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o6pasylor nosHoe peuiende ypasHenns upaka. CoBepiueHHO fCHO,
4yTO ecsu OBl HACTHOE pelieHHe, OTBeyalolllee OTPUIATENbHOH 3HEp-
rHH, 6bJ10 OTOPOLIEHO H YAEPXKAHO TOJNBKO pellieHHe ¢ MOJOXKHTENb-
Ho#l 3Hepruel, TO HaBAeHHasi TNpPH 3TOM cucTeMa (QYHKUHE Oblia
HENOJHOH.

HauanbHble yCJOBUA COJAepIKaT ueThlpe 3aJaHHble BEJHUHHBI, TO-
rria Kak B U BXOAAT TOJbKO JBe HeompejeseHHble MOCTOsiHHbie A
u B. Takum obGpasom, He3aBUCHMO OT APYrHX coobpa:KeHUH Heob-
XOJUMOCTb YYeTa pelleHHH ¢ OTpPHLATeJbHOH 3Heprued BbITEKaeT
u3 O6GUIMX OCHOB KBAHTOBOH MEXaHHKHU.

B caenyooumeM naparpade Mbl BepHEMCs K OOCYKAEHHIO TeX
¢yHLaMeHTaAbHBIX BLIBOJOB, KOTOpHIe OBLIH CHesNaHbl H3 CyllecT-
BOBaHHA pelleHufl ypaBHeHus [[Mpaka, OTBEUAIOLIMX OTPHLATEJbHOM
HEPTUU YaCTHI,

§ 116. MNMounTue o0 NO3UTPOHE

Mpur nepefinem Tenepb K o0CyKAeHHIO QOPMYJibl

E =& Vp°c*+ m?ct. (116,1)

Kak ykaspiBaioch Bblllie, OTpHIATeJbHAss 3Heprus cBOGOAHOM
YACTHUBI C TOYKH 3pEHHS KJAacCHUeCKOH MeXaHHKH He mMeeT (PH3H-
4ecKoro cMbICaa.

B KBaHTOBOH MeXxaHHKe CHTyalus H3MeHseTcd. MIMeHHO B KBaH-
TOBOH MeXaHHKe BO3MOXKHBI CKauKoo6pasHble Mepexofbl H3 COCTOfA-
HHSt C TOJIOKHTeNbHOH SHepruefl B COCTOSIHHE € OTpHLATENbHOMH
suepruell., MHbIMuU ciooBamu, o6a Kiaacca COCTOSIHHE YiKe He pas-
JeJeHbl HeNPOXOAMMLIM 6apbepoM. MBl yiKe BHJEAH, YTO HCKJIO-
YeHHe COCTOSIHHH C OTPHIlaTeJbHOH 3HeprHell MPOTHBOPEUHT OGLHUM
MIOJIOXKEHUAM KBAHTOBOM MEXaHHKH, TaK KaK BOJHOBble (DYHKUHH
COCTOSIHHA C MOJOXKHTENbHOH 3Hepruefl He 00pa3ylOT MOJNHYI CH-
creMy QYHKIHH.

C mpyro# CTOPOHBI, HEBO3MOXKHO AONYCTHTb CyLIECTBOBaHHe 4a-
CcTHI, ¢ oTpuuarenbHol aHeprueii. IlogoGueie yacTHub oOGjaanaju
Obl TaKMMH CBOHCTBaMH, KOTOPble NPHHUUNHAJBHO OTJHYAIOTCS OT
cBOHCTB BCeX HalJIOAaBIIHXCHA B NPHPOAe yacTHU. B BHIe nmpuMepa
MOKHO yKasaTb Ha CJeAylolllee: 4acTHIA C OTPHIATENbHON dHeprueh
—|E1| mMorna Gbl mepexoAHTh B COCTOSTHHE C MeHblUEH OTpUlATEeNb-
Ho#t sHepruelt —|Esq|, |Eq2|>|E;]. Ilpu atom pasuocts |Ep|—|Ei]
moraa Obl MpeBpaliaThCs B MOJAe3HYI0 paGory. Takoil mepexon mor
6bl COBEpIIATHCS HENPEPBIBHO, MOCKOMbKY |Ep| HHUeM He orpaHu-
YeHO H YacCTHLA ¢ OTPUHATEeNIbHOH SHepruell Morna Obl CAYKHTD
GecKOoHeUHO OOJBIIHM HCTOYHHKOM PaboThl.

