171

Nekuuna 13.

KBaHTOBOE 3/1eKTPOMATHUTHOE T10JI¢ M €r0 B3auMo/elicTBHE ¢ AaTOMOM.

PaccmoTpeHHast HaMM TeOpHUsl B3aUMOJICHCTBHS KBAHTOBOM CHCTEMBI C 3JIEKTPOMArHuT-
HBIM TI0JIEM ITO3BOJISIET ONUCATh IUPOKUHA KPYT pa3iIMyuHbIX MPOIECCOB, HO ABISETCS, OJHAKO,
HEYJIOBJIETBOPUTENIbHON. JleHCTBUTENFHO, OCHOBHOM pPE3yJbTaT TEOPHM 3aKIIOYANICS B TOM,
YTO MOJ ACUCTBUEM BHEIIHETO 3JIEKTPOMArHUTHOTO MOJI MEKIY CTallMOHAPHBIMHM COCTOSIHUSI-
MH aTOMHOTO IaMHUJIbTOHHAHA MPOMCXOIAT MEPEXOAbl, BEPOATHOCTh KOTOPBIX ONpeAesseTcs
BbIpaxkeHHeM (cM. JI 12)

2
4n’ ‘d ﬁ‘
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B orcyrcTBue BHemHero BosaeicTsus ([, = 0) nepexosl He MPOUCXOAAT. DTO BBINIIUT CO-

BEPILIEHHO €CTECTBEHHBIM. [10IHBIN raMUIbTOHUAH CUCTEMBI COBIA/AET C AaTOMHBIM, U 00IIee
peleHre HecTalmoHapHoro ypasHenus Llpenunrepa umeer Bua

W0 =, (Fexp| — Bt |

TO CCThb CUCTCMA HCOIPAaHUYCHHO IO0JIr0 6y;[eT OCTaBaTbhCA B HAYaJIbHOM CTAllMOHAPHOM CO-
ctosHud. OJIHAKO, MBI 3Ha€M, 4TO JaXke JJIs U30JMPOBAHHOTO aToMa BpeMs JKU3HU B BO30YXK-
JCHHOM COCTOAHHH KOHCYHO. Pano umm MMO31HO, OH UCITYCKACT KBAHT U NCPEXOJUT B HUIKCIIC-
xaiee coctosHue. OMBIT MOJICKa3bIBAET, YTO Y aToMa, CTPOrO TOBOPSI, CYLIECTBYET €IUHCT-
BEHHOE CTAllMOHApHOE COCTOSIHME — OCHOBHOE. IIpoliecc ucnyckanus KBaHTa CBeTa aTOMOM B
OTCYTCTBHE BHEIIHETO BO3/CWUCTBUS HAa3bIBAIOT CIIOHTAaHHBIM IepexoaoM (pacmazgom). Mbl
AOJIKHBI MTPU3HATDH, YTO CYHICCTBOBAHNEC CIIOHTAHHLIX IICPEXOJ0B ITPOTHUBOPCUUT paSBI/ITOI\/'I Ha-
MU TEOPHUH U, IPEXKAE BCETO, MOHITUIO CTAlMOHAPHOTO COCTOSHUS.

YTo MMEHHO MPUHLUMIHNAIBHO BakHOE He ObuIo yureHo? OTBET Ha 3TO BOMPOC 3aKIIIO-
yaercs B cienyromieM. [locrpoennass namu B JI 12 Teopust B3aUMOJICUCTBUS aTOMa C MOJIEM
H3JIYUYCHUS ABJIACTCA HOHyKHaCCquCKOﬁ. A HUMCHHO, aTOM MbI OIIMChIBAJIM KBAHTOBOMCXAaHU-
YECKH, a 3JIEKTPOMAarHUTHOE T0JIe — B paMKaX KJIACCUYECKHX Ipe/cTaBieHuil. [leiicTBuTensHo,

AIIEKTPOMArHUTHOE TI0JI€ MBI ONHMChIBaNN GyHKImMaMu £ (7,t) u H(7,t), TOYHO TaKKe KaK 3TO

JienaeTcsa B KJacCHueckoi teopur. Ham HE0OX0IUMO MOCTPOUTH TeNeph KBAHTOBYIO TEOPHIO
3NEKTPOMAarHUTHOTO T0JIs, a 3aTEM PaCCMOTPETH 3a1ady O B3aUMOACUCTBUU JBYX ITOJCUCTEM —
aToMa M IEKTPOMATHUTHOTIO II0JIS C IO3UIUM KBAaHTOBOM MexaHuku. [Ipu 3TOM crapas momy-
KJIACCHYECKAsh TEOpUs JOJDKHA OKAa3aThCsl YAaCTHBIM CIIy4aeM HOBOM, KOTJA COCTOSHHE DJICK-
TPOMAarHUTHOTO I0JIsA, KaK KBAHTOBOT'O O0BEKTa, MOXKET ObITh OMMCAHO B KJIACCHUYECKOM IIpe-
nene. EcTecTBEHHO, IPU TAKOM MOCJIEA0BATEIbHOM KBAHTOBOM ITOAXO0E MOXHO OKUAATh IIO-
SIBIICHHSI HOBOT'O Kpyra 3¢ (eKToB, CYIIECTBOBAHHE KOTOPHIX HE MOHATHO B paMKaxX TPaJHIIU-
OHHOT'O IOJYKJIACCUYECKOTO MOAXO0/A.

InekmpomazHummoe noje, KaKk K8anmosbwlil 00beKm.

[Tpu o6cyxaeHnn mpoOIeMbl PABHOBECHOTO AJIEKTPOMArHUTHOTO M3IIyYCHHUS B TMOJIOC-
1 (cM. JI 1) MBI y’kKe€ TOBOPHIIM O TOM, YTO CBOOOHOE DJIEKTPOMArHUTHOE T0JIe B TIPOU3BOJIb-
HOM 00BEME MOXKET OBITh MPECTABICHO B BUJE COBOKYMHOCTH OECKOHEYHO OOJIBIIOrO YHCia
MOJIEBBIX MOJT — OCIHJUISITOPOB TOJI. PaccMOTpUM Tereph 3TOT BOIPOC 4yTh MoapoOHee. by-
JIEM, KaK ¥ paHblIle, CYUTATh, YTO JIEKTPOMArHUTHOE TI0JIE HAXOIUTCS B KyOMUECKOM 00beMe ¢
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3epKaIbHBIMI CTEHKaMH (pasMep creHkd Ky6a L)'. Toraa B KyJlIOHOBCKOI KaIHOGPOBKE MOTEH-
ana

divA =0 (13.1)
HaprDKCHHOCTI/I BJ'IGKTpI/ILIeCKOFO U MAariHuTHOT'O HOJ'IGfI OHpeI[eJ'ISHOTCH KakK
E:—la—A, H =rotd (13.2)
c Ot
1 a CaM BCKT OpHI:IfI IIOTCHIIHUAJI YIIOBJ'IGTBOpﬂeT BOJ'[HOBOMy ypaBHeHI/IIO
- 1 8%4
Vid-——2=0. 13.3
¢ or? ( )

Byaem uckath penieHrne 3Toro ypaBHEHUS B BHJIE PA3JI0KEHHS MO CTOSYUM BOJTHAM (TIOJICBBIM
Moz[aM)2

A1) =Y &, a,, (1) cos(k, 7), (13.4)

rae k - BOJHOBOW BEKTOp CTOSYEH BOJIHBI, €, - €AMHHYHBIN BeKTOp mossipu3anun. C ydeToM

(13.4) BbIpaskeHHsI AJIs1 HAMIPSKEHHOCTEH 2JIEKTPUUECKOT0 U MATHUTHOTO TIOJIEH UMEIOT BUJT

E(F,1) = —12‘4@;% (t)cos(k, 7), (13.5)
C ko
A1) =3 |k x&, |, (0)sin(k, 7). (13.6)

IToncrasnss pasnoxkenue (13.4) B ypaBHenue (13.3), nomyuum, 4ro a,, (¢) , yAOBIETBO-
PAIOT YPAaBHEHUIO TAPMOHUYECKOTO OCIIHIUISITOPA.

d’a
ki 2 _
— = +wa, =0, (13.7)
dt
npudeM ©, =kc. AHQJIOTMYHOE YpPAaBHEHUE HETPYAHO MOJIYYUTh M JUISl BEJIUYUHBI
€, =—dy [, ONpEleNsOmed HaIPHKCHHOCTh JJICKTPHYECKOrO 10 B MOJE € BOJHOBBIM
BEKTOPOM Kk ¥ COCTOSIHUEM TOJISPU3aLUN A
d’e
- +o.g, =0. (13.8)
dt
BrIunciIeHre SHEPTHH 2IEKTPOMATHUTHOTO TI0NIs B 00beMe L’ naer
2 2 2
E*+H’® L g, +oa
H=| dv ==y 2 T DTk (13.9)
8m &ne” 2

BHGCB MBI Y4JIU, 4YTO
j cos’(k, 7)dV = jsinz(laf)dr/ =12, j cos(k, i) cos(k', F)dV = 0.

Taxum oOpa3zom, Beipaskenue (13.9) nokaszeiBaet, yto pyHkuus ['amunbToHa cBOOOIHO-
rO DJIEKTPOMArHUTHOTO TIOJISI TPEACTAaBUM B BHJE CYMMBI TaMIJIBTOHHAHOB T'apMOHHYECKUX
OCIMJUIATOPOB, KaXKIbI U3 KOTOPBIX COOTBETCTBYET ONpe/eNeHHOl moneBoii Mone. [TosTomy
npo pasznoxkenue (13.4) yacTo roBOpAT Kak O Pa3OKEHHUH IMOJS Ha OCHUIUIITOPHI. YKciio mo-

' TIpu m3yueHuM >1EKTPOMATHUTHBIX SBJIEHHII B CBOGOJHOM MPOCTPAHCTBE pasMep KyGa MOKET ObITh BHIOpAH
JIOCTaTOYHO OOJIBLINM, TaK YTOOBI HA BPEMEHAaX PacCMOTPEHMs KOHKPETHOTO IPOIIecca BOJHOBOE BO3MYILECHHE,
pacnpoCTpaHssACh B IPOCTPAHCTBE CO CKOPOCTHIO CBETA, HE JOCTUTANIO IPaHMI] HAIIETO 00beMa.

