 510 414
80 Hg pryTte 6525410 4f14 9,20
6 | 81 Tl rannuit 652 6p! 5d10 4f14 10,59
82 Ph csuHen 652 6p% 5d!0 414 7,39
83 Bi BHcMyT 652 6p° Bdl0 4f14 8,0
84 Po mnosoHH# 652 6p* 510 4f!14
85 At acrar 652 6p> 5d'0 4f1«
86 Rn pajox 652 6p5 B!0 4f14 10,69
Koudurypanuns
paaoHa -+
87 Fr ¢panunit 7s!
88 Ra paauit 7s?
89 Ac axrunuft 752 64!
90 Th ropuit 752 642
91 Pa nporaxruuui| | 7s? 6d' 5f2
92 U ypau 7s° 6d! 5f3
93 Np HentyHHHA 7s26d! 5[4
94 Pu nuyrtonu# 7s? 5f8
2 95 Am amepuuuii 7s% 5f7
7 S 96 Cm xiopui 7s% 6d' 5f7
= 97 Bk Gepkunit 7s264' 5f8
=¢ 98 Cf kaandopuuit Tstpjto
< 99 Es s#xmrednuil 7s? 51
100 Fm ¢epmuit 7s% 5f12
101 Md wmennenesuit 7s? 5f18
102 (No HoSeawuii) 7s? 514
103 Lr noypencuit 7s26d' 5f14
104 (Ku xypuatosnit) 752 6d?2 5f1
105 (Ns wuabcGopnii) 7s? 6d° 5j'4
106 752 644 5[4
107 7s? 65 5f1¢

AJis1 KPATKOCTH OIlyCKaeM), T. €. B 3d-000JI0UKe YHCJIO 3JEKTPOHOB
yBeJIHYHBAETCS CPa3y Ha /ABa, IPHUYEM OJHH 3JEKTPOH 3aHMCTBYETCH
u3 4s-o6omouky. B KoHdurypaluuu cieayouero 2JeMeHra MapraHua
45235 HOBBIH 3JIEKTPOH NpUCOERUHsIeTCs He K 3d-, a K 4s-060J101UKe,
BOCCTAHABJIHBAsl B Hell MpexkHee YHCJO 3JEKTPOHOB. AHaJOTHUHEE
HapyileHHs H/eaJbHOTO NMOPsAAKa, KaK Jerko NpocaeiuTs no tabJ. 4,
OPOHCXOAAT H NP¥ 3al0JHEHHH OCTaJbHBIX d-, a Takxke f-o60J04ex.

Kax il nepuoj nepuojuyecKol cucTeMbl Ha4MHACTCA CO LIeJ04-
HOro MeTaJjJja, B 3JeKTPOHHOH KOH(QHIypalHH KOTOPOro HMeeTcs
TOJBKO OAHMH HApyXHDLIH s-a/eKTpoH. M3 Bcex 3/eMeHTOB aToMbl
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1IeJOYHBIX MeTaJJIOB 06/1afaloT HaHMEeHBUIMMH HOHH3aILHOHHBIMU
noTesnuasamy. [1oaToMy 3T aTOMBI JIerKO MOTYT OTAABaTh HAPYHK-
Hble §-3/IeKTPOHB H NPHCOEAHHATh HX K aTOMaM APYrHX 3/JeMEHTOB
ItuM oObsicHsleTcs 60JblIas XUMHUECKAsl AKTHBHOCTh UIEJOYHBIX
MeTaJlJIoB.

KaxkAblH nepHoa 3aKaHYMBAeTCH aTOMOM OJIaropojHbIX I'a30B
He, Ne, Ar, Kr, Xe, Rn. ¥ 3Tux atoMoB (3a uckaioueduem He) na-
py:KHas § — p-060J04UKa COCTOHT H3 BOCbMH 3JIEKTPOHOB, 06pasyio-
IHX 0coOeHHO KOMMAKTHYIO, CHMMETPHUHYIO U [POUHO CBS3aHHYIO
cuctemy. [TosToMy y aToMoB 6.1aropofHBIX ra30B HOHH3AIHOHHBIE
MOTEHIIHAJIB MAKCHMaJbHbl. DTHM H OOBACHSETCS HX XHMHUECKas
MacCHBHOCTb — OHY He BCTYNAIOT (HMJH MPaKTHUECKH He BCTYNaloT)
B XHMHYeCKHe COeJHHeHHs] ¢ ApyruMu atomamu. HaoGopor, sanemen-
THl coceiHed ceAbMOH TIpYyNNbl NEPHOAHYECKOH CcHCTEMBl — HTOp
XJa0p, 6pOM, HOJ — XMMHYECKH OuYeHb AKTHBHH. IDTO NOTOMY, UTO ¥
HUX Hapy»Hasg § — p-000/104Ka COCTOUT B3 CEMH 3JEKTPOHOB U MO-
xKeT ObITh Jerko JAOMNOJHeHa 10 3aMKHYTOH OGOJOUKH NyTeM I[pH-
CO€/JHHEHHs HeJ0CTaloulero BOCbMOrO 3JeKTpoHa.

Kaxablfi mosynepHoA nepUOAHUECKOW CHCTEMBl 3aKaHUHMBAETCS
TAK Ha3BIBAEMLIMH nepexoonbimi 3AiemeHTamu, OOGBEJIEHHBIMH B
tTabJ. 4 NyHKTHPHBIMH paMKam#. DTO TpHajabl: (:Kene30, K0OaJbT,
HHKeJb), (pyTeHu#l, poaull, naanaauit), (ocMuil, upuaul, naaTuHa),
nomeliaeMble OOBIYHO B OAHY KJETKY NEPHOJHYECKOH CHCTEMHBI.

Oco6oro BHUMaHHS 3aCJYKHUBAIOT 14 3/€eMEHTOB OT ILEpHd AC
JIIOTEIHS1 BKJIIOUHTEJNbHO, Ha3biBaeMble pedKumu 3eMAAMU UIH AGH-
rasudamu. B HUX NPOUCXOAHT 3anoJHenue BHyTpenned 4f-060/10ukn
[Tocko/MbKY NpU 3TOM HapyXHble 000JOYKH MPAKTHUECKH OCTAIOTCF
fe3 HU3MEHEHHs, BCE SJEMEHTHl pelKHX 3eMeti 06JaJaloT BechbMs
OJH3KHMH XMMHYECKHMH CBONCTBAMH, U NOSTOMY HX TPYAHO OTAe
JAUTb OAUH OT Apyroro. JlantTanuan B Taba. 4 o6BejeHbl CHJOHIHOM
paMKOH.

[IpeacTaB/sieT HHTEPEC HCTOPHS OTKPBITHs 371eMeHTa 72 (rad
uusl). DToT aJeMeHT A0 1922 r. He Obl H3BECTeH, HO MeCTO JJf
Hero omKHOOYHO OCTABJASAJNM CPelH peikKux 3eMenb, Ognako Bop yka-
3aJ, UTO MO TEOPETHUECKHM COOGpaKeHHsIM 3JEMEHTHl DPEeIKHX 3e-
MeJb JOJIKHBE 3AKAHUMBATBLCA 71-M 3JeMeHTOM (JI0TellHeM), a 3Je-
MEHT 72 MO XHMHUECKHM CBOHCTBaM JoJikeH GbITb aHaJOroM ILIHp-
kounst (Z==4Q). Ilocse 3TOoro ykKaszayust cro cTajJH HCKaTb H
AeACTBHTENLHO OOHADYXKHUJIH B LIUPKOHHEBbIX pyAaXx.

[Mono6uo nantauugam BenyT cebst axTurudoi. Tak Ha3bIBAIOT
14 sseMeHTOB, GOJBIIHHCTBO H3 KOTOPBIX MOJYUI€HO HCKYCCTBEHHO.
ITO — 3JIeMEHTHl OT TOPHS A0 JOYPEHCHsI BXJIIOYHTENbHO. B TadJ. 4
OHH Takxke ofBedeHHl CIVIOMIHON pamKoil. B HHX mpoucxoauT 3a-
nojueHue BHyTpeHHe# Of-000M0UKH, B TO BpeMs KaK HapyKHBle
060JOYKH MPaKTHUECKH OCTAlOTCs He3aTpoHYThiMH. [ToaTomy, Kak H
JAHTAHUABL, akTHHNAL 06Ja1aI0T BecbMa OJH3KHMH XHMHUYECKHMH
CBOACTBaMU.
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Mb o6opBasn neprosuueckyio cucreMy Ha 3gaemenTe 109, He-
KYCCTBEHHO NOJYYEHHOM K HACTOSLIEMY BpeMeHH. JTO, KOHEUHO, He
O3HAvaeT, 4TO B JaJjbHelillieM He MOTYT OBITh MOJIyUEHBLl 3J€MEHTH
¢ 60/BINHMH aTOMHBIME HOMEpPaMH.

7. Ycnexu TEOPHH NEPHOAHUECKOH CHCTEMBl XHMHYECKMX 3JeMeH-
TOB HecoMHeHHB. OXHAKO HeOGXOAMMO HMeTb B BHAY H MPHHLHIMH-
aJibHbie 1€/ OCTATKH CYLIeCTBYOlled Teopud. OAHH H3 HHX OLLT yiKe
ykazaH B nyHKte 2. JJo6aBHM K HeMYy cJeayiollee. IDJEKTPOHH B
Kax/Ja0# 06o/M0ouKe aTOMa XapaKTepU3YIOTCS OpOUTAaNbHBIMH KBAHTO-
BBIMH YHCJaMM [, 3TO npeanosaraeT COXpaHeHHe YHCJEHHOTO 3Ha-
yeHHs opOyTaILHOIO MOMEHTA KOJIHUeCTBa JABHIKEHHS AJs KaXJAO0ro
snexTpoua. Ho 3akoH cOXpaHeHHSl MOMeHTAa KOJIMYeCTBA JBHIKEHHS
CNpaBeiJHB AJsi YaCTHUBl, ABHXKYWEHCS B YEHTPAALHO-CUMMETPUY-
HOM CHJIOBOM IIOJIE, H He HMeeT MecTa B JApYrux ciayuasx. [lose e,
B KOTOPOM ABHIKETCS 3JEKTPOH B aTOMe, CO3/1aeTCs SIAPOM H OCTaJlb-
HBIMH 3JekTpoHaMHu. OHO He obsajaer cdepuueckodl CHMMeTpHel.
Haxe B cayyae 6JAHOTO HAaPYXKHOIO 3JIEKTPOHA, KOrjJa Bce BHYTpeH-
HHe 000JI0YKM 3anoJiHeHBl, chepHyecKas CHMMETPHs TOJyYyaeTcss B
pesyJkTate KBAHTOBOMEXAHHYECKOrO ycpejHeHHs. B ypaBHeHHe xKe
[lpenunrepa, ompefessiollee ABHXKEHHe 3JeKTPOHOB, BXOAHUT He
ycpelHeHHas NOTeHUHAJbHAsl 3HEpPrusi, a MOTEHUMaJbHAs SHeprus,
NoHHMaeMasl KJ/acCH9eCKH, Kak (YHKIHS KOOpAMHAT BCex (Touey-
HbIX) 3JeKTPOHOB (cM. § 21, myHKT 3).

§ 48. PenTreHoBckue Jyuu

1. PenrtreHoBcKHe JyYH B PEHTIEHOBCKHX TPYOKaX MOJAYYAIOTCSH
NpH TOPMOXKEHHH YCKODEHHBIX 3JEKTPOHOB Ha aHoje (B CTaphix
TpybKax — Ha aHTHKaTtoae; cM. T. I11, § 117). BonHoBule cBoficTBa
PEHTTEeHOBCKMX Jydeli Oblan ycraHoBJaeHsl B 1912 r. Jlays u ero co-
rpyasukaMd ®puapuxom (1833—1968) u Kaunnuurom (1883—
1935), ocymiecTtBuBmiMMH AUDPAKUKIO 3TUX Jydedl B KpHCTa/ax
(em. 1. 1V, § 61). Ewe pansiue, B 1905 r., bapkaa (1877--1944)
YCTAHOBHJI, YTO €CJH DEeHTIeHOBCKHE JIy-
YH JeHCTBHTEJLHO ABJSIOTCA BOJHAMH,
TG 3TH BOJIHB JIOJKHBl ObITb HOREpey-
Houmu. B onplTe DBapkia nyyox pentre-
HOBcKHX ayuer S (puc. 86) pacceusaJicst
Ha tene A. Hanuune paccesinust obuapy-
UBAJOCh C NOMOIUBIO HOHHU3ALHOHHOM
KaMepbl ~— DEHTreHOBCKHe JyuH, IoHa-

Prc. 86 Jasi B XaMepy, NPOU3BOAKAY HOHH3ALHIO
BO3/lyxa, Aefdas ero npopoAsiuiuM,. Pac-

cesgHHOe moA yrjoM 90° ussnyuenue nonajaajo Ha TeJo B H BHOBB
paccenBasoch. OKa3ajoch, YTO HHTEHCHUBHOCTL BHOBL PaCCesHHOTO
M3JIy4eHHsl B HampaBlienun BC, NepleHANKyaspHOM K MJIOCKOCTH
SAB, paBHa HyJIO, TOr@ KakK B APYTUX HalpaBJeHHsX, B HACTHOCTH
B Hanpasjerud BD, aurunapasgensiom SA, paccesHue HPOHCXO-
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nugo. Ha ocnosanum storo bHapk/aa u 3aKJIIOUKJ, YTO PEHTIEHOB-
CKHe BOJIHBI, €CJIH DEHTIeHOBCKOE H3JyueHHe JeHCTBHTEIbHO COCTOUT
H3 HHX, JOJKHBE ObITb MOMEPEYHBIMH.

B caMoM geJse, ecqu BOJIHBI NMONEPEUYHH, TO 3JEeKTPHUECKUH BeK-
Top B najaiomeM ayue SA u Bo3OykKIeHHble UM KoJebaHHs 3Jek-
TPOHOB B Tesle A MOXKHO DPasJioXHuTh 1o HampasjenusM AB u BC.
[lepsbte KoseGaHHusl, B HanpaBJjeHUH AB, u3jayueHusl He AaAyT, Tak
Kak KoJeGJIoIUACA JeKTPOH He H3JIyYaeT B HANpaBJIEHHH €ro KO-
geGauuit. K teny B mofifer TOJBKO BOJIHA C 3JEKTPHUECKHM BEKTO-
pom, mapaJieabHbiM BC., OHa BO36YAHT KojeGaHHS 3JEKTPOHOB B
TOM e HanpaBJseHHH. CjiefoBaTesNbHO, H3JyUEHHS B HaNpaBJIeHHH
BC He BO3HHKHET.

PasymeeTcs, peHTreHoBCKHe Jy4d B onbiTax Bapkaa moMKHH
6blin 06Jj1afaTh JOCTATOYHOM »KECTKOCTbIO, YTOOL Ha CBOeM IYTH
B BO3/JyXe He HCIOBLITHIBATL 3aMeTHOro morJolleHusi. asa aToro Ha-
npsikeHue Ha TPYOKe JOJKHO OLITh JOCTAaTOYHO BhIcOKHM. [lo Toii
e npuuuHe Tesa A u B nenasnuch U3 Matepuajia ¢ MaJjblM aTOM-
HBIM HOMepoMm Z (yrosp B onbltax bapksa), MuHaye npu BBICOKHX
HampsKeHHs1X Ha TpyOke B ciayuae GoJblInX Z moJyduyaoch 6bl cob-
CTBEHHOE XapaKTeDHCTHUECKOE H3JydueHHe (CM. HHXKe) H TIPHTOM
3HAYUTENbHOH HHTEHCHBHOCTH. ¥TOJb, napaduu H np. pawT caadoe
I MArKoe COOCTBEHHOe H3JyuyeHHe, TOrJollalolleecss B BO3JAyXe Ha
NYTH YKe B HECKOJbKO CAaHTHMETDOB, a MOTOMY He Mellapliee Io-
CTAHOBKE ONKITA.

2. BapkJja e yCTAHOBHJ, YTO PEeHTI€HOBCKOE H3JyueHHe, HCXO-
Jsillee M3 aHTHKATo/Aa TPyOKH, COCTOMT M3 ABYX udacTte. OmHa u3
HHX €CThb TOPMO3HOe u3Aydedue, BO3HUKAWOIlee IPH TOPMOXKEHUH
3JIEKTPOHOB B aHTHKaTole. Ero cBOicTBa cOBepileHHO He 3aBHCAT
OT MaTepuaja aHTHKaTona. CBOHCTBa JIPYroro cyllecTBeHHO Ompe-
JEeJSIIOTCST MaTepHaJoM, H3 KOTOPOro COCTOHT aHTHKaToa. PeHTre-
HOBCKO€ H3JiyueHMe BDapkia xapakTepH30BaJ €ro JecTKocTvio, T. €.
CHOCOGHOCTBIO NMPOXOAMTL Yepe3 pa3JH4Hble BelllecTBa. TouHas Xo-
JHYeCTBEHHAS] XapaKTEePHCTHKAa CTaja BO3MOXHOH ToJbKO rnocJe
onuiTa Jlays, ymoMHHaBIIerocs Bhille, Koraa OblH pa3paboTaHbl
MeTO/bl PEHTIeHOBCKOH CHOEKTPOCKONHH, [03BOJIMBIIHE H3MepAThb
JUIMHBL BOJIH PEHTIEHOBCKOro uajyueHus (cm. 1. IV, § 61).

Topmo3Hoe HM3/ayueHHe jgaerT craowHoil cnextp. [lo aHamoruu
¢ 6eJbIM CBETOM €r0 Ha3blBAIOT TAKKe OeAbiM PEHTSeH08CKUM U3-
Aydenuesm. B CTOPOHY NJIMHHBIX BOJIH HHTEHCHBHOCTH TOPMO3HOTIO
H3Jy4YeHHsl crajaeT NOJOro M aCHMITOTHYECKH CTPEMHTCA K HYJIIO.
Co CTOpOHB KOPOTKHX BOJH CIJIOIIHOA CHEKTp OGphIBaeTcss pe3ko
(cM. puc. 5). Kak yxe noapoGHo yKa3miBajoch B § 2, Takaa oco-
6eHHOCTb CIIOUIHOTO PEHTIEHOBCKOTO H3JyueHHs OObsICHSETCS ero
k8anTo80l npupodoi. KOpOTKOBOJMIHOBAS I'PaHHUIla CIJIOUIHOTO PeHT-
TeHOBCKOTO CleKTpa ompeaeJsiercs ¢opmyJoit (2.6). Ona cosepiieH-
HO He 33aBUCHT OT MarepuaJsa aHoaa (aHTWKATONa), a OmpelesieTcst
TOJbLKO Hampsi:keHneM Ha TpyOke. Boobie, oTHOCHTeJbHOE pachpe-
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AeJieHHe 3HePrHH MO JJHHAM BOJH B CleKTpe TOPMO3HOrO peHTre-
HOBCKOI'Q H3JIyueHHs OT MaTepHasa aHona He 3aBucut. [locnennuit
BJIUSET TOJbLKO Ha HHTErpaJbHYI0 HHTEHCHBHOCTb H3Jy4YeHHS.

Xapaxrepucrudeckoe usdaydyesue, HANPOTUB, UMeET AuHeldarsill
CHEKTp, T. €. COCTOHT M3 3aKOHOMEDHO DaCHOJIOXKEeHHBIX AOCTATOYHO
Y3KHX CHeKTpaabHblX JHHuHA. VX JAauHb BOJIH 3aBHCAT HCKJIOYH-
TeJIbHO OT MaTepuaja aHoAa. B 5TOM OTHOLIEHHH XapaxTepHCTHUe-
CKOEe H3JIyueHHe HamOMHHAeT JHHeHuaThil CIeKTD rasoB B ONTHYE-
cKOH cHaacTd. DnekTpoHHast GomOGapaupoBKa B030Yy:KAdeT Kak
CIVIOUIHOE, TAK H XapaKTepUCTHUeCKOe H3JydYeHHe, TOraa Kak GoM-
6apaMpoBKa o-4aCTHUAMH HJM MPOTOHAMH BO30yXKAaeT TOJbLKO Xa-
paKTepHCTHYeCKoe H3JyueHHe. PeHTreHOBCKHe JY4H, HCIyCKaeMble
BEUIeCTBOM IpH JAEHCTBHH JPYTHX
PEHTTEHOBCKHX Jydel, cOCTOAT uac-
THYHO H3 PAacCesiHHOrO [IepPBHUHOIO
NyyKa, YaCTHYHO H3 XapaKTepHCTHUe-
CKOrO H3JyYeHHf CaMOro BellecTBa.
XapakTepHCTHUECKOe H3JydYeHHe [10-
SBJISIETCS TOJBKO MOCJIe TOro, KakK Ha-
npsiKeHHe Ha TPyOke HauHHZeT mpe-
BOCXOAUTb HEKOTOPOE OIlpe/ieleHHOe
SHaueHHe, 3aBHCsIIee JHULIL OT MaTe-
pHana aHoja.

Ha puc. 87 nas wanpsieHus Ha
TpyOKe V =35 kB npuBeleHH 3Kclle-
I 1 pUMEeHTaJIbHbie KDHBBIE CIEKTPaJibHO-
903 005 007 AWM 1o pacfipe/leleHHSI 3HEPrHH pEHTre-

HOBCKOrO H3JIyUeHHs B cjyuae aHTH-
Puc. 87 .KaTOLOB W3 BoJbdhpama, MONUGAEHA H
xpoMa. 3a Mepy WHTEHCHBHOCTH H3-
JydyeHHs NPHHAT TOK B HOHH3AaUHOHHOH KaMepe. B cayuae mosu6-
JleHa, HapsAy CO CIVIOWIHBIM H3JyUeHHeM, BO30YKAalTCA ABe JHHHY
XaPaKTePHCTHYECKOrO H3JYYeHHsI ¢ QJHHAMH BOJH NPHMEPHO A ==
= 0,063 1 A ==0,071 EM. XapakTepHCTHUECKOE H3JyUeHHE [OSABJIA-
eTcs H JJs XpOMa, HO npu GoJsee AJHMHHBIX BOJIHAX, He YKJaLLBAIO-
muxcss Ha pucyHke. Ho B caydae Boabdpama Hanpsxenus 35 kB
HEJOCTAaTOUHO [J151 BO30OYXKAEHHS XaPaKTePHCTHUECKOTO H3J1ydYeHHs
B AnallasOHe BOJIH, IPHUBEJCHHOM Ha PHCYHKe, — [OJy4YaeTcs TOJLKO
CIIJIOUIHOH CHEXTD.

3. Kaxnas JHHHA PEHTTEHOBCKOTO XapaKTePHCTHYECKOrO H3Jy-
YyeHHsl, KOHEYHO, BO3HHKAeT B pe3yJbTaTe Nepexofa aToMa C Of-
HOPO 3HEPreTHYeCKOro ypOBHSI Ha Apyro#i. Ee wacrora ompenessier-
csl mpaBuJoM YacToT bopa:

o =&, — &, (48.1)

o

HumencuBrocmt
o~

N>

HOCKOJIbe PEHTTEHOBCKOE H3/MYyUe€HHE KODOTKOBOJHOBOE, PASHOCTH
BHepI‘Hﬁ B HA4YaJbHOM H KOHEUYHOM COCTOAHHAX aTOMa OYE€HL BeJHKA
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H B Caydae TsKesablX 3JE€MEHTOB NPEBOCXOAHUT B THICSUH, JECATKH
M COTHH TBHICAY pa3 COOTBETCTBYIOULYIO PA3HOCTh B ONTHUeCKOH 00-
JAaCTH cleKTpa. DTO YKa3blBaeT Ha TO, YTO KBAHTOBBIE MepeXOibl
COBEPIIAIOTCA BHYTPEHHUMU, & He HApYXKHBIMH (BaJIeHTHLIMH)
3JeKTpoHaMH artoMa. Ho mas toro, utoOnl Takue mnepexonnl GblIH
BO3MOXKHBI, HEOOXOAHMO, UTOObl BHYTPH SJEKTPOHHOH 060JIOUKH
aToMa ObliH c80600Hb6ie MecTq, He 3alOJHEHHBle 3JEeKTPOHAMH, Ha
KOTOPLIE MOTYT N€pPeXOJHThL 3JEeKTPOHbI M3 ADYTHX KBAHTOBBIX CO-
cTtosiHuf atoMa. Takue cBoGonHble MecTa 06pasyloTcsl NPH BO3JeH-
CTBHH Ha aTOM OBICTPLIX 3JEKTPOHOB, (JOTOHOB BLICOKHX 3HeprHH
HJH JApYyrux OBICTPHIX 4YacTHIL.

HonyctuM, Hanpumep, 4to ¢ Haubosee rayBokoro cjaos K atoma
yaajeH 3JeKTPoH. B pesysapTaTe 3TOro »Heprus aToma BoO3pacTaeT
Ha SHeprui0 HOHu3auHH H3 K-cjosi. O603HauuM uepe3d & SHEPTHIO
aToOMa IocJje TAKOro yiaJleHHsl 3JeKTpoHa M3 K-caos Hapyxy. Ha
ocBo6oHUBIIeecss MeCTO NepelleT 3JeKTPOH H3 cocelHero L-cnos.
K-caoft oxaxeTcs 3amoJIHEHHBIM, a B L-cioe He OyzZer jpocTaBaTh
OHOr'0 3JeKTpPOHa, MHBIMH cJIOBAMH, MOJYUHTCH aTOM, Y KOTOPOrO
U3 cJjos L ynajeH oHH 3JMeKTPoH. Ero sHeprus &, MeHblile HCXOM-
Holl sHepruun &¢. Eciu B pesysibTaTe H3JNYUHTCS pPeHTreHOBCKHH
KBaHT, TO €ro 4acToTa onpejenautcsl cootTHomeHnem (48.1). Ha ocBo-
6onuBilleecs MecTto B cjoe [ nepefiier 3JeKTpoH u3 ciaoss M ¢ us-
JydeHHeM peHTIeHOBCKOTO KBaHTa 6oJiee HH3KoH 9acToThl. To ke
NIPOU30HAAET C 3JeKTPOHOM H3 cnod N, u 1. 1. KoHewHo, mepexonn
MOTYT NPOHCXOAUTL He TOJBKO MeXAy COCeIHHMH CJOSIMH, HO, Ha-
npumMep, Mexay caoasMd M u K, N u K u 1. 1. OHu B0o36yxaaoT
GoJiee xKecTKOe H3JyueHHe, ueM nepexoast L — K. B pe3syantate Bcex
5THX I[POLECCOB BO3HHKHET 8eCs CHEKTP PEHTTeHOBCKOrO XapakTe-
PHCTHUECKOTO H3JIy4eHHs aToMa.

Hrak, uactoTa JIMHHH XapPaKTePUCTHUECKOTO PEHTTEHOBCKOrO
H3J/IyueHHUs ONpefesisieTcsl PA3HOCTbIO SHEePrUil SHepreTHYECKHX YPOB-
Heit aToMa, HaHJeHHOH B NPELTOJIOKEHHUH, UTO H3 KaxKIOro M3 HUX
yOanen o0un anexrTporn. Tlpu TakoM ynajneHUH aTOM [E€pPeXOJHT B
B036yKeHHOe COCTOSIHHE — ero SHeprHs YyBeJHYHBaeTCsd Ha COOT-
BeTCTBYIOILYIO SHepruio HoHuzauuH. [locienHas tem Gosbiie, yeM
ray6:Ke JieXKHT ypOBeHb HeBO3Oy:xIeHHOro atoma. }3 H3/M0:KeHHOr0
SICHO, NOUEMY TpPH PacCMOTPEHHH DPEHTIeHOBCKOro H3JyueHHS NOJb-
3YI0TCsi CXeMOH ypoBHell BO30y3KIeHHOro aTOMa, NOJYUeHHOH B npea-
NOJIOXKEHHH, YTO C pacCMAaTpPHBaeMOro YPOBHA yjajieH OJHH 3JeK-
TPOH, TOTJA K&K UHCJIO 3JIeKTPOHOB Ha BCeX OCTAJbHHIX YPOBHAX
octaercsi HeHaMeHHbIM. M3 cKaszaHHoOro BHIIe TakxKe cjeldyeT, YTO
cxeMa ypOBHeH Tak BO30YKIEHHOTO atoMa fARJIAETCH 00pauieHHOH
[0 OTHOIIEHHIO X CXeMe HepreTHYeCKHX YPOBHeH HeBO30Y:KAEHHOro
atoMa. DTO 3HAUHT, 4TO B oOpalleHHOH cXeMe 3HepreTHYecKHil ypo-
BeHb PAacloJIOXEH TeM BHIIe, UYeM TJayGiKe OH JiexaJs A0 yAaJieHHd
C HerQ 3JeKTPOHA.
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Obpaluennasi cxeMa 3HepreTHUECKHX YDOBHell aToMa IpuBeleHa
Ha puc. 88. DaeKTPUHHBIE CNOH HEBO3GYKAEHHOTO aTOMa, COOTBET-
CTBYIOIHE [JIaBHLIM KBaHTOBBIM UucjaM n==1, 2, 3, 4, ..., KaK us-

BECTHO, 0603HayalTCs cooTBeTcTBeHBo uepes K, L, M, ... Taxue
K-tepus
K - — - isz/z
L-cepus
A
(4 A 2
L 25
2
LII o Z F;/Z
2,
Ly @, )
M-cepus
. —H
My 3 %
2
My 5 3 pf/z
Hm B ‘ 3 EPJIZ
2
HI}’ 'JEDJ/Z
M, : 30y,
N, 4%,
N 4 2
jid ¥, \ 4 Zpl/z
Ny A 4 2'” 32
Ny 4 Dy
Ny 4 gy
Nyy—— : 4 %oz
s : 4 ZF7/2 ’
Pue. 88

Ke 0003HaueHus] IPHUMEHSIIOTCS U K aTOMY, BO30YKAeHHOMY B yKa-
3aHHOM Bbllle cMbICJe. TouHO Tak e K BO30yXKIEHHOMY aToMy NpH-
MEHSIIOT CHEeKTPOCKONHuecKHe o603HaueHus Tuna 228y, 22Py,., ...
[Tenecoo6pa3nocTs 3TOrO0 MOTHBHpYETCH TeM, 4TO BHYTPeHHHe 0060-
JIOUKH aTOMa 3aMKHYTH; HX MOMEHT KOJIHYeCTBa JBYIKEHHS DaBeH
HyJI0, 8 OpH YAaJeHUH 3JeKTPOHA YHOCHMBIH MM MOMEHT KOJIHYe-
CTBa JABHIXKEHHs NepenaeTcsi ¢ MPOTHBOIOJOXKHLIM 3HAKOM 3JieK-
TPOHHQI 060JI0UKE, C KOTOPO# OB 6Bl YA4JeH.

B oTcyTcTBHE MATHHTHOIO MO SHEPTHA HE MOKET 3aBHCETh OT
MATHHTHOTO KBaHTOBOro uHcja. OHa NMPAaKTHYECKH 3aBHCHT TOJBKO
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OT KBaHTOBBIX 4yHces n U j. Cj10# K COCTOHT H3 OZHOTO 3HEpreTHUe-
ckoro ypoBusi 1281y (n=1, [=10, j==1/2). Caoli L (n=2) pac-
najgaercs Ha TpH noicaosi, ofo3Hayaemele gepe3 L;, Ly, L. Tloa-
cyaoi L; cocTouT u3 ogHOH 2S-660s0ukH. [IBa OCTAJbHBIX MNOAC/OS
npeAcTaBJAlT 2P-000/04UKy, pacllenfrllylocd Ha JBe NOR0GO-
a04KH 22Pys3 0 2%2P3s. VX 5HeprHH pas/iHyaioTcsl u3-3a CHHH-0p6H-
TaJbLHOTO B3auMonelicrBusi, AHaJjoruuno ciaod M (n=3) cocrour
U3 [SITH MOACJ0eB, coit N (n == 4)— H3 ceMu NoAc/JI0eB, 0603HAUEH-
HBEIX Ha pHC. 88, H T. 1.

4. HegocraTok 3/eKTPOHA B 3aMKHYTOH 060JIOUKe aTOMa MOXKHO
paccMaTpuBaTh KaK «ABIPKY» B 3TOH 06oJiouke. POpMalibHO MOXKHO
CYHTATh, YTO AbIPKA MOXKET HAXOAHMTbCS B PAa3JIHYHBIX KBAHTOBBIX
COCTOSIHHSIX H NEPeXOJHTb H3 OJHOro coctosinus B Apyroe. Korna
B 3JEKTPOHHOH 000JIOUKe aToMa ecTb AbIpKa, 3Ta 000J04YKa He
3amxuyra. [lpu nepexoge ABIPKH Ha APYIYi0 3aMKHYTYIO 060OJ0UKY
nocJeJHdAs NepectaeT ObITb 3aMKHYTOH, a HcxoaHas 000JI0UKa BOC-
CTaHaBAMBaeTCsl A0 3aMKHYTOH. C 3TOH TOUKH 3peHHs! obpalleHHas
cxeMa DeHTTE€HOBCKHX YpOBHe#f aToMa aHaJiorH4Ha OOLIIHOH CxeMme
JHEPreTHYeCKHX YPOBHEH aTOMA C OJHHM HapyXHHIM (BaJIeHTHBIM)
3JeKTPOHOM. TTOHATHO, UTO COXPAHSAIOT CHJY H BCe NMpaBHJa OTOOpa
IpHd H3JydYeHHH, KOTAA aToM (ABIPKa) MEPexOAHT U3 OAHOTO KBaH-
TOBOTO COCTOSIHHSI B Apyroe. TakuMu npaBusiaMu oT60pa SBJIAIOTCH

Al=—1, 0,41, AL=41. {48.2)

Bce nepexosnl, YAOBJETBOPSIOUINE 3THM MpaBujgaM otbopa, H3o-
GpaxeHbl cTpejKaMu Ha puc. 88. CTpesKH 03HAYAIOT MEPeXOAL BO3:
Oy JleHHOTO aTOMa C BHICIIHX 3SHepPreTHYeCKHX ypoBHeid Ha GoJjec
HLU3KHE, HJH, YTO TO JKE CaMoe, Nepexofbl AbIPKH C YPOBHS Ha Ypo-
BeHb. B 1messax COKpAlleHMsi Mbi OTPAaHHUYMJIHCH HaJdHUHNeM B aToMe
roanko caoeB K, L, M, N. PUCYHOK HeTpyAHO AOMNOJHLTH Mepexo-
JaMH Ha NoaypoBHH cjoeB O (n=05) u P (n ==0), eciiu TakoBble
MMEIOTCS.

XapaxTepUCTHUECKHH CMEKTP PEHTIEHOBCKOrO H3JYYEHHS COCTOHUT
u3 cepuil JuHul, KoTopble o6o3HauawTcs 6yksamu K, L, M, N, O.
Cepust K B03HUKa€T NpH Nepexofax Bo30YKAEHHOro aToMa ¢ yPOBHA
K na Jexamine HH¥e MOAYPOBHH caoeB L, M, N, ... ; cepuss L —
Ipu aHaJOTHMHBIX epexoAax ¢ NoAypoBHel caost L; cepust M — npu
nepexosnax ¢ noayposreft cnos M um T. A. Kax BuAHO u3 pHCyHKa,
JuHun cepuu K umeloT Ay6JaeTHYIO CTPYKTYypy. KomnoneHTer ky6.e-
TOB 0003HAYAIOTCSH COOTBETCTBEHHO uepe3 oy, Oa; Pi, P2y Y1, Y2, KAK
BHAHO u3 puc. 88. Cepun L, M, N umeroT Gonee CAOMHYIO MYJb-
THIJETHYIO CTPYKTYPY. Jlasl IMHAA 3THX MYJLTHNJIETOB MPUMEHSIOT-
¢l Takxe o6o03HaueHusi rpevecKHMH OYKBaMH ¢ unAexcaMu. DykBa
o YyKa3blBaeT, YTO Mepexoi coBepliuJcs ¢ OaxxKaiirero cjos, 6yK-
Ba } — co ciaeayiollero nocsae Oamxkatimero u T. 4. [lwdpoBble HE-
Aexcel mpu OyKBax a, §, Y HyMepyioT JHHHH B MOpsjiKe yObiBaHHS
AJIMH BOJIH,
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M3 nmpuBeseHHOro o0bjCHEHHs BO3HUKHOBEHHs XapaKTepuCTHUE-
CKOTO DEHTIeHOBCKOIO H3JYYeHHA CJelyeT, YTO IMpH BO3OYKAEHHH
HauboJsee ray6oko jexamero caos K BO3HUKAET He TOJbKO Cepus
K, Ho u secv penreenosckuii cnektp. Booblue, npu BO3GYKIEHHH
KaKOH-TH60 CepMH HJH JUHUM DEHTTeHOBCKOTO H3JYYEHHUS MOsB-
JAITCA M BCe CePHH M JUHHH PEHTIeHOBCKOTO H3JyueHHs ¢ 60Jb-
LIHMH AJHHAMH BOJIH.

ITpu ocBOGOKAEHHH 3JEKTPOHA H3 KaKOH-1u60 BHYTpeHHeH 060-
JOYKH 3JEKTPOH 3a INpeAesaMHM aToMa MoxeT o06jazaTth KaKuM
YrojHO 3amacoM KHHeTHuecKoH suepruu. B stom cayuae ero sHep-
rus B KOHEYHOM COCTOSIHHHM He KBaHTyeTcsd. [1pu nepexoge u3 3toro
HEKBAHTOBAHHOTO COCTOSIHHs HA OAHO H3 CBOGOAHBIX MeCcT B 0060-
JIOYKAX aTOMa BO3HHKACT CHAOUIHOE PEHTEeHOBCKOE U3AY4YeHue.

5. B oTsuuyMe OT ONTHUECKHX JHHEHUATBIX CHEKTPOB € HX CJOXK-
HOCTbIO H pa3HooOpa3HeM, pPEHTIeHOBCKHE XapaKTePUCTHUECKHe
CIEKTPHl PA3JHYHLIX 3/1€MEHTOB XapaKTepPH3YIOTCS MNPOCTOTOA H OA-
HoOOpa3HeM. ®TO CBA3AHO C TeM, UTO IPH MEPeXojie OT OJHOro 3Je-
MeHTa K CJeAYIOLleMYy CTPYKTYpa BHYTPEHHHX 3JEKTPOHHBIX 060Ji0- -
YeK aToMa H3MeHsieTcst oueHb Mauso. Ilpn Bo3pacTaHHH 3apsaA0BOro
yHcJga Z Ha eAMHHIY PeHTreHOBCKHH XapaKTepHUCTHUECKHH CIEKTp
3/eMeHTa COXpaHseT CBOH BHJ;
NPOHCXOAHT JIHIUIb He3HAUHTeJlb-
HOe CMellleHHe BCEX PEeHTTeHOB-
CKUX JIUHHH B CTOPOHY 6oJee Ko-
POTKHX BOJH. JTa 0COOEHHOCTL
PEHTTeHOBCKHX CIIEKTPOB BIep-
Bble Obl1a O6HADYIKEeHA 3KCIEpH-
MeHTaabLHO Mossnu B 1913 1. n
HCTOJIKOBAHA MM Ha OCHOBE Teo-
pun Bopa. Mosnn cucremaruye-
cku uccaeposas K- u L-cepun
PEHTIeHOBCKOro H3JYy4eHHs
38 pasauunbix 3aeMmentoB. Ou
MOJIb30BAJICS  KPHCTAJJIHYECKHM
cnektporpadoM, paboTaBLIKUM MO
NPHHIUNY GP3TTOBCKUX OTpaxKe-
nuf (em. 1. 1V, § 61), B xoro-
POM BMECTO HOHH3AILMOHHOH Ka-
vepbl 6bljla HCIIOJMb30BaHa (POTO-

Puc. 89 [IJ1aCTHHKA.

Ha puc. 89 BocmpousBejaeHa

tororpacua [-cepun pasauu-

HbIX 3XeMeHTOB, nosiyueHHasi Mosnn, CIeKTpPHl PasIHYHBIX 3JeMeH-
TOB pAacNOJIOKeHbl OTHOCHTEJNLHO ADPYr Apyra Tak, 4TO PacCTosiHHe
Ka)K/I0# JIMHHH OT JIEBOTO Kpas PHCYHKA NpHOJIH3HTEJLHO NPOINOop-
IHOHA/ALHO JJIHHE BOJHBI 3To# JMHHH. CaMH 3JeMeHTHl pacnoJo-
JKEHbI B HOpSIKe BO3PacTalinsl aTOMHBIX HOMEPOB OT KaJblus (Z =
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=20) po unHka (£Z=30), BXOJASLEI0 B COCTAB JaTYHH. 3amMeuaTelb-
Ha peryJspHOCTb, C KOTOPOH BO3pacTaeT 4acTOTa XapaKTepHCTHYe-
ckoro K-u3anyueHuns ¢ Bo3pacTaHHeM aTOMHOTI'O HOMepa ajeMenTa. Ta-
KOH K€ peryjaspHOCTbIO OTJIHYAKOTCS H H3MeHeHHs yacToT L-, M- u
N-JHHHA XapaKTepUCTUUECKOTO H3JyUeHHUs] NIPH MEePexXolie OT OJHOro
sjeMeHTa K caepyiomeMy. Hanpumep, ua puc. 89 cpasy BuaHo, uto
MeX/AY KaJbliUEM W THTAHOM NPONYyLIEH 3JEMEHT C ATOMHBIM HO-
Mepom Z =21, 210 — cKaHau#i, npeackasauHolii MeHaeneeBbiM W
OTKPBITHH B 1879 r. Husabconom u Kaege.

Wccnenosanuss Mossau Bhepsbie 3KCHEPUMEHTANLHO NOKa3aJy,
YTO OCHOBHOH BeJHUHHOH, onpefessiolledl MecTO 3JeMEeHTa B Ile-
puoAHuecKod TalbJsulle, SBJSIETCS HE aTOMHAasi Macca, a QTOMMbLL
HoMmep 3aemenTa. BMecTe ¢ TeM XapaKTePHCTHUECKHE PEHTreHOBCKHE
CIIeKTPBI TO3BOJISIIOT OJHO3HAYHO ONpefessiTh aTOMHble HOMepa 3Je-
MEHTOB H TaKHM 06pa3oM CYAHTb, 32MOJHEHB! JH B IEePHOIHIECKONH
Tab/aule BCE MeCTa HJH JOJKHLL CYLIeCTBOBATH €ille He OTKPBITHIE
3JeMeHTHl. ¥Yxe caM Mosny octaBun MecTo NOJA HoMepoM 43 auas
HEH3BECTHOTO B TO BPeMs 3J€MEHTa, NOJYUYeHHOrO [O03/Hee HCKYC-
CTBEHHO H HasBaHHOro TexHeuuem. Jlo HccaenoBauuit Mosau He
OBIJIO BBIACHEHO, KAKOH H3 3/eMeHTOB — K00aJbT C aTOMHOH Maccoi
58,933 uam HuKeJb C aTOMHOH Maccol 58,71 —mHajgo mToOCTAaBUTHL
paHbliie B nepHoaudeckofi tabamnue. M3 puc. 89 sicho BuaHO, uTO
KoDaJbT HAA0 MOCTABHTL MeEXJAY XKeNe3OM H HHUKeJeM, XOTS ero
aToOMHas macca u Bosnpule, 4eM Y HHKeJs. YUacTOK M€PHOAHYECKOH
cucteMbl 0T Z =058 10 Z =71 BKJIOUHTEJbHO 32HAT 3JieMEHTaMH
peakux 3eMesb. MX XuMHUeCKue CBOCTBA HACTONbLKO OJNH3KH, a
ATOMHble Macchl GbLIJIM H3BECTHBl HACTOJbKO HEJOCTOBEPHO, UTO Mpa-
BHJABHOCTL PACHOJOXKEHHS STHX 3JE€MEHTOB B IEePHOJAHYECKOH CH-
cTeMe BbI3biBaja Oosibluve COMHeHus. lI3yueHHe peHTIeHOBCKHX
CIEKTPOB C HCNOAL30OBAHHEM 3aKOHa Mo3nu (CM. HuzKe) YyCTPaHHJIO
Besikne comuenus. Ono M0Kasajo, 4T0 OT BOAOPOAA A0 YpaHa
BKJKUNRTEJIbHO JO0JKHO CYILIECTBOBATbL POBHO 92 XHMHUECKHX 3Je-
MEeHTa.

113 13/10XKeHHOTO BHIILIE O MPOHUCXOXKAEHHH XapaKTePUCTHUECKHX
PEHTreHOBCKHUX Jyde# cjenyeT, YTo AJHHB BOJIH TAaKHX Jyuyed 3a-
BUCSIT KCKJAIOUHUTENbHO OT BHYTPEHHEH CTPYKTYPHl 3JIEKTPOHHBIX 060-
JOY4eK aToMa. ITO ecTh aTomMHoe c8olicTgo saeventa. [lostomy B
CI/1aBaX H XMMHYECKHX CO€JHHEeHHSX KaKABH sneMenT JaeT TakKof
e XapakTepHCTHUECKHH CNeKTp, Kaxofi Nodayuuics Obl B OTCYT-
CTBHE [PYTHX 3JEMEHTOB. ITO sCHO TposBJfeTcss Ha puc. 89,
CrnekTp JlaTyHH MOJydaeTcs MPOCTBIM HAJOMEHHEM CIIeKTPOB MeH
W [UHKa, 3 B CrekTpe KoSasjbTa OTUET/HBO NMPOSBUAOCH €0 3arpss-
HeHHE JKeJE30M H HUKeJeM.

6. Mosau sKCIEpHMEHTAJNBHO YCTAHOBHJ, YTO KBaApPATHBIA KO-

o ~ o
peHb 13 UACTOTLI KoJsebaHui 4 vV J4aHNOH JIHHHH K-CepHH B 34aBH-
CHMOCTH OT aTOMHOI'O HOMEpa 3JeMeHT4 Z BbIpdzKaeTcs nJaaBHOY
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KPUBOH, OueHb O6JU3KOH K NPAMOHN JHHHK:

Av=M(Z —a), (48.3)

rie M u a— nocrosunne. Ta xe opMmyna, HO ¢ APYTHMH YHCJIEH-
HBIMHM 3HadeHHsSIMH M W a, cnpaBejsuBa u ais L-cepuu, a Takke
AJst nochaedyoomux cepudi M, N, O. Jra sMmnupHueckas ¢opmyJa
HaspiBaeTcs saxoxom Mosau. OHa u onpeaensieT CMelleHHe Xapak-
TEPHCTHYECKHX DEHTIeHOBCKHX CNEKTPOB INPH Nepexoje OT OAHOTO
3/JeMeHTa K caeaywomemy. [Tocsenywomue 6omee ToOYHLIE H3MepeHHHA
00HapyXHJIH HEKOTOpLle OTCTYIJIEHHS OT NpPOCTOH JMHeHHOH 3aBu-
cumoctu (48.3). Brupouem, atu orcrymienus aas K- d L-cepuit He
ABJSIIOTCH CKOJbKO-HHOYAL 3HAUYNTEJNbHBIMH, a CTAHOBATCS 3aMeT-
HBLIMU Juib 148 M-, N- u O-cepuil.

Crporoe [0Ka3aTeAbCTBO H YCTAHOBJEHHE TOUHOCTH 3aKOHa
Mosay 1aTh HEeBO3MOXHO, TaK KaK 3TOT BONPOC CBOAHTCS K MpO-
6/eme MHOrux Ted. MoxHO AaTh JHub TPyOYI HHTEPIPETAalHIO
3akoHa Mo3suu, cBeast npobsieMy MHOI'HX TeJ K OLHOJIEKTPOHHOM
3ajade. DTO NPHBCAUT K BIOJHE YAOBJETBOPHTEJNbHBIM pe3yJbTa-
TaM, B ocobeHHocTH A/ K- 0 L-cepult, a TyiaBHOE — yCTaHABJIUBAET
¢bu3Hueckyil CMBIC/] MOCTOSHHBIX, BXOASIIHX B dopmyay (48.3).

[Tycte B cnoe K, cocTosineM u3 ABYX 3JeKTPOHOB, obpasoBaJach
JBIPKA, T. €. OJHH 3JIEKTPOH H3 ITOTrO €05t OBbLI yAaJeH 33 Mpejedbl
atoma. [lycTh 3Ta ABIpKa 3aMOJHSIETCS 3JEKTPOHOM H3 cjost L, B
pesysbTaTe Yero Tnpou3oiAer usayuedue Ky-aunuu. [loBesieHue
3TOr0 3JeKTPOH2 H OyAeT HHTepecoBaTh HAC B AaJjbHeduleM, moxa
He TNPOH3OHAET 3aMoJiHeHHe AHIPKH B cjoe K. MoOXHO CUHTATDL, YTO
Ha 3TOT 3JEeKTPOH BCe BHELIHHE 3JMEKTPOHBl He AeHCTRYIOT, TaK Kax
OHM KaK Obl 00pa3yloT BHemIuow O00O0J04YKY €O CGepHuYeCKH pac-
npelesieHHLIM 3apsjoM B HeH. DJeKTpuyeckoe moJe, Aeifictyollee
Ha pacCMaTpHBaeMbIfi 3JEKTPOH, CO31aeTCsl 3apsiioM siupa H ApYy-
FHM 32JIEKTPOHOM, cocTaBuwuMca B K-cnoe. OBe 3TH YacTHLIBL MOXKHO
3aMEHNTh OAHOH — sIADOM ¢ «3(h(eKTHBHLIM» 3apsjioM (Z — 1)e:
apyroii 3ekTpoH K-cost Kak OBl 9KPaHEpYyeT HoJge si/ipa aToMa.

Taxoe ke paccyxjeHHEe, XOTSt H MeHee 4eTKOe, OPHMEHHMO H
B TOM cJyuae, Koria ofpasoBajach AbpKa B cjoe L, 3amonusiemas
B JaJbHedlieM OAHMM H3 3JeKTPOHOB cyost M ¢ nanyuenueMm L-7u-
HUH. B 3TOM cjydae Mo-TipeKHEMY HAJ0 HHTePeceBaThCcd Iopefe-
HHEM TaKOTO 3JIEKTPOHA, NOKa OH He 3aMOJHHT ALIPKY B cioe L: Te-
nep, SKPAHMPOBAHHE NPOU3BOAMTCH cHadaja JABYMS HNIEKTPOHAMHE
ciost K u ceMblo anektpoHamn caost L. OaHako B padbHelilnem, noka
paccMaTpUBAaeMBIl 3JEeKTPOH He 3aMOJHWJI ABPKY B cjoe L, 3kpa-
HUDYVIOIlee AeHCTBHE HEKOTOPBIX 3JEKTPOHOB <CJ0s1 [ IOCTeneHHO
Bhiaaaer. MoOKHO NPpUBAHKEHHO NPHHATH, YTO B 3KDPaHHPYIOLIEM
JIeHCTBHH NpPUHHMAET ydacTHe Kax Obl IOJOBHHA H3 OCTaBILIKXCS
CEMH 3JIEKTPOHOB 3 cJ0s L. DT0 3HauuT, uto >PPexTHBHbIH 3apsn
AApa MOXKHO CUHTATh paBHBIM (Z — a)e, Ue MOCTOSIHHASI @ HA3DI-
3aeTcil NOCTOAHHOU 2kparuposaniia. MoKHO o0XHAATh, YTO AJ9



§ 48] PEHTIEHOBCKUE JY4H 307

Ly-nuHHUH @ = 5,5, UTO HE TaX ILJIOXO COrJacyercs ¢ TeM, 4TO AaeT
onuiT. Bopouem, ma npHBeleHIloe OOOCHOBaHHe 3HaueHHs a & 5,5
cjeflyeT CMOTpeTh Kak na rpybyio onenky. B dacTnoctu, B Haiux
paccyxaenusax He YUTeHO, 4YTO ypOBeHb L COCTOHT U3 TpeX Moa-
ypopHe#. Tounble 3HaueHHS NOCTOAHHBIX JKPAHHDPOBAaHHS ciaenyer
ONpPeNesiTh 9KCIEePUMEHTAILHO.

B o6oux caywasix 3ajiaua CBeJach K OJHO3JeKTPOHHOH, MOAOGHO
TOMY, KaK 3TO HMeJO MeCTO NPH OObACHEHUH CNEKTPAJbHBIX CepHi
IeJOYHBIX MeTaJaoB. YacToThl H3JydyaeMBXx JHHHH GyayT ompefe-
JATbC POPMYJIOH

! g
rae R — nocrosinnass Punbepra (cM. § 13). Otciona u mosyuaerca
tdopmyna (48.3), Tak Kak AJs pacCMaTpPHBAEMOH JHHHH KBAaHTOBBIE
ugeaa ny; U Ay Qukcuposanbl. Jas Ke-auunu ny=1, ny=2, a
a = 1, Kax 3710 6blJ10 06oCHOBaHO Boie, [loaTomy

v=_cR(Z — a)’ (-15- — Lz) , (48.4)

VK, = 3,eR(Z — 12 (48.5)
Hast Lg-MTHHHY ny = 2, ng == 3, TaK 4TO
=5/1¢R (Z — aLa)2, rae ar =~ 5,5. (48.6)

7. PenTreHoBckde CNEKTPBl MOIVIOUIEHHS OTJHUYAIOTCS TOH Xxa-
paKTepHOH OcOGEHHOCTLIO, YTO B HHX HeT obpawjenus aunud. Ecan
yepe3 CJIOH Kakoro-auGo 3/J1eMeHTa NPONYCTHTh NYYOK TOPMO3HOTO
PEHTT€HOBCKOTO H3Jy4eHHs (T. e. H3Jy4YeHHs, pasjaralouierocss B
CIJIOWIHON CMeKTP), TO HA MeCTe XapaKTePHCTHUECKHX JHHUH He No-
ABSITCSI TEMHBlE JIMHHH, KaK 3T0 Oblo Obl B CJaydyae ONTHUECKHX
CHEeKTPOB. DTO OG'BSACHSIETCA TeM, UTO B BellleCTBe, yepe3 KOTopoe Mpo-
XOIHUT PEHTTEHOBCKHH NYUYCK, HET ATOMO8 8 8030YNOEeHHbIX COCTOR-
Husx. Bce BHyTpeHHHe 3JMeKTPOHHBIE OGOJOUKHM 3aNOJIHEHL, B HHX
HeT ABbIPOX, B KOTOPble IPH OOJYUeHHH DeHTT€HOBCKHMH JIy4aMH MOTJIH
6bl nepeliTH 3MeKTPOHB U3 O0Jee ryOOKHX SHEPreTHIECKHX YPOBHEH,

[Torsommenne peHTTEHOBCKHX Jydyel BeIECTBOM COBEPIIEHHO He
3aBHCHT OT €ro ONnTHYeCKHX CBOHCTB. Hampumep, Gesoe nmpospauHoe
CBHHIIOBOE CTEKJIO TOJIIHHOA B HECKOJbKO MHJJIHMETPOB NMpPaKTH-
YeCKH MOJIHOCTHIO TIOrVIOLlaeT PeHTreHOBCKHe JIyuH, 4 NOTOMY H IpH-
MeHsieTCsl A 3allluThl N€PCOHAJA, OOCTYXKHBAIOLUIETO DEHTIEHOB-
ckue ycraioBkd. Tomku#l xe sucr ATIOMHHHS, aGCOMIOTHO HENpo-
3payHblii st BIJHMOrO CBeTa, XOPOWIO NPONyCKaeT PEHTTeHOBCKHE
JYUM; AJS PEUTreHOBCKHX JydeH, MOJydaeMblX B TeXHHUCCKHX PEHT-
resoBCKHX TpyOKax (npH nanpsixeHuax ~ 100 kB), on mouru co-
BepUICHHO NPO3payeH.

8. IlapannenbHblll NYy40K PEHTTCHOBCKHX Jy4eH NPH NPOXOK/e-
HHH Uepe3 BellecTBO HCNLIThIBaeT ocjabuaeHue. OHO BHI3BIBaeTcst
AByMsl TNpuutinaMi. DBo-NepBLIX, paccesunuer, KOUja 4YacTb Jyueil
OTKJIOHSIETCS B CTOPOHY H IIOS3TOMY BBIXOJAHT K3 Ne€PBOHAYAJbHOTO
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ny4yka. DT0 sBJEHHe aHAJOTHYHO PacCesiHUI0 BHAMMOTO CBETa B MYT-
HHX cpeigax. Ho B cayuae BHAMMOro cBeTa MYTHOCTb Cpelbl BHI3BI-
Baercq 60 HaJUYHEM B Cpele NOCTOPOHHHX YACTHII C APYTHM IO-
KaszarejeM INpesoMJeHHS, JHGO (NPH OTCYTCTBHH TaKHX YaCTHIL)
QIYKTYyallHssMH IJOTHOCTH caMoro BemectBa (cM. T. IV, § 98). Pac-
cesiHHe Ha (UIYKTyalUHsIX IJIOTHOCTH HA3BIBAETCH MOACKYASLPHOIM
UM peseesckum. [LaAsi PEHTTEHOBCKHX K€ Jyuell BBHAY MAJOCTH HX
AJIMH BOJIH BCSIKasl cpella SIBJASIETCS CUAbHO MYTHOU. 31ech poJb He-
OJHODPOJHOCTEH, BEI3bIBAIOLINX paccesiHue, UTPaloT He MaJjble Makpo-
CKOITHYeCKHe KYCOYKH BelllecTBa, a OTHeJbHBIE aTOMBl M JaxKe 3JeK-
TPOHBl B aToMax. B cjyuae MSTKOrO PeHTTEHOBCKOIO H3JY4EHHs,
KOTZa AJHHA BOJHBI GoJibllle MJIH CPaBHHMAa C pasMepaMH aToMa,
3JIEKTPOHE B aToMe BeayT cebsi KaK CBsA3aHHble — aTOM pacceu-
BaeT KaK leJjoe, a [OTOMY BOJIHBI, pacceusaeMble OTAEJLHLIMH
3MEKTPOHAMH aTOMa, KOeepeHTHsl. B NpPOTHBONOJIOKHOM cCJydae
OUeHb KECTKHX PEeHTreHOBCKHX JyueH [JHHA BOJHHI Majia [0 CpaB-
HEeHHUIO ¢ pa3MepaMu aToMma. Torja Ha 3JIEKTPOHAX aTOMa HPOHCXO-
JHT HeK02ePEeHTHOe KOMITOHOBCKOE PacCesiHuUE.

KonnyecTBeHHOe pasJuuyie B pacCesiHNN BHAMMOrO CBEeTa M PEHT-
FéHOBCKOTO H3JyYeHHs MOMHO HJIIIOCTPHPOBATL CJEAYIOUHM IpH-
mepoM. [lapaJsenbHbI MyYOK BHAMMOrO CBEeTa BCJELCTBHE MOJIEKY-
JSIPHOTO paccesiHusi ocsafeBaeT B ¢ pa3 B ¢JOe COBEPIIEHHO YHCTOH
BOAHl TONIIHHOH == 1 KM, TOrZa KaK PEHTTeHOBCKHHA JY4 WCIHITH-
BaeT TAaKOe Ke OTHOCHTeJIbHOe ocsabJjeHHe BCEro Ha paCCTOSHMH
~5 cM.

Bo-BTOpHIX, OcyiafJieHHe NMyuKa PEeHTreHOBCKHX Jyded MPOHMCXO-
IHT M3-32 UCTUHHO20 NoeAOWeHus Win abcopbyuu, Korjga YacTh
3HePrHH NyuKa B KOHLE KOHIOB IepexolHT B TeIlJo.

¢JIM MapajeSbHBll NY40K PEHTTeHOBCKHX JydeH MOHOXpoMa-
truyed (A = const), To ocnabieHue ero uHTEHCHBHOCTH [ HAa OTpE3KE
dx OIHOPOJHOTO BeILECTBA ONpeAe/sieTcsl COOTHouieHHeM df ==
= —ul dx, rle NOCTOSIHHAsl u Ha3blBaeTCs Ko9Ppuyuentom ociab-
AeHlUs peHTreBoBCKUX Jaydell. OTcl0fa cieayer

I(x)=I,e~P*, (48.7)

T. e. NpH NPOXOXKAEHHH PACCTOSTHMA x == 1/ HHTEHCHBHOCTH yObI-
BaeT B e pa3. OcnabneHue MHTEHCHBHOCTH NYYKA NMPOUCXOLUT KakK
3a cyeT MCTHHHOTO MOIVIOUIEHHA, TAK U 3a CUeT PACCEesiHUS PeHTre-
HOBCKHX JIyuell, TaK YTO MOKHO HamucaThb

nw=1-+o0, (48.8)
rjie i HasHIBACTCS KOIPPUUUEHTOM UCTUHHO20 NOZAOUEHUR, & O —
KoshpuyuenTon pacceasus peHTTeHOBCKHX JyUeH.

Bce kosdunueHTs u, ¢, T NPONOPIHHOHANbHE NMJIOTHOCTH Belie-

cTBa p, a4 NMOTOMY yaoOHee IOJb30BaTbCsl TaK Ha3bBaeMbLIMH MaC-
COBbIMI KO3 uyuenTaMI, T. €. BEIHUHHAMH

Wi == W0y Ty =T/, Oy=0/p. (43.9)
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Beens um B Gopmyay (48.7), sanulueM ee B BHAE
[ (x) = [, "m™. RERUY

Ecau S — naomanp nonepevyHoro cedeHHs Nydka, TO BeauuHHa Spx
03HauaeT Maccy BellleCcTBa, MPOXOAHMOrO PEHTIEHOBCKHM NMYYKOM Ha
pacctosnuu x. Cie10BaTeNbHO, pX €CTh Macca BellecTBa, NPOXOJH-
MOTO IIyYKOM Ha PACCTOSHHH X, €CJH MJOLlaib MONepeyHoro ceye-
HHSl IyYKa paBHa eJMHHUIE.

B TeopeTnueckux pacuerax ellle yaoOHee 0/1b30BaThCs TaK Ha-
3bIBAEMBIMH QTOMHbIMU KO3 DuyuenTanu:

ua= m= n =

°le
o=

A T
Vo T M=

ola

A s =
N, %=

<la
ola

A
Ny’
(48.11)

rge m— Mmacca atoma, paBHasad m = A/Na, A— macca monst, Ny —
nocrosinnasi ABoraapo. dtH K03()(HUHEHTH HMEIOT Pa3MEepHOCThb
NJOIAAH, @ TOTOMY MOTYT OLITh HCTOJIKOBAHB KaK HOnEpeuHbie ce-
YeHus Qroma N0 OTHOLIEHHIO K OCJabJIeHHIO, MOTJIOLIEHHIO H pacces-
HHIO DeHTreHOBCKux Jydefl. Hanpumep, p, Xapakrepusyer ocnaa6.e-
HHe HHTEHCHBHOCTH PEHTTEHOBCKOrO MyYkKa B CJO€, COAepIKallleM
OJMH aTOM Ha eJHHHLE IJIOLIAJH ONepPevyHoro cedeHus nyuka. Eciau
B ¢opmynax (48.11) m o3Hauaer mMacCy He aToMa, a MOJIEKYJIH,
TO BEJHYHHEBI, ONpeaessieMble 3THMH (OpPMYJaMH, cleayeT Has3BaTb
MONCKYASIPHOIMU KOIPDuYUEHTaAMU.

9. KoathduuneHT norJolleHus peHTreHOBCKHX Jyuell Booblile BO3-
pacTaeT ¢ yBeJHUeHHEM AJHHBE BOJHBL. OAHAKO NMPH HEKOTOPHIX 3HA-
YeHHSX AJHHbl BOJIHBl OH Pe€3KO MajaeT, a 3aTeM HayHHaeT CHOBA
NJaBHO BO3pacTaTb. Takas OCOGEHHOCTh IOTJIOLIEHHS PEHTIeHOB-
CKHX Jyuefi UMeeT mpocroe (pusuueckoe obbscHeHue. IlycTb AgauHa
BOJIHEl PEHTFEHOBCKHX JIyueH HacTOJbKO MaJna, 4To Bo30YyKIal0TCs
BCe DEHTreHOBCKHe YpPOBHH, BKJouasi K-ypoBeHb. Ha 3T0 B036yx-
JIeHHe 3aTpayHBaeTCsl 3HEPTusi PEeHTTeHOBCKUX Jyued. Ilpu yBean-
YeHHH IAJHHBl BOJIHB, HaUHHasi C HEKOTOPOrO 3HAuyeHHs A, SHEPTHH
PEeHTTeHOBCKOT'O KBAHTa CTAHOBHTCS HEIOCTATOUHO, 4TOOH BO36Yy-
IuTb K-ypoBeHb. DTO H CKa3LIBAETCS HA Pe3KOM YMEeHbIUeHHH IOIJO-
LIeHHS, — NOABJASAETCA TaK HasbBaeMblll xpaid noesowjesus. Ilpu
InaJbHellleM YBeJUUeHHH AJHHBEl BOJHB EPECTalT MOC/JAeI0BaTe/]b-
HO Bo36yxnatbesi Li-, Lp-, Ly-ypoBHH (cM. cxeMy ypoBHell Ha
puc. 88), uTO BeAeT K NOABJIEHHIO HOBBIX KDaeB MOMJIOMEHHS H T. I.

J0BOJILHO TOYHO COO6JI0aeTCS SMIHPHYECKH YCTAHOBJEHHOE CO-
OTHOLLIEHHe

T, = CZ*A3, (48.12)

rie noctosiHHas C HCHOBITHIBaeT BCAKHH pas CKauykoofpasnoe yMeHb-
LIEHHe 0pH Inepexoje uepe3 Kpai norjomeHus. M3 c¢opmyani
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(48.12), KoneuHo, creayer

T VAR
Ty = ‘;)g‘ = C, A

48.13)

rge €' == CNa— HOBast CKauKoOGPa3HO MeHSIOWAACH NOCTOSHHAS.
Ha cxematnueckom puc. 90 usoGpaxen (B NPOH3BOJBHBIX elH-
HHUIAX) XOA MacCOBOro Ko3GhQUIHEeHTa NOrJoLeHUus: AJsi cepebpa
H MeIH B 3aBHCUMOCTH OT AJHHEI BOJI-
pid HBl A. Ha BepTHKaJBHOH OCH OT/]0XKe-
Ha BenuuuHa t)3. 3aBHcUMOCTL BCHO-

/ 1y JHHeHHas, HO NDPH [IJHHAX BOJH

Aghe , A =10,0485 um pnasa cepebpa u A=
-~ =0,13785 uM nas Meau Habawpaercs

Kpal INOIJOLIeHHsl, CBS3aHHKWH ¢ mpe-

KpallleHHeM B036y:xaeHus K-ypoBHsI.

z /3

! ; Ecau 651 KpUBYIO MOIJIOLIEHHS AJS Ce-
0 00485 g13785  Am peGpa NPOLOJKHTL B CTOPOHY GoJee
" Puc. 90 JJIMHHBIX BOJIH, TO Ha Hel NOSIBUJHCH

6pl Tpu 3yfHa mNpH JJHHAX BOJH
0,3245, 0,3506, 0,3993 HM, COOTBETCTBYIOLHE HOBBLIM KpasiM MOIJO-
uwieHnsa (yposedb L Tpofinoil, Kak BUIHO u3 puc. 88).

Oco6eHHOCTb MOIJIOLIEHHsI PEHTIEHOBCKHX Jyuell COCTOHUT B TOM,
YTO OHO SIBJISIETCA YHC10 ATOMHbIM c8OLcTaoM. MOoNeKyasipHELH KO3 (-
(HIHEHT MOrJIOULEHRS ad0UTUBHO cKAQ0bi8AeTCSA U3 ATOMHLIX KO3(-
(OUILHEHTOB 3J€MEHTOB, BXOAAIIMX B COCTaB MoJeKyJbl. [Tonb3ysich
3TUM, MOJIEKYJASpHblE KO3((HUIUEHTH NOTJIOUIEHHs OeCcuHC/IeHHOro
MHO2KeCTBa XHMHMUECKHX COeJHHEHUH MOXKHO BBHIUHUCIHTL, 3HAST aTOM-
Hble KO3(p(ULUHEHTHl NMOIJOLIEeHHs 3JeMeHToB. [lajee, KAK BHAHO M3
dopmyasl (48.12), atoMHble KO3(pdUIHEHTE NOMJIOIEHHsS OGBICTPO
BO3pAacTaloT C yEeJIHUeHHeM NOPSJAKOBOTO HOMepa 3JeMeHTa — Mpo-
nopuuoHaipHo Z*% Ha 3Tux 0cOGeHHOCTAX MNOTJIOILEHHs PEHTreHOB-
CKHMX Jlyuell OCHOBAHO HX MpHMeHEHHe 17 HeJefl MPOCBEUHBAaHHS
(cM. 3amauy | K sTOMy nmaparpady).