Yro6nl u3bGexkaTb TPYRHOCTeH, CBA3aHHBIX C BBEJEHHEM B TeO-
puio HabaofNaeMblX YaCTHIl C OTPHLATebHOHR 3Heprueli, Jupax Beed
[OHATHE BaKyyMa KaK TAKOro COCTOSIHMSA [IPOCTPaHCTBA, B KOTOPOM
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pce COCTOIHMA € OTPHUATEeNbHOH 3HepryHed SaHaTH 3JEeKTPOHAMH,
a BCE COCTOAHHS C NOJOXKHTEJILbHOH 3Hepruelt ceobounbl. B kaxaom
COCTOfIHHH € OTpPHIATeNbHOH 3Hepruell, corsacyo npunuuny Ilayiu,
HaXQMHTCA ONHH 3JIEKTPOH.

TIpeAnoyoxuM Aajiee, YTO 10J BJAHAHHEM BHEIIHHX BO3IefiCTBHH
OllHH H3 3JIEKTPOHOB YAAJIE€B H3 COCTOSIHHS C OTPHLATEJAbHOH 3Hep-
rueft. OCBOOONHBIIEECS COCTOSIHHE C OTPHUATENBHON SHepruell npo-
ABJAETCH KaK «HeUTO» C MHOJOMKHTEJNbHOH 3Hepruel, Tak Kak A7
YHUUTOXKEHHS] TAKOTO COCTOSIHHSA, T. €. JUIsl €ro 3alOJHEeHHs HeoBxo-
IMMO 100aBUThb K HEMY 3JEKTPOH C OTpUUATenbHOH sHepruefi. Ta-
kuM 00pa30M, He3aNoJHEeHHOe COCTOSIHHE C OTPHUATENbHON 3Hepryued
caeAyeT TPAKTOBAaTb KaK YacTHIy, HMeEIOUIyl0 IOJOXKHTEIbHYIO
3HEpru,

Cuoienyer 3aMeTHTb, 4T0 JHpak BHauajge OoMUOOUHO CONOCTABJISA
3710 cocrtosinye ¢ npotoHoM. TloajHee OBLIO TeOpeTHYECKH MOKa3aHo,
yTo YacTHIa, COOTBETCTBYIOINASl HE3aMOJHEHHOMY COCTOAHHIO C OT-
pULaTeNbHON 3HEPrue#, [OJ/KHA HMeTb Maccy, PaBHYW Macce
3/JIeKTPOHA H, CJe0BaTeNbHO, OHA He MOXKeT ObITb NMPOTOHOM.

PaccmoTpum coobpaxenuss Jiupaxka o 3anosnsHenHom (HhoHe oTpH-

nateJbHBIX 3sHepruft Gosee mnoapobHo. Ilycrb Nf;)(p) u N (p)
03HAYaIOT YHCJA JIEKTPOHOB, HAXOASIIUXCA COOTBETCTBEHHO B CO-
CTOSIHMAX € OTPHUATEIbHOH M INOJIOXKHTEJIbHOH 9HeprHefi u HMelo-
IMUX UMIyJabc p. MHAeKc o MOXKeT NMPHHHUMATh JBa 3HAU€HHS B CO-
OTBETCTBMM C HampaBJeHHEM CNHHA. DTH UHC/IA, B COIIACKHM C TPHH-
uunom Ilayan, Moryr npHHHMAaTh 3HauedHs Toabko 0 uan 1. B co-
CTOSIHUH BaKyyMa (MHEEKC U) Mbl HMeeM

=1, N (p)=0

NPH BCeX 3HAUCHUAX HMIYJbCa.