* BMeCTO pasloKeHHs 110 CTOSYMM BOJHAM YacTO HCIOJB3YIOT SKBHBAIEHTHOE EMY PA3jIoKeHHe 110 GerymuM
BOJIHAM.
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neBbix Moa B (13.4), (13.9) GeckoHeyHO BenWKO. B 3TOM cMbIcie 00 3J€KTPOMarHUTHOM T10JIe
TOBOPSIT, KaK O CHCTEME ¢ OECKOHEUHO OOJIBIIUM YUCIIOM CTEIICHEH CBOOOIBI.
B manpHeiimem a1t OnpeeieHHOCTH BhIOEpEM KaKyro-TH00 OJIHY CTETeHb CBOOOMBI C

BOJIHOBBIM BEKTOPOM K U 3a/laHHBIM COCTOSIHUEM MOJIApu3auy. 3anuiieM GyHkiuo ['aMuib-
TOHA JUIsl 9TOX MOABI B BUIE

3 2 2 2
H= Lt Erea (13.10)
8mc 2

rae a(t) m €(t) onmpenensroT 3HaYeHUs BEKTOPHOTO MOTEHIIMANIA W HAMPSHKEHHOCTH JICKTPH-

YeCKOro MoJisi B BEIOPAHHOM 1oseBoit Moze’. CpaBruBas Beipaxenne (13.10) ¢ BeIpaxeHHeM
i GyHKIMU ["aMUIIbTOHA «OOBIYHOT0» TAPMOHUYECKOT'O OCLMIIIATOPA

o Pl e

2m 2

3aMeuyaeM, YTO BEKTOPHBIM MOTEHUHANT @ (PaKTUUYECKH UTPAET POJb «KOOPAUHATHD) MOJIEBOIO
OCLMJUISITOPA, a JJIEKTPUYECKOE Mojie € - «uMiysbca». CxoacrtBo BbipakeHuil (13.10) u
(13.11) moxHO caenaTh emle OoJiee MOJHBIM, €CIH MEPeUTH K Oe3pa3MepHBIM MEePEMEHHBIM.
Beenem Ge3pa3mepHble KOOPAMHATY U UMITYJIbC B COOTBETCTBHH C COOTHOLICHUSIMU

X=x/x,, p=p/po
re X =+h/mo, p° =+hmo. Torna B 6e3pa3sMepHBIX MEPEMEHHBIX (GYHKIHMA ['aMUIbTOHA

, (13.11)

(13.11) nepenmcpiBaeTcst B BUIE

ﬁ2+x2

H =ho (13.12)

19} ~ *
AHajnoru4Ho, obe3pasmepuBas BEKTOPHBIN MOTEHIMANT d = a/ @ ¥ HampsDKEHHOCTb AJIEKTpH-

YECKOIO MO € = 8/8 Ha BGJ'II/I‘H/IHI:I4

dnthm Anthm
€, = EE 0a,/c= R (13.13)
TIOJTy YHM
~2 | ~2
}Izhwf—%;Ln (13.14)

BaMeTI/IM, 4TO B CUIIy CUMMCTpPHUUN q)YHKIII/II/I I'aMmiIbTOHA OTHOCUTEIILHO 3aMEHEI HUMITYJIbCa Ha
KOOPJIMHATY U HA00OPOT, MBI MOXEM CUUTATh, YTO B BeIpaxkeHHH (13.14) anekTpudeckoe mose
HMECT CMBICJI KOOPJAWHATEI, a BeKTOpHI)If/'I MOTCHIMAJI — UMITYJIbCA.

[lepexoa OT KJIACCHYECKOM TEOPUU K KBAHTOBOHM OCYIIECTBIISICTCS] 3aMEHOM COOTBETCT-
BYIOIIUX BCJIIMYHUH OIICpaTOPaAMMU. HO3TOMy, AHAJIOTUYHO TOMY, KaK HaAaMHU 6I>IJ'II/I BBCJACHBI OIIC-
paTopbl UMIYJIbCAa U KOOPIUHATHI

X—>X,p—>p=-id/dx,
MBI MO’KEM BBECTH TOJIEBBIE OIIEPATOPHI € U a

€& a—>a=-i00E.
Torga c yuetom (13.14)

2+a’ ol 0

H->H, , =ho -~ 4 13.15
field 2 2 88 2 ( )

3 OTH BEIMYMHBI B KBAHTOBOI OITHKE HWHOTJAa HAa3bIBAIOT KBAAPATYPHBIMU KOMIIOHEHTAMM JJIEKTPUYCCKOTO 10T
BOJIHBI.

* *
* BenwunHbI € W 0 MBI BHIOMPAEM, YUHTHIBAS, YTO MUHAMAIIbHAS SHEPIHS OCIHILITOPA PAaBHA h(o/ 2.
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- TAMMJIBTOHHAH CBOGOIHOTO 3MEKTPOMArHHTHOTO MO . [IOCTPOCHHBIE OMEpPaTOphl ACHCTBY-
0T B TPOCTpPaHCTBE (DYHKIMH C WHTErpUPYyEMBIM KBamapatoM ¢(g,?), mpuueM (HU3NISCKUN

CMBICJT BOJITHOBOM (DYHKITMH, OTIMCHIBAIOIIEH KBAHTOBOE COCTOSIHHME TOJIEBOM MOJIbI, 3aKJIFOUa-
2
€TCsl B CIEIYIOIIEM: BEIMUYUHA |¢(8,t)| €CTh TUIOTHOCTh BEPOSTHOCTH MU3MEPUThH 3HAYCHUE Ha-

NPSKEHHOCTH AJIEKTPUYECKOTO 101l pABHBIM € B MOMEHT BPEMEHH 1 .

JlanbHelilee MOCTPOEHNUE KBAHTOBOM TEOPHM 3JEKTPOMArHUTHOTO IOJIS OCYIIECTBIIS-
eTcs mpocto. Bee paHee cka3zaHHOE PO TapMOHUYECKUN OCUMILIATOP (cM. JI 6) MBI JOJIKHBI
OTHECTH Teneph K NoseBoi Moze. B yacTHoCcTH nMeeM cranmoHapHoe ypaBHeHue [lpenunrepa
AJIA OIIPECACIICHUSA CTaIII/IOHa,pHI)IX6 COCTOSTHHH MOZBI JICKTPOMArouTHOTO ITOJIA

q — W
Hﬁe1d¢k (e)=E"¢,(e).
Taxum 00pazom, OTAETbHAS MOJA TOJISI XapaKTepH3yeTcsi HAOOPOM CTallMOHAPHBIX COCTOSHHUNA
C SHEPTUSMH
EY) =ho(k+1/2),
r7iIe k MMeeT CMBICI YMCiia KBAaHTOB TOJIs ((DOTOHOB) B CTAIIMOHAPHOM COCTOSTHUU |k> =¢,(¢).

B 94aCTHOCTH, UMCCM OCHOBHOC COCTOSAHHUC II0JIA, SHCKTpOMaFHI/ITHHﬁ BAKYyyM, KaK COCTOSIHUC
C HYJICBBIM YHCJIOM KBAHTOB k=0.P aCIpCACICHUC TINIOTHOCTU BCPOATHOCTH IMOJIIYUUTH IIPU
N3MCPCHUU 3HAUCHUC HAIIPAKCHHOCTHU & B 3TOM COCTOSIHHUU €CTh

[, (2)|° =%exp(—sz), (13.16)

B stom cocrosiHuu OHCPTHUA IMOJISI paBHA SHCPTHUU HYJICBBIX KoJieOaHuit h(J)/ 2 ¥ OTIIMYHA OT

HyJIs. MBI yKe OTMeualld, 4TO MOJIEBbIX MO/ OeCKOHEYHO MHOro. IloaToMy naxke eciu Bce 1o-
JeBbIe MOJBI HAaXOMATCS B OCHOBHOM (BaKyyMHOM) COCTOSIHMM, TO TOJHAas SHEPIrHs OIS
(9TIEKTPOMArHUTHOTO BaKyyMa)

E" =Y ho/2 (13.17)

OKa3bIBAETCSl HEOTPAHUYEHHO BesMKa. J[1s HAac 3TO O0OCTOATENBCTBO SIBISIETCS HECYIIECTBEH-
HBIM, TTOCKOJIbKY B JTAJIBHEUIIIEM MBI OyJIeM BBIYHCIISATH U3MEHEHUE YHEPTHH ITOJISI TIPU TIEPEX0-
JIe U3 OJHOTO cocTosiHus B npyroe. daktuuecku OeckoHeuHoe 3HaueHue (13.17) mbl Oynem
WCII0JIb30BaTh B KAUE€CTBE YPOBHS OTCUETA 3Hepr1/m7.

Pacripenienienrie IOTHOCTH BEPOSITHOCTH B MPOM3BOJIBHOM CTallMOHAPHOM COCTOSTHHH
IOJIEBOM MOJIBI ‘k> 3aIllUCHIBAETCS B BUJE

2 1 ) )
0, (&) =m1{k (&) expl-¢?). (13.18)

3necy H; - HOIMHOM DpMHUTA.

OTMmeTHM, YTO AJIEKTPOMArHUTHOE TOJie B JFOOOM CTAallMOHAPHOM COCTOSHUH TIPEJ-
CTaBJIsIET cOOON YUCTO KBAHTOBBIN OOBEKT. XOTS 3HEPTUs MOJs B CTAMOHAPHOM COCTOSIHUU
MOJKET OBITh BEChMa BEJIHMKA, CPEHEE MO0 KBAHTOBOMY COCTOSIHUIO 3HAUYCHHE HANPSHKEHHOCTU
& OKa3bIBAeTCsl PaBHBIM HYJIIO

<8>k = ja|¢k (8)|2d8 =0,

> B jasbHeiimeM s COKpAIIEHHs 3alicH i 0603HAYeHHs Ge3pa3sMepHBIX MepPeMEHHBIX MO Mbl OyaeM Hc-
MOJIb30BAaTh CUMBOJIBI € U d .

% B KBaHTOBOII OIITHKE 3TH COCTOSIHHS OOBIYHO HA3BIBAIOT (HPOKOBCKUMH 110 HMeHH B.A.(D0OKa, BIIEpBHIE BBEIIETO
UX B paCCMOTpEHHE.