10. B 3akarwueHune sToro maparpada pacCMOTPHM ellie OJHO fB-
JeHue, MPOUCXOAsllee B 3JEKTPOHHOH 060JOUKE aTOMa H BBI3H-
Balolllee TAKXKE MOTJIOLIeHHe PEHTTeHOBCKUX ayueld. OHO Ha3blBaeTcs
agppexrom Oogce (p. 1899) unm asrouonusayueti 8036yrOeHHO20
aroma. DTO sABJEHHEe CBSI3aHO C HepepacnpelesieHHeM >HEPruu
BHYTPH BO30yXKAeHHOro atoMa. B oT/iHM4He OT OOLIYHOH (OTOHOHHE-
3alMH, KOTa TOIJIOLIeHHbH PEeHTreHOBCKHH KBAHT IPUBOJAHUT HEINO-
CPEe/ICTBEHHO K BLIJIETY 3JIEKTPOHA 3a Hpeaensl aToMa, sdpdext Oxe
MPOUCXOAMT B JABe craiuu. Ha mepBoll CTafuu NPOUCXOAMT INOIJO-
ILleHHE PEHTTEeHOBCKOTO KBaHTA, CONPOBOXAAI0OIEeCT BO3OyXIeHHEM
aToMa, a HMeHHO ocBoGOXAeHHeM 3JeKkTpoHa u3 K-cos, T. e. 06-
pasoBaHHEM IbIDKH B 3ToM cJjoe. Ha BTopofi cTaiuH NPOUCXOAHMT
3an0JHeHHEe 5TOH JIbIPKH 3JIeKTPOHOM, IePECKAKHUBAKOILUM H3 L-caos.
H36b1T0K 3Heprun &x — &, A1ubo BhiaeNsieTcs B BHAE KBaHTa Xxa-
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PaKTepPHUCTUUECKOTO H3JIyYeHUs, YTo ObLIO PACCMOTPeHO B, JHBO
NPUBOAHT K BLHIODACBIBAHHUIO OJHOrO 3JEKTPOHA H3 BHILUEJEKAIIUX
obos0ueK aToMma. ITOT npouecc d HasbmBaercd sddextrom Oxke, a
BLIOpOLIEHHBIH 3JIeKTPOH — 3.4eKxTporom Odce. TakuMm oGpa3om, ABIP-
Ka B L-cjoe coxpausercs, HO BO3HHKAaeT BTOPAs JbIpKa B OJHOM
U3 BBHILIeJeXallux cjoeB. VHBIMH coOBaMH, aTOM CTaHOBUTCSH
JBa’K/ bl HOHH30BAHHBIM.

Qororpadupys B Kamepe Buabcona (oToseKTpoHbl, 0CBOGOK-
JlaeMble PEHTIeHOBCKUMH JY4aMH U3 aTOMOB TsX<€JbIX HHEPTHHIX Ta-
30B (Hampumep, kpuntoHa), Oxe o6HApPYKHUJ, YTO B HEKOTOPBIX CHY-
yasix B OJHOH M TOH ke TOUKe GepyT Hauaso 0sa 3AeKTPOHHbLLX
caeda. OnuH snekTpoH obpasyeTcs B pesysabTaTe oObyHOH ¢oTO-
HoHH3auuu Ha K-cioe, APyrodl — BCJEACTBHe BHYTPeHHEro nepepac-
npejieNleHUs 9HEPTUM BO3OYXKAEHHOTO aToMa, T. €. BCJEJCTBHE 3¢-
dekra Oxe.

duektTponsl Qe Bcerja YHOCAT 3HAYHTeJbHYK JOJIO IHEPTHH
Bo36yxaeHHoro atoma. OcofenHo eunbHo 3 dPekT Oxe NposBasAeT-
Csi B TeX cJyuasx, KOrja Inepexojn C Haadyuyenrem ¢GOTOHOB 3a-
npemenst (Hampumep, B 0 — O-mepexonax).

S3A0AYH

1. CpaBauThL KO3(HUHEHTH [OTJIOMEHHS PEHTIeHOBCKHX Jyuell AMA KOCTef
¥ TKaHeldl yesoBeueckoro Te/a. DelllecTBO KOCTH B OCHOBHOM cocrapJisieT ¢ocdop-
Hokucabil Kaapuuit Casz(POs)s. Ilorsomlenne TkaHH o0yc/OBJEeHO MIABHEIM 06pa-
3oM Bxousued B Hee Bopoit H,0.

Pewenne Ha ocHosanun dopmyant (48.12) c yuyeroMm 3HaueHuil nopsiako-
BLIX HOMEDPOB 3JIEMEHTOB [OJYYHM

T 320! - 16+ 8.8!
(Ta)oem, == 20 +2 + =~ 150.
(Ta)ﬂ(aub 2.144 8¢ .

Jsia onpelesleHdsl OTHOIEHHS MaccOBHIX KO3HGMHUHEHTOB MOrJOMmEHHs!, COrIACHO
(48.13), HA10 yuecTb OTHOLICHHE MOJIEKYJSiPHLIX MAacC PaCCMaTPHBAGMBIX XHMHYe-
ckux coeaunennii, Jlaa Caz(PO4)y A = 3-40+4+2-30 4 8-16 == 308; aaa H,0
A =2-14 16 = 18. IlosTomy

M“_ES.E ~ 150 - _l_§_ a9,
(Tm)'rxaub 308

T. €. MaccoBhHH KO3(Q¢HUHEHT MOIJOLleHHA KOCTH NpuMepHO B 10 pa3 mpeBocXo-
nuT TaKoil e ko3dduiHeHT TKaHH. M3-3a pasiHuns MJIOTHICTell OTHOUIeHHe KO3(-
GUUHEHTOB NONIOWIEHUS (T)xoers H (T)rxams €LIE NPHMepHO B 2—3 pa3a GoJblie.
Jtoro gecrarounio, 4roObl HOHATH, OUYEMY Ha PEHTTCHOBCKIHX CHHMKAX TeHb OT KO-
cTedf BEIJEJSACTCH TaK Pe3KO.

2. Kak H3BecTHO, y PeAKHX 3eMesb BHYTPeHHsisi 060J0YKa [ 3aloJsHsercs MO-
cJie 3aNOJIHEHHsl HapPYXHBIX oGogouek. Takum 06pa3oM, BHYTPH 3JeKTPOHHON aTMoO-
chepLl aTOMa HMEIOTCs He3aNOJHeHHBle MecTa —— AbIPKH. MOXer JM HpPOHCXOXHTD
CIIOHTAHHOE PeHTTeHOBCKOE H3JNyUeHHe, BO3HHKAMOlee APH 3aMOJHeHHH TAaKHX LB
pok?

O tBerT He Moxer, Tak Kak [Opu NMepexoje 3JCKTPOHA H3 HAPYKHHIX 060J0-
YeK B PAacCMaTPUBACMYIO LIPKY SHEPIHS aTOMa He yMEHBUIACTCH, 2 YBeJHYM-
BaeTcs,
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§ 49. ATom reaus

1. [IpocrefiinuMu nocse aTomMa BOAOPOAA ABJASIOTCS aTOM I'€JIHs
(£ =2) u aHaJOrnyHele eMy HOHH Lit (Z =3), Bet+ (Z =4),
B3+ (Z=125), ..., 3J4eKTPOHHble OGOJOYKH KOTOPBLIX COAEpPKAaT Mo
JBa 3JEeKTPDOHA. B cnekTpax 3THX JBYX3JeKTPOHHHIX aTOMOB H HO-
HOB BCTPEYAIOTCS Te e CIeKTpaJsibHble CEepHH, UTO H Y aTOMOB Ie-
JIOUHBIX METaJJIOB, HO KaXAas W3 Ccepuf NpeACTaBJeHa B ABYX 3K-
3eMIJApax: eCTb JBe TJIaBHLle CepuH, ABe pe3kHe, aABe AHDPy3HbIE
U T. 1. B onHoM sKk3eMmnsipe cepuil BCe JIHHHH NPOCTbiE (CHHIJIETHI),
TOTZa KaK B APYrOM -— TDUIIJIETH], T. €. KaX1asf U3 JHHUH COCTOWT
H3 Tpex OJIM3KO PaCHOJOMXKEHHBIX JHHHHA.

HauboJsee u3BecTHOH B CHNEKTpe TeJHsl SABJSETCS 3KeaTast JHHHA
D3, 6aaronaps KoTopo# rejuil Bnepsble Obl1 06HapyxeH Ha ConHue
B 1867 r. Dto— Tpunser ¢ AauHamu BosH 587,5963; 587,5643 u
587,5601 HM M oTHOLIeHUAMH HHTeHCHBHocTeH 1:375. PaccTosHue
MeKAy ABYMsl MOCJeLHHMH JHHHUSAMH cocTaBJjseT Bcero 0,0042 M.
[TostoMy noarve BpeMss 5TH JBe JHHHH NPHHHMAaJaH 33 OJIHY, a
tpunger Ds—3a ny6aer. Tpunjer Dj; gBJsieTCS NepBbHIM YJEHOM
nepBofi NOGOUHOM cepuH TPHNJETOB. ['MaBHAsi CepHs TPHIIETOB re-
JIUst JIeXKHT B uHbpakpacHoH dacTu cnektpa. COOTBETCTBYIOLIHE Ce-
PHH CHHIVIETOB DACIOJIOXKEHB! NPEHMYIIeCTBEHHO B 00/1aCTH YJAbTpa-
cdbuosera.

MeK1y CHHIJIETHBIMA H TPHUIJIETHHIMH 3HEPreTHYeCKUMH YPOB-
HSIMH TeJIisl He OCYIIECTBJSIIOTCS KBAaHTOBBIE NEpexoibl (TakK HAashl-
BaeMblil 3anper unrepxombunayuil). DToT GaKT MOCAYKHI OCHO-
BaHHeM JJfl THIOTe3bl, COrJIACHO KOTOPOH TeJHH COCTOHT H3 JABYX
pPa3JHUHLIX 3JEMeHTOB: OpTO2eAus, AAIOUIeT0 TPUIJIETHbE JHHHH, H
napaceaus, CIeKTpaJbHble JHHHH KOTOPOTO — CHHIJIETH. [ HmoTesa
5Ta, Kak Oy/JeT NokasaHo B AaJjbHelilleM, 0Ka3aJach HellpaBHJbHOH,
a 3ampeT HHTepKOMOGHHaUMH — He abCOJIOTHO TOYHBLIM TNPABHJOM.
9To BHIHO H3 TOrO, UTO B CIEKTpE TeJHs HMeeTcd JHHHS, NpaBja
eJMHCTBEHHAA, ¢ AJHHOH BOJHBI 591,6 HM, NoJaydawilasica NpH Ie-
pexojie ¢ TPHIJIETHOro ypoBHA °P,;; Ha CHHIVIETHBIH ypoBedb 'Sy

2. TeopHsi MHOrO3JIEKTPOHHBIX aTOMOB B KBaHTOBOH MeXaHHKe
He BCTpewaeT NPHHUUMHMAJBHBIX TPYIHOCTEeH, XOTS MpaKTHUECKHe
BHIYHCJAEHHS BECbMA CJOXKHBI U TPOMO3AKH H MOTYT OBITb BHINOJIIEHH
TOJLKO 11a MalluHax. B mpocrefilieM ciayuae aTtoMa refusi # auaJo-
THYHBIX €My HOHOB, €CJH He YUHTBIBATb CIHHBI, 3ajaya CBOJHTCH
K peteHHio ypaBHeHus 1llpenunrepa ¢ ABYMs sJexTpoHamu. Huxe
paccMaTpHBAaeTCA 3TOT cayual, XOTH BCe BLIUUCJAEHHS H ONYCKAIOTCSI.
Js cranMOHapHOTO COCTOsIHHA ypaBHeuue Hlpepunrepa 3amnuch-
BaeTcs B BHJe

o= iH\ + Hy 4 Op=&, (19.1)

rae BOJIHOBAas (I)yHI(LLIfIﬂ p 3aBHCHT OT KOODJHHAT oboux 3JIEKTPOHOB,
& — SHEPTHA CTALlHOHAPHOIO COCTOSAHHKSA, Hl |9 H2“I‘8MH.TII)TOHH3HI)Y
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nepBOro U BTOPOroO JE€KTPOHOB B OTCYTCTBHC B3aUMOJEHCTBUA Me-
WAy HUMH:

- A, Ze?
Hl———-—EEVI—‘—re‘l‘. . (49.2)
-~ 2 2
Hy=—ovi— 25, (49.3)

a (13— 4acTb MOJHOTO TaMHJbTOHHAHA, YUHTHIBAlOUIAs B3aHMOJeH-
CTBHE MEXNY 3JeKTPOHAMH:

012 == 82/f12. (494)

3necs Vi u V;-—onepaTopbl Jlamnaca AJs NepBOre H BTOPOTO
3JIEKTPOHOB:

(72 a2 62 62 a2 g2
Vi 0x]2 0yf 62? » Vs 0x§ 6y§ Ozﬁ '

Yepes ri(x1, y1, 21), *2 (X3, Y2, 23) 0603HAUEHBI PaAAHYCHI-BEKTOPH H
JeKapToBbl KOOPAMHATHI NEPBOrO H BTOPOTO 3JEKTPOHOB, a uepes
12 — pacCTOsIHHE MexXAy HUMH. 3apsj fapa AJs oOUHOCTH NPHHAT
paBapM Z (B caydae requss Z = 2). Slapo atoma B paccmaTpuBae-
MOM TIpUOJIHKEHHH CYHTAETCS HEMOJBHKHBIM H NPHHUMAETCS 3a Ha-
4ajio KOOPJAHHAT,

3. ChopmysnnpoBaHHast 3ajaua aHAJOTHYHA KJACCHUECKOH 3a-
Jaue Tpex TeJ, paccMaTpHBaeMoll B HeGecHol MexaHuKe. B Hei
peub HAET O ABHXKEHHH IBYX NJaHeT B FpaBHTauuoHHOM Iose CoJH-
#a € y4YeTOM TCpaBHTAUHOHHOTO B3aHMGIEHCTBHSI MeXKIy CaMHMH
naaneraMu. Tarasi 3ajgaya, XOTsl B NPHHUHOE H JONyCKaeT aHaJ/H-
THYECKOE pelleHHe B BHJE PsIOB, HO 3TH PsAbl abCOJNIOTHO HeNpH-
TOAHLI AJS NPaKTHYECKHX pacuetoB (CM. NOACTPOUHOE NPHMeuaHHe
k § 16 Ha cTp. 91). Ho s nebecHoil mMexaHuke paspaboranbl mnpe-
BOCXOJHble NpPUOJHXKEHHBle MeTOAbl pacyeTa, BIOJHE YAOBJIETBO-
psIoUlKe BLICOKHM TpeGoBaHUusM HabJaronaTe/JbHOH acCTPOHOMHEH. B ux
OCHOBe JEXHT Teopuf 803myuwexrull, ucrnoas3ywuas ToT Gakr, 4To
B3aUMOLEHCTBHE MeXAy NJaHeTaMH MaJO [0 CPABHEHHUIO C B3aHMO-
AeficTeueM Kaxao# maadetu ¢ Cosannem. B HynesoM npHOSHIKEHUH
B3aUMOJEACTBHEM MeX/[y MJAaHETAMH MOXKHO COBCeM IpeHeOpeyb.
Wenonb3ys peileHue, mosyueHHOe B HYJIEBOM NPHOJHUKEHHH, MOIKHO
3aTeM yueCTb B32HMOJEHCTBHE MeXAy [JAHeTAMH B INE€PBOM IIDH-
OMnXKeHHH, [ocjge 3TOr0 HaiTH BTOpoe npuOaHxkenwe u T. A. Ilo
TOMY K€ MYTH HAeT H TeOpHs BO3MYLIEHHH KBAHTOBOH MeXaHHUKH
B cJjydae atoMa ¢ AByMs 3JjeKTpoHaMu. OHa Takxke B HYJNEBOM OpH-
O6nm:keHHH oT0pacblBaeT A B3aUMOJEHCTBHEe MexAY 3JIEKTPOHAMH.
IlpaBaa, 3aech cHTyallHsi 3HAaYHTeJbHO MeHee OJaronpHsTHA, 4eM B
HeGeCHON MexaHHKe, TaK KaK B3aHMOJEHCTBHE MeXIy 3JEKTDO-
HaMH OTHIOJb He MaJiO MO CpaBHEHHIO C B3aHMOJAEHCTBHEM KaXK/10ro
M3 HHX C aTOMHBIM sfApoM. OJHAKO MOJyYaroulHecs pe3yJsibTaThi
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JIOBOJILHO YAOBJIETBODHTE/bHB, Y4€M H OINPaB/AHBAETCHA HCII0JAb30Ba-
HHe MeTOZOB TEOPHH BO3MYIEHH,

Tpynnocts 3ajaum 06 atoMe rejaust ofyciaopJeHa HaJHYHeM B
ypaBHeHun (49.1) uneHa Uiq¢, 3aBHCALIErO OT KOOPAHHAT 060UX
3JEKTPOHOB. Baaronaps stoMy ypasrenne (49.1) He uMeer pelnenni
C pa3gesNAIOUIHMUCH INepeMEHHBIMH, B Teopuu BO3MylLeHHH 4JjeH
Uiz paccmMaTpuBaeTCsi KaK «MaJasi» NONPAaBKA H B HYJIEBOM IpH-
SanxeHun orbpaceBaercsl. Takum o6pa3oMm, ypaBHeHHE HYNEBOTO
npubJaHXeHns HMeeT BHJ

HOy® == &0y, (49.5)

rae uepe3 A? o6o3HaueH raMUABTOHHAH B HYJEBOM HPHOIHKEHHH,
T, e. onepatop H® = A; + A, B KoTOpOM BO3Mymawmuil daen U,y
or6pomeH. AHajoruuso, uepes % u &° oGo3HaueHs! BOJHOBas
(GyHKIHSA ¥ COGCTBEHHOE 3HaueHHe 3HEPTHU B HyJeBOM npubauxe-
nHu, Hatins Beanuunn $° u &0, uuleM peiieHde B nepBoM npubiu-
weHuu P =P0 + P!, & =&° 4 &!. [Ias 3TOro CAYKHT ypaBHEHHE

(A + Uy) (W0 + ) = (&° + &) (W + )

Uy Ha ocHoBanuH (49.5)

HO\I’ +U12¢0+U1°‘bl gl¢0+30v +gl¢l

3aech BenunuuHb! Ujgp! u &W! caefyeT paccmMaTpuBaTh Kak «Ma-
Jisie» GoJiee BBLICOKOTO INOPSAKa H B NepBOM NpubiauxkeHud otbépo-
cutb. Takum o6pasoM, B nepBoM mNpubJ/HKeHUH

(H° — &) P = (&' — Uyp) V. (49.6)

310 — HEONHOPOJHOE ypaBHeHHe, NpaBasi 4aCTb KOTOPOro H3-
pecTHa. Mo3KHO BecbMa NPOCTO JOKa3aTh (Ha 4eM Mbl He OCTaHaB-
AuBaeMcsi), 4To ypaBHeHue (49.8) mMeeT pellleHHe TOJNBKO NpH Ta-
KMX 3HaueHusx napamerpa &', Koraa mpaBas 4acCTb OPTOTOHAJbHA
K BOJHOBOM (QYHKIHH ° HYJeBOro NpuBAUKeHHs, T. €.

v (@ — D) e dv=0,

mpuueM HHTErPHPOBAHHE NMPOM3BOAMTCA MO INECTHMEPHOMY OO6DbeMY
dv==dx; dy) dz; dxs dy2 dz; ob6oux snekTpoHoB. Takum o6pasom,
eca QYHKUAA $° HOPMHPOBaHA K eHHHILE, TO MOJyYaeTcs

&' n S WU dr, (49.7)

T. @. monpaBka &! K 9HePruH B NepBOM NPHOHIKEHHH paBHa NOTEH-
unajgbHO# sHepruy Ujp B3amMoJeHRCTBHS SJIEKTPOHOB, YycpelHeHHOH
C MOMOUIBbIO BOJHOBHX (YHKUHH HyneBOro NpubimxeHus. Bruuc-
aup &!, MOXHO 3aTeM pemwnth ypamHenue (49.6) u Haifitu ¢!, Ha
4yeM Mbl He OCTAaHABJKBACMUSL.
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AHaJlOrHYHBIM MyTeM MOXKHO HafTH BTOpoe HpHOMMKenke & ==
=&+ &' 4 &2, P =Y° + ¢! + ¢? paccmaTpuBasi mompabBku &2
u 2 Kak BeJIMUHHB! eille GoJiee BLICOKOrO MOPSAKAa MAJOCTH, H T. I.

4. OGparuMcs Telepb K ypaBHeHdlo (49.5), T. e. X pellleHHIO
B HyaesoM npubauxkeHud. B OGosee noapofuofi sanucu 3TO ypas-
HEHHe I'JIACHT

(H, 4 H,) 0 = &, (49.8)

rae onepatop H| 3aBHCHT TOJIbKO OT KOODAMHAT [EePBOrO 3JIEKTPO-
Ha, a oneparop H,;— ToabKo or xoopaunat Broporo. [Tostomy pe-
meHue P° OyAeT pelweHHeM C Pa3essOILUMUCA NMepeMeHHBEIMH:

=0 (1) (2), (49.9)

rae uuoppoit 1 ofosHaueHa COBOKYNMHOCTL KOOPAMHAT NEPBOTo, a
nudpoit 2 — BTOpOro 3JeKTpoHOB. [locse NOACTAHOBKH B Tpejbl-
Ayllee ypaBHelNHe W JeJeHHs Ha 1p°=1p°(l)1p°(2) NOJyUiTCs

Hl‘PO(l)_}_ H?‘P — &0

Mm
ITepsoe caaraemoe B JIeBOi 4acTH 3aBMCHT TOJBKO OT KOOPAHHAT I,
a4 BTOpPOE — TOJILKO OT KOOplIHHaT 2. TaK Kak CyMMa 3THUX cJarae-
MBIX go NOCTOSAAHHA, TO AOJI2KHO 6bITb NMNOCTOSIHHO H KaXXJA0€ H3 cJa-
raeMblx B OTAEJBbHOCTH. I/IHbIMH CJIOBaMH, OOJIZKHBI BBIIIOJHATHECA
ypaBHeHHﬂ

A’ () =& (1, H' (2= &N’ (2), (49.10)
rae &) u &Y — NOCTOsIHHDIE, YIOBJIETBOPAIONIHE YCIOBHIO
&)+ &= &". (49.11)

O6a ypapHeHus (49.10) mo cymwecTsy ToxaeCTBeHHb. OHH OT-
JMUAIOTCs APYT OT Jpyra ToJbKO OGO3HAYEHWSIMH KOODJIHHAT mep-
BOIO M BTOPOrO 3JIEKTPOHOB, a TaKiKe UHCJELHLIMH 3HaUYeHHSIMH I0-

TOSAHHEIX &) ¥ &) (HOCKOJBKY 3/1eKTPOHBEI MOIYT HAXOAHTLCS B

pasnuqﬂblx COCTOSIHHSIX; €CJIM K€ 3TH COCTOSIHHSI OLHHAKOBHI, TO
&}=¢&,). Kaxnoe u3 ypaspenuit (49.10) onmucbiBaeT cranuoHap-
HOe COCTOSIHHE 3JEeKTPOHA B NoJie A4pa B NPeANoJOKeHHH, UTO B3aH-
MOJICHCTBHE MEXAY 3JeKTPOHAMH He YyuuThiBaercsi. B 3ToM npen-
T10J10 KEHHH

Fh: K? o Ze’ = h? 2 Ze

2
_qul_'T, H2=‘—‘§‘EV2—"—’;— (4912)

TeMm caMblM 3ajzaya B HYyJeROM NpPHOJIHXKEHHH CBeleHa K 3ajaue
HaXox/JeHuss co6CTBeHUbLIX (YyHKUUA U coOCTBeHHbLIX 3HAuUeHHH oA-
HO3JEKTPOHHOIO BOAOPOLONOAOOHOrO aToMa. PelleHue nocaeaHed
3aJayy XOPOIIO H3BECTHO.

5. HaitmemM npekige Bcero B HUYJ€BOM NPHOAMIKEHHH 3HEPTHUIO
[OJHOHW HOHW3aLUH HEHTPAJbLHOrO aTtoMa rejus, T. e. paboTy 1o



316 ATOMHBIE CUCTEMbl CO MHOTIMMH 3JIEKTPOlIAMU . vi

yRajenuio B 6€CKOHeYHOCTh OOOHX €ro 3/1eKTPOHOB, KOTAa CaM 4TOM
HAXOJHTCH B OCHOBHOM COCTOsiHMH. PafoTa 1o yjaajeHuio 3meKTpo-
Ha B GeCKOHeYHOCTh M3 aTOMa BOJAOPOAAa B OCHOBHOM COCTOSIHHH
paBHa pe*/2h% ~ 13,539 3B. Jlas oZHOKPATHO HMOHH3OBAHHOIO Ie-
Jquenofo6Horo atoma sta pabora B Z? pa3 Gosblie (cM. dopMmyay
(13.12) ). Mostomy, coraacuo dopmynae (49.11), paGora no ynaJe-
HHIO OOOHX 3JEKTPOHOB Tre/HenoA06HOro aromMa B 6eCKOHEUHOCTb
B nysaeBOM npuOaHKeHHR OyneT

g?m;ma == 222 . He4/2f12- (49.13)

PesyapTar 3TOT BHOJHE OYeBHIEH, MOCKOJLKY B HyJeBOM NpubJu-
JKEHHH B3aHMOJAEHCTBHE 3/eKTPOHOB He yuuThiBaercs. B wacTHOCTH,
Aas atoma requsi opmyna (49.13) naer &uomns = 108,3 3B.
3Has BoJgHOBYl0 ¢ysKunuw (49.9) B HysaeBoM npub/audXKeHUH,
MOX<HO 1o dopmyae (49.7), B KoTopo#t cieiyer NOMONKHTb Ujg =
=¢2/ry,, HAHTH MONpPaBKY K 9HEPrHH MOJHON HOHHU3AUHHK refHero-
noGHOro aToMma, KOTOPYIO jaeT nepBoe NpHOJHKeHHe. Bhluncaerus
NPHBOJSIT K PE3yJbTaTy
5 pet
(g() + gl)uorma = (222 "_—'Z) EYVR
4 2h
YucneHnble pe3ysbTaTsl npuBefeHnl B Ta6a. 5. B nysneBoMm npuGau-
XKEHHH, KaK ¥ CJe/10BaJo OXHAATh, NOJydaeTcs GOJbILIOE P33Juvue

Ta6auma 5

(49.14)

dHeprun noJHoft HoHu3lauud, 5B
Arom Briunciaeso
HJIK MOH
Hagaoaeno
B HYJIEBOM B NepBoM
NPAGIHKEHE MPHEIHIKEHH uo Xuagepaacy
{
He 78,98 108,3 74,46 78,98
Li* 198,04 243,7 192,9 198,03
Be?* 371,51 433,2 365,5 371,49
B3+ 599,43 676,9 592,3 599,40
C4 881,83 974,8 873,3 881,82

MEXJy BBIUHCJEHHEM H ONBITOM: OWHOKA COCTaBJseT MNPUMEPHO
40 9% maa He u 10% mas C# Ho yxe B nepBoM npubiuKkenuu
MOJIy4aeTcs XOpOlllee COIJIaCHe TEOPHH € ONbITOM. dTo TeM GoJee
YAHBHTEJbHO, UTO 3HEPrUsl B3aMMOLEHCTBHS MeXJAy 3JeKTPOHAMH
OTHIOJb He MaJa [0 CPABHEHHIO C SHEPrHeH WX B3aHUMOLEACTBHS C
ATOMHBIMH fpaMd. MHOrHe aBTOPHI BHIYHCAAAH B BHICIIHX NPUOJH-
JKeHHSAX SHEPrHH HOKU3ALUHH H BO3OYKAEHUA ATOMA Teqysi, a TakxKe
paszpaGoTanu 6oJjee CoBepllE€HHble MeTOIDl, OTJHYHbie OT TEOpHUH
Bo3MyuleHHil. He nMes BO3MOXKHOCTH OCTanaBJMBaTbCA HA ITHX BO-
npoéax, NPUBOAHM B TNOC/IEeAHEM CTOJIOLEe TabJALBE Pe3yJsbTaThl pac-
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yeTOB XuJJepaaca (1898—1965), nonyyenusie Ge3 yuera KOHeu-
HOCTH MaccC siiep U NOMPaBOK HA TEOPHIO OTHOCUTeJbHOCTH, Corja-
CHe C OIIBITOM H3YMHTEJHLHO XOpOLIee.

6. O6patuMcsi Tenepp K OOBSICHEHHIO, MOUEMY B CIIeKTpax re-
JIUSl H TenuenoJo0HBIX HOHOB IPOMCXOJAHUT YJ/IBOGHHE CIIEKTPaJjbHBIX
cepHH, 0 KOTOpPOM TOBOPHJOCL B Hawajie 3Toro naparpada. 3ame-
THM Npe3K/Je BCEro, UTO BCE CEPHH NOJYYaloTCs NyTeM BO3OYKIEHHS
OJLHOTO 3JIEKTPOHA, a4 He 0BOUX 3JeKTpoHOB cpasy. [Tocneanuit npo-
IecC 3HAUHTEJLHO MeHee BepOsiTeH, yeM NepBhIA, U PACCMATPHBATHCSH
e Oyner. [1oaTOMy paccMOTpPHM B HYJeBOM NpPUOJMIKEHHH TaKoe
COCTOSIHHE aTOMa, KOTJa OAHH 3JEeKTPOH He BO30YyXK/JeH, a ApYroii
HaXOAHTCS B BO30yxJAeHHOM cocTosiHHH. COCTOsiHHE MEePBOTO 3JeK-
TPOHA B HYJIEBOM NPHGJINKEHHH OMHCHIBAETCS BOJIHOBOH (DyHKIHeH
P(1), a Broporo— dynkuueii P, (2). HuxHu#l uHIeKC O3Hauaer
COBOKYIIHOCTb TPeX XBAHTOBBIX uuces (n, [, m;), XapakTepusywoLUux
COCTOSIHME 3/IEKTPOHA. B u4aCTHOCTH, HHKHeMY HHAEKCY | cooTBet-
CTByeT HopMaJjbHOoe (HeBO30yxKaeHHOe) cocTosinme (n==1, =0,
m; =10). OT HaJHUHs CIIHHA 3JeKTPOHA Mbl BPeMeHHO OTBJIeKaeMcs.

BonHoBasi ¢yHKuHS OOGOMX 3JEKTPOHOB B HYJIEBOM TNpHOJHXe-
HHH TIpeficTaBuTCA Tponspenenuem ¥) (1) P} (2). OnHako Takas dyHk-

IHS He YAOBJeTBOpsieT TPeGOBAHMIO TOXK/JAECTBEHHOCTH OJHHAKOBBIX
yacTHl (374eKTpoHOB). Ecau B HeH NOMeHATL MeCTAMH IepBBIH H
BTOPOH 3JIEKTPOHBI, TO mosyuutcs ¢yHkuus ¢} (1)) (2), onucuipaio-
masi TO e COCTOsiHHe aTOMa: HMeeT MecTo 006MeHHOe BLHIPOXKIEHHE
(cM. § 46). JIuneltHo# cyneprosunyel 060HX KBAHTOBBIX COCTOSIHHH
NOJyYaeTcsi MHOMKECTBO MBICJAHMBIX COCTOSIHHE OJHOH H TOH e
3HepTHH. M3 HHMX H3-3a TOMKJECTBEHHOCTH 3JIEKTPOHOB MOTYT peasu-
30BATbCSl TOJILKO COCTOSIHHS, OMHCHIBaeMble CHMMETPHUHBIMH MU AH-
THCHMMETPHYHEIMH BOJHOBBIMU (DYHKLHAMH

Pe (1, 2) = (1) B3 (2) 4 by (1) 9} (2),

(49.15)
PO (1, 2) =99 (1) ¥ (2) — ¥ (1) ) (2).

[Cummerpust M aHTHCHMMeTpHS ¢yHKUu#A (49.15) oTHocuTcsi K
ONepalHi, B KOTOPOH 3JEKTPOHH OOMEHHBAlOTCS CBOHMH MeECTaMH,
T. €. apryMeHTaMH B BOJIHOBOH (YHKIHH, MpPHYEM «MECTO» Xapak-
TepHU3yeTcsl 3HAUEHHSIMH TOJbKO MPOCTPAHCTBEHHBIX KOOPJHHAT:
CNHUHOBHE KOOPAMHATH BO BHHMaHHe He MpHHHUMAIOTCH. Mexay Tem
NPHHIHUI AHTHCUMMETPHH BOJHOBHIX (DYHKIHH, KOTOPOMY JOJIXKHLI
NOAYHHSATLCS 3JIEKTPOHB, HMEET B BHJY HO.AHblE BOJIHOBHE GYHK-
WK, T. e. PYHKOHUH, 3aBUCSLIHE HE TOJLKO OT MPOCTPAHCTBEHHBIX,
HO M OT CIIMHOBBIX KOOPJHMHAT 3JEKTPOHOB. 3/JeCh «MECTO» 3JeK-
TPOHA B BOJHOBOH (DYHKIMH OTpeJessieTCsi He TPEMs, a 4eTolpbMA
koopaunatamu. [lostomMy o6e HemosHLe, T. €. NPOCTPAHCTBEHHLIE
¢ynkunu (49.15), mNOCKOJABKY OHH YJOBJETBOPSIIOT TpPeGOBAHHIO
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HEpPAa3JIHYHUMOCTH TOKIECTBEHHBIX YACTHLL, AONYCTHMEL [IPH KBAHTOBOM
ONIMCAHHH COCTOSIHHSI aToMa. DTO YTBEPXKJIEHHE CONEPIKUTCA TAKKE
B NePBOHAYAJBHOH YNpOUleHHOH ¢dopMmynaupoBre npuhnuna Ilay.an.
[Tocsennnit Hek/lOUAaeT TaKHe COCTOSIHMSI 4TOMa, B KOTOPLIX 06a
3JIeKTPOHA HMEIOT OAHHAKOBBIE UETBEPKH KBAHTOBBIX 4uCEJN H, [, tly,
Mg, HO He 3anpeliaer, 4Tobbl Y 3JCKTPOHOB ObINH OLHHAKOBBIMH
TPH KBAHTOBBLIX UHMCJA [IPH PA3JHYUH YeTBEePTHIX. B 4acTHOCTH, BO3-
MOXKHBEI COCTOSIHMS, ¥ KOTOPHIX k2 ==1, Korga ofa 3JeKTPoOHa Haxo-
IATCSI B OCHOBHOM COCTOSIHHH, KOTODOe XxapakTepu3yeTcsi 3Haue-
HHSTMH KBa2PTOBHIX aucesa n ==, [ =0, m; = 0. Jlag Takoro cocros-
HUSl, NMOHATHO, U3 ABYX BO3MOXKHBIX GyHKUHH (49.15) Hano B3ATH
TOJbKO CHMMETPHUHYIO, TaK KaK aHTHCHMMETPHUYHAS TOXKIECTBEHHO
obpamaercsl B HYyJb B 3ToM cayuae oOMeHHOe BBLIPOXKACHHE OTCYT-
CTBYeT, 4 TOTOMY OCHOBHOMY COCTOSIHHIO COOTBETCTBYeT TOJbKO OJHA
BOJIIIOBAA (hYHKLHA M OJHH yPOBEHDL 3HEPrud J-

Tenepp kaxaoe n3 Boipaxenui (49.15) MOKHO NPHHATL B Kauye-
CTBE HYJIEBOrO HPUOJHMEHHS W 1O MEeTOLYy TEOpPHH BO3MYIIEHHS
GTBHICKATb NepBoe npubauxkeHHe. TakuM nyTeMm OyAyT HalAeHBI JABe
$OoJIEOBbIe (QYHKIHH, OJlHA M3 KOTOPHX CHMMeTPHYHA MO KOOpJAHHA-
taM, a Apyras aHTHCHMMeTpHuHa. lx MOXXHO 0603HAYUTBL COOTBET-
ctBeHHO uepe3 Ps(1,2) u P, (1,2) 6e3 Bepxnero unaekca §. Cocros-
HHE C AHTHCHMMETPHUHOH BOJHOBOH dyHKiHed Pq(]1, 2) Ha3biBaeTcs
OPTOCOCTOSHUEM, A C CHMMETPHUYHON BOJIHOBOHA dyHKUHeH (], 2) —
napacocrosarues. Takum o6pas3oMm, ABYX reJjiHeB, KaK pa3JHYHBIX
XHUMHUECKHX 3JeMeHTOB, He CcylulecTByeT. Opro- M llaparejdi CyTb
O00UH U TOT e XUMUYECKWUL 3NeMEHT, HO Haxo0auuiica 8 pasiuy-
HOLX KBAHTOBbLX cOCTOAHUAX. TeM cambiM OOBACHEHO MPOHCXONK/E-
HHE JBYX CHCTEM TEDMOB H COOTBETCTBYIOIUMX CHEKTPaJbHBIX mnepe-
xon08 MexAy Humu. IlousitHo, YTO TaKHe Nepexobl, €CH OHH CO-
IIPOBOXKAAIOTCS Y3J1Y4eHHAM CBeTa, AOJNXKHDBl MOAYHHATLCS [PABUIAM
ot6opa, 0 KOTOPHIX roBopuaock B § 39.

7. 3dauue BOJHORLIX (QDYHKHUH HyJeBoro NpHOJIMKEHUS MO3BO-
JIIeT BLIUMCAHTh NO dopmyse (49.7) nonpaBKy K 3HepPruH aToma
B mepBoM NpuOMHKEHUH, Dta GopMmyaa nmpeanosaraer, 0JHaKO, UTO
BosiHoBas (QyHKLHS HopmupoBaHa K egunune. Ilostomy n obe pyHk-
muu (49.15), cHMMETPHYHYIO W aHTHCHMMETPHUYHYIO, HAJA0 NpeaBa-
pHTeJbHC HOpMHUPOBaTh. O603HAYUM COOTBETCTBYIOLLKE NOCTOAHHbIE
Hopmupyolue Muoxurenn yepes Cs u Co. Ona daktuieckoro mpo-
pe/leHHsl pacyeTa, KOHEWHO, 3TH HOPMHPYIOIIHE MHOKHTEJH Hal0
BHYMCAHTE. MBl He OyzeM »TOro jenaTh, TaK Kax HauieH LeJablo
SBJIAETCA TOJNLKO BBSICHEHWE NPUHUUALAALHOI uaudeckold cTOpoHbL
sonpoca, a JIJst 3TOTO- 3HAHWA YncaeHHbix 3nadenuil Cs n C, He Tpe-
oyerca. Onnaxo pasanuue Cs u C, 1onxkE0 ObITh yurteHo. (Ecan 6sl
C; u C, OblIM OANHAKOBBI, TO HOPMHPYIOLIME MHOMHTEAH MOKHO
6b10 OLl ONYCTHTH, Npednosarasi, uto komOunauun (49.15) yuke
HOPMHPOBAHHL.)
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ﬂJIH COCTOSIHWH, ONMHCHIBAEMBIX CHMMETPHUYHOH BOJIHOBOM (pyHK-
IIHed, MONpaBKa K HEPTHH paBHA

si=lc.l {0 Sgtar=c. | £ |4l du dve @6.16)

rae dtvy = dx;dy, dz;, dte == dxpdy.dzs, a [ COCTOSIHHI, OHUCH-
BaeMblX aHTHCHMMETDUYHOH BOJHOBOH ¢yHKIHEH,

gh =l { o

[TopcTaBuB Clofa 3HAUYEHMA BOJHOBBIX (yHkuuit u3 (49.15) u BH-
TNIOJIHHB YMHOKEHHE C YYeTOM TOXKJIeCTBEHHOCTH 3JEKTPOHOB, MOJY-
YUM

2 9 2 ;
fz Yo dt=|C.| S -f[— Vo |P drydre. (49.17)

EL=Csf (Iu+1os), & =|Cal (lx—1los) (49 18)

TJe BBeJeHb 0603HAUeHHSA

1K=28 — Lt (D] e (2) d,
oo =2 {2 4 ()4 (1) 9k @47 @) dv.

U3 dopmyn (49.16) u (49.17) Buamo, uto snepruu &' u &' cy-
IIeCTBEHHO MNOJIOXKHTeJbHLl. BeslHunHa /¢ TaKXKe CYLIECTBEHHO IO-
JIOXKHTEJIbHA, KaK 3TO sICHO H3 nNepBoHd Gopmyan (49.19). Takum

o6pasoM,
I+ 16 >0, It—1,5>0.

Bennunna /o6 TakKe MOJIOMKHTeJNbHA, KaK MOKA3LIBAeT (aKTHUECKOE
BHIYHCJIEHHE €e C HCIO0Jb30BAHHEM SIBHBIX BBIPaiKeHHH BOJHOBLIX
(GyHKUUH BOAOPOROMNONOOHBIX aTOMOB. TakuM o6pa3oM, Kak BHIHO
u3 opmya (49.18), snepeeruseckue yposuu NAPACOCTOAHUA AeHAT
HugCe IHepeeTudecKux yposreli oprococrosnus. IlostoMy Hopmars-
HbLM COCTOAHUEM 2eAUsl A8ARETCA NAPACOCTORHUE.

Unen I« HMeeT HaryAlHOe KJaCCHUECKOe HCTOJKOBaHHe. 3apsn
OJIHOTO 3JIeKTPOHA KaK OHl pasMasaH» B MpoCTpaucTse ¢ 06 beMHOM
mioTHOCThI0 P, = e | ) (1) |, a Apyroro —c o0beMHOH MJOTHOCTLIO
pzzcel’ll)?z (2) [, TloxbinrerpasibHoe BbpaxkeHHe B [ HMeeT CMEIC]

NOTeHLUHANBHOH 3SHEPTHH OTTAJKHBAaHHS 3apsloB 01dt; U podty,
HHTErpaJ B LeJOM — IOTeHIHAJbHOH 3SHEPIHH B3aUMOMAEHACTBHUS
060HX pa3Ma3aHHLIX [O OPOCTPaHCTBY 3apsnoB. UneH [os He uMeeT
KJIACCHYECKOTO HCTOJIKOBAHHS H SIBJISETCS Cyry60o KBaHTOBHIM. Bhi-
pakasch o6pa3HO, MOXKHO CKa3aTb, 4TO /og MOSIBJSETCS MOTOMY, YTO
Ka /bl 571€KTPOH KaK Obl OJJHOBDEMEHHO HaXOAHTCS H B COCTOAHHH
o u B cocrosinuM P,. Beauunna /,s HasbiBaeTcsi ofmennoll snep-
euell, a COOTBeTCTBYIOIIee efl B3auMoAeNCTBHE — OOMEHHBLIM B83QU-
modedcreuem. Hannuuem 00meHHOH 3HEPrHH H OOBACHAETCA HOHH-

(49.19)
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KeHye 3HePreTHYECKHX YPOBHEH MapacoCTOSHHS H MOBbiLIEHHE YPOB-
He# OPTOCOCTOSHUS.

He cnenyer aymaTo, uto oOMeHHAsi 3HEPIHs €CTh KAKOH-TO 0CO-
Oviii BUg sHepruH. OHa MOSIBJISAETCS TOJbKO B pe3yabTaTe APUHYU-
NUAAbHOL HepasAudumocTy ABYX KBAaHTOBBIX COCTOSIHHE, H3 KOTO-
PBIX OJHO MOJy4aeTcss U3 APYroro B pe3ynabTaTe NepecTaHOBKH ABYX
TOXKAECTBEHHBbIX B3auMofefcTBylomux yacTHil. [lostomy oOmennoe
B3aHMOJcHCTBHE CIelUPHYHO He TOJLKO AJs1 KYJOHOBCKHX CHJ, a
HMeeT MECTO B CHCTeMe JIOOBIX TOXKACCTBEHHBIX YaCTHIL HE3aBHCHMO
OT NPHPOAH CHJI B3amMOAeHCTBHA Mexay Humu. Hanpumep, obmes-
HOe B3aHMOJEHCTBHE CYILECTBYeT MeXy HYKJIOHAaMH aTOMHOTO siApa
H TPOSIBASIETCS B TaK HA3blBACMOM Hacwuiujenuu sadepuoix cua. O6-
MEHHBIM B3aHMOJeHCTBHEM OObsICHsAETCS ABJeHHEe deppoMarHeTH3Ma.

8. O6bsicHuUM Tenepb pa3jielieHHe CIEKTPaJbHBIX TEPMOB aTOMa
rejusi 1 COOTBETCTBYIOILMX MM CIEKTDPAJbHBIX JHHHA Ha CHHIJIETHbIE
U TpHUILIeTHBE. JJd 3TOr0O Haf0 yuyeCTh HaJlHyHe CIIHHOB Y 3JIEKTDO-
HOB. B HyseBoM mnpuOJHKEHHH MPOCTPAHCTBEHHAsI M CIHHOBAas 4a-
CTH TOJIHOH BOJIHOBOH ()YHKUHH pasiefsiioTcsi, TAK YTO OHa MOKeT
ObITb NpeAcTaBJjeHa B BHAE MPOU3BeNEHUs] NPOCTPAHCTBEHHON H CIH-
HOBOIHl BOJIHOBLIX QyHKHHHA. KOHeuHO, KaK ¥ NPOCTPAaHCTBEHHEIE, CIH-
HOBble BOJIHOBblE (DYHKIHM AOJIKHBL YAOBJETBODHATb TpebOOBAHHIO
JH60 CHMMETPHHU, Ju60 aHTHCUMMeTPHH. [103TOMY CNIHHOBHIX (YHK-
IIMH MOJKeT OHITb TOJIbKO YeThIpe, a HMEeHHO!

oV=0, (o, 2) 11
P =q_(1)p_(2) |

=0, (De_2)+o, 2e_() 1,
=0, (Ne_2)—0q, (2)e_(1) Y.

31ech CHOHHOBbHE (YHKIHH, B OTJIHYHE OT NPOCTPAHCTBEHHHIX, 000-
3HaueHsl OYKBOH ¢. 3HauoK -+ y QYHKIHH yKasbBaeT, 4TO [IpOeK-
Iusi ms CIMHA 3JEKTPOHA HA HamnpaBJieHHe, BhAeJseMOe OpOHTa/b-
HbIM MOMeHTOM, paBHa +41/2, a MHHyc 03Ha4aeT, 4TO OHa paBHA
—1/2. 310 Ans HaArJsiAHOCTH OTMEeUeHO HAaNpaBJeHHAMH CTpEJOK,
NOCTaBJIEHHBIX cnpaBa Y BOJHOBbIX GyHkuuil. [lepBas cumMerpuu-
naa ¢ynkuua ¢l o3Hauaer, 4TO MPOEKUHMH s CIMHOB OOOUX 3JIEK-
TPOHOB paBHB +1/2, BTOopas @? — uT0 0ofe OHM paBHb —I1/2.
B rTperbefi cuMMeTpHuHOH ¢YHKUMH @Y NIPOEKIHH CIHHOB OOOMX
3/J1eKTPOHOB HMMEIOT NPOTHBOIOJOMHBE 3HaKH. Takum o6pasoM, B
NepBBIX ABYX CJAYUYasiX MOJHBIA COHH OOOHX 3JCKTPOHOB Oyaer I,
NpUUEM €ro NPOEeKIMH COOTBETCTBEHHO paBHB +1 n —1. Ho ecau
NOJIHBIH CNHH paBeH 1, To ero NpoeKUHH Ha H30paHHOe Hamnpas-
JeHue MOT'yT MUMeTh TpH 3Hauenusi: +1, —1 u 0. Tperu#i cayuant
H OCYILECTBJSIETCS OCTABIUEHCS CHUMMETPUYHOH BOJHOBOH (YHK-
yuei pld,

(49.20)
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Hro kacaeTcss aHTHCUMMETPHUHOH cnuHOBOH (ynkunu ¢¥, ToO

efl COOTBETCTBYeT MPOEKUHS CIHHA, paBHAs HYJ/IO. A Tak Kak 3TO
e/HHCTBeHHA4sl IPOEKIHs, TO MOJHBIH CIHH B 3TOM COCTOSHHH TaKiKe
paBeH HYJIIO.

Yerripe crnuHoBhe ¢yHKUHE (49.20) MOKHO KOMOGHHHPOBATL €
NPOCTPAHCTBEHHBIMH QYHKLUHAMH s H Yy, UTOOH MOJYUUTh MOJHYIO
BosroBylo ®yHKUHIO. OJHAKO, MOCKOJbKY peub HAET O CHCTeMax
JIBYX 3/IeKTDOHOB, MOJIHASI BOJIHOBAS (GYHKIHS HX AOJKHAa OLIThL aH-
THCHMMETDHYHA OTHOCHTEJbLHO ONepPAllHH NepecTAHOBKH YacTHIL B
NOJIHOH BOJIHOBOH (YHKIHMH, XapaKTepH3yolielicsi MPOCTPAHCTBEH-
HBIMH H CIHHOBBIMH KOOpAHMHAaTaMH. DTOMY VCJOBHIO YJOBJETBO-
PAIOT TOJBLKO UeThipe KOMOHHALHHE:

q')(sl)lpa’ q")(52)"‘130’ qj(ss)‘lpa H QDS‘)‘lPS_

OT ux HOPMHPOBKH, He Hrpaiomiefi posu B paszbupaeMoM BO-
npoce, MOXKHO OTBJieubcs. IIoKa 4TO peub wja TOJBKO O KOMOHHA-
uusix B HyJeBoM npubauxeHuu. Ho m Bo Bcex NMOCIeAYIOIIHX MpH-
OMMKEHUSAX H3-3a CHMMETDHH 3HEPTUH B3auMonelcTBus Ze*/rpp
BO3HHKAIOT BOJIHOBble (DYHKLHH TOTO K€ THUIla CHMMeTpHH. IlepBhie
Tpu $yHKUHH 06pa3yloT TPHIJET C NOJHBIM CIHHOM | H ero nmpoek-
nusiMu +1, —1, 0. DTOMY TPHIJIETY COOTBETCTBYET OPTOCOCTOSIHHE.
Ero sHepreTHueckHe YPOBHH W CHEKTPaJbHble JHHHH, NOJYHHSIIO-
lHecst mpaBuaaM oT6opa, pAacIlenysiioTCss Ha TpPH TMOAYPOBHSI H
TPH KOMIIOHEHTHl H3-3a CMUH-OPOUTAJbHOrO B3auMoAeHcTBuS. B aToM
COCTOSIHHH AaTOMBI TejHsl HMeIT OTJHYHBIE OT HYJsS MAarHHTHbIE
MOMEHTH, a4 MOTOMY B MAarHHTHOM IloJe Aal0T 3eeMaHOBCKOe pac-
lLleNJeHue.

BoanoBast ke GYHKIHS @ OMHUCLIBAET NapacocTosiiue. B aTom
cayyae NMpOEKIHs MOJHOTO CMHHA paBHA HYJIO. A TaK KaK 3TO CHHI-
JeTHOE COCTOSIHHE, TO M TMOJHBIA CIHH B NMapacoCTOSIHHH 6YIEeT HYJb.
ATOMB T€JHSl B CHHIVIETHOM COCTOSSHHH H€ HMEIT MarHuTHHX MO-
MEHTOB, 4 NMOTOMY He JaioT 3eeMaHOBCKOIO paclllellJeHus.

Yro Kacaercst 3anpera HHTepKOMOUHALHH, 0 KOTOPOM OBIJIO CKa-
3aHO B HayaJje 3TOro naparpada, TO 3TOT 3alpeT CBSI3aH ¢ coxpa-
HeHHEM CIIHHA 3JEKTPOHOB IIPH H3JYUEHHH, a NOTOMY He sIBJseTCH
a6COJIIOTHO MECTKHM M JONycKaeT uckJoueHus (cM. § 39, nyHkT 5).

3AJAYH

1. 3nas 3HepTHIO MOJHON HOHH3AUMH HeHTPaJALHOTO aToMa refus (cM. tabu. b)
B OCHOBHOM COCTOSHHH, HafiTH 3Heprui0 OJHOKPATHOI HOHH3aUMH TOTO e aToMa,
a 3aTeM SHePrHio HOHH3aUMH obpasosasllerocs noHa Het.

Pemenue. [Mocae yjaadeHnsi OAHOrO 3JeKTPOHA HeATPaJbHBIA aTOM resius
Nepexo/HT B BOLOPOAONOJOOHLIA HOH ¢ 3apAHOBHIM HHCJHOM Z == 2. DHEPrus HOHH-
3alHH Takoro nowa pasua 13,539Z2 == 54,156 3B. ITostoMy mist ynaseHus nepeoro
3JeKTPOHA HaZ0 coBepUIHTb pabory 78,98 — 54,16 = 24,82 3B, a mas ynanmenus
BToporo 54,156 3B.

2. OueHHTL MO MOPSIAKY BeJHUKHBI SHEPTHIO OJHOKDATHOH HOHH3ALUHH aTOMa
JIHTHS B OCHOBHOM COCTOSIHHH.
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Pemenue [111 OUeHKH MOXHO [PEANONOKUTb, 410 aBa K-3/1eKTpoHa
aToMa JIMJHA SKPAHHPYIOT OoJe fApa, Kak Obl yMeHbluast 3apsfoBOe UHCIO 10
Z =3-—-2=1 Ilpu rakom paccMoTpeHHH cpOpPMy/IUpPOBaHHAR 3a/ada CBOAUTCA
K ONpe/lejeHni0 paboThl HOHH3aUHH BOAOPOAONOAOGHOrO aToMa MpH YHAJCHHH
snekTposa u3 L-cnos. OHa paBHa

13,539/n% = 13,539/4 == 3,38 3B.

DKcnepHMeHTaIbHOE 3HadeHHe paBHO 5,37 3B (cM. Tabn. 4).

3. 3Has 9HePrHI0 OLHOKPATHON HOHW3ALKH aTOMa JHTHS H3 OCHOBHOFO CO-
CTosHHg (CM. HPeABAYIYI0 3a7auy), a TaK¥ke SHEPrHIO MOJHON HOHH3aDHH re-
JuenogoCHoro Hoxa Lit (cM. taba. 5), HAHTH SHEPrHIQ MOHH3AUHH HeHTPalLHOrO
JIMTHH B OCHOBHOM COCTOSIHHH I[IDH YL aJeHHH H3 HEro ABYX 3/EKTPOHOB.

Otser 81,56 3B.

§ 50. Xumuueckan cea3b. Mosekyna sopopoaa

1. IlepBonadanbHo XuMHSI Ohlla BHIHY:KAEH& BBECTH NpPEAINOJIO-
JKeHHe O CYLUECTBOBAHHMH OCOOGLIX «XMMHYECKHX CHJI», 4TOGH O6bsC-
HUTb O6pasoBaHHe MOJEKYJ M3 aTOMOB, 3 TaKxke XHMHYECKHe pe-
aKIHH MeXAy aTOMaMH HJH MoJeKkyaaMu. Ha caMoM jpene Takux
CHJ1 He CYIIeCTBYeT — OHHU CBOAATCH K OOBIYHBIM 3JIEKTPHYECKHM
(KYJIOHOBBIM) CHJIAM B3aHMOAEHCTBHS MEXKAY 3apsiKEHHBLIMH YacCTH-
HaMH, T. €. 3JeKTPOHaMH H sfi/[paMH, H3 KOTODPHIX COCTOAT aTOMBL
Ho rakoe cBejeHHe BO3MOMKHO TOJBKO Ha OCHOBE KBAHTOBOH Mexa-
HHKH.

PazjquuaioT ABa pola XHMHUYECKHX cBs3ell: uonuyw (eerepono-
AApHY0) U KogaaenTHyo (eomeonoanpuyro). VoHnas cBasb peatu-
3yeTCA B TeX CJydasx, KOTAa MOJIEKYJy MOXHO INPeACTaBHTb Kak
0o6pa3oBaHHe, COCTOALLEE H3 ABYX HOHOB: NOJIOXKHTEJbHOTO H OTPH-
natenbHoro (nampumep, moJekyaa NaCl cocrour w3 uoHoB Nat u
Cl-). Ecan xe ato cpenaTbh HeBQ3IMOJXKHO, TO CBf3b Ha3bIBaeTCs rO-
MeOomoJIsIpPHOH.

Teopusi reteponosApHOA CBA3H (HoeAllas, BOPOUYEM, NOAYIMIIH-
puuecKHil xapakTep) paspabaThiBasach, H He 6e3 ycmexa, elie 10
CO3/1aHHS KBAHTOBOINl MexaHHKH. ['oMeomoaspHas :Ke CBs3b He MO-
JaeTcs KJaaccuueckoMy obbsicHeHHIO. [IpHUMHA TOTO COCTOMT B TOM,
YTO CHJIbl, MPUBOJALLHE K TAaKOH CBA3H, SIBJAIOTCA OOMEHHbIMU, A
HOTOMY TpeOYIOT NPUHLIHIHAJLHO KBAHTOBOTO paccCMOTpeHHA. Ysc-
HHM 3TOT BOIIPOC Ha MpuMepe NpocTefilied roMeomnoJsipHOH MoJe-
KYJIB — MOJIeKYJB BOAOpoAa. Brnepshe 310 OblJIO cresaHo B 1927 .
[aiitiepom (1904—1981) u . JlongoHom (1900—1954), peius-
IIMMH 34424y O MOJIEKYJe BOJAOPOJA NO METOAY TeOPHH BO3MYIliie-
Hufl. Briocsie1cTBHH Ta Ke 3aziaua paccMaTpuBajiaCh MaTeMaTHYECKH
60Jiee COBEpPUIEHHBIMH METOZAMH, JAWIIHMH 3HAUHTEJBbHO JYYUIYIO
toydocTh. Ho mnpuem lafitiepa u JIoHAOHA npolie BCero MPHBOAUT
K Leau. MB OrpaHHYdMCA MPHHUHMIHAILHBIM DAaCCMOTPEHHEM pa-
6orsl afitsepa u JloHa0Ha, onyckas (pakTHYeCKOe NMPOBejeHHe pac-
yeToB, TAK KaK Halllell 3ajgavefi sBJsieTCA TOJbKO ysicHeHHe (u3H-
YyecKOH NPHPOJE rOMeONo/IAPHON CBA3H, a He TEOPETHYECKHH pacyer
guCAEHHL!x 3HAUEHUH BeJMUHH, XapaKTePH3YIOIHX ee.
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2. B XBaHTOBOH MeXxaHHKe 3aJlaqya O MOJeEKYJe BOJOpPOAA CBO-
AUTCSl K pemlenuio ypaBHeHusi LpeanHrepa jajsi cralmoHapHbix CO-
CTOSIHUH

B(ry, r)=8&V(r, ry), (50.1)

TAe uepes ri(xi, Y1, 21) U ra(Xa, Y2, 22) 0003HAUEHBI KOOPAHHATHI liep-
BOTO H BTOPOTO 3/1eKTPOHOB. [[aMHJBTOHHAH CHCTEMBI MPE/ACTABIAET-
cA B BUJE

H=H+H,+V, (50.2)
rae
~ 2 2 -~ 2 2
H1=——g—'Vf——e——,- H2=—"§‘V§—e—:
B "4 u o
N S (50.3)
R rag T2 R

FamunbToHHaH Ay, NIOMHMO onepaTtopa KHHETHUECKOH JHEPTHH 3JeK-
TPOHA |, CONEPXkKHUT B KauecTBe BTOPOTO CJHAaraeMorc HOTEHHHAJb-
HYI0 3HEDPTHIO TOTO e 3JEeKTPOHa B KYJOHOBOM moJe siapa A. AHa-
JIOTHYHBIA CMBICA HMeeT raMujbToHHaH M, UTO Kacaercs ramusib-
ToHHaHa V, TO OH OMHCLIBAET YEThipe B3aHMOJAeHCTBUA: 3JeKTPoHA |
¢ aapom B, ajekTpoHa 2 ¢ axpoM A, 3JEeKTPOHOB MexAy coGoil u
fi/lep TakxKe Mexay coboH. 3aechb ria, ris, r2a, rep— PACCTOSHHSA
37eKTpOHOB | H 2 10 siiep A n B COOTBETCTBEHHO, ryp — PACCTOSTHHE
MeXAy 3JeKTPOHaMH, R — paccrosHue MexXAy saapamu A u B. Ta-
edple 7apa A 0 B MOTyT CUHTAThCSl HENOABHXKHLIMH (TaKoe MpH-
GauKeHHe HasbiBaeTca aduabaruueckum). [TostoMy ) paccmatph-
BaeTcad Kak (yHKIHUS KOOPAHHAT TOJABKO 3JIEKTPOHOB, a HE aTOM-
HHX sijiep. Paccrosinne R MeXXAy sIAPaMH, CYUIECTBEHHOE KaK pas
B npofJieMe rOMeOoNo/AAPHON CBA3H, B BOJIHOBYIO (PYHKIHIO P BXOAUT
-KaK mapamerp.

Pasymeercsi, mosHasi BoMHOBasi (DYHKLHUS 3aBHUCHT He TOJBKO OT
NpPOCTPAaHCTBEHHHX KOOPAHHAT 3JEKTPOHOB, HO H OT UX CIHHOB. Ta-
Kasi moJHasd (GYHKIHS, KOHEUHO, AOJ/KHA OBITh aHTHCHMMETPHIHA
OTHOCHTEJILHO MepecTAHOBKH 3JEKTPOHOB B NPOCTPalicTBe, Xapakre-
pU3yeMOM JeKapTOBLIMH H CIHHOBBIMH KoopjHHaTaMH. OJIHAKO
MOYKHO OFPaHHUYHTBLCH TOJBKO HNPOCTPAHCTBEHHOIMU  BOAHOBbLMU
pyHKkyUAMU, a BIHSHUE CIIHHOB YYeCTb, PacuU/JeHHB 3aJ4a4yy Ha JBe:
1) B ONHOH cnuHo8aR (PYHKYURL QHTUCUMMETDUYHA, TOTAA NPOCTPAH-
cTBeHHAs (PYHKUHS, KaK GblIO BHISICHEHO B NpelblayineM naparpade,
J0J2KHA GbITh CHMMETPHUHOH; 2) B APYrofl cruxosas ¢hyHkyus cum-
METpUYHA, TOrjJa TPOCTPAHCTBEHHAs aHTHCHMMETpHYHA. B nepBoM
cJydyae cyMMapHbLIfl CUH ABYX 3Je€KTPOHOB PaBeH HYJIIO, U CJeJ0Ba-
TeJbLHO, BO3MOXKHO TOJbKO OJHO (CUHEAETHOE RO CAUMY) COCTOSIHHE
C CHMMETpPHYHOH NpPOCTPAaHCTBEHHOH (yHKuuell. Bo BTOpOM cayuae
CYMMapHBLIH CIOUH ABYX 3JEKTPOHOB paBeH | W MOKeT OpPHEHTHPO-
BATLCA B MPOCTPAHCTBE TPEMS PASJIHUHBIMI COCO0AMH (TPUMACTHOE
A0 CNUMHY COCTOSIHUE).
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3. Koueuno, chopmynauposannas 3ajaua He JONycKaeT aHaJH-
THYecKoro pewrenus. Heo6XoauMo HCHOJBb30BATL NPHOJIMIKEHHBIE
MeTOAK. UToOB NMOHATb, KaK 3TO MOXHO CJA€JaTh B paMKax TEOPHH
BO3SMYILLEHHUI, A0TyCcTHM, uTo 00a aToMa BOJAOPOAA pa3BeleHHl ONHH
OT APYroro AOCTaTOYHO AaJjeko. Torila aToMbl MOXHO CUUTATL He-
3aBUCUMBIMH M Ka>KABIH M3 HHX XapaKTepH30BaTb CBOEl BOJHOBOMH
dyHKIHeA. A Tak KakK peub HAeT O XHMHUYECKOH CBSI3H HeBO30OYK-
JEeHHBIX aTOMOB, CJeAyeT NPHHATbL, 4To 00a aToMa HaxoAATCA B
ocHo8HOM cocTosiHMH. TIpn nmocTaTouHOM pa3BeleHHH BOJHOBBIE
(DYHKIHH 3JeKTPOHOB | U 2 MOUTH He NEPEeKPHIBAIOTCS, TaK UTO
MOKHO CUHTATb, UTO 3JIeKTPOH | OPHHAAJEKHT «CBOEMY sapy» A,
a «uyxKoe siApo» B Ha ero COCTOSIHHE BJHsIeT MaJso. AHajaoruuxo,
MOZKHO CUHTATh, UTO 3JEKTPOH 2 MPHHAAJNEKHT «CBOEMY sApy» B.
ViMenHo 1mo 5TOH NpUUYMHE MBI BBUAEJHJH BHILIE U3 [OJHOTO I'AMHJIb-
ToHHaHa H paccmaTpuBaeMoi cucTeMpl caaraemble Ay u H, npea-
crapagolHe co60f raMHJAbTOHHAHBl OTJAEJbHBIX aTOMOB. KX MBI
OyneM paccMaTPHBATh KaK eAG8HbLe HACTY TAMHIBTOHHAHA H TOJBKO
UX yuTeM B HyJeBoM npHOanxkennu. CaaraemMoe xe V npexncrasisier
co00ofl raMHJILTOHUAH 83aumodeiicTaus aromos. Ero mul 6ynem pac-
CMATPHUBATL KaK MAA0e 803MYyujeHile, yIUTHIBAEeMOe B NepBOM H
BLICIIHX NPHOJHKEHHsX. DTO MOTHBHDYETCS He TOJBKO yzAaJeH-
HOCTBIO aTOMOB ADYI OT APYra, HO TaKKe H TeM, UTO B BLHIpA:KEHHU
(50.3) aast V mepBble [ABa cjaraeMbX YaCcTHYHO KOMIEHCHPYIOTCS
OCTaJLHBIMH JABYMs, NIOCKOJLKY MOCJAeJHHE BXOAAT B IaMHJBTOHHAH
¢ HOPOTHBOIMOJIOKHBIMH 3HAKaAMH.

B CHHIJIETHOM COCTOSIHHH, KOrJla CNHHOBas (yHKUHS aHTHCHM-
METpHYHA, B HYJeBOM IMPHOJHKEHHH INOJyuaeTcs CHMMeTDHYHAS
NPOCTPAHCTBEHHAsS] BOJHOBasl (GYHKUIHA € pasje/follUMucs mnepe-

MEeHHBIMH!
1|"s:Cs N’A(l) 1PB (2}+1|)A (2) 'lPB(l)], (504)

rae C;— nmoctosigHasi HopMupoBKH. Uepes 4, o6o3HaueHa BOJiHOBas
dYHKIHS 34€KTPOHA, KOra OH MPUHALJIEXHUT s1py A, a uepe3 Pp—
Koraa siapy B. ®YHKUHH Y4 M P CUHTAKOTCH DPAIJAHUHBIMH, XOTS
AHAJIHTHYECKH OHH H NIPEACTABJSIOTCA OJMHAKOBEIMH BbIPaKEHHSIMH.
310 pasauune oOYCNOBJEHO TeM, UYTO OHH SBJSIOTCA (QYHKIUSIMH
Pa3JHYHLIX NEPEMEHHBIX: B OJHOM CJyuae KOOPAMHATHI OTCUMTHI-
Batorcst oT fiApa A, B ApyromM — oT sAapa B. B TpunnetHoM cocTos-
HHH, KOI'la CIHHOBAsl (pyHKUHS CHMMETPHUHA, TOJTYYaeTCs aHTHUCHM-
MEeTPUUYHAsl OPOCTPAaHCTBEHHAS BOJHOBAA QYHKLUHS

Vo =C4o [ha (1) ¥5(2) — b4 (2)bs(1)], (50.5)

rne Cq-— Apyrasi MOCTOSIHHASL HOPMHPOBKH.