JlefiCTBHTEe/IbHO, BCE COCTOSIHUSL € OTPHLATeNbHOH 3Hepruefi mpu
9TOM 3aHATHI, & BCe COCTOSHHSA C MOJOXKHTENbHOH — cBoGoAHKL. [lpu
3ToM 3Heprus E, n 3apsi g, B BaKyyMe ONpPeNENsieTCsi COOTHOIIe-
HHAMH

E,=— XEM@NG (p), (116,2)
o p

g, =—le IEN&Z’(p). (116,3)

31ech e — 3apaj anekTpoHa.
Tak Kak UMNyJbC W 3HEPrHs CBOOOAHBIX UACTHIL HHYEM HE Orpa-
HuueHrbl, 3HaueHuss E, u ¢, 6eckoreyno Bejukn. OIHAKO COIVIacHO
UpaKy 5TH BeJHYHMHB NPHHUHIHAJMBbHO He Habsaiogaembl. Habulo-
AaeMpIMH SBJSIOTCS JHIIb TaKHe BeJHUHHBI, KOTOpble XapaKTepH-
SYIOT OTKJIOHEHHE OT COCTOSIHHSI BaKyyMma.
HanuuteM, panee, moanyio suepruio E cucreMbl W 3apan ¢ cu-
CTeMpl B TOM cjlydae, KOra B NPOCTPAHCTBE HAXOAATCA dJIEKTPOHbI
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B COCTOSIHHSIX C IIOJIOKUTEJIbHOA 2HEprued, a B COCTOSIHUAX C OTPHU-
‘IaTeJlbHOH sHepruell UMeloTcsa CBOOOAHBIE MecTa

E= 2 [Nd (p) - V&~ (P E (p), (116,4)
g=—Zle NS () + NS (). (116,5)

B coOTBeTCTBHH €O CKa3aHHBIM Bhbillie HAOJIOZaeMbl JHUIb CAELYIO-
11{He Pa3HOCTH:

E—~E,= X [N (p)+ W& (p) =N () E(p),  (116,6)

o p

g—q,=—le| EP [NE )+ N (o) = NG (). (116,7)

W3 dopmyn (116,6) u (116,7) Ml BHIMM, 4TO €C/H HEKOTOpOe
COCTOSIHAE ¢ OTPHUATENbHOM 3Hepruelt cBo6omHo, T. e. Ny (p) =0,
TO OHO COOTBETCTBYET IIONIOXKUTENbHOMY BKJIaAy B HalbawjaaeMble
3HaueHus 3Hepruu u 3apsaga. dedlcreurenpHo, B dopmysas (116,6)
u (116,7) BXOASIT BHIPAXKCHHA NG (p)—N&_)(p). Ecnu cocrosnue
.C OTPHUATEJNbHOH 3Hepruell cBOGOAHO NS (p)=0, To {Nf{;)(p)—
— NS (p)) =1. Tlpn 3TOM BOSHHKAET NOMOXKHTENBHLIA BKJIAL
B SHEPrUI0 W 3apsl CHCTeMbl, paBHbIH cooTBeTcTBeHHO E, n |e].
‘TakuM 06pasoM, Mbl BUIAHM, UYTO OTCYTCTBHE 3JIEKTPOHA C HMIY/b-
CcOM p B CIJIOWIHOM (pOHe 3aNOJIHEHHBIX OTPHIATENbHBIX COCTOSHUM
SKBHBAJIEHTHO MOSIBJAEHHIO HabMI01aeMOl YaCTHLBl C IOJIOXKHTEb-
HBIM 3apAACM, MOJOXHTEJAbHOH 3Heprued W umnysabcoMm p. Takas
yactuna, ¢ sapsgom (+|e|) m maccoi, paBHO@l Macce ssiexTpona,
6bi1a Ha3saHa no3utpoHoM. Ona Obwia obHapyxkeHa AHepceHOM
‘B KOCMHMYECKHX JIY4aX Yepe3 HECKOJbKO JeT [I0cje MOSIBJECHHS Teo-
pun Jdupaxa. .