7 TIpo6eMa Ha CaMOM JieJie CYIIECTBYET, €CJIH BCIIOMHHTB O TEOPHH IPABHTAIMH.
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a 3HAYUT PAaBHO HYJIIO M CPEIHEE 3HAYEHHUE CHIIbI, JICHCTBYIOIIEH Ha JICKTPUUECKUU 3apsi.
[TosTOMy KilaccHuecKOe 3IEKTPOMATHUTHOE T0JIE ¢ TOYKH 3PEHHsS] KBAHTOBOM TEOPUU 3TO HE-
CTAallMOHAPHOE COCTOSIHUE TOJICBOW MOJBI C OOJIBIINM, HO TOYHO HE OIpPENIEICHHBIM YHCIOM
dortoros®.

OcTaHOBHUMCS Ha €I1le OHOM Ba)KHOM CBOMCTBE 3JIEKTPOMAarHUTHOIO MoJisl. MBI 3HaeM,
YTO ONEPaTOPbl UMITYJIbCA U KOOPJIUHATHI HE KOMMYTHPYIOT MEXKIY c06oit’:

%, pl=1.
[TosTOoMy Henb3st HAMTH TaKWe COCTOSIHUSA, B KOTOPBIX 00€ 3TH BEIMYUHBI UMEIOT TOYHO OTpe-
JeneHHble 3HaueHus. [10CKoIbKy B KBAHTOBOM TEOPHM AJIEKTPOMATHUTHOTO MOJSI OMEPATOPHI
€ W 4 SKBUBAJICHTHBI OIIEPaTopaM X, p, TO

[a,8]=i.
VYuuThiBas, 4TO HANPSHKEHHOCTh MAarHUTHOIO MOJS B BBIOPaHHOM HaMu MoJe s ~ a, TO Mbl
IPUXOJIUM K BBIBOAY, YTO B KBAaHTOBON TEOPUHU OJHOBPEMEHHO TOYHO ONPEIECIIUTH 3HAUEHUS
HaNpsHKEHHOCTEN AJIEKTPUYECKOTO0 M MAarHUTHOTO TMOJIed HEBO3MOKHO. [Ipu 3TOM, KOHEYHO,
peub uaeT 00 U3MEpPEHUHU HaNpsHKEHHOCTEH Mol B OHOM 1 TOH ke MOJIeBOI Mojie.

Jlia nanpHelimero HanOosiee BaKHO €lle pa3 MOAYEPKHYThH cieayromiee. DiIeKTpoMar-
HUTHOE I0JIe, KAK KBAHTOBBIH OOBEKT, CylIecTByeT Bcera. OCHOBHBIM COCTOSITHUEM 3JIEKTPO-
MarHUTHOTO TOJISI ABJIETCS BAKyyMHOE COCTOSIHHE. JTO TaKO€ COCTOSIHUE, KOTJa BO BCEX IO-
JEeBBIX MOJAX OTCYTCTBYIOT (DOTOHBI. A 3HAUUT, HEBO3MOXKHO HMCKIIIOYHTH B3aHMMOJCHUCTBHE
ATOMHOM CHCTEMBI C BCETJa OKPY’KAIOLIUM €€ BHEIIHUM 3JIEKTPOMAarHUTHBIM MOJIeM. JTO yT-
BEPKACHUE CIIPaBeUIMBO U B TOM CJIydae, €CIIU 3TO MOJIe HAXOUTCS B OCHOBHOM (BaKyyMHOM)
COCTOSIHMM. VICKIIFOUNTH B3aMMOJEHCTBHE aTOMa C OKPYKAIOIIUM €r0 3JIEKTPOMarHUTHBIM Ba-
KyyMOM MPHHIMITHAIBHO HEBO3MOXHO . Kak MBI yBUIMM B JajibHEHIIEM, HMEHHO B3aUMO-
JIEMCTBHE aTOMHOM CHCTEMBI C 3JEKTPOMATHUTHBIM BAKYYMOM BEJET K IOSBJICHUIO CIIOHTAH-
HBIX [IEPEX0JI0B U psAAy Apyrux 3((ekToB, u3 KOTOPHIX Mbl OOCYIHM JMIIb TaK Ha3bIBaEMBbIN
JTOMOOBCKUN CBUT aTOMHBIX YPOBHEH.

Bzaumooeiicmeue amomnoil cucmemvl ¢ K6AHMOBIM INCKIMPOMASHUMHIM NOAEM.
Cnoumannuvle nepexoowi.

Harma 3ayiaga tereps MOCTPOUTH MOCIIEIOBATEIIEHYIO KBAHTOBYIO TCOPHIO B3aUMOJICH-
CTBUS aTOMa C ToJieM u3inydeHus. [Ipu 3Tom, B OTIIHYHE OT pACCMOTPEHHOTO PaHee MoTyKiac-
CHUYECKOT0 ITOJIX0JIa, M aTOM H 3JICKTPOMArHUTHOE IT0JIe OYIyT pacCMaTpPUBAThCS KaK KBAHTO-
BbIe 00beKThI. OOl MOAXO0/ K PEIICHUIO MPOOIEMBI 3aKIII0YaeTCs B CleAyomeM. MbI nMme-
€M JIBE ITOJICHCTEMBI, aTOM H 3JICKTPOMArHUTHOE IT0JIe, B3aNMOICHCTBYIONTHE MEKITY COOOM.

ATtomHas MNOACHUCTEMA OIIMCHIBACTCA raMUJIBTOHHAHOM H 0 (HaanMep, 3TO raMHJIbTOHHAH BO-

JIOPOJHOTO aTOMa), TaMIJIBTOHHAH TTOJIEBOM MOJICUCTEMBI €CTh

¥ Boee cTpoOro: KIacCHYECKOe HIEKTPOMATHHTHOE TOJIe — 9TO KOTEPEHTHOE COCTOSHHE MONEBOH MOJBI ¢ GOTb-
MM CPeAHUM 4YucIIoM KBaHTOB. IlogpoOnee cm., Hanpumep, M.O.Ckammu, M.C.3ybaiipu «KBaHToBast ontukay,
riasa 2, M.: ®usmatuiut, (2003),

? Ml 3716Ch UCTIONIB3yeM Oe3pa3MepHbIe MHHUIIBL.

' TopmuaTe Ha B3anmMozEHCTBIE C 3JIEKTPOMAarHUTHBIM BaKyyMOM TeM He MeHee MO)KHO. CTpyKTypa IOJEBBIX
MOJI 3aBHCHT OT pa3Mepa H KOHKPETHOH T'eOMETPHHU TOH 00JIACTH, B KOTOPOH IEKTPOMATHUTHOE TI0JIE CYIIECTBY-
eT. BeiOupasi pa3Mep MOJOCTH C 3ePKALHBIMU CTEHKAMH JIOCTATOYHO MAJIbIM, a TaK)KE MCHSS T€OMETPHIO 3TOM
MOJIOCTH, MBI MOJKEM CYIICCTBEHHO MEPECTPANBATh CIICKTP MOJICBBIX MOJ U, TEM CaMbIM, HHTEHCHBHOCTH B3aHMO-
NEHCTBUS aTOMa, HAXOMAIIETOCS B TIOJOCTH, C OKPYKAIOIIUM €r0 JJIEKTPOMArHUTHBIM BaKyyMOM. 3a/jaqd TaKOTO
poJa SBISFOTCS MPEIMETOM HCCIIEIOBAHMS KBAHTOBOH AIIEKTPOAWHAMHKH B MTOJIOCTH, OOJIACTH HAYKH, HHTCHCHB-
HO Pa3BUBAOIICHCS B MOCTICIHIE TOIBI.
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A2 ~n2

~ € +a

Hy = zhm—z s
rze cyMma Oepercs 1o BceM MOJIeBBIM MOaM. byieM mo-npexHemMy cuuTarhb, 4To 3HaeM HaOop
COOCTBEHHBIX (DYHKIMH M COOCTBEHHBIX 3HAYE€HUI aTOMHOTO raMHJIbTOHHAHA

7 — @

HOW}’! - En Wn .
31ech BepXHUi MHIEKC « @ » YKa3blBaeT Ha MPUHA/UIEKHOCTh COOCTBEHHOTO 3HaueHus E'* x
CHEKTPYy aTOMHOTO ramMuibTOHMaHa. CTalMOHApHBIE COCTOSHUS MOJEBOTO TaMIJIbTOHHAHA
TaKXe U3BECTHbI. JTO €CTh HA0Op OCHMIUIATOPHBIX (YHKIMN { k} U COOTBETCTBYIOIIUX UM
COOCTBEHHBIX 3HAUCHUI {E o )}. Kak MbI yxe oTMeuanu, Habop uucen {E o )} MO>KHO HHTEp-

MMPETUPOBATH KAaK YUCIIO (I)OTOHOB B PA3JIMYHBIX MOJAX 3JICKTPOMArHUTHOT'O ITOJIA. Yro kacaer-
cA B3aI/IMO,Z[eI\/IICTBI/I5[ aToMa C JJICKTPOMAarHuTHBIM II0JIEM, TO B paMKax KIJIAaCCHUECKOH TCOpHHU B
JUITOJIBbHOM HpH6J1H)KeHI/IH MBI MOXXEM 3aIIucaThb

w=—dE).
3/1eCh HIEKTPHUECKOE TI0JIE ONpeneNseTcs BoipaxkenueM (13.5), IpUdYeM 3JIEKTPHYECKOE TIOJIE
BOJIHBI MOKHO CHUTATh ITPOCTPAHCTBCHHO OJHOPOAHBIM

~ I—. . -
E= __Zexakx = Zexem .
C ko ko

[Iepexox K KBaHTOBOW TEOPUHM O3HAYAET 3aMEHY COOTBETCTBYIOIIMX BEJIWYMH HA ONEPATOPHI.
IToaTomy

W ==Y (de,)z,, (13.19)
kA

rae d - oneparop ITUIOJBHOTO MOMEHTA aTOMHOM CHUCTEMBI, a {é ,d} - COBOKYITHOCTb OIEpaTo-