Toctrosinunie Cs 1 C, nerko BLIUUCJAUTL, XOTS AJA HalIHX leJed
CYUIECTBEHHO TOJLKO TO, UTO OHH pas3jHuHbL. OnpeienuHM ajsi NpH-
mepa mnoctosinnyio Cy. Tlpu arom Mbl OyleM cuuTaTh, 4TO CaMmH
dbynkuud Y, U Pp HopMupoBauel. [HopmupoBka dyuxuun (50.4)
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03HAYAET, UTO S Yo, dt=1 nau

| ol L (1) %5 (2) + 92 (2) 03 (D] [a (1) 5 (2) +
+«pA<2wB<1>]dndrz=IcsI2§xp;ammd—nSw;<2>¢a<2>drz+
1 § Wi @ a2 dr § wi (1) s (1) doy +
+1CF {93 (24 ()% (1) (2) oy dos +

+1CF § i (1) 9a (2 95 @) w5 (1) drr dra = 1,

rie dv = dvidv,, dvy = dxdy,dz,, dvs = dx, dy, dz,. [lepBrie aBa
HHTerpasjga B MPaBOA 4acTH pPaBHBl eAMHHLUE B CHJIY HOPMHPOBKH
BOJIHOBHIX (YHKUMH P4 H 1Pp, TOCJeJHHe ABA HUTETpasia paBHBL
MeKAY COBOH B CHJY TOXAECTBEHHOCTH 9JIEKTPOHOB. O603naynM
"OJIUH M3 3THX HHTErpajios, HaanMep nepBHIH, yepes S, T. €. BBEAEM
0603HaYeHUE

$={ %12 94 (1) 5 (195 (2) drs . (50.6)
Torna
1CB@+28)=1,
OTKyAa
1

1

V2 JTFS'
€CJIU OTYCTHTh HECYIIeCTBEHHbIH (a30BBI MHOXKHTE/L B BEIPAKEHHH
nas1 Cs. Ananoruqto

Cy== (60.7)

BRI N
V2 AT=S

KoHeuHO, BOJIHOBHE (GYHKUMH s H |, NPEICTABIIIOTCS BbIpa-
weuuamu (50.4) n (50.5) ToAbKO B IiyseBOM npuHOAH:KkeHHH (HYJb
B HHJEKCe MAJs1 NPOCTOTH omyuleH). OAHAKO xapaKTep CHMMETPHH
NPOCTPAHCTBEHHBIX BOJHOBHIX (DYHKUHH coxpaHSeTCs B JIOOOM INpH-
O/ KEHHH.

4, 3HaHHS BOJIHOBHIX (PYHKUHHA HyJeBOro npHOJHXKEHHA ROCTa-
TOYHO [JI51 HAXOXK/AEHHS SHEPrHH B NEePBOM NpHOIHKEeHWH. B cHHr-
JIETHOM COCTOSIHHK (T. €. COCTOAHHH C CHMMETPHUHOH MpOCTpaH-
CTBEHHOH BOJIHOBON (dyHKLHEH)

&o=\ 0 (A1 + A4 V) b dr, (50.9)

a B TPUIJETHOM COCTOSIHHH (T. €. COCTOSHHH C aBTHCHMMEeTPHYHOH
NPOCTPAHCTBEHHOH BOJHOBOH (yyHKIHeIT)

o=\ va (i + Hat V) pudr. (50.10)

C,= (50.8)
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Tak Kak s, paccmMatpuBaeMasi Kak (YHKIHs KOOpPAHHAT fy, siB-
JasieTcs  coOcTBeHHON (yHKiuedt omepatopa Ay, To Ayps = & 1\s.
Ananoruuno Aqyps = &oPs, Tle & U &g-— 3HEePrHH paccMaTpHBae-
MbIX M30JIAPOBAHHBIX ATOMOB. A TaK KaK 3TH aTOMBl TOX/JeCTBEHHBI
H HAXOMSITCS B OCHOBHOM COCTOSIHHH, TO & =& = &y, T &o—
SHEepPTHsl aTOMa B OCHOBHOM COCTOSIHMH. B TouHOCTH TO xe camoe
HMeeT MecTO H B cayuae QYHKUHH 1, Eciau yuecTob emie, uTo (yHK-
UK Ys H P, HOPMHPOBAHbI, TO SICHO, YTO B OGOHX MpebLAyLIHX
BbIDAKEHHAX TaMHJIbTOHHAH (A; + A3) NPHBOAMT K [MOSIBJEHHIO
caaraemoro 2&,. Ianee, xak BuaHo u3 (50.3), Bennuuna V conep-
KHT uieH e?/R, 3aBHCALIHA TOJMbLKO OT PaCCTOSHHA MeX1y flpaMH,
HO He 3aBHCHIIHH OT KOOPAHHAT 3JE€KTPOHOB., DTOT UJIeH B H3Jjarae-
MOH TEOpPHH HIrpaeT poJib mapaMeTrpa u Ao6aBJjseT K 3Heprusam &s
u &, Beqnuuny e?/R. Takum o6pasoM,

&, =28, + A&, &,=28,+ A&, (50.11)
rae

a8, =\ vy, a8, ={vve,dc (50.12)

[Moacraeass B dopmyan (50.12) Beipaxenus (50.4) u (50.5) s
Ps B Py H YIHTHIBAS TOXK/JIECTBEHHOCTh 3JIEKTPOHOB, MOJIYUHM

_K+S _K—$S
©E =12 ag,=1=%, (50.13)
rje BBeJeHO of03HaueHue
K= Vi, (09, (1) 4 ()b, (2) dv, d, (50.14)

Beauunnbl A& 1 A&, B MepBOM MPUOGIHIKEHHH H MPEACTABJIAIOT
MONPaBKH K 3HePTHH 3JeKTPOHOB 2&p, KOTODble BO3HHKAIOT H3-3a
KYJIOHOBCKOTCO B3aHMMOJEHCTBHSL aTOMOB. B 3Hepruio 3Toro B3auMo-
nefictBusi siapa BHocAT uneH e?/R. KynoHoBckoe B3auMOAeHCTBHE
MeXAy 3JEKTPOHAMH aTOMOB HOCHT ABOHcTBeHHBIA xapakrep. Ouo
BbIpaxaercss B OJHOM cJayuae uepe3 wuurterpaa (50.14), B npy-
roM — uepe3 uHterpaa (50.6). B mepBoM cayuae asekTpon | Bce
BpeMsl HAXOAHTCA B OLHOM H TOM K€ COCTOSIHHH 14, @ 9JEKTPOH 2 —
B OJHOM H TOM XKe COCTOSIHHH g B 3ToMm ciyuae B3aumojgeficTBue
HOCHT UYHCTO KJAaCCHUECKHH XapakTep, ecJqH TOJLKO OTBJEULCS OT
«pa3Ma3blBaHUS» 3apAA0OB 3JEeKTPOHOB B mpocTpaHcTBe. Bo BTOpOM
cayuae KaxAblfl 5JeKTPOH HAXOAHTCH OLHOBPEMEHHO H B COCTOSIHHH
Ya, H B cocTosiHHM VYp. Takoe B3auMojelicTBue, Kak H B cJyuae
atoMa resHsi, eCTh YHCTO KBAHTOBLIN 3(D(eKT, He UMEIUHE KAACCH-
ueckoro anaJsora. OHO Ha3sbiBaeTcd o6MeHHbIM 83auUMOOelicTéUEM H
BO3HHKaeT H3-32 TOXKAECTBEHHOCTH 3JeKTPOHOB. B BLuncaenusx
TOXJECTBEHHOCTb MPOSABJSAETCS B HCMNOJb30BAHHH CHMMETPHYHBIX H
AHTHCHMMETDHYHBIX NPOCTPAHCTBEHHBIX BOJHOBBIX (DYHKUHI.

5. Nuterpanu K ¥ S, a ¢ HUMH u sHepruu A&, u A&, ABIdIOTCA
(OYHKUHAMHE paccTosHHA R Mexay aapamu. Ha puc. 91 usobpakena
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3aBHCHMOCTb 3THX 3Hepruii or paccrosigus R. [lo ropusonrajbHo#
OCH OTJIOXEHO OTHOLIeHHe R/a, rae a — GOpOBCKHH paauyc. 3
pHCYHKa& BHAHO, YTO IPH COJNHKEHHH aTGM®B B CHHIJIETHOM CITHHO-
BOM COCTOSIHHH (CIHHL aHTHNAPAJJIeNbHLI) 3SHEPrus B3aHMOAEH-
CTBHsi cHayasna yObiBaer, a 3aTeM ObICTPO Bo3pacraer. MHUHHMYM
JOCTHTAeTCs NPH paccTOosHHH R, o6o3HadaeMoMm [aJjee uepe3 R,.
B rtpunseTHoM CHHHOBOM COCTOSIHHHM (CIHHBI MapajJleNbHbl) MHHH-
MyMa He MojyuaeTcs.

M3 puc. 91 BHAHO, YTO pPAGHOGECHOE NOJOXMCEHUE ATOMO8 CYu4e-
CT8YET TOALKO 8 CUNZAETHOM CNUHOBOM COCTOAKUU, a WMEHHO NpH
R =Ry, xoria sHeprus B3auMoaei-
cTBUA A&y obpaulaeTcs B MHHHMyM. 37
Toabko 8 CuUHEAEGTHOM COCTORHUU U
BO3MONMCHO 00pA30BAKUE MOAEKYADL, i
npuueM K; HMEeT CMBICJ PaBHOBECHO-
ro pacCCTOSIHHS MeXJly aTOMaMH B MO-
JaekyJe, B rpuniethom cocrosnuu mo-  fpl

aexyaa obpasosarocs e mooicer. [ afi- Ak,

tiaep u JIoHgOH B mepBOM NpHOBJMIKe-

HHH TeOpPHH BO3MYUIeHHH HAULIH Ro= I AL

= 1,5la =~ 0,080 HM. IxcnepuMeH- s

TaJbHOe 3HaueHHe Ro==0,07395 M. \ o\ ‘
Jlydiuero cornacusi Mexxay TeopHeft H I\ |72 3 /?/ai
ONBLITOM H He CJIe0BaJI0 OXKHIAThb, TaK -
KaK TEOPHUS] BO3MYIIEHHH B TNEPBOM Puc. 91

NpUOGAHIKEHHH MOXeT CYHTaThes 060c-

HOBaHHOH TOJLKO NpH R > Ry, OaHako yxe B NMepPBOM NpHOMAKE-
HHH OHa NPHBOANUT K KayecTBEHHO NPaBHJbLHOH KapTHHE B3aHMO-
JIEeACTBUS aTOMOB BOJOPOJA B CHHIJIETHOM H TPHIJIETHOM COCTOS-
nuax. BoJjiee Tounble BapHalHOHHbIE METOALI pacyeTa IMPHBEJH B
cJlyyae MOJIEKYJH BOAOPOAa K NPaKTHUYECKH TOJHOMY KOJHYeCTBeH-
HOMY COIJIACHIO TEODHH C ONBITOM.

6. PassuuHoe mOBeJeHHE aTOMOB B CHHIVIETHOM H TPHIJIETHOM
COCTOSIHMSIX JIETKO MOHSATL Ha OCHOBE TPOCTHIX KAyeCTBEHHHIX CO-
o6paxeHHH. B TPUMJETHOM COCTOSIHHH NPOCTPAHCTBeHHAs BOJHOBas
¢yukuusa (50.5) aHTHCHMMeTpPHYHA, a TOTOMY OHa HMeeT y3eJ B
NJOCKOCTH CHMMETDHH, Npoxoisueli mocepeinHe MeXxAy siapamu A
i B NepneHIHKYyJsPHO K COEJHHSIOLIER 3TH siApa NPsSMOH, TakK Kak
B 3TOHl MJOCKOCTH B CHJY TOXKAECTBEHHOCTH 3JeKTPOHOB Ya(l)=
=4 (2), v5(1)=1vs(2). Ilo Toft Xe NpHUNHE B CHHIVIETHOM CO-
CTOSIHMH MPOCTPAHCTBeHHass BOMHOBas GyHkuua (50.4) B Toil xe
[JIOCKOCTH CHMMeTpHH ofpamaercss B MakcuMyM. IToatoMy B cHHI-
JIETHOM COCTOSIHHH IJIOTHOCTb BEPOSTHOCTH HaX0XKAEHHS 3JIeKTPOHOB
B6JM3H IVIOCKOCTH CHMMETPHH BeJjHKa, TOria KakK B TPHIJIETHOM CO-
cTossHHMH oHa OJH3Ka K HyJo. TakuM o6pa3oM, B CHHIVIETHOM CO-
ctosinnn npu R > R, KYyJOHOBCKOE OTTaJKHBAHHE sijep KOMIEHCH-
pyercs NPOTHBONOJOMKHO HANpaBJeHNbIM JAeAcTBHEM 3JEKTPOHOB,
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TaK 4T0 Npa R = Ry pesy bTHpylolilasi Cula B3aHMOJAEHCTBHSA aTo-
MOB MeHAeT 3HaK, T. €. OTTaJKHBAHHE CMEHSIETCS [PHTSIIKEHHEM.
OtpunarensHblll 3apsii 3J€KTPOHOB, BO3HHKAMOUIHA MeXAY fAPAMH
A u B, u craruBaer ux, o6pasys CBsI3aHHOE COCTOsHHE. B TpuleT-
HOM )K€ COCTOSIHHH H3-32 MaJOH BEPOATHOCTH HAXOXK/JEHHS 3JeK-
TPOHOB TOCEpeAHHE MeXJAy sApPaMH KOMIEHCHpYIOllee AeHCTBHe
3JIEKTPOHOB HEJLOCTATOUHO, YTOOBI MOJYUHAOCH MPHUTSKEHHE MEKY
aTOMaMH.

Ha maselx paccTosiHusiX MeXKAY sIAPAMH aTOMbl BCerja OTTAaJKH-
BAIOTCA HE3aBHCHMO OT TOr'O, HaXOJAATCS JIH OHHM B CHUHIVIETHOM HJH
TPHIIETHOM COCTOSIHHSX, CHJIBI OTTaJKHBAHHS OCOGEHHO BEJHKH,
KOT/Ja pacCTOsiHHE MeX1Y SAPaMH CTAHOBUTCH MeHblle GOpOBCKOTQ
paaHyca a, TaK KakK B 3TOM cJyuae B CpelHell TOYKE MekKAy aTo-
MaMH, e BOJHOBble (DYHKLHH 1y H (s COBNALAIOT, 3TH (GYHKIHU
HUUTOKHO MaJjbl. (CorsacHo noaykiaccuueckoil Teopuu Dopa, ajek-
TPOH BOOGIIEe HE MOMET HPUOJH3UTLCS K SAPY HA PACCTOSIHHE MEHb-
e a.) Ha MaJjblx pacCTOSIHHSIX CHJbI, C KOTOPBIMH OTTAJKHBAIOTCS
aTOMBl, 06YCJ/IOBJIEHB He CTOJIBKO KYJOHOBCKHM OTTAJKHBAalHEM IpO-
TOHOB, CKOJIBKO OTTaJIKHBAHHEM 3JEeKTPOHOB. KyJOHOBCKOE OTTAJIKH-
BaHHe siiep MEHSeTCsl 10 CTeNeHHOMY 3aKOHY — o6paTHO HpOMop-
LHOHAJLHO KBAAPATy PaCCTOSHHA MeXAY fApPaMH, TOCAA KaK KYyJo-
HOBCKOE OTTaJIKHBAllHe 3JEeKTPOHOB, KaK TOKa3blBaeT pacuer, IpH-
BOAHT K GoJjiee OBICTPOMY 3KCIIOHEHUHAJBHOMY BO3PACTAHHIO CHJI
OTTAJKHBAHNSA C YMEHbIIEHHEM PAaCCTOSIHHS MeXAY S/IpaMu,

Ha paccrosinusax R >> g, KaK Takxe MOKa3HBaer pacyeT, CHJBI
NPUTSXKEeHHSA (B CHHIJIETHOM COCTOSIHHH) H OTTaJKHBAHHA (B TPHI-
JIETHOM COCTOSIHMH) 3KCMOHEHUHAJHHO YOBIBAIOT C PACCTOSIHHEM.

Kak Buano u3 cdopmya (50.13), KonmnHuecTBeHHOe pa3JiHUHE BO
B3aMMOJEHCTBHH aTOMOB B CHHIVIETHOM H TPHIJIETHOM COCTOSIHHAX
o6ycioBjeHo o6MeHHBIM HHTerpasoM (50.6), 3aBucsimum ot pac-
cTOsIHHSL R Kak OT napaMeTpa. «XHMHUYECKHe CHJBI» MOLYT Ipo-
SIBUTHLCS TOJbLKO TMPH TaKHX R, KOrja MOJABIHTErpadbHOe BbIpaskeHHe
B oO6MeHHOM wuHuTerpajsie (50.6) 3aMeTHO OTJHYHO OT HYJS, T. €. B
06/1aCTH «IePEeKPLITHA» 3JEKTPOHHLIX BOJHOBHIX (QYHKIHH s (1)
u Ps(1) [uan, uto To Ke, Pa(2) u P5(2)] oboux aToMoB.

7. X0oTs BO3MOXHOCTH 00pPa30BaHHUsl HEHTPAJNbHOH MOJIEKYJAH H3
aTOMOB BO/IOPO/Ja B CHHIJIETHOM COCTOSIHHH H 00YCJIOBJIEHA CIIHHOM
3JIEKTPOHA, HO caMo 1m0 cefe CHI0Boe (MarHUTHOE) B3auMOeH-
CTBHE MEXK]Y CIMHAMH 3JIEKTPOROB IPH 3TOM HE HrpaeT HHKAKOH
posay. OHO CAMWIKOM caabo MO CPaBHEHHIO ¢ OOMEHHBIM B3auMOAel-
cTBHEM. BiiusiHMe CIMHA NPOSBJASETCA TOJKO B OrpaHUUeHHH, Ha-
KJaiblBaeMOM Ha IOJHYI 3JEKTPOHHYI0 BOJHOBYIO (hYHKIIHIO CH-
CTEMBl K3 JBYX aTOMOB BOJAOpPOAa, KoTopoe TpeGyeT, uToGH OHA
6bla AaHTHCUMMETPHUHA OTHOCHTEJNbHO NEPEeCTAHOBKH 3JEKTPOHOB.

CBsi3aHHOE COCTOSIHHE H3 JBYX s/ep BOAOpPOAa (MPOTOHORB) MO-
XeT 00pa30BaThCsl H NPH HAJHUHH TOJBKO OJHOrO 3JEKTPOHA, KOraa
HHM O KaKOoM OOMEHHOM B3aMMOAeHCTBHU MeXK1y 3JeKTPOHaMu roBO-
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PUTh HE TPUXOAUTCH. TaxkuMm cocTosiHheM SIBJASETCS HMOHU3OBAHHAasA

MOJI€KYJa BOAOpOLa H; CBs3b OCYILECTBJIAECTCA €JIHHCTBEHHBIM

3JIEKTPOHOM, B DaBHOH Mepe mMpuHajJexkamuMm o6ouM siipaM. Bos-
MOXKHOCTb BO3HHKHOBEHHUS CHJl HPHTAMNEHHA MEXKAY SAAPAMH MOKHO
NOSICHHTb Ha KJaccHueckof Mopgeau. IlycTb oTpunaTenbHBIA 3J€K-
TPOH HAaXOAMUTCA IOcCepe[HHe MEXKIYy TOJOKHTEJNbHBIMHE sSADAMH
(puc. 92). fnpa orraakuBaiTcs

OAHO OT Apyroro ¢ cujoit Fi, = +e ~8 +e
—=e¢?/R, Torma Kak saekTpor u €t ¢ >
A4pO INPHTATHBAIOTCA ¢ OoJbilel | 2
cujofi Fi_=4e?/R. 3T0T Kjaaccu- |

YeCKUH NpDHMEp MOKa3bIBaeT TOJb-

KO, TOYEMY MOTYT MOSBHTBCS CHJHI Puc. 92
nputsikeHnsas. Ho  ksaccuueckas

(bu3MKa, KOHeUHO, HHYer0 He MOXKET cKa3aTb, BO3MOXKHO JH YCTOH-
YHBOE CBfI3AHHOE COCTOSIHHE M3 DACCMATPHBAEMBIX TPEX YacTHIL
Ha 3ToT Bompoc mnoJioxuTenbHbIH OTBET AaeT TOJBKO KBAaHTOBaf
MexaHHMKa. 3ajaya CBOJHUTCS K pelueHHio ypaBHeHus Lllpennnrepa
1751 OJHOTO 3JIEKTPOHA B 3JEKTDHYECKOM I[oJe ABYX (HEMNOoABHXK-
HBIX) NOJIOXKHUTE/IBHO 3apSKeHHBIX Aep. Ha sToM Bonpoce Mbl ocTa-
HABJHBATbCS HE MOXKeEM.

8. Bonbwoifi nHTEepec npeicTraBaseT cayuail, Koria XuMHYecKasl
¢BSI3b IIPOTOHOB OCYLIECTBJASICTCS He 3JEKTPOHAMH, 4 OTPULATEJb-
HBIMH MIooHaMH. Toriaa o6pa3yeTcss MIOOHHAA MOAEKYAQ, COCTOALLAN
H3 [BYyX INPOTOHOB U ABYX OTPHUATENbHHIX MiI0OHOB. OfMH H3 Npo-
TOHOB MJH 00a BMeCTe MOXHO 3aMEHHTb A€HTPOHOM HJH TPHTOHOM,
MMOCKOMBKY 3apsil 3THX YACTHL, TaKoH ke, KaK y mpoToHa. MiooH —
HecTabuiabHasl 4acTuiua, 3apsaj KOTOPOH paBeH 3apady 3JeKTPOHa.
On pacnagaetcsl Ha 3JeKTPOH H [ABa HEHTPHHO B CPelHEM 3a BpeMd
Kku3uu 2-10-% c. B Teuenue NpUMepHO TaKOro K€ BPeMEHH MOTYT
CYIECTBOBATH H MIOOHHBbIE MOJeKyJbl. Tak Kak Macca MiooHa B
207 pa3 GoJblue Macchl 3JIEKTPOHA, TO B TaKOe Ke YHCJIO pa3 MeHb-
llle, YeM Yy BOJOPOAA, W CPeJHEe PACCTOSHUE MEXAYy SIAPAMH MIOOH-
HOH MOJEKYyJbl, T. €. B MIOOHHOH MOJIEKYJe OHO COCTaBJfAer
0,07395: 207 = 3,67 10~* um =3,67- 10~ cm. Ecam sapamu cay-
XKaT NPOTOH U AEHTPOH, TO HA TAKOM PacCTOAHHH MeXAY HUMH MO-
XKeT NPOH30HTH silepHasi peakuus ¢ o6pasoBaHueM siapa “He n BH-
JeJeHHeM 3HepTHH =~ 5,4 MaB. CaenoBaTe/1bHO, MIOOHB MOTYT HI'PATh
pOJib Katasu3aTOPOB B YKa3aHHON sfAepHOH peaklUHH. AHajOrHuHYIO
poJib OHM MOTYT HIpaThb H B peaKUMAX AeHTepHs ¢ JefiTepHeM HJH
C TPUTHEM.

9. TlocTpoenue ya0BAETBOPUTELHOH KOJHUYECTBEHHON TEOPHHU TO-
MEONOJISIPHOM XHMHUYECKOH CBSI3H CJOMKHBIX MOJIEKYJ, H3-32 00Jb-
IIOr0 KOJIMYeCTBA 3/MEKTPOHOB B HUX, BCTpPeUaeT OUEHb GOJbIIHe
MaTeMaTHUeCKHe TpPYAHOCTH. Taxas Teopusa ewme nHe co3nana. flo-
9TOMY AJs1 OODIACHEHHS KAaueCTBEHHLIX OcO0eHHOCTeli XHMHUYECKOH

!
>
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CBSI3H TAKHX MOJIEKYJT B XUMHHU MOJb3YIOTCH MOAEJLHBIMH [IPe/ICTaB-
JIEHHSIMH, OCHOBAHHBIMH Ha paclpoCTPaHEHHH TEOPHH MOJEKYJbl
BOAOPOAA Ha cayuail CJIOXKHHIX MoJekysa. Ha atom Bonpoce Mbi
OCTaHaBJHBAThCS HE GYAEM.

- § 51. [lapaBonopon u oproBopopox

1. IlpoToHBl, KaK # 3J€KTPOHH, obaajnamT crouHoMm 1/2 (B eau-
uuuax f). llosaToMy nosHas BosHOBasi QYHKUHA CHCTEMBI, COCTOSI-
meh H3 ITHX YACTHI, AOJKHA OBITb aHTHCHMMETPHUHA OTHOCHTEJBHO
nepecTaHoBKH ABYX NpoTOHOB. CIHHOBBHIH MaTHUTHBLIE MOMEHT IpO-
TOHA npHMepHO B 657,50 pasa Mmenbe, yeM y 3aektpona. [Tostomy
eile ¢ 6OJLLUIMM OCHOBaHHEM, YeM AJA 3JeKTPOHOB, MOXKHO CKa3aTh,
4TO B MOJEKyJe BOJOPOAA MOJHAS NPOTOHHAs BOJHOBas (PYHKUUs
MOKeT ObITh NPEACTABJECHA B BH/Je MPOUIBENAEHHS MPOCTPAHCTBEIHOM
BOJIHOBO# (PYHKLUHN Ha CNHHOBY1O. TakHe e paccyxieHus, Kaxkue
OBLTH TIPOBeJeHbl /1S ABYX 3JEKTPOHOB, NOKa3bIBAIOT, UTO B MoJie-
KyJie BOJZOPOJAA MOTYT DeasiH30BaThCH TOJbKO CJAENYIOUIHE ABA CO-
CTOSIHHA:

1) CocrosiHue, B KOTOPOM CIHMHOBAS BOJHOBAaf (YHKUUS NPOTO-
HOB aHTHUCHMMETPHUHA, a CJel0BaTe/bHO, NPOCTPAHCTBEHHAS (DYHK-
1M CHMMeTpHyHa, B 3ToM ciyyae BOLOpOA Ha3biBaeTcsi AApagodo-
podonm. O6pa3Ho MOXKHO CKasaTb, 4YTO B MoJIeKyJe NapaBoAOpoia
CIIMHB MPOTOHOB aHTHIApaJlJiesbHBbI.

2) CocrosiHHe, B KOTOPOM CIIMHOBAs BOJIHOBafA (DYHKUMS NPOTO-
HOB CHMMETpPHYHA, a CJeJ0BaTeJbHO, NPOCTPAHCTBEHHAHd AHTHCHM-
metpnuna. Ha ofpa3uom s3blke 3TO O3HAUaeT, YTO B 3TOM CJaydae
CNHHBl NPOTOHOB MapaJiieibHB. Tako#l BOLODPOJ Ha3mBaercs opro-
8000podon.

Tak kak B MoJeKyJse BOJOPOAA SJEKTPOHHBlE CIHHBI BCeria
B3aUMHO KOMIIEHCHPYIOTCS, TO ee CIMH / 00yCJOBJEH TOJLKO CIH-
HaMmu sanep. Has mosekynasl napaBojopofa [ =0, aasi MOJeKyJbl
oproBofopona [ = 1.

B kauecTBe KOOpPAMHAT, XapaKTePH3YIOMHX HPOCTPAHCTBEHHYIO
BOJIHOBYIO (DYHKLHKIO ABYX NPOTOHOB, YAOOHO B3fIThb AE€KapPTOBHI KO-
OpPAMHATHL IEHTPa MAacc- MOJIEKYJH, PACCTOSIHHE MEeXAY sApaMu
(mporonamn) u jgBa yraa (YrJoBble KOODAHHATHE), ONpelessiouniue
HalpaBjeHue COefHHSIOWEHR ux npsiMoi. KoopAKRHATH UeHTpa mace
He MEeHSIOTCS IMPH NepecTaHOBKe NMPOTOHOB, OT HUX MOYKHO OTRJIEYUb-
cs. PaccrosHne MexnIy sApaMi TaK:Ke He MEHAETCA NpH HX mepe-
craHoBke. OHO MeHsIeTCs H3-3a KoJeOauui slep OTHOCHTENLHO RpPYT
Ipyra BJlO/b cOedHHsoOmed ux npamofi. JHepruas, notpebHas A/
BO30YK/ACHHA TAaKHX KonebGaHu#, I0BOJLHO BeJHKa (B TeMmnepa-
TYpHOH LIKaJe efl COOTBETCTBYIOT THICSUH Ke/bBHHOB). Mubl Gynem
TNpe/noJaraTh, 4T0 OTHOCHTeJbHbBe KOoneGaHHS flJep He BO3OYXK-
nennl (HyJeBLie KoneGaHus, KOHEUKEO, ocTatoTes). Mensiiores Toanxo
VIJIOBblE KOOPAHHATHI, T. €. B030yKAeHbl BpallleHus monekyJas. Ile-
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PEeCTAaHOBKA NPOTOHOW IKBHBANEHTHA NOBOPOTY MoJeKyan Ha 180°
BOKpYr ee ueHTpa Macc. CJsejoBaTesbHO, B cJydae NapaBoaopoaa
NpH T4KOM I[I0BOPOTE NPOCTPAHCTBEHHAsl BOJIHOBasi (PYHKIMS Mpo-
TOHOB He MeHseTCs, a B CJydae OpPTOBOAOPOAa MeHseT 3HakK. M3
SIBHOTO BHIPAMKEHUS YrjioBo# BOJIHOBO# (YHKIMH [POTOHOB (KOTO-
poe MBI He TNDHBOAHM) BHAHO, YTO B CJydYae MNapaBojopoja 3TO
umeer Mecto npu L=0, 2, 4, ..., a B cJyyae OpTOBOJOpPOAA IIPH
L=1,3,5, ..., rie L —KBaHTOBOe YHCJO, ONpeJeJAIONEe KBAM-
paTt opOUTAJLHOrO YrJIOBOTO MOMEHTA MOJEKYJH [IPH €€ BpalleHWH.
Takum o6pa3oM, BpallaTeabHble YPOBHH [apaBojopoja XapaKTepH-
3YIOTCSl YeTHbiMU, 3 OPTOBOAOPO/A — HEYEeTHbIMU KBAHTOBBIMH YPOB-
HAMH. OTCl0oja BHAHO, 4TO Hanbosee riy6oKHHA HepreTHYeCKHH ypo-
BeHb MOJIEKYJibl NApaBOAOPOJA JEXKHT HWXKE COOTBETCTBYIOLLETO
YPOBHS MOJiEKYJibl OPTOBOAOPO/A.

2. Jlis mpeBpalleHHsl NapaBoJOpoja B OPTOBOAOPOL HJIH 00-
patHO TpebyeTCsl MepeOpHEHTHPOBAThL CNHHB saep. OaHako OJaro-
naps ca1aboMy B3aHMOAEHCTBHIO CIIHHOBLIX MAarHHTHBIX MOMEHTOB
silep TakoH NmpolLecc NpH CTOJKHOBeHHSIX MOJeKyJ BOAOpPOAA Kpaliue
MaJjoBepositeH. IIpH OOBIYHBIX YCJOBHSIX NapaBoA0POA MPAKTHYECKH
He MepeXOJHT B OPTOBOJAOPOA # 06paTHO. DTO 03HAUYAET, YTO KBaH-
TOBble MepeXxoldbl B MOJeKyJsie BOAOPOAA MOAHYHHAIOTCS XOTS H He
aGCoNIIOTHO CTPOTOMY, HO HPaKTHYECKH CTPOrOMYy MpaBHay oTbopa

Al =0, , (51.1)
H3 KOTOpPOro c.neﬂye"r
AL= +2. (51.2)

3HauuT, nepexodvl MO2YT OCYUWECTBAATHCA TOALKO MeNcOy HeTHuimu
UAU TOABKO MEJNOY HEYETHbIMU 8PAUATEAbHBIMU KBAHTO8bIMU CO-
croanuamuy. Ecan coiepxanne napa- H OpTOBOAOPOAA B rase pas-
HOe, TO 3TO NPOABJAETCS B 3aKOHOMEPHOM UYepeJOBAHHH HHTEHCHB-
HOCTeH CHeKTpPaJbHbLIX JHHHE BO BpallaTeJbHOM ([IOJIOCATOM)
CHeKTpe MOJIEKYJSAPHOFO BOJOPOA.

Wrak, o0bluHbIH MOJIGKYJISIDHBIH BOAOpOJ BeleT cefs Kak CMechb
JBYX ra3oB, 00/1aJal0LHX HECKOJbKO OTJAHYAIOUIHMMHUCH CBOHCTBaMU.
Tak xak Haubojee rny0oKoe BpamaTesnbHoe cocrosigne (L =0)
ecTh MapacocTosHHe, TO YCTOHUHBOH paBHOBECHOH Moau(puKanUeH
NpH HUM3KHX TeMIepaTtypax sBJfeTcs mapaBojopod. Yxke npu 20 K
BOJOPOJ B PABHOBECHOM COCTOSHHH SIBJSIETCS NPAKTHUECKH UHCTHIM
napapofopogom. OfHako NPOCTOe OXJa)/JeHue 10 3TOH Temmepa-
Typbl H€ MNDHUBOAHT K paBHOBeCHIO. PaBHOBeCHOr0 COCTOSHHS BCE
JKeé MOXKHO [JOCTHYb € MOMOILIbIO KaTaJu3aTopoB (Hampumep, Ae-
copbuueil ¢ yras npeaBapuTeJbHO aAcopOHpPOBAHHOTO UM BOJO-
pora). dror npouecc, nposoauMeiii npu 20 K, naeT BO3MOKHOCTH
NOJYYHTb NPaKTHYECKH YHCTHIH napasegopod. IlapaBomopoa odeHb
YCTOMYHB B MOXKET XPAHHThCA B UHCTHIX CTEKJSHHBHIX COCyLax He-
CKOJIbKO HeJeJib.
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C NOBBbIILEHHEM TeMIepaTyphl COOTHOLIEHHE IIapa- B OPTOBOLO-
pola B paBHOBECHOM COCTOSIHHHM H3MeHsieTcsd, Tak Kak napaBoJo-
POLY COOTBETCTBYET TOJBKO OJHO BpalllaTes]bHOe KBAHTOBOE COCTOA-
Hue (/=0), a OpTOBOJOPOA MOXKET CYLIeCTBOBATH B Tpex
cocTogHusiXx (co cnuHaMu —1, 0, 4+1), To cTaTHCTHYECKHE BECa 3THX
cocTossHnfl oTHocATest Kak 1:3. [Ipu BEICOKHX TeMNlepatypax (mpak-
THuecku yxke npu 300 K) BausHue sKcHoHeHuHaapHOro 6oJblMa-
HOBCKOI'O MHOMHTeJS [ePecTaeT CKasblBaTbCH, TAK YTO OTHOCHTEJb-
HOe CcojiepaHHe napa- H OPTOBOJAOPOJAAa B pABHOBECHOH cMecH
CTaHOBHTCH paBubiM 1:3. ITlapaBogopoa npespauiaetcs B OpTOBO-
AOPOA B NPHCYTCTBHH KaTa/JH3aTOPOB (HaNpuMep, MJIATHHHPOBAH-
Horo acfecra) NpH TeMnepaType B HECKOJBKO COT rpanycos llesib-
CHfl WJH B 3JIeKTpHueckoM paspsae. Ho Tax Kak He CyliecTByeT
TEMIEpPATYpHl, NPH KOTOPOH pPABHOBECHOE COCTOSIHHE COOTBETCTBO-
BaJo OBl YHCTOMY OPTOBOJIOPOJLY, TO MOJYUYHTH YHCTHIE OPTOBOJIOPOJ]
HEBO3MOKHO, HHXKHHM TpefesoM BO3MOXKHOIO COAEpXKAaHUSA mnapa-
BOJIOpOAA B paBHOBecHOH cMecu smJasietcs 25 %, kak 310 cienyer
H3 OTHOLIEHHs CTAaTHCTHYECKNX BECOB llapa- H OPTOBOJOPOJA.

3. Ilpu moHuKeHHH TeMIepaTypbl, HAYHHARA OT KOMHATHOMH, Tell-
JIOEMKOCTb ra3006pa3HOro MOJIEKYJSPHOTO BOJAOPO/AA YMEHbIUAETCH.
[1pu KomHaTHOH TeMmmepaType MOJsIpHAd TEINJOEMKOCTb BOAOPOAA
COCTaBJIsIET KJaccHueckoe 3HauyeHue Cy =35/,R W cTpeMuTcs NpH
NOHHXKEHHH TeMIepaTypbl TaKKe K KJACCHUECKOMY 3HaYeHHIO
Cv=3/2R (cm. 1. II, § 85). Takoe yMmeHbllIEHHe TEMIOEMKOCTH
CBSI3AHO C yMEHbIIEHHEM BKJaJa B TEIJOEMKOCTb, KOTOPHIH BHOCAT
BpauleHus MoJekyJd. OIHAKO MOJHOFO KOJHYECTBEHHOrO COIVIACHSA
TEOPHH C ONBITOM YJaJoCh JOCTHTHYTH TOJIBKO IocJe ydyeTa TOTO
06CTOATENLCTBA, YTO BOJAOPOJ SIBJIAETCSH CMEChIO apa- H OpPTOBOMO-
poia. TemnsoeMKOCTH KOMIOHEHTOB 3TOH CMeCH pasJiHuHbBl H3-3a
TOrO, YTO BpallaTeJbHble YPOBHH OPTOBOJAOPOAA CABHHYTH BBEDX
OTHOCHTEJILHO BpalllaTe/JbHLIX YpOBHeH mapaBofopoja. PaBHoBecHoe
COOTHOLIEHHEe MeXKAy Napa- W OpPTOBOJAOPOAOM AOCTHraeTCsl 3a JJIH-
TeJbHOE BpeMsl — OueHb GOJbIIOE MO CPaBHEHHIO C BpeMeHeM Ha-
rpeBaHHs WJIH OXJaxK/JeHus rasa, Kotopoe tpebyerca /s H3Mepe-
HHS €r0 TeoeMKOCTH. [103TOMYy B HepaBHOBECHOM COCTOSIHHH Teli-
JIOEMKOCTb ra3000pa3Horo Boaopoda OyAeT 3aBHCeTh OT OTHOCH-
TeJbHOTO COJAEp:KaHHs B HEM Hapa- H opToBojaopoaa. Ecan ke He-
PaBHOBECHYIO CMeCh HA JIINTEJIbHOE BpeMd IpeJOCTaBHTb caMmy cebe,
TO €€ COCTaB CO BpeMeHeM Oy/JeT MeHAThCcA. B COOTBETCTBHH C 3THM
U TEMJIOEMKOCTh CMecH OyAeT MeAJIeHHO MEHSITbCS BO BpeMeHH.

§ 52. MoaekynsapHbie CHJbI

1. Cunul B3aUMO,IeHCTBUSA MOJIEKYJl U ATOMOB CBOAATCA K KYJO-
HOBCKOMY [OPHTSIKEHHIO H OTTAJKHBAHUIO NOJOXKHTEJBHO 3apsKeH-
HHX aTOMHBIX slA€p H OTpHUATEJbHBIX 3JICKTPOHOB. K HHM OTHO-
CATCA, BO-NIE€PBLIX, XUMUHeCKUe WIN BAAEHTHbIE CUAbL, PACCMOTpPEH-



§ 52 MOJIEKYJISPHBIE CUJIBI 333

noie B § 50. OtH cuasl gefictByoT Ha 6au3KuX paccrosuusx. OHH
CBS3aHBl C [POTMBONOJOMXHON OpHeHTallHell COHHOB ATOMHBIX SiAep
H OINpeJeJsilOTC CTeNeHbI0 NEePEeKPBHITHA 3JIEKTPOHHBIX BOJHOBLIX
(YHKIHE B3aUMOAEHCTBYIOILHX aTOMOB. TaK Kak 3JeKTPOHHAS NMJAOT-
HOCThL YyObIBA€T 3KCIOHEHLHAJbHO C YBeJHYEHHEM paCCTOSIHHS OT
IeHTpa aTOMa, TO ¥ XHMHYECKHE CHJIBl YOBIBAIOT SKCIOHEHI(HAJbHO
C BO3pacTaHHeM pacCTOSIHHSI MexjJy aToMamu. B 3toM maparpade
NpeAnoJaaraeTcs, YTO aTOMbl H MOJIEKYJbl XHMHYECKH HE Pearupylor,
T4K 4TO XHMHUECKHE CUJbl MEXKAY HHMH He JeHCTBYIOT.

Bo-BTOpBLIX, K MOJEKYJSPHBIM CHJAM OTHOCSTCSl KOpPOTKOOEU-
cT8YOujUe CUAbl OTTAAKUBAHUA, BO3HUKAIOIIHE NDH MPOHUKHOBE-
HHH 3JIEKTPOHHBIX 000JIOUEK B3aMMOAEHCTBYIOUIMX YACTHI, NPH HX
cOnHxenuu. Takne CHJBI TaK:Ke 3KCHOHEHIHAJBHO YOLIBAIOT € pac-
CTOSIHHEM MEKJY B3aUMOJEHCTBYIONIUMH UYacCTHLAMH U [IPUTOM
o4YeHb GbICTPO. DTO MO3BOJISET B KHHETHUECKOH TEOPHH Ta30B NOJb-
30BaTLCH YIPOLLCHHOH MOJeJbl0 MOJEKYJ H aTOMOB, 3aMeHsis HX
TBEPABLIMH YOPYTHMH IIapaMH, NPH CTOJKHOBEHHH KOTODBIX pa3BH-
BaOTCSl OECKOHEUHO OOJbUINE CHJBl OTTAJKHBAHHS.

B-TpeTbux, Mex Ay HeHTPaJbHLIMH aTOMaMH H MOJIEKyJaMu Jefi-
CTBYIOT ellle CHJAb NpHTAxeHHA. OHH yOBIBAlOT C pacCTOsHUEM He
N0 3KCIOHEHIMAJbHOMY, 4 0 CTeeHHOMY 3aKOHY, T. €. 3HAYHTEJb-
HO Gojiee MeAJeHHO. B oTsuuve OT KODOTKOAEHCTBYIOUIHX CHJI, HX
MOKHO ObLIO OB HAa3BATH 0AALHOOECUCTBYOW UMY, DTH CHJIBI BO3HH-
KalOT NpPH B3aHUMOAEHCTBUH 3JIEKTPUUECKHX JHIOJbHBIX MOMEHTOB
ATOMOB U MOJIEKYJl HJH BooOIllle NpH AedOopMalMid HX 3JeKTPOHHBIX
o6ogouek. Ecau MoJeKy bl NOJSPHBIE, T. €. 00Ja4a0T NOCTOSIHHBIMH
JUNOOJBHBEIMH MOMEHTaMH, TO HaJjuuue TAKOTO B3aHMOJEHCTBHS NO-
HATHO. OJIHAKO B3aUMOJEeHCTBUE CYIIECTBYET, H Jaxe, KaK NpaBHJo,
NPEBOCXOAUT B3aHUMOAEHCTBHE MOJSPHBIX MOJEKYJ, KOTJAA TNOCTOSH-
HBIMH JHIOJbHBIMH MOMEHTAMH MOJEKyJab He o0JjajaloT. B atom
ciyuae CHJBI HasBIBAIOTCA cuaamu Ban-Oep-Baasvca uau ducnep-
CUOHHBIMIL CUAAMU.

OTkyaa e MNXKeT BO3HHKHYTb JAHIOJbHOE B3aUMOJeHCTBHE,
€CJIM y MOJIEKYJ HeT AHIOJbHBIX MOMeHTOB? [les0 B TOM, 4TO Y BO3-
OYy:KJEeHHBIX MOJIEKYJ H aTOMOB JAHMNOJbHbIE MOMEHTBHI {IOSBJSIOTCH,
XOTsl OHM H MeHSIIOTcl BO BpeMeHH. Ho ecqau MoJeky/na ujiu aTom
He B036y»K/IeHbl, TO C TOUKH 3PeHHs KJACCHUECKHX IpeiCcTaBJeHHH
JIHTIOJILHBIX MOMEHTOB y HHX He J0JKHO OHThb. He Tak o6crout aeno
C TOYKM 3peHHs] KBAaHTOBOH MexaHHKH. OHA B COTJIACUH C ONBITOM
yTBEpPXKAaeT, YTO y HeBO3OyXK/JAeHHLIX aTOMa HJH MOJEKYJbl eCTb
HyJleBasl 3HEePTHs, KOTOPOH COOTBETCTBYIOT BECbMa OKHBJIEHHDLIE HY-
JgeBble KojebaHug. C HaauuueM HYJeBHIX KoJeGaHHH M CBA3aHO
npoucxoxjaeHue cua Ban-mep-Baaanca. Hysesbie koaeGanua He
CBSI3aHB C TeIJIOBBIM /BHIKCHHEM, T. €, He 3aBHCAT OT TeMIle-
patypsl. [lostoMy u cunbl Ban-gep-Baannca He A0MKHLI 3aBH-
ceTh OT Temneparypel. ONBIT 1n0Ka3elBaeT, UTO 3TO JAEHCTBHTECJb-
HO TakK.
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2. Posib HyJeBLIX KoJsieGaHMii B NPOUCXOXKAEHHH CHJ Ban-aep-
BaaJsnca ¥ KBAaHTOBYIO NPHPOAY STHX CHJ MPOULE BCETO YACHHTH HE
Ha peaJsibHBIX aTOMax, @ Ha HJea/M3MPOBAHHBIX MOJIEJsAX HX. Dyrem
MO/IeJHPOBATh KaiKAbil M3 ONMHAKOBLIX B3aMMOAeHCTBYIOUHX aToO-
MOB OJHOMEDHBIM TapMOHHYECKHM OCLHJJISITOPOM C Maccod u H
coOCTBEHHOR uacToTOH KojeGaHuMB wp. Dynem mnpeamosaraTe, 4TO
KOJIeGaHHA COBEPLIAIOTCA BAOJb NPAMOH, COCIMHSIOLIEH OCLHMJIS-
TopH. Ilpu OTKJIOHEHHH M3 TOJIOKEHHH paBHOBECHS Ha x| H Xp
OCHHJ/IJISTOPE! NOJIYYaT NOTeHIHA/bHbie SHEPruH '/ouelt? u /neisd,
Ipy 5ToM y HUX NOABSITCS AUNOJbHEIE MOMEHTH Py == €X) H Py = Xy,
[lorenuuanbHasi sHepruss B3aWMOJEHCTBHsI 3THX JHUNOJEd paBHA
—p1p2/R® == —e%x1x3/R%, rie R -— paccTosiHMe MeXJAy OCHHJLISATO-
paMu. B cOOTBETCTBHH C 5THM TFaMHJbTOHHaH CHCTEMBI paccMaTpH-
BaeMbIX ABYX CBsI3aHHBIX OCLHJJISTOPOB [PEACTABHTCS BHIpaXkKeHHEM

CH=T,+T,+ pod (£ + £2) — Ax x,, (52.1)

rie A=¢e*/R% a T, m Ty—onepaTopbl KHHETHYECKHX 3Hepruii
OCLUJIISITOPOB, T. €.
ﬁ2 62 ~ ﬁZ 62

2z =— 52.2
2u dxf Iy 2n dxg ( )

T] = —

BMecTo x; M x; BBelleM TaK HasblBaeMble HOpMaAbHble KOOPOU-

HATbL ¢ M gz CHCTEMBbl CBS3aHHBIX OCLMJIJISTOPOB, ONpeleJsiseMble
dbopmyaamMu

1 1 '
m=7§m+w«n=v§@—@- (52.3)
Torna
o0 _ 0% 0x y 09 0 1 (0% ﬂz_)
g, 0xy dql Ox, 04, A2 \ax, 0xy
H JaJjiee
%y 1 (0% o *p
Gl JPLY 9 ,
o3 2 (axf 0x, 0x, T axg)
aQuJ =~1_ 6211) _ 2 62¢ aZuJ
g5 2 (ax‘f 0x, 0%, ax25
Orcrona
C 4O 9 (52.4)
aqt dq3 6x2 6x2 '

HJIH HOTEHLLHaJleOﬁ 9HEPTrHHu noJjydyaeMm

1 2 (42 2y — 1 2 1

/2“'(00 (x] + xg) - /2“'(01‘]1 /lemng'
3ﬂ60b BBE€JEHLI 0603HaYeHuns
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TakuM 0Gpa3soM, raMuJbTOHHAH CHCTEMbi CBA3aHHBIX OCLHJJISA-
TOPOB MOXeT OblTb NpeldCTaBJeH B BUAE

H=H+H, (52.6)

-~ hz 62 K2 02
H1="——+ , herdr, Hv=—;;;a

s+ wolgd (52.7)

D10 3HAYHT, 4TO KoJjebaHHe CHCTEMBI B O6UIeM C/aydae [OaydaeTcs
Cyneprno3niied rapMOHHYeCKHX KoJeGaHHH C 4YacTOTaMH ®; H .
[ToHsITHO, 4TO B TOYHOCTH. TAKOe e YTBEpKACHHe IoJydaeTcs H
B KJuaccHuecko# Mexaunuke. KoseGaHHMS ¢ 4aCTOTaMH ®; H 9 Ha3bl-
BAICTCsl HOPMAALHOLAIU KOACOAHUAMU DPACCMATPHBAEMOI CHCTEMBI.
[lenecoo6pa3HoCTh BBeJEHHSI HOPMAJbHBIX KOOPAHHAT 00YCJOBJEHA
TeM, 4TO B 3THX KOOpAHHATaX 3aJaua O KOJeOGaHHUsIX CBs3aHHOH
CHCTEMEBl CBOJLHTCH K 327aYaM O KOJeOaHHSX HABYX HE3QGUCUMbLY
OCHHJAATOPOB ¢ PA3HBIMH YaCTOTAMHY @) U Og.

3. HauMenpmiass uiau HysneBass 3HepPTHA CHCTEMBl [MOJYUYHTCS
TOrjla, KOrAa KaJAbli H3 OCHHJIJNATOPOB COBepLIAET HYJEBBIE KO-
JebGanna co CBOeH 4acTOTOH. DTa HyJeBas 3HEPTrHA CHCTEMBl paBHA

o= (01 + o) (52.8)

YacToTel ®; H g 33BUCAT OT pacCTOSAHHS R MeXAy OCIHHJIJAATO-
pamu. Ecin R 10CTaTO4HO BeJHKO, TO

0= 1———&«1/2'\'0) ——-—Z”—— A
! 0( umﬁ) 0 ( 2p.m0 8u2m8)’

1+ " 1+ A
=® —_— .
0 ( ) ( 2110)0 8u2033)

Taxum o6pasoM,

2 4
g():ﬁ(l)o'—j%_é':h&)o— 23 96’ (529)
81wy 8u‘wg R

T. €. HyJeBasl 3HePrusl CHCTEMB CBA3aHHBIX OCUHMJJATOPOB siBASET-
¢l QyHKUHeH PacCTOSIHMA R MexxAy HHMH, a TOTOMYy OHa HrpacT
poJL NOTEHLHAJNbHON 3HEPruH B3aHMOACHCTBHS HX. BesauuwHa %o
HMEET CMEICT HYJeBOH HEepruu OCUMJIATOPOB MPH OTCYTCTBHH CBS-
31 Mexay HHMH. OT6pacbiBasi 3Ty HeCyMeCTBEHHYK aJIHTHBHYIO
IOCTOsIHHY10, A/l MOTeHUMANbHOH 3HePTHH MOXKHO HamHcaThb

. et 1
UR=— —5——. (52.10)
splo] R®
Ona oTpuiiaTe/bHa, a NOTOMY B3aHMOAEHCTBHE MEKAY OCUHJJIATO-
paMu HOCHT x.apaI{Tep NPUATAXKEHHUA H NIPUTOM HE3aBHCHUMO OT TOTO,
B Kakux $azax KoaebaoTcss ocuuaasitopsl. COOTBETCTBYIOUIHE CHIE
npuTsizkeHus ¥ 6yAyT cuiamu Ban-nep-Baassca ana Hammux ujaea-
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JIH3HPOBAHHBIX aTOMOB. KBaHTOBasi mpHpOAA 3THX CHJ BHAHA YiKe
u3 Toro, yro B ¢opmyay (52.10) B xauecTBe MHOIKHTEJS BXOAHT
nocrosinuas [liauka fil).

Ecisin aunoNbHEIE MOMEHTH OCHHJJATOPOB B3aHUMHO TEPIEHAUKY-
JADHBI, TO NMOTEHUHAJbHAS BSHEPTHS [HIOJbHOTO B3aHMOAEHCTBHS

PABHA HYJIO, H CHJB TPHTIKEHHS
@) @ @ @ @ HE BO3HHKAIOT. EcJH e OHH Ha-

npapJjeHsl MOJA YrJaoM APYr K Apy-

Ty, TO HX MOIKHO pa3JIOXKHTb Ha
5 @ @ @ @ cocTaBsIolIHe BLOJL NPSMOH, co-

CAUHSOUE! OCHMJJIATOPH, H Hep-
NeHAUKYASPHO K HeH, TaK uTO H B
3TOM cCJyuae BO3HHKaeT MOpPUTHA-
KeHHe.

4. ®opmyay (52.10) moxkuo npeobpaszoBaTh, BBEAs B Hee MOJfA-
pH3YeMOCTh 3 aToMa B IOCTOSIHHOM 3JIEKTPHYECKOM noJse no ¢op-
MyJe p = ex = PE. Tak Kak B CJyyae rapMOHHYECKOro OCLHJJIA-
TOpa CuJa, ACHCTBYIOlWlasi HA 3apsl e, PaBHA WU®ZX, TO OpPH paB-
HOBeCHH pojx = eE =ex/f, otkyna e*/(pof)=f. OIra Qopmysa
noJlyueHa 37ech KJacCHYeCKH, HO OHA MOKeT OBITb HalJeHa TaKke
M3 JIHCIepcHOHHON (opMysbl KBaHTOBoH MexaHHKH. ([loaTomy-TO
cuant  Ban-gep-Baanbca W Ha3wpBalOT TaKike JHCIEPCHOHHBIMH.)
B pesyabraTe nosyuaercs

U(R)z—ﬁg—z—,;—ﬁ, (52.11)

Puc. 93

rje g == i — PasHOCTh MeXKAY COCeJHHMH 3HEPreTHUECKHMH YPOB-
HSIMH T4 PMOHHUECKOTO OCHHJLISITOPA.

Pesyanrar (52.11) cyllecTBEHHO He MeHsIeTCA H AJd PeasbHBIX
aToMOB. B 3TOM cJyuae BO BTOPOM NpHOJHIKEHHH TEODHH BO3MYlle-
HHll KBAHTOBAs MEXaHHKa Jaer

) Tlputakenue ABJSIETCs CJAeJCTBHEM TOTO, UTO AHMOMbHOE B3auMOIeficTBHe
OCLHJIIATOPOB yMeHbilaeT HX OGILYI0 HY/IEBYIO 3Hepruio. ITO MOXHO /10Ka3aThb
u He npuberas X pa3JoWCHHIO YAaCTOT @1 H ®g B CTeleHHble paabl. JelicTBUTEMbHO,
3 (52.5) mosyuaem

2 2__ 92
0] + 0 =20,

IMTosTomy, paccMarpiBas KBaapaTHl YaCTOT KaK CTOPOHBI MPAMOYTONLHHKA M KBaj-
. . 2 4
paTa, Ha OCHOBAHWM H3BECTHOH I'eOMETPHUYECKOH TeopeMBl HAaXONHM 0j0; < ©)

HIH @00y < coé. 3HauuT,
2+ 20,0, + 2 < 40k c0+c0)2<4m2
@ @0y T Oy o R (0 2 »
(D]+(Df;<2(1)n,

Ak YCTAuQBJACHHIO ﬂOCJIe/lH(:‘IO HEpABCHCTBA M CBOJAHTCA /(OKa3bIBae€MOC yTBep-
XKACHHE,
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rje |/ — 3Heprus MOHM3ALUK aTOMA, & R — YHCHEHHBIH K032h(UIHEHT
MOpsAAKa e 1HHHIBI.

B 3akjaioueHue [OSICHHM C JAPYrofl TOUKH 3peHHus, [oueMy MAH-
[I0JbHOE B3aHMOJEHCTBHE MOJEKYJ IPHBOJAHT K HPUTAMKEHHIO Me-
®ay Humu. [lpuTsikenve Hab/al0AaeTcs TOrja, KOrAa MOJEKYJBI
obpallleHs APYr K APYrY pasHOUMeHHLIMH 3apsafamu (puc. 93,a),
OTTaJKHBAaHHe — KOTAa OAHOHMeHHHIMH (puc. 93,6). B mnepsom
[OJIOXKEHUH NOTEHIIHAJbHAS SHEPTHs B3aHMOJEHCTBHS MOJIEKYJ, 3a-
BHCALAas% OT #“X B3aUMHON OpPHUEHTALMH, MHHUMAJLHA, BO BTOPOM
MakcHMaJjibHa. [lepBOMY 1OJIOXKEHHIO COOTEBETCTBYET YCTOHUHBOE
paBHOBecHe, BTOpoMy — HeycToHunBoe. CorsacHo dopmyse Boabu-
MaHa MpH TepPMOAMHAMHUECKOM DaBHOBECHH, HAIpHUMep rasa, mep-
poc MoJoXKeHHe Gojiee, a BTOPOe MeHee BepoATHO. B mepBoM mno-
JOXMEHHH MOJIEKYJbl NPOBOAAT O60Jblllee BpeMs, 4yeM BO BTODPOM.
PeayabTupyouuM 3hHeKTOM B3aHMOAEHCTBHS Oy/AeT NPUTSIKEHHE,
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§ 53. BoaMoxHble COCTOAHHS YAacTHHH B OrpaHHYeHHOM oGbeme

1. B § 82 1. II Oblin H3/10:KeHH OCHOBEI KBAHTOBHIX CTATHCTHK
bose — Difiniureitna 1 ®epmu — Inpaka aas HAeaJbHOTO Trasa.
Buiu nosiyueHbl BbipaXKeHHs AJISl CPeHero 4HCJa YacTHIL B OJHOM
KBAHTOBOM COCTOSIHMM NpH 3ajaHHoi Temnepatype T. Oamako urd
9TO 3a COCTOSIHMS, KOTOpLle MOMKEeT NPUHHMATh YacTHIE, U KaKOBO
HX YHCJIO B 33JAaHHOM HHTepBaJe 3Hepruft — 06 3TOM MO H3JIOXKEHHS
OCHOB KBAHTOBOH MeXaHHKH, €CTeCTBEHHO, HHUYEro He MOIJIO OLITh
cka3aHo. Teneps MBIl DELIHM 3TOT BONpPOC AJs MPOH3BOJBbHOH Hepe-
JIATHBHCTCKOH 4acTHLB!, NOLOOHO TOMY KakK OH OBL1 peileH Aad (Ho-
ToHa (cm. 1. IV, § 117):

[Mycte wacTHna HaxXoAHTCS BHYTPH COCYAa, KOTOPHH AJst 1pO-
CTOTHI BHIUHCJIEHHH OyjneM CcUHTATh KySOM CO CTOPOHOM L ¢ Henpo-
HUIaeMBIMH cTeHkaMu, CTeHKa INpeAcTaBJ/sieT cOfOH MOTeHIHaJb-
Hblfl 6apbep: BHYTPH COCYAa NOTEHUHAJbHAS 3HEPrusl 4acTHIBl MO~
CTOSIHHA ¥ MNPHHHMAaeTcd paBHOW HYJIO, a NPH NpUOJHKEHHH K
CTeHKE HeOTpaHHUYEeAHN Bo3pacraeT 710 OeCKOHEUHOCTH, OCTaBasiCh
TakoBofl Npu mepexoie 4epe3 cTeHKY. TakHe NpPeANOJIOKEHHS OTHO-
CUTEJILIIO NOTEHLHAJILHOTO Haprepa HenOX0AHMO BBECTH, YTOOH MOJ-
HOCTBIO HCKJIOUHTb BO3MOMXKHOCTbL BLIXOJa YAaCTHUBI H3 cocyaa (CM.
§§ 24 u 28).

Cnayasa GyaeM lipeAllofaraTh, YTO YacTHla He o6Jajaer ciu-
noM. CTalHOHApHOE COCTOSIHHE TAKOH YacTHLB BHYTPH COCYAa OMH-
ChbiBaeTCsl BOJIHOBGOH (YHKUHMEH P, YAOBJAETBOPAIOINEH yPaBHEHHIO

lilpeaunrepa
Vi 4 k*h =0, (53.1)

B = 2u& /1 = p¥ht. (53.2)

Ha crenrax cocyna ¢yakuus | R0JKHA 06paIlaThCst B HYJb, YTOGH
yacTHlla e MOTJa BBIATH 13 cocyaa.

YacrtHoe peliteHHe ypaBueHus: (53.1) MOKHO HaliTH MeTOJOM pas-
LeJeHHs TepeMeHHbx, noaaras § = $.{(x) P, (¥)P.(2), Tax uto

Vi =] (x) P, (4) %, (&) + b, () by (D ¥, (2) + P, ()b, (9] (2).

IMoactaBuB 2TO 3Hayenne B ypaBHeHue (53.1) u pasjaesnnn ero Ha
b, NOJTYUUM

rape

b (%) b, (),
e e w(y) o+ @
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DTO ypaBHEHHE AOJIKHO BBITIOJHSITHCS, KAKOBbl Obl HH OLIJIM 3Haue-
HUS X, y, z. [lepBoe ciaraemoe ecTb (QYHKIHSI TOJLKO X, & HOTOMY
OHO He 3aBHCHT OT TOro, KaKHe 3HaueHHd HMelT y U z. Ecan ¢uk-
CHpOBATh y M z, TO NMOCJeAHE BA ClaraeMblX B JIEBOH YaCTH ypaB-
HEHHs CTAHYT NOCTOSHHBIMH, Ho rtoraa 6yierT mOCTOSHHBIM H mep-
Boe cjaraemoe P (x)/p, (x). Takoe e paccyXAeHHe MOXXHO NpoO-
BECTH M B OTHOILEHHH OCTAJbHBIX ABYX cJaraeMbiXx. Takum o6pasom,
JNOJIXKHBLI BBITIOJIHSATBCS YPaBHEHHS

L P ¢ P
e M vy (y) —k, e Tk, (53.3)
TAe Ry, ky, k: — NOCTOSIHHBIE, YAOBJIETBOPSIOILIHE COOTHOLUEHHIO
R A R =k - (53.4)

Bce 3TH NOCTOSIHHBIE MOJI2KHBI GBLITH TOJOMXHTEJbHBIMH; B NPOTHB-
HOM CJlydae HeJb3s YAOBJETBOPHTb IDAHUYHBIM YCJIOBHAM, KakK 3TO
6ynet AcHo M3 Aajbheifimero. OflLiee peuleHHe NepBOro ypaBHEHMs
{53.3) nmeer BuA

VP, {x)=a sin kxx'-}- bcosk,x.

TlocrosHHas b AOMKHA DAaBHATHCA HYJIO, TaK KaK B CHJIY rpaHuy-
Horo ycjoBus VP.(0)==b=10. 'pannuHOe e yCcJOBHe HA CTeHKe

== [ paer . (L)=asink.L =0, Tak uro sink.L = 0. Anaso-
rMYHble COOTHOUIEHHS HUMeEIOT MecTo U Aad ky,, k. CienosaTesibHO,

kx=%nx, ky={—ny, k= T, (53.5)

THE ny, Ny, N~ UeJLie uHcdaa: ny, ny, nz=1,2,3, ... (oTpunare/n-
Hble 3HAYeHHs] HUX He MNPHUBOMAST K HOBBIM JIHHEHHO HE3aBHCHMBIM
pelleHHsiM, a8 3HAYEHHSA Ny ==H, ==H;==0 AaI0T TpPUBHAJbLHBE pe-
meHus Pr =0, P, =0, $. =0 u, caenobatenpHo, P = 0).
TakuM o6pa3oM, moJayyaeTcsl 4YacCTHOE pelleHHe YpaBHEHHS
(53.1)
P = sin k,x sin kyy sin k,z, (53.6)

ofpamalolieecs B HyJb Ha cTeHKax cocyxza. CoOOTBeTCTBYIOILAA
BOJIHOBasl (PYHKLHS, 3aBUCALladg OT BPEMEHH, NpeACTaBasieT coOo#
crosuylo BosaHy. Cymepmo3uuusl TaKHX CTOAYHX BOJH C HOCTOSIH-
HBIMH aMIIHTylaMu d OyaerT OGILHMM BHIpPAKEHUEM [AJs BOJHOBOH
dhyHKUHE BHYTPpH cocyla. Kaxk[ol 1poHKe HeJHX UYHCeN Hx, My, M.
COOTBETCTBYET OJlHA CTOSUas BOJIHA, T. €. OAHO CTAallMOHAPHOE KBaH-
TOBOE COCTOSIHHE YaCTHIHL. .

2. Urobbl Ha#TH uyucao dZ(k) cralHOHADHBIX COCTOSIHMH B WH-
TepBaJje BOJHOBBIX 4Hcesa OT k no k- dk, BooBpasuMm mpocTpaH-
CTBEHHYI KyOHUECKYI0 pelleTKy, fAuefiKM KOTOPOH sABJAIOTCS Ky6u-
Kamn co ctopoHo#t n/L n obvemoM md/L3. Torpa umcao dZ(k) Oy-
IeT pPaBHO YHCJY Y3JIOB B 3a3cpe MOJIOXKHTEJbHOrO OKTaHTa TaKoH
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pelleTKH, KOTOpLIN 3aKJIYeH MexAy cdepaMu ¢ paauycaMu k£ H
k- dk, T.e. oTHOLIeHHIO 06beMa TAKOI'O 3a30pa K 00HEMY siuelKH:

1 4nkidk _ VE dk
8 m3/L®T T 2m%

dzZ (k)= (53.7)
rae V= L3%--o06meM cocyaa.

Hansa snexTpoHOB (M BOOGLIE uyacTull cO cnuHOM 1/2) BHpake-
HHe (53.7) cieayeT yABOHUThb, TaK KAaK Ka)A0H NPOCTPAHCTBEHHON
BOJIHOBOI (YHKUHMH B 3TOM CJjiyuae COOTBETCTBYIOT /Ba CIIHHOBHIX
COCTOSIHUSL C IIPOTHBOMNOJIOJKHO OPHEHTHPOBAHHBIMH crnuHamu. Jas
¢doronos BhipaxkeHHe (53.7) creayeT TaK:Ke YABOHTh, YTOOBl yuecTb
BO3MOXHOCTb JBYX B3aHMHO MNEpPNEHAHKYJASPHLIX IOJASpU3ALHH.
B »Tux cayuasx

dZ (k) = dZy (k) = (V k¥n?) dk. (53.8)

Tlocnennss ¢opmyna, KOHeUHO, He MOxKeT OBITb 0O0OCHOBaHAa C IO-
mowwio ypaBHenus (53.1), tTak kak ypaBuenue llpenunrepa s
¢oToHOB HenpumeHuMo. OQHAKO OHa yxe Oblia BBHIBERCHA HAMH
¢ NOMolIblI0 ypaBHeHHH MakcBessia NmpH pAacCMOTPEHHH BONPOCOB
TEIJIOBOro udnyyenus (cm. 1. IV, § 117).