Ha ocHoBe npeacrasieHuilt Jlupaka oKa3a/noch BO3MOXKHLIM 14Th
o6bACHEeHHEe PALY H3BECTHBIX B HaCTOsllee BpeMsi (uU3HUecKHX 3(-
¢ekroB. Hanpumep, o4eBHAHO, YTO 3JI€KTPOMArHHTHOE HOJEe MOXKET
-006pa30BaTh Mapy 3JIEKTPOH — MO3HTPOH, €CaH 3Heprus (GoToHa he
Goabuie, yeM 2mc? Tlochaennsas sueprua Heob6xoguma [Jsl TOFO,
yToGHl MepPEeBECTH JIEKTPOH H3 COCTOSIHHS C OTPHULATEJbHOH 3Hep-
rreil B COCTOSIHUE C MOJOKUTENbHOH 3Hepruell.

3akoHbl COXPAHEHHS 3JHEPTUH M HMIOYJbCA OrPAHMYMBAIOT BO3-
MOYKHOCTb peakuuy o6pasoBaHua napnl QotoHoM. DakTHueckH 374
peakius MOXeT NPOHCXOMUTb TONBKO BOJM3H TPeThero Teja — Ha-
npuMep sApa, HNpHHMMaUlero Ha ce6a YacTbh umnyabca. Hapsaay
¢ oOpasoBaHHeM Mapbl JEKTPOH — MO3HUTPOH BO3MOXKHA o6paTHAad
peakunsi — aHHUTHISUUS NO3HTPOHOB. [IpH aHHMrHAsiUME 3/eKTPOH
« TIOJIOXKHUTE/AbHOH 3Hepruell HepexoduT B He3aNOJHEHHOEe COCTOAHHE
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¢ oTpullaTeJbHON 3Hepruelf. PasHocTb SHEpPTHH H3Jyd4aercs B BHAE
#4-KBAHTOB.

Teopust Jlupaka MO3BOJIH/IA He TOJBKO IpeNCcKasaTb 3TH sBJe-
nust, HO ¥ BBMHCIUTL dhdexTHBHOE ceuenne ob6oux mpoueccos. OT1-
JIIMHOE COTJIaCHe pe3y/bTATOB PaCUeToB ¢ ONMITHHIME JAaHHBIMA SBU-~
JIOCb XOPOLIMM TNOATBEPXKACHHEM IPABHJBHOCTH MPEACTABJIEHHHA
JIupaka. OnHako nociepHee NecATHIETHe 03HAMEHOBANOCh BaKHeN-
[IMMH TEODETHUECKHMH H SKCIepHMEHTaJbHbIMU JIOCTHXXEHHSMHY,
KoTOpble FacTHYHO OyAyT OCBelleHbl B JaJbHeAlIeM. DTH yCHEXH
7103BOJIHJIH, C OAHOH CTOPOHBI, BLIIBUTH PEAJbHOCTb CYLIECTBOBAHHSA
pakyyma B cMmbicae [lupaka, a ¢ Apyro# CTOPOHBI, pacuiMpuTb 06-
NACTH TPUMEHHMOCTH DeJsiTHBHCTCKOH KBaHTOBOH MexaHuku. Kaxk
yKe YKa3blBajoCb, BaKyyM MDE/ACTaB/sSET CHCTEMY 3apsKeHHbIX
yacTHll, 3aMOJNHSIIONHX BCEe BO3MOXHBe coctosiHusi, Ilpu BHeceHHH
B BaKyyM BHEIIHero 3JeKTPHYECKOro 3apsjia HJM NDH BO3HHKHOBe-
HUYM 3JEKTPOMATHUTHOTO MNOJSI BaKyyM HayHHAeT B3aHMOJEHCTBO-
paTh ¢ BHemlHUMH mojsiMu. Hanpumep, Jlam6om B 1953 r. 6pio
obHapyxeHo, 4To yposhu 28y, u 2Py, atoma BOAOPOJA HMEIOT He-
CKOMbKO pasinuHble 3geprun (a3MO00BCcKoe cMemleHue)., Jtor 3d-
ekt MOKeT GbITb OOBACHEH TOILKO B3aHMOLEHCTBHEM C BaKyyMOM
(cm. §§ 119 u 128).

Takum oGpasoM, pa3BuTble [lupakoM IpeAcTaBAeHUs] O BaKyyMme
HOATBEPKAAIOTCA PAAOM Pas3HOOODPA3HBIX 3KCIEPUMEHTOB.