POB PJIEKTPUYECKOTO MOJISI B PA3JIMYHBIX MOJIEBBIX MOJAX.
[TonHbIN raMUIBTOHHAH CUCTEMBI «aTOM + 3JIEKTPOMArHUTHOE MOJIE» €CTh
H=H,+H, +W. (13.20)
[IpuHIMIIHATIBHO BaKHBIM MOMEHTOM SIBJISIETCA CEAYOIMA. [10JIHBIA TaMUIbTOHUAH 3aBUCUT
OT COBOKYIHOCTH aTOMHBIX U TOJIEBBIX KOOPJMHAT U HE MOXET OBITh MPEACTaBJCH B BHJE
CyMMbI TaMWIBTOHUAHOB aTOMa U 3JIEKTPOMArHUTHOTO MOJIsl. A, CJI€I0BaTeIbHO, HEBO3MOXKHO
BBECTU U aTOMHBIE U IOJIEBbIE BOJIHOBbIE (DYHKIIMM CTAllMOHAPHBIX cocTosiHUI. Takue QyHK-
I[UU MOTYT OBITh BBEJICHBI JTUIIb MPUOIHNKEHHO, eciii B (13.20) mpeHebpeds B3auMOIeiCTBUEM
aTOMHOW M TOJIEBOM mojicucTeM. JIelCTBUTEIBHO, B 3TOM CiIydae IOJIHAsl BOJHOBas (PyHKITUS
CHUCTEMBI «aTOM + 3JEKTPOMAarHUTHOE IOJIE) 5”(77,{8 . }) (dakTopu3yeTcsi Ha NPOU3BEICHHE

ATOMHOM U MOJIEBBIX BOJHOBBIX (PYHKLUI
V(7 ten ) = v, (D] 0. En)- (13.21)
31ech 3HaK H O3HayaeT MPOU3BECHNE, KOTOPOE OepeTcsl MO BOJHOBBIM (PYHKLUSAM BCEX IO-

JeBBIX MOJ. B3anMopelcTBHEe aToMa ¢ OKPYXKAlOIUM €ro 3JIEKTPOMAarHUTHBIM TOJIeM OyJeM
YUHTBIBATH 110 TEOPHH BO3MyIeHuI' . TOr1a pack/iasBast MOMHYIO BOMTHOBYO (YHKIHIO CHC-
TEMBl «aTOM + 3JIEKTPOMArHuTHoe moje» mo 6azucy ¢ynkuuid (13.21), B pamkax HecTamuo-

HapHOfI TCOpHUU BOSMYH_IGHI/Iﬁ MBI NIOJIYYHUM, YTO OIIEpaTop B3aUMOJCUCTBUS W BBI3BIBACT IIe-

' BO3MOKHOCTh HCIIOIB30BAHNS TEOPHH BO3MYIIEHHH MPH OIMCAHMH B3aHMOJEHCTBHIS aTOMA C BHEIIHHM JIIeK-
TPOMArHUTHBIM TI0JIEM, B KOHEYHOM CUETE, 00YCIIOBIIEHA TEM, YTO MOCTOSHHAS TOHKOH CTpyKTypbl Ol << 1. DrtoT
BOIIPOC MBI yKe oocykmamu B JI 3.
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pexoibl MeXAy pasIudHbIMHU cocTOSTHUSAMHU (13.21). Cuutast, 4T0 B HA4YaIbHBIII MOMEHT aTOM U
M0JIe HAXOJWINCh B HEKOTOPOM [ -TOM CTAI[MOHAPHOM COCTOSTHUH, MBI MOXEM 3aIUCaTh BbI-

PAKCHUC I aMIUIAUTYAbl BEPOATHOCTU IMEPEXOJa U3 HAYAJIBHOI'O COCTOSAHUSA |l> B KOHCYHOC

COCTOSTHUE | f >:

Cp~ <‘Vf ‘a%|\|]i>%ék<n¢f ékx‘H¢i>' (13.22)

IIpu 3amucu (13.22) MBI y4iu, 4To omneparopsl d W €,, ACHCTBYIOT COOTBETCTBEHHO B IIPO-

CTpAaHCTBE aTOMHBIX U TOJIEBBIX BOJHOBBIX (yHKuUMH. Kak BHIHO, aMIIMTyAa BEpOSITHOCTU
nepexoa oKa3ajlach MPONOPIUOHAIBHA MATPUYHOMY NIEMEHTY IUIOIBHOIO OIEpaToOpa, CBS-
3bIBAIOIIETO BOJHOBBIE (DYHKIIMU HAYaJIbHOI'O M KOHEYHOI'O aTOMHBIX COCTOsSHUI. To ecTh MbI
HUMEEM TOT K€ pe3yJIbTaT, KOTOPbII paHee ObUT MOJYyUYeH B paMKaX MOIYKJIACCHUYECKON TEOpUU
(cm. JI _12). TToaTomy, Takke Kak U B MOJyKIACCUYECKOM TEOPHH, MEPEX0l OKAa3bIBACTCS pa3-

elIeHHEIM, ecii d , # 0. B mpoTUBHOM cilydae mepexo B JUIIOILHOM IPUOIMKEHUH 3ampe-
’ fi

IIICH.
[Ipoananusupyem Tenepp MoOJEBYIO YacTh MaTpuyHoro aiementa (13.22). Beneacrsue

YCIIOBHSI OPTOTOHAIBHOCTU COCTOSIHUM MOJBI C pa3jIM4YHBIM YUCIOM (POTOHOB, U, YUHUTHIBAs
npaBuiIa 0TOOpa Ui rapMOHHYEecKoro ocumwuisitopa (cM. JI 12), 3amedaeM, 94TO MaTpUYHBINA
anemeHT (13.22) OyneT oTIMYeH OT HyJIsl, TOJIBKO €CIIU B OJTHOW M3 MOJIEBBIX MOJI YUCI0 (HOTO-
HOB B KOHCYHOM COCTOsSIHHUU 6YILCT Ha CAWMHULY OTJIMYATBCA OT 4YMUCJia q)OTOHOB B Ha4YaJIbHOM
coctosiHUM. COOTBETCTBEHHO 3THU NEPEXOJbI TPAKTYIOTCS KaK NEPEXOIbl C MU3IYyUYEHUEM WU
UCIIyCKaHHEM KBaHTa 3JIEKTPOMArHUTHOrO Mojis. B 4acTHOCTH, eciu HadajdbHOE COCTOSIHHE
1oJ1si ObIJIO BaKyyMHBIM, TO B KOHEYHOM COCTOSIHUM OJIHA M3 MOJIEBBIX MOJI HAXOJIUTCS B BO3-
OyxneHHoM (0AHO(GOTOHHOM) COCTOSIHMU. IMEHHO Tako#l ciydail COOTBETCTBYET MPOIECCY
CHOHTAHHOT'O U3TYYEHHUS.

OnpenenuM Tenepb BEPOSITHOCTh CIOHTAHHOTO Iepexoaa B atome. PaccMorpum amns
9TOr0 U3JIy4yeHue (OTOHA B KOHKPETHYIO IOJIEBYIO MOAay. Toraa, eciiu B HaYaJlbHbIH MOMEHT
910 (POTOHOB B MOJIE OBIIIO PaBHO 71, ATIsI BEPOSITHOCTH Nepexosa B coctosiHue ¢ 1, +1 do-

TOHOB UMECCM
Py = \Cﬁ\z ~ \dﬁ\z(nw +1). (13.23)

[Tpu BeiBozE (13.23) MBI UcTONB30BaNH MOdy4YeHHOE B JI 12 BhIpaxeHue A MaTPUUYHBIX dJie-
MEHTOB OIlepaTopa KOOPAMHATHI A rapMoHuueckoro ocuuiuaropa (12.31). Cinyuait n, =0

COOTBETCTBYET CIIOHTAHHOMY Iiepexoay. Eciy B HaualnbHOM COCTOSHMM yKe Obulo 7, (hOTO-
HOB, TO BEPOATHOCTb IIEPEX0/a OKa3blBaeTcs B 1, + 1 pa3 6onbe. IIpu 3ToM BEpOATHOCTH Ta-

KOro mnepexoga MOXHO IMPEACTABUTH COCTOHHIGfI M3 JBYX CllIaraCMbIX, OIIMCBIBAIOIINX CIIOH-
TaHHBIN U BBIHY)K,HGHHHﬁ nepexon:

__ pstimulated spont
Py =r; + P

npu4eM
stimulated
i

Pspont = n(D * (1324)
fi
I[J'IH BEPOATHOCTHU BBIHYXJICHHOI'O IIEPEXO0Ja B paMKax HOHyKHaCCI/IquKOﬁ TCOPHUU MBI IIOJIY-

YU BBIPAKCHHUEC
stimulated __
Py B,
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[losTomy, BBOZS KOOQdUIMEHT DHHIITEHHA CIOHTAHHOTO Tiepexona A, = ng"”’ , TIepenuIeM
(13.24) B BUIE

o —p (13.25)

Takum 00pa3om, AJist yCTAaHOBIICHHS CBSI3U MEXIy Kod(dduumenramMmn DHIITEHHA CIOHTAHHO-
T'O ¥ BBIHYKJICHHOTO MEPEX0/I0B HaM HE0OX0AUMO CBSI3aTh YKCIO (POTOHOB B MOJIE C YAaCTOTOM
® CO CHEKTPaJIbHbIM 3HAYCHUEM MHTEHCUBHOCTH U3JyYEHMS Ha 4yacTOTe Mepexoa. Y UnuThiBasi,
BBIpa)KEHHUE JIJIs YMCIIa TIOJIEBBIX MOJ B €IUHMIIE 00beMa B MHTEPBaJe YacTOT OT M 10 M + d®
(em. JI_1, popmyma (1.10))

p o’ do
n,, =——
d
©® 75263 ?
MIOJIyYUM BBIPAXXEHUE JUIs CIIEKTPAIbHON IUIOTHOCTH SHEPTUH OJIS
o’ do
P, dO=ho-n, ——,
T e
OTKyJia ¢ yyeTom [ = cp,, HanaeM
7 - ho’
° i o
[Hoatomy u3 (13.25) umeem:
I, ho’ 4o’ |, )2
A,=B,~>=""B, = 3‘ ﬁ‘ (13.26)
n nc 3hc

Bennuuna 1= A; NpEeJCTaBIseT COOON BpeMs KU3HU OTHOCUTEIBHO CIIOHTAHHOI'O Iepexoja
C YpOBHS |1> Ha YpPOBEHb | f > OrneHuM XapakTepHYIO BeIWYHHY Kod(¢uienta DiHHIITeHA
CHOHTaHHOTO MIEPEX0/ia B ONTHIECKOM JiHanasone yactor. Cuuras, uro d , ~ ea, (a, - 60pos-

ckuit paguyc), u3 (13.26) momyunm
3

3
© 5, (2ma,) 1é° 2ma,
A~—ea; ~

—_——~

A ) ha, \ A

3nech A - JUIMHA BOJIHBI Mepexoja, o, = Ry/h~ e / (a,h) - aroMHas yacToTa (XapakTepHas