OT BOJIHOBBIX UYHCEN MOXHO HepefiTH K HMIYJbCaM, MOJb3YACh
dbopmysio p = hik u, ciegoBatebHo, dp = h dk. B 3THX nepemeH-
HBIX

dZ,, (p) = dZ4(p) = (Vp*[h®=®) dp. (53.9)

MoxHo TakxKe B KauecTBe MepeMeHHOH NPHHATb HEPTHIO YACTHILbI
&. OnHako H3-3a Pa3/MYHOH CBf3M SHEPTHH C HMIIYJbCOM B 3TOM
ciyvae MOJYYalTCs pas3/HUHble BbIpajkeHHs AJs 3JEKTPOHOB H AJs
dortonoB. Jlns 371eKTpoHOB & = p?/2y,

dZ ., = (V A/2u3& [2°13) d&. (53.10)
Iaa dhortonos p=¢&/c,
dZy= (VEY2c®h®) d&. (53.11)

§ 54. Teopus He6Gasi Tenn0eMKOCTH TBEPABIX TeJ

1. Kak 6bio mokasano B 1. 11 (cm. §§ 69 u 85 ykasaunoro
TOMa), IpUMeHeHNe KBAHTOBOH TEOPHH MO3BOJUJIO JHHIUTEHHY yiKe
B 1906 r. iaTh NpHUHLHIIHAJILHOE OOBSICHEHHE [1aJE€HUS TENJIOEMKOCTH
TBepAbIXx TeJd BOJH3H abCOMIOTHOTO HYJS TeMIeparyp. DHHITedH
paccMaTpHBaJ TBepACe TeJO KaK COBOKYIHOCTb N He3asucumoix
YacTUll (rapMOHUYECKHX OCLHJJISTOPOB), KOJEGIOMHUXCA OKOJIO IO~
JIOJKEHHI PAaBHOBECHS ¢ OAHON H TO# e yacToToH w. CpefHsAs sHEp-
rusi, IPHXOAdALIAaACA HA OAHY cTeneHb CBOOOAM!, B 3TOM CJyyae Olpe-

Jgeasietcst popmydoi Ilnanka
A0
eh’u)/kT_ 1 !

é:

(54.1)
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B KOTODOH onyuleH 4jeH fiw/2, n1peAcTaBJAsIIOLIHH HYJIEBYIO SHEPTHUIO
OCLHUJAJNATOpPA. DTOT 4YJeH HaJO YUYHTHIBATh B TeX BONpOCaX, KOraa
CyLleCTBeHHA aMIJuTyAa KojeOaHWH, HaNpHMep B BOIPOCE O 3a-
BHCHUMOCTH DAacCesiHHsl DEHTIeHOBCKHX Jyuel oT TeMmnepatypel. Ho
B BOIIPOCE O TEMJIOEMKOCTH HyJieBasi SHepPrHsi POJIH He HrpaeT, MO-
CKOJIbKY OHa He 3aBHCHT OT TeMmrepaTyphl. [lo artoit nppanHe OHa H
OIlyCKaeTcsl B AaJbHEHIlCM,

[1pn BhicoKuX Temnepatypax ¢opmy.aa (54.1) ncpexonm B KJac-
CHUeCKOe BbIpa’KeHHe € = kT, a NIOTOMY B BOIPOCE O TENJOEMKOCTH
npuBoAuT K 3akony [rwosonra u Iltu. [lpu HH3KHX TeMmepaTypax
dbopmyaa, nosyyeHHas DHHITERHOM, JaeT yObIBaHHE TENJOEMKOCTH
¢ TeMOepaTypoH, npuueM TemJ0eMKOCTb CTPEMHTCS K HYJI0 B corJja-
CHH C TeM, uTo TpefyeT 3MIHPHUECKH YCTaHOBJEHHas TeopeMa
Hepuera. OnHako corsacie TeOpHM C ONBITOM MOJydYaeTcsl TOJBLKO
KavyecTBeHHoe. Tak, no ¢dopmyse IDiHWITeAHa BOAN3H abCOJIOTHOrO
HYyJs TemJIOeMKOCTb TBEpPAOro Tesja JAOJKHA YObBIBATHL C TemIlepa-
TYpPOH MO 3KCHOHEHUUAAbHOMY 3AKOHY, TOTAA KaK ONBIT NPHBOLHT
K GoJiee MeAJeHHOMY YOBIBAHHIO MO CcTenesHomy 3akoHy. MoixHo
6blJI0 AyMaTb, YTO TaKOe PACXOXKJeHHe TEODHH C ONBLITOM CBS3aHO
He ¢ MpPHHINOHAJLHBIMH HeJOCTATKAMH TeOpHH, & 0B6YCJOBJIEHD
rpy6oCTbi0 NpUMeHeHHOR MoJesaH TBepAOro Teja. B Teopuun IHH-
WTefHa OCUHJJSNTOPEl CUMTAIOTC He3aBHCuMbIMH. Ho Oyner ro-
pasno Gauxe K AeHCTBHTEJBLHOCTH, €CJAU HX PacCMaTPUBATH C8A3GH-
Hotmu. B TakoM cayuae B Tese Bo3GyauTcs He KojebOaHHe ¢ OJHOH
YacTOTOH, a MOJYUHTCH HeJbldl crnexkTp 4acrorT o; YHcao THX ya-
CcTOT paBHO 3N, T. e. uucay creneHefi cBo6oAb N 4acTHH, H3 KOTO-
PbIX COCTOMT TeJIO (KOHEYHO, CPeJH 3THX 4acTOT MOTyT OHTb H CO-
BIaJallHe).

Ecan TBepioe Teso paccMaTpHBaTh KakK cHCTeMy N CBSI3aHHBIX
4acTHI, COBEpLIAOLIYI0 HODMaJjbHLIE TapMOHHYECKHe KoJselaHwus,
TO €ro CPe/HsIsi 3HepPrUs ONpelesduTCs Ho hopMyJie

_ ¥ ho
= Z &= Z hmi/kri .

i=1 i=| 1

Yucso HOpPMaJbHLIX KOJeGaHHH ¢ yacTOTaMH MeHblle ®, KOHEUHO,
JUCKPETHOe, HO OHO OYeHb BeJHKO H MoxeT GBLITh anmpOKCHMHPO-
BaHO HenpepblBHOH ¢yHKuHeH Z(w). Uncao HopMafbHBIX KoJ1e6aHuM
B HHTEpBaJe YacToT OT ® A0 ® + do TOxe OueHb BEJHKO, HO MOMKET
paccMaTpHBaTbCs Kak Aubdepeunan dZ(o) Toi ke (DYHKLHH.
B ykasaHHOM npuénumeﬂuu NpeALAYImYo (HOpMYyJay MOXKHO 3aMe-
HHTb Ha

rl‘MaK(‘

= h
&= S WTQ_—IdZ(m), (54.2)
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B KOTOPOH Wuaxc 03HAYAET MAKCHMAJbHYIO YaCTOTYy HOPMAaJbHbLIX KO-
aebanuii. Ona onpejessieTcs U3 COOTHOLIEHHS

Z (mmakc) = 3N, (h4.3)

TaK Kak OOlllee YHCJIO HOPMAaJbHBIX KoJeOaHHI paBHO YHCJAY CTe-
nieHell cBoGoAbnl 3N. TakuM oOpasoM, B KBAHTOBOH TeOPUH 3a/aua
HaxOXKJeHHs CPejHeHd >HEPTHH TBEPAOrO TeJsja CBOAHMTCS K Olpeje-
JIEHHIO .COOCTBEHHBIX YaCTOT HOpMaJbHBIX KoJsebaHHuH, TOrla Kak B
KJI3aCCHYECKON TEODHM 3TOro jeqaTh He Tpe6yeTcs, TAK KaK MO 3TOH
TEOPDHH CpeJHssl SHEPrdsl 3aBHCHT TOJbKO OT OOLIero 4yucjaa cre-
nieHeil cBOGOADL.

2. BoiyncsieHHeM cOGCTBEHHBIX 4acTOT KoJefaHufl KpuCTajaude-
CKOH peleTKH NPHMEHHTEeJbHO K TEODHH TelJIOEeMKOCTH 3aHHMa-
auck Bbopu u Kapman (1881-—1963). 310 — ouenn TpyAHas 3afaua.
Onnako B BONpOce O TEMJIOEMKOCTH TBEPABIX TeJ NPH HUSKHX TeM-
nepaTypax OHa MOXeT OBITb CHJALHO YIpolleHa, YyTo H ObJIO Cje-
jJano Jle6aeM. PaccMOTpHM CpenHIOI 3HEpPryi0 OCUHJAAATOpA &, Of-
pelesseMylo IJaHKOBCKOH ¢opmysofi (54.1) kak ¢yHKuuwo abco-

z JTHOH TteMnepatypbl I'. Ilas storo
1k e npeaAcTaBUM 3Ty GOpMyJay B Buie

g= kT -, (54.4)
e*—1

rie BBelcHa OeapasMepHas NepeMeH-

Hasg x=hw/kT. I'paduk 3T0i byHK-

IlMY MpejcTaBJeH Ha puc. 94. k3 Hero

BHJIHO, uTO B BblpaxeHun (54.2) nns

cpellHeH SHEpPTHH TeJa CYLUeCTBEHHbBI

yjeHB, COOTBETCTBYIOUIHE  TOJBKO

‘HUSKUM 4QCTOTAM HOPMAJILHEIX KOJe-

0 7 3 Z;I,ﬁw//rf 6aunii. HM COOTBETCTBYIOT JJIHHBI

BOJIH, §OJbllHE MO CPaBHEHHIO C TO-

Puc. 94 CTOAAIHHONR KPHCTAJJIHUECKOH DPEelIeTKH,

JTo MO3BOJSET OTBJEYLCS OT aTo-

LHCTHYECKOH CTDYKTYpHl TesJla W paccMaTpHBaTh HOPMaJbHble KO-

nefauud B HEM KaK cTosuHe HH(pPa3BYKOBble BOJHB B YyNpYroi

CIJIOUIHOH cpeje. JTO— Te ke BOJHDLI, KOTOPble BLIBEIBAIOT TOHKYIO

CTPYKTYPY CHNEKTpa/lbHBIX JHHHH IDH MOJEKYJISPHOM pacCesHun

ceera (sh¢derrt Manpenviwirama — Bpuammosna, cMm. 1. IV, § 99).

TakuM o6pa3oM, cylleCTBeHHblE HU3KHEe COOCTBEHHBIE 4aCTOTHl TeJa

MOTYT GHITb BBHIYHC/IEHBI METONAMH TeOpui Ynpyeoctd, B KOTOPOH
cpeja CUHTARTCH CNAOCWHOU.

Bupaxenue piaa dZ(w) Moxker ObTh HaliieHo H3 AH(depeH-
[MaJbHbBIX ypaBHEHHI TEQPHH YIPYrocTil COBEpILEHHO TaK ke, Kak
6ni1a BoiBedeHa Qopmyna (B3.7) Aasa Tako# e BeJHUHHH B cJyuae
BoJH Ae bBpofiia. Ilpn 3ToM Hajo TOJBKO NPHHSAThL BO BHHMaHHe,
YTO B TBEPAOM TejJie MOTYT PaclpOCTPaHSITLCSt KAK Npo0oabHble, TAK
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H nonepedsvle 3BYKOBble BOJHBL. B 0/HOM W TOM jKe HalpaBJeHHU
MOZKeT PaclPOCTPAHATHCS TOJBKO OJHA NPOAOJLHAS 3BYKOBAsl BOJ-
Ha onpelesieHHOH uacToThl. [losTOMY HJs1 NPOAOJBHBIX BOJH GHOp-
Mmyna (53.7) MmoxeT ObITh coxpaHeHa (Ge3 H3MeHeHHE (pa3ymeeTtcs,
¢ 3aMeHOH (pa30BOH CKOPOCTH BOJIH e Bpoiijsi Ha cKOpOCTh 3BYKA).
[lonepeunnix Ke BOJIH, pPacCHPOCTPaHSIIOMHUXCS € TOH e 4YacTOTOH
H B TOM e HampaBJeHHH, MOXKeT ObiTh nABe. [TlostoMy B 3TOM Cay-
yae Buipaskenue (53.7) Hano yaBouTb. TakuM 06pasom,

dz(m)zl‘ﬂ%‘_“’_(_%_i_l_ — eldo (54.5)

: 3 - 2.3
2n L L 2n’c

rae V—o6bpeM Tea, ¢j— CKOPOCTh TPOJOJBLHHIX, a ¢, — fonepey-
HBIX 3BYKOBBIX BOJH. BesJuHunHa Xe ¢ eCTb HEKOTOpas «CpPenHsis
CKOPOCTb», ONpefenasieMasi COOTHOLICHHEM

3 1 2
— = 54.
F=gta (548)

B sTOM BLIBOZE He yuTeHa AHH3OTPONHA YNPYTHX CBOHCTB KpPH-
CTaJJIOB, NPOABJASIOMAsCS faXxe [Js KPHCTAJMJOB KyGHYecKoH CH-
cteMbl. Teso CUHTA/IOCH HU3OTPONHBIM, H €ro yIpyrue cBoHCTBa Xa-
pPaKTepH30BAJUCL ABYMS MOCTOSSHHBIMH, 338 KOTODbLIC, B YaCTHOCTH,
MOKHO NPHHATbL 06e CKOPOCTH 3BYKa ¢ H ¢;. Ho yuer aHusorponuu
MaJOCYIleCTBEH M BPsiA JN ONpaBiaH B paMKax NPHGJIHKEHHOTO
Mmetona Jeb6asl. .

3. Cpenusis »Heprusi KpHcraJna, cornacHo (54.2), 6yzer paeHa

(’JM aKe

= 3Vh o do
= e (547

WJH, BBOAs OpexkHee ofo3naueHue X ==Hhw/kT, a TaKKe Xyuxe ==
:h(ﬂmaxc/kT,

xMaKC

3VEATH S ¥ dx

&= (53.8)

2n’c3h® e —1°

s HH3KHX TeMIepaTyp NOAbIHTErpajbHoe BHIPAKeHHe NPH BhI-
COKHX yacToTax (x> 1) oweHb Maso. B 3TOM ciyyae TOYHOe ompe-
JlejieHHe BEPXHEro MpPeJiesa Xyaxc HECYIECTBEHHO H ero MOXKHO IpH-
HSATb PABHBIM 0€CKOHEYHOCTH, T. €.

o0
3VEiT! xdx
2n2c3hs e —1"

& =

(54.9)

Bxongmuil crona HHTErpai B TOUHOCTH COBNANaeT ¢ TeM, KOTO-
prifi BcTpeuascs npy BuiBoAe 3akoHa (Credana — BosblMaHa H3
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dopmyan Ilnanka (cm. 1. IV, § 118). On pasen

x3dx et
0
TakuM 06pa3oM, NP HU3KHX TeMOepaTypax (Xuaxc > 1)
& = DT*, (54.11)
TAae
D = Vr?kY(10c375). (54.12)
st TenJ0eMKOCTH TeJia noJaydaem
Cy = (080T}, = 4DT®. (54.13)

TakuM 00pa3oM, TenA0emKocTe KPUCTAAAUYECKOL  peieTkiu
80AU3U A6COAIOTHOZ0 HYAR TEMNEPATYP MEHAETCS NPONOPUUOHAAL=
HO TpeTbel cTeneHu Temneparypel. 3To — 3aKOH Kyb608, TeopeTH-
yecku HaiaeHHBH [le6aem. CoraacHo sTomy 3akoHy npu T =0 Ten-
JIOEMKOCTL ofpalllaeTcsl B HyJb B corjacud ¢ teopemoil Hepucra,
3akon kybos [lebasi, Booblue TOBOpsl, XOPOIUO COTJACyeTCs ¢ OMbl-
TOM (CM., BIpoueM, NYHKT D Hacrosimero naparpada). KoneuHo,
Haj0 NOMHHUTH, uTo dopmynaa (54.11), Kak u 3akKOH KyGOB, OTHO-
CHTCS TOJbKO K TEINJOCMKOCTH KPHCTaJIHYeCKOil peuieTkKH. B cay-
yae MeTaJJIOB K TemJOeMKOCTH DelleTKH Hajlo A06aBHTh TEIJoeM-
KOCTb CBOGOJAHBIX 3JEKTPOHOB, KOTOpasli MeHsieTCsl IPONOPIHOHAJDL-
HO TepBofi cTeneHu Temnepatypsl (cM. 1. I, § 85).

4. Nas Boicoknx TteMmnepatyp (hw/kT < 1) dopmyna (54.7)
¢ yyerom (54.3) OpHUBOAMUT K TNPaBHJIbHOMY KJAaCCHYECKOMY BhHIpa-
KeHuo & = 3NkT. DToT pe3ynbTaT, KOHeyHO, He cjeayeT H3 ¢op-
myas (54.5), KoTopas NpH¥ BBLICOKHMX ‘yacToTax HeBepHa. OH sB-
JISIeTCSL CJIEJCTBHEM TOTO, 4TO B KJA4CCHYECKOM CJydae BHJA CIEKTpa
4aCTOT HOPMaJILHLIX KoJieGaHu# BooOlle He HrpaeT HUKAKOH POJIH —
BaJKHO TOJBKO 00lllee UYHCJ0 TaKHX KoJseOGaHu#, a OHO NPaBUJBHO
nepenaetcs ¢popmyaoit (54.3).

Takum of6pasoM, ¢opmyna (54.7) NOPHUBOAHT K INPaBHJILHOMY
pe3y/apTaTy Kak B 006JacTH O4YeHb HH3KHX, TaK W B 06J1aCTH OYeHb
BLICOKHX Temmepatyp. 1103ToMy ee, KaK UHTePROAAYUOHHYIO Pop-
MYAY, €CTECTBEHHO PACIPOCTPAHHTL M HA MPOMeXKYTOUHYIO 06JacTh
TEMIEPATYP.

Onpesesnm Tenepb 3HAYEHHE Myaxc, 10Jb3YSICh HENPEPLIBHOK MO-
zeapio Teqa. Ha ocuoBauuu ¢popmyns (54.3)

Ouvake Oytake

3v 1%
Z(mMaKc)= S dz ((0)=W OS 02 do =-——ao3  ==3N,
0

2n203 Marc

0TKYyAa

(54.14)

623N\ 2me (3 )8
(’)Max«::( i ) = yra ’

.
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rle a — [OCTOsIHHAsl —peLleTKH, oOIlpejessieMasi COOTHOLIEHHEM
V = Na® MuuuMasibHas AJHHA YOPYTOH BOJIHBEI, COOTBETCTBYIOILAS
MaKCHMAaJ/JbHOH YaCTOTE Wyaxe, PABHA

Ay = 2700/ O aee = a (41/3)'° =~ 1,6a. (54.15)

KoneuHo, 3TOT pacueT JaeT TOJbKO NOPSAOK JEHCTBHTEJbHBIX Be-
JIUUHH Oyaxe ¥ Awaw, TAK KaK AJS1 TAKHX KOPOTKHX BOJIH HeIpepLIB-
Has MOjeJb TBEPAOIO TeJia YK€ He MOKEeT JaTb TOUHbLE pe3yJb-
TaTH,

BBenem «ne6aeBckyio TeMmepaTypy», onpenesseMyilo Gopmysaol

fAyaxe — 2nch /3
T = Lo (m) (54.16)
Torpa dopmyay (54.8) aJsi 0HOrO MOJIA MOXKHO 3alHCaTh B BHJE
Tp)T Tp/T

— 3 3
& — ON ukT (TT—)s S —é—dil=3RT-3(7T-)3 S 4 (5417)
p/ § &~ p/ § €~
rie R = N,k — yHuBepca/jbHas rasoBasi 1ocTossHHas1. JIJIsi BBHICOKHX
tremnepatyp 7 3> Tp 3T0 BBIpa)keHHe MEPEXOJLHT B KJACCHUECKYIO
tbopmyay & = 3RT, 1. e. nonyuaercs 3akon [wJdonra u [ltu. [lpu
TeMOepaTypax, MHOr0 MeHbWUX jaeBaeBCKof, noayuaercss dopmyna
(54.11) u sakoH kKy6oB [lebasi. Iuddepenunpysa (54.17) no temrme-
paType, nosjyyaeM HHTEPNOJSHUOHHYIO hopmyny lebas A1s MoJasip-
HOH TENJ0eMKOCTH TBEPAOTO TeJja:

—3R 12( ) S T L sas)

s Tp/T—1
—1 n D/

B ta6a. 6 npHBeeHs! 3HayeHus Aeb0aeBCKHX TeMIepaTyp, BLIYHC-
Jennsle mo GopMysae (54.16) u HaiigeHHBIE U3 3KCIEePHMEHTAJbHOR

KpuBo#l TemsioemkocTH. Ha TaGuauua 6

puc. 95 mpejicTaBJjeHa TellJo-

E€MKOCTb Kak (byHKI.lPlH QOTHO- lleﬁaescl(e;‘ﬂ Te;(r.mepmypa

wenusa T/Tp, BEIUKCJIEHHAsT 10 b

(bOpMyJIe. (5418) (CHHOIHHaH BemecTso U3 3KCIepH- BHIYICACHO

KpuBasi);  TOUKH  COOTBET- Mentanbiol | mo, dop-
KpHUBOH My Jjie

CTBYIOT 3KCIIEDHMEHTaJbHEIM ren PO o )

nauusiM aaa Pb, KCl u C

(anmas). .

5. Cuqegyer 3aMeTHTb, UTO ?Alé‘l‘l)z‘"“““ g(‘l’g ‘égg
uanoxenHast Teopus [lebast  cepespo 215 214
cnpaBeliiBa  TOJBKO  JJS1  Caueen 88 73
KPHCTAJ/JI0B, NMOCTPOEHHHIX M3  Aimas 1860 —

yacTHll, Ha BHYTpEHHee CO-
CTOsSIHHEe KOTOPBIX TeMIlepaTypa MNpaKTHYECKH He OKashiBaeT HH-
KaKoro BJuUSHHA. B 9TOM cJayuae BHyTpeHHee CTpOEHHE WYacTHI]
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He TpOSBJISIETCsl B TEMJIOEMKOCTH. B GOJIbLIMHCTBE CjyuyaeB yKa-
3aHHOMY YCJOBHIO YAOBJIETBOPSIIOT KPHCTAJJIbl, [OCTPOCHHbIE H3
4TOMOB HJ/IB HOHOB, y KOTODBHIX PacCTOsIHHE MeXKAy HOPMaJbHBIM H
nepBbiM BO3OYXKAEHHBIM YPOBHSAMH BeJHKO N0 cpaBHennio ¢ £T. Ox-
HaKO Y HEKOTOPHIX 4TOMOB M HOHOB HHXKHHE SHEePTeTHYeCKHe YPOBHH
pacnoJ/ioxennl OyeHb 6/M3Ko Apyr kK Apyry. Hampumep, B Kpucran-
JIMUECKOM CyJbdarTe TafoJMHHS HHKHHH SHEPreTHYECKHE ypOBeHb
MOHA TaJOJIHHEHs COCTOMT H3 BOCBMH NOAYPOBHEH, PacCTOSHHsI Me-
KJY KOTODHIMH COOTBETCTBYIOT B TEMHEPATYPHOII IIKaJe Ae6aeBCKoi

Cy,xanf(mons - K)

&F v v \4
XHAX

i ;/KW "

b
4..
#}VK x Pb
B gﬁ v KCL
v C{armas)

2 ¥

-
i ]

0 ‘ 1 2 /Ty

Puc. 95

remneparype 1,6 K. IIpn ovenr Huskux remneparypax T =~ 7 K no-
siBJIsieTcsl 06aBOYHAS TEMJI0eMKOCTh, 00ycI0B]eHHas BO3OYXKACHHEM
yKasaHHbIX noldypoBHed. IIpm cTosb HU3KHX TeMmeparypax TemJo-
€MKOCThb PELIeTKH BeCbMa Majga Mo CpaBHeHHIO ¢ »TOH A06aBOYHOH
tennoemMkocTb0. IIpn T=1,6 K TennoeMKoCTb KpHCTAJJNA MNOUTH
B 500 pa3 mnpeBbllIaeT TEMJIOEMKOCTb KPHCTANJHYECKOH pelleTKH.
Ilpu paspHefilleM HOOHHMXKeHHH TeMIEpPATYPH TelJIOEMKOCTb KpH-
CTaJljla, eCTECTBEHHO, NajaeT A0 HYJIs.

B KpucTrajnax, MOCTPOEHHLIX H3 CJIOXKHBIX MOJIEeKYyJ, MOXKeT [0-
SABHTHCS TENMJOEMKOCTb, CBSI3aHHAN C TeNJIOBLIM ABHXKEHHEM aTOMOB
HJAM ATOMHHIX fPyN BHYTPH MOJIEKYyJB. B mepBoM npuOaHKeHHH
MOXHO CUHTATb, YTO KoJeGaHHS MOJIeKYJ BHYTPH DElUeTKH He CKa-
3BIBAIOTCS Ha MX BHYTPeHHeM COCTOsiHUM. TOraa TemJoeMKOCTb KpH-
CTaJJ1a MOXHO NMPEACTaBHTb B BHIE

C= Cpem -+ Cauy'rp'

BkJaj, BHOCHMBHIH B TemJOeMKOCTb BHYTPEHHHM JIBHXKEHHEM, B
HEKOTOPHIX CJIy4asix MOKeT ObiTb AOBOJILHO 3HauuTeNbHBIM. Hampu-
Mep, TEMJIOEMKOCTb, CBsi3aHHAsl C BHYTPEHHHMH KoJe6GaHusIMH B MO-
aekynax Gensona, npu T = 150 K cocrasJjsieT 0KoJo 20 9% ot Ten-
JIOEMKOCTH pelueTkn i focturaet 80 % nocneaneft npu T = 270 K
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§ 55. Tunol cBA3eil aTOMOB B TBEPAbIX Teaax

1. B npeawpiaymewm naparpade npu pacCMOTPEHHH TellJIOEMKOCTH
TBEPALIX TeJ Mbl OTBJEKJHCh OT HX BHYTPeHHEH aTOMHCTHYECKOH
cTpykTyphl. Tak mocrynarts, BoOOIe TOBOPS, yXe HeJb3f BO MHOTHX
IPYrux Bompocax (A3HMKH TBEPIAOro TeJa, HEKOTOPble H3 KOTOPbIX
paccMaTpuUBAIOTCA HHXKE.

B TBepablx Tesax (KpHCTasJgax) aTOMBbl, MOJEKYJbl WJIH HOHBI
COBepIIAIOT MaJble KoJeGaHHA OKOJIO Y3JI0B COOTBETCTBYIOLLEH KpH-
CTaj/H4YeCKOf pellleTKH. ['eoMeTpHueckHe CBOHCTBa KpHCTaJjaHue-
CKHX pelleTOK — HX CHMMETpHsi — NMOAPOOHO H3ydyaloTCs B KPHCTAJ-
gorpadun. Kpatko st cBoficTBa O paccMotpentl B ra. XII Bro-
poro toma. CojepikaHue 3Toil rJaBbl 3[€Ch MOBTOPATLCS He OyHeT.

[IpaBuibHOE pacmoJoxeHie CTPYKTYPHBIX 3JeMeHTOB KPHCTaJl1a
(aToMOB, HOHOB, MOJIEKYJ) B y3/aX KPHCTAJJIHUECKOH DeUIeTKH, KO-
HeuHo, TpebyeT OOBACHEHHS ¢ aTOMHCTHYeCKOH TOUKH 3peHHs. Mox-
HO 6bLJ10 6Bl JyMaTh, UTO TaKoe OObsicHeHHe TpedyeT pelleHHsA ypaB-
Henusi Ulpeaunrepa

Hp= &, (55.1)

B KOTODOM BOJIHOBasi ()yHKIHS 1 3aBHCHT OT KOOpPAHHAT BCeX siaep
U 3JIeKTPOHOB Tena. PasymeeTcsi, 3T0 ypaBHeHUE, KAK W BCeria,
HMeeT AOMYCTHMBbIE PelleHHs TOJbKO /5 H3OGpaHHbIX 3HAUEHHid 2Hep-
rur &. Pemenne ypaBHeHus lllpeamnrepa onpenesnuso 6nl 3Haue-
HUS &, NpPH KOTOPHX Tesjo AOJIKHO ObIThb KPHCTAJJOM, a TaK¥kKe
CTPYKTYPY CaMOH KpPHCTaJJIHUECKOR peilleTKH. DJeKTPOHBI, 3amMo.-
HSIOIIHe MPOCTPAHCTBO MeXAY ATOMHBIMH fpaMH, HEOOXOIHMbI AJisl
yAep:KAHHS CTPYKTYDHBIX 3/1eMEHTOB KPHCTAJJIA B NOJOXKEHHAX PaB-
HOBECHSsi — B y3JIaX KPHCTaJINYeCKOl peuieTkn. B peniesun LoxKHHB
CONEpIKATLCA BCe BO3MOXKHBIE CTPYKTYPH KPHCTAJJIHYECKHX pellie-
ToK. OHO JAO0JI2KHO OXBATLIBATH BCE BO3MOMKHBIE (Da30Bble Nepexo/bl
MeX<Iy HHMH, a TaKike Mepexolbl B :KWAKOe, a 3aTeM H rasoobpas-
HOe COCTOSIHHE BeUleCTBa.

Oj1HaKo HaxOXKAEHHE TOUHOTO peuienHs ypaBueunsl Illpeaunreps
MaKpPOCKOMHYECKOro TeJa, COAEPIKAaLlero rpoMalHoe YHCJIO Tepe-
MeHHBIX, — 3ajaya abconioTHO HeBhimosHumas. Ona ewe Gosec
CJIOXKHA, UeM aHaJOHYHAd 334aya KJacCHUECKOH MeXaHHKH MHOIHX
Tes. boJsiee Toro, ABHLIH BHA QYHKLIHH | MakKPOCKOIHYECKOro TeJsa
cam mo cebe W He MpelACTaBJseT HHTepeca, JTO He HCKJIOYaeT BO3-
MOXKHOCTH W 11e71eCo00pPa3HOCTH HCCJeN0BaAHHA (PYHKLHH P, He Ompe-
leJisisl ee sIBHOTO BH/A, 4 HENOCPEACTBEHHO HAa OCHOBE CaMoro ypas-
nenus llpeauHrepa — HaxoxK/eHHe TAKUX ee CBOHCTB, KOTOPLie OI-
penesasian Onl HabJlofaeMble OCOGEHHOCTH MAKPOCKOMHUECKHX TeJ,
B YAaCTHOCTH CYLIECTBOBAHHE H CTPYKTYPY KPHCTAJJHUECKOH peuiet-
ku. Ho B Takol nocTaHOBKe 3ajJaua HHUKOTJa He pacCMaTpHBAJach.
bBosee TOrO, He J0OKAa3aHO, MOJYYHJNCH JH Obl Ha 3TOM MYTH
oXxHAaeMble H HeoOXoaumble pesyabTath. [Ipn paccMorpeHuH
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CTPYKTYPHl KPHCTAJJHUECKOH pelleTKH H CHJ, YAePKHUBAIOUHX aTo-
MBI, MOJICGKYJIBl HJH HOHBI B NOJOMKEHHAX PaBHOBECHS, NDUXOAUTCS
ITHPOKO ONMHPATHLCA HA ONBITHBIE LaHHbIE.

2. Pasiuyalor wuoHHblE KPUCTAAAGL, KOBAAEHTHbIZ KPUCTANABL,
MOALKYASAPHBIE KPUCTAAAbL, METAAANDL,

Kpucrannnueckass pemeTrka HOHHBIX KpI/ICTaJI.HOB COCTOHT He U3
HeHTpasbHBIX YACTHH, & U3 TOJOXKHTEJbHBIX H OTPHILATEJbHBIX HO-
HOB, NPUTATHBAIOUIHXCA APYr K Apyry. KMonel o6pasylotcs B pe-
3yJpTaTe nepexola JeKTPOHOB OT OJHOrO aToMa K JAPYromy. JJek-
TPOHHbIE 060/10YKM HOHOB, KaK MPaBHJO, COOTBETCTBYIOT 3JIEKTPOH-
HBIM 0060/70YKaM HHEPTHBIX ra3oB. Pacnpejesenue 3JeKTPOHOB
BOJIN3H KarxkA0ro HOHAa OJH3KO K cHepHYecKH CHMMETPUYHOMY H
cna6o Hapyuwaercs B 06JacTé CONPUKOCHOBEHHS COCEJHHX HOHOB.
THUHYHBIMHE OpeACTABHTENSIME HOHHBIX KPHCTA/JIOB MOTYT CJIYIKHTD
NaCl, LiF, KI u 1. 1. Mlonnble KpucTanansl xapakTepusymTes 6GoJb-
WHMH guepeuamu cea3u. [lox aTum BooGule noHUMalOT paboTy, Ko-
TOPYIO HajJO0 COBEPUIUTb, YTOOB NpU aBCOMIOTHOM HYJE pasJoXKHTb
CHCTEMY Ha COCTaBHLIe YacTH. B cjyuae HOHHBIX KPHCTaJJIOB Ta-
KHUMHU COCTAaBHbBIMH YacCTAMHU SABJAIOTCST NOJOXKHTEJbHLIE W OTpHUA-
TeJIbHble HOHBl, U3 KOTOPLIX NOCTPOEHA penleTKa. JHepPrus CBA3H pe-
weTtku NaCl, nanpuMmep, cocrasaser 764 k1x/Moub (183 kkaa/Moub).
JTa BenuuuHa npuMepHO B 1,7 pasa GoJibllle OTHECEHHOH K OAHOMY
MoJiio sHepruu cBsisu HoHoB Nat u Cl- B Mmosekyae NaCl, ecan
IPEeANONOKHTb, YTO B MOJIEKYJe OHH HaxoJATCAd Ha TOM XKe pac-
CTOSIHWH, 4TO M OJHXKalliMe HOHBI B KPHCTAJJHMUYECKOH peuleTKe.
Takoro ke mopsifika HEPIrHU CBA3H PEIIETOK AHAJIOTHYHBIX HOHHBIX
KpuCTaaioB. IlJisi HOHHBIX KPHCTaNJOB xapaKTepHa MaJiasd 3JeK-
TpHUecKasi MPOBOAHMOCTL I[IPH HM3KHX TeMiepaTypax W xopouias
IPOBOJIMMOCTb DU BLICOKHX TeMIepaTypax.

3. B KoBaJleHTHBIX KpHCTajajgax (anMas, KpeMHUH, repMaHuil
np.), Kak U B MOJIEKyJe BOAOPOJA, CBSA3b OMEONOARPHAA, T. €, OCY-~
IECTBIACTCH OOMeHAbiMY ciaany. [ TaKuX KPHCTAJJIOB THIIMY-
HO TAKOE CTPOeHUe PELIEeTKH, NPH KOTOPOM HHC/I0 Ganxkaliuiux aTo-
MOB, OKpY:KAIOUIWX paccMaTpHUBAeMEBIl aTOM, DPAaBHO BaJIeHTHOCTH
sJeMeHTa, PaccMaTpuBaeMble KPHCTaJJbl OOLIYHO o6pasyloTcs us
JEeTKHX 3JE€MEHTOB CPeJHHX CTONGUOB NepHOANYeCKOl cucTeMbl. Ba-
JEHTHBIE 3JIEKTPOHBI aTOMOB pEUIeTKH 00606ujecTgacHsl. s Kpu-
CTaJJIOB XapaKTepHa BBICOKas TBepPAOCTb, Cjabas 3JeKTpHuecKasn
[IPOBOAMMOCTb Y UYHCTHIX 0GpasuoB 0pH HH3KHX TEMOepaTypax.
DHeprus CBS3H KPHCTAJ/IHYECKOH PEIUeTKH Yy paccMaTPUBaeMBIX
KpHCTaIMOB cocTaBaser npumepuno 700—1200 w[xk/Momap (170—
280 kxaJs/mMoJb).

4. Monexynsipuble KPHCTaJ//bl NPEACTABASIT coboii caabo cBs-
3anHble arperaTe MoJsekya. CBasb obyciaopjeHa cuaamu Bawu-dep-
Baaasca. K MOJIeKYASPHBIM KPUCTaJJlaM OTHOCATCS MOYTH BCE Opra-
HHUYECKWE KPHCTAJJIBE H MHOTHE ApVyrue coeanHenusi. Mosnekynspuas
CBS3b sIBJISI€TCH €1WHCTBEHHOH CBSI3bIO Yy KPHCTaJJOB, 006pa3oBaH-
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HbIX H3 aTOMOB HMHEpPTHHIX Ta30B. Y Takux Beuiects, Kak Ar, CH,,
sHeprusi cBA3M nopsiaka 8 kJxk/Mouab (2 kkaa/mousn). Has mode-
KYJSIPHBIX KDHCTAJJIOB XapaKTepHbl HH3KHE TeMIeDaTyphl mjaBJe-
HHUS, KHTIEHHs] 0 BO3TOHKH, & TaKKe CH/bHAs CKHMAeMOCTb.

5. CBd3b B MeTamax OCYIECTBASCTCS MOCPEACTBOM JIEKTPOHOB,
HaXOAAIIHXCA MeXAY HOHAMH KPHCTAJJHUeCKOH pelleTKH, moA00HO
TOMY KaK 3JIEKTPOHBLI OCYIECTBJSIIOT TOMEOIOJASIPHYIO CBSI3b MEKAY
SIApaMH B MOJeKyJe Boaopoja. Pa3yMeeTcsi, HEBO3MOXKHO MPOBECTH
JleTaJbHBIH KOJMYeCTBEHHBI pacyeT B TaKOf MHOrOYacCTHYHOH CH-
cTeMe, KakoH sABJsieTcss MeTasa. [IpHXoAMTCS 10BOJbCTBOBATHCS
KaueCTBEeHHBIMH coobpazkeHHsAMH. K MerasnsaMm OTHOCATCS 3JeMeH-
THl, aTOMBl KOTOPBIX COJep:KaT BHELIHHEe HeAOCTPOeHHble 0GOJOUKH.
DJIEeKTpOHB TaKHX OBGO0J0OYEK CPaBHHTEJbHO Caabo CBS3aHH C aTOM-
HEIMH siApaMy. OHH MOTYT NEPeXOAHUTh H AeHCTBUTEJLHO MNEPEeXOST
oT ojpHOrO sApa K Apyromy. Ecam gake Ha myTn nepexona sJjek-
TpOHA BCTpedYaeTCsl NOTEHLHAJNbHEH Gapbep, 3MeKTPOH MOXKeT cpas-
HHUTEJbHO JIETKO NPEoJoJeTh €r0 TYHHeJbHBIM crnoco6oM. B pesyab-
TaTe siApa MeTaJjjia JHIIAITCs CBOMX BHeIIHHX obogouek. Mx agek-
TPOHBI HE NPHUBSA3aHLI K HHAMBHAYaJ bHBIM atoMaM, a 00obwecrsae-
HbL, T. €. MPUHAAJEXKAT BCEMY KpucTanay. Takne «cBOGOAHBIE 3JeK-
TpOHBl BeAYT cebs MoAoOHO 3jeKTpoHHOMY rasdy. Ms-za mpunnuna
[Taynu sneKTPOHLI He MOTYT CTOSITh HAa MeCTe, 4 AOJIKHBI COBEpPIIAaTh
0XKHBJIEHHOE JIBHJKEHHE — 3JEKTPOHHBIH ra3 B MeTajaJde HaxOLHTCH
B cocroanuu seipoocdenus (cm. 1. 11, § 82).

HaJauuueM CBOGOJHBIX 3JEKTPOHOB OOBACHSETCS BBLICOKAf 3JEK-
TpUyeckass MPOBOAUMOCTL H TeIJIONPOBOAHOCTL METaJ/IOB, CIeLH-
(dHueckHil MeTa/JIHueCKHH OJeck, ocoOble MeXaHHUeCKHe CBOHCTBa,
T03BOJISIIOILHE OCYLIECTBJISITh KOBKY H IITAaMIIOBKY.

Kaxabli HOH KPHUCTAJJIHUYECKOH pelleTKH MeTaJja 3apsixKeH Io-
JIOKHTepHO. M3-32 aTOro Mexay HoHaMH AeHCTBYIOT 3JeKTpuue-
ckue cuabl oTtasKkuBaHusi. CBoOGOAHDIE 5JeKTPOHBl YPABHOBEIIHBAIOT
3TH CHJBl H yAEPKHBAIOT HOHBI B MOJOKEHHAX DaBHOBeCHs. Beaxuil
pa3, Korja Hoil BBIXOAHT H3 MOJIOXKEHHS PaBHOBeCHsl, JerkHe H Obl-
CTpLie CBOOOAHBIE 3JEKTPOHB! Mepepacnpele/saioTcss B NPOCTPAHCTBe
TaK, 4TO BO3HUKAIOT CHALL, BO3BpALalOlilie WOH B MOJOXKEHHe paB-
HoBecHsl. DTUM H 00ecneyHBaeTcsi YCTOHYHBOCTL KPHCTAJINHYECKOH
pellleTKH U CaMOoTo MeTaJlia.

§ 56. KoneGaHus aToMOB B O(HOMEpPHO#H
NpPsIMOJIHHEHHOH IIenoYKe

1. Ons ctpororo o6OCHOBAHHS AOMYCTHMOCTH H YCTaHOBJEHHS
rpaHll MPHMEHHMOCTH CILUIOLIHOH MOJeJH TBepAOro TeJsa, HCIOJb-
3opanHol Jle6aeM B TEODHH TeNJOEMKOCTH, HAaAO, PasyMeeTcs, pac-
CMOTpeTh 3a4ady O KoJeDaHHsX KPHCTaJJIMUECKOH DEHICTKH B I0-
CJe10BaTeNLHO ATOMHUCTHUECKOI MOCTAHOBKE, KaK 3TO clesann bopn
u Kapman. PaccmMoTpuM 3TOT BONpOC Ha NpuHMepe OAHOMEPHOH
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NpsAMOJinHeHOA NeMOYKN aTOMOB. TakKMM MyTeM, KOHEUHO, Mbl He
MOJIyYHM TOUHBIX KOJIHUECTBEHHBIX Pe3yJabTaTOB, MPUTOAHLIX /s
TPEXMEPHOro TeJa, HO CHJbHO YNPOCTHM HCCHeJOBaHue M B TO Ke
BpPeMs COXPAHHM caMbie CYyLlecTBeHHble KauecTBEHHble PE3VJlbTaThl,

2. JonyctuMm cHauaJja, YTO BCe ATOMbl LIENOYKH OJAMHAKOBBHI M 8
MOJIOKEHUAX PABHOBECHSI HAXOAATCH HAa OXMHAKOBBIX PACCTOSHUAX
a ApPyr OT Apyra. YuTeM TOJNbKO CHJBI, ACHCTBYIOUIHE Ha KaiKIbIH
aTOM HENOYKH, KOTOPHIE HCXORAT OT ABYX COCEJHUX aToMOB. [lei-
CTBHEM BCEeX OCTaJBHBIX aTOMOB npeHebpexeM. Takoe ynpolleHue
HaspiBaetcsa npubaurcenuem 6auncadmux coceded. Ilyetb aTOMLL MO-
I'YT HCIBITBLIBATL TOJBKO MPOAOJbHBIE CMEIIeHHs H3 MOJOXKEHUH paB-
HoBecust. CMellleHne A-ro atoMa ob6o3nauum depe3d &, OTHOCHTENb-
HOoe cMellleHHe cocelHUX aTOMOB (&r— E,—1) 6yleM CUHTAThb MaJbIM
MO0 CPaBHEHHIO C «NOCTOSHHOH pewetku» a. [lpu cmeniernn n-ro
aToMa OTHOCHTeLHO (71— 1)-ro BO3HUKAET cuaa Fi ,, AeHACTBYIO-
llasi Ha Hero ¥ HamnpasJieHHAas NPOTHBOMNOJNOXHO OTHOCHTEJBLHOMY
cMenleHH0. [1pa MaJkiXx OTHOCHTE/JbHBIX CMeIleHHAX €e MOXKHO CUH-
TaTbhb KBA3UYyNpyrof, T. e. NOJIOXKHUTb PABHOH

Fo. n—1=—" " % (€, — Enths

rne «kKo3(pGhuLHeHT YNpyrocTH» % M pacCMaTpUBaeMON HENOUKH
ecThb BeJHuHHa noctosuHas. [lonHaa cuna, aeficTBylomas Ha aToM,
Oyner

Fn., n-11 Fn. nel =/ — ‘K(gn - gn—l) - “(gn - §n+1) =
= x(gn—l - 2§n +\§n+l)’

4 ypaBHEHHE ABHXKEHHHA UMEET BHA

m§n=x(§n—-l —2§n+ §n+1)’ (561)

rie m-— Macca atoma.

Haxoxnenue ofuiero pemenuss ypaBHenus (56.1) aas ouednb
foablioro umciaa atomoB N — oueHp TpyaHas 3ajaua. JIas Haxox-
JleHHs] 4aCTHOTO pelleHHs PAaCCMOTPHM Mpexje BCero caydaii, Korjaa
N == oo, TOUHee, KOrRa HEMOYKAa aTOMOB 6ECKOHEYHO MPOCTHpaeTcs
B o6e ctoponbl. [lenouka objanaer TPAHCAAYUOHHOL cummeTpueli,
T. e. MepexoAHT caMa B cebs MpH cABUre Ha M060Oe 11es10e YHC/I0
nmepuogoB a. MoKHO AyMaTb, 4TO CYIIECTBYET YacTHOe perieHne
ypaBHenus (56.1), oTBeuaioulee 3TOMy THIY CHMMETPHH: BCE aTOMbI
COBEpIIAIOT OIHHAKOBHIE TapMOHHYeCKHe KogebaHHs, HO (ha3bl 3THX
kosebaduil CIBUHYTH Ha ORHY H Ty K€ BeJHUHUHY [IPH Nepexone OT
Kax/0ro atoMa K CoceJHeMy ¢ GosbluuM HoMepoM. Takoe peineHue
npeactasJasiercss Oeryueil MOHOXpPOMATHUYECKOH BOJINOH MOCTOSHIOH
aMITAHUTY LB

E==Egel (0f k), (56.2)

Oco6ennocTs 5TON BOJHBI COCTOHT B TOM, YTO apryMeHT X MOXKET
MPHUHHUMATb TOJNLKO AHUCKPeTHHE 3HAueHHs1 Xp=na (n=...,—2,
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—1, 0, +1, 42, ...). Eciu BoJIHOBOE uHCAO £ 3aMEHHTL Ha k=
== (2n/a)p, rae p — Moboe neJioe YHCJI0, TO KoJeGaHUA BCeX aTOMOB
uenoukH He usMeHstca. [lostomy, He Hapyuwasi OGUIHOCTH, MOIKHO
OTPAaHHUUTb M3MEHEHHA £ ONHHUM HHTEpBaJ/JoOM AJHHH 2n/a, Ha3bl-
BaeMLIM 30106 bpuaatodna. B 4acTHOCTH, HHTEDPBAJI

—nja< k< nja {56.3)

HasblBaeTcs ochogrotl 3onol Bpuasrosna (1889—1969). [Ipu nomo-
JKHTeJbHBIX k£ BOJHa OexXHT Bmepel (BHpaBO), HNDH OTpHUATEJNb-
HbBIX — Ha3al (BaeBo). Ilpu rtakux %k njuHa BoJHBL A (BeJHuHHA
CYUIeCTBEHHO NOJOXKHTEJNbHAs!) MOMKET M3MEHAThCA B Npejenax

© > A>%. (56.4)

TaxuM o6pa3oM, u3-3a AMCKPETHOCTH CTPYKTYDhl He HMeeT CMbICJa
TOBOPHTb O DPAacCnpOCTPAaHEHHH BOJH, MJHHBL KOTODLIX MeHblne 2a.
Hanpumep, ecau Obl n0JI0XKUTh A = @, TO B 3TOM cJydae cMelleHHs
BCEX 4TOMOB B KaxAbll MOMEHT BpeMeHH GblJIH Obl OXHHAKOBHI, T.E€.
nemnouka nepemewanacet 65 kak uesoe. A 3T0 3KBHBAJIEHTHO AJHHE
BOJIHBI A == oo, BXOAsALLell B HHTepBaa (56.4).

Hailizem tenepn ycioBue, npu Kotopom BosHa (56.2) Gynmer pe-
wenneM ypaBHenus (56.1). Jdaa storo 3ameuaeM, 4TO &, = —@2,.
IMoacraBasist 3T0 BHpaxeHue B ypaBHeHHe (56.1), Hafimem, uto oHO
6yner YyAOBJETBODEHO IPH YCJIOBHH

of =% (2 — etha — ¢~ 1ka) = 2 % (1 — cos ka).

OFpaHH'-IP[BaHCb MNOJIO2KHTEJbHBIMHA 3HAUYCHUAMHU k, OTCloa noayvdaem

® =2 +/nfm sin (ka/2), (56.5)

TaK KakK, KOHEYHO, 4YacTOTa @ CYLIECTBEHHO MOJIOKHTeJbHA.
3. da3oBas CKOPOCTb BOJIHBI paBHA

c=olk=a ’\/’—‘F; sin (ka/2)

o (56.6)

T. €. 3aBHCHT OT k, a 3HauuT, H oT A. CliefoBaTe/IbHO, HMEET MECTO
ducnepcus, nouemy Qopmynaa (56.5) u HasblBaeTcst OucnepcUOHHOL,
I'pynnoBas CKOpocTb BOJHHI paBHA

u = dwjdk == a v/x[m cos (ka/2). (56.7)

Ipu ka ==z (T. e. 1pu A ==2a) oHa obpamaercad B HyJb. B stom
caydae 804Ha He neperocur 3xepeuro. OU3HYECKYI0 HPHUYHHY 3TOrO
JIeTKO YSICHUTb NpH ofpallleHnd K puc. 96. Ha HeM crpesikamu npen-
CTaBjIeHBl MTHOBEHHbIE CMellleHHs1 aTOMOB JUId CJayyas, KOraa
A = 2a. B sToM ciyyae, KAK BHAHO H3 DHCYHKA, En—j = §,1+1 = —E,,
Tax 4yTo ypaBHeHHe (56.1) npuHHMaeT BHI -

mén = — 4xk,.
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OHO noka3pBaeT, YTO B pacCMaTpPHBACMOM CJyuyae aTOMbl KaK Obl
He CBSI3aHDBl, & U30JHPOBAHBl H KaKABLH H3 HUX COBEpIIdeT rapmo-
HHYecKoe KojeGaiie ¢ 4acTOTOH ®==2 +/x/m. ®asul KoJeBanuil
COCeJHHX aTOMOB CABHHYTH Ha ;. [IOCKOJBKY CHJH B3aHMOJeACTBUS

A=2a

SN SN SN

’ {fn—l \)gm t ) \/J:

: Puc. 96

JMIOBLIX ABYX COCENHUX aTOMOB, a TAKXKe HX CMEILEeHHs B JIOGOH MO-
MEeHT BPEMEHH paBHBLI W NPOTHBOMOJIOXKHBI, pabora artoma | Haz
aTOMOM 2 B TOUHOCTH paBHa pabote atoMa 2 Haa atoMoM l. ITO
3HAYMT, YTO B NPHOJHMKEHHH OJHKAHIINX COCelledl mepeiaud sHep-
FHH OT aToMa K aToMy He mpoucxoAuT. Hrto KacaeTcst (pas3oBoil CKo-
POCTH ¢, TO IIPH ka ==t OHa Oyjer

2 1/u/nz a —
= =Y = 2 — A/%/m.
ofk = =17 — /¥

3aBHCHMOCTL YIJIOBOH YaCTOTHl ®, a TakKxke (asoBOH M rpynmo-
BOH CKOpOCTefl OT BOJIHOBOTO 4MCJa k Tpa(HyecKH MpeicTaBJieHa

wf
L s S S
/ 1A
7/
/7 2
aVx
S 2VE v NHIE
P
1 1 1 ! L 1 P
0 w4 w2 3ot wha 0 w4 w2 3y ka

Pue. 97

Pxc. 98

na puc. 97 u 98. Ilpu Maubix k, T. €. AJsi AJHHHBIX BOJIH, QopMy.ia
(56.5) nepexoaut B ® = ka /%/m = const, a 06e mnpejlebHble CKO-
POCTH BBLIPOXKAAIOTCS B c=U=a A/%/m = const. B atoM cayuae
JHCIIEpCHs] mpomajaer u llelouka BejeT cebsi Kak CIVIOIIHAS Cpeja.
[osToMy 3HayeHHe CKOPOCTH ¢ == y MOKeT OBITb MOJIyYeHO H3 ¢op-
MyJIL, KOTOPYIO 1aeT TeOopusl YIPYrOCTH [Jisi CKOPOCTH 3BYKa B
stepxe (cm. 1. I, § 81). JlefictButennro, Moays MOnra E o
UENOUKH CJEAYeT OIpPeaequTh C MNOMOMDLIO  (QOPMYJAB Fp, ny =
= E (&, — En—1)/a, tocKouabky (&: — En—1)/a €cTb OTHOCHTEJLHOE
pacTsKeHHe LENOYKH. A TaK KaK CHJIa HATAMEHHUS PaBHA Fp, oy =
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=% (g, — En1), T0 £ =wna. Posb ke NJOTHOCTH HIpaeT BeJHYHHA
p=m/a. Tloatomy 43 dopMyJsab AJs CKOPOCTH 3BYKa B CTEpIKHE

noJyuaercs L .
u=rc = /Elp=a+/%/m,

KaK 3TO H QOJKHO GbITh. Takum o6pa3oM, B ciaydae JJIHHHBIX BOJH
(A > a) uvactora koseGaHUi MoxeT OBITb BHIUHC/IEHA MO0 HOPMY-
JiaM, OTHOCSIUIHMCS K IleNpephIBHOH MoJesHu lienouku. [laxe B cay-
Yae caMblX KOPOTKHX BOJH (A = 2a) owmnbka, nojayyaeMas TaKHM

NyTeM, HE TAaK YK BEJHKA: AJS o NOJYdAeTCs BeJMuMHA I 4/%fm,
T.€. ODUMEpPHO B TOJATOpa pa3a 6oJblle MNPABHJIBHOIO 3HAYCHHSA
2 Afu/m. .

4. ]IBuxeHHe Lenouku B ofIIeM cjayyae MoxKeT OBITh NMpeacTaB-
JeHO KaK HaJoKeHWe BOJH pa3JHYHBIX 9acCTOT, DACHpOCTpaHsAIo-
Hi¥Xcs BHepex W Hasaja. Koneuno, BcAKas peaJibHas LENOYKA orpa-
Hugena. O603HaUUM 9HC/IO aTOMOB B Hell yepe3 s, TOTja ee AJHHA
6yner [==(n— l)a. Ecaun aToMbl MOryT coBepluiaTb TOJbKO NpPO-
LOJIbHBlE KoJjeGaHus, TO YHCJAO cTeleHell cBOBOAH LeNoukH Oyner n,
3aKpenuM HENOABWXKHO KpalfiHWe aTOMBl. JTHM YHCJAO CTeNeHeH CBO-
60/bl YMEHBIIUTCS HA JIBE H CTAHET paBHBIM 1 — 2. YacTHHIM perle-
HHeM ypaBHeHus (56.1) OGyner Bosnna (56.2), pacnpocrpaHsiomascs
Brnepen (k== 0). BosHa TOA ke yacTOTH, pacnpoCTpaHsolLascs Ha-
3aj, Takxe Oyner peinenueM. CjeloBaTeJbHO, YaCTHHIM DelileHHEM
OyZeT u Cyneprno3uiUHua TAKHX ABYX BOJIH:

gz goei(mt—kx) + Mo ei(mt+kx) — eiu)t (goe-—ikx + .noelkx)_

Ho tax kKak KpaflHMe aTOMBI 3aKpemJeHbl, TO B JIOGOH MOMEHT
BPEMEHH HX CMEHIEeHHs JOJKHBI OBITb PaBHBL HYJIO. SHAYHT, JOIKHO

ObITH
Bt me=0, Eye * tne’ =0.

M3 nmepsoro cooTHOUIEHHsI CJeayeT 1o ==—~E; C yuetom 3TOro BTO-
pOe COOTHOIUEHHE JlaeT
ikl — =ikl — ),

HJIH

sin kl =0. (56.8)
Taxum o6pa3oM, nosayuaetcs crosvas BOJHA
E == Epelot (emikx — pikx) — — 24E  sin kx e'®f = 2, sin kx sin of, (56.9)
npuyeM '

Bl=Nn (N=0,1,2 ..., Nysch (56.10)
HJIH
A
I=N<,

T. €. Ha JauHe Yenoyku GO0ANCHO YKAAOLIBATLCA Yenoe HUCAO AOAY-
goan. Kaxnoii crosuefi BosiHe (56.9) cooTBercTByeT COOCTBEHHOe,
WJIM HOPMaJbHOoe, KojeOaHue HeNnouKH, ,
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MakcumajsibHoe 3unauenne N [0JydaeTcss OPH MaKCHMaJdbHOM
3HaueHHH R=mn/a, T. e. Nyaxc=I/a =n— 1. OxHako »10 3Haye-
HYe, KaK W 3HaueHHe N =0, cjelyeT HCKIIOUHTb, TAK KaK HM COOT-
BETCTBYIOT TAKHe 3HAUEHHs kR, HPH KOTOPBLIX BCE aTOMbBI TOJYUYAIOT
OJHHAKOBbLIC CMelleHHA. A MOCKOJIbKY KpaHHUE aTOMbl HEMOABUMKHBI,
TO M BCe NpOYHe aTOMbl Gbliu OBl HenoJABHKHHL. Ciel0BaTENbHO, B
Leno4yke ¢ 3aKpeNJeHHBIMH KOHLAMH MOXeT BO3OYAHUTLCS BCEro
n— 2 HOpMaJbHbBIX KOJEeOaHHH, YTO B TOYHOCTH PaBHO YHCJY CTe-
nedell cBoGoawl UenoukH. Ofmiee ABHXKeHHe LENOYKH C 3aKpelJieH-
HBIMH KOHIaMH MOeT OBbTb I[peiCTaBJEHO HAJMOXKeHHEM TaKHX
n — 2 HOpMaJbHBIX KoJeGaHHUH.

Hrak, 048 OAuHHBLX B0AH OeliCTBUTEAbHO MOMHO HOAS308ATHCS
Henpepul.erol modesbto Teepdoeo Tead. DTO U JellaeTcs B TEOPUH
Hebast Aasi BLIUHCJEHHS TeIJIOEMKOCTH TBEpPAbLIX Tes NPH HH3KHX
TeMIlepaTypax, KOrja 3aMeTHO#l 3Heprued o6JaAaloT TOJBKO AJHH-
Hble BoJHBL. K TOMy e BLIBOJYy MOXKHO NPHATH H B 00IlleM CJIy-
yae, paccMaTpuBasi KoJjeGaHHs TPEXMepPHOH KDHCTANJHYECKOH pe-
IIeTKH, COCTOsILeH M3 OJHHAKOBBEIX 4acTHLU (OAHOATOMHOE TBepJOe
Ted0). ToJMbKO B TAKOM TPEXMEPHOM TeJje, ec/H IpeHebpeynb aHH-
30TpONHEH, K APOOOAbHbIM KOAEOAHUAM, PACCMOTPEHHEIM BhIILIE AJIST
O/IHOMEPHOH 1enoykH, A0GaBJAIOTCA €lle NBE BETBH MONEPeuHblX
roaebanull, T. . KoJe6aHul, NEPNEHAHKYIAPHBIX K BOJHOBOMY BeK-
TOpPY £ W COBEPILAIONINXCSt BO B3aHMHO NEPNEeHAHKYJSIPHBIX TJIOCKO-
cTaX. Yueao HopMasbHBIX KoJeGaHu#l, Kak ¥ 4HCJO cTeneHed cBO-
60/1bl, YyTpauBaercs.

5. o cux mop Npeanoarajoch, UTO KPHCTAJI COCTOHUT M3 00U-
HaKoBbLx aTOMOB. B ciyuyae KpHCTAJJIOB, 3JeMeHTapHas siuefKa KO-
TOPHIX COAEPIKHT HECKOJIBKO pa3AUiHbiX AaTOMOB, JOGABJSIOTCH KO-
JefaHNs THX ATOMOB OTHOCHTEJNBHO JAPYr Apyra. [lJist KauecTBeH-
HOTO pelleHUsT BOMNPOCA BOCNOJB3YEMCH ONSATh OAHOMEPHON LEenoy-
KOH, HO cOCTOsiiedl M3 ABYX Pa3HLIX aTOMOB, YePeAYIOIHMXCS APYT
¢ apyrom (puc. 99). Maccnl 3Tux atoMoB o603HauuM uepes M u m
(M > m), a ux cMellleHHs U3 TNOJIOXKEHHH paBHOBeCHsi — uepe3 §,
H T, COOTBETCTBEHHO. Kak W paHblle, NpoBeieM pacyeT B mpuOJIH-
KeHHMH 6JHXKafmwux coceefl, T. . NpPHMeM BO BHHMAaHHE CHJIbI B3aH-

a
f_——_&———ﬂ
S o T
Pn-t by Tn &, Dt €y

Puc. 99

MOJeficTBHST TOJbKO cocenHux aromoB. Ha puc. 99 nokasano pac-
NOJIOXKeHHe ATOMOB LIENOYKH B IOJIOXKeHHH paBHOBecus. [loa kaxk-
LIM aTOMOM 0603HaueHO CMelleHHe ero M3 3TOro noJoxeHus. [Ipu-
MEHHTEJbHO K 5TOMY DHCYHKY MO aHaJOrHH ¢ ypaBHeHHeM (56.1)
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nosydaem

Mgn =R(Mp1 — 28, + nn‘,
mﬁn =% (§n+l - an -+ En)

3atreM HIIEM YacCTHOe pelleHHe 3TOH CHCTeMbl YpaBHEeHHH B BHJE
MOHOXPOMATHUECKOH Oeryniefi BOJIHbI

gn — Eoei(mt—kna)’ N, = noei (mt—kna;, (56 12)

npeAnosaras, YTo a MeHseTcsi B HHTepBaJe (56.3), npuueM moa a
Tenepb NMOHUMAETCs PACCTOSIHHE MEXAY IBYMs COCEJHUMH ONHHA-
KoBbiMH aToMamu. [locae noacranosku B (56.11) noayuurcs

(Mo? — 2%) &y + % {1 4 e**%)ny =0,
% (1 4 e~ *a) g 4+ (mo* — 2x) ny=0.
Hckaouenne Eg U mg AaeT
Mmo* — 22 (M + m) ©* 4 2x%* (1 — cos ka; =0,

{66.11)

(56.13)

OTKY/8

0 = =2 (M + m £ M+ m? 4 2Mm coska ). (56.14.

Iro# GopmMyJoil U onpenenseTcs COEKTP COOCTBEHHLIX YACTOT KoJe-
Oanuil nenouku. M3-3a ABOHHOro 3Haka nepex KBaApaTHLIM KOpHEM
NoJIyyaloTcsl JiB€ BeTBH  4ACTOT.

3HaKy MHHYC COOTBETCTBYET 4acTO-  px/r w

Ta o) =0, (k), 3HaKy NIOC — Jac- M’"_\z\_ %
TOTa W= wg(k). Bersb ;=0 (k)
Ha3blBaeTCs akKycrudeckod uaum de- 7x
6aesckoil, BerBb wy = wy(k)— on- w, M
Tudeckoll wuau 6opurosckoid. (Obe
BETBY [peAcTaBJjJeHbl Ha puc. 100.

[Ipu manblx £ (MJHHHBE BOJIHBI) ra
YacToTa (; TaKKe Maja H MeHser- AT M'/Q p-
cA JHHEHHO B 3aBHCHMOCTH OT K. '

B sroM caydae, Kak BHAHO H3 Puc. 100

{56.13), Eo =m0, @ TOTOMY E&,==1.

DTO 3HAYHT, UTO COCeJHHe aTOMBI ¢ MaccaMu M u m (u BooOULle Bce
aTOMBI, PAcHOJIOJKeHHbIE HA OTpe3Ke, MaJOM 10 CPAaBHEHHIO C JJIH-
HOfi BOJIHBI) KOJeOJIOTCS B odunaxoseix ¢azax. llpu takux KoJe-
6aHHAX LeNoUKa MOXKeT ObITh alNpOKCHMHPOBaHA CIJIOLWIHOA OAHO-
MepHOIl MOAEJBIO.

BerBb wy = Wz (k) xapakrepH3yeTcs TeM, uTo AJs Hee HpH k-—>(
®p He CTPEMHUTCH K HYJIO, 4, HA060pOT, CTPEMHTCH K MaKCHMYMY.
[Tpu Manbx k Kaxpoe u3 ypaBHeHu#t (56.13) nepexoaur B MEy=
= —mmo, a noromy ME==—mmn. DTO 3HAUUT, YTO B ITOM CJydyae
cocejlHue aToMbl ¢ Maccamu M U m KoJebJI0TCs B APOTUBOROAON-
HbLY ha3ax, T. €. IPOHCXOAUT KoJlebaHue OAHOTO aTOMA OTHOCHTEb-
HO JIpyroro.
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6. B TpexMepHO# KpHUCTaJJHYECKOH peuieTKe, 3JIeMeHTapHas
A4eflKa KOTODOH COLEPXKHUT § aTOMOB, CYWIECTBYIOT 3s BeTBelt HOp-
MAAbROIX KoaeGarutl. I3 HUX TPH BETBH GKyCTUHEeCKUe: OJHOH COOT-
BETCTBYIOT npodoavHsle Kojebanus, ABYM JAPYrHUM — nonepeunsie.
OctanbHble 3s — 3 BeTBefl onrudeckue. YacTOTh HEKOTOPHIX HOP-
MaJ/bHBIX KOJieGaHHH MOTYT COBMafaThb H3-3a CHMMETDPHH peLIeTKH.
YacToThl aKYCTHYECKHX KOJeOAHHHE AJs JAJHHHBIX BOJIH CTPEMSTC:
K HYJIO, [J51 TaKHX KOJeOGaHHH OHH NMPONOPLHOHAJbHB BOJHOBOMY
BeKTOpy. B 31OoM cayuae coceaHHe aTOMbl 3JeMEHTapHOH siueHKu
ABHXKYTCS CUHpA3HO, B KPUCTAJL1 MOXKHO PaccMaTpHBaTh KaK CAAOUL-
nyto cpedy. OnTHyeckHe KoJiebaHis XapaKTePU3YIOTCS BbICOKHMHU
4acTOTaMH, He 00palldOMBMUCS B HYJb AJs1 OECKOHEeYHO AJIHHHBIX
BoJiH. [Ipu onTrnueckux KoJeGaHHAX NPOUCXOAST CHIbHBIE CMEILEHHS
aTOMOB 2JieMeHTapHOH suYefKH OTHOCHUTEJNLHO APYr Apyra.

Pacceanne cBeTa Ha TEMJNOBbIX aKYCTHYECKHX BOJHAX COMPOBOXK-
AaeTesl H3MEHEHHEM YaCTOThl, B 3TOM COCTOHT sfgacHue Marndens-
wrama — bpusaroana (cm. 1. IV, § 99, a Takxke 3agauy 2 K § 57).
OnTtuueckas BeTBb KoJeGaHHH XapakTepH3yeTCs YaCTOTAMH v =
= /2n ~ 1012— 10" I'n, oHu sexaT B uHHPpakpacHoi obaactd
cneKkTpa, NoueMy M MOJY4UHJH Ha3zBanue ontuieckux. Ournyeckue
KoJie6aHUS MOTYT CONPOBOXKAATHCS H3MEHEHHEM 3JIEKTPHUECKHX MO-
MEHTOB 3JIEMEHTApHOA sAuYefikH (HanpuMep, B cJyyae KpHCTaJjia
NaCl, Korjga uMeer MeCTO OTHOCHTE/JbHOE cMeleHHe HOHOB Nat u
Cl=). Torma BosHHKAOT HH(QpPaKpacHble NOJIOCE MOTJIOUIEHHS # CO-
OTBETCTBYIONLAS WM AHOMAJbHAsl IHCHEPCHA B ONTHUECKOM CIEKTpe
kpucranna. C uHdpakpacHbiMH Kose6aHUAMY CBA3aHO ABJEHHE KOM-
funayuonnoeo paccesrus ceera (cm. 1. 1V, § 100).