CuMMeTpHsl TeOpHUH TIO OTHOLIGHHIO K 3JEKTPOHAM M MO3UTPO-
HaM HaXOJHMT CBOe BBIpAaXKeHHE B TOM, YTO CyUIECTBYET yHHTapHbLH

onepatop C, uMeHyeMblli OIepaTOPOM 3apsfOBOTO COMPSXKEHHS,
KOTOpHifl mpeoGpasyer uacTdny B aHTHyactuny. MHBIMM ciioBamu,

neficrBue omnepatopa C MeHseT MeCTaMH 3JCKTPOH H NO3HUTPOH
(c TeM Ke CaMBIM CIHHOM U SHEprHel).

Ecan 0603HaunTh 4epe3 . U {p BOJHOBbIE (PYHKLIHH BJIEKTPOHA
H NO3UTPOHA COOTBETCTBEHHO, TO IO ONpeleNeHHI0 AJIS HHX MOXKHO
Hanucatbp (cM. (113,17)):

{vu (ﬁu — Au) —imc}we=0, (116,8)

{v (pu+ £ 4,)— ime Jo, =0, (116,9)

KomniekcHo compsikenHast K v, QyHKuus ¥, yHAOBJAETBOpPSeT NMph
9TOM ypaBHEHHIO

{Y; (ﬁu - % A;)+imc}¢;=0,
WY, TOCKOJBKY
py=— Py Aj=A,(i=1,2,8), py=p, A;=-— Ay

L=vilpo+ 5 A)+vi (b, + ©4,) —ime {9, =0. (116,10)



478 PEJISITUBHUCTCKASI KBAHTOBASI MEXAHMKA T Xt

Ha ocnopanun cpasuenus (116,9) u (116,10) ecrectsenno mnono-
KHTb

_ -~ »* » _ A_’
Y, =C¥%, b, =C9, (116,11)
Hopcrasasaa (116,11) B8 (116,9), umeem
{vi(pe+ £ 4) 4, (p, + £ A) — ime } Cu; =0,
VMHOXKan Temepb ciesa Ha ' |
o {Vi (:ﬁi + % Ai) +\’4\(ﬁ4 + % A4) ~ime }é‘l’; =O
i

{4 £ 4)C7C+(p,+ £ 4)87',C — ime } ;= 0. (116,12

Haa toro uroGet (116,12) 6p10 Toxnecrsenno (116,10}, Heo6xoau-
MO BLINOJIHEHHE PABEHCTB

CWiC=vi, CT'9C=—yi=—~n

Ecau y; u y, onpenenesn popmynamu (113,14), 1o

00 01

. 00—-10
C=v=| 41 g0l
~10 00

W3 onpenenenus (116,11) HemocpencTBeHHO BHAHO, 4TO omepatop C
KoMMyTHpYeT ¢ onepatopom ['amuabrona. Takum o6pasoM, MOXKHO
BBECTH JBe BOJIHOBble )YHKUHH P, ¥ Pp, COBEPIIEHHO PABHOIpaBHbLIE
W CBSI3aHHbIE MEXKAY COOOH COXPaHSIOMMMHCH BO BPEMEHH COOTHO-
IIeHHAMH

$,=Cp,=v,¥], b, =C 1 =y;yp).

O6e BoaHoBbie (YHKUHH ODHCHIBAIOT YACTHIIBI C OJHHAKOBOH (110
JIOKHTENbHON) 3Hepruei, Maccol u CHHHOM, HO Pa3HbBIMH 3HAKaMH
3apsijla ¥ MarHMTHOTO MOMEHTa. BBejeHnne 3apsioBO-CONPsKEHHBIX
BOJIHOBHIX (YHKIOHA A5 PABHONDABHBIX YaCTHL A0 H3BECTHOH CTE
NeHH CHHMAeT JIOrHYeCKWe TPYILHOCTH, CBS3aHHblE C YnpoLfeHHOH
TPaKTOBKOH BaKyyMma Kak €oOHA, 3al0JHEHHOTO HacTHuaMmu ¢ OTpH*
late]bHOl 3Hepruedl.