3
®, <<o,. (13.27)

4acToTa OOpalieHHs AJIEKTPOHAa BOKpYr aroma). Ilomaras uto o ~ @ ,, Beipaxenue (13.27)

at

MOKHO IEPCNHCaTh TAKXE B BUJC A~ (X3(0 rac o - IMOCTOsIHHAasA TOHKOM CTPYKTYPBHI. Mu1

at >
6 7

MIPUXOJIUM K BBIBOJY, YTO DJIEKTPOH yCIeBaeT COBepIINTh MHOTO (ropsaaka 10° — 10") oGopo-

TOB BOKpPYI aToMa, IPEXKJe YEM HCIyCTUT KBaHT cBeTa. UucnenHas onenka ais o =10 »B

(L, - TMHUS B CHIEKTpe aToMa Bojoposa) naer A~ 10" ¢!, Wi I BpeMeH! JKU3HH YPOBHS
t~107" ¢. OT™MeTHM, 4TO OlleHKA BPEMEHH MaJieHHs IeKTPOHA Ha PO, BhIMoIHeHHas B JI 3

B paMKax KJIACCUYECKOM AJIEKTPOJMHAMUKH (CM. BbIpakeHue (3.21)), mana TOYHO TaKoM ke
pe3ynbtat. [lomydyeHHoe coBmaieHue He SIBISIETCS ClydailHbIM. J[eliCTBUTENBHO, €CIH B BhIpa-

xenun (3.21) monoxuts E, ~ Ry ~ a’mc’, u ydectb 410 7, = 0.°@,, TO B paMKax Kiaccude-
CKOTO MOJIXO0a MOJIyYuM,
(o,)"
T~lo,) ,
yTo coBmaaaet ¢ (13.27). Takum 006pa3om, Ha KAYECTBEHHOM YPOBHE PE3yJIbTAThI, IOJTyICHHBIC
B paMKax KBaHTOBOMEXAaHMUYECKOTO U KJIACCHMYECKOIO MOJXOA0B, COBMaAaT. OnHako, Gpusm-
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YECKOe COoJiepKaHhe 3TUX Pe3yJbTaTOB CYIIECTBEHHO pa3nuyHo. Kilaccuueckas Teopusi okasbl-
BaeTCsl HECMOCOOHOM OOBSICHUTH YCTONYHMBOE CYIIIECTBOBAHHE AIEKTPOHHOU 000JIOUKH aToMa.
Kax Bugno u3 (13.26), ckopocTh pacrnaja nponopluuoHaibHa KyOy 4acTOThI Iepexo/ia.
OTOT pe3yJIbTAaT TAKKE MMEET €CTECTBEHHOE KJIACCHUYECKOE MCTOJIKOBaHUE. J[efCTBUTENBHO, B
COOTBETCTBUU C KJIACCUYECKOM AJIECKTPOJIUHAMHUKOMN SHEPTHsl, U3llydaeMasi B €AMHUILy BpEMEHU
OCLMILTHPYIOIICH YacTHIeH, IPOMOPLHOHAIbHA YeTBEPTOM cTeneny acTotsl W ~ w*. C apy-
TOii CTOPOHBI, B paMKaX KBAHTOBOMEXaHHUECKOTO 1MOAX0a uMeeM W ~ fim- A, tie A - Bepo-

SATHOCTb UCITyCKaHUs KBaHTa /1. COMOCTaBIISAA 3TU BBIPAXKEHUS, UMEEM A ~ ®’ , YTO COOTBET-
ctByert (13.26).

Ha ocHoBaHuu mosjy4eHHBIX pe3yabTaTOB, B YACTHOCTH, MOXHO CJEaTh BBIBOJ, UTO B
PEHTTEHOBCKOM JIMAa30HE YacTOT BpEeMEHa KM3HU COCTOSIHMM Majlbl 10 CPAaBHEHHUIO C OMNTH-
YeCKUM Jauana3zoHoM. HaoOopoT, B paguodacTOTHOM JUAaNa30HE OHU OKa3bIBAIOTCS OYCHH Be-
muku. Hanpumep, 1as A ~1 cm u3 (13.26) umeem 1~ 10° ¢ (Heckonbko net!). DTo 03HAYAeT,
YTO CIIOHTAHHBIMH TIEPEX0JaMHU B PA3IMYHBIX PaTuOPU3MICCKUX TTPUIIOKEHUIX TCOPHH MPaK-
TUYECKH BCETJ]a MOXKHO MTPeHEOpEUb.

OTMeTHM, 9TO TOTYYEHHOE BBIpAKEHHUE TSI BPEMEHH >KH3HU BO30YKICHHOTO COCTOS-
HUSl OTHOCHTENFHO CIIOHTAHHOTO pacrnazaa (13.26) MoxeT ObITh C YCIIeXOM HCIOJIB30BaHO U B
sIepHON (DU3MKE /I OLICHKH BPEMEHH KU3HHM BO30YKICHHBIX SIIEPHBIX COCTOSIHUN OTHOCH-
TeJBbHO Tpoliecca Y - u3ydeHus. Hampumep, onieHNBasi BETUYHUHY SIEPHOTO TUMOIBHOTO MO-

MeHTa Kak d ~eR, (R, ~ 1077 107" cm — pa3Mep aTOMHOTO si7pa) AJsl AJTUHBI BOJIHBI Y -
KBaHTa A, ~ 107" cm (ho, ~1 MaB) u3 (13.26) mony4nm T ~ A" ~107" ~107"° c. Ormernm,

YTO MMCHHO 6LICTpBIe CIIOHTAHHBIC paclialbl B PCHTITCHOBCKOM H Y OHAIIA30HAX SBJISIFOTCA

[JIaBHBIM TMPEMNSATCTBUEM Ha IMyTH CO3AaHMSI UCTOYHMKOB KOT€PEHTHOTO MHAYLIHPOBAHHOTO U3-
Jy4YE€HHS B 3THUX JMAIla30HaX 4acToT.

Jlo cux mop MbI TOBOPUJIH JIMILL O Pa3pelIeHHbIX nepexonax. UTo kacaercs 3anpenieH-
HBIX TIEPEX0JI0B, TO UX BEPOSATHOCTH, KAaK ITPaBUJIO, HA YETHIPE — IISITh MTOPSIKOB MEHBIIIE.

B ucropuueckoM miaHe He0OXOIMMOCTh BBE/ICHUSI B KBAHTOBYIO TEOPHIO CIIOHTaHHBIX
nepexo0B Oblia moHsATa DWHIITeRHOM B 1917 rogy ucxos u3 TepMOAMHAMUYECKUX cooOpa-
xKeHuil. [IeficTBUTEeNbHO, pACCMOTPUM JIBYXYPOBHEBYIO CUCTEMY, HaXOJSAUIYIOCS B COCTOSIHUU

TepMOIMHaAMHUYecKoro paBHoBecHus (cM. puc.13.1). Hacenennoctu coctosHuit |1> u |2> eCThb

coorBerctBeHHO N, u N,. Ilox new-

12> CTBHEM TIIOJI WU3Iyd4EHUS B CUCTEME
UIYT TEPEXObl MEXKIYy YPOBHAMH. B
COCTOSTHUHM PaBHOBECHsSI HACEJIEHHOCTU
N, nu N, He 3aBUCAT OT BpeMeHH. [1o-

B, 1, B, 1, A, ! g

ATOMY MBI MOKEM 3aIHCaTh

N,B,I,=N,B,I, +N,A4,. (13.28)
N3 Beipaxkenus (13.28) BuaHo, 4TO
MIOMHUMO BBIHYKICHHBIX IEPEXO0JI0B B

=
|1 CHUCTEME OOJI?KHBI OBITH U CIIOHTAHHBIE.

Puc.13.1. K o6Ccy¥aeHWI0O CBA3U MEXY KoaphuLMeHTaMK [ockonsky B, =B TO B OTCYTCT-
BIAHLITEeRHa CNOHTAHHOTO U BLIHYKAEHHOMO NEPExosos. 21 12>

BHE€ CIIOHTaHHBIX NEPEXOJI0B MbI ObI
noiayuyunu, yto N, = N, . C apyroil CTOpOHBI, B COCTOSHUM TEPMOJANHAMHUYECKOTO PABHOBECHSI

Nz/N1 :eXp(_hkaTj’ (1329)
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rae ho - Heprus mepexoia MeXIy cocTosHusMu, I - temmepatypa. [loacrasmss (13.29) B
(13.28), momyuuM CBsI3b MKy K0P IUIIMEHTaMH DWHINTEHHA CIIOHTAHHOTO W BBIHYKJICHHO-
r'o EPEXO0I0B

A, = B, 1, (exp(ho/k,T)-1). (13.30)
ITockonbky I, =cp,, @ B COCTOSHUM TEPMOJIMHAMUYECKOIO PAaBHOBECHUS CIIEKTpaJIbHASI ILIOT-

HOCTb M3JIy4eHUs p , omnpenensercs Gpopmyioii [Inanka

1 ho’
n’c exp(hw/k,T)-1"

Po

t0 13 (13.30) moryuum

10N
A, = W B,
4yTo coBnaaaet ¢ (13.26). Panee MbI OIy4IrJiv 3TO COOTHOIIICHUE UCXO/IsI U3 KBAHTOBOMEXaHH-
geckux coobpaxenuid. [Toatomy, ucnons3ys (13.26) u (13.30) MBI MOXKEM CTPOTO TMOIYYUTH
BBIp@XEHHE JJIs1 pAaCHpPE/ICNICHUs SHEPTUH 110 CIIEKTPY PaBHOBECHOT'O M3IYUYEHHUs], TO €CTh (pop-
myny [Tmanka. OTmerum, uto uHorna Gopmyny Ilnanka ynoOHO 3anmuckiBaTh Ajst yucia Gporo-
HOB B I0JIEBOW MOJIE€ € 4acTOTON . Mconp3ys CBsA3b CIIEKTPaTIbHON MHTEHCUBHOCTH U3ITy4e-

12
HUA Im C YUCJIOM (1)OTOHOB B MOZIC U3JIYy4YCHHUA 7 , JICTKO ITOJIYYUTD
1

n, = . 13.31
* exp(ho/k,T)—1 ( )
Cpennsis sHEprusi 0JTHOM MOJIEBOM MOJIbI OKa3bIBACTCS paBHA
(E,)=hon, = fie (13.32)

exp(fiy/k,T)—1
YTO COOTBETCTBYET BhIpaxkeHusm (1.19), (1.20) B JI 1.