[ToHSTHO, 4TO BBHUAY UHCKPETHOCTH MPOCTPAHCTBEHHOH pelleTKH
BOJIHOBOH BEKTOD kR, KaK W B OJHOMEpHOHU LElNoYKe, ONpeleJieH He
O0lHO3HAauHO. K HeMy MOKHO 0pHGaBUTb MNPOH3BOJBHBLIH BEKTOP
2nK, uTo6bl (ha3a kosebGaHUN BCceXx aTOMOB wf—— kr H3MEHHJAacCh Ha
2nn, T1e A -— NPOH3BOJbLHOE [eJ0e YHCAO (MOJOXKHTEJNbHOe HJH OT-
puiateqbHoe). QPu3nueckKH Takoe H3MeHeHHe HH B ueM de MPOAB-
asietcs. Ecau a,, @z, a3 — 6a3ucHble BEKTOPHl KPHCTAJJIHYECKOHR pe-
weTKH, T0 BekTop K onpenenserca BoipakenueM

K =na -+ na,+ n.a;, {56.15)

rae ni, n, fz— NPOM3BOJIbHbIE LEJble 4HC/AA (noJioKHTENbHBIE H
OTpHLLaTeJIbeIe) a a, a2, a; — 0a3ucHbie BEKTOPLI OépaTHOH pe-
IIETKH, T. €.
. [aras] * [asa;] L [a;a;]
1 () [azas]) - 2 (a;lasall) 377 (as[aia0])

(55.16)

(cm. 1. 11, § 130, a Takxke 1. I, § 7). MuHuManbHaa obaacTs “3Me-
HEHHMA BeKTOpa k, KOTOpPOH MOXKHO OrpaHH4YHTbCS, YTOOH NpejcTa-
BITh JI0Gble KoJieGaHHA aTOMOB peLIeTKH, Ha3blBaeTcs 30x0d bpua-
4034a. B 4acTHOCTH, MOXKHO NOCTYNMTb TaK, 4TOOb .TOuKa k=0
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B APOCTPAHCTBE BOJIHOBLIX BEKTOPOB Oblja TOUKOH 3epKaJIbHOH CHM-
metpuu. Torna 3ody Bpunmiosna nasmiBator ocwosnoli. Bexkrop K
(56.15) npu IO6GLIX UeJBIX YHCJAAX Ay, Az, N3 NPHHATO HA3HBATHL
8eKTCpOM O6DATHOU peuleTKuL.

3AdAYA
[Touemy dopmyna (56.14) e uepexoaut B dopmyay (56.5) npu M = m?

§ 57. ®oHOHBI M KBAa3WYACTHILI

1. BuyTpeHHee ABH)KeHHE NOKOSILETOCS TeJa MOMKET GbiTh OMNH-
CaHO YKa3aHHeM [BHXKeHHSl KaXKA0# HHAMBHIAYaJbHOH UYaCTHUBI, U3
KOTOPbIX COCTOHT Teso. Tako# cnoco® MoxkeT ObiTb Ha3BaH unou-
gu0yasbHblm ONHCAHHEM ABHKeHHs. [Ho BO3MOXeH H KOAneKTUAHOLI
crnocob, KOTAa ABHXKeHHe TeJa B LEJOM pacCMaTpHBAeTCsl Kak pe:
3YJbTAT HAJOXEHHS ABHXKeHHH, B Ka)KAOM H3 KOTOPbIX YYacCTBYIOT
BCE YaCTHUBl Tesa. BTopoli cmoco6 Moxer ob6gaalaTh NOpeuMylile-
CTBOM B TeX CJIyyasix, KOT/a YacTHIbI Teja B3aHMO/EHCTBYIOT APYr C
apyroM. Toraa pasJjioxeHue NOJIHOTO ABUIKEHHsi Teja HA COCTaBJSAN-
UIHe KOJIJIEKTHBHbIE ABHKeHHUS MOxeT ObITb POH3BeJeHOo TakK, YTOObl
Kak/0e COCTaBJsollee KOJIJeKTHBHOE ABHXKEHHE MOrJio ObITh BO3-
6y:xneHo B OTAeJbHOCTH. Eciu Bo30yxaeHHOe ABHXKEHHe Tesa He
OYeHbh HHTEHCHBHO, TO OHO BCerja MoxeT ObITb pa3/0XkKeHO Ha [JI0-
CKHe MOHOXpOMAaTHYeCKHe BOJIHBl pa3JIHUHBIX YacTOT, pacmpocrpa-
HAIOLHECS B TeJle B Pa3J/HYIIbIX HaNpaBJIeHHsX NPAKTHYECKH He3aBH-
cHMo apyr ot Apyra. [Ipu yBesHYeHHH HHTEHCHBHOCTH BO36YyiKIeHHS
HACTyNaloT HeAurelinole siBjeHHsl. ONHAKO eClH OTCTYIJIGHHS OT JIH-
HEHHOCTH He OYeHb 3HAYHTEJbHBEI, TO MNO-NpeXHeMY MOXHO IOJb-
30BaTbCA pasJyoxeHHeM Ha IJIOCKHE MOHOXPOMAaTHUeCKHe BOJHBI, HO
MexX1y OTAeJbHBIMH BOJIHAMH BO3HHKaeT B3aHMOJEHCTBHe.

O6a cnoco6a OMHCAHHS JBHXKEHHS B KJAaCCHYeCKOH (PH3HKe MpHH-
HMIIHaJAbHO paBHompaBHB. HO B KBaHTOBOH (U3HKE NPEHMYILECTBO
otnaercst BropoMy cnocoby. IlpuunHa 3TOro 3akniouaeTcs B KBaH-
tToBaHHH. Yxe Jle6all B TeOpHHM TeNMJOEMKOCTH TBeDIOro TeJa (CM.
§ 54) ¢ ycnexoM NMOABEPr KBAHTOBAHHIO 3HEPTHIO CTOSTUHX MOHOXDO-
MAaTHYECKHX BOJIH, HA KOTOpHe MOXeT OBITb PAa3J/oXKeHO ABHIKeHHe
Tesa. B Bompoce 0 TenJoeMKOCTH NPOBOAHTH JlaJjbHellee passoKe-
HHE CTOSIYHX BOJIH Ha GeryuiHe He 06g3aTesIbHO, MOCKOJIBKY B 3TOM
clyyae HHTepeC NpPeACTaBJseT 3JHEPrusi Teja B COCTOSTHHH CTaTH-
CTHYECKOrO PaBHOBECHs, a, HANPHMep, He ero HMIYJbC, KOTOPbIM
1J151 IOKOSIIerocs Teja paBeH HyJio B J0GoH MoMmeHT BpeMeHH. Ho
NpH PACCMOTPEHHH PA3JHUHBIX NPOUECCOB B TeJax, Aaxe NpPH HaJu-
YHMH JOKaJbHOTO CTATHCTHYECKOTO PABHOBECHS, HaNo NMepeHTH K pas-
JOXKEHHIO ABHXKEHHfl Ha Oeryuiue BOJHB ¥ K UX KBAHTOBAHHIO.

B coOTBeTCTBHH C runoTe3oll ne Bpoits, noATBePKAEHHOH ONBIT-
HEMH GakTaMH, ¢ KaxAaoi Geryuledf MOHOXPOMAaTHUECKOH BOJHOM
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CBSI3aHBl SHEPIUsl W HMIYJbC, ONpelensieMble COOTHOWEHHAMY
& =he, p="hk, (7.1)

BBCJCHHBIMH MO aHAJOMHH € Teopuell ¢GoToHOB. Bosna, Hecylilas
SHEPIHI0 H UMIYJbC, onpeaensieMble popMyaamu (57.1), B KaKOM-TO
OTHOlLCHHH BejeT ce6sa kak yactuua, YHacruua, ynoaobisieMas 3BY-
KOBOIi BOJIHE B BHILLEYKAa3aHHOM CMbICJle, Ha3nBaercs goronom. He
HAJ0 BKJAALIBATH B NpeJCTaBJeHHe O (HOHOHEe HeyTo OoJbluee, UeM
TO, 9TO COJAEPKHTCS B 3TOM omnpeleseHuu. DOHOH Hecer 3HEPruIO U
HMIYJbC, CBSI3aHHBIE C YAaCTOTOH BOJIHBI ® H BOJHOBLIM BeKTOpOM R
nocpeacTBoM nocTosiHHOM [lnanka k. Ho GeccMblcnenno, Hanpumep,
FOROPUTH O QopMe U pazMepax GHOHOHA, NPeACTABJAA €r0 KAKHM-TO
MaJeHbKHM WapHKoM. [To3ToMy (oHOH HA3bLIBAIDT HE «UaCTHLECH>»,
a «KBa3HYaCTHLEH», a €ro HMMYJbC — «KBA3HUMIYJbcOM». B nyHK-
tax 3 U 4 OyAyT NpHBEAEHL JajbHellIne cooOpaeHHs, OnpaBibl-
BalOlHE 3TY TePMHHOJOTHIO.

Crporo omnpefllefeHHble 3HAaYeHUsl BEJHUHHB & B kB HMEIOT TOJBKO
B cJyuyae HeOrpaHHuUeHHBIX MJOCKHX BOJH. PeasbHoe ke cyuectso-
BalHe HMel01 TOJNBKO NPOCTPAHCTBEHHO O2paHutueHHbie BOJHHL. Pe-
aJdbHBIM o0pa3oM (OHOHA sBJseTCS He OCCKOHedHasd, a OrpaHHueH-
ias BOJIHA, HATIPUMep BOJIHOBOH NakeT.

2. T'nnoteza (OHOHOB corJacyercsi, HallpuMep, C CYyLIeCTBOBa-
HUeM 38yK08020 dasienusi. PacCMOTPUM paju NPOCTOTHI H30TpPOI-
HYIO CIJIOIIHYIO cpedy (H30TPOMNHOe TBepAOe TeJO, XHAKOCTb, ras),
B KOTOPOIli pacnpocTpaHsieTcs MOHOXDOMaTHUeCcKas IJIoCKas MNpo-
JoJbHast 3BYKOBasi BOJIHA, HOPMAaJbHO Najalollasi Ha MJOCKYM rpa-
HUIY TBEPAOro TeJa M MorjollaemMas HM. Takas BOJIHA exxece-
KYHAHO mnepeaeT eAHHHUUE IMOBEPXHOCTH TBEPAOrO TeJa MMIYJbC
c¢Nhk, Tae ¢— cKOpPOCTb 3ByKa, a N —uucao (QOHOHOB B elHHHIE
o6beMa cpeibl, DTOT UMNYJLC H €CTh AaBJeHHe P, oKa3biBaemoe
3BYKOM Ha Tejio. 110CKOJLKY cnJjolrHas cpela HelHCHEpTHpYIoOlLas,
CKOpPOCTb 3BYKa B HeH ¢ coBrnajaeT ¢ (ha30BOH CKOPOCTBIO Cgas =
= o/k. [TosTomy

P =g, (67.2)

rie ¢ == Nho — 06beMHas NJOTHOCTL 3BYKOBOH 3HeDruH, najaloulek
Ha tejo. Qopmyaa (57.2) cnpaBeasunBa W B oOlleM cjaydae HOp-
MaJbHOTO MNajeHHsi BOJHbBl NPUH HAJHYHH OTpPaxkeHHsi H NPOXOxKAe-
Hua. TobKO B 3TOM C/ydae MJAOTHOCTb 2HEPrHW [aeTcs BbIpaxe-
nueM e == (1 4 r) Nho, rae r — koagpgpuyuenr orpaxcenus. loayuen-
Hble pPe3yJabTaThl COMVIACYIOTCS C ONBITOM B € T€M, YTO JaeT KjaccH-
yecKas THAPOJHHAMHKA.

3. B M30TpONHBIX TBEPALIX CIJIOWIHLIX TeJax MOI'YT BO30Y KNaTb-
csi (DOHOHBI JIBYX THIIOB — npOO0OASHbie U nonepeunvie. B cayuae
M3OTPOMHBIX CpPeJ 4YacTOThLl TonepeuHbix (OHOHOB ONpe/ensloTcs
TOJNBKO JAJHHONW BOJAHB M He 3aBHUCAT OT HX NOJspH3auuu. B kpu-
CTaJdax, MOMWMO [POAGJBHLIX H NONEpPeYHbIX, MOIYT BO3OYKAATHLCS
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U ApyrHe (pOHOHbI, COOTBETCTBYIOLUIHE PA3JHYHBIM YAaCTOTAM H THIIAM
noJsipusanuu KosnebGaHuf. (Kak mpaBusio, B KpHCTAJIaX «IPOLOJb-
HBIE» U «TOTepeyHbie» BOJHB He SBJASIOTCH CTPOTO NPOAOJABHBIMU
H cTporo mnonepeuHeiMu.) /s Bcex Takux (OHOHOB CIpaBeAJHBHI
cootnowenus (57.1). ToabKO B 3THX CJaydasix 4acToTa KoJebaHuii
® CBsi3aHa C BOJHOBLIM BEKTOpPOM Rk He 00s3aTesbHO JHHeHHOH Of-
HOPOJHOH 3aBHCHMOCTbIO, Kak OblJIO NpH OTCYTCTBHH AMCHEDPCHH, a
3aBHCUMOCTBIO (oJiee CJ0xKHOro Buaa o = w{(k). Takoro poxa 3a-
BUCHMOCTH Ha3bIBAIOTC OducnepcuorHoimu cooTHouwienuam. OHu
Pa3JIHYHBl [AJsl Pa3jiH4HbIX (GoHOHOB. IlpuMepaMu AHCHEPCHOHHBIX
COOTHOUIEHHH MOTYT cayxHTb popmyasl (56.5) uam (56.14), BriBe-
JeHHBIE 1J1 OfiHOMEPHBIX LeNOUeK aTOMOB.

Bo/1HOBO# BeKTOp Rk BOJHBI B KPHCTAJJHYECKOH pelueTKe ompe-
AeJeH He 00HO3HAUHO, 3 ¢ TOUHOCTbIO 0 CJIAraeMoro, paBHOro Bek-
Topy obpaTHoH pemeTkKH {(cM. § 56, myHKT 6). B cooTBeTCTBHH C
5THM H BEKTOp p = hR onpejesieH Take HeoOHO3Ha4Ho. Ho MOXHO
YCTPaHHTL 3TY HEOAHO3HAUYHOCTb, €C/JIH OrpPaHHUYHTh 06JaCTh H3Me-
HeHHs kB OCHOBHOH 30HO#H LpuamosHa, uto Mbl M 6yaeM geiath. Tak
OJIHO3HAUHO OIpejiesieHHEIH BeKTOD p Ha3blBaeTCsl KB8A3UUMNYAbCOM
¢oHoHa. CaMbli (DOHOH, MOCKOJIbKY €My CBOHCTBEHHBI NPH3HAKH Ya-
CTHIlbl, Ha3blBaeTCsl KgasuuacTuyer, o veM yxe OBUIO CKa3aHO
paHblle. TaKoH TepMHH BBOZUTCS], YTOOBI NOAYEPKHYTb, YTO KBA3H-
JACTHILA He SIBJISIETCH «HACTOSIEH» yacTuued.

KsasnuacTuibl BBOAATCA M B JAPYTHX pasgenax ¢usuku. Tak,
KBA3WYACTHIAMH SABJSAIOTCH (DOTOHBI B BaKyyMe H B 0OCOOEHHOCTH
B cpeje. [IpeacraBiaeHne 0 HUX COTJACyeTCs C TAKHMH sIBJEHHSIMH,
Kak uHtepoepenuus, sapdekr Honnaepa, scddekr Basunosa — Ye-
peHKOBAa, H3MeHeHHe YacTOThl CBeTa IIPH PacCHPOCTPAHEHHH B Tpa-
BHTAIIHOHHOM Ilojle. MBI yXe paccMaTpHBAJH 3TH fBJIEHHS C TOUKH
3PeHHs CYUIECTBOBAHHS KBA3HYACTHIL CBeTa, XOTA H He TOJb30Ba-
JIUCh CAMHM TEPMHHOM «KBAa3HUaCTHIA>.

4. B upneasnHO§l Kpucrasjiuuecko#l peuleTke, CBOOGORHOH OT TNO-
CTOPOHHHX NpHMeCeH H JHUIEHHOH pas3JHyHbIX AedeKToB (npuMec-
Hble aTOMBl, aTOMBl B MEXKJOY3JHAX, He3aNOJHEHHble Y3Jbl), IJIO-
CKasa 3BYKOBas BOJIHA B JIMHEHHOM MNpPHOJMXKEHHH JOJKHA Pacnpo-
CTpaHAThCA 6e3 3aryxanusa W paccesanus 8 cropoxsl. JInHelHoe
npuGJIHIKeHHe O3HauaeT, YTC pAasJjoXKeHHe MOTEeHIHaJbHOH IHEePrHH
KpDHCTaJJja M0 CTeNeHs M CMellleHHH aTOMOB H3 NOJIOXKEeHHH paBHOBe-
cHst oOpBIBaeTcsl Ha uJleHax 8Topoil cTenedH. Torjla BO3HHKAOT BOJ-
Hbl ¢ TapMOHHYECKUMH KOJe0aHHAMHU aTOMOB, HJH (DOHOHH, He
esaumodeticrayrowue dpye ¢ dpyeom. IIpy HaNUUUK YJIEHOB BHICIINX
cTerneHeH, eCJH OHH JOCTAaTOYHO MaJjbl (a 3TO, KaK MpaBHJO, HMeeT
MeCTO Bcerja, NokKa pelleTKa He paspylleHa, T. e. BIIOTb A0 TeM-
nepaTtypel IJIaBJAEHHS), TaKXKe MOXHO TOBOPHTb O pacupocTpaHe-
HHH IUIOCKHX BOJIH, WJIH (DOHOHOB, B KpHucTajje, OAHAKO B 3TOM.
clyyae HacTynaer saaumodelicreue pasziuuuolx 801 ((POHOHOE).
IMocko/abKy 3Hepruss H HMINyJabC (POHOHOB KBAHTYIOTCA, TaKoe
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B3aUMOJeHCTBHE HOCHT XapaKTep CTOAKHOBEHUII, B KOTOPHX IPOHC-
XOIHT YHHUTOXKEHHE CTAPHIX H pOXKJeHHe HOBHX (QoHOHOB. Hanuuue
B MOTEeHUHAJbHOH 3HEPrHH 4YJEHOB TpeTbed CTeNneHH NPHBOIHT K
CTOJIKHOBEHHAM, B KOTODhIX OJHOBPEMEHHO YYacTBYIOT TpH (OHOHA.
[pr Haanyuu u/eHOB YeTBePTOH CTemeHH MOABJIAIOTCA CTOJKHOBE-
HHSA yeTbipeX (OHOHOB H T. A.

@oHOHBI ¥ BOOOLIe KBa3HYACTHIH XOPOLIO NPHCIOCOGJEHH A5
ONHCaHHA CAabblX KOJIEKTHBHBIX BO30ymJeHHH B Tenax. Mexny
noc/aef0BaTebHBIMH CTOJKHOBEHHSIMH (DOHOH JBHKETCH CBOBGOAHO,
U eC/H «AJHHa cBOOOJHOrO mpobera» ero JOCTATOYHO BeJNHKa MO
CPaBHEHMIO ¢ MOCTOSIHHON KPHCTAJIIHYECKOH peleTKH, TO BO30YXK-
JeHHOe COCTOsIHHEe KPHUCTaJJla MOXHO B H3BECTHOM OTHOLUEHHH pac-
CMaTpHBaTb KaK ¢pononHbui ea3. [lpu 3ToM uucsio GoHOHOB He coO-
XxpaHseTcs, YTO JQaeT OCHOBaHHe DACCMaTPHBATL HX KaK 603e-4a-
cTuysl (6o3onst).

Ha puc. 101 rpaguyeckn H306paxkeHB NPUMEPH BO3MOXKHBIX
B3auMoJeHcTBHI (oHOHOB. POHOHH H300paxeHm CTpeJKaMH, a

&

(M s,
kw Ky 4 7
kw
'f’wtoe 1 10"1, !
a) )
Puc. 101

¢haxThl X B3auMojAeHcTBHA — KpyxKaMu. Puc. 101, a coorBeTcTByeT
pacnany c¢oHoHa B, o Ha ABa QoHOHA Ry, o U Ry, ws. Puc. 101,6
u306parkaeT CTOJKHOBeHHe (GOHOHOB R;, w; ¥ Ry, ®p, B pe3y.abrare
KOTOpPOro BO3HHKaeT oJAHH (oHOH k, ®. Ha puc. 101, 8 naoGpaxeHo
CTOJIKHOBEHHE ABYX (GOHOHOB Ry, ) H Ra, 0y, 3aBepluaiolleecs BO3-
HHKHOBEHHEM /IBYX HOBHIX (OHOHOB R3, @3 U Ry, @4
[Tpu BaauMoaeficTBuH (HOHOHOB COGJIIONACTCA 3GKOH COXPAHEHUR
anepeuu. B cayuyde npouecca, usobpaxenHoro Ha puc. 101,a, oH
3aNHuCHIBaeTCsi B BHAE
ho = he, + ho, (57.3)

M aHAJIOTHYHO B ApYyrux caywaax. OAHaKo 3aKOH cOXpaHeHHs KBa-
3HHMITYJIbCA MOXMeT u He cobarndarocs. [IpHUMHOR 3TOrO ABJsAETCA
HeOJHO3HAUHOCTb BOJIHOBOTO BeKTopa K,

Ky ki  oTMevenHas Bulle. [leficTBHTe/IbHO, pas-
JIC)KHM, Hanpumep, BekTop Kk Ha /JBa

vexkropa: k=Fk, 4 k; (puc. 102). Bek-

k Top Kk nmpeanoJaraeTrcs JieXalluM B

Puc. 102 OCHOBHOHI 30He DBpHJMO3HA, TaK uTO

NpH HalleM OrpaHHueHHH hR sBiseTcs

KBa3HHUMNyabcoM. Ho npeanosoxHuM, YTO COCTABJSAIOLUIHE BEKTODH
kB, u k, (wm mno kpafinei Mepe OAHH M3 HHX) HACTOJIbKO
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INJIMHHBI, YTO OHH HE YMeWlalTcs B OCHOBHOH 30He DBpuiutiosha,
Toraa, mpu HalleM OrpaHHYeHHH, BeKTOPH Ak u hk, He GyayT
KBazuuMmnyabcaMu, Kpasuumnyancel hk, u hk; monyyamTcs U3 HHX
nyteM npubabieHusi BeKTopoB Buaa 2nnK, rae K — Bektop o6part-

Hofi pewerku (56.15), a n=0, =1, ... . Hanpumep, ansa npouecca,
cooTBeTcTBylotero puc. 101, a, cienyer nucathb
hk, + tiky = hk + 2nK. (57.4)

Ecaun n=>0, To B npouecce B3auMo/ieAcTBUST QOHOHOB KBA3HHMMYJIbC
coxpaHsiercsi. TakHe npoLecchl Ha3LIBAIOTCA HOPMAAsHbiMU. Ecau
ke n 7= 0, To COOTBETCTBYIOHIHE MPOLECCH HA3BIBAIOTCA Apoyeccamu
nepebpoca. CymecTBoBaHHe MpoLeccoB nepeGpoca JHIUHHA pas
onpaBjblBaeT BBeJeHHe TEPMHHUOB «KBA3HUYACTHIIA® H <KBa3HHM-
MyJbC» BMECTO MPOCTHIX TEPMHHOB «UAaCTHUA® H «HMIYJIbCY.

Koneuno, cootHouenusi Buaa (57.3) u (57.4) cnpaBeasnuBH He
TOJbKO MPH B3aHMOAEHCTBHH ¢OHOHOB MeXAy coboil, HO H mpH
B3aHMOJEeHCTBHH HX C ADYTHMH Y4aCTHLAMH H KBa3HYAaCTHIAMH, Ha-
npuMep ¢ ¢oronamu. [IpH nepeBose Ha KjaacCHYeCKHH SI3BIK 3TH CO-
OTHOLIGHHSl BBIPAXKAIOT 3AKOHbL UHTEp(epeHyul 80AH, NPUHYUN
Lonnaepa u BoOOlle 3AKOHbL UBMEHEHUS 4ACTOTbL 804K NpU pas-
AUdHbLX npoyeccax. Bor noueMy KOMOGHHAIIMOHHOE paccesiHHe CBeTa,
paccesnne Maungenviurama — Bpuantosna, sddexr BasugoBa —
UepeHKkoBa, H3MEHEHHE YaCTOTHl CBeTa MPH pPACIPOCTPAaHEHHH B
rpaBHTALHOHHOM IIOJIe H APYTHE SIBJEHHS MOTYT OBITb HCTQJKOBAHBI
KaK C BOJIHOBOH TOUKH 3peHMs, TaK H C MOMOIUbIO MpeACTaBJIEHHUS
0 KBa3HuyaCTHIAX.

5. BocrnosibsyeMcs Tenepn npeAcTaBieHHEM O (OHOHAX AJA pac-
CMOTPEHHUSs] TeNnAonpPo8oOHOCTU T8epduix Tea. Mbl HMeeM B BHAY JH-
3JeKTPHKH, a He MeTaJJ/bl. B 1H3/MeKTpHKax MepeHoc Temja ocy-
IUECTBJSAETCS (POHOHAMU, TOTAA KAK B METAJIax OCHOBHYIO poib B
3TOM Mpouecce HrpaloT 3.1eKTpoHsl, CaMO NOHATHE TEMJIONPOBOJ-
HOCTH OTHOCHTCS K JAOKAAbHO PABHOBECHOMY COCTOSIHHIO HEIOJBHXK-
HOTO Tesa, Ka)I0H TOYKe KOTOPOrOo MOMHO NPHIHCATb OIpejeJseH-
Hylo TemnepaTtypy. Uro6bl MOJYYHTb NOJHOCTHIO paBHOBECHQe CO-
CTOSIHHE TeJjla, MOXKHO, HAMPUMED, 3aKJIOUHTb €T0 B XKECTKYI 000-
JIOUKY, MOAJEpPIKHBAaeMyl® NPH MOCTOSHHOH TeMneparype. Toraa B
pe3yJnTaTe TEMJOBOTO BO30YyXKIeHHs (POHOHOB, HX MOIJIOWIEHHA H
paccesiHusi Ha APYTrHX (OHOHAX, HA MPHMECAX H JedeKTax peLleTKH,
Ha TPAHHIAX TeJla H OKpyXamwile#t 060J0UKH, B KOHLe KOHLOB yCTa-
HOBHTCH MNOAHOCTHI0 TePMOOUHAMUYECKU pPABHOBECHOE COCTOSIHUE
Tesa, OJHO3HAYHO OMpejesifieMoe TOJbKO TeMIlepaTypoli 000J0YKH.
OHo xapaKkTepu3yercsi BMOJIHe ONpefeJIeHHHIM 3HayeHHeM IJIOT-
HOCTH 3HepruH (OHOHOB B MPOCTPAHCTBe, BIOJHE OMpeje/eHHbIM
pacmpejie/ieHHeM ee N0 COeKTPY YacCTOT, Xa0THYECKHM (B YaCTHOCTH,
M30TPONHLIM) paclpejejieHHeM HanpaBJieHHH pacnpocTpaHenus ¢o-
HOHOB., B 3TOM OTHOlIEHHH PaBHOBECHOe COCTOsHHe (OHOHOB B IQ-
JOCTH HAMOMHHAeT aHaJOrHYHOe COCTOsfHHEe (OTOHOB — YepHoe
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H3JaydyeHue. JIoKaibHO pPaBHOBECHOE COCTOsIHME Tejia OTJIHUAETCs OT
MOJIHOCTBLIO PABHOBECHOTO TeM, YTO TeMIlepaTypa TeJa MeiseTcss OT
TOYKM K TOUYKe, 2 BCe NMpPOUHE NapaMeTphl, XapakKTePH3YIOLINE CO-
CTOsIHHE TeJla C (DOHOHAMH, yCNeBaIOT NMPUHATL NPAKTHUECKH PAaBHO-
BEeCHble 3HAYeHHS, COOTBETCTBYIOLHEe 3TOH TeMnepaType. JIOKaJbHO
pPaBHOBECHOE COCTOSIHHE M HMeeTCA B BHAY NPH PacCMOTPeHHHU Tell-
JIOIIPOBO/JHOCTH.

6. byneM cHauasna npeamoJsiarath, 4T0 KPHCTAMJd HAeaJbHBIH,
T. €. He COAEPKHUT NnpuMece, a KPUCTA/JIHUECKasl peLIeTKa JHIIeHA
Bcex gedektToB. COBOKYNHOCTH (HOHOHOB B Teje OYyAeM paccMaTpH-
BATb KaK (POHOHHOLE ea3 U BOCNOJB3yeMCs AJil ero TelJOoNpOBOA-
HOCTH QopMyJIoH

% == 1/30CA, (67.5)

KOTOPYIO JaeT 3JeMeHTapHas Teopus raszos (cM. 1. II, § 89). 3aecs
C — TensioeMKOCTh €AMHHIL 0ObeMa Tesa (B NpeXHHX oGo3Havye-
Huax C = nmcy), ¥ — cpelHsis CKOpocTb QOHOHA B TeJse, A — Cpeld-
HAA AJMHa cBo6oJHOro npotera ¢oHoHa. BesndyuHa U UMeeT CMBICA
cpejHell CKOPOCTH 3BYyKa B TeJe, C onpenensieTcs B KBaHTOBOH Teo-
PHH TenJioeMKocTH TBepAoro teja. Obe 3TH BEJTHUMHBI MOTYT OBITH
HU3MepeHbl 3KclepuMmeHTaJdbHo. Hanboabuine TPYAHOCTH BCTpedaeT
onpeieJeHue BeJHYMHE A. B rapmonudyeckom (snuHeiHHOM) npHG/IH-
JKEHUH 3BYKOBble BOJIHbI ((POHOHBI) pPACHPOCTPaHAIOTCH B HAeasb-
HOM KpHCTaJJje, He BCTpeuas HHKaKUX Ipenstctsuil. B stom mpu-
GJIMXKEHHH HET CTOJIKHOBeHHH MexAy poHoHamu. Eciu 6Bl KpucTa
6bly1 Ge3rpaHUYHbIM, TO A, @ C HEH H TENJIONDPOBOAHOCTL % ObLIH GBI
fecKoHeuHo GOJbINUMH. B caeayioninx npubJHXeHUAX, KOorga B IO-
TeHLHAJbHON SHEPTHi PelleTKH YUWTLIBAIOTCS YJeHB! TPeTbeH H BbIC-
LIHX CTeNeHel OTHOCHTEJbHO CMellleHHH aTOMOB H3 NOJOXeHUH pas-
HOBECHS, NMOSBJASIOTCS CTOJIKHOBEHHS MeXAY (DOHOHAMH, OrpaHHyYH-
Baloulie X AJHHBI cBOOOAHOro npofera. OcHOBHOE 3HAYEHHE HMeEIOT
uJeHbl TpeThedl CTemeHH, NMPHBOAAUINE K TPOHHHIM CTOJKHOBEHHAM
(cMm. puc. 101,a u 101,6).

7. OJHAKO HOPMAAbHLIE CTOAKHOBeHUs mexcdy (PoHonamu He
8AUAIOT HA TENAONPOBOOHOCTb KpucrTaissa. TIpHuMHA 3TOTO Ta Xe,
UTO W B AHAJOTHYHOM cJyuae MPOXOKAEHHS JIGKTPHYECKOTO TOKa
yepes MeTaJli: 3JeKTpuueckas IPOBOLHMOCTbL MeTaJ/JIOB CBsI3aHa C
AJHHOH cBOGOJHOrO mpofera 3/71eKTPOHOB H AHPOK, HO CTOJIKHOBEHHS
MKy CAMHMH 3JIEKTPOHAMH U CaMUMH IBIpKAMH Ha Hee He OKa3bl-
BaloT HHKakoro Baumsuusa (1. I1I, § 42, n. 2). leficTBuTeNbHO, NpH
HOPMaJIbHBIX CTOJIKHOBEHHSIX KBa3HHMIYJbC (ONOHA COBMAJAET C
MCTHHHBIM HMIOYJIBCOM, a MOCAEeJHHE OPH CTOIKHOBEHHSX COXPaHAET-
csi. DHEPrHsl TPH CTOJKHOBEHHSX Takxe coxpaHsercd. [Ipu pacnazge
(doHOHa npexHHH (POHOH HCUe3aeT, a BMECTO Hero NOSBJAIOTCS ABa
HOBBIX ()OHOHA, KOTOpble H NEPEHOCAT 4epe3 KPHCTAJI Te Ke Hep-
rHIO u HMOyJbe, [lpu cTONKHOBEeHHH ABYX (POHOHOB OHH HCYe3aloT,
nepejapasi MMIYJbC H 3HeprHI0o 06pa3oBaBUIMMCA ABYM HOBLHIM (oO-
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HOHAM, KOTODble TaKxke M[POAOJKAWT HECTH HX Yepe3 KPHCTAJJ.
Tak npoucxoauT npH Tpex(OHOHHBIX mpolieccax. Amajornysoe
HMeeT MeCTO B CTOJIKHOBEHHSIX C OJHOBPEMEHHEIM Y4acTHeM YeTHl-
pex, OsiTH U Oosee (hoHOHOB. TakuM 06pa3oM, HOpMaJbHLIE CTOJK-
HOBeHHs1 Mexa1y (POHOHAMM He MOTYT 3aMeJJHTb Nepejayy 3HepPTHH
HJIH UMIyJbCca yepe3 KPUCTANJ. Ecan 6bl Bce CTOJTKHOBEHHS MEXLY
(hoHOHaAMHU OBITH HOPMAJbHBIMH, TO TEMJONPOBOAHOCTL HECKOHEUHOH
HJleaJbHOHN peleTkKH Obljia Obl Tak:Ke 6eCKOHEYHOH.

Bosnukaer Bompoc, noyeMy NPHBEJEHHBIE PACCYKAEHHS HEmpH-
MeHHUMBI K TEIJONPOBOAHOCTH I'a3a, COCTOSLIEr0 U3 OGBLIUHBIX YaCTHIL
(aToMOB H MOJIEKYJ), XOTS B 3TOM CJydae [PH CTOJKHOBEHHSIX TaK-
Xe CoBJIAaTCsl 3aKOHB COXDAHEHUS] 2HEPTHM H HMIyJbca? [leso
B TOM, YTO NPH CTOJKHOBEHHAX YaCTHL OOBIYHOTO ra3a OHH HE YHHU-
TOXAWTCS U He poxaalorcs. Hasertalwmas yactuna, caMa He YHHY-
TOXKasACb, IPH CTOJKHOBEHHH M€PEAaeT HMMYJbC M 3HEPTHIO YiKe
CYLIECTBYIOLHM, a He POXKAAWIIUMCS BHOBb 4actuuaM. [Ipun aTom
B rase HeT IEDEHOCA BelleCTBa, a Nepejauya 3JHEPTHU He MOJHas.
DHeprus yjapsiiollefl YacTHIH B Pe3yJbTaTe CTOJKHOBEHHS MOKET
H YMeHbIUAaTbCsl, ¥ yBeaunuuBaTbcsl Ho ecau B rase ecTn rpajHeHT
TeMNepaTyphbl, TO 3HEPrUs] «TOPSYHUX» YACTHL, MPEHMYIIECTBEHHO
yMeHbIIAETCs, 8 «XOJOAHBIX» YyBeJHuHBaeTcs. Daaroagapsi aTomMy B
rasze W BO3HHKAeT NOTOK TeNJa, HANDPaBJEHHHBIH B CTOpoHY GoJee
HU3KOH TEMIIePaTypHI.

M3 npuBefeHHBIX PAaCCYXKAEHHH ClelyeT, UTO TERAIONPOBOJHOCTY
udearbHo20 Kpucraarra moseT ObiTe CB8A3GAHA TOALKO € TAKUMU
CTOAKHOBEHUAMU (POTOHOB, KOTOpbIE CONPOBONCIAIOTCS NPOUECcCamu
nepebpoca, TaK KakK NPH 3THX CTOJKHOBEHHAX He cobJiojaercs 3a-
KOH COXpaHEHHs KBa3HHMMNyJbca. 3HAYHT, TOJBKO 3TH CTOJKHOBe-
HHUSl U JOJXKHBE ObITb NPHHSITH BO BHHMAaHHE NPU BBLIYHCJIEHHH Cpei-
Heil AJMHBI cBOOOAHOro npobera ¢oOHOHA, BXOAsileH B ¢opMyay
(57.5).

8. BnpoueM, caMH BBIYHCJEHHSI OUeHb [POMO3JAKH H He MOTYT
OBITH BHINOJHEHB! 0e3 NOoAPOOHBIX CBeLEHHH O MEXKATOMHBIX CHJaX
B3aMMOJeHACTBHS B KPHCTaJJe, KOTODBIMH AJs -0OJBIIHHCTBA KPH-
CTaJIJIOB MHl He pacnoJsaraeM. C 3THM CBSI3aHO HEYAOBJETBOPHTEIb-
HOe COCTOsIHHe TEOpHH: eCTb 4YeTKHe (H3HYecKHe MpeACTaB/JeHHA Y
MeTOAbl pacueTa, KOTOPHIMH, OJHAKO, HeJb3sl BOCIOJb30BATHCA AJS
IOJIyyeHHs] OKOHYATebHBIX KOMHYECTBEHHHIX pe3yJbTaToB. Mul orpa-
HHYHMCS TOJBKO KPATKHMH KauyeCTBeHHBIMH COOOparKeHHSMH.

B6au3n abcosOTHOTO HYJs TEMIEpaTyp, KOTAa TEIJIOBBIX (DOHO-
HOB TMpaKTHYECKH HET, CpefHsis IJHHA cBoOojgHoro mpobera (oHOHA
OrpaHHYHBAETCA pa3MepaMH KpHCTaJjia. 31ech Aejo OOCTOHMT aHa-
JOCHYHO TOMY, YTO HMMeEEeT MeCTO B CJyyae YJbTpPapa3pexeHHLIX
rasoB, Korjaa AJiuHa cBoGOLHOTO npobera MoJeKyJ/bl BeJuKa 1o Cpas-
HEHHIO C pasMepaMu COCyla, B KOTOpPOM 3akJwdeH ras (cm. t. II,
§ 95). Ilonarasi B dopmyae (57.5) A=1[, rae [-—pa3Mepbl KpH-
CTaJjj1a, MBl TIOJIYYHM BEJHUYHHY %, KOTOpast OyAeT XapaKTePH30BaTb
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He TOJbKO BHYTPEHHHe CBOMCTBA KpuCTajaja, HO OYJAeT 3aBHCeTh H
OT ero pasmepoB. [IpH HH3KHX TeMIlepaTypax CKODOCTb U NPaKTH-
UYECKH TIOCTOsIHHA, a4 TemJOeMKOCTb 1o Teopuu Jebas npomnopuwo-
HaJpHa T3, MO3TOMY M TemJONMPOBOAHOCTb KPHCTassMa OyAeT TaKxe
nponopiuuoHabHa T3,

[Ips mNOBbILIEHHH TeMIepaTypbl BJHSHHE Da3MepPOB KpHCTaJjJa
oTofiieT Ha BTopoli MaaH. OmnpenensiOIUMH OYAYT CTOAKHOBEHUR
mexcdy hononamu, CONPOBOKAAN0IIMECH MpolleccaMu Nepebpoca. 3a
CUET 3TOrO, a TAKXKE 32 CUET YBeJHUEHHS TeMJOeMKOCTH NpPOH30HAeT
H OBICTpOe YBeJHUEHHE TelJIONPOBOAHOCTH. B 3Toll obiaacTn TeMre-
paTyp BeJHYHHA A, a ¢ Hefl H TEMJIONPOBOJAHOCTb X KDHUCTAJIA YKe
TepecTaloT 3aBHCETh OT pa3MepOB KPHCTaJja, a CTAHOBATCS TOJNbKO
ero BHYTpeHHHMH cBOHcTBaMH. B 06JacTH BBEICOKHX TeMIeparyp
MOJKHO OXHJaTb 3aBHCUMOCTH % ~ 1/T. JleficTBUTeJbHO, B 3TOH 06-
JIaCTH CIIpaBeJJIMB KJaCCHUECKHH 3aKOH DaBHOMEPHOTO paclpejese-
HHA KHHETHYeCKOH HEepTHH MO CTeleHAM CBOOOABI, B CHJY KOTOPOTO
SHEPTHH BCeX (POHOHOB CTAHOBATCS OJHHAKOBHIMH (HE 3aBHCALIHMH
0T yacToTel ®). [103TOMY nnOTHOCTH GOHOHOB N MPOMOpUKOHAJIbLHA
JIOTHOCTH HEprHH, T. e. T, a TEIIOEMKOCTb
C nocTuraer KJacCHUECKOro Ipejesa, KOTO-
pulii He 3aBucuT oT T. [losTOMy cpeaHAs AJH-
Ha cBoGoaHoro npoGera ¢oHOHa A ~ 1/N, a
¢ Hell H TENJONPOBOAHOCTb % CTAHOBATCS IPO-
nopuxonaasHeiMu 1/7,

" U3 H3/10XKEHHOro fCHO, 4TO HpPH MOBHILIe-
HHH TEMIEpaTypbl TENJONPOBOJAHOCTb AH3JEK-
: TPHYECKOTO KpHCTanjJa JAOJKHA [POXOAHTD
025 50 75 7K yepes MakCHMyM. DTO OTYETJIHBO NpOSBJISETCS
Puc. 103 Ha puc. 103, rae npHBejeHa 3KCHePHMEHTAb-
Has KpHBas TEMJONPOBOJAHOCTH, NOJyYeHHAas
s uckyccrBennoro candupa (AlpO;). MakcuMyM Ha KpHBBIX AJs
Pa3/MYHHX BellecTB MpOABJAETCH He Bceraa Tak pesko. [Ipuunno#t
3TOr0 fBJSAIOTCH NPHMecH M AedeKTH KPHCTaJJHUECKOH pelleTKH,
BHOCALILHE JOMOJHHTEJbHOe TeNAOCONpPOTHBJEHHe H YMEHblIaloliHe
ee TemJoNpPOBOAHOCTb.

3A0AYN

1. Onpeneants naBJieHHe, OKa3blBaeMO€ 3BYKOBON BOJHOH Ha rpaHHLY pas-
AeJa JABYX H30TPOMHLIX HeNorJoWaKLIHX CIJAOWHHX cpeld (pHc. 104).

Pemenue Tak Kak HOpMaJbHHE claraiollHe MOTOKa 3HEPrHH 1o o6e cTO-
POHBI rpaHHLLI pasiena cped OLHHAKOBEHI, TO

14
N,ec; cos ¢ — N ec; cos ¢ = Ngecy cos W,

’
rae N\, N, 1 N,— yucna nagaiouluX, OTpa)keHHHX H MNpOMIEAMHX (OHOHOB B

elHHHLe 00BbEMA, € ® Cp — CKOPCCTH 3ByKa B cpegax [ u 2, & = Alw — 3Heprus
¢onoHa (omMHakoBass B o6eHx cpegax). Bseas: koaQOHUHEHT OTpakeHHA
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’ -
r= Nl/va OTCIOA MOJYYHM

€y COS @
Nz——c COS’lp(l f)N|.

Hckomoe aaBnenie & paBHO HODMaJbHOH COCTaBJIAIOLIER HMIYJbCa, KOTOPYIO le-
pefaeT 38YK ejHHMUIe MPAHHLLI pasiena cpel:

P =Npc, cos® ¢ — (N2p202 cosZip — N{plcl cos® q)).

Tag kak cnJjoluHas cpeia He oGnagaer aucuepcuedi, To pc = €. [lostomy, wuc-
’
noJb3ysi 3HaueHHs N, u N, npuBeieHHble Bbllle, H BBOAS MJIOTHOCTH 3HEPrHy

najamoulefi 3BykoBoi BOJHH & = Ng, no-
JYunM

P=~&cospctgP{(l +r)cosqtg P —
— (1 —r)sin @}. (57.6)

2. Hcnoabsys npexcrasneHdHe o ¢ono-
Hax, TMOJYYHTb GopMyay naJs  TOHKOH
CTPYKTYpH  MangessmraMa — Bpuimosna
(cm. 1. 1V, § 99).

Pemenune CBsI3p MexAy 3Hepruefi 2 ¢\ ¢
H HMIOyJncOM AJs cBeta B cpede (doro-
Ha) H 3ByKa (dOHOHA) HMeeT BH[

n&
dboT 3B
Poor =2 Py =5, (511) Prc. 104

Tle ¢ — CKOPOCTb CBeTa B BaKyyMe, @ Usg — CKOPOCTb 3BYKa (;?onoua) B cpeie.
K TakuM xe COOTHOUIeHHAM NPHBOAMT H KJacCHYeCKass TeOpus. YpPaBHelHs COXpa-
HEHHs BHEPrHH H HMIYJbCa NPH H3JIYYeHHH H HOTJIOWUEHHH (HOMOHA:

gaa ==+ (gdm'r - é’:bo‘r)’ Py = =+ (p(bo'r - p:bm')’

rge MJKC Mepel CKOOKAMH OTHOCHTC K H3JYYeHHIO, a MHHYC — K fIOIJIOIIEHHIO
¢doHona. HemTpHxoBaHHBIMY BelMYHHAMH 06O3HAYEHB! 3HEPrUst H UMNYJbe GOTOHA
10, a HITPHXOBAaHHBIMH — IlOCJe H3Jy4eHHs HWJIM NoriolleHHss ¢oHOHa. Bropoe
ypaBHeHHe YMHOXHM Ha c/n, Bo3BeJcM ofa ypanHeHHsi B KBajApaT, a 3aTeM IO-
YJleHHO BbiuTeM. Torja, HCMOJB3ysl CBA3L MEXAY 3HEPrHed U HMIYJbCOM, MOJYYHM

c? 2 / .2
( n202 - 1) gaa == 48(&)0?84)0? sin ?'

rae & — yron mexny HanpasJeHHAMH Najalollero H paccesHHoro ¢oronos. B mo-
clelHeM ypasHeHHH ciena e/lHHHLEH B CKOOKax MOXHO npeHebpeyb, a chpara

(?(bm 3aMeHHTb Ha &g, TaK Kak sHeprua QoHoHa mpeneGpexumo Mana. Cuenan
3TO H HM3BJIEKas KBaJPaTHBIH KOPeHb, MOJYYHM

Us i
& ==x2n CB é’¢OT sin =
Ul
ﬂ 5
gtbm é’me = on 2 é’dm . (57.8)

DTO COOTHOLIEHHE — YHCTO KJaCcCHYeCckoe. HpH ero BeIBOJe OLLIN HCIOAb3O-
BaHBl TOJIbKO 3aKOHbI COXDaHEHMsl -JHEPrHH W HMMIYJibCa, & TAakKXe CBA3b MeXIy
3Heprneﬁ H HMIYJbCOM JJI1 CBE€TA W 3BYKa, KOTOpasd TaKe SABAAETCA KJaCCHYe-
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cxofl. [lepexon or sHepruu K wactore NPOUSBOLHTCH yXKe ¢ TOMOUILI0 KBAHTOBHIX
COOTHOWEHUH & gor = A® H &an = Ao, NPHUEM CYIICCTBEHHO, 4TO B OBOHX
COOTHOIIEHHAX TOCTOsTHHAs A — OJiHa u Ta ke. B pe3syibraTe npu KBaHTOBOH HH-
TEPOpeTaunu noJiydyaercsa takasa xe dopmyaa

&
®— o =+ 2n UZB ® sin —-, (57.9)

KaK U B KJaccHYecKofi TEOpHH. OnHaKoO OKOHYATENLHBII pe3yJbTaTt COBEpPUICHHO He
3aBHCHT OT YHCJEHHOro 3HauyeHHs1 nocTtosHHoi [1nanka.

§ 58. JHepreTHyeckHe 30HbI B TBEPALIX Tejax

1. B § 100 1. Il 6uis10 BBeseHO MOHATHE 06 3HEPreTHUECKHX 30-
HAX B KpHuCTaanax. DTO NOHATHe CYLIECTBEHHO ONMpaeTCsi Ha KBaH-
TOBBIE MpeACT4BAeHHs, 0 KOoTopuXx B T. III Moran 6uLITb coobuieHbl
JIHIIb NpeABapHuTe bHble cBefenust. [losToMy 3jech MLl onsiTb Bep-
HeMcs K Bomnpocy o6 sHepreTuueckux 3oHax. Hac 6ynet untepeco-
BaTb TOJIbKO MPHHIHNHA/bHAS KaueCTBEHHAs CTOpPOHA BOMpOCA, a He
TOYHBLIE KOJHYECTBEHHLIE pe3y/bTaTel, TPeOYIOUIHe CJIOXKHBIX H I'PO-
MO3/KHX BHYHcJAeHHH. K ToMy ke AJf peasbHBIX KPHCTAJJIOB MpH
HACTOSLIEM COCTOSHHK TEODHH NPOBECH TOUHHIE BHIUHCJIEHHS HEBO3-
MOXKHO. MBIl BBLIHYK/EHH JAOBOJIBCTBOBATBHCS INPOCTEHIIHMH MOjie-
JSMH H HarJsaHbMu coobpaxkeHusiMu. CojaepikaHue 3TOro mapar-
pada noJse3Ho cONOCTABUTL ¢ coaepxkanunem § 100 1. 111

[TpunuunuasbHo MOXKHO ObLJIO Obl DOCTYNUTH TAK, KAK 3TO yXKe
6n110 nameueno B 1. [II, § 100. Bosbmem oueHp 60JbliIOe UYHCIO
TOMKJECTBEHHBIX aTOMOB, YAaJEHHBIX JAPYr OT JApyra HacTOJbKO Aa-
JIEKO, YTO B3aWMO/AeCTBUE MEXKAY HHMH QUEHb MaJo U NPAKTHYECKH
HM B 4eM He nposB/seTcs. B TakoM cJayuae Ka)/Ablii H3 aTOMOB
BejeT cebsl KakK H30JHpoBaHHLIA. EMy CBOHCTBEHHBI OmpejeseHHbIe
sHepreTuyeckue ypoBHH. CucteMa u3 N yrajieHHBIX aTOMOB Oyjer
HMeTh T€ K€ YPOBHMU IHEPLHH, HO KaXKIbl# ypOBeHbL MOBTOpHUTCH N
pa3. Hauuem Tenepns HenpephBHO cO6aHKaTh aToMel. [lossBuTcs B3aH-
MOJIeHCTBHE MEXAY HHMH, B pe3yJbTaTe 4Yero KaxAbH NepBoHA-
yaJIbHBIH SHEPTreTHYECKHH YPOBEHb CTaHET KaK-TO HelIpepHIBHO CMe-
mwarbes. B Konile KoHIIOB M3 6oJbloro yucaa N aToMoB obpasyeTcs
Kpuctaja. [lpociesuB 3a 3BoJIIOUHEH OTAEJNBHBIX 3HEPreTHYECKHX
ypOBHe#i, MOXKHO ONpEe]eJHTb H SHepPreTHYECKHe YPOBHH 06pa3oBaB-
erocsi KpHcTasia.

Koneuno, npu GoJblioM uyucae N aTOMOB IIPOBECTH 3Ty IIpo-
rpaMMy ThpakTHYeckH HeBo3MOxHO. Ho 3T0 MoOKHO clenaTs aas
cjaydast ABYX aTOMOB. [loslyueHHble pe3yJbTaThl MOXKHO OyleT Hc-
N0JIb30BAaTh /J151 BHISICHEHHS BOMNPOCA, KaK KaueCTBEHHO OyAeT BeCTH
ce6sa M cucTeMa K3 GOJBUIOTO Yuc/aa aTomoB. boJsee TOro, Aas Aalb-
HeHIIero yrnpolleHnsl MOYKHO 3aM@HHTb DEaJIbHBIH ATOM MBICJCHHLIM
«OJIHOMEPHBIM aFOMOMY», MpOUIEe BCEro — rapMOHHYECKHM OCUMJLIIS-
TopoM. DTO (PaKTHUECKH yice OLLJIO cAesaHo B § 52 NpH BLISCHEHHH
NPHPOALl MOJeKYJsApubix cui (cM. tTakxke T. 111, § 137). [ToBTopum
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emle pa3 MOJYYCHHBble TaM pPe3yJbTaTsl B (GopMe, mpucnocob/eHHOA
AJIs1 Lesiefl HacTosiniero maparpada.

2. Tloxa ocunanATOpPH pas3ABHHYTH JOCTATOYHO [1aJ€KO, ra-
MHJBTOHHAH CHCTEME! OOOHX OCHHJJISITOPOB, €CJAH COXPaHsTh 060-
3Hauenust § 52, npeacraBuTCA B Buje

H=H+ A, (58.1)
rae
~ 2 2 ~ 2 2
Hi——tl & B oo PO LB 589

2p ax§ 2

OcuuansaTopel BeayT ceGs HE3aBHCUMO JPYr OT Apyra. DHeprus
KaxKJ0ro M3 HHMX KBAHTYeTCsl H paBHa hwg(n -+ 1/2). Dueprus cu-
CTEMHl B lIeJIOM paBHa CyMMe 3Hepruii o60MX OCHUJIATOPOB. BBHAY
TOXK/€CTBEHHOCTH OCUHJJIATOPOB OAHA H Ta K€ HEPrHsl & CHCTEMBI
MOxeT ObITh NpejicTaBJeHa 1ByMsi cnocobaMu: 6o Kak& = & 4
+ &L, 1ubo kak & =&} + &!. B nepsom cayyae ocuuasTOp
[ umeer sHepruio &, ocuuanasrop I1 — suepruo &,. Bo BTopom cay-
yae noJHasl SHeprus & Ta e, HO 3Hepruell &, obsajaer ocUMJIA-
top II, a sneprueft &; — ocunaasitop 1. Jto 3HAUAT, UTO SHEPreTH-
uecKuii ypoBeHb & CHCTEMBl OCLHHJIJIATOPOB JABYKPATHO BBIPOXKIEH.
I1pu c6anKeHHH OCUUJJASTOPOB B FaMHJIbLTOHHAHE CHCTEMBI

[T1=1?]+1‘?2—7\.x1x2 (58-3)

[OSIBJASETCS YJICH -—AX;Xp, YYHTHIBAIOUIHH B3aUMOJEHCTBHE MeXKIY
HuMH, UTOOB BBISSCHUTH BJHSIHHE 3TOTO 4J€HA, NIPOUle BCEro BBECTH
HOpMAaJbHble KOOPAHHATHL

qr=( + x)/V2  g=(x —x)/v2. (58.4)
TOI‘[la raMuJIbTOHHAH CHCTEMDI npeoépasyeTCﬂ B
A= —f——2+— )+ (o Log). 585)
—_( lq') ( 2u g3 q) '

rjge
o} =0} —Mp, oF=o]+ My (58.6)

Bun ramuaeroHnana (58.5) nokasbiBaeT, 4TO B HOPMAaJbHBIX
KOOP/HHATAX 1 K ¢y CHCTEMa COBeplIaeT JABa He3aBHUCHMLIX KOJ-
JEKTUBHBIX KOJeOaHHS C 4YacTOTAMH ®; U ®g. MOXKHO CKasaTb H
nHaue. BpeleHHe HOPMAJBHBIX KOOPAMHAT (POPMaJbHO COOTBET-
CTBYeT Mepexoly K ONHCAHHIO /ABHKEHHsi CHCTEMLI OCLHJJISTOPOB
IOCPEACTBOM JABYX KBA3HYACTHIL, I'apPMOHHYECKH KOJeOJIOMHXCA ¢
yacTOTAMH ®; U ®p J[IBHIKEHHE KaxKJ0H KBA3HUACTHIbB OMHCHIBAET
He /BHXKEHHE OTJEJbHOrO OCHUJISATOpPA, a O0OHX OCHKJISITOPOB
BMecte. OfIee ABUXKEeHHE BCell CHCTEMBI CKJa/bIBAETCS U3 HAJOKe-
HHS ABHXKEHHH 00eHX KBa3WuacCTHL. DHEPTHsl NepPBOH KBAa3UuaCTHUILH
npelcTaBasieTcsi BhipakeHueM hw{(nr + 1/2), BTOpo# fiwy (ne + 1/2),
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npuiyeM o6a 5TH YDOBHs He BHIDOKJAeHH. TakHM 06pa3oM, B pe3yiib-
TaTe B3aMMOJEHCTBHA IMPOHCXOJHT paculenJyeHue JABYKPATHO Bbl-
POXK/EHHOTO 3HePTreTHYeCKOTO YPOBHS Ha JBa YPOBHA C 4acTOTAMH
o; ¥ p. O6uiee 4HC/IO yPOBHel 0CTaeTCs HEH3MEHHBIM.

Bce 370 MOxHO 6bl10 6Bl MOBTOPHTL 6€3 CYyUIeCTBEHHBIX 3aTpy/-
HeHUH JJIsi CHCTEMHl KaKOoro YroJHO YHCJa TOXKAECTBEHHHIX TapMo-
HHYECKHX OCHMWJIATOPOB. 3ajaya CBOJAHTCS K BBeJEHHIO HOPMaJb-
HBIX KOODJAMHAT, B KOTODLIX KMHeTHUecKass M MOTEHIHaJbHAsi SHEp-
THH CHCTeMBl OJHOBDEMEHHO MNDHBOAATCS K CYMMaM KBaJpaToB.
Takas npoueidypa JaBHO paspaoraHa B JuHeiiHO#H aareGpe M LIH-
POKO NpHMeHSIETCsl, HApPUMep, B TEOPHH MaJblx KoJebaHHH KoJe-
f6aTeJbHBIX CHCTEM CO MHOTHMH CTeneHssMH cBoGoan. Bes cucrtema
no-npexxHemMy $opMaJbHO CBOAHTCS K COBOKYNMHOCTH He3aBHCHMBIX
KBa3H4acTHY (rapMOHHYECKHX OCUMJIIATOPOB) C PA3JHUYHBIMH cOO-
CTBEHHBIMH 4acToTaMH. [lepBOHAua/JbLHO BBIPOXKAEHHBI YpPOBEHH
SHEpPTHH pacllen/sgeTcs Ha HECKOJIbKO YPOBHel, mpuueMm obllee KO-
JHYeCTBO YpOBHeH TpH COJMMXKEHHH YAaJeHHBIX OCHHJAJSATOPOB
OCTaeTCsl HEH3MEHHLIM.

3. Tenepr MOXKHO BEDHYTbCSI K BOIDOCY, NOCTABJEHHOMY B Ha-
yaJjie 3TOTo maparpada: uTo cJaefyeT OXKHAATh NPH COMHKEHHH TOXK-
JECTBEHHHX OECKOHEYHO Y/IaJIEHHBIX aTOMOB, €CJIH YHCAO HX N He-
BOOOpa3uMO BeJHKO? B HCXOJHOM TMNOJIOXKEHHH B3aHMOJEHCTBHS
Mexny atoMamu HeT. [losToMy KpaTHOCTb BBIPOIKJAEHHS KaiKIOTO
3HEPTeTHUECKOTO YPOBHS CHCTEMbI [POMAJHOIO YHCJIA aTOMOB YY/0-
BHIIHO Besuka. COJIHKEHHe aTOMOB BKJIIOUAeT B3aHMOAEHCTBHE Me-
XAy HHEMH, U BBIpOKAeHHe cHuMaercs. [lo aHajoruu ¢ cucreMmof
OCHHJIJIATOPOB CJeAYeT OXKHJATh, UTO IHEPreTHYECKHE YPOBHH CH-
CTEMBl aTOMOB HAaYHHAIOT paculel/ifATbess. B KOHEUHOM IOJIOMEHHH,
KOrjJa H3 aToMOB 06pa3syeTcsi KPHCTAJJ, NEPBOHAYAJILHO BHIPOXKIEH-
HBIl 3HEPreTHYecKHH YpOoBeHb paculelseTcsl Ha TPOMAajHOe YHCJIO
ypoBHeii. BMecTo 0lHOTO BHIPOK/IEHHOTO YPOBHSA BO3HHKAeT rpoMaj-
HOEe KOJIMYECTBO HX, OOPa3yWILHX NOAOCY WIH IJHEpeeTudeCKyro
30HY.

HsnoxenHoe HarJIfifHO NOSICHAET, KAK H3 OT/AEJbHBIX YpPOBHEH
H30JHPOBAHHEIX aTOMOB BO3HHKAaeT 30HHAfA CTPYKTYPa SHEPTHH KpPH-
crasna. Bee ckasaHHGe G€3 CyLIeCTBEHHBIX M3MeHEHHH MoXKeT GHITb
pPacHpOCTpaHeHO ¥ Ha KPHCTAJJIBl, COCTOSIIIHE HE H3 OJHHAKOBHIX,
a U3 pas3juuHblx atoMoB (Hanpumep, NaCl).

4. BsaumojelficTBHe aTOMOB INPH HX COJHKEHUH I[IPOSIBJISAETCS
npexjae BCEro Ha JACKTPOHAX HAPYICHoLY 000404eK, BOJHOBbIE
GYHKIIY KOTOPBIX CHJBHO HepekpniBaloTca. [Ha BHYTpeHHHX 3Jsek-
TPOHAX, BOJIHOBblE (PYHKIHH KOTODBLIX NMePeKPLIBAIOTCH He3HAUHTEJb-
HO, 3TO B3aHMOJlefiCTBHE cKa3blBaeTcf ropasgo cJaabee. [lostomy
ry6oKO pacHoJioXeHHble ATOMHBIE YPOBHH MEPEXOAAT B TBEDAOM
Teje B OYeHb Y3KHe NMOJIOCHl, & BHICOKO PACHOJIOXEHHble YPOBHH IO-
pOXKIAOT 3HAYNTEJLHO 0oJlee LIHDOKHe 3HepreTHyeckue 30Hbl. Ca-
MbIMH HIMPOKMMH OKa3biBalOTCH 30HBI, COOTBETCTBYIOIIHE YPOBHSM
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8aAeHTHBLY 31eKTpOHo8. Ilo 3Tol NpUYKHe Npu HATDEBAHHH TBEPABIX
TeJ HCIYCKAalOTCA He JHHeHiyaTble, a HENpepbIBHLIE ONTHYECKHE
crneKTphl. JlefcTBuTenbHO, HCOYCKAHHE JHHHH ONTHYECKOrO CHEKTPa
BBHAY HX JJIMHHOBOJHOBOCTH NPOHCXOAHMT IpPH Nepexolax Mexay
SHepreTHYeCKHMH YDOBHSIMH KpaHHedl 30HDLI, PACCTOSIHHSI MEXIY KO-
TOPbIMH HeBeJHKHM, a CaM{ YPOBHH pAaclOJIOKEeHH HelnpepblBHO.
B To xe BpeMsi B DEHTI€HOBCKHX TPy6Kax ¢ aHTHKATOMaMH H3 Ts-
eJiblX MeTaJsiJIOB NpPH JAOCTATOYHO BBICOKHX HANPsXKEHUAX Hapsiiy
CO CMNJIOLUIHBIM H3/JYy4eHHeM B03OYXKHAIOTCSH TOHKHE JHHHUH XapaKTe-
PHCTHUECKOIO H3J/Y4eHHsl, COOTBETCTBYIOLHE IlepeXolaM Mexay ya3-
KMMH BHYTPEHHHMH HePreTHUYeCKHMH 30HaMH,

Takum o6pa3om, HePreTHUECKHH CIEKTP KPHCTAJJMa COCTOHT U3
HECKOJbKHX MOJIOC, Ha3LIBaeMBIX JHepeeTUHecCKUMU 30HAMU, KaXK-
Jasi U3 KOTOPBIX BO3HHMKaeT B pe3y/bTaTe paclienieHus 3Hepre-
THYECKHX YPOBHeH OTAeJNbHHIX aTOMOB H3-32 HX B3aHUMOLEHCTBHS.
B 3TOM mpoliecce paclieneHHsi YYacTBYIOT IJaBHBIM 06pdsoM Ba-
JIEHTHblE 3JIeKTPOHEI, T. €. 3JIeKTPOHB HADYXHBIX 000J0ueX aTOMOB.
3-3a HeoOpuafino 60JBLIOro 4HCJa YpPOBHeH, Ha KOTOpHle pacluel-
JSIIOTCSL PHepPreTHYeCKHe YDOBHH H30JHPOBAHHLIX ATOMOB, JHEPTHS
KpHCTaJ/1a B Mpejesax Ka) /ol 30Hb akTHUeCKH MeHseTcs Hempe-
pbiBHO. CoceHHe HepreTHYeCKHe 30HBI MOI'YT OBITh pa3jieJseHsl Npo-
MEXKYTKaMH KOHEYHOH LIHPUHLL. DHeprusl KpHCTajlia He MOMKET NpH-
HUMAaTh 3HAUeHHs, JeXkalllhe B 3THX NpoMexyrkax. Ouu 06pasyior
«llleJU» B 3HEPreTHUECKOM CNeKTpe KPHCTaJjia H Ha3bBAIOTCH 3a-
npetyennoimi 30Hamu. Bee ocTanbible 30HB! Ha3bIBAIOTCSA pa3peuien-
Hotnu. Ho MOTyT ObITb M Takue CJaydyaH, KOrh4a COCefHNC 30HHI
BIJIOTHYIO NMPHMBIKAIOT HJIH TepeKpbiBaloTes Apyr ¢ ApyroM. Kpai-
Hesl 30Ha, KOTOPOH COOTBETCTBYIOT HaHBLICUIHE YDPOBHH HEPIHH, HA-
3nIBaeTcst 30H0L nposodumoctu. Bosee ray6oko Jexalline 30HH, T0-
Jydaioluecss M3-3a pacilen/eHHs ypoBHell BajeHTHLIX 3JEKTPOHOB,
HA3bIBAIOTCS] BAAEHTHBIMU 30HAMIL

5. HanoMHuM H pacmiHpuM Teneps TO, UTO 6blJI0 cKazaHo B § 100
1. 111 oTHOCUTe/ILHO MeXaHH3MA MPOXOXKJACHHS 3JEeKTPHUECKOIO TOKa
ycpe3 KpHCTa/l. Bce KpHcTanabl pasaensioTcest Ha meTaAasl, Ou-
9AeKTPUKU ¥ noaynposodnuky. UToObl HCKJIOUMTL BJHSHHE Temao-
BOTO JIBM2KEeHHSI, OyJeM CHauaja NpeanoaraTb, 4TO TeMIlepaTypa
xpuctasna paBHa abcosmoTHoMy HyJalo. Ilo npunnuny Ilaynn ma
Ka)K/IOM 3HepreTHUeCKOM YpPOBHe MOXKeT HaXOJIHUThCsl He Hosee ABYX
3JIEKTPOHOB € NMPOTHBOMNOJOXHO HampaBJieHHBLIMH cnuHaMu. B pas-
HOBECHOM COCTOSIHHH OYAYT 3alOJHEHB! 3JeKTPOHAMH caMble HU3-
KHe 3HepreTHUECKHe YPOBHH, 2 BCe BHIIIeJekKalllie YPOBHH OKAaXKYT-
¢ CBOOO/HBIMH.