Ywupenue cnekmpanbhbix auHull.

OcTaHOBHMCS Ha €LI€ OAHOM Ba)KHOM CTOPOHE IOJIyYEHHBIX HaMH pe3yJIbTaToB. Mbl
BUJIEIIN, YTO B3aUMOJICHCTBHE aTOMHOM CUCTEMBI C 3JICKTPOMATHUTHBIM BaKyyMOM (HYJIEBBIMU
KOJICOAHUSIMHU 3JIEKTPOMAarHUTHOTO TOJISI) MPUBEIO K TOSBJICHUIO CHOHTAHHBIX IEPEXOJIOB.
Bpewms xu3HM atoma B BO30Y’KAEHHOM COCTOSIHUM OKa3bIBA€TCSl KOHEUHBIM WU OIPEIEIsAeTCs
k02 (ppurmenToM DiHIITEHHA CIIOHTAHHOTO MEPEeXoaa

-1
=4, .

B CJIy4dac, €CJIh aTOM MOXKET HepeﬁTI/I N3 HAa4YaJIbHOI'O COCTOAHUA |l> B HGHLII;'I Ha6op HMKCIIC-

JKalllX KOHCYHBIX COCTOHHHﬁ, TO AJII BDEMCHMU KU3HU [ -TO COCTOSIHUSA CJICAYyCT 3aIliCaThb

—— (13.33)
ZAﬁ
f

rze cymMma Oepercsi o BceM KOHEUHBIM COCTOSIHUSIM, B KOTOPbIE BO3MOXKEH MEPEXOI.

BcenoMHUM npo COOTHOIIEHHE HEOoNpeneneHHocTel «aHeprust — Bpems» AE -t~ hi. Ec-
JU CHUCTEMa YKUBET KOHEYHOE BPEMsl, TO €€ SHEprusi TOUHO He ompezaeneHa. Bo30OyxaeHHbIe
aTOMHBIE COCTOSIHMS HE MOTYT MMETh TOYHO ONPEIENICHHOTO 3HAYEHUs SHEPrHM, aTOMHBIE
YPOBHU OKa3bIBAIOTCS «PA3MBITBIMIY, UMEIOIUMHU KOHEUHYIO IIUPUHY. [ IIUPUHBI aTOMHO-
IO COCTOSIHUSI, OYEBUIHO, UMEEM

"2 MMonyuennoe BeIpaXkeHHE TPECTABIAET co0oi pachpenenenne bose — DHHIITEHHA MO HEPrETHUECKUM CO-
CTOSIHMAM UTs1 JOTOHHOTO Ta3a.
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AE ~ Rt (13.34)
YacTo mist IMPHHBI YPOBHS BBOIAT M IPYTyI0 Benuduny y = AE/h. Torma mocnennee coot-
HOILIEHUE MOXHO NEPENNCcaTh B BUIE

v=1/f=va :ZAﬁ’
7 7

e Y, - MapuuanbHas IHPHHA YPOBHSI, CBA3aHHAS C IIEPEX0I0M |z> - | f >

ITockosbKy aToMHBIE YPOBHM YIIUPEHBI, TO SHEPIUs KBaHTA, UCITyCKA€MOT0 IIPH Iepe-
XO0Jle MEXAy Iapol COCTOSIHHUM, TaK)Ke€ HE MMEET TOYHO OINpPEIEIICHHOro 3HaueHus. Mcemyckae-
Masi CIIEKTpajibHAs JMHUSA MMEET KOHEYHYIO IIUPUHY. DTy HIUPHUHY, OOYCIOBICHHYIO CIIOH-
TaHHBIMU IIEPEXOJAMM, IIPUHATO HA3bIBATh €CTECTBEHHOM IIMPUHOM JuHUU. Eciu mepexon
TPOMCXOUT B OCHOBHOE ATOMHOE COCTOSHHE'~, ITHPUHA ATOMHOI JTHHHUM ONpPEAe/IsSeTCs IIIH-

PUHOI BepXHEro ’HepreTruueckoro ypoBHs. Ecinu ke o06a cocTosiHUA |1> u |2> , MEXKIY KOTO-

PBIMH IIPOMCXOAMT NEPEXOJ], UMEIOT KOHEUHbIE IIMPUHBI, TO MOXHO IOKa3aTh, YTO IIMPHHA
CHEKTPaTbHOM TUHUH €CTh CYyMMa IIUPUH COCTOSTHUI (cM. puc.13.2), T.e.
Y=Y+,

OneHuM XxapakTepHOE 3HAUE€HUE €CTECTBEHHOW IIMPHUHBI aTOMHBIX YpoBHEH. [lockonbky ams
paspellleHHbIX TEPeXOf0B B  ONTHYECKOM juanasoHe uactor t~10"°-107"" ¢, To0
AE ~ 7/t ~107 =107 3B. DTa BeIMYMHA HA MHOTO MOPSAAKOB MEHBIIE DHEPIUU aTOMHOTO
nepexo/ia, M03TOMY aTOMHAas JIMHUS SIBISETCS y3KOH, a CTENEHb MOHOXPOMAaTUYHOCTH U3ITyde-
HUs BechbMa BbICOKa. Takue pacrnajaroiyecss BO BpEMEHU COCTOSIHHSI B KBAHTOBOW TEOpUM Ha-
3bIBAlOT KBA3HCTAllMOHAPHBIMU. VX MOXKHO OXapaKTepuU30BaTh KOMILJIEKCHBIM 3HAYEHHEM
sHepruv E —ifhy/2 v 3anucarth BOJHOBYIO (DYHKIIMIO B BHIIE

y(7,1) = y(7) exp(—%(E - ihy/2)tj ~ exp(—%Etj exp(—7t/2).

Torma |\|/(;7 ,t)|2 ~ exp(—yf) , 4TO U ONUCHIBAET PACII]l COCTOSHHUS HAa BpeMeHax nopsika 1/y .

[ToMUMO €CTECTBEHHOIO YLIMPEHUS CYILECTBYIOT U JIPYTUE MEXaHU3Mbl YIINPEHHS
aTOMHBIX JIMHHH. B ra3oBeIx cpenax HanOosee BaKHBIMHU SBIISIOTCS TOTUIEPOBCKHM U CTOJIKHO-
BHTCIIbHBIH MEXAHH3MBbI YIIHPEHHS ', KOTOPBIE, KaK
NPaBUJIO, TPUBOAAT K 3HAYUTEIBHO OOJIBIIEH IIpUHE _ T
JUHUU 110 CPAaBHEHUIO C ecTecTBeHHOU. [losromy B 2
9KCIIEPUMEHTaX HAOJIOAAaTh E€CTECTBCHHYIO IIMPUHY
aTOMHOM JIMHUM JOCTaTOYHO TPYIHO.

[ToHATP  MPOMCXOXKICHHWE  ECTECTBEHHOTO Wt 1
YIIMPEHUS JINHUM MOXHO M B PaMKax KJIACCUYECKOU

ANIEKTPOJMHAMUKH. JIEHCTBUTENBHO, paccMaTpuBas
aTOM, KaK KJIACCUYECKUU OCHUIUIATOP C 3aTyXaHUEM

(cm. JI 3), MBI TIONyYWIM ypaBHEHUE JIBUKCHUS * y
aTOMHOTIO 3JIEKTPOHA B BUJE 1

= 'Ylé + (,3377 =0, (13.35) Puc.13.2. LLUnpWHa cnekTpanbHOMR MUHWA.

e v =2e’o, / 3mc® - kmaccuueckas MOCTOSIHHAS 3aTyXaHus. [IpubmmKkeHHOe peleHne ypas-

HEHUA 3TOT'0 YPaBHEHHUA B ClIy4ac Y << @, 3alMUCBIBACTCA B BUIC

"> 310 cOCTOSHHE MMEET TOUHO ONpE/IENEeHHOE 3HAYCHHE SHEPTHHL
'* Bomee mompo6HO 06 3THX MEXaHM3Max MOXKHO MPOYHTATh, Hampumep, B MoHorpapun  C.A.AXMaHOB,
C.IO.Hukutnn «®usndeckas ontuka», M.: MI'Y, (1988), wacts 11, nexius 6.
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F(t) = 7, exp(—yt/2)cos m,t . (13.36)
CrexTpalIbHBIA COCTaB U3ITYYCHHS OnpeesieTcs: (yphe-KOMIOHETHOW YCKOPEHUS JICKTPOHA:
1, ~la,[, (13.37)

rae

a, = \/;_n [F(#)yexp(-iot)dt ;%ﬁjm) exp(—iot),

u3 (13.37) nonyuum

v/2n
I =1 , 13.38
° o-o0,) +77/4 ( )

rne [, = j] ,d® TIOJHasg MHTEHCUBHOCTh U3JIy4eHus ocuuiuiaropa. Beipaxenue (13.38) npen-

CTaBJIsieT cOOOM TaK Ha3bIBAEMYIO JIOPEHLEBY (hopMy JMHUU. MOXHO MOKa3aTh, YTO aHAJIO-
TUYHOE BbIpaKE€HHUE AJIs1 (POPMBI IMHUH, ONKCHIBAIOIIEH €CTECTBEHHOE YIIMPEHUE, MTOIy4YaeTCs
U B KBAaHTOBOH 3JIEKTPOJMHAMUKE, IPUUEM IIHPUHA Y Olpenensercs KodppuuueHTaMu DiH-

ITEHHA CIOHTAHHOTO pacmajaa.

JIoMmb06CKULL cO8US AMOMHBIX YDOBHE.