B nuaneKTpHKe BaJleHTHAsi 30HA UEJSHKOM 3aMOJHEHa 3JeKTpo-
HAMH, a Jexalllas BHIIIe 30HA NPOBOAHMOCTH, OT/eJieHHAs OT Hee
IHEePreTHYecKoH (e b0 3HAUHTENbHOH WIMDHUHBL, COBCEM He COjep-
KHT 3JeKTpoHOB. [lo3ToMy B 3JeKTpuuecKHX monasx (caabee mnpo-
60HHOFO) AHIMCKTPUK HE MPOBOJAHT 3JEKTPHUECKOro Toka. B camom
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AeJie, IPH HAJOKEHUH NOCTOSHHOTO BHEILHEro 3JeKTPHUYECKOro MoJsd
K raMHJbTOHHAHY KpHCTaJdJaa Ao0aBJsieTcss MaJasl HomnpaBKa, COOT-
BETCTBYIOLLASl SHEPTHU KPHCTAJJIa BO BHEeIIHeM 3JeKTPHYECKOM MOJIE.
Ypasuenue Llpeaunrepa Bcero KpucraJja cjerka uamensiercs. Ho
TaK Kak UYHCJO SHEPreTHYECKHX YPOBHEH 30HBI OCTAETCS MPEXKHHM,
3TO MPHBOAHT TOJbKO K HE3HAUHTEJbHOMY CMEIIEHHIO 3HepreTHye-
CKHX YpOBHeH, 4TO NpOsBJIATCH B noaapusayuu kpucrasia. Cyie-
CTBEHHO, OJHAKO, YTO W M[OCJe HAJOXKeHHs 3JeKTPHYECKOro MoJs
30HA OCTACTCH MO-IPEXKHEMY NOAHOCTHIO 3ANOARCHHOL IACKTPOHAMY.
Hukakne H3MeHeHHS] COCTOSHHS BaJIEHTHOH 30HBI IIPOUCXOJHTL He
MOTYT, MOCKOJbKY C KBAHTOBOH TOYKH 3DEHHS BCe OHH CBOAATCS K
nepexojaM 3JeKTDPOHOB C OJHHX JHePreTHYeCKHX YpOBHefi Ha Jpy-
rie. A 3TO HEBO3MOKHO, €CJH BCE€ YDOBHH B BaJIeHTHOH 30He 3a-
HSITBl 3J€KTPOHAMH. DJAeKTPHIECKHH TOK eCTb JBUIKEHHE 3JIEKTPOHOB,
IPH KOTODOM OHH HeNpEepEBHO MepeXoAsT H3 OJAHOTO COCTOSIHHSI B
apyroe. CrefoBaTe]bHO, 37AeKTPOHEl, MOKA OHH HAXOJAATCS B IleJH-
KOM 3al0oJIHEHHOH BaJeHTHOH 30He, He MO2YT Y4acTeosars 8 co30a-
Huu Toka. JlJs 3TOro B BaJIeHTHOH 30He HeOOXOJHMO cO3/]aThb He3a-
NoJHEHHble YDPOBHH 3HepPru, T. €. NepeGpPOCHTL HEKOTOPHE 3JeK-
TPOHBI U3 BaJIEHTHOW 30HB B 30HY MPOBOAHMOCTH. JJieKTPHUYECKOE
noje ciaabee npoGORHOFO 3TOrO cjesaTbh He MOKeT (ecau OTBJeubcs
OT TYHHeJbHBbIX [epeXOJO0B W3 BaJeHTHOH 30HB B 30HY MPOBOIH-
MocTH). B GoJlee CUJIbHBLIX HOJIAX BO3HHKACT IACKTPUUECKULl npoboil
AU3JIEKTPHKOB.,

6. B meTaJ1ax BaJieHTHAs 30Ha 3aMOJHeHA 3JEKTPOHAMH yeAu-
KOM, @ 30HA NPOBOJMMOCTH JUUIb uacTu4Ho. He uMeer 3nayenus,
CYIeCTBYeT Jd [edb MeKJY BaJCeHTHOH 30HOH H 30HOH OpPOBOAH-
Moctd. OHM MOryT BIJIOTHYIO HPHMBIKAaTh H [axke MepeKpblBaThCs
MexAay coGofl. CyllecTBEHHO TOJbKO, YTOOH B 30He MPOBOAWMOCTH
ObLIH COCTOSIHUS, He 3auATsle 3aekTporamu. T1pu HanoxkeHuu BHew-
Hero 3JIEKTPHYECKOro 1noJas E XBaHTOBble COCTOSIHUSA BHYTPH 30HBI
MPOBOJMMOCTH CJI€rKa H3MEHSIOTCS, OJHAKO COCTOSIHUS, HE 3aHsTbie
3JEeKTPOHAMH, B Hell OCTAlOTCs. Y 5J1eKTPOHOB HMEETCS BO3MOXKHOCTh
nepexojiiTh B TaKHe He3aHATble cocTosinnus. Ilepexon, cBsizanublil
¢ JABH)KEHHEM 3JIeKTPOHA B HampaBJeHuH moast E, T. e. npoTuB gei-
CTBYIOIIEH Ha Hero CHJbl, CONPOBOXKIAAETCA YBEJHUECHHEM 3HEpPTrHH
kpuctaaia. Ilepexos, cBf3aHHbIA ¢ OOpAaTHLIM HalpaBJeHHEM JBH-
JKeHHsl 3JeKTPoHa, HaoBOpOT, yMEeHbUlaeT 3Ty 3Hepruio. [losToMmy
nepexofbl 3JeKTpoHoB npoTHR moas E Oosnee BeposiTHE U GyAyT
npeofJjalaTh Hajl mnepexojamu B obOpaTioM Halpabiaenun. Yepes
KPHCTaJJ [MoTeyeT 3JeKTPHYEeCKHH TOK B HampaBieHun modsi E,
B COOTBETCTBHH C COTJIAlllEeHHEM, NPHHATHIM AJS onpejeelus Ha-
npasJeHns TOKa.

Tlepenocumbie 3apsiapl, ecau 6ul OHH He YOHPaJHCh OT TpaHHll
KpHUCTAJJIa, CO31aJH Obl 3/1EKTPHYECKOE [10J1€, TPOTHBOMOJNO0KHOE 110
ranpaBJeHHI0 TMpuJoxkeHHoMy noao E. B pesysbTaTte TOK B KoHIle
KOHILOB npekpaTuacs Obl. UTo6el 3TOr0 He OBLIO, HAAO yKa3aHHBIe
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3apsib youpaTh U TeM CaMBIM MOJJEPrKUBATL MPHUIOKEHHOE TMOJe
E. MoxHo 610 1l TaKKe B KPHCTAJJE CO3/1aTh BUXPEBOE 3JIEKTPH-
yecKoe mnoJie, HalpuMep, NOMELIeHHeM ero B NEpEMEHHOe MaTHHTHOE
noje. B TakoMm cjydae paBHOBecHe HEBO3MOMKHO, U BHYTPH KpH-
cTanaja Bce BpeMs OyAeT LHPKYJIHPOBAaTh HHAYKUHMOHHLIH 3JIEKTPH-
YECKHH TOK.

7. B noaynpoBOAHUKAX, KAK U B AHIJEKTPHKAX, BaJeHTHAs 30Ha
NOAHOCTHI0 3GANOAHEHA 3JEKTPOHAMH, a 30Ha MPOBOAHMOCTH NOA-
HocTvio c80000Ha. O6Ge 30HBI OT/AEJEHBl OJlHA OT JPYTroH IIEJLIO
KoHeuHO# wiHpunbl. OJlHAKO B NOJYNPOBOAHHMKAX 3Ta LIEJab 3HAYH--
TeJbHO yiKe, ueM B JAH3JeKTpHKax. Ilpu abcosioTHOM HyJe TeMme-
paTypbl 3T0 00CTOATENbCTBO HE WTPaeT POJIH, TAK Kak B ITOM CJy-
Jyae Tepexo/ 3JeKTPOHA M3 BAJEHTHOH 30HH B 30HY HPOBOAMMOCTH
HEBO3MOKEH (ECJIH He YUHMTBHIBAThL TYHHeJbHBE nepexoanl). Ho eciu
TeMIlepaTypa KpHCTaJjJa OTJHYHA OT abCOJIOTHOTO HYJs, TO 3JeK-
TPOH B BaJIGHTHOH 30HE MOXKET MOJYUHTb OT HOHA KPHCTAJJIHYECKOH
peuwreTkn 3Hepruu mopsaaka kT u mepeliTH B 30HY NPOBOJHMOCTH.
(Umenno nopsinka £T, Tak Kak H3-3a MaJofi KOHUEHTPAUUH 3JeK-
TPOHOB B 30HE MPOBOAMMOCTH OHH NPAKTHYECKH MOAYHHHAIOTCS Kjac-
cuueckofi cratuctuke bousbumana.) Tako#i nepexol MoxkeT ObITb
OCYLIECTBJEH H APYTrUM Cmoco6oM, HallpUMep OCBElleHHeM KpHCTaJl-
aa. HesaBucumo ot cnocofa nepexofa 3/7eKTPOHOB B 30HY INPOBO-
JIUMOCTH KpHCTaJJ NpHoOpeTaeT cnocOGHOCTL MPOBOLHTL 3JEKTpPH-
4ecKHH TOK.

Kak u B MeTassax, B NOJyIPOBOJHHKAX MPOBOAHMOCTb CO3/aeT-
csl 3JeKTPOHAMH, NepelleUIMMH B 30HY TpoBoAuMocTH. Ho cymie-
CTBYET W APYrodl MeXaHHW3M HIPOBOAHUMOCTH. DJEKTPOH, YUIeAUHH H3
BaJIEHTHOH 30HBI, OCTaBJsieT B Hell He3aMOJIHEHHOe COCTOsIHHe, Ha-
3biBaemMoe Ostpkod. JIpyrod 2/eKTpOH B BaJIeHTHOH 30HE noJydaer
BO3MOXKHOCTh NepefiTH B 3TO HesamoJiHeHHOe cocTosiHHe. [Ipn aToM
B BAaJIEHTHOH 30He CO3/4aeTcs HOBad AblpKa, B KOTODYIO MOXKET Ie-
pelTu TpeTUH 3JEKTpPOH, H T. A. PasyMeercs, NpH HaJHUHHM 3JeK-
Tpuueckoro noJssi E nepexo/bl, CBI3aHHbIE C JBHXKEHHEM 3JEKTpO-
HoB npotus E, Gojlee BepOATHHI, 4eM TNePeXojbl, CBsA3aHHbBIE ¢ 00-
paTHHM JBH:KeHHeM. DTO W cO34aeT TOK B HanpasJjeHunu E. Bmecte
C JBHMIKEHHEM 3JIeKTpPOHA MPOHCXOJAHT ABHKEHHe H COOTBETCTBYIO-
e ALPKH, HO B OODaTHOM HaNpaBjeHHH. SIBJeHHE NPOHUCXOAHT
TaK, KaK ecJH Obl TOK BHI3HIBAJCS He ABHXKEHHEM OTPHLATEJbHBIX
3JIEKTPOHOB, a NPOTHBOMNOJIOKHO HaNPAaBJEHHLIM [IBHIKEHHEM IOJIO-
JKHTEJHHO 3apsKEHHbIX JABIPOK.

TIpumecH, gaxe B HUYTOXKHBIX KOJHUYECTBAX, CHJBHO MOBLILIAIOT
3JIEKTPHUYECKYIO MPOBOAHMOCTb NOJYNPOBOAHNHKA. B 3ampeieHHOM
30He (LeIM MKy BaJIeHTHOH 30HOH M 30HOH OPOBOJMMOCTH) OHH
co3naoT A06aBOYHBIE HEpreTHyecKue ypoBHH. JlomycTum, uTo Ta-
KHE YPOBHH pacloJioKeHsl BOJH3H Kpas 30HbI npoBoauMocty. Toraa
C03/12€TCs] BO3MOXKHOCTh AJIsl Tepexoia 3JeKTPOHOB ¢ TaKHX ypOB-
Hell B 30Hy MPOBOAHMOCTH. B pesyabraTe NPOBOAHMOCTbL NOJYNPO-
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BoJHMKa Bo3pacTaer. COOTBeTCTBYIOLHE MPHMeECH Ha3HBawTCs Jo-
nopamu. OHH TIOCTABJISIOT 3JeKTPOHB! B 30HY NMPOBOJAMMOCTH W yBe-
JMYHBAIOT APOBOJIMMOCTb HOJYNPOBOAHHKA. Ecan ke noGaBounble
YPOBHH HaXO/sTCsl BOJNM3M Kpasi BaJEHTHOH 30Hbl, TO 3JEKTPOHDLI H3
BaJIEHTHOH 30HH MOJYYal0T BO3MOXKHOCTb NMEPEXOJHTL HA 5TH YpPOB-
HH. B BaseHTHOH 30He o6pasyiorcs Ablpku. [lpoBogumocts noJy-
IpPOBOJHMKA TakKxke yBenuuusaercs. Ona HasbiBaercs Joipounoil
nPoBOGUMOCTH10, A COOTBETCTBYIOILAA NPUHMECh — QKYENTOPOM.

8. IIpoBOAMMOCTL TOJYNPOBOAHHKOB CHJBLHO YBeJHUHBAETCH C
(OBbILIEHHEM TeMInepaTypbl. B UHCTBIX NOJYNPOBOAHHKAX yBEJH-
yeHHe HMHTEHCHBHOCTH TEIJIOBOTO JIBHXKEHHS 3JIEKTPOHOB ofJjerdaer
BEPOATHOCTb TEPEeX0J]a HX 4YePe3 3HEPreTHUYECKYIO IUeJb H3 BaJIeHT-
HOH 30HB B 3omy npoBoAuMocTH. Ilpn Hanuuuu npumeceii Takxe
Bo3pacTaeT BePOATHOCTL NEPEXO/0B 3/IEKTPOHOB C MPUMECHBIX YPOB-
Hell B 30HY MPOBOAHMOCTH HJIH MEPeXOJ0B 3JEKTPOHOB H3 BaJIeHT-
HOH 30HBl Ha Te Ke NpHMeCHble YDOBHU. Bce 3TH mpouecch Beayt
K MOBHIIIEHHIO B NOJYNPOBOJHHMKE KOHUEHTPaUHH HOCHTeJeH ToKa:
3J1eKTPOHOB H AHIPOK. C 3THM H CBfI3aHO YBeJHUYEHUE [POBOJHMOCTH
[0J1yNPOBOJHHKOB C MOBHIICHHEM TeMIepaTyphl.

MHuave Beayt ceOs Metasnnbl. KOHLEHTpanus 3JeKTPOHOB B HHX
MOYTH He 3aBHCHT OT TeMIepaTypnl, IlpoBoauMocTh onpenensiercs
rJaBHBIM 00pa3oM Oaunoli c60600H020 npobeea anekTpoHa. JlauHa
cBobosiHOrO npofera oTYACTH OTPAHHUHBAETCH NPHMECAMH pellleTKH.
CooTBeTcTByWOIIas YacTh NPOBOJHMOCTH HE 3aBHCHT OT TeMIepa-
Typel. B OeckoHeuHOH HAeasbHOH KPHCTAJJIHUECKOH peUleTKe, JIH-
IIeHHOH BCAKHX npHMecell H AedeKTOB, miockas BosHa Ae DBpoiing,
COOTBETCTBYIOLIAS ABHKEHHIO 3J€KTPOHA, paCnpocTpansiack 6ul §e3
3atyxanus u pacceasus, [IpOBOAMMOCTL TaKOrO Kpucrasnna Onsa
Obl OecKkoneuto geAukda. B neHCTBHTENBLHOCTH CBOGOAHBIA mnpober
3JIeKTPOHA OrpaHiyued padMepaMu xpucTaina (cp. ¢ § 57, nyuxr 4),
a TakXkKe TEMIOBbIMH (GAYKTyauusaMu H AedeKTaMH KpHCTaaJHue-
cko# peulteTkd. OHHM BO3pacTalOT ¢ TeMOepaTypOH, yMeHbIIas AJMKHY
cBoBofiHOrO npobera 3jexTpoHa, B pesynnrate nposodumocrs 4u-
CTOLX METAANO8 YMEHLUIACTCA € nodoliieruen remneparypel. (3aech
Mbl HCKJIIOUHJIH H3 PAaCCMOTPEHHSA CBEPXMPOBOMHHKH.)

§ 59. 3oHHA8 CTPYKTYpa M BoJHB DBJoxa

1. 30HHYIO CTPYKTYPY SHEPreTHYECKOTO CIIEKTPa KPHCTaJjia
MOXKHO MNOJYUHTb TaKiKe H3 ypaBueHus Llpenuurepa jas crauuo-
HapHeXx cocTosiuni. OjgHako ToyHoe ypaBHenne Ulpeaunrepa s
KPHCTa/lJla B LEJ0M DellHTb H HCCJe/loBAaTh HEBO3MOXKHO H3-32a IpO-
Ma[HOTO UHcJa YacTHI (2JEKTPOHOB M aTOMHbBIX fJlep) B KpHCTaJLle,
DTo ypaBHCHHE HEOOXOJAMMO NpeABapHUTENbHO ynpocTuTh. [Ipu Ta-
KOM YTPOLUGHHH CUHTARTCH, YTO COCTOSIHHE KPHCTAJIA MOXKHO IpH-
6JHKEHHO OmHcaTh He [0JHOH BOJIHOBOH (pyHKUHMeH, 3aBuCsIIeH
OT KOODJHHAT BCEX 3JICKTPOHOB H ATOMHBIX sl€P, a OOHOHACTULHbI-
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MU BOAHOBLIMU (PYHKYUSIMU KAKAOTO 3JeKTpoda. Kaxaas u3 Takux
BOJIHOBBIX (YHKUHMH 3aBHCHT YiKe TOJLKO OT KOOpAHHAT OOHOZO
3J1eKTPOHA, KOTOPHIH HAXOAUTCS B CHJIOBOM [10jle, CO34aBaeMOM
aTOMHBIMH f/lpaMH H OCTaJbHBIMH 3JIeKTPOHaMH Kpucrajja. slapa
BBHJY HX MACCHBHOCTH CYHMTAIOTCS NPH 3TOM HeNOJABHIKHBIMH, a
3JeKTPOHBl KaK Obl «pa3Ma3aHbl» MO BCeMY KpHCTaany. TakAM ny-
TeM MHOro4acTHUHOe BOJIHOBoe ypabHenHe lllpenunrepa zameusiercs
OJIHOYACTHYHBIM I KaX/J0ro 3JeKTPOHA.

Heo6x0aHMO OTMETHTH, UTO NMOTEHUHAJbHOE CHJIOBOE MOJe, B KO-
TODOM HaXOJAUTCS paccMaTpuBaeMbfl 3JIEKTPOH, He 3a/aHO, a CaMo
3aBUCHT OT COCTOSIHHH 3JICKTPOHOB. TakKoe moJe Has3plBaeTcsl CaMoO-
coenacosarnnoim, CornacoBaHue COCTOMT B TOM, YTO, ¢ OAHOH CTO-
POHBI, OJHOYACTHYHBIE BOJIHOBble ()YHKIHUH OTACJBLHBIX 3JEKTPOHOB
(hOPMHUDYIOTCS CaMOCOIJACOBAHHBIM MOJEM; ¢ APYrof CTOPOHHI, ca-
MOCOIJIacOBaHHOE [OJIeé CaMO 3aBHCHT OT BHAA OJHOYACTHYHHIX BOJ-
HOBBHIX (YHKIHH 3/eKTPOHOB, MeTol ¢aMOCOrJIacoOBaHHOrO M0/ Ha-
XOJHUT CBOE ONpaBjlaHHe B TOM, YTO OOJBLINHCTBO Pe3yJAbTATOB, K
KOTOPBIM OH MpPHBOJHT, COrJACYIOTCS C ONBITOM. 3TO B CBOK Oye-
peib CBA3aHO He C SIBHBIM BHJAOM €aMOCOIJIACOBAHHOrO MmoJs, a
raBHBIM 00pasoM C ero npoCTPAHCTBEHHO nepuoludHOCTbI0,
onpenesisieMOH MEePHOJHUYHOCTBIO CaMOH  KpHCTaaJudeckod pe-
HIeTKH.

HeobxoanMo 3aMeTHTb TaKXKe, YTO BOJHOBbie (YHKUHH A0OCTa-
TOUHO BBECTH He AJIs BCEX, @ TOJBKO JJS BHEUIHHX, T. €. BANEHTHbIX
34eKTPOHOS, CPABHHTEbHO €1ab0 CBS3aHHBIX € ATOMAMH DelleTKH,
OcTanbHble 3JEKTPOHBI MOXKHO CYHTATb MPOYHO CBA3AHHBIMH C
aTOMHBIMH siapaMu. [TonyyaeTca Mopesb peLIETKH H3 MOJOMKHTEND-
HO 3apsKeHHBIX HOHOB, KOTOpDhle PACCMATPHBAIOTCS HEMOABHXKHBEIMH.
[TpocTpaHCTBEHHO MePHOAHYECKOE CAMOCOIJACOBaHHOE [0Je CO3-
jgaeTcsl TAKHMH HOHAMH M NJaBAIOU[MMH MEXJY HHUMH BAaJEHTHBIMH
3JIEKTPOHAMH.

2. B rtako#i nocTaHOBKe pPaccMOTPHUM 3ajauyy O BHAE CTalHOHAp-
HBIX OAHOYACTHYHBIX BOJIHOBBIX (DYHKUHH 3JEKTDOHA B KPHCTaJJe H
CTPYKTYpe 3HepreTHYECKOro CMeKTpa 3JeKTPOHA, mpeinoJarasi, 4To
BHEIUIHHX CHJOBBIX MOJIeH HeT, a caMa pelleTKa NpocTHpaercs Gec-
KOHEUHO BO Bce CTOpPoHH. Bo usbekaHHe MaTEMaTHYECKHX YCJOXK-
HEHHH OTPAaHHYHMCS PACCMOTPEHHEM OOHOMEPHO20 KpucTaarra (T. e.
OeCKOHEUHOH NpsIMOJHHEHHON UENOYKH OJHHAKOBHIX aTOMOB, HaXO-
AAUIMXCH Ha MOCTOSTHHOM PACCTOAHHH a APYT OT Jpyra). YpaBHeHue
[llpennnrepa jpas CTALUOHADHBIX COCTOSIHHA B 3TOM cCJyuae HMeeT
BHJI

— LY L U =&, (59.1)
HJIH

R b=, 59.2)
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rje BBeJeHO 0003HadYeHHe

22— %’1 (& —U). (59.3)

910 — nuHelinoe andQepeHHalbLHOE YpaBHEHHE BTOPOTO MOPSJKA
C MePHOJHUYCCKH MEHAIOMHMHCS KO3( hHIHEHTAMH, MOCKOJIbKY H3-3a
OTCYTCTBHS BHemiHero moasi #%(x 4+ a)==x?(x) ans awb6oro x. OHo
HasbiBaeTcss ypasnenuem Xuanra (yacTHBIH cayuall ypasHerus
Marsé).

Hccnenyem o6mn# BHA pelieHuil ypaBHeHHS XuWjJa, HCIOJAB3YS
neprHoAHYHOCTb PYHKUMH %2(x). B' cuny 3TON NepHOAMYHOCTH

2 2

LRCERD 4o+ a)p(x+a)=LEEED 120 p (e +a).

OTciona BUAHO, YTO ecaH QyHKUHS P (x) €cTb pelleHHe ypaBHeHHS
Xuana, 10 ¢yukuus $(x 4+ a) OyAeT TakKXKe DEUIEHHEM TOTO Ke
ypaBHenusi. Ecan ¢ 1(x) u 2(x) — kakne-1n60 IBa MPOH3BOJBHBIX
JUHeHHO HE3aBUCHMBIX DelIeHHs ypaBHeHHs XHJJa, To oblee pe-
lIeHHe er0 MOXKeT GBbIThb MPeACTaBJEHO B BHJE

P (x) = cPy (x) + oy (%),

rjae ¢; U Cz — NPOU3BOJIbHBIE NOCTOSIHHBIE,

HokaxeM Tenephb, UTO cPeaU pellleHUH ypaBHeHHs XHJJa CylecT-
ByeT Takoe peleHue @ (x), uro s jawdoro x @ (x 4+ a) == LD (x),
raie A —noctosinHas, EcjM Takoe pelIeHHe CYLIeCTBYeT, TO €ro,
pasyMmeercs, TaK:Ke MOXKHO [PEICTaBHThL B BHJE

D (x) =P (x) + 3P, (x).

[na ynpolieHHsl BbIUHCJAEHHH BbiGepeM JIHHEHHO He3aBHCHMBbIE pe-
meHus P (x) H Ppg(x) Tax, YTOOGH OHH YJIOBJICTBOPAJIH YCJIOBHAM

P (0)=1, $]{(0)=0;

P, (0)=0, P,(0)=1.
(B stoMm cayuae roBopaT, UTO GyHKuUMH Pi(x) H Po(x) obpasyior
pynoamenrarvryro cucremy pewenutl.) Torna npu x =0 TpeboBa-
Huag @ (x+ a)=r0(x) u ®'(x + a)=rD’(x) 3anuwyrca B Bule

1P (@) + oy (a) =Aey,

;) (@) 4 ¢,y (a) = Acy,

HJIH

[91 (@) — Al &) + s (@) 3 =0,
¥y (@) ¢, + [V} (@) — R]e,=0.

JI.1a COBMECTHOCTH 3THX JIHHEHHBLIX OJHOPOAHBIX ypaBHEHHH (OTHO-
CHTEJBHO ¢ H () HeoOXOAHMO H AOCTATOYHO, UTOOH BHINOJIHAIOCH
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yCJI0BHe
@ —A ala)
W@ - (69.4)
HJIH

A — [, (@) + b (@] A -+ [, (@ ) (a) — $](a) b, (a)] =

[lyreM auddepeHunpoBanus ¢ yuetoM ypaBHeHHs (59.2) HeTpynmo
y6eauThCs, 4To

= [y () (1) — ] (), (1)] = 0.

CJiepoBaTesbHO, (DYHKLHA, CTOsALIAasl B KBaApaTHbIX CKoOKax, Mo-
crosiina, Ee sHaueHne Haiigercs, ecan mosoxuth x = 0. Torga ona
obparurcs B 1. Takoe e 3HavueHue 3Ta ¢yHKUHs OYAeT HMeTb H
Ipu x = a. BBeneM, nanee, o603HaueHue

¥, (@) + ¥, (@) =2L.

Besuunna L, pasyMeercsi, INOCTOSIHHa, NOCKOJbLKY HCMOJb3yeTcs
OJHO3HauHO onpejejieHHoe ((yHIaMeHTanbHOE) pelleHHe ypaBHe-
nus Xuana (59.2). Ona HaswiBaercs nocrosnnoil Janyrnosa (1857 —
1918). Ee 3Hauyenune onpenensiercs GyHKUHEH %, T. €. B KOHIE KOH-
uoB napamerpoM &. Temepb Ajst onpefeseHust A MoOJydaercsi KBa-
ApaTHOe ypaBHeHHe

A2 — LA+ 1 =0. (59.5)
I/IS HEIr'o Hal;/'IlIeM JABa 3HAUYEHUS A
A y=L+A/2— 1. (59 6

TeMm caMbIM onpejenHTCs He OAHO, a JaxKe dga pELIEHHS ypaBHe-
s (59.2): @i(x) u ®,y(x), obaanawuine TpefyeMbIM CBOHCTBOM.
(Cnyvaii paBHBIX KOpHEH Mbl HCCJeA0BaThL We OydeM — OH MOXeT
ObITL pPAacCMOTpPEH IMpeJe/]bHBIM IepexoaoM A;—>Ay) Pemerius
®,(x) u D2(x) JHHEHHO HE3ABHCHMBI, H HX YMOOHO BHIOpAThH AJis1
OpeacTaBiedus obllero peuleHus B BUJL

P =c, Dy (x) 4 c, D, (x). (59.7;

Cawmu peiteHuss @;(x) u @©y(x), KOHeyHO, He MOrYyT OLITb Haii-
JeHHbl, oKa PyHKLHS #%(x) (T. €. B KOHlLe KOHIIOB CaMOCOIJIACOBaH-
Hoe noje U) HensBecTHa, a mapamerp & He ¢ukcuposal, Ho 310
He mewmaer onepupoBath QyukuusMa @, (x) 1 Oy(x) asas ycraHos-
JeHHs OOLIMX CBOHCTB pelueHud ypasHenuss Xuana (59.2). A wun-
Tepecyloluiie Hac CBOHCTBA TAKHX pPeLIeHHH CYLIECTBEHHO 3aBHCAT
OT BeJHUYHHBI NOCTOSIHHOHN JlsinyHoBa L.

3. JlomycTuM cHauasna, 4To NOCTOsIHHAast L no Moaymaso OoJiblie
eqnaunbl: |L|> 1. Torna o6a KopHs A; H A BEeLIECTBEHHbl H IO
MoAyJ0 OAHH GOoJblle, a ADYrOfl MeHbLIE eJHHHLBL. TAK KaK Ajhy =
=1, [Tosromy u3 ypaBHenus D (x 4 a)== AD(x) caeayer, yTO OpH
x>+ oo oaHa u3 ¢ynkuuil ®O;(x) wuan @y (x) HEOrPaHHYCHHO
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BO3PaCTaeT, a [pH X — — oc HEOrPAHHYEHHO BO3pPacTaer Ipyras.
B cuay aroro npu |L|> 1 uu oxno u3 pemenuit @ (x) u @2(x), a
c1e10BaTeJ]bHO, W NPOH3BONbHASA JHHefiHad KOMGHHAUHS HX C Mo-
CTOSAHHBIMH KO3 ¢HuuueHTaMn (59.7), He MoxKeT OBITb BOJHOBOH
GbyHKIHEH 3JeKTPoHa B KPHcTase. TO 03HayaeT, 4TO B KpHCTaJlie
He CYLIeCTBYeT COCTOSIHMH ¢ 3Heprueil &, mis koTophix |L|> I.
Takue sHepruu o6pas3yloOT 3anpeujeHnble 3HepeeTudecKue 3O0HbL.

Ecan xe |L]<C 1, To MOXHO MoJoXHTb L =cos ka, rae k—
nocrosiHHasi. Torja

Ay, o ==COs ka & i sin ka == e* i*a,

CurenoBaTebHO, )
Dy, o (x + a) =e* e D ,(x), (59.7a)

T. €. IPH U3MEHEHHH X HA a MOAYJb GyHKuUH D{(x) He H3MeHseTCH,
Mesnsietcs Toabko ee ¢asza. O6e dpynkuun @ (x) u @a(x), a TakKe
HX NPOH3BOJIbHAsl JHHelHafd KOMOHHALMS C MOCTOSIHHBIMH KO3(hdu-
LHEeHTaMH MOryT ObITh penlenusiMu ypaBHenus llpenuurepa (59.1).
[TosToMy BO3MOMKHBI TOJILKO TAKHE 3HAYEHUS 3Hepruu &, Mg KO-
TOPBIX MOJYJb NOCTOSIHHOH JIsinyHoBa MeHbuie eIHHHLB. OHH 08-
pa3yioT paspeuiennole IHepeeTULECKUE 30HbL KPUCTAAAA.

Kak u B npexbiayuieM naparpade, Mbl IPHLIH K 30HHOL CTPYK-
TYpe IHEPLETUYCCKOZO CNEeKTpa 3AEKTPOHa 8 kpucraarre. B npepe-
Jax KaxIofi 30HBl 9HEPrHs 3JeKTPOHA MEHSIETCS HempepLlBHO. DTO,
KOHEYHO, CBSI3AHO C IPEINOJIOKEHHEM O 0e32DaHUYHOCTU Uenouku,
Ecau 6pl nenouka Opila OrpaHHyeHa, TO Ha ee KOHLAX [JOJI3KHBI
Obliy OBl BLITIONHSITLCSI ONpejeseHHble TpaHHYHble YCJOBHSA, KOTO-
pble 6bl M TpeBpaTHJHN HENpepPBhIBHBIA CEKTP 30Hbl B pAL foJee HiH
MeHee TeCHO PacioJOkeHHBX JHHHA. a5 NoscHeHHs M3JI0XKEHHOro
NOJIE3HO PACCMOTPETL MOLSMBHYIO 3alady |, NIPHBOAUMYIO B KOHIE
sToro naparpada.

4. BonuoBue ¢ynxnuu @(x) u Oy(x) Moryr ObTL upeacras-
JeHbl B BHIe

Dy o (x) = e *2 Py o (x).

OueBH/(HO, C OLHOH CTOPOHHI,
D) olx +a)=e*kZ+a P o (x + a).
C npyroit cropousl, BBHAY (59.7a),
D, ,ix+ aj=exika D , (x)==e*ktap ,(x).

CarefoBaTenpHoO,
Py o(x 4 a)=P 5 (x), (59.8)

T. e. o6e dyHKIHH P (x) H Py{x) nepHOAMYHHI ¢ NEPHOLOM a.
Ecau euie yuecTh BpeMEHHOH MHOXHTEJNb ¢~'®* TO B OTCYTCTBHE
BHEIIHHX CHJOBBLIX MoJeH BO3MOXHBIC NOJIHBIE BOJHOBbIE (DYHKIHH
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B KPHCTaJlJle MOXKHO NPeICTABUTh B BHIE
T (%, §) =Py (x)e—Hot—kx)
Wy (x, f) == Py (x) =t (0t+kn),

DTH BOJHB OIHCHBAIOT «CBOOOLHOE IBHIKEHHE» 3JeKTPOHAa B KpH-
cTajile, Korjia Bce JeHCTBYIOILHEe Ha HEero CH/bl OrpaHHYeHE! B3aH-
MOLEHCTBHAAMH C HOHAMHM KPHUCTAJJIHYECKOH pellieTKH H OCTaJbHEIMH
3/JeKTPOHAMH, a BHEIUHHX CHJIOBLIX nojell HeT. OHH HasbBalTCA
soanamu Gaoxa (p. 1905). B orauvue oT niockux BoaH ae Dpoiias,
pacnpocTpaHsIlUIUXCsi B CBOGOAHOM NpPOCTpaHCTBe, B BoJHax Duoxa
BeJHulHB Py (x) u Py(x) He NMOCTOSIHHBI, & NPOCTPAHCTEEHHO MOOY-
AUPOBAHYL, T, €. MePHOLHYECKH MEHFIOTCS BIOJb LENOYKH ¢ Mepuo-
AoM a. M3-3a Tako#l mpoCcTpaHCTBEHHOH MOLYJALHU NPH CBOGOIHOM
pacnpoctpanedud ‘W-BoJH B KpHCTaJJe BEJHYHHY fik Ha3bIBAIOT
KBA3UUMNYA6COM IACKTPOHA, TOTAA KAK NPH JABHXKEHHH 3JEKTPOHA
B cBOGOJHOM NpPOCTPAHCTBE TaKas BEeJHYHHA €CTb MPOCTO UMAYJLC.
B TpexMepHbIX KpHCTaJJax Maockas BojHa bBJjoxa nmeeT Tor e
Bujg, yto u (59.9). Tonbko P(x) 3amensercs Ha ¢yukuuio P(r),
ofJaganoilyo TOH e NPOCTPAHCTBEHHOH NEPHOIHYHOCTBIO, YTO H
caMa pelleTka, a BOJIHOBOE YHCJO k£ — Ha BOJIHOBOH BeKTOp R, Ko-
TOPOMY COOTBETCTBYeT K8asuumnyroc hR.

5. BribopoM mocTosiHHO# JIAinyhoBa, a ¢ Hell H KBa3HHUMIYJibCa
hk onpenensiercss (C TOYHOCTBIO A0 MOCTOANHOTO MHOXKHTENS) BOJI-
HoBaa ¢yHkuus Buoxa. CrnegoBaTenblo, onpeaensieTcs U SHeprus
aJMeKTpoHa &, KOoTOpas BXOAHT B CTaluMOHapHoe ypaBHeHue Illpe-
IMHrepa B KauyecTBe NOCTOSIHHOro napamerpa. TakuM of6pa3oM, B
npefenax KaxJof 30HH AONYCTHMbIE 3HAUCHHs SHEPTHU 3JeKTpoHa
Moryt 6bITb NpeacTaBjeHbl KaK PYHKUHMH KBA3HUMNYJIbCA:

(59.9)

Orcioja noaydaercs
o= (k), (69.11)

Tak Kak & = ho. O6a 5TH COOTHOUIEHHsS HA3bIBAIOTCA 3AKOHAMU
ducnepcuu 3J1eKTPOHHBIX BOJIH: HJIH JIEKTPOHA B KpHcTaliie. 3ako-
HaMH JHCIEPCHH OMNHCHLIBA€TCS B3aHMOJeHCTBHE PacCMaTPHBAEMOro
3JEKTPOHA C HOHAMH KpPHCTAJIHYeCcKOll pelleTKH H CO BCeMH
OCTaJbHBIMH 3JEKTPOHAMH (3apsiji KOTOPHX <«pasMa3aH» B Mpo-
CTpaHCTBe) .

B miocko#l Bonxe Bioxa

¥ (x, {) =P (x)e (kx—0b (59.12)

BOJIHOBOE YHMCJIO R ornpefeseHo He oAHo3HauHo. Ho mpuuuna storo
HHaf, yeM B cJyuae aKyCTHYeCKOH BOJHBl B KPHCTAJJIHYECKOH pe-
lIeTKe, Tje HeOAHO3HAYHOCTb CBS3aHA ¢ OUCKPETHOCTbIO 3Hauenud,
KOTOpbIe MONET npunumare koopdunara x (cM. § 56), B BojHe xe
BJyioxa KoopauMHaTa X MEHSIETCS Henpepui8Ho, 3aTo <«aMIUIUTYaa»
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BoJIHB P (x) siBasercs (yHKUHeH x. MOXHO Bceria H3MEHHTbL MO-
cTosinly0 k£ M GyHKUHIO P (x) Tak, 4ToOB NPH 3TOM BOJHOBAs QyHK-
nus (59.12) ocrasnace HeuaMmeHHoH, C 3TOH UeJbI0 JOCTATOYHO Cje-
JaTh 3aMely

k=Fk" -+ 2apla, P’(x)=P (x)ei?rxle

rile p— NpOH3BOJMbHOE lesnoe uyucjo. Torda (59.12) npeobpasyer-
cs B
Wx, )= P (x)elFx-0h),

T. €. B BOJIHY C JAPYroil nepHoJHYeCKH MEHSIOLIEHCS aMIJIHTYAOH
P’(x) u apyrum BojaHOBBLIM yucsioM k’. OT Takoro npeo6pasoBaHus
¢ H3HUeCKH HUYEro HE H3MEHHTCH,

[Tonb3ysick yka3aHHOH HCO/JHO3HAYHOCTBIO, MPH PacCMOTPEHHH
JIBHIKEHHS 3JEKTPOHA B KakKoH-1HGO 30He BOJHOBOe 4HCaO B (BOJ-
HOBOH BeKTOp k) MOXHO BHIOpaTh Tak, 4TOOBI €ro MOJAYJAb [PHUHSJ
HaumeHslee 3HaveHue U3 Bcex Bo3MOXHBIX, Ocobblii HHTepec npen-
craBiseT cayudail, xoraa k< 2n/a, a «amnauryna» P(x) conep-
JKHT TIOCTOSIHHOE cJlaraeMoe, 3HA4YHTeJbHO [PeBOCXOAsIlee Bce
oCTaJibHblE caaraeMbie, SLICTPO MEHSIOLIHECsT B IPOCTPAHCTBe. (2T0,
Kak 6yleT BHAHO H3 Ja/jbHeHllIero, HMeeT MeCTO NPH JBHXKECHHH
3J1eKTPOHA, BHEPTHS] KOTOPOTOo HaXOJHTCs BOJH3H OJHOH H3 rpaHull
30HbL.) B atoM cayuae ¢yHKiHA W cTaHeT BOJIHOH MOCTOSIHHOH aM-
NJUTYAB, Ha KOTOPYIO HaKAaJblBaeTcs MeJKasi psibb, nepuUopnue-
CKH MOBTOPAIOLIASCH HAa Ka)KJOM NepHole pelneTkH. [Ipu paccmot-
PEHHH YCPEJHEHHOrO JBHMKEHHS 3JIEKTPOHA OT TaKOoil psAbU MOXKHO
OTBJIEULCS, T. €. ONEPHUPOBATH C JEKTPOHHOH BOJHOH YK€ NOCTOSH-
HOM aMIJIUTYAH, noaydawmomeics U3 P(x) NyTeM npoCTpaHCTBEHHOTO
ycpennenus. [InnHa takoifi ycpeaHeHHOH BoJHLI A = 2n/k npenno-
Jaraercsi oueHb OOJbUIOH NO CPABHEHHIO C TNEPHOAOM peUIeTKH da.
MOoXHO MOCTPOUTHL NaKeT TAKHX yCPeJHEHHBIX BOJH B ysKoil ob.ia-
ctu Ak. Torna ckopocTsh ycpednernoz2o deuscerus 3aexTpora Gyner
paBHa 2pynnosol cKopocTu

v=d&/dp. (59.13)

6. BoiiesnM Kakylo-JH60 pa3pelleHHYI0 30HY H pACCMOTPHM CO-
oTHOlIeHHS] BO/MH3H €€ rPAaHHN, 32 KOTOPBIMH CJEAYIOT 3anpelieH-
uble 30HB. Ha HUXHe#l rpaHuie 30HbI SHeprus & MHUHHMAaJbHa, a
Ha BepxHeil MakcHMMaJsbHa. 3HAuMT, NpOU3BOAHAA d& /dp, a ¢ Hel
H ycpelHeHHass CKOPOCThb 3JIeKTPOHA Ha O0eHMX TrpaHHiax 30HHl, 06-
pamaercss B HyJab, [losToMy BOAH3H rpaHHUBl KaXXAOH 30HH pas-
JoxeHHe & 10 creneHsM p = hk MoOXeT HauaTbCfl TOJLKO C KBaji-
paTHuHoro usieHa. Ecau sHepruio OTCUHTHIBATL OT Kpasi 30HHI, a
KBA3HHMINYJbCHl B MeCTax MAaKCHMyMa HJIH MHHHMYMa CUHTATb paB-
HBIMH HYJIIO, TO TIOJYYHTCS

& = p*/2m,y, (59.14)
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rje

"isq, - (%)M' (59.15)

Beauuunna m,q HasuiBaerca aggexrusnol maccold saexTpona. Ona,
KaK [paBuJO, He cOoBllajfaeT ¢ HacTOoslled Maccoi 3JIeKTpPOHA M.
Ha HuxHe#l rpanuiie 3046 (MHHUMYM &) 3(¢eKTHBHAS Macca Mag
NOAOXCUTEAbHA, TOTAA KaK Ha

BepxHell TpaHulle (MaKCHMyM I3
&) oHa oTpuUYaATE ALHA a) ) .
(puc. 105). B rtpexmepHofi p
KPHUCTAJJIMUECKOH  pelleTKe & 5

poJib BeJHUHHBl 1/mye UTpaeT
TeHsop 0%& /dp:0p;, HO cCyll-
HOCTb $IBJICHHH, CBfI3aHHBLIX C
noHATHeM 3(Q(PeKTHBHOH Mac- 0 ?

Cbl, MOXHO YACHUTb HA OJHO- Puc. 105

MepHOH MoJeJH, Tle Macca

Mg ABJAETCA CKAJNADPOM. :

CBA3b MeX]y 3Hepréedl 3J1eKTpOHa W €ro KBa3uUMIYJbcOM
BOMM3U TpaHuUbl 30HH (OpMabHO HMeeT Takoli Ke BHA, UTO HU
CBS3b MEXIYy 3Hepruefl U HMIyJabCOM CBOOOJHOH yacTHUBL, ITO U
JlaeT OCHOBaHHe B paccMaTpHBaeMOM CJydyae Ha3biBaTh BEJHUHHY
Msgp 3QPEKTUBHON MACCOH, a KBA3HHUMIIYJLC P BO MHOIHX PYKOBOA-
CTBAaxX HAa3bIBAIOT NPOCTO uMNyJbcoM. Crneuuduka ycpeaHEeHHOTO
JBUXKEHHS 3JEKTPOHA B MEPHOJUYECKOHR KPHUCTaJNJIHUECKOH peleTKe
BOJIM3HM TPAHHMLBl 30Hbl 3aKJ/JKO4aeTCs, OJHAKO, B TOM, uTo 3ddek-
THBHAs Macca 3JeKTPOHA MOXKeT ObITb H [OJOXKHTEeJbHOH, H OTPH-
natejbHol, B cHiy 3TOro 864u3u HuMCHE[ epaHUYbl 30HbL BEKTOPSL
U U p HanpasaeHsl 0OUHAKOB0, a 86.AU3U BepXHel — NPOTUEONOA0NHC-
HO, XKaK 3TO BHAHO K3 popMyabs (59.13) u puc. 105.

7. o cux nmop npennoJarajoch, YTO BHEIUHEro CHJOBOrO MOJS
HeT, HasoxXuMm Tenepb Ha KpPHCTana caaboe NMOCTOAHHOE 3JeKTPHU-
yeckoe noJse, OHO B MPHHLHINE HECKOJbKO CMECTHT 3HepPreTHUYEeCKHe
YPOBHH B KpHcTaJie. Ho Tak Kak 3TH yPOBHH MPaKTHUECKH Helpe-
PLIBHBI, TO HHMKAKOrO H3MeHEHHs B MOJOXEHHH YPOBHeH BHYTpH
30HH He npousoiiaer. MOryT TOJBKO CJErKa CMECTHTbCSI TPaHHIbI
caMoii 30Hb. Ho B caabeiX nodsx 3TOT 3PGHEKT COBCEM He 3aMeTeH
H HH B ueM He nposAB/serca. HasnoxeHnuoe sgekTpuueckoe noJe Mo-
KeT, OJAHAKO, BbI3BaTb H3MEHEHHS B 3al0JHEHHH 3HEPTeTHYECKHX
ypOBHEH 3JIeKTPOHAMH, JTO MOXKeT NPOHU30HTH TOJNLKO TOrAd, KOrjid
no Kpa#Hell Mepe HEKOTOpble 3HePreTHYeCKHe YPOBHH 30HBl 3aH0A-
Hewsl He yeaurxom, a wacTudno. Cornacno npuduuny Iayau ua on-
HOM ypOBHE MOXKeT HAXOJAHTbCA He 60Jiee ABYX 3JeKTPOHOB, CIHHBI
KOTOPBIX HallpaBJeHbl NPOTHBONOJOXKHO. Ec/H 30Ha 3anoJsiHeHa ne-
JUKOM, TO 3/EKTPOHbl MOTYT TOJbKO OOMEHHBATBLCSI COCTOSIIIHSIMH,
410 B CHJAY HMX TOXKACCTBEHHOCTH (H3HYECKH HH B UeM HE [pOosB-
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asietesd. Huxakne ABHIKEHHs 3JIEKTPOHOB, CBSI3aHHBIE C HX [1epexo-
JLaMH H3 OJHOrO COCTOSIHHSl B APYroe, HeBO3MOXHBI. B 3ToM cayuae
[IPH HAJOMKEHHH 3JeKTPHUECKOTro M0/l B KPHCTaJJjle H HEe BO3HUKHET
JIEKTPHUECKOTO TOKaA.

B cocTosinud paBHOBECHS NPH OTCYTCTBHH BHeIUHEro NoJisg B ya-
CTHYHO 3aI0JIHEHHOH 30He OYAyT 3aMOJIHEHB 3JIEKTPOHAMH BCE HAU-
6oaee Huskue sHepreTndeckde yposHu. Ha xaxaom u3 nux Oyayt
HaXOAHUTbCH JBA JIEKTPOHA ¢ MPOTHUBOIMOJOXKHO HaNpaBJeHHBIMH
cnuHaMu. [lpy HaJOKEHHH 3JIeKTPHUECKOTO MoJisi HAUHYTCH nepe-
X006t M3 3aHATHIX COCTOSIHHH B CBOOOJHBIE H BO3HUKHET 3AEKTpUYE-
ckuti Tox, CKOPOCTb yCPeJIHEHHOTro ABHKEHHA 3JEeKTPOHA NpPU 3TOM
onpenensieTcss BHIPaXKeHHeM (59.13). Bausuue kpHcTanjga Ha JIBH-
MEeHHEe 3JeKTpoHa YiKe YUTeHO AHCIePCHOHHOI dopmyaoi (59.10).
Ho Ha 3/1eKTpoH B 3JeKTpHUecKOM NoJje E geficTBYeT ellle BHEIIHASA
cuna F = — eE. VI3MeHeHue aHepruu 3JeKTpPOHA 32 BpeMs df noa
aeficTBrem 3Tofl cuabl 6yger d& = Fvdt. Ho B cuay (59.10)
d& =(d& /dp)dp = v dp. llpupasuuBas o6a BepaxeHHs, NoJyyaem
dp=Fdtr. e

dp/dt=F. (59.16)

Ta ke dopMyna nosyuaercs U B TpexmepHoM cayuae, Toabko cka-
asipl p u F caenyet samenuTb Bektopamu p u F. Ilomyuntcs
¢dopMyJia, BIOOJHE COOTBETCTBYIOIIAA KJACCHUECKOH. ,Zlmpcpepeﬂuu-
poBaHHe e COOTHouweHHs (59.13) no BpeMeHH jaer ¢ ==
(d25’/dp2)(dp/dt) I Ha OcCHOBaHHH dopMyn (59.15) wu

(59.16)
Moyl = F. (99.17)

8. PaccMoTpuM crneunajbHO cJaydail, Korja 3/JeKTPOHBl 3amoJ-
HSIOT MO4TU 8CH0 30HY. B 3TOM cjydyae TOK CBsi3aH C HaJHYHEM CBO-
GOLHBIX COCTOstHHE BOJMH3M BepxHeld rpaHunb 3oHbl (puc. 105, 6),
Tak uTo 3¢ deKTHBHAsE Macca 2JeKTpOHa oTpHuaresanHa. Torma co-
raacHo (59.17) ycKopeHHe 3JeKTDOHa U HanpasJeHO NPOTHB JAei-
creyfotueil cuapl F=eE, 1. e. no nomo E (e << 0). DJIeKTPOH BejeT
cebsl KaK OTPUYATEABHO 3APANCEHHAA HACTUYA, HO C OTPUUATEAbHOL
maccod may. Ho B TouHocTH Tak oce 6yder sectu cebs u soobpa-
Haemas wacTuya, iy KoTopoi macca u 3apad noaroxuressvro.. Kague
3HaK{ [pHIKCaTb Macce M 3apsaly BooOpaxaeMOl HacTHLBI — He
nMeeT 3Hauenus. CyllecTBeHHO TOJBKO, YTOOH OHH OBIM OAMHA-
k0Bbl, HO 3/IeKTPOH C MOJNOXKHUTEJNBHBIM 3aPSA0M H MOJOKHTEJbHOM
Maccoll BefeT cebs B TOUHOCTH TaK Ke, KaK «AbIPKa®», BBEJeHHas
B IpeiblaylieM naparpage. A Tak Kak YHCJO 3JE€KTPOHOB, KOTOpHIe
NPUHHUMAKT YuacTHE B 3JEKTPHUYECKOM TOKe, B TOYHOCTH PaBHO YHC-
Jy BaKaHTHBIX MeCT (IbIPOK) B 30HE, TO HOCUTEAAMU TOKQA ¢hop-
MAABHO MO2YT CHUTATbCS Obipku., TeM caMblM CTAHOBHTCS MOHSAT-
ibIM, noueMy Ko3dHuuHenT XoJJa, HaIPHMep, MOXKeT HMeTb He
TOJBKO OTPHUATEJNbHBLIH 3HAK, HO H MojoxuTeabHbE (cM. T. III,
§ 98).
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9. 3aMeTHM B 3aKJIOUeHHe, 4TO B HAECAJNbHON KPHCTAJJIHYECKOH
pelIeTKe C HENOJBHXHBIMH HOHAMH [sIocKast BoJHa Broxa pacnpo-
cTpaHsiach Obi 6e3 3aTyxanus. DJeKTPHUCKOe CONPOTHBJIEHHE KPH-
cTajjsa B TAakoM cjayyae Obio Obl paBHo HyJw. Tensosbie Kose6a-
HHs, JeheKTHl U TPHMECH TNPHBOASAT K PACCEAHUI0 3NEKTPOHHBIX
BOJIH, T. € OrpPaHHUYMBAIOT AJHHB CBOOOAHOro mpo6era 3JeKTpoHa,
C YeM W CBS3aHO BO3HHKHOBEHHE 3JEKTPHUYECKOIO CONPOTHBJEHHS.

3A0AUYN

1. PaccMOTpeTb OIHOMEPHYIO NPAMOJHHERAHYI0 0ECKOHEHHYIO KPHCTAMIHICCKYIO
pelueTKy, MOAeJHPYs NOTeHUHaJbHYIO 3HeprHio U(x) ctynenyaroli ¢yHkuueH, uzo-
Opaxennofi Ha puc. 106. HaiiTu paspemeHHEle W 3ampenieHHble 30HEL AJ1 TaKof
LemoyKkH, 3alaB 3Hadenuss a u U, xapaxkTepHble [/ aTOMHLIX Pa3MepoB.

U
Y - S
L I u I u I b/4
U
0 al2 a Ja/2 2a sajz ja T
Puc. 106

Pemenne Ha ysacTkax | mpumMeM NMOTEHLHANbHYIO 3HEPLHIO PABHOH HYJIO,
a na yvactkax Il — nmoctosnnomy suavenuro U. Crauuonaphoe ypasHenue Hlpe-
IMHrepa ¢ MOCTOAHHOW 3Hepruell & Ha yuwacTkax 1 Gynmer

)

-t wp =0, (59.18)
a Ha yuacTkax I \
z;f + xp =0, (59.19)
rle %) H ®z — NOCTOSHHBIE:
9 2m 9 2m

Hy = &, MZ=~ﬁ—2(g——U)

ﬁ?

Bynewm cuauana npeanoaarath, uto & >0 u & — U = 0. Torna %, # %3 6y-
[lyT BelleCTBeHHBIMH. DBe3 HapylmeHHs OGUIHOCTH HX MOMHO CUHTATbh MOJOMKH-
TeJsdpIMH. B uutepBase (0, a/2) cuctema ¢yHaaMeHTaJbHBIX pellieHHH OpeacTa-
BHTCS QYHKIHAMH

. 1
¢[=COS%1X. 11)2:%— SIn ¥, Xx.
1
Hatinem temepn 3TH ¢GYHKUHH B uHTepBaJe (a/2, a). B 3ToM urTeppBane npeacra-
BHM MepBYIO QYHKUHIO B BHAe
Py = A cos ®y (x — a/2) + B sin %, (x — a/2).

HeuspectHble KoabduuiedTn A 1 B HaBAyTCA W3 YCJOBWH HeNpepHBHOCTH (yHK-
’
uuH P; (¥) ¥ ce NpoH3BOAHOH P, (X) Ha rpaHHle HHTepBala X = a/2. Takuwm
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nyTeM noJydaeM, uTo B HHTepBase (a/2, a)

P, (x) == cos ¢ cos %y (X — af2) — —zl— sin %[-l— sin % (x — af2).
2

Ananoruuno HaXO0/AHM, 4YT0O B TOM XK€ HHTEepBaJe

Yo (x) = L sin 2 cos ®g (X — a/2) + L cos 2% sin %9 (X — af2).
A 3 2

[aA nocTosHHoR JlgnyHoBa noaydaercs

. 1 ’ _ X a %oQ 1 i xz) A %
L == B [11)[ (a) + ¥, (a)] = c0s —— 05 5 5} ( o sin == sin =5
(59.20)

B cayuae, korna & > 0, Ho & — U << 0, H3MeHHM 000O3HAYCHHS, 3aMEHHB
. 2 s 2
IpexHee %y Ha MHHMYIO BEJMUYHHY (X9, T. C. NMOJIOKHM X,==2m (U — én” Tpa-
rOHOMeTpHYeCKHe (GYHKUHH OT MHHMOrO apryMcHTa cJciyeT 3aMeHHTb Ha CHIep-
Gosnneckue dyukunu. Torna gopmyna (59.20) npeobpasyercs:

- ®iQ %ol _l _”L__’LZ) . ¥a X 50.01
L = cos — 5 = 5 (%z ) sin ——sh —5—. (59.21)
Hakoueu, xorna & << 0 u ng < 0, Hano caejaTb BTOPYIO 3aMeHY ¥ — i)
(T, e. MONIOKHTD x?—s — om&/n?). Toraa
xla Ko %y xla Aoll
= ch 22 (~_ ) sh % gy 222 59.22
L =ch—=—— 4 — o + o 5 ( )

Dopmyani (59. 20)—(59 22) UMeT A0BOJibHO caoxibll BHA. MIX uceaexosanue
Y/06HO RPOBOAUTHL TOJBKO rpadudeckd Ha npumcpax. [IpHpeleM YHC/IECHHBIE OpH-
, Mep, mnoJsaras OPHEHTHPOBOY-
L Ho a = 2-10-% cm, U=53B.
CooTsercTylonias KpHBas
nast L = L(&) npuBcaeHa Ha
puc. 107. Ha sawmrpuxosan-
i e N HBIX y4acTKax BeanuuHa |L]
MeHbIe eJIHHHUBL ITu ydact-
Ku B HallUCH MOJCJH SIBASIOT-
1 csi paspeileHHLIMH  30HAMH.
4 Cpetaule yuactky, rac |L} >
> 1, COOTBETCTBYIOT 3amnpe-
[UEHHBIM 30HAaM.

2. lonocr Garapeu coe-
JMHCHEl  KPHCTAJJIOM, 30Ha
ﬂaJpeu/J/ef////a# ' Paspewennas IpOBOAUMOCTH KOTOpOrD NOd-

s oM TH J0BEPXY 3aNOJHeHa 3JeK-

Sanpewenneis kbl - TpoHamH. B TaKox cayuae s¢-

(eKTHBHAS Macca 3JeKTPOHa

Puc. 107 OTpHUATENbHA, H OH ABHXKET-

csl 4epes3 KpucTaal ¢ ycKope-

HHEM B HalpaBJlelHH 3JAeKTpHuecKoro moss. Tyna ke 6ymeT namnpasiesa u cpej-

HAS CKOPOCTb 3JIEKTPOHA, TaK KaK [0 HalOMeHHA NOJA CPeAHssi CKOpPOCTh Obiia

paBHa HyJi0. MHBIMH CJ0OBaMH, 3JEKTPOH ABHXKETCS uUepe3 KpucTaMl OT aHoAa K

karony CaeaosatennbHO, BHYTPH 6aTaped IBHMKEHHE 3JEKTPOHA NPOHCXOMHT OT

KaTola K aHOAY, a TOK BHYTpH 0araped B COOTBETCTBHH C NPUHATHIM corJalie-

HueM tever 8 IPOTIBONOJOKHOM HanpaB/leHHH — OT aHola K kaTony. Ho Takoil

TOK 3aps:KaeT 0aTapeld, a 3T0 OPOTHBOPEUHT 3aKOHY COXPaHeHHs 3Heprun. Pas-
PEWIUTE 3TOT Napajiokc.

T
!
|
|
!
|
1
T

F
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Pemeunne Bce neno B TOM, 4TO B 3TOM DacCyJACHHH He yuTeno Mepepac-
npejesieHHe 3JEKTPOHOB N[O BO3MOXHBEIM COCTOSIHHSIM 30HBI TIPH HAJOMKEHHH 3JICK-
Tpuueckoro noas. Ha puc. 108 usobpakeH yuyacTOK AHCIePCHOHHONW KpuBOf 149
paccmarpusacmoro kpucraiaa. [lpu  oTcyT-

CTBHM BHEUIHEr0 MOJsi NYHKTHPHAS TOPH3OH- E
TaasHas npaMaa AB oTcekaer ot 3Tofi KpHBOI -~
BEPXHIOI0 4acTb, He 3aMOJHEHHYIO 3JEKTPOHA- —_a F

MH. B 3aMOJMHEGHHBIX Ke 4acTsX CTOJIBKO Ke
3JEKTPOHOB JBHXKCTCH HANpaBO, CKOJILKO H
HaaeBo. [losaToMy TOK 4depes KpHCTALN He
uaetr. [Ipn HaJoXeHHH 3JEKTPHUECKOTO INOJIs
Ha 3JeKTPOH HayHHaeT AeHCTBOBATL CHJA
F = eL, wnanpas/edHas NPOTHBONOJIONKHO lj.', Puc. 108
TaK KaK 3apsj 3JEKTPOHA OTPHUATENbHBIH,
Jlng KOHKDETHOCTH UpHMEM, 4TO ToJe Ha-
npasjieH0 HaJleBO, a CJAe[l0BaTeJbHO, CHJa HampaBo. B CoOOTBETCTBHH ¢ (59.16)
HMITYIbChl 3JEKTPOHOB CclpaBa Mo abcoMiOTHOH BesMuMHe AOJMHBI YBCJIHUHBATHCS
a clleBa YMeHbWATbCsl. DTO 3HAUMT, YTO KOHell B He3aNoJHeHHOro ydacTka JHC
NEePCHOHHOH KPHBOi JI0JUKEH OmycKaTtbes, nepexoast 8 B, a xoHell A 1noaHAMAaThCs,
nepexoas 8 A’. CKOpPOCTb 3JIeKTPOHOB HampasjeHa NPOTHB P, T.€. HA HalleM pH:
CYHKe B JIeBOH NOJOBHHe Hanpaso, a B npasoil Haleso. Ho B xeBoit monopuue
3JeKTPOHOB GoJbile, yem B npasodl. [TosTomy 4epes KPHCTAJAN NOTOK 3SJCKTPOHOB
6yZcT WATH cjeBa Hanpaso, T.e. B HanpamJgeHWH JeficTByiomeli cuast F o (HaH npo-
tus noas E) Tako#i Tok Gymer paspsixkarb, a He 3apskaTb GaTapeio.
Apanornunoe paccyXIeHHe MOXHO IPOBECTH H B TOM CJydae, KOTAA 3JEK-
TPOHAMH 3anoJiHeHa HeGOJbiUAst HHKHSS YaCcTb 30HBI MPOBOAUMOCTH.

§ 60. Ceepxtekyuectb, OnbiTHbIE DaKThHI

1. Kpucranausauus (3aTBepieBaHHe) BellecTBA IPOHCXOAHT
MO JeACTBHEM CHJ NDHTSIKEHHS MEXAY aTOMaMH (MOJIEKyJaMH).
Eii npensrcTByer 6ecnopsifouHoe ABHxKeHHe 5THX uacTul. C xJaac-
CHYECKOH TOYKH 3DEHHA 3TO /IBH)KeHHe TOJBLKO TelJoBOe¢ H MOJ-
HOCTBIO [IpeKpamaercs npu adcosaioTHoM Hyje Temnepatyp. [loasro-
MY C 3TOH TOUKH 3peHHs NpPH NPUOIHXKEHHH K abCOJIOTHOMY HYJIO
BCSIKOE BEIECTBO B KOHLE KOHUOB JOJ/KHO NMepeHTH B TBEPAOe CO-
crosinue, He coBceM Tak OOGCTOHT 1e/I0 ¢ TOUKH 3PeHHSI KBAHTOBOH
MexaHHKH. [IoMHMO TenJoBOro ABHMKEHHS aTOMBI COBEPINAIOT HyAe-
sole Koaebanus, He TNpeKpallalomiHecs H NpU TeMiepatype abco-
motHoro Wyas. Mx gacrtora o (a ¢ el W HysaeBas aHeprus Aw/2)
TeMm OoJbllle, YeM MeHblle Macca aToMa ((o~ 1/«\/%). Ecau cuan
MPUTSKEHHA MeXJAYy aTOMaM¥ HeJOCTAaTOYHHI, YTOObl MPOTHBOCTOSTD
HYJEeBbIM KoJe0aHHAM, TO JAa)ke NpH TeMIepaType abCOJIOTHOrO
HYJs TeJO He NepefiieT B TBePAOe COCTOSIHHE, 4 OCTAHETCS KHIKHM,
€CJIM TOJIBKO [aBJjieHHe He OUeHb BeJHKO. FIMeHHO TaK 0OCTOHT HdeJo
¢ renueM. Ilpuunna atoro aBosikasi, Bo-nepBHIX, H3 BCEX HHEPTHHIX
rasoB Macce aTOMOB TIeJUsl MHHHMAaJbHBE, Bo-BTOpBIX, HHEDPTHBIE
rasbl HMeEIOT 3aMKHYThle (3aCTPOEHHBbIE) Hapy:KHble 06OJOUKH, Xa-
paxkTepH3ylomuecst chepuueckol cuMmerpuell. TakoBa H eIHHCTBEH-
Has K-060/104Ka aTOMa reJiHs, COCTOSALAst BCErO H3 IBYX 3JEKTPOHOB,
M3-3a 3TOro CHJB OPHTSIKEHHd MeX1y aTomMaMH He oTHOCHTeNbHO
cnalpl, a IJIOTHOCTh KHAKOTO rejus Manaa (OpH Temmepatype
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220K ¥ JaBieHHH HacbllleHHBIX 1NapoB OHA DaBHa OKOJIO
0,146 r/cm3). TTosTOoMy npH HOpMaJIbHOM [@BJIEHHH TeJIHH ocTaeTcs
XHAKHM H TIpH TeMmepartype alCoJiOTHOro HyJas. B 3Tom mnpexne
BCEro MpOABJAIOTCA KBAHTOBbLE CBOUCTEA KHUJAKOrO Teaus, 6Jaro-
Japs ueMy €ro HashBalOT K8aHTOB80U scudkoctero. M3 Bcex H3BecT-
HBIX BEHIeCTB CBOHCTBOM OCTABATBHCH XKHAKHM BIJOTh A0 TeMmIepa-
Typbl aBcoMOTHOrO Hy s obnajnaer Toabko reaufi. Ho renuii MoxHo
HOJIYYHTb H B TBEPAOM COCTOAHHH. [1J18 3TOro Halo MOBLICHTH BHEMI-
Hee jaBjende g0 25,3 aT™ uad Bbille. [loBblllleHde OaBJeHHA Kak
Obl 3KBHBAJIEHTHO YCHJICHHIO CHJ MNPHTAXKEHHA MeXAy aToMaMu
reJids.

CymecTByloT JBa CTabHJLHBIX H30TONAa rejHs —3He u 3He-
B Bosayxe cogepxurca 0,0005 9% He no ob6bemy. IIpupoanbll renui

COCTOHMT MOYTH chmoqmenbﬂo us sHe u conepxmr TOJbKO HH-
YTOXKHYIO YacCTh sHe. Hanpmvlep, B cMecH ¢ sHe, NoJiyyeHHOH H3
BO3yX2, KOMIOHEHT sHe COCTaBJmeT Bcero 10-7 9% ofmel Macch

rasa. /lerajbHoe H3yuyeHHe CBOHCTB SHe CTaJ0 BO3MOMKHBIM JIHILb
nocJde MOJNYYEHHS €ro B MAaKpPOCKOTNHYECKHX KOJHUECTBax HCKYyC-
3
cTBeHHBIMH cnocofamu, Ofpasyercs 2He B pesyabsraTe -pacnapma
TPHTHSA:
?H — gHe + e~

CaM ke TPHTHH jH nOJYydaloT ¢ MOMOIbIO Jpyrof sinepHoll pe-
aKIHH:

6] § 4 1 3 4

sLi4 gn—3H 4 jHe,

npoucxoisile npH 60MO6apIHpPOBKe AAEp SLi HeidTpoHaMu. Cyule-
CTBYIOT H JPYrue sifilepHble PeakliMH, B KOTOPHIX BbIAEJASeTCs ?He.

2, OxuXKeHHe NPHPOAHOrO renua Oblio MpousBedeHo B 1908 r.
Kamepauur-Ounecom (1853—1926) B Jlefimenckoii naGopaTopuH.
TonbKo mocJyie 3TOrG OTKPbLIACh BO3MOKHOCTb HCC/1eJOBaHHS CBOHCTB
BeillecTB BGJH3H aGCOMIOTHOrO HyJs TteMmmepatyp. KpuTHueckas
TeMnepatypa sHe cocrasaser Tx = 5,25 K, Tak 4T0O B XHIKOM CO-
CTOSIHHH OH MOXET CYLeCTBOBATh TOJBKO HHXKe 3TOH TeMIepaTypbl.
ITon nasaeHHeM B | aT™ sHe Kumut npu teMnepatype 4,21 K. Enge
6osee HHU3KYI0 KpHTHueckywo Temneparypy (3,35 K) nmeer Gosee
nerkii nsoron jHe. Ilox naBieHHeM B | aT XHAKUA sHe KHIHT
npu temnepartype 3,195 K. EcrecTBeHHBIfl resufi Obl moJyyeH B
TBepaOoM cocTosiHud B 1926 r. Keesomom (1876-—1956), cMeHuBIINM
KaMepauur-Ouneca (roc/ie ero cMepTH) Ha NOCTY AHpekTopa Jledi-
JdeHcko#l nabopaTtopuu. [las mosyuyeHHs TBepIOro resus npH a6eo-
JIOTHOM HyJle TeMIlepaTyp TpebyeTcsl naBJjieHHe He MeHee 25,3 aTw,
a npu 60 K —nopaaxka 10000 atm. Teepanil renuii — coBepIIeHHO
npospauHoe U GecliBeTHOe BelecTBO. B nanbHeiieM, re roBOpHTCS

o " 4
O CBOHCTBaX XHAKOIQ reyiid, HMEeTCs B BHAY TAXKEJIbIH H3QTON 2He.
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Tonbko B cnenywouem naparpacde 3aTpariBaioTCs CBOACTBA JIETKOTO
3 4 .

usorona ,He. [{uarpamma coctosHus oHe npuBenena wa puc. 109,

[1pn noHHxeHHH TeMNepaTypbl XKHIKHH reJHi nperepueBaer 06-

paTuMoe (a3oBoe npeBpalileHHe BTOPOro poja, T. e, Takoe NpeBpa-

LleHHe, NIPH KOTOPOM HEe NPOHCXOAHT BhHIJEJEHHUsi HJH MOrJOLIeHHUs

40¢-
! TBepderi He
0
‘E‘ J [nabnenue
s}
S 2 i
S . 2 .
% Mudrud Hell § Mudkud Hel
< 10} Apumuyeckas
\ moyka
- Henaperue
| 1) | 4‘_/%
0 1,0 20 30 4,0 50 LK

Puc 109

Tenja, a YyHAeJbHBIH O0O6beM IKHAKOCTH OCTaeTci HEHU3MEHHBIM
(cm. 1. II, § 120). Temneparypa nepexoia T, noHuxKaercs ¢ 1o-
BHIIEHHEM JaBJEHHS [0 JHHEHHOMY 33KOHY OT MAaKCHMaJbHOTO
asHavenus 2,17 K npu pgaBaeHHH HacHLlEeNHBIX NapoB TreJHs
(37,80 MM pT.CT.) A0 MHHHMaJbHOrO 3HaueHus 1,77 K apu naBsiedus
30 arm. Ha amarpamwme cocrosuus (7T, p) TOYKH, B KOTOpPBHIX COBep-
waeTcs ykasaHHb (asoBblfi nepexoj, pacrnosaraiorci BAOJAb Nps
MOH, Ha3bIBaeMo# A-aunued. JKHAKOCTb, TeMIepaTypa KOTopo# (npu
OJIHOM H TOM e JaBJjeHHH) Bhbllle T,, Ha3blBaeTcs z2eauem-I, a
KHJIKOCTb, TeMIepaTypa KoTOpol HHXKe Ti, — eeauem-1/. dazoBuih
ilepexol NPOSABJAETCA, BO-NEPBbIX, B CKA4KE TenAOeMKOCTU [PH
Temmeparype Ty. Tlo ob6e croposbl £, KDk k)

OT 3TOH TeMmepatypbl TemaioeM-
KOCTb TeJusi ofpamiaercs B Gecko- ‘U
HEYHOCTb TNO JorapupMHUECKOMY
3akony C==const:In T=T,1 s}
HO ¢ Pa3JHYHBIMH KO3(PdHUHEHTAMY
nponopuHoHaJbHocTH (puc. 110).
KpuBasi Ten/joeMKOCTH HaNOMHHaeT
rpeueckyto OykBy A. Orciona u
MPOM30LUJIE Ha3BaHHS A-TOMKQ W Pee. 110

A-aunus. Bo-BTOpPBIX, NpH nepexone

Hel s== He Il ckaukoobpa3Ho MeHsieTCs remneparypuoil Koapgu-
yuent pacwuperus, kotopeli ans He Il oxkasbisaercs jpaxe orpu-
HaTeNbHbIM.
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lenuit-1 Bener cebs Kak obblyHAs KHUAKOCTb U 06sajzaeT KoHeu-
HBIMH 3HAYEHUSAMH BSI3KOCTH W TemsonpoBoAaHocTH, [eanit xe 11 06-
Jajaer psaoM cnenudHUuecKHX CBOMACTB, COBEPIIEHHO HEOHATHBIX €
KJ1aCCHUECKOH TOUKH 3DEHHS H HUCTOJKOBAHHBIX TOJBKO HA OCHOBE
KBAHTOBBIX INpeACTaBjieHHH. B' 3TOM cocTOMT BTOpas MpHYHHA, (10-
yeMy ero Ha3blBAIOT K8AHTO80H audKocTo!0 (NepBas — yKe ynomsi-
HyTO€ BHIIlle CBOfICTBO IeJIUSl OCTABATHCS MKUAKHM MPH abCoMIOTHOM
HyJe). 3TH cBOACTBA SIBJSIOTCS MPOSIBJIEHHEM OJHOIO — C8EPXTeKY-
gecty requsi-11, orkpuirof I1. JI. Kanuue#t (1894—1984) B 1937 r.
Hcenenosanus teuenus xuakoro renus-11 depes yaxue kanaao #
l{eJIH, IPOU3BOAMBIIHECH A0 Kanuiwl, MpHBOAHIM K HECONJIaCOBaH-
HbBIM pe3yjbTaTaM B oTHomleduw BsiskoctH He Il Kanuna nokasaus,
YTO NPUYHHA HECOIVIACOBAHHOCTH COCTOAJIA B TOM, UTO KaHajbl H
wean Oblu cautdkom wiupoxu. Ecnu oneHuTb uncaa PeliHoabmca,
M0Jb3YSICh [1OJYUYEHHBIMU 3HaueHussMH BsskocTd He II, To onn oka-
3BIBAIOTCSL OueHs Ooasuwumu. Tlpn Takux OGoabmux udcnax Pei-
HosbAca TeueHne Hell 6wino 6wl TYypbysenTHoim, TOrda Kak ero
CYHTa K JaMHHapHbiM, Kanuma no6uics JaMHHApHOCTH, HCCJEAys
TeueHue requsi-I11 uepes oueHb y3KHE KaNHJSAPH (IHAMETPOM OKO-
Jgo 10-% cM u Menbiue) u uean, OKasajoch, 4TO NPH ITHX YCJIOBUAX
KUIKA# renuit-11 nporekacT yepe3 KanuAJsipbl, HE UCHBITHIBAA CUA
6A3K0CTU. DTO SIBJIE€HHE HCUE3HOBEHUs BSA3KOCTH U OBLJIO HA3BaHO
csepxrexyyecroro. C Apyroll CTOpPOHBI, Kak MOKAa3aJH H3MepeHus
Keesoma m Mak Byzna B 1938 r., Baskocts Hell, usmepennass no
MeTOLy 3aTyXaHHsi KPYTHJAbHBIX KoJebaHHH AHCKA, NOTPYKEHHOTO
B HeIl, okaszanace koHeuHOH ¥ BOJH3H A-TOYKH MaJjo OTJAHUHOH OT
BsiskocTH He L.

3. Hue onHcHIBalOTCS HEKOTOpPble siBJEHHs, HABI0AAIOUIHECS
B Hell. Onnako sl COKpAallleHHsi H3J0XEHHS Mbl Cpasy ke AaeM
M HX TOJKOBaHHe, OCHOBAHHOE HA TaK Ha3biBaeMO#H 98yxmudKoCTHOL
modeau Hell, npennoxennoit B 1938 r. JI. Tuccoit (p. 1907), a sa-
TeM 00OCHOBaHKOH W ycoBepuweHcTBoBaHHOH JI. II. Jlanmay (1908—
1968) B 1941 r.

B ocHoBe 3TOH Moaenu JeXHT npeanojoxeHue, uro He Il co-
CTOHUT M3 JABYX KOMIIOHEHTOB: HOPMAJILHOIO (1) H CBEPXTeKyuero (s),
KaXIH{ U3 KOTOPBIX XapaKTepPH3yeTCs CBOell MJOTHOCTBbIO (TaK UTO
flofHas IJOTHOCTb XKHUAKOCTH PaBHA p == p, 4 ps) H CBOHMH THI-
PONHHAMHYECKHMH CKOPOCTSIMH U, H U, [losHas nMiOTHOCTbH NMOTOKA
UMIYyJbCa KHAKOCTH pPaBHa [ = PnUs + Ps¥s. [laoTHOCTL p, HOP-
MaJibHOro KOMIIOHEHTa CTpPeMHTCst K Hyao npu T —0, Korna reauii
CTAHOBHTCSi MOJHOCTBIO CBEPXTEKYUYHM, a IJIOTHOCTb Qs CBEPXTEKY-
yero KoMmmnoHenTa obpatutaercs B Hyab npu T > T,, Korna Bechb re-
aufl npespawaercsi B He L.

BopoueM, ABYXXKHAKOCTHAf MOZedb sBAfeTcs He Oojee Kak
TOJILKO cnocofom guipaxcesusn, YLOOHBIM /Sl ONHCAHHUS SIBJEHHH,
npoucxolsiux B Hell. Kak u Bcsikoe omucanHe KBaHTOBBIX siBJie-
HUH B KJaCCHUECKHX TepMHHAX, ABYXXHAKOCTHASA MOACAb NpH OYK-
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BaJIbHOM €e NOHHUMaHHH He seanercs adexsarTnod, Henbssi ckasars,
uto rejui-I1 cocTOUT H3 HOpMAJIBHBIX U CBEPXTEKYuHX aTOMOB. Pas-
JEJIMTh €ro Ha TakHe aTOMbI HEBO3MOXKHO YXKe [OTOMY, YTO ATOMBI
rejus COBEPIUEHHO TOXKJAeCTBEHHH. [lpH mNepecTaHoBKe MecTaMu
«HOPMAaJbHOrO» H «CBEPXTEKYyUero» atoMmoB, ecad Ob reauii-II co-
CTOSJl U3 TAKOBHIX, €T0 COCTOSIHHE OCTaJ0oCh OW B TOYHOCTH TAKHUM
XKe, KaKUM OHO Obl0 Ao nepecTaHoBkH. B § 61 (nmyukr 4) Oyger
NpUBeleHa Apyras aprymeHTalus, NOUEMY O peaJbHOM pas3J/HUYeHUH
He Il na HopmaJbHBEI H CBEPXTEKYYHH KOMIOHEHTH ¥ HX (akTu-
YeCKOM OTAeJEeHHH JPYr oT Apyra He MoxeT OHiTh peud. Kpome
Toro, B nokosmemcsa Hell pasnnune mexay HOpMaJbHBIM H CBEpX-
TEeKyYHM KOMIIOHEHTaMH He oOHapyxuBaercd. Tounee, Hafo GhlIO
OBl TOBOPHTH He O CYLIeCTBOBaHHHU JAByX KomnonentoB B Hell, a 06
OOHOBPEMERHOM COCYW,LCTBO8ARUL 08Yx OBUNCEHUL — HOPMAALHOZ0
u ceepxrexyqeeo, TIJIOTHOCTH p, U ps HFPAIOT NPH 3TOM NPOCTO POJb
KO3(hpuyuenTos, I0Ka3bIBAIOMKX BKJAAL KaXKAOTO H3 3TUX JBHXKEHHH
B TOT W1¥ HHOH 3ddekT. [Ipy HCNONB30BAHUH ABYXMKHMIKOCTHOH MO-
JeJy HaJo BCerja UMeTb B BHAY CIeJaHHYIO OTOBOPKY.

HopmanbHoe aBHKEHHe obJsafiaeT BCeEMH CBOHCTBAMHU BSI3KOTO
TEeUEHHUS MXHAKOCTH, TOTAAa KAaK CBEPXTeKyuee ABHIKEHUE MPHBOJUT
K sIBJEHHIO CBepXTeKyuecTd, [IBYX)KHAKOCTHasi Mofesb fpeanoJa-
raeT Takxe, YTO CBepxTekyuee [BH)xeHHe B reuu-II He TOsBKO
He CONPOBOXK/AETCH BA3KOCTBIO, HO H He APUHUMUET YuacTUs 8 he-
peroce tenaa.

4. C u3/10XKeHHOH TOYKH 3PEHHs MOHATHO HCUE3HOBEHHE BSI3KO-
cti He Il npu Teuenun depes oueHb y3kue xanuaasps. Hopmansnoe
(Baskoe) Teuenue Hell uepes y3kuii KanuaJasp NPOCTO HE HPOHC-
xoaut. CoBepliaeTcss TOJbKO CBEPXTeKyuee TeuenHe, JIHIIEHHOE BA3-
KocTH. DddekT BuIparkeH TeM Jyulle, ueM yXKe Kanuajsp, Tak Kak
B IUMPOKHX KANWJJIAPAX TeUeHHe CTAHOBHUTCA TYpOyJIeHTHbIM,

~_
Puc. 111 Puc. 112

[Ipamoi* onbiT J. JI. Angponuxkamsuau (p. 1910) B 1946 r. moa-
TBEPJAH/ CHpaBelJHBOCTb IBYXXKHAKOCTHOH MoJenn. Cxema 3Toro
onbta npeacraBjeHa Ha puc, 111, Cronka OueHb TOHKHX AHUCKOB
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M3 a/JIOMUHHeBOH ¢oJbru (tonwuua 0,0015 cMm), pacnosioxeHHBIX
Ha OJHOH OCH HA PaBHBIX pacCTOsIHMSIX Apyr oT apyra (0,021 cm),
NOJABEIIUBAJach Ha YIPYroll HHTH H COBepllajla KPYTHJbHBE KO-
Jebanus B HeIl. [lpu xosie6anusix AHCKOB yBjeKajcsl TOJBKO HOp-
Maspubli KomnoHeHT He ll, Torpa kak cBepXTeKy4uH He OKa3hIBaJl
HUKAKOTo BJIHSIHHS HA 3TH KoJebauus. [Ipu T > T, B KojeGaHHsAX
TNpHHUMAJa y4acTHe BCs XKHAKOCTb. [IpH mepexone uepes A-TOYKY
nepuHoj KoJeGaHHH De3KO yMeHbIIaJjcs, 4To OOBACHAETCH MOfABJe-
HdeM B Hell cBepxTekyuero KOMIIOHEHTa. YMeHbUIEHHE MepHO]a
KoJle0aHHH HempepbIBHO NMPOJAOJMKAJIOCH M NPH AaJbHEHIIEM MOHU-
JKeHUH TeMmnepaTypbul. M3amepss nepuoabl KoseOGaHui, MOXKHO GBIIO
OIIpPe/IesIUTh OTHOCHTEJbHBIE COJAePKAaHHAA pn/p H Pg/p HOPMAJBHOTO
M CBEPXTEKyYero KOMIIOHEHTOB IIPH Da3JIHYHBIX TEMIEpaTypax.

PesysbTatel rpatHuecku npeicTaBiaeHbsl Ha plc. 112, M3 mero
BHJHO, 4TO MpPH a0COJIOTHOM HYJle COAEPHKHUTCS TOJLKO CBEPXTEKY-
uynii kommnoHeHT. [IpH NOBHIICHHH TeMIepPaTypH €ro CoaepXkaHHe
yMeHbuaeTcst, Temnepatypa, IpHu KOTOpPoH ps/p ofpauaercs B HYJIb,
H npejcrabiasieT coboif Touky mnepexoaa reausi-11 B renuii-1. Takum
o6pa3oM, (a30BbIH Mepexol B KHAKOM leJHH CBS3aH C HCYe3HOBe-
HHeM (HJ/iH TOSIBJEHHEM) CBEPXTEKyYeH 4YacTH XKHAKOCTH. DTO HC-
ye3HoBeHHe (WM MOSIBJIEHHE) INPOHCXOAUT I[OCTENEHHO, T. €. B
A-TOuke p,/p NPHHHMAET IpeAejbHOe 3HAUCHHE p./p =1 Henpe-
poisHeim 0b6pa3om, 6e3 ckauka, IlostoMy-To nepexon u sBasieTCs
$Ha30BbIM NEpexoJloM BTOPOTo poja.

C H3JI0KeHHOH TOYKH 3PEHHSA NMOHATHO, MOYeMY IpPH BBHITEKAHHH
Hell u3 cocyna uepes ysKHH KaNWaAAp HIH MeJb OH He oOHapy-
JKHBaeT BA3KOCTH. DTO CBA32HO C TEM, 4TO H3 COCYJAA BHITEKAeT
CBepXTeKyuass 4acTb JKHAKOCTH, He OOHapyXHBAlIias TPeHHs, a
HOPMaJibHasl 4acTb 3ajepXuBaeTcsi B COCyde, NPOTeKas dYepes Ka-
MUJJIIp HeCPaBHEHHO MelJeHHee, CO CKOPOCTbIO, CBOHCTBEHHOH ee
BSI3KOCTH H TOJINHHe Kanmiiasipa. JIHCK Xe, coBeplaioliufl xpy-
THJbHBIE KoseOanusi B Hell, TopMo3uTcs TpeHHeM o HOpMaJbHYIO
4acTb XKHAKOCTH, Diarogaps 2TOMy H NOJyYaeTCsl KOHEUHOe 3Haue-
HHe BA3KOCTH, TakuM 06pas3oM, B ONBITAX C NIPOTEKAHHEM MO Ka-
nUJAspy oOHapyKHUBAaeTCs HajJHuue cBepxTekyued uyacth Hell, a B
ONMEITaX ¢ KOJeGaHUSAMH AHCKa — HOPMaJIbHOH.

5, OfparuMcsa Tenepb K pacCCMOTPEHHIO HEKOTODHIX SIBJEHHH, Ha-
omogatomuxcs B He Il

[lycts aBa cocyna, HanonHeHHble Hell, coennnenwt apyr ¢ apy-
roM y3KHM KamuajasipoM. [IpakTHueckd po/ib KalHAAspa MOMKET Bb-
noNHATL TPYOKa, MJIOTHO 3a0HTast MeJKHM I[OPOUWIKOM (Hampumep,
HaxaaunbiM). Mexay YacTHLAMH NOPOMIKa O0pasyloTCA H3BHJIH-
CThle KaHaJbl pasauuHofi touwuusl (~ 100 HM), 10 KOTOpPHM H
MOXKeT Teub CBEPXTeKyuas uacTb rejius. Eciu nepBoHayasbHO TeM-
neparypst Hell B cocylax GblH OJMHAKOBB, a YPOBHH >XHIAKOCTH
pas/uUHbl, TO HAUHETCH NePeTeKaHHe CBePXTeKyUeH YAcTH rejMsi H3
ofHOro cocyda B apyroil. OKasplBaeTcsl, 4TO IIPH 3TOM TeMieparypa
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He Il 6ymer nosniliathest B COCYAe, H3 KOTODOTO Tesuil BHITEKaerT,
W MOHM:KAThCs B COCyAe, Kyla OH BTeKaeT., IJTO sABJeHHe Ha3Hl-
BAETCH MEXAHOTEPMUHECKUM HIH MEXAHOKAAOPUHECKUM PPEKTOM.
Ouno obpscHsieTcss TeM, uTo cBepxTekyuas uyactb He I, ¢ nmomoubio
KOTODO# TOJIbKO H OCYL[ECTBJSETCS MepeTeKaHHe, HE NePeHOCHT HH-
Kakoro tenja. [losToMy BHYTpEHHSASl 3HEPrHsi B cocyle, OTKyAa BHI-
tekaeT He I, He uaMeHsiercsi, a obliee KOJHUECTBO KHAKOCTH B HEM
yMeHnblaercs. Ha eanHuily Macch npHxoauTcst Bce 60Jbiuasi H 66.1b-
masi BHYTPEHHSAS 3HEPTHs, YTO H NMPHBOJAHT K MOBBLILIEHHIO TeMIe-
patypu. HanpoTus, H3-3a BTeKaHHs CBeDXTeKyuel 4acTH BO BTOpOH
cocyn yAeabHas BHyTpeHHAis sHeprus Hell B nem ymenbmaercs,
a Mo3TOMY TeMIepaTypa MNOHHKAaeTcH.

6. CyuectByer obpaTHbIE 3(Q(EKT, Ha3bIBaeMBIH TepMOMeXaHu-
yeckum. Jlonyctum omaTth, yto ABa cocyna ¢ Hell coobmatores
Mex 1y co0oi y3kHM KanuaisipoM. ITycTb Tenmepb B HauaJbHHH Mo-
MEHT TeMNepaTypbl H YPOBHH JKHAKOCTH B OOOHX cOCylax OJHHa-
koBbl. Harpeem onauH u3 cocynoB. Toraa B HeM CORepIKaHHe CBEpX-
TeKyuero KOMIIOHEHTA YMEHDBIINTC, a HOPMaJIbHOTO YBEJHUHTCH,
TepMoaHHAMHUECKOE DaBHOBecHe HapywHTcs. MexaHuueckoe pas-
HoBecHe OymerT OLICTPO BOCCTAHABJHBATLCA IyTeM IepeTeKaHHs
CBEPXTeKYyuero KOMIIOHeHTa H3 6oJjiee XOJNOJHOro B 6osee TeNabli
cocyA. Takoifl mpoilecc H3-3a MexaHOTEDPMHUECKOTO addexra Oyner
TOJILKO YBEJHUYHBATb DA3HOCTb TeMIepaTyp B oboux cocypax. Hop-
MaJbHBHE KOMIOHEHT NDAKTHUECKH HE Y4YacTBYeT B MepeTeKaHHH.
BoipaBHHBaHHe TeMIEpPaTyp MPOHCXOAHT
precpaBHeHHO OoJjlee MeAJEHHO, 4eM ycTa-
HOBJIEHHE  MEXaHHYECKOTO  PaBHOBECHS.
B pesy/abTaTte, NoKa TeMNepaTypH He BhI-
paBHSIIOTCH, YPOBEHb TeJIHsl B MeHee Harpe-
TOM COCYZAe OKaxKeTcsl HHXKe, ueM B OoJjee
HarperoM. TakuM 06pa3oM, Opu HAJHYHH B
He Il rpaaneHTa TemnepaTyphl BO3HHKaer
TeYeHHe CBepXTeKyuel 4yacTH B HalpaBsJe-
HUH NPOTHB 3TOTO TpajHeHTa. JTO H €CTb
TeDMOMEXaHHUEeCKHHA 3D PeKT.

SIPKOH AeMOHCTpalueli TepMoOMeXxaHHYe-
cKoro s(dexta MOKeT CJAYKHTb TaK Ha3b-
BaeMoe (POHTAHUPOBAHUE ceAus, BIEPBbIE
HabaopaBuweecs B 1938 r.  Anjedom
(p. 1908) u [d:xoncom. OAMH KOHell WIHPO-
Ko# Tpyb6ku (puc. 113), nioTHo 3anoganen-
HOH HaXXJauHbIM MOPOLIKOM, HOTPYIKaJcs B
re/IHeBYIO BaHHy, a K APYromy Gbla NpHie-
JaH BepTHKalbHbIH Kanuaasp. [lpu ocse- Puc. 113
LIEHHH Ha)X/[JayHOro MOPOIIKA (AOCTATOYHO
6b110 CBETAa OT KapMaHHOro (oHapHKa) OH HArpeBajcs, H CBEpX-
TEeKYYHH IOTOK YCTPEMJSIVICA U3 BaHHBLI B TPYOKY C TAKOH CKOPOCTLIO,
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4YTO U3 Kanuaaspa Ouna crpys Hell, nocrurasmas BHCOTHI
30—40 cm,

7. Ha moBepXHOCTH TeJl, MOrPyXKeHHBIX B XHAKHIH resnil, obpa-
3YIOTCS TOHKHe NJeHKH, TOJIIHHA KOTOPHIX MNpPH JAaBJeHUH Hachl-
LIEHHBIX NapOB COCTABJAET OKOJIO 30 um, uau 100 aTOMHBIX CJO€B.
O6pazoBaHHe aHAJOrHYHBIX MJEHOK NPOHCXOAHT H B CJydade APYrux
)uAKocTeH (Hanpumep, KepocuHa). Ho u3-3a oTcyTcTBHS BSI3KOCTH
He 1l ero cBepxTeky4as yacTh TeueT BHYTPH ILJIEHKH, KaK N0 Y3KOMY
KaHaay, — siBJleHde, HaOmofabweecs Kamepaunr-OHHecoMm elie B
1922 r. Bnarogaps 3toMy nycras npo6GHpKa, ONYILEHHas B BaHHY
¢ Hell, naunnaer HanoJ/IHAThCA KXHAKOCTBIO, [laXKe €CJIH €€ BepXHHH
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Puc. 114

koHel pacnoJoxeH Buie ypoBHst Hell (puc. 114, a). Hanoanenne
NpOJOJKAETCS 0 Tex [0p, MOKA YPOBHH XKHAKOCTH B NPOGHPKE U
B BaHHe He cpaBHs0TCA. Ecau nocie atoro npoGHPKY NPHIOAHATH,
TO oHa onycromaercst (puc. 114,6). OnycroileHde NPOAOJIKAETCS
¥ B TOM cJiyyae, Korja npoOHpKa MPUIOAHATA HaJl YPOBHEM XKHAKO-
CTH B BaHHe ueauxoM. B mociaepnem cayuae obpasynTcs Kamjl, na-
Jalollide B BaHHY C HapyXHOH [OBEPXHOCTH JHA NPOGHPKH
(puc. 114,8). B atux onwmrtax mienka Hell paboraer kak cudon,
IpUYeM JIBHKYILYIO CUJY 151 CBepXTeKyueH yacTH co3AaeT IJ1aBHLIM
06pa3oM pPasHOCTb IPABHTALHOHHBIX MOTEHUHMANOB MEXKJAY KOHLAMH
reHky, THIHUHOe 3HaueHHe JJIsi CKOPOCTH CBepXTeKyue#l dacrtu
He Il cocraBasier okoao 20 cm/c. HopmanbHas 4acTb >KUAKOCTH,
u3-3a CBOEH BS3KOCTH, OCTaeTcs B IJIEHKe [PAKTHUECKH Hero-
ABHKHOH.

8. Yxe B paHHHX uccaepoBaHusx (1935 r.) B. Keesom n ero
goub A. Keesom obhapyxund, uro nepexon Hel B Hell conpo-
BOXKJACTCA pPE3KUM B03PACTAHUEM TenAOnposoOHOCTU ([PHMEPHO
B 10° pas). TensonpoBoatnocts HeIl B coruu pas Gosblue, uem y
JyuilX MeTaJJHYecKux NPOBOXHHKOB Temua, Kpome Toro, okasa-
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JOCh, 4TO noToK Ttemja B Hell He nponopuuoRasen rpagHeHTy
TeMHepaTypbl, TAK 4TO HEBO3MOXHO TOBOPHTb O <«KO3((dHLUHEHTE
renyonposogHoctTu» Hell B oObiunoM cMuicse cioBa. Kak nokasan
[1. JI. Kanuuna, anomanun B nepegade tensa B Hell apasioTes
cJeACTBHEM ero cBepxTekyuecTH. Tensonepegaua B Hell wocur
KOHBeKTUBHbL xapakrep. HeficTButenbno, gonyctum, uto He Il kak
leJioe MOKOHTCH H YTO MEXJY ABYMS TOUKAMH €ro BO3HHKJA pas-
HOCTb TeMmepaTyp. Toria H3-3a TepMoMexaHHueckoro sddekxTa
cBepxrekyuasi uactb Hell nauner pgBuratbhes B cropony Gosiee BhI-
COKOH TeMnepatypbl. BO3HUKHET H 06paTHOe NBHKEHHe HOPMaJbHOH
yacth Hell, Tak kKak OOJHBIE HMIYJbC XXHAKOCTH AOJNKEH OCTa-
BaTbCsl pPaBHEIM HYJ10. CBepXTEKyuash W HOpMajibhasi 4acTu JABH-
KYTCSl «0JlHA CKBO3b APYTYIO», He HCILIThIBasi TpeHus. CBepxTeky-
4as yacTh HE NEPEHOCHT TenJa. Bce Temso cBs3aHo ¢ ABHMKEHHEM
HopMaJbHO# vacTH. TakuM ABH:KEHHEM H OODBSICHSETCA aHOMAJbHO
BbicoKasl temsonepenaya B He Il

Us-3a aHOMaJbHO BLICOKOH Temsonepenadyd ¢akTHYeCKH HeBO3-
MOXKHO co3naTh B Toque Hell temnepatypunifi rpaavent. C sTum
CBSI3AHO BHE3QNHOe NpeKpaujerue KUunexHus TIPH OXJaXKACHUH XHJI-
koro resius. Boilile Temnepatypni A-Touku Hel mpu orkauke Bemer
cebsi Kak BcAKas OObIKHOBeHHas KMIAKOCTb W OypHo kunut. [lpn
nepexojie JKe uepes A-TOUKY KHIIEHHE BHE3aMHO MNpeKpallaercs.
B 0OObIKHOBEHHOH XXHAKOCTH NY3BIpbKH, HeOOXOAHMble IJ Mapool-
pasoBaHUA BHYTPH XKHAKOCTH, 00pa3yloTcs, KOTria JiOKaJjbHas TEM-
rlepatypa BHYTPH XXHAKOCTH CYUIECTBEHHO BhIllle TEMIEpaTyphbl CBO-
Gonnoll nosepxHoctH. Ecam 6b1 B Hell Bosnukna nogobhas pas-
HOCTh TEMNEPAaTyp, TO OHA Hcyeadsa Obi CTOMb OLICTPO, UTO NMY3LIPLKH
He Morsu Gbi obpasoBaTeca. TakuMm o6pasoM, B
He Il mapooGpa3oBaHHe NPOHCXOLHT TOJBLKO Ha
c80600HOIl NnOBEPXHOCTU, a HE BHYTPH KHUIKO-
CTH, C UM M CBSI3aHa HEBO3MOXHOCTb KHIIEHHS.

9. HasHuue COCYUIECTBYIOUINX CBEPXTEKYdUero
u HopMajabHoro motokoB B Hell skcnepu-
MeHtajbHo Habuawopaa I1. JI. Kannma. B on-
HOM H3 ero onbitoB (1941 r.), cxeMaTHYeCKH mno- —
KasannoM Ha puc. 115, HeGoabluas cTeknsHHAas
6yJbOouka (BBINOJHEHHASs B BHIE MUWHHATIODHOTO
cocyna Jlploapa) oOKaHUHBanach B HHKHeH ua-
CTH H3OTHYTOH CTekaspHo#f TpyGouxoH (nsuHOM
6 MM ¥ BHyTpeHHHM nrametpoM 0,5 Mm). BHyTpn
6yJb00uUKH MOMellaJHCh KOHCTAHTAHOBBHIH Ha- o
rpesatenss W wu 6ponsosuiii TepmomeTrp T. Bynb- Hsn
Gouka morpyxanacb B cocyn [voapa ¢ Hell Puc. 115
[lepen xoHLOM TPyOO4UKH Ha KOpOMbLIC/IE, MOJBe-
[IeHHOM Ha TOHKOH KBapuesoli HHTH, nomela-
JIOCh JIerkoe KpbUIbILIKO, ypABHOBELIeHHOe 3epkaJjbleM. [loBopot
KOpOMbIC/Ia MOXHO OblJIo Habmi0gaTh MO OTKJOHEHHIO CBETOBOTO
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Jyua, OTPaxKeHHOro OT 3epkajbua. [Ipu BKJIOUEHHH HarpeBares
KOPOMBICJIO MOBOpPayHBaJ/IOCh, a KPBUIBIIKO YAAJAJOCh OT KOHUA
Tpy6ouku. Ilpn 5TOM, 0QHAKO, YPOBEHb XKHIKOCTH B Oyab6ouke He
u3MeHsisicsl, SIBaeHue oOBACHAGTCA TeM, UTO MPH BKJIOUEHUH Harpe-
BaTens cBepxrekyuas uyacTe Hell BTekasna BHYTpb TpyGouku, nBH-
rasick B CTOPOHY MNOBHILIEHHs TeMmepaTypbl. B npoTuBomosoxuom
HaNpaBJgeHHH H3 TPYOOUKH yCTpPeMJsJicss MOTOK HOPMAaJbHOH YacTH
Kuuakoctd, ITpoHcxonnio TedeHne cBepxTeKyue# H HOpMaJbLHOH ua-
CTell Apyr 4epes Jpyra, Tak 4TO JKHIAKOCTb B LlesOoM NpeACTaBJA-
Jachb HeMOABHKHOH, HopManbHbIH moTOK, o6Jalas BA3KOCTbIO, OKa-
3bIBaJ [aBJeHHE Ha KPLLIbIIIKO H BBI3HIBAJ ero OTKJoHeHHe, CBepx-
TeKyuHH xe MOTOK B cHay mapafokca Janambepa (cm. 1. I, § 100)
Ha KPBLIBILIKO He JeficTBoBaJ. Taxum obpa3om, nadmawpanoch cBoe-
o6pasHoe siBJeHHe: Ha MoOKosilleecsa TeJso, norpyxexHHoe B Hell,
neficTBoBaJsia cuja, B To BpeMss Kak caM Hell npeacrasasiacs ue-
HOOBUNCHOLM.

10. Tucca Ha OcHOBe ABYXXXHIKOCTHOH MOJe€JH Npeackasas cy-
uiectsoBanue B He Il Tak nasniBaemoro sropozo zsyxa. Ero reopus
6nl1a moapobHO paspaboraHa Jlannay, a 3KCIepUMeHTaJbLHO ABJe-
HHe Brepsbie Habuwoaanaocs B 1946 r. B. Il. IlewxkoBuim (1913—
1980). B 0o6biuHOH KHAKOCTH 3BYK MpeACTaBJseT coboil BOJIHHI pac-
POCTPAaHSIIOILUXCA KOJeOaHu# TNJAOTHOCTH. TakHe BOJHH MOryT
pacnpoctpansaThess H B Hell. Oun HasbiBawoTcs nepseim 3s8yxom.
Ckopoctb nepBoro 3Byka B Hell npm T =0 cocraBaser oxoso
239 M/c, a c NOBEILIEHHEM TeMIEpaTypPbl HECKOJBKO yMeHblllaercs,
B BosiHe nepBoro 3ByKa CBepXTeKyuasd W HOpMaJibHas 4YacTH B Ka-
OBl MOMEHT BPEMeHH CMeulaloTcss B OXHY CTOPOHY, T. €. [BH-
XKYyTca B OfHHaKoBuix ¢asax. Onnako eciu B Hell cospars pas-
HOCTb TeMpepatryp, TO OHAa HayHeT BLIPABHHBATbCH He OOLIYUHBIM
MeXaHH3MOM TeTJIONPOBOJLHOCTH, a OBICTPOH KOHBeKijHeH, MPH Ko-
TOpPOH CBepXTeKyyass H HOpMaJjbHas 4acTH ABHXKYTCHA MPOTHBOMNO-
JaoxHo. Ecau 8 He I Bo36yanTth Kose6aHHe TeMImepaTyphl, TO H3-3a
NIBHKEHHS CBEpXTEKy4YeHd W HOPMaJbHOHA uYacTell B TPOTHBONOJOXK-
HBIX HanpaBjeHHsIX nodHas maoTHocTh Hell ocranercss HeHnsme-
HOH, a MOJAHBIH HOTOK UMNYJbLCA [ = pPs¥Us + pa¥n OyIeT paBeH HY.IO.
CsepxTeKkyyas M HOpMaJbHas 4acTH KoJelJIOTCA 8 NpOTUBONOAON-
Hotx ¢pasax. OpHAKO HOpMaJibHAS 4acTb HeceT TeMJo, a CBepXTeKy-
yasgs He HeceT. [ToaToMy B paccMaTpHBaeMOM cJyvae NOJydYaercs
TEeMNePAaTypHas 80AHA, B KOTOPOH MEHsAETCs He MNJOTHOCTb, a TeM-
epatypa. 1o H eCTb BTOPOH 3BYK.

Ckopoctb sroporo 3Byka B Hell cuabHo 3aBHCHT OT TeMmepa-
Typel. IIpu T =0 oHa cocraBasier okoso 139 mM/c, a npu T =T,
obpamaercsa B Hyab. [To Teopuu Jlangay npu T =0 ckopocTb BTO-

poro 3Byka, B COrIaCHH C ONHITOM, B 4/3 pas MeHbllle CKOPOCTH
NepBOro 3BYKa.
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3ALAYA

[Tokasatb, uTo Tensio, noTpebHOe ANA HarpeBaHHA reaus ot ¢ go ¢+ d4f, ctpe-
MHTCs K HyJuo npn di—0 paxe TOraa, KOria B paccMaTPHBAEMOM TeMOepaTypHOM
HHTEpBANe HAXOAHTCR A-TOUKA, B KOTOPOH TeMJOeMKOCTb I'efiHsl o6palraercs B Gec-
KGHEUHOCTb.

§ 61. MonsiTHe O TeOpHH CBEPXTEKydYecTH

1. JIByx:xkuaKocTHass Mojenab He 1l, Koneuno, tonabko onucei-
saer, HO OTHIOAbL He 00BACHAET fABJeHHe cBepXTeKyuectu. [Ipupona
3TOTO 5IBJE€HHS B OCHOBHOM Obljla INOHATA, & ABYXXKHJKOCTHAHA MO-
penp obocnoBaHa J1. JI. Jlanaay B 1941 r. Huxe naercs kagectsen-
Hoe mpejcTaBJ/eHHe o Teopuu Jlanaay. [1pexae Bcero B 3Tofi Teopuu
NpUHUMAETCS, YTO MUAKUH Tesuii-1I npu TeMnepatype a6cosoTHOrO
HYJIsl HAXOAHTCH 8 OCHOBHOM, T. €. HAUHH3WIEM (HeBO3OYXAEHHOM),
KBaHTOBOM coctosinuu. [lpu aBuxeHun Tesa B Hell ono coscem
He HUCNBITHIBAET TPEHHUS, €CJIH NIPH 3TOM XKHAKOCTb OCTAETCS B OCHOB-
HOM COCTOstHHH. [l BO3HHKHOBEHHS TpPeHHSI Heo6XO0AHUMO, 4TOO
He Il npu ABHKeHHH Tesa NepexofuJl 8 8030ysdentbie COCTOSHHUA.
A Tak KaK MeXIy aTOMaMH KHJKOrO TeJus CYLIECTBYeT CHJIbHO®
B3aHMO/JEeHCTBHE, TO BO3GYMK/IEHHBIE COCTOSIHUS AOJIKHBI OBHITL KOA-
AeKTUBHbIMU (T. €. OTHOCHTbCS KO BCEMY reJiHIO), a He Bo30yxKie-
HUAMH H30/IMPOBAHHBIX aTOMOB. Takne BO36yXAeHUs HOCST KBAHTO-
BHIH xapakTtep. KBauTol Bo36Gyxienus B He Il HaswiBatoTes sremen-
TApHOIMU  8036yocOenUAMU W XapaKTepH3YIOTCS OINpPEAeIeHHBIMH
3Ha4YeHUSAMH MMIYJbCa H 3HEPrHH, T. €. BeAYT cebs Kak KBaspyac-
THUB. KOJJIEKTHBHBIA XapaKTep 3JeMeHTapHBIX BO3MYLIeHHH — cy-
HlecTBEHHHH NYHKT B Teopuu Jlanaay.

Teopusi mpexkie BCEro JNOJKHA ONpENeNHTb 3aKOH Ouchnepcuu
WJIH 3HEPTeTHYECKHH CNeKTp 3JeMeHTapHHX BO30Y:KIeHHIl, T. e. 3a-
BUCHMOCTb HEPrHH & OT UMIYJbCAa P WIH, TOYHEE, OT MOAYJA p
MMIYJIbCa, TOCKOJIBKY KHAKHH Te- .. .

Nuil — u3oTponHasi  cpepa. dra  Fp
yacThb 3ajauyu Gblna peuieHa JlaH-
Jay NOCTYAATUBHO C WCHOJb30Ba- /0
HUeM 3MIHpHUYECKHX AaHHBIX. OKOH-
yareJbHas Kpupaa & = & (p), npu- sf
usartaa Jlangay (1947 r.), uszobpa-

xKena Ha puc. 116. Ha navampiom %
yyacTke KpHBo#i & pacTeT JInHEHHO

¢ UMNyJbcoM: & == Capp, COBEp- Puc. 116

IEHHO TaK JKe, KaK B CJyyae BO3-

OyKIeHHs 3BYKOBBIX BOJIH B KPHCTaJJIuyeckod pemerke. Ha 3Tom
yuactke B He Il BO36yxAaioTCA hOHOH6L, @ NOCTOAHHAA Cap SABJISA-
etcs (dasoBoit ckopocThio 3Byka B He Il. Takoii donoHHbIH cnekTp
5JeMeHTapHBIX  BO30YXKAEHUH [pefornpejesserT TeMnepaTypHyio
saBucuMocTb TemjoeMkocTd He IT B6au3u abcoaornoro mysas: kak

1 L
20 plhunt
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M B clyyae TBePAbIX TeJ, TellJIOEMKOCTb NDPOMNOPLHOHANbHA Ky6y
Temnepatypst 7.

[Ipu Bospacranuu p kpusas & =& (p) sarubaeTcs BHHUS, a B
TOYKe po NPOXOAHT Yepe3 MHHHMyM. B OKpeCTHOCTH CaMOro MHHH-
MyMa 3Heprusi MOxKeT ObiTb annpoOKCHMHpOBaHa (OpPMYJOH

E=A+ip— p2m’, (61.1)
npuyeM MOCTOSIHHA® m* HTpaeT pob 3PpexTusnol maccol. DjeMeH-
TapHble BO30YKAeHHS, COOTBETCTBYIOLIHE 3TOH 4acTH KPHBOH, ObLIH
Ha3BaHbl POTOHAMU.

CuneayeT nopuyepKHYTb, 4YTO B 3aKoHe aucnepcun & ==& (p)
BCIOAY HMeeTcs B BHAY UCTUHHOLL UMAYAbC, 8 He KBAa3HHUMMYJLC,
Kak 5TO GblJIO B C/yuae KpHCTaJJHYecKOH pewerkH. [Ipuuuna storo
B TOM, UTO KHAKHH TreJull — usorponuas cpeda, He obaajgaionias
KPHCTaJJIHYECKOH CTPYKTYPOH. )

[losanee kpuBas & =& (p), nocryaupomanuas Jlauaay, Gblja
NOATBEPKAeHa SKcNepHMeHTaJsbHO. MccnenoBasioch paccesHue nyd-
Ka MOHOXpoMaTHYecKHX HefiTpoHoB B HeIl. dtoT npouecc MoxHO
paccMaTpHBaTb KaK CTOJKHOBeHUE HEHTPOHOB € KBAa3HYaCTHLLAMH
B Hell, npu KoropoM cobmonaloTcsi 3aKOHbl COXPaHEHHS SHEPTHH
H HMNyJbca. 3Hasi HadaJbHYIO SHEPrHIo M HalmpaBJjieHWe NajJalollux

B/ K ‘ HEHTPOHOB M H3Mepsas 3Hep-
151 THIO paccestHHbIX HEHTPOHOB
5 NpU pa3jUYHBIX Yrjax pac-
1ok ceslHUA (OTHOCHTEJBbHO HCXOA-
B HOTO HamnpaBJjeHus HefTpo-
s+ HOB), MOXKHO OBLIO paccuH-
L TaTb SHEPrHI0 U UMIYJbC KBa-
AN 3HYaCTHU, T. €. ONpeleJHTb
! o S BeCh DHepreTHYeCKUH CIeKTp
TN WO T S N SO TN W B sJeMeHTapHBIX BO30Y:KAeHHI.

0 10 20 o/

IKcnepuMeHTaJbHasi KpHBas
Puc. 117 & =& (p), noayueHnas Ta-

KMM 00pa3oM, BOCIpOHU3Beje-

Ha Ha puc. 117. Uuc/enHble 3HaueHHs! NOCTOSHHBIX (3KCTPANOJIUpO-
BaHHblEe K HYJEBOMY JNaBJeHuI0 npu naoTHocTH p=10,145 r/cm?),
MoJydeHHbIe TAKUM INyTeM, a TaK:Ke H3 TepPMOJAMHAMHYECKHX JaH-

HBIX, OK23aJIHCh PaBHBIMH )
=24 10" emfc, Ak=8,7 K,
‘ | owfe, Ak 61.2)

p/h=19-100cu™, m’ =0,16m,

rle®

2. HecMoTps Ha 3KcnepHMeHTaJbHOE MOATBEP:KAEHHE, MOCTyJa-
THBHbIA XapaKTep SHepPreTHYECKOro CcHeKTpa B Teopud Jlanpay
OCTaBJ/ifeT YYBCTBO HeYAOBJeTBOpeHHOCTH. O/1HaKO yCTaHOBJ/IEHHE Ta-
KOTO CIIeKTPa pacueTHHIM NyTeM COBepLIeHHO Oe3HalexKHO A XKHA-
KOCTH C CHJbHBIM B3aUMO/JeHCTBHEM MeXKAy ee 4aCTHUAMH, KaKoH
apaserca HeIl. TTosanee (1946 r.) H. H. BoromoGos (p. 1908)
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peLIHJ TAaKylo 3ajauy A rasa caabo ssaumodeiicrayroujux Gose-
yacTul, (0Ka3aJoch HeOOXOAHUMBIM MPEANOJOXHUTh, YTO CHJLI OTTAJ-
'KHBaHHS MeXJY TaKNMH YacTHUAMH npeo6JajfaloT Hal CHIaMHM IIDH-
TaxeHHus). CNeKTp s/JeMeHTaPHbIX BO30YXIEHHH DU MaJbix p OKa-
3asica GOHOHHOTO THMA, KAaK U MOCTYJHPOBAJ JlaHaay.

HeT HHKaKO#i BO3MOXKHOCTH H3JaraTh 3/eCb TeOpHIO DBoroJio-
60Ba. MOXXHO TOILKO OTMETHTb, UTO (KaK U BO BCEeX TEOPHSAX CBEDX-
TeKyuecTH) HeoOXO0JHMO NMPHHSTh, UTO a3 COCTOUT U3 603e-, a He u3
pepmu-yacruy. B cayuae 6o3e-uacTHIl HMeeT MeCTO KOHjeHCcallHs
Bose — DiiHmiTefina (uTo B ciyyae depMH-YACTHIL HEBO3MOKHO H3-
3a npuHuuna [layan). CymHocts storo siBaenus (cM. 1. I, § 82)
COCTOHT B TOM, YTO, HaUHHas ¢ HeKOTopo#l TeMnepatypst Ty, Hashl-
BaeMoli Temneparypoli 8bipoNOeHUA, YacTHIH (03e-ra3a HAYHHAIOT
HAKANJHUBATbCA HAa HHXXHEM 3HEePreTHYeCKOM YDOBHe, a NPH TeMIle-
patype abCOJIOTHOTO HYJsl Ha 3TOM YPOBHE OKa3blBAaIOTCs BCe 4Ya-
cruupl. bose-uacTHUbl, CKOMHUBIIHECS HAa HHXXHEM 3HEPreTHUECKOM
ypoBHe, 06pa3yoT TaK HasbiBaeMblli xkoudexcar. bBoromobosy yna-
JIOCh [I0KA3aThb, YTO NPH ONpeJeseHHbIX AOTYyIIEHHIX O CHJIaX B3au-
MOJefiCTBHSI MexKAy 4YacTHI[aMu o0pa3oBaHHe KOHJAeHcaTa B ¢Jjgabo
HeuJeaJbHOM rase $o3e-yaCTHLL MOXKHO paccMaTpHBaThL kKak ¢aso-
BBl NepexoJl BTOPOTO pOJAa, a /JBHXKEHHEe KOHJeHcaTa ofJjajaer
CBOHCTBOM CBepXTeKyuecTH. AHaJlorus 3TOro sBJieHHA C HabJuiojaae-
Mol cBepxTekyuecThio Xuakoro He Il mposBasercs B TOM, 4TO BHI-
YHCJIEHHAst TeMIlepaTypa BbIPOXKAeHHs §o3e-ra3a oKasaJach paBHOH
Toe=23,14 K, uTo BecbMa 6Ju3K0 K 3HaueHHwo T, = 2,17 K — remne-
patype ¢asosoro npeBpaienuss Hel B HeIl. Oxnako pesysabraTh
BoromoGoBa oTHOCATCS K eady co caabo B3auMOJeACTBYIOUIHMH
yacTHlIaMH, a He k oscudxkomy Hell, rae B3aumojgeficTBHe BeJHKO.
3aMaHuuBOH SIBJsIeTCS] NMEPCIEKTHBA NMOCTPOHTb HA TEX XKe OCHOBAaxX
TEOPHI0 CBEPXTEKYUECTH H JJIs XHAKOCTH, HO JO HAacCTOSIIEro Bpe-
MEHH 3TO cJeJaTh He YAaJoCh.

3. IlokaxkeM Temepb, 4TO NMpPH FHEPTETHUECKOM CIEKTpE 3jeMEeH-
TapHBIX BO3OYXJeHUH, MOCTYJIHPOBAHHOM JlaHday, KHAKOCTb JOJXK-
Ha o6sazaTe CBOHCTBOM cBepxTeKyuecTH. PaccmoTpHM cHauana
He Il npu Temnepatype aGCOJIIOTHOIO HYJsA, KOrja HHKaKHX BO3-
O6yxaenuft B HeM Her. [lycThb XHAKOCTH TeueT B KalHJAJsApe C IO-
CTOAHHOH cKopocTbio v. OmnpenesnuM, NPH KakKHX CKOPOCTAX U He
MOTYT MOSIBJSITbCS dJeMeHTapHble BO3OYXKACHUA H, CJeL0BATEJbHO,
requil He GyAeT HCIBITHIBATH TPEHHUS, a NPH KaKHX CKOPOCTSAX 3Je-
MeHTapHble BO30YXK/AeHHs TMOABATCA W BO3HHKHET TPeHHE KHAKOCTH
0 cTeHKu Kanumaapa. Huasa wamux uenefdl yro6HO nepefiTH B CH-
CTeMy OTCYeTa, B KOTOPOH XHAKOCTh MOKOWTCSH, a KalHJJsAp ABH-
XeTcsl co ckopocThio —vu. llenecoo6pasHocTs 3TOro 06ycaoBJEHA
TeM, 4TO 3aKOH aucnepcuu (puc. 117) OTHOCHTCS HMEHHO K CHCTeMe
oTcueTa, B KOTOPO# muUOKOCTy HenodsusicHa. ,

HonycTuM Temepb, UTO B XHAKOCTH MOSBHJIOCH 37AeMeHTapHOe
BO30YyK/JeHHe — KBa3HuacTHlla ¢ 3Hepruedl & U HMIOYJILCOM P.
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H3-3a orTmaymn CKOPOCTb Kaluaadapa H3MCHHUTCA H CTaHET paBHOﬁ
—v,. Ha ocHOoBaHHMH 3axoHa COXpaHeHusa HEePruu MOXKHO HaNucarthb

& + (M/2) v? — (M/2) v* =0,

rie M — macca kKanuagaspa. Tak Kak OHa BeJiHKa, TO H3MeHeHHe
CKOPOCTH KaluJAJsApa He3HAYHUTEeJbHO, B CHJY Yero CyMmy v - v,
MOXKHO 3aMeHHTb Ha 2v. D10 gaer

& == (M/2) (v — v;) (v + v)) = Mv (v —v)).
B cuny 3akOHa coxpaHeHHs HMOYJbCa

P + le = MU,
TaK 4YTO OKOHYaTeNbHO
& = pv. 61.3)

OTciofa BO BCSIKOM cJydae ciaeayer, yto & <{pv, T. e. v =& /p.
Takum obGpasom, AJf NOSIBJEHHS 3JeMeHTapHOro BO30yKAeHHsS He-
06X04HMO, 4TOOLI CKOPOCTb XKHAKOCTH U MpeBbaja MHHHMaJibHOE
3HaveHue & /p:

0 = min (&/p). (61.4)

MunuMyM & /p Ha KpUBOH AHMCIEPCHH MOAYYHTCH B TOYKE, T/I€ MPO-

d \

H3BOAHASA -E(é’/p, ofpaluiaercs B HYJb, T. €. B TOUKe
d& & ;
TR {61.5)

rae npsMas & /p ==const, npoxoAsuias yepe3 HAYaJo KOOPAHHAT,

Kacaercss AucnepcuoHHol KpuBol & =& (p). Ha doHoHHOA BeTBH

& = CaP, TAK YTO 451 BO3OyxKeHHs (OHOHOB TpebYIOTCA CKOPOCTH

U 2= Cas.

3TOT pe3yJbTaT He SIBJIAETCH HeoxKujAaHHbIM. [Ipu paBHOMEpHOM
ABHXKEHHH TeJla B JKHJKOCTH, KaK H3BeCTHO, OHO HAYHHAET reHepH-
poBaTh 38ykosgele soansl Maxa (1838—1916), xorna CKOpoCTb Tena
npeBblaet $GaszoByl0 CKOPOCTb 3BYKa B JKHMAKOCTH. AHAJNOrHYHO Be-
feT cefs 3apsf, ABHXKYUIMACA B Cpefe CO CKOPOCTBIO, MpEBBIIAIO-
e $asoByl0 CKOPOCTb cBeTa B paccMaTpuBaeMolt dasze (sesexue
Basurosa — Yepenxosa). TakuMm ofpa3oM, CKOPOCTb 3ByKa Hrpaer
POJib KPUTUHECKOI CKOPOCTU Uxp, B TOM CMBICJE, YTO TeHepalus
3BYKa [BHKYLWIHMCH TeJOM IMOSBJAETCS, KOTJ4a ero CKOpocTh Mpe-
BBIIAET KPUTHUECKYIO.

Kputnueckas CKOpOCTb AJs reHepalldd POTOHOB B TeopuH Jlau-
1ay HaljeTcsi, el M3 Hayaja KoopAHHaT (puc. 116) npoectn
KacaTeJbHYIO K DOTOHHOH yacTu kpuBoll & = & (p). OHa, oueBHAHO,
paBHA vy =& /p, rle & W p — BHEPTUS H UMIYJbC POTOHA B TOUKE
kacaHus. TaKUM 0yTeM MU POTOHOB MOJyuaeTcs vgp == 60 M/c.

4. JonycTuM Tenepb, 4TO TeMIlepaTypa XHWAKOCTH, TeKyile#d ye-
pe3 KamuJjjsp, OTJIMUHA OT abCONIOTHOrO HyJs, HO OJH3Ka K HeMy.
Torna paxe B noxosiuefics ;KUAKOCTH 10BATCA cnabble BO30yxKie-
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muss. OHd BeAyT cebs KaK udeaivHoiil a3 He3a8UCUMBLY KBAS3UYA-
cruy. ®opmyna (61.4), nosyueHHass BHIlLIe, OCTAETCS B CHJE, IIO-
CKOJIbKY OHa BBIPaxkaeT YCJOBHe DOXJEHHS 3JeMeHTapHBIX BO36yxX-
IeHU# u3-3a ABHIKEHHUS XHAKOCTH OTHOCHTEJIbLHO CTEHOK KaNuJJspa,
Ilpu ee BEHIBOZE HpeRNoJOXKeHHe O paBeHCTBe abCOJIOTHOMY HYJIIO
TEMIEePATYPH XHAKOCTH He HCNOJb30BAJOCh.

B nokosmefics XUAKOCTH KBa3HYACTHIBL, HMeIOLIHecd B Hell IpH
T 0, aBuxkyTtcs GecrnopsiaodyHo, TaK YTO B CpeiHeM ra3 KBa3Hua-
CTHI, He HeceT HHK2KOro MMOyJjbca. EcC/H Ke KHIKOCTb TedyeT, TO
BO3HHKaeT MpeHMYyIeCTBEHHOE HaMNpaBJjeHHe [ABHKEHHS KBa3uua-
CTHIL — B CTOPOHY TeueHHs kuJKoCTH. CpelHHil HMMYJbC ra3a KBa-
3WYACTHL CTAHOBHTCS OTJHUHBIM OT HYJS H NEPEHOCHTCS B TOM XKe
HanpaBieHHH, [Ipu CTONKHOBEHHSX KBAa3HYaCTHI CO CTEHKaMH Ka-
NUAAApa NMPOUCXOAHMT THepegada 3TOr0 MMINYJbCa, MO KpaliHed Mepe
YyacTHYHAf, U3-32 yero BO3HUKAeT TpeHHe. B pesyabrarte yactb xui-
KOCTH, HeCyIiasl raa sjeMeHTAapHBEX BO30Y:KIeHHWH, TeueT yepe3 Ka-
NUANAP, KaK OOLIYHAS HOpMAJbHAs KHAKOCTb, ofJjajaminas Bs3-
KocTbio. OcTasbHas 9acTh »KHAKOCTH BejeT ce6s Kak CBepxTeKyuas,
TaK KaK IPH CKOPOCTH TEUeHHsI MeHblle KPUTHUECKOH pOXJAeHUs HO-
BbIX KBA3HYACTHL B pe3yJbTaTe ABHKEHHS XHUAKOCTH OTHOCHTEJNBHO
CTEHOK KaNuJJspa He HPOHCXOAHUT. JTa 4acCTb KHAKOCTH IpPH Te-
YeHHH He OOMeHHBaeTcCsl SHepruefi W MMIOYJbLCOM (:0 CTeHKaMH Ka-
Iuaisipa H ¢ ra3oM KBasuyacTHL, TakuUM o00pa3oMm, B Teopuu
Jlangay Haxoast o6ocHOBaHHe NMpeACTaBJEHHs, BBeleHHBE B JIBYX-
JKHAKOCTHOH MOjJesn, BmecTe ¢ TeéM CTaHOBUTCA MNOHSTHOH HeBO3-
MOXHOCTb peasibHOr0 OTAeJeHHsI CBepXTeKyueHd YacTH MKUAKOCTH OT
HopmaJsbHO#. TIpuunHa 3TOrO B TOM, YTO 3JeMEHTapHblie BO3GYKIe-
HUS ABJISIOTCH KOAACKTUBHOLMU, & He BO3OYXK/JIEHHSMH HHIHBHIY-
aJbHBIX YaCTHIL.

5. KpuTtuueckas cKOpPOCTb TeueHHsl (Uxp =~ 60 M/c), BHIUHCIEH-
Hasi B TeopuH Jlanjiay U3 KpUBOH AHCIEPCHH, HE COrJIACYeTCs C OMbl-
toM. ONBIT NOKa3blBaeT, UTO KPUTHYECKAsT CKOPOCTh CHJILHO 3aBH-
CHT OT TEMIEPATypbl H OT pajauyca Kaluispa WM WHPHHBL [IeJH,
no kotopuiM TedeT He II. Ona npuMepHO Ha ABa-TpH MOpPSAKA MEHb-
e TOrO 3HA4YeHUs, KOTOpoe naetr Teopus Jlanmay. Ha arom ocHo-
BaHUH cJleayeT 3aKJIOUWTh, YTO Teopus JlaHNay HelO0CTaATOYHA.
B nel He Bce NPUHATO BO BHUMaHHe. B neficTBHTenbHOCTH dopmya
Jlannay (61.4) onpemensieT auiup sepxnul npedes CKOPOCTH Teye-
HHsI, BbIIIE KOTOPOT'O CBEPXTEKYYECTh 3aBEIOMO HeBO3MOXKHA.

[Iporpecc B mOHMMAaHHH YKAa3aHHOFO PacXO¥KAeHHs OBLI JZOCTHT-
HYT Tpu HccaeaoBaHuW cBoicTB Bpamatwouterocs He II. Coraacho
ABYX:KHAKOCTHOH Momenau npu BpameHuu uuaumsipa ¢ He Il ceepx-
TeKy4asl 4acTb XHIKOCTH He JOJKHa Oblla 6bi BOBjIEKaThCH BO Bpa-
mende. B nedCTBUTENBHOCTH ONBITH MOKAa3aJH, 4TO OPH JOCTATOUHO
GOJbIIHX YIJIOBBLIX CKOPOCTAX LHWJIHHAPA BO BpalIeHHH NpPHHHMAeT
yuacThe He TOJNbKO HOPMaJibHafl, HO H C8EPXTEKYUAA HACTL HHAKOCTH.
Tem He Menee Bo BpamawplieMcs kKak Uejoe He ll maGaopatores
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Takue creludHuecKHe AJs CBEDXTEKYYECTH sIBJEHHS, KaK TepMOMe-
XaHHyecKHH 3(Q(QEKT H pacnpocTpaHEHHE BTOPOTO 3BYKA.

Ounsarep (p. 1903) B 1949 r. 145 O6bsICHEHHSI 3TOTO SIBJEHHS
BBIABHHYJ THIIOTE3Y, [03JHee NOATBEPKAECHHYIO 3KCMEPUMEHTAJbHO,
YTO BBHAY K8aHTO80U npupolsl cBepxTekyuero coctosiuusa He Il
BpalleHHss B HeH AOJXKHb BO30YXAATbCH, HO OHH JOJIKHBI OBITh
kBaHToBaHbl. [lozgHee (1955 r.) srta runotesa Geuia passuta Deitn-
maHoM (p. 1918). Ecan aToM resns Bpauaetcsi BOKPYr OCH LHJIHH/-

pa Mo OKPYKHOCTH pajuyca r, TO €r0 MOMEHT KOJIHYeCTBa ABHKe-
HHA 10JKeH ObiTh paBen nfi, T. e.

My U= nh,

rie vs— CKOPOCTb CBEPXTEKYuero ABHXKEHHs, a A — IeJoe UHUCJO.
Srta (opMyaa cnopaBelsHBa JHIUIbL AMA PACCTOSHHH r, 3HAUHTEJbHO
IIPEBBILIAIOILNX CDeJHee MeXaToMHOe paccrosiHue B ‘He, T. e, npu-
MepHO 4:10-% cM, TaK Kak TOJbKO HA TAaKHX PACCTOSHHAX TeJuil
MOXXHO pacCMaTpPHBATh KaK CIIOUWIHYK XHAKOCTb. Paamyc OKpyx-
HOCTH r MOXKET NOPUHHUMATb OYeHb GOJblIHe 3HAYEHHs, BIJIOTb J0
pasMepoB ILHJHHIpA, TAK YTO peub HAET O K8AHTOBAHUU MAKPOCKO-
nuweckux spawjeHuil.

JIuHHsl, BOKpYr KOTOpoH npoucxoAnT BpaueHue Hell, waswl-
paeTcst guxpesoli Huroio. [1pu BpallleHHH BOKPYT OCH LIMJIMHAPA OHA,
OYeBHJIHO, COBNAAaeT C 3TOH OCbIO, 3aKAHUHBAsCh Ha JHE LHJHHApA
¥ Ha NOBEPXHOCTH XHAKOCTH. JKHAKOCTb, Bpallaiollasics BOKPYT
BUXPEBOH HHUTH, HA3LIBAECTCS KBAHTOBbIM 8uxpem. KBaHTOBLIH BUXDPb
MOKeT MOSIBUTLCS JIHIIb NMPH HEKOTOPOH MHHHMaJbHOH CKOPOCTH
BpallleHUs UHAHHAPA Qp, TAK KaK 14 ero o6pa3oBaHusi Tpebyetcs
3atpara sHepruu. Ilpu aToM dakTHUecKH 06pa3yloTcsl TOJMbKO BHXPH
¢ n= 1, Tak KaK KHHeTHYeCKas SHePrHs NPONOPLHOHAJbHA U] ~ n?,

¥ TI03TOMY 3HepreTHuecku OoJiee BLITOJHO o6pa3oBaHHe ABYX KBaH-
TOBBIX BHXpell ¢ n =1, uem ofHOro ¢ n==2. Takum o6pa3om, CKO-
POCTb ABHKEHHs CBepXTeKyueH »KHAKOCTH U5 NPH BPAIEHHH BOKDYT
BHUXPEBOH HHUTH onpejensiercd Gopmyaon

v, = himyg, 7. ‘61.6)

Koraa cKopocTh BpallleHHsl UHJHHApPA AOCTHrAeT KPHTHUECKOrO
3ilaueHus Qxp, TO 06pa3yeTcs TOJbKO OJUH KBAHTOBHIH BUXDb C BUX-
peBOH HHTBIO BAOJb OCH LHJIHHApA. IIpu yBeJaHueHHH Q YHCJIO KBaH-
TOBBIX BHXPEH pacTeT, IpHUeM HX BHXPEBble HHTH NapaJljesbHBl OCH
uuaunapa. Ilpu Gosblinx £ BHXpeBble HHTH NPAKTHUECKH PaBHO-
MepHO MPOHHU3BIBAIOT 06'BEM XHAKOCTH.

DneMeHTapHble B0o30YyX/JeHHS, COOTBETCTBYIOILHE HOpPMaJbHOH
yactd He II, MOTYT CTaNKHBATBLCSI C KBAHTOBHIMH BHXPSIMH CBepXxTe-
Kyuell 4acTH W OGMEHHBATHCA C HHMHM Hepruefl W UMIyJbcoM. 3TO
¥ BbI3LIBAET BO3HUKHOBEHWE BpaliErusa CBepXTeKyueH 4acTH npH
BpalleHHd LHAHHADA.
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6. IIpu Teuenun Hell no kampnispy c¢ Gosbiuumu CKOPOCTAMU
BHXDEBBlE HUTH MOTYT HCKDHBJATBHCS H JAaKe 3aMblKaTbCsi, 06pasys
TaK HasblBaeMble guxpessie koavya. Ilocieanne oGnagaT onpeie-
JIEHHOH 3Heprueifi M MMIyJbCOM H MOTYT IepelBHIaTbCsl 110 BCEMY
o6beMy KHIAKOrO resus. MOXKHO cKa3aTb, YTO BHXpEBble KOJbLA
NpelCTaBJsAIOT cO00OH 0coboro pojaa aaemeHTaprele 6030yndeHU,
BO3HHKAIOLINE, KOI'ld CKODOCTh TeueHHsl CBEPXTEKyuero rejus npe-
BOCXOJUT HEKOTOPOE KPHUTHUECKOe 3HaUeHHe vyp. KpHTHUECKAs CKO-
POCTb Ukp ONpEAENAETCS 3HEPTHEH, HeoGXOAUMOH /57 06pa3oBaHUs
KBaHTOBOI'O BHXPEBOTO KOJblla, H 3aBUCHUT OT ycJoBull Teuennsa He I1,
B YAaCTHOCTH OT PajfHyca KalWJspa, IPH yBEJIHUEHHH KOTOPOrO KPHU-
THUecKasi CKOpPOCTb OBICTPO yMeHbllaeTcs. [lpu paimycax KamuJa-
jsipa mopsaaka 10-5 oM, Koria u HabaI01aeTCs CBEPXTEKYUYECTb, KPHU-
THYECKasl CKOPOCTb 3HAYHTEJLHO MeHblle TEOPETHUYECKOTO BepXHEro
npejeJa, gaBaemoro popmyJol Jlanaay (61.4). Ecau ckopocts Te-
YeHHs] v MeHbIlle KPUTHUECKOH, To 00pa3oBaHHE KBAHTOBLIX BUXpe-
BbIX KOJIEll eIlleé He MPOUCXOMHT H HabJIoNaeTCsi CBEPXTEKYUECTb.
Ecnu e CKOpOCTb TEUeHHs INPEBOCXOAHT KPHUTHUECKYK (XOTA Gbi
¥ 0ocTaeTcsi MeHblile BepPXHero npejena, jgaBaeMoro teopueit Jlan-
nay), to cBepxTekyuee Teuenue He Il craroBHTCA HeycTOHUHUBHIM
K 00pa30BaHUI0 KBAHTOBLIX BHXDEBLIX KoJel. KBaHTOBbIE BUXPEBbIE
KOJIbLla, BO3HHKaloIlHe B cBepxTekyueM koMmnoneute Hell, moryr
OGMEHHBATHCA SHEPrHEd U UMIYJAbCOM C KBA3HYACTHLAMH HOpMAJhb-
HOr0 KOMIIOHEHTA, UTO NMPHBOUT K NOSBJEHHIO TPEHHS MEXKAY ITHMH
KOMIIOHEHTAaMH ¥ K HCUE3HOBEHHIO CBEPXTEKYUECTH,

3
7. PaccmoTpuM KOpPOTKO BONpOC O CBepxTekyyecTd 2He. Artom

3
¢He coaep:KUT HEYeTHOe YHCJO HYKJIOHOB (/ABa IPOTOHA H OAHMH
HEHTPOH)  YeTHOe YHCJIO (2) 3/71eKTpPOoHOB. Kak/aas U3 3THX 4aCTHIL
3
ob6nanaer cuHoM 1/2. ITostomy crnun atoma :He Bo Besikom cay-
yae moJayue/bidl, TAK 4YTO aToMB oHe MOAYMHAIOTCH CTATHCTHKE
G®epmu — Jupaka. B 5TOM OTHOLIEHHH OHH OTJHUAIOTCA OT aTOMOB
4 ., o o
sHe, 1Jisi KOTOPBIX CHHMH LeJblH, 2 craTHcTHKAa Bose — DiiHwurelina.
O6pasoBaHye KOHAEHCATa Y MOSIBJE€HHE CBEPXTEKYUYeCTH BO3MOXKHBI
TOJMLKO B CHCTeMax uacTHil ¢ 6o03e-3HHIITEHHOBCKOA CTATHCTHKOI.
3
[TosroMy cHayaJsa KasaJochb, 4TO CBepXTeKyuecTh »He HeBo3MoOxHa.
DTO MHeHHe u3MeHMJoch B 1974 r. mocsne CO3LaHUS TEOPHH CBEpX-
npoBoguMocTH (cM. § 62). Jles0 B TOM, 4TO MeXAy aTomMamu sHe
JefiCTBYIOT CHJIBI NpHTsXKeHUus BaH-Aep-Baasbca, Kotopble Ha 604b-
WHX PacCTOsAHHUAX YObIBAlOT OOpaTHO NpPONOPUHOHAJBLHO CeibMOi
3
crenenu pacctosinud. Ilpy Hanuump Takux cuj atomam :He 3sHep-
reTHYeCKH BBLIFOJHO KOOIEPHPOBaTbCs B MAphl, YTO M NpOABJAETCS
NpH JOCTATOYHO HHU3KHMX TemhepaTypax. CnuH Takod mapsl Bcerja
ueablfi. IlosToMy napel NOAUMHSIIOTCS CTAaTHCTHKe Dose — DiiHiuTel-
3 o
Ha, M MOMKHO OXWAAThb NOsIBJEHHs cBepxTeKyyecTH y »He. leii-
CTBHTENBHO, CBepiTekydecTb 2He Oblsa oTkphita B 1974, r. Ona
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oGHapyxuBaeTcs npu tremnepartype Huxe 0,00265 K (npu naBnenun
okoac 34 at™). Ilpu yMenbluenwu naBieHus 10 21 aTM TeMmepa-
Typa mepexoia KHAKOro jHe B CBEPXTeKYyuee COCTOsIHHE NMOHUIKAETCs
ac 0,0024 K.