Paccmotpum emie oauH 3QQexT, 00yCIOBICHHBIH B3aUMOJCHCTBUEM 3JIEKTPOMAarHUT-
HOT'0 BaKyyMa C aTOMHOM MOJICUCTEMOM - TaKk Ha3bIBaeMbIil J1sMO0BCcKuil casur. [Ipu obcyxnae-
HUM TOHKOHM CTPYKTYpBbI CIIEKTpa aromMa Bogopoaa (cM. JI 9) MblI BUenu, 4To B COOTBETCTBUU C
Teopuen Jlupaka Ui OJHOTO M TOrO K€ 3HAYEHHs TVIABHOTO KBAaHTOBOI'O YMCJa YPOBHHU C pa3-
JMYHBIM 3HauY€HUEeM /, HO OJJUHAKOBBIM 3Haye-
HUEM IIOJIHOTO MEXaHWYECKOTO MOMEHTa j, S 14

Hampumep, 2s,, U 2p,,, ABISIOTCS BBIPOXKICH- s

HbIMH. OKa3bIBaeTCs, B3aMMOJEHCTBUS aTOMHO-
ro DJIEKTPOHA C BaKyyMHBIM 3JIEKTPOMArHMT- _
HBIM TI0JIEM CHHMMaeT 3TO BBIPOXKACHHE. Ypo- - 2

BEHb 25, CMCIIACTCS BBCPX OTHOCUTEIIBHO

CBOETO TIOJIOKEHHS, MPEICKA3bIBAEMOTo (op-
mynoit Jlupaka, B TO BpeMsl Kak IMOJIO)KEHUE
YPOBHS 2p,, TIPAKTHICCKU HE U3MCHSCTCS (CM. -

puc.13.3). DkcrnepuMeHTaIbHO  JIIMOOBCKHI
C/IBUI aTOMHBIX YPOBHEH ObUI BIEpBBIE OOHA-  ,,—; 1s
pyxeH B 1947 romy B ombiTax Jbm6a'” u Pu-
3epdopaa. Mbl cHagasia KOPOTKO OOCYyAMM OC- Prc.13.3. J1aMBOBCKMA CABUM aTOMHBIX yPOBHEHN.
HOBHBIC uaeu ombita JIombGa — Pusepdopna, a

3aT€M Ha KaueCTBEHHOM YPOBHE IIPOBEJEM aHaIN3 siBIeHUA. CXema IKCIEpUMEHTAIbHON yC-
TQHOBKH T10 HaOIIOJICHUIO JISMOOBCKOTO CIBUTA MpuBeaeHa Ha puc.13.4. HeltpansHbie HEBO3-
OyIeHHble aTOMBI Bogopoaa BhuteTatoT u3 neuku (II) u moaBepraroTcs IeHCTBHIO ITydka
3JIEKTPOHOB, B KOTOPOM 3JIEKTPOHHBIM yJapOM MPOUCXOAUT BO30YKJIEHHUE aTOMHBIX COCTOS-
Hui 2s,, U 2p,,,,. AToMbl Bogopoaa H(2p,,,,) B pe3yibTaTe paadalliOHHOIO Mepexoaa

172

OBICTPO MEPEXOIAT B OCHOBHOE coctosiHue ls,,. CocrosHue 2s,, SBISETCS JOITOKUBYIIMM

5 'W.Lamb (p.1913)- amepukanckuit pusnx, HoGenenckas npemus (1955) «3a paGoThl [0 aHOMaTbHOMY MArHHT-
HOMY MOMEHTY JJICKTPOHA
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(MeTacTabuIIbHBIM) TIOCKOJIBKY Tlepexo 2s,, —> ls,, B AMIOIBHOM NPUOIMKEHUH 3alPELICH.
B pesynbrare aromsl H(2s,,) noneraror 1o nerekropa ([l) 1 0TAAI0T 3JICKTPOHAM IETeKTopa

CBOIO 3Hepruto Bo30yxaeHus (= 10.2 3B). [lomyunBiime 3HEprui0 3JI€KTPOHBI MOKUIAIOT Je-
TEKTOp, ¥ BKIIOYCHHBIN B 1enb TajgbBaHoMeTp (I') HauMHaeT MoKa3bIBaTh 3JIEKTPUUECKUN TOK.
BenmunHa 37EKTPUUECKOTO TOKA B IEMH JIETEKTOpAa OKa3bIBAETCS MPOMOPIHOHATIBHOM Tepe-

CBMJ
n—| H(1s) H(2s,2p) H(zs) I
— H(2s,,) —> H(2Pyne) Hiis)

r@

H(1s) H(1s)

My4oK
3MNEKTPOHOB

Puc.13.4. Cxema oneita llamba n Pusepdopaa.

JaHHOW HEPTHH, TO €CTh YNCIY METaCTabMIBHBIX aTOMOB Bojopona H(2s,,). ITo myTu K je-

TEKTOpY IMY4YOK aTOMOB BOJAOpOAa mpoieraeT uepe3 obiacte CBY mouns, gactota KOTOPOro
MOXXeTa TepecTpauBarbcs. [Ipu coBmajeHHMM YAaCTOTHI TOJs C YacTOTOW TMEpPEXo0JI0B
251/2 —2 Dy, WM 2s1/2 -2 D3, OKa3bIBAIOTCS. BO3MOXKHBI BBIHY)K/ICHHBIC TEPEXO/bl B 2p-
COCTOSTHUE, YTO TIPUBOJUT K OBICTPOMY CIIOHTAHHOMY IEPEXOAY B OCHOBHOE cocTosiHME. B pe-
3yJbTaTe METAaCTAaOMIIbHBIE aTOMBI HE JIOJIETAIOT JI0 JIETEKTOpa M CHUTHAJ C HEro IpoIiajiaeT.
Takum 00pa3oM, OKa3bIBAETCS BO3ZMOKHBIM TOYHO M3MEPUTH IMOJIOKEHHUE YPOBHS 251/2 OTHO-

CHTEIIBHO 1y0inera 2p,, s, . IKCIEPUMEHT IOKa3all, YTO PACCTOSHAE MEX/y KOMIOHCHTaMH
nybnera 2p,,,, cocrasmsier sennanHy 10950 MI' B cooTBeTCTBHE C TEOpHEH Jlupaxa'®, a
ypoBeHb 25, COBHHYT BBEPX HMPUMEPHO Ha 1058 MI'tt OTHOCUTENBHO HUKHEH KOMITOHEHTHI
nyonera 2p,, 5, .

[epeiinem Teneps K 00CYXJIEHHIO (PU3MUECKUX NPUYMH BO3HUKHOBEHUS JIYMOOBCKOTO
caBura. Mpl yxe OoTMeYalii, 4TO MPU CTPOIOM aHAJIU3€ CTPOCHUS KBAHTOBOMEXAHUYECKOU
CHCTEMBI, BOOOIIE TOBOPS, HEOOXOUMO yUUTHIBATh €€ B3aUMOACHCTBUE C 3JEKTPOMArHUTHBIM
BakyyMoM. B3aumosnelicTBue aTOMHOIO 3J€KTPOHA ¢ BAKyYMHBIMH IOJISIMU BEJIET HE TOJIBKO K
CTIOHTaHHBIM TIEPEX0JaM, HO M K SHEPreTHYeCKOMY CABHTY ypoBHei' . C (pu3mdeckoil TOUKH
3peHust (QIYKTYUPYIOIIHE BaKyyMHBIE IIOJII OKAa3bIBAIOT JIOTIOJIHUTEIIFHOE BO3JICHCTBHE HA

2
'® B sHepreTHUECKHX eIMHNMIAX 3TO 3HAYEHHE PaBHO OL° Ry / 16.

17 I/IHTepeCHO, YTO M B KJIACCHYECKOU TEOpHUU CHUJIa PAAUAITMOHHOTO TPEHUA BEAECT HE TOJIBKO K 3aTyXaHUIO KOJIC-
OaHUil aTOMHOTO OCOWIIATOPA, HO U K UBMEHCHHUIO €0 YaCTOTHI. DTO U3MEHEHHE YaCTOThI H3JIy4Y€HUA B HEKOTO-
POM CMBICJIE ABJISACTCA KIIACCUIECKUM aHAJIOTOM JI3MOOBCKOI0 caBuUra.
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3JIEKTPOH, MPUBOJS K €ro «IpOKaHUIO» Ha opbute. B cucreme oTcuera, CBA3aHHOM C AJIEKTPO-
HOM, «JIpO>KalllUM» OKa3bIBAETCs aTOMHOE siApO. B pe3ynbrare 351eKTPOH «BUINUT» €ro KaK He-
TOYEUHBIN 00BEKT. Panee MbI yxe oocyxaanu (cm. JI 9) BiusiHEe KOHEYHOTO pa3mepa siapa Ha
MOJIO’KEHHE SHEPreTUYEeCKUX YpPOBHEW aToMa. B pamkax paccMaTpuBaeMod MOJeNd JITIMOOB-
CKHMI MMEET TOYHO TaKyI0 e MPUPOY, TOIBKO MOJ Pa3MEPOM siipa HaM CIIEAyeT Moapa3yMe-
BaTh aMIUIUTYAY <«JIpPOKaHUS» 3JEKTpPOHA Ha opbute. Mbl BUIIEIH, YTO y4eT MPOCTPAHCTBEH-
HOM CTPYKTYpHI pPaAHAIbHBIX BOJTHOBBIX (PYHKIIMN BEACT K TOMY, UTO HETOYEUHOCTh aTOMHOTO
sJipa MIPUBOAMIIA K CIIBUTY BBEPX TOJIBKO § - COCTOSIHUN. [109TOMY MBI OKHa€M, YTO B3aHMO-
JEMCTBUE aTOMHOIO 3JIEKTPOHA C BAKYYMHBIM 3JIEKTPOMArHUTHBIM TOJIEM TaKXe MPUBEAET K
CABUTY BBEPX aTOMHBIX COCTOSIHUH C HYJIEBBIM OpPOUTAIbHBIM MOMEHTOM.

N3noxxeHHbIE BBINIE KaUeCTBEHHBIE COOOpaKeHUs MMOCTapaeMcs Terephb 00Jedb B MaTe-
MaTH4ecKyto GopMmy. 3amuileM ypaBHEHHE, ONMMCHIBAIOLIEE «JIPOXKaHUE» 3JIEKTpOHa opoute
IO/ ACMCTBUEM BAKYYMHBIX MOJICH:

mdi = eE,, +Slorx i, |. (13.39)
C

3nmech OF OIMMCHIBACT OTKJIOHEHHE DJIEKTPOHA OT PABHOBECHON OpOUTHL. CunTast HJIEKTPOH He-
PENATUBUCTCKUM, U YUYUTHIBAS, YTO
E,.(0)= Zexgkx cos(®,, 1) ,
kL
3anuieM peuienue ypasHenus (13.39) B Bune
. €~ - cos((o kkt)
SF === &6, — 5. (13.40)
ko O,
OnpenenyM Tenepb BEIMYUHY CPEIHEro (1Mo BpeMEHH) KBajapaTa OTKIOHEHHUS DJEKTPOHA OT
PaBHOBECHOU TPACKTOPUU
e’ & e’
=)\ _ 12 2 _ 2 4
<(6r) >——2 2—4 cos (o),{kt)——2 Z‘s,{k/wkX ) (13.41)
m g Op 2m 123
31ech €,, - aMIUIUTYTHOE 3HAYCHHE BAKYyMHOI'O IEKTPUUYECKOIO MOJIs B IOJEBOM Moje. DTy
BEITMYMHY MBI YK€ BBIYUCIISUTH (CM. BhIpaskenue (13.12)):
4nho,,
L3

€

[Toatomy

m

(7)) =@%Zl/mix . (13.42)

B ciyuae, eci 06beM L’ 10CTaTOYHO GOMBIION, CHIEKTP MOJIEBBIX MO ABJISETCS JOCTATOYHO
IVIOTHBIM U B (13.42) 0T cyMMBI MOKHO NEPENTH K MHTErpaLy

3
% —>2J.d—k3:%-|.wzdm.
L % (2m) nc
B pe3ynbTaTe nonydaem
2¢° 2 ¢’ ’ 2
(7)) =22 Id_“’:_e_(ij o _2paq [, (13.43)
mm°c’* ® 7 hc\mc 0 ®
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[TomyueHHBIM MHTErpall pacXoIWUTCAd U HAa BEPXHEM U Ha HWXHEM mpezene. s ycrpaHeHus

pPacxoAUMOCTH HEOOXOJUMO OTPAHUYHUTh CHEKTP MOJEBBIX MOJ, B3aUMOACHCTBYIOUINX C AJICK-
1

TPOHOM. B KauecTBe IPaHHUUHBIX YACTOT BHIOHPAIOT

1 Z?
ho =mc*, ho_. =—a’me’ =,

max min 2

OTKYyJda JIA KBaApaTa aMIUIMTY bl APOKaHHUA OKOHYATCIIbHO HAXOAUM

<(6F)2> = %oﬁaé In 2n’

Zz(XZ

~\2 _
Kak BHAHO, aMIUINTyJa APOXAHHS JOCTATOYHO Maa: <(8r) > ~a¥?a, ~6-10"a, << a,

[TosToMy 3¢ ekt okakeTcsl CyIeCTBEHHBIM TOJIBKO JUIs § - COCTOAHUM. Mcnomnb3ys pe3yibTa-
Thl pacyeTa CMEIEHUsI § - ypOBHEH, 00yCIOBICHHbIE KOHEUYHBIM pa3MepoM sijipa (CM. BbIpa-

xenue (9.11)), monydum BeTUYHHY JIOIMOOBCKOTO CIIBUTA 1S COCTOSHUSI.
4

Z" 5
SEns ~n—30t Ry

Bonee Tounble BbIUnCIEHUs ObLTH POBEICHBI Bere'’ B 1947 roay:

2
SF =iz4a3i3Ry-1n 22” _.
3n n Z°a
U XOPOIIIO COMIACYIOTCS C AKCIIEPUMEHTAIbHBIMH JaHHBIMU, NOJTy4eHHbIMH JIamMOoM u Pusep-
dopmom. Kak BUAHO, B TSHKEIBIX BOIOPOIONOMOOHBIX HOHAX BEJIUYKMHA JTIMOOBCKOIO CMeEIIe-
HUS ypOBHEW OBICTPO BoO3pacTtaeT. TOYHOE SKCIEPUMEHTAIBHOE H3MEPEHHE JIIMOOBCKOTO
C/IBHTa B TAKMX CHCTEMax IPEJCTABIIAET MO-MPEKHEMY OOJIBIION HHTEPEC, IMOCKOJIBKY ITO3BO-
JIsIEeT HpOBepI/ITb Hpel[CKaiiaHI/Iﬂ KBaHTOBOI\/'I 3HeKTpOI[I/IHaMI/IKI/I B CUJIBHBIX IIOJAX, KOI'Ja Hapa-
meTp oZ ~ 1.
OTMeTHM TaKke, 9YTO B aTOME BOJOPOJa MaKCHMaJlbHas BEJIMYMHA JIXMOOBCKOTO CIBH-
ra HaOroaeTcs Uiss OCHOBHOTO ls - cocrosiHusi. OHAKO, H3MEPHUTh 3TO CMEIICHUE ropas/io
0oJiee TPYIHO YeM CMEIIEHHE 25 - YPOBHS. DTO CBA3aHO C TEM, YTO MPOMEPATH MOJIOKEHUE s

- YPOBHS Take NPUXOJUTCS OTHOCHTEIBHO MOJOXEHHUs Ayonera 2p,,,,. OTHOCHTENbHAS

(13.44)

TOYHOCTh TAKUX U3MEPEHUH JOJKHA ObITh IPUMEPHO HA MATh MOPSAIAKOB BBILIE, YEM B OIBITAX
JIomba — Puszepdopaa. DKCIEpUMEHTHI TAKOTO YPOBHS CTAM BO3MOXKHBI JIMIIb C Pa3BUTHEM
na3epHoi TexHUKH B cepeanne 80-bix rogoB XX Beka U ObUIH MpoBeaeHbI T. Xoumem?’. Kak u
cnenyet u3 popmynsl bere (13.44), BenuunHa 19MO0BCKOTO CABUra 1s COCTOSHHS MPUMEPHO B
BOCEMb pa3 0oJIbllle, YeM I 25 - COCTOSHUS.

3agaun.

13.1. B aumnonasHOM MpUOIMKEHUH ONPEICTUTh BEPOATHOCTH CIIOHTAHHBIX MEPEX0I0B MEXK-
Ny CTalMOHAPHBIMU COCTOSIHUSIMM YacTHIIBI C 3aps/iOM e B rapMOHHYECKOM IMOTEH-
uane.

'8 [TepBoe U3 3THX OrpaHMUYEHHIl PETIONATACT, UTO IEKTPOH B aTOME OCTACTCS HEPEISTHBHCTCKUM. Huskouac-
TOTHOE OTPaHUUYEHHUE MPEIIO0JIaraeT, YTO BaKyyMHbIE MOJISI NPUBOST UMEHHO K 3P QEKTy «IpoKaHus» Ha opOuTe.
[TosTOoMy HacToTa «IpOKaHUS «JIOPKHA OBITH OOJBIIE YaCTOTHI OOpalIeHus] BOKPYT aTOMHOTO sinpa. bonee nmox-
po6no cm. A.A.Cokoios, 1.M.Tepuos, B.U. XKXykosckuit «KBanTtoBas Mmexanuka», §21, M.: Hayka, (1979).

' H.Bethe (1906 - 2005) — dusux — reopernk, HoGenenckas npemust (1967) «3a BKIIaJ B TEOPHIO SIEPHBIX PeaK-
U U 0COOCHHO 38 OTKPBITHE LIUKJIA TEPMOSICPHBIX PEAKLHi, SBISFOLIMXCS HCTOYHUKOM SHEPTUH 3BE311

T Hancsh (p. 1941) — nemenknit husnk — sxcnepumenTarop, Hobenesckas npemus (2005) «3a passutie mpe-
[IM3UOHHOM JIa3epHON CHEKTPOCKOIHNH, BKITIOYAs! TEXHOJIOTHIO ONITHYECKH-YaCTOTHBIX TPEOCHOKY.
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B aunonbHOM npuOIMKEHUH ONPEAETUTh BEPOSITHOCTH CIIOHTAHHBIX MEPEX0J0B MEX-
Ny pa3jNYHbIMH CTAIIMOHAPHBIMU COCTOSTHUSIMU 3JIEKTPOHA B OJIHOMEPHOM 0ECKOHEUYHO
IyOOKOM MPSIMOYTOJIbHON MOTEHIIMAIBHOMN SIME.

OueHuTs BpeMs CIIOHTAaHHOTO nepexoaa 2p — s B BoJOpoa0n0I00HOM HOHE C 3apsi-
JIoM sifipa £ .

OueHUTh BpeMsl CIIOHTAHHOT'O MEPEX0/ia MEXy KOMIIOHEHTAMH CBEPXTOHKOW CTPYK-
Typbl OCHOBHOTO COCTOsIHUSI atroma Bojopoja. ([nuHa BonHbl mepexoma A =21 cwm).
JlaHHBII Tepexo]1 ABIAETCS MarHUTHO-IUIIOJIBHBIM, IO3TOMY B BBIPAXKEHUU JJISI BEPO-
SITHOCTH II€PEXOAA BMECTO MATPUYHOIO 3JIEMEHTA 3JIEKTPUUECKOIO AMIIOIBHOIO MO-
MEHTa CTOMT MaTPUYHBIN 3JIEMEHT MAarHUTHOTO AUIOJBHOIO MOMEHTA CUCTEMBI.
OLeHUTh aMIUIUTYY «IPO’KaHHsD JIEKTPOHA HA OpOUTE, MPUBOAALIYIO K JI3MOOBCKO-
My CIIBUT'Y aTOMHBIX YPOBHEM, €CIIM U3BECTHO, YTO Pa3HULA DHEPrUM 2s,, U 2p,,, CO-
CTOSIHUIA B aTOMe BOIoposia paBHa SE ~ o’ Ry /(3m) .

OueHuTh BEIMYUHY JIOMOOBCKOTO cABUTA ls W 25 COCTOSIHUIN B BOJOPOAOINOI00HOM
uoHe ypaHa (Z =92).

OneHuTh XapakTepHOE BpeMs >KU3HU BO30YXKIEHHOTO aTOMHOTO Siipa OTHOCHUTENBHO
M3JIYYCHHUs Y -KBaHTa aTOMHBIM siipoM. Cunrare, uto £, ~1 MaB, u y - nepexox pas-

pelleH B JIEKTPUYECKOM JUMOILHOM MPUOIMKEHUU.