8. B 3aksioyeHHe OCTAaHOBHMCS Ha BO3MOMKHOCTH MaKPOCKOIH-
YECKHX XBAHTOBBIX SIBJEHHH Yy BOAOPO]A, aHAJIOTHYHBIX CBEPXTEKY-
uecTH. KBanTOBOe nOBejeHHe reqns, B YaCTHOCTH CBOHCTBO OCTa-
BaTbCH MHAKHM BOJIH3H a6COJIOTHOrO HYJs, CYWECTBEHHO 06YCJI0B-
JIEHO Hyaesbimu Koasebanusmy. Maccel aTOMOB H MOJIEKYJl BOJAOPOAa
ellie MeHblIe, YeM Macca aToMa rejus, a MOTOMY y BOAOpOJa HYy-
JeBble KoseOaHks eule caabHee. C APYroii CTOPOHB, aTOM BOJA0poja
COCTOHT M3 JABYX 4YacTull (IpOTOHA M 3JEKTPOHA), CHHH KaXAOH
H3 KOTODBHIX paBeH 1/2, a moToMy OH sABJAsieTcs O03e-uactuyeti. Mo-
JeKyJa BOJAOpOAa Takxke 603e-uacTuya. Kazasnoch 6vl, 4TO H BOAO-
pon BOJIH3H abCOJIOTHOTO HYJS TeMNepaTyphl AoJakeH o06JagaThb
CBEpXTeKydecTblo. B 1eldCTBHTENBHOCTH Tra3 JABYXaTOMHOrO BOXO-
pola, xoTa u o0JajaeT HEKOTOPHIMH KBAaHTOBBLIMH CBOHCTBaMH, HO
NpH OXJaXKJAEHHH CXKHKaeTcs, a BOJH3H abCOJNIOTHOTO HYJAs CTaHO-
BUTCA TBeD/bIM.

[IpuunHa aTOro B TOM, YTO YAaCTHIB BOJOPOAA 83AUMOOCHCTEYOT
mexcly cobol. B uacTHOCTH, FOMEONONAPHEIE XUMHYECKHE CHJBI, AeH-
CTBYIOLIHE MeXAY aToMaMH, NPUBOAAT K 0OPA30BAHUIO CBS3aHHOIO
COCTOSIHHS — MOJIeKyJibl Bogopona He. A MexXay MoJieKyjdaMH BOLO-
pola B CBOIO odyepeih AEHCTBYIOT CHJIB, 3HAYHTEJBLHO MPEBOCXOAS-
HIMe CHJIBI B3aUMOLEHCTBHS MeXAY CHMMETPHUHBIMH HHEPTHBIMH
aToMaMH TeJHs.

OnHako caelyeT NpHHATb BO BHHUMAaHHE, YTO CHJBI B3aHMOAEH-
CTBHsl HEHTPaJbHBIX 4TOMOB BOAODOAA MexAy co00H Ha HEKOTOpOM
PacCTOAHUH, NPEBOCXOAALLEM KaKOe-TO ONpejeseHHoe 3HaYeHHe, siB-
JSIOTCH CHJAMH MPHTSKEHHS] TOJbKO B TOM CJlyyae, KOTJa CNHHBI
5JEKTPOHOB aTOMOB QHTUNAPAAAEAbHb. (CHHIJIETHOE COCTOSIHHE).
Ecay e CHHHBI 3J1€KTPOHOB aTOMOB BOJOPO/a AAPAAAEAbHbL (TPUIl-
JIeTHOe COCTOSIHHE), TO CHJIB B3aHMOJACHCTBHS BCeraa OTTaJKHBa-
TeJibHble, B 3ToM cayuae o6pa3oBaHHe MOJIEKY/IB HEBO3MOKHO
(cm. § 50).

OjaHaKo MOXKHO MOJYYHTh ATOMAPHBLIH BOAGPOA, BCE aTOMBI KO-
TOPOro HMEIOT flapaJ/enbHble CnUHBL. Toraa MoJekyqab 06pa3oBbl-
BaTbCs He OYAYT. JIia 3TOro Ha [AMCCOLMHDOBAaHHbBIA BOAOPOA HALO
BO3/JeficTBOBATb CHJbHBIM ( ~ 105 ['c) M pe3ako HeOAHOPOAHBIM Mar-
HHTHBIM noJieM. Torza npou3oHAeT NMPOCTPAHCTBEHHOE pasjiejieHuHe
aTOMOB C TPOTUBOMOJIOXHO HaNpaBJ/JEHHBIMH CIIHHAMH, NOA06HO
TOMY KaK 3TO HMeeT MecTO B KjaacchHyeckux ombitax Illtepua u T'ep-
naxa. [lpyu 3TOM Hajo uMeTb B BHAY, YTO MACHHUTHBIH MOMEHT fAapa
(npoToHa) mpHMepHO B THICAUY Pa3 MeHblie MarHHTHOrO MOMEHTa
saexktpona. [losToMy cusoii, AeficTByOUIell CO CTOPOHB MArHHTHOIO
MoJIs Ha sIAPO, MOXKHO NMONHOCTbIO NpeHe6pedb MO CPABHEHHIO C CH-
J10#i, AeACTBYIOHIeH Ha 3JEKTPOH.



§ 62] MOHATHE O TEOPHW CBEPXNPOBOAHMOCTH 401

Takofi MeTod MOJYyd4eHHs aTOMapHOro BOAOPOAA C OAHHAKOBO
OPHEHTHDOBAHNBIMH CIHHAMH 3JEKTPOHOB Obljl TPHMEHEH roJJaHi-
ckuMu ¢usukamu Cuabbepa u Baapaeenom B AMcTtepaame (1980r.).
JKcnepUMeHTaNbHbBle TPYAHOCTH, KOTOPblE YAAJOCh HM [PEOAOJeTb,
OUYeHb 3HAUHTEAbHDbI, HO O HMX Mbl FOBOPHTL He OyleM. TeopeTHueckH
MOXKHO OXHJAaTb, YTO TAKOH aTOMapHBH BOAOPOA OyAeT ocTaBaTbCs
ra3oofpasnbiM BOGJaM3H aOCOJIOTHOrO HYJs, He Iepexols JaKe B
JKHAKOe COCTOSIHHe. YKa3aHHbIM (GH3HKaM YJaJjJoCh COXPaHHTh ras
B aTOMapHOM COCTOSIHHH B Teu€HHe HEeCKOJLKHX 4YacoB MpH Mpe-
AEJBHO HU3KOH TeMnepaType B CHJILHOM MarnuTHOM mHoJe. ATomap-
HbIH BOAOPOA oOcraBaJics rasoobpasHeiM BILIOTE A0 0,08 K — Hus-
el TeMnepaTtyphl, IpH KOTOPOH IPOH3BOAHJHUCD HCCJeLOBAHHSA.

§ 62. loHaTHe 0 TeOpPHH CBEPXNPOBOLUMOCTH

1. Ilpexne yeM uyuTaTh HacTOsAWIMH naparpad, Heo6XOAHMO 06-
patutbcs kK § 80 1. 111, rae Oblin coo6iieHBl OCHOBHBIE OMBITHHIE
$aKThH O CBEPXIPOBOJMMOCTH H HCTOPHH OTKPHITHSl 3TOrO SIBJEHHS.
3aech 6yaeT AaHO KpaTKoe NpeJcTaBjeHHE O TeOPHH CBEPXIPOBOAHU-
MOCTH, B TOH M€pe, KaK 3TO BO3MOXKHO cle/]aTh B paMmKax oO6luero
Kypca QU3MKH.

[Tocae cosnaHusg TEOPHH CBEPXTEKYYECTH €CTECTBEHHO OBLIO Ay-
MaTb, YTO CBEPXIIPOBOAHMOCTb SIBJIIETCS CBEPXTEKYUECTBIO «3JIeK-
TPOHHO! JKHAKOCTH», 0OpDa30BaHHOH BaJEHTHBHIMH 3JEeKTPOHAMH B
MeTaJjJe. DTa NPaBUJbHAA MbIC/Ib BCTPETHJA, OJHAKO, CEPbE3HOE 3a-
TpyaHeHHe. DIeKTPoHsl uMeloT cnHH 1/2. Ha nx cocTosiHus HaloXeH
sanper [laysiu, a moToMy OHM NOAYHHSIOTCS CTaTHCTHKe Pepmu —
Iupaka, T. e. aBasaoTcs pepMuonamMu. HanpoTus, Ha aTomml sHe,
C KOTOPLIMH HMeeT /eJl0 TeOpHs CBepXTeKydecTH, sanpetr [laysau e
PACIPOCTPAHSETCS], MOCKOJIbKY CIHH 3THX aTOMOB IeJIOYHCJIEeHHbIH,
B oTJaHuHe OT 3JeKTPOHOB, aTOMBI sHe NONYMHSIOTCS CTATHCTHKE
Bose — DitHwTelina, 1. e. ABAA0TCA 60o30HaMH. C 3TUM CBSI3aHO Ii1y-

4
60oKoE pasjHuHe MeEKAY OCHOBHBIMH COCTOSIHHSIMH aTOMOB sHe wu

3JIEKTPOHOB. B uyacTHOCTH, A/ aTOMOB SHe uMeeT MecTo Gose-
SHHIUTEIHOBCKAS KOHAEHCAlMsi, a 1/ 3JeKTPOHOB, Ka3aJjocb Oml,
3TO ABJEHHE HEBO3MOKHO.

2. Ba:KHEIM MOMEHTOM Hd NYTH NPEOLOJERHS yKa3aHHOH Tpyx-
HOCTH OKa3aJoCh OTKDHITHE U30TORU4ECKO20 3ppexra, 3KCIepHMeH-
TaapHo o6HapyxenHoro B 1950 r. Ha y3oTOmax PTYTH H 0JjioBa. dTOT
s¢bdexkT HabaOAAaeTCA Yy YHCTHIX CBEPXMPOBOJHHKOB, HMEIOUIHX He-
CKOJNLKO H30TONOB. OKa3a/0ch, YTO /151 KPHCTAJJIHYECKHX PELIETOK,
NOCTPOEHHBIX H3 Pa3JMUYHBIX H30TOINOB OJHOTO H TOTO Ke 3JEMeHTa,
BHITIOJIHsETCH cooTHOweHue Ty /M = C = const. 3xech Ty — Kpu-
THYECKasi TeMIepaTypa nepexoia B CBepXNpoBOAsdllee COCTOSHHE, a
M — MaccoBoe YHCJIO ATOMOB, H3 KOTOPHIX NOCTPOEHA KPHCTAJJHYe-
ckas pewetka. [Toctosinass C oAuHAKOBa 1S BCEeX H30TOMNOB 3Jle-
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ME€HTa, MeHasACb NPH (E€PEXOA€ OT OJHOTO 3JEeMEHTa K JApYyromy. Ho

Macca M onpejeiser 4acToTy KosieGaHuil pewerku, o ~4/1/M. To-
3TOMY H30TONHYECKHH 3(Q(PEKT 3acTaBiseT 0XKHAATb, YTO CBEPXIPO-
BOAUMOCTb 0OyCJOBjeHAa B3aHMOJeHCTBHEM 3JEKTPOHOB ¢ KoJaeba-
HUSAMH KPUCTaJJ1HUeCKOM PelleTKH.

Ha 3710 yKkasblBaeT Takike TO 0BCTOATENLCTBO, YTO CBEPXITPOBO-
JAMMOCTb He OOHapy:KeHa y YHCTBIX METaJJIOB ¢ Xopouiefi NPOBOLH-
MOCTBIO (CI0Ja OTHOCATCSH, HANpUMep, 3JeMEHTbl HepBOil TPyl
nepuoauveckoli cuctemul Li, Na, K, Cu, Ag, Au). Heao B ToM, uTo
Yy XOpOULIHKX NPOBOAHHUKOB BeJHKa AJHHA CBOCOAHOrO npobera siek-
TPOHOB, 00YycJOBJIeHHas HX B3aHMOAEHCTBHEM C KpPHCTAJJIMYECKOH
pemeTKol. DTO 3HAUHT, UTO B3aUMOAEHCTBHE 3JIEKTPOHOB ¢ Kosela-
HHUSMH DelleTKH cn1aboe. ¥ NJIOXHX OPOBOJHHKOB, Hao6ODPOT, AJHHA
cBoGoaHOro npobera 3/JeKTPOHOB MaJjia, T. €. B3aUMOAEHCTBHE 3J€K-
TPOHOB C KOJIeGaHHAMH DelIeTKH CHJIbHOE, a 3TO, COIJIACHO OXKHja-
HHIO, KaK pa3 u TpefyeTc [/l BO3HHKHOBEHHS CBEPXNPOBOAH-
MOCTH.

OTKpBITHE H30TONHYECKOTo 3(deKTa NOo3BOMHJIO BhHOpaThb Ipa-
BHJILHOE HalpaBJeHHe B I[OCTPOEHHH MHKDOCKONHYECKOH TeopHH
CBEpXNpOBOAMMOCTH. Hauaso Onlio nosoxeno B 1950 r. Opéauxem
(p. 1905), TeoperHuecKH HpeACKAa3aBUIUM H30TONHYECKHH 3(dekT
MPaKTHYECKH OJHOBPEMEHHO C €ro SKClePHMeHTaAbHbIM OOHapYKe-
nueMm. [locse ocnoBenonaramwmet pabotsl Kynepa (p. 1930) mno-
cJe/I0BaTe bHasi MHKDOCKONHYECKast TEOPHS CBEPXIPOBOAHMOCTH
Gbla co3xana B 1957 r. Bbapaunom (p. 1908), Kynepom u Ulpud-
tdepom (p. 1931). ITo umenn aBTOPOB OHA COKPALIEHHO 11a3LIBaeTCH
treopueli BKII. BoJsee coBepiieHHLIH MeTO4 B TEOPHH CBEPXIPOBO-
paMoctu Obiit paspaoran H. H. borono6opbiM npumMepHo B TO XKe
Bpemsi. [Ipeackasanue Kynepa o cnapuBanHu 3/IeKTPOHOB (CM. HUXKE
nyHKT 4) no3sosugao bBorosao6oBY pacnpocTpaHHTL H Pa3BHTh Me-
TOJ, NPENJIOKEHHHH UM paHee B TEODHH CBepXTeKyuecTH. Jpyroif
MeTOJ B TEOPHH CBEPXNPOBOAHUMOCTH 6bla1 paspaboran Ji. I1. Tope-
koBuM (p. 1929) u Ham6y (p. 1921).

3. KoneGanust KpuCTaJTMIeCKOH DEIIETKH, KaK H3BECTHO, KBaH-
TOBaHbl W MOLYT DAacCMAaTPHBATBCS KAK KBA3HYACTHLBLl — (POHOHLI
DJIeKTPOHBl NMPOBOLHMOCTH B MeTaJJje MOTYT HelpepLIBHO OGMeHH-
BaTbCsl poHOHaMH. OAUH 2JIEKTPOH M3Jy4aeT, a APYyrof mHorJolaer
(GoHOH. DT (HOHOHLl HA3BIBAIOTCH BUPTYAAbHLIMU, TAK KAK OHH CY-
IECTBYIOT B TeYeHHe KOPOTKOTO BPEMEHH XH3HH, a [I03TOMY HX SHeEp-
rus He QUKCHPOBAHA, a y/OBJETBOPAET NPHHUHMIY HeonpeaeJeHHOCTH
BpeMsi — 5HepPrus. ITO MO3BOJISET He NPHHHUMAThL BO BHUMaHHE 3aKOH
COXPaHEHHSl SHEPTHH BO BPeMs Mpouecca B3aUMOAEHCTBHSA BHPTY-
aJbHOTO (POHOHA C 3JEKTPOHOM. DJIEKTPOH, H3JYYMBIIKA BHPTYya/b-
Hbll (DOHOH, HCIBITBIBaeT OTAauy, T. €. MeHseT cBOH mmnyabc. Mm-
MyJabC APYroro 3JeKTPOHA, NMOTJIOTHBIIENO TOT K€ (OHOH, TAKMKE H3-
MeHsleTcs. SIBjieHHe MPOMCXOAHT TaK, KaK ecJH 6bl MeMAY 9JerTDo-
HAMH, NOMHMO KYJOHOBCKOTO OTTaJKHBalus, CYUIECTBOBAJO ACHOJ-
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HUTeJbHOE B3aMMOLEHCTBHE. DTO ACNOJHUTEJIbHOE B3aHMOJEliCTBHE
MOKeT [IPOSIBUTBHCSL B NPHUTSKEHHH HJIH OTTAJKHBAHHH 3JIeKTPOHOB,

Creayoouias KJacCHUecKasl aHaJOrHs MOMKeT CJAYXHTb HJJIIO-
cTpauuell atoro spdexra. JlBa KOHbKOGEKIA Ha JibJy HemnpephIBHO
nepeKUABIBAIOT APYr Apyry Msu. M3-3a oTaaum MexAy HHMH BO3-
HHKaeT oTTaJKHBaHHe. HO OHO MOXKeT nepedTH B NPUTSIKEHHE, eCJIH
MfY 3aMeHHTb OywmepaHroM. Ilist 3TOTO KOHBKOOEXLBl AOJKHBI
BCTaTh CHOWHOH APYr K APYrYy W KaXAbIH M3 HHUX [LoJikeH Gpocath
GyMepaHr B CTOPOHY, NMPOTHBOIOJOXKHYK CBOoeMy napTHepy. [lose-
geHue OyMmepaHra, KOHEUHO, Olpeje/sieTCsi BO3JYIIHOH cpefiol, B
KOTOpO# OH JeTHT. B cayuae $oHOHa poJb TakoH cpeabl Wrpaer
KPHCTaAJJIHUECKAs pelleTKa.

4. B Teopun MeraJssos, paspuroil baoxom (cm. § 59), cocrosinue
3JIEKTPOHOB XdPaKTEPU3YeTCs1 OJHOHACTUUHbIMU BOJHOBBIMH (YHK-
LUsIMH. DTO 03HayaeT, 4TO JEKTPOHBI PACCMATPHUBAIOTCS HE3aBHCH-
MBIMH. $IBJleHHe CBEPXNPOBOAHMOCTH HE YKJaABLIBAETCA B 3Ty CXEMY.
bBaaropapsi 3/1eKTpou-(POHOHHOMY B3aHMOJAEHCTBHIO MENAY 3JEKTPO-
HaMH CYLIECTBYIOT KOppPeJsiLlHH, KOTOpHIe JOJXKHbI ObiTh YYTeHBbI.
B teopun BKIIl yuuTHIBalOTCS TOJNBKO AApPHble KOppeAfyuu, 4TO
0Ka3aJIoCh JOCTATOUHBIM MO KpafiHell mepe /8 KaueCcTBEHHOrO IO-
HHMAaHHUS OCHOBHBIX CBOHCTB CBepPXNPOBOAHHKOB. CHJbLI 3JEKTPOH-
$HOHOHHOTO MPHUTSKEHUS MeXAy NapoH CKOPPeINpOBAHHBIX 3JEK-
TPOHOB AOJIKHBl DpeBBHILIATh CHJBl KYJOHOBCKOTO OTTAJKHUBaHHS,
urTo6bl B LEJOM MeXIy B3JEKTPOHaMH JAeHCTBOBAaJO MPHTSIIKEHHE.
IIpuHATO TGBOPUTH, UTO TaKHE CNApEeHHBIE 3/ieKTPOHB 00pasyroT Ky-
neposckyo napy (B dects Kynepa, npeiackasaBiuero siBJeHHe cra-
puBanus B 1956 r.). KynepoBckue mapsl sIBASIOTCS 6030HaMH — Ha
nux 3anper [layiau He pacnpoctpaHsiercd. [103TOMY-TO OHH B MOryT
COBeplLIaTh CBePXTeKyuee JABHIKEHHe.

151 BHIsICHEHHS CBOHCTB KYMNepPOBCKHX map JAONYCTHM cHaudaJja,
YTO MeTaJ/iJl HaXOQHUTCS NpH TeMmepatype abcoJioTHoro Hyas. Kpo-
Me TOro, AOTMYCTHM, UTO Yepe3 MeTaJsJ  He TeueT JeKTPHUECKHH TOX.
Tak Kak 3JeKTPOHH NOAUMHSIOTCA NMPHHLMIY [layjH, TO B KaxAoM
KBAHTOBOM COCTOSIHHH MOKET HaXOAHTbCA He OoJee OAHOTO 3JeK-
tpona. [loatomy 6yayr 3anosiHeHs! BCe COCTOSIHHS HHXKe HEKOTODOH
onpe/e/ieHHOH 3Hepruu & r, HA3BIRAEMON nepeueli Depmu, a Bce co-
cTosiuus ¢ GoJsblilell sHepruell 6YAYT MOMHOCTbIO CBOGOAHBl. DHEPrHd
& ecth GyHKLHMA uMnyJabca: & =& (p). B uyacTHOCTH, ypaBHeHHe
&r=¢&(p) onpene/seT B TNPOCTPAHCTBE HMIMYAbCOB HEKOTOPYIO
I0BEPXHOCTh, Ha3LIBaeMYIO A08epxHocTo0 Pepmu. Jlas mpocToThl
GyAeM cuuTaTh MeTasas H30TpomHbIM. Toraa noBepxHocts Pepmu
Boipoxnaercad B chepy &r=p?/2m, paanyc xotopoil Mbl 0603Ha-
yuM uepe3 pr. Korga TeMmmepaTtypa Mmerassa NOBBHIIAETCS, HO OC-
taeTcsi nuKe T, 2JeKTPOHH HAUHHAIOT BHIXOAHTHL 3a Npefennl cde-
ppl ®epmu, 3amoJsHSA YacTHUHO IHEpreTHUeCKH OGoJiee BBHICOKHE
KBAHTOBHIE COCTOsIHAA. B pedysabrate no obe cropoHbl cdepnl Pep-
M o6pasyeTcs TOHKHH CJOH, OrpaHhueHHBH chepaMu ¢ paauycaMu
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pr—Ap/2 v pr+ Ap/2, 3am0JHEHHBIH 3/IEKTPOHAMH He MOJHOCTLIO,
a TOJIbKO YaCTHYHO. DHEPTHH IJEKTPOHOB HAa TPaHHIAX 3TOrO CJOs
BOJM3H KPHUTHUECKOIi TeMnepaTypbl Iy OTJIHYAIOTCS APYr OT Apyra
Ha BeNH4YHHY nopsanaka k7. JIerko BBIUHCJAHTB, 4TO 3Ta BEJAHYHHA
npumepro B 10* — 10° pa3 MeHblle cpelHell KHHETHYECKOH SHeDrHH,
NpUXoAsillefics HAa OAMH BaJIeHTHbIH 3JIleKTPOH B MeTaJjlle npu ep-
MHEBCKOM pacnpepenenun (cM. 1. 111, § 99).

HonycTuM Tenepb, YTO [Ba 3JeKTPOHA, 06pasylollHe Kynepos-
CKYI0 Mapy, C UMOYJbCaMH Py U P CTAJNKHBAIOTCH MeX1y COGOH H
NepexolsT B COCTOAHHE C HMNYJIbCAMH P, U P, SicHO, aro mepen

CTOIKHOBEHHEM COCTOSIHHs C MMIMYJAbCAMH P, H P, JOJIKHB GHITb

BAKAHTHBIMH, T. €. HAXOJAUTBCA B Npefesax YKa3aHHOrO BbIlie TOH-
KOro cgeprueckoro cos. To xe camoe OTHOCHTCSl K MCXO/HBIM BeK-
TOPaM p; U ps. B NPOTHBHOM CJiyuyae moc/e CTOJKHOBEHHs! COCTOSIHHE
¢ UMIYJIbCAMH p; H Py 0Kasdajoch Obl He3aNoJHEHHBIM, a 3T0 OBLIO
OB HEBO3MOXHO, eCJH OBl 3TO COCTOSIHHME JexKajJo B HMIYJILCHOM
NPOCTPAHCTBe, OTPAHBUEHHOM BHYTPeHHeH C(pepoﬁ cnost. B cuay 3a-
KOHa coxpaﬂeﬂnﬂ UMnyJabca p, - p,== p1 -+ p,-_ & = const, rae

P — pe3yJbTHDPYIOILHHA HMIIyJbC
06OHX 3JEKTPOHOB, He MeHSIO-
mulicst Ope CToJKHOBeHnHu. [Ipo-
lecc CTOJKHOBeHHsl H3006paxeH
Ha puc. 118. KoHeu BekTOopa pi
H HayajJo BeKTOpPa pPs HOJKHBI
JIeKaTh B BepXHEM 3alITPHXOBaH-
HOM YeThIpexyroJibHHKe, MoJyda-
IoleMcsl B pe3yJbTaTe mepeceye-
Puc. 118 HHUSl IBYX C(EPHYECKHX CJIOEB CO
CPEIHUMH paiuycaMH p; H po.
AHaJIOrHYHO, B HMJKHEM 3aLUTPHXOBAHHOM UeTHIPEXYroJbHHKe L0J K-
Hbl JeXaTb KOHell BEeKTOpa p, M Hauajgo BekTopa p,. $ICHO, uTO
CTOJNIKHOBeHHd OYAyT NPOUCXOAHTL TeM dalle, 4eM KOpOYe BeK-
top &. [IpakTuueckn 6yAyT NPOUCXOAUTHL TOJbKO TaKHE CTOJIKHOBeE-
HHsl, Koraa oba cdepHUecKHX CJIOS COBMAagamoT, T. e. koraa P =20.
DTO 3HAUMT, YTO JAOJIKHO OBITL p, = — p,, p, = — p,. Takum obpa-
30M, B OTCYTCTBHE TOKa HMIYJIbCH 3JEKTDOHOB, 06Pa3ymoLHX Kyme-
POBCKYI Napy, paBHH MO BeJHYHHE H MDPOTHBONOJONKHL TO Ha-
NpaBJIEHHUIO.
Kak yxke 6blIO CKasdaHo BHIlUe, NPH TeMiepaTypax nopsiaka Ty
SHeprus 3JIeKTPOHOB B c(epHUECKOM CJoe OTJHYAeTCS OT HepruH
depmu Ha BeyiMUMHY nopsiika kT, Tak 4ToO

p Pr p+rp
kT"N_?_r;—_QTn— = 2m Ap,

rae Ap = p — pr. Takum 06pa3om, HeonpeLe eHHOCTL B MOJOKEHHH
3J1eKTPOHOB Ay = fi/Ap =~ hpr/mkT,. Ilo nopsaxy sesnuuubl (npwu
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T ~ 10 K) neonpenesnenHocTs Ax oObuHO cocraBasier 10— cm. Be-
JuyHHa Ax xapakTepu3yer pas3Mepnl 00JacTH, B KOTOpOH JOKaJH-
30BaHbl 3/JEKTPOHLl, 06pa3ylollHe KyNepoBCKYIo Mapy, T. €. «Ipo-
CTpPaHCTBEHHBIE pa3Mepbl» 3ToH mapel. OHH, KaK BHAUM, NPHMEPHO
B 10000 pa3 npeBOCXOASIT CpejiHEE PACCTOsIHHE MeXAY 3JeKTPOHAMH
IPOBOJHMOCTH B MeTaaJe (nopsjaka 10~% cM). 3HauuT, MeKAy 37€K-
TPOHaMH, CBSI3aHHBIMH B Napy, HAXOAHTCA OuYeHb MHOTO JAPYTHX
3JIeKTPOHOB. Ha 3TOM OCHOBaHHH T'OBOPST, UTO COCTOSIHHS 3JEKTPO-
HOB B KYNEPOBCKOH mape ¢4ab0 KOppeAuposansi no KOOpOUHATAM
obpluHoro npoctpaHctBa, Cama 3Ta KOppeJssilusi Ha pacCTOSHHSIX
TAKOro NOpsAKa He MOXeT OBIThb MOHSTA C KJACCHUYECKOH TOUKH 3pe-
HUSL 4 ABJsIeTCsl ¢yry60 KBaHTOBHIM cBoiictBoM. Hanpotus, no um-
nyavcam KOppeAsyus cuabHA, TOCKOJbKY Py = — Pa.

5. CyulecTBOBaHHe CIapHBAaHHUA 3JEKTPOHOB B CBEDXIPOBOJHHU-
ke (mpu T << T¢) GbJIO 10KA3aHO NPSIMBIMH ONBITAMH [0 KB8AHTO8QA-
HUIO MQ2HUTHO20 NOTOKA. PacCMOTpPHM CBepXIpOBOJsIEe KOJbIO,
0 KOTOPOMY LMPKYAHPYeT cBepXHpoBoAsuiu#t ToK. IlycTh asek-
TPOHBI ABMIKYTCS N0 OKPYKHOCTH pPajiuyca r cO CKOPOCTbIO U, JHep-
rus TOKa IIpencTaBisieTcs BoipaxeHueM & =(1/2¢)/®, rae [ —
cuia TokKa, a (D — MarHUTHHIH MOTOK yepe3 pacCMaTPHUBAEMYIO OK-
PYKHOCTb, CO31aBaeMBIl 3THM TOKOM. Ecan N —mosHoe 4ucJIo
3JeKTPOHOB B KoJblle, a 7 — nepuoa obpautenus, o [ = Ne/T =
= Nev/2nr. Takum obpasom, & = Nev®/4nrc. C Apyroél cTOpOHSI,
Ta K€ 3Heprus paBHa & == Nmu?/2. [1pupaBHuBasi o6a BrpaXKeHHS,
noayuum @D = 2nrcmu/e. Eciu 3JeKTPOHBI ABHXKYTCS KYNEPOBCKHMH
mapamH, TO UMOYJbC Kax10# Taxko#l Napbl paBeH p = 2mu, TaK UTO
® =nrcp/e. Ho umnysabc KynepoBCKOH Napbl MOXKeT NPHHUMATb
TOJbKO KBAHTOBAHHbIE 3HAUEHHS COMJIACHO COOTHOLIEHHID pr =
= nh = nh/2n, rae n— uesoe uucyo. CjenoBaTelbHO,

= It (62.1)

Jra ¢dopMysa BBHPAKAET KBAKTOBAHUE MALHUTHO20 NOTOKA B
CBEPXIIPOBOJAHMKAX, IPHUEM KBAHT MAESHUTHOZ0 MOTOKQ ONpejeJser-
csl BHIpaKeHHEM

@, == hc/2e = 2,07 - 107" T'c - cm™ (62.2)

@®opmysna Takoro Buaa Oblja mosyueHa B 1950 r. @. JlonnoHom
(1900—1954) eme [0 cO3NaHUS TEOPHH CBepxmpoBoauMOCTH. Of-
Hako JIoHAOH mosyuna Aas g BABoe 60Jbllee 3HayeHHe 1O CpPaB-
HeHHIO ¢ TeM, yTo AaeT opmyna (62.2). 3to obbicHseTCs TeM, UTO
B 1950 r. fiBJleHHe CIapPUBAHUA 3JEKTPOHOB ellle He GLIJIO H3BECTHO.
[Toatomy nJas umnyaeca JIOHAOH M0J1b30BaJcA BHIPA)KEHHEM P == 10,
a He BHIpaXKeHHeM p == 2muv, Kak nenaJqu Mel. OnBIT MOKasaJ apa-
BUJIbHOCTL (Popmyn (62.1) u (62.2) u TeM caMbIM TOATBEPIAH] Cy-
IeCTBOBAHHE fBJIEHHS CaPUBaHUs 3JIEKTPOHOB. B 0fHOM M3 rakux
ONKITOB CBEPXNPOBOAAIIMA TOK BO36YXKIAaJCS B OJOBSAHHOH TPy6OU-
Ke ¢ AJAUHOH | cM W BHYTpeHHHM nIuHaMeTpoMm 2R = 1,5-10-% cm.
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Bnaronaps majoctu auamerpa ipu BO3GYKIEHHH BCEro ONHOrO
KBaHTa MarHuTHoro notoka ®,==nRZH muoJsydaercs yxe MaKpo-
CKOIIHYeCKH H3MepHMoe MarHuTHoe mnose H ==0,117 T'c, xoTopoe
cnabee MarHHTHOrO MoJsA 3eMJaH npuMepHo Bcero B 5 pas. Takum
06pa3oM, KBAHTOBAHHE MAarHHTHOrO MNOTOKA B MNOAOGHBIX ONbITAxX
MPOABJIACTCSA YiKe 8 MAKPOCKONUYecKux macurabax.

B ¢BfI3H ¢ H3J0MkEHHHIM OTMETHM CAeayliee OGCTOATENLCTRO.
M3BecTHO, YTO B CBEPXNPOBOASILIEM KOJbIE MOXHO BO36YAHTHL He-
3aTyxaloWHui sjeKTpHueckuii Tok. Hampumep, onuH H3 ONLITOB Ta-
KOro pofa AJujca 2,5 rofa, W BCe e HUKAKOrO 3aTyXaHHsl TOKa
o6HapyxeHo He Oblyo. Ha mepBuifi B3rJsig B 5TOM HeT HHYEro yAH-
BHTEJIHOI'O, NIOCKOJbKY B CBEDXNPOBOAHHKE He BBIJAeJAeTCA JKOY-
JIEBO TeMJO, a MOTOMY H HeT 3atyxaHusd. Ha camom gene Bonpoc
CJ0KHee. DJEKTPOHbl B CBEPXIPOBOASIIIEM KOJblle ABHKYTCS YCKO-
PEHHO M GOAXCHbL U3AY4ATb, @ 5TO LOJKHO NPHBECTH K 3aTYXaHHIO
tToka. OULIT e TOKasbiBaeT, yTo 3aTyxaHHs HeT. [IpoTHBOpeune
yCcTpaHsieTCsl COBePLIOHHO TaK ke, KaK H COOTBETCTBYylOLlee NPOTH-
BOpeUHEe C H3JyuellHeM B KJaccuuecKoH TeOpHH aToma. Urobb He
65110 n3nyuenusi, Bop BBes xKganTO8bLI NOCTYAQT O CTALIHOHAPHBIX
COCTOSIHHAX aToMma. Tak, U B CBepXIPOBOASLIEM KOJblle C TOKOM H3-
JlyueHHe He [MO0sIBJSeTCS] H3-32 KBAHTOBAHHS 3JEKTPHUECKOTO TOKa.
Ho 3To xBaHTOBaHHe HabaIOfaeTcs yike B MAKDOCKOIHYECKOM Mac-
mrabe.

6. DneKTPOHBl B KyNepoBCKOfA nape 06J1afal0T OJHHAKOBLIMH IO
BeJIHYHHE, HO NPOTHBOINOJIONKHBIMH O HAMNpPaBJEHUIO HMIYJbCAMH.
Wx cnuHb B NMpHHIHKNE MOryT ObITb NapaJjiiesbHbl HJIH aHTHOapaJ-
JeabHbl. B 060uX cJyuyadx NOJHbIA CIHH KyNepOBCKOH Maph MoJay-
yaeTcsl leJibiM, TaK 4TO KynmepoBckasi napa Oyaer 6o3oHoM, a He
tdepmuoHoM. DBosee Toro, cmuH KymepoBCKOW mapnl OyleT paBeH
HYJIIO, TaK Kak COCTOflHHE C MapaJijieJbHLIMH COHHAMH 3JeKTPOHOB
HeyCTOHYHBO. YCTOHUMBLIM fBJIsIeTCS COCTOSIHHE C aHTHIApaJJelb-
HBIMH CNHHAMH 3JeKTPOHOB, KOTOPOE H peaJin3yeTcs B JeACTBUTEND-
Hoctu. TakuM o6pa3oM, Kyneposckue napo. A8AAt0TCA 6030HAMU, @
ne ¢epmuonamu. Ha vux 3anper [laynm He pacnpocTpaHsercs.
DTUM ycTpaHAeTCss TPYAHOCTb, O KOTOPOH TOBOPHJIOCH B CaMOM Ha-
yaje atoro maparpada. Kyneposckue napbl 06pa3yioT «XKHIKOCTbY,
KOTOpasi MOXKeT COBepIIaTh CBEpXTeKydee ABHIKEHHe MEXKIy HOHAMH
KPHCTaJIHUECKOl pelleTKH. TO H eCTh CBepXNpoBoauMocTb. Ocra-
HOBHMCS Ha 5TOM BOINpPOCE HECKOJIbKO NMOApPOGHee.

[Ipu 7T =0 Bce KynepoBCKHe maphl HAaXOAATCA B OCHOBHOM CO-
CTOSIHHH C HYJeBbIMH uMnyabcaMu. [Tpu T < T B OCHOBHOM COCTOS-
HHM GyleT HaxOAHThCst OONBIIMHCTBO KynepoBckux mnap. Oup obpa-
3VIOT C8A3GHHLLI KOAAEKTU8 M, KaK 603e-uaCTHIB, BCe HaXoAATCH
B DOHOM U TOM e K8AHTOBOM cocTOAxuu. Ecau pasopeaTh Kyle-
POBCKYIO mapy H yJAaJHuTb H3 3TOTO XOJJEKTHBa 06pa3oBaBLUHHCS
3JIEKTPOH, TO BO3HHKHeT B0306yXKIeHHOe COCTOSIHHe, 3HeprHs KOTO-
pOro Bbillle SHEPTHU HCXOAHOTC COCTOsINHA KoanekTnna. CyllecTBeH-
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HO, YTO 3TH 1ABa COCTOSIHHS OTHEJIEHB OAHO OT APYrOro 3Hepeeru-
weckold ujenbt0 KOHEUHOH IIHPHHBL, B KOTOPOH HET KBAHTOBHIX CO-
CTOAHHHA cHCTeMbl. XOTS IUMPHHA WeJH H oueHb MaJga (npu T =0
Bcero nopsgka 10-3— 10— 3B), oHa TUPHBOAMUT K KauecTBEHHOMY
H3MeHeHHI0 MOBeleHdsl Bcell CHCTEMBI 3JIeKTpOHOB. B camom aeJe,
H3-332 B3aHMOJeliCTBHA KyNepOBCKHX mnap ¢ KoJeGaHUAMH peleTKH
XOTS M TNPOHUCXOAAT pa3pbiBbl 3THx nap, Ho npu T << Ty o6pasoBas-
IIHeCcs] 3JIeKTPOHbl He MOTYT NPeO0JeTh IHepreTHYECKYIO IIesb, TaK
KaK WX SHepruy Hef0ocTaTOuHO AsA 3Toro. OcBoOGOAUBILHUiiCA 3JeK-
TPOH «HIleT» cebe mapTHepa cpelAd APYrHX OCBOOOIHMBILHXCS 3JEK-
TPOHOB, YTn6bl 06pa30BATL C HHM HOBYIO KYNEPOBCKYIO Napy C Hy-
JIEBBIMH HMINYJbcOM H cnuHoM. Ho Tako#l npouecc «cMeHbl mapTHe-
pPOB» BBHAY TOXIECTBEHHOCTH 3JeKTPOHOB He NPHUBOAHT K HOBOMY
COCTOSIHHIO, T. €. K paspyuwenuto kodgaexktusa. [Ipu T < Ty koaaex-
THUB BedeT cebs H ABHxkeTcs Kak ueJsoe. Ecau ke T > Tk, To 3Jek-
TPOHBI, 06pa3ywiiiecs NPH paspbiBe KYNepOBCKHX map, NpeoaoJe-
BAlOT HHEPreTHUECKYIO0 UIeJb H BHIOLIBAIOT H3 KOJJEKTHBA, YTO MPH-
BOJHT K Pa3pyIIeHHIO MOCJeLHero.

Hanuuve B aHEpPreTHYECKOM CHEKTPe CBEPXNPOBOASIUIErO COCTOS-
HHUS 1€ KOHEUHOH WIHPHHBl H OODBACHSET HCYE3HOBEHHE CONpo-
THBJIEHHS] 3JEKTPHUECKOMY TOKy. B OTCyTCTBHE 3JEKTPHYECKOrO
TOK2 HUMIYJbChl BCeX KYNEpPOBCKHX Nap PaBHB HYJIO: HMINYJbC O-
HOTO 3JIEKTPOHA paBeH +p, a Apyroro —p. IIpu HaJOXeHHH 3Jj1eK-
Tpuyeckoro noJs E ofa 31eKTpoHa napbi NONyYaloT OAMH U TOT XKe
LOMOJIHATENbHbIE uMNyJabc p’. X NOJHBIE HMNIYJbCH CTAHOBATCS
PaBHBIMH COOTBETCTBEHHO p + p’ U —p + p’, a UMNyJbC Beell maphl
2p’. CBsi3aHHbI KOJIJIEKTHB KyTNEpPOBCKHX Map HauUHAeT ABHraThCs
KaK [eJoe C OmnpejejeHHOH CKOpPOCTbI0, COOTBETCTBYWOIIEH 3TOMY
3HAYEHHUIO UMIYJLCA, B Pe3yJbTaTe 4ero BO3HHKAET 3JCKTPHUYECKUH
Tok. [loka mocsieaHHil HEAOCTATOUHO CHJ/EH, CBSI3aHHLIH KOJIJEKTHR
KYNEPOBCKHX [ap He pa3pyllaeTcsi H3-3a HAJHYHSA 3HepreTHYECKO!]
llleJiH, a MOTOMY TOK He BCTpPeyaeT CONMpPOTHBJEHHS. Bo3HHkaeT r0-
K080e COCTOAHUE KOJJIEKTHBA KYNEPOBCKHUX Nap, NpHYeM K MOMEHTY
YCTAHOBJIEHUS] NOCTOSIHHOrO ToKa noje E B cBepxnpoBOAHMKEe obpa-
maeTcss B HyJb. B ABHXKYlIeMCS KOJJIEKTHBe KYNMePOBCKHX Map, Ho-
HSATHO, TPOJOJIKAIT NPOHCXOAHUThL TMPOLECCH 3JeKTPOH-(OHOHHOrO
B3auMOjelicTBusA, ofecneyuBalolie YCTOHYHBOCTL TOKOBOrO COCTOS-
HHS KOJIIEKTHBA KynepoBCKux map. [Ipu Tokax nocTaToyHo 60Jb1I0H
CHJB KOJIJIEKTUB pacnajaercd W CBepDXNPOBOAMMOCTbL HCUe3aer.

[Ipn TeMnepatype a6coJIOTHOTO HYJS BCe 3JEKTPOHBI CBEPXNPO-
BOJHHKA CBfI3aHH B KynepoBckHe mnapbl. [Ipn noBullleHHH TeMme-
paTypHl YHCJO KYNEpPOBCKHX INap yMeHbllaeTcs. DTO CBSA3aHO C
IByMsi 06CTOATENLCTBAMH. Bo-nepBhIX, ¢ NOBHIICHHEM TeMIepaTyphl
yBEJMYUBAETCA BEPOSATHOCTb OTPHIBA 3JEKTPOHA OT KynepoBCKoOi
napel 4 nepeckoka ero yepes ueJb, Bo-BTOPHIX, yMeHbINAETCS YHCJIO
npotieccoB 0GpasoBaHHs Nap H3-3a yMeHbuIeHHs aKTOB of6MeHa
(hOHOHAMH MeXAYy 3JeKTPOHAMH, NPHBOASLINMH K [OPHTSMEHHIO
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MexJly HUMU. B pesyjbTare sHepretTHueckas Iuesib CTaHOBHTCH YiKe,
uTo eile GoJiee yCKOPSIET MPOLECC YMEHbUIEHHS YHC/Aa KYNEePOBCKHUX
nap. llpu T == Ty wupuna meau, a ¢ Hell U UHCJIO KyNepOBCKUX Nap
COKpawawTcs A0 Hyasa. CBA3aHHBI KOJJEKTHB TaKHX Nap pacna-
Raercs.. BmecTe ¢ HHM HCYe3aeT H CBEPXIPOBOLMMOCTb — MPH
T > Ty MeTa/]s CTAHOBHTCS HOPMAJbHBIM POBOAHUKOM.

7. PolcTBeHHOCTh ABJIEHHH CBEDXNPOBOAHMOCTH M CBEPXTEKY-

3
yeCTH INpPOfB/SETCS H B NpeicKa3aHuH cBepxTeKyuectn sHe. Ilo-
CKOJIbKY aTOMBbl 3TOr0 H30TONA HMEKT MOJYUEeJBH CIHH, CHauaJsa

3
npeanoJaranu, 4to sHe He o6sagaeT cBepxTeKyuecTblo. JIHIUDL
nocjie CO3AaHHA TeOPHH CBEPXMPOBOAMMOCTH OOpPAaTHJIH BHHMAaHHE

3
Ha BO3MOXKHOCTb OOBeJHHEHHd aTOMOB :He B mapel, aHaJOFHUHLIE
KynepoBckuM. Takue napbl, obmafasi LeJbM CIIHHOM, SIBJASKTCS 60-
30HaMH, Ha OCHOBaHMH dero O6blia MNpelAcka3aHa CBEpPXTeKyuecCThb

*®ugkoro sHe, KoTopas ¥ 6nlna OBHAapyXKeHa 3KCrnepHMEHTAJbHO
(cm. § 61).

8. Teopus o6bsacHser u sddekt MeficcHepa — Oxcendennia
(cm. 1. 111, § 80). Kak u3BecTHO, 3TOT 3((HEKT COCTOUT B TOM, UYTO
MarHuTHOEe ROJie He NPOHHKaeT BHYTDPb MAaCCHBHOIO CBEPXNpPOBOJ-
HMKa WJH BLITECHsleTcsl M3 mocJeiHero. HauboJsee npocto 1ath 06b-
siCHeHHe JJIsT CBeDXIPOBOJAHHKA LHJIMHAPHUECKOH GOpMBI, npeanoJa-
ras ero J0CTaTOYHO AJHHHEIM, 4TOOBI HCKJIOUHTbL BJHSIHHE KDaeBhIX
s¢¢dexToB. Ecan MarHaTHOe [oJe napaJJe]bHO OCH UHJHHADA, TO
JOCTATOYHO NPHHATL BO BHHMaHHe, UTO CBepXMPOBOASLIUA TOK He
BCTpeuYaeT CONPOTHBJ/SHHUSA, Jazke €CJH OH TeueT MO0 NOBePXHOCTH
Tesa (TouHee, BAOJb TOHKOrO IOBEPXHOCTHOro cJjost ero). Kpowme
TOro, HaJ0 Y4YecTb, YTO H3 BCeX MBICIMMBIX COCTOSIHHII CBepXIpO-
BO/HHKA B JEeHCTBUTEJNbHOCTH DEaJU3yeTCsl COCTOSHHe HauMeHblueH
3HepTHH.

[Tpeanonoxum, uto T < Tx. IlycTb CBEpXNPOBOAHMK NOMeLIEH
B [OCTOSIHHOe OJHOpoAHOoe MarautHoe noje H. Jlorudecku jpony-
CTUMO, 4TO 3TO I[10Jie NPOHHKHET B CBEDXNPOBOJHHUK, 3aMOJHSs BeCh
06beM ero M OCTaBaACh OAHOPOAHLIM. B CHJY IPaHUUHLIX YCJIOBUH
HanpsiKEHHOCTH MarHMTHOro nojs H BHYTpM M BHe UHJIHHADA
JOJXKHbl ObITb OJHHAKOBHIMH. MarHutHas SHePrusi cucreMbl GyaeT
paBHa

gl = ge + gi’

rae &,— MarHMTHAasi SHeprusi, JOKaJH30BaHHass BHe, a &;=
= (1/8n)pVH?— BHyTpH unaunapa(V — o6beM UHIHHAPA, B — Mar-
HHTHAs TNPOHUIAEMOCTb CBepPXNpoBoAHUKA). JlomycTum Temepb, uTO
0 MOBEPXHOCTH LHJIHHAPA UMPKYJHPYIOT KPYrOBbie TOKH, CO34aI0-
iHe BUYTpH LHMJHHApa oAHopoaHoe mone H,. TloJe, cosnaBaemoe
¥MH Bre UMJHHApPA, KAaK H3BECTHO, paBHO HyJ/o. [lostomy ans mar-
HUTHOH 3HEPrHH MOJKHO HAalHCaTb:

Ey=8.+ 5 VH+ HP,
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npuuem 3Heprusi &., JOKaJU30BaHHAS BO BHELIHEM [POCTPAHCTBE,
6yaeTr Takoil e, YTO W B OpedblAyIleM CJaydae. DHeprus &o obpa:
maeTcsi B MHHHMYM &awuw = &, Koraa H -+ H;=0. Cocrosinuc
¢ TaKOH MHHHMAaJIbHOH 3Hepruefl W AOJIKHO peaJsH30BaTbCs B AeH-
CTBUTEJIbHOCTH, @ HE COCTOsIHHe ¢ 3Hepruefl &,, TaK Kak HET HHKa-
KHX [PENsATCTBHA IJs TOKa nepepacnpeiensTbcsl no o6beMy CBepx-
npoBogHHKA. TakuM 06pa3oM, NpH BHECEHHH LUHJHHIpPA B OAHOPOA-
HOe MAarHUTHOE [0Jle [OSIBJSAIOTCS CBEPXMPOBO/ASIIHE KPYroBble
MOBEPXHOCTHbIE TOKH, YHHYTCIKAIOIIHE MarHuTHOe InoJje B 06D-
eMe UHJIHHApa. DT0 W ecTb 3dpdert Meiliccnepa — Oxkcendennna.
OueBugHo, OH uMeeT MecTO ToabKO mpi 7 < Ty, Tak Kak B Ipo-
THBHOM cJlyuyae CBEPXMPOBOASILLUA NOBEPXHOCTHBIH TOK HEBO3-
MOJXKeH.

9. B npuBeacHHOM [A0Ka3aTe/]bCTBE He YUTEHA MOBEPXHOCTHAA
5Hepeus, CylLleCcTBYIOlIAsi HA TpaHHIe pasjesa CBEpXIpoBoAsuleil
¢dassl ¢ HopMasabHOH. OHa onpesnessieTcst KOHEUHOH TayOHHOH mpo-
HUKHOBEHHsl MaCHHTHOTO N0JIS H3 HOPMaJbHOH B CBEPXMPOBOISLLYIO
haay, NpUTSAKEHHEM MexXAy 3JeKTPOHAMH KYNepOBCKHX Nap, HaJH-
YyyeM SHepreTHYeCKOH HIeJH MexXAy CBepxnpoBoislliefi H HOPMaJb-
HOM ¢azaMHu M np. DTa 3HEPTHs MOKeT GbITb KaK MOJOXKHUTENbHOH,
Tak U orpuuatesnbHoii. Ha sto obcrodtennctBo B 1957 r. obpatua
BuuManue A. A. A6pukocoB (p. 1928), koTopblfi BBea aeJieHue
CBEPXNIPOBOAHUKOB Ha CBEPXNPOBOOHUKU nepe8ozo W 8TOpo2o poda:
Hssi nepBbix MOBEPXHOCTHAA SHEPrHsl MOJOMKHUTENbHA, AJsi BTOPLLY
oTpHuarteapHa. K ¢cBepxNpoOBOJAHHKAM NEPBOTO POAa OTHOCHTCS 0OJb-
WHHCTBO YHCTBIX METAJJOB, a BTOPOro poja — MOAAaBJAIOLIEe HHC-
JO CIJIaBOB, a TaKXe MHOTHe YHCTble MeTaJjibl C [PHMECSMH.
B cBepxnpoBoanvKax nepBoro poaa nabmaogaercs sddext Meice-
nepa — OKceHndenbaa, B CBePXNPOBOJHHKAX BTOPOrO poAa — He
Bceraa. CBepXxMpoOBOJHHK BTOPOTO pO-

Jla MOMeT HaXOLUTbCA B C8epxnpo- H

800aLeM 1 CMELIAHHOM COCTOAHUAX.
B cBepxmpoBoAsitieM COCTOSHHH HMe-
et Mecto apbekt MeficcHepa — Ok-
ceHdesbaa, B CMeLlaHHOM — HeT.

Ha puc. 119 kpuBas H = H(T)
onpejessieT HANpPAKEHHOCTb KPHTHUeE-
CKOr'0 MOJIs, NpH KOTOPOH HaxoAsiTCH
B paBHOBECHW CBepPXIpOBOAAIIAA H
cMellaHHas ¢asbl. AHAJOTHYHO, KPH-

Bass H = Hy(T) coorsercrsyer pas- B R R R ]
HOBECHIO MexKJy CBepxmnpoBodsulefi u -
HopMaJbHOH ¢asamH. Ob6aacTs TeM-
nepaTyp U MarHUTHBIX NOJeH, IPH KO- Pue. 119

TOPLIX MeTaJJ HaXOAHTCA B CBEPXMpoO-

BOASILIEM COCTOSIHWH, O6O3HaueHa [JBOHHON INTPUXOBKOiH, 06JacTb
CMEUIaHHOTO  COCTOSIHHA — NPOCTOIl  WITPHXOBKOH, a  obaacrsb

HopmansHoe
s COCIMNIHUE

Cbepxnpobodnivee
COCITORHUE >
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HOPMaJIbHOTO COCTOSIHUSl He 3aIUTpPHXOBaHa. IlJis CBEPXIpPOBOJAHH-
KOB MEPBOrO pojJa CMEIIaHHOTO COCTOSIHHS He CYyUlecTBYeT.

[TOHATHO, 9TO B CBEPXNPOBOAHHKE AOJIKHO PeajH30BATLCA CO-
CTOSIHHE MUHUMYMA TOJHOH SHEPTHHU, BKJIOYAIONIEH [10BEPXHOCTHYIO.
ITo sTofi mpuunHe ¥ BO3HHKAaeT CMelLlaHHOE COCTOsiHHe. B cBepxnpo-
BOJIHHMK B CMEIUAHHOM COCTOSIHHH BHEIHee MAarHHTHOE NoJje MpOHH-
KaeT uepes HUTU KOHe4H020 nonepeqno2o cevenus. KoHneuHoe ceue-
HHe MOJYyYaeTcsl MOTOMY, 4TO H3 00/1acCTH, 3aHSATOH MarHHTHBIM MO-
JeM, MPOHCXOAHT ero MPOHHKHOBEHHe B OKpYxKalolllee NpPOCTpaH-
CTBO, HaxOAsAlleecss B CBEPXMNPOBOAALLEM COCTOSIHHH, IIPHYEM 3TOT
NPOIECC XaPAKTEPH3YeTCsl KOHEYHOH ryOHHOH NPOUHKHOBeHHA. Teo
MPOHHU3aHO HUTSIMH, Yepe3 KOTODble [IPOXOAAT MAaTHHTHBEIE NOTOKH, a
CaMH HHTH OTJeJ/IeHbl OJHA OT APYrofi NPOMEXYTKaMH, COXpaHso-
IIHMH CBEPXMPOBOAHMOCTD, €C/IH TOJbKO PACCTOSIHHE MeXAy Ccoce-
HHUMH HHTSIMH I[peBbilIaeT NPHMEPHO YABOEHHYIO TMy6HHY MPOHHK-
HOBEHHSI MaCHHTHOTO 110JI51 B CBEPXIPOBOAHHK.

CyliecTBeHHO, YTO MAarHHTHHIH MOTOK Yepe3 MOMepevyHoe ceye-
HHE HHTH KBAHTYeTCs. DHepreTHYeCKH BBICOAHO, YTOOHI 4epe3 KaX-
AYI0 HUTb NPOXOAHJ OOuUM KBAHT MarHUTHOrO nortoka.lefcTBHTeb-
HO, PacCMOTpHM JBe HHUTH pajHyca r, yepe3 KaxKAYI0 H3 KOTOPLIX
MPOXOAHT OAHH KBaHT MarHUTHOro notoka. CyMMapHbIA MarHHTHbIH
notok uepes obe HutH paBeH 2nr’H. IlycTe o6e HHTH CJHBaKOTCH
B OAHY paanyca R. Toraa  ToT xe MarHHTHHH MOTOK GyreT mRZH.
CpaBHuBas o0a Bblpa:keHHs, HAXOAHM R==r 4/2. TlostoMy ajnna
OKPYKHOCTH [ONEPeYHOro ceyeHHsl HHTH, 06Pa3oBaBlleiics B pe3yJb-

TaTe CAMAHHA, 6yne1 2nR = 2nr 4/2, TorAa Kak CymMMa JHH OK-
pyKHOCTeHl MOMepeyHBX ceuyeHHH mnepBOHAYaJbHbIX [ABYX HHTEH
GoJiblile, TaK Kak oHa paBHa 2mr-2. TakuM 06pa3oM, CAHAHHE ABYX
HHTEH ymenbuwiaeT GOKOBYIO NOBEPXHOCTL, MO KOTODOH HHTH I'DaHH-
YyaT ¢ OKPY’KAIOLHM MPOCTPAHCTBOM. DTO BeAeT K 3IHEPreTHYeCKH
HEBLITOJHOMY yBeJHUeHUI0 NOBEPXHOCTHON SHEPTHH, MOCKOJbKY OHA
oTpuuareibHa. KMtak, uepes Tejqo NPOXOAHUT MAarHHTHOE TNOJe, HO
OHO COXpaHseT CBEPXIPOBOAHMOCTL 6Jiarofaps HaJMYHIO CBEpXNpo-
BOJAIIUX NPOMEXKYTKOB MeXKAY HHTAMH. [IpH yCHJEHHH MaTHHTHOTO
MoJIsi UKCJIO HUTEH B TeJe YBEeJHUYHBAETCs, a CBEPXMPOBOAAILIHE MPO-
MEeKYTKH MeXAy HUMH COKpaualioTcs. B KOHUEe KOHLUOB MarHHTHOe
noJie HauMHAET MPOHH3LIBATH BCE TeJIO, ¥ CBEPXNPOBOAMNMOCTL HCUe-
3aer.

CeepxnpoBojsilile criaBbl 67aroaaps BbICOKHM 3HAUYEHHSIM KPH-
THYECKHX MarHUTHBIX fNosiefi Hyp HAIIH WHPOKOE NMpHMEHeHHe MpH
#3rOTOBJEHHH O6MOTOK COJICIIOH/OB, NpeJHa3HAYEHHbIX AJs MOJayye-
HUSL CBEPXCHJIBHBIX MarHuTHeIX mosefi (100000 [c u Goabiue).
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— ocuuanatopa 144

— npocTpatcTeenHoe 305

— poTtaTtopa 197

KBaHTOBasi KHAKOCTb 384
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KoHnencandsa Bose — DiHWelna 395
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KoHTaKTHasi pa3sHoOCTh lloTeHUHanon 175

KopoTKOBOJIHOBasi TpaHHLUA PEHTreHOBCKOro
nanyueHust 21

KopnycKyasipio-BOJAHOBOH LyanHim 9

Koppeasiuun 403

KosduuteHT HCTHHHOrO norJaouieHdst 308

~— ocaaGaenus: 308

— orpaxeHus 160

- MOIJIOIeHHs aTOMHLIK 309

— — mMaccoBbliii 309

— - MoJleKyasipHbifi 309

— uponyckanns 160, 172, {73
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Metanae 370
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— laMuaptona 186
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[MapacocTosinne 318

[MepexoaHnle 3JeMeHTL 257
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IMoautpouuit 79
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Moaynposoanuku 371

IMoasipusauns Bakyyma 280

INopsiakoBslil HOMep 37eMeHTa 288

flocTtosiHHas JianyHoBa 375

— Ilnanka 8

— Puabepra 63, 71

— TOHKOH CTpPYKTYphl 76

— 3KpaHHpoBaHHus 306

MMoTenuHaabi Bos6ymaeHus 83

— HOHH3alHuH 83

— KpHTHueckie 83

IMoTenpHanvHbie Gapbepot 163

— siMbt 147, 154

[MpaBuaa 3anpeta {ot6opa) 212, 214

[Mpaeuao IMpectona 258

— PyHre 258

— CJOXeHHsl yrJoBbiX MOMeHTOB 201
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— yacToT1 bopa 66, 136
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IMpuHpun acuMmMeTpuH 285
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— [Mayau 175,

— — o6obuieHHLI 288
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135
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[MpuuenbHoe paccrosinie 33
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IMpotuit 74

Mpoueccw Hopmaabuble 361

— nepebpoca 361

PaGora Bblxoma 175
Pajpuauunoniibie nonpasku 280
Pa}mow manecueHuns 90
HTaHUAL) 297

Pesep(bop

PesoHaHC a}{Tnd)oppOMaanTHbIﬁ 264, 270

— JAdaMariuTibli (LLHKJOTPOHIIBIH) ‘76 270

— ¢reppuMmarHuTnbid 270°

— (eppomarnutHLfl 264, 270

— 57eKTPOHHBI NapamarsuTHLi (DI1IP) 264
= s;lepHblii MarHuTHblll {SIMP) 264
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Pesonanchas Junus 65
PeHTreHoBcKe ayun 298
PentreHomomirecienigus 90
Poratop 197

Poton 394

CaMocoriacosaHHoe nogae 373

CeepxnpoBopuMocTb 401

— eroporo poaa 409

— nepporo pona 409

CoepxnpoBopsiliee cocTosiHHe 409

CaepxTeKyuecTb aTOMApHOTo Bopopoia 400

— “He 386

— *He 389

CBepXTOHKan
Hil 249

CBfi3b romeornoaspHas (KopaseHTHas) 348

— HoHHas (reTeponoJsipas) 348

— Hopmaawhas (Paccena — CayHaepca) 240,

CTPYKTYpa CHEKTpaJbHbLIX JIH-

241
— XHMHuecKan 318
— {J, /) 243

CepHaapHbLifi cuMBOa 258

Cepuna Banpmepa 64

Beprmana (dysjaamentansuas) 212

Bpskketa 65

riaasHas 212

nud@ysnan (nepsas nobounas) 212

Jlafimana 63

TMauzetia 64

Tluxepuura 73

Mdyuna 65

peakaa (sropas noGouuas) 65

crneKkTpaibHada 63

dayaepa 72

Cuab Ban aep-Baansbca
333

— MoJeKkyaapHue 332

— ob6menunie 319, 326

— XuMudeckue (BaneuTHule) 332

CuHrner 237, 238

CKAayoK TeNJ0eMKOCTH rellHs 385

CKphiThle napaMeTph 115

CumelwanHoe cocTosiine 409

CobcTreHHbie 3nauenus 138, 186

— dbyuxuHn 138, 186

CoOTHOlUIeHHe HeonpeaesneHHocTed 123, 124,
129

CnekTp Boaopoaa 68

— AHckpeTHnilt 138

— HempepwBHLI (cnJjotuHofl) 138

-— 5HepreTHuYecKHii 68

CnekTpaibHas cepus 63

CnexkTpansHele 3akoHoMepHocTH 61

— CepHH MIeN0YHBLIX MeTaanos 206

CnekTpbi _aToMbbie 61

— JHHeflgaTble 61

— MOJeKkyaspHule 61

— nonocatuie 61

Cnua doToHa 223

— 3JlekTpona 122, 231

CnuH-op6HTasibHOe B3aumoAeficToue 237-—239

CnnHoBasi crelieHb cBOGoAL 235

CitHHOBbBIE KOOpAHHATBL 82

CraTucTHKa Bose — JitHiuTelna 284

— ®epmH — Jupaxa 284

CrauHonapHbie cocTonHus 135

CTOAKHOBEHHA Heynpyrue 82

~— ynpyruae 82
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(AHCMepCHOHHBIE)

TemuepaTypa BhlpokaeH#a 395
— nebaeBckaa 345

Temnepatypupifi  Ko3DdHUHEHT pacluHpeHHs
retds 385

TeopHa Bo3Myurenutt 313

—~ CBEPXNpoBOAHMOCTH 40!

~ ¢BEpXTeKyu4ecTd 393

— rennoemkoctelt NeGas 340
TennoemkocTs BOAOpoAa 332
TennonpoBogHocTs TBepAbLIX Ten 361
— He IT 390

TepMo3neKTpoOHHASA SMHccua 176
TepMBbl cnekTpaabHbie 53, §7

— — WeNoYHLiXx MeTantos 210

Tok HacblileHusa 14

ToMCOHOBCKOE ceyeHHe paccesHH:a 59
ToHKana CTPYKTYpPa cHEeKTpaibibix .THHUI 240
-— — — TepMoB 235, 237

— — — — Boaopoaa 374
TopMo3Hoe H3dydeHue 239

Touka nosopora 139

TpaHcypausl 289
Tpu6onomuHec el s 90

Tpunaer 238

TpuTHHA 74

TputoH 74

Tyuteavuulit shdexr 172

TyulenHe cBeyeHHs 8%

Vaunt 142

YpapHenne Xuana 374

— Ulipeaunrepa o6uree 133, 135, 186

— — A8 CTalu{oHapHbIX coCTOsHHA 135, 186
YciosHe DBpsrra — Byneda 103

- HOpMHpPOBKH 118

depmu-yacTHI L {bepvMHOHBI) 284
dawopecuenitns 89

PoHoHHBLIR ra3z 360

GonoHbl 357

doHTAaHHPOBAHKe Teaus 389
®opmyna Kaeltna — Huimuubl — TaMma 60
— Pesepdopna 3l

— OfHwrefina 16
®docdopecueHua 89
doTotioMuHecueltis 90

doton 9, 10

— B IPaBUTALHOHHOM toJe 44
— - cpene 37
doToNeKTPHUeCcKn{T e 12
— — BHewHHH 13

~— -— BHYTpeHHHH 13, 24

— — sHorodoToHHbIN 23

— —, HH3KOYacCTOTHaa rpaHHla I[7
— — HopManbHbIR 21

— — obpaTHbifi 20

— — CeJleKTHBHLH 2|

DyHKIHA acHMMeTpHuYHan 284

— CHMMeTpHYHasn 284

XapakTepHCcTHKa (oTodnemeHTa 14

XapaKTepHCTHYECKOE DPEHTreHOBCKOE H3Jayye.
Hue 21, 300

XemuitoMuHecueduun 90

XomoaHasi 3MHCCHs 176

YepenoBaHHe
nuHuf 331

HHTEHCHBHOCTH CMEKTPaJbHBIX

JNekTPHUECKOe Noae cHApHoe 274
— — caaboe 274
AaekTpoaioMuHeceHiHs 90
JaexkTpon Oxe 31l
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DNeKTpOHHble KoHQHTYpaliuy 243, 29}
DNeKTpoHHBIN caoil 290
DJieMeHTapHble BO36YykAeHHn 393
DHeprus WoHuzanuu 83

— obmeda 319

— ®epmu 175, 403

JHeprerHueckie 30HH 360, 368
dHepreTHyecKas uiean 407
ddbdekt Basusosa — Yepenrosa 42
— Jonnyiepa aHOMaabHBIH 43

— — HepeaaTuBHCTCKMA 35

— — peagTHBHCTCcKHIT 36

— 3eemana npoctod 252, 253

— — caoxuuill 252

— Komnrouna 25

dddext Komnrona obpaTHsiR 28

~~ MexaHoTepMuyeckHft (MexaHOKaJaopHUe-
ckuft) 389

- Qe 310

Sddexr [lawena -~ Baka 239

— Caposckoro 225

— TepMoMexaHHuecKHli 389

— IllTapka KBanpaTHYHbId 271

— — JuHeftHbIf 271

3d%beKTHBHOG cevenne nubPepeHUHANBHOE

«— — Moanoe 54

SlepHbIX CHN HacbluleHue 320
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